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S1.  General complimentary data

Table S1. Unit cell composition of different samples. Ba content and Si/Al ratio were determined by X-ray 
fluorescence. The last line corresponds to the composition of the unit cell of the model used in the simulations.

Sample Unit cell composition

NA-1 Ba37.4Na17.0O384.0Al91.9Si100.1

NA-2 Ba36.1Na20.1O384.0Al92.3Si99.7

NA-3 Ba38.4Na13.3O384.0Al90.1Si101.9

LL Ba37.7Na16.1O384.0Al91.4Si100.6

Conventional X Ba37.1Na15.6O384.0Al89.7Si102.3

Model/simulation Ba48.0O384.0Al96.0Si96.0

Figure S1.  Size distribution of NA-1 aggregates (top) and LL spheres-like particles (bottom).



Figure S2. Scanning electron micrographs of samples NA-1,NA-2, NA-3 and LL. From these images, it can be 
seen that the size of the aggregates in NA-2 and NA-3 is smaller than those of NA-1. The spheres-like particles 
in LL sample present largest size among the other zeolites.
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S2. Complementary Adsorption Data
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Figure S3. Characteristic adsorption curves for px and ox in conventional and hierarchical zeolites: (a) 
conventional, (b) LL and (c) NA-3. Linear plot of Dubinin-Radushkevich equation for px and ox in the 
conventional and hierarchical zeolites: (d) conventional and (e) LL. Linear plot of the characteristic curve 
equation for nonporous materials for px and ox on the surface of hierarchical NA-3 zeolite (f). Filled and empty 
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symbols indicate the adsorption of px and ox, respectively. The different temperatures correspond to symbols: 
squares (100°C), triangles (150°C) and diamonds (175°C).
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Figure S4. Comparison between experimental data and model for adsorption isotherms of px and ox on 
conventional and hierarchical BaX zeolites: conventional BaX zeolite (black), LL BaX zeolite (green) and NA-3 
BaX zeolite (blue). Filled and empty symbols indicate the adsorption of px and ox, respectively. The different 
temperatures can be identified by symbols: squares (100°C), triangles (150°C) and lozenges (175°C).



Figure S5. Probability density distribution profiles for px (solid line) and mx (dotted line) obtained for the 
adsorption at 175°C of an equimolar binary mixture in a Ba zeolite bearing an external surface. The different total 
pressures considered are (from top to bottom): P = 5×10 -4, 2×10 -2, 5 and 100 mbar. The corresponding loadings 
are respectively 1.3, 2.7, 3.3 and 3.9 molecules per α cage. Pink and green zones represent the surface and bulk-
fluid phases. The dotted and dashed purple lines indicate the zeolite crystal/surface and surface/bulk fluid 
interfaces, respectively.



S3. GCMC simulations of xylene adsorption 

S3.1. Methods
GCMC (Grand Canonical Monte Carlo) simulations combined with a bias scheme for the insertion 

of the center of mass of the guest molecules were performed to calculate the adsorption isotherms 

with the GIBBS code v.9.3. Systems were allowed to equilibrate for at least ten million MC steps 

followed by production runs of at least 100 million MC steps. The atomic positions of the solid 

were frozen during the simulations. This allowed the construction of a guest-host interaction energy 

grid prior to the MC simulations. All simulations were performed in a simulation box incorporating 

at least the equivalent of 8 bulk unit cells. the general form of the force field is reduced to a 

simplified expression of the total energy  only based on the summation of two different 𝑈

contributions accounting for the dispersion-repulsion and the electrostatic interaction 

interactions: 

𝑈 = 𝑈𝐿𝐽 + 𝑈𝑒𝑙𝑒𝑐 (Eq SI 1)

Although it is well known that the origin of the px selectivity in some zeolitic forms arises from 

an entropic contribution, it is worth mentioning the importance of the electrostatic contribution 

when dealing with counter-cationic species and aromatic hydrocarbons The first contribution, 

corresponding to the dispersion-repulsion energy, is described via a Lennard-Jones potential 

between two atomic sites i and j:

where  is the potential energy depth, is the distance between two particles,  is the distance 𝜀𝑖𝑗 𝑟𝑖𝑗 𝜎𝑖𝑗

between two particles where the potential energy equals zero. The first term (𝜎𝑖𝑗/𝑟𝑖𝑗)12

describes repulsive interactions while the second term  cprrespond to attractive (𝜎𝑖𝑗/𝑟𝑖𝑗)6

interactions

The second contribution, corresponding to electrostatic interactions, simply involves a 

coulombic term:

𝑈𝑖𝑗
𝐿𝐽(𝑟) = 4 𝜀𝑖𝑗[(𝜎𝑖𝑗

𝑟𝑖𝑗)
12

― (𝜎𝑖𝑗

𝑟𝑖𝑗)
6] (Eq SI 2)



where  is the vacuum permittivity, is the electric charge of a site i and rij is the distance 𝜀0 𝑞𝑖 

between the two point charges.

LJ interactions and real space electrostatic contributions were calculated using a cutoff radius 

of 20 Å. No Lennard-Jones tail corrections were considered; however, standard long-range 

electrostatic interactions were calculated using the Ewald methodology with 9 vectors on the 

reciprocal space and a screening factor n = 2.5. The crystallographic positions of the different 

atoms for both materials were taken from the data available in the Materials Studio software.1

The isosteric heats of adsorption  were calculated according to:𝑞𝑠𝑡

where  is the enthalpy of the bulk phase,  is the energy of the adsorbed phase, and N the 𝐻𝑏 𝑈𝑎

number of adsorbed molecules. Using a fluctuation method with ideal gas assumptions under 

Henry’s regime, the isosteric heats can be readily calculated from GCMC simulation according to:

where  is the intermolecular energy of the adsorbed phase. The brackets denote averages in the 𝑈𝑠
𝑒𝑥𝑡

grand canonical ensemble.

S3.2. Xylene force field

The adsorbate molecules are described according to the electrostatic version of the anisotropic 

united atom (AUA) for aromatics.2 Inspired from the work of Peralta et al.3 and to avoid 

charges collapse between the ring-centered quadrupole and the counter-cations, slight 

modifications were introduced to distribute the electrostatic interaction around the totality of 

the aromatic ring. A schematic representation of the implementation of the model is shown in 

Figure S. The different parameters used in the calculations are listed in Table SS2.

𝑈𝑖𝑗
𝑒𝑙𝑒𝑐(𝑟) =  

𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟2
𝑖𝑗

(Eq SI 3)

𝑞𝑠𝑡 =  𝐻𝑏 ― [𝛿𝑈𝑎

𝛿𝑁 ]
𝑇,𝑉

(Eq SI 4)

𝑞𝑠𝑡 =  𝑅𝑇 ―  
〈𝑈𝑠

𝑒𝑥𝑡𝑁〉 ― 〈𝑈𝑠
𝑒𝑥𝑡〉 〈𝑁〉 

〈𝑁2〉 ― 〈𝑁〉2
(Eq SI 5)



Figure S6. Schematic representation of the implementation of the electrostatic version of the AUA potential for 
px (a) and mx (b). Adapted from Ref. 3.

Table S2 Lennard-Jones parameters and electrostatic point charges of the adsorbate molecules.

Force center † Å /kb
†  †† Å q ††† Å q [e]

CH3-AUA 3.6072 120.15 0.21584 --- 0.025

CH-arom-AUA_elec 3.361 75.6 0.315 0.4 1.355/-0.68167

C-arom-AUA_elec 3.361 35.43 --- 0.4 1.355/-0.68167
† Lorentz-Berthelot mixing rules were employed to determine the interactions between different force center types. 
††   is the anisotropic distance used in the AUA (Anisotropic United Atoms) potential. ††† q

 corresponds to the 
shift between the positive and negative electrostatic charges of the aromatic ring.

S3.3. Bulk crystal 

The bulk zeolite crystals only allow to consider adsorption in the zeolite microporosity. Both 

the adsorbent and adsorbates are considered as rigid molecules. This assumption has been 

shown to be valid in previous works considering the adsorption of xylene isomers in zeolitic 

systems4. Since the Si/Al ratio of the X zeolites considered in this work is relatively close to 

that of their analogous LSX (Low Silica X) forms, the latter forms were considered. In what 

follows, a brief description of the implementation of the force field is done for the different 

species of the system.

NaLSX and BaLSX. As previously mentioned, for the sake of simplicity, the low silica LSX 

analogous forms of the NaX and BaX adsorbents are considered. In the same way, the general 

(a) (b)



assumption of considering rigid the zeolite framework is adopted. The description of the 

dispersion-repulsion interactions of the framework is considered via a Kiselev type potential.5 

This type of potential assumes that the T atoms (either Si or Al) of the different tetrahedra 

constituting the zeolite framework are screened by their respective four surrounding oxygen 

atoms. Concerning the sodium counter-cations, the parameters are taken from the work by 

Smith and Dang6. The barium parameters are calculated following the strategy derived by 

Maurin et al.7 The crystallographic positions of the cations were obtained from Pichon et al.8 

To account for the electrostatic interactions, electrostatic point charges were determined from 

Density Functional Theory (DFT) calculations performed following the approach proposed by 

Manz et al 9. The different parameters used in the calculations are listed in the Table S3.

Table S3. Lennard-Jones parameters and electrostatic point charges for the adsorbents considered in this work.

Force center † Å /kb
†

q†† [e] 
NaLSX

q†† [e] 
BaLSX

O-zeolite 3.00 112.236 -1.2529 -1.2447

Si-zeolite 0.00 0.00 1.9751 2.1439

Al-zeolite 0.00 0.00 2.0728 1.9931

Na 2.584 50.34 0.9770 ---

Ba 3.3191 141.789 --- 1.6834
† Lorentz-Berthelot mixing rules were employed to determine the interactions between different force center types. 
†† Average values.



S3.4. NaLSX and BaLSX bearing an external interface

Surface selection and preparation. To the best of our knowledge, no evidence for preferential 

growth direction in faujasite zeolites is established. Therefore, the surface direction {0 1 1} 

was chosen since the cleavage is performed at the level of the α cages. Figure S7 shows an 

example of surface cleavage {011}, where the open α cages can be seen at the surface level. 

As well-established in the literature, it is possible that such open cavities at the surface level 

induce an impact on px selectivity. At high loadings, px is selectively adsorbed in a site at the 

center of the dodecagonal window. In the case of the surface {011}, the incomplete 

dodecagonal window at the surface level can affect px selectivity. The surface direction {011} 

cleavage was performed using the Materials Studio software. The parameters used were as 

follows: cleavage plane {hk1} is equal to {011} with origin (a,b,c) at (0,0,1).

Figure S7.. Structure of the cleaved surface {011} for a LSX zeolite. The surface {011} cut the α cages 
leading to incomplete dodecagonal windows at the surface level. 

The chemical reconstruction of the surface was based on IR analyses indicating that silanol 

groups are located at the outer i.e. external surface. Since the zeolites also exhibit aluminum 

tetrahedra at the surface level, all bonds missing in the Si or Al tetrahedra were saturated with 

OH groups after surface cleavage. A similar approach has been reported in the literature.10 

After generating the surfaces by cleaving the bulk zeolite crystal and modifying their surface 

chemistry, the positions of the atoms in the surface were optimized in order to obtain systems 



not bearing any dipole moment contribution. The surfaces have been positioned sufficiently far 

from each other to ensure that that there is no long-range interaction between them.

Surface force field. In order to simulate the systems bearing an external interface, the surface 

atoms need to be parameterized. The adopted strategy consisted in (1) using for the surface 

atoms the same parameterization as that for bulk atoms and (2) borrowing the electrostatic 

charges from the CLAYFF potential (as recently done by Purton et al.11). Finally, for the 

dispersion-repulsion parameters, they were obtained from the Universal Force Field (UFF) 

potential.12 A list of the different parameters used for the surface oxygen and hydrogen atoms 

is given in Table S1.

Table S1. Lennard-Jones parameters and electrostatic point charges of the zeolite surface.

Force Center σ†[Å] /kb
† q[e]

O-zeolite_surf 3.0000 112.236 -1.0984

H-zeolite_surf 2.5711 22.1418 0.4250

† Lorentz-Berthelot mixing rules were employed to determine the interactions between different force center 
types.
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