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A catalytic process for the treatment of exhaust containing NOy along with other undesirable compounds is described. One embodiment

of the process comprises a catalytlc stage to selectively catalytically reduce NO, over an intermediate pore size zeolite catalyst that has
been treated or modified to contain iron and then has been hydrothermally treated at least one time.
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‘catal yst conprising an

m xture along with a source of oxygen, such as air, over a catalyst under
conditions effective for the selective catalytic reductlon of NJerr], said
WD 96/ 01689

PCT/ US95/ 08253 -2- internediate pore size zeolite which has beéen treated to
contain.iron or an iron conpound, has been . hydrothermally treated at | east
once, and optionally further conprises a binder. 5 As menti oned
above, catalysts useful in this invention conprise internedi ate pore size
zeolites that have been treated or nodified with iron or an iron- conpound.
The iron may be added by ferrocene inpregnation, ‘i on-exchange under
specified conditions, contacting the zeolite with a 10 wat er sol ubl e
iron-containing salt or. salt precursor, contacting the zeolite with another
type of inorganic iron- containing conpound, e.g., iron oxide, or the iron
may be incorporated into the zeolite during the in-situ production of the
zeolite fromzeolite seeds, silica, and clay Each 15 of these nethods
will be further described bel ow The term "exhaust gas" as used herein-
means any waste gas which is fornmed in an industrial process or operation
and which is normally di sposed of by discharge to t he at nosphere, with or

W t hout additional treatnment. "Exhaust 20 gas" al so includes the gas.
produced by internal conbustion engines. The conposition of such a gas
vari es and depends on the particul ar process or operation which |eads to
its formation. The conversion of NOJerr] to Nerr] is believed to proceed
25 generally according to equations (1) and (2). 2 NJerr]+ 4 NH err]
+Jerr]->3 Nerr]+ 6 Herr]O (1) 4 NO+ 4 NH3 +Jerr]-> 4 Nerr]+ 6
Herr]O (2) '
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This invention is effective for treating exhaust gas containing the
approxi mate stoichionetric anount,of 30 ammoni a. The ammobni a nmay be
present WO96/M68s nay be added to the gas, or may be proBGEA§IHRB2EH
upstream process. As used herein, the expression "approximte -

stoi chionetric amount of ammonia" is inte%ded to nean 0.75 to 1.25 tinmes
the nolar amount of anmonia indicated in 35 equations (1) and (2) when
excess oxygen is present. . Carhghp é%Fk bons present in the
exhaust gas nmay be OX|d|zed to car bon dIOX hﬁ%‘&%?%r &O 96/ 01689
PCT/ US95/ 08253 - 3- over the BERUQEION RENL\OALVER ocar bons may be
sel ectively absorbed/ adsorbed on the catalyst Feeds This invention is

effective to treat jndustrial and 5 ga t
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‘the selective catalytic reduction of the NO, present in the .
exhaust gas. ) '

The present invention concerns a catalyst that is .
useful for tfeating an exhaust gas comprising NO, and
ammonia, the catalyst comprising an intermediate pore size
15 zeolite and iron or an iron compound that has been

hydrdthermally-treated, the hydrothermal treatment and the

iron concentration being effective to produce a catalyst
that is capable of converting at least 75 percent of the

NO, and ammonia present in the exhaust gas after the
20 catalyst has been treated in 100 percent steam at a

temperature of 700°C for 10 hours. _

The present invention also concerns a process for
treating exhaust gas comprising NO, and ammonia comprising
contacting the exhaust gas with the catalyst described

25 -above under conditions effective for the conversion of at
least a portion of the NO, and ammonia to innocuous
compounds. | |

An embodiment of the 1nvent10n is a method for
treatlng a gas mixture comprising NO,, ammonia, and,-

30 optionally, at least one of CO and a hydrocarbon and
mixtures thereof, said method comprising directing the gas
miXture'along with a source of oxygen, such as air, over a
catalyst under conditions effective for the selective
catalytic reduction of NO,, said catalyst comprising an



catal yst per hour) adjusted to provide the desired conversion. The GHSV can
be from 1,000 to 500,000 hr[err], e.g., within the range of 2,500 to

250, 000WO 9641689, e.g., from 5,000 to 150,000 hr [err], e.RCT/U$A59RSB0, 000 to
100, 000 hrferr]. 25 The process of this invention may be operated at T
subat nospheric to superatnospheric pressfife, e.g. at 34.5 to 3,450 kPaa (5
~to 500 psia), e.g., at 68.9 to 345 kPaa (10 to 50 psia), i.e. near or

slightly ahoye _at erj r r : o N ' igected
over the cd‘f‘!ﬁ%er%;ayécérﬂ%g n aéjlzg%%?%e Y%}% il{i)@n%%? %H]aérr%%é{teegfﬁgxygen as

i ndi cat ed kepneqiat iloren (o amdiyxen compeundydkas begr|hydrothereallBove the
st oi chi ONMelbleG AP WH 1EREY orles) raid %S%éibﬁélmyﬁfﬂﬁeh@f ém?rieagnai on, a

source of oxygen, such as air, is co- fed over the catal yst al ong with
t he exhaus® T. |f - WD 96/01609 - - - |
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ot e o SRiEed Shsbtan (P P Find oA B AR R iy lal
;hgiexrgu:?g?ﬁfei§or_modiﬂ&hﬂu?dthcbnvnreromnnﬁyonecomaqun§-acﬁheved Wit h
28 TPLS SRR 4 R SGRLBARL SBHGRE oA Clofcaisiage Toons
bed, and aundest ispecitiedl genditiens ureontrptiBgathenzgebibe withadl e
m Xi ngo10 M RHES | frdbecbntainingasabel 6resalie presupsst,according
to thée present I1nvention to produce, a honogeneoys gas_mxture_for,
treatnent.Qaﬁﬁﬂﬁﬁﬁnﬁxﬁﬁﬁs??$i&ﬁ%h¥'€93?§°g§%Fu€YP% ofi IPPRIBALFATRRY
conpri se asghitairitig ComPo@ndpl eagd, aisonpoxide; brntke. irdhemawppert for |
' incorporated into the zeolite during the in-situ production _
of the zeolite from zeolite seeds, silica, and clay.. Each '
15 of these methods will be further described below. .
The term "exhaust gas" as used herein means any waste
gas which is formed in an industrial process or opération
and which is normally disposed of by dischargé to the
atmosphere, with or without.additional treatment. "Exhaust
20 gas" also includes.the gas produced by internal combustion
engines. The COmpoéition_of such a gas varies and depends .
on the particular process or operationfwhich leads to its
formation. . '
The conversion of NO, to N, is believed to proceed
25 generally according to equatibns-(l) and (2).
| 2 NO,+ 4 NH, +0,—> 3 N+ 6 H,0 (1)
4 NO + 4 NH, +0,—> 4 N+ 6 HO (2)
This invention is effective for treating exhaust gas
containing the approximate stoichiometric amount of .
30 ammonia. The ammonia may be present in the gas, may be
added to the gas, or may be produced by an upstream
process. As used herein, the expression.ﬂapproximate
stoichiometric amount of ammonia" is intended to mean 0.75
to 1.25 times the molar amount of aﬁmonia'indicated in
35 equations (1) and (2) when excess oXygen'is present.
‘Carbon monoxide and hYdroCarbons present in the .
exhaust gas may be oxidized to carbon dioxide:and water



the catalysts of this invention nmay be the sane as the active material and
further can be a synthetic or_naturally -occurring substance as well as an

i_nor gani wogsleaesoal such as cl ay, silica, zirconia, titani ®PCKUSS08283e or
npre ot her 20 nmetal oxides. One binder_ that is suitable is a-low acidity
titania prepared froma mxture conprisiﬁﬁ'a | ow acidity tit-ani um oxide

bi nder material and an aqueous slurry of titanium oxide hydrate. The

preferred support i s one._that | that al so
possesses aCNPghthe caﬁeﬂﬁ’%atuﬁﬁaﬁﬁﬁﬁﬂéi%ﬁ ;ﬁié%ﬁé§é5$€%ss s%% a high
~oxi dation sgeledtiyvelhabsoxtbed faisdxrbert apurthe scatally®l. t o met hods
disclosed in U S. Patent Nos.. 5,430, 000 4 631, 267; 4,631, 268; 4,637, 995;
and 4,657,880. Al so, the catalysts 30 descri bed herein may be conbi ned
wi th any of Feledshi nder precursors described in the above application and

patents, and themyiay R, driti 181 i Efréet Ve o rtlféaa maﬁeti-halsaﬁae
desired, and then ydrothernnJIg'treaIed and/ or '&L ad a ereﬁnafter

descri b8d. mgine P TERYVE NPxrgd

percent al Uindesitable |<ﬁﬁﬁ‘pd\hﬁls,2 Swélg hds peo cand hj(dﬁboarbensw, :Llfs
substanti al | fre% 96/ 689
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| ow aci di tyeﬁgﬁt éﬁ fat"hlt"ga us%g‘%gs'{ %e %ﬁ&”iﬂ?ﬁféi‘aﬁﬁrg s??gbf’ft Rat t he o
f or mabhe, e manufacturmp £ nitxic pﬁ@y&r by b?heoﬁbFﬁﬁﬁg"Ph@fzeé'HP‘Péc t he
iron salt, %ﬂi}f‘afétaﬂx@ ﬁ&@@k&e?réﬁéﬁéﬁ 6pBrationt kaaht a@ The .

e.g., 1 mﬁ % e.dg., 2to % of .t he
J reprocessxn& of spent nuclear %uel rodgqgeoﬁlssg tﬁon in -
nitric acid to recover uranyl nitrate followed by
calcination to convert the nitrate to uranium oxide. .
15 ocess Condition

The exhaust gas may be treated in the catalytic system
of this invention at a temperature of 200°C to 1,000°C or
more, e.g., within the range of 225°C to 900°C, e.g., of
225°C to 750°C, e.g., of 250°C to 600°C and at a gas hourly

20 space velocity, GHSV, (vols. of gas at STP per volume of
catalyst'per hour) adjusted to provide the desired
conversion. The GHSV can be from 1,000 to 500,000 hr™,
e.g., within the range of 2,500 to 250,000 hr™', e.g., from
5,000 to 150,000 hr?, e.g., from 10,000 to 100,000 hr

25 The process of this invention may be operated at
-subatmosphefic to superatmospheric pressure, e.g. at 34.5
to 3,450 kPaa (5 to 500 psia), e.g., at 68.9 to 345 kPaa
(10 to 50 ps1a), i. e. near or slightly above atmospherlc

, pressure. S ' '
30 The gas mixture directed over the catalyst may contain
- at least a stqlchlometrlc amount of oxygen as indicated by
equations (1)'and'(2)'above. Excess levels of oxygen above
the stoichiométric amount may be desirable. In the method
" of this inVention;'a'source of oxygen, such as air, is co-
35 fed over the catalyst along with the exhaust gas. If



10 of titanium oxide hydrate. The low acidity titania may be added in dry
particulate form e.g., titaniumoxide hydrate, so as to control the

nMoi St uUrWo96/1688t of the bi nder/di spersant mixture at a | ®&IYUSI§S3 ot e
satisfactory formng, e.g., 15 extrusion. The catalysts may also contain-
stabilizers such as al kaline earth oxi de¥; phosphat es and conbi nati ons
thereof. Catal ysts useful in invention are frequently used with a

substrat e. er.i.al e. r h t al yst
The cat al y§f'1f§f % S T,ﬂ,,,?#}}_s %ﬁerﬂ{]}% éaxn}gu&?tﬂ)adé'[ ﬁaatcaeﬁsﬁ?es
that the csbargst qﬁ Idxyrgam re-mt &ir dmanhde added figtthe rexhawsh, e, g.,
the catal yghoTayune i e idient %@%é}g oy ﬁfébéﬁtosir{ aiife &khaus€an be

present as~an ‘integral pari of the su strate The catal yst useful
in this ingafei & mn nesd ke @aded c?e’fréﬂ‘*s‘" 198%onpri ses a%

:agt ﬂ ”?d'SaE e Fom@e‘iﬁmd@gmﬁ&éﬁ? mayaié ﬁéﬁn.lﬂy frgrieved wbtle si ze, such
om Q S n Vi icat mi na r ratlo

of at | easBiBP i@ t %ét qaé?q eb%da g% at%“le‘f%en W%‘ﬁ%r‘lo‘bﬁ%g ,

to 500, a GOWarw:lJﬁg imedms drel axsdz:;ommpmu esﬁrzhnaﬁg dwwta@teatyed or

nodi fi ed t% %%t ali rd’g:eﬁ 3 '{:C%[hé‘;%wl T%}ﬁd? it}th gdex qualifies

it as havi erne e pore Ssize. nstral nt
| ndex is daaeha:i:ytse:d strustune murksms amqlgeycwr@-s taWeF mixing 218,

oo onkes © ' | t 886
29 94 ? %’gﬁ“ﬂé {%Hd 13&%%{ éﬁ%‘@ﬂ %%egfofé e teeatneVe, and Re.
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(U. S. Pat egfasNanixddddd, fd)treadiér®. (U. S. Patent No.

Catalyst Compos;t;on
Catalysts useful in this invention may comprlse an .
15' active material and a support or binder. The support for
the catalysts of this invention may be the same as the
active material and further can_be”a_syntheti¢ or_naturally'
occurring substance as well as an inorganic material such
as clay, silica, zirconia, titania and/or one or more other
20 metal oxides. One binder that is suitable is a low acidity
titania prepared from a mixture comprising a low acidity
titanium oxide binder material and an aqﬁeous slurry of
titanium oxide hydrate. The preferred support is pﬁe that
- is a high surface area material that also possesses a high
25 temperature stability'and further possesses a high
oxidation stability. | .

The binder may be prepared according to methods
disclosed in U.S. Patent Nos. 5,430,000; 4,631,267; _
4,631,268; 4,637,995; and 4,657,880. Also, the catalysts

30 described herein may be combined with any of the binder
precursors described in the above application and patents,_
. and then may be formed, such as by extru51on, into the
shape desired, and then hydrothermally treated and/or
calcined as hereinafter described. The preferred binder

35 may include less than 50 weight percent alumina, e.g;; less
than 2 weight pércent alumina, e.g., is substantially free



4,556,477); ZSM23 (U.S. Patent No. 4,076,842); ZSM35 (U S. Patent No.
4,016, 24%} ZSN¢38 (U.S. Patent No. 5  4,406,859);. ZSM 48 (U.S. Patent
No. 4,397VQ96/1689 ;G\ 57 (U S Pat'ent No. 4,046, 685): and ZBGRSIPLS2E3

Pat ent "No. 4 417 780). A catal yst useful _gn the nethod of this i'nvention
may be prepared by conbining a zeolite, sich as HZSM5, an iron 10 sal t
~or other iron containing conpound, a high nol ecul ar wei ght, hydroxy '

functional ¢ 'acﬁﬁﬁna?UC"B)ﬂstl;PV‘i:@Pﬁ\n"Qﬁb@aﬁ@§Ql§#| EEQQeoffeﬁh.ﬁm.%as'U'ﬂsam e

extrusi on ai , such as net wat er
sol ubl e car meant &hat o rdmm igt hﬁﬁﬁ?‘th‘gBHUp?fm&%Gﬁthel\l-bll‘éer'

net hyl pyrr didwisrer prig ihbﬁswgﬁszed thatgtrath ahbantasofnaddadnat kay
formng the nlxture into the desired shape, such as by extrusion, then

si mul taneouai/ 11"'hg and hydrothermally-treating the formed material .
One par Bi cul ar n&dlen rmWIa¢idityhtitanlafiscused as anbifdergxtitusmayn aid

in the nmeth \ S Laxy | 1 e, such
as K75M Met %gfge#fbi%v;w+gg?%éf Fgﬁgﬁg B egg%gg% cwe%t§ ers that
are useful|HrQDﬁEﬁ¢rh&wﬁ@%hlnhnguﬁbedﬂﬁéﬂhyp,gth?a#&?@ s@ilitat apd the

succinate, Giijedidhad @ﬁ.&éfepréedrgb*guesﬁtahﬁr sef ledat oorsew%xasrmlee
“which is DuPont. Chem cal whi ch typically conprises 50 t'o

percent di net Hk- bl?ﬁa?%t%t 30 F0925 BeFEe t Wi ety P&‘P@usl§ltué'xﬁ’6
percenuodlnasfyﬁlﬁamiumaéglaedhyasatéban 0.2 wt.% nmethanol. Qher silicone

resins that may dint nme d of this.inventi.on 3 I ncl ude those
described in U S. t g iﬁlg§t§9g}g§TIaTﬂ8yr8Pa gdpﬁﬁp%F?ions of zeolite

conponent arparticslper form} eéi.gL ohlaananhydmds hysrateny sas walel y

th th t t ht d
wihthe redliiesonestatapelpd LoBLAE MoRn bodlpRto-dipeer o on
from20 to gu)np‘@m%mtb? heveht tof prﬁe<>§ﬁ=ysee!§n=§é§ptt@ry forming, e.q.,

15 extrusion. : .
The catalysts may also contain stabilizers such as
alkaline earth oxides, phosphates and combinations thereof.
Catalysts useful in invention are frequently used with
a sﬁbstratef A material can be both substrate and part of

20 the catalyst. The catalyst may be combined with the
substrate in any method that ensures that the catalyst will
remain intact during the catalytic reaction, e,g., the
catalyst may be present as a coating on the substrate, or
it can be present as an integral part of the substrate.

25 - The catalyst useful in this invention will now be
described in detail. It comprises an intermediate pore
size zeolite (e.g., less than 7 Angstroms pore size, such
-as from 5 to less than 7 Angstroms) having a silica to
alumina molar ratio of at least 5, e.g., at least 20, e.gq.,

30 between 40 and 1000, e.g., 50 to'soo, a Constraint Index of

1 to 12, said zeolite having been treated or modified to
contain iron or a iron compound. The Constraint Index
qualifies it as having an intermediate pore size. The
method by which Constraint Index is determined is described

35 fully in U.S. Pat. No. 4,016,218.

' Examples of such zeolites include 2ZSM-5 (U.S. Patent
No. 3,702,886 and Re. 29,948); 2SM-11 (U.S. Patent No.



WO 96/ 01689 PCT/ US95/ 08253 - 7-
Original ions, e.g., alkali or al kal Ine earth netal, of the as-synthesized
I nt er mEWION6O1689r € si ze material :and any found in t he zeo| RGTAIS9S(08253t
material can be replaced in accordance with techni ques well known in the
art, at 5 | east in part, by ion- exchaﬁﬁe with other ions. For the
present catalyst conposition, preferred replacing ions include hydrogen
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"metal " andvedighdy' hedreey crirnalk § 1 t BUFR CRE ROV HECERAREN! al

metal as Wejd-z3 0l 2l i Sondlefes i) 2 Sul£ASES . eRBEUSLERT al®} akueRNABI Ning

30 conpounds. After. the inter [ '
P methyl cellulose, an&reglgéftgg{ee Slofgr,zem'l:}egssgf\\iglgeen

carrier, such as methanol, ethanol, isopropyl alcohol, N-

15 methyl pyrrolidone or a dibasic ester along with water as.
needed, then formingethe mixture into the desired shape,
such as'by extrusion, then simultaneously calcining and
hydrothermally treating the formed material. One
particular methyl cellulose that is effective as an

20 extrusion aid in the method of this invention is a:
hydroxypropyl"methyi cellulose, such as K75M MethocelW™,
available from Dow Chemical Co. Dibasic esters that are
~useful in this invention include dimethyl glutarate,

_ dimethyl succinate, dimethyl adipate, and mixtures thereof,

25 one example of which is DuPont Chemical Co. DBE, which
typically comprises 50 to 75 percent dimethyl glutarate, 10
to 25 percent dimethyl adipate, 19 to 26  percent dimethyl
.succinate and less than 0.2 wt.$% methanol. Other silicone
resins that may be used in the method of this invention

30 include those described in U.S. Patent No. 3,090,691.

The relative proportions of zeolite component and the
support material on an anhydrous basis may vary widely with
the zeolite content ranging from between 5 to 99 percent by
weight and'moré'usually in the range of 10 to 95 percent by

35 weight, specifically from 20 to 90 percent by weight of the
dry comp051te. B



treated or nodified to contain iron or an iron conpound, they may be washed
with water and dried at a tenperature ranging frome65[err]C to 315 err]C.
They mayWQ %P calcined or 35 thermally treated in ai rPCHPSIY8ER i nert
gas, at tenperatures ranging from260 C Lz 925[err]C for periods of tine
ranging from1 to 48 hours or nore, typically at 538[err]C WO 96/ 01689
PCT/ US95/ 08253 -8- for 4 to 6 hours Wi | e subat nospheric or

super at mospher i Co‘}rgﬁls L AghE df‘gP Q#)g?ifro{'h&igf{n?& ehEA! HERAL, -

at nospheric pressur r'easons conveni ence.
Catal ysts ofPfi m&Qmﬁ§r$¥n§k§$¥EQ®'%REPEN?@#a%%d99¥%|E}zﬁrE§E¢¥ié§ aBdch as

obt o ned by Sty q‘f‘%???%én““f’“’* PpOre nterial ”’“?ﬁf“—‘e%‘é“ﬁaa“be

al nin 0,a eas one
et mont wilh AGaRdRhGE L VRS Laes Hyas Ot KRPWAI 1 thEaaFhe BRe 10
cat al yzgg% abaedtewats 2 qeh e sy actw-esxclmamggegwithnoﬁﬁer[goni;c tEogOﬁher r]C,
e.g. err 0] Tk
hydrothernap %gﬁﬁﬁnﬁégéiggﬁ) %ﬂé&%ﬁ??gﬁ dé%%%%ﬁrégn%ggﬁéggngoﬂﬁg?ning at
| east 20 pprinclusle Hydxiagen 20ons cand l;mdmgeswreeunson.aengon some ot her
sui tabl e gagnﬂd’rﬁ?\‘ﬁﬁ Oioﬂé‘ a%#—% £hERE ??Qﬁ' é&bﬂﬂn@éd%é@ﬁ‘ e5

nitrogen and sone ot her I S essen Inert  t the zeolite.

Cptlonally,ﬁﬁﬁﬁ¥39ﬁnFQnﬂﬁ¥®%ﬁoi%éﬂ%ﬁﬂ'ﬁreaBﬁEﬁ?sﬁﬂyaﬁévﬁséen'§§EBPP9@aIIy
two, thpee, t¥cHiqudy H¥d "igelose@aincatwiae ¢atietgnbsrt papentkur es,

© 0 | T eI A SIPS 3 USSRy 20y oD 3o, L GpelbLes ghgsteanng
to 750C witls, 240, 288 percent steamin air for 6 to 10 hours, and 850[err]C
wth 20 percent sycamifols {90n0100Misq JXPLRS' 28bERTLNLoRRAHEORE &re
the catalyst is 0.01 to 5 wt.%, e.g., at least 0.4 wt.%,
- 15 e.g., at least 0.6 wt.%, e.g., at least 1 wt.%, e.g., at ,
least 1.5 wt.%, preferably 2 wt.%, iron into the zeolite.
~ The catalyst may also optionally include another metal,
such as a transition metal, preferably a noble metal, the
combination of the metals being able to oxidize other
20 undesirable compounds present in the exhaust gas along with
allowing the SCR of NO,. The metal may be at least one of
copper, zinc, vanadium, chromium, manganese, cobalt,
nickel, palladium, platinum, molybdenum, tungsten, sodium,
potassium, magnesium, calcium, barium, cerium and mixtures
25 thereof, with the noble metals, plétinum, palladium and
combinations of these, along with cerium, particularly
preferred. The terms "metal" and "iron" as used herein are
.intended to include the elemental metal as well as metal
oxides, metal sulfides, and other metal containing
30 compounds.
After the intermediate pore size zeolites have been
treated or modified to contain iron or an iron compound,
" they may be washed with water and dried at a temperature
ranging from 65°C to 315°C. They may also be calcined or
35 thermally treated :in air, or ih'an inert gas, at
temperatures ranging from 260°C to 925°C for periods of
“time ranging from 1 to 48 hours or more, typically at 538°C



25  4,429,176; 4,522,929; 4,594,146; and 4,663,492. The cal cination

and hydrothernmal treatnents of the catal ysts are preferably conbined into
one tr awoowoiesst ep and conducted simul taneously. As nent POTAISIS#83SE; t he

iron may be added to the 30 catal yst by ferrocene inpregnation,

i on- exchange under specified.condition§®contacting the zeolite with an

I norganic iron-containing salt or salt precursor, contacting the zeolite

wi th another type of jnorgani g, i.ton-_containing.conpound, e.d. . IT owder
or iron oxf%E,XoF°3§ L°Pﬁ 'ir@h1 y83§aFH88P58%_ e _iﬁP@%ﬁ%ﬁ%ﬂgﬂq%g}%Lning
t he in-sitpressdnet can bé . ehployetli forf the thelrmad treatment,ica, and cl ay.
WO 96/ 0168 R . $25/8253 ¢ 9-
Ferrocene %ﬁ%?%ﬁ%%f%ﬁ REPS ?gfslﬁagrggegfggafggpgypg%é%;ct|ng the zeolite
wi th ferroceneenken@ehas been dissolved in a suitable solvent. Suitable

sol verg s are (Ngagathbel gesiabiovelcsbiectitityapadriiichdieditiard 5
fromthe inpregnated zeolite under C%Bqlthn sufficientlly m,/Jd as to avoid
causi ng t HRTPReFbiefe FHCBUBPF| ARPEOYRH LRS1S5 Loagadings 1t At abl e

organi C SoAv¥g8spheré! uoaitheninge steam)jcean b ebtsinedl Hyesans) eotoirgy
apect 11 cal Tye] CERRCRBERARIRSL BrERcs 50 Y gBhel onl [kttt AT, 1)
to 100 houstredie coptadgningostesmgdhydxiothermadiy dxeatineghdihe ons
off eqld ve LQeRfPLeys hbCedavhied tefiperailids Yandi Hdid @y on t he
zeolite. 1 he i npregnati on fray occur either "before or after the
zeol ite i s908ABi-nedgwit AOPRE $@pBEL C/FE&- FexaBR0S C it (1RO Lol (TRE i s first
conbi ned W,{8rbPResHAROtreaRfiehitehay be accomplished in an atmosphere |
containing at least Zo'ppm, 0.5%, 5, 10%, 20%, even up to -
99% steam in air or some other suitable gas stream or in an
-15 atmosphere consisting of steam or nitrogen and some other ,
gas which is essentially inert to the zeolite. Optionally,
more than one hydrothermal treatment may be used,
specifically two, three, or more hydrothermal treatments at
different temperatures, e.g., increasing temperatures, may
20 be used. Examples of steaming conditions include 600°C
" with 10 percent steam in air for 10 hours, 700 to 750°C
with 5 to 10 percent steam in air for 6 to 10 hours, and
850°C with 20 percent steam in air for 6 hours. Typical
steaming conditions are described in U.S. Patent Nos.
25 | .4,429,176; 4,522,929; 4,594,146; and 4,663,492. The
calcination and hydrothermal treatments of the catalysts
are preferably combined into one treatment step and
conducted simultaneously. o
" As mentioned above, the iron may be added to the
30 catalyst by ferrocene impregnation, ion-exchange under
specified conditions, contacting the zeolite with an
inorganic iron-containing salt or salt precursor,
contacting the zeolite with another type of inorganic iron=-
containing compound,; e.g., iron powder or iron.oxide, or
35 the iron may be incorporated into the zeolite during the
in-situ production of the zeolite from zeolite seeds,
- silica, and clay.



| npregnated, ferrocene that is deposited on the surface of the zeolite and
on the support may be washed off using a 20 sol vent having an effective
atom ¢ dWVAHA6(0I68% hat is | arger than the zeolite pore size, PEIYSISHOEAS3or gani c
sol vent such as Tetralin[err]. The inpregpati on may be conducted after
first drying or dehydrating the zeolite. so, the ferrocene solution 25
may be prepared using a water-free or dry solvent. The inpregnated zeolite

i s recovered by ' t ( r ] J | 4.0 i ped t
erve the sol yelEratqhd Thritaifited URAIILEE ha) g propafea b 1O
zeolite. Oneopsasiting khe izeqld e apidint tenrpcene vépichhas 3peent enperat ure

less than tRegkenvesent WhidiBBR dSTRME! Ursuiddier sdvenbisasal vent
renoval may be done ,at superatnospheric pressuré, if desired resaures

angi ng f 1 oROBEA IS Shasqly e, R FRKTocens ANd BRY  EheR bpoEelave
i rrp(r]I _egnslt ﬁd ffiﬁﬁi ithe t';h@t;jem)am. cwé@inﬁd wideb 0fenai€ichs sﬁﬁfﬁs\%{antn.ij to
oxi di ze e f.errocene and to convert the Lron to its_oxi 6 689
PCT/ USo5/ 089434 26 Q&cﬁ‘??e’ré)c%ﬁ‘%ﬁ%? R T FEERCERS f? e%%ggﬂ?’éepﬁg gg%’e
zeol i ]E_e whi gledldtehee Exanplssl o suitakbe organbo- satvents ingludee under
specific co , t - ' t

of “Cont act | BenAgHEy eddnd, WA, i MGEaAEWROHS GeHRELSTOrhac ot oS
sol.uti on of impregnationrds IYypically reenductedhfer coaret EBaB, 4r BOY¥Eri ng

the zegpi tespa&ﬂ%ﬂnl} rﬁ%ﬂ% 26his o dEPepRTdaay8)Smbpe! ude those

effective to substantjall revent .oxidation of the ferroys ion to.the
ferric formsParifigally fxemf BEYr3gen 190 JRAuLRd t fe| tppregBAtigises to
bl anket t he jglgdrieral I ecanduttednst abondibivngdeesfecting €b achieve

the desired iron loading or iron concentration on the : -
zeolite. '
15 The impregnation may occur either before or after the:
zeolite is combined with the support. For example, if the
'-zéolite is first combined with the support and then
impregnated, ferrocene that is deposited on the surface of
‘the zeolite and on the support may be washed off using a
20 solvent having an effective atomic diameter that is larger
than the zeolite pore size, e.g., an organic solvent such
as Tetralin®.
_ The impregnation may be conducted after first drying
or dehydrating the zeolite. Also, the ferrocene solution
25 may be prepared using a water-free or dry solvent.

. The impregnated zeolite is recovered by removing the
solvent from the zeolite. It is desired to remove the
-solvent without causing the ferrocene to sublimate off the
zeolite. One possible way is to evaporate the solvent at a

30 temperature less than the ferrocene sublimation
temperature, 100°C. This solvent removal may be done at
superatmospheric pressure, if desired, or pressures ranging
from subatmosphe:ic to atmospheric. The recovered
ferrocene impregnated zeolite then may be calcined at 450°C

35 to 550°C to oxidize the ferrocene and to convert the iron
to its oxide. '



m xing at a tenperature of above 55[err]C, specifically above 65[err]C, or
those tenperatures effective to reduce the hydration sphere of the ferrous
cati on wosomsge snall 15 enough to enter the pores of PCHAse®e253e. The
ferrous cation is reported to have an ionic radius in an aqueous sol ution
of about 0.0000000006 nmeters (6 A) at “Aferr]C, which is too large to enter
ZSM 5 pores, which are slightly smaller than this. Increasing tenperature

bel d 20 d h |
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hours, e. gxpnanga<seqnnnceocemnt¢a¢5d§§e steps, of r ganbaabiing £Be100 hours.
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ferrols pé*scltﬂ%ﬁyt%rC’Q%l?‘r o%%ggﬁl?%?e anailr‘er%gﬁgt ﬁ;ég§g§4a)? §§§§ tB Erahe
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Pﬁecgg'oi I“gnel%é at 3UESHSe PREUEE 0B PEbaVe SEE et | bpkeig3ballyCabbivet ering |
65°C, or those temperatures effective to reduce the S -
hydration sphere of the ferrous cation to a size small
15 enough to enter the pores of the zeolite. The ferrous ..
cation is reported to have an ionic radius in an aqueous
solution of about 0.0000000006 meters (G_A) at 25°C, which
is too large to enter 2ZSM-5 pores, which are slightly -
smaller than this. Increasing temperature is believed to
20 reduce the size of the hydration sphere associated with the
ferrous cation. ' For example, with increasing temperature,
a ferrous compound, ferrous sulfate, changes from the
heptahydrate form to the tetrahydrate form (at 56.6°C) and
then to the monohydrate form (at 65°C).
25 The ion-exchange may be conducted for moreithan 4
houre, e.g., from 4 hours to eeveral days, e.g., from 6
hours to 100 hours. During the ion-exchange, the pH of the
aqueous solution may be maintained between 1 and 4.5 or at
a pH level effective to prevent precipitation of the
30 ferrous salt. -
It has been found that ferrous, Fe(II),'lons are more
readily exchanged into the zeolite than ferric, Fe(III),
ions. )
Ferrous, Fe(II), salts useful in this invention.
35 include the water soluble salts, such as, ferrous ammonium
sulfate, ferrous chloride, ferrous fluosilicate, ferrous
hyposulfite, ferrous iodide, ferrous lactate, ferrous



fromthe agueous solution and washing the filtered zeolite with a neutral
or slightl baS|c sol vent, for exanple, an aqueous sol vent

from6 t WOPSLER as distilled or deionized water. The solwéhﬁgﬂﬁgﬁgng may
be conducted 10 at conditions effectiyg;L0 avoid | eaching the'iron from

the zeolite. The aqueous solution and the ion-exchanged zeolite need not be
mai nt ai ned under inert conditions after the solution has been cooled. The

recovered zgpti-hee! m’:lfebeodél perchlbate] Fedrond @ulFatl, \ard efdrbws nore
fully 15 descrlb herei n. The ion-exchange sequence descri bed above may
be conducteﬁhé9°¥§B§F once, e.g., at least twice, e-g., at least three

times, e.g., fouaftermthe urnashaénhebu'muﬂHexﬁhangedxﬂqnnznheiron onto

th it i th
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appar ent t 0®508eigpdzegd WALEY-, zﬁ‘:ﬁ e&ﬁf/“ ere| 4 §3Y be %??é"é??%% to
cont acio t heateebntid tdionis telﬁfec‘lnnesaid aamid dem:thmge thei ipromefireme tlhei ron

di stri but '

I : rsn '[ladut l)on Ol?‘ﬂ‘g'npl eﬁ?‘lew%qh‘%g’s n| que %@ lﬁ?g 16’@%}%{9% rg; ggltts
i ncl ude al | zebliite heedomotsde suamta:mﬂsh unster ingrtwtonditiensafter
acetate, irQpel kbh uRa%PHa% Hdet dddledACOd At&eovd i | 2401 fE& MhapELE

dried, calcined and hydrothermally treated as more fully
15 described herein.

‘The ion-exchange sequence described above may be
conducted at least once, e.g., at least twice, e.g., at
least three times, e.g., four or more times.

Another method to incorporate iron onto the zeolite is

20 to contact an intermediate pore size zeolite with an iron
| salt or salt precursor. In this method, the iron salt may
first be dissolved in water or another suitable solvent and
then the zeolite may be contacted with the solution.
Alternatively, the iron salt and the zeolite, and any
- 25 binder material desired, may be physically combined and
then water or another suitable solvent added and the
mlxture recovered and formed, as desired. The formed
‘material may be dried, calcined, or hydrothermally treated
as is more fully descrlbed_hereln. As will be apparent to
30 one skilled in the art, any method that is effective to
' contact the zeolite with the iron salt and to achieve a
high degree of iron distribution on and inside the zeolite
may be used, including, but not limited to an incipient
wetness technique. .-
35 Suitable iron salts include all of the ferrous salts
mentioned above, as well as ferric acetate, iron(III)
benzoate, iron(III) cacodylate, iron(III) dichromate,



WD 96/ 01689 PCT/ US95/ 08253 - 12-
iron(ll11) citrate, iron(lll) fluoride, iron(llIl) fluosilicate, iron(lll)
f or nat eWOI9681E8P1 | ) gl ycer ophosphate, iron (111). hydr ogen PEYaIS98088253 r on
(I'1'l1) hydrosulfate, iron(ll1) lactate, ,iron(lll) nalate, 5 iron(l11)
oxal ate, iron(ll1) orthosphosphate, ir&ﬁ?1 1) hypophosphite, iron(ll1l)
sulfide, iron(lll) thiocyanate, ferric acetylacetonate, ferric

anmoni unchl_ori fe Io tr ydrate iron(lI
sul fate pé‘rﬁa}%l ¢l 41 r#%‘eﬁ#fcpgﬁ‘iu%l&léfeﬁﬁpﬁff& fe§r| c)
i odi de, amduqulxqa#eJe&ranillbrf¢tmat#:cnrnm(llbh salts that are wat er
sol ubl e. gyet Y nekghate, PLESHIPLP wdfééeﬂfc§mlaél tfraﬁnttwed above.

The incor iron onfo t eollte a acco | shed by
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is nore f d hereln wi || be a ar ent t$ one skil in the
t

art, any ﬁ&ﬂﬁﬁjqnﬂﬁ JEe HfIERY | %Qi??ﬂ%ont%k? tHECQEQ? %rﬁAPﬁeFHESPFﬁn sal t
may be usesE dlricloflitie sultsohentioheéd avoval!ing or an incipient wetness

Lecnt que. 30" e indipgBRblsh 0F' 1oth ! Bako! PusUhbebLes Rsg0fl o0, Lo he
i nor gani ¢ acoorplaiglediby compachbing ean. ;ntennedxaﬂe poret &igenet hod, it is
preffgredﬂé%ff%iékith an iron salt or salt precursor, such as those .
| mentioned above. In this method, the iron salt may first

be dissolved in water or another suitable carrier or

solvent and then the zeolite may be contacted with the

solution, recovered from the solution, dried and then bound

20 if desired. Alternatively, the iron salt and the zeolite,
and any binder material desired, may be physically combined
with water or another suitable carrier or solvent to
produce a mixture and the mixture recovered and formed,
such as by extrusion. The formed material may be dried,

25 calcined, or hydrothermally treated as is more fully
described herein. As will be apparent to one skilled in
the art, any method that is effective to contact the
zeolite with the iron salt may be used, including, but not
1imited to mulling or an incipient wetness technique.

30 Yet another method that is suitable to add iron to the
zeolite is to physically contact an intermediate pore size
zeolite with an inorganic iron-containing compound, e.g.,
iron oxide. In this method, it is preferred to use a
finely divided iron-containing compound, such as a fine

35 pigment grade red iron oxide. It is also preferred to add

| a binder precursor to the physical mixture of the iron-
containing compound and the zeolite and to form the



finely di vided iron-containing conmpound, such as a fine 35 pi gnent grade
rediron oxide. It is also preferred to add a binder precursor to the
physi cal WR96Q16% of the iron-"containing compound and the zwuswosam to
formthe WD 96/ 01689

PCT/ US95/ 08253 - 13- physical mixture. 3er the desired shape has been
formed, the iron-contacted zeolite may be cal cined and hydrothermally
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The zeolite may be prepared from a clay aggregate
15 which comprises a non-clay added source of silica. The .
sources of silica in the reaction mixture may include both
a clay and a non-clay source of silica, or a clay alone.
~ Non-clay sources of silica that can be employed in the
synthesis are Ludox™, an aqueous dispersion of colloidal
20 silica, water glass, sand, silica gel, fused silica, and
finely-divided precipitated silicas, such as Hi-Sil, Quso,
and Zeosil 100.

The clay component which is treated to form the

'zeoiite-containing catalyst can be selected from the group
25 consisting of kaolin, halloysite, montmorillonite, illite,
and dickite, with kaolin preferred.

The preformed aggregate may be treated for one or more
‘hours at a temperature sufficient to convert the clay into
the metakaolin phase, e.g., greater: than 927°C to 1000°C.

30 After the thermal treatment of the aggregate, the zeolite
may be crystallized by treatment at a temperature of ‘
greater than 135°C, e.g., 149°C, in the presence of water,
alkali metal cations, and optionally, a directing agent
“such as tetraalkylammonium'ions,ee.g.,-a-tetraalkylammonium

35 halide, such as tetrapropylammonium bromide, or a n-
alkylamine, such as n—propylamine; with no additional
nutrients for zeolite formation.



The preforned aggregate may be treated for one or nore hours at a
tenperature sufficient to convert the clay into the netakaolin phase, e.g
great erwigwnié®7/[err]C to 1000[err]C. 30 After the therRGH/UI958825%ent of
the aggregate, the zeolite may be crystallized by treatment at-a
tenperature of greater than 135[err]Cf1§Iy,'149[err]C, In the presence of
rg%er,lﬁlrall nmetal cations, and optionally, a directing agent such as
raal kyl ammonium jons,, e.g.. a.t [ haliden
tetrapropylammﬂﬂ%nﬁ?ﬁ%ﬁﬁ%e?o ed %éggiﬁ§Y§%§E§? ég%égggdn?gbgpaIZﬁfEeas
with no addjgreyete noompeisingoabout| 3t5%f seaditenseedsweyg.1868-5
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silica, e.e.gcolkapkibn g‘layea;ae@-Qe%cﬁﬁywesaggpgasmn R-Grayl®M 0.01-5%
g?tﬁ!éféégﬁ‘%ﬁ?g" i ron g : OX!dFi'AS Poted-above,-the-catalytic reduction

es is substantially effected by.the. f _the
process. By subh$aneted| ybeveecthe FQLﬁSX%FCaré8H9§ﬁ§%Sﬁ&bphéﬁgg%ife?aan
fﬂé ;ﬁﬁnﬁﬁﬁgﬁﬁeﬁﬁgs Qﬁbsaaneyam%QQ&EﬁectadebyOtheohsehefnthﬁommMSGxﬂdes and
_ exhaus ) s
through { RFRSeSer (RY<SpPatass by srssatel TR RARY B EhriarBidiPaen

. ! I'SO referred to herein as
COEVerflONDﬁfgﬁeSﬁéBtthhnahOpoﬂSLoBOOf85he9NE{@50]OGh@Wﬁﬂﬂaﬂ%aq41mﬂﬁ9
exhauyst gas.tg inn C qund 1 $a i ' anpl e
1'Badd L0 foprRiFesYan BIALE Bna tne ammqnia in the exbaust gacSam
3, 702, 886, toatnnecdous chwppuhdsensuChapf BiXe &'é’éc?"gg‘ 3‘1&? RS s for
all of the,ptpREi-expBBLES. This is also referred to herein as

conversion of a substantiallportion of the NO, and ammonia -

in the exhaust gas to innocuous compounds.

15 ' S Example 1
Base ZSM~-5 :

‘A HZSM-5 sample,.prepared according to U.S. Patent No.
3,702,886, was used as the reference sample and was used as
the basis for all of the other examples.

20 - Example 2
Preparation of an iron containing ZSM-5

An iron containing ZSM-5 sample was prepared by the
following method: 100 g of distilled water was heated to
about 85°C with constant stirring under a blanket of dry

25 nitrogen. Appfoximately 0.11 g of ferrous sulfate and 5.1
g of the same HZSM-5 as Example 1 were added to the heated
water. A solution pH of about 2 was maintained by dropwise
addition of nitric acid or ammonium hydroxide, as needed.
The exchange solution was maintained at about 85°C under a

30 nitrogen blanket with continued stirring for approximately
17 hours. The solution was subsequently cooled to room '
temperature, filtered and washed with distilled water. The
filtered solid was calcined in air for 8 hours at 538°C to
produce the iron containing catalyst, Catalyst A. The iron

35 loading of this catalyst as prepared is about 0.5 wt.%.



20 Exanmpl e 2 Preparation of an iron containing
ZSM5 An iron containing ZSM5 sanple was prepared by the foll ow ng nethod:
100 g ofW@i9601689ed water was heated to about 85[err]C wi t RCTORISAFSI
stirring under a blanket of dry 25 ni trogen. Approxinmately 0.11 g of
ferrous sulfate and 5.1 g of the sane %5 as Exanple 1 were added to the
heated water. A solution pH of about 2 was numintained by dropw se addition
of nitric acid or amoni um hydroxi de. xé‘ﬁ ygeged. The exchange sol-ution was
mai nt ai ned at about. 85 C under a 30 n bl anket with continued

stirring for approxComparptivens@stinmagaingt dhevbkass &Mnfnt |y cool ed
to room tenper atyyf &hid 'éﬁﬁﬁléndtﬂﬁsé‘@ﬂ a\bﬁi‘vﬂtitbﬂ edcdayse. aThe filtered

solid was calcined in air hours at 538 C.t d th
cont ai ni ng CORPARAY | 5@1&% %eﬂ%smr%nc%% Fﬁﬁpﬁgaﬁﬁ &gt;@& as

l;g_?ﬁrsgg/ 6?;&8153 lytlsStD él-Eax npl1és weré’@%i@éﬁB& using a fixed bed quartz

a siin a ZSM 5 |
this exanpFeagher Spery r?*’?ﬁf}f/gg‘f ?%#%/{s?gﬁ{: gEﬁg #8§E§A5Ph F‘ﬁé%base "
HZSM 5 c?_t aiqtﬂiaifne:dnmwm NO, T5@0 Sppmchly yenad saNdlest v@y dnewalHeat ed :
using a fi t 2 0
reac'?or | nI ecLfal nedﬁ%%ege grﬁ%qgg tn aQe ?EEE ég gé li’\%IECIJ'I&:/O &Tgsr] I n
a He carri erHS\&MQ@ e, @Qdm't’ant T@&seﬁﬁ Fleytsﬁé'@é‘ Flieo repFteHYRS of
ol LA L B L T Shoct ors.

_ ecto

Cat al yst adtR]FH¥%PS t ENDFR) r%ﬁB?FEGgﬁel o&Pﬁﬁﬁ'ﬁgl gc?)ivggm Eef“;&scent N
in Feed Comyyed hxspdPrdl bélow in Table 1.

Table 1
Percent N in Feed Converted to N, .

15 | Temperature, 'C' Base ZSM-5 Q_a_tg'lyst . Catalyst a
. 550 . 89% 93%
455 : 100% 98%
400 ' . 100% | 08%
345 : 71% 97%
20 250 - 26% o 92%
Example 4

Preparation of an Iron Containing ZSM-5
An iron containing ZSM-5 sample was pfepared by the
following method: a solution containing 25 g of the same
25 HZSM-5 as Example 1 and 500 g of distilled water was heated
to about 77°C with constant stirring under a blanket of dry
argon. Approximately 0.3 g of ammoﬁium ferrous sulfate was
added to the heated solution. A solution pH of 3 was
maintained by dropwise addition of nitric acid or ammonium
30 hydroxide, as needed. The exchange solution was maintained
at about 77°C under an argon blanket with continuous
stirring for approximately 9 hours. The solution was
subsequently cooled to room temperature, filtered and



15 Tenperature, [err]C Base ZSM5 Catal yst Cat al yst A 550

89% 93% 455 100% 98% 400
100% WO96/01689 98% 345 71% PCT/US95/08258 794 20
250 26% ' 92% Exanpl e 4 Preparation of an

Iron Containing ZSM5 An iron containi H‘g? ZSM 5 sanpl e was prepared by the’
fol | ow ng met hod: a sol ution cont aining 25 g of the sanme 25 HZSM 5 as

Exanpl e %eﬁo%&mfagébn] aa%fr S hfﬁ@éré@ 2694 TZZLerrl C w th

const ant Stl rring under pr oxi mat e
amoni um cadcdneds dir 319’-' vfe@’-' aﬂjd&}n’i% Q‘he‘-‘ a@e'épsm'-'ﬁ@?@ﬁ thesbrem on pH of

3 was Ml oRtadithihy Eaaryst AHta Bs© B tTlhé 2P0 D6adTHGNOEMREs
hydr oxi de, _as _needed. The ex han%%sol uél on ‘mai ntai ned” at about

77l err] C GRYSLYSEF A%, BFeR 25 4P 1?1&61& stirring for approxi mately

9 hours. The sol ution was subsequently cooled to roomtenperature, filtered
and WD 96/ 01689 - . PCT/ US9S/ 08253
_16- Washed with distilled water. ﬁ%ed solid was calcined in air

for 8 hours at 538[Gpmpara&1meodqe@é:imweagaimstom DaseaEMtml yst Cat al yst
B. The iron | ogqj /g iQf dxinmpred! aéﬁ/éts& ase %& éQEﬁi:thfSBW& %

Exarrple5C0rrparat|vetest|ngaa|nst a 51Int exanpl e, the SCR
activity @Pmreﬁ@:fr{ th @1%6??@{# dESHTH caealysk f-m%xéﬁphﬁy%t f Theh

Exarrpl e 1lcathayst 1@9’1%@ mm&w& Qﬁﬁﬁbuéiﬂﬂlér”é&aipﬂaﬁtpgﬁﬂt and
t he %gq \ﬁprocedured'il.l talé/ f‘ ‘LVI t Eul ts aig
repo?'?ed S \FaNe prRGedire as Example 3. atalyst ac J.VJ. Yy results

are reported below in Table 2. _ _ l

Table 2
Percent N in Feed Converted to N,

Temperature, °C Base ZSM-5 Catalyst  Catalvst B

15 550 | 89% 1100%
455 , 1008 | 100%
. 400 ©100% . 100%
|| ' 345 71% 100%
250  26% 90%
20 . Example 6

' Preparation of an Iron Containing ZSM-5
An iron containing ZéM-S sampie was prepared by the
following method: a solution cbntaining'o.2354 g of
ferrous acetate in 30 g distilled water waé-added to a
25 flask containing 15 g of the same HZSM-5 as Example 1 at
room temperature. The catalyst slurry was mixed for
approximately 2 hours and was air dried at room temperature
for about 16 hours. The dried catalyst was calcined in air
_ for 8 hours at 538°C to produce the iron containing
30 catalyst, Catalyst C. The iron loading of this catalyst as
prepared is about 0.5 wt.%. o



3 °
Table 2 Percent N in Feed Converted to N err] Tenperature, [err]C Base

ZSM 5 Catalxst Catal yst B 15 550 _ 89%

100% 455 W ' 100% : 100% 400 PCT/US95/08253  100%
100% 345 : 71% 100% 250 ' . 26%
90% 20 Exanp&e 6 Preparation of an Iron

Contai ning ZSM5 An iron containing ZSM5 sanple was prepared by the

followi ng nmethod: a solution Contalﬁ&Q%§Q%2$54 g of ferrous acetate in 30
g distilled water was,added tQ a 25 containing 15 g of the sane

HZSM 5 as Exaﬁ%?‘@a{aE%VPoEﬁFFéﬁﬁePQF&PEt PhPass AS)5 aAngt Cptalkyst »&d for

apprOX|nater 2 tnntmlsndxwﬂ§1ayrtﬂélsdnahctQOEtyeawetatuu s&pt:qkput 16
hours. The dried catal yst, was calcgggﬂ é o r fo& % hours a 38[ Cto
t,

produce t hEITRAFEDATEHR; Hhs sBase, FXF i ng of
this cstahﬁﬁta&ystepaasdprepabedtiﬂ Examp!b 2. vmh§6bﬁtﬁagst samples

PCT/ US95/ 0 I g se ZSM5 and
Catal yst A hIS exa &siﬂébggﬁé Fkgﬁﬁkﬂga?gﬁ ? é%agétonpared Wi th
t he base|{nynqsdnxe1qstExamn1Exanp|§ataémat5act¢xn&wysssmlss @ospared in

Exanpl e 2. rgggk@@aa&gféwsgﬁp§g§1ge§e eval uated using simlar equipnent and

the sanme procedure as Exanple 3. Catalyst activity results are reported
below in Table 3. Table 3 10 Percent N in Feed Converted to
N2 . Table 3

10 Percent N in Feed Converted to N,

Tgmpe:gtgre,‘c Base Catg12§t' Catalyst A Catalyst ¢ -

550 89% 93% 89% - “

455 100% 98% _ 91%

400 - 100% 98% | 91% -"
15 345 71% : 97% 90% II

250 26% : 92%

Example 8
Preparation of an iron containing HZSM-5

An iron containing ZSM-5 catalyst was prepared by the

20 following method: 7.6 g of the same HZSM-5 as that of
Example 1 was heated 1n a stream of dry nltrogen to 375°C.
After thls temperature_was malntalned for_4 hours, the
catalyst was cooled, in a stream of dry_nitrcgen, to room

_ 'temperature. A solution of 0.5 g of ferrocene '

25 (dicyclopentadienyliron) in 30 g'dry benzene was then added

' to the calcined zeolite and the slurry allowed to mix on a
roller for about 16 hours. The benzene was allowed to
evaporate at room temperature to g1ve a benzene/ferrocene
wetted zeolite. This wet solid was then heated to a

30 temperature that did not exceed 100°C in a vacuum oven so
as to remove the residual benzene. This dry catalyst was
then calcined in a stream of air at about 450°C for about 6



Tenperature, [err]C Base Cat al yst Catal yst A | Cat al yst C 550

89% 93% .89% 455 100% 98%
91% 408vo0 96/01689 100% 98% 919% RET/USIS/08253 345
71% 97% 90% 250 26% : 92%

85% Exanpl e 8 Preparation of an iron C#ffai ning HZSM5 An iron cont ai ning
ZSN¢5H§gkfgyst Mﬁs pr epar ed by t he 20 following nethod: 7.6 g of the
same as that of Exanple 1 was he d ' ni trogen to
375[ er r ] ChORFEe O RFOIUER, Lﬂ]‘é@*ﬁfgﬁ%“% %é%%{fir%our‘&g?he cat al yst
was cooledatamyatsnneamhd:utqnridadxpg1oﬁ(thxsnnatakkﬁtukﬁeab°u$5b+&t|on
of 0.5 g o errocene 25 (di cycl opentadienyliron) in 30 g dry benzene was

t hen added™t3d°t he Calcined zeolite and the slurry allowed to mx on a
roller for about 16 hour's. The benzene was allowed to evaporate at room

tﬁnpeLaturg to give a benzene/ferr tged zeollte This wet solid was
then heated to a 30 tenperature Eat a 5 cee ‘err]Cin a vacuum
oven %0 as to renove tRBER¥EIGaEY é?%ﬁ%? {yst]mas t hen
calcined in a 3 ¢HDsPlestinplas, amwtse;sqawnyoofammmst DVEXre8/ 01689

PCT/ US95/ 08253 -1 h '
Cat al yst Exappde oﬁq%ggﬁsi’%%o gmiat a#ig TS a%&%ﬁéﬁ&&&%&' yisg 9

§CR act “flng S”ﬁﬁmﬂnqeqnjpﬂénkuanﬁlthe(sameynrocﬁdhrehﬁs Example, the
I Vi Y FRA t Thg cat al yst
sanp) & e ga'}%.é%lgu%cﬁ ar equ{;p%e%\?f%ﬁad@%ﬁg Eg}r%wp?gcedureyas

Exanpbe Table 4.
Table 4 ' |

Percent N in Feed Converted to N, -

Temperature, °C Cataigst D - ' .
550 e 90%
15 - “ 455 o 97% “
“ 400 - 98%
[ 345 ~ 98%
250 il 95%
Example 10
20 Preparation of an iron containing HZSM-5

. An 1ron contalnlng ZSM-5 catalyst was prepared by the
following method. about 10 g of the same HZSM-5 as that of
Example 1 was heated in 'a stream of dry air to 375°C for 4
hours and then was cooled to room temperature. A solution

25 of 0.1667 g of ferrocene (d1cyclopentad1eny11ron) in 30 g
- dry toluene was then added to the dried zeolite and the:
slurry was mixed at room temperature overnlght. 'Excess
- toluene was allowed to evaporate at room temperature to
give a toluene/ferrocene wetted zeolite. The recovered
30 _solld was then calcined in a stream of dry air at about
' 538°C for about 6 hours to produce .the desired iron
containing catalyst, Catalyst E. The iron loading of this
catalyst is about 0.45 ﬁt.%.. ' ' '



3. Catal yst activity results are reported below in 10 Table 4. Table 4

Percent N in Feed Converted to N2 Tenperature, [err]C Catal yst D 550
QO% 15 W0 96/01689 ' 455 _ 97% 400 PCT/US95/08253
98% 345 ' 98% 250 95% Exanpl e 10 20

Preparation of an iron containing HZSMT%h iron contai ning ZSM 5 cat al yst
was prepared by the follow ng nmethod: about 10 g of the same HZSM 5 as
that of Exanple 1 was heated in a st mof f{vy air to 375[err]C for 4
hours and then was cooled to roomt - A solution 25 of 0.1667 ¢
of ferrocene (dicycl opertatilytic rewgluatBon gofir@atalyeheEwas t hen added to
the dried zeolit sLh y h%e s ol | ght .
Excess tol uene vib SrH e xEpEley EA8 BLRCHoRIviey e BTV ELiaol

t ol uene/ f erBxnEpe wbP t ¥ais zevalnatedhusingosdmdd azy equipmentand fde

cal ci ngd i Nssm&!proBe@hre ¥sakkamplabayt 2atheielt Gdtdk iAo Hedult@ rdrd O
produce the desired iron contaipjng_catalyst, talyst E. The iron | oading
of this catZRBR¥te belay b'.‘4'§_a§,{l9%5 WD 96/ 01689 o

PCT/ US95/ 08253 -19- Exanple 11 Catalytic evaluation of Catalyst EIn this
exanple, the SCR activity of Catalyst f,rom Exanpl e 10 was eval uated usi ng

simlar equipnent and the 5 sane pr as Exanple 3. Catalyst-
activity results are Percent N in Feed Converted to N,
Temgeragure. °C ~ Catalyst E
10 -
250 _ ' 81%
15 _ . Example 12

Preparation of an iron containing HZSM-5
An iron containiﬁg ZSM-5 catalyst was prepared by the
following method: aboﬁt 10 g of the same HZSM-5 as that of
_ Example 1 was heated in a stream of dry air to 375°C for 4
20 hours and then was cooled to room tempefathre. A solution
of 0.3331 g of ferrocene (dicyclopentadienyliron) in 30 g
dry toluene was then added to the dried zeolite and the
slurry was mixed at room temperature overnight. The slurry
was filtered and washed once with 100 ml of Tetralin® to
25 remove excess ferrocene from the external surface of the
zeolite. Excéss Tetralino was allowed to evaporate at room
temperature to givé'a“Tetralin°/férrocene wetted zeolite.
The recovered solid was then calcined in a stream of dry
air at about 538°C for about 6 hours to produce the desired
30 iron containing catalyst, Catalyst F. The iron loading of
' this catalyst is about 0.66 wt.%.



reported below in Table 5. Table 5 Percent N in Feed Converted to N2

Tenperature, [err]C Catal yst E 10 : 550
98% 453W0 96/01689 . 99% 400 99% 34PCT/US95/08253
98% 250 ' 81% 15 ' Exanpl e 12

Preparation of an iron containing HZSM29=An iron contai ning ZSM 5 cat al yst
was prepared by the follow ng nethod: about 10 g of the sane HZSM 5 as
that of Exanple 1 was heated in a ream of  dry air to 375[err]C for 4 20
hours and then was cooled to roonlﬁéﬁﬂgﬂ§¥d¥%. A solution of 0.3331 g of
ferrocene (dicycl opent editalyitiiroevaluattion drfy Qatlalyrst s t hen added to

the dried zeoli t Iy, b, s £ OO0t r ni ght .
The slurry was ﬁl%e%@%@h#i%%%%ﬂ&ﬁ% ﬁ? g&%ﬁ% ?nﬁgrsr to 25
renove exExedple i &as feAAUaked peing | similarceguipnentcandt he Excess
Tet ra%! N[ gaile WiocHd e thd CERMAPDE 34 & Stat Dyt CaREIRityCrbBultycaie
Tetralin[err]/ferrqocene wetted zeolite. The recovered solid was then
cal ci ned FePRINeGERRIAVW AR TALLe6npout 538[err]C for about 6 hours to
produce the desired 30 iron containing catalyst, Catalyst F. The iron

| oadi ng of this catalyst is about O. . % WO 96/ 01689

PCT/ US95/ 08253 -20- Exanple 13 Catal?gpigeéeluation of Catalyst F In this
exanpl e, the SCR acti vi Peroén€aNalinsFekedf Comverded &olN,was eval uated using
- simlar equipnment and the :

Temperature, °C Catalyst F
. , : : {
10 550 96% : i}
. 455 . 98% |

400  98% .

345 . 96%

250 88%
15 ' Example 14

Preparation of an iron cqntaining HZSM-5
An iron containing ZsM-5 cataiyst-was prepared by the
following method: about 10 g of the same HZSM-5 as that of
Example 1 was heated in a stream of dry air to 375°C for 4
20 hours and then wae cooled to room temperature. A solution
of 0.3331 g of ferrocene (dicyclopentadienyliron) in 30 g
dry toluene was then added to the dried zeolite and the
slurry was nmixed et room temperature overnight.' Excess
toluene was allowed to evaporate at room tempe:ature to
25 give a toluene/ferrocene wetted zeolite.' The recovered
solid was then calcined in a stream of dry air at about
538°C for about 6 hours to produce the desired iron
containiﬁg catalyst, Catalyst G. The iron loading of this
catalyst is about 1.05 wt. 5. '



5 sanme procedure as Exanple 3. Catalyst activity results are reported
below in Table 6. Table 6 Percent N in Feed Converted to N2 Tenperature,

[err]C WO96/016B8 al yst F 10 . 550, PCT/US95/08253 960y,
455 98% 400 gy 98%345 ' 96%
250 88% 15 Exampl e 14

Preparation of an iron containing HZSM5 An iron containing ZSM5 cat al yst
was prepared by the fol |l owing nethodg ¥b 48 9 of the sanme HZSM5 as that
of Exanple 1 was heated in a stream to 375[err]C for 4-20

hours and then was cool eGatalybbeh evapupkioneof Kafdlystof of 0.3331 g of
ferracene (di cyciAPERt0LGRKp1EONkNe SER Gotiivity SN Caea s atiren 1 0
the dried zeolite and the slUrry was m xed at room tenperature overnight.
Excess tol UBXampde 3| Wasdevaldakes psing ﬁ%ﬁ%ﬁ4¥nﬁﬂéghTﬁ¥Ft?P 5-%€give a
tol ueneg f er gapENpruBbiiateZ 8@ FramplEs  ccuta st Adtivity thesultscaned in
a streamof dry air at _aboyt 538[.err] C for about 6 hours to produce the
desi red i r oRePORESANPRSOWA LR %sag,-l talyst G The iron loading of this
catal yst is about 1.05 wt.%. WO 96/ 01689

PCT/ US95/ 08253 -21- Exanpl e 15 Cat al yt4 f¥a+uation of Catalyst GIn this
exanple, the SCR activity of Catal yst T Exanpl e 14 was eval uat ed usi ng

simlar equipnment and t hePércemstn¥ pnoFeedr Converkgdpt® ¥. Catal yst
activity results are :

Temperature, °C ' Catalyst G
10 550 : 95% -
. 455 - 98% §
| 400 28% .
345 R 97%
250 91%
15 ' Example 16

Aging of the HZSM-5 catalysts
The base HZSM-5 of Example 1 and Catalysts D through G
as prepared above in Examples 8, 10, 12, and 14 were
hydrothermally aged. Approximately 5 g of each catalyst
20 was placed in individual identical crucibles and put in a
controlled atmosphere furnace. The furnace was
continuously purged with air containing 20 wt.% water
vapor. The samples were treated in this moist atmosphere
at 850°C for 6 hours. The treated samples will be referred
25 ﬁo éslaged base HZSM—S, aﬁd aged Catalysts D through G.

Example 17
Catalytic evaluation of aged base HZSM-5
In this example, the SCR activity of the aged base
HZSM-5 from Example 16 was evaluated using similar '
30 equipment and the same procedure as Example 3. Catalyst
activity results are reported below in Table 8.



reported below in Table 7. Table 7 Percent N in Feed Converted to N err]

Tenperature, [err]C Catal yst G 10 550
95% 45%V0 96/01689 . 98% 400 - 98% 34PCTNUS95/08253
97% 250 - 91% 15 Exanpl e 16 Aging

of the HZSM5 catal ysts The base HZSM™220f Exanple 1 and Catal ysts D

t hrough G as prepared above in Exanples 8, 10, 12, and 14 were
hydr ot hermal | y aged. Approximately . f gach catalyst 20 was placed in
i ndi vidual identical crucibles and g%@hﬁ%—i control |l ed at nosphere furnace.
The furnace was conti nuPestgnbuNgin Feed @onverbedi tony,20 wt . % wat er

vapor. The sanples were treated in this noist atnosphere at 850[err]C for 6
hours. The treated sanples will be referred 25 to as aged base HZSM 5,

and aged Catal ysts ﬁEﬂﬁﬂiigﬁﬂxg;Jéﬁénple 1Agedibage HZ8Mabuat i on of aged
base HZSM5 In thi Tt : Lvity of the aged base HZSM5 from
Exanpl e 16 was evaluated USBEB S|n1Iar 0 equi nt and tle sanme
procedure as Exanpl -~ f\l rosul ar o I"'Dlhnt'ed bel ow | n
Tabl es 8. VO 96/ §1689

PCT/ US95/ 08253 - 22fTam

Tenperature, [err](

\lof actd M.

[ err]

S—PerCenT N e
AqfBB9hase HZSM 5 550 82%

345 | - 20% "
250 9%
A
Examgle 18 _
10 Catalytlc evaluatlon of aged Catalyst D

In this example, the SCR activity of the aged Catalyst
D from Example 16 was evaluated using similar equipment and
the same procedure as Examplé 3. Catalyst activity results
are reported below in Table 9. | -

15 o Table 9
- Percent’' N in Feed Converted to N,

Temperature, °C Aged Catalyst D

| _ |
550 . 98%
455 | 1008
20 - | 400 ~ 100%
345 98%
250 2 96%

E 19
Catalytic evaluation of aged Catalyst E _

25 In this example, the SCR activity of the aged Catalyst
E from Example 16 was evaluated using similar equipment and
the same procedure as Example 3. Catalyst aétivity results
are reported below in Table 10.



5 455 _ 56% 400 - 36%
345 _ _ 20% 250 : 9% Exanpl e 18 10

Cat al yt i cwowsionsspi on of aged Catalyst D In this exanple, tIRCTHISYSHBIBYity
of the aged Catalyst D from Exanple 16 was_eval uat‘ed usi ng siml-ar :
equi pnment and the same procedure as Exanﬁ?é'S. Catal yst. activity results

are reported below in Table 9. 15 : Table 9
Percent N in .Feed Converted to N2 Tenp urg [err]C Aged Catalyst D
550 98% 455 00% 20 ' .
400 100%Ex¥cent N in Feed Coneggted(to N, 96%
Exanpl e 19 Catal ytic eval uation of aged Catal yst E 25 In this

exanple, the SCR activity of the aged Catal yst E from Exanple 16 was
eval uated using sinilar Bemperaturgad Che sa#ﬂ-ﬁn&é&é&ﬂ&ig%-Exanple 3.
Cat al yst activity resul : 96/ 01689

PCT/ US95/ 08253 -23- T e 10 P ent N in Feed Cbnv Lked to N2k Tenperat ure,
[err]C Aged Cat al y§t—E-550 gg& gs%

455 g 00% 400 455 99%100%
| 400 - 99%

345 | 88%
250 y 37%

Example 20 -
10 Catalytic evaluation of aged Catalyst F

In this examplé, the SCR activity of the aged Catalyst
F from Example 16 was evaluated using similar equipment and
the same procedufe as Example 3. Catalyst activity results
are reported below in Table 11. '

15 Table 11
Percent N in Feed Converted to N,

ém era ’C  Aged Catalyst F

550 98%

“ 455 99%

20 | “ | 400 : | 92%

“ 345 . 57%

250 : . 27%

Example 21
Catalytic evaluation of aged Catalyst G

25 In this example, the SCR activity of the aged Catalyst

G from Example 16 was evaluated using similar equipment and
the same procedure as Example 3. Catalyst activity results
are reported below in Table 12.



345 88% 250 37% Exanmpl e 20 10

Catal ytic evaluation of aged Catalyst F In this exanple, the SCR activity
of the WOHIOEBBal yst F from Exanpl e 16 was eval uat ed usi RETYSIPIAS3

equi pnment and t he same procedure as Exaﬂple 3. Catalyst activity results
are reported belowin Table 11. 15 Table 11
Eegggnt N in Feed Converted to Nlerr] Tenperature, [err]C Aged Cat al yst
. . 98% 455 99% 20

400 0206345 . IaRledZ 554 55, | 27%
Exanpl e 21 Catal ytic evReyeensnNofingFeedcLonviented 1o N, In this
exanple, the SCR activity of the aged Catal yst G from Exanple 16 was

eval uated using simlar equiprent and the sa rocedure_as Exanple 3. _
Catal yst activity res@ﬁ%ﬂ&%d belﬁﬁm WO 96/ 01689
PCT/ US95/ 08253 - 24-_Tab Al Q. | , 2 Tenperature,

[err]C Aged Catjp _ _
455 _ ~+068%0450 — . 9S%-345— 90%
250 5 33% 455 .. 100%
400 . 99%
345 - 90%
250 | |  33%
{
Example 22 B
10 Preparatlon of an iron contalnlng ZSM=-5

An iron contalnlng ZSM-5 catalyst was prepared by the’
follow1ng method'- about 20 g of ammonium 1ron(III) sulfate
was dissolved in 74 g dlstllled water. This solution was
added to about 120 g of the base HZSM~-5 and ‘the slurry_was

15 mixed at about room temperature and was then dried at about

' 100°C overnight. Apprbximately 10 g of the dried,
impregnated solid was then calcined in air at about 600°C
with about 10% steam for about 10 hours to produce the
‘desired iron containing catalyst, Catalyst H. The iron

20 loading of this catalyst is about 2 wt.$%.

'Examgle 23
Catalytic evaluation of Catalyst H
In this example, the SCR activity of Catalyst H from
Example 22 was evaluated using similar equipment and the
25 same procedure as Example 3. Catalyst activity results are
reported below in Table 13. '



Exanpl e 22 10 _ Preparation of an iron containing ZSM5 An iron
containiqg Z?N$5 catal yst was prepared by the follow ng nmethod: about 20 g
of amoniGACPPERY I 11) sulfate was dissolved in 74 g distil PEI/USE6B8253 Thi s
sol ution was added to about 120 g of the_bhase HZSM5 and the slurry was 15
m xed at about room tenperature and was then dried at about 100[err]C
overnight. Approximately 10 g of the dried, inpregnated solid was then
calcined in air at about 600[err]C\Mtigﬁ*é#illowbstean1for about 10 hours
to produce the desired iron containing a

ca St, Catalyst- H The.iron 20.
| oadi ng of this catalyst FSTQsRk M i .R%e%éﬂﬂ%'tﬁi &R Hzytic eval uation
of Catalyst HIn this exanple, the SCR activity of Catalyst H from Exanpl e

22 was eval uated using sija.l.ar. L prent and -t he ZE 1 sggﬁ procedure as
Exanple 3. Catal yst acti e report n Tabl e 13. WO

96/ 01689 13252 - 25- Tabl e

13 Percent N in Feed fonvertedgggp N2 Tenpqrature, [¢g£]C Catal yst H

550 - 6% ) 255 95% -

400 5 % 345 455 ' 98% 299% “_ 90%

Exampl e 24 10 Prqﬂﬁfation of fan iron cgg;aining M5 An iron

contai ning ZSM5 cat ajy WErS—R-eRaf-ea—by about 1.5 g

of iron(lll) nitrate 345 - 98% ' _
20%

_ Example 24 -
. 10 Preparation of an iron containing ZsSM-5

An iron containing ZSM-5 catalyst was prepared by the
following method: about 1.5 g of iron(III) nitrate was
dissolved in 6.5 g distilled water. This solution was
added to about 10 g of the base HZSM-5 and the slurry was

15 mixed at about room temperature and was then dried at about -
100°C overnight. The dried, impregnated solid was then
calcined in air at about 600°C with about 10% steam for
about 10 hours to produce the desired iron containing
catalyst, Catalyst I. The iron loading of this catalyst is
20 about 2 wt.%.

Example 25
Catalytic evaluation of Catalyst I
In this ekample; the SCR activity of Catalyst I from
Example 24 was evaluated using similar equipment and the
25 same procedure as Example 3. Catalyst activity results are
- reported below in Table 14. |
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_ This sol ution was add
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is 20
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92% Exampl e 26 10
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Exanpl e 25
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in Exanpl e 22 was dffy blendeg th about 5|¥|coﬁ;eggred
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hbl e from Dow
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Chemical Co.). 99%

92%

Appf| oxi mately4§9 m of
' . 250

. 'Elﬂp_l_e_Z_G.

Preparation of a silica bound-iron containing ZSM-5

A silica bound iron containing 2SM-5 catalyst was
prepared by the following method: about 100 g of the -
dried, iron impregnated HZSM-5 catalyst prepared in Example
22 was dry blended with about 22 g of Dow Corning silicone
resin (Q6-2230) and about 6.8 g of K75M Methocel™
(available from Dow Chemical Co.). Approximately 89 ml of
a 1:1 by volume mixthre of water: isopropyl alcohol was then
added to the dry blended powder. - The slurry was mulled for
a minimum of 5 minutes until the mixture reached the proper
The mixture was then extruded

10

15

consistency for extrusion.
into 1/16 1nch diameter cyllndrlcal strands in a screw
extruder and was allowed to dry. approximately 10 g of the
dried extrudate was calcined in air at 600°C with 10% steam
for 10 hours to produce the de51red iron containing
catalyst, Catalyst J. The iron loading of this catalyst is
about 2 wt.%.

20

25

Example 27
catalytic evaluation of Catalyst J

In this example, the SCR activity of Catalyst J from
Example 26 was evaluated using similar equipment and the
Catalyst activity results are

30
same procedure as Example 3.
reported'below in Table 15.



a 1:1 by volunme m xture of water:isopropyl alcohol was then added to the
dry bl ended powder. The slurry was nulled for a m ninmumof 5 m nutes until
the nixt V@ 0198%ed the proper 20 consistency for extrusPERUSIYRSHi xt ur e
was then extruded into 1/16 inch di ameter lindrical strands in a screw
extruder and was allowed to dry. Approximately 10 g of the dried extrudate
was calcined in air at 600[err]C with 10% steam for 10 hours to produce the-

desired iron containing 25 catalystqgsyéﬂ%gt J. The iron | oading of
this catalyst is about 2 wt.% ation of Catalyst

ml e tic evalu
JIn this exanple, the SCR¢£8FP§?%y18fFGEFaF§§?y Bd: Exanple 26 was

eval uated using sim:lar eqU|pnent and t he sane procedure as - Exanpl.e 3.

Catal yst activity result ted bel ow in %ﬁ@ ﬁ g.; WO 96/ 01689
PCT/ US95/ 08253 -27- Tabl n Feed o Nerr]
Tenperature, [err]C eSS e e e e 100 S
455 97% 400 550 100% £45
99% 250 3890 CXanpre 28 § Comfpar at i ve
testing®after steani Ln thi $38anpl e, tre SCR act9%¥ty of tHe base HZSM 5
and Catal ysts H,- I, , par ed af er each éhe cat alyst were
treated with 100% st efprme 1 . _ sanpl es were
eval uated using simlip eqU|pmmﬂ '

250

_ Example 28 ' ' -
10 Comparative testing after steaming

In this example, the SCR activity of the base HZSM-5 ,
and Catalysts H, I, and J are compared after each of the
catalyst were treated with 100% steam at 700°C for 7 hours.
The catalyst samples were evaluated using similar equipment

15 and the same procedure as Example 3. Catalyst activity
' results are reported below in Table 16.

ab 6
Percent N in Feed Converted to N,
Steamed Catalysts

20 Temp., °C Base Catalyst Catalyst H Catalvst I catalvst J

550 56% 92% 98%  92% ||
455 46% 100% 98% 100%
400 36%  100% 97% 100%
345 . 20% 100%  99% 100%
25 250 | 6% 96% 77% . 95%
Examgle-zg-'

An iron containing ZSM-5 catalyst was prepared by the
following method: Approximately 1.5g of iron (III) nitrate
was dissolved in 6.5g distilled water. This solution was



15 and the sane procedure as Exanple 3. Catalyst activity results are
reported below in Table 16. Table 16 Percent N in Feed Cqnverted tg N2
I

St eanedWVeA6MMERY: s 20 Tenp., [err]C Base Catal yst Cat alRHUSIBIS| yst |
Cat al yst J 550 56% 92%n 98% 92% 455

46% 100% 98% 100% 400 36% 100%
97% 100% 345 20% . 100% - 99% 100% 25
250 adgeﬁ%to about 19%%f the ba&dlHZSM-5 arithiHuargd€l€dnd\n iron
contai ning ZSM5 catal yst was by the follow

repared ng_met hod: .
Appr oxi mat BLYTTYsYas: Hixed. @H‘f dried 4t KRR HFORRARITS YEPHIRE 1 1 ed
wat er . Thi gheolduiledn inpregnated@dlliiBas then calcined in air at

PCT/ US95/ 0 3 - 28+..added . esultin
slurry vvasgﬁgxgdwg'ﬁ‘& g‘r%%et?t%t-aq'??(#ﬁ 31 gprrpﬁeu?'fa %%&%@&%%%ﬁgg )
i npr eghat edatallystyaCatiadystalki ndhe meninak oo [k9adingi of WS st eam for

10 hours t u | I ) catal yst, Catalyst K. The nom nal iron
| oadi ng of g?ﬁpggsg%p}agﬁ"%’ea ﬁ 2 W% Exanple 30 In this exanple, the SCR

activity of Catalyst K from Exanple 29 was eval uated using simlar

equi pnrent and the 10 sane reactiomgwiet i3pns as Exanple 3. See Table 17
bel ow. Table 17 Percent N in:_Feed . Converted o, N2 T erajure, C '
Cat al yst K 550 In thQJ.s example, scel{ ac {_vz.ty A?(?atgiysg K[f££

Example 29 was evaluated using similar equipment and the
10 same reaction conditions as Example 3. See Table 17 below.

_ Table 17
Percent N in Feed Converted to N,

Temperature, °C Catalyst K. _

550

455
| 400 99%
“ 345 - 99%
250 92%
Example 31

In this example Catalyst K was hydrothermally
15 treated at 850°C in air containing 20% steam for 6 hours.
This catalyst is referred to as Catalyst L.

Example 32
In this examplé, the' SCR aétivit'y of the .
hydrothermally treated catalyst, Catalyst L, from Example
20 31 was evaluated using similar equipment the same reaction
conditions as Examplé 3.  Catalyst éctivity results are
reported below in Table 18. .



400 99% 345 99% 250 92% Exanple 31 In
this exanple Catal yst K was hydrothermally 15 treated at 858£§rr Cin air
qontainiSEOQQQF@Qean1for 6 hours.- This catalyst is referre®Cf 233 al yst
L. Exanmple 32 In this exanple, the SCR agééyity-of t he hydrothermal |y
treated catal yst, Catalyst L, from Exanpl& 20 31 was eval uated using
simlar equipnent the sane reaction conditions as Exanple 3. Catal yst
activity results are reported bel ow i npJigpbe d8. ~ WO 96/01689

PCT/ US95/ 08253 -29- Table 18 Percent, N1 n Feed Converted to N2 Tenperature,
[err]C Hydrothernal |y tPexcemtclt dn eqd fIgnverted to N; ggop 455

99% 400 : -99%; : 6250 96% Exanpl e

33 In this exanple.the h Gﬁg&@g&g&%%giggv;st at al yst L,
8

from Exanpl e 31 was aged .!This cat al yst

Is referred to as Cataly M Exanple 34 In i SCR activity
of the aged, ‘hydr ot her malf=y=—t=e= sat-st—ootay st —Sataryot—tr—rrqm Exanpl e
550
455 99%
“ 400 99%
" 345 99% '
| 250 96% : I

Exa 3
In this example the hydrothermally treated catalyst,
5 Catalyst L, from Example 31 was aged at 700°C in 100% stean
for 7 hours. This catalyst is referred to as Catalyst M.

Example 34
In this example, the SCR activity of the aged,
hydrothermally treated catalyst, Catalyst M, from Example
10 33 was evaluated using sirilar equipment and the same
reaction conditions as Example 3. Catalyst activity
results are reported below in Table 19.

_ Table 19 _
Percent N in Feed Converted to N,

Temperature, °C Aged'Catalyst

of Example 33

455 : 96%
400 ' 95%
345 - 93%

250 ' 82%



10 33 was evaluated using simlar equi pnent and the sanme reaction
conditions as Exanple 3. Catalyst activity results are reported below in
Tabl e YO9%10168% 19 Percent N in Feed Converted to N2 TenPeFHSW®B25Y err]C
Aged Catal yst of Exanple 33 550  -30- 99% 455 _ : 96% 400
95% 345 93% 250 82% WO 96/ 01689

PCT/ US95/ 08253 -30- Exanple 35 In this exanple the aged, hydrothermally

treated catalyst, Catalyst M fromgExannlee133 was further aged at 900[err]C
in 100% steam for 7 hours. This g%‘;ﬁg%‘77§ referred 5 to as .Catal yst N

Exanpl e 36 In ﬂn|§hé§aﬂMQ§P¥ﬁu¥Q§JQ i \hydrofhermakbe fcregted: her mal | v
treated caghghy t C@Saaﬂan M, rEerEEENg é’»&am@vahﬁmgﬁl a@eagaslmlar

equi prent _and fhe sa ‘reacti con taI
activity PO9|F 4ny0 ﬁ%@"l &?ﬁ}% 'Isa‘bl Exgvn%o% i3 refe ¥n Feed
Convegt edtboabl @athlimtpar.ature, [err]C  Aged Catalyst of Exanple 35 550
86% 455 71% 400. : 53%

Example 36

In this example, the SCR activ1ty of the aged,
hydrothermally treated catalyst, Catalyst N, from Example
35 was evaluated using 51m11ar equipment and the same
10 reaction conditions as Example 3. Catalyst activity
results are reported below in Table 20. {

Table 20
Percent N in Feed COnverted to N2 _ .
Temperatﬁre,“°c AgedZCatalyst
of Example 35
550 86%
|' . 455 71% '"
400 53% "“
I aas | 28% | “
250 - 113
: _ Example 37
15 In this example Catalyst K was aged at 700°C in 100%

steam for 7 hours without the intermediate hydrothermal
treatment. This catalyst will be referred to as Catalyst
o.

: _ Examgle 38
20 In this example, the SCR act1v1ty of the aged

catalyst, Catalyst O from Example 37 was evaluated using
similar equipmeﬁt and the same reaction conditions as
Example 3. Catalyst activity results are reported below in
Table 21. |



345 28% 250 11% Exanpl e 37 15 In this
exanpl e Catal yst K was aged at 700 C in 100% steam for 7 hours w thout the
i nter medW&?@‘%W?ot hermal treatnent. This catalyst will bePCIUSI5/082530 as
Catalyst 0. Exanple 38 20 In thlsfﬁggnple t he SCR activity of the
aged catal yst, Catalyst 0 from Exanple 37 s eval uated using simlar

equi pnent and the sane reaction conditions as Exanple 3. Catalyst activity
results are reported below in Tabl e 2y, 96/ 01689

PCT/ US95/ 08253 -31- Table 21 Percent Converted to N2 Tenperature
[err]C Aged Catalyst of PE%&#ﬂFeNSIHS%Ed Converted tyg®.455

98% 400 . 9796 I
ef‘eﬁ%%%ﬁé%saﬂa y
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the tw ce-aged catal yst, Catalyss58, fron1Exaaneg@9 was ev:Iuated usi ng 10
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_ _ 98

| 400 ] 91
N 345 | - 99%
250 | 77%
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'Example 39
In this exampie the aged catalyst, Catalyst O, from
5 Example 37 was further aged at 900°C in 100% steam for 7
hours. This catalyst will be referred to as Catalyst P.

Examgle 40
In thls example, the SCR act1v1ty of the twice-aged

catalyst, Catalyst P, from Example 39 was evaluated using

10 similar equipment and the same reaction conditions as
Example 3. Catalyst activity results are reported below in
Table 22. ' '

'_Eable 22
Percent N in Feed Converted to N,




Exanple 3. Catalyst activity results are reported below in Table 22. Table
22 Percent N in Feed Converted to N2 Tenperature, [err]C JAged Catal yst. of
Exanpl ewdpochA6s9 - 56% 455 32% 400 PCT/US95/08253 " 2104
345 14% 250 8% - WD 96/01689 '

PCT/ US95/ 08253 - 32- Exanple 41 A ZSM 57C4fal yst was prepared by the

foll owing method: 99 grams of calcined ZSM5 were nixed in a muller with 20

grans of Dow Corning Q6-2230 silico I, and 6.5 grans 5 of Dow
Chem cal Co. K75M Met hocel [err]. g’%‘h&é—d‘r&% bl end, 32 9 grans of

distilled water and 23.1 grams of E. 'I. DuPont de Nermpurs & Co. DBE

(dibasic_ester) yuaicg addad Wydee yad Ipiparkie 159 %16 cedEToulig Rutnsded Lo

form 1/16 inch Cylindri

t rudat
overni ght 88 Yramsr lo]fcwltm S5 M%t‘sé?&é#ef?]e% o li%g'/;‘lﬁgléng?or 10

EgtrJ(ralsnt gspggﬁ‘seoff ESM ch‘z‘? HER T30 A ¥Ficondi resin al and 655rgfamsed to

prepar®d bt P@vqs!héma%\& ¥ 4‘?‘79“5&3#& O"Qéal %%?t‘%gy?ﬁizﬂ%ﬁf?s wer e

m xed in as'i“.'d(iraﬂé bﬁ@ﬁtﬂiﬂé& viotrexCoamd 120 (b-@eaes sof i Bonk.resin, 6.5

e Ol ohupor Mﬁ@ﬁ#i{% @% Gdams or %S{:%Prl alg?%(riegnd 23.1

Fe[err] e
grans of Dwidle bR NitidasiThe mixture was then extruded to form 1/16

inch cylindrical -extrudates. The extrudates were dried

10 overnight at 120°C and then calcined at 600°C in 10% steam
for 10 hours to produce a ZSM-5 containing catalyst. This {
catalyst is referred tp herein as Catalyst Q. -

An iron containing ZSM-5 sample was prepared by the
15 following method: 99dgrams of calcined ZSM-5 were mixed in
a muller with 20 grams of Dow Corning Q6-2230 silicone
resin, 6. 5 grams of Dow K75M Methocel“ and 3.2 grams of
iron oxide, Fe,0,. To this dry blend, 52.9 grams of
distilled water and 23.1 grams of DuPont DBE (dibasic
20 ester) were added while mulling. The mixture was then
formed into 1/16 inch cylindrical extrudates. The
 extrudates were dried overnight at 120°C and then calcined
at 600°C in 10% steam for 10 hours to produce an iron
containing catalyst, Catalyst R. '

25 o Example 43

Iri this example, the SCR act‘ivi'ty of' Catalyst Q is
compared with the SCR act1v1ty of Catalyst R. The catalyst
samples were evaluated using a flxed-bed quartz reactor
operating between 250 and 550° C. The reactor was loaded

30 with 2.75 grams of catalyst with inlet gases consisting of
500 ppm NO, 500 ppm NH,, and 5% O, in a N, carrier flowing
at a constant flow rate of 1,000 cc/min. The effluent from



20 ester) were added while nulling. The mixture was then fornmed into
1/16 inch cylindrical extrudates. The extrudates were dried overnight at
120[ err] &V PEOXBEN cal ci ned at 600][ err] Cin 10% steam for 2@“@95@253)
produce an iron containing catalyst, a:{st R 25

Exanple 43 In this exanple, the SCR acti y of Catalyst Qis conpared W th
the SCR activity of Catalyst R The catal yst sanples were eval uated using a

fi xed- bed
o000 4Rl T AP SO A SSHYY ok R0 BICKRLE) Crolbicfenctor
500 ppm NO, maamqﬁgnmm{nﬁnqreéauﬂaaé1§tsr] ¢ﬂtal¥$§raFtEHAtYereSHAWSng at a

constant fl Qud hGuriad bW in Tas1&e 24 0ent from WO 96/ 01689
PCT/U895/08253 -33- the reactor was continuously nonitored by FTIR (Fourier

Transformnfrared) analysis. Catalyst activity results are sunmarized .

below in Table 23. Table 23 5 Table 23 “ Net NO Conversion, %
Tenperature, [err]C Cat al yst- Cat alyst R 550
71% 5 92% 454 Net NQ’ °°“V°F4%}°“' ¥ 96% 398

72% 96% 10 60%

96% 250 erat 35/b %§¥a1¥ﬁt6§96Exanple é ﬁég g
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454 - 296%
398 72% 96% :
10 || 343 - 60% . 96% " -
250 25% ' 65% “

Example 44

An iron containing ZSM-5 sample was prepared by the
following method: 99 grams of calcined ZSM-5 were mixed in
15 a muller with 20 grams of Dow Corning Q6-2230 silicone
resin, 6.5 grams of Dow K75M Methocel™, and 0.32 grams of
iron oxide, Fe,0,. To this dry blend, 52.9 grams of
distilled water and 23.1 grams of DuPont DBE (dibasic
ester) were added while mulling. The mixture was then
20 formed into 1/16 inch cylindrical extrudates. The
' extrudates were dried overnight at 120°C and then calcined
at 600°C in 10% steam for 10 hours to produce an iron
containing catalyst, catalyst s.

Example 45

25 . In this example, the SCR activity of Catalyst Q is
compared with the SCR activity”of Catalyst S. The catalyst
. samples were evaluated using a fixed-bed quartz reactor
operating between 250 and 550°C. The reactor was loaded
with 2.75 grams of catalyst with inlet gases consisting of



distilled water and 23.1 grans of DuPont DBE (dibasic ester) were added il
while mulling. The m xture was then 20 formed into 1/16 inch cylindrical

ext r udaW@96/0168e extrudates were-dri ed overni ght at 120[ BGIYES95M8RSBhen
calcined at 600[err]C in 10% steam for é? hours to produce an iron

contai ning catal yst, Catalyst S. Exanplg®25 25 In this exanple, the
SCR activity of Catalyst Qis conpared mﬁth the SCR activity of Catalyst S

operati ng 500 BER 5305k BEfy NF, ot 89, 6, 4 F abcCallTer SIS e

of catal ysatwattonatantgfidew rate ofi Ag 060 Cc/w@n96/6®889ff1uent from
PCT/U895/Oég§3re§éto§OQanEbNGEnEQQs QhEbd _ﬁ?ﬂﬂrlé}'a N err]

carrier flomng at a constant flow rafe of Q00 cc/n1n e effluent from
t he reactd?rﬁﬁéfQEHtFﬂ§69§ﬁ9)nﬁﬁPQBFé& bycﬁfﬁﬂyﬁﬁb v Y, RESHYHS nf r ar ed)

anal yg s. 4péatyshapized beloesint Table 2u4e sunnarlzed bel ow i n Tabl e 24.

Tabl e 24 Net NO Conver si on, @6Tenperature [err]C Catal yst O
Cat al yst S 550 71% 84% 10 454
74% 86% 398 Table 232% 87% 343

60% 82% 250 40% Exanpl e
46 A conponent of the in-situ E?Emﬂ°2§ﬁ?§er%ay éggregate catal yst precursor
was prepared by m xing 140 grans of calcined ZSM5 seeds with 1860 grans of

kaol i n cl ayTéﬁ 2pagipel0Sc a Ceor a3 © Cl ay, DryciARsdt @en cal

550 71% - 84% ,
10 454 . . 74% 86% -
' 398 | 728 : 87%
343 | 60% ' 82% jl .
250 25% 40%
Example 46

A component of the in-situ grown 2SM-5 clay aggregate
catalyst precursor was prepared by,miking 140 grams of
calcined ZSM-5 éeeds with 1860 grams of kaolin clay
(Kaopaque 10S, a Georgia kaolin clay, Dry Branch Chemical
Co., Dry Branch, GA). The mixed components will be '
referred to herein as Component A.

_ S Example 47

An in-situ grdeIZSM—S clay aggregate catalyst
precursor was prepared by mixing'75.9 grams of Component A
from Example 46 with 7.6 grams of Dow Chemical Co. K75M
Methocel™ in a muller. To this dry blend, 60.3 grams of E.
I. DuPont de Nemours & Co. Ludox™ AS-40 colloidal silica
were added while mulling. The mixture was then extruded
into 1/16 inch cylindrica} extrudates. The extrudates were
dried overnight at:120°C and then calcined at 1010°C for 3
hours to produce an in-situ grown ZsM-5 catalyst precursor,
Precursor A.
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Example 49 -
An in-situ grown 2ZSM-5 catalyst was prepared by the

following method: 100 grams of Precursor A from Example 47
were placed in the bottom of a 1 liter autoclave with 384
graﬁs of water, 16.1 grams of a 50% NaOH solution, and 5.9
grams of n-propylamine. Crystallization was completed |
under autogenous pressure at 149°C for 6 hours with no
additional nutrients. After synthesis, the extrudates were
cooled to room tempeiature, washed and dried at 120‘C. The
extrudates were NH,' exchanged three times. A hybria
calcination followed which consisted of three hours in
nitrogen at 482°C, with air slowly bled in to minimize the
exotherm, then the temperature was raised to 537°C and held
for six hours to produce an in-situ grown ZSM-5 catalyst, "
Catalyst T (greater than about 30% crystallinity).

_ Example S50
An in-situ grown iron-containing ZSM-5 catalyst that

" should be effective in the method of this 1nventlon may be
- prepared by the following method: about 100 grams of

Precursor B from Example 48 may be placed in the bottom of

a 1 liter autoclave with about 384 grams of water, about

16.1 grams of a 50% NaOH solution, and'about 5.9 grams of

n-propylamine. Crystallization should be possible by

treating the mixture under autogenous pressure at about
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CLAIM5: 1. . A catalyst that is useful for treating an exhaust gas

conpri si nYONS%468%] and ammoni a, the catal yst conprising an PGRESINOE253 e
pore size zeolite and iron or an iron con zgnd that has been hydrothermally
treated, the hydrothermal 5 treatnent and the iron concentration being
effective to produce a catalyst that is capable of converting at |east 75
per cent of tﬁgaiﬁégrr] and ammoni a present in the exhaust gas after the
catal yst has been treated in 100 percent steamat a tenperature of.
700[err]C for 10 hours. 2. The.catal yst of claim1, wherein the catalyst

i s bound with, silAcBatdlysenthat! ikatisefuangdorotitidating ar ariist Jas The
catal yst of clains % ang 2, Wgerein t{ he §€tal%§t ha&nbeen repared by the
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sol vent. 4. infléemediatgsporé sligenzebldte AndiHaron on lan Gaidl ksdmpmandeen
prepared by j c aA4qL Q041 L0 utd.on o the
internediaté£%%$eﬁggzggégoP#?gB&hggﬁgégﬁgﬁ%%%ﬁ?&ﬁf (ﬁiﬁ2§§Q§¥ﬂFQﬁ&the i ron
to enterd t hetpeatment apd the ironh concemiradiocndeimg: effatitivnstdei ng

further eff ' o) ' LBt r ' AW i ' : [ 401 hange
treatnment, t e6§§ﬁ%i?ir%%25§¥igﬁ IE?‘_SH E%r Idt%g%%t%f e%ﬁolgﬁrégmeﬁg iron
at a val ence’ dfPeraehtngLt kbej R« ARd AFBORidpreFentsin theeexhausfst of
claims 1 andgds #ptegi Bheheatalgkys halddbeletr tridated 9t Moo Persdnt'g t he
I nt er nedi at e gor.e sSpze éeollte vmthF&.n |rq3:rs§galrt or .salt precursor in a
sui tabl e sol TERE™:BF BhESURPFALHIEPE IO & I&F 10 83/ 01689 :
PCT/ US95/ 08253 TR '

2. The catalyst of claim 1, wherein the catalyst is bound -

with silica, zirconia, titania, and combinations thereof.

3. The catalyst of claims 1 and 2, wherein the catalyst
has been prepared by the impregnation of the intermediate
pore size zeolite with ferrocene in a solvent.

4. The catalyst of claims 1 and 2, wherein the catalyst
has been prepared by ion-exchanging iron in an agqueous
solution onto the intermediate pore size zeolite under
conditions effective to allow the iron to enter the pores

5 of the zeolite. the ion-exchange conditions being further

| effective to maintain the iron in solution during the ion-
exchange t:eatment, the conditions still further being
‘effective to mantain the iron at a valence of 2 during the
-ion-exchange treatment.

5. The catalyst of claims 1 and 2, wherein the catalyst
has been prepared by contacting the intermediate pore size
zeolite with an iron salt or salt precursor in a suitable
~solvent for the salt or salt precursor.

[
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- 38- 6; The catal yst of claim?2, wherein the catal yst has been prepared
by preparing a physical mxture of dry internediate pore size zeolite,
bi nder WQ:960168%n oxi de and then forning the physical ni xECHESIPSL3: he

desired shape. 7. The catal yst of clsén12 wherein the catalyst has been
prepared by conbining ZSM5 seeds, r clay, and iron oxide into an
aggregate; calcining the aggregate at a tenperature of at |east 1000[err]C
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presence ptepawetli by nﬁ&P@#ﬂm@hé X%ﬂFQLaﬂﬂ¥@Hﬁ9 di recting agent.
8. ~ The ¢3 ?Hﬁéﬁlﬂfte‘:b@z@s shZdzZauite, Wisidiy), &l Gaton yoidesalden

hydrot hernal Iy treated’in an at pher of up to ercen at a
t enper at ukFBedf fPF-’S‘WOGP@r %5@’[’@% t)j&' 4 sh?ﬁ%]at i ng
exhaust gas conpr|5|ng hKIerr] and annDnla conpr|5|ng contactlng t he

exhaust gas W t t??e c taI st Oflgt%.n}alzrm v&éﬂﬂf%}éﬁgﬁiﬁg%ﬁg&élg

ef fective?for edst a por err] ah% 5
ammoni a tprepameuohq @mmhmnuhg ZEM-5Teeedsc skl igtaclelay 0, andhel BPR the

00 orr] coxjds; dHel 3ol st . BAGHIR the ABRSS @é;i@h%;_j (Ly space
vel ocity @éusﬁraﬁu:g(ﬁﬁ)aﬁ;ng;ﬂxinﬂqur]and crystal izing zeoll _
5 in the aggregate by heating the calcined aggregate to a
temperature greater than 135°C (275°F) in the presence of
caustic, and optionally, at least one organic directing

agent. o : : -

8. The catalyst of claims 1 through 7, wherein the .
catalyst has.been hydrothermally treated in an atmosphere
of up to 100 percent steam at a temperature of from 400°C
to 850°C. '

9. A process for treating exhaust gas comprising NO, and
ammonia comprising contacting the exhaust gas with the
catalyst of claims 1 through 8 under conditions effective
for the conversion of at least a'portion of the NO, and

5 ammonia to innocuous compounds.

10. The process of claim 9, wherein the contacting
conditions comprise a tEmperature,of'from 200°C to 600°C, a
pressure of from 34.5 to 3450 kPaa, and at a gas hourly
space velocity (GHSV) of 1,000 to 100,000 hr?

S L s e



