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Abstract

A Pd–Ag/SiO2 xerogel catalyst prepared in one step by sol–gel process has been entrapped in cylindrical porous alumina foams of three different
pore sizes in order to shape the catalyst under the appropriate form with suitable mechanical resistance to be used in an industrial fixed bed reactor.
After drying, calcination and reduction, the Pd–Ag/SiO2 xerogel catalyst pellets are immobilized inside the open porosity of the alumina foam.
The localization of the xerogel catalyst in the alumina foams has been studied by X-ray tomography. The three-dimensional porous structure
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as reconstructed from the consecutive cross-sections obtained by this technique. This method shows that the Pd–Ag/SiO2 xerogel catalyst i
niformly dispersed inside the porosity of the alumina foams. Activity and selectivity of Pd–Ag/SiO2 xerogel catalyst reference or catalyst entrap

n alumina foams have been studied for selective hydrodechlorination of 1,2-dichloroethane into ethylene. The specific reaction rate ob
atalyst entrapped in alumina foams is smaller than the one obtained from corresponding catalyst powders. The catalytic activity decrea
or Pd–Ag/SiO2 xerogel catalyst entrapped in porous alumina foams most probably arises from diffusional limitations inside the porous
he alumina foams.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Catalyst in powder form cannot be used as synthesised in an
ndustrial fixed bed reactor because pressure drop is too high to
roduce at large scale. The catalyst needs pre-forming in such
way that the catalyst active sites remain accessible for reac-

ants, the pressure drop in the catalytic bed is minimized and
he mechanical resistance of the catalyst pellets is sufficient to
void bed collapse, loss of fines and progressive increase of
ressure drop. Several industrial forming processes exist such
s extrusion pelletizing, granulation, spray drying, drop coag-
lation, . . . [1]. Another method consists in immobilizing the
atalyst in a support[2–4]. This last method has been used
o entrap Pd–Ag/SiO2 xerogel catalysts in highly porous alu-
ina foams with high mechanical and thermal resistance[5].
d–Ag/SiO2 cogelled catalysts have been studied for the selec-

ive hydrodechlorination of chlorinated alkanes into alkenes.

∗ Corresponding author. Tel.: +32 4 366 3563; fax: +32 4 366 3545.
E-mail address: c.alie@ulg.ac.be (C. Alié).

This reaction is particularly interesting from an economical
environmental point of view in comparison with the incine
tion of chlorinated industrial wastes[6,7]. These Pd–Ag/SiO2
catalysts were prepared in a one-step sol–gel process
industrial grade reagents. This synthesis method consis
co-gelation of tetraethylorthosilicate TEOS with additives w
functional groups of the form (RO)3Si-X-A, in which A is a
functional organic group able to form a chelate with a m
cation and X is an inert hydrolytically stable spacer, wh
links A to the hydrolysable group (RO)3Si–. These additive
enable to introduce the metal directly during the synthes
the catalytic support rather than dispersing the active c
ponent on a previously synthesised support[7–14]. The co-
condensation of TEOS with such molecules results in mate
in which the catalytic metal is anchored to the SiO2 matrix.
3-(2-Aminoethylamino)propyltrimethoxysilane (EDAS) is o
of these interesting additives that can be employed to h
geneously disperse nanometer-sized metal particles in a
matrix. The catalyst composition chosen for immobiliza
inside the alumina foam is the metal loading that gives the h
est selectivity for hydrodechlorination of 1,2-dichloroeth
385-8947/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2005.11.011
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into ethylene[12], i.e., 1.5 wt.% Pd and 3 wt.% Ag. The alu-
mina foams are immersed in the sol–gel solution containing Pd,
Ag, the SiO2 precursors EDAS and TEOS, water and ethanol
before gelation. After gelation, aging, drying, calcination and
reduction steps, the low-density xerogel with wide pore size
range (1–100 nm) and in which Pd–Ag alloy nanocrystallites are
located inside microporous silica particles themselves immobi-
lized in the open porosity of the alumina foam.

The aim of this work is to show the good dispersion of the
catalyst xerogel inside the porosity of the alumina foam and
the accessibility of the active sites. To do this, the activity
and selectivity for the reaction of selective hydrodechlorina-
tion of 1,2-dichloroethane into ethylene has been studied for
the catalyst entrapped in the alumina foam and compared to
the catalytic properties of the reference material viz. the sol–gel
material obtained under powder form after grinding and sieving
between 250 and 500�m. The knowledge of the localization
of the xerogel catalyst inside the alumina foam is important
to understand the catalytic properties of the whole system. This
implies determining the local porosity variations before and after
the impregnation process. X-ray microtomography coupled with
image analysis has already been used in the past to characterize
the texture of highly porous materials[15,16]. The consecutive
cross-sections obtained by this technique can be used to perform
a three-dimensional image reconstruction and image analysis
on the reconstructed images can be used to quantify the porous
s
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Fig. 1. Digital pictures of the free foams F1 (a), F2 (b), F3a (c).

sured by helium pycnometry is equal to 3.94 g/cm3, value which
is very close to the value of the true density found in[17], viz.
3.97 g/cm3.

2.2. Preparation of Pd–Ag/SiO2 xerogels supported on
α-Al2O3 foams

The initial sol–gel solution, into which alumina foams were
dipped, was prepared using industrial grade reagents in one sin-
gle step[14]. Palladium acetylacetonate (Pd(acac)2) and silver
acetate (AgOAc) were mixed in half the ethanol denaturised
with 0.5% of diethylphthalate (DEP) and the modified alkox-
ide EDAS (Dynasylan DAMO) was added. The molar ratios
EDAS/Pd(acac)2 and EDAS/Ag(OAc) were chosen equal to 2.
The mixture was stirred at ambient temperature in a closed ves-
sel for 1 h in order to form EDAS complexes with Pd and Ag.
Industrial TEOS (Dynasil A) was then added. Finally, a solu-
tion of aqueous 0.18 M NH3 in the rest of ethanol was slowly
added under vigorous stirring. The hydrolysis ratio, that is the
molar ratioH = [H2O]/([TEOS] + 3/4[EDAS]), and the dilution
ratio, that is the molar ratioR = [ethanol]/([TEOS] + [EDAS])
were kept constant at values of 5 and 10, respectively. The
metal content of the Pd–Ag/SiO2 catalysts was 1.5 wt.% Pd
and 3 wt.% Ag. The alumina foams were impregnated as fol-
lows: the four alumina foams samples (F1, F2, F3a, F3b) were
p ribed
tructure.
This work is part of a large project consisting in prepa

imetallic supported catalysts in a one step sol–gel proce
arge scale with industrial grade reagents and to form them
ndustrial applications.

. Experimental

.1. Preparation of Al2O3 foams

The �-alumina foams were synthesised at the Mende
niversity of Chemical Technology of Russia, Moscow. T
uitable properties of the foams were achieved by additio
ispersed powders of MgO and TiO2 [5]. After shaping, th
ylindrical alumina foams were burnt at 1500◦C in air. The
aterial obtained is made of�-Al2O3 with open structure. Thre

inds of alumina foams were used as support (F1, F2 an
Fig. 1), the pore size of the alumina foams increasing from F
3. This kind of support is inert for the reaction of hydrodec
ination of 1,2-dichloroethane into ethylene.

All foam samples have about the same diameter, the d
ter was chosen in order to easily put the foams inside
ydrodechlorination stainless steel reactor which is usually

or all the powder catalytic tests. The height of the alumina f
3 is lower than the other samples. Consequently two sam
3, named F3a and F3b, were impregnated to obtain the
erogel catalyst mass entrapped inside the porosity than the
les F1 and F2.

The physical properties of the alumina foam are as follo
he durability on compression is equal to 0.5 MPa, the spe
urface area (SBET) is very low (0.5 m2/g) and the density me
 ut together into the vessel containing the previously desc
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liquid sol–gel solution. The alumina foams addition was imme-
diately performed after introduction of the aqueous ammonia.
The vessel was then closed tightly and heated to 70◦C for 72 h
for gelation and aging.

After aging, the gel containing the four alumina foam samples
were dried under vacuum according to the following procedure:
the vessel was opened and put into a drying oven heated to
80◦C, and the pressure was slowly decreased (to prevent gel
bursting) from atmospheric pressure to a vacuum of 1200 Pa after
18 h. At 1200 Pa, the temperature was increased up to 150◦C
and the gel was maintained under those conditions during 32 h.
The impregnated�-alumina foams were then removed from the
excess gel. The remaining gel was used to prepare a sample of
catalytic powder used as reference sample. The catalytic powder
and impregnated alumina foams were then calcined and reduced.
During calcination samples were heated to 400◦C at a rate of
120◦C/h under flowing air (0.02 mmol/s); this temperature was
maintained for 12 h in air (0.1 mmol/s). The samples were then
reduced, they were heated to 350◦C at a rate of 350◦C/h under
flowing H2 (0.25 mmol/s) and maintained at this temperature
for 3 h under hydrogen flow. The sample is then kept in a closed
flask under air and needs a second reduction in situ before the
catalytic test.

Pd–Ag/SiO2 xerogel reference catalyst has the following tex-
tural properties: the specific surface area (SBET) determined
by nitrogen adsorption is equal to 395 m2/g, the density of
t qua
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simply be called F-P1 and the whole series F1-P2, F2-P2, F3-P2
called F-P2.

2.4. Catalytic tests

The Pd–Ag/SiO2 xerogel catalysts immobilized in the three
�-Al2O3 foams (F1, F2, F3) and the reference catalyst pow-
ders were tested for the selective hydrodechlorination of 1,2-
dichloroethane into ethylene. The mass of catalyst used for each
test (∼0.09 g) was chosen to maintain a relatively low conver-
sion, around 20%, in order to calculate the reaction rate assuming
a differential reactor.

The reaction of selective hydrodechlorination was performed
in a stainless steel tubular reactor with an internal diame-
ter of about 10 mm. The reactor was placed in a convection
oven with programmable temperature. A constant flow of each
reactant was maintained with a Gilson piston pump for 1,2-
dichloroethane and Brooks mass flow controllers for helium and
hydrogen: 0.012 mmol/s for 1,2-dichloroethane, 0.46 mmol/s for
helium and 0.025 mmol/s for hydrogen. The temperature within
the reactor was successively fixed at 200, 250, 300, 350 and
300◦C. The effluent of the reactor was analysed by gas chro-
matography with a flame ionization detector (FID). Prior to
the catalytic activity measurement, the catalysts were reduced
again in situ at a pressure of 0.125 MPa in flowing hydro-
gen (0.025 mmol/s). The oven was heated to 350◦C at a rate
o fter
r the
d d
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he silica skeleton determined by helium pycnometry is e
o 2.22 g/cm3 and the total pore volume (Vv), estimated from
itrogen adsorption and mercury porosimetry[18], is equal to
.6 cm3/g. The high pore volume and consequently the low
ensity observed is one of the remarkable properties of
d–Ag/SiO2 xerogel catalysts. The gel formation induced
nucleation process initiated by the metal ligand EDAS l

o large silica particles with an hydrolysed EDAS core an
hell principally made of hydrolysed TEOS[12,18]. The silica
articles (diameter: 20 nm) and the spaces between these
les are large enough to reduce the effect of capillary pre
uring drying under vacuum and the final material preserv
igh pore volume. This enables to avoid supercritical dry
owever, the gel shrinkage during drying is still importan

he pore volume decreases from 20 cm3/g for the wet gel to
.6 cm3/g for the dried xerogel catalyst. This value is nev

heless quite higher than the pore volume classically obs
or samples dried under atmospheric conditions (aro
.5 cm3/g).

.3. Sample designation

Two batches of reference powder were synthesised and
amed Px wherex = 1, 2 is used to distinguish the two ca

yst batches. The impregnation process was performed wit
eries of samples in order to study the reproducibility of
mpregnation process. The first series of samples is namex-
1 and the second series is named Fx-P2, withx = 1, 2, 3, for
ach type of alumina foam. In order to simplify the sample n

ion, especially when the mean apparent reaction rates w
iscussed, the whole sample series F1-P1, F2-P1, F3-P
l

e

ti-
e

d

e

ll

f 350◦C/h and maintained at this temperature for 3 h. A
eduction, the catalysts were cooled in flowing hydrogen to
esired initial reaction temperature of 200◦C. The impregnate
lumina foams were tested as synthesised whereas the
nce catalyst was crushed and sieved between 250 and 5�m
efore measuring its catalytic activity and selectivity. It sho
e noticed that the catalytic activity of the two impregna
lumina foams F3a and F3b were simultaneously measu
rder to use about the same catalyst mass as in samples
2.

The reaction rates (r) were calculated from chromatograp
easurements of C2H6, C2H5Cl and C2H4 concentrations i

he reactor effluent and from the differential reactor equa
hat can be written as follows[13,19]:

= FA + FCl + FE

W
(1)

herer is the reaction rate (mmol/kg s),FA the molar flowrate
f ethane at the reactor outlet (mmol/s),FE the molar flowrate
f ethylene at the reactor outlet (mmol/s),FCl the molar flowrate
f monochloroethane at the reactor outlet (mmol/s) andW is the
atalyst mass inside the reactor (kg). In this study, only C2H6,
2H5Cl and C2H4 concentrations are used for calculations du

he imprecision of ClCH2-CH2Cl concentration measuremen
he selectivity in ethylene is defined as the amount of C2H4
roduced compared to the quantities of C2H4, C2H6 and C2H5Cl
roduced.

The pressure drop in alumina foam was measured by pl
ne alumina foam sample in the reactor, sealing the gap be

he foam piece and the reactor wall, applying a fluid load
easuring the pressure upstream from the reactor knowin
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pressure after the reactor was equal to the atmospheric pressure.
No significant pressure drop was detected.

2.5. X-ray microtomography and image analysis

The X-ray tomographic device used in this study is a
“Skyscan-1074 X-ray scanner”. Advanced technical details
about its conception and operation are described by Sasov
and Van Dyck[20]. The X-ray source operated at 40 kV and
1 mA. The detector was a 2D, 768× 576 pixels, 8-bit X-
ray camera with a spatial resolution of 41�m. The rotation
step was fixed at the minimum, 0.9◦, in order to improve
image quality. The sample was placed into the microtomo-
graph and the scanning was performed on a height of 20 mm.
Cross-sections separated by 205�m were reconstructed using
a cone-beam reconstruction software, i.e., 64, 76, 35 and 34
cross-sections for samples F1, F2, F3a and F3b, respectively.
X-ray microtomography allows covering a wide range of char-
acteristic scales from tens of microns up to the sample size
(10–20 mm).

The two-dimensional (2D) cross-section images given by X-
ray microtomography were processed and analysed using the
basic tools of mathematical morphology and signal processing
[21,22]. Specific image analysis programs were developed using
Aphelion3.2f (Adcis SA), and Matlab 6.0 with its image process-
ing toolbox (Matworks). The first step consisted in the binarisa-
tion of the 2D cross-sections images using Otsu’s method[23].
With this method, the threshold level is chosen automatically
so as to maximize the interclass variance and to minimize the
intraclass variance of the thresholded black (pores) and white
(alumina matrix) pixels. Then, the 3D images were reconstructed
by stacking a series of 2D binary cross-sections images sepa-
rated by 0.41 mm using the 3D visualisation software package
provided by Skyscan.

Basic tools of mathematical morphology were used to extract
quantitative information from the 3D binary images, i.e., the
total porosity (ε) and the porosity distribution (δL). This method
is based around a few simple mathematical concepts from set
theory and was originally developed by Matheron[24] and
Serra [21]. The two most basic operations in mathematical

Table 1
Catalytic activity and selectivity in ethylene of catalyst powders and impregnated alumina foams

Sample Catalyst
mass (mg)

Conversion (%) Selectivityd (%) Reaction rate (mmol/s kg)

350

P 28 .1
P 21 .9
P 20 .9
P 27 .0
P 26 .3

M
S

P 21 .9
P 22 .0
P 24 .5

M
S
O
O

F 21 .6
F 17 1
( 18 9

M
S

F
F
(

M
S
O
O

200◦C 250◦C 300◦C

1 98.6 0.7 2.1 10.1
1a 84.5 0.6 2.0 7.9
1a 84.5 0.5 1.8 7.3
1a 97.9 0.8 2.5 10.0
1a 97.9 0.6 2.1 9.3

ean
tandard deviation

2 88.0 0.4 1.8 7.8
2a 88.0 0.4 1.7 8.0
2a 88.0 0.4 2.0 8.8

ean
tandard deviation
verall meane

verall standard deviatione

1-P1b 97.9 0.8 2.9 9.9
2-P1b 84.5 0.4 1.5 6.1
F3a + F3b)-P1b 95.8 0.6 2.1 7.9

ean
tandard deviation
1-P2c 78.0 0.3 1.3 4.9 14 6
2-P2c 125.0 0.4 1.9 7.4 21

F3a + F3b)-P2c 67.4 0.2 1.2 4.8 13

ean
tandard deviation
verall meanf

verall standard deviationf

a Reproducibility.
b Made from P1.
c Made from P2.
d At 300◦C after 16 h.
e P1 and P2 samples taken together.
f Fx-P1 and Fx-P2 samples taken together.
◦C 300◦C 250◦C 300◦C 350◦C 300◦C

.1 9.6 99.7 2.7 12.7 35.1 12
.9 7.5 99.4 3.0 11.6 32.2 10
.7 7.1 99.2 2.6 10.7 30.4 10
.0 9.2 99.4 3.2 12.7 34.3 12
.1 8.9 99.3 2.7 11.8 33.0 11

2.8 11.9 33.0 11.4
0.2 0.8 1.8 0.6

.9 7.8 99.9 2.5 11.0 30.8 10
.8 7.8 99.8 2.5 11.2 32.1 11
.9 8.8 99.8 2.8 12.4 35.1 12

2.6 11.5 32.7 11.5
0.2 0.8 2.2 0.9
2.7 11.8 32.9 11.5
0.2 0.8 1.8 0.7

.2 8.4 97.1 3.6 12.4 27.8 10

.3 6.2 98.4 2.2 9.2 25.7 9.

.9 6.9 98.1 2.8 10.2 25.2 8.

2.9 10.6 26.2 9.5
0.7 1.6 1.4 0.9

.5 5.4 99.8 2.0 7.8 23.0 8.
.9 8.2 99.9 1.9 7.3 21.7 8.1

.7 5.1 98.4 2.2 8.9 25.2 9.4

2.0 8.0 23.3 8.7
0.2 0.8 1.8 0.6
2.5 9.3 24.8 9.1
0.6 1.8 2.1 0.8
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morphology are erosion and dilation. These transformations
involve the interaction between an image and a structuring set,
called the structuring element. Erosion and dilation can be com-
bined in a variety of ways, in parallel and series, to give other
transformations including opening, closing, filling, skeletonisa-
tion and many others.

The total porosity (ε) and the porosity distribution (δL) were
calculated from the 3D images, according to the methodology
presented previously[25]:

(i) The total porosity (ε) is defined as:

ε = Pixpores

Pixpores+ Pixsupport
(2)

where Pixporesis the number of pixels related to pores and
Pixsupport is the number of pixels related to the support.
At the external borders of the foam pieces the discrimina-
tion between pixels related to the pores from pixels located
outside the foam is difficult. Closing and hole-fill transfor-
mations were applied on the original 3D binary image in
order to complete the external foam piece surface and to fill
the pores.

(ii) The porosity distribution (δL) is defined as the ratio between
the number of pixels characteristic of the pores in a layer of
one pixel thickness located at a distance,d, of the centre of
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Fig. 2. Catalytic activity and selectivity in ethylene of Pd–Ag/SiO2 xerogel cat-
alyst entrapped inside alumina foam F2-P1 for 1,2-dichloroethane hydrodechlo-
rination (Dcea). The dashed line gives the temperature program.

tivity increased very quickly when the temperature increased
from 200 to 300◦C as shown inFig. 2 for F2-P1 sample.
In order to compare the activity obtained for each sample,
the reaction rates given inTable 1are related to the catalytic
xerogel mass and not to the total impregnated alumina foam
mass.

Catalytic test results are surprising at first sight. Indeed non
impregnated and impregnated alumina foams possess a high
porosity and large pore sizes and forced flow through the foams
takes place without measurable pressure drop during perme-
ability tests. A priori identical specific reaction rates could have
been expected for reference powders and impregnated alumina
foams. A posteriori specific reaction rates linked to the catalytic
xerogel mass systematically seem superior for reference cata-
lyst powders than for impregnated alumina foams. A Student’s
t-test shows that these differences are statistically significant.
The catalytic tests have been performed five times on samples
of reference powder P1 and three times on samples of refer-
ence powder P2. The mean values and standard deviations of
specific reaction rates for the reaction of hydrodechlorination
of 1,2-dichloroethane are reported inTable 1 for both refer-
ence powders P1 and P2. The Student’st-test [26] was used
to statistically compare the mean values of specific reaction
rates of P1 and P2 reference powders. At 0.05 level of signifi-
cance (95% confidence interval) the Student’st-test indicates
that catalytic tests performed on both reference powders P1

T
C impr

C

P ◦C

P 7 6
F 04 4
P 39 6
P 56 4
P .49 2

t rval,v:
the foam and the total number of pixels within that spe
layer. Then-layer is obtained by eroding the external surf
n times, wheren = 1, 2, 3,. . .. Each erosion removes a sh
of one pixel thickness. The erosion ends when the l
reaches the centre of the foam.

. Results

Results of catalytic tests of hydrodechlorination of 1
ichloroethane into ethylene on reference catalyst powder
n impregnated alumina foams are presented inTable 1. It
hould be noted that the Pd–Ag/SiO2 xerogel catalyst sam
les entrapped in a alumina foam will be called ‘impr
ated alumina foams’ in order to simplify the text. T
ain reaction product is ethylene, C2H4, with a selectiv

ty between 97.1 and 99.9% at 300◦C after 16 h. Two sec
ndary products are also observed: ethyl chloride, C2H5Cl,
nd ethane, C2H6. Ethyl chloride was detected in negligib
uantity and only at a temperature of 350◦C. C2H4 selec-

able 2
omparison of mean values of the reaction rate of reference powder and

omparison texp

opulation 1 Population 2 250◦C 300

1 P2 1.25 0.5
-P1 F-P2 1.57 2.
1 F-P1 0.12 1.
2 F-P2 3.21 4.
1 + P2 F-P1 + F-P2 0.85 2

exp: Value of the calculated Student’st parameter,t0.025: 95% confidence inte
egnated foams using the Student’st-test

t0.025 v

350◦C 300◦C

0.21 0.04 2.45
1.85 1.07 2.78
4.94 3.32 2.45
4.70 3.56 2.78
5.21 4.02 2.18 1

degrees of freedom.
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Fig. 3. Microtomographic cross-sections of binary images of free foam F2 (a) and the corresponding binary images after impregnation F2-P1 (b). 3D image
reconstruction of free F2 (c) and impregnated F2-P1 (d) alumina foam. White pixels show the solid phase, i.e., alumina foam and the impregnated catalyst.

and P2 statistically belong to the same population as all experi-
mentalt-values (texp) are inferior to theoreticalt-values (t0.025)
(Table 2).

Catalytic tests have been performed only once on each
impregnated alumina foam. Mean values and standard devia-
tions are reported inTable 1for the whole series of impregnated
alumina foams containing P1 reference powder (F-P1) on one
hand and for the whole series of impregnated alumina foams
containing P2 (F-P2) on the other hand. The Student’st-test was
again used to statistically compare the mean values of specific
reaction rates of F-P1 and F-P2. At 0.05 level of significance the
Student’st-test indicates that catalytic tests performed on both
series F-P1 and F-P2 statistically belong to the same population
as all experimentalt-values (texp) are inferior to theoreticalt-
values (t0.025) (Table 2). Moreover it should be noted that the
standard deviations of the four populations, viz. P1, P2, F-P1
and F-P2, are statistically identical as can be shown by anF-test
[26]. It can be concluded that (i) the deviations on the reaction
rate determination are larger than those due to catalyst synthesis
and (ii) the deviations of reaction rates observed on the three
alumina foams cannot be attributed to the texture differences
of the three alumina foams or to the difference of activity of
the two reference catalyst powders but simply to the error on
the determination of the reaction rate. That is why it is logical to
regroup in one population all tests made on alumina foams as the
deviations are principally due to the reaction rate measurement
a

However, a Student’st-test indicates that at 0.05 level of
significance the specific reaction rates measured, respectively,
on impregnated alumina foams and reference powders do not
belong to the same population. Indeed, at 300 and 350◦C, t
experimental values (texp) are largely superior to theoretical
t-values (t0.025) (Table 2). This is true whether reference pow-
der P1 is compared to the corresponding impregnated alumina
foam F-P1, reference powder P2 is compared to the correspond-
ing alumina foams F-P2 or the reference powder set P1 + P2 is
compared to the set of impregnated alumina foams F-P1 + F-
P2 (Table 2). Consequently apparent specific rates measured on
impregnated alumina foams are statistically inferior to apparent
specific rates measured on reference powders.

Four alumina foams containing Pd–Ag/SiO2 xerogel cata-
lysts (F1-P1, F2-P1, F3a-P1, F3b-P1) were characterized by
X-ray microtomography coupled with image analysis tech-
niques. The study was performed before and after deposition
of Pd–Ag/SiO2 xerogel catalyst.Fig. 4 shows, as an example,
microtomographic cross-sections (binary images) of the alumina
foam F2-P1 before (Fig. 3a) and after impregnation, drying and
calcination (Fig. 3b). A simple visual inspection of those images
indicates that the impregnated foam is less porous than the orig-
inal support. The 3D images were reconstructed from the 2D
binary cross-section images for the free and impregnated foams
(Fig. 3c and d).

The overall porosity, measured by image analysis from Eq.
( s
nd not to the texture.
 2), of the free alumina foams (εtomo) is close to 60% (sample
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Table 3
Porosity for the free alumina foams and the impregnated alumina foams

Sample name εtomo ε∗
tomo (%) δεtomo (%) δε (%)

F1-P1 56 36 20 20
F2-P1 58 41 17 18
F3a-P1 71 66 5 13
F3b-P1 66 61 5 16

εtomo andε∗
tomo are, respectively, the porosity of the free support and the impreg-

nated alumina foams measured by X-ray tomography,δεtomo and δε are the
volumetric fraction of the Pd–Ag/SiO2 xerogel catalyst which is entrapped inside
the alumina foam,δεtomo is calculated from tomographic data whileδε is calcu-
lated from mass and volume measurements.

F1-P1 and F2-P1) and 70% (samples F3a-P1 and F3b-P1)
(Table 3). These values are lower than the values of the poros-
ity measured from the volume and mass of the foams (reference
values) (Table 4) determined, respectively, from dimension mea-
surements by slide calliper and foam weight measurement. There
is no internal porosity in the foam cylinder as the skeletal den-
sity measured by helium pycnometry is equal to the reference
value for�-alumina[17]. The lower porosity observed is due to
the definition of the external border of the alumina foam cylin-
ders. The external border was defined by a close and filling
operation made on the binary pictures. The porosity of the alu-
mina foams was also calculated using another definition of the
external border: the external border is defined as the smallest
cylinder that fully includes the foams. In this case, the over-
all porosity increased but did not reach the reference values.
The porosity of the impregnated alumina foams decreases after
impregnation, drying and calcination, the decrease is about equal
to 20% (samples F1-P1 and F2-P1), these values are close to the
porosity decrease obtained from mass and volume measurement
(Table 3). However, the porosity decrease of samples F3a-P1 and
F3b-P1 is low (5%) compared to ca. 15% from mass and volume
measurement.

The porosity distribution characterizes the pore distribution
of the free foams and the modifications induced by impregna-
tion, drying and calcination. Results are presented as a function
of the normalized diameter, the normalized diameter is equal to
o cen-
t s
t ms. It
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Fig. 4. Porosity distribution for free and impregnated alumina foams for F1 and
F1-P1 (a), F2 and F2-P1 (b) and F3a and F3a-P1 (c). (�) Free alumina, (�)
impregnated alumina.

should be noticed that this phenomenon is due to the difficulty
to define the external border of highly porous solids. Indeed,
the definition of the border neglects the porosity at the border.
Calculations were also made using the smaller external cylinder
ne at the foam’s border and equal to zero at the foam’s
re. The following trends were observed (Fig. 4a–c): (i) it seem
hat the porosity decreases at the external border of the foa

able 4
haracteristics of the alumina foams

ample
ame

h (mm) df (mm) m (g) mcata(g) L (m) ε (%) ε* (%)

1-P1 29.5 9.3 0.98553 0.0979 0.002 88 68
2-P1 30.3 9.4 1.01664 0.0845 0.002 88 72
3a-P1 20.0 9.2 0.49730 0.0415 0.002 91 78
3b-P1 20.5 9.1 0.56085 0.0543 89 73

: Al2O3 foam height (m),df : Al2O3 foam diameter (m),m: free Al2O3 foam
ass (g),mcata: mass of catalyst after alumina foam impregnation (g).L: Charac

eristic length, which is defined as the ratio between the volume and the ex
urface of the foam (m),ε: open porosity of the alumina foams before impr
ation calculated from the volume and mass of the free alumina foams (%ε*:
pen porosity of the impregnated alumina foam assuming that the xeroge
orous (%).
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as external border. In this case, the porosity increased at the
foam border. Furthermore there is also some problem of resolu-
tion of the X-ray microtomography at the border of the samples.
Consequently, the pore density distribution, whose characteris-
tic diameter is larger than 0.8, is dashed and not considered for
discussion, (ii) curves corresponding to the impregnated sam-
ples are shifted lower down, i.e., towards a lower porosity, (iii)
the free and impregnated curves have almost the same shape
which means that impregnation decreases the porosity homoge-
neously inside the support. In other words, the xerogel catalyst
fills the support homogeneously and (iv) the largest downward
shift corresponds to F1-P1 and the lowest shift corresponds to
F3a-P1. The lower shift in F3a-P1 could, in part, be explained
by the lower catalyst content of this sample compared to F1-P1.

4. Discussion

The decrease of catalytic activity observed in alumina foams
compared to reference material cannot be explained by strong
interactions between the Pd–Ag/SiO2 catalyst xerogel and the
alumina support or by poisoning of the catalyst xerogel by alu-
minate ions during contact between the support and the silica sol
before gelation as the alumina used is�-alumina which is very
stable. This aluminate contamination was observed in prelimi-
nary trials of catalyst shaping by extrusion made with mixtures of
� nt
m ith
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t
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Fig. 5. Scheme of the cogelled xerogel catalyst and morphological properties at
each level: diameterd, pore radiusr0, bulk densityρ and void fractionε.

reactor and the oven temperature were both measured and were
identical throughout the reaction.

Alumina foams impregnated with Pd–Ag/SiO2 catalyst syn-
thesised by sol–gel process cannot be assumed to be homoge-
neous at all scales. As shown by Heinrichs et al.[32] the xero-
gel catalyst is composed of accessible Pd–Ag alloy crystallites
whose diameter is about equal to 2–3 nm. The alloy crystallites
are located inside microporous silica particles whose diameters
are between 10 and 20 nm. The continuous meso- and macropore
distribution of the catalysts is located in voids between particles
and between aggregates constituted of those particles. Silica par-
ticles are thus basic blocks which constitute aggregates which
themselves constitute the catalyst pellet entrapped inside the
alumina foam. Unlike the classical approach in diffusion calcu-
lation which assumes that the catalyst is a pseudo-homogeneous
medium, the impregnated alumina foams must be examined at
four discrete levels (Fig. 5): the impregnated alumina foam (level
1), the silica pellets entrapped inside the foam (level 2), the silica
aggregates (level 3) and the elementary microporous silica par-
ticles containing the Pd–Ag alloy crystallite (level 4). Each level
is assumed to be a pseudo-homogeneous medium with its own
size, bulk density, void fraction, tortuosity, and single pore width.
At level 1 (alumina foam), only diffusion of molecules between
the external surface of the alumina foam cylinder and the exter-
nal surface of the xerogel pellets, i.e., diffusion in alumina foam
pores between the xerogel pellets, is considered. Conclusions
t gra-
p /SiO
x nse-
q Weisz
m ts),
o f the
x of sil-
i es, is
c ules
-alumina and Pd–Ag/SiO2 xerogel catalyst and led to importa
odifications of the activity and especially of the selectivity w
high production of ethyl chloride. No such ethyl chloride p
uction was observed with impregnated alumina foams. M

he specific surface area of alumina foams is so small (0.5 m2/g)
hat strong interactions between alumina and the catalyst xe
eem improbable.

The decrease of apparent catalytic activity could be lin
o the size of the impregnated alumina foams and consequ
o diffusion limitations. Diffusion limitations can be studied
he estimation of the Weisz modulus (Φ) of the impregnate
lumina foams and the catalyst powder entrapped inside
eisz modulus (Φ) is defined as[27–31]:

= rρ

Cs

L2

De
(3)

herer is the observed reaction rate (mmol/s kg),ρ the bulk
ensity (m3/kg),L the characteristic length (m) which is defin
s the ratio between the volume and the external surfa

he element,Cs the Dcea (1,2-dichloroethane) concentra
mmol/m3) andDe is the effective diffusivity (m2/s).

It has been shown[27] that if Φ � 1, there are no pore d
usion limitations and the observed reaction rater is equal to
he intrinsic rate of the chemical reaction and that ifΦ ≥ 1,
he observed rater does not correspond to the intrinsic re
ion rate due to diffusion falsifications. A first order react
elated to Dcea has been assumed[19] and the hydrodechlo
ination of Dcea can be assumed isothermal because the
ants are diluted in helium and the enthalpy of reaction o
ydrodechlorination of Dcea into ethylene is low (∼−7 kJ/mol).
urthermore, the temperature of the catalyst powder insid
c-

e

hat were drawn from the characterisation by microtomo
hy of the free and impregnated samples is that the Pd–Ag2
erogel is uniformly dispersed inside the alumina foams. Co
uently, the level 1 can be assumed homogeneous and the
odulus can be calculated for this level. At level 2 (pelle
nly diffusion of molecules between the external surface o
erogel pellet and the external surface of the aggregates
ca particles, i.e., diffusion in large pores between aggregat
onsidered. At level 3 (aggregates), only diffusion of molec
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Table 5
Values of experimental variables

T (K) Dm (m2/s) Cs (mmol/m3) r (mmol/kgcatas)

523 3.1E−05 1725 2.5
573 3.9E−05 1574 9.3
623 4.5E−05 1448 24.8

Dm: Molecular diffusivity of 1,2-dichloroethane,Cs: molar concentration of
Dcea at the reactor entrance,r: reaction rate as a function of Pd–Ag/SiO2 catalyst
mass.

between the external surface of the aggregate and the external
surface of the silica particles is considered. At level 4 (particles),
only diffusion of molecules between the external surface of the
elementary silica particle and the active Pd–Ag alloy crystallite
is considered.

Since each level is assimilated to a pseudo-homogeneous
medium with its own morphological properties (its own char-
acteristic sizeLi (m), bulk densityρi (kg/m3), void fractionεi,
and single pore radiusr0,i (m)), each level is characterized by
its own Weisz modulus. Using the Bosanquet formula which
describes the way to combine molecular and Knudsen diffusiv-
ities [29,31,33], the Knudsen diffusivity equation[27,33] and
the approximation according to which the tortuosity factor is
inversely proportional to the void fraction[27,31] the effective
diffusivity can be developed and Eq.(3) is then written:

Φi = rρiL
2
i

Cs,i
· (1/Dm) + (1/(97× 10−3r0,i

√
T/M))

ε2
i

(4)

where the subscripti refers to the level (i = 1, impregnated
alumina foam;i = 2, silica pellet,i = 3, silica aggregate;i = 4,
silica particle).M is the molecular mass of 1,2 dichloroethane
(Dcea) = 98.96× 10−6 kg/mmol, Dm the molecular diffusivity
(m2/s) andT is the temperature (K). Geometrical properties of
the foams are given inTable 4. The value of Dcea concentrations,
diffusion coefficients and reaction rates are given inTable 5.

i rds,
t ol-
l g
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ρ

w en-
s .
i the
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The Weisz moduli calculated from Eq.(4) for sample F1-P2
are given inTable 6. The diameter, the single pore radius, the
bulk density and the porosity at levels 2, 3 and 4 are given in
Fig. 5. Low values obtained forΦ2, Φ3 andΦ4 indicate that no
diffusion limitation exists for the diffusion of 1,2-dichlorethane
through the pores from the surface of the silica pellet to the
surface of aggregates then to the surface of silica particles and
inside the silica particles. The structure of the catalyst silica pel-
lets studied here (level 2, 3 and 4) is such that, in order to reach
the active sites, reactants (1,2-dichloroethane in the present case)
must diffuse in pores of decreasing width (making mass trans-
fer more difficult) located in entities of decreasing size (making
mass transfer easier), increasing bulk density and decreasing
void fraction (making mass transfer more difficult). Taken as a
whole these antagonistic effects lead to very small values of the
Weisz modulus, which indicates that a catalyst with such a “fun-
nel” structure exhibits very good mass-transfer properties[32].
However, the value obtained forΦ1 (0.16) at 350◦C for exam-
ple, withL1 = 0.002 m,ε1 = 0.68 andρ1 = 541 kg/m3, is close to
one. The characteristic length is the same for all three alumina
foams as they have approximately the same diameter and height.
For Weisz modulus equal to∼0.1, the effectiveness factor (η)
begins to decrease. It means that diffusion limitations proba-
bly occur at level 1, i.e., inside alumina foam. Similar activity
decreases due to diffusion limitations can be found in the liter-
ature[2,3]. The pore size distribution was calculated by image
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The void fractionεi, Eq. (4), corresponding to theith level
ncludes only pores characteristic of that level. In other wo
he void fractionεi of a leveli is calculated assuming that the f
owing levels are non porous. The bulk densityρi correspondin
o theith level is calculated using the following equation:

i = 1

(1/ρtrue) + Vi

(5)

hereρtrue is the true density of the material, i.e., the d
ity of the solid skeleton or the density excluding poresVi

s the volume occupied by all the pores located inside
evel i. The true density of the Pd–Ag xerogel catalys
true= 2.22× 10−3 kg/m3 [12]. The true density of the alumin

oams isρtrue= 3.94× 10−3 kg/m3.

able 6
eisz modulus values of the impregnated alumina foam F1-P2 at the fou

emperature (◦C) Level 1 foam Leve

50 2.0E−02 1.6E−
00 6.5E−02 6.0E−
50 1.6E−01 1.6E−
nalysis for all three alumina foams[25]. The distribution maxi
um corresponds to a pore size around 0.15 mm and almo
ntire distribution corresponds to pore sizes inferior to 0.4

n practice, with a pore radiusr0,1 larger than 0.05 mm, mole
lar diffusion is always predominating compared to Knud
iffusion and the Weisz modulusΦ1 is, in practice, independe
f the alumina foam pore size. During drying of the catalyst

he specific bulk volume decreases by 80% and the diame
he silica agglomerates, i.e., the silica pellets entrapped insi
oam (level 2) is divided by two. The result of this is that no fo
ells can be occluded by the dried gel and the adhesion o
ried gel to the support is weak. Heinrichs et al.[32] have deter
ined that diffusional limitations in the agglomerates – or pe
of Pd–Ag/SiO2 catalysts should probably appear for spher
ellets of 10 mm in diameter for the reaction of hydrodech
ation of 1,2-dichloroethane. This enables to conclude th
iffusional limitations can occur at level 2 corresponding to
atalyst pellets as these have a size of around 0.2 mm bu
iffusional limitations can appear at level 1 corresponding to
lumina foam as their diameter is around 9 mm. The pellet
niformly distributed in the alumina foam porosity as shown
ig. 4. This totally justifies the model with four levels chos

o calculate the diffusional limitations. If one refers to diagra

ls

llet Level 3 aggregate Level 4 par

6.4E−08 4.3E−09
2.5E−07 1.7E−08
6.9E−07 4.7E−08
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representing the concentration profile in cylindrical foams as
a function of the Thiele modulus[27,31] the concentration of
1,2-dichloroethane at the centre of the foam does not fall below
60% of the foam external surface concentration. This means
that usingCs,1= Cs,2= Cs,3= Cs,4 in all cases for the calculation
of Φ2, Φ3 andΦ4 does not modify their order of magnitude.
The same surface concentration value was thus considered for
the catalyst pellet, the aggregate and the elementary silica par-
ticle levels. Nevertheless the activity decrease of Pd–Ag/SiO2
catalysts entrapped inside foams compared to catalyst powders
cannot entirely be explained by diffusion limitations at the foam
level as some activity decrease is also observed at 250 and 300◦C
where no diffusion limitations are present.

5. Conclusions

Catalyst xerogels prepared by sol–gel process in one step
can be impregnated in cylindrical porous alumina foams of high
porosity.

X-ray microtomography measurements coupled with image
analysis show that the catalyst xerogel distribution inside the
porous texture of the alumina foams after gel drying and calci-
nations is uniform.

Catalytic tests of selective hydrodechlorination of 1,2-
dichloroethane into ethylene realised on Pd–Ag/SiO2 catalyst
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[15] A. Léonard, S. Blacher, P. Marchot, M. Crine, Drying Tech. 20 (2002)

1053.
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xerogel containing 1.5 wt.% Pd with atomic composition 3
Pd–67% Ag show that apparent reaction rate of catalyst im
nated on alumina foams is statistically slightly lower than
of free catalyst powder. The apparent activity decrease c
attributed to diffusion limitations. Indeed the Weisz mod
calculated at the scale of the alumina foam cylinder is sup
to 0.1, which leads to an effectiveness factor inferior to 1.

Porous alumina foams of good mechanical resistance
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on one hand and on the other hand, it must be avoided to r
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