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CATALYST SUPPORT MATERIALS, CATALYSTS, METHODS OF MAKING
THEM AND USES THEREOGF

18801} This application claims priority under 35 US.C. §119(e} to U.S. Provisional
application 61/693,245, filed on August 24, 2012, and U.S. Provisional application
61/695,541, filed on August 31, 2012, the eontire countents of which are hereby
incorporated by reference.

18662} BACKGROUND

18863} The entire contents of U.S. Serial No, 12/533,414 filed July 31, 2009 and entitled
“Silica-Stabilized Ultrafine Anatasc Titania, Vanadia Catalysts, and Methods of
Production Thereof” 1s expressly incorporated herein by reference in us entirety as
though set forth explicitly herein.

[8684] Ficld of the Presently Disclosed and/or Claimed Inventive Concepi(s)

[ 3065] This invention inchides embodiments relating to catalyst support materials
and catalyst compositions and methods of making and using such catalyst support
materials and catalysts. Particularly, the invention includes embodiments relating to
compositions and methods of making catalyst support materials and catalysts for
reducing nitrogen oxide content of a nitrogen oxide-containing gas or hiquid m mobile
and stationary applications.

[6086] Some processes for the removal of NOy formed in combustion exit gases
are known in the art such as selective catalytic reduction {SCR) process. In this process,
nitrogen oxides are reduced by ammonia {or another reducing agent such as unburned
biydrocarbons present in the waste gas effluent}) in the presence of oxygen and a catalyst
to form nitrogen and water. The SCR process is used in the United States, Japan, and
Furope to redace emissions of large utility botlers and other commercial applications.
Increasingly, SCR processes are being used to reduce emissions in mobile applications
such as i large diesel engines like those found on ships, diesel locomotives, antomaobiles,
and the like.

0067} Some SCR catalysts with a metal oxide such as molybdenum, tungsten,
vanadium, and iron for removing NGO, are known. However, one or more limitations

exist as discussed below. Tungsten-containing catalyst may be hmited by price and
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availability. Molybdenum-containing catalyst systems are limited by the relatively higher
volatility compared to tungsten counterparts and relatively higher SO; oxidation rate
compared to tungsten-containing systems. SO, oxidation is a problem in stationary
DeNO, applications due to the formation of ammonium sulfate which causes plugging
and excessive pressure drop in process equipment.

6308} Consequently, catalyst support materials and  catalysts suitable for
reducing the nitrogen oxide content of a nitrogen oxide-containing gas or hquid at
various conditions are still needed.  Also needed is a method of making such catalyst
support waterials and catalysts and method of reducing the nitrogen oxide coutent of a
nitrogen oxide-containing gas or Hiquid in mobile and stationary applications.

[6009] BRIEF SUMMARY

160610 Embodiments of the present invention meet these and other needs by
providing NOy reducing catalysts, methods of making NO, reducing catalysts and
methods of removing the nitrogen oxide content of a nitrogen oxide-countaining hquid or
gas with such NOy reducing catalysts.

16001 1] Accordingly, one aspect of the invention provides a method of making a
catalyst support material. The method includes: combining an anatase titania sharry with
1} oue or more low molecular weight forms of silica and n) a source of Mo o form a
Tiy-Mo(O;3-510, mixture. The low molecular weight forms of silica include forms of
stlica having a volume weighted median size of less than 4 nru and average molecular
weight of less than 44,000, cither individually or in a combination of two or more thereof.
{00812} A second aspect of the invention provides a method of making a
catalyst support material. The method includes: {a) providing anatase titania sharry;
and (b} corabining the anatase titania slurry with 1) one or more low rolecular
weight forms of silica and 1) a source of Mo to form a Ti0r-MoO3-510; mixture.
The low molecular weight forms of silica include forms of silica having a volume
weighted median size of less than 4 nwo and average molecular weight of less than
44,000, cither individually or in a combination of two or more thercof

{00013} A third aspect of the invention provides a catalyst support raterial,
The catalyst support material includes from about 86% to about 94 % weight

anatase titantum dioxide; from about 0.1% to about 10 % weight MoOs; and from
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about 0.1% to about 10 % weight Si0y in low molecular weight forms. The low
molecular weight forms of 5102 include forms of silica having a volume weighted
median size of less than 4 nm and average molecular weight of less than 44,000,
either individually or in a combination of two or more thereof,

130614} A fourth aspect of the invention provides a method of making a catalyst
support material,  The method includes: combining an anatase titania slarry with 1)
volatility inhibitor comprising a low molecular weight form of the silica and i)
primary promoter coraprising molybderurmn oxide to form a TiO,-Mb-510; nuxture. The
fow molecular weight forms of silica include forrus of siica having a volume
weighted median size of less than 4 nm and average molecular weight of less than
44,000, cither individually or in a combination of two or roore thereof.

{00615} A fifth aspect of the invention provides a method of making a catalyst
support material. The method includes: a) providing anatase titania slurry; and b)
combining the anatase titania slurry with 1) volatility inhibitor comprising a low
molecular weight form of the silica and 1) primary promoter comprising
molybdenum oxide to formm a TiO,-Mb-8i1(0; mixture. The low molecular weight
forms of silica include forms of silica having a volume weighted median size of less
than 4 o and average molecular weight of less than 44,000, cither individually or
in a combination of two or more thereof.

166816} A sixth aspect of the invention provides catalyst support material, The
catalyst support material includes anatase ftitanium dioxide; a primary promoter
comprising molybdenum oxide; and a volatility inhibitor comprising low molecular
weight forms of silica. The low molecular weight forms of stlica include forms of
silica having a volume weighted median size of less than 4 nm and average molecular
weight of less than 44,000, cither individually or in a combination of two or more thereof,
{00617} A seventh aspect of the invention provides a method of reducing the
nitrogen oxide content of a nitrogen oxide-countaining Hguid or gas. The wethod
includes contacting the nitrogen oxide-containing gas or liquid with a catalyst for a
time sufficient to reduce the level of NGO, compounds in the gas or liguid. The
catalyst includes: from about 86% to about 94% weight anatase titanium dioxide;

from about 0.1% to about 10% weight Mo(,, from about 0.5% to about 3% weight
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V1Os; and from about 0.1% to about 10 % weight 510, in low molecular weight
forms. The low molecular weight forras of silica include forrus of silica having a
volume weighted median size of less than 4 nm and average molecular weight of
less than 44,000, cither individually or in a combination of two or more thereof.
{00818} An etghth aspect of the invention provides another method of
reducing the nitrogen oxide content of nitrogen oxide-containing liguid or gas. The
method includes contacting the nitrogen oxide-containing gas or liguid with a
catalyst for a time sufficient to reduce the level of NO, in the nitrogen oxide-
containing gas or liguid wherein the catalyst 18 made by: cornbining an anatase
titania slurry with 1) one or more low molecular weight forms of silica and i) a
source of Mo, to form a Ti0;-Mo(3-5i10, mixture. The low molecular weight forms
of silica inchude forms of silica having a volume weighted median size of less than 4
nm and average molecular weight of less than 44,000, cither mdividually or in a
combination of two or more thereof.,

{60019 A ninth aspect of the invention provides a catalyst support rmaterial,
The catalyst support material comprises a general formula of Ti(h-MoO3-510;,
wherein the titanium dioxide is substantially in an anatase form and the silicon
oxide has a volume weighted wedian size less than 4 nm and an average molecular
weight of less than 44,000,

1606261 The accompanying figares, which are incorporated in and constitute a
part of this specification, are inchided to ilustrate and provide a further
understanding of the methods and systeras of the invention. Together with the
description, the figures serve to explain the principles of the invention. It is
conternplated that features from one embodiment may be beneficially incorporated
in other embodiments without further recitation.

{60021} BRIEF DESCRIPTION OF THE DRAWINGS

1008221 FIG. 1 18 a flow chart of a conventional method of making catalyst
support material;

{60023} FIG. 2 1s a flow chart of a method of making a catalyst support

material in accordance with an embodiment of the invention;
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{00024 FIG. 3 18 a flow chart of a method of making catalysts in in
accordance with an embodiment of the 1nvention; and

{00625} FiG. 4 1s a graphical comparative representation of catalyst
performances of NHj slip vs. NGOy conversion in accordance with an embodiment of
the invention.

[00026] To facilitate understanding, identical reference numerals have been

used, wherever possible, to designate identical elements that are common to the

figures.
100027} DETAILED DESCRIPTION
{00028] In the following description, it is understood that terms such as "top,”

"bottor,” "outward,” "tnward,” and the like are words of convenience and are not
to be construed as limiting terms. Reference will now be made in detail to
exemplary  embodiments of the invention, which are illustrated in  the
accompanying figures and examples. Referring to the drawings in general, it will
be understood that the illustrations are for the purpose of describing a particular
embodiment of the invention and are not intended to limit the vention thereto.
{60029 Whenever a particular embodiment of the invention is said to
comprise or consist of at least one element of a group and corsbinations thereof, it
is understood that the embodiment may comprise or consist of any of the elements
of the group, either individually or in combination with any of the other elements of
that group. Furthermore, when any variable occurs more than one time i any
constituent or in forraula, its definition on ecach occurrence 18 independent of its
definition at every other occurrence. Also, combinations of substituents and/or
variables are permissibic only if such combinations result in stable compounds.
168638 Jefinitions

66631} Al terms used herein are intended to have their ordinary meaning uniess
otherwise provided.

3% h

806832} The terms “catalyst support,” “support particles,” or “support material” are

iitended to have their standard rocaning in the art.
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80833} The terms “active metal catalyst” or “active component” refer to the
catalytic coraponent deposited on the surface of the support material presumed to
catalyze the reduction of NG, compounds.

180634} The terms “catalyst” and “catalytic composition” are ntended to have
their standard meaning in the art and refer to the combination of the supported catalyst
components and the titania-based catalyst support particles.

[6G035] Unless otherwise specified, all reference to percentage (%) herein refers to
percent by weight. The terms “percent” and “loading” refer to the loading of a particular
component on the total catalytic composition. For example, the loading of vanadiura
oxide on a catalyst is the ratio of the vanadium oxide weight to the total weight of the
catalyst, including the titama-based support matenal, the vanadium oxide and any other
supported metal oxides. Similarly, the loading in mole percent refers to the ratio of the
number of moles of a particular component loaded to the number of moles in the total
catalytic compaosition.

166036} The terrn “phosphate” s used to refer to any compound containing
phosphorus bound to oxygen.

[6GG37] An embodiment of the mvention includes a method of making a catalyst
support material. The method includes combining an anatase titania slurey with 1) one or
more low molecular weight forms of silica and i) a source of Mo to form a Ti0p-
MoO3-Si0;, mxture. The low molecular weight forms of silica include forms of silica
having a volume weighted median size of less than 4 nm and average molecular weight
of less than 44,000, either individually or in a combination of two or more thercof,
{00838} An embodiment of the invention includes a catalyst support material
comprising from about 86% to about 94% weight titanium dioxide; from about 0.1%
to about 10% MoQOs, and from about 0.1% to about 10 % weight 510, 510 includes
one or more low molecular weight forms of silica having a volume weighted
median size of less than 4 o and average roolecular weight of less than 44,000,
either individually or in a combination of two or more thereof.

{66039 For illustration and not limitation, an embodiment of the invention for
methods of making catalyst support material is compared o conventional methods.

As depicted in FIG. 1, a conventional method of making catalyst support material
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includes Step 110 providing anatase titania slurry. Step 120 includes adjusting pH.
Step 130 includes providing all or substantially all silica as coromercially available
preformed silica particle such as colloidal, fumed, etc. Step 140 includes adjusting
pH. Step 150 mcludes providing tungsien.

180646 In contrast to FIG.1, FIG. 2 describes an embodiment of the invention of a
method of making catalyst support materials. FIG. 2 18 a flow chart of an embodiment of
a method of making catalyst support material by controlling form and distribution of
sthica with molybdenum. The method 1s not himited by the order or frequency of the
steps unless expressly noted. The method wchudes Step 210 providing titania slurey.
MNon-limiting cxamples of titania slurry inchude rutile, anatase, brookite, monoclinic,
tetragoval orthorombic as powders dispersed in water, and high pressure forms like lo-
PbQ.-like, baddeleyite-like, cotunnite-like, orthorhombic O, and cubic phases, cither
mdividually or in a cornbination of two or more thercof, In an embodiment, Step 210 of
providing titania slurry comprises providing anatase titania slwry.  Non-limiting
examples of anatase titania slurry inclade preformed titaniurm hydroxide, titantum oxy-
hydroxide, orthotitanic acid, metatitanic acid, titanyl sulfate, sulfated titanium dioxide,
sulfated titania hydrolysate, organo-titanates or tfitanium dioxide particles, ecither
individually or in a combination of two or more thereof.

180041 Although some embodiments and examples have been described with
anatase titania shurry in somse of the descriptiouns, it should be understood that
embodiments of the invention are not restricted to anatase titania shurry and include other
forms of titania shurry, either individually or in a combination of two or more thercof.
{00842 Step 220 comprises optionally adjusting the pH of the titania shurry in
a range from about 3 to about 6 as needed. An embodiment includes adjusting the
pH a range from about 4 to about 5. Apother ernbodiment includes adjusting the
pH to about 4. pH may be adjusted with such as, but not himited to, dilute
aramonium hydroxide, alkyl amines such as mono, di, or tripropyl amuine, alkanol
amines such as mono, di, and tricthanclamine, ecither individually or in a
combination of two or more thereof.

{60643} Step 230 comprises providing at least some low molecular weight

form of silica to the titania slurry.  An embodiment includes one or more low
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molecular weight forms of silica having a volume weighted median size of less than
4 nm and average molecular weight of less than 44,000, cither individually or ina
combination of two or more thereof. An embodiment of the invention includes
Step 240 of optionally adjusting the pH of the titania slurry to a pH of from about 3
to about 6. Another embodiment includes adjusting the pH to a range from about 4
to about 5. Another embodiment inchudes adjusting the pH to about 4. pH may be
adjusted with such as, but not limited to, dilute ammonium hydroxide, alkyl amines
such as mono, di, and tripropyl amine, alkanol amines such as mono, di, and
triethanolamine, etther individually or jn a corubination of two or wore thereof.
160044} Silica

[63045] In an embodiment, low meolecular weight forrus of silica inchude but
are not limited to silicic acid {(Si{OH),). Examples of silicic acid include S{(OH)y
generated by ion exchange of any of the cationic forms of silica listed herein using
an acidic ion-exchange resin (e.g., ion-exchange of the alkali-silicate solutions or
quaternary ammonium silicate solutions). Other non-Hmiting examples "silicic acid”
which may be provided either individually or in a combination of two or more
thereof include as described in iler {op cit., Chapter 3), a detailed characterization of
silicic acid using the 2Si nuclear magnetic resonance characterization, as described
in G. Engethardt and D. Michel (op cit. p. 100).

{00646} Although some embodiments have been described with silicic acid as an
example of low molecular weight silica in some of the descriptions, it should be
understood ernbodimaents of the mmvention are not restricted to stlicic acid and include
other forms of low molecular weight silica, either individually or in a combination of
two or more thereof.

1606471} In another embodiment, non-hmiting examples of low molecular
weight forms of silica having a volume weighted median size of less than 4 nm or
average molecular weight of less than 44,000 inchude soluble precursor tetra (alkyl)
anmmonium silicate {i.e. tetramethylammontum silicate) and tetracthylorthosilicate
(TEOS), cither individually or in a cornbination of two or more thercof.

{60048} Unexpected advantages of using low molecular weight forms of silica

having a volume weighted median size of less than 4 mm or average molecular
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weight of less than 44,000 to make catalyst support materials may include one or
more of the following. The catalytic support materials way have unexpected
improved stability and activity compared to conventional catalyst support materials
with colloidal silica as discussed below in examples. Volatility of molybdenum
may be reduced by at least 50% to greater than 80% compared to base line or
conventional mmolybdenurn volatihitics while maintaining cquivalent performance to
conventional catalyst support materials. The catalytic support materials may exhibit
retention of the anatase phase of titania and surface area afier severe thermal
and/or hydrothermal treatments, eveun in the preseuce of vanadia.

160049} Other examples of low molecular weight silica precursors which may
be used include such as but not hmited to agoeous solutions of silicon halides,
silicon alkoxides, other silicon-organic compounds, fluore-silicic acid salts,
quaternary ammonium silicate solutions, aqueous sodiuro and potassiur silicate
solutions, and silicic acid {Si(0OH ), either individually or in a combination of two or
meore thereof,

{00050 MNon-lumiting examples of agueous solutions of silicon halides
include anhydrous SiXy, where X= F, Ci, Br, or I, either individually or in a
combination of two or more thereof, Non-limiting examples of silicon alkoxides
inchide SKOR),, where R=methyl, ethyl, isopropyl, propyl, butyl, iso-butyl, sec-
butyl, tert-butyl, pentyls, hexyls, octyls, nonyls, decyls, undecyls, and dodecyls,
either individually or in a combination of two or more thereof. In an embodiment,
examples of other silicon-organic compounds include such as, but not limited to,
hexamethyidisilazane. In an embodiment, examples of fhioro-silicic acid salts
include amrmonium hexafluorosilicate [(NH4}1:51F¢]. In an embodiment, examples of
quaternary ammoniam silicate solutions include such as, but not limited to, (NR4n,
{8103}, where R=H, or alkyls such as listed above, and n=0.1-2, cither individually or
i a combination of two or more thereof. Non limiting exarples of aqueous sodium
and potassium silicate solutions include NapSi0;, K810, and MS10; (wherein M is
Na or K in varying amounts in ratio to 51}, either individually or in a combination of
two or more thereof.

160051} An advantage of using low molecular weight forms of silica having a
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volume weighted median size of less than 4 nm or average molecular weight of less than
44,000 may 1nchude opportunity and availability for interaction with titania. An
exception, as will be described below, involves subsequent modification of silica
particles using conditions of pH and temperature wherein the silica particles have
been dissolved and re-precipitated onto the titania surface.

180052} In a particular embodiment, suttable silica precursors include highly
alkaline solutions, referred to as the water soluble silicates as described in Her {op cit,,
Chapter 2). These solutions are typically fransparent since the silica particles, if present,
are generally too small to scatter visible light. However, depending on the silica
concentration and alkalinity, small particles of silica can form in these selutions. Her {op
cit,, p.133) estimates that for a S102: Na2O wolar vatio of 3.1, the average nuraber of
sificon atoms per particle in dilute sohutions is about 900, which is less than the 1500
stlicon atorns per particle in the 4 nm particle described above. Such a silicate precursor,
even though it may contain some nanoparticles above about 4 nm, is suitable for the
present invention since most of the mass of the silica s in the form of smaller, low
molecular weight species. Using alkali silicates, residual alkali ions such as Na may
poison vanadia-based SCR catalysts.

106853] In another embodimuent, Step 230 providing low molecular weight
form of silica comprises providing alkaline solution tetramethylammontum silicate.
160654 Erabodiments of the nvention include repeating Step 230 providing
at least some low molecular weight form of siica at intervals as desired and as
rmany times as desired such as, but not limited to, before, during, and after Step
250, providing a source of Mo, either individually or a combination of two or more
thereof.

HELIRRY It should be appreciated that embodiments of the invention include
providing a plurality of low molecular weight forms of silica which differ from
cach other. The plurality of low molecular weight forms of silica may have various
characteristics.

{60056} Furthermore, although embodiments of the invention have been described
with providing at lecast some low molecular weight forms of silica, it should be

understood that embodiments of the invention are not restricted to just providing the low

10
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molecular weight forms of silica and include further providing other forms of silica.
160657} In an embodiment, in addition to Step 230 of providing some low
molecular weight form of silica, the method includes further providing other forms
of silica which differ from the low molecular weight forms of silica.  Thus, in an
embodiment, the total silica present in the catalyst support material is defined as the
sum of low molecular weight form of silica and other forrms of silica which differ
from the low molecular weight form of silica.

[B0058] In an cmbodiment, low molecular weight forms of silica comprise
greater than 50% of the total silica present in the catalyst support material. In a
particular embodiment, the low molecular weight form of silica comprising greater
than 530% of the total silica present i the catalyst support material includes one or
more low molecular weight forms having a volume weighted median size of less than
4 nm or average molecular weight of less than 44,000, cither individually or in a
combination of two or more thereof.

606839} Step 250 comprises providing at least sorae source of Mo to the anatase
titania shiry.  As shown i FIG. 2, the method is not limited by sequential order or
frequency of Step 250, Embodiments of the invention include Step 250 of providing a
source of Mo before, during, or after Step 230 of providing low molecular weight form
of silica.

160360} An embodiment 1ocludes Step 250 providing at least some source of Mo
and Step 230 of providing the low molecular weight form of silica sequentially, Ina
sequential emnbodiment, the method includes Step 250 of providing at least some source
of Mo before providing Step 230 low molecular weight form of silica. When step 250
some source of Mo s provided before Step 230, an crobodiment includes adjusting the
pH to a range from about 1 to about 6. Another embodiment includes adjusting the pH
to a range from about 4 to about 5. pH may be adjusted with such as, but not limited to,
dilate ammonium hydroxide, alkyl amines such as mono, di, or tripropyl amine, alkanol
amines such as mono, di, and tricthanolamine, cither individually or in a combination of
two or more thereof, In another sequential embodiment, the method mcludes Step 250 of
providing at least some source of Mo after Step 230 of providing the low molecular

weight form of silica and after the optional step 240 of adjusting pH.

11
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1060061} An embodiment of the method also includes providing Step 250 at
least some source of Mo and Step 230 low molecular weight form of silica
simultancously.

1008621 Ewbodiments of the jnvention also include repeating Step 250 of
providing at least some source of Mo at desired intervals and as many times as
desired, such as, but not limmited to, before, during, and after Step 230 of providing
silica, etther individually or a combination of two or more thereof.

160063} It should be appreciated that the methods of making catalyst support
material also includes the reaction product of the one or more sources of Mo with
cach other, the reaction product of the one or more forms of silica with the cach
other, and also the reaction product of the one or more sources of Mo with the one
or more sources of silica, and other reaction products among present elements.
100064} The method 1s also not limited by how the Step 250 source of Mo is
provided. One or more sources of Mo may be provided before, during or after step
230 of providing form of silica by a method such as, but not limited to, on-
exchange per Step 252, to the shurry directly per Step 254, etc. either individually or
a combination of two or more thereof. In an embodiment, at least some of the
source of Mo is provided in Step 250 by ion exchange resin by Step 252, In
another embodiment, at least some of the source of Mo is provided in Step 250 to
the titania slurry directly by Step 254.

[83065] Source of Mo

188866} In an embodiment, source of Mo include molybdenum oxide or soluble
molybdenum oxide precursor, either individually or in a combination of two or more
thercof. In a particular embodiment, molybdenumm oxide is provided to the titania support
material as a soluble precursor such as  aromonium  dirsolybdate, ammoniun
heptamolybdate, ammonium paramolybdate tetrahydrate, ammonium phosphomolybdate
i an amount to achieve a mole ratio of molybdenur to vanadium i a range of from
about 0.5:1 to about 20:1 to form a catalyst comprising vanadium. In yet another
erubodiment, roolybdenum oxide is added to the titania support roaterial in an amount to
achieve a mole ratio of molybdenum to vanadium in a range of from about 1:1 to about

10:1 to form a catalyst cormprising vanadinm.

12
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{00867 In an embodiment, the method further includes providing a plurality
of differing sources of Mo, either individually or in a corsbination of two or wore
thereof. In a particular embodiment, a plurality of differing sources of Mo are
provided fo anatase titania slorry after Step 230 of providing silica. In an
embodiment, the pharality of differing sources of Mo may be provided to the
anatase titania shurry by ton exchange resin by Step 252,

{00068] it should be appreciated that an embodiment of the method includes
combining a titania slurry with 1) silica and 11) one or more sources of Mo to form a
TiO:-Mo(:-S1(h mixture.

160069} In an embodiment, the method further comprises Step 260 of
optionally providing an amount of phosphate to the anatase titania slurry. Adding
phosphate to a catalyst support material may have unexpected advantages such as,
but not limited to, decreased SO; oxidation and improved ability to reduce NOy
compared to without adding phosphate. In the presence of Si0», phosphorus at low
levels surprisingly increases catalyst activity.

{60070} As shown in FIG. 2, the method is not limited by sequential order or
frequency of Step 260 unless expressly noted otherwise. Embodiments of the
invention include Step 260 of providing amount of phosphate before, during, or
after Step 230 of providing low molecular weight form of silica.

160071} I one embodiment, the wethod includes Step 260 of providing at
least some amount of phosphate before Step 230 of providing at least some silica.
Another embodiment includes Step 260 of providing amount of phosphate during
Step 230 of providing at least some silica. In another embodiment, the method
includes Step 260 of providing at least some arnount of phosphate after Step 230 of
providing at least some silica.

{00072} In an embodiment, Step 260 comprises providing an amount of
phosphate before, during, or after Step 250 of providing Mo. In a particular
embodiment, the method includes Step 260 of providing amount of phosphate
betore Step 250 of providing at least some source of Mo, Another embodiment
includes Step 260 of providing an amount of phosphate during Step 250 of

providing at least some source of Mo. In a particular embodiment, at least some of
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the source of Mo in Step 250 and an amount of phosphate in Step 260 are
siraultaneously provided. Another embodiment includes Step 260 of providing at
least some amount of phosphate after Step 250 of providing at least some source of
the Mo.

[06073] It should be appreciated that the method includes repeating Step 260
of providing an amount of phosphate at frequency mtervals as desired and as many
times as desired such as, but not limited to, before, during, and after Step 230 of
providing low molecular weight form of silica, and before, during, and afier Step
250 of providing at least some source of Mo, cither individually or a combination
of two or more thereof,

160074} The method s also not limited by how the Step 260 amount of
phosphate is provided. Amount of phosphate may be provided by a method such
as, but not imited to, 1on-exchange to the slurry directly, etc., either mdividually or
a combination of two or more thereof. In an embodiment, the Step 260 amount of
phosphate 1s provided by ion exchange resin. In a particular embodiment, the
amount of phosphate is provided to the shurry by ton exchange resin before Step
250 of providing at least some source of Mo. In another embodiment, the amount of
phosphate is added to the titania shurry by ion exchange resin siroultaneously with
Step 250 of providing at least some of the source of Mo.

[60075] Suitable phosphate-containing cowpounds inclade, but are uvot
limited to, organic phosphates, organic phosphonates, phosphine oxides, HyP205,
H3PO4, polyphosphoric acid, (NHoHPO,, (NHu)pHPOs, and (NH4)33 POy cither
individually or in a combination of two or more thereot. In an embodiment, a
plurality of differing sources of phosphate is provided. Furthermore, the phosphate
can be present within the support material, or phosphate can be present oun the
surface of the support material.

100876} In an ewbodimment, phosphate is added at levels to achieve a mole
ratio of phosphorus to molybdenum of about 0.2:1 or greater. In some
embodiments, phosphate 1s added in an amount to achieve a mole ratio of
phosphorus to molybdenum in the range of from about ¢.2:1 to about 4:1.

{00877} “Substantially Free” of Tungsten

14
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{60078] Applicant has unexpectedly discovered that the low molecular weight
form of silica may reduce Mo volatility compared to conventional methods of
colloidal silica suspension or agqueous slurry of fumed solids.  Furthermore,
Applicant has also discovered that tungsten level may be reduced or replaced with
Mo by using Mo in combination with the low molecular weight form of silica to
control Mo volatility. It should be appreciated that embodiments of the invention
include optionally reducing or replacing tungsten to levels as desired such as from
none to 100 % of the typical tungsten levels.

100879 In one embodiment, the catalyst support material is substantially free
of the presence of tungsten. In another embodiment, the catalyst is substantially
free of tungsten. In one embodiment, the catalyst support material is substantially
free of the presence of tungsten to an amount of less than about 1% by weight of
the total catalyst support material.

HHERH “Substantially free” expressly allows the presence of trace amounts of
the respective referred to substance either individually or in a combination of two
or more, such as tungsten or iron, and is not to be limited to a specified precise
value and may include values that differ from the specified value. In one
eraboditaent, “substantially free” expressly allows the presence of trace amounts of
tungsten by less than about 1%, by less than about 0.5%, and less than about 0.1%,
either jndividually or 1n a combination. “Substantially free” expressly allows the
presence of the respective trace amounts of a referred substance such as tungsten
but does not require the presence of the referred substance, such as tungsten,
100081} It should be understood that designs of low weight form of silica to
reduce Mo volatility in the foregoing examples can be used to reduce volatility of
other metals and substances such as, but not himited to, tungsten oxide, vanadium
oxide, bismuth oxide, lead oxide, and the like, either individually or in a
combination of two or more thereof.

{00082} Approxtmating language, as used herein throughout the specification
and claims, may be applied to modify any quantitative or qualitative 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 “less than
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about” or “substantially free of” is not to be limited to a specified precise value and
may include values that differ from the specified value. In at least some instances,
the approximating language may correspond to the precision of an instrument for
measuring the value. Furthermore, “removing or reducing NOy” may be used in
combination with a term and include a varying amount of NO, removal and is not
to be himited to a specitied precise value and may include values that differ from a
specified value.

[60083] Phosphate and Tungsten

180054] In other erobodivaents, the catalyst support matenial has more than trace
presence of tungsten, ie., the catalyst support material is not substantially free of the
presence of tungsten. Tungsten level way be reduced by at least B0% compared to
conventional catalyst support materials and catalyst. Tungsten levels may be reduced by
at least 35% comnparced to conventional catalyst support materials and catalysts. Tungsten
fevels may be reduced by at least 10% compared to conveuntional catalyst support
materials and catalysts.

[60GO8S] In an embodiment, the catalyst support material has a mole ratio of
phosphorus to tungsten of about 0.2:1 or greater, the resulting catalyst showed decreased
SO, oxidation without sigoificantly lower NO, conversion. o some embodiments,
phosphate is added in an amount to achicve a mele ratio of phosphorus to tungsten in a
range of from about 8.2:1 to about 4:1. Similarly, when both tungsten and molybdenam
are present, phosphate is added at levels to achieve a mole ratio of phosphorus to tungsten
plus meolybderum of about 0.2:1 or grester, and in some cmbodiments, at levels to
achieve a mole ratio of phosphorus to tungsten phus molybdenum in the range of from
about §.2:1 to about 4:1.

166886} In an embodiment, the method further comprises Step 270 of washing and
caleining the Ti(,-Mo03-810, mixture.

{36887 The invention includes another embodiment of a method making a
catalyst support material. The method includes: a} providing anatase titania slarry;
and b} combining the anatase titania slurry with 1) one or more volatility hibitors
comprising a low molecular weight form of the silica; and 1) primary promoter

comprising molybdenum oxide to form a TiO,-MoOs-8510; mixture. Low
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molecular weight forms of silica include forms of silica having a volume weighted
median size of less than 4 nm and average molecular weight of less than 44,000,
cither individually or in a combination of two or more thereof.

{B0ORE] Applicant has unexpectedly discovered volatility  inhibitors
comprising low molecular weight form of silica may reduce Mo volatility
compared to conventional methods of colloidal silica suspension or agueous shurry
of fumed solids. Furthermore, Applicant has also discovered that tungsten levels
may be reduced or replaced with Mo by using Mo in corabination with volatility
inhibitors comprising low molecular weight form of sidica to coutrol Mo volatility.
160089} it should be appreciated that embodiments of the invention include
providing a plorality of volatility inhubitors which differ from each other. The
plurality of volatility inhibitors may have various characteristics.

{03490 Although embodiments of the invention have been described with
volatility inhibitor comprising low molecular weight forms of silica, it should be
understood that embodiments of the invention are not restricted to just providing
volatility inhibitors that inchude low molecular weight form of silica and include
further providing other forms of volatility inhibitors.

100891} In an ecwbodiment, in addition to providing volatility inhibitor
comprising low molecular weight formm of silica, the method includes further
providing another volatility inhibitor which does not 1nclude low molecular weight
form of silica.  Thus, in an embodiment, the total amount of volatility inhibitor
present in the catalyst support material is defined as the sum of volatility mhibitors
comprising low molecular weight form of silica and other forms of volatility
inhibitors which do not inchude low molecular weight form of silica.

160692} In an ewbodiment, volatidity inhibitor comprising low molecular weight
form of silica comprises greater than 50% of the total volatility inhibitor present in the
catalyst support waterial. In a particular embodiment, the low molecular weight forra
of silica comprising greater than 50% of the total volatility inhibitor present in the
catalyst support material inchudes one or more low molecular weight forms of silica

having a volume weighted median size of less than 4 nm or average molecular

[y
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weight of less than 44,000, cither individually or in a combination of two or more
thereof.

{60093} Although embodiments of the invention have been described with
primary promoter comprising molybdenum oxide, it should be understood that
embodiments of the invention are not restricted to just providing primary promoter
that mmclude molybdenum oxide and mclade further providing other forms of
understood that embodiments of the invention are not restricted to just providing

primary promoters.

180694] Catalyst Support Material
{00095] Embodiments of the invention also include catalyst support materials.

In an embodiment, the catalyst support weaterial includes: from about 86% to about
94 % weight anatase titania dioxide; from about 0.1% to about 10% MoO; %
weight; and from about 0.1% to about 106 % weight S10; 1n low molecular weight
forms. Low molecular weight forms of Si(3; include one or more forms of silica
having a volume weighted median size of less than 4 nm and average molecular
weight (MW} of < 44,000, either individually or in a combination of two or more
thereof as discussed above. In a particular embodiment, the catalyst support
raaterial optionally comprises from about 0.01 to about 2.5% P.

[ 80896} In another embodiment, the catalyst support material comprises from
about 86 % to about 94 % weight anatase titania particles, frora about 8.2% to about 5%
weight MoOs, and from about 8.2 % to about 5 % weight Si(; in low molecular weight
forms. Low melecular weight forms of 510, include one or more forras of silica as
discussed above, either individually or in a combination of two or more thereof as
discussed above. In a particular crobodiroent, the catalyst support material optionally
comprises from about 0.01 to about 2.5% P.

66397} In an embodiment of the catalyst support material, SiQd; compriscs
nanoparticles having diameters of less than 4nm.  To another embodiment, Si0; 1o the
catalytic support material comprises low molecular weight of Si0; having a molecular
weight of less than 44,000, In yet another embodiment, 510, n the catalytic support
material comprises greater than 50% of silicon atoms in the ng,, Qz, Q'i' and QO

coordination environments.
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[ B0898] In an embodiment, the catalytic support material has a BET surface arca of
at least 50 m’/g. In another embodiment of the catalyst support, SiO; is present at a
fractional monolayer value of less than (.5 before the catalyst support material is
calcined,

30699} In an embodiment, the catalyst support material includes anatase titania
particles, a primary promoter comprising molvbdenum oxide; a mole ratio of phosphorus
to molybdenum in a range of from about (:1 to about 4.1, and a volatility inhibitor
comprising low molecular weight forms of silica. Low molecular weight forms of silica
include forms of silica having a volome weighted median size of less than 4 nm and
average molecular weight of less than 44,000, cither individually or in a combination of
two or more thereof. | should be appreciated that embodiments of such catalyst support
materials comprising volatility inhibitors include one or more volatility inhibitors
deseribed above, either individually or in a combination of two or more thereof,

1306106 Auother embodiment of the catalyst support material includes a general
formula of Ti0,-Mo03-510,, wherein the titantum dioxide 18 substantially in an anatase
form and the stlicon oxide has a volume weighted median size less than 4 nm and an
average molecular weight of less than 44,000,

1866161} It should also be appreciated that the catalytic support material includes
the reaction product of anatase titanium oxide with cach other, reaction product of Mo(h
with each other, reaction product of P with each other, reaction product of Si0; with cach
other and also the reaction product of oxides of the elements with each other in general.
(806162} Method of Making a Catalyst

16G6103] With reference to FIG. 3, next is described an embodiment of the
invention of making a catalyst. FIG. 3 13 a flow chart of an embodiment of a
method making a catalyst and s Hoaited by the order or frequency of the steps
unless expressly noted.

{060104] The method includes Step 310 of combining the Ti0,-Mo(:-510;
niixture with V,Os to form a vanadia catalyst. The method may further optionally
comprise Step 320 of calcining the vanadia catalyst, such as around 600°C.

[000105]  Catalyst
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16601066] Embodiments of the invention also inclade catalysts. In an
embodiment, the catalyst mcludes from about 86% to about 94 % weight anatase
titanium dioxide; from about 0.1% to about 10% weight MoQs;, from about §.1% to
about 10 % weight 510,, and from about 0.5% to about 3% weight V05 510,
includes a low molecular weight form having a volume weighted median size of less
than 4 nm and average molecular weight of less than 44,000, either individually or
in a combination of two or more thereof. In a particular embodiment, the catalyst
optionally comprises from about §.01 to about 2.5% weight P,

1880167} In an embodiraent, the catalyst inchudes from about 86% to about 94 %
weight anatase titania particles, from about 0.2% to about 5% weight MoOs, from about
0.1% to about 10 % weight 510y, and from about 0.5% to about 3% weight V,0s5. Si0;
includes a low molecular weight form of silica having a volume weighted median size of
fcss than 4 wm and average molecular weight of less than 44,000, cither individually or in
a combination of two or more thereof. In a particular embodiment, the catalyst optionally
comprises from about 0.01% to about 2.5% weight P.

[GOGI0R] In another embodiment, the catalyst comprises from about 0.3% to about
1.5% weight V,Os. In yet another embodiment, the catalyst comprises from about 0.5%
to about $.9% weight Vo 0s.

1800109] Use of the Catalyst

[6G0110] Embodiments of the 1nvention also inchude methods of using the catalysts
to reduce the nitrogen oxide content of nitrogen oxide-containing liguid or gas. A
method includes contacting the nitrogen oxide gas or hquid with a catalyst for a time
sufficient to reduce the level of NG, in the nitrogen oxide-containing gas or Hguid. Inan
erubodiment, the catalyst includes from about 86% to about 94 %  weight anatase
titaniom dioxade, from about §.1% to about 10% weight MoQOs, from about 8.5% to
about 3% weight V,(0s, and from about 0.1 to about 10 % weight 5i0; in low molecular
weight forres. Low rolecular weight formas of Si0) include one or more forms of silica
having a volume weighted median size of less than 4 nm and average molecular weight
of less than 44,000, cither individually or in a combination of two or more thereot. In a
particular embodiment, catalyst optionally comprises from about 0.01 to about 2.5%

weight P
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000111} it should be appreciated embodiments of the invention include
methods of reducing the uitrogen oxide content of a nitrogen oxide-containing
liquid or gas by contacting the nitrogen oxide-containing gas or liquid with one or
more embodiments of the catalysts described above, either individually or n a
combination of two or more thereof.,
[6066112] The NGO, reducing additives described above can be added as a
formed structure such as a monolith or an extrudate in a fixed bed reactor or_any
conventional reactor-regenerator systems, to fluidized bed systeros, to systems
which imvolve continuously conveying or circulating catalysts/additives between
reaction zone and regeneration zone, and the like. Typical of the circulating bed
systems are the counventional moving bed and fluidized bed reactor-regencrator
systems. The NO, reducing catalysts can be used in an amount of at least 1%; at
least 296; or at least 59%; n an amount of at least about 10% of the mventory of the
regenerator; or in an amount of at least about 20% of the inventory of the
regenerator to reduce nitrogen oxide content.
{0001 13] Embodiments of the methods also inchide contacting the nitrogen
oxide-containing gas in the presence of one or more reducing agents such as
aramonia, hydrocarbons, hydrogen, carbon monoxide, and the like, cither
individually or in a combination of two or more thercof, with one or more
embodiments of the catalysis described tn erobodiruents of the wvention at varions
environment conditions such as full burn and low oxygen environment conditions.
Examples of low oxygen environment condition include, but are not hmited to,
partial burn units, partial combustion units, mixed mode, full combustion units with
poor air ¢irculation, etc.
1600114 Another erbodiment jnchudes contacting a nifrogen oxide-containing
cas or liguid with a catalyst for a time sufficient to reduce the level of NOy n the
nitrogen oxide~containing gas or liquid, wherein the catalyst is roade by:
{a) providing an anatase titania shirry; and
(b} combining the anatase titania slurry with 1) one or more low molecular
weight forms of silica and i) a source of Mo, to form a Ti0;-MoUs-Sily,

mixture. Low molecular weight forms of silica include forms of silica having
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a volume weighted median size of less than 4 nm and average molecular wt of

less than 44,000, cither individually or 1o a combination of two or roore thereof.
{6001 15] It should be appreciated embodiment of the invention include
methods of reducing the nitrogen oxide content of vitrogen oxide-containing Hguid
or gas by contacting the nitrogen oxide-~containing gas or liquid with one or more
catalysts made by crubodiments of the methods deseribed above, either individually
or in a combination of two or more thercof.
{030116] The NOy reducing additives described above can be added as a
formed structure such as a monolith or an exirudate in a fixed bed reactor or any
conventional reactor-regenerator systems, to fluidized bed systems, to systems
which involve continoously conveying or circulating catalysts/additives between
reaction zone and regeneration zone, and the like. Typical of the circulating bed
systems are the conventional moving bed and fluidized bed reactor-regenerator
systems. The NO, reducing catalysts can be used in an amount of at least 1%%; at
least 2%; or at least 3%; in an amount of at least about 10% of the inventory of the
regenerator; or in an amount of at least about 20% of the inventory of the
regenerator to reduce nitrogen oxide content.
1880117] Embodiments of the methods alse include contacting the mirogen oxide-
containing gas in the presence of a reducing agent such as ammonia, hydrocarbons,
hydrogen, carbon monoxide, and the hike with one or meore embodiments of the catalysts
described in embodiments of the invention at various environment conditions such as full
burn and low oxygen environment conditions. Examples of low oxygen environment
condition mclude, but are not limited to, partial burn units, partial combustion units,
mixed mode, full combustion untts with poor air cireulation, ete.
LEEHEE] Examples
[666119] The following cxamples illustrate the features of embodiments of the
wvention and are not wntended to himit the invention thereto.  Although soroe parts of
examples 1-12¢ are written in present tense, the cxamples were conducted and illustrate
non-imiting  difference(s) between embodiments of this invention compared o

conventional techniques.
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1600126 Molybdenum volatility was determined in the following manner. 0.2¢ of
catalyst {0.7-1.2 mun particle size TiOs- §109) 1s supported by quartz wool 1o a 97 long,
3/8” OD quartz tube fitted at both ends with open ball joints. 0.2g of 255 m%/g gamma
alumina {Alfa-Acsar 0.7-1.4 ram particle size) is added from the opposite end of the tube
to prevent cross-contamination. It is also suspended on a plug of quartz glass wool. The
tube is attached via the ball joints to a plug tlow reactor.  The temperature s raised to
700°C and a carrier gas of composition 10% water vapor, 10% Oy, 500 ppm NO, 500
ppm NHj, balance Ny 18 passed over the catalyst toward the alumina bed. After 2 hr, the
catalyst and alumina beds are cooled. The catalyst is removed from ove end of the tube
and the alumina is removed from the other end to prevent cross-contamination. Each
powder saraple is then dissolved with HF aund analyzed sepavately with HCPOES
{Inductively Coupled Plasma Optical Emission Spectroscopy) for Mo content.  The
molybdenurn sublimed from the catalyst is calculated by dividing the amount of Mo on
the alumina by the sum of molybdenum present on the titania and alumina supports. The
mass balance for the experiment is caleulated by dividing the sum of Mo detected on the
titania and alumina supports after the hydrothermal treatment by the amount of Mo
measured on the titania support prior to the hydrothermal treatment.

1866121} DeNO, conversion was deferrained using a catalyst in the powder forro
without further shaping. A 3/8” quartz reactor holds 0.2g catalyst supported on glass
wool.  The feed composition is 1000 ppm of NG, 5% O,, 5% H,0, varying amounts of
NH: from 0 to 1200 ppm, and balance Na. N{O conversion is measured at 250, 350, and
450°C at atmospheric pressure and recorded as a function of increasing ammonia partial
pressure in the reactor feed. The reactor efffuent s analyzed with an infrared detector to
determaine NO conversion and NH; shp.

1606122} SO, oxidation was determined with a catalyst in powder form without
further shaping. A 3/8” quartz reactor holds 0.2g catalyst supported on glass wool. The
feed composttion 18 SO0 ppm 50, 20% O, balance Ny, The space velocity is 29.5
I/g.cat-hr calculated at ambient conditions. Conversion data is recorded at 550°C.
(866123} Example |

6081 24] An embodiment of the presently disclosed and/or claimed inventive

concept{s) was prepared in the folowing manner. A 370.7g sample of anatase titaniurn
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hydrolysate shurry {(26.3% solids), produced via the sulfate process {Trade name —~ G1
from Millenniom fnorganic Chemicals), is heated to 60°C via a temperature controlled
hot plate, and the temperature is maintained at 60°C throughout the preparation. The pH
is adjusted to 4 with dilute ammorsurs hydroxide. A diute solution (I w% Si0s) of
sodium silicate is prepared by adding 1.7g of Inobond Na-4011 sodium silicate (29.4 w%
as 510} to 48.4¢ of delonized water. A 20g portion (s reccived basis) of strong acid ton-
exchange resin Dowex™ 6500 H-form is weighed out and placed in a buret column.

{(Dowex™ 650C H-form ion exch

S Y H N N NN
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available by The Dow Chemical Comwpany, US) The dilute silicate solution 18 added
through the column containing the ion exchange resin to the slurry at a rate of 5 mU/min.
After complete addition, the ion exchange resin in the column is rinsed with 10 mi of
deionized water added at a rate of 5 m/min into the titania shurry. The pH s again
adjusted to 4 with ammonium hyvdroxide and allowed to react for 20 min. A sccond
solution is prepared by dissolving 3.68g of ammonium heptamolybdate and 0.55g of 83%
phosphoric acid in 20 mi water. This solution 1s added to the shurry via the ion exchange
column at a rate of 5 ml/min, and after the addition is complete the pH of the mixture is
adjusted to 4 with dilute ammonium hydroxide and allowed to react for 10 min. The
mixture 18 filtered, rinsed with 1.0 liter of deionized water, dried at 103°C, and then
calcined at 530°C for 6 hrs. The targeted loading for the catalyst support is 0.5 w% 510,
0.15 w% P, and 2 w% Mo.

EUHH PAY Prior to volatility studies, 1.3 w% vanadia is added to the sample via the
following method. A 20g sample of the prepared support is slurried in 50 ml water. To
this, vanadium pentoxide [V.0s] (0.266g) and monoethanolamine [HOCH,CHyNH; ]
{0.222g) are added and the temperature of the mixture is raised to 60°C. The pH is
adjusied to & with armroonium hydroxide and the mixture 1s allowed to stiv for 15 min.
The solids are separated via filtering, dried at 100°C for 6 hrs, and calcined at 600°C for 6
hrs 1o air.

1806126} Prior to DeNO, testing and measurement of SO, oxidation, 0.9% vanadia
is added to the sample via the following method. A 20g sample of the prepared support 18
sturried in 50 ml water. To this, vanadium pentoxide {0.184g) and monoethanolamine

(0.154¢) are added and the temperature of the mixture is raised to 60°C. The pH is
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adjusted to 8§ with ammonium hydroxide and the mixture is allowed t© stir for 15 min.
The solids are separated via filtering, dried at 100°C for 6 hrs, and calcined at 600°C for 6
hrs in air.

1866127} Example 2

1866128} In a second embodiment of the method, the order of addition of silica and
the molybdenurn and phosphorus solutions were reversed such that the molybdenum and
phosphorus solution is added through the ion exchange column prior to the silica
solution. Vanadia is added as desceribed in Example 1.

1866129] Comparative Exarople 1

[B08136] A 440.0g sample of anatase titanitum hydrolysate shurry (23.2% solids) is
heated to 60°C via a temperature controlied hot plate and the temperature is maintained
throughout the preparation. A molybdenum solution is prepared by dissolving 4.64g of
ammonium heptamolybdate in 160 mi water and this solution is added directly to the
sharry. The pH is adjusted to 5 with ammonium hydroxide and allowed to mix 10 min.
The mixture 18 filtered, dried at 105°C, and then calcined at 330°C for 6 hrs, The targeted
foading is 2 w% Mo, Vanadia is added as described 1n Example 1.

666131} Comparative Example 2

1000132] A support is prepared as described in Comparative Exarople T but with the
exception that the filtrate is washed with 1 liter of deionized water to remove soluble
spectator ions such as aromonia prior to deyiog and caleination. The targeted loading is 2
wY% Mo. Vanadia is added as described in Example 1.

[606133] Example 3a

1808134} A 183.3g sample of anatase titanium hydrolysate sharry (26.6% solids) is
heated to 60°C via a temperature controlled hot plate and the temperatare is maintained
throughout the preparation. A molybdenum solution is prepared by dissolving 1.84g of
ammonium heptamolybdate in 20 m! water. This solution is added to the slurry, After
the addition s coraplete, the pH of the mixture 1s adjusted to 5 with a dilute ammonium
hydroxide solution and allowed to react for 10 min. A dilute solution {1 w9% Si0y) of
sodium silicate is prepared by adding 0.85g of Inobond Na-4011 sodium silicate {(29.4
wY% as Si{)) to 24.1g of deionized water. A 10g portion (as received basis) of strong acid

wn-cxchange resin {Dowex™ 650C H-form) i1s weighed out and placed m a buret
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column. The dilute silicate solution is added through the column containing the ion
exchange resin to the shurry at a vate of 10 wl/mun. The column is then vinsed with 10 wl
of deionized water at a feed rate of 10ml/min. The pH is again adjusted to 5 with
ammoniom hydroxide and allowed to react for 20 mwin, The maxture 1s filtered, rinsed
with 500 ml DI water, dried at 105°C, and then calcined at 330°C for 6 hrs. The targeted
loading 18 0.5 w% 510, and 2 w% Mo. Vanadia 1s added as described in Example 1.
186831 35] Example 3b

1666136} A catalyst support is prepared as deseribed m Example 3a with the
exception that the order of addition of wolybdenurs and silica are reversed such that

stlica is added prior to molybdenum. Vanadia is added as described in Example 1.

1666137} The results of volatility testing arve shown in Table 1 below:
“Table 1
Mo on
M Catalyst Y %
o an e }13 ° Catalysts @ on ass Mo Retained] Mo Loss
Before Test Alumina Balance
Example After Test
), {Q) {9

Example 1 1.91 1.82 0.07 99.0% 96.3% 3.7%
Example 2 1.88 1.84 .12 89.0% 93.9% 5.1%
Comparafive 2.07 144 0.61 99.0% | 70.2% 29.5%
Exampla 1
Comparaive 1.98 1.76 0.33 105.6% | 84.2% 15.8%
Exampla 2

Example 3a 1.82 1.856 (.18 111.0% G2.1% 7.9%
Exampla 3a 1.88 1.82 812 88.0% 93.8% 8.2%
Example 3a 1.99 1.82 .11 100.5% G4.5% 5.5%
Example 3a 1.96 1.85 0.13 101.5% 93.5% 8.5%
Example 3a 1.94 1.83 0.15 102.1% G2.4% 7.6%
Example 3a 2.05 1.93 0.13 100.5% 93.7% 8.3%
Example 3b 1.92 1.79 .13 100.0% 93.2% 5.8%
Example 3b 1.97 1.88 012 101.5% 94.0% 8.0%
Example 3b 1.80 1.79 .16 102.6% 91.8% 8.2%
Example 3b 1.98 1.93 0.13 105.1% 93.7% 8.3%
Exampla 3b 1.85 1.82 .16 101.5% 51.9% 8.1%
Exampie 3 102.2% | 93.1% 8.9%

Average
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808138} Comparative Example 2 relative to Comparative Example 1 shows
advantages of rersoving spectator 1ons by using a washing step with a 10-fold excess of
deionized water. Such evidence demonstrates an advantage of an embodiment of the
wvention include molybderum  vetention.  Example 1 shows significant further
attenuation of molybdenum volatility. Further, comparison of Example 1 with Example 2
shows that molybdenur volatility 1s at least partially related or influenced by the order at
which silica versus molybdenum and phosphorus are added using the ion exchange
column. Example 3 represents 11 repetitions of both the preparation method and the
volatility test. These results show testing variability, i addition to dewoustrating that the
order of addition is not important for compositions including just molybdenum and silica.
Additionally, the repetitions demonstrate that this simple method of preparation 1s also
effective in reducing Mo volatility relative to the Comparative Examples.

[606139] Example 4

1800140 In order to show the effect of increasing silica content on melybdemum
volatility, catalyst supports are prepared as described in Example 3b with the exception
that the target silica loading is increased to 0.75% (Example 4a} and 1.0% (Example 4b).
Vanadia is added as described in Example L.

1806141} Comparative Exaraple 3

1880142] In order to show the unexpected advantages of adding silica through the
ion exchaoge coluran, a coraparable catalyst support is prepared using colloidal silica. A
182.0g of anatase titanium hydrolysate slurry (26.8% solids) is heated to 60°C via a
temperature controlied hot plate and the temperature s maintained throughout the
preparation. A molybdenum solution is prepared by dissolving 1.84g of ammonium
heptarmnolybdate 1n 20 md water. This solution 1s added to the slurry. After the addition is
complete, the pH of the mixture 18 adjusted to 5 with didute ammonium bydroxide and
allowed to react for 10 min. A colloidal dispersion of silica (Trade name — Ludox AS-30
from Grace Davison (30% solids)) is diluted by mixing 1g with 29g of deionized water,
and 25 ml is added to the titania slurry. The pH is again adjusted to 5 with ammonium
hydroxide and allowed to react for 20 rain. The mixture is filtered, rinsed with 500 mi D1
water, dried at 163°C, and then calcined at 530°C for 6 hrs. The targeted loadings are (.5

w2 510, and 2 w% Mo, Vanadia is added as described in Example 1.
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808143} Comparative Example 4

[60G144] In order to show the unexpected advantage of adding silica through the ion
exchange column, a comparable catalyst support is prepared using fumed silica. A
182.0g of anatase titanium hydrolysate shurry (26.8% solids) is heated to 60°C via a
temperature controlied hot plate and the temperature is maintained throughout the
preparation. A molybdenum solution 15 prepared by dissolving 1.84g of ammoniom
heptamolybdate in 20 ml water. This sohution is added to the slurry and, after the
addition is complete, the pH of the mixture 18 adjusted to 5 with a dilute ammonium
hydroxide solution and allowed to react for 10 min. A shurry of furoed silica (Trade name
— Acrosil 200 from Evonik) is prepared by adding 0.252 to 25 ml and adding this to the
titania slurry, The pH is again adjusied to 5 with ammonium bydroxide and aliowed to
react for 20 min. The mixture is filtered, rinsed with 5300 ml DI water, dried at 105°C, and
then calcined at 330°C for 6 hrs. The targeted loadings are 0.5 w% 510y, and 2 w% Mo.
Vanadia is added as described in Exampile 1.

1800145] Example 5

6031 46] In order to show the effect of adding silica and molybdenum together
through the ion exchange column, the preparation is modified in the following manner.
1866147} A 370.7¢ sample of anatase titanium hydrolysate shurry (26.3% solids) is
heated to 60°C via a temperature controlled hot plate and the temperature is maintained
throughout the preparation. The pH is adjusted to 5 with a didute ammonium hydroxide
solution. A dilute solution (1 w% Si10:) of sodium stlicate is prepared by adding 1.7g of
Inobond Na-4011 sodium silicate (29.4 w9% as 510y) to 48,43 of deiomzed water. 3.68g
of ammonium heptamolybdate is added to the silica solution. A 20g portion {as received
basis) of strong acid ion-exchange resin {(Dowex™ 650C H-formm) is weighed out and
placed in a buret column. The dilute sificate and molybdenum solution 1s added through a
column containing the ion cxchange resin to the slurry at a rate of 5 mi/min. The pH is
again adjusted to 5 with ammonium hydroxide and allowed to react for 20 voin. The
mixture is filtered, rinsed with 1.0 liter of deionized water, dried at 105°C, and then
calcined at 530°C for 6 hrs. The targeted loadings are 0.5 w% Si10r and 2 w% Mo.
Vanadia is added according to the method described in Example 1.

[G06148] Example 6a
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600149} To show that molybdenum and silica can be added in a number of ways
effective in redacing Mo volatility, the method of preparation was varied in the following
AnnCr.

1806156 A 370.7¢ sample of anatase titanium hydrolysate shurry (26.3% solids) is
heated to 60°C via a temperature controlled hot plate and the temperature is maintained
throughout the preparation. Molybdenum is combined to the slurry to achicve a 0.5 w%
Mo loading by adding 0.92g ammonium heptamelvbdate. The pH is adjusted to 5 with
dilute ammoniurn hydroxide. A dilute solution (I w% Si10;) of sodium silicate 18
prepared by adding 1.7¢ of lnobond Na-4011 sodium silicate (29.4 w% as S10») to 48.4¢
of deionized water. 2.76g ammonium heptamolybdate is added to the silica solution for a
target proportion of 1.5% Mo and wn order to make the total Mo loading of the support 2
wY%. A 20g portion {(as received basis) of strong acid ion-exchange resin {Dowex ™ 650C
H-form) 1s weighed out and placed in 8 burct coluron. The dilute silicate and
molybdenum sohition is added through a colurn containing the ion exchange resin to the
slurry at a rate of 5 mV/min. The pH s again adjusted to 5 with aramonium hydroxide and
allowed to react for 20 min. The mixture s filtered, rinsed with 1.0 liter of deionized
water, dried at 103°C, and then calcined at 530°C for 6 hrs. The targeted loadings are (.5
w% Sy, and 2 w%% Mo, 1n which 0.5 w% Mo 1s added to the shurry divectly and 1.5 w%
is added with the silica solution through the ion exchange column. Vanadia is added as
described n Exarople 1.

186381} Example 6b

[806152] A catalyst support is preparcd as described i Example 63 with the
exception that 1.0 w% Mo is added to the slurry directly and 1.0 w% is added with the
stlica solution through the ion cxchange colummn for a total of 2 w% Mo added to the
support. Vanadia is added as described 1n Example 1.

[6G8153] Example 6¢

[000154] A catalyst support 13 prepared as described o Example 6a with the
exception that 1.5 w% Mo 15 added to the slurry directly and 0.5 w% is added with the
stlica solution through the ion cxchange colummn for a total of 2 w% Mo added to the
support. Vanadia is added as described in Example 1.

[606155] Example 7a
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800156} To show the effect phosphorus has on reducing molybdenum volatility the
following supports were prepared.

[6GGIST] A 348 8¢ sample of anatase titantum hydrolysate shurry (27.9% solids) is
heated to 60°C via a temperature controlled hot plate and the temperature is maintained
throughout the preparation. The pH is adjusted o 4 with a dilute ammontum hydroxide
solution. A molybdenum and phosphorus solution 1s prepared by dissolving 3.68g of
ammonium heptamolybdate and $.55g of €3% phosphoric acid i 20 mi water. A 10g
portion (as received basis) of strong acid ion-exchange resin (Dowex™ 650C H-forra) is
weighed out and placed 1o a buret coluron. The molybdenurn and phosphorus solution 1
added through the column containing the ion exchange resin to the shurry at a rate of 5
ml/min. The pH is again adjusted to 4 with avamoniem hydroxide and allowed to react for
20 min. The mixture is filtered, rinsed with 1.0 liter of deionized water, dried at 105°C,
and then calcined at 330°C for 6 hrs. The targeted loadings are 6.15 w% P and 2 w% Mo.
Vanadia is added as described in Exampile 1.

[6G0158] Example 7b

EUHH RSS! A 348 8g sample of anatase titanium hydrolysate slurry (27.9% solids) is
heated to 60°C via a temperature controlled hot plate and the temperature is maintained
throughout the preparation. The pH 1s adjusted to 4 with dilute ammonium hydroxide. A
molybdenum and phosphorus solution is prepared by dissolving 3.68g of ammonium
heptarnolybdate and 0.55g of 85% phosphoric acid i 20 ml water. The molybdenur and
phosphorus solution is added directly to the shurry at a rate of 5 mi/min. The pH 15 again
adjusted to 4 with ammonium hydroxide and allowed to react for 20 nmun. The nuxture is
filtered, rinsed with 1.0 liter of deionized water, dried at 105°C, and then calcined at
530°C for 6 hrs. The targeted loadings are 0.15 w9% P and 2 w% Mo.

[668160] The resulis of volatility festing for Exarnoples 4-7 and Comparative

Examples 3 and 4 arc shown in Table 2 below:
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Table 2

Mo on
Mo on Catalysts Y } Mas
e O? aalysts Catalysts © gr ass Mo Retained] Mo Loss
Before Tast Alumina Balance
Example After Test
(W%} {w%) {(w%)
Exampie 4a 1.86 1.80 0.1 102.7% 94.2% 5.8%
Exampie 4b 1.89 1.84 0.10 102.4% 95.1% 4.9%
Comparative 2.00 1.75 0.34 104.5% | 83.7% 16.3%
Exampile 3
Lomparative 1.97 1.81 0.32 108.1% | 85.0% 15.0%
Example 4
Exampla 5 1.81 1.59 0.05 20.8% 96.9% 3.1%
Exampie 6b 1.91 1.82 .06 103.6% 97.0% 3.0%
Exampile 6¢ 1.80 1.90 0.08 104.2% 96.0% 4.0%
Exampia 6¢ 1.93 1.82 (.09 93.1% 95.2% 4.8%
Exampile 7a 1.80 1.68 0.23 100.5% 88.0% 12.0%
Exampia 7b 1.97 1.78 .19 100.5% 20.4% 2.8%
(808161} The results of Example 4 suggest that increasing the silica content of the

support iproves Mo retention.  Comparative Examples 3 and 4 show that neither
colloidal nor fumed stlica added to the catalyst support prep have any measurable effect
on molybdenum volatility in contrast to what 1s demonstrated by the iraprovement gained
by adding silica through the ion exchange column. Examples 5 and 6 show that
molybdenum can be added in any combination of directly and through the 1on exchange
column in combination with silica while maintaining effectiveness in reducing Mo
volatility., Exaraples 7a and 7b show some apparent reduction of Mo volatility induced
by adding P and Mo through the ton exchange as opposed to directly adding to the shirry,
but this improvement is not to the same degree as that induced by 510, and Mo alonc.
Finally, comparison of Example 3a and 3b (810, added only) and Example 7 (P added
only) with Examples 1, 5, and 6 (5t and P both added to the support prep) suggests that
the improvement in Mo retention induced by the combination of St and P 1s additive.
[6066162] Example Sa

1606163} A catalyst support is prepared as described in Exarople 2 with the
exception that 0.73g of 5% phosphoric acid 1s added to achieve a $.20 w% P loading.

18031 64] Example 8b



WO 2014/032022 PCT/US2013/056505

[600165] A catalyst support is prepared as described in Example 2 with the
exception that 0.92g of 85% phosphoric acid s added to achicve a 0.25 w% P loading.
0.9% vanadia is added in each case as described in Example 1.

1866166} The performances of catalysts prepared m Exarples 2, 3a, 8a, and 8b are
compared in Figure 4. Although adding .15 w% P appears to initially decrease both
total NOy conversion and that at 10 ppm slip, as P increases to 0.2 w% and 0.25 w% the
maximum NG, conversion and NO, conversion at 10 ppm slip increase as well, Such
results are unexpected as it 18 comyonly accepted in the art that P acts as a poison for
NGOk conversion. And, although certain disclosures claiva that P can be added to levels at
which NOy conversion is not compromised {(¢.g., sce, US20100183492, Kato et al), the
prior art does not disclose or suggest that P can actually imcrease NO, conversion as
shown above.

1666167} The data from Figure 4 help generate values listed in the tables below.
“WNOy Conversion at 10 ppm Slip” is calculated as the value measured as the trend line
crosses 10 ppm ammonia slip due to the increase in ammonia partial pressure in the
reactor. “‘Maximum NO, Conversion” s determined as the maximum value of

conversion as anumonia partial pressure is increased from 0 to 1200 ppn.

Table 3
Phosphorus| NOx Conversion at 10 Maximum NOx 8§08,
Exampls Loading ppm Slip Conversion Oxidation
@ 3500 @450C | @ 3I50C | @ 450C | @@ 550C

{%3 (%} {7} {%} (%) o}

1 §.15 42.5 77.9 37.5 g7.8 10.0

2 8.8 32.3 83.7 72.9 96.1 10.5

3a 0.00 53.4 58.4 75.8 97.9 15.9

Ta 8.15 88.7 89.8 82.1 29.4 12.4

7h 8.5 72.7 95.0 86.1 100.0 9.7

8a 8.28 73.2 95.9 81.7 100.0 11.3

8h $.25 81.3 53.3 0.6 36.5 8.2
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[B08168] Comparing the results from Example 3a to those of Examples 1, 2, 7a, 7b,
8a, and Bb shows that, as reported in the prior art, adding phosphorus to the catalyst
support decreases SO, oxidation. As mentioned previously, our data also surprisingly
show that total NO, conversion and that at 10 ppm amomoma ship increases as phosphorus
foading is increased from 0.15 to 0.25 w% for reactor tests done at 350C. However, it
appears to pass through a maximum at approxirately 0.20 w% P for reactor tests
performed at 450°C. Examples 7a and 7b show that activity further increases in the
absence of silica and that the degree of NO, conversion at 10 ppm ammonia shp may be
wnfluenced by the maover 1 which wolybdenurmn and phosphorus are added to the
support, cither through the ion exchange column (7a) or directly to the slurry (7b).
[G605169] Example 9a

[6GG178] A catalyst support is prepared as described in Example 3a with the
exception that 0.56g of 85% phosphoric acid 15 added to achieve a 0,15 w% P loading.
1880171 Example 9b

1006172} A catalyst support 1s prepared as described in Exarople 3a with the
exception that 0.73g of 85% phosphoric acid 1s added to achieve a $.20 w% P loading.
[60G173) Example 9¢

1000174 A catalyst support 13 prepared as described m Example 3a with the
exception that 1.10g of 85% phosphoric acid 1s added to achieve a2 .30 w% P loading.
[6G0175] Example 9d

60681 76] A catalyst support is prepared as described in Example 3a with the
exception that 1.47g of 85% phosphoric acid 1s added to achieve a 0.40 w% P loading. In
cach case, .9% vanadia is added as described 1n Example 1.

1800177} Example 10a

[60G178] To determine it the etficacy of phosphorus in increasing NO, conversion
and decreasing 80, oxidation s limited to when it is added in the support prep, the
preparation of the catalyst was modified to combine small amounts of phosphoric acid
with vanadium pentoxide.

1866179] A 20g sample of the prepared support as described in Example 1 18
sturried in 50 ml water. To this, vanadium pentoxide {0.184g) and monoethanolamine

{(0.154g) arc added and the temperature of the mixture is raised to 60°C to achicve a
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target V(s loading of 0.9%. Phosphorus is added to the sharry by introducing 0.037g of
83% HiPO4 solution io achieve a target loading of 0.05% in addition to the 0.15%
already present on the support. The pH is adjusted to & with ammonium hydroxide and
the mixture is allowed to stir for 15 minutes. The solids are separated via filtering, dried
at 100°C for 6 hirs, and calcined at 600°C for 6 hrs in air.

[6G0180] Example 10b

LHEHERY A catalyst is prepared in the same manner as described in Example 10a
with the exception that 0.074g of 85% phosphoric acid is added to achieve a target

foading of 0.1 w% P in addition to the 0.15% already present on the support.

[B08182] The reactor performance of Examples @ and 10 are shown in Table 4
below,
Table 4
Total
Phosphorus | NOx Conversion at 10 Maximurn NOx e
Exampis Loading ppm Slip Conversion Oxidation
@ 350C | @ 450C | @ 350C | @ 450C | @ 550C
% (%) %) (%) (%) {43
Sa 8.15 61.5 87.4 755 100.0 12.8
b 0.20 61.5 80.5 32.4 100.0 11.7
B¢ 0.30 54,8 58.8 78.5 99.9 10.4
8d 0.40 41.1 52.2 54.6 20.5 10.1
1da 0.20 70.7 82.6 79.9 94.3 11.G
10b .25 53.0 50.0 89,5 100.0 7.3
1800183] The table shows that when molybdenum and phosphorus are added

directly to the support (Examples 9a — 9d) the Maximum NO. Conversion wmitially
increases with P loading and passes through an optimum at about 0.2 w% P loading. As
expected, the SO, oxidation monotonically decreases with mereasing P loading.
Examples 10a and 10b show that adding phosphorus in two separate steps, that is during
support prep with additional added during the catalyst prep, 1s also effective in increasing
NQO, conversion to an optimum with decreases when too much P is added. Comparison
of Examples 8a, 9a, and 10a show that there arc some apparent differences in NG

conversion depending on how the phosphorus and/or molybdenum are added.

34



WO 2014/032022 PCT/US2013/056505

[6060184] Example 11

[60G185] To determine if the enbhancerncnt of NOy conversion and suppression of
SO, oxidation are effected solely by P or are other clements capable of inducing the same
improvements, sulfur and silica were tested 1o the same maonner,

1880186} Example 11a

1006187} A 349 5g sample of anatase titanium hydrolysate slurry (27.9% solids) is
heated to 60°C via a temperature controlled hot plate and the temperature is maintained
throughout the preparation. The pH is adjusted to 4 with 4 dilute aramonium hydroxide
solution. A 20g portion (as received basis) of strong acid wun-oxchange resin (Dowex™
650C H-form) is weighed out and placed in a buret column. A solution is prepared by
dissolving 3.68g of ammoniuro heptamolybdate and 0.69g of ammonium persulfate
{{NH.4)5,04} in 20 mi water, and the solution 18 added to the shurry via the ion exchange
column at a rate of 5 mb/min. After the addition is complete, the pH of the mixture is
adjusted to 4 with a dilute ammonium hydroxide solution and allowed to react for 10 min.
A dilute solution (I w% 510») of sodium silicate is prepared by adding 1.7g of Inobond
Na-4011 sodium silicate (29.4 w% as Si(3y) to 48.4g of deionized water. The dilute
stlicate solution is added through the column containing the ion exchange resin to the
shurry at a rate of 5 ml/roin. After complete addition, the ion exchange resin in the coluron
is rinsed with 10 mi of deionized water added at a rate of 5 ml/min into the titania sharry.
The pH 18 again adjusted to 4 with aromounium hydroxnide and allowed to react for 20 miu.
The mixture is filtered, rinsed with 1.0 liter of deionized water, dried at 105°C, and then
calcined at 530°C for 6 hrs. The targeted loadings are 0.5 w% 8109, 0.17% S, and 2 w%
Mo. (1.9% vanadia is added as described in Example 1.

[630188] Example 1ib

[60G189] The catalyst support s prepared as described in Example 11a with the
cxception that 1.06g of Inobond Na-4011 sodimm silicate (294 w% as Si0y) is
substituted for the ammoniom persulfate in the molybdenum solution. The targeted
loadings are 0.8 w% S5i0; and 2 w¥% Mo. 0.9% vanadia is added as described in Example
1.

863196} Example ¢
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808191} The catalyst support is prepared as described in Example 11a with the
exception that 0.55g of 83% phosphoric acid and 0.35g of amomonium persulfate are
added to the molybdenum solution. The target loadings of this product are 0.15 w% P,

0.09% S, 0.5 w¥% Si0y, and 2 w9% Mo. §.9% vanadia is added as described i Example 1.

1886192} The results of the reactor testing are shown in Table 5 below.
e
Modifier
and NOx Conversion at 10 Maximum NQOx 80,
Example Loading ppm Slip Conversion Oxidation
@ 3500 @450C | @350 | @450C | @ 5580C
{%} %} {%) {%) (%}
11a 8.17% 8 §7.7 94.8 83.2 100.0 13.1
1ib 8.31% 8i02 71.2 85.8 89.4 100.0 10.4
8.18% P&
e 8.09% 8§ 237 274 65.2 81.3 11.9

{606193] Example 11a results surprisingly show that § added in the same
molar proportion as 0.15% P also effectively reduces SO; oxidation. Addition of §
in the manner described in Example 11a also seems to improve N, conversion. It
should be appreciated that addition of sulfur is not restricted by a particular
sequential order, amount, and form such as ion exchange unless expressly stated
otherwise. It is also surprising that silica has a favorable effect on reducing SO»
oxidation and increasing NO, conversion when silica is added with molybdenum at
a molar equivalent to 0.15 w9% P and through the ion exchange column. The
example 11a and 11 b data demonstrate that P is not the only element that can be
used to increase NOy conversion while reducing SO» oxidation. Example 1ic data
show combining sulfur with phosphorus has a detrimental effect on NO, conversion
while still being effective in reducing SO» oxidation.

Example 12a

1300194} A 331.5g sample of anatase titanium hydrolysate sharry (26.3% solids) is
heated to 60"C via a temperature controlled hot plate, and the temperature is maintained
throughout the preparation. The pH is adjusted to 4 with a dilute ammonium hydroxide

solution. A dilute solution (1 w% 510;) of sodium silicate is prepared by adding S.1g of
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Inobond Na-4011 sodium silicate (294 w9% as 5i(h) to 144 9¢g of deionized water. A 40g
portion (as recetved basis) of strong acid ion~-exchange resin (Dowex™ 6500 H-form) 18
weighed out and placed in a buret column. The dilute silicate sohution is added through a
column containing the 100 oxchange resin to the shary at a rate of 5 mb/wowm. The pH s
again adjusted to 4 with ammonium hydroxide and allowed to react for 20 min. A second
solution is prepared by dissolving 7.36g of ammonium heptamolybdate in 20 mi water.
This sohation is added to the shurry via the ion exchange column at a rate of 5 mli/min.
Afier complete addition, the ion exchange resin in the colurn is rinsed with 20 ml of
detomzed water added at a rate of 3 ml/min 1uto the titama slurry. The pH of the mixture
is adiusted to 4 with a dilute ammonium hydroxide solution and allowed to react for 10
min. The muxture is filtered, rinsed with 1.0 liter of detonized water, dried at 105°C, and
then calcined at 530°C for 6 hrs. The target loadings are 1.5 w% 510, and 4 w% Mo.
[603195] Example 12b

1300196} The catalyst support is prepared as described in Example 12a with the
exception that §.56g of 85% phosphoric acid s added to the molybdenum solution. The
target loadings of this support are (.15 w9% P, 1.5 w% 85i0;, and 4 w% Mo.

1606197} Example 12¢

1806198] The catalyst support is prepared as described in Example 12a with the
exception that 1.12g of 85% phosphoric acid is added to the molybdenun solution. The
target loadings of this support are 0.3 w% P, 1.5 w% Si0;, and 4 w% Mo,

1663199 Example 12d

[666200] The catalyst support is prepared as described in Example 12a with the
exception that 3.72g of 85% phosphoric acid is added to the molybdenum solution. The
target loadings of this support are 1.0 w% P, 1.5 w% Si0,, and 4 w% Mo,

1606281} Example 12¢

[666202] The catalyst support is prepared as described in Example 12a with the
exception that 7.44g of 83% phosphoric acid is added to the molybdenum solution. The
target loadings of this support are 2.0 w%P, 1.5 w9% Si0; and 4 w% Mo. In cach case,
0.9 vanadia 1s added as described i Example 1.

1663283} An accelerated DeNO, conversion test is performed in the following

manner. The catalyst 18 evaluated as a powder without further shaping. A 3/87 guartz
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reactor holds 0.1g catalyst supported on glass wool.  The feed composition 18 1000 ppm
of NGO, 5% O, 5% H:0. The partial pressure of NH; s successively increased from 700
ppm to 900 ppm and then finally to 1200 ppm with the balance being N, NO conversion
18 measured after steady state s achieved at cach NH; setting while the reactor
temperature is maintained at 350°C and pressure is atmospheric. The reactor effluent is
analyzed with an infrared detector to determine NO conversion. The results of the NGOy

conversion testing and the SO, oxidation testing are shown in Table 6 below.

Table 6
Total
Phosphorus 8506,
Example Loading NOx Conversion at 350C Oxidation
TO0ppm 900ppm | 1200ppm
RiH; NH; MNH; & 550C

{%} {99 () (%) {3

123 8.00 58.9 876 69.6 1.1
12b .15 56.4 5.4 78.6 9.1
12¢ £.30 85.8 787 84.8 10.7

124 1.00 &7.1 7.2 82.8 5.1
128 2.00 49.3 57 .4 72.6 4.9

[666204] The 4% Mo loading catalysts show similar trends as have been observed.

The SOy, oxidation rate generally decreases with increasing phosphorus loading, and the
NOx conversion at 350°C surpnisingly goes through a maximum with increasing
phosphorus.

[00G205] Usce of the term "metal” as a component of the catalyst shall be understood
to have the same meaning as the respective metal oxide as a component of the catalyst
unless stated otherwise. For cxample, “Mo as an oxidant” mcans the same as “MoOy as
oxidant.” Approximating language, as used herein throughout the specification and
claims, may be applied to modify any quantitative or qualitative representation that could
permissibly vary without resulting in a change 1o the basic function to which it s related.
Accordingly, a value medified by a term such as “about” or numerical ranges is not to be
fimited to a specttied precise value and may inchude values that differ from the specified
value. In at least some instances, the approximating language may correspond to the
precision of an instruraent for measuring the value. Furthermore, “removing or reducing

NO,” may be used in combination with a term, and include a varying amount of NO,
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removal and 15 not to be limited to a specified precise value and may inchude values that
differ from a specified value.

[6G0206] It will be apparent to those skilled in the art that various modifications and
variations can be made i the roethod and system of the present juvention without
departing from the spirtt or scope of the invention. Thus, it is intended that the presently
disclosed and/or claimed inventive concepi(s) includes modifications and variations that
are within the scope of the appended claims and their equivalents.

1866267} While the presently disclosed and/or clatmed itnventive concept(s}) has
been described 1o detail in connection with ounly a limited number of aspects, it should be
understood that the presently disclosed and/or claimed inventive concept(s) is not himited
to such disclosed aspects.  Rather, the preseotly disclosed aund/or claimed inventive
concept{s) can be modified to incorporate any number of variations, alterations,
substitutions, or cquivalent arrangements not heretofore described but which are
commensurate with the scope of the claims. Additionally, while various embodiments of
the presently disclosed and/or claimed inventive concept(s) have been described, it s to
be understood that aspects of the presently disclosed and/or claimed inventive concept{s}
may inchude only some of the described embodiments.  Accordingly, the presently
disclosed and/or claimed inventive concept{s) 1s not to be sccn as hmited by the

foregoing description but is only limited by the scope of the appended claims.
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What is claimed is:

1.

[

Q.

10.

il

A wmethod of making a catalyst support matenial comprising:
a. providing an anatase titania slurry; and
b, combining the anatase titania slurey with 1) low molecular weight forro of
stiica and 11} a source of Mo to form a Til- Mot}s-510), mixture, wherein
the low molecular weight form of silica comprises a member selected from a
group consisting of forms of silica having a volume weighted median size of less
than 4 wm and average molecular weight of less than 44,000, and combinations
thereof.
The method of claim 1, further comprising providing an amount of phosphate to the
anatase titama shurry.
The method of claim 2, further comprising providing the phosphate after providing 1)
the low molecular weight form of silica and 11} a source of Mo.
The method of claim 1, comprising providing the source of Mo or low molecular
weight form of silica to the anatase titania slurry by ion exchange resin.
The method of claim 1, comprising providing the low molecular weight form of silica
and the source of Mo to the anatase titania slwry sequentially.
The method of claim 5, comprising providing the low molecular weight form of silica
to the anatase titania slurry before providing the source of Mo.
The method of claim 1, comprising providing 1) the low molecular weight form of
sifica; and 11} the source of Mo to the anatase titania shurry simultancously.
The method of claim 1, wheren the low molecular weight forrn of silica comprises a
member selected from a group consisting of sodium silicate solution, an alkaline,
tetra methyl ammonium silicate, tetra alkyl ararooniurn silicate and combinations
thereof.
The method of claim 1, wherein the low molecular weight form of silica has a volume
weighted median size of less than 4 nm.
The method of claim 1, further comprising combining the Ti0y-MoQO:-810; mixture
with V05 to form g vanadia catalyst,

A catalyst support material comprising:
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[
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i4.

—
~

18,

i9.

20.

from about 86 % to about 94 % weight anatase titanimm dioxide; from about 0.1% to
about 10 % weight MoGa; and from about 8.1% to about 10% weight Si0; in a low
molecular weight form;

wherein the low roolecular weight forr of S10; coraprises a member selected from a
group conststing of forms of silica having a volume weighted median size of less than

4 nm and average molecular weight of less than 44,000, and combinations thereof.

. The catalyst support material of claim 11, wherein the catalyst support material

comprises Si0, having a fractional monolayer value of less than 0.5 before the

catalyst support material is calcined.

. The catalyst support material of claim 11, wherein the catalyst support material has

a BET surface area of at least 50 ro’/g before calcining,
The catalyst support material of claim 11, further comprising from about 0.01% to

about 2.5% P.

. The catalyst support material of claim 11, wherein the low molecular weight form of

810, comprises nanoparticles having g diameter of less than 4nm.

. The catalyst support material of claim 11, wherein the low molecular weight form of

810, comprises Si(; having a molecular weight of <44,000.

. The catalyst support material of claim 11, wherein the low molecular weight form of

Si(, comprises greater than 50% of silicon atoms in the QS, Q?‘ﬂ Q1 and Q"j
coordination environroents.

The catalyst support material of claim 11 comprising:

frorn about 0.2% to about 5% weight the S0, i a low molecular weight forrm;
from about (.2% to about 5% weight Mo(Os, and from about 8.01% to about 2.5% P,
and wherein the from about §6% to about 94% weight anatase titanium dioxide
comprises anatase titama particles.

The catalyst support material of claim 11, further comprising from about 8.1% to
about 3% weight V,0s.

The catalyst support material of claim 19, further comprising from about .3% to

about 1.5% weight V,0s.

. The catalyst support material of claim 20, further comprising from about 0.5% to

about 0.9% weight V,0s.
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22.

24.

3
o

29,

30.

A catalyst support material comprising:

anatase fitanium dioxide; a primary promoter comprising molybdenum oxide; and a
volatility inhibitor comprising a low molecular weight form of silica;

wherein the low molecular weight form of silica comprises a member selected
from a group consisting of forms of silica having a volume weighted median size
of less than 4 wm and average molecular weight of less than 44,000, and

combinations thereof.

. The catalyst support material of claim 22, comprising a2 mole ratio of phosphorus to
3 , ) , 2 I ,

molybdenum n a range of from about §.2:1 to about 4:1.
The catalyst support material of claim 22, wherein the catalyst support material is

substantially tungsten free.

. The catalyst support material of claim 22, wherein the catalyst support material

further comprises tungsten.

. The catalyst support material of claim 22, further comprising V205 to form a vanadia

catalyst.

. The catalyst support material of claim 26, comprising a mole ratio of molybdenum to

vanadium in a range from about 0.5:1 to about 20:1.

. The catalyst support voaterial of claim 27, comprising a wole ratio of molybdenum to

vanadivm in a range of from about $.5:1 to about 10:1.
A wmethod of making a catalyst support matenial comprising:
a) providing anatase titania shurry; and
b} combining the anatase titania slurry with
i} volatility inhibitor corprising a low molecular weight form of silica;
and i1} primary prometer comprising roolybdenum oxide to form a Ti0)-
MoO:-8510n mixture;
wherein the low molecular weight form of silica comprises a member selected
from a group consisting of forms of silica having a volume weighted median
size of less than 4 nm and average molecular weight of less than 44,000, and
combinations thereof.
The method of claim 29, further comprising providing an amount of phosphate to the

anatase titania slorry.
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3

44,

. The method of claim 30, further comprising providing the phosphate before providing

1) the volatility inhibitor and 1) the privoary promoter.

. The method of claim 29, comprising providing the primary promoter or the volatility

mhibitor fo the anatase titania slurry by ion exchange resin.

3. The method of claim 29, comprising providing the volatility inhibitor and the primary

promoter to the anatase titania shurry sequentially.

. The method of clatm 33, comprising providing the volatility inhibitor to the anatase

titania slurry before providing the prirnary promoter.

. The method of claiva 29, comprising providing 1) the volatility inhibitor and 1) the

primary promoter to the anatase titania slurry simultancously.

. The method of claim 29, wherein providing the velatidity inhibitor comprises a

member sclected from a group consisting of sodium silicate solution, an alkaline,
tetra methyl ammonium silicate, tetra alkyl ammoniom silicate and combinations

thereof,

. The method of claim 29, further comprising combining the Ti0;-Mo01-Si0; mixture

with V,0s to form a vanadia catalyst.

. The method of claim 37, wherein the vanadia catalyst comprises from about 0.1% to

about 3% weight V20s.

. A method comprising:

contacting a nitrogen oxide-contaiming gas or hqud with a catalyst for a time
sufficient to reduce the fevel of N, in the nitrogen oxide-containing gas or liguid
with a catalyst comprising:

from about 86 % to about 94 % weight anatase titanium dioxide; from about
0.1% to about 10% weight MoOs; from about 0.5% to about 39 weight V,0s;
and frow about 8.1% to about 10% weight 85i0; in a low molecular weight form,
wherein the low molecular weight form of Si0; comprises a member selected
from the group consisting of forms of silica having a volume weighted median
size of less than 4 nm and average molecular weight of less than 44,000, and
cormbinations thercof.

The method of claim 39, wherein the catalyst further comprises from about $.61% to

about 2.5% weight P



