WD 03/ 070635 PCT/ US03/ 05174 1 METHOD FOR REMOVI NG CONTAM NANTS FROM GASES
5 RELATED APPLI CATION(S) This application clains the benefit of U S

Provi si ol odppiédEat i on No. 60/ 358, 065, filed on Februarycrajso20024 The
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phot or esi st apditetien isdnebrpaifated herdie by refefencari cr o- el ect r o- mechani cal syst ens
( MEMVB) (rj}r ing, and netal target 25 cleaning. Previous nethods for
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IS a conmmonipa @EEROYEIDIEE THENEYENTIOWI ch car bon di oxi de vapor is taken
froma bulk tank or a cylinder and %%ssed t hrough a condensi ng unit, where

it partially confemsasliordasippisttaived and devasraservsiontess nermaHE SHA ti ng
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cont am nant $ié puttit§dsiefticiayt fbasd indbed sidissvetdiges, and most plants can produce it.
15 Some applications require carbon dioxide of higher purity than EIG. For

example, supercritical fluid extraction and supercritical fluid chromatography

require small amounts of higher purity carbon dioxide. Examples of the types of

higher purity carbon dioxide include Supercritical Fluid Extraction (SFE) and

Supercritical Fluid Chromatography (SFC) grades. These grades of carbon dioxide

20 are genc. . _ }ied in cylinders.

Additional applications requiring high purity and ultra-high purity (UHP)
carbon dioxide have recently been developed. These include pharmaceutical
processing, semiconductor processing (e.g., photoresist removal and wafer
cleaning), micro-electro-mechanical systems (MEMS) drying, and metal target

25 cleaning.

Previous methods for purifying carbon dioxide include distillation. Single-
stage distillation is a commonly employed technique, in which carbon dioxide vapor
is taken from a bulk tank or a cylinder and passed through a condensing unit, where
it partially condenses. Heavy contaminants concentrate in the resulting liquid phase.

30 The resulting purified vapor phase is sent to the application. By drawing from the

vapor space, the concentration of contaminants is reduced by about one order of

magnitude over that in delivered liquid. The efficacy of this approach depends on



magni tude over that in delivered liquid. The efficacy of this approach
depends on WO 03/070635 PCT/ US03/ 05174 2 the condensation pressure. As
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15

U.S. Patent No. 5,470,154 discloses the use of two adsorbent beds to remove
contaminants and produce 99.999% carbon dioxide. One bed contains molecular
sieves or alumina and the other contains activated carbon. This purification is to be
done at close to atmospheric pressure, and is likely to be ineffective for removing

certain types of contaminants.

20 R. Zito, "CO; Snow Cleaning of Optics", Proceedings of SPIE, Vol. 4096
(2000) discloses a means of using an adsorption bed to solve the problem of
providing UHP carbon dioxide for precision cleaning of optics using carbon dioxide

Snow.

U.S. Patent 6,099,619 discloses a point-of-use purifier to produce high-purity
25  carbon dioxide vapor by passing carbon dioxide through an adsorbent bed or beds
for purification. The adsorbent bed is sized depending on the amount and quality of

carbon dioxide needed.

Adsorbent beds have several disadvantages when used to clean carbon
dioxide. First, adsorbent beds are not effective for removing certain types of

30 contaminants from carbon dioxide because most adsorbents have a strong affinity



Adsor bent beds have several disadvantages when used to clean carbon

di oxi de. First, adsorbent beds are not effective for renobving certain types
of 30 conwermsnawss from carbon di oxi de because nost adsor IPEMIGSOSIENR4 a
strong affinity WO 03/070635 PCT/ US03805174 3 for both the carbon dioxide
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with the 1iquid ca®Bewdabepiie pumification, gentamingni-gentainingrarhpnshioxifie

contam nant s . ARPLA o] | Oxl i |. ffect the
ability of t K?@r %Egrihlt?l cat }ﬂgggan%,f‘%ggr?dﬁg#(%g@ugh?fs&legglﬁ%rggg%%n%il%ﬁ%ecﬁrebr al | y
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t he pores ofl-thg fhilter and re-entrain in the gas downstreamof the filter.
1quid phase.

A particulate filter may be used to remove contaminants from carbon
dioxide. U.S. Patent No. 4,972,677 discloses vaporization of liquid carbon dioxide
prior to passing it through a particulate filter for purification. The resulting purified

20  vapor is then re-condensed. Downstream of the filter, the carbon dioxide flows
through equipment having ultra smooth inner surfaces cleaned by electro or
chemical polishing. Generally, particulate filters can remove solid contaminants but
are inefficient for the removal of contaminants in a liquid or vapor phase. Even if a
liquid aerosol droplet is larger than the pore size of the filter, the droplet can push

25  through the pores of the filter and re-entrain in the gas downstream of the filter.

U.S. Patent No. 4,759,782 discloses the use of a coalescing filter to remove
liquid contaminant particles, such as water and oil, from compressed gas streams. A
coalescing filter is different than a particulate filter. Liquid droplets collect on the
coalescent filter element and merge together to form larger droplets. Eventually, the
30 merged droplets grow large enough to fall to the bottom of the coalescing filter

housing where they can then be removed. Coalescing filters are effective for



U S. Patent No. 4,759,782 discloses the use of a coalescing filter to
renove liquid contam nant particles, such as water and oil, from

conpr essewogan7®Bs eans. A coal escing filter is different PCharso®os174
particulate filter. Liquid droplets ce#llect on the coalescent filter

el ement and nerge together to formlarger droplets. Eventually, the 30
nmerged droplets grow | arge enough to fall to the bottom of the coal escing
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wi t h vapor phase con ant . Ition, when the anmount of solids is

hi gh, coal dsighngalkkdihgfifemusist bepmtateaicwitida pattioulatepdter ite preaitet thétht er to
prevent them5 from becom ng clogged. U. S. Patent No. 6,327,872 discloses a
del i ver y° sySPmB eSO CiR8%er vi ng  applications that require high purity
carbon dioxide. A filter (coal escing and/or adsorbent filters) is used to
i ncrease the purWUtSy Pafentle Hod 48 Bxdisdosea paleliverysysigmpeimed & seféRe condensed

in a condenser. and directed.to t tanks .at.a rekativel,y. o pressure.
Heating t heappéﬁﬁkonrs § LHEE h}g%ep%ﬁgggr@%@éb “udt ﬁgert gl sﬁhrfgs\,\%n]dgorconst ant
flow of |i cadserbeantiligs)deisodad eetrivst feuburith of eeBorodiogidaRasES A vapopunps.
This nethod is generally unable to renmove contam nants that_are in a vapor

phase and/ ois theareendensed shpoendienpser epd diserdest lodie tmkstabp relgisly Xt ent  No.
5, 976, 2 di scl os h S . i 1l ters. Y. n
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content in air comng fromthe conpressor, from5 to 10 ppmb ight to
| ess than 1mgibes isTerueraliycnapls to IRNAE R BERRan S thakag 1 %V?%H&]Béleta\r@/ nount of

liquid oil ﬂP%oplieﬁno‘(r%QB?.tﬂéé?i%rb%ﬁ’%téf.han 1 ppmto less than 10 ppb. 20
a X1 da

Thermal catal'ytic 0 ion I's a process by which hydrocarbons are renoved
Ly om 2,925 2, g RS 5% 2L G800l PO S AT,
Publ i shij§g £PXRBMAENt bed containing a macroporous polymeric material to remove oil from
compressed air. The coalescers are used to reduce the liquid oil content in air
coming from the compressor from 5 to 10 ppm by weight to less than 1 ppm. The
macroporous adsorbent is used to reduce the amount of liquid oil and oil vapor from

less than 1 ppm to less than 10 ppb.

20 Thermal catalytic oxidation is a process by which hydrocarbons are removed
from a gas by reaction with an oxidant, such as oxygen, to form carbon dioxide and
water. Kohl and Nielsen, "Gas Purification", 5% Ed., Gulf Publishing Company,
Houston (1997) disclose a generic thermal catalytic oxidation system for use in
removing volatile organic compounds (VOCs) from an air stream. The thermal

25  catalytic oxidation system has three unit operations: a heat exchanger, a burner, and
a catalyst bed. The air that is to be purified first passes through one side of the heat
exchanger where it is heated by indirect contact with hot gas leaving the catalyst
bed. The preheated air then flows to the catalyst bed where its temperature is raised
further by mixing it with hot combustion gases from the burner. The hot air flows

30  across the catalyst where the VOCs react with oxygen to form carbon dioxide and

water. Heat is released by this reaction, and the temperature of the air stream



Houst on (1997) disclose a generic thermal catalytic oxidation systemfor
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first passes through one side of the heat exchanger where it is heated by
i ndirect col i I i t st e reheated air
then fl ows 9 %&g Sgwcgﬁ%ﬁél)gsq&%zeg a&%éirtgg}etcgﬁg}gsﬁ%@r é}dugoe\psl %tor%;lgzlg further by
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U.S. Patent 5,738,835 describes a process for purifying a gas from the
thermal solid-phase treatment of condensation polymers. This gas is mixed with an
oxygen-containing gas and added to a thermal catalytic oxidation system. Oxygen-

20 containing gas is added such that the carbon monoxide level in the stream leaving
the thermal catalytic oxidation system is maintained between 30 and 100 volumes

per million.

Both the ‘011 and ‘835 patents control the temperature of the thermal
catalytic oxidation unit based on the carbon monoxide content in the effluent.
25 However, this approach is not appropriate for controlling the level of some types of

contaminants.

U.S. Patent 5,914,091 describes a point-of-use thermal catalytic oxidation
system for treatment of gaseous waste streams leaving a semiconductor
manufacturing process units. The waste stream is pressurized using a fan or blower,

30 then warmed to the thermal catalytic oxidation unit operating temperature by a heat

exchanger and supplemental heater. It then enters the thermal catalytic oxidation



20 containing gas is added such that the carbon nonoxide level in the
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hydr ocar bon "anal'yzer I s use 0 neasure conpl ete volati
r enoval ,15whThdrefose, hiohustpperps dtateey high temperatures. Also, a hydrocarbon analyzer

is used to measure complete volatile hydrocarbon removal, which is not appropriate

for the removal of some types of contaminants.

Therefore a need exists for methods and systems that reduce or minimize the

above-referenced problems.
20

SUMMARY OF THE INVENTION
Emerging applications often require ultra-pure carbon dioxide with lower

contaminant levels than demanded by previous processes. This invention recognizes

that at high pressure, UHP carbon dioxide often includes dissolved contaminants. A
25 change in condition can cause the dissolved contaminants to precipitate, forming an

aerosol of gaseous carbon dioxide and suspended contaminant particles. The

suspended contaminant particles can interfere with carbon dioxide applications.

This invention generally relates to purifying carbon dioxide through the use of

catalytic oxidation. This invention provides a method for effectively removing the
30 soluble and non-soluble portions of NVOR such that suspended particles do not

interfere with carbon dioxide applications.
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oxi di zi ng at | eagt J f it am : 1,Ng purified
car bon di oxi de. %f%lﬁlr}?r%gwdggg%rgior%ﬂr%ﬁ nﬁ%@%)ﬁgﬂ %&%ﬂ%ﬁ@ ﬁg?&aiégésr{ﬂgn nmet hod for

del i veri ng purified carbon dioxide to an application, comprising the steps of a) determining a

15 minimum oxidation temperature, wherein exposing carbon dioxide to a catalyst at
that minimum oxidation temperature will result in a purified carbon dioxide that will
produce a product with an acceptable quality when the purified carbon dioxide is
used in the application; b) exposing carbon dioxide to at least one catalyst at a
temperature not substantially greater than the minimum oxidation temperature,

20  thereby producing purified carbon dioxide; and c) directing at least a portion of the
purified carbon dioxide to the application.

The invention has several advantages. It provides a thermal catalytic
oxidation (“catox”) means that can effectively reduce both vapor and liquid phase
contaminant levels by orders of magnitude. Practicing the invention results in the

25 removal of contaminants that precipitate from solution and form an aerosol of
carbon dioxide gas and contaminant particles. A user of this invention can oxidize a
sufficient portion of the contaminants so that the carbon dioxide can be used in an
application without deposition of an unacceptable amount of contaminant particles
in or onto the product.

30 This invention recognizes that for some applications, volatile hydrocarbons,
such as methane and ethane, do not precipitate and do not need to be removed in

order to obtain satisfactory results during a carbon dioxide application.



purified carbon dioxide to an application, conprising the steps of a)
determning a 15 m ni mum oxi dation tenperature, wherein exposing carbon

di oxi de twoaswmaicas yst at that m ni num oxi dati on tenperat uPeTvisos/osiesult in
a purified carbon dioxide that will produce a product with an acceptable
quality when the purified carbon dioxide is used in the application; b)
exposi ng carbon dioxide to at |east one catalyst at _a tenperature not
subst ant i al FYthFrBere this faentionress sirasihal thesa bigherteighé eertaminantsghether eby
produci ng pys Li-ed,; LOXide, | ti I rfion of
the puri fi"(;,\bglll'1 E{ae‘ré cl)t%%rl OXIt gg%ﬂgq)t%hoﬁgepﬁcloc thlgtgﬁ? B\E}ﬁ)@ |tr?vag€1° I 3ﬁatﬁ§§£sever al
advant ages. néitpresipiwite @smasdhitemnduiring atcatboni dioxidx ahdichtion. (Tidatmxhjionreans t hat
can effectively reduce both vapor and liquid phase contam nant |evels by
orders of Nﬁlz% %’anﬁt?ﬁwlﬁﬁto?&it f‘%“é‘t*ﬂﬂ%ﬂilil%wnrué‘éﬁwmgeﬁaﬂ“? AleVBighy eppval  of
cont ani Nant godthainaRis Yl ififaf s %kﬂﬁieﬁ,ﬂblﬁ@%ﬁ ﬁﬂﬂdﬂ)@a?béﬂ%ra?éﬁ&t. O Carbon
di oxi de gas and contam nant particles. A user this 1 nvention can oxidize
a suffi ci eallowpothe iwrentibn tdes procticadivitintoweseperitatg teimpermtrtomddiedndede can be
used in an _a EI icati oprithout deposition of an unacceptabl e amount of

cont ani nant “PApY PESBEPUPH: or onto the product. 30 This invention recognizes
that for sone applications, volatile hydrocarbons, such as nethane and

et hane, do not preemsthostad thiaversionsen se sendugtedevitionenysuiticd, crifictéer t o

obtain sati S durd . 0Xi ication. -\

03/ 070635 P@P%%@%’Oﬁ%’l ‘5@’“ %Irrt{“ﬂ‘gl?%ﬁgir‘&?ﬁ?s ‘?%evegﬁf?‘?ﬁlﬁtlh?re%&? PP t hat

t hose hilghedewsstghin cfah¢ earalgantusit,tahdbssoviatdd equipRicpt bivhaspanpetandlaye to be
oxi di zed conpletely, but only to a formthat does not precipitate from

y ) C .
sol uti on duffRFESSIALTNEThef; GGR ifEodipp FeiapingRts Inthtke ¢ashandipyide can bows
identificat joanof @ik i i |, Of N r at which 5
contam nant s mlat %1?]{2 é%c?agﬁ%{t%%gg%ﬁ%f?%%{z@&ﬂ%u% nItl ?gﬁ%ﬁ{}gzﬁdgcar bons are
not. This eafificyrsygercmiehstaerhat adatqgeaitr beaiting dowr theeontapéiaats ing
t enperatures and reduced . ener consunption.. The method of the invention
can be condtCrERFtas SE‘T'?eﬁE‘é{Plf’&or’F‘gﬁX g}c,reaégﬁlei fragtion, P?t@L?B@iaEPF%W &xuitCcar bon
di oxi de 5t hggRbynag! i M nating the need for further conpression
This invention allows purification of carbon dioxide for applications
requiring small flow rates. It also allows a system that can be attached to existing
carbon dioxide flow streams, such as those delivered from a series of cylinders.

This invention can be used to purify any carbon dioxide stream, including those

20  streams that use commercially produced liquid carbon dioxide.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 illustrates a schematic of a system for conducting one embodiment
of the method of the invention.
25 Figure 2 illustrates a schematic diagram of a system that is particularly suited
for applications requiring small flow rates of purified carbon dioxide or those that

use carbon dioxide delivered from a series of cylinders.



10 downstream of the catalytic unit, and associ ated equi pnent such as punps
and/ or conpression units that can introduce contam nants into the carbon

di oxi de cwo ibB@7066%1 tt ed. OXi di zi ng contam nants whil e the pcarusosrodiroxi de is
in a near-critical, critical, or supércritical state has advantages for
breaki ng down the contaminants in the reactor since it will normally
increase the fraction of the contamnant in the 15 vapor phase. This

i nvention al | owsFjgurd 3 iltatratesna efstem firaondiaixng deae fmbodippnt ofithe amthod equi ri ng
smal |l flowrates. It also allows a syste hat, can. be attached to existing
car bon di oxPHBe fvsR F’e‘ﬁh’ﬁ{} a&ﬁ%ﬁa&? %gf]éﬁ%l‘éqrp%?hgéldfarl%f’ﬁcé{c gcgfiét%rsusf)f

cyl i nders. -nsza% ggé{%'gi on can be used to purify any carbon di oxi de stream
i ncl udi ng those f streans that use commrercially produced |iquid carbon

di oxi de. BRI EF PiSER Hilis®hteOR sT4HEn DRAMhGSnEoga cmbodinidng of thamesthed

schemati ¢ of system for condycting one enbodi nent of the.net of the
i nventi on. 9%31?? PEOIQW%FTGL?SW?%%“SIC Ctgﬁﬁgﬁﬁﬁa%g aaiagzﬁ,sg%egﬂué t%%{%g% that is
parti cul ar | yauhd &don! HesRpb B8LABAPARERNI T ng sl 1] ow rates of

purified carbon di 0xi"de or those that use carbon di oxide delivered froma

series of cylindBresre WIBBAGT06RE dROTHULSORf oFtizles gt pregimiateavign thgt r at es a
system for conductjng one enpodi nent..of the neth of the invention in
which at | eBEFSYUC B%?aﬁl]i’%&(?f({drttéﬁ%regg?eﬁiowVcﬁr%%a%lo}ng recycled after use in an
application. Fi gg{%;e% illststes atse® dastSiBloa s harticke migi ptdchgtatnoramhhddnment  of
the nethod 5 of the invention where a catalytic reactor is operated at a

pr essur é0eqdisixideghagrhas been dirgeiast thinagh a spiRlytis reastqrag VEIOUSHEBHPNET- di oxi de.

Figure 5 illustrates a.si St i i : ,pi tate when
the pressure of %},gélf%ghlﬂc#rg&egyie lirrﬂgg ?Eedﬁ%lé@ér%%%ﬂr I ng ag@ﬁ@%g%&g&%% gure 6
illustrates a si Feug 8tlfishutes @it ipfpapesitspadeasldeitgtonpueificpidredffcitngym car bon
10 di oxi de that has been directed through a cat I;fti C reactor at various
temperatures. Frgwed ?111}SF1131‘F§tarsbﬁeégsufﬂﬁgloinr?ﬁ%‘{m&s SRV HREA HRHPE on

purification efficiency.

15 DETAILED DESCRIPTION OF THE INVENTION

The foregoing and other objects, features and advantages of the invention
will be apparent from the following more particular description of preferred
embodiments of the invention, as illustrated in the accompanying drawings in which
like reference characters refer to the same parts throughout the different views. The

20 drawings are not necessarily to scale, emphasis instead being placed upon
illustrating the principles of the invention.

The present invention generally relates to applications that use carbon
dioxide. Preferably, the application uses carbon dioxide at a pressure lower than
about 10,000 psia. More preferably, the application uses carbon dioxide at a

25 pressure less than about 4,000 psia. The invention is particularly well suited for
applications that use carbon dioxide in a supercritical, critical, or subcritical phase.
Carbon dioxide has a critical temperature of 31°C and a critical pressure of 1070
psia (~7377.4 kPa), a triple point pressure and temperature of 75 psia (~517.1 kPa)
and -57°C, respectively, and has a sublimation temperature at ambient pressure of

30 approximately -78°C.



Figure 8 illustrates the inpact of space velocity on purification
efficiency. Figure 9 illustrates a size distribution of particles |eaving
a react orwobB/0DKBIAI LED DESCRI PTI ON OF THE | NVENTI ON The f ecagmiosigsiand ot her
objects, features and advantages of tie invention wll be apparent from
the follow ng nore particular description of preferred enbodinents of the
invention, as illustrated in the acconpanying drawings in which I|ike

reference char acti@fsSni&@ftion if PartibdaFAsEtdaaot Splibattung i reduire higH Hettent
views. The 20 drawi ngs are not necessarily to scal e, enphasis instead being

pl aced upon caibpn dipwids; preferaly, Inpligetions daat sequimg altralygh oty carprn gprident
invention g I Ly rel.at applicat 1D cab N iodioxge-

Pref erably, %pﬁ%?‘a IuF%dal%%lr%ﬁ’ tfﬁlgés Cg}%%h@g;@ﬂﬂ%%?é tg’ ap%ssurlgﬁpg\?{é? t han
about 10, 00QoRSging coMaieaptsah @baddntatidse fapmint d atpipb bywesshtdax tdhwd%e)xi de at
a 25 pressure | ess than about 4,000 psia, The inventjon %)s artjcularly

vel | sui toed of &ws. Bypiplesed Brdcativas the empiayuia-6iedavady F40e0 SG8¥ecri ti cal ,
O S apBlebhd ERle DS cledlaln A HPniiABGRySC b liERludiRgPer atur @

critical pressure o ), a triple point
pressur e andptiedpeviatsdemeqfrodistioaiaad by plarkiReguticalreghplisatOns,vesfpect i vel y,
and has a sublimation tenperature at anbient pressure of 30 approxinmately
-78 C. WD 03/@nmesdmEIoreiso3/ 05174 10 This invention is particul arly

suited for appli ?@Jnkﬁﬁﬁaﬁt?ﬂ%a&ﬁ%ﬂ i xtHe Qe Cint el sBRM pattietel d@eh as
preferably, applications that require ultra-high purity carbon dioxide

(UHP) . A) usemlliegegimicrosdopid) gigves of metal sliedthypuachingty nssfldn shetaarbpncar bon

di oxi de that, contains.contamnants.in concentrations of .around 10 ppb by
Wei ght - ( L IR oRlipatis o B 1 OB b Gl Dird T PregiDy

ul tra-high W@ﬁﬁ&cﬁgﬁp@ﬂbg{ axk@ie. applications include MEMS cl eaning and

drying, the manufacture of high-quality optical devices, drug production

and ot her phar mackhgtcostamingntd 2lsacinonsludeaserolagieaanidury N ARE A wefs .
Cont o e B RORa B 5 BHLE TR SR P BB 856, T,
the carbpn remains following sublimation or evaporation of the carbon dioxide at room
temperature and pressure. A portion of this NVR will typically consist of solid
particles, such as may have shed from metal surfaces during processing as described
above. A further portion of the NVR typically consists of non-volatile organic
residue (NVOR). As used herein, the term “non-volatile organic residue” refers to
20 that portion of the NVR that is soluble in carbon dioxide at some pressure and
temperature. While the exact chemical composition of NVOR is often unknown,
examples include heavy organics (Cio+) such as aliphatic hydrocarbon-based heavy
oils, halocarbons, and particulate matter that is soluble in carbon dioxide under
certain conditions but can form a second phase at other pressure and temperature
25 conditions, e.g., at atmospheric pressure and room temperature. Sources of NVOR
include compressor oils and elastomeric materials that have some solubility in liquid
carbon dioxide and are commonly found in gasket and valve seat material. In clean
distribution systems, the majority of the NVR present is commonly in the form of
NVOR.
30 The solubility of NVOR contaminants in carbon dioxide is a strong function
of density, which is in turn a function of temperature and pressure. At high

pressures, the solvation functionality is not simple, but in general, high pressures



di oxi de application. Generally, solid contam nants do not dissolve in high
pressure or supercritical carbon dioxide. The contam nants al so can

i ncl ude nep-msor@Bs | e resi due (NVR). As used herein, the temmsisosisvol atil e
residue"” refers to that portion of contam nants that 15 remains follow ng
sublimation or evaporation of the carbon di oxide at roomtenperature and

pressure. A portion of this NVNRwi Il typically consist of solid particles,
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conposi tion &El NM@&’rdrﬁ 110f dagdonliidsn@TormifX anresoliofighdedes Ligbotydiokigani cs
(d o+) such as aI i phati c hydrocarbon-based heavy oils, hal ocarbons, and

parti cul &t eanesuspended perticslasaontanenanis. ¢ Bhpwspandss NIEOR pagicles @S t ai n
condi tions Qelheve@Po O&&”@ﬁ%ﬁgﬂ%% ﬁlda&rog&ger pressure and tenperature 25
condi tions, "é. S

her1c pre sure room tenperature. Sources of
NVOR i ncl ude COEﬁﬁrﬁpl%@bfﬁpﬂh@atﬁm@ tiedt asd cunton dioxide éddladessléd@hickave some
solubility in_ liquid carbon dioxide and are connnnly f ound |n gasket and
val ve seat ?’mjthé?‘il%}s SYcH ag pRatresisf @FPP%E@P@HGWQOQHE arpgeedigilor ity of the

NVR present, Sﬂpﬁlcﬁﬁmmo‘ﬁ dds RahHart R fBrRbtio} r,]g theg)q oddiSin ?f lgll?drb IefaenBl NVOR

contam nants i n carbon dioxide 1s a stro tion nsity, which is
in turnia feclidndoal Qistetrmr@éEMSl)rEuxahiml emmp]smoﬁeledttonhnsgﬂpphwlessurchsi,e t he
sol vation functiona ty |§19not Si neral ressures WO

03/ 070635 PEIRCIEEISA Hidghes %@r%@% %Pnfh@ f OFFSSS™ of NVORS
I n carbon di kNQroxWe 1£'b %ﬁtet@%Q&n?érﬂm¥@£ﬂaeﬂr@stsﬂfeech§t@icwdecﬁ§ ifcal E)Bi%t

solubility o I'n carbon dioxide typically decreases. At aibient
t enper at ur e laGdt p7 ¥4 atay), eitherpriox sopt affer W@njganéMd) hyvafgradednpig at e from

R o O LT AR5 RS e 2
bel i eved 5t oreaiBsidittiddaddRt H&odt @h thd Rt HoRBVR! & the tool is
depressurized, this NVOR becomes insoluble in carbon dioxide and deposits on the
wafer as particles, producing a contaminated wafer.
Some applications use carbon dioxide snow to clean wafers. In those
applications, liquid carbon dioxide is typically expanded to ambient pressure,

20 producing a mixture of carbon dioxide snow and vapor. As the pressure associated
with the liquid carbon dioxide is reduced, its temperature is also reduced. This
reduced pressure and temperature can cause NVOR to precipitate, forming an
aerosol. A significant portion of this aerosol is in the size range of about 0.1 to
about 0.6 microns.

25 In processes utilizing liquid or supercritical carbon dioxide, the processing
conditions of the carbon dioxide will typically change. These changes in conditions
can cause NVOR to exceed its solubility limit and precipitate from the carbon
dioxide.

These precipitated NVOR particles or droplets can impinge or be taken up

30 into the product and deposit onto the surface, interfering with successful completion

of the process and product quality, e.g., a workpiece or a pharmaceutical powder.



Exanpl es of applications that use carbon dioxide include el ectronics
applications, such as photoresist stripping and deposition; pharnaceuti cal
appl i cat iwo93/0%086H as nanoparticle formation; and the pro®ezdisagozaf4

m cro-el ectro 10 mechani cal systens (NEMS). Further exanples of electronics
applications include supercritical carbon dioxide-based wafer cleaning
applications. In those processes, carbon dioxide is brought to a
tenperature and DPeessifioneofinagiclesase agattigelapeqnepigdior prcatses fayhavezieryy377. 4
atm either _pripr to or r_hei i - i t ool .
Wi e this PENCFerisegy re@%ﬁé‘%ﬁ?‘ghg Q‘?#ﬁ'%ﬁi%ﬁ%@ﬁﬁ“@?ﬁfﬁﬁg{ﬂ R
tends to 15clefid thanibes & nirinally apehedai ofieptsicinooa tHeheodmdt deingldiaseedr , as
the tool is_depressurized, this NVOR becones i B%gl ubl e i n, carbon di oxi de

and deposi t Ofteh this@ccesgitaies that tha charales SIVIFRIERATE PR depiesyHEEhCnat ed waf er .
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pressure, 26ropringtessurg cusihg tisselved candanbiomntsltoopriecipitstedwna ti oagipor . As t he
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t enper at ur edio¥1dg|28¢ ippmge grdeppsiton thesgriapsty Fisad produgh 41 sHiesst e can
cause NVOR : ol ol ] QRR! is Avsies thd eRAtaosd tion of
this aeroso%é??lgsﬁc%ggsaﬁ?g a?gf%dggggﬂgg%%g 0. 1lsto a%out 0.6 ?n' crons. 25 1In
processes ufdulédbynigpingpdi pleopitaepparticles o finafdonedswkdcde The sufiideessi ng
conditions of the carbon dioxide w.l]l .typically change., Th changes in
condi ti ofYs C%ﬁn{?ﬂ?gé” %%d‘?ﬂf‘)gov%%gggatefltyie% Sﬁ‘#ﬁ’f’a&?nﬁoﬁm Wg%g)'preci pitate
from the carbon 10iexi#Rfachiese iRE e dirs fir etk PR gratibalGhestsl sudhapl ets can
i npi nge or be taken up 30 into the product and deposit onto the surface,

i nt er f er i ngmaiytbl usetfoe dufasidebverpd Brpugh inksflatidre ppveers 8t offep fermwefict quality,
e.g., a workpjece or a pharnaceuti.cal, powder . : [,US03/ 05174
12 Depositi E‘ﬂif’&fm%sﬁp%ﬁ?@& o?ﬁgr%gn&gﬁc}ec%gﬁn, (I:\{)\)r@é(rgﬁéfg %1%@%?11&%%&5 t hat have

very high ¢lgRRkipheRR:.r Siabd tHerRAR of bewdaXasmbhlerclatvesonie woight ofithe a
cl eani ng process, the cleaning chanber is normally opened in ?rder to
remove tlfe parbowdioxisksinghacoreging golution, the level of contamination 1n the fina

product may be significant.

Aerosol droplets and dissolved contaminants can not be filtered effectively
from the carbon dioxide, if at all. Solid particles that do not dissolve in the carbon
dioxide are less of a concern because they can be filtered from the carbon dioxide

20 before it reaches the application.

This invention recognizes and addresses the NVOR removal from carbon
dioxide for these applications. One embodiment of this invention is a method for
delivering purified carbon dioxide to an application. The method is described with
respect to Figure 1, which illustrates a schematic diagram of system 2. System 2

25 includes tank 4 containing carbon dioxide to be purified. Preferably, tank 4 contains
carbon dioxide liquid at about 100-500 psig (about 689.5-3,447.4 kPa) and more
preferably liquid at about 200-350 psig (about 1,379-2413.2 kPa). Generally, liquid
carbon dioxide contains about 10 ppm by weight NVOR or less, preferably about 5
ppm by weight NVOR or less.

30 Carbon dioxide is drawn from tank 4, subcooled in heat exchanger 6, and
then directed to pump 10 as stream 8. The extent to which the carbon dioxide in

stream 8 is subcooled by heat exchanger 6 depends on the requirements of pump 10



Oten, this necessitates that the chanber environnent be depressurized to 5
at nospheric pressure. Any carbon dioxide still within the cl eaning chanber
will drowoiog/opreessur e, causi ng di ssol ved cont am nants toPgmdisopoitate from
the carbon dioxide and inpinge or deBosit on the previously clean product.
If the process is a sem conductor cleaning application and the product is
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cont am nantﬁomi@mégpg@h}t ered effectively fromthe carbon dioxide, if
at all. Solid particles that do not dissolve in the carbon dioxide are

less of a concerfy, hecayse d O8Yot&Bxie ok b@hedo iy tBen viwrizad boheaiédmi de 20
before it reaches the appeficati on. This invention recqgni zes aeggféﬁddresses

the NVOR r eleasall2f Hentec 22 bowy entilox eldeiritaresistvedicaling. 1€ Mg RS ©

enbodi ment of this invention is.a. nethod, far | hVvenrd k1 L ar bon
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tank 4 contalining carbon dioxide to be purified. Preferably, tank 4
contains cprekamresghexird@ dan daiothitied-about 100- 500 psi g (about 689.5-3, 447. 4
kPa) and nore preferably liquid at about 200-350 prig (about 1,379-2413.2
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Stream 6 i 5 BODEET L B e s g e e o O Tement s of
punp 10 MO @3/ OTR6BR ML), USAR DS 16 is oxygen. Other oxidants, such as

hydrogen peroxide; ozone; nitrous oxide; chlorine dioxide; and/or a permanganate,

such as potassium permanganate also can be employed. Oxidant stream 16 may

contain other reactants, such as moisture, which are later used to promote the break

up of large molecular weight contaminants in carbon dioxide stream 14. The flow

20 rate of oxidant stream 16 is controlled using ‘valve 20 or a mass flow controller. The
flow rate of oxidant stream 16 can be chosen so that there is sufficient oxidant in
resulting stream 18 to facilitate the desired amount of oxidation. If carbon dioxide

stream 14 already contains sufficient oxygen to oxidize the NVOR, oxidant stream

16 can be omitted.

25 Stream 18 is then directed to coalescer 22. Coalescer 22 is used to reduce
aerosol contamination, including fine solid particles that may result from shedding
from metal surfaces, and heavy contaminants that were dissolved in the carbon
dioxide but came out of solution when the carbon dioxide was passed through heat
exchanger 6 and/or heater 12. Coalescer 22 may include one or more high-

30 efficiency coalescing filters, such as a cartridge type that contains a fine fiber mat

which presents a large amount of surface area for the coalescence of drops and can



13 in order to prevent cavitation. To prevent further NVOR contam nation of
the carbon dioxide, punp 10 is preferably the diaphragmvariety that has
no wett edawpasizedsrade of el astoners. The pressure of carbeaTdisoxdzdes | eavi ng
punp 10 can be, for exanple, in the HMange of about 800 to about 5, 000 psia
(-5,516-34,473 kPa). 5 Preferably, the range will be about 900 to about
3,000 psia (6,205-20,684 kPa), e.g. 1,000 psig (6895 kPa). The pressurized
carbon di oxirgduce tlempqtiap of theicontapenany thgbisiiz egolod onprtiptiated phirgdo ebout2.
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16 is preferalll y oxygen or an oxygen containing gas, such as air or

oxygen-enri ched 5 air. S referably,. oxidant stream 16 js oxygen.
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di oxi de; andlofir-gisRES ERDGFERkRIe to RAGHerASy PRLASTHHM R OB RGN M0 can be
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in resulting stream18 to facilitate the desired amount of oxidation. If
car bon di oxiagwuntek eomaminanis preadydiessint ai ns suffici ent oxygen to oxidize the
NVOR, oxidant stream 16 can be omitted. 25 Stream 18 is then directed to
coal escer 22. CoalabaedioXiicilsavisksitdrA8aeduesn 3aand sodirectpdttasatapticon,
including fine solid particles that may result from shedding from netal
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exchanger 6 and/o eat escer 2 i'ncl ude one of nore high
15  critical” fluid refers to a fluid that is at a temperature below its critical temperature

(T;) but above a reduced temperature (T,), which is the ratio of a material’s actual
temperature over its critical temperature, of about 0.75. Due to the proximity to its
critical point, a near-critical fluid is in a liquid-like state that exhibits a great deal of
compressibility in contrast to most liquids that are far below their critical point.

20  Generally, the solvent properties of near-critical liquids are strongly dependent upon

pressure, although usually to a lesser extent than most supercritical fluids.

Catalytic reactor 32 contains at least one catalyst that enhances the oxidation
of contaminant molecules to oxidation products with smaller molecular weights. It
is believed that NVRs with smaller molecular weights are less likely to precipitate

25  from the carbon dioxide than those with higher molecular weights. As used herein,
“oxidation” includes complete oxidation, partial oxidation, or otherwise breaking the
intramolecular bonds of a molecule to produce products with smaller molecular
weights. For example, the complete oxidation of a hydrocarbon can result in
oxidation products such as carbon dioxide and/or water, while the partial oxidation

30 of a hydrocarbon can result in oxidation products that include one or more smaller

hydrocarbons, carbon dioxide, and/or water. The complete oxidation of a



30 efficiency coalescing filters, such as a cartridge type that contains a
fine fiber mat which presents a | arge anount of surface area for the
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di oxi de to r@eLPeRS ingldesirRythangelial@frboneapematioxide elatlogemeckianger 26
warnms the carbon dioxide in stream 24 before it enters heater 28.

Recuper at i vegaherad/oseeinger 26, in conjunction with heater 28, ensures that
the 10 operating tenperature of the catalytic reactor 32 is sufficient to
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herein, "near critical” fluidrefers to a fluid that is at a tenperature
bel ow its criatbanatarbenhalogenaad cirbay-osygendivode Bxanepigsetsuiebissaaiiiie (Tv),
which is the ratio of a material's actual, .te [ Lt i tical
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near-cri &%C arorf. kb urh SrutHenfurh,| slie-ani oenesd. atrefetdday, texditdlisixontagrseat deal of
conpressibility in contrast to nost |iquids that are far below their

critical poiplatim2@oceaikdainty, the sol vent properties of near-critical
liquids are strongly dependent upon pressure, although usually to a |esser
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t he carbon X1 de an t i gher nol ecul ar wei ght's. As used
herein, 150xicegkiannt is suficideiso oaitizeetreugk NYVAIR smthapwhen die rosildg i on, or
otherwi se br gl?rli(iilerc]lgcagb%% dioxide is used in application 68, the amount of particle deposition
on or incorporation in product 70 is acceptable. This does not ngcessarily require
complete hydrocarbon destruction, so the temperature can be lower than that
required to completely oxidize VOCs. For some applications, the amount of particle
20  deposition or incorporation can be made acceptable if only a portion of the dissolved
contaminants is oxidized. For example, some applications may only require that
contaminants with a relatively high molecular weight be oxidized to a lower
molecular weight because the smaller molecule contaminants will then remain in
solution longer and will not be deposited or incorporated into the product.
25  Preferably, the operating temperature is less than that required by the catalyst to
oxidize methane. Generally, catalytic reactor 32 is operated at a temperature in the

range of about 200 to about 550 F (~93-288°C), more preferably in the range of
about 350 to about 550 F(~177-288°C).

In one embodiment, carbon dioxide is exposed to the catalyst at a
30 temperature that is not substantially greater than a temperature sufficient to oxidize

NVORs in carbon dioxide to produce a purified carbon dioxide that has a level of
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oxi di zod 10 | ouks PRERELEBEN Siotidebty EABhL Kipler 2o AT BRRFEY Afplffuor B
cont am nidnt $6wndaburehthe terap@ahturd of stream 34 with a temperature measurement device,
such as a thermocouple. If analyzer 36 measures a temperature that varies from a
predetermined value, it can turn heater 28 on or off. In this way, analyzer 36 ensures
that stream 30 is at a proper temperature so that the temperature inside of catalytic

reactor 32 is sufficient to promote the desired amount of oxidation.

20 Stream 34 is then directed through recuperative heat exchanger 26, where it
is cooled. In recuperative heat exchanger 26, stream 24 and stream 34 can flow in a
counter-current, co-cutrent, pipe-in-pipe, or cross-flow configurations, preferably in
a counter-current configuration. The purified carbon dioxide leaves recuperative

heat exchanger 26 as stream 38.

25 In a preferred embodiment, pump 10 is activated by pressure analyzer 40,
which measures the pressure of stream 38 exiting recuperative heat exchanger 26.
Pressure analyzer 40 activates pump 10 when it measures a pressure below a

predetermined value.

Without any further purification, the amount of NVOR in carbon dioxide
30 stream 38 can be about 1,000 precipitated particles per standard cubic foot (~35,000



solution longer and wll not be deposited or incorporated into the product.
25 Preferably, the operating tenperature is |less than that required by the
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at a tenperature in the range of abotit 200 to about 550 F (-93-28800),
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standard cubstisametfeisslingeied Hoome genoremsans fsrenowng muigirdoimeddrngshe
preferabllM Igzxslaat Orﬁarréac ]l[%?lyt 200, 000 scfh/ft3 (200,000 standard cubic meters
per hour “pefr cubic neter of catalyst). The purified carbon dioxide exits

catal ytic reactor_32 as stream 34. Analyzer 36 neasures f[he tenperature
of stream 34 withTBe tem@“g@@?earﬁ%éwé%éﬁﬁmaégice%?e TR %?anrwng
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employed.

In one example, stream 38 is directed to purifier bed 42, which removes
contaminants such as combustion products and/or other NVRs through adsorption.
Purifier bed 42 can use adsorption materials such as molecular sieves, silica gel,

20 activated carbon, or other suitable adsorbents. The average bed has a void fraction
of approximately 40%. If a contaminant particle is in the size range of about 0.1 to
about 0.6 microns, it can travel through the bed without impacting adsorbent
parﬁcles. Vapor phase contaminant molecules and droplets smaller than about 0.1
microns exhibit more Brownian motion and are more likely to come in contact with

25 the adsorbent.

The carbon dioxide leaves purifier bed 42 as stream 44. Stream 44 is then
directed to filter 46 to remove solid particles. A filter for this purpose removes
particles larger than about 0.003 microns in diameter from vapor phase carbon
dioxide and larger than about 0.1 microns in diameter from critical and supercritical

30 carbon dioxide. Preferably, filter 46 is an all-metal, sintered metal, electronics grade

filter.



is cooled. In recuperative heat exchanger 26, stream 24 and stream 34 can
flowin a counter-current, co-current, pipe-in-pipe, or cross-flow
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reactors), ﬁﬁﬂ’ﬂ%‘?@d}r ‘Pai‘éer%}gobl ng. These techniques preferably are ainmed at
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conmbusti on products and/or other NVRs through adsorption.

Liquid carbon dioxide exits condenser 50 as stream 60 and passes to tank 62.
15 Tank 62 holds a supply of purified carbon dioxide that can be withdrawn as needed.
Tank 62 can be of sufficient size to supply purified carbon dioxide in either a

continuous or batch mode.

Condenser 50 may also be located at a position elevated with respect to tank

62. In this manner, in periods of low draw rates, liquid will build up in condenser 50

20 and tank 62 until the condensing surfaces are covered. This will effectively cease
the condensation process. When liquid is withdrawn from tank 62, condensing area
is exposed and carbon dioxide vapor will again condense, lowering the pressure in
the circuit and causing pump 10 to activate drawing more carbon dioxide from tank
4, thereby controlling the delivery system. This arrangement is particularly well

25  suited for situations where the withdrawals are made in a batchwise fashion. If
stream 48 is in a critical or supercritical phase, the fluid inside the “condenser” is a

dense phase fluid rather than a liquid.

Valve 64 controls the flow of the purified carbon dioxide withdrawn from
tank 62 as stream 66, which is then directed to application 68. After the oxidation
30 reaction and any other separations processes used, stream 66 preferably contains

carbon dioxide with about 100,000 particles or less per standard cubic foot of carbon
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needed. 15 canbe a wafer.
The purity of the carbon dioxide used in application 68 is selected to result in
a product that has an acceptable quality. The.acceptable quality will vary with the
type and goals of a given application. For example, the acceptable quality may be a
certain purity level, such as may be required in a pharmaceutical application where
20  the final drug material must have a contaminant concentration below a certain value.
If product 70 is a wafer, the acceptable quality may be the number of deposited
contaminant particles being equal to or less than a maximum value.
The method for determining if product 70 has an acceptable quality will vary
with a given application. The product may be monitored to determine an acceptable
25  level of NVORs in the carbon dioxide directed to the application. For a
semiconductor application, for example, the quality of the product can be
determined by light scattering methods known in the art. Some light scattering
methods can measuring particles having an effective diameter greater than about 0.1
micron on a solid surface. A suitable method is described in Diaz, R.E., et al., “On-
30 Wafer Measurement of Particles in Contamination-Free Manufacturing for
Semiconductors and other Precision Products,” in Contamination-Free

Manufacturing for Semiconductors and other Precision Products, edited by R.P.
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operating temperature of catalytic reactor 32 may be modified to ensure that the

purity specifications are met. Preferably, the specification will be about 100,000
particles or less per cubic foot (~3,500,000 particles per cubic meter) at normal
temperature and pressure, where the particles are greater than 0.1 microns in

20 diameter. More preferably, the specification will be about 10,000 particles or less
(~350,000 particles per cubic meter). Most preferably, the specification will be
about 1,000 particles or less (~35,000 particles per cubic meter).

Analyzer 80 can be various types of analyzers. Preferably, analyzer 80 is a
particle analyzer based on light scattering techniques or a single-particle counter,

25  such as those described in US Patent Application No. 10/350,307, filed on January
22, 2003 under Attorney Docket No. 3011.1006-001 (D-21187) and entitled
“Method for Analyzing Impurities in Carbon Dioxide.” The teachings of that
application are incorporated herein by reference in their entirety. To determine if
carbon dioxide will produce acceptable results, the conditions of the carbon dioxide

30 are modified so that at least a portion of the contaminants are in a precipitated form.
Then the contaminants are passed through a particle detector, such as a light-

scattering particle counter or a single-particle counter. Generally, light-scattering



applications, such as nanoparticle formation; the processing of MEMS, or a
snow cl eani ng application. Application 68 can be a wafer-cleaning tool, and
product MO0 0387aH be a wafer. The purity of the carbon dipaTiuses/esed in
application 68 is selected to result 3In a product that has an acceptabl e
quality. The acceptable quality will vary with the type and goals of a

gi ven application. For exanple, the acceptable quality may be a certain
purity | evelpartislectpunisradejech partiglys ithrevigh the parictasimterattionalwitipplightat i on wher e
20 the final_drug. materi.al nust have a._.contam nant concentrati on bel ow a
certain val hga}m. gf“@?‘%ﬁh@? C%‘%f’rs? 3 SRpLye e??}g@%g@tﬁ?tatg? énqa‘ﬁ%i“?qsffﬁay be the
nunber of depeR gagclecont am nant particles being equal to or less than a

maxi mum val ue. The method for determning if product 70 has an acceptable
qual ity will var@ncaashean gisiarhagbpén edernoned Phpgogicedwsedurayitbe noni t or ed

to determn cent: e | evel of Rs_i.n t.he carbho i pxi de

di rect ed@t og%%gtaggep@é%#hgr{m% B Fuéess%fﬁ%a@wﬁf&g?%?r pcﬁlnicogacto ﬁﬂﬁe(ﬁ r exanpl e,
the qualityemfuré that hle@diiGitd cabodioxtR!seesthmas abycdep@ble 16€aLE BIVORI féfet hods
known in the art. Sone |light scattering methods can neasuring particles

havi ng an ePPRI@QRO%i anet er greater than about 0.1 micron on a solid
surface. A suita } ri i '%EU ) P 0 Wafer
Measur enent of Pg){r/%in Ee)&sl&? Zb g%%?e;e%ﬂrr]g%?sgﬁ'} "—I@ece fl?tlljlfg acabg)?lid%ggm?%%nqan:i'

Semi conduct entsaiactaral drelissBived csntaminoiuedsspplit i@ i g bk loiststeaem

Manuf act ur i gg %@3% Sem conduct ors_and ot her Precision Products, edited by

R P. WD 183/ 6ro6tssirer cjupisy BEstma’2 oy USaphia RhasomeRapior P ik esppratganyy g
(2001). In gphafireeYbd SHdsRBRkILat : er) may be
eval uat ed toa%gg’[é m&ﬁe (?%ﬁaﬁy \Ve at¢§%%%nT%Q%&§?ﬁgor%ngﬁ%pi s at or
bel ow an acpkpeabpaatbeVehs stteamoid)erhidamade colectetfoe disabiad of escbdmation. NVORs
for a given | ication can be determ ned based on existin ta, charts,
or 5 indusgﬁgegﬁ%ﬁﬁ?gﬁﬁ?wm 49%S\ﬁ§ﬁafaggi ?Wgﬁ.ve@ﬁﬁapbﬁi}’%ﬁg??rhe purity of
the carbon disgxlds. entering or |eaving application 68 can be nonitored.
This nmonitoring may be useful for determning if the carbon dioxide to be

used (o f{5us ed) | @ré%grgi)f f:t%te Irr?a'%er?aqs Lvl\geldlin EgllssliIIJuEtirllgnsy%tevrl\’Pé Iéu%l Hosento P’ oduct

minimize exposure of the carbon dioxide to elastomeric materials that may leach

contaminants into the carbon dioxide. UHP construction techniques (e.g., use of
electropolished surfaces, orbital welding) are also preferable, particularly

downstream of catalytic reactor 32.

20 Figure 2 shows system 100. No pumps are used within system 100. The
pressure of the carbon dioxide in system 100 is substantially the same as the
pressure in tank 4. The carbon dioxide liquid or vapor in tank 4 is withdrawn at
about the vapor pressure of carbon dioxide. For example, if tank 4 is at room
temperature (~21.1°C), the carbon dioxide vapor will be at about saturation pressure

25 (~5,861 kPa). To maintain the necessary pressure inside of tank 4, heat source 102

may add a small amount of heat to the carbon dioxide in tank 4.

Single cylinders or a manifolded bank of cylinders may be used, depending
on use rate. In system 100, coalescer 22 and recuperative heat exchanger 26 shown
in system 2 (Figure 1) are omitted. Heater 28 raises the temperature of the carbon

30  dioxide leaving tank 4 to the temperature needed inside of catalytic reactor 32. In
addition, purifying bed 42 (Figure 1) has been omitted and condenser 50 (Figure 1)



Wi th an acceptable quality. For exanple in Figure 1, the purity of the
delivered 10 carbon dioxide is neasured in analyzer 80. In this

conf i gur awoo/07@B5 | east a portion of the purified carbonpdirwsosiesirs

wi t hdrawn and passed through particle2ilter 82, warned in heater 84 and
t hen dropped in pressure across pressure reduction device 86 to yield a
| ower pressure gas streamthat is above the sublimtion tenperature of
car bon di oxilthe batn tdpacep by hsatrezclmngdemitide Byr afeainmitajvecidy fiae 56 canbéntnt

t enperature. Based t he readi ngs qgf analyzer 80, the flow rate of

oxi dant stréééh%i%p%tﬁsﬁor?ﬂéat%%@ﬂ‘ﬁ% “tenperature of catalytic reactor 32
may be nodified to ensure that the purity specifications are net.
Preferably, the sh@éinile@is Rﬂﬁtlwldﬂy %aldbé@nappb@atmareqymng ghalkilow ritess per

and pr essur TR SibeR Rl FRubE e Bl Bl R o RSB 1 °

di anet er . 5 Modyginpéef er abl y, the specification will be about 10,000 particles
or less (350,000 particles per cubic neter). Mst preferably, the

speci fi cation W' l 5!2?% lgl Otdte @9‘1 m)rlhivﬁh?f?at%as:g §§rt1(o§l5)f(t)lgeocag9&#i cles per

cubic neter). can e various types o nalyzers. Preferably,
anal yzer 80 dhsxide ipacydled aftanat mz@tphmcmomtlle@ha psct@ntod thenguriherc hni ques or

a singl e-par clecounte c ede |b.din S . Pate
Aonl | oat 1 o Qs oF Sty is sl DSkt ns o515 BORoR SR PE Areehey Docket
:\lg Cg?éénlglotgrﬁgﬂi opBorat bEriticaARm Bk Qb?qxzhl ﬁ/@atxmﬁlofvg'boﬁﬂﬁhﬁéﬁtspcﬁatllﬁaw' ties

The teachi ngs of that application are incorporated
herei n b)1/0repcesoarthecatalyshmcatabmtmre@:w 321811011615 drlogaentéd congpnubdn Gpmﬂaéle will

produce accept abl result the t he carbon digxid are
T T e oo Rditatt bl 202 CllSud o dobordhitn Sostirfite Shepip ot

preci pitat e%ﬁa@é %paraﬁbﬁnaﬂs%n@ﬁ'rﬂ1§eﬂlaﬂ@ﬂtf§ltr§tﬁ&1 RASEAGs bﬂfe@b@éra%mﬁélrt icle
detector, such as a ’h scattering particle counter or a single-particle

counter. Genfeeluliqyes klnpghtm et eTFherrgc d%r@n@%dPW@mQési then 21 _
particle Courﬂ x%%%vlﬁ-ﬁtl%%ﬁl )? £ tcf ogglfa%t% raglu%aﬁcf]t%exg g%rcgctgcl % cataglj)ﬁ erregcg&lt ons wi th

a light beam e-par e counters are sen rve enou ect the

i nt eract u@ns3z;fess@ntlalwﬁ(&s&aﬁdla@bea_ Once a stream purity has been
determ ned to produce a product with

Figure 4 illustrates system 300, where catalytic reactor 32 is operated at a
pressure equal to or less than the supply pressure of tank 4. Flow control device 302
controls the flow rate of carbon dioxide from tank 4. Flow control device 302 can
be a flow orifice or a flow control valve, for example. The subcooled liquid carbon
20 dioxide in stream 60 is pumped to tank 62 by pump 304. Differential pressure
analyzer 306 can activate pump 304 based on the hydrostatic head in tank 62.
Alternatively, pump 304 could be activated based on the weight of tank 62.

Example 1
25 Carbon dioxide was purified in a system similar to system 2 illustrated in
Figure 1. Carbon dioxide was drawn from the vapor space of a carbon dioxide
cylinder containing SFE grade carbon dioxide. The cylinder contained saturated
liquid at ambient temperature, and a pressure of approximately 820 psia (~5654
kPa). The vapor was then passed through coalescing filters operating at cylinder
30 pressure. This stream was reduced in pressure and passed through a 0.003-micron

electronics grade particle filter for removal of solid particles. Heat was applied



5 acceptable quality, the tenperatures of catalytic reactor 32 can be
controlled to ensure that the purified carbon di oxide stream has an

accept ablwoloawaiesnf NVOR for application 68. Wen productCTUshssibeen
processed sufficiently, the carbon di®Bxi de and any entrained and/or

di ssol ved contam nant | eaves application 68 through exhaust stream 10 72.

| f desired, exhaust stream 72 can be sent to phase separator 74 to separate
any vapor, upstredna of therpdessuieirdductiondavipet dnaurstthas s @eboTdiexide guicdsg and/ or
solids exit ghaie seg rator .74 as strean1gg} m?jcp can be c?lle%$ed for
di sposal or?® YEEPHRAPPEHICIe #alyAss §as aypsgmatelLambiep! fetpgralires FlaWy 78 and
can be ventgdwethd ReNdlk e6urftOhs a FACtOEST tHS Presskie [ WhiRhald dtreabh@adrat eri al s
used in constructing system?2 are chosen to mnimze exposure of the

car bon di oxneé'e:efloAé%aasmah@t presyrie.dhe pductiondn PrRSGUIE énor @sAsaifi thant s into

el cct  opol | SHET SEprrfkes "PHBH Y50l b QRSTLE FnvicliBFoRlogoon

par ti cul ar | HJowelewnstihepigsaic Batdlcpl igthegadhge ndhbe26f fubgtlt®n Argdiews system
100. No punps are used within s%stem 100. The pressure of the carbon

di oxi de i n &§&rewdldbis ndisaiss thahthesplupilitnef ke canfappantyindbs¢aron n t ank 4.
The carbon g} oxi | €pui : i I S 4WM t the
vapor - presseSEt Rl EoRbenERPhe pistAEt fal o ShITp A Aol

t enper at ur efr¢m2e Fréysurd reduaimhaeand wexd shewnap be neglidibleeoatpasddduthesat ur ati on
pressure 25 , 861 kPa). To maintajn the necessar rressure insjide of tank
4, heat ?qulﬁéés we eaéa%fdasmmngé%ﬁﬁ&tﬁwﬁﬁ@a% n?@_d)owé)f&ﬁmgﬁﬁ oxi de in
tank 4. Singhe &¥lb196%Dreb1BiR0E RkARHR AN hehrify! digidge s may be used,
depending on use rate. In system 100, coal escer 22 and recuperative heat
exchanger 26 shown in system?2 (Figure 1) are omtted. Heater 28 raises
the tenperature of the carbon 30 dioxide |eaving tank 4 to the tenperature
needed inside of catalytic reactor 32. In addition, purifying bed 42
(Figure 1) Bsnmedn onitted and condenser 50 (Figure 1) WO 03/ 070635

PCT/ US03/ 05174 22 has been replaced by heat exchanger 104. By opening
val ve 58, |ine FEGembaredixide liquid at 300 psig (~2068 kPa) was drawn from a bulk

15 tank, vaporized, and passed through a thermal catalytic reactor. The catalyst reactor
included three PRO*VOC 10 catalysts from Stid-Chemie Prototech, Inc. (Needham,
MA). PRO*VOC 10 catalyst is a platinum-based metal on ceramic foam. The
reactor was operated at various temperatures, from ambient (~21.1°C) to 315.6°C.
The space velocity in all tests was 44,000 scfh/ft® (44,000 standard cubic meters per

20  hour per cubic meter of catalyst volume). Oxygen was added to the carbon dioxide

upstream of the reactor to yield 600 ppm by volume oxygen in the mixture.

Figure 6 shows the particle size distribution as a function of reactor
temperature, where the particles were measured downstream of the reactor at
ambient temperature and approximately the same pressure as the reactor. The

25 number of particles measured when the reactor was at essentially room temperature
is very high. However, the number of particles measured was dramatically reduced
when the catalyst was operated at a temperature of 300°F (~148.9°C) or more.
Operation at temperatures greater than 350°F (~176.6°C) produced NVOR levels

that are very small.



light inpurities fromheat exchanger 104. System 100 is particularly
suitable for applications requiring small flow rates of purified carbon
di oxi de owoOtohosw®3s hat use carbon di oxi de delivered from aprseniseyoxaf4 5
cylinders. Figure 3 illustrates syste¥ 200 in which at |east a portion of
the carbon dioxide is recycled after use in application 68. At least a
portion of the carbon dioxide in stream78 is recycled. |f desired, the
recycl ed portion Neig tlllﬁé agpliépersigle filier iag Robwel dawnstimam of harsasiPtneans 202,

e or 02" o RS Mo DAt R 1UBY ik R RO B SALRGY Blosl fhaf 2t 2 V11 S

reactor 32, génat conpounds urifircation nmeans 202

can i ncl ude lﬁgyzgé g{dd(uyth@Mﬁqyﬁorptl on, chem cal reactions, phase
separation, absorptl on, di stl ITation, filtration, ‘as well as other

separations techq m Xed& \Qn Hﬁﬁ%ﬁf 47 astBB] hE6H eRkmah RN dhuaXiide 1N

stream 204 is then stream 14 and oxi dant stream 16 and then
directed fo clatadtyttemperatmes. oTo t&cHate thsswotdl adiopniastiche seme b@dnavltlon% Fi gure

4 illustrates system_ 300, where cat tic r or., 32 | ed at a
pressur e equ‘éf?retni’jadGmFI“é%g‘ettpfﬁlﬁa]tﬂ?et@%é ijﬁrﬂe eﬁﬁ Ig}vc?% cont r ol

device 302 capl rp&r%xﬁxﬁﬁlef inod‘i/e 0@-@3 %101‘6%%%%@&& 9&’(1fzfe%ﬁ‘2et1§18i%uﬂmedlfd> ow
control device 302 can low orifice or | ow control valve, for

exanpl e. ThebsUbauotoas! S@Qﬁpuddheapdm'm aovigy @&th@leontammanemlel@s Was punped to
tank 62 by punﬁEB%A I@%ferenti al pressure analyzer 306 can activate punp
304 based on® 9’01? atic head in tank 62. Alter nati vely, punp 304
could be activated based on the wei ght of tank 62. nmple 1 25 Carbon

di oxi de Was puri f Figbre hdanesjrates fhas ’fhﬁw isra strgng emelation bqt}Vggli AR in Figure

Car bon di
L e

cyl i nder contarning car I ne
saturated | ¢taqidbtlraionavith temipetaanrpeThis dat, maymask the émpzmt ef efnmepgnexanmat el y
820 psia (5654 kPa). The vag}gr was the passed through coal(ﬁlsm g]g%fi lters

operating at h@Wmﬂ%PéPfW% Bihe megspee saFFOéalrﬁ%ﬁ%n’iae‘ BBEY ure and

passed throu I MyithiQk.
renoval of s%fhugblgé)?l% ?c ﬁﬁ]elgfkém%ga{tg&‘pfgﬁﬁlggé@ﬂ 8%?(%??%%@#0%&%/9 %5174
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Example 3

EIG carbon dioxide was passed through a catalytic reactor, containing three
PRO*VOC 10 catalysts (Pt-based metal on ceramic foam) as described in Example
2, again without coalescence prior to the reactor. The temperature of the reactor was
20 600°F (315.5°C), and excess oxygen (~600 ppm by volume) was added to the
stream. Under these conditions, particle counting at reactor pressure and ambient

temperature showed essentially complete extinction of particles.

Figure 8 shows a concurrent analysis of the stream in a low pressure particle
analyzer operating at near ambient temperature and pressure, at two space velocities.
25 The particle count in the vapor fed to the catalytic system is in excess of 107 per
cubic foot (about 353 million particles per cubic meter) when measured at normal
temperature and pressure. Downstream of the reactor it is reduced to about 600 and
100 particles per cubic foot (about 21,000 and 3,500 particles per cubic meter,
respectively) when measured at NTP at a space velocity of 140,000 and 70,000



23 upstream of the pressure reduction device to ensure that the carbon

di oxi de entering a downstream particle analyzer was approxi mately anbi ent
t enper at We.0367@a5 e 5 shows the particle counts as a funecrarsosbdsivhe
pressure to which the streamwas rediced. At the highest pressure, the
reduction in pressure is mnor and so is the 5 nunber of particles. This is
consistent with _the use of high efficiency coal escers. However, as the
pressure i ssofbifidceespectivelye 40,800 andyd),dhitendand cehibmieters perroappet aibicar e

formed. This tendi C tlgvs tqat t he sol lfbi lity of heavy contam nants in the
carbon di o¥iSHR Of SHARFLANYIEREEAE Yig as the pressure is reduced. Solid

particles shedding fromthe pressure reduction neans were shown to be
negligi ble conpared to the 10 | evels that were neasured, supporting the
fact that the vast nmpjority of the particles arose due to a |oss of
sol ubi ity Bkampltdam nant in the carbon di oxi de. Exanple 2 EI G carbon
dioxide liquid at 300 psig (2068 kPa) was drawn froma bulk 15 tank,

vaporized, and pasgedrbol e \@astﬂh%éal&hro%@ﬁ@'cﬂaﬁﬁio&%@&&ﬁonta}?ﬂﬁ%%éé" yst
reactor included three PRO*VOC 10 catal ysts from Si d-Chem e Prototech,

I nc. (Needh8RO*WH) 10 pR@yeCP trscdmgta) on chismuc fhaan) asesdideod ch Heaapleon

ambrant (27, MRSt Sap B BTt s bR LR ek ha oo

scfhlft3 (4€a,n9@eu@e.amﬂaf@cwbﬁa§3§@ﬁteaat ARt 78GFOYT1°0FanE st pap@t er of
catal yst volune). Oxygen was added to the carbon di oxi de upstream of the

reactor to yelepity e0moghitby00ssufe(-d4)4eR siandarsubicwneiets per Muybee 6 shows
the partcl ggh ﬁeeté}'o%tcglﬂag}éé.' %%&ﬁ%ﬁoﬂ&ﬂﬁ%iﬁa Sl Eﬁﬁ]lysttc%%@ﬁ%@?%yr €, where
measure e anbien

the particles were ownst ream of reactor a

t enper at ur eusyidn dipPrcaxtoNERelidle bigysSawas PSrRsh uhdias tdoeeratercindprestie. 25
nunber of partjcles measured when the reactor was at essentially room
t enper at ur e AgpK, theraprhenghoxidgiged ta the sydem dykrawinio hayedn eresss ured was

dramati cal | é?&igr%%gx?%gb‘ﬂé‘%@t Lt'}\‘?r@ﬁa“og{\efﬁ:& Mo ﬁﬁ%i@fe?ﬂeﬁéub?c x%xﬁtgﬁer ature of

300F (148.9 eratio tenperatures greate " 350F
I(Dg'? Uggé / ggigzce igWe s c?v}//setlhg paﬁigﬁletsiz%r 1St%gll:11¥0ris eaxlriln'g t}}/gegc ér? %%gg’us}ed at
15 NTP. The carbon dioxide leaving the reactor has less than 50 particles per cubic
foot (about 1,765 particles per cubic meter). The reduction in the particle count (the
ratio of particles into the system to particles leaving the system, measured at about
NTP) is approximately six orders of magnitude. The relative reduction in
contaminant with respect to weight is even higher since the size distribution of
20  particles in the less contaminated stream is shifted towards particles of a smaller
size. In this case, excellent performance was obtained without the need to mix
additional reactants with the carbon dioxide or coalescence upstream of the reactor.
This showed that it may not be necessary to mix reactants with the carbon dioxide to
achieve excellent purification. The need for additional reactants depends on the
25 level of heavy contamination and the amount of oxygen and moisture present in the

incoming carbon dioxide.



24 Note that a solid particle filter was not used downstream of the
reactor. Therefore, the neasured particle levels include solid particles,
such as twoge/0tsat mnay be shed by the catal yst. The sanePd¢attos/ssizhown in
Figure 7 as total aerosol concentrati®n as function 5 of reactor
tenperature. To cal culate the aerosol concentration, sonme assunptions were
made. First, the typical particle is assuned to be the smallest in each
given range. For exanple, in the 0.2-0.3 mcron size range the particle
size is assuned to be 0.2 mcrons. Second, the specific gravity of the
cont am nantgPEIVACERISWas assuned to be 0.8. 10 Figure 7 denpstrates that
there is a strong correl ati on between reaction tenperature and NVOR
renoval and t hat j . dr ' i '

concentration V\Awﬁ%{eh?rspfé&g hogleﬂ@%%ngpﬁ%ﬁ%%ﬁﬁﬁﬁﬁgaﬁﬁﬁkh of

t enper at ur geferencésie prefredbmbodibiéalR tidreot, ithveillrbeasdemstboddrydbasde skdledent r at i on

is low due to the contribution. o solig1gﬁrticles %ﬁgﬁraled fr?nlthe

cat al yst> ad@hsrartithat varioys changgs B fogm and geteyls, may bean YERIBHNE oxi de was
passed thr : I Ml i#Q catal ysts
(Pt - based %?%t‘ﬁ%gﬁ%g{r%t%b@pe;@% &ggntggsf%g?@gggﬁb%xﬁgﬁ B e\g%é%ﬁgi n wi t hout
coal escence prior to the reactor. The tenperature of the reactor was 20
600F (315.5C), and excess oxygen (-600 ppm by vol unme) was added to the
stream Under these conditions, particle counting at reactor pressure and
anbient tenperature showed essentially conplete extinction of particles.
Figure 8 shows a concurrent analysis of the streamin a | ow pressure
particle analyzer operating at near anbient tenperature and pressure, at
two space velocities. 25 The particle count in the vapor fed to the
catalytic systemis in excess of 107 per cubic foot (about 353 mllion
particles per cubic neter) when neasured at normal tenperature and
pressure. Downstream of the reactor it is reduced to about 600 and 100
particles per cubic foot (about 21,000 and 3,500 particles per cubic neter,
respectively) when neasured at NTP at a space velocity of 140,000 and

70, 000



WO 03/ 070635 PCT/ US03/05174 25 scfh/ft3 (respectively, 140,000 and 70, 000
standard cubic neters per hour per cubic neter of catalyst vol une)
respect i vwaby3/ieaspl e 4 5 EI G carbon di oxi de was passed t iecaugas/esicat al ytic
reactor containing three PRO*VOC 10 Zatal ysts (Pt-based nmetal on ceramc
foam as described in Exanple 2. No additional oxygen was added to the
carbon di oxide being fed fromthe bulk tank source. The reactor was
operated at about 700F (-371C) and aClalsisace velocity of about 140, 000
scfh/ft3 (140,000 standard cubic nmeters per hour per 10 cubic neter of
catalyst). A netal nonolith with a palladiumcatalyst coating was used in
the react oryPaktighes gpal ysis was done at ambi ent tenperature and
pressure. Agalin, the carbon dioxide feed to the systemis known to have in
excess of 107 particles per cubic foot at NTP (about 353 million particles

per cubic neter), Figu shows the particle sjze disttibution |eaving the
react or, > measur néecﬂgo‘{lg’r .m}“lgé)”@iﬁgfi?fha?85??‘1#{?%?@3\???}@03%%’ reactor has

| ess than 50 parid.gdRdRE sepbbgs foot (about 1,765 particles per cubic
meter). The reduction in the particle count (the ratio of particles into

the systemto padti clégehenmgny actmtaysleeshof meavlatdd onganityEsiduesNIP) i s

approxi mately six order f nj.t ude. Th lative.re i |

contanmi nant with respdtt 1&&%%?}“3% Sgéﬁéﬁla{f?‘aﬁgfo the gHﬁ%%Q%Pélg

di stribution of 20 pagibkidees ah Bpflitatibesl oMt ardn@icestasle pesduct;s shifted
towards particles of a snaller " size. In this case, excellent performance

was obt &0ned wi thout eipesimasarbop digxide taddicestoms catabist alzhieagiadHet he car bon

di oxi de or coal escence trea t his.showed that it may
not be necessary to n?%?%@g%ﬁoaﬁogaﬁtpgp{”%@g%%ﬁ%%nn&g#loﬁ% e to achieve

excel I ent purifigati ogirecting tiegdiffedrcasddidioadado theagglaatisn.depends on the 25
| evel of heavy contam nation and the anmount of oxygen and noi sture present

in the incomng carbon dioxide. WO 03/070635 PCT/ US03/ 05174 26--

EQUI VAL ENTSZ. The method of Claim 1, further including the step of mixing an oxidant with

15 the carbon dioxide before exposing the carbon dioxide to the catalyst,
wherein the oxidant is at least one of the group selected from oxygen, air,

and oxygen enriched air.

3. The method of Claim 1, wherein the application is a semiconductor process.
20
4. The method of Claim 1, further including the step of heating the carbon

dioxide before it is exposed to the catalyst.

5. The method of Claim 4, wherein the carbon dioxide is in the vapor state

25 when exposed to the catalyst.

6. The method of Claim 1, further including the step of cooling the purified

carbon dioxide before it is directed to the application.

30 7. The method of Claim 6, wherein the purified carbon dioxide is in a liquid

state when 1t is directed to the application.



VWhile this invention has been particularly shown and described with
references to preferred enbodinents thereof, it will be understood by those
skill ed Woio/otdses art that various changes in form and detrairiisosresi7be nmade
therein without departing fromthe sc28pe of the invention enconpassed by

t he appended clains. WO 03/070635 PCT/ US03/05174 27 CLAIMS What is
claimed is: 5 1. A nethod for deliveri ng purified carbon di oxide to an

application risin p t an acceptable | evel
of nonvol at $1 e ofg%me@c’a@i%gﬂ &‘Y%Pereﬁrﬂl}} Huélgl gﬁ% ag%xé% lﬂghre‘gtu(?g %hat t he
use of the purifigpichar RRAedAbEN S8otage dBssalRlor ERlir€tinglit o thesul t in an
accept abl e product; 10 b) exposing carbon dioxide to at |east one catal yst

at a tenperatureappdmﬂmcrml |l ed to produce the purified carbon dioxide; and c)
directing the purified carbon dioxide to the application. 2. The met hod of
Caim1l, further including the step of m xing an oxidant wwth 15 the

car bon dlsoxgde b?ﬁ@ﬁetmm@mgmmnﬁeﬁmﬁmﬂ melsckg dfpréferigiag dleatifiedwher ei n
the oxidant is at |east one of the grou ected_ from oxygen, air, and

oxygen enriched aarbon dioxiflgdefase Fagdiggct tﬁlﬂﬂﬁ appligHigiei n the application is a
sem conductor process. 20 4. The nethod of Caim1, further including the
step of heating the carbon dioxide before it is exposed to the catal yst.

5. The net hed of Tgk aictod, of\B1&kei Mfutthe iadudiog thistopl adipressufining tiee caalpor st at e
25 when exposed to the catalyst. 6. The nethod of Caim1l, further

i ncludi ng the stédpxite @&Pntngexme%mtihﬁ FédYstear bon di oxi de before it is
directedto the application. 30 7. The nethod of Claim®6, wherein the,
purified carbon dioxide is in a liquid state when it is directed to the
applicationii. The method of Claim 1, further including the step of directing the purified

carbon dioxide to at least one purification unit before it is directed to the
application, where said purification unit is selected from the group consisting
of a filter, a coalescing filter, an adsorption bed, an absorption bed, a

15 distillation umit, a reactor, and a scrubbing unit.

12.  The method of Claim 11, wherein the temperature of the purified carbon
dioxide is selected to optimize the separations capability of the separations
unit.

20

13.  The method of Claim 1, further including the step of directing the carbon

dioxide to at least one coalescing filter before it is exposed to at least one

catalyst.

25 14.  The method of Claim 1, further including the step of directing at least a
portion of the purified carbon dioxide to at least one analyzer unit selected
from the group consisting of a light-scattering analyzer and a single-particle

counter.



WD 03/ 070635 PCT/ US03/ 05174 28 8. The method of Claim®6, wherein the
purified carbon dioxide is directed to a condenser |ocated above a storage
vessel prworodtomeds recting it to the application. 5 9. Thecratsayosief C ai m
1, further including the step of pres®urizing the purified carbon dioxide
before it is directed to the application. 10. The nmethod of Caiml1,

further including the step of pressurizing the carbon dioxide before it is
exposed to ihe cdbamethod of§laim 1,Twkerpiptirprrifedcagion dioxifde cemains {e§8| udi ng
the step of direcgti t rified n.dioxi o] . .
purification uni &383%89@8?%10 = ?P%‘@%B?Sréhgﬁegg% 5 %% i‘lélﬁ?éh ag{éeersai d
purification unifgrdafersieherxt gacrbh,gier titdc G whea onakebd agnommdal enfperitere, a
coal escing filter, an adsorption bed, an absorption bed, a 15 distillation
unit, a reactor, aBhBrESWRr ubbi ng unit. 12. The nethod of O aim 11, wherein
t he terrp§rature of the purified carbon dioxide is selected to optim ze the
separati ons capability of the separations wunit. 20 13. The nethod of Claim
1, further igcl udihegndihel StERpinol, wWhdreiatwane it hddedao ltoncarlsirodioxlide befoa¢ | east
one coalescing filter before it js exposed to at |east one catalyst. 25
14. The method ofit isespased to thaeatalyst. i ncl uding the step of directing at |east
a portion of the purified carbon dioxide to at | east one anal yzer unit
selected fromthe group consisting of a light-scattering analyzer and a
singl e-partil@l e Theuwmndtisod of\MIDai}31 OEHESSNEIGTNYTStOSaTecyddgld leaFtee net hod of
Caim1, wherein the pyrified. carhon di oxide contains | ess .than.100, 000
particl éd of nonPErY qt%éh‘bﬁ’ }ﬁdccaﬁ@élidg‘?}% e useddp 'ﬁpﬁﬁﬁat’cﬂnaﬁ?gteéposmg

the recycled portion to the catalyst.

18. A method for purifying carbon dioxide, comprising the steps of:
a) exposing carbon dioxide to at least one catalyst, wherein the carbon
15 dioxide is in a condition selected from the group consisting of near-
critical, critical, and supercritical; and
b) oxidizing at least a portion of the contaminants, thereby forming

purified carbon dioxide.

20 19.  The method of Claim 18, further including the step of directing the purified

carbon dioxide to an application.

20.  The method of Claim 18, wherein the application is a semiconductor process.

25 21.  The method of Claim 18, further including the step of mixing an oxidant
with the carbon dioxide before exposing the carbon dioxide to the catalyst,
wherein the oxidant is at least one of the group selected from oxygen, air,
and oxygen enriched air.

30 22.  The method of Claim 18, wherein the conditions of the carbon dioxide are
modified to produce supercritical carbon dioxide before the carbon dioxide is

exposed to the catalyst.



greater than 0.1 mcron, per cubic foot when neasured at normal tenperature
and pressure. 5 16. The nethod of Claiml, wherein water is added to the
carbon diwpiode7we$ ore it is exposed to the catalyst. 17. PChasowoiiod of
Claim1, further including the step o0 recycling at |least a 10 portion of
the purified carbon dioxide used in the application and exposing the
recycled portion to the catalyst. 18. A nmethod for purifying carbon

di oxi de, co@pri siThg nidteodsafdPsinoi 8, faythenipeluding thesterel WobRe #e nwified | east

one catal yst, wherein the carbgn 15 dioxi 8.4 N a condition selected

fromthe group c§AS Etd?%édeo%{eﬁgé? ?X%Orslg(%%)é%??aﬂg ig{t'i cal, and supercritical;
and b) oxidizing at |east a portion of the contam nants, thereby form ng
purified carbon dioxide. 20 19. The nmethod of Caim 18, further itncl udi ng
the step of 2di r edihienethoreoffelpin il Sdfurtherripeindimedhe ser plodiEgstiag e Rugtliedn. 20.

The neth of Caiml18, ere| i i | Siai I%UQ'U or process.
25 21. The net ho&aéﬂron%lwzi%{\ér%%?}&f%ﬁ%ﬁg)gﬁlhﬁ%ﬁﬁd@ﬁtgéeﬁgedstep?of mXi ng an

oxi dant  with t heofigsthprofdifiker,decdabdseing fithen@aaiadgprptien bal, bdistidiation de to t he
catal yst, wherein the oxidant js. at |east one of the group se|lected from
oxygen, air, andowstygepbsemtiogsgiliatipn ung %@?Ct%ésﬁ%"gpﬂg‘& ISt B m 18,
wherei n the condi %E&Egor?lf)edt he carbon dioxide are nodified to produce
supercriti cal carBon’dioxi de before the carbon dioxide is exposed to the
catal yst. WD 03/070635 PCT/ US03/ 05174 30 23. The nethod of C aim 18,

{8 exposkh 25"t notienethtet Gl 39uhetetnihn ot or T8 PRLICIGIPrc uth ng.
the step of dir e(ifié))ﬂﬁee EQ@I&E’MH kd bthnize 162BR16h BafaBRity Of B skRA@iorene

purification unit selected fromthe group
unit.

26.  The method of Claim 18, further including the step of directing at least a
15 portion of the purified carbon dioxide to at least one analyzer unit selected
from the group consisting of a light-scattering analyzer and a single-particle

particle counter.

27.  The method of Claim 18, wherein the purified carbon dioxide contains less
20 than 100,000 particles of nonvolatile organic residues, each with a diameter
greater than 0.1 micron, per square foot when measured at normal

temperature and pressure.

28.  The method of Claim 18, further including the step of recycling at least a
25 portion of the purified carbon dioxide and exposing it to the catalyst.



consisting of a filter, a coalescing filter, an adsorption bed, a
distillation tower, an absorption/distillation unit, a reactor, a

scr ubbi ngwomBin7o6ahd an absorption bed. 10 25. The net hodpreft/iGhaIITLS,
wherein the tenperature of the purifi¥®d carbon dioxide is selected to
optim ze the separation capability of the separations wunit. 26. The nethod
of Claim18, further including.the g%e of directing at least a 15 portion
of the purifPed apisBiwddPodsliyaring Py 1?‘£%?§?0%¢18X1§ﬁ39 %‘k@’rphﬁﬁﬁl‘?n’sel ected from
the group consi st i.ght -cscattering analyzer and a single-particle
particle counterpoggﬁgﬁﬁgh%%t od’ of Claim 18, wherein the purified carbon
di oxi de cont ai ns d)ess deBdmitiana HHANOA0 opidatiorcicepenuraonbabiatdxpesiog gani ¢

resi dues, each with a dianeter reater than 0.1 mcron,.per square foot
when neasured at nor nefariosieridg %raecaé‘?j&stﬁf &?EW@@%QXI%b&%W%&%? Caim
18, further including I bR &L ilBorodicelROfbi@n of the
purifiedngarbon dioxiagﬁgﬁ 1@56 gpﬁ§8¥%%ng¥ﬁ%Fi§?§$§§¥. WO 03/ 070635

PCT/ US03/ 05174 31 29.with aetdveptablerqudityi whemi thepwifiédf dagepredipbida igissdiite t o
an application, conprhsin .the steps of: a) determining a m ni mum

oxi dati on tenperature,t &W@ﬁ%ﬁﬂ”&xposing carbon dioxide to a catal yst at
that mni mum oxi gt i ont,6gREEALYH BioxRieWb i 1eh i DHE bathRsttat RUEMpErathre Astoon

dioxide that will "produce a product with an acceptable quality when the .
purified carbon di oxi debstentisdlygreater thivethgppiniveem osidatien teagssditsg car bon

di oxi de at |l east ong catalyst. at a.t I n substantial ly
gr eat er i an the mini nﬁﬁﬁeﬁwﬁ’yﬁ‘ﬁé}ﬁPPE%@?%?%@@#’S‘% %Lder eby produci ng
purified carbon dijoxi d@irec@iié atCibastbpeeidn thd purtfasitcatbopalistidatothet he

purified carbon difoxide to the application.
application.



