JOURNAL OF MATERIALS SCIENCE34 (1999)2987— 2996

A novel preparation method for porous noble
metal/ceramic catalytic membranes
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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, CI~, EDTA) on the adsorption of the noble metal ions (Pd(ll), Pt(ll), Pt(IV)
and Rh(lll)) as a function of pH on y-Al,03 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 N, adsorption-desorption, scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and SEM-WDX (wave
dispersion of X-ray). The H, and N, 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. © 7999 Kluwer
Academic Publishers

1. Introduction application, porous inorganic membranes, which most
In recent years there has been an increasing intereate catalytically modified and usually named catalyti-
in using inorganic membranes in the processes of catally active membranes, were employed. By compari-
alytic reactions [1, 2]. These applications are based oson, the later concept is less investigated and recently
the properties of inorganic membranes involving theirhas been attracting more interest. This work mainly was
good structural, chemical and thermal stabilities andnotivated by this concept.

potential of being catalytically modified. As far as the As pointed out above, porous catalytic membranes
role of inorganic membranes in catalytic reactors isare important to the application of inorganic mem-
concerned, the separation versus non-separation mdyanes in catalytic reactions. At present porous inor-
be recognized [3], depending on whether or not memganic membranes, which are made of ceramic, carbon,
brane permselectivity is essential in catalytic reactorsglass or stainless steel, are commercially available. The
The membrane reactor for dehydrogenation is a googore sizes in diameter range from micrometer down to
example of the separation application, i.e., hydrogen asanometer. They are mainly applied for liquid filtra-
one of the reaction products is selectively removed bytion. Regarding catalytic applications, porous ceramic
palladium-based membranes, resulting in an increasmembranes are more suitable as support for catalysts.
in the per-pass conversion [4]. For the non-separatioCatalytically active materials can be introduced to the
application, inorganic membranes act as a chemicahembranes by impregnation, precipitation-deposition,
contactor to control the way the reactants come intdon-exchange, grafting, metallic cluster deposition and
contact, for example separate feed of reactants frorsol-gel methods of which recent studies are summa-
opposite membrane sides. This application mainly conrized in Table I. The catalytic modification of porous
cerns the enhancement of the reaction selectivity toinorganic membranes may be divided into modifica-
wards target products of some reactions, e.g., hydrotion of inert membranes (post-modification) and into
genations [5, 6] and partial oxidations [7]. In the laterincorporation of catalytic materials during preparation
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TABLE | Synthesis of porous metal catalytic membranes and their applications

Catalytic membrane Synthesis method Application Reference
Pd/anodic Impregnation tkeparation [16]
Pt/Vycor glass Impregnation Dehydrogenation [9]
Pd/Vycor glass Impregnation Jseparation [17]
Ptly-Al203 Incipient impregnation Dehydrogenation [10]
Pt/y-Al203 Impregnation [18]
PdA-Al203 Impregnation H separation [19]
Ni/y-Al,03 Impregnation Hydrogenation [20]
Agly-Al,03 Reservoir method ©permeation [21]
Pt/y-Al203 Reservoir method [11]
Ptly-Al203 lon-exchange Hydrogenation [12]
Rh/SIQ Grafting [22]
Pt/y-Al,03 Cluster deposition Hydrogenation [23]
Pt/y-Al203 Sol-gel method [13]
Metalsf/-Al 203 Sol-gel method K separation [14]
Ru/SI& Sol-gel method Partical oxidation [15]
Ni/y-Al,03 Sol-gel method Methanol Decomposition [24]
Pdfy-Al,03 Sol-gel method Kl separation [25]

of inorganic membrane&(-situ modification). Sol-gel layers as well as their arrangement, resulting in uni-
method belongs to thén-situ modification method, form or nonuniform catalyst distribution within the
while the other methods listed in Table | are post modi-membranes. It was claimed that the precise control
fication method. Recently, Yang and Xiong gave a com-over the active layer thickness and location can be re-
prehensive review of catalytic modification of porous alized. However, their report did not give the exper-
inorganic membranes [8]. imental determination of the catalyst location. Using
In the work of Sun and Khang [9], an impreg- the sol-gel method, Chagt al. [14] prepared metal-
nation procedure was performed by dipping porouddispersed alumina membranes for a membrane reactor
Vycor membranes into a chloroplatinic acid solutionfor CH, steam reforming, the metals included Pt, Pd,
followed by heat treatment and activation. It appearedrku and Rh. Transmission electron microscopy shows
that the catalyst was distributed in the whole mem-that the typical particle size of rhodium deposited in
brane. Champagniet al. [10] prepared P§#/-Al,O; the alumina membrane was about 5 nm in diameter.
catalytic membranes by incipient wetness impregnaThis shows that sol-gel method can be used to obtain
tion, i.e., with a micropipette impregnation solution was catalytic membranes with a high dispersion of catalyt-
dropped into the inside surface of the membrane. Enically active phases.dVulesclet al.[15] reported the
ergy dispersive X-ray spectroscopy analysis indicategbreparation of ruthenium silica membranes by the sol-
that Pt was deposited both in theAl,O3 layer and in  gel process. In their work, it was proposed that the use
the two intermediate alumina layers. According to theof surfactant (e.g., tetra-alkylammonium salts) in the
work of Luytenet al. [11], the reservoir method, i.e., sol can enhance the dispersion of the catalytic species.
a precipitation-deposition method, could be used to retn addition, it was suggested that the ruthenium-silica
alize Pt{/-Al,O3 catalytic membranes where most of interactions through the formation of Si-O-Ru bonds
the catalyst is loaded in the top layer. An ion exchangects positively on the dispersion of the catalytic species.
method was used to incorporate Pt into porous alumin&lowever, it should be mentioned that the presence of
membranes. It was confirmed that Pt was mainly dethe surfactantinduced a decrease in specific surface area
posited in the/-Al,O3 layer [12]. Based on the above and an increase in pore size of the membrane materials.
overview of the post-modification methods, these tech- On the basis of the overview of the preparation of
niques can not always be used to yield the desired agorous metal-based catalytic membranes mainly by
tive phase loading and location in membrane supportsmpregnation and sol-gel method, the sol-gel method
In addition, these technigues do not guarantee uniforncan become an alternative to the impregnation method.
catalyst loading along the length of the membrane supHowever, the characterization of sol-gel derived cat-
ports [13]. Therefore, it is worthwhile to consider alter- alytic membranes has not been performed exclusively.
native methods. In this work, the sol-gel method was further explored
Yeunget al.[13] developed a new strategy for mak- to prepare porous catalytje-Al,O3 membranes. The
ing porous catalytic membranes using a sequential slipdistribution of catalytic materials inthe membranes was
casting technique, i.e., a multiple sol-gel process. Foldetermined and the Hransport property of this type
lowed the procedure reported, a boehmite sol or afthe membranes was studied.
chloroplatinic acid impregnated sol was deposited on In the sol-gel process applied, the adsorption of cat-
a porousa-Al,03 substrate by slip-casting followed alytically active precursor, usually metal salt, at lig-
by heat treatment and activation. The desired distribuuid/solid interface was addressed. The objective is lo-
tion of Pty -Al,O3 layers within the membrane was cate the catalytically active phases and to improve their
obtained by varying the thickness of the slip-castingdispersion. For the preparationjofAl ,O3 membranes,
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the sol-gel procedure mainly consists of synthesis ofemperature in order to attain chemical equilibrium of
the boehmite sol, sol-casting on a porous substrate fothe adsorption. After 4—6 h shaking, the pH values of the
lowed by drying and calcination steps. The catalyticallysamples were measured. The solutions were separated
active precursor may be introduced to the boehmite soby centrifugation and the concentration of the metal salt
The adsorption of the metal salt may take place by thavas measured by a spectrophotometric method.
surface OH groups of the boehmite sol particles. In  The adsorption data were presented by the following
principle, the adsorption can be optimized by the pHequation:

of the metal salt-boehmite sol. However, it should be

mentioned that the boehmite sol maintains its dynamic E% — _ % 100

stability in the pH range of 3.5—4. Accordingly, the ad- total

sorption can only be performed in the above pH range,

) . 9-where E% is the amount of adsorption in percentage,
Therefore, we proposed that the adsorption can still b%total is the total amount of the metal salt added, and

thti?‘ize?j by prop?r cho(ijcc; ofhligand. The searcr; (l?]kagft is the amount of the metal salt left in solution after
the ligand was performed by the measurement of the o, htion equilibrium. As seen in the above equation,

adsorption as a function of pH. Then, according to the, adsorption percentage is a function of the original

adsorption versus pH curves, the ligand, which can er:ﬁolution concentration. In this work, the adsorption ex-

gegncdtra the ?jdsorpt_lon dm; mr(]etalldsglt In thj EH rﬁlngg Oberiments were performed in the area of low surface
-o—4, was determined. It should be noted thatthe aboviey, ing of the metal salt on the alumina powder and

measurements were made in a system of the metal sa Jith a constant concentration of the metal salt. In this

ligand-y -Al,03 powder not in a system of the metal ay, the adsorption substantially changed as a function

salt-ligand-boehmite sol since beyond the above phyg,q parameters studied (ligand and pH). Thus the ef-
range the boehmite sol loses its stability. Qualltatlvely,fect of the ligands on the adsorption of the metal salts

the result can be applied to a system of the metal sal san be determined in the desired pH range
ligand-boehmite sol because the surface OH groups o '

they-Al,03 particles could be comparable to those of
the boehmite sol particles. 2.2. Preparation of porous noble
metal/ceramic catalytic membranes
The preparation of porous noble metal/ceramic cataly-

2. Experimental tic membranes is schematically shown in Fig.1. A
2.1. Determination of the amount boehmite sol was produced by peptization of the sus-
of adsorption as a function of pH pension of the boehmite powder. The peptization was

y-Al,03 powder was obtained by calcining at 680  performed with a molar E/AI3* ratio of 0.09 at 80C
commercial PURAL SB powder (Condea Chemicefor5 h. Then the desired metal complex was introduced
GmbH), which mainly contained a phase of boehmite.into the sol. The viscosity of the catalytically modified
The calcined powder has a specific surface area afol was adapted with polyvinylacohol 72000 (PVA) and
233 nt/g, a pore volume of 0.47 ml/g and an averagepolyethyleneglycol 400 (PEG). PVA and PEG can also
pore diameter of 5.7 nm. enhance the strength of gel-coating to prevent crack
In the adsorption experiments, the system metal saltformation during drying and calcination. In this work,
ligand-y-Al,03 powder consisted of 100 mlof a1  atypical casting sol consisted of the catalytically mod-
mol/l solution of the metal salt with the ligand stud- ified sol with 0.5 mol/l aluminium and with 2-5 wt %
ied and 0.3 g of the/-Al,03 powder together in a PVA and PEG. Commercial porousAl,O3 discs with
conical flask. The surface hydroxyl group density ofan average pore diameter of Juéh and 48% porosity
y-Al,03 particles in aqueous solutions is often takenwere used as substrates. The sol was deposited on the
to be 8 OH/nmM [26] and this value is used here. The substrate by a dip coating technique, i.e., one side of
amount of the metal salt corresponds to about 0.2% othe substrate was contacted with the sol for 8—10 s. Im-
the surface OH groups of the alumina in the suspenmediately after the dipping, the coated substrate was
sion. The suspension was adjusted to the desired pbkbun at 500-600 rpm. This spinning removed excess
value using HNQ@ and NaOH. In this way, all fifteen sol which would otherwise give a less uniform coating.
samples were prepared. The pH values of the sampléEhe coating was dried at® and 65% relative humidity
were distributed in the pH range of 1-10 and the pHfor two days, followed by calcination at 60C for 3 h
difference between two neighboring samples remaineavith a heating and cooling rate smaller thatCImin.
about 0.5 pH unit. The samples were shaken at roors seen above, the coating process of the sol-gel method

. | peptization _ adsorption :
boehmite suspension ——mm=| boehmite sol |— | modified sol
calcination organic additives *
activation drying

catalytic membrane (~e——— gel membrane|-e-s————| casting sol

Figure 1 Schematic of the preparation of porous noble metal/ceramic catalytic membrane.
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mainly consisted of dip coating, drying and calcination

steps. These steps were repeated to increase membra 100

thickness; this procedure was named multiple sol-gel

process in this work. hut
Using the sol-gel method with the same conditions -2

applied for the membranes but without the dip coating g‘

step, membrane materials were prepared for charactel§ ¢ |

80 |

on

ization. B
The loading amount of the catalytically active com- ;
ponent was obtained by calculation based on the cat 3 40 ¢
alytic component and aluminium content of the mem- g —0— NH3
brane material and is givenin metalAl ,O3 by weight. 2 2t —o—Cl
- —A—EDTA

2.3. Catalytic membrane characterization T
The particle size of the sols was measured by photocor:

relation spectroscopy (Malvern Zetasizer 3). The as- 0.0 20 4.0 6.0 8.0 10.0
prepared sols need to be diluted with distilled water to Solution pH

obtain a dilute dispersion system.

The N, adsorption-desorption isotherms of the mem-Figure 2 Adsorption percentage of Pd(ll) complexes as a function of
brane materials at 77 K were obtained by a static volPH (the initial solution concentratzign of Pd(ll): 296110‘4 mol/l, Pd(lI)
umetric method with the ASAP 2000 (Micrometerics). “°mPiexes used: P31, PA(NHy);" and PAEDTA").

The specific surface area of the membrane materials

was calculated on the basis of the Brunauer, Emmett,i; o by proper choice of ligand. Therefore, the effect
and Teller theory (BET) using the adsorption isotherm.¢ 1o ligands (Ct, NH; and EDTA) on the adsorp-

The pore diameter and pore diameter distribution wergj,, ot the liquid/solid interface was studied. It is well

calculated based on the Barr'ett,'Joyner and Halendg, wn that alumina supported noble metals (Pd, Pt and
theory (BJH) from the desorption isotherm [27].

) Rh) have become one of the most important industrial

_ The morphologies of the membranes were examea¢a)ysts. Thus, the adsorption of Pd(ll), Pt(ll), Pt(IV)

ined by scanning electron microscopy (SEM Stereoscagnd Rh(I11) was involved in this study.

120). o The surface of/-Al,03 particles in an agueous so-
The metal distribution in the membranes was deyiqn, is hydrated and the surface OH groups of the

termined by scanning electron microscopy-wave diss,_a|,0, particles can be formed [28]. Qualitatively, the

persive X-ray analyzer (SEM-WDX) (WDX Mapping g rface OH groups of the hydratedAl,O; particies
S200). . . are comparable to those of the boehmite sol particles.
The metal particle size of the membrane mate-rperefore, the respective interactions at the liquid/solid

rials was observed by transmission electron MiCroynsarface could be comparable to each other. Accord-

scopy (TEM Jeol-100C). The membrane material wagnq\y the conclusions of the above study could also be

grounded and dispersed in an ethanol solvent by UItraappIied to a system metal ions-ligand-boehmite sol.

sound. One drop of the suspension was transferred onto Fig. 2 shows the adsorption of three kinds of the
a copper grid coated with carbon. Pd(Il) complexes as a function of pH. From Fig. 2, the
The pure gas (bor Np) permeation through the a4sormtion percentages of Py and PAEDTA-
membranes was determined using a stationary methog. - -h more than 80% in the pH range of 3.5-4. Fig. 3a
In this method, the pressure at the permeation side ig,,q |, give the adsorption percentages of one Pt(IV)
fixed, normally at atmospheric pressure and the press,q three Pt(I1) complexes as a function of pH, respec-
sure at the feeding side is set higher than atmospherig ely. As indicated in Fig. 3, the adsorption of qu
pressure. At steady state, the gas ]‘qu is mea_sured wi tCIf[ and PtEDTA- took place in the above pH range
a bubble flow meter. The coated disc has a diameter Qfiqificantly. Fig. 4 shows the adsorption percentages
30 mm and a thickness of 1 mm. The side edge of thgr pCE- as a function of pH. As seen in Fig. 4, the
disc was sealed by commercial ceramic glass (UHUGadsorption percentages of RI@CIbecome as much as
Kera-Dekor), which can resist to high temperature upgsoy in the pH range of 3.5-4. In summary, Pd
to 800°C. A laboratory made stainless steel permeatiorp e 72— PtCE" PtCE— PtEDTAZ-. and RhCH
cell was employed. The disc was fixeq in the cell with ., adsorb significantl; on the-Al,O; particles in
graphite gaskets. Before the permeation measuremene iy range where the boehmite sol will be stable.

the coated disc was treated with & 500°C overnight. g means that these complexes could be used for the
modification of the boehmite sol by adsorption at the

3. Results and discussion liquid/solid interface.
3.1. Metal complexes for modification The ligands of Ct, NH3 and EDTA were shown
of boehmite sol and modified sols to have a remarkable effect on the adsorption of the

Boehmite sol maintains its dynamic stability in the pH metal ions (Pd(ll), Pt(ll), Pt(VI) and Rh(lll)). As a
range of 3.5-4. Adsorption of the metal ions on theconsequence, ligands can be used to tailor adsorption
boehmite sol particles can only be performed in theat the liquid/solid interface to a specific application like
above pH range, but the adsorption can still be optipH.
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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(N) ™ solution
to the boehmite sol were examined. With the introduc-
tion of the dopant, it was not found that the aggregation
ofthe doped soltook place in one week. Fig. 5 shows the
particle diameter distribution of the modified sol with 2
wt % Pd. As seenin 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

20 by the procedure proposed.
Table Il lists the average particle diameter of the mod-
ified sols as a function of the content of Pd(§§f . The
0 average particle diameter of the modified sols increased
12
) TABLE Il The particle size of Pd(ll)-modified boehmite 8ol
Solution pH
Pd content Sol particle diameter
Figure 3 Adsorption percentage of Pt(IV) and Pt(ll) complexes as a (Wt % in Pdf/-Al20s) (nm)
function of pH: (a) Pt(IV) (the initial solution concentration of Pt (IV):
4-5x 10°° molll, Pt(IV) complex used: Pt&r), (b) Pt(ll) (the initial 1 43.7
solution concentration of Pt(1l): 48105 mol/l, Pt(ll) complexes used: 2 66.2
PtCE™, Pt(NHs)5™ and PLEDTA"). 3 73.0
4 59.5
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f"Pd(NI—lg)ﬁ+ was used as palladium precursor.

2.5
2.0

1.5
dm/dD

(%omm) 10+

0.5r

0'0 . ! . L = L L
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Sol particle diameter (nm)

Figure 4 Adsorption percentage of Rh(lll) complex as a function of pH Figure 5 Particle diameter distribution of the Pd(Il)-modified boehmite

(the initial solution concentration of Rh(lll): 4580~ mol/l, Rh(lll)
complexe used: RhET).

sol (Pd(NH;)ﬁJr was used as palladium precursor, the content of palla-
dium in the sol: 4 wt % in Pg/-Al ,03).
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with the content of Pd(NE)2*. This could be attributed Al203 membrane prepared by performing the sol-gel
to the adsorption of Pd(N§2* on the boehmite sol Process six times. The thickness of the jRéM ;0
particles. It should be mentioned that the modifiedPty-Al20s and Rhy-Al,03 membrane grew to about
boehmite sol with 4 wt % Pd exhibited a smaller parti- 16, 14 and 12:m by the six-time sol-gel process, re-

cle diameter than that of the 3 wt % sol. This remainsSPectively. The interfaces among the six successive lay-
questionable. ers were not recognized. However, Zaspalis [29] found

the interfaces among the successive JTi@yers pro-

duced by a multiple sol-gel process. In addition, any
3.2. Structure of catalytic membranes cracks and pinholes of the above catalytic membranes
Inthis work, Pd(NH)3", PtCE~ and RhC}~ were used  investigated by SEM were not observed.
to obtain their respective modified boehmite sols. The Fig. 7 shows the thickness of the PdAl,O3 mem-
multiple sol-gel process was applied to prepare thickrane as a function of the number of successive dipping.
catalytic membranes and for each type of catalyticAs seeninFig. 7, the thickness increases linearly for the
membrane the same casting sol was used to do all thaitial four dippings and then the increase in thickness
dip coatings. Fig. 6 shows the SEM micrographs of thebecomes less and less for the last two dippings. The
cross section of the PgfAl ,O3, Ptly-Al,O3and Rhj/-  multiple sol-gel process was also applied both in the

2,49KX 20KV WD:17MM
20UM
B_PDS 64 RIEJ

2,53KX 20KV WD:17MM §:52218 P:25639
U
ZHRO J/218 ZHB PTS RIE

Figure 6 SEM micrographs of the cross-section of the membranes prepared by six-time dippingy &) P@4, (b) Ptf/-Al 203, and (c) Rhy-Al ;03
(all the membrane materials contained 4 wt % in met#ll,O3, respectively). Continued.)
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Figure 6 (Continued.)
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Figure 8 Pore diameter distribution of the RdAlI,03 membrane ma-
0 1 2 3 4 5 6 7 terial (the content of palladium in the membrane material: 2 wt% in
Number of successive dipping Pdly-Al20s).
Figure 7 The thickness of the Pg#Al,O3 membrane as a function of The pore structure of PgfAl,O3 membrane ma-
dipping times (the content of palladium in the membrane material: 4terials with various loading of Pd was determined.
Wt% in Pdj-Al20s). Fig. 8 shows the pore diameter distribution of theyRd/
Al,O3 membrane materials (2 wt % Pd). As expected by
the particle packing model [30], a porous Peil O3
work of Yeunget al. [13] and the work of Chaétal.  membrane material with a narrow pore diameter distri-
[14]. Yeung reported the preparation of tAl,O3  bution was made from its precursor the Pd(I)-modified
membranes with a thickness of 1-Lin, but did not boehmite sol with a narrow particle diameter distribu-
give details of the preparation. In the work of Chaition as shown in Fig. 5.
et al. the process was repeated 25—-40 times, resulting Table 11l lists the average pore diameters and BET
in membranes with a thickness of about 10+20. Ac-  specific surface areas of the PdAl,O; membrane
cording to our work, the thickness of the catalytic mem-
branes prepared by each individual sol-gel process i§ABLE 11 The pore structure of Pgi-Al ;03 membrane material
mainly a function of the concentration of the boehmite

Pd content Pore diameter BET surface area
sol, the metal salt, the viscosity of the casting sol (Whichy o4 in pdj-al,05) () (n?/g)
can be modified by PVA and PEG) and the porous sub
strate. It is evident that the multiple sol-gel process caf-5 5.48 267
be used to obtain a thick catalytic membrane without-? 5.56 271
any defects and further to tailor the thickness of thezg g:f; ggg

catalytic membrane.
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materials. The pore diameter of the Pehl,O3 mem-  result of the corresponding membrane. The white dots
brane material increases slightly with the Pd contentrepresent the WDX mapping for the element Pd. The
The BET specific surface area exhibits a decrease wittistribution of the white dots displays a sharp interface
the Pd content. It is evident that the introduction of Pdbetween the coating and the substrate with Pd located
in the sol-gel process has an effect on the pore strugn the coating. This result indicates that the penetra-
ture of the membrane material. This observation is irtion of the Pd(ll) from the Pd(Il)-modified sol to the
agreement with our above proposal that the adsorptioaubstrate during dip coating was prevented. This can
of Pd(Il) on the boehmite sol particles resulted in anbe attributed to the adsorption of Pd(b@%ﬁ on the
increase in the particle diameter of the modified sols. boehmite sol particles. In addition, Pd exhibits uniform
Fig. 9 shows the SEM-WDX result for the Rd/  loading along the length of the membrane as well as in
Al,O3 membrane with 4 wt % Pd prepared by the six-the direction of the membrane thickness.
time sol-gel process. The right side is the SEM micro- Fig. 10 shows the TEM micrograph of the Pd/
graph ofthe membrane and the left side shows the WD)AI ,O3 membrane material with 4 wt% Pd. As seen

Figure 9 SEM-WDX micrograph of the cross-section of the PdXl,03 membrane prepared by six-time dipping (the content of palladium in the
membrane material: 4 wt % in Bd/Al203).

Figure 10 TEM micrograph of the Pg/-Al,O3 membrane material (the content of palladium in the membrane material: 4 wt %)irAPsiD3).
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6 diffusion. However, this did not occur with this mem-

I brane. Therefore, it is suggested that the surface diffu-
T _/k,,./'/.\'/k.—k. —=-H2 (18°C) sion of H; in the Pdf/-Al>,03 membrane did not make
NI RSN T 8(%3% significant contribution to KN, separation. This is in
g4 | W ——N2 (203°C) agreement with the above observation.
g § . M—t—‘\‘_‘/‘/‘(‘ —e— H2 (300°C)
§ ,,E —0— N2 (300°C)
E.S ——H2 (400°C)
LS 2r —— N2 (400°C) .
- —a—H2 (503°C) 4. Conclusion
| | SRR — N2 (503°C) A novel sol-gel process has been developed, in which
the sol can be surface-modified by using a proper metal
0 complex as catalytically active precursor. The novel

00 02 04 06 08 1.0
Transmembrane pressure (105 Pa)

sol-gel process can be applied to prepare porous no-
ble metal/ceramic catalytic membranes. The resulting
Figure 11 Gas permeation rate through the Pl ,03 membrane pre-  Pdfy-Al203 membrane exhibits a narrow pore diameter
pared by six-time dipping as a function of pressure at various temperadistribution with an average pore diameter of 6 nm up to
tures (the content of palladium in the membrane: 4 wt % inyPAl>O3). ametal loading of 4 wt %. Pd is uniformly distributed in
the coating of the Pgh-Al ,O3 membrane. The dipping-

drying-calcination steps of the sol-gel process can be

in Fig. 10, the palladium particles are on average aboUfgheated to obtain a thick catalytic membrane without
10 nm in diameter. any defects.

3.3. The hydrogen transport properties
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