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Abstract 

The efficient separation and adsorption of critical gases is, more than ever, a major focus 

point in important energy processes, such as CH4 enrichment of biogas or natural gas, CO2 

separation and capture, and H2 purification and storage. Thanks to its physicochemical 

properties, cation exchanged chabazite is a potent zeolite for such applications. Previous 

computational screening investigations have mostly examined chabazites exchanged with 

monovalent cations. Therefore, in this contribution, periodic density functional theory (DFT) 

calculations in combination with dispersion corrections have been used for a systematic 

screening of divalent cation exchanged chabazite zeolites. The work focuses on cheap and 

readily available divalent cations, Ca(II), Mg(II), and Zn(II), Fe(II), Sn(II) and Cu(II) and 

investigates the effect of the cation nature and location within the framework on the 

adsorption selectivity of chabazite for specific gas separations, namely CO2/CH4, N2/CH4, and 

N2/H2. All the cationic adsorption sites were explored to describe the diversity of sites in a 

typical experimental chabazite with a Si/Al ratio close to 2 or 3. The results revealed that Mg-
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CHA is the most promising cation for the selective adsorption of CO2. These predictions were 

further supported by ab initio molecular dynamics simulations performed at 300 K which 

demonstrated that the presence of CH4 has a negligible impact on the adsorption of CO2 on 

Mg-CHA. Ca(II) was found to be the most favorable cation for selective adsorption of H2 and 

CO2. Finally, none of the investigated cations were suitable for preferential capture of N2 and 

H2 in the purification of CH4 rich mixtures. These findings provide valuable insights into the 

factors influencing the adsorption behavior of N2, H2, CH4, and CO2 and highlight the crucial 

played by theoretical calculations and simulations for the optimal design of efficient 

adsorbents. 

 

Keywords : separation, adsorption, zeolite, chabazite, DFT, biogas, hydrogen, energy. 

Introduction 

Separation technology is a critical aspect of several major industries, including 

petrochemicals, mining, nuclear and electronics. In the ongoing energy transition, separation 

processes are heavily correlated with lower energy consumption, improved efficiency, 

selectivity, and greater sustainability. For example, the direct capture and sequestration of 

carbon dioxide (CO2) being present in low concentrations (< 400 ppm)
1
 from air is currently 

being intensively investigated to mitigate anthropogenic greenhouse gas emissions. To 

achieve this objective, it is essential to selectively adsorb CO2 in comparison to other gases 

such as diazote (N2). CO2 is a significant impurity in natural gas, biogas, and flue gas, with 

concentration ranging between 3-20%,
2,3

 making selective adsorption of CO2 critical. 

Similarly, diazote is an inevitable impurity in bio- or natural gas, limiting the heating value of 

the methane (CH4). Thus the selective separation of CO2/CH4 and N2/CH4 is crucial in 

methane enrichment.
4
 Finally, with the increasing interest in dihydrogen (H2) as the next 

generation clean energy carrier, its efficient purification and storage is a key challenge that 
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presently limits its utilization and democratization.
5
 At present, H2 is primarily produced by 

steam methane reforming, implying effective separation from major impurities, namely CO2, 

CH4 and N2 to enhance its usability and added value.  

Despite the considerable progress in meeting diverse separation requirements with 

"traditional" techniques such as distillation and extraction, the associated energy 

consumption, particularly for cryogenic distillation, remains exorbitant, accounting for 10-

15% of the world's total energy consumption.
6
 Therefore, the need to identify economical and 

sustainable separation technologies is imperative to reduce the overall energy consumption 

and environmental emissions. In this way, adsorption-based methods appear highly desirable 

alternatives,
3
 relying heavily on performant nanoporous materials. Several promising 

candidates for this purpose have emerged over the last decades, with zeolites being of 

considerable interest. Zeolites are crystalline microporous aluminosilicates that are ubiquitous 

in many commercial applications, including the adsorption, separation, and storage of gases,
7
 

as well as catalytic applications such as hydrocarbons transformation
8
 and biomass 

conversion.
9
 Zeolites exhibit properties such as stability, non-toxicity and non-corrosiveness, 

low cost, fast kinetics of adsorption, and low energy requirement for regeneration.
1
 Zeolites 

are also extremely stable to thermal and hydrothermal treatments.
10,11

 Zeolites have been 

utilized in separation processes for more than two centuries and continue to be the foremost 

candidates for material-based separations. 

Currently, more than 250 different zeolitic frameworks are known.
12

 This vast diversity of 

structures is responsible for a wide range of chemical properties related to shape-selectivity. 

Zeolites can be classified according to their main pore dimensions, with small (3.0–4.5 Å), 

medium (4.5–6 Å), large (6.0–8.0 Å), and extra-large (>8.0 Å) pore zeolites. Among these, 

small pore zeolites (with pores accessible through small 8-membered ring windows, i.e., 

windows delimited by 8 tetrahedral atoms, Si or Al) are highly suitable for upgrading small-
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molecule feedstocks.
13

 Here we selected chabazite (CHA), a small pore zeolite with numerous 

applications,
12

 owing to its exceptional performance in cation exchange, dessication
14

, 

adsorption or separation as a molecular sieve,
3
 and catalysis. For instance copper exchanged 

chabazite (Cu-SSZ-13) is employed for the depollution of diesel engines via the Selective 

Catalytic Reduction of nitrogen oxides
15

 or in the methanol-to-olefin (MTO) process
16

, along 

with SAPO-34, a silico-alumino-phosphate with the chabazite topology.  

In this work, we focused on the selective adsorption of small molecules from biogas, namely, 

methane CH4, carbon dioxide CO2, dinitrogen N2 and dihydrogen H2. These small molecules 

have kinetic diameters of 3.76, 3.3, 3.64 and 2.69 Å,
3,17

 respectively, and can access the 

cavities of chabazite via the small eight-membered rings pores of approximate dimension of 

3.8   3.8 Å.
12

 Chabazite is therefore an excellent candidate for these gas molecules 

adsorptions. Indeed, Zhang et al. have found that chabazites exchanged with alkali and 

alkaline earth cations exhibit good adsorption selectivity for CO2/N2 mixtures,
18

 and that Zn-

CHA has a high capacity for adsorption of CO2 at low concentrations.
1
 Ramos et al.

19,20
 have 

investigated the adsorption of CO2, CH4 and N2 adsorption in cation-exchanged silico-

alumino-phosphates SAPO-34 (same framework as chabazite) and have shown a moderate 

selectivity toward CH4/N2 mixtures and a good separation of CO2 with other gas with the 

presence of strontium cation. A particular phenomenon that affects the selectivity in 

chabazite, is the molecular trapdoor effect that produces a counter-intuitive size inverse 

sieving.
21–23

 This effect consists of the displacement of "door keeping" extra-framework 

cations located at the center of 8-membered ring windows by molecules in strong interaction 

with them. This phenomenon allows these molecules to selectively enter the cavities while 

molecules with weak extra-framework cation interactions cannot, ultimately resulting in a 

high selectivity in chabazite.
24

 It is important to note that the gating is temperature dependent 

and working below a certain critical temperature is mandatory to observe it. For instance, one 
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must be below 293 K for N2 and CH4 separations in K-CHA.
22

 During the last years, different 

theoretical studies on molecule interactions in zeolites were carried out, such as methane and 

nitrogen interactions with alkali and alkaline earth cations within zeolites.
25–27

 However, most 

of the studies in the literature so far deal with monovalent cations exchanged zeolites only, 

investigating divalent cations is important, especially considering the potential of inexpensive  

and easily available metal divalent ones (e.g., Mg
2+

, Ca
2+

, Fe
2
, Cu

2+
, Zn

2+
 and Sn

2+
). Our 

objective is thus to identify the most promising divalent cations suitable for biogas and 

dihydrogen purification that could meet the technical and economical requirements of present 

and future energy-related separation processes. 

To save time and resources in experimental (post-)synthesis work that is still, unfortunately, 

mostly based on trial and errors approaches, Density Functional Theory (DFT) calculations 

are useful to understand, compare and predict with a good accuracy adsorption properties of 

zeolites.
15,28

 The advantage of combining simulations and experiments to identify optimized 

materials for adsorption processes have been demonstrated in previous works.
29–32

 For 

example, DFT cation screenings were performed in faujasite to investigate CO2 adsorption,
33

 

selective removals of NOx and CO from diesel gas exhaust 
34,35

 or for CO2/N2 separation.
29

 

H2S selective adsorption was studied in Y zeolite
36

 and iodine species capture in faujasite
28 

or 

mordenite.
37

  

In this line, in the first part of this computational study, we systematically investigated the 

relative stabilities of the possible locations of divalent extra-framework cations in the 

chabazite framework, taking into account the different possible distributions of aluminium 

atoms. In the second part, adsorption energies of CO2, CH4, N2 and H2 over these divalent 

cation-exchanged chabazite were computed to identify the best divalent cations for the 

separations of different binary mixtures containing CO2, CH4, N2 and H2, being of utmost 

current interest in both academia in industry. Finally, ab initio molecular dynamics (AIMD) 
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was used to probe the co-adsorption of CH4 and CO2 molecules at a finite temperature of 300 

K on the most promising divalent cation identified for the CO2 / CH4 separation, providing 

valuable insights into the potential of divalent cation exchanged CHA zeolite for purification 

of bio- and natural gas. 

 

Materials and Methods 

Structural and computational details 

Structural Model 

Chabazite is a small pore zeolite
38

 with a three-dimensional network consisting of stacked 

sequences of 6-membered rings, resulting in hexagonal prisms (or double-six rings, D6R) 

linked together by four-membered rings (4MRs). The resulting framework contains relatively 

large ellipsoidal cavities of 6.7   10 Å. Each cavity can be accessed by six eight-membered 

rings (8MR) windows that have an approximate dimension of 3.8   3.8 Å.
12

 In our 

simulations, we used a chabazite supercell of 72 atoms (24 Si and 48 O), as in previous 

work.
39

 This supercell is large enough to avoid any artificial interactions between molecules 

and their periodic images, with distances greater than 7 Å. This triclinic cell is defined by the 

following lattice parameters: a = 12.712 Å, b = 13.711 Å, c = 9.365 Å, α = 90.32°, β = 96.82°, 
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γ = 89.93°, resulting in a cell volume of 1620.6 Å
3
 (

 

Figure 1.a). 

The substitution of two silicon tetrahedra SiO4 with two aluminum tetrahedra AlO4 in the 

chabazite zeolite structure generates two negatively charged AlO4
- 
in the framework and the 

electroneutrality is compensated by the incorporation of an extra-framework divalent cation (
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Figure 1.b), resulting in a Si/Al ratio of 11. Therefore, the molecular formula of the studied 

cell is M1Al2Si22O48 with M = Ca
2+

, Mg
2+

, Fe
2+

, Cu
2+

, Zn
2+

, or Sn
2+

. 

The structural studies of ion-exchanged chabazite reveals four type of extra-framework 

cationic sites:
23,40–44

: i) at the center of D6R prism (SI), ii) in the large cavity near the 6MR 

(SII), iii) in the large cavity near the 4MR opening of a D6R prim (SIII) and iv) in the center 

of the 8MR window of the large cavity , denoted SIII'
41,42

 or SIV
40

  in the literature (we will 

use SIV in this work). These sites are shown in 

 

Figure 1.b. 
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Figure 1. Supercell of chabazite used in the simulations a) Front view. b) Side view showing 

the supercage of chabazite. Color code: Si in blue, O in red, extra-framework cationic sites SI 

to SIV are depicted in green. 

 

Computational settings 

The calculations have been performed within periodic density functional theory (DFT) using 

the Vienna Ab Initio Simulation Package (VASP) code,
45–47

 with the semilocal Perdew-Burk-

Ernzehof (PBE) functional
48

. The Kohn-Sham equations
49

 were solved using the projector 

augmented plane wave (PAW) method developed by Blöchl
50

 and adjusted by Kresse and 

Joubert.
51

 As we have used a large supercell, sampling of the Brillouin zone was limited to the 

Γ-point. The convergence criterion for the electronic self-consistent cycle was set 10
-6

 eV and 

the plane wave cutoff kinetic energy to 500 eV. The atomic positions were fully relaxed until 

all forces were smaller than 0.02 eV/Å per atom. 

The long-range dispersion interactions are crucial for an accurate description of gas molecule 

adsorption in zeolites. They have been computed using the Tkatchenko-Scheffler scheme with 

iterative Hirshfeld partitioning (TS/HI).
52–54

 This method has demonstrated good accuracy in 

various zeolites applications.
34,55

 The Hubbard-like U parameter
56

 was applied to improve the 
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description of localized d states of the Fe
2+

 cation,  with Hubbard parameters Ueff and J of 4.0 

eV and 1.0 eV respectively, derived from Wang et al.
57 

Spin-polarized (collinear) calculations 

were performed for systems containing Fe
2+

 and Cu
2+

. Both cations were found energetically 

more stable in the high spin state with a spin multiplicity of 5 and 2, respectively, in 

agreement with previous findings.
58

 

The adsorption energies of molecules in chabazite at T = 0 K were determined from static 

DFT calculations using the following equation: 

                              Eq. 1 

where      is the energy of chabazite,      the energy of the isolated molecule in gas phase 

and          the energy of the adsorbed molecule in chabazite. 

In the same way the contribution of dispersion energies        to the total interaction energy 

was obtained by:  

                                              Eq. 2 

To describe the adsorption phenomena at finite temperature (T = 300K), ab initio molecular 

dynamics (AIMD) simulations have been further performed in the NVT ensemble with the 

same settings, except for the dispersion correction. Indeed, the TS/HI correction scheme being 

computationally too costly was exchanged with the D2 dispersion correction of Grimme
59

 

which has a good accuracy in zeolite chemistry.
60

 The simulation temperature of 300 K has 

been maintained by the Andersen thermostat
61

 with a collision frequency per atom of 0.01 per 

step. The integration step was 0.5 fs and we performed runs of at least 100 ps with an 

equilibration period of at least 10 ps (the production period remaining of at least 90 ps). The 

convergence of potential energy was carefully checked (with independence of the mean and 

variance over long period) and the standard error on the mean was estimated after block 

averaging.
62

 

The finite temperature internal energy of adsorption has been computed as follows: 
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                                    Eq. 3 

where           ,        and        are, respectively, ensemble averages of the total 

energies of adsorbed molecule in chabazite, the clean chabazite and the molecule in gas 

phase. 

The enthalpy of adsorption was deduced from the internal energy of adsorption by: 

                  Eq. 4 

Results and discussion 

Stability and distribution of divalent cation sites in chabazite 

The distribution and location of divalent extra-framework cations in zeolites is of paramount 

importance for the optimal formulation of zeolite-based materials for efficient adsorption and 

catalytic applications.
28,30,41,63–65

 Usually, the stability of cations in specific sites is determined 

by the electrostatic and chemical interactions of the cations with the oxygen atoms of the 

framework. However, the distribution of Al atoms in zeolites is known to be strongly 

influenced by the synthesis conditions employed
66,67

 and is not thermodynamically driven.
68

 

The stability of the divalent cations Ca
2+

, Mg
2+

, Fe
2+

, Cu
2+

, Zn
2+

, and Sn
2+

 was investigated in 

the three different sites that are accessible to guest molecules in the chabazite structure (SII to 

SIV). Site I, located at the center of the D6R prism, was excluded from this comparative 

analysis due to its limited accessibility to guest molecules as a result of the framework’s steric 

constraints,
69

 which is analogous to the sodalite cages of faujasite.
70,71

 Different possible 

distributions of the Al positions were considered (Figure 2), following the Löwenstein rule,
72

 

which states that the connection of two AlO4
-
 tetrahedra via a shared oxygen atom (Al-O-Al 

bond) is unstable. Therefore, we investigated different possible distributions of two 

aluminium atoms in the same rings (4MR, 6MR and 8MR), facing the same cavity. These 

cationic sites are able to accommodate divalent cations.
73
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Regarding the 4MR site (SIII), only one configuration was considered in which two Al atoms 

are located in T1 and T2 positions. For the 6MR site (SII), two configurations denoted as 

6MR(1-3) and 6MR(1-4) were explored, with the two Al atoms located in T1 and T3 or in T1 

and T4 tetrahedral sites and separated, respectively, by one or two Si atoms. As For the 8MR 

site (SIII'), three possible configurations were considered for the distribution of the two Al 

atoms. Specifically, the two Al atoms were placed in T1 and T5, T1 and T6, or T1 and T7 

positions, denoted as 8MR(1-3), 8MR(1-4) and 8MR(1-5) configurations, respectively, and 

were separated by one, two, or three Si atoms (Figure 2). 

 

Figure 2. Location of the tetrahedral atoms T1 to T7 in 4MR, 6MR and 8MR rings. Color 

code: Si in blue, O in red. 

Figure 3 displays the relative stabilities of chabazite cells with respect to the cations and Al 

atoms distributions, with the respective values provided in Table S1. Our results demonstrate 

that the 6MR site, regardless of the cation type, is the most energetically favorable site, 

wherein the 1-4 aluminum combination exhibits greater stability as compared to the 1-3 in the 

6MR site, followed by the 4MR and 8MR (1-3) sites. The 8MR (1-4) and (1-5) sites show the 

weakest stability among all sites investigated. The interaction of divalent cations in the 6MR 

sites (SII) is favored for steric reasons, as the cation is able to interact with three adjacent 

oxygen atoms of the ring (Figure 4). Notably, these results are in agreement with previous 

results reported in the literature: the most stable configuration for Cu
2+

 and Co
2+

 in chabazite 
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is the 6MR (1-4) configuration, with the 6MR (1-3) exhibiting 19 kJ/mol less stability for 

Cu
2+

.
64,73

 

Generally speaking, the extra-framework divalent cation distribution in chabazite is still 

debated. Kwak et al suggested that at low ion exchange levels, Cu
2+

 is coordinated in the 

6MR sites, yielding stable species, while it can be found in larger cavities once the most 

stable sites are saturated.
74

 On the other hand, another computational and experimental study 

posited that 80% of the Cu(II) cations in CHA are in 8MR sites.
75

 Meanwhile, Göltl et al.
64

 

demonstrated by theoretical calculations, in good relation with experimental work, that Cu
2+

 

cations preferentially occupy the 6MR sites at the lowest exchange levels, while the 8MR 

sites remain unoccupied even at high exchange levels. These 6MR sites are believed to be 

responsible for the catalytic reduction of nitrous oxides. 

As for the distribution of Al atoms in chabazite extra framework, it has been demonstrated 

that the 8MR (1-5) configuration, corresponding to the Al-O-(Si-O)3-Al sequence (Figure 4), 

can only accommodate divalent cations at the highest loadings.
73

 This configuration is by far 

the least stable in our calculations (except for Sn
2+

). Therefore, it was excluded from the 

calculations of adsorption energies. 
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Figure 3. Computed relative stability ∆E (in kJ/mol) of cation exchanged chabazites, with 

divalent cations in different sites (4MR, 6MR and 8MR), and with different distributions of 

aluminium atoms. For each series, the structure of lowest energy (6MR (1-4)) is chosen as 

reference. 

 

Figure 4. Equilibrium configurations for a divalent cation (Zn
2+

) in the different sites 

investigated. 
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Adsorption of CO2, CH4, N2 and H2 in exchanged chabazite 

To evaluate the potential of cation exchanged chabazites to purify biogas by selective 

adsorption, the electronic energies of adsorption ΔEads (Eq. 1) of CH4, CO2, N2 and H2 were 

conducted on different sites of divalent cation exchanged chabazites. The results are shown in 

Figure 5 and the computed values are reported together with the contribution of dispersion 

energies in Table S2 of the Supporting Information. Additionally, the optimized structures 

after adsorption of the four gases in 6MR (1-4) and 8MR (1-3) sites are depicted in Figures S1 

and SII of the Supporting Information. 

 

 

 
Figure 5. Computed adsorption energies of a) CH4, b) CO2, c) H2 and d) N2 on the various 

sites of CHA exchanged with Ca
2+

, Mg
2+

, Fe
2+

, Cu
2+

, Zn
2+

 and Sn
2+

. 

 

For all cation exchanged chabazites, the adsorption of all four molecules investigated is 

exothermic over all the sites (ΔEads < 0). As anticipated in the literature,
41,76

 the adsorption 

energies of the chabazites exchanged by Mg
2+

, Fe
2+

, Cu
2+

 and Zn
2+

 follow the inverse order of 
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the cation stability: the less stable the cation position, the higher (in absolute value) the 

interaction energy. The 4MR and 8MR sites display the highest adsorption energies (ΔEads, in 

absolute values), followed by the 6MR site which exhibits the lowest affinity for the guest 

molecules. The strongest interaction in the largest 8MR sites arises from the fact that the guest 

molecules can approach the cations more closely (see Table S4 in Supporting Information). 

This trend is less pronounced for the largest cations, Ca
2+ 

 and Sn
2+ 

 (100 and 122 pm of ionic 

radii, respectively, see Table S5), although the interaction of the guest molecule with the 8MR 

(1-3) or (1-4) site is still the strongest. For all guest molecules, Sn
2+

 displays the lowest 

adsorption energies, with the values in Table S2 indicating that the interaction of gas 

molecules on Sn
2+

 is primarily controlled by long range dispersion interactions. 

 

For CH4 adsorption, Mg-CHA is the best adsorbent with an average adsorption energy of -

60.6 kJ/mol on all sites, whereas Sn-CHA is found to be the least effective adsorbent, 

exhibiting an average adsorption energy of -27.4 kJ/mol. The other cations displayed a 

comparable behavior, with average adsorption energies of approximately -50 kJ/mol (-50.4 

for Ca
2+

, -49.9 for Fe
2+

, -52.0 for Cu
2+

 and -53.4 for Zn
2+

). As expected from a non-polar 

molecule, the dispersion energy contribution is significant, ranging from 36% to 50% of the 

total adsorption energy, see Table S2. Notably, these values are consistent (within 10 kJ/mol) 

with the findings of Barbosa et al
41

 who reported an adsorption energies in Zn-CHA of  -11.1 

kJ/mol in 6MR, -37.7 kJ/mol in 8MR, and -44.8 kJ/mol in 4MR. It should be noted that the 

reported values were obtained using the PW91 function without accounting for the energy 

dispersion correction. For a comparison, our PBE values are provided in Table S2. 

 

In the case of CO2 adsorption, the molecule interacts with all cations through its oxygen atom 

as depicted in Figures S1 and S2. Similar to the behavior observed for the CH4 adsorption, 
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with, in general, a stronger interaction. Mg-CHA represents the most adsorption-sensitive 

cation with a calculated average interaction energy across all sites of -83.1 kJ/mol, 

accompanied by dispersion energy contribution of -18.1 kJ/mol. On average, these interaction 

energies decrease for Ca-CHA by about ~20 kJ/mol. Such a decrease is consistent with a 

simple electrostatic picture,
33

 the larger Ca
2+

 cation being less polarizing than Mg
2+

 (see the 

ionic radii in Table S5). As a consequence, the average distance between the oxygen atom of 

CO2 and the alkaline earths cations increases from Mg
2+

 (d = 2.078 Å) to Ca
2+ 

(d = 2.422 Å, 

see Table S4). The weakest interaction is observed for Sn-CHA with an average adsorption 

energy of -36.5 kJ/mol, characterized by the longest CO2-cation distance (d(CO2-Sn
2+

) = 

3.019 Å on average). For the remaining cations, adsorption energies are around -60 kJ/mol ( -

60.9 kJ/mol for Fe
2+

, -54 kJ/mol for Cu
2+

 and -60.3 kJ/mol for Zn
2+

 in average). These results 

are in agreement with Sangthong's findings on CO2 adsorption on 6MR sites of faujasite, 

where adsorption energies of -66.5 and -46.9 kJ/mol were obtained for Zn(II) and Cu(II) 

respectively.
77

 Furthermore, Li et al. computed adsorption energies in the 6MR of divalent 

cation-exchanged Y zeolite to be -61.5 kJ/mol for MgY, and -48.9 kJ/mol for CaY.
78

 These 

CO2 adsorption energies are also stronger than those computed on monovalent metal cation-

exchanged chabazite (-26 to -52 kJ/mol for K to Li-CHA).
78

 

 

For N2, once again the adsorption is more favorable on Mg-CHA with an average interaction 

energy across all adsorption sites of -60.8 kJ/mol. Sn-CHA, on the other hand, displays the 

weakest interaction, with an average adsorption energy of -21.5 kJ/mol. The remaining 

cation-exchanged chabazites exhibit intermediate adsorption energies, with Fe
2+

, Cu
2+

, Zn
2+

, 

and Ca
2+

 having average interaction energies of -55.6 kJ/mol, -57.4 kJ/mol, -51.1 kJ/mol, and 

-44.7 kJ/mol, respectively. It is worth noting that our computed interaction energies for Ca-

CHA are 16 kJ/mol higher than those reported in a previous study by Mikosch,
79

 who 

incorporated Ca cations in small clusters rather than a periodic cell, as in our case. This 
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difference in energy may be attributed to the effect of confinement in bulk phase compared to 

clusters, as reported in previous studies.
80

 

Dihydrogen (H2) presents a special case since this molecule's adsorption can lead to 

dissociation upon some cations, resulting in the formation of an acid bridging site on the 

zeolite structure (Si-OH-Al) and a metal hydride. In a separation process, this dissociative 

adsorption can complicate the material regeneration process. Our findings indicate that non-

dissociative adsorption of H2 is possible on all sites and for all cations except for the 8MR(1-

3) site of Zn-CHA, where a spontaneous dissociation occurs. When forcing a dissociative 

adsorption, we observed an exothermic adsorption on Mg, Fe, Cu, and Zn-CHA (see Table S3 

in the Supporting Information). Therefore, these cation-exchanged chabazites may not be 

suitable for the selective dihydrogen adsorption. Both H2 adsorption modes upon Mg-CHA 

are depicted in Figure S2. Sn
2+

 displays an intermediate case, where dissociative H2 

adsorption is endothermic while the molecular adsorption is slightly exothermic (averaging at 

-9.9 kJ/mol). For Ca
2+

, the average molecular H2 adsorption energy is -20.9 kJ/mol and we 

were unable to optimize dissociated dihydrogen on Ca-CHA. Dissociative adsorption of 

dihydrogen has been reported in 8MR sites of Zn
2+

-mordenite
63

 and MOR, as well as for 

Zn
2+

-chabazite
81

 and was shown to be more favorable than the molecular adsorption 

depending on the relative positions of the Al atoms in the 8MR. For the H2 molecular 

adsorption, similar values to our findings were computed in the LTA-type zeolite substituted 

with Ca
2+ 

(Ca-A), at the PBE level they reported an adsorption energies of -10.5 kJ/mol in 

6MR and -22.9 kJ/mol in 8MR.
82

 These results suggest that careful consideration should be 

taken when selecting a zeolite material for the adsorption of dihydrogen, as the dissociative or 

non-dissociative adsorption mode may impact the material regeneration process. 
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Separation of binary mixtures of CO2, CH4, N2 and H2 

In this section, we aim to identify the most appropriate cation for the selective adsorption of 

interest in terms of thermodynamic selectivity, by analyzing the difference in adsorption 

energies (∆∆Eads) on various cation-exchanged chabazites. This analysis will be useful for 

identifying the most suitable adsorbent for specific separation processes, the results are 

illustrated in Figure 6 for CH4 purification, Figure 7 for H2 purification, and Figure 8 for 

CO2/N2 separation. Thermodynamic adsorption selectivity is excellent with difference of 

adsorption energies greater than 15 kJ/mol (the corresponding Boltzmann factor 

     
      

  
           becoming  much smaller than 1). 
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Figure 6. Difference of adsorption energies of the gases investigated for CH4 purification on 

the series of divalent cation exchanged chabazites. Difference between CO2 and CH4 (a), N2 

and CH4 (b) and H2 and CH4 (c).  

 

Purification of CH4 rich mixtures 

 

In this section, we explore the feasibility of purifying a CH4 rich mixture in the presence of 

impurities such as CO2, N2 and H2. We analyze the differences ∆∆Eads in adsorption energies 

between CH4 and the impurities CO2, N2, and H2 as presented in Figure 6(a-c). Negative 

values indicate a higher affinity of the cation-exchanged chabazite for the impurity (CO2, N2 

or H2) than for CH4.  

Figure 6.a highlights that alkaline earth cations, Ca
2+

 and above all Mg
2+

, are the most 

promising cations for the removal of CO2 from CH4. On transition metal cations, CO2 

interaction is always stronger, albeit the CO2/CH4 separation is less convincing. This stronger 

adsorption of CO2 than CH4 is related to the permanent electric quadrupole moment of CO2, 

which is responsible for stronger electrostatic interactions with the extra-framework cations, 

whereas CH4 is apolar.
83

 

For N2/CH4 separation, it is well known that the superior polarizability of CH4 favors a strong 

interaction with the adsorbent when compared to N2.
3
 Indeed, the difference in adsorption 

energies shows a slight preferential adsorption (~0 to +10 kJ/mol) for CH4 when interacting 

on Ca
II
, Zn

II
, Sn

II
 and certain sites of Mg

II
 and Cu

II
-CHA. In contrast, for Fe

II
 and specifically 

for Mg
II 

and Cu
II
-CHA sites, a preferential adsorption of N2 is observed. Nevertheless, all of 

these energy differences are moderate, pointing to the poor performance of the studied 

divalent cations for N2/CH4 separation. 

For H2/CH4 separation, Ca
2+

 and Sn 
2+

 are the most promising cations for this separation, as 

they do not dissociate H2 upon adsorption (see Section 3.2). However, the ∆∆Eads analysis 

depicted in see Figure 6.c, show that the CH4 interaction is always stronger than that of H2, 
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making the investigated divalent cations not suitable for purification of CH4 rich mixtures of 

its potential H2 impurity. 

As a conclusion of this section, the most promising separation that could be achieved is 

CO2/CH4 on Mg-CHA. To complement these reported static investigations at T = 0 K, 

molecular dynamics simulations were performed at finite temperature (T = 300 K) and the 

results are reported in Section 3.4. 

Purification of H2 rich mixtures 

 

In the context of steam methane reforming, CO2, CH4, and N2 are among the main impurities 

in dihydrogen.
3
 In order to identify the cations that could enable the obtain of an highly pure 

H2 product, we report the differences in adsorption energies of CO2-H2, and N2-H2 on Ca
2+

 

and Sn
2+

 exchanged chabazites, see Figure 7. It is worth noting that Ca
2+

 and Sn
2+

 are the only 

cations in our series that do not dissociate H2 upon adsorption. 

The displayed results show that CO2 interacts more strongly than H2 on both cations-

exchanged chabazites. Specifically, Ca
2+

 yields the largest differences in adsorption energies 

between CO2 and H2 (Figure 7.a). N2 is also preferentially adsorbed over H2 on Ca
2+

-CHA, 

while Sn
2+

 being less efficient in this regard (Figure 7.b). Based on these findings, we propose 

Ca
2+

-CHA as a promising adsorbent for H2 purification. 

 

Figure 7. Difference of adsorption energies of the gases investigated for H2 purification on 

Ca and Mg exchanged chabazites. Difference between CO2 and H2 (a), N2 and H2 (b). 
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CO2/N2 separation 

 

The removal of CO2 from post-combustion gases that are rich in N2 is an essential step for 

their treatment. The traditional techniques for this process is amine scrubbing, and most of the 

research on zeolite adsorbents has focused on the FAU and LTA zeolites exchanged with 

monovalent cations.
3
 Among them, NaX (FAU structure) is considered as the benchmark 

adsorbent. For alkaline earth cations Ca
2+

 and Mg
2+

, it can be seen from Figure 6.c that the 

interaction of CO2 is more favorable than that of N2, with a difference of adsorption energies 

much larger than 15 kJ/mol in absolute value. Therefore, this observation suggests that 

chabazites exchanged with Ca and Mg could be potentially useful for the selective removal of 

CO2 from N2. 

 

Figure 8. Difference of adsorption energies of CO2 and N2 on divalent cation exchanged 

chabazites.  

 

Co-adsorption CO2/CH4 at finite T 

In the context of biogas purification, the separation of CO2 from CH4-rich mixtures has been 

identified as the most promising application of Mg-CHA, based on static calculations 

performed at T = 0 K. In order to investigate the behavior of the adsorbent at a finite 

temperature, ab initio Molecular Dynamics (AIMD) simulations were carried out to calculate 

the adsorption energies ∆Uads and enthalpies ∆Hads at T = 300 K. The finite temperature 
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internal energy of adsorption       is computed from ensemble averages of the total energies 

(Eq. 3) and can be used for comparison with electronic energies of adsorption       

computed by static DFT calculations.       is useful to let further comparison with 

experimental data determined at given temperature and pressure. 

For reasons of computational cost, AIMD simulations were performed at the PBE+D2 level 

of theory (see Section 2.2). The consistency between the PBE+D2 dispersion correction and 

the more elaborate PBE+TS/HI used in the previous sections was checked by calculations of 

∆Eads by static periodic DFT calculations. The results of these two calculations differs by only 

1 to 7 kJ/mol (see Table 1), which confirms that the PBE+D2 level of theory can be safely 

used in the AIMD simulations.  

Adsorption energies (∆Uads) obtained via AIMD simulations at 300K follow the same trend as 

electronic adsorption energies (at T = 0K) computed by static periodic DFT calculations (see 

Table 1). On the 6MR site, adsorption energies (∆Uads) obtained at 300 K for Mg-CHA differs 

from electronic adsorption energies (at T = 0K) at the same PBE+D2 level of theory only by 3 

kJ/mol for CO2 adsorption and by 8 kJ/mol for CH4 adsorption, which shows that thermal 

effects are not very important for this site which is sterically constrained. However, at the 

8MR site, the static results are overestimated by about 17 kJ/mol for CO2 and 11 kJ/mol for 

CH4, in absolute value (see Table 1). As expected on this more accessible site, thermal effects 

are more important. Despite this, the differences in adsorption enthalpies (∆Hads(CO2) – 

∆Hads(CH4)) at both sites (-20 ± 6 kJ/mol  for 6MR and -25 ± 4 kJ/mol for 8MR) are 

remarkably close to the differences in static energies of adsorption calculated at T = 0 K (-

18.7 kJ/mol for 6MR and -29.4 kJ/mol for 8MR) using PBE+TS/HI level of theory which 

allows us to conclude that the conclusions drawn in Sections 3.2 and 3.3 from calculations at 

T = 0 K can be generalized at finite temperature. 
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To investigate the possible inhibitory effect of CH4 concentration on CO2 adsorption, we 

conducted AIMD simulations featuring co-adsorption of CO2 (1 molecule) and CH4 (1 to 4 

molecules) at the 6MR(1-4) and 8MR(1-3) sites of Mg-CHA. Two different initial 

configurations were tested in the runs with one CO2 and one CH4, with CO2 adsorbed on Mg 

and CH4 far from Mg, and vice versa. The two situations led to similar final states. For steric 

reasons, the 6MR(1-4) site can accommodate only one molecule and CO2 is adsorbed on Mg 

while CH4 is far from Mg. On the 8MR(1-3) site, both sides of the 8MR are accessible and 

both molecules are adsorbed, one on each side. As in the final states, CO2 is adsorbed on Mg, 

three more CH4 molecules were added in these configurations to prepare the initial states with 

1 CO2 and 4 CH4. More details are given in Supporting Information (Section S2, Figures S3 

to S5 for the simulations on the 6MR(1-4) site and Figures S6 to S8 for the simulations on the 

8MR(1-3) site). 

Figure 9.a. displays the radial distribution functions of the distance between the cation (Mg) 

and the interacting O (CO2) atom. The observed peaks at 2.12, 2.11, and 2.10 Å for the 6MR 

site, and 2.02, 2.04 and 2.06 Å for the 8MR site of the Mg-O(CO2) in the presence of 0, 1, and 

4 molecules of CH4, respectively, indicate that the interaction between CO2 with Mg is 

remains unaffected, and that the presence of CH4 has a negligible impact on the adsorption of 

CO2 on Mg-CHA. 

The findings presented in this section provide further support for the previous prediction 

obtained using static calculations, namely that Mg-CHA is an excellent candidate for 

capturing CO2 in CH4 rich mixtures at 300 K. 

  ∆Eads (kJ/mol) 

Static 

PBE+TS/HI 

∆Eads (kJ/mol) 

Static 

PBE+D2 

∆Uads (kJ/mol) 

MD, 300K, 

PBE+D2 

∆Hads (kJ/mol) 

MD, 300K 

PBE+D2 

Mg-CHA 

6MR(1-4) 

CH4 -50.3 -54.1 -46.4 ± 3.5 -48.9 ± 3.5 

CO2 -68.7 -69.3 -66.4 ± 3.5 -68.9 ± 3.5 

Mg-CHA 

8MR(1-3) 

CH4 -67.8 -69.7 -53.1 ± 3.1 -55.6 ± 3.1 

CO2 -97.2 -104.5 -77.7 ± 3.1 -80.2 ± 3.1 
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Table 1. Calculated adsorption energies for CH4 and CO2 in the 6MR(1-4) and 8MR(1-3) 

sites of Mg-CHA, by static calculations (T = 0 K) and ab initio Molecular Dynamics 

simulations (T = 300 K). 

 

Figure 9. Radial pair distribution functions between the Mg
2+

 cation and the O atoms of CO2 

in presence of n molecules of CH4 inside the large cavity of Mg-CHA (n = 0 in black, n = 1 in 

red and n = 4 in blue) for Mg
2+

 in the 6MR(1-4) site (a) and 8MR(1-3) site (b).  

 

Conclusions  
 

The adsorption and separation capacities of various divalent cations-exchanged chabazites 

were investigated by periodic DFT calculations, with TS/HI correction of dispersion. The 

stability of these divalent cations (Mg
2+

, Ca
2+

, Fe
2
, Cu

2+
, Zn

2+
 and Sn

2+
) was demonstrated in 

6MR with pairs of aluminium atoms in T1 and T4 tetrahedral sites, separated by two Si atoms 

(Section 3.1). All the cationic adsorption sites were subsequently explored to describe the 

diversity of sites in the typical experimental chabazite of Si/Al ratio close to 2 or 3. The 

results revealed that the chosen cations are not suitable for preferential capture of N2 and H2 

in the purification of CH4 rich mixtures. However, Mg-CHA was identified as the most 

promising cation for the selective adsorption of CO2. These predictions were further 

supported by ab initio molecular dynamics simulations at 300 K (Section 3.4). The co-

adsorption of CH4 and CO2 on Mg-CHA was also investigated, and the results showed that 

the presence of CH4 has a negligible impact on the adsorption of CO2 on Mg-CHA.  
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Regarding the selective adsorption of CO2  in N2 rich post combustion gases, our results 

indicate that Ca and Mg exchanged chabazites could be useful for the selective CO2 removal. 

Finally, for the purification of H2 rich mixtures, Ca
2+

 and Sn
2+

 are the only cations that did not 

dissociate H2 and may therefore have potential use cases. In particular, Ca
2+

 is the most 

favorable cation for selective adsorption of H2 and CO2.  

Overall, these findings provide valuable insights into the factors influencing the adsorption 

behavior of N2, H2, CH4, and CO2 on divalent cation-exchanged zeolites, which can be useful 

for the design and development of efficient adsorbents for gas separation and purification 

applications. Importantly, this study highlights the crucial role that theoretical calculations 

and simulations can play in facilitating and supporting experimental work by providing clear 

guidelines on framework and cation compositions, and allowing for deeper understanding of 

fundamental questions regarding the cations distribution and preferential sites of adsorption 

within the CHA zeolite.  

 

Supporting Information 
 

S1. Static calculations 

Tables of numerical results of sections 3.1 to 3.3. 

Figures of a selection of structures of different molecules adsorbed in Mg-exchanged 

chabazite, in 6MR(1-4) and 8MR(1-3) sites. 

S2. Co-adsorption CO2/CH4 at finite T 

Figures illustrating the MD simulations of co-adsorption with one CO2 and one CH4 adsorbed 

in Mg-CHA. 
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