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ABSTRACT

The present invention provides a method of denitrating
eixhaﬁst gas, which can control the NOx removal efficiency of
eich,aust gas at 90 % or higher while suppressing the release of
unreacted ammonia to 0.1 ppm or 1ess. The method carries out
denitration of exhaust gas for removing nitrogen oxides with

catalytic reduction by introducing a nitrogen-oxide-

containing gas into a catalyst-filled reaction chamber and

adding ammonia as reducing agent in an excessive amount to the

same chamber. The method comprises the steps of: introducing

exhaust gas and ammonia into a first denitrating catalyst layexr-

disposed on the most upstream side in the gas stream to remove
nitrogeh oxides; supplying the gas into a first ammonia
decomposing catalyst layer disposed on the downstream side of
the first denitrating cata;yst layer to control the ammonia
content to be suitable for the éubsequent denitrating process,
the first amrnonia deconiposing catalyst layer haviné ability to
oxidatively decompose unreacted ammonia into nitrogen and
nitrogen oxides; then supplying' the gas into a second
denitrating catalyst layer disposed on the downstream side of
the first ammonia decomposing catalyst layer; thereafter
supplying the gas into a second ammonia decomposing catalyst
layer disposed on the most downstream side to remove the

residual ammonia, the second ammonia decomposing catalyst layer

’
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being provided with a catalyst which can oxidatively
decompose the residual ammonia into nitrogen and nitrogen

oxides or a catalyst which can oxidatively decompose the

residual ammonia into nitrogen oxides.
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TITLE OF THE INVENTION

METHOD OF DENITRATING EXHAUST GAS

BACKGROUND OF THE INVENTION

l. Field of the invention

The present invention relates to methods of denitrating
exhaust gas for removing nitrogen oxides (NOx) contained in the
exhaust gas using ammonia reducing agents and denitrating
catalysts, and particularly to a method of denitrating exhaust
gas, which can substantially suppress the release of ammonia.

2. Description of the related art

As a method of removing NOx contained in exhaust gas,
selective catalytic reduction using ammonia as the reducing
agent 1is practically used, especially for thermal electric
power plants. As the catalyst, titanium oxide type catalysts
containing wvanadium, tungsten or molybdenum as active
ingredient are used predominantly.

Recently the 1release of NOx have been requlated
increasingly strictly, and especlally in large city areas,
regulations on the total amount of exhaust gas are carried into
effect. Accordingly, for the power plants located adjacent
urban areas, a higher effective denitration process is required
for new power generating systems being built to accommodate the

increasing demands for electric power.

Generally, the conventional denitration method 1s
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catalytic reduction using ammonia as a reducing agent for
decomposing NOx 1into nitrogen (N;) 1n the presence of a
catalyst in accordance with the following chemical formula:
4NO + 4NH; + O 4N, + 6H,0

From the formula above, 1t can be considered that NOx
could be removed 100% theoretically by adding NH; in the
equal mole amount to NOx. Actually, however, it 1is
impossible to blend NH; completely uniformly with NOx in the
exhaust gas.

Thus, 1t 1s needed to add excessive NH; to NOx to
achieve highly effective denitration. As a result,
unreacted NH; (1t 1s also referred to as unreacted ammonia)

remains 1in the exhaust gas 1in a considerably high

proportion.
The 1nventors have proposed, 1in Japanese Patent
Unexamined  Publication  No. 8-38856(1996) , oxidative

decomposition of exhaust gas into nitrogen and nitrogen
oxides by 1introducing the exhaust gas into an ammonia
decomposing catalyst layer after the ammonia denitrating
process described above. In this method, however, it may
be difficult to control the denitration ratio of exhaust
gas at 90% or higher while keeping the exhaust of unreacted

ammonia at 0.1 ppm or less.

SUMMARY OF THE INVENTION

In light of the foregoing prior art, it is an object
of an aspect of the present invention to provide a method
of denitrating exhaust gas, which can control the NOx

removal efficiency (or denitration efficiency) of exhaust

.
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gas at 90% or higher while suppressing exhaust of unreacted
ammonia to 0.1 ppm or less.

The object of an aspect of the invention described
above 18 achieved by the following aspects of the present
invention.

(1) A method of denitrating exhaust gas for removing
nitrogen oxides by catalytic reduction, in which a
nitrogen-oxide-containing exhaust gas 1s introduced into a
catalyst-filled reaction chamber and ammonia is added in an
excessive amount as reducing agent, the method comprising
the steps of: introducing exhaust gas and ammonia into a
firgst denitrating catalyst layer disposed on an upstream
side in the gas stream to remove nitrogen oxides; supplying
the gas 1nto a filrst ammonia decomposing catalyst layer
disposed on a downstream side from the first denitrating
catalyst layer to control the ammonia content to Dbe
sultable for the subsequent denitrating process, the first
ammonia decomposing catalyst layer having ability to
oxidatively decompose unreacted ammonia into nitrogen and
nitrogen oxides; then supplying the gas into a second
denitrating catalyst layer disposed on a downstream side of
the first ammonia decomposing catalyst layer; and supplying
the gas 1nto a second ammonia decomposing catalyst layer
disposed on a downstream side of the second denitrating
catalyst layer to remove the residual ammonia, the second
ammonia decomposing catalyst layer being provided with a
catalyst which can oxidatively decompose the residual

ammonia into nitrogen and nitrogen oxides oxr a
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catalet which canoxidatively decompose the. residual ammonia
into nitrogen oxides.

(2\) A method of denitrating exhaust gas according to (1),
wherein the catalyst ysed in the first ammonia decomposing
catalyst layer provides nitrogen selectivity exceeding 70 %,
wherein the nitrogen selectivitj being defined by the following

equation:

‘Nitrogen selectivity (%)

ouUT IN IN ouUT
= [1-{Cyox - Cnox }/{Cnms - Cymus }1x100,
wherein
ouT

Cnox @ NOx(ppm) at the outlet of the ammonia decomposing

catalyst layer,

CNOXIN: NOx(ppm) at the inlet of the ammonia decomposing

catalyst layer,

OUT

Cia NH,(ppm) at the outlet of the ammonia decomposing

catalyst layer, and

IN ' -
Cnps  : NH,(ppm) at the inlet of the ammonia decomposing catalyst
layer. '
(3) A method of denitrating exhaust gas according to (1),

wherein the catalyst used in the first ammonia decomposing

catalyst layer has, in its dehydrated form, a chemical formula

expressed by (1.0 £ 0.6) R,0 - [aM,0, * DA1,0,] * cMeO - ySiO, (R:
alkall metal ion and/or hydrogen ion; M: one or more elements

selected from the group consisting of Group VIII elements in

the periodic table, rare earth element, titanium, vanadium,
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chromium, niobium, antimony and gallium; Me: alkaline earth
metal element; and a + b=1, a< 0, b=0, c = 0, y/c > 12
and vy > 12), and contains a crystalline silicate as catalyst
support, the crystalline silicate having an X-ray diffraction
pattern shown in Table 1 which will be described herein below,
and one or more metals selected from the group consisting of
platinum, palladium, ruthenium and iridium as active metal.
(4) A method of denitrating exhaust gas according to (1)
above, wherein the catalyst used in the second ammonia
decomposing catalyst layver 1s the catalyst described in (2) or
(3) above, or contains one or more oxides selected from the group
consisting of silica, alumina, titania and zirconia as catalyst
support, and one or more metals selected from the group
consisting of platinum, rhodium, palladium, ruthenium and
iridium as active metal.
Utilization of those aspects of the present invention
leads to highly efficient NOxX removal of exhaust gas while
substantially suppressing the release of ammonia which is used

as reducing agent.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig.l shows an exemplary system for carrying out a method

of denitrating exhaust gas related to the present invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
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Operation of one embodiment of the present invention is
described with reference to Fig. 1. A first denitrating
catalyst layer 101 was disposed on the most upstream side in
the stream of exhaust gas. On the downstream side of the first
denitrating catalyst layer 101 is located a first ammonia
decomposing catalyst layer 102. Further, a second denitrating
catalyst layer 103 is disposed on the downstream side of the
first catalyst layer 102. Finally, a second ammonia
decomposing catalyst layer 104 is located on the most downstream
side. To the first denitrating catalyst layer 101 is added
ammonia 111 in a selected amount which exceeds a theoretical
amount just required for reducing NOx of exhaust gas 110. In
the ammonia decomposing catalyst layer 102 ammonia contained
in the exhaust gas 110 from the first denitrating catalyst layer
101 1s decomposed to an amount suitable for the denitration
process to be effected in the second denitrating catalyst layer
103. If required, a little amount of ammonia is further added.
Finally, in the second ammonia decomposing catalyst layer 104
ammonia contained in the exhaust gas from the second denitrating
catalyst layer 103 is substantially removed. As a result, NOx
contained in the gas at the outlet of the second ammonia
decomposing catalyst layer 104 is reduced to 3 ppm or less, and

ammonia 1s also reduced to 0.1 ppm or less.

The catalysts used in the first and second denitrating

catalyst layers 101 and 103 of the present invention contain
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conventional TiO,-type catalyst supports and oxides consisting
of wvanadium (V), tungsten (W) and/or molybdenum (Mo).
Preferably, the catalyst support is in a form of lattice or has
a honeycomb-like structure.

Preferably, the catalyst used in the first ammonia
decomposing catalyst layer 102 has nitrogen selectivity which
exceeds 70 %. The nitrogen selectivity is defined by the
following equation:

Nitrogen selectivity (%)

OUT IN IN OouT

= [1-{Cnox - Cnox }/{Cxms~ - Cnms  }1x100,
wherein

OUT :
Cnox : NOx(ppm) at the outlet of the ammonia decomposing
catalyst layer,

IN . .
Cnox : NOx(ppm) at the inlet of the ammonia decomposing
catalyst layer,

OouT .
Cnus ¢ NH;(ppm) at the outlet of the ammonia decomposing

catalyst layver, and

IN
Cnua : NH;(ppm) at the inlet of the ammonia decomposing catalyst

layer.

If the nitrogen selectivity of the ammonia decomposing
catalyst as defined above is lower than 70 %, the concentration
of NOx at the outlet of the first ammonia decomposing catalyst
layer 102 is increased, thereby to make it difficult to carry
out highly efficient denitration.

The catalyst used in the first ammonia decomposing
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catalyst layer 102 has, in its dehydrated form, the following
chemical formula:
(1.0 + 0.6) R,0 - [aM,0; - DAl1,0,] + cMeO - ySiO,
wherein, R is an alkali metal ion and/or hydrogen ion; M is one
or more elements selected from the group consisting of Group
VIII element in the periodic table, rare earthelement, titanium,
vanadium, chromium, niobium, antimony and gallium; Me is an
alkaline earth metal element; and a, b, ¢ and y satisfy a + b
=1,a=<0,b=Z0, c=0, y/c> 12 and y > 12, respectively.
Preferably, the catalyst in the first ammonia decomposing
catalyst 1layer 102 contains, in its dehydrated form, a

crystalline silicate, as catalyst support, having an X-ray
diffraction pattern shown in Table 1 and one or more metals
selected from the group consisting of platinum, palladium,

ruthenium and iridium as active metal.
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Table 1
Lattice Spéaing(ajvéihe) -ﬁelaggye Strength

10.0 £0.3 VS

| 6.7 +0.2 W
6.4 TO0.2 M
6.0 0.2 M
5.7 X£0.2 W
5.6 *0.2 M
4.6 =T0.1 W
4.25 0.1 M
3.85 0.1 | VS
3.75 0.1 S
3.65 £0.1 S
3.3 0.1 M
3.05 *£0.1 W
3.0 £0.1 M
VS : Very Strong (X-ray source : Cu)

S : Strong
D M : Moderate
W : Weak

For the catalyst used in the second ammonia decomposing

catalyst layer 104 of the present invention, it is not necessary

10 to limit specifically the nitrogen selectivity as defined in
case of the first ammonia decomposing catalyst. Preferably,

the catalyst of the layer 104 is a type having high ammonia
decomposing activity. The catalyst contains one or more oxides
selected from the group consisting of silica, alumina, titania

15 and zirconia as catalyst support and one or more metals selected
from the group consisting of platinum, rhodium, palladium,
ruthenium and iridium as active metal. Alternatively, the

first ammonia decomposing catalyst may be used.
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Examples

The method of the present invention will be described more
specifically by the following examples.
(Preparation of the denitrating catalyst)

A powdered catalyst containing titania (TiO,) as catalyst
support and 4 % by weight of vanadium pentoxide (V,0,) and 8 %
by weight of tungsten trioxide (WO,) was formed in a lattice-like
honeycomb shape with 3.3 mm pitch and 0.5 mm wall thickness to
use 1t as denitrating catalyst.

(Preparation of the ammonia decomposing catalyst)

5616 g of Water Glass No. 1 (SiO,, 30%) was dissolved in

5429 g of water to prepare solution A. 718.9 g of aluminium

sulfate, 110 g of ferric chloride, 47.2 g of calcium acetate,

262 g of sodium chloride and 2020 g of concentrated hydrochloric
aclid were added to 4175 g of water and dissolved into an aqueous
solution to prepare solution B. Solution A and solution B were
then mixed in a given proportion to produce precipitate, and
stirred well to obtain a slurry of pH 8.0. The slurry was
supplied 1in a 20 liter autoclave. Further, 500 g of

tetrapropylammonium bromide was added to conduct a hydrothermal

synthesis at 160 °C for 72 hours. After the synthesis, the

resultant product was washed with water, dried, and subjected

to baking at 500 °C for 3 hours to obtain a crystalline silicate.

The crystalline silicate can be represented by the
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composition formula shown below including respective mole
ratios of oxides (except for crystal water), and its crystal
structure can be expressed by the X-ray diffraction pattern
shown in Table 1 described above:

5 0.5Na,0-0.5H,0-[0.8A1,0,0.2Fe,0,0.25Ca0]-25Si0,.

The above crystalline silicate was added to 4N-NH,Cl

agueous solution, and the mixture was stirred at 40 °C for 3

hours to carry out NH, ion exchange. After the ion exchange,

the product was washed, dried at 100 °C for 24 hours, then baked

10 at 400 °C for 3 hours to obtain an H-type crystalline silicate.

Thereafter, the H-type crystalline silicate was

impregnated with chloroplatinic acid aqueous solution,
palladium nitrate aqueous solution, ruthenium chloride agueous
solution, and iridium chloride aqueous solution, respectively.

15 Thereafter, each impregnated silicate was dried and caked by

evaporation, and was then baked at 500 °C for 3 hours to obtain

powdered catalyst. To 100 g of the so-obtained powdered
catalyst were added 3 g of alumina sol and 55 g of silica sol
(containing 20 % by weight of SiO,) as binder and 200 g of water
20 to obtain a slurry. The slurry was then wash-coated on
monolithic bases for cordierite having lattice-1like structure
consisting of 30 cells per square inch so that the coating of

200 g / m*was applied on the surface of each base. As a result,

the ammonia decomposing catalysts Nos. 1 to 4 as shown in Table

25 2 were obtained.
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Table 2

lFirsf ammonia )
| _decomposing catalyst No.

Acfive metaisn
(Content : wt %)

1 ) Pt (0.02)
2 Pd (1.00)
3 ~Ru (0.30)

4 Ir (0.50)

(Denitration test)

One piece with a size of 150 mm x 150 mm x 435 mm (length)

of the denitrating catalyst described above, one piece of 150

mmx 150 mm x 150 mm (length) of the ammonia decomposing catalyst,

again two plieces of the above denitrating catalyst, and two

pieces of 150 mm x 150 mm x 50 mm (length) of DASH-20M G4S-

21 D4 combustion catalyst (catalyst support: y-Al,0,, Pt: 2 =

0.2 g/ liter) produced by Japan Engelhalt Co. were arranged
in series to construct a denitration system comprising the first
denitrating catalyst layer 101, the first ammonia decomposing
catalyst layer 102, the second denitrating catalyst layer 103
and the second ammonia decomposing catalyst layer 104.

For comparison, an additional denitration test was
conducted under the condition described above except that the
first ammonia decomposing catalyst layer 102 was eliminated
from the above denitration system.

The denitration test was carried out under the condition

described in the following Table 3. In this test ammonia 111

was supplied by steps to the inlet of first denitrating catalyst

- 12 -
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layer 101 to measure the ammonia concentration at the outlet
of second denjitrating catalyst layer 103 as well as the ammonia

concentration at the outlet of second ammonia decomposing

catalyst layer 104 when the NOx concentration at the outlet of
O second denitrating catalyst layer 103 was 2 ppm. The results

are shown in Table 4.

Table 3

i aaaa P P vl bk Naaaman ol oo g oo

' NO, concentration of exhaust gas 50ppm

Concentration of NH, suppiied to

the first denitrating catalyst 45-65ppm

layer _J
O, concentration of exhaust gas 15%

Gas amount 243Nm’/hour

Gas temperature 360°C

s e i - o Skl
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Table 4

First a"Eu_nonia NH;_( ppmr at “Butl'et [NH3(pEm)mat moutlet

decomposing of 2nd denitrating| of 2nd ammonia
catalyst No. catalyst layer Idecomposing
o B ) | , nrcatalyst layer
1 l 0.15 0.01
2 | 0.20 | 0.02
| —
3 0.25 0.03

—l-\-lmox exhaust beméppm
l_ None 0.70 ' or less

— - L — . — . -

As apparent from Table 4, when the NOx concentration at

the "outlet of second denitrating catalyst layer 103

O (corresponding to the case where the second ammonia decomposing
catalyst layer 104 was eliminated) was controlled at 2 ppm (NOx
removal efficiency: 96%), the ammonia concentration at the
outlet of second denitrating catalyst layer 103 remained higher

than 0.1 ppm in all of the cases listed in Table 4. In either

10 case of the examples of the present invention, however, the
ammonia concentration at the outlet of second ammonia
decomposing catalyst layer 104 was reduced in the range from
0.01 to 0.03 ppm that was a markedly low level.

In the comparative example where the first ammonia

15 decomposing catalyst layer 102 was eliminated, the ammonia
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concentration at the outlet of second denitrating catalyst
layer 103 was increased to 0.7 ppm. When the ammonia
concentration at the outlet of second ammonia decomposing layer
104 was controlled at 0.1 ppm or less, the NOx concentration
D at the same outlet could not be kept at 2 ppm or less.
Accordingly, it was confirmed that a plurality of steps, for
example, two steps as in the examples described herein, of the
ammonia decomposing catalyst layers are needed to substantially

remove ammonia from exhaust gas while keeping the NOx removal

10 efficiency at a desired level.
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WE CLAIM:

1. A method o¢f denitrating exhaust gas for removing
nitrogen oxides by catalytic reduction, in which a
nitrogen-oxide-containing exhaust gas is introduced into
a catalyst-filled reaction chamber and ammonia is added
1in an excessive amount as reducing agent, the method
comprising the steps o0f: introducing exhaust gas and
ammonia into a first denitrating catalyst layer disposed
on an upstream s8ide in the gas stream to remove nitrogen
oxides; supplying the gas into a first ammonia
decomposing catalyst layer disposed on a downstream side
from the first denitrating catalyst layer to control the
ammonia content to be suitable for the subsequent
denitrating process, the first ammonia decomposing
catalyst layer having ability to oxidatively decompose
unreacted ammonia 1into nitrogen and nitrogen oxides; then
supplying the gas 1nto a second denitrating catalyst
layer disposed on a downstream side of the first ammonia
decomposing catalyst layer; and supplying the gas into a
second ammonia decomposing catalyst layer disposed on a
downstream side of the second denitrating catalyst layer
to remove the residual ammonia, the second ammonia
decomposing catalyst layer being provided with a catalyst
which can oxidatively decompose the residual ammonia into
nitrogen and nitrogen oxides or a catalyst which can

oxidatively decompoée the residual ammonia into nitrogen

-16-
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oxides.

2 . A method of denitrating exhaust gas according to
claim 1, wherein the nitrogen selectivity of the catalyst
used 1in the first ammonia decomposing catalyst layer
exceeds 70%, the nitrogen selectivity being defined by
the following equation: -
Nitrogen selectivity (%)

= [1-{Cyox """ - CNOXIN}/{CNH3IN - CNH30UT}13100, -

wherein

OUT _

Crox NOx (ppm) at the outlet of the ammonia decomposing

catalyst layer,

. NOx(ppm) at the inlet of the ammonia decomposing

Crox
catalyst laver,

Cz®’F: NH; (ppm) at the outlet of the ammonia decomposing
catalyst layer, and

CNH3IN(ppm) at the 1nlet of the ammonia decomposing

cétalyst lavyer.

3. A method of denitrating exhaust gas according to
claim 1, whereiln ﬁhé catalyst used in the first ammonia
decomposing catalyst layer has, i1n 1its dehydrated form, a
chemical formula expressed by (1.0 + 0.6) R0 [aM;0;
bA1,0;] cMeO vySiO; (R: alkalli metal ion and/or hydrogen
ion; M: one or more elements selected from the group

consgisting of Group VIII element in the periodic table,

rare earth element, titanium, vanadium, chromium,

-17-
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niobium, antimony‘ and gallium; Me : alkaline earth metal
element; and a + b = 1, a = 0, b é 0, ¢ 2 0, y/c > 12
and y > 12), and contains a crystalline silicate as
catalyst support, the crystalline silicate having an X-
ray diffraction pattern‘ shown 1n Table  1 which 1is
described hereiln, and one or more metals selected from
the group consisting of platinum, palladium, ruthenium

and iridium as active metal.

4, A method of denitrating exhaust gas according to
claim 1, wherein the catalys't used in the second ammonia
decomposing catalyst layer 1s selected from the group
consisting of:

(a) a catalyst of nitrogen selectivity eXceedilng
70%, the nitrogen selectivity being defined by the
following equation:
Nitrogen selectivity (%)
= [1-{Cxox" " - CNOXIN}/{CNH3IN - Craz’ 7 }1x100,
wherein

OUT _

Crox NOx (ppm) at the outlet of the ammonia decomposing

catalyst layer,

IN

Crnox NOx (ppm) at the inlet of the ammonia decomposing

catalyst layer,
Cyus ' : NH;(ppm) at the outlet of the ammonia decomposing
catalyst layer, and

IN(

Chuz~ (ppm) at the 1inlet of the ammonia decomposing

_18-
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catalyst laver;

(b)' a catalyst having, in its dehydrated form, a
chemical formula expressed by (1.0 + 0.6) R,O0 [aM;0,
bA1,0;] cMeO yS10, (R: alkali metal ion and/or hydrogen
'ion; M: one or more elements selected from the group
consisting of Group VIII element in the periodic table,
rare earth element, titaniutﬁ, vanadium, chromium,
niobium, antimony and gallium; Me: alkaline earth metal
element; and a + b =1, a =2 0,'b = 0, ¢ =2 0, v/c > 12

and y > 12), and contains a crystalline ‘silicate as

catalyst support, the crystalline silicate having an X-

ray diffraction pattern shown in Table 1 which is
described herein, and one or more metals selected from
the group consisting of platinum, palladium, ruthenium
and iridium as active metal:; and

(c) a catalyst containing one or mdre oxildes
selected from the group consisting of silica, alumina,
titania and zirconia as catalyst support, and one or more
metals selected from the group consisting of platinum,
rhodium, palladium, zruthenium and iridium as active

metal.

-19-
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