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Grand canonical Monte Carlo simulations (GCMC) of adsorption of CO, and N, were carried out using the software
Materials Studio 4.1 on all-silica DDR- and MFI-type zeolite. The simulated values of sorption capacity, isosteric heat of
adsorption and Henry’s constant for all-silica DDR- and MFI-type zeolite showed good agreement with experimental data.
Accurate pure and binary adsorption data were measured for all-silica DDR-type zeolite crystals. Furthermore, the GCMC
simulation was used to assess the adsorption properties and selectivity of CO,/N, mixture gas as a function of gas phase
composition and pressure. Thermodynamic properties and binary mixtures of adsorption showed good agreement with our

simulation and experiments.
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1. Introduction

Zeolite is used for various systems because of its adsorbent
with molecular sieving effect [1-9]. Many authors have
reported the separation of CO,/N, gases using zeolite
of various types [10—16]. The results of several studies
indicate that CO, is adsorbed strongly by zeolites, suggesting
that zeolites can play a useful role in CO,-capture
technologies [17,18].

Considerable interest in DDR-type zeolite has arisen
recently because of molecular sieving. Zhu et al. [2,3]
determined the adsorption isotherms of ethane, propane
and propene on DD3R. Our previous study measured
the adsorption isotherms of CO, and N, on all-silica
DDR-type (DD3R) zeolite accurately for widely various
pressures and temperatures [1]. Krishna and co-workers
investigated adsorption and diffusion of mixture gas in
DD3R zeolite using Monte Carlo analysis and molecular
dynamics [19,20].

However, the binary adsorption is not reported because
the experiments are difficult. Molecular simulation
methods have become an effective and complementary
tool for studying zeolite sorption. Computer simulations
are currently of increasing importance. Moreover,
computer simulation is particularly helpful for gaining
insight into structure—property relationships. They are
used in conjunction with experimental techniques, over
which they have the marked advantage that a wide range of
conditions can be simulated, including conditions that
might be difficult to achieve experimentally. Grand
canonical Monte Carlo (GCMC) techniques are particu-
larly well suited to this purpose. Given an accurate

energetic and geometric model (force field) for the system
of interest, the GCMC methods demonstrably provide
quantitative agreement with sorption experiments results.

This paper describes the sorption properties of CO,
and N, in DD3R zeolite. Furthermore, it describes the
adsorption isotherms on all-silica MFI-type zeolite
(silicalite): universal zeolite. In this work, the sorption of
CO, and N, in DD3R was studied comparatively using the
GCMC simulations. The Henry constants, isosteric heats of
sorption, adsorption isotherms, sorption sites and interaction
energies of guest—host relations were investigated. First, we
present a molecular simulation result for DD3R zeolite of
the CO, and N, adsorption isotherms and comparison with
experimental data. Next, pure CO,, N, and binary mixtures
were predicted for use with DD3R zeolite in different
temperatures, pressures and compositions using the GCMC.
Additionally, we report adsorption energy measurement for
pure gas and binary gas on DD3R zeolite.

2. Simulation models and methods
2.1 Models

For this study, we used structured MFI- and DDR-type
zeolites to test our simulation and its all-silica-type
silicalite and DD3R. Crystallographic data are available
elsewhere [21]. Silicalite, an all-silica MFI framework, is
a material with orthorhombic symmetry Pnma and cell
parameters a = 20.07 A, hb=19.92A and ¢ = 13.42A.
Silicalite has straight channels running parallel to [0 1 0]
with 10-membered rings of 54A x5.6A and sinusoidal
channels running parallel to [1 0 0] with 10-membered
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rings of 5.1 A x5.5A. Silicalite consists of an inter-
connected network of ‘straight’ and ‘zigzag’ pores; these
channels cross at the intersections. Actually, DD3R is an
all-silica DDR-type zeolite material with orthorhombically
symmetrical Pnma and cell parameters a = 13.86 A,
b=13.86A and ¢ = 40.89 A [22]. The DDR topology
comprises 19-hedron cavities connected through eight-ring
windows of 0.36nm X 0.44nm across hexagonally
arranged two-dimensional cage/window-type systems. It
has three cage types, as shown in Figure 1: (a) DD3R
zeolite structure, (b) decahedra, (c) dodecahedra and (d)
19-hedra. The 19-hedra cages are connected through eight-
ring windows. The other cage types are inaccessible from
the outside. For this reason, molecules cannot be inserted
into these inaccessible cages during a GCMC. Dummy
atoms with appropriate van der Waals’ radii were
introduced into the decahedra and dodecahedra to avoid
introduction of adsorbates in this space for DD3R [23-26].
Figure 2 shows the framework structure and accessible
volume of silicalite and DD3R.

The simulation unit cell used in this study consists of
2 X 2 X 2 unit cell. Periodic boundary conditions were
used. Since the cut-off length for the non-bonding
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interaction of DD3R and silicalite are fixed at 6.7 and
7.6 A, which is shorter than half the length of the unit
cell, this condition is regarded as the limit of an infinitely
dilute adsorbate region. The GCMC simulations at fixed
temperature 7, volume Vand adsorbate chemical potential
n were carried out for the adsorption of pure CO,, N, and
mixture in zeolite. The total number of MC steps was
5,000,000, which was adequate for reaching equilibrium
of the total energy and loading of the system. The zeolite
lattices are rigid during simulations, with static atomic
charges that are assigned by choosing ¢ = +0.38 and
go = —0.19. The zeolite model charges are computed
using the following software: Charge Equilibration of
Materials Studio. This method calculates partial charges
using atomic ionisation potential, electron affinity and
experiment data of the atomic radius. The CO, molecules
are assumed linear and rigid, with bond length C—O of
1.16 A and partial charges distributed around each
molecule to reproduce a quadrupole moment experimen-
tally. The interaction between adsorbed molecules is
described using the Coulombic and Lennard-Jones terms.
For CO, and N,, we use the 3LJI3CB.EPM2 potential and
2LJBP model [27].
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Figure 1. (a) DD3R zeolite structure, (b) decahedron cage of DD3R zeolite, (c) 12-hedron cage of DD3R zeolite and (d) 19-hedron cage

of DD3R zeolite.
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Figure 2. (a) Accessible volume on framework structure in DD3R zeolite and (b) silicalite zeolite.

2.2 Force field

We used force fields recommended by the software
Cerius2 and applied the Burchart1.01-Dreiding2.21 force
field to obtain a reasonable force field [28—-30]. The
‘Burchart1.01-Dreiding2.21° force field was developed
based on the ‘Burchart’ and ‘Dreiding’ force fields. This
force field incorporates four distinct interactions, including
interaction within the aluminosilicate frameworks, intra-
and intermolecular interactions, as well as non-bonded
interaction between the framework and molecules. The
‘Burchart’ force field describes the framework; the
‘Dreiding’ force field represents the intra- and inter-
molecular interactions. The cross-parameters for the

framework—molecule interactions were obtained via the
Lorentz—Berthelot combining rules. In the simulation,
the total potential of the studied system includes bonded
and non-bonded interactions. The bonding potential
parameters are presented in Table 1. The non-bonded
interaction incorporates van der Waals and electrostatic
interactions. They are represented, respectively, as
Lennard-Jones and Coulomb potentials.

3. Results and discussion

A conventional static volumetric adsorption apparatus was
used to measure pure gas adsorption isotherms and
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Table 1. Potential parameter for the zeolite framework and
adsorbate molecules.

Table 3. Isosteric heat of adsorption and Henry’s constants on
silicalite zeolite.

Atom type e (eV) o (A) 0 (eV)

H 0.00066 3.19 —0.1200
C ca 0.00309 3.90 40.4800
o) 0.00659 3.36 —0.3256
C coo 0.00402 3.83 +0.6512
N 0.00314 3.32 0.0000
O ppsr 0.00352 3.25 —0.6000
Si ppar 0.00203 3.30 +1.2000
O mr 0.00352 3.25 —0.1900
Si mrr 0.00203 3.30 +0.3800

adsorption isotherms of DDR crystal at temperatures of
273-333K and pressures up to 6 MPa as reported
previously. Binary equilibrium data were measured using
the volumetric flow desorption method developed at our
laboratory.

For this study, binary isotherms for systems of CO,/N,
were measured. Absolute adsorption isotherms were
computed using a GCMC calculation algorithm, as
implemented in the sorption module of the Materials
Studio 4.1 software suite. These simulations consisted of
evaluating the average number of adsorbate molecules,
whose chemical potential equals that of adsorbate
molecules whose chemical potential equals that of the
bulk phase for a given fugacity and temperature. To
contrast our simulation against the experimental data, the
fugacity and pressure were related through the relation
f = ¢p, where ¢ corresponds to the fugacity coefficient. In
our case, this coefficient, which varies as function of the
pressure, was evaluated through an experiment of state
including the gas compressibility. All presented isotherms
are absolute adsorption isotherms: experimental excess
isotherms were converted into absolute isotherms [31].

3.1 Henry constant and adsorption isotherm

The selection of a proper force field is crucial for the
simulation, because it is related directly to energy
calculations of all molecular interactions directly. To obtain

Table 2. Isosteric heat of adsorption and Henry’s constants on
DD3R zeolite.

Isosteric heats

(average

kJ/mol) Henry constant (mol/kg/kPa)
Force field CO, N, CO, N,
Exp. 28.11 1492  421x10° 2 150x 1073
Burchart— 2822 1456 442x1072 1.66x107°
Dreiding
Universal 1415 1261 1.82x107% 126%x107°
Dreiding 20.69 17.01  4.45x10* 8.60 X 1073
Universal 2022 1636  1.61x10° 5.96 x 1073

Isosteric heats

(average

kJ/mol) Henry constant (mol/kg/kPa)
Force field CO, N, CO, N,
Exp. 28.50 18.09 385 x 102 241x1073
Burchart— 2890 1942 460 x 107>  250x% 1073
Dreiding
Universal 2638 1844 211 x 1072 180x1073
Dreiding 38.95 2555 1.01 1.69 X 1072
Universal 35.60  23.88 3.09 1.14 x 1072

a reasonable force field, we used four force fields
recommended by Materials Studio software to calculate
the Henry constant and the enthalpy of adsorption of CO,
and N, in DD3R and silicalite at 298 K. The results are listed
in Tables 2 and 3; they suggest that the open force field
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Figure 3. (a) Adsorption isotherm for CO, and (b) N, on DD3R
zeolite. Open symbol, GCMC; close symbol, Expt.
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‘Burchart.01-Dreiding2.21’ is suitable for simulations
because only this force field can give a reasonable Henry
constant compared with the experiments. For that reason,
this force field was used in all simulations presented herein.

3.2 Adsorption isotherm

The results presented in the preceding section show that
this force field is perfectly capable of reproducing
experiments at both low and high loading of light gases in
DD3R and silicalite. The results for the adsorption
isotherms are shown in Figures 3 and 4. Several groups
have determined the adsorption isotherms of small gases
in silicalite. The results are comparable to those of the
experiments reported by Golden and Sircar [32] and
Dunne et al. [33]. Good agreement pertains between
the adsorption isotherms for both CO, and N,, and the
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Figure 4. (a) Adsorption isotherm for CO, on silicalite; open
symbol, GCMC; close symbol, Exp. [32]. (b) Adsorption
isotherm for N, on silicalite; open symbol, GCMC; close symbol,
Exp. [33].
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Figure 5. Binary isotherm for CO,/N, gas mixtures on DD3R
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17: 33 14 January 2011

Downl oaded At:

1334 S. Himeno et al.

experimental data at all temperatures for silicalite. We
compared the GCMC simulation results for pure
component isotherms of CO, and N, with the
experimental isotherms to verify the accuracy of the
force field at higher pressures. The single-component
adsorption isotherms for CO, and N, in DD3R at four
temperatures (273, 298, 323 and 348 K) predicted by the
GCMC are compared with our experimental measure-
ments in Figure 3. The single-component adsorption
isotherms for CO, and N, in silicalite at two temperatures
(307.95 and 342.75 K, 296.10 and 334.61 K) predicted by
the GCMC are shown in Figure 4, for comparison with
our experimental measurements. The agreement between
the GCMC simulations and experimental data is
considered to be good for a wide range of pressures and
temperatures.

3.3 Binary adsorption isotherm

Of great interest in separation applications is the
competitive adsorption behaviour in zeolites. Simulation
conditions were such that the total pressure of the mixture
was held constant, whereas the mole fractions of the
mixture components were varied. The results of the binary
simulations can be compared with the prediction of
simulation results: experimental results for CO,/N,
mixtures are shown in Figure 5. The mixture equilibria
data were measured at temperatures of 298 K with total
pressures of 0.1, 0.5 and 1.0 MPa, and with gas phase mole
fractions of 0.1-0.9.

The loadings of the individual components at
fractional compositions zero and one correspond to the
pure component values. Simulated results for CO,/N,
agree well with the simulation results. Figure 6 presents
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O
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Figure 6. Binary isotherm and adsorption selectivity for
CO,/N, (5:5) gas mixtures on DD3R zeolite at 298 K. Open
symbol, GCMC; close symbol, Expt. The lines serve as a guide to
the eye.
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Figure 7.  GCMC result for the distribution of CO, sorption site
in DD3R zeolite framework; 298 K, 1000 kPa.

a comparison of the individual amount adsorbed and
selectivities as a function of total pressure in gas phase
with an equimolar ratio. The adsorption selectivity of the
equimolar ratio of CO,/N, mixture gases of DD3R crystal
was 30 at 298 K and 500 kPa. The selectivities of CO,/N,
(50:50) were almost unchanged.

3.4 Adsorption site and interaction energy

Figures 7—9 depict adsorption sites of the molecules in the
zeolite. All molecules remain in the zeolite’s 19-hedron
cage. All phenomena can also be presented by the sorption
energy distribution of CO, and N, (Figures 10 and 11).

—— Unit cell

Figure 8. GCMC result for the distribution of N, sorption site in
DD3R zeolite framework; 298 K, 1000 kPa.
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Figure 9. GCMC result for the distribution of CO,/N, gas
mixture sorption site in DD3R zeolite framework; 298K,
1000 kPa.

The difference in the sorption properties of DD3R is
attributed to the difference in the interaction energies
between the guest molecules and the zeolite frameworks.
One discrete peak for all sorbates indicates that there are
many adsorption sites, one of which is the preferred site.
In the case of N, in DD3R, however, the total energy of
binary adsorption rose to the pure adsorption. This is
because the interaction with the adsorbate molecule of
another element was obtained because of the binary
adsorption. The peak of potential energy of pure CO, is
—6.65 kcal/mol and pure N, is — 3.45 kcal/mol, as shown
in Figures 10 and 11. And hence, it is thought that

0.9 Single component Il
08 Binary CO,/N,

Configurations

-12 -10 -8 -6 -4 -2 0
Total energy [kcal/mol]

Figure 10. Distribution of total potential energy for sorption of
CO, on DD3R zeolite; 298 K, 1000 kPa.
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Figure 11. Distribution of total potential energy for sorption of
N, on DD3R zeolite; 298 K, 1000 kPa.

selectivity rises at CO, adsorption interaction if the
adsorbent is strong. This means that quadrupolar CO,
molecule is four times stronger than N, molecule.

4. Conclusion

This paper shows that simulation can re-create experi-
mental data of DD3R zeolite adsorption in the case of
CO,/N, separation. The DD3R zeolite has advantages in
CO,/N, separation over NaA zeolite, which has a polar
character [34]. Consequently, DD3R zeolite has high
potential as a CO,/N, separation material. Molecular
simulation is useful to analyse DD3R zeolite’s applica-
bility to flue gas separation technology. If DD3R zeolite is
an effective material for CO, separation enrichment,
DD3R zeolite can contribute to the development of new
technologies that are useful as countermeasures against
global warming, such as CO, underground storage
technology.
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