
luh'lMl
UNIVERSITI SAINS MALAYSIA

Laporan Akhir Projek Penyelidikan
Jangka Pendek

Development and Characterization of
Platinum-Palladium Ceramic Membranes

for Fuel Cell Application

by
Dr. Mohd Roslee Othman

Prof. Dr. Hi. Abd. Latif Ahmad

2007



V;4r7'"r
i
t

CtrutuV
BAHAGIAN PENYELIDIKAN & PEMBANCUN.q.N6.q.NSNI,ORI

UNIVERSITI SAINS MALAYSIA

'€RsriF

1) Nama Penyelidik:

Nama Penyelidik-Penyelidik:
Lain (Jika berkaitan)

Pusat Pengaj ianlPusa#U*ie2)

3) Tajuk Projek:

4) (a) Penemuan projek/Abstrak
(Perlu disediakan makluman di antara 100-200 perkataan di dalam
Bahosg Malaysia dan Bahasa Inggeris. Ini kemudiinnya aknn dimuatkan

. di dalam Laporan Tahunan Bahagian Penyelidikai A pembqngunan
sebagai satu cara untuk menyampaiknn dapatan projek tuan/puan trepada
pthak Universiti)

Bahasa Malaysia

ltgmUran pembaur hidrogen dan alumina terpilih semakin mendapat tempat
dalam bidang pemisahan gas kerana hidrogen merupakan sumber industri bagi
pembuatan bahan-api dan berbagai jenis Uatran kimia. Alumina ialah bahan
t-.turnif yang mempunyai struktur kristal padat, ikatan kimia yang kuat dan stabil
dari sifat kimia dan suhunya di samping rnenawarkan pembauran dan kepemilihan
yang tinggi terhadap hidrogen. paladium, platinum dan logam dari kumpulan 3
hingga 5 dalam Jadual Berkala *"tnpunyai keafinitian terhadap hidrogen pada
sesuatu tahap. Membran pd/alumina mempunyai kestabilan-mekanikal-dan
fguqavaan mendapatkan pembauran hidrogin yang tinggi, kesesuaian bahan
kimia yang mengandungi hidrokarbon, dan tepemitihanlak terhingga dalam
pemisahan hidrogen. Bahan ini sangat sesuai untuk kegunaan pemisahan hidrogen
pada tekanan dan suhu tinggi. oleh kerana ciri yang *ik ini, iembangunan baian
palladium/y-Alzo: membran komposit yung rtubil strukturnya dib; perhatian.
Dalam kajian ini, paladium/y-Alzo3 membran komposit diperolehi' daripada
proses sol-gel. Cecair paladium (PdCl2+air suling) aitamUatr, ke dalam cecair
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pennulaan semasa penyediaannya. Gel yang diperolehi daripada cecair permulaan
yang menganduogi alumina butoxide sekunder dan paladium klorida dikeringkan
pada suhu bilik selama 24 jam, dan disinter pada suhu berlainan (500-1100oC).
Struktur dan morpologi membran komposit diukur menggunakan xRD, SEM dan
penjerapan nitrogen, sementara analisis terma dilakukan menggunakan TG/DTA
dan FTIR. Kesan sesetengah pembolehubah seperti kandungan logam, kepekatan
PVA dan asid terhadap ciri-ciri struktur sampel yang dikalsin dipelajari. Sampel
menunjukkan kestabilan terma dan keluasan permukaan BET yang tinggi apabila
kandungan logam dan suhu pengkalsinan ditingkatkan. Logam yang lebih mahal
seperti platinum juga digunakan untuk perbandingan.

Bahasa Inggeris

Hydrogen permeable and selective alumina membranes have attracted much
interest in the membrane gas separation field due to the importance of hydrogen
as an industrial feedstock for the production of fuels and many chemicals.
Alumina is a ceramic material and it has compact crystal structure, strong
chemical bonding and is chemicatly and thermally stable while offering high
permeability and selectivity for hydrogen. Palladium and its alloys, platinum and
the metals in groups 3 to 5 of the periodic table are all permeable and have
affinity for hydrogen to a certain extent. Pd/alumina membrane have the
advantage of being mechanically more stable with ability to yield high hydrogen
permeability, chemical compatibilrty with many hydrocarbon containing gas
streams, and infinite high selectivity hydrogen separation. This material is very
suitable for hydrogen separation application that operates in high pressure and
temperature operating conditions. Because of the unique characteristic of this
material the development of composite palladium/y-Al2O3 membrane that is
structurally stable has been on focus. In this work, the palladium/1-Al2o3
composite membrane was prepared by sol-gel process. Palladium solution (PdC12
+ deionized water) was added to the starting solution during preparation. The
dried gel obtained from a starting solution containing alumina secondary butoxide
and palladium chloride was dried in ambient temperature for 24 hours, and
thermally treated at various temperatures (500-1l00oc). The structural and
morphological of composite membrane were measured by powder X-ray
diffraction CXRD), scanning electron microscopy (SEM) and nitrogen adsorption,
while thermal analysis was analyze by thermal gravimetric and differential
thermal analyses (TG/DTA) and Fourier transform infrared analysis (FTIR). The
influence of several parameters used in the synthesis including metal content,
PVA concentration and acid concentration on the structural properties of the
calcined samples was studied. The sample resulted high thermal stability and it
was found that the BET surface area decreased with an increase in the palladium
content and calcining temperature. More expensive metal i.e., platinum was also
used in the preparation of pt-alumina membrane for comparison purpose.
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(c) Ringkasan keputusan
The texture of both Pd/Al and PVAI changed with the thermal treatment

(500-1100"C). The surface area decreased as the temperature of treatment
increased. The total pore volume also decreased (0.33-0.16 cclg) with increasing
the heating temperature but the pore sizes increased e6.6-gs.s A; ana broadened
as the temperature of treatment was raised. The shape of the isotherms and
hysteresis loops indicate that for Pd/Al and Pt/Al samples calcined at temperature
500, 700 and 900oc exhibited isotherm Type I and hysterisis loop type A
associated with micoporosity and cylindrical pore shapes open a! 6oth ends.
However, the isotherm progressively changed when thermally treated at l000oC
as the samples exhibited isotherm Type III and Type E hysteresis loop associated
with bottle-neck pore structure. Alumina gel containing palladium and platinum
exhibited lower degree of cracks compared to pure alumina, since both metals
provide better adhesion to each other and support. From TEM analysis, palladium
and platinum particles dispersed uniformly in alumina matrix with- diameter
ranging between 5-15 nm. By increasing the metal loading, however, the metal
particles agglomerated to form bigger clusters encapsulated within the alumina
network. xRD analysis indicated that the crystalline phase was mainly 1-A12o3
when the sample was calcined at 500oC. o-Alzor phase began to appearwhen the
temperature was increased to l100oC. Since the use of palladium in pd-alumina
membrane synthesis yielded almost similar characteristics to that of more
expensive platinum metal, it is hypothesized that palladium could be used to
substitute platinum in order to produce more cost effective and efficient product
from this project.
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Abstract

Palladium-alumina membrane with mesopore and narrow pore size distribution was prepared by the sol-gel method. Effect of the finely
dispersed rnetal on the microstructure and the characteristic properties of the palladium-alumina membrane were investigated. Observations
were made on membrane weight loss, morphology, pore structurg pore size, surface area, pore surface fractal and membrane's crystal structure.
Autosorb analysis, X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Fourier Transform Infrared (FIIR) analysis were
employed in the membrane characterization. Autosorb analysis found that, BET surface area decreased and pore size of the membrane increased
with the increasing of calcinations temperature (500-ll00oC) and with the increasing of palladium amount in the membrane. FIIR and
TG/DTA analysis show that the suitable tempemture for calcinations of palladium-alumina membrane is at 700"C. Palladium metals are highly
dispersed at calcinations temperature of 7@ oC as observed by TEM analysis. The fine crystallinity of the palladium and y-alumina phase was
obtained after calcined at 7fi)"C. The SEM morphology shows a smooth and free uack layer of palladium-alumina membrane after repeating
the process of dipping, drying and calcinations at temperature of 700 "C. The membrane also successfully coated with a good adhesion on
suppoft. The thickness of the final membrane layer was estimated as 9 pm.
@ 2006 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.

Keywords: Palladium membrane; Alumina membrane; Sol-gel; Surface morphology; pore structure
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1. Introduction

Nanocomposites are usually involved noble or transition met-
als incorporated in such oxide matrices such as alumina, silica
and titania by various process whether as a catalyst or mem-
brane [1-3]. It has been found that among the dispersed metals
used as the guest phasq palladium creates the greatest variety
ofapplications ranging from catalysis to electronics. Catalytic
activity is attributed to the surface of the fine metal particles

[4]. These composites have attracted considerable interests
in recent years due to their important industrial applications.
They are widely used in industrial practice such as hydro-
genation, hydrocracking, oxidation reactions and abatement
of motor vehicle emissions but the most used is in hydro-
gen separation application [5]. Hydrogen is a clean energy

* Corresponding author. Tel.: +60459410121 fax: +6045941013.
E-nail address: chlatif@eng,usm.my (A.t". Ahmad).

resource and it is an important raw material and product in
chemical industries [6].

Membranes can be classified in two main groups, porous

and non-porous membranes. The definition of porous mem-
branes is more in agreement with the definitions adopted by
the International Union of Pure and Applied Chemistry QU-
PAC); the pore size classification given is refened to pore
diameter:

(i) Macropores > 50nm.
(ii) Mesopores 2 nm < pore size < 50 nm.
(iii) Micropores <2nm.

Transport occurs through the pores in porous membranes rather
than tle dense matrix and ideal gas separation membranes pos-

sess a high flux and a high selectivity [7].
Palladium, platinum, nickel and the metals in groups 3-5

of the periodic table are all permeable to hydrogen gas. Palla-
dium has long been recognized to possess the characteristics

0360-3199/$-see front matrcr @ 2006 International Association for Hydrogen Eneryy. Published by Elsevier Ltd. All rights reserved.
doi: I 0. l0 16/j.ijhydene.2006.08.046
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of a membrane. Palladiums have high hydrogen permeabiliry,
chemical compatibility with many hydrocarbon containing gas

streams and infinite hydrogen selectivity [8]. Palladium is a
steel-white metal which is lustrous, malleable and ductile and
it does not tarnish in air. Palladium has no known biological
role, and is non-toxic. It also has a unique resistance to surface
oxidation [9]. In 1866, Thomas Graham first discovered the
metallic palladium absorbs a large amount of hydrogen and it
is permeable only to hydrogen [0]. Hydrogen easily diffuses
through heated palladium and this provides a way of purify-
ing the gas. Palladium resists corrosion and at room tempera-
ture the metal has the unusual property of absorbing up to 900
times is own volume of hydrogen [9]. While, alumina (ceramic
material) has compact crystal structure, strong chemical bond-
ing, high hydrogen permeability, have an advantage of ther-
mal, chemical and mechanical stability and low cost [11,12].
This material also plays an important role in the adsorption
properties of the catalyst, due to both its relatively large sur-
face area and the presence of active sites on the alumina sur-
face (such as Lewis and/or Bronsted acid sites). These fea-
tures lead to a good activity and selectivity of the supported
catalyst [l3].

y-Al2O3 phase was chosen in this work because it has a
large specific surfacc area, welldefined pore size distribution,
and stability in a wide temperature range [14]. It is also able
to stabilize and disperse the active phase adequately [13]. An
increase in the heating temperature generates transformation to
the other transitional-phase aluminas such as d-, 0- and cr-AlzOr
with changes in the pore structure to accommodate densifica-
tion [3,15]._It is important to note that these phase transfor-
mation accompany a microstructural change, because the first
criterion in selectivity of membrane filtration processes is a nar-
row pore size distribution. Microstructure of the transformed
e-Alzor is composed of pores, grains, and pore channels [15].
A novel porous Pd/y-AlzOr membrane synthesize by sol-gel
method can produce membrane with higher permselectivity to
hydrogen due to is surface difhrsion or hydrogen spillover on
palladium metals and a very high permeability due to its porous
properties.

Currentln in hydrogen separation, commonly used mem-
branes are a dense palladium metal membrane which is only
selective to hydrogen and a porous ceramic membrane which
has high hydrogen permeability. The commercial applications
of these two kinds of membranes in catalysis are generally
limited either by the extremely low permeability of the dense

metal membrane, or by the very poor permselectivity of a

porous ceramic membrane [16]. Thus the preparation of inor-
ganic membranes which can exhibit both higher permselectivity
and permeability is urgently needed for industrial applications.
Palladium-alumina membrane has the advantage of being me-
chanically more stable with higher permeability than dense

metal membranes while maintaining good selectivity to hy-
drogen. Owing to the excellent hydrogen permeability and

selectivity, the membrane are the most promising media for
hydrogen purification and separation [6,1?].

Sol-gel method has many advantages and it is the most prac-

porous stucture also allows for the sol-gel material to be
useful as membranes with catalytic properties [16]. Previous
work done by Ahmad et al. [18] has successfully separated hy-
drogen from binary gas mixture using coated alumina-titania
membrane by sol-gel technique. Therefore, this shows that a
useful catalytic membrane must have small enough pores to
achieve separation of gases while maintaining a high disper-
sion of metal to avoid pore plugging. This method is possible

to prepare nanocomposites containing finely dispersed metal
particles within ceramic matrices at relatively low tempera-

tures [16,17,19]. The other advantages include the preparation

of materials with superior homogeneity and purity, higher BET
surface areas, well-defined pore size distribution and a bet-

ter control over the microstructural properties of the metallic
particles [16].

It is necessary to obtain a better understanding of the effect
of the metal used on the microstructure of the alumina mem-

brane by sol-gel method. The properties of dispersed palladium

metal on the membrane and the structure of the membrane by
introducing a palladium metals to alumina sol have to be in-
vestigated. Most studied have been reported on the preparation

and the characterization of the composite metaUceramic mem-

brane by other method such as wetness-impregnation method

and electroless plating method [6,8,20], though for method of
metal introduces to sol by sol-gel method has not received

sufficient investigation. Palladium commonly used as a dense

metal membrane. However, in this study palladium was doped

with ceramic alumina membrane to perform a porous ceramic

membrane which is believed can increase the gas permeability

in separation process.

In the current manuscript, palladium-alumina nanocompos-

ites membranes prepared by sol-gel synthesis and the effect
of finely dispersed palladium particles on the microstructure of
alumina (y-AlzOl) membrane were investigated. The objective

of the study is to improve the performance of alumina mem-

brane for application in H2 separation process by addition of
palladium as an additive. The purpose ofpalladium addition in

alumina ceramic membrane is to improve the structure and sta-

bility of membrane at elevated temperature. The effect of PVA,

aging sol and thermal treatment on the membrane stmcture was

also studied. The discussion includes the characteristic of the

sol, membrane surface area and pore characteristic, pore sur-

face fractal, crystal structure of the membrane sample, weight
loss and thermal evolution of membrane during heat treatment,

functional groups of the membrane before and after calcined

and membrane morphology. Membrane characterization is im-
portant in order to establish stability and uniformity of the thin
membrane layer.

2. Experimental

2.1. Preparation of unsupported and supported pallndiutn/

'f Alzos membranes

The membrane sol containing alumina and palladium pre-

cursor solution was prepared by sol-gel synthesis. Aluminum

tical method in preparation porous ceramic membrane. The secondary butoxide (AlOrCrzHzz) was used as alumina
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precursor and palladium chloride (PdClz) as palladium pre-
cu$or. In this work, nitric acid (HNOI) was used as peptizing
agent. The alkoxide: water: butanol: nitric acid molar ratio
used in this work was 1:100:5.5:0.07. Butanot (CaHeOH) was

added in sol-gel processing as they allow to control the re-
action of alkoxide precursors with water, and hence to direct
with more flexibility of the structure of sol-gel products [8].
The addition ofbutanol would enhance the adhesion ofcoating
layer to the support and was used to slow the hydrolysis rates
and thus to stabilize the alkoxides to the formation of clear
gel[21,221.If the hydrolysis was faster, it will lead to the pre-
cipitation of the sol [21]. Polyvinyl alcohol (PVA) was used
as a binder. An appropriate amount of PVA was added to sol
in preventing crack formation on the membrane layer during
drying process. The metal precursor which was first dissolved
in hot deionized water was then added directly to the alumina
sol. The mekl concentration used in this work was 0.5 and
2 g metal in 100 ml deionized water. The sol was stirred vigor-
ously in a closed container at temperature of 90 "C for 30 min
to dissolve the mixture before undergoing reflux process for
24h at 90oC. Then the sol was allowed to dry in ambient
tempcrature to form a dried gel through evaporation on Petri
dish. A part of the sol was used to dip coat onto the alumina
support. After drying, the dried gel without support and coated
gel were calcined at 50O-1100oC to form unsupported and

supported composite palladium-alumina membranes.

2.2. Characterization of membranes

Nitrogen adsorption analysis using an Autosorb I (Quan-

tachrome, Nova 1200) was used to determine pore character-
istic of the membrane. )(RD analysis was used to determine
the crystallinity and to identify the alumina phase of the mem-
brane after calcinations using Philips PW 1729 X-ray gener-

ator, Philips PW 1820 diffractometer (Cu-Ka radiation and
graphite monochromator) and Philips PW 1710 diffraction con-
troller. The morphology of membrane was examined by Scan-
ning Blecton Microscopy (SEM) instrument, Iro Supra 50
VP from Germany. Metal dispersion in alumina matrix was
measured by Transmission Electron Microscopy (tEM) using
CMl2 (Philips) with an accelerator voltage of 80kV. The im-
ages were captured with SIS Image Analysis System version
3. 1 1. The werght loss and thermal evolution of membrane sam-
ple during heat treatment was measured by thermogravimet-
ric and differential thermal analysis (TG/DTA) and this was

canied out in a Shimadzu TG 50. FTIR analysis was used to
identify the functional groups of the membrane and the chem-
ical changes which occurred upon heating the membrane. The
analysis was conducted by Perkin-Blmer FTIR 2000, USA.

3. Result and discussion

3.1. Sol characterization and the membrane formation

3.1.1. Effect of PVA
The use of appropriate sol viscosity is important in order to

successfully obtain the desired membrane layer on the support.

Fig. 1. SEM image of supported palladium-alumina membrane surface after

coated with highly viscous sol and calcined at ?00 oC (100 x magnilications).

The use of the binder such as PVA was found to be very im-
portant in preparing coating sol. PVA addition into sol is im-
portant as it can: (i) changes the sol viscosity; (ii) improve the

mechanical strength of the membrane by decreasing the brittle-
ness; (iii) maintains its original shape until calcinations process

kkes place; (iv) prevent crack formation of the membrane and

(v) grve a good adhesion of the coated membrane layer on the

support f19,2I,231.
In this study, the palladium-alumina sol was prepared with

palladium concentration of 29 Pd/100m1 HzO with a 6:100

volume ratio of palladium to sol. This ratio was chosen based

on the preliminary study of the experiment. If the ratio of pal-

ladium is higher than 6, the porosity of membrane is less. From

the results of experimental work, the optimum PVA concen-

tration in producing a thin membrane layer with smooth and

free of cracking is 49 PVA in 100m1 H2O with a 4:l(E vol-
ume ratio of PVA to sol. The similar finding was reported by

Ahmad et at [24]. PVA was added to sol during the peptiza-

tion period. Lambert and Gonzalez [19] found that, PVA was

much more effective in preventing crack formation, when it
was added prior to the alumina precursor and present during

the peptization step, The addition of PVA concentration greater

than 4g PVA/100mIHzO increased the sol viscosity and lead

to a highty viscous sol. The highly viscous sol would produce a

thick and non uniform membrane gel layer which tends to crack

during drying process, furthermore adhesion of the thicker film
was not good [25]. Higher viscosity enhanced the formation of
aggregates, thus leading to easily detachable particles on the

surface of the microstructure [26]. Fig. I shows the SEM im-
age of palladium-alumina membrane layer surface that coated

with highly viscous sol on alumina support after calcined at

700oC. The sol contains PVA concentration of 8 g PVA/100m1

HzO with a 4:100 volume ratio of PVA to sol. It was found

that, application of viscous sol resulted in high cracking and

peeling-offof the membrane layer after calcined as can be seen

in the Fig. 1.

Fig. 2(a) and (b) show the light microscope image of unsup-

ported palladium-alumina dried gel membrane layer on Petri

dish and supported palladium-alumina dried gel membrane
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Fig. 2. Light Microscope imagc of the palladium-alumina dried gel mcmbrane
surfae: (a) on Petri dish (10000 x magnification) and (b) on alumina support
(10 000 x magnifi cation).

layeron alumina support containing 49 PVdlOOml HzO with
4:1(D volume ratio of PVA to sol after dried at ambient tem-
perature for 48h. The dried gel layen for both unsupported
and supported membrane present a smooth surface and did
not sho\il the formation of crack. Yeung et al, 126) discovered
that alumina gel containing PVA and metal exhibit less cracks
as compared to pure alumina. Palladium metal addition in-
creases viscosity and leads to a slower drying rate of membrane

eel[27).
Fig. 3 shows the light microscope image of unsup-

ported palladium-alumina membrane surface containing 49
PVA/l00ml H2O with 4:100 volume ratio of PVA to sol af-
ter dried for 48h and calcined at 700oC. It can be seen that,
thc membrane surface showed morphologically homogeneous,
smooth and free of cracks even after calcined at 700oC.

As rnentioned earlier, PVA was added to sol as a sur-
face additive to reduce stress on the membrane layer during
drying process and in order to enhance the strength of the
membrane [19]. However, PVA amount was found to change

Fig. 3. Light Microscope image of the surface of unsupponed pall-

adium-alumina membrane after calcined at 700 oC (20 000 x magnifications).

the membrane morphology which is the addition of higher
PVA concentration increased the sol viscosity and lead to a
highly viscous sol that produce non uniform membrane layer
with highly degree of cracks. Beside can change membrane

morphology, it also has strong influence on the membrane

characteristic properties such as pore size, pore volume and

surface area that were measured by Quantachrome Autosorb

analysis t281. In this study, the effect of different volume
ratio of PVA to sol with concentration of 49 PVA/100m1

HzO followed by calcinations temperature of 700oC on

palladium-alumina membrane characteristic properties was

studied.
Table I shows the effect of PVA amount on BET surface

area, pore size and pore volume of palladium-alumina mem-

brane after calcined at 70OoC. The volume ratio of PVA to sol

was varied from 2:100 to 8:100. The table shows that the mem-

brane pore size was increased from 7.02 to 9.36 nm, the BBT
surfaci area decreased from 201.4 to 135.4m2lgand pore vol-
ume decreased from 0.37 to 0.28cm3/g as the volume ratio
of PVA in sol increased from 2:100 to 8:100. Similar trend of
result was reported by Othman et al. [29].

The increasing amount of PVA increased the pore size of
the membrane. Higher PVA amount promotes agglomeration

of the ceramic particles, which on calcinations leads to wider
pore size t301. The agglomeration causes inhomogeneous grain

growth and void formation. When the PVA concentration in

the sol is fairly low, the sol is highly dispersed. Well-dispersed

sol tends to produce small pore size and homogeneous

product [31].

3.1.2. Effect of sol aging
The age of the sol was supposed to have influence on the

viscosity of sol. With increasing reaction time, the condensation

reaction continued, therefore the viscosity of the sol increase

with the aging time. It is known that increasing viscosity of the

sol produces thicker layers, thus leading to an enhanced risk

of cracks and lower adhesion of the coating [25]. In this study'
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Table I
Ihe effect of different volume ratio of PVA (4g PVA/lO0rnl HzO) in sol on membraie microstructures propertics

Volume ratio of PVA in sol BET surface area (m219) Pore size (nm) Pore volume (cm3/g)

2:lff)
4:100
6:100
8:1@

20r.4
189.5

r42.4
135.4

7.02
7.45

8.31

9.36

0.3684
0.3109

o.2953
o.2832

0 100 200 toor'rionoour.uoo 600 700 800

Fig. 4, The effect of aging times on palladium-alumina sol viscosity at
different stining speed,

6:100 volume ratio of palladium to sol with concentration of
2g Pd/100mlHzO and 4:100 volume ratio of PVA to sol with
PVA concentration of 49 PVA/100m1 H2O were used in sol
preparation. The viscosity ofthe sol after 5,24,168,336 and
720 h was studied. The sol was aged in a close beaker at ambient
temperature.

Fig. 4 shows the plot of viscosity versus aging time for
palladium-alumina sol at different spindle speed. On the
shorter aging of up to 24h. the sol viscosity increased rapidly.
The rapid increase in sol viscosity is due to evaporation
of water and butanol. For longer aging times to ?20h, the
viscosity increased in a linear fashion, which is the viscos-
ity only increase slightly. Viscosity is affected by the chain
length and degree of molecular association. As aging pro-
ceeds, there is continued formation and condensation growth
of aluminum clusters, along with agglomeration of the alu-
mina clusters. The agglomerated will cause high viscosity of
the sol. With continued aging process, condensation growth
and agglomeration of aluminum clusters will results in the gel
formation I2I,321.

Effect of aging on membrane characteristics was also inves-
tigated. Three membrane samples were studied to determine
the effect of agrng on membrane characteristic. The samples
are the fresh palladium-alumina sol, the sol aging for ?20h
and the palladium-alumina dried gel aging for 720 h. For the
sol aging sample, the sol was kept for 720h in a close beaker
then dried for 48h and calcined; while the dried gel mem-
brane sample, the sol was dried for 48 h in ambient tempera-
ture then was aged for 720 h before calcined to determine the

changes of the membrane structure. The membrane character-
istic of the palladium-alumina membrane was characterized at
calcinations temperature of 700 oC.

The effect of aging sol and dried membrane gel on mem-
brane microstructures properties after calcined at 700oC is
shown in Table 2. The table shows that, the BET surface
area, pore diameter and pore volume is almost identical for
aged palladium-alumina sol and the fresh sol. These results
indicate that, the surface area and the pore structure do not
change remarkably with the aging time of palladium-alumina
membrane sol. This suggests that, sol kept in close container
in ambient temperature for 720h still can be used for coat-
ing. However the aging of dried membrane gel for 720h had
affected membftme structure after calcined. BET surface area

and pore volume highly decreased from 189.5-132.4 m2 I g and
0.31-0.28 cm3/g, respectively. While, pore diameter increased
from 7.45-10,72nm. When dried membrane gel was kept for
a long time without being calcined, little shrinkage occurred.
Shrinkage often leads to the build up of stress that caused by
capillary force which is relatively to the formation of pore.

Further calcinations would increase more pore size of the
membrane and this led to the decreasing of membrane surface
arcal22l.

Aging of the dried membrane gel without calcinations is sup-
posed to give an affect to the dried gel membrane and the cal-
cined membranc morphological structure. As stated by Klein
[23J, gel calcined after long aging would be expected to have
a denser and brittle structure. Fig. 5(a) and (b) shows the light
microscope image and SEM image of dded palladium-alumina
membrane gel before calcinations that were aged for 720h,
respectively. Light microscope only observed the major mal-
formation of the gel membrane surface, while SEM enable to
show the existence of small defects on the membrane surface
that cannot be observed by light microscope.

Fig. 5(a) shows that, the surface of dried membrane gel ex-
hibits rougher surface with cracks. The SEM image as shown in
Fig. 5(b) shows the dried membrane gel surface is not smooth
which is flaky in appearance and have a lot of chap. As men-
tion earlier, this happens due to the gel network is under com-
pression stress [22]. A wet gel formed from alkoxy-derived sol
normally shrinks to some extent while being aged duc to the
removal of some of its intemal alcohol and water (evaporation
process). When the gel is continued to dry and being aged, it
shrinks by a rather large amount, and this shrinkage often leads

to the build up of a non-uniform stress which fractures the gel.

Stress is caused by capillary force which is proportional to the
evaporation rate and pore formation 1221.



6 A,L. Ahrad, N.N.N. Mustafa/Intemational Journal of Hydngen Energy l)

tble 2
The effect of sol aging on palladium-alumina membrane microstructures properties aftcr calcined at 700"C

A,L. Ahrwd, N.N.N. Mustafa/lntemational lournal of Hydngen Energy lll (lllu lll-ltl

Samples BET surface area (m2/g) Pore diameter (nm) Porc voturne (cm3/g)

Fresh palladium-alumina sol dricd for 48 h

Sol aging for 720h and dried for 48h
Dried gel membrane aging for 720h

189.5

188.9

132.4

7.45

7.48

t0.72

0.3109

0.3100
0.2845

F
f
ooc
6

Eac
F
F
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Fig.5. Images ofdried membrane gel surface without calcined and aged for
720h by:. (a) light microscope image (10 000 x magnification) and O) SEM

image (10ffi0 x magnification),

3.2. Characteization of unsupported membrane

3.2.1. Fourier transfornn infrared (FTIR) analy$is
FTIR analysis was used to identify the functional groups of

the membrane and the chemical changes which occuned upon
heating the membrane gel layer. In FTIR analysis, the mem-
brane was deposited onto a KBr (IR-transparent substxate) and

was compressed to form a disc shape before analysis. Fig. 6
shows the infrared (IR) absorption spectra of Pdalumina gel

at four different temperatures treatment. The Pd/alumina gel

heated at 130oC shows the wide and broad absorption peak at

3408cm-1. This peak associated to the stretching vibrations
of the G-H bonds adjoining the Al atoms (hydroxyl groups)

and the G-H bonds, a functional group of water and butanol
that contain in the sample [34J. It also associated with car-

bonaceous materials such as PVA [34]. The absorption peaks

at 3084, L072 and 614cm-l is typical gelatinous boehmite,

4000.0 3ooo 2oo0 15oo 1000 400.0

Wavenumber (cm-1)

Fig. 6. FTIR specra of palladium-*lumina membrane at difrerent stage.s of
processing temperature.

a poorly crystallized modification of aluminum hydroxide

tAiOOlil boehmite t351. The absorption pea\ at 1384cm-l
related to nitrate CNOz) group and at 730 cm-l was related to

C-Cl bond that associated with nitrate and chlorine compound

derived from nitric acid and PdCl2 precursor solution [36].
However, these absorption peaks were no longer visible for

samples calcined at ?00 and 1 100 oC, attributing to the burning

reaction of organic compounds and water molecules in heating

process.

The absorption peak around 34471449cm-L and

163?-1638cm-l that exists for entire sample associated to

the functional group of water in crystallization phase (solid

state spectra) due to trace amount of water in KBr disc [36].
The absorption peak corresponds to Al-O-Al bond is at
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Fig. 7. X-ray diffraction pattems of the palladium-alumina membtane at calcinations tempemture of: (a) 400oC and (b) ?00oC.

around 830-832cm-l and the broad absorption peak at
590-591 cm-l conesponds to the inorganic metal characteris-
tic @d and ft) [36]. The absorption peaks at around 590-591
and 83G{32cm-l became narrow with increased of heat treat-
ment temperature. The sharper peak indicates strengthening of
the bonds. In the same frequency range, the sharp peak sug-
gests an increase in crystallization of alumina and palladium
particles [21].

3.2.2. X-ray diffraction analysis Q{RD)
XRD analysis was carried out to identify the alumina

phase and to determine the crystal structure of the membrane.
Fig. 7(a) and O) show the XRD panerns of the membrane
at two different calcinations temperature, 400 and 700"C. At
calcinations tempera$re of 400oC (Fig. 7(a)), the crystallinity
was poor for palladium-alumina membrane and boehmite
(y-AIOOH) still exist in membrane sample which is less sta-
ble than gamma alumina (y-Al2O3). The observed peaks for
1-Al2O3 and metallic palladium are broad, thereby implying
that the crystallite size is small [3]. Fig. 7(b) shows the XRD
pattern of palladium-alumina membrane at calcinations tem-
perature of ?00oC. The XRD pattem of membrane shows a
fine crystalline of the y-Al2O3 and metallic Pd whereas the
intensity of y-Al2O3 and metallic Pd increased after calcined
at 700oC. At this calcinations temperature also, y-AIOOH
was disappeared. At temperature of 400"C, the phase trans-
formation of 1-Al2O3 (2tAlOOHl -+ y-Al2O3 * HzO) is
not completely yet. The poorly crystalline AIOOH convert
to 1-Al2O3 at temperature as low as 450"C. Similar finding
was reported by Haas-Santo et al. [25]. The organic group
oftrydroxyl also not completely decomposes at this tem-
perature. This group was completely removed after heating
to 700oC.

3.2.3. Efect of calcinations temperature on membrqne

structureS

Theeffect of calcinations temperature on palladium-alumina
membrane structures were examined and were measured by

Quantachrome Autoso(b analysis. Char-acterizations were car-

ried out on unsupported membranes by assuming that their
properties are similar to those of supported membrane layers

[37,38]. Membrane with metal concentration of 0.5 g Pd/100m1
H2O and 29 Pd/l0Oml HzO with a 6:100 volume ratio of pal-
ladium to sol was used to study the effect of calcinations tem-
perature on membrane structures, respectively. Characterization
of the membranes was canied out at the temperature starting
from 500 to 1100 "C. The effect of calcinations temperature on
pore size, pore volume and surface area of the membrane is
shown in Fig. 8(aF{c), respectively. As can be se,en from 0re
Fig. 8(a), membrane pore size for palladium-alumina mem-
branes incrcased; whereas pore volume and BET surface area
(Frg. 8O) and (c)) decreased with increased the calcinations
temperature from 5fi) to 1100 oC. Membrane sample contain-
ing palladium concentration of 0.5g Pd/100m1 H2O resulted
an increasing in pore size from 2.70-8.54nm, pore volume de-

creased from 0.43-0.18cm3/g and the surface area decreased

from 47 1. 8-1 02,7 3 m2 / g. While for membrane sample contain-
ing palladium concentration of 29 Pd/l00ml H2O, the mem-

brane pore size increased from 6.99-15.967nm, pore volume
decreased from 0.39-0.09 cm3/g and the surface area decreased

from 249.5-46^2/g.
As can be seen from the Fig. 8(a){c), the pore diameter of

the membrane highly increased and pore volume and surface

area decreased sharply at calcinations temperature of 1100'C.
At higher temperatures, the formation of larger grains due to the

collapse ofthe pores with shrinkage (densification process) of
the material structure resulted in a strong increase in crystallite
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Fig. 8. The effect of calcinations temperatures on the: (a) avenge pore

diametec G) pore volume and (c) BET surface area of membrane.

size and decrease ofsurface area and pore volume [16]. It indi-
cates that, collapse of the pore structure started as conversion
to the stable c-AlzOr phase took place which is at temperature
of I 100 "C. The transformation of c-AlzO3 occurred at calci-
nations temperature of higher than 1000oC [25]. As state by
Gestel et al. [39], after a-Al2O3 transformation grain size grew
up which was acoompanied by strong surface area reduction.

Good separation selectivity requires a narrow pore size dis-
tribution [21]. Pore size distribution gives more information
on pore growth of the rnembrane with the increasing of cal-
cinations temperature. Fig. 9 shows the pore size distribution
profile of palladium-alumina membrane contains palladium
concentration of 29 Pd/100m1 HzO with 6:100 volume ra-
tio of palladium to sol at different calcinations temperatures
(500-1100'C). As can be seen from the Fig. 9, the pore size

distribution profile of membrane samples shows the pore vol-
ume was sharply decreased and the average pore diameter grad-
ually increased as calcinations temperature increased from 500
to 900"C. The pore size distributions profiles of the membrane

at calcinations temperature of 500-900'C showed nalrow pore
size distribution. This indicated that the membrane samples had

relatively uniform pore sizes [40]. It reveals that the addition

Fig. 9. Pore size distribution
calcinations temperaturc.

100 1000 10000
Log d (nm)

of palladium-alumina membrane at different

1
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Fig. 10. The effect of palladium ainounts on average pore sirc and BET
surface area of the membrane.

of metals did not destroy the uniform membrane based on the

nanow pore size distribution of the membrane. However, when
calcinations temperature increased to 11.00"C, the pore size

distribution profile for the membrane become wider, indicating
that the membrane pore structure was almost collapse.

3,2.4. Effect of palladium qmounts on membrane structures

Based on FTIR and XRD analysis, 700oC was chosen for
the calcinations temperatures for the following experiments. At
this calcinations temperature the copolymer or tlle traces of the

organic compounds is fully removed and fine crystalline of 1-
Al2O3 phase was observed. Palladium concentration of 0.5 g

Pd/lOOml HzO and 29 Pd/100m1H2O were used to study the

effect of palladium amounts on membrane microstructtrre us-

ing different volume ratio of palladium to sol. The mean pore

size and BET surface area of the membrane at calcinations tem-
peratures of ?00oC are shown in Fig. 10. It can be seen that,

the pore diameter increased whereas the BET surface area de-

creased with increased the palladium concentration and volume
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ratio of palladium in sol. Membrane sample with lower palla-
dium concenration (0.5 g Pd/100 mt H2O) shows that the pore
diameter increased slightly from 2.724.20nm and BET sur-
face area decreased ftom362.3-289.3m2 /g as the volume ra-
tio of palladium in sol increased from 2:100 to l0:100. While
for membrane sample with higher palladium concentration (2 g
Pd/l 00 ml H2O) the pore diamerer increased from 6.29-8.75 nm
and BET surface area decreased from 2I2.4-lL5.Am2 /g.'When the palladium amounts increased the palladium parti-
cles agglomerated and this would enlarge the palladium metal
particle size [3,6]. The decreasing of surface area and increas-
ing in pore size werp due to the pore blocking effect caused by
the metal particles that agglomerated and located along the pore
channel that close some membrane smaller pores [9]. Based on
the result observed in Fig. 10, the addition of palladium higher
than 6:100 volume ratio of palladium in sol with concentra-
tion of 29 Pd/l@ml H2O shows that, the BET surface area of
palladium-alumina membrane was sharply decreased and with
highly increased in pore size. If high BET surface areas are a
major consideration, it appears reasonable to keep palladium
concentration at 2 g Pd/100 ml HzO with volume ratio 6: 100 of
palladium to sol.

3.2.5. SEM analysis
SEM analysis was performed to investigate and to determine

the surface morphology of unsupported palladium alumina
membrane at calcinations temperature of 700 .C. 4:100 volume
ratio of PVA to sol with concenrration of 49 PVrVl0Oml HzO
and 6:100 volume ratio of palladium to sol with concentration
of 2 g Pd/100 ml H2O were used in membrane preparation. The
same sample was used for supported membrane. Fig. 1l(a) and
(b) present the SEM image of unsupported palladium-alumina
membrane surface after calcined at 700"C at two differ-
ent magnifications. It shows that, at the lower magnification
(500x) and even ar the higher magnification (10,000x) the
membrane surface was morphologically homogeneous, smooth
and free of cracks. The white dots that were observed in the
SEM image in Fig. 11(b) representing the palladium particles
were well dispersed.

3.3. Supported membrane arnlysis

3.3.1. Effect of suppott structure on membrane morphology
In this study, an alumina powder was used as the support

material with an average particle size of 20 pm. The alumina
powder was pressed at pressure of 8-l0ton by hydraulic press
equipment to form pellet (disks) shape with diameter of 20
and 2mm thickness. The resulting pellet then was sintered up
to 1000oC. The structure and pore characteristic properties
of the alumina support was characterizeA by SEM and Au-
tosorb analysis. The microstructural properties of alumina sup-
port after calcined at 1000 oC are 9.84 nm in pore diameter and
83.18m2 /gof BET surface area with surface fractal of 2.483.

The surface of support has an important role in produc-
ing good membrane morphology. Poor membrane morphology
such as cracks and holes will be observed due to rough surface

Fig. ll. SEM images of unsupported membrane surface after calcined at

?00oC at diffcrent magnification: (a) 500x and (b) l0$0x.

Fig. 12. SEM image of alumina support surface (5fi) x magnification).

of support and these defects will decrease the membrane per-
formance. Fig. 12 shows the SEM image of alumina support
surface. It can be seen that, the surface ofthe alumina support
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Fig. 13. SEM imagcs of palladium-alumina membrane layer on untret€d
support after calcincd at ?fl) oC: (a) membrane surfacc (100 x magnification
and (b) cross scctional view of the membrane on thc top of alumina support
(5fi) x magnification).

is very rough. Ttis poor morphology of support surface must
be treating in order to produce a smooth membrane layer. In
this study, the support was treated by coated the alumina sup-
port with PVA (as a pore filling) before membrane coating.

The supported palladium-alumina membrane was prepared

by coating the palladium-alumina sol on the top of alumina
support and dried for 48 h at ambient temperature until dried
gel formed before calcined at 700oC. The membrane layer
contains 6: 100 volume ratio of Pd to sol with palladium concen-
tation of 29 Pd/100m1 H2O. The membrane layer on the un-
treated support (without coated with PVA) is shown in Fig. 13.

Fig. 13(a) shows the SEM image of the membrane surface. The
membrane surface that illustrated in the figure was structurally
non-uniform and its surface morphology was very poor. The
appearance ofcracks, bumps and holes can be seen in the figure.

Fig. 13(b) shows the cross sectional image of the membrane.

It shows that the part of the coating sol was penetrated into the
support. This is due to the rough and irregular surface of the
support. It cleady shows that the coarse support surface cause

cracks, holes and bumps on the membrane layer. When holes
or cracks are developed on the coated membrane, the hydrogen
selectivity would greatly deteriorate [33].

3. 3.2. Coating of pall.adium-alumina membrane
To produce a good morphology of membrane layer, the

alumina support was treated by filling the support pores and

Fig. 14. SEM images of first coating palladiunr-alumina membranc

layer on tteated suppo$ after calcined at 700oC: (a) membrane surfacc

(Ifi) x magnificaiion) and (b) cmss scctional view of membrane layer
(2500 x magnification).

smoother the support surface with PVA before coating was ap-

plied. The alumina support was dipped in PVA for 5 h and dried
before coating was applied. Fig. 14(a) and O) show the sur-

face and cross sectional SEM image of first-coating membrane

layer on alumina support after treated or coated with PVA, re-

spettively. As can be seen in the Fig. 14(a), membrane surface

on the treated support was smoother than membrane surface

on untreated support (Fig. 13(a)). However, some micro-cracks

and micro-bumps still can be seen on the membrane layer.

Fig. la@) shows good adhesion of membrane layer on the

support and no sol was penetrated into the supporl The ob-

served thickness of the membrane is approximately 2 pm. The
membrane layer on the alumina support which treated with
PVA that acts as a pore filling substance and support surface

smoother helps to prevent almost the cracks formation. It also

improving more adhesion of membrane layer on the support

and at the same time successfully prevent the coating solution

from penetrate into the support.
The first coating membrane layer is not enough to cover the

overall of the rough surface on the support which is the forma-
tion of defects such as micro-cracks, pinholes and bumps on

membrane surface still can be observed. Second coating was

done to cover the membrane surface irregularities and repair de-

fects on membrane surface developed during first coating [26].
However, when the membrane was calcined after repeating the

dipping-drying procedure more than twice the adhesiveness of



A.L Ahnwd, N.N.N. Musufa/lnternatiorwl Joumal of Hydrogen Eneryy iltOrirj iri-fii

Fig. 15. SEM images of second coating palladium-atumina membrane
layer on trcated support after calcined at 700oC; (a) membrane surface
(100 x magnification) and (b) cross sectional view of membrane taver
(1500 x magnification).

the membrane became poor and the formation of cracks was
unaYoidable [38].

Fig. l5(a) and (b) show SEM image of the surface and
crdss sectional image of the palladium-alumina second coating
membrane on support, respectively. After second coating, no
cracks, bumps or pinholes were observed. As can be seen in
Fig. 15(a), the membrane surface is even, smooth and compact.
The second coating step reduced almost the membrane surface
roughness. The cross sectional image of supported membrane
demonstrates that the upper palladium-alumina membrane
layer was successfully coated and fused onto the alumina
support and the thickness of the membrane layer was esti-
mated as 9 pm (Fig. 15(b)). Some findings were reported that,
membrane with thickness of approximately 10pm has been
developed for hydrogen gas separation 16,4IA2|.

4. Conclusion

The sol-gel synthesis of palladium-alumina dried gel at cal-
cinations temperature of 700 oC, lead to the formation of mem-
brane pore size of less than 10nm with uniform pore size
distribution for both membrane sample containing pd concen-
tration of 0.5g Pd/100m1 H2O and 29 pd/l00ml H2O. The
result observed from Autosorb, FTIR and XRD analysis in-
dicated that, 700oC was a good processing temperature for
palladium-alumina membrane in producing a stable membrane
structures. The residual organics completely removed after cal-
cined at 700'C and without traces of carbon was detected.

nu. oI nyarogen Eneryy ara {||u, llt-||t l l

Carbon existences lead to low surface area of the membrane.
The palladiums also were highly dispened in the alumina mem-
brane at calcinations temperature of 700 oC. The membrane
pore size increased with increased palladium amounts and this
brings to the decreasing of membrane surface area. The rough
surface of the membrane was reduced after the support was
treated or coated by PVA before coating. Pinholes, cracks and
bumps developed during first coating were covered by repeat-
ing the dipping-drying-calcinations procedure by twice and the
coating layer with good adhesion was observed. The final mem-
brane thickness with 9 pm was obtained. Based on this study,
the structure and stabiliry of alumina membrane with addition
of palladium as additive were improved. It can be applied in H2
separation process in order to increase the H2 permeability.
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AHract

The alumina ceramic membrane has been modified by the addition of palladium in order o improve the H2 permeability and selectivity'

Palladium-alumina ceramic membrane was prepared via a sol-gel method and sUbjected to thermal treatnent in the temperature range 50G-

ll0ooC. Fractal analysis from nitrogen adsorption isotherm is used to study theporeiurface roughness ofpalladium-aluminaceramic membrane

widr differcnt chemical composition (nitric acid PVA and palladium) and calcinatiqirs process in tcrms of surface fractal dimension, D. Frenkel-
Halsey-{Iill(FI{[D model was usedo determinethe D value of palladium-aluminamembrane, Following FtlHmodel,the D valueof palladium-

alumina membrane increased as the calciuations tcmperature increased from500 o ?00 oC but decreased after calciaed at 900 and I 100 "C. Widr
increasing palladium concentration ftom 0.5 g Pd/ 100 ml H2O to 2 g P4/ 100 ml HZQ D value of membrane decreased, indicating to the smoothe-r

surface. Addition of higher amount of PVA and palladium reduced ttb surface fractal of the membrane due to the heterogcneous distribution of
pores. However, the D value increased when nitric acid concentration was increased from 1 to 15 M. The effect of calcinations temperature, PVA

ratio, palladium and acid concentration on membrane surface are4, pore size and porc distribution also studied.

@ 2006 Elsevier [nc. All rights resewed. : 
.
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1. Introduction

Novel porous palladium-alumina ceramic membrane has
recently attracted considerable resealc-h interest owing to its
higher permselectivity to hydrogen due.to surface diffusion or
hydrogen spillover.on palladium and higher permeability of
hydrogen due to alumina por-ous ptoperties [,2]. The char-
acterization of pore structure (porosity, pore size distribution,
surface area, etc.) of this niemtrane is of great importance.
It is well known that the p,erformance of membrane depends

on their structure and moqpliology. However, the surface area
and pore size distribution alone do not meet all requirements to
describe the charac0eristics of the pore structue of the mem-
brane. Another parameter to characterize the pore structure is
surface fractal analysis that is characterized by the fractal di-
mension, D. Surface fractal analysis provides a parameter char-

:Frponangauthor. 
Fax +60 4 5941013.

E-mail address: chlatif@cng.usm.my (A.L. Ahmad).

0021-97974 - see ftont matter @ 2006 Elsevier Inc. All rights reserved.
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acterizing irregularities on the membrane surface or parameter

reflecting the roughness of pore structure [31. The D value

should lie between 2 and3 and to be used to describe the ir-

regularities and roughness of pore surface [4J. Surface fractal

dimension ranging ftom D :2,for perfectly smooth surfaces,

to D :3, for sponge-like surfaces whereas the degree of sur-

face inegularity increases [3'5]. It is known that the inegulari-
ties and roughness of the surface are attributed to the existence

ofdistributed pore size that contributes to the D value. There-

fore, the surface fractal dimensionbecomes increasingly impor-
tant in describing the surface inegularities in many of previous

works.
The fractal nature of ceramic has been studied by many

means such as SAXS (small angle X-ray scattering) [6'?l'
SANS (small angle neutron scattering) [8] and adsorption meth-

ods [39*l l]. Chaput et al. [8] had investigated the alumino-

silica aerogels and found that their fractal dimensions were

all near 2.1 and had no significant temperature dependence

up to 800 oC, but the size of fractal domain decreased with
the increase of temperature. I-.ee and Tsay [l1l found that the
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surface fractal dimension values of alumina and aluminum bo-
rate were almost constant (2.5-2.6) after calcinations from 5@
to 1100"C. Meng et al. [2] investigated the surface fractal
dimensions of mesoporous aerogels from nitrogen adsorption
isotherms by means of the FHH method and the thermody-
namics method. They concluded that the fractal surfaces of
particulate aerogels were slightly more irregular than those of
polymeric aerogels. Blacher et al. [3] applied fractal analysis
to characterize the structure of Pd-Ag/SiO2 catalysts with dif-
ferent concentration of Pd-Ag. Nitrogen adsorption-desorption,
mercury porosimetry and small-angle X-ray scattering mea-
surement were used. The analysis showed Pd-Ag/SiO2 xere
gels exhibited open self-similar pore structure. From nitro-
gen adsorption-desorption measurement, FHH method was se-

lected and the results showed that when the catalyst was added

with silver of 04.7% concentration, D increased from 2.31
to 2.37, indicating the increase in micro surface roughness.

. Wei and Wang [3] investigated pore surface roughness change
i in composite Al2O3-SiO2 membranes by the analysis of sur-

face fractal dimension. Fractal features were analyzed from N2
adsorption-desorption measurements. It was found that surface
fractal dimension increased with increase of SiO2 content in
composite membrane with different molar ratio of alumina to
silica sintered at 600 "C The surface fractal dimension of mem-
brane with 40 molTo silica content increased slightly at sintering
temperatwe of 200{00"C but decreased at the temperature
of 800'C.- 

Fractal analysis of adsorption isotherms was first introduced
.by Avnir and $eifer in the year of 1983. The simplest and
most popular method is to fit the adsorption data with a frac-, -

tal isotherm equation, where the surface fractal dimensidfi'D
appears as a paraneter [3]. fn ms worh the surface fractat
dimension of palladium-alumina membrane is calculated us-,

ing Frenkel-Halsey-Hill (FIIH) model. F[trI methods are the
easiest way to calculate D value using Nitrogen adsorption
data without having calculated the pore surface arga.,The FHH
model for multilayer adsorption is a method profbsed by Avnir
and Jaroniec in the year of 1989, which,determines surface

. fractal dimensions from a single adsorption isotherm. FItrI
!: equationprovides a relationship between'tre surface fractal di-". mension andnitrogen adsorption, thatis tosay, theporesurface

roughness can be probed by nitrogerr molecules [31. fire surface
fractal dimension by FIIH modgl yields the following equation:

r ,- .l(D-3)N 
- ul '-l 

Po\
M__*t...rp/l (1)
.'ru L \. /J

The surface fractal dimension, D, can be calculated from the
slope of a plot of ln(N/NJ versus ln[n(P6lP)],

,(*)=(D_"1'"(+)],
where N is the number of adsorbed moles of nitrogen at the
given relative pressue (P lP0 and N,a is the number of ad-
sorbed moles in monolayer. The values of lV. and N can be
obtained from the Brunauer-Emmet-Teller (BET) modei equa-

tion. This part aims to study the effect of calcinations tempera-

a>

ture, palladium and platinum amount, and PYA amount on the

surface ftactat dimension of the membrane.

Inorderto increasetheperfonnance of membrane inH2 per-

meability and selectivity, the alumina ceramic membrane has

been improved by the addition of palladium as an additive'

The present work makes an effort to investigate the influence

of palladium and PVA amount" calcinations temperatwe and

acid concentrations on the structures (pore size distribution),

and surface fractal dimensions of palladium-alumina membrane

prepared by sol-gel synthesis. Surface fractal dimension is used

to characterize pore sEucture of the membrane. In addition,

differences between the surface fractal dimension of unaltered

and altored alumina membrane with palladium metal on pore

structure have to be determined because a good flux perfor-

mance needs membrane with high porosity (rough pore sur-

face), and good separation selectivity requires homogeneous

distribution of pores or a narrow pore size distribution (uniform

pore size).

2. Experimeqtal

Tlre palladiirm-alumina membrane was prepared by the sol-
gel method;,All chemicals in this work were supplied by

Acros Oigpnics, USA' except aluminum secondary butoxide

and nitric acid which supplied by Merck Germany. For prepa-

ration of palladium-alumina sol, aluminum secondary butox-

ide.(d(OC+Hg):) was used as alumina precursor, nitric acid

'.(IINO:) as peptizing agent and deionized water and butanol

(qftgOH) as solvent. Based on the reported finding from

'Refs. [14,151, the molar ratio of aluminum:water:butanol:acid

of 1:100:5.5:0.07 was selected. Butanol was added in sol-gel
processing as they allow to con&ol thereaction ofalkoxide pre-

cursors with water, and hence to direct with more flexibility of
the structure of sol-gel products [161. ttre addition ofbutanol

also was used to slow the hydrolysis rates and thus to stabilize

the alkoxides to the fonnation ofclear gel. Ifthe hydrolysis was

faster, it will lead to the precipitation of the sol [17J.

Base.d on the given ratio, 12'8 ml aluminum secondary bu-

toxide was dissolved in 25 ml butanoL Theru 90.4 ml deionized

water was heated on a hot plate to temperature of 90 "C and was

.added to the mixture of butanol and aluminum while maintain-

ing the temperature at 90 oC under vigorous stirring of the mix-

ture. After 15 min, PVA and palladium solution (PdClz which

was dissolved in hot deionized water (7G{0'C)) were added

to alumina sol and were stirred vigorously for 30 min to ensure

the sol mixture was well mixed. The palladium concentration

used in this work was 0.5 and 2 g palladium in 100 ml deion-

ized water. Later, about 0.16 ml nitric acid (HNOa) was added

to sol to peptize or stabilize the sol particles and the solution

was keep stirring at temperature of 90'C for 30 min before re-

flux process. The solution was peptized for about 24 h at range

temperature of 85-95'C under reflux conditions' The sol pre-

pared was stabilized to avoid the particles flocculated and the

solution was prepared in a closed beaker to enhance thgrate of
peptization. About 10 ml of sol was poured into a Petri dish af-

ter the sol was cooled to room temperature- Then it was dried

at an ambient temperature in a fume cupboard for 48 h to evap



A.L Ahrrra4N.N.N. MustSa/ Iournal af Colloidandlntetface Science 301 (2006) 571584

Effect ofcalcinations
temPeratule

Effect ofpalladium

EffectofPVA

Effeaof acid

orate water and butanol, until a dried gel layer was obtained.
After drying, the samples were calcined to form unsupported
palladium-aluminamembrane for 24 h. The experimental para-
meters and the variables are shown in Thble l.

The nitrogen adsorption analysis was performed using sur-
face area analyzet Autosorb I supplied by Quantachrome Cor-
poration, USA. Themembrane samples (powder) were first de-
gassed under vacuum at temperature 200oC for 3 h to remove
the moisture and other impurities in the samples. The adsorbed
arnount of nitrogen was measured by volume at standard tem-
perature and pressure. The data calculations were performed
automatically by the software (Micropore venion 2.46) avul-
able with the Autosorb I instrument.

Table I
Bxperisrcnal parameters and the variables

Expetimentalparameters Vadables

3. Rcults and discussion

3.L Effect of calcitwtion tenperature

The palladium concentration of 2 g palladium/lO0 ml
HzO wi*r 6:100 volume ratio of palladium to sol' 4:100 vol-
ume ratio of PVA (a g PVA/100 ml deionized water) to sol

and 5 M acids were used in this expgrimenL Figs. I and 2
show the adsorption-desorption isothenns of pure alumina

and paltadium-alumina membranes at calcinations tempera-

ture of 500-1100"C. As shown in Fig. I, it shows a typical

adsorption isotherm for the alumina [18]. The alumina mem-

brane at calcinations tempe&ture of 50G-900'C exhibited

type IV isotherm (mesgporous material characteristic) based

upoo Bnnauer, Deming, Deming and Teller (BDDT) classifica-

tion. The isotherm curves also show a hysteresis that associated

with capillary condensation in the mesopore range (2G-1000 A)
081. Howwea the adsorption isotherm for alumina mem-
brane at calcinatio$s temperature of 1 I 00 'C is characterized as

type tr isothenn Xlpe tr isotherrn is encountered when adsorp

tion occlrs on.low porosity material or on material with pore

Aiameters mqstly mesoporous. It also showed hysteresis on des-

orptionisotherm curve with a smaller desorption step U9'201.
The palladium-alumina membrane at calcinations tempera-

qrres of'500 and 700 oC also exhibited isotherm type IV' which

o 0.2 0t 0.6 0.8 I
Feh€rnnlurlnG/Fo)

500,700,900, u000c

05 g Pd/100 nl H2O ad 2 g Pdl100 ml H2O
(2100, 4:100, 6:100, 8:100 volume ratio of
palladium to alumina sol)

4 g PVA,IIOO nl H2O (2:100, 4:100,6:100, 8:100
volume ratio of PVAo aluminasol)

1,5, 10, 15 M
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Fig. 3. Pote size diqribution of (a) alumina and (b) palladium-alumina membrane at diferent calcination temperatures.

associated with mesoporous materials characteristic (Fig. 2) temperature of 50G-1100"C. Pore size distributions were ob-

as same as alumina sample. The isotherm shape progres- tained ftom the computational method of Barrett, Joyner, and

sively changed with irrcreasing the calcinations temperature. Halenda (BIH). As can be seen in Fig. 3, the pore size distri-

At 900 oC, the shape of isotherm changed to type V isothernr- bution profile for both membrane sample shows the mesopore

Tlpe V isotherm was also associated with pores in the same volume sharply decreased and the aYerage pore diameter grad-

range as those of the type fV isotherms [91. The isotherm ually increa$ed as the calcinations temperature was increased

shape of palladium-alumina membrane at calcinations tem- from 500 to 1100 "C. The trend is consistent with the work of
perature of 1100"C is characterized as type tr, indicating the lrenarsetal. [2ll.Thedecreaseinporevolumemaybecaused
presenceof largerpore [20]. by volume shrinkage at high temPeraturq which eliminates

Figs. 3a and 3b show the pore size distribution profile of some pores. The pore size distribution profiles for palladium-

pure alumina and palladium-alumina membrane at calcinations alumina and alumina membrane at calcinations temperature of

RtAlrnin rrgcfC

/
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Table2
Surface ftactal dimension of membranes at different calcination ternoeratures

by FHII model

Samples Temperature fC) Surhce fraaal
dirnension, D

Palladium-alumina (6: 100 volume ratio

of palladium to sol with concentration
2 g Pdl100 ml H2O)

2.3712
2.4626
2.4855
2.3148

2-3612
2.4335
2.400s
2.30/.5

500-700"C show narrow pore size distribution. This indicates
that the membrane samples at these temperatures had relatively
uniform pore size [22]. However, when calcinations tempera-
ture was increased to 90O and 1100 oC, the pore size distribution
profile for both membrane samples become wider and isotherm
shape also attributed to the larger pore. This result indicates
that the unifonn pore size of membrane is aruibutable to the
crystalline formation of the alumina phase.

At higher temperatures (1100"C), the formation of larger
pores due to the collapse of the pores with shrinkage (densi-

fication process) of the material structure resulted in a strong
incrcase in crystallite size and decrease of surface area and
pore volume [z3,Ul.It means that, ttre rapidly collapse of the,
fine mesoporous structure started as convsrsion to the stable d-:
Al2O3 phase took place which is at temperature of 1100'C.
The transformadon of cv-AlzOr occurred at calcinations tem-
perature of higher than 1000 oC 

t251. ns shted by Gestel et al.,
after cv-AlzOr &ansformation, pore size grcw up which was

accompanied by strong surface area reduction. In 1964, Lip
pens and de Boer using XRD analysis found that alumina went
through several transition stages depending upon the temp€ra-
ture [20]:

crystalline z -aOonaAlc r-A12O3 
sIlc 6-4lz0r

rq$c 
a- 1 o-41ro3 

l45c 
cv-Al2o3.

It was noted that poorly crystalline AIOOH could convert to
y-NzOt at temperatures as low as 450 ?C [25].

The surface fractal dimensions, D of the palladium-alumina
and alumina membrane are listed in Table 2. The experimental
data fitted the model will wiih an r-squared of more than 0.99
for each fit, and D ofthe membiane have been recovered from
the slopes of the plots according to the FHH equation (Eq. (2)).
It shows that, the p value displays an almost similar trend of re-
sult for both membranq samples. It can be seen that the D value
increased at lower cdlcinations temperature but starting to de-
crease when the calcinations temperature increased to higher
temperature. For the alumina membrane, increasing the calci-
nations temprature from 500 to 900"C resulted an increasing
inthe surface fractal dimension from 2.37 to2.48.1\is is due to
the pore formation mechanism of the membrane which caused
higher surface roughness and more irregular surfaces [!]. fnis
indicates that, the surface roughness increased as the calcina-
tions temperature increased from 500 to 900 oC for alumina

membrane. Wei and Wang [3] stated that, calcinations process

induces a restnrcturing phenomenon and results in the increase

of the mass fractal dimension of alumina clusters: hence there

will be slightincrease of surface ftactal dimension in the mem-

brane. The increasing in pore surface fractal dimension also can

be associated with the appearanc€ ofnew potes due to solubi-

lization of membrane constituents and to the crystallization of
alumina substances inside the pores, making them narrower and

with more irregular surface [26].
However, at 1100oC the surface fractal dimension of alu-

mina membrane decreased to 2.31 tis shown in T[ble 2- As

stated by Huang et d. 1211, the deformation mechanism of
the pore size will occur at liighpr calcinations temperature. At
higher calcinations tremPerature, the formation of larger pores

occurred due to the collagse of the pores and this leads to de-

crease in porosity [24]. The broadening of pores contributed to

the decrease of surface fractal dimension [27]. Wei and Wang

[3] also stated thaq Pores located between alumina clusters will
collapse as calcina(ions temperature increases because alumina

clusters are swallowed by larger ones.

Simi,hr trend was observed for palladium-alumina mem-

brane,(ihown in Table 2). However this membrane shows the

decr.easing,surface fractal dimension at 900oC (compared to

1tr00 "C for alumina). The value of surface fractalof palladium-

alumina membrane increased from 2.36 te 2-43 as temperature

hcneased from 500-700'C and decreased to 2-40 and 2.30 after

calcined at 900 and 1 100 oC, respectively. This result was con-

sistent with the deduction from adsorption isotherms and pore

size distibution analysis. At temperature of 1100oC, mem-

brane exhibit a wider Pore size distribution (Fig' 3)' thereby

indicated that themembrane are notporous and this contributed

to the smoother surface of membrane' Similar trend was re-

ported by Wei and Wang [3] and Huang et al' [27]-
It also can be seen from Tahle 2, the palladium-alumina

membrane have smoother pore surface compared to alumina

membrane as their fractal dimension was lower than alumina.

These arc due to the pore formation in composite membrane

becomes rather more complex than alumina membranebecause

the porous network in the composite membrane is controlled

by both the metal particles and the alumina clusters aggrega-

tion mechanism [271. The decreasing of surface fractal was due

to the pore blocking effect which is a metal particle in alumina

membrane clogged some membrane pores and made the pore

surface of the membrane smoother and this also related to the

decreasing of porous texture of membrane surface [28J. This

occurrence will be discussed more in effect of palladium on

membrane microstructure.

3.2. Effect of pallad.iwn

The palladium solution with concentration of 0'5 and 2 g

palladium in 100 ml of deionized water were used in this study'

The volume ratio of palladium to alumina sol employed in this

work was varied from 2:100 to 8:1@. Acid concentration of

5 M and4:100 volume ratio of PVA (4 g PVA/100 mldeionized

water) to sol were added in sol.

500
700

900
1100

500
?00
900

1100



580 A.L Ahna4 N.N.N. Mustafa / Jownal of Colloid and Inuface Science 301 (2006) 575-584

-vi6odFd-s-l{00
-AF1t00
{-6t00
-n-t{00

klr&rlnrrnOfr)

Fig. 4. Aclsorption-deso,rption isotherms of palladium-alumina membrane wlth different amount of palladiuou

-a-vdrnrtiolt00ofH
bFl

+vdrndio4tmofH
bit

+-volwilb6lmofPd
bFl

+vdwrlio8f$ofH
bFl

I t0 16 ls loot
trca(ril

Fig.5. Pore sizedistsibution of palladium-aluminamembrane with differcntamountof palladium.

e
lnot
t*oII

iro
,

r00

0:

00

The nitrogen adsorption/desorption iscitherms on palladium-
alumina membranes (2 g Pd/ 100 ml H2O r{ith-different volume
ratio ofpalladium to sol) calcined at 700 oC for 24 h are shown
in Fig. 4, in which isotherm of pure'alumina membrane is also

presented as comparison. The isotherms of entire membrane
samples at calcinations temperature of700 "C exhibited type IV
isotherm. This means that all .samples were porous that con-
tained mostly mesopores area-

Fig. 5 shows the pore size distribution of palladium-alumina
membrane with different amount of palladium using concentra-

tion of 2 g Pd/100 ml H2O. It clearly shows that the pore size

distribution profiles become wider, average pore size gradually

increased and pore volume slightly decreased as the palladium
amount increase. The result shows that, with increasing palla-
dium amount it will decrease homogeneity distribution of pore

due to the surface screening effects (pore blocking by palladium
metal). This effect also leads to smoothing membrane pore sur-

face. Based on the resulq the optimum palladium concentration
that was chosen is 2 gPd/100 ml HzO with volume ratio 6:100

thble 3

Surface ftactal dime,nsion of palladium-alumina nrcmbrarcs with different vol-

ume ratios of palladium to sol after calcined at 700 "C by FI|II model

Volume ratio of
palladiumto sol

Surface fracul dimension, D

0.5 g Pd/10O trtl E2O 2 g Pd/100 utl HzO

2:100 2.4922

4:100 2.4894

6:100 2.4690

8:100 2.4529

2.4594
2.489
2.4335
2.4058

of palladium to sol. This deduction further examined by fractal

analysis to determine more on the changes in surface rough-

ness.

The surface fractal dimensions, D of membrane synthesized

using palladium concentration of 0.5 g Pd/100 ml HzO and 2 g

Pd/ 100 ml HzO with different volume ratio of palladium to sol

were measured from FHH model and the data was fit with the

conelation. D values calculated from the slope of the linear por-

tion of the log-log plots are listed in Table 3. It can be seen thag
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the surface fractal dimensions decreased significantly with in-
creasing amountof palladium to sol. It clearly shows that, the D
value for membrane using higher palladium concentration (2 g

Pd/100 ml HzO) was lower than D value for membrane using

lower palladium concentration (0.5 g Pd/100 ml HzO). This
indicates that the pore surface of alumina became smoother

and less inegular as it contains more palladium particles. The
smoothing of pore surface roughness was due to the blocking
of alumina pore by palladium particles [28]. The agglomerated
would enlarge metal particle size when the metal amount in-
creased [29,30]. A larger palladium particle may screen some

membrane surface inegularity regions, and this effect make it a
smoo*ler surface [3]. As stated by I-ee et al. [28], larger metal
particles will enlarge the mean pore size. This large metal par-

ticle would close some smaller pores and which becomes in
accessible for the nitrogen molecule during membrane analy-
sis and then lead to the decreasing in the BET surface area and
pore volume [28'301.

firis analysis shows that, homogeneity of palladium-alumina
pore surface depends on the palladium content As reported by
Blacher et al. U3l, fractal behavior does not reflect the struc-
ture of the basic object (such as pores struchre or clusters) btrt
their distibutious. E[-Shafei et al. [l0l also stated ihat rough
surfaces may be divided into two general categories; roughness
due to the presence of uniform pores and roughness due to the
presence of a distribution of pore sizes.

Figs. 6a 6b, and 6c show TBM image of palladium-alumina
membrane containing palladium concenffation of 2 g Pd/100
ml HzO with a 6: 100, 8:100, and 10: 100 volume ratio of p4lla-
dium to sol respectively. The effect of palladium amount.qo:thg

shape and size of the palladium particle was observed and was

in agreemerit with finding that was reported by Chen etal..[8].
The crystallite spherical shape of palladium particles with size

range of 5-1 5 nm were observed for the membrane sample con-

taining 6:100 volume ratio of palladium to sol (Fig. 6a). TEM
observations of palladium-alumina membrang.as qn be seen in
Fig. 6a reveal that palladium particles are well itspersed within
ihe alumina matrix. When volume ratioof palladium to sol in-
creased up to 8:100 and 10:100, the palladium size increased
to lO-30 and 15-50 nrn, respectivelyi that was evaluated from
TBM micrognptr- The palladiumparticle in sample containing
8:100 and 10:100 volume ratio of'p-alladiums to sol were less

well dispersed in alumina matrix as can be seen in Figs. 6b
and 6c compared to sample containing 6:100 volume ratios of
palladium to sol (Fig. 6a).

These results show that with increasing the palladium
amoung the size of.pall adium particle increased. The dispersing

of palladium particle also would be less dispersed which they

tend to conyergent or concentra0ed at some part of the mem-

brane. This is due by palladium particles that agglomerated in
the alumina matrix which is lead to the growing of the palla-
dium particle to larger sizes as the palladium amounts increased

[30]- From this result" it can be concluded that, the decreasing

of surface area and increasing in pore size as Pd amount was

increased were due to the pore blocking effect caused by the
metal particles that agglomerated and located along the pore

channel.

Fig. 6. TEM images of palladium-alumina rnembrane at calcination temperature

of100"C containing Pd concentration of 2 g Pd/100 nrl HzO with (a) 6:100

volurne ratio of Pd to d, (b) 8:100 volume ratio of Pd to sol, and (c) 10:100

volume ratio of Pd to sol.

3.3. Effect of PVA

Polyvinyl alcohol (PVA) was used as abinder to prevent the

formation of cracks and increase the strength of materials and

also adjust the viscosity of membrane sol. It has been used for

a long time in many ceramic applications. The high binding

strength, water solubitty, anti heat stxess agent and cost effec-

tiveness have made it a reliable performer [31].
Based on the preliminary study, the optimum PVA concen-

tration in this study is   g PVA/ 100 ml HzO with volume ratio
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4:100 of PVA to sol was chosen. The volume ratio of PVA to
sol was varied from 2:100 to 8:100. 6:100 volume ratio of pal-
ladium (2 g Pd in 100 rnl deionized water) to alumina sol and
5 M of acid concenEation were used in this work Calcinafions
process was done at 700oC. The effect of PVA on the sur-
face fractal dimension of membrane, D which obtained from
the slope of the plots is listed in Table 4. It shows that, ttre
surface fractal dimension decreased with increased of volume
ratio of PVA to sol. The surface fractal dimension of membrane
with binder was lower than that without binder. These indicate
that the addition of binder reduces the inegularity of the mem-
brane surface. The decrease in D value may be attributed to
the dispersion of binder into the narrow pores of alumina and
smoothing out of the surface, as reported by Tsay et al. [32] in
their work. The increasing amount of PVA increases the pore
size of the membrane. Higher PVA amount promotes agglom-
eration of the ceramic particles, which on calcinations leads to
wider pore size [33]. Tlre agglomeration causes inhomogeneous
grain growth. When the PVA concentration in the sol was fairly
low the sol becarne highly dispersed. Well{ispersed sol tends
to produce homogeneous product [34].

Table4
Surface fractal dimension of palladium-alumina membranes with different vol-
uure ratios PVA to sol after calcined at 700 oC by FHH model

Volume ratio of PVA to sol Surface ftactal dimension. D

Thennogravimetric analysis (TGA) was performedto deter-

mine the membrane's weight loss during calcinations and to

investigate the temperature for complete decomposition of the

hydroxyl and organics compound such as PVA- The analysis

wgs performed onthe driedmembranegelthatwas dried in am-

bient temperature for 48 h. TGA curve for the composite mem-

brane is shown in Fig. 7. Ttuee stages of weight loss occuned

as can be seen in Fig. 7. In the fint stage (30-130'C)' a drastic

weight loss of 2070 was observed. This is due by evaporation of
residual alcohol and water ind also the pyrolysis of the surfac-

tant and residual organics (copoiyme{. In the second stage at

130-700 "C, weightloss of207o was observed. The weightloss

at this stage was due to the thgrmal decomposition of surface

organic (hydroxyl and alkoxy) groups and removal of water

during the phase transformation of }z-AlzOt (2[A1OOH] + y-
AlzQ * HzO). In the third stage at700-900 oC, a small weight

loss of 17o occurred due to the crystallized phase transforma-

tion of alumina(y1 to 6- and 0-AlzOt). The results suggest that

during the calcinction..process the organic groups or substantial

portion of the gopo,tymer was pyrolized at 130 "C but not com-

pletely removed uti1700 "C. Based on the observed result" the

minimumcaliination temperature for palladium-alumina mem-

brane was 200 oC. At these observed temperature' copolymer or
organiccompounds were completely removed [22]-

j.4. Effect of acid concentation

Membrane containing volume ratio 6:100 of palladium to

iirt witfr concentration of 2 g Pd/100 rnl HzO with different

acid concentration (1, 5, 10, and 15 M) were compared to study

the effects of the acid concentration on Pore stnrcture and pore

surface fractal dimension of membrane. Mol ratio acid to alu-

minum was 0.07;1 for all acid concentration that was used-

4:100 volume ratio of PVA (4 g PVA/100 ml deionized water)

to sol were added in sol and the gels were dried and calcined at

700oC. Table 5 shows the palladium-alumina sol characteris-

tics and rnembrane properties data at calcinations temperatures

of ?00"C with different acid concentrations during synthesis-

It can be seBn ttrat, the pH value of sol gradually deqeased

when acid concentration increased. It is noticeable fromTable 5

that, the membrane pore size, pore volume and BBT surface

area decreased gradually with increasing acid concentration at
calcinations temperature of ?00oC. Similar trend of finding

were also reported in the previous literatures- The pore volume

and the surface area diminished with increasing acid concen-

tration and with lower pH value. As reported by Haas-Santo

et al., higher pH promotes polycondensation reactions [14'25].
At lower acid concentration, the stability of alumina particles

decreases and hence causes higher agglomeration of the alu-

WiftoutPVA
2100
4:100
6:100
8:100

2.sffi
2.qt05
2-4335
2.3799
2.3M
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Fig. ?. TGA cuwe of palladium-aluririna dried membrane dried at ambienttem-
perature for 48 h under N2 flo* at 20 oCmin-!.

Table5
Thc effect ofdifferent acid concentrations on sol and membrane characteristic properties

\
\

Acid(M) pH Solappearance Bgfsurfacearea(rn2/g) Poresize(nnr) Porevolume(cc/g)

I

l0
15

199.5

189.5

175.2
t42.4

6.84
5.4
4.98
3.18

Sedimentation appear

Well dissolve sol
Well dissolve sol
riy'ell dissolve sol

10.6'l
7.45
7.05
6.59

0.4031
0.3948
0.3759
0.3?35
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1

5
l0
l5

Table 6

Surface fracbl dimension of palladiurr-alumina membrane with different acid

conccntrations calcined at 700 o C

Acid concentration (M) Surfacc ftactal dimensioo, D

2.4n,8
2A335
2-4814
2.4322

mina particles, which rcsults in the increase of pore size [91.

This suggests that" sol containing I M acid concentration can-

not stabilize the sol which is tend to agglomerated and produce

larger pore size.

It was found that, palladium-alumina sol with t M acid con-

centration shows sedimentation appeared. As stated by Huang

et al., stable sols can notb obtained when the concentration of
peptization acid is too low [151. This suggests that sol contain-

ing I M acid concentration cannot stabilize the sol which is tend

to agglomerated and produce larger pore size. With increasing

acid concentration to 5 M and abve a well dispersed and well
dissolved sol was obtained. The state of sol also has an impor-
tant influence oa the structure of membrane after calcined. Well
dissolved sol tends to produce homogeneous membrane. While
membrane formed from sol that was not fully dissolved or ag-
glomerated sol tends to have larger pore after calcined [34].
As reported by Haas-Santo et al., higher pH promotes poly-
condensation reactions. If the gel network is not very strong

and does not have any high degree of condensation, e.g., at a

lower pH valug it collapses during heat treatnenq leading-to a

dense structure with a low specific surface area. Based on the

result, acid concentration of 5 M is chosen in membrane sy4-

thesis [25].
The fractal dimension, D which obtained from the slope.of

the FHH plots is listed in Thble 6. It shows that, the mem-

brane samples prepared with higher acid co:rcentration gave

the higher surface fractal dimension compared to the mem-
brane samples prepared with lower acid"oon@Btration. The D
value increased ftom 2.43 to 2.48 ag acid concentration in-
crcased ftom I to 15 M. This indicated.that, with increasing

acid concentration the pore surface rorigli4ess of the membrane

surface increased due to formation of smaller pore with homo-
geneous and this was in agreemeiltrwith the result observed for
palladium-alumina microstructure proPerties.

4. Conclusions

The fractal analysip allows us to study and to understand a

wide range ofphenomena associated with the complex structure

of porous material by quantifying the degree of geometry ir-
regularities through a single number; the surface fractal dimen-
sion, D. The surface fractal dimension, D, of the palladium-

alumina ceramic membranes havebeen evaluated from theirni-
trogen adsorption isotherms by FHH method. Calcinations tem-
perature induces a change of pore surface roughness of porous

materials. The surface fractal dimension of palladium alumina
membrane increases slightly when the calcinations tiemperature

rises from 500 to 700 oC and then decreases at 900 and 1 100 'C.

This phenomenon can be explained by deformationmechanism

of thi pore size. Alumina undergoes several sffuctural reform-

ing phasa wittr increasing temperature which attribute to the

"t 
*g"t of pore size. When the calcinations temperature in-

creases, the average pore size increase and the pore volume

decrease caused by volume shrinkage, which eliminates some

smaller pores. With the increasing of palladium amount' the av-

erage pore size of the membrane increase and the surface fractal

vatue of panaaium-alumina membrane decreasg indicating to

the smooihening of surface st$cture' The decreasing in sur-

face fractal was due to the pore blocking effect caused by metal

particles that agglomerated and close some membrane smaller

pores. tvteanwttiie, PVA will reduce the surface inegularities of
membrane and thus l9wer the value of fractal dimensioru D'
Smaller pore size was obtained when the nitric acid concentra-

tion added increase. The fractal dimension, D tends to increase

with the increase of apid concentration in palladium-alumina

ceramic membrane. Based on the observed result' it shows that

the pore distribution of the membrane conuibutes to the ir-
regritarities and roughness of the rnembrane surface which is

attributed to the D value. Surface fractal analyses also provide

parameter that gives more information on pore growth of the

membrane or describe the porous solid structure more effec-

,t"'".ly.
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Abshact

Thin films of sol-gel derived Pt/alumina were prepared from a boehmite solution containing alumina-sec-butoxide and chloroplatinic

acid. At llQQoc, 1-l,trO, phase was not present in the alumina sample but it remained in the Pt/alumina sample, suggesting that

improved thermal it Ulfiti oe tn" t-At O, o. th" transition aluminas (1-, 6- and 0-) was achieved. Except for samples thermally treated

at 1000 "6, pore size distribution profiles of both, alumina and Pt/alumina composite thermally treated at 500-900 oC demonstrated a

narrow pore size distribution. Alumina and PValumina treated at 500 oC, ?00 oC, 900 "C and 1100 oC, exhibited a type IV isotherm

according to the BDDT classification, characteristic of mesoporous materials. lncreasing the calcination temperature of the alumina

sample fiom 500 "C to ?00 oC increased the fractal dimension from 2.37 to 2.46. However, further increase from 900 oC to 1100 oC

caused the surface fractal to decrease from 2.43 to 2.39, respectively.

@ 2005 Elsevier Inc. All rights reserved.

Keywonls: PValumina; Thermal treatment; Surface morphology; Pore structure; Fractal

1. Introduction

1.L lnorganic membrane

Inorganic membranes have the potential of being
used in gas separation, enrichment, adsorption and/or in
filtration process in conditions where organic polymer
membranes cannot be used. Some inorganic membranes

also offer considerable promise in catalytic membrane reac-

tor application due to their high thermal, chemical and
mechanical stability at elevated temperature and chemi-
cally reactive environments [].

Alumina is a ceramic material having a compact crystal

structure, strong chemical bonding and stability. Palla-
dium, platinum, nickel and the metals in groups 3-5 in
the periodic table are all permeable and have affinity

--1-rrrponding author. Tel.: *604 5996426;fax: *604 5941013.

E-mail aildresses: chroslee@eng.usm.my, mohd-roslee@yahoo.com
(M.R. Othman).

t38?.181 V$ - see front matter O 2005 Elsevier lnc. All rights reserved'

doi: 10. l0l 6/j.micromeso.2005. I 2.005

towards hydrogen to a certain extent. Hydrogen permeable

metal membranes made of platinum, palladium and its

alloys are widely studied due to their high hydrogen perme-

ability and selectivity and chemical compatibility with
many hydrocarbon containing gas stream, and the fact that

they exhibit infinitely high selectivity for hydrogen. Previ-

ous articles [2-7] reported about nanoparticles of palla-

dium and platinum deposited in alumina or the other

ceramic materials by sol-gel processes whether as a catalyst

or membrane. In this work, the study of the effect of ther-

mal treatment on the microstructure of sol-gel derived

alumina modified platinum was carried out and results

are reported. The sol-gel method was chosen in this study

because it allows for the control of pore size, surface area

and uniformity of particle dispersion in a solution U'8-121.
In the study of microporosity, hysteresis loops obtained

from adsorption/desorption analysis can be used to corre-

late pore shape or structure. Five different types of hyster-

esis loops are commonly encountered. Type A hysteresis

is principally due to cylindrical pores open at both ends.

Type B hysteresis is principally due to slit-shaped pores
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or the space between parallel plates. Type C hysteresis is
principally due to a mixture of tapered or wedge-shaped
pores with open ends. Type D hysteresis is principally
due to tapered or wedge-shaped pores but with narrow
necks at one or both open ends. Type E hysteresis is prin-
gipatly due to McBain's 'bottle neck' pores, the so-called

'bottle neck' shape [3].
The characterization of the micropore structure is of

great importance. It is well known that the performance

of membranes depends on their structure and morphology.
The magnitude of the surface fractal dimension of mem-
branes has great influence on physico-chemical processes

such as adsorption, surface diffusion and catalysis. Fractal
analysis provides a parameter characterizing irregularities

on a surface and was used to investigate the surface mor-
phology. The surface fractal is an important parameter that
reflects the roughness ofpore surface. The surface area and
pore size distribution alone may not describe the character-

istics of the pore structure of membrane. Surface fractal
dimension, D, ranging from D :2, fot perfectly smooth
surfaces, to D:3, for sponge-like surfaces, can be used

to describe the irregularities and roughness of pore sur-

faces. The following Frenkel-Halsey-Hill (FHH) model

can be used to determine D:

t3l
,Pt

(d) 1100q8

dT
Ft0rq Ft Ft

(e) CgOoO

Pt

,Ft Ft

(q,+oose

Fr Pl Pt

Pt
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Pt
PIPt Pt

rzBt

Fig. l. X-ray diffraction patterns ofthe (a) Pt,/alumina after being calcined at different temperatures and (b) alumina and Pt/alumina after being oalcined

at ll00oC showing transition alumina phases (1-, 6- and 0-) and metal Pt.
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{: [,n f+)1"' (r)il--1"'\P/l
In Eq. (1), N is the number of adsorbed moles of nitrogen
at the given relative pressure, PlPo; N^ is the number of
adsorbed moles in monolayer; P/Po is the relative pressure

of nitrogen adsorbed. The value of N* and N can be
obtained from the BET model given by Eq. (2), and the
surface fractal dimension, D can be calculated from the
slope of a plot of ln(N/N-) vs. ln[n(PolP)]:

'n 
: (#J = (D - ,,' ['" (?)] e)

2. Experiment

2.1. Preparation of Pt-alumina membranes

The Pt/y-AlzO3 gels were formed using a sol-gel proce-
dure based on the work of Yoldas [4]. In a typical synthe-
sis, aluminum sec-butoxide was mixed with deionized water
and butanol for l5min at temperatures of -90"C. The
molar ratio used was AI(OC+Hg)r:H2O:HNO3 : l:100:0.07
with the addition of 25 ml butanol. After 15 min, 6 vol% of
0.2g H2PtCl6 dissolved in l00ml deionized water was
added directly to the sol. The mixture was stirred vigor-
ously in a closed beaker for 30 min. Then the sol was pep
tized for 24h at temperature of -90 

oC by adding HNO3.
Then the sol was allowed to cool slowly and steadily at
ambient temperature to form a dried gel. The dried samples
were then thermally treated at 500-ll00oC for 24h to
form Pt-alumina composites.

2.2. Characterization of the membranes

The morphology of the films was examined using a
scanning electron microscope (SEM), Leo, Supra 50 VP
from Germany. Porosities, surface area, pore volume and
pore sizes of the samples were analyzed using Autosorb I
(Quantachrome, Nova 1200). XRD analysis was carried
out to determine phase composition and the crystal struc-
ture of the sample using a Philips PW 1129 X-ray genera-

tor, Philips PW 1820 diffractometer (CuKcr radiation and
graphite monochromator) and Philips PW 17l0 diffraction
controller.

3. Results and discussion

Fig. l(a) shows the XRD pattern for the Pt-Al2O3 com-
posite after thermal treatment at a temperature of 500, 700,

900 and ll00 oC, respectively. Peaks of 1-Al2O3 and metal-
lic platinum were clearly visible at all temperatures, indicat-
ing a well-crystallized phase was achieved. The intensity of
1'Al2O3 and metallic Pt peaks increased as the temperature
increases, indicating that the degree of crystallinity of
alumina and platinum particle increased. At 900 oC, the
crystalline phase of 0-Al2O3 started to form. When the tem-
perature was increased to I100 oC, more intense peaks and
the appearance of a-Al2O3 phase were observed in the

XRD spectra [4]. l-AlzOr phase remained at all tempera-
ture conditions. This is different from alumina sample trea-
ted at tl00'C (Fig. 1(b)) where the Y-AlzOr phase was no

longer in existence. This shows that the thermal stability of
y-Al2O3 or the transition aluminas (Y-,6- and 0-) modified
platinum was improved remarkably.

FI
(b)

PUalumina (1100'C)

q 0. lo
0q ftPt

Alumina (1100rc)

d

q
q q(I

r20l

Fig. | (continued)

50 100 150
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Fig. 2 shows the effect of the thermal treatment on the
surface area, pore diameter, and pore volumes of alumina
and Pt/alumina. This data were obtained from nitrogen
adsorption/desorption analysis. The texture of the alumina
and Pt/alumina also changed with the thermal treatment.
The surface area decreased as the temperature increased
for both sample due to particle agglomeration. The total
pore volume also decreased with increasing thermal treat-
ment but the pore sizes increased as shown in Fig. 2(a).

Fig. 3(a) and (b) shows broadened pore size distribution
as the temperature was increased. This was due to the
collapse of the pores with the shrinkage of the material
structure as the temperature increased. Except for samples
thermally treated at 1000 "C, pore size distribution pro-
files of both, alumina and Pt/alumina composite ther-
mally treated at 500-900 oC demonstrated narrow pore
size distribution.

5(x, 600 700 800 900 lmo 1100 1m0
femperature (t)

500

rlo0

300

200

400 600 800 1000 1200
Temperature ('C)

Fig. 2. (a) Average pore diameter, (b) pore volume, and (c) BET surface
area of alumina and Pt/alumina membranes as a function of heat
treatment temperature.

Fig. 3. Pore size distribution of (a) alumina samples and (b) Pt/alumina
samples from the adsorption branch of the isotherm.

A typical isotherm for the alumina and Pt/alumina trea-
ted at 500"C,700"C,900oC and 1100oC, are shown in
Figs. 4 and 5 respectively. All of them exhibited a type
IV isotherm based upon the BDDT classification, that
the characteristics of the sample were typical of mesopor-
ous materials, associated with high BET values as well as

a marked hysteresis associated with capillary condensation
in the mesopore range (20-1000 A) [13,15]. The hysteresis

loop for the alumina and Pt/alumina sample moves toward
higher relative pressure values as the temperature of treat-
ment increased, indicating that pore sizes increased as well.

For the alumina calcined at temperature of 500 oC and
700 oC, the observed isotherm curves were those character'
istic of ink bottle type pores (type E). Pt/alumina samples

heated at temperature of 500 oC, 700 oC and 900 oC also

exhibited ink bottle shape pore characteristics. The iso-

therm shape progressively changed with increasing temper-

ature. Alumina samples heated at 900 oC exhibited
cylindrical type pore (type A) and both of alumina and

Pt/alumina samples thermally treated at ll00 oC exhibited
type C feature, corresponding to tapered or wedge-shaped

pores with open ends (V shape).
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Fig. 5. Adsorption/desorption isotherms of Pt/alumina samples calcined

at (a) 500 "C, (b) 700 oC, (c) 900 "C and (d) I 100 "C.

based on Eq. (2). Increasing the calcination temperature

of the alumina samples from 500 oC to 700 oC increased

the fractal dimension from 2.37 to 2.46. However, furthet

increase from 900 oC to I 100 "C caused the surface fractal

to decrease from 2.43 to 2.3g,respectively' This is probably

due to smoothening of the surface as particles melted and

agglomerated as reported in [16]. Pores located between
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The surface fractal dimensions were determined from
their nitrogen adsorption isotherms by means of the Fren'
kel-Ilalsey-Hill (FHH) method. Fig. 6(a) and (b) shows

FHH plots of alumina and Pt/alumina membrane respec-

tively at different calcinations temperature and the surface

fractal dimensions are listed in Table l. D values calculated
from the slope of the linear portion of these log-1og plots
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Fig. 6. FHH ptots for the (a) alumina membranes and (b) Pt/alumina membranes at calcination temperatures of 500 "C, 700 "C, 900'C and 1100 oC'

0.30

0.25

0.20

^ 0.15
E

I o.ro
E- 0.05

500
700
900
ll00

Table I
Surface fractal dimensions of alumina and Pt/alumina membranes (6 vol%
of 0.02 g/rnl Pt) calcined at different temperatures

Temperature ('C) Surface fractal, D

. Alumina Pt/alumina membranes
(6 vol% of 0.02 g/ml Pt)

2.3682
2.3989
2.4293
t.6294

alumina clusters collapsed because clusters were swallowed
by larger ones. A similar trend was observed for Pt/alumi-
na samples. The value of the surface fractal of Pt/alumina
initially increased when temperature was increased from
500 to 900 oC, but then decreased when temperature was
raised further to 1100 oC. Comparing to the fractal dimen-

sion values of alumina to that of Pt/alumina, it can be

implied that the pore blocking effect had taken place and

that the pore formation in alumina was rather more com-

plex than in Pt/alumina because the porous network was

governed by three different types of pore structure (ink bot-
tle, cylinder and V) whereas, Pt/alumina by only two types

of pore structures (ink bottle and V) during the course of
thermal treatment. The surface fractal dimension of the

pores depends on the amount, size and the mass fractal

dimension of clusters, as well as the extent to which clusters

interpenetrate [16].
fig. Z(a) ana 61 shows SEM images of Pt/t-AlzOr

membrane surface and cross-sectional image of the mem'

brane layer on the a-alumina support respectively, ther'
mally treated at temperature of 700 oC. It can be

observed that the film (about 9 pm thick) deposited on

the porous alumina support was even' smooth and com'
pact. There was an absence ofcracks, pinholes or bumps.

2.37t2
2.4555
2.4326
2.3048

lnIn(P/Po[
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Fig. ?, SEM images of supported membrane calcined at 700 "C: (a)

membrane surfacs and (b) cross-sectional image of the supported

membrane with thickness about 9 pm.

Fig. 8 shows the transmission electron micrograph
(TEM) of Pt/alumina memaranes. In the synthesis of Pt/

T-AI2O3 membrane, thermal treatment was carried out to
decompose the Pt pr@ursor to metallic Pt. This process

promoted the possibility of collisions of Pt clusters and
the glowth of bigger Pt clusters was anticipated. TEM
observations of the composite membrane reveal that the
platinum particles were well dispersed within the alumina
matrix for membrane calcined at 700 oC. The size of plati-
num particles was evaluated from measurements on the

TEM micrograph. The metal particles were in a size range
between 5 and 20 nm. The size of the platinum particles

increased with increase in calcination tempetature to a size

range between l0 and 45 nm. Heating the Pt/alumina sam-

ples at higher temperature caused the platinum to grow to
larger sizes as they agglomerated in the encapsulating
matrix. When the metal content and the calcination tem-
perature increased, interface interactions between the metal
particles and the matrix occurred in the nanocomposites
and became evident with a variation in the size of the par-
ticles [4].

Fig. 8. :tEM image of Ptft-Al2O3 composite membrane (a) at calcination

temperature of 700 oC and (b) at calcination temperature of 900 "C'

4. Conclusion

The isotherms of alumina and Pt/alumina composites

exhibited type IV pore structure according to BDDT and

the presence of thehysteresis loops confirmed that porosity

existed in the samples heated at 500-900 oC. The pore sur'

face irregularities increased with increase in temperature

from 500 "C to 900 "C but decreased at 1100'C. Pt/alumi-

na membrane that was free from cracks and pinholes with
sufficient adhesion to the porous support was obtained'

The mernbrane pore size was less than l0 nm (<900 "C)
with uniform pore size and the metals were highly dis-

persed in the alumina matrix.
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Abstract

Alumina modified palladium prepared by the sol-gel method was characterized by nitrogen adsorption, transmission electron (TEM)'

thermal gravimetric (TGA) and X-ray diffraction (XRD). Gamma alumina (1-Al2O3) modified palladium exhibited ink bottle shape mes-

opore characteristics with pore diameter of 15 nm. Pd particles with diameter ranging from 5 to 15 nm were well dispersed in the porous

alumina matrix. The particles were well crystallized at temperature of 700 oC. TGA results show that Pd precursors decomposed at tem-

perature between 300 and 400 oC, while copolymer was not completely removed until 500 oC. Adsorption of H2 on coated Pdft-AlzOl
zeolite beads was improved substantially with time at temperature of 300 oC.

@ 2005 Elsevier Inc. All rights reserved.

Keywords: Zeolite; Gamma-atumina; Palladium; Adsorption; Hydrogen; Carbon dioxide; Characterization

1. Introduction

The potential applications of the sol-gel derived 1-Al2O3
as a ceramic membrane or catalyst in separation, filtration
and catalytic reactions have favored research on synthesis,
characterization and property improvement of these
inorganic materials for many years [,2]. Sol*gel derived

1-Al2O3 adsorbent offers a number of advantages. These
include excellent mechanical strength, low attrition ratq
high thermal and chemical stability and uniform pore size

distribution. In addition, they preserve microbial resistance

and durability as well as excellent catalytic properties while
offering high permeability and selectivity for hydrogen

f3,9,121.In the present work, 1-Al2O3 modified palladium
was synthesized for use as adsorbent/membrane, for
hydrogen separation or enrichment.

Alumina was selected due to its compact crystal struc-
ture, strong chemical bonding and is stable at elevated tem-

-;dilponaing 
author. Tet.: +604 5996426;fax: *6M 5941013.

E-mail address: chroslee@eng.usm.my (M.R. Othman).

1387-t8ll/$ - see front matter @ 2005 Elsevier Inc. All rights reserved.

doi: 10. 1016/j.micromeso.2005. I 1.038

perature. Palladium and its alloys, platinum and the metals

in groups 3-5 of the periodic table may be used alongside
alumina to facilitate transport of hydrogen since the gas

has high affinity toward the metals. Pd/t-AlzOr have chem-

ical compatibility with many hydrocarbon containing gas

streams and they exhibit relatively large surface area with
active sites on the alumina surface for better adsorption
property as catalysts (such as Lewis and/or Br6nsted acid

sites) [4,5]. These features lead to a good activity and selec-

tivity of alumina as supported catalyst.
Molecular sieves are synthetically produced zeolites. It is

characterized by pores and crystalline cavities of extremely

uniform dimensions. Molecular sieves are available in four
different grades. These grades are unique from one another

due to their chemical composition and pore size. Type 3A
is the potassium form of the zeolite and adsorbs those mol-
ecules which have a critical diameter of <3 A. While Type

4A is the sodium form of the zeolite and.adsorb those

molecules having a critical diameter of <4 A. Type 5A is
the calcium form of the zeolite. It adsorbs those molecules

having a critical diameter of <5 A. Type t3X is a modified

form of the sodium zeolite with a pori 
-<liameter 

of t0 A 121
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In this studies commercially available molecular sieve 54.

was selected for use as both adsorbent and support due
to its unique adsorption characteristic and ability to trap
contaminate molecules [1 1,6].

In the upstream petroleum production activity, natural
gas which consists of mostly methane is often produced.
If released to the atmosphere, methane (a strong green-

house gas) can contribute to global warming. However,
rnethane can be broken down into useful components,
namely carbon and hydrogen. Combining methane with
oxygen, creating a mixture of carbon monoxide and hydro-
gen called'syngas'. Syngas is reacted with steam to form
carbon dioxide and more hydrogen. The hydrogen gas,

thus isolated, is collected, while the carbon dioxide can
be stored to reduce global warming Ul.

The objective of this work is to synthesize alumina mod-
ified with palladium by sol-gel method, for use as coating
on commercially available molecular sieve adsorbent
(zeolite beads) to adsorb H2. The Pd/y-AlzO: were char-
acterized using TG/DTA, XRD, TEM and nitrogen
adsorption/desorption analysis. The performance of coated
and uncoated zeolite beads was then compared.

2. Materials and methods

2.1. Synthesis of palladiumlalumina sol for coating

For preparation of Pd/alumina sol, aluminum second-

ary butoxide (Al(OC4He)3) was used as alumina precursor,
nitric acid (HNO3) as peptizing agent and deionized water
and butanol (C4HeOH) as solvent. The alkoxide to water
and acid molar ratio was l:100:0.07. Twenty-five milliliter
of butanol was added to enhance adhesion of coating to
the support whereas 2volo/o of 0.04 g/ml PVA was added

to prevent crack formation on the layer of the coated zeo-

lite beads during drying process. Eight vol% of 0.02 g/ml
palladium chloride (PdCl2) was employed as palladium
precursor. All these chemicals were mixed, heated at tem-
perature of 90 oC and stirred vigorously for 30 min before
undergoing reflux process for 24 h at 90 "C. The resulting
sol was cooled to room conditions until gelation and later
solid samples was obtained. A part of the sol was used to
dip coat onto the zeolite beads before drying, after which
the solid samples and coated zeolite beads were calcined
at temperature 700 oC to produce Pdfu-Al2O3 samples

and Pd/y-Al2O3 coated zeolite beads having thin layer
coating of approximately 5 pm thickness. Commercially

available zeolite beads adsorbents with pore size of 5 A
(Zeosorb, Molsieb 5A) were used in the experiment.

2. 2. Character ization and adsor p tion analy s es

Pore properties including the BET surface area, pore

volume and pore size of the Pd/t-alumina solid samples

were determined by a nitrogen adsorption/desorption mea-

surements using an autosorb I (Quantachrome, Nova
1200). The thermal stability of Pd/y-alumina was analyzed

by thermal gravimetric and differential thermal analyses

(TG/DTA) supplied by Perkin Elmer. TEM image of the

Pd/y-alumina was taken by using CMl2 (Philips) with an

accelerator voltage of 80 kV. The images were captured

with a SIS Image Analysis System version 3.11. XRD anal-
ysis was carried out to identify phase transformation and

crystal structure of the sample using Philips PW 1729 X'
ray generator, Philips PW 1820 diffractometer (CuKa radi-
ation and graphite monochromator) and Philips PW l7l0
diffraction controller.

The gas adsorption studied of Pd/y-AbO3 was per-

formed on adsorption column separation unit. The
schematic representation of the experimental system

employed is shown in Fig. I . The unit consists of two alter-
natively switched, electrically heated column (3A) and (3B).

Each column is equipped with a temperature sensor, P that
measure temperature of the adsorbent. The width and

length of the column were 8.5 cm and 39.5 cm, respectively.

A rotameter (2) located downstream of the adsorbers was

used to measure the flow rate of the feeding gas' The down-
stream of the columns was connected to a vacuum pump
(?). The composition of the product stream gas leaving

the adsorbers was measured by means of a Gas Chroma-
tography 5890, HP Series 8 (l) equipped with a TCD detec-

tor. The detail specifications are given in Table 1. The
column used was porapack Q'

Sixty grams of sample was weighed and fed into the

adsorption column. Hydrogen and carbon dioxide gas

from tank was fed into the adsorption column at a flow
rate of 50 L/h. The experiment was run for the duration
of 80 min. The product stream was detected by GC for
every l0 min. Similar procedure was repeated for the tem-

perature of 100 oC, 200 "C, and 300'C. Prior to experi-

ment, the adsorption column was vacuumed to ensure

complete removal of contaminants.

1. Gas cylinder
2. Rotameter
3. Adsolber columns
4. Gas chromatograph
5. Reflux cooler
6. Cold trap
7. Vacuum pump

Fig. l. Schematic diagram ofadsorption unit'
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Table I
Specification of the gas chromatography unit

Oven temperature
Detector temperature

Polarity
Rate
Detector
Carrier gas

50 0c

250'C
Negative
20 min-r
TCD
Helium

5; 200
Eto 150
E

9 roo

3. Results and discussion

3. 1. Pdly-Al2O j characterization

Table 2 summarizes the characteristics of the Pd/f-
Al2O3 calcined at temperature of 700 "C. Calcination tem-
perature of 700'C was chosen because it was found to be

sufficiently high to affect the metal dispersion
(f > 500"C) while not causing a phase change (1'Al2O3)

[8]. The pore size distribution of the Pd/y-Al2O3 was deter'
mined by the adsorption branch of the isotherms and is
shown in Fig. 2. The result shows a narrow pore size distri'
bution, indicating that the sample exhibits relatively uni-
form pore sizes. The nitrogen adsorption isotherm of Pd/

T-AlzOr was shown in Fig. 3. The isotherm of this sample

exhibits Epe's IV isotherm, according to the BDDT theory

and ink bottle shape pore based from the de Boer theory

Table 2
Pd/y-AlzOr characteristic obtained from adsorption isotherm

P/Po

Fig. 3. Adsorption/desorption isotherms of Pdfu-AlzOr'

[0]. This type of isotherm associated with porous material

containing mostly mesoPores.
Fig. 4 ihows TG/DTA curve for the dried Pd/alumina

gel. Three stages of weight loss occurred at three tempera-

ture regions, namely, below 130 oC, from 130 to 500 oC and

from 500 to 900 oC. In the first stage, a drastic weight loss

of -20o/o was observed with the presence of endothermic

peak on DTA curve at 80 oC. This loss was due respectively

to the departure of water and traces of butanol (boiling

point 100 oC) from the remaining alkoxy gxoups. It may

also be due to the pyrolysis of the surfactant and residual

organics (copolymer). In the second stage' a weight loss

of -157o was observed. The loss was probably related to

the thermal decomposition of surface organic (hydroxyl

and alkoxy) groups and removal of water during the for-
mation of the oxide phase. The endothermic peak between

300 and 400 "C at DTA curve probably corresponds to Pd

precursor's decomposition. A small exothermic peak at

ItO "C may be assigned to the formation of PdO [8]' The

endothermic peak between 400 and 500 "C was attributed

to the crystallization of aluminum hydroxide (AIOOH)

to crystallite Y-AlzOr and also due to water removal

during the phase transformation of 1-Al2O3 (2[AIOOH] -*

t-AlzOr + ffrO). In the third stage, a small weight loss of
about}Yowas due to the phase transformation of alumina'

The smaller exothermic features observed at temperature

above 700 oC corresponds to the formation of better crys-

tallized phases of alumina. A small weight loss of about

0.5% was also observed from 700'C to 900 oC' This was

attributed to the phase transformation from 1-, to 6- and

e-Al2O3. A substantial portion of the copolymer pyrolyzed

at 130 oC was not completely removed until 500 "C was

reached.
XRD pattern for the sample calcined at 700'C is shown

in Fig. S, fne peak at highest intensity corresponds to Pd'

The XRD pattern also shows a well crystalline T-AlzOr
phase at this temperature. Fig. 6 shows that good disper-

iion of the palladium particles in the porous alumina

matrix. The palladium particles with diameter ranging

from 5 to 15 nm can be observed from TEM images'

BBT surface area (m2/g)

Mesopores area (m2/B)

Average pore diameter (nm)

Pore volume (cm3/g)

r89.2
t89.2
t5
0.29

0.40

!,
ol
€. o.so

cr

1 10 100 1000
Pore diameter (A)

Fig. 2. Pore size distribution of the Pd/alumina'
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3.2. Adsorption studies

i.2.1. Adsorption of single gas (hydrogen)
The tests were carried out on coated and uncoated Pd/

y-AlzO: on zeolite S A at bmperature of 30, 100, 200,

and 300 oC, respectively. Fig. 7 showed that H2 adsorption

on both coated and uncoated zeolite beads was higher at
lower temperature. The adsorption study was performed

in single/pure H2 gas system. For the coated zeolite beads,

the linear graph shows the adsorbed amount was propor-

tional with time. The highest measured adsorption of H2

was 0.045 mol/g at temperature of 30 oC. While the lowest

amount of H2 gas adsorbs was 0'025 movg at temperature

300 "C. The adsorbed amount of H2 gas was 0.037 moVg

and 0.030 mol/g at temperature 100'C and 200 oC, respec-

tivety. This was due to palladium metal that exhibits a

remarkable property of adsorbing considerable volumes

of hydrogen at ambient temperature [11]. The figure also

shows that addition of Pd/y-AlzO3 promoted adsorption

of Hz in the zeolite beads at all temperature being investi
gated. Substantial improvement was observed at the high-

est operating temperature of 300 oC as shown in Fig. 7(d).

3.2.2. Adsorption of H2 in a binary mixture of H/COz
In this experiment, only coated zeolite beads were used'

The adsorption of H2 and CO2 was performed in a binary

mixture of IH2ICO2 at temp€rature of 30, 100, and 200'C
respectively. 50/50 molar concentration of Hz/COz was

used throughout the experiment. Fig. 8 shows that the

H2 adsorption increased almost linearly with increase in

time. Whereas, CO2 adsorption was quite erratic at

30 oC, remained constant at 100 "C and then increased with
increase in time at 200 "C. Nevertheless, adsorption of H2

was higher than CO2 at all time, indicating that H2 has

higher affinity towards Pd/y-AlzOr coated zeolite beads'

Comparing Fig. 8 to that of Fig' 7, it can be observed that

Pd/y-AlzO: was capable of maintaining the adsorption per-

formance despite change of system into binary in which

competition adsorption usually takes place.

4. Conclusion

Pd/y-AlzOr prepared by sol-gel method was character-

ized by nitrogen adsorption andTEM. The result shows that

Fig. 6. TEM image of Pdfu-Al2O3 calcined at 700'C.



M.R. Othnan, LS. Sahadan I Microporous and Mesoporous Materials 9I (2006) 145-150

0.040

rl0

TIME (min)

30 40 50

TIME (min)

^ 0.025

E
o
5 o.ozo
o
ul
@

$ o.ots
oo
; 0.010
ztoE 0.005

d

20 /o 60 80 100

nME(mln) (d)

Fig. ?. Comparison between coated and uncoated zeolite at (a) 30'C; (b) 100 "C; (c) 200'C; and (d) 300 "C.

t49

0.050 r

; 0.04s 
J

I o.olo I

fl o.oss'
to

5 0.030-

[| o.oes.

I o.oeo.

3 o.ots.

I o.oto

di 0.005'

0.(X)o

(a)

0.030
g
t o.ozs

o
!l o.ozo
!Eo
I o.ols

E o.oto5o
E o.*
d

0.(xx'

(c)

the Pd/y-AlO3 was uniform, with pore size of less than

20 nm and the metals were highly dispersed in the alumina

0102030/o506070
nME(min)

30 /o 50
Tll|E(mln)

matrix. The zeolite that was coated with Pd/1-Al2O3 resulted

higher hydrogen adsorption compared to the uncoated

E
og
o
ul
.otoq,
o
F23o
E

o
(b)

0.03

0.02

30 /o 50
nilE(mln)

Iog
F2
e 0.020

=< 0.015
o!lgl
IEo
ato
d! *uw- 40 so oo 70 80 90

(c) nuE(mtn)

Fig. 8, Amount of hydrogen and carbon dioxide adsorbed on coated zeolite at temperature (a) 30 'oC; (b) 100 oC; and (c) 200 oC'

0.035

0.030

0.025

0.020

0.015

0.010

0,005

0.000

0.050

0.04{r

0.030

0.020

0.010

0.01

0.01

0



150 M.R. Otlunan, I.S, Sahadan I Microporous and Mesoporous Materials9I (2006) 145-150

zeolite. In a binary gas system, H2 gas maintained higher
adsorption on coated zeolite compared to COz gas even at
high temperature condition. In fact, Pd/y-AlzOr coated zeo-

lite was proven to perform best at higher temperature.
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ABSTRACT

High selectivity poses serious challenge to inorganic membrane developers in the

past and piesent ,.r.ut"tt setting. The diffiJulty in acquiring the required selectivity

remains to be the focal comf,onent in ceramic mSrnbtan" research, along with

development of an inorganic composite palladium-alumina membrane that is structurally

stablg characterized b/trigh hydrogen permeation and flux. The sol-gel process from

alkoxide as starting materia-l to pt"pit" for unsupported and supported.palladium-alumina

membrane and the results of memLrane characierization are piesented in this paper. The

effects of PVA and palladium content on the changes ofttre pore structure after drying and

sintering process are as well delineated to ensrie sufficiently good membrane can be

pr"a""fr'-a re-produced before investigation of actual selectivity can be pursued'

Keywords: Palladium, Alumina, Membranes, Sol-Gel method

1.0 INTRODUCTION

Many techniques are applied to prepare ttre mgmU-ray' including CVD

(Chemical Vapor Dbposition), fVb (fnysicui Vupo. Deposition), Sol-Gel, etc. Among

this techniquei, tt^" sot-get tecttnique Lasbeen found to be most convenient technique to

obtain nanoporou, 
""ruriic 

membranes with high purity products, uniform and controlled

pore size distribution (from O.S-seveg! 10 n*), itti"ttian be formed at relatively low

iemperature (about +Ob-OOO"C; and it is * 
"uty 

method to synthesis membrane [H'P'

Hsieh, 1996, Q. Fu et al., 199i H.A. Rangwala it al', 1993, A'F'M' Leenars et al" 1985'

X.R. i{uang ei al. lgg7l,. Alumina is a ceiamic material, and this material has compact

crystal strulture, strong chemical bonding and they are more stable Ceramic membranes

have been known fotl"*s and used in-many different applications depending on their

numerous advantages, stability at high temperatures attd- pr"sstT " resistance' good

chemical stability, niin mecfranical reiistance, long life an! S-ood defouling properties

Those advantager 
"oioniy 

*utt the membrane very suitable for separation application'

but also for reaction 
"nt 

un."tn.nt [H.P. Hsieh, 19161. fa[adium and its alloys, platinum;

nickel and the metals in lroop, 3io 5 of the-periodic table are all permeable and have

"m"rty 
towards hydrogei to a certain extent Hydrogen- Plr-meable metal membranes

made tf palladium andis alloys are the most widely studied due !o their high hydrogel

permeability, crremicai 
"ornputiolity 

with many hydrocarbon containing gas-streams, and

infinite high selectivity twirog"o separation if. b.ng et a1.,-1995, M. Kajiwara et al',

2000, y. fro .t at., Z6O+i. this research is focused on modified alumina membranes by

metai, which are designed to combine some advantages of alumina and palladium

membranes.

2.0 EXPERIMENTALPROCEDURE

Aluminum secondary butoxide (Al (ocHIcH3]c,H5)3) are used as the precursor

of alumina, butanol (CH3(C!{r}OH) as a sotvent and nitric acid (HNO) is used for

peptization to form ; hi;iily llpeis"a, stable colloidal solution' The alumina sols are

prepared by adding ufuri-nu- secondary butoxide and butanol to deionized water while
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heating to a temperature of 90oC and continuously stined high speed using magnetic

stirrer.
The stock palladium solutions were prepared by dissolving varylng weight of

palladium chloride tpACD in separate beakers o] tOO ml into deionized water before

uaOing a small amount oi nyaroctrtoric acid to peptize the solutig1. The solution was

stined and heated around 70-i0"C for t hour. ThJn, palladium chloride solution and PVA

solution were mixed with alumina sol and the mixturi was stined rigorously. The range of

palladium chloride concentration employed in this work was within 0-8 volume percent'

ihis solution was stirred for 2 hours to ensure complete mixing. Nitric acid (HNO3) was

added to suspension tg further peptize and stabilize the sol particlel. The alkoxide: water:

HNO3 molar ratio used in thii work was 1:100:0.07. The hydrolysis was performed at

room temperature and the suspension was peptized for about .24 hours at range

l"rp"ruto* 85-95oC under reflux conditions. After that the colloidal zuspension was

steaOity cooled to room temperature to produce stable colloidal sol. An adequate amount-

of sol was further dried in oven at 10b"C for 4 hours to evaporate water and most of

butanol, until gellation was obtained. After drying, the samples were then sintered at

500"C-1000oC for 16 hours to form unsupported 1-alumina membrane'

To prepare supported palladium-alumina membrane, a palletized porous a-

alumina supporrwas dipped into the colloidal guspensiol. Then, the coated pellet-was

dried and sintered at ffierature of 500"C-1000"C ior 16 hours to produce supportedlq-

alumina membrane. The viscosity of the solution, the TGA analysis of alumina gel, FTIR

analysis of pd/alumina wet gei, the morpholory of the films by scanning electron

microscopy (SEM) and evoluiion pore diimeter with respect to thermal variation are

discussed in this work.

3.0 RESULT AND DISCUSSION

3.1 The Reaction of Gel During Sintering

3.Ll Thermograttimetric Analysis QGA)

(a)

(b)

80

60

rl0

20

0

100

80

60

40

0

\
\

\

I

rS

F
x
.9
g

200 3& 400g) 100 5q)
alure C

600



TheNational Postgraduate Colloquium 2004. 8-9th December 2004. Pulau Pinang'

FIG. l: Thermogravimetric analysis curves; (a) alumina wet gels; (b) Pd/alumina wet

gels. The gels were heated in nitrogen stream at a rate of l0"C/min'

The weight loss of alumina and pd/alumina during heat treatment was measured

by TGA. The s-amples were heated in nitrogen stream to 100oC and held at this

temperature for 30 min in order to remove all physically adsorbed water before heating up

to 9b0"C at arate of 10oC minr, and the reiult shown in Figure 1. Thermogravimetric

curyes (TGA) shows a drastic weight loss in the alumina and pd/alumina of about 80%

from 30'oC to 130oC, and gradual *iigtt loss occurs from 130oC to 600oC, after which no

subsequent weight loss wis observed at temperahres over 600"C. This weight loss was a

result of evapo*tion of residual alcohol and water during the formation of the oxide phase

and the pyrotysis of the surfactant and residual organics (copolymer) such as PVA. The

TGA curves 
'for 

the alumina and Pd/alumina indicate that a substantial portion of the

copolymer is pyrolized at 130oc but that copolymer is not completely removed until

600"C. The above results imply that during the sintering process the organic groups begin

to decompose from 130oC and decompose completely around 600"C'

3.1.2 Fourier Transform infraredAnalysis (FTIR)

FIG 2: Infrared absorption spectra (FTIR) of Pdlalumina membrane at different stages of
processing; (i) Pd/alumina boehmiie sog 1i1 Pd/alumina w9t gel (iii) Pd/alumina film

ari.A in ai- amUient air; (iv) Pd/alumina filmi heating at 130oC; (v) Pd/alumina film after

heating at 600oC.
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The FTIR specfia in Fig. 2 display the corresponding chemical changes, which

occur during heating of Pd/alumina fifms treated at various temperatures' The results

obtained for alumina and Pd/alumina samples are identical and show no significant effect

that merits discussion. The FTIR spectrum of Pd/alumina wet gel shows broad O-H

stretching vibration (associated) at nOO-3540 cm t (groups of water)_{I}, CC stretching

vibration at 2loo-2140 cm'r {II], c=c stretching vibration (Me-c:c); Me=,h_911v

element, group with a heavy element directly attached to C=C at 1565'1650 cn|.' tltl''
CH3-metJ g.oopr due to Ci{2 rocking vibration at 700-900 cmt {VI} and C-C skeleton

vibiation u{qgO'SgS cm t 1Vtn1 observed throughout the various film processin-8-s-?9es:

Peaks related to the copo$mer, c-H wagging vibration at 610-690 crn' {v[], N-H and

c-H deformation viuration (at-cH, uonas) at tozo-ttoo crn t lVllappeared in s" lol'
wet gel, film dried in ambient air and heating al 130:C), C_-{_deformation vibration

(mostly two equal intense bands) at 1365-1385 cm-l {IV} and C-H shetching vibration at

)oio-jr6o #i ffi upp"ured in the films dried in in ambient air and heating at l30oC.

This peals disappeared after heating at 600oC indicating that this is a good procel:qg

t"rnp.rututt foi ita,latumina film bicause the copolymer is fulty removed and AlOr
network undergoes no further chemical changes and becomes stable.

3.2 The Structure and Morphologt of Alumina Films

3.2.1 Scanning Electron Microscopy Analysis (SEM)

Figure 3 shows SEM images of a pd/1-Al2o3 supported membrane surface

sintered at;00"C snapped at differerit magnificition and direction. From the Fig' 3a and

3c, it can be seen tttut ttt" film is even, smooth and compact. The film without PVA

illustrated by Fig.3(b) resulted in certain degree of cracks, micro-bumps and micro-holes'

The cross-sectional image of supported -e-btane shown in Fig. 3(d) demonsfiates that

the upper pd layer *-". tu""estfully coated and fused onto the alumina porous

pelleVsupport.
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FIG. 3: Scanning electron miffographs of the supported Pd/alumina sintered for 16 hrs at

max. temperatrie, 600oC usiig 
-temperature-progrlmmable Carbolite Fumace; (a)

-upported'Pd/alumina films surlfaces containing FVe ut 1000.-x magnification; (b)

Soiriro.tra pOlalumina films surfaces without PVf, at 1000 x magnification; (c) Supported

pd/alumina films surfaces containing pVA at 10 000 x magnification; (d) cross-sectional

image of supported membrane at 1000 x magnification'

3.2.2 NitrogenAdsorPtion

The effect of sintering temperature on BET surface area and average pore size of

Pd/alumina composite and alulmina^membrane are illustrated in the following figure' The

BET surface area and pore volume are both decreasing with increase in sintering

iemperature. This is aue to the collapse 9f the poles 
-with 

shrinkage of the material

structure. However, trr" por" diameter of both Pd/alumina and alumina decreases with

increase in sintering temperature.
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FIG. 4: (a) The BET surface area; (b) pore volume; and (c) average pore diameter of

unsupported membrane as a function of sinteringtemperature'

The BET surface area, pore volume and pore diameter of Pd-alumina composite

appears to be greater than alumina at all sintering temperature.- Further scrutiny of the

it*" a" onsf,ates that the BET surface area, total pore volume and average pore

diameter remained almost constant between 6oo-gooac. This happens because the

boehmite sols fiansformed during dehydration at 600oC and 800oC to 1-alumina'

prolonged heat treatment at 900-1060"C, iesults in the formation of transition aluminas (6
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and 0) and change in particle morphology [K.L. Yeung et al., 1997]. Further heating at

i.*poutn" higfio tfr* 9OO"C, woutl'risult in the collapsing of the pores with

conesponding d..r"*" in surface areas and densification would occur [K. Haas-Santo et

a1., 2001 and Y. wu et a1., 20041. The color of the nanocomposites also changed from

brown, to grey brown, yetiow-brown up to blac! as the membrane progressively heated,

inaicaiing 
-tfre 

growttr of tne frnety dispersed palladium particles and the change of the

surface state of the membrane.

3.2.3EffectofBiniler(PVA)onthesolviscosityandporediameter

From the figure 5, it is shown ttrat additional binder in the sol mixture increases

the viscosity of the solution. This is due the fact that more particles underwent binding

with each other causing increase in viscosity [K.S. Seshadri et 11, 
2003]' The resulting

pore diameter of tfre Furatty sintered m"toUtan" demonstrates interesting findings that

d"rr*". due attention. As more PVA was added at 2Yolevel, the pore diameter seems to

increase initially. And then the pore diameter drops down progressively to belo]v 3,nm as

the PVA level was increasedto iyo. T'ni. is in contast view of many researches in the past

that correlates inc."us" oi pore size with increase in PVA addition' The reason for such

tr"oato occur is probably due to the presence offinely dispersed palladium particles that

bind cohesively and mor! effectively to each other and other suspended solids compared

to ttrat of solution without these pailadium particles. This conelation would be further

probed in the near future work in order to be able to understand the underlying

mechanisms that are presence in the system.

FIG. 5: Viscosity of sol andpore diameter of membrane as a function ofpercentage of

PVA content in sol.

3.2.4 Effect of Pattadium addition on BET surface area and pore diameter

Figure 6 shows the effect of palladium content in the preparation of pd/alumina

membrane on the BET surface area and pore diameter of the membrane' It shows that'

when palladium content was increased, sgrface area and pore diameter was decreased' The

poifuaiu* precursor added to the alumina sol seemed to affect the interactions among the
'cofioiaA particles a*inJ gelation. When heated to higher temperature the palladium

purti"t", precipitated tom ttre alumina network and gtow t9 larger sizes in the

encapsulating matix. fhe small particles located along thJ pore channels would thereby

reversibly lead to a decrease in thi surface areas and poie diameter [Y' Wu et al" 2004]'

tE

E
ePJO
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3.0 CONCLUSION

The characteristics of the membranes, as judged by SEM and nitrogen adsorption

show that the pd-alumina membranes are unifonri, *Itn p*. size-of less than 4 nm' This

will not result if palladium is not properly dispersed 1n 
ttre membranes' FTIR and TGA

characterization shows that 600oC is a good processing qmp?latTe for the AlzOr and

Pd/alumina film to torm staUle structures.-The surfactant-and residual organics appeared to

i"."*pi.t"f' r..on"d 
^d 

AIO: networkundergoes no further chemical changes'
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Abstrect

Two-thirds of the carbon monoxide emissions come from the combustion of fossil fuels, with the largest

contribution coming from mobile sources. The present technologies employed to control the emission of CO effectively

include catalytic converters that convert CO to CO2, a more efficient combustion engine that can curb the CO emission

from its exhaust system, the use of cleaner fuel such as compressed natural gas or liquefied petroleum gas. in

replacement for diesel, and the use of fuel cell in replacement for the current fossil fuel based combustion engine

syit".. The use of fuel cell is the most favorable since the products constitute only electrioity, water and moderate

amount of heat. Nevertheless, fuel cell performance degrades substantially in the presence of CO in the tlz feed stream.

The objective of this paper is to highlight the importance of pt/pd ceramic membrane in increasing the performance of
fuel cell and reducing the CO emission from mobile and stationary sources.

Keywords:

CO, Fuel cell, Pd membrane, Pt membrane, ceramics.

1.0 Carbon Monoxide

Carbon Monoxide (CO) is a colorless,
odorless, tasteless and poisonous gas produced through
incomplete combustion of organic compounds such as

wood coal, kerosene, gasoline, etc. In pristine
atmosphere, the average concentration of CO is 0.1

ppm, which comes from natural sources, such as

methane oxidation, forest fire, and oceanic
microorganism production. Today, the concentration of
CO in the atmosphere is increasing at an alarming level
due to the frequent use of fossil fuel combustion by
human to generate energy. CO is mass produced from
leaking chimney in coal power plant and WGS reactor,
back-drafting from kilns/fumaces, unvented kerosene

and gas space heater, kerosene space heater, millions of
personal automobile, or millions of individuals'
cooking grills, gas stoves and cigarettes smoking.

Internal combustion engines from gasoline
powered motor vehicles contribute approximately two-
thirds of the CO in the atmosphere. Table 1 gives the
composition of car exhaust gases from an Otto
combustion engine. Even though CO comprises about
2o/o (by volume) from the total exhaust gases,

emissions from millions of vehicles on the road has

exacerbated the environmental problem.

Table 1: Average exhaust gas composition of an Otto

engine.

With the increasing public concern over the

deterioration of air quality, regulatory bodies have

made significant efforts towards improving vehicular

emission standards. The air quality guidelines for CO

legislated by Malaysia and United States are given in
Table 2.

Exhaust gases Comoosition (vol %)

N" 74 o/o

CO' 12o/o

H"O l0 o/o

co 2Vo
NO* 0.5 o/o

CHx 0.1%
SOz 60 oom (0.006 %)

H, 0.4
Pb. P. Si Traces

Ou 1.0%
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Malavsia United States

DDtn elm3 pDm elm3
Carbon
Monoxide(CO)
8-hr avg

9
30

l0
35

9
35

t0
40

Table 2: Ambient Air Quality Standards, Malaysia &
United States.

lJ The health effects of Carbon Monoxide

When human breathes air containing
carbon monoxide, it is absorbed through the
bloodstream and then the CO immediately displaces
oxygen from the blood and bonds with the hemoglobin
to form carboxyhemoglobin (COHB). CO can cause
adverse health offect as minor as flu or the start of a
cold, headache, dizziness, nausea and fatigue to as

acute as severe headaches, mental confusion, vomiting,
vision loss, hearing impairment and eventual
unconsciousness. Continuous inhalation of CO can
cause memory loss, permanent brain damage, coma
and eventually death [1].

2. Technology for CO Control

2.1 Catalytic Converters

A catalytic converter is a device that is
incorporated into the exhaust system of a car. Inside
the converter is a ceramic or metallic substrate with an
active coating incorporating alumina, ceria and other
oxides and combinations of the precious metals -
platinum, palladium and rhodium to convert CO to
CO2. Since 1970's, CO emission level has been
controlled using oxidation catalysts. The catalysts
could reduce CO emission by up to 80% during that
time. In the early 1980's, automakers introduced more
sophisticated converters, plus on-board computer chips
and oxygen sensors to help optimize the efficiency of
the catalysts. In today's passenger cars, the catalysts are
capable of reducing more than 90olo carbon monoxide
emiffed by intemal combustion engines over their
lifetimes.

Palladium and platinum have been used as

catalysts in the chemical and petroleum industries to
promote the water-gas shift reaction and steam

reforming reaction. Platinum combined with rhodium
catalyze the oxidation of carbon monoxide (CO) and
hydrocarbons (HC) to carbon dioxide (CO2) and water
while at the same time reducing NOx to nitrogen.

Beside Pt and Pd, Rh is also used as a catalyst in the
catalytic converter. The reaction that takes place in the
converter can be summarized as follows:

Rh

2No (g) +zCO (g) +Nz (g) + 2Co, (s)

ft
2CO (g) + Oz (g) -> zcoz(g) oxidation

ft
*CzHre G) + I l02 @) -+ 7CO2 G) + SHrO (C)

* CzHre (g) represents the unburnt hydrocarbon

2.2 Improved internal combustion engine

In year 2001 Malaysia planned to adopt the

so-called Euro-l standard on motorcyole smoke
emissions in an attempt to curb air pollution. New two'
stroke engine motorcycles that only emit up to eight
grams of carbon monoxide per kilometer of usage

(g/km), 4 g/km of hydrocarbon, and 0.1 g/km of
nitrogen oxide were allowed to be manufactured or
imported. For four-stroke engines, the allowable limit
was 13 g/km of carbon monoxide, 3 g/km of
hydrocarbon and 0.3 g/km ofnitrogen oxide.

In order to accommodate the more stringent
emission standard requirement, the two stroke engine

motorcycle models will have to be improved either by
improving the combustion process or fitting its exhaust

systems with catalytic converters. Meanwhile, four'
stroke models will need only slight modifications. The

other strategies for helping motorcycle manufacturer to
meet lower emissions limits from internal combustion
engines include retrofitting catalytic converters and

associated engine, improving the combustion process

and fuel management, adding air injection or exhaust
gas recycling and decreasing the time required for the

catalytic converter to reach its full efficiency.

2.3 Cleanerfossilfuel

Malaysia has a larger natural gas reserve

than its oil reserve. Natural gas is therefore, an

attractive source of energy for its people. Recently, a

study on motorcycles that used natural gas has been

conducted. It was discovered that combustion from

natural gas produced cleaner emissions and better

performance at full load and top gear of 8500 rpm.

Natural gas gave complete combustion with a decrease

of 99.6Yo of carbon monoxide, 72.5o/o of unbumed
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hydrocarbon at a speed of 70 km/h. However, there
were major setbacks associated with the use of natural
gas in gasoline engines. First, the lower calorific value
of natural gas burning velocity reduced engine power

by at least l5%o at maximum load. Second, the life span

of the engine was shortened remarkably. Due to these

setbacks, more research efforts have been initiated and

focused on the use ofcompressed natural gas, liquefied
petroleum gas, propane, oxygenated blends and other
reformulated fu els, instead.

Another strategy to reduce CO pollution is

by reducing the consumption on the fossil fuel itself.
This can be achieved ifthe use ofpersonal vehicles is
discouraged, while the use of captive fleet vehicles
such as LRT commuters, buses, taxis, and delivery
vans is encouraged and promoted consistently.

2.4 Fuel CeUs

The Industial Revolution in the nineteenth
century and the popularity of automobiles utilizing oil-
based combustion engine, which is more than a oentury
old, pollutes both the local and the global environment,
demonstrated a proclivity for convenience and a
penchant for the creature comforts afforded by the
technology. Since the advent of the wheel, man's

interest in energy conservation has stoked the
imaginations of leading scientists and inspired
inventions bofi practical and bizane. These advances

have necessitated the need to identify affordable
energy souroes, without relying on fossil fuels and

other non-renewable resources. Over the last half-
century, the most promising alternative power source

has been the fuel cell. Fuel cells have been used in
spacecraft since 1960's. After the dwindling
manufacturing cost of the cell, the technology can now
be used for both electricity generating plants
(stationary source) and exhaust free automobiles
(mobile source).

A fuel cell is an electrochemical device
that utilizes hydrogen and oxygen in the presence of
catalysts to produce electricity, heat and water. A firel
cell generates current by transforming hydrogen gas

into a mixture of hydrogen ions and electrons in the
anode. The anions are transferred to the cathode

through proton exchange membrane while the electrons
are conducted to the current collector and a load to do

work. Upon completing the circuit, electrons travel to
the cathode and combine with oxygen and anions to
produce water.

Fuel cells have received accolades with
increasing interest among scholars, soientists and

venture capitalists for many years, for they are able to

accompany or perhaps, replace the combustion heat

engines of the past and present. Several kinds of fuel
cell already exist, some in the form of prototypes and

others as niche products. Fuel cells in general are

defined by the type of electrolyte used in the system.

These include Proton Exchange Membrane Fuel Cell
(PEMFC), Alkaline Fuel Cell (AFC), Phosphoric Acid
Fuel Cell (PAFC), Molten Carbonate Fuel Cell
(MCFC) and Solid Oxide Fuel Celt (SOFC). If
hydrogen is used as fuel and supplied in the cathode

and oxygen in the anode, the reaction scheme that takes

place in the fuel cell system is as follows [2]:

2lI"+4H* +4e (onoad

Or+4H*+4e =+2HrO (cathodd

ZHr+Ar:+2HrO+electrioif +heat (overaheactior)

Fuel cell is also defined by the type offuel
used, such as Direct Methanol Fuel Cell @MFC) or
Direct Alcohol Fuel Cell (DAFC). If methanol and

alcohol are used as fuel respectively and supplied in
the cathode and oxygen in the anode, the reaction

scheme that takes place is as follows:

CH,OH + HrO =+ CO, + 6H' + e (anode)

10, *6H* +6e- + 3H,o (catnoad

CHroH+lo. +co, +2Hro (overal reaction)

CTHTOH + 3Hr O + ZCO r +l2H' +l2e' (anodd

IO. *2H'+2e' + H,o (cathode)

CTHTOH+30, +2COt+3HrO (overal reaotion)

3.0 Membrane technologY

Recently, PEM fuel cells have become

more cost effective for application under 25 kW than

the other types of fuel cells and perfiorm best when

pure hydrogen is used as the fuel. However, when

hydrogen containing CO, even in a very minute level

of CO (as small as 100 parts per million) is fed into the
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fuel cell, it causes serious poisoning to the surface of
catalyst, blocking the sites that hydrogen needs for
reactions. This has decreased the voltage drastically.
CO has been known to exhibit strong tendency to
adsorb and preferentially oxidize on the surface ofthe
catalyst, eventually dwarfing the overall performance
of the fuel cell. An ideally diffirsive membrane layer, if
used to improve the fuel cell performance, should be
able to perform at least 2 functions simultaneously.
First: to block CO from poisoning the catalyst, and

second: to facilitate transport of only H2 onto the
catalyst surface in order to oxidize the fuel completely
into electrons and protons in the anode side.

Presently, reliable high temperature
membranes with the desired separation efficiency for
hydrogen from gas mixtures are not available
commercially. It only exists as a bench scale product
for laboratory research. Historically, palladium
membrane is used to oatalyze dissociation/adsorption
process of I{z to ff. nre If diffirses readily into the
membrane while the heavier CO molecules diffusion is
hindered. Then, reassociation/desorption process of [f
to H2 takes place at the other side of the membrane.
Although palladium has been used, platinum is also
capable of catalyzing similar process and it performs at
a faster rate. The use of platinum however, is limited
by the economio faotor due to the platinum price that is
highly expensive.

4.0 C0 conversion and selectivity

The capacity of CO conversion and

selectivity determines the effectiveness of the
membrane being used in the fuel cell or other
applications that requires elimination/reduction of CO
from the exhaust stream. Currently, platinum and/or
palladium have been found to tolerate CO and exhibit
high selectivity for hydrogen. The use of these metals
together with ceramic support oan potentially block CO
and other contaminants that exist with I{z in order to
generate higher fuel cell power.

In the previous work, high selectivity of CO
oxidation over platinum on alumina ceramic was
successfully achieved. Using 1 7o or less CO in the
hydrogen rich fuel processor gas, the level was
significantly reduced to only a few ppm of CO [3].
Figure 2 shows the activities of the catalyst as a
function of temperature for a dry gas composition of
lYo CO, lo/o o,2,65%I{aand a trace amount of He. The
conversion of CO was a maximum at temperature of
170"C with 80o/o conversion. At this temperature, the
selectivity was about 50% as shown in Figure 3.

Figure 1: carbon monoxide conversion as a function of
temperature for I and 2o/oPton supported on AlOr.

Figure 2: carbon monoxide selectivity as a function of
temperature for I and 2YoPIon supported on Al2O3,

CONCLUSION

Carbon monoxide is harmful and a very
dangerous gas to human and living croatures. Most of
CO that exists in the ambient air is derived either from
the internal combustion engines in automobile or
industries. The contemporary technology known to be

able to eliminate CO completely from both mobile and

the stationary sources is fuel cell. But, the performance

ofthe fuel cell may be set back by the presence ofCO
in the hydrogen enriched feed stream. The use of pt/pd

ceramic membrane can be effective in preventing CO

from poisoning the catalysts in the fuel cell system' At
the same time, the membrane can also be used to
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