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Abstract

Natural gas, as a clean and low-carbon fossil fuel, plays a positive role in achieving carbon neutrality.
The presence of impurities such as CO; in raw natural gas compromises its usability, necessitating efficient
CO»/CHj4 separation. Membrane separation technology has garnered significant attention in CO, separation
owing to its merits of enhanced separation performance and reduced energy expenditure. In this study, we
employed the intrinsically microporous polymer PIM-1 as the polymeric matrix and designed three
functionalized metal-organic frameworks (MOFs) as fillers to fabricate mixed matrix membranes (MMMs).
These fillers were tailored to enhance three distinct membrane functions: optimization of diffusion pathways,
improvement of surface polarity, and reinforcement of chemical adsorption, thereby improving the CO»/CHa4
separation performance of the membranes from different perspectives. The main research contents are as
follows:

(1) Design and preparation of pore-functionalized MOF: Hierarchical pore channel UiO-66-NH(Zr
H>0)-PA filler, and fabrication of PIM-1/UiO-66 MMMs for CO, separation. Using Zr metal as the metal
center, 2-aminoterephthalic acid as the main ligand, and water as the auxiliary ligand, pore-functionalized
UiO-66-NHx(Zr H,0) was prepared. Then it was etched with propionic acid to form a hollow structure,
creating a microporous-mesoporous composite structure. First, the microporous-mesoporous structure of
UiO-66-NH2(Zr H,0)-PA combined with the intrinsic micropores of PIM-1 establishes hierarchical transport
pathways that enhance CO, diffusion routes within the membrane. Second, the mesoporous cavities in hollow
UiO-66-NHx(Zr H,O)-PA serve as rapid diffusion channels to reduce gas transfer resistance, while
unsaturated metal sites strengthen CO, adsorption through Lewis acid-base interactions, improving gas
selectivity. Incorporation of pore-engineered MOFs into the PIM-1 matrix boosted the separation capabilities
of MMMs. Results demonstrate that PIM-1/UiO-66-NHx(Zr H>O)-PA-5 MMMs exhibit optimal CO;
separation performance, with CO, permeability and CO»/CH4 selectivity increased by 48.7% and 69.5%
respectively compared to pristine PIM-1 membranes.

(2) Design and preparation of polarity-functionalized MOF: Polar mesoporous channel Eu-MOF filler,
and fabrication of PIM-1/Eu-MOF MMMs for CO; separation. Using non-polar Eu*" ions as metal center,
polar Hoebdc as the primary ligand, and 4,4’-bipyridine as the auxiliary ligand, the polarity-functionalized
Eu-MOF was synthesized. Hoebdc contains terminal alkynyl groups, and the Eu-MOF forms mesoporous
channels through spherical aggregation, synergistically creating polar mesoporous channels. First, the polar
mesoporous channels of Eu-MOF enhance the surface polarity of CO; diffusion pathways within the
membrane, guiding CO, molecules to undergo directional adsorption and diffusion along polar routes. This
achieves high selectivity for CO, and improves the separation performance of MMMSs. Second, the unique
mesoporous channels in Eu-MOF act as rapid diffusion pathways to reduce mass transfer resistance.
Incorporation of polarity-engineered MOFs into the PIM-1 matrix boosted the separation capabilities of
MMMs. Results demonstrate that PIM-1/Eu-MOF-3 exhibits optimal CO; separation performance, with CO»
permeability and CO»/CH4 selectivity increased by 69.4% and 52.9%, respectively, compared to pristine

Il



PIM-1 membranes.

(3) Design and preparation of carrier-functionalized MOF: Amino-hollow channel ZIF-67D filler, and
preparation of PIM-1/ZIF-67D MMMs for CO, separation. Using ZIF-67 as a template, ZIF-67 was
transformed into hollow metal - PDA (ZIF-67D) in one step through the post - synthetic modification method
to form amino hollow channels. First, the polydopamine (PDA) in ZIF-67D contains amino groups, which
act as CO; carriers and strengthen the functional groups along CO, diffusion pathways within the membrane
through Lewis acid-base interactions with CO,. In addition, ZIF-67D enhances membrane selectivity,
effectively improving the CO,/CHjy separation performance of MMMs. Second, the unique hollow structure
of ZIF-67D constructs amino-hollow channels within MMMs, reducing CO, mass transfer resistance and
further boosting separation performance. Incorporation of carrier-engineered MOFs into the PIM-1 matrix
boosted the separation capabilities of MMMs. Results demonstrate that PIM-1/ZIF-67D-5 MMMs exhibit
optimal CO; separation performance, with CO; permeability and CO,/CHjy selectivity increased by 62.8%

and 53.7%, respectively, compared to pristine PIM-1 membranes.

Key words: Gas separation membranes; intrinsically microporous polymer PIM-1; mixed matrix membranes

(MMMs); functionalized; CO; separation.
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