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Abstract

The synthesis of unsupported Al O –SiO composite membranes has been achieved by controlling hydrolysis and condensation of2 3 2

aluminium iso-propoxide and tetraethyl silicate under acidic conditions. The phase transformation and pore structural evolution of
composite membranes are investigated by X-ray diffraction and nitrogen adsorption measurement, respectively. After sintering at 6008C
for 10 h, the composite membranes consist of only amorphous phase as SiO concentration ranges from 25 to 100 mol% and crystalline2

g-Al O appears at lower SiO content. Both micropores and mesopores contribute to the total pore volume and BET surface area, and2 3 2

mesopores become dominant. At high SiO content (50 mol%), the composite materials exhibit a 1-nm pore diameter decrease and about2
2 21 3 21100 m g surface area increase, as well as only a negligible pore volume drop of 0.0164 cm g , compared with the single Al O2 3

membrane. For the composite membrane with 40 mol% SiO concentration, sintering at higher temperature leads to phase transformation2

and grain growth, and both densification and phase transformation result in a decrease in both total pore volume and surface area, as well
as an increase in mean pore diameter and finally the collapse of pores. Further study is required to improve the thermal stability of the
composite membrane.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction good mechanical stability as well as catalytic properties.
The SiO species would provide the membranes with2

Inorganic ceramic membranes with their unique thermal, comparatively large surface area. That is the reason why
chemical and mechanical stability have received increased modification of mesoporous alumina has attracted a great
attention due to the promising application in gas sepa- deal of attention in recent years.
ration, liquid separation and catalytic membrane reactors at Several approaches including the sol–gel route and the
high temperature and in chemically reactive environments chemical vapor deposition (CVD) method have been
[1–9]. Most previous studies have focused on the single developed for the modification of mesoporous alumina
oxide membranes such as Al O [10–12], ZrO [13,14], membranes [19–24]. The sol–gel process is to coat a2 3 2

SiO [15,16], TiO [17,18] and so on, some of which have microporous silica layer about several microns in thickness2 2

been commercially produced, but so far few studies on on the surface of the alumina membrane, so there exists an
their binary and ternary composite membranes have been interface between the alumina membrane and its top
reported. Binary composite membranes may exhibit differ- microporous silica layer and the membranes behave separ-
ent pore structures and separation performances in com- ately during the separation process. We report here another
parison with the single oxide membranes because of the sol–gel modification procedure. The method involves the
different chemical compositions and preparation condi- separate preparation of silica sol and boehmite (AlOOH)
tions. For example, Al O –SiO membranes could have sol by controlling hydrolysis and condensation of an2 3 2

the desired combination of the features of both the Al O inorganic precursor such as tetraethyl silicate (TEOS) and2 3

and SiO components. The Al O moiety usually offers aluminium iso-propoxide, respectively. The SiO sol was2 2 3 2

used to modify the AlOOH sol and their mixtures were
allowed to gelate to form multiphase composite mem-*Corresponding author.
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of chemical composition and heat treatment on the phase
composition and pore structures for the Al O –SiO2 3 2

composite membranes.

2. Experimental

2.1. Sample preparation

Boehmite sol and silica sol were prepared by controlling
hydrolysis and condensation of aluminium iso-propoxide
(Shanghai Reagent Co., China) and tetraethyl silicate
(Shanghai Reagent Co., China) under acidic conditions
using HNO as catalyst, respectively, following similar3

procedures as reported previously [25,26]. The AlOOH
and SiO contents were calculated from the resultant2

stoichiometry assuming complete hydrolysis of both
silicon and aluminium precursors. The freshly prepared
boehmite sol and silica sol were mixed together at different Fig. 1. XRD patterns for composite membranes with mol% of SiO2

molar ratios and then stirred for 1 h at room temperature. content: (a) 100%; (b) 50%; (c) 40%; (d) 33%; (e) 25%; (f) 20% and (g)
0% sintering at 6008C for 10 h.After aging for 24 h, the stable composite sols were

allowed to gelate in the Petri dishes under ambient
conditions. The gels were heated from room temperature at

21a rate of 0.58C min and sintered under atmosphere for sintering for 10 h at 6008C. Only a dispersive peak at
conditions at different temperatures (200–11008C) for 10 h 2u5248 is observed in the single SiO sample and2

to get the cracks and Pinholes-free materials. Composite obviously the peak is assigned to the non-crystalline SiO2

membranes with different chemical composition (molar (Fig. 1a). For the samples with 25–40 mol% SiO com-2

content of SiO component equals to 20, 25, 33, 40, and ponent, two peaks at 2u546 and 688, respectively are2

50%, respectively) were designed to study the effects of detected (Fig. 1b–e). The samples can also be identified as
chemical compositions on membrane pore structures. amorphous because the two peaks are too weak despite
Single Al O and SiO membranes were also prepared for where g-Al O peaks usually appear according to Refs.2 3 2 2 3

comparison. [27,28]. The intensity of these two peaks becomes strong
enough to be assigned as g-Al O as the SiO content2 3 2

2.2. Membrane characterization decreases to 20% and less (Fig. 1f,g). The broad 2u

interval of the g-Al O peaks reveals that the crystallite2 3

The phase composition of the calcinated membranes was grains may be in the scale of nanometers. Since no peaks
investigated by X-ray diffraction (XRD, D/MaxrA, Japan) of binary oxides are identified in the XRD spectra, it is
at the operating condition of 30 kV–100 mA, using Cu Ka reasonable to conclude that the composite membranes are
radiation. The porous structures were determined by made of noncrystalline material when the SiO content2

nitrogen adsorption (Autosorb-1, Quantachrome Co., USA) ranges from 25 to 100 mol%, and of amorphous and
measured at 21968C and relative pressure interval between nanometer crystalline g-Al O when the SiO content is2 3 2

0.0125 and 0.998. Before each measurement, the samples less than 25 mol%.
were degassed at 2008C under vacuum for sufficient time Fig. 2 shows XRD patterns for the composite mem-
(5,t,10 h) to observe the absence of significant changes branes with 40 mol% SiO sintering from 200 to 11008C2

in vacuum stability. The specific surface area was obtained for 10 h. From 200 to 8008C, the samples exist primarily
from the BET equation, and pore size distribution was as noncrystalline. When the temperature rises to 10008C,
calculated from the desorption branch of the isotherms by two peaks identified as g-Al O appear at 2u546 and 688,2 3

the BJH method using the capillary condensation model respectively. Phase transformation from g- to a-Al O and2 3

assuming cylindrical pores. the formation of mullite phase occur when heating at
11008C. The transformation temperature of g- to a-Al O2 3

phase in the present study is 1008C lower than that
3. Results and discussion reported by Yeung [27]. The mechanism for this dis-

crepancy is still not clear and requires further study.
3.1. XRD study of the composite membranes Heating at 11008C brings about many changes in the

samples. On the one hand, porosity will decrease because
The X-ray diffraction patterns of composite membranes of densification caused by viscous sintering of amorphous

with different chemical compositions are shown in Fig. 1 particles by viscous flow during which the particle centres
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Fig. 2. XRD patterns for the composite membranes with 40 mol% SiO2

content sintering at different temperatures from 200 to 11008C, respec-
tively for 10 h.

approach each other. The average interparticle pore size
will first grow due to the ‘consumption’ of smaller
particles by larger ones [29] and then dramatically drops

Fig. 3. N adsorption–desorption isotherms at 21968C for the alumina2because the pores are expelled to the surface of samples as
and silica as well as composite membranes sintering at 6008C for 10 h.

the sintering goes on. On the other hand, a considerable
growth of the crystallites grains from the range of nanome-
ters (when sintering at 10008C) to microns is accompanied of type I which is significantly different from that of the
by an increase in the sintering activity. The phase trans- alumina membrane. The nitrogen adsorbed plateau at the
formation and crystallite growth should usually be avoided relative pressure above 0.5 reveals that the membrane
because they cause the same pore structure evolution as mainly contains micropores. The isotherms of composite
induced by the densification process. This change of pore membranes are similar to that of Al O membrane, but the2 3

structure will be proved in the next section. hysteresis loops deviate slightly from the type H2, thus
suggesting that SiO content could have brought some2

3.2. Influence of chemical composition on porous micropores into the composite membranes. The relative
structure of composite membranes contribution of mesopores and micropores to the resultant

pore volumes will be discussed below.
The nitrogen adsorption–desorption isotherms for the It is generally believed that the pore size distribution of

composite membranes with different molar percentages of membranes with Type IV-like isotherms can be measured
SiO , as well as those of single alumina and silica by the BJH method based on the Kelvin equation. On the2

membranes, are shown in Fig. 3. The isotherm of the basis of thermodynamic considerations, the Kelvin equa-
single alumina membrane can be classified as type IV in tion is not valid for micropores and only valid for larger
accordance with the BDDT classification. The presence of mesopores. Nevertheless the method has recently been
hysteresis loop classified as type H2 according to the applied to considerably lower pore diameter limits (1.3–
IUPAC classification confirms that capillary condensation 1.7 nm) [30,31]. In order to examine the micropores
takes place and mesopores predominate in the membrane. possibly introduced by the silica content into the composite
The SiO membrane, however, exhibits a typical isotherm membranes, we extend the lower limit of pore diameter to2
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1.2 nm. Fig. 4 shows the pore size distribution of alumina (in fact, the quantitative determination of micropore size
membrane and the composite ones sintering at 6008C for distribution is still an ambiguous problem and needs
10 h. All the dominant pore radii are in the mesopore range further study [30,31]), but the total pore volume and
with major peaks at 1.7–3.2 nm. The extension of the surface area can be obtained by the same method as
curves into submesopore range suggests the existence of applied in the composite membranes, amounting to 0.197

3 21 2 21micropores in the composite membranes, which is in good cm g and 381.6 m g , respectively.
agreement with the results from the isotherm measure- The total pore volume of composite membranes is
ments. The pore radius shifts to a lower value and the illustrated in Fig. 5 as a function of SiO content. With the2

distribution becomes sharper as the SiO content increases. increase in SiO component, the total volume first drops to2 2
3 21The sample with 50 mol% content shows a bimodal about 0.135 cm g and then increases in proportion to

3distribution with a second peak at 0.8 nm. The underlying the SiO content, reaching a maximum value of 0.186 cm2
21mechanism for such a bimodal distribution can be con- g at the 50 mol% SiO content. The fraction of2

tributed by the SiO clusters which form a great deal of micropore volume V % in the total pore volume is2 Mic

micropores in the membranes. Nevertheless the single calculated by the following equation:
3 21Al O membrane, with a total pore volume of 0.2 cm g2 3

2 21 V 2Vand surface area of 206.5 m g , contains no micropores. T Meso
]]]V % 5 3 100%MicAs discussed above, it is impossible to calculate the pore VT

size distribution of the SiO membrane by the BJH method2

where V is the total pore volume and V is theT Meso

mesopore volume which can be obtained by integrating the
˚pore size distribution curves in Fig. 4 from 10 A to

infinity. As also demonstrated in Fig. 5, the percentage of
micropore volume varies slightly at 20% when the SiO2

content ranges from 20 to 40 mol% (except that of only
8% at the 33 mol% SiO content), but rises abruptly to2

34.7% at the 50 mol% SiO content. One can also see2

from Fig. 6 that the mean pore radius decreases from 1.6 to
1.2 nm and the specific surface area increases from 197 to

2 21306 m g as the SiO content increases from 20 to 502

mol%. For the composite membrane with 50 mol% SiO2

concentration, the modification of Al O membranes with2 3

SiO species leads to a 1-nm diameter decrease and about2
2 21100 m g surface area increase, as well as only a

3 21negligible reduction of 0.0164 cm g in pore volume
compared with the single Al O membrane. According to2 3

previous literature [32,33], the mesopore network in single

Fig. 4. BJH pore size distributions calculated from N desorption Fig. 5. SiO content dependence of total pore volume and micropore2 2

isotherms for the alumina and composite membranes sintering at 6008C percentage for the alumina and composite membranes sintering at 6008C
for 10 h. for 10 h.
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Fig. 6. SiO content dependence of mean pore radius and BET surface2

area for the alumina and composite membranes sintering at 6008C for 10
Fig. 7. N adsorption–desorption isotherms at 21968C for composite2h.
membranes with 40 mol% SiO content sintering at different temperature2

for 10 h.
alumina membrane is obtained by the packing of Al O2 3

particles and micropores in silica membrane result from clusters are transformed to dehydrated particles with some
the aggregation and interpenetration of SiO fractal clus- cavities beginning to unite, thus resulting in an increase in2

ters during gelation and membrane formation. It is easy to pore size and a decrease in pore volume (including
understand that the composite membranes possess porous micropore volume) and surface area. During heating at
structures of both Al O and SiO membranes because the higher temperature (6008C), some pores become more2 3 2

evolution of their porous network is controlled by both compact and even divide into more pores when some
particle packing and cluster aggregation mechanisms. shrinkage occurs, so there is a decrease in mean pore size

and an increase in both pore volume and surface area. The
3.3. Influence of sintering on porous structure of the increase in micropore percentage can be explained by the
composite membrane possibility that some mesopores have been compacted or

divided into micropores. As the sintering temperature
The isotherms of the composite membranes with 40 continues to rise (.8008C), the particles close up to each

mol% SiO content sintering from 200 to 11008C for 10 h, other and the mean pore size will grow at the cost of a2

respectively are shown in Fig. 7. For the five sintering
membranes, the one at 2008C has a maximum saturated gas
adsorption, and N adsorption of the one at 11008C is close2

to zero, indicating that there are no pores in this membrane
and it is in good agreement with the assumption discussed
in Section 3.1.

As shown in Fig. 8, the composite membranes sintering
from 200 to 6008C have a wider pore size distribution than
the one sintering at 8008C, the extension of the curves into
the micropore scope illustrating the presence of micro-
pores. The pore volume varying with sintering temperature
is shown in Fig. 9, which shows a decrease for both the
total pore volume and the micropore fraction except for
sintering at 6008C. The BET surface area decreases and the
mean pore radius increases after sintering (except at
6008C), as shown in Fig. 10. At 2008C, most water and
ethanol in the gel are vaporized and leave behind an
enormous amount of cavities which provide small pore
radius, large surface area and high porosity in membranes.
When the temperature rises to 4008C, the amorphous gels Fig. 8. BJH pores size distributions calculated from N desorption2
go through the so-called calcination step during which the isotherms for composite membranes with 40 mol% SiO content sintering2

organic additives continue to burn out and some gel at different temperature for 10 h.
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4. Conclusion

Unsupported Al O –SiO composite membranes are2 3 2

prepared by the sol–gel method. XRD shows that when
sintering from 200 to 11008C, the membrane with 40
mol% SiO goes through the following phase transforma-2

tion: amorphous phase (200–8008C)→amorphous phase
and crystalline g-Al O (10008C)→mullite and a-Al O2 3 2 3

(11008C). Nitrogen adsorption measurements reveal that,
in comparison with the single Al O membrane, the2 3

composite membranes consist of both micropores and
mesopores sintering at 6008C. The modification of Al O2 3

membranes by 50 mol% SiO content induces a 1-nm pore2
2 21diameter decrease and about 100 m g surface area

3increase, as well as only a negligible drop of 0.0164 cm
21g in pore volume. This is due to the pore formation

Fig. 9. Sintering temperature dependence of total pore volume and mechanism controlled by both the packing of Al O2 3
micropore percentage for composite membranes with 40 mol% SiO2 particles and interpenetration of SiO clusters. Further2content.

sintering results in a decrease in both the total pore volume
and the surface area, as well as an increase in mean pore
size and finally the collapse of pores, attributable to phase
transformation and densification driven by the tendency fordecrease in both surface area and porosity because small
reducing the internal energy. Further study is required toparticles are ‘swallowed up’ by larger ones. In summary,
improve the thermal stability of the composite membrane.sintering is mainly responsible for the structural evolution

because it is a process of densification driven by the
tendency for reducing the internal energy [34]. The
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It is noted that the unsupported membranes available in
this paper are designed for characterization, but the real
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