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A novel precursor for the sol–gel and CVD methods
to prepare alumina permselective membranes
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YOUNG S. CHO
Division of Chemical Engineering, Korea Institute of Science and Technology (KIST),
P. O. Box 131, Cheongryang, Seoul 130-650, Korea

A novel metalorganic compound, Al(OPri)2(etac), was synthesized and used for the
preparation of alumina permselective membranes. Membranes were produced by forming
permselective thin layers on porous alumina support tubes, either by dip-coating of alumina
sol, by the chemical vapour deposition (CVD) technique, or by a combination of the two. In
CVD processing, a commercial precursor, Al(OPri)3 was also studied and compared with our
novel precursor. Characterization of alumina-producing materials was performed by
scanning electron microscopy, X-ray diffraction, transmission electron microscopy, Fourier
transform–infrared spectroscopy, thermogravimetric analysis/differential thermal analysis
and 1H-nuclear magnetic resonance. The gas separation performance of alumina
permselective membranes was measured by permeation experiment using hydrogen and
nitrogen gases. For each membrane, gas permeation rates and H2/N2 selectivity were
determined. There was a significant difference in the mechanism of CVD deposition between
the two compounds. The maximum H2/N2 selectivity among our results was attained by
combining sol dip-coating techniques with CVD of our novel precursor, Al(OPri)2(etac).
 1998 Chapman & Hall
1. Introduction pores has also been reported [5]. Liquid permeation
*Author to whom all correspondence should be addressed.

Membranes to separate mixtures of gas-phase or
liquid-phase in a desired purity have found a number
of important industrial applications. In the past
few years, the development of inorganic mem-
branes, which particularly have the importance of
certain advantages, paved the way for the application
of membrane in high-temperature reactors [1—3].
Compared to polymeric membranes, ceramic
membranes have an extremely high-temperature
capability, which makes them suitable for metal-
melting operations or applications which were re-
quired for steam cleaning. Their chemical resistance
makes them virtually immune to a wide variety of
solvents, acids, alkalines, and detergents. Although
these performance characteristics are highly attractive
to many processing industries, the ceramic membrane
still has minor disadvantages, such as, its relatively
high cost, the difficulty of controlling pore-size distri-
bution, and its relative ease of crack formation. For
these reasons, it has not yet been practical for com-
mercial use.

Recently, a number of papers have been published
concerning the preparation and characterization of
microporous c-alumina membranes [4—10]. The
formation of membranes on the support with pores of
120 nm diameter, has been described [4]. The forma-
tion of membranes on multilayer supports with large
0022—2461 ( 1998 Chapman & Hall
and separation characteristics were measured [6—8],
and, for example, a cut-off value of molecular weight
of 2000 for polyethylene glycol was achieved. More
recently, gas permeation characteristics of pure gases
have been determined [9, 10].

In general, for the manufacture of microporous c-
alumina membranes, the sol—gel and chemical vapour
deposition (CVD) methods have been used. The CVD
method is one of the most widely used techniques for
thin films; owing to its excellent process controllability,
high uniformity, and high throughput, it has a good
reproducibility in the membrane manufacturing pro-
cess [11].

The sol—gel method has several advantages, such as
low reaction temperature, and it is a relatively simple
process. However, there is a limitation in decreasing
the particle size of the sol which determines the pore
size of the membranes. The sol—gel method can be
manufactured in two ways [12]. First, after being
hydrolysed with a precursor, such as metal alkoxide,
particles are dispersed by adding acid in an aqueous
system, resulting in a particulate sol with dense oxide
particles whose sizes are normally greater than 10 nm.
When the precursor was partially hydrolysed with
a small amount of water in non-aqueous solutions,
a polymeric sol was produced which has macro-
molecules of size less than 10nm. Therefore, it seems
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to be more suitable for manufacturing a ceramic

membrane with a small pore size.

The precursor needed in making polymeric sol,
must undergo a chemical modification in order to
control the reaction rate [13, 14]. It is known that the
compound with a chelating ligand is the best com-
pound to control the reaction rate. Therefore, this was
synthesized and used as a precursor.

2. Experimental procedure
2.1. Preparation of precursor and sol
A novel precursor, Al(OPr*)

2
(etac), was synthesized

and studied for use in the sol—gel and CVD methods,
where ‘‘etac’’ stands for ethyl acetoacetate. The
precursor was synthesized by substituting one —OPr*
functionality in commercial Al(OPr*)

3
(Merck

Schuchard Co.) with a chelating ligand (etac), which
constitutes a b-diketonate group. Benzene was used as
solvent for the synthesis reaction. The reaction was
conducted in a 250 ml round-bottom flask under a re-
flux condition (at 80 °C) for 3 h. The solvent was re-
moved after the reaction by distillation at atmospheric
pressure. The product was purified by distillation un-
der vacuum (5 torr at 182 °C; 1 torr"133.322Pa).
Finally, Al(OPr*)

2
(etac) was obtained in a yellow

liquid form. The yield, as measured, was 92%.
Al(OPr*)

2
(etac) was used not only as metalorganic

precursor in the CVD process, but also as precursor of
a polymeric sol for the dip-coating process.

The polymeric sol was prepared through a procedure
found in the literature. Al(OPr*)

2
(etac) (1mol basis)

was dissolved with i-propanol (22.0 mol) in a 250ml
three-neck flask and the solution was heated to 80 °C
with vigorous agitation. Then, nitric acid (0.3mol),
diluted in i-propanol, was added slowly into the reac-
tant solution. The acid content, described above, was
fixed after observing that precipitates were formed
during the reaction when it was either 0.2 or 0.4mol.
Al(OPr*)

2
(etac) was partially hydrolysed to produce

polymeric sol with the addition of small amount of
deionized water (1.0mol). A higher water content
caused premature gelation in sol solutions during the
hydrolysis. The reaction time was 5 h; it was found
that a reaction time longer than 5 h substantially re-
duced the shelf life of the sol solution prior to use,
whereas a shorter reaction time frequently resulted in
a poor dip-coating.

2.2. Membrane preparation by the sol–gel
method

Porous alumina support tubes were purchased from
Dongseo Inc., Seoul, Korea. According to the manu-
facturer’s data, those tubes are made of a-alumina
with a porosity of 34%. The average diameter of pores
was known to be 0.1lm. Tubes were cut into 8 cm
long sections using a diamond cutter. The outside
diameter was 10mm while the thickness was 1.5mm.

The dip-coating of alumina tubes in sol solutions
was performed using the apparatus shown in Fig. 1.
The pressure in the dip-coating chamber was varied
from 100—800kPa using a gas pressure regulator
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Figure 1 Apparatus for dip-coating of alumina support tubes at
various pressures.

Figure 2 Schematic diagram of the hot-wall MOCVD system.

(Matheson). The dip-coating was performed by vary-
ing the dipping time from 10—60min at an optimal
pressure. Dip-coated tubes were dried at room
temperature for 24 h in air, followed by the drying in
a vacuum oven for 24h. Dried tubes were calcined in
a tube furnace under an oxygen atmosphere at the
peak temperature of 600 °C. The heating rate was
1 °C min~1. For some tubes, the effect of multiple
dip-coating was investigated by varying the number of
coatings from one to five. The subsequent dip-coating
was carried out on calcined tubes.

2.3. Membrane preparation by the CVD
method

Two precursors were used in the CVD study:
Al(OPr*)

3
(as-purchased) and Al(OPr*)

2
(etac) (as-syn-

thesized-and-purified). Fig. 2 shows a schematic
diagram of our hot-wall MOCVD system. The vapour
of each precursor was produced using a bubbler. The
feeding rate of precursors was varied by adjusting the
bubbler temperature: 135 °C for Al(OPr*)

3
and 30 °C

for Al(OPr*)
2
(etac). Mixtures of oxygen and nitrogen

in various compositions were used as carrier gas. The
reactor wall temperature was kept constant for each
precursor at 135 and 100 °C, respectively, using an
electrical heating tape. The deposition temperatures



scopy (IR; Nicolet Magna 750), 1H-nuclear magnetic
Figure 3 Apparatus for the gas permeation experiment.

were varied from 340—400 °C for Al(OPr*)
3

and from,
360—460 °C for Al(OPr*)

2
(etac) precursors. The depos-

ition times were 1min for Al(OPr*)
3

and 30min for
Al(OPr*)

2
(etac). Alumina membrane tubes which

underwent CVD were calcined at 600 °C, as described
above.

For some tubes, dip-coating and CVD were com-
bined to fabricate a permselective alumina layer. CVD
followed the calcination of dip-coated alumina tubes.
In this case, dip-coating was performed at 400 kPa for
a single layer for 20 min. CVD was carried out at 360 °C
using Al(OPr*)

3
as precursor. All specimens were

finally calcined at 600 °C, prior to characterization.

2.4. Membrane characterization
Alumina tubes, prepared by either the sol—gel or the
CVD method, were characterized via infrared spectro-
resonance spectrometer (NMR; Varian Gemini300),
field-emission scanning electron microscopy (FE—SEM;
Hitachi S-4200), X-ray diffractometry (XRD; Rigaku
S/MAX-E) with a CuKa source, transmission electron
microscopy (TEM; Philips CM30), and gas per-
meation measurements. Scanning electron micro-
graphs were acquired for surfaces and cross-sections
of permselective alumina layers. Fig. 3 illustrates the
schematic diagram of gas permeation experiment. The
gases used in the permeation experiments were hydro-
gen and nitrogen. Each gas, at *P" 1.0 atm, per-
meated through a permselective alumina membrane
tube prior to the gas flow-rate measurement using
a gas flowmeter (ADM-100).

3. Results and Discussion
3.1. Precursor and sol
Fig. 4 shows the 1H-NMR spectrum of Al(OPr*)

2
(etac). It was confirmed that diketonate substitutes
one i-propoxyl group in Al(OPr*)

3
to give rise to peaks

near 5.2, 4.3, and 1.2 p.p.m. The IR spectrum of as-
synthesized-and-purified Al(OPr*)

2
(etac) is presented

in Fig. 4a. In contrast to that of Al(OPr*)
3
, there are

two peaks near 1450 and 1600 cm~1. Both peaks cor-
respond to the existence of carbonyl groups which
originate from the ‘‘etac’’ ligand.

The reaction for sol formation was confirmed via IR
analysis. The peak for the hydroxyl group at 3400—3500
cm~1, which was detected fairly weakly in the IR
spectrum (Fig. 5a) of precursor Al(OPr*)

2
(etac), be-

came large in that of the sol (Fig. 5b). According to
a light scattering analysis, the average diameter of
polymeric sol molecules was measured as 2—4 nm de-
pending upon the reaction conditions. The typical
average size of particulate alumina sol molecules is
known to be greater than 10nm. Our polymeric sols,
due to their size factor, are believed to give membranes
of a nanostructure more suitable for improved gas-
separation performance.

Fig. 6 presents the TGA/DTA analysis results of
dried sol. The weight abruptly decreases in the
1255
Figure 4 1H-NMR spectrum of Al(OPr*)
2
(etac).



Figure 5 FT—IR spectra of (a) Al(OPr*)
2
(etac) and (b) its sol.

Figure 6 TGA/DTA spectra of dried sol derived from
Al(OPr*)

2
(etac).

120—200 °C region, probably due to the elimination of
hydrated water molecules. At 200—500 °C, the weight
steadily decreases as the temperature rises. In the
550—900 °C region, no appreciable weight change was
observed. The IR spectrum of the sol calcined at
600 °C, does not have any peaks which could be
related to organic or hydroxyl groups. Fig. 7 shows
a typical XRD pattern of alumina sols after a calcina-
tion at 600 °C. The three largest peaks are correlated
to (3 1 1), (4 0 0) and (4 4 0) orientations of c-alumina
crystallites. No peaks for a-alumina phase were
observed. Hence, all membranes prepared by the
sol—gel dip-coating technique were calcined at 600 °C
throughout this study.

Fig. 8 shows (a) a bright-field image and (b) an
electron diffraction pattern of sol particles after
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Figure 7 XRD pattern of alumina sol calcined at 600 °C.

Figure 8 Transmission electron micrographs: (a) bright-field image
and (b) diffraction pattern of the calcined sol.

calcination at 600 °C. Fig. 8a indicates that calcined
alumina particles are composed of extremely tiny crys-
tallites whose grain sizes look much smaller than
50 nm. Fig. 8b shows many diffuse rings around the



completely ceramitized, but not fully crystallized by
Figure 9 Gas permeation results of alumina membranes prepared
by dip-coating at 400 kPa for various dip-coating times. (d) H

2
, (j)

N
2
, (n) ) H

2
/N

2
.

transmitted beam, instead of sharp rings or sharp
diffraction points which correspond to polycrystalline
materials. Therefore, it seems that sols are nearly
the calcination at 600 °C.

3.2. Membranes obtained by the sol—gel
method

When the pressure during dip-coating was 500kPa
and above, the sol solution penetrated through the
porous alumina support tube. Because our intention
was to fabricate a thin permselective layer on the
porous support, all dip-coatings were carried out at
400 kPa throughout this study. In addition, the H

2
/N

2
selectivity of a membrane fabricated at 400 kPa was
slightly greater than that at 100—300 kPa.

Fig. 9 shows gas permeation results of alumina
membranes produced by sol dip-coating at various
dipping times. The results are summarized by plotting
(a) permeation rates of both gases, and (b) H

2
/N

2
selectivity with respect to each variable. The per-
meation rates of both gases slightly increased as the
time was extended. From the viewpoint of selectivity,
20min dipping seems to be the best (\3.35) of all. The
theoretical H

2
/N

2
selectivity for the Knudsen

diffusion regime is calculated as 3.74. Therefore, the
Figure 10 Scanning electron micrographs of surfaces and cross-sections versus dip-coating time: (a) 10 min, (b) 20min, (c) 30 min, and
(d) 60min.
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Figure 11 Gas permeation results of alumina membranes prepared
by dip-coating at 400 kPa at various numbers of dip-coatings. (d)
H

2
, (j) N

2
, (n) ) H

2
/N

2
.

Figure 12 Plot of deposition rate versus deposition temperature.

gas separation by those membranes appears to take
place in the Knudsen diffusion regime. When the pore
sizes of membranes are smaller than 10nm, gas separ-
ation would occur in a molecular sieve mechanism to
give an extremely high H

2
/N

2
selectivity.

Fig. 10 shows scanning electron micrographs of
surfaces (above) and cross-sections (below) of mem-
branes prepared by dip-coating at various dipping
times. Overall, the micrographs look very much alike.
By sol dip-coating and calcination at 600 °C, very tiny
(smaller than 0.05lm) new particles were formed on
large (0.1—0.5lm) host particles of porous alumina
supports. A shorter dipping time seems to have
formed new particles rather deep in the cross-section.
After dipping for 10—20min, the newly-formed par-
ticles are evenly distributed throughout the cross-sec-
tion of the membranes. On the other hand, the forma-
tion of new particles was concentrated surface-wide,
while host particles at some depth in the cross-section
stayed free of tiny particles. The slight difference in the
gas permeation performance seems to be attributed to
this behaviour.

1258
Figure 13 Gas permeation results for membranes prepared by CVD
of Al(Opr*)

3
at various deposition temperatures. (d) H

2
, (j) N

2
, (n) )

H
2
/N

2
.

Gas permeation results with respect to the number
of dip-coatings are summarized in Fig. 11. Considering
both the gas permeation rates and H

2
/N

2
selectivity,

one dip-coating seems to give the best results.

3.3. Membranes obtained by the CVD
method

Fig. 12 illustrates the plot of alumina deposition rate
using Al(OPr*)

3
versus deposition temperature. The

deposition rates were fairly high, measured as greater
than 350 nmmin~1. The rate was also linearly propor-
tional to the deposition temperature. The deposition
rate using Al(OPr*)

2
(etac) versus deposition temper-

ature was not measured easily. Details will be dis-
cussed later.

Fig. 13 summarizes gas permeation results for the
CVD of Al(OPr*)

3
at various deposition temperatures.

As the temperature increased up to 400 °C, the per-
meation rates of both gases increased with an extremely
small slope. Hydrogen permeation rate was just above
30 standard cm3 cm~2kg~1, slightly greater than that
(\35 standard cm3 cm~2kg~1) of membranes pre-
pared by the sol dip-coating technique. The H

2
/N

2
selectivity, on the other hand, reached a maximum
(\3.44) at 360 °C.

Fig. 14 shows scanning electron micrographs of
surfaces and cross-sections of membranes produced
by CVD of Al(OPr*)

3
at 360, 380, and 400 °C. The

deposition of alumina took place on the surface of
supports. Compared to the porous support, deposited
films made a very dense structure with a compact
grain structure on their surfaces in the temperature
range studied here. The grain size appears to become
greater as the deposition temperature increases. Few
cracks were found in the film deposited at 400 °C.
Those cracks might be partly responsible for the poor
gas permeation performance of membranes prepared
by CVD of Al(OPr*)

3
at 400 °C.

Fig. 15 summarizes gas permeation results of alu-
mina membranes produced by CVD of Al(OPr*)

2
(etac)



Figure 14 Scanning electron micrographs of surfaces and cross-sections versus deposition temperature: (a) 360 °C, (b) 380 °C, and
(c) 400 °C.
at various deposition temperatures. Similar to the case
Figure 15 Gas permeation results for membranes prepared by CVD
of Al(OPr*)

2
(etac) at various deposition temperatures. (d) H

2
, (j)

N
2
, (n) ) H

2
/N

2
.

of Al(OPr*)
3
, permeation rates of both gases slightly

increased as the deposition temperature went up. The
maximum H

2
/N

2
selectivity (\3.6) was achieved at

440 °C. A comparison of data for Al(OPr*)
2
(etac) with

those for Al(OPr*)
3

indicated that Al(OPr*)
2
(etac)

gives a better gas permeation performance either
in permeation rate or in H

2
/N

2
selectivity than

Al(OPr*)
3
.

Fig. 16 shows scanning electron micrographs of
surfaces (above) and cross-sections (below) of alumina
membranes prepared by CVD of Al(OPr*)

2
(etac) at

360, 400, and 440 °C. Their micrographs are quite
different from those for Al(OPr*)

3
. In contrast to those

of Al(OPr*)
3
, no layer deposited on the porous support

was found in cross-sections, irrespective of the
deposition temperature. Particles of porous alumina
supports were agglomerated by the newly-formed
phases to make a semi-continuous morphology. The
degree of agglomeration tends to decrease as the de-
position temperature was raised. Therefore, there
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Figure 16 Scanning electron micrographs of surfaces and cross-sections versus deposition temperature: (a) 360 °C, (b) 400 °C, and (c) 440 °C.
should be a substantial difference in the CVD mecha- gas permeation performance is concerned, however,

nism between those two compounds.

When Al(OPr*)
3

was used as a precursor, the
alumina layer seems to be formed mostly by a homo-
geneous deposition mechanism. Precursor molecules
were not able to diffuse into pores of supports before
they were thermally decomposed. This behaviour
would be partly related to the high feeding rate of
precursor molecules to the CVD reactor. It might be
also attributed to a rather low activation energy for
the thermal decomposition reaction of Al(OPr*)

3
. On

the other hand, Al(OPr*)
3
(etac) molecules have

a strong tendency to diffuse into pores of alumina
supports where the decomposition reaction mostly
takes place. In a manner, the deposition behaviour of
CVD using Al(OPr*)

2
(etac) is fairly similar to that of

the sol dip-coating technique. Experiments to obtain
a further detailed explanation are under way.

From the viewpoint of membrane surface morpho-
logy, as well as deposition rate, Al(OPr*)

3
looks su-

perior as a CVD precursor to Al(OPr*)
2
(etac). Where
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the opposite is true. Another advantage of
Al(OPr*)

2
(etac), which cannot be overemphasized, is

that it is liquid at room temperature. Liquid precursors
are heavily favoured in CVD processing, mainly be-
cause of the ease and uniformity of source feeding.

3.4. Membranes obtained by combined
techniques

Fig. 17 summarizes gas permeation results of
membranes fabricated with two techniques combined
at various dipping times. Al(OPr*)

3
was used as CVD

precursor for this data set. Permeation rates of both
gases decreased significantly as dipping time was
increased. Nevertheless, when the dipping time was
longer than 30min, the membrane surfaces became
rough with many particles on them. The H

2
/N

2
selec-

tivity reached a maximum (\3.63) at 20min. A similar
trend was observed when Al(OPr*)

2
(etac) was used as

CVD precursor instead.



Figure 17 Gas permeation results for membranes prepared by com-
bined techniques at various dip-coating times. (d) H

2
, (j) N

2
, (n) )

H
2
/N

2
.

Fig. 18 shows scanning electron micrographs of
surfaces and a cross-section of membranes prepared at
various dipping times. The membrane fabricated
based on 10min dipping had the least defects on the
surface, which would be partly responsible for the
highest H

2
/N

2
selectivity of all. Scanning electron

micrographs of membranes prepared by CVD of
Al(OPr*)

2
(etac) on dip-coated alumina supports were

very similar to those for CVD alone. Hence, their
presentation is omitted.

Fig. 19 summarizes gas permeation results of all mem-
branes fabricated in this study. The highest H

2
/N

2
selec-

tivity was attained (\3.7) when the sol dip-coating tech-
nique and the CVD technique using Al(OPr*)

2
(etac) were

combined. On the other hand, the maximum gas per-
meation rate was achieved when CVD of Al(OPr*)

2
(etac)

was employed alone. Nevertheless, a theoretical H
2
/N

2
selectivity (3.74) for the Knudsen diffusion mechanism
was neither reached nor surpassed in either case.

4. Conclusion
A novel alumina precursor was synthesized using
a chelating ligand, ‘‘etac’’. The sol formation reaction
using Al(OPr*)

2
(etac) was greatly reduced for an easy

rate control. Polymeric sols derived from
261
Figure 18 Scanning electron micrographs of surfaces at: (a) 10 min, (b) 15min, (c) 20 min, and of a cross section at (d) 20min.

1

Figure 19 Summarized gas permeation results.

Al(OPr*)
2
(etac) were found to produce molecules

whose size was measured as 2—4nm. Optimal process-
ing conditions for the sol dip-coating method were
determined: a single coating for 20min at 400 kPa.
The CVD deposition behaviours of Al(OPr*)

3
and

Al(OPr*)
2
(etac), our novel precursor, were substan-

tially different. The former resulted in alumina
deposition on the porous support, while the latter
caused alumina deposition in the pores of the sup-
ports. By combining the sol—gel and the CVD tech-
niques, alumina permselective membranes with im-
proved separation performance were produced.

The highest H
2
/N

2
selectivity (\3.7) was achieved

when a sol dip-coating technique was followed by
CVD using Al(OPr*)

2
(etac). The selectivity was very

close to the theoretical one (3.74) predicted by the
Knudsen diffusion mechanism. Nevertheless, the
selectivity should be substantially improved for
a commercial application for a membrane reactor at
elevated temperatures.
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