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Abstract Zeolite crystals with cations present, such as

ZSM-5, are widely used for gas sequestration, separations,

and catalysis. One possible application is as an adsorbent to

separate CO2 from N2 in flue gas mixtures. Typically, the

zeolite framework is of a SiO2 composition, but tetravalent

Si atoms can be replaced with trivalent Al atoms. This

change in valence creates a charge deficit, requiring cations

to maintain the charge balance. Experimental studies have

demonstrated that cations enhance adsorption of polar

molecules due to strong electrostatic interactions. While

numerous adsorption studies have been performed for sil-

icalite-1, the all-silica form of ZSM-5, fewer studies on

ZSM-5 have been performed. Grand Canonical Monte

Carlo simulations were used to study adsorption of CO2

and N2 in Na–ZSM-5 at T = 308 K, which is ZSM-5 with

Na? counter-ions present. The simulations suggest that a

lower Si/Al ratio (or higher Na? and Al content) substan-

tially increases adsorption at low pressures. At high pres-

sures, however, the effect of the Al substitutions is minor,

because the Al-/Na? sites are saturated with guest mole-

cules. Similarly, a lower Si/Al ratio also increases the

isosteric heat of adsorption at low loading, but the isosteric

heats approach the silicalite-1 reference values at higher

loadings. Comparison of simulations and experimental

measurements of the adsorption isotherms and isosteric

heats points to the importance of carefully considering the

role of charge on the Na? cations, and suggest that the

balancing cations in ZSM-5, here Na?, only have partial

charges.

Keywords Carbon dioxide � Nitrogen � Zeolite �
Adsorption � Grand Canonical Monte Carlo � Sodium

cations

1 Introduction

The development of efficient methods to sequester CO2

resulting from combustion and other industrial processes is

gaining importance, as CO2 is a major greenhouse gas and

should be removed from emissions to prevent release into

the atmosphere. Zeolites possess favourable energetic

interaction properties for sequestering and adsorbing CO2

from flue gases, which are primarily mixtures of CO2 with

N2 and light hydrocarbons, like CH4. Some zeolites occur

in nature, while other ones, such as ZSM-5 studied in this

paper, can be synthesized industrially or in the laboratory.
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They can be applied as the active layer in membrane

separations, pressure swing adsorption, ion exchange and

other methods of separating and removing components

from gases and liquids, as well as in catalysis (Bonenfant

et al. 2008; Kärger and Ruthven 1992; Keil et al. 2000;

Smit and Maesen 2008).

Zeolites are crystalline aluminosilicates composed

mainly of Si surrounded by four O atoms, have well-

defined nanoporous topologies, and are stable at high

temperatures. A net negative charge of -1e develops in the

zeolite when a tetravalent Si atom is replaced by a trivalent

Al atom. A cation from Groups I or II, such as H?, Na?,

Ca2? or Mg2? is needed to counter-balance these charge

deficits (Bonenfant et al. 2008; Dunne et al. 1996b; Katoh

et al. 1998, 2000; Kusakabe et al. 1998; Pillai et al. 2010;

Walton et al. 2006; Wirawan and Creaser 2006a, b;

Yamazaki et al. 1993). ZSM-5 is known to accommodate a

wide range of Si to Al atomic ratios, Si/Al. When

Si/Al = ?, ZSM-5 is referred to as silicalite-1, the Al-free

form. A lower Si/Al ratio means that there are more Al and

cations present, so that the zeolite manifests higher ener-

getic heterogeneity and the capability to adsorb larger

quantities of polarizable molecules such as CO2 and N2.

The ZSM-5 pore network topology consists of straight

channels in the y direction and zigzag, or sinusoidal, chan-

nels in the x–z plane, which are joined at regular intersec-

tions every 10 Å. The channel pore diameter is *5.5 Å,

which permits accessibility of small gas molecules such as

CO2, N2, and alkanes as long as C10H22. The ZSM-5 pore

network topology is schematically presented in Fig. 1.

Membranes have been synthesized from several zeolites

and similar materials, including ZSM-5, faujasite, DDR,

SAPO-34, and the metal–organic framework UMCM-1.

Experimental membrane separation studies have focused

on light gas mixtures, including CO2, CO, N2, CH4, C2H6,

and O2 (Bernal et al. 2004; Bowen et al. 2003; Himeno

et al. 2007; Kusakabe et al. 1998; Mu et al. 2010; Noack

et al. 2000; Zhou et al. 2007; Zhu et al. 2006). Many other

experimental studies have focused on the adsorption

properties of zeolites. These concerned adsorption in a

wide range of zeolites and other nanoporous materials

(silicalite-1, Na–ZSM-5, H–ZSM-5, Na–X, 13X, 4A, acti-

vated carbon) for many guest adsorbates (CO2, CO, N2, H2,

SF6, CH4–C4H10), at temperatures typically around 300 K

(overall range of 277–473 K) and pressures below 20 bar.

Many of these zeolites contained cations such as Na?, H?,

Li?, K?, Ba?, and Cs?, which affects their adsorption

properties (Calleja et al. 1998; Dunne et al. 1996a, b;

Harlick and Tezel 2002, 2003, 2004; Siriwardane et al.

2001; Sun et al. 1998; Walton et al. 2006; Wirawan and

Creaser 2006a, b).

These experimental adsorption studies all demonstrate

that cations play a very important role, as in all of the

above cases the amount of adsorbed CO2 increased with

lower Si/Al and greater cation content due to the strong

electrostatic interactions. Na? and other cations could

improve the adsorption selectivity of CO2 over N2, H2,

CH4, etc. Also considered in these studies were the effects

of pore topology, pore volume, and the role of the shape

and size of the guest molecules, i.e., confinement effects.

Molecular simulations complement experimental studies,

providing a link between the molecular scale features of the

zeolite and guest molecules to experimentally observed

macroscopic properties, such as diffusivities, adsorption

isotherms, and isosteric heats of adsorption. Fundamental

understanding of adsorption and diffusion processes is

beneficial for a priori understanding and rational design of

unit operations applying zeolites. The determination of the

adsorption isotherms, from either experiments or Grand

Canonical Monte Carlo (GCMC) simulations, is a crucial

step to correlate operating pressures to the amounts

adsorbed in a zeolite sample, which is a prerequisite to

calculate membrane permeation rates.

Prior GCMC studies have been successfully compared

to experiments. June et al. (1990) considered the adsorption

of various light alkanes adsorbed in silicalite-1, showing

reasonable agreement with experimental measurements of

Henry’s constants and isosteric heats of adsorption at low

loading. Skoulidas and Sholl (2002, 2003) studied the

adsorption of various light gases in ZSM-5, ZSM-12,

ITQ-3, and ITQ-7, such as CH4, CF4, Xe, and SF6 at

T = 300 K. Makrodimitris et al. (2001) studied both CO2

and N2 adsorption in silicalite-1 at T = 300 K, showing

consistent agreement with a range of experimental sources

(Papadopoulos et al. 2004). Also other GCMC studies have

considered the adsorption of a range of guest molecules

(CO2, N2, CH4, CF4, H2, NH3, H2O, and various alkanes)

in various zeolites (silicalite-1, ITQ-3, ITQ-7, ETS-10,

Na-4A). Simulation results were in excellent agreement

with experiments, giving confidence that simulations

can be a quantitative predictive tool (Beerdsen et al.

2002, 2003; Gallo et al. 2006; Garcia-Perez et al. 2007;

Na+

Al

x

z

y

Fig. 1 Channel structure of ZSM-5, having an orthorhombic MFI

framework with a = 20.1 Å, b = 19.9 Å, c = 13.4 Å
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Goj et al. 2002; Heuchel et al. 1997; Jaramillo and Chan-

dross 2004; Selassie et al. 2008). Though some of these

simulations did consider the role of cations, most of them

applied GCMC to model light-gas adsorption in all-silica

zeolites only and did not consider the effects of cations,

such as Na?, on the adsorption of quadrupolar molecules

such as CO2 and N2.

Our study considers the adsorption of CO2 and N2 in the

zeolite ZSM-5 impregnated with Na? cations. ZSM-5 was

chosen due to its widespread interest for membrane sepa-

rations and gas storage, and serves as a good case study to

better understand how cations can play a role in comparing

simulations to experiment. The key issues are the impact of

Si/Al on enhancing CO2 and N2 adsorption, especially at

low pressures, and the influence of the effective charge of

Na? on adsorption. GCMC simulations were used to pre-

dict adsorption isotherms and isosteric heats of adsorption

for a range of Si/Al. Analogous experimental measure-

ments for CO2 and N2 in Na–ZSM-5 at Si/Al = 13 are

compared to the GCMC simulations to estimate the

effective charge of the Na? cations.

The following section discusses the methodology of the

GCMC simulations to determine the adsorption isotherms

and isosteric heats of adsorption, which are calculated for

Si/Al = ?, 95, 47, 31, 23, and 13. The second section

explains the experimental methodology. The simulation

results are next presented for CO2 and N2 at T = 308 K

and then compared to experimental measurements.

2 Methodology

2.1 Grand Canonical Monte Carlo (GCMC)

GCMC samples the lVT ensemble, in which the chemical

potential l, the volume V, and the temperature T are held

constant, but the number of molecules N is allowed to

fluctuate. GCMC is suitable for adsorption studies, since

the number of adsorbed molecules increases as a function

of pressure P, which is related to l. In thermodynamic and

thermal equilibrium the chemical potential and the tem-

perature of the gas inside and outside the adsorbent must be

equal. The gas that is in contact with the adsorbent can be

considered as the bulk gas that imposes the temperature

and chemical potential on the adsorbed molecules. Thus,

when the temperature and the chemical potential (or

pressure) of the bulk gas are specified, the equilibrium

concentration inside the adsorbent is directly determined

(Frenkel and Smit 2002; Vlugt et al. 2008).

The partition function cannot be exactly calculated in a

given ensemble due to the extremely large number of

possible states (Frenkel and Smit 2002; Vlugt et al. 2008).

However, ensemble averages can still be computed without

calculating the partition function itself by invoking

importance sampling. Many of the system states have a

Boltzmann weight close to zero, so that they do not make a

meaningful contribution to the ensemble average. This

observation is the basis for generating a Markov chain of

ensemble states S, where S = 1, 2, 3,…, with a probability

proportional to their Boltzmann factor exp[-bU(j)]

(b = 1/kbT) for any state j with total potential energy U(j).

The objective of the Monte Carlo method is to efficiently

sample a Markov chain, so that ensemble averages can be

determined, via the requirement of detailed balance. This

condition says that if an old configuration S = o is moved

to a new configuration S = n, the overall equilibrium dis-

tribution of configuration states S = j should not be

changed. That is, the probability to leave a configuration

S = o must be balanced by the probability to return to this

same state from any given new configuration S = n.

Acceptance probabilities, acc(o ? n), can be derived for

various types of stochastic moves to propagate the Markov

chain of ensemble configuration states. The reader is

referred to Frenkel and Smit (2002), and Vlugt et al. (2008)

for further details behind the derivations of these accep-

tance probabilities. A Monte Carlo simulation algorithm

consists of two stages. First, a random trial move is per-

formed from the old configuration S = o to the new con-

figuration S = n. The next step is to decide whether this

trial move is accepted or rejected. In order to decide to

accept or reject a trial move, a random number, Ranf, is

generated in the range [0, 1], with a uniform distribution

(Frenkel and Smit 2002; Vlugt et al. 2008). If Ranf \
acc(o ? n) the trial move is accepted; otherwise it is

rejected. This will guarantee that the probability to accept a

trial move from o to n is equal to acc(o ? n).

In standard GCMC four types of stochastic moves can be

performed: particle displacement translation moves, inser-

tion moves, deletion moves, and identity exchanges for the

case of mixtures (Frenkel and Smit 2002; Vlugt et al. 2008).

In a translation move a molecule is randomly chosen and

then randomly displaced to a new location. The change in

potential energy is evaluated via the Boltzmann weight.

In an insertion move a molecule from the gas phase is

randomly inserted into the simulation box. If it overlaps with

the zeolite lattice, the Boltzmann weight is extremely low

and the move is rejected. If it is inserted into the free volume

of the pore and away from the lattice walls, then it is most

likely accepted. In a deletion move a molecule is randomly

selected and removed. If the change in potential energy is

favourable, this move is accepted. In an identity swap, a

random molecule is chosen and its identity is changed from

one species to the other one. This move is necessary to

properly model competitive adsorption. The analytical

forms of the acceptance rules for these four types of moves

have been described in detail by Frenkel and Smit (2002).
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Every one of the simulations consists of 50 9 106

moves, with 30 9 106 moves for equilibration to account

for the large number of insertion rejections from overlaps

with the zeolite lattice. The temperature in the simulations

were set at T = 308 K, as this was the temperature of many

experimental studies. The pressure typically ranges from

P = 10-5 to 20 bar of total pressure. For CO2 when

Si/Al = 31, 23, and 13, pressures as low as P = 10-9 bar

were simulated. These extremely low pressures were

applied for those situations since a significant number of

CO2 molecules were adsorbed even at these very low

pressures. The simulation box consists of 27 unit cells,

three in each direction, to ensure a large enough box for the

short-range cut-off radius and also to gather enough sta-

tistical contributions. Periodic boundary conditions were

applied in all three directions.

2.2 Adsorption isotherms

An adsorption isotherm is a function that represents the

adsorption of guest molecules into a host solid material,

such as a zeolite, at a constant temperature, over a range of

pressures, due to the favorable energetic interactions of the

guest molecules with the host. At low pressures the guest

molecules will tend to find the sites with the lowest

potential energy and space themselves apart. At higher

pressures all sites of the host material will be filled by guest

molecules, leading to a saturation plateau.

2.3 Isosteric heat of adsorption

The energetic response to adsorption by the adsorbate

molecules within the host adsorbent are best described by

the isosteric heat of adsorption (Myers 2002; Myers and

Prausnitz 1965), Qst, which can be defined as

Qst ¼ DHads � Hads � Hgas ¼ RT2 o ln P

oT

� �
N

; ð1Þ

where DHads is the change in enthalpy due to adsorption

(kJ/mol), Hads is the enthalpy of the molecules while

adsorbed in the zeolite, Hgas is the enthalpy in the ideal gas

phase, R = 8.314 J/mol K is the gas constant, T is the

temperature (K), P is pressure (bar), and N is the adsorbate

loading (molecules/Unit Cell) (Gallo et al. 2006; Goj et al.

2002; Heuchel et al. 1997; Myers 2002; Myers and

Prausnitz 1965; Yun et al. 2002). The isosteric heat

defines the change in enthalpy due to guest molecules

leaving the ideal gas bath and entering into the host

material. This enthalpy of adsorption is interpreted as due

to a phase change; hence, the Clausius–Clapeyron equation

can be used, as in Eq. 1 (Myers 2002; Myers and Prausnitz

1965). A higher isosteric heat of adsorption indicates a

more favourable energetic preference of the host

environment to the guest molecules, implying a higher

adsorption capacity at a given lower pressure. This quantity

can be used to screen and compare trial host materials

(Dunne et al. 1996a, b; Düren et al. 2004; Gallo et al. 2006;

Goj et al. 2002; Heuchel et al. 1997; Pan et al. 2004; Yun

et al. 2002). Qst can be obtained by taking the derivative of

the pressure that imposes a specified loading N over a range

of temperatures, but this technique can lead to systematic

noise due to imperfectly fitting multiple isotherms at a

particular loading. Rather, the fluctuation theorem gives a

more stable measurement of Qst from a single simulation

and a specified P and T. This alternative formulation uses

the fluctuations in the total potential energy (Düren et al.

2004; Goj et al. 2002), U (kJ/mol), so that

Qst ¼ RT � hUNi � hUihNi
hN2i � hNi2

: ð2Þ

2.4 Atomistic description

ZSM-5 is modeled as a crystalline solid of a nominal SiO2

composition with orthorhombic structure, where many

SiO2 tetrahedrons periodically arrange themselves to form

porous crystal lattices. The lattice coordinates from van

Koningsveld et al. (1987) were used to construct the defect-

free ZSM-5 framework, as shown in Fig. 2. This zeolite has

the general stoichiometric formula {NaXAlXSi(96-X)O192}.

Al substitutions were subsequently made in the range

of X = 0, 1, 2, 3, 4, and 7 (Na? ? Al)/Unit Cell, or

Si/Al = ?, 95, 47, 31, 23, and 13. Na? cations were

assumed to be frozen in space and treated as an extra

framework species close to the Al framework substitutions,

as done in prior GCMC simulations (Liu and Yang 2006;

Pillai et al. 2007). Molecular dynamic simulations that

were performed of this system showed that the Na? cations

did not diffuse away from their initial locations, only

slightly vibrating and were essentially tethered to the Al

atom site. Keeping the cations fixed is therefore a reason-

able assumption for the GCMC simulations discussed in

this paper. The Al and Na? atomic pairs were placed in the

intersections, as to match the cation siting pattern assumed

in prior dynamic Monte Carlo studies that analyzed the

impact of cation-based energetic heterogeneity (Coppens

et al. 1998, 1999; Coppens and Iyengar 2005; Liu et al.

2009). In contrast, Beerdsen et al. (2002, 2003) have shown

how the cations can be assumed to also be located in the

channels, partially blocking the transport space, while the

cations in intersections would have a relatively mild

blocking effect. It is expected that the adsorption results

will be a function of the exact locations of the cations, in

terms of steric hindrance and amount of exposed charge on

the cations. A prior DFT and experimental study by

160 Adsorption (2014) 20:157–171
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Sklenak et al. (2009) has shown that the cation locations

vary due to synthesis conditions. Comparison of the sim-

ulation results to experimental data later in this study

indicates that locating cations in the intersections gives

reasonable agreement.

CO2 and N2 molecules were both modeled as linear

triatomic molecules, with carbon dioxide containing a C

atom in the center and two O atoms at both ends; and

nitrogen containing a zero-mass atom in the center and two

N atoms at both ends. Though N2 is actually a diatomic

molecule, a fictional zero-mass site (mz) is added to the

molecule so that a quadrupole could be modeled with

overall charge neutrality. This type of charge distribution

allows inclusion of Coulombic interactions for both N2 and

CO2 molecules with the zeolite framework. The two mol-

ecules are depicted in Fig. 3, in which q depicts the partial

charge of each atom. The three point charges together

create the quadrupole moment due to their spatial

arrangement. CO2 has two bonds with length of 1.16 Å and

a quadrupole moment of lCO2
= -13.67 9 10-40 C m2.

N2 has a single bond of length of 1.10 Å and a quadrupole

moment of lN2
= -4.67 9 10-40 C m2 (Makrodimitris

et al. 2001).

2.5 Interatomic interactions

In GCMC the acceptance rules only require calculations of

changes in total potential energy. There are two types of

potentials that describe the interaction between atomic

sites: the short-range dispersion potential, and the long-

range electrostatic (or Coulombic) potential. These inter-

actions occur between the atomic sites of the zeolite and

the atomic sites of the guest molecule, and amongst atomic

sites between the guest molecules (Frenkel and Smit 2002).

The short-range potential energy USR(r) is described by

a pair-wise Lennard–Jones potential,

USRðrÞ ¼ 4e
r
r

� �12

� r
r

� �6
� �

; ð3Þ

where r is the distance between the atoms (Å), e is the

depth of the energy well (kJ/mol), and r is the character-

istic length at which the interatomic potential becomes zero

(Å). The term r
r

� 	12
represents the interatomic site-to-site

repulsions between different molecules, while the term r
r

� 	6

represents the interatomic attraction due to London dis-

persion. A cut-off radius of 13 Å is used (Makrodimitris

et al. 2001; Skoulidas and Sholl 2002). The energy

parameters are listed in Table 1 and are taken from liter-

ature (Beerdsen et al. 2002, 2003; Hirotani et al. 1997). The

Lorentz–Berthelot rules are used to estimate the interaction

parameters for the cross-site–guest interactions and the

zeolite oxygen atom and guest–site interactions.

The long-range potential energy ULR(r) describes the

electrostatic interactions (Frenkel and Smit 2002;

Fig. 2 Atomistic perspective of ZSM-5; silicon atoms are in yellow,

oxygen atoms in red (Color figure online)

CO2

-q -q+2q

O OC

1.16 Å

N2

-q -q+2q

N NmZ

1.10 Å

Fig. 3 Three-site atomic description of CO2 and N2 molecules

Table 1 Potential parameters used to represent the zeolite framework

and guest molecules

LJ parameters Partial

charges,

q (e)e/kB (K) e (kJ/mol) r (Å)

Zeolite

Si 0 0 0 ?2/?2.05

Oz 89.6 0.745 2.806 -1/-1.025

Al 0 0 0 ?1.75

OAl 89.6 0.745 2.806 -1.2

CO2

C 27.0 0.22 2.80 ?0.7

Og 79.0 0.65 3.05 -0.35

N2

N 36.0 0.30 3.31 -0.404

mZ 0 0 0 ?0.81

Cation

Na 0 0 0 ?1

Na–C 20.44 0.17 2.72 N/A

Na–Og 34.88 0.29 2.83 N/A

Na–N 105.8 0.88 2.82 N/A

Second charge is for Si and OZ when Al is present. Parameters taken

from Beerdsen et al. (2002, 2003), and Hirotani et al. (1997)

Adsorption (2014) 20:157–171 161
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Makrodimitris et al. 2001), as defined by Coulomb’s law,

which takes the form

ULRðrÞ ¼
1

4pe0

q1q2

r
; ð4Þ

where q1, and q2 are the partial charges on atomic sites 1

and 2 (e), and e0 is the permittivity of the vacuum. The

contributions of the electrostatic potential energy between

the adsorbate molecules are calculated through the Ewald

summation method, which is a well-known numerical

technique to take into account long-range forces described

by Eq. 4 (Frenkel and Smit 2002). A long-range cut-off

radius of 20 Å is used. Table 1 lists the charges used

(Beerdsen et al. 2002, 2003).

Due to the long-range nature of Coulomb’s law, the

numerical implementation of Eq. 4 is computationally

burdensome when accounting for all of the interactions

between the zeolite atoms and the guest molecules. To

reduce this effort, the electrostatic interactions between the

adsorbate and the zeolite are calculated on the basis of a

one-time calculation to pretabulate the electrostatic

potential (Goj et al. 2002; June et al. 1990; Makrodimitris

et al. 2001; Skoulidas and Sholl 2002, 2003), making the

assumption that the zeolite atoms are rigid. Prior studies

have shown that this assumption is reasonable for relatively

small guest molecules (Makrodimitris et al. 2001; Papad-

opoulos et al. 2004; Skoulidas and Sholl 2002). Equation 4

was solved for each zeolite atom in each unit cell, where

the unit cell is replicated in space for ten surrounding layers

in three dimensions. This leads to a large number of zeolite

unit cells, but this is necessary to take into account the

long-range nature of Coulomb’s law. A ghost atom of

charge 1e is placed on a grid of spacing *0.2 Å, allowing

pre-calculation of the potential energy and its derivatives at

each point. Once the values have been tabulated in a

massive grid, they are then read into the GCMC algorithm.

An interpolation scheme is implemented to get specific

values of the potential energy, as described by Makro-

dimitris et al. (2001) and Skoulidas and Sholl (2002).

2.6 Experimental methodology

Two Na–ZSM-5 samples, one with Si/Al = 13 and a sec-

ond one with Si/Al = 45, were provided by Dr. Ernst

Köhler from Süd-Chemie AG (München, Germany). Low-

coverage adsorption properties of CO2 and N2 were

determined by pulse chromatography for the Na–ZSM-5

zeolite with Si/Al = 13 (Couck et al. 2010; Duerinck et al.

2012). Powder of this zeolite was shaped into binderless

pellets by pressing the powder to a disk at a pressure of

600–700 bar, crushing this disk and sieving the fragments

to the 500–630 lm range. Pellets were packed in stainless

steel columns with a length of 0.3 m and an internal

diameter of 0.216 cm. The material in the column was

activated by heating the column under constant helium

flow to 623 K at a rate of 1 K/min and maintaining this

temperature overnight. A trace amount of the compounds

(20–50 ll of gas) was injected in the inlet of an HP-4890

gas chromatograph and carried through the column with

helium as inert carrier gas. The response curve was mea-

sured at the outlet of the column with a thermal conduc-

tivity detector. Experiments were performed at

temperatures between 373–473 K for CO2 and 303–333 K

for N2. Henry constants K0 were calculated from the first-

order moment of the chromatogram. Adsorption enthalpies,

DHads, and pre-exponential factors, K
0
0; were calculated

from the temperature dependency of the Henry constants

using the van’t Hoff equation. These results are also pre-

sented in the online supplementary data.

Adsorption isotherms for CO2 and N2 were measured for

both Na–ZSM-5 samples at temperatures of 273, 283, 293,

and 308 K and pressures up to 1 bar with a Quantasorb

AS-1 surface area analyser. Materials were activated in situ

at 623 K before the measurements. The adsorption data at

the four temperatures were then fitted to the virial equation

and interpolated at fixed adsorbed amount to determine the

heat of adsorption as a function of loading by using the

final form of Eq. 1. For some loadings the fitting of the

virial equation was of poor quality, so that no estimate of

the isosteric heat was made at that loading.

3 Results and discussion

3.1 Isosurface plots

The GCMC algorithm implements a stochastic sampling of

the molecular positions in a given potential energy land-

scape. These positions are therefore a sampling of the most

probable configurations of the CO2 or N2 molecules. This

procedure gives insight into where the molecules prefer-

entially locate themselves over a range of pressures. The

shape and locations of the stable basins can be determined

by making isosurface plots at increasing levels of a mini-

mum threshold density, qMin. The density is defined as the

local count of molecules in a small volume unit (0.2 Å)3

divided by this volume. It is proportional to the Boltzmann

weight of the local potential energy landscape and there-

fore directly samples the energy landscape. A larger

threshold density indicates deeper energy levels and hence

shows the more populated (and energetically preferred)

local regions in the zeolite.

To improve the statistics, the results from all 27 unit

cells are averaged together, since they are periodic struc-

tures. In the first case study of silicalite-1, three values of
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qMin are considered: 10-4, 25, and 50 nm-3, as presented

in Fig. 4a–c. For comparison, the density of bulk liquid

CO2 at 1 bar is q & 13.7 nm-3, so that the stable basins

are denser than the CO2 liquid phase. In the case of

qMin = 10-4 nm-3, nearly all accessible space is shown,

indicating the entire pore topology. At qMin = 25 nm-3 a

large volume of the regions at the intersections has van-

ished, since this region is less preferred by the CO2 mol-

ecules, while the channel basins are still intact. At the

highest density of qMin = 50 nm-3, the intersections have

essentially vanished, yet the channel basins are still intact.

The same pattern was observed for N2.

The isosurface results for the case study of Si/Al = 95

are presented in Fig. 5a, b, at two of the same qMin levels as

for silicalite-1. The overall topological pattern is the same

as for silicalite-1, but now each Na? cation imposes on a

void space, while allowing molecules to remain nearby it.

This allows the overall concentration to go from 8.87 to

12.74 CO2/Unit Cell at P = 1 bar, comparing silicalite-1 to

Si/Al = 95. By studying the isosurface plot for

qMin = 10-4 and 50 nm-3, the CO2 molecules are

observed to congregate around the Na? cation in the

intersection regions, which helps to visually explain the

increase of *4 CO2/Unit Cell.

Intersection

Straight 

Channel 
Zigzag

(c)

(a) (b)

Fig. 4 The isosurface plots of pure CO2 in silicalite-1 at T = 308 K and P = 1 bar. a qMin = 10-4 nm-3, b qMin = 25 nm-3, and

c qMin = 50 nm-3, looking down along the z axis
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The analogous results for the case study of Si/Al = 47

are presented in Fig. 6a, b, where a second cation has now

been inserted into a second intersection. The CO2 mole-

cules spread themselves amongst the two Na? cations, as

seen in the topology images for qMin = 50 nm-3, Fig. 6b.

At P = 1 bar the overall loading for Si/Al = 47 is actually

very close to the loading for Si/Al = 95, changing from

12.74 to 12.27 CO2/Unit Cell. Since there are 2 Na?/Unit

Cell for Si/Al = 47, the CO2 molecules that adsorb from

the pore space at lower pressures interact with these Na?

cations, competing with the cations (per Unit Cell) and,

hence, diminishing the influence of the Na? cations.

3.2 Adsorption isotherms

Adsorption isotherms for pure CO2 at T = 308 K within

the pressure range from P = 10-9 to 20 bar are shown in

Fig. 7, and for pure N2 from 10-6 to 300 bar in Fig. 8.

Work by Makrodimitris et al. (2001) and Goj et al. (2002)

produced similar adsorption isotherms for silicalite-1,

which are both very similar to the simulation results in this

study. Both Figs. 7 and 8 show that Na–ZSM-5 adsorbs

more than silicalite-1, as the Na? cations favourably

interact with the quadrupolar molecules. The adsorption

isotherms of Na–ZSM-5 show a two-step pattern with

(a)

Zigzag 
Channel

Straight 
Channel

Intersection

Void space 
of Na+

(b)

Basin regions nearby Na
+

Fig. 5 The isosurface plots of pure CO2 in ZSM-5 with Si/Al = 95 at T = 308 K and P = 1 bar. a qMin = 10-4 nm-3 and b qMin = 50 nm-3

(a)

Void space of 
Na+ cation 2

Void space of 
Na+ cation 1

(b)

Basin region nearby 
Na+ cation 1

Basin region nearby 
Na+ cation 2

Fig. 6 The isosurface plots of pure CO2 in ZSM-5 with Si/Al = 47 at T = 308 K and P = 1 bar. a qMin = 10-4 nm-3 and b qMin = 50 nm-3
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respect to pressure. At low pressures the guest molecules

adsorb to the cations due to the lower potential energy (i.e.,

stronger electrostatic interactions), reaching a first plateau.

At higher pressures, the silicalite-1 type regions of higher

potential energy begin to populate, showing a more rapid

increase due to more accessible pore space. CO2 is able to

reach the second plateau around 20 bar, while the amount

of N2 adsorbing is still increasing even at 300 bar.

At P B 10-1 bar there are only a few CO2/Unit Cell and

essentially no N2 adsorbed in silicalite-1, while a mean-

ingful amount is present in Na–ZSM-5. At lower pressures

loading shows a clearly increasing trend (at a given pres-

sure) with decreasing Si/Al, as more Na? cations are

present and freely exposed. Table 2 contains the pressures

where approximately 1 guest molecule/Unit Cell is

observed, showing how a lower Si/Al roughly corresponds

to lower pressures where a substantial amount is adsorbed.

For example, at very low pressures, say P = 10-3 bar,

there is no meaningful presence of CO2 or N2 in silicalite-

1. In contrast, the loading for CO2 in Na–ZSM-5 is 1–5

CO2/Unit Cell for all Si/Al ratios, while for N2 it is *2

N2/Unit Cell for Na–ZSM-5 at Si/Al = 31, 23, and 13. At

P = 10-1 bar, there is 1 CO2/Unit Cell in silicalite-1, but

still no meaningful presence of N2. In contrast, the loading

for CO2 in Na–ZSM-5 is 5–15 CO2/Unit Cell for all Si/Al,

while for N2 it is *1 to 2.5 N2/Unit Cell for all Si/Al. The

pressures for CO2 and N2 for Si/Al = 13, 23, and 31 are

close but do not follow a perfect trend, presumably because

the cations have different interaction energies due to the

different locations relative to the nearby lattice atoms. The

adsorption pressures therefore reflect the sampling of these

different adsorption energy regions. The isosteric heats

discussed later support this conclusion.

For CO2 at P [ 1 bar the adsorption isotherms for the

six case studies of Si/Al consistently get closer to each

other due to increased local saturation of the Na? cations.

The first few CO2 molecules that adsorb into the ZSM-5

pore space locally saturate and effectively compete with

the attractive electrostatic interactions with the Na? cat-

ions. Even though the Na? cations maintain an attractive

interaction with the guest molecules, the effect becomes

substantially weaker since the guest molecules nearby the

cation tend to counterbalance these favourable interactions

due to the negative partial charge at the ends of the guest

molecule. At higher pressures, say P [ 5 bar, the adsorp-

tion isotherms for CO2 in Na–ZSM-5 reach their saturation

loadings. These saturation values are rather close to the

silicalite-1 saturation loading, since at high enough pres-

sures all the accessible space must be occupied, but the

presence of the Na? cations increases the saturation load-

ing over silicalite-1 by *1 to 4 CO2 molecules/Unit Cell.

The N2 adsorption isotherms have not yet reached satura-

tion even at P = 20 bar. For this molecule the saturation

loading is also systematically higher than the silicalite-1

reference value by *1 to 4 N2 molecules/Unit Cell at

higher pressures.

A key trend observed in Figs. 7 and 8 is the near-equality

or crossover of adsorption isotherms of Na–ZSM-5 for

several pairs of Si/Al ratios, especially for N2. At lower

pressures, the Na? cations are not saturated and adsorption

tends to be higher at lower pressures for lower Si/Al, for

both CO2 and N2, though the loading amounts to only 1 or 2
Fig. 7 Amount of adsorbed CO2 as a function of pressure for a large

pressure range at T = 308 K for six Si/Al ratios

Fig. 8 Amount of adsorbed N2 as a function of pressure for a large

pressure range at T = 308 K for six Si/Al ratios

Table 2 List of pressures where the guest molecules reach a loading

of 1 molecule/Unit Cell

Si/Al PCO2
(bar) PN2

(bar)

? (silicalite-1) 0.025 1.75

95 5(10-4) 0.15

47 1(10-4) 0.015

31 1(10-7) 2.5(10-5)

23 3(10-9) 5(10-7)

13 2(10-7) 7.5(10-5)
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molecules/Unit Cell. For CO2 the adsorption isotherms for

Si/Al = 95 and 47 are very similar at P = 10-1 bar and 6.5

CO2/Unit Cell, with the loading for Si/Al = 95 and 47

remaining close for higher pressure. The simulated adsorp-

tion isotherm of CO2 for Si/Al = 23 shows a very broad

plateau of *2 to 2.5 CO2/Unit Cell from P = 10-8–10-3

bar; it crosses the isotherms for Si/Al = 31 and 13 around

P = 10-5 bar. The adsorption isotherm for Si/Al = 23 is

systematically higher, though close, to the adsorption iso-

therm for Si/Al = 31 over the entire pressure range. How-

ever, the adsorption isotherm for Si/Al = 23 is higher

by *1 CO2/Unit Cell compared to the adsorption isotherm

for Si/Al = 13 for P B 10-5 bar. At higher pressures, the

adsorption isotherm for Si/Al = 13 is substantially higher

than all other adsorption isotherms with higher Si/Al ratio

due to the higher surface area associated to cations. Pre-

sumably, the crossover at low pressure between the

adsorption isotherms of Si/Al = 13 and 23 is due to slightly

different interaction strengths. The presence of the second

cation in the intersections was observed to effectively create

a second stable basin nearby the stable basin at the first

cation, but of weaker strength. The CO2 molecules sample

between these various stable basins and its average

adsorption becomes weaker, so that the adsorption isotherms

for Si/Al = 13 will be slightly lower than for Si/Al = 23 at

low pressures, which agrees with the trend in Table 2. At

higher pressures, the greater surface area of cations for

Si/Al = 13 becomes more relevant, so that the adsorption

isotherm for Si/Al = 23 becomes lower compared to the

adsorption isotherm of Si/Al = 13.

Competition between the cations and adsorbed N2 mol-

ecules causes similar crossovers in the N2 adsorption iso-

therms, similar to the trends observed for CO2. Like CO2, at

low pressure, the N2 adsorption isotherms show the intuitive

trend of higher loadings at lower Si/Al ratio. However, the

adsorption isotherm for Si/Al = 95 crosses the adsorption

isotherms for both Si/Al = 47 and 23 at P = 0.7–1 bar and

2.6–3 N2/Unit Cell, while the adsorption isotherms for

Si/Al = 31 and 13 also cross and then exceed the adsorption

isotherm for Si/Al = 23 at P = 10-3 bar and 2.5 N2/Unit

Cell. After the crossover points, Na–ZSM-5 for Si/Al = 95

adsorbs more N2 than Si/Al = 47 and 23 by *1 to 2

N2/Unit Cell, but consistently less than for Si/Al = 31 (*1

N2/Unit Cell difference). The adsorption isotherm for

Si/Al = 13 remains *2 to 4 N2/Unit Cell higher than the

other adsorption isotherms after the crossover point, so that

the overall much higher concentration of cations better

competes with the adsorbed N2.

Counterintuitive as these crossover trends seem, they

highlight the importance of molecular simulations to gain

understanding in the fundamental mechanisms. The

observed trends result from a subtle balance between var-

ious interactions among cations and guest molecules. Since

Na? cations also take up part of the pore space, they could

hinder adsorption of guest molecules. At increasing pres-

sures the guest molecules have a higher chance of overlap

with the cations. To test this hypothesis, calculations for N2

were also performed with the electrostatic charge of the

cations set to zero, so that only the steric hindrance of the

cations would have an effect; the results showed that all

Si/Al case studies had similar adsorption loadings com-

pared to silicalite-1, indicating that the Na? cations are not

large enough to block out the N2 molecules. Therefore, it is

postulated that the trends are mainly due to electrostatic

effects and that the presence of already adsorbed N2 mol-

ecules counter-balances the attractive electrostatic inter-

actions between the cations and newly added N2 molecules.

The N2 molecules for Si/Al = 47 and 23 tend to adsorb in

a region between adjacent cations, especially at higher

pressures and loadings, which diminishes the attraction of

other N2 molecules that are subsequently inserted. For

Si/Al = 47 and 23, there are two and four cations in each

unit cell, respectively, while for Si/Al = 95 and 31 there

are one and three cations in each unit cell, respectively. For

Si/Al = 13 there are seven cations in each unit cell. For the

two case studies of Si/Al = 95 and 31, there is one cation

that tends to be relatively more isolated, and for

Si/Al = 13 there are two cations in three of the four

intersections, per unit cell. At Si/Al = 13 the N2 molecules

are less effective in neutralizing the attractive effect of the

larger number of cations, so that the cations are more

attractive and adsorb an overall higher loading of N2 at any

given higher pressure. Compared to CO2, N2 has a weaker

quadrupole moment, which means that it is inherently less

attracted to the zeolite framework and cations. It becomes

easier for already adsorbed N2 molecules to block out other

N2 molecules. Hence, only a few N2 molecules are needed

to sufficiently counter-balance the attractive effect of the

cations and prevent a monotonic trend as a function of the

Si/Al ratio (for Si/Al [13) over the range of loading.

Overall, compared to the adsorption isotherms in sili-

calite-1, the presence of the Na? cations dramatically

increases the adsorption of both CO2 and N2 molecules,

especially at lower pressures. Even when a Na? cation is

locally saturated by guest molecules, it still has an attrac-

tive effect compared to silicalite-1, especially for CO2.

This feature makes the inclusion of Al(-) and (counter-

)cations such as Na? a useful method to enhance the

adsorption of CO2 and N2, especially at low pressures.

3.3 Comparison of simulated adsorption isotherms

with experimental measurements

A set of experimental adsorption isotherm measurements

was performed for CO2 and N2 at 308 K in Na–ZSM-5 with

Si/Al = 13, so as to directly compare the experimental
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results to the simulated adsorption isotherms. Prior studies

have shown that the charge on Na? cations may not always

be 1e, but will likely be a partial charge, substantially less

than 1e (Jaramillo and Chandross 2004; Lachet et al. 1997;

Maurin et al. 2005; Pillai et al. 2007, 2010; Sanchez et al.

2009). Modulating the charge on the cations is a way to

roughly model partial electron transfer from the zeolite lat-

tice and onto the cations, partially shielding them. To

examine the role of partial charges on the Na? cations, a set

of GCMC adsorption isotherms at Si/Al = 13 were per-

formed for three charges on Na?: 1e, 0.7e, and 0.4e, as

presented in Fig. 9 for CO2 and in Fig. 10 for N2.

The adsorbed amounts simulated by GCMC at a given

pressure systematically decrease with reduced charge on

the Na? cations, since the electrostatic interactions become

weaker. Experimental measurements are also presented as

green diamonds, showing good agreement over the pres-

sure range of 10-3–1 bar for CO2 and 10-2–1 bar for N2.

For CO2 there is good agreement with the GCMC

adsorption isotherm for a charge of 0.7e, while for N2 the

agreement is best around 0.4e. This agreement indicates

that partial electron transfer most likely occurs from the

framework onto the Na? cations, reducing the relative

charge impact of these cations (Maurin et al. 2005; Pillai

et al. 2007; Sanchez et al. 2009). The need for two different

charges could be due to the set of force field interaction

parameters not being simultaneously adjusted to fit the

separate experimental data sets for CO2 and N2, so as to

achieve an optimal comparison; in principle, the same

amount of cation charge transfer should occur regardless of

either guest molecule. Another possibility is that the guest

molecules themselves may affect the charges, leading to

possible charge transfer and hence a loading-dependent

partial charge on the cations. However, the comparison

does indicate that careful attention needs to be paid on the

exact amount of electron shielding around the cation. As

shown in Figs. 7 and 8, the adsorption loading is very

sensitive to a larger charge of 1e around the cations, sug-

gesting that low-pressure adsorption should occur with

Group II cations, which should carry a larger charge even

with partial electron shielding from the zeolite lattice.

3.4 Isosteric heats of adsorption

The isosteric heat of adsorption, Qst, was computed using

Eq. 4. The results for the isosteric heats in silicalite-1,

Si/Al = 95, 47, 31, 23, and 13 at T = 308 K are depicted

for pure CO2 in Fig. 11 and for pure N2 in Fig. 12. The key

observation observed in both Figs. 11 and 12 is that the

cations increase the isosteric heat of adsorption at low

loadings, which is the range where the cations have the

most impact. Here the isosteric heats of CO2 are very high

at low loadings, Qst = 50–80 kJ/mol, for Na–ZSM-5 due

to the exposed partial charges of the cations, while the

results for silicalite-1 are at Qst = 22 kJ/mol, since the

Fig. 9 Amount of adsorbed CO2 molecules at T = 308 K for three

partial charges on the Na cation: 1e, 0.7e, and 0.4e. Experimental

measurements are the green diamonds (Color figure online)

Fig. 10 Amount of adsorbed N2 molecules at T = 308 K for three

partial charges on the Na cation: 1e, 0.7e, and 0.4e. Experimental

measurements are the green diamonds (Color figure online)

Fig. 11 Isosteric heats as a function of the amount of adsorbed CO2

molecules at T = 308 K for six Si/Al ratios
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only partial charges are in the zeolite lattice and no par-

ticular atom is better exposed to the guest molecules. Since

the cations become locally saturated with guest molecules

at higher loadings and become less effective in attracting

guest molecules, the isosteric heats for all five cases of

Na–ZSM-5 substantially decrease with increased loadings,

approaching the silicalite-1 values at very high loading. For

most of the loading range, the isosteric heats for

Si/Al = 13 are consistently larger due to the much lower

Si/Al, so that, despite the competition from CO2 molecules,

the cations still have some impact at higher loading,

compared to the case studies for higher Si/Al, which is also

consistent with the trend observed in the adsorption

isotherms.

The isosteric heats for N2 show similar trends as CO2,

where the results for Na–ZSM-5 are very large compared

to silicalite-1 at low loading; Qst = 30–65 kJ/mol for

Na–ZSM-5, while Qst = 14 kJ/mol for silicalite-1. The

same crossover effects observed for the adsorption iso-

therms are noticed for the N2 isosteric heats. The isosteric

heat curve of Si/Al = 47 crosses the curve for Si/Al = 95

at 2 N2/Unit Cell and comes close to the silicalite-1 curve

at 4 N2/Unit Cell. The isosteric heat for Si/Al = 95

remains larger in the intermediate loading range of 2–6

N2/Unit Cell, approaching Qst = 20 kJ/mol, which is lar-

ger than the silicalite-1 value at higher loading, Qst =

14 kJ/mol. The isosteric heat for Si/Al = 23 has the largest

value at low loading, Qst = 65 kJ/mol, but precipitously

drops at 2–3 N2/Unit Cell. Beyond 2.5 N2/Unit Cell the

isosteric heat for Si/Al = 23 drops below the isosteric heat

for Si/Al = 95, 31, and 13, closely matching the isosteric

heat for Si/Al = 47 at higher loading. The isosteric heat for

Si/Al = 13 again remains substantially larger than the

other isosteric heats until very high loading, at which point

all isosteric heats are essentially at the silicalite-1 value.

3.5 Comparison of simulated isosteric heats

with experiment

The experimental isosteric heats as a function of loading

for CO2 and N2 on samples with Si/Al = 13 and 45 are

presented in Fig. 13. The experimental results show a

marked difference between CO2 and N2 adsorption in the

two zeolite samples. In particular, the isosteric heats for

CO2 and N2 remain consistently larger at Si/Al = 13 than

at Si/Al = 45 over a larger loading range. The isosteric

heats were determined using GCMC for Si/Al = 13 and

three charges on Na?: 1e, 0.7e, and 0.4e, analogous to the

adsorption isotherms, and are presented in Fig. 14 for CO2

and Fig. 15 for N2. For a lower charge on the cations, the

isosteric heats systematically decrease, especially at lower

loading, where the relative energetic importance of the

cations becomes less significant. The experimental mea-

surements for isosteric heats were compared to the GCMC

results to further assess the predictive capability of the

simulations. Two sets of results are presented. One data

point corresponds to both CO2 and N2 at very low loading

using pulse chromatography (designated ‘‘Low Loading’’,

with a single, large green diamond), in order to fully

measure any impact that the cations have on the guest

molecules. The second set shows the same isosteric heats

for CO2 and N2 at Si/Al = 13 from Fig. 13 (designated

‘‘Experiment’’ and smaller green diamonds). Comparison

with the low-loading measurement for CO2 shows excel-

lent agreement between 0.4e and 0.7e, with an experi-

mental value of 49 kJ/mol, while the same comparison for

N2 shows excellent agreement at 0.4e, with an experi-

mental value of 22 kJ/mol. A lower charge on the cations

increases the potential energy available for adsorption due

to the reduced interaction strength, consistent with the

reduced loading observed in the adsorption isotherms. At

Fig. 12 Isosteric heats as a function of the amount of adsorbed N2

molecules at T = 308 K for six Si/Al ratios
Fig. 13 Isosteric heats for CO2 and N2 at T = 308 K measured from

experimental adsorption isotherms at two cation levels, Si/Al = 13

and 45
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higher loadings, the GCMC predictions become only semi-

quantitative, with a difference of 7–10 kJ/mol below the

experimental predictions. Both GCMC and experiment

indicate that the isosteric heats decrease with loading due

to the local saturation of guest molecules, but GCMC

shows the saturation effect at a lower loading of 3 mole-

cules/Unit Cell. This disagreement might result from the

cations in experimental samples being more randomly

distributed compared to the assumed regular structure in

the GCMC simulations, as fewer guest molecules may be

needed to locally solvate the cations. However, since the

disagreement amounts to only a few kbT, GCMC simula-

tions allow us to make excellent predictions for these

experimental samples by only making a reasonable

assumption of partial charge transfer.

4 Conclusions

The adsorption isotherms and isosteric heats from the

GCMC simulations consistently predict that greater cation

content in Na–ZSM-5 increases the adsorption capacity of

the zeolite, especially at low pressures. At higher pressures

the adsorption capacity in these zeolites becomes more

comparable, as the cations in the pore space become locally

saturated and the finite amount of free pore space in the

lattice topology must control adsorption, since more space

is taken over by the guest molecules. The isosteric heats of

adsorption are quite large compared to silicalite-1 at low

loadings, but substantially decrease with increased loading.

From the isosurface plots it is clearly seen that the mole-

cules are preferably adsorbed in the zigzag and straight

channels of ZSM-5, rather than in the intersections, unless

cations are present in those intersections, though all regions

of the pore space are easily accessible due to the small

molecular size. Comparisons with experiments were suc-

cessful for adjusted partial charges.

Additional steps should be performed to better under-

stand molecular adsorption in cationic zeolites. In the

current study, as suggested by prior work, the partial

charges on the Na? cations are empirically adjusted to

improve the agreement of the GCMC simulations with

experimental measurements of adsorption loading and

isosteric heats (Lachet et al. 1997; Maurin et al. 2005;

Pillai et al. 2007, 2010). Using a charge of 1e is evidently

too large for Group I cations, though it may be a reasonable

representation of Group II cations. A prior experimental

study of CO adsorption in Ca-Y zeolite has shown that

Ca2? cations interact more strongly with the guest mole-

cules compared to Na? cations (Egerton and Stone 1970).

If the charges on the cations are only 0.4–0.6e, then those

zeolite samples do not offer much improvement in terms of

increasing the amounts of captured CO2 or N2, as they only

slightly differ from silicalite-1, unless the Si/Al is very low,

leading to a higher total charge. Future studies should focus

on quantum chemical calculations of Groups I and II cat-

ions in ZSM-5, such as Na? and Ca2? (Alvarado-Swais-

good et al. 1991; Bobuatong and Limtrakul 2003;

Danilczuk et al. 2009; Mikosch et al. 2005; Stave and

Nicholas 1995; Xu et al. 2004; Yang et al. 2005), so as to

rationally determine the partial charges on these cations.

This type of approach would also assist force field

parameter optimizations due to their inherent complexity

(Sanchez et al. 2009). DFT calculations would also provide

an understanding of how the charge transfer process

occurs. Additional GCMC studies should also consider

how effective Group II cations in ZSM-5 at various Si/Al

may be in attracting CO2 and N2 molecules, as these cat-

ions should carry higher partial charges and hence induce

stronger electrostatic interactions. It would also be

Fig. 14 Isosteric heats of CO2 at T = 308 K for three cation charges:

1e, 0.7e, and 0.4e. Experimental measurements are included as green

diamonds (Color figure online)

Fig. 15 Isosteric heats of N2 at T = 308 K for three cation charges:

1e, 0.7e, and 0.4e. Experimental measurements are included as green

diamonds (Color figure online)
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worthwhile to model the zeolite synthesis process and use

spectroscopic methods to directly observe where the cat-

ions are located, taking into account that the partial charge

on each cation may be different depending on its location

(Sklenak et al. 2009).
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