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a b s t r a c t

A new organic–inorganic hybrid membrane has been prepared with exceptional performance in dewa-
tering applications. The only precursor used in the sol–gel synthesis of the selective layer was organically
linked 1,2-bis(triethoxysilyl)ethane (BTESE). The microporous structure of this layer enables selective
molecular sieving of small molecules from larger ones. In the dehydration of n-butanol with 5% of water,
eywords:
ervaporation
ewatering
rganic–inorganic hybrid
icroporous membrane

the membrane shows a high separation factor of over 4000 and ultra-fast water transport at a rate of
more than 20 kg m−2 h−1 at 150 ◦C. This can be related to the high adsorption capacity of the material and
the sub-micron thickness of the selective layer. The selectivity has now remained constant over almost
one and a half years under continuous process testing conditions. Apart from the hydrothermal stability,
the membrane exhibits a high tolerance for acid contamination. A slow performance decline in flux and
separation factor is only observed at a pH lower than 2. The high stability and effective separation indicate
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ydrothermal stability a broad industrial applica

. Introduction

Molecular separation with nanostructured membranes [1–9]
an lead to substantial energy savings in the dehydration of biomass
uels [10] and of organic solvents [11–14]. The potential is similarly
arge in the dehydration of condensation reactions and in breaking
zeotropic mixtures during distillation [15]. Typical examples are
lcohol/water mixtures in which water is the minor component.
he exergetic efficiency of conventional separation via distillation
an be as low as 10% [16]. Economical industrial usage of molecu-
ar sieving membranes is however challenged by the development
f a material that exhibits a favourable trade-off between selec-
ivity and permeability and that at the same time performs with

igh stability and reliability under hydrothermal conditions. Mem-
rane materials should withstand long-term operation at elevated
emperatures, at least 150 ◦C, to resist the temperature of many pro-
ess streams. High temperatures also bring about greater molecular
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otential of the hybrid membrane material.
© 2008 Elsevier B.V. All rights reserved.

obility. This results in increased flux and reduces the required
embrane surface area and hence the module costs. Long-term

peration is required to minimise the high cost of membrane and/or
odule replacement and possible process discontinuation. Our

ssessments show that no substantial performance decline should
ccur within 2–3 years from the implementation of a module,
hich is in line with average maintenance intervals. While no amor-
hous material is truly stable, we here consider a membrane ‘stable’
hen it can be applied under the desired operating conditions (e.g.
igh temperature) without the need for membrane replacement
uring this period.

Microporous amorphous silica materials on mesoporous
eramic supports are known to give effective dehydration mem-
ranes. The pore diameters of such membranes are typically
etween 2 and 4 Å, similar to the kinetic diameter of small
olecules such as water (kinetic diameter 2.6 Å [17]). Silica mem-

ranes combine a high permeability for small molecules with a very
ow permeability for larger ones (>∼3 Å). They can be prepared
y either chemical vapour deposition [18,19] or sol–gel hydro-
ysis and condensation [3,20]. However, inorganic silica is known
o be hydrothermally unstable [21] which already becomes appar-
nt at temperatures as low as ∼70 ◦C. Upon exposure to moisture,
ydrolysis and net transport of silicon species lead to substan-
ial loss of permeability within hours [22,23]. After prolonged

http://www.sciencedirect.com/science/journal/03767388
mailto:H.L.Castricum@utwente.nl
mailto:H.L.Castricum@uva.nl
dx.doi.org/10.1016/j.memsci.2008.07.014
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Small-angle X-ray scattering (SAXS) measurements were car-
ried out at the DUBBLE beamline BM-26B [48] of the European
Synchrotron Radiation Facility in Grenoble, France. Scattering data
were obtained at an X-ray beam energy of 12 keV. The fractal

Table 1
Preparation parameters for sol recipes 1, 2 and 3: silane, nitric acid and water
concentration

Sol recipe [silane]a (mol l−1) [H+]:[Si] [H2O]:[Si]
12 H.L. Castricum et al. / Journal of M

xposure to water, dense silica particles with associated large
ores are formed, resulting in loss of selectivity. Membranes from
ther candidate materials, such as polymers and zeolites, have not
et provided an adequate combination of high permeability and
tability. Polymers such as polyvinyl alcohol are structurally unsta-
le above about 85 ◦C (its glass transition temperature) and do
ot withstand operation in various organic solvents [24,25]. The
ehaviour of ceramic-supported polyimide membranes is promis-

ng [26]. However, these polymers also have a limited lifetime of
round 120 days at 150 ◦C under the harsh pervaporation condi-
ions. Zeolites have excellent permselectivities, but it is challenging
o grow them into ultrathin layers, while stability limitations exist
s well [15,27].

Several approaches have been proposed for the improvement
f the stability of amorphous ceramic membranes. One involves
eeping coated membranes in humid air for a few days and cal-
ining them in steam [28]. Another strategy is the application of
ure metal oxides, which have more stable M–O bonds, such as
morphous TiO2 or ZrO2. However, these tend to crystallise in
he presence of water even at low temperatures [29,30], thereby
orming a discontinuous structure with substantially larger pores.
romising properties were found for a microporous (Zr/Ti)O2 com-
osite material, although the permselectivity for smaller molecules
eeds substantial improvement [31]. Another successful approach

s the doping of silica with other inorganic oxides, including Al2O3,
iO2, ZrO2, MgO and Nb2O5 [32–34]. However, while this led to
mproved hydrothermal stability, the surface area and permeance

ere substantially reduced.
One of the most successful attempts to increase the hydrother-

al stability to date has been the application of organically
odified silica materials. These incorporate hydrolytically stable

rganic groups that are covalently bound to the silicon moieties.
he introduction of methyl groups into the silica matrix has led to a
ubstantial stability increase towards 95 ◦C [23]. This ‘methylated’
ilica is prepared by co-condensation of tetraethylorthosilicate
Si(OEt)4, TEOS) and methyltriethoxysilane (CH3–Si(OEt)3, MTES).
he maximum concentration of alkyl groups that could be intro-
uced was a CHx:Si molar ratio of 0.5 [35,36]. The replacement of
EOS by 1,2-bis(triethoxysilyl)ethane (EtO)3Si–CH2CH2–Si(OEt)3,
TESE) introduces organic bridges to the inorganic network
tructure, and the overall CHx:Si molar ratio increases to 1. In this
aterial, which was prepared by co-condensation of BTESE and
TES, the operating temperature towards dehydration was further

ncreased to at least 150 ◦C [37,38]. The organic ethane links were
uggested to inflict a greater toughness of the material, making
t more resistant towards hydrolysis and cracking. The role of the

ethyl groups was supposed to provide additional shielding of the
i–O–Si bonds and prevent hydrolysis. The combination of BTESE
nd MTES thus resulted in a material with both high selectivity and
ydrothermal stability. The material had very small micropores,
aking it selective in the dehydration of n-butanol, with a flux of

p to 10 kg m−2 h−1 at 150 ◦C. Bridged precursors such as BTESE
ere originally introduced by Loy and Shea [39–41] and find exten-

ive use in the preparation of periodic mesoporous organosilicas
PMOs) [42–44] using a variety of templates. However, as PMOs
ave mesopores >2 nm they have no molecular sieving properties.
he microporous membrane material was prepared without a
emplate and required sol–gel engineering with a limited number
f reactants. Despite the presence of many non-polar organic
roups, water transport through the membrane was substantial.
In the present work, we report the preparation of selective dehy-
ration membranes by sol–gel condensation of BTESE only. It is
he first molecular sieving membrane that is synthesised using one
ingle bridged organosilane precursor. The recipe is a substantial
implification as compared to the previously reported recipe that
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lso included MTES. The much easier and more straightforward
rocessing procedure opens up new ways to further develop and
ailor this class of membrane materials. We describe the various
rocessing stages that resulted in the preparation of defect-free
elective membrane layers. These include engineering of the sol
olloid structure, characterisation of the microporous solid struc-
ure with different molecular probes, and membrane testing. We
nvestigated the flux of this material as compared to the previ-
usly reported hybrid membrane and show the dehydration ability
owards n-butanol. We studied the acid stability of the material
s well as the long-term stability in neutral conditions at elevated
emperature (150 ◦C), which can be considered as essential assets
or successful application in industrial separation processes.

. Experimental

.1. Material preparation

To remove any traces of impurities and water, 1,2-
is(triethoxysilyl)ethane (purity 96%, Aldrich) was distilled at
educed pressure before use. It was subsequently diluted with
ry ethanol in an ice bath. Distilled water and nitric acid (65 wt%,
ldrich) were mixed and added drop-wise to the diluted precursor
nder vigorous stirring. The sol was then heated to 60 ◦C during
h under continuous stirring. In Table 1, silane concentrations,
cid-to-Si ratio and hydrolysis ratio are compared to a previously
eported membrane recipe 3 prepared from a mixture of BTESE
nd MTES [38]. A sol 2 with a lower silane concentration was pre-
ared to enable membrane coating with a more dilute sol than 1.
nsupported films were obtained by drying the sols in a Petri dish.

Supported mesoporous �-alumina membranes were prepared
y a dip-coating procedure of a boehmite sol on a 30-cm long tubu-
ar �-alumina support system (ID/OD = 8/14 mm, 40 cm2, obtained
ommercially from TAMI) [45,46]. The freshly prepared hybrid sol
as coated onto this �-Al2O3 layer. Coating procedures were car-

ied out under class 1000 clean room conditions to minimise defect
ormation due to dust particles. All layers were applied on the
utside of the tubes. The supported and unsupported films were
onsolidated by a thermal treatment at 300 ◦C for 2 h in a nitro-
en flow (99.999% pure), applying heating and cooling rates of
.5 ◦C/min. The supported membranes were sealed with stainless-
teel caps [47].

.2. Characterisation of hybrid colloids, unsupported and
upported films

Colloid sizes in the freshly prepared sols were determined by
ynamic light scattering (DLS). The sols were diluted with three
olume parts of EtOH and their colloid size was measured at 25 ◦C
sing a Malvern Zetasizer Nano ZS.
0.75 0.08 2.7
0.45 0.10 3
1.2 0.067 3

a For 1 and 2 only BTESE was used; for 3, a mixture of BTESE and MTES was used
ith a molar ratio of 1:1 and half of the water was added after 90 min.
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and highly stable membrane was prepared. In order to reduce layer
thickness and thus enhance permeability, sol 2 was prepared with a
decreased silane concentration. The lower silane concentration led
to a lower condensation rate and consequently to smaller colloids
(3.3 nm) than for the sols 1 and 3. Still, the colloids were notably
H.L. Castricum et al. / Journal of M

imension Df was determined after background subtraction from
n exponential fit of the intensity I ∼ e−Df . Sol characterisation was
ound to be well reproducible.

Adsorption/desorption isotherms were obtained for dried
p < 10−4 mbar at 473 K) thermally consolidated unsupported films
n a CE-Instruments Milestone 200. N2 isotherms were obtained
t 77 K, and CO2 and C2H2 isotherms at 273 K. From the adsorption
sotherms, surface areas were determined by the Dubinin method,

odified by Kaganer [49,50], represented by

og n = log nm + D

(
log

p0

p

)2

ith n the gas adsorbed at relative pressure p/p0, nm the monolayer
apacity of the surface, both expressed in mol per g adsorbent, and D
n adsorbate-dependent constant. This constant has smaller (more
egative) value for smaller pore sizes, and may serve as a check for
he actual pore size assessment. Surface areas A were subsequently
etermined according to

= nmamNA

n which NA is Avogadro’s number and am the area occupied by a
olecule in the completed monolayer, taken as 0.162 nm2 for N2

ISO 9277), 0.179 nm2 for CO2 and 0.204 nm2 for C2H2. The error in
he surface area, based on the difference with the blank isotherm, is
bout 5%. Reproducibility was much better than this error. The solid
keletal (network) density was determined by gas pycnometry at
oom temperature, with He as a replacement gas, in a Multivolume
ycnometer 1305 after the same drying procedure.

High-resolution scanning electron microscopy was carried out
n a Jeol 6330F SEM equipped with a Noran Voyager EDX at a voltage
f 5.0 kV.

Permporometry of a supported hybrid membrane was carried
ut with water vapour as the condensable gas and He as the dif-
usional gas [51,52], applying a drying temperature of 200 ◦C and a

easurement temperature of 40 ◦C. By the application of a pressure
radient, helium transport occurred by a combination of molecu-
ar diffusion and pressure-driven transport. Pore size distributions

ere assessed using the Kelvin equation.

.3. Membrane performance

Pervaporation of water from n-butanol was carried out using
he supported membranes in a stirred vessel at 95 ◦C (95/5 wt%
-butanol/water, 1 bar) within days after membrane preparation.
hile we are currently defining the broader application window,
e have selected the separation of water from n-butanol as a stan-
ard to compare the performances of our membranes. Water was
ontinuously added with a pump to correct for the losses caused by
he pervaporation process. Prolonged pervaporation with various
oncentrations of nitric acid was also carried out under these con-
itions. Nitric acid was added manually at regular intervals to keep
he acid concentration at a stable value. Long-term pervaporation

easurements were carried out under hydrothermal conditions for
membrane with a surface area of ∼40 cm2. Pervaporation was per-

ormed at 150 ◦C in a continuous flow set-up (5 bar). The feed was
umped with a constant flow of 1000 l/h from a 50-l storage ves-
el over six membrane modules that were aligned in series. The
etentate was fed back to the feed vessel. A detailed description
nd scheme of the continuous-flow set-up are given elsewhere [26].

he performance of the membranes was determined individually at
egular intervals with a feed mixture containing 2.5 wt% deminer-
lised water in n-butanol (Merck P.A.). The permeate sides of all
embranes was kept at 10 mbar with a vacuum pump. The com-

ositions of the feed and the permeate were determined by Karl
F
d

ane Science 324 (2008) 111–118 113

ischer titrations. For reasons of comparison the water fluxes are
resented here according to a water content of 5 wt% in the feed.
he separation factor, ˛, is defined as

= Yw/Yb

Xw/Xb

here Y and X are the weight fractions of water (w) and n-butanol
b) in the permeate and feed solutions, respectively.

. Results

.1. Sol preparation

We recently reported highly promising results for membranes
ased on mixtures of BTESE and MTES [37]. Because of the differ-
nces in gelation rates, these hybrid membranes were prepared
sing quite different reaction parameters than for standard inor-
anic silica membranes. We found that the viability of membrane
ynthesis is strongly related to the mean colloid size during coat-
ng of the selective layer [38]. The presence of MTES in the original
ecipe moderated the gelation rate. In an alternative approach,
hen BTESE is used as the only silane precursor, lower concen-

rations of the reactants (silane, water and acid) are required. MTES
ad been added as well to minimise auto-condensation and thus to
revent cyclisation reactions [41]. However, considering the strong
ependency on a suitable colloid size distribution, we ignored the
ffect of possible cyclisation reactions in the present study. Instead,
e focused on preparing sols with similar sol colloid sizes as those

or a BTESE/MTES mixture that was reported earlier to give selec-
ive hybrid membranes [38]. We also attempted to avoid using a

ulti-step synthesis procedure, as we had found that this may lead
o a discontinuous development of the sol colloidal structure [53].
nstead, we optimised the recipes in such a way that all reactants
ould be added in one step.

We investigated two different sol recipes 1 and 2 in detail
sing only BTESE. The sol colloid size distributions for the differ-
nt recipes are shown in Fig. 1 and their mean colloid sizes are
iven in Table 2. The mean colloid size of recipe 1 is close to that
f the earlier reported BTESE/MTES recipe 3 from which a selective
ig. 1. Sol colloid size distributions of sol 1 (solid) and 2 (dashed), determined by
ynamic light scattering.



114 H.L. Castricum et al. / Journal of Membrane Science 324 (2008) 111–118

Table 2
Colloid size and colloidal fractal dimension of BTESE-based sols 1 and 2, compared
to a reference material containing both BTESE and MTES (sol 3)

Recipe Mean sol colloid size (nm) Fractal dimension
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3
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Table 3
Surface areas determined from adsorption isotherms with various molecular probes,
the absolute value of the D parameter from the Dubinin fit of the CO2 isotherm, and
skeletal densities determined with He pycnometry

Recipe Surface area A (m2/g)a |D| Density

N2 CO2 C2H2 CO2 He (g/ml)

1 (BTESE) 131 451 546 0.178 1.7
2 (BTESE) 311 422 514 0.176 1.7
3 (BTESE/MTES) [38] 0 344 1340 0.204 1.5
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5.7 1.4
3.3 1.2
4.9 1.1

arger than those of a BTESE/MTES mixture (2.2 nm) that had earlier
een found to result in unselective thin layers [38].

To investigate the ability of the sols to form microporous struc-
ures, the fractal dimension Df was measured by means of small
ngle X-ray scattering. This value is a measure of the degree to
hich the sol colloidal particles have a branched polymeric struc-

ure. Acid-catalysed condensation is known to result in colloidal
articles that are constituted of polymeric chains with limited
ranching. For particles that have Df < 1.5, these polymer chains can

nterpenetrate upon drying, resulting in a fully microporous mate-
ial [54,55]. Colloids with fractal dimension larger than 1.5 would
ather result in mesoporous structures due to ‘hard sphere pack-
ng’. Such structures have pores in the order of the colloid size. Sol
articles with a maximum Df of 1.5 are thus required to obtain a net-
ork with a percolative structure and (sub)nanometer-sized pores.
s the investigated sols had fractal dimensions below this maxi-
um value (Table 2), they were both expected to form microporous

olid materials upon drying. Interestingly, the fractal dimensions
f the pure BTESE-based sols (1 and 2) are larger than that of the
TESE/MTES reference sol (3). This is even the case for sol 2, which
as a smaller colloid size than 3. The internal structure of the BTESE
olecule, which already consists of a bridging group with six reac-

ive sites, is likely responsible for the apparent higher degree of
ranching.

.2. Structure of solid gel

Solid unsupported films were prepared by drying the sols in a
etri dish. The films that were formed after solvent evaporation
ere structurally consolidated by a heat treatment at 300 ◦C iden-
ical to that of the membranes. The pore structure of unsupported
el 1 was investigated by vapour adsorption with N2, CO2 and C2H2.
n this way, we could compare the adsorption isotherms of BTESE-
ased film 1 and 2 to that of film 3 made from BTESE/MTES (Fig. 2).

ig. 2. Adsorption isotherms of CO2 (closed symbols) and C2H2 (open symbols) of
thermally treated gel prepared from recipe 1 (diamonds) and 2 (squares), com-
ared to isotherms of a BTESE/MTES-based gel 3 (triangles), expressed in volume of
ondensed (liquid) adsorbate.
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a The error in the surface area is about 5% while ‘zero’ surface area indicates
< 10 m2/g.

urface areas were calculated by a Dubinin fit for microporous
aterials (Table 3).
It is clear that more C2H2 than CO2 is adsorbed on both BTESE-

ased hybrid materials (Fig. 2). This is in correspondence to what
an be expected from the critical diameter of the different probe
olecules. As C2H2 molecules can be transported through narrower

ores, its adsorbance is higher for ultramicroporous materials (pore
iameter <0.6 nm [56]). Similarly, a larger amount of CO2 and C2H2
apour was adsorbed on materials prepared from pure BTESE than
n those from BTESE/MTES copolymers (Fig. 2). This indicates that a
ore open structure was formed by leaving out MTES during prepa-

ation. In addition, the differences in surface area, as determined
rom a fit of the CO2 and C2H2 isotherms, were small. Considering
he critical diameters [57] of the CO2 (0.28 nm) and C2H2 (0.24 nm)

olecules, this indicates a larger mean pore diameter in BTESE-
ased materials. This is also consistent with the smaller absolute
alue of the D parameter of the Dubinin fit of the CO2 isotherm
f 1.

In contrast to the BTESE/MTES copolymer, which showed zero
2 adsorption [38], the BTESE-based materials were found to be
ore open towards N2 (the largest investigated molecular probe,

ritical diameter 0.30 nm). This is another indication that larger
ores were formed in the BTESE-based materials without MTES.
dsorption of N2 followed a type I isotherm, confirming that the
aterial is microporous. Equilibration was slow, which is also

pparent from lack of overlap of the desorption and adsorption
ranches. Slow equilibration is also the likely cause of the differ-
nces in the calculated surface area between 1 and 2. Considering
he smaller surface area for N2 adsorption than for CO2 and C2H2
nd the slow equilibration of N2 adsorption, it can be concluded
hat most pores are close to 0.3-nm wide in the unsupported BTESE-
ased material and smaller in the BTESE/MTES copolymer.

The skeletal network density of the materials was determined
ith He pycnometry. The values were well reproducible, with an

rror in the order of 0.02 g/cm3. As the materials have the same
ross organic fraction, they would be expected to have similar
keletal densities, but a higher density was determined for BTESE-
ased hybrid silica than for BTESE/MTES-based silica. A higher
etwork density indicates a smaller volume inaccessible to He and
hus a smaller contribution to the total volume of closed (inac-
essible) porosity. A similar effect was observed in materials from
EOS/MTES mixtures [58]. While the total pore volume increased
ith MTES concentration, this could mostly be attributed to very

mall pores. A substantial volume of the MTES-modified mate-
ial appeared to be inaccessible for all molecular probes, and the
resence of a large number of closed pores or regions with sizes
elow 0.2 nm was concluded [58]. The higher network density of
TESE-based materials compared to BTESE/MTES copolymers thus

onfirms the higher adsorption capacity. Although the structure of
n unsupported film may differ from that of a membrane, the trends
an usually be well found back in a supported system. Below, we
ill show that the increased adsorption capacity of a pure BTESE-
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to enable selective dehydration. In order to assess full applicabil-
ity, we therefore focused our attention further on other relevant
factors, i.e. optimisation of flux and stability.

Table 4
Water content of permeate and water flux after 7 days of continuous membrane
operation in 95/5 wt% n-butanol/water pervaporation (95 ◦C)
ig. 3. Cross-sectional SEM micrographs of the layered structure of hybrid mem-
ranes prepared from sol 1 (a) and 2 (b), showing the supporting layers and the
elective hybrid silica top layer. The hybrid top layers are indicated and have thick-
esses of 250 and 150 nm, respectively.

ased material indeed works out advantageously in membranes,
espite the slightly larger pore size.

.3. Membrane performance

Tubular membranes were prepared by a dip-coating procedure
n a class 1000 clean room. We deposited thin films from the sols

and 2 on mesoporous �-alumina tubular support systems with
verage pore diameters of around 4 nm. Inspection with an optical
icroscope showed that continuous and crack-free surfaces were

ormed after deposition and subsequent thermal treatment. SEM
ross-sectional images (Fig. 3) show that the thicknesses of the top
ayers was 250 and 150 nm for the membranes made with sols 1
nd 2, respectively. The room temperature helium permeances of
he freshly prepared membranes were indicative for a very small
efect concentration.

The Kelvin pore size distribution of the microporous top layer of
he membranes was estimated by means of permporometry. Water
as applied as the condensable vapour and He as the diffusional
as. Water vapour and the vapours of non-polar compounds are
ll suitable for estimating pore size distributions [51]. In contrast
o conventional permporometry with non-polar condensable
apours such as cyclohexane, pores smaller than 1 nm can also
e observed by using water vapour. Condensed water was used

M

1
2
3

ig. 4. Kelvin pore size distribution for hybrid membranes from sol 1 (diamonds)
nd 2 (squares) compared to BTESE/MTES-based membrane 3 (triangles).

o block all membrane pores up to a certain diameter, while He
assed through the larger open pores. We established that the top

ayers were microporous and that the number of defects is very
mall, considering the very low (residual) permeance at high Kelvin
iameters (Fig. 4). We found similar Kelvin pore size distributions
f the two membranes 1 and 2, with an average pore diameter
Kelvin diameter at 50% of the maximum He permeance) of 0.78
nd 0.84 nm, respectively. This is in agreement with the adsorption
ata on unsupported thin films that were reported in the previous
ection. The pores had somewhat larger diameters than those of
embrane 3, prepared from a BTESE/MTES mixture [38], which

howed an average pore diameter of 0.40 nm. These estimated
alues are somewhat larger than those measured with adsorption
echniques. This can be attributed both to differences in the drying
ehaviour of the supported membranes as compared to that of
he unsupported films, as well as to the intrinsic uncertainty in
he precise value of using the Kelvin equation for pore diameters
elow 2 nm. However, the differences in porosity between the 2
ypes of material are clear and in full agreement with the larger
ore sizes of the unsupported BTESE-based films.

Selective dehydration by pervaporation of n-butanol was carried
ut using a membrane from recipe 1 and 2 at 95 ◦C. Results obtained
fter 1 week of continuous pervaporation using a feed mixture con-
aining 5 wt% water in n-butanol are shown in Table 4. This waiting
eriod enables a more precise comparison, as initial fluxes are usu-
lly somewhat higher and separation factors lower. Membrane 2
as less selective than membrane 1. However, the flux of 2 is much
igher. This can be related to the smaller thickness of the selec-
ive layer, which results in less resistance. Interestingly, despite the
arger mean pore size of these membranes, the separation factor
as slightly higher than that of membrane 3. This suggests that for

his separation, the pores of the material are still sufficiently small
embrane Precursor Water content in
permeate (wt%)

Water flux
(kg m−2 h−1)

BTESE 99.3 3.3
BTESE 95 6.2
BTESE/MTES 92.2 2.0
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ig. 5. Long-term separation permeability of hybrid silica membranes from recipe
(squares) and 3 (triangles) towards dehydration of n-butanol (calculated for 5 wt%
ater in n-butanol) at 150 ◦C. The lines represent exponential fits of flux decline.

Considering the high permeability of membrane 2, this was
elected for a long-term pervaporation experiment at 150 ◦C. A feed
ontaining 2.5 wt% water in n-butanol was used. As a linear relation
xists between the water flux and water concentrations in the range
–10 wt%, all values were calculated to dehydration of a 95/5 wt%
-butanol/water mixture. This allows for direct comparison of this
ybrid silica membrane to membrane 3 and with earlier data that
ere reported on that membrane in a stirred autoclave [38]. We

ound an initial steady-state water flux higher than 20 kg m−2 h−1

Fig. 5), which decreased only very gradually. The water concen-
ration in the permeate increased to >99 wt% (Fig. 6a), and to a
eparation factor of over ∼4000 within the first 50 days of opera-
ion. This has remained unaltered during almost one and a half year.
he performance was found to be reproducible with another mem-
rane from the same material. The steady-state permeate water
oncentration is higher than that measured at 95 ◦C after 1 week,
hich is a very common observation for such membranes. The
embrane is still under operation and highly selective at the time of

ubmission. Earlier silica-based membrane generations exhibited
apid deterioration. Conventional silica and methylated silica break
own within days at 95 and 115 ◦C, respectively [23]. The water flux
f membrane 2 is a factor of 2 higher than that of BTESE/MTES-
ased membrane 3, which had already shown the highest stable
ux ever at this temperature. The membrane thus combines a spec-
acularly high separation factor and flux with the ability to function
ithout substantial performance decline over more than one year

t high temperature, i.e. 150 ◦C. This implies that economical dehy-
ration of higher alcohols is well within reach, opening the way for

mplementation of membranes in large-scale industrial processes.
The open structure of the material and small layer thickness of

his membrane are the main reasons for its unprecedented high
ux. The flux through BTESE membrane 2 appears to be more con-
istent over time than for the BTESE/MTES hybrid 3. The half-life
f the flux is about 500 days for 3, while it is 800 days for 2. Inter-
stingly, the long-term measurements on these membranes were
erformed in a continuous flow setup and reproduce the findings
btained with a stirred autoclave for membrane 3 [38]. Despite the
ifferences in flow conditions at the membrane surface, this does
ot lead to a different profile of the water flux curve as a function

f time. The slower flux decline for BTESE-based silica can likely be
scribed to an intrinsic property of the material, i.e. the absence of
TES in the recipe. As this moiety forms only three bonds with the

ilica network, complete hydrolysis of the SiMe groups is more

L
t
f
e

ig. 6. Permeate water concentrations (a) and separation factor (b) of hybrid silica
embranes from recipe 2 (squares) and 3 (triangles) during long-term dehydration

f 2.5 wt% water from n-butanol at 150 ◦C.

ikely than hydrolysis of the SiCH2CH2Si moieties. As a result
he diffusion of SiMe fragments can lead to reorganization of the
ybrid silica network, eventually causing a faster densification of
he material and thus a faster decline of the flux. The current mate-
ial is therefore an improvement of the previous one in more than
ne respect: not only is the recipe simpler and the obtained perme-
nce higher, it also shows a higher flux-stability at 150 ◦C than any
ehydration membrane reported before. The slow flux decline can
ossibly be related to loss of transport-enabling micropores under
he severe hydrothermal conditions.

As several process streams to be dehydrated have a high acid
oncentration, e.g. from esterification reactions, we assessed the
tability of the current material under such conditions. To this end,
e studied the selectivity and permeance through membrane 1 at
ifferent acid concentrations, starting at the lowest. The tests were
arried out at 95 ◦C. As this membrane was somewhat thicker than
he one that was tested under neutral conditions, it exhibited a
ower flux of initially 2.2 kg m−2 h−1. No decline of membrane per-
ormance was found for HNO3 concentrations of 0.005 and 0.05 wt%
Fig. 7). Only at a concentration of 0.5 wt% HNO3 (0.04 M), which
orresponds to a pH of 1.4 in aqueous solutions, a gradual decrease
f permeate water concentration was observed, which is accom-
anied by a decline in water flux and slight increase in n-butanol
ux. This suggests that loss of porosity and a re-organisation of
he structure are initiated by exposure to a highly acidic mixture.

oss of porosity may lead to mechanical stresses, which also lead to
he formation of larger defects, causing loss of selectivity. The per-
ormance decline upon prolonged exposure to a highly acidic feed
ventually leads to membrane failure after 126 days. Still, the mem-
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Fig. 7. Long-term separation performance (stars: water content of permeate;
squares: water flux; diamonds: n-butanol flux) of a hybrid silica membrane from
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rane was found to be highly stable at lower acid concentrations
equivalent to pH ≥ 2), which is in correspondence to the substan-
ial acid stability observed in unsupported BTESE/MTES materials
38].

. Conclusions

A hybrid high-performance dehydration membrane has been
repared that allows extremely high flux and has a very high sepa-
ation factor in the separation of water from n-butanol. The material
onsists of organically bridged silica moieties and has an open
icroporous structure. It is an improvement of an earlier reported

ybrid membrane that contained non-bridging methylsilyl groups
ext to the organo-bridged silyl moieties. In addition, by optimizing
he procedure, the recipe has undergone substantial simplifica-
ion, which enables further tuning and development of this class of

aterials. While the average pore diameter has increased slightly
ith respect to the first generation hybrid silica membranes, this
id not affect the selectivity in n-butanol dehydration. The mate-
ial was found to be highly stable at 150 ◦C under hydrothermal
onditions and membranes allowed continuous operation during
t least one and a half years, without any decline of selectivity.
he membrane showed step improvements in flux and persever-
nce thereof, compared to the previously reported membrane that
lso contained methylsilyl groups. Acid stability is high, even at
cid concentrations equivalent to a pH of about 2. Only at higher
cid concentrations, a decline of the flux was observed, combined
ith a selectivity decrease. The structure of this improved micro-
orous hybrid silica material and its potential to coat very thin

ayers make it highly suitable for economical application in dehy-
ration processes. Therefore, our current activities aim at defining
he potentially very wide operation window of this new class of
ybrid silica membranes.
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