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A B S T R A C T

The aim of this work is to investigate the potential use of the ITQ-12 zeolite in a PSA process to obtain purified
hydrogen from the SMR product stream using molecular simulation. Since the main components of the product
stream are hydrogen and carbon dioxide, we put the focus on the separation of these two gases. The separation
of hydrogen from the other components (methane, carbon monoxide and nitrogen) will be briefly touched upon
as well. From inspection of the adsorption isotherms of carbon dioxide and hydrogen in ITQ-12 we found that
the former gas dominates at industrially relevant conditions (311 K and 16 ⋅105 Pa). Breakthrough curves
reveal that the ITQ-12 zeolite is likely to perform well in a PSA process for the separation of hydrogen from
carbon dioxide. We found that in general higher column lengths and lower gas feed velocities are favorable
for a good separation while higher gas feed velocities are favorable for the cleansing of carbon dioxide from
the column. For the full mixture it is necessary to employ longer column lengths in order to separate hydrogen
from the other components. This is because nitrogen and carbon monoxide exhibit retention times similar to
hydrogen, though the latter still travels through the column the fastest. Alternatively the use of ITQ-12 could
be combined with other separation techniques, where ITQ-12 is used to mainly remove CO2 and CH4 from the
SMR product stream. These findings suggest that SMR could become an economically viable way to produce
hydrogen by using ITQ-12 in the separation process.
1. Introduction

Hydrogen is a promising contender for becoming the fuel of the
future. This is largely due to the fact that it can be more conveniently
stored than electricity and does not produce any harmful emissions
when used as a fuel [1]. These qualities make hydrogen an excellent
energy carrier that can potentially be used for example in combina-
tion with solar energy to power households in the future. A popular
industrial process for the production of hydrogen gas from natural
gas is steam methane reforming (SMR) [2–4]. While there are many
competing technologies under development, SMR is potentially useful
in the early stages of the hydrogen economy, when the demand for
hydrogen is still comparatively low and supply can be based on small
scale and decentralized SMR or electrolysis [2]. The advantage of such
decentralized hydrogen production is that existing natural gas pipelines
can be used to transport natural gas to the SMR plants. Therefore there
is no immediate need for extensive hydrogen infrastructure.

Like any modern chemical process, steam methane reforming con-
sists of multiple steps. In the first step, natural gas is purified to
methane [5]. Natural gas is a mixture of consisting mostly of methane,
but also of other alkanes as well as gases such as carbon dioxide, nitro-
gen, helium, hydrogen sulfide and some other sulfide compounds. The

∗ Corresponding authors.
E-mail addresses: amarcal@upo.es (A. Martin-Calvo), s.calero@tue.nl (S. Calero).

most important step of the process is the reforming reaction of methane
with water. This produces hydrogen along with carbon monoxide and
carbon dioxide [5]. See Eqs. (1) and (2).

CH4 + 2H2O → 4H2 + CO2 (1)

CH4 + H2O → 3H2 + CO (2)

This mixture then passes through the water–gas shift reactor. This
reactor uses water to convert most of the carbon monoxide into carbon
dioxide and hydrogen [5]. See Eq. (3).

CO + H2O ↔ CO2 + H2 (3)

This is an equilibrium reaction for which the equilibrium concentration
of CO2 is higher at lower temperatures. Unfortunately the reaction rate
is too low at low temperatures. To remedy this issue, the water–gas
shift reaction is usually split up into two parts: the high temperature
shift reactor and the low temperature shift reactor. First the higher
temperature is used to speed up the reaction rate, and then the lower
temperature is used to increase the amount of CO2 and H2 that is
produced [6]. Finally the resulting gas mixture consisting mostly of
vailable online 10 May 2024
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carbon dioxide and hydrogen (but also containing traces of methane,
nitrogen and carbon monoxide [7]) is purified.

There are still some hurdles to overcome in order to make this
process more economically viable. For example production should be
made more user friendly, the cost should be decreased and it is im-
portant to improve the recovery of hydrogen from the product stream.
This work will focus on the latter. In other words the question to be
answered is how to improve hydrogen capture from an SMR product
stream. A possible way to do this is by using a porous material such
as a zeolite. Zeolites are a porous class of materials often used for the
separation of fluids through adsorption. Apart from zeolites there are
some other porous classes of chemical substances that are commonly
used for adsorption purposes. These include activated carbons (AC’s)
and metal organic frameworks (MOF’s). The reason to use a zeolite is
that it is more thermochemically stable and often available at relatively
low costs compared to for example MOF’s [8,9]. The main idea when
applying a zeolite for the separation of two fluids is that one of the
fluids will be adsorbed into the zeolite at a higher rate than the other.
In the case of a binary mixture the two fluids can be easily separated
using a process such as pressure swing adsorption (PSA) [5,10–13].

To investigate the feasibility of using a zeolite for purification, it is
important to take into account the conditions of the mixture as it exits
the low temperature shift reactor (at which point the purification takes
place). While these conditions vary per setup, the results in this work
will be based on the conditions reported by J. C. Molburg and R. D.
Doctor [6]. This will be discussed in more detail in the Methodology
section.

This work focuses specifically on the ITQ-12 zeolite. ITQ-12, also
referred to as ITW, is a pure silica zeolite, meaning that it consists
purely of silicon and oxygen atoms, with no aluminium substitutions.
Visualizations of the unit cell of the structure are included in Figure S1
of the Electronic Supporting Information (ESI). The structure consists
of cavities and channels made out of 8-rings, meaning that ITQ-12 is a
small-pore-zeolite [8]. The structure admits two types of channels [14]
(see also Figure S2 in the ESI). One channel is along the (100) direction
and is relatively narrow: (2.4 × 5.3 Å). The other is among the (001)
direction and is more circular (3.8 × 4.1 Å) and connects bigger
cavities. Since ITQ-12 is a small pore zeolite, it is likely to be suitable
for separating different kinds of small molecules from one another. It
has already been shown that ITQ-12 can be used to effectively separate
propane from propene [15,16] and carbon dioxide from methane [17].
This begs the question whether the zeolite is also a useful ‘sieve’
for separating hydrogen from carbon dioxide and the other compo-
nents in the SMR product stream. To answer this question use will be
made of adsorption isotherms and breakthrough curves computed using
molecular simulation in RASPA and RUPTURA [18,19].

Summarizing, in this work simulation techniques are used for the
first time to study the recovery of hydrogen from the SMR product
stream using the ITQ-12 zeolite, by means of adsorption isotherms
and specially by means of breakthrough curves. An optimization of the
breakthrough ‘‘setup’’ in terms of column length and gas feed velocity is
investigated for an efficient separation. The effect of minor components
of the real product stream composition is analyzed by comparison with
the results obtained from the simplified SMR product stream.

The methods, models and forcefields used for simulations, as well
as the mixture under study and the characterization of the material are
described in the Methodology section. The results section includes a dis-
cussion of the main findings from the force-field validation, adsorption
isotherms and breakthrough curves for a simplified version of the SMR
product stream and for the stream with all its components. Finally, the
main conclusions of the work are drawn.

2. Methodology

The results in this work are based on the conditions reported by
J. C. Molburg and R. D. Doctor [6]. Therefore a temperature of 311
2

w

Table 1
Composition of product stream to be purified according to the work of J. C. Molburg
and R. D. Doctor [6], as well as concentrations used in this work, disregarding water.

Component Molar fraction [–] Without water [–]

CO2 0.13281 0.18505
CO 7.43587⋅10−4 1.03615⋅10−4
H2O 0.28235 0
H2 0.53182 0.74106
CH4 0.04939 0.06882
N2 0.00288 0.00401

K and a pressure of 16 bar (16 ⋅ 105 Pa) will be used. Additionally,
he simulations in this work will be based on the mixture composition
ncluded in Table 1. The initial results of this work will be limited to
nvestigating only the main components hydrogen and carbon dioxide.
ence use will be made of a mixture containing 0.2 molar fraction
O2 and 0.8 molar fraction H2 (keeping the same relative concentration
etween CO2 and H2 as in Table 1). Later the mixture will be studied
n more detail. For this the choice was made to leave water out of the
onsideration since it can be removed via other methods. This means
he concentrations mentioned in the rightmost column of Table 1 are
sed.

In this work the RASPA software is used to simulate the interac-
ion of various zeolites and adsorbates [18]. More specifically, Grand
anonical Monte Carlo (GCMC) simulations will be used to compute
dsorption isotherms for single components as well as mixtures. The
se of a Grand Canonical ensemble means that the chemical potential
s fixed, as well as the temperature and the volume. The chemical
otential is related to fugacity and pressure through the Peng–Robinson
quations of state [18]. Monte Carlo simulations make use of a set of
oves that are applied to fluid elements at random [20]. The allowed
oves vary per setting and include translation, rotation and insertion,

s well as identity change in case of mixtures. When such a random
ove is tried it can be either accepted or rejected. In the latter case
othing happens. Whether a move is accepted or rejected is based on
nergy criteria. The random moves make sure that the system will
ltimately end up in an equilibrium situation. To make sure that this
quilibrium is reached in the simulation it is important to make use of
n adequate number of cycles. In the case of Monte Carlo simulations,
cycle consists of max(𝑁, 20) attempted moves, where 𝑁 is the amount
f molecules. 80000 initialization cycles and 800000 regular cycles
ere used for all adsorption isotherm computations. The output of

his type of simulation in RASPA is the total amount of molecules
ocated inside the pores of the structure, which is referred to as the
bsolute adsorption. However, experimental measurements exclude the
olecules that are in the pores without gas–solid interaction, giving

ise to the excess adsorption. For this reason, to compare simulated and
xperimental data it is necessary to convert absolute (𝑛abs) into excess
𝑛exc) adsorption using Eq. (4).

𝑛exc = 𝑛abs − 𝑉𝑔𝜌𝑔 (4)

Here 𝑉𝑔 is the pore volume of the adsorbent, and 𝜌𝑔 is the molar
density of the bulk gas phase [21]. The available pore volume can be
obtained experimentally or by simulation measuring He/N2 adsorption
s explained the discussion of the framework models used.

To accurately model the process of adsorption, three components
ave to be considered. These components are the framework, the
dsorbates and the forcefield (i.e. the interactions between the different
omponents).

To simulate the framework it is assumed that the silicon and
xygen atoms are simply fixed. This modeling assumption has been
hown to have little effect on the accuracy of the computed adsorption
sotherms [22]. Three separate models for the framework were con-
idered before the validation of the modeling methods. These models

ere named ITQ-12 [14], ITQ-12bis [16] and ITW. The ITQ-12bis
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Table 2
Comparison of framework models and experimental data by E. Pérez-Botella et al. [17]

Framework model Helium void fraction [–] Specific surface Available pore
area [m2/g] volume [cm3/g]

ITQ-12 0.1732 ± 0.0002 352.3 ± 0.4 0.097
ITQ-12bis 0.15964 ± 0.00010 334.7 ± 0.2 0.088
ITW 0.1814 ± 0.0001 388.7 ± 2 0.10
Experimental – 356 0.18

and ITW structures can be obtained from the IZA-SC Database of
Zeolite Structures [23]. The former two structures correspond to actual
synthesized instances of the zeolite and their reported topologies, while
the latter constitutes a theoretical structure. Table 2 contains the values
of the helium void fraction, specific surface area and available pore
volume for all three framework models as well as the experimental
values reported by E. Pérez-Botella et al. [17]. This article was used for
comparison between adsorption isotherms computed using the three
models and experimental data for both CO2 and CH4. Additionally,
he pore size distribution has been computed for all three framework
odels. The result of this is included in Figure S3 of the ESI. The
elium void fraction is computed using the Widom particle insertion
ethod [24] (using 500000 MC cycles). The specific surface area is

omputed geometrically by ‘rolling’ a nitrogen probe along the surface
f the zeolite [21,25,26] (using 10000 MC cycles). The available pore
olume is computed using the framework density 𝑑 and the helium void
raction (HVF) according to Eq. (5).

vailable pore volume = HVF ⋅ 100
𝑑

(5)

ere the density of the ITQ-12 zeolite is 1792 kg/m3 (according to the
dsorption isotherm simulations performed in RASPA). The pore size
istribution is computed using the method of Gelb and Gubbins [26,27]
nd an MC volume integration method (using 10000 MC cycles). In
able 2 it can be noticed that in particular ITQ-12 and ITQ-12bis
xhibit significantly smaller available pore volumes compared to the
xperimental data. Additionally their specific surface area is also some-
hat lower compared to experimental data. ITW on the other hand
as a significantly higher available pore volume which is in better
greement with the experimental data. Additionally its specific surface
rea is significantly higher and actually exceeds the specific surface
rea that was found experimentally. Helium void fractions do not differ
hat radically between the three theoretical structures. Since this work
s aimed at industrial practice it was chosen to continue with either
TQ-12 or ITQ-12bis as these are real-life instances of the material.
ltimately the agreement with experimental data was better for ITQ-
2 which led to the choice to continue with the ITQ-12 model for later
imulations.

For the adsorbates, previously established models were taken from
iterature. Nitrogen [28], carbon monoxide [29] and carbon diox-
de [30] are described using full atom models with Lennard-Jones
arameters and point changes in all atoms. Dummy atoms are used to
eproduce the dipole and quadrupole moments of CO and N2 respec-
ively. For methane [31] and hydrogen [9] united atom models are
sed. The model for hydrogen includes quantum corrections, achieved
hrough use of the Feynman–Hibbs effective interaction potential. All
hese models have been previously validated to reproduce experimental
roperties of the molecules as vapor pressure, vapor liquid equilibria or
iquid density and to be transferable to different zeolites [9,28–31]. All
harges and Lennard-Jones parameters are collected in Table 3.

To model the forcefield, its components are separated into two
ategories, bonding (bonding, bending, torsion) and anti-bonding (elec-
rostatic, Van der Waals) forces [32]. The bonding forces are specified
er adsorbate. For hydrogen and methane there is no need to specify
hese since they are modeled using a united atom model. For carbon
ioxide, nitrogen and carbon monoxide the atomic bonds are modeled
s rigid and therefore there is again no need to specify the bonding
3

Table 3
Self-interactions defined for the zeolite and adsorbate atoms/molecules. General mixing
rule used for Lennard-Jones is Lorentz–Berthelot. Nitrogen [28], carbon monoxide [29]
and carbon dioxide [30] are described using full atom models with Lennard-Jones
parameters and point changes in all atoms. For methane [31] and hydrogen [9] united
atom models are used. Quantum corrections for the hydrogen model are achieved
through use of the Feynman–Hibbs effective interaction potential.

Zeolite atom Interaction type Charge [e]

Si None 0.78598
O None −0.39299

Adsorbate Interaction type 𝜖∕𝑘𝐵 [K] 𝜎 [Å] Reduced Charge [e]
atom/molecule mass [u]

H2 Feynman–Hibbs–Lennard-Jones 36.733 2.958 1.0 0.0
CH4 Lennard-Jones 158.5 3.72 0.0
O (in CO2) Lennard-Jones 85.671 3.017 −0.3256
C (in CO2) Lennard-Jones 29.93 2.742 0.6512
O (in CO) Lennard-Jones 98.014 2.979 −0.2744
C (in CO) Lennard-Jones 16.141 3.363 −0.2424
N (in N2) Lennard-Jones 38.298 3.306 −0.4048

Table 4
Interactions between adsorbates and framework atoms defined in the forcefield.
Nitrogen [28], carbon monoxide [29] and carbon dioxide [30] are described using
full atom models with Lennard-Jones parameters and point changes in all atoms. For
methane [31] and hydrogen [9] united atom models are used. Quantum corrections
for the hydrogen model are achieved through use of the Feynman–Hibbs effective
interaction potential.

Adsorbate Zeolite Interaction type 𝜖∕𝑘𝐵 [K] 𝜎 [Å] Reduced
atom/molecule atom mass [u]

H2 O Feynman–Hibbs–Lennard-Jones 66.055 2.890 1.79
H2 Si Feynman–Hibbs–Lennard-Jones 28.256 1.854 1.88
CH4 O Lennard-Jones 115.00 3.47
O (in CO2) O Lennard-Jones 78.98 3.237
C (in CO2) O Lennard-Jones 37.595 3.511
O (in CO) O Lennard-Jones 98.839 3.057
C (in CO) O Lennard-Jones 40.109 3.379
N (in N2) O Lennard-Jones 60.58 3.261

energies to compute the relative positions of atoms in the molecule.
The anti-bonding forces consist of Van der Waals and electrostatic
forces. Van der Waals forces are generally computed using Lennard-
Jones parameters. The general mixing rule used for Lennard-Jones is
Lorentz–Berthelot [33]. For hydrogen Feynman–Hibbs–Lennard-Jones
parameters are used instead of Lennard-Jones in order to accurately
model the non-negligible quantum effects that occur at low tempera-
tures [9]. For the silicon atoms the Van der Waals force is neglected
since this is largely screened by the surrounding oxygen atoms [22].
Electrostatic forces are based on simple coulomb potentials. To com-
pute the electrostatic forces, use is made of Ewald summation [34]. For
both types of anti-bonding forces, a cutoff distance needs to be specified
to reduce computational complexity. Potentials are truncated at this
cutoff distance and then shifted downward so that they are equal to
zero at the cutoff. The cutoff distance is chosen to be at 12 Å. Table 3
contains the parameter values used for calculating the interactions of
components with themselves. For the silicon and oxygen atoms in the
zeolite this is not needed since the framework is modeled as rigid.
Table 4 contains the parameter values for calculating the interactions
between adsorbates and zeolite atoms (these calculations also use the
charges from Table 3). Parameter values for adsorbate interactions with
themselves and zeolite atoms were taken from literature.

While the results of this work concern the ITQ-12 zeolite, the MFI
zeolite is also used in simulations in order to validate the methods used.
Since MFI is also a pure silica zeolite, no additional interactions have
to be specified in the forcefield. The structure used for the MFI zeolite
was taken from the work of H. van Koningsveld et al. [35]. Since the
size of the unit cells of these zeolites varies, how many unit cells are
used for the simulations needs to be determined with care. For the

MFI zeolite, 2 × 2 × 2 unit cells were used to perform the simulations.
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For the ITQ-12 zeolite 3 × 3 × 3 unit cells were used to perform the
imulations.

Apart from adsorption isotherms, breakthrough curves are also of
nterest. To allow for the computation of breakthrough curves, it is
ecessary to use a mathematical model to fit the pure component
dsorption isotherms. Adsorption isotherms are fitted using RUPTURA.
his process consists both of identifying which theoretical model fits
he simulation data the best and determining the parameters that
llow for a good fit of the model. RUPTURA offers a variety of fitting
ethods. Examples of these include the Sips [36], Toth [37–39], Fre-
ndlich [40], Langmuir [41] and Langmuir–Freundlich [42] models.
n this work use will be made of Langmuir and Langmuir–Freundlich
odels. The Langmuir method makes use of a single isotherm site.

or the Langmuir–Freundlich models the use of one, two or three
sotherm sites is considered. This means that, in total, four different
andidates are considered for the fitting. Out of these the best perform-
ng model will be used. The found values for the fitting parameters
lay an important role in the simulation of breakthrough curves and
ixture adsorption isotherms using RUPTURA. For hydrogen, nitrogen,
ethane and carbon monoxide the best performing model was found to

e the Langmuir–Freundlich model with two isotherm sites. For carbon
ioxide the best performing model was found to be the Langmuir–
reundlich model with three isotherm sites. The equation used for the
itting of an 𝑛-site Langmuir–Freundlich model is given by Eq. (6).

(𝑝) =
𝑛
∑

𝑖=1
𝑞sat
𝑖

𝑏𝑖𝑝𝜈𝑖
1 + 𝑏𝑖𝑝𝜈𝑖

(6)

Here 𝑞 denotes the absolute loading in mol per kg zeolite at pressure 𝑝
in Pa), 𝑞sat

𝑖 denotes the saturation capacity in mol per kg zeolite for the
th isotherm site, 𝑏𝑖 denotes the dimensionless coefficient of adsorption
or the 𝑖th isotherm site, representing the affinity of the molecule to be
dsorbed and 𝜈𝑖 denotes the dimensionless heterogeneity factor for the
th isotherm site, which accounts for the heterogeneity in adsorption
ites. Further details can be found in the work of S. Sharma et al. [19]

The fitting parameters from the best fit will be used to compute
redicted mixture adsorption isotherms. This will be done for the
ixture containing only CO2 and H2 as well as the more detailed mix-

ure which excludes only water, see Table 1. These predicted mixture
dsorption isotherms will be computed using Ideal Adsorption Solution
heory (IAST) in RUPTURA. To allow for a meaningful comparison the

sotherms will be computed at a temperature of 311 K. The mixture
rediction comparison is used to verify whether mixture prediction
sing IAST can be used for breakthrough curve simulations. RUPTURA
lso offers several alternatives to IAST (SIAST, EI and SEI) that could
e used in case of bad agreement.

For the computation of breakthrough curves, use is made of the
UPTURA software (see section 4.7 in the work of S. Sharma et al. [19]

or a detailed description of the methodology). Once again IAST is used
or these computations. Besides the fitting parameters there are still a
ot of other parameters that need to be specified for this computation.
irst of all the breakthrough curve is computed for both the CO2/H2
ixture (i.e. 0.2 molar fraction CO2, 0.8 molar fraction H2) and the
ore detailed mixture (see Table 1). These breakthrough curves are

omputed at the conditions at which the SMR product stream leaves
he reaction, meaning 311 K and 16 ⋅105 Pa. Additionally, use is made
f helium, which serves as a carrier gas. Therefore, for both simulations
se is made of a gas stream consisting of 0.9 molar fraction helium,
here the rest of the gas stream is made up by the mixture under inves-

igation. This means 0.02 molar fraction CO2 and 0.08 molar fraction
2 for the simplified gas stream. Similarly for the more complicated gas

tream we simply divide the molar fractions of all components by 10.
astly, the density of the framework has to be specified. For ITQ-12 this
s 1792 kg/m3. The results will be compared for varying column lengths
nd the impact of the gas feed velocity on the breakthrough curves will
e examined as well. To gain additional insight into the dependency of
etention times (see section 4.7 in the work of S. Sharma et al. [19]) on
olumn length and gas feed velocity, the Origin software will be used
o create fits.
4

w

. Results

To validate the aforementioned methods, excess adsorption isoth-
rms computed using these methods will be compared to experimental
nd simulated adsorption isotherms from literature. It should be noted
hat the models used in this work have already been validated in
ther works. In particular the adsorbate models have been validated
or general zeolites.

The first step in the validation of the models used in this work is to
erify that the forcefield and adsorbates are modeled accurately. This
eans the way the framework is modeled is not yet taken into account.
o do this, the MFI zeolite is used instead of ITQ-12. This was chosen
ince MFI is also a pure silica zeolite which means that no additional
nteractions have to be specified in the forcefield. Furthermore both ex-
erimental and simulated adsorption isotherms of hydrogen and carbon
ioxide (the main components of the SMR product stream) are readily
vailable for this zeolite. The forcefield and adsorbate models are used
o compute adsorption isotherms for hydrogen at 90 K and carbon
ioxide at 303 K. The result is included in Fig. 1. For both situations the
btained data has been compared to both existing experimental data as
ell as data from previous simulations. As can be observed the values

esulting from simulations are in agreement with published data.
To validate the simulation of the ITQ-12 zeolite framework, the

imulation has to be compared to existing data concerning ITQ-12.
uckily, experimentally obtained adsorption isotherm data is available
or both carbon dioxide and methane in ITQ-12 [17]. Three possible
ays to model the ITQ-12 framework have been considered for this
ork. These are referred to as ITQ-12, ITQ-12bis and ITW. ITQ-12
nd ITQ-12bis correspond to real life synthesized instances of the
eolite and their reported topologies. ITW is the theoretical shape of
he zeolite. One of the questions to be answered is which framework
odel best reproduces the experimental data found by E. Pérez-Botella

t al. [17]. To do this, adsorption isotherms of CO2 and CH4 at 303
were computed for all three framework models. For these compu-

ations, it was necessary to first compute the helium void fraction for
ll three frameworks (Table 2). The resulting adsorption isotherms are
ncluded in Fig. 2(a) for CO2 and Fig. 3 for CH4. For CO2, quite a large
iscrepancy was found between the data from simulations in this work
nd experimental data. A possible explanation for this is that E. Pérez-
otella et al. [17] report a rather high value for the available pore
olume compared to values obtained in this work through simulations
n RASPA (see Table 2). Applying correction factors based on the
vailable pore volumes results in Fig. 2(b). It is clear that the agreement
s already somewhat better, though still not ideal. For methane the
greement with experimental data is much better for all three models.
learly ITQ-12 and ITW show the better agreement for low pressures
hile for higher pressures the ITQ-12bis model performs best. In the
nd the decision was made to use the ITQ-12 framework model for
urther simulations since the ITQ-12 structure can be produced in real
ife and is therefore more relevant for the industry compared to ITW.
dditionally the CO2 adsorption results for ITQ-12 using the correction

actor are not much worse than the ITW results, especially at lower
ressures. On top of this, there is only one set of experimental data
vailable for CO2 adsorption which means that there is a possibility of
rroneous experimental data. Ideally the validation would use multiple
ets of independently obtained experimental data. The decision to use
he ITQ-12 model was based mostly on the CO2 adsorption results since
his is a more important component than CH4.

Having successfully validated the model, the first items of interest
re the mixture adsorption isotherms of the hydrogen/carbon dioxide
ixture as well as the full mixture as shown in Table 1. All isotherms

re computed at 311 K corresponding to the gas stream leaving the low-
emperature shift in the work of J. C. Molburg and R. D. Doctor [6].
lthough the isotherms are computed for a range of pressures, it is
nsured that the experimental pressure of 1.6 ⋅103 kPa reported in the

ork of J. C. Molburg and R. D. Doctor [6] is also included. Where
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Fig. 1. Validation of forcefield and adsorbate modeling using existing data for MFI zeolite. Blue triangles: own data. Red circles: Existing data from simulation. Gray squares:
Existing experimental data. (a) Excess adsorption isotherms for hydrogen in the MFI zeolite at 90 K. Experimental and simulation data taken from the work of K. S. Deeg et al. [9]
(Fig. 3). (b) Excess adsorption isotherms for carbon dioxide in the MFI zeolite at 303 K. Experimental and simulation data taken from the work of A. García-Sánchez et al. [30]
(Fig. 5a). Uncertainties were verified to be smaller than datapoint markers for both graphs.
Fig. 2. Validation of carbon dioxide adsorption in zeolite and comparison of different framework models. Excess adsorption isotherms for carbon dioxide at 303 K. Gray squares:
Experimental data taken from the work of E. Pérez-Botella et al. [17] (Fig. 4). Green reversed triangles: own data for ITW. Red circles: own data for ITQ-12. Blue triangles: own
data for ITQ-12bis. (a) Simulation data for framework models ITQ-12, ITQ-12bis and ITW. (b) Simulation data for framework models ITQ-12, ITQ-12bis and ITW corrected based
on available pore volume reported by E. Pérez-Botella et al. [17]. Uncertainties were verified to be smaller than datapoint markers for both figures.
relevant this pressure will be indicated in figures using a vertical dashed
red line. Pure component absolute adsorption isotherms are computed
for all components and then fitted using RUPTURA and the resulting
parameters are used to compute mixture isotherms in RUPTURA using
IAST. Both mixture isotherms are compared to the mixture isotherms
obtained through RASPA to validate the use of IAST for breakthrough
computations. After this, breakthrough curves are computed for both
mixtures to investigate the feasibility of separating hydrogen from
carbon dioxide/the full mixture in a pressure swing adsorption process.

An investigation of the pure component adsorption isotherms for
hydrogen and carbon dioxide reveals that hydrogen adsorption is much
lower than carbon dioxide adsorption at relevant pressures. A detailed
discussion of these pure component adsorption isotherms can be found
in Figure S4 of the ESI. Their best fits are included in Figure S5. Further
fitting details can be found in Figure S6 and S7. Pure component
adsorption isotherms of the other components as well as their best fits
can be found in Figure S8, S9 and S10.
5

The next step is to consider the mixture adsorption isotherms that
can be computed for the simple mixture consisting of 0.2 molar fraction
CO2 and 0.8 molar fraction H2. Such isotherms were computed using
RASPA and RUPTURA and are included in Fig. 4. Since these are
mixture adsorption isotherms, they concern the competitive adsorption
of CO2 and H2. Competitive adsorption in zeolites has been widely
reported over the years. For adsorption molecules without a dipole,
like carbon dioxide and hydrogen, the competitive adsorption is similar
to that of non-polar hydrocarbons [43]. At low values of pressure, the
bigger molecule always adsorbs over the smaller molecule for enthalpic
effect, i.e. the heat of adsorption of carbon dioxide is much higher than
that of hydrogen. At intermediate values of pressure, the commonly
called length enthalpy effect favors the larger carbon dioxide over the
shorter hydrogen. This effect can be seen in Fig. 4, where, despite
being in much lower proportion, for increasing values of pressure,
carbon dioxide adsorption dominates until the remaining space inside
the zeolite is not enough for more molecules of this gas to be adsorbed,
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Fig. 3. Validation of methane adsorption in zeolite and comparison of different
framework models. Excess adsorption isotherms for methane at 303 K. Gray squares:
Experimental data taken from the work of E. Pérez-Botella et al. [17] (Fig. 4). Green
reversed triangles: own data for ITW. Red circles: own data for ITQ-12. Blue triangles:
own data for ITQ-12bis. Uncertainties were verified to be smaller than datapoint
markers.

after which the adsorption of hydrogen is favored. This is commonly
called the size entropy effect. Based on the RASPA mixture adsorption
isotherm, selectivity plots can be created for both components. Such
selectivity plots can be found in Figure S11 of the ESI. Comparing the
mixture adsorption isotherm computed using RASPA to the predicted
mixture adsorption isotherm using IAST in RUPTURA it can be seen
that there is a nice agreement on the general shapes of the adsorption
isotherms. However, the hydrogen adsorption according to RUPTURA
is significantly lower than the hydrogen adsorption according to RASPA
and the carbon dioxide adsorption according to RUPTURA is somewhat
higher than the carbon dioxide adsorption according to RASPA. In other
words, the two methods agree on the qualitative behavior of the mix-
ture adsorption but not on the quantitative behavior. This disagreement
is likely caused by the fact that IAST assumes that hydrogen acts as an
ideal gas while in actuality it follows a somewhat different equation
of state. In other words the mixture adsorption isotherm computed
using RASPA is likely to be correct, while the prediction computed
in RUPTURA is only an approximation. Since agreement between the
two methods is rather close near the pressure that will be used in
breakthrough curve computations (1.6 ⋅103 kPa, dashed red line), it can
be concluded that IAST can be used for breakthrough curve simulations.

The preferential adsorption of carbon dioxide over hydrogen ob-
served in the previously computed adsorption isotherms translates into
larger retention times in breakthrough calculations. Two example cases
have been included in Fig. 5. Fig. 5(a) shows a breakthrough isotherm
for high column length and low gas feed velocity. Fig. 5(b) shows
a breakthrough isotherm for low column length and high gas feed
velocity. Indeed, the results of breakthrough simulations for the simple
mixture show that hydrogen travels through the column very fast due
to its weak interactions with the zeolite, while carbon dioxide travels
slower due to its stronger interaction with the zeolite. This means
that for lower times there will be no CO2 in the outgoing gas stream.
Gradually, the amount of CO2 exiting the column will increase until it
is equal to the CO2 concentration in the gas feed.

Increasing the column length indeed introduces longer retention
times for CO2, but seems to have little effect on the retention time of
hydrogen. This means that longer columns will produce pure hydrogen
just as fast as shorter ones and only lose purity at later times. Higher
column length is therefore favorable as it results in better separation.
The breakthrough curves of CO2 are visualized for different column
lengths in Fig. 6(a). See Figure S12a in the ESI for a more in depth
6

Fig. 4. Comparison of mixture adsorption isotherms of hydrogen and carbon dioxide
in ITQ-12 at 311 K using RASPA and RUPTURA for a mixture containing 0.8 molar
fraction hydrogen and 0.2 molar fraction carbon dioxide. Green reversed triangles:
hydrogen. Purple diamonds: carbon dioxide. Empty symbols: result of simulations
using RASPA. Filled symbols: result of simulations using RUPTURA. Uncertainties were
verified to be smaller than datapoint markers. Experimental pressure of 1.6 ⋅ 103 kPa
indicated with dashed red line.

discussion of the effect of changing the column length. Lowering the
gas feed velocity has a similar effect as increasing the column length.
Again the H2 retention times stay roughly the same while the CO2
retention times increase. The breakthrough curves of CO2 are visualized
for different gas feed velocities in Fig. 6(b). See Figure S12b in the ESI
for a more in depth discussion of the effect of changing the gas feed
velocity. Full breakthrough curves that were used to derive the above
results are included in the supporting information (Figure S13 and S14).
The question remains what the optimal column length and gas feed
velocity to be used are. This ultimately depends on the amount of gas to
be separated, but it is clear that the separation of hydrogen from carbon
dioxide works best for relatively high column lengths and low gas feed
velocities since the difference in retention time between H2 and CO2 is
the largest under these conditions. It should be noted that under these
conditions the rate at which purified hydrogen is produced is relatively
low and the volume of the column is relatively high. Therefore it is clear
that in industrial practice we cannot simply keep increasing the column
length and gas feed velocity, as there is a tradeoff between the amount
of separation and the rate of hydrogen production per unit of column
volume. After a batch of gas has been purified, the CO2 that is trapped
in the zeolite still needs to be removed. For this process the column
length cannot be adjusted, but the gas feed velocity can. Therefore it
is recommended to use long columns and low gas feed velocities for
the separation process, while using higher gas feed velocities for the
removal of CO2 from the structure.

The next step is to analyze the mixture in full detail. This will
allow a more realistic insight into the performance of the ITQ-12
zeolite when separating H2 from the other mixture components. Besides
making the results more realistic, this step also adds complexity to
the study and allows for an analysis of the interference of the other
components with hydrogen in the adsorption process. In Fig. 7, the
full mixture adsorption isotherms are included for both RASPA and
RUPTURA. Again it can be observed that the agreement between the
two methods is rather close, especially around the industrially relevant
pressure of 1.6 ⋅103 kPa. Therefore the usage of IAST in RUPTURA
to predict mixture adsorption has been successfully validated and this
method can be used in the prediction of breakthrough curves for the
full mixture. It should be noted that the low adsorption of N2 and CO
is largely due to their low concentrations in the mixture. The supporting
information contains a slightly more detailed investigation of the full
mixture isotherm (Figure S15).
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Fig. 5. Breakthrough curves for 0.02 molar fraction CO2 (purple), 0.08 molar fraction H2 (green) and 0.9 molar fraction He (light blue) in ITQ-12 at 311 K and 16⋅105 Pa. (a)
Breakthrough curve with a column length of 0.5 m and gas feed velocity of 0.05 m/s (i.e. the slowest conditions that were investigated). (b) Breakthrough curve with a column
length of 0.1 m and gas feed velocity of 0.25 m/s (i.e. the fastest conditions that were investigated).
Fig. 6. CO2 breakthrough curves for 0.02 molar fraction CO2, 0.08 molar fraction H2 and 0.9 molar fraction He mixture in ITQ-12 at 311 K and 16⋅105 Pa. Visualizing the
dependency on column length and gas feed velocity. (a) Breakthrough curves for several column lengths. Column length of: Gray: 0.1 m, Red: 0.2 m, Blue: 0.3 m, Green: 0.4 m,
Purple: 0.5 m. Gas feed velocity 0.1 m/s. (b) Breakthrough curves for several gas feed velocities. Gas feed velocity: Gray: 0.05 m/s, Red: 0.10 m/s, Blue: 0.15 m/s, Green: 0.20 m/s,
Purple: 0.25 m/s. Column length 0.3 m.
Examining the breakthrough curves for the full mixture, such as the
example breakthrough curve in Fig. 8, it can be seen that Hydrogen is
still the component that travels through the ITQ-12 zeolite the fastest.
It is also clear that the conditions used in this example breakthrough
curve would not allow for a good separation between hydrogen and
the other stream components, as the retention times of CO and N2 are
nearly equal to 0 (just like the retention time of H2). The retention time
for CH4 seems to be around one third of a minute while CO2 starts to
exit the column slightly before the one minute mark. From this it is also
clear that the separation between H2 and CO2 remains rather large even
when the other components are added. Indeed, the influence of carbon
monoxide and nitrogen on this separation is almost negligible due to
their low presence in the mixture. The effect of methane is slightly
larger, but still low enough so as to not interfere with the separation
of hydrogen from carbon dioxide. Additionally methane also shows
an acceptable separation from hydrogen in breakthrough analysis. The
only difficulty therefore might be to distinguish between hydrogen,
nitrogen and carbon monoxide during breakthrough analysis as their
low adsorption is translated into very short retention times. This could
7

possibly be addressed by optimizing the breakthrough parameter of
column length and gas feed velocity (as can be seen for example in
Figures S16, S19 and S20 in the supporting information). Alternatively,
the use of ITQ-12 could be combined with other separation techniques.
In current industrial PSA processes for the purification of the SMR
product stream, activated carbons (ACs) are often used together with
zeolites [44]. In such processes ACs are used for the removal of CO2
and CH4 [45,46], while zeolites, such as 5A, take off CO and N2.
Our findings suggest that the ITQ-12 zeolite could replace these acti-
vated carbons while the other unwanted components could be removed
through other methods. It is also possible to investigate the dependency
of the breakthrough curves for the full mixture on the column length
and gas feed velocity, as has been done in Fig. 6 for CO2 in the simple
mixture. The supporting information for this work contains such an
analysis for all different components of the full mixture (Figures S16
through S20). It is additionally possible to compare the behavior of CO2
and H2 for the breakthrough curves computed for the simple and full
mixtures. This is done in Figure S21 in the ESI. The difference is found
to be negligible. Therefore it can be concluded that adding the other
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Fig. 7. Comparison of mixture adsorption isotherms of full mixture (excluding water)
in ITQ-12 at 311 K using RASPA and RUPTURA. Green reversed triangles: hydrogen.
Purple diamonds: carbon dioxide. Orange squares: nitrogen. Red circles: carbon monox-
ide. Blue triangles: methane. Empty symbols: result of simulations using RASPA. Filled
symbols: result of simulations using RUPTURA. Uncertainties were verified to be smaller
than datapoint markers. Experimental pressure of 1.6 ⋅ 103 kPa indicated with dashed
red line. Mixture components and their molar fractions: hydrogen — 0.74106, carbon
dioxide — 0.18505, methane — 0.06882, nitrogen — 0.00401 and carbon monoxide
— 1.03615⋅10−4.

Fig. 8. Breakthrough curve of full mixture. Column length equal to 0.3 m, gas feed
velocity equal to 0.1 m/s. Light blue: helium. Purple: carbon dioxide. Green: hydrogen.
Dark blue: methane. Red: carbon monoxide. Orange: nitrogen. Mixture components and
their molar fractions: hydrogen — 0.074106, carbon dioxide — 0.018505, methane —
0.006882, nitrogen — 0.000401, carbon monoxide — 1.03615⋅10−5 and helium — 0.9.

mixture components does not significantly influence the behavior of
CO2 and H2 as they move through the zeolite.

4. Conclusion

This work is an investigation of the suitability of the ITQ-12 zeolite
for the separation of hydrogen from an SMR product stream. Investiga-
tion of the mixture adsorption isotherms at ‘real’ conditions found in
industrial practice (i.e. conditions typical for an SMR product stream),
revealed a rather high selectivity for CO2 over H2 in the ITQ-12 zeolite.
In particular, the CO2 selectivity is rather high around industrially
relevant pressures. Based on the breakthrough curves examined in this
work it seems quite feasible to use a column adsorption experiment
for the separation of hydrogen from carbon dioxide. Indeed there is
a large difference in retention times, as hydrogen exits the column
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rather quickly, while the retention time of carbon dioxide is relatively
high and also shows greater dependency on the column length. The
separation of hydrogen from the other components in the full mixture
is less ideal as the difference in retention times is considerably smaller,
especially for CO and N2. To combat this, longer column lengths could
be used. Alternatively, ITQ-12 could be used to remove mainly CO2
and CH4 from the mixture, while the other components are removed
through other methods.

As the scope of this work is rather limited there still remains a
plethora of unanswered questions and options for further research.
First of all a sizeable discrepancy was uncovered between experimental
data and the simulations using RASPA. A possible explanation has
already been posed as there is a rather large difference in the reported
available pore volume. However, the reason for this large difference
is still unknown. Second of all, while the experimental conditions for
the temperature and pressure have been taken from literature, there is
a rather large variance in these values between different descriptions
of the SMR process. Therefore a more in-depth exploration of the ex-
perimental conditions in industrial practice could be beneficial. Lastly,
the optimal values for the column length and gas feed velocity still
have to be determined (perhaps with a set of specific applications in
mind) and a more thorough research into the effect of these parameters
on performance of a theoretical column adsorption experiment is still
required. This work serves as a feasibility study of the use of the ITQ-12
zeolite. As such, a first indication of the potential use has been given.
Indeed the results in this work are rather promising, as it seems that the
zeolite could be useful for the separation of hydrogen from the other
components in the SMR product stream.
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Appendix A. Supplementary data

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.seppur.2024.127895. Supporting in-
formation contains: Visualizations of the unit cell and channels of
the ITQ-12 structure (Figure S1 and S2). A comparison of the pore
size distributions of the ITQ-12, ITQ-12bis and ITW structures (Figure
S3). Pure components adsorption isotherms for hydrogen and carbon
dioxide (Figure S4) as well as their best fits (Figure S5). Additional
visualizations of the different fitting methods tried for hydrogen and
carbon dioxide, as well as the values resulting from the best fit (Figure
S6 and S7). Pure component adsorption isotherms for the components
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that are unique to the full mixture, as well as visualizations of their best
fits and resulting fitting values (Figure S8, S9 and S10). Selectivity plots
based on the adsorption isotherm computed for the hydrogen/carbon
dioxide mixture (Figure S11). An investigation of the effect of changing
the column length and gas feed velocity in a breakthrough experiment
for the hydrogen/carbon dioxide mixture (Figure S12). Breakthrough
curves for the hydrogen/carbon dioxide mixture for varying gas feed
velocities and column lengths (Figure S13 and S14). A visualization of
the full mixture adsorption isotherm where N2 and CO are visualized
separately for better visual inspection (Figure S15). Analysis of the de-
pendency of H2, CO2, CH4, N2 and CO breakthrough curves on column
length and gas feed velocity (Figures S16 through S20). Comparison of
breakthrough curves of hydrogen and carbon dioxide in the simplified
mixture with breakthrough curves of the same components in the full
mixture (Figure S21).
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