WD 2007/ 005399 PCT/ US2006/ 024902 GAS PURI FI CATI ON PROCESS USI NG
ADSORBENT AND CATALYST M XTURES TECHNI CAL FI ELD [0001] The present

i nventi on gewewad/doysspel ates to the use of expensive andediggibog24902
sel ective adsorbents and catalysts for trace contam nant gas renoval
to generate products of high and uItra high purity. Mxing such

hi ghl'y sele%g terials with other |ess AW{)enswe | ess sel ective
materials resulte it PHEGFET O 1% “RERreve %WY%MIFWEW gher
capacity and/or |ower cost w thout adding additional expensive
selective material. BACKGROUND OF THE | NVENTI ON [ 0002] Air and ot her
gaseous feed streanms to industrial processes often contain trace

| evel contanlgﬁnts Lhat _¢ be detrinmental to the end use of the
feed gas or its ,Hﬁ AbBL B onents. In addition, processes using
these purified[ga813t r eafBe apLeHriteinveRRSbhi yenéta BVeNrd At devtel s Of
t hese contanlnants such that the purlfle% rod ct stream myst be of
high purity ofP8l PFE- Af gFpestye @O ofh ‘é‘bh‘éeerﬁ“? mfb‘-’ﬁ

chem cal nat ur gngf caeai?gwaﬂsﬁ ﬂﬁaaéﬂ%oheaalgaﬁt g&OURL RS tdb t he
need for high purity ten require the use_of highly selective -

adsor bent or cSﬁﬁPVéFe Hﬁ?@w’% L L PoRPANPhERE - REABVRIC I Wi | e sonme

material s can Q@x@ﬁ&egﬁbﬁehléﬁﬁaiééﬁed%%%gché&@glwiéhw1€ﬁe§ﬁhéy!ﬂ@éﬁ
selective materials™is often quite high (e.g., O/lb to exceedlng

$%00/Ib% hlnhnﬁﬁyenﬁhﬁﬁanb%%soﬁﬁ%eQ¥%Mﬁ WaFéyéﬁl€er%5ul%%v%ﬁeﬂ 9 nches)
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sel ective and expénsi Yewer cost without addlng additional expensive

gselective material.

BACKGROUND OF THE INVENTION

[0002] Air and other gaseous feed streams to
industrial processes often contain trace level
contaminants that can be detrimental to the end use of
the feed gas or its separated components. In addition,
processes using these purified gas streams are often
sengitive to even low levels of these contaminants such
that the purified product stream must be of high purity
or ultra-high purity (UHP). The low concentration and
chemical nature of contaminants in the feed gas,
coupled with the need for high purity, often require
the use of highly selective adsorbent or catalyst
materials fof contaminant removal. While some
materials can be effective, the cost associated with
these highly selective materials is often guite high
{e.g., > $10/1b to exceeding $100/1b). In many
instances only a thin layer (e.g., several inches) of
such highly selective adsorbents or catalysts is

required.



materials in commercial scale vessels and maintaining a uniform

| ayer depth of only a few inches over the entire flow area of the
vessel is dwvbhiwmbizee Variations in |layer depth result i rcprspmbuzien
breakt hrough of the contami nant where theg layer thickness is too
thin. Achieving a high or ultra-high pufity product stream under
such a condition may then be unreliable. Wien using | ow to noderate
cost adsorbents or catalysts (< $10/1b), one solution is to

increase the deghhsof ths: ive | r: dj 0 expensi ve
mat eri al , howef;er , Bjr)ray B%%FC% %%ﬁ?l (I)ﬁgt h%g%%a)rr%g?i%?%gér%@ss &Sfet he
process. [0004hate8iabatentcdioners;i2i8 s¢60et veSad¢Imeyndtmagintaining a

descri bes a bul.k. ration pracess. for_separation of nitrqgen from
air to pr oducehlé}(?/g%ﬁ. fa\' e acg?pﬁ:\%e OgshgélEeLy of ggvés%)rrl r}%?ﬁ W K58 hi gh
heat of adsorpenbinrei Slali|ated ofi tthheanesnelt igadeffadulm the range of

50to0 80%to reduce.tenperature swings_and.jncrease the effective
N2 wor ki ng capg%ﬁ?ﬁl‘fﬁ%oﬁ Yrﬁ&t%ngoFeﬁgé{i TP EH Sadsor bent s

in two differbntakypesugh FSAHY eeessesnhst divisetosak iThyds S. Pat ent
et al. In the_bulk  separation of air tq

No. 6,027,548 Eﬁ A%Iél e% Ko | )
produce 02, botH*&FVerSe' s Nethdi™ i fswi AGRARTIRRER nit 94y Fdiveritd ~aieh
reduced by m xpigit@adsesdedt sidfedti gRdandshem $etedivhdy mandaN2.
[0006] U.S. Patent No.,h 4,499,208 to Fuderer relates to activated

car bon doped wPEhRFRttekihise "HiSIiUF4EndoW at? SRR ENSIARE  swi ng

when adsor bi nga@E@-3éntd - Juressuie flrem afeed,sd ream:Gont aisni-pg
H2, C02, CO and CH4. WO 2007/005399 PCT/ US2006/ 024902 3 [0007]

M xtures of fiWeCEPRFRJUISIPan iod| é§ehadeiveekayappl ifskling regecet
interparticle yQi&:SPaCre material, however, may be prohibitive to

the competitivenegs of the process.

[0004] U.&5. Patent No. 5,258,060 to Gafiney et al.
describes a bulk separation process for separation of
nitrogen from air to produce oxygen. The active phase
of adsorbent, with a high heat of adsorption, is
diluted with an inert material in the range of 5% to
80% to reduce temperature swings and increase the
effective N working capacity.

[0005] A mixture of weak and strong adsorbents in
two different types of PSA processes is disclosed in
U.5. Patent No. 6,027,548 to Ackley et al. In the bulk
separation of air to produce O, both adverse thermal
swing and thermal gradients are reduced by mixing
adsorbents of high and low selectivity toward N,. ‘
[0006] U.5. Patent No. 4,499,208 to Fuderer relates
to activated carbon doped with inexrt dense alumina and
a reduced thermal swing when adsorbing C0, at high
pressure from a feed stream containing H,, CO,, CO and

CH,.



i ncrease adsorbent density and increase gas storage capacity. Kaplan
et al. (European Application No. 0 325 392) provides an exanple of
t hi s met hodwbagyoosppl i ed in PSA systens enpl oyi ng car bearosbweudsas:
sieve (CMS) adsorbents for kinetic separation of air to produce N2.
U.S. Patent No. 4,762,537 to Fleming ef 3al. relates to a conposite
adsor bent produced by agglonerating a m xture of 50-95 wt % al um na
and 5-50 w%type Y zeolite fornulated for renoval of HO present

at 100 ppm or fromgas m xtures., [0008] Heinze et .al,. (U.S,
Patent Mo 3 77808Hh) et ey CE B RRCPP AL B Be e CAEE o BUR
conprising a péxhUWispofed e rédare tiperfeZendld epiandpklhe, met hod of
produci ng sanme, [0009] A m xture of adsorbent and catal yst garti cles

i s cont enpl at edFFEHFO RRFLTEEEREAGY r BBC L U SHRE SFREPER in a

pressure sw ngcigactof. (RER1LARAR] . el FudbpearCaiined tReac ibonoand
Separation in Pressure Sw ng, Processes," Chem_ Eng. Sci. 49,
5845- 5864, 199335 330 OWdes a&r £XeBEhAI Yt e Hese Loty mari | y

ai med at bul k iéﬁifﬂlﬁﬁh[Eygﬁ%%%aEhﬁﬂofing‘%&ﬁﬁﬁﬂ'ﬁﬂﬁé&u@%rhbﬂbve
concentration $> 000ppm) wheré the wusé of mxtures of adsorbents has
been noti vat ed (B§S) r NeRpshEoadidnebief s ofon Idr - $Gi ng

and/for _ t her mal,, gradl gt s. - AdpQr PoBnef bl b, FONCRN RS hABRiNGT BE &

gas stream a e prior art typically results i n the formafion of
an equil i bri unmrkeoreckarks tmss compandter ageprebgNT Arodasads bivel | known

by those of ordi ggggii e LDt tes T, ated 3 s5_s9
equi librium zo%géir%{b%%sen aaq%{(t::#}ﬁi gﬁe;% C%Spa‘{;:%t ;aaio lV\D 2(5107/ 005399

PCT/ US2006/ 024902 t¥ipe cOtamtiinantfotrhanatad Her acdnersdd din HChe MIZ.

Bffective progesses: ofc G JoPerShbb¥CetSn AL qYS.ARQveral ! bed
[0008] Heinze et al. (U.S. Patent No. 3,773,6390)
discloses a binderless compogite adsorbent comprising a
mixture of type X and type A zeolites and the method of
producing same.
(00081 A mixture of adsorbent and catalyst particles
is contemplated in processes combining reaction and
separation in a pressure swing reactor (PSR) (Alpay, et
al. “Combined Reaction and Separation in Pressure Swing
Processes,” Chem. BEng. Sci. 49, 5845-5864, 1994).
[0010] Prior art technigues have been primarily
aimed at bulk separation or purification of
contaminants of high concentration (»1000ppm) where the
use of mixtures of adsorbents has been motivated by
reducing the adverse effects of thermal swing and/ox
thermal gradients. Adsorption of high concentrations
from a gas stream as in the prior art typically resuits
in the formation of an equilibrium zone and a mass
transfer zone (MTZ), as is well known by those of
ordinary experience in the axt. The saturated

equilibrium zone represents a much higher capacity of



or layer thickness that is several tinmes the size of the MIZ so as
to maxi m ze the productivity of the adsorbent (Wankat, P.C. ,

Lar ge- Scal ewHds@rpisvon and Chromat ography, Vol. 1, pgs ge@n&ShisdR88) -
Prior art strategies to achieve such productivity enhancenent

i ncl ude decreasing the MIZ by using snal *er adsor bent particles or
increasing the overall bed length. Little attention has been given
inthe prior art to trace contam nant renoval using thin | ayers
containing m . d e I . [ 0011] t hus
be desirabl e t§5%?§§%§%n?h§95§b? ﬁ*?‘{/e t%é%thgs‘%%ﬁi b%l %h%e@}ct%fdecme
expensi ve nat epirakssias ol dhivetyod litrivay epsatbi etdeapusiddgat ived

of feed gas streans having |ow |levels of contam pants to produce

hi gh and ult raohi SRVEA FEVRIRE tHadaet S5isee. BRIEE SIANRIEE OF THE
| NVENTI ON [ 0012heThezpseseattd nveninior rekabesdher ihe:Hser afha

m xture of a hi ghi(%bsel ective adsorbent or catal w t h anot her

material to acRFEVECRTGhEVNERT 1 vF drd/ %rgﬁfﬁﬂﬁ%giszéﬁiﬁ?frﬁw Ve d be

real i zed usi ngchbemsasgragpunionf i gy s8ekectiyes nat esialy alone.
Such mxtures also extend |layer depth so that relative variations
in layer thickfESELEPESP QM AR SUSFe REPHHET bY Bkt ertsaRfiedarém such

variations is thelely a@¢eyeMed. crEher®r 8$e0kihgVenti 0n- CONsegeRt |y
results in inproved. product purity and/or adsofbent or catalyst

capaci ty. [O001BRrEiFleei®g rwsasime itheaererghhdecdilenatie prdsént

invention to extead:layeragdeptdy pyiw-des ap /
PCT/ US2006/ 024902 5 ability R ol Fﬁﬁ%&ﬁ%ﬁ%&aﬁ

advanced nat eFPaFsThBYRhgrMIYiRlsalsdogi vhty tavers eomontrmanant
present in trage,enpuntsre apghdhind S dibiheylt to

[0011] T£ would thus be desirable to provide the
ability to use highly selective expensive materials in
relatively thin layers for the purification of feed gas
streams having low levels of contaminants to produce

high and ultra-high purity (UHP) product gases.

BRIEF SUMMARY OF THE INVENTION

[0012] The present invention relates to the use of a
mixture of a highly selective adsorbent or catalyst
with ancther material to achieve higher purity and/or
productivity than would be realized using the same
amount of highly selective material alone. Such
mixtures also extend layer depth so that relative
variations in layex thickness are lessened and
premature breakthrough from such variations is thereby
prevented. The present invention consequently results
in improved product purity and/or adsorbent or catalyst
capacity.

[0013] Utilizing a mixture in accordance with the

present invention to extend layer depth provides an



renove fromthe feed gas stream The use of a m xture in a given

| ayer depth also results in a cost savings over that when the entire
| ayer is cowpaesegdendy of the expensive advanced mat er ipalriush@@dzdo2l n
accordance with the present invention, a_ process for the
purification of a feed gas stream cont’aisnl"ng one or nore

contam nants is provided such that: (a)the concentration of each
contanminant to be renoved fromthe feed gas is 1000ppm preferably -

100ppm and nost .preferably | Oppm--(b) ¢t feed gas_is

through a Iaye?gégﬁﬁgi P g %Ongﬁzsaolr eﬁf“pgrgy ERYEYsY® s %c Clse\%g f or
renoval of themeestasalsadnivinwherieim deheckayety consisd sa oforecamixibote
of the selective adsorbent or catalyst EE anpt her terli %I
non-sel ective BFSBRRF ol sefdet iV TofdFd “ Rk 12 FEAT ;" c) t he
depth or thickpessvédisBasiion ided he dikeahl onrod dde 44 ewmisftut-be
m xed layer (LM)is ,less than ortg;]/l%l to thf | ength of the mass

transfer zoneXPLRMZ} ShetdGF 1952 SPs TRERT M2 d-hyA 76 ¢ FRAi ' ¥6ns

of the processcaBd ther sghactineg adsekbentcor isatdhysded adrdneof( dhthe
sel ective adsorbent or catalyst_contains at |east one el enent from

Group VI or E&FBERSIYE dddtarebdatédii@ltabl e; (e)the non-sel ective

or | owselectivgoiaRterial J@oReAR LWASH tROM SHS Ot NG RTINS a
material or a porous catalyst or adsorbent; and (f) the renoval of

t he contam nanPrpes@ftEoy the puifiiegtpradaét e EXRd 3T righ 1978

contaminant at .g8,cRGEN;T Ald Wt TaoddPR¥nt 2R BRERESD] Y S0Pl (GHNI gh
purity") and nost preferably S loppb ("ultra high purity"). WO

2007/ 005399 PCFhes2008) Oz gt G p5] ofheaph es@hi2niasHt iten bes

t hus di t ed ' |
oo “Shen PSR AL G L et gt

stream Such rénoval generally res
100ppm, and most preferably S 10ppm; (b) the feed gas

ig passed through a layer containing an adsorbent or
catalyst selective for removal cof the contaminant
wherein the layer consists of a mixture of the
gselective adsorbent or catalyst with another material
non-gelective or of low selectivity toward the
contaminant; (c¢}the depth or thickness (dimension in
the direction of the flow) of the mixed layer (Lw.)is
less than or equal to the length of the mass transfer
zone {Lyrz) wherein the Iyrz is defined by the conditions
of the process and £he gselective adsorbent or catalyst
alone; {(d)the selective adsorbent or catalyst containg
at least one element from Group VIII or Group IB of the
Periodic Table; (e)the non-selective or low-selective
méterial may be an inert porous or non-porous material
or a porous catalyst or adsorbent; and (f) the removal
of the contaminant results in a purified product
containing the contaminant at a concentration < 1lppm,
preferably £ 100ppb (“high purity”) and most preferably
£ 10ppb (“ultra high purity?).



effects (i.e., nearly isothermal) and one skilled in the art would
not expect thermal effects in trace contam nant renoval due to the

rel ativel y woworeeaeentrati on of contam nants. As di scusgeasasveye:
the prior art has been primarily ainmed %t bul kK separation or

purification of contam nants of high concentration (>1000ppnm) where
the use of m xtures of adsorbents has been notivated by reducing the
adverse effects of thermal swing and or thermal gradients. [0016]

Mor e speC|f| ca he p esent inventi ai ned_at . pr wher e
the | ayer 6@865 i gne %]?lﬁ v e\éésenvgplf:}tgnn%)sgglﬁ 1Y i %?F&heii(s) % i e.
Lgea S lerI'Z suehcethaﬁtdzmiﬂdxa: guridipatioof fide 4 afesd kpoor@seam.
saturated over, the durat on of cont nant val step

Nbr eover , estaﬁPthFﬁﬁo‘éﬁ e%?ﬁqq%ﬂyufﬁeﬂ} Jrjeth*ﬁ &t iy ttﬁ]?rfn&f/er
i's cost-prohi beteyers Al houghedne li%@tﬁfarﬁam XAnd eorid) dHig Y sSent

invention was first notivated by the need to increase the |ayer
depth to conpEh§abE® P RN @éﬂpelclthpﬁFF%}lse%?e%%dl%d:raé’@sorbent

in large area ¥ggsshsnand tonGaNt IRk t¥athat Fonstivel-Aviesy depth, it
was unexpectedly discovered that m xing an active adsorbent or

catalyst withCERFRREFRVERY ThaantpaiRaneri aIA%C‘iWW%ﬁ%ﬂC{V@d thy

an increase inpl-Ng.-ONpE ahd %é@#‘ﬂz‘ﬂ’n‘a‘ﬂl fathea ACthve @ég%’r’a%'low th
such |rrproverrent bei n)? essentiall'y wunrelated to the mtigation of

any thermal ef PEcPerificae tdforrontampasnas sof dikdovaarmentiyat ign

m xture is ca ‘Qg#pé gher ven
anount of sel egt ?!\j/g terial an glu\%'gngﬁeﬂg%%?é%p%%gé% Ifgc%lt% s
PCT/ US2006/ 024862n wot sraiped ivwe refucther ibe eadusiar ef mctt=urcd t o
achieve a thigker fy&q yar%tot{al kl 1.£$ H,aa AN increase in the

e

| ength of the nass rans zone. resu
fO0L16] More specifically, the present invention is

aimed at processes where the laver may be designed with
eggentially no equilibrium zone, i1.e. Lpea £ Lwrz, such
that little or no part of the layer becomes saturated
over the duration of the contaminant removal step.
Moreover, establishing an equilibrium zone by
lengthening the laver is cost-prchibitive. Although
the use of a mixture in the present invention was first
motivated by the need to increase the layer depth to
compensate for practical limitations of loading
adgorbent in large area vessels and to control
variations in layer depth, it was unexpectedly
digcovered that mixing an active adsorbent oxr catalyst
with a relatively inactive material actually resulted
in an increase in the overall productivity of the
active material with such improvement being essentially
unrelated to the mitigation of any thermal effects. In
addition, it was algo discovered that a mixture is
capable of producing a higher purity product for a

given amount of selective material and given removal



increase in overall capacity of the mxture for the contam nant for
a layer length equal to or less than the MIZ is counter to prior art
t eachi ngs twonedwoeset he LMIZ and its fraction of the oweralskoobyedoizn
order to inprove adsorbent productivity., [0017] The performnmance
benefits of mxing an expensive selective adsorbent with an

i nexpensive adsorbent, having little or no capacity for the

contam nant of interest, can be captured to fulfill different

obj ectives. Fogrgxapphée. anslhidendixt ukhLEN erﬁ‘iiﬁ%apee £ONShued as

limting, such performance benefits can include: or a given pr oduct
purity, a mxFitekebntaiel npya agitved Lanvestl of ixelecdirioreeaseddor beat

can be empl 0yedehooh\GF AR (G ADARL, hohdi nopganaci Ly, thus

extendi ng the avai e process cycletine. Ina ion, a m xture
cont ai ni ng a givencasgrountowdraddl espavetadshHridentmicanidee fenplhged t o

achi eve a high j roduct -for _a.given process cycle tipe.
Mor eover, a mi géﬁ?%g%%é/nn efjoexlrjrp &fé’&rt %gn?g%u%%u C"hzc_oarﬁ}ﬁﬁ‘tesg‘f than
expensi ve adsothemtTz eguigethitfeorr te pgivenatayeradhirelness raadcpr edect

urity. BRI EF DESCRI PTI.ON HE GS [ 00 For a nore conplete
5nder)s/t andi ng g‘f%zt%%cg lp%es%%?@?ﬁ?%ﬁ?aﬂ%ﬁ%ﬂ ﬁf%r?ﬁ“a@égeﬁ’hé?eof ,
reference shoimprdes nattettedtheribaulbew gy Det ai | ed Descri ption
taken in conj %{@8 Wi ther cco anyfj)gzg?g]?w%g_s in which: WO
2007/ 005399 P 06/ 02FoZ* "8 P69 % A "HPUEEr dPes the CO
wor Ki ng capaci éxper(siaXe @elas:td veUBEkbOPe®f #te f4-AGHBR 0k 1 ve

CO-sel ective adsorbent (AgX) in.the m xtures of Exa e 2; [0020]
Figure 2 illust %?%?qthe%é%ﬂn@a&ilﬁ&ledi’gtw HAR3H- tA1 gpﬁg” the bed

l ength (or depidhtadiddi® of interest, can be captured to fulfill
different objectives. For example and while not
intended to be construed as limiting, such performance
benefits can include: for a given product purity, a
mixture containing a given amount of selective
adsorbent can be employed to increase contaminant
holding capacity, thus extending the available process
cycle time. In addition, a mixture containing a given
amount of selective adsorbent can be employed to
achieve a higher purity product for a given process
c¢ycle time. Moreover, a mixture can be employed to
reduce the amount of expensive adsorbent reguired for a

given layer thickness and product purity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] For a more complete understanding of the
present invention and the advantages thereof, reference
should be made to the following Detailed Description
taken in conjunction with the accompanying drawings in

which:



time of 100. Oppb CO breakthrough in the effluent relative to Exanple
3; [0021] Figure 3 is a schematic diagramof an exenplary adsorbent
arrangenmentwbno@modsor bent  vessel /bed in accordance Wpkh/ishfsn24902
present invention; and [0022] Figure 4 |83 a schematic diagramof a
prepurification apparatus suitable for use in accordance with the
present invention. DETAILED DESCRI PTI ON [ 0023] As di scussed

her ei nabove, the present invention relates to the purification of a
gas stream by ggpeyal SO 3 snan e in.tra g amunts dn
the feed gas st eg?ny Thgﬂ%})url flaicalt ?#6%%%%5?%% of T SERFCitY
invention are t6Xpe dissti Agurshed ¢f d?hebLﬂﬁ@Ct&epabﬁt CORsPL OCESEES
where at | east M n s eamis renoved by
adsorption, CgtEngrgléiéE’m y o%tt%een%néh:guge.g ad?pg]'t‘? o of air to
produce 02 usi ﬂiQG&ONZ sefiaptiey @ ads'l@usbeates[eﬂéllq:o W&d@@e di vi si on
bet ween purifi | k _separati S, .no S preC| sely
def i ned, remg?%{éggb%ggorbnaént r%%mg’ 8a Q?Fléafﬁ )t Rt

conponent is ptésentt o Qpgicent bakhrBhgoegh ern than & s hawtper cent
(e.g. 1 vol%tg fbo%e O% i,s qQften considered a bul k separation
process. For purposes o & &r‘ge ént invention, "purification" neans
the rempval WOI@OBYI 005389 RPETAUS200660R4082; ¢ 9i1é§ra%mbfur&gles' rabl e
conmponent or conta nant C{‘F a gas streamin which such
conponent (s) i%" ?)TF Ny @nﬁaé‘rr%%%%‘étl% o reRPgriton of 1000
ppm or | ess. T*ESS@IMMEHIﬂﬁ1dd&oﬁﬁéhc@fﬁﬁgﬁ'@ﬁ%\%yﬂ%EEEHQ%b%ﬁtﬁgﬁce
contam nant(s) froma feed gas stream where such trace

cont ani nant (s)® IE{)ncentratl ons are 100 ppmor |ess, and

[0022] Figure 4 is a schematic diagram of a
prepurification apparatus suitable for use in

accordance with the present invention.

DETAILED DESCRIPTION

[0023} As discussed hereinabove, the present
invention relates to the purification of a gas stream
by removal of contaminants present in trace amounts in
the feed gas stream. The purification processes of the
present invention are to be distinguished from bulk
separation processes where at least one major
constituent in a gas stream is removed by adsorption,
catalysis or by other means, e.g. separation of air to
produce 0; using a Np-selective adsorbent.

{0024] While the division between purification and
bulk separation is not always precisely defined,
removing a component from a gas stream, where that
component is present in a concentration greater than a
few percent (e.g. 1 vol% to about 3 vol%) is often
considered a bulk separation process. TFor purposes of

the present invention, “purification” means the removal



nost preferably 10 ppmor less. It will be appreciated by those
skilled in the art that many industrial processes use both bul k
separ at i on wadoopusstdd cati on. The present invention canpbeussesozisn:

the trace contam nant renoval purificgtFop of these processes.

[ 0025] The present invention further appfies to the production of
purified product streans of purity Sl ppm high purity (i.e.,
<100ppb) and ultra-high purity (i.e., < 10ppb). The range for the

concentration ti e .rati f i nan entration in gas
stream to be %ﬁr%& el'g—}%osjtrﬂaéjtl% %O{nﬁgﬂ%s{ond%%té%as l%rrlré]f%ltv;frrym ?r%%s 10
to 105 or greaterean nimtwidichwends, cohponery (s enepiredaentr éduche ogasf
the contam nant, _concentration _in_a.gas st may be.as de di ng as
a factor of 100°TUb B %nﬁqu%ﬁtr&?ggn %Eg%5§§RER Oﬁn%ﬁﬁﬁctgﬁﬂ§uch
hi gh purity obiavaiedidy ita aeatgasfepulvé i wadh aredorpirepltyceequi res

t hermal regenerat.ion of e adsorbent (e.g. thermal sw ng adsorption
(TSR o © ot Gy AT H S g f T B LPed S me (R FRtGu BHclh RERCe
(VSA) or conbi aatitnisha0ft (desontmytahstohe £fd ecid Wpm LegeBaErat hng
means. [0026] Industrial catalytic processes ggnerallx@ convert one

r d

or more conpon®Ms FIRiEPddy JOr BRM P bR orfihdfd loPsdgepEec sakpd

processes are getitalde/ MK edCaRVERS 9A: PFIOSESRES, RRlusseRanati on
processes. Neverthel ess, catalytic processes have al so been WO

2007/ 005399 PEYISHRTS (B FPLH Dypk SepIerSen |andemyrdydaarhofr ace

gas removal byrh& QIMel5i0n rRfenkhenCoRh as NAM 11q; & HeorRauRd that may
be subsequently and nore easily renoved by adsorption, e.g.

oxi dati on of HPREMZENr rexcdati pnrofla tan . thesgoRTpPCcrASerace

gas purificati pdos provigded Dy hbe; pLesely #IMeRL! aRy14RE adsprbent

or catalyst material
production of purified product streams of purity £lppm,
high purity (i.e., £100ppb) and ultra-high purity
(i.e., S10ppb)}. The range for the concentration ratioc
(the ratio of contaminant concentration in a gas stream
to be purified to that in the product gas) may vary
from 10 to 10° or greater. In other words, the
requirement for reduction of the contaminant
concentration in a gas stream may be as demanding as a
factor of 100,000 or more for ultra-high purity
products. Such high purity obtained by trace gas
purification typically requires thermal regeneration of
the adsorbent (e.g. thermal swing adsorption (TSA)) or
catalyst, although pressure swing (PSA), vacuum swing
(V8A) or combinations of these may alsoc be effective
regenerative meansg.
[0026] Industrial catalytic processes generally
convert one oOr more components in a feed stream to one
or more products. Such processes are actually bulk
conversion processes, not separation processes.

Nevertheless, catalytic processes have also been



must have a sufficiently high affinity or conversion capability for
the contam nant, as well as a sufficient contam nant renoval
capacity. Awbiami7loysses strength of adsorption has been tpgpadistie@mabdzy
characterized by various definitions oflose_l ectivity. The intent of a
selectivity paraneter is to distinguish one adsorbent from another
interns of its ability to adsorb a desired conponent relative to
one or nore interfering conponent(s) in the gas mxture. In the case

where physica i i nat i feri effects are
often due to c%gg‘g%%bﬂlol?r’po%%fie ggrr%g%%%trt%% Ieé(rﬁéégaajl Ibff maj or
consti tuent (s) convéhel gasofinitieurcentami0828] td e adshipduond tthatheay be
renoval of trace, co ent.s hysi sorption, t resent .i.nvention
my a6 50 i nGop BRP SR oGSt S SR ey P AT T o

n- conpl exat i ong- gndoxad=al AHdr ©f €,gtoxicdat-i oriaatdion of eclucid @o).

renoval mechani The ability of an adsorbent to functjan
effectively in [?ﬁgﬂpreseﬁté:r@fcye ﬁﬁ'ﬁg@uﬁ?‘%%‘—i‘%’rﬁ%sasi rPlfcﬁ’éLde% by the
concentr at i onspeésepnstidaiarilcs, ithet Rasbevehigasr €l s alpti-eal of
2.0opm CO in the presence of 800,000ppm N2 in air, can be strongly
i nfl uenced by THEL ARG A DEHE ﬁé Bratohbidnems capyegsion

determ ni ng sekeghbyvitty (R ehaarcadsprbent, o8 w11l rare GRAPOREaht
relative to a maj or conmponent of the feed gzgs m xture, the extrenely

| arge di f f er enEBRF NI HC IAICARHORSPBFE BN r AT NI GY U (FESeBEtR <&

1(Ackl ey, WO 20044005399 BT/ Hde20066824902:1 1y IdhaBlct@rizdM g 0poOr ous
and Mesoporous Materials 61, 25-42, 2003, the contents of which are

i ncor por at ed h&rEipupylefigridiansept pelpsthastal sdiredmisméwatt hat
the working seglectiMify, and Wekking capag] dy: Rl aw sidndab Legpds
in trace gas renpval such'that working capacity alone may be used to
eval uate the réramiawotmef gmder@sopt its ability to adsorb a

degired component relative to one or more interfering
compenent {(s) in the gas mixture. In the case where
physical adsorption dominates, the interfering effects
are often due to coadsorption of other component (g)
(usually major constituent(s) in the gas mixture) .
[0028] In addition to the removal of trace
components by physiscrption, the present invention may
also incorporate chemisorption (e.g. removal of CO by
n-complexation) -and catalytic (e.g. oxidation and/or
reduction) removal mechanisms. The ability of an
adsorbent to function effectively in the presence of
large differences in the concentrations of constituents
in the feed gas, e.g. adsorption of 2.0ppm CO in the
presence of 800,000ppm N; in air, can be strongly
influenced by the coadsorption of the major component.
When determining selectivity (o} of an adsorbent for a
trace component relative to a major component of the
feed gag mixture, the extremely large difference in

concentrations often result in values of o <« 1(ARckley,



materials and/or their different configurations. [0029] Wbrking
capacity of an adsorbent in trace gas renoval is usually lowin
conpari son wo 2bdhabvsspesul ting from bul k gas separati on @ET/us2006/024902
purification at the higher concentrations (partial pressures) of the
contam nants. Neverthel ess, working capdcity can vary considerably
in trace gas renoval, i.e. fromessentially zero to large enough to
sati sfy the performance and econom ¢ requirenents of contam nant

renoval in the ess of interest or these reasons, rKi
capacity and/o?g %ﬁea%% OFﬁnﬁngrge§%?%§R%ﬁi E%%Qﬁglﬁggﬁ' 28-42,
paranmeters fogoeonpaid rtgarl’d&atBEbEOﬁJHﬂﬁEEaﬁé imeing e draeetal sy
and their mxtures in the present |nv§2tion. [ Osthﬁi IS underﬁtood

that at |east BRECEIIHe Jddndfi PAENESSPPEHRe aft {rfgs working

described in the e BsERt dd¥ QEOAghasoaOL & f#du Tk %&Lfrrflll%ﬂxeﬂﬁreﬁ@s
adsorb, or an ability to convert, a desired trace contaninant in

the nixed gas %resrofeantamosel sueh BRRRITOHIMME GPacdivePirBh

ef fectiveness whllpdls0dad ehaBdapbt bhE réM&w\@}tﬂ&%&@@b@f
"sel ective" for such trace contam nant. When it is desired to

produce hi gh o$at%#¥¢%ﬁrﬁQﬁfqguFbﬁyrpﬁéE§@¥@ﬂ¢u%ﬂﬂ%ﬁgﬂﬂaééppﬁe solid
materials ey peogfAul r Slbndd gabycsebestiye Jmldnial W ttaaee gas

associ ated sufficient working capacity for t cont am nant ('s)
i nterest oft enrfpm,@ml si$ m=aiyn loweapvadrpayegore dimt dihditngeshéting

material wt h %?ﬁa\(g)s%‘%gyaggéﬁgg{:hgfm Q’?%f%o% =3 h%é]['xﬁr

havi ng a depth or nsi on di Fection
fl ow t hrough t¢mm¢@mﬁﬁat$m$s (thatied Eqﬁa$uras)Uﬁ%iﬂgngmwt@mlnhetﬁass

transfer zone._The trans er _zaon f|n By d
process cond|¥?¥ﬁﬁggéﬁéftﬂﬂWﬂﬁJlﬂ & gaﬁf? nen Q%”: é&ﬁ%l%%rlun§ and

ki netic Charactfm¢6t§£5:mﬁmﬁhﬂ."hlghlﬁr@ﬁléﬁﬁ&ﬂﬂﬂally zero to large
enough to satisfy the performance and economic
reguirements of contaminant removal in the process of
interest. For these reasons, working capacity and/or
breakthrough time sre selected as the best parameters
for comparing the performance of individual materials
and thelr mixtures in the present invention.
[0030]} It is understood that at least one <f the
.constituents in the solid mixtures described in the
present invention hag an affinity sufficient to adsorb,
or an ability to convert, a desired trace contaminant
in the mixed gas stream of interest. Such an affinity
or conversion effectivensss will algo be termed within
this invention to be "selective” for such trace
contaminant. When it is desired to produce high or
ultra high purity product, highly selective solid
materials may be required. A highly selective wmaterial
with an assgociated sufficient working capacity for the
contaminant (s) of interest often results in & thin

removal layer containing the material with such layer



material. The mass transfer zone can be identified readily by
measuring the contam nant gas concentration along the bed | ength at
the end of wbeoguoishé cation step. [0031] If the bed inlpetr/uRamesabez
reached the adsorbent equilibriumcapacjjy for the contanminant at
the end of the contam nant renoval stepq%e g. as in very short beds)
or if there is no region of constant contam nant concentration near
the bed inlet, then clearly the bed contains only a MIZ and LBed <_

LMIZ Al ter nat hyek g 4 hee s oot rlaelﬁgftﬁr (42REnL £HYLIL Be - detsrm

froma breakthrough test using a ength sutficientlylarger
the LMIZ, e.g. tRgegubk 1fhow Lmugébthﬁaﬂaﬁ@r] ebsts alsnaldr, eblutal to

di stingui shabl gne aMILA RSE YR GG NBSAFOF B! bed i nlet at

the tinme the concenttation ont brea t he Bed®5ut | et at
t he predeternlﬁé@@%ﬁ@@k&hﬁbu@hd@dn@edtbattb@ coﬁﬁﬁﬁﬁﬂ prcesss

sel ecti ve' materkalsidor nombiobly, el egtlvedy, Wé%ilgé&ﬁmm

woul d not neet t ove con ns™r Ve
economi c or p&@@th&ﬂtqunhanamantistitessfsmﬁéxﬂhﬁghlyﬁﬁbaébah$e” for

exanpl e, may ex 1 mredi_at bre kt hr ough of . the contanlnant or
require unaccep%%%ﬁ' llar§§ g@ﬁsdgﬁFﬁs £b ﬁ@ﬁgéVEléxﬁégﬁFéa fied

purification staqﬂilynby—ﬁxﬁn@hamy thessoﬁﬁémiﬁaﬂﬁig@%t%bh@bﬁtkaﬁigﬁe

but are not limted 00.7/.005399 PCT/ US20 6/024902 13 to, inert
particles such“%lmbﬂégé%ﬁg'&gpgﬁg é Wea@sridhaaadser bent s

deened rel ati vetap. i neffectlve in achleV|ng de5|red cont am nant | evel
purification. é 1 The ca acity of the highly selective materi al

required for of & & i PEH ¢BhtamMdramotdesardsd Gpen t he
dur ati on of tfﬁﬂgdﬁﬂéﬁﬂ e%bﬁﬂlﬁﬂﬂumh§éﬁﬁﬁlﬁy for the contaminant at

the end of the contaminant remowval gtep (e.g. as in
very short beds) or if there is no region of constant
contaminant concentration near the bed inlet, then

clearly the bed contains only a MTZ and Lged & Lyry-

Alternatively, the mass transfer zone length can be
determined from a breakthrough test using a bed length

sufficiently larger than the Lypy, e.9. Igeg > 1.1
IMTz, 80 that at least a small, but distinguighable,

equilibrium zone has formed near the bed inlet at the
time the concentration front breaks through the bed
outlet at the predetermined breakthrough concentration.
[0032] "Less selective” materials (or “non highly
selective”) are those that would not meet the above
conditions relative to performance, econcmic or
practical requirements. “Less selective” materials,
for example, way exhibit an immediate breakthrough of
the contaminant or require unacceptably large bed depth
to achieve a desired purification step time. Exemplary

less selective materials include, but are not limited



not the active material is to be regenerated or replaced. The
duration of the renoval step in the process nmay be quite short

(e.g., on twe:ardesyof seconds) or very long (e.g., howtsusshdysvmr
nore) when the process incorporates a regeneration step. For

singl e-step rempval processes where the ‘active material is
periodically replaced, the required duration of the renoval step may
be much longer, e.g. nonths to several vyears. It will be appreciated

that the nore costly the terial he I onger the tine that is
desired betweeh® it e?%&f%%‘r?é?ﬁs. Sf“ﬁ%gii ?/g%?/s CONtEH I 'S Bresent
at only trace gteBgepéddd) QiR idlsdrPaatst deamied MByLdeiwHI icult to
renmove by adsorption, e.g., CO H2, N20, NOR _light hydrocarbons and
the |ike. WhenlRBIapprbyT idt &cHEYdrFeHest 5ol ormrdidianf dvXrt-abl e,
an advanced npherfEakaiust. be synthesized (if possible) for a
specific contam nant renoval . H ghly selective _adsorbents and

catal ysts may 6PP3Phat e Fromamirist chethauheehlis splsis waretrpaLal

such as zeolitegq,ardd VAl ed-ordhMil B2 288LEYRLE O NPhars |die§>_@ng.§|
and the like, properly treated as in ion exchange, I npregnation,

etc. so as touaehieve dhetisguicfednseredrved t gteprandhevheddsir ed

contam nant . H,ghlynselaclyy g adsaphent op peatalusldmleral s can
contain elements from Goup VIIT WO 2007/005399 PCI/ US2006/ 024902 -
14 and/ or G oupprl&:ef. t HEPalumdiionTabl ehe SoetmotahHuep sel &bei ve

materials are gj C Ly, tQ .Qpro and/ or i j gi ficant
anmount of expeﬁg%\ggésélng nl%/es ,q%l(%.eg.gﬂ%?? é’%IQA’g,&%&g&r Q?t%éa?l ?J e.
[0035] As di scasseddabove,vdathe loaguileegent Bowfs hiddys seheative) t yhand

{)felt 2;[1' :‘/glsﬁl lt gw}:%gfﬁééén%sesgO:ifngc?)\:!;,oq:%%rva\.jt%g ahjr Qer(fé)lsét:{)ofn tsh:eeprrat %‘roiral
single-step removal processes where the active material
is periodically replaced, the required duration of the
removal step may be much longer, e.g. months to several
vearg. Lt will be appreciated that the mors costly the
material, the longer the time that is desired between
its replacement.

[0034] Many contaminants, present at only trace
concentrations in a gas stream, may be difficult to
remove by adsorption, e.g. CO, Hy, N0, NOx, light
hydrocarbons and the like. When no appropriate
adgorbent is commercially available, an advanced
material must be symthesized (if possible) for a
gpecific contaminant removal. Highly selective
adsorbents and catalysts may originate from any of the
numercus porous materials such as zeolites, activated
alumina, activated carbon, silica gel and the like,
properly treated as in lon exchange, impregnation, etc.
g0 ag to achieve the required selectivity for the

desired contaminant. Highly selective adsorkent or

catalyst materials can contain elements from Group VIII



only a relatively thin layer of the active material for the desired
removal of the targeted contam nant. For |arge commercial scale

separati on wooeeassy the area over which this thin | aperuRrwmos:
applied is usually large, for exanple a twelve-foot dianeter
adsorbent vessel. Wen such a layer is ]r4eqU| red to be only a few
centinmeters or inches in depth, practical limtations arise in

| oadi ng such materials into the vessel to achieve a uniformlayer

depth, i.e. vvlth riation de nore_t.han

appr oxi mat el y 621/3 &f%%p SIc#e& retg?édéﬁfﬁgg "}%Q:g%si * he%&'gﬂlﬁfg only
a 5.0cm |ayer sdﬁseth;véuﬁehtepfmm eale ktirhtat tosslEotd hidiicef and/or
result in variations of u 50%%{% (:r?3 Premat ur e br eakt hr ough
of the contani AgRtEBUTR d° lcﬁnﬁ: UPE P HnSXRRT £ S He ERAE

thi ckness of theg.ips|abdedhd ayel dusthessikdan the design depth. Wen
an inexpensivEPnaterlal i s used, one solution is to increase the

amount of materP8 1o suth d&?fé’pﬁsl’?d\/\ﬁgf"’ge'tﬁ]éev%‘?‘iléﬁ%té’aﬁ’gealﬂpom

| oadi ng or progesscepelayiLm @1%&%19%6%@9%@&1&@ dd®ined with
effectiveness of the layer. Such a strate owever, is quite

costly when e?b%s?‘@%tn%ﬁ_é‘rfiealf@t@méédoét:e$l?€)?$‘bl%? BY M T66A oBr
nore are requi bgdy thélaowml%mﬂn%ne&agefbéfegh@yaéme fatleinat shhe

| ength of the mass transfer zone for t type of purification is
of ten greater Ehandenbredyiamane2067Lbe53899PCTd USADOBLOREAT02 FDl”15

depth (i.e. LMZ-3elidWer&aHi '£41104 %g?k&ﬂ&ﬁ%ﬂg@%&&d b@{eoq

purity. Conventi onal desi gn practice achi evi I gh adsor ent
productivity soggestii¢hathishehinedgyrrotushebdeapwiiedisor bewellayer

be several ti ng éonﬂgf é)baqrgv]:[eh% Lk OO{_B% e*\%xd#}g%e Yankat ,

P. C., Large- cafe’ Adsor and i omat ogr ap

pgs. 59- 60, 1986¢ssdhi s Wh@ursesrl't hRatlayhe mg] mqm:ymﬂ to be only a few
centimeters or inches in depth, practical ilimitations
arige in loading such materials into the wvessel to
achieve a uniform layer depth, i.e. with variations in
layer depth of no more than approximately & 10% of the
desired depth. For a design reguiring only a 5.0cm
layer depth, such practical limitations could therefore
result in variations of up to & 50% (& 2.5cm).
Premature breakthrough of the contaminant could cccur
in the regions where the local thickness of the
installed layer iz less than the design depth. When an
inexpensive material is used, one solution is to
increase the amount of material to such a depth where
the variations caused from loading or procesg operation
are not detrimental to the effectiveness of the layer.
Such a strategy, however, is guite costly when
expensive materials priced at $10/1lb or even $100/ib or
more are reguired. This problem is exacerbated by the
fact that the length of the mass transfer zcone for this

type of purification is often greater than the layer



the adsorbent in the bed is saturated with contam nant (as in an
equilibriumzone) at the end of the adsorption step. Follow ng such
teachi ng regdlb@ohssoet Significant increase in the anmuRlrRkaeosm24902
expensi ve adsorbent used. [0036] In trace contam nant rem)va(i, tﬁe
contami nant concentration is | ow enought¥hat the time and/or bed

| ength required for establishing an equilibriumzone nmay be far
greater than is practical for the purification process. Purification
to achi eve high or |t ra-hi gl"gpurity product suggests a material of
high selectivi ,thazlmEHL%fs Ydsar)c FFHATRANEC| B oiF e aastiyed n
the present inyeahues, pitidps hesherdiiseavenedifhataded g ddye active
material with a second material solves the problem of maintaini n% an
adequat e | ayer CRiLEKABE sRHER RARCTRF e REPAYCE hel epstuggestshahat the
expensi ve matefkabrhnothend ayey -oﬂﬁ%\é%enénlaﬁgfxﬂgcé&%fﬁsLgitme%f
such mxing is_an increase in the breakthrough capacity of the

t hi cker mixed L&peer ebapatiles] NGt He or-elada veRyxthiran&faniegier P. C..
containing on e nstk it er i j i W1y .

Al ternatively, hﬁr%gxtsgéie)gu%& %ﬁﬁ agﬁhvg%rgﬁgg%if%@%'agélv'e “tat eri al
produces a highes-plrfby p?dduct HHan inshaesabkaanountmafordtyl wé

mat eri al used Nne sl r ith.th v, t t.ine
These results 3\%%%8%?6%%%‘89%%@5@06% Ogigggtégﬁl%rczonet%mnam
particul arly supprisi ag eguiidwiom tzomel act thatend hefy tdree obt ai ned
usi ng a contan_nan Y | ay shorter than the | ength.of the
mass transfer m?g%g%pgfcg%3%eprhe%%r%§’gﬁf@i ﬁ%ﬁt?%?ﬁ&ﬁﬁ% 18%5&;1%§e§13f Br
the m xing of sagnékpeast vinadserdbdnt the eabahysdf ofxgemghive
selectivity wt

aB anbi nexgenii ve inert or material of relatively |ow
selectivity (a®*"Rh TRt ettTVe material ")
[0036] In trace contaminant removal, the contaminant

concentration is low enough that the time and/or bed
length required for establishing an eguilibrium zone
may be far greater than is practical for the
purification process. Purification to achieve high or
ultra-high purity product suggests a material of high
selectivity, as well as good contaminant loading
capacity. In the present invention, it hasg been
discovered that mixing the active material with a
second material solves the problem of maintaining an
adequate layer thickness without increasing the cost of
the expensive material in the layer. However, an
unexpected result of such mixing is an increase in the
breakthrough capacity of the thicker mixed layer
compared to the relatively thinner layer containing
only the expensive material of high selectivity.
Alternatively, a mixture utilizing a given amount of
active material produces a higher purity product than
the same amount of active material used alcone in a

process with the same removal step time. These results



for trace contam nant removal froma gas streamusing a relatively
thin layer of the mxture to produce a high purity or ultra-high

purity produotenr@bsdbd ve to the contam nant renoved. Thectdekaik/ssah
the invention will becone apparent throygh the exanples presented

bel ow. [0038] Commercially avail able adsorbents, catalysts and .
other materials were obtained and used in the exanples as follows:
(1) 13X APG (8x12) zeolite beads (obtained from UOP of Des Pl ai nes,

L) ;5 (2) Cataéﬁétpaﬁﬁiﬁuﬁgﬂly'@u@%@@s@ﬂgaiH”@f%W“d?“g%%(%a%@}tﬁa A
beads (obtained from Degussa Corporation, Parsippany, N'J.); )
F200 (1/8in be HE iG%)%taédleéH URERE @ oBPRl dethdntomenavadalalae.

Pi t t sburgh, PARoaddk (harP¥heX(Ehq8hass « (Gat. no. 7268-3)
(Iobt ai neg froﬁ% Cor ni ng, *Inc., Co?ni. ng, V\'I%%q.g%gs&a%}%x%%f E&H8s were
produced accof¥Hl to ehedssgascinperntion dﬁiﬁ?@mvggae?ﬁfgdt%i

i u. S. i I Lan. Ser i . . i
Tune 50, 2005 "B R oy b Rrr Ay E Ea B s, SR e ek Atnfog
Zeol i tes and M&IRsgsiwfcy Matbf act inexfdmseforinedtherenti-6e1g0nsent s

i i . h iLn.by.reference. AgX represents an
expensi Ve adsaibont o IngH SETRRETYITY For riragechtvecantan MR s
that are favorfht yreeeovedtanioagh tdéreovaﬁec:ﬂm: &{rggtfghgggﬁ_gﬁlh,@%ﬂg an.

i i i iate a i ghe
Soleotivity TGP 60Y) s aoh bt e rBaases To Broadpens hish
appl i cabl e comvarityamtes uﬂ.sraehi@NQﬁhﬂ'ityA\@foé@l@%oﬁrgﬁaEAgv% ht?% S%:i% OI e

nsher g crchangsylesgl sndlon MRS Soment A e esul i)
by mixing acterdmegappatbet PresARSh iHHE RO cBNErSEEH: A% ow .
aQSorbents wo bQBQ?t becéﬁgéégfgff)(gﬂéélgggieaggggéégfg éékgl(ZQZbove
cited referentcte. Y ‘ Y
and other materials were obtained and used in the
examples as follows: (1) 13X APG (8x12) zeolite beads
(obtained from UOP of Des Plaines, I1l); (2) Catalyst
E221 P/D, 0.5%Pd on aluminum oxide (2 mm- 4mm) beads
(obtained from Degussa Corporation, Parsippany, N.J.);
(3) F200 (1/8in beads) activated alumina (obtzained from
Alcoa, Inc., Pittsburgh, PA); and (4) Pyrex® glass
beads (3mm) (cat. no. 7268-3) (obtained from Corning,
Inc., Corning, NY). AgX (10x20) beads were produced
according to methods described in commonly owned,
copending U.S. patent application Serial No.
11/170,104, filed on June 30, 2005, by Ackley et al.
and entitled “Silver-Exchanged Zeolites and Methods of
Manufacture Therefor”, the entire coentents of which are
incorporated herein by reference. AgX repregents an
expensive adsorbent of high selectivity for a class of
contaminants that are favorably removed through the

mechanism of n-complexation. One of orxrdinary gkill in

the art would appreciate that higher selectivity for



[ 0039] The general concept and nethod of a breakthrough test is
known to those skilled in the art. A standard breakthrough test is
used to neasureriobdee perf ormance of i ndividual adsor bentpgrsafgbMeds
and mxtures thereof. CO and H2 have been selected as reference
trace contaninants to denonstrate the ~fuhdament al advant ages of the
present invention. For the purpose of illustrating purification by
adsorption and catalysis adsorption of CO and oxidation of H2 are

utilized respeghlﬁe rqgﬁﬁﬁ%gp tgr gogghfgv 5?ﬁ§ ity (4CO or

AXco) is det er m'Red ¥?on1an overa bal ance o in the
feed and effl uedtosbesaasthait ahﬁ|dfealgﬁbbragkehmhmmge(ﬂ&n@ﬂnbmﬂtnows
e.g. 1.0 ppb, nd/ or 0p ea hro tine is_ also
representatlvemB%SEﬁﬁgaﬁﬁﬁkﬁﬁtTenngﬁi ESEEEEy ¥h Ve B, as
vel | as ot her mekegttiesthdheapslyinanle me&rbgnﬁgp@mtzye Of @00y
adsor bat e sinuLtaneousI |ncor orat es coadsorption and kinetic
effects inhereﬁfx?ﬁgr%%T Lherpgee ot RYFREL Qap 1% FUsksAg€en

det ermi ned her ggkbepeibe «:@51& triotofbea 1 inet e ens eoll P akidHOugh teskqa
conducted after thermal regeneration, i.e. simlar to the condition

in thermal smﬂﬁgt%ﬁs%P%Y?dﬁ”ﬁ¥%6§§§§§HE?SA) Under such conditions

Equation (1) reppgesents Hhe gcéaéwlklcaaceﬁapaﬁatmetwga 20071005399
PCT/ US2006/ 024902 18 Aco =4CO= armJ' 1, 1@3 WS O mnis
the nol ar feedPFEdRERARP eIt Heeded s *mﬁwanﬁogéh@sﬁr%kll i} éheanyt -

outlet nole frﬁcétgﬂéa,@& k%akﬂﬁ:%@xt Egglzyls\’\@séé %cpﬁ'?é?sﬁ&ec’fthe

adsorbent and tb is the breakthrough tinme corresponding to a
predet er m ned Eerferezkesrotgmdioncealr adbonbeDes eredrald atist and CO

mixtures thereof. CO and H, have been selected as
reference trace contaminants to demonstrate the
fundamental advantages of the present invention. For
the purpose of illugtrating purification by adsorption
and catalysis, adsorption of CO and oxidation of H; are
utilized respectively. The breakthrough or working
capacity (ACO or AXge) is determined from an overall
mass balance of the CO in the feed and sffluent streams
at defined CO breakthrough concentrations, e.g. 1.0
ppb, 10.0 ppb, and/or 100.0 ppb. Breakthrough time is
also representative of contaminant removal capacity,
e.g. for CO, H;, as well as other molecules. The
dynamic working capacity of the CO adsorbate
gimultaneously incorporates coadsorption and kinetic
effects inherent in real procesges. The CO working
capacity has been determined here from the results of a
reference breakthrough test conducted after thermal
regeneration, i.e. gimilar toc the condition in thermal
swing adsorption processes (TSA). Under such
conditions Equation (1) represents the CO working

capacity:



concentration reduction ratio of at least 2.0 ppm 0.1 ppm =20, the
wor ki ng capacity inherently captures the Kkinetic effects resulting
from nmass twansfeissey esi stance. For purposes of the presedtyszoosozevnz
invention, the primary conmponent in th eed gas of the breakthrough
test is N2. Since the concentration of inthe feed streamis
overwhel m ng conpared to that of CO the coadsorption effect of CO
upon N2 is negligible. Conversely, the coadsorption of N2 may affect
the adsorption of CO The breakthrough test nethod as described is
preferred for establishing the working capacity for CO since N2 and

02 coadsorption, H2 r cti nazgassy tr ansf effects are
automatical ly incorpora C@d“;ﬁnrbqﬂﬁ(a_,ﬁegﬁ(yfnaﬁlym(fﬁrtl oadi ng. (¥hus, the CO
wor ki ng capacity and breakthrough tfnme are deternmined for the
adsorbents and m xtures in the presence of such inhibiting factors.

One skilled in the_a 1 rec i.ze that the CO breakthrough test
described is q&)’(‘e%ﬁl Eafrl?/\,lwéinaf t%aet%gs%zlﬁlwl éPgBrtég?t}ﬁ?%ug‘ﬁnta@ﬁ Yoeaf*8&nd
woul d be devi sk tionlealanst evadsor hel sfra@d @intstcs cand/ or mi xtures

cont ai ni ng such tecr.i al.s. for remgval of contam nants ot her than CO

using test conditions  rel’eVant® td'G HESSuLTE PESPFBRANr ¥8@sE ¢F the

interest. WO Z00HIO0639GHPETMISA0DHLH2420%15 tol @ hRA40L g ¥0ski Ng

capacity of was .determined in this way froma CO breakthroug
oot usad as PYSRHCRGHED PTGt LR | nP ey SEeHE 6Bt FveRoss. of

the adsorbentcarcaniveanen Faguoonsh Lans, ofr e 1kast yepeppeajef ul ly
selected to relﬂ%resent adsorption capability under realist T process
condi tions. THE" &PrehBE WBFELRY FRRAMH e smbiesepaiyoraptuags 7519 bar a

(114 7psia) . 10 waRd @BebBbere ARt HOULIAL Ga0k 2pRLOXLMRtely 21 sl pm

(78.7 nol/n2 sl) usi ng adsorption columm |engths varying
eésistance. For purposes of the present invention, the

primary component in the feed gas of the breakthrough
test is N;. Since the concentration of Ny in the feed
stream is overwhelming compared to that of CO, the
coadsorption effect of CO upon N; is negligible,
Conversely, the coadsorption of N, may affect the
adsorption of CO. The breakthrough test method asg
described is preferred for establishing the working
capacity for CO since N, and O, coadsorption, H,
reduction and mass transfer effects are automatically
incorporated in the resultant CO loading. Thus, the CO
working capacity and breakthrough time are determined
for the adsorbents and mixtures in the presence of guch
inhibiting factors. One skilled in the art will
recognize that the CO breakthrough test described is
exemplary, and that similar breakthrough tests can and
would be devised to evaluate adsorbents, catalysts
and/or mixtures containing such materials for removal
of contaminants other than CO uging test conditions

relevant to the purification process of interest.



fromb5.9cm (2.3in) to 30.5cm (12. G n). The feed gas conposition (79%
N2 and 219%92) includes trace levels of CO and/or H2 as defined in
each exanplwob@h@wsedurther details of this test are gp@@,@simﬁlmz
patent publication No. WO 03/101587, e td tled "Production of High
Purity and Utra-H gh Purity Gas", the contents of which are

i ncorporated herein by reference. Any variations to these reference
conditions are noted in the exanples. [0041] The test bed containing

the adsorbent, [ogappl yStmQl JoxLy Lhi t her nal | acti vat ed
to renove residual water and/or (E);t ﬁgé ds% c#délo ot am- sd 1

"Activation" ikhpereasy r@@P?@Js-?‘ 5§ hrdelthPougiuriges Immd)fasl& 65I pm The

tenperature is éf@g\éry from-a 350C and _then hel d at

350C overni thfA The b d |s%%ﬁer% %OF@% %ur%?‘ﬁa arF%eéjézﬂéfenﬁﬁFg@f e

anbi ent t enperadipEbemtestr idsuare Thegenetiatieds afft @hebkeakt hessgh
s frgm 175C to_275C

testing in dry, t ra ure that vari

for 2.Ch and %%% S %c?r %rgl%% fof SCRFCHY 3ASOFREpnrapability

Regenerati on r@mﬁesr@mtdcophebes@mwmdﬂmzﬁﬂsQ:Hée(ief@%hﬂg the

precedi ng bre h t rreve ble  reactions are sonetines

observed in t?\}g%}%g% gglo;tuﬁg 7‘?%@%% PcP Bbsreosltd24dpial,

to the feed, s®%heufd rast 1hﬂeak§£]£0ﬂgﬂmtl%ﬁie IoF o %ﬁ%@:&ﬁ\ggeﬂhﬁfﬂpm
g

results of the ec7ond ng sgbse uent_. breakthrou tests were found
to be repr oduci Bl ¢ Nt h '\‘lﬁeﬂ@ FEEGTPo el ealare ienotte Weakiimg

capacity. Examule 51 9@@042] 380 P06 (5 /RIm S1%.. %Qh)zeo{rhéefé‘gé gﬁ?@”t

tailored for renoval  of trace concentrations of CODb n- conpt exati on

(cheni sor pt i of°"RTE Hr68udda’ e dmdi Rg*Cth iglvstes rlirI@ST@r Lbedlinof
comonly owned0 eopgati BY Ak Jefined in each example below. Further

details of this test are given in PCT patent
publication No. WO 03/101587, entitled “Production of
High Purity and Ultra-High Purity Gas”, the contents of
which are incorporated herein by reference. Any
variations to these reference conditions are noted in
the examples.

[0041] The test bed containing the adsorbent,
catalyst or mixture ig initially thermally activated to
remove residual water and/or other adsorbed
contaminants. “Activation” is performed using a dry N,
purge flow of 13.6glpm. The temperature is slowly
ramped from ambient to 350°C and then held at 350°C
overnight. The bed is then cooled (using the same
purge) to ambient temperature. Test beds are
"regenerated” after breakthrough testing in dry air at
a temperature that varies from 175°C to 275°C for 2.0h
and cocled in dry N, for 3.0h, all at 2.0slpm.
Regeneration removes CO and other impurities adsorbed
during the preceding breakthrough test. Irreversible

reactions are sometimes observed in the first exposure



patent application Serial No. 11/170,104 by Ackley et al., and
entitled "Silver-Exchanged Zeolites and Methods of Manufacture
Therefor", waintruwssefiled on June 30, 2005, was subj le(ﬁﬂjstgﬁ)6/@24902
br eakt hrough test as described above. P(? zeolite used in this
exanpl e had a Ag-exchange | evel greater®“than 85% and a noi sture
content less than 1.Om % The CO capacity of this adsorbent is
represented by the performance data in Table 1. [0043] The feed gas

tained 2.0 22 . | th
packed wi th 11 B s ABKIadear Bn it SHEarAaE pa ( Pate W ze of the

AgX is 1.4mm alnd:catrde@ackﬂn@ :dams]lttg/ dfn thlaeseesmdb@ﬂdl asubsequent

approxi matel y s, bed was saturatj.on,

the test was r%ﬁcﬁfﬁgﬁf’-o‘ﬂ%@r t%%trﬁ:e"ﬁeﬁeatl 8ﬁg % Ckﬁelﬁe?“ﬁ% %?*kP]LFer‘?tnd
(product) reachtds thee Giedneentdaiulene Aheheofeedk {2y OcdpdicyA 13X
APG 8x12) zeolite (20.13 g) was packed into a test bed 15.2 cmlong
and subjected to a feed gas containing 2.0 ppm CO and 3.0 ppm H2.
The average pagkb@bgesize of the 13X APGis 2.1mmand its packing

density in the test bed is apgg}om rratelé 0.68g/cc. The results are
WO 2007/ C08399 1BBAPUS200B/ 85005 /AL 21 1-SaNEPS yeee | ARHIRt, 0O

breaks t hroughta:15:3a CrobegknGant ajMihgci3%APG Bk Ibstnd R Akl y.
Thus, 13X APG adsorbent shows little or no affi m(;%.llfor CO renoval

at these trac8 EBHE! ¥R | (demizprRpdorns ref apyvdlsehorcossiiast i ve
for CO Conver sgl Yot A9Xs 'ﬁrgﬂcﬂtﬁ.ﬂécﬁﬁlneﬁbh?ﬁgnlf 0Ly aty é@‘ﬁﬁn U.8.
an

condi tions and denonstrates both good | ng capaC|
substanti al br 8akeR¥ odigil 1¢aein f&ﬁrléilvﬁpy %hblﬁTObJeQﬂ ary timidrielloe@ ppb

and 100.0 b b £ G r ; far ol
Wor ki ng Caggm %) an%ﬁggﬁ?éﬁggiu LIS Eg{bﬂﬁge&-aﬂ& e SPTGIL

Methods of Manufacture Therefoxr?, which was filed On
June 30, 2005, was subjected to a breakthrough test as
described above. The zeolite used in this example had
a Ag-exchange level greater than 85% and a moisture
content less than 1.0wt%. The CO capacity of this
adsorbent is represented by the performance data in
Table 1.

[0043] The feed gas contained 2.0 ppm CO and 220 ppb
Hz. A test bed of 5.9 cm length was packed with 11.8s6
g AgX adsorbent. The average particle size of the Agx
is 1.4mm and its packing density in the test bed is
approximately 1.0g/cc. Thig bed was tested to €O
saturation, i.e. the test was run until the
concentration of CO in the effluent (product) reached
the CO concentration in the feed (2.0 ppm). A 13X APG
8x12) zeolite (20.13 g) was packed into a test bed 15.2
cm long and subjected to a feed gas containing 2.0 ppm
CO and 3.0 ppm H;. The average particle size of the
13X APG is 2.1mm and its packing density in the test

bed is approximately 0.68g/cc. The results are



Time for AgX and 13X APG Adsorbents adsorbent Bed Yco YH2 tbh @tbh @
AXoo @ (Xco)sat depth 100ppb 10ppb 100ppb cmm mh h MMO /g nmmol/
AgX 5.9 2. OwB-24#/09599¢ 5. 0 0.083 0.27 13X APG 15.2 2.0 3..@1ru:Pd6m24902
<0.002 - [0044] (Xco) sat represents the eqU|I|br|un1capaC|ty of the
adsorbent (0.27mmol/g) at these conditiods.” This is the CO | oading
that adsorbent in an equilibrium zone would have if such a zone
exists within the bed at the end of the adsorption step. The CO

working capacity (AXco) at a CO breakthrougg concentration of éog.o
ppb is | ess th&HBHLER0t Hp ST urat | GFP CAFACFt frroddlygrst Mg Thee
absence of an egﬁthhﬁﬁhgnizz@rr@e@falamgt shgBtifbeany fraghid omnf ke
overall bed length (5. cm. Exanple 2 [0045] Test beds of varlous

| engths (7.6 cﬁ8599b2nt0ﬁ¥oﬂ? H.dmhe 13 2ocREFAniey cheand e vEd at
vere al | | | oadedoear ebublyodid i 4L OLMADNEEINoAPE: NS 4N BFe1 WBlon-
2007/ 005399 PCT/U82006/024902 - 22 The AgX (10x28% was from't he
same producti ofebarehvastor Had. i FEEaysicdvl. AgAchs lﬂhﬁ&iﬁﬁﬁ#Qﬂive
different Ilen nt, ai S

(11.62 0.24 g) .%Er e%gr%?%e% Vo un%gn%f ta%%xaA x12§ %\A%ﬁr%génaoged
uni form y wi t hCOhiverkinedcapauiity aind Agkssenasal obnfet:dx]ttl@amkglfbécdmes
conpletely, re ting_| rle f opnt 13X
APG m xt ures %Ekvgrg?% ?%ﬁ%??ifﬁbkg$ﬁélgaﬁe estdggﬁg%?
Exanple 1 was bepehthdbyghes@mmhnﬂnhﬂmamﬁesents 100 vol@b AgX. [0046]
Each bed was then activated at 350C in N2. Breakthrough tests were
then conducted with 2.0 ppm CO

Table 1 Reference CO Working Capacity and Breakthrough
Time for AgX and 13X APG Adsorbents

adsorbent Bed Yeo YHz t, @ i @ Meo@ | (Keolsat
depth 100ppb 10ppb 100ppb
cm_ . | ppm ppm h h mmelfg mmol/g
AgX 59 2.0 0.22 9.0 5.0 0.083 0.27
13X APG 15.2 2.0 3.0 < .02 - <0.002
[0044] (Xco) sar represents the equilibrium capacity

of the adsorbent (0.27mmol/g) at these conditions.

This is the CO loading that adsorbent in an equilibrium
zone would have if such a zone exists within the bed at
the end of the adsorption step. The CO working
capacity (AXeco) at a CO breakthrough concentration of
100.0 ppb is less than 31% of this saturation capacity,
suggesting the absence of an equilibrium zone of any
significant fraction of the overall bed length (5.9

cm) .

Examgle 2
[0045] Test beds of various lengths (7.6 cm, 10.2

cem, 12.7 cm, 15.2 cm, 17.8 cm and 30.5 ¢m) were all

loaded carefully with uniform AgX/13X APG mixtures.



and 3.0 ppm H2 contained in the feed gas. Test beds were regenerated
bet ween breakt hrough tests. Activation, regeneration and

br eakt hr ouglvd petiswere perfornmed as descri bed above. The,fid20@i024902
br eakt hrough result of each bed was discarded in order to avoid
effects of any irreversible reactions.” The -~ breakt hrough tests were
repeated several tinmes for nost of the test beds. Al tests were
conducted at a feed pressure of 7.9 bara, except that one test of
the 10.2 cmbed was perfornmed at 12.25 bara. Oherwi se, all _test

condi tions wer &28s2g&s &t Pred) At E5F thfe SAREaRERNECT By as

breakt hrough t esht [Q08Lhnde £O WRidd B eapaskly &AXEDIged80 terned
"CO | oadi ng", was determ ned according_to Equation 1 above for each

test at the COlERe&kt FPBhghned opvEtriatilgn§l6f =30 orpprarif F66° 0
b. Th i n,.Ei
bp ese resylts-are EL‘OS‘EW. ! ][‘p%%%%g&&%egggo%&g%ggéf gfsex e

effects of increasing anbunts’ o I'ven anount
of AgX in the bhedl2¢onsrdeningd tinatfcdme YW@i2B07h085899ed amount of

PCT/ US2006/ 02490 - 23 13X, APG has .negli gi bl apacity. for CO at
these conditi g‘ﬁé FSS@hBﬁﬂéﬁl&aa Ibee%l)coglﬁ’getg’ﬁSSY’ eﬁ%%’XJD%Jdlg ¢ontai ns
the sane mass @krAgX, oftbvas caexdacied unidbrmt hex O X apRE iixtafretshe
m xture (essenti all }é all COis adsorbed onl%/l on_t he Ag)(g i rl%:%ga es
as nore 13X APGL ¥TYHBIJVEL PR Hi b ur 678N SERE Bed. “FhetTo dng
(at the 100. OspaRpbeeakihs oughe Sotdivt it@R) cB0BNd 1xEpPe G s | T RS ES

from about 0.08 mmol /g AgX for a bed containing only AgX to nore than
0.12 mol / g AgRSkhen this same amount of AgX is mixed with 13X APG

so that only gheuk;20% phchhsed Ofa] tHRlUBRLES2068URE efls By the wAgX
This effect is even nore gronounced at the hi %her purity condition

represent ed byEBxeebtbreukbhioeslgh were then conducted with 2.0 ppm CO
and 3.0 ppm H; contained in the feed gas. Test beds

were regenerated between breakthrough tests.
Activation, regeneration and breakthrough tests were
performed as described above. The first breakthrough
result of each bed was discarded in order to avoild
effects of any irreversible reacticns. _The
breakthrough tests were repeated several times for most
of the test beds. All tests were conducted at a feed
pregsure of 7.9 bara, except that one test of the 10.2
cm bed was performed at 12.25 bara. Otherwise, all
test conditions were as described above for the
standard reference breakthrough test.

[0047] The CO working capacity {(AXe), also termed
“C0 loading”, was determined according to Equation 1
above for each test at the CO breakthrough
concentrations of 10.0 ppb and 100.0 ppb. These
results are shown in Figure 1, and demonstrate the
effects of increasing amounts of 13X APG mixed with a

given amount of AgX in the bed. Congidering that the



concentration of 10.0 ppb. In the latter case, the CO |oading for
AgX is doubled fromO0.04 mvol/g AgX to 0.08 mmol/g AgX by sinply

i ncreasi ng wWiewbadspwength from5 9 cmto 30.5 cm usi ng gdhiusSagR24902
quantity of AgX mxed wuniformy with 13X APGto fill the total bed

volume. [0048] This exanple illustrates?that a nmixture wutilizing a
gi ven anmount of active material produces a higher purity product
than the sane anmobunt of active naterial used alone in a process with

the CO renoval _ _capacity. EX | e 3 [0049], A conputer npdel was
applied to sinitdt PGbF‘éﬁk}Fﬂ%ﬁﬂt%ﬁa@%FW ﬁBrASQ BF BExaiple 1 and
for the AgX 13%nARGiBhit yse $RSH 43VERinpExanpl end. tdhe 4t alded

adsor ption nodel is based upon the governing, material and energy
bal ances def i niGGtRABSpEBR e3RME Arasg (Rda P Sdr i VENY2F oRERPEPED EHAt

sub-nodel descriesot be a@ﬂégr@fi% rab&urihecbednpodelvisil co is
represented by one WO 2807/0 5399 PCT/ US2006/ 024902 24 di nensi onal
plug flow wit hafegrPgibrelaxal thf FEY)silegreapadi aborars 13X APG is

characteristicgqpbqt B8 pRAEL; dncldidg, t}?fee%%lﬁlr.e #hapchepseseny edi by

the Ergun Equation and nulticonponent isotherms. The isothermfor
CO AgX was dettéenitfi@d0 appk owr prairtlindughy @ondissopd Kon0tbbard AKX 8 x

10-5bara) from, ratlon i b Kk o] ests
simlar to thatlkggggrg%geg%%rﬁ g@%pﬁfe)' dyl%m%&(?eégﬁt E%ﬁ) %g%cg al
pressures werecobtaingdgi onby &®X ites wfret édbs Dylyanydhip tHFeX GOen

ﬁgﬂC?g‘g{ ﬁ;'r ot %%g%g%amé hETéSIEQ' o A0 E réiﬁle&h%iﬁﬁegsﬁaﬁm Ao that
gy bal ancée was -tused to accoln or heat™ of

adsor pti on andcoméat aboatlsﬁ@%_ceaffm S:dtrfle voalimantls ecxdnepz:naﬂ 130 tHwe

3g?éirhfnbbégk%gggg%?hﬂggg£fégtsiénéégh w&%etggogggngggcéébgﬁgIﬂ}g é&e
purity condition represented by a CO breakthrough
concentration of 10.0 ppb. In the latter case, the CO
loading for AgX is doubled from 0.04 mmol/g AgX to 0.08
mmol/g AgX by simply increasing the bed length from 5.9
cm to 30.5 cm using the same quantity of AgX mixed
uniformly with 13X APG to f£ill the total bed volume.
[0048] This example illustrates that a mixture
utilizing a given amount of active material produces a
higher purity product than the same amount of active

material used alone in a process with the CO removal

capacity.

Example 3

[0049] A computer medel was applied to simulate
breakthrough tests for the AgX of HExample 1 and for the
AgX/13X APG mixture (58%/42%) of Example 2. The
detailed adsorption model is based upon the governing
material and energy balances defining the process. A
linear driving force (LDF) sub-model describes the

adsorption rate. The bed model is represented by one



6, 500, 234. Such nodels and their application are famliar to those
of ordinary skill in the art. [0050] The sinulation of the

br eakt hr ougWyd 86iwekHe used herein to estimate the characi@liShisssiopd
the mass transfer zone. The nass transf% coefficient for COis
adjusted until the simulation and experififental results are in
reasonabl e agreenent. Once this is achieved, the sinulation yields
detailed results such as concentration, |oading distributions and

ot her results 4; r he. .. .[0051] . The_ CO | oadi ng
di stribution alééﬁ{ge%tg%ggggdwﬁ%ﬁgf% ?glr@hdé%%;)lgéw?h%;%? TP B
ppb CO breakt Bddighonalt bhasdétecidt was cdbtaenaddél onhé hede -
si mul ati on of cm.AgX test bed shown_in Figure, 2. e
correspondi ng %?-%g%l%?ogﬁﬂgt?e rei%erg-‘%ia%r @gﬁdEﬁg}}Bﬁ at R rped
experi ment al brmedktheopgheht nesottieshd) hThe Exafpkenliof @ardgk ke

CO | oadi n distribution shows only a MZ and no equilibriumzone WO
2007/ 005389 Péﬁ%%iﬁb%?gzﬁgofﬁw P igl; REefERCeRl 68 Rakl nBeravien 8

reached the satwtaticema)l gveh heOs2furadildr)endAEPngas goncentration

di stribution alon e bed shows the sane pattern. The results of
si nul ation al s%rS%H%FFﬁ?QlF\aTeﬁtrl% TEHDPE tef thet adeseribed s dinemmiliey

i sothermal, i.e. therbefent eMigs-tala1ap¢eBshABL %@P@%Bﬁ%ﬁﬁe [10092]
The conputer nodel was_al so applied to sinulate the CO brea tlhrough
of the 10.2cm AFXe8° bl TrstEhpeyingThie Bedoereret Pritican wrd/orm

m xture of  AgXhd3XoARG pRedNE-ARRT QXTREEGVOLLME 1,0 %%%ﬁ 2%
13X APG The packed bed %ensi ty of th'gn%‘léx%lu%égwasiarﬁér&lg%cc. g

i sotherm for tRBERIXtRAEPNRS Fespresehtedacoyuaid) {st i meptt ke AgX

isgtPﬁrnldescrE§§gr@@Q%§ 4y rRecount Lo t e Leducsd anpunt, of AgX
an e
external to the bed. The breakthrough model is similar

to the one described in more detail in U.S. Patent No.
6,500,é34. Such models and their application are
familiar to those of ordinary skill in the art.

[0050] The simulation of the breakthrough test is
used herein to estimate the characteristics of the mass
transfer zone. The mass transfer coefficient for CO is
adjusted until the simulation and experimental results
are in reasonable agreement. Once this is achieved,
the simulation yields detailed results such as
concentration, loading distributions and other results
throughout the adsorbent layer.

[0051] The CO loading distribution along the bed
length (or depth) at the time of 100.0 ppb CO
breakthrough in the effluent was obtained from the
simulation of the 5.9 cm AgX test bed as shown in
Figure 2. The corresponding breakthrough time is 8.5
hr and compares to the experimental breakthrough time
of 5.0 h in Example 1. Clearly, the CO loading

distribution shows only a MTZ and no equilibrium zone



di fference between densities of the AgX and the m xture, noting that
the 13X APG has essentially no CO adsorption capacity at these

partial pregsuiesuossbhus, at a given CO partial pressurecitiiooso24902
equilibriumloading (Xco)m x of the mixture is approxi mated as

follows: (Xco)mix = (Xco)Agx x (0.58cc AgXfcc mix) x (cc mix/0.85g
mx) x (1.0g AgX/cc AgX), where (Xco)m x has the units (mmol CO g
m xture) and (Xco)Agx has the units (mobl CO g AgX). [0053] The CO

| oadi ng distribution al Qng the length of the_ bed }glontai ni ng,the
mxture at the 5¥%eb6f 186°H 1ppL"EO %‘feéh%teﬁFBﬁght R PRABUERFIRENt was

obt ai ned from itheisifubabiyoAmas/§hown idd Gagueendenthar €onr espondi ng
breakt hrough tinme is 10.0 hr_and conpares to the experinental

br eakt hr ough t id&taEbrbionhal angxappl e ShotKe tEO Pe@ai Rgttern. The

di stribution i ndhg i ¥XEUEEnINAMSoRNk Yo coMEZrandnae €Ayl LihbddMor
zone. The CO gas concentration distribution along the bed shows the

sane pattern. \HD2ZG0FL005399sETLasPnOsioegnal, - 126. £hes54gd

Conparing the lLoadi.ng distrj i Lo Figure. 2 for AgX adsorbent
and the AgX 13X APG i xFu%e{:Qﬁ%tfﬁg@ éc%}n ar thalf.s3 t he average ACO

| oadi ng is incrid®5&d f or Thaecompwiter ancdiie vagmelanroeanplotd AgX is

contai ned in bqt t d ath]q{ , | oadi i
given in the %ﬁﬁ@%ﬁ%ﬁ;ﬂ&?a %g%(,gk{ I éatk{]%gt g?%r 9t@ﬁggﬂi &?%?@%%%f
given in the uibkespieok . Clhlsnbad ucentdi0@sbR Abtéprmat eirethedst may be
used to estimate racteristics of the mass trapnsfer.z ol O
doternne t he BRELEnEe Er i B4t TPBIP T SonE CHETRI FeCt R Bed g
nost direct way3ixs ARPG. neaAsupeckde bednicardingntbfcoheentrattrenwad ong

(he, Longih of g bt ahAne,gndel e 3USRIBLLOR ShEPHLS:Shent
by adjusting the AgX isotherm described above to
account for the reduced amount of Ag¥X and the
difference between densities of the AgX and the
mixture, noting that the 13X APG has essentially no CO
adsorption capacity at these partial pressures. Thus,
at a given CO partial pressure, the equilibrium loading
(Xoo) mix ©f the mixture is approximated as follows:
(Xeo)mix = (Xco)agx ¥ (0.58cc AgX/cc mix) x (cc mix/0.85g
mix} x (1.0g AgX/cc AgX), where (Xeo)mix has the units
(mmol CO/g mixture) and (Xgo)agx has the units (mmol
Co/g AgX) .

[0053] The CO loading distribution along the length
of the bed containing the mixture at the time of 100.0
ppb CO breakthrough in the effluent was obtained from
the simulation as shown in Figure 2. The corresponding
breakthrough time is 10.0 hr and compares to the
experimental breakthrough time of 10.2 h in Example 2.
The CO loading distribution in the mixture shows only a
MTZ and no equilibrium zone. The CO gas concentration

distribution along the bed shows the game pattern.



4,762,537). The presence of an equilibriumzone is characterized by
a relatively constant contam nant concentration, such concentration

at the samewle¥ewase that in the feed gas. The MIZ may @h$@s208/024902
estimated fromthe breakthrough results (Wankat, P. C., Large- Scal e

Adsor ption and Chromat ography, Vol. 1,-pg8 50-53, 1986) or fromthe

| engt h of unused bed (LUB) for constant pattern MIZ behavior as
descri bed by Ruthven (Principles of Adsorption and Adsorption
Processes, pgs. 270-271, 1984). Example 4 [0056] Adsorbents were
used from the JRPE4pr oduEPTBRT 11Dt nsl FNGSE PASERARBFEODS W B AF Cm

long test bed wgg,p %keQd%l{—}bé@& Yar the?@o2019xA8%: Aisecrad fesis
bed (20.32 cmin lengfh) was packed with a uniform 50 vol % AgX/ 50

vol % 13X APG m%%@@ﬂeth¥hethm*m‘f%ﬁe AR legRdapnéd incraesed i £hfas
20.15 g. The 091\!2@11%%07/ 99@38%5’%{\] H220Q 424992 com?%l geneentdat i on

in the feed gas was m and pressure was ara for the
br eakt hr ough t ésiss. be@sherMpt@ that i the 10619, loedéner &0k ohgdinds given

sl 1, S SeuS O 01 Do TR 58, AR LUECLAD Bl

2. The results reak S are” sumrari zed
Tabl e 2. AgX an@ QQXEﬁSXnAEﬁéNMHimwemﬁﬁkﬁﬁﬂmannatare 10. Oppm CO

socorbent et Uh@iXco @1E QACH@IR QIR Btopl i IOR. QBN

X 10.16 5.6 0. tihrédc8orllst?20s 30#A5:1k: Ot s Ag%thXrAEGhéOOBZt@ 4 0.259

8.2 0.226  50% SOOé)rm:L%XI ¢ a)e( pArPeQeagxgcgzo an equl_Gngr(l)ug zz’gx(w).e6w18t}(1)1 187
the bed. The most direct way is to measure the
contaminant concentration along the length of the bed
at the end of the adsorption step (e.g., as indicated
in U.S. Patent No. 3,773,690 and U.S. Patent No.
4,762,537). The presence of an equilibrium zone is
characterized by a relatively constant contaminant
concentration, such concentration at the same level as
that in the feed gas. The MTZ may also be estimated
from the breakthrough results (Wankat, P. C., Large-
Scale Adsorption and Chromatography, Vol. 1, pgs 50-53,
1.986) or from the length of unused bed (LUB) for
congtant pattern MTZ behavior as described by Ruthven

(Principles of Adsorption and Adsorption Processes,

pgs. 270-271, 1984) .

Example 4

[0056] Adsorbents were used from the same production
lots as those in Example 2. A 10.16 cm long test bed
was packed entirely with 20.20 g AgX. A second test
bed {20.32 cm in length) was packed with a uniform 50
vol% AgX/50 vol% 13X APG mixture. The amount off AgX

contained in the mixture was 20.15 g. The CO



50% 50% Note: feed is at 10C and contains 3. Qopm H2 [0057] The
results of Exanples 1 and 4 show that the LCO | oading or working
capaci ty of wipfoidasiveases with both feed CO concentr at i/ @ichsheso:
depth. The effect of the adsorbent m xture at the higher CO feed
concentration and increased anmount of Ag?(7i‘s nore pronounced, but is
consistent wwth the results of Exanple 2. The fractional reduction
in CO capacity wth increasing product purity or decreasing
br eakt hr ough ¢ i f e m ed is_less__than.that of
the bed cont ai %2’%%%%’}(‘%?"%2% g%n%ﬁ? ’g%&ﬁgﬁ? a’F‘S’n&F’-?oagﬁ] B Bsul ts
for a CO breaktdressglre wanceénbrhdranfaf the) bpphkeefbagh aests.
concentration dJ %%ct.i on ratio_of 10/0.001 = 10,000. The effect upon
purity and capacity "r&°si ghFfVeRHT™ F IIFAT R O%afBd BradfFRyPYsR AgX
m xed 50 vol % F@strel Yewket BohdAcARS e saaehiagvaecack-oves CONt-adfiglant
concentration %1'08%@)% WO, 2007/ 005399 PCT/ US2006/ 024902 - 28 wth
a greater dynafic cApSEiE§ ©0. % E KEGTRYSP tEARA #HAL achi eved
for the unm xeduhedrfQedSdnmmbig 2 AgX) at 100 ppb Co.  The ability of
the m xture to extend the capability of the sel ective adsorbent is
particularly i npeatBat2 I o ags r-acdhingh/pexi Ade appli G NS ormExnaapPLes
5-7 [0059] The unexpected advant ages10foppxidg adsorbents may al so
be Capt ured f radgogge%l% \Jlsf SBGW f%rl%trar‘p gf‘-Qﬁ%nn\lF\;’fQi@O and
removal . Thesel and ot her \ q t|r i e the | es
bel ow using 4 catal yst g&nt aﬁmmgﬁo’.ﬁm"o% EL mgtgl%ed '%?ﬁpact,h})f Eec
alum na, referjrfed to herdalda ¢er 88 Pd/AKB203. 48AI 9§ 0.120 3.45 0.095
AgXM3X APG | 20.32 9.4 - 0.259 8.2 0.228 - -
50%/50%
AgX/18X APG | 20.32 9.3 0.256 8.0 0.220 6.8 0.187
50%/50%
Note: feed iz at 10°C and contains 3.0ppm H;

[0057] The results of Examples 1 and 4 show that the
ACO loading or working capacity of AgX increases with
both feed CO concentration and bed depth. The effect
of the adsorbent mixture at the higher CO feed
concentration and increased amount of AgX is more
pronounced, but ig consistent with the results of
Example 2. The fractional reduction in CO capacity
with increasing product purity or decreasing
breakthrough concentration for the mixed bed ig less
than that of the bed containing the same amount of AgX
alone.

[6058] The results for a CO breakthrough
concentration of 1.0 ppb reflect a concentration
reduction ratio of 10/0.001 = 10,000. The effect upon
purity and capacity is significant in that the same
quantity of AgX mixed 50 vol%/50 vol% with 13X APG can

achieve a lower contaminant concentration (1.0 ppb)



A1203 catal yst behaves sinmilarly to an adsorbent in renoving H2,
rqg. H2 breaksythrough inafinite time. This behavior is in
contrast toydgaawsatal ysis where H2 woul d be oxidi zed ﬁ&/lﬁ@%@ﬁ/mw(ﬁz
indefinitely. Since no H2O energes fro éhg catal yst bed during this
oxidation, it is believed that the watef”vapor oxidation product is
adsorbed on the support (activated alum na) of the catalyst.
Furthernore, it also believed that the H2 E;eakthrpuggdgg?u;g :ﬁda

sult of the tLvat.l f ; .yapor _
g?nally accunuﬁgt%gsIa ?gégﬁggpg¥%$ﬁ%$q¥%iggég%¥ﬁg?§n?ﬁ7tﬂ@° d#)on
of H2 on the B#38 £bat Fhhéededciow atieonnind xedvbedi bh e1 s hrguglyg t he

t her mal regenergtthon,o |y al though the, regeneration
tenperaturg afﬁ%%?sgghgobréﬁgﬁ%?atZ%ka€%ﬁg&¥§y9%th?h%l%%%%ﬁ)Rﬁ._'The
H2 breakt hr ougf*teresthe detpain hitd, aif HAcbrebkthi-eaohySORGENT 1sat | ons

. , are used in ace of a "working capacity
of the cal glbygg TPttty ”‘i%%l’t{i%‘dtv\éozg‘g?mo%ﬁ% PETH 52006/ 024902
- 29 breakthrepghitastenare carried out using the same apparatus
and in a manner simlar to that described above for CO Initial
activation is performed at 3500C in dry N2 as described above for
adsorbents. ReEgemeladi®Divis perfornmed al so as descri bed above for

i t
ts exc at the tenperature is controlled‘ap a constan
igigfgﬁPiﬁg thzgés h h&ﬂ“bdFﬁ?¥§F$ﬁdiﬁdv%@¢@9$§ﬁﬂﬁtm;xﬂng conpar ed

for breakthroug@séﬁﬁéﬁts<ﬂ@@dggk%dh%fE§%t£E%&‘fﬁ%iééﬁ%gg%f%?%gpgg§6g,

neration onditions. Exanple 5 [0060] Catalyst
&??ﬁ an aver age™t pari9% I icReEeion aud menovd.omMegus sad other

Corporation), &2ehacddsyahed Rpmpnaztisom @hceo%xamples below using

a catalyst containing 0.5 wt$ Pd supported on activated

alumina, referred to hereafter as Pd/Al,0;. Thig
PA/A1,05 catalyst behaveg similarly to an adsorbent in
removing H,, i.e. H, breaks through in a finite time.
This behavior is in contrast to ideal catalysis where
Ha would be oxidized to H;0 indefinitely. Since no H,0
emerges from the catalyst bed during this oxidation, it
is believed that the water vapor oxidation product is
adsorbed on the support (activated alumina) of the
catalyst. Furthermore, it also believed that the H,
breakthrough occurs as a result of the deactivation of
the Pd as H;O vapor is adsorbed and finally accumuilates
to the point of interfering with the oxidation of H, on
the Pd sites. This deactivation is Teversible through
the thermal regeneration of the catalyst, although the
regeneration temperature affects the “"regenerated
capacity” of the catalyst. The Hz breakthrough times,
determined at W, breakthrough concentrations of 20.0
ppb and 100.0ppb, are used in place of a “working

capacity” of the catalyst or mixture. The H,



Inc.)and Pyrex(r) glass beads (from Corning, Inc.) were each packed
into test beds of 15.24 cmlength. Breakthrough tests were conducted

at feed condigignsssh 3.0 ppm H2, 9.63 bara, 10C, an i ng&ly@aobdopV
rate of approximtely 21 slpm(78 7 mol/nm2 s) with 79% N2 and 21%

02 and ot herwi se as described above. CO w#ds-al so present at 2. Qopm
in the feed gas for the glass bead breakthrough test only, all other
tests in this exanple did not contain COin the feed gas. The

resul tant breagkthrough tinmes for H2 breakt hrough concentrations of
20.0 ppb and 1G-S oMed SREWA PRETeBreles qUB0GEE ThEse FaBARl ts

represent the PeSfOFTRRACRNAS int AemEdrRdr CalRl st @l eRgrakelResEed
conditions and for a bed depth of 15.24 cm There is a difference in

H2 renoval br &% dwgh O meléﬁth@br4i<§'t3aveftdét1brlsopeﬁf®@rmedeﬁén%ﬁQf’gF

upon whet her thg, catahystsi SedCtiyat efdhAle £320%3 lge%%h flow of dry
N2 overni ght or regénerated WO 2007/ 005399 PCT/ USZO 4902 -

indry air at |IRRgeegwtion assherfermed mplsoAss depectbdd aheveHzfor
b kt h h t | h
r eakt hroug 'a{@sdr%e%%s'eggéﬁp Uhat C0RET: d: e HRE A1 GUCERE PBKT 1 ol

concentration (100 activat édal un na nor
the gl ass beads Qﬂvemmﬁ:r avéc@nguabngi the t2o o &mbet Eﬂrghastepsim hey

are non-sel ectlv matR%r lugltg ﬁg{“‘a‘tf"!ﬁ? {ﬂé)d I—£2O LEmY. %%‘ﬁo Erat rial
t ha er

wei ght given i N Tabl 6 &rm ned arter actfvation
or regenerati omon'midtedBafSammDyhoacEQ@altl@ai ahxﬂsh:egEﬁ@@aé\d:bnvat ed
Alum na and d ass ads in Trace H2 Renoval Bed Bed Regenerate Regan
or Material w ktOn@’)é HE -y @yH2 = Config. Length or activate act.
Fl ow G 20ppb 100ppb cmsl mh h E221 15.24 350C, N2 13.6 19.866 9.8

= 16 overni ghLExam 1e 5
[0060] Catalyst E221 (Pd/Al,0:, with an average
particle diameter of 3.4 mm) {(from Degussza,
Corporation), F200 activated alumina (from Alcoa,
Inc.)and Pyrex® glass beads (from Corning, Inc.) were
each packed into test beds of 15.24 om length.
Breakthrough tests were conducted at feed conditicns of
3.0 ppm H;, 2.63 bara, 10°C, an inlet gas flow xrate of
approximately 21 slpm (78.7 mol/m? s) with 79% N, and
21% 0O, and otherwise as described above. CO wag also
present at 2.0ppm in the feed gas fox the glass bead
breakthrough test only, all other tests in this example
did not contain CO in the feed gas. The resultant
breakthrough times for H; breakthrough concentrations
cf 20.0 ppb and 100.0 ppb are shown in Table 3.
[0061] These results represent the performance of
the BE221 catalyst alone at these conditions and for a
bed depth of 15.24 ¢m. There is a difference in H,
removal breakthrough time of nearly a factor of two,
depending upon whether the catalyst is activated at

350°C in a high flow of dry N; overnight or regenerated



E221 15.24 177C, air, 2 19.934 4.8 =8 2h Cool N2, 3h E221 15.24
177C, air, 2 19.966 4.5 7.6 2h Cool N2, 3h glass 15.24 350C, N2 13.6
38. 825 i medicatveriogsvedi at e  beads overni ght F200 15. 24 3&0@G)s2N/018006
21.259 imedi ate i nmedi ate overnight Exanple 6 [0062] A vol une of
catal yst E221(20.369 g) (obtained froﬁ1E@gUssa, Cor por ati on) equal
to that required to fill a 15.24 cmdepth test bed was taken from
the same production lot as that in Exanple 5, uniformly mxed wth

gl ass beads and. ked .i nt 30..48 cm test .bed. he act aI dry
Segnt of the. BIbENAe ot neh: RLaY Eihcs TR boTa: <

activated afterexpedueg, the HEZ&ﬂeaxﬁMﬁawgedtaheuisZG&H@i&eﬁhBX@
adsor bed noi st pri_or actiyvation, its._ dry wei i S
essentially qull?ﬁ 9o ﬁPﬁaﬂ:gSf hfﬁgeﬁﬁﬁe@% c@?&ﬁﬁ?“éagmﬁrhél%o
2007/005399 PCHPES2Q06/ OR490Zer -1kl Fao@sdbtanbt B XARIAS nor the

approximately an equal volume mxture of the two materials, i.e. SO

vol e/ 50vol % EZPFR Rs8dFeda8onThEE? R RRGUGH vt &8t sehere Hodidbict ed
using the sane jcoRgid i ane ﬁénLQeEé@ETPJ@ mtedid1Rr eakLht ouoh, tegst
results are summarized.in Table 4. Conparing these results for the
mxture with t iE5evedr {he waberéal arsightglgen AnEXahpee3 5ishowt a
si gni ficant perdQumBRcesenRpRc RIS Aot evsatt'lfon%r e R o
catalyst with an essentially inert naterlé] ter regeneration, the
H2 breakthrough tine for the mxture is 8.6 h and 12.5 h for H2

br eakt hr ough
Table 3. Summary of E221 Catalyst, F200 Activated

Alvumina and Glass Beads in Trace H; Removal

Bed Bed Regenerate | Regen or Material wt t@yHz = t@yH: =
Config. Length | or activate act. Flow G 20ppb 100ppb
G slpm h h
E221 15.24 350°C, N2 13.6 19.866 8.8 =16
overnight
E221 15.24 | 177°C, air, 2 19.934 4.8 =8
2h
Cool Nz, 3h
E221 15.24 177°C, air, 2 19.866 45 7.6
2h
Cool Ng, 3h
glass 15.24 350°C, N» 13.6 38.825 immediate immediate
beads overnight
F200 15.24 350°C, N2 13.6 2%.259 immediate immediata
overnight
Example 6
[0062] A volume of catalyst B221(20.369 g) (obtained

from Degussa, Corporation) equal to that reguired to
£ili a 15.24 cm depth test bed was taken from the same
production lot as that in Example 5, uniformly mixed
with glass beads and packed into a 30.48 cm test bed.
The actual dry weilght of the E221 was not obtained
gince the materials were activated after mixing. The
E221 contained about 2.0% to 3.0% adsorbed moisture
prior to activation, so its dry weight is essentially

equal to that of the E221 sample in Example 5. The



concentrations of 20.0 ppb and 100.0 ppb H2, respectively.
Breakt hrough tinmes at these same H2 breakt hrough concentrations for

essenti al | yrbhlg 7@ ]Elg;) amount of catalyst used alone in tﬂﬁ;&?&kh?fmz

bed are and 7.6 h, respectively. The breakthro time
of the mxture at a H2 breakt hrough concéatration of 20.0 ppb
exceeds that of the sanme anmount of E221 alone for a H2 breakthrough
concentration of 100.0 ppb. This again enphasizes the affect the

m xture has upon enabling a given quantity of adsorbent or catalyst
to be reconfi Jiiedteas PAXEURExiGraPEGidiaticdve aa ROgREr vobure ty

product or greajifcueneyaknef Eh&'ﬁé‘@é’rlaﬁ%m% 4. §lé”%ﬁ¥é96v£§e%sults
for 50vol % 50vol % M xture of E221 Cat al yst with G ass Beads Bed

Config. Bed Red@di/stlesrejandmat eFiralbres@ympugh@rypzs=werengt h or
activate or aclog n%cteaoggﬁniogﬂg san%ndangﬂt olillsl g.s ?l’x %5@%]%% ass

30.48 350C, N2 13.6 58.993 1 1.5 be ern
50/ 50vol % E221/4l hlsgalsthm@qmeaq resRlEe. 066 Surﬁmaﬁlﬁad beadallk 4

50/ 50vol % CooI / P 0 / 490 - |l e
S0/ 0vol % Cool Ngpr3fOL2001 003300 P! VRRONLORA0E ok Seobrall
(21. 259 g) usecthmEEﬁanphea”éymrelcvmzedExaﬁnpdm Bhehc’bﬁsZail cm beds and

uniformy m xe f, ackl |nto Q.48 cmlong t est
resul tant ni xt%u glllgécgngr Xt rra kS I§‘/C:ean"‘mghqué’lem\‘?gl uftg fi §?%‘F£ oc?f t he

two material s, m1xéng56huob%5nywh%tﬂ':2%ﬂ gsasstheads. indhe wmapd-irg .

density was Sl%&Q%Eyrgiggg£a£ggg,ta%§Igfbreakthrough time for the
mixture is 8.6 h and 12.5 h for H, breakthrough
concentrations of 20.0 ppb and 100.0 ppb Hj,
respectively. Breakthrough times at these same H,
breakthrough concentrations for essentially the same
amount of catalyst used alone in the shorter bed are
only 4.5 h and 7.6 h, respectively. The breakthrough
time of the mixture at a H, breakthrough concentration
of 20.0 ppb exceeds that of the same amount of E221
alone for a H; breakthrough concentration of 100.0 ppb.
This again emphasizes the affect the mixture has upon
enabling a given quantity of adsorbent or catalyst to

be reconfigured (as in a mixture) to achieve a higher

purity product or greater removal efficiency.

Table 4. Summary of Results for 50vol%/50vol% Mixture
of E221 Catalyst with Glass Beads

Bed Cenfig. Bed Regenerate Regen | material | t@ yHa t@yH:=
Length or activate or act, wt = 20ppb 100pph
Cm Flow g h h
slpm

E221/glass 30.48 350°C, Nz 13.6 58.993 14.0 21.5
beads Overnight {20.369)

50/50vol%

E221/glass 30.48 177°C, air, 2 £0.066 8.6 12.5
beads 2h

50/50vol% Cool Nz, 3h



the individual materials, so an additional 1.57 g of E221 catal yst
was added to the top (product end) of the 30.48 cm bed. [0064] H2
br eakt hr ouglvd setimssver e conducted using the sanme condi tp@ngs28&/0k4902
Exanple 5. H2 breakthrough test results_are summarized in Table S.
Conparing these results for the mixture®®ith those for the E221
catal yst alone in Exanple 5 and those of the E221/gl ass beads

m xture of Exanple 6, show significant performance enhancenents over
both cases as a result of mxing the catalyst with F200 acti vated

al um na. The additional performance gained over the mxture with

gl ass beads i s Hxep@eed to be due to the additional water rermval

capacity contrijut byt e added alumn in the m xture.
result, the cat%%fgg life ?sca‘F’f’JfWhterE?@)& d§86 ?hu@n‘inﬁi%%bat%%

catal yst with sAhiIinaarpooVviides> go dialuddineti erahbt ¥ be@&f—étrerhm}%d
one derived di rectl¥1 froman increase in bed length, and that from
the extension JFEAhERExTLatt ofM pPesdfi@NY HPOECrRéHoRAKeaf PofeRl by t he

addi tional al UBaR#ingabheoSs SMMEIdm Aforgesubtspbar 5040l 2 S0MOl Yo
M xture of E221 Catalyst with Activated Al um na WO 2007/ 005399

PCT/ US2006/ 02498¥ture3ss mparephidelBed Rageheral emRegimtwre rf ditical

t @yH2 =t @ o ct Cm
sl mh h E221/ )EZH%O SBEESQ%OC{ élN2 éld?/)q;fsoqggf?)v%gﬁﬂz\% %89%%7 é%é\a"‘g%&

over ni ght E221/T200i30u48 tieml@t}alwas 2 ighs2y2Bighe8 44219 tHQY 50vol1%
Cool N2, 3h [0Qg3] lﬁa%@gagilﬁéﬁ&fal@fe o0hnY ?@91@%09&?%@} %of

mechani sms were estinmated to I nvestiga ects
adsor bent s andEgRlcashhysts wporddwl rtemphal top (product end) of the

30.48 cm bed.

[0064] H; breakthrough tests were conducted using
the same conditions as in Example 5. H; breakthrough
test results are summarized in Table 5. Comparing
thege results for the mixture with those for the E221
catalyst alone in Example 5 and those of the E221/glass
beads mixture of Example 6, show significant
performance enhancements over both cases as a result of
mixing the catalyst with F200 activated alumina. The
additional performance gained over the mixture with
glass beads is believed to be due to the additional
‘water removal capacity contributed by the added alumina
in the mixture. BAs a result, the catalyst life is
further extended. Thus, mixing the catalyst with
alumina provides a dual functionality benefit, i.e. one
derived directly from an increase in bed length, and
that from the extension of the oxidation product (H,0)

removal afforded by the additional alumina.

Table 5. Summary of Regults for 50vel%/50voly Mixture
of E221 Catalyst with Activated Alumina



trace contam nants. Paraneters defining the characteristic tines for
axi al dispersion, external filmresistance and macropore diffusion
can be foung,dp@kapdard texts on adsorption, e.g. Ruthwm&ius2006/024902
(Principles of Adsorption and Adsorption Processes, chapter 8,
1984). Radi al dispersion can be estinmted? for exanple, by the

met hods provided by Schnitzlein (Chem Eng. Sci., 56, pp. 579-585,
2001). The axial dispersion (Dr,), external film (kf) and radi al

di spersion (Dr)_coefficients required tq estimate characteristic

tinmes are det erBFREEAc [ op®%or f e REEFEITE T?’de’&atﬁ?ﬁ' ?k‘ Fert%é’ég
cited above. The nacrOJO?gﬁtdlffﬁgﬁV (Tb) Wais €%t %ﬁ
results of th gRh e db St med

described in g%lﬁﬂéinFUA : G,EEQ{ 34. Tﬁ%gchafgcgerlstéﬁ t|n§g4
estimated for VERHEBSH 0 3048 Si[OT7iG/RESh Al € summerd2zgd | | fo.dabl €1hg
These results [coodavelta { hat magr apeine, 3hdiif f usi onf represents the
rate-limting step for adsorption in such trace gas renpva
processes, woul d. be expected for |ar ore zeolites an

ol scut os SucHOBSHE . 0ShOEs St BREF Bty TS e PRBORRT RTETHACR
colum or bed |n@&@b&1@fms5wgré%s€1ﬁat@ﬁrtaa AreestiegaanadchBec d@d s fclﬂJX
of 78.7 mol/n2 s i.n WD _2007/ 005399 PCT/U82006/024902 - 34 Exanp

1, the |nterstWFF&P9V@958FP§nF§)aP§ @rGEﬁFQYBFﬁoPPQHnBH?nﬁ?m%ﬁﬁiﬁgid
fraction s = 0.:38ce thatah@sthtsNg bechdashdeaeeihiag thed | ength (or
dept h) d|V|ded by interstitial velocity) for_gas nolecules passing
t hrough the bedhsgagtgyzssicThimes e Fedialr ddrgensdori ngxFefidthe 5.9
cm bed depth atgitihesesiceaditi QRS Ihécﬁcthteehltfl%@glbhecsﬂabécf&ﬁﬂ@tlrp
time for the rate-limting step of pore diffusion (0.1 S% This is
a reasonabl e |rﬁﬁa§§PF§nt?ﬁgﬁ PReadeerRisi onienat-e§ubyven (Principles

of Adsorption and Adsorption Processes, chapter 8,

1984) . Radial dispersion can be estimated, for
example, by the methods provided by Schnitzlein (Chem.
Eng. Sci., 56, pp. 579-585, 2001). The axial
digpersion (D), external film (ks) and radial
dispersion (D)) coefficients required to estimate
characteristic times are determined from correlations
described in the references cited above. The macropore
diffusivity (Dp) was estimated from the results of the
simulation in Example 3 above using a method described
in U.S8. Patent No. 6,500,234. The characteristic times
estimated for varicus dispersion types are summarized
in Table 6. These results confirm that macropore
diffusion represents the rate-limiting step for
adsorpticn in such trace gas removal procegses, i1.e. as
would be euxpected for large pore zeolites and molecules
such as Nz, 0Oa, CO;, CO and the like.

[0066] For the column or bed length of 5.9 c¢m, 7.9

bara pressure and the molar flux of 78.7 mol/m® s in



the mass transfer zone, as determned at the end of adsorption for

| ow breakt hrough concentration levels (ppb). The bed |ength and

resi dence t wear@ssboubl ed by m xi ng equal vol unes of sEltEEEHMR24902
material with another material, although the volunme fraction of

sel ective adsorbent or catalyst parti cles4 s halved. At first gl ance,
one m ght expect these two factors to cancel each other. One m ght
al so expect the mxture to result in an earlier breakthrough since

. . - : h ' dsor bent tal yst d
my r educe the SVIBAT Ty Sab atEFEELHE MBSO B, 5808 KEh/s "

may reduce the ov €xposure o ctive

cont ani nant nol et es ndMiinke Bel v¥eat FAgd o be boynd by apy. _
particular theory, it is believed that increasing the residence tine

by increasing T4 5eda Ergt Keaifagca Fing urkecadematthy (okndepakes t he
exposure of selgGhid %?5951*2@951:@95%9%@%164%3%0&51?3'5(3I;nﬁﬁe&&l%%"e

cont am nant nol ecul es interest due In part to the effects
radi al di sper S1&fE1iRalsheogakhbhached i 53 iQ- Ol2ves offhVar i bhs bed

Di spersion Mechanif£B..PLessentoL N Adsor pt i P es. Pisgpersion
Paramet er Characterl] stiecrcflj’?lrre Séconds \/%éfggjﬁ%g%gg Bt these _
PCT/ US2006/ 02498diti®®s Agi ahofte? than Il xhb@acVBrasExtetiaé fot m

I:I:Df ]il-ugl énle, t 2‘?%1%1§a %"—E)ﬁ){%}ﬂ_ng Rgglef)ilo ’polr-ee d]if%ﬁ]écl)gnv%OElggfr Op’I%ies
ig a reasonable indication that the bed is dominated by
the mass transfer zone, as determined at the end of
adsorption for low breakthrough concentration levels
(ppb}. The bed length and residence time are doubled
by mixing equal volumes of selective material with
another material, although the volume fraction of
selective adsorbent or catalyst particles is halved.
At first glance, one might expect these two factors to
cancel each other. One might also expect the mixture
to result in an earlier breakthrough since inactive
particles dilute the selective adsorbent or catalyst
and may reduce the overall exposure of selective
material to the contaminant molecules. While not
wanting to be bound by any particular theory, it is
believed that increasing the residence time by
increasing the bed length using a mixture actually
increases the exposure of selective adsorbent and/or
catalyst particles to the contaminant molecules of
interest due in part to the effects of radial
dispersion.

Table 6 Characteristic Times of Various Dispersion

Mechanisms Present in Adsorption Processes

Dispersion Parameter Characteristic Time
{seconds)




rp is the adsorbent particle radius [00671 Radi al dispersion
represents the notion of gas nol ecul es perpendicular to the axis of
flow of gaswol§ueddst he bed in a radial direction rel atdoqebhfishBBoz
flow axis. The characteristic tinme for radial dispersion shown in
Table 6 is very short and establishes-the di stance off the stream
axis that a nolecule could travel in this tinme. The effect can be
visual i zed by considering a streamine of gas nmolecules (feed gas)
entering a localized point at the hed inlet |f there were no r adi_al
di spersion, theWdhese nolecul ps wouPg (e} stral ght thtough the béd

ina "plug-flpw manner . Due tp radlgk dgsper5|on, nmol ecul es
entering the b 'point source" at the in may not_followia

strai ght path ﬁ@%ﬁﬁﬂ”&he | ayer{ but wi I}, be dispnrséa Wt 30 510"
boundary defined by the volune|lof a copg, The ve[ftex of the cone
represents a [point source at the bed i nl’et. The fianeter of the
base of the co}gtﬁdie&; defined by fhe degr¢e-g) radipl dispexsi‘on that

occurs as the |gas nol ecul es trayerse —theentire |ength of the bed
(cone height).| 1f a bed of given | enfit h fs then foubl ed by m xi ng
t he selective PQOE rRs899 PCT/ US20064,024902 3p adsorbéht with
anot her materijal of equal volung the ré%qdence t) me doubl es and the

vol ume fraction of selective afdsorbent #s hal ved, Thus in plug floy
the reS| dencC t_'_“b anrl \lf\l Hhe £ H A gi:{ ects ¢ nhnl aach ot har
X

110
th d b t L ir 2 171, rreet \’U‘?-'" meT—
The exposure vl Ufie i ner Sa8es, PHonsver by a factor of eight due to

radi al dispersion when the bed depth is doubled, i.e. when the cone
hei ght is doublgg Even { | gLl i el ectd ve,
material is haﬁve ?n thﬁé@?%?&%;ﬁ%gﬁﬂﬁHz3%39?89ﬁ?§i%%?QR?%éhgi%%sure
of cont am nant ggasmpbkevlbesperpaaligutiiave to the axis of flow of gas

through the bed in a radial direction relative to the

=<

flow axis. The characteristic time for radial
dispersgion shown in Table & is very short and
establishes the distance off the stream axis that a
molecule could travel in this time. The effect can be
visualized by considering a streamline of gas molecules
(feed gasg} entering a localized point at the bed inlet.
If there were no radial dispersion, then these
molecules would move straight through the bed in a
“plug-£flow” manner. Due to radial dispersion,
molecules entering the bed at the “point source” at the
inlet may not follow a straight path through the layer
but will be dispersed within a boundary defined by the
volume of a cone. The vertex of the cone represents a
point source at the bed inlet. The diameter of the
base of the cone is defined by the degree of radial
dispersion that occurs as the gas molecules traverse
the entire length of the bed (cone height). If a bed

of given length is then doubled by mixing the selective



material is considerably anplified due to the effect of radial
di spersion resulting fromlengthening the bed. The use of a mxture

her e avoi dswigwiRasiong t he anount of expensive materi alpdy@260Rj0EME
an equal or better Ilevel of trace contam nant renoval. [0068] The

present invention applies to the use of 3%&xpensive and highly

sel ective adsorbents and catal ysts for trace contam nant gas renoval
to generate products of high and ultra-high purity. Unexpectedly,

m xing such highly selective materials w,t o%her | ess _ expensive

material s resulP@8orherhe"abl | 1RGNS doheEve. R gRErhuretye Hitgher

capaci ty and/ or-eLQWehE081 me Wid P 2 REcaddlim@natacx RNV e
selective material. [0069] The invention generally applies to-

purification oPedastiveeanscyipritei it AR V&g EhgE e ‘F%I@?Wr the
contam nants tQ.Re LREDVEHAr & Pr-RS8Me €36RLEBN @fﬁ@@@@rﬁéﬁéélo%ah%

greater than 1000 ppm The highly selective materials used in this
i nvention are lotkeky The cerpasyratvdlamst igRECoE@He O &HE GRUF VI | |

or Goup 1B OffaEESrPSEi Qgglqt TC &o q%%.qia ' aﬂépgi‘s_{&? 1:\.1113{| Ctﬁ?esibetdhe

product purity requirenent aracteristics of the hi y selective
mat eri al and WOe26D71L8083991 RLT/1.J1S5200600246020ne BFighkiomardavddted.

often result 1%.8n ERGLON OEnd SRR A A0QLRERL QF CatalYsfe that s
equal to or |ess than the ~na ranster "zone fength. en such
condi ti ons exi skterpetf dsnaate=dayn bdiismproved bylimerdasity ndhang,

aver o1, Do bSaoLle Bl a0 e, ol nal AouDta el 1Ol cyive

inert material mahatik} Usuabhyidesslyexpeisifyedatdenuehchessifect of

selective than. Lo, S0l SELECLYS AT SXBEnLISLIBELL e LT
The use of a mixture here avoids increasing the amount
of expensive material to achieve an equal or better
level of trace contaminant removal.
[0068] The present invention applies to the use of
expensive and highly selective adsorbents and catalysts
for trace contaminant gas removal to generate products
of high and ultra-high purity. Unexpectedly, mixing
guch highiy selective materials with other less
expensive materials resulte in the ability to achieve
higher purity, higher capacity and/or lower cost
without adding additional expensive selective material,.
[00B9] The invention generally applies to
purification of gas streams wherein any single or
multiple contaminants to be removed are present each in
a concentration no greater than 1000 ppm. The highly
selective materials used in this invention are likeiy
to contain at least one element from Group VIII or
Group 1B of the Periodic Table. Conditiomns of the
process, the product purity requirements,

characteristicg of the highly selective material and



be used as the sole purification nmeans for a gas stream or nay be
one of several layers within an adsorption or reaction vessel

desi gned t owcenwov@sswl ti pl e contam nants from a gas stresrmusSuahz49o2
m xed | ayers nay also be configured within a vessel designed for
axial flow, radial flow or lateral fl ow Or“the like. Purification
processes incorporating such mxed |layers are not restricted to any
particul ar set of process tenperatures or pressures except as

limted by the _characteri sti t-he .mterial s, t |ves. A
purification prcéjélé:?é“lnm?§1£b%£%% i%e%ﬂgcy 2§ %ga%g%haggg?%??%no%r
reacti on step sudelvrbeat dthecatghfyt tSeltedis weusdt evi ak 1sss than the

periodically replaced. Alternatiyvel the _process nmay.iLncorporate a
regeneration st“%ﬁs irﬁﬁéﬁﬁﬁl 220 ng® %Ed'}e'ne &eﬁoﬁm%r‘égégﬁ, 1%%%he}%158%’
thermal swi ng g@ds@optbaRe Wby | bPrimeered g ADStrcapipbetRe layer or

regeneration of the highly selective _adsorbent or catalyst.. Hawever,
PSA, VSA, di sp|b£éeﬂr§ﬁbsghdégo%ﬂ%%- T SIS EE OREOBRC bk BiStHose

are within theceepevef nhberiavend iwiked 0QEE ahbrhs=f Ht8Ebent,
contenplated that nultiple trace contam nants coul d_al so be renoved

by m xing two ROLEGYFL0053D0EPETIHSIOFS (Feg02° Us481i%r L&BFe highly

sel ective mat erdy@les st 9gehher mhéh a1 SdNHS edtaywer thAnPLBEEH 0L USI NG
separate |ayers of these materials or |ayers of their mxtures with
other rel ati vél8jesbaveePBet pyReRRt &R i€ rifd -t hi s manner, a first

hi ghl'y 56'?CtiW%OW%Beria&hé°&i£&@tfﬁ%ﬂ?Qﬁ %h@aﬁgeséﬁkaiﬁVgﬁYion may
non-sel ecti ve for contam nant B{ serves as the diluent for the

second hi ghly $& eceidvesnhbersale PoriGomtdanasens. ferkavweas, StyRam

second hi ghly 36! fel] ¥ BRLEOEAbfaNth RhAllY ShYntANaACLaCbiye; i lor

contam nant A) acts-as the difuent 1n a rMixture wth
reaction vessel designed to remove multiple
contaminants from a gas stream. Such mixed layers may
also be configured within a vessel designed for axial
flow, radial flow or lateral flow or the like.
Purification procesgses incorporating such mixed layers
are not restricted to any particular set of process
temperatures or pressures except as limited by the
characteristics of the materials themselves. A
purification process may be defined by a single
adsorption cor reaction step such that the highly
gselective material is periodically replaced.
Alternatively, the process may incorporate a
regeneration step. A thermal swing regeneration
process, such as thermal swing adsorption, will provide
the most complete regeneraticon of the highly selective
adsorbent or catalyst. However, PSA, VSA, displacement
degorption and combinations of all of these are within
the scope of the invention.
[0071] It ig further contemplated that multiple

trace contaminants could alsc be removed by mixing two



the first highly selective material selective for contam nant A The
effective depth of each material is increased using a single |ayer

and w t hout waslgiyn@ssawy other materials to the adm xt ur epel; 0 dekloz ke
present invention can be used in a TSA adsorber and systemfor the

removal of CO concentration and, optlonéﬁly t he renoval of one or
nore of: H2O, C02, and H2 fron1an incom ng feed stream An exenplary
vessel design suitable for renoval of CO and optionally, other

contam nants, is descrihe fere ce to Figure 3. The
arrow as shomm‘?%1q9ﬁﬁnq%g 1Y|ﬁ8r%§%5%etW1 %;ﬁ:tSHEB%gﬁaénf?o%}ngle

t hrough the adsordrerirbedbvessel uditdign@ﬁahﬁatwmafy‘e(ﬁét bencgtep of the

process. A TSA prepurifier stemipcorporating such a vessel is
di scl osed beIO\)\}P 4%+a#§f8Fez%¥eF% PF gt 3&“““F%6?§]WP§PePFF%§ again

to Figure 3, vesselti3@llySnoshe¥hecVEss aha3-i00k, On@h|¥h99n&§ﬁﬂ§ra
first layer of . H20 adsorbent_(31) such as alumna, silica gel or
mol ecul ar si eve IS i Olt¥s SEhBFEBYS (TR TR te LOFUBSPEATIRRTY B (ans

the H20 enteri %1%%%%'1y39_oné*se§§@@ﬂde|ﬂercc(n%%)n195n% aQ%P{—A?@%
such as 13X APG_ ( NaX SA or mxture of these iIs option used to

WO 2007/ 005399 HETAL S2066F02400R Secayl m@#d\xfesgébgtamnaaawrml of

the C02. The CG ayer I wat er
remai ni ng from fﬁg%%%%ﬁggggkb%ht ggﬁﬁj%glfﬁgp%g % %fih (33)

which is a nlﬁ?&ﬁ@tﬂa?emaégraé%cfamﬁxraﬁaﬁvaébomenrsep¢@t£mb for
d t f wd
ownstream o EQ%t %P?ﬂ§oﬁ egéts(gydﬂﬂ§c£ﬁ_ ?ﬁg %E%g% 1th

meant closer to the uen pr oduct en er Vessel . )
It will be apphecifared byghhmsaekﬂ@ﬂﬂuﬂjmatewhelaBEleheivweﬁsel 30

can be used w t,lay bs antlall H20- f r.ee
and C02-free g%? ggﬁgégﬁgn f%e Wre %eP%H SEADLLR mde A5 TS

increased u51ng a single layer and without adding any
other materials to the admixture.

[0072] The present invention can be used in a TSA
adsorber and system for the removal of CO concentration
and, optionally the removal of one or more of: Hy0,
COz, and H; from an incoming feed stream. An exemplary
vessel design suitable for removal of CO and
optionally, other contaminants, is described below with
reference to Figure 3. The arrow as shown in Figure 3
indicates the direction of gas flow through the
adsorber bed/vessel during the purification step of the
process. A TSA prepurifier system incorporating such a
vessel is disclosed below with reference to Figure 4.
[0073] Referring again to Figure 3, vessel 30 is
shown. Vessel 30 optionally contains a first layer of
H,0 adsorbent (31) such as alumina, silica gel or
molecular sieve or mixtures thereof to remove
substantially all of the H;0 entering vessel 20. A
second layer (32} of CO, adsorbent such as 13X ADCG

(NaX) or 5A or mixture of these is optionally used to



| ayer 33. [0074] It will be appreciated that additional |ayers above
| ayer 33 or below | ayer 31 can be added for adsorption or catalysis
as shown i nweGhojuebdebcati on No. 03/101587, entitled " Prgdughiehzoi
High Purity and Utra-Hi gh Purity Gas". 0075] I n accordance with
the present invention, existing prepurlﬁ ers can be easily
retrofitted using the m xture |l ayers of the present invention. An
illustrative process is described herein with reference to Figure 4.

71prior to entFiNg GHEStORCERELL AR H2F 7 Etina T GiereeatoPRae:
the contam nantsye?@anCa sandetbrar eny erasietheflr omtkRe ranfiniddherrom
Wit oh may, ' for StED PO ne iacribed & CHLFST Feoe 1 Mrehe
3 above. The piyid mctcalke exibts hbedaslsonher nareihheBvent ersiddhe air

separation unit_(ASU) where it is then cryogenical | separated into
its major conpdﬁéﬁF%rﬁ?maﬁg pbe Fﬂ?iﬁﬁﬁEpﬁpgdeS|%ﬁs¥%ﬁ §978n ASU, Ar,

Kr and Xe nmay al@&Qmeresfpar at eds andake cavy-ed tbr @met Berhbnc Wil e
one of the WD 2007/005399 PCT/ US2006/ 024902 - 40 beds is adsor bing

t he cont am nant&FIeHh §Re, ofhehet #@porker FsiswglrégeRdr didd Bsi ng
purge gas. A drypp-ccontapl B9n£h£g@esmm 93s IRy 2he §H99'+§Qs£f o

the product or waste streamfromthe ASU or froman | ndependent
source to desord™t ke HEsdr éthcedsanberintlayeandst Répaby rigenerate

the adsorber a%&%@ﬁ@&sm% f{Qf fxté”ée a%%xboadéxoéeofgla%fz‘ s%%%% @n’n@?s

cycle. The purge gas a mxture o
any dry inert lgaer BA. the case of thernal SW ng adsorptlon (TE%Q,

the purge gas ”%OBkﬁSt h?gtﬁglinbgeggﬁgeé§%t%%ﬁ%Bat additional layers

above layer 33 or below layer 31 can be added for
adsorption or catalysis as shown in PCT publication No.
03/101587, entitled “Production of High Purity and
Ultra-High Purity Gas”.

[0075] In accordance with the present invention,
existing prepurifiers can be easily retrofitted using
the mixture layers of the pregent invention. An
illustrative process is described herein with reference
to Figure 4. Feed air is compregsed in compressor 70
and cooled by chilling means 71 prior to entering one
of two adsorbers (76 and 77) where at least the
contaminante Hy0, CO; and €0 are removed from the air.
The adsorbers 76 and 77 each have the same adsorbent
bed configuration, which may, for example be one as
described with reference to Figure 3 above. The
purified air exits the adsorber and then enters the air
separation unit (ASU) where it is then cryogenically
separated into its major components N, and O,. In
special designs of the ASU, Ar, Kr and Xe may also be

separated and recovered from the air. While one of the



to being passed through the adsorber in a direction countercurrent
to that of the feed flowin the adsorption step. TSA cycles may al so

include a RIPHFM0S398WM Ng. When only pressure sw ng adsogdhDentBeR)
is utilized, there is no heater. [0076] The operation of a typical

TSA cycle is now described in reference*Po"Figure 4 for one adsorber
76. One skilled in the art wll appreciate that the other
adsorber.vessel 77 will operate with the same cycle, only out of

phase with the st, adsorber in such a manner that purified air is
conti nuously a\}:ﬁd{ Sabi%e afsjﬁor]f’ﬁ’egA@Be G- YPeratfohTER Bh¥s the other

out - of - phase cyid &disg lragéﬁ@fggea\nﬁghr[ fRIrRRC L0 tﬂedgynbers in
par ent heses. [0077] Feed air is introduced to conpressor 70 where

it is pressuri FCETHEREAFTEE REHR 13T GIRY ber eppRédedi Aren Hhe ng

means 71, e.g. [AJRehaBiCahs£hi bt Ala®lfrdm Gc%bm@et beNngpbmdLf ect
cont act after cool er and evaporative cooler. pressuri zed, cool

and H20- sat ur dTEGrEBEENEt PRaRTe heh RS tézes@dlserbee ¢FTyamingibee

72 (73 J/
e Lhe atsor bt Soeber 0B THIT T e e o ER " cce TR AHEof pr i

pressure is r e &diee BeXN0RA60TP OB RCTAUSZB06/024902The Hirgwajae 78
(79) opens andng%[bfel gd Ry.odyc 1£{§ug% (((e]%%e e Ogﬂpﬁguegdfo':ah? ogeni c

air separation en t afdsor RAS ¢l
adsor ption stepneml ges 78In(17195) @k B (hérmateseliogeddandptvadive 74

(75) is opened wn_the adsor 0 a |lowe
pressure, typi CTIE% y nea?guﬁ% presﬁls?Lur S, gagggédeﬁr%%%ﬁ??z% prior
val ve 80 (81) it® bpengdpamiedheteﬁ:&dxgmrtge gdsoirbexi fhrodacesct o t he

b oduct, e o oLURBHSOEREL TS, LD e brgOTegl FRogulh It e pur e

adsor ber adsorption step. TSA cycles may also include a
pressure swing. When only pressure swing adsorption
(PSA} is utilized, there is no heater.
[0076]‘ The operation of a typical TSA cycle is now
described in reference to Figure 4 for one adsorber 76.
One skilled in the art will appreciate that the other
adsorber vessel 77 will operate with the same cycle,
only out of phase with the first adsorber in such a
manner that purified air is continuously available to
the ASU. The operation of this out-of-phase cycle is
indicated with reference to the numbers in parentheses.
[0077] Feed air is introduced to compregsor 70 where
it is pressurized. The heat of compression is removed
in chilling means 71, e.g. a mechanical chiller or a
combination of direct contact after-cooler and
evaporative cooler. The pressurized, cool and H,0-
saturated feed stream then enters adsorber 76 (77).
Valve 72 (73) is open and valves 74 (75), 78 (79) and
80 (8l) are closed as the adsorber vessel 76 (77) is

pressurized. Once the adsorption pressure is reached,



to near the feed tenperature or optionally, the cool purge is
provided directly to the vessel through a bypass. [0078] One of

ordi nary skwdz2eomosde art will further appreciate that gdrasatewsyoz
description represents only an exanple of a typical prepurifier
cycle, and there are many variations of*such a typi cal cycle that
may be wused with the present invention, for exanple as showmn in PCT
publication No. 03/101587. [0079] It should be appreciated by those

skilled in the_ art a he specific_enbodi s..discl os e
may be readily 8tV Fi %ng £ sanfiopu%gﬁ?gfﬁéo%%t eSsiogLﬁﬁe%§%§t Rer
structures foragansyi fge aptyddenisanBr papposesowf tWiesmprigseridsorber

invention. It should also be realjzed by those skilled in the. art
that such equi V8l éAt’ C]B?’r%t‘f‘?}?ﬁjieifr?sd i en8¥5851§53r?nf$%‘?ﬁ"t he-siir i@ and

scope of the inventiga #s &el) ford kloketihenappendedr4 cl A )NMEls opdned
What is clainmed is;: 1. A purification process for a feed gas stream
containing at CtPeR3PWoRevR JFHRAAIRHESN Thhi &R tHR AtlPiisPrgiFsure.

contani nant ingyhhgafeedhdas sfiseam Rassaueancenidat dai-ofsuwkitRa, ppm
the process conErl sing: passing the feed gas stream through a | ayer
containing a Wekvar&o| a§kr OmRGEihgrd SepeediMerdateERs al° f or

removal of the iﬁ%r{;&éééd Oﬁﬁc&%ﬁ@fﬂf&%&a@ﬂd%f eSi5e SEIESrpdd VRS

material having a lower selectivity toward the at |east one
cont am nant rel(d@f)ve 2o sdree sl tduwdngatbei arrganeret s tHee heetere

| ayer has a thickpeasedi SEASION i Mixd pﬁga?f%g%r§8%i@%r9é 41 heed

gas streamflow o e mxture ayer, el ng | ess than or
equal to a | engbhneérathé uf¢sd devvaicopedranss tphhsiallyondrq 19delat

the end of  the, adsof ption, S1&P ik MLCHo! Pe bvesds d8LidiRsh BY
bypass.
(00781 One of ordinary s=kill in the art will further
appreciate that the above description represents only
an example of a typical prepurifier cycle, and there
are many variations of such a typical cycle that may be
used with the present invention, for example as shown
in PCT publication No. 03/101587.
[0075] It should be appreciated by those skilled in
the art that the specific embodiments disclosed above
may be readily utilized as a basis for modifying oxr
designing other structures for carrying out the same
purposes of the present invention. It should also be
realized by those skilled in the art that such
egquivalent constructions do not depart from the spirit
and scope of the invention as set forth in the appended

claims.



conditions of the process andthe selective material; and wherein the
renoval of the at | east one contam nant results in a purified product
containing the at | east one contam - nant at a concentration ! 1 ppm 2.
The process of claim1, wherein the selective material conprises a
catalyst. 3. The process of claim2, wherein the selective materi al
contains at |east one elenent fromGoup VIII or Goup IB of the Periodic
Table. 4. The process of claim1, whergjn the selective material conprises
an adsorbent. 5. The process of claim4, wherein the selective materi al
contains at |east one elenent fromGoup VIII or Goup IB of the Periodic
Table. -43 6. The process of claimb5, wherein the selective materi al
contains Ag.. 7. The process of claim1l, wherein the | ess selective mte-
rial conprises a porous material. 8. The process -of claim1l, wherein the

| ess selective mate- rial conprises a non-porous material. 9. The process
of claim1, wherein the |less selective mate- rial conprises an inert

mat eri al . E@haﬂhﬁchﬁgﬁﬁﬁﬁ of claim1, mherein the purified product

contains t st one cant nt concentratlon 100 ppb. 11. The
process of cA&?uﬁ’ﬁ BRIOGCEH rp%qudr EHS the at |east one

cont am nigdst ahezontanEnantin which the apll@astt@ne Efbﬁtaqumsmof claim1,
comoent r 1% 45828 ThpB AT CHURERIIGE of 2 JDREF B Ao e ot
| east onangnscuﬁmpmﬁmng[n the feed gas stream has a concentratlon of 1100
passing the feed gas stream through a layer containing a
mixture layer comprising a selective material for
removal of the at least one contaminant and a less selec-
tive material having a lower selectivity toward the at
least one contaminant relative to the selective material;
wherein the mixture layer has a thickness dimension (L, ;)
1n a direction of the feed gas stream flow of the mixture
layer, the (L, ) being less than or equal to a length of a
fully developed mass transfer zone (L, ) at the end of
the adsorption step, in which the L, ., is defined by
conditions of the process and the selective material; and
wherein the removal of the at least one contaminant results
in a purified product containing the at least one contami-
nant at a concentration =1 ppm.
2. The process of claim 1, wherein the selective material
comprises a catalyst.
3. The process of claim 2, wherein the selective material
contains at least one element from Group VIIT or Group IB of
the Periodic Table.
4. The process of claim 1, wherein the selective material
comprises an adsorbent.
5. The process of claim 4, wherein the selective material
contains at least one element from Group VIII or Group 1B of
the Periodic Table.



ppm 14. The process of claim 12, wherein the at |east one contamnant in
the feed gas stream has a concentration of <10 ppm 15. The process of
claiml, wherein the at |east one con- tam nant has a concentration ratio
of contam nant concentra- tion in the feed gas streamto the purified
product in a range of from 10 to 105. 16. The process of claim1l, wherein
the at | east one con- tam nant has a cgncentration ratio of greater than
105. 17. The process of claim1l, wherein the selective material contains

at |east @rEye CS gf %Thfﬁﬁ%pwﬁle'rénpthé%@l'é@nkf@ Riatefifile Periodic Table.

18. The proces erein m xture contains 10-80 vol une % of
t he selCOEAIRS 4 terlm

7. The process of claim 1, wherein the less selective mate-
rial comprises a porous material.

8. The process of claim 1, wherein the less selective mate-
rial comprises a non-porous material.

9. The process of claim 1, wherein the less selective mate-
rial comprises an inert material.

10. The process of claim 1, wherein the purified product
contains the at least one contaminant at a concentration =100
ppb.

11. The process of claim 1, wherein the purified product
contains the at least one contaminant at a concentration =10
ppb.

12. The process of claim 1, wherein the at least one con-
taminant in the feed gas stream has a concentration of =1000
ppm.

13. The process of claim 1, wherein the at Ieast one con-
taminant in the feed gas stream has a concentration of =100

14. The process of claim 12, wherein the at least one
contaminant in the feed gas stream has a concentration
of =10 ppm.

13. The process of claim 1, wherein the at least one con-
taminant has a concentration ratio of contaminant concentra-

tion in the feed gas stream to the purified product in a range of
from 10 to 10°.

16. The process of claim 1, wherein the at least one con-
taminant has a concentration ratio of greater than 10°.

17. The process of claim 1, wherein the selective material

contains at least one element from Group VIII or Group IB of
the Periodic Table.

18. The process of claim 1, wherein the mixture contains
10-80 volume % of the selective material.





