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A method which comprises subjecting fuel to combustion while the combustion atmosphere of the fuel is oscillated periodically and
alternately between rich and lean conditions, leading the exhaust as formed to a catalytic reactor, and bringing the exhaust gas into
contact with a catalyst in the catalytic reactor to conduct catalytic reduction of nitrogen oxides contained In the exhaust gas,
wherein the catalyst comprises as catalyst components:

(A) an oxide catalyst component A comprising

(a) ceria or

(b) praseodymium oxide or

() a mixture of oxides and/or a composite oxide of at least two elements selected from the group consisting of cerium, zirconium,
praseodymium, neodymium, terbium, samarium, gadolinium and lanthanum; and

(B) (d) a noble metal catalyst component B selected from the group consisting of platinum, rhodium, palladium and oxides thereof:;
under an oxygen concentration adjusted to be in the range of 0.1-1.0% at the exit of the catalytic reactor under the rich conditions.
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ABSTRACT

A method which comprises subjecting fuel to combustion
while the combustion atmosphere of the fuel is oscillated
periodically and alternately betwecen rich and lean conditions,
leading the exhaust gas formed to a catalytie reactor, and
bringing the exhaust gas into contact with a catalyst in the
catalytiec reactor to conduct catalytiec reduction of nitrogen
oxides contained in the exhaust gas, wherein the catalyst
comprises a8 catalyst components:

(A) an oxide catalyst component A comprising
(a) ceria or
(b) praseocdymium oxidc or
(c) a mixture of oxides and/or a composite oxide of at least
two elements selected from the‘group consisgting of cerium,
zirconium, prascodymium, neodymium, terbium, samarium,
gadolinium and lanthanum., and

(B) (d) a noble metal catalyst component B selecred from the
group consisting of platinum, rhodium, palladium and oxidecs
thereof;

under an oxygen concentration adjusted to be in the range of

0.1-1.0% at the e¢xit of the catalytic reactor under the rich

conditions.
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11134
SPECIFICATION

METHOD FOR CATALYTIC REDUCTION OF NITROGEN
ODXIDES

Technical Field

The invention relates to a method for catalytic
rcduction of nitrogen oxides (which mainly comprise NO and
NOy, and will be referred to as NOx hereunder). More
particularly, the invention relates to a method for reduction of
NOx contained 1n exhaust gas wherein fuel ia aupplied to a
combustion chomber aof 2 diesel engine or a gagoline engine and
subjccted to combustion while the combustion atmosphere of
fuel 18 oscillated between rich conditions and lean conditions
periodically and alternately, and the resulting exhaust gas is

introduced intg a catalytic reactor and brought into contact

with a catalyet contained in the catalytic reactor. This
method is suitable for reducing and removing harmful nitrogen
oxides contained 1n exhaust gas, e.g., from engines of
automobiles.

In particular, the invention relates to a method for

catalytic recduction of NOx contained in exhaust gas with no
deterioration of catalyst even in the presence of sulfur oxides
(which mainly comprise SO2 and S0z, and will be referred to
S50x hercunder) wherein fuel is supplied and subjected to
combustion while the combustion atmoesphere of fuel 1ie
oscillated between rich conditions and 1lean conditions
periodically, whereby NOx 18 generated in the exhaust gas.

In the invention, by the term “lean” 1s mcant an air fuel
ratio larger than the stoichiometric air fuel ratio for the fuel
in question, while by the term “rich” is meant an air fuel ratio
smaller than the stoichiometric air fuel ratio for the fuel in
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question, For normal automobile gasoline, the stoichiometric
alr fuel ratio 18 approximaeately 14.5. Further, the term
“catalyst” includes a catalyst itgelf as well as a catalyst
structure which contains the catalyst and works to remove
NOx gonerated by combustion of fuel.

Accordingly, by the term “"subjecting fuel to combusgtion
while the combustion atmosphere of the fuel is oscillated
between rich conditions and lean conditions perviodically and
alternately” is especially meant that fuel ig supplied, injected
or to a combustion chamber of a diesel engine or a gasoline
engine, and is subjected to combustion mainly under the Jlean
conditions wherein an air fuel ratio is high (as the oxyvgen
concentration in exhaust egas after combustion of fuel is
typically in a range of approximately 6% to 10%) while air fuel
ratio isa so adjusted that the combustion atmasphere of fuel ig
periodically and alternatcly oscillated between the rich
conditions and the lean conditions.

The lean conditions wherein an air fuel ratio ig high are
formed usually by injecting fuel into a combustion chamber of
an engine at an air fuel ratio in the range of 20-40.
Accordingly, “high air fuel ratio®™ has a value in the range of
20-40., On the other hand, the rich conditions are formed
usually by injecting fuel into a combustion chamber of an
engine at an air fuel ratio in the range of 13-14.5 whean
gasoline 18 uged as fuel, although depending upon oxidation
ability of catalyst and the kind and ¢oncentration of reducing
agent formed under the rich c¢onditions. Accordingly,

preferred rich conditions arc such that the air fuel ratio has a

value in the range of 13-14.5

Background Art

NOx contained in exhaust gas has conventionally been
removed by, for example, a method in which NOx is oxidized
and then absorbed in alkaline solution or a method in which
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NOx is reduced to nitrogen by using a reducing agent such as
ammonia, hydrogen, c¢arbon monoxide or hydrocarbons.
However, these conventional wmethods have their own
disadvantages.

That is, the former method requires a mcans for
handling the resgulting alkaline waste liguid to prevent

environmental pollution. The latter method, for example,
when it uses ammonia as a reducing agent, involves a problem
that ammonia reacts with SOx in exhaust gas to form salts,
resulting in deterioration 1n catalytic activity =zt low
temperatures. Accordingly, when NOx from moving sources
such as automobiles is to be treatced, the safety is a question.

On the other hand, when hydroegen, carbon muonoxide or
hydrocarbons is used as a reducing agent, the reducing agent
reacts preferentially with oxygen since exhaust gas contains
oxygen in a higher concentration than NOx. This means that
substantial reduction of NOxXx needs a large quantity of a
reducing agent, and hence resulting in remarkable fall of fuel
efficiency.

It has been thercfore proposed to catalytically
decompose NOX in the absence of a reducing agent. However,
the catalysts that have been conventionally known for direct
decomposition of NOX have not yet been put to practical use
due to their low decomposition activity for NOx. On the other
hand, a variety of zeolites have been proposed as a catalyst for
catalytic reductiom of NOxX using 2a hydrocarbon or an
oxyvgen-containing organic compound as a reducing agent. In
particular, Cu-ion exchanged ZEM-6 or H type (hydrogen type
or acid type) zeolite ZSM-5 (Si0O2/Al1:03 molar ratio=30 to 40)
has been regarded as optimal. However, it has been found
that even the H type zecolitc has no sufficient reduction
activity, and particularly the zeolite catalyst is rapidly
deactivated on account of dealumination of the zeolite
structure when water is contained in exhaust gas.

Under these circumstances, it has been necessary to
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develop a more active catalyst for the catalytic reduction of
NOx. Accordingly, a catalyst composed of an inorganic oxide
carrier material having silver or asilver oxide supported
thereon has recently been proposed, as described 1in
EP-A1-526099 or EP-A1-679427. However, it has been found
that the catalyst has a high activity for oxidation, but a low
activity for selective reduction of NOx, so that the catalyst has
2@ low conversion rate of nitrogen oxides to nitrogen. In
addition, the catalyst involves a problem that it is deactivated
rapidly in the presence of sulfur oxides. The catalyst
catalyzes the eslective reduction of NOx with hydrocarbons
under full lean econditionsg, but it has a lower NOx ¢onversion
and a more narrow temperature window (temperature rangc)
than the known three way catalyet. This makes 1t difficult
for such lean NOx catalysts to be practically used. Thus,
there has been a demand for developing a more heat-resistant
and more active catalyst for catalytic reduction of nitrogen
oxlides.

In order to overcome the above-mentioned problems, =
NOx storage-reduction system has recoently been proposed as
one of the most promising methods, as desceribed in WO
93/7368 or WO 93/8383. In the proposed system, fuel 1is
periodically spiked for a short moment to a combustion
chamber in excess of the stoichiometric amount under rich
conditions. Vehicles with lean burn engines can be driven at
lower fuel consumption rates than conventional vehicles. It
is because such vehicles can be driven at a much lower fuel/air
ratio than the conventional vehicles. This NOx
storage-reduction gsystem for lean burn enginces reduces NOx in
two periodic steps at intervals of one to two minutes.

That 18, in the first step, NO 18 oxidized to NO:z on
platinum or rhodium catalyst under normal lean conditions,
and the NO2 15 absorbed as a nitrate such as potassium nitrate
in an absorbent such an alkalli compound as potassium
carbongate ox barium carbonate. Subsequently, rich
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conditions are formed for the second step., and are maintained

for several seconds. Under the rich ¢conditions, the absorbed
(or stored) NO: is released from the absorbent and is
efficiently reduced to nitrogen with hydrocarbons, carbon
monoxide or hydrogen on the platinum or rhodium catalyst.
This NQOx storage-reduction system works well over a long
period of time in the absence of SOx. However, there is a
problem that in the presence of SOx, the catalytic system
deteriorates drastically due to the irreversible absorption of
SOx at NOz absorption sites on the alkali compound under
cither the lean or the rich conditions. In addition, since NOx
is absorbed as a nitrate in the method, it is necessary that the
rich conditions are strengthened to decompose and reduce the
nitrate undcr the rich conditions, and consequently the
mcthod has a problem that fuel efficiency 1s deteriorated.

Accordingly, for the purpose of remcedying the weak
point or solving the problem in that the NOx storage-rcduction
system deteriorates in performance in the presence of SOx,
there has been recently proposcd in WO 02/8997 such =
catalyst that has a purification ability c¢lose to the NOx
storage-reduction system and a high SOx durability. The
catalyst comprises:

(A) an outer catalyst layer comprising an outer catalyst
componcent, wherein the outer catalyst component comprises

(a) ceria or:

(b) praseodymium oxide or;

(c) at lcast one selected from the group consisting of a
mixture of oxides of at least two elements and a compoasite
oxide of at least two elements, the elements being seclected
from the group consisting of cerium, zirconium, praseodymium,
neodymium, gadolinium and lanthanum; and
(B) an inner catalyst layer comprising an inner catalyst
component, wherein the inner catalyst component comprises

(d) at least one selected from the group cdnaiating of
platinum, rhaodium, palladium and oxides theroof, and
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(e) a carrier.

Further, there has been proposed in WO 02/22255 a catalyst that has a
high SOx durability, which comprises an outer catalyst layer comprising a first
catalyst component selected from rhodium, palladium and oxides thereof and a
second catalyst component selected from zirconia, cerium oxide, praseodymium
oxide, neodymium oxide and mixtures thereof, and an inner catalyst layer comprising
a third catalyst component selected from rhodium, palladium, platinum and oxides
thereof.

According to another aspect of the present invention, there is provided
a method which comprises subjecting gasoline as a fuel to combustion while the
combustion atmosphere of the fuel is oscillated periodically and alternately between
rich and iean conditions, leading the exhaust gas formed to a catalytic reactor, and
bringing the exhaust gas into contact with a catalyst in the catalytic reactor to conduct
catalytic reduction of nitrogen oxides contained in the exhaust gas, wherein the
catalyst comprises as catalyst components: (A) an oxide catalyst component A
comprising (a) ceria or (b) a mixture of oxides and/or a composite oxide of cerium
and at least one element selected from the group consisting of zirconium,
praseodymium, neodymium, terbium, samarium, gadolinium and lanthanum; and (B)
(c) a noble metal catalyst component B comprising at least one of platinum and oxide
thereof, or at least one of platinum and oxide thereof and at least one of rhodium,
palladium and oxides thereof, and supported by the oxide catalyst component A;
under an oxygen concentration adjusted in the range of 0.1-1.0% by volume at the

exit of the catalytic reactor under the rich conditions.

Disclosure of the Invention

It is an object of the invention to provide a method which comprises
subjecting fuel to combustion mainly under lean conditions while the combustion

atmosphere of fuel is oscillated periodically and alternately between rich and lean
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conditions, leading the exhaust gas formed to a catalytic reactor, and bringing the
exhaust gas into contact with a catalyst in the catalytic reactor to conduct catalytic
reduction of nitrogen oxides contained in the exhaust gas with high durability and
high fuel efficiency even in the presence of oxygen, sulfur oxides and water in a wide

range of reaction temperature.

In particular, it is an object of the invention to provide a highly efficient
method for reduction of nitrogen oxides in a wide temperature range even In the
presence of oxygen, sulfur oxides or water, especially even in the presence of sulfur
oxides which brings about serious problem to the NOx storage catalyst, without
generation of harmful ammonia under rich conditions, and with no reaction of
absorbed NOx with a reducing agent to release NOx under rich conditions to gas
phase, in which method fuel is subjected to combustion while the atmosphere of
combustion of the fuel is oscillated between lean conditions where an air fuel ratio is

high and rich conditions.

The invention provides a method which comprises
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subjecting fuel to combustion while the combustion atmosphere
of fuel 13 oacillated periodically and alternately between rich and
lean conditions, leading the exhaust gas formed to a catalytic
reactor, and bringing the exhaust gas into contact with a catalyst
in the catalytic reactor to conduct catalytic reduction of nitrogen
oxides contained in the exhaugt gas, wherein the catalyst
comprises as catalyst components:
(A) an oxide catalyst component A comprising
(a) coria or
(b) praseodymium oxide or
(e¢) 2 mixture of oxides and/or a composite oxide of at least
two elements selected from the group congigting of cerium,
zirconium, praseodymium, negdymium, terbium, samarium,
gadolinium and lanthanum: and
(B) (d) a3 noble metal catalyst component B zelected from the
croup consisting of platinum, rhodium, palladium and oxides
thereof;
under an oxygen concéntration adjusted in the range 0of 0.1-1.0%
at the exit of the catalytic reactor under the rich conditions.
According to the method of the 1nvention, 1t 18 preferred

that the nohle metal catalyst component B is supported on the

oxide catalyst component A,

Brief Description of Drawings

FIG. 1 shows an example of a device to adjust fthe
concentration of oxygen at the exit of a catalytic reactor; and

FIG. 2 shows an experimental device used for
purification of gas containing nitrogen oxides in examples of

the invention.

Begt Mode for Carrying Out the Invention

Herein the invention, by the catalytic reduction of
nitrogen oxideg is meant that NOx adsorbed on a catalyst
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under lean conditions where air fuel ratio is high is converted
to nitrogen by a catalytic reaction in a catalytic reactor under
an oxygen concentration adjusted 1in ‘thc range of 0.1-1.0%,
preferably in the range of 0.3-0.6%, at the exit of the catalytic
reactor under the rich conditions.

The method of the invention comprises subjecting fuel to
combustion while the combustion atmasphere of fuel is oscillated
periodically and altcrnatcly bectween lean conditions where air
fuel ratio 18 high and rich conditione, leading the exhaust gas
formed to a catalytic reactor, and bringing the exhaust gas into
contact with a catalyst in thc catalytic reactor to conduct
catalytic reduction of nitrogen oxides contained in the exhaust
gas, wherein the catalyst comprises as catalyst components:

(A) an oxide catalyst component A comprising
(a) ceria or
(b) praseodymium oxide or
(¢) 2 mixture of oxides and/or a4 composite oxide of at lcast
two elements gelected from the group consisting of cerium,
zlrconium, praseodymium, neodymium, terbium., samarium,
gadolinium and lanthanum; and
(B) (d) a noble metal catalyst component B selected from the
group consisting of platinum, rhodium, palladium and oxides
thereof;
under the conditions of an oxygen concentration adjusted in the
range of 0.1-1.0% at the exit of the catalytic rcactor under the
rich conditions.

The catalyst component A is, depending on a case, often
referred to as an vxygen storapge material as it has function of
oXygen storing capacity.

According to the invention, the catalyst used comprises
the catalyst components A and B in total at least in an amount
of 50% by weight, preferably at least in an amount of 756% by
weight, based on the catalyst- When the amount of the
catalyst components A and B in total is less than 50% by

weight, the resulting catalyst has reduced NO adsorption
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ability wunder lean conditions as well as reduced NOx
conversion ability under lecan conditions.

Further according to the invention, it is preferred that
the catalyst components are compoged of 95-99.5% by weight of
catalyst component A and 0.5-6% by weight of noble metal
catalyst component B. When the amount of the noble metal
catalyst component B is less than 0.5% by weight in the
catalyat components, the resulting catalyst has a reduced NOx
adesorption ability under lean conditions where the air fuel
ratio is high, and consequently, the catalyst fails to achieve
high NOx conversion rate. In addition, thc recsulting catalyst
has also reduced NOxX reduction ability under rich conditions.

As results, NOx conversion rate falls throughout the lean and
rich excursions. However, if the amount of the noble metal

catalyst component B ies more than 5% by weight, the resulting
catalyst is neither improved in NOx adsorption ability under
lean conditions, nor in reduction ability under rich conditions
of NOx adsorbed on the catalyst, and hence the incorporation
of noble metal catalyst component in excess is not desirable
from the standpoint of cost performance.

It is preferred that the catalyst is supported on an
inactive substrate to form a catalyst structure which 1s
exposed so as to come 1nto direct contact with exhaust gas. If
necessary, the catalyst components may be supported on 2
known carrier such as alumina.

According to the 1nvention, as the oxide catalyst
component A is mentioned ss& the component (¢) as one of the
embodiments, it may be a mixture of oxides of at least two of the
elements and/or a composgite oxide (solid solution) of at least two
of the elements, that is, it may be at least one selected from the
eroup consisting of a mixture of oxides of at least two of the
eloments and a composite oxide (solid solution) of at loast two of
the elements, and it is preferred that the mixture is a uniform
mixture. However, a2 composite oxide of at least two of the

elements ig more preferred than a mixture of oxides of at least
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two of the elements. In particular, a binary or ternary
composgite oxXide 1s precferred.

In the case of a binary composite oxide, for example,
ceria/praseodvmium oxide composite oxide, ceria/zirconia
composite oxide, cerie/terbium oxid¢ composite oxide or
ceria/samarium oxXide composito oxide, the weight ratio in terms
of oxides of the elements in the composite oxide is preferably in
the range of 80/20 to 60/40, In turmn, in the case of a ternary
comporite oxide, for cxample, ceria/gadolinium oxide/zirconia

composite oxide, ceria/neodymium oxide/zirconia composgite oxide,

ceria/zirconia/praseodymium oxide composite oxide,
ceria/zirconia/lanthanum oxlide composite oxide,
ceria/zirconia/samarium oxide composite oxide, oY

ceria/zirconia/terbium oxide composite oxide, the weight ratio in
termg of axides of the elements in the composite oxide is
preferably in the range of 45/30/30 to 75/20/5. The weight ratio
in terms of oxides in the composite oxides 18 calculated provided
that ceria, zirconia, terbium oxides, praseocdymium oxide,
gadolinium oxides, neodymium oxide., samariuvm oXides and
lanthanum oxides are ropresented by CeOz, ZrOz, ThQz, PreOi:,
G220z, Nd2QO3, Sm30s and Las0sg, respectively.

The oxide catalyst component A in the catalyst of the
invention can be prepared by a following method, for example.
At first, a water soluble salt of an element constituting the
catalyst component A, such as a nitrate, 1s neutralized or heated
and hydrolyzed, to form a hydroxide, and the hydroxide 1is
calcined at a temperature of 300-900°C in an oxidative or a
reductive atmosphere. However, the catalyst component A may
bhe obtained by calcining a hydroxide or an oxide of the element
available in the market.

The noble metal catalyst component B in the catalyst of
the invention 1s obtained as powder comprised of the noble metal
catalyst component B supported on the oxide catalyst component
A preferably by supporting a watcr soluble salt of the catalyst

component B on the oxide catalyst component A by an ion
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exchange method and then calcining the resulting product at a

temperature of 6500-900°C in an oxidative or e reductive
atmoaphere. If necessary, the noble metal catalyst component B
may be supported on a carrier such as alumina, however, it 1=
preferred that the noble metal catalyst component B is supported
on the oxide catalyst component A as mentioned above.

When the noble metal catalyst component B is supported
on the oxide catalyst component A in this way, the adsorption of
NOx onto the oxide catalyst component A that functions as
oxygen storing material is promoted 1n wide temperature range,
and as a result, NOx purification rate is improved over wide
tecmperature range. In addition, the heat resistance of the
catalyst is also improved becausv thermal devgradation of the
catalyst component A 1s suppressed on account of NOx adaorption
thereonto.

According to the invention, NOx is adsorbed only on the
surface of the oxide catalyst component A, unlike the case of
the previously described NOx storage reduction catalyst in
which NOx is adsorbed as NQ3 (nitrate ion) on an alkaline
metal or an alkaline earth metal. As a result of measurement

using FTIR, it was found that NOx is adsorbed on the oxide
catalyst component A either in the form of oxygen bonding typec

(nitrate) in which at least a part of oxygen atoms of NOx bonds
to metal components of the catalyst or nitrogen bonding type
(nitrite) in which nitrogen atom of NOx bonds to metal
somponents of the catalyst. However, there are a variety of
types of oxygen bonding typce (nitrate) and nitroegcn bonding
type (nitrite). Consequently, NOx adsorbed on the oxide
catalyst component can be réduced under such rich conditions
that an oxygen concentration is in the range of 0.1-1.0% at the
exit of the catalytic reactor where NOx reduction falls, with the

NOx concentration at the axit of ths cafalytic reactor not
exceeding the NOx concentration at the inlet of the catalytic
reactor. Namely, NOx c¢can be reduced without NOx relecase

under rich conditions, as mentioned hereinbaeforoe.
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However, when the oxygen concentration is less than
0.1% at the exit of catalytie reactor under rich conditions, a
part of NOx adsorbed on the oxide catalyst component A
desorbed from the adsorption sites without reacting with a
reducing agent, that 18 to say, NOx release occurs, so that
there arises a problem that NOx purification rate falls. On
the other hand, when the oxygen concentration is more than
1.0% at the exit of catalytic reactor undcer the conditions where
the air fuel ratio is low, the reduction conditione become
insufficient under rich conditions, and the reaction of NOx
adsorbed under lean conditions with a reducing agent docs not
proceed smoothly, and hence NOx purification rate falls.

According to the invention, the oxygen concentration is
adjusted to be in the range 0f 0.1-1.0%, preferably tn the range
of 0.3-0.6% at the exit of catalytic reactor under rich
conditions 30 that a higher NOx purification rate is achieved
possibly because NOx adsorbed on the catalyst component A is
not desorbed but is reduced efficiently with a recducing agent
present in an appropriatec amount under lean conditions.

The catalyst compomnents used 1n the 1nvention are
obtained in wvarious <chapes such as powder or particles.
Accordingly, the catalyst components can be molded to any shape
such as honeycomb, annular or sepherical shapes by any of
hitherto well known methods. Ifdesgired, any additives, such ag
molding additives, reinforcements, inorganic fibers or organic
binderse may be used when a catalyst structure 1s prepared.

The catalyst of the invention may advantageously bhe used
as a catalyst structure that 1s composed of an inactive substrate
of any desired shape having a cataiyat layer thereon prepared by
a wash-coating method, for example, by coating the catalyst
components on the surface of the substrate. The 1nactive
substrate may be composed of, for example, a clay mineral such
as cordierite or a metal such as stainless steel, preferably of
heat-registant, such as a Fe-Cr-Al steel, and may be in the form

of honeycomb, annular or spherxical structures,
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The catalyvyst used 1n the 1nvention 138 excellent 1n
resistance to sulfur oxides as well as resistance to henat.

Therefare, it is suitable for nge ag, for example, a catalyszt for

reduction of nitrogen oxides or for denitrization of exhaust gas
from diesel engines or exhaust gas from lean burn gasoline
engineg of antomobile.

The catalyst is used in a catalytic reaction in which the
combustion atmosphere of fuel is oscillated between rich
conditions and lcan conditions alternately 98 mentioned
hereinbefore. The period of the catalytic reaction (i.e., the
interval between a rich atmosphere (or a lean atmosphere) and
the gsubgegquent rich atmosphere (or the lean atmosphere) is
preferably 5-150 seconds and morc preferably 80-90 seconds.
The rich/lean span, that 18, the time under the rich conditions
(seconds)/the time under the lean conditions (seconds) is usually
between 0.5/5 and 10/150, morc preferably between 2/30 and
65/90Q.

The rich conditions are prepared usually by periodically
injecting fucl into a combustion chamber of an engine at an air
fuel ratio of 13-14 when gasoline i1s used as fuel, depending on
oxidation power of catalyst usced and kind of reducing agent
formed under rich conditions and the amount thereof.
According to the invention, it is neceesary that exhaust gas has
an oxyegen concentration in the range of 0.1-1.0%, preferably in
the range of 0.3-0.6%, after 1t has passcd the catalyst rcactor.
The typical exhausgt gas under the rich conditions confain several
hundred volume ppm of NOx, 5-6% by volume of water, not more
than 1% by volume of CO, not more than 1% by volumc of
hydrogen, several thousands volume ppm of hydrocarbons and
1-2% by volume of oxygen.

In turn, the lcan conditions under which an air fuel ratio
i¢ high are prepared usually by periodically injecting fuel into a
combustion chamber of an engine at an air fuel ratio of 20-40
when gasoline 18 used as fuel. The typical exhaust gas undecr

the lean conditions contains several hundred volume ppm of NOx,
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5-6% by volume of water, several thousands volume ppm of CO,
several thousands volume ppm of hydrogen, several thousand
volume ppm of hydrocarbons and 5-10% by volume of oxygen.

In working the method of the invention, the oxygen
concentration at the exit of the catalytic reactor under rich
conditions is adjusted to be in the range of 0.1-1.0% by, for
example, measuring the oxygen concentration at the exit of the
catalytic recactor with an oxygen concentraetion meter provided
at the exit of the catalytic roactor and controlling the amount of
fuel injccted 1nto a combustion chamber to adjust an air fuel
ratio so thut the oxygen concentration at the exit of the catalytic
reactor has the target value.

The above-mentioned method measures the oxygen
concentration at the exit of the catalytic reactor, and the oxygen
concentration is fed back and air fuel ratip ig directly adjusted
50 that the oxygen concentration at the exit of the catalytic
reactor has a predetermined target value. However, the oxygen
concentration at the exit of the catalytie reactor under rich
conditions can be adjusted by another method. By way of
examyple, the oxygen concentration at the exit of the catalytic
reactor is measured by experiments and the relationship
between this oxygen concentration and azair fuel ratio of the
exhauet gas at the exit of the catalytic reactor 18 in advance
determined, and the relationship is incorporated into an engine
control unit (ECU) as engine controel data. Then, aa shown in
FIG, 1, the oxygen concentration of the exhaust gas at the exit
of the catalyti¢ reactor is measured with an air fuel ratio
scnsor 2 provided at the exit of catalytic reactor 1, and the
thus measured oxygen concentration is fed to an engine control
unit 3. The engine control unit then instructs a fuel injecting
device b to inject fuel into an engine 4 in such an amount that
the oxygen concentration has a predetermined target value at
the exit of the catalytic reactor based on the engine control

data.

The tomperature at which the catalytic reduction of NOx
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1s carried out iz usually in the range 0of 150-450°C, preferably in
the range of 200-400°C, ao that the catalyst uscd has an effective
catalyst activity for the reduction of NOx over a long period of
time throughout the rich/lean excursions, although it depends on
the individual composition of exhaust gas to he reacted. Within
the above range of resction temperature, exhaust gas is treated
preferably at a space velocity of 5,000-150,000 h-t.

According to the method of the invention, as mentioned
hereinbefore, fuel is subjected to combustion mainly under
lean conditions, while the combustion atmosphere of the fuel is
nscillated between rich conditions and lcan c¢onditions
alternately, and the generated exXxhaust gas ¢ontaining NOX is
brought into contact with a catalyst in a catalytic reactor
under the conditions of an oxygen concentration adjusted to be
in the range of 0.1-1%, preferably in the range of 0.3-0.6%, at
the exit of the catalytic reactor under rich conditions, thereby
NOx in the exhaust gas can be catalytically reduced efficiently

pven in the pregsence of oxygen, sulfur oxides or water.
Industrial Applicability of the Invention

The method of the invention makes it possible to reduce
catalytically NOxXx contained i1n exhaust gas in wide range of
temperature evaen in the pregence of oxygen, sulfur oxides or
water without deferioration of catalyst, 1.e., with high
durability of catalyst, and high fuel efficiency. In particular,
NOXx can be catalytically removed in wide range of temperature
even 1n the presence of oxygen, sulfur oxides or water, °
espeocially even in the presence of sulfur oxides which brings
about scrious problem to the NOXx storage catalyst, without a
large loss of fuel under rich conditions, i.e., at a small fall of fuel
efficiency, as weoell ag generation of harmful ammonia under rich
conditions, and further without so-called NOx release, that is to
say, the NOx concentration at the exit of the catalytic reactor
being larger than the NOxX concentration at the inlet of the
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catalytic reactor, The mcecthod of the invention 1s not
accompanied by a large loss of fuel under rich conditions. Thus,
the method of the invention is suitable to reduce NOx

contained exhaust gas from a diesel engine or a lean burmn

gaso]line engine.
Icxamples

The invention ie now illustrated in greater detail with
reference to examples of preparation of powder catalysts for use
as the catalyst components and examples of preparation of
honeycomb catalyst structures using the above-mentioned
powder catalyst, as well as examples of catalytic activity for
reduction of nitrogen oxides of the thus prepared catalyst
srtructnres; however, it ghould be wnderstood that the invention
is not limited thereto. All the parts and percentages are

hereinafter on the bagis of weight unless otherwise specified.

(1) Preparation of oxide catalyst component A

Preparation Kxample 1

151.37 g of cerium nitrate (Ce(NQOs)s-68H:20) was dissolved
in 1000 ml ofion-exchanged water to prepare an agqueons solution.
0.1-N ammonia water wasx added to the agueous s&nlution to
neutralize and hydrolyze the cerium ions, and the resulting
slurry wag aged for one hour. The resgulting product was
gseparated from the slurry by filtering, dried at a temperature of
120°C for 24 hours, and then calcined 1n the air at a temperature
of 800°C for three hours to obtain cexria powder (having a specific

surface area of 138 m2/g).

Preparation Kxample 2

77.88 ¢ of cerium nitrate (Ce(NOz2)2*8H=20), 3S6.03 g of
zirconium oxynitrate (ZrO(NQs3)z) and 35.26 g of praseodymium
nitrate (Pr(NO3a)a*6H:20) were dissolved im 1000 ml of



10

13

20

256

a0

35

CA 02575112 2007-01-25

17

ion-¢exchanged water to prepare an aqueous sclution. 0.1-N
ammonia water was added to the aqueous solution to neutralize
and hydrolyze the cerinm galt, axyzirconium salt and
praseodymium salt, and the resulting glurry was aged for one
hour. The resulting product was separated from the elurry by
filtering, dried at a temperature of 120°C for Z4 hours, and then
calcined in the air at a temperature of 5300°C for three hours to
obtain cerxia/zirconia/prascodymium oxide composite oxido

powder (having an oxide weight ratio of 47/33/22 and a specific

surface area of 205 m2/g).

Preparation Kxample 3

34.59 g of cerium nitrate (Ce(NOs)s-6H20), 84.45 g of
zirconium oxynitrate (ZrO(NOs)2) and 7.97 g of lanthanum

nitrate (La(NOsg):*68H20) were dissolved in 1000 ml of
ion-exchanged water to preparc am agqucous solution. 0.1-N
ammonia water waa added to the agqueous solution to neutralize
and hydrolyze the cerium galt, oxyzirconium salt and lanthanum
salt, and the resulting slurry was aged at a temperature of 80°C
for one hour. The resulting product wase separated from theo
Slurry by filtering, dricd at a temperature of 120°C for 24.hours,
and then ¢alcincd i1n the air at a temperature of 500°C for three
hours to obtain ceria/zir¢onia/lanthanum oxide composite oxide

powder (having an oxide weight ratio of 22/73/5 and a specific

surface area of 80 m2/g).

Preparation Example 4

121.06 g of cerium nitrate (Ce(NOs)s-6Hz20), 28.12 g of
zirconium oxynitrate (ZrO(NOQOs)z) and 7.48 g of gadolinium
nitrate (Gd(NOs3)3-8H:20) were dissolved in 1000 ml of
ron-exchanged water to preparc an agueous solution. 0.1-N
ammonia water was added to the agueous soluftion to neutralize
and hydrolyze the cerium salt, oxyzirconium salt and gadolinium
salt, and the resulting slurry was aged for onc hour. The
resulting product was separated from the slurry by filtering,
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dried at a temperature of 120°C for 24 hours. and then calcined
in the alr at & temperature of 500°C for three hours to obtain
ceria/zirconia/gadolinium oxide composite oaxide powder (having
an oxide weight ratio of 72/24/4 and a specific surface area of 1938

m2/g).

Preparation Example 5

109.43 g of cerium mnitrate (Ce(NOy)y-6H:0), 81.27 g of
zirconium oxynitrate (ZrO(NOs)s) and 15.63 g of neodymium
nitrate (Nd(NOs)s-6Hz0) were dissolved in 1000 ml of
ion-exchanged wator to prepare an aqueous solution. 0.1-N
ammonia water was added to the agueous solution to neutralize
and hydrolyze the cerium salt, oxyzirconium salt and neodymium
salt, and the resulting slurry was aged for onme hour. The
resulting product was separated from the slurry by filtering,
dricd at a temperature of 120°C for 24 hours, and then calcined
in the air at a temperature of b00°C for three hours to obtain
ceria/zirconia/neodymium oxide composite oxide powder (having
an oxide weight ratio of 70/20/10 and a specific surface area of

171 m2/g).

(2) Preparation of oxide catalyst component A supporting noble

metal catalyst component B thereon

Preparation Exemple 6

16.80 g of (Pt(NH):(NOg)a aqueous reolution (3.0% as
platinum) was added to 100 ml of ion-exchangcd water to prepare
an aqueous solution. 60 g of c¢cria powder prepared 1n
Preparation Example 1 was added to the aqueous solution,
followed by drying at 100°C with agitation and calcining at
500°C for thrce hours in the air to provide a powder catalyst

composecd of ceria supporting 2% of platinum thereon.

Preparation Examplc 7
16.80 g of Pt(NH=z2)4(NOs)s aqueous solution (9.0% as
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platinum) and 4.20 g of rhodium nitrate aqueous solution (9.0%

as rhodium) were added to 100 ml of ion+‘exchanged water to
prepare an aqueocug &olution, 60 g of ceria/zirconial/-
praseodymium oxide composite oXide powder prepared in
Preparation Example 2 was added to the aqueous solution,
followed by drying at 100°C with agitation and c¢aleining at
5300°C for three hours in the air to provide a powder catalyst
composcd of ccria/zirconia/prasecodymium oxide’compositc oxide

powder supporting 2% of platinum and 0.5% of rhodium thereon.

Preparation Kxamplc 8

16.80 g of Pt(NH3)«(NO3)2z aqueous solution (89.0% as
platinum) and 4.20 g of palladium nitrate agucous solution (9.0%
as palladium) were added to 100 ml of 1on-exchanged water to
prepare an aqueous solution. 60 g of ceria/zirconia/lanthanum
oxide composite oxide powder preparcd in Preparation BExample 3
was added to the agueous solution, followed by drying at 100°C
with agitation and caleining at 500°C for three hours in the air to
provide g powder catalyst composed of ceria/zirconia/lanthanum
oxide composaite oxide powder supporting 2% of platinum and

0.5% of palladium thercon.,

(8) Preparation of honeycomb catalyst structure
The thickness of catalyst layer was calculated provided
that the apparent density of the layer 1s 1.0 g/om® and the

ecometric specific surface area of the honeycomb 18 2600 m?2/¢.

Example 1

60 g of the c¢eria powder cutalyst supporting 2% of
platinum thereon (prepared in Preparation Example 6) was
mixcd with 6 g of silica sol (Snowtex N available from Nissan
Kagaku Kogyo K.K. and having a concentration of 20% by weight
in terms of silica, the same hereunder) and an appropriate
amount of water. The resulting mixturc was ground with a

planctary mill for five minutes by ueing 50 g of zirconia balls as
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grinding media to obtain a wash coating slurry. A honeycomb
substrate made of cordierite having a cell number of 400 per
square inch wag coated with the wash coating slurry to obtain a
honeycomhb structure having a catalyst layer 30 pm thick

containing the above- mentioncd ¢atalyst on the substratc.

Example 2

A honeycomb catalyst structure having a catalyst layer 60
um thick wae obtained in the same manner as Example 1 by using
the ceria/zirconia/praseocdymium oxide composite oxXxide powder
catalyst supporting 2% of platinum and 0.6% of rhodium

(preparcd in Preparation Example 7).

Example 3

A honeycomb catalyst structure having a catalyst laver &0
pm thick was obtained in the same manner as Example 1 by using
the c¢eria/zirconia/lanthanum oxide composite oxide powder

catalyst supporting 2% of platinum and 0.53% of rhodium

(prepared in Preparation Example 8).

Example 4

A honevcomb catalyst structure having a catalyst laver 60
pm thick was obtained in the same manner as Examyple 1 by using
50 g of powder catalyst composed of ceria supporting 2% of
platinum thercon (prepared in Preparation Example 6) and 10 g
of c¢eria/zirconia/neodymium oxide ocomposite oxide powder

(prepared in Preparation Example 5).

Example b
A honeycomb catalyst structure having a catalyst layer 60

pm thick was obtained 1n the same manner as Example 1 by using
50 g of powder catalyset composed of ceria esupporting 2% of
platinum thereon (prepared in Preparation Example 6) and 10 g
of c¢eria/zirconia/gadolinium oxide composite oxide powder

(prepared in Preparation Example 4).
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(4) Performance Test

As shown in FIG. 2, a honeycomb catalyst rtructure 7
prepared in each of Examples was charged in a catalytic
reactor 6. The oxygen concentration at the exit 8 of the
catalytic rcactor was changed by adjusting the carbon
monoxide ¢concentration contained in a gas mixture supplied to
the catalytic reactor under rich conditions. While the oxygen
concentration of the gas mixture at the exit 8 of the catalytic
reactor was measured by using an oxygen concentration meter
9 placcd at the exit of the catalytic reactor, the gas mixture
wag supplied to the catalytic reactor whilst the combustion
atmosphere of fuel was oscillated periodically and altermately
hetween rich and lean conditions with the span of the rich/lean
conditions of 5/55 (s/5), thereby conducting catalyti¢c reduction of
nitrogen oxides. The reaction conditions employed were as
follows. The conversion {(removal rate) from nitrogen oxides to
nitrogen was measured by a chemical luminescence method.

The results are shown in Tables 1 and 2.

Testing method
The composition of the gas mixture used in the reduction
experiment of NOx under the rich conditions was as follows:
NO: 100 ppm
50z 50 ppm
O:2: 1%
CO: 0.5%, 0.75%, 0.1%, 1.15%, 1.75% or 2% (varied)
'sHs (propylene): 2000 ppm
Hz2: 1%
H20: 9.0%
The composition of the gas used undcer the lean conditions
was as follows!:
NO: 100 ppm
50z 50 ppm
Oa 9.0%
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CO:0.2%

Cs:Hgs (propylene): 500 ppm
Hy: 0%

H20: 6.0%

(i) Space velocity:
100000 h'! (under the lean conditions)
100000 h*! (under the rich conditions)
(ii) Reaction tempoerature:
10 200, 250, 300, 350 or 400°C

As apparent from tho results shown 1n Tables 1 and 2, the
catalysts of the invention have high conversion rate for nitrogen
oxides, whereas the catalysts of Comparative Examplcs have on

18 the whole a low conversion rate for nitrogen oxides.
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CLAIMS:
1. A method which comprises subjecting gasoline as a fuel to combustion

while the combustion atmosphere of the fuel is oscillated periodically and alternately
between rich and lean conditions, leading the exhaust gas formed to a catalytic
reactor, and bringing the exhaust gas into contact with a catalyst in the catalytic
reactor to conduct catalytic reduction of nitrogen oxides contained in the exhaust gas,

wherein the catalyst comprises as catalyst components:

(A) an oxide catalyst component A comprising
(a) ceria or

(b) a mixture of oxides and/or a composite oxide of cerium and at least
one element selected from the group consisting of zirconium, praseodymium,
neodymium, terbium, samarium, gadolinium and lanthanum; and

(B) (c) a noble metal catalyst component B comprising at least one of
platinum and oxide thereof, or at least one of platinum and oxide thereof and at least
one of rhodium, palladium and oxides thereof, and supported by the oxide catalyst

component A;

under an oxygen concentration adjusted in the range of 0.1-1.0% by

volume at the exit of the catalytic reactor under the rich conditions.

2. The method as claimed in claim 1 in which the catalyst comprises the
oxide catalyst component A and the noble metal catalyst component B in total at least

in an amount of 50% by weight.

3. The method as claimed in claim 1 in which the catalyst components are
composed of 95-99.5% by weight of the oxide catalyst component A and 0.5-5% by

weight of the noble metal catalyst component B.
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4. The method as claimed in claim 1 in which the oxygen concentration at
the exit of the catalytic reactor under the rich conditions is adjusted to be in the range

of 0.3-0.6% by volume.
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