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In the past, the research in molecular separation membranes prepared through sol-gel technologies has
been dominated by ceramic membranes. Especially, silica membranes have been studied in great depth.
Steps towards hybrid organosilica membranes were taken by using pendant organic groups. However,

Keywords: only with the appearance of organically bridged silica, stable and reliable membranes that are suitable
HyE“g silica membranes with organic links for large scale industrial utilization have become available. In this paper, we provide an overview of
HybSi®

recent development of hybrid silica membranes that contain organic bridges. The freedom of choice in
precursor allows for a flexible approach towards tailoring of the membrane properties. New support
materials can be used by applying alternative deposition methods, such as expanding thermal plasma
chemical vapor deposition. The robustness of the membrane concept allows for the design of novel sep-
aration process concepts in which the demonstrated stability is required.
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1. Introduction

Molecular separation membranes are expected to play an
important role in reaching the environmental goal to reduce CO,
emissions by approximately 50 Gt per year by 2050 [1]. Mem-
branes can be applied as effective and energy-efficient separation
systems to dehydrate wet bio-based fuels [2,3]. Also application
in the (petro)chemical industry is widely considered to signifi-
cantly enhance the energy efficiency of key processes. Although ex-
act numbers are missing, separation processes are known to be one
of the more energy-intensive steps in a chemical production plant.
Molecular separation membranes can play a crucial role here [4-
6].

In this paper, the status and potential of hybrid organosilica
membrane materials, and their use in different molecular
separations are presented. An outlook is given towards further
developments. Pure inorganic silica membranes have a low hydro-
thermal stability [7,8], reducing the application window for
dehydration of organic liquids by pervaporation to temperatures
not exceeding ~75°C [9]. The incorporation of methyl groups
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[10] in the silica structure allows an increase of the application
temperature to 95 °C [9]. This results in an application window
with a temperature range that is similar to that of polymeric mem-
branes like PVA [11] and polyimides [12]. Ceramic membranes will
only have a value in the market when clear advantages over the
commercially produced polymeric ones can be obtained. These
advantages may include a higher performance, i.e. a higher selec-
tivity and permeance, and an increased stability. As a result the
application window can be broader than the more commonly used
polymeric membranes. Envisaged application extensions are a
higher application temperature, higher chemical stability towards
strong organic solvents, acids and water, and a smaller sensitivity
to swelling. The increase of operation periods under a wider range
of applications will result in a positive business case for all indus-
trial parties involved.

The focus of this review will be the preparation of membranes
bridged polysilsesquioxanes precursors and their application in
processes. Other types of hybrid membranes are reviewed else-
where [13]. These current class of materials is characterized by
covalent bonds between both oxygen and hydrocarbons to silicon.
These materials are prepared by sol-gel processing [14] of mono-
mers that contain an organic group that bridges typically two func-
tional silyl groups [15]. A great variety of organic bridges can be
used, including aromatic, alkyne, alkene, alkane, and functional-
ized moieties [16]. A general trend in mesoporous materials is that
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the pore diameter increases with increasing length of the bridge
[16-18]. Alternatively, organic templates can be used to direct
the pore formation process [19]. The positive impact of the organic
bridge on the hydrothermal stability for mesoporous materials has
been recognized [20]. The application of similar microporous
materials in molecular separation membranes was reported as re-
cently as 2008 [21].

This review paper is structured in a number of chapters. We
start with material and preparation considerations, which include
structure-property relations. With respect to preparation, our fo-
cus is on sol-gel processes, in which bridging and pendant organic
groups with various structures are incorporated. This is followed
by a generic overview of possible applications of these membranes.
While the main focus is on pervaporation, developments in gas
separation and nanofiltration are discussed as well. A pervapora-
tion process case study is presented for the production of an acetal,
which can be used as a renewable diesel additive. The topics of the
last chapters are recent developments in alternative preparation
methods, new support options, new processes, and an outlook to-
wards the requirements in fundamental knowledge needed to al-
low further applicability.

2. Precursors and preparations
2.1. Preparation of oxide membranes

Oxide microporous materials and membranes are typically pre-
pared by conventional sol-gel approaches [14]. The mild synthesis
conditions of sol-gel preparation allow the synthesis and control of
nanoporous inorganic materials. Thin layers, <1 pum, can be effi-
ciently deposited onto a support by coating with the sol before
the transition to the gel phase occurs. The first membranes pre-
pared in this way were made from tetraethylorthosilicate (TEOS)
[22-24]. A microporous, pore diameter d,<2nm, structure is
formed upon acid-catalyzed hydrolysis and condensation of TEOS
in mixtures with ethanol, water and nitric or hydrochloric acid
The basic degrees of freedom are the relative amounts of the four
chemicals involved, the reaction temperature and time
[14,25,26]. Variation in the preparative conditions leads to a great
variety of membrane properties, which can be further enlarged
through the use of pore forming agents [27]. The silica membranes
can be doped with transition metal cations by the addition of a
suitable alkoxy-functionalized metal precursor during sol prepara-
tion. Examples include Fe [28], Co [29], Zr [30], and Nb [31,32].
Inorganic membranes that consist completely of TiO, and ZrO,
have also been prepared [33-36], although their dense atomic
packing generally leads to low permeabilities [37]. The sol prepara-
tion part is followed by a coating step onto a multilayer support
system. The most widely applied support system consists of a layer
of mesoporous y-Al,05 [38], which in turn is supported by macro-
porous o-Al,O3 [39]. After drying, the membrane preparation is
concluded by calcination of the coated membrane.

2.2. Precursor choice for hybrid organosilica

The first membranes which did contain organic fragments were
prepared by introducing alkyl-terminating groups into an other-
wise inorganic membrane. Membranes have been made through
the co-condensation of TEOS with mono-substituted R-trialkoxysi-
lane precursors, with R=alkyl [9,40], phenyl [41], fluorine-
substituted alkyl [42], unsaturated (alkene) [43], and amino
groups [44,45]. Only recently, a bridging organic moiety was con-
sidered for the fabrication of a molecular separation membrane
[21]. The precursor used for the preparation of the organically
linked silica membranes was 1,2-bis(triethoxysilyl)ethane (BTESE,

(C3H50)3-Si-CyH4-Si-(0OCaHs)s3,), which is still the most reported
precursor molecule. The materials properties can be controlled
by changing the structure of this bridging group [46,47]. Applying
the BTESE precursor as a basis, other precursors can be added to
modify the surface properties. The inorganic content can be in-
creased by applying mixtures with TEOS [48]. Membranes with a
higher organic content have been prepared with additives consist-
ing of R-alkoxysilianes with R an alkyl [21,49] or amino side group
[50]. The addition of Nb has led to a decreased permeance of CO, in
Si0, - based membranes and an increased selectivity towards
hydrogen [31]. This has inspired the addition of this precursor to
BTESE-based membranes [51,52].

Organosilica precursors can also be used to synthesize inorganic
silica membranes. Organic side groups [53,54] or bridging organic
groups [27,55] are subsequently deliberately pyrolysed by high-
temperature calcination. The organic groups thus served as pore
formers and did not remain in the structure. This procedure is
not further described in this review.

2.3. Sol preparation and coating

Control over the pore size distribution and defect concentration
is essential in obtaining a high quality membrane [39]. Micropo-
rous and defect-free silica-based membranes with molecular siev-
ing properties require acid-catalyzed hydrolysis and condensation,
i.e. preparation conditions below the isoelectric point [14]. The
reaction rate is determined by the temperature, the concentration
of the reactants, the silsesquioxane precursor and water, and of the
acid catalyst in the solvent. Condensation reactions lead to the for-
mation of oligomeric colloidal structures and ultimately to the for-
mation of a continuous network gel with high viscosity. NMR
studies showed that BTESE hydrolyzes more rapidly than TEOS
while condensation rates are of the same order [56]. The larger size
and larger network-forming ability of BTESE, however, result in
much faster colloidal growth than for TEOS. As thin-film coating
requires low sol viscosity, lower reactant concentrations must be
applied for BTESE than for TEOS [46,57].

The mean colloid hydrodynamic diameter can be applied as a
measure for the suitability of a sol for membrane coating. A
straightforward assessment can be done with dynamic light scat-
tering [58]. A lower limit is set by the pore size of the mesoporous
support layer, around 4 nm for y-Al,0s, to prevent extensive infil-
tration of the sol into the substrate. At a particle size larger than
15 nm, growth is governed by colloid-colloid aggregation rather
than the reaction of monomer species with colloids. Interaction be-
tween two large colloids for further-developed sols leads to broad
colloid size distributions and viscous sols unsuitable for applying
coatings [46].

Sol synthesis is usually carried out at 333 K or higher, with reac-
tion times of several hours. An effective way to quench the reaction
is to cool to room temperature and dilute the colloidal sol prior to
coating. In this way, a stable sol is obtained with very limited ongo-
ing condensation that can be handled easily. It can be used for
coating during several hours, although the individual coating pro-
cedure does not take more than minutes. The coating procedure it-
self is preferably performed in a clean environment [40] to reduce
the influence of the presence of dust particles which can adhere to
the drying surface and create defects.

2.4. Calcination

The preparation of the membrane is finalized with a thermal
treatment to consolidate the materials. The organic groups can
be retained in the structure by applying mild thermal conditions,
with temperatures between 250 and 300°C and slow heating
and cooling rates (0.5-1 K/min), in an inert atmosphere, usually
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nitrogen [21]. A lower temperature tends to result in functional
membranes with lower selectivities and permeances in both per-
vaporation and gas separation tests [59]. The calcination step can
be replaced by a HCl assisted densification using the vapor origi-
nated from an 35% aqueous HCI solution [60].

For gas separations, optimal calcination temperatures as high as
450 °C have been reported [51]. This temperature is very close to
the clear onset of partial pyrolysis at 470 °C where the appearance
of the materials changes from light to dark and TGA-MS reveals the
loss of organic groups [21,61]. In air, the decomposition tempera-
ture is reduced to a value in the range from 280 °C [55] to 315 °C
[21]. Aryl bridges have been reported to be removed from the sys-
tem at a temperature between 400 and 500 °C [27]. Finally, cova-
lently attached organic templates have been reported to be fully
oxidized at 350 °C [53]. FTIR analyses showed a significantly re-
duced amount of Si-C and C-H groups after calcination at 450 °C
under nitrogen [52]. The steam stability was found to be reduced
[62]. Despite all these data, knowledge of the influence of the cal-
cination temperature and atmosphere on the reactivity of the
bridging organic group is still minimal. Indications have been
found that under low temperature plasma conditions the bridging
groups are less stable than the terminating groups [63]. The
extrapolation of these findings to temperatures above 300 °C is
not straightforward and it cannot be ruled out that the organic
bridges dissociate into two terminating groups without weight loss
at a temperature lower than the onset of pyrolysis.

3. Organosilica membranes in liquid and gas separations
3.1. Pervaporation applications

The HybSi® membrane was originally developed for pervapora-
tion applications, and not surprisingly most application-oriented
papers focus on the separation of water from organic solvents. In
this section, we present the technical application window with
special attention to the long-term behavior.

In the publication of 2008 [21], a long term continuous pervap-
oration experiment at 150 °C was reported for the first time. Data
for a period of over 500 days were reported, without any indication
of reduced permeate purity in the separation of water from n-buta-
nol. An even longer continuous testing period of 1000 days was
presented in 2011 [64] (Fig. 1). Although over the full period of
time the permeate water purity remains constant at a value of over
96 wt.% for a feed containing 5 wt.% of water in n-BuOH, a flux de-
cline is observed during the first 400 days. In practical applications,
this can be overcome by gradually and slightly increasing the oper-
ation temperature over the full life time of the membrane. The sep-
aration factor of a membrane based on a mixture of BTESE and
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Fig. 1. Separation performance (water flux and water content in the permeate) for
the dehydration of 3 wt.% water from n-butanol at 150 °C [64].

MTES, is lower than that based on pure BTESE, while membranes
based on pure BTESM can have the highest separation factor (Ta-
ble 1) [47]. In this way, the permeate purity can be increased to
over 99.5wt.% in the dehydration of 5wt.% water in n-butanol.
The BTESM membrane is even selective in the dehydration of
methanol with a separation factor of over 20.

The addition of MTES to TEOS-based membranes resulted in a
substantial increase of the hydrothermal stability [9,10]. The
reduction of the separation factor was explained by a bimodal pore
size distribution in which also pores of ~2 nm are present [65].
With respect to the hydrothermal stability in pervaporation, the
addition of MTES cannot be considered to be of additional value
compared to membranes from pure BTESE. In fact, an almost twice
faster decline of the flux was observed in the presence of methyl
groups [57].

The resistance against more aggressive solvents has been
gauged using e.g. the aprotic n-methyl pyrrolidone, NMP, one of
strongest solvents in its class and for that reason frequently used
in polymer manufacturing. A stable performance was reported
during the 50 days of measurement [64]. For the acetal production
described below, the long-term performance under the relevant
conditions has been tested in the presence of an ethanol - butyral-
dehyde - 1,1 diethoxybutane -water mixture [66]. Also under
these conditions no membrane performance decline was observed.

The influence of the presence of an organic, acetic, acid and an
inorganic, nitric, acid has been studied as well. First 1.5 wt.% of ace-
tic acid was added to a mixture of 5 wt.% water in ethanol [47], la-
ter this amount of acid was increased to 15 wt.% [64]. Under these
conditions, only a very limited selectivity decline was observed
during the whole measurement period, which ranged from 50 to
350 days. The dehydration of acetic acid has been studied in the
past for purely ceramic membranes [67] and indications were
found that it could be feasible for BTESE-based membranes [68]
in experiments that lasted in the order of days. Long term stability
under the relevant operation conditions remains to be demon-
strated. Limitations in acid resistance of the HybSi® membrane be-
came apparent when the concentration of HNOj3 is increased to
0.50 wt.% in a mixture with 5 wt.% water and butanol [69]. A slow
but steady decline in permeate purity from >99% to ~95% occurred
over a 30-day period. A faster loss of the selectivity, within hours,
was found after the addition of 1 wt.% methanesulfonic acid [64].
Post-test analysis showed that both the selective layer and the vy-
Al,03 sub-layer had disappeared.

The discussion above focused on the removal of water from var-
ious organic solvents. For these membranes water was the fastest
permeating species. However, the properties of the membrane
can be tailored towards organic selectivity through the use of alter-
native precursors [46,49]. Especially, the combination of bridging
and terminating hydrocarbon moieties leads to promising results.
Fig. 2 shows that a BTESE - RTES-based (R =alkyl) membrane
changes from preferentially water permeating to butanol permeat-
ing when the number of carbon atoms in the organic tail increases
to 10. This has been explained by an increased water contact angle
or stronger hydrophobicity (Fig. 3). A high n-butanol flux was also

Table 1
Separation performance of the three types of hybrid silica membranes for dehydra-
tion of alcohol/water (95/5 wt.%) mixtures [47].

Alcohol T JH20 wt.% H,0 in permeate

°C kgm2h! BTESE/MTES BTESE BTESM
n-BuOH 95 2.0-3.6 95.8 99.6 99.8
n-PrOH 85 1.5-2.8 83.5 99.5 99.5
EtOH 70 0.8-1.5 42.0 89.2 92.2
MeOH 55 0.3-0.6 4.6 18.6 55.1
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Fig. 2. Permeate concentration as a function of the number of C atoms in the
terminating R-group added to BTESE in pervaporation experiments for butanol/
water feed mixtures of 95/5 and 5/95 wt.%. at 95 °C [49].

observed for octane- or biphenyl-bridged membranes [46]. The
hydrophobic character is related to the large size of the organic
bridging group. The rigidity of the biphenyl bridges makes this
material possibly suitable for the separation of mixtures of larger
molecules by pervaporation.

3.2. Gas separation applications

A second class of applications is that of gas separations. One of
the obvious differences with the separations in the liquid phase is a
much smaller density of the feed stream. Industrial relevant gases
include H,, CO, CO,, and CHy. The size differences between these
molecules are in general smaller than in the liquid phase. Further-
more, differences in interaction between these molecules and the
membranes are smaller. As a result, it is more difficult to reach
high selectivities. While high selectivities can be reached with
inorganic silica membranes, e.g. H,/CH,4 > 4000 [40], the introduc-
tion of terminating methyl groups leads to a dramatic decrease
[10]. The first results on gas separating properties of organically
bridged silica were presented during the Tokyo ICIM conference
in 2008 [70]. A Hy/N, selectivity between 20 and 30 was found
(Fig. 4). These results were later independently reproduced and as-
cribed to the more open pore structure as compared to that of
purely inorganic silica [61,71].

To increase the moderate selectivity, the influence of adding
pure inorganic silica to organosilica was studied and found to be
limited [48]. However, much higher selectivities were reported
when Nb was added to a BTESE-based matrix [51,52], The in-
creased H,/CO, selectivity was ascribed to a number of effects,
including the formation of additional acid sites and densification.
In comparison with other reports, the optimal calcination temper-
ature is high, 450 °C. The impressive values of oo H2/CO, up to 700
[72] may be related to a very much reduced organic content [52]:
FTIR analyses did not reveal the presence of organic moieties.
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Fig. 4. Permeances vs. average membrane pressure of different pure and single
gasses for a BTESE membrane at 200 °C. Single gas selectivity H,/N, = 20-30.

Another way to control the gas separation properties is through
variation of the organic bridging group. A series of membranes was
prepared with a different size, flexibility, and shape of the organic
bridging group. For this study, bis(triethoxysilyl)alkanes (C;Ha,)
with n=1, 2 and 8, -benzene and -biphenyl [46] were selected.
To allow optimal comparison of the structural and functional dif-
ferences related to the organic bridging groups, the colloid size dis-
tributions were adjusted to a mean size of ~6 nm. The materials
with the shortest, CH, and C;H4 alkylene, bridges exhibited the
highest H,/N, single gas permeance ratios (~15 at 523 K), and
are thus most suitable for size-based molecular sieving. The high-
est CO,/H, permeance ratios were observed for octane- and ben-
zene-bridged organosilica (~1.6 at 323 K). As CO, has a larger
diameter than H,, transport through these materials is dominated
by the affinity between the hybrid silica materials and CO, (Fig. 5).
The negative apparent activation energy of CO, through the BTESE-
based membrane is consistent with this observation. Considering
that the high size selectivity of inorganic silica membranes has re-
sulted in much lower CO,/H, ratios [73], the more open structure
of hybrid silica materials with large bridging groups is apparently
advantageous to enhance affinity-based transport. Both size- and
affinity-based transport participate in CO,/CH4 permeance ratios,
which were highest for CH, and C,H4 bridges (8-10 at 323 K).

The octane-bridged material showed strongly temperature-
dependent transport for all investigated gases (Fig. 5). The flexibil-
ity of the organic bridge results in a material with a polymeric
character, while the network backbone structure of an inorganic
(silica) material is retained. While the applicability of organic poly-
mers is often limited by plasticization, no indication for plasticiza-
tion was found in either of the hybrid silica materials.

The effect of additional pendant methyl groups was studied in
membranes from a 1,1,3,3-tetraethoxy-1,3-dimethyldisiloxane
(TEDMDS) precursor [68], employing acetic acid as a catalyst and
calcination up to 550 °C. A comparison with hexaethoxydisiloxane
(HEDS) shows a larger pore size for membranes from TEDMDS,
which was explained by a combination of a larger structural unit
and a looser structure as a result of a lower degree of cross-linking.

Fig. 3. Photographs of water drops on the surface of the membrane series without terminating alkyl groups (E), and with methyl (M), n-propyl (P), n-hexyl (H), and n-decyl
(D) groups respectively. In the latter cases, one out of three silicon atoms was bound to an alkyl group. A clearly increasing contact angle with increasing alkyl length can be

observed [49].
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Fig. 5. Apparent activation energies E,,, of the permeance of H,, CO, and N,
through C;H; and CgHig-bridged organosilica membranes, averaged for feed
pressures of 3-9 bar.

The pendant groups may aggregate inside the silica networks dur-
ing the sol-gel process, and form larger spaces for gas permeation.
While the pore size was estimated to be similar to that of BTESE
membranes, the H, permeability of TEDMDS membranes was sub-
stantially lower, which is in line with observations on MTES/BTESE
mixtures. This shows that the effect of pendant methyl groups on
the structure and permeation properties is independent on the
synthesis route followed.

Inspired by results obtained by the functionalization of the pure
silica with amino containing terminating groups [44,45], the effect
on the gas permeation of the addition of three different amino-
functionalized groups to BTESE based membranes was studied
[50]. The addition of (3-aminopropyl) triethoxysilane (APTES)
shows a decreasing hydrogen permeability with an increasing con-
tent of APTES (Fig. 6). This low gas permeability and the contrast-
ing high water fluxes in pervaporation were explained in relation
to strong water adsorption. The single gas selectivities and pervap-
oration separation factors remain essentially unchanged. The re-
sults for the other two amino-functionalized terminating groups
were comparable.

4. The production of acetal: a case study

One of the possible applications that has been suggested for
pervaporation membranes is related to the dehydration of reaction
mixtures [74]. Till date, membranes have found limited utilization
in this field. The breakthrough in stability of the HybSi® membrane
may renew the interest in this topic. The interest in acetals is
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Fig. 6. H, permeability as a function of concentration of (3-aminopropyl)triethox-
ysilane (APTES) in the BTESE matrix at 323, 423, and 523 K [50].

increasing in recent years [75-77]. Acetals can be considered as
promising bio-based diesel additives. The production of these com-
pounds, from an alcohol and an aldehyde, suffers from low conver-
sions due to thermodynamic limitations. The reaction under
consideration is the acetalization of ethanol and butyraldehyde
to produce 1,1-diethoxybutane and water:

2C,H50H + C3H;CHO — C3H,C(OC,Hs ), + H,0 AH? € = —31KkJ/mol

This reaction presents high thermodynamic limitations, for
example using conventional reactors the achieved conversions
are around 40% at 70 °C [78]. In order to overcome these limita-
tions, any reactor system which allows the removal of water from
the mixture will increase the conversion. Reactive distillation sys-
tems, for instance, showed a maximum conversion of 50% [79],
while values of 70% were reached with a membrane reactor using
a HybSi® membrane [66]. In all these experiments, the same ion-
exchange resin, Amberlyst 47, was used as heterogeneous catalyst.
To come to an assessment on the most promising technology and
configuration, a process comparison performed at a 50 kt/year
scale will be highlighted here.

4.1. Full scale process comparison

4.1.1. Base case

The base case consists of a 1,1-diethoxybutane production pro-
cess based on conventional unit operations and is built up from a
tubular reactor and distillation (Fig. 7a). The reaction mixture to
be separated by distillation is very complex due to its four azeo-
tropes as well as the immiscibility of some of the binary mixtures.
The first column (50 equilibrium stages) recycles the non-reacted
ethanol and butyraldehyde as well as some of the water. The bot-
tom products, water and 1,1 diethoxy butane, are directed to a de-
canter giving a pure water and an acetal-water mixture. This latter
mixture is distilled in a second column producing pure 1,1 dieth-
oxy butane. As no reactants are lost in the product, the overall con-
version is nearly 100%.

4.1.2. Reactive distillation

In this case the plug flow reactor of the base case was replaced
by a reactive distillation column (Fig. 7b) [79]. Again two addi-
tional columns were required to reach the purity demands. The
maximum achievable conversion in the reactive distillation unit it-
self is 50% [79]. However, as some water is recycled and the reac-
tion temperature is increased the conversion per pass remained
essentially constant. Therefore, the downstream separation was
largely unchanged from the base case.

4.1.3. Membrane case

As initial estimates indicated that an integration of reaction and
membrane separation lead to unrealistic values [80], various non-
integrated methods of combining reaction and membrane separa-
tion were analyzed:

(1) Reactor followed by pervaporation in series (Fig. 8a),

(2) Reactor and pervaporation with a recycling loop (Fig. 8b),

(3) Reactor followed by pervaporation and distillation with a
recycling loop (Fig. 8c).

For a bench scale plant the results of these alternatives are sum-
marized in Table 2 [81]. Case 3, in which pervaporation in combi-
nation with a distillation column is used, seems to be the most
promising option.

The first estimates for a full scale process indicated that an iso-
thermal membrane module (~550m? for the 50 kt/y process)
could be more economic than an adiabatic module (1200 m?) in
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Fig. 7. Base case, (a) and reactive distillation case, (b) flowsheet diagrams [80].

terms of capital, maintenance and membrane replacement costs.
This is mostly due to a temperature decrease of ~45 °C between
the inlet and the outlet of an adiabatic pervaporation module,
which results in a lower permeance. In all cases the permeate pres-
sure was kept at 5 mbar. For the economics, as some ethanol per-
meates through the membrane, the costs of a simple distillation
column (not included in the figure) which recovers and recycles
the ethanol was also considered.

4.2. Economic comparison

An economic comparison between the base case, reactive distil-
lation, and the membrane case is presented in Table 3. The total
capital costs are the highest for the membrane case, but the utility
costs are the lowest because of a higher energy efficiency. Overall,
the pervaporation based process configuration 3, Fig. 8c, leads to
the lowest utility costs for the acetal.

5. Origins of the high stability

The operational stability of organically bridged silica under
demanding hydrothermal conditions is unique. For periodic meso-
porous materials it has been established that the inclusion of or-
ganic bridges is essential for their hydrothermal stability [20].
The solubility of organosilica in water appears to be lower than
that of inorganic silica [82].

The increased stability of methylated silica as compared to pure
silica has been ascribed to a shielding effect rather than to stabil-
ization of the siloxane bond [9]. Similar as the pendant methyl
groups, the organic bridge is not expected to be sufficiently electro-
negative to further increase the binding energy of the siloxane
bonds, although the stability of the organic bridge itself towards
hydrolysis is beyond doubt. Alternatively, the increased stability
may be attributed to the mechanical properties. The fracture
toughness and Young’'s modulus of organically bridged silica is
much higher than that of pure silica [83,84], as studied for low-k
dielectric materials [85]. As a result, cracks at the nanoscale are
much less likely to propagate through the material, resulting in
lower defect concentration. Moreover, the flexibility of the bridge

allows the Si-0-Si bonds to relax to their optimal conformation,
which has been linked to a lower sensitivity to hydrolytic attack
[86,87].

Finally, the minimum hydrothermally stable unit of hybrid sil-
ica is linked via six siloxane bonds rather than four as in pure silica.
This can result in a lower surface diffusion coefficient. A slower
migration than in methylated silica, which densified at 115 °C
within a week in a 2.5 wt.% water in n-butanol mixture [9], is
anticipated.

6. New manufacturing technologies

Although less extensively applied than wet chemistry processes
in the field of membrane science and technology, vapor-based
deposition techniques have been applied successfully. Chemical
vapor deposition is a thin-film deposition process following the
thermal decomposition of one or more volatile precursors at the
surface of a substrate to produce the desired film. One specific
example is the counter-diffusion chemical vapor deposition meth-
od [88]. The high temperature, 600 °C, and the presence of oxygen
used in this method is perfectly suitable for inorganic membranes,
but much less so for organically bridged silica membranes. For this
latter material, milder conditions are required. Plasma-assisted
atomic layer deposition (PA-ALD) and plasma-enhanced chemical
vapor deposition (PE-CVD) are solvent-free processes which enable
the deposition of hybrid films on large areas and/or thermally sen-
sitive substrates. These thin film deposition methods have a poten-
tial for membrane manufacturing as they enable the utilization of
polymer supports enabling spiral wound modules [89] for e.g.
nanofiltration. However, only a few reports are present in litera-
ture on the separation performance of layers developed by means
of the above-mentioned “dry chemistry” approaches.

6.1. Plasma assisted atomic layer deposition (PA-ALD)

Atomic layer deposition is a self-limiting layer-by-layer thin
film deposition technique consisting of successive cycles of surface
adsorption and activation of the precursor to develop the deposited
layer [90,91]. In the PA-ALD, the activation of the adsorbed
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Table 2

Main results of the developed membrane based processes (bench scale fresh feed rate: 7 L/h) [81].

Process configuration Conversion (%)

Membrane tube length (m) Membrane area (m?) Catalyst volume (dm?)

(1) Plug flow reactor and pervaporation in series 70.6
(2) Plug flow reactor and pervaporation in recycle 71.0
(3) Plug flow reactor, pervaporation, and distillation in recycle 99.7

245 1.00 0.22
0.6 1.60 2.39
2 0.81 0.12

precursor takes place by exposure to a plasma. This way, an ultra-
thin hybrid organic-inorganic silica membrane layer, 5 nm, was
prepared [92] with a He/N, selectivity higher than 1000. To pre-
pare the selective layer, the surface and internal hydroxyl groups
of a ceramic-supported mesoporous silica were first converted to
trimethylsiloxane groups. By re-exposing the treated support for
a very short time to an (Ar + O,) plasma with a Debye length and

radical mean free path much larger than the pore size of the mes-
oporous sub-layer, only the surface trimethylsiloxane groups were
converted to silanol groups representing active sites for the
adsorption of the BTESE precursor through condensation reactions.
The subsequent treatment of the adsorbed BTESE precursor by UV/
ozone exposure removed the organic bridging groups and allowed
the development of microporosity. The presence of the ethylene
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Table 3
Comparison of the acetal production costs of three processes taken from [80].

Process Base case Reactive distillation Pervaporation membrane, configuration 3
Plug flow reactor or reactive distillation conversion 39% 41% 43%

Steam at 3.5 bar (Kgsteam/KEacetal) 1.80 3.76 1.12

Cooling water (kgz0/K€acetal) 33.68 78.20 19.51

Electricity (kW h/Kgacetal) 0 0 0.09

Total capital expenditure (M€) 2.01 2.85 3.76

Total utility costs (Mé€[y) 3.78 8.50 2.53

Total utility costs (€/L) 0.07 0.14 0.04

Total raw material cost (€/L) 0.72 0.72 0.72

Total production costs (€/L) 0.79 0.86 0.76

bridging group in the as-deposited layer was confirmed by electron
energy-loss spectroscopy. A deposition rate close to zero was ob-
tained when using organosilicon precursors with organic
chain-terminating groups. This was ascribed to the formation of
terminating alkyl groups at the external surface of the mesoporous
silica sub-layer which passivate the surface against further ALD
deposition cycles. Even though ethylene bridging groups were
deliberately removed in via UV/ozone exposition to create the
microporosity, this work showed that dense and ultrathin BTESE-
derived hybrid silica films can be deposited using the PA-ALD
technique.

6.2. Plasma enhanced chemical vapor deposition (PECVD)

The generation of a plasma, i.e. the development of reactivity in
the gas phase through the application of an electric field, allows
lowering the substrate temperature typical of CVD processes as
the radicals are produced in the plasma phase [93]. This technique
has been successfully applied for silica type membranes [94]. Fur-
ther, organic groups can remain in place under these conditions as
well, as has been demonstrated for polydimethylsiloxane-like
membranes without organic bridging moieties [95,96]. One of
the preferred precursors is hexamethyldisiloxane [97,98]. The pre-
cursor selection has a strong influence on the mechanical proper-
ties of silica based layers deposited by means of atmospheric
plasma CVD. BTESE-derived organosilica films [99] show a higher
Young’s modulus and adhesion energy as compared to the films
prepared from TEOS and tetramethylcyclotetrasiloxane (TMCTS).
The presence of ethylene bridging groups was identified by means
of infrared spectroscopy [99].

More recently, the successful deposition of a permselective
BTESE-derived organosilica membrane on a polyamide-imide sub-
strate by means of expanding thermal plasma CVD (ETP-CVD), a re-
mote PECVD method, was reported [63,100]. One of the advantages
of ETP-CVD compared to conventional rf-PECVD is the suppression
of electron impact-induced dissociation reactions. This can be as-
cribed to the low electron temperature (<0.3 eV) in the down-
stream region, where the plasma expands [101]. As a
consequence, the dissociation of the organosilicon precursor into
film depositing radicals is initiated by charge exchange-dissocia-
tive recombination reactions between the argon ions and electrons
emanating in the downstream region from the plasma source
[102]. As such the film composition, density and chemical struc-
ture can be tuned by adjusting the BTESE-Ar" ratio (®gresg/Par+)
which enabled to control fragmentation of the ethylene bridge.
The ®grese/Par+ ratio also affects the pervaporation performance
in the dehydration of a water/n-butanol (5 wt.%/95 wt.%) mixture
as shown in Table 4.

The water concentration in the permeate, Table 4, is about
18 wt.% for the pristine polymer. Coating the porous polymeric
substrate with a 200 nm thick top layer increases the water con-
centration in the permeate up to 98 wt.%. The plasma deposited

top layer is highly selective for the transport of water over butanol.
At higher values of the ®gygsg/®Par+ ratio the layer thickness in-
creases. At the same time the water concentration in the permeate
decreases from 98 wt.% to 95 wt.% and the water flux increases
from 1.15 to 2.24 kg m~2 h™!. These effects can be largely ascribed
to a reduced density.

7. Outlook
7.1. New supports

The membranes described above are often deposited in first in-
stance on a flat ceramic discs [51]. This geometry is very suitable
for fundamental research, but is unlikely to be suitable for scaling
up. A tubular geometry is more appropriate in this case. A layer
deposited on the outside of a ceramic tube offers mechanical resis-
tance and easy observation [21]. One possibility to decrease costs is
to increase the surface area that can be coated in one single step.
This can be achieved through the use of multichannel supports.
These are commonly used in filtration applications but have as
yet found limited applications for molecular separations such as
pervaporation [103]. An additional positive effect is the increased
packing density (m?/m3), or membrane surface area per module
volume unit. Pressure drops in the support structure may become
limiting though.

A completely different approach is applying spiral-wound
membrane modules [89]. This requires a technology to deposit hy-
brid silica onto a flat polymeric support that can be rolled into a
spiral-wound module. Recently, major steps have been made into
this direction using both sol-gel and ETP-CVD approaches [104].
Such a support system is especially relevant for nanofiltration
applications. For a polymeric support generally lower calcination
temperatures must by applied. For pervaporation applications
and for ceramic supported membranes, it has been shown that this
results in a decrease in separation selectivity [59]. The influence of
the support on the final membrane performance has not been stud-
ied yet. Effective means to overcome this potential disadvantage
are essential to come to a profitable membrane behavior. One of
the options is a preparation method which does not require a cal-
cination step. The first experiences with ETP-CVD to apply hybrid
silica layers on a polymeric support indicate that this is a promis-
ing method for this purpose [63]. A recently proposed alterna-
tively, is an HCl assisted post treatment of a sol-gel membrane
at 75 °C [60].

7.2. New processes

The great freedom in organic bridges and terminating groups
opens doors to many applications, as tuning of pore size and
affinity is possible. The most widely studied application to date is
that of pervaporation. However, tests have only been carried out
for dehydrating fairly well-known systems. Lesser known
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Table 4

The water contact angle, water flux (Ju20), and water concentration in the permeate (W) after 4 days of continuous membrane operation in 95/5 wt.% n-butanol/water

pervaporation (95 °C) [63].

Membrane Dprese/ Par+ Density of the top layer Layer thickness Water contact angle Jh20 Permeate purity
g/cm® Nm ° kgm~2h! wt.%

PAI" - - - 64 4.0 17.6

1 0.55 1.31 200 82 1.15 98.3

2 1.04 1.17 325 78 1.77 98.4

3 1.85 0.88 400 76 2.24 95.3

@ PAI refers to the pristine polyamide-imide support.

multicomponent systems may lead to the first markets. The case
study for the acetal production has shown that a small pervapora-
tion unit can relieve the burden on the distillation column
significantly. Similar industrial processes in which components
with various volatilities and azeotropes coexist deserve to be
analyzed and investigated [5,6]. Also, the integration of reaction
and membrane separation is a promising direction. Process
analyses [74] have shown clear advantages of membrane processes
in esterification reactions, especially for reactions that are thermo-
dynamically hindered in which water is formed as a byproduct.
The presence of significant concentrations of the homogeneous
catalyst methanesulfonic acid in esterification reactions [74] leads
to a very fast decay of the membrane [64]. However, the apparent
very low solubility of these hybrid materials under acidic
conditions [82] may indicate a route to improve the acid stability.

In process analyses, the effect of the temperature should be
studied as well. Esterification reactions tend to be exothermic
and an increase in temperature results in a decrease in conversion.
For this reason the reaction temperatures are kept fairly low
[66,74]. However, both reaction kinetics and membrane flux can
be increased by using a higher temperature. Several esterification
reactions are already operated at temperatures as high as 200 °C
and the hybrid silica membrane can function up to these temper-
atures for a prolonged period without a negative impact on the sta-
bility. This also means that no additional cooling step is needed.
Detailed studies need to determine the optimal reaction conditions
in such a separation assisted reactor system.

Another type of separation that has been investigated is desali-
nation via reverse osmosis [105]. Reverse osmosis is a widely used
technique to produce high purity water [106]. It is unlikely that
current commercial polymeric membranes will be replaced with
the hybrid membranes described here. Opportunities may be pres-
ent for operation under more extreme conditions where the in-
creased stability of the hybrid membranes can be fully utilized or
when high osmotic pressures have to be overcome. One can think
of higher temperatures and higher salt concentrations. This may be
especially useful for applications in which the process mixture is
already at a high temperature.

Finally, the separation of olefins from paraffins is of interest.
Membranes can be used in retrofit options to debottleneck the dis-
tillation column [80]. The required separation performance has as
yet not been achieved [107].

7.3. Materials development

From this review it is clear that in recent years the knowledge
around the current class of hybrid organosilica membranes has
grown considerably. Still, some important issues have not been ad-
dressed or the application demands have not been met. It is clear
that the enhanced hydrothermal stability has resulted in a lower
thermal stability. Still, the exact conditions of, most notably, tem-
perature and oxygen content under which the hydrocarbon bridge
starts to disintegrate have not been determined.

Manufacturing cost reductions can be achieved through modi-
fied calcination protocols. This can be related to the feasibility to

perform the calcination in the presence of oxygen, air, rather than
under inert conditions. Also, the recent development of rapid heat-
ing and cooling procedures [108] is likely to result in cost reduc-
tions. The correlation between the preparative method and
procedure, i.e. sol-gel vs. ETP-CVD, recipe, calcination temperature,
the resulting material and membrane, and the long term separa-
tion performance is greatly lacking. This could be established with
the above cost reducing options in mind.

A recent, novel and promising preparation method for organo-
silica hybrid membranes is that of interfacial polymerization
[109], in which extensive hydrocarbon links are formed between
polyhedral oligosilsesquioxanes [110]. More research is required
to show that this preparation technique can be as successful as
the sol-gel method.

8. Conclusions

In this review an overview of the current status of organic-inor-
ganic silica-based molecular membranes has been presented. It
was shown that the incorporation of especially alkyl hydrocarbon
bridges greatly enhances the applicability of the sol-gel mem-
branes. Furthermore that gas phase deposition methods can be
used to make functional hybrid membranes. The main advantage
of this membrane system is an exceptionally high stability under
especially hydrothermal conditions. Long-term data sets for peri-
ods of over a year are available for a number of applications and
show the structural integrity of the membranes involved.

By selection of the appropriate precursor the properties of the
membranes can be tailored towards specific applications. Till date
all process requirements have been met by the pervaporation
membranes. For other fields of applications such as gas separation
and nanofiltration further development and improvement of the
selectivity are still required. This is likely to go hand in hand with
support optimization, like architecture and material selection. The
flexibility in preparation technology, i.e. sol-gel and expanding
thermal plasma CVD technique and possibly interfacial polymeri-
zation, offers further options to come to new types of membranes
with a different application window. To achieve this, more knowl-
edge is also required on the processes that change the chemical
and physical structure of the material during preparation and upon
application in various separation conditions.

Together with the recent results and future developments it is
likely that the interest in this field will grow in the near future.
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