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Rising emissions of greenhouse gases, particularly carbon dioxide (CO,), have emerged as one of
the most critical challenges of our era, necessitating the development of efficient gas separation
technologies. Additionally, removing CO, from natural gas is critical to meeting gas transport
pipeline standards. Among various approaches, polymeric membranes have gained significant
attention as promising candidates due to their advantages such as low energy consumption and
favorable operational costs. However, the inherent limitation of these membranes in the
permeability/selectivity trade-off compromises their separation efficiency. To overcome this
challenge, mixed matrix membranes (MMMs) have been developed by incorporating inorganic
fillers into polymer matrices, demonstrating the capability to surpass the limitations of
conventional membranes. The present study investigates the performance of MMMs through
surface modification of Na-Y zeolite with ionic liquid, employing an integrated approach
combining molecular dynamics (MD) simulations and mathematical modeling, following to
understand the structure-performance relationship of the membranes and optimize morphology by
controlling the parameters affecting gas permeability and selectivity and accurately predicting gas
transport behavior. The results demonstrated that this innovative approach leads to an 89%
enhancement in CO, permeability and a 90% improvement in CO,/CHj4 selectivity.
Comprehensive analyses have identified the fundamental gas transport mechanisms through
detailed examination of adsorption energy and fractional free volume (FFV) distribution.
Furthermore, the developed Chiu-Glandt model exhibits exceptional predictive capability with
99.5% accuracy in estimating gas permeabilities. This study has established 5.0 wt% as the optimal
zeolite loading to prevent particle aggregation while maintaining membrane integrity. The
findings of this research provide fundamental insights into the structure-performance relationships
of MMMs, representing a significant advancement toward developing next-generation high-
performance membranes for CO, separation.
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Extended Abstract
1. Introduction

he increasing levels of Carbon Dioxide (CO2) in the atmosphere and the need for energy-efficient solutions for post-
I combustion separation have led to the development of advanced membrane materials. Mixed-matrix membranes
(MMMs), which combine a high-performance polymer with porous inorganic fillers, present a promising method to
improve gas permeability and selectivity. However, practical advancements are often limited by problems such as poor
compatibility between the polymer and filler, aggregation of the fillers, and defects at the interface. To address these challenges,
it is advisable to modify zeolite fillers using ionic liquids (ILs) and to meticulously control the quantity and distribution of the
fillers. This study uses molecular dynamics (MD) simulations to analyze how IL-modified Na-Y zeolite fillers in a polyimide
(PT) matrix affect gas sorption, diffusivity, and the resulting permeability and selectivity for CO2, CH4, and N2.

2. Methodology

The methodology consisted of developing all-atom MD models for two distinct membrane systems: the pure PI, and
incorporating Na-Y/IL, with filler loadings approximately at 5.0 wt%. These models were simulated using a specific software
package to assign charges and perform equilibration under certain conditions, with simulations running for five nanoseconds.
Low partial pressures of CO2, CHs, and N2 were used for gas sorption calculations, and various MD model results were
employed to contrast the MD predictions with theoretical outcomes.

3. Results and Discussion

Results showed that using IL-modified Na-Y in the PI matrix increases the membrane's free fractional volume (FFV),
which is favorable for gas transport. This occurs due to disruptions in the polymer's structure and the creation of additional free
volume around the zeolite cages. MD simulations indicated that uniformly distributed Na-Y/IL fillers enhance the connectivity
of free volume and facilitate gas transport. In contrast, excessive loading can lead to pore blockage or aggregation, which
diminishes the effective accessible free volume.

The MD simulations revealed that COz interacts more strongly with the polymer and IL-modified zeolite surfaces than No,
due to favorable interactions. This increased interaction leads to higher solubility for CO: in the presence of the IL. Diffusion
results also showed that the diffusivity of CO2 is higher than that of CHa4 and N2. The presence of Na-Y/IL significantly
increases both solubility and diffusivity for COz, improving overall CO2 permeability by nearly 89% under optimal conditions.
When the filler loading is suitable, the selectivity for CO2 compared to CH4 and Nz is preserved; however, an excessive loading
may result in diminished performance due to the presence of defects and voids.

The study compared various permeability models and found that while some models represent general trends in filler
loading, they may diverge when filler-polymer interactions become more complex. Models that account for interphase
characteristics show a closer match to MD-derived permeabilities, highlighting the importance of these factors for accurate
predictions.

4. Conclusion

The MD simulations of PI-based MMMs with IL-modified Na-Y demonstrate that such modifications increase CO2
sorption and free volume while improving compatibility. This leads to substantial gains in permeability and selectivity for CO2
at moderate filler levels. The results underscore the importance of filler dispersion, structure, and size in enhancing membrane
performance. Additionally, the integration of MD simulations with effective-medium models provides a valuable predictive
framework for designing future MMMs for COz separation.
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