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The construction and development of advanced membranes that can simultaneously demonstrate high
permeance and selectivity and robustness, is significantly important for high-performance C02
separations in potentially industrial applications (e.g. C02 removal from flue gas).

We developed a series of polymer-silica hybrid materials/membranes with
interpenetrating dual-network structure. The amine-containing hydrophilic polymers were selected to
form the first flexible network while bridged type, hydrophilic organosilica precursors were adopted

to form the second rigid network. Effects of polymer type, organosilica source, and catalysis
species on the formation of dual-mode hybrid network structure regarding structure stability,
microphase separation, and gas separation properties were systematically studied. 1,2- bis
(triethoxysilyl)ethane (BTESE) and polyethylenimine (PEI) were found to be very suitable to
fabricate robust dual-network structure for CO2 separation with excellent molecular sieving effect.

These studies have been presented in several academic conferences and relative research manuscripts
have been published in Industrial & Engineering Chemistry Research.
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The ever-increasing rate of greemhouse gas emissions in the atmosphere, particularly CO;
generated from the combustion of fossil fuels, has led to serious global climate concerns.
Therefore, efficient CO, capture technologies such as absorption/adsorption of CO, sorbents,
cryogenic separation, and membrane separation, have been developed experimentally and
industrially over the past few decades. Membrane technology shows great potential and is
attracting growing attention because of the inherent advantages of emnergy-efficiency, ease of
operation and scale-up, and a small footprint (Science 2011, 332, 674—676,; Chem. Rev. 2013, 114,
1413-1492). Various materials including polymer, inorganic and the composite materials thereof
have been adopted for the fabrication of membranes for CO, capture. However, it is still
challengeable to well tune the membrane pore size and/or chemistry for high-performance
CO»/N; separation due to their similar kinetic diameters (CO-, 3.3 A; N,, 3.64 A). To overcome
this limitation, various CO,-philic moieties or molecules have been introduced to the membrane
matrix to significantly improve CO; sorption performance considering the conjugation effect of
solubility and diffusivity of the penetrating molecules that decides the gas separation performance
(as schematically shown in Fig.1). However, the membrane performance is still restricted by a
trade-off between permeance and selectivity, where high selectivity of a membrane can only be
obtained by sacrificing permeability and vice versa (Science, 2017, 356, 6343: eaab0530).
Therefore, the construction and development of advanced membranes that can simultaneously
demonstrate high permeance and selectivity and robustness, is significantly important for high-

performance CO, separations in potentially industrial applications (e.g. CO, removal from flue

gas).
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Fig. 1 lllustration of CO2 separation through a membrane.



2. WHEOHP
Conventional amine-containing polymeric membranes show advantages of high-processibility,
low-cost, and high selective permeation of CO,, however, suffer from low resistance to high
temperature and high pressure. On the contrary, amorphous silica-based membranes could exceed
such limitations of polymeric membranes. Therefore, the purpose of this proposal is to develop a
novel organosilica/polymer hybrid membrane with the interpenetrating networks (IPNs) that are
expected to overcome the limitations from each individual network (Fig. 2a and c). The main
objectives include the following:
(1) Design and synthesis of organosilica/polymer interpenetrating networks (IPNs) derived
membranes;
(i) Exploration and optimization of the microstructure of organosilica/polymer IPNs derived
membranes;
(iii) Investigation and modeling of gases, particularly CO,, transport behaviors across IPNs
derived membranes.
3. WHEDITk
Generally, CO; separation performance is mainly decided by the microstructure of membranes
and the chemistry of materials employed such as amine density and affinity to CO,. Hence, to
develop high-performance CO, separation membranes, both the selection of membrane materials
selection and the processing approaches should be well considered in this proposal. The main
points for this proposal involve the following:
(i) Design and synthesis/selection of materials
Based on our previous studies, membranes with too strong affinity to CO, (high heat of
adsorption) may restrict CO; diffusion/desorption processes, particularly at lower temperatures,
within the membrane matrix and in turn reduce CO, permeation efficiency and raise the activation
energies of permeation (Sep. Purif. Technol. 2017, 178, 232241, 178, 232-241,; J. Membr. Sci.
2017, 541, 447—456). Therefore, in this proposal, polymers with different amine densities and
chemistry will be selected to form a diffusion-dominant polymer network (Fig. 2b). In addition,

organosilica precursors with different linking -R- groups will be considered to adjust the



compatibility between organosilica derived network and polymer network.
(ii) Fabrication of membranes and optimization of the microstructures

The fabrication of organosilica/polymer IPNs derived membranes will follow a typical sol-gel
method as reported in our previous studies (ACS Appl. Mater. Interfaces 2019, 11, 7164—7173).
Generally, the organosilica network (A type) can be generated via the hydrolysis and
condensation reactions (Fig. 2b) in the presence of selected linear or branched polymers (B type
network). The organosilica/polymer IPNs would be then formed due to the interpenetration of A
type and B type networks based on a careful selection of organosilica precursors and polymers.
The microstructure of the achieved IPNs derived membranes can be primarily adjusted by the
materials selected and the mass ratio thereof. In addition, layered IPNs derived membranes with
different affinities to CO- in each layer will be also designed to investigate the effect of driving
force (chemical potential) distribution within IPNs derived membranes on CO; permeation
behaviors.
(iii) Investigation of gas permeation properties through IPNs derived membranes

The chemical and physical structures of achieved IPNs will be evaluated by Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), small angle X-ray
diffraction (SAXRD), positron annihilation lifetime spectroscopy (PALS) etc. The formation of
IPNs microstructure will be probed by the measures of element distribution, texture analysis etc.
Both single gases with various kinetic diameters (He, Ha, Ar, CO», N,, CH4, CF4, SF¢ etc.) and
binary gas mixtures (CO»/H, and CO»/N; etc.) permeation tests will be conducted on the IPNs
derived membranes at various of temperatures to probe the separation performance. Gas
permeation mechanisms within these membranes will be studied and modeling of gas transport

behaviors will be carefully performed.
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Fig.2 (a) Illustration of the structure of interpenetrating networks. (b) Chemical structures of
organosilica precursors and amine-containing polymers together with the mechanism for the
formation of organosilica network via hydrolysis and condensation reactions. (c) Illustration of
the individual organosilica network and organosilica/polymer IPNs for CO,/N; separation.
4. WHIERCR

In this project, we developed a series of polymer-silica hybrid materials/membranes with
interpenetrating dual-network structure. The amine-containing hydrophilic polymers were
selected to form the first flexible network while bridged type, hydrophilic organosilica precursors
were adopted to form the second rigid network. Effects of polymer type, organosilica source, and
catalysis species on the formation of dual-mode hybrid network structure regarding structure
stability, microphase separation, and gas separation properties were systematically studied. 1,2-
bis(triethoxysilyl)ethane (BTESE) and polyethylenimine (PEI) were found to be very suitable to
fabricate robust dual-network structure for CO2 separation with excellent molecular sieving effect.
In addition, the mixing ratio of PEI/BTESE played an important role in the stability of the dual-
network structure and gas permeation properties. These studies have been presented in several
academic conferences and relative research manuscripts have been published in Industrial &

Engineering Chemistry Research (https://doi.org/10.1021/acs.iecr.1c00872).
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