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Abstract. Microporous SiOz and Si02/MO3 (M = Ti, Zr, Al; 10 mol% MO,) materials for gas separation membrane
applications have been prepared from polymeric sols. Characterization of these sols with SAXS showed that the
mean fractal dimension of the SiO; sols is 1.3~1.4 with a radius of gyration of approximately 2.5 nm. The dried
and caicined films are microporous and the pore size distribution was bimodal with maxima at diameters of 0.5 nm
and 0.75 nm. For the Si05/TiOg, Si02/ZrOy and SiO4/Aly03 systems, much milder reaction conditions proved to
be necessary to obtain sols with comparable fractal dimensions due to the high reactivity of the Ti/Zr/Al-alkoxides.
Microporous supported membranes with molecular sieve-like gas transport properties can be prepared from a
relatively wide range of sol structures: from polymers too small to characterize with SAXS to structures with fractal

dimensions: 1 < dy < 2.04.
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1. Introduction

In the inorganic membrane field, microporous
materials (1, < 1 nm [1]) are attracting more and more
attention because of interesting, molecular sieve-like,
gas separation properties [2, 3]. Sol-gel technology
provides suitable methods for the preparation of micro-
porous membranes, and successfully led to the devel-
opment of microporous silica membranes [4, 5, 6, 7].
It is believed that for obtaining microporous
materials, weakly branched polymeric sols have to be
used (8]. The concept behind this is that interpenetra-
tion of weakly branched polymers leads to very fine
pores. Tailoring of the sol morphology can be per-
formed by controlling the hydrolysis and condensation
of alkoxides in the sol-gel synthesis. If the conditions
are chosen carefully, the sol morphology can be di-
rected towards weakly branched polymeric systems or
to particulate systems [9]. It is important to control the
mechanism and the relative rates of the hydrolysis and
condensation reactions [10]. For silica prepared from

TEOS (tetra-ethyl-ortho-silicate) under acid catalysed
conditions, the hydrolysis is fast and the condensation
is slow. Also both steps tend to form weakly branched
structures under these conditions.

Since the reactivities of transition metal alkoxides
are considerably higher than for silicon alkoxides [11],
care has to be taken in the synthesis of binary mate-
rials to avoid homo-condensation. A commonly used
strategy to avoid this is by a prehydrolysis process; the
slowest reacting alkoxide is prehydrolyzed prior to the
addition of the second, fast reacting, alkoxide [12}.

In this paper we will focus on the relation be-
tween sol structure and structare of the consolidated
dried and calcined (SiOsq, SiOo/TiO3, Si04/Zr05 and
S104/Al,03 (10 mol% MO,)) films. In the sol stage
the structure is characterized with Small Angle X-ray
Scattering (SAXS). Non-supported microporous mem-
branes are characterized with Ny adsorption. An im-
portant process parameter in the structural develop-
ment is the drying condition during the sol-gel tran-
sition of the films. Some gas transport characteristics
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Fig. 1. Synthesis scheme of polymeric $iO2/MO; (M = Ti, Zr, Al)
sols.

of supported microporous membranes are given to il-
lustrate the range in which suitable structures can be
formed. In the discussion we will elucidate the pro-
cess parameters in the formation of microporous mem-
branes from polyimeric sols, and the problem of trans-
lating results obtained from non-supported membranes
to supported membranes properties is addressed.

2. Experimental

Polymeric silica sols are prepared by acid catalysed
(HNO3, Merck, p.a. grade) hydrolysis and condensa-
tion of TEOS (Merck p.a. grade) in ethanol (Merck,
p.a. grade). A mixture of acid and water: was care-
fully added, using a dropping funnel, to a mixture of
ethanol and TEOS under vigorous stirring. The reac-
tion mixture was thenrefluxed for 3 hours at 80°C under
stirring. Molar ratios TEOS/ethanol/water/HNOg are
1/3.8/6.4/0.085 (sample code StSiO2).

Binary SiO,-based sols are prepared using TEOS,
with Ti(O*Pr)y (Merck, p.a. grade) ar Ti(O"Bu)4
(Merck, p.a. grade), Zr(O"Bu),~—"BuOH (Alfa, p.a.
grade) and Al(O*Bu)y—etac (Alfa, p.a. grade). The
first step in the standard synthesis route (composite
synthesis “Single step”, Figure 1, samples “SiTi10”,
“SiZr10” and “SiAl10”) is prehydrolysis of TEOS
at 80°C for 3 hours (“SiTi10”), 20°C for 3 hours

(“SiZr10”) or 20°C for 1.5 hour (“SiAl10”). Mo-
lar ratios are Si/ethanol/water/HNO3 = 1/3.8/1/0.085
for “SiTi10” and “SiZr10”, and Si/isopropanol/water
HNO3 = 1/2.9/1.8/0.17 for “SiAl10”. The composite
component in alcohol was added to the prehydrolysed
TEOS at room temperature, and allowed to react for
2-3 hours. The composition and mol ratios, based on
Si, of the alkoxide/alcohol mixtures are: Si/M/butanol
= 1/0.11/2.5 for “SiTi10” and “SiZr10”, and Si/Al
propanol = 1/0.10/13.8 for “SiAl10”.

. For Si04/TiO; and Si02/Zr0,, a second hydroly-
sis (so called two. step hydrolysis, Figure 1, samples
“SiTi10-2” and “SiZr10-2") was performed for some
samples, 0.5 hour after the addition of the composite
component. The ratio Si/ethanol/water HNOj after the
first hydrolysis was 1/3.8/1.14/0.021 and 1/3.8/1/0.085
for samples “SiTil0-2” and “SiZr10-2” respectively.
The composition of Ti/Zr-alkoxide/alcohol mixture in
the composite step was SifTi/ethanol = 1/0.11/15.1
for “SiTi10-2” and Si/Zr/butanol = 1/0.11/2.5 for
“SiZr10-2”.  After the second hydrolysis the total
Si/ethanol/water/HNO3 ratio was 1/3.8/6.4/0.085 and
1/6.1/1.5/0.128 for “SiTi10-2” and “SiZr10-2” respec-
tively. e
" A binary SiO/TiO4 sol (sample “SiTi10X”) was
also prepared by mixing of separately prehydro-
- lysed SiOs and TiOs sols. TEOS prehydroly-
sis was performed at 80°C as described before with
Si/ethanol/water/HNO3 = 1/3.8/4.6/0.085. Ti(OPr)4
prehydrolysis was performed at room temperature with
Ti/ethanol/water/HNO3 = 1/3.8/1/0.085 (0.5 hour);
water and acid were added in half the amount of ethanol
to the ethanol/Ti(O*Pr), solution. The binary sol was
prepared by mixing the Ti-sol and the Si-sol, where the
composition is adjusted to 10 mol% TiOs.

Small Angle X-ray scattering experiments on these
sols were performed using synchroton radiation (X-
ray wave length A = 0.154 nm) at the Non-Crystalline
Diffraction beamline 8.2 of the SERC Synchroton Ra-
diation Source (SRS), Daresbury (U.K.). The obtained
spectra were corrected for background and parasitic
scattering. The fractal dimension was calculated from
the slope X of the linear part in the log(I)-log(Q) plot,
where Dy = —X. The value of the radius of gyration
was estimated from the cross-over point from the fractal
region to the Guinier region with: Ry &1/Qcross—over-
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Tuble 1. SAXS and No-adsorption results of SiO2 and SiO2/MOy (M = Ti, Zr, Al) in comparison with supported membrane properties.

Sol SAXS Non- Supported#
age supported#
Eact. [87
Df R, Poros.* Deg (Hz) Ha/CHy
(days) ) (nm) £ (%) (nm) (kJ/mol) =
StSiO2 0 1.45 20 3540 0.5/0.75 8-15 30-50
10 1.65 30
20 1.75 35
SiTil0 4 - - 42 0.5/0.75
Bu,ry =1
SiTil0 4 1.9 5.1 7
Bu, 7y = 6.4
SiTil0=2 3 1.3 1.7 27 0.5/0.75 16
(Pr)
SiTil0=2 3 1.3 1.7 28 0.5/0.75 8.4
(Bu)
SiTi10X 30 2.04 36 2 200
Pr
SiZr10 8 - - 16 ~0.6
SiZr10=2 6 1.43 0.84 2
SiAll0 13 - - 1 9.2

—: No scattering

*: Porosity € calculated using a skeletal density of 2.2 g/em®, 2.36 g/cm?, 2.40 g/cm3 and 2.31 g/cm® for amorphous silica, silica/titania,

silica/zirconia and silica/alumina respectively.
#: Prepared from freshly prepared sols.

Non-supported microporous membranes were pre-
pared by drying the freshly prepared sols in petri-
dishes. Drying took place overnight under ambient
conditions or during 3 hours in a climate chamber
(Hereaus Votsch VTRK 300) at 40°C/60% relative
humidity and turbulent aerodynamic conditions (wind
velocity 3.25 m/s). No coherent layers were ob-
tained after drying, but the xerogels were cracked in
flakes of 1 mm to 1-2 cm. The mean thickness of
the non-supported membranes is 1-2 mm. Supported
membranes were prepared by dipping mesoporous -
alumina membranes (disc-shape, diameter 39 mm),
with a high surface finish characterized by a mean
roughness of 40 nm [13], in diluted, freshly prepared,
polymeric sols (0.1 mol/l MO,) for 4 seconds. The
dried supported and non-supported samples were cal-
cined in static air at 400°C for 3 hours, with a heating
and cooling rate of 25°C per hour. The resulting ma-
terials were all X-ray amorphous [13].

Nitrogen adsorption measurements on calcined ma-
terials were performed with a Carlo Erba Sorptomatic

1900, extended with a turbo molecular pump system
(Leybold PT50) and an extra pressure transducer (MKS
Baratron type 122A) for the low pressure range (103
Torr to 10 Torr). All samples were degassed for 23
hours at 350°C at 1076 Torr.

Pore size calculations were performed after the
model of Harvith and Kawazoe [14], which was modi-
fied for Ar adsorption in cylindrical pores by Saito and
Foley [15]. The proper physical constants have been
substituted for Ny adsorption [13]. For the calcula-
tion of the porosity, the liquid nitrogen density (0.808
g/cm®) is used for the density of nitrogen adsorbed in
the micropores.

The used measurement area of the membranes for
the permeation and separation experiments is 1.911
cm?. Permeation experiments were performed using a
dead-end configuration. Separation experiments were
performed in a counter-current mode using argon as
a sweep gas at the down-stream side. Typical gas
flows for feed and sweep-gas are 200 ml/min and 150
ml/min respectively. An extensive description of the
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Fig. 2. SAXS spectrum of standard silica sol. Dy = 1.47 4 0.07,
Rg =14+0.2nm.

used equipment for the permeation and separation ex-
periments is given elsewhere [13, 16].

3. Results and Discussion

The results of this study of the sol structure and the
microstructure of the consolidated materials have been
summarized in Table 1. The (colourless and clear) sil-
ica sols consist of weakly branched fractal polymers,
with a typical fractal dimension of 1.45 and radius of
gyration of 1.4-2.2 nm directly after synthesis. Aging
of the sols (in closed glass bottles) results in gelation af-
ter about 10 days, where Dy = 1.65 and Ry = 3.0 nm,
followed by a further, less strong but gradual, increase
of the fractal dimension to around 1.75 and radius of gy-
ration of around 3.5 nm after 20 days. Further aging to
50 days does not change the gel structure significantly.
The binary sols prepared according to the single step
prehydrolysis process with low r, in the prehydrolysis
step (samples: “SiTil0Bu(toxide), ry, = 17, “SiZr10”
and “SiA110”) were also clear; however, with SAXS
no scattering was detected. This implies that the struc-
tures may be too small to result in significant scattering
with SAXS. Since a very low amount of water was used
in the prehydrolysis (stoichiometric 1, = 2), the com-
posite alkoxide can only condense with the hydrolysed
silica, since it can be assumed that no free water is
left. An increased water amount in the prehydrolysis
step (“SiTil0Bu r,, = 6.4”) causes direct gelation of
the sol during the addition of the Ti-alkoxide solution.
Both the fractal dimension of this sol (D = 1.9) and
the radius of gyration (R, = 5.1 nm) are relatively
high. The two-step processes lead to fractal structures
with fractal dimensions of around 1.3 and radius of gy-
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Fig. 3. SAXS spectrum of SiO2/ZrO3 sol "SiZr10-2”. Dy =
1.43+0.07,Rg = 0.84 + 0.2 nm.

ration of around 1.7 nm for “SiTi10-2” sols prepared
with Ti-butoxide of Ti-isopropoxide. “SiZr10-2” has
a slightly higher fractal dimension (Dy = 1.43) but
lower radius of gyration (R, = 0.84 nm). Sample
“SiTi10X”, prepared by mixing of two prehydrolysed
sols, has a relatively high fractal dimension (compared
with silica sols of the same age) and a moderate radius
of gyration.

Representative SAXS spectra for these polymeric
sols are given in Figures 2 and 3. The SAXS spectrum
of a standard silica sol is shown in Figure 2, and in
Figure 3 the spectrum of silica- zirconia sol “SiZr10-
2” is shown. A clear fractal region, which is less wide
for the S105/Zr04 sample, can be distinguished in both
spectra. The slope is calculated using linear regression
in the indicated regions.

The aggregation mechanism for the presented
results, where a wide variation in fractal dimensions is
shown, can not completely be explained by the rigid
classical classification of aggregation models as for
example diffusion limited cluster-cluster aggregation
(DLCCA) or reaction limited cluster-cluster aggrega-
tion (RLCCA) [9]. The wide range in fractal dimen-
sions, however, can be explained by differences in
reactivity of the reacting species during the hydroly-
sis/condensation process, as is shown mathematically
be Kallala [10].

The porosity (¢) and effective pore diameter (Deg)
of the (ambient) dried and subsequently calcined
non-supported (bulk) materials, calculated from Nj-
adsorption isotherms, are given in Table 1. Some cor-
responding Na-isotherms are given in Figure 4, where
it can be seen that the isotherm shape is typical for
microporous materials [1]. The calculated pore size
distributions (PSD) are given in Figure 5. The pore



Table 2. Influence of drying rate on porosity (g) of non-supported
silica.

Si0q drying conditions € (%) Drying time
Ambient 37 overnight
Climate 28 3 hours
Chamber
Vacuum 31 overnight
(P = 2.4 kPa)
Vacuum 0 overnight
(P = 0.1 Pa)

size distribution, for both SiO» and the binary systems,
looks to be bimodal with maxima at Degective = 0.5
nm and 0.75 nm. The PSD’s of the “SiTi10” samples
are similar to silica. “SiZr10” and “SiTil0X”, how-
ever, are less porous and the PSD’s, which are less
pronounced, show a somewhat larger effective pore di-
ameter of around 0.6 nm. However, one should bear
in mind that pore size calculations in the micropore re-
gion are still under discussion. Therefore, conclusions
concerning absolute pore sizes are dangerous, although
calibration with zeolites showed that the order of the
calculated pore size is good [13].

As can be seen from Table 1, the relation between
fractal dimension and porosity of the non-supported
membranes is not straightforward. Very low porosities
have been found for both sols with high fractal dimen-
sions (samples “SiTi10Bu, r,, = 6.4” and “SiTi10X"),
moderate fractal dimension (“SiZr10-2"") and sols with
polymers too small to show scattering (“SiAl10”). Rel-
atively high porosities have also been found for samples
with low fractal dimensions (“SiTil0Bu, r,, = 1” and
“SiZr10”) and moderate fractal dimensions (“StSi0O4”
and SiTi10-2 Bu/Pr”’). All these samples were dried
overnight under ambient conditions. Further we have
observed that increasing the water content in binary sol
synthesis always leads to less porous materials, while
the fractal dimensions increase! These observations
show that a prediction of porosity of the consolidated
materials based on fractal dimension alone is difficult.

This is also illustrated by drying experiments with
standard silica sols in Table 2. It can be clearly seen
that an increase of drying rate, either by introducing
turbulent aerodynamic conditions and increased tem-
perature in the climate chamber, or by imposing vac-
uum during the drying process, results in denser ma-
terials. Also it was observed that the maximum in
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Fig. 5. Pore size distribution of SiO5 and SiO2/MO, (M = Ti, Zr)
according to the modified Horvéth-Kawazoe model.

the pore size distribution at 0.75 is decreasing [13].
These results give the impression that interpenetration
of the weakly branched polymers is hindered, result-
ing in higher porosities, if longer drying times are used.
Proceeding condensation reactions, which may be re-
garded as an aging process, between the polymers dur-
ing the drying process, will result in a stiffer structure.
This allows the gel structure to withstand higher capil-
lary forces during drying, resulting in a higher porosity.
Analogous effects have been found for aging of water-
glass derived silicas [17].

Obviously, the addition of more water for the bi-
nary sols results in internal condensation of the already
formed structures. If no further growth takes place, the
final radius of gyration can still be low. In spite of the
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fact that interpenetration of these denser structures is
hindered, denser consolidated structures are formed.

A selection of gas transport characteristics of sup-
ported membranes prepared from sols in a range of
fractal dimensions is given in Table 1. Supported
membrane thicknesses are in the order of 60-120 nm
[13]. The most important characteristic of gas trans-
port in microporous materials is activated transport,
contrary to mesoporous materials where the perme-
ation decreases as a function of temperature [3], and
molecular sieve like separation factors (c). As can be
seen, these transport properties are observed for both
membranes corresponding with non-supported mem-
branes with high porosities (“StSiOy” and “SiTil0-
2”) and non-supported membranes with low porosi-
ties (“SiTi10X” and “SiA110”). The permeation rates,
which are in the order of 15x10~7 mol-m—2.S~1 Pa~!
for Hy at 200°C for “StSiOy”, however, are a fac-
tor 3—10 lower for the latter two membranes. This
can not be explained by possible variations in mem-
brane thicknesses alone. Although there is a distinct
difference in the consolidation process for supported
and non-supported membranes, these decreased per-
meation rates for the supported membranes look to be
proportional with the porosities of non-supported ma-
terials.

These very interesting transport properties, show
that the pore size of the supported membranes is very
small, and in the order of the pore sizes found for the
non-supported membranes. Based on the relatively
high permeation rates of these membranes, and the or-
der of the activation energy, which is relatively high
for porous materials but low compared to dense glass,
where activation energies of 38 kJ/mol have been re-
ported for hydrogen [18], it can be concluded that trans-
port takes place through micropores, and not through
a dense layer!

The layer formation process for supported and non-
supported membranes is significantly different on two
points: i) The drying rates for supported systems are
in the order of seconds contrary to hours for non-
supported systems, which can result in denser systems
as shown before and which was also reported by Frye
and Brinker [19, 20]. ii) support constraints will hinder
densification, as has been found for TiOs-membranes
by Kumar et al. [21].

These opposing effects on the structural forma-
tion of supported membranes make direct prediction
of the supported membrane microstructure from non-

supported membrane characteristics difficult. Indirect
methods, such as gas transport measurements, can give
additional information.

4. Conclusions

It is shown that microporous, non-supported as well
as supported, membranes can be made from inorganic
polymeric sols with a relatively wide range of sol struc-
tures, from structures too small to characterize with
SAXS to polymers with fractal dimensions 1 < Dy <
2.04. The PSD of the non-supported materials was bi-
modal with maximum at an effective pore diameter of
0.5 nm and a weaker maximum at 0.7 nm. Based on
the gas transport properties, it can be concluded that the
pore size for supported membranes is of the same order.
Drying conditions have shown to be very important in
the structural development of the consolidated material,
where higher drying rates result in denser structures.
This implies that prediction of the final microstructure
based on fractal geometry of the sols alone is difficult,
and the chemistry and physics related with the drying
process have to be taken into account. Consequently,
translation of results from non-supported systems to
supported systems can only be done with utmost care
because of the difference in drying rates.
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