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We have developed a complete force field that accurately reproduces the adsorption properties of carbon
dioxide in a variety of zeolites with different topologies and compositions. The force field parameters were
obtained by fitting to our own experimental data and validated with available data taken from the literature.
The novelty of this force field is that it is fully transferable between different zeolite framework types, and
therefore, it is applicable to all possible Si/Al ratios (with sodium as extra-framework cation) and for the first
time affording the prediction of topology-specific and chemical composition-specific adsorption properties.

Introduction

The prediction of carbon dioxide adsorption on porous
materials is of crucial importance today for several reasons, from
the need to develop cost-efficient CO2 capture technologies that
allow us to slow down the consequences of climate change to
the improvement of gas separation processes of industrial interest
(i.e., natural gas cleaning, CO2 storage, separation from other
gases generated in coal combustion, etc.). Carbon dioxide
adsorption and separation using a variaty of porous solids has
received much attention in the last decades, the most common
adsorbents being activated carbons and zeolites.

Among the porous materials, zeolites are considered as
effective structures for the adsorption and selective separation
of carbon dioxide. This is due to their thermal stability and their
regular porous structure along with their large internal surface
area.1-8 In addition to traditional adsorbents, recent novel porous
adsorbents such as metal-organic frameworks (MOFs) are
emerging as promising materials for carbon dioxide capture.9-16

From an experimental point of view, the pressure, tempera-
ture, and moisture content seem to be the most important
operating conditions that influence the adsorption of carbon
dioxide.2 As in most gas-solid systems, high gas phase
pressures and low temperatures favor carbon dioxide adsorption
on porous solids; however, the adsorption efficiency strongly
depends on the zeolite type and composition.17-23 For instance,
at low pressure, the amount of CO2 adsorbed appears to be
highly influenced by the nature and density of the cations inside
the zeolite pores,5,24,25 whereas the pore shape and volume appear
to control the adsorption capacity at high pressures.2,26 Zeolites
are molecular sieves with a three-dimensional framework
structure of alumina or silica tetrahedra whose negative charge
is compensated by cations such as sodium to maintain electro-
neutrality. The nature, number, and distribution of the extra-
framework cations affects the basicity and electric field in the

cavities of zeolites. These properties tend to vary inversely with
the Si/Al ratio of the framework. The charge imbalance due to
the presence of aluminum in the framework determines the ion
exchange properties of zeolites and induces potential acidic sites.
As the Si/Al ratio increases, the cation content decreases, the
thermal stability increases, the nature of the surface changes
from hydrophilic to hydrophobic, and the zeolite looses its ion
exchange or catalytic properties.

Molecular simulations are currently a powerful tool to
accurately predict adsorption27-29 and diffusion30 processes in
zeolites, but efficient methods31-33 and good force fields capable
of reproducing ideal experimental conditions for all zeolites5,26,34-36

are vital for this purpose. A variety of works reporting force
fields for carbon dioxide in zeolites can be found in the literature,
most of them only applicable to all-silica structures;37-40 i.e.,
with Si/Al ) ∞. In contrast, there are only three sets of force
field parameters available for CO2 adsorption in zeolites
containing aluminum atoms and sodium non-framework cations.
Two of these sets were developed for the LTA4A zeolite,41,42

and the third set, for faujasites.43 Unfortunately, it turns out that
none of these force fields is transferable between different zeolite
framework types and Si/Al ratios.

We have developed a new force field that (1) accurately
reproduces carbon dioxide adsorption in zeolites, (2) is transfer-
able to all zeolite structures, and (3) is applicable to Si/Al ratio
that spans from unity (i.e., maximum aluminum substitution)
to infinity (i.e., all-silica structure), using sodium atoms as extra-
framework cation. In this paper, we first discuss the methodol-
ogy for the development of the force field and, second, compare
the results obtained using the new set of parameters with those
obtained using previous sets reported in the literature.

Methodology

The development of our force field requires (1) models for
adsorbents and adsorbates and interatomic potentials, (2)
experimental isotherms for the fitting and a posteriori validation,
and (3) an optimization of parameters using Monte Carlo
simulations in combination with the Downhill Simplex Method.

Models and Simulation Techniques. Zeolites were built
from silicon, aluminum, and oxygen atoms using their crystal-
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lographic positions. LTA4A (Na96Al96Si96O384) and FAU
(NaxAlxSi192-xO384, 96g xg 0) have a cubic unit cell dimension
of 24.555 and 25.028 Å, respectively.44,45 FAU-type zeolites
have been labeled either X or Y, depending on their framework
aluminum density. Zeolite X has a framework aluminum density
between 96 and 77 aluminum atoms per unit cell, whereas
zeolite Y contains fewer than 77 framework aluminum atoms
per unit cell. The precise crystallographic location of some
sodium cations remains uncertain for NaX and NaY.46,47 In
contrast, there appears to be general agreement for LTA4A in
which the sodium cations in the bare zeolite are distributed
among three crystallographic sites: in the center of the six-
membered ring (97.2% occupation), in the eight-membered ring
windows (24.2% occupation), and opposite the four-membered
rings (6.6% occupation).44 The cation positions are modified
with carbon dioxide adsorption as we show in the snapshots in
Figure 1 for a pressure of 104 Pa and 298 K. MOR
(NaxAlxSi48-xO96, 8 g x g 0) and MFI (NaxAlxSi96-xO192, 0 g
Si/Al g 8) are structures consisting of interconnected channels.
MOR is formed by channels parallel to the [001] direction that
are connected with small side channels parallel to the [010]
direction, with cross sections called side pockets.48 On the other
hand, MFI is formed by straight, parallel channels intersected
by zigzag channels.49 Four (MOR) and 12 (MFI) distinct
crystallographic T sites (T ) Si, Al) can be identified for these
structures influencing the sodium cation distribution.

The zeolite structure is considered rigid, as previous studies
demonstrated that flexibility of the framework has a minor effect
on the adsorption of small molecules for the range of temper-
atures considered in this work.29,50 The structures with Si/Al
ratio other than unity or infinity were obtained by randomly
substituting aluminum with silicon, satisfying the Löwenstein
rule. In this way, it is possible to reproduce a reasonable
approximation of the framework aluminum distribution obtained
by experimental methods.28,51-53 Our model explicitly distin-
guishes silicon from aluminum using different charges for
oxygen atoms bridging two silicon atoms (qOSi) and oxygen
atoms bridging one silicon and one aluminum atom (qOAl). The
nonframework sodium cation density was adjusted to match the

framework aluminum density. Nonframework sodium cations
can move freely, adjusting their position depending on their
interactions with the framework atoms, other sodium cations,
and the carbon dioxide molecules.35

Our model for CO2 has three Lennard-Jones sites with charges
centered at each atom. The charge on the carbon and on the
oxygen centers are +0.6512 and -0.3256 e-, respectively. The
carbon-oxygen bonds are rigid and 1.149 Å long. The bond
length and the assigned values for the point charges are taken
from the model of Harris and Yung,54 and the Lennard-Jones
parameters were fitted using Gibbs ensemble Monte Carlo
simulations to reproduce the vapor-liquid coexistence curves,
using a Lennard-Jones 12-6 potential that is truncated at 12 Å
and shifted so that the potential is zero at the cutoff. The
Lennard-Jones interactions between CO2 and the zeolite were
modeled taking into account the interactions between carbon
dioxide and the zeolite O atoms and Na cations, because they
contribute most to the repulsive and dispersion forces; Lennard-
Jones interactions between Si-CO2 and Al-CO2 were not taken
into account. The Coulombic interactions in the system were
calculated using the Ewald summation.55

Experiments. Experimental carbon dioxide adsorption iso-
therms were performed in FAU and MFI zeolites at several
temperatures ranging from 253 to 298 K. All silica MFI (Si/Al
) ∞) was kindly supplied by ITQ (CSIC) and corresponds to a
pure porous crystalline silicon dioxide. FAU with a Si/Al ratio
2.5 (54 Na+ per unit cell) was purchased from Zeolyst
International SA. Prior to the adsorption measurements, the
samples were in situ outgassed under primary vacuum (∼1.33
× 10-3 kPa) at 673 K overnight to remove any adsorbed
impurities. The CO2 adsorption isotherms were carried out in
TriStar 3000 volumetric equipment from Micromeritics in the
pressure range from 10-1 to 120 kPa. The instrument was
equipped with a pressure transducer (0-133 kPa, uncertainty
within 0.5% of reading) that guarantees an excellent sensitivity
for carbon dioxide adsorption in the low pressure range, which
is especially useful in adsorption studies on highly microporous
materials. The temperature of the isotherms was controlled using
a circulating thermostatic bath. Ultrahigh purity (i.e., 99.995%)
carbon dioxide was purchased.

The experimental isotherms obtained in this way were used
to fit, optimize, and validate our force field parameters.
Consequently, to guarantee the accuracy of the experiments,
all the isotherms were performed in triplicate, and the data is
reproducible with an error below 0.1%.

Results and Discussion

Here, we present a force field obtained using Monte Carlo
simulations of carbon dioxide in zeolites. In what follows, we
describe the parameter optimization and the force field validation
using faujasite with Si/Al ratio 2.5, the extension to other Si/
Al ratio and other topologies and the improvement of this work
compared to preceding models and force fields already available
from the literature. Details on the partial charges and the other
force field parameters used in this work are listed in Table 1.

A. Parameter Optimization and Force Field Validation.
To construct a transferable force field for all frameworks,
pressures, temperatures, and Si/Al ratios is a very complex task
that requires the fitting of all force field parameters simulta-
neously. The zeolite framework charges and the adsorbate-
adsorbent Lennard-Jones interaction parameters were fitted using
the Downhill Simplex Method56 and grand-canonical Monte
Carlo simulations. We adjusted the force field parameters to
obtain the excess adsorption that accurately reproduces our

Figure 1. Snapshot showing the adsorption of carbon dioxide in
LTA4A with 96 sodium cations per unit cell at 104 Pa and 298 K.
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experimental isotherms at 273 K for FAU with a Si/Al ratio of
2.5 that corresponds to 54 aluminum atoms and 54 sodium
cations per unit cell. We fit to the entire isotherm following the
methodology reported by Dubbeldam et al.32 The main reasons
to select Na-Y type zeolite for the fitting were that (1) it is a
well-tested material with very low degree of defects; (2) it has
been previously shown that the adsorption properties of small
molecules on this material are insensitive to the aluminum
distribution, whereas for other classes of structures, the distribu-
tion matters;28 (3) in contrast to LTA4A, the Si/Al ratio can be
easily varied; and (4) most experimental data on carbon dioxide
adsorption are available for faujasites, providing a valuable
number of isotherms from independent groups to the force field
validation. Additional experimental isotherms at 253, 263, 283,
298, and 303 K were measured and subsequently used for the
validation of the force field.

Figure 2 shows an excellent agreement in all ranges of
pressures and temperatures between our experimental and
simulation data. These results are also in agreement with
previous experimental isotherms, as shown in Figure 3, where
our data (54 Na+/uc at 298 K) are compared with those from
Pires et al.57 (56 Na+/uc at 298 K), Walton et al.58 (58 Na+/uc
at 298 K), and Maurin et al.43 (56 Na+/uc at 300 K). Our
computed excess adsorption isotherms in faujasites with a Si/
Al ratio other than 2.5 are also in very good agreement with
experimental data taken from the literature. Figure 4 compares
our computed isotherms with those of Pires et al.57 for a Si/Al
ratio of 4.8 (33 Na+/unit cell (uc)) at 298 K and with those of
Dunne et al.19 for a Si/Al ratio of 1.2 (87 Na+/uc) at 305 K.
For our simulations shown in Figure 4, we have adjusted both
the temperature and the Si/Al ratio to that of the corresponding
experiment available in the literature. In all cases, there is good
agreement between our simulations and the experiments in the
whole range of pressures analyzed. We have verified that the
error in the computed loadings is smaller than the symbol size
for all the figures shown in this work.

B. Extension to Other Topologies (MFI, MOR, and LTA).
To confirm that the new force field parameters are transferable
to other structures (in addition to FAU), we have selected MFI,
MOR, and LTA-type zeolites. Our simulated isotherms for pure
silica MFI are compared with our experimental isotherms in
Figure 5a and with other previous available experimental data
in Figure 5b. Both figures show excellent agreement between
simulation and experiments. Figure 6 compares our simulation
results for MFI and MOR type structures with several Si/Al
ratios. The isotherms for MFI were computed at 297 K and for
Si/Al ratio 95 (1 Na+/uc) and 31 (3 Na+/uc) and compared with
previous experimental data of Dunne et al.19 The isotherms for
MOR were computed at 293 K for a Si/Al ratio 5.8 (7 Na+/uc)
for direct comparison with the experimental values reported by
Delgado et al.59 The agreement is excellent for MFI in the entire
range of pressures and at both Si/Al ratios, whereas for MOR,
there is good agreement only at high pressures. At low pressures,
our simulations underpredict the CO2 adsorption behavior in
MOR. For small, nonpolar hydrocarbons, these discrepancies
have been attributed to differences in the aluminum distribution
between the experimental and simulated structure.28,53 However,
molecular simulations for carbon dioxide in MOR using

TABLE 1

this work Akten et al.42
Jaramillo and
Chandross41 Maurin et al.43

a. Lennard-Jones Force Field ε/kB [K] Parameter Used
in This Work and in the Published Literature

Oco2-Oco2 85.671 79.000 110.236 76.474
Cco2-Cco2 29.933 27.000 29.195 46.650
Oco2-Cco2 50.640 46.184 56.880 18.335
Oco2-Ozeo 78.980 41.689 118.793 69.743
Cco2-Ozeo 37.595 24.372 61.410 42.125
Oco2-Na 200.831 25.139 47.316 31.332
Cco2-Na 362.292 14.697 24.161 88.079
Ozeo-Na 23.000 13.266

b. Lennard-Jones Force Field σ [Å] Parameter Used in
This Work and in the Published Literature

Oco2-Oco2 3.017 3.050 3.470 3.360
Cco2-Cco2 2.745 2.800 2.753 3.830
Oco2-Cco2 2.880 2.925 3.112 3.310
Oco2-Ozeo 3.237 3.025 3.255 3.480
Cco2-Ozeo 3.511 2.900 2.897 3.900
Oco2-Na 2.758 2.950 3.335 2.950
Cco2-Na 3.320 2.825 2.977 3.350
Ozeo-Na 3.400 2.925

c. Partial charges [e-] and Carbon-Oxygen Bond
Distance [Å] Used in This Work and in the

Published Literature
q (Oco2) -0.325 60 -0.35 -0.40 -0.36
q (Cco2) 0.651 20 0.70 0.80 0.72
q (Si) 0.785 98 0.80 3.70 2.40
q (Al) 0.485 98 1.42 2.775 1.70
q (OSi) -0.392 99 -1.20
q (OAl) -0.413 84 -0.74 -1.868 75 -1.20
q (Na) 0.383 40 0.74 1.00 0.70
d (C-O) 1.149 1.16 1.143 1.143

Figure 2. Comparison of computed (open symbols) and experimental
(solid symbols) carbon dioxide adsorption isotherms in FAU with a
Si/Al ratio of 2.5 (54 Na+/uc). The isotherms are obtained at 253 K
(0, 9), 263 K (left-pointing open and solid triangles), 273 K (4, 2),
283 K (O, b), 298 K (right-pointing triangles), and 303 K (3, 1).

Figure 3. Carbon dioxide adsorption isotherms in faujasites with a
Si/Al ratio around 2.5 (54-58 aluminum atoms and sodium cations
per unit cell) at 298-300 K. Comparison of the experimental (O) and
simulation (b) data obtained in this work with previous experimental
results from Maurin et al.43 at 300 K (right-pointing open triangle),
Pires et al.57 at 298 K (4) and Walton et al.58 at 298 K (3).
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structures in which the aluminum atoms are randomly distributed
but keeping the preferential sites and the fraction of aluminum
atoms at the four T-sites of MOR as reported by Meier48

(structure 1) and by Alberti60 (structure 2) show that this
explanation is not applicable to carbon dioxide adsorption
(Figure 6).

As shown in Figure 7, simulation obtained with our force
field is also in good agreement with available experimental data
for CO2 adsorption in LTA4A (LTA-type zeolite with a Si/Al
ratio of 1 and 96 sodium cations per unit cell) in the range of
273-303 K.41,61

C. Comparing This Work and Preceding Models. To show
the improvement of this work compared to previous force fields,
we have performed simulations in LTA, FAU, MOR, and MFI
zeolites using the new set of parameters and those from previous
approaches. Previous force fields were developed to calculate
adsorption of carbon dioxide in LTA4A (Jaramillo and Chan-
dross41 and Atken et al.42) and in faujasites (Maurin et al.43).
All atomic charges and force field parameters for our and other
force fields can be found in Table 1.

Figure 4. Comparison of computed (solid symbols) and previous
experimental (open symbols) carbon dioxide adsorption isotherms in
faujasites with a Si/Al ratio of 4.8 at 298 K (triangles) and Si/Al ratio
1.2 at 305 K (squares). Previous experimental data have been taken
from Dunne et al.19 and Pires et al.57

Figure 5. Comparison of computed (solid symbols) and experi-
mental (open symbols) carbon dioxide adsorption isotherms in pure
silica MFI zeolite. (a) Comparison with our own experimental data
at 253 K (4, 2), 273 K (O, b), and 303 K (3, 1). (b) Comparison
with previous experimental data taken from Sun et al.23 at 277 K
(0, 9) and 308 K (4, 2); Hirotani et al.39 at 303 K (3), 305 K
(left-pointing open triangle), and 330 K (], [); Choudhary et al.17

at 303 K (right-pointing open triangle) and 353 K (O, b); and Li et
al.40 at 313 K (*).

Figure 6. Comparison of computed (solid symbols) and experimental
(open symbols) carbon dioxide adsorption isotherms in MFI- and MOR-
type zeolites for several Si/Al ratios. The computed isotherms in MFI
were compared with the experimental values of Dunne et al.19 at 297
K for the structures with a Si/Al ratio of 95 and 1 Na+/uc (4, 2) and
a Si/Al ratio of 31 and 3 Na+/uc (0, 9). The isotherms in MOR were
obtained at 279 K for structures with a Si/Al ratio of 5.8, 7 Na+/uc
and a random distribution for the aluminum atoms, but keeping the
preferential sites and the fraction of aluminum atoms at the four T-sites
in MOR as reported by Meier48 (structure 1, b) and by Alberti60

(structure 2, *). The computed isotherms (b, *) were compared with
the experimental data of Delgado et al.59(O).

Figure 7. Comparison of computed (solid symbols) and experimental
(open symbols) carbon dioxide adsorption isotherms in LTA4A. The
computed isotherms were compared to the experimental isotherms of
Ahn et al.61 at 273 K (4, 2), 283 K (3, 1), 293 K (left-pointing
triangles), and 303 K (right-pointing triangles) and with the experimental
values taken from ref 13 of Jaramillo and Chandross41 at 273 K (O, b)
and 298 K (0, 9).
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Jaramillo and Chandross41 and Atken et al.42 considered the
same zeolite model and potential that was used by Faux and
co-workers,62 but they differ in the CO2 model: the former uses
the model of Makrodimitris et al.38 and the latter, the TraPPE
force field of Potoff and Siepmann.63 The force field parameters
of Jaramillo and Chandross41 were fitted to experimental
isotherms at 298 K, and they completely disregard the mobility
of the sodium cations. However, it is well-known that ignoring
the mobility of the cations results in artifacts.35 Atken et al.42

fitted the force field parameters to match their own experimental
data at 298 K. They constrained the sodium cations associated
with the six-membered oxygen rings, whereas cations associated
with the eight- and four-membered rings were allowed to move.
Maurin et al.43 fitted the force field parameters to reproduce
their experiments for faujasites with a Si/Al ratio of 1 and 2.4
that corresponds to 92 and 56 sodium cations, respectively.
Similarly to the force field of Jaramillo and Chandross,41 the
sodium cations were considered as an immobile part of the
zeolitic framework, and therefore, they are restricted to their
crystallographic positions during the simulations.

Figure 8 shows the computed carbon dioxide adsorption
isotherms in LTA4A at 298 K using the three previous force
fields, the experimental data that Jaramillo and Chandross41 and
Akten et al.42 used for their fitting, and the adsorption isotherm
at the 298 K using our new force field. It should be stressed
further that although all isotherms were obtained at the same
temperature and, in theory, for the same structure, discrepancies
between the experimental sets used by the authors are large,
leading to completely different carbon dioxide adsorption curves.
Our results are in agreement with those of Jaramillo and
Chandross31 as well as with the computed isotherms obtained
using the force field of Maurin et al.43 and the experimental
data of Ahn et al. at 303 K,61 also included in Figure 8 for
comparison. It is striking that experimental isotherms reported
by Akten et al.42 do not match those reported by Jaramillo et
al.41 and Ahn et al.61 On the basis of the experimental procedure
described in the literature,64,65 this disagreement might be due
to the low outgassing temperature (i.e., 25 °C) used in the
preparation of the samples prior to running the isotherms.
Coping with IUPAC recommendations, such experimental
conditions do not guarantee the corrected evacuation of the
zeolite,64,65 and therefore, those data from Akten et al. may be
seriously affected by experimental errors. Thus, it appears that
their force field parameters have been fitted using an incorrect
experimental data set.

Figure 9 shows the computed and experimental adsorption
isotherms of carbon dioxide in faujasites with a Si/Al ratio of
4.8 (33 Na+/uc) and 2.5 (54 Na+/uc) at 298 K. The computed
isotherms were obtained using the four sets of force fields and
compared with available experimental data for various Si/Al
ratios: this work (Si/Al ratio 2.5) and Pires et al. (Si/Al ratio
4.8).57 The isotherms obtained from our force field parameters
reproduce the experimental data, regardless of the Si/Al ratio,
as opposed to the simulations obtained using the force field
parameters by Akten et al.,42 as well as those by Jaramillo and
Chandross.41 The experimental values are underestimated using
the parameters of Jaramillo and Chandross,41 and overestimated
with those reported by Akten et al.42

The isotherms obtained with the force field of Maurin et al.43

show reasonable agreement with the experimental data, although
they are almost insensitive to the aluminum density. The fact
that our force field reproduces experimental adsorption isotherms
for different aluminum framework densities in sharp contrast
to previous force fields can be attributed to both the restrictions
on cation mobility and the underestimations of the Na-CO2

Lennard-Jones interactions in the latter. Taking into account
the excellent agreement with experimental data using our force
field parameters, it appears that this mobility becomes vital to
accurately reproduce carbon dioxide adsorption in faujasites.
The significant role of cation mobility has also been found to
be an essential factor on the adsorption of alkanes in this type
of structure.35

Our force field clearly outperforms previous available ap-
proaches not only for LTA4A and faujasites but also for MOR-
and MFI-type structures containing aluminum atoms, as shown
in Figure 10a and b. In addition, our force field accurately
reproduces pure silica MFI (Figure 11), whereas those from
Jaramillo and Chandross41 and Atken et al.42 cannot be applied
to all-silica structures (the electroneutrality of the framework
is not preserved), and the force field from Maurin et al.43 clearly
overpredicts carbon dioxide adsorption at low pressures, whereas
the adsorption at high pressures is underpredicted.

The applicability of the new set of charges developed for
the zeolite framework and the sodium cations is by no means
limited to carbon dioxide adsorption, for it also successfully
reproduces the adsorption of alkanes in zeolitic structures. Figure
12 shows the computed adsorption isotherms for methane in a

Figure 8. Comparison of computed (solid symbols) and experimental
(open symbols) carbon dioxide adsorption isotherms in LTA4A at 298
K. The computed isotherms were obtained using the force fields from
Jaramillo and Chandross41 (b), Akten et al.42 (9), Maurin et al.43 ([),
and our new force field (2). Experimental data for comparison were
taken from Jaramillo and Chandross41 at 298 K (O), Ahn et al.61 at
303 K (3), and Akten et al.42 at 298 K (0).

Figure 9. Comparison of computed and experimental carbon dioxide
adsorption isotherms in faujasites with Si/Al ratio 2.5 (solid symbols)
and 4.8 (open symbols) at 298 K. The computed isotherms were
obtained using the force fields from Jaramillo and Chandross41 (b, O),
Akten et al.42 (9, 0), Maurin et al.43 ([, ]), and our new force field
(2, 4). Experimental data for comparison were taken from this work
for a Si/Al ratio of 2.5 at 298 K (1) and Pires et al.57 for a Si/Al ratio
of 4.8 at 298 K (3).
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faujasite structure with 48 aluminum atoms per unit cell at 323
K and for ethane in a MFI structure with three aluminum atoms
per unit cell at 296 K. The isotherms were obtained using a
combination of our previously reported models and Lennard-
Jones parameters for alkanes34,35 and the new set of charges
presented in this work, showing very good agreement with
available experimental data.19,66 This additional feature of the
force field set of charges is of particular interest for studying

processes of industrial interest, such as those related to natural
gas separation and purification.

Conclusions

We have developed a general force field for the adsorption
of carbon dioxide in zeolites using Monte Carlo simulations
and fitting to our own experimental data. Validation was carried
out using both our experiments and available experimental data
from the literature. The force field clearly outperforms previous
force fields because it is more accurate, transferable between
zeolite structures, and applicable to all Si/Al ratios. The work
reported here can be expected to help the development of CO2

separation and sequestration technologies by providing vastly
improved molecular simulation data inputs.

Acknowledgment. This work is supported by the Spanish
“Ministerio de Educación y Ciencia (MEC)” (CTQ2007-63229);
Junta de Andalucı́a (P07-FQM-02595); the National Science
Foundation (CTS-0507013); and by the resources, technical
expertise, and assistance provided by CESGA. A.G.-S. thanks
The Netherlands Foundation for Fundamental Research (NWO-
CW) for her predoctoral fellowships. C.O.A. thanks her Ramon
y Cajal Research Contract, and T.J.H.V. acknowledges financial
support from The Netherlands Organization for Scientific
Research (NWO-CW) though a VIDI grant. The authors thank
Dr. Jasper van Baten for help with the illustrations.

References and Notes

(1) Baimpos, T.; Giannakopoulous, I. G.; Nikolakis, V.; Kouzoudis,
D. Chem. Mater. 2008, 20, 1470.

(2) Bonenfant, D.; Kharoune, M.; Niquette, P.; Mimeault, M.; Hausler,
R. Sci. Technol. AdV. Mater. 2008, 9.

(3) Gao, W. H.; Butler, D.; Tomasko, D. L. Langmuir 2004, 20, 8083.
(4) Himeno, S.; Tomita, T.; Suzuki, K.; Yoshida, S. Microporous

Mesoporous Mater. 2007, 98, 62.
(5) Krishna, R.; van Baten, J. M.; Garcia-Perez, E.; Calero, S. Chem.

Phys. Lett. 2006, 429, 219.
(6) Krishna, R.; van Baten, J. M.; Garcia-Perez, E.; Calero, S. Ind.

Eng. Chem. Res. 2007, 46, 2974.
(7) Zorine, V. E.; Magusin, P. C. M.; van Santen, R. A. J. Phys. Chem.

B 2004, 108, 5600.
(8) Garcia-Perez, E.; Parra, J. B.; Ania, C. O.; Garcia-Sanchez, A.;

Van Baten, J. M.; Krishna, R.; Dubbeldam, D.; Calero, S. Adsorption 2007,
13, 469.

(9) Garcia-Perez, E.; Gascon, J.; Morales-Florez, V.; Castillo, J. M.;
Kapteijn, F.; Calero, S. Langmuir 2009, 25, 1725.

(10) Keskin, S.; Sholl, D. S. J. Phys. Chem. C 2007, 111, 14055.

Figure 10. Comparison of computed (solid symbols) and experimental
(open symbols) carbon dioxide adsorption isotherms in (a) MOR with
a Si/Al ratio of 5.8 at 293 K and (b) MFI with a Si/Al ratio of 31 at
297 K. The computed isotherms were obtained using the force fields
from Jaramillo and Chandross41 (b), Akten et al.42 (9), Maurin et al.43

([), and our new force field in structure 1 (2). Experimental data for
comparison (3) were taken from Delgado et al.59 in MOR and from
Dunne et al.19 in MFI.

Figure 11. Comparison of computed (solid symbols) and experimental
(open symbols) carbon dioxide adsorption isotherms in pure silica MFI
at 308 K. The computed isotherms were obtained using the force fields
from Maurin et al.43 ([) and our new force field (2). Experimental
data for comparison were taken from Sun et al.23 at 308 K (4) and Li
et al.40 at 313 K (*).

Figure 12. Comparison of computed (solid symbols) and previous
experimental19,66 adsorption isotherms (open symbols) of methane in
faujasite with a Si/Al ratio of 3 at 323 K (2, 4) and ethane (inset) in
MFI with a Si/Al ratio of 31 at 296 K (9, 0).

Force Field for CO2 Adsorption in Zeolites J. Phys. Chem. C, Vol. 113, No. 20, 2009 8819



(11) Llewellyn, P. L.; Bourrelly, S.; Serre, C.; Vimont, A.; Daturi, M.;
Hamon, L.; De Weireld, G.; Chang, J. S.; Hong, D. Y.; Hwang, Y. K.;
Jhung, S. H.; Ferey, G. Langmuir 2008, 24, 7245.

(12) Martin-Calvo, A.; Garcia-Perez, E.; Castillo, J. M.; Calero, S. Phys.
Chem. Chem. Phys. 2008, 10, 7085.

(13) Yang, Q. Y.; Zhong, C. L.; Chen, J. F. J. Phys. Chem. C 2008,
112, 1562.

(14) Babarao, R.; Hu, Z. Q.; Jiang, J. W.; Chempath, S.; Sandler, S. I.
Langmuir 2007, 23, 659.

(15) Walton, K. S.; Millward, A. R.; Dubbeldam, D.; Frost, H.; Low,
J. J.; Yaghi, O. M.; Snurr, R. Q. J. Am. Chem. Soc. 2008, 130, 406.

(16) Millward, A. R.; Yaghi, O. M. J. Am. Chem. Soc. 2005, 127, 17998.
(17) Choudhary, V. R.; Mayadevi, S. Zeolites 1996, 17, 501.
(18) Choudhary, V. R.; Mayadevi, S.; Singh, A. P. J. Chem. Soc.,

Faraday Trans. 1995, 91, 2935.
(19) Dunne, J. A.; Rao, M.; Sircar, S.; Gorte, R. J.; Myers, A. L.

Langmuir 1996, 12, 5896.
(20) Lee, J.-S.; Kim, J.-H.; Kim, J.-T.; Suh, J.-K.; Lee, J.-M.; Lee, C.-

H. J. Chem. Eng. Data 2002, 47, 1237.
(21) Pakseresht, S.; Kazemeini, M.; Akbarnejad, M. M. Sep. Purif.

Technol. 2002, 28, 53.
(22) Siriwardane, R.; Shen, M. S.; Fisher, P.; Losch, J. Energy Fuels

2005, 19, 1153.
(23) Sun, M. S.; Shah, D. B.; Xu, H. H.; Talu, O. J. Phys. Chem. B

1998, 102, 1466.
(24) Plant, D. F.; Maurin, G.; Deroche, I.; Gaberova, L.; Llewellyn, P. L.

Chem. Phys. Lett. 2006, 426, 387.
(25) Plant, D. F.; Maurin, G.; Jobic, H.; Llewellyn, P. L. J. Phys. Chem.

B 2006, 110, 14372.
(26) Garcia-Perez, E.; Dubbeldam, D.; Maesen, T. L. M.; Calero, S. J.

Phys. Chem. B 2006, 110, 23968.
(27) Fuchs, A. H.; Cheetham, A. K. J. Phys. Chem. B 2001, 105, 7375.
(28) Garcia-Perez, E.; Dubbeldam, D.; Liu, B.; Smit, B.; Calero, S.

Angew. Chem., Int. Ed. 2007, 46, 276.
(29) Garcia-Perez, E.; Parra, J. B.; Ania, C. O.; Dubbeldam, D.; Vlugt,

T. J. H.; Castillo, J. M.; Merkling, P. J.; Calero, S. J. Phys. Chem. C 2008,
112, 9976.

(30) Dubbeldam, D.; Beerdsen, E.; Calero, S.; Smit, B. Proc. Natl. Acad.
Sci. U.S.A. 2005, 102, 12317.

(31) Dubbeldam, D.; Calero, S.; Maesen, T. L. M.; Smit, B. Phys. ReV.
Lett. 2003, 90, 245901.

(32) Dubbeldam, D.; Calero, S.; Vlugt, T. J. H.; Krishna, R.; Maesen,
T. L. M.; Beerdsen, E.; Smit, B. Phys. ReV. Lett. 2004, 93.

(33) Vlugt, T. J. H.; Garcia-Perez, E.; Dubbeldam, D.; Ban, S.; Calero,
S. J. Chem. Theory Comput. 2008, 4, 1107.

(34) Dubbeldam, D.; Calero, S.; Vlugt, T. J. H.; Krishna, R.; Maesen,
T. L. M.; Smit, B. J. Phys. Chem. B 2004, 108, 12301.

(35) Calero, S.; Dubbeldam, D.; Krishna, R.; Smit, B.; Vlugt, T. J. H.;
Denayer, J. F. M.; Martens, J. A.; Maesen, T. L. M. J. Am. Chem. Soc.
2004, 126, 11377.

(36) Calero, S.; Lobato, M. D.; Garcia-Perez, E.; Mejias, J. A.; Lago,
S.; Vlugt, T. J. H.; Maesen, T. L. M.; Smit, B.; Dubbeldam, D. J. Phys.
Chem. B 2006, 110, 5838.

(37) Goj, A.; Sholl, D. S.; Akten, E. D.; Kohen, D. J. Phys. Chem. B
2002, 106, 8367.

(38) Makrodimitris, K.; Papadopoulos, G. K.; Theodorou, D. N. J. Phys.
Chem. B 2001, 105, 777.

(39) Hirotani, A.; Mizukami, K.; Miura, R.; Takaba, H.; Miya, T.; Fahmi,
A.; Stirling, A.; Kubo, M.; Miyamoto, A. Appl. Surf. Sci. 1997, 120, 81.

(40) Li, P.; Tezel, F. H. J. Chem. Eng. Data 2008, 53, 2479.
(41) Jaramillo, E.; Chandross, M. J. Phys. Chem. B 2004, 108, 20155.
(42) Akten, E. D.; Siriwardane, R.; Sholl, D. S. Energy Fuels 2003, 17,

977.
(43) Maurin, G.; Llewellyn, P. L.; Bell, R. G. J. Phys. Chem. B 2005,

109, 16084.
(44) Pluth, J. J.; Smith, J. V. J. Am. Chem. Soc. 1980, 102, 4704.
(45) Olson, D. H. Zeolites 1995, 15, 439.
(46) Fitch, A. N.; Jobic, H.; Renouprez, A. J. Phys. Chem. 1986, 90,

1311.
(47) Mortier, W. J.; Van de Bossche, E.; Uytterhoeven, J. B. Zeolites

1984, 4, 41.
(48) Meier, W. M. Kristallographie 1961, 115, 439.
(49) Baerlocher, C.; Meier, W. M.; Olson, D. H. Atlas of Zeolite

Structure Types; 5th ed.; Elsevier: London, 2001.
(50) Vlugt, T. J. H.; Schenk, M. J. Phys. Chem. B 2002, 106, 12757.
(51) Melchior, M. T.; Vaughan, D. E. W.; Jacobson, A. J. J. Am. Chem.

Soc. 1982, 104, 4859.
(52) Peterson, B. K. J. Phys. Chem. B 1999, 103, 3145.
(53) Beerdsen, E.; Smit, B.; Calero, S. J. Phys. Chem. B 2002, 106,

10659.
(54) Harris, J. G.; Yung, K. H. J. Phys. Chem. 1995, 99, 12021.
(55) Frenkel, D.; Smit, B. Understanding Molecular Simulations: From

Algorithms to Applications, 2nd ed.; Academic Press: San Diego, CA, 2002.
(56) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, B. P.

Numerical recipes in Fortran 77: the art of scientific computing; Cambridge
University Press: Cambridge, New York, 2001.

(57) Pires, J.; Decarvalho, M. B.; Ribeiro, F. R.; Derouane, E. G. J.
Mol. Catal. 1993, 85, 295.

(58) Walton, K. S.; Abney, M. B.; LeVan, M. D. Microporous
Mesoporous Mater. 2006, 91, 78.

(59) Delgado, J. A.; Uguina, M. A.; Gomez, J. M.; Ortega, L. Sep. Purif.
Technol. 2006, 48, 223.

(60) Alberti, A. Zeolites 1997, 19, 411.
(61) Ahn, H.; Moon, J. H.; Hyun, S. H.; Lee, C. H. Adsorption 2004,

10, 111.
(62) Faux, D. A.; Smith, W.; Forester, T. R. J. Phys. Chem. B 1997,

101, 1762.
(63) Potoff, J. J.; Siepmann, J. I. AIChE J. 2001, 47, 1676.
(64) Sing, K. S. W. Pure Appl. Chem. 1982, 54, 2201.
(65) Rouquerol, J.; Avnir, D.; Fairbridge, C. W.; Everett, D. H.; Haynes,

J. H.; Pernicone, N.; Ramsay, J. D. F.; Sing, K. S. W.; Unger, K. K. Pure
Appl. Chem. 1994, 66, 1739.

(66) Talu, O.; Zhang, S. Y.; Hayhurst, D. T. J. Phys. Chem. 1993, 97,
12894.

JP810871F

8820 J. Phys. Chem. C, Vol. 113, No. 20, 2009 Garcı́a-Sánchez et al.




