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ABSTRACT: According to the ISO 14687-2:2019 standard, the
water content of H2 fuel for transportation and stationary
applications should not exceed 5 ppm (molar). To achieve this
water content, zeolites can be used as a selective adsorbent for
water. In this work, a computational screening study is carried out
for the first time to identify potential zeolite frameworks for the
drying of high-pressure H2 gas using Monte Carlo (MC)
simulations. We show that the Si/Al ratio and adsorption
selectivity have a negative correlation. 218 zeolites available in the database of the International Zeolite Association are considered
in the screening. We computed the adsorption selectivity of each zeolite for water from the high-pressure H2 gas having water
content relevant to vehicular applications and near saturation. It is shown that due to the formation of water clusters, the water
content in the H2 gas has a significant effect on the selectivity of zeolites with a helium void fraction larger than 0.1. Under each
operating condition, five most promising zeolites are identified based on the adsorption selectivity, the pore limiting diameter, and
the volume of H2 gas that can be dried by 1 dm3 of zeolite. It is shown that at 12.3 ppm (molar) water content, structures with
helium void fractions smaller than 0.07 are preferred. The structures identified for 478 ppm (molar) water content have helium void
fractions larger than 0.26. The proposed zeolites can be used to dry 400−8000 times their own volume of H2 gas depending on the
operating conditions. Our findings strongly indicate that zeolites are potential candidates for the drying of high-pressure H2 gas.

KEYWORDS: zeolites, hydrogen drying, Monte Carlo simulation, adsorption selectivity, hydrogen gas, computational Screening

1. INTRODUCTION

The energy demand worldwide is predicted to increase by 23−
31% by 2040.1 To meet this demand while reducing carbon
emissions, the composition of the world’s energy mix is
expected to shift toward the use of alternative energy sources
in the future.1 H2 is considered a promising energy carrier,
which can be used in fuel cells and in combustion engines.2−5

Currently, H2 is mainly produced from natural gas reforming.
H2 can also be produced in a sustainable way via water
electrolysis using renewable energy sources.6,7 Due to its low
volumetric energy density, to efficiently use H2, it has to be
compressed to high-pressures, that is, 350−700 bar.4,8,9

Conventionally, hydrogen is compressed using mechanical
compressors.8,10,11 The most commonly used mechanical
compressor types for H2 compression are piston, compressed
air, and ionic and diaphragm compressors.8

In the past decade, electrochemical H2 compressors (EHCs)
have been developed12,13 as an alternative to mechanical
compressors. Compared to mechanical compressors, EHCs do
not have moving parts that can be damaged during the
operation of the device.11,12 Additionally, due to the isothermal
compression process, EHCs can be more energetically efficient
compared to mechanical compressors based on adiabatic
compression.10 HyET Hydrogen B.V.13 has developed an EHC
that can compress H2 from ambient pressures to 1000 bar in a
single step.13 The working principle of EHC is similar to

proton-exchange membrane (PEM)-based fuel cells.14 In the
EHC stack, a PEM is placed between the anode and the
cathode allowing only protons to permeate from the anode to
the cathode side. On the cathode, protons are reduced to
molecular H2 at elevated pressures.

13,14 Since EHCs rely on the
presence of water for the transport of protons through the
PEM, the outgoing high-pressure H2 stream has a water
content that exceeds the quality requirements of the ISO
14687-2:2019 standard.15 According to this standard, the water
content of H2 fuel used in transportation and stationary
applications should not exceed 5 ppm (throughout our study,
mole-based ppm values are reported). This limit ensures that
at high-pressures (e.g., P > 700 bar) and close to ambient
temperatures, water remains in the gas phase preventing ice
formation, upon expansion, and corrosion of the metallic parts
of the storage vessel.16

Rahbari et al.17 investigated the solubility of water in H2 at
high-pressures (P = 10−1000 bar) for a wide range of
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temperatures (T = 283−423 K) using molecular simulations
and equation-of-state (EoS) modeling. Additionally, an
overview of all available experimental data on the solubility
of water in high-pressure H2 was reported.

17 It was shown that
at the investigated pressure and temperature range, the
equilibrium content of water in the gas phase is significantly
higher than 5 ppm (molar) (i.e., ISO standard requirement15).
Experimental data at high pressures (P > 300 bar) are only
available at T = 323 K. The experimentally measured water
content at T = 323 K and P = 1013 bar is 280 ppm (mole-
based). At the lowest temperature (T = 283 K) and the highest
pressure (P = 1000 bar) investigated in that study, the water
content of the H2 gas was computed to be 29 ppm.17 This
suggests that achieving 5 ppm water content using conven-
tional drying methods, that is, based on cooling or pressure
swing, can be very energy-intensive.
As an alternative drying method, selective adsorption of

water on porous materials can be considered. Porous materials
such as metal−organic frameworks, activated carbons, zeolites,
and so forth have been investigated for the drying of different
gas streams.18,19 In particular, zeolites are promising candidates
for the selective adsorption of water from high-pressure H2
streams due to their high-water adsorption capacity, tuneable
hydrophilicity, and high thermal stability, which ensure easy
regeneration of the adsorbent upon heating.20,21 Zeolites are
nanoporous materials consisting of tetrahedral SiO4 and AlO4
units connected to each other by shared oxygen atoms.22 The
Al content of zeolites leads to charge imbalance, which is
compensated by the presence of exchangeable nonframework
cations, usually alkali or alkaline ions, located in the cavities of
the framework.22 An important characteristic of zeolites is the
ratio of the number of Si to Al atoms (Si/Al ratio) present in
the framework, which determines the hydrophilicty of the
structure.23−25 The pore structure of zeolites varies signifi-
cantly with the different secondary building units formed by
the tetrahedral units, such as four-, six-, or eight-member rings,
and so forth. Based on the topology of the framework, various
types of zeolites can be distinguished, which are commonly
denoted with a three letter code, for example, MFI, LTA, and
so forth.26 The properties of zeolites, namely, the well-defined
pore structure, exchangeable cations, and tuneable hydro-
philicity are exploited in several fields of industry such as
catalysis,27−29 separation technology,30−40 water purifica-
tion,25,41−43 and energy storage.44−46 The adsorption of pure
water and pure H2 on zeolites has been studied by several
research groups both by simulation20,47−53 and experimental
techniques.20,48−50,52 In these studies, it was shown that
depending on the Si/Al ratio of the framework, zeolites can
have either high water- or H2-loading capacities. However, to
the best of our knowledge, there is no reported work on the
adsorption of binary H2/water mixtures at high-pressures.
In this work, as experimental data are limited, a computa-

tional screening study is carried out to identify potential zeolite
frameworks for the drying of high-pressure H2 streams. To
simulate the adsorption of water/H2 mixtures on zeolites,
force-field-based Monte Carlo (MC) simulations are per-
formed. We show that the adsorption selectivity for water
increases as the Si/Al ratio decreases. Since a high adsorption
selectivity for water is desirable for the drying of high-pressure
H2, the Al content of zeolites available in the zeolite database
of the International Zeolite Association (IZA) is adjusted to
obtain structures with the lowest possible Si/Al ratio while
obeying the Löwenstein rule,54 which states that the formation

of Al−O−Al bonds is prohibited in zeolites. To identify
promising zeolites for the drying of high-pressure H2 gas under
conditions relevant to vehicular applications, the H2O/H2
mixture with a water content of 12.3 ppm (molar) at 875
bar and 310 K is considered in this study. The selected
operating pressure is based on the conditions typically used at
refueling stations for vehicles, where H2 should be stored at P
= 875 bar (or higher) to be able to fuel a vehicle within 3−5
min.8,55 According to HyET Hydrogen B.V.,13 the water
content of H2 compressed to 875 bar using EHC is
approximately 12.3 ppm. This water content does not
correspond to the equilibrium solubility of water in H2 gas
under these conditions, but it is a representative composition
of the outgoing stream from an EHC. Moreover, to obtain a
better understanding of the effect of pressure and water
content on the adsorption selectivity of zeolite structures,
additional water/H2 mixtures with 12.3 and 478 ppm of water
at 400 bar and 310 K are considered. The value of 478 ppm is
an estimation of the equilibrium solubility of water in H2 at
400 bar and 310 K based on the study of Rahbari et al.17

Promising zeolites for high-pressure H2 drying are identified
based on the computed adsorption selectivity for water, the
pore limiting diameter (PLD), and the volume of H2 gas that
can be dried by 1 dm3 of zeolite. The proposed zeolites can be
used to dry 400−8000 times their own volume of H2 gas
depending on the operating conditions. Our findings strongly
indicate that zeolites with high Al content are potential
candidates for the drying of high-pressure H2 gas. To date,
most types of zeolites have not been synthesized with the
highest possible Al content.56 For example, MFI-type zeolite
can be synthesized with a Si/Al ratio of 9.3,57 which is
considerably higher than the theoretical minimum (Si/Al ratio
= 2). Our findings indicate that the development of new
synthetic pathways allowing for the creation of zeolites with a
high Al content would be beneficial for high-pressure H2
drying.
The remainder of the paper is structured as follows: in

Section 2, details of the simulation methods are explained. In
Section 3, the effects of Si/Al ratio, pressure, and water content
on the adsorption selectivity, and the selection procedure of
the most promising zeolites for high-pressure H2 drying are
reported. In Section 4, the conclusions of this study are
summarized.

2. SIMULATION METHODOLOGY AND
COMPUTATIONAL DETAILS
2.1. Force Fields. In all simulations, the (12-6) Lennard-

Jones (LJ) potential is used for van der Waals interactions
between guest−guest and guest−host. The LJ potential is
truncated and shifted at 12 Å. No tail corrections are used. The
force-field parameters reported by Castillo et al.20 are used to
model the zeolite frameworks and the interactions between
water and the zeolite atoms. In that study, the guest−host
force-field parameters were fitted using the rigid, five-site
TIP5P/Ew58 water model. Therefore, the TIP5P/Ew force
field is used in all our simulations. In the study by Castillo et
al.,20 the LJ parameters for the interactions between water and
the framework atoms were fitted to experimentally measured
water adsorption isotherms for the LTA4A structure.20 It is
important to note that our choice to use these force fields was
based on the fact that no transferable force fields for the
simulation of adsorption of water onto Al-containing zeolites
are currently available (mainly because the relevant exper-
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imental data are largely lacking). To model H2 and the
interactions of H2 with Si and O atoms of the framework, the
parameters reported by Deeg et al.52 are used. These
parameters were fitted to experimentally measured H2
adsorption isotherms on pure Si zeolites. To the best of our
knowledge, the accuracy of the fitted H2 model for computing
bulk properties was not reported. Recently, Bartolomeu and
Franco59 reported a new force field, which accurately predicts
experimentally measured thermodynamic and transport
properties of H2.
In this work, we fitted the LJ parameters for the interaction

of H2 with the Al and Na+ atoms of the framework to an
experimentally measured H2 adsorption isotherm on the
LTA4A structure60 at T = 77 K and P up to 100 kPa. The
calculated and experimentally measured adsorption isotherms
of H2 are shown in Figure S1 in the Supporting Information.
Since these simulations are performed at 77 K, the Feynman−
Hibbs effective interaction potential61 is used to account for
quantum effects. It can be observed that the computed
isotherm is in good agreement with the experiments. Since the
diffusion of adsorbates inside zeolites is an important property
for separation processes, the diffusion of H2 molecules inside
the LTA4A structure is also investigated using these force-field
parameters. The relevant discussion can be found in the
Supporting Information along with the computed mean-
squared displacement of H2 in LTA4A as a function of time
(Figure S2). For interactions between unlike interaction sites,
the Lorentz−Berthelot combining rules62 are used. In all
simulations, electrostatic interactions are described by fixed
point charges. The long-range electrostatic interactions are
calculated using the Ewald method with a relative precision of
10−6.63 All force-field parameters are listed in Tables S1 and S2
of the Supporting Information.
2.2. Simulation Details. The MC simulations for the

calculation of adsorption isotherms are performed using the
RASPA software package.64,65 The atomic positions of the
zeolite structures are taken from crystallographic files (CIF) of
the IZA database26 implemented in the iRASPA visualization
package.66 In this database, 231 zeolite structures are included.
Among these, 13 structures contain Si atoms coordinated by
only three oxygen atoms instead of four. These zeolites were
excluded from the screening study. The zeolite structures are
considered rigid in all simulations. This is a common practice
in the simulation of adsorption of small molecules onto
nanoporous materials because it significantly reduces the CPU
time.67,68 Recently, it has been shown by Krokidas et al.69 that
framework flexibility can affect the diffusion of adsorbates into
zeolitic imidazolate frameworks (ZIFs), which is an important
property to consider in separation processes. For small non-
aromatic molecules, it has been shown that the framework
flexibility of zeolites has a small effect on the adsorption
properties,67 which are the focus of this study. The Al-
containing zeolites were created by randomly exchanging the Si
atoms of the original zeolite structure for Al, while obeying the
Löwenstein rule.54 The Löwenstein rule54 is an axiom of
zeolite science, which is based on the general experimental
observation that Al−O−Al bonds are not formed in zeolites.
Zeolites obeying the Löwenstein rule are not guaranteed to be
stable. In theoretical zeolites with a high Al content, Al atoms
may be placed in thermodynamically unfavorable positions
while still obeying the Löwenstein rule. This might prevent the
synthesis of zeolite. As shown in the literature,70−72 the
distribution of Al atoms in certain types of zeolites can affect

the adsorption properties such as adsorption loading, diffusion,
and so forth. However, at very high Al contents (i.e., Si/Al
ratio < 3), the effect of the distribution of Al atoms is expected
to be small. The structures with the lowest possible Si/Al ratio
were created using the following MC scheme: initially, half of
the Si atoms are exchanged for Al (i.e., Si/Al = 1).
Consequently, identical changes are carried out during which
the Al atoms violating the Löwenstein rule are exchanged with
randomly selected Si atoms that are connected to at least one
other Si atom via an oxygen atom. If no structure obeying the
Löwenstein rule is obtained after 100,000 attempts, then a new
structure with one less Al atom is created (i.e., Si/Al > 1) and
the exchange of Al atoms is started again. This procedure was
performed until a structure obeying the Löwenstein rule is
obtained. CIF files containing the obtained structures with the
lowest Si/Al ratio are provided as separate files in the
Supporting Information.
The charge imbalance of the framework due to the presence

of Al atoms is compensated by the insertion of nonframework
Na+ cations. In principle, the nonframework cations should be
placed at the experimentally measured crystallographic
positions.73,74 However, the crystallographic positions of Na+

are not available for most zeolites. Therefore, in this study, the
cations are randomly inserted in the framework, and their
positions are equilibrated by performing simulations in the
canonical (NVT) ensemble at 1000 K. Simulations are
performed at T = 1000 K to overcome the energy barrier
hindering the motion of cations due to strong electrostatic
interactions with the framework. In these simulations,
translation (50%) and random reinsertion (50%) trial moves
are used. To obtain an equilibrated structure, 500,000 cycles
are carried out. A cycle consists of as many MC steps as the
number of molecules in the system. A minimum of 20 MC
steps are carried out per cycle. Due to random insertions,
cations may be placed in positions which should not be
accessible, in the so-called pockets. The Zeo++ software
package75,76 provides the functionality to identify pockets that
should be blocked for a sphere with a certain radius (i.e., probe
size). This approach was tested for LTA- and FAU-type
zeolites. We observed that by using the ionic radius of Na+

(rNa+ = 1.16 Å) as the probe size, the sodalite cages are blocked
in both structures. Based on the reported crystallographic
positions of Na+, the sodalite cages should be accessible for
Na+ in FAU-type zeolite77 but not in LTA-type zeolite.78 This
shows that by using blocking spheres, the inaccessible pockets
for Na+ cannot be clearly identified without experimental data.
Therefore, in our study, blocking spheres are only used for
LTA-type zeolite in which the location of Na+ cations (sodalite
cages) are reported experimentally. Since the kinetic diameter
of water (2.65 Å) and H2 (2.89 Å) are similar to the window
size of most zeolites, for these molecules, no blocking spheres
are used, in accordance with other studies.20,50,51

To calculate the adsorption isotherms of H2/water binary
mixture on zeolites, MC simulations in the grand-canonical
ensemble (μVT) are performed. In these simulations, the
following trial moves are used for the cations: translations
(50%) and random reinsertions (50%). For the H2 and water
molecules, the following trial moves are carried out: trans-
lations (20%), rotations (20%), random reinsertions (20%),
and particle exchanges with the reservoir (40%). For all
structures, 200,000 equilibration cycles are performed, which
ensures that the equilibrium loading of the components is
reached. To ensure that the equilibrium was reached, the
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instantaneous adsorption loading of the components in the last
20,000 cycles of equilibration were used. For these 20,000
cycles, block averaging is used with four blocks. The overall
mean and standard deviation were calculated from the block
averages. The system is considered to be in equilibrium if the
standard deviation is smaller than 10%. Using the equilibrated
configuration, five independent simulations of 100,000
production cycles are carried out to obtain accurate ensemble
averages.
In the grand-canonical ensemble, the simulation box of fixed

volume (zeolite structure) is in equilibrium with a reservoir
containing a fluid with a constant temperature (T) and a
chemical potential (μ). In the RASPA software package,64 the
imposed chemical potential is calculated from the fugacity of
the fluid. The fugacity coefficients of components are predicted
by the Peng−Robinson (PR) EoS.79 Recently, Rahbari et al.17

compared the performance of the PR EoS and MC simulations
for predicting the fugacity coefficients of water and H2 in a
broad pressure range (10−1000 bar). It was shown that the PR
EoS yields inaccurate fugacity coefficients at high-pressures (P
> 400 bar), while the fugacity coefficients computed by MC
simulations are in reasonable agreement with the experimen-
tally measured data. Therefore, in our study, the fugacity
coefficients of water and H2 are calculated by performing MC
simulations in the continuous fractional component NPT
(CFCNPT) ensemble80 implemented in the BRICK-CFCMC
software package.81 In CFCMC simulations, special types of
molecules, the so-called fractional molecules, are used. The LJ
and electrostatic interactions of these molecules with the rest
of the system are scaled by a parameter λ ∈ [0, 1], where λ = 0
means that the fractional molecule does not interact with other
molecules and λ = 1 means that the fractional molecule has the
same interactions as other molecules of the same type. For
calculating fugacity coefficients, it is assumed that the water is
infinitely diluted in H2, since only a few ppm of water are
present in the H2 gas. The simulation box consists of 512 H2
and one fractional molecule of each component which enables
the calculations of the excess chemical potential that can be
related to the fugacity coefficient. The detailed derivation of
the relations between the fugacity coefficients and the excess
chemical potential are presented elsewhere.17,80 The trial
moves used in the CFCNPT simulations are selected with the
following probabilities: 35% translations, 30% rotations, 1%
volume changes, 17% λ changes, and 17% identity changes of
the fractional molecule. The simulations consist of 100,000
equilibration and 500,000 production cycles. The calculated
fugacity coefficients of components are shown in Table S3 of
the Supporting Information. The uncertainty of ensemble
averages were calculated as the standard deviation of the mean
from five independent simulations.
To identify potential zeolite structures for the drying of

high-pressure H2 streams, the adsorption selectivity (SH2O,H2
) is

used as a criterion. The adsorption selectivity is most
commonly defined as the fraction of the component’s mole
fractions in the adsorbed phase. By using this definition,
division by zero can occur if one of the components is not
present in the adsorbed phase. Therefore, in this work, the
adsorption selectivity is defined as the percentage of water
adsorbed on the zeolite

=
+

×S
N

N N
100%H O,H

H O

H H O
2 2

2

2 2 (1)

where NH2O and NH2
are the number of water and H2

molecules adsorbed per unit cell, respectively. Using this
definition, the adsorption selectivity of zeolites which do not
adsorb any H2 molecules can be handled. In this case, the
adsorption selectivity is 100%. The adsorption selectivities are
computed for water/H2 mixtures with 12.3 and 478 ppm water
content. The value of 478 ppm is an estimation of the
equilibrium content of water in H2 at 400 bar and 310 K based
on the study of Rahbari et al.17 To the best of our knowledge,
there is no available experimental data under these conditions.
The solubility is estimated based on the computed solubilities
reported in ref 17. In that study, the solubility of water at T =
323, 366, and 423 K was reported for various water force fields,
that is TIP3P,82 TIP4P/2005,83 and TIP5P/Ew,58 while at T =
310 K, the authors used only TIP3P. Since in our study, the
TIP5P/Ew force field is used at T = 310 K, the solubility of
water is estimated based on the solubilities reported with
TIP3P. In particular, we assume that the ratio of solubilities
computed with TIP3P and TIP5P/Ew force fields at the same
pressure is independent of the temperature. Thus, the ratio of
solubilities predicted with the two force fields at T = 423 K is
calculated (i.e., ca. 0.62) and assumed to be equal with the
ratio at T = 310 K. Using the available solubility data reported
by Rahbari et al.,17 we estimate the solubility of water in H2 at
T = 310 K and P = 400 bar with the TIP5P/Ew model to be
478 ppm.
The helium void fraction (ϕHe) of each zeolite is calculated

using Widom’s test particle insertion method63 using the
RASPA software package.64,65 In this work, the reported
helium void fractions are computed for zeolites with the lowest
Si/Al ratio in the presence of Na+ cations. The geometrical
properties of zeolite structures, that is, PLD, largest cavity
diameter (LCD), and accessible surface area (ASA) are
calculated using the Zeo++ software package.75,76

3. RESULTS AND DISCUSSION
3.1. Effect of Si/Al Ratio. In Figure 1, the adsorption

selectivities of FAU-, MOR-, MFI-, FER-, CHA-, and LTA-

type zeolites for water are shown for a water/H2 mixture with
12.3 ppm water content at P = 875 bar and T = 310 K as a
function of Si/Al ratio of the framework. As expected, for all
structures, the adsorption selectivity increases with the
decrease of the Si/Al ratio. This is due to the increasing
hydrophilicity of the structure. The FAU-, CHA-, and LTA-
type zeolites show preferential adsorption for water (SH2O,H2

>

Figure 1. Adsorption selectivity of FAU-, MOR-, MFI-, FER-, CHA-,
and LTA-type zeolites for water from a water/H2 mixture with 12.3
ppm water content as a function of the Si/Al ratio of the framework,
at P = 875 bar and T = 310 K. The error bars indicate the standard
deviation of the mean.
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50%) only for relatively high Al contents, that is, Si/Al < 4.
Figure 1 also shows that the difference in adsorption
selectivities of MFI-type zeolites that can be experimentally
synthesized (i.e., Si/Al = 9.357) with the theoretical ones
having low Si/Al ratios (>8) can be as high as 60%. This
clearly indicates that the progress in the synthesis techniques of
zeolites allowing for the creation of structures with high Al
contents would be beneficial for high-pressure H2 drying.
To obtain a better understanding of the adsorption

mechanism, the preferred adsorption sites of water and H2
are identified based on the computed density plots. The
simulation box is divided into a 3D grid, and the number of
H2O and H2 molecules and the number of Na+ cations at the
grid points are calculated from 200 simulation snapshots. The
number of occurrences of each species in the snapshots is
summed along the z-axis of the grid and normalized to a [0, 1]
interval. The obtained 2D grid of the normalized occurrences
is referred to as the normalized density corresponding to the
relative probability of finding the species at a grid point. In
Figure 2a,b, the normalized densities of H2O, H2, and Na+ on
MFI-type zeolite without Al and with the lowest possible Si/Al
ratio, respectively, are shown on the xy plane for a system at P
= 875 bar, T = 310 K, and yH2O = 12.3 ppm. MFI-type zeolites
consist of straight and zig-zag channels connected via
intersections. These characteristics can be identified in Figure
2c: the straight channels are perpendicular to the xz plane and
the zigzag channels are located in the xz plane.26 From Figure

2a (Si/Al ratio → ∞), it becomes clear that practically only H2
(black color) is adsorbed onto the zeolite. This is caused by
the highly hydrophobic nature of pores due to the absence of
Al atoms. As shown clearly, H2 molecules are absorbed onto all
pores, having a slightly higher occurrence at the center of the
intersection of straight and zigzag channels than at other parts
of zeolite. From Figure 2b (Si/Al ratio = 2), it can be observed
that practically only water molecules (red color) are adsorbed.
This is expected due to the high Al content of the structure. In
Figure S3 in the Supporting Information, the radial distribution
functions (RDFs) are shown for the oxygen atoms of water
molecules with the Na+ cations on MOR-, MFI-, LTA-, and
FAU-type zeolites having the lowest possible Si/Al ratio. In
Figures 2b and S3, it can be observed that the water molecules
are preferentially adsorbed near the wall of the zeolite and
around the Na+ cations.
In Figure 2d,e, the normalized densities of H2O, H2, and

Na+ on MOR-type zeolite without Al and with the lowest
possible Si/Al ratio are shown, respectively, on the xy plane for
a system at P = 875 bar, T = 310 K, and yH2O = 12.3 ppm. As
shown in Figure 2f, in MOR-type zeolites, two characteristic
parts can be identified, that is, the large main channels formed
by the 12-membered rings which are located along the z-axis,
and the small side pockets connected to the main channels by
8-membered rings are located along the y-axis. As expected, on
the pure Si structure (see Figure 2d), only H2 is adsorbed
because of its hydrophobic nature. H2 molecules are adsorbed

Figure 2. Normalized densities of H2O (red), H2 (black), and Na+ (green) on the xy plane for MFI-, MOR-, LTA-, and FAU-type zeolites without
and with the maximum amount of Al atoms. (a,d,g,j) show the normalized densities for pure silicon MFI-, MOR-, LTA- and FAU-type zeolites,
respectively. (b,e,h,k) show the normalized densities for MFI-, MOR-, LTA- and FAU-type zeolites with the lowest Si/Al ratio, respectively. The
pore structures of (c) MFI-, (f) MOR-, (i) LTA-, and (l) FAU-type zeolites represented by the adsorption surface computed with water as a probe
molecule. The simulations were carried out at P = 875 bar, T = 310 K, and yH2O = 12.3 ppm. The representations of the pore structures are created
with the iRASPA software package.66

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c20892
ACS Appl. Mater. Interfaces 2021, 13, 8383−8394

8387

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20892/suppl_file/am0c20892_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20892/suppl_file/am0c20892_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20892?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20892?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20892?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20892?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c20892?ref=pdf


throughout the structure with a slightly higher occurrence at
the walls of the main channel. As shown in Figure 2e,
considerably more water than H2 is adsorbed (SH2O,H2

= 88%)
on MOR-type zeolite with the lowest Si/Al ratio. The
adsorbed H2 molecules are preferentially located at the
intersection of the main channel and at the 8-membered ring
connecting the main channels to the side pockets. The
different adsorption location of the H2 molecules is caused by
the presence of water and Na+ cations in the structure. The
water molecules are clustered around the Na+ cations which
are located at the center of the main channels and side pockets.
This is further substantiated from Figure S3 in the Supporting
Information in which the RDFs are shown for the oxygen
atoms of water molecules with the Na+ cations on MOR-type
zeolite having the lowest Si/Al ratio.
In Figure 2g,h, the normalized densities of H2O, H2, and

Na+ on LTA-type zeolite without Al and with the lowest Si/Al
ratio are shown on the xy plane at P = 875 bar, T = 310 K, and
yH2O = 12.3 ppm. As shown in Figure 2i, the LTA-type zeolite
consists of small sodalite cages connected to each other by
four-membered rings. The void space between the sodalite
cages is called the alpha cage. The alpha cages are connected to
each other by eight-membered rings and are larger than the
sodalite cages. Similar to MFI- and MOR-type zeolites, only H2
is adsorbed onto pure Si LTA-type zeolite (see Figure 2g). The
H2 molecules are adsorbed onto both the sodalite and alpha
cages of the LTA-type zeolite with a preference toward the
center of the alpha cage. As expected, considerably more water
than H2 is adsorbed onto the LTA-type zeolite having the
lowest Si/Al ratio due to the hydrophilicity of the structure
(see Figure 2h). From Figure 2h, it can be observed that H2 is
preferentially adsorbed at the center of the alpha cage and the
sodalite cages. The water molecules are clustered around the
Na+ ions which are located near the center of the alpha cages.
This is further substantiated in the respective RDF shown in
Figure S3 in the Supporting Information.
In Figure 2j,k, the normalized densities of H2O, H2, and Na

+

on FAU-type zeolite without Al and with the lowest Si/Al ratio
are shown on the xy plane for a system at P = 875 bar, T = 310
K, and yH2O = 12.3 ppm. As shown in Figure 2l, similar to LTA-
type zeolite, FAU-type zeolite consists of sodalite cages, with
the difference that the cages of FAU are connected by six-
membered instead of four-membered rings. The alpha cages of
FAU-type zeolite are similar in size to the LTA-type zeolite but
are connected to each other by 12-membered rings instead of
8-membered rings. Similar to the other investigated zeolites,

only H2 is adsorbed onto the pure Si FAU-type zeolite (see
Figure 2j). H2 molecules have the same preferential adsorption
site on the pure Si FAU-type zeolite as on LTA-type zeolite,
that is, at the center of the alpha cage. As expected,
considerably more water than H2 is adsorbed onto the FAU-
type zeolite with the lowest Si/Al ratio due to the
hydrophilicity of the structure (see Figure 2k). From Figure
2k, it can be observed that H2 is preferentially adsorbed at the
center of the alpha cage. The water molecules are clustered
around the Na+ ions which are located around the center of the
sodalite and alpha cages. This can also be concluded from the
respective RDFs shown in Figure S3 in the Supporting
Information.
MFI- and MOR-type zeolites can be saturated by adsorption

of water around the Na+ cations leaving no available space for
the adsorption of H2. Due to their higher accessible volume,
LTA- and FAU-type zeolites are not saturated by water, and
thus, H2 can be adsorbed at its preferential adsorption location.
This shows that the presence of nonframework Na+ cations is
advantageous for the adsorption selectivity of zeolites for
water. The Na+ cations occupy a significant amount of pore
space and promote the adsorption of water, which further
limits the available space for the adsorption of H2. Therefore,
for high-pressure H2 drying, zeolites with a high Na+ (Al)
content are preferred. These findings suggest that the
adsorption selectivity of Al-containing structures for water is
correlated with the available free space in pores containing
nonframework Na+ cations.

3.2. Screening of Zeolites for High-Pressure H2
Drying. In Figure 3, the computed adsorption selectivities of
water (SH2O,H2

) for each investigated zeolite structure for 12.3
and 478 ppm water contents at P = 400 and 875 bar and T =
310 K are shown as a function of helium void fraction (ϕHe). It
is clear that structures with low-helium void fractions have high
adsorption selectivity for water. This finding is in line with the
observation that structures with less free space can be saturated
with water, which is adsorbed close to the Na+ cations
hindering the adsorption of H2. By comparing the adsorption
selectivities calculated for the water/H2 mixtures with 12.3
ppm water content at P = 400 (see Figure 3a) with the
corresponding selectivities at P = 875 bar (see Figure 3c), the
effect of fluid pressure can be observed. The average difference
between the adsorption selectivities at the two pressures is ca.
2%. This means that the pressure of the gas phase has limited
effect on the adsorption selectivity. The effect of water content
of the H2 gas on the adsorption selectivity can be observed in
Figure 3a,b, in which the adsorption selectivities are shown for

Figure 3. Computed adsorption selectivities (SH2O,H2
) of the 218 zeolite structures for water at (a) P = 400 bar, T = 310, and yH2O = 12.3 ppm; (b)

P = 400 bar, T = 310, and yH2O = 478 ppm; and (c) P = 875 bar, T = 310, and yH2O = 12.3 ppm conditions as a function of helium void fraction of
the structures. The helium void fractions are calculated for zeolites containing Na+ cations using Widom’s test particle insertion method.63 The Si/
Al ratio of each framework type is listed in Table S7 in the Supporting Information. The colors represent the Si/Al ratio of structures.
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water/H2 mixtures with 12.3 and 478 ppm water contents at P
= 400 bar and T = 310 K. The difference between the
adsorption selectivities of a structure for the two water
fractions can be up to 50%. For example, the adsorption
selectivity of RWY-type zeolite for the mixture with 12.3 ppm
water content is 27%, which corresponds to the adsorption
loading of 33 H2 and 12 water molecules per unit cell. The
adsorption selectivity of the same zeolite with 478 ppm water
content is 77%, which corresponds to the adsorption loading of
18 H2 and 58 water molecules per unit cell, respectively. It can
be seen that the adsorption loading of H2 and water at yH2O =

478 ppm are ca. half and five times the loadings at yH2O = 12.3
ppm, respectively. Evidently, the effect of water content is only
significant for structures with helium void fractions larger than
0.1. This is caused by the formation of water clusters in the
larger pores of the structure. Water cluster formation is
inhibited at low yH2O since the amount of adsorbed water

cannot saturate the pores. However, at high yH2O, sufficient
number of water molecules can be adsorbed from the H2 gas to
fill the larger pores.
In Figure 4, RDFs are shown for the oxygen atoms of water

molecules, H2 molecules with Na+ cations, and oxygen atoms
of water molecules with Na+ cations for FAU- and BSV-type
zeolites with Si/Al ratio = 1 under the three operating
conditions: (a,d) P = 400 bar and yH2O = 12.3 ppm, (b,e) P =

400 bar and yH2O = 478 ppm, and (c,f) P = 875 bar and yH2O =
12.3 ppm. In all cases, the water molecules are clustered
around the Na+ cations, as indicated by the strong peaks in the
RDFs. From Figure 4a,c, it can be observed that the calculated
RDFs are almost identical. This observation is in line with our
finding presented earlier, that is, the pressure of the gas phase
has a negligible effect on the selectivity of zeolite for water. By
comparing the RDFs calculated for water contents of 12.3 and
478 ppm, it can be observed that water molecules are less likely
to cluster around Na+ cations and more probable to form water

clusters at a higher water content of the gas phase. This
phenomenon cannot be observed for the BSV-type zeolite
(Figure 4d−f), which has smaller pores than FAU-type zeolite.
The RDFs calculated for the BSV-type zeolite are almost
identical under all investigated operating conditions (see
Figure 4d−f). This is due to the small size of the pores which
are saturated with water under all conditions investigated.
Besides the adsorption selectivity for water, the size of the

system used for H2 drying also plays an important role.
Therefore, in this study, the volume of H2 gas that can be dried
by 1 dm3 of zeolite structure (VH2

) is considered as a criterion
to identify potential zeolites for the drying of high-pressure H2
gas. In Figure 5, the volume of H2 gas that can be dried by 1
dm3 of zeolite at P = 400 and 875 bar and T = 310 K is shown
as a function of helium void fraction. It can be observed that
the VH2

is nearly twice as high at P = 400 bar (see Figure 4a)
compared to that at P = 875 bar (see Figure 4c). This
difference is mainly caused by the different densities of H2

under the two conditions (ρH2
= 25.2 and 44.6 kg m−3). The

amount of H2 gas that can be dried increases with the helium
void fraction. However, the adsorption selectivity of structures
with ϕHe > 0.1 tends to be lower than 85%. This means that a
significant amount of H2 is also adsorbed onto zeolite, which is
undesirable for H2-storage applications. To identify promising
zeolites for the drying of high-pressure H2, only structures with
adsorption selectivity higher than 99% are considered.
Moreover, to ensure that water molecules can diffuse along
the structure and adsorb, only structures with PLD larger than
the kinetic diameter of water (dkinetic = 2.65 Å) are considered.
Based on these criteria, the five best performing structures are
identified for each studied condition. The identified frame-
works for the drying of H2 with 12.3 ppm water content at P =
400 and P = 875 bar are almost identical, that is BSV-, ASV-,
PON-, and MFI-type zeolites. Additionally, at P = 400 and P =
875 bar, STO- and AFN-type zeolites are identified,
respectively. For drying H2 gas having 478 ppm water content

Figure 4. RDFs for the oxygen atoms of water molecules (black), H2 molecules with Na+ cations (red), and oxygen atoms of water molecules with
Na+ cations (blue). (a) FAU-type zeolite at P = 400 bar, T = 310 K, and yH2O = 12.3 ppm; (b) FAU-type zeolite at P = 400 bar, T = 310 K, and yH2O

= 478 ppm; (c) FAU-type zeolite at P = 875 bar, T = 310 K, and yH2O = 12.3 ppm; (d) BSV-type zeolite at P = 400 bar, T = 310 K, and yH2O = 12.3

ppm; (e) BSV-type zeolite at P = 400 bar, T = 310 K, and yH2O = 478 ppm; and (f) BSV-type zeolite at P = 875 bar, T = 310 K, and yH2O = 12.3
ppm. The Si/Al ratio of BSV- and FAU-type zeolites are 1.0.
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at P = 400 bar, ITT-, SBE-, SBS-, FAU-, and SBT-type zeolites
are found to be the best. In Figure 6, atomistic representations
of the best performing structures are shown.
In Table 1, the 11 best performing structures and their

helium void fraction, PLD, LCD, ASA, adsorption selectivities,
and volume of H2 that 1 dm3 of structure can dry are listed.
The zeolites identified for the drying of H2 gas with 12.3 ppm
water content have helium void fractions in the range from
0.01 to 0.07. In contrast, all the identified structures at the
higher water content have helium void fractions larger than
0.26. This difference is caused by the higher adsorption
selectivity of zeolites with more free space (ϕHe > 0.1) at
higher water contents (see Figure 3a,b). For example, the
adsorption selectivity of ITT-type zeolite (which has a ϕHe =
0.33) for water is 58.8% at P = 400 bar and yH2O = 12.3 ppm,
while it is 99.4% at P = 400 bar and ppm. A similar tendency
can be observed for the structures, which were identified for
the case of yH2O = 478 ppm. The ASA of the yH2O = 478
structures shows the same trend as the helium void fraction.
The structures identified for the case of lower water content
have consistently lower ASA than the ones identified for P =
400 bar and yH2O = 478 ppm. It can also be observed that the
LCD of the structures identified for the case of higher water
content is on average twice as large as of the structures
identified for the conditions with lower water contents. This is
in line with the finding that water clusters can be formed in the

larger pores of the zeolites for higher water contents. It can be
seen that the identified zeolite structures can be used to dry
400−8 000 times their own volume of H2 gas depending on
the operating conditions.
As a next step, our computational findings should be verified

by experimental measurements. Among the identified zeolite
types, FAU-type zeolites can be synthesized with a Si/Al ratio
near 1, which are usually denoted zeolite X. The adsorption
loading from binary water/H2 mixtures under the investigated
conditions could be measured on this zeolite. In the case of the
rest of the identified zeolites, measurements could be carried
out on the structures with the lowest available Si/Al ratio and
compared with our computational findings.

4. CONCLUSIONS
The performance of 218 zeolites is investigated for the drying
of high-pressure H2 gas. The effect of Si/Al ratio on the
adsorption selectivity of six zeolite structures for water is also
studied. We show that structures with the lowest possible Si/Al
ratio have the highest adsorption selectivity for water. To
obtain a better understanding of the adsorption mechanism,
the preferred adsorption sites of H2 and water on MFI-, MOR-,
LTA-, and FAU-type zeolites without Al and with the lowest
Si/Al ratio are investigated. It is shown that in the structures
with a high Al content, water is adsorbed close to the Na+

cations. For structures with a small free space (MFI- and
MOR-type zeolites), the structures are saturated by water
molecules, thus hindering the adsorption of H2. On structures
with larger pores (FAU- and LTA-type zeolites), water cannot
saturate the pores, thus, H2 can also be adsorbed. The
adsorption selectivities of 218 structures with the lowest Si/Al
ratio are computed under three operating conditions relevant
to high-pressure H2 drying: (1) P = 400 bar, T = 310 K, and
yH2O = 12.3 ppm; (2) P = 400 bar, T = 310 K, and yH2O = 478

ppm; and (3) P = 875 bar, T = 310 K, and yH2O = 12.3 ppm. It

Figure 5. The volume of H2 gas (VH2
) that can be dried by 1 dm3 of

zeolite structure at (a) P = 400 bar, T = 310, and yH2O = 12.3 ppm;

(b) P = 400 bar, T = 310, and yH2O = 478 ppm; and (c) P = 875 bar, T

= 310, and yH2O = 12.3 ppm. Data are plotted as a function of helium
void fraction of framework types. The helium void fractions are
calculated for zeolites containing Na+ cations using Widom’s test
particle insertion method.63 The Si/Al ratio of each framework type is
listed in Table S7 in the Supporting Information. The colors represent
the adsorption selectivity of the structure for water.

Figure 6. Atomistic representations of the 11 best-performing zeolite
framework types for high-pressure H2 drying. The graphical
representation is created with iRASPA.66
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is shown that the gas pressure has only limited effect on the
adsorption selectivity of zeolites. In sharp contrast, the water
content of the H2 gas has a significant effect on the adsorption
selectivity of zeolites with ϕHe > 0.1. This phenomenon is
caused by water clustering in larger pores. The five most
promising zeolites based on the volume of H2 that can be dried
by 1 dm3 of zeolite, the PLD and the adsorption selectivity of
the structure are identified under each studied operating
condition. It is shown that at low water concentrations in the
gas phase, structures with helium void fractions smaller than
0.07 are preferred. The structures identified in the case of high
water contents have helium void fractions larger than 0.26. The
structures identified for lower water contents have consistently
lower ASAs than the ones identified for P = 400 bar and yH2O =
478 ppm. It is also shown that the LCDs of the structures
identified for high water contents (478 ppm) are on average
twice as large as for the structures identified for low water
contents (12.3 ppm). Our findings indicate that the volume of
H2 that can be dried by zeolites can be up to 8000 times the
volume of the zeolite framework. To date, most types of
zeolites have not been synthesized with the highest possible Al
content.56 For example, MFI-type zeolite can be synthesized57

for the Si/Al ratio of 9.3, which is considerably higher than the
theoretical minimum (i.e., Si/Al ratio = 2). We show that the
difference in the adsorption selectivities of the already
synthesized MFI-type zeolites (Si/Al ratio = 9.3) with the
ones having low Si/Al ratios can be as high as 60%. Our
findings indicate that the development of new synthetic
pathways allowing for the creation of zeolites with a high Al
content would be beneficial for high-pressure H2 drying.
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Table 1. List of Zeolites That are Identified as the Most Promising Structures for High-Pressure H2 Drying
a

P = 400 bar,
yH2O = 12.3 ppm

P = 400 bar,
yH2O = 478 ppm

P = 875 bar,
yH2O = 12.3 ppm

name Si/Al ratio ϕHe PLD/[Å] LCD/[Å] ASA/[m2 cm−3] SH2O,H2
/[%] VH2

/[dm3] SH2O,H2
/[%] VH2

/[dm3] SH2O,H2
/[%] VH2

/[dm3]

BSV 1.0 0.01 3.44 4.77 1367 100 8298 100 247 100 4917
ASV 1.0 0.01 4.03 4.95 1112 100 8166 100 225 100 4702
PON 1.0 0.03 3.9 4.5 1147 100 7629 100 234 100 4383
MFI 2.0 0.06 4.3 5.94 1272 99.4 6896 100 219 99.2 4131
STO 1.5 0.07 5.61 6.4 888 99.5 6475 100 195 99.3 3822
AFN 1.0 0.04 3.08 4.75 1249 99.4 6927 100 228 98.7 4185
ITT 1.6 0.33 11.6 12.77 1598 58.8 5899 99.4 452 56 3852
SBE 1.0 0.26 6.83 12.1 1572 80 9078 99.4 430 84.1 6459
SBS 1.0 0.26 6.87 10.98 1618 85.4 10766 99.8 430 86.9 6887
FAU 1.0 0.29 6.95 10.7 1488 77.1 9008 99.4 427 79.3 5980
SBT 1.0 0.27 6.94 10.4 1629 84.5 10683 99.8 427 86.1 6758

aThe reported properties are helium void fraction (ϕHe), PLD, LCD, ASA, adsorption selectivity (SH2O,H2
), and the volume of H2 that 1 dm3 of

structure can dry (VH2
).
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