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Sol-gel methods have been recognized as interesting procedures to prepare catalysts. The versatility of the sol-gel 
techniques allows control of the texture, composition, homogeneity and structural properties of solids, and makes possible 
production of tailored materials such as dispersed metals, oxidic catalysts and chemically modified supports. In this work, 
different approaches, described in the literature, to prepare catalysts by the sol-gel methods, including both aerogel and 
xerogel active solids, ar~ reviewed. In parallel, some of the most relevant catalytic reactions carried out with sol-gel catalysts 
are evaluated. 

1. Introduction 

The design and characterization of solid cata- 
lysts is now recognized as an area of major inter- 
est in chemistry and chemical engeneering. More 
than 90% of the processes carried out by the 
chemical industries take advantage of the use of 
catalysts [1]. In the case of the industrialized 
countries, the use of catalysts is, in some way, 
involved in the generation of about 20% of the 
gross national product. In a recent article about 
the growth of the chemical industry in the USA, 
the key role of several catalysts as promoters of 
the economic development of the country was 
shown [2]. The implantation of new technologies 
for energy conversion or for the protection of the 
environment are also in close connection with the 
use of catalysts [1]. 

The significance of catalysis is often over- 
looked, probably because its importance lies in 
the magnitude of the products or the interest of 
the processes which require their use, rather than 
in the value of the catalysts themselves. Catalyst 
preparation usually involves complex processes, 
not always understood in detail, the performance 
of the final product being very sensitive to rather 
subtle changes in the synthesis procedures. The 
sol-gel route, because of the possibility of con- 
trolling many of the variables involved in solid 
synthesis, can be considered as an extremely in- 

teresting way of preparing materials to be used as 
catalysts. 

In the proceedings of previous International 
Workshops on Glasses and Ceramics from Gels 
we found only two papers [3,4] dealing with cata- 
lyst preparation and use. This has increased in 
the 1991 edition to eight papers, in better agree- 
ment with the significance of the sol-gel methods 
in catalysis. 

In ref. [5] we can find a rough classification of 
different types of solids as a function of their 
catalytic abilities. According to this first ap- 
proach, we distinguish metals, semiconducting ox- 
ides, insulator oxides and solid acids. These cat- 
alytic materials can be prepared as bulk solids or, 
more often, as nanometer-sized particles dis- 
persed on a matrix, thus leading to composite 
materials usually exhibiting improved catalytic 
performances. As will be shown in this paper, it is 
possible to find literature examples of the prepa- 
ration of all of the above-mentioned types of 
catalysts through the sol-gel methods. In many 
cases, sol-gel catalysts show rather unique cat- 
alytic properties. 

The goal of catalytic processes is to obtain 
high levels of catalytic activities or high values of 
reaction rates. Since the conversion of reagents 
into products takes place over definite sites on 
the surface of the solid, which are known as 
active sites, the higher the number of sites, and 
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the higher the specific activity per site, the higher 
activity will be exhibited by the solid. This points 
to the interest of increasing the number of sites 
and controlling their nature during the catalyst 
preparation steps in order to obtain high activity. 
It is also important to take care of the accessibil- 
ity of the reactants to the active sites under 
reaction conditions. For the case of catalytic pro- 
cesses which can take place throughout several 
parallel or consecutive reactions, it is desirable to 
obtain high yields of definite products. In this 
case, a second goal would be to use a catalyst 
showing good selectivity towards the desired reac- 
tion products. This property would be also re- 
lated to the nature of the active sites, the knowl- 
edge of the reaction kinetics, and the control of 
the operating conditions. 

The number and properties of the active sites 
and the reaction kinetics depend on several fac- 
tors which can be controlled to some extend by 
the sol-gel methods of solid synthesis. These 
factors include: (a) high specific surfaces; (b) con- 
trolled pore size distribution; (c) textural stability 
under the preparation and reaction conditions; 
for supported catalysts; (d) the active phase must 
be at the surface, and not homogeneously dis- 
tributed into the solid, and (e) must present a 
good and homogeneous dispersion; (f) structural 
properties must be controlled in order to get the 
desired crystalline variety or an amorphous struc- 
ture if preferred; (g) purity of the catalyst compo- 
nents would be as high as possible (contaminants 
use to concentrate at the surface of solids and 
small content of impurities on a weight basis can 
lead to high surface impurities concentration); (h) 
easily controlled composition, especially for the 
preparation of multicomponent catalysts, or cata- 
lysts promoted by small concentrations of an ad- 
ditive; (i) mechanical properties must accomplish 
the requirements of the operation conditions; and 
(j) the catalysts should be active for as long as 
possible without severe deactivation due to chem- 
ical or physical blocking of active sites. 

In this article, we discuss examples from the 
literature of some applications of the sol-gel and 
related techniques to the preparation of support 
materials, for the modification of solid surfaces in 
order to obtained catalytically active solids, and 

in the preparation of catalysts in a generic way, 
thus illustrating the contribution of the sol-gel 
methods to the above-mentioned aspects. 

The scope of the work is broad, including 
materials prepared from alkoxides in organic me- 
dia, and from inorganic precursors in aqueous 
solutions. For this reason, a full coverage of all 
the literature on the subject is not possible within 
the extent of this paper. 

The number of research groups working sys- 
tematically on sol-gel methods applied to catalyst 
preparation is very small, although it is easy to 
find papers in which some of the varieties of the 
sol-gel procedures are used in order to synthe- 
size catalytic materials. There is no doubt that 
the group working at the Claude Bernard Univer- 
sity in Lyon has made the most extensive research 
in this field, with more than 70 published papers 
on the application of aerogel materials in cataly- 
sis. For this reason, we will comment first on the 
more coherent  work on aerogels, and later the 
more dispersed applications based on the use of 
other methods. 

2. Applications of aerogels in catalysis 

Many of the significant aspects, pointed out in 
the Introduction affecting number and properties 
of the active sites, can be controlled if the aerogel 
route is used to synthesize a catalyst or a catalytic 
support material. In fact, general properties of 
aerogels include well developed textural proper- 
ties, high purity, possibility of preparing multi- 
component systems with broad ranges of compo- 
sitions, and high homogeneity and good disper- 
sion of minor components. Several general arti- 
cles are focussed on [6,7] or make reference to 
[8-10] the use of aerogels in catalysis. A recent, 
comprehensive review by Pajonk [7] deserves spe- 
cial mention, covering the preparation, character- 
ization, reactivity and some of the problems asso- 
ciated to the design of reactors to be operated 
with such a type of solid. 

2.1. Claude Bernard University work 

In 1968 Nicolaon and Teichner [11] proposed a 
new method for the preparation of silica aerogels 
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starting from alkoxides in alcoholic solution. This 
method was extended to the preparat ion of other 
single- and mult icomponent  inorganic oxides [8]. 
It is significant that this new way of preparing 
aerogels, which remains the most extensively used 
at present, was proposed by a research group 
working on heterogeneous catalysis. The method 
allowed fast processing of the reactants (a few 
hours), compared with the technique proposed by 
Kistler [12] (several weeks). This new method can 
be considered as one of the most important ad- 
vances in sol-gel  science. 

Table 1 presents a general overview of differ- 
ent types of aerogel materials, developed by 
Teichner, Pajonk and co-workers, and their cat- 
alytic applications. We focus our discussion on 
several groups of reactions - hydrogenations (and 
spillover effect), selective oxidations and nitroxi- 
dations - which have been considered in detail by 
these authors. 

2.1.1. Hydrogenation reactions on aerogel catalysts 
This reaction type is characteristic of metal  

catalysts. C u - A I 2 0  3, Cu-S iO  z and C u - M g O  
aerogels have been used for the selective hydro- 
genations of cyclopentadiene into cyclopentene 
and of acetylene into ethylene [13-17]. Some of 
these papers deal with engineering problems in 

order to carry out the first reaction under integral 
[16] or fluidized [17] conditions. The selectivities 
were in all cases very high, with less than 5% of 
conversion into total hydrogenation products. 

The hydrogenation of benzene has been stud- 
ied on N i - M o O  z [18,19] and P t - M o O  2 [20] cata- 
lysts. MoO 2 prepared as aerogel can strongly 
interact with Ni and Pt under reducing condi- 
tions, leading to the enhancement  of the specific 
activities of the metals. The phenomenon seems 
to be related to formation of some type of new 
active site associated with intermetallic com- 
pounds, such as the MoNi 4, and with the exis- 
tence of electronic interactions between the metal  
and the support. N i -S iO x [21] has been used as 
catalyst for a similar reaction (toluene 
methylcyclohexane) which can be of potential in- 
terest for hydrogen storage. This catalyst can be 
efficient for the conversion of toluene under  inte- 
gral operation conditions. 

In most of the works cited above, the support 
material was prepared as an aerogel and the 
metal deposited on the surface by impregnation 
with solutions of metal  salts. In these cases, the 
metal  must be activated by reduction in hydrogen 
before the catalytic reaction. Alternatively, the 
metal  precursor can be introduced in the gelling 
solution to avoid the impregnation step. If  deal- 

Table 1 
Aerogel catalytic materials (from ref. [7]) 

Single oxide Binary oxides Ternary oxides (NO, PO) a) Metal-oxide (H) a? 

SiO 2 S, SP b) NiO=AI203 PO, NO NiO-SiO2-A1203 Pt-SiO 2 
AI203 S, SP NiO-SiO 2 NO NiO-A1203-MgO Ni-SiO 2 
ZrO 2 S, SP, P NiO-MgO NO, AS NiO-SiOz-MgO Ni-AI203 
TiO 2 S, PH VzOs-MgO AS NiO-Fe203-AI203 Ni-SiO2-AI203 
ThO 2 PO Cr203-AI203 NO NiO-V205-MgO AS Ni-SiO z-MgO 
Cr203 PO PbO-AIzO 3 NO NiO-MgO-A1203 Cu-A1203 
FezO 3 PO PbO-ZrO 2 NO Fe203-NiO-AI203 Cu-SiO 2 
MoO 2 S Fe:O 3-A1203 FT CrzO3-AI203-MgO NA Cu-MgO 
NiO Fe203-SiO 2 FT Cr203-Fe203-MgO NA Ni-MoO 2 
CuO CuO-A1203 PO Cr203 -Fe203-A1203 NA Pt-MoO 2 
PbO Pd-AI203 
V205 Cu-ZrO3 

Cu-ZrO2 -AI203 
Cu-ZnO-AIaO 3 

a) In parentheses: applications developed for all the series of catalysts. 
b~ S, support; SP, spillover; H, hydrogenation; PO, partial oxidation; NO, nitroxidation; PH, photocatalysis; AS, ammonia synthesis; 

NA, (NO +NH3); FT, Fisher-Tropsch. 
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ing with metals which are easy to reduce, the 
reduction process can take place in the autoclave 
during the hypercritical drying of the metal-sup-  
port gel. It is thus possible to obtain a supported 
metal catalyst in a single step. That  is the case for 
the N i - A I 2 0  3 aerogels [6,22]. It has been proved 
that filling the autoclave with hydrogen can con- 
tribute to higher levels of metal reduction. N i -  
A120 3 catalysts prepared in this way have been 
used in the hydrogenolysis of ethylbenzene giving 
benzene, toluene and methane as reaction prod- 
ucts. 

A phenomenon of great relevance in catalysis 
is the spill-over effect [23,24]. Hydrogen can be 
activated and migrate from dispersed metal parti- 
cles to the support. Teichner and co-workers, 
using aerogel materials, established that migra- 
tion of hydrogen can take place by mechanical 
contact between a dispersed metal catalyst and 
an oxide material [22], and that this effect can 
generate new active sites on the oxide surface 
with catalytic properties which are attributed to 
metal catalysts [25-29]. Silica or alumina aerogels 
can be activated by hydrogen spillover presenting 
catalytic properties in the hydrogenation and hy- 
drogenolysis of hydrocarbons [25-29]. The high 
specific surface of aerogels, the degree of surface 
hydroxylation and the heterogeneity of their sur- 
faces can contribute to enhance the spillover 
effect. 

2.1.2. Selective oxidation reactions 
Single or mixed oxides which include transi- 

tion-metal cations present catalytic properties for 
oxidation reactions. Partial oxidations, when car- 
ried out with high selectivities, lead to the forma- 
tion of products of particularly high added value. 
Teichner and co-workers have studied selective 
oxidation of alkenes and alkanes on NiO-A120 3 
[30-32], N i O - S i O z - A I 2 0  3 [31] and CuO-A lzO  3 
aerogels [33]. 

Isobutene can be converted into methyl- 
acroleine and acetone on N i O - A I 2 0  3 catalysts 
with 67% and 25% selectivities, respectively [30]. 
In the catalysis literature, oxidation of parafins 
has been more scarcely studied because of the 
difficulties of avoiding the total oxidation to CO 2. 
Isobutane and propane are transformed into ace- 

tone with near 100% selectivities on NiO-A1203 
and NiO-SiO2-A120 3 [30-32], at low tempera- 
tures ( <  300°C). These selectivities can be 
achieved when the catalysts are hydroxylated by 
pretreatment with water vapour at 300°C. This 
pretreatment inhibits the activity of the stronger 
sites which are responsible for the total oxidation 
reactions. 

Another  example of oxidation of isobutane 
into acetone was reported in ref. [34]. A TiO 2 
aerogel is compared with other titania samples as 
a photocatalyst for such reaction at ambient 
temperature.  

2.1.3. Nitroxidation reactions 
Arnmoxidation of alkenes (reaction with NH 3 

+ 0 2) is the conventional way of obtaining ni- 
triles. This type of compound, and acrylonitrile in 
particular, is the starting reagent for the produc- 
tion of acrylic fibers and nylon 66. A alternative 
process for the production of nitriles from a 
mixture of hydrocarbons and NO, using aerogel 
catalysts, was proposed by Zidan et al. [35,36] and 
developed at Lyon. A review on the use of gel 
catalysts for this reaction has recently appeared 
[37]. 

N i O - A I 2 0  3 [37-48] and other aerogel materi- 
als of related composition are very efficient cata- 
lysts for this reaction leading to selectivities into 
nitriles higher than 90%. The starting hydrocar- 
bon can be an alkene, such as propylene [38-40, 
48] or isobutene [40,41], an aromatic compound 
such as toluene [47], or even an alkane, such as 
isobutane [41,42]. In the last case, dehydrogena- 
tion to alkane takes place before nitroxidation 
[41]. This can be an interesting method of val- 
orization of alkanes. Selectivity and stability of 
the catalysts with time on stream can be modu- 
lated by the selection of the support [43-45], 
S iO2-AI20 3, SiO 2, MgO-A1203,  and through 
the addition of some other minor components 
such as MgO [40,43,44,48,49] or F e 2 0  3 
[41,42,48,49]. The active centers for the reaction 
seem to be surface Ni 2+ cations in the form of a 
NiAI204 spinel-like compound [38,43-47]. The 
acidity of the support, A120 3 o r  8i02-A1203,  can 
produce cracking, leading to lower nitriles 
(acetonitrile from propene), thus decreasing the 
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selectivity in the main nitrile. The addition of a 
component with basic properties, MgO [48], can 
decrease the acidity and avoid this problem. The 
inclusion of Fe203 improves the stability of the 
catalyst allowing the conversion of CO into CO 2 
by means of the water gas shift reaction [49]. 
Fe203 is also interesting as promoter for dehy- 
drogenation, the first reaction step for the nitrox- 
idation of alkanes [41]. 

More recently, PbO/A1203 catalysts [50] have 
been used for the synthesis of dinitriles starting 
from ortho, meta or para tolunitriles. 

2.2. Other works on aerogels 

As mentioned above, the number of papers 
from other labs on this subject is limited. We 
comment first on some of those works dealing 
with fundamental catalytic studies and second on 
those concerning the engineering problems asso- 
ciated with the use of aerogels as catalysts. 

2.2.1. Other catalytic applications 
Armor et al. [51] prepared Pd-A1203, Ni -  

SiO2-Al203 and Ni-A1203 aerogel catalysts and 
checked their efficiency in a test reaction of the 
selective hydrogenation of nitrobenzene into ani- 
line. Aluminum sec butoxide, tetramethyl or- 
thosilicate and metal acetates were used as pre- 
cursors. The results were quite different depend- 
ing on the metal. While Pd catalysts were as 
effective as other well developed commercial hy- 
drogenation catalysts, those prepared with nickel 
gave bad performance. 

According to the characterization by XPS, the 
palladium catalysts are reduced during the auto- 
clave treatment, in agreement with results of 
Astier et al. [6]. Electron microscopy allowed the 
determination of the size of palladium crystal- 
lites. Pd appears as well dispersed particles with 
diameters in the range of 2.0-4.0 nm. Palladium 
catalysts prepared as xerogels do not reach the 
activity level of the aerogels. The textural proper- 
ties are not as well developed in this case and the 
metal dispersions are lower. The reasons why 
nickel aerogel catalysts do not compete in activity 
with the commercial samples were not studied in 
detail in ref. [51]. In this case, the level of sample 

reduction, determined by XPS, is low and further 
treatment of the catalysts in hydrogen is neces- 
sary before running the reaction. The reasons for 
these differences must be related to the chemical 
structure of the gel, which depends on the chem- 
istry of the different steps of making the catalysts. 
Different sol-gel routes should be checked in this 
case of nickel catalysts. 

Willey et al. [52] have prepared and character- 
ized Fe203-Cr203-A1203 aerogels. These solids 
show promising properties for the selective cat- 
alytic reduction of NO with NH 3. This reaction is 
of interest for the elimination of NO in flue gases 
from stationary sources, as in power plants. The 
conclusion of this work is that iron and chromium 
oxides do not show a synergic effect when both 
are present in the catalysts. The activity of the 
supported binary oxide system is the result of 
adding the specific activities of iron and chromium 
oxides separately. This conclusion is not in good 
agreement with a former paper of Teichner [53] 
who suggests that the occurrence of interaction 
between iron and chromium oxides leads to im- 
proved catalysts. In both cases, there is a coinci- 
dence on the interest of using this type of cata- 
lysts because of their high activities and low deac- 
tivation rates. 

Colmenares et al. [54] proposed an original 
application based on the use of UO2+-doped 
silica aerogels as photocatalysts for CO and CO x 
hydrogenation, and hydrocarbon hydrogenolysis 
reactions at ambient temperature. Visible radia- 
tion can produce excitation of the uranyl species 
which can further activate the reactants. C~ to C 4 
hydrocarbons were the main products starting 
from a 2H2:1CO mixture. The transparency of 
these aerogels can be considered as an important 
advantage for this type of photocatalytic activa- 
tion with visible radiation. 

Fanelli et al. [55] developed TiC14-A1203 cata- 
lysts for polymerization of ethylene. The polymer- 
ization of olefins, and particularly the catalytic 
production of polyethylenes from ethylene, is one 
of the main processes in the polymer industry. 
This is the first paper dealing with titania dis- 
persed on aerogels as polymerization catalysts. 
Alumina aerogels are grafted with TiC14 under 
controlled dry atmosphere. The amount of - O H  
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groups of the alumina can be controlled by means 
of thermal pretreatment. TiC14 reacts selectively 
with surface - O H  groups, forming hydrogen 
chloride. In this way, different Ti loadings can be 
added to the alumina supports. Aerogels pre- 
pared by this method present activities similar to 
those of conventional TiC14/tryalkyl aluminum 
catalysts, although a little lower than those of 
new MgCla/TiC14 commercial catalysts. Never- 
theless, the polymer distribution is shifted, in this 
case of aerogels, to high average molecular weight 
polymers which can be of interest for some appli- 
cations. 

The method of preparation used by Fanelli et 
al. is the first example shown in this paper of the 
application of a grafting technique for the prepa- 
ration of sol-gel-based catalysts. 

2.2. 2. Engineering problems of aerogel catalysts 
Aerogels are usually obtained as very fine 

powders or fragile monoliths. These properties 
are not desirable for the development of indus- 
trial catalysts. The inherent interest of the funda- 
mental catalytic properties shown by aerogels 
have prompted to several authors to study possi- 
ble solutions to these problems. 

Armor et al. [56] have proposed a method of 
encasing aerogels in a variety of open form sup- 
ports which are added during the preparation, 
before the gelling step. The method is described 
for Pd/SiO 2 and for Cr20 3 aerogels using alu- 
mina rasching rings, capillary glass, glass or metal 
tubing, cordierite honeycombs and others. The 
filled supports are useful for operation in fixed 
bed catalytic reactors, avoiding problems of high- 
pressure drops or losses of catalysts which can 
appear when using conventional fine dusty aero- 
gels. 

Chaouki et al. [57] and Li et al. [58] have 
studied the fluidization of aerogel powders in a 
gas flow of reagents. In principle, the low density 
and fine particle size (in the order of microns) 
obstruct the fluidization of aerogel powders in 
catalytic reactors. These studies show that above 
a minimal gas flow velocity aerogel particles form 
agglomerates and fluidize smoothly and homoge- 
neously. These agglomerates are clusters of the 

original fixed bed materials with new effective 
apparent size (in the order of millimeters) and 
weight. The minimal flow velocity to obtain flu- 
idization depends strongly on the aerogel used. 
SiO2, Fe203-SiO2 and NiO2-SiO 2 show impor- 
tant differences in aglomeration. The addition of 
an inert powder material to the aerogel have 
proved, in several cases, to improve the flow 
characteristics of the solid. 

A recent work by Fanelli et al. [59] deals with 
the problem of scaling up the synthesis of alu- 
mina aerogels to be used as catalyst supports. 
With this aim, they used a high-pressure reactor 
of 814 1 capacity with agitation. According to the 
authors, these runs represent the largest batch- 
type production ever attempted for an aerogel 
material. Agitation is required in order to main- 
tain the thermal homogeneity in the reactor ves- 
sel. The conclusion of the work points out that 
the high-speed stirring produces a negative effect 
on the textural properties of the aerogel. Some 
improvements in reactor design, such as special 
stirring systems or internal heating devices, are 
suggestions proposed in the paper in order to 
approach small-scale autoclave conditions. 

3. Other sol-gel methods relevant in catalysts 
preparation 

Frequent literature references to the use of 
sol-gel methods other than the aerogel route for 
the preparation of catalysts or inorganic powders 
of catalytic interest appear. Some of these papers 
deal directly with the development of catalytic 
applications, with the focus on the activity mea- 
surements or the characterization of some chemi- 
cal properties related to catalytic behaviour. Oth- 
ers are focused on material preparation. Occa- 
sionally they have been conceived for applications 
in other areas, but the procedures can be ex- 
tended to the preparation of catalytic materials. 
Groups working on catalyst development can take 
advantage of the work carried out in other areas 
where sol-gel methods have reached a higher 
degree of development such as glasses, coating 
technology and structural or device ceramics. 
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3.1. Preparation of materials 

Most work on this topic has the aim to control 
crystalline structure, particle shape, texture 
(specific surface and pore size distribution) or 
surface chemistry (acidity or degree of hydroxyl- 
ation). The two methods may be classified as 
those starting from organic precursors or those 
based on the use of inorganic salts. 

3.1.1. Preparations from organic precursors 
L6pez et al. [60] discussed the importance of 

preparing MgO samples with different degrees of 
surface hydroxylation in order to obtain a better 
understanding of the behaviour (activity, selectiv- 
ity and deactivation) of metal catalysts dispersed 
on these supports. For that purpose, they pre- 
pared MgO starting from magnesium ethoxyde 
and using a series of different catalysts for the 
hydrolysis and polycondensation reactions. The 
control of pH and the thermal treatment allow 
preparation of magnesia powders with controlled 
levels of surface - O H  groups. 

Nishiwaki et al. [61] prepared TiO2 anatase 
from titanium isopropoxide in propyl alcohol. 
Solids were obtained by slowly pouring this solu- 
tion into distilled water with vigorous stirring. 
These solids are dried and calcined at 420°C in 
air. Depending on the concentration of the solu- 
tions, the particle sizes can be changed from 40 to 
4 nm. The study reveals that the lower the parti- 
cle size, the greater the surface acidity of the 
sample. The effect is explained on the grounds of 
charge imbalance at surface locally formed Ti(1)- 
O-Ti(2),  where Ti(1) and Ti(2) represent Ti atoms 
in different environments. The smaller the parti- 
cle size, the higher the surface area and the 
higher the number of titanium atoms with low 
coordination numbers that will be present at the 
surface. 

Machida et al. [62] studies catalytic supports 
for high-temperature applications, such as cat- 
alytic combustion for jet engines. The method 
allows the preparation of supports with more 
than 10 m 2 g-1 after calcination at 1600°C (more 
than any other known support at this tempera- 
ture). This textural stability is explained on the 
grounds of the formation of a mixed compound 

BaO • 6 A 1 2 0 3 .  Barium and aluminium isopropox- 
ide are refluxed with iso-propanol under nitro- 
gen. After 5 h, water is added and the precipitate 
is aged for several hours before drying and calci- 
nation. The sol-gel route allows a dispersion of 
the components at the atomic level, thus favour- 
ing the formation of the mixed refractory oxide. 
Other synthesis methods result in the separated 
formation of BaO and a-A120 3. 

Ribot et al. [63] have recently published an 
excellent work concerning the preparation of 
CeO 2 gels and colloids obtained via hydrolysis of 
modified cerium isopropoxide. The reactivity of 
Ce(IV) isopropoxide, which is a very moisture- 
sensitive compound, can be decreased by com- 
plexing with acetylacetone. The cerium alkoxide 
forms a dimer Ce2(OPri) 8 • 2HOPr i [I] which de- 
pending on the relative amount of acetylacetone 
can be transformed into Ce2(OPri)v.(Acac) • 
HOPr  i [II], Ce2(OPri)6 • (Acac) 2 • HOPr  i [III] and 
Ce2(OPri)4. (Acac)4 • HOPr  i [IV] species. The re- 
activity of a solution is related to the distribution 
of these species. If the amount of Acac is high, 
forms III and IV are predominant resulting in the 
formation of weakly condensed species that can- 
not bind to one another. Therefore,  no gelation 
can occur even after a long time. The hydrody- 
namic size of these species is about the size of a 
closo hexamer, ~ 1.5 nm. The other limiting case 
corresponds to a low level of complexation. In 
this case, form I is dominant, hydrolysis and 
condensation reactions are very fast and an oxide 
type network is formed yielding a precipitate. 
When type II species predominate, weakly 
branched polymerized species, which can further 
condense leading to a gel formation, appear. In 
summary, the control of the amount of complex- 
ating agent allows one to select the type of ceria 
product obtained. All of these ceria varieties can 
be of interest for catalytic applications, since 
CeO 2 is one of the systems which currently draw 
more fundamental and industrial attention. 

Carturan et al. [4] proposed a method to pre- 
pare catalysts by coating glass microspheres with 
inorganic oxides obtained from alkoxide solu- 
tions. Glass spheres (0.04, 0.08 mm of diameter) 
are wet with alcoholic solutions of the selected 
alkoxide (AI(OBu)  4, T i (OBu)  4, Zr(OPr)4 ,  
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Mg(OMe)2, Si(OEt) 4 or Fe(OEt)3). The damp 
material was exposed to moisture to hydrolyze 
the alkoxide and dried by slow solvent evapora- 
tion followed by heating at 400°C. The final prod- 
uct maintains the spherical geometry of the initial 
carrier and, when using dilute alkoxide solutions, 
the single glass pearls do not collapse to aggre- 
gates. The mechanical stability of the layer was 
checked by self-limiting at 1 t u r n / s  for 100 h 
without appreciable loss of deposited oxide. The 
specific surface per gram of deposited material is 
in the order of 200-300 m 2 g -  ~. The depth of the 
layer may be estimated ranging from 1 p.m in the 
case of A120 3 to 0.1 p.m in the case of TiO 2 
coatings. In this way, a very cheap support, glass, 
can be used to disperse active oxide catalysts. The 
method is also interesting from the point of view 
of the design of catalytic reactors, leading to 
catalysts with good mechanical properties and 
avoiding diffusion problems which can appear 
when dealing with pellets of bulk gel materials. 

Selective grafting of oxides with alkoxides pre- 
cursors is another technique used to prepare cat- 
alysts. Although this is not properly a sol-gel 
method, it deals with the same type of precursor. 
Successive monolayers of vanadia can be grafted 
on TiO 2 supports by selective reaction of 
VO(OPri)3 with surface - O H  groups [64,65], 
leading to catalysts active for the selective reduc- 
tion of NO by NH 3. 

3.1.2. Preparation from inorganic precursors 
As pointed out above, the rare-earth oxides, 

and particularly CeO 2, are materials of growing 
interest in heterogeneous catalysis. Matijevic and 
Hsu [66] have proposed a method to prepare 
monodispersed colloidal particles of rare-earth 
oxides starting from inorganic salts, such as chlo- 
ride or nitrates by reaction with urea in aqueous 
media at 70°C. pH, temperature and aging time 
are the factors controlling the particle size and 
the degree of homogeneity of the powders which 
can be obtained in this way. For the case of the 
sesquioxides spherical shape amorphous particles 
(0.2-0.5 I~m) which can be decomposed to the 
corresponding oxides could be obtained, while in 
the case of ceria the method yielded crystalline 

oxycarbonate powders, Ce20(CO3)2- H20 ,  of el- 
lipsoidal shape. The reason for this difference in 
behaviour lies in the lesser reactivity of Ce 3+ 
towards hydrolysis. In order to obtain spherical 
monodispersed CeO 2 particles, Hsu et al. [67] 
proposed a method starting from Ce 4+ salts, such 
as Ce(SO4)2 dissolved in sulfuric acid and heated 
at 90°C; Ce 4+ is much less basic than Ln 3+ and 
undergoes strong hydrolysis to give polymeric 
species and finally the precipitated oxide. In this 
way, it was possible to generate uniform-sized 
CeO 2 particles (30-240 nm) by controlled depro- 
tonation of hydrated Ce 4+ species (forced hydro- 
lysis). A well crystallized CeO 2 with 19.3 m 2 g-1 
could be obtained by this method. 

Powell et al. [68] have prepared a CeO 2 crys- 
talline powder by reaction of cerium nitrate with 
citric acid. After drying in vacuum, an amorphous 
citrate gel is obtained which can be decomposed 
at 300°C in air to obtain ceria with a BET surface 
of 42 m 2 g-  1 

Fierro et al. [69] prepared CeO 2 by dropwise 
addition of a cerium nitrate solution 0.32M to 
ammonia 0.01M at 65°C. Evolution of NO 2 dur- 
ing precipitation is explained as due to reaction 
of Ce 3+ with NO 3 with formation of NO + Ce 4+. 
NO is converted to NO 2 by air. An amorphous 
ceria aquagel is obtained in this way which was 
further decomposed in vacuum by a constant-rate 
decomposition method. This decomposition tech- 
nique, operating at very low and constant water 
vapour pressure, partially avoids collapse of the 
porous structure of the gel during drying. A crys- 
talline product with 60 m 2 g-1 is obtained. This 
ceria sample has been used to carry out very 
interesting studies on metal support interaction 
for R h / C e O  2 catalysts [70]. 

Brittain and Gradeff  [71] have studied the 
preparation of organosoluble CeO 2 from a com- 
mercial hydrated oxide containing NH4NO 3 as 
impurity. This material was peptized at 90°C with 
oleic acid in an organic solvent such as benzene, 
toluene, diethyl ether or hexane. After treatment, 
an aqueous phase containing the NH4NO 3 impu- 
rities, and an organic phase constituted by a sol 
of colloidal 5.0 nm CeO 2 particles, with adsorbed 
oleic acid dispersed in the solvent, could be sepa- 
rated. This type of sol can be of interest as 
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catalysts for fluidized bed operation in solid- 
liquid systems. 

The peptization of gels is a commonly used 
technique which allows further processing of the 
sol to obtain definite products. Thus, one method 
to prepare A120 3 spherical granules to be used 
as catalysts or supports [72] is the peptization of 
an aluminium hydroxide gel to form a sol which is 
dropped in a sphere forming substance contain- 
ing a coagulant agent such as ammonia. Gel 
spheres are heat treated at 500-600°C leading to 
the production of y-A1203. 

Mercera et al. [73,74] have prepared ZrO 2 
powders with high surface area, good thermal 
and chemical stability, and high mechanical 
strength. A frequent problem in the preparation 
of ZrO 2 is production of the metastable tetrago- 
nal phase which is easily converted into the mon- 
oclinic phase. This transformation favours the 
collapse of the porous structure of this material. 
In this work, a sol-gel method allows preparation 
of a pure high surface are monoclinic ZrO 2 with- 
out micropores. Zirconyl chloride was mixed with 
an ammonia solution 6.7M. The gel obtained was 
aged for 65 h before filtering and washing until 
elimination of chlorides. The product was redis- 
persed in ethanol and filtered. After drying at 
110°C an amorphous powder was obtained which 
was further calcined at 450°C for 15 h in air to 
obtain the desired pure monoclinic powder. 

A short review on the sol-gel processing of 
oxide powers, with emphasis on the inorganic 
routes, was published by Segal [75]. 

3.2. Catalytic applications 

Several groups of catalysts will be considered 
in this section: dispersed metals, oxide catalysts, 
and others. 

3.2.1. Dispersed metals 
Gdmez and co-workers have recently pub- 

lished a series of papers concerning Ru, Pt and 
Pd dispersed on silica [76-79]. The authors com- 
pare the effect of adding the metal before gelling, 
or by conventional impregnation of a silica gel. 

For the case of Ru-S iO  2 systems [76,77], the 
specific activity in the benzene hydrogenation re- 

action is not very sensitive to the preparation 
method. An interesting property of all these cata- 
lysts is the low rate of deactivation when com- 
pared with the behaviour of Ru dispersed on a 
commercial SiO 2. It is proposed that Ru can be 
decorated by SiO 2 patches which are formed 
during the reduction pretreatment,  from non-po- 
lymerized Si(OH) x groups. These patches inhibit 
coke formation which is assumed to require clean 
and extensive metal facets. On the contrary, in 
the hydrogenolysis of n-pentane, the commercial 
silica support present a lower deactivation than 
the catalysts prepared from gels. For this reaction 
deactivation seems to take place through a deep 
hydrogenolysis which would be particularly fa- 
vored on dense packed surfaces, while simple 
splitting of C - C  bonds would take place on Ru 
atoms in more defective positions. If it is assumed 
that SiO 2 patches are preferentially deposited on 
the edge and corners of the metal crystallites, the 
higher deactivation rates observed for the gels 
would be easily explained in this way. 

Gdmez and co-workers [78,79] studied the ap- 
plication of IR and UV-VIS  spectroscopy to the 
characterization of catalysts prepared by sol-gel 
methods. Part of the metal (M = Pt, Pd, Ru) can 
be inserted into the silica network as S i - O - M ,  
thus leading to metal -support  interaction effects 
different from those of conventionally impreg- 
nated catalysts. The difference is reflected in the 
UV-VIS  spectra. The metal excess is deposited 
on the surface. In general, the surface of the 
sol-gel catalysts present high levels of hydroxyl- 
ation. 

Tour et al. proposed an original procedure to 
prepare Pd(0) species dispersed in a gel at ambi- 
ent temperature [80]. This material proved to be 
a highly chemoselective and stereoselective het- 
erogeneous hydrogenation catalyst at room tem- 
perature. The presence of water in the reaction 
medium did not inhibit the catalytic properties 
and the catalyst could be easily dispersed in an 
organic medium. Since no specific reduction 
treatment is necessary in any of the preparation 
steps, the nature of the resulting catalysts can be 
quite different from others in some of their chem- 
ical properties, such as the degree of hydroxyl- 
ation. 0.05 mol Pd(II) acetate is mixed with tetra- 
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hydrofurane (5 ml), water (1 ml) and triethoxysi- 
lane (2.50 mmol). The solution darkened and H 2 
evolution was detected. After gelation the solvent 
was removed under vacuum and a glassy black 
xerogel containing Pd(0) could be obtained. An 
average Pd particle size of 1.5 nm was deter- 
mined by electron microscopy. This type of cata- 
lysts allows easy recycling. After reaction, the 
solid is filtered and removal of the solvent by 
evaporation leads to the pure products. Chemical 
selectivity is observed in the hydrogenation of 
alkynes to alkenes and in the hydrogenation of 
terminal double bonds preserving the inner dou- 
ble bonds of hydrocarbon chains [81]. Some ex- 
amples of stereoselective behaviour are also 
shown in ref. [81]. 

Materials containing uniform nanometer-sized 
metal particles dispersed in a SiO a matrix were 
prepared by Breitscheidel et al. [82] following a 
new procedure. In the first step, an originally 
substituted alkoxysilane of the type X(CH2) 3 
Si(OR) 3 (X = NH2, NHCH2CH2NH2,  CN) capa- 
ble of coordinating metal ions, a metal salt and, 
optionally, Si(OR) 4 were processed by the sol-gel 
method. The gel was purified calcined in air and 
reduced with hydrogen. The role of the (CH2) 3 
group of the silane is to act as a spacer in order 
to obtain a good metallic dispersion in the gel 
network. The method leads to excellent disper- 
sion of metal particles (Ag, Cd, Co, Cu, Ni, Pd, 
Pt) with uniform sizes even for the case of high 
metal loadings (5-20%). The final product pre- 
sents specific surfaces of several hundreds of 
square meters per gram. 

Carturan and co-workers [3,83-85] prepared 
S iO2-A1203-Na20  gels starting from alkoxides, 
which were converted into glass beads (0.11-0.13 
mm diameter) by thermal treatment at tempera- 
tures from 230 to 950°C. The degree of hydroxyl- 
ation of these glasses was related to the thermal 
treatment temperature.  If these glasses are 
treated with Pd(C3Hs)2, a surface palladium 
complex is formed and one molecule of propane 
per Pd atom is evolved. If the amount of 
Pd(C3Hs) 2 is lower than the number of surface 
- O H  groups, Pd reaches atomic dispersion. The 
surface complex can be reduced with LiH at 
ambient temperature,  thus leading to an atomi- 

cally dispersed metallic palladium catalyst [83]. 
This catalyst type has been tested for the hydro- 
genation of 1-hexene dissolved in tetrahydrofu- 
rane [83] and for the selective half hydrogenation 
of phenylacetylene [3]. The method was extended 
to the preparation of supported PdPt alloy 
catalysts. 

Ueno and co-workers have prepared Fe -S iO 2 
catalysts by a sol-gel method starting from 
Fe(NO3) 3 dissolved in ethyleneglycol and te- 
traethoxisilane [86,87]. After this mixture is re- 
acted for 2 h at 80°C, water is added to the 
system and gelation takes place. Samples are 
further calcined in air at temperatures selected to 
obtain oxide materials. The catalysts can be re- 
duced in hydrogen at 450°C to obtain metallic 
iron particles. The catalyst is compared with oth- 
ers prepared by impregnation of silica. In the 
oxide samples, Fe can be present as FeO, Fe304 
or Fe20  3. An EXAFS study of these catalysts 
shows that, in the impregnated samples, iron is 
present with Fe203-1ike structure while, for the 
sol-gel samples, iron shows a Fe304-1ike struc- 
ture. For 10% metal loading samples, the average 
size of the iron particles after calcination at 600 
or 1000°C is about 6 or 12 rim, respectively. This 
level of dispersion is remarkable for iron catalysts 
because of the tendency towards sintering of this 
metal. These iron catalysts can be used for am- 
monia synthesis, Fischer-Tropsch and water gas 
shift reactions. 

3.2.2. Oxide catalysts and supports 
Gel materials have been used as photocatalysts 

for the degradation of organic wastes at room 
temperature [88,89]. A recent example of this 
type of application, is the photocatalytic degrada- 
tion of 3-chlorosalysilic acid over TiO 2 mem- 
branes [89]. The selected halogenated organic 
compound can be considered as a model of simi- 
lar substances which present severe environmen- 
tal pollution risks, such as dibromoethane, 
trichloroethylene, chlorobenzenes or chlorophe- 
nols. Sabate et al. [89] have designed a continu- 
ous-flow reactor in which the catalyst, TiO2, is 
supported on a glass tube. The coating procedure 
was carried out as follows. A solution of titanium 
tetraisopropoxide in isopropanol was rapidly 
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mixed with water at room temperature. After 0.5 
h reaction, a gel is obtained. This hydroxide gel is 
peptized with HNO 3 to form a highly dispersed 
stable colloidal solution. A glass tube is immersed 
in the colloidal sol for 30 s. It was then withdrawn 
at a controlled slow speed, dried at room temper- 
ature for 1 h, and calcined at 400°C for 3 h. Eight 
successive layers of TiO 2 were deposited in this 
way, thus obtaining a TiO 2 anatase membrane 
with a total thicknesses of 1.3 Ixm. Degradation 
of the 3-chorosalysilic acid with bubbling air led 
to the formation of HC1 and CO 2 without signifi- 
cant deactivation with time on stream. 

Polymerization reactions on gel catalysts have 
also been reported [90-92]. Conway et al. pre- 
pared chromia dispersed on a silica-titania cogel 
for ethane polymerization [90,91]. CrO 3 can be 
stabilized on silica through the formation of Si- 
O - C r  bonds, while pure chromia would decom- 
pose at low temperature. The controlled addition 
of titania to the support can induce changes in 
the electronic environment of chromium ions thus 
favouring a higher selectivity towards lower aver- 
age molecular weight polymers. Catalysts were 
prepared by co-precipitation of sodium silicate 
and titanium tetrachloride in sulfuric acid solu- 
tion. After 4 h of aging at 100°C, an aquagel was 
formed. This gel, after drying in air at 100°C, was 
impregnated with chromium acetylacetonate in 
ethyl acetate, dried in a rotary evaporator and 
calcined in air at 600°C to obtain 1% chromium 
loading catalysts. These materials present good 
catalytic performances in activity, selectivity and 
low deactivation rates. 

Selective oligomerization of n-butenes on 
amorphous N i O - A I 2 0 3 / S i O  2 catalysts prepared 
by coprecipitation of nickel and aluminium hy- 
droxides on silica gel has also been recently re- 
ported in the literature [92]. 

Hydrodesulfurization (HDS) reactions are con- 
sidered of main importance in the petrochemical 
industry to eliminate sulfur from oils. Commer- 
cial HSD catalysts are usually constituted by 
5%COO. 16%MOO 3 dispersed on alumina. The 
simultaneous presence of Co and Mo at the sur- 
face of alumina produces a synergic effect, im- 
proving the performance of these catalysts. The 
sol-gel method allows preparation of pure alu- 

mina supports, thus avoiding the undesirable ef- 
fects of impurities. In ref. [93], two sol-gel meth- 
ods to prepare HDS catalysts have been com- 
pared. In the first one, aluminum isopropoxide 
(AIP) is hydrolyzed in a large amount of water 
forming a fibrillar aluminium hydroxide; the gel is 
peptized with a HNO 3 solution giving a clear sol. 
(NH4)6Mo7024 .4H20  and Co(NO3) 2 . 6 H 2 0  are 
dissolved in 1,3-butanediol and stirred with the 
sol for 1 day. The solvent is evaporated at low 
pressure and the sample is finally calcined in air 
at 500°C. In the second case, AIP is dissolved in 
1-butanol and Mo and Co precursors are added 
to the solution. Water is further added and a gel 
is formed which is further dried and calcined at 
500°C. The activity of the first catalyst is about 
ten times higher than that of the second for the 
thiopene HDS reaction. Auger spectroscopy mea- 
surements on both catalysts can provide an expla- 
nation for this difference in behaviour. The deep 
profiling method demonstrates that, in the first 
case, Mo and Co oxides are both at the surface, 
while in the second case significant amounts of 
cobalt are incorporated into the alumina matrix. 
In fact, cobalt atoms can easily substitute to alu- 
minum ions in tetrahedral positions of the A120 3 
network, thus decreasing the synergic effect be- 
tween surface cobalt and molybdenum. The first 
catalyst gives levels of activity similar to commer- 
cial HDS catalysts. 

Another  oxide-catalyzed reaction is the selec- 
tive catalytic reduction of NO with NH 3. Dis- 
persed vanadia is an excellent catalyst for this 
reaction. However, V205 deposited on the sur- 
face of a silica support agglomerates easily during 
the preparation of the catalysts or under reaction 
conditions. The approach followed by Baiker and 
co-workers [94,95] consists of immobilizing vana- 
dia in a silica matrix by the sol-gel method. The 
mixed gel, containing from 0.1 to 50% V205, was 
prepared by mixing vanadia and silica diluted sols 
obtained from vanadyl tri-isobutoxide and silicon 
ethoxide respectively. The mixed sols were dried 
at 80°C and calcined at 600°C. In addition to 
their adequate textural properties, vanadia gels 
(<  10% V205) showed well dispersed vanadium 
oxide species and high specific activities for the 
catalytic conversion of NO and NH 3 to N 2 + HzO. 
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The stability of dispersed vanadia was in all cases 
higher than that corresponding to the conven- 
tional vanadia on silica preparations. 

More recently, chromia has been proposed as 
an alternative catalysts for the NO + NH 3 reac- 
tion above. In ref. [96] the authors compare the 
behaviour of amorphous and crystalline chromia 
for this reaction. All chromia samples were pre- 
pared by gelation of a chromium nitrate solution 
with ammonia. If the addition of ammonia is fast, 
the final products, after drying and decomposi- 
tion in hydrogen at 380°C for 3 h, are crystalline 
materials with BET surfaces of less than 100 
m 2 g -  ~. On the contrary, if the addition of ammo- 
nia is very slow (6 h or more), the final product is 
amorphous chromia with BET surface > 200 
m 2 g-1. Temperature  programmed reduction ex- 
periments showed that the labile oxygen species 
on the surface of the crystalline chromia were 
more readily removed with hydrogen while the 
higher specific activity was measured on the 
amorphous samples. This is attributed to the 
higher density of less labile oxygen species on the 
amorphous surface. 

3.2.3. Other catalytic materials 
Silico-aluminates are interesting in catalysis by 

their acidity which confer catalytic properties in 
cracking, dehydration, polymerization and iso- 
merization reactions. Several works on silico- 
aluminates and related materials pepared by sol-  
gel method have recently appeared [97-101]. 

Corma et al. [97] described the preparation 
and characterization of amorphous silica-alumina 
with 13 and 25 wt% Al20  3 to be used as cracking 
catalysts. The starting reagents were silicon diox- 
ide and aluminum isopropoxide (AIP). The SiO 2 
was dissolved in a tetra-alkylammonium hydrox- 
ide (TAAOH) and mixed with a solution of AIP 
dissolved in TAAOH.  Gelation takes place by 
addition of a 1M HCI solution. The gels were 
dried, calcined at 550°C, further exchanged with 
NH4CI and subsequently calcined at 550°C in 
order to obtain the acidic form of the silica- 
aluminas. The resulting materials present surface 
areas close to 300 m 2 g-1 and very narrow pore 
size distribution, centered at 2.0 nm or pore radii. 

Yarlagadda et al. [98] compared 15 wt% A1203 
silica-alumina catalysts synthesized in aqueous 
and alcohol solvents. In the first case, the se- 
lected precursors were sodium silicate and alu- 
minium nitrate, while in the second, tetraethyl 
orthosilicate and aluminum isopropoxide with 
ethanol as solvent were used. The second cata- 
lysts presents acid sites in higher concentration 
and of higher strength than the first. Neverthe- 
less, some of these stronger acid sites are easily 
poisoned by strong chemisorption of water, thus 
decreasing the reactivity of the catalysts for the 
conversion of methanol into hydrocarbons. 

Reddy and co-workers have recently described 
the preparation and catalytic properties of a new 
crystallized titanium silicate (TS-2) [99,100]. A 
sol, obtained from tetraethyl orthosilicate and 
tetrabutyl orthotitanate, is allowed ty crystallize 
under static conditions at 170°C for 8 days. In this 
case, the resulting catalysts do not present strong 
acidic properties, but are very efficient in the 
hydroxylation of aromatic compounds. 

Silico-aluminophosphates (SAPOs), including 
very small amounts of nickel in their structure, 
have also been prepared by a method which 
results in production of a crystalline zeolite, with 
chabazite-like structure [101]. The method is 
based on the preparation of a gel, starting from 
SiO2, aluminum phosphate and NiC12. 6H20,  
which is further allowed to crystallize by hy- 
drothermal treatment at 200°C for 36 h. The 
nickel cations are incorporated into the zeolite 
framework, thus modifying the acidity of the zeo- 
lite and introducing subtle structural changes 
within the active sites. This catalyst is highly 
selective for the conversion of methanol to ethene 
at 250°C (100% selectivity, 90% conversion), while 
similar catalysts without nickel gave only 30% 
selectivity in ethane. 

One strategy which usually leads to highly se- 
lective catalysts for production of fine chemicals 
is the heterogenization of an homogeneous cata- 
lyst. In this approach, starting from a previously 
tested homogeneous catalyst, it is deposited, 
linked or encased in a support material in such a 
way that the properties of the homogeneous cata- 
lysts are preserved. The heterogenized catalysts 
are easier to work up, recovery is also simple, and 
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continuous-f low opera t ion is possible. The  sur- 
face of  the support  can contr ibute to modula te  
the catalytic behavior  through electronic or steric 
effects [102-105]. 

The  catalytic activity of  Rh(CO)CI (PPh2CH 2 
CH2SiO3/2) .xS iO2 ,  prepared  by the polycon- 
densa t ion  of  R h ( C O ) C I [ P P h 2 C H 2 C H 2 S i ( O E t )  
03]  2 with tetraethoxysilane, is compared  in ref. 
[102] with that of  the homogeneous  compound  
and with a catalyst p repared  by attaching the 
complex to the surface of  a silica gel. The hetero-  
genized catalysts present  activity for the same 
type of  reactions as the homogeneous  compound:  
format ion of  poly- and oligo-silanes from hydrosi- 
lanes, CO oxidation and water  gas shift reaction. 
With the solid catalysts these reactions can be 
carried out  under  milder conditions. 

Venturel lo  and co-workers [103,104] p repared  
silica gels functionalized with amino groups, which 
are very selective catalysts for the Knoevenagel  
condensat ion.  This react ion consists in the forma- 
tion of  a double bond linking an alkane with a 
carbonylic compound.  The  catalysts described by 
these authors,  depending  on the reaction condi- 
tions, can produce  the selective condensat ion of  
aldehydes in the presence of  ketones. 

Silica gels t reated with thionyl chloride are 
effective and selective catalysts for thioacetaliza- 
tion reactions of  aldehydes [105]. Unde r  the same 
conditions, ketones  do not  convert.  This differ- 
ence in reactivity between aldehydes and ketones 
was successfully utilized for the chemoselective 
conversion of  keto aldehydes into the correspond-  
ing dithioacetal  with the keto group remaining 
intact. 

Finally, immobilization of  biocatalysts in a gel 
matrix is another  type of  interesting application 
of  gels in the developing field of  biocatalysts. 
Car turan  et al. [106] have recently described a 
method  for the inclusion of  biocatalysts into thin 
layers of  S iO2-gel  deposi ted by dip coating on 
the surface of  glass sheets. 

4. Conclusions 

In  this work we have illustrated, with examples 
taken f rom the literature, different ways in which 

the so l -ge l  routes can be fruitfully used for the 
prepara t ion  of  he te rogeneous  catalysts. F rom 
these examples it is possible to conclude that 
so l -ge l  methods  have a broad  field of  applica- 
tions in catalysis, many of  which have only been 
roughly explored up to the present.  We have no 
doubt  that a more  systematic work, to be carried 
out  in the near  future,  will make of  sol -gel  tech- 
niques common  tools for the synthesis of  new and 
improved catalytic materials. 

The authors thank the C I C Y T  (project PB90- 
0671) and the Junta  de Andalucfa for financial 
support.  
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