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Preparation and Characterization of High-Temperature
Thermally Stable Alumina Composite Membrane
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A crack- and pinhole-free composite membrane consisting of
an a-alumina support and a modified y-alumina top layer
which is thermally stable up to 1100°C was prepared by the
sol-gel method. The supported thermally stable top layer
was made by dipcoating the support with a boehmite sol
doped with lanthanum nitrate. The temperature effects on
the microstructure of the (supported and unsupported)
La-doped top layers were compared with those of a common
y-alumina membrane (without doping with lanthanum),
using the gas permeability and nitrogen adsorption
porosimetry data. After sintering at 1100°C for 30 h, the av-
erage pore diameter of the La-doped alumina top layer was
17 nm, compared to 109 nm for the common alumina top
layer. Addition of poly(vinyl alcohol) to the colloid boehmite
precursor solution prevented formation of defects in the y-
alumina top layer. After sintering at temperatures higher
than 900°C, the common alumina top layer with addition of
poly(vinyl alcohol) exhibits a bimodal pore distribution. The
La-doped alumina top layer (also with addition of poly(vinyl
alcohol)) retains a monopore distribution after sintering at
1200°C. [Key words: alumina, membrane, sol-gel, thermal
properties, high temperature.]

I. Introduction

ERAMIC membranes are technically important in separa-

tion and filtration as well as in catalytic reactions, be-
cause of some unique characteristics in comparison with
polymeric membranes. They have high thermal and chemical
stability, long life and good defouling properties in applica-
tion, and they can have catalytic properties. The potential
application of the ceramic membranes at elevated tempera-
tures requires the study and even further improvement of the
ceramic membrane thermal stability. Of the various methods
used for inorganic membrane preparation, the sol-gel ap-
proach'™ is considered to be the most practical one for ce-
ramic membrane synthesis because of its ability to make
microscale thin membrane top layers of nanoscale pore di-
ameter with narrow pore-size distribution. For the ceramic
membrane top layers prepared by the sol-gel approach, the
smallest possible pore size is determined by the primary par-
ticle size in the sol (colloid suspension).* This smallest pore
size is formed by drying and calcining the gel at a relatively
low temperature. In most cases the pore size of a membrane
top layer increases with the firing temperature. The pore
growth with temperature has been confirmed in top layers of
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v-Al,03, TiO,, and ZrQ,.>** Consequently, it is difficult to
keep the pore diameter of a ceramic membrane top layer
smaller than 50 nm at firing temperatures higher than 1000°C.

In the limited studies related to the thermal stability of
ceramic membranes, Burggraaf and Keizer and their co-
workers>*%" determined the pore size of some ceramic mem-
brane top layers for different sintering temperatures. They
reported that the pore size of the y-alumina top layers in-
creases significantly at temperatures between 900° and
1000°C. Without indicating the sintering time, a set of data of
pore size vs sintering temperature (500° to 1000°C) for a y-
alumina top layer has been reported by Cot and his co-
workers in several publications.*®® These published papers,
however, have mainly dealt with synthesis of the ceramic
membranes and their characterization rather than with their
thermal stability. In a study on the calcination and the ther-
mal stability of alumina ceramic membrane, Van Veen et al."
recently investigated the pore structure (surface area, pore
size, and pore volume) of the sol-gel-prepared y-Al,0; mem-
brane top layers as a function of calcination or sintering tem-
perature in a relatively low temperature range (425° to
600°C). The increase in the pore diameter of the studied
membrane top layers was less than 1 nm after 800 h calcina-
tion or sintering in the temperature range mentioned.

As part of the program for preparing high-temperature
thermally stable ceramic membranes to be used as substrates
for CVD membrane modification," Lin et al.”* recently stud-
ied in a more systematic way the thermal stability of the
sol-gel-prepared alumina membrane top layers and the im-
provement of the microstructural thermal stability of these
membrane top layers. The thermal stability of four different
kinds of unsupported alumina membrane top layers was stud-
ied in a rather large temperature range (450° to 1200°C). It
was found in that study" that the average pore size of the
pure alumina membranes and the poly(vinyl alcohol) (PVA)
doped membranes increases sharply after sintering at tempera-
tures higher than 1000°C. Addition of 3% La (cation percent-
age), either by mixing lanthanum nitrate in the alumina sol or
impregnating lanthanum nitrate into calcined alumina gel fol-
lowed by a second heat treatment, can considerably stabilize
the pore structure of the alumina membrane top layers. The
pore diameter for the La-doped membranes is stabilized
around 25 nm after sintering at 1200°C for 30 h, about one-
sixth of that for the pure alumina membranes sintered under
the same conditions. The substantial increase in the pore size
for the pure alumina membranes at sintering temperatures of
1000° to 1200°C is accompanied by the phase transformation
from y-alumina via transition alumina to e-alumina. No
composite membranes with the thermal-stability-improved
top layer were reported in that paper.

The main objective of the present paper is to report the
preparation and characterization of crack- and pinhole-free
composite alumina membranes with improved thermally
stable alumina top layers. Emphasis is given to the compari-
son of the temperature dependency of the pore structure be-
tween a common alumina membrane and the membrane with
improved thermal stability.
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II. Experimental Procedure

(1) Membrane Preparation and Sintering Experiments

The pure boehmite sol (1M boehmite) was prepared by
adding alumina secondary butoxide* to water and peptizing
the solution with nitric acid (HNO;(motl)/alkoxide(mol) =
0.07) in the procedure described by Leenaars ef al.® A small
amount of lanthanum nitrate solution (0.3M, pH 1) was mixed
with the pure boehmite sol io form the La-doped boehmite
sol {(molar ratio of La(NQO;); to y-AIOCH is 0.03). The La-
doped sol was shaken thoroughly to give a homogeneous mix-
ture. A solution of PVAT (mol wt = 72000) was prepared by
adding 3.5 g of PVA to 100 mL of 0.05M HNOs; solution. The
PVA solution was then mixed with the pure boehmite solu-
tion and the La-doped bochmite solution (ratio of the volume
of PVA solution to that of boehmite solution is 2:3) to form a
PVA-doped boechmite sol and a PVA + La-doped boehmite
sol, which were used to make the common alumina top layer
and the alumina top layer with improved thermal stability,
respectively. Unsupported membrane top layers were pre-
pared by drying the two final sols in petri dishes at room
temperatute as described by Lin ef al.

The a-alumina support disks (disk size 40 mm X 2 mm)
had a porosity of 0.5 and an average pore diameter of 0.2 pm.
Before being dipcoated with a sol, the support disks were pol-
ished with sandpaper, followed by cleaning in an ultrasonic
acetone bath. Afterwards the supported disks were fired at
1150°C for more than 30 h to ensure a good thermal stability
of the support pore structure. This pretreatment of the sup-
port disks was important for the accurate measurement of the
permeability for a supported top layer.

The common membrane composite (referred here as mem-
brane A) and the membrane composite with improved ther-
mal stability (membrane B) were prepared by dipcoating the
support disks with the PVA-doped boehmite sol and the
La + PVA-doped boehmite sol, respectively. During prepara-
tion, one side of a porous support disk was brought into con-
tact with a proper sol for a short time (3 to 5 s). A capillary
pressure was created which forced the dispersion medium to
flow into the dry part of the support. A gel layer was formed
at the entrance of the support because of the concentration of
the sol particles during the dipping process. The supported
gel was dried at 40°C in air with a controlled humidity, fol-
lowed by an extended period of careful calcination at 450°C.

A La-impregnated alumina membrane (membrane C) was
also prepared by the wet-impregnation method to investigate
the feasibility of making the thermally stable membrane by
the more conventional doping method. This was done by im-
mersing a calcined alumina membrane composite (membrane
A) into 10 mL of the 0.3M lanthanum nitrate solution. The
membrane disk with the nitrate solution was dried in air at
room temperature, followed with a second period of calcina-
tion at 450°C. Although the moles of La(NO,); in the nitrate
solution used for each impregnation was roughly the same as
the moles of Al,O; in a supported top layer, most of the lan-
thanum nitrate in each impregnation was believed to be im-
pregnated on the support, because the support volume was
about 500 times larger than the top layer in the membrane
composite. In this preliminary study, no effort was made to
impregnate a controlled amount of La on the top layer.
. To study the thermal stability of the membrane top layers,

supported and unsupported top layers (membrane com-
posites) after calcining at 450°C were fired at different
temperatures (900° to 1200°C) for about 30 h in temperature-
calibrated furnaces. In all sintering experiments, the furnaces
were heated up at a rate of 90°C/h to reach a given sintering
temperature and cooled down at the same rate to room tem-
perature after sintering at a high temperature.

*Janssen Chimica, Beerse, Belgium.
*Fluka Chemika, Buchs, Switzerland.
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(2) Characterization

The extent of visible cracking of the supported top layers
was examined by a microscope, and each top layer without
visible cracks was further tested by a gas permeation tech-
nique.” In the gas permeation measurements, helium perme-
ability was measured at different average pressures for a
support (before dipcoating) and for a support/top layer com-
posite based on the same support respectively at room tem-
perature, using a homemade permeation apparatus. The
permeability through the supported top layers was then calcu-
lated from the permeabilities of the support and the support/
top-layer composite by the following method.

For a homogeneous porous disk and pure nonadsorbable
gas, the gas permeability F can be correlated to the average
pressure across the disk (P,,) by

F/L = a + BP, )

where the permeability is defined as F = QL/S(P, — P) with
Q being the volumetrical gas flow rate, L the disk thickness,
§ the permeation area of the disk, and P, and P, the pressure
at high-pressure side and low-pressure side of the disk. The
permeability coefficients « and B are attributed to Knudsen
and viscous flows, respectively, as

a = 1.06(1/L) (¢/r)r(RTM)™? )
B = 0.125(1/L) (¢/r)r* juRT %)

where ¢ and 7 are the porosity and tortuosity factor, respec-
tively; r is the average pore radius; T is the temperature; M
and p are the molecular weight and viscosity of the permeat-
ing gas, respectively; and R is the gas constant. The coeffi-
cients « and B for a support can be found from the
experimentally measured permeability—average pressure data
for the support.

For measuring the permeability through a supported top
layer, a helium flow at a given flow rate Q was passed, from
the top layer side, through the support/top-layer composite
membrane. After the equilibrium was reached, a high pres-
sure in the top-layer side (upstream side, P) and a low pres-
sure in the support side (downstream side, P,) were measured
by pressure meters. The pressure at the interface of the top
layer and support in the composite membrane (P;} at this
flow rate was then calculated by the following equation
derived from the series model:*

P = [(a’s/Bs)2 + 2Pl(as/Bs) + P12 + ZQ/asS]U2
- as/Bs 4

where permeation coefficients a, and B, were calculated from
the permeability data of the support only. Thus, a permeabil-
ity value for the supported top layer at the average pressure of
P., = (P, + Pn)/2 was obtained using the defining equation

(F/L) (top layer) = Q/S(P, — Pn) G)

After the permeability data for a supported top layer at dif-
ferent average pressures were obtained, the crack-free sup-
ported top layer was examined by the pressure independency
of the helium permeability through the supported top layer.

The pore size distribution, average pore size, pore volume,
and surface area (BET) for the unsupported top layers were
determined by a nitrogen adsorption and desorption porosime-
ter* (for samples with a pore diameter smaller than 20 nm) and
a mercury porosimeter® (for samples with a pore diameter
larger than 20 nm). The nitrogen desorption isotherms were
used to calculate the pore size distribution and the average
pore size. The pore size data for the supported top layers were
obtained from the gas permeation data (the coefficients «, see
Eq. (2)).

*Asap 2400, Micromeritics, Norcross, GA.
SSeries 200, Carlo Erba, Rodana, Italy.
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III. Results and Discussion

As found in the previous study,’* the addition of PVA to a
boehmite sol reduces the thermal stability of the alumina
membranes at high temperatures. So the first attempt was to
prepare PVA-free supported La-doped alumina top layers.
The supported La-doped top layers were seriously cracked
(visible with the microscope) without addition of PVA. Fur-
thermore, the extent of the cracking increased with the aging
time (time lag between the moment of mixing lanthanum
nitrate into boehmite sol and the moment of dipcoating)
and boehmite concentration. This is probably due to the
thixotropic properties of the La-doped boehmite sol of which
the viscosity varies with aging time and boehmite concentra-
tion. Consequently, PVA was also added to the La-doped
boehmite sol as a surface additive to reduce the stress in the
top layer and at the interface between the top layer and sup-
port during the drying process. Supported La-doped top lay-
ers made by dipcoating the PVA + La-doped boehmite sol
(with half-hour aging time and 0.5M boehmite concentration)
or by impregnating lanthanum nitrate into a supported alu-
mina top layers (prepared from the PVA-doped boehmite sol)
were crack free as observed with the microscope. Figure 1 is a
SEM photo showing a cross section of a composite membrane
with a La-doped top layer. The thickness of the supported
top layer estimated from the SEM photo is about 5 pum.

The supported top layers were further examined by helium
permeability data at different average pressures. Three sets of
permeability data were measured for one composite mem-
brane: the first one for the support before dipcoating with sol,
the second one for the support/top-layer membrane after cal-
cination at 450°C but before further sintering at a higher tem-
perature, and the third one for the same support/top-layer
membrane but after sintering at a higher temperature (1000°
or 1100°C) for 30 h. The permeability data at different average
pressures were then calculated from the sets of permeability
data for the supported top layer before or after sintering at a
higher temperature. To give an example, Figs. 2 and 3 show
the permeability data for one composite membrane with a
La-doped alumina top layer before (Fig. 2) and after (Fig. 3)
sintering at 1100°C for 30 h. The permeability data at differ-
ent average pressures can be well fitted with Eq. (1). Both sets
of permeability data for the supported top layer before and
after sintering are independent of the average pressure (i.c.,
coefficient B = 0), indicating no viscous flow in the sup-
ported top layer. So the supported top layer is shown to be
crack free and pinhole free. The permeability for such a
crack-free top layer is contributed solely by the Knudsen

.
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Fig. 1. SEM photo of the composite membrane with La-doped
alumina top layer (membrane B with 3% La).
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Fig. 2. Gas permeability for a composite membrane before sinter-
ing at a higher temperature.

flow, i.e., F/L = «a. It should be pointed out that without fur-
ther pretreatment the pore size of the alumina support disks
prepared using the supplier-suggested preparation procedure
increased by about 14% after firing at 1100°C for 30 h. This
instability of the support would certainly affect seriously the
accuracy of the calculation of the permeability for the sup-
ported top layer after sintering at 1100°C (or even make the
calculation impossible). The careful further pretreatment of
the support disks as mentioned in the previous section sub-
stantially stabilized the support and minimized the further
pore growth, after sintering at temperatures lower than
1150°C for 30 h, to a negligible level.

The values of the permeability coefficient « for the sup-
ported top layers of the three types of membranes (A, B, and
C) are given in Table I (note that the coefficient 8 = 0). The
three samples for sintering at 1000°C were prepared with a
longer contacting time (about 5 s) during dipcoating, which
gives a thicker top layer, while a shorter contacting time
(about 3 s) was used for the three samples for sintering at
1100°C. The difference in the values of coefficient a between
these two groups of samples before sintering is certainly due
to the difference in the top-layer thickness. In the same
group of samples, the coefficient « (before sintering) for the
membrane type B (prepared from PVA + La-doped boeh-
mite sol) is smaller than that for membranes A and C (pre-
pared from the PVA-doped sol). As the pore structure for
these three types of membrane top layers before sintering is
similar (see further discussion below), the smaller value of
coefficient o for membrane B indicates a thicker top layer
formed from the PVA + La-doped sol. This results from the
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Fig. 3. Gas permeability for the same composite membrane as
shown in Fig. 2 after sintering at 1100°C for 30 h.
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Table 1. Experimental Values of the Permeability Coefficient a and the Ratio R for the Supported Top
Layers Measured with He at Room Temperature

Sintering at 1000°C

Sintering at 1100°C

(x107° mo|7(s -m’- Pa))

(x107°8 mol7(s -m*- Pa))

Membrane type Before After Ratio R* Before After Ratio R*
A (with PVA) 4.16 17.7 4.3 (4.3) 6.82 >300 >40 (>35)
B (PVA + doped La) 2.44 5.28 22 3.1 5.39 24.7 4.6 (5.8)
C (PVA + impr. La) 5.16 15.8 31 7.26 35.7 39

*Data in parentheses are calculated from pore size data for the unsupported top layers measured by N; adsorption porosimetry.

higher viscosity for the La-doped sol. A further discussion on
a values is given below.

The pore size distribution, average pore size, BET surface
area, and pore volume of the unsupported PVA + La-doped
top layers and PVA-doped top layers at different sintering
temperatures (for 30 h) were measured by the porosimetry
method (Table II). A comparison of the pore size growth as a
function of sintering temperature with constant sintering time
(30 h) between the PVA + La-doped top layer and the PVA-
doped top layer is given in Fig. 4, which shows an increase in
the thermal stability for the La-doped top layer by about
100°C. The pore diameter of the La-doped top layer is about
17 nm after sintering at 1100°C for 30 h, while the pore di-
ameter for the non-La-doped top layer is about 7 times larger
than that of the La-doped top layer.

Another important improvement in the thermal stability
for the La-doped top layer is in the pore size distribution.
Figure 5 shows the pore size distributions for the PVA + La-
doped top layer and PVA-doped top layer after sintering at
1000°C for 30 h. As evidenced in Fig. 5 (see the solid curve),
the pore size distribution for the non-La-doped top layer ex-
hibits a larger average pore size as well as a bimodal pore size
distribution. This bimodal pore size distribution for the non-
La-doped top layer becomes more significant after sintering
at the higher temperatures. Figure 6 shows the average pore
diameters for the two groups of pores for the non-La-doped
top layer as a function of sintering temperature (30-h sinter-
ing time). The average pore diameter of the group of
the larger pores increases more extensively than that of the
smaller pores. Furthermore, the volume percentage of the
larger pores increases from 0% after sintering at 900° for 30 h
to 4%, 38%, and 45% after sintering at 1000°, 1100°, 1200°C,
respectively, for 30 h. The growth of the larger pores is
mainly responsible for the average pore size increase of the
non-La-doped top layer at the high sintering temperatures.
The mechanism for such a bimodal distribution and the
growth of the two groups of pores of different size for the
non-La-doped top layer is not quite clear and requires further
study. Nevertheless, it is important to note that such a bi-
modal distribution was not found for the PVA + La-doped
top layer even after sintering at 1200°C for 30 h.

The pore volume changes with sintering temperature (30-h
sintering time) for both the PVA + La-doped and PVA-
doped top layers are less significant, as seen in Fig. 7. This
indicates a small change in the porosity after sintering at dif-
ferent temperatures. For example, the porosity calculated

from the pore volume data for the La-doped top layer varies
from 0.51 after calcination at 450°C to 0.41 after sintering at
1200°C for 30 h. The BET surface area for both top layers
decreased approximately linearly with sintering temperature.
Similar findings were reported and discussed in more detail
in the previous study for other sol-gel-prepared alumina top
layers." This kind of BET surface area-sintering temperature
relation was also found in other studies for alumina catalyst
supports.'>

As reported above, the effects of sintering temperature on
the porosity of the top layers are much smalier than the ef-
fects on the pore size, and consequently the thickness for a
supported top layer should be essentially the same before and
after sintering at a higher temperature. So the ratio R of the
pore size for a supported top layer after sintering at a higher
temperature to that of the same supported top layer before
sintering can be approximately calculated from the perme-
ability coefficient a by the following relation (with reference
to Eq. (2)):

r(after sintering)  a(after sintering)

" r(before sintering) - a(before sintering)

Values of R for the supported top layers measured by the gas
permeability method and for the unsupported top layers of
the same type measured by the porosimetry method (using
nitrogen desorption isotherms) are also listed in Table I. If
one considers that some variation on the porosity and tortu-
osity due to sintering may affect the permeability data, the
values of R measured by the permeability method are in
remarkably good agreement with those measured by the
porosimetry method. This indicates that the two methods
may be equivalent for the characterization of such fine pore
membrane top layers. The values of R for membranes B and C
are smaller than those for membrane A, and after sintering at
1100°C this difference becomes more significant. These data
further show the improvement on the thermal stability for the
La-doped alumina membranes (B and C).

Comparing the values of R for the two La-doped mem-
branes (B and C) prepared by the two different doping meth-
ods, the wet-impregnation method (membrane C) gives larger
values of R than the method of doping La into the boehmite
sol (direct doping method), as seen in Table I for the sup-
ported top layers. This may be due to the fact that the La
content in the supported top layer prepared by the wet-
impregnation method is possibly smaller than that achieved

Table II. Average Pore Diameter, BET Surface Area, and Pore Volume of
Unsupported Top Layers After Sintering at Different Temperatures for 30 h

Doped with PVA

Doped with PVA + La

Firin SeET 153 Seer 123
temp (°C) d (nm) (m*/g) (cm’/g) d (nm) (m*/e) {cm’/g)
450 31 349 0.30 3.0 324 0.28
900 7.8 45.5 0.25 71 107 0.25
1000 12.6 437 0.17 4.2 79 0.23
1100 109 6.5 0.17* 17.2 30 0.18
1200 132 1.0 0.17* 106 8.0 0.19*

*Measured by mercury porosimetry.
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Fig. 4. Comparison of effects of sintering temperature (for 30 h)
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by the direct doping method (see the Experimental Procedure
section). It was found in the previous study'? that for the un-
supported alumina top layers the values of R are the same for
these two doping methods because of the same La content in
the unsupported top layers prepared by these two methods.
These results seem to suggest that the direct doping method is
superior to the wet-impregnation method for preparing the
thermally stable membrane composite.
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IV. Conclusions

(1) A composite alumina membrane consisting of a top
layer with improved thermal stability was prepared by the
sol—gel method using a La-doped boehmite sol. The addition
of PVA and proper control of the aging time and boehmite
concentration are essential to the formation of a crack-free
supported top layer of this improved membrane. After sinter-
ing at 1100°C for 30 h, the pore diameter of the La-doped top
layer is smaller than 20 nm. In contrast, the pore diameter of
the common alumina top layer (without doping with La) is
about 110 nm.

(2) The alumina membrane top layer prepared from
boehmite sol with PVA (mol wt = 72 000) as the additive (the
common alumina membrane) exhibits bimodal pore distribu-
tion after sintering at temperatures higher than 900°C. The
La-doped top layer (also with PVA) however retains the
monopore distribution after sintering at temperatures up to
1200°C.

(3) The pore size data for the supported top layers meas-
ured by the gas permeability method and the unsupported top
layers of the same type measured by the porosimetry method
were found to agree well with each other.
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