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Impregnation and sol-gel preparation methods are compared. Only when prepared by sol-gel
synthesis, ruthenium is incorporated in the silica network; RuO, particles are observed, but most
Ru is occluded in the silica network. The ruthenium migrates to the surface with thermal treatments
and small particles are formed. In the case of impregnated catalysts only RuO, particles are
observed. Their diameter is larger when the catalyst is treated at high temperatures. ortho-Xylene
hydrogenation was performed on these two kinds of catalysts. The deactivation and selectivity

values are attributed to the structural differences of the catalysts.

INTRODUCTION

The discovery of metal support interac-
tion has initiated new and vigorous studies
on metal supported catalysts (/-3). The na-
ture of this interaction has been attributed to
an electronic effect (metal-support electron
transfer) (¢4—6), or to contamination of metal
particles by the support (7-11).

Platinum (¢4, 5, 7), palladium (6, 12), or
rhodium (3, 14) has generally been chosen
to study metal support effects. Indeed, they
are very active metals and are not easily
deactivated. Nevertheless ruthenium is
known to be more active than platinum or
palladium for many reactions of hydrocar-
bons (15-17), although it is difficult to study
supported Ru because of its high rate of
deactivation (I8). In the case of supported
ruthenium, preparation methods determine
the structure of the final solids (/9-22). It
seemed, therefore, interesting to study
metal-support effects in Ru/SiO, . The cata-
lysts of this work were prepared by impreg-
nation and also by a nonconventional tech-
nique, sol-gel, whose advantages are as
follows:

(1) The support is synthesized from an

247

© 1992 Academic Press, Inc.

organometallic compound (alkoxide) con-
taining dissolved ruthenium from the begin-
ning of the reaction. Hence, the resulting
products have a very high purity. The main
advantage of the sol-gel preparation is the
solution homogeneity (alkoxide + solvent
+ H,0 + Rusalt), which gels after a precise
reaction time. The reactions describing the
phenomenon are shown in Fig. 1.

(2) An inorganic network including Ru
is easily formed. Silanol =Si—O0OH) and
ethoxy (=Si—OEt) intermediates con-
dense. Nucleophiles &=Si—O ™) then inter-
act with the partially dissociated RuCl; and
=Si—O—Ru species are generated. The
resulting gel contains a considerable amount
of water and ethanol. These are desorbed
at 110°C and organic groups disappear at
350°C, but the silica surface remains par-
tially hydroxylated even at high tempera-
tures (23). Metal oxide particles (RuQ,)
have been detected by X-ray diffraction and
the size and shape of the corresponding
peaks are different from the size and shape
observed in impregnated catalysts (24).

(3) When these catalysts were tested with
benzene hydrogenation and n-pentane hy-
drogenolysis reactions, a metal-support ef-
fect was observed. It was explained as a
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FiG. 1. Gelation of catalyst precursors.

metal-support interaction via surface OH
groups (25). Still, ruthenium is easily deacti-
vated by coke formation: partially dehydro-
genated aromatic hydrocarbons polymerize
and give rise to coke. In Ru/SiO, (sol-gel),
deactivation is greatly diminished because
polymerization deactivation reactions are
structure sensitive, and in these catalysts
small SiO, islands on the metallic particle
surface are present (25).

One would expect that the possible role
of metal-support effects would be magnified
in catalysts prepared by the sol-gel method,
giving the promising results of previous
work (9, 24, 25). The objectives of the pres-
ent work are to describe the metal-support
interaction between Ru and SiO,, and to
explain mechanistically structural changes
in the catalysts. The o-xylene hydrogena-
tion reaction is used as a catalytic test for
structural features and support interactions.

EXPERIMENTAL
Catalyst Preparation

Ru-SG-3. Tetraethoxysilane, 24.1 ml,
was refluxed with 10 ml of ethanol, 1.5 ml
of NH,OH, and 0.444 g of RuCl; - 3 H,O for

10 min. Afterward 10 ml of water was added
and the reflux was maintained until gel for-
mation. The metal content was 3 wt% Ru.

Ru-Imp-3. Six grams of sol-gel silica
(i.e., silica prepared from tetraethoxysilane
at pH 9 and calcined at 400°C in air for 12
h) was conventionally impregnated with a
solution obtained by adding 20 ml of water
t0 0.462 g of RuCl; - 3 H,O. The metal con-
tent was again 3 wt% Ru. The resulting cata-
lysts were dried at 70°C for 12 h in air (fresh
catalysts) and then calcined at 200, 400, 600,
and 800°C for 4 h in air.

Characterization Techniques

IR and UV-VIS (diffuse reflectance). The
catalysts, as solids, were characterized by
IR spectroscopy with a MX-1 Fourier
Transform Nicolet spectrometer. Pressure
was applied to the catalyst powder (no KBr
was used) until the peliet was transparent.
The UV-VIS (diffuse reflectance) spectra
were obtained with a Cary 17D Varian spec-
trograph.

X-ray diffraction techniques. A Siemens
D 500 diffractometer coupled to a copper
anticathode X-ray tube was used to obtain
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the diffraction pattern of each catalyst. The
CuKa wavelength was provided by a nickel
filter. When RuQO, peaks were observed,
they were measured by step scanning.

X-ray diffractograms were also obtained
with a molybdenum anticathode X-ray tube.
The MoK radiation was used with a dif-
fracted beam monochromator, making it
possible to reach the recommended high val-
ues of the angular parameter (s = (4 7 sin
8)/\, where 0 is the diffraction angle and A
the wavelength). The intensity values, read
at intervals A 20 = ($)° from 20 = 3° to
26 = 130° were the input data for the Magini
and Cabrini program (26). The radial distri-
bution function was then obtained and inter-
preted in terms of the reported interatomic
distances.

The small angle X-ray diffraction curves
were obtained with a Kratky camera. In this
case, a Zr filter selected the MoK« radia-
tion. As the beam was “‘infinitely high,”’ the
particle size distributions were obtained in
the ‘“‘two-phase’’ case (27). The particle ge-
ometry was assumed to be spherical; this
hypothesis, as shown elsewhere (28), is a
good approximation. Instead of volume dis-
tributions, surface distributions are pre-
sented to facilitate the comparison with ad-
sorption measurements (29). As areference,
a mean diameter was also estimated from
the SAXS surface area values: D = 6/(pS);
p is the density and S the surface area. This
surface area is obtained from the Porod co-
efficient and has been discussed by Renou-
prez et al. (28).

Catalytic Experiments

The o-xylene hydrogenation was per-
formed in a conventional differential flow
reactor coupled to a gas chromatograph in
order to analyze the products of the reac-
tion. The reaction rate measurement was
carried out at atmospheric pressure and
100°C. The partial pressures were 3.9 and
756 Torr for o-xylene and hydrogen, respec-
tively. The products detected under these
conditions were only 1,2-cis- and trans-
dimethylcyclohexanes. The conversion of
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Fi1G. 2. Fresh Ru~-SG-3 catalyst UV-VIS (diffuse
reflectance) spectrum.

o-xylene was kept below 5.0% by varying
the catalyst masses. During the reaction
some deactivation was noted as a function
of time.

RESULTS

UV-VIS (diffuse reflectance) study. In
our sol-gel catalysts, the ruthenium com-
pound was a d° complex whose basal state
configurationis [21,, (xy, xz, y2)]°. This type
of complex has an intense charge transfer
absorption band in the ultraviolet. In the
visible spectrum four bands due to d-d tran-
sitions were observed. These four bands
have an intensity much lower than that of
the charge transfer band. In Fig. 2 the fresh
Ru-SG-3 catalyst spectrum is shown.
The intense charge transfer band found at
325 nm must be assigned to an electron
transfer between chlorine ions 7 orbitals
and d metal orbitals [# 17,, — 2 ty,]. The
other d-d bands can be attributed to the fol-
lowing transitions between basal state and
the excited states of the metal d orbitals
30, 31):

Ty Ty, (750 nm)
T,,—*T,, (600 nm)
Th—A,, (680 nm)
0, —24,, (500 nm).
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Two of these transitions are spin-
forbidden and are often observed as shoul-
ders, whereas the allowed transitions have
a high intensity band.

Nucleophiles =Si—O~ interact with the
metal atoms and weaken the Ru—Cl bond.
Also, Ru can be coordinated to the H,0
molecules present in the reacting environ-
ment as well as with support OH groups
producing the hexacoordinated complex
[RuCL.(OH),(H,0),] on the support surface.

The fresh Ru-Imp-3 catalyst has a spec-
trum very similar to that of the fresh
Ru-SG-3; the only significant difference is
the fading of the band observed at 600 nm
and a small shift of CT and d-d bands. Such
a fading can be attributed to the absence of
H,O in Ru~Imp-3 in the metal coordination
sphere. The d-d bands are slightly shifted
toward low energy because in Ru-Imp-3
catalyst, nucleophiles =Si—O0~ do not in-
teract with the metal.

IR spectroscopy study. The characteristic
IR bands of the catalysts are shown in Fig.
3. The fresh Ru—~SG-3 spectrum has a band
at 3837 cm ! and a shoulder at 3420 ¢cm™!
attributed to OH groups. Water and ethanol
incorporated into the gel structure are the
cause of the four small peaks in the 3600 to
3450 cm™~! region, but the main peak (3400
cm™Y) is due to silanol groups. At 2929,
2898, and 2352 cm ™~ ! come three sharp peaks
corresponding to C—H stretching vibra-
tions (symmetric and asymmetric) of ethoxy
groups occluded in the gel. The water O—H
bending band is at 1628 cm™!. In the low-
energy zone of the spectrum, silica bands
are observed, 1176 and 1082 cm~! (Si—O
stretching vibration), 801 and 614 cm™!
(Si—O~ bending vibration), and 466 cm !
(~O—Si—O~ bending vibration). This cat-
alyst also has a band at 1394 cm ™!, which
is characteristic of the H—C—H bending
vibration of an ethoxy group. At 965 cm™!
one finds the stretching Si—OH vibration
that masks the Ru—O vibration.

If the catalyst is calcined at 200°C, the
bands at 3800 and 3400 cm ™! disappear and
only a single weak band remains; the same
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F1G. 3. IR spectra of Ru-SG-3 catalysts: (a) fresh,
(b) 200°C treated, (c) 400°C treated, (d) 600°C treated,
and (e) 800°C treated.

happens with the 1628 ¢cm™! band, which
decreases in size until fading. These modi-
fications are caused by loss of occluded wa-
ter as well as by dehydration:

€ —Si—0—Si= + =Si—OH + H,0

When bands corresponding to C—H
bonds disappear, organic groups are not
present in the sample. The silica bands shift
to slightly lower frequencies.

If the solid is treated at 400 and 600°C
the Si—OH stretching band moves to 3435



Ru/Si0, SOL-GEL CATALYSTS

% TRANSMITTANCE

3000 1800 1000 600
WAVENUMBER (em™')

1
4600

FiG. 4. IR spectrum of Ru-Imp-3 catalyst (400°C
treated).

cm ™! as the structure is modified. Hydroxyl
groups are now weakly bonded to the sur-
face. At 800°C only a band at 3197 cm ™' is
observed indicating that silica is partially
hydroxylated even at that temperature. The
silanol’s band at 960 cm ~! fades entirely, at
600°C and, in that frequency range, only
the 957 cm ™! band due to the Ru—O bond
remains.

In the case of the conventionally impreg-
nated catalyst (Ru-Imp-3) treated at 400°C
in air, the IR spectrum is similar to the sol-
gel preparation but with remarkable shifts.
The OH stretching band is found at 3107
cm™~ ! because, as there is no metal incorpo-
rated in the silica network, the strength of
the Si—OH bond diminishes. An OH bend-
ing vibration and an Si—OH stretching vi-
bration are located at 1630 and 949 cm !,
respectively. In this preparation the sol-gel
silica is chemically stable before impregna-
tion. Typical bands of the support are
shifted to higher frequencies (i.e., Si—O
stretching: 1220, 1097 and Si—O bending:
662, 473 cm™Y). The Ru—O band is now
located at 900 cm !, which is the expected
value for Ru—0O0 bond in RuO,; see Fig. 4.

X-ray diffraction. Conventional X-ray dif-
fraction results have been summarized in a
previous paper (24). In impregnated as well
as sol-gel preparations (Ru-Imp-3 and
Ru-SG-3), RuO, was identified but the size
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and the shape of the studied peaks (110 and
101) varied. If 400 and 800°C Ru-Imp-3 cat-
alyst diffractograms are compared, RuO,
peaks in 400°C treated solid are clearly
asymmetric. In the case of the Ru-SG-3
catalysts such asymmetry is not observed
but the RuO, peak, in the 400°C treated sol-
gel solid, is very small.

Radial distribution function. As ex-
pected, each peak of silica sol-gel corre-
sponds to an interatomic distance in amor-
phous silica; ie., Si—O = 1.72 A,
Si—Si = 2.95 A; Si—O = 4.16 A; and
Si—Si = 5.05 A. The interpretation has
been conducted in terms of the well-known
studies reported by Warren et al. (32).

Ifit is assumed that the Ru~Imp-3 (400°C)
is just a mixture of SiO, and RuOQ,, its radial
distribution function should be a series of
peaks corresponding to the SiO, and RuQ,
interatomic distances (RuO,: 2.07, 2.29,
3.11, 3.57, and 4.55 A). In Fig. 5, the mea-
sured radial distribution function of the 400
and 800°C Ru~Imp-3 are compared.

Let us first discuss the 400°C treated cata-

Si-0 Si-Si Si-0 Si-Si
RDF 172 295 416 805

; —— 400°C

— 800°C

2.0 4.0 6.0 r{A)

FiG. 5. Radial Distribution function of Ru~Imp-3:
(— 800°C; ---- 400°C).
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TABLE 1

Radial Location (A) of the Peaks Present in Ru-Imp-3 Catalysts

Si0, Si0, Ru-Imp-3 RuO,
(bibliography) (this work) (estimated)
400°C 800°C
Si-O r =170 1.72 1.64 1.57 Ru-0 ro= 2.07
2.31 2.44
0-0 r= 2729
Si-Si r = 2.55 2.95 2.86 2.91
Ru-0O r = 3,11
3.60 3.67 3.63
(shoulder) Ru-Ru r = 3.57
Si-0 r=4.20 4.16 4.16 4.01
4.44 4.44 Ru-Ru r = 4.55
(shoulder)
Si-Si 5.05 5.04 5.03

lyst. The peaks corresponding to the silica
are easily recognized (r = 1.64, 2.86, 4.16,
and 5.03 A), albeit slightly shifted from the
pure silica values. Peaks of 2.31, 3.67, and
4.44 A remain to be accounted for, thus they
must be attributed to RuQ, interatomic dis-
tances. Again, these values are shifted from
those expected for a pure RuO, crystal. In
Table 1, the peak to peak comparison is
presented; note that only the first two SiO,
peaks are slightly displaced; this shift falls
into the experimental uncertainty (Ar = =
0.05 A). It is known that the larger the radial
distances (r) the smaller the errors.

If the catalyst Ru~-Imp-3 is treated at
800°C the radial distribution is slightly modi-
fied. First, the long-range order peaks are
narrower and better resolved; for instance
the peak at 4.44 A is now very well defined.
Hence, the material is more crystalline. But
again, if this radial distribution function is
compared to the radial distribution function
of the 400°C treated material, the shifts in
the peak positions do not seem to be signifi-
cant as they fall in the range of experimental
error.

Figure 6 and Table 2 summarize our re-
sults in the case of the sol-gel catalysts
(Ru-SG-3). The 400°C treated catalyst is
the most interesting and must be explained
first. The Si—O distance (in SiO, tetrahe-

dra) is again lower than the one found in
pure silica. A peak at r = 2.10 A is clearly
resolved but the peak at r = 2.44 A is not
seen. It turns out that the sum of ionic radii
(Ru**and O %) is exactly 2.07 A: ruthenium
is then bonded to oxygen but not as in the
RuO, structure, it must be occluded into the
silica network. Then comes the 2.93 A peak
which must be attributed to a Si—Si dis-
tance. The next peak, at r = 3.70 A, can be
due to a Ru—Ru distance in RuO,.

If Ru—-SG-3 is treated at 800°C, the silica

Si-0
4.6

Si-Si
5.05

Si-0
172

Si-Si

RDF zse

!
| i— 400°C

2.0 4.0 6.0 r (R

Fig. 6. Radial Distribution function of Ru—-SG-3:
(— 800°C; - 400°C).
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TABLE 2
Radial Location (A) of the Peaks Present in Ru-SG-3
Catalysts
Si0, Ru-SG-3 Ru0,
(this work) (estimated)
400°C 800°C
Si-O r=172 1.59 1.79
2.10 Ru-0O r=2407
(in silica network)
2.63 0-0 F=229
Si-Si ro= 295 2.93 3.06
3.60 3.70 3.90 Ru-O r =311
(shoulder)
Ru-Ru r = 3.57
Si-O r = 4.16 4.31 4.45
Si--Si r = 305 5.02 5.29

network tends to assume a pure silica struc-
ture. The distance r = 2.10 A assigned to
a particular Ru environment disappears. It
seems then that these Ru—O bonds perturb
the silica network; instead, the distance r =
2.63 A is now observed. This value must
be correlated to the 2.44 A value found in
Ru-Imp-3 (800°C). The environment must
be very similar to the one found in the
Ru~Imp-3 sample, i.e., RuO, particles and
noncrystalline SiO,. This observation is
confirmed if peaks at 3.90 and 4.45 A are
compared to 4.01 and 4.44 A peaks found in
the Ru-Imp-3 (800°C).

Small angle X-ray scattering. The particle
size distribution of Ru—-Imp-3 (400°C) has
two maxima, the firstone at D = 12 A and
the other one at D = 44 A; Fig. 7. These
values are in agreement with the mean diam-
eter obtained from Porod’s law. If the
Ru-Imp-3 catalyst is treated at 800°C, the
mean diameter is 66 A and the particle size
distribution maxima are located at 18 and 48
A. As expected, the RuQ, particles have
sintered. Although such behavior can be
predicted in impregnated catalysts, this is
not the case in sol-gel catalysts.

The particle size distribution of the
Ru-SG-3 (400°C) is broad (from D = 54 A
toD = 116 A), the maximum of the distribu-
tion is found at D = 94 A; Fig. 8. If the
mean diameter is estimated from the SAXS
specific surface value, itis D = 267 A. Thus,
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Fs(D)

— 5 800°C

S 400°C
50 DtA)

Fig. 7. Particle size distribution of Ru-Imp-3:
(— 800°C; ---- 400°C).

a large portion of particles have a size larger
than 150 A and the particle size distribution
shown here does not represent all the parti-
cles. If the Ru-SG-3 is treated at 800°C, the
mean diameter is 120 A. The particle size
distribution maxima are now found at 42 and
72 A. Inthis case, metal particles are smaller
than those found in the Ru-SG-3 (400°C)
preparation. Table 3 summarizes these re-
sults.

Catalytic activity. In Table 4, activities
and selectivities for the various catalysts are

FstD)

DtA)

FiG. 8. Particle size distribution of Ru-SG-3:
(— 800°C; ---- 400°C).



254

TABLE 3

SAXS Results, the Mean Diameter Obtained from
Porod Approximation (D) Is Compared to the Particle
Size Distribution Maxima

Catalysts Temperature D (10\) Particle
size dist.

maxima

(&)

Ru-Imp-3 400°C 33 12 44
Ru-Imp-3 800°C 66 18 44
Ru-SG-3 400°C 267 94
Ru-SG-3 800°C 120 42 72

reported. Since deactivation occurs as a
function of time, initial rates and the deacti-
vation constant were calculated applying
Levenspiel’s model (33) in a manner similar
to that used for Rh/Al,O; catalysts (34).

The model is for parallel deactivation with
a rate described by

rate = K,C%a,

where a, the fractional remaining activity
decreases as

K, is the rate constant for the deactivation
reaction, C, is the reactant A concentration,
n is the reaction order for conversion of
reactant A, »n’ is the order of concentration

LOPEZ ET AL.

dependency of the deactivation, and d is the
order of deactivation.

The Levenspiel approach is to hold C,
constant in time and space, lumping con-
stants

K'=KC, and K;= K,Cl'.

The integrated result is

<WCA0>(d_1) . <CA0 - CA>(d-1)
F h K’

Cpo = C, 4"
+ (M> (d - DK,

K!
where F 4, is the feed rate and W is the mass
of catalyst. This can be rearranged to give

< Fu W47
)

F,.\“4-D
+< A0>
K'wW

where X is the fractional conversion. Now
if deactivation is second order, d = 2 (34)
and if the conversion is so low (<5%) that
the concentration can be considered con-
stant throughout the reactor and throughout
the duration of the experiment, the slope
(K,) is proportional to the lumped deactiva-
tion rate constant (K) divided by the initial
reaction rate (K'). The experimental slope
obtained following the Levenspiel’s model

1 p—
X@d-n "

d- Kt

TABLE 4

Activity, Selectivity, and Deactivation Constants for Ru/SiO, Catalysts in the
o-xylene Hydrogenation at 100°C

Catalysts K, (10% K’ (107 K;(10% S %) Activity
(min™!)  (mol/gcats) (K.-K) K'D (a.u.)
Ru-Imp-3 (400°C) 3.2 21.3 68 95 703
Ru-Imp-3 (800°C) 153.8 4.4 670 96 290
Ru-SG-3 (400°C) 33.2 8.1 270 95 2162
Ru-SG-3 (800°C) 1.7 11.3 20 93 1356

Note. K., experimental slope; K, initial rate; K¢, deactivation constant; S, selectiv-

ity (% of 1,2 cis-dimethylcyclohexane).
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F1G. 9. Deactivation of o-xylene hydrogenation of
Ru/SiO, catalysts treated in air at different tempera-
tures: (X) Ru—-SG-3 (400°C); () Ru-Imp-3 (400°C);
(O) Ru~SG-3(800°C); (A) Ru-Imp-3 (800°C).

for the Ru-Imp-3 and Ru~SG-3 catalysts
is shown in Fig. 9.

The experimental values of the slope K,
(obtained from the Levenspiel model), the
initial reaction rate K’, and the deactivation
constant K are reported in Table 4. The
results show that the deactivation constant
depends strongly on the temperature treat-
ments and on the preparation method of the
catalysts. The highest value of K} corre-
sponds to the 800°C Ru-Imp-3 catalyst and
the smallest value is obtained in 800°C
Ru-SG-3 samples. Note, also, in this table
that the initial rates as well as the selectivi-
ties to the cis product are less sensitive to
such effects. It seems, then, that in sol-gel
catalysts the principal effect of the prepara-
tion method (i.e., impregnation of the sup-
port or addition of the precursor into the gel)
is observed on the side reactions such as
deactivation.

DISCUSSION

Structure

The X-ray diffraction results must be in-
terpreted in terms of bulk structure. The
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main difference between ruthenium impreg-
nated and ruthenium sol-gel solids treated
at 400°C is a peak at r = 2.10 A in the radial
distribution function. Also, an asymmetric
large peak is seen in X-ray diffractograms,
if the catalyst is impregnated, but only a
small peak is observed if the catalyst is pre-
pared via the sol-gel technique. Therefore
Ru, in impregnated catalysts, is oxidized as
RuO, and the structure of the solid can be
visualized as noncrystalline SiO, support
and small RuO, particles whose crystallinity
is not perfect (strain between planes).

The Ru-SG-3 (400°C) has RuO, metal
particles; the silica support is not crystalline
but some ruthenium was detected to be in a
nonrutile-like crystallographic system. As
the preparation is homogeneous, it is diffi-
cult to accept that ruthenium, linked to oxy-
gens (from the support) is inhomogeneously
distributed. Therefore, ruthenium must be
incorporated in the silica network.

Such a proposition is strengthened by
FTIR measurements. In Ru-Imp-3 (400°C)
catalyst, the IR bands are shifted to higher
frequencies, but the band due to the Ru—O
bond is found at 900 cm ~! (as in RuO,). Then
the following mechanism can be proposed:

OEt
;‘ RuCly
EtO—Si—OEt + H,0 —

l
OEt

=Si—0—Si=
| | | —{Ru(OH),Cl,]
OH

Ruthenium is octahedrally coordinated on
the support surface as was shown by
UV-VIS spectroscopy.

Instead, in the Ru~SG-3 (400°C) sample,
the Ru—O IR band is found at 957 cm™~!,
the shift to higher energy shows that Ru—O
bond strength increases in the catalyst. Such
shifts suggest that some ruthenium must be
incorporated in the silica network (Fig. 1).

The structure shown in Fig. 10 can be
proposed to explain how ruthenium is oc-

OH
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FiG. 10. Suggested structure of ruthenium atoms in
the sol-gel silica network.

cluded into the silica network (35). Note
that, although a chlorine~-OH interaction is
present in both preparations, it is stronger
in sol-gel catalysts. Ruthenium is known to
be easily coordinated to H,O or OH groups;
in sol-gel catalysts, this bonding is favored
because the metal is in contact with such
species even before the gelation point.
Hence, in 400°C treated solids, the
Ru-Imp-3 structure is the conventional
one. An interesting observation is that the
particle crystallinity suffers strain. In
Ru-SG-3, some ruthenium is incorporated
into the silica network whose structure is
distorted.

A predictable sintering occurs in the
Ru-Imp-3 solid when it is treated at 800°C.
In contrast, it seems that temperature treat-
ment diminishes particle size of Ru~SG-3
catalysts. Furthermore, as shown by X-ray
diffraction, the particles are well crystal-
lized and more numerous. To explain such
spontaneous generation of small RuO, parti-
cles, the following mechanism is proposed:
some Ru is occluded into the silica network,
as shown in thé previous section. As it is
weakly bonded to silica tetrahedra it is able
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to migrate as temperature is increased, then
it seggregates to the surface and, there, it
agglomerates and crystallizes as RuO, parti-
cles. Such a proposition is backed by the
corresponding radial distribution functions:
the interatomic distance r = 2.10 10\, attrib-
uted to ruthenium in the silica network and
found in 400°C treated material, is not found
in 800°C treated catalyst.

Surface Model

To explain catalytic test results in terms
of the catalyst structure, a surface model
must be proposed for each preparation tech-
nique. In Ru-Imp-3, the support is stabi-
lized at 450°C for 4 h before the impregna-
tion, as explained in the experimental
section. Therefore, the metal is entirely on
the surface. In addition to the RuO, identi-
fied by X-ray diffraction, an octahedral com-
plex with the surface OH~ and C1~ ions that
cannot dissociate is formed. In the case of
Ru-SG-3 fresh catalyst, from the first step
of the reaction the metal is in contact with
the alkoxide; enough solvent was added, of
course, to ensure the best interaction be-
tween the reacting species. During tetra-
ethoxysilane hydrolysis a nucleation pro-
cess of the intermediary groups (ethoxy and
silanols) occurs around ruthenium. When
the condensation step begins, precursors of
the inorganic network are formed in which
the metal is octahedrally coordinated.

The gel is formed after 60 s of reaction.
Ru acts, indeed, as a hydrolysis catalyst. As
the gelation is so fast, there is a large number
of =Si—OEt groups: they are not easily
substituted by =Si—OH in the silica tetra-
hedron. To summarize, ethanol and water
are occluded in the fresh gel structure and
also in alkoxide organic groups that have not
polymerized. The surface is then entirely
hydroxylated. If the gel is treated at 110°C,
water and solvent are eliminated, and at
350°C the alkoxide organic groups are de-
sorbed (23). Some of the OH groups, weakly
bonded to the surface, are lost at 450°C,
although some OH groups still remain at
800°C. The elimination of these species con-
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tributes to pore formation and, therefore, to
a higher specific area (24). With calcination
the network contracts and microcrystalline
structures are generated around the metal
atoms. Ru is located in the middle of the
edges of silica tetrahedra. On the surface of
Ru-SG-3, RuO, particles, as those found in
Ru-Imp-3 catalyst, are present.

Catalytic Activity Effects

The most important results of Table 4 are
those concerning the pretreatment effect
and the preparation method in the ability of
the catalysts to resist self-deactivation. The
strong tendency of Ru to deactivate in hy-
drogenation reactions can be correlated to
the coke formation due to the polymeriza-
tion of partially hydrogenated species (I8).
The formation of coke depends on the parti-
cle size (36), coke precursor formation as
metallo-carbenes or metallo-carbynes being
favored on dense planes (37, 38). Deactiva-
tion then, must be more important in large
particles than in small ones. These hypothe-
ses agree well with the results on impreg-
nated type catalysts; the K of the 800°C
Ru-Imp-3 catalyst (particle size around 66
A)is higher than the one observed for 400°C
Ru-Imp-3 catalyst (particle size 33 A). The
surprising fact of Table 4 is that the
Ru-SG-3 catalyst shows a small deactiva-
tion constant that does not correspond to
the large particle size exhibited. In sol-gel
preparations the active metal is added dur-
ing the sol formation and, as is shown by
the spectroscopic studies, a fraction of the
metal is occluded in the SiO, structure.

To obtain a good correlation between the
particle size determined by X-ray diffraction
and the catalytic behavior of the sol-gel cata-
lysts two hypothesis can be advanced: (1)
the determined large particle size corre-
sponds to Ru conglomerates occluded into
the network and small particles, deposited
on the surface, are responsible for the cata-
Iytic effects; (2) the particles are large and
are on the surface, but an unusual support
effect operates in this case. The first hypoth-
esis can be ruled out, because SiO, has a
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very high area (24) and Ru is very mobile
(the specific surface BET area for the
Ru~-Imp-3 and Ru-SG-3 catalysts treated
at 400°C in air are 300 and 500 m?/g respec-
tively). The second hypothesis requires an
explanation on the possibility that large par-
ticles will act like small ones. The singular
behavior of sol-gel catalysts must have its
origin in the nature of the support. Sol-gel
silica preparations have been found to be
very highly hydroxylated surface solids.
The metal particles are surrounded by
Si—OH species. During the pretreatments
in air such species can react: SiQ, may be
the resulting compound, and it may be de-
posited on the surface of the reduced metal-
lic particles. This effect is similar to a partic-
ular size diminution and, then, the
corresponding deactivation may be smaller.

The particle size determined from X-ray
study is used to evaluate the activity per site
(K'D) of the catalysts (Table 4). The high
activity observed for Ru-SG-3 catalysts
cannot be explained by dispersion effects.
Aromatic hydrogenation is an insensitive
particle size reaction, at least for particles
Jarger than 30 A. By contrast, coke forma-
tion is a sensitive particle size reaction and
for large particles a large deactivation must
occur. As mentioned above, the deposit of
SiO, on Ru particles can reduce the size of
Ru ensembles on which carbon polymeriza-
tion occurs. This would inhibit deactivation
of the reaction by carbon and lead to an
enhanced catalytic activity. Similar effects
have been observed on Rh (I1) and Ru (10)
magnesia-supported catalysts. Magnesia is
a support that hydrolyzes very easily during
the impregnation step and the Mg(OH), spe-
cies react to produce MgO deposited on the
metallic particles.

Additional evidence for the mechanical
nature of the support effect by deposition of
SiO, on the metallic particles was furnished
by the selectivity values. Cis addition was
found to be a structure sensitive reaction on
Pd, Rh, and Ru silica-supported catalysts
(39, 40). Small particles are electron-defi-
cient and cis addition is diminished in the
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higher coordinative unsaturation of small
metal particles. As we propose a support
effect analogous to a particle size diminu-
tion, cis addition must be modified in
Ru-SG-3 catalysts. The very constant
value of selectivity demonstrates that the
electron-deficient effect does not operate in
this case. Therefore, the deposited support
on the metallic particles in sol-gel catalysts
inhibits the polymerization of the partially
hydrogenated hydrocarbons and conse-
quently inhibits a fast deactivation. The me-
tallic particles do not suffer any electronic
modification and the selectivity to cis addi-
tion remains constant.

CONCLUSIONS

The following general trends emerge:

(a) The thermal treatment and the catalyst
preparation determine the changes in in-
teratomic distances of the silica network.

(b) At 400°C the Ru is partially incorpo-
rated into the silica network in the Ru-SG-3
catalyst. At 800°C it migrates to the surface
and the SiO, acquires its own structure and
composition.

The most important effect in catalytic ac-
tivity for sol-gel catalysts is observed in the
side reactions, i.e., self-deactivation. The
highly hydroxylated support, can be depos-
ited on the metallic particles. Such an effect
would be comparable to a diminution of the
particle size, giving smaller self-deactiva-
tion rates.
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