GAS PURI FI CATI ON PROCESS USI NG ADSORBENT AND CATALYST
M XTURES TECHNI CAL FI ELD [0001] The present invention
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sel ective adsorbents and catal ysts for trace
contam nant gas renoval to generate products of high
and ultra-high purity. Mxing such highly selective
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addi ng addi ti onal expensive selective materi al.
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materials can be effective, the cost associated with
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1ec€1§%oﬁg9e% exceed|ng $100/1b) . In many
ChieEL"Sn Ri'n layer (e.g., several inches) of

such hi ghly seIectlve adsorbents or catalysts is
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
sensitive 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 quite 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.



requi red. [ 0003] Distributing highly selective and

expensive materials in commercial scale vessels and
woreoonoeidmd ng a uni form |l ayer depth of only a fROT/USNE€624902

over the entire flow area of the vessel is difficult.

Variations in |layer depth resilt in premature

br eakt hr ough of the contam nant where the | ayer

thi ckness is too thin. Achieving a high or ultra-high

purj roduct stream under, ch _a.condition_may then
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4,499,208 to Fuderer relates to activated carbon doped

wi Ehei perpeéhsécneani pl bhd Areedeged thermal swing
Mh?EO@Eforblﬂgsgxgaéénplﬁg. 5,258,060 to Gaffney 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.S. 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.S. Patent No. 4,499,208 to Fuderer relates
to activated carbon doped with inert dense alumina and
a reduced thermal swing when adsorbing CO, at high
pressure from a feed stream containing H,, CO,, CO and

CH, .



pressure froma feed stream containing H2, CO2, CO and
CH4 .[0007] M xtures of fine and course particles have
whe@n/oappd i ed to reduce interparticle void spar€l/US2006/024902
i ncrease adsorbent density and increase gas storage
capacity. Kaplan et al . (EDr%péan Application No. O
325 392) provides an exanple of this nethodol ogy
applied in PSA systens enpl oyi ng carbon nol ecul ar
sieve (CMVM5) adsorbents for kinetic separation of ajir
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indlgglgéégraaﬁgnéggiggélgo&gggggg adsorbent comprising a
mixture of type X and type A zeolites and the method of
producing same.
[0009] 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. Eng. Sci. 49, 5845-5864, 1994).
[0010] Prior art techniques 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/or
thermal gradients. Adsorption of high concentrations
from a gas stream as in the prior art typically results
in the formation of an equilibrium zone and a mass
transfer zone (MTZ), as is well known by those of

ordinary experience in the art. The saturated

equilibrium zone represents a much higher capacity of



in the formation of an equilibriumzone and a nmass

transfer zone (Mrz) , as is well known by those of
wo@r@i7nes3y experience in the art . The sat ur at ePCT/US2006/024902

equi li brium zone represents _a,much hi gher capacity

of cont am nant than can be achieved in the MIZ
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such varfations is
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 another 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 layer 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



prevented. The present invention consequently results
in inproved product purity and/or adsorbent or
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accordance with the present gvention to extend | ayer
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catalyst selective for removal of the contaminant
wherein the layer consists of a mixture of the
selective adsorbent or catalyst with another material
non-selective or of low selectivity toward the
contaminant; (c)the depth or thickness (dimension in
the direction of the flow) of the mixed layer (Lm,)is
less than or equal to the length of the mass transfer
zone (Lurz) wherein the Lyrz is defined by the conditions
of the process and the selective adsorbent or catalyst
alone; (d)the selective adsorbent or catalyst contains
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 £ lppm,
preferably £ 100ppb (“high purity”) and most preferably
£ 10ppb (“ultra high purity”).



Periodic Table; (e)the non-selective or |owselective

material nmay be an inert porous or non-porous materi al
W@e00a/0p3pDUS cat al yst or adsorbent; and (f) thRCT/EM0E024902

of the contam nant results in_a purified product

contai ning the contam nant at "a concentration | ppm

preferably | OCppb ("high purity") and nost preferably
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essentially no equilibrium zone, i.e. Lgea £ Lwrg, 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 layer is cost-prohibitive. 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
adsorbent in large area vessels and to control
variations in layer depth, it was unexpectedly
discovered that mixing an active adsorbent or 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 also discovered that a mixture is
capable of producing a higher purity product for a

given amount of selective material and given removal



variations in layer depth, it was unexpectedly

di scovered that m xing an active adsorbent or catal yst
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in an increase in the overall sproductivity of the

active material with such |nprovenent bei ng

essentially unrelated to the mtigation of any thernal

effects. In addition, it was also discovered that a

m ca du a_hj

" 545 | 5 O2PRL £, BLIUEL T R N ODE LB Yot o

g|wbnckeﬂnyaysremaY|aEtuEmnyheéﬁnle 1nsaﬁglﬂcﬂbébér§n the
to. achjieve_a thicker |ayer may actually result in an

i ntRAs Ph Phe TRAgt hrorsfRE AARS- t r RS EPSRbRANtThe
resybtante i ST EASEaLT eé{ﬁééhkycéﬁaEhémeIcthPS FL¥tULE

for the contam nant for a layer length equal to or
|e@@nt¢m¢n@m@ sz aslemantéengbhpeqaalato beathiagshan

e, LMIZ and its fraction_ of overall bed in
o 5 P i 000G oF Be B5 oRhE L FoRTGi FB00Y) roRdos the
pemﬁ@rmmﬁ0£t@eﬁﬁétt§oﬁfoﬂ1Kh@goﬁ@rﬁlpeﬁéﬁVﬁnsﬁfﬁékiMS
adsorbent with an inexpensive adsorbent, having little
or TR XED RAFYTPIRE t REOGBAE AW F¥nt of interest, can be

capjeqed to fﬁ%f$éffg£&£ﬁégnﬁeﬁgff@£'gfsmlg?%geéﬁnple

and whil e not ended e construed as ting,
su%mp$mﬁiYﬂrﬁ#&ﬁcb@wefadsonhﬂntnwiuueanfnmempghyEme

t t n anount of
DR brind ThhE Bs ShpoyetPedt Fhof gaothe
c onbraramamMntod Hi Ngt S8HSE t&antmscﬁ_éiﬁﬁﬁéidi NgotPe1IFill

avaj | abl e process cycle tinme. In addition, a m xture
comtiHi STRf LRy SR ERBunt FoF erERt ¢ vand et berrotan

be; .l Qved & pachhLYe-Ge b ggeilrpiyl{iltlé[ PEQGY C;Be%f’érr%‘ance

gi ven process
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. 1In addition, a mixture containing a given
amount of selective adsorbent can be employed to
achieve a higher purity product for a given process
cycle time. Moreover, a mixture can be employed to
reduce the amount of expensive adsorbent required 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:



cycle time. Mreover, a mxture can be enployed to

reduce the anount of expensive adsorbent required for
wW@2@rwes39d ayer thickness and product purity. BRIEEBES2006/024902

DESCRI PTI ON OF THE DRAW NGS_[ @018] For a nore conplete

under st andi ng of the present invention and the

advant ages thereof, reference should be nade to the

foll owing Detailed Description taken in conjgnctlon

w accprpanyl 10 di Ak Rge oL 'Es L8

1 FPP%E?rateg ¥C% i3 %Eg cgpagﬁ% € D& 3k Lg dpatity

f uhBXewdn asf at lfemfcrta,@m @rf atheCOrseltaeti \o&F a:d:&%rekl%ﬁtlgre

A in the mxtures f Exa le 2 ; [0020 i gure

é%?’?g?’ég éﬁl%ﬁjol Fnﬁ‘lﬁ FFFbe—. $eEPdRg2the bed

Iemgoﬂolor depghiread theubipBtel 180 @@p?oggﬁn?

breakt hrough in the effluent relative to e ;

[ 0B23FrEPyhienzaliqng §bﬁehﬁﬂ|éedgégrénroﬂeahhéxenpthey

ad e a ent v sse

R IR bR e e o

Flgﬂl@tﬂvesta.Ex@mphéla di agram of a prepurif ication

table for use in accordance with the
SPRERZHT ot SOrE betal B cor BRoeR P RS FOD2GT A8
dI§£@ﬁ§Eﬂrﬁe&@é@ﬂ@@N€ a%PgnQéﬁéﬁBt1hn¥ﬁn£&QBrPgh?tes

to the urlflcat|on of a gas stream by renova
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stg.eam The purification processes of the present
invention are to be distinguished frombul k separation
pr be@zzes wietguat 4 ebstaosehs@a®ic 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 O, using a Nz-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. For purposes of

the present invention, “purification” means the removal



constituent in a gas streamis renoved by adsorption,
catal ysis or by other neans, e.g. separation of air to
wEe@dnesI?2 using a N2-sel ective adsorbent. [ OPQE{S2006/024902
Wi | e the division between puPitication and bul k
separation is not always precisely defined, renoving a
conponent froma gas stream where that conponent is
present in a concentration greater than a few percent
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of purity Ilppm high_ purity (i.e., | b) and
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concentration in a gas streamto be purified to that
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be (asedendnodpph) as @he range for the concentration ratio
(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
(VSA) or combinations of these may also be effective
regenerative means.
[0026] Industrial catalytic processes generally
convert one or 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



factor of 100,000 or nore for ultra-high purity

products. Such high purity obtained by trace gas
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of the adsorbent (e.g. thermgl, swing adsorption (TSA))
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oxi dation of COt . 027] In trace
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cen tradrtrona [y charac I ze
vaatisuspdednnhas obsenf tsetietioualyy Therantemtizefl By
sel ectivit Paraneter to.distinguish_one.a £be@t
rontansenie e FEoRE 6F PRLCHELHIRY. TorBReafheR
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conponent in the gas mxture. In the case where

ph?gpﬁaﬁngﬁbgrptnohe€@ﬁ1ﬁﬁté§s phéliRveEPePPAGTEf Pect s
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(usual' Ty maj of constituen F as m xt
component(s) in the gas mlxture In the case where
physical adsorption dominates, the interfering effects
are often due to coadsorption of other component (s)
(usually major constituent (s) in the gas mixture).
[0028] In addition to the removal of trace
components by physisorption, 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 (a) of an adsorbent for a
trace component relative to a major component of the
feed gas mixture, the extremely large difference in

concentrations often result in values of o << 1(Ackley,



[0028] In addition to the renoval of trace conponents
by physi sorption, the present invention may al so

w0 p@onpseat e chem sorption (e.g. renoval of CCPOUS2006/024902
p- conpl exati on) and catalythé_(e.g. oxi dati on and/ or
reduction) renoval nechanis The ability of an
adsorbent to function effectively in the presence of
| arge differences in the concentrations of
constituents in the feed adsorption o
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capaci |n1 ar tren S In trace gas renoval
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eval uate. t he rela%L erfornance of na%&r I and/gE.
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capasht yu ok Qﬂsagéﬁéﬁﬁﬂlohnokr% Geigasatesnvat tBe higher
usually lowin conparlson to t resul ting from bul k
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con am nants. Never ess, |ng capacity can vary
consaderabtyrémotaticeigas fEﬂmvaBSGhtéalﬂYOHEro to large
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wor ki'ng capacity and/ or
interest. For these reasons, working capacity and/or
breakthrough time are selected as the best parameters
for comparing the performance of individual materials
and their mixtures in the present invention.
[0030] It is understood that at least one of the
constituents in the solid mixtures described in the
present invention has 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 effectiveness will also 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 material
with an associated sufficient working capacity for the
contaminant (s) of interest often results in a thin

removal layer containing the material with such layer



breakt hrough time are selected as the best paraneters

for conparing the performance of individual materials
waee7obshr i xtures in the present invention. POOBS004/024902

i's understood that at |east_onge of the constituents in

the solid m xtures described in the present invention

has an affinity sufficient to adsorb, or an ability to

convert, a desired trace contam nant in the m xed gas
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t am t it is desired to produce high or
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with an associated sufficie wor ki ng capactt or thg
coPPadd hhems ( sproflucht prestyofeeniresehtsand agtihi ibrium

re . Lhin he materjal Ww.th such L
SR ABYEL SOILALOLDOGL I L S LD con e
dimecerbal o The heabsl krbhepethzenghchhepbaygentk essq

t han 8%%%e ual t o the length o f the nmass transfer

zohe? SESRFURETEr EhBnecntaniernhedap gopfentration
CO@¢6ﬂ§théQ@@ésléﬁﬁﬁﬁté@n§hepéﬂ%985 PHL b rification

requi renment and equilibriumand kinetic .
chdi®eteristics o f the "highly selectivg" nage{laL

Th appp tr fer _zone can b e identified readily by
neggurlng tﬁg§¢§%?a%$§aﬁ f%%sh%%n%%ﬁt¥§??%ﬁgaF%ﬁg t he
bextld@riofit aedut htbehdmocipdber PuFbfi €8t i @OnSL@Pnant at
[ 0Q31] I&uige bed inlet has not reached the adsorbent
equtT i T CHPRACTEHEFBENIRe EIROER naReP ale - ghed@ntino

f $de, contam mant) repoval vstep (£ 9. ?e%i&q YET Yo R 0OL ke
beds) or i f therei s n o region o onst ant
contaminant concentration near the bed inlet, then

clearly the bed contains only a MTZ and Lpgg < LMt -

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

sufficiently larger than the Lyry, e.g9. Lpeg > 1.1
vz, so that at least a small, but distinguishable,

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, economic or
practical requirements. “Less selective” materials,
for example, may 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



contam nant concentration near the bed inlet, then
clearly the bed contains only a MIZ and L e ¢ Ljy[ z
wQ@\doenospd vel y, the mass transfer zone | ength PENUR2006/024902
determ ned from a breakthroug{ test using a bed length
sufficiently larger than the :ﬁyTt z - -d>- LMZ S
Othat at least a small, but distinguishable,
equi li brium zone has formed near the bed inlet at the
time the concentration front breaks through the bed
OUFPetlaerttﬁ@rb+%H%%e?HFheaSb9é§§§h96u§ﬁramlc (e.g.

gﬁ§§§ %ge§> £08324s0 Eﬁéﬁtéeaéékb&ereﬁﬁ%?bb@&s (or

y selective”) are those that wou not neet
thénaﬁﬁeetcmadnnu@ﬂbleehagldesuredpephbamanaat level
economi.c o r practical requirenents. "Less selective"
naP%F?thét?8 “exanpl e, may exhibit a n i mediate
br eas By oughThRef chpaceont afi BRAt haghlkeguileetive material
unacceptably [ arge bed depth t o achieve a desired
purﬁﬂuéa@ﬁo oKt BpMPVAe. OExBnPralyefesonsameapnfe depends
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par Icles suc | ass or ceramc 'ass bea
andoadsbebentsvdemaedrnelausvebybaetégeneveted or
achie;i destged con an1na t hevel ur ation.
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upon the duration of the renoval step and whether or

noteeRBIGLt PYeVABY et PRE (S -Bo- bBOFEFendPdBed o more) when
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sesmng$¢ eteperymbva@ peogessheuwberdaybe actnweematerial
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mat-embadbl step may be much longer, e.g. months to several
years. It will be appreciated that the more 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, H,, N;O, NOx, light
hydrocarbons and the like. When no appropriate
adsorbent isg commercially available, an advanced
material must be synthesized (if possible) for a
specific contaminant removal. Highly selective
adsorbents and catalysts may originate from any of the
numerous porous materials such as zeolites, activated
alumina, activated carbon, silica gel and the like,
properly treated as in ion exchange, impregnation, etc.
so as to achieve the required selectivity for the
desired contaminant. Highly selective adsorbent or

catalyst materials can contain elements from Group VIII



Is periodically replaced, the required duration of the

renoval step may be nuch |longer, e.g. nonths to
waewanadzdyears. It will be appreciated that thECHOSE06/024902

costly the material, the lon er the tine that is

desired between its repl acer [ 0034] Many

contam nants, present at only trace concentrations in

a gas stream nmay be difficult to renove by

adsor pti on, , N2O,, NOx _, light .
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catalyst materials can contain el enents from G oup
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di scussed, apbove, the requirements of high selectivit
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relatively thin layer of the active material for the

degeﬁedlrenﬁhah ptichhe layget éd reauamedahp. bEopnflyr gefew

conme cigéescalr gﬁéatgon §£§ essesbttggla ea.over

which- tRT s tRi R Iay rust % ppIPea I'S usuaﬂP
arise in loading such materials into the vessel 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 requiring 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 occur
in the regions where the local thickness of the
installed layer is 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 process operation
are not detrimental to the effectiveness of the layer.
Such a strategy, however, is quite costly when
expensive materials priced at $10/1b or even $100/1b or
more are required. This problem is exacerbated by the
fact that the length of the mass transfer zone for this

type of purification is often greater than the layer



| arge, for exanple a twelve -foot dianeter adsorbent
vessel. Wien such a layer is required to be only a few

weenwriomsders or i nches in depth, practical |inmPCHUSING024902
arise in |oading such materi g into the vessel to
achi eve a uniform | ayer dept i.e. with variations in

| ayer depth of no nore than apprOX|nater 10% of the
desired depth For a design requiring only a 5.0cm
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thdeka&ohh%té@SlrEdlmedngtspuhltﬁacﬁﬁﬁgeﬁbﬁuﬂab in a
desi, n,Eractlce for achievi ng hi gh adsarbent
prﬁaSEF QFP?ts&B§€§F§etHﬁttbﬁeaWQH&Fhoéfeﬁﬁénﬁéaeor

adggisbentnlaygeqgbe several tines |onger than the MIZ,
i.e. LBed - 2 x LMIZ (Wankat, P . C, Large-Scale
Ad§©ﬂ§§ﬂon ahd ChasﬁapggtamhpaHVbrem@valpggheSQOQGamlnant

adeaPsERE P e thoncle SesbaRFBRCE LY SoPaRrRdRE P28

I N1langeguirkgbhiru Zopeksabblihiehend ah Ef@ilibrium 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 has 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 alone in a

process with the same removal step time. These results



adsorption step. Follow ng such teaching results in a

significant increase in the ambunt of expensive
wa@edmonisme used. [0036] In trace contam nant rBECDUS1006/024902

the contam nant concentrationds_ | ow enough that the

time and/or bed length required for establishing an

equi | i brium zone may be far greater than is practical

for the purification process Purification to achieve
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process with the sane renoval step tine
r SHitSarEF prrtTacdiah YU iBfoRpdn el ofe the flast

t d n nt renoval
gﬁ?@%ﬁtﬁ lqiﬁ‘xan the Iulé{ng% O']ﬁweor%ra St Rt eon will
zmon[eoa@zqarm (tesenth maeenstxampltetwspﬁééﬂtf@ﬁ Bl ow.

t orgl i ng ogfﬂan expensi ve adsorbent_ or catal yst of

hi'gh “sel ect i VT3P h FFeFEnS s qidantdr, materlivgts

ofarnicelcatiate s deaw 99 &lieVidpt {ie PN ULS &£ 1€ the
n%&%%&%gs 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 (obtained 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 contents of which are
incorporated herein by reference. AgX represents an
expensive adsorbent of high selectivity for a class of
contaminants that are favorably removed through the
mechanism of n-complexation. One of ordinary skill in

the art would appreciate that higher selectivity for



for trace contam nant renoval froma gas stream using

arelatively thin layer of the m xture to produce a
wohe@hopspd ty or ultra-high purity product rel apCwES1006/024902

the contam nant renoved. The details of the invention

wi || becone apparent through the exanpl es presented

below. [003 8 | Commercially avail abl e adsorbents,

catal ysts and other materials were obtained and used

in the exanpl es_as foll ows 13X x12) zeolite
bedds (6BPgE glFrSHFEEﬁlﬁﬁnéé)lﬁl8uﬁ&§v %11? A9ED)
CatabyebeE231tRADP, aPeS5¥Pdno8nakuUALNER-BXhES 6208 and 1low
4nmm beads (obtai ned from Degussa Cbrgoratlon

Paingi ppung, cragent. (3) K208 Fﬁﬁaﬂﬁ b&agspeatrirrancg of

it anay BLRER o SELLE GaspRbenc bR HE tpihia by
(obiaingdateoniCagntogthenpres€atningenklYpn, Ag¥d such AgX
according to metho

20) . bead d
de§é??%gﬁg€ﬁswgﬁﬁgn£§go§%SglmEBEénHPnﬁn@YSthﬁﬁﬁeﬁﬁscrlbed

apphl@ﬁélQBO§@rb§keabre%é£éﬁge104 filed on June 30,
2005, bi Ackley et al . and entitled "Silver-Exchanged

Zeé00¥% andThet sedsral nanaertt and Masheflort a2 the
eObLEECRRbanLS abe ML oR BLE LACORROLALEY ) hsretn B o
en

erence réepresents an €xXpensi ve adsor
h|ghssaheathbtyakahraughasssaf1eonbaﬂ1ﬁanmsabhaé ane
favoﬁg o rean d, through the nechani sm o

p-E8 apRFeno da@defl Fat nafl§OsRERE Sy n ceﬁélaﬁétsmeaﬁd

appy el aLe EH@&eBEgh@b §ﬁ&eﬁ%CHA$a BOL:sucn apply cabl e
contam nants i s achi eved adsorbents that are of
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presenbuipyest bonilandesdendgfurification by adsorption
and catalysis, adsorption of CO and oxidation of H, are
utilized respectively. The breakthrough or working
capacity (ACO or AXg) is determined from an overall
mass balance of the CO in the feed and effluent 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
simultaneously incorporates coadsorption and kinetic
effects inherent in real processes. The CO working
capacity has been determined here from the results of a
reference breakthrough test conducted after thermal
regeneration, i.e. similar to the condition in thermal
swing adsorption processes (TSA). Under such
conditions Equation (1) represents the CO working

capacity:



adsorbents would not be limted to only those

described in the above cited reference. [0039] The
w@emenedzoconcept and nmet hod of a breakt hrough PEBFUS1086/024902

known to those skilled in theart. A standard

breakt hrough test is used to neasure the performance

of individual adsorbents, catalysts and m xtures

t hereof. CO and H2 have been sel ected as reference

trace contam nants to denonstrate the fundanent al

advant ages of the present inventi gn For the Sur pose

of illustratjn I‘IfIQﬁ).tI yasrptlon an

catal ysi s, : px C_g%lhd ~ e d'tl on of HAare

utilized respect [ veI y. “ILhe br eakt hr ough or wor ki ng

capacity (DCO or DXCo ) is determ ned from an overall

mass bal ance of the COin the feed and effluent
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processes CO wor ki ng capacity en deterni ned
hé}‘@l@@l@ﬁﬁﬂq@ﬂ gsaduct iofn arateicer@f}caat bl eakit hz omJlgﬂsprﬁ)e@t 1
c ct ermal _regeneration, i.e. sinilar to

t He condi t| on i n n?wer%%cf % aﬁ@?ﬁﬁ?ﬂwy pTREeses the

( metlwruﬁecswmmouiﬂgnrﬁr&mu@éé,@%:&éﬂsf&ﬁf esents
thfes%os’cva\or{ckel n9 Coarpapcdllpyospéé Cc:)of tébl\lcc:eopre(gerlltn inw}*/entlon, the
primary component in the feed gas of the breakthrough
test is N;. Since the concentration of N, 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 as
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 such
inhibiting factors. One skilled in the art will
recognize that the CO breakthrough test described ig
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 using test conditions

relevant to the purification process of interest.



H )dt (1) piinis the nolar feed flowinto the bed, y
n and yout are the inlet and outlet nole fractions of
weo7vespecti vely, ws is the mass of adsor bent P@mntiS1006/024902
is the breakthrough tinme corr@sponding to a
predet erm ned CO breakt hrough concentrati on. _
Determ ned with a CO concentration reduction ratio of
at least 2.0 ppm 0.1 ppm =20 , the working capaC|ty
i nheo£oy |y Capbuyssiif &iﬂ_s&ie ebEeehsyl es§8£ 09 heaMin
mass transfer resistan Ur POSES
|h@bh$|@ﬂy fhempa|@©ryre@hphneughlﬁesEeué@QdaQ?§ ?f
kt hr ough t est i nce_the _concentration
?ﬁgﬁgn%%el? %ﬂa5?¥e% © oberanet neh§cebipareast ef the
trms@fbéz& bhemsoagser ptm@ ebhect10hs OrupRO £E %'és{:swere
ne gl bl e. Conversely, the coadsorption of
af aeE?fkl%JeYa%%%)%tfqﬂ%nt@fr@@fe%@t ba@fadlrmtwghcapablllty

Meisa: agedesoti bed- oot elstagg: Lol g@aggg%gg'rga?

ki ng capacity f since and’
k@r%ﬂe@hr@nglanmmﬁ tpansdeanedfdect s? a}ﬁ@rac(olm 7pSla)
a Qgﬂytlc rporat din the resu t ant
Igadlng nﬁ Kngratp et t3PRFekimately 21slpm

br €akih rrﬁlh{g,hn% igye u%r:L@lgd BlRFRED S Uo1ife, AdSRfRED tvséarylng

and m xtures in the presence of such inhibiting
f FIB - e §kiIId i Ihebamt (43 10inecogfieefeddtgas

E:ﬁidggégﬁiﬁﬂgrea rikroughgté'g)trz b%%ﬁ §%§X$gg%%éyéevefs of

déViSﬁdbﬁufé%ab@adefadedrbanéachca&ahmabSb@n@&Df Further

O ats GHLr R oD Gisiaiy TedtCEGRRYTons
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 is initially thermally activated to
remove residual water and/or other adsorbed
contaminants. “Activation” is performed using a dry N,
purge flow of 13.6slpm. 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 cooled 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



relevant to the purification process of

i nterest.[0040] The working capacity of CO was
wa@ledoenoadmed in this way froma CO breakt hr oughP@EES2006/024902

used as a reference indicator,pf the renoval

effecti veness of the adsorbeﬁi or mxture. The

conditions of the test were carefully selected to

represent adsorption capability under realistic

proce condi.ti ons enc reaki hrough.test is

eF P o iR ararty SOnaPE THiR " 7BErarREO0E A e Pl et

gaaléb@ﬁaéate oheappsaxtaabel ¥hdlskpshl78nd gabé@g%eﬁt
usi ng adsorﬁtlon colum | engths varying from5

)
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(79Hﬁ£9w é;é@ﬁ%o hHQngérgégogﬁv ur?gégcgéﬁal

H2 as de in eac exanpl e
of this test are given in PCT patent publication No.

03/1 15?7 entitled "Production of H gh Purity and
ul Purity Gas" , the contents of which are
i ngeo P27 at edahggei nshyatefeiepse. »ABY i var LakbeRant o0
these reference conditions are noted in the exanples.
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reS|du wat er “and/ or © am nan
" Act | wat hodd pseperibeﬂednusbm@oalﬁrywhﬁdeEg@eﬁHQngoU.s.
13. 65l n1 Th erature 1s._slo

df
el Bh e SR S real et a Lt Va8 B8 bk Arkey. ot

Thgy bedahg dhedccogl edi{ysknaxthensa ez Y1 9825t And
anmbi ent tenperature. Test beds are regenerated” after

br%@kb%@%u@ M@@Wfﬂgtuﬁedfbenefoaf,awheﬁbewasufeleﬁaOn
Vaﬁ¥ %5 n}&g? Zg€b$ Egé go reaﬁgﬁkggghntes as

descrlbed 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 11.86
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. This bed was tested to CO
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 gize of the
13X APG is 2.lmm and its packing density in the test

bed is approximately 0.68g/cc. The results are



Regeneration renmoves CO and other inpurities adsorbed
during the precedi ng breakthrough test . Irreversible

WO 2@CcNIBME are soneti nes observed in the firstPCT/US2006/024902
exposureto the feed, so the first breakthrough test is
di scarded. The results of theé*second and subsequent
br eakt hrough tests were found to be reproduci ble and
thus were used to cal culate the CO working capacity.

anple 1 [0042] A AgX (Si/A = 1. 25% zeolite

ad%%@%@ﬁ%ze@aﬁpo?@ElﬁoF  eRBvaFe8kSt Fhggugh a 15.2 cm bed
C°88ﬁ€55ﬁ&h§”§32%§@ QimBsEO'if%@&%teﬂ (Ch%ﬂhé‘” RBKORPG
and produced according to methods prescrlb
coadanryenmneUpwsobehdlagou 8o péﬁenﬁtapﬁbrcﬁplaﬁmoval at

Serj al . 11/170,.1 Ack ey . and tit
Phete. BreREngaateirRtesiana MEFNDRS 5P ERGRACELTerom"
Theeeéetive @Bichowaschbhledseny)ungx3s B0GhlyWaslective
subjected to a breakthrough test as described above.
ThEC¥ e6Pi BE GBedei AORALE1eRENBIE AgHCRSAgaEREnEREE good

| exgl r . 85%. apd :
e s S S e SR o
r epoesentvedybyhohe bedf ecnbntb dat & ppbTabbel?0.0 ppb CO

[0043], The feed gas contained 2.0 ppm CO and 220 ppb
bre%FFgg?uggdchc%ngrgﬁ%Pgﬁgth was packed with 11.86

g AgX adsorbent. The average particle size of the AgX

is 1.4mm and its packing density in the test bed is
appeexbit ek rdr88L6CcOoTRLEKRAE WADakeELednHO B¥@akthrough
saturation, irifie EBE hﬁitawaslﬁﬂnAﬁﬁthhsbgﬁents

concentration of COin"the effl uent (orodu"t\ [eac

t Headsrhephceedat | dep i n S{Hhe f de@ (2. Ob @n) | . Dco@X Am)sat

8x|12) zeol [t€PR0OL 13 ¢ ) was WQBQPed Wﬁpé a| t &0pphe g

152 cm . | ppm ppm mmol/g mmol/g
"AgX 5.9 20 | 022 9.0 5.0 0.083 0.27
13X APG 15.2 2.0 3.0 <.02 - <0.002 -
[0044] (Xco) sat 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 (AXe) 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) .

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

cm, 12.7 cm, 15.2 cm, 17.8 cm and 30.5 cm) were all

loaded carefully with uniform AgX/13X APG mixtures.



cmlong and subjected to a feed gas containing 2.0 ppm

CO and 3.0 ppm H2 . The average particle size of the
WAAPEY s 2. 1mm and its packing density in tPET/USRD6/024902

bed is approximtely 0.68g/cc. The results

aresummari zed in Table 1 . "C®%reaks through a 15.2 cm

bed containing 13X APG al nost immedi ately. Thus, 13X

APG adsor bent shows little or no affinity for CO

renoval at these trace conditions, i.e. 13X APGis

reCFIEfFl%Xy hoR2 Qb Ba8 | FEOT or B aRe VEPSRF G ioRRafeh as
fﬁ'ﬂéﬂg%f%fﬂ ah thesge C}Qeg@étbﬁnélﬁﬁgrent

dem)nst rates good CO wor ki ng capacity and
substhanh | ebnbatakd heosght tahkyg the sawer @zm@hm:t obeligét
bot h 10. pb and 100.0_ppb CO breakt hroug
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of Aghesadser benfi(D. @adimibéd gyomplehese, coadiiltdng. in a

cqte 171 B SO WOOF ARG T CUER ATSOhaRcRPg Bixtures

W & i PatPendedodtimt heaend. of ThBesadsospbi en skep. békeot
CO wor ki ng capacity (DXCo ) t CO breakt hrough

cofeaiptat 1 ofeaf re082bedpy FestedsaRfaReBI9FERtENT80 vols
safUration capacity, suggesting the absence of an
equiTibriumzone o f any significant fraction o f the
oveéoadb] bed Eenont hed5wlschohen &xanpheed H0035p°Tesh Na.

bed f | ths (7.6 0. 12,
5o gkt nyougl ekl iPe  fndn thndlePelthith £.6Mbom co
cargfusly ﬁbﬁ\th%J@éﬁM1ﬁ)ﬁbP@Qé@dt%ﬁlfS- Thes ABeds

a

(10x2 0 ) was fromthe same production ch as that
i nwgranpeecneratadhbetwene bragkbhraighetefts-

Activation, regeneration and breakthrough tests were
performed as described above. The first breakthrough
result of each bed was discarded in order to avoid
effects of any irreversible reactions. uThe
breakthrough tests were repeated several times for most
of the test beds. All tests were conducted at a feed
pressure 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 (AXw), also termed
“CO 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. Considering that the



| ength contained essentially the sanme anmount of AgX
(11.62 0.24 g ) . Predeterm ned vol unes of 13X APG

W@ 3001a)530ere nmxed uniformy with this fixed aP@UN$2006/024902
AgX so as to fill each bed coqpletely, resulting in a
series of beds containing uni4 orm AgX/ 13X APG mi xt ur es
of varying volune ratio. The sane 5.9 cmtest bed of
Exanple 1 was repeatedly tested and represents 100
voI@bAg £0046 Each, bed was then_activated 350 0C
i nlRB AP@ %ﬁtﬂ?%ﬁ@ﬁl?é§t§aRéFétYh§ﬁrc€ﬁdaEtEgeﬁFth 2

OcBRAY C0aRd (35 OnBRm FR Eﬁﬁﬁﬁléeﬂé'Qth€hB€e@a%ﬁsbed

Test beds mere regener at ed between breakt hrough tests
Actbubtina, thegeaveanees afdApgKeakthweaghnespestadr ghat

d_as d bove,  The i br eakt h
P CElPL LB BRER. bR Rac™ Al SHAFHEN  (REGPHEA-Taadardcs 5

ef hgesbsbel 8AYyi bhevReshgke haaethess. athfore 13X APG is
br eakt hrough tests were repeated several tinpes for
m3fdef tRethestivbuse AR thesbgdwer ébgoRBudreding 4at

feefepig er BfbZe%kPﬂE%ugﬁXESH&lEEBB)OESrt%it605 hhe
10.2 cm s pertornme t 12 ara. Oherws
alhntesasesnﬂrbmanOMEré a8 MQsiigbégXaﬁoveafbedthe

stand rd_reference breakthrough. tes Th
0P R RS A dCP Y (BREoEs BPes Fhrfon: LeaMMeddEngex vhen
Wﬂ@hﬂgtgéﬁbnéﬁoaﬁﬁobﬂlHQXtQsEmuﬂéHOW1&habQXeA@GFs@athat

test _at the CO breakthrough concentrations of 10.0 ppb
an@nig02boppb20¥hesethestiPtalarel yRswAsSi RCFHEEFE ?y the

a”ﬂgﬂenoﬁﬁﬁéaéfféﬁﬁ e eGLy BEré”ﬁ%?ﬂéhﬂ@eﬁ”%%nkgéghlgher

13X"APG m xed with a given anmbunt™ o In the

CbpsrdéylngndhauonhEéﬁxeAEﬁtbdsbyeglCglbreakapaough

foéogggggraplon 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 wvolume.
[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 model was applied to simulate
breakthrough tests for the AgX of Example 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



conditions (as shown in Exanple 1 ) and that each bed
contai ns the same mass of AgX, it was unexpected that

Wo b@7033¢eapaci ty of the mixture (essentially aPCT/OR2006024902
adsorbed only on the AgX) incygases as nmore 13X APG is
added to the mxture in the bed. The CO | oadi ng (at
the 100.0 ppb breakthrough condition) for 11.6 g AgX
i ncreases from about 0.08 mmol /g AgX for a bed

(o]} L D] I not e, .t han- 0. 12_mol / g, AgX when,
LRcLRonat o A8 R D8t St Fonape BdsPRzsion.
onkgdabboha20&hatatheri st absvof ugBel fo@etupheduby t he
AgX. This effect is even nore pronounced at the higher
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defining the process, A linear driving force (LDF)

S 1 dRcripdeqd he The breakthrough model is similar
to the one described in more detail in U.S. Patent No.
6,500,234. 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 9.0 h in Example 1. Clearly, the CO loading

distribution shows only a MTZ and no equilibrium zone



adsorption rate. The bed nodel is represented by

onedi nensi onal plug flow with negligible axial
waelr@peesion. Additional characteristics of theP@DUs1006/024902

i nclude pressure drop represented by the Ergun

Equati on and nulti conponent ot herns. The isotherm

for CO AgX was determ ned at | ow partial pressures (3

x 10 6bara to 8 x 10 5bara) fromthe saturation end

p0|nts of breakthrough tests S|nllﬁr to. that described
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concentration and/or the total pressure in the feed
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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
(Xco)mix ©of the mixture is approximated as follows:

(Xco) mix = (Xco) agx X (0.58cc AgX/cc mix) x (cc mix/0.85g
mix) x (1.0g AgX/cc AgX), where (Xco)umix has the units
(mmol CO/g mixture) and (Xco)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 same pattern.



hr and conpares to the experinental breakthrough tine

of 9.0 h in Exanple 1 . Cearly, the CO | oading
wa@e@uoodsed i on shows only a MIZ and no equi | i br PCNUS2006/024902

zone(the bed inlet has not even reached the saturation

|l evel of 0.27 mmol/g) . A CO4fas concentration

di stribution along the bed shows the sanme pattern. The

results of sinmulation also confirmthat the renoval of

trace COis essentially isothermal, i.e. the bed
reh@P gl at aCRBARFARE %Eﬁpé?%@h?@ leEGS?Pt¢ﬁ€S in Figure

Coﬂpﬁéﬁ d§& YeSeAl senarphief kgl§knﬂbét%1kﬂﬁr@p it is
brea rough o t he 10. 20n1n1xe% ed of Exanple 2 .
Thetebedtbant thaedvaragef 6Ch hpading 06 AgxtedxedPGointhe
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the AgX isotherm described above to account for the
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as essentral y no orption capacity at
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(Odégéﬁmfﬁé/Eﬁenb%ésénéécoﬂléhoeq§5glﬁkihmxzbhec@lthln
AgX/ cc 8X) where (X co )mc has the units (mvol CO g

m khar ey andTbﬁcmysAgsélget:Hewam i§ tRnBracorg A§R) .

| 53LTORAFD LOAEeRRLELatr, BYLLAN: loTaniis Lingty oka

ppbt Chbr ealit bfough adstlretébfil serp Wasgobt asneddficemed

Egﬁnggng%éggngsNghogv75@,EbguggdZU SThgatent 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,
1986) or from the length of unused bed (LUB) for
constant 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 of AgX

contained in the mixture was 20.15 g. The CO



breakt hrough tinme is 10.0 hr and conpares to the
experinmental breakthrough tine o f 10.2 h in Exanple 2
WO 200003B® | oadi ng distribution in the m xture BtDWS2006/024902
only a MI'Z and no equilibriu one. The CO gas
concentration distribution al'ong the bed shows the
sane pattern.[0054] Conparing the | oading
distributions in Figure 2 for AgX adsorbent and the
AgX/ ] 3X APG m xture, . it _is.clear that the average
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(e. g“.ta,bla?s 3 ndifgst ard RaF/d33p ARG MingEure Per fymanre at
U.S. Patent No. 4,762, 53A0-0Prse G esence of an
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Adsor ption and Adsorption Processes, pgs. 270-271,
1984) . Exanple 4

[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 is 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 is less
than that of the bed containing the same amount of AgX
alone.

[0058] 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)




[ 0056] Adsorbents were used fromthe sanme production

| ots as those in Exanple 2 . A 10.16 cmlong test bed
woem7pesked entirely with 20.20 g AgX. A seconBCT/ES1006/024902

bed (2 0.32 cmin |length) wasgpacked with a uniform 50

vol % AgX/ 50 vol % 13X APG m xture. The anmount of AgX

contained in the mxture was 20.15 g . The

CCconcentration in the feed gas was 10.0 ppm and the

PrRSSHI 8 YWasSafed Q%Qmﬁercbhéagééi‘%{fg&glﬂg?ggﬁﬁaﬁﬁéagﬁgx)
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sl Tabath Bafl €b2° Mebratlft ek the Aiwruex nec

M extiuered Peind ocapas el 2y | & Cppan L0 Mot v f ggd .ffﬁeﬁ% is
100C and contains 3 .Qopm H2 [0057] The results o

EXRHDT E M2 Y YMRPBWARRato t Wkt Dedh dadpngioy wor ki ng
CanRsl 135 10f o igX i ncreases with both feed CO
concentration and bed depth. The effect of the _
adsorbent m xture at the higher CO feed concentration

a NG e anmount of AgX is nore pronounced, but is
coné#%ﬁe?ﬁidlh the results of Exanple 2 . The
frepdagnal  rieedicinibd it &D LARAGIdde M 4 4 Ef8asi ng
product purity or decreasing breakthrough
ccﬁﬁigséjr’n'{}?%\'tqsoﬁ“%ra]t% b eabthaked Sfdlemttathlrsttmaémpioyed
t Lntgajni S unt of. AgX_ .al one .
[tofg%rg]%%The %s%l%%%la%ﬁ@rﬂq%?a&ugh _ LaE (el
ofadvadtpges efieclenrneand dld ahd @9UGIHA 1 N1 &y Qfsing

- urity and capacity
19 0.008,5,10.000,. The, ffect oo puri LY. 20 cager] 2

alumina, referred to hereafter as Pd/Al1,0;. This
Pd/Al,0; catalyst behaves 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
Hz 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,0 vapor is adsorbed and finally accumulates
to the point of interfering with the oxidation of H, on
the Pd sites. This deactivation is reversible through
the thermal regeneration of the catalyst, although the
regeneration temperature affects the “regenerated
capacity” of the catalyst. The H, breakthrough times,
determined at H, breakthrough concentrations of 20.0
ppb and 100.0ppb, are used in place of a “working

capacity” of the catalyst or mixture. The H,



quantity of AgX mi xed 50 vol %50 vol %w th 13X APG can

achi eve a | ower contam nant concentration (1.0
wW@pymBw a greater dynam c CO capacity (0. 187rPemub2006/024902

AgX) than that achieved for the unm xed bed (0.154

mol /g AgX) at 100 ppb CO Th%QabiIity of the m xture

to extend the capability of the selective adsorbent is

particul arly inportant to ultra-high purity

appl i catjons . npl es 5-7 [Q059] The unexpected

ad ila 55§°H€hnF§Fﬁ§ 38S0CRERTL S InRY talisd NS Lo EGTEd

foapgakakﬁét§nawahoxe%a59brt%a&%1a§st%0%%§&85%%c%q%

renpval . These and ot her advant ages are em)nstrate
i nabhweegamplCes béh@@l@éuﬁgtavaau@hyss eemttaimmiedy a@. 350°C

et BarFr TaseparafCSEe THLe PRl SOREREAIpat

beRaveseghaiibar iy p@rmraféaoangat alsh deg@@NMibRg Hdovie Eor
H2 breaks through in a finite time. This behavior is
i n2E8RTPEBE St 6XFaRAI Chataltysi §eReretHrends goperolled at

oxLdj lo pd c
ron e Re At alyat Chad aan nast Ao B G T ERRD in
bekizvedRehal tehereatempeapdr foxi tatiadt hpoogdlc t-css s

adsorhed on t su t ctivated_al.umna) of the
carargSreeR pRfeRBRen Abvel el rBred=Erhe teid

br eaktihteugh .occurs as a result of the deactivation of
the Pd as H20O vapor is adsorbed and finally

accunul ates to the point of interfering with the
oxgdahhea §f H2 on the Pd sites. This deactivation is
reversrore t hrough the thermal regeneration of the
caf@pg8i, al Choaglrsth&2pegdrer/afli@n tvenperat uresrage

affects the "re nera apacit of the catalyst.
ThR2ELLH gaQﬁﬁP Sﬁ P&ngsi %m %rom Degussa,

Corporation), F200 activated alumina (from Alcoa,
Inc.)and Pyrex® glass beads (from Corning, Inc.) were
each packed into test beds of 15.24 cm length.
Breakthrough tests were conducted at feed conditions of
3.0 ppm Hy, 9.63 bara, 10°C, an inlet gas flow rate of
approximately 21 slpm (78.7 mol/m? s) with 79% N, and
21% 05 and otherwise as described above. CO was also
present at 2.0ppm in the feed gas for 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
of 20.0 ppb and 100.0 ppb are shown in Table 3.

[0061] These results represent the performance of
the E221 catalyst alone at these conditions and for a
bed depth of 15.24 cm. 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



determ ned at H2 breakt hrough concentrations of 20.0

ppb and 100- Oppb,
W@ 23001399

of the catalyst or mxture.

The

are used in place of a "working
PCT/US2006/024902

H2br eakt hrough tests are carried out using the sane
apparatus and in a manner si m{ar to that described
above for CO
OCin dry N2 as descri bed above for adsorbents .
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i nlet

above. CO was also present at 2 .CQopmin the feed gas
for the glass bead breakthrough test onl y. all_oth
test SAN] Y s B i FoA L Comsal e B 1200 AcH et ed
gas. Theﬁlégm%ﬂn%%a%ﬁﬁm i g ¥55 HapRemoval
b reaeh T PUBLH CORGERE K] 1r¥gen BT | AWaSialRR 0] arng yaPo- 0 ARy, =
al ecatiown Length Tjabd zetivdte. | [£308id} [These resjul t sopplepr €semtoppb
the perfbremncle of the| F29%M catalyst allone & these h
con&’i ohd52hd BEFC.Ae 13.6 19.866 9.8 =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 19.966 4.5 7.6
2h
Cool N2, 3h
glass 15.24 350°C, N2 13.6 38.825 immediate immediate
beads overnight
F200 15.24 350°C, N2 13.6 21.259 immediate immediate
overnight
Example 6
[0062] A volume of catalyst E221(20.369 g) (obtained

from Degussa,

Corporation)

equal to that required to

fill 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 weight of the E221 was not obtained

since the materials were activated after mixing.

E221 contained about 2.0% to 3.0%

prior to activation,

The

adsorbed moisture

so its dry weight ig essentially

equal to that of the E221 sample in Example 5.

The




bed depth of 15.24 cm There is a difference in H2

renoval breakthrough tinme of nearly a factor of two,
wa@le@enoidnyg upon whet her the catal yst is activapedus1006/024902

350 0OCin a high flow of dry over ni ght or

regeneratedin dry air at lowfTow for a shorter tine.

A s expected, the H2 breakthrough tine is

consi der abl yl onger for the higher br eakt hr ough

concentration,(100.0 Nei t her the F2Q 0O

acFF§H§EBn5IW ﬁHrﬁoFStﬁ@p PxiBahEdds age poMer X0 uaRy

abplikt¥rboorernke t e, kBakrigikhey ar e sRoRo189ls9ciive

materials relative to H2 renoval . The materi al wei ght
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Tr ngbi-aalaetm@h Bxaspl eebul O862te AsiiihiiEze8 €At aby3E 4.

E221 %20 369 % ) (obtained from Degussa, Corporation)

eqtaMPES 1Pt Fé&uFFéHlFé £Pr the1 Bizkug® $éjsththese for

begh%§2§§k88t5i9@:t a?coﬁ@”?cnpﬁﬁg%%ﬁ.'eoﬁ ls?lto&@rs gthat in

Exanpl e , uniformy m xed | ass beads an
pa@kgr}lifm:@na gerﬁermﬁnt:esenbeacefﬁheata@tsuaJ r@syllmepght
2 n ta| ed_since S
ac ?82?5 e rgétag |nngF aEZ?fsggﬁﬁgﬁﬁgdlgﬁgﬁt”§%5§lal
toAEt@%ﬁad§éhbedtﬂBh$tuhe Bt i bredlociaedbiyntl t Oe B6ri the
IS essentlall equal to that of the E221
%ﬁFEu f ér

ERafpPelsandThdr 8sh £2At Hei R¥@p&thzough

ap u 0 X €0 h
naFE?FSF§£§F¥8ﬁQ 8 o Bt5) 5 Eoor o a8 bektis. The

br sakphrbuyghlyest Braskehrondhcteénessiang thieeesapmme H;

CORSL L P05 ReRAAUPLE Sone G SRLIOUOD TERL oo

resubtatf 6F thealiystutieewi bhohBosa £BE 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 Config. Bed Regenerate Regen | material | 1@ yH2 t@yHz=
Length or activate or act. wi = 20ppb 100ppb
Cm Flow g h h
slpm

E221/glass 30.48 350°C, N2 13.6 58.993 14.0 21.5
beads Overnight (20.369)

50/50vol%

E221/glass 30.48 177°C, air, 2 59.066 8.6 125
beads 2h

50/50vol% Cool N, 3h




the E221 catal yst alone in Exanple 5 shows a

significant performance enhancenent as a result of
woreoo7ngs3vhe catal yst with an essential ly i nertPCT/US2006/024902

material. After regeneration, the H2 breakthrough tine

for the mixture is 8.6 h and 2.5 h for H

br eakt hr ough concentrati ons of 20.0 ppb and 100.0 ppb

H2, respectively. Breakthrough tines at these sane H2

br eakt hr ough concentrations for essentially the sane

anmount of catal yst used alone in the shorter bed are

ontgéﬁgieh7and 7.6 h , respectively. The breakthrough

time o € m xture at a H2 breakthrough concentration
of [0068] ppb Bheeedsalkiat BR2LKé&9saAE agnpentd ebtERated

oot ks 828, Tariead) SLO0eR AT BEE AR § ytPeTRmeved

upbnownahéi 0. a4gemebedranhit yndfFoaf3or heRbdobefore
catalyst to be reconfigured (as in a mxture) to
acﬂ?%%én% hrgRef plr fByCPr bAUESt EBFtgPedt er TRENBEgLLtaANt

efﬁiﬁﬁﬁﬁéyisTégkgoﬁima§éﬂgééﬁ ehuResSYbt AmbOhixture of the
50vol % 50vol % M xture of E221 Catal yst wth Gfass
Bebis Exanpréa¥s| 0068] FhevoabAF9svoE22E2R19g866sgbkads.

an ctivat | um pa F200 g21 ﬁ?g . useg LN Eﬁ% I

S E st R T N e

m xed befibvedpatknagetnbdsa 30. 48 eaulienentest .bedg of

The resultant m xture i s _approxi mately an _equal vol une

m Xett eCoF2tHECt MBS naferfaFs, theetoBo (9EPHISEH ¢BRY, ©f the

E224/ gbass Begds. The m xture density was slightly

hi gher than that of the individual materials, so an

addP@édhal 1HsbxpatiEMghdtedystwars codddted theing

to@hépég%gcéoﬁggliggstgg §9'é§a%512e9: H; breakthrough
test results are summarized in Table 5. Comparing
these 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. As 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 Results for 50vol%/50vol% Mixture

of E221 Catalyst with Activated Alumina



[0064] H2 breakt hrough tests were conducted using the

sane conditions as in Exanple 5 .

WO e®ales9are sunmari zed in Table 5 .
results for the m xture with those for the E221
catal yst alone in Exanple 5
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The

by the nethods provi ded by

axial

external film (kg) and radial

dispersion (D,) coefficients required to estimate

characteristic times are determined from correlations

described in the references cited above.

The ma

cropore

diffusivity (Dy) was estimated from the results of the

gsimulation in Example 3 above using a method described

in U.S.

Patent No.

6,500,2

34.

The characteristic times

estimated for various dispersion types are summarized

in Table

6.

diffusion represents the rate-limiting step for

adsorption in such trace gas removal processes,

These results confirm that macropore

i.e. as

would be expected for large pore zeolites and molecules

such as

[0066]

NZ/ 021

For the column or bed length of 5.9 cm,

COZ l;

CO and the like.

7.9

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




di spersion (D L), external film(k ) and radia

di spersion (D r) coefficients required to estinate
weharmeseyi stic tinmes are determ ned from cor reCHUSING024902

described in the references c%%ed above. The nacropore

diffusivity (D p) was esti nmat fromthe results of

the sinmulation in Exanple 3 above using a nethod

described in US. Patent No. 6 500 234. The
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t he bed reS|denie time for the 5 .9 cm bed depth at
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(0.15s). This is a reasonable indication that the be

|sa@§ﬂ¥ﬁ§@@ﬂ byrt hewnhssakthmnofigh zoneenasauebarﬁeneds

end 0 for. | ow. breakt
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selectlve material with another material, although the
vORURENFF aRR FER1dE / sBLBRPIGE BBSoVBeHMCOErRaEAPYSPT

PagticbesviSahab¥Bant 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)




At first glance, one m ght expect these two factors to
cancel each other. One m ght al so expect the m xture

W o007@e3be in an earlier breakthrough since i nBCT/US®06/024902

particles dilute the selective adsorbent or catalyst
and may reduce the overal|l expdbsure of selective
material to the contam nant nol ecul es. Wil e not
wanting to be bound by any particular theory, it is

believed that increasing the resjidence tine by -
i @& hsing the bed [ength Bslingeh mixtlire act %4
increases the exposyre of selegtive adsorbent and/or

catalyst particles fo the contam nant fmlecul es of -
i ntFeteew fillue in pary to the effects of [radif10 to3.0x10
dilspersion. Table 6 Charactgristic Tinmes of Various
Di|sper si on Mechani s Present fin Adsor ption

P QERRFESTP 15 the dadsorbe t@p@g rcie Tadius [ QQ66F
Radi al di spersion represe notiop of gas
myl ecul es per pendi cul ar twthefaxis of [flow of gas

t el St aeg T e radi-at—directiontetative g the
fljow a%fs.eﬁq"ﬁ'e characteristi% tine for|radial
dilspersi on shown in|Table 6 ps very short and

egt abl i shes the disfance off fhe streamaxis that a

nokeasl theCadddbbfiivpaktidiet Bisiukl Me. The effect can be

vi sual i zed by considering a stream ine of gas

nol ecul es (feed gas) entering a |localized point at the
bedooafet. | RatihatedweperBoohadepl-egenper shenmothen of

t hese nol ecul es woul d nove_strai ght through the bed in

a FpFulclerBWeSnRRRBRNADEELRE FadEhr 8rdgersi bhow of gas

rILABSLSR SHLeGisLip DELLaL, LB CRaLll ROMSASE S cne

| ayépw axis. The characteristic time for radial
dispersion shown in Table 6 is very short and
establishes the distance off the stream axis that a
molecule could travel in this time. The effect can be
vigsualized by considering a streamline of gas molecules
(feed gas) 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



but will be dispersed within a boundary defined by the

volunme of a cone. The vertex of the cone represents a
w@einnoseurce at the bed inlet . The di anet er PET/UR®06/024902

base of the cone is defined hy the degree of radia

di spersion that occurs as th Ebas nol ecul es traverse

the entire length of the bed (cone height) . If a bed

of given length is then doubled by m xing the

sel ectiveadsorbent with another materi al ff equa

vordpRrbeRt restacreet ReremabEbl @5 GhdSENR: vBPiHEe the

fr@&é#?@n@é ﬁf&@caé%ﬁlégsgﬁ@eﬁﬁe'§oh@%¥e§raéhyén'Bf

pl ug ow, the residence tinme and volune fraction :

ef $ebé¢st tancaflseriodbnot herhaThedexpBsuseinoplng flow, the

i ncreases, however, .b factor of ei due to_radi al
e TSR e nRERe Rt o ued EoR Bl fEbe S L 2nhER acn
t herkope hehghtxhssdpabletunEvenctbages, t hewpopyl abion

density of selective material is_halved in this |arger
vofageoruel t oleghiki dge EReradpdsufesSBErEdAtaifinthgaked

no es..t tive pal,Ls Si I
i S RRtELeR Yo TAREASLLSCERESHOIAD, K acuntec.
r esuet i nigofigbnthengbhehahjothéehsilty ThE aséeotime.

m xture, here aﬁo'dsdincreﬁsing t he annfnt of, expensi.ve
mefer taket ot achreVedantehiaP ORTBeFt &P 1HEGef UGt “Pr RAE 1T
COophantRBBEuF&NBY abont hRAVASht THEs PREEeBli1EBVEBt EBNective
applies to the use of eggen5|ve and highly sel ective

adseFpehes dRdoentifgseblyopmplaéécdoftantRaRfieggéfect of
feﬂQ%Bélt 19 Q?%ﬁéﬁ PéQQYEEﬁgOErﬁhgheﬂgghahﬁhg'Ehghbed.
y. ealy y sel eCt

pur i nexpec , mXxing~such hig Ive
maTeeiats wfth wikeoréehsrexpensdseinmareasahyg thsubmsunt

nobfe SBILLLY L achi g M ghet BUCL L M O e

expepsi Verselgeti ¥8nfBhehhAt . 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
such highly selective materials with other less
expensive materials results in the ability to achieve
higher purity, higher capacity and/or lower cost
without adding additional expensive selective material.
[0069] 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 1ikeiy
to contain at least one element from Group VIII or
Group 1B of the Periodic Table. Conditions of the
process, the product purity requirements,

characteristics of the highly selective material and



[0069] The invention generally applies to purification

of gas streans wherein any single or multiple
weonrasmant s to be renoved are present each i PCHUS2006/024902

concentration no greater than 100 O ppm The highly

sel ective materials used i tHi s invention are likely

to contain at |east one elenent from Goup VIII or

Group IB of the Periodic Table. Conditions of the

process,  the product purity, requirenents,
chEPRERBIRRRF cREBFR t FeShi §hiy el 8REFDeCHutePFRI OF

an&&&ﬁf@@ﬁaa8£ 8£E§D¥é€38h£tiEsaeﬁﬁgﬂtﬁooérdﬁeéﬁ ehan the
adsorbent or catalyst that is equal to or less than
t easmssranahst ezozenkehghgt h. Wiienssabhceooddkipoasexist,

exi st erformance may be inproved by increasjng-th

| AoF EBFTBREC| B RC byRT ST TG, DY nenar AT RAP BRGUAEYSF ©F
higbdy1 eebert byemimiggi al The 8txgdnwit Amanathef highly
adsorbent, catalyst_or inert material that is usually

| ez8legpivei vatahtehuth Pé3sdsuibbt poethaanatrerheghly

selectiygr agd fﬁ@§95h¥€e9§£frtﬁ£t-1%09§Q£éi9elgﬁéed
| ayer of the present Invention nay be used as the sole
puekpecaiirenandamschoteasgaslsttéue bhanajghbehogblyf
several layers . within an adsporption or reaction vesse
detF %%ElY% ?%ﬁn@%pﬁﬁ?fVﬁI@aggg%g inants from a gas

st [eam] SuchThE xgdxtayeagepayratse peegenti guedtion may
within a vessel designed for axial flow, radial flow

orbe ateedl 2F| BIE oF Ot RePPF kEiCPhi PRI B&RNBnIpFoRegaEs Stream

in&@fﬁggaﬁgngnéusf o E0ah 2Y8LS 8T 61 BALnT 88 LlaebefeliBn or
any particular set of process”tenperatures or
pressuat tsnexespel adebigneddtbyrehevehanattipiiesti cs of

{heqIpLethale.t benmel ves, APULITT CBLLRNRLOGeIS, IR nay
also be configured within a vessel designed for axial
flow, radial flow or lateral flow or the like.
Purification processes 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 or reaction step such that the highly
selective 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 regeneration of the highly selective
adsorbent or catalyst. However, PSA, VSA, displacement
desorption and combinations of all of these are within
the scope of the invention.

[0071] It is further contemplated that multiple

trace contaminants could also be removed by mixing two



adsorption or reaction step such that the highly

selective material is periodically repl aced.
wWaQ\Ldoenossve vel y, the process may incorporate a PCT/US2006/024902

regeneration step. A thermal §gwpg regeneration

process, such as thermal sw ng adsorption, wll

provi de the nost conplete regeneration of the highly

sel ective adsorbent or catal yst. However, PSA, VSA,

di spl t i op.and conbi.nat i all, of |
CHaBeRare i ehiX PRLEEARE BRCERAST hyERERBAST] B7E) stpale
i slayethen ppaéenatahgﬂn%habpaubtéphayékgpef these

contami nants coul d al so_be renoved by m xi ng twoor
moPRLAT 4Rl oE| éeveve mht BRRAKsMishurRer winhaothayl e

Iays1a£pgg%§c§oﬁtsg§ggei§spageg§igﬁx?fnggtg@ggﬁanner, a

mat eri a ayers of their mxtures w
refatsvehyghby- selective materialsforncbhtamtraaner o dand

fi i gh el ective material for contam nant A (and
o PO R bl F e Lot P OB ORPRAROHETD P o8P rESones

th@hQiaﬂﬁﬁénfofo£h§h§?§eagnaiHB?M1§958§EEMEVQHEQEE§hal
for contam nant B . Likew se, the Second highly
sefeet ot anieantl B( andikevaspverhensacerfiebt ghéyf or

co ] h ' in a mxture w th
CORPAEDL, ()oPle Ra-AneSLLISELy! R TLILLE W L
compavamantntA A) Thetef Aectheweddeptht of neachigatieei alith

I's_Jincreased usj a single layer and w t hout adding
an?h%t%EFS %?bggss?ie?ﬁévﬁd PEhiel FOO72FiTReOr
preseimi AyentAon ¢Ra @Eféé@gvéndépgﬁmbfdégéﬁe&aéggial is
system for the renoval of CO concentration and,

optrerRR 9 t helngndvalngicohayer apdewbthorRGrddO@® any

ang i [HOUL AN DCOLT DT e8g sLgam An exenplary

vesse esi gn SU|ta%}e Fof “T'&foVar “ of CO and
[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: H,0,
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,O adsorbent (31) such as alumina, silica gel or
molecular sieve or mixtures thereof to remove
substantially all of the H;O entering vessel 30. A
second layer (32) of CO, adsorbent such as 13X ARG

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



optionally, other contam nants, is described bel ow

wth reference to Figure 3 . The arrow as shown in
wo-r@anes3® i ndi cates the direction of gas fl ow Par/osne/024902

t he adsorber bed/vessel duriq? the purification step

of the process. A TSA prepuri Ter system i ncor porating

such a vessel is disclosed belowwth reference to

Figure 4 . [0073] Referring again to Figure 3 , vesse

30 is shown, Vessel 30 optionally ntains a firs
agEroSF FRBFAACEIBT Cad) ChubtealBar unfia. C8t |3dsprbent
gehaQernBhacHh8b $LR¥GeOhn Xelhasatingheel t_u-eMVE from
substantially all of the O entering vessel 30. A

se&tbrdHrQyadseBynf laypradsbt berd Shéhdabtaysk AP® which
Of: [ A re _of, t IS I I ly used
{orshavi 20uep, TRl 80 etist S Bl pieh AlRelE 42*Eiacea

adsowhentebayef cap absoadespvenany (Bgithal taaher
remnginin froq1the H20 adsor bent | ayer %gl) ..Athird
IaganF§g¥eﬁﬁicthslﬁ meRPhr £1Pg¢Er T8s thes efifpagnt or

hepebraBevenkSop! apedadawrsihedasabithe €22 adgorhent
By the term "downstreani, it is nmeant closer to the

éfﬁppéﬁﬁi@teérbﬁuéhOéﬂdSbﬁlﬂﬁé é@s@h@eﬁIVe§Q@t.yeBBel 30
w L _be_appreci d t has killed,in the art that
cgn S§OBBe8 %EE aggwfggngdégyﬁgngB alorn

e
vessel can be use | ayer 33 one. A

subsbanthali by128,¢ + Eec@nan £0Cof IR Pas StdRadae el Srs
layer 33_, [0074] It will be appreciated that
addP¥FBnadP | ayers above |ayer 33 or bel ow | ayer 31 can

be radéed f0f1%d§9&?a%ena br%@ﬁ%kﬁai%h§§ %ﬁ@WEiBﬂa?CIayers

publicati on No. 03 1587, entitled "Production o

H ghoPar Layeand3Ubtr RelBogh LByeirt 3 1Gash be[ 60361 for

aC%S%Q%BE%o%‘EQ EQ%aR&%%%ngsigﬁgakigg’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 present invention. An
illustrative process is described herein with reference
to Figure 4. Feed air is compressed in compressor 70
and cooled by chilling means 71 prior to entering one
of two adsorbers (76 and 77) where at least the
contaminants H,;0, CO, and CO 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



exi sting prepurifiers can be easily retrofitted using
the m xture layers of the present invention. An

WO R00am03394 | ve process i s described herein w t hPCT/US2006/024902
reference to Figure 4 . Feed {ﬁr is conpressed in
conpressor 70 and cool ed by chilTing neans 71 prior to
entering one of two adsorbers (76 and 77) where at
| east the contam nants H2O, CO2 and CO are renoved
fromthe air ngagdsorbers 16.and 77 each have the

c

sang gd$8r BeRPT bAfi GAPLFTORRAI ERCRAgiThofhe other

exagpheilRg P88cASradesqr Lbedgwplibgeehgrencg ko figure 3
above. The purified air exi s the adsorber and'then
entensanheani r fxepapuroongasi nayAse) suppieeit fromt hbe
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maynatpentiens epanatedcandeseebvenadaficembbhe cantaminants
Wil e ope of thebeds is adsorbing the contam nants
fr%ﬂgaFﬂ?r?hx pepererateebig regenbrat 8BduBrRgapar g6 for

gaBhe AndkY. 2§90EpM BANLefr €8 EHEQEygﬁé.”a¥hge urge gas

supplied fromthe product  or waste Stream frontt
ormgy ot alzi ritependéptugeucde Nboadds0s b die adsanpedry

' h b te-the.ad b d
o Spar B SECT or R e ReaT S0Sor pLrN-st BT H BHECEyELEn

TheTpny getBaspuibye bgadl?i s Rirat nhabuee ©h Neaasd €8, prior
air or any dry inert gas, In the case of thermal sw ng

adSOrBEIeR PIeR§d, threughr geegadspEberr dv RediEgCHAOD
heabght 82cR11Okt tOobELRY BRSER EQ%&UEE?%PEgaPEQrber

in a direction countercurrent to that o _ eed fl ow
i pdderadsonpttem. st'EpA Igpleychey ahyoalsoliidel ade a

s COR NG T
(PSA) is utilized, there is no heater.
[0076]k 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 compressor 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,O-
saturated feed stream then enters adsorber 76 (77).
Valve 72 (73) is open and valves 74 (75), 78 (79) and
80 (81l) are closed as the adsorber vessel 76 (77) is

pressurized. Once the adsorption pressure is reached,



[0076] The operation of a typical TSA cycle is now

described in reference to Figure 4 for one adsorber
wQa200739skil led in the art will appreciate thetT/Ukm®06/024902

ot her adsorber vessel 77 will operate with the sane

cycle, only out of phase witflthe first adsorber in

such a manner that purified air is continuously

avai l able to the ASU The operation of this

out - of - phase cycle is indicated with reference {o the
nifderes Th patlerePrizesang d@‘%’]?:}f%%%dpﬁ?su‘?% Rt fbteceyd to

thQQﬁR§3§§PFc;g%%%§{@ d1ri SoPiessibh zedyndher heatd8brber

conpression is ved in chiTling nmeans 71, e.g. a

nf%am"c)alha:mid:dmpl@te@ choabideeiphiof dierct vabreacts

a -cooler_a evaporative.cooler.. The_pr rize

b a0 - (G P ET i 1560 SUP Ut Tt e of o1 8 “Spened
adsOIrBEsw "od Whe YabyEod2 1d3)775 ©pen bodeyapresside,

(75) , 78 (79) and 80 (81) are closed as the adsorber
vesgel cFblY 7r3at saiphbeREPERYSURce PRES adlBEBEFBRZed,

pr ey hS ched d rified
e Re T Edimel e bl L RSyt r e
SﬁpmuﬁﬁdumedemmOthheapsod@et &6d (3F7) thasadsapbereds

t sorption ste valves 78 (79) and 72.(73), ar

clg%% - arfd® vaPYe 9§m? ?r}ggoﬁgéé8&¥%eb?%ﬁ}%OM%h?hgeater
adsorbeFnd8® &77)sbOcBat OVBE PHESSUEEs tyPleathy A€Bbrber
anbi ent pressure. Once depressurized, valve 80 (81) is

opemereandtheafead phrgeeEABUFS PHt PRELEBAL LKt othRecOC]
D :
gb%gﬁgétﬁ%d%féviggdaﬁggé?ﬁéy éo(gﬁ%.ve§§e§ogﬁr%?§§oa

urge cyc heater is turned o
t hagpsbe. purge gas cools the adsorber to near the feed

SPRIRY " S SeCBLOnal L bE: £POL PHLAS.LE BLOY! f5dnes
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.

[0079] 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 or
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
equivalent constructions do not depart from the spirit
and scope of the invention as set forth in the appended

claims.



[0078] One of ordinary skill in the art will further

appreci ate that the above description represents only
wapooenesspd e of a typical prepurifier cycle, aneCT/ii82086/024902

are many vari ations of such a typical cycle that nay

be used with the present inVéﬁ%ibn, for exanple as

shown in PCT publication No. 03/101587. [0079] It

shoul d be appreciated by those skilled in the art that

the specific enbodi nents di sclosed above nay be

readily utilized as a basiézﬁﬁﬂﬁﬁodifying or designing

ot RRELSEEUEi Wi gsqaf 95.carrying out the sane purposes of
the present invention. It should also be realized by
those skilled pnrthecactonhaprosech &qui valfestl gas stream

constructions_do.not depart from.the spirit_.and _scop
o CPREA TR B, P hn 885 5P Po PR AR PAE o BB eHHAG P EREE T
. CLALME YWhat cbatamahaed s the. fAepubbbi edream PLECESS

for a feed gas strean1containing at | east one |
cofRPRAPARRECLATWAECR £RE0RP™ eh8F BRECESAt SRMREAEING :

the feed gas n t ' p
gé&é?ﬁ 1 Dag @e%&,ggﬁ EEE%QH @Brohé?f%ag?yer

t he process conpri 3ing: passi t eed gas

t hconghinihgyer me¢shtimenicogpaisirpurpe sedpptivengaderial
sel.ective ma er%ak fortrznnv?l of the, at .| east one_
conPant FARY 2anda '8 8 s &F8Eti PESnEPEF PRI PREVI AGCa® 1o°S
|Oﬂﬁﬂeéﬁiﬁéth&tb&ib@mﬂb@ihbeaaﬂoM@@SbeQ@@t@@ﬂtzﬂhﬁﬂa&d
relative to the selective material ; wherein the

mi %B@rat| 4§epthaseacoRerABsstdirReAsisR L WP gedective
di Li-oniof the feed gas streamflow of the m xed
Ia@gg, tﬁe'(L M.) being | ess than or

wherein the mixture layer has a thickness

dimension (Ly;,) in a direction of the feed gas stream
flow of the mixed layer, the (Lw.) being less than or
equal to a length of a mass transfer zone (Liyrz) in
which the Lyrz 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 contaminant at a concentration £ lppm.

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 VIII

or Group IB of the Periodic Table.

4., The process of claim 1, wherein the selective

material comprises an adsorbent.



equal to a length of a mass transfer zone (LMIZ ) in

which the LMIZ is defined by conditions of the process
w@arpa7obs9sel ective material; and wherein the re@musio0€624902

the at | east one contam nant results in a purified

product containing the at |'edst One contam nant at a

concentration Ippm 2 . The process of claiml

wherein the selective material conprises a catalyst. 3

. The process of claim2 , wherein the selective ,

mat er i aP -conTAEnBTaFeFEaSt 6heil) &melPerrdm GhsuseVPrLive

or nGX QURaH B-Bhe hRRsPaE! 9dber TaBLE 18mentNe REOGESIOVIIT

claim1 , wherein the selective material conprises an

adsor Bentip5IB PhethrofPesdodficclabde4 , wherein the

sel ective material contains at | east one elenment from

Goup VIIl or Goup IB of the Periodic Table. 6 . The

processeof clraemp2ocewhebgi albha ¢! abkirdenmaher isallective

contains Ag. 7 . The process of claim1l , wherein the

| e¥3tesraét FeBtARNEr PEl- conprises a porous material. 8

The process of claim1l , wherein the | ess selective

mat eri al conprises a non-porous material. 9 . The

process70f clfaenptocenkerdi nloha leswheekdat ithe less

material .conprises an inert material . 10. The _process

of SSFLSF 1© MGHEF&RT CREPEGFREI 8dPPrEHGCIoESHE S ns t he

at | east one contam nant at a concentration 100 ppb.

11. The process of claiml , wherein the purified

product 8cont APRsPERESEE Péast adhe leombaieranthat lgss

COQ%?@EE@QEOHatEEEBE'comprises a non-porous material.

9. The process of claim 1, wherein the less

selective material 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 < 10ppb.

12. The process of claim 1, wherein the at least
one contaminant in the feed gas stream has a

concentration of £ 1000ppm.

13. The process of claim 1, wherein the at least
one contaminant in the feed gas stream has a

concentration of < 100ppm.



12. The process of claiml1l , wherein the at | east one
contamnant in the feed gas stream has a concentration
w@B007/0@33®ppm 13. The process of claim1l , wheP&i/nS1006€024902
at | east one contam nant int feed gas stream has a
concentration of | Q0ppm 14. e process of claim 12,
wherein the at | east one contam nant in the feed gas
strean1has a concentration of ICppn1 15. The process
of clal Hhere n the east ont am nant has

a concen?ratloﬁ Partrs=st gﬁWn f W REBATY &PFoRtI Aeast
t henéeedngasistneamnt ahéhﬁeéargélseat%%u%sl B a range
of from about 10 to 10s . 16. The process of claiml
WhEPBFRIERBEAPT| @Bst &RABP®ent ani nant has a
concentration ratio of greater than 105. 17. The
process of claiml1l , wherein the selective material is
a hi ghl ¥5sel Eoei prooabsr ofll claifl. 1Thehpredcasshef ael acAst
mhere n the QU£ified groduct contai ns the at |east
t

17
ond 2 oRTART HaRE at 14 cBnC et PR FOhICR0B2ppB. Of9. The

pr@ﬁﬁﬁémﬂﬁaﬁtat@hééntﬁﬁ@i@hnlﬁh@h@“féé&egagrQggégm to the
contains the at | east one contam nant at

copicEht +ad | Brednchpbl 20ramde of ofbew @boutailfh t3, 10°
wherein the selective material contains at |east one

el ement fromGoup VIII or Goup IB of the Periodic
Tabl e. 24, Thiee ppocesssobfctébaimll, wherein the at least

m xt ure cont ai ns ahout 10-80 volunme % of the selective
nﬁ?er|%ﬁntamlnant as a concentration ratio of greater

than 10°.

17. The process of claim 1, wherein the selective

material is a highly selective material.

18. The process of claim 17, wherein the purified
product contains the at least one contaminant at a

concentration £ 100 ppb.

19. The process of claim 17, wherein the purified
product contains the at least one contaminant at a

concentration £ 10ppb.

20. The process of claim 17, wherein the
gselective material contains at least one element from

Group VIII or Group IB of the Periodic Table.

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

material.



