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Membrane technology offers an energy-efficient and compact alternative to conventional thermally driven
separation processes. However, polymeric membranes are limited by the permeability—selectivity trade-off,
plasticization under high-pressure conditions, and physical aging. To overcome these limitations, two prom-
ising classes of silica-based membranes have emerged: (1) amorphous silica membranes fabricated via sol-gel or
chemical vapor deposition (CVD), and (2) hybrid and composite membranes incorporating polyhedral oligomeric
silsesquioxanes (POSS) or ladder-like polysilsesquioxanes (LPSQ) into polymer matrices. This review provides a
comprehensive comparison of these silica-based membrane platforms, with a focus on their structur-
e-performance relationships and application-specific advantages. In polysilsesquioxane (PSQ)-based systems,
blending, copolymerization, and crosslinking strategies are shown to improve permeability, interfacial
compatibility, and plasticization resistance. In contrast, amorphous silica membranes benefit from rigid Si-O-Si
networks that enable molecular sieving, with pore size and connectivity tailored through parameters such as
precursor type, pH, dopant addition, and thermal treatment. By consolidating recent progress in both material
classes, this review highlights the critical role of molecular-level structural control in achieving targeted gas
separation performance and offers a design-oriented perspective on the development of scalable, robust hybrid
membranes for industrial separations, including low-pressure CO capture and high-temperature H purification.

(1) the development of organic-inorganic hybrid membranes using
siloxane-based additives, particularly polysilsesquioxanes (PSQs), and

1. Introduction

Membrane technology offers an energy-efficient and compact alter-
native to conventional thermally driven separation processes such as
cryogenic distillation, pressure swing adsorption, and chemical scrub-
bing [1-4]. However, polymeric membranes face inherent challenges,
including the permeability-selectivity trade-off [5], plasticization under
high-pressure exposure to condensable gases [6-8], and physical aging
arising from polymer chain densification [8,9].

Two complementary strategies have emerged to address these issues:
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(2) the fabrication of amorphous silica molecular sieve membranes,
mainly through sol-gel and chemical vapor deposition (CVD) methods.
PSQs are organic-inorganic hybrid materials with the general formula
[RSiO; 5]n, where R denotes an organic group [10-14]. Their structural
diversity—including randomly branched (RSQ), cage-like (POSS), and
ladder-like (LPSQ) architectures—makes them ideal candidates for
tuning membrane properties such as permeability, plasticization resis-
tance, and mechanical strength (Fig. 1) [15-18]. POSS nanoparticles,
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due to their nanometer-scale size (1.5-3 nm) and functional tunability
(e.g., mono-, di-, and multifunctional forms), have been widely inves-
tigated as fillers or crosslinkers in polymer matrices, enabling enhanced
free volume and structural rigidity (Fig. 2) [19-22]. LPSQs, in partic-
ular, possess a double-stranded siloxane backbone that increases chain
rigidity and suppresses aging and plasticization. These PSQs can be
incorporated via blending, copolymerization, or cross-linking, often
using tailored organic functionalities to ensure compatibility with
diverse polymer matrices.

On the other hand, amorphous silica membranes prepared via sol-gel
or CVD exhibit intrinsic molecular sieving characteristics [23-28].
These inorganic membranes offer advantages such as high thermal sta-
bility, tunable microporosity, and excellent chemical resistance, making
them particularly suitable for high-temperature and harsh chemical
environments. Fine-tuning their pore size, connectivity, and network
structure is achieved through careful control of synthesis con-
ditions—including precursor selection, hydrolysis/condensation ratios,
calcination temperature, and doping with metal ions or organic tem-
plates [29-33]. These advancements have extended the operating en-
velope of silica membranes and improved their selectivity for various
gas pairs (e.g., Ho/CH4, CO2/Nyo), although challenges related to hy-
drothermal stability and scalability remain active areas of research
[34-37].

In this review, we aim to provide a comprehensive overview of silica-
based membranes for gas separation, covering both (1) PSQ-containing
composite membranes, where tailored organic-inorganic interfaces
enable improved mechanical and transport properties, and (2) amor-
phous silica molecular sieve membranes, where the inorganic frame-
work offers inherent size-selective transport under harsh conditions. The
review is organized to highlight the structure-performance relationships
of PSQs (with emphasis on POSS and LPSQ) and their integration stra-
tegies with polymer matrices, as well as recent advances in amorphous
silica membrane synthesis, doping, and performance tuning. Particular
attention is paid to how the morphology, functionalization, and loading
of these materials affect gas transport properties such as permeability,
selectivity, and stability. By drawing comparison between these two
material classes—PSQs and amorphous silica—we aim to elucidate their
respective strengths, limitations, and future directions, ultimately
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offering design principles for the next generation of high-performance
gas separation membranes.

2. Organic-inorganic composite membranes

PSQs can be easily functionalized with a wide range of organic
groups, such as amine, phenol, hydroxyl, and others, to enhance their
compatibility with polymer matrices [38]. These functional groups
enable strong interactions with polymer chains, including hydrogen
bonding, and can also facilitate the formation of covalent cross-links,
further strengthening the composite structure. Composite membranes
incorporating PSQs into polymer matrices can be categorized based on
the nature of the interaction between the components. In simple
blending, there is no covalent bonding between PSQs and the polymer,
relying instead on non-covalent interactions for compatibility. In
contrast, copolymerization and cross-linking involve the formation of
covalent bonds between PSQs and polymer chains, resulting in a more
integrated and stable composite structure. This versatility in tailoring
PSQs with functional groups enables the design of advanced composite
membranes with enhanced performance for gas separation and other
applications.

2.1. Organic-inorganic composite membranes via simple blending

Polymer/PSQ composite membranes are typically fabricated using
simple blending, a straightforward and effective method for incorpo-
rating additives into polymer matrices. This technique improves the
mechanical properties and gas separation performance of the mem-
branes, with interfacial interactions—such as hydrogen bonding, van
der Waals and n-n interactions, and other forces—playing a pivotal role
in determining their overall efficacy. Glassy polymers with high frac-
tional free volume (FFV) are especially appealing for gas separation
applications due to their ability to achieve a favorable balance between
permeability and selectivity. Among these, polymers with intrinsic
microporosity (PIMs) are particularly noteworthy for their outstanding
gas separation performance, which arises from their rigid molecular
structure and inherent microporosity [39,40]. Despite these advantages,
significant challenges persist, including permeability loss due to the
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Fig. 1. Types of silsesquioxanes and their structures (Copyright from Ref. [15]).
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cages (Copyright from Ref. [22]).

reduction of FFV and selectivity degradation caused by plasticization
from condensable gases.

To overcome these challenges, strategies to enhance the interfacial
compatibility between PSQs and polymer matrices have been devel-
oped. Functionalizing POSS with polar or bulkier substituents has
proven effective in improving dispersibility within the polymer matrix
and enhancing gas separation performance. Notably, optimizing the
interface between POSS and PIM-1 has been identified as a critical factor
in achieving superior gas transport properties, paving the way for the
development of advanced composite membranes with enhanced stabil-
ity and efficiency.

Yong et al. demonstrated the advantages of incorporating dis-
ilanolisobutyl POSS into polymer of intrinsic microporosity (PIM-1)
membranes to mitigate aging and plasticization (Fig. 3a) [41]. PIM-1
possesses a rigid and contorted spirobisindane-based backbone that
creates interconnected microporosity, facilitating high gas permeability.
At an optimal loading of 2 wt%, the composite membrane exhibited a
40.8 % increase in COy permeability and an 11.4 % improvement in
CO4/CHy4 selectivity compared to pure PIM-1. The improved gas diffu-
sivity was attributed to increased free volume resulting from disrupted
polymer chain packing. However, at loadings above 10 wt%, POSS
agglomeration caused the space filling and polymer chain rigidification,
leading to a significant 67.3 % reduction in CO, permeability. Impor-
tantly, the inclusion of POSS nanoparticles effectively suppressed
COq-induced plasticization under mixed CO2/CH4 gas conditions at
pressures up to COq partial pressure of 15 atm (Fig. 3b and ¢) and
reduced physical aging over 120 days compared to neat PIM-1 (Fig. 3d).

These results highlight the critical need to optimize POSS loading to
achieve enhanced permeability and controlled segmental mobility of
polymeric chains, thereby ensuring improved membrane performance
under high-pressure and long-term operating conditions.

Konnertz et al. investigated the effects of phenethyl-substituted POSS
(PhE-POSS) on PIM-1 membranes, focusing on van der Waals and n-n
interactions between the phenyl rings of PhE-POSS and the aromatic
moieties of PIM-1 (Fig. 4a) [42]. At a loading of 1 wt%, PhE-POSS
improved CO; permeability while maintaining a consistent CO3/CH4
selectivity (Fig. 4b). This enhancement was attributed to a looser, more
open polymer structure induced by PhE-POSS incorporation. However,
at higher loadings (7.5 wt%), aggregated PhE-POSS particles occupied
the polymer’s free volume and acted as impermeable barriers, leading to
reduced permeability. Notably, the PIM-1-01 membrane (containing 1
wt% PhE-POSS) effectively suppressed COs-induced plasticization at
pressures up to 20 bar, whereas both neat PIM-1 and the PIM-1-075
membrane exhibited plasticization under the same conditions
(Fig. 4c). These findings indicate that even subtle changes in free volume
from POSS loading can significantly impact gas transport properties,
highlighting the need to optimize POSS content to achieve desirable
membrane performance.

Kinoshita et al. explored the impact of functionalizing POSS on its
dispersion and interaction within PIM-1 membranes. Functionalized
variants, such as octa-nitrophenyl POSS (ONPS) and octa-amino phenyl
POSS (OAPS), exhibited significantly better dispersion and interfacial
compatibility compared to non-functionalized octa-phenyl POSS (OPS)
(Fig. 5a) [43]. Among these, OAPS showed the strongest hydrogen
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Fig. 4. (a) Chemical structure of phenethyl POSS, (b) CO,/CH,4 selectivity as a function of CO, permeability, with the line representing the 2008 Robeson upper
bound. (c¢) CO, permeability as a function of upstream pressure (P;) (Copyright from Ref. [42]).

bonding with the PIM-1 matrix. At an optimal loading of 5 wt% OAPS,
the composite membrane demonstrated substantial selectivity
enhancements—30 % for Os/N», 33 % for CO,/Ny and CO,/CHy4, and
over 60 % for Hy/N5 and Hy/CHy, while maintaining high permeability
despite some reduction. This selectivity enhancement was attributed to
the increased rigidity of the filler-surrounding polymers, resulting from
the nanometric distribution of OAPS and the free volume reduction in
the vicinity of the POSS. However, higher loadings beyond 10 wt%
resulted in particle aggregation, leading to significant permeability de-
clines. Aging tests revealed that OAPS-functionalized membranes aged
40 % slower under Ny and 35 % slower under CO, compared to neat
PIM-1 (Fig. 5b). This improved stability was attributed to the enhanced
rigidity of the polymer chains and restricted densification of free vol-
ume. These findings highlight the potential of functionalized POSS,
particularly OAPS, to enhance both the separation performance and
durability of PIM-1-based membranes.

Mohsenpour et al. reported the integration of graphene oxide func-
tionalized with POSS (GO-POSS) into PIM-1 membranes (Fig. 6a) [44].

The functionalization enhanced interfacial compatibility through
hydrogen bonding between the amide groups of GO-POSS and the cyano
groups of PIM-1 (Fig. 6b). At an optimal loading of 0.05 wt% GO-POSS
with prolonged functionalization (72PGP0.05), the composite mem-
brane achieved a remarkable 108 % increase in CO5 permeability, from
6688 Barrer in neat PIM-1 to 13,944 Barrer, while maintaining a
CO2/CHj, selectivity of 14.1, compared to 17.0 for neat PIM-1 (Fig. 6¢).
The result is attributed to the additional free volume and gas diffusion
pathways created within the PIM matrix by the incorporation of
GO-POSS, leading to enhanced gas permeability. Simultaneously, the
increased path tortuosity caused by the horizontally aligned GO lami-
nates can hinder the diffusion of larger molecules while offering
near-frictionless channels for smaller ones, thereby enhancing or
maintaining selectivity. Furthermore, the incorporation of GO-POSS
mitigated the time-dependent decline in permeability, highlighting the
role of enhanced interfacial compatibility between fillers and PIM-1 in
improving the membrane’s anti-aging performance (Fig. 6d).

Aside from glassy PIM-1, poly(ether-block-amide) (Pebax), a rubbery
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Fig. 6. (a) Chemical structure of graphene oxide functionalized with aminopropyl-isobutyl POSS, (b) XRD patterns, (c) CO/CH, separation performance, and (d)
time-dependent CO, permeability of PIM-1 and MMMs (Copyright from Ref. [44]).

block copolymer composed of soft polyether and rigid polyamide seg-
ments, has emerged as a promising candidate for CO, separation. The
crystalline polyamide blocks provide excellent mechanical stability,
while the soft polyether blocks—particularly polyethylene oxide
(PEO)—exhibit strong CO,-philic behavior owing to their polar ether
groups. Despite its superior processability and inherent affinity and
selectivity for COg, however, Pebax suffers from relatively low CO,
permeability [45].

To address this limitation, Polak et al. developed phenyl-
functionalized POSS (POSS-Ph) composite membranes based on
PEBAX® 2533 (Fig. 7a) [46]. POSS-Ph possesses an RgSigO12 cage
structure in which all eight Si atoms are substituted with phenyl groups,
forming rigid aromatic cages capable of n—n interactions with COy
molecules. POSS-Ph was incorporated at concentrations of 0.75, 2, and
8 wt%. The CO; permeability of pristine PEBAX® 2533 (210.4 Barrer)
increased to 236.1 Barrer and 240.2 Barrer in composite membranes
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containing 0.75 and 2 wt% POSS-Ph, respectively. Additionally, the
ideal selectivities for CO5/Ny and CO,/CHy4 separation improved from
17.98 to 5.66 in pristine PEBAX® 2533 to 21.82 and 6.08 in the 2 wt%
POSS-Ph membrane (Fig. 7b and c). The enhancement in CO, perme-
ability and CO4 selectivity (over Ny and CH4) was attributed to increased
CO; solubility upon POSS-Ph incorporation, likely driven by n-n in-
teractions between the phenyl groups of POSS-Ph and CO, molecules.
However, at higher filler concentrations, membrane performance dete-
riorated. This decline was attributed to particle aggregation and the
rigidification of polymer chains surrounding the filler particles. These
findings indicate the existence of a critical filler concentration beyond
which gas separation performance diminishes.

Rahman et al. explored the incorporation of POSS into Pebax by
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1657, both CO, diffusivity and solubility increased with PEG-POSS
loading up to 30 wt%, while CO2/CH4 selectivity remained stable
(Fig. 8b and c). Conversely, in PEBAX® 2533, only CO; solubility
increased, while diffusivity remained nearly unchanged. This resulted in
improved CO, permeability and CO,/CHy selectivity compared to pris-
tine PEBAX® 2533 (Fig. 8e and f). The enhanced CO solubility in both
systems was attributed to the polar oxygen atoms of PEG-POSS, which
interact favorably with CO, molecules. However, at PEG-POSS loadings
above 30 wt% in PEBAX® 2533, COy permeability and diffusivity
declined, likely due to agglomeration resulting from limited compati-
bility between PEG and the structurally dissimilar PTMO segments in
PEBAX® 2533 (Fig. 8g). In contrast, better miscibility was observed in
PEBAX® MH 1657 due to the structural similarity between the
PEG-POSS ligands and the polyether segments (Fig. 8h).
Temperature-dependent permeability measurements further confirmed
these observations. In PEBAX® MH 1657 containing 30 wt% PEG-POSS,
permeability remained consistently higher than that of the neat polymer
across the entire temperature range. In contrast, while the permeability
of PEBAX® 2533 with 30 wt% PEG-POSS was initially higher, it
converged with that of the pristine polymer above 50 °C (Fig. 8i). These
results highlight the importance of polymer-filler compatibility, which is
strongly influenced by the chemical structure of the base polymer, in
optimizing gas separation performance. The findings demonstrate that
carefully matching the chemical affinity between PEG-POSS and the
matrix polymer is critical to achieving optimal membrane properties.
Building on prior research into POSS-incorporated composite mem-
branes, recent studies have explored the integration of LPSQs—a
siloxane-based hybrid component—into a 6FDA-DAM:DABA (3:2) pol-
yimide (PI) matrix for the fabrication of carbon molecular sieve (CMS)
membranes, designated as PI-LPSQx [48,49]. The term 6FDA-DAM:
DABA refers to a copolyimide synthesized from 4,4-(hexa-
fluoroisopropylidene)diphthalic anhydride (6FDA) and a diamine

(a)
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mixture of 2,4,6-trimethyl-1,3-diaminobenzene (DAM) and 3,5-diami-
nobenzoic acid (DABA). CMS membranes, known for their unique
pore structures and exceptional separation performance, are considered
next-generation membrane technologies [50]. However, a major chal-
lenge in the fabrication of polymeric CMS hollow fiber membranes lies
in the collapse of their porous substructure during pyrolysis. This
collapse is caused by the transition of the polymer from a glassy to a
rubbery state prior to decomposition, which severely reduces membrane
productivity [51].

To address this issue, the PI-LPSQ precursor was employed to
improve the thermal stability of asymmetric hollow fiber membranes
during pyrolysis, thereby preserving the porous substructure and
enabling the production of high-flux CMS membranes [48]. The incor-
poration of LPSQ enhanced the rigidity of the PI side chains through
hydrogen bonding between the carboxylic acid groups of PI and the
pyridyl moieties of LPSQ (Fig. 9a). Additionally,
decarboxylation-induced cross-linking at temperatures below the poly-
mer’s degradation point provided additional chain rigidification, rein-
forcing the membrane structure [52]. Solid-state 3¢ NMR analysis
revealed that the addition of LPSQs increased the carbon spin-lattice
relaxation time (T;), particularly in methyl and pendent carboxylic
groups (Fig. 9b). This increase in T; indicates reduced carbon mobility,
confirming that LPSQ effectively rigidifies the polymer side chains. This
enhanced rigidity minimized thermal stress-induced substructure
collapse during pyrolysis and facilitated the formation of a thin molec-
ular sieve selective layer in the resulting CMS hollow fiber membranes.

Dynamic mechanical analysis (DMA) further supported these find-
ings. As LPSQ content increased, the reduction in storage modulus was
mitigated, demonstrating improved resistance to thermal deformation
(Fig. 9¢). Moreover, the loss modulus peak shifted to higher tempera-
tures, signifying enhanced chain rigidity and superior thermal stress
resistance (Fig. 9d). Although the PI-LPSQ20 precursor membrane
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exhibited lower CO5 permeability and CO,/CHjy selectivity compared to
pristine PI (Fig. 9e), the corresponding CMS PI-LPSQ20 hollow fiber
membranes showed remarkable performance improvements. CO5 per-
meance and CO2/CHj selectivity increased by 546 % (from 148.0 to 956
GPU) and 50 % (from 33.4 to 50.2) respectively compared to the pre-
cursor fibers. These results highlight that LPSQ incorporation plays a
critical role in suppressing substructure collapse during pyrolysis. The
enhanced chain rigidity provided by LPSQ not only stabilizes the porous
architecture but also enables the fabrication of CMS membranes with
superior gas separation performance.

2.2. Organic-inorganic composite membranes via copolymerization

Organic-inorganic composite membranes can be effectively prepared
through the copolymerization of polymer precursors with POSS mac-
romers. By strategically introducing functional groups at specific sites
along the polymer chain—particularly at terminal positions—composite
membranes with finely tailored properties can be developed [53-57].
Functional groups such as hydroxyl (-OH), amino (-NHj), and carboxyl
(-COOH) enhance the reactivity, adhesion, and processability of the
polymers, enabling stronger interactions with other substances and
imparting specialized functionalities to the composite materials. When
incorporated as terminal groups, POSS imparts several important ad-
vantages, including improved thermal and mechanical stability, oxida-
tion resistance, flame retardancy, and abrasion resistance [58-61].
Additionally, the nanostructure of POSS, especially when functionalized
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with organic groups, enhances its solubility in organic solvents and
promotes compatibility with polymer matrices through strong physical
and chemical interactions.

Dasgupta et al. demonstrated the potential of this approach by pre-
paring a series of polyimide-POSS (PI-POSS) composite membranes. In
their study, polyamic acids were end-functionalized with 2 wt% amino-
functionalized POSS (NH,-POSS), as shown in Fig. 10a [62]. Four
distinct polyamic acids were synthesized by reacting 2,2-bis(3,4-dicar-
boxyphenyl) hexafluoropropane (6FDA) with various diamine mono-
mers, including 4,4-bis[3'-trifluoromethyl-4'(4"-aminobenzoxy)benzyl]
biphenyl  (BAQP), 1,4-bis[3-trifluoromethyl-4'(4"-aminobenzoxy)
benzyl]benzene (BATP), 2,6-bis[3-trifluoromethyl-4'(4"-aminobenzoxy)
benzyl]pyridine (BAPy), and 2,5-bis[3-trifluoromethyl-4'(4"-amino-
benzoxy) benzyl]thiophene (BATh). The resulting 6FDA-BATh-POSS
membrane was characterized using field-emission scanning electron
microscopy (FESEM), which confirmed the homogeneous distribution of
POSS nanocages within the polyimide (PI) matrix (Fig. 10b and c). X-ray
diffraction (XRD) and DSC analyses confirmed the amorphous nature of
all PI-POSS membranes. Mechanical tests showed that the tensile
strength and Young’s modulus of the PI-POSS membranes were com-
parable to those of pristine PI, although their elongation at break was
slightly reduced. Notably, the incorporation of POSS nanocages
increased the FFV, which enhanced gas permeability, while maintaining
COy/CH4 and Oy/Nj selectivities (Fig. 10d and e). These findings
highlight the effectiveness of POSS-based copolymerization strategies in
improving gas transport properties without compromising selectivity,
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and they encourage further exploration of functionalization strategies
for advanced membrane design.

Rios-Dominguez et al. further investigated the role of POSS in
copolymerized systems by examining the effect of high silica and oxygen
atom concentrations in POSS particles on gas transport properties of
polystyrene membranes. Polystyrene membranes were synthesized with
varying amounts of a POSS-TEMPO macroinitiator to evaluate its in-
fluence on membrane performance (Fig. 11a) [63]. In this system, the
POSS terminal group was functionalized with hydroxy-TEMPO, a stable
free radical, and integrated into a hybrid polystyrene-based polymer
(ST1515) through stable free radical polymerization using benzoyl
peroxide (BPO) and hydroxy-TEMPO (Fig. 11b). This functionalization
facilitated uniform dispersion of POSS cages within the membrane ma-
trix, which increased the FFV and enhanced gas permeability. Mem-
branes containing 5 and 10 wt% POSS-TEMPO achieved an optimal
balance between enhanced permeability and preserved selectivity, with
performance approaching the Robeson upper bound for gas separation

Journal of Membrane Science 740 (2026) 124907

(Fig. 11c). However, at higher POSS-TEMPO loadings (20 wt%),
although permeability increased significantly, selectivity declined. This
reduction in selectivity, particularly in the PSPOSS20 sample, was
attributed to marked increase in N, permeability compared to that of Oy,
resulting from the enhanced FFV induced by POSS incorporation. DSC
analysis showed that the glass transition temperature (T,) of the mem-
branes increased with POSS loading (Fig. 11d), reflecting the dual role of
nanoparticles in polymer dynamics. At lower loadings, nanoparticles
like POSS increased chain flexibility and porosity, enhancing gas
transport. In contrast, at higher loadings, they restricted segmental
mobility, which negatively affected selective gas transport.

2.3. Organic-inorganic composite membranes via cross-linking
Composite membranes can be fabricated through cross-linking,

which involves forming a network structure via covalent bonds be-
tween polymer chains and additives. This approach effectively enhances
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the mechanical properties and plasticization resistance of glassy poly-
meric membranes, particularly under high feed pressures with con-
densable gases [64].

The Chung group developed CO2-selective composite membranes by
cross-linking diamine-functionalized polyetheramine (PEA) with
glycidyl-POSS (Fig. 12a) [65]. Epoxy-POSS was incorporated into the
PEA membranes to inhibit crystallization and improve gas permeability
while preserving selectivity. The cross-linked network was formed
through a ring-opening reaction between the epoxy groups of
glycidyl-POSS and the amino groups of PEA, resulting in a robust
structure that enhanced compatibility between the polar ether groups of
PEA and the nonpolar POSS domains. Successful cross-linking was
confirmed by FT-IR analysis, showing characteristic O-H and N-H
stretching bands at 3300-3600 cm ™! and N-H scissoring at 1630 cm ™.
XRD results further demonstrated that crystallization was effectively
suppressed, leading to an amorphous structure conducive to gas trans-
port (Fig. 12b and c). At optimal POSS loading, CO5 diffusivity signifi-
cantly improved [66,67]. However, excessive POSS content reduced
chain mobility and FFV, limiting further enhancement. Among the
PEA-POSS membranes, the sample containing 70 wt% POSS exhibited
the highest CO, permeability (401 Barrer) while maintaining excellent
selectivity, achieving a CO,/Ny selectivity of 42.4 and a CO2/H selec-
tivity of 7.7 at 35 °C and 1 bar (Table 1). Thermal stability was signif-
icantly enhanced, as evidenced by increased degradation temperatures
in TGA analysis (Fig. 12d), and mechanical strength improvements were
confirmed through nanoindentation testing. Long-term stability tests
also demonstrated that the PEA 50:50 membrane maintained consistent
CO, permeability over four days, highlighting the durability of the
cross-linked network. Thus, the incorporation of POSS into PEA mem-
branes effectively addresses the limitations of conventional PEA mem-

branes—such  as  crystallinity and weak  intermolecular
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interactions—offering valuable insights for
high-performance, durable gas separation membranes.

Li et al. further developed POSS-based composite membranes for
CO2/CH4 separation by blending chlorinated alkane-polybenzimidazole
(CPBI) with amino-functionalized POSS (NH,-POSS) (Fig. 13a) [68].
The band near 1650 ecm™* corresponds to the C=N stretching vibration
of the benzimidazole ring. A slight shift in its position and intensity upon
NH,-POSS incorporation suggests a weakening of intermolecular
hydrogen bonding due to grafting between the amino groups of
NH,-POSS and the chlorinated CPBI backbone (Fig. 13b). The incorpo-
ration of NH,-POSS disrupted the internal hydrogen bonding of the CPBI
chains, increasing d-spacing and promoting gas transport. The CO2/CHy
separation performance of CPBI/NH,-POSS mixed-matrix membranes
(MMMs) improved steadily with increasing NH,-POSS concentrations,
reaching optimal performance at 6 wt%. At this concentration, the
membrane exhibited a CO, permeability of 9 Barrer and a CO,/CHy
separation factor of 78 (Fig. 13c). This enhancement was attributed to
the creation of low-resistance diffusion pathways for COs, facilitated by
both specific interactions between the amino groups of NH,-POSS and
CO3 and the increased molecular spacing in CPBL. However, at higher
NH,-POSS concentrations (e.g., 9 and 12 wt%), agglomeration of
nanocages within the CPBI matrix occurred, negatively affecting sepa-
ration performance. While the mechanical properties (tensile strength,
elongation, and Young’s modulus) of CPBI/NH,-POSS MMMs slightly
declined with increasing NH»-POSS content, due to disrupted CPBI chain
packing, they remained sufficient for gas separation applications
(Fig. 13d).

Building on previous studies, further research explored the incor-
poration of LPSQs into composite membranes. Yu et al. proposed a novel
method to simultaneously enhance gas permeability and plasticization
resistance through thermal cross-linking between glassy polyimides

developing

C-0-C stretching $i-0-Si stretching

C-H stretching

PEA

90:10

80:20

70:30

50:50

30:70

O-H or N-H broad
band stretching

3600 3100 2600 2100 1600
Wavenumber (¢cm™)

100 1

80 1

POSS content increases,
T, increases

60

40 . POSS
PEA:POSS 30:70
50:50

20

70:30
80:20
90:10
PEA

0 T T T T T T T
0 100200300 400500 600700 800
Temperature (°C)

Residual weight (%)

Fig. 12. (a) Chemical structures of glycidyl-POSS, (b) FT-IR spectra, (c) XRD patterns of the hybrid membranes, and (d) TGA curves of the PEA/glycidyl-POSS hybrid

membranes (Copyright from Ref. [65]).

10



H.J. Kim et al.

(PIs) and LPSQs (Fig. 14a) [69]. The PI matrix corresponds to a series of
copolyimides synthesized from 3,3',4,4"-benzophenonetetracarboxylic
dianhydride (BTDA) and a diamine mixture of 2,3,5,6-tetramethyl-1,
4-phenylenediamine (Durene) and 3,5-diaminobenzoic acid (DABA).
PI-2:1, PI-3:2, and PI-4:1 denote copolyimides prepared with Durene:
DABA molar ratios of 2:1, 3:2, and 4:1, respectively. Cross-linking

Table 1

Journal of Membrane Science 740 (2026) 124907

proceeded via two mechanisms: amidation between the amine groups of
LPSQ and the carboxylic acid groups of PI, and decarboxylation of PI
side chains. To comparatively assess cage-like versus ladder-like archi-
tectures, octa(aminophenyl)silsesquioxane (OAPS), a type of POSS, was
also incorporated alongside LPSQ for detailed evaluation.
Nanoindentation tests showed that the incorporation of 20 wt%

Polymer matrices and POSS functional groups used in composite membranes via simple blending, copolymerization, and cross-linking, along with their corresponding

changes in permeability and selectivity.
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Table 1 (continued)
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No. Functional group* Polymer matrix Loaded weight (%)  APcoz (%)  APcus (%)  APn2 (%) Adcozscna (%) Adcoz/nz (%) Ref
8 roor 8§ ro.cn 20 —28.7 -11.8 —27.8 —21.1 —4.2 48
o
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4n
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|
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¥ H

LPSQ or OAPS into the PI membrane (e.g. PI-2:1-20 % and PI/OAPS-20
%) significantly reduced both hardness (resistance to plastic deforma-
tion) and reduced modulus (resistance to elastic deformation) due to the
presence of low-molecular-weight components (Fig. 14b). However,
after thermal cross-linking, the PI-2:1-20 % membrane exhibited an
increase in hardness and reduced modulus, while cross-linked pristine PI
and PI/OAPS-20 % membranes showed further decreases. This distinc-
tive behavior is attributed to the high cross-linking density and rigid,
pseudo-2D ladder-like structure of LPSQ, which formed a robust, high-
density PI/LPSQ network. Although decarboxylation- and amidation-
induced cross-linking led to the formation of larger microvoids in the
PI/LPSQ membrane [70], resulting in a slight reduction in modulus, the
cross-linked PI/LPSQ membrane remained mechanically tougher than
its non-cross-linked counterpart. The rigid ladder-like structure of LPSQ
contributed significantly to enhancing mechanical integrity [71,72].
Incorporation of LPSQ into PI membranes initially reduced gas
permeability compared to pristine PI, due to the impermeable LPSQ
backbone and strong interactions between the carboxylic acid groups of
PI and the amine moieties of LPSQ. However, following thermal cross-
linking, the permeability of PI/LPSQ membranes improved signifi-
cantly without a notable loss in selectivity (Fig. 14c). Molecular dy-
namics (MD) simulations revealed that the accessible volume for
penetrants per unit surface area (AV/SA) increased for both PI and Pl/
LPSQ membranes after cross-linking. This effect was particularly pro-
nounced in PI/LPSQ membranes, where LPSQ promoted the formation
of larger and more interconnected cavities within the polymer matrix,
leading to a substantial enhancement in CO; permeability (Fig. 14d and
e). Among the PI/LPSQ membranes, the PI-4:1-20 % composition,
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which contained the lowest percentage of carboxylic acid groups,
exhibited the highest degree of amidation. This promoted greater cavity
connectivity, contributing to higher FFV and gas permeability. In
contrast, membranes with higher carboxyl content exhibited reduced
permeability due to stronger intermolecular interactions that restricted
free volume. Notably, the PI-4:1-20 % membrane achieved the best
balance between permeability and selectivity among the tested com-
positions. In addition to improved permeability, the cross-linked PI/
LPSQ membranes demonstrated excellent plasticization resistance. The
membranes maintained stable gas separation performance under both
single-gas conditions up to 22 bar and CO2/CH4 mixed-gas conditions
with COy partial pressures up to 12 bar (Fig. 14f). These results clearly
demonstrate that the incorporation of LPSQ as a filler significantly en-
hances both anti-plasticization and gas transport properties in composite
membranes.

3. Amorphous SiO; molecular sieve membranes

Silica, a prototypical glass-forming oxide, readily forms an amor-
phous network without requiring additional stabilizing oxides—unlike
intermediate oxides such as Al;03, TiO,, or ZrO,. Its atomic structure
comprises covalently bonded SiO4 tetrahedra connected in a continuous,
three-dimensional network that lacks long-range order. Amorphous
silica membranes are typically fabricated on porous substrates via sol-
gel processing or CVD, resulting in asymmetric architectures with a
thin, selective silica layer. These membranes are especially suited for
molecular-scale gas separations due to their facile fabrication, tunable
microstructures, favorable gas transport characteristics, and thermal
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containing x wt% NH2-POSS (Copyright from Ref. [68]).

and chemical stability.

3.1. Sol-gel-derived silica membranes

The sol-gel technique is among the most widely studied methods for
fabricating amorphous silica membranes. It involves hydrolyzing
alkoxysilane precursors such as tetramethoxysilane (TMOS) or tetrae-
thoxysilane (TEOS) to form a colloidal solution (sol), which subse-
quently undergoes gelation. For asymmetric membrane fabrication, the
silica sol is deposited onto a porous support using techniques such as
dip-coating, spin-coating, spray coating, or flow-induced coating,
resulting in a thin xerogel layer. The coated substrates are then calcined
at 300-700 °C to remove residual organics and densify the silica
network, thereby improving structural integrity and gas separation
performance (Fig. 15) [73]. The thickness of the resulting selective
layers typically ranges from 30 to 100 nm, though precise measurement
is often challenging due to infiltration into the porous support via
capillary action [74-76].

Sol-gel processes can be broadly categorized into two routes based on
the structural characteristics of the sol: the colloidal route and the
polymeric route. The colloidal route employs a dispersion of pre-formed
oxide nanoparticles, while the polymeric route relies on the hydrolysis
and polycondensation of alkoxysilanes in alcoholic solvents to form a
polymeric silica network. The polymeric route is commonly used to
synthesize microporous membranes with pore size below 2 nm, whereas
the colloidal route is suited for producing mesoporous layers with pore
size between 2 and 50 nm. In the colloidal route, the final pore structure
is strongly influenced by the size, shape, and packing of the constituent
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nanoparticles [77]. For instance, in a system of uniform spherical par-
ticles with radius R, a close-packed structure can produce two charac-
teristic pore sizes: approximately 0.225R and 0.414R. In more
disordered arrangements, such as random packing, the pore size distri-
bution typically spans from 0.2R to 0.6R [77]. This structural tunability
makes the sol-gel method a versatile approach for tailoring pore archi-
tecture to meet specific gas separation requirements. The sol-gel method
allows for flexible pore structure tuning, with micropore sizes generally
ranging from 0.25 to 0.6 nm depending on precursor chemistry, catalyst
conditions, and calcination protocols [78,79].

The overall conversion of alkoxysilanes into silica involves two key
steps: hydrolysis and condensation. In the first step, hydrolysis of the
alkoxy group yields silanol groups (Eq. (1)). These silanols then partic-
ipate in condensation reactions either with unreacted alkoxy precursors
(Eq. (2)) or with other silanols (Eq. (3)), resulting in the formation of
siloxane (=Si—0-Si=) bridges that constitute the silica network:

=8Si—OR+H;O0« =Si— OH+R - OH (Eq. 1)
=Si—OR+=8i—0OH< =Si—0-Si=+R-0H (Eq. 2)
=Si—OH+=Si—OH< =Si— 0 -Si =+ H,0 (Eq. 3)

These reactions are typically catalyzed by either acidic or basic
media, which play a critical role in determining the resulting pore
structure. Acidic conditions favor hydrolysis over condensation, leading
to extended linear or branched silica chains that are suitable for forming
microporous membranes. In contrast, basic conditions accelerate
condensation, producing highly cross-linked, aggregated networks that
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yield mesoporous structures [23].

Recent advancements in pore structure engineering for silica mem-
branes have introduced strategies such as templating and chemical
modification. Organic templates—structure-directing agents—are
incorporated into the sol to guide pore formation and subsequently
removed by calcination. This allows tuning of pore diameter (typically
0.4-0.6 nm) and porosity. For instance, octyl aryl polyether alcohols
have been shown to generate microporous networks, and the pore size
can be modulated by adjusting the length of their polyoxyethylene
chains [23]. Alternatively, chemical modification of the silica network
using functionalized alkoxysilanes or bis-silyl precursors has been
demonstrated to tailor pore architecture [24-26]. Precursors such as 1,
2-bis(triethoxysilyl)ethane ((RO)3Si-CoH4-Si(OR)3) introduce flexible
bridging units that act as spacers in the silica framework, modifying the
resulting pore structure and connectivity [80-82]. Moreover, incorpo-
rating alkoxysilanes bearing specific functional groups can enhance
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affinity toward target gas molecules, thus improving separation per-
formance. For instance, Yu et al. reported that incorporating sterically
hindered amine groups into the silica network significantly increased
CO9 permeance by lowering the activation energy for CO5 transport [83,
84].

Despite the excellent separation performance of sol-gel-derived
microporous silica membranes, their stability under humid conditions
remains a concern. Surface hydroxyl groups on silica can interact with
steam, leading to network degradation at elevated temperatures. To
address this limitation, metal doping strategies have been developed to
enhance hydrothermal stability and gas transport properties. Nickel-
doped silica membranes, for example, exhibit improved Hy permeance
and structural integrity over a wide temperature range (35-300 °C).
Yoshida et al. attributed this to the reversible adsorption of hydrogen on
nickel sites, which increases the density of active hydrogen transport
pathways within the silica matrix [85]. Binary metal doping—such as
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Pd/Co [29] and La/Ni [30] combinations—via acid-catalyzed sol-gel
routes has also been investigated. Notably, La/Ni co-doping was shown
to suppress La—O-Si aggregation, maintaining a high degree of micro-
porosity with an average pore size of 0.45 nm. The effect of metal doping
is strongly influenced by the oxidation state and coordination environ-
ment of the dopants, which will be further discussed in Section 3.3.2.

Another effective approach to tailoring the pore structure of silica
membranes is fluorine doping. Rana et al., demonstrated that adding
NH4F to the sol during synthesis introduces reactive fluorine, forming
Si-F bonds that loosen the silica matrix and increase gas permeance
[31]. Fluorine incorporation also reduces the concentration of hydro-
philic Si-OH groups, thereby enhancing hydrothermal stability with
increasing fluorine content. These effects enable improved performance
under humid and high-temperature conditions. Further, the sol-gel
method is relatively scalable via conventional techniques such as
dip-coating. While scale-up has been demonstrated using closed-vessel
and roll-to-roll systems, membrane-to-membrane reproducibility re-
mains a challenge [86,87]. Overall, Fig. 15 summarizes the sol-gel
fabrication of amorphous silica membranes and the key process
parameters—such as catalyst type, calcination temperature, templating
agents, and dopants—that can be tuned to optimize pore structure, gas
separation efficiency, and stability.

3.2. CVD-derived silica membranes

CVD is a versatile technique for fabricating nonporous or micropo-
rous inorganic thin films. Unlike the sol-gel process, which involves
colloidal or polymeric precursors, the molecular-scale precursors used in
CVD enable deposition not only on external surfaces but also within
meso- and macropores of porous substrates. This often results in denser
silica networks with narrower pore size distributions, leading to higher
gas selectivity and lower permeance compared to sol-gel-derived
membranes [74]. Further, CVD typically produces ultrathin selective
layers in the range of 20-30 nm. Deposition parameters can be finely
tuned to achieve precise control over thickness and uniformity. CVD
enables fabrication of membranes with highly uniform pore size distri-
butions, typically centered around 0.3-0.5 nm, due to its vapor-phase
precursor delivery and controlled reaction interface [25]. In a typical
CVD process, an alkoxysilane precursor (e.g., tetraethoxysilane, TEOS,
or tetramethoxysilane, TMOS) is vaporized and introduced into a reac-
tion chamber along with a carrier gas (usually argon or nitrogen). Upon
contacting a heated substrate in the presence of a reactive gas (e.g., Oa,
air, or ozone), the precursor undergoes thermal decomposition, oxida-
tion, or hydrolysis, leading to the formation of a silica film.

CVD-based membrane fabrication on porous substrates is generally
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classified into two main configurations based on precursor delivery: co-
current CVD and counter-diffusion CVD. In co-current CVD, both pre-
cursor and reactive gases are introduced from the same side of the
substrate, with a vacuum applied on the opposite side to minimize
pinhole formation. Control over flow rate and composition allows tuning
of deposition depth, although film growth is not self-limiting and can
lead to excessive densification and reduced permeance. In counter-
diffusion CVD, precursors and reactive gases are fed from opposite
sides of the substrate. Deposition occurs where the two gases meet
within the pores, forming a silica layer that self-limits as the pore throat
narrows below the precursor size. This configuration enables fine con-
trol of film thickness and pore size: smaller precursors form denser, more
selective membranes, while bulkier ones result in larger pores and
reduced selectivity [88]. Compared to co-current CVD, the
counter-diffusion method generally produces membranes with higher
gas permeance and better structural precision due to its self-limiting
deposition behavior.

While conventional thermal CVD processes operate at temperatures
above 300 °C, limiting precursor selection and substrate compatibility,
plasma-enhanced chemical vapor deposition (PECVD) enables film for-
mation at significantly lower temperatures. In PECVD, plasma-activated
carrier gases promote the reaction of vapor-phase alkoxysilanes,
allowing for the incorporation of functionalized precursors and the
fabrication of organosilica membranes with enhanced thermal stability
and tunable hydrophobicity. For example, Nagasawa et al. [27,28]
demonstrated the fabrication of polymer-supported silica membranes
via a two-step atmospheric-pressure PECVD process (Fig. 16). First, a
polysiloxane-like layer was deposited to provide uniform surface
coverage. Although this layer exhibited lower selectivity due to its
relatively open network, it ensured continuous coating. Next, a dense
silica-like layer was deposited to enhance selectivity but often suffered
from poor uniformity when applied alone. By sequentially stacking the
two layers, the researchers successfully produced a defect-free com-
posite membrane that combined high selectivity with good structural
integrity.

Although CVD offers excellent structural precision, it requires more
complex and costly equipment compared to sol-gel processes. However,
advancements such as plasma-enhanced CVD (PECVD) and atmospheric
pressure PECVD (AP-PECVD) have enabled scalable fabrication on low-
cost polymeric supports under ambient conditions [27,28]. Notably, the
counter-diffusion CVD configuration has shown superior reproducibility
compared to sol-gel methods, which often suffer from variability due to
sol preparation, coating uniformity, and drying dynamics [89].
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3.3. Effect of synthesis parameters on pore architecture and gas transport

3.3.1. Gas transport mechanisms in silica membranes

In silica membranes with sub-nanometer pore sizes, the dominant
gas transport mechanism is highly dependent on the pore diameter.
When the pore size is smaller than approximately 0.4 nm, gas transport
primarily follows the solution-diffusion mechanism. In this regime, gas
molecules dissolve into the membrane material and then diffuse through
it. Bighane et al. demonstrated that silica membranes prepared via
oxidative thermolysis of polydimethylsiloxane exhibited solution-
diffusion behavior rather than Knudsen diffusion, as evidenced by
their high gas selectivity [90,91]. As pore size increases beyond the ki-
netic diameter of gas molecules but remains within the microporous
range, a partial transition occurs toward the gas translation (GT)
mechanism [92,93]. The GT model assumes that gas molecules move
between adsorption sites via translating through pores larger than the
penetrant size, overcoming energy barriers present in the channels be-
tween these sites. This translational movement is thermally activated
and resembles Knudsen diffusion but incorporates molecular-level en-
ergy barriers, making it more accurately described as activated Knudsen
diffusion. The GT mechanism accounts for potential energy fields within
the pores and interactions between the gas molecules and pore surfaces.
These gas-wall interactions become increasingly significant as the pore
size approaches the kinetic diameter of the penetrant, particularly for
gases with high polarizability such as COs. [93]. In such cases, de-
viations from Knudsen behavior are often observed and must be
accounted for using models that include activation energies and
adsorption potentials. For instance, Yoshioka et al. employed a dual
control plane-non-equilibrium molecular dynamics (DCP-NEMD)
approach to investigate gas permeation through amorphous silica
membranes with micropores of approximately 6 A or 8 A in diameter
[94]. Their study revealed that stronger gas-pore wall interactions led to
enhanced gas permeance and a more significant temperature depen-
dence of permeation. These effects were attributed to the depth of the
attractive potential wells within the pores, which varied according to
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pore size and gas properties. In summary, the gas transport mechanism
in silica membranes transitions from solution-diffusion to gas translation
or activated Knudsen diffusion as the pore size increases. Understanding
the nature of gas-pore wall interactions and their dependence on syn-
thesis conditions is essential for accurately modeling transport and
optimizing membrane performance.

Beyond single-gas transport, mixed-gas feeds introduce complexities
such as competitive adsorption. Hassan et al., reported on this effect
while investigating the separation performance of silica hollow fiber
membranes under binary O/Ns and CO5/CH4 mixtures [95]. Under
373 K, mixed-gas selectivities were up to 20 % higher than single-gas
selectivities. This was attributed to the more strongly interacting spe-
cies saturating adsorption sites and impeding the transport of the weakly
interacting species. Above 373 K, however, the mixture and single-gas
selectivities were equal, suggesting that competitive adsorption effects
were negligible at higher temperatures.

3.3.2. Effect of synthesis parameters on the pore architecture of silica
membranes

The pore structure and gas separation performance of silica mem-
branes are strongly influenced by synthesis parameters such as pH
conditions, calcination temperature, the use of templating agents in sol-
gel processes, and deposition conditions in CVD. In sol-gel-derived
membranes, the choice of catalyst significantly affects the resulting
porosity. Acidic conditions promote hydrolysis and the formation of
long, linear chains, yielding microporous structures. In contrast, basic
conditions lead to highly condensed networks and larger particle ag-
glomerates, resulting in mesoporous architectures. For example, silica
membranes synthesized via acid-catalyzed hydrolysis of TEOS exhibited
a porosity of 54 % with pore diameters ranging from 1 to 5 nm, whereas
base-catalyzed synthesis yielded membranes with 70 % porosity and
broader pore diameters of 1-20 nm [23]. Calcination temperature also
plays a pivotal role in tuning the pore size and membrane stability.
Optimized calcination conditions have produced sol-gel-derived mem-
branes with exceptional Hy/CH4 and Hy/N» selectivity, achieving He
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and H, permeances of 8.6 x 1077 and 5.5 x 1077 mol m™2 s~ 1.Pa’},
respectively, and selectivities of up to 2350 (He/CH4) and 1500
(Hy/CHy) at 500 °C [92,96]. High-temperature calcination (e.g., 700 °C)
was shown to further densify the siloxane matrix, improving the mem-
brane’s ability to exclude water vapor while maintaining separation
performance, which showed steady Hy/CHy selectivities around 110,
with improved exclusion of water vapor at higher calcination temper-
atures due to densification of the siloxane matrix [97]. Qi et al. reported
that increasing the calcination temperature from 300 °C to 450 °C led to
reduced gas permeance and improved He/CO5 and Hy/CO» selectivity in
Nb-doped hybrid silica membranes [98]. However, calcination at 500 °C
caused structural degradation due to the thermal cleavage of the
-Si-CH,-CH,-Si- linkage, resulting in a shift toward Knudsen-type
diffusion. Interestingly, Kanezashi et al. observed that for membranes
synthesized using triethoxyfluorosilane (a fluorine-modified precursor),
the gas separation performance remained largely unaffected by calci-
nation temperature due to suppression of densification by the fluorine
moiety [96].

Templating approaches further allow control over micropore struc-
tures. For instance, nonionic surfactants such as octyl aryl polyether
alcohols can be introduced into the sol to guide pore formation through
self-assembly. The chain length of the surfactant significantly impacts
the resulting membrane architecture: increasing the polyether chain
length (X) widened the pore size distribution and increased the average
pore size. Additionally, raising the surfactant/TEOS ratio from 0.16 to
0.55 increased the mean pore size from 3.2 A to 3.7 A and porosity from
20.9 % to 35.5 % [75].

In CVD-derived membranes, deposition conditions such as time,
temperature, gas atmosphere, and configuration play critical roles in
determining pore size and distribution—from ultra-microporous to
mesoporous regimes [88]. Ha et al. investigated the impact of deposition
time at various temperatures (200 °C, 400 °C, and 600 °C) and observed
that increasing deposition time decreased H; permeance while
increasing Hy/Nj selectivity, primarily due to pore plugging. At 600 °C,
complete pore sealing occurred within 30 min; at 400 °C, it required
more than 2 h; and at 200 °C, pore plugging was incomplete even after
70 h, resulting in low selectivity [99]. The deposition atmosphere also
plays arole. Silica films deposited in the presence of oxygen were denser
and exhibited lower gas permeance than those formed in oxygen-free
environments. Although the detailed mechanism remains unclear, this
suggests that oxygen facilitates silica network densification. Finally, the
CVD reactor configuration can impact membrane performance. Using a
crossflow configuration instead of a co-current setup significantly
improved separation properties, achieving a Hy permeance of 2.8 x 10~/
mol m2 s 1Pa~! and Hy/N, selectivity greater than 2000 at
500°C—approximately nine times higher than the membrane fabricated
using co-current flow [100,101].

Silica membranes synthesized with organosilane or organically-
bridged precursors—via either sol-gel or plasma-enhanced CVD meth-
ods—exhibit pore structures that differ significantly from those fabri-
cated without such organic moieties. Li et al. reported that membranes
derived from methyltriethoxysilane and phenyltriethoxysilane exhibited
larger pore sizes (5.2 A and 7.6 A, respectively) than those synthesized
from triethoxysilane (3.4 A), as determined by normalized Knudsen-
based permeance (NKP) measurements. This increase in pore size was
attributed to steric hindrance from pendant organic groups, a lower
degree of cross-linking, and nano-scale aggregation of hydrophobic
groups. However, the increase in pore size did not correspond to
enhanced gas permeance due to a reduction in effective free volume, as
bulky pendant groups partially obstructed transport pathways [102]. In
contrast, the use of bridged silane precursors such as bis(triethoxysilyl)
ethane (BTESE) resulted in more open network structures compared to
conventional triethoxysilane-derived membranes. Guo et al. further
demonstrated that silica membranes prepared from bridged biphenyl
precursors exhibited a substantial increase in CO, permeance—from
1087 GPU to 5465 GPU—accompanied by a decrease in COy/N»
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selectivity from 30 to 13, compared to membranes derived from pre-
cursors with phenyl pendant groups [79]. These findings suggest that
the gas transport properties of phenyl-functionalized silica membranes
are more dependent on the positional configuration of the phenyl groups
within the network than by interactions induced by their chemical
affinity.

Incorporation of metal dopants into silica matrices has also been
shown to significantly influence pore characteristics and gas transport
behavior. Miller et al. demonstrated that the gas separation performance
of cobalt oxide-doped silica membranes depends strongly on the redox
state of the dopant [103]. Upon exposure to hydrogen, Co304 was
reduced to Co(OH); and CoO, causing volume expansion of the
embedded particles. This expansion widened narrow bottlenecks in the
silica network, reducing gas selectivity. As a result, the Hy/Nj selectivity
decreased markedly with increasing temperature—from 50 at 200 °C to
just 12 at 450 °C. Similarly, Anggarini et al. investigated the effects of
reduction on silver-doped aminosilica membranes [104]. Using a high
silver-to-amine ratio (0.5), they observed increased microporosity, sur-
face area, and pore volume. Spectroscopic analysis revealed that Ag™
ions bonded to amine groups during hydrolysis and condensation, fol-
lowed by in-situ reduction to Ag® nanoparticles. These silver particles
enhanced the diffusion of small molecules (e.g., Hs), while the amor-
phous silica framework effectively excluded larger species. As a result,
the membrane exhibited a high H, permeance of 1.46 x 10® mol m 2
s1.Pa”! and exceptional Hy/C3Hg selectivity of 1500, significantly
outperforming unmodified counterparts (selectivity ~ 100).

Bimetallic doping strategies have recently emerged as a promising
route to improve hydrogen separation through synergistic effects be-
tween metal species, which tune both hydrogen activation and pore
morphology. For instance, La-Ni co-doped silica membranes demon-
strated more uniform metal dispersion and a refined microporous
network, leading to a fivefold enhancement in Hy/Nj; selectivity and a
H, permeance of 1.86 x 10~ mol m~2 s~.Pa™, surpassing the perfor-
mance of single-metal-doped membranes [30]. In another study, Bal-
linger et al. showed that dual doping with palladium and cobalt
enhanced gas permeance following reduction [29]. Specifically, the
reduction of PdO to metallic Pd created molecular gaps (Fig. 17a),
increasing pore volume (Fig. 17b), while cobalt oxide domains remained
structurally stable due to their lower reducibility. However, this increase
in free volume came at the expense of selectivity: He/N, and He/CO4
selectivities decreased from 70 to 30 and 40 to 15, respectively. These
findings underscore the structural tunability offered by bimetallic
doping, though such modifications must be balanced against potential
trade-offs in selectivity. It is important to note that hydrogen activation
behavior in bimetallic systems is highly sensitive to operating conditions
and metal identity [32]. For instance, Mg-Ni composites require
elevated temperatures (200-300 °C) and high pressure (12 bar) to
optimize hydrogen uptake [33]. Such observations highlight the need
for continued research into structure-property relationships in
metal-doped silica membranes to enable rational design of
high-performance materials for selective gas separations. To place these
efforts in a broader context, Fig. 18 summarizes the Hy/Ng and CO5/CH4
separation performance of representative silica membranes reported in
literature, comparing them with polymeric membranes [27-30,77,97,
105-123,132].

4. Comparative analysis
4.1. Performance trends across the Si-O structural continuum

Silicon-oxygen (Si—O) frameworks span a structural continuum from
fully inorganic amorphous silica to organic-inorganic hybrids such as
polysiloxanes and polysilsesquioxanes. Amorphous silica membranes
derive their separation performance primarily from molecular sieving
within the rigid Si-O-Si network, making them well-suited for high-
temperature hydrogen separation. However, their brittleness and
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hydrothermal instability limit large-scale deployment. At the opposite
end of the spectrum, polysiloxanes possess flexible, loosely packed Si-O
backbones, resulting in high permeability and transport dominated by
solubility effects rather than strict size exclusion. This makes them
effective for separating larger or more condensable gases, although their
relatively low selectivity often necessitates modification via crosslinking
or inorganic fillers.

PSQs occupy an intermediate position, combining inorganic network
rigidity with tunable organic functionality. The choice of pendant
groups can modulate free volume, polarity, and gas-polymer in-
teractions, thereby enhancing permeability, selectivity, stability, and
resistance to plasticization. Furthermore, the dimensional architecture
of PSQs—such as cage, ladder, or chain structures— affects gas transport
properties. LPSQs, in particular, with their high aspect ratios, have
shown higher CO, permeability after crosslinking than POSS, suggesting
that the ladder-like architecture is more favorable for enhancing CO2
permeability. Understanding these structure-property relationships
across the Si-O continuum enables the rational design of membranes
tailored for specific gas separation applications.

However, despite these advantages, PSQ-based membranes still face
several challenges, including limited hydrothermal stability and diffi-
culties in achieving uniform dispersion at higher loadings. Filler ag-
gregation at elevated concentrations can result in structural defects,
diminished gas permeability, and compromised selectivity. These
drawbacks underscore the need for further innovations in surface
functionalization, polymer-filler interactions, and membrane processing
techniques to realize the full potential of PSQ-based systems in practical
gas separation applications. To clarify the comparative performance and
practical considerations of these two membrane classes, Table 2
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provides a side-by-side summary of fabrication methods, gas separation
performance, and stability characteristics.

4.2. Approaches to address membrane challenges

4.2.1. Organic-inorganic composite membranes

Polymeric membranes are attractive for gas separation due to their
ease of fabrication and low production cost. However, their commercial
deployment is hindered by the inherent permeability-selectivity trade-
off, susceptibility to plasticization, and physical aging. Incorporating
PSQs into polymer matrices has emerged as an effective strategy to
address these limitations. Table 1 summarizes reported effects of PSQ
incorporation across various polymer systems, highlighting how PSQ
loading influences membrane performance. At low concentrations,
PSQs—including POSS—disrupt polymer chain packing, increase free
volume, and enhance gas permeability, even in the absence of strong
PSQ-polymer interactions. At higher loadings, however, PSQs tend to
aggregate, reducing permeability and sometimes compromising selec-
tivity. No universal correlation between gas separation performance and
POSS-polymer interaction strength has been observed, indicating that
dispersion and morphology control are critical.

Beyond blending, copolymerization enables the direct integration of
POSS units into polymer backbones, producing stable hybrid mem-
branes with finely tunable properties. By controlling monomer compo-
sition and sequence, block copolymers have been synthesized that retain
the intrinsic permeability of POSS while preserving the selectivity of the
host polymer. This synergistic effect allows for substantial performance
enhancement without sacrificing stability.

Cross-linking offers an even greater potential for performance
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improvement. While POSS addition via blending or copolymerization
disrupts chain packing and boosts permeability, cross-link-
ing—particularly with LPSQs—Ileverages their high aspect ratio and
pseudo-2D structure to create highly interconnected pore networks. This
architecture can yield CO2 permeability up to 16 x higher than the
pristine membrane while maintaining selectivity. As illustrated in
Fig. 19, a cross-linked LPSQ composite (red star) far exceeds the per-
formance of a simple blend (grey circle). In addition to higher perme-
ability, LPSQ-based cross-linked membranes demonstrate superior
mechanical robustness and plasticization resistance compared to POSS-
based analogues, owing to the rigidity and structural stability of the
LPSQ siloxane framework.

4.2.2. Amorphous silica membranes

Due to their high Hy/N3 and CO2/CHy selectivities at high temper-
atures, silica membranes are promising candidates for harsh industrial
processes such as steam reforming and the water-gas shift (WGS) reac-
tion, where polymer membranes typically fail. Although their fabrica-
tion cost remains higher, commercial application is feasible once critical
issues such as hydrothermal stability and scalability are resolved.
However, long-term mixed-gas performance data under realistic process
conditions are scarce, limiting industrial translation.

Hydrothermal stability remains one of the most critical challenges
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Table 2

Comparative summary of representative gas transport performance, fabrication
methods, and stability characteristics of PSQ-based hybrid and amorphous SiO,
membranes. PSQ hybrids offer tunable free volume and processability, while
amorphous SiO, membranes provide superior thermal and hydrothermal sta-

bility with intrinsic molecular sieving.

PSQ-based hybrid
membranes

Property

Amorphous SiO2 membranes

H, permeability Limited reports

CO,, permeability 50-14000 (Barrer)

Hy/Nj, selectivity Limited reports

1000-6000 (GPU)

(=3 x 10*1.8 x 10° Barrer)
150-800 (GPU)

(~2.5 x 10%-2.6 x 10 Barrer)
20-2500

CO,/CHy4 5-40 1-140
selectivity
Fabrication Blending/ Sol-gel (acid/base catalyzed),
Method Copolymerization/Cross- CVD, PECVD
linking with POSS or LPSQ
Hydrothermal Limited reports Fluorine- or metal-doped
stability systems and organically
bridged systems show
hydrothermal stability up to
600 °C
Scalability/ Potentially flexible and Brittle, limited scalability
Mechanical solution-processable Needs ceramic supports
robustness Few large-scale
demonstrations
Advantages Tunable free volume and High thermal & chemical
surface polarity stability
Mitigates plasticization and Precise molecular sieving
aging Stable under harsh gas
Mechanically flexible conditions
Disadvantages Limited thermal stability Brittle, hydrothermal
Performance variation by degradation in steam
filler dispersion Costly fabrication
Long-term data scarce
250 T <
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Fig. 19. Percentage changes in CO,/CHy selectivity and CO, permeability from
pristine membranes to their optimal composite counterparts. Symbols (nu-
merical and alphabetical) correspond to the chemical species listed in Table 1.

for silica membranes operating under steam-rich environments common
in Hy-producing reactions. Steam exposure leads to hydrolysis of
Si-O-Si bonds into silanols (Si-OH), resulting in micropore collapse,
macropore coarsening, and degradation of permeability, selectivity, and
mechanical strength [122-124]. Even metal-doped membranes are not
fully immune; for instance, Kanezashi and Asaeda reported that the Hy
permeances of Ni-doped silica membranes decreased to one-tenth of its
initial value after 38 h of steam exposure [35]. Mitigation strategies
include both inorganic and organic modifications. Metal doping with
elements such as Nb, Ni, and Al has demonstrated enhanced stability
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[34-36]. A hydrothermal pre-treatment of Ni-doped membranes at
500 °C was shown to suppress densification during operation, limiting
Hy permeance loss to 40 % after 60 h [35].

Incorporation of organic linkages or hydrophobic groups also im-
proves stability by minimizing water adsorption and pore structure
collapse [125,126]. For instance, Wei et al. reported that silica mem-
branes derived from a mixture of (trifluoropropyl)triethoxysilane
(TFPTES) and TEOS maintained stable Ho/CO> separation performance
for 220 h under mixed-gas conditions with steam at 200 °C [126].
Similarly, fluorine-doped silica membranes exhibited excellent dura-
bility between 200 and 300 °C due to reduced silanol formation [31].
Hybrid organosilica membranes prepared from bis(triethoxysilyl)ethane
(BTESE) also showed superior hydrothermal stability compared to pure
silica (TEOS) membranes, retaining performance after 300 °C treat-
ments, while TEOS-derived silica suffered irreversible degradation
[127]. This improvement is attributed to enhanced hydrophobicity,
increased network connectivity, and reduced flexibility of the silica
framework [128]. Furthermore, ten Hove et al. demonstrated that
Zr-doped BTESE membranes exhibited stable gas permeance under a
simulated WGS feed (2 bar, 200 °C), showing only an initial 40 %
decrease within the first hour, followed by stabilization over extended
operation [127].

Despite promising performance characteristics, several critical bar-
riers remain for the industrial deployment of silica membranes,
particularly related to scale-up, durability, and economic viability.
While precursor materials such as TEOS are inexpensive, fabrication of
ultrathin selective layers (<100 nm) over large areas remains tech-
nically challenging. These thin layers are prone to defects such as pin-
holes or cracks induced by dust contamination, support roughness, or
mechanical stresses during handling or thermal cycling [129]. To
address these issues, both process innovations and material modifi-
cations have been proposed. For example, Luiten et al. demonstrated a
closed-vessel coating system for the inner surface of 55 cm-long
tubular supports, yielding membranes with high H; permeance
(1500-2980 GPU) and Hy/CH4 selectivity of 350-400 [87]. On the
materials side, boron oxide doping has been shown to reduce the
hardness and Young’s modulus of silica membranes, increasing me-
chanical flexibility and helping to prevent crack formation during
thermal treatment [129].

In terms of long-term stability, recent demonstrations are encour-
aging. Yacou et al. reported the fabrication and operation of a CoOxSi-
based silica membrane module with an effective area of 545 cm?,
which maintained consistent Hy permeance at 500 °C under repeated
thermal cycling conditions [86]. Such studies confirm the technical
feasibility of scaling up silica membranes while retaining performance
over extended use. Nonetheless, for broader adoption, future research
must focus on cost-effective manufacturing, improved reproduc-
ibility, and module integration strategies, particularly for large-area
flat-sheet or hollow fiber formats compatible with industrial gas sepa-
ration systems. In summary, silica membranes show strong potential for
high-temperature and steam-containing processes; however, systematic
evaluation under high-pressure COy exposure is still lacking. Future
studies should address this gap to validate the feasibility of silica-based
membranes for broader high-pressure industrial applications.

4.3. Hybrid strategies that bridge PSQs and amorphous silica

Hybrid membrane designs that integrate PSQs with amorphous silica
combine the complementary strengths of both materials: the high
thermal, chemical, and mechanical stability of amorphous silica net-
works with the tunable flexibility, organic functionality, and enhanced
free volume of PSQ-based frameworks. These hybrids aim to simulta-
neously improve permeability, selectivity, and long-term durability
under industrial separation conditions.

A widely studied strategy is the sol-gel co-condensation of conven-
tional silica precursors—such as TEOS or TMOS—with organosilane
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precursors featuring covalent Si-C-Si bridges, including BTESE or bis
(triethoxysilyl) methane (BTESM) [80,81]. This bimodal precursor sys-
tem yields a homogeneous hybrid network in which rigid Si-O-Si
siloxane bonds from amorphous silica are interlinked with flexible
organic bridges derived from PSQs. At the molecular-level, the organic
linkages act as "molecular spacers", loosening the dense silica matrix and
slightly enlarging the pore size. These hybrid networks often exhibit
enhanced hydrothermal stability compared with pure silica, attributed
to their high density of reactive groups, which promote a strongly
crosslinked structure [81,130-132]. Gas separation studies indicate that
increasing the number of carbons in the bridging unit raises Hy and CO4
permeance, through typically at the expense of selectivity (e.g., Ha/Na,
Hy/CHy) [82].

Another strategy involves modifying the silica network by direct
incorporation of octabenzamidopropyl-functionalized POSS into a
BTESE-derived silica matrix [133]. Although BTESE and POSS do not
undergo cross-linking reactions, up to 66.7 % POSS content was suc-
cessfully introduced into the membrane. Increasing the POSS content led
to reduced permeance for Hp, COy, and Nj, while Hy/N; selectivity
increased by 160 %. The authors attributed this to the long alkyl chains
in POSS, which reduced the effective pore volume and hindered gas
transport, as evidenced by the decline in CO, adsorption capacity with
increasing POSS concentration. A further approach involved the fabri-
cation of silica membranes via sol-gel condensation using POSS pre-
cursors [134]. POSS-derived silica membranes calcined at 300 °C
exhibited looser network structures than those derived from TEOS,
resulting in a high Hy permeance (5970 GPU) and moderate Hy/Nj
selectivity (20) at 200 °C. This behavior was attributed to the formation
of large intercubic pores through Si-O-Si cross-linking between POSS
units. Upon increasing the calcination temperature, the Hy permeance
decreased (2690 GPU), while Hy/N3 selectivity increased significantly
(ca. 130), indicating densification of the silica network and improved
molecular sieving capability.

5. Summary and future perspectives

PSQ-based composite membranes represent a versatile platform for
overcoming key limitations of conventional polymeric mem-
branes—namely the permeability-selectivity trade-off, plasticization
under high-pressure condensable gases, and physical aging. These
membranes can be fabricated via blending, copolymerization, or cross-
linking, with performance enhancements arising not from gas trans-
port through the inherently impermeable PSQ cages, but from their
ability to disrupt polymer chain packing, increase free volume, and
facilitate molecular diffusion. Among these approaches, thermal cross-
linking of polyimides with LPSQs has proven particularly effective.
The high aspect ratio and rigid double-stranded siloxane architecture of
LPSQs promote the formation of large, interconnected pore networks
during cross-linking, leading to substantial permeability gains while
preserving selectivity. LPSQs also impart mechanical reinforcement,
enhance resistance to plasticization by rigidifying polymer chains, and
mitigate non-equilibrium relaxation, thus reducing aging-related per-
formance losses. Gas separation performance is strongly influenced by
FFV, which depends on interchain distances and chain mobility; phenyl-
functionalized LPSQs, for instance, improve modulus and hardness
while maintaining favorable transport properties. Despite these advan-
tages, systematic studies on structure-property relationships in LPSQ-
based membranes remain limited, underscoring the need for deeper
mechanistic understanding.

Amorphous silica membranes, prepared primarily by sol-gel or CVD,
offer complementary advantages: precise molecular sieving, high ther-
mal stability, and tunable pore structures. Their gas separation perfor-
mance can be tailored through synthesis parameters such as pH,
calcination temperature, doping with metals or fluorine, which influ-
ence pore size distribution, hydrothermal stability, and selectivity.
Hybrid silica membranes that incorporate Si-C-Si bridged organosilane
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precursors combine the rigidity of Si-O-Si backbones with the flexibility
and stability of organic linkers. These molecular spacers relax the dense
silica network, increasing pore accessibility and improving Hy and CO4
permeance, while longer bridging groups enhance hydrothermal
stability.

Looking forward, the rational design of hybrid architectures that
bridge PSQs and amorphous silica offers a promising pathway to next-
generation membranes that unify high permeability, selectivity, and
long-term stability under industrial conditions. Emerging hybridization
strategies should focus on constructing precisely controlled architec-
tures, such as co-networks or interpenetrating polymer-silica systems, to
combine the processability of PSQs with the rigidity and selectivity of
amorphous SiOs,. For instance, incorporating POSS as a nanofiller into an
organosilica matrix (e.g., BTESE) has been shown to reduce pore size
and improve Hy/Nj selectivity by up to 160 % compared to BTESE
membranes alone [133]. Further control can be achieved through pre-
cursor blending, integrating rigid bridging groups into otherwise flex-
ible chains to tune free volume and suppress pore collapse or blocking.
Rational design of such hybrid systems will benefit from systematic
exploration of LPSQ backbone modifications, alternative bridging mo-
tifs, and crosslinking chemistries to modulate chain packing, interfacial
compatibility, and gas transport behavior. Realizing these structurally
tailored hybrid systems require advanced characterization and modeling
approaches. Operando techniques such as in situ FTIR, XAS, environ-
mental TEM now enable direct observation of molecular-scale structural
evolution under real operating conditions, offering insights into pore
collapse, densification, or chemical degradation. In parallel,
machine-learning-assisted design can accelerate membrane optimiza-
tion by integrating high-dimensional datasets (e.g., composition, struc-
ture, performance) to predict structure-property relationships and guide
precursor selection or synthesis conditions. The synergy between oper-
ando diagnostics and ML-guided modeling provides a powerful platform
for designing robust, high-performance membranes tailored for complex
industrial environments.

From a scalability perspective, future work should address the cost
and integration challenges associated with silica membranes. In partic-
ular, low-temperature coating techniques compatible with porous
polymer supports (e.g., AP-PECVD, solution infiltration) offer a route
toward commercially viable spiral-wound or hollow fiber modules.
Moreover, while many studies report promising short-term perfor-
mance, long-term testing under humid, high-pressure, and mixed-gas
conditions remains scarce. Stability under these realistic process envi-
ronments—particularly for COz-containing or condensable gas feeds—is
essential to demonstrate industrial relevance. Closing this gap is critical
for the successful deployment of PSQ-silica hybrids and amorphous sil-
ica membranes in commercial gas separation processes.

Moreover, these two membrane platforms are well suited for distinct
industrial operating regimes. PSQ-based membranes, which offer
tunable free volume, chemical functionality, and resistance to COo-
induced plasticization, are particularly promising for low-to-moderate-
pressure separations, especially post-combustion CO, capture. Their
demonstrated plasticization resistance also suggests potential for higher-
pressure applications, although long-term stability validation remains
necessary. In contrast, amorphous and Si-C-Si hybrid silica membranes
exhibit exceptional thermal and hydrothermal stability, narrow pore
size distribution, and robust molecular sieving capabilities, making
them strong candidates for high-temperature separations, including: Hy
purification from reformate gases in water—gas shift reactors, ammonia
cracking for hydrogen production, and exhaust steam upgrading in iron
and steel manufacturing processes. Clarifying these application domains
allows for a more strategic alignment between membrane material
design and realistic process conditions, moving beyond material-centric
metrics toward deployment-driven membrane engineering.

While continued progress in molecular-level membrane design re-
mains essential, future research should also focus on interdisciplinary
integration to maximize the functional utility of silica-based
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membranes. Once key requirements such as hydrothermal stability,
scalability, and long-term durability under humid and high-pressure
conditions are addressed, these membranes can play an enabling role
in reactive separation systems. In particular, integration with membrane
reactors offers exciting opportunities to simultaneously drive chemical
reactions and selectively remove target products—enhancing both
conversion efficiency and energy savings. Moreover, coupling silica-
based membranes with electrochemical gas separation systems (e.g.,
for CO5 or Hy) or photocatalytic CO, conversion platforms could yield
compact, multifunctional devices for sustainable gas processing. These
interdisciplinary applications require close collaboration between ma-
terials scientists, chemical engineers, and catalysis experts to co-design
membranes that meet performance demands under dynamic process
conditions. The convergence of materials innovation with process
intensification and system-level engineering will be key to realizing
next-generation membrane technologies for carbon capture, hydrogen
production, and green chemical synthesis.
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