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RELATED APPLI CATIONS This application clains the benefit
of priority of United States provisional application
Serial Nunmber 60/419,390 filed Cctober 17, 2002 which is

i ncorporated herein by reference in its entirety. This
application is related to United States Patent Application
Serial Nunber 10/mghiide@or Qur@PeinelarsdR0RoRbbd t1 ed " METHOD
OF RESTRI CTED CARBON DI OXI DE PURI FI CATI ON* which is

i ncorporated herein by reference inits entirety.
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optics and lasers in other relevant applications. Various phases of CO,,

liquid, gas and supercritical, are used dependent upon the application.
Purification of CO, to a high level is difficult as CO, is inherently wet.
Gases can 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 organocheteroatom derivatives wherein

heteroatoms include, but are not limited to, oxygen, nitrogen, sulphur,
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is even nore essential when it is wused in the
supercritical state. A supercritical fluid is a fluid which
isin a state above its critical tenperature and critica
pressure where the gas and liquid phases resolve into a
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Spi egel man et at (US Patent 6,361, 696, incorporated herein
by struefusaldgatyres sucwalers aresuijeet tgrdegradationeol it es for
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source of contaminants. Stainless steel components canleach metals
including iron, chromium and nickel as metal complexes or metal ions.
Leached metals are volatile at low concentrations, ppb to parts per trillion
(ppt), and are readily captured in the 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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other contamnants is limted. Lansbarkis et al. (US Patent

6,511, 528) teach the 2 use of a series of materials to

renove a series of contamnants fromCQ2 to all for its

use in the sem conductor industry. The materials may be
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adg?er %e;,d w%?ert, rr]neetals, sulfurous contaminants, especially COS, phosphorus
containing contaminants, silicon containing contaminants, and non-methane
hydrocarbons (NMHC). Contaminants of secondary concern are nitrogenous
contaminants, especially NH, and NO,, wherein 1 < x < 2 and other inorganic
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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and ratios of netals is dependent upon the source of CO2

to be decontam nated in conjunction wth the contam nants

to be renoved. The invention further pertains to nethods

for the activation and 3 regeneration of the netal oxides
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Theontaraiants in theaClt hod for the production of highly
purified CO2 containing contam nants at |ess than 100 ppb,
preferably | ess than 10 ppb, nost preferably less than 1
ppb, for use i NBRIEFSBESCRIPTION ORdHE DRAWINGSN nant s
of primary concern are 02, water, net al's, sulfurous

cont ani ridf&. 4, lsméburamqwatt@t pavielor us- and
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Ni LF S8 RkEhtioppounds, especially NH3 and NOx and ot her
organi ¢ conpounds. Purification of CO2 is exceptionally
difficult as it typically reacts with

DETAILED DESCRIPTION AND PREFERRED EMBODIMENTS
The invention is a method for the production of highly purified CO,

containing contaminants at less than 100 ppb, preferably less than 10 ppb,
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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theminactive. In fact, C02 is commonly used to passivate
hi ghly active reduced netals prior to shipping for safety
pur poses. The instant invention overcones the repressive
nature of CO02 with m xed-netal conbinati ons where di sparate
chithesidesgriggdrhelew. ar e expl oited by proper choice of
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and Mis a netal The adsorbents conbi ne properties of both

hi gh anﬂnd pm%h%pélhqr%n%gaén@q %é!@etaﬁ n the context of the

i nstant T nventlT ol a m X €1s defined as a
conposition containing at |east one netal in nultiple
oxi dation states or two or nore netals with disparate
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ongs @cdﬁ?psﬁi@ﬁmﬂamyét It tngafel@tlinimatipReoXiaatioe states or
the netallic state é_s.g., Ni/NiO. A nunber of exanples
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| n¥giAktionN state80tinkAE TNt dfitRehoa@s atlemtiohadnerss thed t hey
are not limtations of the invention. First, two or nore

mecamponents of theerixask medal oxidstcarcke dathemetalipistale (9@ g.
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metal which has oxidation states that vary throughout the
meaelion are seggested(for . nuinbrr of materialsh theinventiopds 510t bpvad by

possi bl e value of x. varie ependi ng ..on, t.he c
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woul d kppat tiae eromord hfetal mediffepent oxidatiemetatéaean be combined
Consi derations for selecting the appropriate adsorbent or

adegben{4nQr EeiVeOys seecord oo or more metals in similar oxidation
states with sufficiently different properties can be combined (e.g. NiO/TiO,,

PdO/CeO,). Third, a single metal which has oxidation states that vary
throughout the metal can be used (e.g. Ni/NiO, V,O, wherein 1<y<5). The
possible value of x varies depending on the compound 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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adsorption properties are not rendered ineffective by
exposure to liquid and supercritical CO2 which has
substantial solvent properties. Additionally, standard
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preferred enbodi nent, the nethod of the invention is

cafPMAN®St using a dual bed

A variety of purification apparatuses are known including, but not
limited to canister and multiple and single bed apparatuses. In a preferred
embodiment, the method of the invention is carried out using a dual bed
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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material with the CO2 streamfor sufficient tine to allow
decontam nation to the desired [ evel. Decontam nation
consi derations such as tine, pressure, flowrate and
tenperature nmay be readily determ ned those skilled in
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relatively high temperature, about 300-550°C, preferably about 400°C for
about 12-24 hours. After oxidation, the adsorbent is cooled to about 100-
250°C and exposed to a reducing gas containing about 1-5% H, in an inert
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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about 400C for about 12-24 hours. After oxidation, the
adsorbent is cooled to about 100- 250C and exposed to a
reduci ng gas containing about 1-5% H2 in an inert gas such
as N2 or Ar or an H2/ CO2 mi xture for sufficient tine,
typle®@sSy about 12-24 hours, to result in a parti al
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materials are those in which the higher oxidation-state
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cathsshdiffiyisesiiole) a carminglgd poiion pé ; material whighopieferentially

cuple gl a e il #3Rops ] T ThERakby B i Susorbents

adinshety ethisr dEr Beiviidelyavaridd aepehdinghors the spatiminaats to/be
bi nds to an oxigen deficient portion of the material (e.qg.

f orempyed as welhasiher parametars knows tonthesg sidlled ingthedart.

o o °F SR/ZhEFsdiin R KB &3 RSB ERtor b res i RDeBeY 878 zinc
adpgideanitls Cu pre’rel inbNUbstantidlly reddeky statd. €Thé engtedianthainbe
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can proceed as follows during the CO, purification method:

Cu®+ % 0, ~ CuO

ZnO + COS — ZnS + CO,

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 O, = Fe, O,
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material nmay be supported on an inorganic oxi de such as
al um num oxi de as descri bed above. ZnOis stable fully
oxi di zed Zn" and netal oxides adsorb NVHCs. Reactions can
proceed as faqllows durln the CIE urification nmethod: Cu
+1/2 @ -> oldOzndCO SOzng G MX + NVHC - >

MOx- N
(Cu/ ZnONr;H?se %%—@#%a(}emnsggg\? 9‘%?‘3 ?%n%tg%ﬁmgg°%mma”e
t ohyérozaabonsWNMHC) and G Partiiutatipsuited dor thesmigratipassfi bl e

usi ng Fe/ v\nOx, a material which_has the erties of a
suBBeaVRaTReA,OREeR ARG SUITUATTRMYES Ija RUk MR ke nifnslEeeas

0XbE dddhSFhied Y LG AR L3Rl Goid PrAYRE-ef i i ent

Fe reac and manganese 'oxi des “renové

sul fur ¢|®rats?e¢bnwenmaid&menaof thd rrwentlbhetrfﬁdsdsmmmé’y:e@wtam
+1/2 02 ->Fe28 8 Mx + COS -> MBOx-1 + C2 . The
cofP REMee Hetals/neeenkin Sj@fbl?r felativaly h@hx%dattﬁn states for the

OBo{FRSBaRGIg A AS B BERWARIES B ERIB Vel BHhererasiyif o

em sor

I nthemid Coé%pemebe NIOQEOkearteRdOs€e® @mpltaeﬁof guch

renove fromboth Iiquid and gas a second
enﬁ@mbrmﬂonﬁ Fheeafmemﬁnt@nedta@%ﬁ@n Wéﬂpeﬁ@ﬁ arenstill relevand to

Ot TR atatiaf indle? Rl pdshabt e fridi8liatave HireRl % | o
mt@h@'mwtmwwbﬁ@h Wblﬁ‘em@be(@g?aHufWremeééc:eﬁnatNtrD/ Ti Ox

and PdQ CeOx are exenplary of such conbinations. The
af gneifeMMcsin)d Gaettinatiom epyvispaments ars the eleqtranis exirenments

oi pela Fhe tnal Ve EisTbrbEtehBsh i BReRling 1 FiBa Cand Aéind type.

dl Rizgt@mth aeopieddiffarémtrad sorpliom tiska! Seing Geyoinpikiheenby similar
environnents are the electronic environnents about a netal

t hanetalsavil apy @xidatioe stateditferandiahdifferentnastions of the gatgrial are

tY Rfsimilar relatively high oxidation states. The different adsorption properties
come from the presence of vastly different metals. An example is a mixture
of a late transition metal oxide with an early transition metal oxide. 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, + Y20, — TiO,,,
TiO, + O, — [TiOx*0,},

wherein * indicates the Ti is in a metal complex. This form may involve
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acconplished by simlar netals with an oxidation state
differential, different portions of the material are in
simlar relatively high oxidation states. The different
adsorption properties cone fromthe presence of vastly

di bfidgingt dioryge s acting @saajigand satherithanundesgoiagl airedox reaction

transitiqn netgl oxide with _an early transition netal
oxPHEA pﬂﬁ""‘i"ﬁ f?aléceéﬁ'g%/i"al%’ e, especial ly advant ageous

mat eri al t t : 0 i

Col 1. oM QP8ISO IAT be! ApIABR cihaiapSMioct] to NI in which case
oneed@ocheémistof mayetaketmacealinvaiving dhe tNiezontaming podiortshef the
mat eri al . aaj n, ﬁl &goggfb such reactiqns e known to
ocEateral. AddipbalinBedNIQ miaY Pacipatadn Sulif sGRYENgiPg as shown
su |S§ i ence of CO2. The ratios of the
adgrgﬁ)ezfnotmgwt”gb Lé;%%mr%?her can be widely varied dependi ng on
the cont am ndiG+t@OBe— Midwe@(ys wel | as ot her paraneters

known to those skilled in the art. Ti nma ave, oxygen, )
vacanci &4ckg! %f?‘lﬁﬁ/@x'p@saﬁf? WW%HH%FQO éﬁg’b‘é’éﬂsﬂé}%&q'?'&at'o”
actlye: Si.t ' ; as follows during the
oot adioMs| ikh SERE FeRGoAA RIS Lo &%, A " 1o
-> [ Ti OxC2], »Mier eiNiS*—i NiiS&pesxNife Ti is in a netal

i OCZ] . | NI T s i |
o WRGh tuaNoene e 0RO deR ueadpickel Sbie PLART i on on A

partially redy { -8 (Rixdt i O al so may be

conpl etely o%‘%?t'f’% ré%@e‘gmc i ', in which case

redox Cﬁ’¢m} Mrﬂqumxidbﬁbalsthmseodd ﬂtheab(l&y:geg\—ddzféciéht cxidesiofiCe0, are
portions of the material. Addjtiona ,.the N.QO m )
pamellcinewr ang tgatrfreacgwm@r@lwgeastpsb%w'Parrtptﬁgx%}q biaRs

" @bl Ao Orfie Ao of P SR PG/ vidl) kha™ ah b8S and
aré Known to undérgo turther disproportionation reactions
suqteyaaisﬁmy re2tivity towargvarid w\Continthantd if a mani<sGimilar o Ni

Ni ' which nmay generate additional reduced nickel actjve, .
si widch is in the same periodic group. The combinations of materials in this
example function similarly to those of the previous example by providing

different reactivities resulting in different adsorption and regeneration
properties. Ni/NiO has been demonstrated to remove a wide variety 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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t he oxygen-deficient oxides of CeOx are well-known and
their reactivity is believed to be simlar to TiOx and Ti Q2
as shown above. The behaviors of Pd and PdO are well known

on ceria and thgg/ splay reactivity towards various
coRdarTthBMIBCsrPr Lth'ﬁes CoNFAMEIAN® Ni which is in the

same Den)fflidia Paidl: m;@néierwrﬁéﬁ 9Qﬁ?&’ibnw§ Brdsnt if Sebdiat

exanpl e fun ron simlarl ose evi ous exanpl e

bymmemeﬁtaﬂgomdaﬁcbuesﬁtésrafedmowrt I Eor egamme ng in different
adsorption and_regeneration praopertie Ni / Ni O has been
denonstrated Y @Tgﬁﬁ&e —aV &z ietY28¢ contaminants from

COY et il eénalgﬁoum fHeSvéH élHFH Bgld@sc KR also possible.

alum num iron,

surrhereleombposnme smmomfrm\acﬁmb 9:nmlar‘dert|tawHCbubonth diffegent
and small. In a third enbodi nent of the invention, the

ad Sxidatien Ghafaeteisiich, allowingdhe reaEEPNoxi de in which the
net al oxi dat i oA ;t,q éarg g\?ot WMH@?OM the nmetal. VYOX
q .

exi sts in a nunber %ﬁIOXI bn states and is exenplary of

su€dr the adxcrption lof Ni1eIGYTENt | ONed adsor ption properties are
still relevant to this material, wherein two portions of

t he mat dhexlevehoboyidatiendfvanagiimicasbea contralisd dstringrthe
rre é;fé érrgggﬁtprgcegéfF?}{eemve%bﬂat| on states). The sanme

nd| fent” OXi dation states within the

mat eri allroarp@qmziwn: hehavean duinber ofoxidative statenfroas kero foo+4 and
exanpl e, a | ow oxidation state portion of the material_ nay

adgﬁ)beé'ﬁ'y@eﬂ numbercoboxifgtien statpasimiar ta varagium i Eﬁx%bas

Ve REERSRELLY Pofe 3 hOmYET eRhAH A S R SAPEAE I, 1.5,

sewsl behZérie nedutaldehydeaindwatérat es are known. For
exanple: VO + Y2 Q2 ~ VO2-> V23 -> V206 Vanadi um

sul fides, anal ogous to the vanadi um oxi des, are al so

29551 1Syt eGSOV BB BB flebonce in et
&';/EE)@E?&@U Alll serceftag¥d Bt bawerAtuMBss YeXeriv ¥ srovidéYOParts

of contaminants that are parts by volume.

EXAMPLE

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 O 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
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for the adsorption of NVHCs. The | evel of oxidation of
vanadi um can be controlled during the regeneration process
of the invention. Iron is known to have a nunber of

oxi dation states fromzero to +4 and nmay exist in a nunber
of oxidation states simlar to vanadium_ FexOY has been
shbapkpressereiaguaten was used te neahand maintaip) theipfgsseredudng

R T L Y N e

engsé@ty meddureehe D) s@fseritiatidn, TWi WNerlddtestiontinet vf e oxygen
provi ded. Parts of ‘contam nants that are parts by vol une.

EXANRIYEET i& Q.agpbfmﬂifmm Thsssecondpuiified Ne e wastysad iecpurge
ini i i - axi d] i i { N O
c ettty Biotepefer §a8 et ih ThAGHa b G s8hed bf Mebas

exfIOwRE foothel dxyigein asaIgEal. ThEDurifier wald sdbjectetto adhaliehgd gas
for 29 hours at anbient tenperature using a 5% H2/ 95% Ar
pucompgisingal pprs oéfYaatd simunder F0rpaie at ambieat tempetatyse. The

= 00 B GR0 RiBg el it Fas BASZRYArlA B BRgen

SSBviifcarachR feHtHE hiddia Wi derpaiimed b SMwiFIQ! 2d TihHe
i ndi cate when each nmedia was finished reacting with the

cceapa‘clri’lty was sbonastnbe bteﬁweegpeeﬂomﬁt &i76diermof mxygen penliter of
t MVE t i nt ai f t f
oA S st R e EAURTONOR A PP LIE sL 1PEB°

at brddktirduil | enge gas containing 15ppmof 02. A 11

backpressure regul ator was used to vent and maintain the
pressure during purging of the test manifold. A Nanotrace

X | Del t a- sed t t he 02
congent ARIGHAN ahEAasalarArakedBRent of Fhofensigh fise been

_ _ " _
(oBeed aoBue HE wal BF Rlanlole RGP R WP be Af8 KEopq BY tse

neskillad intthe fidl@piat enedifidarioprsmalyl bavimigré eotthe disyigead
anal yzer. The purifier was subjected to a challenge gas

coemtiosiimgnt without departing fedm tiedssorsnopdhg iaveatibnemthich is
t eggﬁ{]g(tj li)lrye'the-rg\]gpended claims.

WE CLAIM:
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oxygen level in the gas exiting the purifier was anal yzed
and the oxygen renoval capacity for the nmedia was

determ ned as shown in FIG 2. The capacity was shown to
be between 8.10 and 8.76 liters of oxygen per liter of
media (UL) before 1 ppb breakthrough and over 11 UL before
10 ppb breakt hrough. Although an exenpl ary enbodi nent of
the invention has been described above by way of exanple
only, it will be understood by those skilled in the field
that nodifications may be nade to the disclosed enbodinent
wi t hout departing fromthe scope of the invention, which is

defined by the appended cl ai n@ AW CLAIM 12 CLAIMS 1. A
nmet hod of renoving contamn nan E §m a stream of carbon
di oxide (CQ2), conprising: contacting a streamof CO2 with
a quantity of a mxture that includes at |east one m xed
met 4l oxiAdmethod of rerepyiog contanrinants omeaisiceam 1k cabenaligxitmt
ntent .of the stream wherein the mxed netal oxide is
(0@31 %Orpérésqéqomthe group consisting of iron (Fe) and
manganestnga isttearfiidi GO, with & Redntitk die MiNLE) thahicludea st east one

oxi do (Ti.O0 - | el : . ;
e B SoThar AR Fucd TRl iR iHestream.
wh\%djirﬂhe m?ﬁd nhétaltrbx'nc_jé idm;le(c@c@a? thegrotipesomsistiog obirore (F&) @nd,
erei n the contani nant.co u r ,
marganesprigs M0 gaRe Rt ik AN Ghind RahEiaate [ ROLP bpidtRif oxde
(PADYRLLHDE ey @BOLRNandant exites 6/0 gchice (W) andnickebexide (NIO);

than 10 pph. 4. The nethod of claim3, wherein the
an@dfﬁf‘é’?ﬂdﬁégee%htent is reduced to not nore than 1 ppb. 5.

A net hod of renoving contami nants froma stream of carbon

di 0xd de  fHEOGRbthoB ARG 1N ghefemtrRcddntgminant carentdé rédiRed to not
with a quantity of a m xture that includes at |east one

more than 100 parts pér billion (ppb).
3. The method of claim 2, wherein the contaminant content is reduced to not

more than 10 ppb.

4. The method of claim 3, wherein the contaminant content is reduced to not

more than 1 ppb.

5. A method of removing contaminants from a stream of carbon dioxide
(COy,), comprising:

Contacting a stream of CO,, with a quantity of a mixture that includes at least one
mixed metal oxide for a period of time to reduce the contaminant content of the stream to
not more than 10 ppb, wherein said one mixed metal oxide comprises oxides of a metal
having at least two different oxidation states, two or more metals present in different
oxidation states; or two or more metals having different coordination numbers, ligand

types, or both coordination numbers and ligand types.

6. The method of claim 5, wherein the contaminant content is reduced to not
more than 1 ppb.

7. The method of claim 5, wherein said one mixed metal oxide comprises

oxides of a metal having at least two different oxidation states, the metal being selected

13



m Xed netal oOxXide 10r a period or tine 1o reauce tne
contam nant content of the streamto not nore than 10 ppb,
wherein said one nmixed netal oxide conprises oxides of a
netal having at |least two different oxidation states, two
or nore netals present in different oxidation states; or
two or nore netals having different coordi nation nunbers,
ligand types, or both coordination nunbers and |igand
types. 6. The nmethod of claim5, wherein the contam nant
content is reduced to not nore than 1 ppb. 7. The nethod

frono thecgramcdnsigtireg f nickshi v@nadieinhah@iofret al  oxi de conpri ses
oxi des of a netal having at |least two different oxidation
states, the netal being selected 13 fromthe group ,
con8i st i Tige ofethdvd kidlaim/ansarain saidione prixedgnetahaxigp crapriges two

cl ai i [ ] i dles j
or i, pE SR ot SRRy P Rl PRI R S RolniRe
group tehsitteigef il act redngar@set he group consisting of iron and
manganese. 9. The nethod of claimb5, wherein said one m xed
met al oxide conprises two or nore netals having different
coopdi natrhemettotef slaim 5ganeretrygmd one mikext inetad okidiercanmmises two

nunbers and .| i d es, t.he netal s .hej I :
or e GPBhe o ARrsrt EBR eebRE rUTBrE AT BrSE, FHsRicbaton
nurBBérsamd Iiband Tesneichnétatf beih@batebted ifver tergrohe consigtingneftridkel,
_oxide is selected fromthe group consisting of copper (Cu)
titagiyan, Pafrdivi aNd 7B i ron (Fe) and manganese oxi de

(MOx); nickel oxide (NNO and titanium oxide (Ti Ox);

pal | adi um oxi de (PdOx) and cerium oxide (CeOx); vandi um

oxi d@. (V@R mainel ek clalth b5, aReroM fHeahixed intkal(Midd) is safudtéd foom the

oxi des (FexOy). 11. A nethod for activ It-“i on dand id
graupgensisting ehcaiPer{ KeRNding 0¥ls Z@@H%P Ze‘?‘)t%n Pgnagiiee oxide
(Mﬁﬁ)@! F\igﬁé\tdx% @0 8rd aRNRINPSkide (TIER halddilrhicXidegPdas pahd Gerium

t adsor bent to.aflrst‘tenPe.ratur,eto releée_ , .
oxide HEaRih uandumddstend@-); trviekeb thy) a@%t‘i&?‘r@"%@' &4 ron oxides
(Fée\gsor bent to an oxidizing agent to oxidize the adsorbent;

ool ing the adsorbent to a second tenperature; and exposing
250

the cool ed adsorbent to a reducing agent to produce a m xed
nmet al

11. A method for activation and regeneration of mixed metal oxide adsorbents
for the purification of carbon dioxide (CO2) comprising:

heating the adsorbent to a first temperature to release contaminants adsorbed
thereto;

exposing the heated adsorbent to an oxidizing agent to oxidize the adsorbent;

cooling the adsorbent to a second temperature; and

exposing the cooled adsorbent to a reducing agent to produce a mixed metal

oxide.

12. The method of claim 11, wherein the first temperature is between 300°C to
550°C.

13. The method of claim 12, wherein the first temperature is 400°C.

14, The method of claim 11, wherein the oxidizing agent comprises oxygen
(O2).
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oxi de. 12. The method of claim 11, wherein the first
tenperature is between 300C to 550C 13. The net hod of
claim12, wherein the first tenperature is 400C. 14. The
nmet hod of claim 11, wherein the oxidizing agent conprises
oxygen (02). 14 15. The nethod of claim 11, wherein the
second tenperature is between 100C to 250C. 16. The net hod
of claim 11, wherein the reducing agent conprises a mxture
of hydrogen (H2) and an inert gas. 17. The nethod as in
clai m 16, wherein the hydrogen gas conprises between [1%to
5% 3$. t hd hgimethed ohglaip [l tinwhered) thengeosad aPemiWRas hetraen

1o0Mpebeispeghe inert gas is selected fromthe group
consisting of nitrogen (N2) and argon and conbi nati ons

thereof. 19. The nethod of claim9, wherein the absorbent
bef #6e t Adeovethadiohalatns 11 adbenelheﬂﬁet tedueing agenpeadrsgrises a mixture

at | east one m xed netal oxide, the
of '{rﬂd}%e(# r{el_tzgsh%éﬁ% L+g§| ng selected fromthe group consisting
of copper (Cu) and zinc oxide (ZnO; iron (Fe) and

mandganes & hexnethod s @ ):Iami16kwhemtm thee idr&eragak torhprisesbetween

i OX al | Am oxi de (PdOx) and cerium oxi de
173%@%5"‘&\?5{%‘?‘{{ FBa Yol €. (Vox): nickel (Ni) and nickel oxide
(NiO and iron oxides (FexOy). 20. The nethod of claim?9,

whengi n tThe rabm@ﬁmarameeowaetd}et@mbﬂ a@@é@ect@dsmnb&cb group
thereto co rs\lgs a mxture that inclu t | east one

congistipg aBitE eB)é )2ngG ggon ﬁf‘ﬁ?é’&’%‘i@ior‘éihﬁéo ei ng sel ected
fromthe group consisting of iron (Fe) and manganese oxide
ni ckel oxide (NiO and titani um oxide (Ti

pal f Qd{ urhhexnethod pd ca)m Pnwheeain rtmﬁra*és@ra%nt(@é@ﬁ)the @a%fﬁmunants
ad%b&?&eﬁéf@@omﬂ?ls@g%lm&mré tl@éf%d?u%é}fse% IQé‘ét%‘?xe%@ gl (?1)5&51 the

oxl des a| m9 erein
ml@dsmeu@énmdb@emgesedmectﬁﬁmathe @RI Congiglinatnl ¢op e (G and zinc oxide

(angi o ?ﬁe@hﬁd%éﬁgérf‘egk%%e rﬁﬂ@%‘;ﬁ’g?gl o%@?jhu@ﬁ&wd‘ht;éggmgg& glas
(Tiof); aallaeiuah ol (RgOax arideeaytunt weide (CeOy); vandium ox1des (VOy); nickel (Ni)

and nickel oxide (NiO) and iron oxides (Fe,Oy).

20. The method of claim 9, wherein the absorbent before the contaminants
adsorbed thereto comprises a mixture that inciudes at least one mixed metal oxide, the
mixed metal oxide being selected from the group consisting of iron (Fe) and manganese
oxide (MnOy); nickel oxide (NiO) and titanium oxide (TiOy); palladium oxide (PdOy) and
cerium oxide (CeO,); vandium oxides (VOy); nickel (Ni) and nickel oxide (NiQO) and iron
oxides (Fe.O,).

21. The method of claim 9, wherein the absorbent before the contaminants
adsorbed thereto comprises a mixture that includes at least one mixed metal oxide,
wherein said one mixed metal oxide comprises oxides of a metal having at least two
different oxidation states, the metal being selected from the group consisting of nickel,
vanadium and iron; two or more metals present in different oxidation states, the metals
being selected from the group consisting of iron and manganese; or two or more metals
having different coordination numbers, ligand types, or both coordination numbers and
ligand types, the metals being selected from the group consisting of nickel, titanium,
palladium and ceriu,
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di fferent oxidation states, the netal being selected from
the group consisting of nickel, vanadiumand iron; two or
nore netals present in different oxidation states, the
nmetals being selected fromthe group consisting of iron
and manganese; or two or nore netals having different
coordi nati on nunbers, |igand types, or both coordination
nunbers and I|igand types, the netals being selected from
the group consisting of nickel, titanium palladi um and
ceriu, 15 22. A nethod for continuous purification of

car bon di oxi de (C02), conprisin urification_of

t he28et hédmethodifal eantingeies Burifisatior ot e rb%awé\dee{c&wcomsllsmg

pur g%ﬁ@gﬁ@fbﬁ%@auaﬁ%ﬂg{ &tdiaﬁﬁ PEN@B iRd 3Pt BRAtof 'arhu%l bed

sec purifier apparatus by the
purifier Apparatusg| ai m 8, during the coincident purification of

the XX rwnteﬁaglobecﬁﬁﬁ and\é]gpolé%t ﬁ]tf Qecfond dP¥ale B%alr‘l}érd';?I drffidh éﬁ&ggfus by

1 and e sec
thebrﬁdthaﬂtoé tlato lﬁspdemmg)tmeaiomogmm pudfidatinn of theHeOaitsbe pesmiousystep;

t he £ 8§53 1

o {awad i efipBtgh dios PR ThERB oPehuol deinlscP 8RE S v
sedohd mtcafte? 26 aipilaiigntdi eegenepstiohaf thmadisanhmtsbyptbe math@d pbelaim 11,
coi%gident with the regeneration of the adsorbent of the first bed by the method of claim

11: and
repeating the steps for continuous purification.
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