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Abstract

Pd/SiO2, Ag/SiO2, and Cu/SiO2 xerogel catalysts have been synthesized by cogelation of tetraethoxysilane (TEOS) and chelate
Ag, and Cu with 3-(2-aminoethylamino)propyltrimethoxysilane (EDAS). It appears that the metal complex acts as a nucleation
the formation of silica particles. The resulting catalysts are then composed of completely accessible metallic crystallites with a di
about 3 nm located inside silica particles exhibiting a monodisperse microporous distribution. The metal dispersion has been d
from CO and O2 chemisorption, TEM, and X-ray diffraction. Although metallic particles are located inside silica particles, their co
accessibility, via the micropore network, has been shown. 1,2-Dichloroethane hydrodechlorination over Pd/SiO2 catalysts mainly produce
ethane and the specific hydrodechlorination rate per gram of Pd decreases when metal loading increases. Hydrodechlorination ov2
catalysts is a structure-insensitive reaction with regard to the ensemble size concept. Benzene oxidation over Ag/SiO2 and Cu/SiO2 catalysts
produces H2O and CO2 only and specific oxidation rate per gram of metal decreases when silver and copper loadings increase. Fur
it is concluded that benzene oxidation is a structure-insensitive reaction.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

A high activity of a supported catalyst often calls for
large active surface area and, thus, for small particles,
a high dispersion of the active phase. Because small m
particles tend to sinter already at relatively low temperatu
these generally are applied into a support material whic
self is thermally stable and maintains a high specific sur
area up to high temperatures [1]. With a support like
ica, other important physical features like texture (spec
surface area, pore size distribution, and porous volume),
sity, and mechanical strength can be established.

The sol–gel method was used by several authors in
der to obtain monometallic catalyst particles finely disper
on a mineral support. Schubert and co-workers develop
particularly interesting method to homogeneously dispe
nanometer-sized metal particles in a silica matrix [2–
These authors used alkoxides of the type (RO)3Si–X–A in

* Corresponding author.
E-mail address: b.heinrichs@ulg.ac.be (B. Heinrichs).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.07.014
l

-

which a functional organic group A, able to form a chel
with a cation of a metal such as palladium, silver, c
per, nickel, etc. is linked to the hydrolyzable silyl gro
(RO)3Si–via an inert and hydrolytically stable spacer X. T
cocondensation of such molecules with a network-form
reagent such as TEOS, Si(OC2H5)4, results in materials in
which the metal is anchored to the SiO2 matrix.

Heinrichs et al. used this cogelation method for
preparation of Pd/SiO2 aerogel catalysts [6]. In this stud
(RO)3Si–X–A = 3-(2-aminoethylamino)propyltrimethoxy
silane, NH2–CH2–CH2–NH–(CH2)3–Si(OCH3)3 = EDAS,
and the Pd precursor is Pd acetylacetonate, Pd[CH3COCH
=C(O–)CH3]2 = Pd(acac)2. It has been shown that the Pd2+
complex, Pd2+[NH2–CH2–CH2–NH–(CH2)3–Si(OCH3)3]2,
acts as a nucleation agent in the formation of silica p
ticles. The resulting catalysts are composed of comple
accessible palladium crystallites located inside silica pa
cles. It was shown that these samples are sinterproof du
hypercritical drying due to the fact that Pd crystallites c
not migrate because they are trapped inside the micropo
SiO2 particles. In such catalysts, in order to reach ac
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sites, reactants must first diffuse through large pores
cated between aggregates of SiO2 particles and then throug
smaller pores between those elementary particles insid
aggregates. Finally, they diffuse through micropores in
the silica particles. It was shown that there is no problem
mass transfer at each of the three levels [7].

TEM micrographs obtained for Pd/SiO2 catalysts [6]
show palladium particles located inside microporous si
particles. It was suggested that this localization of the pa
dium inside the silica particles was induced by a nuclea
process initiated by the ligand of the palladium, EDAS. D
to the hydrolyzable functions of EDAS, Si–O–Si bonds c
form all around the Pd2+(EDAS)2 complex. The fact tha
gelation occurs in half an hour in the presence of ED
whereas it would take days without EDAS under the sa
conditions, indicates that EDAS reacts faster than TEOS
It has been shown that this acceleration is caused by met
groups contained in EDAS, which are more reactive t
ethoxy groups contained in TEOS. So hydrolyzed ED
molecules can act as a nucleation agent leading to silica
ticles with a hydrolyzed EDAS core and a shell principa
made of hydrolyzed TEOS. The relation between diam
of SiO2 particles and TEOS and EDAS concentrations
been studied [6,8–11] and established the validity of the
cleation model by EDAS.

Although the sol–gel method for metallic cogelled ca
lysts had been developed in previous papers, for the
time in this study are presented very important relations
existing among textural properties, metallic dispersion,
catalytic activity in xerogel catalysts. Another purpose of
present study is to generalize the cogelation method fo
preparation of xerogel catalysts containing a metal suc
palladium, silver, or copper. Moreover, this study check
all textural and catalytic properties observed with xerog
without metal [8–11] and Pd/SiO2 aerogel catalysts [6] ar
conserved with other metals in these xerogel catalysts. S
dispersion, localization, and accessibility of different me
in cogelled xerogels are examined by using techniques
as nitrogen adsorption isotherms, mercury porosimetry
lium pycnometry, transmission electron microscopy (TE
chemisorption measurements, X-Ray diffraction (XRD), a
catalytic tests. Finally, the nucleation phenomenon by
metal complex in the formation of silica particles is exa
ined.

2. Experimental

2.1. Catalyst preparation

2.1.1. Gel synthesis
Six Pd/SiO2, five Ag/SiO2, and seven Cu/SiO2 cata-

lysts were prepared in ethanol from the correspond
metal precursor, Pd(acac)2 (Pd[CH3COCH=C(O–)CH3]2),
Ag(OAc) (Ag[CH3CO(O–)]), Cu(OAc)2 (Cu[CH3CO
(O–)]2), TEOS (Si(OC2H5)4), EDAS (NH2–CH2–CH2–
y

-

NH–(CH2)3–Si(OCH3)3), and 0.18 N NH3 aqueous solution
(pH 11.2). In those syntheses, Pd(acac)2 or Ag(OAc) or
Cu(OAc)2 was mixed with EDAS in half of the total ethan
volume (EDAS/Pd(acac)2 molar ratio= 2, EDAS/Ag(OAc)
molar ratio= 2, and EDAS/Cu(OAc)2 molar ratio= 4).
The slurry was stirred at room temperature until clear
low, colorless, and clear blue solution was obtained for
Ag, and Cu, respectively (about half an hour). After ad
tion of TEOS, a 0.18 N NH3 aqueous solution (pH 11.2) i
the remaining half of the total ethanol volume was ad
to the mixture under vigorous stirring. The volume of t
final solution was 170 ml. The hydrolysis ratio, that is,
molar ratioH = [H2O]/([TEOS]+3

4 [EDAS]), and the dilu-
tion ratio, that is, the molar ratioR = [ethanol]/([TEOS]+
[EDAS]) were kept constant at values of 5 and 10, resp
tively, for all samples. Although Pd/SiO2, Ag/SiO2 and
Cu/SiO2 catalysts were prepared in ethanol and altho
that pH is defined in aqueous solution only, the pH of
alcoholic solution was measured for all series 5 min a
introduction of the last reactive component. The pH v
ues observed are between 10.4 and 10.7. It is assume
those slight variations are negligible. The vessel was
tightly closed and heated up to 70◦C for 3 days (gelling
and aging [12]). Synthesis-operating variables of Pd/S2,
Ag/SiO2, and Cu/SiO2 catalysts are given in Table 1. Ea
sample is named by the corresponding metal (Pd, Ag, or
followed by its actual weight percentage.

2.1.2. Drying
The wet gels were dried under vacuum according to

following procedure: the flasks were opened and put
a drying oven at 60◦C, and the pressure was slowly d
creased (to prevent gel bursting) to reach the minimum v
of 1200 Pa after 90 h. The drying oven was then heate
150◦C for 72 h except for sample Pd7.3, which was hea
at 150◦C for 144 h. The resulting samples are xerogels [1

2.1.3. Calcination
The calcination conditions for Pd/SiO2, Ag/SiO2, and

Cu/SiO2 catalysts were as follows: the sample was hea
up to 400◦C at a rate of 120◦C/h under flowing air
(0.02 mmol s−1); this temperature was then maintained
12 h in air (0.1 mmol s−1).

2.1.4. Reduction
The Pd/SiO2 and Ag/SiO2 catalysts were heated up

350◦C at a rate of 350◦C/h under flowing H2 (0.23 mmol
s−1) and maintained at this temperature for 3 h (same flo
The Cu/SiO2 catalysts were heated up to 400◦C at a rate of
350◦C/h under flowing H2 (0.23 mmol s−1) and maintained
at 400◦C for 4 h (same flow).

2.2. Catalyst characterization

Apparent densities [13] were measured by He pycn
etry on a Micromeritics AccuPyc 1330. N2 adsorption–
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desorption isotherms were measured at 77 K on a Fi
Sorptomatic 1990 after outgassing for 24 h at ambient t
perature. After a 2-h outgassing at ambient tempera
Hg porosimetry measurements were performed with sam
monoliths using a manual porosimeter from 0.01 to 0.1 M
and a Carlo Erba Porosimeter 2000 from 0.1 to 200 MPa

SiO2 and metal particles sizes were examined by tra
mission electron microscopy with a Philips CM100 mic
scope. All samples were impregnated with an epoxy re
(Epon 812) to which an amine was added to serve as a h
ener. Hardening goes on for 72 h at 60◦C and 60-nm slices
were then cut up with a Reichert-Jung Ultracut E microto
Finally, these slices were put on a copper grid.

X-ray diffraction was also used to determine metal pa
cles’ sizes. Patterns were obtained with hand-pressed
ples mounted on a Siemens D5000 goniometer using
Cu-Kα line (Ni filter).

Metal dispersion in Pd/SiO2, Ag/SiO2, and Cu/SiO2 cata-
lysts was determined from CO chemisorption at 30◦C on
a Fisons Sorptomatic 1990 device and O2 chemisorption a
150◦C for Ag and at 30◦C for Cu on a Micrometrics device
respectively. Before measurements, the calcined sample
reduced in situ in flowing H2 (0.003 mmol s−1) at 350◦C for
3 h for palladium and silver, and at 400◦C for 4 h for copper.
After, this sample was outgassed under vacuum at 34◦C
for 16 h for palladium and silver, and at 200◦C for 20 h
for copper. A double adsorption method was used: (i) fi
adsorption isotherm was measured, which includes b
physisorption and chemisorption; (ii) after a 2-h outgass
at 30◦C for CO or at 150◦C (Ag) or 30◦C (Cu) for O2,
a second isotherm was measured which includes physis
tion only. Both isotherms are determined in the press
range of 10−8 to 2 × 10−1 kPa. The difference betwee
first and second isotherms gave the CO or O2 chemisorption
isotherm [14–16]. The latter theoretically exhibited a ho
zontal linear region corresponding to the complete cove
of metallic sites by a monolayer of adsorbate. However
linear region of experimental chemisorption isotherms o
exhibited a slope and the monolayer uptake was obta
by back extrapolation of the linear region to zero press
[15–22].

2.3. Catalytic experiments

2.3.1. 1,2-Dichloroethane hydrodechlorination
(ClCH2–CH2Cl + H2)

The six Pd/SiO2 catalysts were tested for this reactio
which was conducted in a stainless-steel tubular reactor
ternal diameter: 10 mm) at a pressure of 0.3 MPa.
reactor was placed in a convection oven. A constant fl
of each reactant was maintained by a Gilson piston pu
for ClCH2–CH2Cl and Brooks mass flow controllers for H2
and He. The effluent was analyzed by gas chromatogra
(ThermoFinnigan with FID) using a Porapak Q5 pack
column. Prior to each experiment, the Pd/SiO2 catalyst
was reduced in situ at atmospheric pressure in flowing2
-

-

s

-

(0.023 mmol s−1) while being heated to 350◦C at a rate of
350◦C/h and was maintained at this temperature for 3 h.
ter reduction, the Pd/SiO2 catalyst was cooled in H2 to the
desired initial reaction temperature of 300◦C. The total flow
of the reactant mixture was 0.45 mmol s−1 and consisted
of ClCH2–CH2Cl (0.011 mmol s−1), H2 (0.023 mmol s−1),
and He (0.42 mmol s−1). The temperature was successiv
kept at 300◦C (10 h to allow activity stabilization afte
fast initial deactivation), 350◦C (2 h), and 300◦C (2 h).
The effluent was analyzed every 15 min and eight an
ses were made at each temperature (40 for the first le
For each catalytic experiment, the mass of catalyst pel
sieved between 250 and 500 µm, was calculated so tha
dichloroethane conversion was approximately equal to 1
at 300◦C.

2.3.2. Benzene oxidation
The five Ag/SiO2 and four Cu/SiO2 (Cu1.0, Cu1.5,

Cu2.1, and Cu4.5) catalysts were tested for this reac
which was conducted in a quartz tubular reactor (inte
diameter: 3 mm) at atmospheric pressure. The reactor
placed in a tubular oven. A constant flow of each re
tant was maintained by Brooks mass flow controllers
C6H6/N2, O2, and N2. The reactants and products fro
a possible incomplete combustion were separated by
chromatography (Chrompack column 773) and then qu
tified using a flame ionization detector (FID). The reac
feeding consisted in 0.007 mmol s−1 of C6H6/N2 mixture
(2550 ppm of benzene in nitrogen), 0.009 mmol s−1 of oxy-
gen, and 0.048 mmol s−1 of nitrogen. Catalyst pellets (0.1 g
sieved between 0.2 and 0.315 mm were diluted in 7 c3

of glass beads with the same diameter, previously che
to be inactive. Prior to each experiment, the Ag/SiO2 and
Cu/SiO2 catalysts were first activated and then stabiliz
Activation was performed in situ at 150◦C, for 30 min, un-
der flowing O2 (0.009 mmol s−1). Stabilization was obtaine
by letting the reaction take place at 150◦C for a period of 2 h
at the end of which conversion reached an almost cons
value. Then, conversion for Ag/SiO2 and Cu/SiO2 catalysts
was measured at temperatures increasing by steps of 2◦C
from 160 to 360◦C with three measurements every 15 m
for each temperature.

3. Results

3.1. Synthesis

Synthesis operating variables of cogelled catalysts
given in Table 1.

Gel time is the time elapsed between the introduction
the last reactant in the solution and the gelation in the o
at 70◦C. Gelation is defined as the moment when the liq
does not flow anymore when the flask is tipped at an a
of 45◦. The comparison between samples inside the th
series indicates that, at low EDAS concentration and als
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ction.
Table 1
Synthesis operating variables, theorical and actual metal loading of Pd/SiO2, Ag/SiO2, and Cu/SiO2 catalysts

Sample nm
a nEDAS nTEOS nH2O nNH3 nC2H5OH Gel time Theorical metal loading Weight lossb Actual metal loading

(mmol) (mmol) (mmol) (mmol) (mmol) (mmol) (min) (wt%) ±0.5% (wt%) ±0.1% (wt%)

Pd0.4 0.376 0.76 188 941 3.05 1890 80 0.35 5.5 0.38
Pd1.1 1.074 2.15 186 941 3.05 1890 30 1.01 10.0 1.11
Pd1.6 1.369 2.74 186 941 3.05 1890 28 1.28 19.5 1.57
Pd2.4 1.835 3.62 185 938 3.04 1890 26 1.72 31.0 2.45
Pd3.1 2.289 4.58 184 938 3.04 1890 26 2.15 31.5 3.07
Pd7.3 4.811 9.62 179 930 3.02 1890 22 4.52 40.5 7.26

Ag0.4 0.442 0.85 188 942 3.05 1890 170 0.42 5.5 0.44
Ag1.0 1.073 2.13 186 941 3.05 1890 51 1.02 2.5 1.04
Ag1.5 1.608 3.21 185 938 3.04 1890 50 1.53 1.5 1.54
Ag2.6 2.705 5.39 183 935 3.03 1890 50 2.58 0.0 2.58
Ag3.6 3.832 7.63 181 932 3.02 1890 52 3.65 0.0 3.65

Cu0.1 0.199 0.76 188 941 3.05 1890 150 0.11 4.0 0.12
Cu1.0 1.757 7.20 181 935 3.03 1890 69 0.99 2.5 1.00
Cu1.3 2.282 9.16 180 932 3.02 1890 62 1.28 2.0 1.29
Cu1.5 2.716 10.86 178 930 3.02 1890 54 1.52 1.0 1.53
Cu1.7 3.009 12.10 176 927 3.00 1890 53 1.69 1.0 1.70
Cu2.1 3.814 15.31 173 924 3.00 1890 49 2.14 0.0 2.14
Cu4.5 8.036 32.08 156 902 2.92 1890 47 4.52 0.0 4.52

a nm, the metal precursor, is Pd(acac)2 in Pd/SiO2 catalysts, Ag(OAc) in Ag/SiO2 catalysts, and Cu(OAc)2 in Cu/SiO2 catalysts.
b Weight loss= 100× (mth−ma)/mth, wheremth is the theorical mass andma is the actual catalyst mass measured after drying, calcination, and redu
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low metal precursor concentration since EDAS/metal p
cursor molar ratio is kept constant in each series, an incr
in the EDAS and metal precursor concentrations decre
gel time. At higher EDAS and metal precursor concen
tions, gel time tends to become less or nondependent o
amounts of those reactants.

The actual metal loading in cogelled catalysts is so
times higher than theoretical loading because the ac
catalyst mass after drying, calcination, and reduction
lower than theoretical mass. In fact, some TEOS an
EDAS sometimes remains unreacted and is volatilized
ing drying. This theoretical mass (mth) is calculated from

(1)mth = nmMm + (nTEOS+ nEDAS)MSiO2,

wherenm is the amount of metal in the gel (mmol);Mm is
the metal atomic weight;nTEOS andnEDAS are respectively
the amount of TEOS and EDAS in the gel (mmol);MSiO2 is
the molecular weight of SiO2, 60.085 g mol−1. In this equa-
tion, it is assumed that all TEOS and EDAS molecules
converted into SiO2. Results in Table 1 clearly show that,
all Ag/SiO2 and Cu/SiO2 catalysts, the weight loss decreas
to 0% when the EDAS concentration increases. In Pd/S2
catalysts, the behavior is different: the weight loss incre
with EDAS concentration.

3.2. Dispersion and localization of metal

Table 2 gives metal particle size determined by TEM,
chemisorption of CO (Pd catalysts) or O2 (Ag and Cu cata
lysts) and by XRD.

TEM analysis indicates that beyond a value of me
loading which is between 1 and 1.5 wt% in the three
ries (Pd/SiO2, Ag/SiO2, and Cu/SiO2), all samples exhibi
e
s

e

l

metal particles distributed in two families of different siz
small crystallites between 2 and 4 nm and large crystal
between 10 and 30 nm (Fig. 1). In all catalysts, the mean
ameter of small crystallites,dTEM1, is the arithmetic mean o
50 diameters of small metal particles measured on TEM
crographs. When large crystallites are present, their num
is much smaller than for small crystallites and their m
diameter,dTEM2, is then estimated from an average o
to 20 crystallites. In each series,dTEM1 seems to decreas
whereasdTEM2 seems to increase when the metal load
increases. Concerning localization of metallic crystallite
appears that cogelled catalysts are composed of silica
ticles arranged in strings or aggregates, and although T
gives only a 2D view, it seems that small metal particles
located inside silica particles, whereas large metal part
are located at their surface (Fig. 1).

The mean size of metal particles has been also de
from metal dispersion,D, measured by CO chemisorptio
for Pd/SiO2 catalysts and O2 chemisorption for Ag/SiO2 and
Cu/SiO2 catalysts. In the case of CO chemisorption over
it is well known that the chemisorption mean stoichiom
try XPd–CO, that is, the mean number of Pd atoms on wh
one CO molecule is adsorbed, depends on metal disper
D [23–27]. Joyal and Butt [26] have determinedXPd–CO as
a function of dispersion in Pd/SiO2 catalysts and their re
sults are used in an iterative method developed in the pre
work to calculate metal dispersion in Pd/SiO2 cogelled cata
lysts: (i) the starting value of 2 is used forXPd–CO and a first
value of D is calculated from the CO monolayer uptak
(ii) by means of the table established by Joyal and Butt [
a new value ofXPd–CO is determined which corresponds
the precedent value obtained forD and that new value o
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ith
Table 2
Metal particle size and dispersion

Catalyst Actual metal TEM CO or O2 chemisorption XRD
loading (wt%) dTEM1 (nm) σTEM1 (nm) dTEM2 (nm) σTEM2 (nm) dchem(nm) D (%) dXRD (nm)

Pd0.4 0.38 3.0 0.4 –a –a 2.8 40 –b

Pd1.1 1.11 2.7 0.2 –a –a 2.6 44 –b

Pd1.6 1.57 2.7 0.2 11 1 3.0 36 4
Pd2.4 2.45 2.6 0.2 15 2 4.0 28 7
Pd3.1 3.07 2.3 0.3 18 4 4.6 24 11
Pd7.3 4.52 2.5 0.3 24 7 7.0 16 17

Ag0.4 0.44 4.0 0.5 –a –a 4.2 28 –b

Ag1.0 1.04 3.6 0.3 –a –a 4.8 24 –b

Ag1.5 1.54 3.3 0.3 13 6 5.8 20 7
Ag2.6 2.58 3.2 0.3 20 5 7.4 16 10
Ag3.6 3.65 2.9 0.2 30 8 9.8 12 14

Cu0.1 0.12 4.2 0.6 –a –a –b –b –b

Cu1.0 1.00 3.2 0.4 –a –a 3.8 28 –b

Cu1.3 1.29 3.3 0.4 –a –a 3.8 28 –b

Cu1.5 1.53 3.1 0.4 8 2 5.2 20 12
Cu1.7 1.70 3.1 0.3 10 2 6.4 16 12
Cu2.1 2.14 2.8 0.2 15 6 6.4 16 18
Cu4.5 4.52 2.4 0.2 30 9 8.6 12 24

dTEM1, dTEM2, mean diameters of small and large metal particles, respectively, measured by TEM;σTEM1, σTEM2, standard deviations associated w
dTEM1 anddTEM2, respectively;D, metal dispersion measured by chemisorption;dchem, mean diameter derived from dispersionD; dXRD, mean size of
metal particles estimated from X-ray line broadening.

a Not observed.
b Not measurable.
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Fig. 1. TEM micrograph of Ag2.6 sample (500,000×).

XPd–CO is used to calculate a new value ofD; (iii) the cycle
is repeated until convergence.

In the case of O2 chemisorption over Ag, Czanderna [2
and Sachtler et al. [29] suggested that the initial ads
tion of oxygen on a clean silver surface is a dissocia
adsorption of an oxygen molecule on an ensemble of
adjacent silver atoms. This result was also checked by W
et al. [30]. Therefore, the dispersion of silver in Ag/SiO2 co-
gelled catalysts is calculated from the O2 monolayer uptake
with a value of 4 forXAg–O2, which is the number of Ag
atoms on which one O2 molecule is adsorbed. In the case
O2 chemisorption over Cu, Vasilevich et al. [31] sugges
that one oxygen atom is joined with two surface cop
atoms, in accordance with the formula Cu2O. Therefore, the
dispersion of copper in Cu/SiO2 cogelled catalysts is calcu
lated from the O2 monolayer uptake with a value of 4 fo
XCu–O2, which is the number of Cu atoms on which one2
molecule is adsorbed. During O2 chemisorption measure
ments over Ag/SiO2 and Cu/SiO2 catalysts, it is importan
to avoid the formation of silver or copper bulk oxide, whi
could strongly falsify the dispersion calculation. This h
been checked by examining Ag and Cu cogelled catalyst
XRD after O2 chemisorption. No oxide phase is observ
which indicates that bulk oxidation has been avoided. D
persion values are given in Table 2.

A mean diameter,dchem, of Pd, Ag, and Cu crystallite
has been derived from dispersion values assuming t
crystallites to be roughly spherical in shape. Values ofdchem

are given in Table 2. In each series, it is observed thaD

decreases, and sodchem increases, when the metal loadi
increases. Moreover, at comparable metal loadings, hi
dispersions are reached with Pd catalysts in comparison
Ag and Cu catalysts, the latter exhibiting similar values. O
has to note the agreement between TEM and chemisor
for samples containing, according to TEM analysis, one
gle family of particle size. In the case of sample contain
two families of particle size, values ofdchem are between
dTEM1 anddTEM2.

X-ray diffraction is the third experimental technique th
has been used to evaluate the size of metal crystal
A mean size,dXRD, has been calculated from Scherre
formula based on line broadening analysis (Table 2) [1
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A comparison amongdXRD, dTEM1, anddTEM2 in Table 2
shows that XRD and TEM results are in agreement s
dXRD values are betweendTEM1 anddTEM2 values. However
the mean diameter estimated from XRD,dXRD, is always
higher than the mean diameter estimated from chemis
tion, dchem. As explained by Bergeret and Gallezot [1
this is due to the fact thatdXRD corresponds to a volume
weighted average diameter,dv = ∑

nid
4
i /

∑
nid

3
i , whereas

dchem corresponds to a surface-weighted average diam
ds = ∑

nid
3
i /

∑
nid

2
i (ni is the number of metal particle

of a given diameterdi ). In consequence,dXRD gives more
weight to the larger particles thandchem, which explains tha
dXRD values are higher thandchemvalues.

3.3. Texture of catalysts

The main textural properties of all samples are given
Table 3.

The catalyst apparent density,ρapp, that is, the density
including closed pores according to IUPAC [13], has b
measured by helium pycnometry. Values given in Tabl
are very close to the true density, that is, the density exc
ing pores according to IUPAC, of dried alkoxy-derived sil
gels, that is 2.2 g/cm3 [32].

Pore-size distributions over the micro- and mesopore
range are shown in Fig. 2 for fresh Ag3.6 sample, for
ample, because all fresh Pd/SiO2, Ag/SiO2, and Cu/SiO2
catalysts present the same trends over the micro- and m
pore size range. These curves were obtained by apply
combination of various methods to their respective valid
domains and by adding the porous volumes correspon

Table 3
Sample textural properties

Sample ρapp Vv SBET dSiO2 σSiO2
(g/cm3) (cm3/g) (m2/g) (nm) (nm)

Pd0.4 2.070 5.0 315 28.9 2.4
Pd1.1 2.092 3.2 365 19.5 1.3
Pd1.6 2.192 2.8 370 17.9 1.5
Pd2.4 2.220 2.6 475 15.1 1.0
Pd3.1 2.188 2.5 495 12.9 1.3
Pd7.3 2.256 2.0 570 9.8 1.5

Ag0.4 2.112 5.5 200 33.4 1.8
Ag1.0 2.206 5.4 260 24.8 1.0
Ag1.5 2.196 4.2 280 21.6 1.3
Ag2.6 2.174 3.0 375 17.7 1.7
Ag3.6 2.234 2.8 465 15.3 1.9

Cu0.1 2.110 7.3 245 > 60 4.8
Cu1.0 2.108 3.4 285 48.2 4.4
Cu1.3 2.190 3.3 365 43.7 3.2
Cu1.5 2.226 2.9 395 34.3 3.7
Cu1.7 2.188 2.7 410 30.0 3.3
Cu2.1 2.200 2.4 460 23.5 2.6
Cu4.5 2.238 1.3 570 16.7 1.1

ρapp, apparent density measured by helium pycnometry;Vv, total cumu-
lative specific pore volume;SBET, specific surface area obtained by BE
method;dSiO2, silica particle diameter measured by TEM;σSiO2, standard
deviation associated withdSiO2.
,

-

Fig. 2. Pore-size distributions of fresh Ag3.6 (F) and tested Ag3.6 (E)
samples.

to each domain [8–11]. Examination of Fig. 2 shows t
Ag3.6 sample is characterized by a steep volume incr
around 0.8 nm followed by a plateau.

It is observed from Table 3 that the total pore volume,Vv,
that is, the pore volume obtained by addition of pore volu
measured by mercury porosimetry and cumulative volum
micropores and pores of width between 2 and 7.5 nm m
sured by N2 adsorption-desorption [8–11], decreases and
specific surface area,SBET, increases as the metal conte
and therefore the amount of EDAS in the catalyst increa
in all series.

Texture and morphology of cogelled catalysts have b
also examined by TEM and the size of SiO2 elementary
particles,dSiO2, has been evaluated. Sizes given in Tab
represent the arithmetic mean of 50 particles. It is obse
in the three series thatdSiO2 decreases as the metal load
and therefore the amount of EDAS in the catalyst increa
(Table 3).

3.4. Catalytic experiments

It has been shown in a previous paper [7] that beca
of the very particular structure of those catalysts diffusio
limitations are avoided. Indeed, in Pd/SiO2, Ag/SiO2, and
Cu/SiO2 xerogel catalysts, in order to reach active si
reactants must first diffuse through large pores located
tween aggregates of SiO2 particles and then through small
pores between those elementary particles inside the a
gates. Finally, they diffuse through micropores inside
silica particles. It was shown that there is no problem
mass transfer at each of the three levels. The Weisz mod
which compares the observed reaction rate to the diffu
rate, has a value much smaller than 1 at three discrete
els (macroscopic pellet, aggregate of silica particles,
elementary silica particle containing an active metallic cr
tallite). So there are no pore diffusion limitations and
observed rater is equal to the intrinsic rate of the chemic
reaction.
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3.4.1. 1,2-Dichloroethane hydrodechlorination over
Pd/SiO2 catalysts

In Fig. 3, conversion as well as C2H6, C2H4, and C2H5Cl
selectivities are given as a function of time and tempera
over Pd1.1, for example. In fact, the results are the s
for all Pd/SiO2 samples because as noted under Experim
tal, the mass of catalyst pellets has been adjusted for
sample in order to obtain similar conversions between
and 20%. This has been done so as to allow a comparis
selectivities from one sample to another.

All Pd/SiO2 catalysts mainly produce ethane, C2H6, with
a selectivity between 70 and 90%. Two secondary prod
are observed: ethyl chloride, C2H5Cl, and ethylene, C2H4.
In each case, a temperature increase from 300 to 350◦C is
beneficial to C2H4 selectivity and detrimental to C2H6 and
C2H5Cl selectivities. The examination of conversion curv
shows that a deactivation, which is faster at the beginn
of the catalytic test and when the temperature increase
observed with all samples.

The consumption rate of 1,2-dichloroethaner is cal-
culated from chromatographic measurements of C2H6,
C2H5Cl, and C2H4 concentrations in the reactor effluent a
from the differential reactor equation that is written as

(2)r = FA + FCl + FE

W
(FA0,FCl0, andFE0 = 0),

wherer is the consumption rate (mmol kg−1
Pd s−1), FA is the

molar flow rate of ethane at the reactor outlet (mmol s−1),
FA0 is the molar flow rate of ethane at the reactor in
(mmol s−1), FCl is the molar flow rate of ethyl chloride at th
reactor outlet (mmol s−1), FCl0 is the molar flow rate of ethy
chloride at the reactor inlet (mmol s−1), FE is the molar flow
rate of ethylene at the reactor outlet (mmol s−1), FE0 is the
molar flow rate of ethylene at the reactor inlet (mmol s−1),
andW is the palladium mass inside the reactor (kgPd).

For all Pd/SiO2 catalysts,r has been calculated from
Eq. (2) at the temperatures of 300 and 350◦C, and these
results are presented as a function of palladium loadin

Fig. 3. Hydrodechlorination of 1,2-dichloroethane over Pd1.1 sam
(") ClCH2–CH2Cl conversion, (1) C2H6 selectivity, (!) C2H4 selectivity,
(P) CH3–CH2Cl selectivity.
f

Fig. 4. Consumption rate of 1,2-dichloroethane atT = 300◦C (1) and
T = 350◦C (2) as a function of palladium loading.

Fig. 4. It is observed thatr increases when the palladiu
loading decreases.

3.4.2. Benzene oxidation over Ag/SiO2 and Cu/SiO2

catalysts
Fig. 5 shows benzene conversion as a function of t

and temperature for Ag1.5 and Cu1.5. Benzene convers
from 160 to 200◦C are so low for all Ag/SiO2 and Cu/SiO2
catalysts that these data are not presented in Fig. 5. U
experimental conditions used in the present test, benze
oxidized in H2O and CO2 only.

In Fig. 5, an increase of conversion is observed w
the temperature increases. However a fast deactivation i
served with Ag/SiO2 catalysts beyond 280◦C.

In order to analyze the catalytic results, it is necess
to obtain intrinsic kinetic rates for benzene oxidation. W
the experimental conditions used, the reactor is not a
ferential reactor because conversion is too high. The kin
rates are obtained by considering the reactor as an int
reactor with the following assumptions: (i) for benzene
idation on Ag/SiO2 and Cu/SiO2 catalysts, the kinetic rat
can be expressed as:r = k[C6H6]n[O2]m. For the condi-
tions encountered in most volatile organic compound (VO
control applications, the concentration of oxygen is alw
much larger than the concentration of the organic reac
(for a feed of 250 ppm benzene in air, [O2]/[C6H6] ≈ 840).

Fig. 5. Conversion of benzene as a function of time for Ag1.5 (E) and
Cu1.5 (P) samples.
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Fig. 6. Benzene consumption rate for Ag/SiO2 catalysts atT = 260◦C (E)
and for Cu/SiO2 catalysts atT = 360◦C (P) as a function of metal loading

Thus because the oxygen partial pressure is essentially
stant during the reaction, the rate observed depends on
the concentration of benzene; (ii) Gangwal et al. [33]
served a zero-order behavior for benzene on Pt–Ni/Al2O3
catalysts. Although the catalysts used in this work are dif
ent, it is, in first approximation, assumed that the kinetic
expression isr = k. So the consumption rate of benzenr
is calculated from chromatographic measurements of C6H6
concentrations in the reactor effluent using the equation

(3)r = FB0 − FB

W
,

where r is the consumption rate (mmol kg−1
metals

−1), FB
is the molar flow rate of benzene at the reactor ou
(mmol s−1), FB0 is the molar flow rate of benzene at the
actor inlet (mmol s−1), andW is the metal (Ag or Cu) mas
inside the reactor (kgmetal).

Fig. 6 presentsr for benzene oxidation as a function
metal loading at 260◦C for Ag/SiO2 catalysts and at 360◦C
for Cu/SiO2 catalysts.

4. Discussion

4.1. Formation of the gel, structure of the resulting
xerogels, and nucleation phenomenon

The formation of the gels takes place in two steps.
first step consists in the formation of silica particles
hydrolysis and condensation of TEOS. The second step
sists in the aggregation of silica particles to form a si
network. Those two reactions are accelerated by an inc
ing basicity [12]. Heinrichs et al. observed for Pd–Ag/Si2
cogelled catalysts that gel formation is faster when
amount of metal precursor and therefore when the am
of metal complexant (EDAS and AES, NH2–(CH2)3–Si–
(OC2H5)3) increase [34]. In this study, when the amount
metal precursor increases and therefore when the am
of EDAS increases, the solution basicity increases (i)
cause either all amino groups of EDAS are not comple
coordinated to a metal. Indeed, Trimmel et al. observe
Ni/SiO2 xerogel catalysts that Ni(acac)2 reacts with EDAS
-

-

-

t

t

to give Ni(acac)2(EDAS) [35]. This present study doe
not establish the exact structure of complexes. Neve
less, the formation of complexes [Pd(acac)x(EDAS)y]n+,
[Ag(OAc)x(EDAS)y]n+, and [Cu(OAc)x(EDAS)y]n+ can
be supposed;x, y, andn can be different for each met
complex. Therefore, some amino groups in EDAS molec
would not be involved in metal complexation and could th
play their role of organic base; (ii) or by the growing co
centration of the metal counteranion (acac or OAc), wh
behaves like a base and catalyzes TEOS hydrolysis and
densation. So when the amount of metal precursor incre
and therefore when the basicity increases, the gelling
decreases in all series.

The weight losses after drying under vacuum, calcinat
and reduction in Ag/SiO2 and Cu/SiO2 catalysts are smalle
than in Pd/SiO2 catalysts (Table 1). In fact, EDAS/Ag(OAc
and EDAS/Cu(OAc)2 molar ratios are greater than the th
oretical stoichiometric ratios to complex Ag and Cu w
EDAS, whereas the EDAS/Pd(acac)2 molar ratio is equa
to the theoretical stoichiometric ratio to complex Pd w
EDAS. Furthermore, the metal precursors are AgOAc
Cu(OAc)2 for Ag/SiO2 and Cu/SiO2 catalysts wherever th
metal precursor for Pd/SiO2 catalysts is Pd(acac)2. The ion
acetate is a base stronger than the ion acetylacetonat
these higher amounts of EDAS, Ag(OAc), or Cu(OAc)2 in
Ag/SiO2 and Cu/SiO2 catalysts increase the gel basicity a
more strongly catalyze the reaction of TEOS condensa
than in Pd/SiO2 catalysts. Finally, the gelling and dryin
under vacuum behavior and the decomposition tempera
of organic moieties depend very strongly on the kind
metal [36].

An important advantage of the cogelation method is
possibility to homogeneously disperse the catalytic m
through the whole material, for example, inside the si
particles. In the case of Pd/SiO2 cogelled aerogel catalys
synthesized by Heinrichs et al. [6], it was suggested
this localization of the palladium inside the silica mat
was induced by a nucleation process initiated by the lig
of the palladium, namely EDAS. Nucleation by EDAS w
verified by Alié et al. in xerogels without metal [8–11]. Fu
thermore,17O NMR spectroscopy and rheological measu
ments showed that the hydrolysis-condensation of EDA
much faster than that of TEOS [37,38]. So hydrolyzed ED
molecules can act as a nucleation agent leading to silica
ticles with a hydrolyzed EDAS core (where is located
metal in Pd/SiO2 aerogel catalysts [6]) and a shell prin
pally made of hydrolyzed TEOS.

In this work, TEM micrographs obtained for Pd/SiO2,
Ag/SiO2, and Cu/SiO2 catalysts show metallic particle
inside microporous silica particles. To establish the
cleation mechanism by EDAS and thus by the comp
Mn+(EDAS)x , where M is palladium, silver, or copper, th
relation between SiO2 particle volume and TEOS and EDA
concentrations has been studied [6,8–11]. Thus, the vo
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Fig. 7. Silica particle nucleation by EDAS (Pd (1), Ag (E), and Cu (P)).

occupied of one SiO2 particle can be expressed by

(4)d3
SiO2

= C
([TEOS] + [EDAS])/[EDAS],

wheredSiO2 is the diameter of SiO2 particles (nm), [TEOS]
and [EDAS] are the concentrations of TEOS and ED
(mol/l), andC is a constant.

In Eq. (4), dSiO2 has been measured by TEM for a
the samples and is given in Table 3. The curvesd3

SiO2
=

f [([TEOS] + [EDAS])/[EDAS]] for all the samples are
shown in Fig. 7. It is observed that there is effectively grow
of silica particles when the ratio ([TEOS]+ [EDAS])/
[EDAS] increases, i.e., as [EDAS] decreases. The linea
betweend3

SiO2
and the ratio ([TEOS]+ [EDAS])/[EDAS]

reinforces the hypothesis of nucleation by EDAS, since m
EDAS decreasesd3

SiO2
, due to more nucleation sites. Silic

particles are much larger (9.8 nm< dSiO2 < 60 nm, Ta-
ble 3) than the monodisperse micropores of 0.8 nm dete
by nitrogen adsorption in Pd/SiO2, Ag/SiO2, and Cu/SiO2
xerogel catalysts (Fig. 2). Therefore, it can be reason
assumed that those micropores are located inside the2
particles.

4.2. Dispersion and localization of metal

In Section 4.1, the nucleation mechanism by EDAS
thus by the complex Mn+(EDAS)x was demonstrated i
all Pd/SiO2, Ag/SiO2, and Cu/SiO2 catalysts. Thus, the
metal crystallites with a size from 2.3 to 4.2 nm (dTEM1,
Table 2) are located inside the silica particles. The
ter exhibit a monodisperse micropore distribution cente
on a pore width of about 0.8 nm (Fig. 2). So, this ch
acteristic width of the micropores is smaller than that
the metallic particles. It appears then that those met
particles located inside the network of silica do not m
grate outside the silica particle. These results confirm a
Heinrichs et al.’s works for Pd/SiO2 aerogel catalysts an
Pd–Ag/SiO2 xerogel catalysts [6,34]. Furthermore, Ruc
enstein an co-workers [39,40], Zou and Gonzalez [4
and Serykh et al. [42] confirmed in Pd/SiO2, Pt/SiO2, and
Cu/SiO2 catalysts that the final crystallite size distributi
can be strongly governed by the porous texture of
ica.
Nevertheless, most of Pd/SiO2 (except samples Pd0.4 an
Pd1.1), Ag/SiO2 (except samples Ag0.4 and Ag1.0), a
Cu/SiO2 (except samples Cu0.1, Cu1.0, and Cu1.3) xero
catalysts exhibit larger metallic particles (with a mean dia
eter from 10 to 30 nm) and their number increases when
metal loading increases.

In all catalysts, the results from TEM, chemisorpti
(CO and O2), and XRD (Table 2) clearly show that th
greatest dispersions are obtained for low metal loadi
Several reasons can induce this phenomenon: (i) dis
sion increases as the silica particle size increases (Tab
and 3). In Section 1, it was demonstrated that when the
tio ([TEOS]+ [EDAS])/[EDAS] decreases, i.e., as [EDAS
increases, the silica particle size decreases. It then bec
possible that metal particles are not completely coated
SiO2. Gaps would exist which allow metallic crystallite
to migrate out of SiO2 particles. The migration and coa
lescence mechanism can then occur; (ii) the influenc
ammoniacal solution concentration on the dispersion
metal is very important. NH3 has two functions. On th
one hand, the higher the NH3 concentration, the more com
plete the conversion of TEOS to SiO2. This higher amoun
of SiO2 favors a better coating of metal particles by Si2
and metal dispersion is therefore increased. On the o
hand, metal complexation by NH3 increases with ammoni
concentration and this higher amount of free M(NH3)xy+
(M is Pd, Ag, or Cu) is not incorporated into silica pa
ticles contrary to M(EDAS)xy+ complexes. During drying
under vacuum, calcination, and reduction steps, met
particles formed from ammonia complexes are not trap
in silica particles and can therefore migrate and unde
coalescence. The metal dispersion values then decre
Nevertheless, in all Pd/SiO2, Ag/SiO2, and Cu/SiO2 cat-
alysts, ammonia concentration preserves a constant v
Therefore, metal complexation by NH3 decreases propo
tionally when the metal loading increases. Furthermor
is observed in Table 2 that the metal dispersionD de-
creases when the metal loading increases. So it is concl
that an incomplete coating of metal particles by silica
a more important effect on the metal dispersionD than
metal complexation by NH3, which could be a secondar
effect.

4.3. Catalytic activity

A very important concern about cogelled catalysts is
accessibility of the active centers. Because the metal (
ladium, silver, or copper) is located inside silica particl
there is a risk that it may not be accessible. The va
of Vv in Table 3 show that the ability of drying und
vacuum to retain porosity is high, but do not prove the
cessibility of palladium, silver, or copper. Nevertheless, i
observed in Table 2 thatdTEM1 ∼= dchemfor samples with one
metal particles series (metal loading< 1.5 wt%) and that
dTEM1 � dchem� dTEM2 for samples with two metal par
ticles series (metal loading� 1.5 wt%). So in each case
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metal particle sizes obtained by CO and O2 chemisorption
measurements are related to TEM measurements. The
vergence of TEM and chemisorption measurements pr
metal particles located inside silica particles are comple
accessible.

A high activity of a metal catalyst often calls for a lar
active surface area and, thus, for small particles, i.e., a
dispersion of the active phase. For all Pd/SiO2 catalysts,
it is observed from TEM, chemisorption, and XRD me
surements (Table 2) that the metal dispersion,D, decrease
when the metal loading increases; i.e., the metal particle
increases with the metal loading. It is observed in Fig
that the specific consumption rate of 1,2-dichloroethanr,
decreases when palladium loading increases. From re
in Fig. 4 and Table 2, it is concluded that Pd/SiO2 activ-
ity decreases when palladium loading increases, i.e., w
palladium dispersion decreases. So the catalytic tes
1,2-dichloroethane hydrodechlorination with Pd/SiO2 cata-
lysts confirm again the evolution of metal dispersion w
metal loading. The same trend is observed for Ag/SiO2 and
Cu/SiO2 catalysts for benzene oxidation. In Table 2,
silver and copper dispersion,D, decreases when the me
loading increases, i.e., the metal particle size increases
the metal loading and in Fig. 6, the specific benzene c
sumption rate,r, decreases when silver and copper load
increases. From results in Fig. 6 and Table 2, it is conclu
that Ag/SiO2 and Cu/SiO2 activity decreases when met
loading increases, i.e., when metal dispersion decrease
the catalytic tests of benzene oxidation with Ag/SiO2 and
Cu/SiO2 catalysts confirm again the evolution of metal d
persion with metal loading.

For benzene oxidation, Ag/SiO2 catalysts have a great
activity than Cu/SiO2 catalysts. In the case of metal ca
lysts on Fe2O3, Scirè et al. [43] observed that the activ
toward the oxidation of volatile organic compounds (VO
has been found to be in the order Au/Fe2O3 > Ag/Fe2O3 >

Cu/Fe2O3 > Fe2O3 in the range of temperature inves
gated (100–400◦C). In this work, the same trend towa
the oxidation of benzene has been found to be in the o
Ag/SiO2 > Cu/SiO2 > SiO2 (completely inactive). How
ever in Fig. 5, a fast deactivation is observed with Ag
sample from 280◦C. This deactivation could arise from
change of active site surfaces or from the disappear
of catalyst porosity. It seems that XRDpattern of Ag3.6
tested for 12 h atT = 360◦C for benzene oxidation a
ways shows characteristic Ag–metal peaks and no AgO
Ag2O peaks. Nevertheless, the specific surface area,SBET,
of fresh Ag3.6 is equal to 465 m2/g (Table 3) andSBET
of tested Ag3.6 for 12 h at 360◦C is equal to 35 m2/g. In
Fig. 2, pore-size distributions over the micro- and mesop
size range are shown for fresh Ag3.6 and tested Ag3.6 s
ples. It is observed that micropore volume decreases
strongly in tested Ag3.6 sample. So after benzene oxida
for 12 h atT = 360◦C, micro- and mesoporosity of silic
network disappear by pore fouling preventing benzene f
reaching silver particles inside silica network. Furthermo
-

s

f

o

-

Fig. 8. TOF as a function of metal dispersion for Pd samples (ClC2–
CH2Cl hydrodechlorination) atT = 300◦C (1) andT = 350◦C (2), for
Ag samples (C6H6 combustion) atT = 260◦C (E), and for Cu sample
(C6H6 combustion) atT = 360◦C (P).

O2 chemisorption measurements of Ag1.5 samples te
for 12 h at 260 and 360◦C give values of metal dispersio
D, equal to 20 and 6%, respectively. These results indi
that the value ofD for the Ag1.5 sample tested at 260◦C is
equal to the value ofD for the fresh Ag1.5 sample. So u
to 260◦C, no deactivation is observed in Ag/SiO2 catalysts
during benzene oxidation. From 280◦C, the metal disper
sion,D, of Ag1.5 sample decreases from 20% to reach
value of 6% at 360◦C. TEM analyses indicates that silv
particle sizes are similar values in fresh Ag1.5 sample
Ag1.5 sample tested at 360◦C and that no sintering is ob
served in these samples. So the metal dispersion,D, of Ag
samples tested for benzene oxidation at 360◦C is equal to
6% because O2 molecules do not reach silver particles
side silica network because of pore fouling. No deactiva
for Cu/SiO2 catalysts is observed after benzene oxidation
fact,SBET of fresh Cu4.5 is equal to 570 m2/g (Table 3) and
SBET of tested Cu4.5 is equal to 375 m2/g.

The turnover frequency (TOF), that is, the number
molecules consumed per surface metal atom and per se
for 1,2-dichloroethane hydrodechlorination and benzene
idation is presented in Fig. 8 as a function of metal disp
sion. Nevertheless, in Fig. 5, a fast deactivation is obse
for Ag/SiO2 catalysts from 280◦C and no deactivation is ob
served for Cu/SiO2 catalysts. It is for this reason that TO
is calculated at temperatures of 260◦C for Ag/SiO2 catalysts
and 360◦C for Cu/SiO2 catalysts. It is observed in Fig. 8 th
benzene oxidation TOF remains constant with metal lo
ing and therefore metal dispersion. TOF values are e
to 0.04 s−1 for Ag/SiO2 catalysts atT = 260◦C and are
equal to 0.015 s−1 for Cu/SiO2 catalysts atT = 360◦C. It
seems that benzene oxidation is a structure-insensitiv
action too. Papaefthimiou et al. [44] measured a TOF
0.02 s−1 at 180◦C for benzene oxidation with Pd/Al2O3 and
Pt/Al2O3 catalysts, and in this case also, benzene oxida
is a structure-insensitive reaction. For Pd/SiO2 catalysts, al-
though a light deactivation is observed at 350◦C in Fig. 3,
metal dispersion of fresh catalysts is used to calculate
at 300 and 350◦C because CO chemisorption measurem
for tested Pd2.4 give a value of 24% for metal dispers
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instead of 28% for fresh Pd2.4. It is observed in Fig
that TOF for 1,2-dichloroethane hydrodechlorination o
Pd/SiO2 catalysts remains constant with metal loading, a
therefore metal dispersion, atT = 300◦C andT = 350◦C.
Although the structure sensitivity of C–Cl hydrogenoly
with the ensemble size concept has been pointed ou
several authors [45–47], it seems in this study that 1,2
chloroethane hydrodechlorination over Pd/SiO2 catalysts is
a structure-insensitive reaction.

5. Conclusions

The use of 3-(2-aminoethylamino)propyltrimethoxysila
(EDAS) to complex Pd, Ag, and Cu in an ethanolic solut
containing TEOS and aqueous ammonia has allowed
gelled catalysts with a hierarchic texture to be obtained
appears that this metal complex acts as a nucleation a
for the formation of the silica particles. The examination
the texture, the metal dispersion, and its localization in
gelled Pd/SiO2, Ag/SiO2, and Cu/SiO2 catalysts leads to th
following conclusion: metallic crystallites with a diamet
of about 3 nm are located inside silica particles exhibit
a monodisperse microporous distribution centered on a
width of about 0.8 nm.

Although metallic particles are located inside the
ica particles, their complete accessibility, via the microp
network, has been shown. 1,2-Dichloroethane hydrodec
rination over Pd/SiO2 catalysts mainly produces ethane a
the hydrodechlorination activity decreases when pallad
loading increases. Hydrodechlorination over Pd/SiO2 cata-
lysts is a structure-insensitive reaction with regard to
ensemble size concept. Benzene oxidation over Ag/SiO2 and
Cu/SiO2 catalysts produces H2O and CO2 only and oxi-
dation activity decreases when silver and copper load
increase. Furthermore, it is concluded that benzene ox
tion is a structure-insensitive reaction.

Finally, the synthesis method developed by Heinri
et al. for Pd/SiO2 aerogel catalysts and applied to monome
lic xerogel catalysts in this work allows catalysts w
tailored morphology and remarkable catalytic characte
tics to be obtained.
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