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Abstract: Understanding the competitive adsorption mechanism is essential for the de-
velopment of adsorptive separation of ethylene (C,H,4) and ethane (C;Hpg). In this work,
density functional theory calculations and molecular dynamics simulations were employed
to investigate the adsorption of C;Hy and CyHg in two LTA-type zeolites, ITQ-29 and
5A. The results show that the adsorption energies of the gas molecules in zeolite 5A are
more negative than in ITQ-29, and the difference in adsorption energy between C,Hy and
C,Hg in zeolite 5A is significantly larger than in ITQ-29, 13.3 versus 6.2 k] /mol. Zeolite
ITQ-29 demonstrates high C,H4/CyHg ideal selectivity (43.5 at 5 ns) while exhibiting
slow CyH, uptake efficiency due to the small pore windows, hindering C,H, diffusion
(1.05 x 10719 m? /s at 298 K). In contrast, zeolite 5A facilitates the faster diffusion of CoHy
molecules (3.25 x 1072 m?/s at 298 K) and exhibits a modest CoHy/C,Hy selectivity of
1.11 at 5 ns in single-gas adsorption and 2.72 in equimolar binary mixture adsorption. To
enhance CoHy /CyHg selectivity, methyl phosphonic acid is introduced onto zeolite 5A to
add a sieving layer that enables the C,Hy molecules to preferentially permeate, and the
optimal coverage of methyl phosphonic acid is 50%, yielding a C;Hy /CyHg selectivity of
17.5 at 5 ns in mixture adsorption and preserving the C,Hy uptake efficiency. The insights
into the competitive diffusion of molecules in the coating layer and inside the zeolites
provide a theoretical basis for the rational design of high-performance adsorbents.

Keywords: adsorptive separation; LTA zeolite; surface modification; molecular

dynamics simulation

1. Introduction

Light olefins are crucial feedstocks for the manufacture of plastics, rubber, and
fibers [1,2]. In industry, the olefins are typically produced through catalytic cracking, steam
cracking, and methanol conversion [3,4]. However, the resulting products contain alkanes
that need to be separated to yield high-purity olefins for the synthesis of downstream
products [5]. The separation of olefins and alkanes is one of the most technologically chal-
lenging and energy-intensive processes, with C;Hy and C3Hg separation from gas mixtures
accounting for 0.3% of global energy consumption [6]. The cryogenic distillation process,
commonly used in industry, necessitates the utilization of large-scale distillation columns of
120-180 trays, high pressures of 1.5-3 MPa, and sub-ambient temperatures of 123-263 K [7].
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In contrast, the adsorptive separation process offers significant advantages of minimal en-
ergy consumption, high separation efficiency, and straightforward operation [8,9]. With the
development of porous materials, such as zeolites [10,11], activated carbon [12,13], metal-
organic frameworks [14,15], covalent organic frameworks [16,17], and hydrogen-bonded
organic frameworks [18,19], adsorptive separation has become increasingly attractive [20].
The design of porous materials possessing high adsorption selectivity remains a sig-
nificant challenge in the field of separation of olefins and alkanes with similar molecular
sizes and physicochemical properties, which prompts extensive experimental and theo-
retical studies. Zeolites are widely used in adsorptive separation due to their favorable
characteristics, such as well-defined pores, large specific surface area, high chemical and
thermal stability, and low cost [21-23]. Moreover, the adsorption selectivity in zeolites
can be improved by adjusting frameworks, tuning pore structures, varying exchangeable
cations, and modifying surfaces. LTA-type zeolite frameworks feature 8-membered ring
windows connecting supercages [24], exhibiting a favorable sieving effect for molecules
with kinetic diameters in the range of 3.9-4.3 A [25,26]. Rege et al. [27] employed zeolite
4A for the separation of C3Hg and C3Hg and found that C3Hyg is sterically excluded from
the pores, whereas C3Hg can readily diffuse through the zeolite, attributing this to the
effective pore aperture being the demarcation between the kinetic diameters of C3Hg and
C3Hg molecules. Sala et al. [28] synthesized a novel zeolite, designated ITQ-69, with a
distinctive tri-directional pore-channel system that is particularly suitable for the kinetic
separation of C3Hg and C3Hg, and the experimental results demonstrate that the diffu-
sion rate of C3Hg in the zeolite is significantly faster than that of CsHg. Chen et al. [29]
reported that the framework Si/ Al ratio of MOR-type zeolite regulates the number and
distribution of exchangeable cations in the channels, thereby controlling the accessibility
of guest molecules and the utilization of space, and an appropriate number of exchange-
able cations can enhance the interaction between C;Hy and the zeolite, making the CoHy
molecules more readily access and utilize the space than C,Hg. Baamran et al. [30] found
that doping ferric oxide nanoparticles into zeolite 13X augments the adsorption capacity by
surface electron transfer, which strengthens m—ion interactions between C,H, molecules
and adsorption sites. Additionally, the introduction of ferric oxide results in the formation
of nanochannels, thereby enhancing the sieving effect and improving C,Hy selectivity.
Ellis et al. [31] demonstrated that surface coating with phosphonic acids of varying alkyl
tail length on zeolite 5A enhances the separation of C3Hg and C3Hg through restricting
the C3Hg adsorption rate. Zhou et al. [32] found that C3Hg/C3Hg kinetic selectivity is
improved by increasing phosphonic acids coating density on zeolite 5A and employing
phosphonic acids with terminal functional group (amine or carboxylic acid).
Furthermore, with the development of science and technology, molecular simulation
has been applied to study adsorptive separation [33]. Mitra et al. [34] simulated the diffu-
sion behavior of C3Hg in zeolites ZSM-5 and Na-Y and found that the molecular diffusion
is strongly dependent on pore structure, where zeolite ZSM-5, featuring a network of
intersecting channels, restricts the translational diffusion of C3Hg molecules and causes
the molecules to orientate along the channels of the zeolite, whereas zeolite Na-Y, having
spherical supercages interconnected through windows, enables C3Hg molecules to undergo
isotropic rotation freely. Guo et al. [35] simulated the adsorptive separation of N, and
O; in zeolite Li-LSX incorporated with Ag* and Ce" cations, and they found that Ag*
doping enhances the adsorption of both N and O,, whereas Ce>* doping only increases
O, adsorption. Liu et al. [36] simulated the adsorption of Xe and Kr molecules in CHA-
type zeolite with framework Si/ Al ratio of 2.5 and Ca?* as the counter-cations, and they
found that the Ca?* cations act as the primary binding sites for Xe molecules, whereas
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Kr molecules are stabilized through weak adsorbent-adsorbate interactions with the
zeolite framework.

In this work, the adsorption of C;Hy and CyHg in two LTA-type zeolites, ITQ-29
and 5A, was investigated using first principle calculations based on density functional
theory (DFT) and molecular dynamics (MD) simulations based on the molecular force
field. The atomic charges, adsorbate structures, and adsorption energies were determined.
The adsorption isotherms, molecular diffusion dynamics, and adsorption kinetics were
simulated. To improve C,Hy/CyHg adsorption selectivity, methyl phosphonic acid (MPA)
was introduced onto the surface of zeolite 5A. A diffusion-mediated competitive adsorption
mechanism was demonstrated for the separation of CoHy and CyHg in zeolites, providing
a new perspective on the separation of olefins and alkanes.

2. Materials and Methods
2.1. Structural Models and Density Functional Theory Calculations

Two LTA-type zeolites, ITQ-29 and 5A, were used for the adsorption of CoHs and C,Hg
in this work. The cell model of the zeolite ITQ-29 was built using the atomic coordinates
in the literature [37], and the zeolite 5A was built using the atomic coordinates in the
literature [38]. Then, the geometries were optimized using the DMol®> module in the
Materials Studio 2017 software (Accelrys Software Inc., San Diego, United States) based on
DFT calculations. In the calculations, the Perdew—-Burke-Ernzerhof (PBE) functional of the
generalized gradient approximation (GGA) was adopted to evaluate the nonlocal exchange
correlation energy [39]. The electron wave function was based on double numerical plus
polarization (DNP) basis set to ensure the calculation accuracy [40], with basis file version
4.4. The self-consistent field tolerance was set at 10~% Ha. To accelerate the self-consistent
field convergence, the direct inversion in an iterative subspace (DIIS), preconditioner, and
smearing were enabled, with parameters set at 6, 4.0 ap~1, and 0.005 Ha, respectively.
Hexadecapole was chosen for multipolar expansion to describe the electron distribution.
The global orbital cutoff scheme was applied with a cutoff distance of 4.8 A. Gamma point
only is used for sampling in the first Brillouin zone, since the system is large enough that the
electronic wavefunctions are sufficiently smooth in real space. For geometry optimization,
the convergence criteria of the energy, maximum force, and maximum displacement were
setat 1.0 x 107> Ha, 0.002 Ha A1, and 0.005 A, respectively.

The ITQ-29 and 5A structural models after geometry optimization are shown in
Figure 1(A1) and Figure 1(B1), respectively, in which the zeolites consist of three distinct
building units: double-4-membered ring (D4R), sodalite cage (3 cage), and LTA supercage
(o cage). The framework is composed of 3 cages arranged in simple cubic packing, with
adjacent (3 cages connected by D4R units, and eight (3 cages surrounding a central o cage.
In zeolite 5A, the Na* and Ca?* cations are located near the centers of the 6-membered
rings of the « cages, as shown in Figure S1. The geometry optimization did not alter the
atomic coordinates or cell parameters compared with those in the literature [37,38], as listed
in Tables S1 and S2, confirming that the DFT calculation parameters are reliable.

The X-ray diffraction patterns of the cell models were simulated using the powder
diffraction task of the Reflex module in the Materials Studio software. To generate the X-ray
diffraction patterns, incident radiation of average wavelength 1.541838 A (Cu K radiation)
was employed over diffraction angle (26) from 5 to 50° at a step size of 0.02°. The peak
profile was described using Pseudo-Voigt function with profile parameters Ny and Np set
at 0.5 and 0.0, and the U, V, and W parameters to calculate instrumental broadening of
the peaks were set at 0.02, —0.01, and 0.02°2, respectively. The simulated X-ray diffraction
patterns, as shown in Figure 1(A2,B2), are similar to those observed in the experimental
measurements [37,41], indicating that the cell models are reliable.
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Figure 1. Structural models and X-ray diffraction patterns of the zeolites ITQ-29 (A1,A2) and 5A
(B1,B2). Spheres: yellow (Si), red (O), pink (Al), purple (Na), and green (Ca). The lattice parameters
for zeolite ITQ-29 area=b = c = 23.70 A, and for zeolite 5A, a = b = ¢ = 24.84 A. The chemical formula
of the structural model for zeolite ITQ-29 is Si19pO3g4, and that for zeolite 5A is CazpNazySigg AlggO3s4.

The Hirshfeld population analysis was performed on the DFT-calculated electron
densities to determine the atomic charges in the zeolites. The atomic charges are crucial for
the simulation accuracy, which govern the electrostatic interactions between adsorbent and
adsorbate, thereby affecting the molecular loading in grand canonical Monte Carlo (GCMC)
simulations and the molecular diffusion trajectories in molecular dynamics simulations.
The average Hirshfeld atomic charges in the zeolites ITQ-29 and 5A are listed in Table S3,
which are close to those in the literature [42]. When the Hirshfeld charges were used for
adsorption simulation with COMPASSII force field, the resulting isotherm is closer to those
experimentally measured [43] than those simulated using Mulliken, ESP, QEq, or Gasteiger
charges, as shown in Figure S2 and Table S4.

The geometries of the ITQ-29 and 5A cells with an adsorbed C,H4 or C;Hg molecule
near a 6-membered ring were optimized based on DFT calculations. Then, the adsorption
energy of the molecule was calculated by subtracting the individual energies of the zeolite
and molecule from the total energy of the system.

The supercell surface models of the zeolites used for molecular dynamics simulations
were constructed based on the cell models (Figure 1(A1,B1)). First, a p(1 x 1) slab with
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a thickness of two cells was created through cleaving the cell along the (0 0 1) plane,
specifying slab thickness to 2.0 cells, slightly increasing the slab thickness to ensure that
the bottom face was terminated only with O atoms, adjusting the distance from the origin
to the top face to achieve O atoms only termination, and capping the dangling O atoms
at the top and bottom faces with H atoms to maintain chemical stability. Next, a vacuum
layer of 500 A was added above the slab to avoid interactions between periodic images and
to serve as a gas reservoir. Finally, geometry optimization based on DFT calculations was
performed. The supercell surface model for zeolite ITQ-29 is shown in Figure S3, and that
for zeolite 5A is shown in Figure S4. The atomic charges in the supercell surface models
were determined through Hirshfeld population analysis.

For zeolite 5A with MPA, the MPA molecules were anchored on the top face of the slab
via P-O-Si/ Al bonds. After geometry optimization, the fully (100% coverage) MPA-coated
supercell surface model is shown in Figure S5. For 25%, 50%, 75%, and 100% coverages
of MPA, each pore window has 1, 2, 3, and 4 acid molecules, respectively, as shown
in Figure S6.

2.2. Grand Canonical Monte Carlo Simulations

The adsorption isotherms of CoHy and CyHg in the ITQ-29 and 5A cells were simulated
using the Sorption module in the Materials Studio software with GCMC method based on
the molecular force field. The COMPASSII force field was selected for the simulation, which
yielded isotherms closer to the experimentally measured (in loading amount and curve
shape) ones that are reported in reference [43] than those obtained using the Dreiding, Uni-
versal, CVFF or PCFF force fields, as shown in Figure S7. For van der Waals interactions, the
atom-based method was used for summation, cubic spline was used for energy truncation,
a spline width of 1 A was used for the truncation, and the cutoff distance was set at 12 A,
which is sufficiently long (validated by testing, as shown in Figure S8) yet remains less than
half of the cell edge length to avoid spurious self-interactions. For electrostatic interactions,
the Ewald method was used for summation. The Hirshfeld atomic charges derived from
DFT calculations for the molecules and zeolites (the average Hirshfeld atomic charges are
listed in Tables S3 and S5) were used for the simulation instead of the formal charges in
the force field files. The equilibration steps and production steps were both set at 1 x 10°,
a value sufficiently large to balance computational accuracy and efficiency (validated by
testing, as shown in Figures S9 and 510). The 3 cages of the zeolites were blocked using He
atoms in the simulation to prevent unphysical occupation by C,Hy and C;Hg molecules.
If using a CVFF forcefield for GCMC simulations, the C,H, loadings at low pressures or
high temperatures were overestimated, and the C,Hg loadings were always overestimated,
compared with the experimentally measured data reported in reference [43], as shown
in Figure S11.

2.3. Molecular Dynamics Simulations

The molecular dynamics simulations of C,Hy and CyHg in ITQ-29 and 5A cells
were performed using the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) 2Aug2023 software (Sandia National Laboratories), which provided better
computational efficiency than the Forcite module in the Materials Studio software for
the large-scale simulation. In the simulations, the CVFF force field, rigorously validated
for zeolite systems [44,45], was employed for simulating molecular diffusion in zeolites,
and the Hirshfeld atomic charges derived from DFT calculations were used, by which
molecular diffusion coefficients comparable to the experimentally measured that reported
in reference [44] were derived. The units, atom_style, and time step were set at real, full,
and 1 fs, respectively. The boundary was set at p p p. The comm_style was set at tiled,
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and comm_modify was set at mode single cutoff 14.0. For intramolecular interactions,
the bond, angle, and dihedral styles were all set at harmonic. The pair_style was set
at lj/cut/coul/long 12.0 12.0, and pair_modify was set at shift yes mix arithmetic. The
kspace_style was set at pppm 1.0 x 10~°. The Nosé-Hoover thermostat was employed
for the temperature control. After molecular dynamics simulations, the mean square dis-
placement (MSD) versus time was plotted and linear fitting was performed, and then the
diffusion coefficient was determined from the slope of the fitted line divided by 6 according
to the Einstein relation.

The adsorption kinetics were extracted from the simulations performed on the super-
cell surface models to plot the time-dependent uptake profiles. The adsorption temperature
was set at 298 K (a higher temperature is not favorable for gas uptake (Figure 512)). For
single-gas adsorption, 100 molecules were put in the gas reservoir of the supercell surface
model (the number of molecules is sufficient, otherwise an insufficient number of molecules
results in inefficient uptake (Figure S13)). The simulation timescale was typically set at 5 ns
to balance result visualization and computational efficiency (Figure S14). The supercell
surface model with a suitable slab thickness of two cells was employed (Figure S15). The
ideal selectivity was determined by the ratio of CoHy to CoHg uptakes at the same ad-
sorption time in single-gas adsorption, and the mixture selectivity was determined by the
uptake ratio of C;Hy to C,Hg in mixed-gas adsorption divided by their content ratio in the
feed gas.

3. Results and Discussion
3.1. Adsorption Structures and Adsorption Energies

After geometry optimization based on DFT calculations, the adsorption structures of
the C;Hy4 and CyHg molecules in zeolites ITQ-29 and 5A are shown in Figure 2. In zeolite
ITQ-29, the distances between the C atoms of the C;H4 molecule and the proximal O atoms
in host 6-membered ring (3.79-3.87 A) are shorter than the corresponding distance for the
CyHg molecule (4.36—4.47 A). This originates from the difference in molecular geometry
between C,Hy and CoHg. The CoHy molecule exhibits a lower steric hindrance than C,Hg
to access the 6-membered ring in zeolite ITQ-29. In zeolite 5A, the C;Hy molecule is much
closer to the 6-membered ring with a distance of 3.55-3.76 A, while the C,Hg molecule
maintains a larger distance of 4.30-4.56 A. This is attributed to the presence of Ca?* cations
in zeolite 5A, which exert strong attraction to the C;Hs molecule.

The adsorption energies of the C;Hy and C,Hg molecules in zeolites ITQ-29 and 5A
are listed in Table 1 and Table S6. In zeolite ITQ-29, the adsorption energy of CpoHy is
more negative than CoHg (—27.7 vs. —21.5 kJ/mol), which is attributed to the stronger
orbital hybridization of the C atoms of C,H4 with the O atoms in host 6-membered ring,
as shown in Figure 516. In zeolite 5A, the adsorption energies of C;Hy and C,Hg are
—45.6 and —32.3 kJ/mol, respectively, more negative than in zeolite ITQ-29. This enhanced
adsorption results from stronger interactions between adsorbate molecules and zeolite 5A
with exchangeable cations (Table S7), as evidenced by orbital hybridization (Figure S17)
compared with those in zeolite ITQ-29 (Figure 516). Although the adsorption is enhanced
for both C;Hy and CyHg in zeolite 5A, the difference in adsorption energy between CoHy
and C,Hg in zeolite 5A is larger than that in ITQ-29, 13.3 vs. 6.2 k] /mol, which is responsible
for the competitive occupation of adsorption sites by C,Hy over C;Hg in zeolite 5A. The
adsorption energies of CoHy and CyHg in zeolites ITQ-29 and 5A calculated in this work,
without zero-point energy (ZPE) and vibration enthalpy calibration, are comparable to the
experimentally measured adsorption enthalpies reported in references [46—48], indicating
that physisorption dominates the adsorption behavior. The adsorption energies/enthalpies
in zeolite 5A in this work and reference [48] are more negative than those in reference [47],



Separations 2025, 12, 146

7 of 18

since the adsorption enthalpy is influenced by the relative amounts of Ca?* and Na* cations
and when their amounts are similar, the adsorption enthalpy is more negative [48].

(B1) (B2)

Figure 2. Adsorption structures of C;H,; and C,Hg molecules in zeolites ITQ-29 (A1,A2) and 5A
(B1,B2). Spheres: yellow (Si), red (O), pink (Al), green (Ca), gray (C), and white (H). Only the
6-membered rings near the adsorbate molecules in the zeolite cells are shown in the figure, and the
distances between each C atom of the molecules and its proximal O atom in host 6-membered ring of
zeolite ITQ-29 or 5A and the minimal distances between C and Ca atoms in zeolite 5A are shown.

Table 1. Adsorption energies/enthalpies of C,Hy and C,Hj in zeolites ITQ-29 and 5A.

Adsorbent Adsorbate Adsorption Energy/Enthalpy (kJ/mol) Source
1TQ-29 CoHy —27.7 This work
1TQ-29 C,oHg —21.5 This work

5A CyHy —45.6 This work
5A CoHg —-32.3 This work
ITQ-29 C,H, —257 [46]
ITQ-29 CyHg —23.0 [46]
5A CoHy —33.5 [47]
5A C,Hg —27.6 [47]
5A CyHy —59.0 [48]
5A CyHg —37.0 [48]

3.2. Adsorption Isotherms

The single-component isotherms of C;Hy and C;Hg adsorption in zeolites ITQ-29
and 5A at different temperatures are shown in Figure 3 and the Langmuir model [49]
provides excellent agreement with the adsorption data (Table S8, adj.—R? > 0.999). As the
temperature increases, both loadings of CoHy and CyHg in the zeolites decrease sharply,
and the loading differences between C,Hy and CyHjy also decrease, which indicates that
a low temperature is favorable for the adsorptive separation of C;Hy and CyHg. As
pressure increases, both loadings of CoHy and CyHg in the zeolites increase rapidly at low
pressures owing to abundant adsorption sites, while the loadings approach asymptote at
high pressures due to the progressive saturation of adsorption sites. Moreover, the loadings
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Loading (molecules/a-cage)

Loading (molecules/a-cage)

in zeolite 5A are higher than in zeolite ITQ-29. This difference is attributed to their distinct
chemical compositions. Zeolite 5A contains Ca?* and Na* cations, which enhance the
adsorbent—adsorbate interactions through intensifying electrostatic interactions. In contrast,
pure silica zeolite ITQ-29 lacks such cations, leading to weaker interactions dominated by
van der Waals forces. This indicates that the exchangeable cations play a pivotal role in
enhancing adsorption loadings in the zeolite.

8

Zeolite ITQ29 ——273 K —— 298 K ——323K Zeolite ITQ-29
C,H,

C,H,

373 K ——423 K

Loading (molecules/a-cage)

0 - T T T T

40 60 80 100 0 20 40 60 80 100

Pressure (kPa) Pressure (kPa)

(A1) (A2)

Zeolite 5A
C,H,

Zeolite SA
C,H,

Loading (molecules/a-cage)

T 0 T T T T T
40 60 80 100 0 20 40 60 80 100

Pressure (kPa) Pressure (kPa)
(B1) (B2)

Figure 3. Adsorption isotherms of C;H, and CpHjy in zeolites ITQ-29 (A1,A2) and 5A (B1,B2) at
different temperatures. The data points are from GCMC simulations, and the solid lines represents
the fittings of the data using the Langmuir model.

The adsorption isotherm for the mixture is affected by the ratio of C;Hy to CoHg, as
shown in Figures S18 and S19. The C;H4 loading increases when the C,Hy proportion rises
in the mixture. Both loadings of C;H4 and C;Hg are higher in zeolite 5A than in ITQ-29
due to the stronger interactions of gas molecules with zeolite 5A.

The energy distribution profiles for C,Hy and CyHg adsorption in zeolites ITQ-29 and
5A at different temperatures are shown in Figure 4. The energy distribution exhibits the
characteristics of single-site-dominated adsorption. As temperature increases, the curves
shift to less negative energies, reflecting the weakening of the adsorption strength. This
trend is consistent with the observed temperature-dependent adsorption isotherms, where
a low temperature is favorable for gas adsorption. Moreover, the energies are more negative
in zeolite 5A than in ITQ-29, as shown in Figure S20, which is attributed to the presence
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of Ca?* and Na* cations in zeolite 5A, enhancing interactions with the molecules through
molecular polarization and subsequent electrostatic reinforcement.

0.8 0.8
Zeolite ITQ-29 — 273K Zeolite ITQ-29
C,H, — 298 K C,H;
— 323K
0.6 — 373 K 0.6
— 423K
S S
a, 0.44 o 0.4-
0.2 0.2 1
0.0 T 0.0 T T
—40 -32 —24 -16 -8 —40 -32 —24 -16 -8
Energy (kJ/mol) Energy (kJ/mol)
(A1) (A2)
0.8 0.8
Zeolite SA Zeolite SA
C,H, C,H,
0.6 0.6 -
S S
a, 0.44 & 0.4-
) ) k
0.0 T T 0.0 f T
—40 -32 —24 -16 -8 —40 -32 —24 -16 -8
Energy (kJ/mol) Energy (kJ/mol)
(B1) (B2)

Figure 4. Energy distribution profiles for Co;H4 and C,Hg adsorption in zeolites ITQ-29 (A1,A2) and
5A (B1,B2) under 101 kPa at different temperatures. The y-axis represents the probability density,
P (E) (a.u.), which is normalized to unity. More negative energies represent stronger adsorbent—
adsorbate interactions.

3.3. Diffusion Coefficients and Activation Energies

The diffusion coefficient is affected by the molecular loading in zeolite, as shown in
Figure S21. With the increase in loading from 0.5 to 2.0 molecules/x-cage in zeolite 5A,
the diffusion coefficient significantly decreases, and with a further increase in the loading,
the coefficient almost remains constant. Therefore, simulations with 2.0 molecules/ x-cage
were performed for the further study of molecular diffusion in this section. The diffusion
coefficients of C;Hj in zeolite 5A at different temperatures derived from the simulations
using the LAMMPS software with CVFF forcefield are similar to the coefficients from the
simulations using the Forcite module in the Materials Studio software (COMPASSII and
CVFF forcefields), as listed in Table S9. The diffusion coefficients of CoHy are higher than
C,Hg at the same temperatures in both zeolites, as shown in Table 510, which is attributed
to the smaller molecular size of CoHy (minimum cross-section 3.30 x 4.20 A) than C,Hg
(minimum cross-section 3.90 x 4.18 A) [50]. In zeolite 5A, both diffusion coefficients of
CyHy4 and CyHg are much higher than in zeolite ITQ-29 at the same temperatures, which is
ascribed to the larger 8-membered ring windows of a-cages in zeolite 5A than in ITQ-29
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(4.21 vs. 4.15 A [51]). As the temperature increases, the diffusion coefficients for CoHy and
CyHg in zeolites ITQ-29 and 5A all increase.

The Arrhenius plots of the natural logarithm of the diffusion coefficients (In D) versus
inverse temperature (1/T) for CoHy and CyHg in zeolites ITQ-29 and 5A are shown in
Figure 5. The activation energy of C,Hy diffusion is smaller than that of C;Hg in both
zeolites, indicating that CoHy diffusion is less temperature sensitive. In zeolite 5A, both
activation energies of C;H, and CyHg are smaller than in zeolite ITQ-29. Moreover, the
activation energy presents an inverse relationship with the diffusion coefficient. C,Hy4
exhibits smaller diffusion activation energy than C,Hg in both zeolites and higher diffusion
coefficient in zeolite 5A than in ITQ-29, suggesting that zeolite 5A is a better adsorbent than
ITQ-29 for the adsorptive separation of C;H4 over C;Hg at a lower temperature.

-20 -18
Zeolite ITQ-29 = CH, Zeolite SA
® C,H, E, =3.05 kJ/mol
224 W----. -, 5
Rl R TS . -194 m--._. - Adj. R*=0.952
E, =4.54 kJ/mol B Y weee x
244 Adj.R2=0969 | 1 T "
S _Q o---_.
= = 207 IR LT .. ___
—26 E,=3.57 kJ/mol e .
o ___ N Ea =7.88 kJ/mol 1 Adj. RZ =0.964 [ ]
I Adj. R?=0.982
- .
e
=30 T T -22 T T
0.0020 0.0025 0.0030 0.0035 0.0020 0.0025 0.0030 0.0035
1T (K™ 1T (K™
(A) (B)

Figure 5. Arrhenius plots of In D versus 1/T for C;H, and CHj in zeolites ITQ-29 (A) and 5A (B).
The data points are derived from simulations, and the dashed line represents the linear fit of the data.
The linear fittings yield high adj.—R? values, indicating a strong correlation between the In D and
1/T. The activation energy E, equals the slope of the fitted line multiplied by the negative value of
the universal gas constant.

3.4. Adsorption Kinetics

In single-gas adsorption, the uptakes of C;Hs and CyHg in zeolites ITQ-29 and 5A
are shown in Figure 6, based on the simulation of gas molecules diffusing from the gas
reservoir into the solid slab of the supercell surface models. In zeolite ITQ-29, the C;Hy
uptake increases rapidly until 2 ns, followed by a slow increase due to the depletion of
CyHy molecules in the gas reservoir. Interestingly, the CoHg uptake remains negligible
throughout the simulation, indicating that C;Hg molecules are sterically excluded by the
small pore windows of zeolite ITQ-29. In zeolite 5A, the C;H, uptake increases sharply
within 1 ns and achieves equilibrium at 2 ns, while C,Hg uptake increases slowly and
achieves equilibrium at 3 ns. At 5 ns, the CoHy uptake is higher than C,Hg in zeolite 5A
(98 vs. 88 molecules per supercell), which is consistent with the adsorption isotherm
analysis (Figure 3). In both zeolites, the uptake of C;Hj is faster than C,Hg and zeolite 5A
exhibits faster adsorption for both gases than ITQ-29, which is attributed to the smaller
molecular size of C;Hy than CyHg and the larger pore window size of zeolite 5A than
ITQ-29; it aligns with the diffusion coefficient trends (Table 510).
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Figure 6. Uptakes of C;H, and CyHjg in zeolites ITQ-29 (A) and 5A (B) during single-gas adsorption
at 298 K. In the simulation, initially there are 100 C;H, or C;Hg molecules in the gas reservoir of the
supercell surface model before adsorption starts. Following the simulation, the molecules that enter
the solid slab are counted as uptake. At 5 ns, the ideal selectivity (uptake ratio) of C;Hy/CyHg in
zeolite ITQ-29 is 43.2, and that in zeolite 5A is 1.11.

The zeolite ITQ-29 exhibits higher ideal selectivity of C;Hs/CyHg (43.5 at 5 ns) than
zeolite 5A (1.11). However, its sluggish growth in C;H, uptake, especially in the internal
region (Region 2, Figure S22) of the zeolite, as shown in Figure S23, suggests that zeolite
ITQ-29 is not an excellent adsorbent for C;H4/CyHg separation. Zeolite 5A exhibits a
higher C,Hy uptake although its C;Hy /CyHg selectivity is low. Here, the ideal selectivity
(1.11 at 298 K) is close to the value in reference (1.41 at 288 K) [52], which also validates
the molecular dynamics simulations in this work. To improve the adsorption selectivity in
zeolite 5A, the surface of the zeolite was modified with MPA to add a sieving layer that
enables C;Hy4 molecules to preferentially permeate.

In mixture adsorption, the uptakes of CoHy and CyHg in zeolite 5A from equimolar
binary mixture are shown in Figure 7. In the binary system, the C;H, uptake is similar
to that observed in single-gas adsorption, while the C,Hg uptake is inhibited due to
competitive adsorption of C;Hy. When the adsorption sites are occupied by C,Hy molecules
which processes fast diffusion rate and strong affinity for the zeolite, it is difficult for C;Hg
molecules to displace the adsorbed C,H4 molecules although there are still many CyHg
molecules in the gas reservoir, and therefore it results in lower C,Hg uptake. At 5 ns,
the C,Hy4/CyHg selectivity in the mixture adsorption increases to 2.72, whereas the ideal
selectivity in single-gas adsorption is only 1.11, demonstrating the role of competitive
adsorption in enhancing selectivity.

The uptakes of C;H4 and CyHjg in zeolite 5A for the 20:80 and 80:20 mixtures are
shown in Figure S24. For a 20:80 mixture, 95% of C;H4 molecules are adsorbed in zeolite
5A (Figure S24A), whereas for an 80:20 mixture, only 23% of C;Hg molecules are adsorbed
(Figure S24B). This indicates that C;H4 maintains its preferential adsorption over C;Hg
across varying feed compositions.

In displacement adsorption, the uptakes of Co;Hy and CyHg in zeolite 5A are shown
in Figure 8. When C,Hg molecules are pre-adsorbed in the zeolite, the C;Hs molecules in
the gas reservoir rapidly enter the zeolite and displace the pre-adsorbed C;Hg molecules.
At 6 ns, 63% of pre-adsorbed C;Hg molecules are displaced by C;H4 molecules, and then
the system achieves dynamic equilibrium, as shown in Figure 8A. In reverse, when the
C,H, molecules are pre-adsorbed, the C,Hg uptake increases gradually and stabilizes at
38 molecules per supercell, as shown in Figure 8B, where the C;Hg molecules adsorb on
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the vacant sites left after C;H, adsorption while not displacing the pre-adsorbed CyHy
molecules. Moreover, there is no significant CoHy desorption into the gas reservoir, indicat-
ing its stronger affinity for the zeolite as discussed in the adsorption energy calculations
and mixture adsorption. The displacement adsorption phenomenon was also observed in
experimental measurements [53,54].
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Figure 7. Uptakes of C;Hy and CyHg in zeolite 5A during equimolar binary mixture adsorption at
298 K. In the simulation, initially there are 100 C;H,4 and 100 C,Hg molecules in the reservoir of the
supercell surface model before the adsorption starts. Following the simulation, the molecules that
enter the solid slab are counted as uptake. At 5 ns, the Co;Hy/CyHg adsorption selectivity in zeolite
5A is 2.72 for the equimolar binary mixture.
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Figure 8. Uptakes of C;H, and CyHg in zeolite 5A during displacement adsorption at 298 K. In the
simulation, initially there are 100 C,Hg molecules in the slab and 100 C;Hs molecules in the gas
reservoir of the supercell surface model (A) or 100 C;Hy molecules in the slab and 100 C;Hg molecules
in the gas reservoir (B) before the adsorption starts. Following the simulation, the molecules in the
gas reservoir may displace the molecules pre-adsorbed in the solid slab.

3.5. Surface Modification

In single-gas adsorption, the uptakes of CoHy and CyHg in zeolite 5A with different
coverages of MPA at 5 ns are shown in Figure 9, and the uptake kinetics curves are presented
in Figure S25. With the increase in MPA coverage on the zeolite, the decrease magnitude of
CyHg uptake is larger than CoHy. At 25% coverage, the CoHy uptake is nearly unaffected
compared with the uncoated zeolite, while the C,Hg uptake decreases significantly. This
indicates that the diffusion of C;Hg molecules passing through the MPA layer is strongly
hindered due to the larger molecular size of CoHg than C;Hy. At 50% coverage, the CoHy
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uptake remains nearly unaffected, while the C;Hg molecules are almost sterically excluded,
where the MPA layer exhibits a sieving effect on the C;Hg molecules. At 75% coverage,
CyHy uptake is small and CyHg uptake becomes undetectable. For efficient separation,
the optimal MPA coverage on zeolite 5A is 50%, by which the ideal selectivity reaches
29.7 at 5 ns and the C,H,4 uptake remains high. This demonstrates the efficacy of surface
modification on the zeolites in tuning the separation of CoH4 and CyHeg.

100 - 99 98 - C2H4
3 %6 89 3 ¢.H,
2
2 80
=
2
kS
2 60
3 52
=)
E
5 40
i~
8
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= 20
10
0 > . 0
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Figure 9. Uptakes of C;H4 and CyHg in zeolite 5A with different coverages of MPA in single-gas
adsorption at 5 ns and 298 K.

In equimolar binary mixture adsorption, the uptakes of C;Hs and CyHg in zeolite
5A with 50% coverage of MPA are shown in Figure 10. In the binary system, the C;Hy
uptake readily increases, similar to that in single-gas adsorption (Figure S25A), while
the C,Hg¢ uptake is low although there are many molecules in the gas reservoir. At 5 ns,
the C,H4/CyHg selectivity in mixture adsorption is 17.5. The C;Hy4 uptake in the cen-
tral region of the zeolite increases rapidly with the progress of adsorption, as shown in
Figure 526, indicating that the MPA coating tunes the diffusion of C;H,; molecules from
the gas reservoir into the zeolite while not perturbing the molecular diffusion within
the zeolite.

100

80

60

40

Uptake (molecules/supercell)

20
C,H,

0 1 2 3 4 5
Time (ns)

Figure 10. Uptakes of CoHy and CyHg in zeolite 5A with 50% coverage of MPA during equimolar
binary mixture adsorption at 298 K. In the simulation, initially there are 100 Co;H, and 100 C,Hg
molecules in the reservoir of the supercell surface model before the adsorption starts. At 5 ns, the
CpH4/CyHg adsorption selectivity in zeolite 5A with 50% coverage of MPA is 17.5 for the equimolar
binary mixture.
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Uptake (molecules/supercell)

In displacement adsorption, the uptakes of C;Hy and CyHj in zeolite 5A with 50%
coverage of MPA are shown in Figure 11. When C,Hg molecules are pre-adsorbed in the
zeolite, the CoHy molecules in the gas reservoir displace the pre-adsorbed C;Hg molecules
progressively although the process is slow compared with that in uncoated zeolite 5A,
in which the displacement has not completed even after 10 ns (Figure 11A). In reverse,
when the C,H,4 molecules are pre-adsorbed, the MPA coating effectively excludes the C,Hg
molecules; the C;Hy4 uptake does not change throughout the simulation, demonstrating
that the MPA coating prevents the C;Hy molecules from escaping the solid slab (Figure 11B).
This indicates that the MPA coating tunes the molecular diffusion rate across the coating
layer while preserving the competitiveness of CoHy over C,Hg on the adsorption sites,
enabling the small molecules to preferentially permeate [55].
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Figure 11. Uptakes of C;Hy and CyHg in zeolite 5A with 50% coverage of MPA during displace-
ment adsorption at 298 K. In the simulation, initially there are 100 C;Hg molecules in the slab and
100 C,Hy4 molecules in the gas reservoir (A) or 100 CoHy molecules in the slab and 100 Co;Hg molecules
in the gas reservoir (B) before the adsorption starts.

4. Conclusions

According to the DFT calculations, the adsorption energies of gas molecules in zeolite
5A are more negative than in ITQ-29, and the difference in adsorption energy between C,Hy
and CyHg in zeolite 5A is significantly larger than that in ITQ-29, which is attributed to the
exchangeable cations, facilitating strong interactions with CoHy molecules through atomic
orbital hybridization. According to the molecular dynamics simulations, zeolite ITQ-29
demonstrates high CoHs/CyHjg ideal selectivity (up to 43.5 at 5 ns) while exhibiting slow
CyHy uptake due to its small pore windows, which hinder C,Hg uptake but inadvertently
suppress CoHy uptake. Zeolite 5A facilitates faster diffusion of C;H4 molecules and
exhibits a modest C;Hy/CyHy selectivity of 2.72 at 5 ns in binary mixture adsorption.
MPA is introduced onto zeolite 5A to add a sieving layer that enables C,H4 molecules to
preferentially permeate, by which it reduces the C;Hg uptake significantly while preserving
the C;Hy uptake efficiency. The optimal coverage of MPA is 50%, yielding a CoH4/CyHg
selectivity of 17.5 at 5 ns in mixture adsorption. The displacement adsorption demonstrates
that CoHy possesses stronger affinity for the zeolite and readily displaces pre-adsorbed
CyHg. These findings provide insights on designing high-performance adsorbents for the
separation of olefins and alkanes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations12060146/s1. Figure S1: oblique view of the struc-
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tural model of zeolite 5A; Figure S2: adsorption isotherms of CoHy at 298 K in zeolite 5A simulated
with different atomic charges; Figure S3: top view (A) and front view (B) of the supercell surface
model of zeolite ITQ-29; Figure S4: top view (A) and front view (B) of supercell surface model of un-
coated zeolite 5A; Figure S5: top view (A) and front view (B) of supercell surface model of zeolite 5A
fully coated with MPA; Figure S6: top view of 25% (A), 50% (B), 75% (C), and 100% (D) MPA-coated
zeolite 5A; Figure S7: adsorption isotherms of C;Hy at 298 K in zeolite 5A simulated with different
force fields; Figure S8: adsorption isotherms of C;Hy at 298 K in zeolite 5A simulated with different
cutoff distances for van der Waals interactions; Figure S9: adsorption isotherms of C;Hy at 298 K in
zeolite 5A simulated with different equilibrium steps; Figure S10: energy distribution profiles for
CpHy adsorption at 298 K in zeolite 5A simulated with different production steps; Figure S11: adsorp-
tion isotherms of C;H,4 and CyHg in zeolite ITQ-29 with CVFF forcefield at different temperatures;
Figure S12: uptakes of C;Hg in zeolite 5A simulated at different temperatures; Figure S13: uptakes
of C;Hg at 298 K in zeolite 5A simulated with different numbers of molecules in the gas reservoir;
Figure S14: uptakes of CoHg at 298 K in zeolite 5A simulated with different simulation timescales;
Figure S15: uptakes of C;Hg at 298 K in zeolite 5A simulated with different supercell surface model
thicknesses; Figure S16: partial density of states (PDOS) of the C atoms of C;Hy (A) and CoHg (B)
proximate to the 6-membered ring and the closest O atoms in host 6-membered ring of zeolite ITQ-29;
Figure S17: partial density of states (PDOS) of the C atoms of C,Hy (A) and C,Hg (B) proximate
to the 6-membered ring, the Ca atom near the 6-membered ring, and the closest O atoms in host
6-membered ring of zeolite 5A; Figure S18: adsorption isotherms for different C,H4/CyHg mixtures
(20:80, 40:60, 60:40, and 80:20) in zeolite ITQ-29 at 298 K; Figure S19: adsorption isotherms for different
CyH, /CyHg mixtures (20:80, 40:60, 60:40, and 80:20) in zeolite 5A at 298 K; Figure S20: energy distribu-
tion profiles for C;Hy and C,Hg adsorption in zeolites ITQ-29 (A) and 5A (B) under 101 kPa at 298 K;
Figure S21: diffusion coefficients for C;H4 and CyHg at 298 K in zeolite 5A with different loadings;
Figure S22: schematic of the region division of the slab; Figure S23: C,H,4 uptakes in different regions
of zeolites ITQ-29 (A) and 5A (B) during single-gas adsorption at 298 K; Figure S24: uptakes of C;Hy
and CyHg for mixtures (20:80 and 80:20) in zeolite 5A at 298 K; Figure 525: CoHy (A) and CoHg
(B) uptakes in zeolite 5A with different coverages of MPA during single-gas adsorption at 298 K;
Figure S26: C,Hy4 uptakes at 298 K in different regions of zeolite 5A with 50% coverage of MPA;
Figure S27: front view (A) and top view (B) of adsorption structure of C,Hg molecules in ze-
olite ITQ-29. Table S1: atomic coordinates of zeolite ITQ-29; Table S2: atomic coordinates of
zeolite 5A; Table S3: average Hirshfeld atomic charges of adsorbents derived from DFT cal-
culations; Table S4: electrostatic energies (kJ/mol) and loadings (molecules/«x-cage) of CoHy
and CyHg in zeolite 5A at 298 K and 100 kPa with different charges; Table S5: average Hir-
shfeld atomic charges of adsorbates derived from DFT calculations; Table S6: adsorption en-
ergies of CoHg molecules in zeolite ITQ-29 with different loadings; Table S7: adsorption ener-
gies of light hydrocarbons in zeolite 5A at zero surface coverage; Table S8: adsorption parame-
ters of the Langmuir model* for C;Hy adsorption in zeolite 5A; Table S9: diffusion coefficients
(m?/s) of C,Hy in zeolite 5A at different temperatures derived from simulations using differ-
ent forcefields; Table S10: diffusion coefficients of CoHy and CyHg in zeolites ITQ-29 and 5A at
different temperatures.
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