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Abstract Supported microporous organosilica mem-

branes made from bridged silsesquioxane precursors by an

acid-catalyzed sol–gel process have demonstrated a

remarkable hydrothermal stability in pervaporation and gas

separation processes, making them the first generation of

ceramic molecular sieving membranes with sufficient per-

formance under industrially relevant conditions. The

commercial availability of various a,x-bis(trialkoxysi-

lyl)alkane and 1,4-bis(trialkoxysilyl)benzene precursors

facilitates the tailoring of membrane properties like pore

size and surface chemistry via the choice of precur-

sor(s) and process variables. Here, we describe the engi-

neering of sols for making supported microporous thin

films, discuss the thermal and hydrothermal stability of

microporous organosilicas and give a short overview of the

developments and applications of these membranes in

liquid and gas separation processes since their first report in

2008.
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1 Introduction

Microporous ceramic membranes have been receiving

considerable attention since the late 1980s because of their

ability to separate gases and liquids on the molecular scale

[1–3]. Very high gas separation selectivities have been

reported for acid-catalyzed sol–gel-derived silica mem-

branes, which are typically based on the use of tetraethyl

orthosilicate (TEOS) as precursor [4]. According to the

official IUPAC definition, ‘‘microporous’’ refers to pore

diameters \2 nm, where the physical interaction between

the transported molecule and the pore wall is significant,

and interactions between transported molecules are much
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less relevant than when the pore size would be larger. The

molecular transport mechanism in the microporous size

range is sometimes referred to as ‘‘single-file diffusion,’’

because the pores are too narrow to allow parallel passage

of two molecules.

Due to the high thermal stability of ceramic materials,

microporous ceramic membranes offer an interesting route

to high-temperature gas and liquid separation processes

such as methane reforming, steam reforming and dehy-

dration of organic solvents and bioethanol. Unfortunately,

amorphous microporous silica is rather unstable at high

temperatures in the presence of water, i.e., under

hydrothermal conditions [5]. Even operating temperatures

as low as 100 �C lead to performance loss and membrane

failure within days or weeks of operation. The main reason

for the poor stability of silica is the hydrolytic instability of

the :Si–O–Si: bonds that can easily break upon reaction

with water: :Si–O–Si: ? H2O ? 2:Si–OH, leading to

dissolution of membrane material, pore widening and

ultimately loss of membrane selectivity.

The hydrothermal stability was improved by introduc-

tion of methyl groups in the silica network structure,

yielding so-called methylated silica membranes [5, 6]. It

was thought that while the structure of the silica network

still consists entirely of :Si–O–Si: bonds, the presence

of terminal hydrophobic methyl groups shields these cen-

ters from water. Some improvement of stability was

achieved, but still insufficient for use in industrial pro-

cesses where water (vapor) is always present. Only the

introduction of hydrolytically stable :Si–C2H4–Si:
bonds in the network structure in 2008 resulted in a

microporous silica-based membrane with good membrane

separation properties for the removal of water from

n-butanol, with long-term stability at the industrially rele-

vant temperature of 150 �C [7], see Fig. 1.

The development of this so-called hybrid silica or hybrid

organosilica membrane has led to renewed interest in

molecular separations of gases and liquids under harsh

conditions. Hybrid organosilica membranes are made by

sol–gel processing using bridged silsesquioxanes (OEt)3Si–

R–Si(OEt)3 similar to structure 1 in Fig. 2, where R is an

organic bridging group. Hybrid organosilicas are suit-

able materials for molecular sieving applications because

they can form pores with sizes �0.5 nm. Moreover, in

contrast to other microporous membranes such as amor-

phous titania [8], they lack any tendency to crystallize,

which would otherwise lead to larger grains and non-se-

lective mesopores. The necessity to form a very thin film

with a narrow pore size distribution and without any pores

(defects) larger than a molecular diameter clearly shows

the need to understand and control all stages of the film-

forming sol–gel process in detail.

The present article presents a concise overview of the

main developments and state of the art in hybrid

organosilica membranes for molecular separations since

their first report in 2008 [7], with some emphasis on the

work done in our group at the University of Twente, in

collaboration with the University of Amsterdam and the

Energy Center of the Netherlands (ECN). The discussion is

limited to ‘‘hybrid’’ organosilica membranes, i.e., 3D

bonded networks containing :Si–O–Si: and :Si–R–

Si: groups with homogeneous dispersion of both types of

bonds on the atomic scale. For a review of the sol–gel

processing of amorphous microporous silica and organi-

cally modified silica membranes, the reader is referred to

other sources [9–11].

Bridged silsesquioxanes that have already been reported

for hybrid organosilica membranes contain aliphatic or

aromatic bridging groups [12–14]. The precursors referred

to in this article are a,x-bis(triethoxysilyl)-R compounds,

where R is an alkylene –CnH2n– (n = 1, 2, 3, 6, 8, or 10),

ethenylene (–C2H2–), ethynylene (–C:C–) or an arylene

Fig. 1 Water content in permeate for a hybrid organosilica mem-

brane operating continuously at 150 �C in pervaporation of 5 wt%

water–95 wt% n-butanol. Selectivity is compared with methylated

and inorganic silica membranes. Reproduced from Ref. [7] with

permission from The Royal Society of Chemistry

Fig. 2 Sol–gel precursors—1: bridged silsesquioxane precursor with

bridging R group; 2: silsesquioxane precursor with terminal R’ group;

3: N,N,N0,N0-tetrakis-(3-(triethoxysilyl)-propyl)-malonamide
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like p-phenylene (–p-C6H4–) or di-p-phenylene (–p-C6H4–

p-C6H4–). Co-condensation with other organically modi-

fied silicon alkoxides is also possible, typically by using

triethoxy organosilanes such as structure 2 in Fig. 2, where

R’ can be a methyl, ethyl, propyl or other terminating

organic group. In particular, the methylated precursor

methyltriethoxysilane (MTES; R’ = –CH3) that was also

used to make the first methylated silica membrane [15] is

being referred to several times in this paper. Functional-

ization of the hybrid matrix by co-condensation of 1,2-

bis(triethoxysilyl)ethane (BTESE) with an amine-func-

tional silane precursor has also been reported [16]. Very

recently, the use of more complex precursors has been

reported, such as structure 3 in Fig. 2 [17] and a triazine-

functional precursor [18]. In addition to membrane modi-

fication by organic bridging and pending end groups,

selective doping with transition metal cations to alter the

chemical environment within the hybrid organosilica

matrix has also been investigated and is discussed below.

In the next section, the most important design rules for

obtaining hybrid organosilica sols suitable for the forma-

tion of supported thin films without large defects are

explained. Especially the relationship between the engi-

neering of the sol and the final pore size and pore structure,

and the evolution of nano- and microstructure in drying

sol–gel thin films are discussed. In Sect. 3, the thermal and

hydrothermal stability of hybrid organosilicas is discussed

based on their molecular design. In Sect. 4, a short over-

view is given of the most important studies in which hybrid

organosilica membranes have been employed for liquid

and gas separation processes.

2 Sol–gel engineering of microporous hybrid
organosilica membranes

The formation of a microporous membrane layer with size-

or affinity-based molecular sieving properties from organ-

ically modified silicon alkoxide precursors requires the

evolution of a condensed network with a narrow pore size

distribution in the range of an individual molecule, i.e.,

0.2–0.5 nm. Microporous silica-based membranes are

usually made by a sol–gel process involving a dip, spin or

flow coating step to form a thin film on an underlying

mesoporous substrate (mesopores have a diameter of

2–50 nm according to IUPAC definition), followed by a

thermal treatment. The microporous layer is 20–300 nm

thick. The mesoporous substrate on which this layer rests

consists of a c-Al2O3 [7, 19, 20], anatase [21] or other

mesoporous layer and has pore sizes of 3–10 nm. Since

permselective silica membranes are very resistive to

molecular transport, its thickness should be kept as low as

possible to maximize the flux under a given concentration

gradient. The mesoporous substrate acts merely as a low-

roughness support layer on which a very thin smooth

microporous film can be formed.

2.1 Sol–gel synthesis

In order to form a microporous film without mesopores,

acid-catalyzed sol–gel processing is employed, typically

with [Si] = 0.5–2 M and [H?]/[Si] ratios around 0.1. The

acid-catalyzed sol–gel process leads to branched oligo-

meric chains of condensed silicon alkoxide-derived

monomer units as discussed in more detail below. Slightly

branched polymeric sol particles are able to interpenetrate

each other during the drying process, so that a relatively

dense and homogeneous matrix can be formed, in which

large pores are avoided that would typically develop when

dense particles are packed (hard sphere packing). Since the

microporous layer is made by coating onto a porous

underlying substrate matrix, the sol size needs to be at least

as large as the size of the pores of the underlying meso-

porous substrate. Otherwise penetration of the sol would

occur, leading to a resistive interface.

In early studies on hybrid organosilica membranes based

on BTESE, it was attempted to avoid the formation of

condensed bicyclic carbosiloxanes [7, 19]. Such oligomers

have been reported to slow down or even inhibit gelation

and may not become incorporated in a continuous network

structure [22, 23]. To lower the statistical chance of

forming inert cyclic oligomers, BTESE was mixed with

MTES in a 1:1 molar ratio. Although MTES is known to

hydrolyze considerably faster (1.2 9 10-3 OH/Si s-1 at

273 K) than TEOS (0.11 9 10-3 OH/Si s-1) and BTESE

(0.42 9 10-3 OH/Si s-1), the rates and degrees of con-

densation under comparable reaction conditions were rel-

atively similar, see Fig. 3 [24]. Hence, mixing of TEOS,

MTES and BTESE precursors leads to a substantial degree

Fig. 3 Degree of condensation for three silicon alkoxides (TEOS,

MTES and BTESE) measured at [Si] = 1.8 M, [H?]/[Si] = 0.1 and

[H2O]/[Si] = 0.25 at 273 K. Reprinted from Ref. [24]
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of co-condensation of dissimilar precursor types. In this

way, the degree of condensation of BTESE into inert

dimeric species can be minimized [19].

To optimize the degree of co-condensation further, the

high silane reactivity toward hydrolysis can be moderated

by employing water-lean conditions ([H2O]/[Si] = 0.5–2)

and low temperatures during mixing. To avoid a wide

distribution of sizes in the sol, the hydrolysis is often car-

ried out in two steps so that water-lean conditions are

maintained throughout the process [24]. It is noted that in

later studies hybrid organosilica membranes were mostly

prepared from a single type of alkoxide precursor such as

BTESE or bis(triethoxysilyl)methane (BTESM) [12, 25,

26], although condensation of monomers into relatively

inert cyclic dimers that do not contribute to gel formation

may have led to a decreased yield in these cases [22, 27].

BTESE/MTES sols with hydrodynamic diameters (=-

colloid size ? solvation shell) of 2.2 nm as determined by

dynamic light scattering (DLS) were reported to penetrate

extensively into the underlying c-Al2O3 substrate layer

with 6-nm-wide pores upon dipcoating. Comparable sols

with an average size of 4.9 nm yielded defect-free mem-

branes [19], but sols with an average hydrodynamic

diameter of 13 nm formed thick films with visible macro-

scopic cracks after drying. High-throughput screening

approaches have been employed to optimize the colloid

size of various bridged precursors with methylene, ethy-

lene, p-phenylene and di-p-phenylene bridging groups [28].

Hydrolysis ratio, acid ratio and reaction temperature were

varied systematically. Under comparable synthesis condi-

tions, BTESE and BTESM sols had comparable sizes

(4–7 nm); the sols from the phenylene bridged precursor

were smaller (\2.5 nm), while the di-phenylene bridged

ones grew considerably larger ([20 nm). The variation in

reactivity is mainly due to differences in the electron

donating character of the alkylene and phenylene bridging

groups.

2.2 Sol structure evolution monitored by in situ

SAXS

Gradual bond formation during sol growth favors the

development of a branched polymeric structure. Such sol

particles can be considered as entities with a dimension-

ality that is larger than that of an unbranched one-dimen-

sional chain (where mass is proportional to size), but

smaller than that of a three-dimensional dense sphere

(where mass is proportional to the third power of the size).

For one- to three-dimensional objects, the relationship

between mass m, radius of gyration Rg and dimensionality

Di can be generalized as

m�ðRgÞDi

The gyration radius can be obtained from small-angle

X-ray scattering (SAXS) experiments on sols using the

universal relationship [29]

lim
q!0

I qð Þ� exp �R2
gq

2=3
� �

Here, I(q) is the scattering intensity as a function of

scattering vector q (nm-1). Acid-catalyzed silica sols

suitable for membrane formation usually have a radius of

gyration Rg � 10 nm.

The parameter Di, also termed the fractal dimension or

dimensionality, can also be obtained from SAXS data.

Essentially, Di is a measure of the internal structure of a sol

particle, e.g., it quantifies the degree of branchedness. In a

limited q-range, the SAXS curves of silica-based sols show

a linear relationship between log I and log q [29], i.e.,

I qð Þ� qDi

Larger values of Di refer to more highly branched sols.

Previous research on TEOS-based polymeric silica sols in

the 1990s showed that defect-free microporous films are

formed when Di = 1.2–1.5 [30], although we have also

obtained good results when Di was slightly larger, i.e.,

1.5–1.6. When Di is too small, interpenetration of sol parti-

cles cannot occur, while penetration of the sol into the

underlying support may occur easily. On the other hand,

interpenetration of sol particles becomes impossible when

Di � 1.6 because a too high intraparticle density would

prevent their centers of mass to approach each other enough.

The dominant growth mechanism under preparation

conditions typical for sols for microporous membranes is

diffusion-limited cluster aggregation (DLCA), which has

been shown to result in structures with an ultimate Di of

1.8–1.9 when the reaction time is long enough [30–32]. In

DLCA, the approach of particles is governed by Brownian

transport while the reaction rate is much higher than the

rate of diffusion. A SAXS study on sols with –CH2–,

–C2H4–, –C8H16–, –p-C6H4– and –p-C6H4–p-C6H4–

bridging groups showed that although the reactivity of the

precursors varied, the values of Di were similar

(Di = 1.50–1.60) when the radii of gyration were similar

(Rg = 1.5–2.3 nm; hydrodynamic diameter 6 nm) [12].

Defect-free membranes with molecular sieving properties

could be formed from all five sols.

The gelation of BTESE sols with hydrodynamic diame-

ters of 5–6 nm was studied using time-resolved SAXS [33].

Ethanolic sols with [H2O]/[Si] = 1, [Si] = 0.9 M and acid

ratio [H?]/[Si] = 0.01, 0.10 or 1.0 and an initial value Di of

1.2 all grew to an ultimate value of *1.87, irrespective of

[H?]/[Si], see Fig. 4. In contrast, when the same sols were

applied as thin films and their structural evolution during film

drying (solvent evaporation) at room temperature was

monitored [33], the evolution of structure varied strongly
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from one sample to the other. For the sample with [H?]/

[Si] = 0.01, Di decreased to an ultimate value of zero, sug-

gesting the formation of a homogeneous film without pores

that are visible with SAXS (*0.5 nm or larger). The film

with [H?]/[Si] = 0.1 exhibited a smaller decrease in scat-

tering intensity, and Di reached a final value of *0.4 in the

as-dried film. This suggests a film with a final ‘‘fractal-like’’

pore structure. The film with [H?]/[Si] = 1 showed more

complex behavior during drying, but the ultimate Di value

was*1.5. The data suggest a slow densification process, but

less than in the other two cases. Thermal treatment of simi-

larly dried powders at 523 K in N2 atmosphere resulted in

BET surface areas of 0, 632 and 970 m2/g, respectively [33],

and pore sizes dp\ 0.30 (N2 size), 1.5 and 2.7 nm,

respectively.

In other words, the presence of H? is necessary to

construct and/or maintain a porous network structure in the

drying film during the solvent evaporation process. Capil-

lary forces and compressive stresses during drying and film

shrinkage promote the densification of the hybrid

organosilica network into a dense structure with small or

virtually no pores. At high acid concentration, these forces

seem to be counteracted. Possibly the network is

strengthened by ongoing condensation reactions due to the

H? concentration and by the positive charge on the poly-

meric colloidal network. The pore structure can be adapted

by adjustment of the acid-to-Si ratio before the onset of

physical drying, while the rheological properties needed for

film coating are retained. This study clearly demonstrates

the importance of the H? concentration to tailor the pore

size of a hybrid organosilica membrane.

2.3 Incorporation of transition metal cations

While the co-condensation of (bridged) silsesquioxanes is

relatively simple owing to the roughly similar reactivity of

the precursors, the incorporation of transition metal ions on

atomic scale to change the local chemistry and pore wall

polarity is complicated. Transition metal alkoxides are

much more reactive and will thus condense on much

smaller time scales than silicon precursors. A well-known

strategy in sol–gel processing to disperse a transition metal

into a silicon alkoxide based matrix is a two-step sol–gel

reaction involving prehydrolysis of the silicon alkoxide

precursor prior to addition of the transition metal alkoxide

in the second step.

A good case study is the preparation of Nb-doped

BTESE films (Nb:Si = 1:4) studied by time-resolved

SAXS. Mixing Nb(OEt)5 (NPE) into a prehydrolyzed

acidic BTESE sol in ethanol at 298–333 K was shown to

lead to NbOx clusters within the first 10 s of reaction [34,

35]. The presence or absence of preydrolyzed BTESE has a

negligible influence on the size of these clusters. However,

their subsequent growth and agglomeration is suppressed

by the presence of BTESE [35], because the niobia parti-

cles/clusters become encapsulated by BTESE-derived

moieties.

The time-resolved SAXS curves of a drying thin film of

premixed NPE-BTESE are shown in Fig. 5 [34]. Three

main stages can be distinguished in the film drying process,

which are indicated by different colors. In the initial stage

(blue), the SAXS curves decrease in intensity, but remain

unchanged in shape except at high q. The intensity

decrease is caused by loss of scattering mass from the film

(solvent evaporation); the pronounced decrease at high

q suggests that the smallest entities are disappearing from

the solution. The region with constant slope at

q[ 1.5 nm-1 is suggestive of slightly branched isolated

sol particles. The flattened curve at q\ 1.5 nm-1 indicates

the limited size of the sol particles (*3–4 nm). In the

second stage (green), ethanol that initially surrounded the

isolated sol particles has been replaced by other sol

Fig. 4 Time-dependent evolution of Di during drying at room

temperature of BTESE-based sols with H?:Si molar ratios of 0.01,

0.1 and 1. Adapted from Ref. [33], with permission from Elsevier

Fig. 5 Evolution of SAXS curves during the drying of a thin film of

NPE–BTESE at 60 �C. Colors are a guide to the eye and indicate the

three stages of drying as discussed in the text. Reprinted from Ref.

[34] with permission from Elsevier (Color figure online)
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particles. The low electron density contrast between sol

particles and surroundings leads to a low scattering inten-

sity in some regions. The phase inversion process solid-in-

solvent to solvent-in-solid occurs in this stage. The rela-

tively constant intensity at intermediate length scales

(q & 1 nm-1, i.e., *6 nm in real space, the typical

dimension of a sol particle) in the third phase (red) indi-

cates that the phase inversion had already occurred there

and that the film is homogeneous and visually dry. The

correlation peak at q = 4 nm-1 is due to NbOx clusters in

the BTESE matrix. The fact that the correlation peak is

rather pronounced shows that the clusters are of approxi-

mately the same size and that they are located at more or

less similar distances from each other in the matrix, i.e.,

homogeneously dispersed on a length scale of nanometers.

The NbOx clusters have a radius of 0.4 nm irrespective of

prior reflux conditions and are spaced at average distances

of 1.6 nm [34]. Hence, this route yields only a limited

number of heterolinkages Nb–O–Si in the final network

structure, as was also confirmed by a relatively large O-Nb3

signal in 17O NMR [36]. This indicates a BTESE-derived

matrix containing mainly phase-segregated NbOx domains

and a low concentration of atomically dispersed Nb

centers.

An alternative strategy to reduce the reactivity of metal

alkoxides is to form complexes with strongly coordinating

ligands prior to their reaction with silicon-based precursors.

When 2-methoxyethanol and acetylacetone were employed

to reduce the reactivity of NPE in BTESE, it was found that

acetylacetone led to the formation of a large concentration

of heterolinkages Si–O–Nb in the final material

(Nb:Si = 1:4) [36]. The distribution of oxygen among Si–

O–Si, Si–O–Nb and Nb–O–Nb was close to a statistical

distribution, indicating that Nb was atomically dispersed in

the BTESE matrix in this case. 2-Methoxyethanol only

coordinated with a limited Nb5? fraction unless all EtOH

solvent was removed by evaporation, and was rather inef-

fective as stabilizing ligand.

A new strategy to incorporate and distribute a high

concentration of arbitrary transition metal centers in a

hybrid organosilica matrix was recently demonstrated by

Besselink et al. [17]. Using a new malonamide-functional

precursor with four Si atoms and 12 reactive ethoxy groups

(see Fig. 2), a microporous membrane material was syn-

thesized that contained a high concentration of metal ion-

coordinating groups. Ni2? and Ce4? were successfully

dispersed in this membrane matrix, but other transition

metals are equally well possible. Although a fraction of

these metal ions redistributed into small nanosized grains

of CeO2 (\5 nm) and Ni2O3 (\15 nm), these membranes

exhibited higher gas separation selectivity than conven-

tional BTESE membranes, as discussed below [17].

3 Thermal and hydrothermal stability

Silica-based membranes undergo thermal treatment prior to

their operation to consolidate the microporous network.

However, the introduction of organic groups in the glass

matrix significantly affects its stability at elevated tem-

peratures, and this must be considered when deciding on

consolidation procedures and high-temperature applica-

tions of hybrid organosilica membranes. The organic

groups are incorporated in the silica network on a molec-

ular level, and this makes them more stable than analogous

pure organics, but they cannot withstand the same tem-

peratures as fully inorganic silica. For example, the methyl

groups in methylated silica are reported stable up to

450–550 �C under inert atmosphere [19, 37–40] and up to

350–400 �C in the presence of oxygen [38, 40]. Placing

organic groups in bridged configuration improves their

thermal stability; methylene groups are reported stable up

to 650 �C under inert atmosphere [41]. The reported upper

temperature limits for bridging ethylene groups vary sig-

nificantly under inert atmosphere, from 250 to 500 �C [19,

42–45], and are 200–300 �C in air [19, 23, 42]. Bridging

phenylene groups can withstand 450 �C under nitrogen or

air [46]. However, it is important to realize that the onset of

thermal degradation may vary for different microstructures.

Thermal degradation can be hindered by decreasing

micropore size because this reduces the internal supply of

oxygen and removal of degradation products. Furthermore,

tight encapsulation of organic groups within the thermally

stable silica network may also suppress decomposition

reactions.

As discussed above, the value of hybrid organosilica

materials as compared to pure silica in membrane tech-

nology originates from their hydrothermal stability. The

introduction of organic bridges between silicon atoms

impressively reduces the net effect of water on the overall

network, despite the fact that the backbone still mostly

consists of water-sensitive siloxane bonds. It is important

to realize that classification of hydrothermal stability for

membranes is generally based on their ability to maintain

separation performance under hydrothermal conditions.

This does not necessarily mean that water causes no change

to the material at all; siloxane bonds are by nature sus-

ceptible to rehydrolysis and they may still be attacked by

water. Glass will never become truly static. Thus, here we

define the hydrothermal stability of hybrid organosilica

materials as the absence of monomeric dissolution

accompanied by preserved overall performance. Never-

theless, chemical and structural changes can and do still

occur [47–49].

A first feature of hybrid organosilicas that is often

brought up as an origin of their hydrothermal stability is the
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hydrophobicity or nonpolarity introduced by the organic

groups [19, 49–51]. Hydrophobic segments can reduce the

overall amount of water entering the network and shield

adjacent siloxane bonds, which makes it more difficult for

water molecules to hydrolyze them. However, the effective

hydrophobicity of organosilicas strongly depends on the

molecular arrangement within the network. Organic groups

that are directed toward the (internal) surface can act as a

hydrophobic barrier that, in the extreme case, may com-

pletely prohibit water from entering the network under-

neath the surface. This would then yield maximum

resistance against hydrolysis. Such effective hydrothermal

stability cannot be classified as an intrinsic material prop-

erty if it does not hold for other possible network organi-

zations as well, but these molecular arrangements are at

least in part dictated by the molecular design of the

organosilica monomer. Monomers that are most likely to

form hydrophobic surfaces are the ones with terminating

organic groups [37, 40, 52–61] or with long and flexible

organic bridges [53, 62]. Short or rigid bridges such as

ethylene and p-phenylene do not have the length and spa-

tial freedom to ‘‘step out’’ to the surface and completely

shield the underlying siloxane bonds; thus, these materials

keep on having a significant affinity for water [47, 48, 62–

64]. Furthermore, when these materials are used for water-

permeable microporous membranes, their networks

explicitly require a significant degree of hydrophilicity.

Their selective permeability for water proves significant

interaction between silanol or siloxane segments and water

and thus rules out hydrophobic shielding as main origin of

hydrothermal stability. In addition, the observed

hydrothermal instability of bridged organosilicas in water

at basic pH [19, 33] confirms that the siloxane bonds are

indeed accessible to aqueous species.

A second aspect that has been brought forward as pos-

sible origin of high hydrothermal stability is the increased

connectivity of a monomer with the surrounding network

when two silicon atoms are linked together by an organic

bridge [19, 65]. The fourfold connectivity of pure silica

monomers is increased to sixfold for organically bridged

monomers. The chance that all siloxane bonds of a

monomer unit are hydrolyzed and the monomer dissolves,

decreases exponentially with increasing connectivity. This

implies a drastic improvement of the hydrothermal stability

by switching from terminating to bridging organic groups,

as is indeed observed for microporous membranes with

either terminating methyl or bridging ethylene groups [19].

However, to the best of our knowledge, the effect of

monomer connectivity on hydrothermal stability has not

been systematically studied. In addition to the number of

siloxane bonds per monomer unit, the monomer size and

mass may also play an important role via its diffusivity.

This determines the actual displacement of a monomer

once it has been fully disconnected from the surrounding

network. Furthermore, apart from the theoretically possible

network connectivity, the actual degree of condensation is

also relevant. Full condensation is generally not reached for

organosilica materials prepared via acid-catalyzed synthe-

sis. A higher degree of condensation has been reported to

increase the hydrothermal stability of pure silica meso-

porous structures [66], but separating the increased con-

densation degree as such from other accompanying

network reorganization effects like a change in empty

space and bond strain is difficult.

A third property of hybrid organosilicas that has been

put forward as contributing to hydrothermal stability is

their structural flexibility [7, 19]. Siloxane bonds are more

sensitive to hydrolysis when they are strained, but the

organic segments can make the network less rigid and

enable relaxation of stresses from drying, shrinkage and

non-optimal network configurations. The overall flexibility

scales with the length and flexibility of the bridge, though

for larger organic groups the reduced overall connectivity

may become a problem. Furthermore, the effective flexi-

bility of a material is also related to the presence of empty

volume within the network. Organic bridges act as spacers

and can increase the microporosity. These microporous

materials may be pictured as polymer-like networks with

well-connected unoccupied volume rather than a bulk

phase with discrete pores, but either way the empty space

facilitates internal movement of the network toward a more

relaxed state. With bridges that are too flexible or too

bulky, empty spaces will collapse or get filled. The effects

of flexibility and empty volume on hydrothermal stability

have not been studied systematically. Nevertheless, an

example of a bridging group that enhances microporosity

and shows good performance over a range of mechanical

properties is ethylene. The higher flexibility of ethylene-

bridged silica as compared to pure silica allows fabrication

of films with a thickness over 1 lm without crack forma-

tion during drying [67]. Its adhesive and cohesive fracture

resistance is considerably higher than for carbon-doped

silica in a non-bridged configuration [68], and it maintains

a high Young’s modulus at high porosities [68]. Theoreti-

cal models have been developed to predict elastic and

fracture properties for other organosilica precursors [69].

Considering some intrinsic aspects of silica and water

from a more fundamental molecular point of view may

help to understand their interactions. Silica and water show

many similarities as a substance. Both can be described as

networks of corner-sharing tetrahedrons. In silica, silicon is

semicovalently bonded to four oxygen atoms, where the

Si–O bond has about 51 % ionic character and 55 %

double-bond character [70, 71]. In water, oxygen is con-

nected to four hydrogen atoms by covalent and hydrogen

bonds. Silica and water have a range of analogous
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crystalline phases [72] and share peculiar physical prop-

erties such as having density maxima in the liquid state

[73] and having phases wherein viscosity decreases upon

compression [74]. Also nanoclusters of water and silica

show similar energetics and topologies [72], which is

intriguing considering the extremely large surface-to-vol-

ume ratio of nanoclusters and the distinct ways in which

water and silica cope with surface terminations. However,

what may be the most important aspect in perspective of

hydrothermal stability is that both water and silica form

networks with an impressive structural freedom. Water has

the abundance of hydrogen bonds that drive water mole-

cules to interact with their environment and form (liquid)

networks, but are also weak enough to be broken easily and

allow continuous reorganization. Silica has an impressive

structural freedom originating from the flexibility of the

Si–O–Si bond angle. This angle can vary roughly between

134� and 180� [75], allowing the four-coordinated silicon

tetrahedra to tilt and realign in many different ways. Such

structural freedom also allows variations in packing density

and the incorporation of empty spaces without compro-

mising structural integrity. Furthermore, both water and

silica can easily enter (transition) states with an excess or

shortage of electrons on any of the atoms. All these par-

allels in molecular bases and abilities make silica and water

fascinatingly suitable to play around in each other’s net-

work and create new configurations. The incorporation of

organic segments in silica shifts the balance of these

interactions, but cannot eliminate the dynamic nature of

glassy networks. Hybrid organosilicas remain sensitive to

internal reorganizations, via ongoing hydrolysis and con-

densation as well as via structural relaxation without

breaking bonds. Though the mechanisms involved in these

reorganizations remain unclear to date, occurrence over

long periods of time is also relevant for membrane appli-

cations because it may affect the internal micropore

structure of these materials.

4 Molecular sieving membranes

The three most important properties of a molecular sieving

membrane are: (1) its semipermeable nature, i.e., its ability

to be highly permeable for part of the species of a mixture

of gases or liquids and serve as a barrier for the others; (2)

the flux of the preferentially transported species through

the membrane; and (3) the chemical and thermal stability

of the membrane under operating conditions over a long

period of time. The envisaged applications of hybrid

organosilica membranes, namely industrial gas and liquid

separations at high temperatures and under harsh chemical

conditions, require high thermal and chemical stability in

the presence of water over periods of years.

The principal parameter, membrane selectivity, defines

whether a material can serve at all as a semipermeable

barrier for a given separation. Membrane selectivity

depends on variations in the abilities of species to travel

through a membrane matrix. These abilities are expressed

in terms of permeability Pi of a species i, which is pro-

portional to the concentration ci and mobility bi, i.e.,

Pi * bici. For two given gases i and j, the ideal permse-

lectivity Si,j of a membrane is defined as Pi/Pj. This value

would have practical meaning if the respective fluxes

would not be interfering with each other. For real pro-

cesses, a separation factor a is defined to express the effi-

ciency of the process, for example in terms of the ratio of

ratios of concentrations of species i and j in a binary

mixture at the feed (high pressure) and permeate (low

pressure) side of the membrane, i.e.,

ai;j ¼
yi=yj

� �

xi=xj

� �

where x and y are the concentrations of components i and j

at the feed and permeate side, respectively. The perme-

ability also determines the flux ji, as it is a proportionality

constant between flux and applied driving force (pressure

or concentration difference) across a membrane,

ji � � Pirci

Here, rci refers to the concentration gradient of species i.

Earlier work on TEOS-derived microporous membranes

showed that the dominant factor that determines the per-

meability of a species is the pore size of the membrane [4,

15, 76]. Smaller molecules can travel faster than larger

ones. In these cases, the membrane permselectivity is pri-

marily determined by the width of the pore size distribu-

tion. Ideally, the preferentially permeating species is just a

fraction smaller than the average pore size, whereas no

larger pores are present that allow permeation of the other

(larger) non-preferred species.

4.1 Pervaporation

TEOS-derived silica is very permeable to small species with

a kinetic diameter \0.3 nm like H2, He and H2O and

impermeable to large gases like SF6 (0.55 nm) and large

organic molecules such as ethanol and n-butanol ([0.4 nm)

[77]. The first reports demonstrating that hybrid organosilica

membranes also have molecular sieving properties were

published in 2008 [7, 19]. The first hybrid organosilica

membrane was made from a 50:50 molar mixture of BTESE

and MTES precursors, and it showed very good performance

in the pervaporation dehydration of a 5/95 wt/wt water/n-

butanol mixture at a temperature of 150 �C for more than a

year, see Fig. 1. Appreciable water fluxes[10 kg m-2 h-1
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and a separation factor aH2O,BuOH = 930 were measured. It

was the first generation of microporous ceramic membranes

with a performance that may enable large-scale industrial

application. TEOS-derived silica and methylated silica

(MTES–TEOS) membranes would have degraded within

hours under such conditions due to poor hydrothermal sta-

bility (:Si–O–Si: ? H2O ? 2:Si–OH). The selectivity

can be explained by considering adsorption data of unsup-

ported BTESE–MTES powder made via the same sol–gel

synthesis route. The powder was found to have a pore size

larger than 0.24 nm (molecular size of C2H2), but smaller

than 0.30 nm (size of adsorbed N2), since it allowed sub-

stantial adsorption of C2H2 (1340 m2/g), but no N2 adsorp-

tion. In comparison, MTES-derived methylated silica with

the same CHx:Si ratio shows some adsorption of N2 (12 m2/

g), as does microporous silica (33 m2/g). On the other hand,

their adsorption capacities for C2H2 were lower (211 and

261 m2/g, respectively). These data suggest that the average

pore size of BTESE–MTES hybrid organosilica is smaller

than that of MTES- and TEOS-derived silica. Hence, at the

same organic fraction as in BTESE, the pore size distribution

of BTESE–MTES is narrower, and the adsorption capability

for very small molecules (\0.3 nm) is larger.

In a follow-up study in the same year the first purely

BTESE-based hybrid organosilica membrane was reported

[65]. In view of the fact that its average pore size is larger

(C2H2 adsorption 514–546 m2/g; N2 adsorption 131–

311 m2/g), the corresponding membrane was a priori

expected to be less selective. In contrast, the separation

factor in water/n-butanol pervaporation was higher than that

of BTESE–MTES (aH2O=BuOH = 360–2700 for BTESE

versus aH2O=BuOH = 225 for BTESE–MTES). These seem-

ingly conflicting results show that not only pore size, but also

factors like pore connectivity and physicochemical interac-

tions between permeating species and the membrane matrix

are important to consider. Even higher water fluxes and

higher separation factors are obtained when the –C2H4–

bridge (BTESE) is replaced by –CH2– (BTESM) [25, 28].

The pore size of this system is between that of BTESE and

BTESE–MTES [25]. Unlike BTESE and BTESE–MTES

with a CHx:Si ratio of 1, the CHx:Si ratio of BTESM is only

0.5. Hence, the BTESM membrane has a more hydrophilic

character than the ones discussed so far. The high water flux

is likely at least partly due to the hydrophilic nature of the

membrane. However, BTESM also showed a remarkable

ability to separate water from lower alcohols, including the

notoriously difficult molecular separation methanol–water

[25, 77]. Using a 5:95 wt/wt water–methanol mixture at the

feed side, a permeate stream containing 55:45 wt/wt water–

methanol was accomplished (aH2O=MeOH = 23), see Fig. 6.

While such a selectivity may seem low in comparison with

separation factors[1000 reported for water/n-butanol [78,

79], it should be taken into account that methanol and water

are very similar in size and comparable in their polarity and

hydrogen bonding capability. Not many membranes can

separate this mixture effectively under high flux conditions.

In comparison, BTESE–MTES and BTESE show no

appreciable selectivity for methanol–water, and BTESE–

MTES only has low selectivity for ethanol–water

(aH2O=EtOH = 15) [28]. BTESM has separation factors[150

for ethanol, i-propanol and n-butanol and shows higher water

fluxes under otherwise similar conditions [28].

Bridged silsesquioxane precursors with a high CHx:Si

ratio tend to have a longer bridge between the Si centers

and are thus expected to yield membranes with a larger

average pore size, although there is a limit to this effect

especially for long flexible bridges. Of course, in addition

to size selection the mobility of molecules in a microporous

membrane matrix may also be influenced by polar and/or

van der Waals interactions with the pore wall. Combina-

tions of different precursors might allow the formation of

microporous membranes with small pore size and

hydrophobic character, but this is still a largely unexplored

area of research. A water/n-butanol pervaporation study on

hybrid organosilica membranes made from precursors with

–CnH2n– (n = 1, 2, 8) and –(p-C6H4)m– (m = 1, 2) bridges

showed that the n-butanol flux was larger for the systems

with n = 8 and m = 2 [12], while the water flux remained

relatively constant. It suggests that while the permeability

of less hydrophilic fluids like n-butanol is promoted by a

higher CHx:Si ratio, the accompanying enlargement of the

pore size seems to be playing an equally significant role.

Otherwise a high butanol flux would also have been

expected for the system with m = 1, while the permeability

of water should have been smaller for n = 8 and m = 2.

Fig. 6 Separation selectivity of BTESE (–C2H4–) and BTESM

(–CH2–) membranes in the pervaporation dehydration of 95/5 wt%

alcohol/water feed mixtures at temperatures approximately 5 �C
below the boiling point of the respective alcohol. Selectivity is

expressed in terms of the weight fraction of water (wt%) in the

permeate stream. Data were taken from Ref. [25]
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The influence of the hydrophobic character of the mem-

brane was more pronounced in a study in which BTESE

was mixed in a 1:1 molar ratio with a series of organosil-

icon precursors with terminal alkyl groups (OEt)3Si–Cx-

H2x?1 (x = 1, 2, 3, 6, or 10) [13]. A gradually increasing

separation factor for n-butanol from a 95/5 wt/wt n-bu-

tanol/water mixture at 95 �C was observed when the ter-

minal chain length (x) was increased, with an appreciable

aBuOH=H2O = 14 for x = 10, see Fig. 7 [13]. The perme-

ability of water decreased gradually with increasing value

of x. Aromatic bridges like p-phenylene and di-p-pheny-

lene bridges (CHx:Si = 6, 12) seem to be less effective in

promoting the flux of n-butanol compared with alkyl

bridges with similar CHx:Si ratios [12].

4.2 Gas separation

While dehydration pervaporation seems to be a promising

area of application of molecular sieving membranes,

another class of separations for which microporous

molecular sieving membranes are very suitable candidates

is gas separations [50]. The obvious difference with sepa-

rations in the liquid phase is the much smaller concentra-

tion of the feed stream, which is usually counteracted by

application of high gas pressure at the feed side, i.e.,

30–70 bar is common in the process industry. Industrially

relevant gases include H2, CO2, CH4 and CO, but also

various hydrocarbons. The size differences between gas

molecules are usually smaller than between molecules in

the liquid phase. Moreover, the interaction between pore

wall and gas molecule is usually less intensive, partly

because hydrogen bonding is absent, and partly because

gases like H2, CH4 and even CO are spherical and nonpolar

so that they do not interact strongly with the pore wall [61].

Hence, the difference between the molecular sizes and the

size of the pore is often the main factor determining gas

separation selectivity. Since the molecular sizes of the

abovementioned gases differ by less than 0.1 nm (H2

0.29 nm; CO2 0.33; N2 0.36; CO 0.37; CH4 0.38 nm), a

very sharp pore size cutoff between the targeted molecule

and all larger components of the mixture is required to

obtain highly gas-selective membranes. Very high separa-

tion factors H2/N2[ 4000 have been reported for silica in

the 1990s [4], but the permselectivity values are much

lower for MTES-derived methylated silica [15]. The gas

separation selectivity of hybrid organosilica membranes is

also rather moderate [28, 50]. The low intrinsic permse-

lectivity has been ascribed to the relatively open pore

structure of –C2H4– and –C2H2– bridged silicas [42, 64],

and that hypothesis is supported by molecular dynamics

simulations of the pore size distribution of BTESE hybrid

organosilica and silica [80, 81], see Fig. 8. There is a small,

but considerable fraction of pores [0.4 nm that limits the

separation of hydrogen from other larger industrial mole-

cules and that is not present in silica.

Longer bridge lengths [12] and stiffer bridges [14] lead

to larger pores and therefore to lower permselectivities,

although long flexible chains such as –C8H16– appear to

collapse, leading to loss of permeability. On the other hand,

BTESM-derived membranes with permselectivities of

15–21 for H2/N2 and 7–9 for H2/CH4 [28] perform only

marginally better than BTESE-derived membranes in H2

separation even though their bridge length is shorter.

They show higher permselectivity in the separation of

Fig. 7 Permeate concentration of BuOH and H2O as function of the

number of C atoms in the R group in pervaporation of n-butanol/water

feed mixtures of 95/5 and 5/95 wt%. The feed concentrations were

normalized to 5 wt% for direct comparison. Reprinted from Ref. [13]

with permission from Elsevier

Fig. 8 Simulated cavity size distribution of the pure silica and hybrid

BTESE silica membranes. Reproduced from Ref. [80] with permis-

sion from The Royal Society of Chemistry
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larger molecules like propene (0.46 nm) from propane

(0.50 nm) [82], see Fig. 9.

Apart from compositional differences, the sol–gel fab-

rication process itself also has a significant influence on the

final properties of the membrane. Lower [Si] concentra-

tions during the film coating process lead to more open

pore structures and consequently to membranes with higher

gas permeability [83]. Careful engineering of the pore

structure via control over the conditions during membrane

fabrication has been shown to lead to permselectivity

increases of BTESE membranes to H2/N2 values of 50–400

[84]. Essentially, BTESE sols with a low acid ratio ([H?]/

[Si] = 0.01) that were coated onto supports that had been

predried at very low relative humidity (RH\ 1 %) yielded

hybrid membranes with a considerably lower fraction of

large pores[ 0.35 nm than other membranes. The per-

meance of small gases (\0.35 nm) like He, H2 and CO2

was not affected, see Fig. 10. It is thought that the absence

of a high concentration of protons in the sol [33] and the

absence of excess water during condensation and film

drying lead to a more densified silica film in which larger,

non-selective pores are virtually absent.

Gas separations are usually carried out at elevated

temperatures and pressures, and knowledge of the tem-

perature and pressure dependency of the permeability of

gases is therefore important. The temperature dependency

of permeability of all molecules is typically positive or

slightly negative, i.e., values for the activation energy

between –1 and ?2 kJ/mol are typical [12]. The only

exception is CO2 which tends to adsorb on the pore surface.

The activation energy of permeability is the activation

energy of diffusion minus the heat of sorption of the

molecule on the inner pore wall [77], which is why its

value can be either positive or negative. For CO2, the

activation energy is usually negative, since it adsorbs rel-

atively strongly on micropore walls in silica and methy-

lated silica, with corresponding heats of sorption that are

larger than its activation energy of diffusion. Interestingly,

the general trends observed in silica and methylated silica

were also observed in hybrid organosilicas with varying

alkylene and arylene bridges, irrespective of the type of gas

and the type of bridge. The only exception was the

–C8H16– bridged membrane [12], which showed a rela-

tively high activation energy of permeability of ?6 kJ/mol

for He, H2, N2 and CH4 and ?2 kJ/mol for CO2. Since the

end-to-end length of the organic bridge of the phenylene

and di-phenylene bridges is similar, the difference must lie

in the absence of rigidity of the chain. Apparently, the long

and flexible –C8H16– bridges have a retarding effect on the

transport rate of all molecules, and this effect increases

with temperature. Possibly the thermal vibration and con-

formational changes in the octylene bridge hinder gas

transport. All other bridges are shorter or more rigid, and

apparently that is beneficial for a high molecular transport

rate.

In recent years, the separation of CO2 from gas mixtures

has been under serious consideration for sequestration

purposes, but in general good membranes are lacking. The

negative activation energy for CO2 suggests that unlike

other gases, its transport path is strongly influenced by

chemical interactions with the hybrid organosilica matrix.

Since its molecular size is larger than that of H2, a CO2

Fig. 9 Gas permeance versus molecular kinetic diameter of gases for

BTESE, BTESM and inorganic silica membranes at 200 �C.

Reprinted with permission from Ref. [41]. Copyright 2012 American

Chemical Society

Fig. 10 Normalized single gas permeances of BTESE-based mem-

branes prepared with acid ratio [H?]/[Si] = 0.01 or 0.1, coated onto

support systems pretreated at RH = 0.5 % (‘‘dry’’) or 90 %

(‘‘moist’’). Reference permeance is hydrogen flux at 473 K,

Dp = 2 bar. Reprinted from Ref. [84] with permission from Elsevier
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separation membrane operates ideally at low temperatures

where adsorption of CO2 is maximal. Moreover, in contrast

to the other gases, the permeability of CO2 decreases with

increasing (average) pressure of the system, which is

indicative of a strong influence of adsorption effects, see

Fig. 11. Relatively high CO2/H2 permselectivities of 7–10

were obtained for ethylene and methylene-bridged mem-

branes at 50 �C, but at 250 �C and 3 bar feed pressure the

longer octylene, phenylene and di-phenylene bridged

membranes performed better with values of 1.5–1.7.

Apparently, the larger pore sizes in these membranes are

beneficial for affinity-based transport at high temperature

[12]. These studies show that the permeability of gases

depends on the size, flexibility and nature of the organic

bridging groups and that the selectivity of hybrid

organosilica membranes can be tailored toward certain

targeted molecules.

Inspired by an earlier study on the incorporation of Nb

into a microporous silica membrane (Nb:Si = 1:3) to

suppress the transport of CO2 [20], Nb was also introduced

into BTESE-derived silica [85, 86]. Just as with normal

silica the diffusion of CO2 was largely suppressed, leading

to enhanced H2/CO2 permselectivity. Qi et al. explained

these effects by the formation of acidic Nb sites in the

matrix structure [20, 87], but also by possible densification

effects due to the very high thermal annealing temperature

for BTESE (400–550 �C in N2) [86], temperatures at which

thermal degradation of the organic bridges may have

occurred [61, 86]. Other dopants that have been introduced

into BTESE and BTESM matrices by co-condensation are

aluminum (Al) [88], boron (B) and tantalum (Ta) [89]. In

the latter study, a much lower thermal annealing temper-

ature of 300 �C (in N2) was employed. BTESE is known to

be stable at this temperature even in air. In contrast to the

work of Qi et al. [85, 86], no specific influence of the B, Ta

or Nb dopants on CO2 permeability was observed, apart

from a general increase in membrane permeability for all

gases, see Fig. 12. This suggests that densification effects

due to thermal degradation of the ethylene bridge may have

led to small enough pores for the Nb center to have an

appreciable effect on CO2 transport in the study of Qi,

while the same sites did not influence CO2 permselectivity

in an intact BTESE-based matrix as in the study of Qureshi

et al. [89] Recently, a malonamide-functional membrane

with an ability to disperse transition metal ions homoge-

neously throughout the matrix was reported [17]. Both

Ce4? and Ni2? were doped into the system. In both cases,

enhanced H2/N2 selectivity was observed in comparison

with the reference system BTESE. Particularly, the Ni-

doped system showed considerable densification, so that all

gas fluxes were *10 times smaller than through the other

membranes reported. Also recently, a triazine-functional

hybrid organosilica membrane based on a novel sol–gel

precursor was reported [18, 90]. The membrane had a high

H2/SF6 selectivity and a high affinity for propene/propane

separation.

4.3 Stability issues

BTESE membranes are resistant to aggressive aprotic

solvents like N-methyl pyrrolidone (NMP), to organic acids

like acetic acid [26, 91] and even to HNO3 up to concen-

trations of 0.05 wt% in water–ethanol (pH 2.2) [26]. Only

substantially higher concentrations of HNO3 or the use of

even stronger acids like methyl sulfonic acid led to fast

deterioration of the membrane, leading to complete loss of

performance within several days [26, 65]. Despite the fact

that hybrid organosilica membranes are much more

Fig. 11 Dependence of gas permeances on the average pressure with

a constant pressure drop of 2 bar through a BTESM membrane at

50 �C. Reprinted from Ref. [12] with permission from Wiley

Fig. 12 Single gas permeances at 200 �C of undoped and Nb-, Ta-

and B-doped BTESE sol–gel-derived membranes, annealed at 300 �C
in N2, as a function of kinetic diameter of permeating gases.

Reprinted from Ref. [89]
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resistant to high temperatures and hydrothermal conditions,

they show some degree of performance loss over time. A

slow degradation of the flux of 3–4 %/month at 150 �C was

already reported in the first pervaporation studies [7, 19].

Similar performance was observed in a 1000-day test [28];

a water flux decline to approximately 50 % of its initial

value was observed during the first 400 days of operation.

The reason for this slow change is not understood. Since

the separation factor in these studies remains high over this

time period, the decreasing flux can be counteracted in

practice by gradually increasing the operating temperature

over the lifetime of the membrane, but there is obviously a

limit to that option.

5 Conclusions

Microporous hybrid organosilica membranes have shown

very good performance in industrially relevant gas and

liquid separation processes. Control over membrane prop-

erties such as pore size and hydrophobicity via control of

the nature of the bridging group has been demonstrated.

However, the number of possible bridging groups is vir-

tually infinite. Many other functional groups may be

covalently incorporated into the hybrid organosilica matrix,

thus giving rise to novel molecular sieving membranes

with unexplored and possibly unprecedented separation

performance. We expect to see new examples of mem-

branes based on this principle in the forthcoming years.

One of the still open questions in hybrid membrane engi-

neering concerns the slow deterioration of the permeability

of a membrane upon long-term exposure. While this did

not hamper the introduction of hybrid organosilica mem-

brane technology in industry, it does affect their lifetime

and a better understanding of its molecular cause and

possible cure are dearly needed.
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