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CATALYST AND METHOD OF
MANUFACTURE

BACKGROUND

[0001] The systems and techniques described include
embodiments that relate to catalysts. They also include
embodiments that relate to the making of catalysts and sys-
tems that may include catalysts.

[0002] Exhaust streams generated by the combustion of
fossil fuels, such as in furnaces, ovens, and engines, contain
various potentially undesirable combustion products includ-
ing nitrogen oxides (NO, ), unburned hydrocarbons (HC), and
carbon monoxide (CO). NO,, though thermodynamically
unstable, may not spontaneously decompose in the absence of
a catalyst. Exhaust streams may employ exhaust treatment
devices to remove NO, from the exhaust stream.

[0003] Examples of exhaust treatment devices include
catalytic converters (e.g., three-way catalyst, oxidation cata-
lysts, selective catalytic reduction (SCR) catalysts, and the
like), evaporative emission devices, scrubbing devices (e.g.,
hydrocarbon (HC), sulfur, and the like), particulate filters/
traps, adsorbers/absorbers, plasma reactors (e.g., non-ther-
mal plasma reactors and thermal plasma reactors), and the
like. A three-way catalyst (TWC catalyst) in a catalytic con-
verter may reduce NO, by using CO and residual hydrocar-
bon. TWC catalysts may be effective over a specific operating
range of both lean and rich fuel/air conditions and within a
specific operating temperature range. Particulate catalytic
compositions may enable optimization of the conversion of
HC, CO, and NO,. The conversion rate may depend on the
exhaust gas temperature. The catalytic converter may operate
at an elevated catalyst temperature of about 300 degrees C. or
higher. The time period between when the exhaust emissions
begin (i.e., “cold start”), until the time when the substrate
heats up to a light-off temperature, is the light-oft time. Light-
off temperature is the catalyst temperature at which fifty
percent (50%) of the emissions from the engine convert as
they pass through the catalyst. Alternative methods to heat the
catalyst may be employed to bring catalyst temperature to the
light off temperature.

[0004] The exhaust gases from the engine may heat the
catalytic converter. This heating may help bring the catalystto
the light-off temperature. The exhaust gases pass through the
catalytic converter relatively unchanged until the light-off
temperature is reached. In addition, the composition of the
engine exhaust gas changes as the engine temperature
increases from a cold start temperature to an operating tem-
perature, and the TWC catalyst may work with the exhaust
gas composition that is present at normal elevated engine
operating temperatures.

[0005] Selective Catalytic Reduction (SCR) may include a
noble metal system, base metal system, or zeolite system. The
noble metal catalyst may operate in a temperature range of
from about 240 degrees C. to about 270 degrees C., but may
be inhibited by the presence of sulfurdioxide. The base metal
catalysts may operate in a temperature range of from about
310 degrees C. to about 500 degrees C., but may promote
oxidation of sulfurdioxide to sulfurtrioxide. The zeolites can
withstand temperatures up to 600 degrees C. and, when
impregnated with a base metal may have a wide range of
operating temperatures.

[0006] SCR systems with ammonia as a reductant may
yield NO, reduction efficiencies of more than 80 percent in
large natural gas fired turbine engines and in lean burn diesel
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engines. However, the presence of ammonia may be undesir-
able, and there may be some ammonia slip due to imperfect
distribution of reacting gases as well as due to incomplete
ammonia consumption. Further, ammonia solutions require
an extra storage tank and are subject to freezing at cold
ambient temperatures.

[0007] SCR of NO, can also be accomplished with hydro-
carbons. NO, can be selectively reduced by some organic
compounds for example, alkanes, olefins, and alcohols, over
several catalysts under excess oxygen conditions. The injec-
tion of diesel or methanol has been explored in heavy-duty
stationary diesel engines to supplement the hydrocarbons
(HC) in the exhaust stream. However, the conversion effi-
ciency may be reduced outside the temperature range of 300
degrees C. to 400 degrees C. In addition, this technique may
have HC-slip over the catalyst, transportation and on-site bulk
storage of hydrocarbons, and possible atmospheric release of
the HC. The partial oxidation of hydrocarbons may release
CO, unburned HC, and particulates.

[0008] It may be desirable to have a catalyst that can effect
emission reduction across a range of temperatures and oper-
ating conditions that differ from those currently available.

BRIEF DESCRIPTION

[0009] In one embodiment, is provided a catalyst system.
The catalyst system comprises a first catalytic composition
comprising a homogeneous solid mixture containing at least
one catalytic metal and at least one metal inorganic support.
The pores of the solid mixture have an average diameter in a
range of about 1 nanometer to about 15 nanometers. The
catalytic metal comprises nanocrystals.

[0010] In another embodiment, is provided a catalyst sys-
tem. The catalyst system comprises a first catalytic composi-
tion comprising a homogeneous solid mixture containing at
least one catalytic metal and at least one metal inorganic
support. The pores of the solid mixture have an average diam-
eter in a range of about 1 nanometer to about 15 nanometers.
The catalytic metal comprises nanocrystals. The catalyst sys-
tem further comprises at least one promoting metal. The
catalyst system also comprises a second catalytic composi-
tion. The second catalytic composition comprises (i) a zeo-
lite, or (ii) a first catalytic material disposed on a first sub-
strate. The first catalytic material comprises an element
selected from the group consisting of tungsten, titanium, and
vanadium.

[0011] In yet another embodiment is provided a method.
The method comprises the steps of providing nanocrystals of
at least one catalytic metal; incorporating the nanocrystals in
at least one metal inorganic support; and forming a first cata-
Iytic composition comprising a homogeneous solid mixture
containing at least one catalytic metal and at least one metal
inorganic support; wherein the pores of the solid mixture have
an average diameter in a range of about 1 nanometer to about
15 nanometers; and wherein the catalytic metal comprises
nanocrystals.

[0012] In still yet another embodiment, is provided an
exhaust system comprising a fuel delivery system configured
to deliver a fuel to an engine; an exhaust stream path config-
ured to receive an exhaust stream from the engine; a reductant
delivery system configured to deliver a reductant to the
exhaust stream path; and a catalyst system disposed in the
exhaust stream path. The catalyst system comprises: a first
catalytic composition comprising; a homogeneous solid mix-
ture containing at least one catalytic metal and at least one
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metal inorganic support; wherein the pores of the solid mix-
ture have an average diameter in a range of about 1 nanometer
to about 15 nanometers; and wherein the catalytic metal is in
the form of nanocrystals.

[0013] In still yet another embodiment, is provided a cata-
lyst system comprising a first catalytic composition compris-
ing a homogeneous solid mixture containing at least one
catalytic metal and at least one metal inorganic support;
wherein the pores of the solid mixture have an average diam-
eter in a range of about 1 nanometer to about 15 nanometers;
wherein the catalytic metal comprises nanocrystals; and
wherein the nanocrystals have a particle size distribution of
less than about 20 percent. The catalytic metal is present in an
amount of equal or less than about 6 mole percent based on
the weight of the homogenous solid mixture.

DRAWINGS

[0014] These and other features, aspects, and advantages of
the present invention will become better understood when the
following detailed description is read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

[0015] FIG. 1 is a schematic diagram depicting a catalyst
system set-up in a furnace;

[0016] FIG. 2 is a schematic diagram depicting a catalyst
system set-up in a furnace;

[0017] FIG. 3 is a schematic diagram depicting a catalyst
system set-up in a furnace;

[0018] FIG. 4 is a schematic diagram depicting an exhaust
system comprising the catalyst system set-up in accordance
with an embodiment of the invention;

[0019] FIG. 5is a schematic diagram depicting an exhaust
system comprising the catalyst system set-up in accordance
with an embodiment of the invention;

[0020] FIG. 6 is a schematic diagram depicting an exhaust
system comprising the catalyst system set-up in accordance
with an embodiment of the invention;

[0021] FIG. 7 is a schematic diagram depicting an exhaust
system comprising the catalyst system set-up in accordance
with an embodiment of the invention;

[0022] FIG. 8is a schematic diagram depicting an exhaust
system comprising the catalyst system set-up in accordance
with an embodiment of the invention;

[0023] FIG. 9 is a schematic diagram depicting an exhaust
system comprising the catalyst system set-up in accordance
with an embodiment of the invention;

[0024] FIG. 10 is a Transmission Electron Microscopy
(TEM) of silver nanocrystals in accordance with an embodi-
ment of the present invention;

[0025] FIG. 11 is a TEM of silver nanocrystals in accor-
dance with an embodiment of the present invention;

[0026] FIG. 12 is a TEM of silver nanocrystals in accor-
dance with an embodiment of the present invention;

[0027] FIG. 13 is a TEM of silver nanocrystals in accor-
dance with an embodiment of the present invention;

[0028] FIG. 14 is an Energy-Dispersive X-ray spectros-
copy (EDS) of silver nanocrystals in accordance with an
embodiment of the present invention;

[0029] FIG. 15 is an ultraviolet-visible (UV-Vis) spectros-
copy of silver nanocrystals in accordance with an embodi-
ment of the present invention;

[0030] FIG. 16 is a TEM of a homogenous solid mixture
containing silver in accordance with an embodiment of the
present invention;
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[0031] FIG. 17 is a TEM of a homogenous solid mixture
containing silver in accordance with an embodiment of the
present invention;

[0032] FIG. 18 is a TEM of a homogenous solid mixture
containing silver in accordance with an embodiment of the
present invention;

[0033] FIG. 19 is an EDS of a homogenous solid mixture
containing silver in accordance with an embodiment of the
present invention;

[0034] FIG. 20 is a bar graph depicting NO, conversion in
accordance with an embodiment of the present invention;
[0035] FIG. 21 is a bar graph depicting CO, conversion in
accordance with an embodiment of the present invention;
[0036] FIG. 22 is a graph of NO, conversion in presence of
a catalyst at various temperatures in accordance with an
embodiment of the present invention;

[0037] FIG. 23 is a graph of NO, conversion in presence of
a catalyst at various temperatures in accordance with an
embodiment of the present invention;

[0038] FIG. 24 is a graph of NO, conversion in presence of
a catalyst at various temperatures in accordance with an
embodiment of the present invention; and

[0039] FIG. 25 is a graph of NO, conversion in presence of
a catalyst at various temperatures in accordance with an
embodiment of the present invention.

DETAILED DESCRIPTION

[0040] The systems and techniques described include
embodiments that relate to catalysts and their use and manu-
facture. Other embodiments relate to articles that include
catalysts and catalytic compositions that may chemically
reduce NO, that is present in emissions generated during
combustion, for example in furnaces, ovens, engines, and
locomotives.

[0041] Embodiments of the invention described herein
address the noted shortcomings of the state of the art. The
catalyst system described herein fills the needs described
above by employing a catalyst system comprising at least a
first catalytic composition to reduce the NO, in an exhaust
gas. The first catalytic composition uses a homogeneous solid
mixture containing at least one catalytic metal and at least one
metal inorganic support; wherein the pores of the solid mix-
ture have an average diameter in a range of about 1 nanometer
to about 15 nanometers; and wherein the catalytic metal com-
prises nanocrystals. The first catalytic composition converts
the NO, in the exhaust gas to nitrogen containing chemicals
such as ammonia. The catalyst system may further include a
promoting metal. The catalyst system may further include a
second catalytic composition. The second catalytic composi-
tion comprises either (i) a first catalytic material disposed on
a first substrate or (ii) a zeolite, which may use the ammonia
or ammonia like products generated by the first catalytic
composition as a NO, reductant to further reduce additional
NO, in the exhaust gas. In certain embodiments, the catalyst
system may include a third catalytic composition comprising
a second catalytic material disposed on a second substrate.
The second catalytic material may be selected from the group
consisting of platinum, palladium, ruthenium, osmium, and
iridium. The catalyst systems described herein may further
employ a hydrocarbon reductant, such as for example diesel.
One advantage of using diesel as a reductant is that it is readily
available on board vehicles with diesel engines. In certain
embodiments, a co-reductant may be used with hydrocarbon
reductant to lower the light off temperature of the catalyst.
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[0042] A catalyst is a substance that can cause a change in
the rate of a chemical reaction without itself being consumed
in the reaction. A powder is a substance including finely
divided solid particles. A monolith may be a ceramic block
having a number of channels, and may be made by extrusion
of clay, binders and additives that are pushed through a dye to
create a structure. Approximating language, as used herein
throughout the specification and claims, may be applied to
modify any quantitative representation that could permissibly
vary without resulting in a change in the basic function to
which it is related. Accordingly, a value modified by a term
such as “about” is not to be limited to the precise value
specified. In some instances, the approximating language
may correspond to the precision of an instrument for measur-
ing the value. Similarly, “free” may be used in combination
with a term, and may include an insubstantial number, or trace
amounts, while still being considered free of the modified
term.

[0043] One or more specific embodiments of the present
invention will be described below. In an effort to provide a
concise description of these embodiments, all features of an
actual implementation may not be described in the specifica-
tion. It should be appreciated that in the development of any
such actual implementation, as in any engineering or design
project, numerous implementation-specific decisions must be
made to achieve the developers’ specific goals, such as com-
pliance with system-related and business-related constraints,
which may vary from one implementation to another. More-
over, it should be appreciated that such a development effort
might be complex and time consuming, but would neverthe-
less be a routine undertaking of design, fabrication, and
manufacture for those of ordinary skill having the benefit of
this disclosure.

[0044] When introducing elements of various embodi-
ments of the present invention, the articles “a,” “an,” “the,”
and “said” are intended to mean that there are one or more of
the elements. The terms “comprising,” “including,” and “hav-
ing” are intended to be inclusive and mean that there may be
additional elements other than the listed elements. Moreover,
the use of “top,” “bottom,” “above,” “below,” and variations
of these terms is made for convenience, but does not require
any particular orientation of the components unless otherwise
stated. As used herein, the terms “disposed on” or “deposited
over” or “disposed between” refers to both secured or dis-
posed directly in contact with and indirectly by having inter-
vening layers therebetween.

[0045] In one embodiment, is provided a catalyst system.
The catalyst system comprises a homogeneous solid mixture
containing at least one catalytic metal and at least one metal
inorganic support. The pores of the solid mixture have an
average diameter in a range of about 1 nanometer to about 15
nanometers. The catalytic metal comprises nanocrystals.
[0046] Inoneembodiment, the nanocrystals have a particle
size distribution (PSD) of less than about 20 percent. In
another embodiment, the nanocrystals have a PSD ofless than
about 15 percent. In yet another embodiment the nanocrystals
have a PSD ofless than about 10 percent. In one embodiment,
the PSD may be determined using Transmission electron
microscopy (TEM). TEM is a technique whereby a beam of
electrons is transmitted through an ultra thin specimen, inter-
acting with the specimen as it passes through. An image is
formed from the interaction of the electrons transmitted
through the specimen; the image is magnified and focused
onto an imaging device, such as a fluorescent screen, on a
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layer of photographic film, or to be detected by a sensor such
as a charge-coupled device (CCD) camera. TEMs are capable
of imaging at a significantly higher resolution than light
microscopes, owing to the small de Broglie wavelength of
electrons. This enables the instrument’s user to examine fine
detail—even as small as a single column of atoms, which is
tens of thousands times smaller than the smallest resolvable
object in a light microscope. TEM forms a major analysis
method in a range of scientific fields, in both physical and
biological sciences. At smaller magnifications TEM image
contrast is due to absorption of electrons in the material, due
to the thickness and composition of the material. At higher
magnifications complex wave interactions modulate the
intensity of the image, requiring expert analysis of observed
images. Alternate modes of use allow for the TEM to observe
modulations in chemical identity, crystal orientation, elec-
tronic structure and sample induced electron phase shift as
well as the regular absorption based imaging.

[0047] In one embodiment, the catalytic metal in the form
of nanocrystals comprises transition metals. Suitable transi-
tion metals that may be used as the catalytic metal may
include silver, platinum, gold, palladium, iron, nickel, cobalt,
gallium, indium, ruthenium, rhodium, osmium, iridium, or
combinations of at least two of the foregoing metals. In one
embodiment, the catalytic metal comprises silver.

[0048] In one embodiment, the metal inorganic support
forming the homogenous solid mixture has pores. The porous
metal inorganic support is a reaction product of a reactive
solution, a solvent, a modifier and a templating agent. A
method includes mixing a reactive solution and a templating
agent to form a gel; and calcining the gel to form a porous
metal inorganic support that is capable of supporting a cata-
lyst composition. In one embodiment, the metal inorganic
support may be manufactured via a process, as described in
co-pending US Patent Application 20090074641 which is
incorporated herein in its entirety. As used herein, without
further qualifiers, porous refers to a material containing pores
with diameters in a range of from about 1 nanometer to about
15 nanometers. In one embodiment, the homogenous solid
support comprising the metal inorganic support and the cata-
lytic material in the form of nanocrystals may be manufac-
tured in two steps. The first step described herein comprises
the preparation of a solution comprising the catalytic material
nanocrystals in a solvent. The second step comprises mixing
the solution comprising the catalytic material nanocrystals in
a solvent with a metal inorganic support precursor during the
manufacturing process of the metal inorganic support, result-
ing in the formation of the homogenous solid mixture.
[0049] In one embodiment, the average pore size of the
metal inorganic support is controlled and selected to reduce or
eliminate poisoning. Poisoning may affect catalytic ability,
and may be by aromatic species present in the reductant or in
the exhaust gas stream. The porous material described herein
is more resistant to poisoning from an aromatic containing
reductant than a baseline typical gamma phase alumina
impregnated with silver.

[0050] In various embodiments, the catalytic metal in the
form of nanocrystals may be present in the first catalytic
composition in an amount less than or equal to about 6 mole
percent based on the weight of the homogenous solid mixture.
One skilled in the art will appreciate that the amount selection
may be based on end use parameters, economic consider-
ations, desired efficacy, and the like. In one embodiment, the
catalytic metal present in the first catalytic composition is in
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arange of from about 2 mole percent to about 6 mole percent
based on the weight of the homogenous solid mixture. In
another embodiment, the catalytic metal present in the first
catalytic composition is in a range of from about 2.5 mole
percent to about 4.5 mole percent based on the weight of the
homogenous solid mixture. In yet another embodiment, the
catalytic metal present in the first catalytic composition is in
arange of from about 3 mole percent to about 4 mole percent
based on the weight of the homogenous solid mixture.

[0051] In one embodiment, the metal inorganic support
may include an inorganic material. As used herein, the phrase
“metal inorganic support” means a support that comprises an
inorganic material, which material in part contains atoms or
cations of one or more of the metal elements. Suitable inor-
ganic materials may include, for example, oxides, carbides,
nitrides, hydroxides, carbonitrides, oxynitrides, borides, sili-
cates, or borocarbides. In one embodiment, the inorganic
oxide may have hydroxide coatings. In one embodiment, the
inorganic oxide may be a metal oxide. The metal oxide may
have a hydroxide coating. Other suitable metal inorganics
may include one or more metal carbides, metal nitrides, metal
hydroxides, metal carbonitrides, metal oxynitrides, metal
borides, or metal borocarbides. Metal cations used in the
foregoing inorganic materials can be transition metals, alkali
metals, alkaline earth metals, rare earth metals, or the like.
Other elements that form a part of the main group elements
included aluminum, boron, and silicon.

[0052] Examples of suitable inorganic oxides include silica
(Si0,), alumina (Al,O,), titania (TiO,), zirconia (ZrO,),
ceria (CeQ,), magnesium oxide (MgO), barium oxide (BaO),
yttrium oxide (Y,0;), vanadium oxide (V,0;), gallium oxide
(Ga,0,), zinc oxide (Zn0), aluminosilicate (Al,Si0O;), iron
oxides (for example, FeO, beta-Fe,0;, gamma-Fe,O;, beta-
Fe,O;, Fe,0,, or the like), calcium oxide (Ca0O), and manga-
nese dioxide (MnO, and Mn;0,). Examples of suitable inor-
ganic carbides include silicon carbide (SiC), titanium carbide
(TiC), tantalum carbide (TaC), tungsten carbide (WC),
hafnium carbide (HfC), or the like. Examples of suitable
nitrides include silicon nitrides (Si;N,), titanium nitride
(TiN), or the like. Examples of suitable borides include lan-
thanum boride (LaBy), chromium borides (CrB and CrB,),
molybdenum borides (MoB,, Mo,Bs and MoB), tungsten
boride (W,B;), or the like. In one embodiment, the inorganic
substrate is alumina. The alumina employed may be crystal-
line or amorphous. In one embodiment, the porous metal
inorganic support comprises porous alumina and the catalytic
metal comprises silver nanocrystals.

[0053] Inoneembodiment, the metal inorganic support has
a mean pore size greater than about 0.5 nanometers. In one
embodiment, the metal inorganic support may have an aver-
age diameter of pores in a range of about 1 nanometer to about
15 nanometers. In another embodiment, the metal inorganic
support may have an average diameter of pores in a range of
about 2 nanometers to about 12 nanometers. In yet another
embodiment, the metal inorganic support may have an aver-
age diameter of pores in a range of about 3 nanometers to
about 15 nanometers. In one embodiment, the metal inor-
ganic support may have an average diameter of pores in a
range of about 1 nanometer to about 5 nanometers. The aver-
age diameter of pores may be measured using nitrogen
adsorption measurements with BET method. BET theory is a
rule for the physical adsorption of gas molecules on a solid
surface and serves as the basis for an important analysis
technique for the measurement of the specific surface area of
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a material. BET is short hand for the inventors’ names:
Stephen Brunauer, Paul Hugh Emmett, and Edward Teller,
who came up with the theory.

[0054] In certain embodiments, the pore size has a narrow
monomodal distribution. In one embodiment, the pores have
a pore size distribution polydispersity index that is less than
about 1.5, less than about 1.3, or less than about 1.1. In one
embodiment, the distribution of diameter sizes may be bimo-
dal, or multimodal.

[0055] Inanother embodiment, the porous metal inorganic
support includes one or more stabilizers, which may be added
to the metal inorganic support. For example, in various
embodiments, the metal inorganic support comprising pre-
dominantly alumina has smaller amounts of yttria, zirconia,
or ceria added to it. In one embodiment, the amount of yttria,
zirconia, or ceriais in a range of about 0.1 percent to about 10
percent based on the weight of the alumina. In another
embodiment, the amount of yttria, zirconia, or ceria is in a
range of about 1 percent to about 9 percent based on the
weight of the alumina. In yet another embodiment, the
amount of yttria, zirconia, or ceria is in a range of about 2
percentto about 6 percent based on the weight of the alumina.
[0056] Inoneembodiment, the pores may be distributed in
a controlled and repeating fashion to form a pattern. In
another embodiment, the pore arrangement is regular and not
random. As defined herein, the phrase “pore arrangement is
regular” means that the pores may be ordered and may have
an average periodicity. The average pore spacing may be
controlled and selected based on the surfactant selection that
is used during the gelation. In one embodiment, the pores are
unidirectional, are periodically spaced, and have an average
periodicity. One porous metal inorganic support has pores
that have a spacing of greater than about 200 nanometers. In
one embodiment, the spacing is in a range of from about 300
nanometers to about 400 nanometers. In another embodi-
ment, the spacing is in a range of from about 500 nanometers
to about 2000 nanometers. In yet another embodiment, the
spacing is in a range of from about 600 nanometers to about
1500 nanometers. The average pore spacing (periodicity)
may be measured using small angle X-ray scattering. In
another embodiment, the pore spacing is random.

[0057] The porous metal inorganic support may have a
surface area greater than about 50 square meters per gram. In
one embodiment, the porous metal inorganic support has a
surface area that is in a range of from about 50 square meters
per gram to about 2000 square meters per gram. In another
embodiment, the porous metal inorganic support has a sur-
face area thatis in a range of from about 100 square meters per
gram to about 1000 square meters per gram. In one embodi-
ment, the porous metal inorganic support has a surface area
that is in a range of from about 300 square meters per gram to
about 600 square meters per gram.

[0058] The porous metal oxide inorganic support may be
made up of particles. The particles may be agglomerates, a
sintered mass, a surface coating on a support, or the like. The
porous metal oxide inorganic support may have an average
particle size of up to about 4 millimeters. In one embodiment,
the porous inorganic materials may have an average particle
size in a range of from about 5 micrometers to about 3 milli-
meters. In another embodiment, the porous inorganic mate-
rials may have an average particle size in a range of from
about 500 micrometers to about 2.5 millimeters. In yet
another embodiment, the porous inorganic materials may
have an average particle size in a range of from about 1
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millimeter to about 2 millimeters. In one, the porous substrate
has an average particle size of about 40 micrometers. In one,
the porous substrate has an average particle size of about 10
micrometers.

[0059] The first catalytic composition may be present in an
amount of up to about 90 weight percent, based upon the total
weight of the catalyst system. In one embodiment, the first
catalytic composition may be present in an amount in a range
of from about 1 weight percent to about 90 weight percent,
based upon the total weight of the catalyst system. In another
embodiment, the first catalytic composition in the form of a
bed may be present in an amount in a range of from about 20
weight percent to about 80 weight percent, based upon the
total weight of the catalyst system. In yet another embodi-
ment the first catalytic composition may be present in an
amount in a range of from about 50 weight percent to about 70
weight percent, based upon the total weight of the catalyst
system. In various embodiments, the ratio is determined by
the quantity of species generated on the first bed that are
utilized on the second bed. This will depend on several vari-
ables specific to the particular exhaust application where the
catalyst system may be employed. The type of engine or
turbine, the exhaust temperature, the flow rate, concentration
of NO,, etc. all factor into determining the ratio of the first
catalytic composition to the second catalytic composition.
The ratio can be optimized for a particular application in a
way such as to achieve the highest NO, conversion in a given
system.

[0060] In one embodiment, the first catalytic composition
comprises at least one promoting metal. A promoting metal is
a metal that enhances the action of a catalyst. In one embodi-
ment, the promoting metal may be selected from the group
consisting of gallium, indium, gold, vanadium, zinc, tin, bis-
muth, cobalt, molybdenum, zirconium, hatnium, and tung-
sten. In one embodiment, the promoting metal may be present
in an amount in a range of from about 0.1 weight percent to
about 20 weight percent, based upon the total weight of the
catalyst system. In another embodiment, the first catalytic
composition may be present in an amount in a range of from
about 0.5 weight percent to about 15 weight percent, based
upon the total weight of the catalyst system. In yet another
embodiment, the first catalytic composition may be present in
an amount in a range of from about 1 weight percent to about
12 weight percent, based upon the total weight of the catalyst
system.

[0061] In one embodiment, the first catalytic composition
may be assembled in the catalyst system as shown in FIG. 1.
Referring to FIG. 1, a catalyst system 100 for determining the
NO, reducing capabilities of the first catalytic composition is
provided. The first catalytic composition 112 is placed in a
quartz tube 110 having an outer diameter of one inch. The first
catalytic composition 112 is placed inside the quartz tube
between two plugs of quartz wool 114 and 116. The quartz
tube 110 may now be used in an exhaust system to help
minimize the NO, emissions.

[0062] Inoneembodiment, the catalyst system may further
comprise a second catalytic composition. In one embodi-
ment, the first catalytic material of the second catalytic com-
position may include a zeolite. The function of the first cata-
Iytic material includes the use of ammonia or ammonia like
products generated by the first catalytic composition as aNO,.
reductant to further reduce additional NO, in the exhaust gas.
In one embodiment, the zeolite is free of additional metals,
i.e., the aluminum and silicon metal ions in the zeolite are not
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exchanged with any other metal ions, for example, iron or
copper ions. The zeolites may be naturally occurring or syn-
thetic. Examples of suitable zeolites are zeolite Y, zeolite beta,
ferrierite, mordenite, ZSM-5, ZSM-12, ZSM-22, ZSM-23,
ZSM-34, ZSM-35, ZSM-38, ZSM-48, ZSM-50, ZSM-57,
zeolite A, zeolite X, or a combination comprising at least two
of the foregoing zeolites. In one embodiment, the first cata-
Iytic material consists essentially of ferrierite. An exemplary
zeolite is a ferrierite having a silicon-to-aluminum ratio of
from about 10 to about 30. In another embodiment, the fer-
rierite has a silicon-to-aluminum ratio of from about 12 to
about 25. In yet another embodiment, the ferrierite has a
silicon-to-aluminum ratio of from about 15 to about 20. In
one embodiment, the zeolite includes additional metals, i.e.,
the aluminum and silicon metal ions in the zeolite are
exchanged with any other metal ions, for example, iron or
copper ions. Examples of such ion-exchanged zeolites
include iron zeolite and copper zeolite.

[0063] Examples of commercially available zeolites that
may be used in the second catalytic composition are marketed
under the following trademarks: CBV100, CBV300,
CBV400, CBV500, CBV600, CBV712, CBV720, CBV760,
CBV780, CBV901, CP814E, CP814C, CP811C-300,
CP914, CP914C, CBV2314, CBV3024E, CBV5524G,
CBV8014, CBV28014, CBV10A, CBV21A, CBV90A, or
the like, or a combination including at least two of the fore-
going commercially available zeolites.

[0064] The zeolite particles may be in the form of extru-
dates and generally have an average particle size of up to
about 2 millimeters. In one embodiment, the zeolite particles
have an average particle size of from about 0.001 millimeters
to about 1.1 millimeters. In another embodiment, the zeolite
particles have an average particle size of from about 0.1
millimeters to about 0.9 millimeters. In yet another embodi-
ment, the zeolite particles have an average particle size of
from about 0.2 millimeters to about 0.8 millimeters. In an
exemplary embodiment, the zeolite particles have an average
particle size of about 0.001 millimeter.

[0065] The zeolite particles may have a surface area ofup to
about 600 square meters per gram. In one embodiment, the
zeolite particles may have a surface area in a range of from
about 50 square meters per gram to about 600 square meters
per gram. In another embodiment, the zeolite particles may
have a surface area in a range of from about 80 square meters
per gram to about 500 square meters per gram. In yet another
embodiment, the zeolite particles may have a surface area in
a range of from about 100 square meters per gram to about
400 square meters per gram. A high specific surface area
typically results in more efficient conversion in addition to
other factors including unit cell sizes, pore sizes, type of
catalytic material, and exchanged metals.

[0066] In another embodiment, the second catalytic com-
position includes a first catalytic material disposed upon a
first substrate. Suitable materials that may be employed as the
first substrate include the inorganic materials described above
for the metal inorganic support. The first catalytic material
may include an element selected from the group consisting of
tungsten, titanium, and vanadium.

[0067] The first catalytic material may be present in the
second catalytic composition in an amount up to about 50
mole percent based on the amount of the catalyst system. In
one embodiment, the first catalytic material is present in the
second catalytic composition in an amount in a range of from
about 0.025 mole percent to about 50 mole percent based on
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the amount of the catalyst system. In another embodiment,
the first catalytic material is present in the second catalytic
composition in an amount in a range of from about 0.5 mole
percent to about 40 mole percent based on the amount of the
catalyst system. In yet another embodiment, the first catalytic
material is present in the second catalytic composition in an
amount in a range of from about 1.0 mole percent to about 30
mole percent based on the amount of the catalyst system. In
one embodiment, the amount of first catalytic material in the
second catalytic composition is about 1.5 mole percent based
on the amount of the catalyst system. In another embodiment,
the amount of first catalytic material in the second catalytic
composition is about 5 mole percent based on the amount of
the catalyst system.

[0068] The second catalytic composition may be used in an
amount of up to about 80 weight percent, based upon the total
weight of the catalyst system. In one embodiment, the second
catalytic composition may be used in an amount in a range of
from about 20 weight percent to about 70 weight percent
based upon the total weight of the catalyst system. In another
embodiment, the second catalytic composition may be used
in an amount in a range of from about 30 weight percent to
about 60 weight percent based upon the total weight of the
catalyst system. In yet another embodiment, the second cata-
lytic composition may be used in an amount in a range of from
about 40 weight percent to about 50 weight percent based
upon the total weight of the catalyst system. Also the first
catalytic material may be present in the second catalytic com-
position in an amount selected from the same range amount of
the catalytic material in the metal inorganic support as
described for the first catalytic composition above.

[0069] Inone embodiment, the catalyst system comprising
the first catalytic composition and the second catalytic com-
position may be assembled in a dual bed configuration in the
catalyst system as shown in FIG. 2. Referring to FIG. 2, a
catalyst system 200 for determining the NO, reducing capa-
bilities of the first catalytic composition is provided. The first
catalytic composition 212 is placed in a quartz tube 210
having an outer diameter of one inch. The first catalytic com-
position 212 is placed inside the quartz tube between two
plugs of quartz wool 214 and 216. The second catalytic com-
position 222 was similarly placed between another set of
quartz wool 218 and 220 about an inch away from the first set
of quartz wool. The quartz tube 210 may now be used in an
exhaust system to help minimize the NO, emissions.

[0070] In one embodiment, the catalyst system further
comprises a third catalytic composition disposed downstream
from the second catalytic composition; the third catalytic
composition comprising a second catalytic material disposed
ona second substrate, wherein the second catalytic material is
selected from the group consisting of platinum, palladium,
ruthenium, rhodium, osmium, and iridium. Suitable materials
that may be employed as the second substrate include the
inorganic materials described above for the metal inorganic
support. The second catalytic material is typically used to
oxidize any unwanted products of reaction or unused reac-
tants or reductants.

[0071] Inone embodiment, the third catalytic composition
is a diesel oxidation catalyst (DOC). A DOC is a flow through
device that consists of a canister containing a honeycomb-like
structure or substrate. The second substrate has a large surface
area that is coated with an active catalyst layer. This layer
contains a small, well dispersed amount of precious metals
such as platinum or palladium. As the exhaust gases traverse
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the DOC, carbon monoxide, gaseous hydrocarbons and liquid
hydrocarbon particles (unburned fuel and oil) are oxidized,
thereby reducing harmful emissions.

[0072] The second catalytic material may be present in the
third catalytic composition in an amount up to about 50 mole
percent. In one embodiment, the second catalytic material is
present in the third catalytic composition in an amount in a
range of from about 0.025 mole percent to about 50 mole
percent. In another embodiment, the second catalytic material
is present in the third catalytic composition in an amount in a
range of from about 0.5 mole percent to about 40 mole per-
cent. In yet another embodiment, the second catalytic mate-
rial is present in the third catalytic composition in an amount
in a range of from about 1.0 mole percent to about 30 mole
percent. In one embodiment, the amount of second catalytic
material in the third catalytic composition is about 1.5 mole
percent. In another embodiment, the amount of second cata-
Iytic material in the third catalytic composition is about 5
mole percent.

[0073] The third catalytic composition may be used in an
amount of up to about 90 weight percent, based upon the total
weight of the catalyst system. In one embodiment, the third
catalytic composition may be used in an amount in a range of
from about 10 weight percent to about 80 weight percent
based upon the total weight of the catalyst system. In another
embodiment, the third catalytic composition may be used in
anamount in a range of from about 20 weight percent to about
70 weight percent based upon the total weight of the catalyst
system. In yet another embodiment, the third catalytic com-
position may be used in an amount in a range of from about 30
weight percent to about 60 weight percent based upon the
total weight of the catalyst system.

[0074] In one embodiment, the second substrate may
include an inorganic material. In one embodiment, the inor-
ganic materials may include the materials listed above for the
metal inorganic support. Suitable materials that may be
employed as the second substrate include at least one member
selected from the group consisting of alumina, titania, zirco-
nia, ceria, silicon carbide and mixtures thereof.

[0075] Inone embodiment, the catalyst system comprising
the first catalytic composition, the second catalytic composi-
tion and the third catalytic composition may be assembled in
a triple bed configuration in the catalyst system as shown in
FIG. 3. Referring to FIG. 3, a catalyst system 300 for deter-
mining the NO, reducing capabilities of the first catalytic
composition is provided. The first catalytic composition 312
is placed in a quartz tube 310 having an outer diameter of one
inch. The first catalytic composition 312 is placed inside the
quartz tube between two plugs of quartz wool 314 and 316.
The second catalytic composition 322 is similarly placed
between another set of quartz wool 318 and 320 about an inch
away from the first set of quartz wool. The third catalytic
composition 328 is similarly placed between another set of
quartz wool 324 and 326 about an inch away from the first set
of quartz wool. The quartz tube 310 may now be used in an
exhaust system to help minimize the NO, emissions.

[0076] In one embodiment, the catalyst system further
comprises a delivery system configured to deliver a reductant.
When the catalytic composition is employed to reduce NO,
generated in emissions from furnaces, ovens, locomotives
and engines, a variety of hydrocarbons may be effectively
used as a reductant. In one embodiment, the reductant is a
hydrocarbon. In one embodiment, the hydrocarbon has an
average carbon chain length in the range of about 2 carbon
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atoms to about 24 carbon atoms. In one embodiment, the
reductant is one or more of diesel, ultra-low sulfur diesel
(ULSD), ethanol, gasoline, and octane. In one embodiment,
the reductant is a hydrocarbon having an average carbon
chain length in the range of about 3 carbon atoms or less. In
one embodiment, the reductant is one or more of methane,
ethylene, and propylene. In one embodiment, the reductant is
an oxygenated hydrocarbon. In one embodiment, the oxygen-
ated hydrocarbon is ethanol.

[0077] Incertain embodiments, a co-reductant may be used
with hydrocarbon reductant to lower the light off temperature
of'the catalyst. In one embodiment, the co-reductant is hydro-
gen. In one embodiment, the amount of co-reductant
employed may be in a range of from about 0 parts per million
to about 4000 parts per million based on the total volumetric
flow rate of the exhaust. In another embodiment, the amount
of co-reductant employed may be in a range of from about 10
parts per million to about 3000 parts per million based on the
total volumetric flow rate of the exhaust. In yet another
embodiment, the amount of co-reductant employed may be in
a range of from about 20 parts per million to about 2000 parts
per million based on the total volumetric flow rate of the
exhaust. In one embodiment, the amount of co-reductant
employed may be in a range of from about 0 parts per million
to about 1000 parts per million based on the total volumetric
flow rate of the exhaust.

[0078] Inan exemplary embodiment, diesel can be used as
a reductant. The catalytic composition can reduce NO_while
using higher hydrocarbons having from about 5 to about 9
carbon atoms per molecule as a reductant. The catalyst sys-
tem advantageously functions across a variety of temperature
ranges. Suitable temperature ranges may include tempera-
tures of greater than about 325 degrees C. Other temperature
ranges may include those up to about 425 degrees C.

[0079] In another embodiment, is provided a catalyst sys-
tem. The catalyst system comprises a first catalytic composi-
tion comprising a homogeneous solid mixture containing at
least one catalytic metal and at least one metal inorganic
support. The pores of the solid mixture have an average diam-
eter in a range of about 1 nanometer to about 15 nanometers.
The catalytic metal comprises nanocrystals. The catalyst sys-
tem further comprises at least one promoting metal. The
catalyst system also comprises a second catalytic composi-
tion. The second catalytic composition comprises (i) a zeo-
lite, or (ii) a first catalytic material disposed on a first sub-
strate. The first catalytic material comprises an element
selected from the group consisting of tungsten, titanium, and
vanadium.

[0080] In yet another embodiment is provided a method.
The method comprises the steps of providing nanocrystals of
at least one catalytic metal; incorporating the nanocrystals in
at least one metal inorganic support; and forming a first cata-
lytic composition comprising a homogeneous solid mixture
containing at least one catalytic metal and at least one metal
inorganic support; wherein the pores of the solid mixture have
an average diameter in a range of about 1 nanometer to about
15 nanometers; and wherein the catalytic metal comprises
nanocrystals.

[0081] Inoneembodiment, providing nanocrystals of the at
least one catalytic metal comprises preparing the nanocrys-
tals of the catalytic metal in the presence of a surfactant. As
used herein the term “surfactant” refers to a surface active
agent. Surface active agents are usually organic compounds
that are amphiphilic, meaning they contain both hydrophobic
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groups (their “tails”’) and hydrophilic groups (their “heads™).
Therefore they may be soluble in either water or in organic
solvents depending on the configuration. The use of surfac-
tants restrains the growth of the silver nanocrystals thereby
resulting in a substantially uniform and controlled size of the
nanocrystals. In one embodiment, the surfactant employed
may include carboxylic acids with about 17 carbon-carbon
bonds. In one embodiment, the surfactant employed may be
selected from one or more of oleic acid, octanoic acid, lauric
acid, and stearic acid. One skilled in the art will appreciate,
that any surfactant known in the art, that will provide the
desired nanocrystals may be employed.

[0082] In one embodiment, providing nanocrystals of the
catalytic metal is carried out a temperature in a range of about
10degrees C. to about 200 degrees C. In another embodiment,
providing nanocrystals of the catalytic metal is carried out a
temperature in a range of about 50 degrees C. to about 150
degrees C. In yet another embodiment, providing nanocrys-
tals of the catalytic metal is carried out a temperature in a
range of about 60 degrees C. to about 120 degrees C.

[0083] In one embodiment, providing nanocrystals of the
catalytic metal is carried out under vacuum in a range of about
0.5 millimeter of mercury to about 10 millimeter of mercury.
In another embodiment, providing nanocrystals of the cata-
lytic metal is carried out under vacuum in a range of about 0.8
millimeter of mercury to about 8 millimeter of mercury. In yet
another embodiment, providing nanocrystals of the catalytic
metal is carried out under vacuum in a range of about 1
millimeter of mercury to about 5 millimeter of mercury.
[0084] Inone embodiment, the nanocrystals have a PSD of
less than about 20 percent. In another embodiment, the
nanocrystals have a PSD of less than about 15 percent. In yet
another embodiment the nanocrystals have a PSD of less than
about 10 percent.

[0085] Inoneembodiment, the step of providing the nanoc-
rystals of the catalytic metal includes forming a mixture of a
salt of the catalytic metal with a surfactant and a high boiling
solvent. The resultant mixture is heated to dissolve the salt of
the catalytic metal in the solvent. The mixture is heated under
vacuum so that, any moisture present in the system, for
example, water present as an impurity in the reaction mate-
rials, is removed using the vacuum. Typically a vacuum in a
range of about 0.5 millimeters to about 10 millimeters of
mercury may be employed. The salt of the catalytic metal
dissolves in the solvent and subsequently forms the nanoc-
rystals.

[0086] Asusedherein the term “nanocrystals” means nano-
materials with at least one dimension of less than or equal to
about 100 nanometers. Nanocrystals attract huge technologi-
cal interest since many of their electrical and thermodynamic
properties show strong size dependence and can therefore be
controlled through careful manufacturing processes. The syn-
thesis of the nanocrystals under vacuum and in the presence
of'a surfactant has certain advantages. The salt of the catalytic
metal is decomposed under vacuum. Typically, as is known in
the art, presence of water may impair the monodispersity of
the metal. By employing vacuum the water present or formed
in the reaction mixture is removed thereby minimizing the
side-effects that occur in the presence of water. Further, intro-
duction of a surfactant into the synthesis effectively “pro-
tects” or controls the growth of the metal nanocrystals. There-
fore, the metal particles prepared by this method have a size in
the nano-region and their PSD may be less than about 20
percent.
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[0087] In one embodiment, the solvent employed may
include an organic solvent having a boiling point greater than
or equal to 90 degrees C. and can also dissolve the salt of the
catalytic metal. In one embodiment, the solvent employed
may include an amine solvent having 8 to 40 carbon atoms.
Suitable examples of solvents may include one or more of
trioctylamine, octylamine, and hexadecylamine.

[0088] In one embodiment, the solvent added to the solu-
tion before filtering or centrifuging may include a polar sol-
vent selected from ethanol, methanol, and acetone. In one
embodiment, the solvent employed before centrifuging is
ethanol. In one embodiment, the solvent added after the cen-
trifuging may include any non-polar solvent selected from
hexane, chloroform, tetrahydrofuran, and toluene. In one
embodiment, the solvent employed after centrifuging is hex-
ane.

[0089] In one embodiment, the temperature at which the
dissolution of the salt of the catalytic metal in the solvent in
the presence of a surfactant is carried out is in a range of about
10 degrees C. to about 90 degrees C. In another embodiment,
the temperature is about 60 degrees C. to about 80 degrees C.
In one embodiment, the temperature at which the reaction
mixture is maintained after the dissolution of the salt of the
catalytic metal in the solvent is in a range of about 60 degrees
C. to about 120 degrees C. In another embodiment, the tem-
perature is about 65 degrees C. to about 100 degrees C. In yet
another embodiment, the temperature is about 85 degrees C.
to about 90 degrees C. In one embodiment, the time for which
the reaction mixture is maintained after the dissolution of the
salt of the catalytic metal in the solvent is in a range of about
0.5 hours to about 5 hours. In another embodiment, the time
for which the reaction mixture is maintained is in a range of
about 1 hour to about 4 hours. In yet another embodiment, the
time for which the reaction mixture is maintained is in a range
of about 2 hours to about 3 hours. In one embodiment, the
amount of solvent that may be added before centrifuging may
be above 1 milliliter. In another embodiment, the amount of
the solvent may be in a range of about 10 milliliters to about
50 milliliters. In yet another embodiment, the amount of the
solvent may be in a range of about 20 milliliters to about 45
milliliters. In various embodiments, depending on the speed
of centrifuge, the time of centrifuge may be in a range of from
about 1 minute to about one hour.

[0090] Inamethod ofusingthe catalyst system, the catalyst
system is disposed in the exhaust stream of an internal com-
bustion engine. The internal combustion engine may be part
of any of a variety of mobile or fixed assets, for example, an
automobile, locomotive, or power generator. Because difter-
ent engines have different combustion characteristics, the
exhaust stream components differ from one system to
another. Such differences may include variations in NO_lev-
els, presence of sulfur, and the presence or quantity of other
species of reaction product. Changes in the operating param-
eters of the engine may also alter the exhaust flow character-
istics. Examples of differing operating parameters may
include temperature and flow rate. The catalyst may be used
to reduce NO, to nitrogen and oxygen at a desirable rate and
at a desirable temperature appropriate for the given system
and operating parameters. The catalyst system may be dis-
posed in the exhaust gas path in any of a variety of ways, for
example, in powdered form, in the form of an extruded mono-
lith, or as a washcoated substrate. Various techniques for
creating such powder beds, extrudates, or coated substrates
are known in the art, and may be applied as appropriate for the
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desired composition and catalyst form. Further, each of the
catalytic compositions may be supported separately or on the
same support. They could even overlap or be partially mixed.
For example, the catalyst systems 100, 200, 300 described in
FIGS. 1, 2 and 3 above may be disposed in the exhaust path to
minimize the NO, emissions.

[0091] During operation, the catalyst system can convert
the NO_ present in an exhaust stream by about 90 weight
percent. In one embodiment, the catalyst system provides
NO, conversion of at least about 40 percent based on the
initial amount of NO, at a temperature of about 275 degrees
C. to about 425 degrees C. In another embodiment, the cata-
lyst system provides a NO, conversion of about 45 percent to
about 90 percent based on the initial amount of NO_ at a
temperature of about 275 degrees C. to about 425 degrees C.
In yet another embodiment, the catalyst system provides a
NO, conversion of about 55 percent to about 80 percent based
on the initial amount of NO, at a temperature of about 275
degrees C. to about 425 degrees C. In yet still another embodi-
ment, the catalyst system provides a NO, conversion of about
50 percent to about 70 percent based on the initial amount of
NO, at a temperature of about 275 degrees C. to about 425
degrees C. In one embodiment, the catalyst system provides a
NO, conversion of about 40 percent to about 70 percent based
on the initial amount of NO, at a temperature of about 325
degrees C. to about 375 degrees C.

[0092] In still yet another embodiment, is provided an
exhaust system comprising a fuel delivery system configured
to deliver a fuel to an engine; an exhaust stream path config-
ured to receive an exhaust stream from the engine; a reductant
delivery system configured to deliver a reductant to the
exhaust stream path; and a catalyst system disposed in the
exhaust stream path. The catalyst system comprises: a first
catalytic composition comprising; a homogeneous solid mix-
ture containing at least one catalytic metal and at least one
metal inorganic support; wherein the pores of the solid mix-
ture have an average diameter in a range of about 1 nanometer
to about 15 nanometers; and wherein the catalytic metal is in
the form of nanocrystals.

[0093] Referring to FIG. 4, an exhaust system 400 capable
of reducing NO, is provided. The exhaust system 400 com-
prises a fuel delivery system 410 which is configured to
deliver a fuel 414 contained in a fuel tank 412 to an engine
416. An exhaust stream 418 is generated by the engine 416
and this exhaust stream 418 is passed through a catalyst
system 420 to provide a treated exhaust stream 422. The fuel
delivery system 410 may also comprise a reductant delivery
system 424 configured to deliver a reductant. In one embodi-
ment, the reductant is the fuel 414. In one embodiment, the
reductant comprising the fuel 414 is directly delivered to the
catalyst system 420 from the fuel tank 412 via an injector or
vaporizer or burner 426 through the point of injection 428. In
one embodiment, a portion of the fuel 414 may be delivered to
the catalyst system 420 by the exhaust stream 418 from the
fuel tank 412 via an injector or vaporizer or burner 430
through the point of injection 432. In one embodiment, the
reductant delivery system 424 further comprises a co-reduc-
tant 434. In one embodiment, the co-reductant 434 may be
generated by passing the fuel 414 through a reformer 436. A
source of oxygen 438 is provided to the reformer 436. In one
embodiment, the co-reductant 434 generated by the reformer
436 includes a syn-gas comprising hydrogen and carbon
monoxide. The co-reductant 434 is passed through the cata-
lyst system 420 through the point of injection 428. In one
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embodiment, a diesel particulate filter DPF 440 is located
between the engine 416 and the catalyst system 420 before the
point of injection 428. In this embodiment, the reductant
comprising the fuel 414 and the co-reductant 434 are deliv-
ered to the catalyst system 420 through the point of injection
428 after the exhaust stream 418 is passed through the DPF
440. In one embodiment, a burner 442 is provided between
the fuel tank 412 and the catalyst system 420. The burner 442
burns the fuel 414 to increase the temperature of the exhaust
stream 418 which can be used to improve the performance of
the catalyst system 420 in situations where the exhaust stream
420 has a temperature which is below the optimum operating
conditions of the catalyst system 422. In this embodiment, the
output of the burner 444 may be located between the DPF 440
and the point of injection 428 of the reductant comprising the
fuel 414 and the co-reductant 434 in the exhaust stream 418.

[0094] In an exemplary embodiment as shown in FIG. 4,
the fuel may comprise ULSD. In certain embodiments as
shown in FIG. 4, the reductant comprises the fuel. In certain
embodiments wherein the reductant is not the same as the
fuel, a separate reductant tank can be used to contain the
reductant as will be explained in the description of figures
provided below. In embodiments, where the reductant is not
the fuel, the reductants may include ethanol, gasoline, mix-
ture of ethanol and gasoline, and mixture of ethanol and
diesel. The engine 416 can be any form of internal combus-
tion engine, which produces exhaust (reciprocating or rotat-
ing) and can operate on a variety of fuel sources including gas,
biodiesel, diesel, and natural gas. The DPF is an optional
equipment that may be located up stream of the catalyst
system as shown in FIG. 4 or down-stream as will be
explained in the figure descriptions given below. The purpose
of'the filter is to remove particulate mater (soot and ash) from
the exhaust stream. In certain embodiments (not shown in
figure), the DPF may be paired with a diesel injector to
regenerate the DPF by burning off soot. The burner as
described above burns diesel fuel to increase the temperature
of the exhaust stream which can be used to improve the
performance of the catalyst in situation where the exhaust
temperature is below the optimum operating conditions of the
catalyst. The burner is placed upstream of the diesel and the
reformer injection which is just before the catalyst system. In
the case where DPF is upstream of the catalyst system the
burner may be upstream or downstream of DPF. The reformer
generates the co-reductant hydrogen from the diesel fuel and
oxygen source (most likely from air). Carbon monoxide,
carbon dioxide and water, can also be generated in the reform-
ing process. The reformer may also perform water gas shift
reaction to increase yield of hydrogen. The injector or vapor-
izer or burner is the means by which the reductant, for
example, diesel fuel, is delivered to the catalyst. The reduc-
tant can either be vaporized and delivered as a gas stream or be
atomized or sprayed into the exhaust (or onto the catalyst
system) with an injector. The catalyst system 420 may include
the catalyst system configurations described herein in the
example section. Additionally the exhaust system may
include other equipments such as pumps, valves, sensors,
control loops, computers (control logic), storage tanks, mix-
ers (gas or liquid), insulation, flow paths, separators, etc. as
would be appreciated by one skilled in the art.

[0095] Referring to FIG. 5, an exhaust system 500 capable
of reducing NO, is provided. The exhaust system 500 com-
prises a fuel delivery system 410 which is configured to
deliver a fuel 414 contained in a fuel tank 412 to an engine
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416. An exhaust stream 418 is generated by the engine 416
and this exhaust stream 418 is passed through a catalyst
system 420 to provide a treated exhaust stream 422. The fuel
delivery system 410 may also comprise a reductant delivery
system 424 configured to deliver a reductant. The reductant
delivery system 424 comprises a fuel fractionator 510 and an
injector or vaporizer or burner 426. In one embodiment, the
reductant comprising the fuel 414 is first passed through the
fuel fractionator 510 to provide a light fuel fraction 512 and a
heavy fuel fraction 514. The light fuel fraction 512 comprises
hydrocarbons having an average carbon chain length of less
than about 12 carbons and the heavy fuel fraction 514 com-
prises hydrocarbons having an average carbon chain length of
greater than about 12 carbons. The light fuel fraction 512 is
delivered to the catalyst system 420 from the fuel tank 412 via
an injector or vaporizer or burner 426 through the point of
injection 428. In one embodiment, a portion of the fuel 414
may be delivered to the catalyst system 420 by the exhaust
stream 418 from the fuel tank 412 via an injector or vaporizer
or burner 430 through the point of injection 432. The heavy
fuel fraction 514 is delivered to the engine 416 through the
fuel 414. In one embodiment, the reductant delivery system
424 further comprises a co-reductant 434. In one embodi-
ment, the co-reductant 434 may be generated by passing the
fuel 414 through a reformer 436. A source of oxygen 438 is
provided to the reformer 436. In one embodiment, the co-
reductant 434 generated by the reformer 436 includes a syn-
gas comprising hydrogen and carbon monoxide. The co-re-
ductant 434 is passed through the catalyst system 420 through
the point of injection 428. In one embodiment, a DPF 440 is
located between the engine 416 and the catalyst system 420
before the point of injection 428. In this embodiment, the
reductant comprising the light fuel fraction 512 and the co-
reductant 434 are delivered to the catalyst system 420 after
the exhaust stream 418 is passed through the DPF 440
through the point of injection 428. In one embodiment, a
burner 442 is provided between the fuel tank 412 and the
catalyst system 420. The burner 442 burns the fuel 414 to
increase the temperature of the exhaust stream 418 which can
be used to improve the performance of the catalyst system
420 in situations where the exhaust stream 418 has a tempera-
ture which is below the optimum operating conditions of the
catalyst system 420. In this embodiment, the output of the
burner 444 may be located between the DPF 440 and the point
of injection 428 of the reductant comprising the light fuel
fraction 512 and the co-reductant 434 in the exhaust stream
418.

[0096] Referring to FIG. 6, an exhaust system 600 capable
of reducing NO, is provided. The exhaust system 600 com-
prises a fuel delivery system 410 which is configured to
deliver a fuel 414 contained in a fuel tank 412 to an engine
416. An exhaust stream 418 is generated by the engine 416
and this exhaust stream 418 is passed through a catalyst
system 420 to provide a treated exhaust stream 422. The fuel
delivery system may also comprise a reductant delivery sys-
tem 424 configured to deliver a reductant. In one embodi-
ment, the reductant is the fuel 414. In one embodiment, the
reductant comprising the fuel 414 is directly delivered to the
catalyst system 420 from the fuel tank 412 via an injector or
vaporizer or burner 426 through the point of injection 428. In
one embodiment, a portion of the fuel 414 may be delivered to
the catalyst system 420 by the exhaust stream 418 from the
fuel tank 412 via an injector or vaporizer or burner 430
through the point of injection 432. In one embodiment, the
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reductant delivery system 424 further comprises a co-reduc-
tant 434. In one embodiment, the co-reductant 434 may be
generated by passing the fuel 414 through a reformer 436. A
source of oxygen 438 is provided to the reformer 436. In one
embodiment, the co-reductant 434 generated by the reformer
436 includes a syn-gas comprising hydrogen and carbon
monoxide. The co-reductant 434 is passed through the cata-
lyst system 420 through the point of injection 432. In one
embodiment, a DPF 440 is located after the catalyst system
420 and the exhaust stream 418 is passed through the catalyst
system 420 and the DPF 440 before exiting as the treated
exhaust stream 422. In this embodiment, the reductant com-
prising the fuel 414 is delivered to the exhaust stream 418
through the point of injection 428. In one embodiment, a
burner 442 is provided between the fuel tank 412 and the
catalyst system 420. The burner 442 burns the fuel 414 to
increase the temperature of the exhaust stream 418 which can
be used to improve the performance of the catalyst system
420 in situations where the exhaust stream 418 has a tempera-
ture which is below the optimum operating conditions of the
catalyst system 420. In this embodiment, the output of the
burner 444 is connected in the exhaust stream between the
engine 418 and the point of injection 432 of the reductant
comprising the fuel 414 and the co-reductant 434 in the
exhaust stream 418.

[0097] Referring to FIG. 7, an exhaust system 700 capable
of reducing NO, is provided. The exhaust system 700 com-
prises a fuel delivery system 410 which is configured to
deliver a fuel 414 contained in a fuel tank 412 to an engine
416. An exhaust stream 418 is generated by the engine 416
and this exhaust stream 418 is passed through a catalyst
system 420 to provide a treated exhaust stream 422. The fuel
delivery system may also comprise a reductant delivery sys-
tem 424 configured to deliver a reductant. The reductant
delivery system 424 comprises a fuel fractionator 510 and an
injector or vaporizer or burner 426. In one embodiment, the
reductant comprising the fuel 414 is first passed through the
fuel fractionator 710 to provide a light fuel fraction 712 and a
heavy fuel fraction 714. The light fuel fraction 712 comprises
hydrocarbons having an average carbon chain length of less
than about 12 carbons and the heavy fuel fraction 714 com-
prises hydrocarbons having an average carbon chain length of
greater than about 12 carbons. The light fuel fraction 712 is
delivered to the catalyst system 420 from the fuel tank 412 via
an injector or vaporizer or burner 426 through the point of
injection 428. In one embodiment, a portion of the fuel 414
may be delivered to the catalyst system 420 by the exhaust
stream 418 from the fuel tank 412 via an injector or vaporizer
or burner 430 through the point of injection 432. The heavy
fuel fraction 714 is delivered to the engine 416 through the
fuel 414. In one embodiment, the reductant delivery system
424 further comprises a co-reductant 434. In one embodi-
ment, the co-reductant 434 may be generated by passing the
fuel 414 through a reformer 436. A source of oxygen 438 is
provided to the reformer 436. In one embodiment, the co-
reductant 434 generated by the reformer 436 includes a syn-
gas comprising hydrogen and carbon monoxide. The co-re-
ductant 434 is passed through the catalyst system 420 through
the point of injection 432. In one embodiment, a DPF 440 is
located after the catalyst system 420 and exhaust stream 418
is passed through the catalyst system 420 and the DPF 440
before exiting as the treated exhaust stream 422. In this
embodiment, the reductant comprising the light fuel fraction
712 and the co-reductant 434 are delivered to the exhaust
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stream 418 through the point of injection 428. In one embodi-
ment, a burner 442 is provided between the fuel tank 412 and
the catalyst system 420. The burner 442 burns the fuel 414 to
increase the temperature of the exhaust stream 418 which can
be used to improve the performance of the catalyst system
420 in situations where the exhaust stream 418 has a tempera-
ture which is below the optimum operating conditions of the
catalyst system 420. In this embodiment, the output of the
burner 444 is connected in the exhaust stream between the
engine 416 and the point of injection 432 of the reductant
comprising fuel 414 and the co-reductant 434 in the exhaust
stream 418.

[0098] Referring to FIG. 8, an exhaust system 800 capable
of reducing NO, is provided. The exhaust system 800 com-
prises a fuel delivery system 410 which is configured to
deliver a fuel 414 contained in a fuel tank 412 to an engine
416. An exhaust stream 418 is generated by the engine 416
and this exhaust stream 418 is passed through a catalyst
system 420 to provide a treated exhaust stream 422. The fuel
delivery system may also comprise a reductant delivery sys-
tem 424 configured to deliver a reductant. In one embodi-
ment, the reductant is not the same as the fuel. In this embodi-
ment, a reductant tank 810 is provided to deliver the reductant
812 to the catalyst system 422 via the injector or vaporizer or
burner 426 to the point of injection 428. In one embodiment,
a portion of the fuel 414 may be delivered to the catalyst
system 420 by the exhaust stream 418 from the fuel tank 412
via an injector or vaporizer or burner 430 through the point of
injection 432. In one embodiment, the reductant delivery
system 424 further comprises a co-reductant 434. In one
embodiment, the co-reductant 434 may be generated by pass-
ing the fuel 414 through a reformer 436. A source of oxygen
438 is provided to the reformer 436. In one embodiment, the
co-reductant 434 generated by the reformer 436 includes a
syn-gas comprising hydrogen and carbon monoxide. The co-
reductant 434 is passed through the catalyst system 420
through the point of injection 428. In one embodiment, a DPF
440 is located between the engine 416 and the catalyst system
420 before the point of injection 428. In this embodiment, the
reductant 812 and the co-reductant 434 are delivered to the
catalyst system 420 through the point of injection 428 after
the exhaust stream 418 is passed through the DPF 440. In one
embodiment, a burner 442 is provided between the fuel tank
412 and the catalyst system 420. The burner 442 burns the fuel
414 to increase the temperature of the exhaust stream 418
which can be used to improve the performance of the catalyst
system 420 in situations where the exhaust stream 418 has a
temperature which is below the optimum operating condi-
tions of the catalyst system 420. In this embodiment, the
output of the burner 444 may be located between the DPF 440
and the point of injection 428 of the reductant 812 and the
co-reductant 434 in the exhaust stream 418.

[0099] Referring to FIG. 9, an exhaust system 900 capable
of reducing NO, is provided. The exhaust system 900 com-
prises a fuel delivery system 410 which is configured to
deliver a fuel 414 contained in a fuel tank 412 to an engine
416. An exhaust stream 418 is generated by the engine 416
and this exhaust stream 418 is passed through a catalyst
system 420 to provide a treated exhaust stream 422. The fuel
delivery system may also comprise a reductant delivery sys-
tem 424 configured to deliver a reductant. In one embodi-
ment, the reductant is not the same as the fuel. In this embodi-
ment, a reductant tank 910 is provided to deliver the reductant
912 to the exhaust stream 418 from the reductant tank 910 via
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an injector or vaporizer or burner 430 and the exhaust stream
418 carries the reductant 912 to the catalyst system 420
through the point of injection 432. In one embodiment, a
portion of the fuel 414 is delivered to the catalyst system 420
from the fuel tank 412 via an injector or vaporizer or burner
426 through the point of injection 428. In one embodiment,
the reductant delivery system 424 further comprises a co-
reductant 434. In one embodiment, the co-reductant 434 may
be generated by passing the fuel 414 through a reformer 436.
A source of oxygen 438 is provided to the reformer 436. In
one embodiment, the co-reductant 434 generated by the
reformer 436 includes a syn-gas comprising hydrogen and
carbon monoxide. The co-reductant 434 is passed through the
catalyst system 420 through the point of injection 432. In one
embodiment, a DPF 440 is located after the catalyst system
420 and exhaust stream 418 is passed through the catalyst
system 420 and the DPF 440 before exiting as the treated
exhaust stream 422. In this embodiment, the reductant com-
prising the fuel 414 is delivered to the exhaust stream 418
through the point of injection 428 which lies between the
catalyst system 420 and the DPF 440. In one embodiment, a
burner 442 is provided between the fuel tank 412 and the
catalyst system 420. The burner 442 burns the fuel 414 to
increase the temperature of the exhaust stream 418 which can
be used to improve the performance of the catalyst system
420 in situations where the exhaust stream 418 has a tempera-
ture which is below the optimum operating conditions of the
catalyst system 420. In this embodiment, the output of the
burner 444 is connected in the exhaust stream between the
engine 418 and the point of injection 432 of the reductant 912
and the co-reductant 434 in the exhaust stream 418.

[0100] In still yet another embodiment, is provided a cata-
lyst system comprising a first catalytic composition compris-
ing a homogeneous solid mixture containing at least one
catalytic metal and at least one metal inorganic support;
wherein the pores of the solid mixture have an average diam-
eter in a range of about 1 nanometer to about 15 nanometers;
wherein the catalytic metal comprises nanocrystals; and
wherein the nanocrystals have a PSD of less than about 20
percent. The catalytic metal is present in an amount of equal
or less than about 6 mole percent based on the weight of the
homogenous solid mixture.

EXAMPLES

[0101] The following examples illustrate methods and
embodiments in accordance with the invention, and as such
should not be construed as imposing limitations upon the
claims. These examples demonstrate the manufacture of the
catalyst compositions described herein and demonstrate their
performance compared with other catalyst compositions that
are commercially available. Unless specified otherwise, all
components are commercially available from common
chemical suppliers such as Aldrich (St. Louis, Mo.), Gelest.
(Morrisville, Pa.), Spectrum Chemical Mfg. Corp. (Gardena,
Calif.), and the like. The component and the source are listed
in Table 1 given below.

TABLE 1
Component Source
Ethylacetoacetate Aldrich
triton X114 Aldrich
aluminum (sec-butoxide)s; Gelest
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TABLE 1-continued

Component Source

Strem chemicals
EM Scientific
Umicore

silver nitrate
isopropy!l alcohol
iron-zeolite and copper-zeolite

Example 1
Preparation of Silver Nanocrystals

[0102] To a 3-neck flask equipped with a stirrer was
charged silver acetate (4 millimoles, SA), oleic acid (4 milli-
liters, OA, technical grade, 90 percent, Aldrich) and triocty-
lamine (15 milliliters, TOA) at a temperature of about 25
degrees C. (room temperature). The resultant mixture was
heated under a vacuum of 1 millimeter of mercury to a tem-
perature of about 60 degrees C. As the temperature increased
the silver acetate started to dissolve in the trioctylamine.
Bubbling was observed in the flask, due the boiling of water
present as an impurity in the reaction material. The water was
removed under vacuum in the form of water vapor. When the
temperature rose to 60 degrees C., silver acetate was com-
pletely dissolved in the trioctylamine and the resultant solu-
tion turned to a brown-grey-black color, indicating the
decomposition of silver acetate and the formation of silver
nanocrystals. The temperature was then increased to 90
degrees C. and the mixture was maintained at this tempera-
ture for about two hours to ensure completion of the reaction.
The resultant mixture was cooled to 25 degrees C., and the
black colored solution was transferred to centrifuge tubes of
50 milliliters capacity. 25 milliliters of ethanol was added to
the centrifuge tubes and immediate precipitation was
observed. The centrifuge tubes were placed in a lab centrifuge
(Centra CL2) and centrifuged for about 10 minutes. After
centrifuging the mixture in the centrifuge tubes separated into
a yellowish brown supernatant liquid on the top and a black
precipitate on the bottom. The supernatant liquid was dis-
carded by pouring it out and the black precipitate weighed
about 0.5 grams. After draining out the ethanol completely, 20
milliliters of hexane was added to the tube to provide a silver
nanocrystals in hexane (AgNC in hexane) solution. An ali-
quot 5 milliliters of AgNC in hexane solution was dried. The
resultant solid was weighed to determine the concentration of
AgNC in hexane. 5 milliliters of AgNC hexane solution pro-
vided 32.4 grams per liter to about 53.9 grams per liter (i.e.,
0.3 moles to 0.5 moles) of AgNC on drying. The amount of
reactants used, the concentration of AgNC in hexane and the
PSD of AgNC are include in Table 3 below.

[0103] As mentioned above, the PSD was determined by
transmission electron microscopy (TEM) and image analysis.
A high magnification picture was taken by TEM that covered
hundreds of individual AgNC. The average particle size and
standard deviation were determined by counting each particle
using image analysis. FIGS. 10, 11, and 12 show the TEM of
the AgNC with a 20 nanometers scale bar and FIG. 13 shows
the TEM of AgNC with a 2 nanometers scale bar.

[0104] FIG. 14 shows the EDS of the AgNC. EDS is an
analytical technique used for the elemental analysis or chemi-
cal characterization of a sample. EDS relies on the investiga-
tion of a sample through interactions between electromag-
netic radiation and matter, analyzing x-rays emitted by the
matter in response to being hit with charged particles. Its
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12
characterization capabilities are due in large part to the fun- they were carried out in relatively larger scales. The amounts
damental principle that each element has a unique atomic of silver acetate, oleic acid, and trioctylamine used and the
structure allowing X-rays that are characteristic of an resultant concentration of AgNC in hexane and PSD of AgNC
element’s atomic structure to be identified uniquely from are included in Table 3 below. Examples 2 and 3 show that a
each other. To stimulate the emission of characteristic X-rays PSD of less that 10 percent can be achieved even in large scale
from a specimen, a high energy beam of charged particles batches.

TABLE 3

Concentration of
SA OA TOA AgNC in hexane
Example (millimoles) (milliliters)  (milliliters)  (grams per liter) PSD of AgNC

1 4 4 15 32.4t053.9 Less than 10 percent

2 40 40 80 32.4t053.9 Less than 10 percent

3 100 100 200 32.4t053.9 Less than 10 percent
such as electrons or protons, or a beam of X-rays, is focused Examples 4-7

into the sample being studied. At rest, an atom within the

sample contains ground state (or unexcited) electrons in dis- Preparation of First Catalytic Composition

crete energy levels or electron shells bound to the nucleus. [0108] To a 3-neck flask equipped with a stirrer was
T.he 1.n01d.ent beam may excite an elect.ron in an inner shell, charged aluminum (sec-butoxide), (50 grams) and IPA (200
ejecting it from the shell while creating an electron hole milliliters). A predetermined amount of AgNC in hexane

where the electron was initially present. An electron from an solution containing 43.1 grams (0.4 moles) AgNC in hexane,
outer, higher energy shell then fills the hole, and the differ- was then added to the flask to form a first solution. The
ence in energy between the higher energy shell and the lower predetermined amount of AgNC in hexane solution added
energy shell may be released in the form of an X-ray. The  3pq the resultant loading of AgNC obtained in the catalyst
number and energy of the X-rays emitted from a specimen  composition is included in Table 4 below. Following the

can be measured by an energy dispersive spectrometer. Asthe  4ddition to the flask, the mechanical stirrer was turned on

energy of the X-rays are characteristic of the difference in = yging a speed of about 60 revolutions per minute in another

energy between the two shells, and of the atomic structure of  eparate flask, ethyl acetoacetate (2.65 grams), Triton X-114

the element from which they were emitted, this allows the (14 grams), and 65 milliliters isopropyl alcohol were added to

elemental composition of the specimen to be determined. The form a second solution. The second solution was then poured

EDS spectra clearly shows the presence of silver atoms. into the first solution. The resultant mixture was stirred for

[0105] The AgNC prepared in Example 1 was diluted with about 30 minutes at a speed of about 180 revolutions per

hexane and was analyzed using UV-Vis spectrometry. The minute at a temperature of about 25 degrees C. During the

absorbance at different wavelengths is included below in  30-minute stir period, a mixture of 7.5 milliliters distilled

Table 2. water and 85 milliliters isopropyl alcohol was added drop-
wise using a syringe pump.

TABLE 2 [0109] After 30 minutes the rate of addition was adjusted to

Wavelength in Absorbance Wavelengthin  Absorbance 0.6 m.illiliters per minute and thf: addition was completed over

nanometers arb, units namometers arb, wnits a period of 2.5 hours under vigorous stirring at about 200

revolutions per minute. The hydrolysis was controlled by the

ggg 38; ﬁg }i-g amount of water and the additional rate. During the hydroly-

700 1202 300 142 sis process, the solution in the flask gradually turned into a

650 12.03 375 13.6 white gel, the gel became thicker and this slowed down the

600 12.05 350 12.9 stirring speed. To account for the gain in viscosity of the gel

238 };;5 ;ég 32 the stirrer dial was set at 300 revolutions per minute while the

175 125 350 129 actual speed achieved was about 100 to 150 rpm. When the

450 13.2 200 13.1 addition of water/IPA mixture was completed the hydrolysis
was complete and a white gel with high viscosity was formed.
The mixture was stirred at a temperature of about 25 degrees
C. for approximately 0.5 hours following the completion of

[0106] Referring to FIG. 15, a graph 1500 of absorbance on

the Y-axis 1510 versus wavelength in nanometers on the hydrolysis. After about 0.5 hours, the reaction mixture was
X-axis 1512 is provided. The graph shows an absorption  pegted to 60 degrees C. and was maintained at 60 degrees C.
maxima at a wavelength of about 411 nanometers indicating for 24 hours with stirring at about 60 revolutions per minute.
the presence of AgNC. On heating to 60 degrees C. the white gel lost its viscosity and

started becoming dark brown in color. After ageing for 24

Examples 2-3 hours at 60 degrees C. the resultant gel turned dark brown in

color. The gel was then filtered with a standard lab vacuum

Preparation of Silver Nanocrystals filtration system with a 150 millimeter diameter Buchner

funnel and No. 50 Whatman filter paper. A typical filtration

[0107] Examples 2 and 3 were carried out in a manner takes about 12 to 24 hours. The filtered gel was vacuum oven

similar to that described above in Example 1 except in that dried at 60 degrees C. under a vacuum of 125 millimeters of
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mercury and calcined at 550 degrees C. The final silver
nanocrystal concentration showed good consistency with the
loading level with an error of +/-0.2 weight percent. The
catalytic composition is called as AgNCMPA (silver nanoc-
rystals in mesoporous alumina)

TABLE 4

AgNC in hexane solution
milliliters (43.1 grams per
liter (0.4 moles) AgNC in

AgNC loading in
catalyst composition
(mole percent

Example hexane) AgNCMPA)
4 5 2
5 7.5 3
6 10 4
7 12.5 5
[0110] The PSD of the catalyst composition was deter-

mined by TEM and image analysis. A high magnification
picture was taken by TEM that covered AgNC and the sub-
strate particles, in this alumina. The average particle size and
standard deviation were determined by counting each particle
using image analysis. FIGS. 16, 17, and 18 show the TEM of
the AgNC on a 100 nanometers, 20 nanometers and a 50
nanometers scale respectively.

[0111] FIG. 19 shows the EDS of the catalyst composition
including the AgNC. As is shown in the graph, the EDS shows
the presence of elements aluminum, oxygen, and silver, thus
confirming the elemental composition of the homogenous
solid mixture that forms the first catalytic composition.

Stability of AgNC in Hexane Solution

[0112] The AgNC in hexane solution was stable i.e., the
particles did not exhibit degradation or particle size change
for a period of at least 6 months. The stability of AgNC in
hexane solution may be attributed to the surface ligand, oleic
acid, which acts as a surfactant and protects AgNC from
degradation. The thermodynamic stability may be attributed
to a thin layer of silver oxide on the nanocrystal surface which
functions to stabilize the silver core. This silver oxide layer is
so thin that it may usually not be detectable by X-ray diffrac-
tion (XRD). The dark color of AgNC may also be attributed to
this oxide layer.

Hydrothermal Stability of the First Catalytic Composition
(AgNCMPA (Silver Nanocrystals in Mesoporous Alumina))

[0113] Thehydrothermal stability of the AgNCMPA (silver
nanocrystals in mesoporous alumina) catalyst was studied by
determining the NO_ conversion capability after hydrother-
mal ageing for 48 hours and 144 hours as shown in FIGS. 20
and 21. Referring to FIGS. 20 and 21, graphs 2000 and 2100
show the NO_ conversion shown on Y-axis 2010, 2110 at
different temperatures shown on X-axis 2012, 2112 for the
catalysts prepared in Example 5 (3 weight percent sol-gel)
and Example 6 (4 weight percent sol-gel) respectively.
Curves 2014 shows the NO, conversion for a catalyst com-
position prepared using a freshly prepared AGNCMPA cata-
lyst, curve 2016 shows the NO, conversion for the catalyst
that was aged for about 48 hours at 25 degrees C., and curve
2018 shows the NO, conversion for a catalyst that was aged
for about 144 hours at 25 degrees C. for the catalyst compo-
sition prepared according to Example 5. Similarly Curve
2114 shows the NO, conversion for a catalyst composition
prepared using a freshly prepared AGNCMPA catalyst, curve
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2116 shows the NO, conversion for a catalyst composition
prepared using the catalyst that was aged for about 48 hours at
25 degrees C., and curve 2118 shows the NO, conversion for
the catalyst that was aged for about 144 hours at25 degrees C.
for the catalyst composition prepared according to Example
6. The curves 2014, 2114, 2016, 2116, 20I8 and 2118 indi-
cated that there is not much degradation in the NO, conver-
sion and hence indicate that the hydrothermal stability of
AgNCMPA catalyst.

Example 8

Preparation of First Catalytic Composition Pilot
Scale

[0114] Example 4 was carried out in a manner similar to
that described above in Examples 4-7 except that it was car-
ried out on a pilot scale. A 100 gallon reactor was employed.
The quantities of reactants used included aluminum (sec-
butoxide); (15 kilograms), silver nanocrystals (1.27 mole or
136 grams), resulting in 4 weight percent loading of silver
nanocrystals in the homogenous solid mixture that formed the
catalytic composition.

Comparative Example 1
Preparation of Catalyst Composition

[0115] The metal inorganic support was manufactured by
making a first solution, a second solution and a third solution,
which were mixed together. The first solution of aluminum
(sec-butoxide); (500 grams, 2 moles) and isopropylalcohol (2
liters) was loaded in a five liter, 3-neck flask equipped with an
addition funnel, a condenser, and a mechanical stirrer at a
temperature of about 25 degrees C. (room temperature). The
second solution included ethyl acetoacetate (26.5 grams, 0.2
moles), TRITON X-114 (139 grams; templating agent) and
isopropylalcohol (500 milliliters). The second solution was
added to the first solution with stirring in one lot and the
resultant mixture was maintained at 25 degrees C. for about
30 minutes. The third solution includes water (75 milliliters,
4 moles), silver nitrate (5.33 grams, 0.03 moles) and isopro-
pylalcohol (950 milliliters) and was added to the mixture
including the first and the second solutions via the addition
funnel over a period of about 90 minutes at rate of 12 milli-
liters per minute. The resultant reaction mixture was main-
tained at 25 degrees C. for about 3 hours and then heated to
reflux and maintained at reflux for about 20 hours to 24 hours.
[0116] The flask was then cooled to 25 degrees C. and the
contents were filtered using a number 50 paper Whatman
filter. The solid was then subjected to Soxhlet extraction with
ethanol for about 20 hours to about 24 hours. The solid was
then dried in a vacuum oven 125 millimeter of mercury at 80
degrees C. to yield about 164 grams of the product. The dry
product was heated under a flow of nitrogen in a tube furnace
from 25 degrees C. to 550 degrees C. at a heating rate of about
2 degrees C. per minute in about 260 minutes. After achieving
the temperature of 550 degrees C. the dry product was main-
tained at 550 degrees C. for 1 hour. Afterwards, the product
was calcined in a flow of air at 550 degrees C. for about 5
hours. Calcination was carried out to remove any residual
templating agent. The substrate had a surface area in a range
of about 300 square millimeters per gram to about 600 square
millimeters per gram. The catalyst composition had a 3 mole
percent silver loading. The catalyst prepared in Comparative
Example 1 is called AgMPA (Ag in mesoporous alumina).
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Test Conditions

[0117] The test conditions for the aforementioned catalyst
compositions are as follows. The prepared catalyst materials
were weighed out (~50 mg) and placed in 2 milliliters GC
vials until used in the reactor. The catalysts were pretreated
with 7 percent water, 30 parts per million sulfur dioxide, and
12 percent oxygen and balance nitrogen for about 7 hours at
450 degrees C. to “age” or “sulfur soak™ the catalysts. The
samples from the Examples listed above were disposed in a
high throughput screen (HTS) reactor to determine their
nitrogen oxide conversion capabilities in a simulated exhaust
gas stream. The reactor had 32 tubes, each tube of which can
receive a catalyst composition. No catalyst was placed in the
tube #1. Tube #1 was used to measure the NO, concentration
in the exhaust gas stream and thus provides the reference for
the NO, conversion. Tube #32 was loaded with DOC catalyst,
which converts reductant to CO,. It was used to calibrate the
Cto N ratio. The catalyst composition Samples are placed in
the other tubes and the reduction in NO, concentration was
measured. 3 to 4 replicates were used for each catalyst com-
position and the NO, conversion value is the average of the
replicates. The reductionin NO, concentration relates to cata-
Iytic activity of the catalyst compositions.

[0118] The simulated exhaust gas stream contained an
exhaust gas composition and a reductant. The composition of
the simulated exhaust stream used was 7 percent water, 1 part
per million sulfur dioxide, 300 parts per million nitrous oxide,
12 percent oxygen and balance nitrogen. The NO, conversion
results for the catalyst compositions with the diesel reductant
are shown in the FIG. 22. For all the samples, using the HTS
reactor, the C,:NO ratio used in the exhaust gas composition
is 4 or 6 (C,:NO is defined as the number of carbon atoms in
the reductant stream per number of nitrogen oxide (NO)
molecules). Three samples of each catalyst were tested in
each run and each catalyst was tested at four temperatures
-275 degrees C., 325 degrees C., 375 degrees C., and 425
degrees C. The reductant used was fraction 1 of ULSD. After
each reduction, there was a burn-off step of 1 hour at 500
degrees C. in air.

[0119] Data is presented as percent NO, conversion by
measuring the NO_ concentration through tube #1 with no
catalyst present and measuring the NO, concentration over
the other tubes with catalysts and determining the percent
change. The CO/CO, concentrations are also presented to
understand the extent of reductant conversion to CO/CO,.
Table 5 provides the average NO_ conversion values and
average CO, conversion values of the samples having 2, 3, 4,
and 5 mole percent AgNC sol-gel prepared in Examples 4-7.
The samples are designated as percent loading of AgNC in
mesoporous alumina (2AgNCMPA, 3AgNCMPA, 4AgNC-
MPA, and SAgNCMPA). Table 5 also provides average NO,
conversion values and average CO, conversion values of the
sample AgMPA prepared in Comparative Example 1.

TABLE 5
Average  Standard  Average  Standard
Temperature NO, deviation CO, deviation
degrees conversion of NO, conversion of CO,

Example Celsius percent conversion percent conversion
4 275 24.9 33 16.2 2.6
(2AgNC 325 40.5 5.3 335 3.9
MPA) 375 48.1 3.4 58.9 4.1
425 229 1.9 77.6 2.3
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TABLE 5-continued

Average  Standard  Average  Standard
Temperature NO, deviation CO, deviation
degrees conversion of NO, conversion of CO,

Example Celsius percent conversion percent conversion
5 275 34.1 5.9 26.9 54
(3AgNC 325 55.3 0.8 51.2 0.5
MPA) 375 54.1 3.2 68.5 6.5
425 24.5 4.3 79.9 2.9
6 275 34.9 0.8 30. 1.2
(4AgNC 325 51.0 0.4 49.9 1.1
MPA) 375 52.6 0.9 70.4 1.1
425 24.4 3.5 81.4 1.3
7 275 34.6 2.7 31.7 3.3
(5AgNC 325 47.4 3.0 49.2 3.6
MPA) 375 49.1 1.9 72.2 4.7
425 21.5 3.2 86.1 2.7
CE-1 275 29.1 4.5 20.3 3.7
(AgMPA) 325 46.4 2.6 39.6 2.2
375 52,5 2.4 62.7 2.1
425 20.9 3.8 81.1 1.3

[0120] Referring to FIG. 22, a bar graph 2200 shows the

average NO, conversion 2210 ((lower portion of each bar)
and the standard deviation 2212 (the upper portion of each
bar) for the 5 samples at the four temperatures mentioned
above. Referring to FIG. 23, a bar graph 2300 shows average
CO, conversion 2310 ((lower portion of each bar) and the
standard deviation 2312 (the upper portion of each bar) for the
5 samples at the four temperatures mentioned above. The
results provided in Table 5 show that at temperatures 325 and
375 degrees C. the catalysts show improved NO, reduction at
all loadings of the silver nanocrystals. Further, among the
different loadings 1, 3, 4, and 5 percent, 3 and 4 percent
loadings show better NO, reduction capabilities when com-
pared to the Comparative Example 1 while the 2 and 5 percent
loading provide comparable conversion values with Com-
parative Example 1. The results also show the formation of
CO, which indicates the combustion of diesel (ULSD).

Example 9
Performance of Catalyst Compositions

[0121] This example compares conversion performance of
NO, contained in an exhaust gas streams for samples that
include embodiments of the invention relative to comparative
catalyst compositions. The comparative catalyst composi-
tions do not contain nanocrystals of the catalytic metal.

[0122] The catalysts are tested using the simulated exhaust
gas stream as described above. The simulated exhaust gas
stream contains an exhaust gas composition and a reductant.
The reductant contains fraction 1 of ULSD.

[0123] The NO, conversion capability of the AgMPA cata-
lyst prepared in Comparative Example 1 was compared with
that of the Catalyst composition prepared in Example 5
(BAgNCMPA) at four temperatures. The data is provided in
Table 6 below.
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TABLE 6

Average NO, Conversion of catalyst
composition (percentage)

Temperature Example 5 Comparative Example 1
degrees Celsius 3AgNCMPA AgMPA
425 42.2 41.2
375 60.7 50.1
325 39.9 51.7
275 35.2 29.0

[0124] Referring to FIG. 24, a graph 2400 of average NO,
conversion shown on the Y-axis 2410 at various temperatures
shown on the X-axis 2412 is provided. The graph indicates
that the NO, conversion capability of the catalytic composi-
tion of Example 5 indicated by curve 2414 is greater than that
of'the catalytic composition of Comparative Example 1 indi-
cated by curve 2512 at all four temperatures. The catalytic
compositions that include AgNC and the surfactants produce
relatively superior results at all temperatures over the catalyst
compositions that include a templated substrate and Ag.
[0125] The NO, conversion capability of the AgMPA cata-
lyst prepared in Comparative Example 1 was compared with
that of the catalytic composition prepared in Example 8
(4AgNCMPA). The data is provided in Table 7 below.

TABLE 7

Average NO, Conversion of catalyst
composition (percentage)

Temperature Example 8 Comparative Example 1
degrees Celsius 4AgNCMPA AgMPA
425 22.6 28.2
375 61.6 58.0
325 76.2 73.1
275 49.7 60.7

[0126] Referring to FIG. 25, a graph 2500 of average NO,
conversion shown on the Y-axis 2510 at various temperatures
shown on the X-axis 2512 is provided. The graph indicates
that the NO, conversion capability of the catalyst prepared in
Example 8 indicated by curve 2514 shows greater NO, con-
versions at 375 and 325 degrees C. and comparable NO,
conversions at 425 and 275 degrees C. when compared to the
catalyst composition of Comparative Example 1 indicated by
curve 2512. This indicates that the catalytic composition pre-
pared on a pilot scale provides comparable NO, conversions
with catalytic compositions prepared on a lab scale, thus
indicating the scalability of the examples.

[0127] With regard to the term reaction product, reference
is made to substances, components, or ingredients in exist-
ence at the time just before first contacted, formed in situ,
blended, or mixed with one or more other substances, com-
ponents, or ingredients in accordance with the present disclo-
sure. A substance, component or ingredient identified as a
reaction product may gain an identity, property, or character
through a chemical reaction or transformation during the
course of contacting, in situ formation, blending, or mixing
operation if conducted in accordance with this disclosure
with the application of common sense and the ordinary skill
of'one in the relevant art (e.g., chemist). The transformation of
chemical reactants or starting materials to chemical products
or final materials is a continually evolving process, indepen-
dent of the speed at which it occurs. Accordingly, as such a
transformative process is in progress there may be a mix of
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starting and final materials, as well as intermediate species
that may be, depending on their kinetic lifetime, easy or
difficult to detect with current analytical techniques known to
those of ordinary skill in the art.

[0128] Reactants and components referred to by chemical
name or formula in the specification or claims hereof,
whether referred to in the singular or plural, may be identified
as they exist prior to coming into contact with another sub-
stance referred to by chemical name or chemical type (e.g.,
another reactant or a solvent). Preliminary and/or transitional
chemical changes, transformations, or reactions, if any, that
take place in the resulting mixture, solution, or reaction
medium may be identified as intermediate species, master
batches, and the like, and may have utility distinct from the
utility of the reaction product or final material. Other subse-
quent changes, transformations, or reactions may result from
bringing the specified reactants and/or components together
under the conditions called for pursuant to this disclosure. In
these other subsequent changes, transformations, or reactions
the reactants, ingredients, or the components to be brought
together may identify or indicate the reaction product.
[0129] All ranges disclosed herein are inclusive of the end-
points, and the endpoints are combinable with each other. The
terms “first,” “second,” and the like as used herein do not
denote any order, quantity, or importance, but rather are used
to distinguish one element from another. The use of the terms
“a” and “an” and “the” and similar referents in the context of
describing the invention (especially in the context of the
following claims) are to be construed to cover both the sin-
gular and the plural, unless otherwise indicated herein or
contradicted by context.

[0130] While the invention has been described in detail in
connection with a number of embodiments, the invention is
not limited to such disclosed embodiments. Rather, the inven-
tion can be modified to incorporate any number of variations,
alterations, substitutions or equivalent arrangements not
heretofore described, but which are commensurate with the
scope of the invention. Additionally, while various embodi-
ments of the invention have been described, it is to be under-
stood that aspects of the invention may include only some of
the described embodiments. Accordingly, the invention is not
to be seen as limited by the foregoing description, but is only
limited by the scope of the appended claims.

1. A catalyst system comprising:

a first catalytic composition comprising a homogeneous
solid mixture containing at least one catalytic metal and
at least one metal inorganic support; wherein the pores
of the solid mixture have an average diameter in a range
of about 1 nanometer to about 15 nanometers; and

wherein the catalytic metal comprises nanocrystals.

2. The catalyst system of claim 1, wherein the nanocrystals

have a particle size distribution of less than about 20 percent.

3. The catalyst system of claim 1, wherein the catalytic
metal comprises transition metals.

4. The catalyst system of claim 1, wherein the catalytic
metal comprises silver, platinum, gold, palladium, iron,
nickel, cobalt, gallium, indium, ruthenium, rhodium,
osmium, iridium, or combinations of at least two of the fore-
going metals.

5. The catalyst system of claim 1, wherein the catalytic
metal comprises silver.

6. The catalyst system of claim 1, wherein the catalytic
metal is present in an amount less than or equal to about 6
mole percent based on the weight of the homogenous solid
mixture.

7. The catalyst system of claim 1, wherein the system
provides a NO, conversion of at least about 40 percent based
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on the initial amount of NO, at a temperature of about 275
degrees C. to about 425 degrees C.

8. The catalyst system of claim 7, wherein the system
provides a NO, conversion of about 40 percent to about 70
percent based on the initial amount of NO, at a temperature of
about 325 degrees C. to about 375 degrees C.

9. The catalyst system of claim 1, wherein the metal inor-
ganic support comprises alumina.

10. The catalyst system of claim 1, further comprising at
least one promoting metal.

11. The catalyst system of claim 10, wherein the at least
one promoting metal is selected from the group consisting of
gallium, indium, gold, vanadium, zinc, tin, bismuth, cobalt,
molybdenum, and tungsten.

12. The catalyst system of claim 1, further comprising a
second catalytic composition, wherein the second catalytic
composition comprises:

(1) a zeolite, or

(ii) a first catalytic material disposed on a first substrate, the

first catalytic material comprising an element selected

from the group consisting of tungsten, titanium, and
vanadium.

13. The catalyst system of claim 12, further comprising a
third catalytic composition, wherein the third catalytic com-
position comprises: a second catalytic material disposed on a
second substrate, wherein the second catalytic material is
selected from the group consisting of platinum, palladium,
ruthenium, osmium, and iridium.

14. The catalyst system of claim 1, further comprising a
delivery system configured to deliver a reductant.

15. The catalyst system of claim 14, wherein the reductant
is one or more of diesel, ultra-low sulfur diesel, ethanol,
gasoline, and octane.

16. The catalyst system of claim 14, wherein the reductant
is an oxygenated hydrocarbon.

17. The catalyst system of claim 14, wherein the delivery
system further comprises a co-reductant.

18. The catalyst system of claim 17, wherein the co-reduc-
tant is hydrogen.

19. A catalyst system comprising:

a first catalytic composition comprising;

a homogeneous solid mixture containing at least one
catalytic metal and at least one metal inorganic sup-
port; wherein the pores of the solid mixture have an
average diameter in a range of about 1 nanometer to
about 15 nanometers; wherein the catalytic metal
comprises nanocrystals; and

at least one promoting metal;

a second catalytic composition comprising;

(1) a zeolite, or

(ii) a first catalytic material disposed on a first substrate,
the first catalytic material comprising an element
selected from the group consisting of tungsten, tita-
nium, and vanadium.

20. The catalyst system of claim 19, wherein the catalytic
metal comprises alkali metals, alkaline earth metals, transi-
tion metals, or a combination thereof.

21. The catalyst system of claim 19, wherein the metal
inorganic support comprises alumina.

22. The catalyst system of claim 19, wherein the at least
one promoting metal is selected from the group consisting of
gallium, indium, gold, vanadium, zinc, tin, bismuth, cobalt,
molybdenum, and tungsten.

23. The catalyst system of claim 19, wherein the zeolite
comprises zeolite Y, zeolite beta, mordenite, ferrierite, ZSM-
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5,Z8M-12, ZSM-22, ZSM-23, ZSM-34, ZSM-35, ZSM-38,
ZSM-48, ZSM-50, ZSM-57, zeolite A, zeolite X or a combi-
nation comprising at least two of the foregoing zeolites.

24. The catalyst system of claim 19, further comprising a
delivery system configured to deliver a reductant.

25. The catalyst system of claim 24, wherein the delivery
system further comprises a co-reductant.

26. A method comprising:

providing nanocrystals of at least one catalytic metal;

incorporating the nanocrystals in at least one metal inor-
ganic support; and

forming a first catalytic composition comprising a homo-
geneous solid mixture containing at least one catalytic
metal and at least one metal inorganic support; wherein
the pores of the solid mixture have an average diameter
in a range of about 1 nanometer to about 15 nanometers,
wherein the catalytic metal comprises nanocrystals.

27. The method of claim 26, wherein the providing nanoc-
rystals of the at least one catalytic metal comprises preparing
the nanocrystals of the catalytic metal in the presence of a
surfactant.

28. The method of claim 26, wherein the providing nanoc-
rystals of the catalytic metal is carried out a temperature in a
range of about 10 degrees C. to about 200 degrees C.

29. The method of claim 26, wherein the providing nanoc-
rystals of the catalytic metal is carried out under vacuum in a
range of about 0.5 millimeter of mercury to about 10 milli-
meter of mercury.

30. The method of claim 26, wherein the nanocrystals have
a particle size distribution of less than about 20 percent.

31. The method of claim 26, wherein the catalytic metal is
present in an amount less than or equal to about 6 mole
percent based on the weight of the homogenous solid mixture.

32. An exhaust system comprising:

a fuel delivery system configured to deliver a fuel to an
engine;

an exhaust stream path configured to receive an exhaust
stream from the engine;

a reductant delivery system configured to deliver a reduc-
tant to the exhaust stream path; and

a catalyst system disposed in the exhaust stream path,
wherein the catalyst system comprises:

a first catalytic composition comprising;

a homogeneous solid mixture containing at least one
catalytic metal and at least one metal inorganic sup-
port; wherein the pores of the solid mixture have an
average diameter in a range of about 1 nanometer to
about 15 nanometers; wherein the catalytic metal is in
the form of nanocrystals.

33. A catalyst system comprising:

a homogeneous solid mixture containing at least one cata-
Iytic metal and at least one metal inorganic support;
wherein the pores of the solid mixture have an average
diameter in a range of about 1 nanometer to about 15
nanometers;

wherein the catalytic metal comprises nanocrystals;

wherein the nanocrystals have a particle size distribution of
less than about 20 percent; and

wherein the catalytic metal is present in an amount less
than or equal to about 6 mole percent based on the
weight of the homogenous solid mixture.
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