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Abstract 

For the development of new ceramic membranes for 
gas separative and catalytic membrane reactors, 

multilayer membranes were synthesized. These 
membrane configurations consist of three layers.. 
a porous support (0.1 pm < pore size < 0.4 km), a 
mesoporous ?-A120, interlayer and a gas separative 
top layer. DifSerent materials for the top layer are 
being considered. 

In this contribution, the characterization of the 
membranes and the optimization of the manufactur- 
ing route for the d@erent material layers are dis- 
cussed. Some special attention was given to the 
development of an alternative porous support, 
adapted from a Reaction Bonded Al,O, (RBAO)- 
process and to the tailoring of the pore texture of 
the y-Al,03 interlayer. Preliminary dip coating 
experiments proved that the formation of a thin 

clay or pillared clay layer on an (a + y)-Al,O, sup- 
port is possible. 0 I996 Elsevier Science Limited, 

Des membranes a couches multiples ont ete real- 
isees dans le cadre du developpement de nouvelles 
membranes ceramiques pour des reacteurs a separa- 
tion gazeuse et a membrane catalytique. Ces types 
de membranes comprennent trois couches: un 
support poreux (0.1 pm < pore < 0.4 pm), une 
couche intermediaire mesoporeuse en y-Al_,O, et une 
couche superieure pour la separation gazeuse. 

D@erents materiaux sont envisages pour la couche 
suphieure. 

Ce rapport traite de la caracterisation des mem- 
branes et de l’optimisation du mode de fabrication 
des dtflerents materiaux de couches. Une attention 
particuliere jut accordee au developpement d ‘un 
nouveau type de support poreux base sur de l’Al,O, 
obtenu suivant une adaptation du procede RBAO 
(Reaction Bonded AlJO,), ainsi qu ‘ci 1 ‘adaptation 
de la texture du pore de la couche intermediaire en 

y-AlJO+ Des experiences prealables de depot par 
immersion ont demontrt qu’il est possible de 
deposer une fine couche dbrgile ou d’argile a struc- 
ture en colonnes sur un substrat en (CX + y)-Al,O,. 

Introduction 

The coupling of a chemical reaction and separa- 
tion using a membrane, therefore increasing the 
conversion of equilibrium-limited reactions, opens 
up new potential application fields for real gas 
separative membranes. In addition, the use of 
ceramic membranes makes it also possible to study 
reactions at temperatures higher than 200°C 
which is the working limit for polymeric mem- 
branes. 

Gas separative and catalytic membrane reactors 
can improve the conversion of petrochemical reac- 
tions such as dehydrogenation, partial oxidation, 
coupling reactions and deNox reactions.14 
Another application for catalytic ceramic mem- 
branes is for the production of hydrogen. Exam- 
ples are the H&O, separation at the end of an 
integrated coal gasification combined cycle (IGCC) 
and H, winning from the reforming of methane.5 

To exploit the potentials of inorganic mem- 
brane reactors, highly permselective membranes 
have to be developed. These membranes should 
also have sufficient permeability, thermal, chemical 
and mechanical stability. 

Recently, significant progress has been made in 
the crack-free manufacturing of ceramic mem- 
branes for gas separation on a lab-scale.6,7 Most 
of the research until now was done on meso- 
porous membranes, such as y-Al2O3, TiO, and 
Zr02,8~‘o but increasingly studies are being per- 
formed on microporous, molecular sieving or dense 
membranes, such as silica, zeolites and Pd-Ag 
alloys. In contrast to the low permselectivity of 
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mesoporous membranes, because the mechanism 
is based on Knudsen diffusion, the new family of 
membranes permits the realistic separation of diff- 
erent gases. Promising results with microporous 
ceramic membranes have mostly been obtained 
with zeolites and silica top layers.” I3 

A multilayer ceramic membrane for gas separa- 
tion composed of a support material (0.1 pm 
< pore size < 0.4 pm), a mesoporous membrane 
layer (3 nm < pore size < 20 nm) and a gas 
separative top layer (pore size < 2 nm) has been 
developed. The materials studied until now were 
A&O, and Reaction Bonded A&O, (RBAO) for 
the support and r-Al,O, for the mesoporous inter- 
layer. For the gas separative top layer different 
materials are currently being considered, but we 
describe here the preliminary work on pillared 
clays. 

In this contribution, the optimization of the 
manufacturing routes for the different material 
layers produced by conventional powder technol- 
ogy, a special RBAO process route, and the different 
sol-gel dip coating procedures are discussed. Prob- 
lems with the conventional support materials 
(presintered A&O,) are their relative weakness and 
insu~cient surface quality. It is thought that a 
porous RBAO material, which is much stronger, 
can solve both problems. The RBAO manufactur- 
ing route consists of four steps: (1) mixing 
(milling) of the Al and A&O3 powders, (2) shaping, 
(3) oxidation and (4) further heat treatment. An 
adequate Al particle size and Al distribution, 
resulting from the milling operation with the 
A&O, powder, and a slow heating rate for oxida- 
tion are the most important parameters to get a 
defect-free RBAO structure. 

Based on the earlier studies of Burggraaf et 

al. 14.15 crack free y-AlzO, mesoporous membranes 
could be obtained by the addition of polyvinyl 
alcohol (PVA) to the sol before deposition. The y 
to cy transformation, which breaks up the fine 
pore texture of the membrane, can be shifted to 
higher temperatures by doping with lanthanum.16 
In this way the pore size of the y-A&O, layer is 
optimized. 

For the synthesis of the microporous top layer, 
clay and pillared clays were used. Pillared clays 
are inorganic microporous materials with a high 
specific surface. They are prepared by the interca- 
lation of large inorganic species (pillar ions) 
between the clay sheets, followed by a thermal 
treatment to convert the pillaring precursor into a 
rigid oxide pillar (Fig. l).17 Pillared clays are 
multi-functional materials having interesting 
chemical, catalytic, optical, ionic and electronic 
properties. ix.‘y.24 The challenge is to incorporate 
this kind of material into a membrane configura- 

Fig. 1. General scheme for the preparation of a pillared clay. 

tion, benefiting from its catalytic and separative 
properties. Preliminary preparation tests have been 
performed and the membranes obtained were 
characterized with scanning eiectron microscopy 
(SEM), Nz-adsorption/desorption and X-ray difTrac- 
tion (XRD). 

Experimental Procedures 

Support materials 
Discs, pellets and rectangular bars were manufac- 
tured by uniaxial pressing and cold isostatic press- 
ing, starting from A1203 powder (CS400MS, 
Martinswerk) and from Al/Al,O, mixtures in a 
ratio of 2:3 by weight. 

The pressing of the powders and the heat treat- 
ments of the samples (sintering, oxidation and hot 
isostatic pressing (HIP)) were controlled so that a 
porous support with a maximum pore size of 
about 0.2 pm and a pore volume of about 40”/0 
was obtained.2”*‘1 

After carefully milling, the Al/A120, mixtures 
were cold pressed with compacting pressures vary- 
ing between 50 and 200 MPa. After heating 
slowly, the oxidation temperature was kept con- 
stant at 1100°C for 1 h. The sintering was per- 
formed between temperatures of I 185 and 1400°C 
and in some cases followed or replaced by a HIP 
treatment. The HIP experiments, executed on 
specimens without encapsulation, were performed 
at temperatures between I 185 and I 400°C, vary- 
ing the time (at constant temperature and a pres- 
sure of 150 MPa) from 15 min to 2 h. The HIP 
tests were done under conditions very similar to 
those described by Holz et ~1.” 

The materials were characterized by thermo- 
gravimetric analysis (TGA), mercury porosimetry 
and four-point bend tests. The thermal shock 
behaviour of the materials was determined by 
four-point bend tests of specimens quenched from 
different temperatures in iced water. The surface 
quality was checked with scanning electron 
microscopy and laser profilometer measurements. 
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Mesoporous interlayer 
A boehmite (y-AlOOH) sol was prepared by 
hydrolysis of Al-tri-see-butoxide (Janssens Chim- 
ica). The sol was peptized with nitric acid. To reduce 
crack formation during drying and calcination 
polyvinyl alcohol (PVA) (Merck) was added. For 
practical reasons, X-ray diffraction (XRD), trans- 
mission microscopy (TEM) and N,-adsorption/ 
desorption measurements were carried out on 
unsupported yA1203 layers, assuming that they 
have a microstructure comparable to the sup- 
ported layers. This was checked with field emis- 
sion scanning electron microscopy (FESEM) for 
the surface pores of supported and unsupported 
+y-Al,O, layers. The unsupported layers were 
prepared by drying the sol in Petri dishes at a 
temperature of 40°C. To study the thermal stabil- 
ity, La-doped samples were made. La(NO& solu- 
tions of about 3 mol % were directly mixed with 
the boehmite sol or introduced into the gel by 
impregnation.16 

Microporous top layer 
A sodium exchanged and purified montmorillonite 
(Bentolite J.B.) and a synthetic clay (Laponite), 
both provided by Zinchem Benelux, were used to 
form the top layer. The pillaring precursor 
([A1,304(OH)24(HZO),2]7+) was prepared by dilut- 
ing a commercial solution of LOCRON L@ 
(Hoechst) with HC1.23 Only the montmorillonite 
was deposited in its pillared form. 

The synthesis procedure of the pillared clay 
membrane is a variation on the method of Itaya.24 
Firstly, a thin clay layer was deposited on the 
y-Al,O, surface by dipping a flat support ((a! + y}- 
A1203) in a clay suspension. The membrane was 
dried and then soaked for several hours in the pil- 
laring solution so that the sodium ions between 
the clay sheets were exchanged for the pillar ions. 
After this ion exchange the membrane was thor- 
oughly washed with water, dried and heated in air 
at 400°C. Free-standing films on glass plates (for 
XRD) and flakes (for N,-adsorption/desorption) 
were prepared by a similar procedure. 

For the formation of thin clay top layers (with 
Laponite), the support was just dipped in a clay 
suspension, followed by a drying and calcination 
step. The top layers had to be as thin as possible 
to get a high gas permeation through the mem- 
brane. 

Results and Discussion 

The RBAO manufacturing route consists of four 
steps: (1) mixing of the Al and A1203 powders, (2) 
compaction, (3) oxidation and (4) further heat 

treatment. The synthesis of the porous RBAO 
material requires much care during the manufac- 
turing process. The first and probably the most 
important step is the milling of the Al/A&O3 pow- 
der mixture. The starting powder size of both 
materials, the Al/AI,O, ratio and. the milling time 
had to be optimized. After the Al/Al,O, milling, 
Al and Al,O, have to be homogeneously mixed 
and the Al particles had to be reduced to a critical 
size. During a slow heating (&O.S”C/min), the 
Al,O, skin around the Al particles must continu- 
ously break up and reform. In this way, easy access 
for 0, for further oxidation of the Al is provided 
and on the other hand the molten Al stays in 
place.25*26 Otherwise crater-like defects, due to a 
melt coagulation or sweating of Al above its melt- 
ing point, are observed.‘0.27*28 

By the correct combination of forming pressure 
and heat treatment (sintering and/or HIPping), 
conventional presintered Al,O, and RBAO sup- 
port materials were manufactured, with a pore 
size distribution suited for direct sol-gel y-A&O3 
coating. Four-point bend tests showed that the 
strength of the porous RBAO material was three 
times higher than that of presintered A120~.‘0*2’ 
The porous RBAO route used here is a variation 
on the well-known RBAO process of Claussen 
(TU. Hamburg). 26,26.28 The higher strength values 
(Fig. 2) of this material are due to fine, glass- 
free Al,O, grains, formed during the oxidation of 
the Al powder in the mixture. TEM-micrographs 
(Fig. 3) clearly show the two kinds of Al,O, 
grains; large primary grains from the original 
Al,O, and small-grained A&O, formed during oxi- 
dation of the Al fraction. 

The thermal shock behaviour of a material can 
be expressed by: 

a,, = +EA TcY/( 1 - u) 

o,,: thermal stress 
$: stress-reduction factor 
E: Young’s modulus 
AT: temperature difference 
cu: Thermal expansion coefficient 
u: Poisson’s ratio 

(1) 
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Fig. 2. The mechanical strength (four-point bend) of conven- 
tional AllO, and RBAO series. 
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Fig. 3. TEM-micrograph of a porous RBAO material show- 
ing a bimodal distribution of the A&O3 grain size. 

Fig. 4. Thermal shock behaviour of porous RBAO and con- 
ventional presintered Al,O,, measured by quenching from 

different temperatures in ice water. 

For most ceramic materials there is a critical tem- 
perature (the transition temperature) from which 
quenching gives a large strength reduction.2” 

Thermal shock tests demonstrate that the porous 
RBAO material exhibits the same behaviour and 
the same transition temperature, as the presintered 
Al,03 (Fig. 4). Claussen et ~1.~’ found that the 
thermal shock behaviour of dense RBAO and 
dense Al,03 also followed the same trend. 

Although the strength of the RBAO mate- 
rial, after quenching from above the transition 
temperature, is better than for the conventional 
A1,03, further improvement is necessary. A support 
material with a certain thermo-shock behaviour is 
necessary for high temperature (> 200°C) mem- 
brane applications as envisaged here. 

To coat the substrates with a mesoporous 
y-Alz03 inter1 ayer, a sol was prepared and a gel 
layer was formed during the dip coating of the 
support. The thickness of the gel layer (15,) equals:30 

L, = c/q.dt (2) 

C: a constant combining capillary forces and the 
permeability of the formed gel. 
t: dipping time in seconds. 

After gelation, drying and calcination, meso- 
porous 7-A&O, membranes are formed. A small 

Fig. 5. FESEM micrograph of a top view of a y-Al?O,. 

Table 1. Characteristics of y-A&O, films after sintering for 
30 min at different temperatures 

Sintering specqic Cylindricul Porosity Crystul 
temp. PC) surface ureu mean pore (‘Xl) structure 

l&/g) size (tim) XRD 
~_~ 

200 262 2.9 41.2 y-AlOOH 
300 265 3.1 42% y-AIOOH 
400 293 4.4 54.2 Y 
500 262 4.7 53.0 Y 
600 216 5.4 53.0 Y 
700 192 6.5 53.5 Y 
800 158 7.5 52.4 Y 
900 137 8.0 50.4 
1000 100 9.9 47.7 &I 
1200 6.7 67.8 29.5 a 
1400 2.7 90.2 18.1 a 

amount of polyvinyl alcohol (PVA) is sufficient to 
prevent crack formation during drying.” FESEM 
micrographs of the surface of supported and 
unsupported r-Al203 films (Fig. 5) indicate no big 
differences in pore texture between the two kinds 
of membrane. 

Pore size measurements can thus be done on 
unsupported membranes as was already proposed 
by Leenaars and Burggraaf.14 Changes in mean 
pore size, pore volume, surface area and crystal 
structure as a function of the temperature are 
shown in Table 1. According to these results it is 
clear that the fine pore texture is lost between 900 
and 1200°C due to the y to (Y phase transforma- 
tion.3’ Unsupported y-A&O3 flakes, with and with- 
out La-doping, were heat treated at different 
temperatures and times. Nz-adsorption/desorption 
measurements showed that with La doping the 
fine pore texture could be stabilized to tempera- 
tures of about 1200°C ( Fig. 6). Without La dop- 
ing the fine pore structure was already broken up 
at temperatures of about 1000°C. 

XRD measurements (Table 2) indicate that this 
was caused by a retardation of the y to (Y trans- 
formation due to the formation of La oxides on 



Shaping of multilayer ceramic membranes by dip coating 271 

01. 
600 700 800 900 1000 1100 1200 

temp.( “C) 

Fig. 6. The influence of La additions on the mean pore size of 
the ballot-membrane after heating for 30 mm at different 
temperatures. Direct mixing with sol, with or without addi- 
tion of PVA (La], La2); impregnation of the gel, with or 

without addition of PVA (La3, La4). 

the r-A&O, surface. These La oxides retard sur- 
face diffusion, and therefore sintering, as well as 
hampering the a-AllO nucleation.16 Heating for 
long periods at temperatures up to 1100°C leads 
to the formation of perovskite structures, such 
as LaAI,,O,, and LaAlO,. Alvarez3* explained 
the improved thermal stability of the La-doped 
y-Al,O, materials by the onset of these perovskite- 
like phases. 

From the results of these experiments it was 
possible to select heat treatments either with or 
without La doping in such a way that a r-A&O, 
interlayer can be obtained which is ideally suited 
for an ultimate support for a microporous top layer. 

The pillared clay, or clay, was deposited on a 
y-A&O, membrane (without La) which had been 
thermally treated at 600°C. Figure 7 shows a SEM 
picture of such a three-layer system. 

XRD results of free-standing pillared clay films 
indicated that the montmorillonite indeed was pil- 
lared, as shown in Fig. 8. Pillared clays normally 
have a first-order peak in the region 20 < 10”. 
This (001) reflection corresponds to the basal 
spacing, which is the distance between two succes- 
sive clay platelets. A basal spacing of about 18 A 
gives immediate indication that pillaring has 
occurred, since the layer thickness of a montmo- 
rillonite is 9.5 A and the size of the 

(Al,,04(0H),,(HQ),2)7+ ion is about 9.0 A.” For 
the free-standing films the basal spacing was about 
17.8 A. 

Fig. 7. SEM micrograph, showing a three-layer membrane 
with a pillared clay top layer. 

VI 

u” 

Al-PILC 

~ 

A 

is 
2-Theta - Scale 

Fig. 8. XRD spectrum of montmorillonite (clay) and alu- 
mina-pillared montmorillonite (400°C). 

The results of the N*-adso~tion/desorption 
measurements of an alumina pillared montmoril- 
lonite (=AL-PILC) and a Laponite sample, both 
calcined at 4OO*C, are summarized in Table 3. The 
pore size distributions, calculated with the MP 
method based on the t-plot, are shown in Figs 9 
and 10. 

Table 2. Properties of La-doped y-AllO membranes 

TO?lp. 
i”C,l 

Mean pore 
size jnmj 

after 30 min 

Mean pore 
size (nm,l 
after 50 h 

Crystal 
structure 

after 30 min 

Crystal structure 
after 50 I2 

800 9.9 Y Y+s 
900 11.7 Y+s Y+6 

1000 10.9 13.9 Y+s Y+s 
1100 14.1 186 6+f?+y 6 + e -c a -t y' + * 
1200 17.7 19.8 e-+6+7 B+G+a+y’+* 

*La-Al oxide phases; y’ = shifted y. 
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Table 3. Results of Nz-adsorptionidesorption measurements 
of an Al-PILC and a Laponite sample (T,.,,, = 400°C) 

Materials 

AL-PILC 
Laponite 

S (BET) S (Langmuir) Micropore 

(m’/gl (m’/g) volume (cc/g) 

255 300 0.10 
250 336 0.12 

1.5 

Fig. 9. Micropore distribution of a Laponite sample. 
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Fig. 10. Micropore distribution of an alumina pillared 
montmorillonite. 

The Laponite sample was microporous (type I 
isotherm) with a mean pore diameter between 0.8 
and 1.2 nm. The AL-PILC sample on the contrary 
contained a reasonable amount of mesopores. 
Most micropores had a mean diameter of 0.8 nm. 
This value agrees very well with the interlayer dis- 
tance (=basal spacing-layer thickness) obtained 
from the XRD results. 

Conclusions 

A multilayer membrane for gas separation has 
been developed. It consists of an alternative 
RBAO support, a mesoporous y-A&O, interlayer 
and a pillared clay top layer. The new support 
material, based on a RBAO-process has the 
advantage of being mechanically stronger than the 
commonly used presintered A&O, supports. This 
allows a reduction of the thickness of the support 
layer and it even allows a more intense surface 
treatment (such as polishing and cleaning) to 
reduce the surface roughness. This kind of sub- 

strate was coated with a r-AlzO, mesoporous 
interlayer by a sol-gel process. The pore size distri- 
bution of this interlayer could be tailored by heat 
treatment and La doping. 

As top layer materials, clay and pillared clays 
were used. Although the unsupported materials 
were mainly microporous, gas permeation measure- 
ments will be necessary to analyze the complete 
membrane. 
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