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ABSTRACT OF THE DISCLOSUR!

L]

Disclosed are a composite oxide which is capable of
maintaining a large specific surface area even used 1n a
high temperature environment, and which has excellent heat
resistance and reducibility, as well as a method for
producing the composite oxide and a catalyst for exhaust
gas purification employing the composite oxide. The
composite oxide contains cerium and at least one of rare
carthmetal elements other thanceriumand including yttrium,
at amass rati100£85:15t099:1 1n terms oxides, and further
containing silicon at more than 0 parts by mass and not
more than 20 parts by mass 1n terms of Si0O, with respect
to 100 parts by mass of the total of the cerium and the

at least one of rare earth metal elements other than cerium

and including yttrium, wherein the composite oxide has a

specific surface area of not less than 40 mz/g as measured

by the BET method after calcination at 900 °C for 5 hours,
and a reducibility of not lower than 30 % as calculated
frommeasurement of temperature-programmed reduction from
50 °C to 900 °C after calcination at 1000 °C for 5 hours,

andisparticularlysuitable foraco-catalyst foracatalyst

for exhaust gas purification.
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SPECIFICATION

COMPLEX OXIDE, METHOD FOR PRODUCING SAME AND EXHAUST GAS

PURIFYING CATALYST

FIELD OF ART

The present inventionrelates toacomposite oxidewhich
may be used as a catalyst, functional ceramics, solid

electrolyte for fuel cells, abrasive, and the like,

particularly suitably used as a co-catalyst material 1in
catalysts for purifying vehicle exhaust gas and the like,
and which has excellent heat resistance and cerium oxide
reducibility, as well as to a method for producing the
composite oxide and a catalyst for exhaust gas purification
employing the composite oxide.

BACKGROUND ART

Catalysts for purifying vehicle exhaust gas and the
like are composed of a catalytic metal such as platinum,
palladium, or rhodium, and a co-catalyst for enhancing the

catalyst action of such metal, both supported on a catalyst

support made of, for example, alumina or cordierite. The
co-catalyst material absorbs oxygen under the oxidizing
atmosphere and desorbs oxygen under the reducing atmosphere,
and functions to optimally maintain the fuel/air ratio for
efficient purification of noxious components 1n exhaust
gases, such as hydrocarbons, carbon monoxide, and nitrogen

oxilides.
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Efficiency of a catalyst for purifyling exhaust gas 1S
generally proportional to the contact area between the
active species of the catalytic metal and exhaust gas. It
isalso important tomaintain the fuel/air ratioat optimum,

for which the reducibility associatedwith oxygenabsorbing
and desorbing capability of the co-catalyst should be
maintained at a high level. However, a co-catalyst, such

as cerium-containing oxides, is apt to be sintered during

use at high temperatures, e.g., for exhaust gaspurification.
This results in reduction of its specific surface area,
causing aggregation of the catalytic metals and decrease
in the contact area between exhaust gas and the catalytic
metals, which leads to reduction of efficiency inpurifying
exhaust gases.

In the light of the above, for improving the heat
resistance of cerium oxide, Patent Publication 1l discloses
methods of producing a ceric composite oxide containing
silicon, rare earth metal elements, or the like, whereln
ceric oxide is intimately mixed with an oxide of a metallic
element such as silicon or rare earth metal elements, and

calcined; whereincericoxide is impregnatedwithanaqueous
solution of a metal salt, such as silicate or salts of rare
earth metal elements, which may be converted to an oxide
by heating, and calcined; or wherein an oxlde precursor
of a metal element, such as silicon or rare earth metal

elements, is introduced into an aqueous colloidal

dispersion of a cerium (IV) compound, a basic material 1s
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added to the dispersion to obtain a precipitate, the
precipitate thus formed is subjected to solid-liquid
separation and heat-treated. This publication also
discloses that the amount of the oxide of ametallic element
such as silicon or rare earth metal elements is 1 to 20
masss, preferably 1 to 5 mass% of the ceric oxide.
However, 1n the specific examples disclosed in Patent
Publication 1, no composite oxide is disclosed which

contains all of cerium, silicon, and at least one of rare

earth elements. Further, the ceric oxides containing 2.5
masss S10; specifically produced in Examples 1, 5, and 6

of Patent Publication 1 exhibit specific surface areas of

20 Hf/g at most as measured by the BET method after
calcination at 900 °C for 6 hours. Further improvement

1s demanded.

For i1mprovement of the heat resistance and the like
of cerium oxide, there has been proposed to add rare earth
metal elements or silicon as a stabilizer (Patent

Publications 2 to 5). These publications propose some
composite oxides havingexcellent heat resistance at higher

temperatures and capability of maintaining a specific

surface area measured by the BET method.

However, no composite oxide 1s known which contains

all of cerium, silicon, and at least one of rare earth metal

elements other than cerium, and has excellent heat

resistance, capability of maintaining a large specific

surface area, and sufficient reducibility.



10

15

20

25

CA 02781797 2012-05-24

PRIOR ART PUBLICATIONS

PATENT PUBLICATIONS

Patent Publication 1: JP-62-56322-A
Patent Publication 2: W0-2008-156219-A
Patent Publication 3: JP-4-214026-A
Patent Publication 4: JP-2000-72437-A

Patent Publication 5: JP-5-270824-A

SUMMARY OF THE INVENTION

It is an object of the present invention to provide
a composite oxide which is capable of maintaining a large
specific surface area even in use in a high temperature
environment, which has excellent heat resistance and
excellent reducibility, and which is particularly suitable
foraco-catalyst foracatalyst forexhaustgaspurification,
aswell as acatalyst for exhaust gas purificationutilizing

the composite oxide.

It is another object of the present invention to provide
a method for producing a composite oxide which realizes
casy production of the composite oxide of the present
inventionwith excellent heat resistance and reducibility.

According to the present invention, there is provided
a composite oxide comprising cerium and at least one of
rare earth metal elements other than cerium and including
vttrium, at a mass ratio of 85:15 to 99:1 in terms oxldes,
and further comprising silicon at more than 0 parts by mass
and not more than 20 parts by mass in terms of SiO; with

P

respect to 100 parts by mass of a total of said cerium and
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sald at least one of rare earth metal elements other than
cerium and including yttrium,

wherelin said composite oxide has properties of
exhibiting a specific surface area of not less than 40 m“/g
as measured by BET method after calcination at 900 °C for
> hours, and a reducibility of not lower than 30 % as
calculated from measurement of temperature-programmed
reduction from 50 °C to 900 °C after calcination at 1000 °C
for 5 hours (sometimes referred to as a present composite
oxide hereinbelow).

According to the present invention, there is also
providedamethod for producing a composite oxide comprising
the steps of:

(a) providing a cerium solution not less than 90 mol$%
of which cerium ions are tetravalent,

(b) heatling and maintaining said cerium solution
obtained from step (a) up to and at not lower than 60 °C,

F

(c) adding an oxide precursor of at least one of rare

earthmetal elements other thanceriumandincluding yttrium

to a cerium suspension obtained through said heating and
maintalning,

(d) heating and maintaining said cerium suspension
containing said oxide precursor of said at least one of
rare earth metal elements other than cerium and including
yttrium up to and at not lower than 100 °C,

(e) adding a precipitant to the suspension obtained

from step (d) to obtain a precipitate,
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(f) calcining saild precipitate,

(g) impregnating an oxide obtained through said
calcining, with a solution of a silicon oxide precursor,
and

(h) calcining said oxide impregnated with the solution
of a silicon oxide precursor (sometimes referred to as the
first method hereinbelow).

According to the present invention, there i1s further

providedamethod for producinga composite oxide comprising

the steps of:

(A) providing a cerium solution not less than 90 mol%
of which cerium ions are tetravalent,

(B) heating and maintaining said cerium solution
obtained from step (A) up to and at not lower than 60 °C,

(C) adding a silicon oxide precursor and an oxide
precursor of at least one of rare earthmetal elements other
than cerium and including yttrium, to a cerium suspension
obtained through said heating and maintaining,

(D) heating and maintaining said cerium suspension
containing said silicon oxide precursor and said oxide
precursor of at least one of rare earthmetal elements other

than cerium and including yttrium up to and at not less

than 100 °C,

(E) adding a precipitant to the suspension obtained
from step (D) to obtain a precipitate, and

(F) calcining said precipitate thus obtained

(sometimes referred to as the second method hereinbelow) .
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According to the present invention, there 1s also
provideda catalyst for exhaust gaspurification comprising
the composite oxide of the present invention.

The composite oxide according to the present invention
contains silicon and at least one of rare earth metal
elements other thanceriumand including yttrium (sometimes
referred to as particular rare earth metal elements
hereinbelow) at a particular ratio, is capable of
maintaining excellent heat resistance, and has excellent
reducibility, so that it is useful as a co-catalyst for
a catalyst for exhaust gas purification.

The methods for producing a composite oxide according
to the present invention include the steps (a) to (h) or
steps (A) to (F), so that the composite oxide of the present

invention may readily be obtained.

PREFERRED EMBODIMENTS OF THE INVENTION

The present 1invention will now be explained in detail.

The composite oxide according to the present invention

has properties of exhibiting a specific surface area of
not less than 40 m°/g, preferably not less than 50 m?/qg,
more preferably not less than 60 mz/g, most preferably not
less than 80 m“/g as measured by the BET method after
calcination at 900 °C for 5 hours, and a reducibility of
not lower than 30 %, preferably not lower than 40 %, more
preferably not lower than 60 %, as calculated from

measurement of temperature-programmed reduction from 50 °C

to 900 °C after calcination at 1000 °C for 5 hours. The
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maximum specific surface area is not particularly limited
and may be about 120 m“/g, and the maximum reducibility
1s not particularly limited and may be about 90 %.

The present composite oxide also has a property of
exhibiting a specific surface area of not less than 25 m*/qg,
preferably not less than 40 m°/g, more preferably not less

than 50 mz/g, most preferablynot less than 60 mz/g asmeasured

by the BET method after calcination at 1000 °C for 5 hours.
With a specific surface area of less than 40 m*/g as measured

by the BET method after calcination at 900 °C for 5 hours

\

and a reducibility of less than 30 % as calculated from

measurement of temperature-programmed reduction from 50
to 900 °C after calcination at 1000 °C for 5 hours, the
composite oxide cannot achieve both sufficient heat
resistance and excellent reducibility at the same time,
and may not exhibit excellent catalytic function when
contalned 1n a catalyst for exhaust gas purification.
As used herein, the specific surface area is a wvalue
determined by the BET method using nitrogen gas adsorption,
which 1s a most popular method for determining specific
surface areas of powders. The reducibility is a percent

of trivalent cerium in the oxide reduced from tetravalent

cerium as calculated from measurement of

temperature~programmed reduction (TPR) from50 °Cto 900 °C.
TPR 1s measured with an automatic

temperature~programmed reduction analyzer (model TP-5000,

manufactured by KABUSHIKI KAISHA OKURA RIKEN), under the



10

15

20

25

CA 02781797 2012-05-24

followlng conditions; carrier gas: 90% argon-10% hydrogen;
gas flow rate: 30 mL/min.; rate of raising temperature of

sample during measurement: 10 °C/min.; sample weight: 0.5

g.
The calculation was made according to the following

formula:

Reducibility (%) = Hydrogen consumption of the sample

actually measured (umol/g) / Theoretical hydrogen
consumption of cerium oxide in the sample (umol/g) x 100
The composite oxide according to the present invention
has the above-mentioned properties, and contains cerium
and at least one of the particular rare earthmetal elements
al a mass ratio of 85:15 to 99:1, preferably 85:15 to 95:5,
in terms of oxides, and further contains silicon at more
than 0 parts by mass and not more than 20 parts by mass,
preferably 1 to 20 parts by mass, more preferably 2 to 20
parts by mass, most preferably 5 to 20 parts by mass in
terms of S10; with respect to 100 parts by mass of a total
of the cerium and the at least one of the particular rare
earth metal elements. If the cerium content in terms of
CeO2 1n the oxide of cerium and the at least one of the
particular rare earth metal elements is less than 85 mass$
or more than 99 mass%, the heat resistance and the
reducibilitymaybelow. Ontheotherhand, withoutsilicon,
sufficient heat resistance and reducibility cannot be

achieved, whereas at asilicon content of more than 20 parts

p—

by mass in terms of SiO;, the specific surface area may
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be small.

The at least one of particular rare earthmetal elements

may be, for example, yttrium, lanthanum, praseodymium,
neodymium, samarium, europium, gadolinilium, terbium,
dysprosium, holmium, erbium, thulium, ytterbium, lutetium,
oramlxtureof twoormoreof these, withyttrium, lanthanum,
praseodymium, neodymium, or a mixture of two or more of
these being particularly preferred.

In the present invention, yttriumis expressed in terms
of Y,03, lanthanum in terms of La,03, cerium in terms of

F

Ce0;, praseodymium 1n terms of Prg¢0O;1, neodymium in terms

of Nd,;O03, samarium in terms of Smy03, europium in terms of
Eu,03, gadolinium in terms of Gd,03, terbium in terms of
Tb407, dysprosium in terms of Dy,03, holmium in terms of

Ho,03, erbium in terms of Er,03, thulium in terms of Tm,0;,

ytterbium in terms of Yb,03, and lutetium in terms of Lu,0s3.

The production methods according to the present
inventionrealize easyproduction of composite oxides, such
as the present composite oxide, with good reproducibility,
and the first of the methods includes step (a) of providing
a cerium solution not less than 90 mol% of which cerium
ions are tetravalent.

A water-soluble cerium compound which may be used in
step (a) may be, for example, a ceric nitrate solution or
ammonium ceric nitrate, with the ceric nitrate solution

being particularly preferred.

In step (a), the initial concentration of the cerium

10



10

15

20

29

CA 02781797 2012-05-24

P

solution not less than 90 mol% of which cerium 10ns are

tetravalent, may be adjusted tousually 5 to 100 g/L cerium,
preferably 5 to 80 g/L, more preferably 10 to 70 g/L in
terms of CeO;. Usually water 1s used for the adjustment
of the concentration of the cerium solution, and deionized
water 1s particularly preferred. 1If the 1nitial
concentration is too high, the crystallinity of the

precipitate to be discussed later is not sufficiently high

andsufficientporescannotbe formed forholdingthesilicon

oxlide precursor and the oxide precursor of at least one

of the particular rare earth metal elements to be discussed
later, resulting in insufficient heat resistance and
reducibility of the ultimate composite oxide. Too low an
initial concentration leads to low productivity, which is
not industrially advantageous.

Inthe first method, step (b) of heatingandmaintaining
the cerium solution obtained from step (a) up to and at
not lower than 60 °C is carried out to cause reaction of
the cerium solution. A reactor to be used in step (b) may

elther be a sealed- or open-type vessel. An autoclave

reactor may pretferably be used.

Instep (b), thetemperatureatwhichtheceriumsolution

is heated and maintained is not lower than 60 °C, preferably
60 to 200 °C, more preferably 80 to 180 °C, most preferably
90 to 160 °C. The duration of heating and maintaining is
usually 10 minutes to 48 hours, preferably 30 minutes to

306 hours, more preferably 1 hour to 24 hours. With

11
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insufficient heating and maintaining, the crystallinity

of the precipitate tobediscussed later isnot sufficiently

high and a sufficient volume of pores cannot be formed for
lmpregnation with the solution of silicon oxide precursor
and the oxide precursor of at least one of the particular

rare earth metal elements to be discussed later, resulting

1in insufficient heat resistance and reducibility of the

ultimate composite oxide. Too long a period of heating

and malntaining affects little the heat resistance and the

reducibility and is not industrially advantageous.

The first method further includes step (c) of adding
an oxide precursor of at least one of the particular rare
earth metal elements, i.e., an oxide precursor of at least
one of rare earth metal elements other than cerium and
including yttrium, to a cerium suspension obtained through
the heating and maintaining in step (b).

The oxide precursor of at least one of the particular
rare earth metal elements may be any compound which may
be converted to an oxide of at least one of the particular
rare earth metal elements through an oxidation treatment,

such as calcining, and may be, for example, a nitric acid

solution of at least one of the particular rare earth metal

elements.

The amount of the oxide precursor of at least one of
the particular rare earth metal elements, expressed 1in a
mass ratio of cerium in the cerium suspension to the at

least one of the particular rare earth metal elements in

12
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the oxide precursor of at least one of the particular rare
earth metal elements 1n terms of oxides, may be adjusted
to usually 85:15 to 99:1, preferably 85:15 to 95:5. At
a cerium content in terms of Ce0, in the oxide of cerium
and the at least one of the particular rare earth metal
elements of less than 85 mass% or more than 99 mass%, the
heat resistance and the reducibility may be low.

Step (c) may be carried out after the cerium suspension
obtained through the heating and maintaining in step (b)
1s cooled.

Such cooling may usually be carried out under stirring
according to a commonly known method. The cooling may
eitherbenatural coolingbyleavingthe suspensiontostand,
or forced cooling with cooling tubes. The cooling may be
carried out down to usually 40 °C or lower, preferably a
room temperature of 20 to 30 °C.

In step (c), before adding the oxide precursor of the
at least one of the particular rare earth metal elements,
the salt concentration of the cerium suspension may be
adjusted by removing the mother liquor from the cerium
suspension or by adding water. The removal of the mother

liquormaybeeffected, forexample, bydecantation, Nutsche

method, centrifugation, orfilter-pressing. 1Inthiscase,
a slight amount of ceriumis removed with the mother liquor,
so the amounts of the oxide precursor of the at least one
of the particular rare earth metal elements and water to

be added next may be adjusted, taking this removed amount

13



10

135

20

25

CA 02781797 2012-05-24

of cerium into consideration.

The first method includes step (d) of heating and
malntaining the cerium suspension containing the oxide
precursor of the at least one of the particular rare earth
metal elements up toand at not lower than 100 °C, preferably
100 to 200 °C, more preferably 100 to 150 °C.

In step (d), the duration of heating and maintaining
1s usually 10 minutes to 6 hours, preferably 20 minutes
to 5 hours, more preferably 30 minutes to 4 hours.

In step (d) of heating and maintaining, at lower than
100 °C the crystallinity of the precipitate to be discussed
later is not sufficiently high, resulting in insufficient
heat resistance and reducibility of the ultimate composite
oxide. Toolongaperiodofheatingandmaintainingaffects
little the heat resistance and the reducibility and is not
industrially advantageous.

The first method includes step (e) of adding a
precipitant to the suspension obtained from step (d) to
obtain a precipitate.

The precipitant used in step (e) may be a base, for
example, sodium hydroxide, potassium hydroxide, aqueous

ammonla, ammonia gas, or a mixture thereof, with aqueous

ammonia being particularly preferred.

The precipitant may be added, for example, by preparing
an aqueous solution of the precipitant at a suitable
concentration and adding the solution to the suspension

obtained from step (d) under stirring, or in the case of

14
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ammonlia gas, by bubbling the suspension with the ammonila
gas in the reactor under stirring. The amount of the
precipitant to be added may easily be determined by
monitoring the pH change of the suspension. Usually, the
amount for generating a precipitate in the suspension at
about pH 7 to 9, preferably pH 7 to 8.5, is sufficient.

Step (e) may be carried out after the cerium suspension
obtained through the heating and maintaining in step (d)
1s cooled.

Such cooling may usually be carried out under stirring
according to a commonly known method. The cooling may
eltherbenatural coolingbyleavingthe suspensiontostand,
or forced cooling with cooling tubes. The cooling may be
carried out down tousually 40 °C or lower, preferably about
a room temperature of 20 to 30 °C.

Through the precipitationreactioninstep (e), aslurry
containing a precipitate of ceriumoxide hydrate with grown
crystals 1s obtained. The precipitate may be separated
by, for example, the Nutsche method, centrifugation, or
filter-pressing. Theprecipitatemayoptionallybewashed
with water as needed. Further, in order to improve the

efficiency in the following step (f), the precipitate may

optionally be dried to a suitable level.

The first method includes step (f) of calcining the
precipitate. The temperature for the calcining is usually
250 to 500 °C, preferably 280 to 450 °C. The duration of

the calcining is usually 30 minutes to 36 hours, preferably

15
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1 hour to 24 hours, more preferably 3 to 20 hours.

The oxide obtained through calcination in step (f) 1is
in the form of a porous body having pores of a sufficient
volume for impregnation with a solution of a silicon oxide
precursor to be discussed later. This facilitates
impregnation with a solution of a silicon oxide precursor
and improves the heat resistance and the reducibility of
the ultimate composite oxide.

The first method includes step (g) of impregnating the

oxide obtained through calcination with a solution of a
silicon oxide precursor.

The silicon oxide precursor used in step (g) may be
any compound which may be converted to a silicon oxide
through an oxidation treatment, such as calcining, as long

as the calcined oxide porous body may be impregnated with

the compound dissolved in a solvent. Examples of the

precursor may include silicates, such as sodium silicate,
si1lane compounds, such as tetraethyl orthosilicate, silyl
compounds, such as trimethylsilyl isocyanate, and

quaternary ammonium silicates, such as tetramethyl

ammonium silicate.

The solvent to be used for disscolving the silicon oxide
precursor may be selected depending on the kind of the
precursor to be used, and may be, for example, water or
organic solvents, such as alcohol, xylene, hexane, or

toluene.

The concentration of the solution of the silicon oxide

16
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precursor 1s not particularly limited as long as the oxide
porous body may be impregnated with the solution, and may
usually be 1 to 300 g/L, preferably about 10 to 200 g/L
of the silicon oxide precursor 1in terms of Si0O, for

workabillity and efficiency.

In step (g), the amount of the silicon oxide precursor
1s usually more than 0 parts by mass and not more than 20
parts by mass, preferably 1 to 20 parts by mass, more
preferably 2 to 20 parts by mass, most preferably 5 to 20
parts by mass of the silicon oxide precursor in terms of
510, with respect to 100 parts by mass of the total of the
cerium and the at least one of the particular rare earth

metal elements in the oxide in terms of oxides. With too

small an amount of silicon, the heat resistance and the
reducibility of the resulting composite oxide is low,
whereas with too large an amount of silicon, the heat

resistance of the resulting composite oxide is also low

and the specific surface area at higher temperatures tends

to decrease.

In step (g), the impregnation of the oxide with the
solution of the silicon oxide precursor may be carried out,

for example, by pore-filling, adsorption, or evaporation

to dryness.
Thepore-fillingmaybeeffectedbymeasuringinadvance

the total pore volume of the oxide, and adding the same

volume of the solution of the silicon oxide precursor so

that the surface of the oxide is evenly wetted.

177
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The first method includes step (h) of calcining the
oxide impregnated with the solution of the silicon oxide
precursor. The temperature of the calcination 1s usually
300 to 700 °C, preferably 350 to 600 °C.

The duration of calcination in step (h) may suitably
be determined in view of the calcination temperature, and
may usually be 1 to 10 hours.

In the first method, after step (g) and before step
(h), the oxide impregnatedwith the silicon oxide precursor
may optionally be dried at about 60 to 200 °C. With such
a drying step, the efficiency of the calcination in step
(h) may be improved.

The second method according to the present invention
includes step (A) of providing a cerium solution not less
than 90 mol% of which cerium ions are tetravalent.

A water-soluble cerium compound which may be used in
step (A) may be, for example, a ceric nitrate solution or
ammonium ceric nitrate, with the ceric nitrate solution
being particularly preferred.

In step (A), the 1nitial concentration of the cerium
solution not less than 90 mol% of which cerium l1ons are
tetravalent, may be adjusted tousually 5to 100 g/L cerium,

preferably 5 to 80 g/L, more preferably 10 to 70 g/L 1in
terms of CeO,. Usually water 1is used for the adjustment
of the concentration of the cerium solution, and deionized
water 1s particularly preferred. If the initial

concentration is too high, the crystallinity of the

18
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precipitate to be discussed later is not sufficiently high

anda sufficient volume of pores cannot be formed, resulting

P

in i1nsufficient heat resistance and reducibility of the

ultimate composite oxide. Too low an initial
concentration leads to low productivity, which is not
industrially advantageous.

Inthe secondmethod, step (B) of heatingandmaintaining
the cerium solution obtained from step (A) up to and at
not lower than 60 °C is carried out next.

A reactor to be used 1n step (B) may either be a sealed-
Oor open-typevessel, andanautoclave reactormaypreferably
be used.

Instep (B), thetemperatureat whichtheceriumsolution
i1s heated andmaintained is not lower than 60 °C, preferably
60 to 200 °C, more preferably 80 to 180 °C, most preferably
90 to 160 °C. The duration of heating and maintaining is
usually 10 minutes to 48 hours, preferably 30 minutes to
36 hours, more preferably 1 hour to 24 hours. With

insufficient heating and maintaining, the crystallinity

of the precipitate tobediscussed later isnot sufficiently

high and a sufficient volume of pores cannot be formed,
resulting in insufficient heat resistance and reducibility

of the ultimate composite oxide. Too long a period of
heating and maintaining affects little the heat resistance
and the reducibility and is not industrially advantageous.

The second method further includes step (C) of adding

a siliconoxide precursor and an oxide precursor of at least
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one of the particular rare earth metal elements to a cerium
suspension obtained from step (B)

In step (C), the silicon oxide precursor to be added
to the cerium suspension may be any compound which may be
converted to silicon oxide through an oxidation treatment,
such as calcination, and may be, for example, colloidal
silica, siliconate, or quaternary ammonium silicate sol,
with the colloidal silica being particularly preferred in

view of the production cost and reduction of environmental

burden.

In step (C), the amount of the silicon oxide precursor
1s more than 0 parts by mass and not more than 20 parts
by mass of the silicon oxide precursor, preferably 1 to
20 parts by mass, more preferably 2 to 20 parts by mass,
most preferably 5 to 20 parts by mass, in terms of SiO;
with respect to 100 parts by mass of the total of the cerium

and the at least one of the particular rare earth metal

el

arPe

ements intheultimate composite oxide in terms of oxides.

With too small an amount of silicon, the heat resistance
and the reducibility of the resulting composite oxide tend
to be low, whereas with too large an amount of silicon,
the heat resistance of the resulting composite oxide is
alsolowandthespecificsurfaceareaathigher temperatures

tends to decrease.

The oxide precursor of the at least one of theparticular
rare earth metal elements 1in step (C) may be any compound

which may be converted to an oxide of at least one of the
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particular rare earth metal elements through an oxidation
treatment, such as calcining, and may be, for example, a
nitric acid solution containing at least one of the

particular rare earth metal elements.

The amount of the oxide precursor of the at least one
of the particular rare earth metal elements, expressed in
a mass ratio of cerium in the cerium suspension to the at
least one of the particular rare earth metal elements in
the oxide precursor of the at least one of the particular
rare earthmetal elements interms of oxides, may be adjusted
to usually 85:15 to 99:1, preferably 85:15 to 95:5. At
a cerium content in terms of CeO, in the oxide of cerium
and the at least one of the particular rare earth metal
elements 1s less than 85 mass$% or more than 99 mass%, the
heat resistance and the reducibility may be low.

Step (C) may be carried out after the cerium suspension
obtained through the heating and maintaining in step (B)

1s cooled.

Such cooling may usually be carried out under stirring
according to a commonly known method. The cooling may
eltherbenatural coolingbyleavingthe suspensiontostand,
or forced cooling with cooling tubes. The cooling may be
carried out down tousually 40 °C or lower, preferably about

a room temperature of 20 to 30 °C.
In step (C), before adding the silicon oxide precursor

and the oxide precursor of the at least one of the particular

rare earth metal elements, the salt concentration of the
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cerium suspension may be adjusted by removing the mother
liquor from the cerium suspension or by adding water. The
removal of the mother liquor may be effected, for example,

by decantation, Nutsche method, centrifugation, or

filter—-pressing. In this case, a slight amount of cerium
1s removed with the mother liquor, so the amounts of the
silicon oxide precursor, the oxide precursor of the at least
one of the particular rare earth metal elements, and water
to be added next may be adjusted, taking this removed amount
of cerium into consideration.

The second method includes step (D) of heating and
maintaining the cerium suspension containing the silicon
oxide precursor and the oxide precursor of the at least
one of the particular rare earth metal elements up to and
at not lower than 100 °C, preferably 100 to 200 °C, more
preferably 100 to 150 °C.

Instep (D), theduration of the heatingandmaintaining
may be usually 10 minutes to 6 hours, preferably 20 minutes
to 5 hours, more preferably 30 minutes to 4 hours.

In step (D) of heating and maintaining, at lower than
100 °C, thecrystallinity of the precipitate tobediscussed
later 1s not sufficiently high, resulting in insufficient
heat resistance and reducibility of the ultimate composite
oxlide. Toolongaperiodofheatingandmaintainingaffects
little the heat resistance and the reducibility and is not
industrially advantageous.

The second method includes step (E) of adding a
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precipitant to the suspension obtained from step (D) to
obtaln a precipitate.

The precipitant used in step (E) may be a base, for
example, sodium hydroxide, potassium hydroxide, agueous
ammonia, ammonla gas, or a mixture thereof, with agueous
ammonia being particularly preferred. The amount of the
precipitant to be added in step (E) may easily be determined
by monitoring the pH change of the suspension. Usually,
the amount for generating a precipitaté 1n the suspension

at about pH 7 to 9, preferably pH 7 to 8.5, is sufficient.

Step (E) may be carried out after the cerium suspension
obtained through the heating and maintaining in step (D)
1s cooled.

Such cooling may usually be carried out under stirring
according to a commonly known method. The cooling may
eltherbenatural coolingbyleavingthe suspensiontostand,
or forced cooling with cooling tubes. The cooling may be
carried out down tousually 40 °C or lower, preferably about
a room temperature of 20 to 30 °C.

The precipitate may be separated by, for example, the
Nutsche method, centrifugation, or filter-pressing. The
precipitate may optionally be washed with water as needed.

The second method includes step (F) of calcining the
precipitate thus obtained. The temperature for the
calcining isusually 300 to 700 °C, preferably 350 to 600 °C.

The duration of the calcination in step (F) may suitably

be determined in view of the calcination temperature, and
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may usually be 1 to 10 hours.
Through step (F), a composite oxide with excellent heat

resistance and reducibility may be obtained.

According to the methods of the present invention, the
composite oxide obtained from step (h) or (F) may be ground
into a powder before use. The grinding may be carried out
with a commonly used pulverizer, such as a hammer mill,
to sufficliently obtain a powder of a desired powder size.

Theparticlesize of the composite oxide powder obtained
by the present methods may be made as desired through the
above-mentioned grinding, and may preferably be a mean
particle diameter of 1 to 50 pym for use as a co-~catalyst
for a catalyst for exhaust gas purification.

The catalyst for exhaust gas purification according
to the present invention is not particularly limited as
long as the catalyst is provided with a co-catalyst
containing the composite oxide of the present invention,
and the method of production and other materials to be used

may be, for example, conventional.

EXAMPLES

The present invention will now be explained in more

detail with reference to Examples and Comparative Examples,
which are not intended to limit the present invention.

Example 1

This example relates to a composite oxide containing
cerium oxide, lanthanum oxide, and praseodymium oxide at

90:5:5 by mass in total of 100 parts by mass, with respect
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to which 1 part by mass of silicon oxilde was added.
50 g of a ceric nitrate solution 1n terms of CeO,

containing not less than 90 mol% tetravalent cerium 10ns
was measured out, and adjusted to a total amount of 1 L
withpurewater. Theobtainedsolutionwasheatedtol1l00 °C,
maintained at this temperature for 30 minutes, and allowed
to cool down to the room temperature, to thereby obtain
a cerium suspension.

After the mother liquor was removed from the cerium
suspension thus obtained, 10.4 ml of a lanthanum nitrate
solution (2.6 gin terms of Lay03), 10.3 ml of a praseodymium
nitrate solution (2.6ginterms of Pr¢0q11), 2.5g0fcolloidal
silica (0.5 g in terms of Si0O;) were added, and the total
volume was adjusted to 1 L with pure water.

Then the cerlium suspension containing precursors of
lanthanum oxide, praseodymium oxide, and silicon oxide was
maintained at 120 °C for 2 hours, allowed to cool, and
neutralized to pH 8.5 with agqueous ammonia.

A slurry resulting from the neutralization was
subjected to solid-1liquid separation by Nutsche filtering
to obtain a filter cake, which was calcined at 500 °C for
10 hours 1n the atmosphere toobtain a composite oxide powder
mainly composedof ceriumoxidewithl partbymassofsilicon
oxlide with respect to 100 parts by mass in total of cerium
oxlde, lanthanum oxide, and praseodymium oxide contained
at 90:5:5 by mass.

The obtained composite oxide powder was measured of
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the specific surface areas by the BET method after
calcination at 900 °C for 5 hours and at 1000 °C for 5 hours,
in the atmosphere. Further, the ceriumoxide reducibility
was calculated from the measurement of
temperature-programmed reduction (TPR) from 50 °C to 900 °C
after calcination at 1000 °C for 5 hours. The results are
shown in Table 1.

Example 2

This example relates to a composite oxide containing
cerium oxide, lanthanum oxide, and praseodymium oxide at
90:5:5 by mass in total of 100 parts by mass, with respect
to which 2 parts by mass of silicon oxide was added.

Acomposite oxide powdermainly composedof ceriumoxide
and containing cerium oxide, lanthanum oxide, and
praseodymium oxide at 90:5:5 by mass and 2 parts by mass
of silicon oxide with respect 100 parts by mass in total
of theceriumoxide, lanthanumoxide, andpraseodymiumoxide,
was prepared in the same way as in Example 1 except that
the amount of the colloidal silicawas 4.9qg (1.0 g in terms
of S10;). The properties of the composite oxide powder
thus obtained were evaluated in the same way as in Example

1. The results are shown in Table 1.

Example 3

This example relates to a composite oxide containing
cerium oxide, lanthanum oxide, and praseodymium oxide at
90:5:5 by mass in total of 100 parts by mass, with respect

N

to which 5 parts by mass of silicon oxide was added.
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A composite oxide powdermainly composedof ceriumoxide
and containing cerium oxide, lanthanum oxide, and
praseodymium oxide at 90:5:5 by mass and 5 parts by mass
of si1licon oxide with respect to 100 parts by mass in total

of theceriumoxide, lanthanumoxide, and praseodymiumoxide,

was prepared in the same way as 1n Example 1 except that

" ad

the amount of the colloidal silica was 12.7 g (2.6 g 1n

—~

terms of S10;). The properties of the composite oxide

powder thus obtained were evaluated in the same way as in

Example 1. The results are shown in Table 1.

Example 4

This example relates to a composite oxide containing
cerium oxide, lanthanum oxide, and praseodymium oxide at
90:5:5 by mass in total of 100 parts by mass, with respect
to which 10 parts by mass of silicon oxide was added.

A composite oxlide powdermainly composedof ceriumoxide
and containing cerium oxide, lanthanum oxide, and
praseodymium oxide at 90:5:5 by mass and 10 parts by mass
of s1licon oxide with respect to 100 parts by mass in total
of theceriumoxide, lanthanumoxide, and praseodymiumoxide,

was prepared 1n the same way as 1in Example 1 except that

the amount of the colloidal silica was 25.4 g (5.2 g in
terms of S10;). The properties of the composite oxide
powder thus obtained were evaluated in the same way as 1in

Example 1. The results are shown in Table 1.

This example relates to a composite oxide containing
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cerium oxlde, lanthanum oxide, and praseodymium oxide at
90:5:5 by mass 1in total of 100 parts by mass, with respect
to which 20 parts by mass of silicon oxide was added.

A composite oxide powdermainly composedof ceriumoxide
and containing cerium oxide, lanthanum oxide, and
praseodymium oxide at 90:5:5 by mass and 20 parts by mass
of silicon oxide with respect to 100 parts by mass in total
of theceriumoxide, lanthanumoxide, andpraseodymiumoxide,
was prepared 1n the same way as in Example 1 except that
the amount of the colloidal silica was 50.8 g (10.4 g in
terms of S10;). The properties of the composite oxide
powder thus obtained were evaluated in the same way as in
Example 1. The results are shown in Table 1.

Example 6

This example relates to a composite oxide containing
cerium oxlide, lanthanum oxide, and prasecdymium oxide at
90:5:5 by mass in total of 100 parts by mass, with respect
to which 2 parts by mass of silicon oxide was added, and
prepared by a method different from Example 2.

50 g of a ceric nitrate solution in terms of CeO,
containing not less than 90 mol% tetravalent cerium ions
was measured out, and adjusted to a total amount of 1 L

withpurewater. Theobtainedsolutionwasheatedto1l00 °C,
maintained at this temperature for 30 minutes, and allowed
to cool down to the room temperature, to thereby obtailn
a cerium suspension.

After the mother ligquor was removed from the cerium
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suépension thus obtained, 10.4 ml of a lanthanum nitrate
solution (2.6 g in terms of La,03) and 10.3 ml of a
praseodymium nitrate solution (2.6 g in terms of PrgOi1)
were added, and the total volume was adjusted to 1 L with
pure water.

Then the cerium suspension containing precursors of
lanthanum oxide and praseodymium oxide was maintained at
120 °C for 2 hours, allowed to cool, and neutralized to
pH 8.5 with aqueous ammonia.

A slurry resulting from the neutralization was
subjected to solid-liquid separation by Nutsche filtering
to obtain a filter cake, which was calcined at 300 °C for
10 hours 1n the atmosphere to obtain a rare earth composite
oxide mainly composed of cerium oxide with 5 % by mass each

of lanthanum oxide and praseodymium oxide.

Then 16.1 g of the rare earth composite oxide thus
obtainedwasplacedinabeaker, towhichanethanol solution
0f 1.04 g tetraethyl orthosilicate (0.30 g in terms of Si0O3)

in a total amount of 9 ml was added to impregnate the rare

gy

earth composite oxide with a solution of a silicon oxide

precursor by pore-filling.
The rare earth composite oxide impregnated with the

solution of a silicon oxide precursor was dried at 120 °C

for 10 hours, and calcined at 500 °C for 10 hours in the
atmosphere to obtain a composite oxide powder mailnly
composed of cerium oxide and containing cerium oxide,

lanthanum oxide, and praseodymium oxide at 90:5:5 by mass
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and 2 parts by mass of silicon oxide with respect to 100
parts bymass in total of the ceriumoxide, lanthanum oxide,
and praseodymium oxide. The properties of the composite
oxide powder thus obtained were evaluated in the same way

as in Example 1. The results are shown 1n Table 1.

Example 7

This example relates to a composite oxide containing
cerium oxide, lanthanum oxide, and praseodymium oxide at

90:5:5 by mass in total of 100 parts by mass, with respect

to which 5 parts by mass of silicon oxide was added.

A composite oxide powdermainly composedof ceriumoxide
and containing cerium oxide, lanthanum oxide, and
praseodymium oxide at 90:5:5 by mass and 5 parts by mass
of silicon oxide with respect to 100 parts by mass in total
of the ceriumoxide, lanthanumoxide, andpraseodymiumoxide,
was prepared in the same way as in Example 6 except that
the amount of the tetraethyl orthosilicatewas 2.60 g (0.75
g in terms of Si0O;). The properties of the composite oxide
powder thus obtained were evaluated in the same way as 1in

Example 1. The results are shown 1n Table 1.

Example 8

This example relates to a composite oxide contalning

cerium oxide, lanthanum oxide, and praseodymium oxide at

90:5:5 by mass in total of 100 parts by mass, with respect

to which 10 parts by mass of silicon oxide was added.
A composite oxide powdermainly composedof ceriumoxide

and containing cerium oxide, lanthanum oxide, and
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praseodymium oxide at 90:5:5 by mass and 10 parts by mass
of silicon oxide with respect to 100 parts by mass in total

of the ceriumoxide, lanthanumoxide, andpraseodymiumoxide,

was prepared in the same way as in Example 6 except that

the amount of the tetraethyl orthosilicate was 5.20 g (1.5
g in terms of Si0,). The properties of the composite oxide
powder thus obtained were evaluated in the same way as 1in

Example 1. The results are shown 1n Table 1.

Example 9

This example relates to a composite oxide containing

cerium oxide, lanthanum oxide, and praseodymium oxide at

90:5:5 by mass in total of 100 parts by mass, with respect
to which 20 parts by mass of silicon oxide was added.
A composite oxide powdermainly composedof ceriumoxide
and containing cerium oxide, lanthanum oxide, and
praseodymium oxide at 90:5:5 by mass and 20 parts by mass
of silicon oxide with respect to 100 parts by mass in total
of theceriumoxide, lanthanumoxide, andpraseodymiumoxide,
was prepared in the same way as in Example 6 except that
the amount of the tetraethyl orthosilicate was 10.4 g (3.0
g in terms of Si0;). The properties of the composite oxide
powder thus obtained were evaluated in the same way as 1in

Example 1. The results are shown 1n Table 1.

Example 10

This example relates to a composite oxide containing
cerium oxide and lanthanum oxide at 90:10 by mass 1in total

of 100 parts by mass, with respect to which 5 parts by mass
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of silicon oxide was added.

A composite oxide powdermainly composedof ceriumoxide

and containing cerium oxide and lanthanum oxide at 90:10

by mass and 5 parts by mass of silicon oxide with respect

tol00Opartsbymassintotal of theceriumoxide and lanthanum
oxide, was prepared in the same way as in Example 6 except
that instead of adding the lanthanum nitrate solution and
the praseodymium nitrate solution, only 20.8 ml of the
lanthanum nitrate solution (5.2 g in terms of La,03) was

added, and the amount of tetraethyl orthosilicate was 2.60

g (0.75gin terms of Si0;). The properties of the composite
oxide powder thus obtained were evaluated 1n the same way

as in Example 1. The results are shown in Table 1.

Example 11

This example relates to a composite oxide containing
cerium oxide and lanthanum oxide at 85:15 by mass in total
of 100 parts by mass, with respect to which 5 parts by mass
of silicon oxide was added.

A composite oxide powdermainly composedof ceriumoxide
and containing cerium oxide and lanthanum oxide at 85:15

by mass and 5 parts by mass of silicon oxide with respect

tolO0Opartsbymassintotal of theceriumoxide and lanthanum

oxide, was prepared in the same way as in Example 10 except
that instead of adding the lanthanum nitrate solution and
the praseodymium nitrate solution, only 33.1 ml of the
lanthanum nitrate solution (8.3 g in terms of La;03) was

added. The properties of the composite oxide powder thus
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obtained were evaluated in the same way as in Example 1.
The results are shown in Table 1.

Example 12

This example relates to a composite oxide containing
cerium oxide and praseodymium oxide at 90:10 by mass 1in
total of 100 parts by mass, with respect to which > parts
by mass of silicon oxide was added.

A composite oxide powdermainly composedof ceriumoxide
and containing ceriumoxide and praseodymium oxide at 90:10
by mass and 5 parts by mass of silicon oxide with respect
to 100 parts by mass in total of the cerium oxide and
praseodymium oxide, was prepared in the same way as 1n
Example 6 except that insteadofaddingthe lanthanumnitrate
solution and the praseodymium nitrate solution, only 20.5
ml of the praseodymium nitrate solution (5.2 g 1n terms
of Pr¢0;;) was added, and the amount of tetraethyl
orthosilicate was 2.60 g (0.75 g in terms of SiO;). The
properties of the composite oxide powder thus obtained were

evaluated in the same way as in Example 1. The results
are shown in Table 1.

Example 13

This example relates to a composite oxide contalining

cerium oxide and neodymium oxide at 90:10 by mass in total
of 100 parts by mass, with respect to which 5 parts by mass
of silicon oxide was added.

A composite oxide powdermainly composedof ceriumoxide

and containing cerium oxide and neodymium oxide at 90:10
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by mass and 5 parts by mass of silicon oxide with respect

tol00partsbymassintotal of theceriumoxide andneodymium

oxide, was prepared in the same way as in Example 6 except
that instead of adding the lanthanum nitrate solution and
the praseodymium nitrate solution, 23.5 ml of a neodymium
nitrate solution (5.2 g in terms of Nd,03) was added, and
the amount of tetraethyl orthosilicate was 2.60 g (0.7/0

g in terms of Si0;). The properties of the composite oxide

powder thus obtained were evaluated in the same way as 1in

Example 1. The results are shown in Table 1.

Example 14

This example relates to a composite oxide containing
cerium oxide and yttrium oxide at 90:10 by mass in total
of 100 parts by mass, with respect to which 5 parts by mass
of silicon oxide was added.

A composite oxide powdermainly composed of ceriumoxide
and containing cerium oxide and yttrium oxide at 90:10 by
mass and 5 parts by mass of silicon oxide with respect to
100 parts by mass in total of the cerium oxide and yttrium
oxide, was prepared in the same way as in Example 6 except

P

that instead of adding the lanthanum nitrate solution and

the praseodymium nitrate solution, 22.9 ml of a yttrium

nitrate solution (5.2 g in terms of Y,03) was added, and
the amount of tetraethyl orthosilicate was 2.60 g (0.75
g in terms of Si0;). The properties of the composite oxide
powder thus obtained were evaluated in the same way as 1n

Example 1. The results are shown in Table 1.
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Comparative Examples 1 to 4

These examples relate to composite oxides without

silicon oxide, which were obtained before the impregnation

with the solution of a silicon oxide precursor in Examples

10, 11, 12, and 6, respectively. The properties of the
obtained oxide powders were evaluated 1n the same way as

in Example 1. The results are shown in Table 1.
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The embodiments of the 1invention 1n which an exclusive

property or privilege 1s claimed are defined as follows:

1. A composite oxide consisting of cerium, silicon,

oxygen, and at least one rare earth metal element other

than cerium,

whereln a mass ratio of said cerium to said at least

pa®

one rare earth metal element 1is 85:15 to 99:1 1n terms of

oxlides,

——

wherein a content of said silicon is more than 0 parts

by mass and at most 20 parts by mass in terms of Si0Oz with
respect to 100 parts by mass of a total of said cerium and

sald at least one rare earth metal element 1n terms of

oxldes,

wherein said composite oxide 1s produced by a method

comprlsing the steps of:

(a) providing a cerium solution at least 90 mol% of

which cerium 1ons are tetravalent, wherein said cerium

solution i1s a ceric nitrate solution ¢r an ammonium ceric

nitrate solution,

(b) heating said cerium solution at 60 °C or more for

a duration of 10 minutes to 48 hours to obtain a cerium

suspension,

(c) adding an oxide precursor of said at least one

rare earth metal element to said cerium suspension,

(d) heating said cerium suspension contalining said
oxide precursor at 100 °C or more for a duration of 10

minutes to 6 hours to obtain a suspension,

(e) adding a precipitant to said suspension obtained

from step (d) to obtain a precipitate,

(f) calcining saild precipitate at 250 to 500 °C for a

P

duration of 30 minutes to 36 hours to obtain an oxide,
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0

(g) 1mpregnating saild oxide with a solution of a

sllicon oxlde precursor, and

(h) calcining saild oxide impregnated with said

solution of said silicon oxide precursor at 300 to 700 °C

yr—

for a duration of 1 to 10 hours, and

wherein sald composite oxide has a specific surface

area of at least 40 m?/g as measured by BET method after

calcination at 900 °C for 5 hours, and a reducibility

represented by a percent of trivalent cerium 1n the

composite oxide reduced from tetravalent cerium of at least
30 % as calculated from measurement of temperature-

programmed reduction from 50 “C to 900 °“C after calcination

at 1000 °C

-

for 5 hours.

2. A composite oxide consisting of cerium, silicon,

oxygen, and at least one rare earth metal element other
than cerium,

wherein a mass ratio of said cerium to said at least
one rare earth metal element is 85:15 to 99:1 in terms of
oxides,

wherein a content of said silicon i1is more than 0 parts

by mass and at most 20 parts by mass in terms of Si0z with

b

respect to 100 parts by mass of a total of said cerium and

sald at least one rare earth metal element 1n terms of

oxldes,

wherein said composite oxilde 1s produced by a method
comprising the steps of:

(A) providing a cerium solution at least 90 mols of
which cerium ions are tetravalent, wherein said cerium
solution is a ceric nitrate solution or an ammonium ceric

nitrate solution,
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(B) heating said cerium solution at 60 °C or more for
a duration of 10 minutes to 48 hours to obtain a cerium
suspension,

(C) adding a sillicon oxide precursor and an oxide
precursor of said at least one rare earth metal element to
sald cerium suspension,

(D) heating said cerium suspension containing said
silicon oxide precursor and sald oxide precursor of said at
least one rare earth metal element at 100 °C or more for a

duration of 10 minutes to 6 hours to obtain a suspension,

(E) adding a precipitant to said suspension obtained

from step (D) to obtain a precipitate, and

(F) calcining said precipitate at 300 to 700 °C for a

duration ot 1 to 10 hours, and

wherein said composite oxide has a specific surface

area of at least 40 m?/g as measured by BET method after

calcination at 900 °C for 5 hours, and a reducibility

represented by a percent of trivalent cerium 1in the

composite oxide reduced from tetravalent cerium of at least

pr—

30 % as calculated from measurement of temperature-

programmed reduction from 50 °C to 900 °C after calcination

at 1000 °C for 5 hours.

3. The composite oxide according to claim 1 or 2 having a

specific surface area of at least 25 m?/g as measured by BET

method after calcination at 1000 °C for 5 hours.

4, The composite oxide according to any one ¢f claims 1

gl
v

to 3 having a reducibillity represented by a percent of

trivalent cerium 1n the composite oxide reduced from

tetravalent cerium of at least 40 % as calculated from
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measurement of temperature-programmed reduction from 50 °C

to 900 °C after calcination at 1000 °C for 5 hours.

P

5. The composite oxide according to any one of clalms 1

to 4, wherein said content of said silicon is 5 to 20 parts

by mass in terms of S102 with respect to 100 parts by mass

p—ve

in total of said cerium and sald at least one rare earth

metal element in terms of oxides.

6. A method for producing a composite oxide comprising
the steps ot:

(a) providling a cerium solution at least 90 mols ot
which cerium i1ons are tetravalent, whereln said cerium
solution is a ceric nitrate sclution or an ammonium ceric

nitrate solution,

(b) heating said cerium solution at 60 °C or more for

#

a duration of 10 minutes to 48 hours to obtalin a cerium

SUSpension,

(c) adding an oxide precursor of at least one rare
earth metal element other than cerium to sald cerium

suspension,

(d) heating said cerium suspension contalining said
oxide precursor at 100 °C or more for a duration of 10
minutes to © hours to obtain a suspension,

(e) adding a precipitant to the suspension obtailned
from step (d) to obtalin a precilipitate,

(f) calcining said precipitate at 250 to 500 °C for a

P~

duration of 30 minutes to 36 hours to obtain an oxide,

(g) impregnating said oxide with a solution of a

silicon oxide precursor, and
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(h) calcining said oxide impregnated with the solution

of a silicon oxide precursor at 300 to 700 °C for a

duration of 1 to 10 hours.

7. A method for producing a composite oxlde comprising

pr—~
p—

the steps of:

LB

(A) providing a cerium solution at least 80 mol%s o:

|

which cerium ions are tetravalent, wherein said cerium
solution 1s a cerilc nitrate solution or an ammonium ceric

nitrate solution,

(B) heating said cerium solution at 60 °C or more for
a duration of 10 minutes to 48 hours to obtain a cerium
suspension,

(C) adding a silicon oxide precursor and an oxide

precursor of at least one rare earth metal element other
than cerlum to salid cerium suspension,
(D) heating said cerium suspension containing said

F

silicon oxide precursor and said oxide precursor of said at

least one rare earth metal element at 100 °C or more for a

pr—

duration of 10 minutes to 6 hours to obtain a suspension,

(E) adding a precipitant to the suspension obtained

from step (D) to obtain a precipitate, and

(F) calcining said precipitate at 300 to 700 °C for a

F

duration of 1 to 10 hours.

8. The method according to claim 6 or 7 wherein a cerium

content of sald cerium solution 1in step (a) or (A) 1s 5 to

100 g/L in terms of CeO:;.

9. A catalyst for exhaust gas purification comprising the

composite oxide as defined in any one of claims 1 to 5.
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