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Abstract-Porous alumina membranes were prepared by anodic oxidation of aluminum in an aqueous solution of
oxalic acid. The thermal and chemical stabilities of porous alumina membranes were investigated by thermal analysis
and corrosion test. Alumina membranes prepared in oxalic electrolyte had fairly good thermal stability, but they
reacted with boiling water to form boehmite, which blocked pores on the surface of the membrane. For acid and
alkali resistance, the membranes were estimated to have chemical stability in aqueous acidic and alkaline solution
at 1<pH<12. On the other hand, pore size and its distribution were not changed at the time of thermal treatment.
Polyerystalline alumina membrane obtained by thermal treatment for 3 h at 900 °C could suppress corrosion re-
action and enhance their resistance in acid and alkaline solution.
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INTRODUCTION

Although polymeric membranes for ultra-filtration or reverse
osmosis are being widely used for simple water treatment, ow-
ing to their low price and good functions in separation and puri-
fication, their thermal and chemical stability are so poor that they
are not proper to use for separation processes at high tempera-
ture. In other words, their pore structures were destroved, losing
their function due to softening phenomena of polymer at high
temperature. However, membranes made of inorganic materials
have good chemical, thermal and mechamcal stability, long hfe-
time, feasibility of cleaning and restruction, and small damage by
microbes. Thus, extensive efforts have been made to establish
marufacturing methods of morgame membranes. Inorganic mem-
branes on the market are usually prepared by slip-casting or sol-
gel method, and have relatively broad pore diameter distnbution.
Tn addition, the pressure gradient through the membrane is large
owing to the tortuous nature of pore structure [Larbot et al.,
1986; Leenaars and Burggraaf, 1985; Wmston Ho and Sirkar,
1991].

On the other hand, it is known that amorphous porous alu-
mina membranes prepared by anodic oxidation have umform
pore diameter and distribution, high pore density, and straight
pore structure. But application of the membranes 1s limited be-
cause they react with water over 80 °C which leads to blockage
of the pores, and they have little resistance to acid and alkali at-
tack [Korean Aluminum Swrface Treatment Cooperation, 1993].
In addition, it is known that dissolution of amorphous porous alu-
mina membranes prepared by anodic oxidation begins at pH=<
5.0 and pH>8.2, and dissolution 1s complete at pH<4.2 and pH>
9.9 with enough time. It is necessary to solve the problems of
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dissolution of the membranes n aqueous acidic and alkalne so-
lutions to improve membrane performance without change of
pore diameter as well as pore structure. It 18 known that amor-
phous anodic oxides crystallize at about 830-840 °C, which cor-
responds to the boehmite series that is formed at lattice and
surface structure [Mardilovich and Rzhevskii et al., 1995; Mar-
dilovich et al., 1995; Hsieh et al., 1988].

Therefore, in this study, porous alumina membranes were pre-
pared by anodic oxidation of 99.8% aluminum plate, and their
thermal and chemical stability were investigated. For these pur-
poses, thermal analysis and corrosion test in boiling water, acid
or alkaline solution were carried out for both amorphous and
polycrystalline membranes. From these experiments, we intend to
present the fundamental data necessary to apply the porous alu-
mina membranes to a separation process or catalytic reaction at
high temperature.

EXPERIMENTAL

The schematic flowchart for preparation of porous alumina
membrane from aluminum plate is presented in Fig. 1. As shown
m Fig. 1, porous alumina membrane was prepared through a
series of pre-treatments (such as thermal oxidation, chemical po-
lishing, and electrochemical polishing), ancdic oxdation, and dis-
solution of aluminum plate and barrier layer successively. And
then the prepared membrane was treated at high temperatures.
Corrosion resistance and acid and alkali resistance of both ther-
mally treated and untreated membranes were observed.

1. Materials

The aluminum plate used in this study has 99.8% purity (size:
30=70=0.6mm). Ultra-pure water (resistance=1.8 M2 - cm) was
prepared (Elga Stat Co.) and used for preparation of aqueous so-
lution or cleaning. Various acids of special grade were supplied
by Ducksan or Junsei.
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Fig. 1. Schematic diagram of experimental procedure.

2. Preparation of Porous Alumina Membrane

Prior to anodic oxidation, sample was washed by ultrapure wa-
ter after it was cleaned by acetone to eliminate the impurities on
the surface. After washing, thermal oxidation was executed for
15 mm at 580 °C to make better formation of pores. Subsequent-
Iy, chemical polishing was carried out in 3.5 vol% aqueous H,PO,
solution containing 45 g Cr0y/I for 10min at 80 "C and then elec-
trochemical polishing was performed in solution of H,PO,-H,30,-
H,O (7:2:1) containing 35 g CrO,4 for 10 min at 40 °C under
2.87 A constant current. The sample was cleaned with ultrapure
water and acetone at the end of every stage of pre-treatment pro-
cedures in order to remove solution from sample. Finally, after
only one side of sample was sealed, anodic oxidation was carried
out on this sample.

Porous alumina membrane was prepared by anodic oxidation
under constant current mode of 30 mA/em? current density and
150 Cfem® cumulative charge density at 20 °C with 10 wit%o ox-
alic electrolyte. Cooling water was circulated through the jacket
of the reactor in order to maintain a constant reaction tempera-
ture. As anodic oxidation was carried out, electrolyte was stirred
constantly to elimmate heat that was generated from the reactor.
The distance between the sample and a titamum counter electrode
was 5 cm. Experimental apparatus used m this enodic oxidation
experiment was the same as designed in previous papers [Lee
etal, 1998].

In order to separate porous alumina membrane from the an-

odized sample, aluminum substrate plate on the back of sample
was etched by bemng contacted with the aqueous solution of 0.1
M CuCl, and 20 wts HC]. Because this process accompanied a
large exothermic reaction, the sample was etched under cooling
air flow.

Since porous alumina membrane prepared by anodic oxidation
consists of double geometric structure: porous layer on the barrier
layer, it is essential to dissolve the barrier layer beneath porous
layer of alumina plate to be used as a membrane. So, the bar-
rier layer of the porous alumma membrane was dissolved m 5
Wwt% aqueous H,PO, solution.

Pore diameter and thickness of alumina membrane prepared
in this study were 55 nm and 66 um, respectively.

3. Thermal and Chemical Resistance of Porous Alumina
Membrane

Porous alumina membrane prepared by anodic oxidation was
tested for thermal and chemical resistance to see whether it could
be used as the membrane for separation or catalytic reaction at
high temperature.

3-1. Heat Treatment

After the porous alumina membrane was prepared in oxalic
electrolyte, the membrane was heat treated for 1-5 h at 500-1,300
'C to mvestigate its thermal stability agamnst warping as well as
the change of pore structure.

3-2. Corrosion Test

The corrosion test of both uncalcined alumina membrane and
the calcined membrane was carried out by putting both mem-
branes mto boiling distilled water for 30 mm.

3-3. Acid and Alkali Resistance Test

To estimate the chemical resistance of both untreated alumina
membrane and alumina membrane thermally treated for 3 h at
900°C, experiments were carried out under the conditions of
Table 1. Pieces of these membranes were put into both 20ml
aqueous acidic and alkaline solution for 180 min and then were
picked out every 30 min to analyze the changes of pore structure
using SEM. Moreover, the above experiments were repeated with
varying the pH of both aquecus HCI and NaOH solution under
the same temperature.

Aqueous acidic solutions of pH<4 [0.01 N HNG,, 0.1 N H,S0O,]
and alkaline solutions of pH=>9% [0.01 N NaOH, 0.1 N NaOH]
were chosen m order to estimate the chemical stability of both
membranes. Tn addition, these experiments were repeatedly car-
ried out with various kinds of strong acid [0.1 N HNO;, 0.1 N

Table 1. Test conditions for resistance to acid and base

Solutions Temp. ["C] Time [min]
Acid 0.1N HC1 20, 30, 40 30-180
0.01 N HC1 20 30-180
0.001 N HCl 20 30-180
0.1 N HNO, 20 30-180
0.1N H,S50, 20 30-180
Base 0.1 N NaCH 20, 30, 40 30-180
0.01 N NaOH 20 30-180
0.001 N NaOH 20 30-180
0.01 Ca(OH), 20 30-180
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H,S0,] and alkali [0.01 N Ca(OH);] solution.
4. Instrumental Analysis
4-1. Thermal Analysis (TG-DTA)

In order to examine dehydration behavior, weight loss and
phase transition of porous alumma membrane, thermal analysis
was performed in raising temperature at a rate of 10 °C/min to
1,300 °C using STD 2960 of TA Instrument [U.S.A.].

4-2. ICP Analysis

The amount of aluminum ions released from porous alumina
membrane mnto both aqueous acidic and alkaline solution at var-
ious reaction temperature was estimated using an Optima 300
DV of Perkin Elmer Co. after the calibration curve was estab-
lished with aluminum standard solution and values within 0.3%
of RSD (relative standard deviation) were selected.

4-3. X-Ray Diffraction Analysis

The crystal structures of porous alumina membranes were
analyzed by using the Geiger flex Model-3A of Rigalu (Japan)
Co., and measurement conditions were the same as Table 2.
4-4. SEM Analysis

The extent of surface damage, layer thickness and pore size of
porous alumina membrane after experiments, such as thermal
treatment and chemical resistance and corrosion test, was exa-
mined using JSM-5800 of JEOL Co. (Japan).

Table 2. Measurement conditions of X-ray analysis

Target Filter Load
Cu M

Start angle End angle Scan speed
30kV,15mA  10° 80"

4 */min
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Fig. 2. TGA-DTA curve of porous alumina membrane prepared
in oxalic acid.

RESULTS AND DISCUSSION

1. Thermal Characteristic of Porous Alumina Membrane
Fig. 2 shows the TG-DTA results for prepared alumina mem-
brane. In the DTA curve, the strong exothermic peak at about
870°C was caused by the transition of amorphous alumma mto
crystal (8, 3-A1,0;), and the endothermic peak at 1,200 *C indi-
cated the transition of ¢t-Al,O;. From TG analysis, on the other
hand, the weight loss of about 3% up to 200°C was caused by
moisture removal and the weight loss at 200-400°C by removal
of amons that existed m porous layers after anodic oxidation. In
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Fig. 3. SEM photographs of porous alumina membrane according to calcined temperature and time.
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Fig. 4. X-ray diffraction patterns of porous alumina membrane
according to calcined temperature.

addition, the weight loss due to phase trensition into crystal was
observed at 870 and 1,200 °C. On the basis of these results, amor-
phous porous alumina membranes were calcined at 500, 850,
900, 1,200, and 1,300 °C, respectively. These heat treatments re-
vealed that warping did not take place at 1,200 °C and below; but
it was found above that temperature. Therefore, it can be said
that amorphous alumina membrane is thermally stable up to
1,200°C.

Fig. 3 shows SEM photographs of porous alumina membranes
heat treated for 1 h at 500°C, for 5h at 850°C and for 3 h at
900 °C, respectively. As shown in Fig. 3, there was no difference
in pore diameter and distribution before and after heat treatment.
So it was found that although amorphous porous alumina mem-
brane was calcined, its pore diameter and distribution did not
change, which leads this membrane to be used for separation at
high temperature without losing its properties. On the other hand,
Fig. 4 shows the results of XRD analysis that ascertained the
crystallinity according to temperature of heat treatment. As shown
in Fig. 4, the membrane calcined for 3 h at 900 °C has polycry-
stallinity of © and 3-AL,O, [Mardilovich et al., 1995]. These re-
sults coincide with the resulis of TG-DTA as shown in Fig. 2.
2. Corrosion Test of Porous Alumina Membrane

A corrosion test of porous alumma membrane was carried out
in boiling water, and SEM photographs of its surface before and
after corrosion test were presented n Fig. 5. Fig. 5(a) shows SEM
photograph of the sample before corrosion test indicating well-
developed pores of alumina membrane. But Fig. 5(b) shows that
pores were blocked owing to the reaction of alumina membrane
with boiling water: This is due to the fact that prepared alumina
membrane undetgoes the corrosion reaction that alumina mem-
brane transtorm s into boehmite as following equation [Korean
Aluminum Surface Treatment Cooperation, 1993].

AL O+H,0—-52A10(0H) at 80 °C and above
(Boehmite)

Therefore, alumina membrane prepared by anodic oxidation is
not proper to be used without any treatment in a high tempera-
ture reactor in which water vapor is generated.

To investigate the effects of heat treatment on corrosion re-

»
[

Fig, 5. SEM photographs of porous alumina membrane (a) he-
fore and (b) after corrosion test [Temp.: 100 ‘C, Reaction
time: 30 min).

action, the membranes which were calcined at 500, 850 and 950
°C, respectively, were reacted with boiling water for 30 min and
SEM photographs of surfaces of membrane were presented in
Fig. 6. As shown in Fig. 6{(a) and (b}, corrosion reaction pro-
ceeded to block pores in the case of alumma membranes heat
treated for 1 h at 500°C and for 5 h at 850 °C, respectively, but
in the case of the membrane that was heated for 3 h at 900 °C,
corrosion was not observed on the surface. This result is due to
the chemical stability induced by the phase transition of amor-
phous alumina membrane into polycrystallne alumina mem-
brane, such as 8 and 3-ALO;, as shown i Fig. 4 of XRD an-
alysis. Thus, the comrosion reaction on the surface of prepared
alumina membrane could be suppressed by thermal treatment
for 3 h at 900 °C and it is thought that such membrane is to be
used n ahigh temperature reactor.
3. Acid and Alkali Resistance Test of Porous Alumina Mem-
brane
3-1. Effect of Reaction Temperature

In order to ascertain stability of amorphous porous alumina
membrane againg acidic solution, a definite amount of porous alu-
minamembrane was put into both 0.1 N HCI and 0.1 N NaOH
solution, which are maintained at 20, 30 and 40 °C, respectively,
and then the results of ICP analysis that measured content of
aluminum ions dissolved in each aqueous solution according to
reaction temperature were shown in Fig. 7. Ag described in Fig.
7, the content of aluminum ions dissolved in both aqueous HCI
and NaDH solution was increased as reaction time become lon-
ger. In addition, as reaction temperature increased, the content of
aluminum ions disslved from porous alumina membrane in each
aqueous solution was increased and rate of dissohition was in-
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Fig, 6. SEM photographs of porous alumina membrane accord-
Ing to caldned temperature md time.
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Fig, 8. Variation of amount of dissodved Alion from porous alu-
mina membrane in various conceniration of (a) HCl so-
lution (b) NaOH solution [Temp.: 20 *C].

creased. These phenomena take place due to ncrease in activi-
ties of both aqueous HC| and NaOH solution with reaction tem-
perature. On the other hand, the content of aluminum ions dis-
solved in aqueous NaOH solution was higher than that dissolved
mn aqueous HCI solution. And it increased linearly until 90 min,
but after 90-120min it remained constant regardless of reaction
temperature. This tendency is due to the dissolution of most porous
alumina membrane in aqueous NaOH solution. Therefore, it can
be thought that although porous alumma membrane prepared in
oxalic elecirolyte was not chemically sta- ble in aqueous alkaline
solution at pH=13, it has some chemical stability against aque-
ous acidic solution at pH=1.

3-2. Effect of Acid & Alkali Concentration

Fig. 8 shows the results of ICP analysis that measured the
content of aluminum ions dissolved in aqueous solution after
amorphous alumina membrane was put into each 0.1, 0.01 and
0.001 N HCI and NaOH solution at 20 °C.

As shown in Fig. 8(a), the content of aluminum ions dis-
solved in aqueous HCI zolution increased linearly with reaction
time and alzo with concentration of aqueous HCI solution. Parti-
cularly, rate of dissolution was higher in 0.1 N aqueous HCI so-
lution. However, only 20 mg per 1 g of porous alumina mem-
brane diszsolved in aqueous HCI solution for 3 h reaction time.
SEM photographs according to reaction time revealed that pore
structure of porous alumina membrane was not affected by dis-
solution. On the other hand, as shown in Fig. 8(b), the content of
aluminum ions dissolved in aqueous NaOH szolution increased
with reaction temperature at all concentrations of aqueous NaOH
solutions and it increased linearly in both 0.01 N and 0.001 N
aqueous NaOH solutions like aqueous acidic solution. And also,
when the amount of aluminum ions dissolved in both 0.01 N
and 0.001 N agqueous NaOH solution was close to that in acque-
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ous HC1 solution. The surface of porous alumina membrane after
dissolution experiment n 0.01 N aqueous NaOH solution was
observed with SEM which revealed that there was no change of
pore structure on this surface. So, it is thought that porous alu-
mina membranes have chemical stability against aqueous NaOH
solution up to pH=12 at 20°C.
3-3. Effect of Kinds of Acid & Alkali

The effects of kinds of acids and alkalis were mvestigated with
0.1 N HNO,, 0.1 N F,SO, and 0.01 N C'a(OH), solutions. Fig. 9
described the content of aluminum ions dissolved from amor-
phous alumina membrane in both 0.1 N acidic and 0.01 N al-
kaline solution at 20 °C as a function of reaction time. As shown
in Fig. 9, the content of aluminum ions dissolved in both aque-
ous acidic and alkaline solution mcreased linearly with reaction
time. However the content of alummum ions dissolved in each
aqueous solution was very small. Actually, when the surface of
this alumina membrane was observed with SEM according to
reaction time, pore structure had not been changed.
3-4. Effect of Heat Treatment

To investizate acid resistance of polycrystalline alumina mem-
brane obtained by thermal treatment for 3 h at 900 °C, the mem-
brane was put into both 0.1 N HCl and 0.01 N NaOH solution,
and the content of aluminum ions in both agqueous acidic and
alkaline zolution was presented in Fig. 10. Experimental method
was the same as described in the previous section. As shown in
Fig. 10(a) and (b), the released amount of aluminum ions from
polyctystalline alumina membrane was about 1.5-4 times as amall
as that from amorphous alumina membrane regardless of aqueous
acidic and alkaline solution, and the rate of dissolution decreased
remarkably. This improvement of chemical stability against acid
and alkali iz due to the phase trangition of the membrane from
amorphous into polycrystalline phase by themmal treatment. On
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Fig. 10. Variation of amount of dissolved Al ion from porous ahi-

mina membrane (a) in 0.1 N HCI solution (b) in 0.01 N
NaOH solution [Temp.: 20°C].

the other hand, as ascertained in Fig. 7, the release of aluminum
ions from alumina membrane thermally treated for 3h at 900°C
was not affected seriously by reaction temperature. In addition,

(a) OLIN HaSOu, 180 min
AT R30I 37 A2 A G, o ‘:—-‘1
7 "-‘L‘;}./‘L_‘f.‘iﬁa' oy 5*3':;:-.3%
- - .. 0: :

(b1 0.01 N NaOH. 180 min

Fig. 11. SEM photographs of calcined porous alumina mem-
brane after acid and alkali-proof test [Temp.: 20°C].
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polycrystalline alumina membrane had more chemical stability
against acid then amorphous alumina membrane at 30 °C and
above. So, it is thought that alumina membrane can be used in
stronger acidic and alkaline condition through thermal treatment.

To ascertamn the extent of corrosion of calemed alumina mem-
brane in both 0.1 N H,30, and 0.001 N NaOH sclution at 20
*C, SEM photographs of its surface obtained from each aqueous
solution were presented in Fig. 11. As shown in the photographs,
pore structure of porous alumina membrane did not change great-
ly even though it passed 3 h reaction time.

Therefore, the porous alumina membrane prepared in this
study has good stability against aqueous acidic as well as al-
kaline solution at pH=12 and below.

CONCLUSIONS

The following conclusions could be obtained by investigating
thermal and chemical stability of porous alumina membrane pre-
pared by anodic oxidation of aluminum plate in oxalic electrolyte.

The membranes were thermally stable since pore diameter of
porous alumina membrane prepared in this study was not changed
in the temperature range from 500 to 1,200 °C and warping did
not take place. The amorphous porous alumina membrane re-
acted with boiling water to form boehmite, causing corrosion and
blocking the pores. On the other hand, polycrystalline alumina
membrane obtamned by thermal treatmemt for 3 h at 900 °C did
not show corrosion. Tn addition, through experiments with porous
alumma membrane prepared by above method usmg various ag-
ueous acidic and alkaline solutions, it was found that the mem-
brane had chemical stability at 1 <pH<12 at 20 °C.

From these conclusions, it 15 thought that porous alumma
membrane can be applied as a catalytic membrane or a gas sep-
aration membrane at high temperature.
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