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Adsorption at liquid/solid interface has been explored to prepare catalytically active
ceramic membranes. Boehmite sol maintains its dynamic stability in the pH range of 3.5–4.
Adsorption of metal salt on the sol particles can only be performed in the above pH range,
but the adsorption can still be optimized by proper choice of ligand. Therefore, the effect of
the ligands (NH3, Cl−, EDTA) on the adsorption of the noble metal ions (Pd(II), Pt(II), Pt(IV)
and Rh(III)) as a function of pH on γ -Al2O3 particles was studied. Thus the noble metal
complexes which can significantly adsorb in the above pH range were found. Using the
complexes, the noble metal ion modified boehmite sols were synthesized. Then by the
sol-gel process, the porous noble metal/ceramic cataytic membranes were prepared. The
membranes were further characterized by N2 adsorption-desorption, scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and SEM-WDX (wave
dispersion of X-ray). The H2 and N2 permeation through these membranes at elevated
temperatures was also measured. Based on the above experiments, the novel technique
can produce the mesoporous catalytically active ceramic membranes without any defects
and with a uniform dispersion of the active materials in the coating. C© 1999 Kluwer
Academic Publishers

1. Introduction
In recent years there has been an increasing interest
in using inorganic membranes in the processes of cat-
alytic reactions [1, 2]. These applications are based on
the properties of inorganic membranes involving their
good structural, chemical and thermal stabilities and
potential of being catalytically modified. As far as the
role of inorganic membranes in catalytic reactors is
concerned, the separation versus non-separation may
be recognized [3], depending on whether or not mem-
brane permselectivity is essential in catalytic reactors.
The membrane reactor for dehydrogenation is a good
example of the separation application, i.e., hydrogen as
one of the reaction products is selectively removed by
palladium-based membranes, resulting in an increase
in the per-pass conversion [4]. For the non-separation
application, inorganic membranes act as a chemical
contactor to control the way the reactants come into
contact, for example separate feed of reactants from
opposite membrane sides. This application mainly con-
cerns the enhancement of the reaction selectivity to-
wards target products of some reactions, e.g., hydro-
genations [5, 6] and partial oxidations [7]. In the later
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application, porous inorganic membranes, which most
are catalytically modified and usually named catalyti-
cally active membranes, were employed. By compari-
son, the later concept is less investigated and recently
has been attracting more interest. This work mainly was
motivated by this concept.

As pointed out above, porous catalytic membranes
are important to the application of inorganic mem-
branes in catalytic reactions. At present porous inor-
ganic membranes, which are made of ceramic, carbon,
glass or stainless steel, are commercially available. The
pore sizes in diameter range from micrometer down to
nanometer. They are mainly applied for liquid filtra-
tion. Regarding catalytic applications, porous ceramic
membranes are more suitable as support for catalysts.
Catalytically active materials can be introduced to the
membranes by impregnation, precipitation-deposition,
ion-exchange, grafting, metallic cluster deposition and
sol-gel methods of which recent studies are summa-
rized in Table I. The catalytic modification of porous
inorganic membranes may be divided into modifica-
tion of inert membranes (post-modification) and into
incorporation of catalytic materials during preparation
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TABLE I Synthesis of porous metal catalytic membranes and their applications

Catalytic membrane Synthesis method Application Reference

Pd/anodic Impregnation H2 separation [16]
Pt/Vycor glass Impregnation Dehydrogenation [9]
Pd/Vycor glass Impregnation H2 separation [17]
Pt/γ -Al2O3 Incipient impregnation Dehydrogenation [10]
Pt/γ -Al2O3 Impregnation [18]
Pd/γ -Al2O3 Impregnation H2 separation [19]
Ni/γ -Al2O3 Impregnation Hydrogenation [20]
Ag/γ -Al2O3 Reservoir method O2 permeation [21]
Pt/γ -Al2O3 Reservoir method [11]
Pt/γ -Al2O3 Ion-exchange Hydrogenation [12]
Rh/SiO2 Grafting [22]
Pt/γ -Al2O3 Cluster deposition Hydrogenation [23]
Pt/γ -Al2O3 Sol-gel method [13]
Metals/γ -Al2O3 Sol-gel method H2 separation [14]
Ru/SiO2 Sol-gel method Partical oxidation [15]
Ni/γ -Al2O3 Sol-gel method Methanol Decomposition [24]
Pd/γ -Al2O3 Sol-gel method H2 separation [25]

of inorganic membranes (in-situmodification). Sol-gel
method belongs to thein-situ modification method,
while the other methods listed in Table I are post modi-
fication method. Recently, Yang and Xiong gave a com-
prehensive review of catalytic modification of porous
inorganic membranes [8].

In the work of Sun and Khang [9], an impreg-
nation procedure was performed by dipping porous
Vycor membranes into a chloroplatinic acid solution
followed by heat treatment and activation. It appeared
that the catalyst was distributed in the whole mem-
brane. Champagnieet al. [10] prepared Pt/γ -Al2O3
catalytic membranes by incipient wetness impregna-
tion, i.e., with a micropipette impregnation solution was
dropped into the inside surface of the membrane. En-
ergy dispersive X-ray spectroscopy analysis indicated
that Pt was deposited both in theγ -Al2O3 layer and in
the two intermediate alumina layers. According to the
work of Luytenet al. [11], the reservoir method, i.e.,
a precipitation-deposition method, could be used to re-
alize Pt/γ -Al2O3 catalytic membranes where most of
the catalyst is loaded in the top layer. An ion exchange
method was used to incorporate Pt into porous alumina
membranes. It was confirmed that Pt was mainly de-
posited in theγ -Al2O3 layer [12]. Based on the above
overview of the post-modification methods, these tech-
niques can not always be used to yield the desired ac-
tive phase loading and location in membrane supports.
In addition, these techniques do not guarantee uniform
catalyst loading along the length of the membrane sup-
ports [13]. Therefore, it is worthwhile to consider alter-
native methods.

Yeunget al. [13] developed a new strategy for mak-
ing porous catalytic membranes using a sequential slip-
casting technique, i.e., a multiple sol-gel process. Fol-
lowed the procedure reported, a boehmite sol or a
chloroplatinic acid impregnated sol was deposited on
a porousα-Al2O3 substrate by slip-casting followed
by heat treatment and activation. The desired distribu-
tion of Pt/γ -Al2O3 layers within the membrane was
obtained by varying the thickness of the slip-casting

layers as well as their arrangement, resulting in uni-
form or nonuniform catalyst distribution within the
membranes. It was claimed that the precise control
over the active layer thickness and location can be re-
alized. However, their report did not give the exper-
imental determination of the catalyst location. Using
the sol-gel method, Chaiet al. [14] prepared metal-
dispersed alumina membranes for a membrane reactor
for CH4 steam reforming, the metals included Pt, Pd,
Ru and Rh. Transmission electron microscopy shows
that the typical particle size of rhodium deposited in
the alumina membrane was about 5 nm in diameter.
This shows that sol-gel method can be used to obtain
catalytic membranes with a high dispersion of catalyt-
ically active phases. Pˆarvulescuet al. [15] reported the
preparation of ruthenium silica membranes by the sol-
gel process. In their work, it was proposed that the use
of surfactant (e.g., tetra-alkylammonium salts) in the
sol can enhance the dispersion of the catalytic species.
In addition, it was suggested that the ruthenium-silica
interactions through the formation of Si-O-Ru bonds
acts positively on the dispersion of the catalytic species.
However, it should be mentioned that the presence of
the surfactant induced a decrease in specific surface area
and an increase in pore size of the membrane materials.

On the basis of the overview of the preparation of
porous metal-based catalytic membranes mainly by
impregnation and sol-gel method, the sol-gel method
can become an alternative to the impregnation method.
However, the characterization of sol-gel derived cat-
alytic membranes has not been performed exclusively.

In this work, the sol-gel method was further explored
to prepare porous catalyticγ -Al2O3 membranes. The
distribution of catalytic materials in the membranes was
determined and the H2 transport property of this type
of the membranes was studied.

In the sol-gel process applied, the adsorption of cat-
alytically active precursor, usually metal salt, at liq-
uid/solid interface was addressed. The objective is lo-
cate the catalytically active phases and to improve their
dispersion. For the preparation ofγ -Al2O3 membranes,
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the sol-gel procedure mainly consists of synthesis of
the boehmite sol, sol-casting on a porous substrate fol-
lowed by drying and calcination steps. The catalytically
active precursor may be introduced to the boehmite sol.
The adsorption of the metal salt may take place by the
surface OH groups of the boehmite sol particles. In
principle, the adsorption can be optimized by the pH
of the metal salt-boehmite sol. However, it should be
mentioned that the boehmite sol maintains its dynamic
stability in the pH range of 3.5–4. Accordingly, the ad-
sorption can only be performed in the above pH range.
Therefore, we proposed that the adsorption can still be
optimized by proper choice of ligand. The search of
the ligand was performed by the measurement of the
adsorption as a function of pH. Then, according to the
adsorption versus pH curves, the ligand, which can en-
hance the adsorption of metal salt in the pH range of
3.5–4, was determined. It should be noted that the above
measurements were made in a system of the metal salt-
ligand-γ -Al2O3 powder not in a system of the metal
salt-ligand-boehmite sol since beyond the above pH
range the boehmite sol loses its stability. Qualitatively,
the result can be applied to a system of the metal salt-
ligand-boehmite sol because the surface OH groups of
theγ -Al2O3 particles could be comparable to those of
the boehmite sol particles.

2. Experimental
2.1. Determination of the amount

of adsorption as a function of pH
γ -Al2O3 powder was obtained by calcining at 600◦C
commercial PURAL SB powder (Condea Chemice
GmbH), which mainly contained a phase of boehmite.
The calcined powder has a specific surface area of
233 m2/g, a pore volume of 0.47 ml/g and an average
pore diameter of 5.7 nm.

In the adsorption experiments, the system metal salt-
ligand-γ -Al2O3 powder consisted of 100 ml of a 10−4

mol/l solution of the metal salt with the ligand stud-
ied and 0.3 g of theγ -Al2O3 powder together in a
conical flask. The surface hydroxyl group density of
γ -Al2O3 particles in aqueous solutions is often taken
to be 8 OH/nm2 [26] and this value is used here. The
amount of the metal salt corresponds to about 0.2% of
the surface OH groups of the alumina in the suspen-
sion. The suspension was adjusted to the desired pH
value using HNO3 and NaOH. In this way, all fifteen
samples were prepared. The pH values of the samples
were distributed in the pH range of 1–10 and the pH
difference between two neighboring samples remained
about 0.5 pH unit. The samples were shaken at room

Figure 1 Schematic of the preparation of porous noble metal/ceramic catalytic membrane.

temperature in order to attain chemical equilibrium of
the adsorption. After 4–6 h shaking, the pH values of the
samples were measured. The solutions were separated
by centrifugation and the concentration of the metal salt
was measured by a spectrophotometric method.

The adsorption data were presented by the following
equation:

E%= Mtotal− Mleft

Mtotal
× 100

whereE% is the amount of adsorption in percentage,
Mtotal is the total amount of the metal salt added, and
Mleft is the amount of the metal salt left in solution after
adsorption equilibrium. As seen in the above equation,
the adsorption percentage is a function of the original
solution concentration. In this work, the adsorption ex-
periments were performed in the area of low surface
loading of the metal salt on the alumina powder and
with a constant concentration of the metal salt. In this
way, the adsorption substantially changed as a function
of the parameters studied (ligand and pH). Thus the ef-
fect of the ligands on the adsorption of the metal salts
can be determined in the desired pH range.

2.2. Preparation of porous noble
metal/ceramic catalytic membranes

The preparation of porous noble metal/ceramic cataly-
tic membranes is schematically shown in Fig. 1. A
boehmite sol was produced by peptization of the sus-
pension of the boehmite powder. The peptization was
performed with a molar H+/Al3+ ratio of 0.09 at 80◦C
for 5 h. Then the desired metal complex was introduced
into the sol. The viscosity of the catalytically modified
sol was adapted with polyvinylacohol 72000 (PVA) and
polyethyleneglycol 400 (PEG). PVA and PEG can also
enhance the strength of gel-coating to prevent crack
formation during drying and calcination. In this work,
a typical casting sol consisted of the catalytically mod-
ified sol with 0.5 mol/l aluminium and with 2–5 wt %
PVA and PEG. Commercial porousα-Al2O3 discs with
an average pore diameter of 1.6µm and 48% porosity
were used as substrates. The sol was deposited on the
substrate by a dip coating technique, i.e., one side of
the substrate was contacted with the sol for 8–10 s. Im-
mediately after the dipping, the coated substrate was
spun at 500–600 rpm. This spinning removed excess
sol which would otherwise give a less uniform coating.
The coating was dried at 5◦C and 65% relative humidity
for two days, followed by calcination at 600◦C for 3 h
with a heating and cooling rate smaller than 1◦C/min.
As seen above, the coating process of the sol-gel method
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mainly consisted of dip coating, drying and calcination
steps. These steps were repeated to increase membrane
thickness; this procedure was named multiple sol-gel
process in this work.

Using the sol-gel method with the same conditions
applied for the membranes but without the dip coating
step, membrane materials were prepared for character-
ization.

The loading amount of the catalytically active com-
ponent was obtained by calculation based on the cat-
alytic component and aluminium content of the mem-
brane material and is given in metal/γ -Al2O3 by weight.

2.3. Catalytic membrane characterization
The particle size of the sols was measured by photocor-
relation spectroscopy (Malvern Zetasizer 3). The as-
prepared sols need to be diluted with distilled water to
obtain a dilute dispersion system.

The N2 adsorption-desorption isotherms of the mem-
brane materials at 77 K were obtained by a static vol-
umetric method with the ASAP 2000 (Micrometerics).
The specific surface area of the membrane materials
was calculated on the basis of the Brunauer, Emmett
and Teller theory (BET) using the adsorption isotherm.
The pore diameter and pore diameter distribution were
calculated based on the Barrett, Joyner and Halenda
theory (BJH) from the desorption isotherm [27].

The morphologies of the membranes were exam-
ined by scanning electron microscopy (SEM Stereoscan
120).

The metal distribution in the membranes was de-
termined by scanning electron microscopy-wave dis-
persive X-ray analyzer (SEM-WDX) (WDX Mapping
S200).

The metal particle size of the membrane mate-
rials was observed by transmission electron micro-
scopy (TEM Jeol-100C). The membrane material was
grounded and dispersed in an ethanol solvent by ultra-
sound. One drop of the suspension was transferred onto
a copper grid coated with carbon.

The pure gas (H2 or N2) permeation through the
membranes was determined using a stationary method.
In this method, the pressure at the permeation side is
fixed, normally at atmospheric pressure and the pres-
sure at the feeding side is set higher than atmospheric
pressure. At steady state, the gas flux is measured with
a bubble flow meter. The coated disc has a diameter of
30 mm and a thickness of 1 mm. The side edge of the
disc was sealed by commercial ceramic glass (UHLIG
Kera-Dekor), which can resist to high temperature up
to 800◦C. A laboratory made stainless steel permeation
cell was employed. The disc was fixed in the cell with
graphite gaskets. Before the permeation measurement,
the coated disc was treated with H2 at 500◦C overnight.

3. Results and discussion
3.1. Metal complexes for modification

of boehmite sol and modified sols
Boehmite sol maintains its dynamic stability in the pH
range of 3.5–4. Adsorption of the metal ions on the
boehmite sol particles can only be performed in the
above pH range, but the adsorption can still be opti-

Figure 2 Adsorption percentage of Pd(II) complexes as a function of
pH (the initial solution concentration of Pd(II): 2–3×10−4 mol/l, Pd(II)
complexes used: PdCl2−

4 , Pd(NH3)2+
4 and PdEDTA2−).

mized by proper choice of ligand. Therefore, the effect
of the ligands (Cl−, NH3 and EDTA) on the adsorp-
tion at the liquid/solid interface was studied. It is well
known that alumina supported noble metals (Pd, Pt and
Rh) have become one of the most important industrial
catalysts. Thus, the adsorption of Pd(II), Pt(II), Pt(IV)
and Rh(III) was involved in this study.

The surface ofγ -Al2O3 particles in an aqueous so-
lution is hydrated and the surface OH groups of the
γ -Al2O3 particles can be formed [28]. Qualitatively, the
surface OH groups of the hydratedγ -Al2O3 particles
are comparable to those of the boehmite sol particles.
Therefore, the respective interactions at the liquid/solid
interface could be comparable to each other. Accord-
ingly, the conclusions of the above study could also be
applied to a system metal ions-ligand-boehmite sol.

Fig. 2 shows the adsorption of three kinds of the
Pd(II) complexes as a function of pH. From Fig. 2, the
adsorption percentages of Pd(NH3)2+

4 and PdEDTA2−
reach more than 80% in the pH range of 3.5–4. Fig. 3a
and b give the adsorption percentages of one Pt(IV)
and three Pt(II) complexes as a function of pH, respec-
tively. As indicated in Fig. 3, the adsorption of PtCl2−

6 ,
PtCl2−4 and PtEDTA2− took place in the above pH range
significantly. Fig. 4 shows the adsorption percentages
of RhCl3−6 as a function of pH. As seen in Fig. 4, the
adsorption percentages of RhCl3−

6 become as much as
85% in the pH range of 3.5–4. In summary, Pd(NH3)2+

4 ,
PdEDTA2−, PtCl2−6 , PtCl2−4 , PtEDTA2−, and RhCl3−6
can adsorb significantly on theγ -Al2O3 particles in
the pH range where the boehmite sol will be stable.
This means that these complexes could be used for the
modification of the boehmite sol by adsorption at the
liquid/solid interface.

The ligands of Cl−, NH3 and EDTA were shown
to have a remarkable effect on the adsorption of the
metal ions (Pd(II), Pt(II), Pt(VI) and Rh(III)). As a
consequence, ligands can be used to tailor adsorption
at the liquid/solid interface to a specific application like
pH.
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Figure 3 Adsorption percentage of Pt(IV) and Pt(II) complexes as a
function of pH: (a) Pt(IV) (the initial solution concentration of Pt (IV):
4–5×10−5 mol/l, Pt(IV) complex used: PtCl2−

6 ), (b) Pt(II) (the initial
solution concentration of Pt(II): 4–5×10−5 mol/l, Pt(II) complexes used:
PtCl2−4 , Pt(NH3)2+

4 and PtEDTA2−).

Figure 4 Adsorption percentage of Rh(III) complex as a function of pH
(the initial solution concentration of Rh(III): 4–5×10−4 mol/l, Rh(III)
complexe used: RhCl3−

6 ).

It should be noted that the adsorption versus pH
curves in Figs 2–4 fall into three categories, i.e., the ad-
sorption percentage increases and then remains more or
less unchanged with pH, named S-curve; the adsorption
percentage remains constant and then sharply decreases
with pH, named reverse S-curve; the adsorption per-
centage exhibits a maximum with pH, called compos-
ite curve (C-curve). Qualitative studies of noble metal
adsorption onto alumina and/or silica suggest that the
adsorption can be attributed to an electrostatic force.
At pH values below the oxide’s point of zero charge
(PZC), the terminal hydroxyl groups at the oxide sur-
face become protonated and so positively charged and
capable of adsorbing anions, and vice versa as pH is
raised above the ZPC. On the basis of the above elec-
trostatic model, these curves can not be explained. We
suggest that chemical interactions, e.g., surface com-
plexing, are mainly responsible for the adsorption at
the liquid/solid interface in this study. In our further
work, this will be investigated in detail.

The effects of the introduction of Pd(NH3)2+
4 solution

to the boehmite sol were examined. With the introduc-
tion of the dopant, it was not found that the aggregation
of the doped sol took place in one week. Fig. 5 shows the
particle diameter distribution of the modified sol with 2
wt % Pd. As seen in Fig. 5, the modified sol still exhibits
a narrow particle diameter distribution. This means that
a modified boehmite sol with dynamic stability and a
narrow particle diameter distribution can be obtained
by the procedure proposed.

Table II lists the average particle diameter of the mod-
ified sols as a function of the content of Pd(NH3)2+

4 . The
average particle diameter of the modified sols increased

TABLE I I The particle size of Pd(II)-modified boehmite sola

Pd content Sol particle diameter
(wt % in Pd/γ -Al2O3) (nm)

1 43.7
2 66.2
3 73.0
4 59.5

aPd(NH3)2+
4 was used as palladium precursor.

Figure 5 Particle diameter distribution of the Pd(II)-modified boehmite
sol (Pd(NH3)2+

4 was used as palladium precursor, the content of palla-
dium in the sol: 4 wt % in Pd/γ -Al2O3).
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with the content of Pd(NH3)2+
4 . This could be attributed

to the adsorption of Pd(NH3)2+
4 on the boehmite sol

particles. It should be mentioned that the modified
boehmite sol with 4 wt % Pd exhibited a smaller parti-
cle diameter than that of the 3 wt % sol. This remains
questionable.

3.2. Structure of catalytic membranes
In this work, Pd(NH3)2+

4 , PtCl2−6 and RhCl3−6 were used
to obtain their respective modified boehmite sols. The
multiple sol-gel process was applied to prepare thick
catalytic membranes and for each type of catalytic
membrane the same casting sol was used to do all the
dip coatings. Fig. 6 shows the SEM micrographs of the
cross section of the Pd/γ -Al2O3, Pt/γ -Al2O3 and Rh/γ -

Figure 6 SEM micrographs of the cross-section of the membranes prepared by six-time dipping: (a) Pd/γ -Al2O3, (b) Pt/γ -Al2O3, and (c) Rh/γ -Al2O3

(all the membrane materials contained 4 wt % in metal/γ -Al2O3, respectively). (Continued.)

Al2O3 membrane prepared by performing the sol-gel
process six times. The thickness of the Pd/γ -Al2O3,
Pt/γ -Al2O3 and Rh/γ -Al2O3 membrane grew to about
16, 14 and 12µm by the six-time sol-gel process, re-
spectively. The interfaces among the six successive lay-
ers were not recognized. However, Zaspalis [29] found
the interfaces among the successive TiO2 layers pro-
duced by a multiple sol-gel process. In addition, any
cracks and pinholes of the above catalytic membranes
investigated by SEM were not observed.

Fig. 7 shows the thickness of the Pd/γ -Al2O3 mem-
brane as a function of the number of successive dipping.
As seen in Fig. 7, the thickness increases linearly for the
initial four dippings and then the increase in thickness
becomes less and less for the last two dippings. The
multiple sol-gel process was also applied both in the
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Figure 6 (Continued.)

Figure 7 The thickness of the Pd/γ -Al2O3 membrane as a function of
dipping times (the content of palladium in the membrane material: 4
wt % in Pd/γ -Al2O3).

work of Yeunget al. [13] and the work of Chaiet al.
[14]. Yeung reported the preparation of Pt/γ -Al2O3
membranes with a thickness of 1–11µm, but did not
give details of the preparation. In the work of Chai
et al. the process was repeated 25–40 times, resulting
in membranes with a thickness of about 10–20µm. Ac-
cording to our work, the thickness of the catalytic mem-
branes prepared by each individual sol-gel process is
mainly a function of the concentration of the boehmite
sol, the metal salt, the viscosity of the casting sol (which
can be modified by PVA and PEG) and the porous sub-
strate. It is evident that the multiple sol-gel process can
be used to obtain a thick catalytic membrane without
any defects and further to tailor the thickness of the
catalytic membrane.

Figure 8 Pore diameter distribution of the Pd/γ -Al2O3 membrane ma-
terial (the content of palladium in the membrane material: 2 wt % in
Pd/γ -Al2O3).

The pore structure of Pd/γ -Al2O3 membrane ma-
terials with various loading of Pd was determined.
Fig. 8 shows the pore diameter distribution of the Pd/γ -
Al2O3 membrane materials (2 wt % Pd). As expected by
the particle packing model [30], a porous Pd/γ -Al2O3
membrane material with a narrow pore diameter distri-
bution was made from its precursor the Pd(II)-modified
boehmite sol with a narrow particle diameter distribu-
tion as shown in Fig. 5.

Table III lists the average pore diameters and BET
specific surface areas of the Pd/γ -Al2O3 membrane

TABLE I I I The pore structure of Pd/γ -Al2O3 membrane material

Pd content Pore diameter BET surface area
(wt % in Pd/γ -Al2O3) (nm) (m2/g)

0.5 5.48 267
1.0 5.56 271
1.5 6.45 240
2.0 6.47 253
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materials. The pore diameter of the Pd/γ -Al2O3 mem-
brane material increases slightly with the Pd content.
The BET specific surface area exhibits a decrease with
the Pd content. It is evident that the introduction of Pd
in the sol-gel process has an effect on the pore struc-
ture of the membrane material. This observation is in
agreement with our above proposal that the adsorption
of Pd(II) on the boehmite sol particles resulted in an
increase in the particle diameter of the modified sols.

Fig. 9 shows the SEM-WDX result for the Pd/γ -
Al2O3 membrane with 4 wt % Pd prepared by the six-
time sol-gel process. The right side is the SEM micro-
graph of the membrane and the left side shows the WDX

Figure 9 SEM-WDX micrograph of the cross-section of the Pd/γ -Al2O3 membrane prepared by six-time dipping (the content of palladium in the
membrane material: 4 wt % in Pd/γ -Al2O3).

Figure 10 TEM micrograph of the Pd/γ -Al2O3 membrane material (the content of palladium in the membrane material: 4 wt % in Pd/γ -Al2O3).

result of the corresponding membrane. The white dots
represent the WDX mapping for the element Pd. The
distribution of the white dots displays a sharp interface
between the coating and the substrate with Pd located
in the coating. This result indicates that the penetra-
tion of the Pd(II) from the Pd(II)-modified sol to the
substrate during dip coating was prevented. This can
be attributed to the adsorption of Pd(NH3)2+

4 on the
boehmite sol particles. In addition, Pd exhibits uniform
loading along the length of the membrane as well as in
the direction of the membrane thickness.

Fig. 10 shows the TEM micrograph of the Pd/γ -
Al2O3 membrane material with 4 wt % Pd. As seen
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Figure 11 Gas permeation rate through the Pd/γ -Al2O3 membrane pre-
pared by six-time dipping as a function of pressure at various tempera-
tures (the content of palladium in the membrane: 4 wt % in Pd/γ -Al2O3).

in Fig. 10, the palladium particles are on average about
10 nm in diameter.

3.3. The hydrogen transport properties
of the catalytic membrane

Pd/γ -Al2O3 membranes were prepared by six-time dip-
ping for the permeation experiment. The effect of the
transmembrane pressure and temperature on the H2 and
N2 permeation was investigated. Fig. 11 shows the re-
sult. As seen in Fig. 11, the permeation rates of H2
decrease with increasing temperature. The rates exhibit
slight increase as a function of transmembrane pressure
and this could be attributed to the any slight leakage of
the system applied. According to the gas transport the-
ory in a porous medium [21], the Knudsen diffusion
takes place when the mean free path of a gas molecule
is larger than the pore diameter of the porous medium.
As shown in Table III, the average pore diameter of
the Pd/γ -Al2O3 membrane material is about 6 nm. The
mean free path of H2 at the investigated condition is
60 nm. It is evident that the Knudsen diffusion can
dominate the H2 permeation in the membrane inves-
tigated. The Knudsen diffusion coefficient is given as
follows

Fk0 = 4
√

2εr

3τk
√
πM RT L

whereε is the porosity of the porous medium,τk the tor-
tuosity for Knudsen flow,r is the average pore diameter
of the porous medium,L is the thickness of the porous
medium,M is the gas molecular weight,T is the tem-
perature andR is the gas constant. From this equation,
the Knudsen diffusion decreases with increasing tem-
perature, and is independent of pressure. Accordingly,
the effects of temperature and transmembrane pressure
observed in this study can be understood.

The observed ratios of H2 to N2 permeation rate are
3.13–3.46 at the five temperatures investigated. The
Knudsen permeability ratio of H2 to N2 is 3.74. Accord-
ing to the gas transport theory in a porous medium [21],
the presence of surface diffusion can be detected as an
extra contribution to gas separation over the Knudsen

diffusion. However, this did not occur with this mem-
brane. Therefore, it is suggested that the surface diffu-
sion of H2 in the Pd/γ -Al2O3 membrane did not make
significant contribution to H2/N2 separation. This is in
agreement with the above observation.

4. Conclusion
A novel sol-gel process has been developed, in which
the sol can be surface-modified by using a proper metal
complex as catalytically active precursor. The novel
sol-gel process can be applied to prepare porous no-
ble metal/ceramic catalytic membranes. The resulting
Pd/γ -Al2O3 membrane exhibits a narrow pore diameter
distribution with an average pore diameter of 6 nm up to
a metal loading of 4 wt %. Pd is uniformly distributed in
the coating of the Pd/γ -Al2O3 membrane. The dipping-
drying-calcination steps of the sol-gel process can be
repeated to obtain a thick catalytic membrane without
any defects.
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