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Abstract

A Pd-Ag/SiQ xerogel catalyst prepared in one step by sol-gatgss has been entrapped in cylindrical porous
alumina foams of three different pore sizes in btdeshape the catalyst under the appropriate feitin suitable
mechanical resistance to be used in an indusixiedl fbed reactor. After drying, calcination anduetibn, the
Pd-Ag/SiGQ xerogel catalyst pellets are immobilized inside thpen porosity of the alumina foam. The
localization of the xerogel catalyst in the alumifioams has been studied by X-ray tomography. Theeth
dimensional porous structure was reconstructed ftmrconsecutive cross-sections obtained by tlisnique.
This method shows that the Pd-Ag/$i®erogel catalyst is uniformly dispersed inside fharosity of the
alumina foams. Activity and selectivity of Pd-Aglsi xerogel catalyst reference or catalyst entrapped i
alumina foams have been studied for selective tdalrblorination of 1,2-dichloroethane into ethyleiiée
specific reaction rate obtained with catalyst guped in alumina foams is smaller than the one pbthirom
corresponding catalyst powders. The catalytic #dgtidecrease observed for Pd-Ag/SiQerogel catalyst
entrapped in porous alumina foams most probab$earirom diffusional limitations inside the pordeasture of
the alumina foams.

Keywords: Bimetallic Pd-Ag catalysts; Sol-gel process; FomgniRorosity; Hydrodechlorination; Image
analysis

1. INTRODUCTION

Catalyst in powder form cannot be used as syntbeésisan industrial fixed bed reactor because pressrop is
too high to produce at large scale. The catalystsgre-forming in such a way that the catalysvactites
remain accessible for reac-tants, the pressure drofhe catalytic bed is minimized and the mechalnic
resistance of the catalyst pellets is sufficienfitmid bed collapse, loss of fines and progressigcecase of
pressure drop. Several industrial forming processes such as extrusion pelletizing, granulatgpray drying,
drop coagulation, ... [1]. Another method consistammobilizing the catalyst in a support [2-4]. i$Hast
method has been used to entrap Pd-Ag/Si€ogel catalysts in highly porous alumina foamishvhigh
mechanical and thermal resistance [5]. Pd-AgiSiOgelled catalysts have been studied for the tedec
hydrodechlorination of chlorinated alkanes intoealés.

This reaction is particularly interesting from asoromical and environmental point of view in conipan with

the incineration of chlorinated industrial wastés/]. These Pd-Ag/Si{xatalysts were prepared in a one-step
sol-gel process using industrial grade reagentsis Téynthesis method consists in co-gelation of
tetraethylorthosilicate TEOS with additives witm#@tional groups of the form (RgBi-X-A, in which A is a
functional organic group able to form a chelatéhvaitmetal cation and X is an inert hydrolyticaligtde spacer,
which links A to the hydrolysable group (RS})-. These additives enable to introduce the nuitattly during
the synthesis of the catalytic support rather ttispersing the active component on a previouslyhggised
support [7-14]. The co-condensation of TEOS witbhsmolecules results in materials in which the lgtita
metal is anchored to the Si@natrix. 3-(2-Aminoethylamino)propyltrimethoxysilan(EDAS) is one of these
interesting additives that can be employed to hamegusly disperse nanometer-sized metal particlassilica
matrix. The catalyst composition chosen for immiahtion inside the alumina foam is the metal logdihat
gives the highest selectivity for hydrodechlorinatiof 1,2-dichloroethane into ethylene [12], i25wt.% Pd
and 3 wt.% Ag. The alumina foams are immersed énsthl-gel solution containing Pd, Ag, the Si@ecursors
EDAS and TEOS, water and ethanol before gelatidierAgelation, aging, drying, calcination and refitue



Published in: Chemical Engineering Journal (2008)l. 117, iss.1, pp. 13-22.
Status: Postprint (Author’s version)

steps, the low-density xerogel with wide pore seege (1-100 nm) and in which Pd-Ag alloy nanoahists
are located inside microporous silica particlesitbelves immobilized in the open porosity of ther@ha foam.

The aim of this work is to show the good dispersibrihe catalyst xerogel inside the porosity of &hemina
foam and the accessibility of the active sites.dbahis, the activity and selectivity for the raantof selective
hydrodechlorina-tion of 1,2-dichloroethane into yé¢me has been studied for the catalyst entrappethe
alumina foam and compared to the catalytic propentif the reference material viz. the sol-gel niatebtained
under powder form after grinding and sieving betw280 and 500 um. The knowledge of the localizatibtine
xerogel catalyst inside the alumina foam is impurta understand the catalytic properties of thelelsystem.
This implies determining the local porosity vameis before and after the impregnation process. yX-ra
microtomography coupled with image analysis hasaaly been used in the past to characterize ther¢ent
highly porous materials [15,16]. The consecutivesstsections obtained by this technique can be tsed
perform a three-dimensional image reconstructiahiarage analysis on the reconstructed images caisdxto
guantify the porous structure.

This work is part of a large project consistingpireparing bimetallic supported catalysts in a e sol-gel
process at large scale with industrial grade remgaemd to form them for industrial applications.

2. EXPERIMENTAL
2.1. Preparation of Al,O; foams

The a-alumina foams were synthesised at the Mendeleeivetsity of Chemical Technology of Russia,
Moscow. The suitable properties of the foams welrgewed by addition of dispersed powders of MgO i@,

[5]. After shaping, the cylindrical alumina foameme burnt at 1500 °C in air. The material obtaiizethade of
a-Al,O3 with open structure. Three kinds of alumina foamese used as support (Fl, F2 and F3) (Fig. 1), the
pore size of the alumina foams increasing from &1F8. This kind of support is inert for the reantiof
hydrodechlo-rination of 1,2-dichloroethane intoydtine.

All foam samples have about the same diameterlitraeter was chosen in order to easily put the fosside

the hydrodechlorination stainless steel reactochvis usually used for all the powder catalyticge$he height

of the alumina foam F3 is lower than the other dampConsequently two samples F3, named F3a and F3b
were impregnated to obtain the same xerogel catalgss entrapped inside the porosity than the smnifl and

F2.

The physical properties of the alumina foam aréoisws: the durability on compression is equalOtd MPa,
the specific surface areag(S) is very low (0.5 rfig) and the density measured by helium pycnomstegial to
3.94 g/cm, value which is very close to the value of theetdensity found in [17], viz. 3.97 g/ém

2.2. Preparation of Pd-Ag/SiO, xer ogels supported on a-Al,O3; foams

The initial sol-gel solution, into which aluminagims were dipped, was prepared using industrialegraggents
in one single step [14]. Palladium acetylacetoifgt{acac)2) and silver acetate (AgOAc) were mixelalf the
ethanol denaturised with 0.5% of diethylphthal®@&P) and the modified alkox-ide EDAS (Dynasylan DAM
was added. The molar ratios EDAS/Pd(agac)d EDAS/Ag(OAc) were chosen equal to 2. The métwas
stirred at ambient temperature in a closed vessel th in order to form EDAS complexes with Pd akgl
Industrial TEOS (Dynasil A) was then added. Fina#lysolution of aqueous 0.18 M Nlih the rest of ethanol
was slowly added under vigorous stirring. The hiydis ratio, that is the molar ratid= [H,O)/([TEOS] +
3/4[EDAS]), and the dilution ratio, that is the motatioR= [ethanol]/([TEOS] + [EDAS]) were kept constant at
values of 5 and 10, respectively. The metal coraéttie Pd-Ag/SiQ catalysts was 1.5 wt.% Pd and 3 wt.% Ag.
The alumina foams were impregnated as follows:folve alumina foams samples (FI, F2, F3a, F3b) vpare
together into the vessel containing the previougcribed liquid sol-gel solution. The alumina feaaddition
was immediately performed after introduction of Hypeous ammonia. The vessel was then closedytightl
heated to 70 °C for 72 h for gelation and aging.

After aging, the gel containing the four aluminaari® samples were dried under vacuum according to the
following procedure: the vessel was opened andmata drying oven heated to 80 °C, and the presaas
slowly decreased (to prevent gel bursting) fromcspheric pressure to a vacuum of 1200 Pa after 28 200

Pa, the temperature was increased up to 150 °Ghangel was maintained under those conditions gus h

The impregnated. -alumina foams were then removed from the excessTde remaining gel was used to
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prepare a sample of catalytic powder used as refersample. The catalytic powder and impregnatechiab
foams were then calcined and reduced. During caticin samples were heated to 400°C at a rate ofCIBO
under flowing air (0.02 mmol/s); this temperaturaswnaintained for 12 h in air (0.1 mmol/s). The gla® were
then reduced, they were heated to 350 °C at af&@80°C/h under flowing K(0.25 mmol/s) and maintained at
this temperature for 3 h under hydrogen flow. Tampgle is then kept in a closed flask under air a@eds a
second reduction in situ before the catalytic test.

Fig. 1. Digital pictures of the free foams Fl (a), F2 (BBa (c).

10} mm

Pd-Ag/SiGQ xerogel reference catalyst has the following tesdtyroperties: the specific surface ar&agf)
determined by nitrogen adsorption is equal to 38 nthe density of the silica skeleton determingchblium
pycnometry is equal to 2.22 g/€rand the total pore volume/y), estimated from nitrogen adsorption and
mercury porosimetry [18], is equal to 3.6 %m The high pore volume and consequently the lak bensity
observed is one of the remarkable properties afettizd-Ag/SiQ xerogel catalysts. The gel formation induced
by a nucleation process initiated by the metalldy&DAS leads to large silica particles with an rojgsed
EDAS core and a shell principally made of hydroty3&OS [12,18]. The silica particles (diameter:ri2f) and
the spaces between these particles are large etougtiuce the effect of capillary pressure dudngng under
vacuum and the final material preserves a high paleme. This enables to avoid supercritical drying
However, the gel shrinkage during drying is stiliportant as the pore volume decreases from Zlgdiar the
wet gel to 3.6 criig for the dried xerogel catalyst. This value isentheless quite higher than the pore volume
classically observed for samples dried under atmesp conditions (around 0.5 éh).

2.3. Sample designation

Two batches of reference powder were synthesisddrane namedPwherex=1, 2 is used to distinguish the
two catalyst batches. The impregnation processpga®rmed with two series of samples in order tagtthe
reproducibility of the impregnation process. Thistfiseries of samples is namedfFL and the second series is
named B&-P2, withx= 1, 2, 3, for each type of alumina foam. In ordesitaplify the sample notation, especially
when the mean apparent reaction rates will be dgenlj the whole sample series F1-P1, F2-P1, F3ilP1 w
simply be called F-P1 and the whole series F1-RRF, F3-P2 called F-P2.
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2.4. Catalytictests

The Pd-Ag/SiQ xerogel catalysts immobilized in the thred\l,O; foams (F1, F2, F3) and the reference catalyst
powders were tested for the selective hydrodeatdtion of 1,2-dichloroethane into ethylene. The snab
catalyst used for each test (~0.09g) was chosemaintain a relatively low conversion, around 2086pider to
calculate the reaction rate assuming a differengiattor.

The reaction of selective hydrodechlorination wagfgrmed in a stainless steel tubular reactor waithinternal
diameter of about 10 mm. The reactor was placed gonvection oven with programmable temperature. A
constant flow of each reactant was maintained w&itBilson piston pump for 1,2-dichloroethane anddRso
mass flow controllers for helium and hydrogen: @.0dmol/s for 1,2-dichloroethane, 0.46 mmol/s folium

and 0.025 mmol/s for hydrogen. The temperatureimitie reactor was successively fixed at 200, 380, 350
and 300 °C. The effluent of the reactor was analyse gas chromatography with a flame ionizatioredtr
(FID). Prior to the catalytic activity measuremethie catalysts were reduced again in situ at aspresf 0.125
MPa in flowing hydrogen (0.025 mmol/s). The overswaated to 350°C at a rate of 350°C/h and makiad
this temperature for 3 h. After reduction, the betis were cooled in flowing hydrogen to the desinaitial
reaction temperature of 200 °C. The impregnatednala foams were tested as synthesised whereas the
reference catalyst was crushed and sieved betwe@miad 500 um before measuring its catalytic agtiand
selectivity. It should be noticed that the catalydrctivity of the two impregnated alumina foams Eda F3b
were simultaneously measured in order to use ghewgame catalyst mass as in samples F1 and F2.

The reaction rates (r) were calculated from chrogg@phic measurements of,H, CHsCl and GH,
concentrations in the reactor effluent and from diféerential reactor equation that can be writeenfollows
[13,19]:

_ Fa+Fa+ kg
B w

7

(D

wherer is the reaction rate (mmol/kg $j, the molar flowrate of ethane at the reactor oytl@tol/s), Fe the
molar flowrate of ethylene at the reactor outleimal's), Fc, the molar flowrate of monochloroethane at the
reactor outlet (mmol/s) and/ is the catalyst mass inside the reactor (kg). is gtudy, only GHg, C;Hs Cl and
C.,H; concentrations are used for calculations due te imprecision of CICHCH,CI concentration
measurements. The selectivity in ethylene is ddfaethe amount of 8, produced compared to the quantities
of C,H,, C,Hg and GHs Cl produced.

The pressure drop in alumina foam was measureddgyng one alumina foam sample in the reactor jsgdhe
gap between the foam piece and the reactor watllysqy a fluid load and measuring the pressurerepst
from the reactor knowing that pressure after ttect@ was equal to the atmospheric pressure. Nufis@nt
pressure drop was detected.

2.5. X-ray microtomography and image analysis

The X-ray tomographic device used in this studg iSkyscan-1074 X-ray scanner". Advanced techrietdils
about its conception and operation are describe8aspv and Van Dyck [20]. The X-ray source operate4O
kV and 1 mA. The detector was a 2D, 768 x 576 gix@itbit X-ray camera with a spatial resolutiomafum.
The rotation step was fixed at the minimum, 0.8%iider to improve image quality. The sample wased into
the microtomo-graph and the scanning was perforamed height of 20 mm. Cross-sections separatedoby 2
um were reconstructed using a cone-beam recoristmusbftware, i.e., 64, 76, 35 and 34 cross-sestion
samples F1, F2, F3a and F3b, respectively. X-ragratomography allows covering a wide range of
characteristic scales from tens of microns up ¢osiimple size (10-20 mm).

The two-dimensional (2D) cross-section images giverX-ray microtomography were processed and ardlys
using the basic tools of mathematical morphologg aignal processing [21,22]. Specific image analysi
programs were developed using Aphelion3.2f (Adalg, &and Matlab 6.0 withits image processing toolbox
(Matworks). The first step consisted in the binaftion of the 2D cross-sections images using Otsigghod
[23]. With this method, the threshold level is clilesautomatically so as to maximize the interclassance and
to minimize the intraclass variance of the thredldlblack (pores) and white (alumina matrix) pix&lsen, the
3D images were reconstructed by stacking a sefi@Dadbinary cross-sections images separated by Gwhl
using the 3D visualisation software package praviog Skyscan Basic tools of mathematical morpholegye
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used to extract quantitative information from tH2 Binary images, i.e., the total porosity @nd the porosity
distribution §.)- This method is based around a few simple mathealatoncepts from set theory and was
originally developed by Matheron [24] and Serra][2The two most basic operations in mathematical
morphology are erosion and dilation. These trams&tions involve the interaction between an image an
structuring set, called the structuring elementsiem and dilation can be combined in a varietywalfys, in
parallel and series, to give other transformatimatuding opening, closing, filling, skeletonisaii and many
others.

Table 1 - Catalytic activity and selectivity in ethylenecatalyst powders and impregnated alumina foams

Sample Catalyst Conversion (%) Selectivity Reaction rate (mmol/s kg)
mass (MJ555+C 250 °C 300 °C 350 °C 300 °C (70 250 °C 300 °C_350°C 300 °C
P1 98.6 0.7 2.1 101 28.1 9.6 99.7 2.7 12.7 351 121
P2 845 0.6 2.0 7.9 219 75 99.4 3.0 11.6 322 109
P2 845 0.5 1.8 7.3 207 7.1 99.2 2.6 10.7 30.4 10.9
PP 97.9 0.8 25 100 27.0 9.2 99.4 3.2 12.7 343 12.0
PP 97.9 0.6 2.1 9.3 26.1 8.9 99.3 2.7 11.8 33.0 11.3
Mean 2.8 11.9 33.0 114
Standard deviation 0.2 0.8 1.8 0.6
P2 88.0 0.4 1.8 7.8 219 7.8 99.9 25 11.0 30.8 10.9
pZ 88.0 0.4 1.7 8.0 228 7.8 99.8 25 11.2 32.1 11.0
pZ 88.0 0.4 2.0 8.8 249 8.8 99.8 2.8 124 351 125
Mean 2.6 115 327 115
Standard deviation 0.2 0.8 2.2 0.9
Overall meah 2.7 11.8 329 115
Overall standard 0.2 0.8 1.8 0.7
deviatiorf
FI-p1° 97.9 0.8 2.9 9.9 21.2 8.4 97.1 3.6 12.4 27.8 10.6
F2-p? 845 0.4 1.5 6.1 17.3 6.2 98.4 2.2 9.2 25.7 9.1
(F3a + F3b)-P*1 95.8 0.6 2.1 7.9 189 6.9 98.1 2.8 10.2 25.2 8.9
Mean 2.9 10.6 26.2 9.5
Standard deviation 0.7 1.6 1.4 0.9
F1-p% 78.0 0.3 1.3 4.9 145 54 99.8 2.0 7.8 23.0 8.6
F2-p% 125.0 0.4 1.9 7.4 219 8.2 99.9 1.9 7.3 21.7 8.1
(F3a + F3b)-P2 67.4 0.2 1.2 4.8 13.7 5.1 98.4 2.2 8.9 25.2 94
Mean 2.0 8.0 23.3 8.7
Standard deviation 0.2 0.8 1.8 0.6
Overall meah 25 93 248 9.1
Overall standard 0.6 1.8 2.1 0.8
deviation

@ Reproducibility.

® Made from P1.

¢ Made from P2.

4 At 300 °C after 16h.

¢P1 and P2 samples taken together.
"Fx-P1 and K-P2 samples taken together.

The total porosityd) and the porosity distributio,( were calculated from the 3D images, according ¢o th
methodology presented previously [25] :

(i) The total porositys) is defined as:

Plxpores

@)

&= — -
Plxpores + Plxsuppon

where Xyoresis the number of pixels related to pores and,Rois the number of pixels related to the support.
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At the external borders of the foam pieces therulisnation between pixels related to the pores froirels
located outside the foam is difficult. Closing drale-fill transformations were applied on the anai3D binary
image in order to complete the external foam pgeéace and to fill the pores.

(ii) The porosity distributiond) is defined as the ratio between the number of pigbhracteristic of the pores
in a layer of one pixel thickness located at aagisé,d, of the centre of the foam and the total numberixédlp
within that specific layer. The-layer is obtained by eroding the external surfactmes, wheren = 1, 2,
3,...Each erosion removes a shell of one pixektigss. The erosion ends when the layer reachasetiiee of
the foam.

3.RESULTS

Results of catalytic tests of hydrodechlorinatioh 192-dichloroethane into ethylene on referencealgat
powders and on impregnated alumina foams are pegbém Table 1. It should be noted that the Pd-K4S
xerogel catalyst samples entrapped in a aluminenfodl be called 'impregnated alumina foams' inerto
simplify the text. The main reaction product isyétime, GH,, with a selectivity between 97.1 and 99.9% at 300
°C after 16 h Two secondary products are also @bderethyl chloride, ¢1sCl, and ethane, £ls. Ethyl
chloride was detected in negligible quantity anty @ a temperature of 350 °C,K, selectivity increased very
quickly when the temperature increased from 20840 °C as shown in Fig. 2 for F2-P1 sample. In ptde
compare the activity obtained for each sample,réaetion rates given in Table 1 are related toctalytic
xerogel mass and not to the total impregnated alarfiam mass.

Catalytic test results are surprising at first sighdeed non impregnated and impregnated alumien$
possess a high porosity and large pore sizes andddlow through the foams takes place without sneable
pressure drop during permeability tests. A priddritical specific reaction rates could have begreeted for
reference powders and impregnated alumina foamgogkeriori specific reaction rates linked to théabdic
xerogel mass systematically seem superior for eafeg catalyst powders than for impregnated alurftams.
A Student'st-test shows that these differences are statigticsitjnificant. The catalytic tests have been
performed five times on samples of reference poviRlerand three times on samples of reference poR@er
The mean values and standard deviations of spaeifiction rates for the reaction of hydrodechldiaraof
1,2-dichloroethane are reported in Table 1 for reference powders P1 and P2. The Studeitd'st [26] was
used to statistically compare the mean values e€ifip reaction rates of P1 and P2 reference posvd&r0.05
level of significance (95% confidence interval) Sieident's-test indicates that catalytic tests performed ath b
reference powders P1 and P2 statistically belonthéosame population as all experimemtahlues ) are
inferior to theoreticat-values {029 (Table 2).

Fig. 2. Catalytic activity and selectivity in ethyleneRif-Ag/SiQ xerogel catalyst entrapped inside alumina
foam F2-P1 for 1,2-dichloroethane hydrodechlorioatiDcea). The dashed line gives the temperaturgram.
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Table 2- Comparison of mean values of the reaction ratefi#frence powder and impregnated foams using the
Student's t-test

Comparison texp toozs VvV
Population 1 Population 2 250 °C 300 °C 350°C 300 °C

P1 P2 1.25 0.57 0.21 0.04 245 6
F-PI F-P2 1.57 2.04 1.85 1.07 2.78 4
P1 F-PI 0.12 139 494 332 245 6
P2 F-P2 321 456 470 356 2.78 4

P1+ P2 F-P1+ F-P2 0.85 2.49 5.21 4.02 218 12

texp Value of the calculated Studerttjsarameterts 25 95% confidence intervay,. degrees of freedom.

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

Catalytic tests have been performed only once @h @apregnated alumina foam. Mean values and stdnda
deviations are reported in Table 1 for the wholeéeseof impregnated alumina foams containing P&regfce
powder (F-P1) on one hand and for the whole sefi@mpregnated alumina foams containing P2 (F-R2)he
other hand. The Student$est was again used to statistically compare teamvalues of specific reaction rates
of F-Pl and F-P2. At 0.05 level of significance Bieident's-test indicates that catalytic tests performed ot b
series F-P1 and F-P2 statistically belong to theespopulation as all experimentalalues t;) are inferior to
theoreticalt-values {09 (Table 2). Moreover it should be noted that th@ndard deviations of the four
populations, viz. P1, P2, F-Pl and F-P2, are siedity identical as can be shown by Briest [26]. It can be
concluded that (i) the deviations on the reactate determination are larger than those due tdysatsynthesis
and (ii) the deviations of reaction rates obsersadhe three alumina foams cannot be attributeitheatexture
differences of the three alumina foams or to tHt=idince of activity of the two reference catalysivders but
simply to the error on the determination of thectieen rate. That is why it is logical to regroupdne population
all tests made on alumina foams as the deviatimmpréncipally due to the reaction rate measureraadtnot to
the texture.
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However, a Student'stest indicates that at 0.05 level of significartbe specific reaction rates measured,
respectively, on impregnated alumina foams andreafe powders do not belong to the same population.
Indeed, at 300 and 350°Cexperimental valuede,) are largely superior to theoretidatalues {o 0.9 (Table 2).
This is true whether reference powder P1 is contp&methe corresponding impregnated alumina foan, F-P
reference powder P2 is compared to the correspgraliimina foams F-P2 or the reference powder setA21

is compared to the set of impregnated alumina foaRg +F-P2 (Table 2). Consequently apparent speaifes
measured on impregnated alumina foams are statlgtilmferior to apparent specific rates measured o
reference powders.

Four alumina foams containing Pd-Ag/SiCerogel catalysts (F1-P1, F2-P1, F3a-P1, F3b-P&rew
characterized by X-ray microtomography coupled viittage analysis techniques. The study was performed
before and after deposition of Pd-Ag/Sierogel catalyst. Fig. 4 shows, as an exampleratdmographic
cross-sections (binary images) of the alumina fé&¥P1 before (Fig. 3a) and after impregnation, ryyand
calcination (Fig. 3b). A simple visual inspectiohtbose images indicates that the impregnated fatass
porous than the original support. The 3D imagesweconstructed from the 2D binary cross-secticages for

the free and impregnated foams (Fig. 3 ¢ and d).

Table 3- Porosity for the free alumina foams and the impatgd alumina foams

Sample name Etomo &% tomo (OD) O&tomo (%) 23 (%)
F1-P1 56 36 20 20
F2-P1 58 41 17 18
F3a-P1 71 66 5 13
F3b-P1 66 61 5 16

&omo @Nde™ omo Are, respectively, the porosity of the free suppnd the impregnated alumina foams measured yXemographygeiomo
andde are the volumetric fraction of the Pd-Ag/Sikerogel catalyst which is entrapped inside thenaa foam deiomo is calculated from
tomographic data whilé is calculated from mass and volume measurements.

The overall porosity, measured by image analysisifEq. (2), of the free alumina foanig,{) is close to 60%
(samplesF1-P1 and F2-P1) and 70% (samples F3a-P1 and F3pFRile 3). These values are lower than the
values of the porosity measured from the volumeraads of the foams (reference values) (Table £rohirted,
respectively, from dimension measurements by glakiper and foam weight measurement. There intermal
porosity in the foam cylinder as the skeletal dgnsieasured by helium pycnometry is equal to tliereace
value fora-alumina [17]. The lower porosity observed is doethe definition of the external border of the
alumina foam cylinders. The external border wasneef by a close and filling operation made on tiveaty
pictures. The porosity of the alumina foams wase alsculated using another definition of the exd¢torder:
the external border is defined as the smallesihdgli that fully includes the foams. In this cases overall
porosity increased but did not reach the referevadees. The porosity of the impregnated aluminam®a
decreases after impregnation, drying and calcinatite decrease is about equal to 20% (samples a&idPF2-
P1), these values are close to the porosity dexrebtined from mass and volume measurement (T3ble
However, the porosity decrease of samples F3a-BFah-Pl is low (5%) compared to ca. 15% from neass
volume measurement.

The porosity distribution characterizes the pomgriiution of the free foams and the modificatiomduced by
impregnation, drying and calcination. Results arespnted as a function of the normalized diamdter,
normalized diameter is equal to one at the foamtddr and equal to zero at the foam's centre. dhewing
trends were observed (Fig. 4a-c): (i) it seems thatporosity decreases at the external bordemeofaams. It
should be noticed that this phenomenon is due e@adifficulty to define the external border of higlporous
solids. Indeed, the definition of the border netgehe porosity at the border. Calculations wese ahade using
the smaller external cylinder as external border.tHis case, the porosity increased at the foanddvor
Furthermore there is also some problem of resalutib the X-ray microtomography at the border of the
samples. Consequently, the pore density distributichose characteristic diameter is larger thanie.8ashed
and not considered for discussion, (ii) curvesesponding to the impregnated samples are shifigdridown,
i.e., towards a lower porosity, (iii) the free antpregnated curves have almost the same shape wigahs that
impregnation decreases the porosity homogeneousigea the support. In other words, the xerogellgsitdills

the support homogeneously and (iv) the largest dewd shift corresponds to F1-P1 and the lowestt shif
corresponds to F3a-P1. The lower shift in F3a-Rdldzdn part, be explained by the lower catalystteat of
this sample compared to F1-P1.
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Table 4- Characteristics of the alumina foams

Sample name h(mm) d (mm) m(g) Meaa(9)  L(M) & (%) &* (%)
F1-P1 295 9.3 0.98553 0.0979 0.002 88 68
F2-P1 303 94 1.01664 0.0845 0.002 88 72
F3a-P1 200 9.2 0.49730 0.0415 0.002 91 78
F3b-P1 205 9.1 0.56085 0.0543 89 73

h: Al,O; foam height (m)d;. Al,O; foam diameter (mn: free ALOs; foam mass (g)1a: Mass of catalyst after alumina foam
impregnation (g)L: Characteristic length, which is defined as theorhitween the volume and the external surfaceeofalm (m)g: open
porosity of the alumina foams before impregnatiatealated from the volume and mass of the free mlarffoams (%)g*: open porosity of

the impregnated alumina foam assuming that thegeis not porous (%).

Fig. 4. Porosity distribution for free and impregnated mlwma foams for F1 and F1-P1 (a), F2 and F2-P1 (b)
and F3a and F3a-P1 (c)aj Free alumina, &) impregnated alumina.
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4. DISCUSSION

The decrease of catalytic activity observed in ahanfoams compared to reference material cannekpkined
by strong interactions between the Pd-AgiSi@talyst xerogel and the alumina support or bggming of the
catalyst xerogel by alu-minate ions during contastiveen the support and the silica sol before igalats the
alumina used is-alumina which is very stable. This aluminate camtation was observed in preliminary trials
of catalyst shaping by extrusion made with mixtupég-alumina and Pd-Ag/SiOxerogel catalyst and led to
important modifications of the activity and espdgiaf the selectivity with a high production ofrst chloride.
No such ethyl chloride production was observed withregnated alumina foams. More the specific serfarea
of alumina foams is so small (0.5/g) that strong interactions between alumina aedctitalyst xerogel seem
improbable.

The decrease of apparent catalytic activity cowddibked to the size of the impregnated aluminarf®and
consequently to diffusion limitations. Diffusionnlitations can be studied via the estimation of Ykeisz
modulus ) of the impregnated alumina foams and the catadgstder entrapped inside. The Weisz modulus
(@) is defined as [27-31]:

b= rp L? 3)
Gy De
wherer is the observed reaction rate (mmol/s kgthe bulk density (kg), L the characteristic length (m)

which is defined as the ratio between the volume e external surface of the elemets,the Dcea (1,2-
dichloroethane) concentration (mmofjrand D0 is the effective diffusivity (rfis).

It has been shown [27] thatdf << 1, there are no pore diffusion limitations and dfsserved reaction rates
equal to the intrinsic rate of the chemical reacémd that if@ > 1, the observed ratedoes not correspond to
the intrinsic reaction rate due to diffusion fdtsitions. A first order reaction related to Dcea baen assumed
[19] and the hydrodechlo-rination of Dcea can bsuased isothermal because the reac-tants are diloted
helium and the enthalpy of reaction of the hydrddi@ination of Dcea into ethylene is low (~ -7 kaln
Furthermore, the temperature of the catalyst povikgide the reactor and the oven temperature wetk b
measured and were identical throughout the reaction

Fig. 5. Scheme of the cogelled xerogel catalyst and mdopfoal properties at each level: diameter d, pore
radius rp, bulk density and void fractiore.

Level 4: particle

d, ~ 500 10-6m d, ~ 20109 m
.2~ 25 1077m 1.4~ 04109 m )
P ~247kgm™ Py ~ 1638 kg m-3
& ~0.58 £ ~0.26

Level 3: aggregate
dy ~50010°m
fo.3~1 10m
Py ~ 585 kg m”
& ~0.64

Alumina foams impregnated with Pd-Ag/SiCatalyst syn-thesised by sol-gel process cannaisbamed to be
homogeneous at all scales. As shown by Heinricla. §82] the xerogel catalyst is composed of asibds Pd-
Ag alloy crystallites whose diameter is about eqt@ml2-3 nm. The alloy crystallites are located desi
microporous silica particles whose diameters atesden 10 and 20 nm. The continuous meso- and maerop
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distribution of the catalysts is located in voidstieeen particles and between aggregates constitditédtbse
particles. Silica particles are thus basic blocKsctv constitute aggregates which themselves cotestihe
catalyst pellet entrapped inside the alumina fodmlike the classical approach in diffusion calcidatwhich
assumes that the catalyst is a pseudo-homogenesdisirm the impregnated alumina foams must be exenin
at four discrete levels (Fig. 5) : the impregnaddaimina foam (level 1), the silica pellets entrapjeside the
foam (level 2), the silica aggregates (level 3) #dr@elementary microporous silica particles canitgj the Pd-
Ag alloy crystallite (level 4). Each level is assdhto be a pseudo-homogeneous medium with its @en lsulk
density, void fraction, tortuosity, and single paevielth. At level 1 (alumina foam), only diffusiorf molecules
between the external surface of the alumina foalimagr and the external surface of the xerogeletglli.e.,
diffusion in alumina foam pores between the xergglets, is considered. Conclusions that were dréram
the characterisation by microtomography of the fied impregnated samples is that the Pd-Ag/$&ogel is
uniformly dispersed inside the alumina foams. Cqusatly, the level 1 can be assumed homogeneouthand
Weisz modulus can be calculated for this levelleMel 2 (pellets), only diffusion of molecules been the
external surface of the xerogel pellet and therezlesurface of the aggregates of silica partidles, diffusion
in large pores between aggregates, is considerebbvAl 3 (aggregates), only diffusion of moleculetween
the external surface of the aggregate and the ratteurface of the silica particles is considertlevel 4
(particles), only diffusion of molecules betweerm thxternal surface of the elementary silica parteohd the
active Pd-Ag alloy crystallite is considered.

Table 5 - Values of experimental variables

F(K) Dy (m7s) C, (mmol/nt) r (MmMol/kgq:S)

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-dichloroethan€s: molar concentration of Dcea at the reactor estran reaction rate as a function of Pd-
Ag/SiO, catalyst mass.

Since each level is assimilated to a pseudo-honamenmedium with its own morphological propertigs (
own characteristic sizig (m), bulk density; (kg/m?°), void fractions;, and single pore radiug;r(m)), each level
is characterized by its own Weisz modulus. Usirg Bmsanquet formula which describes the way to d¢oenb
molecular and Knudsen diffusiv-ities [29,31,33k tnudsen diffusivity equation [27,33] and the ap@mation
according to which the tortuosity factor is invdyseroportional to the void fraction [27,31] thefexdtive
diffusivity can be developed and Eq. (3) is thertten:

miL?  (1/Dw) 4 (1/(97 x 10™3rg ;. JTTM)) @)
Cs,i ’ 82

1

;=

where the subscrigtrefers to the level = 1, impregnated alumina foam= 2, silica pellet,i = 3, silica
aggregatei = 4, silica particle) M is the molecular mass of 1,2 dichloroethane (Dee@8.96 x 1¢ kg/mmol,
D, the molecular diffusivity (rfis) andT is the temperature (K). Geometrical properties offt@ns are given
in Table 4. The value of Dcea concentrations, difin coefficients and reaction rates are givenahl@& 5.

The void fractione;, Eq. (4), corresponding to théh level includes only pores characteristic of theafel. In
other words, the void fractian of a leveli is calculated assuming that the following levels mon porous. The
bulk densityp; corresponding to thih level is calculated using the following equation

1

= W i V. ©

Pi

whereptrue is the true density of the material, i.e., themsity of the solid skeleton or the density ediig
pores.V;is the volume occupied by all the pores locatedlashe level. The true density of the Pd-Ag xerogel
catalyst isppe = 2.22 x 16 kg/n? [12]. The true density of the alumina foamgig = 3.94 x 1G kg/nt.

The Weisz moduli calculated from Eq. (4) for samipleP2 are given in Table 6. The diameter, thelsipgre
radius, the bulk density and the porosity at [eI8 and 4 are given in Fig. 5. Low values obtdifer &,, &3
and @, indicate that no diffusion limitation exists fdret diffusion of 1,2-dichlorethane through the pdresn
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the surface of the silica pellet to the surfaceagfregates then to the surface of silica partiates inside the
silica particles. The structure of the catalystailpellets studied here (level 2, 3 and 4) is ghely, in order to
reach the active sites, reactants (1,2-dichloraetha the present case) must diffuse in pores ofedsing width
(making mass transfer more difficult) located intitles of decreasing size (making mass transfereBas
increasing bulk density and decreasing void frac{imaking mass transfer more difficult). Taken astele
these antagonistic effects lead to very small vahfethe Weisz modulus, which indicates that algstawvith
such a "funnel" structure exhibits very good maassgfer properties [32]. However, the value obtifer @,
(0.16) at 350 °C for example, with = 0.002 mg; =0.68 andp, =541 kg/m, is close to one. The characteristic
length is the same for all three alumina foamshay thave approximately the same diameter and hdigint
Weisz modulus equal to ~0.1, the effectivenessfag) begins to decrease. It means that diffusion linaitest
probably occur at level 1, i.e., inside aluminanio&imilar activity decreases due to diffusion teions can be
found in the literature [2,3]. The pore size distition was calculated by image analysis for ale¢halumina
foams [25]. The distribution maximum correspondsat@ore size around 0.15 mm and almost the entire
distribution corresponds to pore sizes inferio®# mm. In practice, with a pore radiyg larger than 0.05 mm,
molecular diffusion is always predominating complate Knudsen diffusion and the Weisz modudbsis, in
practice, independent of the alumina foam pore. $izging drying of the catalyst gel, the specifidbvolume
decreases by 80% and the diameter of the silicloamggates, i.e., the silicapellets entrapped insiidefoam
(level 2) is divided by two. The result of thistlzat no foam cells can be occluded by the driedagel the
adhesion of the dried gel to the support is weakiniichs et al. [32] have determined that diffusiblimitations
in the agglomerates - or pellets - of Pd-Ag/St@talysts should probably appear for sphericdéfsedf 10 mm
in diameter for the reaction of hydrodechlori-natiof 1,2-dichloroethane. This enables to concluds o
diffusional limitations can occur at level 2 copesding to the catalyst pellets as these haveeaodiaround 0.2
mm but that diffusional limitations can appearetdl 1 corresponding to the alumina foam as thieimdter is
around 9 mm. The pellets are uniformly distributethe alumina foam porosity as shown on Fig. 4sTbtally
justifies the model with four levels chosen to cédte the diffusional limitations. If one refers thagrams
representing the concentration profile in cylindtifoams as a function of the Thiele modulus [2] 8t
concentration of 1,2-dichloroethane at the cenfr¢he foam does not fall below 60% of the foam exié
surface concentration. This means that usigg= Cs, = Cs 3= C; 4 in all cases for the calculation @, ®; and
@, does not modify their order of magnitude. The saoméace concentration value was thus considerethéor
catalyst pellet, the aggregate and the elementbeg particle levels. Nevertheless the activitcdsse of Pd-
Ag/SiO, catalysts entrapped inside foams compared to caabwders cannot entirely be explained by diffasio
limitations at the foam level as some activity @&ase is also observed at 250 and 300 °C whereffusidn
limitations are present.

Table 6- Weisz modulus values of the impregnated alumiaia fé1-P2 at the four levels

Temperature (°C Level 1 foam Level 2 pellet Level 3 aggregat Level 4 particle

250 2.0E-02 1.6E-03 6.4E-08 4.3E-09
300 6.5E-02 6.0E-03 2.5E-07 1.7E-08
350 1.6E-01 1.6E-02 6.9E-07 4.7E-08

5. CONCLUSIONS

Catalyst xerogels prepared by sol-gel process i tBp can be impregnated in cylindrical porousnaia
foams of high porosity.

X-ray microtomography measurements coupled withgenanalysis show that the catalyst xerogel distiobu
inside the porous texture of the alumina foams aféé drying and calcinations is uniform.

Catalytic tests of selective hydrodechlorination Ig2-dichloroethane into ethylene realised on P#SK®
catalyst xerogel containing 1.5 wt.% Pd with atorienposition 33% Pd-67% Ag show that apparent i@act
rate of catalyst impregnated on alumina foamsasssically slightly lower than that of free catstypowder. The
apparent activity decrease can be attributed fosiifn limitations. Indeed the Weisz modulus cadoedl at the
scale of the alumina foam cylinder is superior th, @hich leads to an effectiveness factor infetiot.

Porous alumina foams of good mechanical resistattecylindrical shape are an interesting posgipilo use
catalyst xerogels prepared by one step sol-gelgssoén an industrial reactor. In order to have allye
operational system the cohesion between alumina frad catalyst xerogel has to be improved on ond had
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on the other hand, it must be avoided to run thalytéc reactions in diffusional operating condit®
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