WD 01/ 28665 PCT/ US00128473 5 10 15 20 CONVERSI ON OF NI TROGEN OXI DES | N
THE PRESENCE OF A CATALYST SUPPORTED ON A MESH- LI KE STRUCTURE 25 This
invention relates to the conversion of nitrogen oxides, such as NO and
NO2, andwemasgesrticul arly, to the conversion of nitrogeor/sooesssin t he
presence of a catalyst supported on a nesh-like structure. CROSS REFERENCE
TO RELATED APPLI CATIONS 30 O interest are comonly owned copendi ng US
applications Serial . No. 09/181,186 entitled Method and Apparatus for
Maki ng a Catalyst Carrier Device El enment filed October 28, 1998 in the
nane of Vogt et al. and corresponding to PCTIUS99/24907 filed Cctober 21,
1999; Seri dl" No. 09/265,164 entitled Exhaust: Gas Catal ytic Converter filed
March 9, 1999 in the nanme of J. Lloyd et al. and 35 corresponding to '
PCT/ US00/ 06137 filed March 8, 2000; Serial No. 09/156,023 entitled Coated
Products filed Septenber 17, 1998 in the nane of -L. Schuh et al. and
correspondl ng to PCT/ US98/ 198111 filed Septenber 23, 1998; Serial No.
09/ 589, 81A0entitl ed Heat Exchanger/ React or Apparatus filed June 7, 2000 in
the nanme of Tinothy Giffin et al., Serial No. 09/322,534 entitled
Structured Packing 40 and El enent Therefor filed May 28,1999 in the nane of
Rudol f A. Overbeek et al. and corresponding to PCT/US99/10784 filed My
14, 1999; Serial No. 09/002539 entitled Structured Packi ng and El enment
Theref or flbl ed January 2, 1998 in the name WD 01/28665 PCT/ US00/ 28473 of
Bettina Pai kert et al. corresponding to PCT/US98/27699 fil ed Decenber 29,
1998 all incorporated by reference herein in their entirety. N trogen
oxi des, such as NO and NO2, are undesired by-products found in 5 exhaust
gases in various plants such as power plants, including natural gas-fired
power plads, waste-to- en@QNVERSION ORNITROGEN OXIDES on pl ants. N trogen
oxi des also may be fDNTHE PRESENCEOFA CATARYFIUSUBPORTHIESE! engi nes.

ON A MESH-LIKE STRUCTURE

25 This invention relates to the conversion of nitrogen oxides, such as NO and
NO;, and more part1cu1arly, to the conversion of mtrogen oxides in the presence of

a catalyst supported on a mesh-like structure.

CROSS REFERENCE TO RELATED APPLICATIONS _

30 Of interest are commonly owned copending US applications Serial No.
09/181,186 entitled Method and Apparatus for Making a Catalyst Carrier Device
Element filed October 28, 1998 in the name of Vogt et al. and corresponding to
PCT/US99/24907 filed October 21, 1999; Serial No. 09/265,164 entitled Exhaust
Gas Catalytic Converter filed March 9, 1999 in the name of J. Lloyd et al. and

- 35 corresponding to PCT/USOO/06137 filed March 8, 2000 Serial No. 09/156 023 _,
" entitled Coated Products filed September 17, 1998 in the name of L. Schuh et al.
and corresponding to PCT/US98/198111 filed September 23, 1998; Serial No.
09/589,817 entitled Heat Exchanger/Reactor Apparatus filed June 7, 2000 in the
name of Timothy Griffin et al., Serial No. 09/322,534 entitled Structured Packing

40 and Element Therefor filed May 28, 1999 in the name of Rudolf A. Overbeek et al.
and corresponding to PCT/US99/10784 filed May 14, 1999; Serial No. 09/002539
entitled Structured Packing and Element Therefor filed January 2, 1998 in the name



U.S. Patent No. 4,280,926 discloses a nethod for producing a catalytic 10
‘material for reduction of nitrogen oxides utilizing anmonia as reducing
agent. The support material has the shape of a fibrous sheet consisting of
non- net awo @286es0r gani ¢ fibers mxed with a catal yti c a®CIXUsog284tser . The

product can be further treated by inpregnati i ticall tive
agents. The sh®BetinaRaiker of phperespendingn9n é?@%gg@ggﬁ:ﬂg&ebg‘ff@%égt ed by a
silica soluti ﬁﬁ{ﬁ '-¥§-a &&h id\Beir éntfé§. 800 di scl oses a net hod
for produci ng?%b ca a?(%/ |cte&% #éfr&leg%aﬁ The supportéﬁat erial has the shape of
a fibrous sheet consisting of non- netallic inorganic fibers mxed with a
catal yst Carrier PRUSIGE oiag REGMNOGAE NS, ofcildalifed yaRbetiliund in

I

i mpregnation in sl or-solution containing carrier materials 20 and
cat al yti calsl yetbitvgnsesginntasious plants such s pewersplants,aincluding matugal gesfiised  3)

reduction of nitrogen oxides in th r L a. ( : , Fe,
V, Wand M Bﬂwméﬁ'gs’&”‘ﬁ%?fj‘“sy p@gf) a d?fgﬁle%)?ﬁ b(‘:“géqglgé]ihﬁ% n§X| e g;r{]lg o

hydr ocar bons gRa iy fourkdtin e cdihbiSionrprdduc)of dizsellenginescor dance wi th an
aspect of the present invention, there is provided a process for renoving
at | east one nitrogen oxide froma fluid, in particular a gas. The process

conprises converti gt Pifen? INd. ©8380,926€di8d163e9 Gemethsd dor produting pr esslpibe of a
catal yst supported on a mesh-|ike structur The nmesh-1i ke, structjgﬁee
-~ like

pr ef er abl yl0 hzatesiapfor seductjornef ‘Q'F%@Pé’r"idceﬁélﬁﬁéﬁgf&mﬁoﬁﬁaé‘ﬁé ugIng| pgenty
structure is {0 QUsateR01 AR HP IR  offa Mbrahs sHER RbonsidiihgCof ABh-Gncpilli

ceramc. In a #;8{0,[ her aspect the mesh-like structure has a porosity of
greater than 9@%ganiQfivgds 61x2oeEsa paTlyUSEol vesprraier.nThe prequct cdn bg REtienspect
the at |east qQn LLr xJ de i r h&fd ng of
NO and NO2 angreﬁﬁ‘g& frﬁﬁggqaﬁ?}f ﬂ’e‘fakaz)g%giéf,%ﬁ%ggé{?%g?%ee%rﬁ:gﬂE? %3%? oni de is
sel ect ed fr omhbheycomb sipuctire anhkated byga sificaN©lution afl@Biver ni xt ures thereof. In
anot her aspect, the at |east one nitrogen oxide is NO |In another aspect,
the at |eaSt one nitrogen oxide is NO2. In another enbodi nent, at |east
one nitrogen oxius. imatdi2 Wo.| H4¥&800krkixchses asmethod foh eproditcinge as catajpéc

ni trogen oxi d(xanaiterhc .%%Ssu;'}'%r? rr;gteyazhasltﬂe Xl%tpe %?gté%%us%ﬁge?%gnsiétﬂg Slnoheast

metallic inorganic fibers mixed with a catalyst carrier powder. The product can be

further treated by impregnation in slurry or solution containing carrier materials
20 and catalytically active agents. The catalytic material can be used for:
| a) reduction of nitrogen oxides in the presence of ammonia (catalyst: Cu, Fe, V,
W and Mo on AlLOs or TiO,)
b) oxidation of carbon monoxide and hydrocarbons (catalyst: Pt on Al;O3 or TiO2)

25 In accordance with an aspect of the present invention, there is provided a
process for removing at least one nitrogen oxide from a fluid, in particular a gas.
The process comprises converting the at least one nitrogen oxide in the presence of
a catalyst supported on a mesh-like structure. The mesh-like structure preferably
has a porosity of greater than 85%. Preferably the mesh-like structure is fibrous

30 and made of a metal, metal and ceramic or a ceramic.

In a further aspect the mesh-like structure has a porosity of greater than 90%.



one nitrogen oxide includes NO, NO2 and N20.. 10 In a further aspect, the
catalyst is coated on the nesh-like structure and preferably the coating
thickness is less than 30 mcrons. In a still further aspect, a process for
removi ng wWOolressss a gas conprises 15 oxidizing the cont apgragkedigdss» NO2 and
contacting the N2 with a netal carbonate, bicarbonate or hydroxide
supported on a neka stilk further aspeety the at Heasherennifrpgen oxide isctelpcted M thesi ng a

fibrous materi al nmetal and ceramic or ceramc i
and having a por o@?’?@é%'%ﬁg’?é?ﬁ@?t&g;\gg’%ﬁ’ﬁ'THE DRAWNG FIGURE 1 is an

I sometric diagrammatic view of a packing structure useful for explaining |
the principles of ese i lLon.  E | %ﬂg eful for |
expl ai ni ng par anet Q%ﬂ%{heﬁu@%ﬁtﬁégﬂé%?%eargﬁ'%%% r’rdéitegl‘;r#ezﬁc?e P%’Z is an
i sonetric ¥ agomsidting of 0 amhND, ot mixtores themof.0In anoflec aspegt, tiet atledstiore

enbodi nent for.use wth.t resent invention; FIGURES 3a..3h Cc are

di agramat i c VHHEAEeRPXige fsflgéeﬁ? ap i%?g%sgqﬁfw&ﬁg?ﬁ"m%@sﬁow ng

di mensi onal r ahéthér@nibotitndne lanRas ohe Ritdiéi exides Nﬁonhiywhmmf amcqltnea: n a f
given catalytic result; 30 FI GUR IS .a spective view of _a plurality o
cor r ugat ed paéﬂe?ﬁj°n%11‘§ﬁ§‘?ﬁ‘§“%in§f‘é‘?s§()laﬁgﬁroé Xeha‘gﬁﬂﬁéﬁfﬂ?%ﬂlf«ﬁ&%tion to
show t hei r rebad hinBeerCoXiddiddhdRNO! NEQlaad NgOS I n the enbodi nent of Fig. 2;

3 WO 01/ 28665 PCTI U%OO/ 28473 FIGURE 5 is a nore detail ed per spective view

of a portil®h of one of the corrugated el enents used in the enbodi nent of

Figs. 2 and 4; 0 Fix@'?ﬁt}?eﬂa%;g&t,r{ﬁé RatBlRbtdis | Bgked 10f Wh€ medh-BRE shrBuRf andn®
element of FIGURE 5 taken at region 6; 5 FIGURE 7 is a nore detailed view

one of the vopresralye thercaatingsthiskngss sUlegs thag 30anefonst region 7; FIGURE 8 is an
end view of a portion of the packing element of Fig. 5;

In a still further aspect, a process for removing NO from a gas comprises

15 oxidizing the contained NO to NO; and contacting the NO, with a metal carbonate,
bicarbonate or hydroxide supported on a mesh-like structure, the mesh-like
structure comprising a fibrous material of at least one of a metal, metal and ceramic

or ceramic and having a porosity of at least 87%.

20 IN THE DRAWING:

FIGURE 1 is an isometric diagrammatic view of a packing structure useful
for explaining the principles of the present invention;

FIGURE la is a diagram useful for explaining parameters of a corrugated
packing material.

25 FIGURE 2 is an isometric fragmented sectional view of view of a packing
structure embodiment for use with the present invention;

FIGURES 3a, 3b and 3¢ are diagrammatic view of different combinations
of packing elements showing dimensional relationship between the different
combinations to obtain a given catalytic result;

30 FIGURE 4 is a perspective view of a plurality of corrugated packing
elements of Fig. 2 laid out in side-by-side relation to show their relative

corrugation orientations in the embodiment of Fig. 2;

3




FIGURE 9 is an isonetric view of a second packing structure enbodi nent for
"use with the present invention; 10 FIGURE |l Ca is a top plan view of one of
t he packing elenents of Fig. 9; FIGURE 10 is a front elevation view of the
packi ng woamesess of Fig. 10a taken along |ines 10-10; FPCLREI0R$4™Bs a top

plan view of the structure of Fig. 9, FIGURE 12a i.s a hore detajled view of
a portion of the SHIGHREPas :bmo]:ch_tmlﬂpersaaguy_quggoybgn ?P?%‘?ﬁ%%l evation

view of a bl el eTttheRtsRREKinHe &hYERAENt o Fig Barill4;uct ure of Figure 9
FIGURE 14 is an rsonetric view of a packing nodule in accorﬁj)g¥ ilth a
further enbod®mentFIGUREREs amoredetailed viewea! apoghiam afithe gleraght g rlIg‘;FZR-glécki ng
nodul e of Fi g‘alié“%t éQnEJ GURE 16 is a top plan sectional view of the
enbodi ment of "FIQ. T showi ng a packing nodule in a tube; FIGJRE 17 is a
pl an view 6f a setFITURE Frksmoredetailed vigkiconetof theowites gensrators pfEIGURE 5 g 15;

FIGURE 18 is led view of a portion of one of the blanks of Fig.
25 17 il lust rgfaﬁgg‘ggttrgéggghe formation; and. FIGURE 19 is a diagram useful
for expl ai ni ng cerFIGURPBiisnur qidesevodf 4 pratioofthe packingeleméndnf Fighds term

"renoving at | east i.t.rogen oxide," as used herei n t he at
| east one ni trogenFIgﬁf%Egiﬁ LSOmeEIE \FY R 3Sﬁ°8r’§é’ﬁ‘ﬁ‘é‘f%§}“t°§5§?§%‘i§§ i at omi ¢
4 WO 01/ 28665fdredd Witk tHedpdsént intdrtibegen. Such reactions include, but are not
limted to, oxidation-reduction reactians. Hll anq{.‘her aé_gec . the at |east
one nitrod@n oxi deFEGURE 1Q3 s fop plan visw; ofiope t ths packingqlepertiz ot it h a net al
carbonat e, bi car bopgisRRI10hY A ot AfeviforDVieR Tahe padigblemedtrdft FigalGh met al

nitrate, with the nitrite and nitrate being reduced to produce 5 diatomc

ni trogen and takepeslanglinestlQelOret al car bonate, bicarbonate or hydroxide. The

mesh-1i ke mat eri al picRuRTPid SO phih Vidw6f e Qfuckirk 8FigS9ICh as a wire or
fiber mesh, a ceramc fiber mesh, a combination of nmetal and ceramc
fibers, a FIGURE 12a is a more detailed view of a portion of the structure of Fig. 11;

15 FIGURE 13 is a front elevation view of a blank forming a packing element
of the structure of Figure 9;

FIGURE 14 is an isometric view of a packing module in accordance with a
further embodiment;
FIGURE 15 is a further isometric view of the packing module of Fig. 14;
20 FIGURE 16 is a top plan sectional view of the embodiment of Fig. 14
showing a packing module in a tube;
FIGURE 17 is a plan view of a set of blanks used to make the modules of
Figs. 14 and 15;
FIGURE 18 is a more detailed view of a portion of one of the blanks of Fig.
25 17 illustrating the vane formation; and.
FIGURE 19 is a diagram useful for explaining certain principles of the
present invention.

The term "removing at least one nitrogen oxide," as used herein, means that

the at least one nitrogen oxide is reacted with a molecule(s) to produce diatomic
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netal felt or gauze, netal fiber filter or the like. The nesh-1like
structure may be 10 conprised of a single layer, or may include nore than
one layer, it nmay be nade of wres; e.g., a knitted wire structure or a
woven w rWO91/28668 ure and preferably is conpri sed of a ‘Uﬂkﬂ‘?’%’?%f | ayers
of wires or fihers to_farma.three nsmaiét wor k Jals. In
a preferred erﬂ:‘g‘aﬁeﬁentguc ﬁ?"g‘f}ﬁpg‘r‘ﬂt"dg’t ?rﬁrréo m'%d %%r?’g% 08'fr u ?Ibrallty
of layers of freffions. tﬂﬁ&hoﬂaéﬁaspédt,&l‘ié sidedsnontiitrygénroxideds Fisy further dXidiZad or
nore netal s used roduci ng.a net r nat veI t he nmesh
fibers nay mc%‘gc?ge’béqaﬁtﬁ‘illé“&‘l E’r"?ﬁi bppaiG Pt 8‘1’&%13?"1 ‘?ﬂ%ﬁ%’ Wet‘h net al
fibers. Cer amh&alldilRiRé addBaOBIniR4tE, WIBTHNE htHift) dnyd nitvaé babgmdﬁeadrm@fmee & Co.

of Massachusetts,  USA. 20 In a preferr odi ment, wherejin.the nesh-Iike
ot ruCturo 13 coMaRioTRRORSh md RgFREHE MAmEA PPBHE B YIBE L MO m ¢ he
three - dinensional network of materials, the thickness of such support is
at least five mcrons, and generally does not exceed, ten mllingeters. In
accordance with a plhefregshdike patesial wpﬁsﬁ@°fﬁbgﬁﬁé§§fe&f%és aMIHBF Kk is at

| east SO Cr ke allth PEuRlchis Hkl, &oofiSRion! APmElar wAN ekl SRR GenCr 2l |y

does not excee n genera hi ckness or di anet’er of the
fibers V\/m ch frpetah feh er ghureametal) fibasffillenpe the like. Theaneshslike stucuremaay bbout 500

m crons, f erabl | ess
than about 160 Bk helf By 8y 8 et Bya bk BRAR il B HaEbY

di amet er of t hrdsj bgr, % kittddr wn'ea;hwmreanrta)wabaummcthwmdspre&ram @s1/ 28665
PCT/ USOQ' 28473 The thre I onal . nesh-| i uct rpduced
as described Ampriesd %raﬁ @mahgf%yer%o%m{e%%r %8{9 g'}[“%g%p%@ af)

5, 896 663d| nﬁ%ﬁﬂfrﬁtﬁdnh}enarsef @i Em(r;];eelfemed rembodmnt r thé ysuppdrt istruttoreb és

under st oo owever s -1 ke ructure.may, be f d by
procedures ot W@F‘PPFFéirPfgsPtl‘ﬂ'éﬁ '°|ﬁﬁ§f’fé tﬁ%aﬁﬁ%’re& d8W§'d “3@%@?{?? The
mesh-like g4r t(ﬁfewr%drbaqetals&n@rﬂehﬁwd protiuting amma amn | Alt&nitivelly thetinkdtout
supported catalyst on the nmesh) has a riorosm é‘?l%(}j Vo) ume ch is

greater than @%m%ﬂlcb‘fi‘éf’@ﬁﬁ’ﬁ@beﬁs %‘ét@r""t‘ﬂ &fer abl y
i's greater thaRrQ0% fiber meshes are commercially available from Crane & Co. of

Massachusetts, USA.

20 In a preferred embodiment wherein the mesh-like structure is comprised of
a plurality of layers of fibers to form the three - dimensional network of materials,
the thickness of such support is at least five microns, and generally does not exceed
ten millimeters. In accordance with a preferred embodiment, the thickness of the
network is at least 50 microns and more preferably at least 100 microns and

25 generally does not exceed 2 millimeters.

In general, the thickness or diameter of the fibers which form the plurality

of layers of fibers is less than about 500 microns, preferably less than about 150
microns and more preferably less than about 30 microns. In a preferred

30 embodiment, the thickness or diameter of the fibers is from about 8 to about 25

microns.



10 The term "void vol une" as used herein is determ ned by dividing the
volunme of the structure which is open by the total volune of the structure
(openi ngs and nesh naterial) and multiplying by 100. In one enbodi nent,

t he cat awsdingggssupported on the nesh-like material 15rPerasems4B3he use of
a particul ate support. In another enbodinent, the catalyst for converting
ni trogen oxide(s) nemmmmmabmeax-bmmwbappémdt%&e qribed inor t ed
on the mesh- I [ émgl}udes
and enconpasses SI;%’IEI‘ | ca pd&?‘qog g’ggiélsgllr%g#g g&%?? h}{%[)Fq‘olpal;ers etc.

I n general, thefemnarm@elpanuneqd eItsszebefuntltrstoocpelwweEm thas sueh weslelike at al yst
may be supported does no cee 00 S y 0 eat er
than 50 m croﬁgu‘fﬂ“?hn{aﬁe ‘g %% %é:?egl g@ggn&‘%he&sm%e%%b% &oftg%:ases
not exceedlmgaﬁﬁ)e:mmibﬁaspatdms general , the average particle size of such
particulates is at |east 0.002 nicron and nore generally at least 0.5

m crons. Wien 25 the catal yst supported on the particul ate support is

coat edI f)n Ej he nmeshThé hﬁslﬁdlﬂa% aefturd s isc%:ﬂplsmaanome pﬂeﬁencaxgahuat ﬁmlmnor t
general ly does not exceed 10 mi crons and, , en,.entrapped, i.n the

general | y does8upnortedsatalyst onthr meshy Bﬁ%apqrﬂs“é(f?ré{ﬂ‘ﬂd’&h%‘g\gﬁ’ﬁk 1§ greaten rfggrht i on,

the mesh- |'kes§%r uﬁipkrefera d}h&tgréé!%hrpgff% aﬁ@nfbﬁeq;ewist Edrer thie 90%! al yst
isinthe formof a shaped structured packi ng, This

|ng can
confi gur edl@as m@mﬂy@d\p&mﬁmaﬁ nsedrhserin ivglstesmiged fbtbff ovi de
for turbul enc ctor.
The nesh- |,ke§%§%g%§§?3§§p ?sg%%Sﬁ%ﬂggaﬁggfHg%%?g§?%§§ka?hEQﬁF%gﬁle 6
Thi s Sheet Fbsuﬁnehaﬁéph&uéﬂngbilmllll 11 11 WD 01/28665 PCT/ US00128473
corrugations in order to provide for increased turbul ence as described in
nore detail hereinafter. Alternatively, the nesh-like structure may
i ncl ude tabs or void exe empbodimehtribe tcatalystoisi shepdrmd ¢ruthsumesichke alateapiahs shown
her ei nafte sence of . turbul ence generators enhances mxing in the
radial (an Iévr\g‘f){gﬁ.fg?H%?Ioﬁa(?fl?’&t#eosﬁp%o'énd al so i nproves access to catal yst
ei ther coated on or entrapped in the nmesh by providing | ocal pressure

differentials acr Ofris a;[lohcﬁer en?bodu%grg Ehréug ystaf% vaernqlrg mtrogen oxide(s) is

supported on a particulate support that is supported on the mesh-like material. The
term particulate as used herein includes and encompasses spherical particles,

20 elongated particles, fibers, etc. In general, the average particle size of the
particulate on which catalyst may be supported does not exceed 200 microns and is
typically no greater than 50 microns with the average particle size in the majority
of cases not exceeding 20 microns. In general, the average particle size of such
particulates is at least 0.002 micron and more generally at least 0.5 microns. When

25 the catalyst supported on the particulate support is coated on the mesh, the average
particle size of the catalyst support generally does not exceed 10 microns and,
when entrapped in the mesh, generally does not exceed 150 microns.

In an embodiment of the invention, the mesh-like structure, that functions
30 as a support for the catalyst is in the form of a shaped structured packing. This
packing can be configured as described below in embodiments given by example to
provide for turbulence of the gas phase flowing over the catalyst in the reactor.
The mesh-like catalyst support structure may be provided with suitable

6
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force for flow . The structured packing can also be in the formof a nodule
such as a roll of one or nore sheets that is placed into the tubes of a
reactor such that the channels in the nodule follow the | ongitudinal

di r ect i onwofoidses t ube. The roll can 10 conpri se sheets tpetusioRsdrs at .
corrugated or wavy or a combination thereof and the sheets can contain
fins or hol es easrugationstis oridsri tegproVide foh dmreaseh turbitlemcebas ddseited ini more

xactly 1t 1 SaLhRh e AERRE TG e HOSR RR T BlSbmdhefige B 68 co . o

cylindrical flgenestogeto pmmded'nbtxmlatlemn,salsmesr shofvn Weréinafrent |'lmelp;eseﬁde&>ﬂmsh
wth netal, r 15 ceram c, fi be djnto a
honeycomb str ﬁ‘ﬁﬁ@%ﬁ?‘ﬁ“ﬂg‘? &PCe} PIRINg, 1 the ﬁfﬁ ﬁ%ﬂ%@“@?ﬁi Heﬂ'e‘l"‘i’ﬁﬂeyconb
may i ncl udeShodrﬂsalmldipowvetucdwdmml@tmﬂhatcaiﬁdbﬁoraﬁ&ayﬁedﬁfthb%%sﬁ ed mass
transfer of the r. actla s to tp%gm_at yst S tgmg understoqd that the
nmesh - |ike SLRTBY} SR PESHID M ?q?g{sca&f“éf {heymeshg g‘“bé""éﬁ‘iﬂﬂ) gawng, a
form ot her t haferceForflew [ Thé sthethrédgkingfcan aBX BRI fie féer‘voﬂ‘%deﬂe Edcheassuppor t
may be formed as rlngs particles r|b ons, etc. and enployed in a reactor

as a packed betrol ﬂf@neafm%ﬁhe\m.tbﬁlwlagﬁiplﬁ@r@emhsﬁofnéemrsuch thRtethe
structure may dagndSnend moaéleqall&{ﬁﬁaerﬁ?% idsﬁdﬁéeaepbmgsmﬁe O fofiGaf t he

wires or fibers that formthe nesh - |ike structure /[or may be present
and retai nd® iG9mprse sheets thatiageBatoeorugatedws wavy pr k combination thereofiand theit al yst
may be coated Hid Bh Hhikh fing SMBIGUH BRIMIE Mg YAL UREX 0 a1sPBe LBHAR! AUeS,

e.g., dipping or spraying. The catalyst partictres may be app 0 the
mesh- | i ke st r igtowemugaedsiripsibat avg seriatat leadbeotldr by at flat shest that exactlyjui d
coating conpaqgsi Iy 0y ot a_coati tha

I ncl udes the ggrﬂﬁé ﬁ%eéﬁﬁﬁ&gé g}r?ds%r h@ldt Eﬁtﬂe?%?]gp dﬁd‘g}re gﬁ?‘?’ﬁﬁ@%ﬁ}ﬁ? t hat

t he coati ng cmmombinatmnsethd:remfs zb]:ternaﬁvwa m&hﬁsﬁﬁﬁthﬁﬁ&ﬂlﬁ@ﬂ &iMcktamivbe kS i nt o
the mesh-1] ruc%géergndé rmsanrous cotln ntglgthégelnt rior

and ext erlor por TFPhR & NPy Paple b

enmbodi nent, t Mhelchapneld of ald hmymm)mayﬁndhﬂemsan&bmﬁfﬁiﬂdnﬁe gnemitgicesi ty of -

ggogggteg;c;]h% ow B 15D En B e LA S BRAOR, OF nO greater than

It is to be understood that the mesh - like support that supports the catalyst
20 may be employed in a form other than as a structured sheet. For example, the mesh -
like support may be formed as rings, particles, ribbons, etc. and employed in a reactor

as a packed bed.

The catalyst which is supported on the mesh -like structure may be present
25 on the mesh-like support as a coating on the wires or fibers that form the mesh -
like structure and/or may be present and retained in the interstices of the mesh -

like structure.

The catalyst may be coated on the mesh - like structure by a variety of
30 techniques, e.g., dipping or spraying. The catalyst particles may be applied to the
mesh-like structure by contacting the mesh-like structure with a liquid coating
composition (preferably in the form of a coating bath) that includes the particles
dispersed in a liquid under conditions such that the coating composition enters or

7




I n one enbodi ment, the catalyst is coated onto the nmesh by dip-coating. In
‘a préferred enbodi nent, the three-di nensional netal nesh-like material is
oxidized 10 before coating; e.g., heating in air at a tenperature of from
300C up wo0iR8Bs | n sone cases, if the nmesh-1ike nateri CTIUSOM2$4Ban nat ed
with organic material, the mesh- like material is cleaned prior, to

oxi dat i on; f ofviekeinte|the megh-like prusirovand fosms g mgagHs coating Qreheth dur intesior
acetone. 15 They RakdrpartRak B i npiskiiRE fhlawré M xed sol vent system of

organi c solvents and "water 1n which the particles are di spersed. The
polarity of the solvent systemis preferably Iower than that of water in

order to prevent hi | Lid Ve t . c&@‘l} : [ od
quality slurry forhgtg)a{’?%fg%a %‘%&ﬁ%{n&eﬁgl@@@?@ﬁﬁ%y esfggrﬁ]fﬁ% grﬁe}leﬁiggemter,
ami des, estS%r viscesityl ofiino @mates thafild5 icentistokes andva sefase tepsion of hegreater thay bat h
is 20 preferalgbé |%§,S than 175 centistokes and the surface tension thereof
Is preferably g%n ffan 300 dynes/cm In a preferred enbodi nent of the

i nvention, the nmesh-like structure that is coated includes netal wires or
fibers or ceramc fibers or,. net and ceram ¢ fihers d ,.25 the t al
wires or fibers th °’%Fr%nll95§¥%‘ﬁad¥r‘éat£}@§é‘?§8&8‘?t° cmesh by dip-cogtingnih a such
that the surf pfeferte@EnmbOdirhdd 18O fthreS difiefittial ke héhdike esdteinl i sxidiber M ned
by the net hod escribed in "Advances in Chemstry, 43,  Contact Angle,

Vet t abi | i t4P abeforceneing r.g heatng A SrdrmparnIsRf %qry,wfié?am 0 9 R oat | ng
a nesh-like sighetadeLifiththeshlKe\htRSial® batltarhinel Sith bAnicintiid-th, GRAhERY

conposition preferably has a surface tension from about 50 to 300 dynes/cm
and nore pr efike Zisteyiak is shpapgslaerior spoxidatipgpion pxample by veashing F§thy adoreani¢ he
capillary tubg, fRtfds adtodescribed in T.C. Patton, "Paint Flow and

Pi gnent Di spersiont, 274 E‘ﬂ’.@, 8 WD 01/ 28665 PCT/ US00/ 28473

Wl ey-Interscience, 1979, p. 223. At the sane tinme, the liquid coating

i h : . ) : . 17 atist okes,
e Toasur o by a - SABCFREE by K GRabik el BLAPALER Stk ERIE! OCS
“Principl es ofvateolih ovhichathed paficics ace disheesei s t The' pol&ity od .the dMvenelsydhek ker | nc. ,

,éL ﬁgGi i gw (:;8_2 p15efe|r£bl3§ To%per %]anetﬂzﬁ %(fl IwraTxFep En érggr tg Ip?e%gr?tl 1;[1&1 saorfl%il?tlyjl ro];f' ﬁm%ecaEafygts hon of

and to obtain a good quality slurry for coating. The solvent system may be a mixture
of water, amides, esters, and alcohols. The kinematic viscosity of the coating bath is
20 preferably less than 175 centistokes and the surface tension thereof is preferably less
than 300 dynes/cm.

In a preferred embodiment of the invention, the mesh-like structure that is

coated includes metal wires or fibers or ceramic fibers or metal and ceramic fibers and

25 the metal wires or fibers that are coated are selected or treated in a manner such that

the surface tension thereof is higher than 50 dynes/cm, as determined by the method

described in "Advances in Chemistry, 43, Contact Angle, Wettability and Adhesion,
American Chemical Society, 1964."

30 In coating a mesh-like structure that includes metal fibers, the liquid coating
composition preferably has a surface tension from about 50 to 300 dynes/cm, and
more preferably from about 50 to 150 dynes/cm, as measured by the capillary tube
method, as described in T.C. Patton, "Paint Flow and Pigment Dispersion", 2™ Ed.,
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coating conposition is coordinated wth the surface tension of the netal

being coated such that the liquid - coating conposition is drawn into the -

interior of the structure to produce a particulate coating on the

mesh-1| i kewsigireéssr € upon drying. The netal to be 10 coatpcr/pscahgsrabl y has a
surface tension which is greater than 50 dynes/cmand preferably is higher
t han t he surf a®¥ildyelntersoiencsf 1979 pl 223ui Ak the aametime,cthe bgquid icoating comphithom

spont aneous wettjng. . At | f the |iguid i.nto the interior of the
rooh. 1 the ot ApacR SAShEOLH Ry Srals? Toan D18 Perkible RS meB B A e
does not have -cddillarphevistometer dnd dedczibal ire PC.OHiendehs, "Principlesirof ovtlyidoand
heat-treated t roguce. t he I red urface I O The liquid coating
conposi tion caﬁ“’%@ce dzﬁdnﬁ?“éﬁffdﬁ'ﬁ‘&eﬁg&g}’ &Z(dhesi ves for causing
adherence ofs the particulate coating to the structure. 20 The surface of
the structure to be_coated al so be cheni cal | r physically., dified
to increase the at t L8y ﬂ@%&%ﬂl&ﬁ%&%ﬁﬂ%&%{dﬁ*ﬁ% %HP?&}P%E‘I‘P a form
the coating, wdﬁﬁg%ﬁ?ﬁ%ﬂwoﬂﬁnﬂmbmﬂ%éfehﬁ@ﬂ 6fahe Retal b&ngwaieace- 25

The solids content of the coating bath_ generally is fraom about % to about

50% pref er abl fuchthatthediauid -ating campositiagssdrapmdnty sheintergr ofithe,staishreton
additives suc hpt%auéelhrﬂaﬁf&ﬁfétc%at%'r@a ﬁﬁgﬁt&e sﬁ@&@[@ppmge YiiEbbe €t C-

In general, the weight ratio o Ives to particles 1h the 30 coating

bath is frdf ocantrdlpreferably hama smrface topsidre whishyist greaterothap $0tdynes/am ande
mesh-1i ke matef] f | e di opi =11 ke. erial
into a coati ngf’ ﬂgge%%ﬁ%%eﬁg@ rrt%ard et%'? %Bnlggs‘%&\ﬁﬁog %f@ﬁ%g%“fg?&ég’f"%?%‘lﬂ%%@ﬁa‘ et ween
di ppi ngs. 9 VbtgifspEEas0RERtting@M pE¥Fdion DI thetlignid énta theimteridr of the neah.h i s
preferably at roomtenperature, but has to be sufficiently below the
boiling point of the liquid in the bath. After coating, the nesh-like

mat eri al that incl ulieBe easpoheadsheanethli ofghecstrpiuresta is 10 fbe@oftbdidail nbiyhavt

particles i.s dried, preferably wth the material .in vertic osition. 5
The drying 5. b Epsrllisiimcs demst e ety Ty e dBee 4rreh <SPt B5H Slen
as air) at a tsipestehsiore of from 20C to 150C nore preferably from 100C to -
150C. After drying, the coated nesh-like material is preferably calcined,
for exanple, at a

The liquid coating composition can be prepared without any binders or

adhesives for causing adherence of the particulate coating to the structure.
20
The surface of the structure to be coated may also be chemically or physically
modified to increase the attraction between the surface and the particles that form the
coating; ¢.g., heat treatment or chemical modification of the surface.

25 The solids content of the coating bath generally is from about 2 % to about
50%, preferably from about 5% to about 30%.

The bath may also contain additives such as surfactants, dispersants, water
soluble polymers, etc. In general, the weight ratio of additives to particles in the
30 coating bath is from 0.0001 to 0.4 and more preferably from 0.001 to 0.1.

The mesh-like material preferably is coated by dipping the mesh-like material
into a coating bath one or more times while drying or calcining in between dippings.
9




temperature of from 250C to 800C, preferably 300C to 500C, nost preferably
at about 400C. In a preferred enbodinent, the tenperature and air flow are
10 coordinated in order to produce a drying rate that does not affect

adver sel wddiesssat al yst coating, e.g., cracking, blocki pgrafoqpssss, etc. In
many cases, a slower rate of drying is preferred. This slower rate of

dryi ng can be Thectomperawiedf the bath i@fprafemg}ﬁ di rqomy terepepatyrg, Gulshas to Ay al so
be advant ageo ﬁﬂ'ﬁrc%n Mol . ry gas as a function of
time. 15 The # I'C nggééi%‘%hﬁgéﬂ%?bn%go@g%{' n%glnt%‘%/%ry. In general, the

thi ckness is at | édisrconting, dheomeshrltkeimateyiahthatihchades g porons coating comprisedi cr ons.

Typically, th Qat | L. SS: kS t ) n .
typically doe%f%ﬁ%g&h%@%%@@ Slrifsprl“é%glgl‘?@g%l? Q'ngésn%{ g’ua?l‘é&?g%gg %@%nfi ng

t hi ckness of |'Pe<intitgpis piferably acomphished bg eantach with w flowindgas {(dueh hs aiess and,
therefore, increases vQlunetri ¢ actiMity. The interi ortj of, 1 he nmesh
materi al that 'FEPERAE %&é&é@%ww&)ﬁlﬁﬁf@y fom g{’%"&etﬂtfs(tagb'al t he
pﬁrt i cl ez_ whi clfyis; glnméi@etea fkiﬂesﬁllﬂt&irﬂaﬁﬁﬂ ip grefera BIyeca:ckEindr?l, gﬁlﬁ%ﬁmﬂlﬁé_ﬁt ihe |
three - dinmensi onal networ us, the pore. sj 0 three - di nensi ona
25 material attRREAUTS ﬂ%ﬁogi‘ésq}oct PPJ'S&B’;M ?@%é" é@ﬁ(ﬁf‘i‘@?‘ﬁft"ﬁ@ﬁ%ati ng,
in effect, debaitnigeect h%adr?,%neanémumﬂneﬁtmtﬁe/t&ﬁpe}da&ecaﬁt ki Ofldwiadre CaN be

0 e

deposited in the _interiar network of material and/or the coating
t hi ckness 14 caerdinated g qrdertp prodyucgragisying Fate thafrdeessios alfect pdvegpelydhecatalyst

t hi ckness of o0&k i ' G bi.O t | e wth
the inventi on%gugl%ﬁéiﬂg?‘%@égm\%ﬁgggpﬁ{ggﬁh I C s&gééglglﬁw?%%&?%dgﬁg a

cat al yst pr ecus preferred. h&his gloweurate ofairying carhlee abeproplishedoby viscofpdrmidified, s
treated to co h t t 0, L ve qcat al ..Jn the
case where thgy)géé %%Scﬁggﬁvﬁ%% agpgexﬁ%%%lgss@t‘é% ?gﬂfxﬁégryﬁ?glgwlfgsg%@aﬁﬁl 28665
PCT/ US00/ 2847 3unctich oftimsd. onal network of naterial is a catal yst support,
active catgl yst or catalyst precursor may then be applied to such support,
e.g., by spraying, dipping, or inpregnation. 5 In using a coating bath,

t he coating sl urryThathdkess of geSomed doatirlglio® vary. In general, the thickness is at

least 1 micron and in general no greater than 100 microns. Typically, the coating

O8D

thickness is less than 50 microns and more typically does not exceed 30 microns.
Applicant has found that coating thickness of less than 30 microns enhances catalyst

20 effectiveness and, therefore, increases volumetric activity.

The interior portion of the mesh material that is coated has a porosity which is
sufficient to allow the particles which comprise the coating to penetrate or migrate
into the three - dimensional network. Thus, the pore size of the three - dimensional

25 material and the particle size of the particles comprising the coating, in effect,
determine the amount and uniformity of the coating that can be deposited in the
interior of the network of material and/or the coating thickness in the network. The
larger the pore sizes the greater the thickness of the coating which can be uniformly
coated in accordance with the invention.

30

In the case where the particles are in the form of a catalyst precursor, the
product, after the deposit of the particles, is treated to convert the catalyst precursor to
an active catalyst. In the case where the particles which are deposited in the three -

10



additives. These additives change the physical characteristics of the
coating slurry, in particular the viscosity and surface tension such’'that ~
during dipping the slurry penetrates the nmesh and a coating can be

obt ai ned wowh28665honogeneous di stribution on the interi ACTAHRB3eri or of

the nesh. Sots _not .only chan t he, physi c roperti 10 pf. th oating
slurry, but al g’@%?méé‘e'b‘fﬁﬂg?émtﬂaf at%'giyatgiﬂ? i%cﬁ?etcﬁ'gﬁﬁﬁ'?’i %‘é s dried
and cal ci ned. fRci&R’Ase Thel be Applicabiol suth NUPPIEE.E, biaespeayirgy dippingruri oned:
a polymer |ike polyacrylic acid, acrylam nes, organic quaternary amoni um
conpounds, or WeMeRNatAL special nmi xes which are sel ected based on the

particles. Alternatively an organic solvent can be used for the sane
pur pose. Exanpl es of such solvents are alcohols or liquid paraf,f'i“gg.

Control of $he pH o usirs @ cating bathy the,soaling slugy iy aPTRE GASES FMANERS

anot her net hod,_ of.. | : | ' hardktbRGRs 8 bodtin® Slufriancoat i ng
slurry. 20 Thea@fé%@;?gs@n%&%%gﬁégﬁso the nesh -.Bilqialge .cagalutlrgt support
by an el ect r opdrticuldri the ciszosityganst swrfade tension ssugle shati dwingi dipnings thealgmy cat i on
Serial Nunber _09/156,023., filed . a3
procedure, a wP s%gm%’mégfﬂﬁﬁg?%pﬁg% oyedaglg&gﬁégg%'%%%é%h?n

el ectrodes, aneh theénterivir ahd xiteritir of the mesls USals hat onjyanhengsithe pliysieal prepesies pended

of ai oh 1 96 ref et REE e Bee pd of BPh oG RESabtof misRt 083, °0F
fibers, and thgdeakheldl ke structure is el ectrophoretically coated with the

catal yst. As hereinabove indicated, the supported sel ective oxidation
catal yst may be supported on the nmesh naterial by entrapping or retaining

the particul ate in AdRpredéhtitivt @fablliziag agéits théte nieySde mémionek arpolyener ilike
producing a nesh-1like structure conprised of a pluralit ofdl ayer,s of
randonl y ori enp@yrepyliseacidl, aprylamings.oQrgauc ghatemary ammpniurg, G?%B‘H“ *nfé othg

i ncl uded i fst hgep Slyhich 48 Sledtal bREP Ok CheFarlidles. TRESMAE & brgaiivir €
wher eby thg5 Sﬁhﬁ(ﬂ’% structure i s produced with the catal ?stqq?:‘rg cat al yst

support retai n&séive’nhca!ll‘?éusﬁlfOW@@Qme-PwmfmlvePﬁtaﬁ’r% ei8OT of the
mesh. For exanpld pakiflls, 'Eiiol e il bHAE ey, FFRKkaiiBlePbPAUERA FTHNGIGS C! | bed

in the aforenenti d patents, an an ‘appropriate catal yst or catal yst
support bei ng zmthetmetbod hEcharging thi wiscositiansi sasace fignsion g€ the cegigg sluB¥nder , such
as cellulose. The produced nmesh structure includes the catal yst retained
in the nesh ' '

20 The catalyst may be coated onto the mesh - like catalyst support by an

electrophoretic coating procedure, as described in U.S. Application Serial Number
09/156,023, filed on September 17, 1998. In such a procedure, a wire mesh-like
structure is employed as one of the electrodes, and the catalyst of the requisite
particle size, is suspended in a coating slurry. A potential is applied across the
25 electrodes, one of which is the mesh-like structure formed from a plurality of layers
of fibers, and the rr;esh-like structure is electrophoretically coated with the catalyst.

As hereinabove indicated, the supported selective oxidation catalyst may be
supported on the mesh material by entrapping or retaining the particulate in the
30 interstices of the mesh. For example, in producing a mesh-like structure comprised of
a plurality of layers of randomly oriented fibers, the catalyst or a catalyst support may
be included in the mix that is used for producing the mesh-like structure whereby the
mesh-like structure is produced with the catalyst or catalyst support retained in the
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5 structure. These and ot her enbodi nents should be apparent to those
skilled in the art fromthe teachings herein. 10 Although in a preferred
enbodi ment, essentially the entire thickness of the material is coated
With theVWo1a8¢6st, it is within the spirit and scope of RUTASO02847R i oN tO
coat less than the entjre thickness with such particles. It also is

possi bl e wi t hifAtersifes ofghe meshy fipr exasprle,gneh Meshdikestrmetuien e be prpdueed-aey o
vari ous coatir&s&meammmmeohwgat&ﬁs,famg/ﬁh-aﬂ'apglpgg@@g%mw&% at the

internal interstices of the mesh 15 materi Ca r“converting

ni trogen oxi despport bringvaddedta the mesh thee pentaies thet fikess and anbindss, sichsasch
I ncl ude but ar | b~ ' . itH?}ga ) - Lt ankum
tungsten and n%flglggéngﬁ% b§e8+e?tr§§h%1§9a§{es%a e use .tﬁg‘gkn%ﬁg&s%wet %IhZO

| atter incl&destBeNtes nodified with protons or copper, cobalt, silver, zinc,
or platinumcations or their conbination. O her exanples of catal ysts used
for converting nitrogen oxides are precious netals such as platinum

rhodi um and pal | adihese ard other émsboliimentscshosltl e dippdrentay dhiose skiléd inhdke aftope of
the present inventiqn .is not. to be limted to the specific catalysts
her ei nabove d%%?%bﬁ’gﬁa.c}“?%s%“'cat alyst is supported on the nesh-Iike
structure in an anount effective to convert nitrogen oxide(s). In general,

the cataly is present in an gnmouynt of at least 5 % and preferably at
| east 10 % E)with ttﬁ‘aﬁﬂ‘iﬁlﬂlﬁ’caBﬁ% Smpodingeah sssentigllyihe entixg dhigknessobtheds and

mor e gener al | Vim#terial 860 vith he cafalyd, it iPWithiRitBNdpiriAA SebRIDF AR ig?é{ﬁﬁg“d

catal yst. In one enbodi nent where the porosity or void volune

mesh-1i ke st rJdecaptdessithasy the gntirgdhigknestppb sechdpastiglest it alse és ppssibleavithinan 87%
the weight p : I | ont.Q 40040 en the
por o8y o varg Tab e SSEP S Mhe biteepl BRSARGblp e BB ot B T
90% the wei ghitipe rthe deree f-dingppional edructralaly ghe inderhalomtentsivet of 58é tmeshbout
80% In ongsenphadiqent, the catalyst which is supported on the nmesh-like 5
structure 1s enployed in the reduction of nitrogen oxides with a reducing
agent e.g.

Catalyst for converting nitrogen oxides are known in the art. Representative
examples of such include but are not limited to oxides of vanadium, aluminum,
titanium, tungsten and molybdenum. Zeolites may also be used. Examples of the

20 latter include ZSM-5 modified with protons or copper, cobalt, silver, zinc, or
platinum cations or their combination. Other examples of catalysts used for
converting nitrogen oxides are precious metals such as platinum, rhodium and
palladium. It is to be understood, however, that the scope of the present invention
is not to be limited to the specific catalysts hereinabove described.

25

The catalyst is supported on the mesh-like structure in an amount effective
to convert nitrogen oxide(s). In general, the catalyst is present in an amount of at
least 5 %, and preferably at least 10 %, with the amount of catalyst generally not
exceeding 60 % and more generally not exceeding 40 %, all by weight, based on

30 mesh and catalyst. In one embodiment where the porosity or void volume of the
mesh-like structure prior to adding supported catalyst is greater than 87%, the weight
percent of catalyst is from about 5% to about 40%, and when the porosity or void

12



urea, anmoni a, hydrocarbons, etc in the presence of oxygen to produce
nitrogen and water. Reductants such as ammonia or urea are wi dely used for’
NOx abatenment from stationary sources but not from nobile sources such as
gasol i ne, wodiesees or natural gas fired vehicles due to ircmuseensences in
ammoni a storage and 10 delivery, concerns over safety issues, and ammoni a
sl i ppage (unr eaolumg isgreatar than 90%; the vedight pereent of ispppeyiad edtelyssds fomy abouked as
a reduct ant carsgogg ' 3 will also be produced. Hydrocarbons are nore
likely to be uSed as a reductant in nobile sources. However, the invention
descri bed herein includes any reductant used in any source, whether nobile
or stationary. 15 | ther ' .Gat I Ghal s rted on
t he nesh-1ike strug §{r'}§ %@%@&gg‘*@%%e ecE)s?r%'y |ft%r?ﬁo?‘enlln érﬁg@geén
oxi des i nt o5di strwotare iscemypleyed in i reduwrtiombdLnitrogencayides withps rediicingagehysgs used
for this purpose are transition netal. and naoble sretal cations exchanged
nto zeol | tes. B SEpRtA DYRmR. e e Prtsees o e FEpodiB AR he
catal yst whi chand weatep Redadams suéle asemiimonik cor aten Lare Uwidelys ussdpforyNOxi n t he
oxi dation of ammnia to formnitrogen and water ﬁsel ective catalytic
oxi dat i on) . ThPRBtGARERE FioB StetARARsqtEs PRt RSy Enobils SORFFes.eR 8° satint o
after sel ectiVvgje§lophithial ghRied veRibles 3B folinadivthienices O AHMORIA tstopRy dNOX
| evel s are low_ in the feeg, it is _advantageous,to enrich the concentration
of NOx i n dfdefeliverye sprasas qvRksafety dssues, and apmopis. slippager{parcastethammenia, NOx
is first enric | 28 \Gr ;
adsor bed onto gﬁgg? g@'qg?&%rgg%%msﬁghﬁhgﬁiu&sorbﬁgg%;h(g&?gnﬁg’ggeed on
the sane or di pfoduesdt Bydroghspons aef mere likaly tte rhvepsed ases redugtant dn mabile
acsorpti on anduufa! ook Snd VR aseibdd nd- O ihéHRE R e ARaRI BleATihed T OF
adsor pti on and higher tenperatures pre?erre or reaction. G ven the fast
t enper at ur e chamypesrceywhatlar nwbilerobitatongyur ces such as aut onotive engi nes, a
quick 13 01/ 28665 PCTNS00/ 28473 change between adsorption and reaction
are required to achi eve opti mum system

In another embodiment, the catalyst which is supported on the mesh-like

structure is employed in the decomposition of nitrogen oxides into diatomic oxygen
and diatomic nitrogen. Typical catalysts used for this purpose are transition metal
and noble metal cations exchanged into zeolites, or supported on metal oxides.
20
In another embodiment, the catalyst which is supported on the mesh-like
structure is employed in the oxidation of ammonia to form nitrogen and water
(selective catalytic oxidation). This reaction can be used to remove any unreacted
ammonia after selective catalytic reduction.
25
In another embodiment where NOx levels are low in the feed, it is
advantageous to enrich the concentration of NOx in order to enhance the rate of
reaction. In this embodiment, NOx is first enriched by adsorption onto a catalyst
and then reacted ,or adsorbed onto a catalyst or adsorbent and then desorbed and
30 reacted on the same or different catalyst. Often the temperatures required for
adsorption and reaction are different, with low temperatures preferred for
adsorption and higher temperatures preferred for reaction. Given the fast
temperature changes typical of mobile sources such as automotive engines, a quick
13



efficiency. The use of the nesh-like structure described herein is ideal
fTor such applications given its' superior heat transfer, |ow thermal nass
and its' ability to be heated electrically. In addition, the use of the
mesh- | | KBOsU2BEE ur e i nproves catal yst 5 effectiveness aRGTUSPABER,, e,

I ncreases volupetric activity. For, ex | e, amonia_Qr_ urea eact ed
with NO and (Beteen ads u@kﬁé@u@?&g’gﬁ%rﬂ“r?(giosﬁ?“?‘%e?%eﬁa povxgs rplants,
or in the conbagdidmey. PhedseCoBSthemeshilikershatumoddsuibed drereinds ndeal far ebduce
nitrogen and water 1n the presence of th 0 catal yst suppost.e n,a
mesh-Ti ke st r #@PEFAHORSBIFE IS ﬁ‘éﬂ?&%h‘?}égﬁqsf% aw @?Iaﬁymi‘% R n%blgtygo ke
follows: 4NO +edbliilectriedly: 1 addiBor; I 12€ of iNPnteshiliRe strubhiiid improrefcatal gt 420 |t
is also possible to use a portion of the engine fuel to reduce the nitrogen
15 oxi de ir15tWﬁs@l\@a@égnméfoﬁlq%e@@§§h’&?gmlm~ to use armonia or urea,
such as in a nobile engine such as a typical autonotive diesel engine.
C.,H +2NO+ (x +y/4-1) 02 -----N2 + y/2 H20 + x CO2 The reduction of
ni trogen oxi de and Fonexanmpie, ammeonis of uriea may bgmeacted with ¥Pmand NOp, fouag in

> 750, 460, \Sthe exibfsr WhSes f thssht 868 B3G LBt/ Fr in 1) tign Prdddéls of0
present invention, su a catal yst Is supported on a nesh-like material, as
her ei nabove ddstemiabesmbusfiemengmss tb producel nitwgen andywater int the presence ¢fidhe
material that incluyudes t cat al .fo vert ' n i de(s)
may be shag(gd qaﬂfygyéu ﬁ{é‘éc "?éﬁé‘g(re’ us(r:hfugtr%{éE %F nﬁeg%?lgebrla g? ndetss{:hc ﬁ'r ega?%itli ons

t ake pl ace at raactiengxee as follewef from about 100C to about 500C, preferably
fromabout 200 C to about 400 C. In another enbodinent it is possible to
catal yti cal | y decompisse 4NE] + @CedrdiN,ngoH® t he fol | ow ng reaction: 30 N20 >
N2 + Y2 02 In another enbodi ment, an oxidation catal yst such as platinum
pal | adium rhodiu | I cke ' copper, nolybdenum etc., and a
pot assi um car bonat EQO %}P@yﬁ Mﬁ?é%NP%ﬁ%%OOI 28473 absorbent may be
supported on the m.?ts g_a.llslo%%sssﬂgl[e"flg Ezéjerae p(prgcrn? Iop %Q%Xg%ng rt o xbe?hq{:e the nitrogen

15 oxide in those cases where it is less convenient to use ammonia or urea, such as in
a mobile engine such as a typical automotive diesel engine.
CiHy + 2 NO + (x + y/4 —1) Oz -----N3 + y/2 H,O + x CO;
The reduction of nitrogen oxide and catalyst therefor is shown, for example
in USP 5,750,460, USP 5,707,509, USP 5,580,534 and USP 5,905,056. In the
20 present invention, such a catalyst is supported on a mesh-like material, as

hereinabove described.

When used for a diesel engine, the mesh-like material that includes the

catalyst for converting the nitrogen oxide(s) may be shaped into a honeycomb

25 structure. In general, such reactions take place at a temperature of from about
100°C to about 500°C, preferably from about 200 °C to about 400 °C.

In another embodiment it is possible to catalytically decompose NO
according to the following reaction:
30 NO 5 No+% O
In another embodiment, an oxidation catalyst such as platinum, palladium,

thodium, cobalt, nickel, iron, copper, molybdenum, etc., and a potassium carbonate
14



Such a conbi nation of the catalyst, and the. potassium carbonate, supported
on a nesh-like structure, may be enpl oyed in oxidizing simultaneously, CO -
to CO2 and NO to NO2, according to the following reactions: 5 CO + % 02
-5 C02 NBPBM3655N02 The CO and NO may be found in the BCRESIRSIGRS of a
natural gas-fired.power plant. Th I s ahsorbed by, and reacted with, a
carbonate or b?@gfbgﬁhﬁ{agpbeofupﬁM?%? "Ea%ﬁﬁ%léﬁ%w"almmbew ApscEbedie earth
metal car bonat SuchPd eahbiameincofothe cdttlybty didtie(RdtassilmPREBonatd] MppBREASSE aUM
carbonate, to for niicar bon di oxi de and _potassiumnitrite and potassium

nitrate accor dPR-¥ks stmeture may e sgploysd i oxidizingspnultapeousiygCO4o € andKNCR +

KNO3 The pot asNOUEND,! sdcbRid e tROfoASWing Rdelibisat € Which remain on the
catalyst, then are reacted with a reducing agent such as hydrogen gas in

the absencesof 15 cewagm,—+» eoder to regenerate the catalyst, in
accordance with the following reaction: KNO2 + KNOB + 4H2 + CO2 -* K2Q03 +
4H20(g) + N2 Water, as stea and el enental nitrogen are exhausted instead
of NO or NO2, and I‘ﬁat’"aégzu M¥bonat e once again is present as an
absorbent on the nmesh-_ 20 |ike structure, thereby allow ng the oxidation

and absor ption cyclBet©OmagiNOma be formddn the, exhansti ggs of aonatyraligasrirebp
5, 665, 321, Us%o@eZEI%vmﬁlaff_he RO Uﬁﬁrlgbd%omﬂdzr&cte&ﬁtﬁ,%*%rb%ﬂmg} ﬂﬁs%&lmgé

structural packings v now tge descriped. In , packl ng

di agr anmat i calaryhydezides syahaasi anealisli er plkaling) darth métalpcartsinhte) bicabonagaved 25
sheets of r JERRN A e rgl lal),in

whi ch the lP(?:)or ugatli)nlgIﬁ %F‘glﬂr Bfaég{ér%t ggg‘gga&gig)gg%rgf %ﬁggﬁ%{dgh% e at an
angl e a to thepotaggipmindtaite atidrpotassiam nitfaté acgording teithe. follawing reaetioresent at i ve
cross section of a corrugation 6. Adjacent corrugated sheets 8 alternate
90 from each ot her 2Nthe- KECOnate€Oatr KNQ@; bKdar ably metal fibers but may be
ceram c or conbinations thereof. 30 15 WD 01128665 PCT/ US00/ 28473 \Verti cal
orientation of theThapriassiumglitaitd ansl pasassive fikretw whiche cimaim ofy thescataigsty ed

then are reacted with a reducing agent such as hydrogen gas in the absence of
15 oxygen in order to regenerate the catalyst, in accordance with the following

r_eaction:
KNO, + KNO; + 4H, + CO, —> K,CO; + 4H,0(g) + N

Water, as steam, and elemental nitrogen are exhausted instead of NO or

NO;, and potassium carbonate once again is present as an absorbent on the mesh-

20 like structure, thereby allowing the oxidation and absorption cycle to begin again.
This process is described in USP 5,665,321, USP 5,762,885, and USP 5,650,127.

Various embodiments of structural packings will now be described. In Fig.
1, packing 2 is diagrammatically representative of a plurality of parallel corrugated
25 sheets of porous mesh material (referred to herein as MEC material) in which the
corrugations 4 are represented by diagonal lines which are at an angle o to the
vertical direction of flow f. Fig. la, a representative cross section of a corrugation
6. Adjacent corrugated sheets 8 alternate 90° from each other. The MEC material
is preferably metal fibers but may be ceramic or combinations thereof.
30
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to optimze the pressure drop vs. the NO renoval and mnimze the NH3 slip
(unreacted NH3). This is best represented by a renpval efficiency
characterized by the termk/hp where k is the first order reaction rate
const ant wartd2g8¢ssi s the 5 pressure drop Table | shows th@craiseiisersshi p

between the angle of inclination a and the renoval efficiency for
di fferent angl es oVertigell aricatation ofithd pasidng relativa te thetflow direofipn €28 desised d

ceram c nonol j g%ss%}sr e [ gﬁ{ngﬁﬁ:‘. Neye , a
mesh honeycont)otlr;gti/mgg% I'n Fﬁé‘\és[ %Héfﬁgt{e@{eqvgi}y&fica sof'iﬂée cer’a%nﬁ%
honeyconbs, Téinreacted NBo)vi This isbest presentedbyopremoval effipiendyi ehacactevizédoy t y of 5

m's and 10 35 about 750 .Pa/ at ..s_inportant | he r.ee, of

m Xxi ng achi ev{ei1 tgltxnn a%t ‘fvﬁ%ﬂ]‘rg @et aorfigr{/\éerac ‘?”_e%azw%“sg“ﬂ‘@pa?ﬁgﬂéf‘h%ng| e of
inclination) pfksube dopl Thled shéws GReRESHShi BEWedn Hel daglehof @climtioh & ni ng NO
conversion. This_ |ower pressure drﬁc‘;& I's ipportant in power generation
systens si nceatthipe Jampval shfigiensy forditferentspgleof inclipation apd alsp sompargd trer at i ng

t ur bi ne effic'e@ﬁx 4T, 1 [ SRe = r,%@geed
Por ous st ructﬁre Ell—llognéelf/icgtl'il 55'@23%58#‘8;50 dgﬁgﬁgl 'ge&g%{:(}t@%\}; nv k/ Ap
Conv k/ Ap Conlowes, ameschonsy@mbiasy eused g6the agq.nm\'psmlcal@ob@ cgamc 1 371

83.9 1980 84. R ' . re = 1

structure 25 n%g%b%?%gggéhéﬁﬁé%ﬁ%é&gap 3§£%@%&%@°€?%3&ng k/isp
Conv k/ Ap 101038 of7 aboue 7901 P& OWHAGIs iporfand &0Be d@HOOAN 1BRing athitbedid. 2 2414
87.9 5357 30 Jable 1.shqws that although there i.s a slight .lo i
conversion i nStS‘loc%‘ﬁ thﬁragﬂgv%{ Pg?sﬂlf&dmpe(ﬂ&%'ﬁ‘ﬁ %ﬂgﬁﬁ ?fldnﬂm&émg%&“é‘ ‘Bﬁfﬁeﬂcgfq nati on
to a struct urdecréasdraramofiadlip while nialtitsining NI esrBAUAERs ywdr peesbure desse i n
overall efficienc The above Tabl e al so shows tg 1t‘ the a vagt age,_of the

catal yzed por SUDPRERM 1B AOZEC SEISIAION SESIEDS SINCHEY pAditpa) presggggoss will
PCT/ USO0/ 284 7&ecrease power generating turbine efficiency.

15
Table 1
Reaction Temperature = 300C Corrugated Porous structure
Honeycomb ' 45 deg angle 60 deg angle
20 GHSV Conv k/Ap Conv k/Ap Conv k/Ap
10000 959 2366 91.8 3637 894 7377
20000 843 1371 83.9 1980 84.2 4680
Reaction Temperature = 350C Corrugated Porous structure
25 Honeycomb 45 deg angle 60 deg angle
GHSV Conv k/Ap Conv k/Ap Conv k/Ap
10000 97.7 2794 93.9 4067 92.7 8603
20000 88.7 1615 89.2 2414 879 5357
30 Table 1 shows that although there is a slight loss in conversion in going

from a structure containing a 45° angle of inclination to a structure with a 60° angle,
this is overshadowed by the increase in overall efficiency. The above Table also

shows that the advantage of the catalyzed porous corrugated structure over the
16



honeyconb increases wth increasing GHSV. This is due to the additi onal
benefit of better m xing at higher throughputs for the turbul ence causing -
corrugated structure as opposed to the lamnar flow reginme typical of a
honeyconbwdothissss bel i eved that to further increase thepE€ROSRREITIN, 2
conbi nati on of corrugated porous MEC nmesh material and conventional .

cer anm ¢ honey choreycomin ticreabesi withainoreasing GHSM. dhisds idue: toathe @dditineal (bgnefis used.

This is shown ip.Eig. 36G. I h 0 c nmet al
fibers or cera?rfge'it b “%PW“‘%&?%‘ |§I %?%ngé&gpigg&bgﬁg{ggd%@%g
alternative. léndcturéagoppdsedao thelaminar flove kegime typical dfartopeyombst r uct ure 10
has a length of L, , whereas a corrugated structure 12 using MEC nesh
material of the present invention for the structure packing el enents has a
hei ght of L3 and L2Jt<s beliéved that @i fuether imewoases thenconsérsion, hrcohibipatidn,oft he
corrugated structure 14 is %i neﬁl Wi th a?‘ég honeyco structure 16 of
general |y the SOIFSated RATPYSC mesh Jpaterigl, qnds cony Serapc IBPYERRO| engt hs
are now short epmohdlith iR ¥ ivéRical Séw ofleRATVNIhoLId beised.| TRid i ¥hownd heFig. 8de

honeyconb al one of Fig. 3a or the corrugated structure of ,FigﬁBb. Thus
i mproved conveHeweyeri ampshohongxee ) mnetal fibers or Geramicitibers orbethe

mat eri al . Themﬂéﬁ%l%fxgéfﬁfoﬁgus &‘ﬁxtﬁ?k‘l?émda%w structure is a conprom se

solution to those sting facilities which prefer a quicker
revanp/ turndfround at the expense of sonewhat higher renoval. The increase

in conversion wll q:ig.aéﬁsfgor}%nﬁo??l éraﬂ??igql‘éﬁ Bt s e 1 S feligth Yre
creating an inproved effici ency of the downstream honeyconb. 25 1n Fig. 2,
a preferred cohbvevrhaeasst corotgated str8ctuenid iising MEQ onesh maptxinl of thef presgsity :

h | . ’ . . Cch Ki
2315"1 ooat od. YL deidhe SrO3TeBAEHIE BRI F1ORTITE ol MOCET LPRCT, 2P

I ts, f givebéonvemsion lvalueb & Big. 3¢ titboserugitedisthetuze 4 EmwbinedOwilth
(I?/E(Ca:nenthri ;Lec%zpriqsms a vIauIe I'telf olfé)f orrugat esg_a lemanﬁ 24m615 Femﬁoirﬁus
Fig. | and P erEraspmbstuaie el sehgrally Beisamy coptuchon s SRt AO BGI% & of
45 or at any odxaept thelichgthd fre atg|sBorfed GOPrAividg alghrea copvession prpvidedy eitiepn. The -

? Ihgr’reg';s 24 artﬁe Ihgn;[:y@or%be or%dg{rﬁlng'g SL.do?'qhelz %grlrﬁga?e%t strnti?:%rg Io]%fﬁé. éiDCCOIl’hgé ng to

[=2

improved conversion is provided while using less corrugated structure material.
The use of less of the novel DeNOx structure is a compromise solution to those
20 existing facilities which prefer a quicker revamp/turnaround at the expense of
somewhat higher removal. The increase in conversion will be caused by the
improved mixing of the structure creating an improved efficiency of the

downstream honeycomb.

25 In Fig. 2, a preferred converter structure 18 comprises a housing 20
preferably square or rectangular in cross section having a chamber in which
packing 22 is located. The packing 22 comprises MEC porous mesh fibrous
material elements, preferably metal fibers, as described herein above.

30 The porous MEC material comprises a plurality of corrugated elements 24
as shown in Fig. 1 and referred to in Table I preferably at an inclination angle o of
45° or at any other suitable angle according to a given implementation. The
clements 24 are in this embodiment identical, but may differ according to the

17




WO 01/ 28665 PCT/ USO0/ 28473 particular inplenentation. In Fig. 19, the
angl e of adjacent elenents is defined by 2a wherein each diagonal line in

the figure represent the corrugations of an elenment, the_two crassing
di agonal §V?%ﬁé§enti ng adj acent el enents wherein the fl MR DN s as

shown in Fig. %@@%ﬁggmgﬁtaﬁgt?t In4Fi§{ gfﬂ%gﬁl\g%rtgadja@&lt ieﬁ@;ég%rls Qefleqdfy acent

5 elenents dif ern ex’ genera s are on-the
el ements 24. Jdehedinizach dikgolabhimihhe fSgde tbpiesent theugoragdtions of apclahans of

t he housing 20 _and the djnensions of_ the corrugations an f course the
sheet thi cknes@?t‘%“ﬁs&g‘g?g_mﬂsf%&‘ﬁ‘?@@raﬁﬁfﬂ Fg‘ﬁntéé?’?‘f"iﬁﬁ’a‘g%g°1'(é€rm erial
el ement 26 mayishg shovbh HSE. 1N A 8&R iATFiEE 16O ahs18 r IRkIRLESE Bl 6F sfacerit Fi 0.

4. The el enent 26 has optional vortex generators 28 and 30. The el enent 28

of FlI GURE 65i scléménts diffierschyi 2o andhglternate, Mo vertengenenatoryiars onithroelements Aé

cor r ospond ng- T T oh Ahentsaledaiped Yogd vt fiiensial of e ouelrg ™'
correspondi ng the didien§ions of thélcorniafitiizngd Of ¢dursecthé sheeettlicknesshe i ntroductory

portion herein. The latter applications provide a description of an
apparatus fully incorporated by reference herein for making the elenents

26. fprlm' ng_l_ﬁorrUgélhiFle?S,%M@ﬁm?ﬁﬁveygkgﬂgﬁ;ﬁﬂﬁés&trﬁit&idl%l&ml | taggﬁygg a8
mat eri al . e corrugations are r y. adj acent side wa ", , ,
40 and so 8f. wRén Rlgsefdha GBS PSR 25108 it o e RSP 28 oplignd e
val I's are inclygiey Rnefarabiyai 380 TRE damdne B 6 FISDRESS i9frmbaidh H0. The

roots and crests extend in a linear direction. The elenents 24, FlI GURE 4,
are oriented vipparatupasi r shomy uged i slescehethndr dhes afgrementiopedaapplisatiensl es to

the flow direcipiyshe/ndisg; pET/USR/LROS, UHRILARE HREDD £ apfiRRe Bt here
P Iw@ t ot he

through. These channels "afe in communi cation W t i eac r at the
edges of the ecbasiakhos 094181,086 And)ghenlptta0cqrespopimgeto Y8 rSenigle NoTRE/002553%

pattern angke 3 . gﬁﬁi I -aC dj ' .
I mpl enent a? ‘{;onmg@&s]gezfmfaglre?ﬁ&?n é—%fi%r% %%%]@'e at %aﬁgr %@é@?@&g %‘l’l%%
pressure drop.deShiptigasf antapparatgs tfllly imoorpomgd 2§ teferende hesetn fon Rdking-thg. 2,
enters into the ch s of the ele ts,and then is di.verted at 30 angle a
Chi a1y ¢ heraeB ok e soratiet S8R FolstatakriioN i e o HagBl, ot § ng
in the directTieconbgdtionsvare ThinsedCliyeadj&entosidelwills 330 66, 38) 40 agd kb ow. ThHBI S
e O s e e s uid S0 A PGhO5 R e S RL bR 1 10
20 an angle B (FIGURE 8) of about 90°. The roots and crests extend in a linear

direction.

The elements 24, FIGURE 4, are oriented with their corrugation channel axes

at alternating angles to the flow direction f, Fig. 1. The corrugations form gas

25 channels there through. These channels are in fluid communication with each other at
the edges of the elements at the housing 20 peripheral surface. The flow pattern angle
may be at any desired value according to a given implementation as set forth in Table
I above at the desired minimum pressure drop. The gas entering the housing 20 in
direction 21, Fig. 2, enters into the channels of the elements and then is diverted at

30 angle o initially then at 2a thereto in the adjacent elements and so on alternating in
the direction of flow. This creates a turbulence in the flow. This turbulence creates a
pressure differential across the elements resulting in fluid flow through the pores of

the MEC porous sheet material..
18



the MEC porous sheet material.. 18 WO 01/28665 PCT/ US00/28473 In Figs. 6, 7

and 8, optional vortex generators 46 and 48 are triangular and bent from
the plane of the elenent 26 sheet nmaterial. The generators 46 and 48

al t er nat ewgtiziggsdi rection in which they project fromthgchusisgs@s t he
sheet material 5 as best seen in Fig. 8 The corrugations have a width w
The vortex generators provide additional turbul ence and thus further

b ossure differ ent | M FONG dbga apton orck Wpdlel Rl 4 e okt o

af orenenti oned bampﬁ-omahe pland 6l theShxeh6 268 4haet chatdrinl. The germcpatond i 460and A8

Fo. o Siruct BLERMBR: R AreTn in vHic G MR- CRBDAR BHS PLOF SISSEHAEIAl por ous

mesh MEC nater iagibest ¥8dndin Figh&r The tordiatioisChaive Rewidtow. bm&vorfemteﬁaamfsl ses

an array of |dent|cal ac el ement s 106, .1 10 ich are part

of a 15 | ar ger PEIvidgad klm%ulﬂce@ |@“#§§FFH§’W8@F%§’M%§MI

vortex generat gffhe mﬁc%&&m&&%e fieisubd differedidl ltRerélichis © TRIFENEiScudsed Shown

in Fig. 11, this is é@b of illustration, as_in practice nore or fewer
@ibrigi

el enents nay bt JyBEE the aforementjpnedn applisatione FICGHUSHY 10484 and its
el ements are SQ&’P&BMHP% B Bficln agenaT*NoS 09?&@“529%@&8&‘8%e%ya¥§&eﬂ% way of

illustration as a ment. I n practl array may al so
be rectangullar hereiny cul ar or any ot her desired shape in plan view,
conparable to the view of Fig. 11, as desired for a given inplenmentation.
The el enments are housed in an outer tower housing 112 which in this case is
square in transver sk Egc®j smucuﬁedwacldinmwm'gsa(fmhersdmhm)mmys fmed sifangul ar

or 25 circular |ntr se, sec as shown. far ex | e | odi nment s
descri bed her ePHRFY BFS %@Lm ﬁegﬁl\é aggﬁers ff)%em%: aeﬁsdori%h’iagdggﬁﬁngscfgf rom an
identical subai mi;eobid&:ﬁti@aﬂﬂdbkmlgldgemeh& 104f 106, 108 raad 11 Y0 edighose part pbaous
fibers as scribed h rrater al js preferably formed from
the materi i% gfé?ér?}{' E@ﬁ Iﬁ%gg\/g’h’ﬁ g’L‘ @rqugﬂallvﬁr%’ﬁge’ﬁgg Stents
noted in the latdﬁxd»ep&&l&”guﬁﬁbﬁlwmmmﬁle eﬂeﬂxemlaednsmm mTFﬁtg')l’lmpﬂhBtleﬁthy

{)fe f :I’ |e2$ Se::]eg gﬂ{;"llg:f‘rhexog,l gsnilél p]fa:ll'cétllcelz ?no?e I)I‘r F%er enlemerflts %?ag' breevpseg Sagc%trcing t gr tion

given implementation. Also, the elements are shown in a square array. This
configuration is also by way of illustration as a preferred embodiment. In practice,
20 the array may also be rectangular, circular or any other desired shape in plan view,

comparable to the view of Fig. 11, as desired for a given implementation.

The elements are housed in an outer tower housing 112 which in this case is

square in transverse section. Other housings (not shown) may be rectangular or

25 circular in transverse section, as shown for example in embodiments described
hereinafter. Each element 104, 106, 108 and 110 is formed from an identical
substrate blank 114, Fig. 13, of preferably composite porous fibers as described
hereinabove. The material is preferably formed from the material as described
above herein or as described in the US patents noted in the introductory portion and

30 which are incorporated by reference herein.

The blank 114 is a fragment of and represents a portion of a larger complete
blank forming each of the elements of Fig. 11. The complete blank (not shown)
19




Jblank_form ng each of the elements of Fig. 11. The conplete blank (not
shown) 19 WO 01! 28665 PCTI US00128473 appears as shown for the parti al
bl ank 114 wi.th an identical repetition of the illustrated pattern
ext endi nJAW284_ ight in the Figure (and according to BRCHUSR8473

I C rom bot.t mof t he
| ol eTent 2t lppdBY yE XS 6108 kg Y FI4 Yt TGl S pR i 8
optional thr ouﬂ)tsu-atedt}mttempexmdmged thogy rigittl incthé |FIt@.8e0 (&dla&c&rﬂh@&o&t glven 19
illustrated b I 116, 1 a | row
o dent) ol - YmBlemiES At 35, ex F%PI‘E‘H?’“TH‘?‘%&"SI’!I S tedon B dolie e ddie)  n &
tab 124 and hol e 126 di sposed between each of alternati ng pal (rjslgf
dj t faodd i I SO on.
'?’ajbgcig4 event uiallnleiﬁf ﬁ?«,@?ﬁ%@kéﬂ%@?@é&mrﬁu@ﬁ dlefl dhll9§g]?)w
herein. The hehﬁseﬁ:%nﬁaeby%dh&ﬁ@éat anﬂlﬁds@rémﬁkm ﬁrbﬁedm 118411%20'0%6

| ocat ed on formng fold line at whic thelncllnede

emanat es. Thel g& ?"’é‘fsé’r%c firstwoma 1 22 VIf{dﬁm!ﬁal fabs H%ﬂmbmen@@alahmum tiple
primes in thepblegungsare ORERASHh o QB“lt%Cﬁ{d RAE 26 ngooﬁafspl Wl Suéhhh fs a

first edge 128 coextensive with a channel formng as line
118. The tab abemating npirs of adieceatifyld s, mhehhmaldémw& 130 aéd3hendhannel

05 o 2 8,248 12 okl 0k ekl B Sl RS A

termi nate at héreimncherhgleatl26 ate afljakent thertip fbgﬁnalfmmgahxl 12d@nd 3. loddnei 6 p 132

Strai ght and PR SRR RRFIs Wit T ettt ot MoQemims i Binis 126
and 130 both mfaameenmmamsawmomrrmthom ptifesraae m.hlagehplﬁﬁe_ safn the ﬁ,%drespf t he
edges of the tabs 122. The tip 132, which is optional,
preferably |sre§5ﬁ§? %’I?C?l 5¥¥§1ngul ar for the purpose to be 25 described, but

may be othér shapes as well according to a given inplenentation. Holes 126
sQ as to pernit atip 132 of a tab 124

lightly | h ti 3
? {)ep:tslsgt he)r/et ﬁ; gﬁfg‘}#ﬁ% tag]é%jrﬁ?ﬁf’egr gﬂ?elzéf}??’&%‘(f with p C]éﬁnnﬁlh@ﬂﬂﬁlﬁsf‘)@M and

hol es of  rowide3uéH & Bhé IEITRS 8! 128/ hak @ d@h&mee&é%o ?e&}uéffislhéda%adt g ows 127
and 129 of tabs 124 and holes 126 are allgned paral
second channel fold line such as fold line 116 inclined to the fold lines 116 and 118

terminating at a distal end segment tip 132. The edges 128 and 130 terminate at
20 one end at tab fold line 160 along plane 133. The tip 132 has an edge that is
coextensive with edge 128 both of which edges are straight and lie on a channel

fold line, such as line 118.  The edges 128 and 130 both emanate from a common
transverse plane 133 as do all of the edges of the tabs 124 of row 122. The tip 132,
which is optional, preferably is square or rectangular for the purpose to be

25 described, but may be other shapes as well according to a given implementation.
Holes 126 are slightly larger than the tip 132 so as to permit a tip 132 of a tab 124
to pass therethrough in a manner to be explained. All of the tabs 124 and holes of
row 122 are aligned parallel to plane 133.

30 Additional rows 127 and 129 of tabs 124 and holes 126 are aligned parallel
to row 122 and are aligned in the same column such as column 134 between a
given set of fold lines such as lines 116 and 118. The tabs 124 and holes 126
between fold lines 116 and 118 are aligned in column 134. The blank 114 as

20



to row 122 and are aligned in the same col um such as colum 134 between a
given set of fold lines such as lines 116 and 118. The tabs 124 and hol es
126 between fold lines 116 and 118 are aligned in colum 134. The bl ank
114 as 2@{o\Whr8kké 28665 PCTI USOQ 28473 shown has al t er natamgsoodsrams 136,
138 and so on corresponding to colum 134 of tabs 124 and holes 126 which
are aligned i nshdven has alierostingzohwws 186,71 38re0d 30 0n conspending toeabmns13dofr ows

and col ums may,b i n n The
rows 122, 127 éﬁﬁqg@é %Fr@ﬁe%ncdkf ﬁ%ro%%%%w af'%i’%j?‘n’oli 124 and
hol es 126. TheModor FeWerasnch howve and 26luafns rmays bd ptavided 2aceondingAtd agévenn t he
alternate colums 146, .148, 150 and so on. Consequently , the blank 114 has
a plurality anﬁWEn% colums of the tabs 124 and holes 126 with the
tabs of a 1@ given set of colums and rovvs alternating in vertical and

PorLeoni s oS! Sl 1 1" e RS ELEE o MO R RS,

el ements, is.fosymM holy 1bsﬁﬂheﬂab§matp\halaiesswsmwhe4omt4w1dalmremthbh_e fol d
i nes 116 118, 120, 121 and 15 so on (Fig. I n alterg%*ngég’ggosme

di rections. Theltermase pelumpe 144, 44R. 150 and,s0,0m @Haﬁ?ﬁ\é‘f“ﬂhdh"q dat ed
structure. The@%&iﬁgﬁ%{gf&sm dofiBittd GBdhe RANRT E43dHIMOl R ALB! With BhePlaBd) of hEW

channel s 154 and so on. These channels face in alternating
opposi t e dilPecgivemset psgolpmmg and pyws afternating imyestical g horiaggtal pesitien With f ace

toward the bot Qb el SO SmalliF GhiARSmd S8vaRdnGhannel s 156, 161, 163

and 20 so on Tace in e opposite rection toward the top of the figure.
In Fig. 12, representative elenent 162 has channels 164, 166, 168, 170 each

having a respecti Velﬁlef‘gt en ggga e+ 0595?{&#?9‘% ‘Q?Lule %ﬁ&thelglém thzqs ahed 78 and

soon lying in pla endi ng rom ure spaced in
a nor mal 25 dlbﬁb&ﬂdﬁigthéh]&ﬂﬂﬁibs&z%nhﬁmal dbmﬁnbfdddiaes/\kilﬂ tl&LSQOalﬂdl am$2 and

channel has r

conmon for %éha??n‘éq 6% ?}gmfgag offﬂoe& FgFFSIRPS 4'8% E‘bs ofi ur]f’%}%l lf‘genﬁ f cal
channel s as segfanhélizéd Quasl-torrdatedobtnichee. eTlarstnicturefhapdditicgl pferahip
constructed si sr]ci‘qu%r1|t1yplavr\4 wcl,wl C grrl]rEe S %4 Cllggnpseé and so on. These channels face in

alternating opposite directions 159 (Fig. 12). Thus channels 154, 158 and so on

face toward the bottom of the figure, directions 159 and channels 156, 161, 163 and
20 so on face in the opposite direction toward the top of the figure.

In Fig. 12, representative element 162 has channels 164, 166, 168, 170 each
having a respective intermediate connecting wall 172, 174, 176 and 178 and so on
lying in planes extending from left to right in the figure spaced in a normal

25 direction. Channel 166 has lateral side walls 180 and 182 and channel 168 has
lateral side walls 182 and 184 with wall 182 being in common for channels 166 and
168. The element 162 has further identical channels as seen in Fig. 11. All of the
elements of packing 102 are constructed similarly with identical channels.

30 Prior to forming the channels or at the same time, the tabs 124, Fig. 13, are
bent to extend from the plane of the blank 114 to form vortex generators at
collinear fold lines 160 lying on plane 133.
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30 Prior to formng the channels or at the sanme time, the tabs 124, Fig.
13, are bent to extend fromthe plane of the blank 114 to form vortex
generators at collinear fold lines 160 |ying on plane 133. 21 WD 01/28665
PCT/ USOOPHUP865 The tabs 124 in row 122 are bent out of PCRESHMB of the

figure in oppositend tih @RS | rnat . so on.
Thus the tabs of cgﬂhﬁg lb%%zrdv{i'&gi L%#g&l@é%g#hgr@%ﬁgb%\eﬁ%@eééngp%ﬂ?ection,
e.g., out of tdirectibtnain altermtacelumhoidd, d36,H88 andwveon. Thes tha ebsiofi colalmsns 136
and 41 are be [ he osite 5 direction ogut of the ane of the figure
away from t heqéﬁ’e% andl.ﬁg g'éenémﬁé’hﬂ?ensﬁmesdgﬁﬁ'é%&g"so rOJp\}i’%IB‘H’“F%p Bs of
rows 127 and 3i&Wardtthe Wiewee. iThetabs &P oslumal UBBandafl hfecbénb s the opsisitd 22 SO
that the tabs of a gi VEE col um bent, in parallel directigns. 10

e_al
The tabs 174" dretionePh ok he Rigpenighe Azt @vay fromethe VAFWeEr TReS26 DGRHEE 146,
148, 150 and sequeficedis praviidediRd1abPaf Awsa27iafid i Pe whithRirdlin Be kaRe cdthimns
corresponding colljnear fold Iines 186 parallel to plane 133 toward the
viewer. They &F hejabyof 1o3¢ 122 &9 thatthefabs; ofiaseiven solpmmrase 28 bentingpagallel so on.
15 The tabs 13ftectithst he next row 127 are bent at their respective fold
lines in the sanme direction as the tabs 124' in row 127, e.g., toward the
viewer out of the plane of the drawing. These tabs are parallel to the
tabs of r 140. T 24¢ 5 Qf |.r. fold lines
188 in a gtllgl‘ ecti onﬁﬁik)a%gggés? tge?lgxéﬁgl L@;\\{&I@% a?jﬁgmggﬁémgt% c%[(;l\;\?rrgl{sllz‘l *and
140, e.g., inl48,di50cadi ssnomate ai bertepargilehine thef sanfeedichetion ay camesporidingn t he

vi ewer. These lLL el nd. bent i he ane direction as the tabs
i n colums 13851§§§ r?ﬁ@ l?%glskaﬁ%a Sgtor e'\?v“ﬂg’ (E\Orwear%ihet VIPK©t- ¢ ﬁée%%am rection
as the tabs opamibeldo fhiz2atard cdidhnt h34,188 swdew aol ums, repeating such bends.
The tabs of row 144 are bent the sane as the tabs of rows 142 and 140 25
toward the viewer. In Figs. 9 and 10, elenent 104 has a set of tabs 1241,

124,", 1245 ", 124The faBd 124vbfkBSnéxd rendnNate tebdtat thEE rdspbisivé 2414 lindgdhl ", and
121 all extenrc_jq in the sanme ﬁ“ F?Scti%),n_, for exanple, from channel 154
connect i ng waf1® 185 GHREWPH MO HERNEE 1BOYH2)> Fhe i heovigwer gi@fthes ext end
fromthe sanmeplané 6f tht dShalgs. iBHleke taBs &re pardllél@o WRltAbs of row 140.

The tabs 124" of the row 142 are bent at their fold lines 188 in a direction
20 opposite to the bend of the tabs of rows 127 and 140, e.g., in a direction out of the
plane of the drawing away from the viewer. These tabs are parallel and bent in the
same direction as the tabs in columns 136 and 141. The tabs of row 129 are bent in
the same direction as the tabs of rows 122 and 127 in the same columns, repeating
such bends. The tabs of row 144 are bent the same as the tabs of rows 142 and 140

25 toward the viewer.

In Figs. 9 and 10, clement 104 has a set of tabs 124, 124,°, 124,", 124,’",

121 and 123 in channel 154. The tabs 124,, 124,", and 121 all extend in the same
direction, for example, from channel 154 connecting wall 190 into the channel

30 154. The tabs 124y, and 123 extend from the same lateral side wall, e.g., side wall
192. The tab 124,’", however, extends into channel 154 from the opposite lateral

side wall 194. The tabs in plan view along the channel 154 length, from the top of

the figure to the bottom, in Figs. 9 and 10, interrupt the vertical channels and thus
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192. The tab 124, "', however, extends into channel 154 fromthe opposite
| ateral side wall 194. The tabs in plan view along the channel 154 | ength,
fromthe top of the figure to the bottom in Figs. 9 and 10, interrupt the
vertical efpsingées and thus 22 WO 01/ 28665 PCT1US00128478cTistorser3sol el y
tortuous generally vertical path for fluids. No open continuous vertical
linear fluid pé&rn asoklmitdriiohe gahepally vértical ipatin&ir fhaidsyt ANp Ppen eonfinuéust he

h | s. he t. Ny h . i ' i '
mage or i ant aPFOReL: e it B gp BRERIEL Aol g i b Bend 43 @6Cet ey 100

tortuous bl ockclgnelst errupti on of the vertical linear path by the tabs is
best seen in Fig. 12a. Representative elenent 162 channel 166 has an
uppernost 10 tab 1242, a next |ower tab 1242' and then a still next | ower

tab 1242" asd so onThétabshiaWhe mxpopidsie fafing ahdnnell 1561@ret b minvreiages a
portion of the qQther tahs in th c nel. In the, n view the channel 166
is totally bl Oeggggaqyyt?ﬂgtglgwg,cﬁg)gegﬁgaékpstsmugﬁ@% annel's, in the
vertical direction normal to the plane of the figure. Thus no |inear

vertical fluid path is present along the |lepngth of the chanpel 166 (or
channel s 15 154, 15@emowow&wgwpwb?f )V.eﬁl;&iﬂs‘&ea'e%@h Y& s B gi ven

channel ‘has ong.edag inFP{i%rlQQf RePiedéitiive eRnithfl 1 GDEHahhé1 A 66 ha$188 upperbar al

side wall or a connecting wall. The holes 126 each recei ve a ti'p 132 of a
correspondilflg tahld24Femextdawpd tab 1242haid then a still next jqywer tabol 245" angdiso ep4ASext ends

through a hol eﬁ%&bi@rﬁog%&géﬁgfcﬂtofctﬂé‘gaﬁﬁ!ove&lgs é_glﬁ)rﬁ’én Qﬁﬁggd.ntgfiec%ssﬁ% gent

1102. Atip 13 extends into adjacent c el enent
162. A tip 132&anndl. tmkhelplaPviewxhedusndl 166 intd}adly dhackehbin fheltabs] asoge all

el ement 162. The,tab tips. thus L hr r LN s 126
of the channel oﬁ}g? %’Pelfhlpég%‘erﬁééé ﬁg%tlé%élﬁ#%gﬁ%ﬁ%gfa% gf&glq%q}oef g?ﬁlghtgabs. 25
The tabs ext entndagvérticahfhmid pathh ésrpresdntellangabaleagthiofi thevehbinel $6fclor alsannely 1242,
Fig. 12, attac 11,174 of_.el 16 xt end

through thd> nbre 12438 FonBFiEdBr s eaers 5 1 RevshPBb A ohioe

el enent, such g@gresfadjackfifto a6d alnitenpeeitherddBferal bidesatifor a pamrectig wilk t abs of

el emrent 1102 extend into or toward the channels of the elenent 162. Thus,

the tabs of each elenent are enployed for 30 substantially cooperating with
only the channel s ofhdiés RbeaetectiOc PLip\B2Gf & Berresponding tab. For example, -

in Fig. 12, a tip 132; of tab 124, extends through a hole 126 into adjacent channel

20 196 of an adjacent element 1102. A tip 132, of tab 124, extends into adjacent
channel 198 of element 162. A tip 132," of tab 124," extends into adjacent channel
1100 of element 162. The tab tips thus extend through the corresponding holes 126
of the channel thereof into a next adjacent channel for all of the tabs.

25 The tabs extending from an intermediate connecting wall, such as tab 124,
Fig. 12, attached to wall 174 of element 162, extend toward and pass through the
hole 126 of the connecting wall of the adjacent packing element, such as wall 197
of element 1102. However, none of the tabs of element 1102 extend into or toward
the channels of the element 162. Thus, the tabs of each element are employed for
30 substantially cooperating with only the channels of that element to provide the
desired tortuous fluid paths. The tabs of each eclement are substantially
independent of the channels of the adjacent elements, notwithstanding that the tips

23



desired tortuous fluid paths. The tabs of each el enent are substantially
“independent of the channels of the adjacent el enments, notw thstandi ng that
the tips 23 WD 01/28665 PCTI US00128473 132 of the con %@ﬁ &@% t abs
cooper at¥OAY¥2886%crj bed with the connecting walls and c 2 t he

adj acent ele 1§§%ﬁ WERh v the

pl ane of the a‘?tfkthggg ) %é&t%g%?@egéﬁégéeﬁgﬁ?@%?qﬁ:%o@hanrge‘fls next

adj acent to tdnd chenrelsuf theddjacknt elembdngs. abut t he housing 112. Thus the tabs
at the edges of the structure array 103, Fig. 11, do not extend beyond the

structure so as to not interfere wwth the housing 112 interior walls. In
t he same manner, tTe ﬂa‘adosz4aindim E2g#re ot bmtmragffrcmindxe piammoitlhed)mikS are

ol es. 126 o e FE JAGEF Biobe xollE SE e St AR 10 e ha iy o

hol es 126 ar ewslp dbab tHel housifig 1 DY e ThiisOthp by iatl thecbidiges 61! thevsticture iafrdy d 03,0
opposite sides of the respective, channel walls to enh nce |UId contact

t hroughout  t HEi8phbigomgt exteribbeyend the stryctupe 80 3540 1ot 1 Ccross

15 communi cat i PYinp@loeSwaRd I fhe! dakR MbfnePPiicOdBd af fe édge snms@ntf tH%VEﬂt ion.
The hol es 126 al so EFOVIde fluid commruni cation anong the chanpels in

di rections trémstues $@3 erﬁe10t/bmt|h9mndat}ap§>19@ﬁ qfﬁ’éﬁ%t"‘?’tf%"@ﬁlﬂﬁ@”f"a‘]‘ Higure o
course, (g PPORHBORGA AERSAS S SoHFRIS,sheel malerial formed by

bendi ng the tabs out ne of the sheet rmaterial provide major
fluid communi cati on bet ween the channels in a transverse direction. These

openi ngs and openi p]SZIQ%?%% gsrleiégﬂ{f?ge“df@@e{?f’f"(}%f Hflﬁﬁ%g‘ﬁ@ﬁﬁof* nterior

channel . The elene s ‘of suc nts
104, 106, 23idi@dto mmﬁbsammdss)oﬁﬁte raspeciiveettenadl | wallseto Lanbahce dhjud lvemtadty spot
wel di ng the cQr nelsa th bottom array 3 ends.
The vvelgdl ng i EI f’?‘gn F paa§ ‘iughen‘%lﬁ rrgv BE afmgﬂs’f FSRFPE 15955¢) osel y
into the tmvvecrontmtﬁd:amgghalzsérEltgehRelareopmhahﬁirdxdp?eq@haneerﬁmnt he housi ng by
friction or by other neans (not shown) such as fasteners or the |ike. The
el ements may al so be secured together first by any 30 convenient fastening
devi ces or bondi ngrieestilesn2d hls pesvide NEidsdaansienidn tahhgtthe chaniRrinof t abs

_I n a channel c? pe(cj:ugrgetlra[nsverse the vertical axis of the structure array 103. Of course, the
openings in the structured elements sheet material formed by bending the tabs out

20 of the plane of the sheet material provide major fluid communication between the

channels in a transverse direction. These openings and openings 126 may be

formed in all four walls of each interior channel.

The elements of structure array 103, Fig. 11, such as elements 104, 106,

25 108, 110 and so on, are preferably secured together by spot welding the corners of
the channels at the upper and bottom array 3 ends. The welding is optional as the
elements may be dimensioned to fit closely into the tower housing 112 (Fig. 11)

and held in place to the housing by friction or by other means (not shown) such as
fasteners or the like. The elements may also be secured together first by any

30 convenient fastening devices or bonding medium.

It should be understood that the number of tabs in a channel and their
relative orientation is given by way of example. For example, only one tab, such as
24 '



relative orientation is given by way of exanple. For exanple, only one tab,

such as 24 WD 01/28665 PCP/ US00/ 28473 tab 124, "' in channel 154 extends
fromthe lateral side wall 194 into channel 154. In practice, nore than
one tab wyaodrsgss end from each side wall into each chanmdT/usebi28473 t he

sequence of tab orientation, ., which tabs extend froma given wall in a

vertical sequetabel24i’ ilacl_mmﬂyl%&gytegds oo the lateral sidgtvrall 1 Yrintorghannal 184.may be
used 5 accor dkpeﬁgétg-famgfe"tﬁﬁx dife wgﬂpfseﬁfeg? ﬁ%}ﬁxgea&%i&é G&% %\{tﬁ REdH cHahndi Ne

el enments and t 1'ng array channe array 103 1n practice may
vary from t hat Addopthe sequiencexifdatnarientationte:g, which taligexsend fidl algjventvealkinat or s

Vol ums. t har coP i dgERdE Hof Ky et SR of R bricllol® Pl fhed. 1 5

required tospeadcording toa gheesnineedl process as di scussed herei nabove in nore
detail. The structure of Figs. 9-13 is described further in the
af orenenti oned PCT application PCTIUS98/27699 incorporated in its entirety

by reference her ei nruriifer, lthe Vérfical lekgth dfbthaRldmbhts afd €l palclfing afrap Rharinels
structure or heat transfer nodul ar acki ng 2028, acgordi ng .t.o iven

i npl ement at i on°f the aﬁ"la&ég%i “hﬂaﬁF‘FeymPYleéryt : tha?é‘ﬂ?% f]g?gll‘ﬂgel! I@éb%a@f t he
tube 202020. THGerRBfdd B0 thedRedBrs AAFIIVEIOMP i gifendimpidnitiitaBioR A6 deieBifiled et of
porous nesh or screen naterial nade of nmetal or other, fi bera_#The i ber

material ndf athsotype afeildifs cvolymess shereodr BOW BieSanipoosdinsi #sk P Felatefler eof .
The nodul ar pgﬁ#ﬁ:ﬂ&érszx@&lﬁreﬁrtﬁ 2‘(‘)%%% tlsé‘ dBiRh §rédaby a BidbilsbW0néretnatioveSa! Y

spaced rel ati I'n the tube ) bore. Representative nodul ar packing
2028 conpri sesmaresdetail. ThststrectursfoftRigs. 9ddrindescriadHfurtbar dn thel aforpmentignsd

material, Fig. %é'? 18 ﬁlfcﬁ{é&{pgggflﬁb&?gé% ihg&r]]'g&gtt%gﬁ'gi]ts dexﬁa?bt)zgﬁ;efergxgc%%e?éﬁg SO on

at one side 20 i'ng | mes” 2030", 2031' and
2033' and soon at the opposite side of the 2036 tube 202020. Fold Iines

2030, 2030'15def [ neall%ﬁ]%sglrf%rH§§l%tli6;8§%?§,§os§[fggr€§ﬁgwee& %E%{ééﬁfgrg@gnar anar

sheet nesh “materi I nes orman a
section 2040 opacking2028psenidiig toSe @iveorimpROBBtation) 2 pA@ed axinlly iflaufullef | ow

Fig 14, The 7020 o Pedrieghobfertibt 207 PPou T PeeRREr 2ipt fidn SulBibs 20, o°F o
turbul ence as shdlé ohe pites sheebeftboatd méshorfsb@ws material made of metal or other .
fibers. The fiber material may also be ceramic, glass, carbon or any combination
20 thereof. The modular packings 2028 are place in preferably abutting (or closely
spaced relation) in the tube 202020 bore.

Representative modular packing 2028 comprises a single sheet of the

porous mesh material. The mesh material, Fig. 16, is folded at fold lines 2030,

25 2031, 2033 and so on at one side 2034 of the packing 2028, and at fold lines 2030",

2031' and 2033' and so on at the opposite side of the 2036 tube 202020. Fold lines

2030, 2030' define a planar section 2038 therebetween of the flat planar sheet mesh

material. Fold lines 2031, 2031' form an adjacent planar section 2040 of mesh

material. Sections 2038 and 2040 form a fluid flow channel 2042 therebetween for

30 fluid flowing nominally in direction 2044, Fig. 14. The actual direction of fluid

flow in the tube is complex due to turbulence as will be described and also flows
inclined transverse to the tube longitudinal axis defined by direction 2044.

25




dnclined transverse to the tube |ongitudinal axis defined by direction

2044. 25 i WD 01/28665 PCT/ US00/ 28473 The regi on between sections 2038

and 2040 b‘é vva% of exanple, between fold |ines 2030' and 2031' fornms a
general | VAU gl ar internmediate tube i nterface 2046 PREUSAOABST s t he

t ube 202020 i nner 2048 |ch are
representative of ?‘Héi%?l en%wﬁl o%%{é ns ”%)gg&g%g?@(g é’t‘ﬁ?’ng p}ueeli’ﬁtéi‘@ﬁng 2028
5 are paral | elfolddicesp2038! anel 2030' foims angdmrallye'edta@ahr maﬁﬂcdlamké nﬂerfaes a

result there r Q48. o ra.IIeI ct|

term nating a?&éplhfc ’h%X %’ r‘}ﬁ"hg"g lflﬁ?re aﬁfﬁeﬁ? 1’2?3% ?%@%f t he
adj acent sect mmunhir'hmpresbmaﬁmisfaheoﬁdntaﬁbﬁaﬁme oﬂﬁuﬁécnaﬁs mﬂh@psfcaih 20946 al |
abut an in sur f 2020 in preferable ther conductive
rel ation. %ﬁe q@ﬁ@“‘i’(ﬁ’ﬂﬁég" & OTepFreNoRsI the pp %ﬂo’é egylt theredpanr e gl |
i nt er connect edmigs 20490L pithlfd] Redtions Cdabi Geo%@ﬁ@éxﬁﬁ%n@)ét fa%ﬁlhhé Rhigg g AN

I nternmedi ate |nterface, such as interface 20 array of sectlions such

as sections 2igtacs withths foid }H‘%1°§§?er%‘9%ﬂ‘d$%°n aﬂ?ﬂayntsnnqdnm interfagasel s
such as channghchZ34Rteyfabe Do A1 At aHaln?éﬂsﬁ}fa&fonEQ?J 'io\éoich War o

transverse width in directions 2050, . Located in eac
t ur bul ence gefheraelgondugtive relagm. mcm SB@S%SS sectipnsc3038and 2040 emhsmel

2058. Theggva t fluid
low it o) on I RpeakBEle 38, o A8 it kol BT RIG Met B dn
angl es. The vintamedigtéiinteface, Nahwdmtcrﬁacngom on the vanes transversel y

agai nst the tube 2020 inner side wall 20 surface to optim ze heat transfer
to the tube. The vanes 2052, 2054 and 2056 are just a few of the vanes

attached to sect i ofihe @rdyasf stdtions wehas satiens 7038 pac 2OKO fotrh grROREpoNding t he

vanes 2053, 2 i.n t I low dire 44 of the
tube 2020 in %?a e%&%&aﬁ?ﬁf}?c}ﬂﬁff laiQd'? H&é‘lf}‘faé%?elfiwa@ﬁgg?“&fa?ﬁ'ﬁ@ edge of
t he packing ssamfe temsveaseesid®Din diretibnd @650, Fig. 9. Lb6ted i cath éHagfdrate conduct i ve
contact 25 wi tub 2020. The mpdul ar packing 2028 is

he i fa
thus a zig-za é‘%"g?"l%ﬁlé?{f’?émfs‘érna%@%?ni%ééﬁ P Tor£pmpls inFhannd 2988 hat

rectangul ar cligewigksarkQll iRdined¥: Bb@ANBP wih céspedt $o ARAIIHEY AREIRL 9044
i nterfaces. Ht‘}go ter d| ate interfaces are at angles to the plane of sone
0

of the secti ‘6 2049, butpanpedpslingd ﬁfd?ﬂ'ﬁfr@ggles The vanes redirect

fluid impinging on the vanes transversely against the tube 2020 inner side wall
20  surface to optimize heat transfer to the tube. The vanes 2052, 2054 and 2056 are

just a few of the vanes attached to section. Other like vanes are in spaced

alignment with the vanes 2053, 2054 and 2056 in the axial fluid flow direction
2044 of the tube 2020 in a vertical array. Either an interface or vane (at the edge of
the packing such as vanes 2057 and 2059, Fig. 16) is in thermal conductive contact
25 with the inner surface of tube 2020. The modular packing 2028 is thus a zig-zag
structure folded in accordion fashion with somewhat rectangular channels formed
by planar sections and intermediate interfaces. The intermediate interfaces are at
angles to the plane of some of the sections so as to mate with corresponding
curvature of the tube 2020 inner surface as shown in Fig. 4.
30
The configuration and layout of the vanes 2052, 2054, 2056 and so on is
best illustrated in connection with figures 17 and 18. In Figs. 17 and 18, the
orientation of the vanes are different, but the dimensioning of the vanes is the same
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curvature of the tube 2020 inner surface as shown in Fig. 4. 30 The
configuration and | ayout of the vanes 2052, 2054, 2056 and so on is best
illustrated in connection with figures 17 and 18. In Figs. 17 and 18, the
orientati gpdhsége vanes are different, but the di nensi opcrpssefsisse vanes
Is the sane 26 WD 01/ 28665 PCT/ USOQO 28473 for a given tube internal
di aneter as t hefor al givénviebe intemaladimneatents theearelatine oriertationt of theivanesais dodbr a

given tube, the gorientation af all of the ules prefer ' e
sane in a corr ¢SHSHIChY glvt?Bé&ber-ﬁ‘ﬁé‘?@f‘t,ag?’hgg%ijPtﬁfﬁ?@esﬁgf%g&%aeﬁgs@pmi ch
may be about 4amleGn lah@riesopding tibealHavwdver, die drientdtioh of thieyvanks which miay f er ent
for a given 5 set of nodules I.n a tulhe accaording t Lyen .

i npl ement at i on.be3bop 4p t‘l%?e lopgimydinal axis I"g W‘é%?‘g%gﬁ?%%b‘%%ﬁ% for2.81& 2062,
2062 are forgede Fmiduld B fibelabming B fgier’Biplemdnttionesh material to be
descri bed bel ow. Representative sheet 2062' is an el ongated rectangul ar

sheet of fiber nmesh material. 10 having two parallel identical |ongitudinal

edges 64 and paral | %F?']g%ﬁhﬁééid&{l{éaﬂ‘éaﬁﬁgul&%k shedts 4063, 2062"iafe fdiRed! ank
2063 sheet represent through cuts. The blank sheet 2062" has a BI urality

of aligned sectafowise 20688, from7a blask 20632 thenmesh meateriah tg bq deseribedy pelgy. The
sections have dj bl t vl; I !

di mensi on acr O%&Eﬁéﬁ%\ggﬁ%ﬁ%@ﬁ% rlﬁstéel?%g?éa | e{rgr‘gt er Sfrlé}% hgtﬁbésréﬁg iﬁgtﬁaie?glée Fi g.
16) . The 1510 nthavingdws paraliclidentiealiongittingl gigess &4 endoparallet iflentical pacdedegt es
2074, 2076 and . JHhe i I I Lt eTRi he
Cube 2020 as. s dEgs e AR 0T heot R InBRBp Bl TR HBR, Sheel €
in section 201062thad s phoalithef hiégngt kectidhn2068) 2070cind 2082 bhdasekomaingk weat | ons

fromleft toright in the.figure... st .se I.n_Fi ' 0104
the vanes such &Yy aififsSSBEY naYh er?gelﬁ%ﬁszgg At gpm pornégg%#}%t ?J\llrgoése%t i on
2086 are i dent igmbknsidithckdas fRAuIB2020 imetghl dianheaer fROMBL sedtioma(seeXGH.0 6A.NTh 092

or ner of 1 ke SRETRGR eV ERT T SRR RRRIES 2 SO R T e g0 e fig
di agonal oppositiR GRHAES MEmaRCdd eppoSife §ie dihme Subve220 asahesn 209, d6d 2092,
il et ot | on e vanes art rmied by ots 2088 3Tk, %4 iof S L M0 L'l 18HghP" 20
dimension of the blank and sections from left to right in the figure.
As best seen in Fig. 18, in blank 20104 the vanes such as vanes 2080, 2082
20 and 2084 in representative section 2086 are identical and formed by through cuts
2088. Vanes 2090 and 2092 are shorter than vanes 2080, 2082 and 2084 as they
are located in the corner of the section. The mirror image vanes 2094 and 2096 in
the diagonal opposite comer of section 86 are the same as vanes 2090 and 2092,
but in the alternative may differ from each other according to a given

25 implementation.

Cut 2088 has a straight portion 2088' and an angled cut 2088" at one end of
the cut and a U-shaped cut 2098 in conjunction with cut 2088'. Representative
vane 2084 has a foid line 20100 shown by the dashed line. The fold lines for the

30 vanes in the other sections are not shown by dashed lines, but are intended to be
included. The fold lines for all of the central sections in blank 20104 excluding the
two opposite end sections such as section 20102 are parallel to fold line 20100.
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.Cut 2088 has a straight portion 2088 and an angled cut 2088" at one end of
the cut and a U shaped cut 2098 in conjunction with cut 2088'.

Represe ﬁ Hz& vane 2084 has a fold |ine 20100 shown b¥ t he dashed |i ne.
The fol d %% or the 30 vanes in the other sections aPEVHSV/28#3wn by

Uhe contral seot i or rotRrai cayhiohiat By b Re Attt pld B3 2bRle, " ©

sections such QQZQéQﬁbmemt@mna%SQMdeﬂdlm SaubnﬂZDlDGamiZ(ﬂD@(fonﬁ? VO

cuch as fold ITRERCSRd freckif 200 REa iR, K hRppRE S0 TRe eiRA0ls | "

Sect i ons 20106s betee@0fbbBlies 20114 mﬂ@onrwom@ebmeek&mezapﬂsl&dtMG aﬁuet ween. A
further internediate interface 20112 is between fold |lines 20114 and 20116
of respecti e 888t i ons 20118 and 2086 and 5 so on. The vanes of end
section 20102 are di fferent then the vanes internedi ate the end sections.
The vanes 20120, €0122 g 4, 20126 and so on of the end section 102 are
thi nner in transvas ¥amefjofiend seetign RQ1Q2 g djfercntthen fhe vapeyintermediate thehese 10
vanes di rect | ynaBebtiohdeThdWilies mrzbaz@zgfzdlb@ édibégﬁpgb émsmégg{e Bf

curvatures that nmatch the curvature of curve nner sur
t ube 2020. Thd§2 agslrinnerin:trapavepseriidth; and b@pmwedwmemhsdm%&&a'ﬁwezom

2057, for AxarRph& dnle@tl)F bt tHeBinner WA A R Eglqd &%?e%re by ARV, tﬁre?%é ematic

understood that the draw ngs are not to sca are genera
in nature to @g¥hthe thwmﬁdhplcewedanMrsurfamoﬁﬂmvmue 2030. eXEmse end

di mensi onal r f packi.n d tube
2020. Bec aus% &elq}\aréér%ecg }%ﬁ) ﬁ %fn{ gm% ey rte ntaner’??é)% ﬁ’a%osza%ﬁ ’ﬁﬂgpl?%?g:n 6u
14-16, are i mﬂd«lhe@a@mai@l& Jit stioultbbd undetseoddahgithe diawirlgs axé Sotab st:ehe t ube

2020, these v ct fluid. a nst t | nner, surface of t, e t ube
wal | to maxi mgg(gg%%b eraﬁl ?WI%H‘ ??8%\6%? RPlpiRy E? prapeiRes fafhst BRRATRFLe t o t he
tube. The hﬁanexaoﬁﬂmn&b&ﬂtrdaﬂuﬁﬁ@ﬂthepdﬂﬁtbﬂf Semélits bfahe okﬁigSand k- 2020.

turbul ence, which may maxim ze fluid flow through t mesh of the
substrate material form ng the nodul ar packi ng 2028 as wi |l be described in

nore detail herei nBedduge fife $inedRF BeidafferBR GBI Ry ickh{é§2§2§3|thsthf 6,34 ©
normal | 'y does o%%exhl EI t fluid flowtheret hroug when 't he pressure

differential y 8545 o the pengitudinal prisf dhe thbe %u@e%%@n%ﬂib or a

smal | val ue. dn'ect fluid against the inner surface of the tube wall to maximize heat transfer

20 from the interior of the sections to the tube. The vanes also create local pressure

' differentials, i.e., turbulence, which may maximize fluid flow through the mesh of
the substrate material forming the modular packing 2028 as will be described in
more detail herein. The mesh material because of the small pore size normally
does not exhibit fluid flow therethrough when the pressure differential thereacross

25 on opposite surfaces is about the same or a small value.

The size and spacing of the openings in the mesh material of the sections,
preferably in combination with the vane turbulence generators, are optionally
selected to obtain a desired bulk mixing and pressure drop through the mesh of the

30  structured packing, although such openings and generators are not necessary for the
present embodiment.
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The size and spacing of the openings in the nmesh material of the sections,
preferably in conbination with the vane turbul ence generators, are '
optionally selected to obtain a desired bul k m xing and pressure drop

t hrough t MO ote86650f the 30 structured packing, although BEEHSWE&Bngs and
generators are not_nhecessary for the, present enpodi nent. 28 01/ 28665
PCT/ US00/ 28473 ThEhe ﬁlwml?%ﬁ‘%wlu/i p¢ %éﬂﬁs@cwr{ﬁerasw? ﬁ°r‘§§p PYEE t he
fol I owi ng exagpinfies; RAWEXEE the $ddBe SE@P Bredént iv@ntivrFis @6t inteRdeoi belintitednot
intended to be [imted thereby. 5 Exanple 1. A NO conversion catal yst
conpri sed of themdXture of transition metal oxides is ground in an Eiger
ball mll for five mnutes -at 4000 rpmto nmake a slurry of 19.6 wei ght
percent solids to produce a nmean particle size of 2.4 mcron. To this 10
slurry m xtSur Examplelght % of Nyacol alumi na sol was added on the basis of
the solids weight in the slurry. A Hastelloy X mcrofiber sheet of 0.4

mllineter thickness and 90% porosity was forned into a honeyconb
structure that wasAtNEp convasionl cafalyist comprisel ofr § mirsure of trpsition metalt | ng of

the structure. .The excess S|y pn .ot L,r knife
treatment at 8% %Fr'sﬁ’l:oélgim‘g’.#‘?ﬁ’)ébag{hrn I ﬁﬁﬁé}@ﬂ%%@é@ﬁﬁﬁ%ﬁg?@ ior to
coating and 702B.§weight pdrtent salidato ppdaceck reapi pagticke siZeddf 2.4Omficyen. Totthisr , t hus
giving a i ght per.cent,.pic of. .15, L.ght _.per.c | >
honeycorrbvﬁasgf’ﬁgr‘imé'b‘é"t %y%ﬁ%8ﬁﬁy€f%eaﬁlﬁg S?lh‘g&sg%dg?;ﬁh iﬁ? ée)ailr;gl?ﬁ)val - of
slurry from t baide arayecibthe hurne| & . Habtetlog €X anidrofibert shregt 0E DA nelimetera
honeyconmb with_a weight of 8.40 gr ich yields .a saml f 26.9 weight
20 percent. kaﬁﬁﬁseﬂ“ﬂgﬁoéy%?ﬁﬁws‘??s?g?‘ﬁ%’gmoﬂ‘ M‘gl.eyfné%wgﬁ% Egﬁ% g‘vev’eli ght
were coated astddesia ihkedurinmiiing b9 dEsTEdating Beitht Beudtire aThe/edcgistslupgrinent  of
these two sanple were 27.9 and 28,6 % These sangl es were, used for

o RRHATR A0

catal ytic evathszhpanslsgvas 1qmeved Ryl knifp teeatgient pty BELUAE were
shown to bg etavfefgﬁéd A Eﬁ&ﬁlp)‘i&  cohfifig 4rRAMNFdrai aftéeoatitiy and aAfineatA20

°C for 1 hour, thus giving a weight percent pickup of 15.4 weight percent. This

coated honeycomb was then coated a second time with the same air knife removal
of slurry from the honeycomb channels. The second coating resulted in a
honeycomb with a weight of 8.40 grams which yields a sample of 26.9 weight
20 percent. Two more honeycomb structures of 6.32 and 8.43 grams weight were
coated as described in this example and the final weight percent of these two
sample were 27.9 and 28.6 %. These samples were used for catalytic evaluation of
NOx removal in a simulated exhaust gas and were shown to be effective catalysts
for removal of NOx.
25
Example 2.

To sixty grams of the slurry mixture in Example 1, sixty grams of water
was added to dilute the solid content in the slurry to 9.8 weight percent. A
30 honeycomb of 5.87 grams was coated with the 19.6 weight percent shurry of
Example 1, and dried as described in Example 1. This honeycomb structure was
then coated a second time with the 9.8 weight percent slurry, and air knifed as
described in Example 1. This second coating resulted in a final loading level of
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To sixty granms of the slurry mxture in Exanple 1, sixty grams of water
"was added to dilute the solid content in the slurry to 9.8 wei ght percent.
A 30 honeyconb of 5.87. grans was coated with the 19.6 wei ght percent
slurry swoad2aeqsl e 1, and dried as described in Exanpl e PCT/US60/284F0neyconb
structure was then coated a second tinme with the 9.8 wejght percent
slurry, and2h2weight pergentsThig sample wasjused forcatabytic eyaluptionofNOx Fremevght i ng
resul ted inyp, tinfadted ARG 8 wal showiPtohe B EREE0E RGP RIRGAY3  21. 2
wei ght percent. This sanple was used for catalytic eval dation of NOx
removal i noBNOxpul at ed exhaust gas, and was shown to be an effective
catalyst for renoval of NOx. 5 Exanple 3. A second batch of the catal yst
was ball mlled as described in Exanple 1 for 5 mnutes. To this slurry
was added | Exemplet3. per cent Povi done (PVP) (a water sol uble pol yner product
by BASF) based on the total slurry concentration. To this 10 slurry was
added 5 wei ght percent Nyacol alum na sol based on the solids content in
the slurry. The Acdecairi bawl efithe walalysowadbdlbmilted2:s. desevibied it Ezemplentt . For two

honeyconb st.ruyct ures e fromthe rof.iber materi.al in anple 1,
dip coati ng"f TOYTes- g@ﬂﬂ%ﬁl’éﬁﬁv@a u‘@@ﬁﬁé"’%"t g‘&“@‘?‘l‘iﬁﬁ% Lao‘ﬁ? ning 20.5
anfl 19.8  weblghle ppBie Bioducd ByﬁBAsF)tlﬁEediﬁyir}]lBg%talt sldr?P Coricaritrdlioh. Twthis ﬁnd
calcinatjon at 500C,15 for, our. _To ir neyco structure this 23.1
wei ght pé cé]Hffyé’t’ﬂﬁ_raﬂée‘iAé&eléf Pereey Nm@ﬁw%ﬁfg%@s‘%‘e%r@ﬁwh fgotRe coat ed
product had i HeOash OTHeL3thids @bntdt: vas FBhdIES bESBACHeight! PASESPOPIWRS Wer e
used for catal ytic evaluation of NOx rempval in a sinulated exhaust gas,

and were shdoeyeembeatrestvss made fiom Ge yaicrofiber mpterighvused &t Exapanle IodirExanpl e 4.
A packi ng OEoe&iﬁig Jrahis 941189 ﬁﬁ%?%ﬂgédr%w& h QBsted'BRHATB M ntaidfE 66 9"and ! 19& React or

width 0.05 m Reactor de(sat
weight percent solids after drying at 120°C for 0.5 hour, and calcination at 500°C

15 for 1 hour. To a third honeycomb structure this 23.1 weight percent slurry was
diluted to 17.8 weight percent, and the coated product had a loading level of 16.3
weight percent. These samples were used for catalytic evaluation of NOx removal

in a simulated exhaust gas, and were shown to be effective catalysts for removal of

NOx.

20
Example 4.

A packing of the following specifications was made:

Reactor size
Reactor width 0.05m
Reactor depth 0.05m
Bundle height 0.09m
Bundle volume 2.25E-04 m’
No. of bundles 2
Sheets/bundle 10
Reactor total height 0.18m

Reactor total volume  4.50E- 04m’
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Bundl e height 0.09 m Bundle volune 2.25E-04 n8 No. of bundles 2

Sheet s/ bundle 10 Reactor total height 0.18 m Reactor total volune 4.50E-
04n8 30 WO 01/ 28665 PCT/ US00/ 28473 Packi ng specific 500 n2/nB surface area
Packi ng mayeoi/mkesti ber di aneter 12 gm Sheet thickness Opgrgnedserosity 90
% Material 316 Stainless Steel and the catalyst coated in the foll ow ng
way: The DeNOPackingbpesifionas grous@mfAl a ball-nmill to an average particle
size smaller ;tn[}a ai gm The catal yst was mxed with water in a weight
ratio of 15: 85" a‘% ¥d honogenized in a ball mll with zirconia balls. The
pH of the slurry was adjusted to 8.5 by addition of anmmonia. The slurry was

transferred t coatitnlq bat h whi ch contai ned two el ectrodes connected to
the positive 3’6‘%’?%’?"5 ﬁlower supply. Each sheet of the bundl e was coated

separat el y. TiFibes Ginaietanas pl aced 12vantically parallel to and at equal

di stance from_each .of the el ectr% es and 10 connected to the negative pole
of the power E)"ﬁl cknest coat | ng eposited at 9V for 30 seconds. The
sheet was tak@grdsitpm t he bath, amghedried in air at 100C for 30 m nutes,
after which it was_calcined in air_ at 500C for 30 m nutes at a heating
rate of |0C/ mMateril Exanple 531GH@inkss Bisehance of a novel Selective

Catal ytic Reduction (SCR) DeNOx catalyst structure of the configuration
described in Exanple 4 was used in a standard DeNOx activity test using

t he fol | owi ngaebihgicatalysicoated in the Sallodng way:

The DeNOx catalyst was ground with a ball-mill to an average particle size

smaller than 5 um. The catalyst was mixed with water in a weight ratio of 15:85,

5 and homogenized in a ball mill with zirconia balls. The pH of the slurry was
adjusted to 8.5 by addition of ammonia. The slurry was transferred to a coating
bath which contained two electrodes connected to the positive poles of a power
supply. Each sheet of the bundle was coated separately. The sheet was placed
vertically parallel to and at equal distance from each of the electrodes and

10 connected to the negative pole of the power supply. The coating was deposited at
9V for 30 seconds._ The sheet was taken from the bath, and dried in air at 100°C for

30 minutes, after which it was calcined in air at 500°C for 30 minutes at a heating

rate of 10°C/min.

15 Example 5.
The performance of a novel Selective Catalytic Reduction (SCR) DeNOx

catalyst structure of the configuration described in Example 4 was used in a
standard DeNOx activity test using the following conditions: an inltet NOx
concentration of 500 ppm, NH3 feed of 1.1 x stoichiometric, temperature of 350

20 °C, space velocity of 10000 I/h and a pressure drop of 1.5 mbar/m (0.06 psi/ft).
Under these conditions a2 NOx reduction efficiency of 92% was measured for this
catalyst structure containing 0.16 g vanadium. This can be compared to the same
catalyst configured as a honeycomb (35 cpsi, 2.3 g vanadium) giving a NOx
removal efficiency of 96% under the same reaction conditions.

25
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.concentration of 500 ppm NH3 feed of 1.1 x stoichionmetric, tenperature of
350 20 C, space velocity of 100001/ h and a pressure drop of 1.5 nbar/ m
(0.06 psi/ft). Under these conditions a NOx reduction efficiency of 92%
was neasWOLd/28666 this catal yst structure containing 0. PETWsosssi um Thi s

can be conpared tqh? same  catal yst configured as a honeyconb (35 cpsi,
2.3 g vanadi um gﬁ‘\?i §'%rﬁm°nﬁ%smlquv st erderowith respret taN@xs ame

reacti 0N CONAHardof thé Sarlyel Bricker 86760 EHRTONABL % TgumBN ROk eact | On

is generally believed to first order wth réespect to refore the

cat al yst st FERPYAl 8t »first order resmgwg] irate/ wniicestadystthabis A timss fasteDthansthatofal  at a
first order F@uPMmibndldtdnudnit catalyst that is 11 times faster than that
of a conventional structure. 5 Exanple 6. In this exanple the perfornmance
of the sahe catalyst structure as in Exanple 2 has been used to study NOx
renmoval Effilﬁéaﬁﬁfe)’G.for | ow NOx 10 applications. A gas stream containing 27
ppm NOx has been treated over the catalyst structure after ammoni a
injection at two different points upstreamof the reactor. In the first

case the resulti i nl et S streamis well, mxed, |n the second, case NOx
and NH3 are poor F@ P x& gef Wep?ﬁqrg’la???g# e same, | cotalyst SEUGHLS: as ifpe
resul ts of tExemelee2phasi bevat asddr t studgeNOxheerbVaE efRdiglidyi f?Slows NOx Exanpl e 5
except Péf f or s NOX arA;\jAgNHS concentrati ﬁgs) are summarized in the table
bel ow: f SERUBEEHS VB NPt PG NEone PRBnD OEesHRea eBind e thix, I N
ppm) 26.5 2ZatdlfsPstruciiedaie anBAorf® inféctBah at Bhé dSFRER Yofnd) upNHm A 4 4 22 4
reactor. In the first case the resulting inlet gas stream is well mixed, in the second
case NOx and NHj are poorly mixed before entering the catalyst structure. The
results of these experiments (run under the same conditions as in Example 5 except

15 for NOx and NHj concentrations) are summarized in the table below:

Perfect Poor
Mixing Mixing
Honeycomb MEC Honeycomb MEC
NOx, IN (ppm) 26.5 27 27 27
Removal 84 86 18 87
Efficiency
(%)
NOx, OUT 4 4 22 4
(ppm)
NH,;, OUT 3 3 22 3
{ppm)

The mesh-like SCR DeNOx structure can guarantee very low amounts of NOx
and NH; in the outlet of streams that are not perfectly premixed. This is not true of
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(Ppm NH3. QUT 3 3 22 3 (ppm The nesh-like SCR DeNOx structure can
guarantee very |l ow anounts of NOx and NH3 in the outlet of streans that
are not perfectly prem xed. This is not true of 32 WD 01/28665

PCT/ USOQ X29128665he convent i onal system wher e per f or tan®ETUSON28473f

drastically perfect prem XI nqQt achi d. anple 7,.5 mesh type
SCR- DeNOx cortLﬁg‘f?P@?}m?P L SYsthm, E" CBFP%%’(P‘@B" g‘;/lg Qﬁgﬁﬁ'ﬁn&f?‘ysﬁa channel
sol i d ceranm Corbyaix@Cio Ak sdhie¢ed)di tions sinulating the exit of a Gas

Tur bi ne. Both structures utilized the sane catal yst (3% V205 on W3 /Ti 02.
Pressure drop in all cases is 740 -840 Pa/m 10 Tenperature -350C NG n -

20 - 30 ppm pBERH, in- 0.92-1.0 Test Reactor Cross Section - 86 x 90 mm
15 Test Regctor Length - 740 - 750 nm Superficial Velocity - 6.4 m's Mesh

Type Structure 599m'8§{1'}§e§bﬁ% ﬁ@ié&ﬁfgat%ﬁs@étﬁjem%cbﬂ %zsth&a?d(W

catalyst /wt catalyst + W nesh Corrugation angle relative to
hori zontal Htraight ehasnel ssolid yeeramdg horeaycorab aQ@Iﬂgl@S@HBﬂa%ﬂ@pﬂdl ¢fiz rate

constant i n &g Fieshk ot Skl §6izda'the s@RE BRYst T4 91 W I, TiddS/ NO

Pressure drop in all cases is 740 —840 Pa/m.

10
Temperature —350C
NOin -20-30 ppm
NH3/NO in -0.92-1.0
Test Reactor Cross Section — 86 x 90 mm

15 Test Reactor Length — 740 - 750 mm
Superficial Velocity — 6.4 m/s

Mesh Type Structure
500 m2/m3 sheet surface
20 Catalyst loading = 0.19 (wt catalyst /wt catalyst + wt mesh)

Corrugation angle = 60 deg relative to horizontal

Honeycomb catalyst
882 m2/m3
25 45.9 opsi

The specific rate constant in the results below takes into account differences in
NH;3/NO inlet.

30 k/SV=-In(1-xh)
where k = specific rate constant (1/h)
SV=space velocity (vol feed /vol structure)
x=NO conversion

r =NH;/NO inlet
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30 k /SV =-In (I -x/r) where k = specific rate constant (1/h) SV= space
velocity (vol feed /vol structure) x= NO conversionr = NH3 / NOinlet 33
WO 01/ 28665 PCT/ USOQ 28473 Results Catal yst Reactor NO in NH3/NO . NO
NH3s! i p weon28665 ppm) Conversion (ppn) k (1/h) 5 (mm) HERUYMAMT¥A0 26 0. 92
80.4% 0.7 27800 Mesh Like 750 21 0.95 86.90 0.7 33153 10 This exanple
clearly shoResil®at a nesh type corrugated structure is able to renove nore
NO than a solid ceram ¢ honeyconb structure of the sane volunme. Exanple 8
15 In the f @atadywitng cReacpire NBant oONHIANO mmNE¥ t he c¥Hdslip sol i d honeyconb
structure was renpvediength r efppmyed, i n oneComesibty dppm) al yzk{i/hesh |i ke
corrugatesl structure @am)i n another by an uncatal yzed netal foil of the
same corrugated configuration. This was done in order to assess the inpact
of i nproved Holeydoitb P74@r t 02§ he h@wgyconbsesyanmoni 0.3 i p (27800act ed
amoni a) . 204&R3k4kd S @0 al 35t Reactg®s NO i 86.01i3/ NO N@.NH3s! i 38183 Lengt h
(ppm Conversion (ppm (1/h) (mm 25 60 deg nesh+ 750 25 0.99 87.7%0.3
29270  HapeWuA G aRPldtGrFGhbws thibPmesh GpdEorRiatta studtre 39204 to seaoy cOMb 30

The results of this exanple show that a catalyzed m xer, corrugated el ement
in more NO than a solid ceramic honeycomb structure of the same volume.

Example 8

15 In the following example the top 250 mm of the ceramic solid honeycomb
structure was removed and replaced, in one case by a catalyzed mesh like
corrugated structure and in another by an uncatalyzed metal foil of the same
corrugated configuration. This was done in order to assess the impact of improved

mixing prior to the honeycomb on ammonia slip (unreacted ammonia).

20 Results
Catalyst Reactor NOin NH3/NO NO NH3slip k
Length (ppm) Conversion  (ppm) (1/n)
(mm)
25 60 deg mesh+ 750 25 0.99 87.7% 0.3 29270
Honeycomb
60 deg Foil + 750 28 0.95 83.40 1.25 29201
Honeycomb
30

The results of this example show that a catalyzed mixer corrugated element in
combination with a straight channel honeycomb is much more effective in
converting ammonia than an uncatalyzed corrugated mixer followed by a straight
chain solid ceramic honeycomb. In addition, comparison of examples 7 and 8
35 shows that the use of mixer (catalyzed or uncatalyzed) corrugated structure plus
honeycomb is more efficient in removing NOx than the same length of honeycomb

alone.
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conbination with a strai ght channel honeyconb is nmuch nore effective in
converting amoni a than an uncatal yzed corrugated ni xer followed by a’
straight chain solid ceram c honeyconb. In addition, conparison of

exanpl es WOANEB6ES 35 shows that the use of mixer (catal yZEd/E002## 4t al yzed)
corrugated structuyre plus honeyconb is nore efficient in renoving NOx than
t he sane Iend;( eﬁbneyconb al one. 40 34 WD 01/ 28665 PCT/ US00/ 28473
Exanple 9: A 25% (by w.of solids) slurry of a V205-W/Ti Q2 catal ytic

material was prepared by ball mllin 0,5 1. Cr, si.ze.. The solids
content of the sl lﬁ‘?5%@‘}/5’?-%%3}')5&“"@3%}?X&éﬁg}ég’{@aﬁg}?ﬂgcgﬁwgﬁs of
dei oni zed water. To this slurry, 2% by w. sed_qn the sqg]jds, cantent of
the slurry) drenared by balk milling 49 l; %a%ﬂzeoﬁﬁ’& sofifls %-Emafgjo‘ba.smmeé
Additionally, 1 % (by wt. based on the weight of the slurr of ,, ,2Moni um
sul fate was anateriadwas tedueeditnil@%dty addijion o d&sppized;water. oI %ﬁi%‘ﬁ@ %" 0.8
t hick, 95%void volune, made of high npurity silica fibers were coated
usi ng this sivdr based Phdhesndids comient of thropluryy) efpmifric acibsiabilizad Zrcgniagokecond
coating of catalyst fromthe slurry was performed and the sheets dried
agai n at 120Gascadded. Additichailpd1Bhébat wt.weased oal e iedighitofzBeclumy) of h. The
uptake of catalytic material on the silica fiber sheets was found to be 70%
15 (based on aidsonfurn ahifart wasdlsat dddedwahiedhugiyeet ) . The cat al yst t hus prepared
was tested for its NO reduction capability. The conditions of the testing
were: NO Concentration: 410 ppm NH3 Concentration: 390 ppm 20 Oxygen
Concentration: 5% CO2 Concentration: 13% H20 Concentration: 8% NO
conver si ofp of 86%ghasts, 2 e WM. flema0. 8 e ehiak, 19586 ©bid300thamihda of highe
vel ocity of 25000 h'.

purity silica fibers were coated using this slurry. The sheets were then dried at

120°C for 1 h. A second coating of catalyst from the sh;rry was performed and the
sheets dried again at 120°C for 1h. The dried sheets were calcined at 350°C for 4
h. The uptake of catalytic material on the silica fiber sheets was found to be 70%
15 (based on the final wt. of the coated sheet). The catalyst thus prepared was tested
for its NO reduction capability.
The conditions of the ﬁesﬁng were:
NO Concentration: 410 ppm
NHj3 Concentration: 390 ppm
20 Oxygen Concentration: 5%
CO, Concentration: 13%
H>0 Concentration: 8%
NO conversion of 86% was observed at a temperature of 300°C and a space
velocity of 25000 h™.
25
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.25 35 WD 01/ 28665 PCT/ US00/ 28473 The di scl osures of all publications,

i ncl udi ng patents and published patent applications, are herein'

i ncorporated by reference to the sanme extent as if each publication were
speci f i cWi0l0p/28668 | ndi vi dual |y i ncorporated herein by rePermsen2s4’3 It is to

be understood, however, that the scope of the present inventionis not to
be limted to thelheyieglesuees ofisl ublieationsy dudlyding:pateniverd publishechpatenti on may

be practi cedyRiibRiont NBE ne%id Hebs r gg%c‘ j o ald o Shidht | phin the
scope of the p(ﬁal.cc_(g’rrp’anyi ng_1 CF%IB@%%ES{)% ] %8@2@8%%708 13539% T 1S
CLAI MED | S: publigationoyese specificaliyandhindividually ipeerporated herieinrbycpeferencede from a
fluid, conprising: 5 converting said at | east one nitrogen oxide in the

presence of a nitrogen oxide conversion catalyst supported on a netal
mesh- | i keS st r uct Jtis to beimferstand; however, shat thetsoope dfthe present inoemiontiy of greater

t han about 0 . lOC f im.1 wherein saigd nesh-like structure
has a por osﬁ%{% %lry?&g@e@%sg:;&ﬁﬁgw%%%en%desméedpa}gx sERHPVERONIMAY of cl ai s
1, 14 and 1Depmantieechother tHarpds gactivalarlyrdescribed arosill bewithin the sésefiiRd from t he
group consisting of. NO and NO2 and N20. 15 4. The process of any one of
claims 1, lfcﬁ?‘]’gpaﬁm&ﬁ’?r“@f"n said at least one nitrogen oxide is NO 5. The
process of Caim4 wherein said at | east one nitrogen oxide is NO2. 20 6.
The process of Caim4 wherein said at | east one nitrogen oxide is N2 O

7. The process of claim4 wherein said at | east one nitrogen oxide includes
NO and NO2. 25 8. The process of any one of clainms 1, 14 and 15 wherein the
catalyst is coated on the nesh-like structure. 9. The process of Caima8
wherein the coating thickness is |less than 30
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m crons. 30 10. The process of any one of clains 1, 14 and 15 wherein
mesh-1ike structure is fibrous. 37 This Sheet Has Been Replaced | |1
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PCT/ USOO/ d¥bigsssd 1. The process of any one of clains 1, Berasud/24433i ncl udi ng
the step of flowng the fluid through a corrugated fibrous structure. 12.
The process WHAMSEGIAIMERIS:I ns 1, 14 and 15 including the step of 5
flowng the fluid through a honeyconb structure. 13. The process of any one
of claims 1, 14 and 15 including the step of flowing the fluid through a
seri es arrangenentl. of pracessfaruemoeng stleastengmitroged oxide fleidb structure. 10
14. A process for,.renoving at | east one nitrogen oxide froma fluid,
conprising: COMPRYREng said at | east one nitrogen oxide in the presence of
a nitrogens oxi decemiibigShidiat teaitany sitrogerpmadé indhopresenceofamitrogas h- | i ke
structure, said nesh- 15 li ke structure hayin rosity.of agr er than
about 90% 19Xidg cppvsERion.cafalyst F‘éR?BVP‘L%n %P’ef%g‘g%"@ﬁ%%fsﬁ%éﬂﬁ ng,%: 'ggéf rom a
fluid, CO”Ws&ﬁétﬁkGhaﬁﬁQH?bﬁdsﬂﬁoﬁﬁeﬂeﬁhaﬂabaﬁtsse%le nitrogen oxide in the
presence of a nitrogen 0 oxide conversion catal yst supported on a ceramc
and netal nesh-like structure, said nesh-like structure having a porosity
of greater than aapui‘h@gﬁ%esg-@fcﬁirﬁrl%%ﬁéinfsﬂﬂ ieShAKE BenciPe haaTperogns
conprising: oxidizing the contained NOto NO2 and contacting the NO2 with
a metal cHr bofigteater thag80%onate 25 or hydroxi de supported on a mesh-1ike

structure, said nesh-like structure conprising one of a netal, ceram c and

ceram c/netal and having a porosity of at |east 87% =
3. The process of any one of claims 1, 14 and 15 wherein said at least one

the
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nitrogen oxide is selected from the group consisting of NO and NO; and N2O.

15 4. The process of any one of claims 1, 14 and 15 wherein said at least one

nitrogen oxide is NO.

5. The process of Claim 4 wherein said at least one nitrogen oxide is NO»,
20 6. The process of Claim 4 wherein said at least one nitrogen oxide is N2 O.

7. The process of claim 4 wherein said at least one nitrogen oxide includes

NO and NO,.

25 8. The process of any one of claims 1, 14 and 15 wherein the catalyst is
coated on the mesh-like structure.

9. The process of Claim 8 wherein the coating thickness is less than 30

microns.

30
10. The process of any one of claims 1, 14 and 15 wherein the mesh-like

structure is fibrous.
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.17. An apparatus for renoving at |east one nitrogen oxide froma fluid 30
flowng into the apparatus froma given direction, conprising: a packing
structure formed of a mesh-like structure, said nmesh-like structure having
a por osiwWg0BI86€H eat er t han about 85% and 38 This SheRCTARIIEMEN Repl aced
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PCT/ US00/ 28473  H.h&he prasats ofiany opgof claims Ly, 17 drelyging, theftep,of- i ng

structure, ﬁ@ﬁﬁxgﬁﬁéﬂ'uiﬂ%%@o?r&g%&ﬁﬂioﬂgs@cﬁﬁ&a' yst material for removing

said at |east one nitrogen oxide froma fluid passing through the series
structure. 5 18. The apparatus of claim 17 wherein the packing structure

and honeycomb s{y ughlipg,e sﬁ}f%&%g%@cﬁgni@fih bhd!1§! iddMdingtHelstdpl opS | Nt 0

t he packing structure an en“into t oneyconb structure. 19. The

appar at u§ oflowingithe fivid threwgh ashangecoprbostiuaiyrest ruct ure is corrugated. 10 20.

The apparatus of claim 19 wherein the packing structure conprises adjacent
corrugat ed sheets., each sheet with parallel corrugations, the corrugations
of adjacent sheet% 7The powessaifany\one ob claimh 1ot end df docluding) therstdpecfde to t he

given diregtion. 15 21.. The apparatus of cla m 20 rein. th ngle oc is
in the rangHo¥PehE u“}élgo\‘ﬁ‘ ﬁbggﬁ S Wgﬁ?n%ﬁea ﬁﬁ%%ﬁ\%gﬁ%ugtmgfm %I%gl M 17
wher ei n t hehdrgborhb fteucairé.ucture is fibrous 20 and the fibers are selected

fromthe group consisting essentially of netal and ceramc. 23. The
appar at d9 of claim18 wherein the honeyconb structure is selected fromthe

group consi sti ng14£sA grices! tbyreflovinglat Rast héhitogéPd6dd bm afRiigl fibers, 25
ceramc fibers, and netal and ceramc fibers. This Sheet Has Been Repl aced
comprising:
converting said at least one nitrogen oxide in the presence of a nitrogen
oxide conversion catalyst supported on a ceramic mesh-like structure, said mesh-

15 like structure having a porosity of greater than about 90%.

15. A process for removing at least one nitrogen oxide from a fluid,
comprising:
converting said at least one nitrogen oxide in the presence of a nitrogen
20 oxide conversion catalyst supported on a ceramic and metal mesh-like structure,

said mesh-like structure having a porosity of greater than about 85%.

16. A process for removing NO from a gas comprising: oxidizing the
contained NO to NO; and contacting the NO, with a metal carbonate, bicarbonate
25 or hydroxide supported on a mesh-like structure, said mesh-like structure
comprising one of a metal, ceramic and ceramic/metal and having a porosity of at
least 87%.

17. An apparatus for removing at least one nitrogen oxide from a fluid
30 {flowing into the apparatus from a given direction, comprising:
a packing structure formed of a mesh-like structure, said mesh-like structure
having a porosity of greater than about 85%; and
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a honeycomb structure in fluid series with the packing structure, each said
structures including a catalyst material for removing said at least one nitrogen

oxide from a fluid passing through the series structure.

18. The apparatus of claim 17 wherein the packing structure and
honeycomb structure are arranged so that fluid initially flows into the packing
structure and then into the honeycomb structure.

19. The apparatus of claim 17 wherein the packing structure is corrugated.

20. The apparatus of claim 19 wherein the packing structure comprises
adjacent corrugated sheets., each sheet with parallel corrugations, the corrugations

of adjacent sheets at 2cc relative to each other and at an angle « to the given

direction.

21. The apparatus of claim 20 wherein the angle o< is in the range of about

30° to about 80°.

22. The apparatus of claim 17 wherein the mesh-like structure is fibrous
and the fibers are selected from the group consisting essentially of metal and

ceramic.

23. The apparatus of claim 18 wherein the honeycomb structure is selected
from the group consisting essentially of solid ceramic material, metal fibers,

ceramic fibers, and metal and ceramic fibers.
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