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(57) ABSTRACT

An exhaust gas control apparatus for an internal combustion
engine includes a NOx adsorbent that is provided in an
exhaust passage of an internal combustion engine, and that
adsorbs nitrogen monoxide; an active oxygen supply device
that supplies active oxygen to an area upstream of the NOx
adsorbent; and a control portion that performs a first control
that does not cause the active oxygen supply device to supply
the active oxygen while exhaust gas flows to the NOx adsor-
bent at a time of cold start of the internal combustion engine,
whereby the nitrogen monoxide is adsorbed by the NOx
adsorbent, wherein the control portion performs a second
control that causes the active oxygen supply device to supply
the active oxygen after the first control is finished, whereby
the nitrogen monoxide adsorbed by the NOx adsorbent is
converted to a nitrate or a nitrate ion on the NOx adsorbent.

12




Patent Application Publication Dec. 9,2010 Sheet1 of 10 US 2010/0307133 A1

FIG.1

| [ FUEL INJECTION |._22
DEVICE

ACCGELERATOR
| POSITION SENSOR ~24

L<{ AIRFLOW METER (26

CRANK ANGLE |_
< SENSOR 28 .

50~ ECU

TEMPERATURE
SENSOR 20

12

FIG.?2

GAS NO O» CiHs CO H, CO, H,0 No
CONCENTRATION|| (ppm)| (%) |(ppmC) (%) % | % 0 | (%)

ADSORPTION 100 8 500 0 0 g 3 bal.
DESORPTION 0 8 500 0 0 9 3 bal.




Patent Application Publication Dec. 9,2010 Sheet2 of 10 US 2010/0307133 A1

FIG.3

OZONE TREATMENT

OZONE TREATMENT WAS NOT PERFORMED
WAS PERFORMED
(NO WAS DESORBED) (NO, WAS DESORBED)
300 : : : : 7
I 1 |
250 {47 / ——————————————— oo / ------
g 200 i\ N
S | | | | | | |
g 150 - B R P T TV —
x ) i i | I [
S 100 |- R e e
L s B 15720 R s
IS I N = N N
50 100 150 200 250 300 350 400 450
TEMPERATURE (°C)
Q_) STATE CHANGE
NO NO NO;
e O
PHYSICAL SUPPLY OF CONVERT TO
ADSORPTION OZONE A NITRATE OR

A NITRATE ION



US 2010/0307133 Al

B e

9

NOx CATALYST
WAS PERFORMED

ZEOLITE

OZONE TREATMENT

Dec. 9,2010 Sheet 3 of 10

FIG.6

OZONE TREATMENT

FIG
B
o

WAS NOT PERFORMED

| I . "

300
250 | ------
200 {---------

o o
Lo
(wdd)xQN

Patent Application Publication

TEMPERATURE (°C)



Patent Application Publication Dec. 9,2010 Sheet4 of 10 US 2010/0307133 A1

FIG.7

GAS NO 0. CsHg | CO Hs CO, H,0 No
CONGENTRATION|| (opm)| @5 loomO)| G0 | & | 0 | G5 | ©d

ADSORPTION 200 8 500 0 0 9 3 bal.
REDUCTION 200 1 2000 | 2 0 9 3 bal.

100

bl

NOx CONVERSION EFFICIENCY (%)
(%]
S

150 200 250 300 350
INFLOW GAS TEMPERATURE (°C)



Patent Application Publication Dec. 9,2010 SheetSof 10 US 2010/0307133 A1

FIG.9

(START )

\
START OF ENGINE —~—100

ADSORBENT ADSORBS NO [——-102

104
HAS

ADSORBENT
TEMPERATURE REACHED
100°C ?

YES

START SUPPLY OF OZONE —~—106

-

108

HAS
ACCUMULATED NOx AMOUNT
REACHED CAPACITY OF
ADSORBENT ?

TEMPERATURE-INCREASING CONTROL |——110

’l
NOx REDUCTION CATALYST CONVERTS NOx TO N2 ~—112

END



Patent Application Publication Dec. 9,2010 Sheet 6 of 10 US 2010/0307133 A1

FIG. 10

|| FUEL INJECTION |._22
DEVICE

ACCELERATOR |
"~ POSITION SENSOR 24

= | AIRFLOW METER [~26

CRANK ANGLE |_
=~ SENSOR 28

50~ ECU

TEMPERATURE
SENSOR ~—20

12




Patent Application Publication Dec. 9,2010 Sheet 7 of 10 US 2010/0307133 A1

FIG. 12

NOx ADSORBENT
+

NOx REDUGTION CATALYST

R R

ASE MATERIAL

L,
%NOX ADSORBENT AYER // 38

////////////// £L S L

: BASE MATERIAL

FIG. 14

N\\HC ADSORBENT LAYER\\\\~— 40
/////NOx ADSORBENT LAYER 7/}~ 38

NOx REDUCTION CATALYST LAYER ~— 36

BASE MATERIA :




US 2010/0307133 Al

Dec. 9,2010 Sheet 8 of 10

Patent Application Publication

15

FI1G.

WAS PERFORMED
(NO; WAS DESORBED)

OZONE TREATMENT

OZONE TREATMENT WAS NOT PERFORMED
(NO WAS DESORBED)

Z
—y———
A
by
1
L4
- %

L)

T

|

{
A~
P P

——————— X ————
i

e ]

150 200 2506 300 350

100

TEMPERATURE (°C)



Patent Application Publication Dec. 9,2010 Sheet 9 of 10 US 2010/0307133 A1

FIG. 16

1000
900
800
700
600
500
400
300
200
100 F—i _

0 . )

AMOUNT OF ADSORBED
NOx {mg)

100

NOx CONVERSION
EFFICIENCY (%)




Patent Application Publication Dec.9,2010 Sheet 10 0of 10 US 2010/0307133 A1

NOx CONCENTRATION (ppm)

NOx CONCENTRATION (ppm)

300

FIG.18

250

200

150

100

50

OZONE TREATMENT
WAS NOT PERFORMED
(NO WAS DESORBED)

OZONE TREATMENT
WAS PERFORMED
(NO, WAS DESORBED)

o T e

50

300

TEMPERATURE (°C)

FIG.19

250

200

150

100

50

OZONE TREATMENT
WAS NOT PERFORMED
(NO WAS DESORBED) OZONE TREATMENT
WAS PERFORMED
(NO, WAS DESORBED)

T e
-------

100 150 200 250 300 350 400 450
TEMPERATURE (°C)



US 2010/0307133 Al

EXHAUST GAS CONTROL APPARATUS FOR
INTERNAL COMBUSTION ENGINE, AND
METHOD OF CONTROLLING THE SAME

INCORPORATION BY REFERENCE

[0001] The disclosure of Japanese Patent Application No.
2009-279782 filed on Dec. 9, 2009 and Japanese Patent
Application No. 2009-136311 filed on Jun. 5, 2009 each
including the specification, drawings and abstract are incor-
porated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The invention relates to an exhaust gas control appa-
ratus for an internal combustion engine, and a method of
controlling the same.

[0004] 2. Description of the Related Art

[0005] An exhaust gas control apparatus for an internal
combustion engine, which includes a NOx storage reduction
catalyst, is widely used. Most of NOx generated in a combus-
tion chamber of an internal combustion engine is NO (nitro-
gen monoxide). In general, a NOx storage material used in the
NOx storage reduction catalyst is not able to efficiently
absorb the NO. That is, it is difficult for the NOx storage
material to efficiently absorb the NO, and the NOx storage
material efficiently absorbs NO, or the like, to which the NO
has been oxidized. Therefore, in the NOx storage reduction
catalyst, the NOx is absorbed by oxidizing the NO to the NO,
or the like using noble metal such as Pt (platinum). However,
atlow temperatures immediately after cold start of the engine,
the noble metal has not been activated, and thus, it is not
possible to sufficiently oxidize the NO to the NO, or the like.
[0006] Accordingly, an exhaust gas control apparatus, in
which ozone is generated and supplied at low temperatures
immediately after the cold start of the engine so that the NO
is oxidized to the NO, or the like in a gas phase, and the NO,
or the like is absorbed by the NOx storage material, has been
proposed. However, because it takes some time to start an
ozone generator, a sufficient amount of the ozone cannot be
supplied immediately after the start of the engine. Accord-
ingly, the shortage of the ozone is caused, and thus, the
discharge of the NOx to the atmosphere cannot be sufficiently
suppressed.

[0007] Japanese Patent Application Publication No. 2008-
163898 (JP-A-2008-163898) describes an exhaust gas con-
trol apparatus in which an ozone adsorbent, which adsorbs
ozone, is disposed upstream of a NOx storage reduction cata-
lyst. In the exhaust gas control apparatus, before an engine is
started, the ozone is supplied to the ozone adsorbent so that
the ozone is accumulated in the ozone adsorbent. In the
exhaust gas control apparatus, after the engine is started, the
temperature of the ozone adsorbent is increased by heat of
exhaust gas, and the ozone, which has been accumulated in
the ozone adsorbent, is desorbed from the ozone adsorbent.
This reduces the possibility that the shortage of the ozone is
caused due to delay in the generation of the ozone immedi-
ately after the start of the engine.

[0008] However, in the exhaust gas control apparatus
described in Japanese Patent Application Publication No.
2008-163898, because the ozone needs to be generated and
supplied to the ozone adsorbent before the start of the engine,
the engine cannot be quickly started, and therefore, the start of
the engine is delayed.

Dec. 9, 2010

[0009] Also, in the exhaust gas control apparatus in which
the ozone is used, if an excessive amount of the ozone is
supplied with respect to the amount of the NOx discharged
from the engine, the supertluous ozone may be discharged
from a tail-pipe. Also, because the amount of the NOx dis-
charged from the engine changes depending on an operating
state, it is difficult to accurately control the amount of the
ozone supplied by the ozone generator, in accordance with the
change in the amount of the discharged NOx.

[0010] Further, while the ozone generator is operated, elec-
tric power is used to operate the ozone generator. Also, when
gas containing the ozone is supplied to an exhaust passage,
the flow rate of the gas in the exhaust passage is increased, and
pressure loss is increased. This deteriorates fuel efficiency.
Thus, there is a demand to minimize a period during which
the ozone is supplied.

SUMMARY OF THE INVENTION

[0011] The invention provides an exhaust gas control appa-
ratus for an internal combustion engine, which suppresses the
discharge of NOx to the atmosphere after cold start, and
which has low electric power consumption and good control-
lability, and a method of controlling the same.

[0012] A first aspect of the invention relates to an exhaust
gas control apparatus for an internal combustion engine. The
exhaust gas control apparatus includes a NOx adsorbent that
is provided in an exhaust passage of an internal combustion
engine, and that adsorbs nitrogen monoxide; an active oxygen
supply device that supplies active oxygen to an area upstream
of the NOx adsorbent; and a control portion that performs a
first control that does not cause the active oxygen supply
device to supply the active oxygen while exhaust gas flows to
the NOx adsorbent at a time of cold start of the internal
combustion engine, whereby the nitrogen monoxide is
adsorbed by the NOx adsorbent, wherein the control portion
performs a second control that causes the active oxygen sup-
ply device to supply the active oxygen after the first control is
finished, whereby the nitrogen monoxide adsorbed by the
NOx adsorbent is converted to a nitrate or a nitrate ion on the
NOx adsorbent.

[0013] According to the first aspect, the active oxygen does
not need to be supplied for a while after the start of the engine.
This reduces the possibility that emissions deteriorate due to
the shortage of the active oxygen immediately after the start
of'the engine. Also, it is not necessary to delay the start of the
engine to prepare for the supply of the active oxygen. Further,
it is possible to shorten a period during which the active
oxygen supply device is operated, thereby decreasing electric
power consumption. Also, a desorption temperature is shifted
to a higher temperature by converting the nitrogen monoxide
adsorbed by the NOx adsorbent to a nitrate or a nitrate ion.
Therefore, when a NOx purification catalyst is disposed
downstream of the NOx adsorbent, the NOX is retained in the
NOx adsorbent until the NOx purification catalyst is acti-
vated. Accordingly, it is possible to suppress the discharge of
the NOx to the atmosphere. Also, during the second control,
when the amount of the supplied active oxygen is controlled
based on the amount of the nitrogen monoxide adsorbed by
the NOx adsorbent, it is not necessary to control the amount
of'the supplied active oxygen in accordance with a change in
the amount of the NOx discharged from the internal combus-
tion engine. Therefore, the amount of the supplied active
oxygen is easily and accurately controlled. Thus, good con-
trollability is provided.
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[0014] In the first aspect, the control portion may start the
second control before a temperature of the NOx adsorbent
reaches a desorption temperature at which the nitrogen mon-
oxide adsorbed by the NOx adsorbent is desorbed from the
NOx adsorbent.

[0015] According to the above-described aspect, the des-
orption temperature is increased by converting the nitrogen
monoxide adsorbed by the NOx adsorbent to the nitrate or the
nitrate ion before the nitrogen monoxide is desorbed from the
NOx adsorbent. Therefore, it is possible to reliably suppress
the desorption of the nitrogen monoxide from the NOx adsor-
bent.

[0016] In the first aspect, the control portion may calculate
an amount of the nitrogen monoxide adsorbed by the NOx
adsorbent while performing the first control; and the control
portion may control an amount of the supplied active oxygen
during the second control, based on the calculated amount of
the nitrogen monoxide.

[0017] According to the above-described aspect, it is pos-
sible to appropriately control the amount of the supplied
active oxygen. That is, it is possible to reliably convert all the
nitrogen monoxide adsorbed by the NOx adsorbent to the
nitrate or the nitrate ion, and to suppress the discharge of the
surplus active oxygen to the atmosphere.

[0018] Inthe first aspect, when the NOx adsorbent adsorbs
NOx, a main component of the NOx may be the nitrogen
monoxide.

[0019] According to the above-described aspect, the nitro-
gen monoxide discharged from the engine is adsorbed by the
NOx adsorbent. Therefore, the nitrogen monoxide dis-
charged from the engine does not need to be oxidized using a
noble metal catalyst at the time of cold start. Accordingly,
even when the noble metal catalyst has not been activated, it
is possible to reliably suppress the discharge ofthe NOx to the
atmosphere.

[0020] In the first aspect, when NOX is desorbed from the
NOx adsorbent, a main component of the NOx may be nitro-
gen dioxide.

[0021] According to the above-described aspect, the nitro-
gen monoxide adsorbed by the NOx adsorbent is converted to
the nitrate or the nitrate ion. Therefore, mainly the NOx in the
form of nitrogen dioxide is desorbed from the NOx adsorbent.
The nitrogen dioxide desorbed from the NOx adsorbent does
not need to be oxidized by the catalyst disposed downstream
of the NOx adsorbent. Therefore, the NOx is purified by the
catalyst disposed downstream of the NOx adsorbent at high
efficiency.

[0022] The exhaust gas control apparatus according to the
first aspect may further include a NOx reduction catalyst that
reduces NOx desorbed from the NOx adsorbent.

[0023] According to the above-described aspect, it is pos-
sible to reliably suppress the discharge of the NOx to the
atmosphere.

[0024] The exhaust gas control apparatus according to the
above-described aspect may further include a temperature-
increasing portion that performs a temperature-increasing
control to increase a temperature of the NOx reduction cata-
lyst after the second control is started.

[0025] According to the above-described aspect, the NOx
reduction catalyst is reliably activated before the NOx is
desorbed from the NOx absorbent. Therefore, the NOx des-
orbed from the NOx adsorbent is reliably reduced and puri-
fied by the NOx reduction catalyst.
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[0026] In the above-described aspect, the NOx reduction
catalyst may be disposed downstream of the NOx adsorbent.
[0027] According to the above-described aspect, the des-
orption temperature is sufficiently high after the NO adsorbed
by the NOx adsorbent is oxidized using the active oxygen.
Therefore, the NOx is reliably retained in the NOx adsorbent
until the NOx reduction catalyst is activated.

[0028] In the above-described aspect, the NOx reduction
catalyst may be provided integrally with the NOx adsorbent.
[0029] According to the above-described aspect, after the
NO adsorbed by the NOx adsorbent is oxidized using the
active oxygen, the desorption temperature is lower than the
desorption temperature after the NO adsorbed by the NOx
adsorbent is oxidized using the active oxygen in the case
where the NOx reduction catalystis provided separately from
the NOx adsorbent. Thus, as compared to the case where the
NOx reduction catalyst is provided separately from the NOx
adsorbent, it is possible to reduce the NOx at low tempera-
tures. Therefore, energy required to reduce the NOx is
decreased, and fuel efficiency is improved. Also, NOx reduc-
tion efficiency is increased.

[0030] In the above-described aspect, the NOx reduction
catalyst and the NOx adsorbent may be provided in a manner
such that the NOx reduction catalyst is mixed with the NOx
adsorbent.

[0031] According to the above-described aspect, the NOx
reduction efficiency is further improved.

[0032] In the above-described aspect, a NOx reduction
catalyst layer, which is a layer of the NOx reduction catalyst,
and a NOx adsorbent layer, which is a layer of the NOx
adsorbent, may be stacked.

[0033] According to the above-described aspect, the
amount of the NOx adsorbed by the NOx adsorbent is further
increased, and in addition, the NOx reduction efficiency is
further increased.

[0034] In the above-described aspect, the NOx adsorbent
layer may be provided on an upper surface of the NOx reduc-
tion catalyst layer.

[0035] According to the above-described aspect, the
amount of the NOx adsorbed by the NOx adsorbent is further
increased, and in addition, the NOx reduction efficiency is
further increased.

[0036] In the above-described aspect, an HC adsorbent
layer may be provided on an upper surface of the NOx adsor-
bent layer, and the HC adsorbent layer may have HC adsorp-
tion ability higher than that of the NOx adsorbent layer.
[0037] According to the above-described aspect, HC (hy-
drocarbon) is trapped by the HC adsorbent, and thus, the
adsorption of the HC by the NOx adsorbent is suppressed.
Therefore, the amount of the NOx adsorbed by the NOx
adsorbent is further increased.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] The features, advantages, and technical and indus-
trial significance of this invention will be described in the
following detailed description of example embodiments of
the invention with reference to the accompanying drawings,
in which like numerals denote like elements, and wherein:
[0039] FIG. 11is a diagram illustrating a system configura-
tion according to a first embodiment of the invention;

[0040] FIG. 2 is a diagram showing compositions of simu-
lant gases used in Test 1 according to the first embodiment of
the invention;
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[0041] FIG. 3 is a graph showing results of measurement in
Test 1 according to the first embodiment of the invention;
[0042] FIG. 4 is a schematic diagram showing how NO is
converted to a nitrate or a nitrate ion on a NOx adsorbent
using ozone;

[0043] FIG.5 is a diagram showing an experimental device
in Test 2 according to the first embodiment of the invention;
[0044] FIG. 6 is a graph showing results of measurement in
Test 2 according to the first embodiment of the invention;
[0045] FIG. 7 is a diagram showing compositions of simu-
lant gases used in Test 2 according to the first embodiment of
the invention;

[0046] FIG. 8 is a diagram showing the temperature char-
acteristic of a NOx conversion efficiency achieved by a NOx
reduction catalyst;

[0047] FIG.9 is a flowchart performed in the first embodi-
ment of the invention;

[0048] FIG.101isadiagram schematically showing another
example of the system configuration according to the first
embodiment of the invention;

[0049] FIG. 11 is a diagram illustrating a system configu-
ration according to a second embodiment of the invention;
[0050] FIG. 12 is a diagram schematically showing a NOx
adsorbent and a NOx reduction catalyst provided in a NOx
purification device;

[0051] FIG. 13 is a diagram schematically showing the
NOx adsorbent and the NOx reduction catalyst provided in
the NOx purification device;

[0052] FIG. 14 is a diagram schematically showing the
NOx adsorbent and the NOx reduction catalyst provided in
the NOx purification device;

[0053] FIG. 15 is a diagram showing results of measure-
ment in Test 3 according to the second embodiment of the
invention;

[0054] FIG. 16 is a diagram showing results of measure-
ment in Test 4 according to the second embodiment of the
invention;

[0055] FIG. 17 is a diagram showing results of measure-
ment in Test 4 according to the second embodiment of the
invention;

[0056] FIG. 18 is a diagram showing results of measure-
ment in Test 5 according to the second embodiment of the
invention; and

[0057] FIG. 19 is a diagram showing results of measure-
ment in Test 6 according to the second embodiment of the
invention.

DETAILED DESCRIPTION OF EMBODIMENTS

[0058] Hereinafter, embodiments of the invention will be
described with reference to the drawings. In the drawings, the
same and corresponding elements are denoted by the same
reference numerals, and the repeated description thereof will
be omitted.

First Embodiment

[0059] FIG. 1 is a schematic diagram showing a system
configuration according to a first embodiment of the inven-
tion. As shown in FIG. 1, the system according to the embodi-
ment includes an internal combustion engine (hereinafter,
simply referred to as “engine”) 10. A NOx adsorption device
14 and a NOx catalyst device 16 are provided in an exhaust
passage 12 in which exhaust gas discharged from the engine
10 flows.
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[0060] A NOx adsorbent is provided in the NOx adsorption
device 14. The NOx adsorbent adsorbs NOx (nitrogen oxide)
at low temperatures, and the adsorbed NOx is desorbed from
the NOx adsorbent at high temperatures. For example, zeo-
lite-based materials are preferably used as the NOx adsor-
bent. The NOx adsorbent adsorbs NO,, NO;, N,O,, and the
like. In addition, the NOx adsorbent adsorbs NO (nitrogen
monoxide). When the temperature of the NOx adsorbent
becomes equal to or higher than a given temperature, the
adsorbed NOx starts to be rapidly desorbed from the NOx
adsorbent.

[0061] The NOx catalyst device 16 is provided in the
exhaust passage 12 at a position downstream of the NOx
adsorption device 14. A NOx reduction catalyst (NOx stor-
age-reduction catalyst) is provided in the NOx catalyst device
16. The NOx reduction catalyst includes noble metal such as
Pt (platinum) and Rh (rhodium), and a NOx storage material.
The NOx reduction catalyst absorbs the NOx in a lean atmo-
sphere. The stored NOx is desorbed from the NOx reduction
catalyst, and the NOx is reduced and purified, in a rich atmo-
sphere where an air-fuel ratio is equal to or lower than the
stoichiometric air-fuel ratio. The NOx is stored in the NOx
storage material by producing a nitrate. The NOx storage
material is not able to efficiently absorb the NO discharged
from the engine 10. In other words, the NOx storage material
efficiently absorbs NO,, NO,, N,O;, and the like, to which
NO has been oxidized and converted.

[0062] The system according to the embodiment includes
an ozone supply device (active oxygen supply device) 18 that
supplies ozone to a portion of the exhaust passage 12, which
is located upstream of the NOx adsorption device 14. The
ozone supply device 18 includes an air pump, an ozone gen-
erator, a flow rate adjustment valve, and an ozone injection
nozzle. Air drawn by the air pump is transferred to the ozone
generator, and a high-voltage discharge is applied to the air.
As a result, the ozone (O;) is generated using oxygen in the
air. The ozone supply device 18 injects gas containing the
ozone into the portion of the exhaust passage 12, which is
located upstream of the NOx adsorption device 14, through
the ozone injection nozzle.

[0063] The system according to the embodiment further
include a temperature sensor 20 that detects the temperature
of exhaust gas flowing out of the NOx adsorption device 14;
afuel injection device 22 that injects fuel into each cylinder of
the engine 10; an accelerator position sensor 24 that detects
the position of an accelerator pedal of a vehicle in which the
engine 10 is provided; an airflow meter 26 that detects the
amount of air taken into the engine 10; a crank angle sensor 28
that detects the rotational angle of a crankshaft of the engine
10; and an Electronic Control Unit (ECU) 50. The ECU 50 is
connected to actuators for controlling the engine, such as the
ozone supply device 18 and the fuel injection device 22, and
sensors for controlling the engine, such as the temperature
sensor 20, the accelerator position sensor 24, the airflow
meter 26, and the crank angle sensor 28.

[0064] Inorderto reduce and purify the NOx using the NOx
reduction catalyst in the NOx catalyst device 16, the noble
metal needs to be activated. However, it takes a certain time to
increase the temperature of the NOx reduction catalyst to a
temperature equal to or higher than an activation temperature
(approximately 250° C. in general) after the cold start of the
engine 10. Therefore, it is not possible to reduce and purify
the NOx using the NOx reduction catalyst in the NOx catalyst
device 16, immediately after the cold start.
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[0065] Accordingly, in the embodiment, the NOx adsorp-
tion device 14 is provided so that the NOx adsorbent in the
NOx adsorption device 14 adsorbs the NOx discharged from
the engine 10 immediately after the cold start. With this
configuration, it is possible to avoid the situation where the
NOx discharged from the engine 10 is discharged to the
atmosphere immediately after the cold start.

[0066] Most of the NOx generated in a combustion cham-
ber of the engine 10, that is, most of the NOx discharged from
the engine 10 is NO (nitrogen monoxide). As described
above, the NOx adsorbent in the NOx adsorption device 14 is
able to adsorb the NO. Therefore, according to the embodi-
ment, it is possible to remove the NO discharged from the
engine 10 using the NOx adsorption device 14 at cold tem-
peratures immediately after the cold start. Thus, it is possible
to suppress the discharge of the NOx to the atmosphere.
[0067] After the cold start, the NOx adsorbent is heated by
exhaust gas, and accordingly, the temperature of the NOx
adsorbent is increased. When the temperature of the NOx
adsorbent becomes equal to or higher than a given tempera-
ture, the NOx adsorbed by the NOx adsorbent starts to be
desorbed from the NOx adsorbent. If the NO has been
adsorbed by the NOx adsorbent, the adsorbed NO is desorbed
from the NOx adsorbent. The temperature, at which the NO
starts to be rapidly desorbed from the NOx adsorbent, is
approximately 100° C.

[0068] In the embodiment, the NOx, which has been des-
orbed from the NOx adsorbent in the NOx adsorption device
14, needs to be reduced and purified in the NOx catalyst
device 16. However, in general, the temperature of the NOx
reduction catalyst in the NOx catalyst device 16 has not
reached the activation temperature (approximately 250° C.)
at the time point at which the temperature of the NOx adsor-
bent in the NOx adsorption device 14 reaches 100° C. after the
cold start. Therefore, if the NO is desorbed from the NOx
adsorbent in the NOx adsorption device 14, it is not possible
to sufficiently reduce and purify the NO in the NOx catalyst
device 16.

[0069] As described above, the NOx storage material in the
NOx reduction catalyst is not able to efficiently absorb the
NO. That is, in order to remove the NO using the NOx storage
material, it is necessary to oxidize the NO to NO, or the like
using the activity of the noble metal in the NOx reduction
catalyst. Thus, in the NOx reduction catalyst, the NOx is
absorbed by the NOx storage material by oxidizing the NO to
NO, or the like using the noble metal. However, at the time
point at which the temperature of the NOx adsorbent in the
NOx adsorption device 14 reaches 100° C. after the cold start,
the noble metal has not been activated, and therefore, it is not
possible to oxidize the NO to NO, or the like.

[0070] Accordingly, when the temperature of the NOx
adsorbent in the NOx adsorption device 14 exceeds 100° C.
after the cold start, and the NOX starts to be desorbed from the
NOx adsorbent, the discharge of the NO to the atmosphere
may not be sufficiently suppressed. As a result of conducting
studies, the inventors have found that it is extremely effective
to use a technology in which the adsorbed NO is converted to
a nitrate or a nitrate ion by supplying the ozone to the NOx
adsorbent that has adsorbed the NO. Hereinafter, the technol-
ogy will be described based on experimental examples.
[0071] Preparation of a NOx Adsorbent Specimen

[0072] A base material made of cordierite with a volume of
35 cc (the diameter 30 mmxthe length 50 mm) was prepared.
The base material was coated with zeolite that served as the
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NOx adsorbent. In this case, ZSM-5 subjected to ion
exchange with Fe (iron) was used as zeolite. The base mate-
rial was coated with the ZSM-5 at a rate of 150 g/L.. Herein-
after, the specimen thus produced will be referred to as
“specimen 1”.

[0073] Test

[0074] The specimen 1 was set in an experimental device,
and a simulant gas was supplied. Thus, the test was conducted
according to the following steps. The flow rate ofthe simulant
gas was 20 L/min. (1) The system was heated to 500° C., and
all the NOx adsorbed by the specimen 1 was desorbed from
the specimen 1. (2) The system was cooled and the tempera-
ture of the system was maintained at 50° C. The NO at 100
ppm was added to the simulant gas, and the NO was adsorbed
by the specimen 1. FIG. 2 shows the composition of the
simulant gas. After the NO was adsorbed by the specimen 1
for a sufficient time until the concentration of the NO on the
downstream side of the specimen 1 became equal to the
concentration of the NO on the upstream of the specimen 1,
the addition of the NO was stopped. Then, the specimen 1 was
left at 50° C. for 15 minutes. (3) The ozone at 100 ppm was
added to the simulant gas, and the specimen 1 was further left
at 50° C. for 15 minutes. (4) After the addition of the ozone
was stopped, the temperature of the system was gradually
increased to 500° C. During this period, a relation between the
temperature of the system and the amount of the NOx des-
orbed from the specimen 1 was examined by measuring the
concentration of the NOx on the downstream side of the
specimen 1 using an exhaust gas analyzing device. Further,
another test was conducted. The other test was the same as the
above-described test, except that the ozone treatment in the
step (3) was not performed. FIG. 3 shows the result of mea-
surement performed when the ozone treatment was per-
formed, and the result of measurement performed when the
ozone treatment was not performed.

[0075] As shown in FIG. 3, when the ozone treatment was
not performed, the NOx was desorbed from the NOx adsor-
bent in a temperature range of approximately 70° C. to 250°
C. In this case, the temperature (i.e., the desorption tempera-
ture), at which the concentration of the NOx on the down-
stream side of the specimen 1 was increased at the highest
rate, was approximately 100° C. All the NOx desorbed from
the NOx adsorbent was NO.

[0076] In contrast, as shown in FIG. 3, when the ozone
treatment was performed, the NOx was desorbed from the
NOx adsorbent in a temperature range of approximately 250°
C. 10 450° C. In this case, the temperature (i.e., the desorption
temperature), at which the concentration of the NOx on the
downstream side of the specimen 1 was increased at the
highest rate, was approximately 300° C. Almost all the NOx
desorbed from the NOx adsorbent was NO,.

[0077] Hereinafter, the results of the above-described
experiment will be described. FIG. 4 is a schematic diagram
showing how the NO (nitrogen monoxide) is converted to the
nitrate or the nitrate ion on the NOx adsorbent using the
ozone. As shown in FIG. 4, when the ozone is supplied to the
NOx adsorbent that has adsorbed the NO, the NO is oxidized
on the NOx adsorbent using the ozone, and thus, the NO is
converted to NO; ™. That is, the NO that is physically adsorbed
by the surface of the NOx adsorbent is converted to the nitrate
or the nitrate ion using the ozone. Thus, the adsorption state is
stabilized, and the desorption is unlikely to occur. It is con-
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sidered that, as a result of this adsorption state, the desorption
temperature is increased from approximately 100° C. to 300°
C.

[0078] Test2

[0079] Subsequent to Test 1, the specimen of the NOx
reduction catalyst was prepared as follows. A base material
made of cordierite with a volume of 35 cc (the diameter 30
mmxthe length 50 mm) was coated with the NOx reduction
catalyst. In the NOx reduction catalyst, Pt (platinum)/Rh
(thodium), which were noble metal components, and Ba
(bartum)/K (potassium)/Li (lithium), which were the NOx
storage material components, were supported by Al,O;,
TiO,, and ZrO,. Hereinafter, the specimen thus produced will
be referred to as “specimen 2”. As shown in FIG. 5, the
specimen 2 was set downstream of the specimen 1 in the
experimental device, and the simulant gases were supplied.
Thus, the test was conducted according to the following steps.
The flow rate of the simulant gases was 20 L/min.

[0080] (1) The system was heated to 500° C., and all the
NOx adsorbed by the specimen 1 was desorbed from the
specimen 1. (2) The system was cooled, and the temperature
of the system was maintained at 50° C. The NO at 100 ppm
was added to the simulant gas, and the NO was adsorbed by
the specimen 1. The composition of the simulant gas is shown
in an upper section denoted by “ADSORPTION” in FIG. 2.
After the NO was adsorbed by the specimen 1 for a sufficient
time until the concentration of the NO on the downstream side
of the specimen 1 became equal to the concentration of the
NO on the upstream side of the specimen 1, the addition of the
NO was stopped. The specimen 1 and the specimen 2 were
left at 50° C. for 15 minutes while supplying the simulant gas
whose composition is shown in a lower section denoted by
“DESORPTION” in FIG. 2. (3) The ozone at 100 ppm was
added to the simulant gas, and the specimen 1 and the speci-
men 2 were further left at 50° C. for 15 minutes. (4) After the
addition of the ozone was stopped, the temperature of the
system was gradually increased to 350° C. During this period,
the concentration of the NOx on the downstream side of the
specimen 2 was measured using the exhaust gas analyzing
device. Further, another test was conducted. The other test
was the same as the above-described test, except that the
ozone treatment in the step (3) was not performed. FIG. 6
shows the result of measurement performed when the ozone
treatment was performed, and the result of measurement per-
formed when the ozone treatment was not performed. (5) The
temperature of the system was maintained at 350° C., and a
process, in which the NOx was stored in the specimen 2 (for
85 seconds), and the NOx was reduced (for 5 seconds), was
repeated using the simulant gases whose compositions are
shown in FIG. 7. Thus, the NOx conversion efficiency was
measured. As a result, the NOx conversion efficiency was
97% in each of the case where the ozone treatment was
performed, and the case where the ozone treatment was not
performed.

[0081] As shown in FIG. 6, when the ozone treatment was
not performed, in a temperature range up to 170° C., the NOx
concentration on the downstream side of the specimen 2 was
substantially equal to the NOx concentration on the down-
stream side of the specimen 1 when the ozone treatment was
not performed in Test 1 (FIG. 3). This signifies that the NO
desorbed from the NOx adsorbent in the specimen 1 passed
through the specimen 2, and flowed to an area downstream of
the specimen 2. The reason is considered as follows. As
shown in FIG. 3, when the ozone treatment is not performed,
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most of the NO adsorbed by the NOx adsorbent in the speci-
men 1 is desorbed from the NOx adsorbent without being
converted, in a temperature range of 100 to 200° C. When the
temperature of the NOx adsorbent is 100 to 200° C., the noble
metal in the NOx adsorbent has not been activated. Therefore,
the NO, which has flowed from the specimen 1, is not oxi-
dized by the noble metal in the specimen 2. Also, the NOx
storage material in the specimen 2 is not able to absorb the
NO. Therefore, when the ozone treatment is not performed,
the NO, which has been desorbed from the NOx adsorbent in
the specimen 1, flows to the area downstream of the specimen
2 without being removed by the specimen 2.

[0082] In contrast, when the ozone treatment was per-
formed, the NOx concentration on the downstream side of'the
specimen 2 was maintained at substantially zero until the
temperature was increased to 350° C., as shown in FIG. 6. The
reason is considered as follows. When the ozone treatment is
performed, the NO adsorbed by the NOx adsorbent in the
specimen 1 is converted to the nitrate or the nitrate ion, and
thus, the adsorption state is stabilized. Accordingly, the des-
orption temperature is increased to approximately 300° C.
Therefore, when the NOx is desorbed from the NOx adsor-
bent, the NOx reduction catalyst in the specimen 2 has
already been sufficiently activated. Therefore, the NOx des-
orbed from the NOx adsorbent is efficiently absorbed by the
NOx storage material in the NOx reduction catalyst. Further,
in this case, the NOx desorbed from the NOx adsorbent in the
specimen 1 is not the NO that is not absorbed by the NOx
storage material. The NOx desorbed from the NOx adsorbent
in the specimen 1 is the NO, that is absorbed by the NOx
storage material. Accordingly, the NOx desorbed from the
Nox adsorbent in the specimen 1 is efficiently and smoothly
absorbed by the NOx storage material in the specimen 2.
Thus, when the ozone treatment is performed, the NOx des-
orbed from the NOx absorbent in the specimen 1 is removed
by the NOx reduction catalyst in the specimen 2. As a result,
it is possible to reduce the possibility that the NOx flows to the
area downstream of the specimen 2.

[0083] In the above-described Test 2, the NOx reduction
catalyst started to store and reduce the NOx at 350° C. as
described in the step (5). As a result, the high NOx conversion
efficiency (97%) was achieved. As described above, when the
ozone treatment was performed, the NOx concentration on
the downstream side of the specimen 2 was maintained at
substantially zero, while the temperature of the NOx adsor-
bent (i.e., the specimen 1) and the NOx reduction catalyst
(i.e., the specimen 2) was increased from 50° C. to 350° C.
[0084] The temperature, at which the NOx reduction cata-
lyst starts to store and reduce the NOXx, is not limited to 350°
C. FIG. 8 shows the temperature characteristic of the NOx
conversion efficiency achieved by the NOx reduction catalyst
in the specimen 2. As shown in FIG. 8, the high NOx conver-
sion efficiency is generally achieved by the NOx reduction
catalyst at approximately 250° C. or higher. Accordingly,
when using the NOx reduction catalyst with this characteris-
tic, the NOx reduction catalyst may start store and reduce the
NOx at approximately 250° C.

[0085] As shown by the results of the experiment, the des-
orption temperature is shifted to a higher temperature by
converting the NO adsorbed by the NOx adsorbent to the
nitrate or the nitrate ion using the ozone. Thus, the catalyst
disposed downstream of the NOx adsorbent is sufficiently
activated before the NOx is desorbed from the NOx adsor-
bent. Therefore, transition occurs extremely smoothly from a
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stage where the NOx is removed by the NOx adsorbent at low
temperatures after the cold start, to a stage where the NOx is
purified by the catalyst after the catalyst is activated. Thus, it
is possible to suppress the discharge of the NOx to the atmo-
sphere during the transition.

[0086] Inthe embodiment, the discharge of the NOx to the
atmosphere is suppressed by employing the same principle
employed in the above-described Test 2, after the cold start of
the engine 10. FIG. 9 shows a flowchart performed by the
ECU 50 in the embodiment to implement the function.
[0087] As shown in FIG. 9, when it is determined that the
cold start of the engine 10 has been performed (step 100), the
ozone supply device 18 does not supply the ozone to the
exhaust passage 12 while the exhaust gas flows into the NOx
adsorption device 14 (step 102). Thus, the NO in the exhaust
gas is adsorbed by the NOx adsorbent in the NOx adsorption
device 14. Accordingly, while the exhaust gas passes through
the NOx adsorption device 14, the NO is removed.

[0088] While the NO is removed by the NOx adsorption
device 14, it is determined whether the temperature of the
NOx adsorbent in the NOx adsorption device 14 has reached
100° C. that is the NO desorption temperature at which the
NO is desorbed from the NOx adsorbent (step 104). In this
case, the temperature detected by the temperature sensor 20,
that is, the temperature of the exhaust gas flowing out of the
NOx adsorption device 14 is used as the temperature of the
NOx adsorbent in the NOx adsorption device 14. If it is
determined that the temperature of the NOx adsorbent is
lower than 100° C. in step 104, it is determined that the NOx
adsorbent is able to further adsorb the NO. Therefore, in this
case, the routine returns to step 102, and the NO continues to
be adsorbed by the NOx adsorbent.

[0089] Ifitis determined that the temperature of the NOx
adsorbent has reached 100° C. in step 104, a control is started
to supply the ozone to an area upstream of the NOx adsorption
device 14 using the ozone supply device 18 (step 106).
Accordingly, the NO adsorbed by the NOx adsorbent is con-
verted to the nitrate or the nitrate ion due to a reaction between
the NO and the ozone flowing into the NOx adsorption device
14, as shown in FI1G. 4. As aresult, the desorption temperature
is increased to approximately 300° C. Therefore, the desorp-
tion of the NOx from the NOx adsorption device 14 is sup-
pressed. A period from a time point at which the engine 10 is
started to a time point at which the temperature of the NOx
adsorbent reaches 100° C. is long enough for making the
ozone supply device 18 ready for supplying the ozone. There-
fore, in step 106, the ozone supply device 18 is able to supply
the required amount of the ozone.

[0090] In step 106, it is preferable that the amount of the
ozone supplied by the ozone supply device 18 should be
controlled as follows. In the ECU 50, a NOx discharge map,
which is created by examining a relation between the rota-
tional speed and load of the engine 10 and the amount of the
NOx discharged from the engine 10, is stored in advance.
Based on the NOx discharge map, the amount of the dis-
charged NOx at each time point is calculated, and the amount
of the discharged NOx is accumulated up to a time point at
which the supply of the ozone is started. Thus, it is possible to
calculate the amount of the NO flowing into the NOx adsorp-
tion device 14 (that is, the amount of the NO adsorbed by the
NOx adsorbent) during the period from the time point at
which the engine 10 is started to the time point at which the
supply of the ozone is started. As shown in FIG. 4, the NO
reacts with the ozone at a mole ratio of 1:1. Accordingly, the

Dec. 9, 2010

amount of the NO adsorbed by the NOx adsorbent in the NOx
adsorption device 14 is converted to the number of moles, and
the ozone supply device 18 supplies the ozone whose number
of moles is larger than the number of moles of the NO (for
example, the number of moles of the ozone is twice to three
times the number of moles of the NO), tanking into account
reaction efficiency. Thus, the NO adsorbed by the NOx adsor-
bent in the NOx adsorption device 14 is converted to the
nitrate or the nitrate ion.

[0091] Subsequent to the process in step 106, it is deter-
mined whether an accumulated NOx amount, which is
obtained by accumulating the amount of the discharged NOx
ateach time, has reached a predetermined adsorption capacity
of the NOx adsorbent (step 108). If it is determined that the
accumulated NOx amount has reached the adsorption capac-
ity in step 108, a temperature-increasing control is performed
to increase the temperature of the NOx reduction catalyst in
the NOx catalyst device 16 to a temperature equal to or higher
than the activation temperature (for example, 250° C.) (step
110). The temperature-increasing control is performed using
a known method, for example, a method in which an exhaust
gas fuel supply injector (not shown) supplies fuel to an
exhaust system, or a method in which post-injection is per-
formed in the engine 10.

[0092] When the temperature of the NOx adsorbent in the
NOx adsorption device 14 is increased by the temperature-
increasing control, mainly NOx in the form of NO, is des-
orbed from the NOx adsorbent. The desorbed NOx flows into
the NOx catalyst device 16, and the NOx is reduced and
converted to N, by the NOx reduction catalyst (step 112).
[0093] When the NO adsorbed by the NOx adsorbent is
converted to the nitrate or the nitrate ion using the ozone, the
adsorption state is further stabilized. Therefore, the adsorp-
tion capacity of the NOx adsorbent is increased. As a result,
after it is determined that the accumulated NOx amount
reaches the adsorption capacity (in step 108) in the routine
shown in FIG. 9, the NOx in the exhaust gas is adsorbed and
removed by the NOx adsorption device 14 during a period
until the NOx reduction catalyst in the NOx catalyst device 16
is activated. Accordingly, it is possible to suppress the dis-
charge of the NOx to the atmosphere during this period.
[0094] By performing the processes in the above-described
routine in FIG. 9, the transition occurs extremely smoothly
from the stage where the NOx is adsorbed and removed by the
NOx adsorption device 14 at low temperatures after the cold
start of the engine 10, to the stage where the NOx is reduced
and purified by the NOx reduction catalyst in the NOx cata-
lyst device 16 after the NOx reduction catalyst is activated.
Accordingly, it is possible to suppress the discharge of the
NOx to the atmosphere during the transition.

[0095] Further, according to the embodiment, the following
advantageous effects are obtained. In general, the ozone sup-
ply device 18 is not ready for generating the ozone, and
therefore, the ozone supply device 18 is not able to supply a
sufficient amount of the ozone, at the time of start of the
engine 10 and immediately after the start of the engine 10.
Therefore, when using a system in which the NO discharged
from the engine 10 immediately after the start of the engine 10
is oxidized in a gas phase using the ozone, and then, the NOx
is absorbed by the NOx storage material, the NOx is likely to
be discharged to the atmosphere, because the amount of the
ozone is insufficient immediately after the start of the engine
10. In contrast, according to the embodiment, the NO dis-
charged from the engine 10 is adsorbed and removed by the
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NOx adsorbent immediately after the start of the engine 10.
Therefore, the ozone does not need to be supplied immedi-
ately after the start of the engine 10. The supply of the ozone
is started on or before the time point at which the temperature
of'the NOx adsorbent reaches the NO desorption temperature.
Therefore, it is possible to suppress the discharge of the NOx
to the atmosphere even during a period immediately after the
start of the engine 10, during which the ozone supply device
18 is not ready for generating the ozone.

[0096] According to the embodiment, after a certain
amount of the NO is stored in the NOx adsorbent, the ozone
supply device 18 supplies the ozone in pulses. The amount of
the ozone is calculated based on the amount of the stored NO.
That is, it is not necessary to perform a complicated control
that accurately controls the amount of the supplied ozone in
accordance with a change in the amount of the discharged NO
due to a change in the engine rotational speed and a change in
the engine load. Therefore, the control for supplying the
ozone is simplified, and controllability is improved. Also,
because the ozone does not need to be supplied for a while
after the start of the engine 10, it is possible to shorten the
period during which the ozone supply device 18 is operated.
Therefore, it is possible to decrease electric power consump-
tion, and to suppress the discharge of the ozone to the atmo-
sphere.

[0097] In the embodiment, the ozone is supplied to the
exhaust gas, as active oxygen. In the invention, other kinds of
active oxygen (for example, negative oxygen ions repre-
sented by O~, 0*~, 0,7, 0,7, O, and the like) may be used
instead of the ozone.

[0098] Also, in the embodiment, the ozone supply device
18 is disposed outside the exhaust gas passage. However, the
invention is not limited to this configuration. An ozone gen-
erator may be disposed in the exhaust gas passage. In this
case, in the ozone generator, electricity is discharged by
applying high voltage, and thus, the active oxygen, such as the
ozone, is generated using oxygen in the exhaust gas.

[0099] Also, in the embodiment, the supply of the ozone is
started at the time point at which the temperature of the NOx
adsorbent reaches 100° C. However, the invention is not lim-
ited to this configuration. The supply of the ozone may be
started at a predetermined temperature, for example, a tem-
perature lower than 100° C. Further, when zeolite is used as
the NOx adsorbent, the supply of the ozone may be started at
a temperature equal to or lower than 70° C. at which the
desorption of the NO is started. Further, it may be determined
whether the ozone supply device 18 is ready for supplying the
ozone using another method, and then, the supply of the
ozone may be started if it is determined that the ozone supply
device 18 is ready for supplying the ozone. For example, it
may be determined whether an elapsed time after the start of
the engine 10 has reached a predetermined time sufficient for
making the ozone supply device 18 ready in step 104; and if
it is determined that the elapsed time has reached the prede-
termined time, the routine may proceed to step 106.

[0100] Also, the amount of the NO adsorbed by the NOx
adsorbent may be calculated based on the NOx discharge map
that is stored in the ECU in advance; and the supply of the
ozone may be started when the calculated amount of the NO
is equal to or larger than a predetermined amount (for
example, when the amount of the NO reaches an upper limit
amount that can be adsorbed by the NOx adsorbent).

[0101] FIG. 10 schematically shows another example of the
system configuration according to the embodiment of the
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invention. The ozone supply device 18 in the system shown in
FIG. 10 includes an ozone generator 18a, and an ozone stor-
age device 1856 in which the ozone generated by the ozone
generator 18a is stored. In the ozone storage device 185, an
ozone sensor 18¢ that detects the ozone concentration is pro-
vided. The ozone stored in the ozone storage device 185 can
be supplied to a portion of the exhaust passage 12, which is
located upstream of the NOx adsorption device 14, through a
passage 184. It is preferable that a control valve for control-
ling the amount of the supplied ozone should be provided in
the passage 184. In the invention, as in the system shown in
FIG. 10, the ozone generated by the ozone generator 18a may
be stored in the ozone storage device 185, and then, the ozone
may be supplied to the exhaust passage 12, instead of supply-
ing the ozone to the exhaust passage 12 immediately after the
ozone is generated. In this case, a timing, at which the supply
of'the ozone should be started, may be determined by detect-
ing whether a sufficient amount of the ozone is stored in the
ozone storage device 185 using the ozone sensor 18¢, after the
start of the engine 10. The ozone is retained without being
dissolved in the ozone storage device 185 for several days.
Accordingly, if a sufficient amount of the ozone remains in
the ozone storage device 184 at the time of start of the engine
10, the supply of the ozone may be started without operating
the ozone generator 18a.

[0102] In the above-described first embodiment, when the
ECU 50 performs the processes in step 100 and 102, “the first
control” according to the invention is performed. When the
ECU 50 performs the processes in steps 104 and 106, “the
second control” is performed. When the ECU 50 performs the
process in step 110, “the temperature-increasing portion”
according to the invention is implemented.

Second Embodiment

[0103] Next, a second embodiment of the invention will be
described with reference to FIG. 11 to FIG. 17, with a focus
ondifferences between the above-described first embodiment
and the second embodiment. The description of the same and
corresponding components will be simplified or omitted.
[0104] FIG. 11 is a diagram schematically showing a sys-
tem configuration according to the second embodiment of the
invention. As shown in FIG. 11, in the second embodiment, a
NOx purification device 30 is provided in the exhaust passage
12. In the NOx purification device 30, a NOx adsorbent and a
NOx reduction catalyst are integrally provided. The tempera-
ture sensor 20 detects the temperature of the exhaust gas
flowing out of the NOx purification device 30.

[0105] FIG. 12 to FIG. 14 schematically show the NOx
adsorbent and the NOx reduction catalyst provided in the
NOx purification device 30. It is preferable that the NOx
adsorbent and the NOx reduction catalyst should be arranged
in the NOx purification device 30 in any one of modes shown
in FIG. 12 to FIG. 14. Hereinafter, a side in which a base
material 32 is provided will be referred to as “lower side”, and
a side opposite to the base material 32 will be referred to as
“upper side”.

[0106] InanexampleshowninFIG.12,amixedlayer34,in
which the NOx adsorbent is mixed with the NOx reduction
catalyst, is provided on the upper surface of the base material
32. In an example shown in FIG. 13, a NOx reduction catalyst
layer 36 made of the NOx reduction catalyst is provided on
the upper surface of the base material 32, and a NOx adsor-
bent layer 38 made of the NOx adsorbent is provided on the
upper surface of the NOx reduction catalyst layer 36. That is,
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the NOx reduction catalyst layer 36 and the NOx adsorbent
layer 38 are stacked. In an example shown in FIG. 14, the
NOx reduction catalyst layer 36 is provided on the upper
surface of the base material 32, and the NOx adsorbent layer
38 is provided on the upper surface of the NOx reduction
catalyst layer 36. In addition, an HC adsorbent layer 40 made
of'an HC adsorbent is further provided on the upper surface of
the NOx adsorbent layer 38.

[0107] In the above-described first embodiment, when the
NO adsorbed by the NOx adsorbent is converted to the nitrate
or the nitrate ion, the desorption temperature is increased to
approximately 300° C. Accordingly, when the NOx is des-
orbed from the NOx adsorbent, and reduced by the NOx
catalyst, the temperature of the NOx adsorbent and the NOx
reduction catalyst needs to be increased to a temperature
equal to or higher than 300° C. Therefore, when the tempera-
ture-increasing control is performed to reduce the NOx,
slightly large energy is required. As described above, the NOx
reduction catalyst is able to reduce the NOx even at approxi-
mately 250° C. Thus, if the temperature, at which the NOx is
desorbed from the NOx adsorbent, is decreased to approxi-
mately 250° C., the NOx is reduced at a lower temperature.
This makes it possible to decrease the energy required to
perform the temperature-increasing control when the NOx is
reduced.

[0108] As a result of conducting studies in view of the
above, the inventors have found that when the NOx adsorbent
and the NOx reduction catalyst are integrally provided as
described above, the noble metal of the NOx reduction cata-
lyst acts on the NOx adsorbent, and the NOx desorption
temperature is decreased to a more appropriate temperature.
[0109] The zeolite-based NOx adsorbent easily adsorbs HC
(hydrocarbon component). Therefore, when the NOx adsor-
bent adsorbs the HC, NOx adsorption performance may be
decreased. To suppress the decrease in the NOx adsorption
performance, it is extremely effective to configure the NOx
purification device 30 in the mode shown in FIG. 14. In the
example shown in FIG. 14, the HC adsorbent layer 40 made
of the HC adsorbent is provided on the upper surface of the
NOx adsorbent layer 38, and the HC adsorbent has HC
adsorption ability higher than that of the NOx adsorbent. It is
preferable to use, for example, zeolite (mordenite or the like)
that has a pore diameter larger than that of the NOx adsorbent,
as the HC adsorbent. With this configuration, because the HC
adsorbent layer 40 traps the HC, it is possible to suppress the
adsorption of the HC by the NOx adsorbent. Accordingly, itis
possible to suppress the decrease in the NOx adsorption per-
formance of the NOx adsorbent. Hereinafter, the second
embodiment will be described based on experimental
examples.

[0110] Test3
[0111] Preparation of a Specimen o
[0112] A base material made of cordierite with a volume of

35 cc (the diameter 30 mmxthe length 50 mm) was coated
with zeolite that served as the NOx adsorbent. In this case,
ZSM-5 subjected to ion exchange with Fe (iron) was used as
the zeolite. The base material was coated with the ZSM-5 at a
rate of 150 g/L.. Hereinafter, the specimen thus produced will
be referred to as “specimen o that is the same as the speci-
men 1 used in Test 1 described in the first embodiment.
[0113] Preparation of a Specimen 3

[0114] A base material made of cordierite with a volume of
35 cc (the diameter 30 mmxthe length 50 mm) was coated
with mixture of zeolite (Fe/ZSM-5) and the NOx reduction
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catalyst. The zeolite (Fe/ZSM-5) was the same as the speci-
men a, and served as the NOx adsorbent. In the NOx reduc-
tion catalyst, Pt (platinum)/Rh (rhodium), which were noble
metal components, and Ba (barium)/Li (lithium), which were
the NOx storage material components, were supported by
Al O;, Ti0,, and ZrO,. Hereinafter, the specimen thus pro-
duced will be referred to as “specimen 7. The specimen
may be regarded as having the configuration in the mode
shown in FIG. 12.

[0115] A test, which was the same as Test 1 described in the
first embodiment, was conducted using the specimen cand
the specimen f. That is, the NO was adsorbed by each of the
specimen o and the specimen f at 50° C., and the adsorbed
NO was converted to the nitrate or the nitrate ion using the
ozone, and then, the temperature was gradually increased
from 50° C. to 500° C. The concentration of the desorbed
NOx was measured. FIG. 15 shows the result of the measure-
ment. FIG. 15 also shows the result of measurement when the
specimen o was used and the ozone treatment was not per-
formed.

[0116] As shown in FIG. 15, the NOx desorption tempera-
ture of the specimen [ (when the ozone treatment was per-
formed) was higher than the NOx desorption temperature of
the specimen o (when the ozone treatment was not per-
formed). However, the NOx desorption temperature of the
specimen 3 (when the ozone treatment was performed) was
lower than the NOx desorption temperature of the specimen c
(when the ozone treatment was performed) by approximately
50° C. to 70° C. That is, (when the ozone treatment was
performed), the NOx started to be rapidly desorbed from the
specimen f at approximately 250° C.

[0117] In the above-described experimental example, the
specimen 3, which may be regarded as having the configura-
tion in the mode shown in FIG. 12, was used. However, when
using specimens having the configurations in the modes
shown in FIG. 13 and FIG. 14, the same advantageous effect
is obtained.

[0118] As shown in the above-described experimental
example, in the exhaust gas control apparatus according to the
embodiment, the NOx adsorbent and the NOx reduction cata-
lyst are integrally provided in the NOx purification device 30.
Therefore, the NOx (NO,) adsorbed by the NOx adsorbent is
desorbed at a lower temperature (approximately 250° C.) than
in the first embodiment. Accordingly, the NOx is reduced by
supplying a reducing agent into the NOx purification device
30 at the time point at which the temperature in the NOx
purification device 30 has reached to approximately 250° C.
Thus, because the NOx is reduced at a lower temperature than
in the first embodiment, it is possible to decrease the energy
required to perform the temperature-increasing control,
thereby improving fuel efficiency.

[0119] Test4
[0120] Preparation of a Specimen B
[0121] A base material made of cordierite with a volume of

3.0 L was coated with mixture of 150 g of zeolite (Ag/
ferrierite) that served as the NOx adsorbent, and 400 g of the
NOx reduction catalyst. In the NOx reduction catalyst, Pt
(platinum)/Rh (rhodium), which were noble metal compo-
nents, and Ba (barium)/Li (lithium), which were the NOx
storage components, were supported by Al,O;, TiO,, and
ZrO,. Hereinafter, the specimen thus produced will be
referred to as “specimen B”. The specimen B may be regarded
as having the configuration in the mode shown in FIG. 12.



US 2010/0307133 Al

[0122] Preparation of a Specimen C

[0123] Alower layer was formed by coating a base material
made of cordierite with a volume of 3.0 L with 400 g of the
NOx reduction catalyst. In the NOx reduction catalyst, Pt
(platinum )/Rh (rhodium), which were noble metal compo-
nents, and Ba (barium)/Li (lithium), which were the NOx
storage components, were supported by Al,O;, TiO,, and
ZrO,. An upper layer was formed on the lower layer by
coating the lower layer with 150 g of zeolite (Ag/ferrierite),
which served as the NOx adsorbent. Hereinafter, the speci-
men thus produced will be referred to as “specimen C”. The
specimen C may be regarded as having the configuration in
the mode shown in FIG. 13.

[0124] Preparation of a Specimen D

[0125] A lowermost layer was formed by coating a base
material made of cordierite with a volume of 3.0 L with 300
g of the NOx reduction catalyst. In the NOx reduction cata-
lyst, Pt (platinum)/Rh (rhodium), which were noble metal
components, and Ba (barium)/Li (lithium), which were the
NOx storage components, were supported by Al,O;, TiO,,
and ZrO,. An intermediate layer was formed on the lower-
most layer by coating the lowermost layer with 150 g of
zeolite (Ag/ferrierite) with a relatively small pore diameter,
which served as the NOx adsorbent. The pore diameter of the
zeolite used to form the intermediate layer was 0.45 ang-
strom. An upper layer was formed on the intermediate layer
by coating the intermediate layer with 100 g of zeolite
(mordenite) with a relatively large pore diameter, which
served as the HC adsorbent. The pore diameter of the zeolite
used to form the upper layer was 0.7 angstrom. Hereinafter,
the specimen thus produced will be referred to as “specimen
D”. The specimen D may be regarded as having the configu-
ration in the mode shown in FIG. 14.

[0126] The exhaust gas control apparatus with the configu-
ration shown in FIG. 11 and a diesel engine with a displace-
ment of 2.2 I, were prepared. A test was conducted according
to the following steps, using each of the specimens B to D as
the NOx purification device 30. Before the test was con-
ducted, the engine was operated on the condition that the
temperature of the catalyst was equal to or higher than 600°
C., to purge the NOx in the catalyst.

[0127] (1) After the engine was started, the engine was left
for approximately 1 hour while the engine was idling at
approximately 800 rpm, and the amount of the adsorbed NOx
was measured by a continuous analyzer. The NOx purifica-
tion device 30 was disposed in a place so that the temperature
detected by the temperature sensor 20 was approximately
100° C. (2) The ozone was injected by the ozone supply
device 18 to convert the adsorbed NO to the nitrate or the
nitrate ion. (3) The engine was operated at 1800 rpm/45 Nm,
and combustion rich gas was generated so that the air/fuel
ratio was equal to or lower than 14.3, and a rich time was
approximately 3 seconds, in order to reduce the adsorbed
NOx. At this time, the temperature detected by the tempera-
ture sensor 20 was approximately 300° C. The NOx conver-
sion efficiency was determined by analyzing the exhaust gas
downstream of the NOx purification device 30 at this time
using the continuous analyzer.

[0128] FIG.16 and FIG. 17 show results of measurement in
the above-described test. As shown in FIG. 16, the amount of
the NOx adsorbed by the specimen D at low temperatures was
the largest among the amounts of the NOx adsorbed by the
specimens B to D at low temperatures. As described above,
the reason is considered as follows. In the specimen D,
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because the HC is trapped by the upper layer of the HC
adsorbent, the adsorption of the HC by the NOx adsorbent is
suppressed. Therefore, the NOx adsorbent provides the
higher NOx adsorption performance. As shown in FIG. 17, in
all of the cases where the specimens B to D were used, the
high NOx conversion efficiency was achieved.

[0129] In the above-described embodiments, zeolite was
used as the NOx adsorbent. However, the NOx adsorbent in
the invention is not limited to zeolite. This point will be
described based on experimental examples described below.
[0130] Test5

[0131] A specimen was produced by coating a base mate-
rial made of cordierite with a volume of 35 cc (the diameter 30
mmxthe length 50 mm) with a material in which 0.2 mol/L, of
silver nitrate was supported on 150 g/ of alumina. The
nitrate ion of the silver nitrate may splash during calcination.
Therefore, when the specimen was produced, the silver was
supported by the alumina. A test, which was the same as Test
1 in the first embodiment, was conducted using the specimen.
That is, the NO was adsorbed at 50° C., and the adsorbed NO
was converted to the nitrate or the nitrate ozone using the
ozone. Then, the temperature was gradually increased from
50° C. to 500° C., and the concentration of the desorbed NOx
was measured. Further, when the same specimen was used
and the ozone treatment was not performed, the concentration
ofthe desorbed NOx was measured. FIG. 18 shows the results
of the measurement.

[0132] As shown in FIG. 18, the desorption temperature of
the specimen used in Test 5 was also shifted to a higher
temperature by converting the adsorbed NO to the nitrate or
the nitrate ion using the ozone. Accordingly, the specimen in
Test 5 may also be used as the NOx adsorbent in the invention.
It is considered that an adsorption phenomenon described
below occurs in the specimen. First, the NO is physically
adsorbed by the surfaces of the alumina and the silver. Then,
when the ozone is supplied, the physically adsorbed NO is
converted to the nitrate ion, that is, the physically adsorbed
NO is converted to an NO;™ ion, as shown in FIG. 4. Then,
during the process of increasing the temperature, the NO,~
ions on the alumina move to the silver. Then, the NO,~ ions
react with the silver to produce the silver nitrate. Thus, the
adsorption state is stabilized, and accordingly, the desorption
temperature shifts to a higher temperature.

[0133] Test6

[0134] A base material made of cordierite with a volume of
35 cc (the diameter 30 mmxthe length 50 mm) was coated
with 100 g/I. of alumina, 100 g/L. of a ZrO,—TiO, solid
solution, and 50 g/ of ZrO, powder in which 0.5 g/l of Rh
was supported. That is, the total amount of the coating was
250 g/L. Further, 2 g/IL of Pt, and 0.2 mol/LL of Ba were
supported, and thus, a specimen was produced. A test, which
was the same as Test 1 in the first embodiment, was conducted
using the specimen. That is, the NO was adsorbed at 50° C.,
and the adsorbed NO was converted to the nitrate or the nitrate
ion using the ozone. Then, the temperature was gradually
increased from 50° C. to 500° C., and the concentration of the
desorbed NOx was measured. Further, when the same speci-
men was used and the ozone treatment was not performed, the
concentration of the desorbed NOx was measured. FIG. 19
shows the results of the measurement.

[0135] As shown in FIG. 19, the desorption temperature of
the specimen used in the Test 6 was also shifted to a higher
temperature by converting the adsorbed NO to the nitrate or
the nitrate ion using the ozone. Accordingly, the specimen in
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Test 6 may also be used as the NOx adsorbent in the invention.
It is considered that an adsorption phenomenon described
below occurs in the specimen. First, the NO is physically
adsorbed by the surfaces of the alumina, ZrO,, TiO,, and Ba.
Then, when the ozone is supplied, the physically adsorbed
NO is converted to the nitrate ion, that is, the physically
adsorbed NO is converted to the NO, ™ ion as shown in FIG. 4.
Then, during the process of increasing the temperature, the
NO,™ ions on the alumina and the like move to Ba. Then, the
NO;™ ions react with Ba to produce barium nitrate. Thus, the
adsorption state is stabilized, and accordingly, the desorption
temperature shifts to a higher temperature.

[0136] While the invention has been described with refer-
ence to example embodiment thereof, it should be understood
that the invention is not limited to the example embodiments
or constructions. To the contrary, the invention is intended to
cover various modifications and equivalent arrangements. In
addition, while the various elements of the example embodi-
ment are shown in various combinations and configurations,
which are exemplary, other combinations and configurations,
including more, less or only a single element, are also within
the spirit and scope of the invention.

What is claimed is:

1. An exhaust gas control apparatus for an internal com-

bustion engine, comprising:

a NOx adsorbent that is provided in an exhaust passage of
aninternal combustion engine, and that adsorbs nitrogen
monoxide;

an active oxygen supply device that supplies active oxygen
to an area upstream of the NOx adsorbent; and

a control portion that performs a first control that does not
cause the active oxygen supply device to supply the
active oxygen while exhaust gas flows to the NOx adsor-
bent at a time of cold start of the internal combustion
engine, whereby the nitrogen monoxide is adsorbed by
the NOx adsorbent, wherein the control portion per-
forms a second control that causes the active oxygen
supply device to supply the active oxygen after the first
control is finished, whereby the nitrogen monoxide
adsorbed by the NOx adsorbent is converted to a nitrate
or a nitrate ion on the NOx adsorbent.

2. The exhaust gas control apparatus according to claim 1,

wherein

the first control is finished when an elapsed time after the
start of the engine reaches a predetermined time.

3. The exhaust gas control apparatus according to claim 1,

wherein

the first control is finished when a temperature of the NOx
adsorbent reaches a predetermined temperature.

4. The exhaust gas control apparatus according to claim 3,

wherein

the predetermined temperature is equal to or lower than
100° C.

5. The exhaust gas control apparatus according to claim 1,

wherein

the control portion calculates an amount of the nitrogen
monoxide adsorbed by the NOx adsorbent while per-
forming the first control, and performs the second con-
trol when the calculated amount of the nitrogen monox-
ide is equal to or larger than a predetermined amount.

6. The exhaust gas control apparatus according to claim 1,

wherein

the control portion starts the second control before a tem-
perature of the NOx adsorbent reaches a desorption tem-
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perature at which the nitrogen monoxide adsorbed by
the NOx adsorbent is desorbed from the NOx adsorbent.
7. The exhaust gas control apparatus according to claim 1,
wherein
the control portion calculates an amount of the nitrogen
monoxide adsorbed by the NOx adsorbent while per-
forming the first control; and
the control portion controls an amount of the supplied
active oxygen during the second control, based on the
calculated amount of the nitrogen monoxide.
8. The exhaust gas control apparatus according to claim 1,
wherein
when the NOx adsorbent adsorbs NOx, a main component
of the NOx is the nitrogen monoxide.
9. The exhaust gas control apparatus according to claim 1,
wherein
when NOx is desorbed from the NOx adsorbent, a main
component of the NOX is nitrogen dioxide.
10. The exhaust gas control apparatus according to claim 1,
further comprising
a NOx reduction catalyst that reduces NOx desorbed from
the NOx adsorbent.
11. The exhaust gas control apparatus according to claim
10, further comprising
a temperature-increasing portion that performs a tempera-
ture-increasing control to increase a temperature of the
NOx reduction catalyst after the second control is
started.
12. The exhaust gas control apparatus according to claim
10, wherein
the NOx reduction catalyst is disposed downstream of the
NOx adsorbent.
13. The exhaust gas control apparatus according to claim
10, wherein
the NOx reduction catalyst is provided integrally with the
NOx adsorbent.
14. The exhaust gas control apparatus according to claim
13, wherein
the NOx reduction catalyst and the NOx adsorbent are
provided in a manner such that the NOx reduction cata-
lyst is mixed with the NOx adsorbent.
15. The exhaust gas control apparatus according to claim
13, wherein
a NOx reduction catalyst layer, which is a layer of the NOx
reduction catalyst, and a NOx adsorbent layer, which is
a layer of the NOx adsorbent, are stacked.
16. The exhaust gas control apparatus according to claim
15, wherein
the NOx adsorbent layer is provided on an upper surface of
the NOx reduction catalyst layer.
17. The exhaust gas control apparatus according to claim
16, further comprising
an HC adsorbent layer is provided on an upper surface of
the NOx adsorbent layer, and the HC adsorbent layer has
HC adsorption ability higher than that of the NOx adsor-
bent layer.
18. The exhaust gas control apparatus according to claim 1,
wherein
the NOx adsorbent is made of zeolite.
19. The exhaust gas control apparatus according to claim
18, wherein
the control portion starts the second control before a tem-
perature of the zeolite reaches 70° C.
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20. A method of controlling an exhaust gas control appa-
ratus for an internal combustion engine, which includes a
NOx adsorbent that is provided in an exhaust passage of an
internal combustion engine, and that adsorbs nitrogen mon-
oxide; and an active oxygen supply device that supplies active
oxygen to an area upstream of the NOx adsorbent, the method
comprising:

performing a first control that does not cause the active

oxygen supply device to supply the active oxygen while
exhaust gas flows to the NOx adsorbent at a time of cold
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start of the internal combustion engine, whereby the
nitrogen monoxide is adsorbed by the NOx adsorbent;
and

performing a second control that causes the active oxygen
supply device to supply the active oxygen after the first
control is finished, whereby the nitrogen monoxide
adsorbed by the NOx adsorbent is converted to a nitrate
or a nitrate ion on the NOx adsorbent.
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