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WD 2004/ 035178 PCT/ US2003/ 033006 METHOD FOR PURI FYI NG
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WRRPULOESATE ONS 5 This application clains the beeEUS1008633006

priority of United States provisional application
Serial Nunmber 60/419,390 filed October 17, 2002 which
I S i ncorpor at eehgdeiFBr BHRE A BIERGE ol ikSpentirety.
This applicationis related to Uﬁfm 3D§ta?es Pat ent
Applicati on Serial Nunmber 10/ filed Cctober 17, 2002
entitled "METHOD OF RESTRI CTED CARB(]\I DI OXI DE 10
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are unusable in the case of sem conductor
appl ications or the darmge of 20 optics and lasers in
ot her rel evant ag of Q021
l'i quid, gas and 3 pendent upon
the applarbeh tRide ')flé Gé’édl fha W" d@%rlét&a nﬁdt&'thélfb\f@d:esses
is difficult as iI'S inherently wet ses can
r @adiprodueets fiionethe G@rboaat@owggb@wagp@tcetf\ecgﬁneaml%ﬁf S
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B REET etf el dpppRior b £ R WA geanipo.

t eembvalasftresidaal phdtbiesist,(IppK disledteioianashling andrelianiny; use
current Sem conduct or | ndustr Associ ati.on gl_ i del i nes.

Fas laseraases s Rbalesemavel aad piasma gapenatinantdegresgnce of
pegnta%lﬁéﬁfsjh lSVich uﬂr%ﬁrﬂ’?urﬂ?%ﬁpﬁg’gm SarP et PréHudtOthat

he sem conduct or nol st ure,
haok onasdide $) thmcasecmﬂ sﬁrmsondumionapﬁlcatlom; bethe damage of

OB bR etR brshes BEAier iR Eamputie S Vo e LY.
SRYuid! aﬁﬂ%uB@&ntlcéiWQfeeLléled(dép@ndémQJp@Wthé%?ﬁnéﬁtm\

or ganohet er oat om derivatives wherein heteroa

i ncl ud@urifipationy of GOk to amighetevebis diftiggbas G0 isdakerently wet.
S@a%%ﬁ n]be readily acquired that are >99.999% pure (contaminants <10

parts per million, ppm; Ultra High Purity); however, there is a need to further

purify gases to <5 parts per billion (ppb) contaminants to meet the current
Semiconductor Industry Association guidelines. Future requirements will be
for contaminants of <1 ppb, preferably < 0.1 ppb. Contaminants of concern
to the semiconductor industry include moisture, hydrocarbons, particulates
and metals. Other contaminants include oxygen-, nitrogen-, sulphur- and
phosphorus-containing compounds such as O,, NO,, SO,, COS, and PO,,
wherein x <3, and corresponding organoheteroatom derivatives wherein

heteroatoms include, but are not limited to, oxygen, nitrogen, sulphur,
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WO 2004/ 035178 PCT/ US2003/ 033006 phosphat e and
silicon. Purification of CO2 to a high level is even

wonoog/ogdsenti al when it is used in the supercrdt/UsBN3/033006

state. A supercritical fluidis a fluid which is in a
bove iﬁs critical tenperature and critical

tat .
E,pﬁggarg%emgr% e gas and liquid 5 phases resol ve

i Nt o aFuriNeAtoMBUICOTto brhigh el Besvent morassertial whealitis

W thout a phase transition. This allows, for =

i Hsedrie e supersitioal siates A sunerardiosbfivig ig @ fluid ywhich is in a state
L7l BATRCH oty PO LA b 0P o8 8 bEPA3 e

nphapes sesoli ittd alsingld heediumpe incwhicha@nsity aba vaty widely without
can be reached under rel a}i\_/el noder ate condi i ons at
t%%‘%ﬁ,

a ahasedEAnsiimt Ty allgwsgfogensts ) subiiances Ayt normally act
( %975%I\%z1'(t:§ Brirﬁ'éﬂ&%F Hggﬁé'tl\ic SPolat s%gfaﬂcﬁ o alsd 5

agent ause It Is e to enter snmall features on
s efficerdsolvettpfor auganiatos noorpalar matarmls.oT hesupercritical state of

c am nants, .etched photoresist and ot her undesi.rabl e.
o 68 Ianed e P BLEE T idderalE odidEons SR Frlea aRint of

al3q3°ce §88. 8°F)mrid ™Y BERAY0PO psf). wafers 15 and ot her

hi gh purity substrates with contam nants present in

t he coduperasisieal CRdds usefubhas a cleaning pganihecaiisedt isrmbple to

SRl oRlh B s SR oW o omove
webAatansingniexgpdediphotéresist ant @tiieraindasirabley materidls 6k
can becone highly corrosive, whereby desired

sSHhsates) Howaver.dBISHroREFK can %0 Epftde impesgnation of wafers
d%gﬁl%iﬁér' mgh péﬂ@ﬂcs‘?ﬁ?é‘é with %@ntd?nihgﬁtssﬁr%éﬁﬂﬂ%tégoz stream.

i ndustry can t as a source of contam nan
Sthaiditlcamtly, the dlighc pressuenasd temperatirenaftthe fluid can resiuitgn some

|ront chrom um and ni ckel fas rret|i'_al corrr_{‘pl exes, or raet al .

i 8H§.am'D€%t_€'rPé9&°HE?%|"§°r§rr@ i TY &2 _B!ﬁr water and oxygen in

C oM BahteRt df¥iperdtitizal NaahDdeeMmd ighlyl @trosivel Wheréh\fldesired
are readily captured in“the gas phase’resulting in
pétruaturalfeatbreson avafers arersubjeat ito degradatipar s or ot her

use i hESHPrBiEEET tod PR Gt ot RTERD Ahs 5,
t BeuIST dontaramants. t Staifleey SteePtEMpoAbnWantezh metals
cont am nants. Spiegel man et al (US Patent 6,361, 696,

i idiog deaachremivm and nickelasmetd] complexaser meel ns.

398r g Rl 3 bRt 8 by VorfeBRlratiRy oHE! e dfion

si(ppty.carciearei readilyacaptatddtintthe gas phase resulting in potential
contamination of silicon wafers or other high purity products. Therefore, all
equipment for use in the semiconductor manufacturing process must be
thoroughly cleaned to remove potential surface contaminants.

Spiegelman et al (US Patent 6,361,696, incorporated herein by
reference) teach the use of high silica zeolites for the continuous purification
of CO, in a dual bed apparatus. Although the high silica zeolites are able to
remove heavy hydrocarbons from CO, efficiently, removal of other
contaminants is limited. Lansbarkis et al. (US Patent 6,511,528) teach the
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renmove heavy hydrocarbons from CO2 efficiently,
renoval of other contam nants is |limted. Lansbarkis

we@rooah3s1(8JS Pat ent 6,511, 528) teach the 2 WD PCT/US2003/033006

2004/ 035178 PCT/ US2003/ 033006 use of a series of
materials to renove a series of c?ﬁrgfgfm nants fro

t §se Hf p gesiesiaf matgralsforaMoyEA $8)) Nammnats OmTﬁQz to
TRy ¢ ifd ﬁséTWEthese%%ﬁ&’uétBr lnﬁu§fr§‘9|1'ﬁe9ﬁat€\"lhfs'rﬁhg be placed in
cont ai ners ther arrangenent results 1n a conple

s pstingle drfmultiglerminéainatss I:Eutmer;armxgamamt gexliltsghe complex
cont.ai ne t he co t ai ne di s arde

o SRR ot o MEnSA1S Bed Plackdiih axindie Confaihs” the Bftgin? must
| be didddried apeR "dﬁé‘bf@él@o%\frﬁoﬂ{ﬁédeaét%ﬁﬁlébufnﬁ@étﬁﬁﬁﬁiﬁ[&nal If
schedul es nust be | owed to ensure the overal

piultigle sontairersare Ltsuwnmlptax replacergrtsrinpdules mwst be

RS SHRLYE M o el gl e 08, PS Lce T the

sem conductor industry. The method conprises

contacting the CO2 strea as, liquid or
supercritical fl U.MM_JQMM | east one

m xed 'ﬁ%% foﬂ b€t a HIRnBY $§Cn BT A af?&ﬁ'\ 8fco, to
3 WO da Sor

conpri ses oxXI Ion sta one or Rore

machiese sufﬂoiem plﬁltyr&iraﬂsmsa ihthe seiieonduetartindestyy. AT tgh
oxXi dﬁtl on states with di ffgrent chem cah gropert e
gy

S MRetPag SAmPERCE SRPIACHRG the C Castream e igv GheuPeT e ispl fluid
Rt 4 &b§nt|tg BEEP a8V Bnt Pk & Yrﬁitél ﬁ&dé‘w‘%?@ﬁ Irthé’f’mxed metal

cont am nant contam nati on of can
ploaicle dampnisesct Iaastdwbemdﬁtnqmm’tafesmitqn@mrappm mea;ais,sor two

c TR B Rl P e SRERL A B dfhemica

MptePeities UThe irfientiof Honiprivasithe useRAG Shgle risdire of materials
phosphorus contai ning contam nants, silicon

c&ﬁlﬁﬁhlﬁVﬂ ipwe avelmeianumbes of caamfeemn@ecwyt@meawbﬂ%the
i GRE AL, 8 SERBRISY KuiROR R Fapgs including
V\Abetfebéld and canister appﬂaratdses Tlhxercgmtammamsmbpmrdary concern

Tot al_ cont am nant vels are reduced to |

piFe (i W8 erz@efaH% FRI4P epntaminants.ssnesiall Yﬁég Phoqu‘o"us

[ r fran
BURERRG coHRIR s B Y Bhahing oA naRgRang honmethane
ahydaicadydrsd NMHChe Gmin@ﬂmmaintbaoi snrconslaat eonuern iapd nidfogenous
LESF%IEQM% eé‘&éjcaéf ngll 8!\?8,(” eroin f 2 x4 a%%s&hgre |dnorganic

compounds. Total contaminant levels are reduced to less than 100 ppb using

the method of the invention.

The invention allows for removal of a broad range of contaminants
from the CO, . Oxidizable contaminants are absorbed on the high oxidation
state portion of the material and reducible contaminants are adsorbed on the
low oxidation state portion of the material. The selection and ratios of metals
is dependent upon the source of CO, to be decontaminated in conjunction
with the contaminants to be removed.

The invention further pertains to methods for the activation and
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| ow oxi dation state portion of the material. The
selection and ratios of netals 30 is dependent upon

wo be4psrirese of CO2 to be decontan nated in conp@mNU$10031033006

with the cont am nants to be renoved. The inventi on
further rtains to nethods for the activation an

\megmmra_ of/thermetaloxisies/to p3oide adég@%\t%\thbrm@lﬂpl@r@ﬂdatlon
n:-%i%é? ?%'ﬁﬁ&é tfén A seé’cfu%éirgﬁ?ﬁg? g}r%?igfeya% g c{r#r?aaﬂHoatﬁh%:c Activation and

Vagg@iaeratibn eomprige BXpbsureAsftthe aidsorbemt to OWatelaIm/ely
conpri se exPosure of .the_adsorbent to oxy

r ight fepapsratuie dor 2 papied &f time todieatly fully gudise the aetels. The
n%"i’i%?b q‘l’é é?’e ﬂfgnddo%?ec} %ﬁt & géééd to@‘?e&dé@i%@ﬁt”%ﬁc@é@ 1-5%

hen coo expose reduci ng a
1h$%oge;d(ﬂ—qg mnar h‘ié)t gas sunch ase nttromm (Né):hl’ argoni(Arcigen

buticiantpeod st e to barlamptauce e adipresh fhatefionts

prgp u'?@ adnixbd @ﬁ’etﬁ?bﬁhe Othletotivatién éﬁH 'ré@éﬁé?ﬁtléﬁ‘ dteps purge
gener a

| On stesp e contam nants fromthe
adootdmingsts frxadhe adsn ts.oExacttmethods foaaetivation and
r gener a

%?Qf‘é‘ﬁflgn agggﬁgﬂa t % g}%g?f lﬁ%e g&? gﬁgﬁrgﬁbg wsed and the major

C@%ntdﬁﬂhaﬁts[}ﬁmldﬁl ON OF THE DRAWNGS FIG 1 is an
02 removal test marifold. 15 FIG 2 is a graph of the

oxygen renoval capacity of the NN/N O nedia of the

i nvention. DET |

nventi on. DETARIPRIGRETOR AN ETRRRTRR S

pr oductAiGN16¢ ahi@veyngval tdst eshriddld. 20 cont ai ni ng

cont am nants at less_than 100 rpo ﬁreferabl
gqva

Chan 1615pB s AaaPhPEIG SBIGEN sapacifyl ihe §ikiganedia

I ke imentigenduct or i ndustry. Contam nants of
primary concern are 02, water, netals, sulfurous

contami nants, especially CGCS, phosphor us- and
silicon: t
hydrocmm 3
concer gl ﬁvélrhﬂdrpig%me,»ﬂq&pfm&@ Sﬁod@ﬁﬁﬁ%f NdWy bhﬁne'rwdo
NO. and other organic conpounds. Purification

f
i copiaimipgicontamipadtsf atiless thans10Q ppbp@f@é@rlaplyrlesﬁ:t&arw(i RPD,
most preferably less than 1 ppb, for use in the semiconductor industry.

Contaminants of primary concern are O,, water, metals, sulfurous
contaminants, especially COS, phosphorus- and silicon-containing
contaminants and non-methane hydrocarbons (NMHC). Contaminants of
secondary concern are nitrogenous compounds, especially NH; and NO, and
other organic compounds.

Purification of CO, is exceptionally difficult as it typically reacts with
most adsorbent materials (e.g., metal oxides) and render them inactive. In
fact, CO, is commonly used to passivate highly active reduced metals prior to
shipping for safety purposes. The instant invention overcomes the repressive
nature of CO2 with mixed-metal combinations where disparate chemical

properties are exploited by proper choice of activation processes that are
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nost adsorbent materials (e.g., netal oxides) and
render theminactive. In fact, CO2 is commonly used

wo ooopasaryat e highly active reduced netal s priBCT/US2088033006

shipping for safety purposes. The instant invention

oyercones t. ressive nature of CO02 with
HHERfibEd hER

@4t i ons where disparate chenical

pr oper frhesnédrftiotrddrM i@ thy UdesTalt Isdxione métal in multiple
activation processes that are 4 WD 2004/ 035178

PExidation Gates as Geisorhantsie Multinle oxisiation staigs arg defined as:

i nvention conprises the use of at |east one netal in
multiple oxidation states as adsorbents. Miltiple

oxi dat M+ M"atleseimr & rdf ameM s mefalM + Mh wherein 1
sns8 and Mis a netal The adsorbents conbi ne
properties of both high and | ow oxi dation state

”Eﬁw@ so'r A8 %oﬁfﬂ“@ﬁlg)g%fmééqgf t')&ﬁt ah@YSR ok RAtiBn state
m xe oXl 'S i ned as onposli tion
c omgtalsni Inghacohteasof maensmnalnventmm atmipked matatiaxides defined

t at t . | ith di t .
c Ao CaPas R FEnEining ot Ie2L ong piktel BRI e sationsstates or
CaRb @ Afdre FRetRRANILIP HI§?EP&&e dhenSEal ﬂr@?eﬁu@b aguorehy high
oxi dati on st ates. he context of the instant

i elestronegativities of ccmdmab@nmwmnme@fs iimaimilax sefatieely high

guiaroAR gy, b o il HiBa e dlon ohbed -
C eghipoatntysf the niked heetal oide BHhAe iAXhE metefhctstwte (e.g.,
| nst ant | nventi on. Although nechani sns of action are

DQ)-e & RUsADeEY ohaxaEIPles aFmpraseatad that exempliyGasmpinations of
n@(al !I:EesFHfQHQWaﬂﬁﬁgérmoﬂmAlmgm)écﬁéﬁs%tof

I|m ations e 1nvention. First
mathors armsuiggefsdaedafur aonurdber ohrmatsaiaés tharinyentionid nokblound by

. 0. Cu/ZnO Fe/ MhOx t
Fie prap e Qe arin s Bod ey aid oL Tridtione e invention.
di f fer ekt %QWHérésmét%Ps Redifforemt BRMatisn Statdh € ieXcombined
PdQ CeOx Third, a single netal which has oxidation
s(eage§U(im@ RelMnO,).hBeaghdwa erempts aietalain Binilas gaidation

U §iefles Bt S Sioent S HEEE plepestiés b s DpiRed e 8 B0 gion

MR 01CeO PeThirdnsiagleunbeil wHiglehak okidation etdté@tr&arttvary
woul d know t he possi bl e values for 25 x in each case.

cHirsLgkeutthg ﬁ%etﬁb?a%BP &8 (8.9 I/NIC, Ny pkiwheseindkrBeniThe
Obos SRV AEE bF x Yafed bEFERGRY IMEh&%ompound and may or may not

be a whole number. One skilled in the art would know the possible values for
x in each case. Considerations for selecting the appropriate adsorbent or
adsorbents are discussed below.

The materials of the instant invention are stable and their adsorption
properties are not rendered ineffective by exposure to liquid and supercritical
CO, which has substantial solvent properties. Additionally, standard
purification conditions including pressures up to at least about 10,000 psi and
temperatures up to at least about 60°C should not alter the stability or

adsorbtion properties of the materials of the instant invention. The stability
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The materials of the instant invention are stable and
their adsorption properties are not rendered

WO n@ithesavs ve by exposure to |iquid and super crPe1/088003/033006

CO2 which has substantial solvent properties.

Ao B PSS FR B rsiBHAR R o
a@l@coﬁ?dmiﬁbﬂbH_r(ﬁ_SCGPf&oa Amé peabd VUt BOGiR RShthsnot
alter the stability or adsorbtion properties of the

mat er i dihe roaterials ofrtbeanstanhineeniiemmayrke prepareéd sgparataty and
2004/ 035178 ,PCT/ US2003/ 033006 _ of, the mategials, i.s

GO PRRFE gt the ARresaraiet PPRl®) Thendiensis can be
daaantimatenrtbeRingledGRkktlire prapariaiEnriprednafiordico gr@sipitation,
six nmonths. The materials of the_i'nstant invention may
beupliraptieregr stieareleypyt tgaanigkesed hpenatasialsonay wg supperted on
t Ia?nﬂ#éd (A){'tﬁrancfﬁBFq%n% Pﬁge%&?diﬁg?bﬁ%&rﬁr@{e@ t%?giligg, aléminum
an intimately co-m ngled m Xt ur& prepare y

| op zeglites fominceaspd atrface area yreatapIstrasturalnintagrioy, iraproved

rel evant techni ques., The materi al be supported on
o_?'owi ReRy afite ﬁ_caammﬂqaé%ﬁmer@%va@afﬁgﬁ fr&%,mqaﬁipom erations.
! 'Srﬂlpgﬁﬂstrﬁ’ay éifsb'é%.%ist i e ca%n,zé‘ﬁiéc'iéigliﬁ e removal of

increased surface area, dreater structur integrity,
i watevdd a pleferredembaodiment, dve adsobenthas hesurfslog sireabf at

B0 ooyl PR it RnthSepddn I pise 7 nbatpe with
ofall thleSluid pRadePbEECE, o HBuRA hoEHécorh8 @ngeredliR Mhe fluid

has a surface area of "at |east 50 nR/g, should be
aSireamoorintradues additienal epntayninants inte the Buidisdieam.« hhe

oRPraPR 84 b R RART R Ry ir e o BIRHUG B JHRK A ntoror

c andaterivrtstiriacts thdtearé chachcténistizrof abiserlients thidtawe typically
area of the material _ should take .into consideration

bbighly Reraust dheovse aheP-aupgled di-e sntimately mixed) agserbents

c ot . R
BRSSPl 508400 1 kA 0l Step e han
mhaeidy tageoicbmrnsltipkd steps of decomtamieatiorathrodghadiffererdtbeds or
of c%rlnt amnants in a single step rather than having

t GOPEAIYPm nul tipl e steps of decontanination through

di f f er anjarkegsf plrificilioR ApparatBses afe KAGWRincl@ding, but not
purification apparatuses are known including, but not

| fimiteddo cantster andemultipde ADd single bed @pparaflees et a preferred

¢ REBGRUHRET tne Petudd Bf B¢ BenGUPRELIRG opt g0 A w4
apparatus. Purification comprises contacting the adsorbent material with the
CO, stream for sufficient time to allow decontamination to the desired level.
Decontamination considerations such as time, pressure, flow rate and
temperature may be readily determined by those skilled in the art and are
typically considered on a case by case basis for each adsorbent.

Decontamination of CO, is alternated with regeneration of the

adsorbent material. This cycle is preferably repeated multiple times to
minimize the unit cost of CO, purification. Frequency and duration of

regeneration of the adsorbent material varies depending on the size of the
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apparatus. Purification conprises contacting the
adsorbent material with the 25 CO2 stream for

wa@ndoitiossient time to all ow decontam nati on to tPET/US2003/033006

desired | evel . Decont am nati on consi derati ons such as

[ fl d b
- S5 Etfe e e FvBL B Cama AR of tBe B¢ <tireepnd »
t Yidinstdr lof ottegtSadRire Welilkndwdiad ahoye skiied hathiesart. ORegésération
adsorbent. Decontami nation of CO2 is alternated wth

r dyeiNaseXidatiat ta prepaspthedsatasiahforadserptian ofsylisreuyscard
i Lt . c o he
DR ARInaEBAA redididhitt BrépareThe rhdter B Chider
gfadsoagienerﬁté ﬁmacnfprcbchasfsacs:fﬁeg;é):em'e6 mtigggsec/j%%éndegm iupsn the
ependi ng on e sjze of the 4 517
PeRpoRa0s 534 806 1hé deBleUREnS RALER e eRIoveHEom R CO;
Ofs&ﬂ%md@éﬁ% ?rfe dib&uead e ce and a number of

other factors known to those skill ed i_n th(_e art.
RegeneAativation and oegerneratiordat adsorbentsrtomidtaintehmixed oxidation

ial f d ti f f .and _ ot her_..
coltais AniPboRRC pRAr o1 fie Pitant LpiehUoEn & Bnaraten et
OXYAIP Fepa iR fi tAE -ad B ePXR8Eclea8ES 88st0And REfAES the Ose of
i s dependent upon the adsorbents used and the

c the methed oEthaeniavenkon: Aseemnbinations af meetatyand metallic states

c Lder [ S.C I ' [

- 30 REELR B e SIS A pfSPeriet. Ry Ateteg,

s kelettedstaahavardifietenttactisatiati/regfenehationsropettieste alibvdor all of
Regeneration rather 10 than repl acepent of bhe ..
adli@ FoRiaminaRtsta hedaurged fropm the adsqrpent wsing Reat ercegling in
A it 2GRy ARURBH Rtk SPEciRt cBRAmbRs to
dadowtamly agioirtion pf thecadsodsentttbemdergo eddsistion.el ected to

have different, agtivatiop/regeneration properiigs,to

Al 1 ow PO SATPIgOr anctafie SlorpPisBoRl i baifiRt tptact the
t ReatafaIoniBeah oxrddmd r ergliort §84 (81g. O, diP G200, Adkiupe)

W th oxygen, followe %R_? reduction under. sPem ic

céhlinent gas nixturg) fosa yiffisient tive anda sefficiesat temapengtite to effect

t r r j | e .of . .

oS G S ab osfn AL il oxttie stop s ptormed ata
t helatively dighatenipdratas, aboul 300-3305€n preferably gsul(4003C for
air, 02/0C02 mxture, 02/inert gas m xture

SabbHLT4wa hOUFE. ARE XGNP aneAUCOBRILIR EoRIed (6 2Povtaq0-
20BN oBlstlto SRR s CARAMME R (B, i an ner
gas such as N, or Ar or an H,/CO, mixture for sufficient time, typically about
12-24 hours, to result in a partial reduction of the material such that a mixed
oxidation state is obtained. In a preferred embodiment, the regeneration and
purge gases are both CO, based, i.e. O,/CO, mixture for oxidation and
H,/CO, mixture for reduction.

The adsorbents and processes of the instant invention can effectively
reduce the level of contaminants in CO,. While we do not wish to be bound
by any particular theory of chemical mechanism underlying the process of the

invention, we believe that the following reactions are significant in the
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relatively high tenperature, about 300-550C,
pref erably about 400C for about 12-24 hours. After

woz2idasiien, the adsorbent is cool ed to about 1POF/URWN0E033006

and exposed to a reducing gas contai ning about 1-5% H2
in an inert gas such as N2 or Ar or an H2/C02 m xture
f BOCFPri cient tine, typically about 25 12-24 hours,

to resw & first émbéditett of ekl st iifentiba, mtausoabemuﬁby
that a mxed oxidation state is obtained. In

pﬁ@f‘@t‘ﬂ Bwp eRBIHe Mertals Rresentipstiéerant exdatien sﬁﬁ?@&u/ZnO and
OXI ?ﬁpér %r@%&n%ﬁm ) co?n rqgl'lloquPfEféltrH& %I;{]tgﬁals are those

ron an ure or reduction

adrs whivhrthe rﬂg‘rtérrnxwmmmﬂ poértien iof $heamatenialds téantive dowards
effectlvelg 30 r uce t he Ievg%gf contam nants in

cgertalsant g By g&emeyng iha@ melathgsys reaction that
g@hé%@pcj 2%»@ e |6%Fb§.abn§§§m@ 'p%mdmsﬁﬁwha&ntahs

process o I nvention ['1Teve that
f obadlivertgwardsceertais obhar mnmmnaotm(te g rb){ a!escsrbmg oxygen,

2004/ 035178 PCT/ US2003/,033 roc a first

o B moREn P sarmbRanenaxdel Amamel Sieh Bactidn aieffiwn g ocour
CoMNtR prebBRce bf Iﬁ@i‘% AL FedutiBRS Afe Bﬂrpﬂisfrfgelhftﬁé presence of
oxi dation states ZnO and Fe/ MhOX are exenplary o

of
s &@,. a Rartipulaty agMantagepus malenals &re ihasedinavhipb oxyden readily

\MB' r%&ttorb% &y&ﬁa &Elgﬁyﬁaﬁbﬁbﬂhg Q{eﬁ'lhp{)éngff& Qﬁe{nc reasons),

erlal |ve cer ain c am na

( ¢hen ddﬁﬁaseeimu iangb-pAigled partioet caftthesnsteneawmdhrpréfmemnally
generates CO2), while the |lower o

a on-
p&IRgsgygent( ﬁ(Q ﬁ%l'tt@PT’HPdY’Lam'PéﬁE?‘PQ/S 95 ngedqaqi,sorbents
Otté‘ﬁécﬁ BfHe?Hah ganéa/ d?;pe?% P%BE t éY:Sﬁ minants, to be

hydrogen, or car nOXI ough such reactions
arrembmedvasmelloammhemarameﬂees bm@\mm@ﬁms‘e skiltad inghe art.

th t 1 t.h .of  CO2. .
b t1 ¢ g s ROGHD b BisE R Setnbingudh 7 FIRISUS FrpdRt an zinc
OXxERMWitie 8di prise Mt iIRESslisstamtiihy YegucstEétatd. EThe mttensmnay be
of the material (e.g. for kinetic reasons),

t he
distipperéed patap inotganis ayde $usb esialumytung mldeaa%de%qubed above.

e
AT it Bl 2h7dR BRHACRiAG Sud NG, Reactons
15ah<pr@@e&m a ftﬂlbwsadwag NVec(B(Dypum‘ﬂdmdndﬁ@modt ng on the
contam nants to be ggved as well as other

par anet er s QNoWn/Ztgz—’h © skilled in the art. Cu/ZnO
i's known tozay §tC(9§—aZ~"rf§m'(f@t' on of netallic copper

and zi nc
MO, + NMHC — (MO, NMHC)
Thus, NMHCs are removed from the CO, stream. Cu/ZnO has been

demonstrated to remove O, SO,, COS, toluene and water from CO,.

Similar reactions are possible using Fe/MnO,, a material which has the
properties of a substantially metallic iron mixed with iron and manganese
oxides in widely varying oxidation states. Oxygen-deficient Fe reacts with O,
and Fe and manganese oxides remove sulfur containing contaminants from
the CO, stream.

2FeO + %2 0, = Fe, O,
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oxide with Cu present in a substantially reduced
state. The material nmay be supported on an inorganic

woidme3gogh as al um num oxi de as descri bed aboreT/USRD3/033006

ZnO is stable fully oxidized Zn" and netal oxides

adsorb N R KON an ceed as follows during
the OO purii%‘?eg?@ﬁ D &2 202T L0 Zn0 + 008
- ZnS FTHeGbmbRtion IWFE/MnO i€ MS4NKT@he 20mbhraisof ndvi-kaethane

are renmoved fromthe CO2 stream Cu/ Zn0O has been

ddweresarbensi(NMHG andds partiosdarly suited fop theamégration Wt er
RS Vel o S3HEAEFE A BHIENE HRaE PO Fe has

s beehalemerhstrated taremove COB fmmatiow Itdund apnd gaeGDO .

man an oxides in.wd Var n oxi dat,i on st at es. .
Oty Jon T gSeE DA ETRRSiEnt of e RVeaibgy T AR bgRlimay Contain

”WS%?%%&e%éféﬁ‘sspfe%ﬁm ﬁHJnfaerlétﬂ@lfh@hr&(ﬂé%mrﬁé{bt&%?the
from the CO2 stream 2FeO Fe2O3

2@O¢BGBGI1(YISQ PEtalsS2008Y WBBhdide twiprietalsaary Boﬂ@dﬁrablwn

The corrb ati eal for ther
oF PRt PRHE S NP QK A YRR G i8Ry SR
p@bmmtwdsy Thidfernahtioned dbsﬁfp?ﬂdn%roﬁértléé@@ st fré’l@dant to
gen and sulfur fromFe into bulk oxi de. Wnh02/

hé ismatedal, wheseistivatpartions efetﬂsveatgosl hawdiflerent | qU| d
- RErifig ity lstreiBh MnepR s B Uirlent Bbordieion. o

| rensrlrﬂihﬂnegts) elCdardiabatiom egmrmr:deqmtsh ae ;Bé alextrohiy Iemnhnez)nments
corresponai I n |1 C e two tals var

C @l'?@PH Ct?]a,q Y'@‘hﬁsﬂ’ieg eNEPD gbmreglat'ﬂn@um ad}?d"ga"d type.
?Qtﬁ@l%aﬁrtﬁe gi%gh@éd’sd? tic ks ey R I%d by 'Smilar

rement’| one orptio propertles are s
r ehetalsrwith an axidatiomestate; mfferanhalr ellfferembpcmxons oﬁtheomatenal are

the material. ha di f.f erent ry,adsor t aon
pIJQJBlé@l{qréglaklgeqé\ﬁ|grbp¥lfjgﬁ t’a&% [;ﬁtﬁgiﬂseéﬁn gdsorptl propertles
e'&bhf@ﬁﬁﬁi@ﬂhé)pre%éjd)ff\fﬂslﬂg@lfﬁ!}éhf PRERS! Anddx@nipIe is a mixture
el ectronic environnents about a netal that yields

proépdaterdeansition msdal@xida wish angasyrtransition getal axdse. As in the

previous case, especially advantageous materials are those that undergo a
degree of self-regeneration by diffusion of contaminants adsorbed in one
portion of the material into another portion of the material. Again, although
such reactions are known to occur in the presence of inert gas, the reactions
are surprising in the presence of CO,. The ratios of the adsorbents to each
other can be widely varied depending on the contaminants to be removed as
well as other parameters known to those skilled in the art.

TiO, may have oxygen vacancies or be able to adsorb oxygen on
exposed metallic active sites. Reactions can proceed as follows during the
CO, purification method:

TiO, + %2 0, — TiO,,,
TiO, + O, ~ [TiOx*0,},

wherein * indicates the Ti is in a metal complex. This form may involve
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15 Rather than the different adsorption tasks being
acconplished by simlar netals with an oxidation

werabesxdrd ferential, different portions of theP@EUSI00&)Z3006

are in simlar relatively high oxidation states. The
di fferent adsorption properties conme from

th ,
pbﬁgewséi'@xymgthgcﬁ& # b ratBenihan undesgoipg asedox seaction
bt d'bgniafl] rélbtiidban etal oxide with an

ear | ran on netal oxi As in the 20 previous
case, tiQais@hiay xivompledelyws patiadlyiratiscerd to Nipwewhibhicase

SRy TG ke IRee BN TEE NRCHTS RS RARIERT af the
I pf eﬁé‘IOtA“thltlcPrPJI& e Rfo by pariSipaf in SRt Beadridivy'88 shown

such reactions e known to occur I n the presence of
i irethte fpHlewinghreactiens:i ons are surprising in the

presence of : j 9s f the adsorbents to each

25 ot her cah\Fé)2+ (v\(nad%{/ﬁt%rl 2dependi ng on the

cont amiNjékdl SufideBRxIdEMe%kndWn toairddergo Airtr dlglproportlonatlon
paranmeters known to those skilled in the art X may

h&gactions gesh\asdhadeactian shewmbeldW 0 adsor b oxygen on
exposed net Ly actions can proceed
ghkd)q- I%rst‘r‘n_—> ﬁ@ gurlrgie [

as foll ows urlng I cation method: 30
Tiwbioh Ma%enﬁrémiaddlﬁoﬁa@@dudéﬂ nickd| Bicix® Bites.wher ei n *

indicates the Ti_is npl ex. This form nma
involve 9 szbUM%éésigxé'mﬂg‘goos/ 033006 bri dgi né
di oxy 98Redfdriold cxiiafioh éi’é‘l@g df %@Sgy&ié‘rﬁaeﬁﬁigﬁr S84é9ofCe0, are

redox reaction on a part ed titani a
sme‘lldqmwrNarmd manremyv:nelsmilpm td be @rmwrtouTaOL and TiO, as

d Ni whi.ch h
LRBERR aRaey T BeAM eSS hand BICha WEhEN QY (ied dhne
mﬂlﬁ@} didplayAeaétivitgnawhrds G&%u@'@n@ﬁm@%‘té inCa Ritrfher Bimilar to Ni

f'ur scavengi ng as shown he foll ow n
r evj:utph isris thessame EI®dic grosip+ 'Et@cqunbmgtlons of materials in this

ctepP BBl eiBeg bt HERERuS el by prguicing

S fdﬁﬁ“é‘rehﬁﬂe@mlwﬁ@s ré¥uBing iNi differenNadSéastiorns andNegembmaubn

"%¥o;9§rﬂ§§ a}\l?/N?(()j Or|1latsI b%ne%l dérﬁgggt?adteg Itg lFSrL]o?S tall xl?desvlatngfc’y of
contaminants from CO, including water, O,, metals including nickel,
aluminum, iron, chromium, zinc and magnesium; sulfur-containing
compounds, and a number NMHCs both large and small.

In a third embodiment of the invention, the adsorbent may contain a
single metal oxide in which the metal oxidation state varies throughout the
metal. V,0, exists in a number of oxidation states and is exemplary of such a
metal. The aforementioned adsorption properties are still relevant to this
material, wherein two portions of the material have different, complimentary
adsorption properties (i.e. different oxidation states). The same metal present
in different oxidation states within the material accomplishes the different
adsorption tasks. For example, a low oxidation state portion of the material

may adsorb oxygen, while a higher oxidation state portion may preferentially

10
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Ni O + NVHC -> (Ni ONVHC) The various oxidation states
of the oxygen-deficient oxides of CeOX are well-known

w@nu4obmrs reactivity is believed to be simnm | apCt/osHoEN33006

and Ti 02 as 15 shown above. The behavi ors of Pd and

d | ' h di |
; BrENIT ¢S KE HRu e RhiE B nant o h & manner
si m | anvdnadid bagdd glatedals fh WARhS&Maduen iogicsept gbveral

The conbinations of materials in this exanple

f inementalioxdationystatesiaie kaown. thes e¥ABRAlGus exanpl e by
provi di ng ich frenant _y thy K es ulting in

di fferent a?sci))rp/tpzi%o’n aﬁggreé}égérat\;izg?l 20 properties.
NiVadadium sullides, dealogets & the vamadam waidesywacealsarpossible.

oS RIPHEORISIRG SLITGHE AANGNAO B EdTR Bt Wi Affrent

i k110 ey Stieaunds, and a nunber
ngg{aﬁa artgggtg%dagﬁhalppm?rq a Itﬁl rd enbodi nent of

the inventi MQ, t NMEGsor 0EprNMHContain a 25 single
tal oxjde.in i he netal oxidation state varies

?ﬁ?%& erH)é‘ %&E"‘T’s-wox exi sts in a nunber of

oxi dat Tpe Iéﬁél?cﬂ%xﬁlﬁiiohsof@véﬁﬁﬂium Ma@be_sddhhoﬂed dering the

The af orenenti oned adsorption properties are stil

r degengration pragess atdhe inventionher ei n two portions of
he mater.i.al ' i i
the magapla bpggl\ﬁetgﬁﬁvteea{ ﬁl{' Yhoef Qf;ﬂlﬂ é‘{aY%s) ﬁgr%ﬁ{eé?é '{}18 Q4 and

properties erent oxi on state
nmehay exiseinenhudBer of dxitibtiore statescsicrlar tmvanadiem. Wré, ), has

the material acconplishes the different  adsorption
t 26£8 shewn torgmave a HUF‘&W SEF%?FB’PP@{S&?%U%B%"&%“& H,S,

t o §Bb&HIcMle, aBBMIGERERMRIVERR, Whi le a higher

oxi dation state portion may preferentially 10 WO
2004/ 035178 PCT/ US2003/ 033006 adsorb NVHCs or

sul fur ont am nant.s... Vanadi a based terials in . .
ohi ch AICTeiPTRACPE SoF duh e ainae dpas o HeR dnoFTarence in their
0% gind 9“Aﬁ%>%h§‘e°nt§ &s WROWP wéight GXREB! dtherwise provided. Parts
VO+' [ 202- >V02- V203-+V205° 5 Vanadi um sul fi des,
and|contarnirtants hibaty areaplarisrbgxicdiene. are al so possi bl e.

The el ectropositive surface of vanadia is simlar to
titania, but with different oxidation

characteristics, allow ng gRaMmgeti on: VOX + NVHC ->

( VOXNIVHO)
A test purifier was filled with a adsorption media containing a including

a pre-oxidized mixture of Ni/NiO, approximately 60% by weight on an a silica
support, exposed to air for several days. The purifier was activated for 29
hours at ambient temperature using a 5% H,/95% Ar purge gas at 1 standard
liter/ minute (sim) at 0 pounds / square inch gauge (psig). Afterwards, the
purifier was purged with gaseous CO, purified with an Aeronex SS-500-KF-A-
4R purifier. The temperature was monitored to indicate when each media was
finished reacting with the CO,.

FIG. 1 represents the experimental setup. Mass flow controllers
(MFCs) were used to maintain the flow rates of the 944ppm O, standard and

the purified nitrogen (N,) to attain a challenge gas containing 15ppm of O,. A

11



for the adsorption of NVHCs. 10 The | evel of oxidation

of vanadium can be controlled during the regeneration
w@e@aesa7of the invention. lron is known to harer/as2003/033006

nunber of oxidation states fromzero to +4 and nmay

+ badtnehstedg0etoried baed I deb A Taiih th8lnrhiue shuring
CRNFRRY Bﬁﬂfestekﬂlgia%ﬁbﬂgpl FAlllaH&rr‘&ce H2ygen Abaly2Br (DERr-F Ras

acet’al dehyde and wat er. | references set forth
hesed to measure thepOp goaceniatioss Eherewer deteption limit of the oxygen

entirety. r j s

oahahahLis CooRT S LESORE R S@ndlpifiedN, I RS usse fo purge
PEHd mstiment. Uneotar{etErUdBLBed Ao hesibtapiihel presswasof the gas
filled with a adsorption nedia containi n% a I ncludi ng

aflpwingotei the 2xuoen ANalygebr TR PNriter wah BBRIERtadioa chalasge gas
C8oAPIPR, o 31 OF 0 SRHRRGE] a0 XROTCAb prfidppfure. The

hoxygeralevehihitee tgas axitmgatherpurifier was anadyzidd/ @isbther oxygen
purge gas at. 1_standar liter/ mnyte (slm.

PR Canatir O the e SPET SRS FiG 2. The
PUAbALIS wARShEWh 46 BeBetie8A SR anFBY Blitetd bESkenpetiiter of
Aeronex SS-500-KF-A- 4R purifier. The tenperature was
moredia(lotl) beforendi prtt breakthtougl Andwien 1044l beforesteppb
rEaCti”ﬂ% fth the CO2. 30 FIG 1 represents the

e bee% He4 setup. Mass flow controllers (MCs) were
used to maintain the flow rates of the 944ppm 02
standard and the purified nitrogen (N2) to attain a
chal | eAdthoggb arvexernplany enspgiment @2 tha inderg@n has been

2004/ 035178 PCT/ US2003/ 033006 . | at
C38Se/sR SRRy WA hears opRa Tt Ml B i SfiRe Y those

PUkileAGn Phe KRR HERI mBBITIdARbHs mMaNBBTHhEAE %0 ¥ IRstlosed
Anal yzer (Delta-F) was wused to neasure the 02

c entenlimant evithotheddpaneng desre che snope wif tthefinvérgtiax ywybich is
analyzer is 0.2ppb 0.5ppb. The second purified N2

I Pﬁ@xﬁ§§ytf§‘§oaﬂﬂ?nﬁﬁpgcéa'%e§'he instrunent. A rotaneter

was used to maintain the pressure of the gas flow ng

to the oxygen anal yzer. The purifier was subjected to
a chal Wh§d Ajbk

12
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conprising 1 ppmof 02 at 3 sl munder 30 psig at
anbi ent tenperature. The oxygen level in the gas

wezxootiossg7¢ he purifier was anal yzed and t he oxyPenus2003/033006

renoval capacity for the nedia was determ ned as shown
in FIG 2. The 10 capacity %I g(r)vvn to be between
8.10 and 8.76 liters of oxygg' @ liter of nedia
(UL) before 1 ppb breakthrough and over 11 UL before
10 ppb Dbreakthrough. Al though an exenpl ary enbodi nent
of the Ti. fkemthed ofisempwisg cobtareinantemasireamyofigaben

e | be understood by those skilled
ﬁﬁé&‘?@?’y"?@{'%du fications may be nade to the

dl scl ogedtactingedtredrh ofMaMwWith de:nafrmtyn@‘ dtrleasttdre rsmcademetal

of the invention, which is defined t he aﬁp

cloxidesfor agpapodcafAing ta Qedmeztbemmrﬂsnt S5niehP6rthe stream.
PCT/ US2003/ 033006 CLAIMS 1. A nethod of renoving

contam nants froma stream of carbon 2 dioxide (C02),

conpr | 9. nbhe nethed as Ihgclairaﬂr edmareih tG©Zontarhinanticamtent ig

t d de f d of
Ciredlossf BEipt RS o IbhaTisaRer BRDARPELT 't he str oam

6 2. The nethod as |n claim1, wherein the contam nant

content is reduced to not nore than 100 parts per

bi | | i or3. (Ppbineti®oBas helaimtihadhesginithe coataminantpententis
10 reduced to not nore

h
tﬁgﬂu%?}%p%oqan%r% gtﬁ‘e'g)twlét?hod as in claiml1, wherein

the contam nant content is reduced to not nore than 1
ppb. 14 5. The method as in claim1l1, wherein the m xed

met al  dxi the BiRRd 3sdn claign fewheseindbe feNEArRinankeentent is
O)?ég@ééoo{bhﬁét%%dthéﬁ 16 l;I'he nmet hod as in claimil,

OXIde conprises netals haV|ng
di fferent el ectronegat | vities.
5. The method as in claim 1, wherein the mixed metal oxide comprises

metals having different oxidation states.

6. The method as in claim 1, wherein the mixed metal oxide comprises

metals having different electronegativities.

7. The method as in claim 1, wherein the mixed metal oxide comprises

metals having different coordination environments.

8. The method of claim 1, wherein the mixed metal oxide is selected
from a group comprising: copper (Cu) and zinc oxide (ZnO); iron (Fe) and
manganese oxide (MnO,); nickel oxide (NiO) and titanium oxide (TiO,);

palladium oxide (PdO,) and cerium oxide (CeOx); and vandium oxide (VO,).

9. A method for activation and regeneration of mixed metal oxide

adsorbents for the purification of carbon dioxide (CO,) comprising:

13
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20 7. The nethod as in claim1, wherein the m xed
nmet al oxide conprises 22 netals having different

wa@oanadssiag i on envi ronnents. 24 8. The net hod oPCTAIS2003/033006

1, wherein the m xed netal oxide is selected froma

o’ E8Rtn ihe JascrRRCin B4 Siee e B eliRok P laminents
( MaSbrirdkhkidtani um oxi de (Ti Ox); pal | adi um oxi de
(PdOx) and ceri um oxi de (Cerg; and vandi um oxi de

(VOX) . expgsiag the heataskadsarbert tovan PXdizigrgestdép oxigizeoihe
of, gifbeeg}tnet al oxide 30 adsorbents for the

pl?lle cat’ion of carbon dioxide (C02) conprising: 13 WO
2004/ 03odlirty theTadss?bedY t03BS8éondteaipeargturéncaradisor bent

to a first tenperature to rel ease contam nants

2
adsor b&¥PP$Badhe copled Adsespemdo Ragduging RISNb & Pradyicg R mixed

oxjdirbigeagent to oxidize the 4 adsorbent; cooling
the- adsorbent to a second tenperature; and 6 exposing
the cool ed adsorbent to a reducing agent to produce a

i xed netal oxid 10. The method of claim9,
whor ei 10 1 MELHd eheleim By pPerEn B2 fIBHEmRBalils s between

3QP6ut 80640tH abiiGs0t@. 11. The nmet hod of claim 10,
wherein the first tenperature is about 400C 14 12.

The nmethod as in claim9, wherein the oxidizing agent

clarm 9 e wRREG Qazh 1" Pufsd REAERIRbeRyelh avout
alagepc 100C to about 250C. 20 14. The nethod as in
claim9, wherein the reducing agent conprises a

12. The method as in claim 9, wherein the oxidizing agent comprises

oxygen (O,).

13. The method as in claim 9, wherein the second temperature is
between about 100°C to about 250°C.

14. The method as in claim 9, wherein the reducing agent comprises a

mixture of hydrogen (H,) and an inert gas.

15. The method as in claim 14, wherein the hydrogen gas comprises

between about 1% to about 5% of the mixture by volume.

16. The method in claim 14, wherein the inert gas is selected from the

group consisting of nitrogen (N,) and argon and combinations thereof.
17. A method for continuous purification of carbon dioxide (CO,),
comprising:

purification of CO, by the method of claim 1 in a first bed of a dual bed

14



22 m xture of hydrogen (H2) and an inert gas. 24 15.

The nmethod as in claim 14, wherein the hydrogen gas
weopnsHes between about 1% to about 5% of thecTistoos/€33006

by volune. 26 16. The nethod in claim14, wherein the

| nphtifictapparateg! ected fromthe 28 group consisting of

nitrogen (N2) and argon and conbi nations thereof. 30

17. A ntageseration efan adsasbentiora $écoatd lned of theaduzdbed purifier

di 9xi iSing: 3 urjficati.on of 2.b
Cn PR ine mEMRL SRR o) Fulid e Giiheiotntpuiiaton af the
WIC2) 0 tHEBpretibUSCSte pIFaNewedBFO06  purifier apparatus;
2 regeneration of an adsorbent in a second bed of the

dual beRUigatien of CQupning:methed ofralaime1 firntheoseadna bedafter
ducs _ et e ot he -2 3

£ heaIeti of Pedkriehilln Bt e ABdt bl vk IfethdgroTaimyg,

t fmineigmmm]@ thed gﬁnéraitt‘_rmntdfetpe t@ﬁi@ﬁtbddmdg ﬂffét st btéﬂ by the
conpl.etjon of regeneration o e adsor ben e
wequ'ﬁhl?do?f%?'g?hi%,‘g coi ncident with the regengr ation

of the REsafifgtHe ﬁépé?&%d(gtiépo%gyhffcétrbﬁg met hod of

claim9; and Tepeating t eps tor continuous
purification. 15
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