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DESCRIPTION

FIELD OF THE INVENTION

[0001] The present invention relates to a catalyst effective for selective reduction of nitrogen oxides (NOX)
with ammonia or ammonia precursors, a method of making said catalyst by combining cerium oxide
(CeOy) and titanium dioxide (TiO5), optionally of the anatase form, with a specific morphology, and a

method of using said catalyst for NOx removal from the emissions of mobile sources such as light or heavy
duty trucks.

DESCRIPTION OF THE RELATED ART

[0002] The high temperature combustion of fossil fuels in the presence of air leads to the unwanted
formation of pollution forming NOXx. New regulations in Europe, the U.S., Japan, and the developing world
are requiring continued reductions in NOX levels from emission sources. Selective catalytic reduction
(SCR) has been used as an alternative for NOx removal from the emissions of vehicles employing lean
pburn technologies such as diesel engines. A widely used catalyst system, on the basis of performance to
cost ratio, involves vanadium pentoxide supported on the combination of tungsten oxide and titanium
oxide. While this has proven effective in applications involving stationary sources (e.g. power plants,
boilers, etc.) there is a concern about using the same catalyst in automotive sources due to vanadium
oxide's toxicity and perceived volatility at very high temperatures.

[0003] In order to address this concern, research has been done to find alternatives to vanadia on titania,
such as transition metals ion exchanged into zeolites (US 20060029535A1, EP 738179B1, EP 299294A2,
WO 2004022229A1). In addition, recent improvements have been made by supporting Cu on silica,
alumina, phosphate zeolites of the CHA structure type such as catalysts disclosed by US2008/132452, or
US 2009/099937. Even though these materials prove somewhat effective in the SCR process, the zeolite
pbased systems have proven to be very costly, sometimes a factor of five greater than titania supported
catalysts.

WO 2008/024635 discloses a nanocomposite particle comprising titanium dioxide nanoparticles, metal
oxide nanoparticles, and a surface stabilizer. The metal oxide nanoparticles are formed hydrothermally in
the presence of the titanium dioxide nanoparticles.

WO 2006/119549 discloses a catalyst comprising a catalytic material supported on a support,
characterised in that the support comprises particles predominantly having a maximum particle size of less
than 1000 nm and an aspect ratio of greater than 2, and the catalytic material is mainly present in the form
of discrete islands of catalytic material supported on the support, with a substantial proportion of the
Islands of catalytic material being separate and isolated from other islands of catalytic material.

WO 2008/025753 discloses a composition comprising a supported oxide, made of a cerium oxide, on a
silica, alumina, titanium or zirconium based support. The composition comprises particles of said
supported oxide, deposited on said support, individualized or in the form of aggregates, being no bigger

than 500 nm and having, after 6 hours calcination at a temperature of at least 800 °C, measured
reducibility between 30 °C and 900 °C of at least 80%.

[0004] Less expensive alternatives have been proposed such as catalysts supported on base metal
oxides such as cerium-zirconium mixed oxides (US 20100034717 A1 and WO 2009001131 A1), or
titanium-zirconium mixed oxides (WO 2008046920 A1, US 7,247,283, US 20100247411 A1). However, not
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only are these materials fairly complex, they have not demonstrated a performance superior to
commercial iron on beta zeolite.

[0005] Catalysts comprising a composite oxide of two or more metals selected from the group consisting
of SI, Ti and Zr and an oxide of one or more metals selected from the group consisting of V, Mo, Sn, Ce
and W are disclosed in EP 0 547 226. In addition, catalysts comprising at least one catalytic oxide selected
from a binary oxide comprising titanium and silicon and a ternary oxide comprising Ti, Zr and Si, combined
with a first catalytic oxide comprising V, W, Mo, U, Cu, Fe, Mn, or Ce and an and a second catalytic oxide
comprising Sn, Zn, Ti, Zr, Ni, Co, Nb, Ta, P, Br, Bi, Sb, alkali metals and alkaline earth metals are disclosed
in US 4,221,768. Furthermore, catalysts comprising cerium oxide embedded In titanium oxide are
disclosed in US 7,585,807. The limitation of this prior art is that little attention is paid to how one would
optimize catalyst performance by modifying the active phase morphology. For example, in US 7,585,807
Kato et al. teach the addition of a colloidal cerium dioxide along with tungstic acid to a hydrous titanium
oxide followed by washcoating on aluminosilicate fibers, drying, and calcination. The inventors describe
the morphology as "particles of Ce oxide (which is an active component) in the gaps (or spaces) between
the TiO» crystals” [US 7,585,807, Lines 30-31, Column 3]. These particles may further be described as

colloidal cerium oxide agglomerates Interdispersed among anatase titanium oxide crystalltes as
represented in Figures 1-4. Conversely, in US 4,221,768 Inoue et al. disclose depositing a soluble cerium
nitrate salt on to a 80:20 titania:silica support followed by kneading, extruding, drying and calcination.
Those skilled in the art would understand that this method produces two-dimensional islands of cerium

oxide on the surface of titanium oxide & silica support, and a comparable morphology Is shown In Figures
5-8. Mitsui et al. do not teach a specific means by which to add Ce to the catalyst in EP 0 547 226.

[0006] Given that each of these different methods produce catalysts of varying activities, one of ordinary
skill would not expect that combining more than one morphology of cerium oxide, that of colloidal cerium
oxide interdispersed among antastase titania particles along with cerium oxide islands on top of the titania
surface as that as formed by depositing a soluble cerium salt followed by calcination, would produce the
surprising result of a significant increase in the catalyst activity for NOx removal. Furthermore, it is not
anticipated that these two morphologies may be present simultaneously, with both specifically being
formed by the means with which the cerium is added. Additionally, it is unexpected that the order by which
these two morphological species are combined with the support is important as a means to maximize NOXx
conversion.

SUMMARY OF THE INVENTION

[0007] An object of the present invention is to develop a non-toxic alternative to the vanadium pentoxide
deposited on tungsten oxide/titania catalysts, which is less expensive than current zeolite based
alternatives used for NO, reduction.

[0008] A further object of the present invention is to provide a catalyst having improved capability for
removal of NOx by SCR from emissions of mobile sources.

[0009] Another object of the present invention is to provide a method for preparing such a catalyst.

[0010] A still further object of the present invention is to provide a process for selectively reducing NOX in
an exhaust gas.

[0011] These and other objects of the present invention, either individually or in combinations thereof,
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have been satisfied by the discovery of a catalyst for removal of NOx from exhaust gas, comprising cerium
oxide and titanium dioxide, optionally anatase titanium dioxide, wherein the cerium oxide has two distinct
morphologies, namely a first portion of the cerium oxide forms at least one agglomerate of cerium oxide
containing crystallites interdispersed in the titanium dioxide, and a second portion of the cerium oxide
forms at least one cerium oxide containing island on a surface of the titanium dioxide; along with a method

for producing the catalyst, a process for selectively reducing NOXx levels in an exhaust gas using the
catalyst, and an SCR canister containing the catalyst therein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] A more complete appreciation of the invention and many of the attendant advantages thereof will
be readily obtained as the same becomes better understood by reference to the following detailed
description when considered in connection with the accompanying drawings, wherein:

Figure 1 is a Transmission Electron Microscopy (TEM) image of DT-51 treated with 6 weight % colloidal
CeO, (relative to total solids).

Figure 2 is a TEM image of DT-51 treated with 6 weight % colloidal CeOo,.
Figure 3 iIs a TEM image of DT-51 treated with 6 weight % colloidal CeO.-.
Figure 4 (a) is a TEM image of DT-51 treated with 6 weight % colloidal CeO».
Figure 4 {(b) is a TEM image of DT-51 treated with 6 weight % colloidal CeO».
Figure 4 {c) is a TEM image of DT-51 treated with 6 weight % colloidal CeOo».
Figure 5 is a TEM image of DT-51 impregnated with 6 weight % CeO».
Figure 6 Is a TEM image of DT-51 impregnated with 6 weight % CeOo».
Figure 7 Is a TEM image of DT-31 impregnated with 6 weight % CeOo.
Figure 8 (a) is a TEM image of DT-51 impregnated with 6 weight % CeO».
Figure 8 (b) is a TEM image of DT-51 impregnated with 6 weight % CeOo».
Figure 8 (c) is a TEM image of DT-51 impregnated with 6 weight % CeO».
Figure 8 (d) is a TEM image of DT-51 impregnated with 6 weight % CeO».

Figure 9 iIs a TEM image of DT-51 treated with 3 weight % colloidal CeO», followed by impregnation of 3
weight percent of CeO, showing intimate contact between spherical ex-colloid crystallites and islands or

slabs formed from impregnating soluble salts.

Figure 10 is an enlarged TEM image of DT-51 treated with 3 weight % colloidal CeO, followed by
impregnation of 3 weight percent of CeO, showing intimate contact between spherical ex-colloid

crystallites and islands or slabs formed from impregnating scluble salts.

Figure 11 is a TEM image at a low magnification showing a 50 nm agglomeration of 3-8 nm CeO»

crystallites on a single anatase particle loaded with W, Si and Zr.



DK/EP 2673082 T3

Figure 12 is an enlarged TEM image showing 3-8 nm CeQO» crystallites dispersed in anatase TiO», loaded
with W, Si and Zr.

Figure 13 is a graph showing maximum NOXx conversion in extended reactor tests for freshly calcined
Example 5 catalyst, 4% Fe/beta zeolite, and 2% VoOz5 on DT58.

Figure 14 is a graph showing maximum NOXx conversion In extended reactor tests for aged Example 5
catalyst, 4% Fe/beta zeolite, and 2% V,05 on DT58.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0013] The present invention relates to a catalyst for removing nitrogen oxides, which has a high activity
and thermal stability, and is efficient for the removal of NOx from exhaust gas even at high temperatures
and after aging. The present invention catalyst provides a low cost alternative to commercial iron on beta
zeolite with comparable if not superior performance, and further provides a superior, non-toxic alternative
to vanadium oxide on tungsten oxide/titania catalysts. The present invention catalyst may be employed In
many possible uses, particularly for NOx removal from the emissions of mobile sources such as light or
heavy duty trucks.

[0014] In particular, the present invention relates to a catalyst comprising cerium oxide (CeO5) and
anatase titanium dioxide (TiO») In a specific morphology that shows improved catalytic activity over

commercial iron on beta-zeolite and vanadia on tungsten-silica-titania catalysts. The morphology involves
two forms of cerium oxide. A first portion interacts strongly and directly with the anatase titanium dioxide by
forming small islands directly on a surface of the anatase titanium oxide. A second portion interacts less
strongly and indirectly by forming a network of agglomerated, porous cerium oxide nanometer-scale
crystallites in discrete domains inter-dispersed among the anatase titanium dioxide particles. The two
forms of cerium oxide may be contained in a mixture or separately on the surface of the titanium dioxide.

[0015] The catalytic activity of the present invention, wherein DT-51 (anatase titanium dioxide produced by
Millennium Inorganic Chemicals) is first combined with colloidal CeO5, and then impregnated with Ce salts,

provides improved results which are unexpected in view of the prior art.

[0016] Primarily, when the catalyst of the present invention was compared to that of Ce salts impregnated
on DT-51 alone, the results illustrated that first combining DT-51 with colloidal CeO-, and then

impregnating the DT-51 with Ce salts produces an unexpected 26% rate improvement for NOx removal
over Ce salts impregnated on DT-51 alone.

[0017] In addition, when the catalyst of the present invention was compared to that of colloidal CeO»
combined with DT-51 alone, the results illustrated that simply combining colloidal CeO, with DT-51 is the

least effective means to produce an active catalyst for NOx removal. In addition, the results illustrated that
first combining DT-51 with colloidal CeO, and then impregnating the DT-51 with Ce salts produces an

unexpected rate improvement for NOx removal of > 100% compared to colloidal CeO, combined with DT-

51 alone.

[0018] The morphology of the present catalyst may be controlled by the method of formation. Specifically,
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the distribution of cerium oxide in these two states is controlled by the way in which the cerium oxide was
combined with the anatase titanium dioxide by using a combination of precipitation deposition of soluble
cerium salts with variable amounts of colloidal cerium oxide suspensions.

[0019] Specifically, the order of addition of the colloidal CeO, and Ce in salt form contributed to the

improvement of catalytic activity. When the present invention catalyst, wherein DT-51 is first combined with
colloidal CeO», and then impregnated with Ce salts, is compared to a composition wherein DT-51 is first

impregnated with Ce salts and then combined with colloidal CeQ,, the results clearly show that the
increased catalytic activity iIs observed only when the colloidal CeO5 is added to the DT-51 prior to

depositing the soluble Ce source. When the orders are reversed, there is little apparent improvement in
activity.

[0020] Measurement of the catalytic activity of the catalyst after aging, when used in combination with a
promoter and following hydrothermal treatment, showed that the presence of the promoter resulted in a
further catalytic activity increase after aging. Hydrothermal treatment iIs a procedure used to simulate
catalyst aging after 200,000 km of driving. The results illustrated that first combining promoted DT-51 with
colloidal CeO, and then impregnating the DT-51 with Ce salts produces an unexpected rate improvement

of >120 % over DT-51 impregnated with Ce alone, and >285 % over DT-51 combined with colloidal CeO»

alone. In addition, a catalyst according to an embodiment of the present invention, and preferably obtained
by a process comprising first combining promoted DT-51 with colloidal CeO, and then impregnating the

DT-51 with Ce salts, after being subjected to hydrothermal aging, produces an unexpected rate
improvement of >310% over hydrothermally treated DT-51 impregnated with Ce alone, and >350% over
hydrothermally treated DT-51 combined with colloidal CeO5 alone.

[0021] While not intending to be bound by any particular theory of action regarding the present invention
catalyst, it is believed that the improvements noted above and illustrated in the Examples are related to the
morphology of the resulting present invention catalysts. The presence of both forms of CeOs produce

structures of porous nanometer-scale crystallites in discrete domains inter-dispersed among the anatase
titanium dioxide particles as well as small islands which form directly on a surface of the anatase titanium
oxide and interact strongly with the support.

[0022] The catalyst of the present invention comprises cerium oxide (CeQ»,) and anatase titanium dioxide
(TIOo) In a specific morphology. The morphology involves two forms of cerium oxide. The first portion

iInteracts strongly and directly with the anatase titanium dioxide by forming small islands directly on a
surface of the anatase titanium oxide. The second portion interacts less strongly and indirectly by forming
a network of agglomerated, porous cerium oxide nanometer-scale crystallites in discrete domains inter-
dispersed among the anatase titanium dioxide particles.

[0023] The titanium dioxide morphology Is comprised of 25 to 750 nm aggregates, preferably 50 to 500
nm aggregates, with some particles optionally being in 50-200 nm aggregates, of 2 to 40 nm anatase
crystallites, preferably 5 to 30 nm crystallites, with some crystallites optionally being between 8 and 20 nm.
X-ray diffraction of these samples show line broadening which, according to the Scherrer Equation,
indicates an average crystallite size of 20 nm with the possibility that the mean ranges are between 3 and
50 nm.

[0024] Millennium Inorganic Chemicals DT-51 is a nanocrystalline anatase derived from the sulfate
process. It is available as a dry powder with average particle size of approximately 1 micron diameter.

surface area ranges from 80 to 100 m<, and residual sulfate content falls between 0.8 and 1.7% when
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measured as SO3. The performance of DT-51 in the present invention can be improved by the use of one

or several types of promoters. Those which may increase thermal stability can be chosen from a group of
elements including alumina, phosphorous, lanthanum, or preferably zirconium and silica. Silica can be
added in a number of ways, but one method of deposits a unique form of silicon oxide and is of particular
efficacy Is described in US Ser. No. 12/533,414. Acidity of titania may be increased by addition of niobium,
strontium, boron, or preferably tungsten and molybdenum, and activity of the resulting catalyst may be
modified by addition of manganese, cobalt, chromium, silver, bismuth, copper, europium, tin, zinc,
prasecdymium, antimony or preferably iron. The promoters can be used individually or in any combination
for the reasons identified or because they offer other advantages. For example, an element such as
tungsten can improve thermal stability although it may be added to titania in order to increase acidity.

[0025] An exemplary morphology of an embodiment prepared from colloidal cerium oxide, such as that
available from Aldrich Chemicals at 20% solids loading in 2.5% acetic acid, or that available from NanoTek,
product name CE-6042 at 18% solids with 30 nm average particle size, or product name CE-6082 from
NanoTek with alkaline dispersant and 30 nm average particle size, or product name CE-6080 with alkaline
dispersant and 720 nm average particle size, or product name Needrahl available from Taki Chemical Co.
with 15% solids, or that sold by Alfa-Aesar at 20% solids loading dispersed in 0.2 molar nitrate with particle
size ranging between 10 and 20 nm, or preferably Alfa-Aesar colloidal dispersion of 20% solids dispersed
in 0.4 mole/mole CeO», with 10-20 nm particles It is also possible to form a colloidal suspension of CeOs by

milling solid cerium oxide to the proper particle size in the presence of water and a dispersant. Another
method of forming colloidal CeOs involves dissolving a cerium salt in water then slowly raising pH to above

1.5 and preferably above 2 where a precipitate begins to form then re-acidifying with nitric acid to pH 1.5.
Materials prepared by combining colloidal cerium oxide with anatase titanium dioxide exhibit predominantly
composite structures as illustrated in Figures 1-4. This exemplary sample composite comprises discrete
rounded cerium oxide crystallites generally between 5 and 10 nm in diameter with the occasional crystal
diameter falling between 1 to 15 nm. According to XRD line broadening the medium diameter of the
cerium oxide crystallites is around 7.5 nm and may range from 5-10 nm in diameter. The crystallites are
inter-dispersed among anatase titanium dioxide particles exhibiting limited interaction as determined by
high contact angles. The particles usually bounded by the {111} or {200} surfaces and exhibit a thin
amorphous layer at the surface.

[0026] It is also possible that some accumulation of individual cerium oxide crystallites may occur to form
polycrystalline structures which Increase in size and prevalence with increasing addition of colloidal
suspension. It is possible that the interaction of the cerium oxide crystallites with anatase iIs at least strong
enough to prevent significant sintering and particle growth of both anatase and cerium oxide crystallites.

[0027] An exemplary morphology of a non-colloidal sample, prepared by impregnation of water soluble Ce
salts, such as cerium(lll) chloride, cerium(lll) fluoride, cerium(lll) iodide, cerium (llII) bromide, ceriumd(lll)
nitrate hexahydrate, ammonium cerium(l\V) sulfate, cerium(lll) acetate, cerium(lll) oxalate, ceriumdlll)
sulfate oxahydrate, cerium (1V) sulfate, or, preferably ammonium cerium(lV) nitrate is illustrated in Figures
5-10. This sample, prepared by impregnation of water soluble Ce salts, shows structures consistent with
topotaxial growth of thin over-layers of cerium oxide on top of anatase crystallites. The over-layers form
slabs of cerium oxide islands which are typically less than 3 nm thick although over-layer structures of > 5
nm may be found. The width of islands is usually less than 10 nm in diameter but can range up to 20 nm in
diameter. The islands are highly wetting indicative of a strong interaction between the over-layer and the
anatase substrate. The islands show nascent crystallinity as suggested by the formation of discernable
cerium oxide lattice spacing generally of 5 layers or less with some as thick as 15-20 layers. The location
of the islands appears to prefer the high energy {103} anatase surface and possibly others. The
orientation preferentially exposes the higher energy ceria {200}face at the top of the islands and parallel to
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the anatase surface. The long edges are comprised primarily of the {111} surface. Given the thin, flat
geometry, the ratio of {200} to {111} exposed surfaces is higher for the islands compared to that for the
sample prepared from colloidal ceria. While not wishing to be bound by theory, one may suggest that
either the strong interaction between the ceria and anatase or the preferential exposure of the {200} face
of the ceria, or some combination of both accounts for the improved activity of the impregnated sample
compared that which was prepared with the colloidal ceria only. It Is possible that the strength of
interaction between cerium oxide islands and anatase is favored to the point of preventing significant
formation of spherical particles greater than 3-5 nm in diameter as are evidenced in the ex-colloidal
sample.

[0028] VWhile not wishing to be bound by theory, the unexpected improvement in performance achieved by
depositing colloidal cerium oxide followed by impregnating with scluble cerium salts may be characterized
by the two distinct morphologies, exemplary of the individual preparation techniques, existing together in a
single sample. Further, it may be possible that the two morphologies exist in intimate contact with each
other as related to the method and order of deposition. Representations of combinations of morphologies
are shown in the micrographs of Figures 11-12. These micrographs are taken from samples prepared by
first treating anatase TiO», with colloidal CeO5 and then impregnating with soluble cerium salts. Figures 9 &

10 show specifically a spherical cerium oxide crystallite, characteristic of treating with colloidal cerium
oxide, directly in contact with a cerium oxide island or slab, which is representative of soluble cerium salt
impregnation.

[0029] SCR in mobile sources such as light or heavy duty trucks is typically performed by first injecting a
reducing agent into the exhaust gas, then passing the exhaust gas containing the reducing agent through
a canister, or "can,"” containing a DeNOXx catalyst, to result in reduction of the NOx. The canister containing
the catalyst is typically directly in-line in the exhaust system of the vehicle, so that the exhaust from the
engine passes directly into the canister, then following NOX reduction, the resulting exhaust passes out of

the canister through the vehicles exhaust pipes. Typical reducing agents include ammonia, urea, and
hydrocarbons.

[0030] The present invention further relates to a diesel engine exhaust system containing the present
invention catalyst therein. The present invention catalyst can be present in the exhaust system as pressed
beads, pellets, extruded cylinders or, preferably for optimal vapor-solid contact with minimal pressure drop
as a honeycomb monolith. Furthermore the present invention can be formed into these various shapes by
mixing with water and various binders, kneading into a paste, and pressing or extruding into the desired
shape, whether pellet, sphere, cylinders or monolith. Alternatively, the present invention can be mixed with
binder and sufficient water to form a fluid slurry, contacted with a shaped substrate such as a cordierite
monolith such as that produced by Corning Inc. to form a thin washcoat layer. The monolith, thus
produced iIs generally encapsulated in a cylindrical can, open at both ends for final application in the diesel
exhaust system.

EXAMPLES

Description of Catalyst Evaluation Methods

Reactor Testing Procedure
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[0031] The catalysts prepared according to the Examples described below are tested In two separate
manners. The first involves a screening method to rapidly evaluate catalyst performance. In this test a
0.29 sample of catalyst in the powder form is tested in a fixed bed reactor. The composition of the reactor
feed Is 500 ppm NO, 500 ppm NHs, 10 vol.% Os, 5.5 vol.% H->O, and balance No. Gas hourly space

velocity (GHSV) is 100 1/hr-g catalyst. NO conversion iIs measured at 250°C. The measurements are
made by first establishing steady state while passing the effluent stream through the reactor to determine
the catalyst performance, and then bypassing the reactor to determine concentration measurements in the

absence of reaction. Conversion Is determined by the relative difference.

[0032] The second manner of testing is done over an extended period of time at several temperatures. In
this case the reactor feed composition is 1000 ppm NO, variable NH3, 10 vol% O,, 5 vol% H>0, and

balance N»>. Gas hourly space velocity (GHSV) is 330 1/hr-g catalyst, and catalyst performance is

measured at 200, 250, 300, 400, and 500°C. Conversion Is measured at increasing ammonia
concentrations of 200, 400, 600, 800, and 1000 ppm for each respective temperature. The values
reported represent the maximum NO conversion at each temperature.

[0033] Percent NOXx conversion is calculated in the following manner:
Conversion = 100% x [1 — {(NO + NO2)o/(NO + NO2)1} ]
Where:

(NO + NO2)i = The total concentration of NO and NOZ2 at the inlet of the reactor

(NO + NO2)o = The concentrations of NO and NOZ2 at the outlet of the reactor

[0034] One problem with using conversion as a sole measure of performance iIs that only as much NO as
IS present can be converted, so the maximum value is 1. As 1 is approached, it takes a much greater
increases in activity to make small changes in conversion. Therefore, for comparison purposes the

conversion results are further represented as an activity calculated as "k*™tau” in the table. The term

denotes the activity constant multiplied by the reactor contact time. As persons of ordinary skill are aware,
this is related to the assumption that ammonia selective catalytic reduction is first order with respect to NO

and zero order with respect to ammonia. Therefore, the activity is calculated from conversion as k*tau=-
In(1-conversion) where conversion is represented as a fraction of 1. Therefore the most accurate measure

of DeNOx rate is k*tau as long as tau is constant, which is true for the respective comparisons.

Hydrothermal Aging

[0035] It's important for these catalyst systems to demonstrate a long active lifetime for effective use in
mobile sources for 200,000 km driving distances or longer. In order to provide realistic testing of this
capability in a limited amount of time, it is common to adopt an accelerated aging protocol which subjects
the catalyst to severe temperatures in the presence of water vapor of approximately 10% for several
hours. Although many such protocols exist in the current state of the art, it is important to choose a set of
conditions which is reasonable and consistently used for comparison purposes for the several catalysts
studied. The method chosen in these studies involves a 16 hr test at 750C in which the catalyst is exposed

to a flowing gas consisting of 10% water vapor in nitrogen.

Transmission Electron Microsco TEM
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[0036] Powders were calcined at 600°C prior to analysis. The samples were further prepared for TEM
analysis by dipping holey carbon coated Cu TEM grids directly into the powder. The grids were then
viewed In the TEM at magnifications ranging from 15,000 to 400,000X. Analysis was performed using a

JEOL 2000FX [I| TEM operated at 200kV. During the imaging process particular attention was given to
characterizing particle morphology and phase distribution. Images were collected with a Gatan MultiScan

CCD camera.

Example 1

[0037] Cerium is impregnated onto the support by dissolving ammonium cerium nitrate in deionized water
and combining this solution with a slurry of anatase titanium dioxide (Cristal Inorganic Chemicals trade
name DT-51) in water in sufficient quantity to obtain 6 weight percent Ce relative to total solids. The water
IS removed by evaporation, the resulting solid is dried at 100C for 6 hrs and calcined at 600C for 6 hrs iIn
air using a muffle furnace. This sample is referred to as "fresh”. A portion of this sample is further treated
hydrothermally as described above. We refer to the sample treated this way as "aged”, since the treatment
IS Intended to accelerate aging induced by long term use under actual conditions.

Example 2

[0038] Colloidal cerium oxide (20% solids in water; Alfa-Aesar Product # 40125) Is mixed with a slurry of
DT-51 in water in sufficient quantity to obtain 6 weight percent Ce relative to total solids. The pH of the
solution is adjusted to 5 using dilute ammonium hydroxide and the water is removed via evaporation. The
resulting solid is further dried and calcined as described in Example 1. A portion of this sample is also
aged as described in Example 1.

Example 3

[0039] Colloidal cerium oxide is mixed with a slurry of DT-51 in water in sufficient quantity to obtain 3
weight percent Ce versus total solids. Ammonium cerium nitrate is then dissolved Iin water and added to
the slurry in sufficient quantity to obtain an additional 3 w% Ce. Water is removed by evaporation, and the
resulting solid is further dried and calcined as described in Example 1. A portion of this sample is also
aged as described in Example 1.

Example 4

[0040] Ammonium cerium nitrate is dissolved in water and added to a slurry of DT-51 in sufficient quantity
to obtain 3 w% Ce relative to total solids. Colloidal cerium oxide is then added to this slurry to obtain an
additional 3 w% Ce. Water is removed by evaporation, and the resulting solid is further dried and calcined
as described in Example 1. A portion of this sample is also aged as described in Example 1.

Example
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[0041] A support is designed to improve the activity of the catalyst, as well as its stability to the
hydrothermal treatment to induce aging.

[0042] The support is prepared by first suspending DT-51 in water by mixing and further neutralizing to pH
9.5 by adding dilute ammonium hydroxide. Ammonium paratungstate is then added to the slurry to obtain
a nominal 6 w% WO4 loading on a solids basis. Following this step silicic acid is added according to US

Ser. No. 12/533,414 at a target loading of 2.5 w% SIO,. This mixture is again neutralized to pH 5.5 and

allowed to mix for 20 minutes. Finally, zirconium sulfate is added to the slurry in sufficient quantities to
obtain 0.4 w% Zr. Again the slurry is neutralized to pH 5.5 with dilute ammonium hydroxide and filtered to
remove water. The sample is dried at 100°C for 6 hrs and calcined at 500°C for 6 hrs.

[0043] The support is further transformed into a catalyst by first suspending the calcined powder in water
with stirring and combining it with colloidal cerium oxide in sufficient quantities to obtain a loading of 12.5
w% CeO5, based on total solids. Ammonium cerium nitrate is dissolved in water and added to the slurry in

a quantity to increase Ce by another 3 w%. Dilute ammonium hydroxide is added to the slurry to adjust the
pH to 5 and the mixture is filtered. The solid is then dried and calcined as described in Example 1. A
portion of this sample is also aged as described in Example 1.

[0044] Example 6 The versatility of the preparation can be demonstrated by starting the support synthesis
with the DT51 precursor gel taken from the manufacturing process prior to calcination. The titania gel of

about 250 m2/g IS slurried in water. Ammonium paratungstate is added to the slurry to obtain a nominal 7
w% WOg3 loading on a solids basis. The slurry is neutralized to pH 5.5. Following this step, silicic acid Is

added according to US Ser. No. 12/533,414 at a target loading of 6 w% SiO-. The slurry is again

neutralized to pH 5.5 with dilute ammonium hydroxide and filtered to remove water. The sample Is dried at
100°C for 6 hrs and calcined at 500°C for 6 hrs.

[0045] The support is further transformed into a catalyst by suspending the calcined powder in water with
stirring and combining it with colloidal cerium oxide in sufficient quantity to obtain a loading of 10 w% CeO»

pased on total solids. Ammonium cerium nitrate is dissolved in water in a quantity to increase Ce by
another 3 w% in addition to zirconium sulfate in an amount sufficient to deposit 0.2% Zr relative to total
solids. The solution is added to the slurry and dilute ammonium hydroxide is added to the slurry to effect a
codeposition of insoluble Ce and Zr by adjusting the pH to 5. The mixture is filtered. The solid is then dried
and calcined as described in Example 1. A portion of this sample is also aged as described in Example 1.

Catalyst Testing

[0046] The results of rapid screening reactor tests for catalyst materials prepared in Examples 1, 2, 3, 4,
5, and 6 are shown in Table 1 below. It Is expected that combining the two methods of cerium addition,
that of impregnating dissolved cerium ions and adding colloidal cerium oxide, should result in a measured
rate equivalent to the mathematical average of the two samples prepared with either single method alone.
This value is represented by the third entry in the table below titled "Average of Examples 1 & 2". However,
the data show that combining the two methods in a single preparation by first adding colloidal cerium oxide
followed by dissolved ammonium cerium nitrate results in a 60% increase in DeNOX rate compared to the
mathematical average. The table also shows that if the order of addition is switched, such that the
dissolved cerium nitrate is added prior to the colloidal material, a smaller improvement of 22% relative to
the mathematical average is observed.
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Table 1 Performance of catalysts in screening test after 600°C calcination and 750 °C hydrothemmal
aging treatment

-— 600°C Calcination 750 °C HT Treatment

250°C NO 250°C NO DeNOXx
Conversion Conversion Rate
(%) (%) (k*tau)

. - :
6% Colloidal Ce02 Mixed with 020
DT-51 |

AL LA LL L LT LL LS AL LL L LA L LL L AL LLL LA L LLL L LT LLL L LT L L L L LT LL L LT L AL L AL L L L L LT LL LA L LL L LT LL LS L L LL LS LA LL L LT L L LTS LL LT AL LL L LT LL LA L L L L LT L L L L LT L LL L LT L L LS LT LL LSS L2

Average of Examples 1 and 2 0.21
15t - 3% Colloidal CeOy; ond _
3 3% Impregnated CeO, on DT- 61.8 22.1 0.25
51
15t - 3% Impregnated CeO,; 2"
4 | 51.6 0.73 23.7 0.27
- - 3% Colloidal CeO, on DT-51
' 12.5% Colloidal CeO, and 3% | '
5 Impregnated CeO-, on Promoted 82.0 1.71 0.92
DT-51
10% Colloidal CeO5 and 3%
Impregnated CeO, & 0.2% ZrO» 73.1 1.31 57.6 0.86
on Promoted 110, Gel

[0047] Unfortunately, the synergistic improvement of the two methods of cerium addition is not robust to
simulated aging, and over 60% of the activity is lost from the hydrothermal treatment at 750°C. Results

from Example 5 show that both activity after 600°C calcination and 750°C hydrothermal aging can be
improved significantly with the proper support modification. Results from Example 6 show that it is not

necessary to calcine titania prior to making the modified support, which can potentially avoid an expensive
preparation step.

Example 7

[0048] The catalyst of Example 3 is further analyzed with transmission electron microscopy and images
are exhibited in Figures 9 and 10.

[0049] The unique morphology is apparent as intimate contact between spherical ex-colloid crystallites
and islands or slabs formed from impregnating scluble salts in Figure 9. Figure 10 is an enlarged TEM
iImage of the Example 3 catalyst showing greater detail of the intimate contact between spherical ex-colloid
crystallites and islands.

Example 8

[0050] The catalyst of Example 5 is further analyzed with transmission electron microscopy and images
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are exhibited in Figures 11 and 12.

[0051] The unique morphology is apparent as two forms of CeO, are seen as structures of porous

nanometer-scale crystallites in discrete domains inter-dispersed among the anatase titanium dioxide
particles (as seen from lower magnification in the upper micrograph) as well as small islands which form
directly on top of the anatase titanium oxide and interact strongly with the support (as seen with increased
magnification displayed in the area enlargement).

Example 9

[0052] The performance of the catalyst prepared in Example 5 is evaluated in extended reactor tests and
compared to commercially-equivalent materials of a nominal 4 w% iron in beta zeolite and 2 w% vanadium
oxide on tungsten and silica stabilized anatase titanium oxide (Trade Name DT58 from Cristal Inorganic
Chemicals). The results at maximum NOXx conversion are shown in Figure 13.

[0083] These results show that the performance of the catalyst prepared by the inventive method is
comparable to a commercial grade vanadia on tungsten-titania catalysts and exceeds that of a commercial
grade 4% Fe on beta zeolite.

Example 10

[0054] All three samples of the previous example were subjected to an aging treatment with 10% water in
flowing air at 750°C for 16 hours and tested again. The results are shown in Figure 1. They show that after
the severe treatment, the performance of the catalyst prepared in Example 5 is comparable to that of the
Fe/beta zeolite sample and diminished relative to the commercial grade vanadia on tungsten-titania
catalyst.

Example 11

[00855] Catalysts were prepared in a method similar to that described in Example 5 with the exception that
the amount of colloidal cerium oxide was successively increased from 2.5 to 10 w%. Results from the rapid
screening test show that activity after freshly calcining the catalyst as well as after the 750°C hydrothermal
treatment increase with increasing colloidal CeQO5 content.

Table 2 Effect of increasing colloidal CeO, in composition

Example 11 600°C Calcination 750 °C HT Treatment

Colloidal CeQO, . 250°C NO DeNOx Rate 250°C NO DeNOx Rate
Added Conversion (%) (k*tau) Conversion (%) (k*tau)

Example 12

A LA AL L L L LA L L L LT AL L L L LTS L L LA LL L LT LL LS LT LSS LSS LSS
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[0056] A support is prepared by suspending DT-51 in water with stirring and neutralizing to pH 5.5 by
adding dilute ammonium hydroxide. Ammonium paratungstate is then added to the slurry to obtain a
nominal 6 w% WO3 loading. Silicic acid is added according to US Ser. No. 12/533,414 at a target loading

of 4 w% SI0,. This mixture Is again neutralized to pH 5.5 and allowed to mix for 20 minutes. The sample is
dried at 100°C for 6 hrs and calcined at 500°C for 6 hrs.

[0087] The support is further transformed into a catalyst by suspending the calcined powder in water and
adding agueous ammonium cerium nitrate in increasing quantities. Dilute ammonium hydroxide is added
to the slurry to adjust the pH to 5 and the mixture is filtered. The solid is then dried at 100°C and calcined
at 600°C and aged at 750°C as described in Example 1.

[0058] The results of the rapid screening tests are shown in Table 3 below. It can be seen that conversion
after hydrothermal aging consistently increases with cerium loading.

Table 3 Effect of increasing loading of deposited Ce

Example 12 750 °C HT Treatment
Ce (W%) WO3 (W%) SI02 (W%) 250°C NO Conversion (%) { DeNOx Rate (k*tau)

I

0.78

Wl AL L L LT LL LA L L L L LA T LL L L LA LLL LA AL L L L LTS LL L LT L LL LA LT L L L LA LA L L LA L LL LA LL LS LTL LSS L LSS

Example 13

[0059] A support is prepared as described in Example 12 with the exception that the tungsten oxide
loading was varied from 1 to 9 w%. A catalyst was prepared from this support by suspending the calcined
powder in water by stirring and adding agueocus ammonium cerium nitrate in sufficient quantity to yield 3
w% Ce. Dilute ammonium hydroxide is added to the slurry to adjust the pH to 5. The mixture is filtered,
and the solid is dried at 100°C.

[0060] Catalyst testing using the rapid screening method reported in Table 4 below show that catalyst
activity increases with increasing tungsten oxide loading to an apparent maximum around 6 w%.
Table 4 Effect of increasing tungsten oxide loading

Example 13 100°C HT Treatment
DeNOX Rate (K'tau)
- - 099 |
--- 156
o3 {6 {4 o ®4 179
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Example 13 100°C HT Treatment

n
T T T T T T T T T T T T T e e e T T T T T e e e e e T T T T T T e e T T T T T T T T T T T T T T T T e T T T T T T e e T T T T T T T T T T T T T T T T T T T T T T T T e T T e T T T e e T T T T T T T T T T T T T T T T T T T T T T T e T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T e e e e e T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T e T T T T e e T T
8 3 n I I | ] ; 8
-~

1.78
1.91

0COCCOCCQCCQCCQCCQCCQCCQCCQCCQC\. CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
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Example 14

[0061] A support is prepared as described in Example 12 with the exception that the silicon oxide loading
was varied from 0 to 6 w%. A catalyst was prepared from this support by suspending the calcined powder
iIn water by stirring and adding aqueous ammonium cerium nitrate in sufficient quantity to yield 3 w% Ce.
Dilute ammonium hydroxide is added to the slurry to adjust the pH to 5, and the mixture is filtered. The
resulting is dried at 100°C, calcined at 600°C, and a portion Is aged by hydrothermal treatment as
described in Example 1.

[0062] Table 5 shows that adding silica to the formulation initially lowers measured catalyst conversion
after freshly calcining at 600°C. However, the stability to resist deactivation from hydrothermal treatment
Improves.

Table 5 Effect of increasing silicon oxide loading

Example 14 600°C Calcination ‘ 750 °C HT Treatment

 Bxample14 .

(W%) § (W%) | (W%) § Conversion (%) (k*tau) Conversion (%) (k*tau)
3 { 6 [ o | e48 | 104 | 423 | 05

3 (6 (2 4 &8 1 073 | 811 {1 072

3 {6 4 | 554 1 o8 | 540 | 078

3 {6 { 6 j s05 { o0 { NM | N

Example 15

Wi W
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W

[0063] A catalyst is prepared by first adding dissclved ammonium molybdate to colloidal cerium oxide
while stirring. This slurry is then combined with a slurry of DT-51. When applied, the amount of
molybdenum added is sufficient to achieve a 1.1 w% MoO3 loading, and cerium oxide is added to achieve

a 12.5 w% composition relative to total solids present. The pH is adjusted to 4 and allowed to mix for 20
minutes. The mixture is filtered, and the resulting solid is dried at 100°C, calcined at 600°C, and a portion
IS aged by hydrothermal treatment as described in Example 1.

[0064] Table 6 below shows that adding molybdenum to the colloidal cerium oxide does not improve the
conversion of a freshly calcined catalyst, but it does improve the conversion stability after 750°C
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hydrothermal treatment of the catalyst.
Table 6 Effect of depositing molybdenum oxide on colloidal cerium oXxide.

600°C Calcmatlon 750 °C HT Treatment

Ce02 MoO4 250°C NO DeNOx Rate 250°C NO DeNOx Rate
(W%) (W%) Conversion (%) (k*tau) Conversion (%) (k*tau)

QCCQCCQCCQCCQCCQCCQCCQCC‘CCQCHCCQCCQCCQCCQCCQCCﬁjCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCC\CCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCC‘CCQCCQCCQCCQCCQCCQCCHCQCCQCCQCCQCCQCCQCCQCCQCCQC\ CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

A LA AL L L LT L LA LL L LA LL L LT L L LSS L L LA

Example 16

[00658] A catalyst is prepared as described in Example 15 with the exception that ammonium
paratungstate was substituted for ammonia molybdate at quantities to achieve increasing WO3 loadings.

The table below shows that increasing the tungsten oxide loading on cerium oxide increases NOX
conversion of both freshly calcined and hydrothermally aged catalysts.
Table 7 Effect of depositing tungsten oxide on colloidal cerium oxide

Example 16 600°C Calcination 750 °C HT Treatment

WO3 DeNOx Rate 250°C NO DeNOx Rate

(W°/° (W%) Conversion (%) (k*tau) Conversion (%) |  (k'tau) |
N 40 | 042 |
| 125 { 4 | 402 | o0& {40t o 081

Comparative Example 1

[0066] A catalyst Is prepared In accordance with the method disclosed by Kato et al. in US Patent
7,585,807 B2.

[0067] A support is prepared by first suspending DT-51 Iin water by mixing and further neutralizing it to pH
9.5 by adding dilute ammonium hydroxide. Ammonium paratungstate is then added to the slurry to obtain
a nominal 6 w% WOg loading. Following this step, silicic acid Iis added to the slurry by treating sodium

silicate with sufficient ion exchange resin to replace all the sodium present with hydrogen ions and adding
this immediately to the slurry suspension. The target loading is 2.5 w% SIO-. This mixture Is again

neutralized to pH 5.5 and allowed to mix for 20 minutes. Finally, zirconium sulfate is added to the slurry in
sufficient quantities to obtain 0.4 w% Zr. Again the slurry is neutralized to pH 5.5 with dilute ammonium
hydroxide and filtered to remove water. The sample is dried at 100°C for 6 hrs and calcined at 500°C for 6
hrs.

[0068] The support is further transformed into a catalyst by suspending the calcined powder in water and
adding colloidal cerium oxide as taught in US 7,585,807 B2. The solid is then dried at 100°C and calcined
at 600°C and a portion is aged at 750°C under hydrothermal conditions as described in Example 1.

Example 17
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[0069] The support is prepared by depositing a nominal loading of 6 w% WO3, 10 w% CeQo, 0.4 w% Zr

and 2.5 w% SI02 on to DT51. A support Is prepared by first suspending DT-51 In water by mixing and
further neutralizing it to pH 5.5 by adding dilute ammonium hydroxide. Ammonium paratungstate is then
added to the slurry to obtain a nominal 6 w% WO3 loading. Following this step silicic acid is added

according to US Ser. No. 12/533,414 at a target loading of 2.5 w% Si0O5. This mixture is again neutralized

to pH 5.5 and allowed to mix for 20 minutes. The slurry is combined with colloidal cerium oxide in sufficient
quantities to obtain a loading of 10% CeOQO,. Finally, zirconium sulfate is added to the slurry in sufficient

guantities to obtain 0.4 w% Zr. Again the slurry is neutralized to pH 5.5 with dilute ammonium hydroxide
and filtered to remove water. The sample is dried at 100°C for 6 hrs and calcined at 500°C for 6 hrs.

[0070] A catalyst was prepared from this support by suspending the calcined powder in water with stirring.
A second solution is prepared by dissolving ammonium cerium nitrate in sufficient quantity to deposit an
additional 3 w% Ce relative to total solids. The two solutions are combined, and then dilute ammonium
hydroxide is added to the slurry to adjust the pH to 5. The mixture is filtered, and the resulting solid is dried
at 100°C, calcined at 600°C, and a portion Is aged by hydrothermal treatment as described in Example 1.

Example 18

[0071] A support is prepared according to the description in Example 17.

[0072] A catalyst was prepared from this support by suspending the calcined powder in water with stirring.
A second solution is prepared by dissolving ammonium cerium nitrate in sufficient quantity to deposit an
additional 3 w% along with varying amounts of ammonium iron(ll)sulfate. The two solutions are combined,
and then dilute ammonium hydroxide is added to the slurry to adjust the pH to 5. The mixture is filtered,
and the resulting solid is dried at 100°C, calcined at 600°C, and a portion is aged by hydrothermal
treatment as described in Example 1. Example 18a is prepared with an amount of iron(ll)sulfate sufficient
to achieve a loading of 0.05 w% iron. The amount of iron added in Example 18b Is intended to achieve a
loading of 0.2 w% Fe relative to total solids present.

Catalyst Testing

[0073] The performance of the catalysts prepared in Comparative Example 1 as well as Examples 17,
18a, and 18b are shown in Table 8 below. The table shows that the method taught by US 7,585,807 B2,
while effective In producing a catalyst active for NOx removal, the performance is deficient compared to
the catalyst prepared by the present inventive method. The improvement brought by two cerium oxide
morphologies rather than colloidal cerium oxide alone is on the order of 68% for a freshly calcined catalyst
and 22% for a sample aged at 750°C under hydrothermal conditions.

[0074] Table 8 further shows that small amounts of iron improve conversion of NOX, but too much iron can
lead to lower conversion from hydrothermally aged samples.

Table 8 Relative reactor performance catalysts prepared according to Comparative Example 1,
Example 15, Example 16a, and Example 16b
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Example Composition 600°C Calcination 90 "6 il
Treatment

ke | L6 Ce02 WO3 {5102 Zr Conversion
(W%) § (W%) § (W%) § (W%) § (W%) {(W%) (%)

QCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQC.QCCQCCQCCQCCQCCQCCQCCQCCQCCQCC\ CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
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[0075] Obviously, numerous modifications and variations of the present invention are possible In light of
the above teachings. It is therefore to be understood that within the scope of the appended claims, the

Wl AL LTS L L L AL LL L LT L L LA L L L LA ELL LA L LL LA L LL LA L LLL L LT L LL L LT LL L LT L LS AL LL LSS L LS LA

iInvention may be practiced otherwise than as specifically described herein.
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Patentkrav

1. Katalysator omfattende titandioxid og to saerskilte morfologier af ceriumoxid,
hvor morfologierne af ceriumoxid omfatter (i) mindst et agglomerat af krystallitter
omfattende ceriumoxid dispergeret i titandioxid, og (ii) mindst en @ omfattende

ceriumoxid pa en overflade af titandioxiden.

2. Katalysatoren ifglge krav 1, hvor titandioxiden er anatase-titandioxid.

3. Katalysatoren ifglge krav 1, hvor det mindst ene agglomerat af krystallitter og

den mindst ene @ er i en blanding pa overfladen af titandioxiden.

4. Katalysatoren ifglge krav 1, hvor det mindst ene agglomerat af krystallitter og
den mindst ene @ er saerskilte og overlapper ikke pa overfladen af titandioxiden.

5. Katalysatoren ifglge krav 1, hvor titandioxiden er i form af mindst et aggregat
af anatasekrystallitter, hvor anatasekrystallitterne er fra 2 til 50 nm i diameter, og

det mindst ene aggregat er fra 25 til 150 nm i diameter.

6. Katalysatoren ifglge krav 1, hvor det mindst ene agglomerat af krystallitter
omfattende ceriumoxid dispergeret i titandioxiden er fremstillet af kolloid

ceriumoxid.

7. Katalysatoren ifglge krav 1, hvor det mindst ene agglomerat af krystallitter
omfattende ceriumoxid dispergeret i titandioxiden omfatter krystallitter, som er

mellem 3 til 15 nm i diameter.

8. Katalysatoren ifglge krav 1, hvor den mindst ene @ omfattende ceriumoxid pa
en overflade af titandioxiden omfatter ikke-kolloid ceriumoxid, hvor den ikke-

kolloide ceriumoxidkilde er et oplgselige Ce-salt.

9. Katalysatoren ifglge krav 1, hvor den mindst ene g omfattende ceriumoxid

dispergeret pa en overflade af titandioxiden omfatter et ceriumoxid-gitter.
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2

10. Katalysatoren ifglge krav 1, hvor katalysatoren er behandlet hydrotermisk.

11. Fremgangsmade til fremstilling af en katalysator ifglge krav 1, omfattende
tilseetning af en fgrste portion af ceriumoxid til titandioxid, og efterfglgende
tilseetning af en anden portion af ceriumoxid til titandioxiden, hvor den fgrste
portion af ceriumoxid er kolloid ceriumoxid, og den anden portion af ceriumoxid er

en oplgselig kilde af Ce.

12. Fremgangsmade til selektiv reduktion af NOx-niveauer i en udstgdningsgas
omfattende at bringe udstgdningsgassen omfattende NOx i kontakt med en

katalysator ifglge krav 1 under tilstedevaerelsen af et reduktionsmiddel.

13. Aktiveret TiO2 baerer omfattende

katalysatoren ifglge krav 1;

0g mindst en promotor valgt fra gruppen bestaende af aluminiumoxid, phosphor,

lanthan, zirkonium, silica, niobium, strontium, bor, wolfram, molybdan, mangan,
kobolt, krom, sg@lv, bismut, kobber, europium, tin, zink, praseodym, antimon, jern

og oxider deraf.

14. Fremgangsmade til fremstilling af en katalysator som defineret i krav 11, hvor
det kolloide Ce0O2 dannes ved en fremgangsmade omfattende oplgsning af et
ceriumsalt i vand, derefter langsom forggelse af pH-vaerdien til over 1,5 indtil et
bundfald begynder at dannes, derefter gen-forsuring med salpetersyre til pH 1,5.
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Figure 10
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Figure 12
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