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Abstract

Pd/SiIG, Ag/SIO», and Cu/SiQ xerogel catalysts have been synthesized by cogelation of tetraethoxysilane (TEOS) and chelates of Pd,
Ag, and Cu with 3-(2-aminoethylamino)propyltrimethoxysilane (EDAS). It appears that the metal complex acts as a nucleation agent in
the formation of silica particles. The resulting catalysts are then composed of completely accessible metallic crystallites with a diameter of
about 3 nm located inside silica particles exhibiting a monodisperse microporous distribution. The metal dispersion has been determined
from CO and Q@ chemisorption, TEM, and X-ray diffraction. Although metallic particles are located inside silica particles, their complete
accessibility, via the micropore network, has been shown. 1,2-Dichloroethane hydrodechlorination oves Pat@ySts mainly produces
ethane and the specific hydrodechlorination rate per gram of Pd decreases when metal loading increases. Hydrodechlorination,over Pd/SiO
catalysts is a structure-insensitive reaction with regard to the ensemble size concept. Benzene oxidation oveaAd)(SiC5iQ catalysts
produces HO and CQ only and specific oxidation rate per gram of metal decreases when silver and copper loadings increase. Furthermore,
it is concluded that benzene oxidation is a structure-insensitive reaction.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction which a functional organic group A, able to form a chelate
with a cation of a metal such as palladium, silver, cop-
A high activity of a supported catalyst often calls for a per, nickel, etc. is linked to the hydrolyzable silyl group
large active surface area and, thus, for small particles, i.e.,(ROxSi—via an inert and hydrolytically stable spacer X. The
a high dispersion of the active phase. Because small metalcocondensation of such molecules with a network-forming
particles tend to sinter already at relatively low temperatures, reagent such as TEOS, Si(@5s)4, results in materials in
these generally are applied into a support material which it- which the metal is anchored to the Si@atrix.
self is thermally stable and maintains a high specific surface  Heinrichs et al. used this cogelation method for the
area up to high temperatures [1]. With a support like sil- preparation of Pd/Si©aerogel catalysts [6]. In this studly,
ica, other important physical features like texture (specific (RO)RSI-X—-A = 3-(2-aminoethylamino)propyltrimethoxy-
surface area, pore size distribution, and porous volume), den-sjlane, NB—CHy—CH,—NH—(CH)3—Si(OCHs)z = EDAS,
sity, and mechanical strength can be established. and the Pd precursor is Pd acetylacetonate, PET}CH
The sol-gel method was used by several authors in or- =c(0-)CH;], = Pd(acac). It has been shown that the &d
der to obtain monometallic catalyst particles finely dispersed complex, P4+ [NH2—CH,—~CHy—NH—(CHp)3—Si(OCHs)3]>,
on a mineral support. Schubert and co-workers developed a;cts as a nucleation agent in the formation of silica par-
particularly interesting method to homogeneously disperse icies. The resulting catalysts are composed of completely
nanometer-sized metal particles in a silica matrix [2-5]. 4ccessible palladium crystallites located inside silica parti-
These authors used alkoxides of the type (FBD)X-A in cles. It was shown that these samples are sinterproof during
hypercritical drying due to the fact that Pd crystallites can-
~* Corresponding author. not migrate because they are trapped inside the microporous
E-mail address: b.heinrichs@ulg.ac.be (B. Heinrichs). SiO, particles. In such catalysts, in order to reach active
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sites, reactants must first diffuse through large pores lo- NH—(CH;)3—Si(OCH)3), and 0.18 N NH aqueous solution
cated between aggregates of Sjgarticles and then through  (pH 11.2). In those syntheses, Pd(agas) Ag(OAc) or
smaller pores between those elementary particles inside theCu(OAc), was mixed with EDAS in half of the total ethanol
aggregates. Finally, they diffuse through micropores inside volume (EDAS/Pd(acagmolar ratio= 2, EDAS/Ag(OACc)
the silica particles. It was shown that there is no problem of molar ratio= 2, and EDAS/Cu(OAg) molar ratio = 4).
mass transfer at each of the three levels [7]. The slurry was stirred at room temperature until clear yel-
TEM micrographs obtained for Pd/SiCcatalysts [6] low, colorless, and clear blue solution was obtained for Pd,
show palladium particles located inside microporous silica Ag, and Cu, respectively (about half an hour). After addi-
particles. It was suggested that this localization of the palla- tion of TEOS, a 0.18 N Nklaqueous solution (pH 11.2) in
dium inside the silica particles was induced by a nucleation the remaining half of the total ethanol volume was added
process initiated by the ligand of the palladium, EDAS. Due to the mixture under vigorous stirring. The volume of the
to the hydrolyzable functions of EDAS, Si—O-Si bonds can final solution was 170 ml. The hydrolysis ratio, that is, the
form all around the P& (EDAS), complex. The fact that  molar ratioH =[H20]/([TEOS]+% [EDAS]), and the dilu-
gelation occurs in half an hour in the presence of EDAS, tion ratio, that is, the molar rati® =[ethanol} ([TEOS]+
whereas it would take days without EDAS under the same [EDAS]) were kept constant at values of 5 and 10, respec-
conditions, indicates that EDAS reacts faster than TEOS [8]. tively, for all samples. Although Pd/SiQ Ag/SiO, and
It has been shown that this acceleration is caused by methoxyCu/SiQ, catalysts were prepared in ethanol and although
groups contained in EDAS, which are more reactive than that pH is defined in aqueous solution only, the pH of the
ethoxy groups contained in TEOS. So hydrolyzed EDAS alcoholic solution was measured for all series 5 min after
molecules can act as a nucleation agent leading to silica parintroduction of the last reactive component. The pH val-
ticles with a hydrolyzed EDAS core and a shell principally ues observed are between 10.4 and 10.7. It is assumed that
made of hydrolyzed TEOS. The relation between diameter those slight variations are negligible. The vessel was then
of SiO, particles and TEOS and EDAS concentrations has tightly closed and heated up to 70 for 3 days (gelling
been studied [6,8—11] and established the validity of the nu- and aging [12]). Synthesis-operating variables of PdSiO
cleation model by EDAS. Ag/SiOy, and Cu/SiQ catalysts are given in Table 1. Each
Although the sol-gel method for metallic cogelled cata- sample is named by the corresponding metal (Pd, Ag, or Cu)
lysts had been developed in previous papers, for the firstfollowed by its actual weight percentage.
time in this study are presented very important relationships
existing among textural properties, metallic dispersion, and 2.1.2. Drying
catalytic activity in xerogel catalysts. Another purpose ofthe ~ The wet gels were dried under vacuum according to the
present study is to generalize the cogelation method for thefollowing procedure: the flasks were opened and put into
preparation of xerogel catalysts containing a metal such asa drying oven at 60C, and the pressure was slowly de-
palladium, silver, or copper. Moreover, this study checks if creased (to prevent gel bursting) to reach the minimum value
all textural and catalytic properties observed with xerogels of 1200 Pa after 90 h. The drying oven was then heated at
without metal [8-11] and Pd/Silaerogel catalysts [6] are  150°C for 72 h except for sample Pd7.3, which was heated
conserved with other metals in these xerogel catalysts. So theat 150°C for 144 h. The resulting samples are xerogels [12].
dispersion, localization, and accessibility of different metals
in cogelled xerogels are examined by using techniques such2.1.3. Calcination
as nitrogen adsorption isotherms, mercury porosimetry, he-  The calcination conditions for Pd/SiOAg/SiO,, and
lium pycnometry, transmission electron microscopy (TEM), Cu/SiG catalysts were as follows: the sample was heated
chemisorption measurements, X-Ray diffraction (XRD), and up to 400°C at a rate of 120C/h under flowing air
catalytic tests. Finally, the nucleation phenomenon by the (0.02 mmols?); this temperature was then maintained for
metal complex in the formation of silica particles is exam- 12 h in air (0.1 mmols?).

ined.

2.1.4. Reduction

The Pd/SiQ and Ag/SIiQ catalysts were heated up to

2. Experimental 350°C at a rate of 350C/h under flowing H (0.23 mmol

s~1) and maintained at this temperature for 3 h (same flow).
2.1. Catalyst preparation The Cu/SiQ catalysts were heated up to 40D at a rate of

350°C/h under flowing H (0.23 mmol s1) and maintained
2.1.1. Gel synthesis at 400°C for 4 h (same flow).

Six Pd/SIQ, five Ag/SiQ;, and seven Cu/Si©cata-
lysts were prepared in ethanol from the corresponding 2.2. Catalyst characterization
metal precursor, Pd(acac)Pd[CHsCOCH=C(O-)CH]>),
Ag(OAc) (Ag[CH3CO(O-)]), Cu(OAc) (Cu[CHzCO Apparent densities [13] were measured by He pycnom-
(O-)2), TEOS (Si(OGHs)4), EDAS (NH—CHy—CHy— etry on a Micromeritics AccuPyc 1330.,Nadsorption—
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desorption isotherms were measured at 77 K on a Fisons(0.023 mmols?) while being heated to 35 at a rate of
Sorptomatic 1990 after outgassing for 24 h at ambient tem- 350°C/h and was maintained at this temperature for 3 h. Af-
perature. After a 2-h outgassing at ambient temperature,ter reduction, the Pd/Silcatalyst was cooled in Hto the
Hg porosimetry measurements were performed with sampledesired initial reaction temperature of 3UD. The total flow
monoliths using a manual porosimeter from 0.01 to 0.1 MPa of the reactant mixture was 0.45 mmolsand consisted
and a Carlo Erba Porosimeter 2000 from 0.1 to 200 MPa.  of CICH,—CH,CI (0.011 mmols?), H, (0.023 mmols?),

SiO; and metal particles sizes were examined by trans- and He (0.42 mmols!). The temperature was successively
mission electron microscopy with a Philips CM100 micro- kept at 300C (10 h to allow activity stabilization after
scope. All samples were impregnated with an epoxy resin fast initial deactivation), 350C (2 h), and 300C (2 h).
(Epon 812) to which an amine was added to serve as a hard-The effluent was analyzed every 15 min and eight analy-
ener. Hardening goes on for 72 h at®Dand 60-nm slices  ses were made at each temperature (40 for the first level).
were then cut up with a Reichert-Jung Ultracut E microtome. For each catalytic experiment, the mass of catalyst pellets,
Finally, these slices were put on a copper grid. sieved between 250 and 500 um, was calculated so that 1,2-

X-ray diffraction was also used to determine metal parti- dichloroethane conversion was approximately equal to 10%
cles’ sizes. Patterns were obtained with hand-pressed samat 300°C.
ples mounted on a Siemens D5000 goniometer using the

Cu-K,, line (Ni filter). 2.3.2. Benzene oxidation
Metal dispersion in Pd/Sig) Ag/SiO,, and Cu/SiQ cata- The five Ag/SiQ and four Cu/Si@ (Cul.0, Cul.5,
lysts was determined from CO chemisorption at'@0on Cu2.1, and Cu4.5) catalysts were tested for this reaction,

a Fisons Sorptomatic 1990 device anglédemisorption at  which was conducted in a quartz tubular reactor (internal
150°C for Ag and at 30C for Cu on a Micrometrics device, diameter: 3 mm) at atmospheric pressure. The reactor was
respectively. Before measurements, the calcined sample waplaced in a tubular oven. A constant flow of each reac-
reduced in situ in flowing k(0.003 mmol s) at 350°C for tant was maintained by Brooks mass flow controllers for
3 h for palladium and silver, and at 40G for 4 h for copper. CsHs/N2, Oz, and N. The reactants and products from
After, this sample was outgassed under vacuum at’@40 a possible incomplete combustion were separated by gas
for 16 h for palladium and silver, and at 200 for 20 h chromatography (Chrompack column 773) and then quan-
for copper. A double adsorption method was used: (i) first tified using a flame ionization detector (FID). The reactor
adsorption isotherm was measured, which includes bothfeeding consisted in 0.007 mmol’s of CgHg/No mixture
physisorption and chemisorption; (i) after a 2-h outgassing (2550 ppm of benzene in nitrogen), 0.009 mmdi sf oxy-
at 30°C for CO or at 150C (Ag) or 30°C (Cu) for &, gen, and 0.048 mmot$ of nitrogen. Catalyst pellets (0.1 g)
a second isotherm was measured which includes physisorpsieved between 0.2 and 0.315 mm were diluted in Z cm
tion only. Both isotherms are determined in the pressure of glass beads with the same diameter, previously checked
range of 108 to 2 x 10~1 kPa. The difference between to be inactive. Prior to each experiment, the Ag/Sihd
first and second isotherms gave the CO grcBemisorption Cu/SiQy catalysts were first activated and then stabilized.
isotherm [14—16]. The latter theoretically exhibited a hori- Activation was performed in situ at 13C, for 30 min, un-
zontal linear region corresponding to the complete coverageder flowing @ (0.009 mmol s1). Stabilization was obtained
of metallic sites by a monolayer of adsorbate. However the by letting the reaction take place at 18Dfor a period of 2 h
linear region of experimental chemisorption isotherms often at the end of which conversion reached an almost constant
exhibited a slope and the monolayer uptake was obtainedvalue. Then, conversion for Ag/Siand Cu/SiQ catalysts
by back extrapolation of the linear region to zero pressure was measured at temperatures increasing by steps°@ 20
[15-22]. from 160 to 360 C with three measurements every 15 min
for each temperature.
2.3. Catalytic experiments

2.3.1. 1,2-Dichloroethane hydrodechlorination 3. Results
(CICH2—CH2Cl + Hy)

The six Pd/SiQ catalysts were tested for this reaction, 3.1. Synthesis
which was conducted in a stainless-steel tubular reactor (in-
ternal diameter: 10 mm) at a pressure of 0.3 MPa. The  Synthesis operating variables of cogelled catalysts are
reactor was placed in a convection oven. A constant flow given in Table 1.
of each reactant was maintained by a Gilson piston pump  Gel time is the time elapsed between the introduction of
for CICH,—CH,CI and Brooks mass flow controllers fobH  the last reactant in the solution and the gelation in the oven
and He. The effluent was analyzed by gas chromatographyat 70°C. Gelation is defined as the moment when the liquid
(ThermoFinnigan with FID) using a Porapak Q5 packed does not flow anymore when the flask is tipped at an angle
column. Prior to each experiment, the Pd/giCatalyst of 45°. The comparison between samples inside the three
was reduced in situ at atmospheric pressure in flowing H series indicates that, at low EDAS concentration and also at
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Table 1
Synthesis operating variables, theorical and actual metal loading of PQ/&#I5i0,, and Cu/SiQ catalysts

Sample  nm? NEDAS NMTEOS  MH,0 ANHg  NCHzoH Geltime  Theorical metal loading Weight I&ss  Actual metal loading

(mmol)  (mmol) (mmol) (mmol) (mmol) (mmol) (min) (Wt%) +0.5% (Wt%) +0.1% (Wt%)
Pd0.4 0376 Q76 188 941 5 1890 80 ®B5 55 0.38
Pd1.1 1074 215 186 941 5 1890 30 01 100 111
Pd1.6 1369 274 186 941 5 1890 28 28 195 157
Pd2.4 1835 362 185 938 4 1890 26 172 310 245
Pd3.1 2289 458 184 938 P4 1890 26 25 315 3.07
Pd7.3 4811 962 179 930 2 1890 22 52 405 7.26
Ago0.4 0442 085 188 942 5 1890 170 012 55 044
Agl.0 1073 213 186 941 5 1890 51 102 25 104
Agl.5 1608 321 185 938 4 1890 50 1553 15 154
Ag2.6 2705 539 183 935 3 1890 50 58 00 258
Ag3.6 3832 763 181 932 2 1890 52 5 00 365
Cu0.1 0199 Q76 188 941 5 1890 150 a1 40 012
Cul.0 1757 720 181 935 3 1890 69 ®9 25 100
Cul.3 2282 916 180 932 2 1890 62 18 20 129
Cul5 2716 1086 178 930 2 1890 54 1552 10 153
Cul.7 3009 1210 176 927 30 1890 53 169 10 170
Cu2.1 3814 1531 173 924 0 1890 49 24 00 214
Cu4.5 8036 3208 156 902 22 1890 47 52 00 452

& nm, the metal precursor, is Pd(acad Pd/SiQ catalysts, Ag(OAc) in Ag/Si@ catalysts, and Cu(OAg)in Cu/SiQ, catalysts.
b Weight loss= 100x (mn —ma) / min, Wheremy, is the theorical mass aml; is the actual catalyst mass measured after drying, calcination, and reduction.

low metal precursor concentration since EDAS/metal pre- metal particles distributed in two families of different sizes:
cursor molar ratio is kept constant in each series, an increasesmall crystallites between 2 and 4 nm and large crystallites
in the EDAS and metal precursor concentrations decreasesgetween 10 and 30 nm (Fig. 1). In all catalysts, the mean di-
gel time. At higher EDAS and metal precursor concentra- ameter of small crystallitegrewmz, is the arithmetic mean of
tions, gel time tends to become less or nondependent on theso diameters of small metal particles measured on TEM mi-
amounts of those reactants. crographs. When large crystallites are present, their number

The actual metal loading in cogelled catalysts is some- js much smaller than for small crystallites and their mean
times higher than theoretical loading because the aCtua|diameter,dTEM2, is then estimated from an average of 3
catalyst mass aﬂgr drying, calcination, and reduction is {4 og crystallites. In each seriegrem: seems to decrease,
lower than theoreucal mass. In fact, some TEO__S and/or whereasdtemz seems to increase when the metal loading
EDAS sometimes remains unreacted and is volatilized dur- i, reases. Concerning localization of metallic crystallites, it
ing drying. This theoretical masa:y) is calculated from appears that cogelled catalysts are composed of silica par-
(1) ticles arranged in strings or aggregates, and although TEM
gives only a 2D view, it seems that small metal particles are
located inside silica particles, whereas large metal particles
are located at their surface (Fig. 1).

The mean size of metal particles has been also derived
from metal dispersionD, measured by CO chemisorption
for Pd/SiQ catalysts and @chemisorption for Ag/Si@and
Cu/SiQ catalysts. In the case of CO chemisorption over Pd,
it is well known that the chemisorption mean stoichiome-
try Xpgco, that is, the mean number of Pd atoms on which
one CO molecule is adsorbed, depends on metal dispersion,
D [23-27]. Joyal and Butt [26] have determin&gqco as
3.2. Dispersion and localization of metal a function of dispersion in Pd/SjCcatalysts and their re-

sults are used in an iterative method developed in the present

Table 2 gives metal partic|e size determined by TEM, by work to calculate metal diSperSion in Pd/SICbgelled cata-
chemisorption of CO (Pd catalysts) op QAg and Cu cata-  lysts: (i) the starting value of 2 is used f&bq co and a first
lysts) and by XRD. value of D is calculated from the CO monolayer uptake;

TEM analysis indicates that beyond a value of metal (i) by means of the table established by Joyal and Butt [26],
loading which is between 1 and 1.5 wt% in the three se- a new value oXp4co is determined which corresponds to
ries (Pd/SIQ, Ag/SiO,, and Cu/SiQ), all samples exhibit  the precedent value obtained for and that new value of

Mmth = nmMm + (nTEOS+ NEDAS) MSiO,,

whereny, is the amount of metal in the gel (mmoly, is

the metal atomic weightiteos andngpas are respectively
the amount of TEOS and EDAS in the gel (mmdsio, is

the molecular weight of Sig) 60.085 g mot?. In this equa-
tion, it is assumed that all TEOS and EDAS molecules are
converted into Si@. Results in Table 1 clearly show that, in
all Ag/SiO; and Cu/SiQ catalysts, the weight loss decreases
to 0% when the EDAS concentration increases. In Pd/SiO
catalysts, the behavior is different: the weight loss increases
with EDAS concentration.
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Table 2
Metal particle size and dispersion
Catalyst Actual metal TEM CO or £chemisorption XRD
loading (wt%) dtem1 (nm) oTEML (M) dtem2 (hm) oTEM2 (NM) dchem (nm) D (%) dxrp (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 46 24 11
Pd7.3 452 25 0.3 24 7 7.0 16 17
Ag0.4 0.44 4.0 0.5 a -a 4.2 28 b
Agl.0 1.04 36 0.3 a -a 4.8 24 b
Agl5 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
Cuo.1 0.12 4.2 0.6 a -a b b b
Cul.0 1.00 3.2 0.4 a -a 3.8 28 b
Cul.3 1.29 3.3 0.4 a -a 3.8 28 b
Culs 1.53 3.1 0.4 8 2 5.2 20 12
Cul.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 byoTElyk, oTeMm2, standard deviations associated with
dtem1 anddTtgmp, respectively;D, metal dispersion measured by chemisorptiddher, mean diameter derived from dispersion dxrp, mean size of
metal particles estimated from X-ray line broadening.

@ Not observed.

b Not measurable.

that one oxygen atom is joined with two surface copper
atoms, in accordance with the formulag@u Therefore, the
dispersion of copper in Cu/Sigxogelled catalysts is calcu-
lated from the @ monolayer uptake with a value of 4 for
Xcu-0,, Which is the number of Cu atoms on which ong O
molecule is adsorbed. DuringoCGhemisorption measure-
ments over Ag/SiQ and Cu/SiQ catalysts, it is important
to avoid the formation of silver or copper bulk oxide, which
could strongly falsify the dispersion calculation. This has
been checked by examining Ag and Cu cogelled catalysts by
XRD after @ chemisorption. No oxide phase is observed
which indicates that bulk oxidation has been avoided. Dis-
persion values are given in Table 2.

A mean diameterdchem Of Pd, Ag, and Cu crystallites

v i has been derived from dispersion values assuming those
- o crystallites to be roughly spherical in shape. Valueggém
Fig. 1. TEM micrograph of Ag2.6 sample (500,000 are given in Table 2. In each series, it is observed fhat
decreases, and s@nem increases, when the metal loading
Xpd-co is used to calculate a new value Bf (iii) the cycle increases. Moreover, at comparable metal loadings, higher
is repeated until convergence. dispersions are reached with Pd catalysts in comparison with

In the case of @chemisorption over Ag, Czanderna [28] Ag and Cu catalysts, the latter exhibiting similar values. One
and Sachtler et al. [29] suggested that the initial adsorp- has to note the agreement between TEM and chemisorption
tion of oxygen on a clean silver surface is a dissociative for samples containing, according to TEM analysis, one sin-
adsorption of an oxygen molecule on an ensemble of four gle family of particle size. In the case of sample containing
adjacent silver atoms. This result was also checked by Wangtwo families of particle size, values @khem are between
et al. [30]. Therefore, the dispersion of silver in Ag/3ih- dtem1 anddtemz.
gelled catalysts is calculated from the Monolayer uptake X-ray diffraction is the third experimental technique that
with a value of 4 forXag-o,, Which is the number of Ag  has been used to evaluate the size of metal crystallites.
atoms on which one ©molecule is adsorbed. In the case of A mean sizedxrp, has been calculated from Scherrer's
O2 chemisorption over Cu, Vasilevich et al. [31] suggested formula based on line broadening analysis (Table 2) [19].
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A comparison amongxrp, dtem1, anddrgmz in Table 2
shows that XRD and TEM results are in agreement since
dxrp values are betweefygym1 anddtemz values. However,

the mean diameter estimated from XRixgrp, is always
higher than the mean diameter estimated from chemisorp-
tion, dchem AS explained by Bergeret and Gallezot [19],
this is due to the fact thatxgp corresponds to a volume-
weighted average diametel, = Y n;d;'/ Y n;d?, whereas
dchem corresponds to a surface-weighted average diameter, 0.001
ds = Znid?/zmdiz (n; is the number of metal particles 0.1 1 10

of a given diametet;). In consequenceixrp gives more Pore size (nm)

weight to the Iarge.r particles thalghem which explains that Fig. 2. Pore-size distributions of fresh Ag3.4§ and tested Ag3.6<P)
dxrp values are higher thadynemvalues. samples.

o

o
[
=

Cumulative volume (cm3/g)

3.3. Texture of catalysts

The main textural properties of all samples are given in to each domain [8-11]. Examination of Fig. 2 shows that
Table 3. Ag3.6 sample is characterized by a steep volume increase

The catalyst apparent densityspp, that is, the density  around 0.8 nm followed by a plateau.
including closed pores according to IUPAC [13], has been Itis observed from Table 3 that the total pore volurvig,
measured by helium pycnometry. Values given in Table 3 thatis, the pore volume obtained by addition of pore volume
are very close to the true density, that is, the density exclud-measured by mercury porosimetry and cumulative volume of
ing pores according to IUPAC, of dried alkoxy-derived silica micropores and pores of width between 2 and 7.5 nm mea-
gels, that is 2.2 gom?® [32]. sured by N adsorption-desorption [8—11], decreases and the

Pore-size distributions over the micro- and mesopore size specific surface areageT, increases as the metal content
range are shown in Fig. 2 for fresh Ag3.6 sample, for ex- and therefore the amount of EDAS in the catalyst increases
ample, because all fresh Pd/SiQAg/SiOp, and Cu/SiQ in all series.
catalysts present the same trends over the micro- and meso- Texture and morphology of cogelled catalysts have been
pore size range. These curves were obtained by applying agiso examined by TEM and the size of Si@lementary
combination of various methods to their respective validity particles,dsio,, has been evaluated. Sizes given in Table 3
domains and by adding the porous volumes correspondingrepresent the arithmetic mean of 50 particles. It is observed

in the three series thakio, decreases as the metal loading

Table 3 and therefore the amount of EDAS in the catalyst increases
Sample textural properties (Table 3).
Sample Papp W SBET dsio, oSi0,
(@em®)  (emP/g)  (mP/g)  (nm) (nm) 34 Catalvi et

Pd0.4 2.070 5.0 315 8 24 4. Catalytic experiments
Pd1.1 2.092 3.2 365 19 1.3
Pd1.6 2.192 2.8 370 19 15 . .
Pd2.4 2920 26 475 15 10 It has been §hown in a previous paper [7] that. begause
Pd3.1 2.188 25 495 19 1.3 of the very particular structure of those catalysts diffusional
Pd7.3 2.256 2.0 570 8 15 limitations are avoided. Indeed, in Pd/SiCAQ/SIO,, and
Ag0.4 2112 5.5 200 33 1.8 Cu/SiQ xerogel catalysts, in order to reach active sites,
Agl.0 2.206 5.4 260 28 1.0 reactants must first diffuse through large pores located be-
ﬁg;'g g'igi ;"S g?g is 13 tween aggregates of Si(articles and then through smaller
Ag3.6 2934 28 465 18 19 pores bgtween those .elementary pamples |nS|dg th-e aggre-
Cuo.1 2110 73 245 60 48 g-a.tes. Fln-ally, they diffuse through micropores inside the
Cul0 2108 34 285 43 4.4 silica particles. It was shown that there is no problem of
Cul.3 2.190 3.3 365 43 32 mass transfer at each of the three levels. The Weisz modulus,
guig g-igg ;3 2;’8 g 2; which compares the observed reaction rate to the diffusion

ul. . . . .
Cuzl 5200 54 460 5 26 rate, has a valug much smaller than 1 at' .three dlgcrete lev-
Cu45 2238 13 570 1% 11 els (macroscopic pellet, aggregate of silica particles, and

papp apparent density measured by helium pycnometiy;total cumu- ele.mentary silica particle containing an active metalllc crys-
lative specific pore volumeSgeT, specific surface area obtained by BET tallite). So there are no pore diffusion limitations and the

method;dsjo,, silica particle diameter measured by TEd;jo,, standard observed rate is equal to the intrinsic rate of the chemical
deviation associated witthsio, - reaction.
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3.4.1. 1,2-Dichloroethane hydrodechlorination over 207

Pd/SO; catalysts
In Fig. 3, conversion as well agHg, CoH4, and GHsCI

selectivities are given as a function of time and temperature
over Pdl.1, for example. In fact, the results are the same
for all Pd/SIQ samples because as noted under Experimen-
tal, the mass of catalyst pellets has been adjusted for each
sample in order to obtain similar conversions between 10
and 20%. This has been done so as to allow a comparison of

1000 -

r (mmol st kg'lpd)
g

selectivities from one sample to another.
All Pd/SiO; catalysts mainly produce ethaneHg, with

a selectivity between 70 and 90%. Two secondary products

are observed: ethyl chloride 285Cl, and ethylene, gHa.
In each case, a temperature increase from 300 t6¢ Q58
beneficial to GH4 selectivity and detrimental tofElg and
CyHsCl selectivities. The examination of conversion curves
shows that a deactivation, which is faster at the beginning

2 4 6

palladium loading (wt%)

Fig. 4. Consumption rate of 1,2-dichloroethane7at= 300°C (J) and
T =350°C (M) as a function of palladium loading.

Fig. 4. It is observed that increases when the palladium
loading decreases.

of the catalytic test and when the temperature increases, is

observed with all samples.

The consumption rate of 1,2-dichloroethanes cal-
culated from chromatographic measurements oH&
C»yH5Cl, and GH4 concentrations in the reactor effluent and
from the differential reactor equation that is written as

r_FA+FCI+FE

W (Fno, Fcio, andFgo=0),

2)
wherer is the consumption rate (mmolgés—l), Fp is the
molar flow rate of ethane at the reactor outlet (mmd)s
Fpo is the molar flow rate of ethane at the reactor inlet
(mmols1), Fgy is the molar flow rate of ethyl chloride at the
reactor outlet (mmols!), Fcjo is the molar flow rate of ethyl
chloride at the reactor inlet (mmot$), Fg is the molar flow
rate of ethylene at the reactor outlet (mmot} Fgo is the
molar flow rate of ethylene at the reactor inlet (mniols
andW is the palladium mass inside the reactorg§g

For all Pd/SiQ catalysts,r has been calculated from
Eqg. (2) at the temperatures of 300 and 380 and these
results are presented as a function of palladium loading in

100

80

60

300°C 350°C | 300°C

40

20

Conversion, Selectivities (mol%)

T
0 :
0 5
Time (h)
Fig. 3. Hydrodechlorination of 1,2-dichloroethane over Pdl.1 sample.
(@) CICH,—CH,Cl conversion, [0) CoHg selectivity, (O) CoHg selectivity,
(A) CH3—CH,Cl selectivity.

3.4.2. Benzene oxidation over Ag/SO, and Cu/S Oz
catalysts

Fig. 5 shows benzene conversion as a function of time
and temperature for Agl.5 and Cul.5. Benzene conversions
from 160 to 200 C are so low for all Ag/SiQ and Cu/SiQ
catalysts that these data are not presented in Fig. 5. Under
experimental conditions used in the present test, benzene is
oxidized in O and CQ only.

In Fig. 5, an increase of conversion is observed when
the temperature increases. However a fast deactivation is ob-
served with Ag/SiQ catalysts beyond 28.

In order to analyze the catalytic results, it is necessary
to obtain intrinsic kinetic rates for benzene oxidation. With
the experimental conditions used, the reactor is not a dif-
ferential reactor because conversion is too high. The kinetic
rates are obtained by considering the reactor as an integral
reactor with the following assumptions: (i) for benzene ox-
idation on Ag/SiQ and Cu/SiQ catalysts, the kinetic rate
can be expressed as:= k[CgHs]"[O2]™. For the condi-
tions encountered in most volatile organic compound (VOC)
control applications, the concentration of oxygen is always
much larger than the concentration of the organic reactant
(for a feed of 250 ppm benzene in air,JIP[CesHs] &~ 840).
_220°C [ 240°C | 260°C [280°C | 300°C | 320°C

340°C | 360°C

—_
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Fig. 5. Conversion of benzene as a function of time for AgX®) @nd
Cul.5 1) samples.
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150 to give Ni(acac)(EDAS) [35]. This present study does
not establish the exact structure of complexes. Neverthe-
less, the formation of complexes [Pd(acdEDAS),]"*,
[Ag(OAC)(EDAS),1"*, and [Cu(OAc)}(EDAS),]"* can
be supposeds, y, andn can be different for each metal
complex. Therefore, some amino groups in EDAS molecules
A\A_ﬁ\ﬂ would not be involved in metal complexation and could thus
o , , , play their role of organic base; (ii) or by the growing con-
0 2 4 6 centration of the metal counteranion (acac or OAc), which
metal loading (wt%) behaves like a base and catalyzes TEOS hydrolysis and con-
densation. So when the amount of metal precursor increases

and therefore when the basicity increases, the gelling time
decreases in all series.

Thus because the oxygen partial pressure is essentially con- The weightlosses after drying under vacuum, calcination,

stant during the reaction, the rate observed depends only orfand r_eductio.n in Ag/Si@and Cu/SiQ catalysts are smaller
the concentration of benzene; (i) Gangwal et al. [33] ob- than in Pd/SiQ catalysts (Table 1). In fact, EDAS/Ag(OAC)

served a zero-order behavior for benzene on Pt—N@4l and EDAS/Cu(OAc) molar ratios are greater than the the-
catalysts. Although the catalysts used in this work are differ- Orétical stoichiometric ratios to complex Ag and Cu with
ent, itis, in first approximation, assumed that the kinetic rate EDAS, whereas the EDAS/Pd(acagyolar ratio is equal
expression ig = k. So the consumption rate of benzene 10 the theoretical stoichiometric ratio to complex Pd with
is calculated from chromatographic measurementsgbfsC EDAS. Furthermore, the metal precursors are AgOAc and

concentrations in the reactor effluent using the equation ~ Cu(OAc), for Ag/SIO; and Cu/SIQ catalysts wherever the
metal precursor for Pd/Silcatalysts is Pd(acag)The ion

1

r (mmOI s kg- metal)
g

1

w
=3
L

Fig. 6. Benzene consumption rate for Ag/Si€atalysts al’ = 260°C ()
and for Cu/SiQ catalysts af” = 360°C (A) as a function of metal loading.

r= M, (3) acetate is a base stronger than the ion acetylacetonate. So
w these higher amounts of EDAS, Ag(OAc), or Cu(OA@)
where r is the consumption rate (mmol Kétals—l), Fs Ag/SiO, and Cu/SiQ catalysts increase the gel basicity and

is the molar flow rate of benzene at the reactor outlet more strongly catalyze the reaction of TEOS condensation
(mmolst), Fgo is the molar flow rate of benzene at the re- than in Pd/SiQ catalysts. Finally, the gelling and drying
actor inlet (mmols?), andW is the metal (Ag or Cu) mass  under vacuum behavior and the decomposition temperature

inside the reactor (kgeta)- of organic moieties depend very strongly on the kind of
Fig. 6 presents for benzene oxidation as a function of metal [36].

metal loading at 260C for Ag/SiO; catalysts and at 36@ An important advantage of the cogelation method is the

for Cu/SiQ; catalysts. possibility to homogeneously disperse the catalytic metal

through the whole material, for example, inside the silica
particles. In the case of Pd/Si@ogelled aerogel catalysts
synthesized by Heinrichs et al. [6], it was suggested that
this localization of the palladium inside the silica matrix
was induced by a nucleation process initiated by the ligand
of the palladium, namely EDAS. Nucleation by EDAS was
The formation of the gels takes place in two steps. The verified b){7AIié et al. in xerogels without metall [8-11]. Fur-
first step consists in the formation of silica particles by thermore; /O NMR spectroscopy and rheological measure-
ments showed that the hydrolysis-condensation of EDAS is

hydrolysis and condensation of TEOS. The second step con-
sists in the aggregation of silica particles to form a silica much faster than that of TEOS [37,38]. So hydrolyzed EDAS

network. Those two reactions are accelerated by an increas_r.nolecul.es can actas anucleation agent Ieading to silica par-
ing basicity [12]. Heinrichs et al. observed for Pd—Ag/§iO ticles with a hydrolyzed EDAS core (where is located the

cogelled catalysts that gel formation is faster when the Metal in Pd/SiQ aerogel catalysts [6]) and a shell princi-
amount of metal precursor and therefore when the amountPally made of hydrolyzed TEOS.

of metal complexant (EDAS and AES, NHCH,)3—Si— In this work, TEM micrographs obtained for Pd/SiO
(OCyHs)3) increase [34]. In this study, when the amount of Ag/SiOz, and Cu/SiQ catalysts show metallic particles
metal precursor increases and therefore when the amountnside microporous silica particles. To establish the nu-
of EDAS increases, the solution basicity increases (i) be- cleation mechanism by EDAS and thus by the complex
cause either all amino groups of EDAS are not completely M"*(EDAS),, where M is palladium, silver, or copper, the
coordinated to a metal. Indeed, Trimmel et al. observed in relation between Sigparticle volume and TEOS and EDAS
Ni/SiO2 xerogel catalysts that Ni(acacjeacts with EDAS concentrations has been studied [6,8-11]. Thus, the volume

4. Discussion

4.1. Formation of the gel, structure of the resulting
xerogels, and nucleation phenomenon
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Fig. 7. Silica particle nucleation by EDAS (Pdl), Ag (), and Cu {)).

occupied of one Si@particle can be expressed by

(4)

wheredsio, is the diameter of Si@particles (nm), [TEOS]
and [EDAS] are the concentrations of TEOS and EDAS
(mol/l), andC is a constant.

In Eq. (4), dsio, has been measured by TEM for all
the samples and is given in Table 3. The curxié =
SI([TEOS] + [EDAS])/[EDAS]] for all the samples are
shown in Fig. 7. Itis observed that there is effectively growth
of silica particles when the ratio ([TEOS} [EDAS])/

d3, = C(ITEOS + [EDAS]) /[EDAS,
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Nevertheless, most of Pd/SiQexcept samples Pd0.4 and
Pd1.1), Ag/SiQ (except samples Ag0.4 and Agl.0), and
Cu/SiQ, (except samples Cu0.1, Cul.0, and Cul.3) xerogel
catalysts exhibit larger metallic particles (with a mean diam-
eter from 10 to 30 nm) and their number increases when the
metal loading increases.

In all catalysts, the results from TEM, chemisorption
(CO and Q), and XRD (Table 2) clearly show that the
greatest dispersions are obtained for low metal loadings.
Several reasons can induce this phenomenon: (i) disper-
sion increases as the silica particle size increases (Tables 2
and 3). In Section 1, it was demonstrated that when the ra-
tio ((TEOS]+ [EDAS])/[EDAS] decreases, i.e., as [EDAS]
increases, the silica particle size decreases. It then becomes
possible that metal particles are not completely coated with
SiO,. Gaps would exist which allow metallic crystallites
to migrate out of Si@ particles. The migration and coa-
lescence mechanism can then occur; (ii) the influence of
ammoniacal solution concentration on the dispersion of
metal is very important. Nkl has two functions. On the
one hand, the higher the NHoncentration, the more com-
plete the conversion of TEOS to SiOThis higher amount
of SiO, favors a better coating of metal particles by $iO
and metal dispersion is therefore increased. On the other
hand, metal complexation by NHncreases with ammonia

betweendgiO2 and the ratio ([TEOS} [EDAS])/[EDAS]

(M is Pd, Ag, or Cu) is not incorporated into silica par-

EDAS decreasetsgi , due to more nucleation sites. Silica
particles are much larger (9.8 nm dsijo, < 60 nm, Ta-

under vacuum, calcination, and reduction steps, metallic
particles formed from ammonia complexes are not trapped

ble 3) than the monodisperse micropores of 0.8 nm detectediy sjjica particles and can therefore migrate and undergo

by nitrogen adsorption in Pd/S¥QAQ/SiO,, and Cu/SiQ

coalescence. The metal dispersion values then decreases.

xerogel catalysts (Fig..2). Therefore, it can pe .reasonakl)ly Nevertheless, in all Pd/Si Ag/SiO,, and Cu/SiQ cat-
assumed that those micropores are located inside the SiO zlysts, ammonia concentration preserves a constant value.

particles.

4.2. Dispersion and localization of metal

Therefore, metal complexation by NHlecreases propor-
tionally when the metal loading increases. Furthermore, it
is observed in Table 2 that the metal dispersibnde-
creases when the metal loading increases. So it is concluded

In Section 4.1, the nucleation mechanism by EDAS and that an incomplete coating of metal particles by silica has

thus by the complex Ki"(EDAS), was demonstrated in
all Pd/SIQ, Ag/SiO;, and Cu/SiQ catalysts. Thus, the
metal crystallites with a size from 2.3 to 4.2 nmirfma,
Table 2) are located inside the silica particles. The lat-

a more important effect on the metal dispersibnthan
metal complexation by Nk} which could be a secondary
effect.

ter exhibit a monodisperse micropore distribution centered 4.3. Catalytic activity

on a pore width of about 0.8 nm (Fig. 2). So, this char-
acteristic width of the micropores is smaller than that of

A very important concern about cogelled catalysts is the

the metallic particles. It appears then that those metallic accessibility of the active centers. Because the metal (pal-
particles located inside the network of silica do not mi- ladium, silver, or copper) is located inside silica particles,
grate outside the silica particle. These results confirm againthere is a risk that it may not be accessible. The values
Heinrichs et al.'s works for Pd/SiOaerogel catalysts and of V, in Table 3 show that the ability of drying under
Pd-Ag/SiQ xerogel catalysts [6,34]. Furthermore, Ruck- vacuum to retain porosity is high, but do not prove the ac-
enstein an co-workers [39,40], Zou and Gonzalez [41], cessibility of palladium, silver, or copper. Nevertheless, it is
and Serykh et al. [42] confirmed in Pd/SICPY/SI&, and observed in Table 2 thatrem1 = dchemfor samples with one
Cu/SiQ catalysts that the final crystallite size distribution metal particles series (metal loadirg 1.5 wt%) and that
can be strongly governed by the porous texture of sil- dremi < dehem < dTEM2 fOr samples with two metal par-
ica. ticles series (metal loading 1.5 wt%). So in each case,
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0.5 7
metal particle sizes obtained by CO and hemisorption

measurements are related to TEM measurements. The con-
vergence of TEM and chemisorption measurements proves
metal particles located inside silica particles are completely
accessible.

A high activity of a metal catalyst often calls for a large
active surface area and, thus, for small particles, i.e., a high
dispersion of the active phase. For all Pd/gi€atalysts,
it is observed from TEM, chemisorption, and XRD mea-
surements (Table 2) that the metal dispersibndecreases
when the metal loading increases; i.e., the metal particle size
increases with the metal loading. It is observed in Fig. 4 Fig. 8. TOF as a function of metal dispersion for Pd samples (GIcH
that the specific consumption rate of 1,2-dichloroethane, ~ CH2Cl hydrodechlorination) ar” = 300°C (C) and T’ = 350°C (M), for
decreases when palladium loading increases. From result gﬁ'amp'ei (@t'_"ﬁ Cog‘tf‘;g%ﬂ)caizzeo C (<), and for Cu samples
in Fig. 4 and Table 2, it is concluded that Pd/gigxtiv- 6o combustion) af = 360°C (4).
ity decreases when palladium loading increases, i.e., when
palladium dispersion decreases. So the catalytic tests ofO2 chemisorption measurements of Agl.5 samples tested
1,2-dichloroethane hydrodechlorination with Pd/Siata- for 12 h at 260 and 36TC give values of metal dispersion,
lysts confirm again the evolution of metal dispersion with D, equal to 20 and 6%, respectively. These results indicate
metal loading. The same trend is observed for AgsSa@d that the value oD for the Ag1.5 sample tested at 280 is
Cu/SiQy catalysts for benzene oxidation. In Table 2, the equal to the value oD for the fresh Ag1.5 sample. So up
silver and copper dispersiol), decreases when the metal to 260°C, no deactivation is observed in Ag/SiGatalysts
loading increases, i.e., the metal particle size increases withduring benzene oxidation. From 280, the metal disper-
the metal loading and in Fig. 6, the specific benzene con- sion, D, of Agl.5 sample decreases from 20% to reach the
sumption rater, decreases when silver and copper loading value of 6% at 360C. TEM analyses indicates that silver
increases. From results in Fig. 6 and Table 2, it is concluded particle sizes are similar values in fresh Ag1.5 sample and
that Ag/SiG and Cu/SiQ activity decreases when metal Agl.5 sample tested at 36Q and that no sintering is ob-
loading increases, i.e., when metal dispersion decreases. Séerved in these samples. So the metal disperdiorf Ag
the catalytic tests of benzene oxidation with Ag/gi@nd samples tested for benzene oxidation at 380s equal to
Cu/SiQ, catalysts confirm again the evolution of metal dis- 6% because @molecules do not reach silver particles in-
persion with metal loading. side silica network because of pore fouling. No deactivation

For benzene oxidation, Ag/Siatalysts have a greater for Cu/SiQ; catalysts is observed after benzene oxidation. In
activity than Cu/Si@ catalysts. In the case of metal cata- fact, Sget of fresh Cu4.5 is equal to 5707y (Table 3) and
lysts on FeOs, Sciré et al. [43] observed that the activity Sget of tested Cu4.5 is equal to 375 1ty.
toward the oxidation of volatile organic compounds (VOC) The turnover frequency (TOF), that is, the number of
has been found to be in the order AugPg > Ag/FeO3 > molecules consumed per surface metal atom and per second,
Cu/FeO3 > Fe0s in the range of temperature investi- for 1,2-dichloroethane hydrodechlorination and benzene ox-
gated (100-408C). In this work, the same trend toward idation is presented in Fig. 8 as a function of metal disper-
the oxidation of benzene has been found to be in the ordersion. Nevertheless, in Fig. 5, a fast deactivation is observed

o S S

10

20 40 50

Metal dispersion (%)

30

Ag/SiO, > Cu/SiIQy > SiO, (completely inactive). How-
ever in Fig. 5, a fast deactivation is observed with Agl.5
sample from 280C. This deactivation could arise from a

for Ag/SiO; catalysts from 280C and no deactivation is ob-
served for Cu/Si@ catalysts. It is for this reason that TOF
is calculated at temperatures of Z&Dfor Ag/SiO, catalysts

change of active site surfaces or from the disappearanceand 360 C for Cu/SiQ catalysts. Itis observed in Fig. 8 that

of catalyst porosity. It seems that XRpattern of Ag3.6
tested for 12 h atf’ = 360°C for benzene oxidation al-
ways shows characteristic Ag—metal peaks and no AgO or
Ag»20 peaks. Nevertheless, the specific surface &fgay,

of fresh Ag3.6 is equal to 465 #yig (Table 3) andSgeT

of tested Ag3.6 for 12 h at 36 is equal to 35 rfyg. In

Fig. 2, pore-size distributions over the micro- and mesopore

size range are shown for fresh Ag3.6 and tested Ag3.6 sam-

benzene oxidation TOF remains constant with metal load-
ing and therefore metal dispersion. TOF values are equal
to 0.04 s for Ag/SiO, catalysts atl' = 260°C and are
equal to 0.015s! for Cu/SiQ, catalysts afl’ = 360°C. It
seems that benzene oxidation is a structure-insensitive re-
action too. Papaefthimiou et al. [44] measured a TOF of
0.02 s'1 at 180°C for benzene oxidation with Pd/#D3 and
Pt/Al,O3 catalysts, and in this case also, benzene oxidation

ples. It is observed that micropore volume decreases veryis a structure-insensitive reaction. For Pd/Siatalysts, al-

strongly in tested Ag3.6 sample. So after benzene oxidation
for 12 h atT = 360°C, micro- and mesoporosity of silica

network disappear by pore fouling preventing benzene from
reaching silver particles inside silica network. Furthermore,

though a light deactivation is observed at 3&0in Fig. 3,

metal dispersion of fresh catalysts is used to calculate TOF
at 300 and 350C because CO chemisorption measurements
for tested Pd2.4 give a value of 24% for metal dispersion
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instead of 28% for fresh Pd2.4. It is observed in Fig. 8
that TOF for 1,2-dichloroethane hydrodechlorination over
Pd/SiQ catalysts remains constant with metal loading, and
therefore metal dispersion, @t= 300°C and7T = 350°C.

Although the structure sensitivity of C—CI hydrogenolysis
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