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Abstract

Al,O3 hollow fibre membranes were prepared by a combined phase-inversion and sintering method. An organic binder solution
(dope) containing suspended aluminium oxide (Al,O3) powders, either in mono size or a distributed size, is spun to a hollow fibre
precursor, which is then sintered at elevated temperatures. In spinning the hollow fibre precursor, polyethersulfone (PESf),
N-methyl-2-pyrrolidone (NMP) and polyvinyl pyrrolidone (PVP) were used as a polymer binder, a solvent and an additive,
respectively. The Al,O; hollow fibre membranes prepared were characterized using a scanning electron microscope (SEM) and gas
permeation techniques. Effects of Al,O5 particle size and size distribution, the sintering temperature and Al,Oz/PESf ratio on the
structure and performance of the resulting membranes were studied extensively. The prepared Al,O; hollow fibre membranes
retains its asymmetric structure (mainly resulted from the phase inversion technique) even after the sintering process. Preparation of
the Al,O3 hollow fibre membrane with a high mechanical strength and moderate permeation characteristics is feasible if the Al,O3

powders with a distributed particle size in the spinning (dope) solution is employed.
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1. Introduction

Polymeric hollow fibre membranes are in current use
for a number of process applications, including fil-
tration, desalination, gas separation and in membrane
reactors. Inorganic membranes have been developed for
similar applications, especially where high temperature
operation precludes the use of existing polymeric mem-
branes [1,2]. However, currently produced inorganic
membranes are usually in the form of flat discs, finite
sized tubes with diameters of at least several millimetres
or multi-channel monoliths and consequently have low
surface area/volume ratios ranged from 30 to 250 m?>m—3
[2-4]. These low area/volume ratios compare unfavour-
ably with polymeric hollow fibre modules where area/
volume ratios of several thousand are obtainable; this
limits the application of current inorganic monolithic,
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tubular and disc membranes. This limitation is most
evident in catalytic membrane reactors, where it is
desirable to maximize the area of the membrane module
to increase the permeation rate to remove the product
species from the reaction zone [5].

Currently, a few methods have been employed for
preparing inorganic hollow fibres, including dry spin-
ning a system of inorganic material and binder [6-9],
wet spinning a suitable inorganic material-containing
solution and/or sols [10], depositing fibres from the gas
phase on to a substrate, or pyrolyzing the polymers [11—
13]. Recently, the well-known phase inversion method,
commonly employed for spinning polymeric hollow
fibre membranes, has been successfully modified to pre-
pare the ceramic hollow fibres [14-16]. Because of the
phase inversion characteristics, the prepared inorganic
hollow fibres possess an asymmetric structure, which
provides a better permeability for a given thickness.
Thus, they can be used directly not only in many
separation processes, but also to be served as a porous
support for composite membrane formation [17].
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Our earlier study [14] was focused on the formation
principles and the final resulting membrane structure
analysis was only based on the starting solution contain-
ing 1-pm of aluminium oxide (Al,O3) powders. Because of
complicity of the combined phase-inversion and sintering
process, the relationship between the original arrange-
ment of the primary particles/powder size and structure of
the final resulting membranes remains unclear and need to
be further explored. In this study, the effects of particle
size distribution (by controlling of the addition of different
weight ratio of 1, 0.3, 0.01 um Al,O5 particles) of the
starting (dope) solution and sintering temperatures on
the final resulting membranes and their mechanical
strength have been carefully studied. The optimum con-
ditions for fabricating the asymmetric aluminium oxide
(AlLO3) hollow fibre membranes were identified. It is
hoped that the ceramic hollow fibre membranes would
have their niche in chemical reaction/separation, not
replacing existing membranes, but rather contributing
an added dimension to current capabilities.

2. Experimental
2.1. Materials

Commercially available aluminium oxide powders
with three different particle diameters of 0.01 um
(gamma/alpha, surface area 100 m?/g), 0.3 pm (gamma/
alpha, surface area 15 m?/g) and 1 pm (alpha, surface
area 10 m?/g) [purchased from Alfa AESAR, A Johnson
Matthey company] were used as membrane materials.
PESf [Radel A-300, Ameco Performance, USA], and
N-methyl-2-pyrrolidone (NMP) [Synthesis Grade, Merck]
were used for preparing the starting solution. Poly-
vinylpyrrolidone (PVP, K90) [GAF® ISP Technologies,
Inc. M, =630,000] was used as an additive. Tap water
was used as both the internal and external coagulants.

2.2. Preparation of the alumimium oxide (Al,O3)
hollow fibres

The required quantity of NMP was taken in a 1-1
wide-neck reaction flask and the PESf was slowly added
over a period of 30 min to form the polymer solution.
After the polymer solution was formed, a given amount
of aluminiun oxide (0.01, 0.3 and 1 pm or a mixture of
them) was then added into the polymer solution slowly,
while a Heidolph RZR 2000 stirrer was used at a speed
of ~300 rpm to ensure that all the aluminium oxide
powders is dispersed uniformly in the polymer solution.
PVP as an additive was also introduced into the solu-
tion to modulate its viscosity. Finally, the polymer
solution was degassed at room temperature.

The degassed starting (dope) solution containing the
dispersed aluminum oxide powders was transferred to a

stainless steel reservoir and pressurized to 20-30 psig
using nitrogen. A tube-in-orifice spinneret with orifice
diameter/inner diameter of the tube of 2.0/0.72 (mm)
was used to obtain hollow fibre precursors. The air-gap
was kept at 2 cm for all spinning runs. Finally, the
forming hollow fibre precursor was passed through a
water bath to complete solidification process and thor-
oughly washed in water. The details of the spinning
equipment and procedure on hollow fibre spinning have
been described elsewhere [18].

The formed hollow fibre precursors were first heated
in a CARBOLITE furnace at about 500 °C for 2 h to
remove the organic polymer binder and then were cal-
cined at a high temperature for about 10 h to allow the
fusion and bonding to occur. The calcination tempera-
ture used in this study was between 1300 and 1600 °C.

2.3. Membrane characterizations

2.3.1. Scanning electron microscopy (SEM)

Structures of the prepared hollow fibre membranes
were visually observed using a scanning electron micro-
scope (Jeol JSM-5600). The precursor hollow fibre was
first immersed in liquid nitrogen. After about 10 min,
the frozen membranes were slowly flexed in the liquid
nitrogen until a clear cross-sectional fracture occurred.
For the inorganic hollow fibre (after calcination), the
clear cross-sectional fracture may be obtained by
directly snapping the fibre. These membrane samples
were then positioned on a metal holder and gold coated
using sputter-coating operated under vacuum. The
SEM micrographs of both surface and cross-section
of the hollow fibre membranes were taken at various
magnifications.

2.3.2. Three point bending test

The mechanical strength of the inorganic hollow fiber
membranes was characterised by the values of three
point bending strength. The value measurements were
performed with Instron Model 5544 tensile tester pro-
vided with a load cell for 5 kN. A hollow fiber sample
was fixed on the sample holder, which has 6 cm dis-
tance. The bending strength, o, was calculated from the
following equation

8FLD
T (D4 —dYy’
which can be derived from the principles in references
[19,20]. Here, F is the measured force at which fracture
take place; L, D and d are the length (in this case, 6 cm),
the outside diameter and the inner side diameter,
respectively.

OoF

2.3.3. Gas permeation test
The permeabilities of nitrogen through the sintered
hollow fibers were measured at 1 atm of the gas pressure
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difference in a home-made permeation test cell. Fig. 1 is
the experimental setup for the measurement of gas per-
meability. The operating pressure (1 atm) can be read
from the KN2200 electronic pressure gauge. To make
the permeation module, one end of the hollow fiber was
sealed by the quick-setting epoxy resin, and the other
end of the fiber was left open. The nitrogen gas perme-
ability was calculated from the hollow fiber dimensions,
permeate flow rate and feed pressure by the following
equation:

__ On(D,/Dj)
" nL(Dy — D;)-Ap

where J, Q, D,/D;, L and Ap are the gas permeability of
nitrogen (mol/m?Pas), the total N, permeation rate
(mol/s), the outside/inside diameter of the hollow fiber
(m), the hollow fiber length (m), and the partial pressure
difference across the membrane (Pa), respectively.

3. Results and discussion
3.1. Morphology study of Al,O3 hollow fibres

SEM micrographs of the Al,O; hollow fibre pre-
cursors and their sintered fibres, spun from two different
dopes with one containing PESf 10%, PVP 0.5%, NMP
39.5%, and 1-um Al,O5 50% and the other containing
PESf 10%, PVP 0.5%, NMP 39.5%, and 0.3-um Al,O4
50% (wt%) are shown in Figs. 2 and 3, respectively.
The sintering process was carried out in air at tempera-
ture of 1500 °C. It can be seen from the micrograph of
Fig. 2(AI) that the OD and ID of the fibre precursor
prepared from 1-um particles were measured to be 1287
and 847 pm and were shrunk tol044 and 726 pum
[Fig. 2(BI)], respectively. Similarly, Figs. 3(AI) and
3(BI) depict that the OD and ID of the fibre precursor
and the sintered fibre prepared from 0.3-um particles
were shrunk from 1705 and 1118 pm to 1333 and 911

bubble flow meter
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~ KN2200 /
O~ @
IEZQ) <1 T
N
‘ permeation cell
gas < —
s /
Vent i
epoxy resin quick-setting
epoxy resin

(a) (b)

Fig. 1. The schematic diagram of apparatus for measuring gas per-
meation. (a) flow diagram; (b) permeation module.

um, respectively. Further comparing the fibre dimen-
sions of the precursors and the sintered ones reveals that
the fibres prepared from 0.3-pm particles have a higher
shrinkage during the sintering process. This is probably
due to the fact that for the same weight of Al,O5 adding
into a given volume of the binder solution, the smaller
particle size (0.3 pm) would leave higher voids com-
pared to the larger particle size (1 pm). As the voids are
generally occupied by the polymer binder, which is ulti-
mately removed during the sintering process, the higher
shrinkage of the resulting fibres is, thus, expected for
0.3-um particles.

Cross-sectional structures of the fibre precursor and
the sintered fibre prepared from 1-um particles are
shown in Fig. 2(AIl) and (BII). It can be seen from
Fig. 2(AIl) that near the outer and inner walls of the
fibre precursor, long finger-like structures are present
and that at centre of the hollow fibre precursor,
sponge-like structures are possessed. The appearance
of the fibre structures shown in the figure can be
attributed to the rapid precipitation occurred at both
the inner and outer fibre walls resulting in long fingers
and to the slow precipitation giving the sponge-like
structure at the centre of the fibre. It is interesting to
note that the cross-sectional structure of the fibre pre-
cursor is well maintained after the sintering process as
shown in Fig. 2(BII). Fig. 3(AIl) and (BII) depicts the
cross-sectional structures of the fibre precursor and the
sintered fibre prepared from 0.3-um particles. Com-
pared to the fibres prepared from 1-pm particles, it
clearly shows that after the sintering, the fibre prepared
from 0.3-um particles is much denser, which probably
resulted from the higher shrinkage during the sintering
process. Compared to the traditional flat and tubular
membranes, the developed Al,O; hollow fibre mem-
branes have the advantage of higher surface area/
volume ratios. For example, the sintered hollow
fibre membranes from Figs. 2(B) and 3(B) have the
surface area per membrane volume ratios of 3831 and
3000 m?/m?3, respectively. When these hollow fibre
membranes are assembled in the modules, they are very
compact and have a practical surface/volume ratio of
> 1000 m?/m3.

Fig. 2(AIIl) shows the surface of the hollow fibre
precursor. It can be seen that the surface of the pre-
cursor is similar to the conventional polymeric mem-
branes prepared via the phase inversion technique.
Further comparing the SEM photos, especially for the
surfaces between the precursors [Figs. 2(AIIl) and
3(AIII)] and the sintered fibre [Figs. 2(BIII) and 3(BIII)]
reveals that the pore quantity and pore size may have
changed after the sintering process although the general
structure is maintained. Such structure changes depend
on the particle sizes, composition of the dope solution
and the sintering temperature, which are discussed and
presented in the following section.
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Fig. 2. SEM diagrams of the hollow fibres fabricated from the I-um Al,O; particles: A—before sintering; B—after sintering; (I) Overall view;

(IT) membrane walls; (II) membrane surfaces.

3.2. Physical properties of the Al,O3 hollow fibres

In practice, hollow fibre membranes are assembled as
bundles in the module fabrication where a good mechan-
ical strength of the hollow fibre membranes is usually
required. Currently, ceramic hollow fibre membranes, in
general, show a poor mechanical strength, which restricts
its use in large-scale application. In this study, the
mechanical strength of the Al,O3 hollow fibre membranes
prepared is dependant on several preparation and sinter-
ing conditions such as Al,O3 particle size and its size
distributions, the Al,O3 content in the spinning dope,
and sintering environment (i.e. sintering temperature
and time), etc. In the following, the mechanical strength
of the prepared hollow fibre membranes at different
fabricating and sintering conditions is discussed.

3.2.1. Effect of temperature

Experimental data for this effect is shown in Fig. 4
where the hollow fibre membrane was prepared from
0.3-um particles. It can be seen that an increase of sin-
tering temperature would enhance the mechanical
strength. For example, at temperatures of 1300 and
1550 °C sintered for 10 h, the three-point (3P) values are
20.9 and 80.9 MPa, respectively. When the sintering is
less than 1500 °C, the 3P value is proportional to the
sintering temperature. When the sintering temperature
is greater than 1550 °C, the 3P value increases sharply
as the sintering temperature is further increased. It,
thus, suggests that preparation of the Al,O5 hollow fibre
membranes with high mechanical strength are possible
at the sintering temperature of 1550 °C or higher, as a
slight increase in temperature would dramatically
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Fig. 3. SEM diagrams of the hollow fibres fabricated from the 0.3-pm Al,O; particles: A—before sintering; B—after sintering; (I) overall view;

(IT) membrane walls; (IIT) membrane surfaces.

increase the mechanical strength. Sintering of the hol-
low fibre at the temperature of 1600 °C shows, of
course, the increase in the mechanical strength, however,
gas permeability is decreased considerably as shown in
Fig. 4. Therefore, there is a trade-off between the
mechanical strength and gas permeability. The 3P values
at various sintering temperatures suggest that the sintering
temperature at 1550 °C would give sufficient strength for
the fibre to be fabricated into a module without breaking.

3.2.2. Effect of the Al,O3 content

The hollow fibre precursor formed through the phase
inversion techniques contains the Al,O5; powder and the
PESf binder. During the sintering process, the PESf is
removed and the Al,O; hollow fibre is ultimately

formed. Therefore, the Al,O3 content in the spinning
dopes plays the important roles in determining its
mechanical strength. Fig. 5 illustrates the effect of Al,O3
content on the fibre mechanical strength and its gas
permeability. It can be seen that the 3P value enhances
greatly, as the Al,O3/PESf ratio is increased. Compared
to the sintering temperature, the increase of the Al,O;
powder content in the spinning dope would result in a
much more obvious effect on the fibre mechanical
strength. It, therefore, follows that in order to produce a
Al,O3 hollow fibre membrane with higher mechanical
strength, the higher Al,O3 content in the solution dope
must be maintained. At Al,Oz/PESf ratio of 7 or greater,
reduction in gas permeability is tailed, indicating that the
membrane is transformed to a much denser structure.
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Fig. 4. Effect of sintering temperature on the mechanical strength and gas permeability of hollow fibre membranes prepared from 0.3-um Al,O;
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Fig. 5. Effect of Al,O3 content on the mechanical strength and gas
permeability of the hollow fibre membranes prepared from 1.0-um
Al,Oj3 particles, sintering temperature of 1550 °C.

3.2.3. Effect of particle size and size distribution

Pores in the sintered ceramic hollow fibre membranes
are voids left between packed particles, having neither a
regular shape, nor a regular size. The particle size and
size distribution of the Al,O3; powders in the spinning
dopes plays an important role in determining the mem-
brane wall density and gas permeability. It has been
shown [14] that a higher Al,O; content in the solution
dope would produce a denser membrane with a lower
porosity and smaller pore size. When the Al,O5 content
is too high, it is difficult to form a hollow fibre precursor
using the phase inversion process. The Al,O5;/PESf ratio
of 5 has, therefore, been suggested and employed in this

Table 1
Experimental results
No. Al,O5 powders Sintering Gas permeability mol Bending strength of
1/0.3/0.01(um) temperature (°C) m~—2Pa~!s™! (N, 1 atm) (MPa)
Al 100/0/0 1500 6.50E-5 48.6
BI 50/50/0 1500 3.90E-5 59.3
Cl 0/100/0 1500 4.53E-5 51.3
DI 46.5/46.5/7 1500 2.78E-5 72.8
All 100/0/0 1550 3.75E-5 76.1
BII 50/50/0 1550 3.59E-5 93.56
CII 0/100/0 1550 2.54E-5 80.9
DII 46.5/46.5/7 1550 1.60E-5 107
Alll 100/0/0 1600 1.15E-5 182.41
BIII 50/50/0 1600 0.98E-5 253.08
CIII 0/100/0 1600 0.95E-5 246.16
DIII 46.5/46.5/7 1600 0.22E-5 341.72
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study for preparation of a Al,O3 hollow fibre membrane
with a meaningful mechanical strength and appreciable
permeation characteristics using the dope solutions
containing different sizes of the Al,O; powders. The
experimental result is given in Table 1. It indicates that
the gas permeability decreases and mechanical strength
of the hollow fibre increase as the average particle size
of the Al,O3 powders is decreased. The results given in
Table 1 clearly correspond with the SEM graphs pre-
sented earlier. Further comparison of the experimental
results given in Fig. 5 and Table 1 reveals that blending
the smaller Al,O3 particles in the spinning solution is a
more effective way in producing the Al,O3; hollow fibre
membrane with increased mechanical strength without
considerably losing its permeation characteristics.

4. Conclusions

A organic binder solution (dope) containing suspended
aluminium oxide (Al,O3) powders, either in mono size or
a distributed size, is spun to a hollow fibre precursor,
which is then sintered at elevated temperatures. The
mechanical strength and gas permeability of the resulting
membranes are determined and one of the most important
fabrication parameters, i.e. choice of the starting Al,O;
particle size in the spinning dope, is explored.

The prepared membranes have the asymmetric struc-
ture, i.e. the sponge-like structures coupled with the
finger-like structures located at inner walls of the fibre.
The sintered membranes show the different degrees of
the shrinkage. Compared to the fibres prepared from 1-
um particles, the fibre prepared from 0.3-um particles
shows a much denser structure, which probably resulted
from the higher shrinkage during the sintering process.
Experimental results also revealed that Al,O3 powders
with a distributed particle size could be employed in
producing the Al,O5 hollow fibre membranes with high
mechanical strength and appreciable gas permeation
characteristics.
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