LOW MESOPORE ADSORBENT CONTACTORS FOR USE | N SW NG
ADSORPTI ON PROCESSES FI ELD OF THE | NVENTI ON [ 0001] The
wohesans2si nvention rel ates to engi neered strugcai®3008/006071

adsor bent contactors having -d Pplurality of flow
channels for use in pressure swi ng adsorption and
thermal sw ng adsorption processes. The flow channel s
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cont act ors, :
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andeﬁwrbp@kerlaﬁge,processes can be used to separate gases

in a mxture because different gases tend to fill the

m cropore or free volune of the adsorbent to different
BACKEIROUND @QF GEIHEMNVYENGIONIch as natural gas, for

exanpl e, is passed under pressure through a vessel

containing polyneric or mcroporous adsorbent that
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It is then ready for another cycle.[0003] Another
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adsorbent materials or within the free volume of a polymeric material. The

higher the pressure, the more gas is adsorbed. When the pressure is reduced, the
gas is released, or desorbed. PSA processes can be used to separate gases in a
mixture because different gases tend to fill the micropore or free volume of the
adsorbent to different extents. If a gas mixture, such as natural gas, for example,
_ is passed under pressure through a vessel containing polymeric or microporous
adsorbent that fills with more nitrogen than it does methane, part or all of the
nitrogen will stay in the sorbent bed, and the gas coming out of the vessel will be
enriched in methane. When the bed reaches the end of its capacity to adsorb
nitrogen, it can be regenerated by reducing the pressure, thereby releasing the

adsorbed nitrogen. It is then ready for another cycle.



tend to be adsorbed within the pore structure of the

m cr oporous adsorbent materials or within the free
wovabsimesaf a polyneric material. Wien the tempermatis2o@/006071

of the adsorbent is increaséd;" the gas is rel eased, or

desorbed. By cyclically swi nging the tenperature of

adsor bent beds, TSA processes can be used to separate

gases in a mxture when used with an adsorbent that

sel ectively picks up one or nore of the conponents in
[0003] gaAnGthetingportdilEah séptaatibr échnique BISmpesitarsswing

usual ly very porous materials chosen because of their
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adsorbent to discrimnate between different gasses. In
addition to their affinity for different gases,
[0004] | t e'sdsanbers fier PYAsysteimsarciusably vesy porois matetiats chosen
carbon nol ecul ar sieves, may utilize their nol ecul ar
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ability of -the larger no es to sor
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fill the mcropore structure of an adsorbent with one

maejecyigs thigkeuirtacerarens of several hyngradesquage meters per gramieaable
nol ecul. ar eci es that select,ivel i1l the. m cropores
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to as the"heavy" conponents and the nol ecul ar species
that do not selectively fill the m cropores or open

[0005]une Differéiet mdkeonles thndave diffateny affiities €6k dd3ofstidhmto
"light" conponents. [0006] An early teaching of a PSA
thgpogecsstrichueiofppenvolememddhe gdsarhents This provides one
mechanism for the adsorbent to discriminate between different gasses. In
addition to their affinity for different gases, zeolites and some types of activated
carbons, called carbon molecular sieves, may utilize their molecular sieve
characteristics to exclude or slow the diffusion of some gas molecules into their
structure. This provides a mechanism for selective adsorption based on the size
of the molecules and usually restricts the ability of the larger molecules to be
adsorbed. Either of these mechanisms can be employed to selectively fill the
micropore structure of an adsorbent with one or more species from a multi-

component gas mixture. The molecular species that selectively fill the

micropores or open volume of the adsorbent are usually referred to as the



found in U S. Patent No. 3,430,418 wherein a system
having at | east four beds is described. This '418

womabenisgdescri bes a cyclic PSA processi ng sequypenass20dsaieo1
i ncludes in each bed: (1) hi‘éﬁer pressure adsorption

with rel ease of product effluent fromthe product end
of the bed; (2) co-current depressurization to
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(5) repressurization. The void space gas rel eased

comhponemgst he co-current depressurization step is
commonly enpl oyed for pressure equalization purposes
and to provide purge gas to a bed at its |ower
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the bed is depressurized countercurrently to recover

cotripenbrtnsuaklyydropspuere lawert whes tHeefeddegad is inteoducgttat higher
conponent still preser%t in. the :

pressures (1.€., pressures above 500 psig).

[0007] For the recovery of a purified strongly adsorbed "heavy" component,
an additional step is usually necessary, namely, rinsing of the bed with a heavy
component to displace the light component from the bed prior to
depressurization. The rinsing step is well known in the art. The problems
associated with these processes are the following: (a) if the rinsing is complete
and the light component is completely displaced from the bed, substantially pure
heavy component can be obtained, but the adsorption front of the heavy

component breaks through to the light component and the latter cannot be



bed reaches the feed end very rapidly and the purity

of the heavy conponent drops. Therefore it is not
wopoezissg2al in the prior art to obtain both keyct/us2008/006071

conmponents at high purity i3 single PSA unit. [0008]

The faster the beds performsteps to conplete a cycle,

the small er the beds can be when used to process a
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Al,
o, YRR Al SRS e o E5ABIE SERLE) it
UL AR SR LS O BT SWER ot

appréachesibaedpécingldyele Gintia P SK processes Kaviesiiedged which use
paral |l el channel, a spacer may be present in the space
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mesopor es and macropores.[0010] Mesopores and

in these oad eyclerpregsureswing adsorption ppro¢espesov A pipreachesgo
transfer cflg]act eristics of adﬁor bent s uaed in either

copstricting narallel passageenntactors wih stiysiued adsprbentshiavg been
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WOR06PLTSD AP, WOYENS0 U RRCARIWOICIUBEOYOA S, have
been wi dely di scussed. See for exanple U S. Patent

Nos. 6,436,171 and 6, 284, 021. Inprovenents in nass
[0009)nsf &n aglasalled ichanstli comtactor, the adsorbent lines the wall of the

flow channel which can be formed from the space between parallel plates or the
open path through a duct or tube. When parallel plates are used to form the
parallel channel, a sp'acer may be present in the space of the parallel channel.
An example of a spacer-less parallel passage contactor as provided in
US20040197596 Al and an example of a parallel passage contactor with a high
density adsorbent structure is given in US20050129952A1. In all cases, the
adsorbent used to line the parallel channel contains both mesopores and

macropores.



fromthe presence of nesopores and macropores in
paral l el channel contactors are discussed in EP1413348
wO0Abes/Ass3uch, the prior art tgaches that a | apge/usdais®ico71
of nmesopores and macropores~dre needed in an adsor bent
particle or |ayer of adsorbent in order to have nass
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and/ or heavy hydrocarbons that have to be renbved to
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ocqurp.r ovemsnts I n process econom Cs and aI SO serve to
prevent - - unwant ed resource | oss. Is desirable
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recovery nore efficiently, at |ower costs, and
solhtigh¢o the/problembndiprededidg ,gopdrrecmdryrdfyhahght component and
purity when the feed gas is at very high-pressure. This is a critical issue since
natural gas is often producedo at high pressures (500-7000 psi) and methane acts
as a light component in the adsorption process. Many gas fields also contain
significant levels of H,0, H,S, CO,, N,, mercaptans and/or heavy hydrocarbons
that have to be removed to various degrees before the gas can be transported to
market. It is preferred that as much of the acid gases H,S and CO, be removed
from natural gas as possible. In all natural gas separations, methane is a
valuable component and acts as a light component in swing adsorption

processes. Small increases in recovery of this light component can result in

significant improvements in process economics and also serve to prevent



hi gher nethane yields. [0012] Simlarly, for other
gaseous feed streans, the prior art describes severa

wovRYS14383r ecover hi gh anounts of the heavy copeangRbrs/ 006071
in a heavy conponent rich "réj-ect” stream but cannot
achi eve as high a recovery of the |light conponents in
the light conponent rich product stream This
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Whilisvanieusoprogesses epist 01 xemaying €43,, HuSt and drdsemsnatyral gas
a) a gas inlet . end; and b) a gas. oytlet_ end. wherein
ther¢, gergaips jarfieed for ar%sq%@?dg%g%mlﬁ t a¥ill ReFformhthis fregvery
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e B G0 Slo R LU i o YigRRPA A SRR Spariculany a
highefRidtRAfE ikl adsorbent material that has a
selectivity for a first gas conponent over a second

gas conponent of a gas m xture greater than 5, and
wherein. the contactor has | ess than about ,20% of ifs

[0M2dn péimiledyyfar qthepgassqunfacd sticams: BesPiipioant desemles
abaut 20, angstrons,and | ess.t.h about 1 m cron 4]
seRRal v AietS 3¢ I BerR Xtmeortisfd Bs bAYY
| k@] < ) n LS hoH; Hedove
CO e SR, DA ioF BARELE b Mg 4 HoveRflof the
lighte¢ahpenerits invtlehligintedgimporsentt vichrprodadtetreant. oThisadifference in
adsaorbent structure. BOOlS I n anot her enbodi nent, the
recoperies begoraesgicater asdhe feed prgpsine ingrgasasom about 5 to

about 1000 microns. [0016] In yet other enbodi nents,
the adsorbent material is conprised of a material

SUMMARSIOF PIFE )qonsi sting of zeolites,

) i cates, stannosilicates,
al um nophosphates (Al PGs), silicaal um nophosphates

[00334PCs In a8¢braan&Owithithe préstht fiven€ion thélelis brévidedianl

anot her enbodi nent the adsorbent material is conprised
adsufrbent @ntaatgr foraisetin siing allsorptiofigas sepdratian ippocdss funds)

about 1:1 to about 1000: 1. S
comprising:

a) a gas inlet end; and
b) a gas outlet end;

wherein the gas inlet end and the gas outlet end are in fluid connection by a
plurality of open flow channels wherein the surface of the open flow channels
are comprised of an édsorbent material that has a selectivity for a first gas
component over a second gas component of a gas mixture greater than 5, and
wherein the contactor has less than about 20% of its open pore volume in pores

with diameters greater than about 20 angstroms and less than about 1 micron.



[0018] In another enbodi ment the contactor has |ess

t han about 10% of its open pore volune in pores with
wodoahaibe3s greater than about 20 angstrons angdrag2008/006071

than about 1 mcron. [0019] -n anot her enbodi nent t he

adsorbent contains an effective anmount of bl ocking

agent occupyi ng nesopores and macropores so that no
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Isint sodeor greater size ra
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hereof is a representation one enbodi nent of a
substardialkyl paraldel rféow chansels are bicorperatadantnthe adserbend striugture.

the formof a nmonolith directly formed fromthe

m cr opor ous adsorbent of the present i nvention and

10385 B AyPePbh Bl B SHAPER ve octionnctgap
frohE B AR oAdH P lﬁbG'?ﬂlc}&?s | ongi tudi nal axis of the
monolith of Figure 1. [0022] Figure 3 hereof is a

representation of a magnified section of the

crosssectional view of the nonolith of FI%
[00d6d i nin yetother embedimentscthgadserbenhmajerd rlééﬁmﬂfﬁ‘?é rOf a

maﬁ%%ﬁ%s@é&e%ﬁ B eshor s@ﬁsﬁ%%%%f %lﬁﬁfft Fiodlishs,

ferﬂ%annefs SERhBSIFh ! é’lﬂ gﬁbszﬂ‘f% Q&qpb fa parall el
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silichalantineplassphamrs I(SAIPOd)eme dahboxadﬁﬂédlﬂmt sieeger s
coated onto the channel wall. [0024] Figure 5 hereof

is an electron mcrograph of the surface of a DDR film
100135, oo T3 aRtGE cRtBEImER: o adEPRmAAeriaL/S ofiprised of an
B-rhEEdIRE o L8R S N B RPN IR TY BFablf1006: 1,252

m crograph of the surface of an MFI filmthat is also

suitable to act as an adsorbent |ayer of the
[0038ht aclwasotbér embogdimentrthe |cnn‘@|¢tordmsvlpsshthan\abbuhb0% of its

fraction of .open nes res and ni cropor is | ess
open pore volume in IC}))ores w1t?1p(ﬁameters greater &gn a out 58 angstroms and

less than about 1 micron.

[0019] In another embodiment the adsorbent contains an effective amount of
blocking agent occupying mesopores and macropores so that no more than about
20 vol.% of open pore volume of the adsorbent is in the mesopore or greater size

range.

BRIEF DESCRIPTION OF THE FIGURES

[0020] Figure 1 hereof is a representation of one embodiment of a parallel
channel contactor of the present invention in the form of a monolith directly
formed from the microporous adsorbent of the present invention and containing

a plurality of parallel channels.



than about 7% [0026] Figure 7 hereof represents
anot her enbodi nent of the present invention in which
wotdoes/ 383l | el channel contactor is in the formpaaiu008/006071
coated nonolith for TSA appl‘iscati ons where the
adsorbent |ayer is coated onto the channel walls of a
preformed nonolith. [0027] Figure 8 hereof is a
representation of a parallel channel contactor of the
present invention in the formof an array of hollow
[0021per sFigfte 8] hdregfifsea &roessectionial ropresenatitve along the
representation of a parallel channel contactor of the
longitudinal axisvefrthe snomelithiof Kigarer br m of a hol | ow fi ber
contactor for TSA applications. [0029] Figure 10
her eof is another representation of a hollow fiber
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i ndi cate the edges of the outer surface. [0030] Figure
adsbtbé¢mtrleyér aleng witlpa ddeckiing agentafccapy mgsuonerefitheamesdpores
resent invention wherein the parallel contactor is
an@m?@ma%d fromparallel |aninate sheets. [0031]
-Figure 12 hereof is a schematic diagramof a preferred

aYye S . i
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preferred five steps PSA/ RCPSA process for treating a
maosiolidtawheonthe adsogbets dayerds coatedooito thedchenmet wall. vol . %
CH4. [0033] Figure 14 hereof is a scherrati c di agram of
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esent I nve of treat _
1nv%hf1@ﬁﬂintl|i ARJPUmEIfEaetion 1T dpRheAésdpores &fd'Rii&loperes that is less
representation of an enbodi ment of the present
thanrabeut 7% t hat enabl es chr ormt ographi c-1i ke separation
of a

[0025] Figure 6 is an electron micrograph of the surface of an MFI film that
is also suitable to act as an adsorbent layer of the contactors of the present
invention with a volume fraction of open mesopores and micropores that is less

than about 7%.

[0026] Figure 7 hereof represents another embodiment of the present
invention in which the parallel channel contactor is in the form of a coated
monolith for TSA applications where the adsorbent layer is coated onto the

channel walls of a preformed monolith.

[0027] Figure 8 hereof is a representation of a parallel channel contactor of

the present invention in the form of an array of hollow fibers.



mul ti conponent feed into several streanms each
concentrating different species. This

woqhagmggzggr aphic-1ike separation is referred tpeTAS2008/006071
"Tenperature Wave Adsorpti o TTWA). [0036] Figure 17
hereof is a schematic representation of a preferred
procedure for neasuring the volunme fraction of

op .
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adsor bent contactors for use in sw ng adsorption

TS¢x applieasionswhi ch adsorbent contactors contain a
pl urali ty of flow channel s and whi ch contactors
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e mesopore and nmacropore size range. term
contadtr rbedired aahspirent. Detted linewzad used o mdla@ﬂe uhesdfes Of the
structured and unstructured adsorbent contactors. The

ouprefifiaced contactors of the present invention are a
type of structured adsorbent contactor entitled herein

1 el hann contactors" for use i.n therJml
(0@, > EReusF Tt ePFe & e Hition &% $BBopintM TR present
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o A SR AT M
shéatb.ng or di spl acenent purge adsorption (PPSA)

t echnol ogi es. These sw ng adsorption processes can be
conducted with rapid cycl es, in which case they are
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PSREPAAER I -G08 BB AR2950:

aba‘ﬁtesoeﬁp%s@}mg adsor pti on processes shall be taken to
include all of these processes (i.e. TSA, PSA, PPSA,

RCTSA, RCPSA, and RCPPSA) i ncl udi ng conbi nati ons of

O P e B RS B o S5 s
PS %PS% rddess E&‘r‘:{ergatm ng A Yo galh %; E%H(yt%séol %oNz and

ah R e rei yre eren Speci
abog_eggr%[%cc apes” (in V\,hi ch case would apply only to
structured adsorbent contactors), that allpreferred
enbodinents as described in this application, such as,

limted to, cotact r voj dages, par.ati on
(0033 ondigwreddcherset 5 &l l%ﬁég%am @ an integrated process

utilizing a turboexpander and a PSA process of the present invention.

[0034] Figure 15 hereof is a schematic representation of an embodiment of

the present invention for treating a flue gas stream.

[0035] Figure 16 hereof is a schematic representation of an embodiment of
the present invention that enables chromatographic-like separation of a

multicomponent feed into several streams each concentrating different species.



conditions, preferred materials, etc., apply to both
structured and unstructured adsorbent contactors of
wotdoes/fasesent invention as descri bed herein. [ @@3fls2008®06071
structure of parall el chanrmel® tontactors, incl udi ng
fixed surfaces on which the adsorbent or other active
material is held, provides significant benefits over
r
T O] s e e Wade
Adsorpoiond fTWA)ti cl es. "Paral |l el channel contactors" are
defined herein as a subset of adsorbent contactors
conprising structured (engi neered) adsorbents in which
staptiall arallel flow.channels are i.ncorporated
(003675 ¢ Rledndl Bt isdschelibuc opESemaRay, ot ARG
f . .
progEdf 7 Snkufink 4. Sl HAEAGN of FRAKpOres il atioPores of
adsoRb&itiodntactdrs cFihe peseht fiveHibhr € may contain itens
such as, but not limted to, support materials, heat
sink materials, void reduction conponents, etc., which

DET AR T3 13 SERIPL SN OE VB NENTION ) o' 19 oo

haviné ofdiﬁafy skill in fhe ért and they can be

applied to remove a variety of target gases froma
[0037§e VThE Praset iBRNtIGh}S dirested!th adSofbRAf tOhtacioPs for use in
significantly inprove the recovery percentage of the
swinggadsormtipopmtesses, whidsadsoxbent €ohtactars cohtdiha ploedigyof
i nvention. The "light conponent” as utilized herein is

floyvghannels and wWhichsgantactars contain 20cvelep ardass pesferably 15

Vol BARE ork EREAAR Ly i GBS s e B ER iy Svor%s or
les@PﬂﬁﬁxSG}Béh pbresvolifRViK FREPRNBBImespord hhd ﬁ?&raﬁér‘éi size
is taken to be the species, or nolecular conponent, or

rangonfltedntm "alisdrbantcqutadtor'eas utilized herkmnincfudes Hotle structured
adsorbent in the adsorption step of the process, Wth

ang pesteusituredhaiserbant cpatagiass.c Ahe ipiciemedsiontagtors:af the resent
P56 . SERIFEG Bk BBl LB ST parate
chd¥n@f ESTtaE s Ofor Us€ 3 %erh‘gag g\l}?rp% gﬁsvcfgﬁtlgf/lg kgg‘i{;&g "#dSarious types

preferably greater than nor e

of presfire abliyg gdserpeiontpracesabpitichfing @on¥entisth] Pposdsure swing
pref erabIX greater than about 95 vol.% of the )
adsosptiem (B A).rand pagtial prsspraswing or displacsmeni ipyrgé adsorption

S T N

rapid cycles, in which case they are referred to as rapid cycle thermal swing

adsorption (RCTSA), rapid cycle pressure swing adsorption (RCPSA), and rapid
cycle partial pressure swing or displacement purgé adsorption (RCPPSA)
technologies. The term swing adsorption processes shall be taken to include all
of these processes (i.e. TSA, PSA, PPSA, RCTSA, RCPSA, and RCPPSA)
including combinations of these processes. Such processes require efficient
contact of a gas mixture with a solid adsorbent material. It should also be noted
that unless otherwise noted herein or by reference to specific "geometric shapes”

(in which case would apply only to structured adsorbent contactors), that all



conmponent in the product streamdivided by the tine
averaged nolar flow rate of the |ight conponent in the

wofpegiaggam Simlarly, recovery of the heavy peangERosnoco71
is defined as the tine aver*a’g‘ed nolar flow rate of the

heavy conmponent in the product stream divided by the
time averaged nolar flow rate of the heavy conponent

preifﬂ-r&i‘ EmbBaHRLAE AT deE AW in' %ﬁ@fbraﬁgfi m%‘%@ [ifnifdd to,

esent 1 nvention cont aln ery

coﬁtaa@f voidagés, %@parmcuwn%ﬁn@mm@efﬁmgmss oplepdtings,
the structured bed adsorbent contactors of the present

conditiens, ippefecrsdtmaterialss sta. happlyibo boﬂnﬂruatured; ansh eassrugbnged
| ess than about, 15 vol.% nor.e bl | ess t han
adsorbrnt coptagiprsRf the preseat "mee%lev 55 ﬁysqrg&‘*ym{sw about 5

vol . % of their pore volune in open pores in the

BT henip e G BERRFAE LBl eoRtaclieS dREhRAnG IR ed sypfaces
on %1&9&1@&&%&5%&'0&1@6ﬁ afige miReiaPRHedd, providésisigieificant
herein to be pores with sizes greater ‘than 500

benafifs bvenpreaiwilsl aswentianaligasiseparatioBanethods tsuehfasowessels
co§ovaghdsShrul il e Fimat RecoBenteibse BRI agne
cof BRI Rel e R A RGP RSH R Bl
stridtuRQ (@ gﬁféﬁk&! )@dsobenty il which ﬁﬁﬁmﬁﬁhﬂgﬁa}"eﬂle\l aﬂdW channels

conmponents of & gas m xture. Different test nmethods as
aredasorpobatdd lirocthe adsortbenbstructart. t Bhesedbow ehahecls ahaybe

ol o Y, il s
s 5B SRl Aok SRR A Sl ms

su&%s%ﬁﬂnwlﬁﬂgattb Afbrfd0d) h%ﬁgﬁhk%@teﬁal]s %Rf Riduction
I n di amet er d|V|ded the total volunme of

compohars.astcl ndfich arextescpnbed dnyretﬂuﬁy&rémnbent mat eri al
i ncl udi ng associ at ed Mesopor es and macr opor es in the

adsor bent structure. "Swept vol unme such a .
(00394 ne@?"ﬂ% aflmmtlenm%@%e%%rewél wet known &ﬁbﬁm&% having

oS ithe Y oBe SHEY P BF AbplIRLES defaone S5 Pthreer

e R BRRi  pSSy it 0 il Sninc o
the recovery percentage of the light component of a gas mixture by use of the
present invention. The "light component" as utilized herein is taken to be the A
species, or molecular component, or components that are not preferentially taken
| up by the adsorbent in the adsorption step of the process. Conversely, the
"heavy component" as utilized herein is taken to be the species, or molecular
component, or components that are preferentially taken up by the adsorbent in
the adsorption step of the process. With the contactors of the present invention,
it has been unexpectedly discovered that total recovery of the light component
achieved in the swing adsorption process can be greater than about 80 vol.%,

more preferably greater than about 85 vol.%, even more preferably greater than

about 90 vol.%, and most preferably greater than about 95 vol.% of the content



[0042] The preferred test for determ ning the volune

fraction of open nesopores and macropores of the
wocond/aesar is defined as follogws and i nvol ves pan/us2008/006071

anal ysis of the isotherm of” 12 -condensabl e vapor

adsorbed by the contactor. A liquid which has a vapor

pressure greater than 0.1 torr at the tenperature of

i i iR ' t ¢ Ifght

e R (Nt S =00 Y
corhpomeritis dofinedaethet tire averagedimolas floanthte oftlee Hght have

sufficiently high vapor pressures that they can be
compeienidn tampradugbsteean gliyided by thp dimeiaverpged malanflew rate

of B Iight comnearabin Beapbican Sl teonva i he Ry
corhponeht §5BEHnED 58 ﬂﬁqslﬁelﬁ@gﬁafégarlﬁgla?ﬁgw”}ﬁg oFkhd H&b ty

cropore volune w e desorption anch

corfip1iétl h @e proRPSir&fim divided DS thE ines averagéd dlheflow rate
wth liquidare enptied. It is well known that there

of the healy sompenest nethedeedstteamadsor pti on and desor pti on
branches of the isotherm Detailed analysis of the

1003 | She aes aReREeanunsions ot e etdn fivention GRatiA & vesy low
volflh‘fe‘ ﬁa—gﬁonrgf?# ?g%rfﬁlgg@]g#%? hléld A SEbEGrRs 2 Tzig??su HedERhctlfed bed

e Vo nmesopores a I’TﬁCTOpOT es In

adsoftSerit icoHEHCHES Sf ARG prdsent invEBoR CEARIN Rids MRAS AT vol. %,
techni que described in the follow ng paragraphs

prefieablyeless tham abioas é S prol 46, pbes prefa@bBj less than atpitd 0 vol.%,
| ocki ng. agent is not used in the contactoy the

andymgsbaRsTerabli quﬁélbm gbauy iSSV‘Hzra%égrt%‘ﬁ PPEE VQRung t open pores
. r f e S : of
in R 35oBobe ind Bkt Eindt> P TR0 B MG BRd e RELPR s
TUPACRotBtEpores vith§ize St MR LIPS 0 Pan@stichR sE2&ahaé.] Weacropores

portion of the contactor. A representative portion of
aretdedinedriteacindo bequres withssizesagreaten tieart 50@ angstsoms and iless

of the contactor and has a nmass that is between 10%
thag Jgmigon, decanse theslowchanaels gre larger thandgmicrendn size, they

the mass of, the contagtor used in this asur enment
are 8 SRS et s Bth o Bhenalrost phwas B BHGHER weirpean
rp i i I BlotKifig! dpleht &d that
S B Bk e i ¢ nOEp i By B Wloiig st fd tha
arekhPablerofdbeing vequpied,ndsatntvallyonoi-selectivelyhby contpomients, of a
into a seal abl e vacuum tight cantai ner
gas mixture. Different test methods as described below are to be used to
measure the volume fraction of open pores in a contactor depending on the

structure of the contactor.

[0041] Open pore volume (in percent or volume percent) is defined herein as
the volume of the pores in the adsorbent that are between 20 angstroms and
10,000 angstroms (1 micron) in diameter divided by the total volume of the
contactor that is occupied by the adsorbent material including associated
mesopores and macropores in the adsorbent structure. "Swept volumes" such as
engineering flow channels as well as the volume occupied by any non-adsorbent

material, such as but not limited to, support materials, blocking agents, thermal



1103 and evacuating the contai ner. Chanber 1103 is

desi gned so that the volune defined by the exterior
womd/ages3of the contactor 1101 is . at | east 50%cafust®/006071

interi or volume of the chambb}: The vacuum ti ght

container is equipped with a pressure transducer 1173

and a cable 1171 to power the transducer and transmt
mak$i8, SNt nde NRIEd&Tin theanadit P YoRimE Dcetipiedbystetdtibrbent

I't can neasure pressures with an accuracy of 0.°01
material. A suitable transducer for such a neasurenent is

a capaci tance manoneter. [0044] The vacuumti ght

vessel 1103 and all of the equippent, used to evacuate
(00424 | cdhe|preteared; test for detesaping the Nomﬂm%raaaaﬁtqaftqpég

meZhporss 5 FoActoR RS b 366 o afror 1S Ak Red B R TR A fPbiyes an
anz%lﬁﬁ@%‘f@ﬁé‘fs%tlﬂg 8 8%ohdénsaBleddpo? GdsdibedBsothe Wontddiet. A

e vacuumtight container 1103 and vessel's 1125 and

liqlitkrhfvhehata vaporpressuire gesaparthtn Ol toef at theaovthpetatare of the
each step used to dose hexane into the contactor their
test isrgpsuitable materialghat eancbe upaditot predues a ¢endensabbsyaparg At 20
o~and 1199 that.can,he read wyth a resol uti,on of 0.01
CowaterRexang, WHE%‘EFE)Y qzsaﬁitﬁh&nwylam @PdBW%‘%ﬁ?"e
f r [
suftERly BERRRr ppRsties dhitibef oah BE/RARNORALAARIE Papors. In

theddt$oftici bmeh Jfekeisdtlikasi (ubtsined biyHacreasitigthie peéssure of the
t her nrocoupl es 1195, 1197 and 1199 remain constant to

condanisable-vapog), Gapilary condénsation aﬂlls amptyeniqropa®, mesppore, |
o 45 S a5 T e o
52 BB BSOS Gl S Gy BB, 1

is WERknbQ/iEhat HRIE Sa hipSteftid HeTRRen B ddddtptibh land ¥e3bption
vapor (chosen as an éexanpl e of a condensabl e vapor at

bra3ich€) of thedsothesml Ddtadeduanalybis dfehk adbenpkied.isathegmirslies in
done_ by qpening val ves, 1127, 1151, and 1153 |1 owi n
Pa‘[tiqli‘éhﬁﬁfévtrh%ﬂ“qt@na‘b’h'&@ﬁé avelbknown ¢, Brﬁsséi’ﬁp“‘ifgm the'art) The
viagu ve ls 112 nd 1141 P '
de BT AR sLEPE%I s o mBafimitt A et bnecr AL U
mééﬁi’re@%ﬁ%ﬁ@%ﬁo%qh%e $Hdtupdtfla nt! ?ﬁ@?ﬁéfeﬁ%ﬁy to
power themand transmt the signals generated. The
mdasareschnt ¢éecchiriquddesenibed i fhe fallwinggraragraphs derives from these
pressureswith an accuracy of 0.01 torr and suitable
pripgiplefducers are capacitance
[0043] If a liquid blocking agent is not used in the contactor the procedure
outlined in this paragraph is used to measure the volume of open mesopores and
macropores of the subject contactor. This measurement is performed on either
the entire contactor or a representative portion of the contactor. A representative
portion of the contactor contains a least an entire cross section of the contactor -
and has a mass that is between 10% and 100% of the mass of the contactor.
Additionally, the mass of the contactor used in this measurement should be more
than 50 gramé. A preferred procedure is represented in Figure 17 hereof wherein

the initial steps of the procedure involve placing the contactor 1101 ora



manoneters. The vessel 1125 and 1141 are evacuated so

that transducers 1163 and 1143 read a pressure of |ess
wotb@m488283 torr. Valve 1127 is then closed angctrhs2008/006071

systemis considered | eak t1bﬁt if the pressure

recorded by transducers 1163 and 1143 does not rise by

nore than 0.02 torr over a three hour period. At this
sl pERob g nbLeh, A sSLIRAN P00 Bebt contine

1103 asd &ddoudoingahe cbnring! vEhaiber 1103 ds dés4§nmlhﬁo that the
originally filled wwth liquid hexane. To sto

voluinig d¢@1 by theeextetior surface ofthgsontasgor lsl%lﬁtat lf@M@]% of

the pRrulma) thacBambe Lhe vAGHIIR et ¢ouBiNer iy quipped

will RSS-S0 117400 SR LIFISETANE (ERRR,RY and
traR§hit@e Sfgndl P%rﬂ#h&ﬂ. driRPRam@icbeisihRsen' 56 that iv ésbfileasure
1141 t hus alTow ng the hexane to boil. This degassing

pressures aeitlean accwrpeyp0E0.(li toer.t Ansedtablef amsduleer forsach ai n
vessel 1141 can _be used. At this point valve 1153 is

meéﬁ‘é@élf“&l*ﬁﬁ?@l’%‘@i??“ﬁ@%@h t hus evacuating |ine
1129. Valve 1153 is then opened pul I i ng a vacuum on

00817, T BRSPS o O SRR

evziclﬁ?e eSS ndSAm Yiedtv &6 e PRAHI l&ﬂ)\%ﬁhﬁﬁltiﬁés%f thBicendensable
allows line 1115 that is attached to a vacuum punp to

vapmaara dmeatedlmm lsoilm‘ihal Thambeadd9l.i dhepgsothermalchamber 1191
conti nues until ressure in the \é/lissel 103 falls

is kgt giva derperagise. of;%O Q-9 hrCy dia,make sure thag thesgapuum

oS PARE Y S FL S g1 B0} LSy e

befdi@nd afier LACH stehiused1d bbse hbXHCRId B doARRIS their
evacuat i on pr ocedure is repeat ed If the evacuati on

tenpperatnte ismoastotad wéthrthpamoeshples b19518119l7amdt 118%thabean be
al ternative neans of renoving nmol ecules fromthe
reagdowith @resolution of by °¢- pEhe tharmpequplerendings maay differthyea

Af dsor bed ol ecul es h .
sm3f] Ao ebaitechh pRaRe ot chemiiuble HRGTER S Benerally 0.2°C.

Th@'? %;'él?lt 1%51?6 gfﬁgg%%&? Qﬁﬁ? ]aft\éf“h Hexhe! di:ﬁ@eg{ LE gﬁé‘?@admgs

WI ng I ne exane vapo
of tl’m?rrm&idpks <1|195,0119'hend 2399 rérnainédrstdit taptitxi-+a0d 1yC.

Im’%lgl?lytall valves (1113 1127, 1149, 1151, 1153 and 1165) in the system are
closed. It is preferred that the valves be air actuated (instead of solenoid
activated) so that do not heat the gas or piping when they are opened. Before the
measurement begins the equipment used to fill hexane vapor (chosen as an
example of a condensable vapor at 30°C) into vessel 1103 must be leak checked.
This is done by opening valves 1127, 1151, and 1153, allowing line 1119 that is

attached to a vacuum pump to evacuate vessels 1125 and 1141.

[0045]  Pressure in these vessels is measured with transducers 1163 and 1143
which have cables 1161 and 1145, respectively to power them and transmit the

signals generated. The transducer is chosen so that they can measure pressures



hexane vapor. Valve 1151 is then closed and val ve 1153

is opened allow ng the vapor in the line to expand
wol0bg48e3sel 1125. Because of the difference ipaTiBReUER06071

bet ween |ine 1129 and vessel 13125 the pressure

nmeasured by transducer 1163 will be less than 5 torr.

Val ve 1153 is then closed and this filling procedure
withSanl £006#4 M‘b'l ltohHndAAGBI t‘%aﬁ&lu‘é & cl%gétdn%e
appr oxi mat'e torr. At this p0|nt 165 is

maapaiRestst 0 Tﬂe%sieﬂd 128nindci i1 dré Qilamuztthd ko xthatetrarmdacers 1163
The pressure in vessel 1125 drops because of

gas
andekhgagha pressurstafripss than €03 . pU@évebllaZ'éws@ﬂptqlmd@d
nol ecul es of , he cropores of .t cont act or
thegpsiem i5 ePsidered ek ﬁlé]végi?éq Piobgie decrdef by iEsduaey 1163

an& i F‘?js %Seﬁ%txltégnbzbf ran S e rr e rt%fl‘gé\%ﬁ%r@? &q‘%ﬂm r AQEhlS

poiafvanes d 158 andt 1151 e losgdandale evidsaté® Goésee 1141 is filled
know edge (previous neasurenent) of the interior

withdiexanpe tliroughdirle hllet?lsb)anpemmg vabaot14.ebins bl4Wwas originally
The ol es transferred i nto _vesse|
ﬁllt[-:qg MM Waﬁseﬁ@ag%thﬁ.ﬂﬂngwé r@%‘é"’%é&é‘i M@kveeljl‘é’ is

S "ﬁbe conmputed using the ideal gas law with the pressure
asured by transducer 1173. Again, know edge of the
avai |l abl e gas space in chanber 1103 is required for

[0046§ CaACpi'o%éd&*é is Tiéh in3tifite@ Yo ¥IhoV@aRy ifhp ﬁﬂBe%asJe%ant may

i s known (previous nmeasurenent) and the availa
hawedbeemecarsed amoutessiel il 4d uhirirgr thertg xine filling stept e(ﬁams are
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This! depasdiag pedbsedire is lré%at%tiQWef ﬂnﬁé@bbﬁ)réftﬁ@ﬁéxé&ein vessel 1141
nmeasur enent of the total open nesopore and macropore

can/brt usmk . ATtids pumtmal\ye W5X 13 dlesadandivilive1d2Fds optnethas

he exterior volume of the contactor and the vol une of
eV&CHetmg bedd2ineYalve d|1§3 naﬁlqnoonféleﬂrmuhng 8 V@ﬁ“ﬂ@c@ﬁ yessel

1128, K8l drol IS B Foar®f B BEBlasiitalite Pigieas e
corfiddtol 1 ROFE Eh@rﬂbéﬁﬂlﬁfﬁré’fﬂbﬁ ?eﬁﬁv%?gr(ﬁﬁﬂ dﬂf@aﬁ'e 1113! This

the avail abl e gas space in vessel
allawsline 4128 thatds agachéd ra cacqinepungp tdévactatd ¢citansbail103.

Th@a ggqctdgggfelvp%lcjgédrg rcl:ogilmtmgseunr{?ll tﬁg p?éssg?es mat(illséovrets)gg 1I lrEBt flgx(lals
below 0.03 torr. At this point valve 1113 is closed and the pressure in the
chamber is monitored for an hour. If the pressure in the chamber rises by more
than 0.02 torr during this time period then the evacuation procedure is repeated.
If the evacuation procedure has to be repeated more than ten times then
alternative means of removing molecules from the contactor 1101 should be
employed (such as heating the contactor). After adsorbed molecules have been

successfully removed from the contactor, valves 1127 and 1153 are closed.

[0047] Valve 1151 is then opened allowing line 1129 to fill with hexane

vapor. Under the conditions of the test this will be approximately 187 torr of



1101 val ve 1165 is closed and pressure in vessel 1125
is increased 5 nore torrby repeating the procedure

wobgimesl y used to fill it with hexane vapor pctig2008/006071
dosing step to adsorb nore ™ ecules into the
contactor is then repeated. The filling and dosing
steps continue to be repeated until the pressure in

he%s\{%gg@g’?lﬁ% %‘f isﬁﬁgn Qios%ddcﬁ’ﬁi ViivE 1§53 iisso;‘t%rfe@i dlloWing the

e readi ng of pressure transducer

vapor4a thd 1ihé té arpend mitevpssel 44250 Beeatsdt ofehe diffeberredn
30.5 torr. Fromthis point onward in the procedure the

volugti bétwiegh limsl R 9oandhesasakl 12fthepressaue saasuradnby ransducer
tact i d fil] th . d

11§80 Geress Thana tort | Val a3 ischen coseBand 1S ToRPEnuea

prolBhe S B SE AU prEARPREN LS00 POV fprpbfnacly s o

At (s posGRIve 1165 id SiEneH tbidose Mtk edttactos 1101 WieheRdre vapor.

continued in a manner such that the pressure in vessel
Thé ppéssure inntegsélnkdi2Sadregps g cdusemfirgasrexpansioniintoi ¢hansherl 103

oS BBt 53N g L T Bt
B RS T 38 OB Rl Ay B8 e

rec\’;f&a thRl b f B s OF Hexane tuasferred iRt hdhBere03 is
of a do 3 f

sing step exceeds 99.25 % of the pressure read
computedaitsmiuthe iddal 43s the. [This sequiresknoededge (preerms|
1125 during a filling step is decreased to 0.05 toryr.
megprement) ofthgiatesios velume @f yessed 1438 anddts assaeiatagpiping.
the pressure read by the transducer 1173 at the end of

(OS] e R SRR LRt R iR REGTR SR beesea o

ﬁlli_l_tﬁe &4 §15’z|1<§e~°1n§?él@% Sl%dcdrﬂp@l‘édélﬁﬁ’f%ﬂierlﬁéﬂ %s]ﬁ@'- With@h¢ pressure

e total nunber of noles adsorbed by the contactor”
measwred thyetramidateal 17$i Algait, knbevledge of the available gasespace in

transducer 1161 was in a range between within +/- 2.5
chamber b03 soscquired forrthgwakaplasionsr the interipr ¥akume ef chamber
dth int.at which th d by t .
1§ ReB ot shehsilenieio BrSIRE AT E f voline o
o PR A PR IR IR (ReJRRAPYOIREBENE el 1167 e edtBfior
volmsophthe conthoracimpadding Vackehevolume ob tHeaflowrchahhels in the

vol une_of the open nesopores and nmacropores in the
contgetosc Esrors in knewlesgefthe eatasiorvalemg|ofithe confastor or the

vo@%@rﬁbg{)g}%&]%:c@ﬁgﬁﬁg tvglilpqrggszéaﬁ%#&? a&fectht )éamneezisu-rrgr%ent of the
total open mesopore and macropore volumes. The quantity which is the
difference between the exterior volume of the contactor and the volume of the

flow channels only has to be known to an accuracy of 20%.

[0049] The moles of gas adsorbed by the contactor is then the difference
between the moles of gas transferred and the moles of gas required to fill the
available gas space in vessel 1103 and its associated piping. After completing
this dosing step and the evaluation of the moles of gas adsorbed in the contactor

1101 valve 1165 is closed and pressure in vessel 1125 is increased 5 more torr



vol unme fraction as used herein is then obtained by

di viding the vol une of opennesopores and macropores
wobebeTszed by this test by the total vol une elcits008/006071

contactor that is occupied 'bV‘t he adsorbent materi al

as defined prior. Al though the open pore vol unme for

the contactor is determ ned by the test procedure

il ' it Wi . Mhe

by 54T PR ARG 180 O B e
dosing steprteadsorb npee apuleades intd ke somptor isWen epaatedndhe

el ectron mcroscopy is used the surface as wel|l as a
fillingrand desing stepsicontiaue ¢, be sepsatedhuatilthspressuge in vessel 1125

at %82’5 ]qf:"i’f ‘t"??é’l‘é g'r%ll??}F Xn?l ehi'@# 25{@%@&} g%ntcgfrtplleg%dlgggf pressure

[ L L Leqt e

traf B L 43, TRRRER I pHIREEY RPPChinRitn JT30Rq IS Rk From
thi®poihe DaWabe th cedureativiad@ilional ersles 6f Rexdneahapsie

pore vol unme of the contactor. In this contactor
adsoobdéd guthetdomtactoharermensisteredstoafil themesppores anid mheropores.

c actor wiJl remain filled with liquid as |png,as
The filing a0f 4OSHRIFRS 6, 7eBHENeA Unt| theplessue ip chamber 1103
hodsf i e bt chORe VRS te P UiETrAd RY Ao 1T

liquid at the inlet tenperature and pressure. In this
[00583e, FllHAE and dwimPaepsReiuMtifued iNaGhamsraudh thafhe n

the contactor because 1t has all been filled- in b%éh
pressureanrvgesed A28 iy aply incréased byrl wpeimeaagfilimgaitep.oNéhen the

prespsirhad Pidipsucceoiidctiahe Fol ofaylosia 18P eyCitog®s aof
the Brkfburl FeaPBP traRldudf 1'1'4? Eﬁnegp%/ﬁg?ﬁesiﬁgi%agé ﬂ?%&glrgieﬁ Bﬁring

sopore or cropore vo renmaln open.

a fiRGg @@Pqé deadedséd 1000, 51terC 'Wheftthé PE@%@u&Vreﬁd |b|y0t%r_i3§d|ucer 1173

activity (aijquid) that is the rati.o of the partia
at theesd wofa ddsing stepapxoeeds 99.28 % iodthel pressutearehd dwi trapsgaser
streamto the saturated vapor pressure of the |iquid
1143 thepresairp dpgreascainoyesselel ying e flling step; is degropsed to

00516 r5 2B FBle ARF o TR SRS A D PG BRRN Sl shBrsspure read
by thcithnsduet 1873 GethedSid 605 88sing StP&BUN99 6% éldtf’ﬂthiégﬁgssure

of mesopores and macropores under “operating con
readity tranpdudenti 43.i The psesduraatiwkichahewkperimenois édded is
contactor is renoved fromthe nesopores and_ macropores

expsetedhio boaprroxynately 4894rgrr. | Thatataloumber off melesadsodied by

thetc%%tactor from the point at which at the end of a dosing step transducer 1161 -

was in a range between within +/- 2.5 torr of 15% of the reading of pressure
transducer 1143 and the point at which the pressure read by the transducer 1173
at the end of a dosing step exceeded 99.6 % of the pressure read by transducer
1143 is the total number of moles of hexane adsorbed in the mesopore and
macropore volume of the contactor. The volume of the open mesopores and
macropores in the contactor is then determined by multiplying this number of
moles by the molar volume of hexane. The open pore volume as expressed in a

volume fraction as used herein is then obtained by dividing the volume of open



mesopores and macropores of the contactor by heating
it in a sealed containerwhile drawing a vacuum or by

woneed/i40gs3it while passing a supstantially puredusgens 06071
gas, such as He, over the cofftactor. Once liquid has

been renoved fromthe nesopores and macropores of the
contactor, the assay nethod previously described can

meb&p&r@@ dhe h%roﬁ@re_& eterafiféd by ikis 368 W3t thefrodd SoRHAE bIf et
by the contactor is plotted agai nst the hexane

comtactor that i{ ebayred pyhe alsorbentwmatesiahas dpfined prieratlthomgh
end of an adsorption step djvided by the saturated

therppearRorg ypbimp fex thercontagter isrstenmined Sydhe fess ppesadiire
e B Dok R B P BORY S e Bt L b
thelRIANR \%‘fﬁﬁég}ggnpﬁfpﬁ?@@%ﬁ&aﬁlg@%esafn ﬁ’i‘%‘s‘éﬂlm@.e Wlt?irgﬁ‘&nmng

activity exc s alrl qui pol nt at I'ch

elecrtoR MibERCOpP is esed thatstefact as welldea cidye spetisis of the edrtactor
by the transducer 1173 at the end of a dosing step

shald bedmageds % of the pressure read by transducer
1143). Again the nolar volune of hexane is used to

A A S o R e
ortits, IO Sk ek St e e

reni£if tsubstahtiglly Gildy fivled wiieh biquidgo asvayastdusciibed abéve is
occupi ed by the adsorbent material as defined prior.
requied 29 deteradung theoopempersrnalumiesaf theicaptagtigokpthis gontactor

L ML e
il s SOME e MR P Bl ORI BRI RTLIR oo O™

ten@st e of tHescoiRictbpund asb fded tvoxkiﬂfgqh't&eiel SontadtbF i fuly

sSwWi ng adsorption processes nost of the selectivity i8S
satiraped with the vaper df fheusquidalt the detrteinperasbiret dmed pressure. In

.adsorhent ,and the transport diffusion coefficient in
thi§ Fasenthere SR ePem ESPRETS Y MARrapore Kalume B heRonsacton e

' i [ t heayi .
becadtl SR @l FUCETT b B8 ebyRinsfblecfiPen B judsr operating
coHOAPL O inRit iRPEAtuM drdl ﬁe§§1ﬁ@?ﬂﬁ%e&@'ﬁﬂ6iﬁ§%ﬁ) fhiee
di ffusional selecCtivity can arise fromdiffuSion

contaétbre iscordg pairtialiy satorated pdtletheofapoh ef taks hiqbidthensofiteom
a.sel gct ive di ffusional surface resjistance in the

fragtion; phthe mesqpore of meacrepene valwmeyilk yeanain open. The degree of

saturation is characterized by a liquid activity (ajqq) that is the ratio of the
partial pressure of the vapor of the liquid in the flowing gas stream to the
saturated vapor pressure of the liquid at the temperature of the contactor (i.e.
Pi/Psy). The amount of open mesopore and macropore volume increases as the
partial pressure of the condensable liquid in the feed decreases. To determine
the volume of mesopores and macropores under operating conditions the liquid
material used in the formulation of the contactor is removed from the mesopores
and macropores of the contactor by drying. Liquid can be dried-out of the

mesopores and macropores of the contactor by heating it in a sealed container



adsorbent.[0053] It will be understood that the term
PSA, unl ess preceded by the term "conventional" or

wo 20ewpisgsgycl e” refers coll ecti%/el y to all presewns2008/006071
SwW ng adsorption processes 1 fCTudi ng conventi onal PSA,
RCPSA and PPSA. I n PSA processes, a gaseous mxture is
conduct ed under pressure for a period of tine over a

whfil'ercﬁb anfacﬁuxﬁ(Hr'té' RAtRRT WHIR! pdsSinged ﬁiﬁs‘tﬁéﬁlal@rpure purge

relatively selecti for “one or nDre conponent s
gasjsueh hy Hes oseritht aontactonnOace hignid hashbeen Emavedefrom the
renmoved fromthe gaseous m xture. The conponents that

MeSPPOIEs |aaétmac<sppor@@ﬁrtb@aoaﬁa§tqreﬂ@rasw methed preyvi

degERERA Rl TPdhls S8 Ik ruSRES Bl fusbita 85
cotacr n?ﬁfo‘ited'a?airﬁt BRSHE ﬁvit?rtﬁ e \/Whl@h lé"ﬂ{eehexane

conta ants nul t aneously but nven| ence, the

pressureaiené end of anpdserption sitdfrﬂtllvﬁdlal by tlbesa‘tﬂmmiaﬂeioanc vapor
sel ective adsorption will be referred to in the
presbunsu| Ere amdunteofeopasumesopares and maciopernes that wiewldibe

exBRERE o995 b B i B B G BT mots

of BEPIABIOGSTRLLA . By Egmﬁzén@fne&%{aﬁ?a%ﬂm%gﬁéeqs
and[fﬂid?ﬁomf at Whfch heraxpefifiient aeemdestedi.é.hvhea thé présatre read
adsorbent during the adsorption step of the process

by dhe trensduder 1172 at fhecirid of & desiegistgpeexuciedy 99dn¥i of thespressure
redbess by TR T L T—

o RERNTRY oo 358 b R B ot vy s

expre¥&edin 4 b‘@luﬁ{hdfrﬁétléﬁ‘ Ss asEPhéteirPR tﬁéﬁ Bb&ﬁnéchBy %l\N'lﬂ fg the

adsorption process cycle a rati o: nobl es o
volumé bEopets nrebepares and midcropores abmrnaned) byclhstestrb)t the total
feed) that is greater than the ratio: UB (total noles

vo)évn%ot“ thergpntadan g it 9cqupe¢¢bb§a ﬁh%mmrttana@ﬁlabas gefined

rlt he feed) Where UA is the "Adsorption Uptake of
Bnponent A" and UB is the "Adsorption Uptake of
component B".Therefore for an adsorbent having a

[o(z;g(]e gfé 'rIrY F&\‘é\lrl]ifbgi';l]ng CORRORE sWirf)y #dsor PHDY PPoties§siMast ofsthe
selectivity is imparted by the equilibrium adsorption properties of the adsorbent,
and the competitive adsorption isotherm of the light product in the micropores or
free volume of the adsorbent is not favored. In a kinetically controlled swing
adsorption processes most of the selectivity is imparted by the diffusional
properties of the adsorbent and the transport diffusion coefficient in the
micropores and free volume of the adsorbent of the light species is less than that
of the heavier species. Also, in kinetically controlled swing adsorption
processes with microporous adsorbents the diffusional selectivity can arise from
diffusion differences in the micropores of the adsorbent or from a selective

diffusional surface resistance in the crystals or particles that make-up the

adsorbent.



Selectivity = UN UB (where UA > UB). Anongst a

conparison of different conponents in the feed, the
wocoopasent with the snmallest ratio of the totacrnshesnosort

pi cked up in the adsorbent t€'1ts nolar concentration

in the feed is the |lightest conmponent in the sw ng

adsorption process. This neans that the nol ar
[Mssm]@nitf»@m BE ufilfledshod thabiRSkrh PRRNBHIEsS Prebbed by Eiéterm

com ng out during the adsorption step is greater 1han
“cdrventiohal” orcnapsidtayele’ orefers collastivély o aHtpressupe seivg i n

the feed. The adsorbent contactors of the present
adgonption processssdngluding convantionabPSA, RGRYA@ndihdA: In PSA

il R G150 R FARIRT o bt i
oved ﬁPsItib\é%itéffaf ﬁfli(fscfr.b%ﬁtt tgﬁpﬁﬁgi&ﬁwe%ﬁfeﬁiéﬁf QBRctive, for one
conponent of at |east 10, and most’ preferably a

or fidr€ ebmpon¥nfsPusimlly fephrdedmanestitamigint athae iotacbe removed
conponent of at |east 25. [0055J Exanpl es of

frooothergeseoes mixturel Jhelcomponentsdbataresseldctively adsagbed are
O T R TN T <N
po R SRR TR OB BB R sl o

retiSVERV b bF York LonfdRinAney sifdttaféodly baffdr dohvenithcaPile
preferably a selectivity for CO2 over CH4 of at |east

componént Grunhponents; fthatrard te bbocinoved byfseldotiveradserption will
i nvention, the adsorbent contactor has a selectivity
be refered te i thespingyiar and refegredo g @%@@ﬁ%&r}eavy
el ivity for N2 over CH4 of at |east 10, and nost
co%lpgﬁéétabl y a selectivity for N2 over CH4 of at | east
25. In yet another preferred enbodi nent of the present

[005¥] ent Utless! dtReArise nodd, thOfrACtseleckiafty? as @4 herdih Ys based
for H2S over CH4 of at least 5, nore preferably a

on baharyt(pairyse) momiz@isonaf thtialér eindeatration ®f campanests in
preferably a selectivity faor S quer CH4 of at |-east
thepteed strgaw] andithg tgtal mumbey of mplgs meSSfcqup@s@ﬁwrbed by

i nventian Qr bant " ki netd LVLLY
the, Gy B ApsorBnP GEnE Bl adiBipdon NPy e BEIER, LY piklinder the
spécﬁﬁ@’éﬂt@ﬁi bﬁerﬁﬁhg ebhditions ahd fé&dstreach é&nbbﬁtibﬂt | PoPh feed
single conmponent~diffusion coefficients, (in
comdiring confpaneht\A, dofifpenent BspewieHas atldésenal icogiponents, an
conmponent diffusion coefficients are also known as the
adsnrbenfrthgbhases Braatem sslactivityt fersgasnponent A than component B

will have at the end of the adsorption step of the swing adsorption process cycle

a ratio:

U, = (total moles of A in the adsorbent) / (molar concentration of A in the feed)
that is greater than the ratio:

Ug = (total moles of B in the adsorbent) / (molar concentration of B in the feed)

Where U, is the "Adsorption Uptake of component A" and Up is the
"Adsorption Uptake of component B".



coefficients that are neasured for a given adsorbent

for a given pure gas conponent. Therefore, for
woeedkes the kinetic selectivity for a parti @dhrars2008/006071

adsor bent for conponent Awi%lh‘respect to conponent B

woul d be equal to DA/ DB. The single conmponent

di ffusion coefficients for a material can be

Th&ngg&%%psﬂ ahggéogﬁie favifika Aﬁ%\% ' rrtog Llrsm ChPAl dfer

aterials art. preferre : ( sure the
conipoeéritB hat ig'gicarteransn bhei ent is with a frequency
response techni que described by Reyes et al. in

"Frequency Mdul ation Methods for_Diffusion and
Adssapctlwmy vedsenent s (WherobausUsdl i ds”, J. Phys.
Chem B. 101, pages 614-622, 1997. In a kinetically

AL PGB8 T RS g i
f ' e :
el o S TIRAEI G0 BBy gl

corentrhtion il die feed 1O REklest @ihporikit dh tie $Whig ddyorpien
nor e referabldé greater than 50. [0057] |n another

progess;. ekhis aneansdhiatthetmolar chacenteationt of the dightest conpenent in
dsor bent . h “equi lipri lectivity" f

RS S b s eI s B b I

Cogﬁ%ggglgﬁ r()? #ggtzg%)gé:stl IC}S neh?indﬁle' f@gﬁi 'Tﬂ{: tgﬁ%@eﬂi caﬁ’tgctors

_ e “component upt ake in _
of theRreRN invdnfiolAHve/ D3el¥&ivily Ry AUkt Ebﬁhptbﬁléﬁt) (elg), EO@ponent

linear portion, or "Henry's reginme", of e upt ake
A) ovet & eecnnidorompepient ife.gd scomymortent B) of agileash S ponoge preferably a

cog})on nt._The slope of this line is calle hereinthg
selegthiitystar gridnshremppnertpyariasercand Gpmpeact ohatlcag;10; ang

54 R b oot o

at legfiatsants of different conponents in the feed for a
particul ar adsorbent. Therefore, for exanple, the
equi libriumselectivity for a particul ar adsorbent for
[0056}ponExamplesi affronspsqreents s moleculessuck asmolécllar nitrogen,
HAHB. It js preferred that in_an equilibrium
NoQramapoundss giedy as Gashor dioxides ¢ Vprandhmsthase; s yIn a

' ted adsorbent, for the first
prefaydl mbpofen oF g BBl At EABBhenEhobRfeor alla
selétRafdfor ‘U(D?B?élt CHS of at 1£a8f"P OB @feﬁ%h% SéleBivity38r CO,

5, more preferably greater than 20, everf nore '
ovarr@ieofibt leasir Hhtaad rhbstrproferalhlgGbRiledtivityhfor €38, prvec€hh of at

t he gIaseous m xture is passed over a first
least 25. "In another preferred embodiment of the present invention, the
adsorbent contactor has a selectivity for N, over CH, of at least 5, more
preferably a selectivity for N, over CH, of at least 10, and most preferably a
selectivity for N, over CH, of at least 25. In yet another preferred embodiment
of the present invention, the adsorbent contactor has a selectivity for H,S over
CH, of at least 5, more preferably a selectivity for H,S over CH, of at least 10,

and most preferably a selectivity for H,S over CH, of at least 25.

[0056] In apreferred embodiment of the present invention, the adsorbent has

a "kinetic selectivity" for two or more gas components. As used herein, the term



adsorption bed in a first vessel and a |ight conponent
enri ched product stream energes fromthe bed depl eted
wo 2od/fxgsgont am nant, or heavy_conponent, whi clPTAIRRIIZH06071
sorbed in the bed. After a 'ppe‘determ ned time or,
alternatively when a break-through of the contam nant
or heavy conponent is observed, the flow of the
"KifIEtHE BTty Uisdetth V&sttﬁﬁ eatid of ﬁngfec&ﬁﬂpéﬁéﬁr(ﬁfﬁ;@%nbed
I'n a second vesse or the purification to continue.
codfficientd, T (Beral/sec)p ok tweo differeistaspetiesn These single tomponent
. sorbed contam nant, or heavy conponent, isS renoved |
diffusion eorfficients arerlse knpwin asdhe BycfanrMawwelldransport diffusion
essure. In sone e dinents,.the reduction in
cod$Figkeal it are BEBrsEitone gven sdsyerert Tt 5.V ki gas
| . . .
cofipohatt, heAeRfl TR SAPDIC TR Kk ERRNERyiny For & Paricular
adsoPb&fTen tomipontAUAl With despebetd ¢dmpbeidBlwauld be equal to Da/
progressively desorbed to a heavy conponent enriched
Dgpr dhectinglercoamponghe diffiesion goeffici¢rys donp nteriali ¢am be
bed may with an inert, ga

delgrgimedpy festencl kngWa i the ddsphas mefetipfcute dh febferred
way Jh S the BRI BirkBGpn chafrfties s Wifh ¥ Heafipndl RBpfte

tecRRRjuRaResEABEd b TR 3t 8H i OFiéf@tenby Mé&ddagon Meheds for
adsorption service, the flow of the gaseous mxture is

Diffusiontand Adsorptibr Measmneinbets in ®oroes Solids", bePhysachenheB.
econd, bed is regenerated. The total cycle ting.,is the

lols,em*@eﬁ 6d4-623%d 9PY o A ineRetisa lygeenterl led-depatation ¥ iy preferred

nduct .the fixs eg.dn {0 st I
thef Rl e it o s SOA D B shEsdlel el lasSbnf cdrtod Tty
co&BSnéﬂtr(%Fg.,bégrﬂpﬁ‘mEH@AD er%%@ét%osdié §€<§ﬂid’&)rﬁ{d6ﬁﬁlt (e.g.,
I.e., after a single regeneration of the first bed.
Comiiponeat By betgreatdr tHamus, trhord prefdrabbt greatee slsai 20, even more
addition to the second vessel can serve to increase
Pr?éWbb’ gragtentham 50he adsor ption cycle tinme for the bed
is shorter than the cycle times for the desorption &

OB, GO oSSBT B SR Ehe
o TS IR bA ok U S o
usddaligrein, ithe trae" dquilibtiemssebectivinytiis defintdiirgtrmgasf tthaslope
of Hher Gaghe component Uptake info the Bdsorbent (in pmLEE) Ve, pressire (in
torr) in the linear portion, or "Henry's regime", of the uptake isotherm for a given
adsorbent for a given pure component. The slope of this line is called herein
the Henrys constant or "equilibrium uptake slope", or "H”. The "equilibrium
selectivity"” is defined in terms of a binary (or pairwise) comparison of the
Henrys constants of different components in the feed for a particular adsorbent.
Therefore, for example, the equilibrium selectivity for a particular adsorbent for
component A with réspect to component B would be Hy/Hpg. It is preferred that
in an equilibrium controlled separation the equilibrium selectivity (i.e., Hy/Hp )

of the selected adsorbent for the first component (e.g., Component A) with



such as natural gas, as conpared to RCPSA. Also, a

conventional PSA unit wll generally have cycle tines
wo Nogkeess of one minute, typically in excess pefrid2008/086071

mnutes due to time linitati®hs required to allow

di ffusion of the conponents through the | arger beds

utilized in conventional PSA and the equi pnent

fi| ' i n : Is|

Fe O SRR (o GOl B B al A NRA 3 thore
preffertably gneatee tham®8, efenROBAprafyrably preaterttham 5600

seconds, preferably |ess than 15 seconds, nore
loqoreferabl y less than 10 seconds, even nore preferably

Bls t ImthePSA psperss, theasoans mixurgisarassed gyen adigst
adsoaiion bEE Y B dire SVl Frig & gl SnPoBRyt eSS Py fuct Ydim
em@f%e%fff(ﬁﬁtﬂaé B ABpRted e%ntzﬁﬂfnaflﬁt rlﬂe%g%grﬁgbnent, which

st tohs, [am ndt e dl

uctured matertals such as nonoli s, an
renaih$ sorbedlintise béd0AYier AGhSdeteanitsdatiine o, sltgrnafivelynvhen a
increase in process intensification (e.g., higher
breglehequahcofithe goateeisenbachepy ¢amponeant it pbserygd,the dlow of

BB RSRR SB ER o o 88 o

t . . d . i .
e R 308KuE YA o AR el o RIS Servic, e
sorbtdbestamifant) opheay ompdnente eReioreidyirémahe dirbtd ion
the sorption and desorption steps as the rotary nodul e

bed byrpiredestiarhia prgssure ofin spmezmbodimeTits; the redugtiooribgressure

. nodul e is .nornall onprised of multiple tubes held
is 45EPMPARICARY 3 ESHersy HPukoLgasdomTsist by ddsorbinghe beayy

o . ] .
o, TR O S08 PLh, 06S S
prevituslynhddorbéd irl mewggfjrggre%ﬁvblyedm foPReaviNEorhpBnent

processed purified pro gas and the tail gas
enrgsliedi prgdu¢testiRams AWhenedeserptiarischompldtea tlag/ sdrbent békmay be
ary sorber nodule. By suitable arrangenent of the

ro
purged Wik} an JRErhgas $HEAM.of-8s NIEOGRIhPR? PURITiEd $trgam of process

B ——

gasitte@fn.ti me. Incontrast, with conventional PSA the
fl ow and pressure variations, required for the RCPSA
sorption/desorption cycle, changes in a nunber of
[0058bar addter thy Grstbed has bebe regaherated se ¢hatritits ggain egadyefor
whi ch snopot hes out ttj‘}gepressure, and flow rate

adsgrption sevicee Miedlavafdhe gaseous mixtureds smatehed dramithe second

bed BRE Y bed, and the second bed is regenerated. The total cycle time is
the length of time from when the gaseous mixture is first conducted to the first
bed in a first cycle to the time when the gaseous mixture is first conducted to the
first bed in the immediately succeeding cycle, i.e., after a single regeneration of
the first bed. The use of third, fourth, fifth, etc. vessels in addition to the second
vessel can serve to increase cycle time when the adsorption cycle time for the
bed is shorter than the cycle times for the desorption & purging cycles for the
bed.



In this form the RCPSA nodul e includes val ving
el ements angul arly spaced around the circular path

wot2eésznsgdy the rotating sorpti £ nodul e so t hatrcaasnnns/ 006071
conmpartnent is successivel y'g Ssed to a gas flow path

in the appropriate direction and pressure to achieve
one of the increnental pressure/flow direction steps

mpi‘(‘;’,lt he CorvRhBbRalFERDrovssses suPfd fiken severltigidenf t he
SA technology is a significantly nore efficient use

disatlvartages] sPohexampile; eonvaentiofiakP S Aantitst are dypiedHyp mbenetcostly
required with RCPSA technol oqy can be only a fraction
to beild gad operate pad are pigaticantlyilaraer ipsixetfor thosapg ameunt of

T e
s 218 508 Bt R SR AREE R s Pyt v

gehitally hage eyelenimaes ireaxidess o€ bhe aminuy, tppicalg in ROG3lof 2 to 4
The present invention may be used in PPSA, RCPSA or
mihytss idueppsime Hinpetons rpquiced toeallaw aliffusiogf the compengnts

[ d ..t he .bed hel I les., |
BB bR RS S A S PG
co ARG AP, O SRR PR BNy s of

lessdlis] Bhé RinGleC TheABtad $5¢R!tEn€ o PRIPS A hﬁdg b&lesh ehdis30l
is steam In hybrid PPSA processes, the desorption of

seconidscprieferablyoless thancbihseronds, mereaprefenablysless than 1@ seasinds,
a thermal  or pressure_swi ng and_ part of the_desorption
dEgsfhan 1

evenymare prefierabli desgithan 8 sgeengds, apd gyen mopsmsgierably

r . i . i.al
seddif, PARHEE WP P RTRORRL AR5 Rhb g
of Babstarmtial BAGifdrémaybrberts) Such Ws abhdndti 1EHited 66 SR tured
natural gas streans. It is desirable to recover the
matenpals istcleas nedmodiths flamiredes, and hollosv fibemsvy
conmponent (s)", and the nethane-rich product, also

ferr as the "light conponent”, at as high )
[0 stui&é@\pﬁaﬁ(ﬂq*‘?kﬂ a '&“fg“p%ht HMTFRYE,iN RTORGSSUR nsgfysatwn
r Q¢ [ Wel® I . r
(o8 BT iRt BEGURIE LB RS H o0 PLEREE bgmppred to
cofVéional PRAN ROPSAG)pically Grilizes & rBta#y SaRkhy sgétea & conduct
t han about 85 vol.% “even nore preferably greater than
theagasuflo®Ghrmights ratary adsorberrmodulaithyt comainsa nurmberadfseparate

95 vol . % even when the natural gas is fed at hi ?h
adsqrpent brd-comparimentscor 'dubes’, ¢aahee! whichsissuegcessively cycled

through the sorption and desorption steps as the rotary module completes the
cycle of operations. The rotary sorber module is normally comprised of multiple
tubes held between two seal plates on either end of the rotary sorber module
wherein the seal plates are in contact with a stator comprised of separate
manifolds wherein the inlet gas is conducted to the RCPSA tubes and the
processed purified product gas and the tail gas exiting the RCPSA tubes are
conducted away from the rotary sorber module. By suitable arrangement of the
seal plates and manifolds, a number of individual compartments or tubes may

pass through the characteristic steps of the complete cycle at any given time. In



greater than about 50 psig, preferably at pressures of
about 150 psig, nore preferably at inlet pressures

woQues4eg23t han about 450 psi g, iven mor e pref epalplys26Us/006071
inlet pressures greater t har®3bout 600 psi g and nost

preferably at inlet pressures greater than about 1200
psig. The present invention can be used even when the
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of up to about 7000 psig. The conposition of natural

thedREPSHA surptionlidesotptionf cyeie, ahangekeingy numbef ofseparatew
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techBbRIgyti¥ aQignTPcasU aforefibRNPUSSIVESR AR6rben®inaterial. The
exanple, it is not” uncommon for sone natural gas

qudntitly def adsorbent equifedowithiIROPSA techiglogy kasbeonly adraction of
typi cal from about 10 vol.%to about 70 vol.% CO2. .
that geguredrios copyenrtignal W@%ﬁ@ﬁ%@&%@%%&@eéw&? frparation
i ner recovery, o [ ght
bR AR ACh DR, MR AP BREY b, and o rpount o
active AdRrb&itréqiieéd forfrREPSRA ﬁqsiFrcany keprHfeshtly 1dwér than that
wi t hout a contactor having a1 ow Volune fraction of

fomesape@néionanPS Anariv processin@ani eggivdientaisourttofigasst ep
of well designed kinetically controlled sw ng
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or RESTHS& rbf S50d WRefE BRERY Bl vAEAd BighdF g o ntp

de$SRBIRTeEEles On h PESR p?@é@s§9d&bgpti6h VEtHe iR Species is
equilibriumcontroll éd sw ng adsorpti on processées the

acaomplishedfbyhpassinga gpo oe higuidithriveghnther comtaater tir désoek

vol unme can be_approxinmately conputed fromthe
malesHes taken apaisgan adsorpbeAstsh. oA exampls\af agas thapmay be

used ity er]a(%rrl].t in hg"brid PPSA processes, the desorption of molecules from the

contactor is accomplished by use of a thermal or pressure swing and part of the

desorption is accomplished with a purge.

[0063] Improvements in the recovery of the light component are especially
important for processes used to remove impurities from natural gas streams,
particularly high pressure natural gas streams. It is desirable to recover the
impurities, also referred to as the "heavy component(s)", and the methane-rich
product, also referred to as the "light component", at as high a pressure as

practical for operability in natural gas processing. As previously mentioned, the



equilibriumw th their |ocal gas phase concentration

in the contactor. These approxi mations are possible
woReeRse3i N wel | desi gned swi ng adsor ption pr eegasR608/006071

the contactor provides good 4tss transfer

characteristics between the gas phase and the adsorbed

phase in the mcropores or free volune of the

Y ! . .
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inl¢teprpssuzes igreatar dhars abouty6 00apsig and anostdiraferablytat énlet pressures
equation Heavy = Q * fa PaSCahf') where KO is a
grea%l’@%@h@mﬁm P&t dhepreseptinention ¢age yyed even when the
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I nl et tenperature pressure should be choSen suc
natutedtgas) wilheagnfroaf fitlktoaficldr fom-tinsitiag dxaemplesdf compbnents
the heavy conmponent in the mcropores or free vglune
thah gamprise agapmatyral \gas siieam ingladevwatehtcopdgnaties higher

ontact or ,shoul d Qe eater .than 0. 15 an
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i ncreased. ese I ncrea
field to gas field and in some cases can comprise the majority of molecules in

the produced gas. For example, it is not uncommon for some natural gas fields
to contain from about 0 to 90 vol.% CO,, more typically from about 10 vol.% to
about 70 vol.% CO,.

[0064] The present invention also provides a method to increase recovery of
the light component by conditioning the temperature and pressure of gas fed to
the contactor. This method can be used with or without a contactor having a low
volume fraction of mesopores and macropores. During the adsorptive step of
well designed kinetically controlled swing adsorption processes, the amount of
heavy component in the micropores or free volume can be approximately

computed from the adsorption isotherm of the heavy component in equilibrium



reduce the loss of the |ight conponent that is

non-sel ectively adsorbed into the nesopores and
womed/apezes. | ncreasing the | gadi ng signifi camdiyus2008/006071

beyond this range reduces th%7Tecovery of the Iight

conponent because the sl ope of the adsorption isotherm

tends to decrease with increasing pressure. To
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o0 high to fall within the optimumrecovery w ndow

for methane which acts as a |light conponent in sw ng
adsorption separation. It is possible to reduce the

f eedupp essKig, Wik @ si i @ilkixpele/Moh nozzl e, however
this technique wastes energy. It is also possible to
access the optinmum |ight conponent recovery w ndow for
separations of nost heavy conponents (such as CO2
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aH

K = K, e®” (inPascals™)

Heavy

where Kj is a pre-exponential factor and AH is the heat of adsorption (in

joule/mole).

[0065] To improve selectivity and recovery for either a kinetically or
equilibrium controlled swing adsorption processes the inlet temperature and
pressure should be chosen such that at the end of the adsorption step the loading

of the heavy component in the micropores or free volume near the point at which



expansi on can then be used for power generation or to
hel p reconpress separated acid gas conponents (such as
woG0Bs/ABsB2S) so that they can be disposed of ip@T/US2008/006071
under ground f ormati ons. Unde?%jr ound formations that
are suitable for disposal /sequestration OCO2 and H2S
i nclude aquifers that have a top seal that prevents
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advant ageous to pass the gas com ng -out of t
adsarptiomiguthelen tdridsdogleceease atitteincheasiey presfuree To maximize

introducing it into the swing adsorption process in
theorfeeeve&yoofatge dight campepentit ilﬁglswmefmeﬂﬁa@t neatithe peint at

t ha r.ecoyerv. s com ut. of ur hoexpander

wilGh P GEGNRiet 0 B cPRMERE (B8 b1l b BOSFH AR Seperm for

PRGAN hipel I ht? an isentropic
mexpan?&@%?&é@fﬁ&% atsgggggnger will be run so

that the gas tenperature is increased before entering

a swi ng adsorption process. These considerations are

espeldah) y i rtant when the swing adsorption is a

PSAWRCPSAP‘WQ{JW@S. [0067] In applications where CO2

is rened fromnnatural gas in sw ng adsorption

processes it is preferred to fornulate the adsorbent

wWth a specific class of 8-ring zeolite materials that
wheas ae= RY S tmeregatforablyi d = 1/Z6arkd eeéri mose peeferably w ©f1/8.

this class of 8-ring zeolite materials allows CO2 to
Thiseinegpalityyplacesrasmaxiaym beund e the inletrpressuire andia) minimum

ol SRR CottsBRRES! T e el g
(1.EFaR1tHa TRl BHma) for feed pressure and temperature in which the
recovery of the light component is optimized. Usually it is preferred to operate
the swing adsorption process at the lowest pressure within the operating window
as is practical. As the feed pressure decreases, the concentration of molecules in
the mesopores and macropores of the contactor decreases. Lower concentrations
of molecules nonselectively adsorbed in the mesopores and macropores leads to

lower losses of the light component in the swing adsorption process.



For the renoval of CO2 fromnatural gas, this specific
class of 8-ring zeolite materials has a Si/A ratio

wof2oesn4dgaut 1: 1 to about 1000: 1, preferably fpeansaigwoscor1
10: 1 to about 500: 1, and ™t® from about 50: 1 to

about 300: 1. It should be noted that as used herein,
the termSi/A is defined as the nolar ratio of silica
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Ss 8-ring zeolites"that are suitable for use
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I%La\/i nmetric uptake) using nmethods described by J .
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Processes”, John ey, NY (1984) and by J. Karger and
turboeparden fanrecomppessiars iThe dost @faturbesxpardiedisielso less than a
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expansion used to condition natural gas for the optimum methane recovery
window. When a turboexpander is used, the energy can either be recovered with
a shaft coupled electric generator or with a shaft coupled compressor. It can be
advantageous to pass the gas coming out of the turboexpander through a heat
exchanger before introducing it into the swing adsorption process in order to
access the operating window that maximizes methane recovery. Gas coming out

of a turboexpander can be too cold to be in the optimum recovery window

because the work is recovered in an isentropic expansion. Typically a heat



Reyes et al. in "Frequency Mdul ati on Met hods for
Di ffusion and Adsorption Measurenents in Porous

woS069/dsg23 J. Phys. Chem B. 101, pages 614-622cTaR9008/006071
An exanmple of an 8-ring zeoli®® in this class of
materials that is preferred for use in sw ng
adsorption processes to renove CO2 fromnatural gas is
exdfifbbt &ilPBR rufdeithatafialgab i@hpératitteds indiéasedBdforserftefing a
Sigma- 1 and ZSM 58 which are isotypic framework
swirtg adsonptéen pfocBRR. Theset considezatiomsareaispeciallp ddporant when
singl e component diffusion coefficient of COis found
ther swing adseetionds aP My REPSArRrocgiseat er than t hat of
met hane. From the neasured activation energies of the
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Resi stance to fouling in swi ng adsorption
claps of 8aheszédiite materiale tha¥hdsrakinetit sekekctigiy. Thedanetier
advant age of fered by this class of 8-ring zeolite .
selpetiwty g? this clags ef 8iritngrgeslite matarialsallaws ¢6hdn bgirapidlys

trap R e e ST SRS W e bERErBadEE Tafiracy of pEddd b that
it i Dobs1B1cNo BRI iVERARDaL A B, from ¥ MiXturt oINS, RAGHIARshe.
gas, and in other cases nlt%'ogen renmoval is heeded iIn

Foptltefenioval ofl GOy froni ndtatal gas, this speifiatkss b 8-ring zeolite
advant ageous to separate nitrogen fromflash gas that
materials has a SiMd I]@tlodg@mi abous d: k tesabauid 008t 1 prefegatly from about

) 55RO L0450 A B S o it v
ol g 38 . AR SR RSP ERORPATIGF fica

alufinaltT the Yestitaoseustute? TERis!prafeefed dlhe ofF8-pingezedlies that are
hydr ocar bon and returned them back to the LNG cargo.

suitablaifor use hdreieallppiCQatd avesss thei intarnsl perkistructure through 8-
. sel ectivel d bt [ .obtain high .. ]
kSRS SRR A ST S Sl e

- ebeem ve
oSS F Biind ety DRG] 1§ SfMeR A0 Hreferably

gré&uterahhh wbbit $0)and hbRIFFEFSABRF Sicaftt thal® Abo®! T 8nd E¥n more
N2 separation fromnatural gas it is also preferred to

préferably great¢ritham@60r [Binglewionipenent deffusion goeffigjems ar¢ taken
materi al s {hat has tafki netic selectivity. The kiﬁgtic,
to be tranppert diffesion gpsifiqignts mgasyred 105 aRiregaans the Hepey s law

regl\llrznetcg)f t?)% ardggnjpgilollx isotherm. The loading of molecules in the zeolite is
low in the Henry’s law regime and in this regime the Fickian and Stephan-
Maxwell diffusion coefficients are nearly equal. The diffusivity of a porous
crystalline material for a particular sorbate is conveniently measured in terms of
its diffusion time constant, D/r 2, wherein D is the Fickian diffusion coefficient
(m ?/sec) and the value "r" is the radius of the crystallites (m) characterizing the

diffusion distance. In situations where the crystals are not of uniform size and

geometry, "r

distributions. One way to measure the time constant and diffusion coefficient is

represents a mean radius representative of their corresponding



transmtted into zeolite crystals while hindering the
transport of nethane so that it is possible to

wosbgrisael y separate N2 froma mxture OF N2 aad/us2008/006071
net hane. For the renmoval of-N2; from natural gas, this
specific class of 8-ring zeolite materials also has a
Si/Al ratio fromabout 1: 1 to about 1000: 1,
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of AdGerptRai &idaAdSorpioh@ibtégesd’n) Johh WilagSiVN(11984) and by J.
processes during the renove N2 fromnatural gas is
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Sofifide 68 VAT -9YE(108Rby o PEeleRed LA aRs s dhe g constant
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Rey&fetadl SR "TrefuandyVddaldiis Mesitd Rfop Difisiorfénd AQsorption
af orenenti onéd cl'ass of 8-ring zeolites that has

Médasuremeants &l Botrdusi 3olidsThe Bliyse€Chems 8. d0tl| pages @F4-62251997.
class of 8-ring materials. allows H2S to be rapidly

Ancexample of en 8- zeebls indhis glassokmagarials thas epredefred for use
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specific class of "8-ring ze ematerials has a Si
framework fstractuaeoof DDR. tAt teinpetatiS belowd08PEthbkingle om
about 10Q;1 to abaqut, 500;1, and nore from about 50:1 to
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matdtiai®me applications the H2S has to be renpoved to the

ppm or subppm

[0068] In many instances, nitrogen also has to be removed from natural gas
or gas associated with the production of oil. In some cases this is because of the
high nitrogen levels (>2 vol%) in the produced gas, and in other cases nitrogen
removal is needed in order to liquefy natural gas. It may also be advantageous to
separate nitrogen from flash gas that occurs in LNG production so that the
methane and hydrocarbon products can be used as fuel. Another application is

the purification of gas from LNG boil-off so that the methane and hydrocarbon



| evel s. To achi eve such extensive renoval OOH2S it can

be advant ageous to use a PPSA or RCPPSA process.
wo[2008/QABsst i S soneti mes necessary to renove he@uys2008/006071

hydr ocar bons, as previousl y%fi ned, from natural gas

or gas associated with the production of oil. Heavy

hydr ocar bon renoval may be necessary for dew point
prodfei dan®y rReobéedo? sk a8 Fnell aAWheA Feddveréd, APRfAy B
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advantageious tio ré-tiquefyethei methane and ihlydneoarben anid actuagebihem back

t o _recover heav&é&ydrocar bons from praoduced gas i

to thedNGeree. In all o dheseanplicatipanitds desirablerto éﬁ;}e@bgelmalsorb
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rder fo prevent "excessive

to 4bvut 30091, RAAmotcdR S abdut SONEtd AShABOOSE. ThisUsrefers@bclass of
is produced with nmercaptans present and it is

8-ragyzaul Hegethat atecsuitabla fiwarsethieocin@llose b de atcesaithe imternal pore
their separatjon.  Streans containing_ nercaptans. and
streciussdheongh $smeawindayss I amanasr such thag thegatiopsdnglea)

co AR RRH SRR PRI DI RRD  Brter
thall) ROy F O M Houd 20, #d AR pRIfcATy SRARGBAR Bbout
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50 @adehemmoreiphefeedbly Pragtet thanckt aResistancd td foulimgeineswing
invention. It is advantageous in these applications to
adsgrplédony procgpsesdisingethe reaaygi Ny remypatural gasds apethgradvigptage

offéred by this class of 8-ring zeolite materials.

[0069] In other instances, it is also desirable to remove H,S from natural gas
which can contain from about 0.001 vol% H,S to about 70 vol% H,S. In this
case, it can be advantageous to formulate the adsorbent with stannosilicates as
well as the aforementioned class of 8-ring zeolites that has kinetic selectivity.
The kinetic selectivity of this class of 8-ring materials allows H,S to be rapidly
transmitted into zeolite crystals while hindering the transport of methane so that
it is possible to selectively separate H,S from a mixture of H,S and methane.

For the removal of H,S, from natural gas, this specific class of 8-ring zeolite



pore size between about 5 and about 20 angstrons.

Non-limting exanples of zeolites having pores in this
woJodsg14383ge are M, faujasi te MCM 41 and Betp@T/U92008/006071

these applications the Si/A 3rat|o of the zeolite can

be fromabout 1 to about 1000. [0072] The | ow

mesopor ous and macroporous adsorbent is an integral
mai—‘éHHl? A&k S‘i’fAltrlﬁﬁocfP(Sﬁl%bﬁf $: lofo bt ROOanEréﬂéVzﬂﬂy iffdin about

that can be used in both equilibriumand kinetically
IOdCtDtabolut 600 dyand nactedr@ni aboup 5 0detwsabout 300nipr bhis pretamted

rrPonent product recovery. Adsorbents contactors of

class'n@ Brring zeplites et arsuitable foruseth qr@vealkb%ﬁzﬁég@ﬁee%sthe

1nt$@gbga cr T eséntgléql{ggb$ éiiln dw%{qptﬁhbs:ylgg My tgn'é?lg é‘? litl\?gthe %o of
sin¥ld éorﬁg&ﬂéﬂt 'alﬁilgﬁhfdoEﬁ?&ﬁm% Md He@lginec(‘g'ép@ﬁﬂmcm) is

ecaus transport into the mesopores ropores IS
greatstthae ) preferabhy groaterahare abewti 20, landimp prefiérablyofdeater than

in high pressure RCPSA, PSA, TSA and PPSA grocesses
abays ) arsl exeny more preferabiyhgreathrdhan i168. DR framewonk geolites,

sudha ”%k%%i‘i 300 MR8 T A0 Ol Rt SSmOYALRL HaS gpm
natg e‘in sgrsr{el.hg)pn?cﬁ 1819{’{1}%51-1% hB%ﬁ) BIFRhE% &{ to th2 néﬂi‘ﬁ or aub-

ptlon conponent s corttal ne

ppinleVéls. ﬂﬁﬁwﬁé\%swﬂﬁeﬁ&ﬁiﬁ@%ﬁévﬁfcﬁ‘ S Rdah 8 advadsdgeous to
to the heavy conponent product stream As such, these
usd a BRS Anot BEINRSA precesst recovered as desired with the
I'i ght product This can result in significant | oss of

iuabkell roduct The adsorb n act rs of the
100705 o NECRSSETY P FATBAYE RLBY dFpearans, as
e%?&%}ff BXﬁﬂ% fﬁ&gtna%ﬁij g4 8r ?Xs gUfé't&pwwﬂethgngH@Ection of oil.
ractl on of t soo IYECT OPOr e

Hehﬁf Ks%hrddarmﬁreeﬁ@m infi®Nbe ﬁécésbﬁrypfo?%%w pbify eahdmlﬁglsefore

of the open flow parallel "channels are conpri sed
thecrtatmtaé gasl soshivppred viﬁrmpalm@obtmd;on(hnpn ehturabgas before it is

p s adsorbent or polyner that selectively

liquefiash bdo ofherstogccsoh T adVagseeqousits TRRPVERAGRYES of

j n lites
oA ARRS i BERGLIL  ASDAEF STy (FORoods
em?l()#&/nCUH hashfages. (14! sﬁﬁsdther fistdrfced htUth{" %%ﬁ/ﬂﬁﬁfg@éus to

SAPGCs) and carbon nol ecul ar sieves.
recpver keavychyairbcatboas fom associated ghe that nsatyacrled Ibacb into an oil

conpri sed of a

reservoir during some types of oil production. In many instances where it is
desirable to recover heavy hydrocarbons, the gas can be at pressures in excess of
1,000 psi and in some instances the gas pressure can be in excess of 5,000 psig,
even sometimes in excess of about 7,000 psig. It is advantageous in these
applications to use an adsorbent formulated with a zeolite having a pore size
between about 5 and about 20 angstroms. Non-limiting examples of zeolites
having pores in this size range are MFI, faujasite, MCM-41 and Beta. It is
preferred that the Si/Al ratio of zeolites utilized in an embodiment of a process

of the present invention for heavy hydrocarbon removal be from about 20 to



m cropor ous adsorbent selected fromthe group

consisting of titanosilicates and stannosilicates. In
woyebs/ashwer preferred embodi rrﬁg%s t he adsor bemCT/US2008/006071

material is conprised of a T opor ous adsor bent

sel ected fromthe group consisting of

al um nophosphates (Al PGCs), silicaal um nophosphates
ab&?tﬁ*ﬁ@é)) ?éiérarbr%mrm aabemrbmfo S99007h etséﬂteobreven

zeolites for e removal OFCO, N2, and H2S wi'th the
exatssivedouling af dlse hdsorbentor e preferred for the renoval

O H2S. In other preferred enbodi nents, the adsorbent

material is conprised of a zeolite selected fromthe
[0(tgrl&up &rbﬁemgtmﬁgn%qs Refurak gas; la@r@&emm@ersmaaémsent

and 13 2Pl %%laxfg e BTG b AR P RBNED.
Str@&‘rﬁsfchﬁfdihr?l ?taﬂﬁ'a)‘rﬂ"d t8foudid ilShatural gas are present
functional i ed pol ymers 0074] The adsor bent

in sevetalqirocesses thidvhape beemﬂevelrbpetl topurifiynataralqasl Ityis possible
contain a thermal mass (heat transfer) material to

to merpseleetiyaly sepataihmeseaptansoitpagnapral iges gg sstsahgasof
comBnft i 18trepS iHereppay atan YA ROl KnpoRGHS Buch as
meﬂtaﬁfé?ggmgglﬁetd Eac%tfs'dt?theg%%ﬁt iR {18n0%%%v9}ita'g€8us in

heat |on of cul es en ering

thesé §ppb€aﬂons'ﬁbQtlﬂphsd)ﬂﬁhdidibérﬂefonﬁ&medfwmi a @éolﬁb&ﬁvmg a
hel ps control cooling of the contactor during the

porgesize betiveaenstbout STmd atfoat aﬁlanrgatsemsaﬁ\lmhrmuogmmm;ﬂeb of
to,the fl ow channels of the _captactor,

Zetrlﬂteh@wegms% pthis size mgc ge MEL, Guigs lts*é(@trf §§ ef?eta In

thelgé gﬁﬁcm Ie Stl)}ﬂ 13‘ t18 §ite ca m%nfrb{r)t éb%ut 1to OIabout

rntot sor 9 % can a soll
100mt eri al di str| but ed throughout the adsor bent | ayer or
it can be included as a layer within the adsorbent.
When it is incorporated as part of the wall of the
[0072)w cHhadew mesapardusand macrepareps sdsartient isfanrintagral

o RaSertart F chitactirs althEPreSent wuephon i ca8 b ed n both
equliprinh ?fé&'}(ﬁ'ﬂa:ﬂcg m@?ﬂphk@s%r{?\éﬂa&gﬁ'ﬁﬁhg T)r&}es§éjsq6 improve

materi a cer

lightogbrhpdiérit plodi@ et &ver9f Adstberite doﬂfﬁbﬁiﬁ of ﬂfd P8 art contain
steel, copper, and al um num alloys. Non-limting

SIga)fmﬂnI tavels oﬁmssemled and maadropoiesc |Atdhe endiofahe adsorption
step, tlfrrgrrqgsop%?gs grlui ﬁl%r(]:lr(?porég which are non-selective, will contain
significant amounts of light components because transport into the mesopores
and macropores is nonselective. This is an especially important problem in high
pressure RCPSA, PSA, TSA and PPSA processes because at the end of the
adsorption step the number of molecules in the mesopore and macropore spaces
can be comparable to the number of molecules selectively adsorbed in the
micropores of the adsorbent. In the desorption step most of the light components
contained in the mesopores and macropores are undesirably lost to the heavy
component product stream. As such, these light molecules are not recovered as

desired with the light product. This can result in significant loss of valuable



exanpl e of a preferred polyner that can be used in the
practice of the present invention is polyimde.
woDegengsng upon the degree to which the tenpepatriseo0s/006071
riseis to belimted durln'g35t‘ne adsorption step, the
anount of thernal mass material used can range from
about O to about 25 tines the nmass of the m croporous
1ig§1(;‘§1%ﬁeﬁtmé aasfb%b&&%%&brs dfafé ?xkes%np iffeption¢anange
e anmount of thermal mass in the contactor is
sighifivandlydiiprové thib rédovesy bfitigheproduktst byereducinmgtheouslume
adsor bent of the contactor. A nore preferred range for
fracthen @fithemepest mepepare/andeBacroREES SRACES | | be from about
Oto 2 tines the mass of the m croporous adsorbent

0dB1 " Fn b eibaRisB eSOk arbsL o, Uk helih B e Pfen
flow pAraller BAnBRAE IcBRPrisc@drEhe §8§dr5§nta”%€tad96rﬁcﬂ?l§m|

S Is Incorporated’into the contactor. The effective
preferabhy a aictdporond adﬂiﬁbentsor@blyilmu thiat selettivelyrddsoebs the
mai ntain the thermal rise of the adsorbent during the
headsenmpporentst Mont bmiting; emapleémfumcmmorwe adwrbents include
nmount...of th

ze e mcn B ST ohbicaS, SaRAiyGhet, iRhaseBhates

i st r
A S AR B fiy s
oth%b Q%feﬂéd%boﬂiﬁxeﬁw theadoebértt niatetial Bscorhpiaseddpat 10
[0076] Open nesopore and nacropore vol unme includes
mlcrhnpowzn ofbeant selentedf frain thewsowp cessisting nﬁtntamsrlmtes and
that..are not filled wth bl ocki ng agent
stapesifigaese e otber e femed embodimgHis e&dssa?% material s

cor?#ﬁ#@d Sfi aﬁéﬁﬁwdrgpé Xd&)é;()glllnﬂp ﬁ%iéﬁ%@ﬁ@ﬁ'lggﬁé %}oﬁg %Flstl{lﬁ zﬁf
ahﬁﬁﬁopﬁospm@hsl (AIPOR), i BEddleRitdpHo3phMeS %SAPOSD‘ wAdtdaflon

i ncl ude "pol yners, mcroporous materials, solid
madigaracsicves Prefarrddlare aealites ot theaenfovial of £©,0pbnand H,S

oporead Macr opore sp t still all Wrmlecules
wmnf}i tcarqsthﬁ% Bafp areﬁgaieasfor the remayg @&Hﬁe n other

ckin s a.pal
Prﬁ’i‘gfégﬁﬁ g& g, iEhdRoeil PR sl S delee srlgoted
p%ﬂﬁ‘fstlﬁg OfVIBE fAGfYHE, MICNMOL, dnd B&8S NGH-limiting
gniTicantly 1 nvade m’cropores of the adsorbent, but
exarnpl&s oflpolymetsithat cdn boasedas sdledtive ddsonteamp artsdand
macr opores. Wen solid bl ocking agents are used the
polyimides, polyisplfones, and fuaetienal @ea BETS Yieh asrgmine

func%onafnzecia polymers.

[0074] The adsorbent contactors of the present invention may optionally
contain a thermal mass (heat transfer) material to help control heating and
cooling of the adsorbent of the contactor during both the adsorption step and
desorption step of a pressure swing adsorption process. Heating during
adsorption is caused by the heat of adsorption of molecules entering the
adsorbent. The optional thermal mass material also helps control cooling of the
contactor during the desorption step. The thermal mass can be incorporated into

the flow channels of the contactor, incorporated into the adsorbent itself, or



m cropores in the adsorbent but smaller than the

nmesopor es and macropores. As such the bl ocki ng agent
wocbs/f438231 Nt o the mesopores and nacropores W tpails2008/006071

significantly occluding or f3¢ting m cropores which

may be present in the adsorbent. [0077] The bl ocking

agent fills the open nesopores and macropores of the

1nc§g§o%&%rgs F;5a9‘t PR WaR of e ol &}a‘ﬁ?el& et Gt iSQBCQ@JrQl‘Ed

nesopor es” and nmacr opor es he adsor bent ne

intd g adsOTBEMNiti AR 4 Solid hiat@idl disthibotedihkowghciit alip hdsorbent
of polyners that can be used as bl ocki ng agents

layengf) itobanhbel xymltudwsas qokab'ysmx?m&mf acllmd)@ntl iWhem it is

 Non- 1 i mti

incasearaiesl 9 BEKPhIPe-ycs thinBpackawehdbe 23sshaRt Bepasiied or
ror T NOTE AV SETARR PR PHATBE B il mass

maltér?dl'lﬁ tfi%/ ?f&ﬁ@é lTiRe B?éébﬂﬂm“v@ﬁﬁ’&‘i‘ NOROBRStiAg ek Pfé%g#ftsuch

to about 60 range. VWhen a liquid blocklng agen
mam&ﬂs include arktals) caemiss, and palymetse, Nor-lineitinigyexamples of
saturate, the feed gas with the |iquid blocklng agent .
prqueqi metals iaclada sirebcappes smdcalwmirun adloxge AV @-ilnvtmae

exgRe oL 1 ﬁf%fﬁffﬁu%ga%%?@ﬁaéq% ARERines Hd GrEAbRecAR
ex&&xﬁfem ?B ﬁ& tthgtaéaﬂ: ?&i Hod dﬂrﬁcﬁ&eo rb&%t

the p esent t1on |nc e m Cr opor ous car

inveftiod €9pb ml@avmpeﬂ&hg u;joﬁethe degaertotwisichtthe &ﬁnpérature
the selective structured adsorbent of this invention.

Tis@\is @&mmmedfdmmgaﬁ!@cadsemtmcﬂteml the ethonint lof ghermal inhasg
bound .zeolite,| ayer

| |
mafShA e d 530 FARgs L et 4 (B bO 25 PBFEtGIRaTEO! et he
| | h
m‘?ﬁ’?@‘% SfsDrtet BT e EOaglen] | 18 DAL S BS e T

voids are filled with liquid (i.e., the total

[00753ul t Anprefaced rand foesiepamoant yf therthBEnasy &1 thescdrtador is
than about 20% . In sone cases, the bl ocking agent

frompabentd) wohtimesdhs masswafithe aridrapesousiadsopbent afshe contactor.
 GRERR B rbba B SO R e
ab&HAR £ 1ﬁ{esstﬂg I?n?sﬁ%t{ tH? HiEleoﬂof‘o FEQ bR/ lﬁgﬂe)élgf most

LoMpGsT PR SHET & CONt 1 NUOUS an
preferabDsfrot Hesut! BEsS1 ‘h'ihi’é% th@ %ﬁss%ﬁ‘ tH® miBFopérbils material of the

contactor. Ina preferred embodiment, an effective amount of thermal mass is

incorporated into the contactor. The effective amount of thermal mass is an
amount sufficient to maintain the thermal rise of the adsorbent during the
adsorption step to less than about 100 °C. In a preferred embodiment, the
amount of thermal mass incorporated into the contactor is an amount sufficient
to maintain the thermal rise of the adsorbent during the adsorption step to less

than about 50 °C, and more preferably to less than about 10 °C.

[0076] Open mesopore and macropore volume includes the volume fraction
of all mesopores and macropores that are not filled with a blocking agent, and

that are non-selective_ and thus are capable of being occupied essentially by all



open nesopores or macropores. [0078] It is also

possible to fornmul ate the adsorbent using a nmesoporous
womberdassds that fills the macro;)ores t o reduce pidraIS2008/006071

overal | void, or open, volunm®/-An exanple of such a

structure would be an adsorbent having about 30

vol ume% of nacropores that are filled in with a

t . Q 3

ColBEABS VS fas AfkuRP. MO iifing ESHpIAITIOA0Rp 25206 that
cait bamsed in the! practiceref thegsres@itdnvatidnminehudefpalymers,

.channel s" or "gas flow channels" are paths in the
migroaposeusomaterials, splidhygaecarbons, anddigiids thah ean fill therapew

R BB Pl Ty PR LERARATRRS o
iEHBRR i GFSHRBUE o V1) BB e o

lighfi iff ¥s\PreferiRdabat the MORchiae si¢ldfahe bloddng agema Rikge
volune ratio. The channels are preferably configured

enoughsanthat redpesasatsignificantly invade mivaopaies of kive adsoybent, but
flow fraction,entering a_channe|

enbodi nts, a flui
nog$o f%gf}mt dt d%ﬁSd’%ffﬂl the BESARATEHANG BECTORATES, o

1
bRkl B8P Bl Paft e Ay 3b SRl Y B Hhaf AR elective
miﬁ?ﬁﬁo&é&in&he tadSorbRAPPEL GRMIer! thah thd H%@B%&@E aha%aérﬁﬁbll%ls. As

e channel uniformty to ensure that substantially a
suclf thettdockiapagent earefibfito ghd miesypories land anacrapdresaithdute
.mass transfer zone is substantially equally contained.
significantlyensduding oy filiag grisronares whigh mayJyef priesent infbe e
di S extcessi ve channel inconsistency. If one flow
a %%Bﬁ%el is larger than an adjacent flow channel,
premat ure product break through may occur, which | eads
[0077)a T E[%H‘Hlbélﬂn? %gbﬂﬁﬁlﬂ tHeYoin &Q@oﬁr@g dfid n¥RFopdres of the
unacceptabl e pufitTy |evels. 'Moreover, devices
adsipbemtttoram exttentythhethenadumedrazsiogr afathe ropeh ancsoipords difdl
cycles per mnute (cpm require greater flow channel

magGFeRAERPE theaadsorhend meets the-aforgmentionsd lleﬁgif@n@ﬁ%ﬂ’- aNpny

. . | ' te. . Furt if.t -
i 885wl of Rl B WY 58 bF e85 Dlackine RS inclyds o
PO B Sy PHET oS D ubEE) oy S Elexafiffles OF
liqaids thatorantbe wsedhmdsiackingtdgenainaludel ansines\stbmatics such as

contactors of the present invention can be any
1,365 tramethyibenzege andt branchedpaturaied hydrocarbons such a

heptamethylnonane as well as liquid hydrocarbons having carbon numbers in the

about 5 to about 60 range. When a liquid blocking agent is used it is
advantageous to saturate, or nearly saturate, the feed gas with the liquid blocking
agent. Non-limiting examples of solid blocking agents include hydrocarbons
such as waxes and those having carbon numbers in the 10-1000 range. Non-
limiting examples of microporous materials that can be used in the practice of
the present invention include microporous carbons and zeolites having pore sizes
larger than those of the selective structured adsorbent of this invention. An

example of an adsorbent formulated with a blocking agent is a silica or alumina



is suitable for use in swng adsorption process
equi pnent. Non-limting exanples of geonetric shapes
wo 26d/ude3var i ous shaped nonoliths having a pl pealid2yosabeo71
substantially parall el chanmtd s ext endi ng from one end
of the nonolith to the other; a plurality of tubular
menbers; stacked | ayers of adsorbent sheets with and
' i : ' f¢me in the
bollhd Bl 1 Hef IEUR D078 Bt SRR g et opch Kok
intérgtidéscetofeen the zeolitegarticlps thet iefilledlin dvith bérguid bi¢hat
adsor bent can be coated onto these geonetric shapes or

substantiahkydb veids are filledwith lighithdes, the sotabresulting maere gnd
f the. bent materi al i.tabl e binder. ,An..

meaQBRTORIY if hf (YShis 1Ene Tianabebt AP Ya 16 RPE: Fapeh btfirking

agétfl ??ﬁﬂ? ?tc/oP{iHQSﬁs RO dik %d?tﬂ? af8sdrbent ﬁriltﬁfmg%s& structure

zeol 1 te/ polynmer conposite Into a nono er

withthephréfjoraug apieiali smbedied Withiete Blocdhs vgbh NAtivn-
adsor bent woul d be extruded or spun hollow fibers made

limivingrezampls of 81/ghod stmestunsoisppozsaliée/palyresremhposite where the
eonetric.shape that is coated with the adsorbent .
poljtatas GentmyaRAnd e corusasie s essiain AEoRosd Salme B in
] pore, adsorbent film such as a
OPézHeg{elg&g&?gl%rrnrﬁ#wggﬁﬁrg'ectly formed or coated adsorbent
| ayer can be itself structured into nultiple |ayers or

[0(173?3 sals alsodpdssiblend faandatkant adbédehehsing a mesoporous
Mul ti-| g%/ere adsor bent sheet structures are taught in

matgrial ¢batJills the rracroporesdplrcducd the duenall vaid, om ofen, volume.
2006/ Q169142, which is i h inb
An<3agiaR 06 Suclh B HCHIE T 1A e A0 LSOO, BaV e bak el s
- ! . . :
volgfikeROrrAlIhaRs AL MRARIih e HpoPoio 36l{eeL Sh 3t the
restlihmgﬁﬂo ! eSopute and rﬁb@rapsfel U6lanie 8 eBHA aBotiC2@RHUL

m crons, preferably from about 50 to about 250
m crons. As utilized herein, the "channel gap" of a
[0079pw chhecbannels,cadso semetimes referredgorasdiflaw chamnels’t osgas

RN ORI TN ST,
GeRAISE PR EI A EFERTFS) P oyl PRGSO v

relattvelP ighhqirifle foR. FlowhhanElUbAsthi shoIPBE seffiditftto provide
the Tlow gap is the distance of a |ine perpendicul a

thetmassrtdansfenzontei whichhie at Veast, afyastios ofidse fifud welocity, and the

r.ect angul aﬁ (i,e., the length of the
surface ared to channel volume ratio. The channels are preferably configured to

minimize pressure drop in the channels. In many embodiments, a fluid flow
fraction entering a channel at the first end of the contactor does not communicate
with any other fluid fraction entering another channel at the first end until the
fractions recombine after exiting at the second end. It is important that there be
channel uniformity to ensure that substantially all of the channels are being fully
utilized, and that the mass transfer zone is substantially equally contained. Both
productivity and gas purity will suffer if there is excessive channel
inconsistency. If one flow channel is larger than an adjacent flow chahnel,

premature product break through may occur, which leads to a reduction in the



smal |l est side of the rectangle). It should also be

noted that the flow channels can be of any
woonesaseact i onal configurati on Preferred enbedirnnérs 006071

are wherein the fl ow channet %r 0ss-sectional

configuration is either circular, rectangular or

square. However, any geonetric cross-sectional
pufifinbt B RbUAT, iR dRAUSTARbIRYEA Sl BRlccbidh, hEckS:
opé&rating sit cyaeﬁé@enpteefgéateﬂﬂﬁﬁmmowcldsmr haiute @pm)

t he adsorbent volune to fl ow channel volune in the
requirscgroater flovvekanngl uniformiyaniddass pressure idsop biaan those

f bl t 1.1t b
OPEratlps@é%W?rncy EPRCPURIS ERFGS b0 mURE PFRsuRe drop occurs

acrl(bggnﬂ%a e(:dd oge @ng%pl c@%ﬁefegeﬂ%cof%%{ ﬁ‘eggrﬁaﬁ% ter than

106265%3‘@@1@&&@5119@%&@%@ fl ow channel | engths from
about 0.5 centineter to about 10 neter, nore typically

fl ow channel |engths from about 10 cmto about 1 neter
[0080) a dherhmiensiops end gsometio shapestnfithe patallel chammsl
contain a acer,.or nmesh that acts as

Th h |
comaSioRY oF themyESeH RHER AN Sa o6 Bn dumentian or Eopme i hae that

h
is ﬁﬁgwﬁrme glré?W?I% H&%&éﬁgn %ozf@g %ﬁh@mer{t "’Norf| 'pﬁﬁg
ex@&HPIRIoF gebmethie shaRs intlude %ﬁbﬁs tsh@ﬁed?ﬁﬁnbﬁtﬂﬁﬁﬂrmg‘ a
the present invention are those conprised o

plutalatyrefi smlbalalrlylaliy paralied chphaels lextendmyfrpngbms end of the
T TG -
shefs Gkt Mtﬁ &%P%%fst birmsPh B3 SR B e sl s

buhdl@% BfheHowa Serbof weH ad Uuﬂdl%%t%%s@ﬁﬁaﬁy ?ﬁ&lﬂ:‘l 624 fibers.
cycle frequencies up to atleast about 150 m The

Thé Iadmnbbammi bé eoared ombxy these geometrdd sliapsis top th«y sha&pes can, in
eed. At |o cycl e speeds, such as from about 20 to
maabfda'ftaa@ﬁs@ Bﬁqfoﬁfh%g firgcsly: feomm the adsogbentansicpal phusisyiigble

birffR. ool Sle o Ak AREE Fhoe FUFed Bt BRI e 1 ow
ad$orBEMtAind&NWbEId bt tusion 984 "z@@ﬁt%gb gﬁ‘fé%' l@g ft¥ into a

fromabout 10 cmto about 1 neter anne

madnehigh. hAnotrer lexampdel of argeshmteic shapd ﬁ)rﬁ’ﬁﬂ chfml@sﬁ;em the

Rapi d cycl e TSA processes tend to be slower than rapid
ad%yg wadhegpdaided qrﬁpuashqlm fibgrrgmade iftom ar7gahits/polymer

corlnle)(qgi‘ A%aer)]ca?r{pﬁe o?a geometrlc sHap Sﬁia?%sogga &d With the adsorbent

would be a thin flat steel sheet that is coated with a microporous, low mesopore,
adsorbent film, such as a zeolite film. The directly formed or coated adsorbent
layer can be itself structured into multiple layers or the same or different
adsorbent materials. Multi-layered adsorbent sheet structures are taught in
United States Patent Application Publication No. 2006/0169142, which is

incorporated herein by reference.

[0081] The dimensions of the flow channels can be computed from

considerations of pressure drop along the flow channel. It is preferred that the



[0083] The overall adsorption rate of the sw ng
adsorption processes is characterized by the nass
~wotxesnates rate fromthe fl ow channel into thepcT/us2008/006071
adsorbent. It is desirable 1 have the mass transfer
rate of the species being renoved (i.e., the heavy
conponent) hi gh enough so that nost of the vol une of
flowéhanfie Rt ¢fantkl baf B AbéRSS &Y ASRAS, 000 Afierdme
adsor bent sel ectively renoves the heavy conmponent from
preférabbafroat alsaut)50 toeftoue 260 migsensof As btiliaed betwimyt the dghannel

can | ower recovery of the |ight conponent and/or. .
gapjeef 2 How ehpnngliis dgfined asihe length of adingcacrepy &érml‘wl}‘ﬁn

a1 of BSOS SA BT RGBS,

. . t .
B SPTBRAIHE BIEU BIG0LB DBl e s
therfhterasladianRterasfahe cirgleefHoweead, lif/thesshdnhel gdpeis rectangular in

adsor ption and desorption of the heavy conponent. One

crogsrpeetion dherfomhgap i%t%calistan@ eha Hins pempandigylar to and
substantially uniformthickness ere th hi ckness of

contirgtingdhy Bunlongiyh S1des of e By el aniss» dhe el St the

sm?ﬁ@gtfsi @ﬂ{h% rgétahgﬁea.h Feshoutd HBB'B%%@@ thsﬁh.ﬁe g% cRinnels can

e adsorption an esor ption steps of the process.

be dPany bt sssseetiondll dodfigubaticia PREeréd efbodihem@are wherein the
measur enents of the thickness of the adsorbent or from

flownchanay! crossvsectional cosfigatationds eithet ¢cir¢cuap re€tangelar or

that_the uniformty of the adsorbent be such thah t he
square:n HOWE Ve, ATt BeMneric; aress-sctionak contigyration may, bg ysed.

suchpat il ARTicBHE] R BNl Vs, obRE s VAR potybifal shapes.
In bthel picTeirbaRnifudifnehls, HeofatiohsT thY @dse®ehi SRS o flbW

is even nore preferred that the standarddevi ati on of
channel sdkondenthet ddsokbrenst sohactords fitamaabatntolit : 586 atfoutHO0:1,
average thi ckness. [0084] %ab[@cul ation of these nmass
and mose Peelerahly fram abaut & lite ahept SRdewn to those having

ordinary skill in the art and may al so be derived by

se ' ' Ski. [ f s
(00287 BT §8 RCPSAYRbIRGlibo Be ToRe Bidpnel SR RER dehen
adsdrbént3hkals! 8¢ _ld?ﬁﬁﬁ?é]fto%@ﬁﬁ:&.b El‘g'bl&?ﬂ’lg/t a8idtbentRRtihates For

and Purification Techndl ogy 12" (1997) 43-60, which is
ROPR8% apphedtamhshmaveiflovo chamial demgths frinaabboued. Senyimeter to
aspects of how the mass transfer is affected b

h
abqut; l0metes, more Rpisalbn flpvi¢hanaghlengthsyiipmaghout HZ) %929 about

1 rrtleitrer}3 ax?ci atcﬂgm?erlog%%so ab%u?go to about 250 microns. The channels may

contain a spacer or mesh that acts as a spacer. For laminated adsorbents, spacers
can be used which are structures or material, that define a separation between
adsorbent laminates. Non-limiting examples of the type of spacers that can be
used in the present invention are those comprised of dimensionally accurate:
plastic, metal, glass, or carbon mesh; plastic film or metal foil; plastic, metal,
glass, céramic, or carbon fibers and threads; ceramic pillars; plastic, glass,
ceramic, or metal spheres, or disks; or combinations thereof. Adsorbent

laminates have been used in devices operating at PSA cycle frequencies up to at



U S. Patent No. 6,607,584 to Moreau et al., which is
al so incorporated by reference, describes the details

wof 068/@s8aul ati ng t hese transfg{ rates and assoeeiTaiR608/006071
coefficients for a given adsofrbent and the test

standard conpositions used for conventional PSA
[0085] A figure of nerit for the mass transfer through

1ea§b§o<ﬁﬁq%bag,?ﬁt m%ﬁhﬁnﬁaq@ngﬁnﬁaﬁ% colrdlaté@® bith cycle

transport heavy conponent conputed at each

spguadl. NAt ]dwdri@cmjgmeﬂe,muchl:asrfrmnpib@naﬂoaolabobe‘tﬂ) cph ¢he flow
With thickness in the x direction, and the y and z
channed dengsh san bedg lpng ap er fonges than enemstereeven HB tejahgut 10

e, Ko pASle SRecss Erepat Hien A\ CEde Do 5&?@#@% fgt iypically
is d0ERUA! APk A9 Fdm dbLLYPH ?@O%Oﬁcfdt 91 3BherOL fr flow

eavy conponent ong a pa

chirire] petigihs ¢an be aped st slowencyde PISA ﬁtcsdeasese Rapide %IEIBE‘I‘SA

pat h. ere are many possible trajectories or pat
prdaessasttord febel sklrvmmgan mpldaxynlqoBSAtprpm;s,scpi and as sueh longer
adsorbe I The ti onst& the m ni nrum of the
chanpeb lengths casnalsa ysg B‘é}flh $4 P1§§58%65- al ong al |

p033| ble paths fromthe feed channel to the (x,vy, z)

[OGHNT o B R SRR Hn | (R EWHIL S dRpiIFn PG i
charactebized 8y Qhe aidss (tFansferaate e hdiffdw Ehanikd 1hw3ﬂh@dﬁl@orbent

for heat managenment) there will be notransport withi
It is ﬁealmabl(e 10 have ttm)nnsstransﬁ@r rate tof ghespavies baihgdentovad (1 €.,

N @;ns;gﬁia&%ﬁ@g;&aﬁesawm
s GRS BRbdest! AR G0 ORI LABLG [ (ERBYS AR GRy

e averag ranspor usi on coe

codpbhentIBéhithe igas tis’ﬁ@ax'n' ﬁfbffﬁl:ién@\d?é apaf zﬂisf)fbéiit %yer can lower
coefficient along the path | i near averaging s

reconeryi of thatlight companeat andfof ﬂasnease thegfurityiofithe light product
char a@ rizing. the path. When the heavly corrponent has
stregfy  WilLYSS0 tﬁSRﬂP-‘f%é‘i“tﬁm@@ef‘ﬂF ppasible ulate ap| so

B PS5 B A Gr o
ma3f oPHe volime! dThE4dSHbeht) 3vhich &vitd B #5th€ icroporous range, is
efficiently used in the adsorption and desorption of the heavy component. One
way of doing this is to have an adsorbent of substantially uniform thickness
where the thickness of the adsorbent layer is set by the mass transfer coefficients
of the heavy component and the time of the adsorption and desorption steps of
the process. The thickness uniformity can be assessed from measurements of the
thickness of the adsorbent or from the way in which it is fabricated. It is
preferred that the uniformity of the adsorbent be such that the standard deviation
of its thickness is less than about 25% of the average thickness. More
preferably, the standard deviation of the thickness of the adsorbent is less than

about 15 % of the average thickness. It is even more preferred that the standard



coefficient changes, it nust be averaged for the

tenperature and pressure changes occurring during a
wocyed/as3sBor an adsorbent to be efficient, thepararsagsadoco7i

t hi ckness of the adsorbent 'I"a?yer preferably is chosen

such that the tine constant for at |east half the

points (or volune) in the adsorbent that is not a

. . o

deifAGE of e MsoPoMt Mok iR B sS HinabouByFbf Waverpae | o
thicldress.bent | ayer is chosen such that the tine constant

for at least 75 % of the points (or volune) in the

adsorbent that is not a dense solid is |less than the
(0084t e Enlenlation olthese mass trapsien rats conpiantseisavel) knawn to

o B B SR k5 0 R o bkl B hying
orcden és’kélg | gl\éio‘{sfyﬁg%% hl{aﬁg%%a%gﬁl?é ggﬁ%%p% %{e‘ﬁggc g@% me

Thadroh/Rerfomsase. ofl P&kl leMPassape pevorbeit untadtot, Bepagation
applied to inprove the separation of nolecul ar species

and Purificgtiermdschnajagy 12y(h99éx43-6§awhichnisiacorpedated hepgindy

of nmethods... i ncl udi ste

ref oo I mOnK GSREAS B BORLhE Ty e Tasmeres i A aErad 0y Die

il BRSO BE LR EIE TSP 0L rogess, Ao
U.S./PaterttaN8.%6,607 584 t6Mbreah etafl, GihedH RallseRiYorparated By
as well as power applications such as Integrated

reféiancd,ideaciibes therdsitaitsdfofgalcalgtingdbese thhsfef ratheand associated
pl i cations have a, specification of the exact

CO‘%EH&?B&S I 3rgiyen 93@@9&@@4 thedestrstandasd compogitipnsused £gr

Corgeﬁﬁﬁﬁﬁgﬁ’ﬁym hesis gas contains at |east CO and H2.

ecul ar- - conponents in the gas can be CH4,
Cx2, H2S, H2O, and N2. Mnority (or trace) conponents

[0085] t heAURSure BT rhéel fi ehuths eranbRA throeR tRedddNPbent Ryer is a

_alnmost alT applications nost of the H2S has to be
timeeonstadt, f,dior traaspym gf thekéavyecompement wempmzted aheadhnpoint in

ny .appljcations it is desirabl.e to renove nuch, of .
the agsorbept. For %\pfﬂna& a@swf?gnWEWIthﬂgag 1 the x diregtion, and

f ‘ A . ' hesi ogcess, it i
the ZRREL BiScdls PR IRV naRt M B shell AR8THne boglnt v of the
hea¥#! dégnpdiRint iss optimum for the process. In certain fuel
appl i.cations, a water-gas shift reaction my be
enpl oyed to shift the syngas al nost entirely to H2 and

Cx2, and jin_nany 2 .
Ta [X,Y,2] = Minimum|[ L. / Dpa] (in seconds)

where Dp.y, is the average transport diffusion coefficient of the heavy
component along a path from the feed channel to the point (x,y,z) and Ly, is
the distance along the path. There are many possible trajectories or paths from
the feed channel to each point (x,y-,z) in the adsorbent. The time constant is the
minimum of the possible time constants (meh2 / D) along all possible paths
from the feed channel to the (x,y,z) point in the adsorbent. This includes paths
through mesopores and macropores. If there is a solid material in the adsorbent

(such as that which may be included for heat management) there will be no



such applications it is desirable to renove the CQO2.
[0087] The present invention provides a nethod for

woO 008/83%i3ng t he recovery of the val uabl e nol e@@ars2008/006071
conmponents from synthesi s g'a‘@. “In nost applications
val uabl e conmponents are CO and H2. \Wen nultiple
species are renoved fromthe synthesis gas, individual

traf§PUrBGMiS it (K, PR ipBidedvitigih it AR Akt TBviadedfin the
particul ar conponent, can be used. Miltiple contactors

compntavionusSBw trawsposediffisiomoesflicnt pf eachi specaenisaakemto be
rapi dly changing the pressure in the _caontactor )

theginglg; Gogpanent §g¢fand\¢ewe8p9{§faﬁlparposﬁﬁueah Faeh spegies:
smal |l equi pment,.si ze. Al ternatively sever di.f f.er gnt

ThE 38 iag HHATRERH ¢ifuF RosiosbPRRl AbREng B, Houn it 1R fRkarty

avfrgg%&ﬂﬁ?ﬁsioﬂ— BbefRiia! A16i5g ﬁhe{‘ﬁcﬂﬁ.s A,Pfin?@l ﬁ’éﬁ'ﬁ%@%ﬁ §ufﬁcient to

vi ng several Sspeclies w a Sl ng cont

prdvid8adiffusioarobfficient ¢lalhsteiizingetho path. sWimnhahe heaoy d
gases, such as H2S and/or CO2, at _higher pressure. The
compenentrhasanany gpreieptheshifiusiongagiijeicnt an isalso

coigpanhRpally avemees- cLue ittt FATETF thsePEApE A Lqperature
and A GESAIA GAB SR &1 GE1I°Fo WEERRPRRY IR SHfilon Th°

I nve providés a neans’ to rapi ange

coéffidieit ichang@dahastiicawrhped foraie esrhparatuie andrpiessiget
| osses, |ong heat-up and cool -down tines, or adsorbate

chatigeatoconrrinpeduyring a wyeles v orcancatisoririt 6o be affibient the averaged
i oG PR 5 Bt Ao
oG ILAE hafe tfxg hé@i% @p{@ﬁ@@% %Cst%Eb&n LthiN9$ot 8BRS %olid is

exchanger. e operatron Is

lest @ednl thealyRlt tinehofahe prdddss! Marerprefersly! el Srerddtettickness

the adsorbent is on one surface of a conpact heat
of thecddsngent layec tisickoseresaichthatahd tinoo Comsgantcfior dt teake75 % of
pl ace in a channel isolated fromthe adsorbin

d
thepaiptsyop yolume) indhe adsorbentthap iy nefia densssolig If essrfhan the

t t Qe contachor, duri
ey g REMHrIRES, dSvdiGus RisTHabI, I SRMEIRieS] obphe
adRAB&HtNEFerGe TRBSE §ifch thAt BR'EmE tdhSARELHR at least 75 % of tﬁe
chromatographic |i ke separation can be achieved (Wt
poimts @hirlvolume) fir the adsoebenit ¢hiatgaapt a donse soljrbisdespthiaalabelut 25
channel caontactor arrangenent can be extrenely energy
% af theGyslg time of the process. '
[0086]  The present invention can be applied to improve the separation of
molecular species from synthesis gas. Synthesis gas can be produced by a wide
variety of methods, including steam reforming of hydrocarbons, thermal and
catalytic partial oxidation of hydrocarbons, and many other processes and
combinations known in the art. Synthesis gas is used in a large number of fuel
and chemical applications, as well as power applications such as Integrated
Gasification Combined Cycle (IGCC). All of these applications have a
specification of the exact composition of the syngas required for the process. As

produced, synthesis gas contains at least CO and H,. Other molecular



Thermal energy used in the swi ng adsorption process
can be readily recovered and reused. Because of the

woehes/agsyaf ficiency a | arger degree of thernmal pgwusgorsa06071
be used. [0090] The cont actof$-of the pr esent

i nvention can better be understood with reference to
the Figures hereof. Figure 1 hereof is a

* coPBhes®Rh W g@s &4n Be EH 20, IE8AMNRE), aﬁ@NﬁMﬁox@tfyd(‘o?Qrace)

a
pfesent inveRtion in thé formof 4 nonolith forme

comipoaehis)in thogasaca mchypde loydroeatbonb,aNH; pndNOxndaralmodt all
cont ai ni ng afpl urality of parallel flow channels.

A
apphieasiopgmestyofdhe Fh8dasitn bsirgmeyed fromdhe syngas bafprecit cgn be
by extrusi . . An. | e of i ndy i
ussbad i fan pPLRRTRRSE in AlRiRbEF T omiovs pibh F Uk EBy In
: AL > ) | t o
appiicatfohisPire The ST S bied of ARSI atiniiLH] Ynthesis
provess, ic kaliypgesifabdertaidiubt thetld,/@ioptitioltodDOaluke ¢hatris

preferably fromabout 50 to about 250 m crons, as |ong
optimuan forthgrprecessoln eertpin dueloapplications, lawater-gas shift reaction

maSEF BAPIEALH S KhgoTnes O3, BLrehEionds AL Cow AR in many
Lo tri lar, d
sug et e e PR Ot el 0 & bceupi ed

by the adsorbent 5. As shown the channels 3 occupy

[0e8Tut  AFWprEsdntenvettiviEproviddsar meitld fop iﬂ@éaiihg the recovery

adsorbent 5 occupi es ahout 75% of the volune of the
of themwaluable moleculis componestsdzomoynthgsis gasm laboost apgplications

bout 98% of the | u of e nonqQljth. The effecti
vafiablicagomnt A GCELuNEBA. Whin Buitile shisaics auemeved from
A ERE SRR SR cdcR R T R By or
pafticitdr Win$dneht seintseiisddl f Rudltipke ddtitaktopscaribe AsEPbéiuke the
= -Channel Dianeter - 2 Volune Fraction O Channels
inyenpion]provides laameansodfi tapidly chagging the pegssufe inrthe contactor

ef fect.ive thickness of the adsorbent will be about 1,5
alloyig; Qrﬁfépuiq %—5@ eperstionpadscongequaiitialy. Smﬂgﬁqwment s1ze.

ARy ShO0FR} Sfrede Bt usPrichRfor SPMARM RIS 406
coRASRIrDEThisRYPIdes aMmEAR SRFeMRIEIIMONRAgRBVEFE species with a

cont act or
single contactor.

[0088] It can be desirable to recover separated acid gases, such as H,S and/or
CO,, at higher pressure. The recovery of higher pressure acid gases can be
desirable, for example, when CO, sequestration is planned. In these cases,
adsorption by temperature swing (TSA) can be preferred over pressure swing.
The invention provides a means to rapidly change the contactor temperature
without eXperiencing large heat losses, long heat-up and cool-down times, or
adsorbate dilution. Temperature swing adsorption can be executed with fixed
parallel-channel contactors and associated valves, or by means of a rotary-based
parallel-channel contactor following the approach of a Ljungstrom heat

exchanger.



I's not conprised of the adsorbent, be in a range from

about 25 to about 2,500 mcrons. For a 50 mcron
wodbesrases channel , the preferésgd range of thi ekrass0ds®H6071

the adsorbent layer is fromabout 25 to about 300

m crons, nore preferred range from about 50 to about

250 mcrons. Figure 2 is a cross-sectional view al ong
[0099? | oagptdivsnaéy@esbgeﬁmw i9fadiitted Watheparadlel channel

extendi ng through the length of the nonolith with the
comtattios wdfer¢ the ddsorbaritds oolanefsurfagd of atdonapact fhleamxchange

adsorbent |5 pl us bj nder. F?j( chematjc dj agr %rﬁl nq
str@ptgwmﬁe%tﬂra&gn@ee?hwwé erplace Unashamel 3 om'the

a0 fEp B gestibe el g o §°§§§B?%“%@d Q&Féé“émve can be
madk &6 glP(W ﬂf ct8f d@ﬁﬁ% B ads 5 fé'ge(ﬁloz’vmg for
sol'l arti c 9;

ermal nmass heat

betsernsleparamohl af@dsoﬁeagmhpdxﬁ:m dlmmme mmmﬁaeshnmﬂatographlc
m cropores 11. As shown, the m croporous adsorbent or
llkp mmnm caabeiachieyed (witdunsy ddpiaon ﬁmo/@@antlwegw dids type

o gL 0 b e oL G e e
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une occuple m°Cr opor ous a ent or

an@feused Becpadd oLihreneife efﬁdwﬂﬁ;f @fargéwdégr% of tlicriital swing
adsorbent 5 or polyneric particles can range from

camboused®5% of the vol ume of the adsorbent |ayer to
about 98% of the vol unme of the adsorbent layer. In

03 | 5 sopfastors aling preschOmy@ntipe s bRHES bSifidestand with
0/
reféretibe ?%@feeﬁ fitirds RASHE. Difur 13R0UIF i3 LpRAENTIRIoR of a parallel

chzﬁ{nel b@nt@dﬁﬁrdcfené Pf@)eﬁt invéntib ¢k tivgfaraeof a hdoridlith foirhed
desired anount of space or voids |eftbetween particles

direetly from a meicveparaus adsmbwrplus bupdm andseptainingmplurality of
11 dsor be 5is | h

paclel B3 antistio i Wil Yo K ROMSPOLE sanss cane foriped

dirBBRL0 el Rh TR et S A Bdnifl eﬁsﬁ*f{ﬁkaf Mf“m’ 9"

shewhy schéagucHly @ F iﬁg,hﬁe MheF<TO IThescyditriPicREfifor@lith 1 contains a
pol ynmeric particles to be substantially the sane

pluality. ofi para elpﬂ@cfvemaauels Bat Thhse ﬁowqdmnne can have channel
o AR e e RRRRRRhH SR 7S ot 25
mi&ons 24°1oR ra{s'ﬂaﬁL&xé’nﬂeW% gi;vregl Oc%‘fﬁéc?&l lk%ecﬁfbts{a%iaﬁgl the same

processes: nore pre
size channel gap. The channels can be formed having a variety of shapes

including, but not limited to, round, square, triangular, and hexagonal. The
space between the channels is occupied by the adsorbent 5. As shown the
channels 3 occupy about 25% of the volume of the monolith and the adsorbent 5
occupies about 75% of the volume of the monolith. The adsorbent 5 can occupy
from about 50% to about 98% of the volume of the monolith. The effective
thickness of the adsorbent can be defined from the volume fractions occupied by

the adsorbent S and channel structure as:



enbodi nent the standard deviation of the volune of the
i ndi vi dual m croporous adsorbent or polyneric
WoRand/i4e$8s 7 is |less than 50% é)f t he average pamiuseb®d/006071
vol unme. The particle size di4@Fibution for zeolite
adsorbents can be controlled by the nethod used to
synthesi ze the particles. It is also possible to
separate presynthesized m croporous adsorbent
particles by size using nethods such as a
9 aVdciVe ks 0F Qlibbb Q. £ ki Diarkeler LAATe Atactign Gfpddsorbent
advant ageous to use unifornly S|zedWWV€WGﬁ096@@mw“
adsorbent or polyneric particles in equilibrium
controll ed separations. [0093] There are several ways

[06 ?uc ! ur%g C}{et Bonbfth BEF soﬁh ({)fl‘fl,%leré‘cﬁQg‘tﬁlgkn%]s of the

m Cr opor OUS or exa

adidiBellm wiiPb@abowt BYtiméstte diameterastithé feed étfamien oWheh the
can be prepared by extrudi ng an aqueous m xture

chamel diametgr isfinectange fromwabout 50 ta about IbISandmns it is preferred
zeollte and or olid.heat control rticles,
that the ?%M‘e &9 t’ﬁl@?)ﬁe in §m4§s %hﬂr% glentire ggntactor

[ e
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0.5 to about 50% of the volunme of the zeolite and
thesadsorbént dayer as fronh apaut 2 ¥ teeabart 30 midroms, hateuprefertéd range
desjred S|I|ca bi nder materials can be converted in a

froabg O\p}r-%)c 25Papiarens bigured lagucﬁ@ssrgf&ﬁlenﬁlevw along the
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gl ve green extrudate strength. The "extru
plusthindeért hA isshematicl dagranr énlgrging asnmlkéross yéution éfithe feed
wat er _evapor at esand the pol yner buns away, thereby
channely 3 iapd aﬁﬁprbenbmer Srofdtigures? nSe%hwmrpb J2UreA. heAetvferThe

ad§iBentdahdicis & cgmﬂse PRI GOROLS HdsoreRl o ailumericeparticles

7; %l&f@éﬂcf@s ﬂéss?b Hﬁ?%@t 5’5‘;{1@& éﬁﬂ& Q%lcgdlélﬁg q§¥‘ﬁtti‘3 and

cking agen as’ previou I'scusse

openhrsaperes ant epicsosdresd 10y Ay ahowin, tHemégopbious.adsOftfeak or
Anot her net hod by which a nonolith can be forned

polyimesic particlesid aceupyr et 608 afithr velnme of thy adsorbent tayer
0 m cr.,opor ous adsorbent_ m xture.. Preferred, .
and e b s D nC I Res Y B Ol csoh o L Ko lymase o WA this

cofpbsition, the vmdage (flow channels) is about 55% of the volume occupied

by the microporous adsorbent or polymeric particles. The volume of the
microporous adsorbent S or polymeric particles 7 can range from about 25% of
the volume of the adsorbent layer to about 98% of the volume of the adsorbent
layer. In practice, the volume fraction of solid particles 9 used to control heat
will range from about 0% to about 75%, preferably about 5% to about 75%, and
more preferably from about 10% to about 60% of the volume of the adsorbent

layer. A blocking agent 13 fills the desired amount of space or voids left



carbon nol ecul ar sieves and zeolites. Non-limting

exanpl es of polyners suitable for the extrusion
woRnegess3i ncl ude epoxi es, thernoplastics, and peur@des/006071

pol ynmers such as silicone rublvers that can be extruded

wi t hout an added sol vent. \Wen these polyners are used

in the extrusion process, the resulting product wl|
betWeth ‘g)‘a?tli’élb!s 56t dhé Q¥ ﬂ'ﬁ@tl&‘i éfbb@ﬁ‘ nﬁsoﬁ@@%ﬁd&ﬁaé&@%orcs

macropores 1 n the adsorbent layer. [0095] Figure 4
11 hethbaidsbﬁbemt leyerésriesstthan abdbut2@at al | el channel

contactor 101 of the present invention in the form of

a _coated nonolith where an adsorbent | ayer is coated
[0092] o t M@anauhpgn@molmés userhinsd ga% éq:rsareﬁq%pmf@ﬁwh?éaehes ona

oS o A, e EOF 5Bk L el o
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g aze or sol ge W | penetrate 1nto he pore

sized mictopoeowsf adsbeberﬁrmlpoijm&ﬂc? patticled in equlibriutrheongt el b
seal s the wall of the channel such that gas flow ng

SepaFiligh t he channel is not readily transmtted into
the body of the nonolith. An adsorbent |ayer 105 is

n um for ' . A
100936 7 o hErfi S BA1 AR Al IndAyBS Baf e dBrmniy BrsbilF from o
smwtu&arrﬁlcr@f)oﬂohs adb&rbeat. SFor &bmpleewhleA'the Bﬂ@ﬂﬁioré@s?
used in swing adsorption processes is the open channel
adsoglientiis aizdelitef thémonotith can bd peeparéd byvextradmg an agieous
can have, channel .gaps as previously defined. The
mngggq)g%mnmgyg[ecq% amgyntseof a solid bmder zeolite and adsorbent,

solid heat control particles, and polymer. The solid binder can be colloidal sized
silica or alumina that is used to bind the zeolite and solid heat control particles
together. The effective amount of solid binder will typically range from about
0.5 to about 50% of the volume of the zeolite and solid heat control particles
used in the mixture. If desired, silica binder materials can be converted in a post
processing step to zeolites using hydrothermal synthesis techniques and, as such,
they are not always present in a finished monolith. A polymer is optionally
added to the mixture for rheology control and to give green extrudate strength.

The extruded monolith is cured by firing it in a kiln where the water evaporates



applied as a coating, or layer, on the walls of the

fl ow channel s by any suitable nethod. Non-limting
woexedkes of such net hods include fluid phase peaaig2068/006071

techni ques, such as slurry Ttating, slip coating,

hydrot hermal filmformation, hydrothermal coating

conversi on, and 'hydrothernmal growth. Wen
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[0084} or bAnbDtHeayrethd8DyawHichrd monbéitlbcaty be fornhed divectly fiom a
101, If a viscosifying agent, such as pol yvinyl
migpopers adserheat is by extudingn polymer Ao d nisfonproys agdsorbent
: ti i .ed i Ki | It b t L
mi§FF-obRefted HFoAgtnlt, Shscpeh 46 Uae i SOMBREPER RS R,
carbBf nFGISulhP §ieVES BAD ESNlteS ! h%gﬁﬂnﬁﬁ% EQ&n@lésecﬁ‘ FAFeRI-
Mesopores or nacropores W typicarly oCcupy from

suitabbeiforahe ertrabiontprééésdficlude epokisspthetmoptastius,emd curable
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. Lt . : .
vl EERBS Rt ot FhuESrAARA O AELGRAL A% FRRIARs in e
adsoBsempddyes. and macropores. [0097] If a hydrothermal film
formation nmethod is enpl oyed, the coating techni ques

used can be very simlar to the way in which zeolite
[0098hbr ahiguref dicgeafpa aaepresanigtionysifa paralieledtanoal ¢entactor 101

o B8 i A il Gt
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“noff-hdiQ¥bert161i0 FisteliBl GeRhOMh 881iF 9 Erial that is not to be used as
the selective adsorbent for the parallel channel contactor. An effective amount
and thickness of a ceramic or metallic glaze, or sol gel coating, 119 is preferably
applied to effectively seal the channel walls of the monolith. Such glazes can be
applied by slurry coating the channel walls, by any suitable conventional means,

followed by firing the monolith in a kiln.

[0096]  Another approach is to apply a sol gel to the channel walls followed

by firing under conditions that densify the coating. It is also possible to use



Exanpl es of crack and grain boundaries in as-grown

zeolite filnms are shown in high resolution scanning
woebewiys£Bs m crographs Fi gures‘pg and 6 hereof . pEAIS2008/006071

zeolite filmof Figure 5 is ¢onprised of Sigma- 1
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burns away when the coating is cured in a kiln. It can be advantageous to

employ a binder such as colloidal silica or alumina to increase the mechanical
strength of the fired coating. Mesopores or macropores will typically occupy
from about 20 to about 40% of the volume of the cured coating. An effective
amount of blocking agent is applied to complete the adsorbent layer for use. By
effective amount of blocking agent we mean that amount needed to occupy
enough of the mesopores and macropores such that the resulting coating contains

less than about 20% of its pore volume in open mesopores and macropores.



and tube heat exchanger with the adsorbent coated on

the tube walls of the heat exchanger. In this Figure,
WOR0082kbgAISi on process i s used (go form a nonol ipich/dseesr0ec071

sui t abl e non- adsor bent mmat er? including a nmetal such

as steel, or a ceramc such as cordierite, or a

carbon. A ceramc or netallic glaze or sol gel coating
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| owed t hrough the channels sealed at the ends 21
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throu h slots 225. The heating and cooling fluid w
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h | h h f th dul Th
el Pin pPAGLOT  ErRES R bR nibfsd anesFofi e 35 i ors
155 ’b‘éﬂ%&eﬂm MFI zeolite crystals are apparent in the micrograph. Besides

the cracks and gaps there are grain boundaries between crystals. These grain
boundaries can connect to the crack structure and aid in transport of molecules to
the zeolite crystals that are deeper in the film. Many of the grain boundaries
have dimensions in the micropore range and some have dimensions in the
mesopore range. It is apparent from the micrographs of Figures 5 and 6 that the
open mesopores and macropores occupy a very small amount of the overall

volume at the surface of the film. Cross sectional images of these films



wi |l be understood that there are various other ways
i n which heat exchangers can be produced or

WwOC00d/14gs3ed. Non-1limting exanEI es of such ot Iperm/vy®/006071
i ncl ude shell and tube heat-@&kchangers, fiber film

heat exchangers and printed circuit heat exchangers,
all of which are well known in the art. By coating an
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nmesopor es and nacrop res on on

abewicTnefahe volwrae off¢hefifls.i N accordance with the
present invention. As such, this exanple illustrates

how heat exchangers can be converted into nodul es
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[00100] Figure 8 hereof is a schematic of a parall
excleargeel [icthns Eagure arf extmesipn @sectss isusad tooforimna trhmoﬂldl finom

of a subst Lally parall el .array of haollow fjbers
a spiaklean-adsosbentirhateriahincluding aymetahsyghyas stgel, O p ceramic

sudfe At g BRvaR, ok SPrbleBaheifile el SRBHFERHhing

215&%1{5)1911&1 toSscaP tHEEchannewalls @fw.rﬁfnohﬂi |&§fod\)‘i’@ﬁs§ 301.

ores 303 of the fibers are used as flow channel S.

mehtionedf $uvly glhzesneansbe3aplixairbyasmeryheoating thezhamhelgeglls
from about, 5 to_about 1,000 m crons, preferably from

folipwed by guriggdnyolitingséh ﬁ@logqiﬁgnaés%b@epmm tp theiphaspelgvalls
| f the, f
an i ffedirides SoRttiaS o Py Be wdRting  Asmremious By

meifEptd, 35 B BRI Rk QuaPald pRSt bepor
techbques toapply thegglate orsallpelt I2this cask heGlazeonsul.gel will
penetrate into the pore structure of the monolith 217. In all cases the glaze seals
the wall of the channel such that gas flowing thorough the channel is not readily
transmitted into the body of the monolith. It may also be desirable to impregnate
the pore structure of the monolith 217 with a solid material before the channel
walls are sealed. Alternate rows of channels are sealed at their ends 215 in order
to provide for TSA operation. At the opposite end of the monolith these same
rows of channels are also sealed. Slots (223 and 225) are cut through the
monolith at both ends to provide flow access to the sealed rows of channels 215.
Sealing surfaces 219 are provided at both ends of the monolith as well as in the

middle of the monolith 221. In operation, the monolith will be mounted in a



[00101] Various different nmethods known in the art can

be used to produce the adsorbent |[ayer 305 in the
wofdoherasszor exanpl e, the hol |l ow pol yner fi ber 9caidsrodsaioso71

nmesoporosity can be extrude®2 Sone spi nni ng techni ques

can al so be used to produce hollow fibers with

nmesopor es and macropores that can be renoved in post
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epoxy coating or filling with a blocking agent. Hol
thefrnorelitht hahy suitalslenpemiclegy odn beuyedtosseah thaersds MS

can be forned in both splnnlng and extrusion
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the green state the final ceram c body is produced.
sid@loif @ Heabexchanget itecagrbeamsedtintaecomdance dth the presem dnvention.
into a_kiln and fired to formthe final fiber ]
As éaﬁla)rtﬁwamplséﬂwtm,es BAw hisat exehangpratandes camerid ingo
at.'vel e fiber.in th reen state.
o5 105 THA Vil fp HssP o5 heng 8 TpHLERIGG Baction
ofﬁ;,@ @sﬁncﬁh@roééx%@.r conprised of zeolite, and
optionally binder and solid thermal mass particles.
Anot her nethod to produce a zeolite fiber is by
[0(!99]jr ot Reedrehdnnely 208 nan havecharinel gaps frog abowt Sto alsout 1,000
ymer fiber that burns away during the calcinations

ml%fpéb preferably frameabout594p @beut 230 ameronsc rWhen ske ehannel gap
203 ﬂeinfaI B)?l e $0In 50 to about 250 microns it is preferred that the thickness

of the adsorbent layer 205 be in a range form about 25 to about 2,500 microns.
For a 50 micron diameter feed channel 203 the preferred range of thickness for
the adsorbent layer is from 25 to 300 microns and a more preferred range is from
50 to 250 microns. The techniques previously discussed above can be used to

coat the adsorbent layer into the monolith.

[00100] Figure 8 hereof is a schematic of a parallel channel contactor of the
present invention in the form of a substantially parallel array of hollow fibers

embedded in a matrix material 331. A wide variety of hollow fibers can be



be reduced to within a target range by filling with a

bl ocki ng agent in a subsequent step. [00103J The
wofJdobe143sgan be forned into a substantially pamar®2008/006071

array to forma contactor of’}the present invention.

One nethod to do this is with an enbeddi ng or potting

process that surrounds the entire length of the fibers
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herein’is to coat the adsorbent inside tHhe
cogtingf arfiillingtveith fai lleckingaigeat Hollow fiberglthstsargicoatposites of
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b er. NSl f ref alricated fiber. .\Wen
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contain an adsorbent having a | ow volune fraction of
polymer matrix and the adsorbent particle. When the volume fraction of
mesopores and macropores is too high, it can be lowered by a post treatment
using thermal annealing, or by filling an effective amount of mesopores and

macropores with a blocking agent.

[00102] It is also possible to produce hollow fibers of zeolites by extrusion.

~ In these processes the zeolite is mixed with a polymer or an oligomeric
viscosifying agent, such as a lower molecular weight polyvinyl alcohol.
Optionally, a solvent such as water, alcohol, or liquid hydrocarbon can be added
to the dope. -It is also optional to use a binder material, such as colloidal silica or

colloidal alumina that can be added to this dope. Solid particles, such as alumina



nmesopores and macropores. In this case, it is
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di aneters. Wien there is a diffusion barrier on the
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ZrexingA s2olye cogling ﬁ@tarﬁﬁisd plymsa dibss that fpims ﬁﬁ%&&%gﬂg the

col RbioR 1 S5 APBHES, MRoRra A Ao Rl g e ppcan
be 88uRd tbRRithinDetas @tarang@b ifiilifg with B blodlhg aizeht inhat

can be readily rem)ved after the matrix is applied.
subdequentitepng exanpl es of materials that can be readily
renoved |nclude polyners netals salts and |norgan|cs

t hat ca sel ectively di ssol d or tched
[09H13] nat ex 1hers &an ﬁggeg Sihstangia lmqﬁalil%gmyay to form a

o RSP 000, EIL B0 0 il A5 hrepbdting

or ?Bﬁ ik prResydhat Shrrbiieds thensiréleh g@. afhﬂa”ﬁb@rst\hnﬁq Haetk

o formholl ow fi ber nmenbrane no When t he ends )
maténalhﬁs i Pevisuathidk ¢haarap i Feghreis: the aendmfrthg matrixralerial

it is advant ageous to place the contactar
35&@@8&@%@@% apgpasgnt @i@P@Sﬂﬂthqj‘{ﬂS% %dﬂn tﬁe efbgdded

hofRE Berbtiue 1t plfS/ inSlankEiiid SRCDSRT AL Rous P AU s,
cxfb?ﬁwz Jfith® %@ Whith PRerl thiteadid Reh diffudienMadhér $15. Non-

rous pac Ing, Or Inram bet ween the matri x

linmitingrexamplés dbfimateritds 8iat candcBas3didfutidhbarricrs majudcnﬁputter
t he PSA, RCPSA, RCPPSA or PPSA nodul e. Anot her way
depesitsshactal and sgsaraic files, syaperatest metaland Gepatalg ﬁ}m&fmetal

ana céramic films formed by chemical vapor deposition, coated composites of
polymers and solids (such as clays) and coatings of polymers that have low
diffusion coefficients. To act as a diffusion barrier, the effective diffusion
coefficient of the coating should be less than about 1/10 the average diffusion
coefficient in the adsorbent layer and preferably less than about 1/1000 the
average diffusion coefficient in the adsorbent layer. When a diffusion barrier is
used, the gas in the feed channel is effectively contained in the feed channel and

adsorbent layer. This can eliminate the need for a supporting matrix around the



pressure sw ng adsorption nodule. [00106] Figures 9
and 10 hereof are representations of a parall el

wobégmegazcont act or of the present invention i pctrig2608/008071
of a hollow fiber contactor-3$dr a TSA process where

the adsorbent |ayer 405 conprises part of the wall of
the fiber with a center feed channel 403. In Figure

fibdfd, QoM 81% the "rﬁ%%%ger 5 bl Usid'fh ddthe EQ?es allowmg for

contactor 4 are ren transparent wth only
thedsidletime inake Eﬁd&t&éﬁo beg debreaseld) Gise. pfapideycletoperation).
(0]

surface. The Ilow fibers used in this exanple have a
di ffusion barrier 415 on their exterior surface and

[00104] beAmﬂmrafabrjf:@téprumqﬁlgoci suitatile fersusgdireinis do coat the

Fi , Th f the f b b
s B LS eSS Tt i 5 b B S B St
siliggﬁb%g BﬂXvs) S[Zol& l Qﬂ)a’tﬁ’lg%@thgﬁ? Bl@s’loﬁﬁyﬁie grlb?d can

aces are provi at the“en

be ub&d tdlﬂh‘hﬁén A@surbeat 9ér indidecst 4 paefabiidaace fibed. Mehel the
provided in the mddle of the housi ng_ Slots 423 and
1

prefabricated €iber ismadg firam glasa) or sitiea, thidinahprodfct hag a built in
ubul ar ho |ng to allow for the flow of heating and
diffysion @rr*qr 13s. [00107] In operation, the tubular
housing is nounted in a TSA or RCTSA nodule in a

(OFBTST Y035} end HRTRAO A, RITRE €t o

thel RatHHOMABY il 26 cbftais afl adberbeht Having G lewanplugte ﬁ'ﬁctlon of
seal i ng technol ogi es that can be used i.n the practice

mesbpotes apd esanroporesentn this casel itde adwanthgeausitol space the fibers

5l A a6 U e d SR B B 5 e

. f t '
diafftst BrefPABP ek Skt R, .*fk?? dEoe, PR iR &
difReiomh Bﬂnpé%nbtnelda&émﬂfdceq)ﬂthe ey 9 cal 98 advidtagdtils to
renoving it through slots 425. The heating and cooling
embledionlythd endsBFlganhda3 of tlchfibgebmidlé i the mhafdixmaterial. In

through the _hollow fibhers which are ogen at the end of
thig gas n@trxmqﬁemﬂéwyg)@m ﬁ\gpmrmfg henstand nathave

t ubyl ar c [ AiN he
susiiafee? S6pk ERo e o8 MRl s SATRE B PnFra BF BBtgfer, metal
or Hél‘ﬁnhe oT%&wMi&&?&fsQﬁereme If isReferitdBaftheatla@:06& honporous

ayer 405 wth a | ow volune fraction of nesopores and

andreequiremerts ft{n(lﬁh‘lsﬂﬁg ahiagsorbehl iththeambtrixsnmaterial can be relaxed

representation of a parallel channel contactor of
or eliminated. Requirements for spacing between fibers can be less critical than
when the entire length of the fiber is potted or embedded. The matrix material
can be applied selectively to the ends of the fiber bundles by any suitable method
known in the art. Non-limiting examples of such methods include potting,
embedding, casting, electroplating, or electroless plating processes. To avoid
plugging the end of the fibers the end of the fibers can be filled with a material
that can be réadily removed after the matrix is applied. Non-limiting examples
of materials that can be readily removed include polymers, metals, salts and
inorganics that can be selectively dissolved or etched away after the matrix

material has been applied. Grinding, machining and polishing methods can also



the present invention in which the parallel channels
are fornmed from | am nated sheets containi ng adsor bent

womber43eds. Lam nates, | am nates of sheets, or pcanigaais®sco71
of corrugated sheets can be ¥sed in PSA RCPSA, PPSA or

RCPPSA processes. Lam nates of sheets are known in the
art and are_ disclosed in US Patent Applications

be $%nts otk HBERIBther BlethbA<LHd poteor embed the ends

I ncorporated herein by reference. Wien the adsor bent

of the felwas art sintitarao ghoseaisedto $orm diollosy fibecmeptbrane snadules.
a geonetric structure that are | am nated together, the

Wheadbe isads of the Gberbyndle arepotted with & matrik neateriglitds
h at i t.echni .. Non-1imt. | f
i LR T A
or P#§A%68ﬁfg.ciﬁ aolfnabﬁgr RIHIRA m'ogélgf]ﬁl'qued %ﬁé G sSthibuigh the
coating, dip coating, slip coating, spiffcoating,

boreysitthé fiderBOrfel Wiy teensire tatahé Moy goéshiroaeh tHeobére.of the
When the geonetric structure is formed froma )
fib¢rasita place a fibetamsipagkingg an inrent, betweerf thermatrix materidlait the

endsosloatd #h8 Snd 5 njedor ohwedA BLFSA REPRBAer FSA™

molRlel ARReF w3104 e ofts oL HEXrFRIET oL W dunperiog of the

prebdite $RAAE hESSrptibARRodile! he contactor. Non-lim ting
exanpl es” of such materials include glass fibers,

mlled glass fiber, glass fiber cloth, fiber glass,
[00A06kr Biguses @ and h0 hereafhare replesestations ef hiparaltel ehannele

nesh, anded netal, enbossed netal, surface-treate
confagtay Pgﬁﬁe, Presgnt iRy eRjiQn, iy the dormetiadioliew é{lge,r cpptagtor for a
| [ -f] I i,C [
TSAJrosedSbftre e dusfiBeRt B bt 165 cafiprists B for TRt HiPhfane
fibérsoiihadRntei fad han@) 4030 TRIFIghicol®, tRE olift@S8rfaces of the
materials. Coated supports typically have two nmjor
houspg forrthe sonfastarsd0loard rendered tiamsparefit withsenly Wdtteddines
can be, coated wi.th the adsorbent materjial. When the

indicating he ghaes of the quieryurkace- orhepliw fibesensed inhis example
dcRO oun he .ci.rcunferen of, the fi.ber.

haEQPUIERRIG AR AR el GO R Sl ot GRpblptRired

usiSd RhAiques deb@ibéPForTagiRAE hefeok TRRIHAY Q}f‘i‘lé inRE bfiﬁdl are
nmaterial. The thicknesS of the substrate, plus appli eg

pottedsarr dmbedded intdmvatniva reterdalst (7 uThis gotdd drcneistthen sealed

. catalyst, etc.), typically ranges from about 10

intqp gpata.}}g housing 40 Lﬁ%almg surfaces 419 are provided at the ends of the

tubular housing 401. A sealing surface 421 is also provided in the middle of the

housing. Slots 423 and 425 are cut through the wall near the ends of the tubular

housing to allow for the flow of heating and cooling fluids.

[00107] In operation, the tubular housing is mounted in a TSA or RCTSA
module in a manner that seals the ends of the channels as well as the middle of
the monolith. Any suitable sealing technology can be used. Non-limiting
examples of sealing technologies that can be used in the practice of the present
invention include metallic welds, gasketing with materials such as rubbers or

carbons, and the use of adhesives such as inorganic cements or epoxies. The



2000 microneters, nore typically from about 150
m cronmeters to about 300 microneters. [00109] Metallic

woed43smaports can provi de degjrabl e thermal prapeRbise9c071
of high heat capacity and coffductivity which
"isothermalize" a PSA, RCPSA, PPSA or RCPPSA cycle to
reduce tenperature variations that degrade the process

moﬂh%‘is%ﬁﬁ?ﬁf&ﬂs&ﬂﬁ@h Heatifig i icabHhg Fluid oah bedswed\irside the
netal foil's are manufactured with highly accurate

h_olﬂmwaubndash(fiusing dir(])dr’c&i ilmmuhmhig it Tllu@lughtsk)ts ﬂaBIand}ayrrhwing it
: . tmducol : ’

thrigs? slots %fS?i’ ﬁ%&gﬁﬁggﬁy spolipe Spad Mﬁ ;&F.rg S_ git:,téxtché?%e
with il ind ity EB3ks WP ack Bief ol ey bF e

uld) Waetede H%daﬁﬂlgé‘iﬁ P ini
mo?ﬁié; ‘lhksi by ﬁf/gef?gt er mal Syﬁ?ﬁé&??ﬂlﬂ@&ﬁa{iﬁ%ﬂ r4 gcec(?g}aérslmg

theymeal lel arrdyeo fMeoljow ifibicksibedomé e hestyexichangercsuitable faraise in
menbranes are prepared as di scussed above. Zeolite

TSAzprecessgs.olhe tffbeﬂiy bewe e adsorbephlayes 485 srithsa oy rvolume
oft en.have crack [ are mesopores and m cropores.

whi ch
fragg(%thﬁfggesg?orpﬁgga IRIUORA Save been shown in Figures 5

and 6 hereof. The volunme of these pores is often |ess

[00108] aPpiife 19 Hé?éé’fni?.a%?gesgﬁﬁtiﬁhl@ab%%:ﬁh@%nﬁ@ﬁg&ﬁlﬁét%r of

is oftem a characteri st I st ance ween crac

theApresent invaritiomdinobhichahe paralletehanndloate formedt floinHantinated
filmcoating is slip casting, or doctor blading. An
shegtfeeniaining adsprbentynatesiol.i baminatesdamiratpsef pheats; or

argdSortshgilesuitn e by ERcad BBk porpsa
P AP aERS o B AR R G T ol ary Biocl i in 1S

PateapAppHlcatidis U82006016H4ReA 1 fandi 870942 75IBD wehiblp drel
. zeolite filmon a nmetal foil typically containing
incgrporatedhereindnoreference.o When the\asisarbentis eegted gnto a

o B B o Bl P o B s
a8 S e AN e bl Gl Btk
techhigue§i INORL im@tifks exarhples dTAigui@ phase ¢datitigtechhigue®that@an
adsorbent |ayer having the | ow imesoporosity an
be nsast imgbe practicerafitbe present inventiondngluds shirry noatmg, alip
coating, slip coating, spin coating, hydrothermal film formation and
hydrothermal growth. When the geometric structure is formed from a laminate,
the laminate can be formed from any material to which the adsorbent of the
present invention can be coated. The coating can be done before or after the
material is laminated. In all these cases the adsorbent is coated onto a material
that is used for the geometric shape of the contactor. Non-limiting examples of
such materials include glass fibers, milled glass fiber, glass fiber cloth, fiber
glass, fiber glass scrim, ceramic fibers, metallic woven wire mesh, expanded

metal, embossed metal, surface-treated materials, including surface-treated

metals, metal foil, metal mesh, carbon-fiber, cellulosic materials, polymeric



[00110] Another nethod for coating nmetal foils with
prefabricated zeolite crystals, or mcroporous

woReéd/146828S, i s el ectrophoreti rc?gdeposr ti on ( EPPrT/UsRidsiossco71
a technique for applying high®quality coatings of
uni formthickness to netal substrates. The nmethod can
be used to apply organic and inorganic particul ate

maesialsppsllow feberst mieta Ifoils, dradecdhange Subfatesitagd. cobibinations
conposi tions contai ni ng prefabrrcated zeolites, or

ofitheseopatesials. pGoaﬁedlseppomyymealéy have bpdonajor cppcbsyng surfaces,
e bt eBED s TR SRy e bl it
R R BELA o .l

arbﬁid?tl{é SYcurBieRéiRdeCSY the tibkt 1 Fus®eP s@spurd shédts ﬁﬁ@'rﬂﬁ fﬂd‘fwdual

shapes will require that the adsorbent be applied
presieed blagets; lorshey amy bexmade af arconsinngus skeedt lodi mabnal The
bi nder rraterr al or that an _entire geonetric shape be

thickpgss eldtiespbstraieapliis apphed arisrgrbém PLPilsT materaals (syeh as

ac§RhEY Rt eyl BlpidaliyifanBRE fob a iR BuicomeR 8 about
2000/ mwrgﬂet&@tﬁbrﬁgpgﬁgfegg%ba&ﬁ q 59%Idrsrﬂe?érs ¢ 595@@330

used. Col | oi dal functioning as
microwetersind/ or which forma gel are preferred Such
coIIordaI mat eri al s i nclude, w thout Irmtatron
| oi dal sj.lica-based binders, colloidal alu
[091)9%. dMetallic meshsuppars san previde desisahl péhmmal pr0pertles of

iR bEds Gipficy AR BpA B ivibh sy iSO Befhe rk@%i‘CPSA
PHRX ok ‘ﬂ@lsP@AVdXWe f RALLE fénSF rv%Pi% laﬂs gilaagigtthé

to about 100 nonet ers. coI ol da

proedss wldrscalductethunder rmowref aiil&bamﬁd:dmhdonﬁ uAﬂB@SnéIal foils are
surface nodification with alumna. Another type of
manfpeiused with-kighlysagausaie dhickpessséimensianal canirah eThe metal

fo 9{*33% P sPimapsdafcitao @ hapRbSE A iy siseb ek Slustuintess
stiﬂl lok GAb§S thefb SO HERY @M & db[;r ér}%f;'f a'mlétlﬁ&% ﬂorl‘?{ai metal foils

owever; certaln I norganic Suc

witts adhini ddsozisatila rafaechandly csairolled ehickaesse dvnmnéddssary
fromkaolin binders to zeolite so that the zeolite is

good gdhgsiond e method farldding this isibe hiydrothermalsynthdsisind

structure t he o ds bet ween,the col | oi.dal rtigles
CainToCEDues uSed Bor B Ve Sl watdn b hishiite

m&Abldifes GFe prepared as discussed above. Zeolite layers grown by
hydrothermal synthesis on supports often have cracks which are mesopores and
micropores. Examples of these cracks have been shown in Figures 5 and 6
hereof. The volume of these pores is often less than about 10 volume % of the
film thickness and there is often a characteristic distance between cracks.
Another method of coating a metal foil is with thick film coating is slip casting,
or doctor blading. An aqueous slurry of prefabricated zeolite particles, binder
(for example colloidal silica or alumina), viscosifying agent such as a polymer

like polyvinyl alcohol is cast for example onto a metal foil and fired to remove



form nmesopores and/ or macropores. A bl ocking agent can

be applied to fill the majority of the nesoporosity
WwOo200k/ /Mg zoporosity in these bound | ayers so t hetr/idd2608/006071

adsor bent neets the open poré9vol une requirenent of

this invention. Organic binders used to bind activated

carbon particulates in |am nated structures may be

thf’ggflylrﬂét%d Qurkh8bindés ahl! zep R WE%CE)%BE‘&K%HS then a

2] Figure 11 hereof illustrateS an e ew
bomhdaeoktebfilin oard metaltfodl tppicalpicontairingi abounBoteiaboat 40
m cr opor ous adsorbent film 505, preferably conprisin

vabmne % yoidsdr be meakesd St}itagﬂmdsqxbe@talameroﬁhmoidgfaae é‘dlead%n a

| foils. 509, whigh i f er.gbl i
TP Aok S G S bl 66
infebfting a1 HGANE VERASOS 1 chna kol Hich ' THRUGAAIHBbucr,

afleofilHng dic Goills witfa Podyrfitr ePRGEA! Wall DenZadsoiberit!laf&having
between the netal foils during contactor fabrication

the tow mesophrosityandeinagegpososdtyi quiremeptseoletherpresa invention.
size. Preferably about half of the volune of the feed "

nels 503 are filled with acer. 1 hat_keeps the..
["Qﬂ@@t s @%%8%%?‘&?4 EP%RP@WP& @%ﬁﬁ@ﬁﬁa‘ﬁg prefabpeated zpglite
. Cal ! L .
8%, Sehaopbdls s, Bltlalpborl ol (D). EPD i
tectiSQud R applyiRg higls QulkH coafiags of anifohBahRkness id'Retal
amount of the heat of adsorption. This warns the
subsizates drire miethes] cancbausadte dpplyrovganis and isoriganjuepatioulate
ri.ses abpve.that of the nmetal foils and heat, diffuses, .
COR{iRES o lerEicAllt cmdusHF Subsirates <P BirBhCOmBaTION GAnGANing
. d ' t 1.C.1PL,0CEesSS _an
profabriChR AP BEFERbotGush LR, MEL Beler KRGt Ay
applied o5 @ righd Qﬁﬂapdﬂlﬁihtéi@l S@cPaPBy ubing the T&had deScibed in
the filns falls below that of the mstal foils and heat
Boyvigrkeeefemettalés peonCanadian patentmpphicatiarhMof 2|3606,3 Thentitled
excursion of .the adsorbent filmis |ess

" - therml , of _th .
Agﬁ%’eﬂi Lanweats; Striotwe. - whictcls dcorppeaied beeein hy refrence.
process as described in Exanple 1. [00114] The

rb j j i.ncthvi dual r bent

0883 0SB LT SOTRRRRE e NS 1R Bl v
apphed apieashanhél $uitsceanaRYer udife aolipiddl bihderi hstekial Bt that

are substantially of the Same size. Mst of the open
angplighgeometric shape be comprised of the adsorbent plus colloidal binder
and containing a plurality of parallel‘ channels. When a colloidal binder is used,
the selection of the colloidal material depends on the particular adsorbent used.
Colloidal materials capable of functioning as a binder and/or which form a gel
are preferred. Such colloidal materials include, without limitation, colloidal
silica-based binders, colloidal alumina, colloidal zirconia, and mixtures of
colloidal materials. "Colloidal silica" refers to a stable dispersion of discrete
amorphous silicon dioxide particles having a particle size ranging from about 1
to about 100 nanometers. Suitable colloidal silica materials also can be surface

modified, such as by surface modification with alumina. Another type of

colloidal binder suitable for use herein include clay materials, such as



inthe filmis conprised of nesoporous cracks with
characteristic wdths of about 200 angstronms. These
wOeeRas3us cracks are substantially evenly dipgtyiois@deo71
t hroughout the film The t ot &0 vol ume of the nmesopor es
and macropores is. about 5 vol.%of the total vol une of
the adsorbent film [00115] The present invention can
padpidrekit® CalsRs wharhitdpulkited] WhRMCAe Y drited npddudivig
exanpl es that are presented for illustfrative purposes
aleminhumisilicatése Albslogmarganicrtindery mayebé mertythowevebxanlie
. 1 [00116], Wth a | am nated sheet parallel channel
inprgsnichiniderse sech aralaysrusedgith zealiteadserbents may trarmerted

. cycle wigth. five.steps is operated to,produ a odyct
ingff STt Koy iR g AR s RuecROfat Biccestuft KasifpSutt Balt o,
t h e
e R R R A S
codlosddl particles firagnrsvpdres iavid the VoRischstwet® fse adsozbent particles
preferred PSA/ RCPSA cycle suitable for use in this

formaeraperes and/enmacraporesst Ablocking aganticarebe epphiedtto fill the

BB e FRRORPS S S ST A ) s v

i .and .
o el FRRI B hehifon S0l ke IR ARGk iGN Organic
binders abed robildactivatededrbéh E@&i@meghmrni%atedo@lm?@uﬂéé ‘may be
p

In a second step 621 a hig ressure 51 atnosphere
pyrelyr§d tetatmyayisefl cadbonanchoust atsorbentugh t he paral | el
channel contactor. During this step 621 the DDR

O et SR 4 0 o
thé PpER g ehton peb R RBaRna Solpl Bmiios piftifutuy

conpeisirgd DDR\! i8 ¢tydeotherraaltp ge@wh loal éaeh ofboth fACRSST flat metal
t hr ough the contactor. ead of the front the gas has

foids 80%uhichiis prefeeably fiabricated fronpa eduosictiX®sisBattinetal siech as
f t .t h [ t] ; t hat of the feed
stagf3Ss stie” B sapacuE giaphials ABhppBdhs adsmbentfilms 08 re
f &h tor.. .
TRl o RIS RN ShACRISAL S FOR) BBt iz
mayeplaced bétweeentthe metalfilsefirif S6rthé18s fibtidagioh sotfat the

product purity. )
channel gap 503 is of a predetermined size. Preferably about half of the volume

of the feed channels 503 are filled with a spacer that keeps the sheets

substantially evenly spaced apart.

[00113] The heat capacity of the metal foils 509 limits the thérmal excursions
in the process. When CO, is adsorbed in the adsorbent, heat is released in the
amount of the heat of adsorption. This warms the adsorbent films and as the
film warms, its temperature rises above that of the metal foils and heat diffuses
into the metal foil where it is stored. Desorption of CO, from the adsorbent is an
endothermic process and heat must be supplied in an amount equal to the heat of
adsorption. When CO, desorbs, the temperature of the films falls below that of

the metal foils and heat stored in the metal foils flows into the films. The



[00117] At this point, a third step of the cycle 631
is initiated which serves to purge the contactor of
wof 0egl14988 trapped in the cont %itor channel s. Poa/tdrodsthoso71
step 631 also acts, in part,”Yas a partial pressure
di spl acenent purge of the contactor. Valves are opened
at the top and bottom of the contactor. A pressurized
théfaalrexelirsién 68 thdadorbendilhisdesd ah o- WPCtWih TRé dbhtactor
and gas originally contained in the flow channel 503
dimknsioas and ibe¢ praxtspas desceibedtinxamplerit act or fl ows out
639. The-gas fed into the top of the nodule 633 is a

CP- i duyced.in | at t.eps. d 5 that h
1OBEEH P dsoBbens 187 is compesed standividhal adsgrosa epvSias,
mb QB0 Gl SERESTEHO RSP et BE TR bSBnfle, e
cripthistiaihe &lmare QuBStah@ally8F tHef sahtesiee) MoK thé bB@volume
681, containing 97.5 vol”. % CO2 and 2.5 vol.% CH4. The
in gl fibmiis compoised of endsopbrousafracksewithwhardoteridtizswidths of

conposition nearer to that of the feed gas 671 (70
aboy} 209 angstegias-3d hess museperops cravks asg sybstantially.evenly

iR SRT RN i Buge s ofal iah® o mie3ondeE A
mad@Bpbies R bR P ok Kot %%3 ilglﬁfs?n% B ik %cgs%gl?egﬁ ]fblpf’

stopped and a fourth step egun
shortly after, this front breaks through the bottom of

[00 k5] no diHeeprestmn ifiventidn sarebetbetbd widerstoed widls sefeferet to the
t he contactor down to an internedi ate pressure and
follewing-gxamples that are presentedsfor ilbusirativegirpases| and et to be

si g discyssed in this exanple, the internediate
t ?‘eésglﬂﬁlgm?% BYEPBN-at m In the fourth step, a
C2-rich stream 649 exits the nodul e at a pressure of
Exabf)é 122 atm This streamis split into two streans
679 and 681. Stream 679 is fed to conpressor 675 and

stream 681 is rejected fromthe process at a pressure
[00¥16dboWitha latminatedrshaet 5:83llel ¢hannebeontactdr tesaribeslefor

.t he nt acy, or_j third step_of the process 631, is
Fl%‘HFrp‘rCli GOQ@-PW&?SAQ,% & Witlfiy ¢ 5igps isopeatadies prodiiee a
r . ressure~i 0. the c acior 0
pro @R s coh{anidat i 2063 95iCn o ¥BosiCHl 5t A1 G Biyerall
dtRarfd Fe@8UEryofo? (RO PSATR CPNA @ M@gﬂ i 0
m.these streans has fallen to g%%?%ﬁi tg{d;ﬁ)ll%o l%thrge5 vol.%.
Figuretl2diereaf ise schematici diagtanp pf fivardifferent step$ ih a preferred

I
PSAI}RCPSA cycle suitable for use in this invention. In the first step 611 a

parallel channel contactor PSA/RCPSA cycle is pressurized with high pressure
product gas 687. This pressurization raises the pressure in the parallel channel
contactor and fills the contactor with the purified product containing about 20
vol.% CO, and about 80 vol.% CH,. Ina sécond step 621 a high pressure 51
atmosphere (atm) feed gas 671 is conducted through the parallel channel
contactor. Duﬁng this step 621 the DDR adsorbent layer adsorbs CO, from the
flowing feed gas 671. A purified product 625 flows out of the end of the
contactor. The feed gas 671 is flowed at a rate such that as the product 625

emerges from the parallel channel contactor as a concentration front moves



the fifth step of the process 651, the nodule pressure

is dropped to about 5 atm and a CO2-rich streamis
woneeoMeged 685. This stream 68% can opti onal | yclharsbed/006071

t hrough a conpressor 677 t hat?rai ses the stream

pressure to about 22 atm The streamis then conbi ned

with stream 681 and a CO2-rich stream 683 is rejected
thfduh thB @oRfa@ S SARéadPoPthe FPoHtah®kagRaslh cdposition near that of

at nospheres. [00119] To inprove the operation of the
the poadiect 628s Behliind te frbpt {heeas tas axtomgositiorC6Rar that of the feed

recqvered, gas @rrgly be recovered in the fifth step

651
67)si Thy secand step @3l j5 depred beform thin fron completsbobreaks-through

r e is creased in | es . of pressur
hE 5B I o naGRE 3 HE Ayt ghibhE it BEET Fom the contactor
befgteahis’ép AMnalleAferERfink® ifl BARYAL Brodit pllfity. dual gas
streans and reconpressed. |h an exanple w t'h two
pressure equalization steps, one portion of the
[001X7]r i At thisspoint,rethindestep ofthacyule 631 rig imitiatddonhichXerves to
at npspheres while the rest is recovered at about 5
pusgsthsrantacior pHeedcgasitrappeddnshe portartor shapnelsc Thgdhird step

o3 R LR RS o
VAJePhreZiHened ab U?eoto‘badhcpl?oﬂgaﬁ Gritfe LOAALHrIZS g?‘és%ﬁﬂ?%d CO,

that can either be'reject fromthe processS I n stream

rich&tream 633 flopvsciasethe topfofithe siodideand Fas brighaBstvftained in
thegual i zation steps are enployed, it is advantageous to
&

sngehanneh$93 ofithe strucuradepasalielschapnel cantactor flowscag 639.
Ths &S Ted SR Lo of ﬁé@bﬁéfe% s Lhraeh gpapdiced in fater
S8 6 Sinut38 e EDRELErS AT S Bl M e
feddPressure €S Limem. )y The@ompesiHion VfUhe pasRid Wiedsuglpilié tobtdr the

anal ysis of single conponent gas transport data in DDR
CORtaGINTdD é@bstmtmlgt ¢qual ¢athatadithe GO siejgns stresmf G8Iydontaining

st, gesari be .t he sj nponent, .i sotherns for CO2
97 OO AR Rt vob e G Thibeaicdting @ut tha basiors ofdhe
' ' kties 6,-4and %

cof G s Ao LR My B Yo 0n
30No&%‘@HJ<), These val ues correspond to a nmaxi mum

| oading of 5 mIli-noles/gram (of DDR) for CO2 and

4.16 mlli-noles/gram (of DDR) for CH4. These
[00L8])r athisdhe gap streaineentening thmpiosuné3 hidisplades tixhygas ethe

expect aii on .
flow Channels, a compositional front moves from top to bottom of the module.
The third step 631 is stopped and a fourth step 641 is begun before, or shortly
after, this front breaks through the bottom of the module. The fourth step 641
lets the pressure of the contactor down to an intermediate pressure and recovers
some of the CO, for recompression. In the design discussed in this example, the
intermediate pressure is about 22 atm. In the fourth step, a CO,-rich stream 649
exits the module at a pressure of about 22 atm. This stream is split into two
streams 679 and 681. Stream 679 is fed to compressor 675 and stream 681 is
rejected from the process at a pressure of about 22 atm. Stream 633, that was

used to rinse the contactor in the third step of the process 631, is comprised of



that the maxi mum possi bl e | oadi ng woul d correspond to
CO2 and CH4 filling the pores at a liquid density. A

wooo4espar anet er K, that is anal ogous to the pdgnusgors/ooso71
constant in a Langnuir isothém describes the shape
of the statistical isotherm The K val ues used for
nodeling are: 25 10" .- " Mole Krn =1.93 1010 e RT

the gh&strédn P9RhEemerges YROR cléﬁwrels_s& 643, XAd {hklpreSsurE én _f_he

-(i'n pascals 1) where Ris the 'nolar gas constant an
confactdredriopspewatdsr the iontlsepressure[di@badi 2Daen.,aheifldev in streams
range of conditions (less than about 50% of saturation
679254681 degsgasasg) When éhes Hapeinghesensireams has fai?n tand
L Ir. i,soth . jmlar. For. si .
oo BTG A N6 TR Vet o Bhoed SR Sisesun. tn
thE B SR P e PRl B3 £ 3 soRUpBr Ak ATsofled to about 5 atm.

anddsQOptrichnsteddne ¢$ fecoveraded83. | YhisateanP689 Ban 8ptibR4INE be fed
can be derived fromthe single conponent statistical
throuighteee omprass o6 W that kaisemthestieaimpressure 00 abspt 2R @tm. The

SERRY S PR ADRDHAR Wb SHRATCRBY Auda Gl FD Ssae bRy rejected

ﬁ@ﬁﬁﬁ%fﬁ%‘ at %p?egf&%&f@?% azmﬁsx?ﬂ%*’éa:li??o? ~R'Fr{T (in

m/sec) where Ris the nolar gas constant and T is the

[00EI9jer aFolirfiptovelk \UperatiddOdhE prbcdss, &ewelltdiahe phesfre at

is a large difference in the diffusion coefficients of .
which COgisTerioardd,agasmmaby be racdvieeeditcthei fifth Istepi 65k hsingm multi-
when t hese hr %n?lport . . .
step process 1n which the contactor pressure is decreased in a series of pressure
equalization steps. Gas from these pressure equalization steps can be recovered
as individual gas streams and recompressed. In an example with two pressure
equalization steps, one portion of the CO,-rich gas is recovered at a pressure of

about 12 atmospheres while the rest is recovered at about 5 atmospheres.

[00120] It is also possible to decrease the module pressure in step four 641
using a series of pressure equalization steps. Again, each pressure equalization
step can be used to form a gas stream that can either be rejected from the process
in stream 683 or recompressed to form stream 633. If pressure equalization
steps are employed, it is advantageous to design them to maximize the pressure

at which the CO, reject streams are captured.

[00121] Modeling used to predict the performance of the parallel channel
contactor uses isotherms for CO, and CH, that were measured with well known
gravimetric uptake methods, PVT (pressure, volume, temperature) methods, and
with analysis of single component gas transport data in DDR membranes. A
statistical isotherm shape was found to best describe the single component

isotherms for CO, and CH,4. The best fits to the measured isotherms for CO, and



paraneters are evaluated at a given tenperature. From

a 50/50 nolar m xture of CO and CH4 the isotherns
wobogantsy favor CO2 adsorption and dramati cal lpyrfidgus/0o6071

the diffusional transport of 6c2 into the DDR

crystals. By controlling the time scale of the

adsorption step 621 and the purge displacenent step
CH3 givel daniratiBR Tapadi ARG & calgl] i i

d?% ference in d?%lc ng ggs?ggf%aﬁlci ents aﬁdcalgﬁbfegeeectt%eéy, “? the
DBR! zolite fitapneworkh el lpse omhses ddyrespond od b inmaxiirues ¢odding of 5

ijt,eps, a kinetic separation of CO2 and CH4 can be
myhiypelgsgram{of DIRR} ferdG handd. b milli-molesigeam(af DDR) for

il el AR i i i

Les . .f ! .
thhe Shasinot Bo R ibR 18R Hle BRI resPoftfp ERY; didcH filling the
popey dticliquid FGETBA oy singld pavantaer Kethav ieshdlogaesioathe Henry's

Kinetic separation of CO2 and CH4, however, ot her
cogphiapyinaaiEangmuimisotherass deserihes db¢ Shape of tharstatistieal isothierm.

Tlf;:l? bf used,to ev?@}late the ability of a given
&afugs usgd Sor,medsingiarsiet i ¢ separation is the ratio
of diffusion coefficients for the conponents that are
to be separated and the diffusion coefficients are
eval uated at the te;me%’qi ure and pressure of the
i nt epded process, >CH4& 100125] It is preferred that
t he e"ff'gsxg cosen to hav‘lénaas\%llsd of K for C2
and net hane separation greater than 10 at the
operating tenperature. More- OO - preferably the
material is chosen to have a value of Kgreater than 25
at the operating tenperature. Mre preferably the
material is chosen 1tseioh 2y a val ue of Kgreater than 50
at the opegryati.nget emperature. .[ 00126}, I n order to take
advakr;‘t'”agéﬁgﬁxt@g intrinsic ki P?S{?g@e) ectivity of the
preferred class of 8-ring zeolite materials for
renmoval of CO2 from natural gas, the crystals form ng
whebe Reisnheaholar g4s cohistanf arid 7S 8 ieMperalube i KiEbvinl Z€-
If they have widely different sizes, sonme wll

substantially fill with CH4 during the adsorption step
[0G22] | Ligr i Wigle range of eanditions (leas thancahoud 50V of sataration

cof 8BRS0 oD S e e ver

similar. For simple modeling of the process given in this example, the statistical

isotherm can be supplanted by an equivalent Langmuir isotherm. For modeling
competitive adsorption effects, competitive adsorption isotherms can be derived

from the single component statistical isotherms using well known techniques.

[00123] The single component Stefan-Maxwell transport diffusion

coefficients for CO, and CH, used in the modeling hereof were:

7.4 x10° 204e
_ Mole

Dy, =570x10""e  R7 (in m%/sec)



the individual crystallites in the DDR filmformng

t he adsorbent |ayer 505 (as seen in Figure 11) be less
wotdoesn4383 % of the volume of an average cryst adids2008mo6071

order to increase nethane reé6Very in the process. In

a nore preferred enbodi nent, the standard devi ati on of

the volune of the crystallites in the DDR filmformng

t he adsorbent |ayer 5035,,8«l ess than 50% of the vol une

of an average crystal--4e4e|n the nost, preferred

embo@cnerit 048 kd0st #ndar d devi at i on(inm{see) vol une of

the crystallites in the DDR filmform ng the adsorbent

| ayer 505 is less than 10% of the volune of an average

crystallite. The nost preferred enbodi nrent was chosen

to nodel the PSA cycle described in this exanple.
wHed® R2ig|th¥V bldripas coypanpindT<59 te t¥mpdrature in K dl ein.

steps 621 and 631 is set by the average crystal size

in the adsorbent. It is preferred that the tine step
[0@24nhodbis seen tthatitheresis aarzectifferencetia theriffasionicoefficients of

R - B
PR e SIS £ o BBRAA el SO e o

CG;j and €HPEk isoyssrals sliphtlyfasor €0 @d%%&i@ﬁiﬁm drahiatically favor
the gas in the contactor is; t 40 = 0.183 2 | DO 2-° O
the diffusienal transport lof CQsintaytheDDRRc crystals. Bydiantrodling Beotime

scalf o e fdiosbio Siep Grleandtthepurie GpiRcemen Shap 63k, dpis

' . 90 t 0.1.90 d
poSflcabedabiydih S ARIRTLEAT i BrhuPA G Ri d
improvetthe isBle@ti{'ﬂSﬂ%ﬂ‘tﬁé prockss. BY rgoﬁtréllgn%?ﬁlesEQ{mégg%s%Ldaﬂmeﬁc

atime step of 1.5t 90 was Chosen for steps
semgeatiomhf Chhyrand CHy cambe achieved ¢hatitakessadyantage dkdiffeeénces

o Bl ATEEIGH sSSien 2 o R ko o
rer ot n ot bhodsl P o pifersdS i IARS Cnt
SRR TR T OSBRSS § e KON
cambo titnettorachidvera kingtt isaparation of GQLarldDBH;| KswaVers bltfer
sw1onfg alldsrgrgt\{\(’?nscycﬁgs(j are possible. A parameter that can be used to evaluate
the ability of a given material to produce a kinetic separation is the ratio of
diffusion coefficients for the components that are to be separated and the
diffusion coefficients are evaluated at the temperature and pressure of the

intended process,

Dco2
DCH.

K=

[00125] It is preferred that the material be chosen to have a value of x for CO,

and methane separation greater than 10 at the operating temperature. More



[00128] Several different treatnents of the nol ecul ar
transport into and out of the adsorbent |ayer were
wobeve{4epad and results of the different nodel ipeg/us2008/006071
approxi mati ons were conpared.66The nost exact treatnent
solved the tinme dependent fundanmental multi-conponent
transport equations into and out of the DDR zeolite
r I Pieth
PRl e Rt 9 SRSbithdysta | RS of RHRater Rip 23 the
operatingieaipezatire SMore préfieedtly the nfiteheal 9§ chbsenclotii@la value of

Wi th 200 angstrom gaps between the fins. The nesopores

K gusater thanySQ at the QiFating &¢mpenagaps occupi ed 5% of t he
vol ume of the adsorbent |layer. On a grid enconpassing

100F 261 o dnoridizitabs sdvinass of Vikdniizrsie KnstsiRativty of the

} . o th
M T, .
el o 1 cfoct A6 5 AR Uty s, e
have witlelyatifferqitistnes ssane waill shb@ntidhy fitewithr€Hy, dagivg the

was .conputed as the ratio of the nmethane nolar flow
adsorption sigp 63 kiresnlpng dn ducrspsedanedmpe desstduring thetdasorption

s, B e PSR RS e SRt Bl of
TGO G5 QUfts T Y 105 RERRE oy 05 o

nol ecul es were recovere

sedmimFiguce bt) B2 1¢ss sharn$P01 6 ef the Wslume SR erdpé erystallite in
nodel i ng approach provides a nuch nore exact sol ution

ordesda iRgrease methangeeovagy fin thepraces. hoalaicre prefermde
emERRRER, DRl Rr Hrsitigr el thegialuPs ot the Sryssplbicsipde DDR
GYormany QbR Bl cr 595 1S MATERT S0 PERETpRY St

average arigallitd. oin theqRo&iPrefdrital Ghbddindm bk staRrmrddeiation of
treats the equilibration of CO2 and CH4'in the feed

thecyrlumel ofithe ierystallisesDDRhe YORafibn formmingghe hdsarent layet 505 is

| aver. .Th mount of .CO2 adsorbed jn the DDR crystals
tesp LA T4BE S Bems of apraw sty stalie. hhgrmoyepritorred

BSOS R RS o

process 671 at a tenperature that is 100C hi gher than
[00123] f e¥ith ehipeypd of &dsofbent, the time for steps 621 and 631 is set by

the average crystal size in the adsorbent. It is preferred that the time step be

chosen so that adsorbed CO, in the DDR has time to equilibrate with gaseous
CO; in the feed channel 503 but the methane does not have time to equilibrate.
The time' for CO, to achieve 90% approach to equilibrium (following a change in
surface concentration) within a single DDR crystal that has rapid diffusion path

to the gas in the contactor is;

Tgp = 0.183 rZ/Dcoz



amount of CH4 adsorbed in the DDR crystals is 1% of

the anobunt that m ght be expected if the CH4 adsorbed
woi200/a882BDR has fully equilibrated with the gaeeais3008/006071

feed entering the process 6787at a tenperature that is

1QX0C hi gher than the feed tenperature. In the sinple

nodel gas filling the nesopores and nacropores in the
whe8ir it AlerAteDBR cAfstAlNadARHNADL Q" iSRRI fdionScificient

recovered. For the sinple nodel, the CO2 purge used in
of G@p ab Hic dperpting ¢ampédatak. tThis prefdrecibthaethe fimetfoe sfops 621

channel into stream 639. Wth these a}p{)roxi mat i ons,
andh63hrbe haagange oo 0.5 7 gnta He Trp carek 4t issnprespriefersed that the

be 95% This cl osel§ agrees with the exact nodel and

e

time, o 5igr 081 @pdd631 o #mfafegerﬂq?dl F oo QA s For gpdeling, a
tirag S6B 5700k S50PR TR OB 20 43 opiperca vlue o
d 8 R385 sl DB orhe DR
cri¥tASsi Be il §tr?],1"‘13g°'ef gﬁgfal?&ﬁrl).éﬁlgnpfo éﬁ}ﬁlt HS)@QLL@L O}ngmore

pressure I nt e n a nor prererre I ment

préfeeredtRaSHE QvafagtDDR éMRtaPSHzeitse inaPEdnpRdrdm dHoue OH"%H) to
1A of the CO2 partial pfessure in the feed. Exanple

abpGO3B YimEnd ipisomesspreferteditialt ¢helaverage DR &ty @5C§iRE be in a
the feed and product specifications are held constant

rangedfrotmeabmit Unemf tozabtouo 4 0 ofimmeBamnmodeling dnaveragel@PR crystal
_the adsorbent are increased from5%to 10% The
siggrafdl piewasusetine recovery is found to fall from 95%

(in Exanple 1) to 92% Exanple 3 [00132] The process

(OF| T Era dfhefeB i Bneri o B e iicirgiapgRunto and out of
e G S R G T s

approximatipns svero vomphated. dlhe hid3teRaX0t{dabmENBsHIVEd the fime

88% Exanple 4 {O 133] The process of Exanple 1 is
depengant Mr%m@pa miydtifcompanet ranshert equasivinsiintt ancheut of the

DI3f el 56T aeall hofite Lo dhe 7T shATTEh Eckae iR HeBoR the
pré&Rs€0¥or 1§ ntdedtid BHR film was idealized as fins along the side of the

channel with 200 angstrom gaps between the fins. The mesopores formed by

these 200 angstrom gaps occupied 5% of the volume of the adsorbent layer. On
a grid encompassing 500,000 points, the fundamental time dependent transport
equations were solved for this geometry. Three pressure equalization steps were
used in the blow-down step 651 for process modeling. Pressure equalizations at |
15, 10 and 5 atmospheres were employed. It was determined that the thermal
excursion in the adsorption step was 10°C. The methane recovery was computed
as the ratio of the methane molar flow rate in purified product stream 625 to that
in the feed stream 671 entering the process. The model using the most exact
treatment of transport showed a 96% methane recovery. The average pressure at
which molecules were recovered in streams 681 and 685 was found to be 12.5

atmospheres.



met hane recovery is found to fall from 95% (in Exanpl e

1) to 85% Exanple 5 [00134] The process of Exanple 1
woi2s0gapeat ed except the feed aégd product speciptiraabiososco71

are held constant and the vdél™ite fraction of nesopores

and macropores in the adsorbent are increased from5%

to 25% The predicted nmethane recovery is found to

- [00229] f rHis $R84dling @glﬂra@émpﬂaviaes @&%ch&ii@f@é@cﬁs&@@iggihan
e

The process of Exanp 1 1s repeated except the fe
the hideqr diving fopesc(EIDEhtiosiets thatateaioamventienally usedita imedel PSA
action of nmesopores and macropores in the

I

PragessFs, e&%l%%‘m‘?ﬁ’é’ﬂgﬁ@ dhe most wec}t @?h@m mgnpleédn@d@ldwas

h [ ound t I 5% (i n a e
bl cBFuciEE e By BE 14 bfooe SR T 8 B e
T i e AP R Fp o2, B Finpleffddel sEpdratly
treatsthesguilpradioniof GO¢ and €H pmrthe feed ¢harmed sdthif the DR

to 35% The predicted nethane recovery is found to
crysdpls forminpths,adsartops dayes. Dheramqanof Q@updsorbed oo ts7PDR
f 1. {. tt
oy} Bt A0 Bt amotat BF hight B ExBreted ieinerco:
; . : .

o045 1SLORT G SR SOPHRR TRSACN Ry Bed g e

proedsb &74d atecenpieyatute fhavivl10°C hiphecaRa the deePhiafdrature. The
Exanple 1) to 97 % Exanple 9 [00138] The process of

anpountelf £H, adsorbed in the BDR crystaisisdl %pfthe iapeming thatsmight be
hel d.cpopstant and. pyr.it th in the product
exBerigd it BReChls afrubddncts PRI Beodarsequihyels widh tmgaseous
"o e : . ¢
ford e AtR P Rrocks P71 3 HURp e ERARAL B CEbRR b W foca
teraptrangd. t In thessiinpld rudeh ghefifliny tleaRésdpdtefitd dtrdpdtes in
stopped. Wth a 5% volune fraction of mesopores an
thertaminptsr atghe endied thelgdsdrption step R leisinutecconeredinEor the
sirﬁg eor}llgcrigl, the CO, purge used in step 631 displaces all of the methane left in
the feed channel into stream 639. With these approximations, the methane
recovery from the process is predicted to be 95%. This closely agrees with the
exact mbdel and the model provides a simple method for one skilled in the art to
evaluate the effect of changing the mesopore and macropore volume of the

adsorbent.

[00130] Optionally when the CO, reject stream 683 is sequestered it is
preferred to capture the CO, at a pressure that is more than 1/10 of the partial
CO, pressure in the feed. In a more preferred embodiment the pressure at which

the CO; is captured is more than Y4 of the CO, partial pressure in the feed.

Example 2

[00131] The process of Example 1 is repeated except the feed and product

specifications are held constant and the volume fraction of mesopores and



94% Exanple 10 [00139] The process of Exanple 1 is

foll owed but the feed specification is held constant
wo00/ szt y of nethane in the product stream @2g/is2008/006071

i ncreased from 80% CH4 / 20%" to 90% CH4 / 10% CQO2.

This is done by changing the feed flow rates and the

degree to which conpositional fronts are allowed to

mgéwrtﬁgbréshﬁ%@Bd&ﬁseﬁ%tlﬁa%a&%ﬂﬁanﬂs%% A%, StRARedicted

a 10% vol une fraction of mesopores and nacropores

methahé eccoveny sefounthte fall dcbm 1966, (int armaplectvd2%i s
90% Exanple 11 [00140] This exanple illustrates use
of a.parallel contactor of the present invention in a
ion process that produces relatively high
pressure products and high nethane recoveries from N2
containing natural gas stream |In processing. natura
t
(09652), "SRRl Of EXMmpIE] INRepd b ARE prbayet

spttificgtions arethedd @bﬁsthﬂdaﬁdmfwdd&me(ﬁraalon of ﬂi&@épcﬂ@s and
natural gas vs. gl peline). This exanple will consider
m%prﬁnoms an tlgcagdssxr enirare onergasadniom $5eetol 1 o die redistgd

urltles I e | e mer cury c unds)
mhand FicaskniB fownd 8 T Biamm U5 Clrtirapls S B 11 m
processi ng steps using conventional separation
techni ques. The gas streamfed to the paralle
Exaenjladgt or of the present invention has a conposition
of 70% CH4 and 30% N2. The flow ng gas streamis fed
to the contactor at a pressure of 100 at nbspheres and

at ure of 00141] Th contactor is
ofitd" HPCF%SrP? BPI DS 1SHERE] cseptibe dossand product
ram of the type of
sPERTEM AR ar R éﬂ%?@s%ln s PR mriShartE fnd
mackopéres ¥ thmmém%rm&eﬂs%d%&ﬁrs%qs 2008V T e dmed
thick DDR film505 with an Si/Al ratio greater
methané gechydryoisfoundiitd Falt) fronmm 96% @adxaniplbdi)ho 8386 of a

100 mmthick flat netal foil 509 (for exanple
st ai nI ess steel). The netal foils 509 with the DDR

—"QEPHJ%—SOS are | anminated together 501 to forma
paral |l el channel contactor. During |am nation, spacers

[00134] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of mesopores and
macropores in the adsorbent are increased from 5% to 25%. The predicted

methane recovery is found to fall from 95% (in Example 1) to 81%.

Example 6

[00135]  The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of mesopores and
macropores in the adsorbent are increased from 5% to 30%. The predicted

methane recovery is found to fall from 95% (in Example 1) to 77%.



are placed between the netal foils so that the channel

gap 503 is 50 mm across. Approximately half the vol une
woood/Tuesdzeed channels 503 are _filled with spagermraus20@iooso71

keep the sheets substantial Fy0evenly spaced 50 nm

apart. [00142] The heat capacity of the netal foil 509

limts the thernmal excursions in the process. Wen N2

is adsorbed in DDR it rel eases heat in the anpunt of
Exahfjlegt of adsorption. This warns the DDR film The

DDR filmwarns to a tenperature above that of the

nmetal foil and heat diffuses into the netal foil where
[00136]s diherprocenesidixample bisvepedted exDeR the feed and product

endot herm c cess and at nust be supplied in the
SPefHGMionsy ar@rt@li gapstanpt md;t%sd%wapifmﬂomfrmmm%a%

. t t.he. il 4 f alol bow that  of
maeRGpdrET R U sOrtental€ imophsel Fom Yodo AR TR Rreliste
éthand¥Boletynis Wi )&ﬁgﬁ the
mpr ocess deﬁggﬂrsi bed .t‘?]?ﬂf’?ﬁ{egg‘@’e‘gth ?22?%3?%
excursion of the DDR filmis expected to be |ess than
Exampl&8C. Due to the smaller heat of adsorption for N2
(conpared to CO2) this tenperature rise is |less than

10411 O RFFS lapriBiec Srepaipd Fase (oresd 984 arcuct
SRSy CHRR bR B B g PRPLRE

maRrSoradin fld adsefbém aré d6@eaicteiroMs%s 18125968 AMRpredicted
volume in the filmis conprised of nmesoporous cracks

metharte rebavernytis fosnd to cttdse foomBG306 fingExampte 1)t0ed?%.
mesopor ous cracks are substantially evenly distributed

t hroughout the film The total volune of the nmesopores
&éﬁm?ﬁgcropores is 2.5 %of the total volume of the in

the DDR film [00144] Using this parallel channel

’ : . |t .

0T PR prBe g i S isTebbdipd bt bl SRECKSHERS

heldrubnStifiit i putity b imethBid R e PR6QYQ sYrehff 628%s increased from
PSA/ RCPSA cycle is conmputed to be 91% Figure 13

80 Ha 28%0kE)2 40 90 k14 /d 08 €§),arThis is Hené by ehdngingrthatfeed

steps in the PSA/ RCPSA cycle. In the first-step 711 a
flof a8 i (A ineEre Cobin Grmpesiliesldonts are allawed to bréak-

' ' ' 787. ~Thi.
OnSREB So, BPSH SHE BESg B i o
meSOPores land @RAc6pEFesdhé hddotbétGhe predicted methane recovery is
94%.

Example 10

[00139]  The process of Example 1 is followed but the feed specification is
held constant and purity of methane in the product stream 625 is increased from
80% CH, /20% CO, to 90% CH, /10% CO;. This is done by changing the feed
flow rates and the degree to which compositional fronts are allowed to break-

through before steps 621 and 631 are stopped. With a 10% volume fraction of



contactor wth the purified product containing 2% N2

and 98% CH . In a second step 721 a high pressure 100
woakong/ {483 gas 771 is flowed through the contadcarus2008/006071

During this step 721 the DDR7Adsorbent |ayer renpves

N2 fromthe flowng feed gas 771. A purified product

725 flows out of the end of the contactor. The feed

' [ t : 0 .

e B R rteHE the pRLICRS elegBbery i
90%6ves through the contactor. Ahead of the front the

gas has a conposition near that of the product 725.

Behind the front the gas has a conposition near that
Exgmpledlfced 771. Before this front conpletely breaks

t hrough the end of the contactor the second step 721

hf)‘mto ed. The appunt of feed which enmerges fromthe
[00E4f o ct1dus rample iinstrates aise jof arnaralie] coatasten eftheipresent

in{iion' i85 BogFatindokis at procdiichs ralatiyasy tigh Bréssire products

H D gl rftShdresr i | e

B RO §RP Ry PR nFREEE oI

precessingmatunabpas, ahe pimemnt b€ Niithat las eobeirepivved depehd€on the
contactor. Val ves are opened at the top and bottom of

copgrntrationdaithe fiekd pad thawiay da wirich thehgas isdtanspaged tomarket

(i offut it el s SR BipeHaihof histhapapte fiflop¥ider a natural gas
Strpf S ohlaifing ({3 SHEAITS 8] BE I GGt ERBPREHED and
mez3idryl conpdhds) oth@anaxm\g.d IRde iMpliAties afd Rpfoved MNditRl
that has been conpressed 775 to a pressure slightly
pregessing stepsasingheonveatiopabseparatiqui@ohaiquey.. Thorgas sircannfed
to e pargiclamiiton APPSRVt KBS aeompRBLigas ! 70% CH,
v _
and 30 89, b AQSirbds Rl R IAEEhRagR % 8 pressyus o 100
atm?hé%ﬁd@ tenhptadiet ofSobhe gas streamentering the
no

ule 733 displaces the gas in the feed channel a

conEositi onal front nmoves fromtop to bottomof the
[0044dl:| e Thespotastarris shomprisgdarfilamindied flat sitetbofthestype

ack RSkl Bt el oiiho el e pssn
ox R iR A RPNl BB A 5
prf ﬁlgi@HDERSﬁHH 505Rvith &n iAA Dfatidi sremes Bthnl 100 R By FRSRTRMRIy
grown on each of both faces of a 100 pm thick flat metal foil 509 (for example
stainless steel). The metal foils 509 with the DDR films 505 are laminated
together 501 to form a parallel channel contactor. During lamination, spacers
are placed between the metal foils so that the channel gap 503 is 50 pum across.
Approximately half the volume of the feed channels 503 are filled with spacers

that keep the sheets substantially evenly spaced 50 um apart.

[00142]  The heat capacity of the metal foil 509 limits the thermal excursions

in the process. When N, is adsorbed in DDR it releases heat in the amount of the



intermedi ate pressure is 30 atm In the fourth step a

N2 rich stream 749 exits the nodul e at a pressure of

. WOX0ost49823This streamis split _into two streanpcTiB2e08806071
781. Gas in stream 779 is fed2to a conpressor 775 and
gas in stream 781 is rejected fromthe process at a
pressure of 30 atm In an optim zation of this process

- . ¢ S

el Bf Aol TR Ppdf tleDBICRER, M DDR I B o

ternpedatwreabove dhatowofi the seethhfoicand hedtaiffuses into thy matal tfefl
of the process 731 is conprised of the gas stream 779

whearadt isstergdd Desemtionco£Naioss PR iy 8n endothesmie prangseand

sl TRl e B A B R
s USRS DI (1APIRERD SucPO 1S

heat $tofddinahe foil fldvedisite the DD filinf t Wit @ c®ntddiér dimensions
process 751 the nodule pressure is dropped to 1.2 atm

andthie prag@ss deserieddnthisexasple,che dhatdtal exo0sdan of the DDR

i nprove the ogperatjon of e process, as Il a he .
flly Bespetedio e less WnTid- SHooUBuet thesssmaey hsat of adsorption

PNt f i . usj ' ..

fof RERuGhBcdllp Al GaiHERpl st B Bafihil 3t 88 deseription
foiExﬁnPl%’iﬁBo@é. pressure equalization steps. In an

exanple with two pressure equalization steps, one

ortion of the N2 rich gas is recovered at a pressure
[0&4312 AtheddPRefibrs isieoinpriskd of disdividual I0Rarystals, nlesdpores

. at npspher.es. 0148] It is also possible to decrease, .
(mfﬁwfﬂgamle aney and mAgtOPPERS I?lﬁlwxqmales Q@ystgls in the

DIBRY 56 AN RV S SRR A0 Yapaf A Bt in he
filinhiglcofiiptiselidTahedtporGhLErabls With"OCHab£cteFi e RadthS oF0Ham
783 or reconpresséd to formstream 733. If pressure

angsjrarhs.z Thessmes eporoas erankslaoy substantidllyaevarly distribatedo
des'ggn tilhe to_maximze the Pressure at which the N2,
thropghout the fdahsThe totabyelymedol themespporesandhmacronpres is2. 5

% bR I bi® bkt B OBy “eacur o0 wih wel

known gravinmetric uptake nethods, PVT (pressure,

[00244] e USiRsTRAS PatiIR) cHRANQ ¢ontadist, WHSK ARPIA| &y i with five

_single conponent transport data in DbR menbraneés.
different steps il operated to produce product stream containing 2% N, and 98%

CH4. Overall methane recovery for the PSA/RCPSA cycle is computed to be
91%. Figure 13 hereof shows a schematic diagram of the five different steps in-
the PSA/RCPSA cycle. In the first step 711 a parallel channel contactor
PSA/RCPSA cycle is pressurized with high pressure product gas 787. This
pressurization raises the pressure in the parallel channel contactor and fills the
contactor with the purified product containing 2% N, and 98% CH,. In a second
step 721 a high pressure 100 atm feed gas 771 is flowed through the contactor.
During this step 721 the DDR adsorbent layer removes N, from the flowing feed
gas 771. A purified product 725 flows out of the end of the contactor. The feed
gas 771 is flowed at a rate such that as the product 725 emerges from the



I sot herm shape was found to best describe the single

conponent isotherns for N2 and CH4. The best fits to
wot2ogs/mmeasured i sotherns for N2_and CH4 give saCuakorsmoco71

capacities of 5 nolecul es par73Cage in the DDR zeolite

framewor k. These val ues correspond to a maxi mum

| oading of 4.17 mlli-noles/ gram (of DDR). These:

coficturat ¢SHtefitfioh it it 6 PesHBRGgH ®iRlcomtddfor h&hedw of &R front
expect ati on t hat the maxi num possi bl e | oadi ng woul d

the gas basp cdmipositidnanaar thig dfithe praduch 250 Behind the frogutht gas

density. A single paraneter K, that is anal ogous to
hag gecompsitien e%afsthaﬁvf the fged Id4miBetore thine fignt gemnletelys

e .sha f the atistical,isoth .K val ues

briplS BRERER B ey W eoRlasid e Reton Sep 188 igisigbpef e
ankine %'f?eekg wh clﬁerﬁ@f%eytﬁ(ﬁm'% Bomabtor befork thi s‘f%ﬂ?gf Ifed

pascals 1 ere RTs the nolar gas constant an 'S
detdrmitenipgyaat thecprodubiepuiity. [ 00150] Over a wide range

of conditions the shape of the statistical and

Langnuir isotherns are very simlar. For sinp

|
(OFEAR]I | A this poiat. i barsstepot e eycle R3S ininitipied which serves to
i i i be. | db )
pufig s ottt P taa 2As Sotnat it HEc St ior Heikis, The thisd step
e e . i chged
733 B et AfTp et oS Bl FartiSFREIre diPIAIRER e bF fidEbifictor.

Vileed dreropensd anthenepl andrsortorh &F fileé Gortactor OALpAdssutiged N, rich
singl e conponent Stefan-Maxwel | transport diffusion
stregraf B33cilews intoghe kpp ef theomodubeeand gas origimallg|contpined i the

ﬂo?g/vb hlgar}:n%] %ﬁa)fgfl glgprg illFf l}%ééts &'}%93 gtglc_tllj?e'ddfp;ral]lgl cl:\ﬁ)aln%el:
contactor flows out 739. The gas fed into the top of the module 733 is a N, rich
gas produced in later steps (4 and 5) that has been compressed 775 to a pressure
slightly gréater‘ than the feed pressure (100 atm.). Composition of the gas fed in
through the top of the contactor is nearly that of the N, reject stream 781. The
gas exiting out the bottom of the contactor has a composition nearer to that of
the feed gas 771 (30% N and 70% CHy,).

[00146] As the gas stream entering the module 733 displaces the gas in the
feed channel a compositional front moves from top to bottom of the module.
Before or shortly after this front breaks through the bottom of the module the
third step 731 is stopped and a fourth step 741 is begun. The fourth step 741 lets
the pressure of the contactor down to an intermediate pressure and recovers
some of the N, for recompression. In the design discussed in this example the
intermediate pressure is 30 atm. In the fourth step a N, rich stream 749 exits the
module at a pressure of 30 atm. This stream is split into two streams 779 and
781. Gas in stream 779 is fed to a compressor 775 and gas in stream 781 is
rejected from the process at a pressure of 30 atm. In an optimization of this

process a pressure in step 741 is chosen that minimizes the amount of gas



where Ris the nolar gas constant and T is the
tenperature in Kelvin. [00152] When these transport
wopmbsmBesr s are eval uated at a given tenper at wicayud2008/086071
seen that there is a |arge di’fference in the diffusion
coefficients O N2and CH4 and a smaller difference in
the isotherns. Froma 50/50 nolar m xture OFN2 and
fléwihg ihRereafPTSET SEredin! T8 that Hal Use @ rindse HPEIMACB in the
dramatically favor the diffusional transport of N2
third tstept dfethepRocasyg $3d1 is coByprisedtofdhé gagstréantA79ehaceamerged
of fhe adsorption step 721 and, the purge displ acenent
fram dhe gampressor 273045 thE Pressurainethenoamcigedwps tawards the

ol pEERUHELSY Bt b B0 S Sirests 770 B MR FRAESE. fen the
flow 8P thede KirB&ink ‘haE eRPREREd reﬁiﬁ%eg{‘%f SttheGtial Sfalue the fourth

achi eved that takes advantage erences |
stap isfsteppedtandod fifthestep bt da. thé tlpstep @tk pedcess 781 the

8-ring zeolite materials for renoval of N 2 from
moedule pr¢ssyessisvirpppeditee] 2 atar aed aiNfréghestoean is M2 oxeredCTSS.

di ffusion coefficients. This exanple illustrates a

i cuhar RCPSA cycle that.can be tuned to hi eve a
(OGP, ot €lomaloye i VB BB RRo s el a5 e Presap it
. r . .

WIER RLBG FRRVEN) B2y BB BO R aPefRd 0 RE TP LED 7o 3lsifif  myule-

steprprovess ia whichtthe contaatortprogsutsist deeréaeddn af seties of pressure
singl e component diffusion coefficients for the

equaligatioartteps. The an gxpmple withatwmpressure equalizatiqrestaps,rane
of the, ntended process, Values of K f DDR for .
POfiqn BEQW%H&%SP@ bﬁqf&cegﬁ&xé@ adiesture of d2 Amosphespehile the
j in the table bel ow 00153
re%gﬁﬁgkﬁd?el% ggﬂ%ﬁ{ségé%f 8-ring zeolite r_rat_eEi al s !

for renoval OON2 fromnatural gas KN2/CH4 is a

[00148]t | dhisaflsd pogsilattordecrdake e ModhRY preesurBah sidpefour 741
.material be chosen to have a val ue of KN2/CH4 greater

withya seriessef prgssusp qualizasionestpps. aAgain eavhrpressusé eqalization
the materi.al is chosen to have a val ue of KN2/ CH4

st B SeH R fo6m BT HaY A elGH 0% Hsied eayB the process

; fer ' | se a_wval ue
n S0 IR EeplOS, T Rl ST S ol
stepeareemployed ik Wddahtdgeons €6 dedign tB&A 8 NATHAZE (1 plelSure at
Intrinsic kinetic selectivity of the preferred clags
whigh the Npnegjeassticamsrane eaptared.f or renoval of N2 from
natural gas, the

[00149] - The modeling used to predict the performance of the contactor used
isotherms for N, and CH, that were measured with well known gravimetric
uptake methods, PVT (pressure, volume, temperature) methods, and with
analysis of single component transport data in DDR membranes. A statistical
isotherm shape was found to best describe the single component isotherms for
N;and CHy. The best fits to the measured isotherms for N, and CH, give
saturation capacities of 5 molecules par cage in the DDR zeolite framework.
These values correspond to a maximum loading of 4.17 milli-moles/ gram (of

DDR). These saturation capacities are consistent with the physical expectation



crystals form ng the contactor nust have substantially

the sane size. If they have wdely different sizes
woSX0ng 1488331 substantially fill _with CH4A duri ng Pidras2008/006071

adsorption step 721, resultl‘r”;g"i n i ncreased net hane

| oss during the desorption step 751. To increase

nmet hane recovery in the process it is then preferred
thdthBé nidxemuh?pessibledsydingiwouldfcorft8puRd YR, ahd!(H, filling the

i ndi vidual crystallites’in the filmformng the
poressas radequid| depsity 5@6singld parameberrK 1that & afaloguuswvol thedHenry's

of an average crystallite. In a nore preferred .
co hangmuirsisathgrme dercribss itheshapetafthe statisticak isptherm.

I [ it in the.DDR filmformng the adsorbent
Th%%i’%ﬁ'fﬁélslgé f?reglglaFHBﬁ 0% of the vol ume of an aver age

crystallite. In the nost preferred enbodi nent the

standard devi ation of the volune of the crystallites

in the DDR film foesiing“t he adsorbent |ayer 505 is

| ess,.t han % of.ot e Ot une of an average crystallite.

The Sost pr fxeﬂ e enbodi ment l%%w%ﬁg)sen to nodel the

PSA cycl e described in this exanple. [00155] Wth this

type of adsorbent, the time for steps 721 and 731 is

set by the average crystal size in the adsorbent. It

is preferred that the tine step be chosen so that

adsorbed N2 in the DBRoHEE tine to equilibrate with

gasgpus N2, ha  tieo f éedrchannelt t the CH4 does

not ve t‘il'rbrgxtlg ecfui l'i brat e.e(lml'ﬁa%g?ll for N2 or CH4

achi eve 90% approach to equilibrium (follow ng a

change in- - surface concentration) within a single
wheBRRas yh¢ aholan s keastaapardd @ii§ thesieaipepatulbe irPKehéngas

in the contactor is; t 90 = 0.1 83 1 2 DN2 and T 90 =

0.183 i / Dcmwhere r is the average DDR crystal

hus ~and _DN2. and r ,the diffusion. coefficients

(0q130) '3 R aacites o fafailighs thedibetah Sadsfigarkt o
Lafgm@iti86 iRk, FolstAbl i

B (RO R vLAARIIRE, FoPbirabledBdeliniPof the progess given
in thisexpmple, the sthesticb isothenvvan boQupplantdd by apeghiialé

that for N2 the time for steps 721 and 731 be in a
Langmuir isotherm. For modeling competitive adsorption effects, competitive
adsorption isotherms can be derived from the single component statistical

isotherms using well known techniques.

[00151] The single component Stefan-Maxwell transport diffusion

coefficients for N, and CH, used in the modeling were

3 Joule
_ Mole

D, =048x10"e *7 (in m%/sec)

1.5x10

13.4 x 10° Joule

Mole

D, =048x10"e 7 (in m?/sec)



range from0.5t 90 to 10t 90 and it is nore
preferred that the tine for steps 721 and 731 be in a
woRngasgnsom 1l t 90 to 5t 90. _For nodel ing, apdmes260sa06071
of 1.5t 90 was chosen for st@ps 721 and 731. The
nunmerical value of the tinme step is then set by the
crystal size. It is preferred that the average DDR
wifery R &lthé | meldak Rofstadnafd Tie thdtdiperatirt an Kvign |t
is nore preferred that the average crystal size be
in arange from0.5 mMmto 50 mMmand it is nost
[081 2] er rWhen bhstsettranspos pagamEDRs areyevalated atalgivem a
range from1l mmto 10 nm For npdeling an average DDR .
tergp » Kily gegx that thergissa larag differsnse n Rresdiffisian eeptticients

or RS . SRESHEE ek o WASoEFE, TR E o
iR IO €| SRS AN P ISR

dramaticdibnfavonaier diffilséormivansperit ofNdfeotheddDRcysEal$)DBy

crystals is taken to be 80% of the amount that m ght
copollingethe e scalp of kize adsnsptieni siep THeambtketpusge displacement
i.brat ed, W

st PrEnlE & ek A BaPRRGRE 1 S oi6eBe R ridion nan

col R PR Syl LD AL b B SR s e

steps pddhetic séparitorCof N3 dad Gl cambé hehieb&d taf takdsl advantage of
.equilibrated with the gaseous feed entering the

differepeesinaiiffusivity efcthese araleailehaThé prefooed klaghof 8-ting

s Ao o B e

. f~itrh ic@n: 21 L L8 . 0,
in N AL S BRI DIRR b SER4EL il hi
RGP S#IcgeRsthat tardbe tliredntdthisvel £kinetib skpsratief droAdIECH,;
into stream 739. Wth these approxi mations the nethane
however etherfswing iadsonptionazysléssarppedsibleed A pataenedd©thatl bars be
wth the exact pndel and the, nodel

c| osel y agrees . L
us?flr @ 7duaty the ﬁb‘l\f"éy REaEdYCH Baterial toiprodice 3 kinetle sgparation is

| ua [N . S e and
the o fie S boEpo iy SIARRI hohEidHEE RRIAE sORpgnents. The
ratld' dVafsred aOhe kempRtfurklof theflifleh@¥§ Prodiss! he feed and
product specifications are held constant and the
vol ume fraction of nesopores and macropores in the
adsor bentDare increased from2.5%to 5% The predicted
N,

Dcm

Values of x for DDR for nitrogen and methane separation at several different
temperatures are given in the table below:

Temperature (C) K
20 130
40 100

- 60 75

80 60

100 50




met hane recovery is found to fall from91% (in Exanpl e
11) to 90% Exanple 13 [00159] The process of Exanple
wobbog/s380l | owed but the feed apnd product specipicraaoosmsco71
are held constant and the vol’dime fraction of nmesopor es

and macropores in the adsorbent are increased from

2.5%to 15% The predicted nethane recovery is found

to fall from91% (in Exanple 11) to 84% g _ Exanple

14 [00160] The process of Exanple 11 is foll owed but
[00163]f e dwrahel ppeforted clasp@di8ring zeolite materiadd foraenmivahof N,

and the volume fractjon of mesopores and macropores in
fram aatgabgascrnan ds o denetioreel emperatuses Itds poeferreddhat the

redli cted nethane recqvery is found tg fall from91%
m%pnﬂa

sBeshpsen 19 hayve agialye el Kt ersatenthesy atithe Qnesating
terBReral i, AMipdrarelorablyu i Toattihischovn (p BaVe RORIE Of Kuacs
ar S A0, (EBPOR R A ALY 87 s R AR e e
s YREGHRO NavE oA oF Rudcld grrde@E e 0 af e (P ting folmp Rature.

use of a turboexpander to condition sour gas (i.e.,
[0034])r alln gaderdortakée advantapSofithe i0@A)sis Ritdtiat seRAivigof the

operate in _the w ndow that optim zes net hane recovery.
P“ngg'ﬁii &lass of Sreing zeplitesmatesialctos semenahef No figmanatural gas, the

orysHp SFARREIRE coftadhiimySiat shbsiaBLEE e s size. Aghey
ha\i@ag@aﬁy%ffe&xﬁ@iﬂes%ﬁwf%rllfgicp&%ia\i‘ff £l i @gfcﬁrg{@g@

C and a pressure o psi s produce
adgaptibn step 72 réadtihg i crpisedansthanb toss@uifiipt gietdegbrption
the streamis 66 nole% and the H2S concentration is 2
stepri Mo, Tonnceasegnpthane mecqyery in theeprocasseiti is theorpreferred that
caoncent f.th

e G D5 ESREG b bl bSEfsnan e DDR
FURSSEA: B TR0 b B 0BRYOAT L FIHE
averagp cryseallitd) elm@anture tpyefetreegnt®Biiént the standard deviation of
the volume of the crystallites in the DDR film forming the adsorbent layer 505 is
less than 50% of the volume of an average crystallite. In the most preferred
embodiment the standard deviation of the volume of the crystallites in the DDR
film forming the adsorbent layer 505 is less than 10% of the volume of an
average crystallite. The most preferred embodiment was chosen to model the

PSA cycle described in this example.

[00155]  With this type of adsorbent, the time for steps 721 and 731 is set by
the average.crystal size in the adsorbent. It is preferred that the time step be
chosen so that adsorbed N, in the DDR has time to equilibrate with gaseous N,
in the feed channel 503 but the CH, does not have time to equilibrate. The time

for N, or CH, achieve 90% approach to equilibrium (following a change in



conponent that will be renoved by a kinetically

controll ed PSA process. If DDR zeolite is used as the
woadepnubent in the kinetically controll ed PSA pchias2008/006071

loading in the DDR zeolite FP#8m CO2 partial pressure

in stream 811 would be in excess of 0.6 qs and t he

sl ope of the CO2 isothermwould be: - Pcoi
Suflaee Qo emtighy 3100 3*"*%‘@@9“?%“/%5%*“% f%‘%%ﬁfg?.ﬁ# ath
to thegast inthencontagtar ispr e preferred w ndow of operation

the streamis passed through a turboexpander 821 that

reduces the stream pressure to about 500 psi. In a

preferred embodi menty, +ik188r FoeBpander 821 is

andesi gned to have a radial inflow Radial inflow

tur bi ne designs suitabl in this process can

be found in Perry's 9°Cheﬁ11fcg§ r%zg?ciﬂéers' Handbook (7th

Edition. (c) 1997 MG awH || edited by R H Perry and

D.W Geen). During the approximtely isentropic
whaarpamt‘hreravet@ DBR teyrypalrrativs antddD) Sad Dgjyf areathe ldiffasidn

gui ds fall out of the gas stream due to a change

cocfﬁmmts @&b}/zﬁéidrﬁ}laﬁdhﬁ @@@mtnmenmermr Hithexs, araam external

i nflow.turbine de nbeoer 0 t hat wds
mas3 PR it forion B B Fastiln, GineF RorctifeRgcey tplifie sizes are
gl%ﬁh%h?&bl@fbef turboexpander. In this exanple, the

power generate by t he turboexpander is coupl ed

through a shaft 831 to and an electric generator 823.

| powel; Lo [ he
tgufgl%glgﬁ p%l%% gr% ) q?Iﬁltg%glqcoﬁ(bl (e%cog 88) conﬁfhgges Troo; (segonds
ef—an—eleetri€ dcnargfnr r00164] B\fnra the streamis

1 L bgeypnpu-ﬁir 821 it may opti n’znal ly be
sent though a hrocess 893l to remové any part22les. or
a portilén of the wax, or0dptionally|some of t8k heavy
hydr oc&5bons, HRS and/ or 2t er. The|absol ute 570
tenper aure of fhe stream®B37 com ng out of qheo
turboexpander 1S approximately 30% 1 ess than
feedstream 811, and it contains a m xture of gas and
liquid droplets. Stream 837 is then sent to a process

[004583k 338 préfiredithh®d6f N, the time for steps 721 and 731 bein a

range from 0.5 © go to 10 T g9 and it is more preferred that the time for steps 721

and 731 be in a range from 1 T g0 to 5 T g9, For modeling, a time step of 1.5 T g9
was chosen for steps 721 and 731. The numerical value of the time step is then
set by the crystal size. It is preferred that the average DDR crystal size be in a
range from-0.005 pm to 100 pm. It is more preferred that the average DDR
crystal size be in a range from 0.5 um to 50 um and it is most preferred that the
average DDR crystal size be in a range from 1 pm to 10 um. For modeling an

average DDR crystal size of 5 um was used.

[00157] A simplified modeling approach similar to that described above was
used. In the adsorption step 721, the simple model separately treats the
equilibration of N; and CH, in the feed channel with the DDR crystals forming



renmoves the liquid droplets fromthe stream Liquid
dropl et renpoval can be acconplished through a variety

wohograsads i ncl udi ng coal escing filters, set tldmg2008/006071
druns, static centrifugati on/%and el ectrostatic
preci pitation. The process block- O - 839 also
contains equi pnent to increase the tenperature of

thé hdﬁﬂﬁéx&@ﬂyer’yeﬁﬁ@aﬁbuhﬁéﬁ\lgﬁdid‘rBeé‘ix‘i SRTDPR Biyst#ls @6 f%en to
bl ock 839 1 nclude heat exchangers such as shell and

bet808¢6 ofi ¢t amouhtitipe nsightbevekpectad iftthe N adsesbeaf inftthatDDR has
exchangers including the many varieties discussed in

fuliy eqytlibrated it theegapenus feed enerang e pracksEdT | aba temperature
o LA AR e e SR o £EH Bebrbed n
DR SRS 195t SRS TR A iR Chip

adsorbbd g eisDIDR has €ally oquilibefied witlothe gad@ous feddsentering the
preferred that they extract heat from stream 881, 891,

prawss 731 ak griemperaturesthabis kiierkighenibianghe fend tempessture. In
SR s AR St Pl ol e Rl a
the; A BT Misolpli@ach 721 43 RECteedVERAL AR3, 10y Bk 3R model

theNy putge asedt idssie® TBP disiades afl 4R RSthahs 161 AfitHeekelY
heat exchanging a working fluid or gas with high

channe) éntat sirean 339 IV ith theseapproxd makiosis dhe nictharkaicoyery from

the tenperature, of, sfream 837 and renoving |iquid
the;progesst ,Pfﬁﬁalﬁéf‘éis@lkﬁ Sles s clpsebpagisgamith te exact model and

LGN BRI SRR Yo YAL DR T HRSxRBE
effeboskciap@ins tHeanbidpore dnll A REPYR VdlaHehtheRd§sbenfnd
to heat stream 837 to a tenperature of 900C. [00165

The physical conposition of stream 871 conming from
E.&ammgié bl ock 839 is such that if DDR zeolite is used

as the adsorbent in a kinetically controlled PSA, the
o 38 T G50 R Tk BB
SPHBERIHS e Pl EolkR R gl i B g O S °
maebpores ftithe adsorbent are increased from 2.5% to 5%. The predicted
methane recovery is found to fall from 91% (in Example 11) to 90%.

Example 13

[00159] The process of Example 11 is followed but the feed and product
specifications are held constant and the volume fraction of mesopores and
macropores in the adsorbent are increased from 2.5% to 15%. The predicted

methane recovery is found to fall from 91% (in Example 11) to 84%.



|l oading for CO2 in DDR - o - [00166] This operating
condition is in a nore desirable range for high

wonmbians23r ecovery with a kinetically control | edTRS2008/006071
process than that for stream88r1. PSA unit 841 is used
to separate nost of the CO2 and a fraction of the H2S
out of stream 871. In a preferred enbodi nent, PSA unit
841 contains a parallel channel contactor with an

E%@euam havi ng an open volune fraction of nesopores
and macropores that is less than 10% In a preferred

enbodi nent, the m croporous adsorbent in the contactor

[00260In &lha processodf Example PSis folioweslutithe fecOmRIproduct
b o S s o

\ f. P ' 4.4 .
mpoieR b AARGRERHe IRCrebRaTTRITS o 200 TR BefEtea
métheherdcodeARISUAR RS fallBidin b'ﬁ%(iﬁ@&ﬂﬁpkhqg@stsh%e and

heavy hydrocarbon fed to PSA unit 841 1s récovered in

the nmet hane enriched stream 815. In this exanple the
Example 15ati o of nethane to CO2 in the nethane enriched

stream 815 is greater than 9:1. Dependi ng upon fi nal

(Y s Xe HoCER o Ekample bf ircfoligmsdcud abe foadban Z’e"r"“‘“
Lok i f PSA

oSG SRR SRt P P e S g

mawRbporey P e adsOPB& lard fcreMNeldareth 25OFRS55 %! OThﬁ i}?édicted

can al so contain one side of a heat exchanger t I'S
mathang regopemyvis found & falb frome 9 hatin Bxaneplgdi ) ke 78%acess
bl ock 839. The CO2 in stream 881 is ultimtely sent to

Exd cggﬁ essor 829. The conpressor 829 is preferably
by the energy recovered fromthe turboexpander

821. In this exanple energy produced by the electric

ra %n : . SSi OR.-
[0I [ ng Stggﬁst 0 po&%rlﬂgl%rraot:egrm(gg% ?%gﬁwlg ée%@%@%%éﬁﬁ?‘é‘&“’“ sour
gay (ixe. SRutad gabeontiiningIds8 ad® CO)so\hst PS A\daflbeYate in the
nmentioned in an alternative enbodi ment, the conpressor

wigdaw dhat opsinizes methanpe maoveryt. hBigune bé depmfahows 2lprocess
sion, the tenperature of

RGP i & B2l T e B RS e o
sod gRltAAt is18Parabdf in®] PEW SFHRARE: A sour gas stream 811 with a
temperature of 100°C and a pressure of 1,500 psi is produced from a gas field
and fed to the process. The CO, content of the stream is 66 mole% and the H,S
concentration is 2 mole%. Water is present at its saturated vapor pressure, and
the concentration of the heavy hydrocarbons is 2 mole%. The heavy
hydrocarboﬁs contain a small fraction of waxy species with carbon numbers as
large as 36. For this stream 81 1, CO, comprises the majority of the heavy
component that will be removed by a kinetically controlled PSA .process. If
DDR zeolite is used as the adsorbent in the kinetically controlled PSA, the
loading in the.DDR zeolite from CO, partial pressure in stream 811 would be in

excess of 0.6 q; and the slope of the CO, isotherm would be:



It can be advantageous to cool this stream 891 before
further conpression to pressures required for CO2
wodiospnsss/ sequestration. Cool i Lng can be PCT/US2008/006071
acconpl i shedwi th an optionaf 8brocess bl ock 883 that
contai ns one side of a heat exchanger that is used to
provi de heat to the heat exchanger in process bl ock
839. If needed, process block 883 can contain
equi pnent such as a glycol dehydration unit to reduce
the &ggp,0sivity of the gas m xture. To raise the
pre & Qh&c£32 rich gas stream 893 to the |evel
neededcd2or CO2 di sposal / sequestration, a final
conpressor 897 is provided. The conpressed CQ2 rich
gas stream 895 is injected into an underground
w &ﬁ%{- U [,
}géri:é anc(&egg]tol'{eoplee§ovgdr)lj§/ﬂti Exarrpm %@H[%ﬁ) gﬁ]sa%afséaf;l)(()gdlqg for
CQ@J innBDRat es use of a parallel contactor in a
separation that removes CO2 fromflue gas in a thernal

&v\gng adsor.ption process. Flue gas or stack gas is
003l edq hrlag theieream |11&w1 wore peafered mlngpwﬁs@@gatwn the

subE PSRt Hiodfpantel K7L R rboieds e fefiiRssure to

abé’&tnmpﬁr 95-a grafert: babith tofhet t@@a@#%ngg%ﬁfgs%e&@ned to

typically in‘a range froma oUt

ha¥é a radiab infbowp Radidl inflowt taebiga slesighs suhable! foy ub®in (Hs
C2, and H2O Small quantities of pollutants such as
Progogs aar bsdpued in Berryis Gheminal Engareers dtandboaki(@th Edition. ©

19 Gt i tel R 3RA and . Wgteensoroanaihe
PRSPy LREROpIC Gy SRRE I B Cfhtbuke Fals SERIlcBpty

ligpidsduay $alt bet of thekgagasreanddustois vhange inahe dehapoikd ¥nd
when dilution or excess air is enployed in the process

redugtionin temperatanep dkadiak infiow turbiniei dgsegnst campee aperated so that
el &s&s&émse{%&%smsﬁa&%%e:f e
turBOERbideP s BRARDR, e ORED Eondrafta R iR Tu o pBR 4G is

coujsied thivaghiasHafessi o did ﬁlﬁ?é&@fnc gén&Her‘M@d Ihoan|r ﬁf@}iﬂﬁtlve

CO2 from hot stack gas. The thermal wave adsorption
em,bpduggrgt, ﬂmegowexpﬁom thel tuthoenpend ercshiaficis @oupledr termyeEmpressor

instead otI nlect:rlc goenerator

[00164] Before the stream is passed through turboexpander 821, it may
optionally be sent through a process 813 to remove any particles, or a portion of
the wax, or optionally some of the heavy hydrocarbons, H,S and/or water. The
absolute temperature of the stream 837 coming out of the turboexpander is
approximately 30% less than feedstream 811, and it contains a mixture of gas
and liquid droplets. Stream 837 is then sent to a process block 839 that at least
removes the liquid droplets from the stream. Liquid droplet removal can be
accomplished through a variety of methods including coalescing filters, settling

drums, static centrifugation, and electrostatic precipitation. ‘The process block



the CO2 out of the st ack gas, preferably nore than 80%
of the CO2 out of the _ stack gas, even nore

woRne&iasakl y nore than 90% of tSEe CO2 out of t IpeTaisaeus/006071
gas and nost preferably noré®han 95% of the CO2 out
of the stack gas. At |east one CO2 rich streamis
produced in the process that has a purity such that it

839G PESRaiiRRuipiAentd/nEkdase HeletipPhturdBf @tréehﬁrsﬁo%deans
CO2 and even nore preferably nore than 90% CO2 and

of llmsmng)thff strezimh yithin eroéess bdack §3P indlodxl Hédt ekichangers such as
mple i]Jlustrates a thermal wave process with

shelk aué fabeheat exshprgess as en@dbaqo@qhshm of hent erchangpes
ingBFiRfe abrinuickiedes B Bsndin JRHAECRPuiCH Figinets®
HRbebk i(%h Em' f@ﬂmﬂucﬁ?%ﬂﬁh BEY& %@f fﬁﬁﬁﬁ% and D. W.

renove COZ romflue gas using t IS exa

Grebe)s éencdloding packed bedlay excHangose Mte@iaheelw gtroams837 may
contactors to construct a process. [00171 In t he
bethyrmixingiit withe %ﬁna@atebf farnied hot gap sacam¥3 % oWhent heat

cGHREER AT Pk T e o 80 e
frdn§ SG‘ %1\%38513 %Eigﬁ?é‘ %ﬁ@%@é r&ag%m)tﬂéﬁ%f 49 r{ge:P ﬁﬁﬂﬁafass heat

exélhangeag | Optdoradlly, 9hé hedt dmaﬁ%mt@@acm pPédesabloik 83Wcan
the adsorption step. Figure 15(b) shows the streans

extraghtiaag fiom anaptionat sto¢am 835¢ dntometemb@iitnen} stteamr83S is
0 on/rege ation step. Figure 15(c), shows
Pf?ﬂts 35} %%Lvﬁtm roae%)%doq}f OpPXY & eRfibehck 3jF. In another

err@)g)# 1‘13& glrégr'e 3(33 s%ﬁ?f%fﬁ&ﬁ%%%gﬁé@%e wa?kmg fluid or gas

w1ﬂul@i%h&6iﬂp%kéturc§¢mbaétiofpﬂﬁﬁbté Besided 1|ﬁ@ré‘a§ﬁigaﬁ1"e%ﬁ1peramre
are simlar to those discussed in Exanple 17 wth each

of sweara &35 aridbrenmoy ing liquid drayfletseptdcesy blookid39 cincoptedmlly be
@é d adsor bent channel s 945. [00172] In_thi s
co éo IEROVE m@w@rmb@i%wéewmp@rr HeB from the gas

phiR: ?#9' Bl einlf, PSR BitR TR sBrgabe R iaiit
drdqﬂé‘@eﬁﬁd td hé‘éi%@xfeﬁﬁq g9 h ng@ra&ﬁemﬁdmcm' e OFC2 per
of adsorbent from an at spheric gas m xture

contal ning 90% N2 and 10% CO . In a preferred

enmbodi nent the adsorbent contains at |east a
(0046 o pdhshyisigal epmiposition of stream 871 coming from process block
839 is such that if DDR zeolite is used as the adsorbent in a kinetically
controlled PSA, the loading in the DDR zeolite from CO, partial pressure in
stream 871 would be in excess of 0.5 g, and the slope of the CO, isotherm would

be:

0 4coz
0 Fro,

= .07 K, 4,

where Ko, is the Henry’s constant for CO, at 90°C and q; is the saturated
loading for CO, in DDR. '



such that at the tenperature of the adsorption step in
the process, it will adsorb- OO - nore than about 0.75
wortobd/issgmal e OF CO2 per cnB of ggsorbent f rom amcT/Us2008/006071
at nospheric gas m xture contafni ng 90% N2 and 10% CO2.
In a nore preferred enbodi nent the adsorbent contains
at least a mcroporous material such that, at the
[oomqer arhis @pefatmgecommmg ﬁfh HloP® dhﬂréﬁ]@ rmg&ﬁﬁ n%llx
adsorb nmorethan 1.5 mlli-nole of CO2 per c
metham bexovefy wmnhamkmctmskbh eontroled PSA(pmcesmﬁlanahmu fog stream
90%.N2 and _10% Dependi ng upan d§3| gn,

814dsBS§t wa}ﬁ 8@1 é%)ui%tooispéfﬂﬁﬁ maskofthe zeqas»,s‘ear &@ﬁtﬂ@n of the H,S

ouf BF eI 18 preiinh BiiRHimER, PSRl A okidifad paralle

chﬁﬁﬁ% &fn@é&éﬁm% dnllads ok Bl fha(/{rfg%:gﬁﬁﬁrg véfarh® ﬁ%@ﬁé}ﬁ of

The n]CTODOTOUS mat eri a a zeolite such

mesdpoess aridemdéropofes thakKis lsesthaank)%ia Yn al prefesreal eimbodiment,
w thin the scope of this invention that a hydrotalcite
the migenpgrews adserbenirin phe cortagior és an8-rng zeplitetandR Sd it 841

is fREPS A B8R R opaRedih A RinEliSn Lol imdite, [Ia preferred
nggumﬁiegt RfbrE 'tl'gaﬂ?%% K REm en«%tﬂ?ﬂ? shd d fiEa Sh%&fb‘éﬁr&ﬁ] féd to PSA

candi adsor erl a Cr opor ous

unéte841013. rebbvdred i eusmetangednridthed sadanP8 3.1 B & aAkS¥en more
silicas can al so be candi date adsorbent materi al s.

prafesred embediment, mare than®584 odithemethareransbiaviyshydracarbon

feia B s i ee Qi inghe wherBane fimiehbare 815 tn this
exgﬂl lgﬂfér iz[r%a?%%?tm tha ?é gaoc%ialan)ﬁéJ gl‘;ﬁr a%rfrpcq{%td stream 815

alns ess an a

feratBan: 115Déﬁbn&ihg o fiAhuse althb}fnétﬁﬁﬁe Ehﬂeh@tl)@t‘f'éam 815
0 vol.% and nost preferably | ess than about 5 vol .

mayf be tﬁmrthergmoeessod mxpurnﬁedpamthmmcesses hdhedS0p ennchmﬂ
| ar Si ze. pre descri bed, the | ow
st 6‘2&"% Oﬂ’a@\e&)g/x&é ssa throygh @srAntional process
Regeneratl on of the adsorbent
bl‘lp‘];l?gg e@g@”%@é}‘%& ned in the stack gas and

Fi gure 15(b) shows the streamflow into and out of the
[00D6TJC THe SStidithl PERIS bRSRIBIPdDalso Tonbdin GnE s?delof a heat

enters the "heating/cooling channel" (as opposed
exthanged dhatlie nsattmpmadlde heattithéh¢ bemtesxahangeran pmbccsls blbck

S Qro cdvvhc nge from about 15Q0C to
8395 e Sbkmesirone B lis Wity S6nbie & compressor 829, The

compressor 829 is pr_eferably dnven by the energy recovered from the

turboexpander 821. In this example energy produced by the electric generator
823 is sent through a power transmission line 825 to power a motor 827 that is
shaft-coupled via 833 to the compressor 829. As was previously mentioned in
an alternative embodiment, the compressor 829 can be shaft-coupled to the
turboexpander 821. Because of the work of compression, the temperature of the
stream 891 coming out of the compressor 829 is greater than that of stream 881.
It can be advantageous to cool this stream 891 before further compression to

pressures required for CO, disposal/sequestration. Cooling can be accomplished



process starts the tenperature of contactor 941(b) is
in a range from about 2C to about 35C. Before the

wohagtusgds 911 enters the cont actor 941(b) thecivLRaisoso71
911- o 7 - can optionally be 8tad t hrough a process
bl ock 913 that renoves particul ates. Several different
nmet hods to renove particul ates can be used including

with 4 bptibR4l p‘i*oké‘ss%bm% Qﬁﬁ(Uo%télhk bfe §1de'Whé5trEx%hanger
inorganic (netal or ceramc) filters, tubular netal

thdtiis usedsto pmlvydﬂahcat toahe heag dxchamgesr 1n/jdrbeessdiloc/le8$9amf
electrostatic preC| pitator can be used to renove
negdgd, Lpé%eéﬁ dlock883 cam gontain equipmest such ag/a &lyqq{ élebaﬁ@atlon

L
CHSRH Eﬂ@o ?%gﬂ ?g?qut ﬁ] vel Aéeded fo t(ﬁ%ﬁ%@b?&l/s@ fadiltion, a

conta e start 0 sorpti'on step

finaheompegsspo897 s prdsddert nTheriogipressed COR eich @ak 3tieai 895 is
contains adsorbed CO2. It is preferred that at the
inj setgd inforan wndergrounshmmationdar Sydisposal/sequestratios, or for
sorption step is conplete) the volunme averaged CO2
enhaneg il e f’ﬂ@}?adsorbent be greater than about O.25
mlllrmle per cnB of adsorbent material. It is nore

Exﬁ%@&ﬂ‘?ed that the volunme averaged CO2 |oading in the
adsorbent be greater than 0.75 mlli-nole per cnB of

adsorbent material. In its nost preferred embodi ment
the vol ume averaged CO2 | oadi ng in the adsorbent woul d
&];r edihds examaplelillgsirates userof @ ppealleﬂ re@ntectering $eparation that

rerm? ¢©écfrqra§§@"éé§b%& WhETA s agbomion Bissery Biveigas or

skt s £8P Lo (P FUORRGPYT IR Wi ot e e

gasitsrtypIUaﬁ[y stightl] kbbov@&ﬁmb \difc l@s:fdr@\dnﬂliﬁ glherall§ less than
adsor ption/ cool i ng chann s 943(b) form ng stream 981.

twe\gtmospheres. ofhs terspernature sif rthtaﬂue &hs istypticalhyein ardrigel from
tur actor. As a thermal wave of the
ab?‘g}g@?ﬁ’@ BBHZ &%Exiﬁsr@mcwpegemﬁ AR R are typlcally Na,
C m. 981 | rea
02 ?%ﬁ‘%f”‘zf?ﬁ SHEMRERAHEL oFhoRphERRH hsiEl SR, are often
presbsy. [C®, Wbﬁébritﬂﬂldd il theloa Wﬁsﬂﬁﬂ?ﬂﬁ 4 fin! Hﬁﬂ:bﬂl@@& to 15%
contactor. It is prefer [ e not otermnate
(mglaghand Ho® intthp glaeﬁs)umailyemtdmgalfmmml%ae lrﬁ%edl" he total
I|f the_ thermal wave breaks

Ol GHRGAIHIOR GRS ST fHial bidosiban 2506 whsrch
sto‘c’ﬁi&ﬂ%ﬁ1Vclé(§91bn§?i§orp‘paxe&iuces the stack gas and is usually less than 15%
when dilution or excess air is employed in the process to limit the temperature in
the higher temperature portion of the process. For example gas turbines use
dilution air to limit the temperature of the combustion gas before it reaches the

blades of a power turbine.

[00169] A thermal wave adsorption process, as described in Example 18
hereof, is employed to remove CO, from hot stack gas. The thermal wave
adsorption process uses a parallel channel contactor to remove more than 70% of

the CO; out of the stack gas, preferably more than 80% of the CO, out of the



conpl eted, then an additional thermal bed 983(b) can

be enpl oyed to soak up heat until it is tinme to stop
wotdoes/adsar pti on, desorption/regenerati on and e@NiERLEBI006071

cooling steps. The thermal beéa-983(b) can be a packed

bed of solid particles through which a thermal wave

al so passes. If the thermal nass is a packed bed- oo -

statdk &, ederPaidré préferdbly mMGERBARDDYSoLthel MO, gb% gﬁé{ sthél€ gas

regeneration process 1s near that of the adsor
andedost refezably ImoresthpanéX586 alfiitee CO, dutofithestaek ghs oMt least one
t hrough the contactor before the adsorption,

C&e 525 SH&RMOE PaRdNGeson; the Pseesss thatdas arpurityitsugh that it contains
t | f t th h th
mGBaE 799 O FrbeEhbTfummarcohon HO9R 00 o ahadre mrsferably
. . S
e SO e o bR PRES MO RR0: hout 10

times the mass of the adsorbent materials, preferably
[00%30] t IHhis ekamplbilhistratestatherraabwabe phecess satbsstuential
materi als, even nore P_ref erably less than about
adsorption; desorptien end creling stapseperatad avithalhsea paratles contactor

ol SRR3R AR B3R R b el rbbsaments
t i 4
of RCIHAA Iy rBeEis 6 rBinate! O (RARTRICRE T (8 shBlple. Many

of bleeseuesbddimeneyipeoiaithe e dffth&aturhBérs of ¥ontdctRITS €S
al ong the contactor. The concentration of water vapor

congirgeia processm 981 coming out of the heating/cooling
channel s 943(b) is nearly that for saturated gas at

t f st 981 .whi ch n be nore than
(000741: TR BRI ult e oL hid St Aran - B gpniagiarpndergoes
h oo
an 2396 fioR ép wHEE B Mcr ittt dRiriderpBid 2didipfibn S and yet

anothge nentatted i9Bilg)cooléd. cAndibgrant! v A Hedhedd nit Préddsslis shown
the contactor so that the gas flows downward and the

in Figywe d 51 | Bigireh§a) showisghe streamaflowingdntouandeont of thiet h
th he bott f.th [ act A ti I
con@Fid FHL) dting D Af0TRtioT Srby S IERASHREhaNS e Stresms
=Nt aot 7. ti || ]
flopifg FGAY Tl of the SOMEaLT Vs L ERME e acprmifePregendration
stepi digukrevis(€) sHdvesrheosti d&ﬁxsoﬂb\g/ﬁ{g iM6 aRQuReF Me cdidtabdr

referred that there is not
941(c) during the contactor cooling step. The contactors 941 (a), 941(b) and

941(c) are subst’antially similar. Properties of the contactors are similar to those
discussed in Example 17 with each contactor having an array of heating/cooling

channels 943 and adsorbent channels 945.

[00172]  In this example, the adsorbent contains a microporous material. The
microporous material is chqsen so that at the temperature of the adsorption step
in the process it adsorbs more than 0.25 milli-mole of CO, per cm’ of adsorbent
from an atmospheric gas mixture containing 90% N, and 10% CO;. Ina
preferred embodiment the adsorbent contains at least a microporous material,

such that at the temperature of the adsorption step in the process, it will adsorb



significant amount of |iquid phase water flow ng al ong
with the cooled partially dehydrated flue gas stream

wods/14683176] I n this exanpl e the gas passi ng pchyeN2003/006071
t he heating/ cool i ng channel s86f the contactor 943(b)
noves in the same direction as gas passing through
the- <>y - adsorption channels 945(a) during the

m&dSRAR bR @.zs I‘i?ni(llii-rﬁoleccﬁ‘GGE pepéxlnyb-f adSordehy §8nPhn

co-current thermal wave desOfption process was
atrlesphiariveghsi mixtateacdntainingk 80% N, hiid 1006 GO, sInd2 thore preferred

925 as shown in Figure 15, represent the inlet end and
emhpdimentthe agsorheat ganiging atdpast Baminspporaus gpatetial such that, at

N T R TN
. 3 :

iR O oS A B R e

coRBARBSU 01D 005 Depaamgriicaruitgl e sassbitasic

cambe@onduetedin la tampeetushngOframmabbut $3C ;o asboutrfif)°\C,
desc ner at.or

B e S S S
PR L SolT IR P bl IS STl Wi

caft BEROAVNS siich adLedlty 8 AIFN, 1B)E MARCESE NSAE CIt 8 @tkovithin
capture rmuch of the SOx and NOX from the gas stream

thd scaplecof tHishiavemtiern that athyidrotatcipossusddeas theunicroperous
princi ples described n this exanple to rempve SOx and
maigsia 'ftoes Mg satment oha flye gapyteram s It in alsapgnsible Jor thes
0f 1 177].] h - t th I
miGlop PG Wil S8 60l O GRS iR ol s gher
thde’SSREA] 8ich a8, OMhofher tAEdiARR! a’%iébfﬁen‘t MndtEfial f3 xggci]‘bp?rtous

phase of the desorption process formng stream

carbon. IMiadpardusgebgsl derivid/imdecridieand sdvas 997 alsobé@andidate
out of the contactor into streans energing at earlier
adsqrpenismpterials. fThese majerials san berusgdulentoninmepmbination with

ottt Al 1h Foprelirred, Bt s dsoEheiitdn % eoiiapisk Save dowr
melohb 519 RSy T EOEOALIRBorf Dtin s

thaneghomt 20tviodiYo spreferablyoles$ thastabeatl 9 46196, tbeypasterab®y I8ss
stream 971. Stream 971, recovered early in the

thancahons A 9tvod:Ye, andsmpst preferablydess than about 5 vol.% of their pore

volume in open pores in the mesopore and larger size. As previously described,

the low mesoporous and macroporous adsorbent can contain a blocking agent.

[00173] Regeneration of the adsorbent is done with heat contained in the stack
gas and Figure 15(b) shows the stream flow into and out of the contactor being
regenerated 941(b). Stack gas 911 enters the “heating/cooling channel” (as
opposed to the adsorbent channel) at the temperature at which it is produced
which is in a range from about 150°C to about 250°C. When the regeneration
process starts the temperature of contactor 941(b) is in a range from about 2°C to

about 35°C. Before the stack gas 911 enters the contactor 941(b) the stream 911



concentration. In the process shown in Figure 15

hereof this streamis conbined with stream 963 which
woidogslssgzat el y vented through a stack. As ti MeCT/US2008/006071

progresses, the concentratiof’of CO2 in stream 971

begins to increase and valve 931 is closed to stop

flowin stream 971. In this optional enbodi nent val ve

afl Pptivhally belftd A¥oRehlap t i .
cafl ptiofally bEfed HOALK a/proebadck 913 il rehl s pArtIRRY)

Segeml different metlbodsstomefiitde pirtienlatdsi caalbe wseldviacRidmngvidtration
opened at the start of the regenerations process
With ceraimg candle fiters,mopolithioingrganisr(metal erearamac) filters,

SR AR 8 Bl BB ek Rl et RSBl
préééiegﬁﬁtb? 2 BéIskd 18 E&fofE ?ﬁﬂﬁuﬁi% Jg{ stfh Bgs thatlis ?ﬁaﬁy at

uestrati on process w no addi tiona

thesame sanperatire dfithe sexskipak 911 gnérge e &idm theddPtibifed Proéess
at nospheric or slightly higher than atnospheric
bl ard enters the hratiogiosling chesngls 943¢k)ketparallel channel

R e R
mzistglﬁfl iAqRE CBRLaCrT Ay 385(%%8 QT%ZQZﬁ iigblreggl;rgg that at the

atnospheri C pressures pecaus

be@innigYpf dfesiegBnératioR3tera\ee aftbAiHUUSBIRGISSES is LONPIGRE) the
tream 973 can be sent 'to different types of CO2
vobune eyenaged 610 ploadigsisthe ladsetbient be goeaterathiah aboun0)25d enilli-

(gendi n&gtqlbe COi) into un erg[ound formati ons such as
moJg peF & adgorbeppmaterial. dhismereprefezed thatithe ¥ahwme

v . ¢ : .
aviAB80 €01 afite’™h A8 ds %o PR Bep .15, R0 ER Se ot om’
of ddsorbesemutdiriad. IS ﬁn@d@%e%h%fwﬁb&ﬁnfén% %@v@ﬁh%‘%\'tléghged

di sposition for the COQ2, through purity requirene
CQploatingaintthe agdsorbent wonkd begeeatér thagdns millicpislalpey citieof

separated CO2 and H2S has to be conpressed to
adfﬂrg%ﬁmé?f@ll-eét thecifie gxampla oDlogdimgyisi the maost prefierned range

han a 5,,000 ,psi tosbe . njected
w B4R SRR % B4 PSR A i Srous
ad$UrBOR thhRPiaPl ASithe §ffh§1¥139f§35€(;%ih§ to ﬂbmlt@ﬁﬂeoéontactor 941 (b),
conpression in a sequestrati process. ese
gapbegias to dow out efithetddsofpion/dduding dHanhels#3gb) fernmisg stream
significantly bel ow that of the stack gas and it is
981 §n thepregessatterts piseapmd81)in at theeinitial temperature of the
contactor. Asathermal wave of the type described in Example 18 moves
through the contactor the temperature of stream 981 increases slightly. The
temperature of stream 981 increases sharply when the thermal wave moves
through the contactor. It is preferable not to terminate the desorption step before
the thermal wave has moved through the contactor. If the thermal wave breaks
through the contactor before the adsorption step (Figure 15a) has been
completed, then an additional thermal bed 983(b) can be employed to soak up
heat until it is time to stop the adsorption, desorption/regeneration and contactor
cooling steps. The thermal bed 983(b) can be a packed bed of solid particles

through which a thermal wave also passes. If the thermal mass is a packed bed



i nstances additional processing is required before
stream 973 is sequestered. A non-limting exanple of

wo200sadgs3i onal processi ng steg woul d be a nor ecriiEe608Wes071
dehydration of the streamto Birt i gate potenti al
corrosion in pipes and conpressors used in the
sequestration process. Towards the end of the

of 5608 ParEélES s KA &aturk i h&$PaRUTIRB ké@dnePati oM pRiceSATY near
973 increases. To minimze potential Torrosion

thatraflthe mdsonbertbeconent used to sequester CQ2 itcan be
advant ageous to separate the stream com ng out towards

OB B ol T s i
ol o B RN g

thdt%h@ AIRSHRtR] ot DrédiQRArdd e fcontd BHTHR BtaHass 6f th

flow of stream 975 that has a highef concentration of

adverbent lagtr andrbartferoeall bemvednethd aldyotplioncchaanal aid| y
and then reconbined wth stream 971. [00179] The cool
hepﬁng/paphgg ebwyml sheuldrbe lesg thansahous H0ganes the mgsoof thef

adi e PoRris cisiofaih TPS BhA aBGut RS heuBesbrdighe Sdsorbent

iR, 06 SEBRIERb sf Sl WG Sl ne tas BF Wlagsorbent
maﬁéﬁi@l&mﬂtmostqfrefe@ﬂlblyabémhhﬁ EbYac 1 S@Zmes the #fass of the adsorbent
Contactor 941(a) can optionally be constructed with

majesialsal different mcroporous adsorbents al ong the _
| ength of the channels 945(a). In one enbodi nent where

(o§131¢ A Bl e RS ??r?tu%baée BRGFEE it heenerated
94T wath e6hdetfiet Bl bEMe CasRGRE CbnilifsaRRH RuRb&ause the
anne o Ch ner The Water vapor part
terppeasure ®fithe ghe fallsr afsatr])EMS lakor @Qﬁﬂta’ﬂtbﬁvﬂ"ﬁ@ concentratlon

adsorbents towards the end of the channel to operate
of Neater edposdn igas Bt,reamr98@@mmgmtlof the beating/caplihg chanrels

el e oSS AT
caﬁ%ﬁ: %Wﬁ%ﬂ@@g%édgﬁylgg&eﬁstg er m zeo?%f1 {&{nﬁ {Bﬁs s

regenkgtof Bécats€ HarRNwark lfﬂ@oﬁﬁmets&ehﬁﬁ9ﬁ§§@ss‘iﬁ§fhrb{]§h the
zeolite isS dry (i.e. the CO2 isothermof a dry

contactasheng ragencrated 841(b), itican beladvantageous tealign &e contactor

terial s that can be
SO M‘?at%e gas flows downward and the liquid flows under action of gravity

concurrently with the gas to the bottom of the contactor. An optional method
can be provided to remove condensed water from the contactor to form water
stream 967. Optionally a knockout 991 can be provided to remove any mist of
liquid water flow coming out of the contactor. It is preferred that there isnota
significant amount of liquid phase water flowing along with the cooled partially

dehydrated flue gas stream 961.

[00176] In this example the gas passing through the heating/cooling channels

of the contactor 943(b) moves in the same direction as gas passing through the



used to renove water include silica, alum na, carbons,
and zeolites. [00180] In this exanple a single type of
wonkes/apesous adsorbent |ines the adsorbent chaanals2008/006071
945(a). At the start of the-&8sorption process the
tenperature of the contactor 941(a) is the sane as
that produced at the end of the cooling step in Figure
- Qo] . eTh:
w4555 cHih el RSP leng b MAGRLY SRS, bORbuh s

typreof co-citéntihdriia Dwvave sleserptiongrgcésaveas dgschiped ie detail in
adsorbent near the front end of the contactor 921. The

Exampled?r dilpments 9280end 43S as shewniind'igeneal hirapregent therinlet
endlgnd a6 FR4 OF the fsauplips Shaiely, rhspactiyape Treihey cSarmple the
mib{porbls SAREEEYS PhSknfSychhaPHOAT SibnBATR BB sPlcics,

COJ saadgatbedtsongewidtlesd EGHELY, drd Nhafdex ﬁi’@%aﬂg@a sorbed.
m cr opor ous adsorbent has the property that H2O i s

Exapiplessof migroporaiisombtegiialsithat Baee this oedeaing ef adsoaption include
B Ty O T
SR, 4 g P AR
regtdefdtoF Opétalivn tWigl AV 10k USRI thanwab dEE‘i?o@& hﬁ@%\ﬂcga;/ted to

speci es, the anmpbunt "adsorbed, the thernal [

nduct i

remave hpst ofitlec€6),, framdhe et dasramd| therdsscritidrhwill focus on the
gontactor. An optiopal stream 919 can be fl owed

maj ity eAmPpeREIs M the Bue gas.| The pregess d@m&e&twilbcm@@ much

] 919 | [ f i .
of {iEsQLAMENG! fromt HiF Gkt AShiobREpe bofad S, RN pERtble to
us@ﬁﬁ(lﬁlncﬁglek RR IR P Bis exdnplraoGERRVE ! aﬁd‘ﬂ@ﬁrggllgas

Figure 15(a) It noves countef-currently to strea

stredms irf h procdsktimtglaptires deds @fthé @D,channel s. The stream
919 renoves heat generated by the heat of adsorption
@&d] foirrs stream 921 exiting the contactor that

[0QL}7); edn thgo-sBEenbthemmal wave desopptioniprgcssethe least strongly

' t: Ahj t honal stream 919 can fl ow.
adsg)g&g%r e |<}2 §§ ?ﬁigssbf"é’a?ﬂtég}ﬁe FoRRstor IM{‘? futial phase of the
deAHPAOR PrévLss Fofn iR NttdanE 997 ShiAdd ﬁﬁ,@g Vi
eéggﬁcen?r at ison fronts e:&n t9 ﬂz gllgésdgr e%d p aS%eous to divide the
Stream &9t qoaniingroutiofehe adntactatin® streanfeemedingat eadier versus
material lining the channel) nmove along the |ength of
laterHamey resavss streayas ewEgingraddilderent Gmestwidl hae digferent CO,

ancf hlg@e#%ic%gggﬁogg SR UGS &gytpﬁgfe?aﬂﬁ)g %%%roggsggcri] ?1'1 d& Crent
manors. In an optional embodiment of the process valve 931 is opened at the
start of the regeneration step allowing stream 977 to flow and form stream 971.
Stream 971, recovered early in the regeneration, has very low CO,
concentration. In the process shown in Figure 15 hereof this stream is combined
with stream 963 which is ultimately vented through a stack. As time progresses,
the concentration of CO; in stream 971 begins to increase and val;/e 931 is
closed to stop flow in stream 971. In this optional embodiment valve 933 is

“simultaneously” opened to start flow in stream 973. The time at which these



The way in which they nove with tinme down the |ength

of the adsorber channel is referred to as
woooasssat i on waves. Wth tine these waves omrcfiingnim/006071

advance al ong the |ength of -®8e adsorption channel. As

t hese waves advance, the CO2 concentration in the

outlet stream 963 remains low until CO2 front reaches
valite #0sht@kets MEe COYREIYin YgeamM73. hAFterHti%g} Palve¥B3 was

the CO2 concentration In the outlet stream 963 begi ns
opened attheatalt of ehartpenptations pregess allowiny sitedi®BF3p flowe and

cool stream 963 (wth the CO2 renpved) Is routed to a
fop strgama?7 34 Btrepm B3 containscths majgeite ofithaiCehdhatswas

und Qi h ool i step. Additi .cool .
ortfBA RS sPackats. d B SotPrnymtinn o EED i€ Siea E7is high

' it YarPSe t r .

e P i e BI6 0 RaBLIEAHRACE R, WA Thfe oF A liional
prodeasingl dnahistdxangsie e steear 44 produced at BEmsspheticr sliztly

.cooling step contactor 941(c) is near the tenperature
higherithan atmesphgticpressuneso 11t is pessébledadesigh progessss producing

s e A P St OSSR Smacly 3
o AL s s B AT OISR cab974 B, e e

pressufisibedhudd hicRt@RES Eodth f CoMPRERIM B CORERquestration
abruptly. The gas exiting the contactor 985 remalns

progeissess t he t her nal wave advances across the contactor.
If an optional thermal nmass 983 is used in the

eration e hen t he ,.gas stream 985 can al so, be
["mgd Hh%'?r;' Eh b gnt i@ di %ntmscﬁ)f.g éﬂzéﬁ%esﬂﬁéhoﬁal

- Qo t t | Y r eaks
prifsSes, MR it AICE RAude Gordifl IR OPE i iR Eroupd
formetiorisasiuch as fag_ﬁifEfLOMtﬁgi topaeabthat préventy dighifibant [bsk HFS

opti onal enbodi ment the gas streamexiting the thernal

injeeted agBbgaseeamnpendnss, allirdsany difse gamjeseroirsytiepleeed oil
cool.in ten.. . The hot gas s{ream 965 is substantially
feSFF‘é‘BfSo%“’ééﬁﬁaﬁ?G gASACHEVOER Blgepopsa storage is alsa @qpotamizal
: i | ' i mul t aneousl y wit.h t
dispRSioRToE URACLS, SEOMUT BbE, RaSh RS b AbficlonlE o be

ot etrirpent.! FRpidafiyahi 0@08 -
" channe g 942{)0) . &Exhgr%}%llsga%g [O %g?iz,ﬁs\tn%t%h@?)%?%@?{egﬁd to

pragaures g@peatert than abeuh?j0§0epsi and efieartetpressuses grgater than about
rocesses also rely on the fact

sorption (TSA).. TSA
i@ﬂ&{{sl gq]bg pnjéptggémoetigatg byes of underground formations. Several
properties of stream 973 make it suitable for compression in a sequestration

process. These properties include the fact that its temperature is significantly
below that of the stack gas and it is highly concentrated in CO,. In some
instances additional processing is required before stream 973 is sequestered. A
non-limiting example of an additional processing step would be a more rigorous
dehydration of the stream to mitigate potential corrosion in pipes and
compressors used in the sequestration process. Towards the end of the
regeneration process the H,O concentration in stream 973 increases. To

minimize potential corrosion problems in equipment used to sequester CO, it



tend to be adsorbed within the pore structure of the
m cr oporous adsorbent materials, or wwthin the free
wovobgimsaf a polyneric material. Wien the tenpermaigzo®/006071
of the adsorbent is increasedl-the gas is released, or
desorbed. By cyclically swi nging the tenperature of
adsor bent beds, TSA processes can be- L94 - used to
car? BEAAPhMaGBGESt0 depardtt Wi Stfedth @BmiRE Quttdwards the end of the
adsor bent "that selectively picks up one or nore of the
regeneraiivenprocess dibtogleandie tiis streamGepatakely SAnaasoptivnal
advant age_that adsorption isotherns are strongly
embedimentcwhenyhe HaPegancgnizatiamins stream P 78iigeregses ahave a

s s R T B G o
of 8¢t & 98I %lglrt_@ glolg\%? %t?éa‘?n I@XFE@%SQJ higggp {:oncentration of

t enperat ure esorpti on. conpa O pressure

waten. Sireas 975tcafirther 64 deBydiatedsepapdtely and tHe@ recombined with
saturation regine of the isotherm a significant
streafuMftlage for capacity and range of utility with
zeolitic adsorbents. [00186] However, TSA as practiced

(073032 486 Rog pRfiaIR RS Resteg dhic.ass suehndb coming put pEthe
coRtASRr Bel re%t%g%%l?ec{ @ﬁgb)}, Fsiz&ﬂ?ﬁ %Bﬁ&tct&r%?éﬂﬂsﬁ s The

greater the eratur € nore

undergdhth aﬂ’b&s%i?ﬁnﬁg ksgarp&. TR Wtichine$6 I RUsene E}ﬂ'oEEh ¢hé R@sciptlon

inalarge v heating fluid, and the |arge

chammelmP45(a) lo€ she contacios wherel atmicrapareus hdsarbsot prefierentially
rer VRS G0 438 Hatdo Gonr i A(ab cmpiionalbe bF goraakaied Tath
sevRist ifferdHitinRRGAGHORS sl rben HoRb B BbLATof tfihapnets,,

945(a)yedn oht RABAGimeRE whefadifRRaht Iﬂiﬁoﬁéﬁ‘ﬁﬂaddsorbfelntsw are placed

regeneration gives rise to concentration and 0
alopgrtheléngth of thaichamsiel =945 ¢y ithenadsorbdmithatsis nvest selective for

ifficult to gan,age in_an otherw se steady state
Hzgrlée dat the beginningipf therghanpels; dn thismagnardhe waterevapor

Led with heat,,exchanger voi di n
parfEFbreiSitedh Bk BB p ikl S eP ST HEH it B RgRegi fowardd the
end 6P ie¢hanfiePlo SFaGaNBR efOdiviely fGYCD, & 8780 lites wi

indirectly hea‘?izég TSA pr%cesls‘;ggfoﬁyegzpﬁlglggﬁ{ SZQ(f)htes with
largk ¢dtiaruconcenirafiond 8T¢h Ih4A, A3 NdE atd extrhpRs @F ndiciSporous
system t hat enabl es chromat ographicli ke
adsorbents that can operate more effectively when they are dry. The reason for
this is that the CO, adsorption isotherm of zeolites with large cation
concentrations tends to increase when the zeolite is dry (i.e. the CO, isotherm of
a dry cationic zeolite usually lies above a wet zeolite). Materials that can be

used to remove water include silica, alumina, carbons, and zeolites.

[00180] In this example a single type of microporous adsorbent lines the
adsorbent channels 945(a). At the start of the adsorption process the
température of the contactor 941(a) is the same as that produced at the end of the
cooling step in Figure 15(c). This temperature is slightly above that of the

ambient air in the atmosphere. As the adsorption step begins CO, and H,O are



separation of a multi-conponent feed into several
streans each concentrating different species. This
wocbespreg2egr aphi-c-1i ke separation will be refercadisbasasso7i
"Tenperature Wave Adsorption92¢TWA).[00188] TWA is a
TSA process that uses indirect heating (i.e., it does
not dilute the desorbed nmaterials into a heating
el slPrakdrlup. bg thé AR 61benEALR ¢hE & Ynt egﬂ‘ ¥R cOtactor 921.
channél s in a Contactor contains an adsorbent and
Therwwnbentratédn of COhandei O iis thesethdiningr portioh&dlthé adsorbedt is
take heat out of the contactor. In a preferred

lowmpddieaeltequahto thahat hedindpfthavogensgratiemsiepdn &igure 15(b)
i gned i ' t hat Lts i.n a th |
ot 05 e bbb R ot B ks Rin 10

: ' t Figures 7 and 9 show
s %\%gmp?g?sa%(gﬁﬁ%ﬁglnﬁgﬁlugﬁsaé% %rﬁf'g%)ln'fi gurati ons that are

suitable for use in this preferred TWA enbodi nent. In

[06181)r e Ix thsib anaﬂi[pse 18 ieropérbtisaiddorbeht Bas tl'iééptb@éﬁiv RBat H,0
S a

./ cooling channe and channels 203 act as sor ption
is mese sleorgly |adserbgdrthan GOanAslexangplewta MizBopordus 260kitet

soSuBOV B FRreE s SSTN  SBe RIS ool 5 cter
. bt : th

il Sy oot B TRL LD G B 1R S PRED IS TR b

Thede@pefdtare rivedis @edrhiified b9the hbat S AROrptfOSE i sorbde
contactor nust act as an éfficient heat exchanger,

specigs, dihe/amoantadsorbed) the therhel worduativityuindtheaantactor, and the
diumflowi ng in the heating/cooling

f
thezah AASS OABE S OR2G@E0ATLARtionAl sHEar hean be Aamed trough
i ' f di b I i id
thelcBuscbt b (it ERRe iR BB denfachsn St te°
defied frohi e diibicfic hit @IS BIEWh RN AeRtify caPing PRannels

943 wi¢hs contactone Ie tiboeinbedimerit shosvrpmeRigate 1 5(@9 it inoves
t he heat Exchange channel s are characterized in terns

cogter-RUrTEBn i pycar fddhat Hews daepugbrtheadsorgtionahaanels. The
sudill AT Fod £ B e PRSP abRa R T oS stream

. | AN
928 AR O 0 BB B Al rgen

embodimsntithidroptional stresmdkesh MbwitoaciaeettBnivithedtting 96 P.
wi |l equal the tube dianmeter. In a preferred

[00182]  As the adsorption step continues relatively sharp concentration fronts
in the adsorbed phase concentration (i.e. adsorbates in the microporous material
lining the channel) move along the length of the contactor. The concentration
front for H,O is closer to the entrance of the adsorber channel than that for CO,.
The way in which they move with’ time down the length of the adsorber channel
is referred to as concentration wa;/es. With time these waves or fronts advance
along the length of the adsorption channel. As these waves advance, the CO,
concentration in the outlet stream 963 remains low until CO, front reaches the
end of the contactor 925. At this point in time the CO, concentration in the

outlet stream 963 begins to rise and the adsorption step is stopped.



enbodi nent of the present invention, the paraneter D

for the channels that contain adsorbent is less than 1
woi2068m4388d nore preferably D is | ess than 1/ 2pcral$2008/006071

[00190] By recording the ting3 dependence of the

tenperature of the fluid energing fromthe

heati ng/ cooling channels, it is possible to determ ne
00Y83]heTh dcf(b%ff@bm%ﬁeﬁwb‘iﬁtﬁm EMoVEd)is 0RO AEGRact
[ and 't he shar pness of the therngjlirfront.)ﬁl'lshe time del ayc o
94 bexf) shat hasebeenrpgencrated andgs nadegoitgageoling stape sAdditional

nmeasurenent of the velocity of the thernal wave and
cophgas produggd iptherregencradom pragess Esteagam §E1) pamoptierally be

ur.emen f, _the shar .the fr . .I'he neede

o5 ' LR 963 g P SURREEET  Rhisioleamm P25 i ibbOGUERE file the
hehtiny ' 1t i
oA Soshig o 2R 5100 LADOSTER: ASIG0 ARER,CHRMpIRg o
cofitaotoir 944 (¢)ds meastheateiperatire sMthetfluegas sttcdng 9111 0Ax stream

when the fluid begins to flow at a steady rate to the
999 beginsitaflow hl@romeﬂﬁbe geniaetoxta ededng tharatal weayerdeyetopso This

5% of its final steady state vglue. The rate of rise
codling Wave issueh et i Smpekaiscil fig GGacior ngar thdnlet Side 920
. = i 0,

s o5y pCF EPIROAINEReR fuliier fhg The |dhgth PF i E0Riccl the

temperhtiire eides Abfuptiie T p& &dfihghe BEnAERRBS reliddinghot as the
preferably greater than 5, ndore preferably greater

thermah wayeadyansesraarossethp cehtactin \If gneptional thenmabmass 983 is

0191] Shorter cycle tinmes provide the npst conpact

used i the gagenerytion, stepshen thegasssireany 485 span glsodgpassed farough

-

j n ffieients.. Mthods far
thelMh B P bedeR Y en £ Aot BT il (0 prfcss the
theem@h dage bredldsethyilgh theid dfithe @enfitctor AfddHid (@R rhAPmass

contactor containing the heat exchange/adsorber system
- befoge thes¢apling piocksspisdermhimated: rlarthissoptiomhl ehdadiinent the gas
conduction ;Bar acteristics, a sharp tenperature wave

stregm expingthe dhermal upasiyd o EmaHgs Aetduriag ithe maj erity. ofJhen

. jti stem to..achieve second
codENED, THEIRE L SEeb ey HibBheRuBly KR e RRAIRGR be
verited oPSERt 1§ aRfhcke Cméeéodlﬁ&_rﬁé‘ﬁ‘is feffitdted sirfultaneously with

tenperatureswi ng the bed. “Thi's, I n turn, enables the
thepuiserpitical andsregehesation stépsh Tlesaghoutothetcoshiapatey dere is no
t hat woul d not normall}/ be considered for TSA
ﬂow@}té{fi ¢ adserbeptchannels 945(c).

-

Example 18

[00184] Another important gas separation technique is temperature Swing
adsorption (TSA). TSA processes also rely on the fact that under pressure gases
tend to be adsorbed within the pore structure of the microporous adsorbent
materials, or within tﬁe free volume of a polymeric material. When the
temperature of the adsorbent is increased, the gas is released, or desorbed. By

cyclically swinging the temperature of adsorbent beds, TSA processes can be



desorption step, the thermal wave can be used to
produce a chromat ographic effect that enables
wondbg/isagpaponent separation. [00193] Before thepct/us2008/006071
desorption step begins mol ecOftes are preferentially
adsorbed in the m cropores or free volune of an
adsorbent within the adsorbent channel. These
usé@*cﬁ%aﬁﬁe %‘é?espfn Rligfiré %\I’l*éﬁ dseli SRy Qn' 125%%1 that selectively
adsorption~step ere a ti conmponent
pidksnplgie ar melré@ bl ied yorapohertd 3 tHeegds mhﬁaﬁel The
tenperature of the channel at this point is
significantly below the tenperature that will be used
(001841 g A he theredantageribat AdScrpHan fHothemsarersangie

infl{eieB by JRmpee e, TR, oo RhPuTis Lo b e abGRed &Y ong
adEJ}Bu{ 5&%@« }x} &u?é‘gﬂﬂ&le z{c%hgﬁfjond g{&%ﬁ? DR IRYeRIds@'0f a

re re arp S are

stanQIB'GI'Idl@ Gﬂ&ﬁé@% f)@:@i/ble fb@hh@arﬁse@ﬂngﬁ t g@?aiﬁ&dfor desorptlon.

through the bed for a long tinme before r eakt hr ough
Alsg, comaparpdite pmssumwmg adsorptiona IS e can be operaed guthee,
be .shg] | ow. . Such a_condit, on

t hen the, gradi ent
Sa‘?lé%tm 8ie 4 dbF b%shwéerseg% signitiganbadianiane forcapaeity andrange
ty to adsorb is well utilized.
Ofpﬁ t?-LI ce lﬁ% a%ﬁgﬁpge?'gé transfer is achieved by

prOV|d|ng relatlvely smal | channels for the feed

[00186] ds HowéverVEB Al &Y pragticed Bhsﬁsévfi:rﬁ(‘(ﬁ%'&ijahfdg%g Tﬁ 'd'i}Q:ctly-
beds of snmall adsorbent particles or using parall

heated A pragesses; arwt fluid istypitaliyhflowed thiongh.the ladsnrptnon bed

referred enmbodi nent space f||||n adsor bent covers
to {315e |qd§0§16n56§epg@ﬁtrec rﬁvmgterm calcpnapivse Uéﬁsathﬁénore

ﬂuftﬁ ﬁtl?e%ﬁg{l od lI?l@V e'ggr %\ﬁﬂk’érsctpgggwj ?}pfcfié%efr% ia%éve volume
of héﬂl}fgsﬂuﬁﬁ ﬁnﬂ‘ﬁh@ 142561 faﬁ{cﬁﬁ’nlt %f h@ﬁ%ﬁhﬁe ds@d o 'rﬁ%@ five %tfsorbent

thermal wave separation can be creat adsor bents
temperatuito inofte avtrdcowereds dnsonss tases ik hmn@ not astovgred

but to obtain the highest possible recovery and )
beeause many, dirgcilysheated [SA spstems ase operatedbwiith langradserption

R T T
the F{ercgfagelﬁgg{e{& Sdg%tﬁﬁre%éégggazgﬂl iv 1‘1&’9 o cdf coﬁ gﬂ%ﬁon and flow

vaatédrerialdopwistreant bquipaienythdi caﬁlbe &Yﬁ@éult teivanagé & an
vol ume in open pores in the mesopore and | arger size.

Oﬂ{eowmﬂeameﬁﬁatﬁdﬁacwﬂﬂw tlndndirectrbaated S systems; Hee heat
car bE5 supp 1edt wﬁh adﬁé)art excﬁanger, avoiding dilution of the product with a

heated purge gas. However, heat management and the cyclic nature of indirectly

heated TSA processes often presents difficulties.

[00187] This example illustrates a TSA system that enables chromatographic-
like separation of a multi-component feed into several streams each
concentrating different species. This chromatographic-like separation will be

referred to as “Temperature Wave Adsorption" (TWA).



step, the adsorbent is relatively cool and nol ecul es
are taken up by the adsorbent near the point at which
wofmegh4sssi nt roduced. The adsor bat e concentr at ip@n/is2008/006071
high  _ in the early part of9he bed or |ayer, and at
| ow concentration in the dowstream part of the bed or
layer. ldeally, there is a sharp gradient of adsorbate
[06PSBIENTTWA ®1a FISHD Prdc%@s Rk ﬁﬁhﬁetﬂ@h@ﬂ &0t does not
channel . As operation proceeds, this concentration
dilwethe desoesedanateyidlhintd artglatingimédiangddaritsesimptdsannel .
The dividing |ine between high concentration and | ow
emhpdiment, anedst 9bsbannelsidua contagior sontainmar edsorbenteand
exit as sor bat.e ac l.ates in the adsoybent b or
anfifick s8 p(vgap e eaed 19 BrineFnt e and Rk hentrns PERhe
2ipsne I ' t JUDy Jhent,
co|ﬁt 'S’ pg{séipgffgnt%g avded{ﬁrr%ﬁ’itgggg%lo wlcrgxn%é %?'Pgﬁfgfoélbnngls are
desigried 4h @ngaitte th&nebiltdin 4 tRrAds VahethoviRgaloRg td RAEth of
strength of adsorption, or differences in diffusion
the cadriniets imnheatingt anslecoalingf stepmof theckS Aprocesshe Figwres 7 and 9
eferentially take up different

t he adsor Qent. wi | r .
Sh?wetavoc%%ﬁﬁ@magmelrﬁ&tm cpplgurations thatse suitablgifor usein

. . n - i n onpane T
this S LRl L Rl Reh e 8 Flo RO IR 203 apd 2
ach\eakdAimpe 86 RS CRANRINEMA Shartitls 203 A868 MdoPPtiond BRannels. In

strongest - adsor bi ng conponents wi Il occupy the regions
FigifreQclaninels betivesp 423tandt425 actlastheatidg idddlind cipinmels and

| yadsorbed materials fromthat region. Over the

wea
chwqﬁgéﬁéfac‘%ﬁ;ws&p@m chapnedsisor bates wil | order ,
t hensel ves from strongest to weakest as one noves from

' t ot a pti.on channel s. This type
108139 1% fikbRleethg I A" 2B ERHIE Fo P 8 Posp Brmal
frong astsve #186g TNV edipfls 6 BRSCHaRRPEUSSS T 5db fié’lﬂ’ﬁﬁ@tcﬁoling

with either type of feed. For the purpose this
stepxatiploederdoglasthinthefconthotor mubtact @s sindsffiettnt he@ldahanger,

igure 16 (a), shows schematically the patterning of

rapglé otrasieaingshensibebieen & Ayid heat teansfer mediume flayenglinithe
hea oo e Eail fherasr R 38 K. o Be s FhapBiis The, fuid
hestPaiadermeanise "c%lg 113836 1i4iR8, 4 B&s bPa Sty OTHE YiedOF A AEF

speci es. Layer
coefficient between fluid flowing in the heating/cooling channel and the

adsorbent is set in part by the dimensions of the flow channels. In one
embodiment of the present invention, the heat exchange channels are
characterized in terms of the boundary between the feed-containing channel and
the channels containing heating/cooling medium. That boundary can be
characterized as having a cross-sectional area (A) and a perimeter (P). A
parameter D can be calculated as 4A/P. For example, for cylindrical tubes
packed with adsorbent pellets, D will equal the tube diameter. In a preferred
embodiment of the present invention, the parameter D for the channels that

contain adsorbent is less than 1 inch, and more preferably D is less than 1/2 inch.



woul d correspond to layer 205 in Figure 7 and | ayer

405 in Figure 9. A diffusion barrier 1017 acts as a
wovsabd/143epar ati ng nol ecul es in _the feed channelpckd}2008/006071

fromthose in the heating/ codfirng channel 1011. The

wal | separating the_ _ feed and heating/cooling

channel 1017 would correspond to 219 in Figure 7 and
[06190]i N By %éb?di%g thE ¢ind¢ aepdiiehc€ bRl M 4tubO Bt the fluid

correspond to 203 in Figure 7 and 403 1n Figure 9. The
enteegingniyor thedicatigg/coatingichafirids vwois possible ¢s detetndine whether

channel s running from223 to 225 in Figure 7 and from
a thermalgvapshasmpovgd thromighthe eomtactos mﬂégaéb@m@tessmf theep

T, O 1Bl R S ST S lprovies
. = t |
a ra/eak ?ﬁg soﬁ%‘gg&g%éé iggm&qﬁg&ggp\gg‘?{gf C ol;sldg%;tt vov%ghe

teraperafiitt Thahged piovidescpieasiiretnent ot sHarpnératofithe ifigbrit The

the desorption occurs in the sane direction as feed
needed data can|bsvasquiredifremtaiheaiocoyple phaceddp thafiusd sgeam
erform ng the adsorption

f dt d .
e“{fggﬁi’ﬁ%ﬁgﬁ j‘,%a{’ exchange channels i Oge way %anmractsmﬁ dheq

nras co : W th the
veldiy & S Ehdthi T ST RleaGund ety dit e f tplls o ihen the
flui® BBgiak 16 Move bt a SRaly ehte th Qﬂé?gint hat4h& téfipSratdieAtshe outlet
the state of the channels at (he beginning of the
hagigisen ti 25% of itp final steqdys stats vdlue.n Thematehaftrise ¢tan be has
begun, tq.flow in the heating/cooling channel, with a
Ch?ra{gvtengPg&m MERIUTHIR brines Hhetinedb ke thestemperatyre atthemntlst to

s 0 7,04 b, Y004 B e
toei§ ;. L e EFEateraRANl OC ptefefably Preta&% than a‘iﬁ?{e ?éﬁ}aggﬁ%ﬁqeater
y follo e

t'enperature of the adsorbent |ayer cldse
thanelthand everemuire ppreferatdy ignedteothans®. channel . In this
exanple there is no inposed gas flow in the adsorbent
nel,, 1007. géas fl ow, can optionally be added at
["@@ poPHPTIERCY e tHRePravidsm the st eompart jandreductiva ase of

sy 055 AL RS LRLSEIERs S o
ol koo (Ot Sl SRl gl

therartyi on of the adsorbent |ayer 1081 because its
tenperature has increased and adsorption isotherns are

[00slt9r2?ngWhen the contactor containing the heat exchange/adsorber system is
designed with good heat transfer and thermal conduction charactefistics, a sharp
temperature wave will be created during heating and cooling steps. Such a
condition enables the system to achieve the second object of this invention,
which is to substantially recuperate and recover the heat required to temperature-
swing the bed. This, in turn, enables the potential use of very high desorption
temperatures that would not normally be considered for TSA operation. In the
desorption step, the thermal wave can be used to produce a chromatographic

effect that enables multicomponent separation.



i nfluenced by tenperature. The entrance end of the
adsorption flow channel is valved off and desorbed
wordseasd28s nove down the adsorpti on channel tecirasanos/006071
stream 1027 that flows out of7the contactor. As such
the strongl y-adsorbed speci es nove down the adsorption
channel 1007 towards end 1015. As they__ nove down
ch ' :
(0PRSS " ok Rt Biforl SRf DRERE RIS AEPRORMally

adserbedyin therthibepored 610frgé yohane bban adperbeasvithih the adsorbent
concentration of the strongly-adsorbed species in the
chgnaele dThesginapleerles e prefeneptially takem upin heradsamticasstdp

Gas thaf.is displ d.intg th tream 1027 fl ow ng out
WRATe &R Hisormpanet £ocd) ApWs dhravghia relaiyeln geok adspreent channel.

- i . W.th i
THERfepsute o £ HAReCATH Toint 5 sTeieh ity BEJOEIRE
tefnpafat@ehyewilibe lugé@to pégraefat@thd Adodam! Mt isPrefdrfdd that the
[00199] Figure 16(c) shows the state of the channels

adsorpsionathannelsaf¢he patdile] dbamrgbicontactiregre dasignbd sothatrthe
intime nmore, hot fluid has flI d through the K .
CoRechtraip-gradiants aloag Fé@ng&ﬁ 9 the channel demeddusing the
' ' r : cold stream1 fl out
adpboR e e BieVeRy SRR, Spp BrdlibiR e bR 8 bR difs they
endbRYekd 16 bt pasded g fribdd famatlbﬁ% tidhe BEFoPE "bljegﬁﬁlrough"
that was flow ng out of the of the Contactor at the
of adsorbate o¢oues.sHawass trasfgrisenct Gdbjuatéhentike grddivmveill be
1073 has_advanced further along the contactor. Mre of

shallews tSushq sengiion pesplisdn adsprbatabeginpingtogissppathscded long

beffraith, BEAR ARGt 48058 is WeH R " T o SericBa Rl s
tradbfdrhe aa%%d)by l%oﬁh fé('!gt'i‘m%@% shMPEHERNER! 167 @féedffﬁghgs to

desor bed nol ecul"es nove he adsor ption channe
travel thretigleahistis hetbmplithedvasiagtbeds of Bmaticadsaeient pafticles or
the strongl y-adsor bed nol ecul es nove down the channel
usingeRarallel Ghapael epntactosowithi smalbrhiannel sigicon Inp preferred

033 ,an sone i nst s . di

e e B BB e SR S BBAESamnts n

a ﬁa?@l?él%anﬁ@le%&ﬁgﬁggiﬁljﬁgg trduife r%ﬁﬁ&rlt%k?ugdé Z@%g‘%{ is less

species I n the e regiron o

tharDB3ndls préfesably dessahan 0. X3mchbgtandsmetesprlefeably REQtHANED. 1
stream fl owi ng out of channel 1033 is preferentially

inchesi (fhg_wrml wayesepatajionaasdreerdatedevitle gdsorbents that do not

have low mesoporosity and macroporosity, but to obtain the highest possible

recovery and purity, it is preferred to use an adsorbent with low mesoporosity
and macroporosity. That is, the structured adsorbent contains less than about 20
vol. %, preferably less than about 15 vol. %, more preferably less than about 10
vol. %, and most preferably less than about 5 vol. % of their pore volume in

open pores in the mesopore and larger size.

[00194] When feed enters the adsorbent channel at the start of the adsorption
step, the adsorbent is relatively cool and molecules are taken up by the adsorbent

near the point at which feed is introduced. The adsorbate concentration is high



Wth a tinme-actuated valve, this gas stream 1033 can

be separated fromgas that evolves at |ater stages of
wotdes/desar pti on step. [00200] Figure 16(d) shews/ushensnoso7i

state of the channels at an-&%en later st age of the

desorption step. At this point in tine even nore hot

fluid has fl owed through the heating/cooling channels.

in fhdedrly par INEOBEA BY ¢fyer] MM Adowcricemrhfidn iAthe dowhstream
cold stream 1063 fl ows out of the contactor. The

parteofithe bedror layert Hdealty| therst is ashat gfbientsofddsgthidty
different fromthat of stream 1061 that was fl ow ng

copggntratianlopg the 3 af ﬂ}%dseaqu@hatmﬂe %ﬁ@maziﬁn proceeds,
FEi T. 7
1 ol b B e 2 5 A SR el

diviaiiA® beeiedchiBR BNk
land IIIe [ightly lgﬁadgd&ggagﬁg]n%g@j ggn%%gtgﬁgiqri]esgﬁdually
moagitowatdOthes)beldeexigaoadsorbatb acewmatites in theexdsetbedt bed or
1083 at the earlier time shown in Figure 16(c). More

laygry ongl y- bound nol ecul es have been di splaced fromthe
adsorbent |ayer in region 1085 because its tenperature

| th. i NC{. . Th d
10853, 2 VBBt 3P WhiCH oS compariRisctte aFecgly
: t ' I
O S e PasER NS TR, LM ARARAR frpnts
mavesalong the fength of theeatisorteritn Dae tdedithee Strefgdlf oft & orption, or
.adsorbent | ayer 1043 and in sone instances displace
differencesia; diffugianenetiicients betweensliffesens dpenibe:in thedeedsthe
Il . I . | y- adsor b ies. Th
o mEEnv R BrasfRralik 3tk to Aioieat lriprapisnis The st
POl SR ASL FALPE rlfered o AR IE HEBhecskadsonbid USmponens.
Thtllessi prefertdd edmpobretie willbtlreférad &f &7 gietweadlly-RRbitdaed
in the | ess strongly-adsorbed species. Wth a
compppertsy wing adsosption sthg stropgesteadsotbing compoments will
ted. f t hat I t later stg f th
ooghEI i rFBiens od pdSprbsmbelosestyn e mdptandiwilldislacewaally-
f,tlhe.
I oI ASHE Trom B ReRE” RV B ARG Citsh g ths

adddrbatds il drievedniselvaldHrorerongadt tBal&ARst Aofd AV Srom

. /A hot streamcontinues flowing in from 1023 and a col

inlet toeutiet 06 the adsespion channdie cBhisagpeof patterning can occur for
tenperatyre of this col

gaseous as Well as hiquid tleeds, ang TWA processes can be designed to operate

with either type of feed. For the purpose of this example, a gaseous feed will be

considered.

[00196] Figure 16 (a) shows schematically the patterning of adsorbates
deposited along the length of the adsorbent layer 1019 at the end of an
adsorption step for a multicomponent feed. The strongly-adsorbed species are
shaded a darker gray than the less strongly-adsorbed species. Layer 1019
would correspond to layer 205 in Figure 7 and layer 405 in Figure 9. A
diffusion barrier 1017 acts as a wall separating molecules in the feed channel

1007 from those in the heating/cooling channel 1011. The wall separating the



stream (1065) is slightly greater than that of stream
1063 which was flow ng out of the contactor at the
woeRid/ 148823t i me shown in Figure 16(d). The ther mgr/v%2v@/006071
1077 has advanced further al'(9r9g the contactor. Mre of
the strongly-bound nol ecul es been renoved fromthe
adsor bent | ayer and the lightly-shaded regi on | abel ed
fed@8rd hegtinglc6olis cRahrel Q%ﬂ_\%\ﬂd%ﬁ%ﬁg&ﬁd tb 2P R Figdre 7 and
the region 1085 at the earlier tine shown in Figure
41f6ndjigund? e The adsgibenb oharthel 1002 wadd kamespondee203 in Figure

g‘_iggg@ceg,fromthe adsorbent | ayer in region 1087

7 i Figure Snpkhaheatingol cqoling hagael 1@hyweuldhsorrespond to
[ . The r.a end. of the soration flow,.

chafiifi§ B Png 41 23 ot frFisiee 00008 4201 BetA hisvee o
down the adsorption channel. As the strongly-bound

00PYHC Ul IaShERUSOrPaVA sttt R i ¢

[ re-‘gdsorb i n col der Sréggi on ggﬂtotﬁ: a stgregatéllﬁgﬂ %%mlcgggactor

endrid 13rtogberend 161 &n dessutibsthe atengheadsorbed speriedsicre deposited

weakl y, weakl y-adsorbed species and | ess strongl
clesesitofbe eadd@lds More weakbendsosbedspasies weresdepmsifed closer to

cies in,the shad col der. region, of the
thE RGBT, TRBES SRamprd 0% figk i dn Boblbid fREfhelagSorption occurs
o9 . : ¢ . 51, .
inBERAP ARt IREHRERE HoWeq bl ¥ adOTIGH sebB> s is
refetredriglag pedfooming tisadsoeption Aad dessrpHibh 3R adoPdurrént fashion.
ended near the tine (i.e., before or after) the
It shpaldrke noteshthabpdaWA proagssyban hlsodecapstrubtedopith ake or .
d 00%02] Idt is preferred that adsorption, desorption
ad3orpfioBand s sorlish Pt epqusFing dn apuirrurrant tahioma
process. An advantage of this operation is that the
[00B38] UFesurell 631 Bow e QA RE chinddlh Qt ﬁl%%éggmﬁlgg of the
heat' transfer nedium If adsorption was to protee
desorptibh atepoutythis gdintimafimehot | figid lasBegahasficw iPaid
of the heat in the bed will be lost to the
heating/eonling channel.owith adiet streamyflewingint froomti023 hnd heold

needed t,0 restore the hi te ure of the_ heat
stepf 136 ok G o Oobem¥war 6 IAL b Begun b, sdance along the
ti : i i i.al
coffgtor 1Rk eSadithe Ricze WLARTHAIA ot BRI iBthe o
contaytdpeampthieatfperatire dfthedsBEient tARE fdsely filidws tHe”
a three-unit operation, one unit can undergo an
teraperaiyse iof the hegling/icoadingchdnmel.ubi thisiexemplecthere is no imposed

; .
gaéjI fidw i%tthg ra]ldgcgr%lgny\{(:]lllanenel 1007. A gas flow can optionally be added at

any point in the desorption step to aid in the removal of molecules from the
adsorbent channel 1007. At this early stage most of the adsorbate has been
removed from the adsorbent layer in the lightly shaded region labeled 1081.
Molecules have been released from the region of the adsorbent layer 1081
because its temperature has increased and adsorption isotherms are strongly
influenced by temperature. The entrance end of the adsorption flow channel is
valved off and desorbed molecules move down the adsorption channel to form
stream 1027 that flows out of the contactor. As such the strongly-adsorbed

species move down the adsorption channel 1007 towards end 1015. As they



yet another unit is being cooled. It is preferable to
cool the unit by passing cool fluid through the
wohsed/i4agpscool i ng channel of the contactor in @0TRIM608/006071
such that a thernal (coolingpxhave noves through the
contactor. Wile the thermal wave noves through the
contactor, a hot fluid will energe fromthe end of the

méviawhahe chienel otiel age séBoitedandRe aﬂ&ﬁ*behhﬁz&f (1B some
(i.e. before or after) the thermal front breaks

instaneasglisplacingrtlic aiost ivecakdytwealdy, anblessistrongly-adsorbed
spEelatyi e %&aﬁ%%?aggﬂ{%épéﬁg Eﬁéﬁg%?a%b%%?ci_e%hﬁe ghaded
refidHiiint RaSoiBBY 1055 thén TadiBINeG" Ghs i by iSelagrdinig the

streh @M 62 TABWATE Bt dfarins] l'GG"P(éfi?ﬂe eftifify hAEh& i thRAnost-

can be routed to feed cool I ng urd to a contactor
wedkdy -adsorbed apeciesig Witle aaime gcmat vdlve this gasstroam, 1027 can
variations of this manner that woul d be known to those
begweparaged fram gas that evelves at latersitagasrafdbe desenption step.

constructed. [00204] In practice it nmay be necessary
or racts heat fromfl ui eat .transfer medi
(0@F$912 1 FSl i) B e ot ol FRhel} SER TG sBeg ol e
t S ; ik ' t
e gt A% IS PSR TA e fnoTE HEL AR WA HORS ifugh the
heating/eoaling ehaindliieA hot sfream@doheiates flandhgin o 1023 and a
ol i nglggi al so need to be provided to decrease the

CO&%W% iftpweapleofthg contaster. {Bipiomparatire ofighis chlthstream
10653345 Geny fisteRClipe GBE Pttt Ab2RARR wah fipyine out of the of
the EAftheoF APHAEAIE R HoWiPin EiJAADP6(bY° THeAheRhiRave 1073

t her mal process I ntegrations c 0 con

has hdvarvedrfatthepulong The contaicig. Moidef ésfopiclyradssibed
desorption steps can be varied by adding a heat
majegilgy bavebeemdisplaged fram the adsarbertdapenl 08hbegmise its

desorption ste r t desorpti nd adsorptjo
tergpEtirg QYeRa ?‘?%‘irgF%%‘ge‘}?édpfﬁ?g?%f cBhs Fairace &l ohthe
ARl i dp ' I
2} PO AT URAC e RARS HILA BT drlpfa B Tnolta B E down
thexadsrptiop ahanrich 0o §érnt birsariE3uthal f16WS U Of ikt délitdsor. As
the timng of the thermal waves in the adsorption and
thejseenglytadsoshedpaolecnleaduove downithe chagnel dbexs continue to re-
rticularly for.inpyrity renoval) the tinme required
adi P it sEliB srdiondfhepdierknbizyen LO4and i SomrinsiaBces
displace the most weakly, weakly, and less-strongly adsorbed species. The
concentration of the strongly-adsorbed species in the shaded colder region of the
adsorbent 1033 is thus increased. Gas that is displaced into the stream flowing
out of channel 1033 is preferentially enriched in the weakly- adsorbed species.

With a time-actuated valve, this gas stream 1033 can be separated from gas that

evolves at later stages of the desorption step.

[00200] Figure 16(d) shows the state of the channels at an even later stage of
the desorption step. At this point in time even more hot fluid has flowed through

the heating/cooling channels. A hot stream continues flowing in from 1023 and



time required for the contactor's adsorption capacity

to be fully utilized. In such cases, it may be
wobeed/13dize t o have several comactors under goipag/92608/006071

adsorbing step, while two pat kd contactors are in the

heat/ regen (desorption) phase and the re-cooling

phase. In a preferred enbodi nent, the several

a culd seehn 063066 dut Bf AUSeoithétdr. The eRPBRkiRDL S this cold
serial fashion, such that the nost-recently

streae(1063) iscslightlyadifferentrfromi that ofstremst 1061 that wasiflowing out
dthe first unit.inline will_pe next to _be
of 1Rt eomiagtos at the.carlist Here siosymtin Bigusei 66 ebhe thermal wave
[ t dsor pt i St are
1073 a8 Bl04ced P olhel B} AOPRIEE  ieS BB sEomety boupd
méle6iltes Beén FrRaVed froht fifd Ad¥orSint IfFer Ui the Eﬁﬁgeéslﬁggg tregion

anot her enbodi nent, thermal wave “storage
labededi 1085 and this aegioal (1085p hap growhitly réspeth® eyctezson 1083
00206] Wen the contactors are used in this manner,
at hle carhigr-tme: shiomen mokigase ho(e)- Mexsrsieanglyribound melecules have

L T Y N —
o1 g SISO Tt o Ui LRI APA

chammed esmainstviived offtinded ottt fidlecidescmby e dewh thetddsorption
either a pressure swing or partial pressure
channgl| Asetherstropgcbeund molbeules suvediown thivechminehthey

oo B teB A e P AN Si S it LB A8 erb Fep 4048 apdde some
; ' t] il .
iRl TR0 R SEERTLMEL Blgrted spesies o
well dshessrstronigly adsofisedsspeetl. TheCReRRstivh bi i sﬂ?ddagx?i
pressure displacement process to make a hybridize
adsarbedrapecies /sy thershaded peldes tegionl iofmaagsztggd:nt\plivwﬁeis ghus
. : WM jquid feeds. [0 t .
indfier” SemaBabiiitifilackd e Wi sFenm flowinguit of chaneld 041 is
profEeTafiy SRHENL® PR s Srofal st RUGRERRS! UM sime-
actaatdivadve thes pad stveaf 1042 CRHDeNePUIAES ﬁ%nfrgﬁé‘gﬂat eQolves at

produce several different producCt streans~ea

latesrstagsasenf the deserptiohfsteent i npurity. Exanpl es of
impurities that can be renoved with a thermal wave

[00201]  Figure 16(e) shows the state of the channels at an even later stage of
the desorption step. At this point in time even more hot fluid has flowed through
the heating/cooling channels. A hot stream continues flowing in from 1023 and
a cold stream 1065 flows out of the contactor. The temperature of this cold
stream (10_65) is slightly greater than that of stream 1063 which was flowing out
of the contactor at the earlier time shown in Figure 16(d). The thermal wave
1077 has advanced further along the contactor. More of the strongly-bound
molecules been removed from the adsorbent layer and the lightly-shaded region
labeled 1087 and this region (1087) has grown with respect to the region 1085

at the earlier time shown in Figure 16(d). More strongly-bound molecules have
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contactors have two sets o anne eac
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ot her 'set. For exanple, a cross flow heat exchanger

mapny hi gh-conductivity (typically netal) plates
101'2@1 ey rgpmeeajcwtmuoaxsmrauyorb@m@%’m sysieml eperating with

. . _The series. of ates defines a series of
seuBAAEAord S, S uiRioD afl faciingl ies the Prosees May b operated

with two or more contactor units. For a three-unit operation, one unit can

undergo an adsorption step while another unit undergoes a desorption step while
yet another unit is being cooled. It is preferable to cool the unit by passing cool
fluid through the heating/cooling channel of the contactor in a manner such that
a thermal (cooling) wave moves through the contactor. While the thermal wave
moves through the contactor, a hot fluid will emerge from the end of the
contactor. The cooling step is ended near the time (i.e. before or after) the
thermal front breaks through the end of the contactor. As such it is possible to

design a process in which hot fluid emerging from a contactor that is being
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a packed bed heat exchanger. The time for a thermal wave to pass though this

medium allows one to adjust the timing of the thermal waves in the adsorption
and desorption steps. In addition, in many cases (particularly for impurity
removal) the time required for adsorbent regeneration may be shorter than the
time required for the contactor's adsorption capacity to be fully utilized. In such
cases, it may be desirable to have several contactors undergoing the adsorbing
step, while two paired contactors are in the heat/regen (desorption) phase and the
re-cooling phase. In a preferred embodiment, the several contactors engaged in
adsorption are connected in serial fashion, such that the most-recently
regenerated contactor unit is the last bed in line, and the first unit in line wili be
next to be regenerated. In another preferred embodiment, the contactors

undergoing the adsorption step are connected in parallel, such that that adsorbent
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conmponent of a gas m xture over a
[00208] With multi-component feeds such as natural gas it can be
advantageous to employ a thermal wave separation. Natural gas usually has
several different impurities and the thermal wave process provides a method to
produce several different product streams each enriched with a different
impurity. Examples of impurities that can be removed with a thermal wave
separation process include H,S, COS, mercaptans, CO,, nitrogen, water, heavy
hydrocarbons, and some Hg compounds. When the thermal wave separation is
used for heavy hydrocarbon recovery it is possible to directly produce separate
streams enriched with different hydrocarbon fractions. In all of these separations
the methane is the light (poorly adsorbed) component and the impurities are
taken up in the adsorption step. The adsorption can involve either a kinetic or
equilibrium separation. The methane is thus produced at or near the feed

pressure. Because the thermal desorption step can occur at a higher pressure
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material. 17. The adsorbent contactor of claim 16
chapnel éyﬁem@rbbqj@ppr@guag@dtusp@ a series of cross-flow heat-exchange

contactors. Cross-flow contactors have two sets of channels, with each set of
channels having fluid flow at a 90° orientation to the other set. For example, a
cross flow heat exchanger has many high-conductivity (typically metal) plates
that are stacked with a gap in between one plate and the next. The series of
plates defines a series of gaps that may be numbered from first to last. Ina
cross-flow heat exchanger, the odd-numbered gaps would constitute one set of
channels and would carry a fluid traveling in one direction. The even numbered
gaps would constitute the second set of channels and would carry a different
fluid traveling in a direction 90° rotated from the first fluid. This cross-flow
arrangement is convenient for fabrication. In the present embodiment, the
parallel channel contactor is created by using a number of cross-flow contactors,
by connecting the first set of channels of each contactor in series fashion, and by

connecting the second set of channels of each contactor in the identical series



sel ected fromthe group consisting of polyners,
m croporous nmaterials, solid hydrocarbons, and

wol Jo0ii«ds23 18. The adsorbent c actor of any pranedoss®oco7i
cl ai m wherei n the adsorbent~ tactor is a parall el
channel contactor. 19. The adsorbent contactor of
claim 18 wherein the parallel flow channels have a
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The adsorbent contactor of claim 18 wherein the ratio
opetated roerdlow oo coneter-flow onentationel vol ume is from
about 0.5:1 to about 100: 1.

[00210] In one embodiment of the present invention, an adsorbent is coated in
one or both sets of channels of a series of cross flow heat exchangers. Ina
preferred embodiment the adsorbent has a low volume of mesopores and
macropores. When the adsorbent is coated on one set of channels of the heat
exchanger elements, the series connection is such that the heating or cooling in
of one set of channels is coupled with adsorption or desorption in the other set of
channels. The system of cross-flow heat exchangers connected in series
approximates the behavior of a parallel channel contactor and can be used in
similar fashion. When the heating/cooling channels are used in a fashion that
generates a thermal wave, only a small part of that wave will manifest itself in
any single cross-flow contactor. Because the exchanges are coupled in series a
thermal wave can propagate along the series of exchangers (or stack of

exchangers).
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CLAIMS:

1. An adsorbent contactor for use in swing adsorption gas separation

process units, comprising:
a) a gas inlet end; and
b) a gas outlet end;

wherein the gas inlet end and the gas outlet end are in fluid connection by a
plurality of open ﬂoW channels wherein the surface of the open flow channels
are comprised of an .adsorbent material that has a selectivity for a first gas
compbnent over a second gas component of a gas mixture greater than 5, and
wherein the contactor has less than about 20% of its open pore volume in pores

with diameters greater than about 20 angstroms and less than about 1 micron.

2. The adsorbent contactor of claim 1 wherein the adsorbent material

has a selectivity for CO, over CH, greater than 5.

3. The adsorbent contactor of any preceding claim wherein the

adsorbent material has a selectivity for N, over CH, greater than 5.

4.  The adsorbent contactor of any preceding claim wherein the

adsorbent material has a selectivity for H,S over CH, greater than 5.

5.  The adsorbent contactor of any preceding claim wherein the
adsorbent material is comprised of a zeolite selected from the group consisting
of MF]I, faujasite, MCM-41 and Beta.

6. The adsorbent contactor of any preceding claim wherein the
adsorbent material is comprised of an 8-ring zeolite with a Si to Al ratio of about
1:1 to about 1000:1.
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7.  The adsorbent contactor of claim 6 wherein the 8-ring zeolite is

DDR.

8. The adsdrbent contactor of claim 6 wherein the 8-ring zeolite is
selected from Sigma-1 and ZSM-58.

9. The adsorbent contactor of any preceding claim wherein the
adsorbent contactor is comprised of a first adsorption zone comprising a first
adsorbent material which is in fluid contact with a second adsorption zone
comprising a second adsorbent material, wherein the composition of the first
adsorbent material is different from the composition of a second adsorbent

material.

10. The adsorbent contactor of claim 9 wherein the first adsorbent
material has a selectivity for the first gas component of a gas mixture over a
second gas component of the gas mixture greater than 5; the second adsorbent
material-has a selectivity for a third gas component over the second gas
component of the gas mixture greater than 5; and the second adsorbent material
has a greater adsorption uptake for the third gas component than the first

adsorbent material.

- 11. The adsorbent contactor of claim 10 wherein the first gas
component is CO,, the second gas component is CH, and the third gas

component is H,S.

12.  The adsorbent contactor of claim 10 wherein the first gas
component is N, the second gas component is CH, and the third gas component
is st

13.  The adsorbent contactor of claim 10 wherein at least one adsorbent
material is comprised of a microporous adsorbent selected from the group

consisting of zeolites, titanosilicates, ferrosilicates, stannosilicates,



WO 2008/143823 109 PCT/US2008/006071

aluminophosphates (AIPOs), silicaaluminophosphates (SAPOs) and carbon

molecular sieves.

14. The adsorbent contactor of any preceding claim wherein the
adsorbent contactor has less than about 15% of its open pore volume in pores

with diameters greater than about 20 angstroms and less than about 1 micron.

15. The adsorbent contactor of any preceding claim wherein the
adsorbent material also contains an effective amount of a thermal mass material

having a higher capacity for adsorbing heat than the adsorbent material.

16. The adsorbent contactor of any preceding claim wherein the
adsorbent material has both mesopores and macropores and wherein at least
some of fhe mesopores and macropores are occupied with a blocking agent of an
effective size that is small enough to fit into a mesopore but too large to fit into a

micropore of the adsorbent material.

17.  The adsorbent contactor of claim 16 wherein the blocking agent is
selected from the group consisting of polymers, microporous materials, solid

hydrocarbons, and liquids.

18. The adsorbent contactor of any preceding claim wherein the

adsorbent contactor is a parallel channel contactor.

19. The adsorbent contactor of claim 18 wherein the parallel flow

channels have a channel gap from about 5 to about 1000 microns.

20. The adsorbent contactor of claim 18 wherein the ratio of adsorbent

volume to flow channel volume is from about 0.5:1 to about 100:1.



