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[57] ABSTRACT

A one-piece catalyst for purifying exhaust gases, partic-
ularly from internal combustion engines and gas tur-
bines operated above the stoichiometric ratio. The one-
piece honeycomb ceramic or metal carrier has a reduc-
tion catalyst on its leading-edge portion and an oxida-
tion catalyst on its trailing-edge portion.

12 Claims, 1 Drawing Sheet
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CATALYST FOR PURIFYING EXHAUST GASES
FROM INTERNAL COMBUSTION ENGINES AND
GAS TURBINES OPERATED AT ABOVE THE
STOICHIOMETRIC RATIO

BACKGROUND

The present invention relates to a catalyst for remov-
ing pollutants from exhaust gases, and more particularly
to a catalyst to be used with internal combustion en-
gines and gas turbines operated at above the stoichio-
metric ratio.

Exhaust gases from combustion processes in engines
and gas turbines are one source of present day poliution
of the environment. The air pollutants contained in
exhaust gases, i.e. nitrogen oxides, carbon monoxide
and a wide variety of unburnt hydrocarbons, are suffi-
ciently known with regard to their effect in polluting
the environment.

Primary methods of reducing emission of pollutants,
e.g. recycling of exhaust gases or modification of com-
bustion chambers, have not hitherto reduced the omis-
sion of pollutants to the required extent or have unac-
ceptably reduced the efficiency of installations. Conse-
quently secondary methods such as catalytic exhaust
gas purification are also needed for internal combustion
engines and gas turbines.

The exhaust gases produced by burning liquid or
gaseous fuel in internal combustion engines and gas
turbines, if operating above the stoichiometric ratio,
cannot be purified by the three-way catalyst principle.
Unburnt hydrocarbons and carbon monoxide in exhaust
gas can be removed by catalytic oxidation over an oxi-
dation catalyst, using the oxygen in the exhaust gas, to
form carbon dioxide and water, which are compounds
compatible with the environment. Nitrogen oxides,
owing to the oxygen which they contain, can be re-
moved only by methods of selective catalytic reduction.
One well-tried reducing agent is ammonia, obtained if
required from an ammonia-producing chemical such as
urea, which readily reacts with nitrogen oxides on a
suitable catalyst but only reacts to a slight extent with
oxygen.

In prior art systems comprising internal combustion
engines, the aforementioned exhaust gases are purified
by the following process: In one conventional process,
the exhaust gases, heated to between 400° and 600° C.,
flow directly from the engine to an oxidation catalyst,
where carbon monoxide and hydrocarbons are oxidized
to carbon monoxide and water by the oxygen in the
exhaust gas. The exhaust gases are then conveyed over
a heat exchanger and cooled to the temperature (350° to
400° C.) required for selected catalytic reduction.

After ammonia has been sprayed in and mixed with
the exhaust gas, the nitrogen oxides react with the am-
monia over a reduction catalyst in a downstream reac-
tor, forming nitrogen and water. The amount of added
ammonia depends on the desired conversion rate and
the burden of nitrogen oxides in the exhaust gas. In
practice, as a result of bunching, local excesses of am-
monia continuously occur. This results in “ammonia
drift”, i.e. unreacted ammonia enters the stream of ex-
haust gas behind the reduction catalyst and can thus
escape through the chimney into the atmosphere, con-
stituting an undesirable secondary emission When sul-
fur-containing fuels (e.g. diesel fuel, heavy heating oil
or biogases) are used, the ammonia drift is accompanied
by reactions between ammonia and the sulfur dioxides
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in the exhaust gas, resulting in corrosive, sticky, effi-
ciency-reducing deposits of ammonium hydrogen sul-
fate and/or ammonium sulfate in the heat-exchangers or
other downstream parts of the plant. The downstream
parts therefore have to be periodically washed, result-
ing in an additional waste-water problem. ‘

The system has other disadvantages, i.e. the addi-
tional pressure loss resulting from the frequent widen-
ing and narrowing of the flow cross-section, and the
additional high cost of the separate reactors.

German patent specification DE-PS 36 01 378 de-
scribes a “Method of purifying exhaust gas from com-
bustion systems containing oxides of nitrogen and sul-
fur” but this cannot be directly applied to internal com-
bustion engines. Production of sulfuric acid is uneco-
nomic, since the sulfur dioxide concentration in the
exhaust gases from internal combustion engines and gas
turbines is too low. After being charged with the re-
quired amount of ammonia the exhaust gas heated to
250° to 550° C. is conveyed over two different kinds of
catalyst disposed one behind the other in a reactor. In
the first catalyst step, selective catalytic reduction of
nitrogen oxides to nitrogen and water takes place. In the
aforementioned method the downstream oxidation cata-
lyst is designed for optimum sulfur trioxide production
and resistance to acid and resistance to sulfur trioxide.
In the case therefore of exhaust gases from internal
combustion engines and gas turbines, which contain
little sulfur dioxide, it is necessary to use a catalyst
specially designed for catalytic oxidation of hydrocar-
bons and carbon monoxide.

SUMMARY OF THE INVENTION

An object of the invention is to develop a catalyst for
obviating the disadvantages of conventional methods of
purifying exhaust gases from internal combustion en-
gines and gas turbines, more particularly when operated
above the stoichiometric ratio.

The catalyst on which the invention is based is char-
acterized in that it comprises a one-piece exhaust-gas
purifying catalyst in honeycomb form having a leading-
edge portion containing a catalyst for selective reduc-
tion of nitrogen oxides by ammonia gas, from an am-
monia-producing compound if required, and a trailing-
edge portion containing an oxidation catalyst In princi-
ple, therefore, the exhaust gases are brought into
contact in immediate succession, in a single honeycomb-
form catalyst component, with two different catalyst
formulations, each catalyst possibly known per se and
each optimized for the specific reaction involved with
the particular waste gas. The various catalyst zones (or
reaction zones) for selective reduction of nitrogen ox-
ides and subsequent oxidation will hereinafter be called
zone 1 for the reduction part and zone 2 for the oxida-
tion part.

The catalyst according to the invention can be com-
pletely in the form of a carrier catalyst or alternatively
can be a solid catalyst coated with an oxidation catalyst
in zone 2. )

In the first-mentioned application, zones 1 and 2 are
coatings of two catalyst formulations applied to a sub-
stantially inert, structure-reinforcing carrier or metal.
The following carrier materials are suitable: ceramic
honeycomb members made e.g. of y-aluminum oxide,
mullite, cordierite, zirconium mullite, barium titanite,
porcelain, thorium oxide, steatite, boron carbide, silicon
carbide, silicon nitride or metal members made of high-
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grade steel or ‘“heat-conducting” alloys (Cr/Fe/Al
alloys). Such 1nert ceramic or metal carriers are well
known in the art.

In the second aforementioned advantageous applica-
tion, an oxidation catalyst in the form of a coating is
applied to the trailing-edge portion (zone 2) of a solid
catalyst in honeycomb form consisting of a metal oxide
mixture or a metal-containing zeolite.

The exhaust gas containing pollutants is supplied at a
temperature range between 250° and 550° C. to the
exhaust-gas purification plant containing the catalyst.
The temperature level chosen for a particular plant
depends on technical or economic criteria such as the
temperature of the engine exhaust gas, oxidation of
ammonia, concentration of heat, production costs, or
the required rates of reduction of pollutants.

After entering a mixer disposed upstream of the cata-

lyst system, the exhaust gas is mixed with the reducing
agent (ammonia, if required from an ammonia-dispens-
ing chemical). Any suitable mixer can be used for this
purpose as will be apparent to those skilled in the art.

Next, the gas is conveyed over the catalyst zone 1,
where selected catalytic reduction of nitrogen oxides to
nitrogen and water occurs. The reduction catalyst espe-
cially suitable for the invention is a solid catalyst com-
prising an intimate mixture of the following compo-
nents:

(A) titanium in the form of oxides,

(B) at least one metal from the following group;

B.1 iron and vanadium in the form of oxides and/or

sulfates and or the group
B.2 molybdenum, tungsten, niobium, copper or chro-
mium in the form of oxides, and/or

(C) tin in the form of oxides, and/or

(D) metals from the group beryllium, magnesium,
zinc, boron, aluminum, yttrium, rare earth elements,
silicon, antimony, bismuth and manganese in the form
of oxides,
the components being present in the atomic ratios;

A:B:C:D=1:001t010:0t00.2:01t00.15.

In a more detailed aspect the reduction catalyst is the
form of a solid catalyst comprising an intimate mixture
of titanium dioxide as a component A), tungsten oxide
as a component B and vanadium, iron, niobium, cop-
" per, chromium and/or molybdenum oxide as a compo-
nent B, :

“the atomic ratio of the metals in components A) and
B) being from 1: 001 to 1,

the component A) being a finely divided oxide ob-
tainable by flame hydrolysis of TiCls and having a
mainly anatase X-ray structure, a BET surface area of
5015 m2/g, a density of 3.8 g/cm?, an average pri-
mary particle size of 30 nm, a pH of 3-4 measured in 4%
aqueous dispersion and an isoelectric point at pH 6.6,
the substance having a TiO; content of 99.5 wt.%, an
ALO;3 of 0.3 wt %, an SiO; content of 0.2 wt.%, an
Fe203 content of 0.01 wt.% and an HCI content 0.3
wt.% after calcining at 1000° C. for 2 hours, and having
a weight loss of 1.5 wt.% after drying at 105° C. for 2
hours and of 2 wt.% after calcining at 1000° C. for 2
hours.

According to an alternate form of the invention, the
reduction catalyst contains the following components;

A) titanium oxide
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B)) at least oné oxide of tungsten, silicon, boron,
aluminum, . phosphorus, zirconium, barium, yt-
trium, lanthanum or cerium and

B») at least one oxide of vanadium, niobium, molyb-
denum, iron, copper or chromium,

the atomic ratio of the elements in components A) and
B) being from 1 : 0.001 to 1, preferably 1 : 0.002 to 0.4,
and the component A) being present in the form of a
reactive high surface-area titanium oxide having a BET |
surface area of 40-500, preferably 50-300, more particu-
larly 60-150 -m2/g and completely or mainly in the
anatase modification.

Still further the reduction catalyst used in the inven-
tion can be an acid-resistant zeolite full type catalyst,
optionally of mordenite type, containing copper and/or
iron and, optionally, cerium or molybdenum.

In zone 2, which directly follows on the same catalyst
component, carbon monoxide and hydrocarbons are
oxidized, and also the ammonia flowing through zone 1
is removed. Special known formulations of oxidation
catalysts are also suitable for converting sulfur dioxide
to sulfur trioxide. The end products of the catalytic
reduction and oxidation processes are carbon dioxide
water, nitrogen and sulfur trioxide. Oxidation catalyst
suitable for present purposes are well known in the art. -

The exhaust gas coming from the reactor after leav-
ing the oxidation zone does not contain any ammonia,
since the ammonia has been oxidized to nitrogen and
nitrogen oxides. Consequently the plant cannot become
clogged or encrusted or corroded by ammonium salts.
The slight increase in emission of nitrogen oxides result-
ing-from ammonia oxidized to nitrogen oxides can be
reduced to a minimum by simple control measures

Use of the catalysts according to the invention, which
are in one piece but have two zones, has the aforemen-
tioned practical advantages and also has the advantage
of considerably reducing the pressure loss, owing to the .
absence of multiple widening and constriction of the
flow cross-section which occur in conventional catalyst
systems involving separate carriers located in a series
circuit The present invention also avoids undesirable
turbulence zones which can occur between a number of
separated catalyst components.

Another appreciable advantage is the reduction in
cost as compared with the prior art, resulting from the
reduction in the number of reactors. The cost of pack-
ing and storing the catalyst components in the reactor
can also be reduced in an arrangement according to the
invention. ’

Solid extrudates in honeycomb form are advanta-
geously used for reduction and also as carriers for the
oxidation area (zone 2). These extrudates are solid cata-
lysts comprising' titanium dioxide and also containing
e.g. tungsten or vanadium oxide, e.g. as per German
patent DE-PS 24 58 888, German patent application P
37 40 289.7-41 corresponds to U.S. Pat. No. 4,916,107,
German patent application P 39 06 136.1 corresponding
to U.S. patent application Ser. No. 07/484,405 or com-
prising zeolite; e.g. as per German patent application P
38 41 990.4-43 corresponding to U.S. patent application
Ser. No. 07/448,198. These disclosures are incorporated
herein by reference.

These extrudates have the composition of an intimate
mixture of the following components:

(A) titanium in the form of oxides,

(B) at least one metal from the following group;

B.1 iron and vanadium in the form of oxides and/or

sulfates and/or the group
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B.2 molybdenum, tungsten, niobium, copper or chro-
mium in the form of oxides, and/or

(C) tin in the form of oxides, and/or

(D) metals from the group beryllium, magnesium,
zinc, boron, aluminum, yttrium, rare earth elements,
silicon, antimony, bismuth and manganese in the form
of oxides,
the components being present in the atomic ratios;

A:B:C:D=1:0011010:0t00.2:0100.15.

The oxidation zone 2 can be prepared by applying a
suitable catalyst coating to a rear portion of the reduc-
tion catalyst. Depending on the design, the region
coated with the oxidizing formulation occupies 20 to
50% of the volume of catalyst. It is usually sufficient to
coat 25 to 35% of each catalyst component with the
oxidation catalyst The oxidation catalyst can be formu-
lated in accordance with DE-PS 29 07 106 or can com-
prise y-aluminum oxide with 3 to 35 wt.% cerium oxide
and 1 to 5 wt.% zirconium oxide and platinum, plati-
num/palladium, platinum/rhodivm or palladium, the
noble metal being in reduced and highly-dispersed form
on the catalyst. Such noble metal oxidation catalysts are
well known in this technology. The oxidation catalyst
can comprise 2 to 70 wt.% CeO; and 0 to 20 wt.%
ZrO; and, optionally, iron oxide, alkaline earth metal
oxides and/or aluminum oxide of the tranmsition series
containing rare earth-metal oxides as the carrier and an
active phase applied to the carrier and comprising 0.01
to 3 wt.% of platinum, palladium and/or palladium to
rhodium, if present, being from 2: 1 to 30: 1.

Advantageously the proportion of noble metal in the
catalytic coating of zone 2 is from 0.25 to 2.8 wt.%.

BRIEF DESCRIPTION OF DRAWING

The present invention will be further understood
with reference to the drawing which shows a plot of
conversion rate with time.

DETAILED EMBODIMENT OF THE
INVENTION

EXAMPLES 1-4

In accordance with German patent application P 37
40 289.7-41, Example 17, a catalyst in honeycomb form
(dimensions: 150 mm X 150 mm X 440 mm, cell spacing:
3.6 mm) was manufactured with a TiO2/WO3; weight
ratio of 9 ; 1 and a V205 content of 0.45 wt.%. TiO
manufactured by flame hydrolysis was used as the tita-
nium dioxide component.

In order to apply the oxidation coating to 30% of the
total length, in a first working step an oxide mixture of
v-Al1203, CeO; and ZrO; was applied as follows:

60 g CeO; and 3 g ZrO3 in acetate form were added
per 100 g y-Al,03 to a 25 wt.% aqueous suspension of
v-aluminum oxide The trailing-edge of the aforemen-
tioned honeycomb member was coated by immersing
30% of the total length in the suspension. After the
immersion step, the channels in the monolith were
blown open with compressed air and dried in an air-
stream at 150° C., followed by heat-treatment at 550° C.
for 2 hours 80-90 g of mixed oxide coating remained per
liter volume of catalyst.

The noble metal was obtained by impregnation with
an aqueous solution of hexachloroplatinic acid or palla-
dium chloride or rhodium chloride. After drying at 150°
C., the noble metals were reduced in a hydrogen atmo-
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sphere at 550° C. The amounts of noble metal are shown
in Table 2.

TABLE 2

Amounts of noble metals in the oxide catalvsi coating

Content of noble metal
relative to oxidation

Example Noble metal coating. wt. %

1 Pt 1.5

2 Pt/Pd 1.5
2:1

3 Pt/Rh 1.5
10:1)

4 Pd 1.5

EXAMPLE 5

In accordance with German patent specification 24
58 888, Example X-1, a honeycomb member was made
with the same geometrical dimensions as described in
Example 1. The ratio by weight of TiO2 to WO3 was 9
: 1, and the V)05 content was 0.45 wt %. Precipitated
anatase-type TiO; having a specific surface area of 70
m?2 was used as the TiO; component. The oxidation
catalyst coating was applied as described in Examples
1-4 herein, along 20% of the total length starting from
the trailing-edge. The noble metal was 2.5 wt.% of
platinum, relative to the coating.

EXAMPLE 6

In accordance with German patent application P 38
41 990, Example 32, a zeolite honeycomb member was
manufactured with the same geometrical dimensions as
described in Example 1 above.

Mordenite with modulus 19 (SiO2/Al1,03 molar ratio)
was used as the zeolite. The active components inserted
by ion exchange were 1.0 wt.% copper, 0.58 wt.% iron
and 0.1 wt.% cerium.

The oxidation catalyst coating was applied as de-
scribed in Examples 1-4 herein, along 50% of the total
length, 1.0 wt.% platinum was used as the noble metal

EXAMPLE OF APPLICATION

A vpilot plant supplied with exhaust gases from an
internal combustion engine operating on a lean mixture,
was used for testing the catalysts according to the in-
vention. The catalysts according to the invention were
solid extrudates consisting of honeycomb members 440
mm long and having an edge length of 150 mm X150
mm. The cell spacing (one web+one cell opening) was
3.6 mm.

The technical data of the pilot plant can be summa-
rized as follows:

Flue gas throughput: 105 m3/h i.N.
Space velocity

—NOx reduction 15,000 h—!
—CO/HC oxidation 36,000 h—1
Exhaust gas speed in 1.2 m/s
reactor (speed in empty tube)

Flue gas temperature 400-520° C.
NH3/NOy molar ratio 0.8-1.2.

After 4000 hours of operation, the measured conver-
sion rate of nitrogen oxides was 95%, using a catalyst as
in Example 1 herein and a molar ratio of ammonium to
nitrogen oxides of 0.95. The conversion rates for carbon
monoxide and hydrocarbons are shown in Table 1 and
in the graph in FIG. L
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TABLE 1

Conversion rates of pollutants (NO,. CO and HC)
after 4000 hours of operation

Concentration

Before After Degree of 5
combined  combined conversion, Method of
Pollutant catalyst catalyst % measurement
NO, 3000 ppm 160 ppm 95* Chemilumi-
nescence
method 10
co 2300 ppm 15 ppm 99 NDIR
Total HC 3600 ppm 1300 ppm 64 FID
HC without 2300 ppm 80 ppm 97 FID
CH4
(o) 7vol. %  6.5vol % — Paramagne-
tism
NH;3 2790 ppm Not wet chemical 15
detectable absorption
and analysis
*Molar ratio 0.95, operating temperature 480° C.
In no case, under the operating conditions, was am- ,,

monia detectable in the exhaust gas behind the catalytic
converter. The installation was free from ammonia drift
over a wide range of operation.

FIG. 1 is a graph of the conversion of pollutants in
dependence on time of operation. The conversion curve
for hydrocarbons including methane (total HC) shows
that the catalyst when fresh also oxidizes methane. The
conversion of methane, however, decreases after about
1000 hours of operation

Further variations and modifications of the foregoing
will be apparent to those skilled in the art and-are in-
tended to be encompassed by the claims appended
hereto.

German priority application P 39 24 983.2 and Ger-
man priority application P 39 29 297.5 as well as all
other patent documents identified herein are relied on
and incorporated by references.

We claim:

1. A catalyst for purifying exhaust gases comprising a
full solid, one-piece exhaust-gas purifying reduction
catalyst in honeycomb form for selective reduction of
nitrogen oxides contained in said exhaust gases by am-
monia gas or by -an ammonia producing compound said
honeycomb having a trailing-edge portion which is
coated with an oxidation catalyst capable of oxidizing
components in said exhaust gases, and said coated por-
tion amounts to 20-50% of the total volume of said
catalyst.

2. The catalyst according to claim 1, wherein the full
solid reduction catalyst comprises an intimate mixture
of the following components:

(A) titanium in the form of oxides,

(B) at least one metal from the following group;

B.1 iron and vanadium in the form of oxides and/or
sulfates and/or the group

B.2 molybdenum, tungsten, niobium, copper or 3°
chromium in the form of oxides, and/or

(C) tin in the form of oxides, and/or

(D) metals from the group beryllium, magnesium,

zinc, boron, aluminum, yttrium, rare earth ele-
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the components being present in the atomic ratios;
A:B:C:D=1:0011010:0102:01t00.15.
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3. The catalyst according to claim 1 wherein the full
solid reduction catalyst comprises an intimate mixture
of titanium dioxide as a component A), tungsten oxide

8

as a component B; and at least one oxide of vanadium,
iron, niobium, copper, chromium or molybdenum as a
component B,
the atomic ratio of the metals in components A) and
B) being from 1:001 to 1,
the component A) being a finely divided oxide ob-
tainable by flame hydrolysis of TiCls and having a
mainly anatase X-ray structure, a BET surface area
of 50+15 m2/g, a density of 3.8 g/cm3, an average
primary particle size of 30 nm, a pH of 3-4 mea-
sured in 4% aqueous dispersion and an isoelectric
point at pH 6.6, the substance having a TiO; con-
tent of 99.5 wt.%, an Al;0O3content of 0.3 wt.%, an
SiO; content of 0.2-wt.%, an Fe;O3 content of 0.01
wt.% and an HCI content of 0.3 wt.% after calcin-
ing at 1000° C. for 2 hours, and having a weight
loss of 1.5 wt.% after drying at 105° C. for 2 hours
and of 2 wt.% after calcining at 1000° C. for 2
hours.

4. The catalyst according to claim 1, characterized in
that the reduction catalyst contains the following com-
ponents;

A) titanium oxide

Bi) at least one oxide of tungsten, silicon, boron,

aluminum, phosphorus, zirconium, barium, yt-
trium, lanthanum or cerium and

By) at least one oxide of vanadium, niobium, molyb-

denum, iron, copper or chromium,
the atomic ratio of the elements in components A) and
B) being from 1 : 0.001 to 1, and the component A)
being present in the form of a reactive high surface-area
titanium oxide having a BET surface area of 40-500
m?/g and completely or mainly in the anatase modifica-
tion.

§. The catalyst according to claim 4, wherein the
atomic ratio of the elements in components A) and B)
are 1 : 0.002 to 0.4.

6. The catalyst according to claim 4, wherein the
BET surface area is 50-300 m2/g.

7. The catalyst according to claim 4, wherein the
BET surface area is 60-150 m2/g.

8. The catalyst according to claim 1, wherein the full
solid reduction catalyst is an acid-résistant mordenite
catalyst, containing copper and/or iron and, optionally,
cerium or molybdenum.

9. The catalyst according to claim 1, wherein said
coated portion amounts to 25 to 35% of the total vol-
ume of the catalyst.

10. The catalyst according to claim 9, wherein the
extrudate has the composition of an intimate mixture of
the following components:

(A) titanium in the form of oxides,

(B) at least one metal from the following group;

B.1 iron and vanadium in the form of oxides and/or
sulfates and/or the group

‘B.2 ‘molybdenum, tungsten, niobium, copper or
chromium in the form of oxides, and/or

(C) tin in the form of oxides, and/or

(D) metals: from the group beryllium, magnesium,

zinc, boron, aluminum, yttrium, rare earth ele-
ments, silicon, antimony, bismuth and manganese
in the form of oxides,

the components being present in the atomic ratios;

A:B:C:D=1:0011010:0t00.2:0100.15.
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11. The catalyst according to claim 1, wherein said
oxidation catalyst comprises 2 to 70 wt.% CeOzand 0O to
20 wt 9% ZrO; and, optionally, iron oxide, alkaline earth
metal oxides and/or aluminum oxide of the transition
series containing rare earth-metal oxides as the carrier
and an active phase applied to the carrier and compris-
ing 0.01 to 3 wt.% of platinum, palladium and/or rho-
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dium, the ratio by weight of platinum, palladium and/or
palladium to rhodium, if present, being from 2 : 1 to 30
¢ L
12. The catalyst according to claim 1, wherein the
honeycomb carrier is coated in the amount of 20 to 50%

of its volume with oxidation catalyst.
* * * % *



