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In recent years, a large number of researches on polymeric membranes for CO,
separation have been conducted because membrane is a key technology for gas separation
with high performance and low cost. Especially CO, separation membrane is expected to
develop the alternative energy source of fossil fuel and to solve global warming through
Carbon dioxide Capture and Storage (CCS). Aromatic polyimides have been of particular
interest in gas separation membranes because of their excellent mechanical and thermal
properties, and high gas permeability and selectivity. Almost all polyimides are linear
polyimides, and there is very few research on gas separation of hyperbranched polyimides
(HBPI). HBPIs can be also synthesized from the polymerization reaction of a dianhydride
monomer and a triamine monomer.

Organic-inorganic hybrid materials have been extensively studied because the newly
combined materials offer the advantages of both properties of a polymer (e.g., flexibility,
dielectricity, ductility, and processability) and an inorganic material (e.g., rigidity,
thermal stability). Synthesizing polyimide-silica hybrid materials and investigating their
physical and gas transport properties have also received much attention.

In this study, HBPI-silica hybrid membranes with various structures were prepared and
their physical and gas transport properties were investigated to clarify the
structure-property relationship and gas transport mechanism.



In Chapter 2, HBPI membranes with various structures were prepared using four kinds
of dianhydride monomers; pyromellitic dianhydride (PMDA) :
3,3',4,4'-biphenyltetracarboxylic dianhydride (BPDA), 4,4’-(hexafluoroisopropylidene)
diphthalic anhydride (6FDA), and 4,4’-oxidiphthalic anhydride (ODPA) and
1,3,5-tris(4-aminophenoxy)benzene (TAPOB) by polycondensation reaction of A, + B;
monomer system. 6FDA based HBPI membranes demonstrated the highest gas
permeability and relatively high CO,/CH,4 selectivity due to the high fractional free
volume (FFV) and the appropriate pore size.

In Chapter 3, the effect of the degree of terminal modification was investigated. A part
of the molecular terminals of HBPIs were modified with a silane coupling agent to
enhance the compatibility between HBPI and silica, and thereby to improve the
dispersibility of silica element. The mobility of HBPI molecular chains decreased in the
rubbery region and the free volume holes of HBPI increased in the glassy region with
increasing the degree of modification. Consequently, the gas permeability coefficients of
HBPI-silica hybrid membranes increased with increasing the degree of modification.

In Chapter 4, dianhydride-terminated (DA-) and amine-terminated (AM-) HBPI-silica
hybrid membranes were prepared and their physical and gas transport properties were
investigated to clarify the influence of molecular terminal groups. The gas permeability
coefficient of the pristine AM-HBPI without silica was higher than that of pristine
DA-HBPI. In addition, the gas permeability and CO,/CH, permselectivity of DA- and
AM-HBPI-silica hybrid membranes increased with increasing silica content. Especially,
CO,/CH,4 permselectivity of AM-HBPI-silica hybrid membranes remarkably increased
with increasing silica content. This behavior was probably due to the characteristic
distribution and interconnectivity of free volume holes created by the incorporation of
silica and the high affinity of hydroxyl groups remaining in the silica domain to CO..

In Chapter 5, asymmetric HBPI-silica hybrid membranes were prepared and their
physical and gas transport properties were investigated, comparing with those of
symmetric HBPI-silica hybrid membranes. Asymmetric HBPI was more linear than
symmetric HBPI because the degree of branching was low. The dispersibility of silica
components in asymmetric HBPI-silica hybrids was not as fine as in symmetric
HBPI-silica hybrids. As a result, the long and tortuous diffusion path formed by
hybridization with silica caused decreasing of gas permeability.

In Chapter 6, the gas transport mechanism in HBPI-silica hybrid membranes was
discussed. The structures of HBPI-silica hybrid membranes are different depending on the
preparation method (hybrid or composite) and the silica source (sol-gel reaction or
colloidal silica). The gas transport could occur through the porous silica network derived
from sol-gel reaction having a molecular sieving effect and/or through the narrow



interfacial region between silica components and organic matrix. Therefore, It is
concluded that the high permeability and CO,/CH,4 permselectivity in HBPI-silica hybrid
membranes were controlled by the narrow interfacial region and the pore size of silica
network.

In Chapter 7, nanostructures of HBPI-silica hybrids were examined by several methods
to clarify the gas transport mechanism. From the relationship between FFV and gas
diffusivity, it was confirmed that the larger the FFV was, the larger diffusion coefficient
was. The diffusion path was found to be formed inside silica domain of the HBPI-silica
hybrid membranes from the measurements of nitrogen adsorption isotherms, wide angle
X-ray diffractometry (WAXD), and positron annihilation lifetime spectroscopy (PALS).
The linear correlation was found between the d-spacing determined from WAXD and the
average diameter of free volume holes estimated from PALS.

Finally, in Chapter 8, the influence of the molecular structure on the stability of gas
transport property of polyimide-silica hybrid membranes treated with CO, gas was
investigated. 6FDA based polyimides have relatively high stability of gas transport
property even after CO, treatment. Hybridization with silica was also effective to stabilize
against CO, treatment.

In this thesis, several types of HBPI-silica hybrid membranes were prepared and their
physical and gas transport properties were investigated, and the structure-property
relationship of hyperbranched polyimide-silica hybrid membranes was elucidated. The
high permeability and CO,/CH, permselectivity in HBPI-silica hybrid membranes
resulted from the high FFV and the characteristic hyperbranched and hybrid structures. In
addition, the gas transport mechanism in HBPI-silica hybrid membranes was proposed.
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