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Abstract—The prospective ways of using water in sub- and supercritical states for the preparation of nanoc-
rystal oxide catalysts Ce, sZr,50,, Cey 1Y Zro.o9_xOa Zr) YO, Zr; _,In0,, La,CuQ,, supported catalysts
Pd/Rh/ZrO, and Pd/Rh/TiO,, and supports CeO,, ZrO,, TiO, are discussed. The proposed techniqueis charac-
terized by high productivity. It is also ecologicaly friendly and enables one to obtain multicomponent oxide
catalysts with chemical and phase composition and properties that can be changed within large ranges. The
physicochemical properties of sub- and supercritical water are discussed. A brief review of the present studies
on the use of critical mediain various physicochemical processesis given.

In 1822, the French chemist baron Cagniard de
Latour discovered the critical point of a substance
while performing experiments with different solvents
at high temperatures and pressures [1]. The supercriti-
cal state of a substance was defined as a state when
there is no difference between the liquid and gas
phases. After this discovery, the chemistry of supercrit-
ical media has been developing rather slowly, and even
70 years later, in 1896, Willard wrote the first detailed
review devoted to the properties of a number of sub-
stances in a supercritical state [1]. In the 20th century,
the trend to enhance the efficiency and ecological
safety of various chemical processes stimulated intense
studies of the properties of diverse substances under
supercritical conditions. Nowadays supercritical lig-
uids are widely used in the processes of extraction and
chromatographic separation of chemicals, the produc-
tion of various materials, and the abatement of toxic
liquid wastes[1, 2]. Besides, hew possibilities of using
supercritical liquidsin organic and inorganic syntheses,
aswell asin homogeneous and heterogeneous catalysis
are being developed [3-6]. The characteristics of the
critical state (temperature, T,; pressure, P,; and den-
sity, pg) for most frequently used solvents are given in
Table1[3, 7]. Ascan be seen from the table, these char-
acteristics are considerably different: they range from
9°C and 50 atm for ethylene up to 374°C and 220 atm
for water.

The permanently growing interest in supercritical
liquids arises from their unique physicochemical prop-
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erties. Let ustracethe changesin the properties of asol-
vent which take place when approaching the critical
point, using water as an example. It should be noted
that because of the high values of the critical parame-
ters(see Table 1), water inthe critical stateisnot widely
used yet. But, at the sametime, it isthe cheapest, safest,
and most ecologically friendly solvent.

The properties of pure water and water solutions
depend strongly on the temperature and pressure.
Changes in the thermodynamic properties are reflected
in the phase diagrams of water and appropriate multi-
component systems. These changes are associated with
changesin the diel ectric constant, el ectric conductivity,
ionic strength, and the structure of hydrogen bonds.
Finally, changesin the viscosity, density, heat capacity,
and diffusion coefficients result in changes of the trans-
port properties of aqueous solutions. It should be noted
that all the above-mentioned properties do not dterina
stepwise manner, when approaching the critical point.
Even at 300°C and 220 atm, water issimilar to acetone,
and in the critical state water is a nonpolar solvent that
can be mixed with oxygen and hydrocarbons without
any limits.

Let us consider the density of water as an example
to trace the changes in the properties when approaching
the critical state. In the subcritical region, water can
exist both in the liquid and gas states, which are sepa-
rated by a sharp border. At a constant temperature,
while changing the pressure, the density of water varies
continuously within the intervals of the existence of
these two phases. The discontinuity of density is
observed only at the gas-iquid interface. In the critical
state, thisinterface disappears, and the density of water
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is approximately 0.3 g/lcm?[7]. Water possesses unlim-
ited compressibility near the critical point; that is why
eveninsignificant changesin temperature or pressurein
this region allows one to change considerably the den-
sity in awide range. For instance, raising the tempera-
ture by 6°C at 220 atm halves the density of water [8].
Other characteristics, such as dielectric constant, ionic
strength, viscosity, and heat capacity change in parallel
with the changes in density. Therefore, we can operate
with the properties of water as a solvent and control the
physicochemical processes which take place in water
only by changing in a controllable way the water den-
sity in sub- and supercritical states.

Theionic strength and the diel ectric constant are the
most important characteristics for preparing individual
and composite oxide catalytic systems in sub- and
supercritical water. These properties determine the rates
of hydrolysisof inorganic saltsin water with further for-
mation of the metal oxides and hydroxides. An increase
intheionic strength of water in the subcritical state, with
a simultaneous decrease in its dielectric conductivity,
favors the hydrolysis of inorganic compounds [9].

The experiments in sub- and supercritical water are
usually performed both in batch reactors and flow-type
systems. The batch reactor represents an autoclave
fixed inside apowerful heater and equi pped with apres-
sure gauge. Since the discovery of the critical state of
substances in the 19th century, the majority of the
experiments in sub- and supercritical media have been
performed in batch reactors. However, this system is
not suitable for the preparation of oxide systems from
the corresponding inorganic saltsfor many reasons. For
example, the hydrolysis of acetates leads to the forma-
tion of acetic acid. Its partial decompositionisfollowed
by an incontrollable increase of the pressure in the sys-
tem. Many multicomponent oxide systems cannot be
prepared in batch reactors because of different hydrol-
ysis rates for the metal oxide components composing
inorganic salts. Therefore, in this case, gradual auto-
clave heating results in the separate formation of indi-
vidual oxides. Besides, the materials prepared in batch
systems are usually characterized by a nonuniform par-
ticle size distribution.

The main advantage of synthesis in a batch reactor
in comparison with flow-type systemsisthe possibility
to control the oxidation states of the elements and to
prepare systems with the desirable ratio of phases which
contain one element in different oxidation states. For
example, copper hydroxycarbonate decomposes into
copper(l1) oxide (see the diffraction pattern in Fig. 1a):

(CuOH),CO; — 2Cu0 + CO, + H,0.
Oxalic acid under the same conditions decomposes
with the formation of carbon monoxide:
H,C,0, — CO + CO, + H,0.
The combination of these two reactions in supercritical

water (T =2385°C and P = 350 atm) allowed usto abtain
metallic copper (in the case of an excess of oxalic acid,
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Table 1. Critical parameters of several solvents|[3, 7]
Solvent Ty, °C Py, am | pg,g/cm?
CoH, 9.1 50.41 0.214
Xe 16.5 58.40 1.110
CO, 30.9 73.75 0.468
C,Hg 32.2 48.84 0.203
N,O 36.4 72.55 0.452
NH; 132.3 113.50 0.235
C,HsOH 240.7 61.37 0.276
H,O 3739 220.60 0.322

Fig. 1d), a mixture of metallic copper and cuprous
oxide (at the molar ratio salt : acid =1: 2, Fig. 1c), or
a mixture of copper(l) and copper(ll) oxides (at the
molar ratio salt : acid = 3 : 1, Fig. 1b). The content of
each phase is determined by the amount of oxalic acid
added and, thus, can easily be controlled. Such atech-
nigue can be very efficient for the preparation of cata-
lysts and magnetic materials with a specified concen-
tration of paramagnetic centers. However, in any other
case of the preparation of oxide systems, it is better to
use flow-typereactors. Then, we can obtain nanocrystal
materials with a large surface area, which is hard to
achieve using conventional methods. Besides, flow
type systems exhibit other advantages in comparison
with autoclaves: the experimental conditions can easily
be controlled and the productivity of the process is
rather high.

The group of Professor Arai (Tohoku University,
Japan) pioneered the synthesis of nanocrystal meta
oxides in sub- and supercritical water. Presently, indi-
vidual oxides of Ce, Zr, Co, Ni, Fe, Al, and Ti are pre-
pared in this laboratory using a flow-type reactor.
Adshiri (a member of Arai’s team) synthesized several
composite oxides such as BaO - 6Fe,0;, Aly(Y +
Th);0,,, and LiCoO, in basic media[10]. Recently, the
group of Professor Polyakov (Nottingham University,
England) prepared a number of composite nanocrystal
oxides with the composition Ce, _,Zr,0O, in aflow-type
reactor in supercritical water without any basic addi-
tives [11].

Theaim of our work wasto develop atechnique that
allows the preparation of composite oxide nanocrystal
catalytic systems using a flow-type reactor and that
makes it possible to control the phase composition and
physicochemical properties of the catalysts. The activ-
ity and selectivity of heterogeneous catalysts are known
to be afunction of their chemical composition and their
micro- and macrostructure. The defectiveness of the
crystal and ceramic structure, the surface structure as
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Fig. 1. XRD patterns of copper-containing systems obtained in supercritical water in a batch reactor: (a) CuO, (b) CuO + Cu,0,
(c) Cu,0 + Cu, and (d) Cu. The experimental conditions are given in the text.

well as the nature of active sites, and the concentration
and distribution of admixed phases depend strongly on
the synthesis conditions and further thermal treatment
of the catalysts. Therefore, we believe that the use of
sub- and supercritical water will enable us both to pre-
pare new catalysts and to vary the properties of tradi-
tional catalysts and supports.

The scheme of the flow-type system is shown in
Fig. 2. The high-pressure pump is used to supply water
(10 ml/min) into the system of powerful heaters where
itisheated up to adesired temperature (Table 2). The sec-
ond pump is used to supply an aqueous solution of water
salts(feed rate, 5 ml/min; concentration, 0.2 mol/l). Mix-
ing these two flows at the entrance to the reactor results
in the rapid hydrolysis of the metal salts with further
dehydration of hydroxides according to the following
scheme:

ML, + xH,0O == M(OH), + xHL,
M(OH), == MO, + 0.5xH,0,

whereL = NO;, CH,COO~, M =Ce, Zr, Ti, Cu, Y, In,
Pd, and Rh.

After that the colloid solution of metal oxides is
cooled to room temperature, separated, and evaporated
on the rotor. A constant pressure in the system is kept
using a back-pressure valve.

The conditions of all experiments are summarized
in Table 2. Zirconium oxide and composite materials
based on zirconium oxide were prepared in supercriti-
cal water at 380°C and 250 atm. Theresidencetimewas
4.5 s. Cerium and titanium oxides aswell as Pd—Rh cat-
alysts supported on titanium oxide were prepared in
subcritical water. In this case, the residence time was
1.5-2 times higher. The salt concentration 0.2 mol/I
was shown to be the optimal for the reaction mixture.
The feed rates were 10 and 5 ml/min for water and a
solution of metal salts, respectively.

It was mentioned previoudly that the hydrolysis of a
metal salt in sub- and supercritical water isfollowed by
the formation of a colloid solution of corresponding
oxides. The microphotograph of zirconium oxide pre-
pared by the evaporation of such a colloid solution is
presented in Fig. 3. The size of zirconium oxide parti-
clesisaslow as3-5 nm. All the prepared sampl es show
ananocrystal structure with a narrow particle size dis-
tribution. The maximum size of the particlesis 7-9 nm
in the case of titanium oxide systems.

By varying the experimental conditions, we can
change the particle size of the synthesized materials.
For example, atemperature rise from 230 to 380°C dur-
ing the synthesis of TiO, leads to a Smultaneousincrease
in the size of oxide particles from 7-9to 16-18 nm. The
specific surface area, at the same time, decreases from
200 to 50 m?/g. The processes of titanium oxide recrys-
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Fig. 2. The scheme of the flow-type reaction system operat-
ing in sub- and supercritical conditions.

tallization most probably occur at elevated tempera-
tures, thus resulting in the growth of the particles. The
same phenomena are observed when the salt concentra-
tion increases.

L et us analyze the phase composition of oxides pre-
pared in sub- and supercritical water. The XRD patterns
of Ce, Ti, and Zr oxides are shown in Fig. 4. Zirconyl
nitrate, cerium ammonium nitrate, and titanium isopro-
poxyacetate were used as precursors. According to the
XRD analysis, the crystallization of titanium oxide in
subcritical water occurs with the formation of the tet-
ragonal modification, the lattice of CO, has cubic sym-
metry, and zirconium oxide forms a mixture of the tet-
ragonal and monoclinic modifications with the ratio
approximately 1: 1.

The tetragonal and cubic modifications of ZrO, are
known to be metastable at normal conditions [12]. At
the same time, the problem of the stabilization of such
structures at low temperatures is of a great importance,
especialy in the case of oxidation catalysts, because
the higher symmetry of the crystal lattice of an oxide
favors the mobility of oxygen in the volume of the cat-
alyst. A number of transition and alkali-earth metalsare
used for the stabilization of the tetragonal and cubic
ZrO, modifications. Several experiments on the prepa-
ration of binary oxide systems, containing indium,
yttrium, and cerium in addition to zirconium were per-
formed in supercritical water with the purpose of
revealing the possibility of such stabilization.

Anincrease in the indium content in the case of the
Zr—In systemsresultsin the growth of the ratio between
the tetragonal and monoclinic modifications of ZrO,.
Nevertheless, the compl ete stabilization of the tetrago-
nal structure is not achieved even at indium concentra-
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Fig. 3. Electronic micrographs of ZrO, prepared in super-
critical water.

tions up to 10%. The synthesis in supercritical condi-
tions is likely followed by the incorporation of only a
part of indium atoms into the lattice of zirconium
oxide, and individual indium oxideisformedin parallel
with the formation of the binary system Zr, _,In0O,.

The situation is much better in the case of the Zr-Y
system (Fig. 5). An yttrium concentration of 10% is
sufficient for the predominant formation of the tetrago-
nal modification of ZrO,. The content of the mono-

Table 2. Experimental conditions for the preparation of ox-
ide-type catalysts in sub- and supercritical water

Sample T,°C | P,am |p, g/cm® R;Ieﬁ%' (;n
ZrO, 380 250 0.446 45
Zr,_,InO, 380 | 250 | 0446 | 45
Zr,_,Y,0; 380 | 250 | 0446 | 45
CeysZros0, 380 | 250 | 0446 | 45
CeoiY,Zros_,O, | 380 | 250 | 0446 | 45
1% Rh—Pd/ZrO, 380 250 0.446 45
10% Rh—Pd/ZrO, 380 250 0.446 4.5
CeO, 330 250 0.681 6.8
TiO, 230 250 0.847 85
1% Rh—Pd/TiO, 230 250 0.847 85
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Fig. 4. XRD patterns of Ce, Ti, and Zr oxides obtained in supercritical water.

clinic phaseisrather low and we hope that further opti-
mization of experimental conditions will enable us to
exclude the formation of the monoclinic modification.

It is quite possible that the formation of the cubic
ZrO, phase instead of the tetragonal modification
explains the shape of the XRD patterns presented in
Fig. 5. Such significant line broadening makes difficult
the unequivocal identification of the XRD patterns.
Additional information can be obtained by Raman
spectroscopy. Using this technique, we demonstrated
the principal possibility of the stabilization of the cubic
phase in supercritical water for a number of multicom-
ponent oxide catalysts based on ZrO,. Cubic symmetry
istypical for Ce—Zr solid solutions with ametal ratio of
1: 1, Zr-Rh systems containing 10% Rh, and ternary
Ce-Zr-Y systems containing 10% Ce and 10% Y. All
these composite oxides are single-phase nanocrystal
systems with a devel oped specific surface area.

The specific surface areas of all prepared oxide cat-
alysts are given in Table 3. Titanium oxide and Rh—Pd
catalysts supported on titanium oxide have the maxi-
mum surface area (approximately 200 m?/g). The spe-
cific surface area of the systems based on zirconia is
varied in the range 140-170 m?/g. For CeO,, the sur-
face area does not exceed 110 m?/g. It should be
emphasized that all the samples under discussion are
crystalline systems, and it is almost impossible to
obtain catalysts with such a high surface area by using
traditional techniques such as coprecipitation, impreg-
nation, sol—-gel synthesis, etc.

It is important that oxides prepared in supercritical
water display high thermal stability and have almost no

tendency to sintering. The XRD patterns of three ZrO,
samples prepared in (a) supercritical water and after
thermal treatment at (b) 600 and (c) 900°C for 1 h are
presented in Fig. 6. It can be seen that the cal cination of
the sample at 600°C does not change the phase compo-
sition and surface area. Even after thermal treatment at
900°C, the XRD lines are rather wide, which is typical
for small oxide particles. The specific surface area
diminishes two times and is only 90 m?/g. Even such a
low value of the surface area is considerably higher
than the specific surface area of the zirconium oxide
systems prepared by precipitation with ammonia from
zirconium-containing solutions. The content of the tet-
ragonal modification of ZrO, significantly increases
after calcination at 900°C. Therefore, the stabilization
of the metastable tetragonal modification is observed at
much lower temperatures in the case of the samples
prepared in supercritical conditions.

Thus, the preparation of oxide catalysts in sub- and
supercritical water enables one to obtain nanocrystal
homogeneous materials with ahigh surface area. How-
ever, this technique has also one significant disadvan-
tage. The elemental analysis of al prepared samplesis
shown in Table 3. As can be seen from Table 3, the con-
tent of carbon and nitrogen in the samples is much
higher than expected. It can be caused by either the
presence of unreacted starting materials in prepared
oxides or the adsorption of nitric or acetic acidsformed
during the hydrolysis of metal salts.

To clarify the origin of this phenomenon, we per-
formed a number of thermal gravimetric analyses for
severa samples. Theresultsare presentedin Fig. 7. The
No. 2
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Fig. 5. Dependence of the phase composition of ZrO, samples prepared in supercritical water on the yttrium content.

DTG curve of zirconium oxide (upper curve) exhibits
two peaks in the temperature range up to 600°C corre-
sponding to weight loss at 140 and 420°C. The first
peak is likely the result of water elimination. The sec-
ond weight loss can be explained by either the decom-
position of unreacted zirconium nitrate or the desorp-

tion of nitric acid. The lower curve in Fig. 7 corre-
sponds to the decomposition of zirconyl nitrate, which
was used as a precursor. The maximum rate of its
decomposition is observed at 225°C. The absence of
this maximum in the DTG curve of ZrO, indicates that
the increased nitrogen content can be accounted for by

Table 3. Specific surface areas and the content of carbon, hydrogen, and nitrogen in the catalysts prepared in sub- and su-

percritical conditions

Element content, %
Sample S m?/g
H N
ZrO, 163-172 Not found 0.09-0.89 0.85-1.67
Zr;_,InO, 135-154 0.22-0.32 0.37-0.55 1.45-1.84
Zr Y, 0, 147-161 0.14-0.44 0.73-0.84 1.54-2.09
CeysZro=0, 153 Not found 0-0.14 1.06-1.13
Cen1Y,Zrog-_xOs 115-164 0.25-0.44 0.31-0.61 1.49-1.51
1% Rh—Pd/ZrO, 158 0.12 0.24 0.98
10% Rh—Pd/ZrO, 141159 0.16-0.30 0.63-0.80 0.97-1.11
CeO, 110 Not found Not found 1.78-1.82
TiO, 189201 0.41-3.64 0-0.65 Not found
1% Rh—Pd/TiO, 195-213 2.52-4.27 0.32-0.64 0-1.20
KINETICS AND CATALYSIS Vol. 42 No.2 2001
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Fig. 6. XRD patterns of ZrO, samples: (a) fresh sample prepared in supercritical water, (b) after thermal treatment at 600 and

(c) 900°C.

the adsorption of nitric acid rather than by the presence
of unreacted zirconyl nitrate. Thermal treatment of all
the abtained oxide samplesat 600°C resultsin the com-
plete elimination of al carbon and nitrogen species
from the surface according to the data of elemental
analysis.

Presently we are studying the catalytic and physico-
chemical properties of oxide systems prepared in sub-
and supercritical water. The preliminary data testify
that such amethod of catalyst preparation allows oneto
vary the properties of the catalystsin awide range. The

1020°C 1180°C

420°C

T

Fig. 7. DTG curves of (1) ZrO, sample prepared in super-
critical water and (2) zirconyl nitrate.

temperature-programmed reduction (TPR) curves of
three samples of zirconium oxide and rhodium and pal-
ladium zirconia-based systems containing 10% of each
metal are shown in Fig. 8. It is known from the litera-
ture [13] that ZrO, cannot be reduced at temperatures
below 1000°C, but in our case, three steps of reduction
are abserved in thisregion, and the first reduction peak
is observed at 232°C. After introducing rhodium in the
catalyst, the consumption of hydrogen increases con-
siderably, and this fact is in agreement with the litera-
ture data[14]. The most interesting results are found in
the case of palladium-containing samples, where a suf-
ficient hydrogen uptake begins at room temperature,
and at 70°C, when the desorption of hydrogen begins.

The contents of Zr** ions in the samples prepared
either by using supercritical water or by the traditional
coprecipitation technique are given in Table 4. The Zr**
cations are considered to be the active sites in the Fi-
scher—Tropsch process [15]. It is well known that the
content of Zr** cations in zirconium oxide prepared by
traditional techniques is very low even after thermal
vacuum treatment and increases only after theintroduc-
tion of modifying additives [16]. However, in the case
of the supercritica samples, the concentration of Zr3*
cationsisrather high even in nonactivated samples, and
it isten times higher than that in the Ce—Zr-Y systems
prepared by coprecipitation. The content of Zr* ionsin
the supercritical samples increases considerably after
the introduction of the modifying additives. The con-
centration of paramagnetic sitesin the Ce—Zr systemis

KINETICS AND CATALYSIS  Vol. 42
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Fig. 8. TPR curvesfor zirconium-based samples prepared in supercritical water: (a) 10% Pd/ZrO,, (b) 10% Rh/ZrO,, and (c) ZrO,.
Temperatures (°C) of maximum hydrogen consumption (desorption) are shown above the curves.

two orders higher than in the Ce-Zr-Y samples pre-
pared by conventional methods.

The use of supercritical water is especially effec-
tive for the preparation of perovskite-type catalysts.
Perovskites are usually prepared by calcination at
1000-1100°C [17]. The specific surface area of such
catalysts is usually rather low, and thus they cannot be
effectively used in real catalytic processes. Severa
other techniques such as sol—gel synthesis, coprecipita-
tion, spray drying, and cryochemical techniques, which
allow one to diminish the temperatures characteristic
for precursor decomposition, are labor-consuming and
unprofitable on an industrial scale.

Using lanthanum cuprate as an example, we had
shown that the preparation of perovskite-type oxidesin
supercritical water made it possible to increase the sur-
face area 50 times, aswell as to optimize oxygen trans-
fer processes in the volume of the catalyst and to
improve its catalytic properties in the oxidation reac-
tions[17].

In the case of lanthanum cuprate, the phase of the
perovskite type is not formed directly in supercritical
conditions. The hydrolysis of a stoichiometric solution
of copper and lanthanum acetates yields a highly dis-
persed precursor, which contains copper oxide and lan-
thanum hydroxide. The calcination of this precursor at
as low atemperature as 600°C results in the formation
of homogeneous lanthanum cuprate.

KINETICS AND CATALYSIS  Vol. 42
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TPR curves of two La,CuO, samples, which were
prepared either by (a) a ceramic technique or (b) by
using supercritical water are presentedin Fig. 9. In both
cases, the first peak of hydrogen consumption is con-
nected with the elimination of weakly bonded oxygen
from the volume of the catalyst, and the second one
corresponds to the phase decomposition of the sample
followed by the formation of copper and lanthanum
oxides. The total hydrogen uptake is the same for both
catalysts, but in the case of the supercritical sample, the
elimination of weakly bonded oxygen is observed at a
temperature 100°C lower and the process occurs faster
than in the case of ceramic lanthanum cuprate. This
opens up new possihilities for the preparation of effec-
tive catalysts in supercritical water, which can be used
as the sources of active oxygen.

The increase of oxygen mobility in the supercritical
sample of La,CuQ, is explained by the smaller particle
size in the catalyst due to the use of a more homoge-
neous precursor obtained in supercritical water and
lower calcination temperatures.

It was shown that the La,CuQ, sample prepared in
supercritical water reveals unusual catalytic properties
in the reaction of CO oxidation in a pulse microcata
lytic system. In the case of the stoichiometric CO and
oxygen mixture, the activity of the supercritical sample
increases ~2.5 times in comparison with ceramic lan-
thanum cuprate due to its considerably larger surface
area. If the pulses of the reagents are separated in time,
the rate of CO oxidation on the supercritical sample



162
(a)

| 100°C |

| |
= ! !
p |
s i
d .
S |
=2 |
5 j
Z N ®
(@] .
= |
(@)
(@]
S
>
T

1 1
500 600 700 800
T,°C

Fig. 9. TPR curves of the La,CuO, sample prepared by
(a) ceramic technique and (b) using supercritical water.

increases ~8 times because of the higher oxygen mobil-
ity [17].

Therefore, the use of supercritical water creates pro-
spective ways for the preparation of a variety of new
catalysts and supports. Note that water in the supercrit-

Table4. The results of the investigation of Zr-containing
samples by ESR spectroscopy

[Zr3*] x 10, spin/g

I. Oxides obtained in supercritical water

nonactivated activated*
Zro, 25 3.6
Cep1Y0.06Zr0.840- 11 20
Cep1Y 0121050, 2.6 29
Ceys2rgs0, 3.8 11.0
I1. Oxides prepared by coprecipitation [16]

Zro, Not found Not found
Cep1Y 0.06Z0.8402 Not found 0.1

* Standard thermal vacuum treatment: first stage, T = 550°C, air,
2 h; second stage, T = 550°C, P = 10~ torr, 2 h.

GALKIN et al.

ical state mixeswith oxygen and hydrocarbons without
any restrictions, therefore, homogeneous and heteroge-
neous catal ytic reactionsin sub- and supercritical water
could be of great interest. Moreover, catalysts prepared
in nonequilibrium sub- and supercritical conditions
would reveal proper stability in supercritical condi-
tions.
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