wo 2010/083357 A2 [ 0K 0 O 0O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

ot VAP,
(19 Worta tattlectual Property Organization /8528 |1} MO A O O
nternational Bureau V,& ) |
(43) International Publication Date \;/ 3 (10) International Publication Number
22 July 2010 (22.07.2010) WO 2010/083357 A2
(51) International Patent Classification: [US/US]; 300 Eats 90th Street, Apt. 5D, New York, NY
B01J 29/74 (2006.01) B01J 23/44 (2006.01) 10128 (US). LI, Yuejin [US/US]; 8 East Drive, Edison,
B01J 29/44 (2006.01) BO1D 53/94 (2006.01) NJ 08820 (US). WEIL Xinyi [US/US]; 58 Sayre Drive,
B01J 29/12 (2006.01) Princeton, NJ 08540 (US). WAN, Chung-Zong [US/US];

4 letti t, NJ 08873 .
(21) International Application Number: Scaletti Court, Somerset, NJ 08873 (US)

PCT/US2010/021107 (74) Agents: BROWN, Melanie et al.; Basf Catalysts LLC,
100 Campus Drive, Flotham Park, NJ 07932 (US).

15 January 2010 (15.01.2010) (81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(22) International Filing Date:

(25) Filing Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,

(26) Publication Language: English CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,

DZ, EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT,

(30) Priority Data: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,

61/145,412 16 January 2009 (16012009) UsS KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,

12/687,597 14 January 2010 (14.01.2010) US ME, MG, MK, MN, MW, MX. MY, MZ, NA, NG, NI

(71) Applicant (for all designated States except US): BASF NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,

CATALYSTS LLC [US/US]; 100 Campus Drive, SE, SG, 8K, SL, SM, ST, S8V, SY, TH, TJ, TM, TN, TR,
Florham Park, NJ 07932 (US). TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(72) Inventors; and (84) Designated States (unless otherwise indicated, for every

(75) Inventors/Applicants (for US only): KAZI, Shahjahan, kind of regional protection available): ARIPO (BW, GH,

M. [US/US]; 11 Fordham Court, Kendal Park, NJ 08824 GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,

(US). DEEBA, Michel [US/US]; 30 Fairview Avenue, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,

East Brunswick, NJ 08816 (US). NEUBAUER, Torsten TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,

[DE/DE]; Karl-kellner Strasse 92, 30583 Langenhagen ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(DE). PUNKE, Helmut, Alfred [DE/DE]; Im Dorfe 36C, MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,

38179 Schwuelper (DE). MUELLER-STACH, Wolf- TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

gang, Torsten [DE/DE]; Jacobi Str. 24, 30163 Hannover ML, MR, NE, SN, TD, TG).
(DE). GRUBERT, Gerd [DE/DE]; Auf Dem Larchen- Published:

berge 14b, 30163 Hannover (DE). ROTH, A., Stanley
[US/US]; 167 Crestview Way, Yardley, PA 19067 (US).
HOKE, Barmont, Jeffrey [US/US]; 1374 Luke Street,
North Brunswick, NJ 08902 (US). SUNG, Shiang

—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: LAYERED DIESEL OXIDATION CATALYST COMPOSITES

(57) Abstract: Provided are diesel exhaust components where palladium is segregated from a molecular sieve, specitically a zeo-
lite, in a catalytic material. In the catalytic material, therefore, there are at least two layers: a palladium-containing layer that is
substantially free of a molecular sieve and a hydrocarbon trap layer that comprises at least one molecular sieve and is substantially
free of palladium. The palladium is provided on a high surface area, porous refractory metal oxide support. The catalytic material
can further comprise a platinum component, where a minor amount of the platinum component is in the hydrocarbon trap layer,
and a majority amount of the platinum component is in the palladium-containing layer. Systems and methods of using the same
are also provided.



WO 2010/083357 PCT/US2010/021107

LAYERED DIESEL OXIDATION CATALYST COMPOSITES

CROSS REFERENCE TO RELATED APPLICATIONS

[o001] This application claims the benefit of priority under 35 U.S.C. § 119(e) to U.S.
Provisional Application Serial No. 61/145,412, filed January 16, 2009, which is incorporated

herein by reference.

TECHNICAL FIELD

[0002] This pertains generally to layered catalysts used to {reat gaseous steams
containing hydrocarbons, carbon monoxide, and oxides of nitrogen. More specifically, this
invention is directed to diesel oxidation catalyst composites having multiple layers, for example,
two or more layers of material, one layer that contains palladium and one layer that contains a
hydrocarbon trapping material such as a zeolite. The catalytic material can further comprise a
platinum component, where a minor amount of the platinum component is in the hydrocarbon

trap layer, and a majority amount of the platinum component is in the palladium-containing

layer.
BACKGROUND
[0003] Operation of lean burn engines, e.g., diesel engines and lean burn gasoline

engines, provide the user with excellent fuel economy, and have very low emissions of gas phase
hydrocarbons and carbon monoxide due to their operation at high ait/fuel ratios under fuel lean
conditions. Emissions of diesel engines include particulate matter (PM), nitrogen oxides (NO,),
unburned hydrocarbons (HC) and carbon monoxide (CO). NOy is a term used to describe
various chemical species of nitrogen oxides, including nitrogen monoxide (NO) and nitrogen
dioxide (NO,), among others.

[0004] There are major differences between catalyst systems used to treat diesel engine
exhaust gas and gasoline engine exhaust gas. A significant difference between the two types of
engines is that gasoline engines are spark ignited and operate within a stoichiometric air to fuel
ratio, and diesel engines are compression ignition engines that operate with a large excess of air.
The emissions from these two types of engines are very different and require completely

different catalyst strategies, Generally, the treatment of diesel emissions is more complicated
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than gasoline engine emissions treatment. Tn particular, gasoline engines produce exhaust in
which the soluble organic fraction (SOF) is lower. The SOFs in diesel emissions is a
combination of unburned diesel fuel and lubricating oils.

[6005] For diesel engines traditionally, platinum-based DOC catalysts have been used. It
is also known that hydrocarbon trapping materials such as zeolites are effective for treating
diesel exhaust. For example, U.S. Patent No. 6,093,378 (Deeba) is directed to a dicsel exhaust
catalyst, providing two or more zeolites and a supported precious metal component, such as
platinum, A first zeolite is provided in the substantial absence of precious metals and a second
zeolite is doped with a precious metal. Tn this way, the first zeolite adsorbs gascous
hydrocarbons and the second zeolite catalyzes the NO, reduction.

{0006] Palladium, however, has proven to be suitable in DOC catalysts in conjunction
with platinum to reduce the required amount of platinum, despite it being somewhat less reactive
on a weight basis. Due to the lower reactivity of palladium in DOC catalysts, it is important to
ensure that it is located in the DOC catalyst in a way that does not inhibit its petformance.

[0007] As emissions regulations become more stringent, there is a continuing goal to
develop diesel oxidation catalyst (DOC) systems that provide improved performance, for
example, light-off performance. There is also a goal to utilize components of DOCs, for

example, the zeolites and palladium, as efficiently as possible.

SUMMARY

[0008] Provided are exhaust systems and components and methods of using the same that

use a diesel oxidation catalytic material on a support. The suppott can be a flow-through design

used for a diesel oxidation catalyst (DOC) or wall-flow design used for a catalyzed soot filter

(CSF). Tn an aspect, provided is a layered diesel oxidation catalyst composite comprising: a

diesel oxidation catalytic material on a carrier, the catalytic material comprising a palladium

component in an amount in the range of 5 to 735 g/ft (0.18 to 2.65 kg/m®} and at least two layers:
a hydrocarbon trap layer comprising at least one molecular sieve, the hydrocarbon

trap layer being substantially free of palladium; and
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a palladium-containing layer that comprises the palladium component, and is
substantially free of a molecular sieve, wherein the palladium component is located on a

high surface area, porous refractory metal oxide support.

[0009] Another aspect provides a method of treating a gaseous exhaust stream of a diesel
engine, the exhaust stream including hydrocarbons, carbon monoxide, and other exhaust gas
components, the method comprising: contacting the exhaust stream with the layered diesel
oxidation catalyst composites according to embodiments of the present invention. Other
methods can further include directing the diesel exhaust gas stream one or more to a soot filter
located downstream of the diesel oxidation catalyst composite and a selective catalytic reduction
(SCR) catalytic article located upstream or downstream of the catalyzed soot filter (CSF).

[0010] A further aspect provides a system for treatment of a diesel engine exhaust stream
including hydrocarbons, carbon monoxide, and other exhaust gas components, the emission
treatment system comprising: an exhaust conduit in fluid communication with the diesel engine
via an exhaust manifold; the diesel oxidation catalyst composite according to embodiments of
the present invention wherein the carrier is a flow through substrate or a wall-flow substrate; and
one or more of the following in fluid communication with the composite: a soot filter, a selective

catalytic reduction (SCR) catalytic article and a NOx storage and reduction (NSR) catalytic

article.
DETAILED DESCRIPTION
[0011] Provided are diesel exhaust systems and components where palladium is

segregated from a zeolite in a catalytic material. In the catalytic material, therefore, there are at
least two layers: a palladium-containing layer that is substantially free of zeolites and a
hydrocarbon trap layer that comprises at least one zeolite and is substantially fiee of palladium.
Separating the palladium from the zeolite is intended to enhance effectiveness of the palladium
and minimize the loss in CO and HC light-off activity due to possible silica poisoning of
precious metals (i.e., palladium) or precious metal (e.g., palladium) migration to the zeolite
surface. It has been found that the removal of palladium from the zeolite-containing layer
provides excellent light-off performance. It is also advantageous to separate almost all (e.g., >

80%, 85%, 90%, or even 95%) of the precious metal components from the zeolite. In addition,
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the use of a porous high surface area refractory metal oxide support for the palladium and
platinum in the absence of a zeolite also provides excellent light-off performance. The use of a
high surface area, refractory metal oxide support (substantially free of precious metals) in an
underlayer also leads to improvements in light-off at high conversions.

[0012] Such catalysts are effective to oxidize hydrocarbons (HC) and carbon monoxide
(CO) emitted from a diesel engine, the zeolite of the hydrocarbon trap layer being active for
adsorbing HC under conditions associated with diesel engine and the precious metals such a
platinum and palladium being active for oxidation of the HC and CO of the diescl exhaust.

[0013] Reference to a catalyst composite means a catalytic article including a carrier
substrate, for example a honeycomb substrate, having one or more washcoat layers containing a
catalytic component, for example, a precious group metal component that is effective to catalyze
the oxidation of HC, CO and/or NO,.

[0014] Reference to “essentially no,” “essentially free,” and “substantially free” means
that the material recited is not intentionally provided in the recited layer. It is recognized,
however, that the material may migrate or diffuse to the recited layer in minor amounts
considered to be insubstantial (that is < 10% of the material, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%,
or even 1%).

[0015] High surface refractory metal oxide supports refer to support particles having
pores larger than 20 A and a wide pore distribution, As defined herein, such metal oxide
supports exclude molecular sieves, specifically, zeolites. High surface area refractory metal
oxide supports, ¢.g., alumina support materials, also referred to as “gamma alumina” or
“activated alumina,” typically exhibit a BET surface area in excess of 60 square meters per gram
(“m*/g™), often up to about 200 m?/g or higher. Such activated alumina is usually a mixture of
the gamma and delta phases of alumina, but may also contain substantial amounts of eta, kappa
and theta alumina phases. Refractory metal oxides other than activated alumina can be used as a
support for at least some of the catalytic components in a given catalyst. For example, bulk
ceria, zitconia, alpha alumina and other materials are known for such use. Although many of
these materials suffer from the disadvantage of having a considerably lower BET surface area
than activated alumina, that disadvantage tends to be offset by a greater durability of the

resulting catalyst. “BET surface area” has its usual meaning of referring to the Brunauer,
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Emmett, Teller method for determining surface area by N; adsorption. Pote diameter and pore
volume can also be determined using BET—type Nz adsorption. Desirably, the active alumina
has a specific sutface area of 60 to 350 m?/g, and typically 90 to 250 m? g. The loading on the
refractory oxide suppott is preferably from about 0.1 to about 6 g/in®, more preferably from
about 2 to about 5 g/in® and most preferably from about 3 to about 4 g/in’.

[0016] As used herein, molecular sieves, such as zeolites, refer to materials, which may
in particulate form support catalytic precious group metals, the materials having a substantially
uniform pore distribution, with the average pore size being no larger than 20 A. Reference to a
“non-zeolite-support” in a catalyst layer refers to a material that is not a molecular sieve or
zeolite and that receives precious metals, stabilizers, promoters, binders, and the like through
association, dispersion, impregnation, or other suitable methods. Examples of such supports
include, but are not limited to, high surface area refractory metal oxides. One or more
embodiments of the present invention include a high surface area refractory metal oxide support
comprising an activated compound selected from the group consisting of alumina, zirconia,
silica, titania, silica-alumina, zirconia-alumina, titania-alumina, lanthana-alumina, lanthana-
zirconia-alumina, baria-alumina, baria-lanthana-alumina, baria-lanthana-neodymia-alumina,
zirconia-silica, titania-silica, and zirconia-titania.

[0017] The zeolite can be a natural or synthetic zeolite such as faujasite, chabazite,
clinoptilolite, mordenite, silicalite, zeolite X, zeolite Y, ultrastable zeolite Y, ZSM-5 zeolite,
7ZSM-12 zeolite, SSZ-3 zeolite, SAPOS zeolite, offretite, or a beta zeolite. Preferred zeolite
adsorbent materials have a high silica to alumina ratio. The zeolite may have a silica/alumina
molar ratio of from at least about 25/1, preferably at least about 50/1, with useful ranges of from
about 25/1 to 1000/1, 50/1 to 500/1 as well as about 25/1 to 300/1, from about 100/1 to 250/1, or
alternatively from about 35/1 to 180/1 is also exemplified. Preferred zeolites include ZSM, Y and
beta zeolites. A particularly preferred adsorbent may comprise a beta zeolite of the type
disclosed in US 6,171,556, The zeolite loading should not be smaller than 0.1 g/in® in order to
guarantee sufficient HC storage capacity and to prevent a premature release of stored paraffins
during the temperature ramp following low temperature storage. Preferably, zeclite content is in
the range of about 0.4 to about 0.7 gfin’. A premature release of aromatics and paraffins from the

zeolite may cause a delay in the CO and HC light-off.
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[0018] Reference to “impregnated” means that a precious metal-containing solution is
put into pores of a material such as a zeolite or a non-zeolite-support. In detailed embodiments,
impregnation of precious metals is achieved by incipient wetness, where a volume of diluted
precious metal-containing is approximately equal to the pore volume of the support bodies.
Incipient wetness impregnation generally leads to a substantiaily uniform distribution of the
solution of the precursor throughout the pore system of the material. Other methods of adding
precious metal are also known in the art and can be used.

[0019] Reference to OSC (oxygen storage component) refers to an entity that has multi-
valence state and can actively store and release oxygen under exhaust conditions, Typically, an
oxygen storage component will comprise one or more reducible oxides of one or more rare carth
metals. Examples of suitable oxygen storage components include ceria. Praseodymia can also
be included as an OSC or a promoter.

[0020] Details of the components of a gas treatment article and system according to
embodiments of the invention are provided below.

The Carrier

[0021] According to one or more embodiments, the carrier may be any of those materials
typically used for preparing DOC catalysts and will preferably comprise a metal or ceramic
honeycomb structure. Any suitable carrier may be employed, such as a monolithic carrier of the
type having a plurality of fine, parallel gas flow passages extending therethrough from an inlet or
an outlet face of the carrier, such that passages are open to fluid flow therethrough. The
passages, which arc essentially straight paths from their fluid inlet to their fluid outlet, are
defined by walls on which the catalytic material is coated as a “washcoat” so that the gases
flowing through the passages contact the catalytic material. The flow passages of the monolithic
catrier are thin-walled channels which can be of any suitable cross-sectional shape and size such
as trapezoidal, rectangular, square, sinusoidal, hexagonal, oval, circula, etc.

[6022] The porous wall flow filter used according to the present invention is optionally
catalyzed in that the wall of said element has thereon or contained therein one or more catalytic
materials, such CSF catalyst compositions are described hereinabove. Catalytic materials may be
present on the inlet side of the element wall alone, the outlet side alone, both the inlet and outlet

sides, or within the wall itself may consist all, or in part, of the catalytic material. In another
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embodiment, this invention may include the use of one or more washcoat layers of catalytic
materials and combinations of one or more layers of catalytic materials on the inlet and/or outlet
walls of the element.

[0023] Such monolithic carriers may contain up to about 900 or more flow passages (ot
"cells™) per square inch of cross section, although far fewer may be used. For example, the
cartier may have from about 50 to 600, more usually from about 200 to 400, cells per square inch
("epsi™). The cells can have cross sections that are rectangular, square, circular, oval, triangular,
hexagonal, or are of other polygonal shapes. Flow-through substrates typically have a wall
thickness between 0.002 and 0.1 inches. Preferred flow-through substrates have a wall thickness
of between 0.002 and 0.015 inches.

[0024] The ceramic carrier may be made of any suitable refractory material, e.g.,
cordierite, cordicrite-o. alumina, silicon nitride, silicon carbide, zircon mullite, spodumene,
alumina-silica magnesia, zircon silicate, sillimanite, magnesium silicates, zircon, petalite, o-
alumina, aluminosilicates and the like.

[0025] The carriers useful for the layered catalyst composites of the present invention
may also be metallic in nature and be composed of one or more metals or metal alloys. The
metallic carriers may be employed in various shapes such as corrugated sheet or monolithic
form. Preferred metallic supports include the heat resistant metals and metal alloys such as
titanium and stainless steel as well as other alloys in which iron is a substantial or major
component, Such alloys may contain one or more of nickel, chromium and/or aluminum, and the
total amount of these metals may advantageously comprise at least 15 wt% of the alloy, e.g., 10-
25 wt% of chromium, 3-8 wt% of aluminum and up to 20 wi% of nickel. The alloys may also
contain small or trace amounts of one or more other metals such as manganese, copper,
vanadium, titanium and the like. The surface or the metal carriers may be oxidized at high
temperatures, e.g., 1000°C and higher, to improve the corrosion resistance of the alloy by
forming an oxide layer on the surface the carrier. Such high temperature-induced oxidation may
enhance the adherence of the refractory metal oxide support and catalytically-promoting metal
components to the carrier.

[6026] For a catalyzed soot filter, the substrate may be a honeycomb wall flow filter,

wound or packed fiber filter, open-cell foam, sintered metal filter, etc., with wall flow filters
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being preferred. Wall flow substrates useful for supporting the CSF compositions have a
plurality of fine, substantially parallel gas flow passages extending along the longitudinal axis of
the substrate. Typically, each passage is blocked at one end of the substrate body, with alternate
passages blocked at opposite end-faces.

[0027] Preferred wall flow substrates for use in the inventive system include thin porous
walled honeycombs (monolith)s through which the fluid stream passes without causing too great
an increase in back pressure or pressure across the article. Normally, the presence of a clean wall
flow article will create a back pressure of 1 inch water column to 10 psig. Ceramic wall flow
substrates used in the system are preferably formed of a material having a porosity of at least
40% (e.g., from 40 to 70%) having a mean pore size of at least 5 microns (e.g., from 5 to 30
microns). More preferably, the substrates have a porosity of at least 50% and have a mean pore
size of at least 10 microns. When substrates with these porosities and these mean pore sizes are
coated with the techniques described below, adequate levels of the CSF catalyst compositions
can be loaded onto the substrates to achieve excellent NOx conversion efficiency and burning off
of soot. These substrates are still able to retain adequate exhaust flow characteristics, i.e.,
acceptable back pressures, despite the CSF catalyst loading. Suitable wall flow substrates are for
example disclosed in US 4,329,162,

Preparation of Catalyst Composites

[0028] The catalyst composites of the present invention may be formed in a single layer
or multiple layers. In some instances, it may be suitable to prepare one slurry of catalytic
material and use this slurry to form multiple layers on the carrier. The composites can be readily
prepared by processes well known in the prior art. A representative process is set forth below.
As used herein, the term “washcoat” has its usual meaning in the art of a thin, adherent coating
of a catalytic or other material applied to a substrate carrier material, such as a honeycomb-type
carrier member, which is sufficiently porous to permit the passage therethrough of the gas stream
being treated.

[0029] The catalyst composite can be readily prepared in layers on a monolithic carrier.
For a first layer of a specific washcoat, finely divided particles of a high surface area refractory

metal oxide such as gamma alumina are slurried in an appropriate vehicle, e.g., watet. The
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carrier may then be dipped one or more times in such slurry or the shurty may be coated on the
cartier such that there will be deposited on the catrier the desired loading of the metal oxide, e.g.,
about 0.5 to about 2.5 g/in3 per dip. To incorporate components such as precious metals (e.g.,
palladium, rhodium, platinum, and/or combinations of the same), stabilizers and/or promoters,
such components may be incorporated in the slutry as a mixture of water soluble or water-
dispersible compounds or complexes. Thercafter the coated carrier is calcined by heating, e.g.,
at 400-600°C for about [0 minutes to about 3 hours. Typically, when palladium is desired, the
palladium component is utilized in the form of a compound or complex to achieve dispersion of
the component on the refractory metal oxide support, e.g., activated alumina. For the purposes
of the present invention, the term “palladium component” means any compound, complex, or the
like which, upon calcination or use thereof, decomposes or otherwise converts to a catalytically
active form, usually the metal or the metal oxide. Water-soluble compounds or water-dispersible
compounds or complexes of the metal component may be used as long as the liquid medium
used to impregnate or deposit the metal component onto the refractory metal oxide support
particles does not adversely react with the metal or its compound or its complex ot other
components which may be present in the catalyst composition and is capable of being removed
from the metal component by volatilization or decomposition upon heating and/or application of
a vacuum. In some cases, the completion of removal of the liquid may not take place until the
catalyst is placed into use and subjected to the high temperatures encountered during operation.
Generally, both from the point of view of economics and environmental aspects, aqueous
solutions of soluble compounds or complexes of the precious metals are utilized. For example,
suitable compounds are palladium nitrate or tetraammine palladium nitrate. During the
calcination step, or at least during the initial phase of use of the composite, such compounds are
converted into a catalytically active form of the metal or a compound thereof.

[0030] A suitable method of preparing any layer of the layered catalyst composite of the
invention is to prepare a mixture of a solution of a desired precious metal compound (e.g.,
palladium compound) and at least one support, such as a finely divided, high surface area,
refractory metal oxide support, e.g., gamma alumina, which is sufficiently dry to absorb
substantially all of the solution to form a wet solid which is later combined with water to form a

coatable slurry. In one or more embodiments, the slurry is acidic, having, for example, a pH of
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about 2 to less than about 7. The pH of the slurry may be lowered by the addition of an adequate
amount of an inorganic or an organic acid to the slurry. Combinations of both can be used when
compatibility of acid and raw materials is considered. Inorganic acids include, but are not
fimited to, nitric acid. Organic acids include, but are not limited to, acetic, propionic, oxalic,
malonic, succinic, glutamic, adipic, maleic, fumaric, phthalic, tartaric, citric acid and the like.
Thereafter, if desired, water-soluble or water-dispersible compounds or stabilizers, e.g., barium
acetate, and a promoter, e.g., lanthanum nitrate, may be added to the siurry.

[0031] In one embodiment, the sturry is thereafter comminuted to result in substantially
all of the solids having patticle sizes of less than about 20 microns, i.e., between about 0.1-15
microns, in an average diameter. The comminution may be accomplished in a ball mill or other
similar equipment, and the solids content of the slutry may be, e.g., about 20-60 wt%, more
particularly about 30-40 wt%.

[0032] Additional layers, i.e., sccond and third layers may be prepared and deposited
upon the first layer in the same manner as described above for deposition of the first layer upon
the carrier.

[0033] Providing coated, multi-zoned catalyst substrates can be done by methods know
in the art, for example, as described in U.S. Patent No. 7,189,376, incorporated herein by
reference.

[0034] Before describing several exemplary embodiments of the invention, it is to be
understood that the invention is not limited to the details of construction or process steps sct forth
in the following description, The invention is capable of other embodiments and of being
practiced in various ways. In the following, preferred designs for the layered catalyst are
provided, including such combinations as recited used alone or in unlimited combinations, the
uses for which include systems and methods of other aspects of the present invention.

{0035] In embodiment I, provided is a layered diesel oxidation catalyst composite
comprising: a diesel oxidation catalytic material on a carrier, the catalytic material comprising a
palladium component in an amount in the range of 5 to 75 g/ft* (0.18 to 2.65 kg/m®) and at least
two layers: a hydrocarbon trap layer comprising at least one molecular sieve, the hydrocarbon

trap layer being substantially free of palladium; and a palladium-containing layer that comprises

10
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the palladium component, and is substantially free of a molecular sieve, wherein the palladium
component is located on a high surface area, potous refractory metal oxide support.

[0036] In embodiment 2, the catalytic material further comprises a platinum component,
in the range of 10 g/ft’ to 150 g/ft® (0.35 to 5.30 kg/m®), an amount of up to 20% by weight of
the platinum component being incorporated into the at least one molecular sieve, and an amount
of at least 80% by weight of the platinum compenent being on the high surface area, porous

refractory metal oxide support of the palladium-containing layer.

[0037] In embodiment 3, the layered catalyst composite further comprises an undercoat
layet.
[0038] Any of embodiments 1 to 3 and systems and methods of using the same can have

one or more of the following optional design features:

[0039] the high surface area, porous refractory metal oxide support comprises a
compound that is activated, stabilized, or both selected from the group consisting of alumina,
zirconia, silica, titania, silica-alumina, zirconia-alumina, titania-alumina, lanthana-alumina,
Janthana-zirconia-alumina, baria-alumina, baria-lanthana-alumina, baria-lanthana-neodymia-
alumina, zirconia-silica, titania-silica, and zirconia-titania;

[0040] the high surface area, porous refractory metal oxide support comprises alumina
having a pore volume in the range of 0.5 to 1.5 em’/g and an average pore diameter of at least 75
A; in a specific embodiment, the average pore diameter is in the range of 75 Ato 150 A;

[0041] the molecular sieve comprises a zeolite that comprises a beta-zeolite, ZSM-5,
zeolite-Y or combinations thereof;

[0042] the zeolite comprises a silica to alumina ratio in the range of 20:1 to 1000:1;
[0043] the layered catalyst composite further comprises an undercoat layer located on the
carrier and below the at least two layers, the undercoat layer comprising a high surface area
refractory metal oxide;

[0044] the high surface area, porous refractory metal oxide support comprises alumina
having a surface area in the range of 60 to 200 m?/g, a pore volume in the range of 0.6 to 1.0
cm’/g, and an average pore diameter in the range of 70 A to 150 A, and wherein the zeolite
comprises a beta zeolite into which the amount of at least 10% by weight of the platinum

component is incorporated;

11
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[0045] the layered catalyst composite having a total precious metal component loading in
an amount in the range of 15 to 225 g/ft* (0.53 to 7.95 kg/m®);
[0046] the platinum to palladium weight ratio of the catalytic material is in the range of

10:1 to 1:10; in a specific embodiment, the platinum to palladium weight ratio of the catalytic
material is in the range of 4:1 to 1:1;

[0047] the palladium-containing layer is located on the carrier and the hydrocarbon trap
layer is located on the palladium-containing layer, or the hydrocarbon trap layer is located on the
carrier and the palladium-containing layer is located on the hydrocarbon trap layer;

[0048] the hydrocarbon trap layer is substantially free of non-zeolite-supported precious
metal components;

[0049] the hydrocarbon trap layer is substantially free of oxygen storage components;
[0050] the catalytic material is substantially free of base metals in quantities suitable for
NOx (nitrogen oxides) storage; such base metals include, but are not limited to, Ba, Mg, K, and
La, and the like;

[0051] the catalytic material is free of rhodium;

[0052] the palladium-containing layer is located on the carrier and the hydrocarbon trap
layer is located on the palladium-containing layer the high surface area; and the high surface
area, porous refractory metal oxide support comprises alumina having a surface area in the range
of 60 to 200 m*/g and a pore volume in the range of 0.6 to 1.0 em’/g, and the average pore
diameter is in the range of 70 A to 150 A and the at least one zcolite comprises beta-zeolite; and
the catalytic material further comprises a platinum component, an amount of up to 10% by
weight of the platinum component being incorporated into the beta-zeolite, and an amount of at

Jeast 90% by weight of the platinum component being on the alumina.

EXAMPLES

[0053] The following non-limiting examples shall serve to illustrate the various
embodiments of the present invention, In each of the examples, the carrier was cordierite,
Reference to a first coat and a second coat provides no limitation on the location or orientation of

the coat.
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EXAMPLE 1

[0054] A composite having a catalytic material was prepared using three layers: an
undetcoat layer, an inner layer, and an outer layer. The layered catalyst composite contained
palladium and platinum with a total precious metal loading of about 120 g/ft* and with a nominal
PYPA/Rh ratio of 2/1/0, The substrate had a volume of 5.3 in® (0.09 L), a cell density of 400 cells
per square inch, and a wall thickness of approximately 100 pm. The layers were prepared as
follows:

Undercoat Layer
[0055] The component present in the undercoat layer was 100% high surface area (70
m?/g) gamma alumina. The total loading of the undercoat layer was 1.0 gfin’.
[0056] An aqueous slurry was formed by combining the gamma alumina with water (45-
50% solids slurry) and acetic acid to pl < 4.5 and milling to a particle size of 90% less than 8
microns. The slurry was coated onto a cordierite carrier using deposition methods known in the
art for depositing the catalyst on a cordierite substrate. After coating, the carrier plus the
undercoat layer were dried and then calcined at a temperature of 450°C for about 1 hour.

Inner Layer _
[0057] The components present in the inner layer were high surface area (80 m*/g)
gamma alumina, platinum, and palladium, at concentrations of approximately 95.1%, 3.2%, and
1.7%, respectively, based on the calcined weight of the catalyst. The total loading of the middle
layer was 1.4 g/in®, The inner layer contained 100% of the palladium and approximately 90% of
the platinum loadings. The gamma alumina had a single point adsorption total pore volume in
the range of 0.59 — 0.71 clm?’/g and an average BET pore diameter in the range of 319-350 A,
[0058] Palladium in the form of a palladium nitrate solution and platinum in the form of
an amine salt were impregnated onto the gamma alumina by planetary mixer (P-mixer) to form a
wet powder while achieving incipient wetness. An aqueous slurry was then formed, using an
acid to reduce the pH to < 4.5. The slurry was milled to a particle size of 90% less than 10
microns. The slurry was coated onto the cordierite carrier over the inner layer using deposition
methods known in the art for depositing the catalyst on a cordierite substrate. After coating, the
carrier plus the undercoat and inner layers were dried, and then calcined at a temperature of

450°C for about 1 hour.
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Quter Layer

[0059] The components present in the outer layer were a high surface area gamma
alumina, H-beta zeolite, 0.6% Pt-beta zcolite, a binder, at concentrations of approximately
32.3%, 25.8%, 38.7%, and 3.2%, respectively, based on the calcined weight of the catalyst. The
total loading of the outer layer was 0.8 gfin’,

[0060] An aqueous slurry of the gamma alumina was formed, using an acid to reduce the
pH to < 4.5, The slurry was milled to a particle size of 90% less than 16 microns. The H-beta
zeolite and the Pt-beta zeolite were added to the slurry. The slurry was then milled to a particle
size of 90% less than 10 mictons. The binder was added to the slurry, The slurry was coated
onto the cordierite carrier over the middle layer using deposition methods known in the art for
depositing the catalyst on a cordierite substrate. After coating, the cartier plus the undercoat,

inner, and outer layers were dried, and then calcined at a temperature of 450°C for about 1 hour.

EXAMPLE 2

[0061] A composite having a catalytic material was prepared using two layers: an inner
layer and an outer layer. The layered catalyst composite contained palladium and platinum with
a total precious metal loading of about 120 o/ft® and with a nominal Pt/Pd/Rh ratio of 2/1/0. The
substrate had a volume of 5.3 in® (0.09 L), a cell density of 400 cells per square inch, and a wall
thickness of approximately 100 pm, The inner layer was prepared with the same components,
amounts, and methods as the inner layer of Example 1. The outer layer was prepared with the

same components and amounts as the outer layer of Example 1.
EXAMPLE 3

COMPARATIVE

[0062] A comparative composite having a catalytic material was prepared using two
layers: an inner layer and an outer layer. The layered catalyst composite contained palladium
and platinum with a total precious metal loading of about 120 g/ft’ and with a nominal Pt/Pd/Rh

ratio of 2/1/0. The layers were prepared as follows:
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Inner Layer

[0063] The components present in the inner layer were high surface area (70 m?/g)
gamma alumina, promoters, and precious metals of platinum and palladium being present in the
layer in the amount of 60 g/ft® and with a nominal Pt/Pd ratio of 7/5. The gamma alumina had a
single point adsorption total pore volume of about 0.4 cm’/g and an average BET pore diameter
of about 74 A.

[0064] Palladium in the form of a palladium nitrate solution and platinum in the form of
an amine salt were impregnated onto the gamma alumina by planetary mixer (P-mixer) to form a
wet powder while achieving incipient wetness. An aqueous slurry was then formed, using an
acid to reduce the pH. The slurry was milled to a particle size of 90% less than approximately 10
microns. The slurry was coated onto the cordierite carrier using deposition methods known in
the art for depositing the catalyst on a cordierite substrate. After coating, the carrier plus the
inner layer were dried, and then calcined.

Outer Layer

[0065] The components present in the outer layer were high surface area (100 m?/g)
gamma alumina, beta-zeolite, and a promoter, and precious metals of platinum and palladium
being present in the layer in the amount of 60 g/ft* and with a nominal Pt/Pd ratio of 3/1. The
precious metals were supported on the gamma alumina, The gamma alumina had a single point
adsorption total pore volume of about 0.4 cm*/g and an average BET pore diameter in the range
of 150-171 A.

[0066] Palladium in the form of a palladium nitrate solution and platinum in the form of
an amine salt were impregnated onto the gamma alumina by planetary mixer (P-mixer) to form a
wet powder while achieving incipient wetness. An aqueous slurry was then formed, using an
acid to reduce the pH. The slurry was milled to a particle size of 90% less than approximately 10
microns, The beta-zeolite and promoter were added to the slutry. The slurry was coated onto
the cordierite carrier over the inner layer using deposition methods known in the art for
depositing the catalyst on a cordietite substrate. After coating, the carrier plus the inner and

outer layers were dried, and then calcined.
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EXAMPLE 4

TESTING

[0067] The composites of Examples 1-3 were tested as follows. Catalyst composites of
size 1.5” x 3.0” (3.8 cm x 7.6 cm) wete aged with laboratory oven aging at approximately 750°C
for 5 hours in 10% steam air. After aging, the composites were evaluated for light-off using a
laboratory reactor system. The light-off testing protocol included a test gas composition of 1500
ppm CO, 400 ppm Cy (134 ppm C3Hg, 133 ppm CqHs, n-CigHzy), 10% O,, 100 ppm NO, 5%
CO,, and 7% H,0. The ramp rate was 15°C/min. The space velocity was 50,000 h'. There was
no initial soak in the reaction gas feed.

[0068] HC/CO conversions were measured while the temperature was rapidly raised
from 80°C to 325°C. CO concentration was measured using a Fourier Transform Infrared
(FTIR) analyzer. Total hydrocarbons (THC) were measured using an FID. The temperature at

which 50% conversion of CO and THC occurred is reported in Table 1.

Table 1:
HC,°C | CO,°C
Example 1 157 156
Example 2 153 154
Example 3 170 177
COMPARATIVE
[0069] Light-off test results clearly indicated the benefits of using catalyst having

palladium separated from the zeolite layer and having a porous alumina in the inner layer

supporting the precious metal components.

EXAMPLE 5

[0070] The effect of the porosity on catalyst support materials was evaluated. Light-off
testing was done on single coated suppotts formed in accordance with methods set forth herein in
“Preparation of Catalyst Composites” from washcoats containing high porosity alumina powders
at loadings of 1 g/in® and precious metals of platinum and palladium having a Pt:Pd ratio of 2:1
at loadings of 60 g/ft*. The high porosity alumina of Sample SA show a 25°C light-off advantage

as compared to a lower porosity alumina of Sample 5B (comparative) as shown in Table 2.
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Table 2:
Sample Alumina Alumina Alumina CO Light-Off
Surface Area Total Pore Mean Pore Size (T50, °C)
(m2/g) Volume (cms/g) (diameter) A
SA 148 0.85 99 179
5B 143 0.47 50 204
COMPARATIVE
EXAMPLE 6
[0071] The effect of segregating palladium and most of the platinum from the zeolite was

evaluated. Carbon monoxide conversion was evaluated for 3 catalysts using a EURO 4, 2.0 L
test vehicle during the NEDC test after 750 °C/24 hours, engine aging. The catalysts had the
following compositions and structures and provided the recited CO conversion efficiency, as

shown in Table 3:

Table 3:
Sample Bottom layer Top layer % CO
Conversion
Lfficiency
6A Pt-impregnated Pt- and Pd- impregnated y-Al,O; 35
H-beta zeolite (40 g/ft® (1.41 kg/m®) Pd)
(5 g/ft® (0.18 kg/m*) Pt) (115 g/ft® (4.06 kg/m’) PY)
6B Pt- and Pd- impregnated y-Al,O3 Pt-impregnated 41
(40 g/ft® (1.41 kg/m®) Pd) H-beta zeolite
(115 g/f® (4.06 kg/m*) Pt) (5 g/ft° (0.18 kg/m®) Pt)
Single Layer
6C Blend of Pt~ and Pd- impregnated y-Al,0; (40 g/ft” (1.41 kg/m®) Pd) 30
COMP | with Pt-impregnated H-beta zeolite (5 g/ft* (0.18 kg/m®) Pt) (115 g/ft’
ARATI (4.06 kg/m*) Pt)
VE
[0072] Samples 6A and 6B that segregated palladium and most of the platinum from the

zeolite showed improved CO conversion as compared to Sample 6C, which had a single layer of

catalyst having the same overall composition as Samples 6A and 6B.
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EXAMPLE 7

[0073] A composite having a catalytic material was prepared using three layers: an
undercoat layer, an inner layer, and an outer layer. The layered catalyst composite contained
palladium and platinum with a total precious metal loading of about 120 g/ft* and with a nominal
Pt/Pd/Rh ratio of 2/1/0. The substrate had a volume of 75.5 in® (1.24 L), a cell density of 400
cells per squate inch, and a wall thickness of approximately 6 um. The layers were prepared as
follows:

Undercoat Layer
[0074] The component present in the undercoat layer was 100% high surface area (70
m?%/g) gamma alumina. The total loading of the undercoat layer was 1.0 g/ in’,
[0075] An aqueous slurry was formed by combining the gamma alumina with water (45-
50% solids slurry) and an acid to pH < 4.5 and milling to a particle size of 90% less than 10
microns. The slurry was coated onto a cordierite carrier using deposition methods known in the
art for depositing the catalyst on a cordierite substrate. After coating, the carrier plus the
undercoat layer were dried and then calcined at a temperature of 450°C for about 1 hour.

Inner Layer
[0076] The components present in the inner layer were high surface area (160 m*/g)
gamma alumina, platinum, palladium, and a stabilizer, The total loading of the middle layer was
1.6 gfin’. The inner layer contained 100% of the palladium and about 90% of the platinum
joadings. The gamma alumina had a single point adsorption total pore volume in the range of
about 0.85 cm*/g and an average BET pore diameter of about 100 A.
[0077] Palladium and platinum in the form of soluble salts were impregnated onto the
gamma alumina by planetary mixer (P-mixer) to form a wet powder while achieving incipient
wetness. An aqueous slurry was then formed, using an acid to reduce the pH to < 4.5, The
slurry was milled to a particle size of 90% less than 10 microns. The slurry was coated onto the
cordierite carrier over the undercoat layer using deposition methods known in the art for
depositing the catalyst on a cordierite substrate. After coating, the carrier plus the undercoat and

imner layers were dried, and then calcined at a temperature of 450°C for about 1 hour.
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Outer Layer

[6078] The components present in the outer layer were a high surface area (160 mzlg)
gamma alumina, H-beta zeolite, and platinum. The total loading of the outer layer was 0.8 g/in3.

[0079] An aqueous slurry of the gamma alumina was formed, using an acid to reduce the
pH to <4.5. The slurry was milled to a patticle size of 90% less than 10 microns. A soluble salt
of platinum was used to impregnate the H-beta zeolite, which was added to the slurry. The
slurry was then milled to a particle size of 90% less than 10 microns. The slurry was coated onto
the cordierite carrier over the inner layer using deposition methods known in the art for
depositing the catalyst on a cordierite substrate. After coating, the carrier plus the undercoat,

inner, and outer layers were dried, and then calcined at a temperature of 450°C for about 1 hour.
EXAMPLE 8

TESTING
[0080] The catalytic materials of Examples 3 and 7 were coated onto 75 in® (1.24 L)

substrates and were evaluated for engine light-off performance. HC/CO conversions were
measured while the temperature was rapidly raised from 80°C to 325°C. CO concentration was
measured using a Fourier Transform Infrared (FTIR) analyzer. Total hydrocarbons (THC) were
measured using an FID. The conversion efficiencies, Tsy for CO (temperature at which 50% of
CO was converted), Ty for HC (temperature at which 70% of HCs were converted), and are
reported in Table 4. Table 4 shows that the layered catalyst of Example 7 provided an
improvement of 18°C for hydrocarbon conversion at 70% and of 31°C for catbon monoxide

conversion ai 50%.

Table 4:
HC, T7 °C | CO, Ts °C
Example 7 202 180
Example 3 220 211
COMPARATIVE
[0081] Layered catalysts of Examples 3 and 7 were tested on EURO 4-type vehicles

having 2 different engine sizes: a 1.5 I engine and a 2 L engine. The conversion efficiencies for

CO and HC measured on the regulated European NEDC drive cycle and are reported in Table 5.
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Table 5:
Engine Size | CO Conversion | HC Conversion
Efficiency (%) Efficiency {%)
Example 7 1.5L 69 76
Example 3 ISL 46 64
COMPARATIVE
Example 7 2L 71 77
Example 3 2L 48 65
COMPARATIVE
[0082] These vehicle conversion test results in Table 5 clearly indicated the benefits of

using a catalyst having palladium separated from the zeolite layer and having a porous alumina
in the inner layer supporting the precious metal components. For CO, conversion efficiency
improved by 23 percentage points and for HC, conversion efficiency improved by 12 percentage

points.

EXAMPLE 9

[0083] A catalyzed soot filter (CSF) having a catalytic material is prepared using three
layers: an undercoat layer, an inner layer, and an outer layer. The CSF contains palladium and
platinum with a total PGM loading of 25 g/ft® and a nominal Pt/Pd/Rh ratio of 2/1/0. The layers
contain compositions in accordance with one or more of Examples 1, 3, and 7 at loadings
sufficient to convert CO and HCs without deleterious effects on back pressure.

[0084] Reference throughout this specification to “one embodiment,” “certain
embodiments,” “one or more embodiments” ot “an embodiment” means that a particular feature,
structure, material, or characteristic described in connection with the embodiment is included in
at least one embodiment of the invention. Thus, the appearances of the phrases such as “in one

3% G

or more embodiments,” “in certain embodiments,” “in one embodiment” or “in an embodiment”
in various places throughout this specification are not necessarily referring to the same
embodiment of the invention. Furthermore, the particular features, structures, materials, or
characteristics may be combined in any suitable manner in one or more embodiments.

[0085] The invention has been described with specific reference to the embodiments and

modifications thereto described above. Further modifications and alterations may occur to others
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upon reading and understanding the specification. It is intended to include all such modifications

and alterations insofar as they come within the scope of the invention.
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What is claimed is:

1. A layered diesel oxidation catalyst composite comprising:

a diesel oxidation catalytic material on a carrier, the catalytic material comprising a
palladium component in an amount in the range of 5 to 75 g/ft® (0.18 to 2.65 kg/m®) and at least
two layers:

a hydrocarbon trap layer comprising at least one molecular sieve, the hydrocarbon trap
layer being substantially free of palladium; and

a palladium-containing layer that comprises the palladium component, and is
substantially free of a molecular sieve, wherein the palladium component is located on a high

surface area, porous refractory metal oxide support.

2. The layered catalyst composite of claim 1, wherein the catalytic material further
comprises a platinum component, in the range of 10 o/ft® to 150 g/ft® (0.35 to 5.30 kg/m®), an
amount of up to 20% by weight of the platinum component being incorporated into the at least
one molecular sieve, and an amount of at least 80% by weight of the platinum component being
on the high surface area, porous refractory metal oxide support of the palladium-containing
layer.

3. The layered catalyst composite of any of claims 1 to 2, wherein the high surface area,
porous refractory metal oxide support comprises a compound that is activated, stabilized, or both
selected from the group consisting of alumina, zirconia, silica, titania, silica-alumina, zirconia-
alumina, titania-alumina, lanthana-alumina, lanthana-zirconia-alumina, baria-alumina, baria-
lanthana-alumina, baria-lanthana-neodymia-alumina, zirconia-silica, titania-silica, and zirconia-
titania.

4. The layered catalyst composite of any of claims I to 3, wherein the high surface area,
porous refractory metal oxide support comprises alumina having a pore volume in the range of

0.5 to 1.5 cm*/g and an average pore diameter of at least 75 A.

5. The layered catalyst composite of claim 4, wherein the average pore diameter in the
range of 75 A to 150 A.
0. The layered catalyst composite of any of claims 1 to 5, wherein the molecular sieve

comprises a zeolite that comprises a beta-zeolite, ZSM-5, zeolite-Y or combinations thereof,
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7. The layered catalyst composite of any of claims [ to 6 further comprising an undercoat
layer located on the carrier and below the at least two layers, the undercoat layer comprising a
high surface area refractory metal oxide.

8. The layered catalyst composite of claim 2, wherein the high surface area, porous
refractoty metal oxide support comprises alumina having a surface area in the range of 80 to 200
m?/g, a pore volume in the range of 0.6 to 1.0 cm’/g, and an average pore diameter in the range
of 70 A to 150 A, and wherein the zeolite comprises a beta zeolite into which the amount of at
least 10% by weight of the platinum component is incorporated.

9. The layered catalyst composite of any of claims 1 to 8 having a total precious metal
component loading in an amount in the range of 15 to 225 o/ft (0.53 t0 7.95 kg/m?).

10, The layered catalyst composite of claim 2, wherein the platinum to palladium weight
ratio of the catalytic material is in the range of 10:1 to 1:10.

11.  The layered catalyst composite of any of claims 1 to 10, wherein the palladium-
containing layer is located on the carrier and the hydrocarbon trap layer is located on the
palladium-containing layer.

12.  The layered catatyst of claim 11, further comprising an undercoat layer wherein the
palladium component in the catalytic material is present in the amount of about 40 g/ft’, the
palladium-containing layer comprises 100% of the palladium component in the catalytic material
and gamma alumina having a single point adsorption total pore volume about 0.85 cm*/g and an
average BET pore diameter of about 100 A, wherein the palladium-containing layer further
comprises platinum, and the hydrocarbon trap layer comprises beta-zeolite, gamma alumina, and
platinum.

13. A method of treating a gaseous exhaust stream of a diesel engine, the exhaust stream
including hydrocarbons, carbon monoxide, and other exhaust gas components, the method
comprising: contacting the exhaust stream with the diesel oxidation catalyst composites of any of
claims 1-12.

14, The method of claim 13, further comprising directing the diesel exhaust gas stream one
or more to a soot filter located downstream of the diesel oxidation catalyst composite and a
selective catalytic reduction (SCR) catalytic article located upstream or downstream of the

catalyzed soot filter (CSF).
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15. A system for treatment of a diesel engine exhaust stream including hydrocarbons, carbon
monoxide, and other exhaust gas components, the emission treatment system comprising:

an exhaust conduit in fluid communication with the diesel engine via an exhaust
manifold;

the diesel oxidation catalyst composite of any of claims 1 to 12 wherein the carrier is a flow

through substrate or a wall-flow substrate ; and

one or more of the following in fluid communication with the composite: a soot filter, a
sclective catalytic reduction (SCR) catalytic article and a NOx storage and reduction (NSR)

catalytic article.
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