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1.1. General introduction

A membrane can be described as a semi permeable active or passive barrier that allows the 

permeation of one or more components of a liquid or a gaseous mixture and retains other 

components. While numerous examples of biological membranes were known since the 

18th century, synthetic membranes only appeared in the middle of the 20th century [1]. ! is 

implies that creating such a selective barrier is not straightforward.

In practical membrane applications, the surface of the membrane is placed in contact with 

the liquid or gaseous mixture to be separated, called the feed (Figure 1.1). By applying a 

driving force in the form of a di" erence in pressure or chemical potential between the feed 

and permeate side of the membrane the separation proceeds [2]. ! e part of the feed mixture 

that passes through the membrane is called the permeate. ! e remaining part of the feed 

is called the retentate. ! e performance of a membrane is determined by both its # ux and 

the composition of its permeate, governed by the membrane selectivity. ! e # ux is directly 

related to the amount of membrane surface area needed to treat a certain feed volume, while 

the selectivity has implications for the number of separation steps needed to arrive at the 

desired purity.

Figure 1.1.  Schematic sieving (separating) mechanism of a membrane

Porous membranes are classi$ ed by the IUPAC on the basis of their pore size in the classes 

macroporous (pore diameter > 50 nm), mesoporous (2 - 50 nm), and microporous (< 2 

nm) membranes [3]. Membrane processes can be classi$ ed according the type of driving 

force and/or to the size and nature of the permeating molecules. ! is kind of classi$ cation 
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leads to the classes micro! ltration, ultra! ltration, nano! ltration, reverse osmosis, dialysis, 

pervaporation, and gas separation [4]. " is thesis focuses on microporous membranes for 

pervaporation and/or nano! ltration.

Apart from economic aspects such as membrane or module price, the applicability of a 

microporous membrane is governed by the following three main parameters:

• " e speci! c pore size of the separating layer. All membranes with pores < 2 nm are 

classi! ed as microporous. However, gas separation requires pores of 0.3-0.5 nm, 

whereas nano! ltration requires pores of 1-2 nm.

• " e hydrophilicity or hydrophobicity of the membrane or the particular a#  nity of 

the membrane for a speci! c molecule in the feed mixture.

• " e stability of the separating layer and of the support in the feed mixture which 

determines the life time of the membrane.

Microporous membranes can be either organic (polymeric) or inorganic membranes. " e 

large range of polymeric materials developed in the last decades resulted in numerous 

membranes with various pore sizes and a#  nities [5]. Hydrophobic and hydrophilic 

membranes, or tailor made functionalized membranes are now widely applied in di$ erent 

industrial processes [6-9]. Nevertheless, polymeric membranes su$ er from a number of 

drawbacks. For most polymer membranes, their performance starts to deteriorate above 100 

°C and the organic backbone starts to decompose around 250 °C. In organic solvent media, 

the stability window is generally limited to a small number of solvents for one polymer 

type. At the same time, such membranes su$ er from major swelling and compaction e$ ects 

induced by the organic solvent and the applied pressure in nano! ltration. " ese factors 

lead to major variations of the & ux and of the e$ ective molecular weight cut-o$  (MWCO) 

of the membranes, depending on the speci! c solvent-membrane combination [10-12]. 

Consequently, their use is limited to a low number of possible applications per membrane, 

and successful examples cannot be extrapolated to other conditions.
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In contrast, porous inorganic membranes have generic stability in a wide range of solvents 

and up to very high temperatures. Among the variety of inorganic ceramic membranes, 

inorganic silica (SiO
2
) membranes are the most widely studied [13, 14], probably because of 

their straightforward preparation via sol-gel techniques and tunability of their properties via 

the conditions of the preparation procedure. Such membranes can withstand temperatures 

up to 600 °C, are stable in numerous solvents and do not su" er from solvent or temperature 

swelling. However, the surfaces of ceramic oxide materials are intrinsically hydrophilic, 

because of the hydroxyl (-OH) groups present on their surface. As compared to polymeric 

membranes, examples of chemically functionalized microporous ceramic oxide membranes 

are scarce. # e main examples are hydrophobized silica membranes obtained by modi$ cation 

with alkyltriethoxysilanes [15, 16] or % uorinated alkyltriethoxysilanes [17]. Two examples 

of amino-functionalized silica membranes [18, 19] were published. # e major limitation 

of such silica-based membranes is the poor hydrothermal stability, leading to severe 

degradation in the presence of water. A dramatic example is the life time of only hours of 

inorganic silica membranes in a high temperature pervaporation process [20, 21]. Despite 

of numerous e" orts to stabilize the silica network by introduction of transition metals [22-

24], no su&  cient stability could be reached by these attempts to inhibit the hydrolysis of the 

Si-O-Si bonds responsible of the degradation of the silica network [25].

1.2. Asymmetric supported microporous hybrid silica 

membranes

# e acid catalyzed sol-gel process, which involves the hydrolysis and condensation of the 

tetraethoxysilane (Figure 1.2), is a typical route for the development of inorganic silica 

materials and membranes [26]. Numerous alkoxysilane precursors that contain organic 

fragments are commercially available. A particularly interesting class of alkoxysilanes is 

that of bridged α,ω-bis(triethoxysilyl)alkanes. Sah et al. used 1-2 bis(triethoxysilyl)ethane, 

a bis-silane precursor with an ethane bridge between the two silicon atoms, to develop 

the $ rst organic-inorganic hybrid microporous silica membranes [27-30]. # e observed 

unprecedented hydrothermal stability of these membranes can be explained by the decrease 
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of the number of hydrolysable bonds and the increased connectivity in the network (Figure 

2). ! is resulted in an impressive stability of over 1000 days in the dehydration of an 

n-butanol/water mixture by pervaporation at 150 °C [31]. ! is exceptional stability is taken 

as a starting point in this thesis for further developments of hybrid silica membranes.

Figure 1.2. Schematic representation of a silica and a hybrid silica network

! e hybrid silica membranes presented in this thesis are 30 cm long asymmetric tubular 

membranes coated at the outer surface (Figure 1.3). Such thin hybrid silica separating layers 

need to be supported by a multilayered support structure consisting of a number of layers 

with decreasing porosities and roughness [32]. ! e layers consist of an extruded α-Al
2
O

3
 

tube with a pore size of about 4 µm, α-Al
2
O

3 
layers with a pore size of 170-180 nm, and a 

γ-Al
2
O

3
 layer with a pore size of 3-4 nm o$ ering a smooth surface for the coating of thin 

defect free hybrid silica membranes. ! e synthesis of the multilayer support is extensively 

described elsewhere [32]. ! e sol gel synthesis parameters, the coating, and heat treatment 

conditions of the top layer are detailed in the experimental parts of the di$ erent chapters.
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Figure 1.3. SEM cross section of the α-Al
2
O

3
 layer (a), the γ-Al

2
O

3
 layer and of the hybrid silica 

top layer (c)

1.3. Aim of this thesis

! e introduction of an organic fragment in a silica network resulted in hybrid silica 

membranes with an unprecedented hydrothermal stability as compared to inorganic silica 

membranes. ! is " rst generation of HybSi® membranes is currently being commercialized 

for demanding pervaporation applications. ! e membrane material of HybSi® is relatively 

hydrophilic. Separation studies have shown that it behaves similar to other silica-based 

microporous membranes and its separation is governed by a size-based separation mechanism 

[33].

We recently showed that a range of hybrid silica membranes can be synthesized with various 

bridged precursors. It appeared that the nature of the bridge clearly in$ uences the properties of 

the resulting membranes [34]. A wide range of functionalized alkoxysilanes are commercially 

available. ! e use of such functionalized precursors allows for the incorporation of speci" c 

functional groups in the inorganic silica matrix, similar to polymeric membranes, whilst 

retaining the stable hybrid network. 

In addition, the current generation of HybSi® membranes has a pore size of about 0.5 nm. 

An additional type of HybSi® membranes with pore sizes in the range of 1-2 nm would be of 
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great interest to widen the applicability of this membrane family. ! e combination of larger 

pore sizes and the option of functional groups in the backbone of the membrane material 

would make this membrane concept widely applicable in a range of applications.

Following these considerations, the aims of this thesis are:

• Exploring the use of reactive functional groups in the preparation of hybrid silica 

membranes, by use of amino-functionalized precursors.

• Hydrophobizing hybrid silica materials and membranes by the introduction of 

a range of organic functionalities as intrinsic part of the hybrid material. ! is 

also involves a study of applicability in organophilic pervaporation and solvent 

nano" ltration.

• ! e investigation of an alternative pore size templating method of hybrid silica 

membranes to develop super-microporous membranes.

1.4. Outline of this thesis

Chapter 2 describes the development of hydrophilic amino-functionalized membranes by 

incorporation of amino-functionalized terminating groups in a hybrid silica network. ! e 

molar ratio of the amino-functionalized precursors in the matrix of 1,2-bis(triethoxysilyl)

ethane (BTESE) was varied in the range of 25-100 mol%. XPS measurements were 

performed to determine the resulting amounts of amino precursor in the membranes. ! e 

membranes were characterized in single gas permeance measurements and in dehydration of 

n-BuOH/water (95/5 wt%) and EtOH/water (95/5 wt%) feed mixtures.

Chapter 3 describes the synthesis and characterization of a wide range of hydrophobic hybrid 

xerogels based on mixtures of 1,2-bis(triethoxysilyl)ethane (BTESE) and R-triethoxysilanes 

(RTES, R = C
1
-C

18
 alkyl). ! e in# uence of the starting concentrations of acid and water 

in the sol and order of precursor addition were also investigated. ! e microstructure of 

the xerogels was characterized using SAXS measurements and CO
2
, N

2
 adsorption. ! e 

hydrophobicity of the materials was determined using contact angle measurements.
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Chapter 4 covers hydrophobic hybrid silica membranes based on the sols of Chapter 3. 

! e membrane properties were investigated in single gas permeance experiments and 

in pervaporation of 95/5 wt% and 5/95 wt% n-butanol/water mixtures. For the most 

hydrophobic membranes a study of di" erent process parameters was made.

Chapter 5 is devoted to the testing of several hybrid silica membranes in nano# ltration. Pure 

acetone and toluene $ uxes were measured and retention measurements with Sudan Blue 

(350 g/mol) and Bengal Rose (1017 g/mol) are described.

Chapter 6 describes an alternative templating method for hybrid silica membranes using 

thermo-labile groups. ! is templating method is based on the use of the Diels Alder and 

retro-Diels Alder reactions. 

Finally, chapter 7 is dedicated to the evaluation of the work presented in this thesis and to 

the recommendations for future work on hybrid silica membranes.
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Abstract

! e present study describes the e" ect of the incorporation of amino-functionalized 

terminating groups on the behaviour and performance of an organic-inorganic hybrid silica 

membrane. A primary amine, a mixed primary and secondary amine, and an imidazole 

functionality were selected. ! e molar ratio of the amino-functionalized precursors in the 

matrix forming 1,2-bis(triethoxysilyl)ethane (BTESE) precursor was varied in the range of 

25-100 mol%. Strong water adsorption, which remains at temperatures up to 523 K, was 

found for all membranes. ! e observed low gas permeances, and contrasting high water 

# uxes in pervaporation were explained in relation with the strong water adsorption. XPS 

measurements indicate a relation between the concentration of amino functional groups 

in the hybrid layers and the starting amine concentration of the sols. XPS measurements 

also revealed the existence of a maximum loading of the amino-functionalized precursor. 

Depending on the precursor, a maximum N/Si element ratio between 0.07 to 0.45 was 

found. At amine concentrations higher than a precursor dependent threshold value, 

membrane selectivity is constant over the range of amine concentrations. For alcohol/water 

(95/5 wt%) feed mixtures, the observed water concentrations in the permeate were over 90 

wt% for EtOH and 95 wt% for n-BuOH dehydration.
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2.1. Introduction

Molecular separations using inorganic microporous membranes (pores ≤ 2 nm) are governed 

by a combination of molecular sieving e" ects and membrane a#  nity. Key methods to direct 

the dominant separation mechanism are tuning of the pore size and tailoring of the a#  nity 

by the introduction of functional groups [1]. Up to recently, microporous inorganic silica 

membranes were subject of most of the research e" orts in this $ eld, and many of these studies 

focused on microstructure control [2]. Successful examples of highly selective gas separation 

and pervaporation membranes were reported [2, 3]. Despite their relative ease of synthesis 

and a high thermal resistance, silica membranes have not become a commercial success. % is 

is most likely related to their low hydrothermal stability [4]. % is is especially apparent in 

separations in which water is present at high temperatures, such as water gas shift conditions, 

or high temperature dewatering of organic solvents [5, 6]. Recently, we developed hybrid 

organic-inorganic HybSi® membranes to overcome the stability boundaries of inorganic silica 

[7]. % e introduction of an organic fragment in a silica network by using bridged bis-silane 

precursors leads to membranes having a life time of at least 1000 days in alcohol dehydration 

at high temperature without selectivity decrease [8]. % e governing separation mechanism 

of this hybrid silica network is based on molecular sieving, as the dehydration performance 

depends on the alkyl bridge length [9]. % e incorporation of well-de$ ned functional groups 

has been studied in relation with ion transport [10]. For molecular separation applications, a 

limited number of attempts have been made to functionalize microporous silica membranes 

[11], whereas this has not been reported for organic-inorganic hybrid silica membranes. 

% e in' uence of the shape, length, and ' exibility of the organic bridges in the hybrid 

silica network on the membrane pore size, structure, and a#  nity was recently described 

by Castricum et al. [12]. Strong di" erences in gas permeance properties and pervaporation 

performances were observed.

Here, we present the $ rst results on the incorporation of functional terminating groups 

in microporous hybrid silica (HybSi®) membranes. % e aim of the present study was to 

explore the further hydrophilization of organic-inorganic hybrid materials whilst keeping 
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the organic fragments the backbone intact. ! ree di" erent triethoxysilanes with an amine 

group were selected for this purpose and introduced in a matrix of 1,2-bis(triethoxysilyl)

ethane (BTESE), assuming these would increase the a#  nity for CO
2
 and for water. As a 

$ rst candidate the primary amine 3-aminopropyltriethoxysilane (PA) was chosen. Further, 

an imidazole, N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole (IM), and a long alkyl chain 

with a primary and a secondary amine group, 3-(2-aminoethylamino)propyltrimethoxysilane 

(LDA), were selected (Figure 2.1).

! e use of 3-aminopropyltriethoxysilane (PA) was reported by Brinker et al. in periodic 

mesoporous silica thin $ lms by co-condensation with tetraethoxysilane (TEOS) in a so-

called EISA procedure [13]. Later it was used for surface functionalization of siliceous 

materials [14-18] or biocompatible materials [19, 20]. Xomeritakis et al. [21] presented 

the $ rst microporous PA-functionalized silica membranes for CO
2
 separation, followed by 

a comparison with nickel doped silica membranes [22]. ! e two other precursors are novel 

precursors in membrane technology. ! e membrane properties were determined using gas 

permeation tests and alcohol dehydration measurements.

Figure 2.1. Overview of the precursors used in this chapter
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2.2. Experimental

1,2-Bis(triethoxysilyl)ethane (BTESE, ABCR, 97%), 3-aminopropyltriethoxysilane (PA, 

ABCR, 98%), N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole (IM, ABCR, 97%), 

3-(2-aminoethylamino)propyltrimethoxysilane (LDA, ABCR, 96%), nitric acid (69 wt%, 

Aldrich), and EtOH (p.a. Aldrich) were used as received. Water was deionized at 18 MΩ/cm 

using a Millipore puri" cation system. # e abbreviations used for the precursors refer to their 

structure. PA, IM, and LDA stand for Primary Amine, Imidazole, and Linear DiAmine.

Pure triethoxysilane sols were synthesized using a single-step synthesis. # e desired amounts 

of nitric acid, distilled water and EtOH were premixed. Amino-functionalized precursors 

were subsequently added in one shot to the nitric acid, distilled water and EtOH mixture 

and the sols were re$ uxed for three hours under stirring at 333 K. # e sols based on two 

precursors were prepared in a two-step procedure. Nitric acid, distilled water and EtOH 

were premixed in this order and BTESE was subsequently added. # is mixture was heated at 

333K for 3 hours under stirring. # e amino-functionalized precursor was diluted in EtOH 

and added to the BTESE sol. # is " nal mixture was stirred at RT for 30 min before coating. 

Precursor amounts were adjusted to obtain " nal molar concentrations of 25, 50, and 75 

mol% of the amino-functionalized precursor.

# e membrane layers were coated on 30 cm long tubular mesoporous γ-Al
2
O

3 
supports [23] 

in a class 1000 clean room. Sols were " ltered over 0.8 µm cellulose acetate (CA) Whatman® 

" lters before coating. # e coating procedure and setup are described by Bonekamp [23]. # e 

withdrawal speed of the dip coating procedure was set at 5 mm/s. After overnight drying 

in the clean room, the membranes were heat treated at 523 K under N
2 
for two hours with 

heating and cooling rates of 0.5 °C/min. Four cycles of vacuum/N
2
 purge of one hour each 

were performed before the heat treatment. All membranes were sealed using stainless steel 

caps and graphite as packing material [24]. One single membrane for each composition 

was used for both gas permeation and all pervaporation measurements. Reproducibility was 

checked on selected membranes such as PA25.
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Colloid sizes of the sols were determined by dynamic light scattering (DLS) using a Malvern 

Zetasizer nano ZS. All sols were measured at the same silica concentration of 0.5 mol/L.

Layer thickness determinations and surface characterizations were carried out on a high 

resolution JEOL JSM-6330F Field Emission scanning Electron Microscope (SEM). Circular 

samples were cut from the middle of the 30 cm heat-treated membrane, fractured, cleaned 

with compressed air and sputtered before measurement using a Pd/Pt alloy. ! ese layers 

thicknesses were used to calculate the permeability of the membranes.

X-ray Electron Spectroscopy (XPS) measurements were performed on heat treated 

membrane samples using a Quantera SXM (Scanning XPS Microprobe) from Physical 

Electronics. Spectra were acquired using an Al Kα radiation monochromatic at 1486.6 eV. 

Quoted binding energies are referred to the C1s emission at 283.65 eV from Si-C*-C carbon 

atom as the network backbone consists of Si-C-C-Si. ! e expected atomic N/Si ratios were 

calculated on the basis of a fully condensed network. Measurements were performed on the 

same sample as used for SEM measurements. Depth pro" le thicknesses were calculated from 

the sputtering time, assuming that the sputter-speed on the hybrid silica membrane surface 

is equivalent to the speed on a SiO
2
 network.

Permporometry of supported hybrid membranes was carried out with water vapour as the 

condensable gas and He as the permeating gas [25]. A drying temperature of 473 K and 

a measurement temperature of 314 K were used. Pore size distributions were determined 

using the Kelvin equation.

Single gas permeance measurements were performed at 523, 423 and 323 K with feed 

pressures from 9 to 3 bara. Pressure di# erences of 2 bara were applied except for the point 

at 3 bara feed pressure for which a pressure di# erence of 1.5 bara was used. A retentate $ ow 

of 50 mL/min was applied for all measurements. Measurements were performed using He, 

H
2
, N

2
, CH

4
, and CO

2
 in a 5.0 purity. Before measurement, each membrane was dried for 

two hours at 523 K under N
2
. H

2
 permeance measurements were performed as " rst and last 

measurement.
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Pervaporation measurements were carried out with feed mixtures of alcohol/water (95/5 

wt%) at 368 K and 343 K for n-BuOH and EtOH respectively. Permeate pressure was kept 

constant at 10 mbar and measurements were performed at regular intervals. More details on 

the experimental set up can be found elsewhere [8]. ! roughout this paper, the membranes 

and sols are named according to the precursor used and the molar concentration of this 

precursor in the sol. For example, the PA/BTESE sols and membranes with 25, 50, and 75 

mol% of PA are named PA25, PA50, and PA75 respectively. A sample based on PA only is 

named PA100.

2.3. Results

! e development of a sol suitable for the formation of a microporous top layer involves 

the use of an acid-catalyst rather than a basic one [26]. ! e incorporation of amine groups 

may thus lead to complications due to their basic nature and possible catalytically activity. 

Indeed, in the case of PA-based sols, instantaneous precipitation was observed when the 

acid/water mixture was added to the BTESE/PA-based mixture. To counter this, amine-

protection by protonation with HCl was attempted [13, 21]. ! e obtained BTESE/PA 

sols were clear and homogeneous, but during drying phase separation into an opaque 

top fraction and a clear bottom fraction was observed. ! e use of a two-step synthesis by 

addition of non-hydrolyzed PA precursor to a pre-hydrolyzed BTESE sol was tried as the 

second possible alternative [18, 21]. A BTESE sol was synthesized with compositional ratios 

of Si/EtOH/H+/H
2
O = 1/11.4/0.12/6. Subsequently, a PA solution in ethanol of the same 

silicon concentration of 1.5 M was added to the BTESE sol. After heating this mixture to 

333 K gelation occurred within a few minutes. After reducing the silicon concentrations to 

0.5 M for both the BTESE sol and the PA solution and setting the reaction temperature 

for the second step at RT, amino-functionalized sols were obtained. ! ese sols are stable 

in time at RT and have suitable particle sizes (5-10 nm) for coating of thin microporous 

layers. Based on these observations, the two step synthesis was selected for further study. ! e 

sol development was performed on PA/BTESE sols, after which the same procedure was 

adopted for IM/BTESE and LDA/BTESE sols.
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Sols based on the sole amino-functionalized precursor were synthesized following a one-step 

synthesis procedure with ratios of Si/EtOH/H+/H
2
O = 1/11.4/0.06/3 at a silica concentration 

of 1.5 mol.L-1. Particles sizes of 2 to 3 nm were obtained for the pure PA sols. A possible 

explanation for these smaller particle sizes is the formation of small PA clusters through 

hydrogen bonding between primary amine groups [27], inhibiting chain growth. After 

coating at a silica concentration of 0.3 mol.L-1 on the γ-Al
2
O

3
 support and the subsequent 

heat treatment, SEM measurements showed thin and defect free amino-functionalized 

hybrid silica layers (Figure 2.2). ! e thicknesses of PA-based membranes ranged from 80 

to 180 nm and no in" ltration into the support layer was observed. Membranes containing 

the precursors IM or LDA were also defect free with thicknesses between 100 and 300 nm.

Figure 2.2. SEM image of a cross section of an PA50 membrane

Atomic N/Si ratios of membrane samples were determined using XPS measurements on a 

sputtered surface. ! e expected trend of an increase of the N/Si ratios as the concentration 

of amino-functionalized precursor increases was in all cases observed (Table 2.1). Compared 

to the expected N/Si ratios, the measured values were signi" cantly lower. ! e smallest 

di# erences were observed for the LDA-based membranes. In addition, measurements were 

performed on green and heat treated powders for PA75. Measured N/Si ratios were 0.62 for 

the green and 0.52 for the heat treated powder. In contrast to the membrane samples, these 

values are in good accordance with the expected values.
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Table 2.1. Measured (M) and expected (E) N/Si ratios of heat treated amino-functionalized 

membranes

 

PA IM LDA 

mol % of amino-precursor M E M E M E 

25% 0.04 0.14 0.016 0.28 0.14 0.28 

50% 0.06 0.33 0.06 0.66 0.32 0.66 

75% 0.07 0.63 0.15 1.25 0.45 1.25 

100% 0.3 1 0.62 2 0.52 2 

 

Figure 2.3 shows the XPS depth pro! le analysis on the PA75 heat-treated membrane. Four 

sections could be distinguished: a ! rs t layer of about 15 nm rich in adventitious carbon (A), 

the e" ective hybrid layer of about 65 nm (B), about 60 nm of in! ltrated sol in the γ-Al
2
O

3
 

support (C), and the clean γ-Al
2
O

3
 support (D). # e residual C, Si, and N measured at 

depths of over 140 nm are resulting from element pushing by the sputtering beam. # e 

actual membrane layer (B) had a N/Si ratio of about 0.08 in agreement with the value 

measured on the sputtered surface of the same sample.

Figure 2.3. Depth profi le of the PA75 supported layer. A: Surface rich in C due to adventitious 

carbon deposition; B: Eff ective hybrid layer; C: Layer infi ltrated in the γ-Al
2
O

3
 support; D: 

γ-Al
2
O

3 
support
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! e PA membranes do not show any dependence on the average pressure in gas permeance 

measurements. Such a pressure dependency of the permeance would be an indication for 

viscous " ow through defects. In accordance with permporometry (Figure 2.4), the absence 

of viscous " ow is therefore taken as an indication of the membrane quality and the absence 

of large defects [28]. In all cases minor (<10%) di# erences between the $ rst and the second 

H
2
 permeance measurement were observed, so no major structural changes occurred over 

the measurement series.

Figure 2.4. Normalized pore size distributions of the BTESE/PA membranes and a BTESE 

membrane

More importantly, the amount of PA in the BTESE matrix has a strong in" uence on the 

H
2
 permeability. A nearly linear decrease of an order of magnitude was observed for the H

2
 

permeability with increasing PA molar concentration at constant temperature (Figure 2.5, 

as for all $ gures the lines connecting the data points are here to only guide the reader and 

are not a $ tting) with very low values of about 1.10-5 mol.nm/m2.Pa.s for PA75 and PA100. 

! is trend was observed over a 200 K temperature range.
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Figure 2.5. H
2
 permeability as a function concentration of PA in the BTESE matrix at 323, 423, 

and 523K

! e permeabilities are plotted against the kinetic diameter for all measured gases at di" erent 

temperatures in Figure 2.6. For PA25 only minor H
2
 and He permeability changes with 

temperature were observed, whereas for PA100 a major permeability increase was observed 

for these gases. In contrast, for PA25 the CO
2
 permeability is signi# cantly higher at the 

lowest measurement temperature of 323 K, whereas no temperature dependency of the 

CO
2
 permeability was observed for PA100. ! e N

2
 and CH

4
 permeabilities were constant at 

all temperatures for both membranes. All membranes exhibited H
2
/N

2
 permeability ratios 

higher than the Knudsen value of 3.74 [29] (Table 2.2). ! is ratio is relatively constant 

at the measured temperatures for BTESE. However, the measurement temperature clearly 

a" ects the H
2
/N

2
 permeability ratio for the PA membrane series. At the lowest measurement 

temperature of 323 K, the BTESE membrane exhibited the highest ratio of 15.2 and the 

lowest ratios were found for PA25 and PA100. However at 523 K, all membranes showed 

ratios higher than 10 and even higher than 20 for PA75. Surprisingly, PA100 showed an 

equivalent ratio to BTESE at 523 K, despite its low performance at 323K. In contrast, all PA 

membranes show higher H
2
/N

2
 permeability ratio at higher temperatures. ! is e" ect seems 

to be stronger for higher concentrations of PA in the membrane. For PA100 the strongest 

relative increase of the H
2
/N

2
 permeability ratio was observed, ranging from 4.3 at 323 K 

to almost 13.9 at 523 K. ! is represents an increase of 220 %. ! is increase in ratio results 

from a higher H
2
 permeability combined to a constant N

2
 permeability.
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Figure 2.6. Permeability of PA25 (a) and PA100 (b) against the kinetic diameter of the gas at 

diff erent measurement temperatures

! e CO
2
/N

2
 permeability ratio was also a" ected by the temperature and the PA content. 

BTESE, PA25 and PA50 exhibited similar values at 323 K, while for PA75 and PA100 lower 

ratios were found at the same temperature. At the two higher measurement temperatures the 

CO
2
/N

2
 ratio drops for all membranes except the PA100. For this membrane type the CO

2
/

N
2
 ratio increased slightly with temperature.
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Table 2.2. H
2
/N

2
 and CO

2
/N

2
 permeability ratios of BTESE and BTESE/PA membranes at various 

temperatures

Membrane performance in single gas permeance experiments clearly depends on the PA 

concentration in the BTESE matrix. In addition, the permporometry measurements indicate 

that water adsorbs strongly in the PA containing membranes. ! erefore, we were interested 

if these e" ects would also translate to the water selectivity and transport through these 

membranes. To this end, all membranes were tested for dehydration of alcohol/water (95/5 

wt%) mixtures by pervaporation. ! e PA membranes were # rst tested in the dehydration of 

EtOH/H
2
O mixtures for several days. Subsequently, after drying at RT for two weeks, the 

membranes were used for dehydration of a n-BuOH/H
2
O mixture, and # nally again put in 

an EtOH/H
2
O mixture without drying in between. ! e values presented are averaged over 

several days of testing.

In the # rst series of EtOH dehydration measurements all PA containing membranes exhibited 

water concentrations of 43-67 wt% in the permeate, compared to 90 wt% for a BTESE 

membrane (Figure 2.7). ! e lowest water concentration was observed for PA25 at 43 wt%, 

whereas the highest were for PA50 and PA75 with respectively 65 and 67 wt% of water in 

the permeate. In the separation of a n-BuOH/H
2
O mixture all membranes exhibited water 

purities in the permeate of at least 93 wt%. Over the range of PA concentrations, a similar 

trend was observed as for the EtOH dehydration.

 

H2/N2 

 

CO2/N2 

 

Membrane 323K 423K 523K 323K 423K 523K 

BTESE 15.2 14.5 13.6 10.0 4.9 3.2 

PA25 9.0 10.3 11.8 8.3 4.9 3.2 

PA50 13.7 15.1 16.9 9.1 5.8 3.6 

PA75 12.1 18.8 20.7 4.0 4.9 2.9 

PA100 4.3 7.2 13.9 1.2 1.5 1.8 

 



26

C
H

A
P

T
E

R
 2

Novel concepts for microporous hybrid silica membranes Functionalization and pore size tuning

Figure 2.7.  Water concentration in the permeate in the dehydration of EtOH and n-BuOH using 

BTESE/PA membranes

All membranes had a high selectivity in this separation and PA50 and PA75 were equivalent 

to the reference BTESE membrane. In the subsequent second dehydration test in the EtOH/

H
2
O mixture, all PA membranes exhibited a higher water concentration in the permeate 

than in the ! rst measurement series. Interestingly, the di" erences between membranes 

over the range of PA concentrations are still the same in this second set of measurements. 

Apparently, the in# uence of the measurement sequence on the membranes was the same for 

all PA/BTESE ratios.

$ e amount of amino-functionalized precursor in the membrane has a pronounced in# uence 

on the selectivity for water. $ erefore, we aimed to also explore the in# uence of the nature of 

the amino substituent on the membrane behaviour. To this end the IM/BTESE and LDA/

BTESE mixed membranes were tested ! rst in a n-BuOH/H
2
O mixture and subsequently in 

a EtOH/H
2
O mixture without intermediate drying.
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For IM/BTESE membranes in n-BuOH dehydration, the same trend was observed as for 

PA/BTESE (Figure 2.8). All membranes, except the IM25, were highly selective for water. 

! e selectivities of IM75 and IM100 are high and 95 and 92 wt% of water in the permeate 

were obtained respectively. In EtOH dehydration, a much lower selectivity was observed for 

IM25 giving only 40 wt% of water in the permeate. In this mixture, IM75 is slightly less 

selective than its 50 or 100 wt% counterpart.

Figure 2.8. Water concentration in the permeate in the dehydration of EtOH and n-BuOH for 

IM/BTESE membranes

For all LDA/BTESE membranes in n-BuOH dehydration the water purities in the permeate 

were comparable to a BTESE reference membrane and in the range of 96 to 98 wt% (Figure 

2.9). In EtOH dehydration the water concentration in the permeate ranged from 86 to 93 

wt%. In this case no clear di" erence in selectivity was observed for any of the membranes 

compositions, in contrast to the other two precursors. Interestingly, the LDA75 and LDA100 

membranes were highly selective for the separation of water from EtOH, having respectively 

91 and 93 wt% of water in the permeate.
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Figure 2.9 Water concentration in the permeate in the dehydration of ETOH and n-BuoH for 

LDA/BTESE membranes

! e water " uxes ranged from 1.6 to 6.2 kg.m-2.h-1 in n-BuOH dehydration and from 0.2 

to 3.4 kg.m-2.h-1 in EtOH dehydration (Table 2.3). For all membranes the " uxes in EtOH 

dehydration were a factor two to four lower than in n-BuOH dehydration. Only the IM50 

membrane exhibited both a relatively high " ux and high selectivity in EtOH dehydration, 

with 92 wt% of water in the permeate and a water " ux of 2.4 kg.m-2.h-1. As a comparison, 

a previously published BTESE membrane exhibited 90 wt% of water in the permeate at a 

water " ux of 1.5 kg.m-2.h-1 [9]. 

Table 2.3. Water fl uxes (kg/m2.h) of the three types of membranes for the dehydration of 

alcohol/water (95/5 wt %) mixtures
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 PA IM LDA 

Alcohol J H2O J H2O J H2O 

n-BuOH 1.6-3.9 3.9-6.2 2.2-4.1 

EtOH 0.2-2.1 1-3.4 0.35-1.1 
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2.4. Discussion

In this study three di! erent amino functional precursors were successfully incorporated 

into an hybrid silica network over a wide range of molar ratios. " e amino-functionalized 

precursors have a pronounced in# uence on the membrane properties, as is apparent from 

the gas permeance data and the performance in alcohol dehydration.

" e thin hybrid layers proved to be free of macro defects, as no indications of viscous 

# ow were found during single gas permeation. In addition, XPS con$ rmed the amine 

functionalization of the BTESE network. However the measured N/Si ratios on heat-treated 

membranes were signi$ cantly lower than those expected. Still and as expected, the N/Si ratio 

does increase with increasing amount of PA in the sol. Hence, the membranes properties 

can be attributed to the presence of these amino-functionalized precursors as well as to their 

concentration in the BTESE network.

All measurements suggest that the polar nature of the amine in PA enhanced the water 

adsorption capacity of the membranes. Combined to a microporous structure, this resulted 

in unprecedented gas tight membranes that are at the same time water permeable.

" e low permeability of the PA membranes and the decrease of the H
2
 permeability with 

increasing PA concentration can be ascribed to progressive pore blocking by adsorbed water. 

" e AP25 slightly deviate from the trend. Nevertheless, this progressive increase of the 

water a%  nity of these membranes resulted in a signi$ cant decrease of the CO
2
 a%  nity, 

as indicated by the large decrease of the CO
2
/N

2
 ratios from BTESE to PA100 and the 

constant CO
2
 permeance of PA100 over the temperature range. " is is probably due to 

inhibition of the N
2
 transport and to the shielding of the possible CO

2
 adsorption sites 

(NH
2
 and/or OH) by adsorbed water. For CO

2
, this prevents adsorption di! usion transport 

phenomena characterized by higher CO
2
 permeances at lower temperatures observed for the 

BTESE membrane. " e well-known formation of carbonates and/or carbamates on amine 

groups [30] could not be con$ rmed for our systems using XPS, as no shift of the N1s 

binding energy from 400 to 402 eV was detected. " is means that the majority of the amine 
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groups is present as in a non-protonated form. ! e increasing temperature dependence of 

the H
2
/N

2
 permeability ratio at higher PA concentrations could be typical for activated 

transport in microporous membranes [31]. However, similar pores sizes were measured by 

permporometry for all compositions. As a result, a decrease of the pore size cannot explain 

this observation. We propose that the increase of the content of PA in the network leads to a 

more " exible membrane structure. ! is " exibility then enhances the mobility of the network 

at higher temperatures and in turn leads to a faster H
2
 permeation. ! e permeances of N

2
 

and CH
4
 are less a# ected, as the pores are too small for these gases.

Turning to the pervaporation experiments, all membranes show reasonable to high " uxes in 

alcohol dehydration, despite their low gas permeances. Interestingly, the PA membranes have 

a higher selectivity in EtOH/water after testing in n-BuOH/H
2
O. Possibly, this is related 

to the formation of multilayered adsorption of water, blocking larger pores for transport 

of the organic component (EtOH). Alternatively, butanol is irreversibly attached to the 

membrane. ! is would be consistent with the frequently found " ux decrease over time in 

long term dehydration experiments [8]. An aging phenomenon by further polymerization 

of the silica structure [26] is unlikely to explain this behavior, as the water " ux is not a# ected 

and only the solvent " ux decreases strongly.

In gas permeation experiments, the permeabilities are linearly dependent on the concentration 

of the amino precursor. On the other hand, a minimum amine loading seems to be required 

in pervaporation to reach the optimal membrane performances. ! e permeate stream for 

all pervaporation experiments showed a high water concentration in the permeate for both 

n-BuOH and EtOH dehydration. ! e only exceptions were PA25 and IM25. ! e N/Si 

ratios of these membranes were 0.04 and 0.016 respectively, which correspond to an amino-

functionalized precursors loading of respectively 6.4 and 1.6 mol%. In contrast, PA50 and 

IM50 membranes showed Si/N ratios corresponding to amino-functionalized precursor 

loading of 11.5 and 5.5 mol% respectively. A bimodal pore size distribution has already 

been observed for membranes based on mixtures of BTESE and triethoxysilanes [9, 32]. It 

was ascribed to a limited interpenetration of the polymeric particles in the sol during drying. 
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! is could be a possible explanation for the poor performances of the PA25 and IM25. A 

minimum loading of the BTESE network between 6.4 and 11.5 mol% of PA precursor 

and between l.6 to 5.5 mol% of IM is required to counter the performance decrease from 

the assumed bimodal distribution of the PA25 and IM25. ! e LDA is apparently more 

easily accommodated in the BTESE network membranes and showed a minimum loading 

of 12.5 mol% and therefore exhibited a constant high water purity in the permeate over the 

composition range.

! is minimum loading also indicates that there is no need to strive for a higher amine 

concentration in these microporous hybrid membranes. A low concentration of terminally 

functionalized precursors enhances the network connectivity and this likely has a positive 

e" ect on the hydrothermal stability. XPS measurements show that a maximum loading of 

amino-functional groups in the BTESE matrix is reached, similarly to Periodic Mesoporous 

Organosilicas (PMOs) [33, 34]. ! e observed low N/Si ratios cannot arise from thermal 

degradation during heat treatment or PA evaporation, as the values for both the dried and 

heat treated powders were equal to those expected. A more likely explanation is that the 

relatively short reaction time of the PA molecules promoted the formation of small clusters 

by hydrogen bonding [27] and that only a limited fraction of the PA molecules reacts with 

the BTESE oligomers present in the sol. ! e largest particles in the sol are deposited on the 

surface of the γ-alumina layer support layer, whereas the smaller sized fraction in# ltrates 

into the γ-alumina layer. ! e depth pro# le obtained by XPS con# rms this in# ltration of 

an PA rich sol. Using the current procedures a maximum of 13.5 % of PA and IM and 30-

35% of LDA can be introduced in a BTESE network. Consequently, only small amounts 

of amino precursors are required to bene# t from the hydrophilic properties of the amino-

functionalized precursors.

2.5. Conclusions

We developed and characterized the # rst amino functionalized microporous hybrid silica 

membranes based on three precursors with di" erent amine type, shape, and structure (PA, 
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IM and LDA). After optimization of the sol synthesis, defect free membranes were obtained. 

Although the degree of incorporation was lower than expected, the highly polar nature of 

amine groups resulted in an increasing adsorption of water molecules in the pores with 

increasing concentration of amine functional group. As a consequence, the H
2
 permeability 

decreased by an order of magnitude in the range from pure BTESE to pure PA membranes. 

Lower a!  nity for CO
2
 due to shielding of adsorption sites by the adsorbed water molecules 

was also observed. Pervaporation measurements clearly showed that a minimum loading 

of amino-functionalized precursor is required to obtain water selective membranes. " is 

minimum loading depends on the precursor and is between 6.4 to 11.5 mol% for PA and 

between 1.6 and 5.5 mol% for IM. After a # rst n-BuOH dehydration and independent of 

the precursor, all membranes with an e$ ective amino loading higher than this threshold 

value proved to be highly e!  cient in dehydration of both EtOH and n-BuOH with 

respective permeate water purities of at least 90 and 95 wt%. All of these results clearly 

showed the ability to modify the a!  nity of BTESE-based membranes by introducing a 

suitable precursor. " e result of this is a membrane type that is gas tight and at the same time 

highly water permeable. Further & ux/selectivity optimization may be possible in the range 

of 10-20 mol% of amino-functionalized precursor. " e unique properties of these amino-

functionalized precursors allow for selectivity improvement which is not solely dependent 

on pore size or defect control, but also on a!  nity, and therefore open up a highly promising 

option.
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Structural organization in 
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Abstract

In this chapter we report the synthesis and characterization of a novel class of hybrid 

microporous materials, with tunable hydrophobicity and degree of organization. ! e reaction 

conditions, the molar ratio and the nature of the precursor mixtures of 1,2-bis(triethoxysilyl)

ethane (BTESE) and R-triethoxysilanes (RTES, R = C
1
-C

18
 alkyl) had a profound in" uence 

on the prepared xerogels. ! e visual appearance of the xerogels varied from transparent, 

opaque, and opaque domains of about a few mm in a transparent matrix. Small Angle X-rays 

Scattering (SAXS) measurements showed the presence of nano-domains, arising from self-

organization of the amphiphilic RTES precursors. ! ese domains become more apparent for 

longer R-groups, higher RTES content, and increased [H+]/[Si] and [H
2
O]/[Si] ratios. ! e 

prehydrolysis of RTES lead to an increased degree of organization. ! e characteristic size 

of these domains ranges from 1.3 to 4.5 nm for R = C
3
 and C

18
 respectively. In adsorption 

experiments, the higher carbon contents associated with the R-groups resulted in a lower 

CO
2
 adsorption capacity. ! e CO

2
 adsorption was less a# ected by the RTES/BTESE molar 

ratio. No N
2
 adsorption was observed for the RTES/BTESE materials. Importantly, the 

introduction of the alkyl groups resulted in a hydrophobic character, related to the length 

and concentration of the R-group in the materials. ! e largest water contact angles measured 

was 111°.
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3.1. Introduction

Historically, the fabrication of inorganic (ceramic) materials has been based on the use of 

harsh synthesis conditions, while developments were mostly following trial and error [1]. A 

contrasting concept of chimie douce (mild chemistry) coined by Livage [2] in 1960s was 

inspired by the ability of diatoms to synthesize glass shells from dissolved silicates and opened 

up a new école de pensée (school of thought). It involved a bottom-up approach allowing 

the development of novel materials via understanding of materials chemistry and using mild 

synthesis conditions [1]. " e sol-gel process, which involves the polycondensation of e.g. 

metal- or silica-alkoxyde precursors, is a typical route for this approach [3]. Temperatures 

and pressures close to ambient conditions are applied and the reactions (hydrolysis and 

condensation) are kinetically controlled. As a consequence, adjustment of the experimental 

synthesis conditions allows the control of the materials properties [4]. One of the major 

challenges in this # eld has been the control over the organization at nanometer scale of 

materials. A # rst synthetic route involves the use of Structure Directing Agents (SDAs) 

as pore templates. " is was discovered in the early 1990s by Mobil researchers who used 

the self-organization properties of long-chain quaternary ammonium salts to develop 

the # rst siliceous materials with ordered mesopores: the well-known MCM series [5]. 

Remarkable is that the materials between the mesoporous is in a non-ordered glassy state. 

" eir wide applicability as adsorbents or catalysts led to the development of numerous 

highly organized (hybrid) silica materials with di$ erent pore channel geometries as well 

as with diverse functionalities [1, 6-8]. Another route is based on the self-organization 

of the precursor itself through van der Waals, π-π or lipophilic interactions. Nanoscale 

materials with long-range order have been synthesized by hydrolysis and polycondensation 

of hybrid bridged polysilsesquioxanes with rigid phenyl or ethene bridges [9, 10], from 

pure alkyltrichlorosilanes or alkyltriethoxysilanes, or from mixtures of such precursors with 

tetramethoxysilane (TMOS) or tetraethoxysilane (TEOS) [11].

Materials synthesized from bridged silsesquioxanes currently receive much attention 

because of their excellent applicability as functional porous materials, for example as 
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molecular separation membranes [12-15]. ! eir excellent hydrothermal stability allows 

long-term operation (> 1000 days) at high temperature and under both solvent and water-

rich conditions [15]. An additional " eld of interest is that of low-k materials in which the 

mechanical properties of the hybrid structure are bene" cially used [16]. We have recently 

shown that the structure of the organic bridge can be adjusted to tailor the membrane 

towards speci" c applications [17]. Here, we report another strategy to modify the structure 

and adsorption properties of bridged organosilica, i.e. by the introduction of pendant 

alkyl groups. To this end, we performed co-condensation of 1,2-bis(triethoxysilyl)ethane 

(BTESE) together with alkyltriethoxysilanes (RTES) with various lengths for the alkyl 

group (Figure 3.1). We anticipated that this approach would result in a more hydrophobic 

material for the application in processes with non-polar solvents. Considering that two 

precursors are involved in the synthesis, we investigated the in# uence of the preparation 

procedure on the organization of the alkyl groups in the material. Membranes based on 

methyltriethoxysilane mixed with tetraethoxysilane (TEOS) [18] and BTESE [12] have 

already been reported. However to the best of our knowledge, no example of microporous 

materials based on BTESE mixed with R-triethoxysilanes (RTES, R = C
n
H

2n+1
, n > 1) has 

been reported. ! e in# uence of the length of the R-group (n = 1-18), the molar ration 

of RTES/BTESE, and the synthesis procedure, on the properties of the resulting xerogels 

were systematically investigated. ! e focus was on the contribution of these variables to the 

structural organization, the adsorption capacity, and hydrophobicity of these materials.

Figure 3.1.  Precursor overview
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3.2. Experimental 

1,2-Bis(triethoxysilyl)ethane (BTESE, ABCR, 97%), methyltriethoxysilane (MTES, ABCR, 

98%), n-propyltriethoxysilane (PTES, ABCR, 97%), n-hexyltriethoxysilane (HTES, ABCR, 

95%), n-decyltriethoxysilane (DTES, ABCR, 97%), n-octadecyltriethoxysilane (ODTES, 

ABCR, 95%, 5-10% branched C
18

-isomers), nitric acid (69 wt%, Aldrich), and ethanol 

(p.a. Aldrich) were used as received. Water was deionized at 18 MΩ/cm using a Millipore 

puri" cation system.

# e RTES/BTESE mixed sols were synthesized according to a two-step synthesis procedure. 

In all cases the required amounts of nitric acid and water were mixed beforehand. For sols 

in which the BTESE and RTES precursors were co-reacting from the start, both precursors 

were pre-mixed with ethanol. # e sol preparation was started by adding the " rst half of the 

acid/water mixture in a drop wise manner under stirring to the precursor/EtOH mixture. 

After 90 minutes of continuous stirring, the second half of the acid/water mixture was 

added drop wise. Subsequently, the mixture was stirred another 1.5 hours, During the 

whole procedure the temperature was kept constant at 333 K. # e amounts of precursor 

were varied to obtain molar concentrations of 25, 50, 75, and 90 mol% of RTES. For the 

equimolar HTES/BTESE composition and in addition to the above mentioned procedure, 

two other synthesis routes were explored. In these cases, one of the precursors was pre-

reacted for 1.5 hours before the other precursor was added to the mixture together with the 

second part of the water/nitric acid mixture. # e [H
2
O]:[H+]:[Si] ratio was kept constant 

during the whole synthesis procedure. # e sols containing only BTESE or only RTES were 

synthesized using a similar two-step synthesis procedure. Xerogels were prepared by drying 

10 ml of the sols in Petri dishes under a fume hood. After complete drying, the material was 

ground and further characterization.

To determine the contact angles, glass microscope slides were coated by pouring sols onto 

leaning slides, which were subsequently dried vertically under atmospheric conditions. 

Ground xerogels and coated glass slides were heat treated at 523 K under N
2 
for two hours 

with heating and cooling ramps of 0.5 °C/min. To remove all traces of oxygen, four vacuum/

N
2
 & ushing cycles of one hour each were performed prior to the heat treatment. 
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! e sols, xerogels and coated glass slides are named according to the used alkyltriethoxysilane 

and its molar concentration, the molar ratio of the sols and the two step synthesis used for 

the sol synthesis (Table 3.1).

Fourier-Transform IR Spectroscopy measurements were performed at 298 K on heat-treated 

powders, using a Di" use Re# ectance IR Fourier Transform cell in a Midac M4000 equipped 

with a Mercury-Cadmium-Telluride (MCT) detector. In speci$ c cases, an ATR cell was 

used. All samples were stored for identical periods and under identical conditions (298 K 

and ambient air) prior to the FTIR measurements. TGA measurements were performed 

with a MT TGA/SDTA851 in pure oxygen. A heating ramp of 1°C/min was used. 

SAXS measurements were carried out at the DUBBLE beamline BM-26B  of the European 

Synchrotron Radiation Facility in Grenoble, France [19]. Scattering data were obtained 

with 16 keV X-rays. ! e samples were placed at a distance of 1.5 m from the detector and 

the intensity was measured in the range 0.4 < q < 8 nm-1. ! e raw data were corrected for 

the pixel-dependent detector sensitivity and integrated for channels with the same q values. 

In-situ drying experiments were carried out by using a specially designed set-up consisting 

of a vertically rotating cylinder covered with Kapton foil [20]. Scattering patterns were 

acquired at time intervals between 1 and 5 min. ! e system was heated using an IR lamp to 

promote quick drying. Measurements on xerogel samples were obtained by applying them 

onto a Kapton foil. ! e scattering intensity of Kapton foil under the same conditions was 

subtracted as background correction.

Nitrogen sorption measurements were performed on dried (p < 10-4 mbar at 423 K) 

thermally treated xerogel powders on a Autosorb II at 77 K. Carbon dioxide isotherms were 

obtained on a Micromeritics Gemini VII at 273 K after drying overnight at 473 K in dry N
2
. 

From the CO
2
 adsorption isotherms, surface areas were calculated according to the Dubinin 

method, modi$ ed by Radushkevich [21]. From the micropore adsorption capacity (cm3.g-1) 

the micropore surfaces were determined assuming a molecular cross-sectional area of 0.179 

nm2 [22].
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Contact angles were measured on the coated and heat-treated glass slides with a Krüss 

goniometer using water as the liquid phase. Static contact angle values were obtained using 

a sessile drop con" guration and the Drop Shape Analysis 3 (DSA3) software from Krüss. 

Contact angles were measured at three di# erent positions on each slide. For each position, 

the contact angle was measured " ve times within one second after deposition of the water 

drop.

Table 3.1. Overview of the recipes, codes, molar ratios of the sols and of the two steps synthesis 

used along the article

RTES 

used 

RTES content 

(mol%) 
Name 

Molar ratios 

Si/EtOH/H+/H2O   

Two-step synthesis 

procedure used for 

the sol synthesis 

MTES 

25 M25 

1/6.36/0.08/3 

 Both precursors 

were pre-mixed with 

ethanol and co-

reacted from the 

start 

50 M50 

75 M75 

90 M90 

PTES 

25 P25 

50 P50 

75 P75 

90 P90 

HTES 

25 H25 

50 H50 

75 H75 

90 H90 

DTES 

25 D25 

50 D50 

75 D75 

90 D90 

ODTES 50 OD50 

HTES 

50 H2O/2 1/6.36/0.08/1.5 

50 H2O*2 1/6.36/0.08/6 

50 H+/10 1/6.36/0.008/3 

50 H+*10 1/6.36/0.8/3 

50 H/E 1/6.36/0.08/3 

HTES was pre-

reacted for 1.5 hours 

before BTESE was 

added together with 

the second part of 

the water/nitric acid 

mixture 

50 E/H 1/6.36/0.08/3 

BTESE was pre-

reacted for 1.5 hours 

before HTES was 

added together with 

the second part of 

the water/nitric acid 

mixture 
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3.3. Results and discussion

3.3.1 Sol and xerogel appearance

A series of sols with the BTESE and RTES precursors was synthesized using the molar ratios 

Si/EtOH/H+/H
2
O = 1/6.36/0.08/3. ! e R-triethoxysilanes (RTES, R=C

1
-C

10
 alkyl) were 

mixed in ratios of 25, 50, 75, and 90 mol% with BTESE. For the longest RTES species 

ODTES (C
18

 alkyl) only the equimolar ratio with BTESE was chosen (Table 3.2). Most 

of the sols remained clear after three hours at 333 K. ! e D90 sol was turbid at 333 K 

under stirring and phase separated when stored at RT. ! e OD50 separated into two solid 

opaque phases immediately after addition of the acid/water mixture. ! e BTESE/HTES 

sols were clear at 333 K, but were turbid when cooled to 298 K for H50 and at higher molar 

ratios. Interestingly, all DTES/BTESE sols up to D75 remained clear after cooling to RT.

Table 3.2. Appearance of RTES/BTESE sols and xerogels over the range of compositions

Name Sols Xerogels 

 Clear Turbid  Transparent  Opaque Resin 

M25 X  X   

M50 X  X   

M75 X   X  

M90 X   X  

P25 X  X   

P50 X   X  

P75 X   X  

P90 X    X 

H25 X  X   

H50 333K  RT  X  

H75 333K  RT      X 

H90 333K RT   X 

D25 X   X  

D50 X   X  

D75 X    X 

D90  X  X 

OD50  X  X  
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Figure 3.2. A selection of pictures of the xerogels after overnight drying

The length of the R-groups and the content of RTES drastically in! uenced the appearance 

of the xerogels (Figure 3.2). At a low content of RTES and a moderate length of the R-group 

(M25, M50, P25 and H25), transparent xerogels were obtained. At higher RTES content 

and for longer alkyl groups, the xerogels were either opaque (M75, P50, H50, D25 and 

D50) or opaque with transparent domains (M90 and P75). " e combination of a high 

RTES content with long R-groups resulted in resinous materials, exhibiting either solid 

opaque domains surrounded by a transparent resin (P90, H75, H90, and D75) or a fully 

transparent resin (D90). " ese macroscopic indications for increased heterogeneity of the 
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xerogels for higher RTES contents and for longer R-groups were con! rmed in microscope 

images at micrometer scale (Figure 3.3). " e synthesis of sols from pure alkyltriethoxysilane 

precursors resulted in a clear sol for PTES, a turbid sol for HTES, and two liquid phases 

with di# erent densities for DTES, which after drying all resulted in clear resins.

Figure 3.3. Optical microscope pictures of the surface of some dried xerogels

" e equimolar HTES/BTESE mixture was selected to investigate the in$ uence of di# erent 

ratios of the reactant for the same base recipe on the ! nal properties of the sols and xerogels. 

[H
2
O]/[Si] ratios of 1.5 and 6, and [H+]/[Si] ratios of 0.008 and 0.8 were used, while all 

other parameters were constant. " e two-step synthesis procedure, the re$ ux time (3 hours), 

temperature (333 K) and the Si/EtOH ratio (6.36) were similar to the H50 sol (Table 3.1). 

Pre-reaction of each of the precursors (HTES or BTESE) before addition of the other was 

also investigated. Clear di# erences in the resulting sols and xerogels were observed (Table 

3.3, Figure 3.4). " e [H
2
O]/2 and [H+]/10 sols were clear, also at room temperature. After 

drying, opaque xerogels similar to H50 were obtained. " e [H
2
O]*2 and [H+]*10 were 

initially turbid and subsequently phase separated after the second addition of the acid/water 

mixture. " e resulting xerogels were opaque and contained bubbles.

" e H/E and E/H sols were clear at 333 K and became turbid at RT, similar to the H50 

sol. " e E/H xerogel had the same appearance as H50, whereas the H/E xerogel contained 

transparent solid material and resin. Both the resin and solid material were compared to 

the dried HTES material and the pure BTESE xerogel using FTIR and TGA (Figure 3.4). 

" e H/E resin and solid material showed similar weight losses as the pure HTES resin and 

pure BTESE $ akes, respectively. Also the resin fraction of H/E and the pure HTES material 

exhibited identical FTIR spectra in the 2750-3050 wave number region, con! rming that the 

resin fraction of the H/E xerogel contains mostly HTES oligomers.
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Figure 3.4.  FTIR spectra of the oily phase of the H/E dried xerogel and of the pure HTES resin 

(left). TGA measurements of pure BTESE powder (E), pure HTES resin (H) and fl acks and resin 

the H/E dried xerogels (H/E) (right)

Figure 3.5.  Pictures of HTES/BTESE xerogels obtained after diff erent synthesis procedures
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Table 3.3. Appearance of H50 sols and xerogels over the range of recipes

Name  
Sols Xerogels 

Clear Turbid  Transparent Opaque Resin 

[H2O]/2 X   X  

[H2O]*2  X  X  

[H+]/[Si]/10 X   X  

[H+]/[Si]*10  X  X  

E/H X RT  X  

H/E X RT   X 

 
Most of the sols were clear. Only in a few cases, especially for long alkyl chains and/or a 

large amount of alkyl groups, turbid or phase separated sols were observed. ! ese e" ects 

presumably arise from the amphiphilic nature of the hydrolyzed RTES molecules. When the 

R-group of the molecules is su#  ciently long and present above a critical concentration in the 

sol, the hydrophobic alkyl chains can interact and self-organize, while the hydrophilic heads 

condense to form micellar structures. ! is critical concentration is most likely dependent 

on the length of the R-group and on concentration of the RTES, and would result in 

more pronounced opaqueness or phase separation for longer R-groups and higher RTES 

concentrations. If these structures are small enough clear or weakly turbid sols are obtained. 

Large structures can lead to phase separation or even precipitation. Loy reports a similar 

phase separation for pure RTES-based sols in the presence of a substantial amount of water 

[23].

Similar arguments can be used to explain that only four xerogels (M25, M50, P25, H25) 

were transparent (Table 3.2). In the drying process, the RTES concentration increases and 

can reach the critical value. Probably not all the RTES can be incorporated in the BTESE 

backbone when the RTES concentration is high and the R-groups are long. We propose 

that this mixed RTES/BTESE fraction forms the opaque domains, while the remainder 

of the RTES-based species forms a resin for samples P90, H75, H90, and D75. In the 

extreme case of the D90 the accommodation in a BTESE matrix only occurs at a very low 

level and the formation of oligomers resulted in resinous materials after drying, similar to 

the pure RTES samples. ! e same phenomenon is likely to occur for the H/E recipe. ! e 

oligomeric structures, that are formed in the sol phase, separate in the dried material to a 

HTES based resin. In this speci$ c sol mixture, the BTESE forms a separate network that 
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can be recognized from the transparent dried material. For E/H, the BTESE clusters that 

grow during the ! rst 1h30 min likely exhibit open structures allowing accommodation of 

the HTES molecules. For HTES, high [H
2
O]/[Si] and [H+]/[Si] ratios possibly increased 

the polarity of the sol compared to the standard ratios. " is would enhance the formation of 

micellar structures and decrease the solubility of these structures, leading to enhanced phase 

separation in the xerogels.

3.3.2 Presence of organic groups after thermal treatment

To ensure that the organic groups are present in the xerogels after heat treatment, drift FTIR 

measurements were performed on heat-treated powders of equimolar mixtures of RTES and 

BTESE (Figure 3.6). " e characteristic symmetric and asymmetric stretching of the C-H 

bonds of the organic groups were observed between 2750 and 3050 cm-1, similar to what 

was found in a previous study of MTES/BTESE materials [12]. " e peak at about 2960 

cm-1 is the CH
3
 asymmetric in-plane C-H stretching, at 2925 cm-1 the CH

2
 asymmetric 

stretching, the peak at 2855 cm-1 the CH
3 
 symmetric stretching and the one at 2800 cm-1 

can be attributed to CH
2
 symmetric stretching [24]. Clearly, the major part of the organic 

groups was intact after heat treatment and no indications were found that decomposition of 

the organosilica groups occurred. As expected, the intensity ratio of the peaks corresponding 

to CH
3
 and CH

2
 decreased for longer R-groups.

Figure 3.6.  FTIR spectra of thermally treated unsupported RTES/BTESE-based xerogels as 

compared to a BTESE-based xerogel (E)
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3.3.3 Microstructural organization-SAXS

Infl uence of the length of the R-group

SAXS scattering patterns were acquired on heat-treated RTES/BTESE powders to obtain 

structural information at the nm scale. For HTES/BTESE sols with alternative mixing 

procedures, in-situ drying experiments were also performed. SAXS patterns of the equimolar 

heat-treated xerogels showed di! erent intensity pro" les depending on the length of the 

R-group (Figure 3.7). A very broad peak superimposed onto a background signal is observed 

for all samples. While the background is nearly # at for the P50 xerogel, it becomes more 

pronounced for materials with increasing alkyl length and has a clear power-law dependency 

for OD50.

Figure 3.7.  SAXS patterns of RTES/BTESE heat treated xerogels. For all graphs scattering 

curves have a fi xed off set realtive to each other for sake of clarity. No absolute intensities have 

been measured.

For longer R-groups sharper and the more pronounced maxima were found at decreasing 

q-value. $ e peaks are too broad to be assigned to a regular long-range ordering similar to a 

crystalline network, but rather express the presence of organized domains at the nanoscale. 

$ is suggests that almost no organization is present in P50, whereas the increasingly de" ned 

peaks for the H50, D50, and OD50 xerogels indicate more pronounced organization. To 

better quantify the width of the maxima of intensity, background subtraction procedure 

using power law relations as a background was applied. 
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! e relative widths of the asymmetric peaks (W) were calculated according to:

With q
m
 the scattering vector of the maxima of intensity, and q

hl 
and q

hh 
the scattering vectors 

at the half of the intensity maximum at the low q side and at the high q side, respectively. 

Clearly, the relative width of the peak (W) decreased with the increase of the length of the 

R-group (Table 3.4), con" rming the trend observed in " gure 3.7.

Table 3.4. Relative width of the scattering maxima for P50, H50, D50, and OD50 xerogels

  P50 H50 D50 OD50 

W 1.65 1.50 1.43 1.38 

 

In addition, the positions of the maximum were found at lower q for longer R-groups. 

Considering that the scattering vector q is related to a correlation distance d in real-space as:

! e maxima of intensity correspond to real-space correlation distances of 1.3±0.1, 1.7±0.1, 

2.7±0.1 and, 4.5±0.1 nm for P50, H50, D50 and, OD50 respectively. ! ese values indicate 

the dimensions of short-range organized domains at the nanometer scale.

! is is the " rst observation of organization of RTES with BTESE precursors. Similar self-

organization had been observed for mixtures of RTES with TMOS [25], which was explained 

by the amphiphilic properties of the RTES precursors. A relation between the measured 

correlation distance and the length of the alkyl group is shown in Figure 3.8. ! e length of a 

C-C bond can be estimated at 0.125 nm for an all-trans alkyl chain. ! is would mean that 

the measured basal spacings are equivalent to 10.5, 13, 22, and 36 C-C distances for P50, 

H50, D50, and OD50 respectively. For H50, D50 and, OD50, these values are equivalent to 

twice the length of the R-group in the precursor. ! e somewhat longer correlation distance 

      (3.1) 

     (3.2) 
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observed for PTES can be related to an overestimation due to the de! ection of the scattering 

pattern at higher q, positioned at the upper edge of the measured range. Another cause of the 

observed larger correlation distance could be that RTES precursors with shorter alkyl chains 

will more readily co-react with BTESE. Incorporation of BTESE leads to somewhat larger 

mean structure sizes and may also explain the ‘blurring’ of the correlation peak at shorter 

alkyl lengths. For longer R-groups, the large polar-non polar contrast lowers the probability 

for a fully random and homogenous structure. " erefore, more de# ned structures with a 

higher degree of organization can be expected for longer R-groups, and therefore to sharper 

scattering maxima. While in a previous study involving organization in the presence of alkyl 

groups both layered and 2D-hexagonal structures have been observed [25-27], in our case 

the observed width of the peaks is too broad to allow a similar interpretation.

Figure 3.8.  Comparison between the experimental and the theoretical basal spacing as a 

function of the length of the R-groups. The theoretical value is based on an all-trans bi-layered 

structure

Infl uence of the synthesis conditions

Since the degree of organization is strongly in! uenced by the length of the R-groups, we 

were interested if variations of the [BTESE]/[RTES], the [H+]/[Si], and the [H
2
O]/[Si] 

molar ratios, and the mixing sequence would also a$ ect the xerogel structure. All of these 

studies were carried out for a HTES precursor.
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Figure 3.9. SAXS patterns of BTESE/HTES xerogels with diff erent molar % of HTES in the 

BTESE matrix

! e scattering patterns of xerogels with di" erent HTES/BTESE ratios and of pure BTESE 

show strongly di" erent levels of organization, similar to the series of R-groups (Figure 3.9). 

! e BTESE sample showed no intensity maxima as a result of a purely isotropic network. 

! e H25 exhibited a largely amorphous network with the # rst sign of the presence of 

a maximum of intensity at q between 3 and 5 nm-1. Its patterns exhibited a power-law 

relation between q=0.5 and q=2, which could indicate a fractalic structure. ! e # tting the 

relationship I q − β of the scattering pattern gives a value of the fractal dimension β of 2.44.

! e H50 and H75 samples exhibited clear signs of nanoscale organization with maxima 

at a q of 3.9, corresponding to a basal spacing of about 1.7±0.1 nm. ! e relative width of 

the maximum observed for H75 (1.39) was somewhat smaller than that observed for H50. 

! is suggests a slightly higher degree of organization in H75. ! e SAXS patterns indicate a 

homogenously co-condensed network at low HTES/BTESE ratio, with nearly all the HTES 

accomodated within the BTESE network. At higher HTES/BTESE ratios self-organized 

nanodomains were observed. ! is is in line with the visual appearance of the samples, which 

is transparent at 25 mol% of HTES and opaque at higher HTES molar concentrations.
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! e [H+]/[Si] and [H
2
O]/[Si] ratios a" ect the hydrolysis and condensation rates of the sol 

gel synthesis [3], whereas their e" ect on the xerogel structure is dependent on more factors. 

Clear gels were obtained for [H+]/10 and [H
2
O]/2 ratios while opaque gels with transparent 

bubbles were formed at high [H+]*10 and [H
2
O]*2 ratios. Surprisingly, limited changes 

in the xerogel structures were observed in the SAXS patterns (Figures 3.10 and 3.11). We 

therefore think that the acid and water ratios in the given ranges do not play a major role for 

the nanoscale ordering of these materials. 

Figure 3.10. SAXS patterns of sintered the H
2
O/2, H50 and H

2
O*2 xerogels

Figure 3.11.  SAXS patterns of sintered the H+/10, H50 and H+*10 xerogels
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Again, broad peaks were observed for all materials. ! e maximum of intensity is only 

slightly sharper for [H
2
O]/2 but little di" erence can be found in shape between H50 and 

[H
2
O]*2. In Table 3.5, the size of the domains corresponding to the scattering vector q 

of the peak maxima are reported. ! e trend towards a smaller basal spacing at a higher 

reactivity (acid or H
2
O) again con# rms the higher degree of short-range order for materials 

that also exhibit a heterogeneous visual appearance (Figure 3.5). ! e results suggest a higher 

nanoscale homogeneity for the materials with the lowest reactivity than the H50 material 

according to the parent conditions, despite their similar visual appearance.

Table 3.5. Domain size d corresponding to the value of q of the intensity maximum for diff erent 

[H+]/[Si] and [H
2
O]/[Si] in BTESE/HTES xerogels

Xerogel [H+]/[Si] [H2O]/[Si] d [nm] 

[H+]/10 0.008 3 2.7±0.1 

[H2O]/2 0.08 1.5 2.1±0.1 

H50 0.08 3 1.7±0.1 

[H2O]*2 0.08 6 1.7±0.1 

[H+]*10 0.8 3 1.4±0.1 

 
! e e" ect of the addition order on the formation of the xerogel structure was also studied by 

in-situ acquisition of SAXS patterns during the drying process, carried out at 333 K (Figure 

3.12). At the onset of drying all samples were transparent, and similar patterns were ob-

served. While a change in slope can be observed around q = 5 nm-1, the patterns look very 

similar to those of sols prepared from only BTESE and consisting of nm-sized colloids [17]. 

No indication was found in these sols for short-range ordering. During drying, enhanced 

signs of organization appeared in the formation of a distinct maximum of intensity for all 

three compositions. Clear di" erences were observed in the patterns of the dried xerogels. A 

broad peak of low intensity was present for H50. For E/H, this maximum was narrower and 

lower in intensity. For H/E, a narrower intensity maximum superimposed on a power-law 

background was observed. A power-law relation was also observed for pure BTESE-based 

and H25 xerogels.
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Figure 3.12. SAXS patterns of in-situ dried equimolar BTESE/HTES sols. A: H50, B: E/H and C: 

H/E
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For precursors that self-organize via π-π interactions, Boury suggested that the self-organized 

nano-domains are already present during the sol synthesis and that the drying process 

promotes the formation of larger organized domains [28,29]. " e same phenomenon possibly 

occurs for the amphiphilic precursor molecules described here. Importantly, agglomeration 

to larger organized domains is only observed after a certain time, i.e. after the evaporation 

of a certain amount of the solvent reaching the critical concentration of micelle formation. 

" e di# erent degrees of organization can be related to di# erences in growth mechanism 

depending on the order of precursor addition. " e pre-reaction of BTESE results in a pre-

condensed BTESE-based network which provides reactive (hydrolysed) sites onto which the 

RTES molecules can anchor. In addition, auto-organisation of hydrolyzed HTES molecules 

may still occur if su$  cent HTES is present. Similarly, in the case of a co-reaction from the 

start of the synthesis, BTESE-BTESE, HTES-HTES and BTESE-HTES network bonds 

can all be formed. We have shown earlier that the condensation rates of silsesquioxane and 

alkyltriethoxysilane precursors are of the same order [30]. " e structure is however more 

random as less BTESE-BTESE bonds have been formed before. " is likely explains the 

broader correlation maximum for H50. If HTES is pre-reacted, hydrolysis of the ethoxy 

groups results in highly amphiphilic molecules that can readily self-organize and condense 

to form well-de% ned oligomers. " e strongly apolar nature of the alkyl groups may prevent 

subsequent reaction with BTESE moieties. As a consequense, the BTESE molecules tend 

to form a separate phase next to that of the oligomeric RTES-based structures, rather than 

a random mixture. " is leads to phase-separation upon drying and a resinous appearance of 

the HTES-based oligomers. " e fractalic (power-law) structure observed in the SAXS pattern 

would thus be the result of the mostly BTESE-based network. A smaller basal spacing of 1.4 

nm was again observed for the two more ordered networks, in which one precursor had pre-

reacted, compared to 1.7 nm for the H50 material, in which the precursors had co-reacted. 

Smaller basal spacing con% rms the higher degree of short-range order when one precursor 

pre-reacted. As the reactivity of the sols, in which the HTES pre-reacted, were similar the 

HTES molecules self-organized under similar structures with equivalent basal spacing.
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3.3.4 Porosity and hydrophobicity of the hybrid xerogel 

Molecular separation selectivity of hybrid silica membranes is based on a combination of 

pore size and a!  nity. As the presence of alkyl chains signi" cantly in# uences the a!  nity of the 

material, it may also change the applicability of the materials in membrane separations [17, 

31]. N
2
 and CO

2
 sorption measurements were performed on the heat-treated RTES/BTESE 

xerogels to investigate the e$ ect of the incorporation of alkyl groups on the adsorption 

capacity (Table 3.6).

Table 3.6. Surface area (m2.g-1) of RTES/BTESE heat treated self-supported powders measured 

by CO
2
 adsorption measurement. Some compositions could not be determined as the dried 

materials were resinous (n.a.)

All xerogels had zero adsorption of N
2
, except M50 that had a small surface area of about 

10 m2.g-1.% is value could only be determined after two days of equilibration. % e xerogels 

did adsorb CO
2
  with much lower surface areas than that of xerogels of BTESE. For the 

latter material, a surface area of 379 m2.g-1 was measured, which is similar values reported 

earlier for a BTESE-based xerogel [17]. % e CO
2
 adsorption properties of the xerogels were 

inversely proportional to the length and content of the alkyl fraction: an increase of one of 

both resulted in a large decrease of the CO
2
 surface area. Over the range of R-group lengths, 

for the equimolar RTES/BTESE xerogels a 5.5 times lower surface area (from 236 to 43 

m2.g-1) was observed for R = C
10

 as compared to C
1
. Over the range of compositions, the 

CO
2
 surface area decreased by a factor of 1.7 (for MTES) to 5 (for DTES) for 75 mol% 

compared to 25 mol%. In the case of the largest alkyl content and the longest R-groups, the 

xerogels were nearly dense for CO
2
.

 Mol % RTES  

Mol % 25 % 50 % 75 % 90 % 

M 274 236 161 124 

P 194 107 80 n.a. 

H 70 56 26 n.a. 

D 87 43 18 n.a. 
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! e fact that zero adsorption was measured for N
2
 and at the same time substantial adsorption 

of CO
2
, despite their comparable kinetic diameters (0.364 and 0.33 nm respectively), is 

likely related to the low temperature of the N
2
 sorption measurements (77 K). ! is result in 

kinetic hindrance of N
2
 transport into the material and is probably associated with a high 

rigidity of the alkyl groups at low temperature [17]. From the absence of N
2
 adsorption, we 

can conclude that no mesopores were present in the heat-treated xerogels. 

! e non-polar nature of the alkyl chains is likely responsible for the lower CO
2 

surface 

area at higher RTES molar content or alkyl chain length. It has been shown before that 

inorganic silica exhibits a particular a"  nity for CO
2
 due to the presence of silanols groups 

and that incorporation of methyl groups with MTES leads to weaker interactions [18]. ! e 

use of longer R groups and higher RTES concentrations is unfavorable to CO
2
 adsorption 

as silanol groups are shielded by the hydrophobic alkyl chains. Only small di# erences were 

found between the surface areas of the HTES/BTESE-based xerogels synthesized with 

di# erent [H
2
O]/[Si] and [H+]/[Si] ratios (Table 3.7). For the E/H xerogel, a surface area 

of 70 m2·g-1 was measured, which is slightly higher than for H50. No measurement was 

performed on the H/E xerogel as the xerogel was resinous. ! ese di# erences are too small to 

relate the internal organization of the structure to the adsorption capacity of the materials.

Table 3.7. CO
2
 adsorption measurement data of equimolar HTES/BTESE heat-treated xerogels 

with various [H+]/[Si] / [H
2
O]/[Si] ratios

Contact angle measurements on coatings of the xerogels on glass slides show an increase 

of the hydrophobicity at higher alkyl contents (Table 3.8). All RTES/BTESE materials 

showed contact angles higher than that of pure BTESE, for which a contact angle of 70° 

was measured. ! e length of the alkyl chain had a larger e# ect on the water contact angle 

than the actual molar RTES content. ! is suggests that a low fraction of the alkyl groups is 

su"  cient to shield the silanol groups at the surface.

 [H
+
]/[Si] [H2O]/[Si] 

Ratios values 0.008 0.8 1.5 6 

Surface area (m
2
.g

-1
) 64 76 62 53 
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Table 3.8. Water contact angle of BTESE/ RTES sols coated on glass slides. Some compositions 

led to partially covered slides (n.a.)

! ese observations were con" rmed by the FTIR measurements that also indicate a more 

hydrophobic material for longer alkyl chains (Figure 3.13). For the BTESE-based material, 

the -OH stretching modes characteristic for water at 3000 to 3700 cm-1 and the HO-H 

bending mode at about 1625 cm-1 are clearly visible. For P50 these peaks are signi" cantly 

smaller as compared to the alkyl spectroscopic region (2800-3000 cm-1), and they are even 

absent for H50 and D50. Prior to the measurements, all materials were stored under the 

same atmospheric conditions at 298 K for the same period. ! erefore, the clear di# erence in 

intensity of these peaks can only be explained by a signi" cantly lower amount of adsorbed 

water in the pores due to the presence of the R-groups in the hybrid network.

Figure 3.13. FTIR spectra of thermally-treated unsupported equimolar RTES/BTESE materials 

as compared to BTESE exhibiting the hydrophobic nature of the RTES/BTESE materials

 Mol % RTES 

   25  50  75  90  

M 84 86 90 n.a. 

P 85 89 98 n.a. 

H 103 109 n.a. n.a. 

D 101 111 n.a. n.a. 
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3.3. Conclusions

We have developed a range of hybrid silica materials based on mixtures of BTESE and 

R-triethoxysilanes (RTES, R = C
1
-C

18
 alkyl). ! e RTES/BTESE ratio was varied between 

0.33 and 9. Clear di" erences were observed in the micro- and macro structures of the dried 

xerogels. At low alkyl content the xerogels are transparent, opaqueness and inhomogeneity 

was observed at higher alkyl content, and phase separation was found for conditions with 

long alkyl groups and high alkyl content. ! e heterogeneity of the xerogels is most likely 

related to the amphiphilic nature of the hydrolyzed RTES moiety, allowing the R-groups 

to self-organize into hydrophobic domains. In this process, the non-polar R-groups interact 

softly through Van-der-Waals interactions, while the polar silicon hydroxides condense to 

form oligomeric structures. At high [H
2
O]/[Si] or [H+]/[Si] ratios, which are considered 

more reactive conditions, more inhomogeneous materials were formed than under 

milder conditions. Under conditions where the RTES precursor is allowed to pre-react, 

low accommodation (i.e. higher self-organization) of the RTES in the BTESE matrix is 

observed. ! is can be related to a higher probability of the formation of self-organized 

oligomeric structures that are further unreactive. SAXS measurements con# rmed the 

presence of organized nano-domains, especially for those compositions that form turbid or 

phase-separated xerogels. For such samples a higher degree of organization was observed at 

the nano-scale, with narrow and pronounced scattering intensity maxima, compared to the 

transparent samples. 

! e gas adsorption capacity and hydrophobicity of the series of materials are strongly 

in$ uenced by the introduction type of R-group into the BTESE matrix. All RTES/BTESE 

xerogels are dense for N
2
, whereas the CO

2
 surface areas are down to a factor of 20 lower 

than a BTESE xerogel. We relate this phenomenon to a lower availability of adsorption sites 

due to the extensive presence of alkyl groups. As additional evidence for the e" ect of the 

R-groups, a substantial increase of the water contact angle was observed compared to the 

BTESE-based xerogel. Interestingly, the length of the R-group has a more pronounced e" ect 

on the water contact angle than the RTES content.



62

C
H

A
P

T
E

R
 3

Novel concepts for microporous hybrid silica membranes Functionalization and pore size tuning

! e fact that the polarity and the microstructure of organic-inorganic hybrid silica materials 

can be tuned by the introduction of a terminal alkyl fragment is highly relevant for future 

applications. It is shown that transparent xerogels can be obtained for the complete range of 

precursors from C
1
 up to C

6
 with a RTES/BTESE ratio of 0.25. In addition, it is clear that 

low concentrations of the R-group have a pronounced in" uence on the material properties. 

We foresee excellent applicability of this class of materials in cases where a#  nity for or 

rejection of speci$ c components is required. Speci$ cally, we are aiming at membranes that 

allow separation based on polarity, whilst retaining the excellent stability and mechanical 

properties of the hybrid silica structure.
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Abstract 

! e present study describes the e" ect of the presence of terminating alkyl groups on the 

performance of organic-inorganic hybrid silica membranes. By incorporation of di" erent 

R-triethoxysilanes (R = C
1
 to C

10
 alkyl) into 1,2-bis(triethoxysilyl)ethane (BTESE) based 

materials the a#  nity could be tailored from hydrophilic to hydrophobic. ! e separation 

properties of the membrane based on these materials was found to be strongly dependent on 

the length of the R-group. Gas permeance measurements indicated reduced molecular sieving 

properties and an enhanced a#  nity for CO
2
 for longer R-groups. Longer R-groups also 

resulted in lower permeate water purity, falling from >99% to ~40 for C
10

 in the dehydration 

of n-butanol/water (95/5 wt%) by pervaporation. Concomitantly, the permeate n-butanol 

purity in the pervaporation of n-butanol/water mixtures (0.5 to 6.8 wt% of n-butanol) 

increased to a value of >40% for R = C
10

. ! is membrane exhibited constant separation 

factors over a large range of temperatures (30 to 90 °C) and n-butanol feed concentrations 

(0.5 to 6.8 wt%). By increasing the temperature from 30 to 90 °C, the n-butanol & ux 

reached a value as high as 3 kg/m2.h for a feed mixture containing 4.5 wt% of n-butanol.
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4.1. Introduction

! e separation or puri" cation of alcohol/water mixtures is performed using capital- and 

energy-intensive distillation. To replace distillation, less energy demanding separation 

processes as gas stripping, stream stripping, liquid-liquid extraction can be used [1, 2]. 

Among them, also organophilic pervaporation is considered to be a viable alternative for 

alcohols separation from aqueous solutions [1-3]. ! e membrane development has been 

focused on hydrophobic, polymeric materials [1, 3-6]. Recently, we developed hybrid 

organic-inorganic HybSi® membranes to overcome the stability boundaries of inorganic 

silica [7]. ! e introduction of an organic fragment in a silica network by using ethylene-

bridged bis-silane precursors lead to membranes having a life time of over 1000 days in 

alcohol dehydration at high temperatures (150 °C) without a decrease in the selectivity [8]. 

! e intrinsic hydrophilicity of this bridged organic silica limits the applicability of these 

membranes to the separation of polar from less polar molecules. However, by changing the 

nature/structure of the precursors and the content of organic fragments in the hybrid silica 

network, the membrane behavior can be controlled [9-11]. For example, the introduction 

of functional amine groups in the network resulted in highly water-permeable hydrophilic 

membranes [11]. ! is implies that the incorporation of well-de" ned organic groups can be 

used to tailor the membrane a�  nity to speci" c applications. In the current study, we aim 

to develop intrinsically hydrophobic membranes by the introduction of precursors with 

large organic fragments in the hybrid silica network. Combined with the proven solvent 

and water stability of the hybrid membrane material, this approach was designed to result 

in stable hydrophobic hybrid silica membranes that would be suitable for a range of solvent 

separation processes. Such processes include upgrading of bioalcohol/water mixtures to fuel 

grade and harvesting of valuable alcohols from aqueous process streams [12, 13].

Here, we present the development and characterization of such hydrophobic membranes. 

! e membranes were developed starting from the precursor 1,2-bis(triethoxysilyl)ethane 

(BTESE). ! is precursor with a bridging organic group is commonly used for the preparation 

of hydrophilic hybrid silica HybSi® membranes. To introduce a hydrophobic character in 
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these membranes, terminating alkyl-groups, R-triethoxysilanes (RTES, R = C
1 
to C

10
 alkyl), 

were added during the preparation (Figure 4.1). ! e relations between the alkyl chain 

length, the pore size and the a"  nity of the membranes were studied. ! e performances of 

all membranes in pervaporation were measured in the dehydration of n-butanol for butanol-

rich mixtures, and in the recovery of n-butanol for water-rich mixtures. ! e in# uence of the 

operating conditions on the performance of the most promising membrane was subsequently 

determined. Finally, the applicability of these membranes in bio-butanol recovery from 

fermentation broths is compared to other organophilic membranes.

Figure 4.1. Precursors used in this study



71

C
H

A
P

T
E

R
 4

From hydrophilic to hydrophobic HybSi® membranes: a change of a�  nity and applicability

4.2. Experimental

Materials

1,2-Bis(triethoxysilyl)ethane (E, ABCR, 97%), methyltriethoxysilane (M, ABCR, 98%), 

n-propyltriethoxysilane (P, ABCR, 97%), n-hexyltriethoxysilane (H, ABCR, 95%), 

n-decyltriethoxysilane (D, ABCR, 97%), nitric acid (69 wt%, Aldrich), and EtOH (p.a., 

Aldrich) were used as received. Water was deionized at 18 MΩ/cm using a Millipore 

puri" cation system. Pervaporation measurements were performed with distilled water and 

n-butanol (P.A. grade) from Aldrich. # e membranes are further named according to the 

precursors used: the letter E refers to pure BTESE membranes and for the other membranes 

the letters M, P, H, D refer to the alkyltriethoxysilanes introduced in the BTESE-based 

hybrid silica network. # e precursors were present in equimolar ratios.

Membrane development

# e BTESE/RTES mixed sols were synthesized according to a two-step synthesis procedure. 

In all cases, the preparations were started by mixing the required amounts of nitric acid 

and water, and by diluting, the 1:1 ratio of BTESE and RTES precursors with ethanol. 

Half of the acid/water mixture was then added dropwise under stirring to the precursor/

EtOH mixture, and kept at 333 K under continuous stirring for 1.5 hours. Subsequently, 

the second half of the acid/water mixture was added dropwise, while keeping the mixture at 

333 K, after which this mixture was stirred during another 1.5 hours at 333 K. All the sols 

were synthesized with overall compositional ratios of Si/EtOH/H+/H
2
O = 1/6.36/0.08/3.

After adjustment of the silica sol concentration, sols were " ltered over 0.8 µm cellulose 

acetate " lters (Whatman®). Membrane coatings were applied in a class-1000 cleanroom on 

30 cm long tubular supports composed of α-Al
2
O

3
 layers and a " nal smooth mesoporous 

γ-Al
2
O

3 
layer [14]. After overnight drying in the clean room, the membranes were heat 

treated at 523 K under N
2 

for two hours with heating and cooling rates of 0.5 °C/min. 

Four cycles of vacuum/N
2
 purge of one hour each were performed before the start of the 

heat treatment. All membranes were sealed using stainless steel caps and graphite as packing 

material [15].
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Supported fi lm characterization

Layer thickness determinations and surface observations were carried out on samples 

taken from the middle of the heat treated membranes by means of a high resolution JEOL 

JSM-6330F Field Emission scanning Electron Microscope (SEM). Single gas permeance 

measurements were performed at 523, 423 and 323 K with feed pressures from 3 to 9 bara. 

Pressure di! erences of 2 bar were applied except for the point at 2 bar feed pressure for 

which a pressure di! erence of 1.5 bar was used. A bleed of 50 ml/min was applied for all 

measurements. Measurements were performed using He, H
2
, N

2
, CH

4
, and CO

2
 (99.999% 

pure). Before starting the measurement, each membrane was dried in the setup for two 

hours at 523 K under N
2
. H

2
 permeance measurements were performed both as " rst and last 

measurement. # e gas permeabilities were calculated based on the permeances and the layer 

thicknesses measured by SEM. # e pictures of water drops were taken at a " xed distance 

with drops of 10 µl deposed manually on the surface of the tubular membranes using a 

Mettler Toledo micro-pipette.

Membrane performance

The pervaporation measurements were performed on a standard glass pervaporation setup, as 

described in detail by Van Veen [8]. # e n-butanol dehydration measurements were carried 

out with an n-butanol/water (95/5 wt%) feed mixture at 368 K. # e n-butanol enrichment 

pervaporation measurements were performed with n-butanol/water feed mixtures ranging 

from 0.5/99.5 wt% to 7/93 wt%. Measurement temperatures for these measurements were 

303, 333 and, 363 K. In all cases, the permeate pressure was kept constant at 10 mbar and 

measurements were performed after stabilization. Feed and permeate compositions were 

determined using refractive index measurements on a Mettler Toledo RA510M device. # e 

n-butanol/water permeate samples that exhibited two phases were homogenized by addition 

of a known amount of water before the refractive index determination.

Overall pervaporation process selectivities (α
process

) were analyzed as a combination of the 

evaporation selectivity (α
evap

) and the intrinsic membrane selectivity (α
mem

) [16,17]:
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with:

and

with P
b
 and P

w
 the partial pressure in the vapor phase on the feed side of n-butanol (b) and 

water (w); n
b
 and n

w
 the molar fraction of n-butanol (b) and water (w) at the feed side liquid 

phase, and Pv
bp

 and P
wp

 the partial pressures of n-butanol (b) and water (w) in the permeate. 

! e vapor liquid equilibrium (VLE) calculations necessary to determine the evaporation 

selectivity were performed with Aspen Plus v7.2. ! e vapor pressure was calculated with the 

extended Antoine vapor pressure equation, with the default parameters from the Aspen from 

DB-PURE20 database. Separation factors were experimentally determined using:

With m
b 
and m

w
 the mass fractions of n-butanol (b) and water (w) in the feed and m

bp
 and 

m
wp

 the mass fraction of n-butanol (b) and water (w) in the permeate.

4.3. Results and Discussion

Membrane preparation & characterization

! e M, P, H and D sols were coated using total silica concentrations of 1.5, 1.2, 1.0 and 

1.0 mol/l respectively. After heat treatment, SEM micrographs showed thin and defect-free 

hybrid silica layers, with thicknesses ranging from 200 to 550 nm (for an example see Figure 

4.2).

   (4.1) 

     (4.2) 

    (4.3) 

    (4.4) 
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Figure 4.2. SEM cross section of the H membrane; layer thickness ~200 nm

! e measured gas permeances were constant over the range of average pressures for all 

BTESE/RTES membranes. Consequently, no indications for viscous " ow through defects 

were found and no large defects were present in the nanoporous membrane layers [18]. In 

all cases, only minor (<10%) di# erences were observed between the $ rst and the second 

H
2
 permeance measurement in the series, meaning that no major structural changes 

occurred during the measurement. ! e single gas permeance measurements also revealed 

the importance of the length of the R-group on the micropore structure and permeation 

properties of the BTESE/RTES membranes (Table 4.1). While the H
2
 permeabilities for 

all membranes were similar, the H
2
/N

2
 permeability ratio was clearly a# ected by the length 

of the R-group. ! e M membrane showed a H
2
/N

2
 permeability ratio of 15.2, which is 

comparable to the reference BTESE (E) membrane. Membranes containing longer R-groups 

had a much lower H
2
/N

2
 ratio. Neither H

2
 nor N

2
 molecules have a particular a&  nity for 

the hybrid silica network. ! e E membrane therefore showed a clear size-based sieving, 

while the D membrane exhibited a H
2
/N

2
 ratio equivalent to the Knudsen di# usion value 

of 3.74 [4]. Consequently, the lower H
2
/N

2
 ratios for longer R-groups result from higher N

2
 

permeabilities. ! is suggests that the pores of the E membrane are small enough to retain 

the N
2
 molecules, whereas the D membrane has large enough pores to permeate both H

2
 

and N
2
 molecules. As a result the compositions with longer R-groups have a much lower (P 
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and H) or even absent (D) molecular sieving e! ect. " e length of the pendant alkyl groups 

thus seems to lower the molecular sieving properties whilst retaining the H
2
 permeabilities. 

As demonstrated by Li et al. for phenyltriethoxysilanes [10], the introduction of pendant 

groups possibly lead to a more open structure allowing the N
2
 molecules to permeate while 

the pendant groups hinder the transport of all gas molecules. " is leads to a decrease of the 

molecular sieving properties without an increase of the gas permeances.

Table 4.1.  H
2
/N

2,
 CO

2
/H

2
 permeability ratios and the hydrogen permeabilities of the BTESE (E) 

and BTESE/RTES membranes

At 50 °C, the length of the R-group also clearly a! ected the a�  nity of the membranes 

for CO
2
. " e E, M and P membranes, exhibited similar CO

2
/H

2
 permeability ratios of 

about unity, whereas ratios of 2 and 2.3 were measured for the H and D membranes. " ese 

results are consistent with the observation that the CO
2
/H

2
 permeability ratio is higher for 

membranes containing bulky bridging groups like C
8
 alkyl, phenyl or biphenyl, compared to 

those containing ethyl bridges [9]. Ratios in the range of 1.5-1.7 had been found. Possibly, 

the increase of the organic content in the hybrid layer leads to solubility of CO
2
 in the 

hybrid network, leading to higher CO
2
/H

2
 permeability ratios.

" e membrane surface properties were also a! ected by the increase of the length of the 

R-group. " e contact angles of water drops deposited on the surface of the series of 

membranes clearly increased with the length of the alkyl chain (Figure 4.3). " e contact 

angle measurements performed on supported $ lms coated on % at glass slides similarly 

showed an increase of the contact angle from 65° for E to 111° for D [19]. " is indicates 

that the surface of membranes becomes increasingly hydrophobic with increasing length of 

the R-group.

 T (°C) E
(1)

 M P H D 

H2/N2 ratio 250 16.2 15.2 10.3 4.5 3.8 

CO2/H2 ratio 50 0.9 0.9 0.8 2.0 2.3 

H2 permeabilities 

(10
-4

 mol·nm /m
2
.s.Pa) 

50 2.3 2.2 3.4 2.9 2.4 

(1)
 From [9] 
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Figure 4.3. Pictures of water drops on the surface of the membrane series.

4.3.2 Pervaporation of water/n-butanol mixtures

Infl uence of the alkyl chain length on the membrane selectivities

As discussed above, the membrane performance in single gas permeance experiments 

depends on the length of the R-group. In addition, the contact angle measurements indicate 

a clear increase of the hydrophobicity with increasing length of the R-group. To determine 

the in! uence of these properties on the pervaporation performance, all membranes were 

tested in the separation of n-butanol/water mixtures with either 5% water or 5% n-butanol 

(Figure 4.4). 

Figure 4.4. Permeate concentration as function of the number of C atoms in the R-group in 

pervaporation for n-butanol/water feed mixtures of 95/5 and 5/95 wt%. The feed concentrations 

were normalized to 5 wt% for direct comparison.
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In pervaporation of the butanol rich mixture, a signi! cantly lower water content in the 

permeate was measured for longer R-groups. " e overall process selectivity (α
process

) decreased 

from ~1800 for the E (pure BTESE) membrane to ~ 13 for the D membrane having a C
10

 

alkyl chain. " e water concentration in the permeate for the D membrane was ~41 wt%, 

which is twice higher water vapor content of ~20% in a one single distillation step under 

similar conditions. So, the D membrane is still slightly selective for water.

Concomitantly, the n-butanol content in permeate increased with increased R-group length 

in the pervaporation of a water-rich feed mixture. For a feed mixture containing 5 wt% of 

n-butanol, the P, H and D membranes exhibited n-butanol permeate concentrations of 12, 

31 and, 42 wt%, respectively. " ese concentrations correspond to process selectivities (α
process

) 

of ~2, ~9, and ~14, respectively. For this feed at a temperature of 90 °C, a single evaporation 

step would have a selectivity of ~12. " e D membrane is under these conditions slightly 

selective towards n-butanol. " is con! rms that the selectivity of hybrid membranes can be 

tuned towards an organic species by hydrophobization of the organic/inorganic network, 

by e.g. changing the length of the alkyl R-group. For water-selective BTESE membranes, 

size exclusion is the dominant separation mechanism. With the introduction of R-groups 

this e$ ect has much less in& uence, which is probably related to the lower molecular sieving 

properties, as observed in gas permeation measurements (Table 1). In the case of enrichment 

in n-butanol, size-based separation cannot be used and a�  nity should be the driving 

mechanism. In this case, process selectivities higher than the evaporation selectivity can only 

be obtained if the material has a higher a�  nity for n-butanol than for water. We propose that 

the currently observed selectivity for the D membrane is a result of the a�  nity for organic 

species over water and that this a�  nity is caused by the large organic fraction in the material.

Infl uence of operating conditions on selectivity and fl ux

" e most hydrophobic membrane, D, was selected to further investigate the in& uence of 

the temperature and the feed composition on the membrane performance. A 500 nm thick 

membrane was selected from a set of four membranes with similar performances in a single 

pervaporation measurement.
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Figures 4.5 and 4.6 show that the process selectivity varies between 14 and 16 for all 

measurement conditions; the feed temperature and the n-butanol feed concentration 

have only minor e! ects. " e membrane performance is not strongly a! ected by the feed 

composition and temperature, in contrast to polymeric membranes in similar separation 

processes [6, 20, 21].

Figure 4.5.  α
evap

 (dashed) and measured α
process

 (solid) of the D membrane against the feed 

temperature at 5 wt% n-butanol in water

Figure 4.6. α
evap

 (dashed) and measured α
process

 (solid) of the D membrane against the 

concentration of n-butanol in the feed at 90 °C.
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! e evaporation selectivity (α
evap

) shows a stronger dependence on the conditions, especially 

on the feed concentration. ! e evaporation selectivity (α
evap

) of a feed mixture with 5 wt% 

of n-butanol increases from 10.5 at 30 °C to 11.7 at 90 °C (Figure 4.5). At 90 °C, the α
evap

 

decreases from 14.8 to 10.5 when increasing the feed concentration of n-butanol from 1 

to 7 wt%. As the decrease of the process selectivity is small compared with that of the 

evaporation selectivity, we conclude that the membrane operation becomes more e# ective at 

higher levels of n-butanol. We propose that the relatively rigid inorganic Si-O-Si backbone 

of the D membrane prevents signi$ cant swelling of the membrane material as this would 

lead to a substantial selectivity decrease at higher temperatures and higher n-butanol feed 

concentrations. ! e constant process selectivity at increasing n-butanol feed concentration, 

i.e. the constant relative & uxes of n-butanol and water, indicates that the pervaporation 

selectivity is likely governed by the membrane a�  nity. 

A nearly linear dependence of the n-butanol & ux on the n-butanol feed concentration was 

measured (Figure 4.7). ! e & uxes were in the range of 20 - 300 g/m2.h at 30 °C, 0.45 - 1.400 

kg/m2.h at 60 °C, and up to 0.2 - 3 kg/m2.h at 90 °C.

Figure 4.7. n-Butanol fl ux (points) and partial pressures of n-butanol on the feed side (lines) 

against the concentration of n-butanol in the feed for 3 measurement temperatures
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! e n-butanol " ux can be understood using standard pervaporation theory. ! e driving 

force and the resulting " ux in pervaporation are based on the chemical potential di# erence 

(gradient) between the feed and the permeate side of the membrane. ! e " ux of a component 

i through the D membrane can be written as [17]:

with D
i  

the di# usion coe$  cient of the species i, K
i
G the solubility coe$  cient of the 

component i in the gas phase in the membrane, l the layer thickness of the membrane 

and P
io 

and P
il
 the partial pressures of the component i on either side of the membranes. 

! is " ux is related to the intrinsic properties of the membrane through the factor K
i
GD

i 

/l , which can be considered to be constant for non-swelling membranes, [4] and to the 

experimental conditions through the di# erence of partial pressures between the feed 

and the permeate side of the permeating molecule. As the total permeate pressure was 

maintained below 4 mbar for all measurements, the permeate partial pressure can be 

neglected. Consequently, the n-butanol " ux is directly related to the n-butanol partial 

pressure of the feed. ! e observed dependence of the " ux on concentration and temperature 

is thus only related to the change of the driving force at the di# erent process conditions.

4.4. Implications for bio-butanol enrichment 

Bio-butanol is typically produced with the ABE fermentation process which consists of the 

transformation of sugars or starches into acetone, butanol and ethanol using solventogenic 

bacteria. ! e state of the art of the fermentation processes yields butanol concentrations of 

1.5-2 wt% in the fermentation broth [23][22]. After fermentation, the bio-butanol needs to 

be separated and puri& ed before further use.

In Table 4.2, some organophilic membranes for bio-butanol enrichment are shown. To the 

best of our knowledge, only few membranes exhibit butanol " uxes higher than 1 kg/m2.h. 

Among non-commercial membranes, a promising example was developed by Claes and al., 

    (4.5) 
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who reported, for a silica ! lled poly[1-(trimethyl-silyl)propyne] (PTMSP) membrane, an 

n-butanol selectivity of 104 and a " ux of 8 kg/m2 h at 50°C [23]. $ e authors note that long 

term stability still needs to be tested. Also a silicalite-1 ! lled PDMS membrane showed a 

viable " ux for iso-butanol (~ 3 kg.m-2 h-1) combined with process selectivities for butanol/

water of 27.5 at 2 wt% of iso-butanol in the feed and at 80 °C [24]. However, iso-butanol 

has a much higher vapor pressure than n-butanol and lower n-butanol " uxes are expected. 

As an example of a commercially available membrane, the Pervap4060 from Sulzer exhibits 

a process selectivity of 39 and an n-butanol " ux of 2.2 kg/m2 h.

All of these membranes are polymer or polymer based composite membranes. $ e D 

membrane developed in this study is, to our knowledge the ! rst membrane with a silica-

based network that has an n-butanol " ux higher than 1 kg/m2 h combined with a respectable 

selectivity. $ e D membrane even reached n-butanol " uxes of 3 kg/m2 h at 90 °C at an 

n-butanol feed concentration of about ~5 wt%.

Table 4.2. Representative examples of the PV performance of organophilic membranes in 

butanol/water mixtures. More examples can be found in the mentioned references and in [5, 25]

Type 
T of the feed 

mixture (°C) 

Feed butanol 

concentration 

(wt%) 

Selectivity 

Butanol 

flux 

(Kg/m2 h) 

Reference 

Hydrophobic 

HybSi® 
90 2 15 1.2-1.5 This work 

 60 2 15 0.5-0.6 This work 

Filled PTMSP    

(Vito 1) 
50 5 104 8.0(1) [23] 

PDMS           

(Pervap 4060) 
50 5 39 2.2(1) [23] 

Silicalite/silicon 70 1 93 0.3(1) [26] 

Zeolite GE-ZSM-5 30 5 19 0.009 [27] 

PDMS filled 

silicalite 
80 2 27.6 3 (2) [24] 

(1) Calculated from the total fluxes and selectivities of the references 

(2) iso-Butanol flux 

 



82

C
H

A
P

T
E

R
 4

Novel concepts for microporous hybrid silica membranes Functionalization and pore size tuning

In addition to the respectable n-butanol ! uxes measured for the D membrane, its main 

advantages for the bio-butanol production process arise from its intrinsic membrane material 

properties. " e absence of swelling leads to nearly constant process selectivity over a large 

range of operating conditions. 

As part of the development of a viable bio-butanol process, a strong e# ort is put on the 

improvement of the e$  ciency of the solventogenic bacteria leading to higher alcohol yields 

[28]. As the D membrane is not very sensitive for the alcohol concentration in the feed over 

the measured range of n-butanol concentrations, increased fermentation yields would also 

lead to a higher n-butanol concentration in the permeate for this membrane. In contrast, if 

polymeric membranes would be used at higher concentrations of alcohols, the membranes 

would become less selective due to their swelling [21,24]. As an example, for silicalite % lled 

PDMS membranes, Fouad [21] and Lui [24] reported a decrease of the process selectivity 

from 40 to 25 and from 43 to 10 by increasing the butanol feed concentration from 0.25 to 

3 wt% and from 0.05 to 0.3 wt% respectively. " e observed constant n-butanol selectivity 

of the D membrane over the range of measurement temperatures is also clearly an advantage 

as it allows for temperature variations in the industrial process without strong in! uence 

on the permeate composition. Despite these promising properties, the selectivity of the D 

membrane is still too low to be economically viable. If only the evaporation energy is taken 

in account, Vane et al. estimated the minimum required process selectivity to be ~ 30 [2]. 

Nevertheless, the results presented here can be considered as a breakthrough in the 

development of an organophilic hybrid silica-based membrane. Given the fact that the 

required selectivities seem within reach, a bio-butanol production process without distillation 

can be envisaged. In such a process setup, organophilic HybSi® membranes could concentrate 

the butanol stream up to 60 to 80 wt% after which a hydrophilic HybSi® membrane could 

be used to dehydrate the product up to the desired speci% cation.
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4.5. Conclusions

We developed and characterized the ! rst hydrophobic hybrid silica membranes based on a 

series of alkyltriethoxysilanes (RTES) precursors mixed with BTESE. After the optimization 

of the silica concentration of the sols, thin defect free-membranes were obtained. An increase 

of the length of the R groups resulted in both a gradual decrease of the molecular sieving 

properties of the membranes in gas permeation measurements and in an increase of their 

hydrophobicity. Dehydration of 5/95 wt% n-butanol/water mixtures by pervaporation clearly 

demonstrated that a higher membrane hydrophobicity for longer R-groups resulted in a 

much lower selectivity towards water. In parallel, the membranes showed a higher a�  nity for 

butanol in pervaporation of 5/95 wt% n-BuOH/water mixtures. " e D membrane showed 

a higher selectivity towards n-butanol than a purely evaporation-based process, proving that 

its separation properties are based on a�  nity. As a result of its rigid network, neither the 

feed temperature nor the n-butanol concentration of the feed mixture a# ected the process 

selectivity of the D membrane which remained constant around 15. " is constant selectivity 

combined with butanol $ uxes of over 1 kg/m2 h range are a major advantage for their further 

implementation in n-butanol enrichment of fermentation broth. " is ! rst hydrophobic 

hybrid silica membrane is a breakthrough opening new concept routes to the development 

of stable, non-swelling hydrophobic pervaporation membranes.
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5.1. Introduction

Nano! ltration (NF) membranes are usually identi! ed as being at the interface between 

Reverse Osmosis (RO) and UltraFiltration (UF) membranes [1]. Such membranes are able 

to reject multivalent negative ions, reject positively-charged or non-charged species based on 

size and typically have a rejection of sodium chloride from about 70 % down to 0 %. " e 

! rst NF membranes, which appeared in the 1960s, were made of Cellulose Acetate (CA) 

and were applied in seawater desalination. " e potential applicability of NF membranes 

in organic media in the food, chemical, pharmaceutical, and petrochemical industries was 

already identi! ed in the 1970s. However, the ! rst examples of solvent resistant nano! ltration 

(SRNF) polymeric membranes appeared only in the early 1990s as the MPT series from 

Kyriad-Weizmann [2]. Polymeric nano! ltration membranes are now widely applied in 

aqueous processes such as water treatment, removal of dyes, food processing in organic 

media, petrochemistry, catalysis, and recovery of pharmaceuticals [3], or for the removal 

of poly-aromatic and organometallic solutes from fuels [4]. One of the typical examples 

of a relatively robust class of polymeric nano! ltration membranes is that of PDMS-based 

membranes. At the same time, such membranes su# er from major swelling and compaction 

e# ects induced by the organic solvent and the applied pressure. " ese factors lead to 

strong variations of the $ ux and of the e# ective molecular weight cut-o#  (MWCO) of the 

membranes, depending on the speci! c solvent-membrane combination [5-7]. Consequently, 

their use is limited to a low number of possible applications per membrane, and successful 

examples cannot be extrapolated to other conditions.

Ceramic membranes have proven to be chemically and thermally stable and do not show 

the swelling and compaction e# ects of polymeric NF membranes. Ceramic NF membranes 

with MWCO values as low as few hundred Daltons were developed [8-12]. Also in the 

case of ceramic membranes solvent/membrane interactions a# ect the performance. " e 

intrinsic hydrophilicity of microporous ceramic oxide membranes results in lower $ ux [13] 

and reduced retention [9] in apolar solvents. " e lower retention can be ascribed to a lower 

adsorption of non-polar molecules in the pores as compared to polar molecules and thus 
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an increased e! ective pore size Attempts to hydrophobize these intrinsically hydrophilic 

materials by alkyl grafting were reported [11, 14-16]. However, none of the membranes 

reached the microporous range. Consequently, non-swelling hydrophobic SRNF membranes 

with a low MWCO (150-300 Da) are still lacking [13]. Rather than hydrophobizing an 

intrinsically hydrophilic material, we wanted to focus on materials that are hydrophobic by 

nature and at the same time have all the bene� ts of ceramics.

In Chapter 4 of this thesis, hydrophobic hybrid silica membranes were presented. Some of 

these membranes show an absence of molecular sieving properties in gas permeation and 

relatively high " uxes in pervaporation measurements, compared to the reference BTESE 

membrane (Table 2). Contact angle measurements on these membranes indicated that they 

are highly hydrophobic (Chapter 2). Based on this information, we set out to investigate 

their behavior in the permeation of a polar (acetone) and an apolar solvent (toluene) under 

nano� ltration conditions. # e pure solvent " uxes of the hybrid silica membranes are � rst 

targeted and compared to those of the γ-Al
2
O

3
 support material. Retention measurements 

on the γ-Al
2
O

3
 support and the hybrid silica layers using dye molecules are also described.

5.2. Experimental

5.2.1 Materials

1,2-Bis(triethoxysilyl)ethane (E, ABCR, 97%), 1,2-bis(triethoxysilyl)octane (O, ABCR, 

97%), methyltriethoxysilane (M, ABCR, 98%), n-propyltriethoxysilane (P, ABCR, 97%), 

n-hexyltriethoxysilane (H, ABCR, 95%), n-decyltriethoxysilane (D, ABCR, 97%), nitric 

acid (69 wt%, Aldrich), and EtOH (p.a., Aldrich) were used as received. Water was deionized 

at 18 MΩ/cm using a Millipore puri� cation system. Pervaporation measurements were 

performed with distilled water and n-butanol (p.a. grade) from Aldrich. # e membranes 

are further named according to the precursors used: the letter E refers to pure BTESE 

membranes. # e letters M, P, H, D refer to the alkyltriethoxysilanes introduced in the 

BTESE-based hybrid silica network. # e letters O and O+D refer to the pure BTESO and 

to the BTESO/DTES membranes.
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5.2.2 Membrane preparation

! e ratios of the RTES/BTESE sols and the two steps synthesis procedure are described in 

Chapter 4. ! e BTESO/DTES sol was synthesized using the same procedure with the ratios 

Si/EtOH/H+/H
2
O = 1/50/0.6/3 and a heating time of 90 min. ! e sol was coated without 

further dilution. ! e BTESO sol was synthesized in a one-step synthesis described elsewhere 

[17]. ! e heat treatment and the characterization procedures were also described in Chapter 

4. All the membranes were sealed using stainless steel caps and graphite as packing material.

5.2.3 The nanofi ltration setup

! e nano" ltration measurements were performed using an in house developed cross # ow 

nano" ltration setup. ! e set up allows NF measurements up to a feed pressure of 10 bars 

and is resistant to a number of common organic solvents, including acetone, toluene, 

methylethyl ketone, and hexane. ! e setup consists of a 12 L feed tank (D-01) feeding the 

shaft sealed solvent resistant feed pump (P-01) which is able to deliver a solvent # ux of 2 

m3/h at a feed pressure of 10 bars (Figure 5.1). ! e feed mixture is sent to the membrane 

module (S-01) in which the feed pressure is regulated by applying a back pressure using 

valve V-11. ! e permeate is collected through V-23
 
while the retentate is sent back to the 

feed vessel. ! e set up can also be used in continuous mode by routing the permeate back 

into the feed vessel through valve V-22. ! e permeating volume is then measured by FR-01/

FT-01 and the permeate samples collected through V-01.

In addition, a cooling system using a glycol/water mixture at 0.5 °C is used to regulate the 

feed mixture temperature. For safety purposes, di% erent release valves and a bypass (V-04) 

have been installed. Several # exible exhaust pipes are available to have local vapor removal on 

open points like sampling points or vent maintaining the feed vessel at atmospheric pressure. 

A N
2
 # ushing system (not shown) has also been installed to allow a proper emptying and 

# ushing of the module and/or the complete setup. Using a similar module concept, the 

same membrane sample can tested in nano" ltration, gas permeation, permporometry, and 

pervaporation, without changing the steel end caps.
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Figure 5.1. Simplifi ed Piping and Instrumentation Diagram (P&ID) of the NF setup

5.3. Measurement procedure

5.3.1 General and pure solvents 

A general measurement procedure was developed for hybrid silica membranes. A 

stabilization period of 30 min at 10 bars feed pressure was set to allow a stabilization of the 

feed temperature at 20 ºC (+/- 0.5 ºC) and of the feed ! ow between 1.8 and 2 m3/h. After 

the stabilization period, the ! uxes were determined by measuring the permeate volumes 

in measuring cylinders. Each measuring cylinder was regularly weighed to con� rm the 

measured ! ux. " e γ-alumina supports were tested under the same experimental conditions. 

However in the case of the support, ! uxes were measured after only one minute of testing.
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5.3.2 Membrane retention measurements

Retention measurements were performed in acetone using two di! erent dyes: Bengal Rose 

(BR) and Sudan Blue (SD), having molecular weights of 1017 and 350 g/mol, respectively 

(Figure 5.2). " e two dyes were # rst dissolved in acetone and then added to the feed mixture 

to reach a # nal concentration of 100 ppm for both dyes.

Figure 5.2. Structure of the Sudan Blue and Bengal Rose dyes used in the retention 

measurements

5.4. Results

5.4.1 Membrane characterization

SEM measurements were performed on all the membranes after the heat treatment and 

before the nano# ltration measurements. Due to the measurements in acetone/dye solution 

performed after the measurement in acetone, new E, M, P, H, and D membranes, with 

di! erent thicknesses as the # rst series were used for the measurements in toluene. For the 

O and O+D membranes, the same membranes were measured in acetone after the toluene 

measurement. " ese measurements revealed that all the membranes were crack free and 

exhibited layers thicknesses ranging from 85 nm to 1.7 µm (Table 5.1).
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Table 5.1.  Layer thicknesses (nm) of the membranes tested in pure acetone and toluene

Solvent E M P H D O O+D 

Acetone 1000 1150 1660 940 85 

255 75 

Toluene 880 470 185 795 120 

 

! e performances of the di" erent types of membrane in single gas permeance and 

pervaporation were also evaluated in the previous chapter. ! e O+D membrane, which was 

developed for this chapter, was subjected to the same characterization techniques. ! e gas 

permeances and the total # uxes in pervaporation of an n-butanol/water mixture (5/95 wt%) 

were measured. ! e results were compared with these obtained for the other membranes in 

the previous chapters (Table 5.2).

Table 5.2.  H
2
/N

2
 permeance ratio at 250 °C, and total fl uxes in pervaporation of a H

2
O/BuOH 

(95/5 wt%) mixture

 E M P H D O O+D 

H2/N2 permeance ratio 16.2(1) 15.2 10.3 4.5 3.8 5.3(1) 4 

Total Flux H2O/n-BuOH (kg/m2·h) 1.2 8 5.5 9.7 6.2 9.2 17 

(1) From [17] 

 

! e H
2
/N

2
 permeance ratios and the total # uxes are useful to predict the behavior of 

the membranes in nano� ltration. First, the H
2
/N

2
 permeance ratio can be related to the 

molecular sieving properties of the membranes as the permeation of both H
2
 and N

2
 is 

based on the size of the molecules and not on the a$  nity of the network. A low H
2
/N

2
 

ratio reveals the absence of molecular sieving properties of the membrane and indicates 

possible larger pore sizes than the parent E membrane. ! is could also translate into a high 

# ux in nano� ltration. ! e total # uxes in pervaporation can also be taken as an indication 

of the openness of the glassy network. Obviously and independently of the selectivity, the 

more open the network is, the higher the total # ux would be. A component # ux would be 

more related to the selectivity (a$  nity) of the membrane. Consequently, membranes with 

a low H
2
/N

2
 ratio and a high total # ux in pervaporation are likely to exhibit high # uxes in 

nano� ltration. 
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! e H, D, O and O+D membranes exhibited both a H
2
/N

2
 ratio lower than 6 and total 

" uxes higher than 6 kg/m2·h. ! erefore, these membranes are expected to have the highest 

" uxes in nano# ltration. ! e E and P membranes exhibited a H
2
/N

2
 permeance ratio above 

10 and pervaporation " uxes below 6 kg/m2·h which could translate to low " uxes. ! e M 

membrane shows a H
2
/N

2
 equivalent to the E membrane but with a much higher " ux in 

pervaporation making predictions more di$  cult.

5.4.2Solvent fl uxes

γ-Al
2
O

3
 support

! e resistance of the support can limit the gas or liquid " uxes of the separating layer of 

asymmetric supported membranes. To evaluate the resistance of the γ-Al
2
O

3
 support on the 

solvent permeation properties of the hybrid silica layers, its acetone and toluene " uxes were 

measured (Figure 5.3). ! e " ux of both solvents declined strongly over time. ! e acetone 

" ux decreased 45 % from 27.5 L/m2·h to 16 L/m2·h during the # rst hour of measurement. 

In the same period of time, the toluene " ux decreased only 15 % from 19.7 to 16 L/m2·h.

Figure 5.3. Acetone and toluene fl uxes in time of a γ-Al
2
O

3
 support at a feed pressure of 9 barg
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Hybrid silica membranes

For all hybrid silica membranes acetone ! uxes could be determined at a feed pressure of 

10 barg. No ! ux was observed during the 30 min of stabilization. After this stabilization 

period, the � rst acetone permeation was observed only after a certain onset time, ranging 

from 5 min for the O membrane to over 90 min for the M membrane. " e acetone ! uxes 

measured volumetrically ranged from 0.4 to 1.08 L/m2·h. As a further check, the ! uxes were 

also determined by regularly weighing the measuring cylinder. " e ! ux determinations by 

mass were equal to the volumetric measurements.

Independent of the transport mechanism (pore ! ow, solution di# usion), the pure solvent 

! ux through a membrane is directly proportional to the thickness of the separating layer 

[18]. " e layer thicknesses of the current membrane series varied up to a factor 11 (Table 

5.1). " erefore, the ! uxes of the di# erent membranes in acetone were normalized to a layer 

thickness of 100 nm, allowing for a more direct comparison of the material properties 

(Figure 5.4).

All the membranes exhibited nearly constant ! uxes over the full measurement period. " e 

E membranes exhibited the highest acetone ! ux with an average normalized ! ux of 3.2 L/

m2·h. For the BTESE/RTES membranes, the M, P, H, and D membranes showed average 

normalized acetone ! uxes of 0.45, 2.35, 0.9, and 0.3 L/m2·h, respectively. " e O and O+D 

membranes showed normalized average ! uxes of 2.85, 0.8 and L/m2·h, respectively. No 

clear trend related to the length of the alkyl group could be derived from this � rst set of 

measurements in acetone. To con� rm the exceptionally high ! ux for the E membrane, an 

additional acetone nano� ltration measurement was done on a fresh sample in a dead end 

setup at 30 barg. " is membrane exhibited no acetone ! ux even after 3 hours of measurement.
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Figure 5.4. Normalized acetone fl uxes in time at 10 barg

Toluene ! ux measurements were also performed. In this solvent only the H, O and O+D 

membranes were permeable, whereas the E, M, P, and D membranes showed no ! ux after 

several hours at 10 bars. " e E, M, P, H, D membrane samples tested in toluene were 

di# erent samples than those tested in acetone. Layer thicknesses of these membranes were 

very similar or in some cases lower (Table 5.1).
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Figure 5.5. Normalized acetone and toluene fl uxes of the O and O+D membranes at a feed 

pressure of 10 barg

Similar to the acetone results, the toluene ! uxes were normalized for a layer thickness 

of 100 nm, assuming a linear relation between the solvent ! ux and the layer thickness. 

Comparing acetone and toluene ! uxes for the O and O+D membranes (Figure 5.5), the O 

membrane exhibited a normalized ! ux of 1.5 L/m2·h for toluene and 3.0 L/m2.h for acetone. 

Surprisingly, the toluene ! ux of the O+D membrane strongly decreased from 2.4 L  /m2·h to 

1.4 L/m2·h during the � rst 80 min of measurement reaching a value similar to the ! ux of 

acetone. " e H membrane exhibited similar ! uxes of 0.8 L/m2·h for both solvents.

5.4.3 Retention measurements

The γ-Al
2
O

3
 support

" e behavior of the γ-Al
2
O

3
 support in the presence of dyes was assessed and compared to 

the pure acetone ! ux (Figure 7). " e acetone ! ux of the γ-Al
2
O

3
 membrane was signi� cantly 

lower in the presence of the dyes and did not exceed 12 L/m2.h. Compared to the pure 

acetone ! ux, the ! ux in the presence of the dyes was much more constant and ranged from 

12.2 L/m2·h to 9.5 L/m2·h in time.

0 60 120 180

1

2

3

4
 O acetone       O+D acetone

 O toluene        O+D toluene

 

 

N
o

rm
a

li
ze

d
 f

lu
x 

(L
/m

2
.h

.1
0

0
n

m
)

Measurement time (min)



98

C
H

A
P

T
E

R
 5

Novel concepts for microporous hybrid silica membranes Functionalization and pore size tuning

Figure 5.6. Fluxes of γ-Al
2
O

3
 support in pure acetone (acetone) and in the dyes solution 

(acetone+BR) in time at a feed pressure of 9 barg

After the measurement in the dye solution in acetone, the appearance of the γ-Al
2
O

3
 

membrane was dark pink and blue (Figure 5.6). Cleaning of the membrane with fresh acetone 

revealed that the Sudan Blue dye could be removed, whereas the Bengal Rose remained on 

the membrane (Figure 5.7, right). In parallel, γ-Al
2
O

3
 powder was dipped in the same dye/

acetone mixture and it appeared that the Bengal Rose also adsorbed strongly to this material.

Figure 5.7.  Pictures of the γ-Al
2
O

3
 support after the measurement in the acetone/dye mixture 

before (left) and after the cleaning with acetone (right)
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Despite of the strong adsorption of the Bengal Rose on the surface of the pores of the 

γ-Al
2
O

3
, retention coe!  cients were measured for both dyes. " e γ-Al

2
O

3
 reached an almost 

total retention for the Bengal Rose (99 %), while only about 10 % of the Sudan blue was 

retained. Possibly, part of the Bengal Rose adsorbed on the pore surface of the γ-Al
2
O

3
 

reducing the e# ective pore size which was then small enough to fully retain this dye. " e 

alternative explanation of full adsorption of the dye on the alumina is unlikely, because of 

the large volume (10 L) and relatively small membrane sample.

Hybrid membranes

Retention measurements were performed for the full series of hybrid silica membranes. In 

pure acetone, the onset of the $ ux appeared between 30 min and 3 hours after the start of 

the measurement. In presence of dyes, no measurable acetone $ uxes were observed, also for 

prolonged measurement times of four to six hours.

Figure 5.8. Overview of the hybrid silica membranes after the test in the dye solution 

After the measurement, most of the membranes showed colored patterns on their surface 

(Figure 5.8). " e M membrane exhibited small pink spots, while the E membrane exhibited 

a large pink area, possibly because of a larger defect. " is membrane sample was the same 

one tested in pure acetone which exhibited the highest $ ux of all hybrid membranes. " e 
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rest of its surface remained white similar to the P and H membranes. ! e O and O+N 

membranes showed a blue surface in addition to small pink spots. Interestingly, it appeared 

that the blue color had lengthwise pattern, consistent with the " ow direction in the module, 

whereas the pink color was concentrated on small and de# ned spots. ! is suggests that the 

adsorption of the blue color is related to the intrinsic properties of the porous structure, 

whereas the adsorption of the pink color is related to the presence of point defects. For the 

pink spots, we assume that the Bengal Rose permeated through the hybrid silica top layer 

adsorbed on the γ-Al
2
O

3
 layer.

5.5. Discussion

! e large " ux decrease observed in pure solvent during the # rst 80 minutes of measurement 

and the strong adsorption of the Bengal Rose showed the important contribution of the 

hydrophilic nature of the γ-Al
2
O

3
 material. As the γ-Al

2
O

3
 is chemically stable in both 

solvents, the decrease of the " ux observed in experiments with pure solvents can only arise 

from the adsorption of molecules in the γ-Al
2
O

3
 structure. ! e hydroxyl groups in the 

material favor the adsorption of polar molecules through hydrogen bonding. A decrease 

of " ux in time as also been observed in toluene which cannot form hydrogen bonds. ! is 

suggests that the solvents themselves are not the cause of the decrease of " ux in time. Possibly, 

the limited amount of water in the solvents accumulates in the porous structure of γ-Al
2
O

3
 

that reduces the e$ ective pore size and
 
consequently decreases the solvent " ux. Possibly, 

the water concentration in acetone is higher, which could explain the larger decrease of the 

acetone " ux.

In the dye retention measurements, the fact that Bengal Rose is an ionic dye plays an 

important role. It can partially dissociate in a polar solvent such as acetone, leading to the 

formation of carboxylate groups that strongly interact with the hydrophilic surface groups of 

γ-Al
2
O

3
. ! e use of a strong acid solution enabled the cleaning of the γ-Al

2
O

3
 material and 

dissolution of the Bengal Rose, which supports this hypothesis. We propose that the adsorbed 

Bengal Rose decreased the e$ ective pore size resulting in a lower acetone " ux as compared 
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to pure acetone feed. ! e observation that the " ux remains much more constant in the dye 

solution can also be ascribed to this e# ect. In pure acetone, water molecules can adsorb on 

the surface aluminol groups, leading to a higher resistance of the membrane and hence a 

drop in the " ux. In the presence of adsorbed Bengal Rose molecules, the adsorption sites 

are already occupied or shielded by the large dye molecule, preventing further adsorption of 

water and/or acetone. ! is adsorption not only has an e# ect on the MWCO determination 

but also on the future applicability of hybrid silica NF membranes supported by a γ-Al
2
O

3
 

layer. A number of separation processes for which nano� ltration might be suitable involves 

charged molecules. In such applications, the γ-Al
2
O

3
 support will potentially bind the 

charged molecules, which might result in an increased resistance of the support and possibly 

to a large decrease of the " ux.

After a stabilization time of about 80 min, the γ-Al
2
O

3
 support exhibited a pure solvent 

" ux of about 16 L/m2·h. ! e " uxes are at least an order of magnitude higher than those of 

the hybrid silica membranes. Consequently, we can safely consider that the resistance of the 

γ-Al
2
O

3
 support does not a# ect the " uxes of the hybrid silica membranes.

Over the BTESE/RTES series both the H
2
/N

2
 permeance ratios and " uxes in pervaporation 

show consistent trends towards larger pore sizes and increased hydrophobicity for longer 

R-groups. At the same time, in nano� ltration the BTESE/RTES membranes exhibited 

extremely low " uxes of 0.05 to 1.12 L/m2·h in acetone and toluene permeance only for 

the H membrane. Normalized for layer thicknesses of 100 nm, the acetone " uxes never 

exceeded 3 L/m2·h at 10 barg of feed pressure and the parent BTESE membranes exhibited 

the highest " ux. However, the retention measurement using the dye revealed the presence of 

a large defect in the E membrane, which is possibly responsible for this " ux. ! e additional 

experiment performed at 30 barg on a fresh sample con� rmed this. No clear trend related 

to the length of the R-group was found in the acetone " uxes of the RTES/BTESE series. 

Interestingly, the only membranes that showed a measurable " ux in both acetone and 

toluene are the H, O and O+D membranes which exhibited the lowest H
2
/N

2
 ratios and the 

highest " uxes in pervaporation. ! e O and O+D membranes showed additional features. In 
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addition to the high pervaporation ! uxes and the very low H
2
/N

2
 ratios, both membranes 

showed a lengthwise blue color pattern after the dye measurement. " is e# ect probably 

results from the in$ ltration of the Sudan Blue, and can be ascribed to a more open structure 

because of the octane bridge. Interestingly, the O membrane showed higher ! uxes than 

the O+D membrane. " is suggests that the introduction of a C
10

 R-group hinders the 

permeation of both solvents. In pervaporation, no e# ect of the presence of the R-group was 

found. Possibly, the higher temperature of the pervaporation experiment makes the alkyl 

chains of the terminal side group mobile, allowing for smooth transport of the permeant 

molecules. " is could be an indication that long bridging groups should be favored over 

large organic side groups in the development of hybrid silica nano$ ltration membranes. 

Surprisingly, none of the hybrid silica membranes permeated in the presence of acetone/

dyes mixtures. " is possibly arises from the osmotic pressure generated by the Bengal Rose 

and Sudan Blue. Alternatively, the smaller dye (Sudan Blue) might have blocked the pores 

of certain membranes by a fouling process. " is is supported by the blue color observed on 

the O and O+D membranes. Flushing the outside of the membrane does not remove the 

color, which indicates that the Sudan Blue in$ ltrated in the pores. In the absence of further 

evidence, both of these explanations are equally likely. 

5.6. Conclusion

This chapter aimed to assess the applicability of a series of hybrid silica membranes in solvent 

nano$ ltration. Pure acetone and toluene ! uxes were measured and retention measurements 

performed. Our current setup allows safe measurements at a regulated temperature for 

several hours. " e γ-Al
2
O

3
 support showed ! uxes of at least one order of magnitude higher 

than that of the hybrid silica membranes, also after initial decline of the ! ux. " is proves 

that the resistance of the support is negligible compared to that of the hybrid silica layer. 

" e acetone ! uxes measured for the hybrid silica membranes were very low and did not 

exceed 3 L/m2.h at 10 bars. Only three of these membranes showed a toluene ! ux at the 

same pressure. No clear trend corresponding to the length of the R-group could be found 
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in the acetone ! uxes of the BTESE/RTES series. For the O and O+D membranes, the 

octane bridge has a positive in! uence on the apparent pore size of the material. At the 

same time, the presence of the C
10

 R-group causes a much lower ! ux. We conclude that the 

presence of large organic side groups leads to blocking of the porous structure under these 

nano� ltration conditions. Our experiments also show that charged dyes should not be used 

for ceramic membranes, because of the presence of surface hydroxyl groups. " is e# ect of 

charged molecules could also limit the applicability of ceramic nano� ltration membranes. 

Alternative supports materials which do not have strong interactions with charged species 

should be found to overcome this issue.
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6.1. Introduction and concept

Since the 1990s surfactant templated sol gel processes have been widely utilized to develop 

membranes and materials with well-de! ned porosities and various functionalities [1-8]. 

Typically, the use of such micellar surfactants results in mesoporous materials with pore sizes 

that range from 3 to 50 nm. Only scarce examples of non-templated inorganic membranes 

with pore sizes in the super-microporous range (1-2 nm) are reported [9-12]. In addition, 

these examples are based on inorganic silica, which is highly reactive towards water and 

acids. " erefore, our aim is to use bridged organic-inorganic hybrid silica precursors as 

starting point for the development of templated membranes with pore sizes in this range. 

" e ultra-microporous hybrid silica membranes developed recently are hydrothermally 

stable [13], resistant to acidic media [14], and are essentially non-swelling in organic 

media under drastic separation conditions. In addition, their a#  nity can be tuned from 

highly hydrophilic to hydrophobic by the introduction of a small amount of targeted 

functional precursors (Chapter 2 and 4). " eir performance in hydrophilic and organophilic 

pervaporation is described in this thesis (Chapter 2 and 4). If alternative suitable templating 

method is developed, super-microporous hybrid silica membranes with tunable a#  nity can 

be envisaged. Such membranes would be of great interest for application in solvent media, 

such as solvent nano! ltration.

A number of templating methods that might be suitable have been published. " e group of 

Brinker used tetraethylammoniumbromide (TEAB) to template TEOS-based silica membranes 

[15] or co-polymerized tetraethoxysilane (TEOS) with 3-methacryloxypropylsilane (MPS) 

[16]. In both cases the removal of the templates was performed using heat treatment at 

temperatures of 350 °C or higher. " is temperature range cannot be applied when the organic 

part of the hybrid backbone needs to be conserved. For the same reason, the use of plasma 

oxidation of hydrocarbon templates in a silica matrix proposed by Loy cannot be used [17]. 

Katz [18], Defreese [19] and Zhu [20] showed interesting and highly successful examples of 

molecular imprinting of microporous/mesoporous silica materials. " ese methods consist of 

lengthy and complex procedures to release the capping agent that can hardly be translated to 

membrane preparation. Alternatively, Shaltout and McClain reported a simple templating 
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method of hybrid silica powders through the use of the Diels-Alder (DA) and retro-DA 

reactions [21, 22]. ! is reaction is a concerted cycloaddition reaction between a diene (e.g. 

1,3-butadiene) and a dienophile (e.g. ethylene) (Figure 6.1). ! e retro reaction can be 

performed by heat treatment.

Figure 6.1. Schematic representation of the Diels-Alder and retro-Diels-Alder reactions

This templated approach o" ers many advantages. First, the size of the adduct can be varied 

to target speci# c pore sizes. In addition, an appropriate choice of the adduct allows the retro-

DA reaction to be performed at lower temperatures than the decomposition temperatures 

of the organic group in the hybrid silica network. In this way, the hybrid network remains 

untouched. Importantly, the use of DA adducts incorporated in the hybrid silica precursors 

allows for facile introduction into hybrid silica membranes without lengthy and costly 

additional procedures. ! e heat treatment, which is standard for consolidation of hybrid 

silica membranes, promotes the release of thermo labile adducts. ! is should create a 

templated porous network whilst the organic component of the hybrid network remains 

intact. ! is concept is schematically represented in the Figure 6.2.

It was demonstrated by others that the pore size of the network after removal of the template 

is similar to the size of the templating organic group [16, 17, 23]. In this study, we aimed 

at a # nal pore size of about 1 nm. To this end, cyclopentadiene, with a molecular size of 

about 0.25 nm was chosen as diene. ! e expected pore size compared to the parent hybrid 

silica pore size of 0.5-0.6 nm is about 0.8-0.9 nm. In addition, the relative small size of 

the cyclopentadiene moiety should allow an easy removal of the adduct. Two templating 

approaches were investigated. A # rst one in which the DA adduct is situated on the bridging 

organic group of the ethylene-bridged 1,2-bis(triethoxysilyl)ethylene (BTESEt) precursor, 

and a second approach in which the adduct is placed on a terminal organic fragment 

vinyltriethoxysilane (VTES) (Figure 6.3).

∆
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Figure 6.2. Conceptual representation of the use of the retro-DA reaction as alternative pore 

templating approach. In the fi gure the thermo labile groups are placed on the terminal organic 

group of a triethoxysilane precursor.
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6.2. Experimental

6.2.1 Materials

1,2-Bis(triethoxysilyl)ethane (BTESE, ABCR, 97%), 1,2-bis(triethoxysilyl)octane (BTESO, 

ABCR, 97%), 1,2-bis(triethoxysilyl)ethylene (BTESEt, ABCR, 95%), vinyltriethoxysilane 

(VTES, ABCR, 98%), 5-(bicycloheptenyl)triethoxysilane (BHTES, ABCR, 97%), nitric 

acid (69 wt%, Aldrich), and EtOH (p.a., Aldrich) were used as received. Water was deionized 

at 18 MΩ/cm using a Millipore puri" cation system.

Figure 6.3. Overview of the precursors used in this chapter

6.2.2 Synthesis of the BTESEt-DA adduct

As the BTESEt-DA adduct 1,2-Bis(triethoxysilyl)norbornene was not commercially 

available, a synthesis procedure was developed. # is procedure involved four steps: # e 

cracking of the di-cyclopentadiene, the DA reaction, the puri" cation of the DA adduct and 

the characterization of the " nal product.

# e pure cyclopentadiene slowly dimerizes at room temperature and needs to be freshly 

distilled from the commercial dimer. # e distillation was performed at a temperature below 

the boiling point (b.p. 170 ºC) of the dimer and the lower boiling monomer (b.p. 42 ºC) 

Si(OC2H5)3

(C2H5O)3Si
R

Si(OC2H5)3

R= C2 (BTESE) or C8 (BTESO) alkyl bridge

Si(OC2H5)3

BHTESVTES

(C2H5O)3Si

Si(OC2H5)3

BTESEt

(C2H5O)3Si Si(OC2H5)3

BTESEt-DA
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was collected. To obtain a su!  cient yield, the DA reaction was performed in an autoclave 

(Parr) under autogenous pressure. " e BTESEt was introduced in a PTFE cup and degassed 

by bubbling nitrogen trough a Pasteur pipette. Eight molar equivalents of freshly distilled 

cyclopentadiene were then added. After 40 hours at 110 °C thin layer chromatography 

(TLC) analysis showed a signi$ cant conversion of the BTESEt into BTESEt-DA adduct. 

" e product mixture was recovered from the autoclave using acetone and concentrated using 

a rotary evaporator. " e product was then puri$ ed by distillation under reduced pressure, 

using a fractioned distillation apparatus at a pressures lower than 1 mBar. " e TLC analysis 

of the distillate showed a majority of the DA adduct, a trace amount of BTESEt, and no 

dicyclopentadiene. " e $ nal product was $ nally quantitatively characterized by proton 

NMR (and compared with the starting materials dicyclopentadiene and BTESEt) using a 

Bruker 400 MHz and chloroform as solvent.

Dicyclopentadiene 1H: δ (ppm) = 5.95 (m, 2H), 5,49 (m, 2H), 3.21 (m, 1H), 2.28 (m, 

1H), 2.78 (m, 1H), 2.71 (m, 1H), 2.18 (m,1H), 1.62 (m, 1H), 1.48 (m,1H), 1.30 (m, 1H).

BTESEt 1H (trans and cis isomer): δ (ppm) = 6.72 (s, 0.27H), 6.62 (s, 2H), 3.8 (m, 16H), 

1.2 (m, 24H).

BTESEt-DA adduct 1H: δ (ppm): 6.74 (s, 0.16H), 6.64 (s, 0.32H), 6.07 (m, 1H), 5.97 (m, 

1H), 3.8 (m, 20H), 3.05 (m, 1H), 2.94 (m, 1H), 1.40 ( m, 1H), 1.20 (m, 27H), 0.7 (m, 

1H).

" e product molar composition was calculated according to the peak integration values as: 

68 % of DA-adduct, 11 % of cis-BTESEt and 21 % of trans-BTESEt. No cyclopentadiene 

was found.

6.2.3 Membrane synthesis and characterization

All the sols were synthesized using a single-step procedure. For the BTESEt and BTESEt-DA 

sols, the required amounts of nitric acid and water were mixed beforehand. " e precursors 

were separately mixed with ethanol and the acid water mixture was added in one shot to this 
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precursor mixture. ! e " nal mixture was heated to 60 °C for three hours. For the BTESO/

VTES, BTESO/BHTES and BTESE/BHTES sols, the desired amounts of nitric acid, 

distilled water, and EtOH were premixed. ! e precursors were mixed and subsequently 

added in one shot to the mixture of EtOH, nitric acid, and water. ! e reaction mixture 

was subsequently heated to 60 °C for three hours . ! e ratios of all the sols are presented in 

Table 6.1.

Table 6.1 Overview of the ratios of the sols developed in this chapter

! e membrane layers were coated, heat treated, and characterized by SEM according to 

the procedures described in the chapters 2 and 4. Single gas permeance measurements were 

performed at 250, 150 and 50 °C at decreasing feed pressures from 9 to 3 bara, unless 

stated otherwise. Pressure di$ erences of 2 bara were applied except for the point at 3 bara 

feed pressure for which a pressure di$ erence of 1.5 bara was used. A retentate % ow of 50 

mL/min was applied for all measurements. Measurements were performed using He, H
2
, 

N
2
, CH

4
, and CO

2
 in a 5.0 purity. Before measurement, each membrane was dried for two 

hours at 523 K under N
2
. H

2
 permeance measurements were performed as " rst and last 

measurement.

! e TGA measurements were performed on the xerogels with a MT TGA/SDTA851 in 

pure nitrogen with a heating ramp of 1°C/min. ! e xerogels were prepared by drying 10 

ml of the sols in Petri dishes under a fume hood. After complete drying, the materials were 

ground before further characterization.

Sol Molar Ratios (Si/EtOH/H+/H2O) 

Pure BTESEt 1/7.36/0.04/1.2 

Pure BTESEt-DA 1/5.3/0.03/1 

Equimolar BTESO/VTES and BTESO/BHTES 1/23.6/0.15/3 

BTESO/BHTES (75 mol% of BHTES) 1/16.0/0.11/3 

BTESE/BHTES (equimolar and 75 mol% of BHTES) 1/3.9/0.05/3 
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6.3. Results

6.3.1 Self-supported materials characterization

To assess the e! ectiveness of the retro-DA reaction, TGA measurements under N
2 

were 

performed on self-supported xerogels. " e weight loss of the two reference xerogels (BTESEt 

and BTESO/VTES) are compared with their corresponding DA-adducts (Figure 6.4). " e 

weight loss di! erences between the parent compounds and their DA-adducts were signi# cant.

Figure 6.4. TGA of the DA-adducts as compared to the starting precursors (blank)
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From RT to 120 °C, the BTESEt and the BTESEt-DA xerogels exhibited similar weight 

losses of about 10 wt%. A clear di" erence in weight loss was observed for both BTESEt-

based xerogels between 100 °C and 700 °C. # e pyrolysis of the BTESEt xerogels led to a 

weight loss of 5 wt% while the BTESEt-DA xerogel showed a weight loss of 24 wt% over 

this temperature range. # e $ nal di" erence in weight loss for both components was 19 wt%.

# e BTESO/VTES and the BTESO/BHTES xerogels exhibited a similar weight loss of only 

2 to 3 % from RT to 100 °C. Two consecutives weight loss steps were observed at 250 °C 

and 475 °C for both xerogels. For the BTESO/VTES xerogels the $ rst weight loss was only 

2 wt% while for the BTESO/BHTES this weight loss represented 11 wt%. # e BTESO/

VTES and BTESO/BTES xerogels exhibited similar weight loss at 475 °C with 26.5 and 29 

% respectively.

6.3.2 Membrane Characterization 

Bridging dienophile

# e BTESEt and BTESEt-DA sols were coated on γ-Al
2
O

3
 supports. Interestingly, the 

BTESEt layers were particularly sensitive to the thickness of the layers and cracked during 

the heat treatment for thicknesses higher than 600 nm (Figure 6.5a). # e $ rst coating of the 

BTESEt-DA sol resulted in in$ ltrated layers with relatively rough surfaces (for an example 

see the $ gures 5b and 5c).

Figure 6.5. SEM pictures of a cracked BTESEt layer (a) and of an infi ltrated BTESEt-DA layer (b, c)
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! icker BTESEt-DA membrane layers were coated after optimization of the ratios of the sol 

to Si/EtOH/H+/H
2
O = 1/3.8/0.08/2.55. Similarly to the BTESEt layers, the BTESEt-DA 

layers were particularly sensitive to layer thickness variations and cracked during the heat 

treatment despite been crack free after the overnight drying in the clean room and having 

layer thicknesses lower than 600 nm. Possibly, in both cases the presence of an ethylene 

bridge leads to a relatively sti"  network. For layers above a certain critical thickness, the 

network then cannot properly accommodate the stress related to the drying and heat-

treatment shrinkage. ! ese processes probably lead to the macroscopic cracks and breakup 

of the top layer of the membranes (Figure 6.6). Further analysis was not performed because 

of these macroscopic cracks.

Figure 6.6. SEM and optical microscopy pictures of a BTESEt-DA membrane after heat 

treatment

Terminal dienophile

For BTESO/VTES and equimolar BTESO/BHTES membranes, the SEM images for these 

membranes after heat treatment showed that thin defect free hybrid layers with thicknesses 

ranging from 100 to 200 nm were obtained. Gas permeation measurements were performed 

on both types of membranes and the N
2
, H

2
, and CO

2
 permeances were plotted against the 

average pressure (Figure 6.7).

Both membranes showed no signi# cant dependence on the average pressure in gas permeance 

measurements. As explained in chapter 2, this is an indication of the absence of viscous $ ow 

and consequently of the membrane quality and absence of large defects [24]. In both cases 
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minor (<10%) di! erences between the " rst and the second H
2
 permeance measurement 

were observed, so no major structural changes have occurred over the measurement series. 

A signi" cant increase of the permeance of the BTESO/BHTES membrane was expected if 

the retro DA-reaction occurred. But despite of its small layer thickness, which should favor 

the occurrence of the retro-DA reaction, the BTESO/BHTES membrane showed similar 

permeances as the BTESO/VTES membrane. In addition H
2
/N

2
 ratios of both membranes 

were also similar with values of 5.5 and 6.7 respectively.

Figure 6.7. H
2
, N

2
, and CO

2
 permeances of the BTESO/VTES and equimolar BTESO/BHTES 

membranes at 250 °C

Infl uence of the length of the bridge and of the BHTES molar ratio

# e in$ uence of the length of the bridge and the molar ratio of BHTES on the retro-DA 

reaction were investigated. # e use of a C
2
 bridged precursor (BTESE) was " rst studied. 

When taking into account the layer thicknesses of both membrane types, BTESE/BHTES 

and the BTESO/BHTES membranes have similar gas permeances (Table 6.2). Sols with 

75 % of BHTES were also developed for both BTESO and BTESE. After heat treatment, 

the SEM measurements revealed smooth defect free hybrid layers of 60 and 100 nm. # e 

gas permeation measurements also showed no viscous $ ow, thus con" rming the absence 

of defects. # e H
2
 permeances and the H

2
/N

2
 ratios were equivalent to the equimolar 

membranes.
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Table 6.2. H
2
/N

2 
ratios at 250 °C of the BTESE/BHTES and the BTESO/BHTES membranes with 

50 and 75 mol% of BHTES

Alternative heat treatments

! ree di" erent alternative heat treatments were performed on BTESO/BHTES membranes 

to study the in# uence of the heat treatment conditions on the retro-DA reaction. ! e 

$ rst heat treatment procedure was based on the standard 250 °C heat treatment with the 

additional condition of vacuum (< 100 mBar). For the second alternative heat treatment, a 

green membrane was installed in the gas permeation setup. ! is membrane was exposed to 

temperatures of 100 °C, 200 °C and 300 °C for 10 hours each, with a N
2
 pressure di" erence 

(∆P) of 2 bars. ! e N
2
 permeance was measured every hour. Finally a last treatment was 

performed in the gas permeation setup. At 300 °C, two di" erent ∆P (2 and 5 bars) were 

applied across the membrane and the N
2
 permeance was measured every hour during 10 

hours. In all cases, characterization was carried out by standard gas permeance after the 

heat treatment. ! e heat treatment under vacuum resulted in no di" erences compared to 

membranes treated under standard conditions, and similar H
2
 permeances and H

2
/N

2
 ratio 

were measured. Also no signi$ cant permeance changes were observed for the second and 

third heat treatment performed in the gas permeation setup.

As a last measurement, four membrane types were subjected to a heat treatment procedure of 

stepwise increasing temperatures in the gas permeation setup (Figure 6.8). ! e temperature 

was gradually increased from 250 to 450 °C and the N
2
 permeance was measured after 2 

hours of residence time at each temperature.

 BHTES concentration (mol%) H2/N2 H2 permeance (10-6 mol/m2.Pa.s) 

BTESE+BHTES 
50 5.5 2.4 

75 5.2 6 

BTESO+BHTES 

50 6.4 3 

75 5.5 4 
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Figure 6.8. Gas permeances of BHTES-based membrane against the measurement 

temperature. The letter O stands for BTESO, E for BTESE, B for BHTES, V for VTES and 75 for 75 

mol% of BHTES in the sol

For all membranes, we expected a stepwise increase of the permeance at a certain tempera-

ture if the retro-DA reaction would have occurred. Clearly, such stepwise increase of the 

permeance was not observed for any of the membranes. In addition, the H
2
/N

2
 ratio of the 

membranes stayed relatively constant over the temperature range with values between 4.5 

and 7.

6.4. Discussion

The aim of this chapter was to investigate the pore size templating of hybrid silica membranes 

using thermo labile DA adducts. ! e success of such templating " rst requires the release 

of the template at temperatures below the decomposition temperature of the organic part 

of the hybrid network (≈ 300-350 °C). Secondly, the template removal has to result in 

a percolation path without creating defects. If both requirements are ful" lled, defect free 

templated hybrid membranes with a pore size of about 0.8-0.9 nm are expected.

! e TGA was a powerful tool to assess the temperature of the retro-DA reaction in the 

BTESEt and the equimolar BTESO/BHTES xerogels. Interestingly, all the xerogels 

exhibited lower total weight losses than expected from the weight of the organic part of 
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the xerogel network, whereas the ! nal weight losses di" erences were close to the calculated 

values based on the weight of the DA adduct. # e total weight losses measured for the 

BTESEt, BTESEt-DA, BTESO/VTEs and BTESO/BHTES were 15, 34, 33, and 45 wt% 

respectively, whereas the expected values were of 20, 40, 48, and 57 wt% respectively. Final 

weight loss di" erences of 9 and 12 wt% were measured for the BTESEt : BTESEt-DA and 

the BTESO/VTES : BTESO/BHTES xerogels respectively. # e expected values were 10 

and 9 wt% respectively. # is observation and the black appearance of the xerogels after the 

TGA measurements indicate that under inert conditions the DA adduct decomposed and 

probably evaporated as gaseous component while a part of the bridges, which varies between 

the xerogels, probably remained in the xerogel as carbon.

# e decomposition patterns of the BTESEt and BTESEt-DA xerogels show a weight loss 

trajectory between 100 and 700 °C. # is suggests that the retro-DA reaction did not occur 

at a su&  ciently low temperature and that the organic part of the network comprising the 

ethene bridge and the DA adduct degraded simultaneously in the BTESEt-DA xerogel. 

For the BTESEt-DA based xerogels the ! rst requirement of template removal at suitable 

temperatures is not reached. All the BTESEt-DA based membranes cracked during the 

heat treatment. # e same behavior was observed for the BTESEt membranes suggesting 

that the rigid ethylene bridge is not suitable for such a templating method. More reactive 

adducts, such as suggested by Shaltout [21], would be released at lower temperatures but 

would also induce the same stress as the cyclopentadiene to the rigid BTESEt-DA network. 

Consequently, the use of more reactive adducts would also result in cracked membranes.

For the equimolar BTESO/BHTES and BTESO/VTES xerogels in which the cyclopentadiene 

is placed on a terminal group, two clear consecutive weight loss steps were observed at 250 

°C and 475 °C. At 250 °C the weight loss di" erence was equivalent to the theoretical 9 wt% 

while both xerogels exhibited similar weight losses at 475 °C. # is suggests that the majority 

of the cyclopentadiene was released at 250 °C for BTESO/BHTES and that the remaining 

organic part of the network degraded at 475 °C for both xerogels. Clearly, the retro-DA 

reaction occurred quantitatively below the decomposition temperature of the bridging 
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organic fragment for the BTESO/BHTES xerogels, thereby ful! lling the ! rst requirement 

for successful templating.

We anticipated that template removal in the layers would lead to a pore size of around 1 

nm and would therefore result in clear changes of the gas permeance and H
2
/N

2
 ratios of 

the membranes. Unfortunately, the characterization of the BTESO/BHTES and BTESO/

VTES membranes showed that both membranes exhibited similar gas permeance properties. 

Alternative heat treatments, the use of an ethane bridge or the increase of the amount of 

BHTES in the sol up to 75 mol% did not result in clear changes of the H
2
/N

2
 ratios and H

2
 

permeances of the membranes. Clearly, this approach of pore size templating using thermo-

labile groups situated on a pendant group also failed. " is failure can be ascribed to failure of 

the approach in general or to more speci! c intrinsic properties of the hybrid silica network.

In chapter 2, we showed that for sols based on a mixture of bridging and terminal 

alkoxysilanes, the ratios of precursors present in the sol and in the resulting layer are not 

automatically equal. For amino-functionalized precursors, the XPS measurements showed 

that the amount of functionalized precursors can be up to a factor 10 lower in the hybrid 

layers compared to in the sols. Similar di# erences between the BHTES concentration in the 

sols and in the layers are possible. Brinker’s group showed that in the case of a pure silica 

network templated with 3-methacryloxypropylsilane (MPS) an amount of 10 vol% of MPS 

is su$  cient to create a percolation path when the template is quantitatively removed [16]. In 

our case, the e# ective amount of template (BHTES) present in the hybrid layer might even 

be lower. Unfortunately, no quantitative analysis of the amount of BHTES in the layers and 

of the yield of the retro-DA reaction could be performed due to the compositional similarity 

between the VTES and the BHTES. Alternatively, the intrinsic properties of the hybrid silica 

network might also explain the failure of this templating method. For hybrid silica networks 

involving long bridged precursors [25] a collapse of the porosity of the hybrid xerogel was 

reported. For templated (hybrid) silica materials or membranes in which micellar templates 

are used, microporous walls are created around the mesoporous structure. " ese stay intact 

after the thermal or chemical removal of the template. Here, we have used small templates 
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that are covalently bonded to a precursor which is part of the relatively ! exible hybrid silica 

network. Castricum et al. discuss this ! exibility for BTESO membranes [26]. A collapse 

of the porosity might occur during the retro-DA reaction, which would only allow the 

release of the cyclopentadiene moieties that are present at the surface. Currently, we regard 

this potential collapse of porosity as the most important issue. Additional and alternative 

experiments are suggested in the next chapter.

6.5. Conclusion & recommendations

In this chapter, an alternative pore size templating method of hybrid silica membranes using 

the retro-DA reaction was explored. The DA adduct was placed either on the bridge of the 

ethylene bridged 2,3-Bis(triethoxysilyl)ethene (BTESEt) precursor or on the terminal silane 

vinyltriethoxysilane (VTES). For the fi rst option, the TGA measurements showed that the 

BTESE-DA xerogel did not meet the most important requirement for successful templating: 

the DA adduct could not be removed at a suitable temperature. The organic part of the hybrid 

network and the DA-adduct pyrolyzed simultaneously. In addition, the ethylene bridge of 

the BTESEt and BTESEt-DA layers imposed too much rigidity in the hybrid structure. 

Therefore, we favor the use of terminal groups for templating. Using this approach, the retro-

DA reaction occurs quantitatively in the xerogels and at suffi ciently low temperatures to 

preserve the organic part of the hybrid network. Despite this apparent removal of the template, 

no infl uence on the membrane performance was observed. We presume that collapse of the 

porous structure is responsible for the lack of successfully templated supermicropores.

For further development, we propose that the DA-adduct should be carefully chosen such 

that a quantitative analysis of the amount of DA-adduct in fi nal the layer and the yield of the 

retro-DA reaction is possible. The use of electron acceptor functional groups with hetero-

atoms that are not present in the hybrid backbone would facilitate the analysis and could 

improve reactivity at the same time. Further studies should focus fi rst on xerogels, before 

membranes are prepared. Only when the adduct is removed and remaining porosity is proven, 

membranes should be coated and characterized.
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7.1. Functionalization of microporous hybrid silica 

membranes

7.1.1 Evaluation

A major part of this thesis describes the functionalization of organic-inorganic hybrid silica 

membranes based on bridged α,ω-bis(triethoxysilyl)alkanes. Triethoxysilanes containing 

alkane or amino-functional groups were used as functionalized precursors. ! in defect free 

membranes with properties clearly related to the nature of the triethoxysilane introduced 

in the hybrid network were obtained. Hydrophilic amino functionalized triethoxysilanes 

and hydrophobic alkyltriethoxysilanes resulted in hydrophilic and hydrophobic membranes, 

respectively. In addition, the hydrophobic membranes exhibited constant selectivity in 

pervaporation as a result of the three dimensional hybrid silica network. Clearly, this shows 

that functionalized triethoxysilanes precursors can be used to modify the a"  nity of hybrid 

silica membranes towards targeted applications. In short we have demonstrated that:

• Functionalized triethoxysilanes of completely di# erent nature can be easily 

accommodated in a hybrid silica microporous network

• ! e a"  nity of the functional groups governs the properties of the resulting 

membranes

• ! e hybrid silica network retains its non-swelling properties

In addition to their nature, the amount of functionalized triethoxysilane precursor in 

the hybrid layer is essential. We clearly showed in Chapter 2 that a minimum loading of 

amino-functionalized precursors is required to bene$ t from their hydrophilicity. Above this 

threshold value, all the membranes exhibited high water selectivity in pervaporation of low 

water content water/alcohol mixtures. Importantly, these threshold concentrations were low 

for all amino-functionalized precursors. A low concentration of terminally functionalized 

triethoxysilane means that the network is mainly composed of BTESE moieties that have 

a twice-higher connectivity than triethoxysilanes. ! is connectivity has been proposed as 
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one of the main factors in the stability of the hybrid silica network [1]. We thus expect that 

this has positive e! ects on the hydrothermal stability of the membranes and that the hybrid 

functionalized membranes have comparable stability as their parent BTESE membranes.

Possible applications of both the amino-functionalized and the hydrophobic RTES/BTESE 

membranes are water removal and concentration of organics by pervaporation, respectively. 

" e amino-functionalized membranes have shown equivalent selectivities and # uxes as the 

BTESE membranes in the dehydration of low water content water/alcohol mixtures by 

pervaporation. Importantly, the most hydrophobic membrane (D membrane of chapter 

4) proved to be the $ rst butanol selective hybrid silica membrane example in organophilic 

pervaporation. Despite its reasonable n-butanol # ux, the selectivity of this membrane type 

needs to be doubled to envisage implementation.

We have demonstrated that the separation mechanism of both functional hybrid silica 

membrane types is based on a%  nity rather than on molecular sieving, as usually observed for 

non-functionalized hybrid silica membranes [2]. For the amino-functionalized membranes, 

the adsorption of multi layers of water in the pores of the membranes increased their 

selectivity in the process. For the hydrophobic hybrid silica membrane, the selectivity was 

independent of the evaporation selectivity. In addition the most hydrophobic membrane was 

n-butanol selective in the pervaporation of water/n-butanol mixtures with low n-butanol 

concentration. Because the n-butanol molecule is obviously larger than water, the separation 

can only be based on the a%  nity of n-butanol towards the membrane network.

7.1.2 Recommendations & outlook

As mentioned above, a functionalized hybrid network with a low concentration of 

functionalized triethoxysilane precursors is expected to conserve the hydrothermal stability 

of the BTESE-based hybrid network. None of the amino- and the alkyl-functionalized 

membranes showed a deterioration of their performances during the pervaporation tests 

that lasted up to 10 days. Nevertheless, it is advisable to test these membranes in long term 

pervaporation experiments using real industrial mixtures. In this way, the high potential of 

these membranes can be con$ rmed.
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The amino-functionalized membranes have large potential for improvement of the 

performance. In general, the decrease of the layer thickness of a membrane results in a 

direct ! ux increase. In return, thin layers in ceramic membranes increase the probability 

of defects. " is generally results in a decreased selectivity when the separation mechanism 

is based on molecular sieving. In the case of the amino-functionalized membranes, water 

molecules strongly adsorb on the amino groups that are present in the micropores. " e same 

phenomenon would also occur in larger pores or small defects and decrease their e# ective 

size. Consequently, the selectivity of the membranes should not be a# ected by the presence 

of such larger pores, or at least not as severely as the parent BTESE membranes. " us, we 

foresee that the ! uxes can be largely increased by optimizing the layer thickness, without a 

signi$ cant decrease of the selectivity.

Turning to hydrophobic membranes, the pervaporation measurements clearly showed that 

the selectivity of the membranes is directly related to the intrinsic hydrophobicity of their 

network. As mentioned above, the future applicability of these membranes requires an 

increase of their selectivity. To this end, a number of options can be suggested.

As a $ rst step, the amount of hydrophobic alkyl fragments introduced in the layers 

can be increased. For this purpose, alkyltriethoxysilanes with longer chains than C
10

 

could be envisaged. However, we have shown in Chapter 3 that the introduction of C
18

 

alkyltriethoxysilanes in a BTESE sol leads to precipitation of the sol. Possibly, the solvent 

and/or the nature of the acid have to be adapted: less polar solvents and/or weaker acids 

might be required. To counter these issues resulting from the use of long linear alkyl chains, 

but at the same time increase the content of alkyl fragments in the hybrid layer, branched 

alkyltriethoxysilanes could be a suitable alternative. " e increased organic content likely 

results in a higher hydrophobicity. And, more importantly, branched chains will decrease the 

probability of sol precipitation, as hydrolyzed branched alkyltriethoxysilane moieties would 

be less amphiphilic than their linear counterparts.

Secondly, the nature of the hydrophobic fragment could be changed. Commercially available 

! uorinated precursors are commonly and successfully used for the hydrophobization of 
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mesoporous membranes [3,4]. A similar e! ect can be expected if such hydrophobic groups 

are introduced in a microporous hybrid silica network.

Finally, examples of polymeric membranes based on PDMS and PTMSP with high 

organic selectivities were given in Chapter 4 (Table 4.2 and references therein). As for the 

hydrophobic membranes developed in this thesis, their selectivity for organics can be ascribed 

to the intrinsic hydrophobicity of the material. Such polymers could be used to further 

hydrophobize the already hydrophobic hybrid silica network, by suitable blending methods. 

A possible approach is to dissolve the polymer directly in the hybrid silica sol at the end of 

the sol synthesis. In this way, the hybrid silica sol blended with the hydrophobic polymers 

could be coated similarly as a standard sol. After a careful thermal treatment allowing for 

both the consolidation of the layer and survival of the polymer functionality, membranes 

which potentially combine the a"  nity of the hydrophobic polymers with the non-swelling 

behavior of the hybrid network are expected. 

7.2. Pore size tuning of hybrid silica membranes using 

thermo-labile groups 

7.2.1 Evaluation

Chapter 6 was dedicated to the exploration of the use of thermo-labile templating groups 

to tune the pore size of the hybrid silica membranes. In this pore size templating method 

the templates are covalently bonded to the hybrid silica network and should be removed by 

use of a thermal treatment. Apart from the importance of the reactivity of the adduct, this 

study highlighted that the rigidity of the host network plays a major role. # e experiments 

performed on the BHTES/BTESR membranes revealed the possible collapse of the porosity 

of the network after the removal of the Diels Alder adduct. At the same time, it was observed 

that the ethylene bridge of the BTESEt precursor is too rigid and imposes stress during the 

heat treatment, eventually leading to cracks. Clearly, the applicability of such templating 

methods depends on the ability to $ nd the right bridged precursor that is % exible enough to 

allow the removal of the template without defect formation, but also rigid enough to prevent 

the collapse of the porosity.
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7.2.2 Recommendations & outlook

! e use of the retro Diels-Alder reaction can be further explored mainly to " nd a bridged 

precursor exhibiting the proper rigidity. With this idea in mind, the benzene and biphenyl 

bridged precursors mixed with BHTES could be a suitable candidate. We showed that the 

BHTES was quantitatively removed at a relatively low temperature and that defect free 

membranes can be obtained with both bridged precursors [5]. ! e properties were clearly 

related to the higher rigidity compared to the alkane bridged precursor. Such groups can 

be seen as intermediates between the # exible alkane bridge and the rigid ethylene bridge. 

Clearly, these functional groups have one degree of freedom less than ethane bridges but also 

one more compared to ethylene groups. ! is could o$ er the perfect intermediate # exibility 

to allow the removal of the Diels Alder adduct from the BHTES moieties while retaining the 

porosity created by the removal of the adduct.

! e use of a thermal treatment can also be seen from a di$ erent perspective. A controlled 

thermal decomposition of the hybrid network could be used to tune the pore size of hybrid 

silica membranes. ! e main application of a microporous membrane with a pore size ranging 

from 1 to 2 nm would be organic nano" ltration. For such speci" c application, the organic 

backbone of the hybrid network is not as important as for pervaporation. Li demonstrated 

that in pure triethoxysilane xerogels the phenyl pendant group starts to degrade at about 400 

°C while the methyl groups are stable up to 500 °C [6]. ! e development of hybrid silica 

membranes with organic groups decomposing at di$ erent temperatures could be envisaged. 

A controlled thermal degradation of the less thermally stable groups of the organic fragments 

will possibly create large pores while a su&  cient amount of organic fragments remains 

in the network to maintain the hydrophobicity of the membranes. A complete thermal 

decomposition of the hybrid silica network also creates silica membranes with increased pore 

sizes [7]. However, the result would possibly be a structure in which the remaining carbon 

fraction is not connected to the silica backbone, which might remove all the hydrothermal 

stability bene" ts of the organic-inorganic hybrid silica network.
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Finally, we already suggested to blend hybrid silica sols with hydrophobic polymers to further 

hydrophobize hybrid silica membranes. Such concept can also be used with the polymers 

as templates rather than as hydrophobizing agent. ! is concept is similar to the concept of 

interpenetrating networks that used for polymeric membranes to tune their pore size [8]. In 

our case, the approach would be to combine a polymer network and a hybrid silica network. 

! is interpenetrated composite material can be used for the formation of a continuous 

porous structure of well-de" ned size. ! e polymers would be introduced in hybrid silica sols, 

similar to the approach in which they are used as hydrophobizing agent, and the resulting sol 

coated. But in this case, the polymers will be removed from the membrane layer using either 

a washing step or a thermal treatment creating new porous network. Ideally, this results in 

hybrid silica membranes with pore of the diameter of the polymers. ! e main issue with 

such a method would probably be the optimization of the polymer loading. ! e density 

of the polymer should allow the formation of a strong enough hybrid matrix after removal 

of the polymer. But at the same time a su#  cient loading of polymer should be present to 

ensure the formation of a percolation path after the washing procedure. If such concept 

proved to be successful, all kind of functionalized membranes with various pore sizes and 

functionalities can be developed.

7.3. Conclusion

Functionalized microporous hybrid silica membranes as described in thesis are the next 

step in the hybrid silica membrane concept as compared to BTESE-based membranes. ! e 

separation mechanism of such membranes is based on a#  nity, adding an extra dimension 

to the tuneability of porous hybrid silica materials towards speci" c separation processes. 

Moreover, the introduction of large organic fragments in the hybrid structure implies 

that these membranes shift further from inorganic and organically modi" ed silica towards 

(dense) polymeric membranes. Ultimately, as proposed in this chapter, the current concept 

of hybrid membranes can be extended to hybrid-composite materials by physically mixing 

hybrid silica sols and polymers, leading to yet unprecedented membrane properties.
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Summary

! e research presented in this thesis focuses on the functionalization and pore size tuning of 

microporous hybrid silica membranes for liquid separation. ! e research described covers 

hybrid silica materials properties, ranging from extremely hydrophilic up to hydrophobic 

porous materials. Alternative routes for directing the pore size in sol-gel membranes are 

covered. In addition, the application of these materials as membranes in aqueous and 

organophilic pervaporation, and solvent nano" ltration is described. 

Chapter 1 gives a general introduction on porous membranes to then focus on asymmetric 

supported microporous hybrid silica membranes. ! is introductory chapter highlights 

the unprecedented hydrothermal stability of 1,2-bis(triethoxysilyl)ethane (BTESE) based 

hybrid silica membranes, and  emphasizes the bene" ts of functionalization and tuning of the 

pore size of such microporous hybrid silica membranes. Both approaches potentially allow 

for a much broader " eld of application of this class of sol-gel membranes.

Chapter 2 presents the " rst example of functionalization of hybrid silica membranes for 

molecular separations. ! e e# ect of the incorporation of amino-functionalized terminating 

groups on the behavior and performance of hybrid silica membranes is presented. ! e 

characterization of the membranes clearly shows the ability to modify the a$  nity of 

BTESE-based membranes by introducing a suitable precursor: hydrophilic precursors 

lead to hydrophilic membranes. In addition, this study highlights that for each precursor 

a minimum concentration level is present above which the hydrophilic properties of the 

amino-functionalized precursors are fully present. At amine concentrations higher than 

this threshold value, the membranes exhibited high water selectivities in dehydration of 

water/alcohol feed mixtures. ! is presence of a minimum concentration of functionalized 

precursors is intrinsic to terminal functional groups and can probably be extended to all 

functionalization types.
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Chapter 3 focuses on the synthesis and characterization of BTESE/R-triethoxysilane (RTES, 

R = C
1
-C

18
 alkyl) xerogels. Small Angle X-ray Scattering (SAXS), CO

2
 and N

2 
adsorption, as 

well as contact angle measurements were performed to assess the properties of these materials. 

! is chapter highlights the structural organization, the changing adsorption properties and 

hydrophobicity of the xerogels depending on the length of the R-group. In addition, the 

RTES/BTESE molar ratio and the synthesis conditions in" uence these properties. It was 

found that longer R groups, more reactive sol synthesis conditions and pre-hydrolysis of the 

RTES precursor all lead to more organized nano–domains in the # nal material. In contrast, 

the hydrophobicity and adsorption properties were more dependent on the length of the 

R-group in the RTES precursor than on the synthesis conditions.

! e equimolar BTESE/RTES (R = C
1
-C

10
 alkyl) compositions were selected for coating 

and characterization as hybrid silica membranes in Chapter 4. ! e incorporation of 

R-triethoxysilanes (R = C
1
 to C

10
) resulted in a change of the membrane a$  nity from 

hydrophilic (for R = C
1
) to hydrophobic (for R = C

6
 and longer). A strong relation 

between the separation properties of the membrane and the length of the R-group was 

found, in pervaporation of water/n-butanol mixtures. Longer R-groups resulted in lower 

water separation factors, whereas the separation factor towards n-butanol increased. ! e 

most hydrophobic membrane showed a stable selectivity over a large range of operating 

conditions as well as total " uxes in the range of several kg.m-2.h-1. ! is is the # rst example of 

a hybrid silica membrane exhibiting a selectivity towards n-butanol. Based on these results, 

the potential use in biobutanol production was discussed and compared to the state of art of 

organophilic polymeric membranes. 

! ese BTESE/RTES (R = C
1
-C

10
 alkyl), a BTESO (C

8
 ethane bridge) and a BTESO/C

10
TES 

membrane were tested and compared to the γ-Al
2
O

3
 support under nano# ltration conditions 

in Chapter 5. Despite their high pervaporation " uxes, low acetone and toluene " uxes were 

measured for all membranes. Nevertheless, this study revealed the possible adsorption of 

water on the γ-Al
2
O

3
 support and provided leads for future research directions.
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! e membrane tests described in chapter 5 indicate that the pore size of these hydrophobic 

hybrid silica membranes are possibly too small for nano" ltration applications. ! erefore, 

Chapter 6 is dedicated to the exploration of an alternative pore templating method for 

hybrid silica membranes using thermo-labile adducts. ! e Diels-Alder adduct was selected 

for this approach, because it allows for selective thermal removal of the template, whilst 

leaving intact the hybrid silica backbone. ! e measurements performed on xerogels and 

membranes highlight the essential role of # exibility in the hybrid silica network for this 

approach. ! e concept and the approach used in thus study are discussed and new research 

directions are proposed.

Finally, the conclusive Chapter 7 is dedicated to a broader evaluation of the functionalization 

and pore size tuning of hybrid silica membranes. ! e work described in this thesis shows 

that a wide range of (functional) precursors can be incorporated in a hybrid silica matrix. 

! e functionality of the precursors is transferred to the functionality of the material and also 

of membranes derived from these materials. ! is means that an extensive toolbox of options 

is available for dedicated and tailor made membrane development.
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Samenvatting

Het onderzoek beschreven in dit proefschrift richt zich op de functionalisering en het sturen 

van de poriegrootte van microporeuze hybride silica membranen voor vloeistof scheidingen. 

Het beschreven onderzoek heeft betrekking op de eigenschappen van de hybride silica 

materialen, die variëren van zeer hydro" el tot hydrofoob. Daarnaast worden alternatieve 

routes voor het sturen van de poriëngrootte in sol-gel membranen worden behandeld. De 

toepassing van deze materialen als membraan in waterige en organo" ele pervaporatie en 

organische nano" ltratie wordt ook beschreven.

Hoofdstuk 1 geeft een algemene inleiding over poreuze membranen en richt zich vervolgens 

op asymmetrische microporeuze hybride silica membranen. Dit inleidende hoofdstuk 

belicht de ongekende hydrothermale stabiliteit van hybride silica membranen op basis van 

1,2-bis(triethoxysilyl)ethaan (BTESE), en benadrukt de voordelen van functionalisering en 

het sturen van de poriegrootte van deze microporeuze silica hybride membranen. Beide 

benaderingen bieden mogelijkheden voor een veel breder toepassingsgebied van deze klasse 

van sol-gel-membranen.

In hoofdstuk 2 wordt het eerste voorbeeld van functionalisering van hybride silica 

membranen voor moleculaire scheidingen beschreven. Het e# ect van de toevoeging van 

amino-gefunctionaliseerde eindstandige groepen op het gedrag van de hybride silica 

membranen wordt weergegeven. De karakterisering van de membranen toont duidelijk 

aan dat de a$  niteit van membranen gebaseerd op BTESE gestuurd kan worden door een 

geschikte precursor in te bouwen: hydro" ele precursors leiden hier tot hydro" ele membranen. 

Bovendien blijkt uit deze studie dat voor elke precursor een minimum concentratie bestaat 

waarboven de hydro" ele eigenschappen van de amino-gefunctionaliseerde precursors volledig 

worden benut. Bij amine concentraties boven deze drempelwaarde, hebben de membranen 

een hoge selectiviteit voor water in het ontwateren van water/alcohol mengsels. Deze sterke 

invloed van een relatief lage concentratie van gefunctionaliseerde precursors is inherent aan 

de gebruikte eindstandige functionele groepen en kan waarschijnlijk worden vertaald naar 

alle types van functionalisering.
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Hoofdstuk 3 richt zich op de synthese en karakterisering van BTESE / R-triethoxysilaan 

(RTES, R = C
1
-C

18
 alkyl) xerogels. Small Angle X-ray Scattering (SAXS), CO

2
 en N

2 
adsorptie 

en contacthoekmetingen zijn uitgevoerd om de eigenschappen van deze materialen te 

bepalen. In dit hoofdstuk worden de structurele eigenschappen, de adsorptie-eigenschappen 

en hydrofobiciteit van de xerogelen gerelateerd aan  de lengte van de R-groep. Daarnaast 

zijn de invloed van de RTES/BTESE molaire verhouding en de syntheseomstandigheden 

op de structurele eigenschappen onderzocht. Gebleken is dat langere R-groepen, meer 

reactieve sol syntheseomstandigheden en pre-hydrolyse van de RTES precursor alledrie 

leiden tot georganiseerde nano-domeinen in het uiteindelijke materiaal. De hydrofobiciteit 

en adsorptie-eigenschappen zijn vooral afhankelijk van de lengte van de R-groep in de RTES 

precursor en veel minder sterk afhankelijk van de syntheseomstandigheden.

De equimolaire BTESE / RTES (R = C
1
-C

10
 alkyl) samenstellingen werden geselecteerd voor 

het coaten en karakterisering van hybride silica membranen in Hoofdstuk 4. Het gebruik 

van de R-triethoxysilaan precursors (R = C
1
 tot C

10
) leidde tot een verandering van de 

membraan a!  niteit van hydro" ele eigenschappen (voor R = C
1
) tot hydrofobe eigenschappen 

(voor R = C
6
 en langer). Een sterke samenhang tussen de scheidingseigenschappen van 

het membraan en de lengte van de R-groep werd gevonden in pervaporatie van water/n-

butanol mengsels. Langere R-groepen resulteren in lagere scheidingsfactoren voor water, 

terwijl de scheidingsfactor voor n-butanol hoger wordt. Het meest hydrofobe membraan 

bleek een stabiele selectiviteit te laten zien over een breed scala van testomstandigheden en 

het heeft een  totale # ux van enkele kg.m-2.h-1. Dit is het eerste voorbeeld van een hybride 

silica membraan dat een selectiviteit voor n-butanol vertoont. Op basis van deze resultaten 

zijn de mogelijkheden voor dergelijke membranen in biobutanol productie onderzocht en 

vergeleken met die van bestaande organo" ele polymere membranen.
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De BTESE/RTES(R = C
1
-C

10
 alkyl) membranen, een BTESO (C

8
 ethaan brug) en een 

BTESO/C
10

TES membraan werden getest in organische nano! ltratie en vergeleken met 

de γ-Al
2
O

3
 drager in hoofdstuk 5. Ondanks hun hoge " uxen in pervaporatie werden lage 

aceton en tolueen " uxen gemeten voor alle membranen in nano! ltratie. Uit dit onderzoek 

kwam naar voren dat adsorptie van water op de γ-Al
2
O

3
 drager mogelijk van grote invloed 

is. Daarnaast werden diverse leads voor toekomstig onderzoek gevonden.

Uit de experimenten beschreven in hoofdstuk 5 blijkt dat de poriegrootte van de hydrofobe 

hybride silica membranen mogelijk te klein is voor nano! ltratie toepassingen. Daarom 

is hoofdstuk 6 gewijd aan de verkenning van een alternatieve templating methode voor 

hybride silica membranen met behulp van thermo-labiele adducten. Het Diels-Alder adduct 

werd geselecteerd voor deze aanpak, omdat daarbij selectieve thermische verwijdering van de 

template mogelijk is met behoud van het hybride silica-netwerk. De metingen aan xerogels 

en membranen laten zien dat " exibiliteit in het hybride silica-netwerk essentieel is voor deze 

aanpak. 

Tenslotte beschrijft hoofdstuk 7 een bredere evaluatie van de functionalisering en het sturen 

van de poriegrootte van hybride silica membranen. Uit het onderzoek beschreven in dit 

proefschrift blijkt dat een groot aantal (functionele) precursors kan worden opgenomen in 

een hybride silica matrix. De functionaliteit van de precursors wordt overgedragen op het 

materiaal en de membranen die uit deze materialen worden gemaakt. Dit betekent dat een 

breed scala aan opties beschikbaar is voor membranen die speci! ek zijn ontwikkeld voor 

bepaalde toepassingen.
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