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Abstract 

The diffusion and adsorption of CO2 inside the pores of Li, Na, and K ion-exchanged X-type zeolites were simulated by molecular 
dynamics and Monte Carlo calculations. Carbon dioxide diffused inside the zeolites pores while it was colliding with pore walls. 
Then it stayed in a super cage of zeolites. Inside the pore of Li ÷ ion-exchanged X-type zeolite (Li-X), the electrostatic potential 
term was -570 kcal/mol, this value was considerably smaller than those of CO2 inside the pores of Na-X and K-X. On the 
other hand, from Monte Carlo calculations, CO2 was found to strongly absorb near the 3B site for Li ÷ ions. When CO2 passed 
through the pores of alkali ion-exchanged X-type zeolites, the interaction between the CO2 molecule and the 3B site for Li cation 
was fairly large. 

1. Introduction 

Carbon dioxide accumulation could cause 
global warming, and it is, therefore, potentially 
one of the most serious environmental problems. 
Carbon dioxide from fossil fuel combustion in 
large facilities should be concentrated and/or sep- 
arated from gas mixtures before submitting it to 
catalytic reaction. Pressure-swing adsorption 
(PSA) would be one of the most practical meth- 
ods for the separations, and its efficiency depends 
on the performance of  the adsorbent. Narrow-pore 
size zeolites are suitable adsorbents for this pur- 
pose [ 1,2]. For example, CaA-type zeolite is used 
for the purification of  natural gasses including 
CO2 [3]. The function of molecular sieves 
depends on both the pore structure of the zeolite 
crystal and the conformation of molecule 
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absorbed [ 4,5 ]. Furthermore, Nakazaki et al. [ 6] 
have studied the dynamic of the CO2 molecule in 
Na-A, MFI-type silicate, mordenite, and X-type 
and Y-type zeolites by means of computational 
methods. They reported that X-type zeolite, in 
particular, is a good adsorbent to CO2. Therefore, 
the present study focused on X-type zeolites for 
CO2 adsorption. In this paper, relationships 
between the CO2 molecule and alkali ion- 
exchanged X-type zeolites were studied through 
computer simulations applying molecular dynam- 
ics (MD) and Monte Carlo (MC) methods. 

2. Method 

The cation distribution in X-type zeolites has 
been widely studied by X-ray diffraction methods 
[ 7-9 ]. The Li-X have proved hard to characterize 
due to the negligible X-ray scattering power of 
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this cation. Often Li-X zeolites contain a combi- 
nation of both Li and Na cations. A literature 
search produced four such structures [10-12], 
and from these anhydrous, Li cation was chosen 
(form only determined by neutron diffraction) 
[12]. 

Dynamic behaviors of CO2 molecules inside the 
pores of alkali cation-exchanged X-type zeolites 
were simulated by applying IMPULSE MD cal- 
culation method. The initial velocities of the car- 
bon dioxide molecule was from 750 to 2400 m/s. 

The grand canonical ensemble MC simulation 
technique was used to study the adsorption of CO2 
on zeolites. The MC simulations were performed 
at 300 K for 1 million steps. 

The potential energies between CO2 and zeolite 
were calculated applying the Dreiding force field 
[13]. 

The results of the calculations were then visu- 
alized by computer graphics. The PolyGraf and 
the CERIUS software (Molecular Simulation 
Inc.) were applied for IMPULSE MD and MC 
calculations, respectively. A graphic super mini- 
computer TITAN 3000V (Kubota Computer 
Inc.) was used. 

3. Results and discussion 

3.1. Dynamic behavior of the C02 molecule 
inside the pores of Li-X, Na-X, and K-X 

Carbon dioxide molecules having an initial 
velocity of 1100 m/s  cannot pass through the pore 
of K-X, as shown in Fig. 1. In this figure, X-type 
zeolite is drawn in the wire flame model. The 
carbon dioxide molecule and alkali ions in X-type 
zeolite are shown in the space filling model. The 
carbon dioxide molecule stays in the super cage 
of K-X. This figure shows that the CO2 molecule 
is absorbed in this position, where the interaction 
energy between the CO2 molecule and K-X was 
- 9 8  kcal/mol. These values become large with 
increasing initial velocities of the CO2 molecule. 

On the other hand, a CO2 molecule which has 
an initial velocity of 2100 m/s  can pass through 
the pores of K-X as shown in Fig. 2. The carbon 
dioxide molecule diffused inside the pores of K- 
X while it was colliding with the pore walls. 
Thereafter it stayed in a super cage of this zeolites 
for a while, before passing through the pore. 

In the case of Na-X, the CO2 molecule cannot 
pass through the pore channel of Na-X with initial 

Fig. 1. Dynamic behavior of CO2 molecule along the pore channel of K-X. Initial velocity of CO2, 1100 m/s. 
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Fig. 2. Dynamic behavior of CO2 molecule along the pore channel of K-X. Initial velocity of CO2, 2100 m/s. 

velocities from 1100 to 1850 m/s,  because CO2 
collides with the pore walls and is adsorbed. 

However, a carbon dioxide molecule which has 
an initial velocity of more than 2000 m/s  can pass 
through the pore. There are a few differences in 
the behavior of CO2 molecules inside the pores of 
K-X and Na-X. Carbon dioxide was adsorbed in 
almost the same positions of K-X. 

Remarkable results were obtained from MD 
calculations for Li-X. The carbon dioxide mole- 
cule could not pass through the pore channel of 
Li-X even with an initial velocity of 2400 m/s,  
because it collided with the pore walls and was 
adsorbed. 

Figs. 3 and 4 show that the CO2 molecule with 
initial velocities of 1300 and 2400 m/s  stayed near 
the 3B site of the Li ÷ ion in the super cage of Li- 
X. Inside the pore of Li-X, the electrostatic poten- 
tial energy term was - 570 kcal/mol. This value 
was very much smaller than those of CO2 inside 
the pore of Na-X and K-X. This figure suggested 
that the CO2 molecule is be adsorbed near the 3B 
sites of the Li ÷ ion in the super cage of Li-X. 

3.2. Absorption sites of the C02 molecule on Li- 
X, Na-X, and K-X 

The MC method, as used during the sorption 
simulation, randomly creates new trial configu- 

rations. It is thus necessary to effectively fill the 
free volume of any sites that would be inaccessible 
in real systems due to small channel windows in 
the zeolite. In this study, eight additional 
uncharged dummy atoms were placed in the small 
sodalite-type cages. This ensures that adsorbates 
are excluded from these locations during any sorp- 
tion simulation. 

Loading molecules per unit cell of Li-, Na-, and 
K-X are summarized in Table 1. The ratios of 
adsorbed CO2 on Li-X to Na-X and K-X are pre- 
dicted to be 1.02 and 1.08, respectively. This is 
due to the sizes of alkali ions inside the pores of 
X-type zeolites. 

A completely random position and orientation 
of CO2 molecules were generated. Then configu- 
rations having very high energies were rejected, 
which would almost certainly have been rejected 
by the next stage of the algorithm. After the CO2- 
framework interaction energy was evaluated, the 
new configuration was either accepted or rejected. 
These three steps constitute one step of the simu- 
lation. One million steps of this simulation were 
carried out. The largest amount of adsorbed CO2 
occurs for the case of Li-X. The number of CO2 
molecules absorbed on Li-X in Table 2, 373108, 
is larger than those of Na-X and K-X. There are 
strong interactions between CO2 and zeolites as 
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Fig. 3. Dynamic behavior of CO2 molecule along the pore channel of Li-X. Initial velocity of CO2, 1300 m/s, 

Fig. 4. Dynamic behaviors of CO 2 molecule along the pore channel of Li-X. Initial velocity of CO2, 2100 m/s. 

Table 1 
Mean loading of CO2 molecules per unit cell of alkali ion-exchanged 
X-type zeolites 

Zeolite Mean loading of COz molecule 
( molecules/unit cell) 

Li-X 74.62 
Na-X 73.25 
K-X 69.03 

listed in Table 2. This is due to the greater inter- 
action of the large electrostatics on the CO2 tool- 

ecule with the Li cations. Furthermore, point 
charges of alkali cations in X-type zeolites, apply -~ 
ing the method of Mayo et al. [ 14], wer e assigned 
to the zeolite framework as follows: Li ÷ 
( + 1.09),Na ÷ (+0 .95)  andK ÷ (+0 .83) .  From 
these values, it is possible to conclude that the 
CO2 molecule has a strong interaction with Li 
cation in Li-X. 

The interaction energies between the CO2 mol- 
ecule and alkali ion-exchanged X-type zeolites are 
shown in Fig. 5. Each curve has a sharp potential 
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Table 2 
Averaged interaction energies between CO2 molecule and alkali ion-exchanged X-type zeolites 

395 

Zeolite Averaged infraction energy(kcal/mol) NumberofabsorbedCO2molecuMs 

Li-X - 11.20 373108 
Na-X - 10.49 366234 
K-X -9.92 345160 

8 peak at about - 10 kcal/mol. The curve of inter- 
action energy between CO2 molecule and Li-X is 
broad and exhibits a high interaction energy tail. 
The CO2 adsorption energy in the super cage of 
Li-X is lower than in Na-X and K-X. Therefore, 
CO2 is strongly absorbed on the pore walls of Li- 
X. 

Fig. 6a-c shows the predicted mass density 
plots for CO2 molecules adsorbed in alkali ion- 
exchanged X-type zeolites at four atmospheres 
and 300 K overlaid onto Li-X, Na-X and K-X. 
These plots show that the CO2 may occupy all 
sites within the main cavities but not the small 
sodalite-type cages from which the adsorbates 
were excluded by the presence of the blocking 
atoms. Further the CO2 molecules exhibit consid- 
erable localization. There is no evidence of the 
distribution remaining diffuse throughout. The 
dots in these figures represent the center of masses 
of the successful configuration-averaged random 
creations produced by the MC algorithm. This 
shows not only the relationship between the adsor- 
bate and the zeolite cavities, but also the relation- 
ship between the localization of the CO2 
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molecules and the alkali cation positions, shown 
as spheres. 

Fig. 6a shows CO2 adsorption sites' distribution 
inside the pore of K-X. As shown in Fig. 6a. car- 
bon dioxide molecules are adsorbed uniformly 
inside the pore of K-X. The adsorption sites are 
distributed more uniformly than in the case of Na- 
X. 

The carbon dioxide molecule adsorption sites' 
distribution inside the pore of Na-X is shown in 
Fig. 6b. This figure shows that the adsorption sites 
of the CO2 molecule are distributed uniformly 
inside the pores of Na-X. 

On the other hand, Fig. 6c shows CO2 adsorp- 
tion sites' distribution inside the pores of Li-X. 
The dots concentrated specific areas inside the 
super cage of Li-X. This indicated that the CO2 
molecule would be adsorbed strongly near the 3B 
site of the Li ÷ ion. 

4. Conclusion 

Li-X is shown from this study to be a good 
adsorbate from every point of view, i.e. MD cal- 
culation results, sizes and point charges of alkali 
cations, and MC simulation. 

Molecular dynamics and Monte Carlo simula- 
tion provide a useful technique for the determi- 
nation of CO2 adsorption on zeolites. The present 
study focused on X-type zeolites for CO2 adsorp- 

tion. However, the method used here is applicable 
to a wide range of adsorption-based gas separation 
processes. The approach can provide understand- 
ing of the factors influencing gas separation prop- 
erties which can be used to design superior gas 
separation adsorbents and to optimize operating 
conditions for separation process. 
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