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det o m ned By LrauetraglS Shus e B aar (T EPARLIE S 3Re (3 am
Pl asmascan F10). Specific surface areas of the catal ysts were neasured
based on BET net hod (NOVA1000, Quantachrone). The catal ysts were degassed
at 350C for 3 h at a base pressure 10-' Torr before the nitrogen adsorption
measurenent at 77 K i Crystallographic information of catalysts was
established wth the powder x-ray diffraction (XRD}. The diffraction

D o o o o . P Y. S R T ~ V7



. EXAMPLE 1 LO W Ru CONTENT CATALYST FABRI CATI ON AND TREATMENTS Ru = 0.2 Wt %
Rul Al 20; catalyst 50.0 g of the comrercial catal yst support @,1%\?)% {osd lets
with ~=3.2 nun and h = 3.4 mm SA = 105 n2/g, Al fa Products. o|u son
Mat t hey) was imrersed into a solution of rutheniumred

(Cl ~HA2N, 402Ru3~4H20, Fluka Chetni ka) which was made from 2.25 g of Ru-red
and 100.0 m of deionized water. This Static inpregnation was carried out

in a cougmad) beaker at room tenperature overnight (12 h). After

i npregnating,.. the. catal yst filtrated and e ri at QC for h,
fol | oned by gl%ghe ﬂ]iuﬁtéz?[F%ﬁl 5&%(&)8@31\%2 rcoﬂv?f.smﬂl(w ﬁt&a@l’ hgg’r %ﬂde‘gc%u‘geﬁmp%ﬁ"he
dryi ng a ot eabe caatyiso(.B ayt ivoEh We eDe fls@ptatec Oosipaat NgO hOBA fiow rAiBE8B I3US
prepare(fjrgfaltﬁgl yst was stored in a dry box ready for use. To illustrate

acti vat ocess of the catalysts, a small anount of the dry catal yst was
noi st uri zed iRig.a7hillosteatés &F,Onctitvesadrun( s}l asl anvditretion afoeperaing? f@ef and Fekdh;

CATAL v BB Rkl ST HERIEERTD ABFLT 4R iAot S AP ERy oY 6%y o

t he comomnlyisqlfeabtaad ys83 . Suppamirt, aAI ZOBSY pellDéd &'with ~ = 3.2 rrun and h =

2 Solution of ot Farbes @ PR S 6oREaTE B Pt UL R TR ER0), "

made ft oosOs G6IS\GatofariBus epkrating (@difiond: (8) 3A8iroiVzieD watle at 4Ths° G dM)266h

Foom t eMBL7REr & aro ok T PolTERY P& e Tt ey 570 i PRERSE0rC R

Next, tReleGglodticomtaAnd wik208d pedll etsss.were heated in an oven set at 80C for

5 h wth frequent.stjrring. en, the erature of qven was jncreased to
around 10sC a8y bitgoRAen B AL R GRS R Bt G Pl R RRERTT e
sol ut i oronaank; ALBOBopedtd et svasmsae, flloderatezof gamtebd =abtl mborimugld GHBY r+ Ad43t i |
no nore, solutio ha i nal heg v 4t he d el.e wer e
cal cned’in lil_FOIg[F '?%B@efﬁﬁcf%?m& 5 t.ion%hg’%lggt_i F}’ngﬁ‘?’ g%ceim\%lva%?'f&'eof%éﬁgo Ea}]sh!tehg) used
in prepdu rgl % MmABRE/MALZOB,Qan deysnd (0 .Ry =1D wllndnd.29.2 ol %ANy@ in PIBO3 9
Ru =2 w %Rul Al20_~ catal yst For 2 wt % Ru/ A1203 catal yst, the
preparat10l1 pl' OCedule VAS sllllllar to the above 1 wt % case, except the
concentration of Ru-rd¥EEHILEDIEMRIPIRANGeH THIHRENYENKIOSh in this case was
made from 0.519 g of I|-utheniumred {Cl~H42N140ZRu3~4H20, Fl uka Chemi ka)
and 30.0 nl of deionized water. The general trend of BET neasutenent is
that with i ncFhsagecess of thermpieahinyeritoanitilizes Rimexidacaplyss whighebiveingelstaiblace
ar ea 1 eQERS AP PEREA - EXANELE ACOT AbiFPl e PREDVBRRICTLER GFihibh:

Catal ytic activity evaluation was carried out in a tubular quartz reactor
(~ = 12 akyungtsippOrsayhich af et apfopr iate heatiticafment é cplcinatipypad peHviHpR provide
(Cal bol ighiBdrior dAtydi Rickal, eMibalinardtRAGHI QABINEy, alN2X cgstbnatfoas-life under,
cont i nuously supp¥| ed from a%)%%s, %%l ! nﬁe.r E(jé?. 5-30,.9 ol % N20, bal anced
with He)foagXamnale.gypical working grenz0 i AR BIYSROy 8 FOmRECR gy
control gysd GMestiliehay pava® tHak thiotoscatfédiiys tathigsitsgsleinah ABo beaptatedwasttir 0
Inl (4.30Q 83 whi ch, corre%ﬁonded a GHS erime

: F/1~of 1000 1i =~ E ts
with i GHEre? iR ARG Prace Bis vrbtsin e asine igitd bis THRCONIBLRY
gase;bwe;na eh@teymipdss cagrad. cool i ng co:l anddt hen vented through a
scrubber. To determ ne N20 conversion, inl.et and out|et gas ¢ osi t.i ons
wer o anai yzed 1y EALE s e SR e HDUTE aBRR APl AT SOEHIRkR
TCD det anttar-gontdning saluBona(idanPleSAl drddrid)n T rhadtsolmiohe pgfdrablgwemprise, but
tenperature 0 ith He. as t ri;i ar L TIq J.m.t ack
gas of ar &Oéﬁgg%ﬁw%l %H{ef’l"ﬂé 6e£§6%?fﬁtﬁ\ﬂgémgg%lé§§g %lﬂlléf?eg' %%%S(glflﬂugﬂﬁ b’ﬁﬁﬁf%%‘g N20
gas t hr cugdther inergaeicairgasic cathemivintwdtamange soletap o tdigh rythemtinmyntenticataljgs
wat er co ' ] ' t U@, :
peo 1 it Srysel b Ertth 89 ahRaheaRR ARG Aobisfof el @ BRETS: i Shnaf
evapor atlor condyctop et empdrageres of Empe BCuod SAYE and g ipegssurhah op o wRamRghetiAd
gases, O%mSSg% and C02, were introduced respectively fromside cylinders to
the N20 gas Ti'ne and then honobgenized in a gas mxer. In these cases (02,
CO, and 02), Thhedtingwréaamentofor NROalmive antenas-loadtd dométaacin bet c@Blugteddinmi n,
while t : eed LN | ume
(e oy RS ot gancias SRR dp Aol aiReh "okt PR Oxile, K0t o
i n ternscashbip@innertkerenl atatresspres of aboid OND OO FAS atmosphraie@tmb fariepdresid vl hg
equation: fir= ~P~, NZO - PfNzO-l ~p~,n-zo + 0 SP,,,,, ~OPf"~ZO~ 9" April
2003 10 where P,,,~,;0 and Pf,~~?0 are partial pressures of N20 of the
initial and final gases respectively. It was noted that the partial plessu
res had the sanme val ues as their respective nolar fractions since the
experinment was conducted under normal pressure ( 1 atnm). In view of the
exot herm ¢ nature of N20 deconposition, it is expected tl;at reactor

e S - = o, o T . e



.Using a dly N20 stream Flg. 1 shows two activation processes of the wet
catal ysts, at fixed fillnace tenperature. In both cases, the beaGEiPh 6§ached
thermal equilibriumtenperatures (394.0C and 470.5C respectively) ?

about 2 11 of operation. However, over a period of 96 h, the 1191
telnperattlre activation increases thegconversion from 75%to 99% and nost
of thus increase is conpleted within 2 h. Al though the | ow tenperature

act i vat tohOphdcesmond sdatindiccanpsed pREUcET ridm @4l yso nByMe dnmely/leaedtduwingr t he
salve p SC

cont | nugpis oS e A o B s e B B
the il utr&remmg techeiguessknaiva ih éesark blpt gen@taﬂwaec@dnm@dcmﬁlgéﬂm ariing hhynghgo
stream ) t o .

(2a"hy Sheinidh keSS RRIRL o chart Pl YRS, (e E8RF e BB gl I and
470. 5C rethpaom waily ypecihs teom g& databfst aofdogat i on, the low tenpel attire
activation g'T\ﬁ%San?mﬁl?BY@z{él'yQtnus?a il 4 ‘ﬁg@/én%irgh@n HeRadi RARShA YRS and the
activation shows one at ) ea t h maxi mum conver si on).

|t appe&prgiculpgtappHeatipt ﬁovaffm@hﬂwncaéalmtys m@esttsre@arﬁ hesmm@mfwn@nbm thehan
in a wela@fifes iEP Eeféﬁbgrpﬁrtﬁé m@e@m@n{ @dmenahur@w?a@%kgﬁ&?eraﬁlg@béﬁ% PG the
thermal equilibrim can be reached quick Short er
times f &%, Wéfﬁmoré@mquab}y ahwa% Wiiers Tde eaefgrred altu@l??ewpﬁﬁ hajteea spestfied m
the Opersﬁltfh&n&e@tof%'OC@O%Qg%@@r&"aﬁl@&t@ﬁ@ afffin2BH b Qe SHnthL cryshaghpficSC

respectively. 1t should ROI nted out .that the reactor tenperature at 530C
is hi gh@ha%erpiﬁhtrﬂ@ar(bé&ﬂabd pefergd aluptan %‘IPP%%WO@P%SSWC&SWQQPHW mehanical

conver sisgBno ianl i@k HAPRNiAtHxeM b OP&LASHr €, activity discrepancy between the
dry and wet™ cat aly s under the salve experinental conditions is | essened,

whi ch i ndi catfdlopheg cxnosiis qf§hfh%atﬁé?t?rﬂhé‘ﬁ¥”em Yr At lagriemporey eseasdvation ¢fon in
the cat ahy/sdtaphen prifetblyeiried @at 80a rdaddVidiEpdr a0 o DFEHMROSHI RN THHisWATER

It has been shov~.~n in the previous section that the activation of
cat al yst@dy#niggegasly §?¢‘€é¥ﬁhe§f4"é§§t BF1qde inamelyt tha Saf i PaP@ESs onldhe aetigation of

descri bege catfI9Raha) bbehRMLRUMIRE Hea &Gt dratvefeat Mt aing W Mistiddstream
different wet streans. From these conversi on-vers tenperature curves, It

i's found® PREECAMROSE] Pefore HFteatyauie RBEAHOD N HONE Ve o HPdPEP AN IS RESIefih in

reacti onfhd esmpersit itb®. 40606008 adPhBimizB R Y &Rs aMrtheti6reC W Mesivisags dRnek over
the tenpeiaWre range of 350-450C, especially at the tenperatures around

400C, WRFEYALIOB &S P desa ke STIBHSH By TSR ST e ck tefthaigin wiich the

non- | i NediroVEidd f&stpbatpe Khall tm@spiacarhe{cg@pe[bemwmbréfeh% anoAingwIf theof
r than those bet ween nol % nd between.?2 nol % and

water is bhi a
3 mol % ag}lya?{%f%alyﬂe OESH@éH&ertﬁt“i‘%ﬁ“‘i’}fm%’feé‘r‘ ) |‘H ﬁéle?cb%’& rEAGH¥AIAD Brioritg Beeased
| i near | yicEotApRitoBp I EIROTHERIVE e r i Sd ABl ItﬂeTri{trﬁlfs EBhEe %BAipMﬁﬁSnAs caeransit aat ed

in Fig. t he heati 0 uryes er ect ver| apped no matter
whet her %ﬁ%rsgit ﬁ(ggteg' Otjﬁeér?ﬁe VSr%en 8?? ?aﬁaégs aﬁ%Y%@Q are identical to
t hei r r espectlnvkisdovention pae tatalyst. aetiyativintrotdse mearve seloopd Sioti ovo gftionee@) m

9 2 JE0Se gL bl WATIGR SR RS KD ER A AR PR vt

activate 85¢y co-presence
of wat ershartcictivatthahtyrde .aflihe rselocttldnhe dgpmdey aemstiedl app‘llcatlcpn aquucmbntsf f gas

Lre. atrnent . Wlek,fEAkS, EHENGRL K B ARARRTa: hisinSe Ao Hic R st ERRy N20

at these reaction tenpera I res
higher than the routine operation temperature. Although this generally shortens the transient

period, the high-temperature operation also causes unnecessary deterioration of the catalyst.
Therefore, deactivation factors of catalyst need to be balanced when a high processing
temperature is selected.

The process may be used in a high-concentration N,O containing stack gas stream, for
example those which contain 10-100 mol% , more preferably 10-50 mol% of nitrous oxide.
However, the process may also be utilized to remove mitrous oxide from essentially any
gaseous stream containing N,O, and is operative even when appreciable amounts of

hydrocarbons, NO,, water, oxygen, carbon dioxide, and carbon monoxide are present in the



< KI NETI CS OF VWET DECOVPCOSI TI ON Deconposition reaction of nitrous oxide

usi ng the current clained process can be described by the fobhow.ngy03
reaction kinetics: -dP~, ol dt kP~, ~20 The integration of Ed.

9°n April 2003 12 Int In(P,, h- zoIf f,v-=0)~ = InA - In(FIl~ - EQRT (3)
where V is the volunme of the catalyst bed, Fis gas flowrate, Ais
Arrheni us pre-exponential factor, and Ea is apparent activation energy of
t he dechippesntimng g&eots mmguden(In (P, , NZO | Pfh~?0)) against 1 /T in Fl g 4
for the caseg,l ' L I

into strai gh?h'% ?%%ggoq\émll?%%aﬁlergo ?@F%‘ﬁi"é‘ (féndeg(ﬂ-ﬁé)&t%?ﬂ) gcesé nﬁ?‘? Y %trmng
t he f oukctivatien isTprefeaappsrethe wogé véfernZ%&OQjCegtomepmft:xable'oB(@r@OPGQbuﬂﬁs
140 and I ' e S _} n f water
cont ont "o e 85 s € SRR 0 Bt UEy B oRBRESof BB FRG S ek
deconposicrgprakinnetMars pafticNR2olyi thevmtomts mpmed\entage@ssemm wildey fisédnbddaat t o

N0, DECHETROE Ry YD &%@%ﬁ‘%ﬁ%&?‘% it £ My e M
resul t srasgingofom 100P0 HetWhP¥Lht.imaferabdy $0RO#0.000 Fi.g. 5. Since const ant _
conversion r Q‘h@%ta@"ggag 'o?%ﬁ'a)ﬂxﬂ?@hﬂhgir&ﬁﬂut)ﬁr 1k haﬁr%v?ﬁ%&h@%%&réﬁ&%%&dm' t

is believed that t catal yst surface I1s chem ca war ds

cheni careraeigbpphh@rivisn thmtaelﬁgtsrwférr@ataalryst wstmnf@@ itg 6PQCheH, Hpverasuthe,
g: nee g%traagget el tﬁnﬁ@%@t gEéIPfédched@gmﬁ@iﬁ'tlg aﬁ@rtltteafnelsﬁlré E&?gﬁés doREnP6f ke

using a in the conversion.

DECOVPOSSRAY £3¢ wwds@me% at@m%h@ulﬁgbett@kqnﬁe reqycs ﬁhWCG%@@rfp@§ﬁqu o mebiél s in
the litgf ﬁ)wr%ef&rtt@erft%goltrapﬁedje@dr@mﬁton%y&&n thtesldb@% rﬁtfn%t‘ﬁﬂe ekt %?Itl]te

reaction rate in the formo 5~~ ~ as also shows a sm

ef f ect chﬁﬁegaé@%@rﬁfdﬁaﬁcbﬁ hegweb .nwlt’oh@ddtrﬁteéawy éépw%@l%y&q BipCCsAgases

i ndi cat gfiyl K Etegsedt?forttéﬁqo%t BEIN dtaw)\f@lhé foSthel prke¥end | i8ntibE atwil Ro 8%
tenperatufre reactjon {3200 . For’ econposition tenperatures (360 and

4000), foMRSTERFeckn N gaie SOBTYCETHTEO! WHBLIGHIFA 288 (ofler RGOS ne

trend E4piuRhiEcd&lioal dohdiliesl tMNGCelcbidd BT BhiaRlsy felcodtRg cilalsf #d$erational
tenperature {394. 0C, arou?r}d 30-50% conversion), the difference in 9'

Apri | 280°52Y SORTHRALION; BAMEHdCIYOPAMPTALEhce of water is substantial. As
{SBOV m i n Fi The Toll@wvid®Uxdrmapies areg)r@tldaﬁm\/feﬂ?ctnd)nuuetwdnseemﬂ@ti telﬁhrﬁ%l kgfecst 1 e?m
ottomline Fig 7a co red . to . that of dry stream(top line, Fig. 7a
The gap®h4ds BHSH‘Q%‘}@HHY.C@QH r}% g&ﬁj@@dt lSISC(?ﬂe(ﬁ%t eeﬂﬁ’é’?egt't}?{ 9Ber ation. In

fact, |ess than 2% changes betvveen the dry and wet streans are found for

the operation tenperat 7 ses the activity of
the catalysts is remar E%PENE&A?‘ %FEE&/%P%JAQ%NEPW%JE (?ﬁnuous process of 48
h, giving no sign of deter| oration regardl ess the content of water and
operation te r t t al
neat | ng.per | GACarntags TSGR B ¢ oBeP SRANRAA Bl hals) Myt

For thecogde plasmh yi§iP) (eme@tal 1gpsihjlabgans Plaghascde & @)as&aeprﬁcaurt’aemeeasr @a
from 89, 7 V, u S

ot 1 but e T T Re o e e PR D (B LI R RO gR10m 5?@?‘2@2

heat i ng CatRlFER were qgaSSﬁeas 4P for 3 thhet abassriwpwred 10 udew, befare thetmt;emt ysts
are si 1203 characteristics. Furthernore XRD spectra
i ndi capghﬁt tl&h%%%hge&%aggq? CPDS file no. 10-0425) is predom ndnt in these
catal ysts, rtvﬁgllctgtamhlnunﬁtr@@bm &f ystalysto wae establistegdewtth dihe qreadge trerdyst i cs
of RUCZ gafidc tlftﬁ{‘é}ﬁllﬁpS?hcbth?fr@ﬂggﬂer&lﬂisQe(séQﬁQSNérb hRaflRed ﬂpa ﬂ»%%g P@ﬁmz’ﬂ so
be observed. The intensities aks are basi cal tere

CO | f I r Mith Cuk, trhdipgom@s =hd - HeBoh) ater a¢an(1mg}rateo@fs4 pigt.r tIf@rttmamorVame@th on

f th | |
O eat et E A EENERCo RS AR BBl U R Rl Mt RaRloy BGLET T
this i neesrtioserpar @ WBY-h hegrkdatpclictawahmigi, dhh EXHRAIspscit efbthe caradyseawere

‘i“lt hst angd: g4 &R €001 SPLSRA LM IERLERY ST FhALaH1§ UL EBE PLioFRMNVPLE
optimized according to the general approach that the strongest bands should have intensities



+ DECOVPCSI TI ON AT HI GHER GAS FEED RATES A significant increase in conversion
rate can .be achi eved by increasing the space velocity. As reé{‘eﬁgﬁldzdd% Fi g.
8, an increase of 7.2 times in flowrate (and thus GHSV) results in only
about 30% of conversion drop using a wet NzO steam and | ess than 30% drop
using a dry stream Therefore, fast feeding can be very beneficial for N20
decol nposit ~on. For the noderate terrpe?ature operation (such as at 394.00),
the conyersion is alnmost unaltered with rapid increase in GHISV. A linear
rel ati ofsiiGgrasenineien s ade 1ovi Py BHuesHE e 35 pBeEpIST dRiucaclsipeetuyéd y f or
t he t hr ggainerdoes sghal@¥Reke MEAL s and excel l ent catal ytic perforniance has

been evidenced. ~lith the Ru = 0.2% catal yst, activities of 1.4x 102 m nor
(N20)/g~h (GHSV = 14430 h-~, NzO = 30 9 nol % balanced with He) and 1 2x
|QZ 1nl1101 (N20)/g~h (GHSV = 9 EXAMPIE 2003 14 14430 h-~, N20 = 29.9

™10 HeO = 3,04k Haans et A PhrEAMGR IR ligdry and wet

condi tions respectively a y an aver ag P Yoin activity
is found LISIIlg the wet N20 feed. The above evaluated activity in wet
streamis conparable to that reported for a Co-HT catalyst (Co/A = 2.2)
oper at effuat 0-4 1€ R (s catgf00 |iv~, N20 = 15 nol % H20 = 2 nol % bal anced
Wi th He; Swa T, o .0 _t
activity for %’R??fgt\ll/}/e tcgrﬁf)%?%tﬁ{}rratg[\@r @ngglgﬂé@éqgﬂé ‘gﬁgﬁ)t hglldnoa}ndﬁhatﬁ%f t he
| ugh t erpEr &b UE el 0angY/gWagf Pedpasaldineon Maktbwyeres foinersd hitbG tsluddd o0C.
EXAMPLE 12 DECO " ~|I POSI TION W TH H GH Ru CONTENT CATALYSTS Fig. 9

i |1 ust r Bitkenivrged\Ed e w e Riscil0s Flwga Kihgnie) wbich otis amde ératne@-%g g9l Ragedan be

seen, the I .cat al ytic tivity i ht al ’ . eX l e, t

cottvi ¢ O FOPLS BPe FRB S TR ol BB B0 e POl EE ARG obbE
2 W % Redofd 2@meedirabyshighs(12.195A fitOimpremiatifd\2R) dagylRt abs AIOREd [ahe ddn daite =
601 mM/mn (GISV = 1443 0 In ~ ) and \,Neiogr%t of ¢ ﬁjal yst = 2. | 6 gg;gr .. These
cat al ys#s208re fydydolipved hyescalgination @t pQe t%h-réﬁ Fating ratet Ussd In (et g A1203

catal ys Dby:..ather, ' et

ol ot S RRBNEH U RARRE RS EY (o EnRET P RRGL B SETREF Bhiihssh

cat al ysht diyabéxi vhdy for 82  irnollus(:M2Afigption atocdBOC th ¢amlfsted snatl anmubOdf the
1?2701/l 1111 (GASV = 14430 h-~) and weight of catalyst = 2.16.9] is already
About | 305 {4 T AT PR R O) S s SR ol 4 Gl Akbbhe

cat al ystesulkdht EatBlysi9s cAMRd WREELASE. of rutheniumcontent fromRu = 0.2 w%to

| wt % (about b5ti E’nes) results in a doubling of conversion rate (~ at 400C
Therefore the activity of Ru = 0.2 wt% catalyst is superior in ternms of
cost-effectiveness when consi deri ngé%%tqﬁ_‘;ﬁ‘ utilization of rutheni um netal

at higher reaction tenperatures. P ?O\I OF DATA The conversi on data
(~ in this inveigi an CENEENEaErA PAEYSMFRABRICATHOBIBAND TREATYENTS- 9. In
addition to these graphical data, Table 1 presents the preparation
paranmeters for making Low Ru-content catalysts (Ru = 0.07-0.26 W%

accor di @eg‘_"tpu;t%%%ggeg}%&spf Exanple 1. The results denonstrates that the
Ru-content on the surface-of alumna can be tailor-nade accor di ng to the
concent r at i on0.6fg Huthe rotnies: @all aatalynsupport AlpOApeildts 2003 + S.2TABLINILh = 3.4

Cat al yst Ru-red di ssol,vedRu-red concentrati onThermal -treatnentRu

wt %Ru- r EdgPAHZ oG Yyes M Ey Byasiuetro dvey Mpthay)awaoimpened)rsobcaldon 1d. 1766
/ 20. 08 . - :

8x10- 320809y BEEt 46 by RusTERS - 4105 AP oY Hsh BBH A B 4808, 1 sx1
0- 2200( 29d HRAM04) Al bPA:i4DLLN REked 2T Hxb0HiDR @0 (1:2A 1,06t B. 230t ABD ar@alF2AoB8% 10- 22
00(2)/ 500,(4%0. 210. 5000/ 20. 02. 5x10- 2200( 2)21 00(4) 0. 240. 7500/ 20. 03. 8x .

10- 220003} B5BGE A)an. 198 at togbiesperstire forloh. Jolinyes hysoted sy e 0§ angthsr Fgin.each
batch ¢ 0.0 f 5 ' o m
R cont Aang eal gL, RG0S RIAS GREARaRL R BURPRL Y 198, RES 10K sl 0
suppor t stvamgd@her, thenedphyturGh aven nad incieakidgo 2ropnd $EEC o teheve deneatei fiomdat a
when carbon nonoxjde is.added .tq the nitrou tream The data demgnstrate
agai n_ ¢ Mk SUHET, PRSEn Audhin h fleolaion; e BhDs e et YHCTarivane i g

t ut rous yxbdS: stiihd @6l notite SuaEdpitdsONFRAMAAEESHNRINE AU abaeH wg%r hdeRance.
TABLE 2. CO1n Feed N20 Conversion at 394C N20 Conversion at 471C nol % 0
55.2 99 vergcaiciaal 2 @0at$H00.°6 fot 8. Ihe heaiprzaste Was)thaCangl agdhat used i j@eparingy
4.3 9. {i4).0N20,inktial, concentrat.ion 27.9 nol % balanced with He {iii)

Fl owrat{)-ef%%}"%%'?%%%a‘%%%ﬁ@ %@‘}15' m/mn was fixed, while CO was added to

the stream Table 3 provides a conparison of the catalytic activity of the
catal ysts based on the



+cl aimed process (after activation of catalyst). These sel ected data
denpnstrate that the present invention provides exceptionallyngxgebdent
catalytic perfornmance in tuning nttous oxide nto its 9" April 2003 1G
el enental forns, nanely oxygen and nitrogen They are remarkably active
conpared to the 1110St active catalysts lalown in the open

literature/ patents at the sinmilar rea®ion tenperatures and GHSV range.
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the rutheniumis introduced to the alum na support as an aqueous sol ution

of rut hatilystmspendliq CirfaqR Nied redRec3 4¢P\ ine@ly. The rx~et hod according to claim1
wherein the catal yst has a rutheniumcontent of fromO0.0l to 10 w% 3. The
met hod according to claim2 wherein tire catalyst has a rutheni um cont ent
of about 0.2 wt% 4. The nethod adeoaNiPmg 3o claim 1 wherein the alum na
catal yst support is gama al um na or anor phous al um na which has a specific

surface area of 50 zn2/ CASAESYI TR ONPOBREIONPH R Caccording to claim 1

wherein tire rutlreniunr is introduced to the alwnina support by an
i npregzration or inpregnation-then-evaporation technique at tenperatures of

from 25C t o Q&AGianchatypsaRaHse wat cafiichSuow AtutsphRniL rates $§i-e12 @milhe
met hod according to claim5 wherein the rutheniumis introduced to the
suppor tWaish arasi hestegahy @ gettistlgalpgtic duedfiigge dfakplitteadn prgpical evaluative

rut heni I R , 0 T, t gell chal rein
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were also performed. The decomposed gases were cooled by passing a cooling coil and then
vented through a scrubber. To determine NyO conversion, inlet and outlet gas compositions
were analyzed by gas chromatogiaphy method (Perkin Elmer Auto-System XL, TCD detector)
using a Porapak Q column (4 feet in length, oven temperature 120°C) with He as the carrier gas
(40 ml/min). To imitate stack gas of adipic acid plant, H,O vapour was added to the feed by
bubbling N,O gas through a temperature controlled water evaporator, noting that the water
content in the mixed feed depended on its saturated pressure at a specific temperature. To avoid
any condensation of water vapour, the evaporator was operated at a temperature not higher than
25°C. Background gases, O, CO and CO,, were introduced respectively from side cylinders to
the N,O gas line and then homogenized in a gas mixer. In these cases (O,, CO, and CO,), the
flow 1ate of NyO stream was kept constant at 83 3 ml/min, while the background gas was added

to the feed gas in the measure of volume (i.e. mol) ratio to N,O and He stream.
The catalytic activity was evaluated in terms of conversion rate (X) of the NoO gas

according to the following equation:

X =P - P/ (P20 + 0 5P, noPin2o) (1),



+ 8, The nethod according to claim1 wherein the catalyst is activat ed under
a gas streamor gas mxture of a gas selected from noble gasgm ?lp
carbon nonoxi de, oxygen, nitrous oxi de and conbi nations thereo ~ The
met hod according to claim@8 wherein the catalyst is activated in~ situ under
a dry or wet nitrous oxide gas sfxeam at a tenperature higher than, equal
to or lower than the operational tenpdilature of the nitrous oxide

deconpogj r i rein the catalyst is
acti vat Elleqﬁa’oja?‘ 4 Pl(’w 2 agpﬁg’re%gﬁ 9%%@%) BPC ang“ag]anﬁl ‘(Mﬂ%ei B regipee(ﬁt%'ei at%re

hi gher thanote® aedhe tp@mtal’ plegngss hathdlte, sainb @am&ems&hﬂﬂfba{bech%m@[aaﬁuéteor@fsnche
nitrous oxi de, deconp os%g H él The met hod according to claim 8 wherein
the act NGEKPYHNGY wap gordyetsr aderinormpel pugssire 4l ptt e vieprddhg eotherisciagieat a
t enper a

atnr Ospgglﬁg)sggc,ofnﬁﬁg‘uggqgs er@:QQiQI %\ggac?m%rﬁ M:%I%I'vgl 1 llfll_ gﬁéﬁg?%nédﬁg%gtg\;agf)lrl~ng
to clainf batmky&tr(elentlarhzmnacpt:mmhtmmn wfl e A abmgtdecmmn@uwhadthenﬁmn@as

stream Laving a o} ace velocit [ from h.~ to 300 000
o L T B B BRe DI AREREE: U Tiiet s Bhgvd bR it g

cont ai NigngheBiisre FOND.BI2 hab chfAS bol@NRe RAGKGN MdNHe 8RS envidbnmbhereaBicdatady
according to claim 17 wherein the at | east one background gas is water
vapour, sié%~r gen, car E3ozr nonoxi de, carbon di oxi de, noble gas, or m xtures
thereof: 15. The nethod according to claimi wherein the nitxous oxide
concentration in the nitrous oxide containing gas is in the range of from
0.00l to 100 mt% 16. 'the net hodEXeddPlding to claim | wherein the nitrous
oxi de concentration in the nitrous oxide containin s is in the range of
froml0O to 100 nol % é@HT%AgﬁwgfﬁéﬁJa%%%%%Fﬂbﬁ¥%Azgh ml®8 wherein tie
nitrous oxi de concentration in the nitxous oxide containing gas is in the
range of frarn 30 to 50 not% 18. The nethod according to claim| wherein

t he water cohkem&1¢@lﬂﬁbsmﬁmrdhg bﬂmdetaomeWMbm@ngasejefﬁeduﬂeﬂmhhmaugh
cozrden agi?n by coolln h% g ﬁture dqmnwgf roomtenperature before
sendi ng''f ‘Bmﬁﬁée”fll?‘?f%‘ &8 PPRLAEEY the repclopdeached heknal COUHBIHY I8P 1
wher ei n(39ag)°0iah 985X tdFeHOPPRS iabbi@1 1| §F t Aob@ R of
front 260 Cto 808§C andﬁa p?gssure of #rggﬁgﬁﬁggoﬁgggbgt%%gpherggQE©6.

Til e nebhidd hagit@mmglr@ @thamm@@awﬁhaswwzl«sxoulrf@rmﬂﬁ%dgé?%’o(mdbmost of this

ﬂefoggogiﬁ%éag%ﬁlc%n% eted “I\ME %{1@@*&6‘@16 po u{er%eraﬁlafg gctl\{'gtll(g)ncllar%é{es also mcc)hcale’sooo

. Al Q28YAFrofy 6A. . 3AY0) AbdterAerv&ythARue peipld, AblactAlafoPASHORIMVY ¥ ettheless
##$$$$y&&3 {vql gb] X] ca] ca] ca] ca] ca] c$a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] fajceked w4 @alidys #1%835ca] caV] ca] caU] c
al cal 3) U)) ) G ?111@%{ Jng)ﬂ%t ubljj% 101sturiz stream, ]thelutlal]mm ases are less abru

AN }//8001 ~yto cal ca ca cal ca] ca] ca] ca] ca] ca] ca] ca]]pc’aU] ca
] ca] caUkaapaead caihosd nahe aly] €A4) steddhc@lig d).c helanalec ajld@]|tb@previous two cases,
1P22* 3. 3U3Y333&4 68889 o

- h===v ARISES [é? v |8¢%]ﬂf<TCfﬂ§] Baied ty bl cau] BU R ORF 2T Caf 04 a1 2] ca] ¢

a] ca] Cah?@k@]ré%]a&ﬁle%@] calealosai mi&abﬂi&ﬂ]tﬁah@@] ebpbBRKe activation gives a
LMPPPPPPPFQyTQTTTUXXXXXXhZZ" aaaaaaazuoj e [ UV] ca] ca] ca] %] caV] ca] ca] ca] ca] ca

] caV] caP@la]ewatﬁ]QéaS\/]) edjle &]edaglta]lrpamap@wp%@] f&la}va ajea V"6 41 alcedy stalecal aa
aRd\ dddf2 | élkkkkkkkkvl npno hat the act; at NLO st fcient

oHooo<pp55Vl I{}c& aingcbofly&yfl]oga] ¢l peaﬁs : "} 1e] Tt lc’rell c aﬁ) T s mfrgae]fé% r(1:a] ca]
cal ca] @@hﬁﬁh@@} 6@ ca] ca] ca] ca] ca] ca] ca] ca\/j cal ca! vqqqqr 3r Xr grjrrrrrrsslsas

| gb] Xl g
e W e e St e S sl cal el s pel gl el oo

2 cal cal Ry Gy ear AT QL ENAN 8 £ CYRR) SR E R GBI Ry AR SELRISE) e
] ca] ca] Ga]ad:)aitata]lem]m]ahi]eoﬁ]:dral]maal}was]ewbnsaz}tcﬁap‘tﬁa;m:qu cajdadre d)Cajead®a] cal ¢
g]lgoa/ijﬁg 161, %@_@3&8 ?‘16 IES RS aéil.'?l#l Wf_‘@é -b% )jioféted out that the reactor temperature at 530°C
is higher than the required, as 510°C has alieady given a near 100% conversion.
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under the same experimental conditions is lessened, which indicates that there is no permanent
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It has been shown in the previous section that the activation of catalyst in a wet stream is
less efficient than in a dry one. Fig. 2+describes a general behaviour of the activated catalyst
working in different wet stieams. From these conversion-versus-temperature curves, it is found
that the effect of added water on the conversion varies with reaction temperature. For example,
the gap among the curves is widened over the temperature range of 350-450°C, especially at the
temperatures around 400°C, which corresponds to 40-60% conversions.

The water effect is non-linear over these temperatures. The gap between | mol% and 2
mol% of water is bigger than those between 0 mol% and 1 mol% and between 2 mol% and 3

mol%, although the concentiation of water n the feed streams is incieased linearly

EXAMPLE 6
HYDROTHERMAL STABILITY OF THE CATALYSTS

As demonstrated in Fig. 3, the heating-cooling curves are perfectly overlapped no matter
whether water is added or not. Second, all these curves are identical to their respective
counterparts (1.e., with the same composition of feed) m Fig. 2.

The reversibility indicates that once the catalyst has been activated at an elevated
temperature, N,O can be decomposed in co-presence of water and no dehydration of the gas is
needed in a practical off-gas treatment. Water reacts chemically with neither the catalyst nor the

N,O at these reaction temperatures.

EXAMPLE 7
KINETICS OF WET DECOMPOSITION

Decompostition reaction of nitrous oxide using the current claimed process can be
described by the following reaction kinetics:
-dPnzo/dt = kP20 (2)
The integration of Eq. (2) gives:
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sequence of water content (averaged ¥, = 139 kJ/mol). It is therefore concluded that the
decomposition kinetics of NyO in wet atmosphere is essentially similar to that in the dry one

with N,O adsorption as rate-limiting step.

EXAMPLE 8
N,O DECOMPOSITION WITH CARBON DIOXIDE

For the current catalyst system, results of N,O + CO, decomposition are shown in Fig. 5.
Since constant conversion rates are clearly maintained for all the temperature studied, it is
believed that the catalyst surface ig chemically inert towards CO,. The chemical adsorption of
CO;, on the catalyst surface is rather difficult, since a competitive adsorption of CO, would

certainly reduce the active sites for N,O, causing a drop in the conversion.

EXAMPLE9
N,O DECOMPOSITION WITH OXYGEN

According to the existing decomposition models in the literature, the decomposed
product oxygen has been often related to reaction rate in the form of (Po) %19 Thig gas also
shows a small effect on the decomposition rate in the current catalyst system. As indicated in
Fig. 6, the effect, however, is only significant in low temperature reaction (320°C). For higher
decomposition temperatures (360 and 400°C), this eftect is almost negligible, though it still

shows a decline trend

EXAMPLE 10
LIFE TESTING OF THE CATALYSTS

For the mid-range temperature (394.0°C; around 30-50% conversion), the difference in
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period of 1680 h, and no observable deactivation had been found.

For the used catalyst (after 1680 h), a slight decrease in surface area from 89 m*/g to 76
m*g is observed. The reduction in surface area can be attributed to the grain growth proposed
earlier due to the prolonged heating. FTIR spectra measured for the as-prepared, used, and wet
catalysts are similar, showing typical Al,O3 characteristics. Furthermore XRD spectra indicate
the y-Al,O; phase (JCPDS file no. 10-0425) is predominant in these catalysts, noting that Ru-
metal/catalyst = 0.20 wt%. Spectral characteristics of RuO, and hence possible RuO,., phase
(JCPDS file no. 40-1290) can also be observed. The intensities of the XRD peaks are basically
unaltered, confirming there was no major metal (Ru) loss or structural variation of the Ru/y-
ALO5 catalysts before and after different kinds of hydrothermal treatments. This materials
characterization confirms that the catalysts of this invention are both chemically and

hydrothermally stable and can withstand extreme conditions imposed by the industrial

requirement

EXAMPLE 11
DECOMPOSITION AT HIGHER GAS FEED RATES

A significant increase in conversion rate can be achieved by increasing the space
velocity. As revealed in Fig. 8, an increase of 7.2 times in flow rate (and thus GHSV) results in
only about 30% of conversion drop using a wet N>O steam and less than 30% drop using a dry
stream Therefore, fast feeding can be very beneficial for NoO decomposition. For the moderate
temperature operation (such as at 394.0°C), the conversion is almost unaltered with rapid
increase in GHSV. A linear relationship between the activity and GHSV can be obtained
respectively for the three series of experiments and excellent catalytic performance has been
evidenced. With the Ru = 0.2% catalyst, activities of 1.4x10* mmol (N,0)gh (GHSV =
14430 b, N,O = 30 9 mol%, balanced with He) and | 2x10* mmol (N,O)g-h (GHSV =
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910%& (Y4430 9LOKEOR 29 8FHM%, 11,0 = 3.0 mol%, balanced with He) are attainable for the dry
and wet conditions respectively at 470.5°C. Only an averaged drop of 15% in activity is found
using the wet N,O feed. The above evaluated activity in wet stream is comparable to that
reported for a Co-HT catalyst (Co/Al = 2.2) operated at 475°C (GHSV = 18000 h™!, N,O = 15
mol%, HyO = 2 mol%, balanced with He; Swamy et al. US Patent No. 5,407,652 04/1995).
In Fig. 8, the activity for the low temperature dry-operation is about half of that of the high

temperature one, when temperature is lowered from 470.5°C to 394.0°C.

EXAMPLE 12
DECOMPOSITION WITH HIGH Ru CONTENT CATALYSTS

Fig. 9 illustrates the N,O conversion using higher Ru-content catalysts. As can be seen,
the excellent catalytic activity is obtained. For example, the activity of 1 wt% Ru/Al,O5 catalyst
is 1.63x10° mmol (N,0)/g-h and that of 2 wt% Ru/Al,O5 catalyst is 1.65x10* mmol (N,O)/g-h
at 400°C [Feed rate = 601 ml/min (GHSV = 14430 h'') and weight of catalyst = 2.16 g].
These catalysts are about 80 times more active that ieported for a 1 wt% Ru/Al,Os catalyst
prepared by other method at the same reaction temperature (Li et al. Applied Catalysis B 1
(1992) L21). In fact our 0.2 wt% Ru/Al,O; catalyst [activity = 62 mmol (N,O)/g-h at 400°C
with feed rate = 601 ml/min (GHSV = 14430 h™') and weight of catalyst = 2.16 gl is already
about 30 times more active than the above-mentioned 1 wt% Ru/Al,O; catalyst.

In Fig. 9, an increase of ruthenium content from Ru = 0.2 wt% to [ wt% (about 5-
times) results in a doubling of conversion rate (X) at 400°C. Therefore the activity of Ru= 0.2
wt% catalyst is superior in terms of cost-effectiveness when considering better utilization of

ruthenium metal at higher reaction temperatures.

PRESENTATION OF DATA
The conversion data (X) in this invention have been presented graphically in Figs. 1-9.
In addition to these graphical data, Table 1 presents the preparation parameters for making low
Ru-content catalysts (Ru = 0.07-0.26 wt%) accotding to the procedure of Example 1. The
results demonstrates that the Ru-content on the suiface of alumina can be taillor-made according

to the concentration of Ru in the solutions.



10 1yl gl0%& ()- gl0%& ()- #3h 3f glO%& ()- gl0%& ()- gl0% ()- eFuv7 10
1yl g10% ()- 91l0%& ()- gl0%& ()- #3h 3f glO0%& ()- QglO%& §y Apriﬁfdb\g 10
lyl -

15
TABLE 1
Catalyst Ru-red dissolved Ru-red concentration Thermal-treatment
Ru wt% Ru-red(g)/H,O(ml) g/ml °C(h)
0.07 0.0883/20.0 4.4x10™ 200(2)/500(4)
0.11 0.1766/20.0 8 8x107 200(2)/500(4)
0.15 0.2650/20.0 1.3x107 200(2)/500(4)
0.18 0.3500/20.0 1.8x107 200(2)/500(4)
0.19 0.4000/20.0 2.0x107 200(2)/500(4)
0.20 0.4500/20.0 2.3x107 200(2)/500(4)
0.21 0.5000/20.0 2.5x107 200(2)/500(4)
0.24 0.7500/20.0 3.8x107 200(2)/500(4)
0.26 1.0000/20.0 5.0x107 200(2)/500(4)

Notes: (i) For each batch catalyst, 10.0 g of as-received Al,O3 support was soaked in 20.0 ml
Ru-containing solution indicated above, and (i) Ru-loading (wt%) on AlLOs; support was
determined by ICP method.

Table 2 presents the conversion data when carbon monoxide is added to the nitrous
stream. The data demonstrate again that the present claimed process is very efficient in

converting nitrous oxide. In fact, the CO addition enhances the catalytic performance.

TABLE 2.
CO in Feed N,O Conversion at 394°C N,O Conversion at 471°C
mol%
0 55.2 99.2
0.2 57.2 99.3
0.9 60.8 99.3

Notes: (i) Catalyst: Ru=0.2 wt%, 4.3 g.
(ii) N,O initial concentration 27.9 mol%, balanced with He
(iii) Flow-rate of N,O (27.9 mol%) = 83.3 ml/min was fixed, while CO was added to the
stream.

Table 3 provides a comparison of the catalytic activity of the catalysts based on the
claimed process (after activation of catalyst). These selected data demonstrate that the present

invention provides exceptionally excellent catalytic performance in tuning nittous oxide nto its
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elemental forms, namely oxygen and nitrogen They are remarkably active compared to the
most active catalysts known in the open literature/patents at the similar reaction temperatures

and GHSV range.

TABLE 3

Catalyst/weight Flow-rate/GHSV “ Feed Composition*  Temperature Activity

Ru wt% / g ml/min / h' mol% °C mmol (N,0)/g-h
02/2.16 601 / 14430 N,0:30.9 394 67.0
0.2/2.16 601/ 14430 N,0: 30.9 471 141.0
0.2/216 601 /14430 N,0:29.9 471 117.0

& 11,0: 3.0
02/216 601 / 14430 N,O: 30.4 400 62.3
1.0/216 601/ 14430 N,0: 30.4 400 162.3
2.0/2.16 601/ 14430 N,0:29.2 400 164.5

Note' * Balanced with helium.
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CLAIMS

1. A method for the treatment of a high nitrous oxide containing gas comprising:
activating an alumina-suppocted ruthenium oxide catalyst in a gas strcam or gas mixture in a
fixed bed reactor, and introducing the nitrous oxide containing gas into the fixed bed reactor
under conditions sufficient to convert the nitrous oxide to gaseous nitrogen and gaseous
oxygen, wherein the ruthenium is introduced to the alumina suppott as an aqueous solution of
ruthenium-red (ClgH4N140;Ru3.4H,0).

2. The methad according to claim 1 wherein the catalyst has a ruthenium content of from
0.01 to 10 wi%a.

3. The method according to claim 2 wherein the catalyst has a ruthenium content of about
0.2 wt%.

4. The method according to clatm 1 wherein the alumina catalyst support is gamma
alumina or amorphous alumina which has a specific surface arca of 50 m?lg to 600 m¥/g.

5. The method according to claim 1 wherein the ruthenium is infroduced to the alumina
support by an impregnation or impregnation-then-evaporation technique at temperatuses of
from 25°C to 150°C and a pressure at or below atmospheric pressure.

6. The method according to claim 5 wherein the ruthenium is introduced to the support as
an inorganic or organic solution of at least one ruthenium-containing compound.

7. The method according to claim | wherein the alumina-supported ruthenium oxide
catalyst is formed by heating a ruthenium-loaded alumina support in temperature ramp modes
or at one or more discrete temperature platforms ranging from 25°C to 800°C for 0.1 to 100
hours in a static gas or flowing gas strcam of a gas selected from noble gas, nitrogen, air and
combinations thereof at pressures of from 0.1 to 200 atmospheres (atm).

8. The method according to claim [ wherein the catalyst is activated under a gas stream or
gas mixture of a gas selected from noble gas, nitrogen, carbon monoxide, oxygen, nitrous oxide
and combinations thereof.

9. The method according to claim 8§ wherein the catalyst is activated in-situ under a dry or
wet nitrous oxide gas stream at a temperature higher than, equal to or lower than the
operational temperature of the nitrous oxide decomposition.

10.  The method according to claim 8 wherein the catalyst is activated in a stack gas strcam
of an adipic acid plant at a temperature higher than, equal to or lower than the operational
temperature of the nitrous oxide decomposition.

11.  The mcthod according to claim 8 wherein the activation of the catalyst is conducted in
the fixed bed reactor at a temperature of from 200°C to 800°C and a pressure of from 0.1 {o
300 atmospheres.
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1e method according to claim ISrV»hcrem the mtrous oxide decomposition is carried
out at a gas hourly space velocity of from 1,000 h™ to 300,000 h™".
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