WO 2011/ 013006PCT/ 1B2010/ 002236 SI LI CA- STABI LI ZED ULTRAFI NE ANATASE

TI TANI A, VANADI A CATALYSTS, AND METHODS OF PRODUCTI ON THEREOF

CROSS- REPERENGR 1706 RELATED APPLI CATI ONS [ 0001] Not app! i €&5I1B201GTETEVENT
REGARDI NG FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT [ 0002] Not appl i cabl e.

BACK 0, I ; i ti fa1 OkEEO oxi des
prod mgﬁbr %Pgé %1-0[225 ?ﬁj mﬁg\‘c&ggbg‘g X?ﬂ%ﬁ(}igdﬁﬂ (%N nééﬁ;u éﬁ Aérgsmﬁs g‘hwabs been
a commerci al | y successf METHODS @FROBRODUCTAON TRERFEH s. It was originally

i ntroduced for the control of NOx em ssions in exhaust gases from
stationary power plants and other industrial facilities. Recently, interest
in the technol ogy heroesPREFEREREEITE REEATED APPLIGATUDNS ty for treatment
of em ssions fromnobil e power sources, such as marine vessels, cars,

t r ucks [0983 InachNeE@PPIiTaPIS. | ncreased interest is driven largely by

regul ations that g 1S B} NeITE k! r exanple, the US
EPA regul ati ons thgﬁ\j-mﬁ ﬁﬁggfr‘\?gﬁ ve ?ﬁg%ﬁygg&ﬁ%%ﬁFg di esel engi nes
set such | ow eni ssions | evRBESEABCH\OR DRYEL@PMENTent exhaust

after- ment is.,essential, and SCR is a |eading technol ogical choice.

[ 0004] ihagéﬁl Onhll%); aQBﬁF?%'&ti ons, the requirenents on the catal yst are not
very high. For exanple, stationaBACKGRO@NDtypically run at close to

st eady-state, constant tenperature conditions, and with rel ativel W gas
space ¥00R31y.  Eheiselective,eatabytipEe qqsl%éwmﬁ

. | o
_ _ eERIFREREMIEOIBR PIETREQAYET are
not Foeuﬁﬁpﬁ%h%stidm %Fo%@é&s”%ih? ABdldtaatd Oflioh NaweNAl . hbbepeahalayst s
requirenents are much nore severe. nthis case, engli nes are not_ (un at
st eady cemumnercinllyat suasassfaht technodogy ufas, aner i3¢st eearscy 8l ewas eorigingly

ari ati i C .- jb
\éon:‘i ghﬁgfq%%d -?%gt é‘g’f"EI‘?s{"ag‘gsf’ﬁ%%{’ﬁ% 'Boé/x&ns r é?%é%éts I;r%gi?gszéeﬁgﬁary
parti cpbaee glahtscand [RREr imduktriad aclities.oRecdnty) einter@st linatedtedRRotogy cause
hi gh t t I f hat gas, .t h t he d t CR
cat 'y BS REEOHErRY E1S FRSORITL SRR FaFafieaHBenh O G ies o aP Tb AL
hi gher pgagrspaG@e¥ ! RUeht a8S ndtthd NResse|sy NBars), CtrueRs) R MhacHiRehyheThRL al yst

are severe. For exanple, in early application of SCR applications to
heavy- ffrgasec intlerestgisnddven hrraehy Hyyragulione thals 9eXeE fMiSSHRRs §Freat er

t han t ; 1 prey i : v el hese
O e e L S R A e A R
hi gher in RB&l@aforstratiiile diesehrtgings setduebl lomeemissiacisi keivels faoNOxathat

U7 ot ePigahs esieUof oapr AreStiors o5 e alfehacid R R s Aa PRIy

years téecksidloigdrrahagdl i cations involves catal ysts based on netal oxides,
and especially those based on Ti Q2 as the catal yst sup orthf,i)&aq}d the active

cat al yIPO9%hct i dRtREPnaEY BRRIFASIPNG ARG EaWseEIentR A phstArer op
(80- 95Ut VO3, (rﬁ%ﬂ.Tgi‘;%oT@)@staﬁ%Ieor@a‘twﬁarphehaﬂwéﬁlt%rc%womﬁi §t "ot O (such

as DT-52-rm and have been in use asS the catal yst support, and the
act i ve steadytisiatonponstianti termparatareycondisions, and With getatively low disse
cataly itani @ La_ [Nnif] i td i r e
rea | 3BrE SRlcgn' Ruthek mehblbOIRERRE HedieinERLE b NAG CallyEhaRe

cat al ysiot toor dentandingr da- &R oays heolsilaepplieatiewsd hawé Bty diles catalgsats ace

Sci ence and Cat atlsysl S Vol . 171,
a

%a&&er; P. andI Pﬁlra.vul escu, V. 1., ed. )
Chapt el ®QYITPRTRISAPES MY B MUGeTRYF'ons "t hAE FRPS GROYIRAEE RBHHNiFY of
the vagpshdyrsesd 6atal Y&nsthht Stempeeatified! Bat Singtgalie cyerd dvermobidee
applications in a confi g(uratl on where a diesel particulate filter (DPF) is
posi t i yRE@tins ridartpad dRady e BIRPEEREIREIt . IN nODRi PASSHIPGEYSEEEBh, the
vanadi I maynhe o] extr ' e sqci with
t he exg?ﬁgpgjiréc‘ﬁg)ggeﬁg?at%ﬁ o) I?h;e%tDéI%:. qg\giteé(f)ngemfé er atlaﬁngi s&%ﬁglt it
i s desipaatitelaterfilker 4D&H) a abds ezbarmeraticst of dheesontalaadad DRt appt¢aise

activity_at, high teoperatures.(,e..0... > 5 t e Wit h
pase. it ol S BEREL BUitE B fot ges o Birs ihEaBEn e BRWilssFERE e R

st abi | icayalgst. Rgktherrinore! thieghobdiepspplicatéens Bipicdlly iovotva nsudO higlderSi 02 9
wt % W3 and 81% Ti 02, and has a syrface, area of about 90 n?2/gm I% is well
Known, GRSwEREFe VEIaETties: ands e HARlWEGHIS TeaHITEMETES, QRatIS: SRtavSS are

parti cubakly. FHRENRIMYIcStiAb Sy HEYIRat0h 6f' SR apHRabidnsi @ hehl§-daek of
thermal stability. First, the ¥| tania by itself tends to sinter at elevated
t enper &iesel, ePintenthe scatRlYdd vPhyneoWas, seyesahtines saeep@r then ttheani a
al so undergoes a transformation to the rutile crystalline format high
tenperatures, and this formis generally thought to be a | ess active
support than the anatase form Third, unsupported vanadia has a nelting

poi nt of about 675C, and so, even when it is supported on titania, at

o o o, M o, -, M v o I T e - Y AN



anatase titania for DeNOx (U.S. 4,725,572). However, a careful reading of
this patent shows that the silica source is in fact a colloidal,
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[ 0016] I n anot her aspect, the invention contenplates a nmethod of producing a
silica-stabilized titania catal yst support material by providing a Ti Q2
slurry comnprosi/ngoosi O2 particles, providing a particul ateTaBlaiee2ssur ce,
conbining the TiQ2 slurry with the particulate silica source to forma

Ti 02- Si02 m xture, and adjusting the_,T102-S102 m xture to a pH <8.5 and a
t enperat ure <80C wherejn thegarticul tg silica squrce is disso]ved and
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catalysts which minimize these shortcomings would be of great use and
advantage.
[0009] While the DT-58™ support material mentioned above is a
state-of-the-art support mate_ria'i for diesel emission catalysts, an improved
titanium support would, in general, be (1) more thermally stable, thus
enabling its placement in closer proximity to the engine, and (2) more
catalytically active, thus enabling use of a smaller canister (say 10L vs. 12L)
for containing the catalyst, thus optimizing (reducing) the. size of the

emission control system.



catal yst showing -20 nmcolloidal silica particles on the outer surface of
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titania based vanadia catalysts.

[0012] In one of its aspects, the invention is a catalyst support
material which comprises anatase titania particles comprising = 85 wt% dry
weight of TiO; and =< 10 wt% dry weight of SiO,, wherein the SiO; is
substantially in a low molecular weight and/or small nanoparticle form. The
catalyst support material may further comprise, for example, 3% to 10%
WO; and may have a BET surface area of at least 80 m?/gm. The catalyst
support material may comprise 285% dry weight of TiO;, 3% - 9% of SiO,,
and 3% - 9% dry weight‘of‘Wog ,fdr éxample. The SiO; may be present at
a fractional monolayer value of less than 1.0 before the catalyst support
material is sintered. The small nanoparticle form of the SiO, may comprise a
diameter of <5nm. The low molecular weight form of the SiO, may comprise
a MW of < 100,000. The SiO, may comprise silicon atoms which are
substantially (e.g., >50%), in the Q3 Q% Q' and Q° coordination
environments. The SiO, may comprise patches which are substantially <5
nm deep after redistribution és seen by scanning electron microscopy or by
transmission electron microscopy. The TiO, used may optionally not be
prepared in the presence of urea.

[0013] In another aspect, the invention may be a vanadia catalyst



stabl e, high surface area titania support material in anatase crystal form
primarily to be used as a support for vanadia (V205) in diesel em ssion
control owbpabystiz@ppl i cati ons. The stabilization invol vesTuBmat/enss of the
titania with silica in a | ow nol ecul ar wei ght form and/or small
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silicate (i.e., tetranmethyl anmoni ums qi)zte or tetraeth Iort osi licate

( TEOS) COmiRidsingxanyllied-5p0|lggdnitania) arlt $GRUPRPIY MatsT chivech rmay
be useqergir b\ﬁm@heé@r?t ‘s@éeVEd)?rHrbﬁééé@eche'?Hénar‘rfhé“\)/tana'dr% tcetarﬁtamagous
solutions of silicon i.e., hydrous Si X4, where X=

1), silcoouprise ko examplee0, 5% O, dnhaveightoEt\uds (@t Ryere peefigrably |
propyl s t b t t I ctyl s
nonyl s, Qecylbo/ ugggng%os gt%ol)eEJ Féﬁ{ or‘lilefﬂzatc:t'(lr’)'(?%lI H(?ml ér}(l\f%clog %f?/ganr o
corrpourlmls shash B9 beﬁmeetsrlmyédngl ITamananaﬂiaJcrIIaOalystrmay bei dirdalred atuzh as

fl I RNI - 14) 2SI F61, I
oot BB SR e, S Bt ek asee i Bl A kS Sove,
and Whemniasinl-catafyRic exa@iBe eLonistisiaygs thedivemaans @iﬁaﬂ%?étl Y dddceitfed]
sol utions (Na2S103, K2S103, and MS103 wherein Mis or K in varying
amount HErain. aln @nasher)aspaqti the: in¥eation; ray) pe Qeﬁlﬁﬁs@t' (ﬁ:f“b%s'?’brf:%@éﬂhnge
f h
of any sokedie vﬂ?ﬁkho?b%géﬁé&s HibLER drhRisith NEARIIPHL SHBYIRN qidcfibted

i on-exchange resin on- 6xc ange of the a Icate solutians or
quat er _éoyeararshi andisisel cpagicoate i fihes),. a[rmbaﬂhermnt ehm ‘diese! meneissioar

(v oroPRTtict Hekic, o8 PSofichiss” dhsbedfin TERE) FSwARKI . of i BSe LT or e

to si | |p®at|paratte<ﬂ|e§r having dianmeters < 5 nm [0038] The enphasi s on

t hermal / hydrot hermal stabilit roverrent f r vanadi a- based cat a sts is
rel ati d;‘-‘h]aw silAc@npHer ﬁfr‘?[réh faFH%C%b? IBMEREPHN 1T GhtPEFNORr Rt i s
j ust d%‘é?él?ElrIHJthétco%%r@*&'nyoﬁhﬁt%?éﬁt&)ﬂaegrohé”g%%t Q;rdrﬁar.smt; E)(beﬁtg
inventor of traditional catalysts tThat it was recognrzedtha optim zation
of t he engiaeli enbasedswomr;rﬁlsgr é@r ried thieatvanBdiaveatalyskias cdaescekb@r

needed HL e Wi
and/ or sﬁgﬁ nanopar C(Ijg%ﬂ(l)"%{.n?ﬁ I?swﬁCécﬁ' géavr'r_el Te m)séf ‘?-EPP |ve tovvards
provi dlbegfdmexamplesNHe shdytar ute;a all thet mathpd {HoH 3@ nEdea orzﬁttaly;atr mayupport

material s of the ny inventiop have 0 013006P! /002236 10
except |C8H31'Pr'?%{tbﬁ%$% &ort'ﬁ'(?rﬁr%fﬁgq@géhés(xyg gagr/t’)ajﬁ]ﬁé ViR ngl saf¥a
after suphpld. hﬂi@%'ngﬁ’rﬂé/é?hlsw&ﬁs)i'ﬂ?@*]fﬂﬁ phE&ed TBRbSgh ey eiesd] pdrtiqui@sence
of vanadi a. The conpositions and met hods of mapnufacture of the invention

use | ofiltas kef@raroraftghtbeing/exrosed (o g ygaadia catalysks of silica to

obt ain ept ijgnal afijen ti I B JHRSH @ UG A r

st abi | |[t%f§v\;;| | e Ijt:\h (?Hr}tl:eghgé \?tasﬁ;%%e%?gt af@éslt thermnst ra&?ei g{‘qual Ogr&a

i npr ovqmtodat:utg/t ac cataiyst t pupport amatesiahaseampeising i peovistingy@ cslweduct i on

ot et oo OB URRou Con OREREY [i0atihohEy AERRCREToF SN R 26e"

[ Event ls@lﬂ#ﬁdﬁﬁt cdllﬁﬁr%lﬁg'é &th)e substerttidlhye Whupr rﬁorlowr tmioteval lge Wleda%mlatform ﬁf
t € anorpnous_sill ca an t he nner I n | C It . 1s rate nto the
titani &9/06421Qy CRMPRYEW tsﬂ“nqhé"mﬁﬁ'@'%?s 1 M'I‘pﬁgingﬂ F%aform qs

first "t‘?@?ﬁtﬁ%ysf-@z rmts&utréte\meﬁiewocheoanhet W@&Mrt k@l‘dr'tﬁirﬁ i$ Qdgmbhfed
anor phous “si l'i'ca, and sol Ution- or gas-phase forns that consist of very |ow
mol eculvithvidiegAiOarsdwpivobefariel, i aﬁee abrhie sther WPy 96 efambifgd aWIéhnUte
consid rd-se r | es.
The suﬁ'?ﬁlélet'%e éﬁgﬁﬂ i czfﬁ' h@sglﬁgsen ﬂlh%v'é'n(%-Wé”@ 0 ggcrr erein
and reffermed silicasstabilizen éitahiar suppght naatrial. sﬂraltlhe( métl'ruc) tharmbaatr cle
sr l'ica. rences that, descri.be the t hou

"U | ke oizRa, EESREU PP MRBLIT R M eher DB Pe- Faf: FXaH Dlev o foaie .
583- 66Qiry(\3489_?')t 8ndid7 h8vigemidryr wetdhtSbf iaC8i0,, Rand 39%-2% d¥§ AReidir of

exanpl e, "one formof particul ate am)rphous silicais colloidal silica or

si|icaW®s, andi sheyHEanie sHPPeRt @ﬁserﬁsnaavsmmréIVOHeﬁmr'%reéur&r%%rete
am)rphgr% Sbt |4t 89 ﬁ?/?h"f‘tb%\‘é eth@aﬁher SThe Tils oF 2% aNaeybaiaEen
about nm an 00 nm I's size range, The particles typically scatter
vi si bl e:olmlhseanf:brt hesarrrtmm t prefiodmes obe?@ﬂuemsué’p'éhgkm titaedempaPXycl es
can aI Iy b I t h ng
commonl 3’&5%/6 et'éc%g" rCi (g)ﬁgfen% '?‘c'tijarréegn)t ?pt@g"ys%tg ﬂé %f&ﬁ%mﬂtﬂﬁrf%
exanpl es bel ow w t hout further nodification, colloi daI silicain
particulate form (>5 nm is not a suitable formof silica for the pr esent
invention. One reason that this formof silica is not desirable (wthout
subsequent rmdr f| catr on) ‘accor dr ng to the pr esent |nvent| on |s that rmst of

o Y




12 atons near the surface and available for interaction with the titania.
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FM x = Lx/ Mk(Eqn. 2) TFM = SUM M) (Egn. 3) [O0055]First, it was necessary to
establish a best estimate for the nonol ayer coverage of perfectly

wel | - di spwoen/as@ed oxi des on the substrate titani a or peirmBloasoezides, CX.
For vanadia, the literature value for nonol ayer coverage of the supported
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whet her they are anatase or rutile, are relatively | ow surface area
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conpletely inactivate the photo-catalytic activity of the titania surface.
Fi nal | ¥hefaPm preferred embodi ment of the present invention, the titania is
coat ed rgi il ondi-i ; e d id [ I ve
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pr esentcatalyshshowingev30Inrpagolididal silica paristes padthenputern syrfadgeas s
conpletely cover the titania surface, so that the desirable catalytic
functionality of the titania surface for the SCR reaction is still

avai |l abl e. Hence, the goal of the present invention of maxim zing the
catalytic activity of the surface can then be net, while preserving the
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WO 2011/ 013006PCT/ 1B2010/ 002236 18 [0063] Type Method Unit Specification
Resi due on Calcination Ti Q2 43 Drying then cal cination on 1000C %
(wei ght) W6 20i1/disewe Ti 02. 15 X- Ray Fl uorescence My/ kg 58@CcH@B20®l/ 02255

Anal yzer/Dryness 105C % (weight) 6.6 1 P205

8
vanadia-titania catalyst of Example 10.

[0027] Figure 10 is a transmission electron micrograph (TEM) of the
catalytic particles of Example, 11, showing anatase crystals with a patchy,
two-dimensional silica layer on the outer crystal surface. In this image, no
silica particles are observable.
[0028] Figure 11 is a transmission electron micrograph (TEM) of the
catalytic particles of Example 11, showing anatase crystals with a patchy,
two-dimensional silica layer on the outer crystal surface. In this image, one
remnant silica particle that is <5 nm in diameter can be seen.
[0029] Figure 12 is a transmission electron micrograph (TEM) of the
catalytic particles of Example 12, showing small, two-dimensional patches of
silica on the anatase crystallites.
[0030] Figure 13 is a transmission electron micrograph of silica patches
present on the surface of the catalytic particles of anatase titania of
Example 13.
[0031] Figure 14 is a transmission electron micrograph of silica patches
present on the surface of'the catalytic particles of anatase titania of
Example 13.
[0032] Figure 15 is a transmission electron micrograph (TEM) of the
catalyst support before vanadia addition ahd sintering. The image shows
the lattice fringes associated with anatase titania; the silica is present as 1-
3 nm patches on the titania surface (Example 14).
[0033] Figure 16 is a transmission electron micrograph (TEM) of the
vanadia catalyst that shows large (>20 nm) three dimensional silica nodules
(see arrows) that are not well dispersed on the titania surface (e.g.,
Example 15).
[0034] Figure 17 is another transmission electron micrograph (TEM) of
the vanadia catalyst that shows large (>20 nm) three dimensional silica
nodules (see arrows) that are not well dispersed on the titania surface (e.g.,
Example 15). " | |
[0035] Figure 18 is a graph showing the effect of various calcination
(activation) temperatures on the deNOx catalytic activities of forms of
titania-supported vanadium catalysts. |

DETAILED DESCRIPTION OF THE INVENTION

[0036] A primary goal of the present invention is production of a



Ti 02.16 X-Ray Flou % (weight) 50.4 Na Ti 02.47 Atom c Absorption W (weight)
50.05 Ti02.5 X-Ray Fluorescence % (wei ght) 50.01 Pb Ti02.13 X-Ray

FI uor escewoeofyism@sght ) 50. 01 Peak Hei ght Gl.2 Diffract pomBidegres >1
Rutile Ti02.48 Diffraction X None detected Specific Area GL.1 B.E. T. n2/g
?250 *Statistical val ues 9

stable, high surface area titania support material in anatase crystal form,
primarily to be used as a support for vanadia (V;0s) in diesel emission
control catalyst applications. The stabilization involves treatment of the
titania with silica in a low molecular weight form and/or small nanoparticle
form, such as a soluble precursor tetra(alkyl)ammonium silicate (i.e.,
tetramethylammonium silicate) or tetraethylorthosilicate (TEOS). Other
examples of low molecular weight silica precursors which may be used in
the present invention include, but are not limited to aqueous solutions of
silicon halides (i.e., anhydrous SiX,, where X= F, Cl, Br, or I), silicon
alkoxides (i.e., Si(OR)s, where R=methyl, ethyl, isopropyl, propyl, butyl,
iso-butyl, sec-butyl, tert-butyl, pentyls, hexyls, octyls, nonyls, decyls,
undecyls, and dodecyls, for example), other silicon-organic compounds such
as hexamethyldisilazane, fluoro-silicic acid salts such as ammonium
hexafluorosilicate [(NH,),SiFs], quaternary ammonium silicate solutions
(e.g., (NRy)n, (SiO;), where R=H, or alkyls such as listed above, and when
n=0.1-2, for example), aqueous sodium and potassium silicate solutions
(Na,Si0s, K,Si03, and MSiO; wherein M is Na or K in varying amounts in
ratio to Si), silicic acid (Si(OH),) 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).

[0037] The term “low molecular weight form” of silica refers to a silica
species having a molecular weight (MW) of less than about 100,000. The
term “small nanoparticle form” refers to silica particles having diameters <
5nm. , : .

[0038] The émphasis on thermal/hydrothermal stability improvement
for vanadia-based catalysts is relatively new since this segment of the
mobile emission control market is just developing. It was only after
extensive characterization by the inventor of traditional catalysts that it
was recognized that optimization of the vanadia-based catalysts required
that (1) overall silica level needed to be minimized, and that (2) the
soluble, low molecular weight and/or small nanoparticle form, forms of
silica were most effective towards providing the requisite stability and
activity.

[0039] The catalytic support materials of the present invention have



Tabl e 1. Conposition of Sulfated Titania Slurry [0064] Preferably however,
the titania slurry used herein is produced with titania which has not been
produced wo 20hw1proesence of urea. [0065]1n an enbodi mentcofiBiheoizosent i on,
the Ti Q2 conponent of the catal yst support nmaterial used herein
substantially conprises a surface arﬁ](aeo<400 n2/ g and a pore vol une <0. 40
cnB/g. [0066] Experi nental Methods: The! structure and tab'@itg of titania-
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that crystallite size is inpversely related to the full width at half
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[0042] Where used herein the term “substantially” is intended to

It

mean that more than 50% of the process or material in question has the
particular characteristic or condition to which is being referred.

[0043] For example, as noted above, in the present inéntion the
catalyst support material, in a preferred embodiment comprises silica
which is substantially in a low molecular weight form and/or a small
nanoparticle form. By this is meant that over 50% of the silica is either in
the low molecular weight form (MW < 100,000) or in a small nanoparticle
from (diameter < 5 nm), oris a'combination of both. In a more preferred
version the silica comprises > 60% low molecular weight forms and/or
small nanoparticle forms. In a still more preferred version the silica
comprises > 70% low molecular weight and/or small nanoparticle forms.
In a still more preferred version the silica comprises > 80%, and yet still
more preferred, > 90%, low molecular weight forms and/or small
nanoparticle forms of silica. _ _

[0044] Furthermore, the low molecular weight and small nanoparticle
forms of the present invention breferably have geometric surface areas of
> 450 m?%/g.

[0045] Particulate forms of silica (i.e., wherein diameter is > 5 nm)
include silica gel, precipitated silica and fumed silica. While the primary
particles of dense, amorphous silica in these particulate forms can be very
small (e.g., 2.5 nm), the primary particles are irreversibly agglomerated
together to form much larger secondary particles that can range in size
from hundreds of nanometers to many microns in diameter. These

secondary particles obviously do not have a large portion of the silicate
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1000 p /oH 0 was passed over the catalyst at a space velocity of
650 1/ goeaﬁnm" to oscatter g visiblec light. aLrbaNﬁuer, |depending on the silica

concentration and alkalinity, small particles of silica can form in these
solutions. Iler (op cit., p.133) estimates that for a SiO,: Na,O molar ratio of
3.1, the average number of SiO, units per particle in dilute solutions is
about 900, which is less than the 1500 silicate units in the 5 nm particle
described above. Such a silicate precursor, even though it may contain
some nanoparticles above about 5 nm, is suitable for the present invention
since most of the mass of the silica is in the form of smaller, low molecular
weight species. The alkali silicates are not the most preferable form for the
present invention, however, because residual alkali ions such as Na are
extremely effective catalyst poisons for vanadia-based SCR catalysts.
[0047] Recently, the ‘_n,atu're 'of amorphous silica nanoparticles in
alkaline solutions has been‘ examined in more detail by Fedeyko, et. al.,
(“Langmuir”, 2005, 21, 5197-’5206). These authors used a variety of
techniques, including small-angle x-ray scattering (SAXS) and smali-angle
neutron scattering (SANS). These methods are able to detect the presence
of nanoparticles down to about 2 to 3 nm in size. The authors showed that
in dilute solution, when [OH]/[SiO;] is less than about 1, the silica forms
small nanoparticles, while for [OH]/[SiO,] greater than 1, the silica is
present as monomers and oligomers that are too small to be detected in
the scattering experiments. It is the latter type of amorphous silica species,
mostly too small to be easily detected by visible light and x-ray scattering
methods, that are referred to as low molecular weight and/or small
nanoparticle amorphous silica in the present invention, and these are the
preferred forms of silica for the present invention.

[0048] One useful meahfs of characterizing the silica monomers and
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oligomers in solution is 2°Si nuclear magnetic resonance (see, for example,

Chapter 3 in the book "High Resolution Solid-State NMR of Silicates and
Zeolites" by G. Engelhardt and D. Michel, 1987). The method can provide
information on the usual tetrahedral coordination environment around Si,
and in particular, whether or not the Si contains one or more Si next
nearest neighbors (linked by bridging oxygens). Notation that is commonly
used to describe this coordination is as follows: Q° refers to a central Si
with no next nearest Si neighbors, i.e., Si(OH)4; Q! refers to a central Si
with one next nearest Si heighbors, i.e., Si(OH)3(0Si);; Q? refers to a
central Si with two next nearest Si neighbors, i.e., Si(OH).(0Si),; Q3 refers
to a central Si with three next nearest Si neighbors, i.e., Si(OH),(0Si);; and
Q* refers to a central Si with four next nearest Si neighbors, i.e., Si(OSi),.
[0049] Without being bound by theory, it is believed that in order to
be used directly (without subsequent treatment to change the form of
silica) it is desired to use silicate‘solution.s that consist predominantly of Q°
to Q3 oligomers. On the 6t'h'er' hand solutions of silicate oligomers that
consist almost entirely of Q* species are not desired for the present
invention. Conceptually, it is reasoned that for the latter types of silicate
oligomers, much of the silica is completely surrounded by other silicate
species and hence is unavailable for reaction with the titania surface, where
it is most needed to stabilize the anatase.

[0050] One form of silica that is suitable for use in the bresent
invention is the commercially available alkaline solution
tetramethylammonium silicate. Insight can be gained into the nature of this
solution based on earlier research. Engelhardt and Michel (op cit. p. 92)
describe the 2°Si nuclear magnetic resonance study of a 1M solution of SiO,
(approximately 6 wt%) with TMA/Si = 1.0, which is roughly equivalent to a
TMAOH concentration of 9 wt%. In this solution, the silica is primarily in
the form of a cubic octamer,igha:t contains 8 silicon atoms, and these have
Q® coordination. This small 'species represents about 90% of the mass of
the silica. The actual TMA-silicate solution used in the examples of the
present invention has a somewhat higher concentration of silica (9 wt%)
and lower concentration of TMAOH (7 wt%) and so the distribution of
silicate species is somewhat different than the above literature report as

shown in Table 6, below.
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[0051] Another form of silica that is suitable for the present invention

is "silicic acid". This type of silica is described in Iler (op cit., Chapter 3). A
more detailed characterization of silicic acid is accomplished using the *°Si
nuclear magnetic resonance characterization, as described in G. Engelhardt
and D. Michel (op cit. p. 100). This form of silica can be made by
acidification of alkali silicate solutions, for example by ion-exchange using
acidic ion exchange resins.
[0052] Fractional Monolayer Concept.
[0053] It is of interest to show that the compositions and methods of
the present invention are differeht from prior art examples, and one means
of doing so involves the notion of fractional monolayer coverage of the
substrate surface with an added oxide. In the definitions below, the
subscript x denotes the added oxide of interest, e.g., silica.
[0054] C« = Surface area-basis amount of added oxide for perfect
monolayer coverage, g/m?;

SA = Surface area of mixed oxide;

M, = Mass basis amount of added oxide for perfect monolayer
coverage; g/g mixed oxide;

Ly = Actua‘I loading of added oxide on mixed oxide, g/g;

FM, = Fractional monolayer of added oxide on aged mixed oxide;

TFM =Total fractional monolayer on aged mixed oxide.

My = C; * SA (Egn 1).
FMy = L/ My (Egn. 2)
TFM = Sum(FM,)  (Eqn. 3)
[0055] First, it was necessary to establish a best estimate for the

monolayer coverage of perfectly well-dispersed added oxides on the
substrate titania or similar oxides, C,. For vanadia, the literature value for
monolayer coverage of the supported oxide is 7-8 V atoms/nm?, which
corresponds to 1,100 micrograms V,0s /m?. (see 1. E. Wachs, et al., 2003).
For tungsta, the literature value of 4.5 W atoms/nm? was used (I. E.
Wachs, 2006), which corresponds to 1700 microgram WOs/m?. For silica,
the literature value of 600 microgram SiO,/m? was obtained (Iler, p. 36, op
cit.). Thus, as an example, a mixed oxide cdnsisting of 10 wt% SiO, (0.10
g/q), 9 wt% WO; (0.09 g/g) and 2 wt% V,0s (0.02 g/g) with the balance
TiO,, has a measured N, BET surface area of 250 m2/g. The TFM for this
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material is TFM = (1/250)* ((0.10/600E-6) + (0.09/1700E-6) +

(0.02/1100E-6)) = 0.95. This number indicates that were the added SiO,,
WO; and V.05 oxides perfectly well dispersed on the titania surface, the
surface coverage of the final, mixed oxide would be 0.95 monolayers thick
with the added oxides. With respect to silica alone, the fractional monolayer
coverage would be 0.67, or two-thirds of the surface would be covered with
an ideally dispersed silica coating. The compositions of the present
invention, when freshly prepared (i.e., after the addition of the added
oxides but before aging or sintering) typically have surface areas greater
than about 100 m?/g and a total amount of added oxides of 15 wt% or
less, and so the fractional monolayer coverage is about 1.0 or less, and the
fractional monolayer coverage specifically for silica is about 0.80 or less.
[0056] Methods of silica incorporation for the present invention.
[0057] The surface coating of titania using alkali silicates or silicic acid
such as described above has been practiced industrially for many years in
the paints and coatings industry. See, for example, the review chapters 52
and 53 in the "Colloidal Silica, Fundamentals and Applications", Surfactant
Science Series Vol. 131, H. E.- Bergna, W. O. Roberts, eds. (2006). As
described in Ch. 52 of Berg‘ria and Roberts, one approach to coating the
titania surface with silica involves exposing the substrate titania particles to
silica under alkaline conditions with a concentration of silica that is below
the solubility limit for amorphous silica. As described in Ch. 53 of Bergna
and Roberts, another method involves exposing the substrate titania
surface to monosilicic acid at low pH at a silica concentration that is again
very low and below the solubility limit. While the methods for silica
incorporation in the above references represent suitable means of
incorporating silica according to the present invention, there are several
important differences. One difference is that for the prior art, the phase of
titania that is used as the substrate is rutile (because of its higher light
scattering power than anatase), and there is no suggestion of the ability of
silica addition via those methods for the prevention of anatase phase
conversion to rutile. A secéh‘d important difference is that the substrate
titania particles of the paints and coatings prior art, regardless of whether
they are anatase or rutile, are relatively low surface area substrates, with

N, BET surface areas of the substrate surface typically being less than

iyo |
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about 15 m?%/g. Third, a key difference is in the surface coverage of the

added oxide such as silica. With the above definition of fractional
monolayer coverage, the compositions of the present invention, if they
were prepared on a low surface area support (15 m?/g) would have total
fractional monolayer of about 5 or greater, and the fractional monolayer
coverage specifically for silica would be about =3. Thus, in the prior art,
the silica coating is present over the entire titania particle, and with a
thickness that exceeds the thickness of a monolayer. Indeed, the silica
coating is present so as to completely inactivate the photo-catalytic
activity of the titania surface. Finally, in a preferred embodiment of the
present invention, the titania is coated with silica under conditions where
the added silica is well above the solubility limit of a few hundred ppm. As
will be seen below, in the present invention the silica, when it is deposited
initially, does not completely cover the titania surface, so that the
desirable catalytic functionality of the titania surface for the SCR reaction
is still available. Hence, the goal of the present invention of maximizing
the catalytic activity of the surface can then be met, while preserving the
stability of the support.

[0058] There is one more reason why particulate silicas are not the
preferred forms of silica fdr the present invention, including forms of
particdlate silica with internal porosity and hence high pore volume. It is
well know from the literature (e.g., Wachs et al., J. Cat. 161, 211-221
(1996)) that silica, by itself, is not a good subport for vanadia SCR
catalysts, while titania and tungsta-doped titania are good supports.
Hence, for the present invention, it is desirable to minimiz'e the amount of
silica surface area that is :,ayai'lable to adversely interact with vanadia,
while maximizing the amouln!tAof TiO,/WO3 surface area, so as to make the
most active catalyst. Thus, only enough silica is used to stabilize the
titania, and it is used in a form (molecularly dispersed on the titania
surface) that has minimal adverse impact on the vanadia catalyst.

[0059] Finally, another approach to make the materials of the present
invention, wherein the particulate forms of silica described above can be
used, is now described. It is well known that particulate amorphous silica
is soluble to an extent that depends on solution pH and temperature, see
for example Iler, (op cit., p. 42). Above about pH 9 and for temperatures
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higher than ambient temperature, amorphous silica will appreciably

dissolve. This dissolved silica can then be precipitated again, for example
onto a titania surface, by subsequently lowering the temperature and/or
pH to a region that has lower silica solubility. In this manner, particulate
silicas that are finely mixed with anatase titania can be dissolved and
redistributed in a well-dispersed manner onto the titania surface via the
hydrothermal treatment. However, such a post-treatment is not a
preferred method of making the compositions of the present invention,
since this step adds processing time and cost during the mixed oxide
manufacture. It is most preferred to use a suitable silica precursor and
treat the titania directly.

[0060] EXAMPLES
[0061] Titania Starting Material
[0062] In one embodiment of the present invention, a sulfated titania

slurry (see Table 1) was used. Such a sulfated titania slurry can be
obtained as an intermediate product in a production prbcess for making
titanium dioxide using the sulfuric acid process, for example as produced
by the MIC production facility in Thann, France. Such a slurry comprises
about 27% of a high surface area, hydrous anatase titania, TiO,. The TiO;
has primary crystallite particleé having sizes of less than 5 nanometers,
and corresponding N, BET surface areas in excess of 250 m?/g. The slurry
has a viscosity of 0.5-3 poises, a density of 1275 kg/m?, and a low pH of
around 1.5 - 2.0, which results from the fact that the slurry contains about
6.6 wt% SO;. However, the present invention is not restricted to use of
this slurry. Any composition comprising hydrous anatase titania could be
used herein. Indeed, it is not necessary to use a sulfated titania slurry as
the starting material. A dried low-sulfate anatase titania precursor could

be used instead.
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[0063]
Type Method - v Unit Specification
Residue on '
Calcination TiO, 43
Drying then calcination on 1000°C % (weight) 27 £ 1
Iron Ti0,.15 X-Ray Fluorescence Mg/kg <80
S0; G1.3 S Analyzer/Dryness 105°C % (weight) 6611
P,0s TiO,.16 X-Ray Flou % (weight) <0.4
Na TiO,.47 Atomic Absorption % (weight) <0.05
K TiO,.5 X-Ray Fluorescence % (weight) <0.01
Pb TiO,.13 X-Ray Fluorescence % (weight) <0.01
Peak Height G1.2 Diffraction X Degree 21
Rutile TiO,.48 Diffraction X None detected
Specific Area G1.1 B.E.T. M%/g 2250

*Gtatistical values

Table 1. Composition of Sulfated Titania Slurry

[0064] Preferably however, the titania slurry used herein is produced
with titania which has not been produced in the presence of urea.

[0065] In an embodiment of the invention, the TiO, component of the
catalyst support material USed' herein substantially comprises a surface
area <400 m?/g and a pore volume <0.40 cm?/g.

[0066] Experimental Methods: The structure and stability of titania- based
catalysts and the changes that occur during exposure to elevated temperatures

were investigated by various means. The methods employed consist of x-ray
diffraction analysis (XRD), transmission electron microscopy (TEM), SEM
(scanning electron microscopy), high resolution solid-state nuclear magnetic
resonance spectroscopy (NMR), nitrogen porosimetry (N, BET/BJH) and catalytic
evaluation of activity for the reaction of NO with NH; (DeNOx)

[0067] XRD: Samples were evaluated for crystal phase composition and
crystallite size in the following manner. The samples were prepared for XRD by
pressing into spherical XRD PW1812/00 holders and then analyzed using a
Panalytical X'Pert Pro™ diffractometer equipped with a sealed Cu x-ray tube and
an X-Celerator position sensitive “detector. Instrument conditions were set at
45kV, 40mA, 0.008°206/step and 50 second dwell time. Phase identifications
are performed through search-match of the experimental patterns with both
the ICCD and ICSD databases. The Rietveld method was applied for
Quantitative Phase Analysis by X-Ray diffraction. The crystallité size was
measured on the single peaks from Scherrer formula as employed in the

Panalytical High Score software. The Scherrer's formula depends on the fact
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that crystallite size is inversely related to the full width at half maximum

(FWHM) of an individual peak - the more narrow the peaks, the larger the
crystallite size. The instrument broadening value used for calculation was
from LaB6 standard (NIST profilé standard material). In addition, the full
profile method such as Rietveld Analysis, found in X'Pert High-Score Plus™
software in addition used for calculated grain size as well.

[0068] TEM: The samples were prepared for TEM analysis by dipping
wholey carbon coated Cu TEM grids directly into the provided powder. The
grids were then viewed in the TEM at magnifications ranging from 50 to
400,000X. Analysis was performed using a JEOL 2000FX II TEM operated at
200kV. During the imaging process particular attention was given to
characterizing phase size and distribution. Images were collected with a
Gatan MultiScan™ CCD camera and are in jpeg format.

[0069] SEM: The samples were prepared for SEM analysis by
dispersing the provided powder onto Al SEM stubs covered in colloidal
graphitic carbon. SEM analysis was conducted using a JEOL 7401 at 2kV
without conductive coating.

[0070] 295 NMR_Spectroscopy_ Characterization of Samples. *°Si Magic
angle spinning nuclear magnetic resonance spectroscopy (**SIMASNMR) is a

useful way of characterizing the coordination of silica in silica-containing
solid samples (see, for example, Engelhérdt and Michel, 1987A(op cit.)) as
described above. A problem with ?°Si MASNMR spectroscopy is, however,
that the *°Si nucleus is present at low natural abundance (4.7%), and so the
method is not very sens‘it.i‘ve. ‘A common method for increasing the
sensitivity is the cross-polarization approach (see for example “The Colloid
Chemistry of Silica”, H. Bergna, ed., ACS Series 234, p. 270 (1994)). In this
technique, spin polarization from a more abundant spin that has a large
nuclear magnetic moment (in this case, 'H) is transferred via double
resonance to a less abundant spin (**Si). This method has the effect of
dramatically increasing the sensitivity for the **Si NMR signal when the Si
has (OH) connected to it. It is well known that in the silicates, silicon adopts
tetrahedral coordination and is surrounded by four oxygen nearest-
neighbors, and then either H or Si next-nearest—neighbors. An isolated
silicate tetrahedron that sits on the titania surface would be expected to
have at least one H next-nearest-n'eighbor, Si-OH, and this proton should
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increase the sensitivity of the method for the silicon nucleus.

2%Si NMR
spectroscopy can also be performed on liquid samples that cont'ain soluble,
low molecular weight silicates, as also described in Engelhardt and Michel
(op cit.). |
[0071] N,

porosimetry using Micromeretics TriStar™

Porosimetry: Samples were evaluated for nitrogen

units. The samples were

outgassed overnight at 150°C under flowing nitrogen. They were then

cooled to room temperature for the adsorption measurement.

Adsorption/desorption curves were measured at liquid nitrogen

temperature. Surface area was determined using the BET method, and
pore volumes were measured using the BJH method on the adsorption
branch.
[0072]

solution (e.g.,

The vanadia was added by impregnation of either an alkaline
monoethanolamine) or from acidic (e.g., oxalic acid)
solution. The impregnated materials were then aged at high temperature in
hydrothermal environment (750°C for 16 hr in 10% H,O) (or at 600°C-
900°C for 6 hr in an air atmosphere) in order to cause accelerated aging.
It is desirable to have 100% anatase with high surface area (associated

with very small crystallites), and no crystalline tungsta after the age

treatments.
[0073] Examples 1-3: Benchmarking of Commercial Materials.
[0074] In the following three examples, we sought to benchmark the

performance of several commercial prior art materials that are used in SCR
applications, DT-52™ (Example 1), DT-58™ (Example 2) and DT-S10™
(Example 3). Properties for these three materials are listed in Table 2. It
can be seen that DT-52™ contains added tungsta (but not silica), DT-S10™
contains added silica (but not tungsta) and DT-58™ contains both added

tungsta and silica.

[0075]

, Material
Property Unit _DT-52 DT-58 DT-S10
WO5 wt% 10.0 9.0 0.0
Sio, wt% 0.0 10.0 10.0
TiO, wt% Balance (90) Balance (81) Balance (90)
Surface Area m?/g 90 110 110
Crystal Phase Anatase Anatase Anatase

Table 2. Target Properties of Commercial Materials

4-



| zg-in 99-la 99-10 es-ia 99-la es-ia 1 DIS10 1 DIrS10 DrTS10 | 131Sla 1
DTS10 eldwex3 .-.... - """ """ """ NNNNNN VI (.) tn O0) el en WO
2011/ 013086RO/01BME10/ 002236 23 [0079] Vi sual i nspecti onPOI/IB2/602336confirns
trends reported in the literature, and that is that higher vanadi a | oadi ngs
and hi gher tenperatures are associ at efllwith | oss of surface area,
conversion of anatase phase to rutile; crystallization of tungsta, and
increase in crystal size (sintering). The individual materials, however,
responfo@76r entFoy éacin ohE&Examplesr 1-3s theabpkes matetriald ovetdaustdvak

2ot asEPHNEE) . a0 YANGNE | WaPC RIS Jpichaherer il & JBTDMIGoMAREA.

cat al ygbfution of monoethanolamine (MEA) in deionized water was prepared that
was 0.4 M (24.4 g/L MEA). To this solution was added 10.9 g/L V,0s5, (0.06
M). In order to prepare a catalyst with a final vanadia loading of 1 wt%,
approximately 13.7 g of the above solution was mixed with 15.8 g of the
titania support (loss on ignition = 5 wt%), and the mixture was heated in a
rotary evaporator under vacuum at 75°C until dry. The resulting product as
then calcined in a static muffle furnace at a temperature of 600°C, 700°C or
800°C. Similarly, catalysts were prepared with a final vanadia loading of 3
wt% by using 41.2 g of the MEA/vanadia solution and 15.8 g titania.
[0077] The materials prepared above were then evaluated for N,
porosity, phase.composition and crystal size by XRD and for DeNOx activity
(results are given in Table 3). For the DeNOx activity, a 0.1 g sample of
each vanadia-loaded catalyst sample was pelletized and meshed to -20/+40
mesh, and was loaded into a reactor to determine the conversion of NO in
the presence of NHs. A flowing stream that contained 5% 02, 1000 ppm NH3,
1000 ppm NO, and 3% H,0 was passed over the catalyst at a space velvocity
of 650 |/g.cat-hr.



[0080] 1t can be clearly seen fromthese Tables 1 and 2 and Figures 1 and 2
that DT-SIOm (with silica) has the highest thermal stability, followed by
DT-58T" (wiDt2o11901B006a and tungsta), followed by DT-52" (wcrhBtuuogees only) .
If thermal stability were the only requirenment for a good vanadi a catal yst
support, then DT-S10" woul d be the clear choice. [0081] Shown in the next

two figures (Figs. 3 and 4) are the DeNOx conversions at 325C for the
materi al s Ioaded % anld| 3% Yanpdi | Ir eqpepgth vely. It can be clearly
seen that the saiyg l«{hg{& e [(| WA ), ﬁg as the | owest conversion
for nmobst aging t¢m@ =41(K6] b N A v Yl A o 1 - e with 3% vanadi a, aged at
800C, that has aq ual [tpbitihatl pfl DI |5 [ 0082] Thus, based on
t he performance ¢ SRS mreT e ar T4amptEs, e i s an obvious need for
devel op a catal y§t |wlt tih] ifnpfdved sfapillity band activity.
[ 0083] Exanpl es 445 gowL,; &hg. lexanplles | riele the perfornmance of two
addi tional comefc agglr ay|P i B e 6% and Tayca Corporation
| TAC 115GSTM infrel gtijon|tio DT 5" Sanpl €9 pfl k he materials were
anal yzed for conjos ’tld Sipg kiria f yor e3cerce a lysis, with results
shown in Table 4] |VOghonliQldoResICH|ABIOLSIORIZBE6 &4 [0084] Oxide, wt%
DT58 M C DT60 Tayca TE(P “BIBF 184 I3 °F 2B 52 S102 9.8 10.3 10.2
5103 O '
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0.4 0.2 0.2 Table 4. Conpositions of Materials [0085] The results show t hat
the DT-60" and TaycaT" sanples contain nom nally about 10 wt % 5102 and
about 5 WO20DA130WB| three types of nmaterials were | oad@GTB20M0/002236nt % V205
usi ng deposition from MEA solution as in Exanples 1-3. The products were
then aged at 800C for 6 hrs in air in a static nuffle furnace, and the
products were anal yzed using the N2 BET nethod. For the DeNOx activity,
(mcro-reactor), a 0.1 g sanple of each vanadi a-| oaded catal yst sanpl e was
pelletized and nmeshed to -20/+40 nmesihp3z and was | oaded into a reactor to

det er nfd@794e Cc\ﬂgﬁéﬁ'uﬁgge&lb\p b TaWIeP LSRN ﬂ}‘@ﬁdsAréb@%Hglﬁtflﬂﬂm

t hat cont ai ned 5% 0 , 1000 PPm NO, and 3% H20 was passed over
the calitgratureatand $hakds \xépgdwgpebfvam@lqﬂgaémshand[@99@{1@%*1@@@&5%5 area
st abi | [ e

Sur f acée'té,&?géém%%gecp W@TE%S % DT6%%I'%\)/I %%é%égﬁgl'f %é'% tgégﬁ%g Qg’mstﬂﬁ ace
Ar eas @fystzdmmhalofsawpge@ [@@818] Miceeake alflsh@WStilﬂatSqu!le(Slaﬁ@ﬂIQG) wiEhe | oner
tungst ht| at n S weyer,

t o e iG] RsEeBal?"hoW D) BLorth itk ehitp g ot g R Bl the
acti vi e:yam@ﬂes MatlancBOﬂHe anWtWaw@m‘édlasaBmIHssiarel pletted frarfFig diees ﬂ.o(rBEEThe

DT- 58"

t he ne%'ﬂqgg? ang tae'?cI % %@ %ﬁastg% I vPh%/Q?e)d [géH E%ee'ln%n%tgrr?a r? LZ

pr esenttherrrvarﬁtabmty dﬂ@h%Odaitans’i@OGPCT/ 1B2010/ 002236 25 [ 0089] Exarrpl e 6.

nvent FOUBDE" i b2 e clalin GPRD KOTLEDeSt ARotI AT ReoPh HOLEEd ng

En ni fTBéndllfIllDt-l'li‘ét pfr- subrm@watﬂdsutncaoehaé\&hem.gﬁegbm@rmalasttamlwyatfemswbﬂqap
e.g.,_colloi

al at ed) i de sources Of lica
for us@TiPBti ? fﬁ"as' ﬁl‘cféﬁln ?J' e a{?\ﬁlger 23 tﬁ‘rﬁ%ﬁtao?”g'ﬁe?ti lica
I s nottraradiaktbitiey I\Nbﬁ‘é ame vumtz Pé'@u'ﬁ'éﬁ\@?itaf(%”é agt@od A g8adiaoicatdlgst
present invention was nd another formof silica that could be used to

more e$YRRQy ERgN QTa'l§]4qTEéN?%'é’ ke thgdeaji cheiget i tani a, but that woul d have
a mni pgosdqver sehowRand he hBgt ¥ Alrgures adtiby] BY afld ¥3Naell ansupRiGed on
the surface™of the titani
conversions at 325°C for the materials loaded with 1% and 3% vanadia,
respectively. It can be clearly seen that the sample with silica only (DT-S10™)
has the lowest conversion for most aging temperatures; it is only the sample
with 3% vanadia, aged at 800°C, that has activity equal to that of DT -58™.
[0082] Thus, based on the performance of these commercial samples,
there is an obvious need for develop a catalyst with both improved stability
and activity. ’

[0083] Examples 4-5. The following examples reveal the performance of

two additional commercial prior art materials (MIC DT-60™ and Tayca
Corporation ITAC 115GS™) in relation to DT-58™. Samples of these materials
were analyzed for Composition using x-ray fluorescence analysis, with results

shown in Table 4.



[ 0091] The use of silica in |ow nol ecul ar wei ght and/or snall

f orm was consi der ed,

nanopart i

wei ght formof silica in aqueous solution is silicic acid, Si(OH)4.

However, this chem cal

entity has a very low solubility in water,

and

therefore is restricted to concentrations of a few hundred ppm

(Di scussions of the aqueous chemi stry of silica in water,
C. 3 and Scherer,
[0092] In view of the |low solubility of Si(OH4, we turned to

exanple, in ller,

oxpor | 20821

(op cit.

) and Brinkgjq,

ion with tetra(al kyl )anmonium silicate solu

ions (includi

cle

rather than in the particulate formwhich is present

in the compentias@mbs anor phous silicas described above. Poe/Bmaesd2sml ecul ar

are found for
G W 1990,

but nof | i m Oxidel wt% et r a

net hy| [F&i um

TVAMICIDEE® r e

hgent sTaysat ai n

silicalin | ow ndbecul ar we

i ght f80.h5 ( seq

Engel Bar dt _an

l M ché&h.2 op ci

Furthefnore, th@Osilica in

t hese 9sbl uti orn

s is pb8sent af

fairly2high

—

).

concenfrations %i€q9., 9 wpPo Si 02P.8 Thus, |we condi.3lered whet hed0@& not | he
nol ecullar _entit$i@g i n these sol ubions may be snal2l enough to r@kact
selectively with the titania surface, while not providing separate area for
vanadi a to bond whi ch woulableidnmiCoingositienscaf Materials activity. [0093] 2951 NWR
spectroscopy of a liquid sanple of soluble silicate. [0094]In order to

determ ne the nature of the silicate SEJCIGS in comrercially avail able TMVA

si i cat@O8&1ut i ofhe tresulks Fhaveithet dher PI-6P" TR ds iTeveat'e sgatries raHale
exanpl §5idhty? at fgbi GAYE. SR ahd2hpWas SVatuatgd,usinp 1Rk N:}Ags of

spectroscopy on a | NSt rrument by Spectral Data Servi ces, c. Shown
i n Tabimaterialseweiie loaded twith $\8 pg¥a No O3 008 PaTd e mEItion oo MEA sphoy)

Descr i Q& r?% %)Tgl%ng 3G A dFctE el th &R EGebLATBbEIC Fol 6 RL A3aitGntacanpl e

6 (Soli
statlc muffle furnace, and the products were analyzed using the N, BET

method. For the DeNOx activity, (micro-reactor), a 0.1 g sample of each
vanadia-loaded catalyst sample was pelletized and meshed to -20/+40 mesh,
and was loaded into a reactor to determine the conversion of NO in the
presence of NH;. A flowing stream that contained 5% O,, 1000 ppm NH3, 1000
ppm NO, and 3% H,0 was passed over the catalyst at a space velocity of 650

I/g.cat-hr. ,
[0086] The surface area stability of the samples is compared below in
Table 5.
[0087]

Sample Surface Area (m?/g)

DT58™ 45.9

DT60™ 53.3

Tayca™ 51.5

Table 5. Surface Areas of Commercial Samples

[0088] The data show that the samples with lower tungsta level have

slightly greater stability than does DT-58™. However, the DeNOx activities of
the catalysts, as shown in Figure 5, shows that the activity for the DT-60™
and Tayca™ samples is lower than that for the DT-58™ sample. Thus, as for
Examples 1-3, the Examples 4 and 5 demonstrate the need for greater

stability and activity for the novel materials of the present invention.



30 Exanple 14 (Solid) 11 5 34 44 6 Table 6. Q Forns of TMA Silicate
Solutions and Titania Solids [0096]1t can be seen that the TMA silicate
sol uti on wonvai/mnsooeostly silica species with connecti vi PgTaB20@®o@e3d ower .
However, there is sone silica with Q4 connectivity, so the solution does
not contain all of the silica in the ideal form (connectivity of (B or

| oner). However, as wll be shown herein, we have nade the novel discovery
that the soluble silica sources such as tetra(al kyl)amonium silicates can
be used to nmake exceptionally stable f&natase phase, high surface area)

vanadi §§QSI cot.al ¥ t‘,é 6t. haitic Pl de g)fg@lhkgﬂgncat alytic activity for

sel ectTve [0097] Stability | nprovenent
vi a No[R099 ] i caASF rrEEtEdeatseV\[PGﬂQSPQ’r%nE)t@ﬁpbesselntSIra&ﬁmwn dyalifeathd to
stabil] . at r o] rci.al f a h
vanadi gﬁ%vﬁgm&% \Petrédgfaﬁgcégféeﬁ%% &fandlgngg'g‘ n |tn|10ns%|§'l“%u:n? g?dsM‘&é
denonsadditiase. th.s |nmbedvebene i patticen ated sheﬂs |(et.g.,t lcatloiadm, tfelnaed,almuﬂ
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was equipped wi.th an overhead stirrer. This sl|ur was
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Si 02, thentiapia,=bgt ghat wouldhavgra MaRIMEY a%er%'m@a& b theocaalytighe pH

was t hgee @l UFhashatia st pbdPted Bntite a6dhts OF 1Bk GEAGENt rated NHACH (299 .
3.0/ g of ammoni um paratumrgstate (APT% was t hen added, and the fi nal pH was
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28 observed in the 1H 29Si cross-pol arization experinment, which
denonstrates that there are hydroxyl groups attached to the Si. This
supports Wheolidgaooshat the silica that is well di sperse®@CdABINY02236@ni a
surface in the present invention. Furthernore, the spectrum was
deconvoluted into four peaks, with the follow ng positions and relative
intensities -110 ppm 30% -100 ppm 50% - 90 ppm 16% and -82 ppm (4%,
and these peaks are assigned the coordinations (4, @B, @@ and Q1,
respectively, as shown in Table 6. Itpgan be seen, then that about 70% of
the silica is in a coordination environnent (@, @ and Ql) such that
hydrox¥ &roups are the next-nearest-neighbors, and this further supports
the not®@®53hat the silica is well dispersed on the titania surface. Thus,
we concl g ,s(_InIB n L NEUSE Of The Joow ol gCul pr @ei gt arar
nanopart gngﬁAg,lgc%té)(Ledm)so Ich [as {HVA-bi Ogg0r [0T BEIr qONpasi 1| ons
descri be AL’ @oN&S I1S€E to Slida That |S VeIl |[digpersed 3pgn the titania
sur f ace. E{brﬁ)@étlu(‘(go@d‘), a préfenfped [Cookdl npti ey envi rgnmant @f the silicon
atons of The Titania support of the present 1nvention is substantially (at

one key mani 1 estae oh GPSr SPaM BFERESonERnt SRS OE ™S e 1s

that the well-dispersed silica is nuch nore effective, on a mass basis,
towards stabilizing the titania. Therefore, less silica is necessary to
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ammoni um par atungstate (APT, 88% W3) was then added and all owed to react

for 300frthe present Mvanttar:- e‘\\ﬁwradﬁd@roziz@m@ BradenuifatadaiEaMg| RGeSl m
silica n r a 0. The
pH vvasw%nen % ust %dﬁl?;z %ﬁ%&g%ﬁ%%t e“y{ggdl Hg\r/]@gf 6@5&%@%‘@?@3% ad@@d
(29% . tata gqunﬂt—boexowasﬂesk dhet wasreauippgd wdth tarormMerbead stirrgnd ng t hen
filter r a%qin I 500C
for 6 %Ej Mhe g %é%o%bng?{% géslgjt gof%%?‘@g’%o @anﬁ:ug% %ﬁg”%&am S
was 90hebtingi B2antle wndSiwas amidmfﬁtamedee that tempepatndter thweesiadepdsthed

di f | i |
o Brear B o sR8 iy wadpddbd s A Rt tettan RV Bim Ao il shitgré! N
Do %‘?"‘him N B 5?352 tme“?‘"éms?gs e 2"
neti o1 16 TRACE for 30 giRgghd BH Hasotnem st et bR E B Sig th Bdujeid of

dermnswﬁt:eﬁtrbt@d NAJOH | (tze%r)d 3a07| gl dwabenehmmf parmﬁtr@rstaﬂé (aeTyrelasg to

h | f [
hydr 0gB1eRGaddRdPEd 0 o TP CEH GHEBnTOle S (9 -8, W65 SGHBR PhiBO8Fur ry

vwas addgfcéMratd® W0t TR H.mket\bag MW ed] b eadt \Wint Bdarions riteadin,
stirrer. This slurry was heated to a tenperature of 60C via_a erature

cont r oBNEd Wasathag %rl‘f'éﬁ'chb rigggdwidthyd lhWatsed and kigd tgﬁﬁef'ﬁ?t minal

t hroughout the preparation. 2.8 g of ammoni um paratungstate (APT, 88% W3)
was then added and allowed to react for 30 min. To this m xture was added
27.8 g of tetranethylamoniumsilicate (TMA-Si 02, 9% Si 021) and the m xture
was allowed to react for 10 mn. The pH was then adjusted up to 6.5 via the
addition of concentrated NHAOH (29% . This m xture was allowed to react an
additional 20 mn, and was then filtered, rinsed with DI water, and dried
at 105C and then cal CI ned at 500C for 6 hr. The fi naI nom nal corrp05| tion
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composition of this product on an oxide basis was 81 wt% TiO;, 10 wt% SiO;

and 9 wt% WO;. It was then divided into portions which were calcined over
the temperature range of 600°C to 900°C for 6 hr in air using a static muffle
furnace. A sample of production DT-58™ of the same composition was also
aged under identical conditions. Both samples were evaluated for retention of
surface area using the BET method, with data shown in Figure 6.

[0099] The data in Figure 6 clearly show that while the compositions of
the two products are nominally the same, the sample prepared using the
novel low molecular weight and/or small nanoparticle form of silica of the
present invention is much more thermally stable (retains surface area to a
greater extent) than the prior art material (DT-58™).

[0100] 295i MASNMR Spectroscopy Characterization of Solid Samples. The

following analysis of the TMA-SiO, material of the invention and the

conventional material (DT-58™) shows that the silica is present in a very
different morphology for the materials of the present invéntion. The two
samples, in their “fresh” state (before addition of vanadia but after calcination
at 500°C) were analyzed in detail by Spectral Data Services, Inc., using *Si
MASNMR spectroscopy on a 270 MHz instrument. An attempt was made to run
the DT-58™ sample with cross-polarization, but no signal was observed after
1 hr, and under these conditions, a large signal would have been seen if there
were any (OH) groups near the Si nucleus as would be expected for well
dispersed silica on the surface of the titania. Hence, this sample was run for 4
hrs using just the MASNMR method. A weak signal was observed at -111 ppm
relative to tetramethylsilane. This signal is consistent with Si in a Q°
environment, or Si(OSi),. Hence, both observations (the lack of a cross-
polarization signal and the presence of the Q* signal) in the NMR experiment
are consistent with particulate silica where most of the Si is in the interior of
the silica particle, and there are not many Si(OH) groups on the surface of the
silica.

[0101] The sample of novel catalyst support was run under nominally the
same NMR conditions, and this sample also contained 10 wt% SiO,, however,
the source of the silica was TMA-SiO,, which contains low molecular weight

and/or small nanoparticle forms of silica In this case, a strong signal was
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observed in the 'H-?°Si cross-polarization experiment, which demonstrates

that there are hydroxyl groups attached to the Si. This supports the idea that
the silica that is well dispersed on the titania surface in the present invention.
Furthermore, the spectrum was deconvoluted into four peaks, with the
following positions and relative intensities -110 ppm, 30%; -100 ppm, 50%; -
90 ppm, 16%; and -82 ppm (4%), and these peaks are assigned the
coordinations Q*, Q3, Q? and Q!, respectively, as shown in Table 6. It can be
seen, then that about 70% of the silica is in a coordination environment (Q?,
Q? and Qil) such that hydroxyl groups are the next-nearest-neighbors, and this
further supports the notion that the silica is well dispersed on the titania
surface. Thus, we conclude that the use of the low molecular weight and/or
small nanoparticle silica precursor, such as TMA-SiO, or other compositions
described herein gives rise to silica that is well dispersed on the titania
surface. In particular, a preferred coordination environment of the silicon
atoms of the titania support of the present‘ invention is substantially (at least
50%) Q3, Q% Q1 and Q° coordinations, as determined by ?°Si CP-MASNMR.
One key manifestation of this difference in the nature of the silica is that the
well-dispersed silica is much more effective, on a mass basis, towards
stabilizing the titania. Therefore, less silica is necessary to stabilize the titania
when the silica is well-dispersed on the titania surface.

[0102] In order to further evaluate the nature of the silica coating on the
novel sample, it was subjected to TEM analysis, as shown in Figure 7 which reveals
that the silica is present as isolated patches on the anatase titania surface. The
patches exhibit two-dimensional character in that the length is typically less than 5
nm while the depth (distance away from the titania surface) is typically less than 2
nm.

[0103] Example 7: Stability and Activity Advantage of 90:4:6 TiO,:Si0,:WOs.

The following example of the invention demonstrates the stability and activity

benefit for materials produced according to the methods of the present invention. A
slurry of production-made sulfated titania hydrogel was diluted to a TiO, content of
21.6 wt%. 208.3 g of this slurry was added to a round-bottom flask that was
equipped with an overhead stirrer. This slurry was heated to a temperature of 60°C

via a temperature controlled heating mantle, and was maintained at that
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react an additional 20 min, and was then filtered, rinsed with DI water, and dried at
105°C and then calcined at 500°C for 6 hr. The final nominal composition of this
product on an oxide basis was 90 wt% TiO;, 4 wt% SiO, and 6 wt% WOs;. To this
powder was deposited vanadia from_an MEA solution, as in Examples 1-3, above, so
that the final loading was 2 wt% V,05 on a total oxide basis. A portion of the dried
powder was then heated to 750°C and held at that temperature for 16 hr in an air
atmosphere that contained 10 wt% H0.
[0104] Example 8: Stability and _Activity Advantage of 90:5:5

TiO,:Si0,:W0;. This example further demonstrates the stability and activity

benefit for materials according to the present invention. A slurry of
production-made sulfated titania hydrogel was diluted to a TiO; content of 21.6
wt%. 208.3 g of this slurry was added to a round-bottom flask that was
equipped with an overhead stirrer. This slurry was heated to a temperature of
60°C via a temperature controlled heating mantle, and was maintained at that
temperature throughout the preparation. 2.8 g of ammonium paratungstate
(APT, 88% WO3) was then added and allowed to react for 30 min. To this
mixture was added 27.8 g of tetramethylammonium silicate (TMA-SiO,, 9%
Si0,,) and the mixture was allowed to react for 10 min. The pH was then
adjusted up to 6.5 via the addition of concentrated NH40H (29%). This mixture
was allowed to react an additional 20 min, and was then filtered, rinsed with
DI water, and dried at 105°C and then calcined at 500°C for 6 hr. The final
nominal composition of this product on an oxide basis was 90 wt% TiO,, 5 wt%
SiO; and 5 wt% WOs;. To this powder was deposited vanadia from MEA solution
as in Examples 1-3, above, so that the final loading was 2 wt% V,0s on a total

oxide basis. A portion of the dried powder was then heated to 750°C and held



WO 2011/ 013006PCT/ 1B2010/ 002236 32 another 20 m n. The pH was then adjusted
to about 6.5 by the addition of concentrated NH40H (this step could be

per f or nedwprbowoi@mesaddi ti on of W)3). The slurry was thercfrimBiooee23snvashed
free of ammonium sul fate and then dried and cal cined at 500C for 6 hr in
air. The nom nal conmposition of this base nmaterial was 8 wt% Si 02, 4 wt%
W3 and 88% Ti Q2 (Ti02: Si02: W3 = 88:8:4). [0111] Exanple 10. A conpari son
sanpl e was made using conventional particulate colloidal silica in the
following way: A slurry of productionggade sulfated titania hydrogel (27%
T02) 80t dl tethBOratFd (ARYBI 94 i BtrAdspndtrid LortafRES 300060, 7 0 of

this dispersion was heate stirring t 3 g ammoni um
par at ub@30&le ( APToBHM WD B)rMvs basisrsetdosdomperigmT, dedifferemiweampies efict

for 204 Agwml +Rag ] Gul : ' L Ly ace-
50w P B3 etelpdheldfich®s i firfagiatas BbH3%, B Ramndippil, sbed

wi || bendecdiye sadilg aopditzors. oResuldls nxoyn dthielse Fourt sanaples were floemm of
col | oi dal _si Iéjaca is stabilized with NH4+ ion rather than Na+ ion, since the
| att er 2YS 34t al yst poison for the SCR reaction. The pH of the m xture was
then appaeeld t oTife Smbyetidle &aant Exemples dheaend 83t albnigHAGHh thlee DII-GBFY was
then fi Iftered, washed and dried i:’lhd C%lf ci)r&g@ ahSBOC f.or t6 hr i,n_ai The
noni nalSfEERRTsi MabRral: t Kiesep8aNrgdef¥al XRE gNat BOGID ety \2BE B'S t he
88% Ti Q2tivit{Uswith heediRtLdhdven Oin bieibie Exangdiew? amido Fdeapb eel8luzag ethe

nom nally the sane overall _cor’rgosi tion (88:8:4- Ti', 02: Si 02: W3) oa an oxi de
basi s. Maensfsriet ReNOX ARPHSIHORR 8rd-di @ SAURPIS OF FF<hi Yaada“I9PArE LN nd

t ungst ggedecatafide karApidiviad peetiaédein® meshbdotd20b/+Boenmehadhad Wass added
by i npregnation of an al kaline MEA sol ution. The |fnglr egnated materials were
r

then alf@diest iMfogh feagber 4P udetarMmiRgdhs KEPMArsieReh Bitdhthe7BiRseNsE 06 hr
In 10‘VNH20%\yn8w%&%&eta9nthaf%oﬁ@smlegr 96/@@52ﬁgot0ﬁppﬁhm@9@@osag§4 RO, V@

eval uated’ x-ray diffraction analysis, an e observed diffraction

patt er h0%ei0 s passedvRIrethgeratalvst gtias spage oradesity ©fR20 U4 saty.
Exanpl Hiqa i [ i mpl e
of eacﬁoegﬁgﬂigrg{agéggaéﬁﬁ%gé‘degﬁg%gﬁ'%ﬁnﬁﬁﬁggﬁh'?%?Yezrgdg?iﬁa%ngghed to
- 20/ +48 tatwh,ofafd mass lvoere dbitainedaonetive dour D TR & nrekerenee coateriaison of

no, 5885 0D 5n iredancfb bt BirshoBRE soBRkrAER' & MY 45 BB B bl e

over t becarad ahgttoditineolvesacealcalatmn yfofhes Statie" gott aeattion NBsc pavsams ofi and

10 xROPHAIREEY Siolhars ewgE: 574 G FeattsN Tty iguge TR ptalt 2™ ©
with respect to NO and zero order with respect to NHs;, and under these
conditions, the reaction rate is: proportional to -In(1-x), where x is the
fractional conversion (%conversion/100). Reaction rate is a better method of
comparing samples at high conversions. Basic statistics were computed from
the data, and analysis of variance demonstrated that the materials of the
present invention gave significantly different ("P" value for the null hypothesis

< 0.05) and higher activity than the reference samples.
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[0107]
DT-58* Example 7 Example 8
% Anatase 95.4 100.0 100.0
XRD-Phase %Rutile 2.3 0.0 0.0
%WO3 2.3 0.0 0.0
Anatase 391 233 333
XRD-Crystal Size (A) Rutile 89 0 0
WO, 498 0 0
BET Surface Area (m?/g) 34.9 47.5 30.6
N, PSD BJH Pore Volume (cm®/g) 0.25 0.29 0.24
250°C 19.4 26.7 31.5
NO Conversion, % 350°C 64.0 72.6 78.8
450°C 73.1 80.2 82.4
250°C 0.22 0.31 0.38
NO Rate, % 350°C 1.04 1.30 1.57
450°C 1.34 1.62 1.75

*Average of 4 samples

Table 7. Characterization of Samples
by XRD N, Porosimetry and DeNOx Activity

[0108] Table 7 clearly shows that the samples made according to the
present invention (Examples 7 and 8) retain a greater portion of the anatase
phase, resist crystallization of tungsta, and resist crystal growth (i.e.,
demonstrate less sintering) than the base materials. Furthermore, the
materials of the present invention retain higher surface area and pore volume
than do the reference materials. Finally, the materials made according to the
present invention exhibit higher catalytic activity for the SCR reaction.

[0109]

in stability and activity between catalysts made with a particulate (colloidal)

In the following two examples (9 and 10), the dramatic difference

silica versus the inventive materials is demonstrated.
[0110]
in the following way: A slurry of production-made sulfated titania hydrogel

Example 9. A novel material of the present invention was prepared

(comprising 27% TiO,, 7% sulfate, and H,0) was diluted with water to give a
21.7 wt% TiO, dispersion. 207.7- g of this dispersion was heated with stirring
over 20 minutes to 60°C, and 2.3 g ammonium paratungstate (APT-88% WOs3)
was then added at low pH. The APT was allowed to react for 20 min. 44.4 g of
the soluble, low molecular weight form of silica tetramethylammonium (TMA)
silicate (Alfa Aesar- 9 wt% SiO,) was then added and allowed to react for
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another 20 min. The pH was then adjusted to about 6.5 by the addition of

concentrated NH,40H (this step could be performed prior to addition of WO3).
The slurry was then filtered, washed free of ammonium sulfate énd then dried
and calcined at 500°C for 6 hr in air. The nominal composition of this base
material was 8 wt% SiO;, 4 wt% WO; and 88% TiO, (TiO;: SiO;: WO; =
88:8:4).

[0111] Example 10. A comparison sample was made using conventional

particulate colloidal silica in the following way: A slurry of production-made
sulfated titania hydrogel (27% TiOz) was diluted with water to give a 21.6
wt% TiO, dispersion. 203.7 g of this dispersion was heated with stirring to
60°C, and 2.3 g ammonium paratungstate (APT-88% WO3) was then added.
The APT was allowed to react for 20 min. 13.3 g of the particulate, colloidal
silica AS-30 (W. R. Grace- 30 wt% SiO;) was then added and allowed to react
for another 20 min. As will be recognized by a person of ordinary skill in the
art, this form of colloidal silica is stabilized with NH,;* ion rather than Na* ion,
since the latter is a catalyst poison for the SCR reaction. The pH of the mixture
was then adjusted to 6.5 by the addition of concentrated NH,OH. The slurry
was then filtered, washed and dried and calcined at 500°C for 6 hr in air. The
‘nominal composition of this base material is 8 wt% SiO,, 4 wt% WO3 and the
88% TiO,. Thus, the materials of both Example 9 and Example 10 have
nominally the same overall composition (88:8:4-Ti0,:5i0,:WO03) on an oxide
basis. 4

[0112] To these two ‘;b'a'se materials comprising titania, silica, and
tungsten was added vanadia to a target of 2 wt% V,0s. The vanadia was added
by impregnation of an alkaline MEA solution. The impregnated materials were
then aged at high temperature in hydrothermal environment (750°C for 16 hr
in 10% H,0) in order to cause accelerated aging. The aged samples were
evaluated by x-ray diffraction analysis, and the observed diffraction patterns
were analyzed by Rietveld analysis. In order to evaluate the Example 9 and
Example 10 materials for DeNOx applications, a 0.1 g sample of each vanadia-
loaded and aged catalyst sample was pelletizéd and meshed to -20/+40 mesh,
and was loaded into a reactor to determine the conversion of NO in the

presence of NHs. A flowing stream that contained 5% O, 500 ppm NH;, 500
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was passed oyeél ﬁhe catal yst at a space velocity of 650 1/g.cat-hr. Results
are showifTR'SrdBle 9. WO 2011/ 013006PCT/ | B20107 002236 35 [0118] DT-58*
Exanpl po1154RD- Phias evénddiiat 36ad&th. and 08géd catalyst from Example 10 was

evaluated using SEM (Fig. 8) and TEM (Fig. 9) microscopy. The images clearly

show the presence of particulate colloidal silica particles having diameters of
about 20 nm coating the underlying ~100-200 nm diameter vanadia-anatase
titania particles.

[0116] Example 11. This example demonstrates another embodiment of

the present invention and it involves dissolution of particulate silica followed
by re-precipitation of a surface coating of silica onto the titania via
hydrothermal treatment at ellevated pH. A slurry of production-made sulfated
titania hydrogel was diluted to a TiO;, content of 21.6 wt%. 833.3 g of this
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slurry was added to a round-bottom flask that was equipped with an overhead

stirrer. This slurry was heated to a temperature of 60°C via a temperature
controlled heating mantle, and was maintained at that temperature
throughout the preparation. 13.6 g of ammonium paratungstate (APT, 88%
WOs) was then added and allowed to react for 20 min. The pH was then
adjusted up to 6.0 via the addition of concentrated NH4OH (29%). To this
mixture was added 80 g of a dispersion of fumed silica (Cabot M-S, 10% SiO,
in DI water) and the mixture was allowed to react for 20 min. The pH was
then adjusted up to 9.0 via the addition of concentrated NH4,OH (29%), and
this slurry was heated at reflux for 6 hr. It was then slowly cooled to
precipitate the soluble silica, filtered, rinsed with DI water, and dried at 105°C
and then calcined at 500°C for 6 hr. The final nominal composition of this
product on an oxide basis was 90 wt% TiO,, 4 wt% SiO; and 6 wt% WO;
(90:4:6). Under these conditions, the fractional monolayer coverage of the
silica on the titania is well below 1.0. To this powder was deposited vanadia
from MEA solution as in Examples 1-3, above, so that the final loading was 2
wt% V,0s on a total oxide basis. A portion of the dried powder was then
heated to 750°C and held at that temperature for 16 hr in an air atmosphere
that contained 10 wt% H20. '

[0117] The catalyst material from Example 11 was analyzed by XRD, N;
Porosimetry and DeNOx activity and TEM. In order to evaluate the material for
DeNOx applications, a 0.1 g sample of each vanadia-loaded and aged catalyst
sample was pelletized and meshed to -20/+40 mesh, and was loaded into a
reactor to determine the conversion of NO in the presence of NHs;. A flowing
stream that contained 5% O,, 500 ppm NHs5, 500 ppm NO, and 10% H,0 was
passed over the catalyst at a space velocity of 650 I/g.cat-hr. Results are

shown in Table 9.
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and 11, indicate that, while
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[0118]
DT-58%* Example 11
% Anatase 95.4 100.0
XRD-Phase %Rutile 2.3 0.0
%WO3 2.3 0.0
Anatase 391 309
XRD-Crystal Size (A) | ° Rutile 89 0
W05 498 0
BET Surface Area (m%/q) 34.9 30.3
N, PSD BJH Pore Volume (cm®/g) 0.25 0.21
250°C 19.4 30.6
NO Conversion, % 350°C 64.0 77.6
450°C 73.1 83.5
250°C 0.22 0.36
NO Rate, % 350°C 1.04 1.50
450°C 1.34 1.80

*Average of 4 samples
Table 9. Characterization of Samples

[0119] TEM analyses, as shown in Figures 10 and 11, indicate that, while
there are a few remnant spherical silica particles that were not completely
dissolved and re-precipitated, these are typically less than 5 nm in size. For
the most part, the fumed silica has largely been dissolved and re-precipitated
onto the anatase surface as a rough coating where it is most effective for
modifying the surface propeFties of the underlying titania.

[0120] These results reveal the dramatic benefit in anatase phase
stability (and resistance to sintering) offered by the material present
invention, the benefit in retention of surface area associated with the
inventive materials, and the activity advantage associated with the present
invention when the silica, initially in particulate form, is solubilized and
redistributed in nano-particulate form to provide a uniform coating on the
titania surface.

[0121] Example 12. This example is another demonstration of the

beneficial effect of redistribution of the silica via hydrothermal treatment,
only in this case the starting source is colloidal silica. A slurry of production-
made sulfated titania hydrogel was diluted to a TiO, content of 21.6 wt%.
208.3 g of this slurry was added to a round-bottom flask that was equipped
with an overhead stirrer. This slurry was heated to a temperature of 60°C via
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/OW3 1.8 2.7 XRD-Crystal Size (A) Anatase 562 1863 Rutile 40 NM W3 694
268 N2 PSD BET Surface Area (n2/g) 23.3 8.1 BJH Pore Volune (cnB8/g) 0.15
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[0124]
Example 12 | Example 10
% Anatase 91.6 91.2
XRD-Phase %Rutile 6.6 6.1
%WO; 1.8 2.7
Anatase 562 1863
XRD-Crystal Size (A) Rutile 40 NM
W03 694 268
BET Surface Area (m%/g) 23.3 8.1
N, PSD BJH Pore Volume (cm?®/q) 0.15 0.04
‘ 250°C 31.0 8.4
NO Conversion, % - 350°C 76.4 34.0
450°C 79.9 33.2
250°C 0.37 0.09
NO Rate, % 350°C 1.40 0.42
450°C 1.60 0.40

*Average of 4 samples

Table 10. Characterization of Samples

[0125] A TEM image of the Example 12 material is shown below in Figure
12. The analysis indicates that, while there are a few remnant spherical silica
particles that were not completely dissolved and re-precipitated (roughly 10
nm in size or less), for the most part, the colloidal silica has substantially been
dissolved and re-precipitated onto the anatase surface as a rough, patchy
coating where it is more effective for modifying the surface properties of the
titania. a

[0126] Example 13: Silicic Acid. This example provides another

embodiment of the present invention, wherein the low molecular weight silica
is in the form of silicic acid generated via ion-exchange of sodium silicate.
First, a dilute solution (3 wt% SiO;) of sodium silicate was prépared by adding
569 g of DI water to 71 g of Philadeiphia Quartz "N” sodium silicate, 28.7
wt% SiO,. A 650.7 g portion (as received basis) of strong acid ion-exchange
resin (Dowex 650C H-form) was weighed out. Separately, a slurry of
production-made sulfated titania hydrogel was diluted to a TiO; content of
21.6 wt%. 1666.7 g of this slurry was added to a round-bottom flask that was
equipped with an overhead stirrer. This slurry was heated to a temperature of

60°C via a temperature controlled heating ‘mantle, and was maintained at that
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rinsed with DI water, and dried at 105°C and then calcined at 500°C for 6 hr.
The final nominal composition of this product on an oxide basis was 90 wt%
TiO,, 4 wt% SiO; and 6 wt% WO; (90:4:6). To this powder was deposited
vanadia from MEA solution as in Examples 1-3, above, so that the final
loading was 2 wt% V,0s on a total oxide basis. A portion of the dried powder
was then heated to 750°C and held at that temperature for 16 hr in an air
atmosphere that contained 10 ‘wt% H,0. In order to evaluate the Example 13
materials for DeNOx applications, a 0.1 g sample of each vanadia-loaded and
aged catalyst sample was pelletized and meshed to -20/+40 mesh, and was
loaded into a reactor to determine the conversion of NO in the presence of
NH;. A flowing stream that contained 5% O, 500 ppm NHs, 500 ppm NO, and
10% H,0 was passed over the catalyst at a space velocity of 650 I/g.cat-hr.
The aged samples were then evaluated by XRD, N, PSD, DeNOx conversion

and compared against DT-58™ as shown in Table 11.

[0127]
DT-58* Example 13
% Anatase 95.4 100.0
XRD-Phase %Rutile 2.3 0.0
% WO, 2.3 0.0
Anatase 391 286
XRD-Crystal Size (A) Rutile 89 0
WO; 498 0
BET Surface Area (m?%/g) 34.9 40.8
N, PSD BJH Pore Volume (cm’/g) 0.25 0.27
250°C 19.4 29.6
NO Conversion, % 350°C 64.0 76.7
450°C 73.1 83.0

*Average of 4 samples

Table 11. Characterization of Samples
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sol uti on wot2br1igaseem xi ng, and the pH was nonitored. OneettBbmipbbsdi cat ed
t hat the ion-exchange reaction had gone to conpletion (pH < 3.0), the resin
was filtered off, and 533 g of the silicic acid was added to the titania
slurry. This mxture was allowed to react for 20 mn. 27.3 g of amoni um
paratungstate (APT, 88% W3) was then added and allowed to react for 20
mn. The pH was then adjusted up to 63 via the addition of concentrated -
NHAOH (29% . The m xture was then filtered, rinsed with DI water, and dried
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the catal yst at a space velocity of 650 1/g.cat-hr. The aged sanples were

t hen ethf (meeashhuktmesearesior LSREr @sSEhaniabenbar¥d BsiFfst
DT- 58T, iég’ijhowié}ngv@ﬁt.ﬂhis{ @i3kiple ProxddeeHsther lemkBBirhBas &f%Hnat ase
95.4 100.0 "%Rutile 2. .0 /0W3 20.3 0.0 XRD-Crystal Size (A Anatase 391
286 Rorddemtggvention, wherein the low molecular weight silica is in the form of
silicic acid generated via ion-exchange of sodium silicate. First, a dilute
solution (3 wt% SiO;) of sodium silicate was prepared by adding 59.7 g of DI
water to 7.0 g of Philadelphia Quartz “N” sodium silicate, 28.7 wt% SiO,. A
13.5 g portion (as received basis) of strong acid ion-exchange resin (Dowex
650C H-form) was weighed out and added to a flow-through column.
Separately, a slurry of production-made sulfated titania hydrogel was diluted
to a TiO, content of 21.6 wt%. 208.3 g of this slurry was added to a round-
bottom flask that was equipped with an overhead stirrer. This slurry was
heated to a temperature of 60°C via a temperature controlled heating mantle,
and was maintained at that temperature throughout the preparation. 66.7 g of
the diluted sodium silicate solution was then passed through the column to
remove the sodium. This mixture was allowed to react for 20 min. 3.4 g of
ammonium paratungstate (APT, 88% WO3) was then added and allowed to
react for 20 min. The pH was then adjusted up to 6.5 via the addition of
concentrated NH,OH (29%). The mixture was then filtered, rinsed with DI
water, and dried at 105°C and then calcined at 500°C for 6 hr. The final
nominal composition of this product on an oxide basis was 90 wt% TiO,, 4
wt% SiO, and 6 wt% WO; (90:4:6). This composition, before addition of
vanadia, had a N, BET surface area of 221 m?/g, and so the silica is present
at a fractional monolayer coverage of 0.30, well under 1 monolayer. This
sample was evaluated using TEM. An identical sample was prepared,

except that the tungsta was added before the silica, and this sample was
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analyzed by 2°Si-CP-MASNMR spectroscopy. The NMR results shown in

Table 6 demonstrate that most of the silica present in the sample has
coordination of Q3 or less, as would be expected for silica distributed in
two-dimensional patches on the titania surface. The TEM image shown in
Figure 15 reveals that the silica is present as 1-3 nm patchy coating on the
anatase titania crystallite surface, and no distinct, 3-dimensional particles
of silica can be seen larger than 5 nm in diameter. ‘

[0130] To this powder was deposited vanadia from MEA solution as in
Examples 1-3, above, so that the final loading was 2 wt% V,0s on a total oxide
basis. A portion of the dried powder was then heated to 750°C and held at
that temperature for 16 hr in an air atmosphere that contained 10 wt% H,O.
In order to evaluate the Example 14 materials for DeNOx applications, a 0.1 g
sample of each vanadia-loaded and aged catalyst sample was pelletized and
meshed to -20/+40 mesh, and was loaded into a reactor to determine the
conversion of NO in the presence of NH;. A flowing stream that contained 5%
0O,, 500 ppm NHs;, 500 ppm NO, and 10% H,0 was passed over the catalyst at
a space velocity of 650 I/g.cat-hF. The aged samples were then evaluated by

XRD, N, PSD, and DeNOx conversion and compared against DT-58 as shown in

Table 12.
[0131]
DT-58™ Example 14
XRD-Phase % Anatase 95.4 100.0
% Rutile 2.3 0.0
% WO, 2.3 01.0
XRD-Crystal Size Anatase 391 336
(A) Rutile 89 0
WO, 498 0
N, PSD BET Surface Area m?/g 34.9 31.9
BJH Pore Volume (cm?/g) 0.25 0.25
NO Conversion, 250°C 0.22 0.41
Rate 350°C 1.13 1.67
450°C 1.43 1.99
Table 12. Characterization of Samples
[0132] It can clearly be 'seen that the material prepared according to the

present invention has higher anatase phase stability, better retention of

surface area (sintering resistance) and higher DeNOx activity compared to DT-
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391 NO in the presence of NH;. A flowing stream that contained 5% O,, 500 ppm

NH;, 500 ppm NO, and 10% H,0 was passed over the catalyst at a space
velocity of 650 I/g.cat-hr. The aged samples were then evaluated by XRD, N;

PSD, DeNOx conversion and TEM, and compared against DT-58™ as shown in



336 Rutile 89 0 W33 498 0 N2 PSD BET Surface Area n2/g 34.9 31.9 BJH
Pore Volune (cnB/g) 0.25 0.25 Na Conversion, Rate 250C 0.22 0.41 350C 1.13

1.67 45080 2011/013006 PCT/1B2010/002236
42
Table 13 and Figure 16.
[0134]
DT-58* Example 15
% Anatase 95.4 90.0
XRD-Phase %Rutile 2.3 9.0
% WO, 2.3 1.0
Anatase 391 935
XRD-Crystal Size (A) Rutile 89 1567
WO; 498 ' 190
BET Surface Area (m?/g) 34.9 10.2
N, PSD BJH Pore Volume (cm®/q) 0.25 0.07
250°C 19.4 13.2
NO Conversion, % 350°C 64.0 46.3
450°C 73.1 57.9

*Average of 4 samples

Table 13. Characterization of Samples

[0135] Results clearly show that the comparison material of Example 15
(not formed from a low molecular weight and/or small nanoparticle silica)
clearly has lower stability and activity than even the reference DT-58™
samples. Furthermore, TEM analysis (Fig. 16 reveals that the silica is present
as large three-dimensional nodules (e.g., >20 nm and up to 50 nm or larger
in size). f

[0136] Example 16. This embodiment is similar to prior art embodiments

where the silica is incorporated in a soluble form in the precipitation (see for
example 4,221,768 col. 3, line 36), except in this example the TMA silicate of
the present invention is used, as in Examples 7, 8 and 9. In this example, a
material is prepared wherein silica is again incorporated during the
precipitation of the titania. However, in this case, TMA silicate is used as the
silica source, and titanyl sulfate solution is used as the titania source. First,
990 g of titany! sulfate solution (10.1% TiO,, ~29% H,S0,) was added to a 1L
beaker. In a separate beaker, 26.5 g of TMA silicate (9 wt% SiO,, Alfa Aesar)
was diluted 350 ml with DI water. In a third vessel with a spout for continuous
removal of precipitated slurry, a 150 g heal of water was added, and this
vessel was stirred. The titanyl sulfate solution was pumped into vessel 3 at a

rate of 20 ml/min, and the TMA silicate solution was also pumped into vessel 3



1.43 1.99 Table 12. Characterization of Sanples [0132]It can clearly be
"seen that the material prepared according to the present invention has

hi gher amnsbasa/pbmse stability, better retention of surfertasanea2s ntering
resi stance) and hi gher DeNOx activity conpared to DT- WO

2011/ 013006PCT/ 1B2010/ 002236 41 58TM [0133] Exanpl e 15. This exanple is
directed to show ng that various materials of the prior art are different
fromthose of the present invention. In particular, reference is made to

U S. Patent 4,221,768 colum 3, 4 (ligg 3), Ex. 1, and US 2007/0129241
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20/+40 mesh, and was loaded into a reactor to determine the conversion of
NO in the presence of NHs. A flowing stream that contained 5% O,, 500 ppm
NH;, 500 ppm NO, and 10% H,O was passed over the catalyst at a space
velocity of 650 I/g.cat-hr. The aged samples were then evaluated by XRD, N2
PSD, DeNOx conversion and compared against DT-58™ as shown in Table 14.

[0138] The results clearly show that the material produced under
conditions wherein a low molecular weight and/or small nanoparticle form

silica is incorporated during the precipitation of the titania has lower anatase

phase stability, lower sintering resistance and lower DeNOx activity that the
base case materials. Shown in Fig. 17 is a transmission electron micrograph
(TEM) of the vanadia catalyst that shows large (>20 nm) three dimensional

silica nodules that are not well dispersed on the titania surface.



0/0W3 2.3 1.0 XRD-Crystal Size (A) Anatase 391 935 Rutile 89 1567 W33
498 190 N2 PSD BET Surface Area (n2/g) 34.9 10.2 BJH Pore Vol une (cnB/Q)

0.25 0. OAWD@Gans®@sSsi on, % 250C 19.4 13.2 PCT/IB2010/002236
44
[0139]
DT-58* Example 16
% Anatase 95.4 82.3
XRD-Phase %Rutile 2.3 14.8
%WOs 2.3 2.9
Anatase 391 1456
XRD-Crystal Size (A) Rutile 89 1994
WO, 498 353
BET Surface Area (m?%/g) 34.9 12.0
N, PSD BJH Pore Volume (cm?/g) 0.25 0.05
250°C 19.4 12.2
NO Conversion, % 350°C : 64.0 50.0
450°C 73.1 55.8

*Average of 4 samples

Table 14. Characterization of Samples

[0140] Example 17. This embodiment is similar to Example 16, only the
final composition is 90:4:6 wt% TiO,, SiO;, WO3 prior to vanadia addition. In
this example, a material is prepared wherein silica is again incorporated
during the precipitation of the titania. First, 891 g of titanyl sulfate solution
(10.1% TiO,;, ~29% H,S0,) was added to a 1L beaker. In a separate beaker,
44.4 g of TMA silicate (9 wt% SiO,, Alfa Aesar) was diluted with 400 ml| with DI
water. In a third vessel with a spout for continuous removal of precipitated
'slurry, a 150 g heal of water was added, and this vessel was stirred. The
titanyl sulfate solution was pumped into vessel 3 at a rate of 20 mi/min, and
the TMA silicate solution was 'aISO pumped into vessel 3 at a rate of 10 ml/min.
Further, concentrated NH,OH (29%) was also pumped into vessel 3 to maintain
a pH for precipitation of the oxides at 6.0. The overflow from vessel 3 was
" captured in another beaker. It will be known to persons of ordinary skill in the
art that vessel 3 is a continuous-flow, stirred tank reactor. Once the
precipitation of the oxides was complete, the precipitate was then filtered,
rinsed with DI water and then dried at 105°C. The nominal composition, on an
oxide basis, of this powder was 4.3 wt% SiO;, 96.7 wt% TiO,.
[0141] All of the dried powder was then slurried in ~150 g of DI water,
heated to 60°C, and 6.8 g of APT was then added and allowed to react for 20
min. The pH was then adjusted to 6.5 and allowed to react for 20 min. The

final mixture was filtered and dried at 105°C and then calcined at 500°C for 6



350C 64.0 46.3 450C 73.1 57.9 *Average of 4 sanples Table 13.
Characterization of Sanples [0135]Results clearly show that the conpari son
mat eri al wb 2bx@pdoe 15 (not formed from a | ow nol ecul ar peeitghio/eoedicor snal |
nanoparticle silica) clearly has |lower stability and activity than even the
reference DT-58" sanples. Furthernore, TEM analysis (Fig. 16 reveals that
the silica is present as |arge three-di nensional nodules (e.g., >20 nm and
up to 50 nmor larger in size). [0136] Exanple 16. This enbodi nent is
simlar to prior art enbodi nents whergg the silica is incorporated in a
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DT-58Tm as shown in Tabl)%rb)eﬂ\?' Fﬁ%ﬁ e'o(rae%%@bc early show that the

mat eri al produced under conditions wherein a | ow nol ecul ar wei ght and/ or
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on the titania surface. W?2011/013006PCT/1B2010/002236 44 [0139] DT-58*
Exanpl page case materials. o

[0144] Example 18. This embodiment demonstrates the effect of calcination
temperature on the deNOx catalytic activity of the materials of the present

invention. The DT-58™ reference catalysts loaded with 2 wt% V,0s described in




XRD- Phase % Anatase 95.4 82.3 %utile 2.3 14.8 /0W3 2.3 2.9 XRD Crystal
Size (A) Anatase 391 1456 Rutile 89 1994 W3 498 353 N2 PSD BET Surface
Area (n2/\yP 281/0308. 0 PCT/IB2010/002236
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Example 8 were used as the benchmark. A 90:4:6 TiO,:Si0,:WO; composition of

the present invention, as prepared in Example 13 (batch mode) and Example 14
(continuous mode) were loaded with 2 wt% Vzbs as described in those Examples.
A 88:8:4 Ti0,:Si0,:WOs; composition of the present invention, as prepared in
Example 9, was also loaded with 2 wt% V,0s as described therein. These materials
were then exposed to elevated temperatures (calcined) ranging from 500°C to
850°C, and the rate of deNOx catalytic activity was measured as in Example 17.
The data of the results were fitted by regression to polynomial functions, and the
fitted curves are shown in Fig. 18. Fig. 18 demonstrates that in order to obtain the
maximum activity for the vanadia catalyst materials of the present invention, in
particular activity that is grea“ter than the reference DT-58 activity, the vanadia
catalyst materials must first be exposed to elevated temperatures, i.e.,
temperatures in excess of 650°C.

[0145] UTILITY

[0146] The present invention is directed, in one ‘embodiment, to
compositions comprising anatase titania, wherein the titania is stabilized by a
silica provided in a low molecular weight form and/or small nanoparticle form.
Further, the invention is directed to the use of these silica-titania compositions
as catalyst supports, in particular in combination with added tungsta and
vanadia, for vanadia-based selective catalytic reduction of DeNOx from lean-
burn (diesel) engines. The invention further is directed to methods of
producing these silica-stabilized titania or titania-tungsta supports, and the
vanadia-based catalysts which comprise the silica-stabilized titania or titania-
tungsta supports, and the methods of production of the vanadia catalysts, and
to catalytic devices comprising these vanadia catalysts.

[0147] The actual specific composition of the silica-titania or silica-titania-
tungsta catalyst support depends on the requirements of the specific catalytic
application. In one preferred composition, the invention comprises a silica-
stabilized titania catalyst support which comprises particles which comprise
>90% dry weight of TiO, and <10 wt% SiO.. In another preferred
composition, the invention comprises a silica stabilized titania-tungsta catalyst
support with =85% dry weight titania, 3%-10% dry weight of SiO,, and 3%-

10% dry weight of WOs;. Alternatively, in one embodiment where the
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filtered and dried at 105C and ‘then cal ci ned at 500C for 6 WO
2011/ oied483cT/ | manothmembogiment where the application requires particularly

good catalytic activity, the catalyst support comprises = 85% dry weight of
TiO,, 3.0%-8.0% dry weight of SiO,, and 4.0%-9.0% dry weight of WO3. More
particularly, this active catalyst support comprises =87% dry weight of TiOg3,
3%-6% dry weight of SiO,;, and 4%-8% dry weight of WOs. In one preferred
embodiment the catalyst support comprises about 90% (+0.5%) dry weight
TiO,, about 4% (£0.5%) dry weight SiO,, and about 6% (+0.5%) dry weight’
WOs. In one embodiment, the weight % of WOs is greater than the weight of
% of SiO,. In one embodiment, the catalytic support has a fresh surface area
of at least 80 m?/gm, and more preferably at least 100 m?/gm.

[0149] In an embodiment of the invention, the TiO, component of the
catalyst support material used herein substantially comprises a surface area
<400 m?/g and a pore volume <0.40 cm?/g.

[0150] In an embodiment of the invention the titania slurry and silica
component used herein are mixed at a temperature < 80°C and at a pH <
8.5. Alternatively, the titania slurry and silica component used herein may be
mixed at a temperature < 70°C and at a pH < 7.0.

[0151] In another embodiment, the invention is a vanadia catalyst
comprising the novel silica-stabilized titania or titania-tungsta catalyst support
described herein upon which a quantity of vanadium oxide (V,0s) is disposed.
In the vanadia catalyst, V,0s preferably comprises 0.5% to 3% to 5% of the
dry weight thereof. The invention further is directed to diesel engine emission

catalytic devices which contain the vanadia catalysts described herein. The



hr. The final nom nal conposition of this product on an oxi de basis was 90
wt% Ti 02, 4 wt % S102 and 6 wt % W3. To this powder was deposited vanadi a
from VEA wol2uttiasooas i n Exanpl es 1-3, so that the final pcoaBingombsevanadi a
was 2 wt % V205 on a total oxide basis. A portion of the dried powder was
then heated to 750C and held at that tenperature for 16 hr in an air

at nosphere that contained 10 wt % H20. In order to evaluate the Exanple 17
material for DeNOx applications, a 0.1 g sanple of each vanadi a-1 oaded and
aged catal yst sanple was pelletized aggl nmeshed to -20/+40 nesh, and was
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10% szlmtmséémtemeg)thte T deq penatare a23§§@écvta¢ docreasss tbsl dehQat - hr.
The ag ? %gre then eval uated by XRD, N2 PSD, DeNOx conversion and
conpar e aga| ns 58Tm as shown in Table 15. [0142] DT-58* Exanple 17
XRD- PhE@25®]Anatfasth@tmér®athesednuel tatalytdc Beviced Way Be Jiskdoup&beanyst al

Size (AI) dAr\}var;[s ?gar%ggf 74g‘esepf"tplaH?cmﬁgtggﬁter%ﬁl)g?n a diesel emission control
system. In an upstream system the catalytic device is between the engine and
the DPF, and in a downstream system the DPF is between the engine and the
catalytic device.

[0153] Where and used herein the term “silica titania support” is
intended to have the same meaning as “silica-stabilized titania support”, and
where the term silica titania tungsta support” is intended to have the same
meaning as “silica stabilized titania-tungsta support”.

[0154] Preferably most- of the silica particles in the stabilized titania
support particles have diameters < 5 nm, and more preferably < 4 nm and
more preferably < 3 nm, and still more preferably < 2 nm, and/or comprise
low molecular weights (e.g., MW < 100,000, whether or not the particles do,
or do not, have V,0s5 deposited thereon.

[0155] Where the silica titania support particles contain V,0s5, the V,05
preferably comprise from 0.5%-3.0% of the dry weight of the support
material.

[0156] Distribution of the WOs; and SiO, species on the surface of the
titania support also plays a role in the optimization of DeNOx activity of the
vanadia catalysts. Thus, when the catalysts are freshly prepared, that is,
when the added silica and tungsta oxides are first deposited and before high
temperature treatment, the fractional monolayer coverage should be about
1.0 or less.

[0157] As noted above, the stabilization of titania support material with
silica involves treatment of the titania with silica in a low molecular weight
form and/or small nanoparticle form, such as tetra(alkyl)ammonium silicate
(e.g., tetramethylammonium silicate) or tetraethylorthosilicate (TEOS). Other
examples of low molecular weight and/or small nanoparticle silica precursors
which may be used in the present invention include, but are not limited to

aqueous solutions of silicon halides (i.e., anhydrous SiXs, where X= F, Cl, Br,



180 N2 PSD BET Surface Area (nR/g) 34.9 18.2 BM Pore Vol une (cn2/g) 0.25
0.09 NO Conversion, % 250C 19.4 16.2 350C 64.0 58.4 450C 73.1 67.0

*Aver age wb 24113mB@kes Tabl e 15. Characterizati on of Samplceasiddd@pIhe
results clearly show that the material nmade wherein a soluble silicais

I ncorporated during the precipitation of the titania has |ower anatase
phase stability, lower sintering resistance and | ower DeNOx activity that
the base case materials. [0144] Exanpl e 18. This enbodi nent denonstrates the
effect of calcination tenperature on 4die deNOx catal ytic activity of the

materigl §) ofiiddie aBSEH (i.e., Si(OR)4, where R=methyl, ethyl, isopropyl, propyl,
butyl, iso-butyl, see-butyl, tert-butyl, pentyls, hexyls, octyls, nonyls, decyls,
undecyls, and dodecyls, for example), other silicon-organic compounds such as
hexamethyldisilazane, fluoro-silicic acid salts such as ammonium
hexafluorosilicate [(NH4),SiFs], quaternary ammonium silicate solutions (e.g.,
(NR4)N, (Si0,), where R=H, or alkyls such as listed above, and when n=0.1-2,
for example), aqueous sodium and potassium silicate solutions (Na,;SiO;,
K,;SiO5, and MSIO; wherein M is Na or K in varying amounts in ratio to Si),
silicic acid (Si(OH)4) 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). In
preferred embodiments, the titania used herein has not been prepared in the
presence of urea.
[0158] Although the present invention and its advantages have been
described in detail, it should be understood that various changes,
substitutions and alterations can be made herein without departing from the
spirit and scope of the invention as defined by the appended claims.
Moreover, the scope of the present application is not intended to be limited to
the particular embodiments of the process, items of manufacture,
corhpositions of matter, means, methods and steps described in the
specification. As one of ordi“naryA skill in the art will readily appreciate from
the disclosure of the present invention, processes, items of manufacture,
compositions of matter, means, methods, or steps, presently existing or later
to be developed that perform substantially the same function or achieve
substantially the same result as the corresponding embodiments described
herein may be utilized according to the present invention. Accordingly, the
appended claims are intended to include within their scope such processes,
items of manufacture, compositions of matter, means, methods, or steps.
[0159] Each of the references, patents or publications cited herein is

hereby expressly incorporated by reference in its entirety.
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funct i M$613dnd the Grianged, cRr \argl Rarvelesaw, i N.Fi gds18'Staidies 118 &uMbaca r at es
that i@ r I i pgm hy4{y for the vanadi a catal yst

mat er i %@F\g? atrf?gcg?éelgé%f t\}ibﬁ'\/g%l ?r'#,' ??%%ﬁl cular activity that is greater

t han t[@162fer erz.eUDmdth.atEnayiclopediheofvinthoitdat &hainyistrnhtFéfith s, Medt

first expo el d tenperatures, i.e., tenperatures in excess of
650C. )ﬁgingﬁu?ﬁ%r%’%o[ (ﬁég?i‘he present invention is directed, in one -
enbodi p@D63]t 0 CdNPesi RiKINT heoChendstry affBiliaas’ (1929).a, wherein the titania
is stapilized by silica provjded in g, |0 I i or m and/ or
snal | aﬂéiﬁéjrti c‘}'gF"FQﬁ'Yho FEP "heANYYir nV8wt%n§fZ$§?ri€t %}qgg ‘the use of
these pO1663-t i tRNEAGEMAPEGIA.| MG ASMcHal] YHighs RRigolution iSolidastateUNMR i n
conmbi nation w th added tungsta gmj vanadi a, flgr vgg ?i a- based sel ective

cat al yof 8ilicates endrZesitesNolohn ¥igand mpens (WY &4 ? engi nes. The invention
furthefoiseqdi r ecd. edldchset hads, Otat)élsygiécrcstgayt,heﬂﬁf.i 17qa09B3bi | i zed titania
or titania-tungsta supports, and the vanadia-based catalysts whi conpri se
the si[Q@E87dt abi7i Waghs; dartaalor C?Fﬁ'é(ﬁisa-f%ﬁ@értal%p?ro}ﬁg',l%&zpﬂé et hods
of pro ie@n ofgth di g gat ghystw,.oan rEdit adyd.l crclaigSS Sieml i si ng
t hese eg%?ﬁa ca%'al 92%’63% 0?45;1 T%g)dac‘fwugl)i31 g{pdet%ifi c conposition of the

si | i caFuhdamentals @indi emp{liicaanna-“ Suntaatant S2arpse sapger tValepehls (RE t he

r equi r e oR srag,iog Qﬁd%‘?’?ﬁ-kifsi @dbeg?gl ytic application. I'n one preferred
conposi tioh, the rnvention tonprises a silica-stabilized titania catalyst
suppor [oM69dh codpWads, ghirali &l.Satahysis, " cbbr PRe219082 H($9R6) ght of Ti (2
and .. 05 S10 t her _pre r L1 LQu, Y i ;
conpri é‘g%\&)ﬁl I ii%‘ ?{éégﬁ?i z'-gde‘?i tgﬁéaéﬁljﬁgg? Qéwa{'tsal ygﬁ @;Iﬁépégo%&%\ﬁt’]%n%s 5 %
dry wepght(19949ni a, 3% 10% dry wei ght of Si02, and 3% 10%dry wei ght of
W03. tively, 4in,one odi r h ! . "

po11/ 0la8dadcT Tkbo BsfueEs 4?“83@&"&1 ?*&%#-e?]%?'r“?se' SN 1P o
thermafi1g9@pility, the catal yst support conprises 85% dry wei ght of TiO02,
5.0%9.0%dry weight of S102, and 3.0% 7. 0% dry wei ght of W3. More
particularly, this stable catal yst support conprises 87% 89% dry wei ght of
TiB, 7% 9% dry weight of Si02, and 3% 5%dry weight of WD3. In one
preferred enbodi nent the catal yst support conprises about 88% (+0.5% dry
wei ght T102, about 8% (0.5% dry weight Si02, and about 4% (+0.5% dry

wei ght WD3. I n one enbodi nent, the weight % of W3 is | ess than the weight
of % of Si02. In one enbodi nent, the catal ytic support has a fresh surface
area of at least 80 n2/gm and nore preferably at |east 100 n2/gm [0148]In
anot her enbodi nent where the application requires particularly good
catalytic activity, the catal yst support conprises85% dry wei ght of TiO02,
3.0%8.0%dry weight of Si02, and 4.0%9.0%dry wei ght of W)3. Mire
particularly, this active catal yst support conprises 87/0 dry wei ght of

Ti B, 3% 6%dry weight of S102, and 4% 8% dry wei ght of W)3. In one
preferred enbodi nent the catal yst support conprises about 90% (+0.5% dry
wei ght Ti 02, about 4% (+0.5% “dry wei ght S102, and about 6% (+0.5% dry

wei ght WD3. I n one enbodi nent, the weight % of W3 is greater than the

wei ght of % of Si02. In one enbodi nent, the catal ytic support has a fresh
surface area of at |least 80 n2/gm and nore preferably at |east 100 nR2/gm
[0149] I n an enbodi nent of the invention, the Ti Q2 conponent of the catalyst
support material used herein substantially conprises a surface area <400
n2/ g and a pore volunme <0.40 cnB/g. [0150]In an enbodi nent of the invention
the titania slurry and silica conponent used herein are m xed at a
tenperature < 80C and at a pH < 8.5. Alternatively, the titania slurry and
silica conmponent used herein may be m xed at a tenperature < 70C and at a
pH < 7.0. [0151]In anot her enbodi nent, the invention is a vanadi a catal yst
conprising the novel silica-stabilized titania or titania-tungsta catal yst
support descri bed herein upon which a quantity of vanadi um oxi de (V205) is
di sposed. In the vanadi a catal yst, V205 preferably conprises 0.5%to 3%to

FFFFF Y S - o . S



or downstream of a diesel particulate filter (DPF) in a diesel em ssion
control system In an upstream systemthe catalytic device is between the
engi ne arioRpBE/MB®S and i n a downstream system t he DPF PE€THB20ABGR223he

engi ne and the catal ytic device. [0153] Where and used herein the term
"silica titania support” is intended to have the sanme neani ng as
"silica-stabilized titania support”, and where the termsilica titania
tungsta support” is intended to have the sane neaning as "silica stabilized
titani a-tungsta support”. [0154] Prefespbly nost of the silica particles in
the stabilized titania support particles have dianmeters < 5 nm and nore
preferably < 4 nmand nore preferably < 3 nm and still nore preferably < 2
nm anWhat ieshpmekisiow nol ecul ar wei ghts (e.g., MN< 100,000, whether or
not the particles do, or do not, have V205 deposited thereon. [0155] Were
the silica titania support particles contain V205, the V205 preferably
conpri $e frAmabalyss Suppedf miakerialy womepgsingof the support material .

[ 0156] Di strj i -of . apﬂ,w' eGke N 4th -af <
titani a sup%o'gr Sglnts'%nﬁ% %gwg%rso e ﬁlﬁ'@m&oga %tgoatd%ﬁvéopﬁﬁ)g@eécét%ﬁy of
t he vanadi a cat al@sw dhusieighieof t3i0, c athedrgst tharSiOf rieshibstpntdaldy él,a t hat
is, when the added sil,ica _and t St g _oxli [ osited and before
hi gh terrperatureloty‘f g?aﬁlﬁﬁﬂka,r W%'@H?%é' P5§Q€§ﬁﬁ'ﬁhﬁgét{fa%o@g&ége shoul d be
about 1.0 or less. [0157] As noted above, the stabilization of titania
supporf materi al th silica involyes treatpent. of the titani i t ilica
in a | 6w molResR5R Y%isﬁﬁpoﬁm%ﬁ@y d)r% %'leﬁ‘é'ﬁgﬁﬁrct‘ﬁnéﬁ’ﬁs'{‘gr ?n% gﬁc#%"s

t et ra(wcg%/_l Yammonium silicate (e.g., tetramethylamoniumsilicate) or
tetraethylorthosilicate (TECS). O her exanples of |ow nol ecul ar wei ght
and/or small nanoparticle silica precursors which may be used in the
preseng i nVeRL i Qtaiyat! sifborbUnaéigainef diaifh t2@nido warkreniishe OBET i sutsacd
silicon halides (Le., anhydrous Si X4, where X= F, O, Br, WO

2011/ OQG‘I?DWYGIaBQ@ﬂOV"%MG 49 or 1), silicon al koxides (i.e., Si(OR)4,
where R=nethyl, ethyl, isopropyl, propyl, butyl, iso-butyl, see-butyl,
tert-butyl, pentyls, hexyls, octyls, nonyls, decyls, undecyls, and
dodecy#ts, fOhe satalyseupperemateripcehc@igahicomepRitppanaS 2 eAnayeight of
hexane | djosi | 8¢ <Rl u ARRY) (s I h as ammoni um

hexaf | E{oar(zogljlo%’i cgt/ggf(sr{ﬁi') g@??@{(’ gtﬁtdg?r‘fgerlgﬁgﬁmv?l?gm silicate solutions
(e.g., (NR4)n, (S102), where R=H, or alkyls such as |isted above, and when

n=0.1-2, for, exanpl e), ' o] ' Ly e Sl AL
(nazs o, 10 C3TBIR sBBYEY ffesB B Sl 1 5A0 iRl e 5018 plesen®
rati o o Siffactinal anonatdyekr( GalpeHp#)egetbant b bpforentha cadalyst cfuppeyt of
the catiqnic for of ,silica listed herein using an acidic ion-exchange
resin [RAgral f%ﬁﬁ?%nge of the alkali-silicate solutions or quaternary
amonium silicate solutions). In preferred enbodi ments, the titania used
herein has not been prepared in the presence of urea. [0158] Al though the
present invention and its advantages have been described in detail, it
shoul dgbe umHer&dtapsttimporarmatirisihengrem $ubsérdintthensmatidnahopartidiens
can be made herein w thout departing fromthe spirit and scope of the

i nvent forim &f thef$iRaFBYPEIRSS AFpe FAfaf ms"™Nor eover, the scope of the
present application is not intended to be limted to the particul ar

enbodi nents _of the process, itens of manufacture, cor o?‘itions of tter,
nmeans, 7net hdlie &akdlvtiepsrpost madariah of helaiped; Wr!f’d'ﬁr%ﬁ. eAéo"GnE‘%?g@PHi nary
ski| | WeiGRErdtrh ofith SiE3ddioARES BGhBIcIaomeldif of 2Closoop.0f the present
i nvention; processes, I1téns of manufacture, conpositions of matter, means,
nmet hods, or steps, presently existing or later to be devel oped that perform
subst anti al t #&g& : ' iU jial t S gaylt as
t he cor%r' esplcmﬁi Egtaﬁg%dﬁf nt sqg'gg%rrl?lgggeﬂglr@i g%rr%'tétﬁ éul?él I%Z?édég%gg'?di ng to
the preiieon aborest wbich Areosdbstghyiallyhien &pecRie@’cIQi PndafE FeeEhardoR o
include within their scope such processes, itens of manufacture,
corrposietnivgﬁgna?n tter, neans, nethods, or steps. [0159] Each of the

ref erences, patents or publications cited herein is hereby expressly

i ncorporated by reference in its entirety. WD 2011/013006PCT/ 1B2010/ 002236
50 [0160]Cited References [0161]1. Granger, P. and Parvul escu, V.I. eds.
"Studies in Surface Science and Catalysis. Vol. 171, Ch. 9 (2007). [0162]2.
U | mann. "Encycl opedia of Industrial Chemstry." Fifth ed., Vol. A23, pp.
583- 660, (1993). [0163]3. Iler, RK "The Chemistry of Silica." (1979).



[0164] 4. Fedeyko et al. "Langmuir," Vol. 21, 5179-5206, (2005). [0165]5.
Engel hardt G and D. Mchel. "H gh Resolution Solid-State NVR of Silicates
and Zeol iwe=2of10lewe W ey and Sons, NY (1987). [0166] 6. P¢&abmiobo223et al .
"Catal ysis Today," 78, p. 17 (2003). [0167]7. Wachs, 1., et al. "Catalysis
Today, " 116, p. 162-168 (2008). [0168]8. Bergna, H. E., and WO Roberts,
eds. "Colloidal Silica, Fundanentals and Applications."” Surfactant Science
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al. "J. Catalysis," 161, pp. 211-221 £4996). [0170] 10. Bergna, H ed. "The

o1 .0, 2Ty LS go R 1 SR e (7510 oo

2011/ Op3CHERPCFhic @re/ SMstanstislly St s delepi plleri @dlst:clbwq,rataél geen SWppor t
mat er i LS ng: a‘ﬁﬁ i i 4 r 99&3} % dry wei ght
of Ti Cgéaé‘nrﬂgqglgﬁﬁgmpc\ag%g ' Ic))k toglm(sgn @hgegr"gljﬂ %??ﬁpg@nb%'rl S bstantially in
a | ow nol ecul ar wei ght and/or small nanoparticle form 2. The cat al yst
suppor | n

cat al yi? m%) %at%&{téér %5ryp(j)°{{ %Qg,f, aﬁgél\/\ﬁe‘r g'l M%{% %&@ sur éce ar I:erg“el s at
| east Bﬂep’&égrih thé. p@sencatoﬁll.yrma. support material of claim1 conprising 85%
dry weight of Ti02, 3%- 9%of Si02, and 3% - 9% dry weight of WO3. 5. The
catal yst support material of claim1l and wherein the Si02 is present at a

fracti onal W&@a@ﬁ’@tat@lbﬁ@ g@‘mbﬁgmgthan 1.0 before the catal yst support
material is sintered . The cat S port. materigl of claim1 wherein
the smal | n%ﬁ%ﬁat'Yitl%‘FfRﬂ%'B?tecf?z%%?' ?Y'Qg‘g\/ég%&éﬁ@%a tgpre(ors. nm 7.
The catal ytic support material of claim1 wherein the | ow nol ecul ar wei ght
formof the Si02 conprises a nolecul ar weight. of < 100,000. 8. The

catal yi2c slpporanasia gatalyshiof glain, 41 (RENiFiNgHR: S3eotd éc/ﬁ*pﬁ"’ys?é@'%htl PEon

at ons wz'@)ch are substantially in the @3, @@, QL and QCOOI’dI nation
envi r onfrent s.

13. The vanadia catalyst of claim 11 wherein the V,0s5 thereof is present at a

fractional monolayer value of less than 1.0 before sintering.
14. The vanadia catalyst of claim 11 which has been sintered at = 650°C.

15. A diesel emission catalytic device comprising the vanadia catalyst of

claim 11.

16. A diesel emission control system, comprising:
the diesel emission catalytic device of claim 15; and
a diesel particulate filter, and wherein the diesel emission catalytic device
is positioned upstream of or downstream of the diesel particulate
filter.

17. A method of catalyzing the conversion of nitrogen oxides to N; gas,
comprising:
exposing engine emissions comprising NOx to the vanadia catalyst of

claim 11 with an added reductant to produce N; and H,O.



WO 2011/ 013006PCT/ 1B2010/ 002236 52 9. The catal ytic support material of
claim1 wherein the Si02 conprises patches which are substantiall ynm deep
after redvetnilmuBioen as seen by scanni ng el ectron m cr oPCTAR2020/002¢36

transm ssion el ectron mcroscopy. 10. The catalytic support material of
claim1 wherein the TiQ2 was not prepared in the presence of urea. 11. A
vanadi a catal yst, conprising: the catal yst support material of claim2

havi ng V205 di sposed thereon. 12. The vanadia catal yst of claim1l
conprising 0.5%to 5%dry weight of 5. 13. The vanadia catal yst of
claim whep ei ; ' pct i I nol ayer

val ue %% I essgt atﬂ?%?. (gegglﬁo?? gﬂﬁ%ﬁ %@?@@ﬁct@%ﬁgs \ll\g%a%jl:‘a;/agal’t'a yst of claim
11 which has been sintered at 650C. 15. A diesel em ssion catalytic device
conpri $4ng | &¢C y. [ 0. | &S 1.S5i ORocONt 1 Ol
systemfé'corr@??srﬁﬁg?gq %g cﬁ%@%eﬁ (‘aﬂﬁniesrglhgrgﬁéﬁaaq?%?cc%g&sgegdomsg?lsglgnq)'%S);é and a
di esel 3¢@adty endighteof MbOer, and wherein the diesel em ssion catal ytic device
is positioned upstream of or downstream of the diesel particulate filter.
17. A nethod of catalyzing the conversion of nitrogen oxides to N2 gas,
conpri 30N0: Tiex peritRgdeBgi clairANilys ivainsreto Nthe SemgnblOentigsiolne wasagassed
catalyst of clajmi1l with an fa]dde% Feducta t to,Eroduce 2 apd H20. cl.V\D
2011/ 044OY6PCT RATGESIALS iiker pglore ar RE1BY LIRASFALEP S MR dhe
reduct gatalyst. NH3 and/or urea. 19. The nmethod of claim 17 wherein the
vanadi a catal yst conprises O 5%3%dry wei ght of V205. 20. The nethod of
claim 17 wherein the engine em ssions are passed through a diesel

parti cyl at eafrhbisd BEpPo&uUEngad TcSEaI?@t BApBEROSRAeFiAl, IdenyABmY:a catal yst.
21. A method of producing a catal yst support material, conprising:

provi di ng aPEAViding & Ghpy SomaPIElE; Ti&wrbi ning the TiQ2 slurry with (1) a
silica prec sl t C I Qi ' ; i<ak Il ul ar
nel ght and/ a8 R B o S Y or
a T102- W3- Si 05ifxtsuhstantietlei rint e dowi caolr@dar ssreight uengnor s Si@mbi ned

with the Ti2 sl . - i n.C Med. wkiho t he
Ti 2 slurry; andégv@éﬁigﬁ{ggo%ﬁqda@H?ﬁépﬁ%dt@ﬁeé% BQWSYVSDZ? En???ﬂ?eambhor m a
silica-stabilizedQs; 5y ansxppe;t wiersinalthe2Xilidhe prrecunsgr ofsodiitiom 29
wherein the silica-stabjl.i. i i rial rSesyn86%6 94%
dry wei ght of Ti‘&?gﬁ%&dg%@f&h\%eff@}t g@}@&%’féﬁgéﬁgkg&g 7‘%5%'!“\%%%% Qsc{? i
W)3; and wher ei ncdrhbired avithatiseipj®s slureg,eandl primarily conprises a surface
area of at |east 80 nP/ bef org_si ri-ng. . Th t hod clapm 21
wher ei n thew‘?FEf'gofarf egg}%rr'?? @B%f@é%%?@%e’ﬁ"&f’?gm%rﬁqﬁbndr%x:s'clfg,g'
titani um oxy- hydsawpilRdotitdnib aupport nvatedmiparti cl es.

22. The method of claim 21 wherein the silica-stabilized titania support
material, comprises:

86%-94% dry weight of TiO,, 3%-9% dry weight of a SiO;, and 3%-7%

dry weight of WO;; and wherein the titania support material

primarily comprises a surface area of at least 80 m?/gm before

sintering.

23. The method of claim 21 wherein the TiO, of the slurry comprise
preformed titanium hydroxide, titanium oxy-hydroxide or titanium dioxide

particles.

24. The method of claim 21 wherein the TiO, of the slurry is not produced in

the presence of urea.



24. The nethod of claim 21 wherein the TiOQ2 of the slurry is not produced
in the presence of urea. WD 2011/013006PCT/|B2010/002236 54 25. The

nmet hod ofwol2aimi2dewherei n the small nanoparticl e form eCTub®181022360f the
silica precursor solution substantially conprises a dianmeter of < 5 nm

26. The nmethod of claim 21 wherein the | ow nol ecul ar wei ght form of the

Si 02 of the silica precursor solution substantially conprises a MVof <
100, 000. 27. The nmethod of claim 21, wherein the Si02 of the silica
precursor solution conprises silicon @fons which are substantially in the
@B, @, QA and Q coordination environnents. 28. The nethod of claim?2l
wherein the silica precursor solution conprises a tetra(al kyl)amoni um
silica2® sorhg invethod ef kiadinc24acwberei@TheTémmaltendroapartictd & mm 2f thieeBEdn t he
Si 02 substant.ially conprise t ches [ch are. = i p

redi st?'ib%lﬁ f"i)'ﬁa :ﬂ%glér ?bﬁﬁgigﬁ%’l“'ﬁ’é&eqt&lyr 8?1'%%?'055%5%g]péynq%?eq—bél#fra%hgrﬁ ssion
el ectron mcroscopy. 30. The nethod of claim21 conprising conbining the
T102- -Si 02 m xgur ith Vi to forma vanadia catalyst.. 31. The nethod
of cl \e%n 3010"\/%(5‘F‘%¥*}?°[e Hg%'ﬁ'a?]g V&'_?;\’f‘fr&")‘/g}‘ec'(?:’%f‘i‘%'&“ oG, in v9re}i U of
V205. 8, e thet biida 0bretwisar 36oNkivneisubisbentiBb edmphriseyanadw ofit &l yst
is present at a fractional nonol ayer value of |ess than 1.0 before

si nt eriﬂ%r.oo\?s. The net hod of claim 30 conprising the additional step of
sintering the vanadi a catal yst at 650C. 34. A nethod of producing a
silica-stabilized titania catal yst support materjal, conprising: WO

2011/ 033006t MehetophoEime2 £5Whesingthey SIOrpHshe 963, P %FPgﬁﬂb’“ﬂ"oz
part i cGRprREVEMIEDN Bds! Wbl AeSLLbStrtaihCc® eRINI 08, (e AHdXS! urry
with the Bartl culate silica source to forma Ti02-Si 02 m xture; and

adj ust ¢orydimation epvEocoMmentst ure to a pH <8.5 and a tenperature <80C wherein
the particulate silica source is dissolved and reprecipitated on the TiQ2
particles to formthe silica-stabilized titania catalyst support material.
35. Th28 et Tive noétholdaofrei@imf 2t twheredo the isdliqagpramirsee po biticto e@MPris§Sthe
silica:stahili ' La. I : Eit ial with W3 to forma
sili cat%st{%(fﬁ”ﬂ('ﬁ%'”ﬂ’{’@ﬁ %'If%tﬁgs%zdnt'@;?g%%?ggtﬁﬁiort material. 36. The

met hod of claim 35 further conprising washing and sintering the

silicasgtahllized titania tungsten ] S or 1 :

et hod23f fﬁ g iathpo Bt iR e f | pERrai they 89! %ng%ag{tlaﬁ'lﬁ’gs Oﬁpfgg% yst
SUppor patares! Whlich GREPKISS g iB68ed/aditey vedistribudioria2 se8ht Bpostanning ght
of a S102, and 3% 7% dr Webgag\t of .\/\1)3(;3I aﬂ_d vvher%isn the titania support

mat er i §|eCHﬂWFW%?CeB)?rﬂ¥'i REEransysPIR0CISFHRNTHPSFRRYt 80 ne/ gm before
sintering. 38. The nethod of claim 34 wherein the Ti Q2 particles of the
Ti Q2 slurry_conprise preforned titani.um hydyoxid L.fanj,um - hydr oxi de
or L1 ¢ A TR RO AF sl comupnTHE SRTAENSEnEI LPA W RO HCPRE Ti o
particlygg 9lol b8 fdira ShHEHMK @Iyt produced in the presence of urea. 40.
The met hod of " claim 34, wherein the Si02 of the Ti02-S102 m xture, after

di ssol ving, conprises silicon atoms which are substantially in the B, @,
Ql and3Q coprdi RRLHOR SNMLIANIEWRerein the vanadia catalyst comprises 0.5%-

3% dry weight of V;,0s.

32. The method of claim 30 wherein the V,0s of the vanadia catalyst is

present at a fractional monolayer value of less than 1.0 before sintering.

33. The method of claim 30 comprising the additional step of sintering the

vanadia catalyst at 2650°C.

34. A method of producing a silica-stabilized titania catalyst support

material, comprising:



WO 2011/ 013006PCT/ 1B2010/ 002236 56 41. The nethod of claim 34 wherein the
Si02 on the TiQ2 particles substantially conprises patches which are =5 nm
i n dept h \WOer/mawest ri buti on of the Si 02 as seen by sc&6miIRY16PE2IG on

m croscopy or by transm ssion electron mcroscopy. 42. The nethod of claim
35 conprising conbining the T102-W)3-Si 02 m xture with V205 to forma
vanadi a catalyst. 43. The nethod of claim42 wherein the vanadi a cat al yst
conprises O 5%3% dry wei ght of V205. 44. The method of claim42 wherein
the V205 of the vanadia catalyst is pggsent at a fractional nonol ayer val ue

of less thagrolidinged i@, §itnhe_rcbﬁ9prism§¢i63_epamd1@§k of claim42 conprising
the additional step of sintering the vanadia catalyst at =650C.
providing a particulate silica source;
combining the TiO, slurry with the particulate silica source to form a
TiO,-Si0; mixture; and
adjusting the TiO,-SiO, mixture to a pH <8.5 and a temperature <80°C
wherein the particulate silica source is dissolved and reprecipitated on
the TiO, particles to form the silica-stabilized titania catalyst

support material.

35. The method of claim 34 further comprising the step of combining the
silica-stabilized titania catalyst support material with WO3 to form a

silica-stabilized titania tungsten catalyst support material.

36. The method of claim 35 further comprising washing and sintering the

silica-stabilized titania tungsten catalyst support material.

37. The method of claim 35 wherein the silica-stabilized titania tungsten
catalyst support material, comprises:

86%-94% dry weight of TiO,, 3%-9% dry weight of a SiO,, and 3%-7%

dry weight of WOs; and wherein the titania support material

primarily comprises a surface area of at least 80 m?/gm before

sintering. .

38. The method of claim 34 wherein the TiO; particles of the TiO; slurry
comprise preformed titanium hydroxide, titanium oxy-hydroxide or titanium

dioxide particles.

39. The method of claim 34 wherein the TiO, particles of the TiO; slurry are

not produced in the presence of urea.

40. The method of claim 34, wherein the SiO; of the TiO,-SiO, mixture, after
dissolving, comprises silicon atoms which are substantially in the Q°, Q?, Q!

and Q° coordination environments.
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41. The method of claim 34 wherein the SiO, on the TiO, particles
substantially comprises patches which are <5 nm in depth after redistribution
of the SiO, as seen by scanning electron microscopy or by transmission

electron microscopy.

42. The method of claim 35 comprising combining the TiO,-WO03;-SiO, mixture

with V,0s5 to form a vanadia catalyst.

43. The method of claim 42 wherein the vanadia catalyst comprises 0.5%-
3% dry weight of V,0s.

44. The method of claim 42 wherein the V,0s of the vanadia catalyst is

present at a fractional monolayer value of less than 1.0 before sintering.

45. The method of claim 42 comprising the additional step of sintering the

vanadia catalyst at 2650°C.



