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In this work, a systematic molecular simulation study was performed to compare the separation of CO,/N, and CH,/
N, mixtures in two different classes of nanoporous materials, zeolites, and metal—organic frameworks (MOFs). For this
purpose, three zeolites (MFI, LTA, and DDR) and seven MOFs (Cu-BTC, MIL-47 (V), IRMOF-1, IRMOF-12,
IRMOF-14, IRMOF-11, and IRMOF-13) were chosen as the representatives to compare. On the basis of the validated
force fields, both adsorption selectivity and pure CO, and CH,4 adsorption isotherms were simulated. The results show
that although MOFs perform much better for gas storage, their separation performance is comparable to zeolites; for the
systems with the preferable component having a larger quadrupolar moment, both zeolites and MOFs can enhance the
separation selectivity, and in contrast they both reduce the selectivity. In addition, we show that ideal adsorbed solution
theory (IAST) gives a very reasonable prediction of the mixture adsorption isotherms both in zeolites and in MOFs if the
pure component isotherms are known. We demonstrate that the difference in quadrupolar moment of the components is
an important property that has to be considered in the selection of a membrane material.

1. Introduction

Zeolites are an important class of inorganic microporous
materials, which are crystalline silicates or aluminosilicates with
three-dimensional (3D) microporous framework structures. In
their common form, zeolites are based on TO, tetrahedra, where
T is an aluminum or silicon atom. The primary building units
(PBUs) are the TO, tetrahedra, and they form secondary building
units (SBUs), such as four rings (4R), five rings (5R), six rings
(6R), eight rings (8R), double four rings (D4R), double six rings
(D6R), double eight rings (D8R), and so on, that contain up to
16 T atoms. These SBUs assembled together give rise to a large
variety of different zeolites.! Owing to their structural and
compositional features, zeolites have been playing a prominent
role in many large-scale applications of gas adsorption and
chemical separations for a long time.*®

Recently, a new family of hybrid porous materials that are
formed by the coordination of metal ions with organic linkers,
namely, metal—organic frameworks (MOFs), appeared and have
attracted a great deal of attention as a new addition to micro-
porous materials.”'! Similar to zeolites, MOFs can be built up
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from either tetrahedral or octahedral building blocks and have 3D
microporous channels and ultrahigh specific surface areas. Due to
the similarity in structure, MOFs are also called “organic”
zeolites. However, by varying the linkers, ligands, and metals in
the material, their synthesis can readily adapted to control pore
connectivity, structure, and dimension, featuring opportunities
for a large range of differences in functionality. To date, a large
number of different MOFs have been synthesized which have
shown various promising applications in, for example, gas storage
and separation, and so on. 214

Due to the large number of different zeolites and MOFs that
exist, efforts to predict the performance of zeolites and MOFs
using molecular modeling can play an important role in selecting
materials for specific applications. Although extensive simulation
studies have been carried out on the adsorption and separation of
gases/gas mixtures in zeolites and MOFs separately,'>~'® far less
attention has been given to directly compare the separation
performance of these two families of materials. Babarao et al."’
made a comparison between MFI zeolite and IRMOF-1 for the
storage and separation of CO, and CHy. It is known that MFT is
only the representative for intersecting channel-type zeolites
(commonly, the structures of zeolites are divided in three types,
i.e., one-dimensional (1D) channel type, intersecting channels
type, and cages separated by windows type”), while IRMOF-1 is
the simplest and most well-studied MOF with cubic pores.
Therefore, a comparison between these two materials cannot give
an overall performance of these two families of materials. As
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zeolites and MOFs are both promising materials for gas storage
and separation and they have similarity in structure, it is
important to make a systematic study to compare them; such a
study not only can get an overall picture on their separation
performance but also can provide insights into microscopic
level general information that is useful for guiding future micro-
porous materials design and synthesis. To meet this purpose, in
this work, we selected three representatives of zeolites (MFI,
LTA, and DDR) and seven representatives of MOFs (Cu-BTC,
MIL-47 (V), IRMOF-1, IRMOF-12, IRMOF-14, IRMOF-11,
and IRMOF-13) as the model adsorbents for separation. The
chosen zeolites fall into two categories consisting of intersecting
channels (MFI, one of the most important structures in zeolites)
and cages separated by windows (LTA and DDR, which have
good gas mixture separation abilities®’). The chosen MOFs
represent a typical range of different chemical compositions, pore
sizes, and pore topologies. These structures are also representa-
tives of different well-known MOF families in which structures
with and without catenation are both included. On the other
hand, we selected CO,/N, and CHy/ N, systems as the model
mixtures to separate, since, first, they are important practical
systems that are included in large-scale industrial applications:
CO,/N, separation is involved in carbon dioxide capture from
flue gas, and separation of N, from CHy is important in natural
gas purification. Second, the characteristics of these two systems
are different: CO,/N, contains two components with different
quadrupolar moments, while CH4/N, is composed of a nonpolar
species CH4 and a quadrupolar species Ny; this gives more
information for understanding the differences in separation
performance of zeolites and MOFs. The knowledge obtained is
expected to apply to a broad range of zeolites and MOFs
for separation of various gas mixture systems of practical
importance.

2. Models and Computational Method

2.1. Zeolite and MOF Structures. In this work, the struc-
tures of MFI, LTA, and DDR zeolites were constructed using the
atomic coordinates reported in the literature." MFI zeolite is
perhaps the most well-studied zeolite. It consists of straight
10-ring channels, running in the y direction, intersected (in
complete intersections) by so-called zigzag channels that run in
the x and z directions, which also consist of 10-membered ring
windows. These channels have diameters of approximately 5.4 A.
The structure of LTA zeolite consists of almost spherical cages of
abgut 10 A in diameter, connected by narrow windows of about
4 A in diameter. One unit cell consists of § cubically arranged
cages. DDR zeolite consists of 19-hedron cavities connected
through 8R windows across into a hexagonally arranged two-
dimensional (2D) cage/window-type system. The structures of
these three zeolites can be found in ref 21.

The structures of the selected MOFs were constructed from
their corresponding experimental XRD data.”* >* Among these
materials, Cu-BTC is composed of Cu,(COO), paddle wheels
with copper dimers as four connectors and benzene-1,3,5-tricar-
boxylate (BTC) as three connectors, forming a 3D network with
main channels of a square cross section of ca. 9 A diameter and
tetrahedral side pockets of ca. 5 A, which are connected to the
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main channels by triangular windows of ca. 3.5 A2 MIL-47 V),
which has the chemical formula M(O)(O,C—CsHy—CO,),
where M is vanadium (V*"), possesses corner-sharing oxo
groups linking the metal atoms, forming a 3D network with a
ID diamond-shaped tunnel.”®> IRMOFs-1, -12, and -14
feature the same primitive cubic topology with the octahedral
Zn40(CO,) clusters linked by different organic dicarboxylate
linkers, while IRMOFs-11 and -13 are the catenated counter-
parts of IRMOFs-12 and -14, respectively.”* The guest-free
crystal structures of these MOFs can be found in previous
works. >

Some details of the structures of the above-mentioned zeolites
and MOFs are summarized in Table 1.

2.2. Force Field. To make a reasonable comparison of
typical zeolites and MOFs, the force fields employed must be
reliable. In this work, the force fields adopted are either taken
from literature that have been validated for the systems
considered or the parameters are refined by us to give better
representation of experimental adsorption data.

Zeolites: CHy, CO,, and N, Systems. The force field used for
zeolites—adsorbates systems in this work is the one used by
Garcia-Pérez et al®® In this force field, CH, molecules were
described with a united-atom model, in which each molecule is
treated as a single interaction center. CO, was modeled as a rigid
linear molecule with bond length C—0O of 1.16 A and partial
charges distributed around each molecule (¢o = —0.3256e and
gc = 0.6512¢).>° The N, molecule was represented as a three-site
model with two sites located at two N atoms and the third one
located atits center of mass (COM). The bond length between two
N atoms is 1.098 A. Each N, molecule was assigned a negative
charge oneach N atom (¢ = —0.40484¢) and a positive charge at
the COM site (gcom = 0.80968¢).*' The interactions between
adsorbed molecules and zeolite—adsorbates were described with
Coulombic and Lennard—Jones (LJ) terms. The LJ parameters
for the interaction between adsorbed molecules, the parameters
for zeolites—adsorbates interactions, and the static atomic
charges of zeolite lattices were all taken from ref 29. This force
field has been validated in detail for the adsorption of CHy, CO»,
and N, in several pure silica zeolites.*"* For a detailed descrip-
tion of the force field, the reader is referred to ref 29 and Table 1 in
the Supporting Information.

MOFs: CH,;, CO,, and N, Systems. For describing the
adsorption of pure components and mixtures of CHy, CO,, and
N, molecules in the selected MOFs, methane was modeled as a
single-center Lennard—Jones molecule using the TraPPE force
field developed by Martin and Siepmann.*> CO, was modeled as a
rigid linear molecule with three charged LJ sites located on each
atom. A combination of the site—site LJ and Coulombic poten-
tials was used to calculate the CO,—CQO, intermolecular interac-
tion. The LJ potential parameters for atoms O and C in CO, were
taken from the TraPPE force field developed by Potoff and
Siepmann.** The C—O bond length is 1.16 A. In this model,
partial point charges centered at each LJ site (g0 = —0.35¢ and
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Table 1. Structural Properties for the Materials Studied in This Work
material pore shape and size (A) unit cell (A) cell angle (degree) Perys (g/em®)
MFI intersecting channel, 5.1—5.5/5.3—5.6 a = 20.022, b = 19.899, ¢ = 13.383 a=pf=y=90 1.796
LTA cage/window, 10.0/4.1 a=b=c=24555 a=p=y=9 1.294
DDR cage/window, 8.75/4.5 a=b=13.860,c = 40.89 oa=p=2907y=120 1.76
Cu-BTC pocket/channel, 5.0/9.0 a=b=c=26343 a=pf=y=90 0.879
MIL-47 (V) channel, 11.0/10.5 a = 6.818,b = 16.143, ¢ = 13.939 a=p=y=90 1.0004
IRMOF-1 cubic, 10.9/14.3 a=b=c=25832 a=pf=y=90 0.593
IRMOF-12 cubic, 13.9/20.0 a=b=c=34281 a=p=y=90 0.38
IRMOF-14 cubic, 14.7/20.1 a=>b=c= 34381 a=pf=y=90 0.373
IRMOF-11 cubic/catenation, 3.5/3.8/4.7/6.1/7.3/11.1 a=b=24822 ¢ = 56.734 oa=L8=090,y =120 0.76
IRMOF-13 cubic/catenation, 4.2/4.7/6.1/7.0/11.4 a=b=24822 ¢ = 56.734 oa=p=090,y =120 0.752
“Obtained from the XRD crystal data.!->>72
Table 2. Henry Coefficients Ky and Isosteric Heats of Adsorption at Infinite Dilution Qst0 of CO, and CHy4 at 298 K in Cu-BTC
CO, CH,4
Ky (mol/kg/Pa) 0. (kJ/mol) Ky (mol/kg/Pa) 0. (kJ/mol)
sim. exp.? sim. exp. sim. exp.” sim. exp.
5.90 x 1077 6.063 x 107° 24.958 28.1 117 x 107° 7911 x 1076 18.394 16.6

“The experimental Henry coefficients Kj; (mol/kg/Pa) are obtained from Kyy = ¢,,, K, exp(—AH;/RT). Here, g,, ;(mol/kg), K; (bar "), and —AH; (kJ/

mol) are given in ref 38 and R = 8.31451 J/mol/K.

gc = 0.70e) approximately represent the first-order electrostatic
and second-order induction interactions. Again, N, was modeled
as a diatomic molecule with fixed bond lengths (1.1 A). In this
model, point charges are centered on each LJ site, and electric
neutrality is maintained by placing a point charge of +0.964e at
the center of mass of the N, molecule. The interactions between
various sites in the adsorbed molecules were also calculated by the
summation of LJ interactions and the electrostatic interactions.
The LJ parameters for the N, molecule were also taken from the
TraPPE force field.*® For the MOFs studied here, a combination
of the site—site LJ and Coulombic potentials were also used to
calculate the interactions between adsorbate molecules and ad-
sorbents. In our simulations, all the LJ cross interaction para-
meters were determined by the Lorentz—Berthelot mixing rules.
An atomistic representation was used for all MOFs studied. For
calculating the interactions between the adsorbate molecules and
the atoms in the framework of the MOF materials, we need to
know the atomic partial charges and LJ parameters for the atoms
in MOFs.

Cu-BTC. We adopted the atomic partial charges of Cu-BTC
from Yang and Zhong?® The LJ parameters for Cu-BTC
atoms were also taken from ref 25 for CH4 and CO, and from
Yang et al.** for N,. These force field parameters were chosen
because they have been successfully employed to simulate
the adsorption of CHy, CO,, and N, in Cu-BTC by other
researchers.”>**737 To further confirm the reliability of the force
field adopted, we calculated Henry coefficients Ky and isosteric
heats of adsorption at infinite dilution Qst0 of CO,and CH, at 298
K in Cu-BTC and compared with experimental data,*® as shown
in Table 2. As can be seen from Table 2, reasonably good
agreement between our simulations and the experimental data
was obtained.

A detailed description of the force field is given in Table 2 in the
Supporting Information.

(34) Yang, Q.; Xue, C.; Zhong, C.; Chen, juudliallend 2007, 53, 2832.

(35) Yang, Q.; Zhong, C. J. Phys. Chem. B 2006, 110, 17776.

(36) Wang, S.; Yang, Q.; Zhong, C. Sep. Suiinbantisgd. 2008, 60, 30.

(37) Karra, J. R.; Walton, K. S. Langmuir 2008, 24, 8620.

(38) Cavenati, S.; Grande, C. A.; Rodrigues, A. E.; Kiener, C.; Muller, U. Ind.

. 2008, 47, 6333.

(39) Rosenbach, N.; Jobic, H.; Ghoufi, A.; Salles, F.; Maurin, G.; Bourrelly, S.;

Llewellyn, P. L.; Devic, T ; Serre, C.; Férey, G. Angew. Chem., Jurkd 2008, 47,6611.

5920 DOI:10.1021/1a900823d

Table 3. Potential Parameters for the Atoms in the Framework of

MIL-47 (V)
CH, CO, N,
atom  o(A)  e/kg(K) oA ekp(K) oA ekn(K)
\% 2.801¢ 8.056°  2.801¢ 8.056°  2.801¢ 8.056"
o) 3.12¢ 26.15" 3.12¢ 26.15" 3.12¢ 24.15°
C 3.43¢ 45.27" 3.23° 4227 3.23" 40.27"
H 2.574 18.14" 2.57¢ 18.14° 2.57° 16.14"

“Taken from the UFF of Rappé et al.** » Obtained in this work.

MIL-47 (V). The atomic partial charges for the atoms in
MIL-47 (V) were taken from Rosenbach et al.** The dispersive
interactions of all of the atoms in MIL-47 (V) are described by the
universal force field (UFF) of Rappé et al.*’ To better represent
the adsorption isotherms of pure CHy, CO,, and N, in MIL-47
(V), part of the LJ parameters of the UFF were refined in this
work, as shown in Table 3. A similar strategy was previously
used in our work on zeolites*' ~*° and in the work of Yang and
Zhong25’34’35*46 for the adsorption of alkanes, CO,, N,, and O, in
Cu-BTC and several other MOFs.

Our simulation results as well as the experimental data
and previous simulation results®®*° are shown in Figure 1. We
found that except for N, the improved parameters yield a
significantly better representation of the experimental data.

IRMOFs. The atomic partial charges for the atoms in
IRMOFs-1, -12, and -14 were taken from Yang et al.*® Since
the atomic partial charge presented in an atom of a framework is
mainly determined by the atoms bonded to it, it is a good
approximation to treat the catenated IRMOFs-11 and -13 to

23,3947
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Figure 1. Comparison of the experimental and simulated adsorption isotherms of (a) CH4 at 303 K, (b) CO; at 304 K, and (¢) N, at 77 K in

MIL-47 (V).

have identical atomic partial charges to their corresponding
noncatenated counterparts IRMOFs-12 and -14. The LJ para-
meters for the framework atoms in the IRMOFs were taken from
the UFF.* This force field has been successfully applied to depict
the adsorption of CO,, CHy, and their mixtures in MOFs!*
and shows comparable results with previous simulation® using a
different force field for N, adsorption. A detailed description of
the force fields can be found in Tables 3 IRMOF-1), 4 IRMOF-
11 and IRMOF-12), and 5 IRMOF-13 and IRMOF-14) of the

Supporting Information.

It should be pointed out that though the potential parameter
sets used for the adsorbate—adsorbate interactions, that is,
CH,4—CH,, CO,—CO,, and N,—N, interactions, are different
in zeolites and MOFs. Both sets are equivalently accurate in
describing the adsorbate—adsorbate interactions, as all the force
fields*®3"* can reproduce well the corresponding experimental
vapor—liquid coexistence curves and critical properties. The
reason why we adopted different adsorbate—adsorbate interac-
tion potential parameters for zeolite and MOF systems is for the
consistency of the set of force fields for a given adsorbate—

8§—52

2.3. Simulation Method. Grand-canonical Monte Carlo
(GCMC) simulations were employed to calculate the adsorption
of pure components and their mixtures in all materials studied.
For the calculation of the Henry coefficient and the isosteric heats
of adsorption at infinite dilution Oy, we performed Monte Carlo
simulations in the NVT ensemble. During the simulation, we
computed the Rosenbluth factor and the internal energy AU,
which are directly related to the Henry coefficient and O’
respectively.*>>* The adsorption simulations were performed

at 298 K. The Peng—Robinson equation of state was used to

adsorbent system, that is, the consistency between the force fields

adopted for adsorbate—adsorbate and adsorbate—adsorbent

interactions.

relate the bulk experimental pressure with chemical poten-
tial required in the GCMC simulations. Similar to previous
works,&16721:25729,34=37.41 7464925255 411 zeolites and MOFs in
this work were treated as rigid frameworks, with atoms frozen at
their crystallographic positions during the simulations. Several
force fields have been developed to take into account the
flexibility of zeolites™® > and IRMOFs;> however, it has been
proved that the flexibility of the framework has a negligible
influence on the adsorption of gases,”’ although the effect is
significant on gas diffusivity.®” Thus, the treatment of rigid
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(53) Dubbeldam, D.; Frost, H.; Walton, K. S.; Snurr, R. Q. i

2007, 261, 152.
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framework is reasonable. A cutoff radius of 12.0 A for zeolites
and 12.8 A for MOFs was applied to all the LJ interactions. The
long-range electrostatic interactions were handled using the
Ewald-summation technique. Periodic boundary conditions were
applied in all three dimensions. Since the adsorbent was assumed
to be a rigid structure, the potential energies between adsorbate
and adsorbent atoms were initially tabulated on a series of three-
dimensional grid points with grid spacing 0.15 A. During the
simulations, the potential energy at any position in the adsorbent
was determined by interpolation.*® For each state point, GCMC
simulation consisted of 1.5 x 10" steps, to guarantee equilibra-
tion, followed by 1.5 x 107 steps to sample the desired thermo-
dynamic properties. The statistical uncertainty was estimated by
dividing each run into 10 blocks and calculating the standard
deviation from the block averages. The standard deviation is
within £5% for every simulation. A detailed description of the
simulation methods can be found in ref 42.

3. Results and Discussion

3.1. Comparison of CO,/N, and CH4/N, Mixture Se-
paration. To give a more comprehensive comparison of the
separation performance of zeolites and MOFs, GCMC simula-
tions were performed first for the three zeolites and seven
MOFs in separating two binary mixtures, CO,/N, and CH4/N..
Ideal adsorbed solution theory (IAST)®' predictions were then
carried out to test if this theory is applicable to the systems
considered.

3.1.1. Adsorption Selectivity from GCMC Simulations. In
separation processes, a good indication of the ability for separa-
tion is the selectivity of a porous material for different compo-
nents in mixtures. The selectivity for component A4 relative to
component B is defined by S = (x4/x5)(y5/y4), Where x4 and xp
are the mole fractions of components 4 and B in the adsorbed
phase, and y 4 and y g are the mole fractions of components 4 and
B in the bulk phase, respectively. The comparison of the
performance of zeolites and MOFs is given in the following
paragraphs.

CO,/N, Mixture Separation. Figure 2 shows the adsorption
selectivities of CO, from the equimolar binary mixture of CO,/N,
at 298 K as a function of the bulk pressure up to 2.0 MPa.

In all the adsorbents, CO, is more preferentially adsorbed than
N, and the overall performance of the two families of materials is
comparative although the adsorption selectivity does vary among
different materials. Among the materials studied, Cu-BTC and
MFTI show highest selectivity with Cu-BTC performing slightly
better. IRMOF-1, IRMOF-12, and IRMOF-14 with large cubic
pores give the lowest adsorption selectivity in the pressure range
studied. It seems that pore size is an important factor that
influences the selectivity for the CO,/N, mixture, and the pore
size of ca. 5.0—10.0 A is the suitable one for this mixture
separation. On the other hand, MOFs with catenated structures
having various small pores ranging from ca. 3.5 to 11.5 A
(IRMOF-11 and IRMOF-13) also show relatively high selectiv-
ity, which is 2—3 times higher than that of their corresponding
noncatenated counterparts (IRMOF-12 and IRMOF-14, respec-
tively). This indicates that catenation can enhance the adsorption
selectivity for the CO,/N, system. Similar behavior has also been
observed in our previous work for the separation of the CH4/H,
mixture.”> An explanation for the reason why pore size is an
important influencing factor on selectivity may be that for
CO,/N; both of the two components have quadrupolar moment;

(61) Myers, A. L.; Prausnitz, J. M. LIELEL 1965, 11, 121.
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Figure 2. Selectivities for CO, as a function of pressure from
equimolar binary mixture simulations of CO,/N, at 298 K.

the presence of framework charges and thus electrostatic inter-
actions between adsorbates and adsorbents increases the adsorp-
tion of both components in principle, and thus the effect of the
chemistry of the materials; that is, the difference of framework
atoms which have charges becomes less evident, leading to the
result that pore size becomes an important factor. To corroborate
this explanation, we carried out additional simulations by switch-
ing off all the electrostatic interactions involved by CO, and N,
molecules (case 1) and switching off only the electrostatic inter-
actions of COj-adsorbents and N,-adsorbents (case 2). The
calculated adsorption isotherms in (a) MFI zeolite and (b) Cu-
BTC, and (c) the corresponding adsorption selectivities of CO,
from the equimolar binary mixture of CO,/N, in both of them are
shown in Figure 3 as a representative, where the results with all of
the electrostatic interactions considered are also included
(denoted as case 3).

Figure 3a and b shows that when the electrostatic interactions
between CO,, N, molecules, and the MFI or Cu-BTC framework
are considered (case 3), the amount of CO, adsorption increases
significantly in both materials compared to cases 1 and 2;
however, the amount of N, adsorption slightly decreases; this
can be attributed to the reason that there is competitive adsorp-
tion between CO, and N, in the materials. Although electrostatic
interactions enhance the adsorption of both CO, and N, they are
more beneficial for CO, adsorption. Thus, with the increase of the
amount of CO, adsorption, more adsorption sites are occupied by
CO, molecules, leading to a slight decrease in N, adsorption. This
results in a much higher selectivity for the CO,/N, mixture in both
materials when the electrostatic interactions between adsorbates
and adsorbents are considered, as shown in Figure 3c¢. Simula-
tions in other zeolites and MOFs were also performed showing
similar behavior (see Figure 1 in the Supporting Information).
These results suggested that the electrostatic field in the materials,
whether zeolites or MOFs, influences the CO,/N, mixture separa-
tion in a similar way, and thus, the effect of the chemistry of the
materials, that is, the difference of framework atoms which have
charges, becomes less evident, leading to the result that pore size
becomes an important factor.

CHy4/N, Mixture Separation. The second system considered
in this work is CHy/N, mixture separation. The adsorption
selectivities of CH4 from the equimolar binary mixture of
CHy4/N, are shown in Figure 4. Interestingly, the performances
of the zeolites and MOFs are different from those for the CO,/N,
system as shown in Figure 2: all of the chosen zeolites show
better performance than the MOFs adopted in this case; the
only similarity is that again IRMOF-1, IRMOF-12, and IRMOF-
14 with simple large cubic pores show lowest adsorption
selectivity.
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Figure 3. Effect of the electrostatic interactions on the adsorption isotherms of CO,/N, mixture in (a) MFI and (b) Cu-BTC, and (c) the
adsorption selectivities for CO, from equimolar binary mixture of CO,/N, in MFI and Cu-BTC.
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Figure 4. Selectivities for CHy as a function of pressure from
equimolar binary mixture simulations of CH4/N, at 298 K.

The CHy4/N; system contains two components that are much
different in chemistry: CHy is a difficultly polarized substance,
while N, is an easily polarized one with weak quadrupolar
moment. Similar to CO,/N,, we carried out additional simula-
tions to investigate the effect of the electrostatic interactions on
the separation of the CH4/N, mixture, and the results of MFI and
Cu-BTC are given in Figure 5 as an example. Simulations in other
zeolites and MOFs were also performed, and the results are given
in Figure 2 in the Supporting Information. Again, in case 1, all the
electrostatic interactions involved by N, molecules are switched
off, in case 2 only the electrostatic interactions between the N,
molecules and the zeolite or MOF framework are switched off,
and in case 3 all the electrostatic interactions are included. Figure 5
shows that the electrostatic field in zeolites and MOFs can
enhance the adsorption of gases with quadrupolar moment, that
is, N, in this case, resulting in negative contribution to the
selectivity of CHy from the CH4/N, system. Different from
CO,/N, mixture separation, it seems that the electrostatic field
in zeolites has a stronger effect on N, adsorption than in MOFs,

Langmuir 2009, 25(10), 5918-5926

resulting in a bigger negative contribution to the selectivity of CHy
from the CH4/N, system (see Figure 5c). Therefore, not only the
pore size and pore topology but also the chemical characteristics
of the materials also influence the separation efficiency of the
system considered.

The two mixtures CO,/N, and CHy/N, provide a representa-
tive example to reveal the relationship between material structure
and separation performance. From the comparative study of
zeolites and MOFs, it seems that, for a mixture with components
similar in quadrupolar moment, pore size plays an important role
in determining separation capability. While for those with com-
ponents largely different in quadrupolar moment, the chemical
characteristics of the material also play an important role.

It should be pointed out that, in this work, instead of finding
the optimal pressure for the chosen model separation systems, we
focus on making a comparison of the separation performances of
zeolites and MOFs. From a practical application point of view,
CO,/Nj, separation is involved in CO, capture from flue gases and
this process is carried out around 0.1 MPa. While for the
separation of CH, from N,, it is involved in natural gas purifica-
tion, which can be operated up to moderate pressure. Therefore,
the results obtained in a wide pressure range can be used for future
reference for comparing the separation abilities of zeolites and
MOFs.

Furthermore, the ratio of CO, selectivity from CO,/N, to CHy
selectivity from CH4/N, was calculated, as given in Figure 6.

Figure 6 shows that, generally speaking, the studied MOFs
perform better than zeolites. The reason why Cu-BTC performs
much better can be attributed to the fact that it has exposed metal
sites, which haven been found to have a strong effect on the
separation of polar/nonpolar mixtures®” and mixtures with dif-
ferent quadrupolar moments.>>**** The existence of exposed
metal sites increases the amount of adsorption for those species
with larger quadrupolar moment, especially at low loadings. To
clarify this, we analyzed the differences of isosteric heats of
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Figure 5. Effect of the electrostatic interactions on the adsorption isotherms of CH4/N, mixture in (a) MFI and (b) Cu-BTC, and c) the
adsorption selectivities for CH, from equimolar binary mixture of CH4/N, in MFI and Cu-BTC.
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Figure 6. Comparison of selectivities for CO, as a function of
pressure from equimolar binary mixtures simulations of CO,/N,
and CH,4 from equimolar binary mixtures of CH,4/N, at 298 K.

adsorption at infinite dilution QS[O of CO, and CHy in Cu-BTC
and one type of zeolite, say MFI. The difference of Qstgo2
and Qsl%H4 in Cu-BTC is 6.564 kJ/mol, which is bigger than that
in MFI zeolite (4.27 kJ/mol); this explains the larger selectivity
observed in Cu-BTC at low loadings. Generally speaking, at
intermediate and high loadings, not only the enthalpy effect
but also the entropy effect on adsorption is important as well.
The adsorption selectivity behavior in this region is the result
of the cooperative effects of many factors, such as the chemistry
of materials (the different framework atoms which have charges),
pore size, and pore topology. To figure out which factor
is more important for the separation of the CO,/CH,4 mixture,
we further carried out simulations to investigate the effect
of the electrostatic interactions on the separation of the
CO,/CHy4 mixture in Cu-BTC and MFI, and the results are
given in Figure 7. Cases 1, 2, and 3 are same as the ones in
Figures 3c and Sc.
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Figure 7. Effect of electrostatic interactions on adsorption selec-
tivities for CO, from equimolar binary mixture simulations of
CO,/CH, in Cu-BTC and MFL.

Evidently, the selectivity of CO, from the CO,/CH,4 mixture
can be enhanced in Cu-BTC and MFI with the presence of the
framework charges, and due to the preferable component CO,
has a much larger quadrupolar moment than CHy4. Compared to
MFI, Cu-BTC exhibits a larger effect of framework charges on
CO,/CHy, separation. It seems the chemistry of materials (the
different framework atoms which have charges) plays a more
important role at intermediate and high loadings for CO,/CHy
separation.

3.1.2. IAST Predictions. It has been commonly recognized
that ideal adsorbed solution theory (IAST)®' can give good

predictions of gas mixture adsorption in many zeolites®>® as

(62) Goj, A; Sholl, D. S.; Akten, E. D.; Kohen, D. J. Phys. Chem. B 2002, 106,
8367.
(63) Challa, S. R.; Sholl, D. S.; Johnson, J. K. sy 2002, //6, 814.
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Figure 8. Comparison of TAST and GCMC for (a) CO, selectivity as a function of pressure from equimolar binary mixture of CO,/N; and (b)

CHy selectivity from equimolar binary mixture of CHy/N, at 298 K.

Table 4. Henry Coefficients Ky; (mol/kg/Pa) and Isosteric Heats of
Adsorption at Infinite Dilution Qsto (kJ/mol) of CO; and CH, in
Zeolites and MOFs at 298 K as Obtained from the Simulations

CO, CH,4

material Ky 0. Ky 0y’

MFI 1.96 x 1073 24.397 9.74x 107° 20.127

LTA 1.04x 107 22.340 7.79x 107° 19.196
DDR 2.15x107° 25.410 248 x107° 26.369
Cu-BTC 5.90 x 107° 24.958 1.17x107° 18.394
MIL-47(V) 1.45%x107° 19.548 8.11x107° 14.677
IRMOF-1 8.46 x 10°° 14.372 4.01x10°° 9.983
IRMOF-11 539% 107° 24.433 2.00x 107° 19.644
IRMOF-13 5.90x 107 24.224 191 x107° 18.780
IRMOF-12 1.41x107° 15.672 6.13x10°° 10.334
IRMOF-14 1.29% 107° 14.750 5.85x10°° 9.850

well as in MOFs.'*¥333264 [f JAST is found to be accurate for a
particular class of adsorbates and adsorbents, then further
detailed calculations of mixture equilibria are unnecessary to
assess adsorption selectivity. It has been demonstrated that it is
applicable for depicting CO,/N, adsorption in MFL® LTA,
DDR,* and Cu-BTC* and for depicting CH,/N, in LTA and
DDR % TAST calculations were further performed in this work to
check whether it is applicable for other cases that have not been
tested before. The calculated adsorption selectivities of CO, from
equimolar mixture CO,/N, in MIL-47(V), IRMOF-11, and
IRMOF-12 and those of CHy4 from equimolar mixture CHy4/N,
in MFI, Cu-BTC, MIL-47(V), IRMOF-11, and IRMOF-12 with
GCMC and TAST are shown in Figure 8 as examples. In all the
cases, good agreement between GCMC simulation and TAST
calculation was obtained, indicating that IAST is applicable to
predict the adsorption behavior of CO,/N, and CH,4/N, mixtures
in most zeolites and MOFs.

3.2. Adsorption of Pure CO, and CHy. In addition to
separation applications, both zeolites and MOFs have potential
applications in gas storage. Therefore, we further investigated the
adsorption properties of pure CO, and CHy in these materials to
make a comprehensive comparison. In the meantime, such
research can contribute to guide the development of new
nanoporous materials for CO, capture and natural gas
storage.**>"%67 1 this work, Henry coefficients and isosteric
heats of adsorption at infinite dilution, and the adsorption
isotherms of CO, and CHy4 in the 10 materials as a function of
pressure up to 6 MPa were calculated, as shown in Table 4 and

(64) Keskin, S.; Liu, J.; Johnson, J. K.; Sholl, D. S. Langmuir 2008, 24, 8254.

(65) Krishna, R.; van Baten, J. M. Sep. iia . 2008, 61, 414.

(66) Diiren, T.; Sarkisov, L.; Yaghi, O. M.; Snurr, R. Q. Langmuir 2004, 20,
2683.

(67) Wang, S. Energy Fuels 2007, 21, 953.
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Figure 9, respectively. The figures up to 6 MPa may not be
practical for some applications; however, the results obtained can
be used for future reference from both scientific and practical
points of view for comparing the adsorption capacities between
MOFs and zeolites.

Table 4 and Figure 9 show that, for both CO, and CHy, the
three zeolites and the MOF's with small pores (Cu-BTC, IRMOF-
11, and IRMOF-13) give comparable isosteric heats of adsorption
at infinite dilution Qy", which are much larger than those of the
other MOFs with large pores. As a result, the three zeolites and
the MOFs with small pores give larger adsorption at low
pressures. However, at higher pressures, all the MOFs studied
in this work can store more CO, and CH,4 than the chosen zeolites.
Particularly, the MOFs with low framework density and high free
volume, such as IRMOF-12 and IRMOF-14, perform best. This
demonstrates that MOFs are more promising materials for the
storage of CO, and CHy. The adsorption capacity of a material is
affected by various factors, and the main ones are accessible
surface area (S,.), the interactions between adsorbate and
adsorbent (usually it can be characterized by the isosteric heat
of adsorption at infinite dilution Q"), packing of adsorbate
molecules inside the void spaces of the adsorbent, adsorbent
framework density (prys), and the available void volumes (V).
Generally speaking, besides a strong affinity with adsorbate
molecules, a high quality adsorbent should also possess large
accessible surface area, ideal pore topology, low adsorbent frame-
work density, as well as high free volume. Evidently, the adsorp-
tion behavior shown in Figure 9 is the result of the cooperative
effects of these main influencing factors.

In addition, the different adsorption behaviors of these materi-
als can be rationalized by considering the relative range of the
dispersive and electrostatic potentials created by the zeolite and
MOF frameworks. We found for the materials with the same
chemical composition and similar densities, such as MFI and
DDR, IRMOF-12 and IRMOF-14, and IRMOEF-11 and IR-
MOF-13, the amount of adsorbed CH, is almost same for each of
the pairs and even the pore structures of each pair of materials are
different. This can be attributed to the reason that the strength of
the dispersive potential is mainly determined by the spacing and
density of O atoms in the zeolite framework and of all atoms in the
MOF framework near an adsorbed molecule, so this potential is
not strongly affected by the large-scale structure of the crystalline
material in a series of materials with the same chemical composi-
tion and similar densities.®> The electrostatic potential, in
contrast, is a long-range potential and is therefore more
sensitive to the large-scale structure of the crystalline adsorbent.
Therefore, the adsorbed CO, is somehow different in these pairs
of materials.
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Figure 9. Simulated absolute adsorption isotherms of (a) CO, and (b) CH, in zeolites and MOFs as a function of pressure.

4. Conclusions

The comparative study of this work on three zeolites and seven
MOFs for the storage of CO, and CHy, and the separation of
CO,/N, and CHy4/N, show that the separation performance is
comparable that depends on the nature of the systems to separate.
For the systems where the preferable component has a larger
quadrupolar moment, both zeolites and MOFs can enhance the
separation selectivity. On the contrary, if the preferable compo-
nent has a smaller quadrupolar moment, they both reduce the
selectivity. We performed additional IAST predictions, which
show that TAST gives a very reasonable prediction of the mixture
adsorption isotherms on the basis of the pure component data for
most zeolites and MOFs. We have shown that a good storage
material does not guarantee that it is also a good separation
material. The difference in quadrupolar moment of the compo-

5926 DOI:10.1021/1a900823d

nents is an important property that has to be considered in the
selection of a membrane material.

Supporting Information Available: The force field para-
meters for adsorbate—adsorbate, adsorbate—zeolites, and
adsorbate-MOFs, the effect of electrostatic interactions on
the adsorption isotherms of CO,/N, and CHy4/N, mixtures,
the effect of electrostatic interactions on the adsorption
selectivities for CO, from equimolar binary mixture simula-
tions of CO,/N,, and the effect of electrostatic interactions
on the adsorption selectivities for CH4 from equimolar
binary mixture simulations of CHy/N, in LTA, DDR,
MIL-47 (V), IRMOF-1, IRMOF-11, IRMOF-12,
IRMOF-13, and IRMOF-14. This material is available free
of charge via the Internet at http://pubs.acs.org.
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