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Abstract

Permporometry as well as nitrogen adsorption-desorption techniques have been applied to study the
pore size distribution in y-alumina membranes with a pore radius ranging from about 2 nm to 10 nm.
The permporometry technique measures the active pores only, while nitrogen adsorption-desorption
measures the active as well as the passive pores. The pore size distribution in the porous ceramic mem-
brane supported with an a-alumina substrate (supported membrane) was determined by using perm-
porometry, while the membrane without a supporting substrate (unsupported membrane) was charac-
terized by nitrogen adsorption-desorption. The experimental results of permporometry and nitrogen
adsorption-desorption indicate that the size distribution of the active pores in the supported membranes
is similar to that of the active and passive pores in the unsupported membranes. The a-alumina sup-
porting substrate seems to have no detectable influence on the size distribution of the active pores of the
ceramic membranes studied.

Key words: permporometry; pore size distribution; mesopores; porous ceramic membrane; nitrogen
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Introduction

The evaluation of pore size and size distri-
bution of the active pores in mesoporous media
is important for the preparation of membranes
and understanding of gas permeability/diffu-
sion mechanisms in mesoporous media. There
are a number of routine methods for measuring
pore sizes and their distribution in porous me-
dia, such as gas adsorption—desorption, mer-
cury porosimetry and thermoporometry. These
methods are capable of providing information
on the average pore size, pore size distribution,
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porosity and specific surface area. However,
they are not able to discriminate between the
“active” and “passive” pores. The active pores
are those effective for gas diffusion, while the
passive pores are dead-end ones and do not
contribute to gas diffusion through the porous
media. For many applications, such as gas sep-
aration, only the active pores in porous media
are important and a narrow size distribution of
the active pores is essential. The gas permea-
bility [1,2] and the liquid-liquid displacement
techniques [3,4] are methods for measuring the
active pore size in porous media. However the
gas permeability method is only able to mea-
sure the average size of the active pores. It is
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not possible to tell whether there are a large
number of small pores and a small number of
large pores (a broad size distribution) or all po-
res are of similar sizes (a narrow size distribu-
tion). The liquid-liquid displacement method
measures the size distribution of the active po-
res in porous media, but it is difficult to use for
the characterization of small pores.
Permporometry is the only method known so
far [5-12] suitable for the determination of the

size distribution of the active pores with di-

ameters ranging from about 1.5 nm to 0.1 um
in porous media, particularly those with an
asymmetric (and/or composite) structure.
Permporometry, a relatively new technique, is
based on the controlled blocking of the pores
by capillary condensation and simultaneous
measurement of the gas diffusional flux through
the remaining open pores.

The present paper reports a modified perm-
porometry set-up and a method for calculation
of the size distribution of active pores in porous
ceramics. The pore size distribution in porous
ceramic membranes is determined by using
permporometry and nitrogen adsorption—de-
sorption. The ceramic membranes character-
ized by permporometry consist of two layers: a
selective top layer and a supporting layer, and
are referred to as supported membranes. The
top layer in this study is a y-alumina membrane
and the supporting layer is a porous a-alumina
substrate with much larger pores. The y-alu-
mina membrane without a supporting layer is
also prepared (referred to as an unsupported
membrane) and analyzed by means of nitrogen
adsorption—desorption. The pore size (distri-
bution) in supported and unsupported ceramic
membranes determined by using respectively
permporometry and nitrogen adsorption-de-
sorption methods are compared and discussed.

Capillary condensation

The occurrence of capillary condensation is
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essential for both permporometry and nitrogen
adsorption-desorption techniques. Hence the
theory of capillary condensation is briefly sum-
marized here for a better understanding of the
following experiments and discussion.

When a vapour of a condensable gas is
brought in contact with porous media, several
mechanisms of adsorption occur successively on
the inner surface of the pores as the relative
pressure increases from zero to unity. With in-
creasing relative vapour pressure, first a mono-
molecular layer is formed on the inner surface
of the pores. As the relative vapour pressure in-
creases further, a multi-molecular layer starts
to form. Such an adsorption layer of a vapour
phase on the inner surface of the pores is called
“t-layer” [13,14]. It is evident that an increase
in the relative vapour pressure will increase the
thickness of the t-layer. Note that the t-layer
forms also on a flat surface of non-porous ma-
terial. When the relative vapour pressure rises
further, capillary condensation will occur on the
inner surface of the pores in accordance with
the Kelvin equation [13,14]:

ny,vcos@
4% RT

where P, is the relative vapour pressure of the
condensable gas, n is a process parameter, y, is
the gas-solid interfacial tension (J/m?), v is the
molar volume of the condensable gas (m3/mol),
6 is the contact angle (°) and r, the Kelvin ra-
dius (m), which is in fact the curvature of the
gas-liquid interface, R is the gas constant (J/
mol-K) and T the temperature (K). As the rel-
ative vapour pressure increases further, more
pores with larger Kelvin radii will be plugged.
When the relative vapour pressure reaches un-
ity, all pores will be plugged. The desorption
process will occur just in the opposite way as
the relative vapour pressure reduces from unity
to zero. As the relative vapour pressure de-
creases, the liquid in large pores is removed
(evaporated) first and consequently those po-

InP, = — (1)
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res are opened. When the relative vapour pres-
sure reduces further, smaller pores are also
opened due to the evaporation of the liquid from
those pores in accordance with the Kelvin
equation. As the relative vapour pressure re-
duces to zero all pores are opened. It is noted
that the process parameter, n, in the Kelvin
equation (eqn. 1) is 1 for an adsorption pro-
cess, while its value is equal to 2 for a desorp-
tion process [13,14].

For a cylindrical pore model, the relation be-
tween the real pore radius (r,) and the Kelvin
radius (ry) is as follows [15]:

rp=rk+t (2)

where t is the thickness of the “t-layer” formed
on the inner surface of the pores. For a slit-
shaped pore model, the relation between the real
pore width (d,) and the Kelvin radius (r,) is
given by [15]:

d,=r,+2t (3)

Experimental
Preparation of ceramic membranes

The ceramic membrane used for the perm-
porometry study was a La-doped y-alumina
membrane supported with a porous c-alumina
substrate (thickness about 2 mm). The details
of the preparation procedures were presented
elsewhere [16]. The a-alumina substrate was
made from a-alumina powder (Philips) by
powder sintering and had an average pore di-
ameter of about 0.16 #m and a porosity of about
43% determined by using the mercury porosi-
metry method (Carlo-Erba, Series 200). The
La-doped y-alumina membrane was prepared
by using the sol-gel technique and dip-coated
(2 times) onto the a-alumina substrate. The
dip-coated membrane was then dried in a con-
trolled moisture environment and calcined at
450°C for 3 hr. After the second dip-coating and
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calcination, the membrane was heat-treated at
1100°C in air for 30 hr (referred to as type A
membrane). With similar procedures, another
specimen was made but this time, the mem-
brane was heat-treated at 1000°C in air for 30
hr (referred as type B membrane). The thick-
ness of the La-doped y-alumina membrane (for
both type A and type B membranes) is about 5
jm according to SEM observation. Moreover,
for comparison with literature data [10,11], a
y-alumina membrane (supported with «-alu-
mina but without La-dopant ), the same type as
used in Refs. [10,11], was prepared using the
sol-gel technique and subjected to permporo-
metry study. This y-alumina (referred as type
C membrane) was only calcined at 450°C for 3
hr and no further heat-treatment was applied.

For the nitrogen adsorption-desorption
analysis, unsupported La-doped y-alumina
membranes were also prepared from the same
sol (colloidal solution ) with the respective heat-
treatment for the supported type A and type B
membranes. The details of the preparation of
the unsupported La-doped y-alumina mem-
branes were presented elsewhere [17].

Permporometry

A schematic diagram of the experimental set-
up of permporometry is given in Fig. 1. This
homemade apparatus consists of four parts. The
first part is the gas flow system, including the
condensable vapour generators, spiral coolers,
mass flow controllers, a differential pressure
transducer and gas mixers. The second part is
the diffusion cell, where the capillary conden-
sation inside pores and the gas diffusion
through the remaining open pores take place.
The third part is the gas chromatograph and a
data recorder. The fourth part is the tempera-
ture-controlling system, including the water
bath etc.

A mixture of cyclohexane vapour, acting as a
condensable gas, and nitrogen gas was flushed
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Fig. 1. A schematic diagram of the permporometry set-up.

at the membrane side of the specimen. The
other side (supporting layer) of the specimen
was flushed with a mixture of cyclohexane va-
pour, nitrogen and oxygen gases. In theory, the
orientation in which the samples are placed in
the diffusion cell should not influence the ex-
perimental results. The total pressure inside the
diffusion cell was about 1 bar and the total gas
flux along each side of the specimen was about
50 ml/min. The condensable gas can be any va-
pour, provided that it has a reasonable vapour
pressure, a high evaporation rate and is inert to
the specimens to be characterized. Besides, the
condensable gas should also have a good wett-
ability and consist of small, spheric molecules.
CCl, should be an ideal candidate [9] but is
also a very poisonous gas, and thus is not used
in our experiments. According to literature
[10,11] cyclohexane is a good candidate and
hence was chosen for our experiments. Nitro-
gen was used as a carrier gas for the condensa-

cell

membrane

ble gas while oxygen gas was added for the de-
termination of the gas diffusion through the
membranes; the oxygen content was measured
by using the gas chromatograph. From the
permporometry set-up one can see that the ox-
ygen partial pressure (Po,, on the high oxygen
partial pressure side) varies with 1-P,, P,
being the relative vapour pressure of cyclo-
hexane. The gas diffusion through the pores of
porous ceramic membranes in the present study
is in the region of Knudsen diffusion (see Ap-
pendix). Since there is no overall pressure gra-
dient across the membranes, the oxygen gas
transport through the substrates is due to the
oxygen gas concentration gradient (or the ox-
ygen differential partial pressure) across the
specimens. Thus the oxygen gas transported
through the substrates is assumed to be pro-
portional to the oxygen differential partial
pressure across the substrates in the pressure
range measured (from 0 to 1 atm). The oxygen
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diffusional flux through the specimens was cor-
rected for the driving force (the oxygen differ-
ential partial pressure), which hereafter is re-
ferred to as oxygen permeability. Note that the
oxygen permeability presented in this paper is
in fact the oxygen permeability through the
specimens consisting of both the top-layer
membrane and the supporting layer. The
permporometry experiments reported in the
present paper were all conducted using the de-
sorption process. This is because a shorter time
- is needed to get an equilibrium condition ac-
cording to our experience. The equilibrium time
was about 20-40 inin for desorption measure-
ments and much longer for adsorption ones.
The temperature of the diffusion cell was kept
at 15°C.

At the start of the measurements both sides
of the membrane in the diffusion cell were
flushed with the (mixed) gases saturated with
cyclohexane vapour. All pores in the mem-
brane were then filled with liquid cyclohexane
due to the capillary condensation and no gas
diffusion through the membrane was possible.
When the vapour pressure was subsequently
reduced, pores with Kelvin radii larger than a
corresponding size (determined by the Kelvin
equation) were opened and available for gas
diffusion. By stepwise decreasing the vapour
pressure, the oxygen diffusion flow through the
membrane was measured, from which the size
distribution of the active pores was calculated
graphically (for details see later in the Results
section) by using the following equation (see
Appendix):

371 |MRTdF
f(")=—§§ /—STE; (4)

where f(r) is the size distribution of the active
pores (1/m3, the number of active pores with
radius from r to r+dr per unit volume) and F
is the oxygen permeability (mol/m2-sec-Pa).
The details of the derivation of this equation
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and the definition of the other symbols are given
in the Appendix. Note that the calculation of
the size distribution of the active pores was per-
formed using a cylindrical pore model. This will
be discussed later in the discussion section.

The pore size distribution obtained by using
permporometry is in fact the size distribution
of the Kelvin radii of the active pores. As dis-
cussed previously the real pore radius is the
Kelvin radius plus the thickness of the t-layer
for a cylindrical pore model, r.+t, (eqn. 2),
while for a slit-shaped pore model the real pore
width is equal to r 4+ 2¢ (eqn. 3). The thickness
of the t-layer could be determined by separate
adsorption experiments using homogeneous
non-porous reference surfaces. However, it
would be very difficult to prepare reference sur-
faces from the same material having the same
surface chemical properties, and the measure-
ment is very laborious. In the present study we
used the method proposed by Cuperus et al.
[10,11] to estimate the thickness of the t-layer
directly from permporometry data. The proce-
dure is outlined in the Results section.

Nitrogen adsorption-desorption

The nitrogen adsorption-desorption tech-
nique was also used for determining the pore
size distribution of unsupported La-doped y-al-
umina membranes. The measurement experi-
ments were conducted using a Micromeritics
ASAP 2400 (at liquid nitrogen temperature, 77
K). Since we have used the desorption process
in the permporometry experiment, we also use
the nitrogen desorption isotherm to calculate
the pore size distribution and the average pore
size (using a cylindrical pore model for the type
A and B membranes and a slit-shaped pore
model for the type C membrane, to be discussed
later).

Results

Figure 2 shows the cumulative oxygen
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permeability as a function of the relative va-
pour pressure of cyclohexane for the type A La-
doped alumina membrane (supported mem-
brane). The cumulative oxygen permeability
curve can be divided into three parts. When the
relative vapour pressure is above 0.8, all pores
are plugged by liquid cyclohexane, and there is
no substantial oxygen diffusion through the
membrane. As the relative vapour pressure de-
creases from 0.8 to 0.7 (the relative oxygen par-
tial pressure at the oxygen feed side is about
0.2-0.3), the cumulative oxygen permeability
increases drastically. This increase of oxygen
permeability is evidently due to the desorption
of cyclohexane from the pores, so that the pores
are open for oxygen gas diffusion through the
membrane. A further decrease in the relative
vapour pressure of cyclohexane results only in
a slight increase of oxygen permeability. Here
all pores are open, nevertheless there is a very
small slope. This is due to the change of the
thickness of t-layer on the inner surface of the
pores. The thickness of the t-layer decreases
with the relative vapour pressure, and conse-
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quently the effective pore size for gas diffusion
increases, and thus the oxygen permeability in-
creases slightly. The permporometry measure-
ments have been repeated and identical exper-
imental results were obtained by using either
the same specimen or another specimen from
the same batch. It is clear that the permporo-
metry measurements show a very good repro-
ducibility and that the porous ceramic mem-
branes (from the same batch) used in the
present study have a consistent pore size
distribution.

The relations between the cumulative oxy-
gen permeability and the relative vapour pres-
sure of cyclohexane in Fig. 2 can be converted
to relations between the cumulative oxygen
permeability and the Kelvin radii as shown in
Fig. 3, in accordance with the Kelvin equation
(eqn. A-2, details see in Appendix). In Fig. 3
the cumulative oxygen permeability is plotted
as a function of the Kelvin radius and from this
curve the size distribution of the Kelvin radii
of active pores in the type A membrane was cal-
culated using eqn. (4). The size distribution of
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Fig. 2. Oxygen permeability as a function of the relative vapour pressure of cyclohexane, during desorption process.
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Fig. 3. Oxygen permeability as a function of Kelvin radius and the pore size distribution (PSD) for the type A supported

membrane determined by permporometry.

the Kelvin radii of the active pores is also pre-
sented in Fig. 3. For calculating the pore size
distribution, the interval of Kelvin radii, dr, was
chosen to be 0.5 nm and accordingly the inter-
val of cumulative oxygen permeability, dF, was
taken graphically from the curve. The tortuos-
ity (7, the square of the ratio of the real pore
length to the thickness of the specimen) in the
La-doped y-alumina membrane is assumed to
be 3 [18] and the diffusion resistance of the
supporting a-alumina substrate is assumed to
be 70% of the total flow resistance according to
the literature [19]. These assumptions are also
applied in the following calculations unless
otherwise specified. The assumptions will af-
fect the data of f(r) in eqn. (4) (number of po-
res ), but the size distribution of active pores in
the membranes will not be changed and con-
sequently the average pore size of the active po-
res in the membranes will be the same. The
number averaged pore size is calculated from
the pore size distribution using the following
equation:

T"f(r)dr
Fe=t—— (5)
!f(r)dr

Figure 3 clearly shows a sharp pore size distri-
bution with an average Kelvin radius (r,) of 9
nm. The long tail of the cumulative oxygen
permeability at r,> 10 nm in Fig. 3 (or P,>0.8
in Fig. 2) is probably an indication of a small
amount of large (larger than 10 nm) pores also
existing in the specimen.

The thickness of the t-layer is then esti-
mated directly from the average Kelvin radius
obtained above and the oxygen diffusion data
by using the method proposed by Cuperus et al.
[10,11]. As discussed above (see Fig. 2), when
the relative vapour pressure is reduced to 0.7,
all pores (in the type A supported membrane)
are open for oxygen diffusion. Under such a
condition, the effective pore radius for oxygen
diffusion is the Kelvin radius. Thus according
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to eqn. (4) the oxygen permeability F,; mea-
sured is proportional to the cube of the average
Kelvin radius, r,. When the relative vapour
pressure is subsequently reduced to zero, there
is no t-layer present on the inner surface of the
pores and so the oxygen permeability F;, mea-
sured is proportional to the third power of the
(real) average pore radius r, (=r,+t), assum-
ing a cylindrical pore model. Combining the ox-
ygen permeability at P,=0 and 0.7, we have the
following relation:

For:__ Fo
ri T (n+t)?

Hence the thickness of the t-layer (at P,=0.7)
can be calculated and is found to be approxi-
mately 0.5 nm, which agrees well with that re-
ported by Cuperus et al. [10,11]. This thick-
ness is used as the average value for all pores,
ignoring the change of the thickness of the t-
layer as the relative vapour pressure of cyclo-
hexane varies from 0.7 to 0.8. Taking the t-layer
thickness of 0.5 nm into account (using eqn.
2), the average pore radius (r,) of the active
pores in the type A supported La-doped y-alu-
mina membrane is 9.5 nm.

The La-doped y-alumina membrane without
a-alumina support (the type A unsupported
membrane) but prepared with the same heat-
treatment as for the type A supported mem-
brane was analyzed by means of the nitrogen
adsorption—desorption technique. Its pore size
distribution is presented in Fig. 4, which is ob-
tained from the nitrogen desorption isotherm.
The average pore size obtained is about 10 nm
in radius (including the thickness of t-layer),
which agrees well with that (9.5 nm) obtained
from the permporometry measurement. How-
ever, it is seen that the pore size distribution in
the supported membrane determined by perm-
porometry, is sharper than that in the unsup-
ported one, determined by nitrogen adsorp-
tion—desorption. One should realize that the
pore size (distribution) measured by using the

(6)
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nitrogen adsorption-desorption technique is
the size (distribution) of the active as well as
passive pores. On the other hand, permporo-
metry measures only the active pores.

Permporometry study was also performed on
the type B supported membrane. Figure 5 shows
the cumulative oxygen permeability as a func-
tion of the Kelvin radius, and the size distri-
bution of the Kelvin radii of active pores for the
type B supported membrane. The average Kel-
vin radius calculated from this size distribution
curve is about 4.8 nm. The thickness of the t-
layer is estimated to be about 0.5 nm. Thus the
average active pore size in the type B supported
membrane is approximately 5.3 nm in radius
using a cylindrical pore model. Furthermore the
nitrogen adsorption-desorption analysis was
also conducted on the La-doped y-alumina
membrane (the type B unsupported mem-
brane) without the a-alumina supporting layer
but otherwise prepared in the same way as the
type B membranes. The pore size distribution
is shown in Figure 6 and the average pore size
is calculated to be about 5.5 nm in radius, very
close to that (5.3 nm) of the active pores ob-
tained from the permporometry measurement.
It is seen that the mean pore size (of active and
passive pores) in the type B (supported and
unsupported) membranes is much smaller than
in type A membranes as expected from their
different heat-treatments. For both type A and
B membranes, the pore size in unsupported
membranes, determined by using nitrogen ad-
sorption-desorption, is somewhat larger than
in supported ones determined by
permporometry.

Figure 7 gives the cumulative oxygen perme-
ability as a function of the Kelvin radii and the
size distribution of the Kelvin radii of active
pores in the type C membrane. The average
Kelvin radius is about 2.2 nm, which is larger
than 1.5 nm, the average Kelvin radius in y-
alumina membranes reported in literature
[10,11]. According to literature [20] a slit-
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Fig. 4. The pore size distribution (PSD) in the type A unsupported membrane, determined by the nitrogen adsorption-

desorption technique.
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Fig. 5. Oxygen permeability as a function of Kelvin radius and the pore size distribution (PSD) for the type B supported

membrane determined by permporometry.

shaped pore model should be used for this
membrane, the average width of active pores is
then calculated to be approximately 3.2 nm us-
ing eqn. (3). This result agrees well with the
data (d,=3 nm) obtained using nitrogen ad-

sorption-desorption method [20,21].

Also the bulk porosity of the three (type A,
B and C) different unsupported y-alumina
membranes were measured by means of nitro-
gen adsorption—desorption and were found to .
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Fig. 7. Oxygen permeability as a function of Kelvin radius and the pore size distribution (PSD) for the type C supported
membrane determined by permporometry.

be the same, i.e. approximately 50%. Obviously pore volume is eliminated from the membranes
during the further heat-treatment, small pores and the porosity remains the same.
in the membranes merge into large ones, but no
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Discussion

Both permporometry and nitrogen adsorp-
tion-desorption techniques are based on cap-
illary condensation inside the pores of porous
media. Thus they are capable of determining
the pore size distribution in porous media with
pore radii ranging from about 1.5 nm to 0.1 um.
However there is also an essential difference
between these two methods. In permporometry
experiments capillary condensation is applied
for controlled blocking of the pores and simul-
taneously the gas permeability through the re-
maining pores is measured. The pore size (dis-
tribution) is then calculated from the gas
diffusion data. Thus only those pores effective
(active pores) for gas diffusion are taken into
account. The dead-end pores, which have no
contribution to the gas diffusion, are not mea-
sured. Furthermore in permporometry studies
only the radius of the narrowest part of each
pore is measured, if a pore has no uniform size
along the longitudinal direction. It is obvious
that the gas diffusion through a pore is possible
only when the pore is open from one side to the
other. In permporometry experiments, a pore
with a uniform size is opened at once when the
relative vapour pressure of cyclohexane is re-
duced below a certain level in accordance with
the Kelvin equation, and is thus available for
gas diffusion. However for a pore having no
uniform size along its longitudinal direction, the
part with large size (radius) will be opened first
as the relative vapour pressure decreases in a
desorption process, but the pore will not be
available for gas diffusion until the relative va-
pour pressure reduces to such a level that the
smallest part of the pore is also opened. The
same principle holds if an adsorption process is
used, in which the narrowest part of a pore is
filled first. Therefore the pore size (distribu-
tion) obtained by using permporometry is al-
ways the narrowest part of each pore in porous
media. In the nitrogen adsorption—-desorption
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study the capillary condensation of nitrogen
inside the (active as well as passive) pores is
measured and the data are directly used for the
calculation of the pore size distribution. Both
methods measure the smallest (interconnect-
ing) pathways of the active pores in porous ma-
terials (desorption branch is used). Obviously
the smallest effective pathways (i.e. the active
pore size) have the same dimension for active
as well as passive pores in the membranes
studies.

In the present study the calculation of the
pore size distribution of both supported and
unsupported La-doped y-alumina membranes
was performed using a cylindrical pore model
(eqn. 4, details see in Appendix). It is clear that
only when porous media have ideal cylindrical
pores with very well determined tortuosity and
flow resistance in the supporting layer, the pore
size distribution f(r) can be treated quantita-
tively. However, in practice, in porous media
irregular pore geometry, such as conical, slit-
shaped and mixed shaped, is quite common.
Besides, the tortuosity and the flow resistance
in the supporting layer are very difficult to
measure precisely. Therefore the pore size dis-
tribution, namely f(r), in porous media deter-
mined by using permporometry is an effective
distribution of the smallest pathways and
should be treated only semi-quantitatively.

According to literature [20,21], y-alumina
membranes, prepared by using the sol-gel tech-
nique and calcined at 450-600°C in air for 3 hr,
have plate-like particles and thus the pores
(both active and passive) are considered to be
slit-shaped. However, both supported and un-
supported La-doped py-alumina membranes
used (both type A and B) in the present study,
have been subjected to a further heat-treat-
ment at 1000 or 1100°C in air for 30 hr. After
such a heat-treatment the pores in the mem-
branes have grown from about 2-3 nm in di-
ameter to about 10-20 nm. The membranes
after such a heat-treatment have a nitrogen ad-
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sorption—-desorption isothermal as shown in
Fig. 8, which is a typical isothermal for porous
materials having cylindrical or cylinder-like
(including conical, ink-bottle, etc.) pores
[22,23].

From Figs. 3, 5 and 7 it can be seen that the
average pore size in the membranes studied in-
creases with the heat-treatment temperatures,
while the number of pores, f(r), decreases ac-
cordingly. Furthermore, the oxygen permeabil-
ities through the (three types of) membranes
studied were found to be very close to each other
at P,=0 (i.e. no capillary condensation occurs
and all pores are open). This result implies that
during the heat-treatment, small pores merge
to form large pores, which results in an increase
of pore size and a decrease of the number of
pores. However the heat-treatment has no ev-
ident influence on the oxygen permeability
through the membranes. More detailed study
on the evolution of the membrane microstruc-
ture during the heat-treatment is beyond the
scope of this paper. It can also be seen that the
size distribution of active pores in supported
membranes becomes broader when a higher

temperature is used for the heat-treatment. In
the type C membrane (no further heat-treat-
ment) the broadness of the pore size distribu-
tion is less than 1.5 nm, and it is about 3 nm for
the type B membrane (heat-treated at 1000°C
for 30 hr), and 4 nm for the type A membrane
(at 1100°C for 30 hr). The reason for this is
not yet clear.

Conclusions

This paper reports a modified permporome-
try set-up and a method for calculation of the
size distribution of active pores in porous me-
dia. The present work shows clearly that perm-
porometry is a unique technique for determin-
ing the pore size and size distribution of active
pores in mesoporous media, especially for those
with an asymmetric structure (supported
membranes) and pore radius ranging from
about 1.5 nm to 0.1 um.

Experimental results from both permporo-
metry and nitrogen adsorption—desorption
studies indicate that the La-doped y-alumina
membranes heat-treated at 1000-1100°C for 30
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hr have an average pore radius of about 5.5 to
10 nm, and have a cylindrical pore shape. y-Al-
umina membranes [without La-dopant and
heat-treated at a relatively low temperature
(450°C) ] have slit-shaped pores with an av-
erage pore width of about 3.2 nm.
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List of symbols

P, relative vapour pressure of cyclohexane
-)

P,, oxygen partial pressure (-)

/] contact angle (°)

y,  interfacial tension (J/m?)

v molar volume (m?/mol)

r.  Kelvin radius describing the curvature

of the liquid—gas interface (m)

pore radius (m)

pore radius for cylindrical pores (m)

pore width for slit-shaped pores (m)

thickness of the (top-layer) porous

membranes (m)

gas permeability (mol/m?-sec-Pa)

molar mass of the gas (kg/mol)

tortuosity (-)

thickness of t-layer (m)

pore size distribution (1/m3)

surface porosity (-)

the average molecular velocity (m/sec)

the number of pores per unit surface

area (1/m?)
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n the process parameter in adsorption-de-
sorption (-)
gas constant (J/mol-K)
temperature (K)

,7 greek letters to describe the alumina
phases
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Appendix

The permporometry measurements were
performed under the conditions described pre-
viously in the section “Experimental”. The
overall pressure on both sides of the specimens
is about 1 bar and no overall pressure gradient
is present. The driving force for the oxygen
transport through the specimen is the concen-
tration gradient of the gases supplied on both
sides of the specimens. The average pore di-
ameter of the specimens in question is about 20
nm or smaller. Thus the oxygen gas diffusion
through the specimens is assumed to be Knud-
sen diffusion [24]. The Knudsen permeability
F (mol/m?-sec-Pa) through porous media is
given by:

Qo

_ 2nv
" 31tRTI )

F r3f(r)dr (A-1)

where r is the pore radius (m), 7 is the tortuos-
ity, a correction for a deviation from the model
pore shape, [ the thickness of the porous sample
(m), v the average molecular velocity of the
permeating gas (m/sec), R and T have the
common meaning, f(r) is the pore size distri-
bution [the number of pores with radius from
r to r+dr per unit volume (inm~—3)].

At the permporometry measurement tem-
perature (15°C), the gas—solid interfacial ten-
sion (of cyclohexane and alumina), 7,, is
2.352X 102 J/m?; the molar volume of cyclo-
hexane [25], », is 1.079%X10~* m®/mol, the
contact angle, 6, is assumed to be zero and thus
cos 6=1, and the process parameter, n, is 2 since
the desorption process is used [13,14]. Substi-
tuting the above data into the Kelvin equation
{eqn. 1), the relation between the relative va-
pour pressure (P.) and the Kelvin radius
(X107 m) is constructed as follows:

2328
=T P,

(A-2)
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During the permporometry measurement,
when the relative vapour pressure of cyclohex-
ane is reduced from unity to P,, all pores with
Kelvin radius equal to or smaller than p, are
blocked by capillary condensation according to
eqn. (A-2). Thus only those pores with Kelvin
radii larger than p, are open for oxygen gas dif-
fusion. The subsequent oxygen permeability
(F;) measured is in fact the cumulative value
of oxygen permeability, which diffused through
pores with Kelvin radii larger than p, in the
specimen. From eqn. (A-1), the permeability
through pores with radii larger than p can be
calculated according to:

[o 2]

2nv

Fo)=3rm
P

r¥f(r)dr (A-3)

The permeability through all pores with radii
between p and p+dp is:

F(p+dp)—F(p)=

3rRTl[.[ rf(rydr— j 3f(’)d’]

p+op
p+dp

2nv 3
~sm | T

(A-4)

p

As Jdp approaches 0, we have the following
relation:

235
}313) [F(p+dp)—F(p)]=
9 p+dp
R v
P
That is:
2nv
3tRTlp3f( p)dp (A-6)
or.
dF 2nv
FP i 3zRTz"’3f(”) (A-7)

Under the experimental conditions used, the
diffusing gas (oxygen) is assumed to be an ideal
gas. Thus the average molecular velocity of the
gas is given by:

8RT

U= ‘W (A-S)

where M is the molecular weight of the gas (kg/
mol). Substituting eqn. (A-8) into eqn. (A-7)
and rearranging it, we have:

3t [MRTdF
20\ 8r dp
With this equation, the pore size distribution
f(p) (dimension m—3) can be calculated from

the cumulative oxygen permeability, F, deter-
mined by means of permporometry.

flp)=~ (A-9)



