TEMPERATURE SW NG ADSORPTI ON OF CO2 FROM FLUE GAS
USI NG A PARALLEL CHANNEL CONTACTOR FI ELD OF THE

WO DMBRNAI9EN [ 0001] The present invention rel at eBCT/0S100€006278
adsorption OOCO2 from flue gas streans using
tenperature swi ng adsorption processes. Adsorbent
contactors are used in the tenperature sw ng _
AEMPERATURE SWING ADSORRTION OF CO,dFROM FLUE GAS

subst ant igSINGPATPA RALEFID CHANNEE CONTACPOR 02t ed
with an adsorbent material that 1s selective for
adsorbing CO2 froma flue gas. BACKGROUND OF THE
I NVENTI ON [ 0002] Gas separation is inmportant in
various industries, particularly in the production of
FIEEDsOFCTHE ENVENTdONcheni cal s and specialty
products. A gas separation can be acconplished by a
riety_of nethods that, assisted heat , ids, ar
(09DLL, Ehs, presgehEVENHgN é‘k]ﬁFeéitPéﬁ? ﬁgg’QFPFIPBWEf&é% gﬁ%ﬂ fluc gas
[ i.cal ti t
st ihe Ao S iRNiAE adR0 RO ArBleks | RISRIBN B dbtors
ardREE Ve theéniprratuad sWirkiedsueption ufit thdt dinthinZl plrdity of
solid adsorbent mat erirg%‘ tgh%)g}:) preferentially rgt ai ntg
substaatially iparallelwhanneladomprisdd eflvedoatadpwitbran adsbeheny enaterial
to, a less readily. adsorbed conponent of the gas
that igisglesctivgfop pdstrbmg¢ Op dran aglue 8&har at i on t echni ques
known in the industry. One such commercially practiced
B BUND ORI IR VENTION™  Swing adsorpti on
: peef—ar +hportant techni que for
purifying gases ever since Joseph Priestley separated
[0082pen Gaoresuration ignSertAit ik ®ations indisttiéd, pattidulgrly in the
Tenper at ur e-swi ng adsorption is a process erein a
prioductidn afl fuslsahemisalgspeirachesuralstandesipgcaliyproduets. ¢k gas
nore, species froma, process stre rein the
SCRAGIOBAAN VeRrGOmRISHEAEY A Keriety %ﬁ%@é hatgassisipd y heat,

scl s bb e e SRR St olie P B b ot SlcaT s
ch¥nfiBalopepaitRd ofitecofiffonehi} te Weepafiteéd. Bbt example, gas

sel ective conponent or conponents in a gas mxture to
separapioaf eandre achieyedabls patitad lague factionor youtlizingacsalide

of porous adsorbent materials.relatjve to a )
adsorbpent material t%at preferentlafly retains or adsorbs a more readily adsorbed

component relative to a less readily adsorbed component of the gas mixture, or
by several other gas separation techniques known in the industry. One such
commercially practiced gas separation process is thermal swing adsorption
("TSA™). TSA has been an important technique for purifying gases ever since
Joseph Priestley separated oxygen from air using solar heat on mercuric oxide.
Temperature-swing adsorption is a process wherein a bed of adsorbent is used to
selectively adsorb one or more species from a process stream, wherein the
adsorbent bed is regenerated in a proceeding step by raising the temperature of

the bed, thereby releasing the selectively adsorbed species.



second conponent or conponents in the gas m xture. The
total anount adsorbed of each conponent in the

woraioenexmbs (i . e., the adsorption capacity), andP€TES2008/006278
selectivity of the adsorption for a specific conponent
over another conponent, may often be inproved by
operating the adsorption step of the process under

[06P8Li f i ESArmesessesawlien eppeatad undercenidin comditionscallow a
both pressure and tenperature inf|uence the adsor,pfi on

seleshiyef@mIonent OF APPOBERLS in@ gasanipytaredorbeprederentially

BB RSaRE e BB QR AGhlE Ryt o
seBUAd tbfipohieht Hecshpandis ixpiheagacs%ﬁktﬂﬁé.a;' hé RWﬁl amount
tenperature (where adsorption’is strong) wth the

adsetteaissf eichaonipergit yn tied thatpiat (e.hdiengispasiorbtapdeyty), and
means of high tenperature for desorption. Al so,
the selestieidy 10f the adsarption iphy speri Be sompenemspyveraanather
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andyteiprradeiniRéncd Yhé hdsdrpdon 16uding o diddesrhpoaents to a
t hrough, the bed, or indirectly through a heating coil,

diffleeant extent. Bpecies ane desorbed heeauseradsarpgion igbtihehms air¢ strongly
. L nti e contact w t he adsoybent. [0004] Vari Qus
mhﬁ‘?ﬂﬁ%f“@%&‘%n atV Y IER PURLES FB’ég‘F qtﬁ?‘neg%y

. - Th .
acf.rsnsgarqg%ggvg Eeer?gét%{l%%ggvl‘%g‘? gg 193 Ase g@q@g\&l}ﬁ%he release of a
i s e A

Alsp2e@mpared)togrdssiire ewingpgdarption,ohS Afcaal becopéretedunrthat

to the adsorber for_ electrodesorption (U _S. Patent
sajgatign G%Hmf)e theyiseshepy, a signilacant agyantgge for canasifyang range

' el y
of L STRIBEQIREC aorBrrdr Th TS photESedol o TR MbetBlin step
m¥§ bb shpplfed\@ir8étl2 85 IO 8BsorBaAt byt IBSvind Aol déSsrbeanghe
used in a rapid thermal sw ng adsorption cycle
throughethe bedher adirectgrthraughi mbleating ¢oil, redextteidaldicat soled, or
by flow ng hot or, col.d feed gas to the separation
heat gxchangehwhighhis indntimate centget witbdhgadsgrbgat. heat
exchanger. The feed gas acts first as a cold shell

[Oﬁggf o g a\?ariigufmfeitﬁoscfs %ﬁ)@ﬁflg 21?8’{ tohENARIRent |f’(?lnrgigéneration

0 act as a hot e gas‘in a secon
have been proposed. These include microwave energy (U.S. Patent No.

4,312,641), installation of electrical heaters inside the packed adsorbent bed of
the adsorber (U.S. Patent No. 4,269,611) and direct application of electric
current to the adsorber for electrodesorption (U. S. Patent No. 4,094,652). U.S.
Patent No. 5,669,962 discloses a dryer comprised of a shell and tube type
adsorber heat exchangers wherein the internal tube surface is coated with fine
water adsorbent particles. The dryer can be used in a rapid thermal swing
adsorption cycle process. The adsorbent is indirectly heated or cooled by flowing

hot or cold feed gas to the separation process through the shell side passage of



absor ber heat exchanger undergoi ng regeneration, and
t hen passes through the tube side of the first

w@bmenisess heat exchanger where it is dried. PapCT/U820081@06278
dried gas is used as a purge gas for the tube side of
t he second absorber heat exchanger. Interchanging the
functions of the two adsorber heat exchangers

thp dieavekclaingyr.r €he feabgisacts ficstas aldwldishtH sideagaseinnmfirst
take place at intervals of fromthirty seconds tao

ahsprles hephexehangrathenos heateditamchad 6ot shelh side gagdne second
abpores el Sy fstiar: widerBag reaeprratian: d UiiioiSes (H8uEH the
tudle %ﬁﬁv@fﬁl@% s‘&??%ﬁgéﬁ? bfchdrgef!! 'vft?e‘f% }1tyls I?fgi%'ﬂedPa}%%f the dried

processes, s typrecal through't

gaadsased aon plnegb gas farithe tnhli@maéwltlbemcmelmwddﬂﬂﬁat The
greater the tenperature rise, the nore fluidis

exshanger. Intrrchrnging dhe funstions ofhe twe admbaph@atsqwhaegbrs
et RS g 1T sf1e DT s s e Riads i dervals of
ﬁaﬁmﬁygw&dﬁ &iﬁe@%m COMIRY Pl T‘sfz\ pxgg??s%@%%% sycle

I'S no recovere because nmany hea

tim & \sigyiffi @ilydoag OPeianttRis, WitkH ak W5k aﬂmmhtspn tines
(days) and rruch shorter regeneration tines. Finally,

t he occasional and gradual regeneration gives rise to
[008Pk ent TA; @ﬁpm@c\e ,dvawcmludmsivantagcsmﬁm esample, in
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rlsleséﬁteeﬂowﬂﬂﬁi Bafeede@WHRIdesbARM i fes¥RAts end ubrtﬁspersed in
cyclic nature of indirectly heated TSA processes often

a lprgeseotumaiof heating fleid, and toslarge amduint bfheatahabis used to raise

s separations, JSA cycles have been used to
the ﬁgﬁ(}fgeﬂ yre s pftenrolyesaverable, dnsome gasesyths heatiis not

en. cal .
reb BN Bl T SRR S i one
adborplidnktbids (QHQY hndVihheh dtirice liégéi@rmo@ﬁﬁwsplmﬁmy, the
met hods have been commercially practiced over the
ocgasapnaltaner gradual regeneratios gaversem]b forcdniventratiofi and flow
d dsor pt
van”HBSé’ tn dgwnstgea%nseahlpr}lggt tget can be difficult to manage in an
otherwise steady state process plant. In indirectly heated TSA systems, the heat
can be supplied with a heat exchanger 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.

[0006] In addition to gas species separations, TSA cycles have been used to
thermochemically compress gases. Several heat pump and refrigeration cycles
employ a thermochemical compression step (e.g., see Sywulka, U.S. Patent No.
5,419,156).



SUMVARY OF THE | NVENTI ON [ 0009] A process for the
renmoving CO2 froma flue gas stream contai ning CQ2,
wokiosh43esocess conpri ses: a) conducting said fPCEUSHS8/006278
streamto a tenperature swi ng adsorption gas
Separation unit wherein the gas separation unit
contains at | east one adsorbent contactor conprised
[0007] i ) Whileovarisusgaveingraddsorptiot; matichdsihave been ceasnezsally
outlet end; wherein the gas inlet end and the, gas .
pragficest ovasdhe yearsithera stil eunaias ainesdy the artfor impyoved swing

en. fl ow.channel s wherein the surface of the open
a‘ﬁB‘&ﬁ)"&ﬂﬁﬂ&‘@- are conprised of an adsorbent materi al
that has an adsorption selectivity for CO2 greater

SUMMARY OFTHEINVENTIgNeous conponent of the flue
gas stream thereby resulting in a substantially

s .stream.an adsqy bed onto said

-free flue ..
(0508 5 PrASESPE e THMONIRE Gide Tamia S\Scaas ifteam gontaining

ﬁozx-, eaminto the atnosphere; and c)

C @atflﬁg%gé%%%a%?o?@%eﬁt mat eri al having CO2 adsor bed
thereon to an effective tenperature that results in
t he ajesandpicting said Auelgaa streamftoacteimper@u@ORwinghadssvption gas
resulting in a,CQ2 rich stream ,£00101 In a preferred

seB#RHan WvE Wherein dha gas saparaiton waik coptamsaidgast amm, asisorbent

its e e, ypl ume in pores greater than about 20
cogka&&f%oﬁggﬁ%%iﬁf In a preferred enbodi nent, the
tenperature swi ng adsorption is conducted at a cycle

t i nd) afproess gabamleaboditard] M nut es bet ween successive
adsorption steps. [0012] In another preferred

enboc}i nment at Ieasli abqut 75 vol % of the CO2 in the
f I udUgaRIOSEY: 83 o erté?’i’aved to produce the

substantially CO2 free flue gas stream Bri ef
Des avhdrtintheqiastiifet Ehdwh@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 an adsorption selectivity for CO,
greater than at least one other gaseous component of the flue gas stream, thereby
resulting in a substantially CO,-free flue gas stream and CO, adsorbed onto said

adsorbent material;

b) venting said substantially CO,-free flue gas stream into the

atmosphere; and

¢) heating said adsorbent material having CO, adsorbed thereon to an
effective temperature that results in the desorption of at least a fraction of CO,,

thereby resulting in a CO, rich stream.

[0010] In a preferred embodiment the contactor has less than about 20% of

its open pore volume in pores greater than about 20 angstroms.



[0013] Figure 1 hereof is a representation of one
enbodi nent of a parallel channel contactor of the
w@e@samoes nvention in the formof a nonolith dPCEUS$1098/006278
formed fromthe m croporous adsorbent of the present
invention and containing a plurality of parallel
channels. [0014] Figure 2 hereof is a cross-sectional
[002p] esehi aprefarred enthddirmehtyribe tamiperaturasmdang hdsdrption is
nmonol i t h of Fifqure 1. [0Q015] Figqure 3 hereof is a .
condyetedeat asgyichmiiare ef leayHan ahous 2animlieobetpipen successive
rg{a}sse%ti onal view of the nonolith of Figure 2
acgﬂ (Wgs PAY detailed structure of the adsorbent | ayer
along with a bl ocki ng agent occupyi ng sone of the neso
[0012] mackoawiker preitiéd embodimernt MdesvaboepTEseltof the CO, in
anot her enbodi ment of the present invention in which
the flergasaiticem isiremosieddopraducsr thesubstantially §1@n fee dlue gas
coated nmonolith for TSA applications where the
SUC8br bent | ayer is coated onto the channel walls of a
prefornmed nonolith. This figure shows separate rows of

BrigfDeSt¥iptishofahd Figaséat e rows of heating/cooling
channelrs. [OUL/] Frgure 5 hereof is yet another

B S e R

chagnélassneactboof theprepaitiiaaéntivisin GRIBImFofiimenolittediettly
is another representation of a hollow fiber contactor

fosmedsiram the mieroporous addorbentiod thepegsestinvgotion ahdtdoataining
ousi.n or e,contactor rendered transparent. Dotted
apuﬁaggyg}ffé)a{@lie&g hgnnelsi cate the edges of the outer
surface. [0019] Figure 7 hereof shows a cut away view

7 SO
L e e T T
longitudiaalaxis efithd monbtitldof Bogiren. of flow during the

adsorption step. [0020] Figure 8 hereof illustrates
the use of a thernmal wave to pass heat from one
[00E3ker ndiigyprand heraofdpAreptesentation off agnaguificdsgetien af ghe cross-

to a.secon ont ac t has finished e, adsorptio
seffief 3GV BEMETIER oL d TrwR T ippinkdfe dticd Sickire o} he
adsorbent layer along with a blocking agent occupying some of the meso and

macropores.

[0016] Figure 4 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. This figure shows separate rows of feed

channels and separate rows of heating/cooling channels.

[0017] Figure 5 hereof is yet another representation of a parallel channel
contactor of the present invention but in the form of a hollow fiber contactor for

TSA applications.



[0021] Figure 9 is an illustration of a systemof the
present invention wherein one contactor undergoes an
wa@omengmoson step whil e anot her contactor under BOBEESH08/006278
desorption step and yet another contactor is being
cool ed. [0022] Figure 10 hereof is an illustration of
a three parallel channel contactor unit that can be
[0038] asFipaise bileeebf is anvthvpreprebaitaiion obahllosDfiber contactor
DESCRI PTI ON_OF THE | NVENTI ON [002?;] The present
shiomwreint Figure & /bat aveith thesoutaesurfaceswifithe haysingtfon the contactor

rocess that is.c | e of capt.ur.i fromfl.ue
reBaEred Fansp kst P SRR Rges Bieothai g indibeGahs osids ot e outer
suf Foys at | east one contactor that is repeatedly

cycled through at |east two steps: an adsorption step

R R N ——
v 5gFEALASAE BEEMPE RO o

couptdraafrent tosthe ilkreceio ot S dumg the al§srptiaflsesmt i on
step can be conpleted. In a preferred enbodi nent, the

0020 T PN RS GRLCUREESSf FURABBNSIEA il et o

oriedipteingN ¢ heafeld oied ctorihag hasibedmidgeiefatéd o/ sedondesshtactor
A rapid cycle thermal sw ng adsorption process, for

thathgsodmished thenadsorptiemsicprandiis bdirfg Ineadediforaregeneratibnch
the cycle tinme betweensuccessive adsorption steps is

[0028F t MRigusd9uS art iMfusttttR, offd §fstérdlIf\the pe&schhRiveakiodtwherein
1 mnute, and even nore preferably | ess than about

ong. mtartouuedergdosan hdsomlionstgpwhitiannther epntastortxendergoes a
assisted with a partial pressure purge djsplacenent,
deSprmispinstep By ELRROLET FRtaTRE Sebe BREOME-ons  of

logrocesses are referred to herein as thermal sw ng

22 es daguess 10 barpodds ahéllusrasiomyofza tirep parablebghanned wontactor
i.hduced chan in the te rature of the adsorbent at

uni (R 667 BE S50 o deraRtbedanamR e el [0094] Fl ue
gas, or stack gas, is emtted in a wide variety of

DETAIEDIHERCIASFRON fiE IRVAENTBRGUr € of nost
ally slightly

above at nospheric pressure and is generally |ess than

about two atnospheres. The tenperature of the flue gas
[0023) v pi the pigsenf inventigr r¢lategmto a thermal swing adsorption process

that is capable of capturing CO, from flue gas. The thermal swing adsorption
("TSA") process employs at least one contactor that is repeatedly cycled through
at least two steps: an adsorption step and a thermally assisted regeneration step.
Regeneration of the contactor is achieved by heating the contactor to an effective
temperature that will result in desorbing CO; from the contactor. The contactor
is then cooled so that another adsorption step can be completed. In a preferred
embodiment, the thermal swing adsorption process is conducted with rapid
cycles, in which case it is referred to as a rapid cycle thermal swing adsorption
(RCTSA) process. A rapid cycle thermal swing adsorption process, for

purposes of this invention, is defined as one in which the cycle time between



about 1000C to about 2500C, nore typically about 1500C
to about 2500C, but can al so be reduced to about 300C
w0 2008he968 70 0C when wet |inestone scrubbi ng i BCUESH08/@06278
renove SOx. The maj or gaseous conponents are typically
N2, 2, CO2, and H2O Small| quantities of pollutants
such as NOx and SOx are also often present. CO2
sucoesséve adsorption stepbés pas than alyqit ainlinutes) prefeaabjy less than
about 3 nmol % to about 15 nol % and H2O is t fi caII%/ in
ahows 1mingde.cmd-gysm more prafemblylegp dhan &@M&Y s mpputes. The
t ot nol ar ..concentration.qof + Q,is usually | ess
e roBenEuS TG SArihs Aistohatih & PRI eI UHE BRR cos
digﬂ%c&h@ﬁff o @vedpressure E‘@flug‘p h§se Q:Bﬁﬂ)il#ﬁidﬂ%' of pYOEEsses are
ution’or excess alr IS l'oyed 1n the process to

reférred td hereireapbieamt! swing plocessegastiengpas tdiayr@nploy a step
conmbustion process. [0025] It is advantageous to )

" employing an mchcgdmhangc in thedtemperafarg pfithepdsorbant ag some point

concentrated or purified stream conpress the CO2 rich

duryne, rpgerl‘ﬁrﬁﬁoﬁg@sure, and introduce it into a

sui tabl e underground formation for sequestration in

[02%%]3{ . tﬂu@%@ﬁ’&t ﬁaﬁ%a%f{% eRlift Eﬁ 9 v@ig@ vatieR? 8P fildstrial

imti exanpl e sui t abl'e underground

prbo¢szes.i The entisdiod presgurd of mosevomencrcialy gemetated fue gas is
prevents significant |oss of injected gaseous

typiseHysbightly abiove atmesphsiricpregsure aadds genera|lydess banabout

oo SRR TECBMACEHIEF GRS BESETPisay ab uraage fom
1 L1 f

BN i Oy RSSO LD bt can

alshbelteduce@@o pbout B0IRtd MARITPC Whentw@IBnEsbAES sfubbing is
underground formations. The present invention

usail 10 nemexe SKk. Fhemggjor gasdausdoinponeotsaredypisallyyN,, Oy, CO,,
gy Shplavantites of palERs uhgs NDo andiSsds o 31 gién

b Y . . ;
prb 48, Bl on FEOERS SRS T nBk 3 gt 2 oo o

abdubl §n 1% hhd HoOPisStypRAMy ihthé ralgthoPatidult 0. L1946 {LaBBut 15
only a small fraction of "the conpression energy iIs

melfeniThertotil malat soncentrationriftCOgent,Byis ubnajly Jess thian' 25
st.ream havi ng greater than about 85 nol %

m%ﬁ/e?@ﬁg% gytgpmmpmlw&l@n rsodussisoing stackiaas angr s usually
lef¥ REF133h 3199 WA HiLi 6 o?p,)?é’etss A irsr‘)elrr(;{%l%/%n the process to limit

the temperature in the high temperature combustion process.

[0025] It is advantageous to separate the CO, contained in the flue gas into a
concentrated or purified stream, compress the CO2 rich stream to high pressure,
and introduce it into a suitable underground formation for sequestration in order
to mitigate CO, emissions to the atmosphere. Non-limiting examples of suitable
underground formations include aquifers having a top seal that prevents
significant loss of injected gaseous components, oil reservoirs, gas reservoirs,
depleted oil reservoirs and depleted gas reservoirs. Typically, the separated CO,

has to be compressed to pressures greater than about 1, 000 psi, preferably



[0026] The present invention captures CO2 fromfl ue
gas using a sw ng adsorption process that enploys
w0 b@siedoes egenerati on and in a preferred enbodPeEn$2008/006278
the process is conducted as a RCTSA process. In
anot her preferred enbodi nent, the water vapor in the
flue gas streamis al so renbved using a sw ng

graaies thn abouyr 20063 psit 1l ofeerptoopressures gedatercthanabaut 6,000 psi
In another preferred enbodi nent at | east about 20%

todwdnjasted prtethesgiypes af undergrounsbiormationss Thedrasent invention
ol P AR B e e o
at%#ﬂ%?ﬁé}b e?lﬁéﬁ%lﬂ%él%b?& 9&'11%&9% %flntdﬁng% th g{ﬁ 0 psig to

ressed 'to a pressure g
abae30 pkid)00ThSE ipredent an@nkioh aleindhintides sherdyrequired fier

energy required for CO2 capture is reduced and the
cqmpnesgwofbytpredmg@t highpwitptCOestréami Ao adigh pupify COz

neratln th, a thermal wave that passes eit
Steg Oy ah gl JFaction RIORe COMARIIGn Pasrelds sponian Biiuets such
oo BT oy PUAAY ] BRGNS

mbI%S]Bref&%be gﬂeﬁﬁ:rttl‘i@ﬂi HBJ)uteEFIEfr@Y%‘ AR RHEMoPE b%?fkﬁibly greater
passed to another contactor in a nulti-contactor

tham ebowutl 9smialYp abi€6rpt i on process of the present
inventi on. [0027] To capture CO2, the flue gas stream

] d through a contactor nta|n| g a solid
(00768 s Fhe Riksent IBveRtioR faptresd etrqmt & 25 USipe BHHing

t
BRI ES IR B SEERARl BT b g
en’ilidtﬁrr@ﬁﬁ the prodess id @@é’cﬁ]ct&ﬂh@ﬁ ROT QAV}Woé@ssnPﬁ Sﬁ‘@th%f‘ﬁreferred
term"sel ectivity" as used herein is based bi nary

en(tgmllmmgethe catpayaparin dhe ﬂlue gaslstieamasadsmream\cﬂd wfing a
gnent S in the feed sg) and the total nunber of
SWrPagé SQJPUORJLRCESS V8 Wrwéaegenetrhféorpam AReihsr

PSR S 05, PR AP BT TF T bon

3096 6fﬂeeeﬁédtr\samfﬁpmqabﬁhmega%raﬁoﬁ% &ﬂ%%&h@g swing
conmponent A, conponent B, as wel ddi ti onal

ads«zxmmonqm)sessaaf the zpmsmnimtehabn hsasupplmdeﬁbfrr mterstage cooling of
for, conponent A than conponent :

ectivity
th%@ﬁz sikeahiftag FbSINENENRIgESSHIPiAPresTusp g@sqzat@h@lammgxt 1,000
psfj.‘dﬁlozirﬂ;th&npr‘%&’&?&f ém%\éﬁlrgent, the energy required for CO, capture is’

reduced and the purity of the CO, stream captured is increased by regenerating
with a thermal wave that passes either co-currently or counter-currently to the
direction of the flue gas flow. In another preferred embodiment the thermal
wave regeneration is conducted so that at least 10% of the thermal energy from
one contactor is passed to another contactor in a multi-contactor thermal swing

adsorption process of the present invention.

[0027] To capture CO,, the flue gas stream is passed through a contactor

containing a solid adsorbent material having a selectivity for CO, over N, of



aratio: UA = (total noles of Ain the adsorbent) /
(nol ar concentration of Ain the feed) that is greater
wo b@s/1sdees ratio: UB (total noles of B in the apPSDUR®NE/)06278
/" (nolar concentration of Bin the feed) Wiere UA is
the "Adsorption Uptake of conponent A" and UB is the
"Adsorption Uptake of conponent B". Therefore for an
gredteo timnabdin 6, peeferatdy @eedtet thanfabout d0fonaddorbingv€0, from a
conponent B that is greater than one: Selectivity =
nigegem-contriniagfue-gapmixuoe29] To efficiently use the
contactor it is preferred that the loading of CQ2 in

adsar bent .;,mat eri al, he,,ar.eater than.. about 0,25 . .
19028 o PBRSF oW Wit Aored il € e bRAPiToRE s Rekein is based
orPbafy (Uit BEPEOmbatiRet of it inoflr ConCLntrariEi 67 o penSAs in
thgifead stredanhand ghe tdtel niuabor abnidleslobthese compoaents adsBrbed by
per gram of adsorbent material. Adsorbent materials

the partiqar adsosbent darring hewdsorptipn; steprofithe prgeass cycle under the
SPRGHI HOL RBF G SO LA PRSP A EOpRIGgR. For a foed

AR ST, LTSI RRR o

adsorbens eha1dlae arpreaet Ustdectevdty "t for £6mpohenBA, thia ¥oaisbnent B
NaY. Non-limting exanpl es of cationic zeolites

wilhleavedas the end of shevadsorptionistapod fthersating adserpsionipmcess cycle
a?.ogt 5, such as faujasite, Beta, and nordenite.
A0 ceous zeolites such as MFI may al so be used to

renove CO2 fromnitrogen containing mxtures. It is

RSB S0 FABESIBEg MBSk ERIn BEA e fecd
the treatnent of a flue gas stream It is also

thatas grédter fhan théeatid:cr opor ous material to be made from
a framework containing elenments other than Si or Al,

u_c(t} as P. Angt her candi date adsqrbent material is
wrciefabmsiles eEPosthe orsosand maler copsentiehpnad B in the feed)

materials and silicas can al so be candi dat e adsor bent

WHBLEO 3t s Ao B SPeRk? of PemBoniCA: TR ibg" oy
" AdRerpitiPUBRIKe dfitdrifonent B".

Therefore for an adsorbent having a selectivity for component A over

component B that is greater than one:
Selectivity = U,/Upg (where U, > Up).

[0029] To efficiently use the contactor it is preferred that the loading of CO,
in the adsorbent material be greater than about 0.25 millimole of CO, per gram
of adsorbent material, preferably greater than about 0.75 millimole of CO, per
gram of adsorbent material, and even more preferably greater than greater than
about 1.5 millimole of CO, per gram of adsorbent material. Adsorbent materials

that can selectively remove CO, from nitrogen containing flue gas mixtures and



contactor have | ow nmesoporosity and macroporosity. The

definitions of nmesoporosity and macroporosity are as
waledosnedohrer ei n bel ow. That is, the structuredPCT/US2008/006278

adsorbent contains | ess than about 20 vol % preferably

| ess than about 15 vol% nore preferably |less than

about 10 vol % and nost preferably |ess than about 5
achidvié the debired 1padingy clude inicroperousaneaterials §uvh as zeolites,

nesopore and larger size. Additionally, as described

catignithzgolises,dW.POhwatesielsmad foABOsmatagials c Nopdimiting examples
Of 4RI HEDI G S oo IDGRGEEPHE F e B0 TS Al qNaY-
N&%ﬁ-@ﬁ@@ﬁfgﬁ%{h{gﬁﬂ% Bf 95&&?? ez‘é%ﬂie%‘ihﬂud@%%?ﬁéé%%ith [esﬁ)?ﬁ%olar ’

rrused In ractice o pres

ratiby &RkitRah hbowies isatR @s Foujabitd, Be caridmordéifitd. Siicevudo
preferably nore than about 85 nol % and nore preferably

zeotites suchrasablim®salso Ibkused toecrgore iGO4 fronf hiiggascantaining
captured by the adsorbent. Eventual ly, .an adsorpti.o

MBS Etﬂé YHhBUuE soRee o8 Risdnent tf@aﬁé%ﬂa‘e&ai%wr\zﬁ used

ved. ues:

as R PRSI PRERUG I Ot FrE Bt 615 A7 bAS Sy Fis avso

pARBIHIS 861 the HhRESPIrond ntdtefidistodd ady fRILA frAdeRHaESAtaining
and the contactor is thermally regenerated. After

el¢mentsedtherthanSiatri Al sutthas PorAmather cammlidatei adsprbena meaderial is

for adsorption service, andthe flow of the fl usﬁélgas
migrepefionscarban. t Mier@pereus sotgs! deeved materials andisiligastean also

cycle. t Is .the | ength~of ti from when t aseous
bergaafise FBsqrbebi Palsiiit. Dl o el thed FolE P AL
conBih&tidR willEotheFBnatBgAls! h?isgﬁﬁféﬂ’&l fHat iy z?ds‘g?bédtriﬁ the

conducted to the sanme contactor in the imedi ately
contantercki veglosy niesoporosity aatltraacrapetraosifye Tlegédefisionsof of

the first bed. The use of third, fourth, fifth, etc.
meSsAPOsRSibr and magERRAIPEty ats 3 definntbhersin below. That is, the

B e SSBRACRREH Bol 38,BREHIE R 15 s o
S 40 RRSS (H gD ST s

speclies S or water, east s

abofit Suviot¥b off thefr porefvelarht én bpen oEssein the nidvepers aed 1@ ger size.
wat er i s usuall }; present at the highest concentration
be

Additippally, asedegasibed furtherhelpws thedlomomesepeysws and macroporous
BRI At BT it
vohRAE iff the HBopdridts 338 rib&rBPBous range of the contactor adsorbent.

[0030] The contactor used in the practice of the present invention is designed
so that more than about 75 mol%, preferably more than about 85 mol% and
more preferably more than about 95 mol% of the CO, in the flue gas is captured
by the adsorbent. Eventually, an adsorption front breaks through the contactor
and the fraction of CO, being removed fails below these desired values
whereupon the flow of flue gas is diverted into another contactor which has
already been regenerated, and the contactor is thermally regenerated. After

thermal regeneration, the contactor is again prepared for adsorption service, and
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can al so be passed through a separate contactor to

remove one or nore of these species, or renove these
WGEp@sile®68 n a separate unit operation. When nmuPCT/pEm08/006278

species are renoved fromthe flue gas w th individual

contactors, each contactor can be optim zed for the

renmoval of a particular conponent. Another nultiple

the dfloweof ohie flavfgagmiixtureris switched backvritohhécbntastor. The total
contactor renpves water and a second contactor renopves

cyshetigre isdhe lagtisof timpfronamheacthe grsgausphixtersnis fisbeenducted
R TS RS B A A Y
C(ﬁlfdh%{edlt t%gpggéﬂfepédn?ﬂnéf Epth'esinﬁﬂgﬁihgetlf gucd%'ehﬁfg(é;ddl?‘!,ﬁlf% ;after a

severa erent adsorbents can ncor por

siﬁgl&ireﬁélﬁeraﬁm af tles firdtded. adroideadttthird foiatloifil et€contactors
for the renoval of a particul ar nol ecul ar speci es.

ingddition to/a decord eantactof can pedvdde contipuousprocossing wheal
ecies.w t.h ﬁ si.ngl e contactqr. ,Another alternative
aqssgrnqpnppg)@ég§ ?ﬁé"ﬁlrﬁ%engj’é%n% HAeISIPRG| e adsor bent
that is capable of renoving several different
Yet another alternative is to

| ecul ar speci es. .
Wﬁ?bb essAE PECYIPUEY grentpnad, sluesas aftes cantains ogherapssies such

2GR ab Aol GE0 e SePl o iER 16k MiafipbleiBgsmpre. Of
th¥tedpeRdiesadateras sually pRGBhPAY RE BGoiést Ebﬂcéﬂﬁgfg‘i’ﬂh&l% Plue

to renove water it 1's preferred to arrange
gaaddbisiprefersed tohimcotpurafel adsoghsent auterals 9n the somdstorhemémove
before it contacts the adsorbent designed to renove
at dgast sqmesmose prfesatiy o, P& thege othesispecics. ilihe flea gas stream
selective adsprbent closer to the entrance to the
ABEHFEhS BRsBAIR QR iRl AoParLS BB ons; opore of these
r. . 1 e .
R R e R R

spacigs aherdmdeidfreni thecthid gad withliad¥a8us&Jontddtd, each contactor
adsorbent. In sone instances, the sane adsorbent

capdeantimized fosthe remowiole rediculat compenesipedhethes nusitiple
cofe st p oSS iy WEATA B el ok o
A £ YoRRTE O BP0
contacoors lcyn ddasel ddcapscihepresent higvdrition prosidedsimehis for
individually regenerating each contactor after the adsorption step is completed.
Alternatively, several different adsorbents can be incorporated into a single
contactor. Each adsorbent can be optimized for the removal of a particular
molecular species. This provides a means for selectively removing several
species with a single contactor. Another alternative is to process the flue gas
with a single adsorbent that is capable of removing several different molecular
species. Yet another alternative is to process the flue gas with a contactor that

contains an adsorbent that removes CO, but does not significantly adsorb other

molecular species (such as water).
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water) will fill the adsorbent first, thereby del aying
the adsorption of the less strongly adsorbed species
W@ owealioys CO2) until the flue gas has fl owed fRCT/H82008/006278
down the contactor. In this case, nultiple adsorption
fronts nove through the contactor. [0034] In another
~enbodi nent, a glycol dehydration process can be
[0082] i zeWHen ancadvoebentttis indopporatdibwithire tlgasontdcter té remove
gas_can be dehydrated in a separate process or unit .
walge itds psefepieddp arrangaithe adsarhent so that the Hee gancontacts this

a3 byt o chntasts Yo e e aesTi e BEvel ey This can be
o B bl TR e v A el D oeht iter R et o
the eontaetdrshan pid GO, tseletiveadsbonent beby llayertiasths CO,and water

adsorbent contactor is a physical knockout of
selastiveradsarbgatseso thatithe Hee gaspentactsatheiveatsr salective adsorbent

belREGH SRRACHDE Lk SRGEYS SIORhaT dRGOCRSARES e drme
adfs{){ﬂ@h{ P‘Fatéljiéﬁs 98ed t&?&ﬂ{ip@ 06; aﬁﬁf’@tﬂﬁe s éqié.féﬁ%w $5%50x, NOx,
wat er from g atloni ¢ zeol I'tes, A

'té"gas I nclude ¢
orfwitet.i Miaedidls thatl cahtolisedstoaddofs SORUAIMNORBInRIudR! Zoolites,
carbons, mxed matrix materials and pol yners. Wen the
cationicazsiodites; amesopsoreussingterials; aatbdnsapolyomer§ iand . mixteldanatrix
abaquf 75% of CO2 and water fromthe flue gas entering
matgHalSgsor pti on bed, the thermal regeneration process is
designed to renove both of these species. In a

[0?:?@{ er rlﬁqhﬁr@ég%l;%ﬂ{cst %@g@?%%tﬁ%%?le% i NI GESs S sually

separate rric reans are

ware)ovitkefllldhe hasbrbbat filte) tetebyetaapingithe QAREPHOAT the less

anot her preferred enbodi ment, the processed ue gas

stronglyl adporbed spredespiuisuallp €0 hatil therflue gachas Aasvedefanther
dehydrated to pel ow about 400 ppm preferably bel ow

doxthe eamtagtor. f{h@lWS@, BrétleAdsprfion fontsgupve threggh the

coi‘l‘%tcﬁfr content for at |east one instant during the
adsorption cycle [0035] It is preferred that the
contactor be designed to provide efficient contacting

[0634]t he ThianetigreniBoditieat, W §IycbhelrirhGoRPesie’s Ban be utilized
materials that renove CO2 and optionally water from

to reraove waterdormpheifbicegas. bt flue igag can bedehgdratédin a separate
amount of adsorbent. required, . vol f .the contactaor,

Progess o élpbt)pgcg&mr} BHOF tp mtrod%’cmg it li‘lrlr% the TSA adsorption bed. To

efficiently remove water with glycol dehydration, the temperature of the flue gas
has to be reduced to less than about 110°C, preferably less than about 75°C.
Another dehydration process that can be used prior to contacting the flue gas
with an adsorbent contactor is a physical knockout of condensed water (such as
drops or a mist). In this case, the contactor can contain a section having an
adsorbent material that is capable of removing water from the flue gas.
Adsorbents capable of removing water from flue gas include cationic zeolites,
functionalized microporous and mseoporous materials, carbons, mixed matrix
materials and polymers. When the contactor removes a significant fraction (i.e.>

than about 75%) of CO, and water from the flue gas entering the adsorption bed,
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regenerate the contactor. Wth an efficiently designed
contactor the pressure drop of flue gas, and fluids or
w@awsasdneeded to heat or cool the contactor i|iBCHUSIHS/006278
mnimzed. This mnimzes energy |ost from pressure
drop of flue gas flow ng through the contactor and the
energy required to punp or conpress fluids and gasses
the slegmiad rbgateratior procesh és desigrect torren]dd@3fjth Bfitbeseadpecies. In
architecture of the contactors used in _the practice of

a prederped smbodimerta thereeeapration is sonestad sothat separaie Meter-
riotEapeh G o frtiit &f s, Padih Uit T RprdTatiqpprocess.
R s SRod B 5oL SEA TR b i adporpion

bed thatirens@vkst©Oh&as beére dekydratidao blowraboued00 epad,i proferably
passes through the same nacropore volune that the flue

bejew abiout 80 ppry andematisprefetably belop abuws 29appmovater gpetent for
tiseg t0.heat dﬁ'ﬂd regengrate the adsorbent can fl ow
at lepst Pre Arstant (Hging t BHRU CXHE hogonal (i . e.

cross-flow) to the direction that the flue gas flows.

[0035] SUCHid ?ge?érgé‘él kHat*iﬁ@%:ﬁHta{éﬁgﬁb%&;cfégg ed ré_{?ﬂieaémclioent

water |1 be ed during e generation ste

comtactingvafithe tfie @asmitufd with the edlid ads@benemateidl§ hat remove
contactor. It is preferred that the CO2 be separated

C®y and pptiogaldy wratén fipm thedtne gas: dgicienttcontdasing minimizes the
i nt | heat ed. t t f t i t he .

gt O B OFReRLES AP, KOG of Hi SntAar. e e Feffired to

regﬁ{e%%qhb YohtRtsd @i aﬁte?ﬁéipﬁgg ggs%gggrctaggg%&lmg{%essure

annel's to carry gasses or eat

dr@ﬁ olf flueepasPad fluids ot edsges hékrRd!ty. hehbher 6MahaicentRtorok also
channel s are seal ed so that gasses used to heat and

mindiiizedh eThis moimimazescmengy lost from phesshee diopeofofhise gas flowing
| i berated during the regeneratiqon step. [0037] )
thr@v&fraﬁegoa?acmagwﬁﬂeye?@afe@alregﬁpwngv of foeptess Mpidsand
| i.ni.ng the CO2 sel ective
gag%ggﬁgg\r@]@?@%lp%e%cgggh%ﬁ%g &ctive adsorbent bed, a bed

packed with fibers or a fibrous mat contai ning the CO2

[0836]ect iPleysiht ardiftticturetofuhé UoMdcrAlS QsdPiH thePrheldeOsSthe
and paral | el channel contactors. Structured adsorbent

pressit nventionalepends on whather theycootactomis intemmally beathdior
ex?f{ghgl&gggtpghu];{ngﬁ%gtﬁg ﬁg%/)%: gﬁll{lLé}tglln%Wyth%%?eu por}t:g&ors, the gas.
or fluid used to heat the contactor directly contacts the adsorbent material. As
such, the gas or fluid used to heat the contactor during regenération passes
through the same macropore volume that the flue gas did during the adsorption
step. The gas, or fluid, used to heat and regenerate the adsorbent can flow co-
current, counter-current or orthogonal (i.e. cross-flow) to the direction that the
flue gas flows. For such internally heated contactors, CO, and any water
liberated during the thermal regeneration step mixes with the gas or fluid used to
regenerate the contactor. It is preferred that the CO, be separated from the gas
or fluid used to regenerate the internally heated contactor before sequestering the

CO;. In contrast to the internally heated contactors, externally heated contactors
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portion of the contactor in which gas flows if a
steady state pressure difference is applied between

W bh@spaidsg s or pl ace at which a feedstream ent BCHFUS1968/006278
contactor and the point or place a product stream
| eaves the contactor. The flow channel is not
considered to be part of the open neso or macropore

havel a1sepagdte sheoLchinmel oto. cafey ghdses or flaidsawseddotirat and cool the
forma preferred subset of structured adsorbent

candagtant beee, idenlly, phe sepasateshahehannels arerssaladqer that gasses -

w8 riafind FS P aPPItor o BRhmEY A T ghEhgasier CO; liberated
dﬁfr%’ﬂﬁ%ké‘n&?ﬁ&ﬁ@&?@" the structured adsorbent
CO of the pr

actors esent invention contain a very |ow
volunme fraction of open neso and nacropores. Mesopores

[088%] def Exadpleg dffinterhiIACheated eontacems wn¢lnde aded packedevith
20 to 500 angstrom si ze range_ and nmacropores are

padlets eenfaining thefoPe selgctine @dg@rbegt,@ab@ded K& sejective adsorbent
{ . .

b s ked Nafi EPeRe BhETRa: SYMATIRG e g2 aglsstive

addBfben? %trﬁﬁeﬁ?ﬂ@@{/t%gg%ﬁﬁbﬂﬁs Qﬁg akAk] cﬁﬁﬁrt?é;l:dgﬁﬂcxors.

non-sel ective mponents Of "a gas m X

Stheotared adiofbent @ohtacedrs @dataina plaralie of flowehantiets thae allow
vol une fraction of open pores in a contactor. [0039]

gashos finidie physicady élaw through the comtactorad flow elianmséis that

sopares and macropares as used herejn is from an, )
Perﬁaw?it € gpniprior ay ich g tods: it &rsts SHR1E RIEM g difference is

apgw?i@?rbemge ﬁ-néet&ﬁnfso&lﬂﬁéér’ét whit t@?ee?ﬂﬁgﬁrﬁiteh?é}sgfﬁ%%iﬂtactor

he 1'so rm capi condensati on

andethe poimsorgildcdTd plodiict streamMBaves M 'cORRictory OTheTHoW ¢lhnnel is
liquid. If the condensabl e vapor does not enter either

nat icensiderashiortespart of theeopai meso Or madreporeswolome of the
e AR ot siSasa bt S

' t
s QBP0 Lo S FEABPBER, B0t g g e s

ofichahhélk Thatelre SabstanRaAlly pafalleN® E&dVothegquat i on whi ch
is well known to those skilled in the art. The

detail ed anal ysis provides a neasurenment of the volume
OBS8EL! 98GR EABRRLED, ARl FRGHRAEL byt B e
pro®m0 pversion(Rinddih@dvery low volume fraction of open meso and
macropores. Mesopores are defined by the IUPAC to be pores with sizes in the
20 to 500 angstrom size range and macropores are defined to be pores with sizes
greater than 500 Angstroms. By open pores we mean mesopores and
macropores that are not occupied by a blocking agent and that are capable of
being occupied, essentially non-selectively, by components of a gas mixture.
Several different methods can be used to measure the volume fraction of open

pores in a contactor.

[0039] The method to determine the volume fraction of open mesopores and

macropores as used herein is from an analysis of the adsorption isotherm of a
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anal yses can al so be used to account for any surface
absorption or adsorption in either the m cropores or

w0 e@8/1¥39b8ime of the structured adsorbent. Mt hpdBEUS$008/006278
determining the volunme faction of open nesopores and
macropores in the contactor can be found in co-pending
U.S. Provisional Patent Application No. 60/930, 827,

cdndeasablawap6r fedidthewontdetors Inrtheadosmptied braneh of the
reference. Detail ed anal yses of adsorption and

isathetmp eapiars eendansation fidlsremepty anesopoagoand maich. ofithe gmpty
Bt P ko s I ERARSEESBRSE RS 87 Eer
th@FRRESAAEs BF APESv Blund'GnAAE Bhsetos SHITRTEC ARBHAGHS) 5t b

e present 1 nvention can be any i nsion or

ad3eftient theh thRaRRoLMEGT Vapos talleabieid e ddsBrptibrAbranéh @F the
Thermal Wave swi ng adsorption process. Nonlimting

isethermp| nearlyfequalmibicraneptyapsapaore ahd deacreporsusolsgp e Detailed

el s B B e
will ReGutoRhiSeitita th e ety e TRRB P anslleds BFOaRE 8,
mE&heMBARESHE theW dlumlea £dtRsh SPthedhedoplords aMﬂﬁE_&?nelﬁfropores in

hol | ow fi bers, as well as bundles Of substantially
thpatrattueed adsartient aret the sthedattimnutianof open mesoperesd Detailed
onto thesFOgéeonetri c shapes or the_shapes can, in many
S

anpRses faR @ visdiercgprBEarany syRfack abserpsiopeartadsorption in

: | al:. An | tri f
cifhEh Bl MeropBrs Aeed vl BF O B0 asRrle Mstnedsof
? I . . : '
S O B coSERGE o i sp TR o 9P
coatitobent beviourm inecependidgd) S Pspvisional Patent N;?l'ﬁ:aﬁaﬁl No.
roma_zeolite/pol ﬁrrer composite. An exanple of a

f
6042HhB27 4 liledMigy 18,2007 swhisdy is dnegrprrated harpin byyawference.
led b hin,fl at. steel, sheet t.hat i ted w
DARYFS pBFis8es O SinorBlioPaRa deSBEppdmih PP Epeseabls vapors
(ot e AR e oo B SR e
art. he sane or different adsorbent materi al s. .

Mul ti-1layered adsorbent sheet structures are taught in

United States Patent Application Publication No.
[0046 01 sEherdimensiens and gerraetsisr drapes aEthe parsllel channel

coﬁ?gc%rg "Stthe present invention can be any dimension or geometric shape that
is suitable for use in a TSA or Thermal Wave swing adsorption process. Non-
limiting examples of geometric shapes include various shaped monoliths having
a plurality of substantially parallel channels extending from one end of the
monolith to the other; a plurality of tubular members; stacked layers of adsorbent
sheets with and without spacers between each sheet; multi-layered spiral rolls,
bundles of hollow fibers, as well as bundles of substantially parallel solid fibers.
The adsorbent can be coated onto these geometric shapes or the shapes can, in
many instances, be formed directly from the adsorbent material. An example of

a geometric shape formed directly from the adsorbent would be the extrusion of
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[ 0041] The substantially parallel channels in
internally heated parallel channel contactors are
weometilves referred to as "flow channel s" or "P@aBU$1008006278
channel s". Generally, flow channels provide for
relatively low fluid resistance coupled with
relatively high surface area. Flow channel |ength
a séalitetpodgmstiEbmpiosing irito apmonolth. aAnather exampleof a g@eemetric
which is, at |least, a function of the fluid velocity
shapg formaed direede feama she adsarhentervouls bmextradedoor spia hollow

SRR SR BB A MM e
sHCahH iflatfik QBadeagith Pie Q{Tgo%éﬁigw@ul‘awg iRaﬁatts'fE%tl hﬂé&tthﬁ?tf is
the confactor does nhot conitunicate w any ot her

cdalted oithr faticropoesiss lowdnedtpoheradebeene filmt suélbas akzedlite film.
until the fractions reconbine after exiting at the
Thadireetly farmed ¢meeatedadsarhent kafier earbbe ithelfistructured into

mi il pierd ot thocrare puitferet poscben amerteinl Mtinyered
w5RRS Shod achteB RSEARH| ) 0BE T g5 A

PubilivdtiohiNo.t20080d 692482 PWhichyis Whédrpstté € herdih beRefdremu.
channel is larger than an adjacent flow chanhel, then

premat ure product break-through, can lead to a
[0Pdd]ict i Bhe substargiadlyr parpllek chanaelicisi intesmally Heated gasalbel
a less than optinmumcycle tinme. Mygover, devices,
chgpaFEsaniaFiar g somete R RIred (ypbaen qHanelasatt zes flow
'N . . .
e et et NG AT ERIBE 5 RIMAUTREN fuig sevisgoce

couplddowith relatively Righ stirfiéeQred UFI0ve thanrel 168:tA4RBuld be

pressure drop occurs across the bed, then higher cycle
sufficignetecproyide @ mass tranaflirizpnecwhinheid, 4tlledst] a Timection of the
di,mensi.ons gf the flow changel s .can be cqnputed from

flyd yelofityaand the syrfacearsa te charpel sobwgeratos Thechannels are
I ' : . t f. channegl s, have a
préEREMIG contipul et A SN2 o 3hee (¥or'inghs ERARRTs < 1 iy
enibfigieald, ¥ fui@ W THctiol dnferifOH Chamit] Bt $h@het of the contactor
Typically, flow channel |engths range from about 0.5

doesnpi pemarurticats Gvitle ary otherrfbuit irdatimnl entéringrandihiet chénnel at

.. cmto about _ 10 neter and a have channel gap height (or
its it Rt fhe. fragtionsorecomiysetionexifing o fe Outie. dhinimepartant

R R T R S,
ar@ BNy ilBRHSaRd fhat the mass transfer zone is substantially equally
contained. If there is excessive channel inconsistency, then productivity and gas
purity will suffer. If one flow channel is larger than an adjacent flow channel,
then premature product break-through, can lead to a reduction in the purity of the
desired product gas or a less than optimum cycle time. Moreover, devices
operating at cycle frequencies greater than about 0.1 per minute (cpm) require
greater flow channel uniformity and less pressure drop than those operating at
lower cycles per minute. Further, if too much pressure drop occurs across the

bed, then higher cycle frequencies are not readily achieved.
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| am nated together. For |am nated adsorbents, spacers

can be used which are structures or material, that
wa@ledosne39es separ ati on bet ween adsor bent | am nat BGT/US2008/006278

Non-limting exanples of the type of spacers that can

be used in the present invention are those conprised

of dinensionally accurate: plastic, netal, glass, or
[0042Pon Thedimphsishs of flie flowrchamhels chnibie; cqphpusted drom

metal , glass, ceranmc, or carbon fibers and threads,;
copsidenations of pressurg|dsap plongthg flow charnglc It isrprefarsgd that the

A T Sl S OO AT o e
prgge{rgl‘}ly ¥ EmasboRk B8nb d%h??fi@kni.@%s@ pfjﬁgg?g‘%"\égbg?%g?‘?[ lengths

ctive adsorbent material 1s Inc

rafige tiiémvitout Of5 tértirhbewts Bameter, mbee typicatlyufrem about 10 cm
adsor bent contactor nay opti onal!gé contain a thernal

torabout 10 neesar and atheaeichgnuklrgapdhaight (edyodgy)i afraboue50de about
2300007 o e DRAEIS dadle BB # ARAdrBatr BFSdet 3t 87 a spacer.
T s e S

la@igared tbgathér. SPordlachifidted Msofeatd 8padcrsl chmbe usBe wHielvare
channel of the contactor or incorporated into the wall

stmicturgs wr niatetal, Gatslefincta separatiomphdteran adaorbent laminates.
sel ective ads rbegt. Wien jt is i ncorpg{ﬁat ed.into the
Nopplimiting examples, o5 Bie lypref spaears dhatican e wsgdiin the grrsant

inf G5 SRUBGH oY FhcRbL OFnbASLYAR o8BS PRLE, Bt flass. or
cafidh Hﬁ%h,ﬁ?labﬁc dhsesrSterd ol Plased, sherr g&@, E&%ngi'bgw &itbon

her eof . gure 1 hereof is a representation of

fibeas ahd ¢hrehdsyveramionpdlars plastict, igtaspy eeyamiic,i orunetal spheres, or
.that is internally heated during the regeneration

digkse or combipatians| theredfannel contactor is in the form of
a nmonolith fornmed directly froma m croporous

OS5E! D3 AR D50 R BBl el
adSHARAE nfderidlndospRshall rtﬁ@Wétexbyelééﬂ\wﬁs%béi{t%ﬁc%ﬁﬁﬁis

and an exanple of a cylindrical nmonolith 1 is shown
insarperaicd asphst dfith&iveall ef thenfdowahaniiéle Thd strubtireal adsorbent

nmonolith 1 c,ontﬁi ns a.plurality of parallel flow .
CcopiacHRINaY PPUPRaky coniain ahemmaalgnassdiarromikad heating during the

ad??l%?ri]ogl{)sgﬁ 8?3&{ %\ggltggqﬁg%ﬁpnlpg)%gssm ﬁ[agtri]r‘i’g dg{igfg e Qhé’orption
step is caused by the heat of adsorption of molecules entering the adsorbent.
The thermal mass assists in limiting temperature rise during the adsorption step |
and can be incorporated into the flow channel of the contactor or incorporated
into the wall along with the CO, selective or o‘ptional water selective adsorbent.
When it is incorporated into the wall it can be a solid material distributed

throughout the adsorbent layer or be included as a separate layer.

[0044] The contactors of the present invention can better be understood with

reference to the Figures hereof. Figure 1 hereof is a representation of a parallel
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mcrons. As utilized herein, the "channel gap" of a

flow channel is defined as the length of a |line across
w0 b@stiiwsrum di mensi on of the fl ow channel as RCBURH08/006278

orthogonal to the flow path. For instance, if the flow

channel is circular in crosssection, then the channel

gap is the internal dianeter of the circle. However,
chahntheomthetonef tlgapresentiavtation tiat is intermally treatdd during the

the flow gap is the distance of a |line perpendicular
regenesation stepe cthspanatlgl ehanned sgriactosiig i thef tormeof a monolith

si de .of

AR RRAR b oo b S ) cobth
PR BRI T S RS S Ao o

foemed glireetly ibgnettnesdon penvesidsend @ exdiple ofl d €yliirical monolith
rectangul ar “or square. However, any geometric

1 isrshowwnssahematically dnfigureal heneofiaThpeylisdricakmonolith bgontains
o BN HESRl e o BT e iane
gaﬁ;%'tft(ﬁg %fggh{“§ té‘QPBﬁP £ Bbo\ﬁqic%ﬂ;s, ﬁa?etfel'agnbvf% E‘{lﬁﬁ QEBEIY ?&()) ¥5bout 250

sor bent contactor i rom

mithens. AQQtilized héreR] thePchhicbap" oTaMleR Ahansel id defined as
about 50:1. [0045] The channels can be formed havi ng a

the danigth pf eflinshagress theahirdinugn dimension of ithe flew ¢hannel as viewed
round, square, triangul ar, and hexagonal. The space .
orfh0ERBaH{Q 1he L atl-oF P& Msiange: dhe Jlovhehanned ineireulsr in cross-
l. . . t % of the .
sl B ind O RTRRS S0 BREHR BN A Yyl praweven i
th@BRAtinel 2% af rddigngithriFcrobs-to&idm e b ga? ISYEUisthg of a
adsorbent 5 can occupy from about 50%t o about 98% o

lineperpendicelanto ahé connedtingnthe The lehgesttsides dfithe rectangwitr
can be defined fromthe volume fractions

_t head
(.¢¢ @?prégrat egft theessmgllest piderofghe sectanglghelt shonld alspdeapted that

f ' Thick ¥ Adsorhbhent .1 ... Vgl

thERRSE el SRR B0 SiRnfiBhalGontiabation. Pratfiind
enfBodiinkats 476 waenelhe tﬁ&%ﬁhnf{!le&oééﬂ?e&MHr‘@&nﬁgﬁaﬁ%n'i§‘

a range from about 50 to about 250 mcrons 1t Ts
eitheecieculer re¢tangulae or squimee 3owévérhanpgeomeaid ctozySectional

in the case
congguration may be used, such as but not limited to, ellipses, ovals, triangles,
or various polygonal shapes. In other preferred embodiments, the ratio of the
adsorbent volume to flow channel volume in the adsorbent contactor is from

about 0.5:1 to about 100:1, and more preferably from about 1:1 to about 50:1.

[0045] 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 S. 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, although the adsorbent 5 can occupy from about

50% to about 98% of the volume of the monolith. The effective thickness of the
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wherein the entire contactor is not conprised of the

adsorbent, be in a range form about 25 to about 2,500
wWOorR@so#m®68 For a 50 m cron channel gap, the prePE&r/Dsm08/006278

range of thickness for the adsorbent |ayer is from

about 25 to about 300 microns, nore preferred range

from about 50 to about 250 microns. [0047] For the
adsorisdnt ichn beplefmeddromithavelume ftagtions oo€upied byetht adkartbent 5

is internally heated during regeneration the effective
and¢havnek streftur@s:adsorbent will be about 1.5 tines the

di anmeter of the feed channel. Figure 2 is a

CI OSBr.SREMIQRNRbr Yas&W-Al ong the | ongitudinal axis of
the contactor of Figure 1 hereof show ng feed channels

3 extending throu . t the nonolith with
t he vvaqlglcéa"(gyfl Dtaheergjllwge?g CLI?W Agsomzm nmed entirely from
adsorbent 5. A schematic diagram enlarging a small
ross seqtiop of adsorbent, | ayer is sho in Fi
(OBARE? oo henBe Shiadhelap o dy o thnts EromaABrYLatasball 15D
. I . . -
mFERIE B3 U SHL R8BSR R8T case

whéreks theferltlr@ Coh e tGrdiS Mot E3mpitdc@RAThERESUIBERS baNfl a range
m cropores 11. As shown, thée m croporous adsorbent or

fopml abowt 26 tpabout? $60MmmronpyFabadf Bizron thamee!\gaputhe

of. the adsorbent layer and the solid particles 9
pIg ragge of Uhiekesss e thiopdsasbenglayen lﬁﬁr@@&?ﬁ% ¢9 itegbout

SO RS SRR Al S B ™
particles. The volume of the m croporous adsorbent 5

[0047pol YF& the mGhdlithlepardllePEhdnhed onhtaidr ITRIEuredlatad is
the vol une of the adsorbent |ayer to about 98% of the

inteshalhyhedted duringgegensrationyhe effective thickress of ke addonbent will

fraction . of solid partigles 9 used to control heat )
beghaut rlaﬂagleﬁ thelizssier obAhe fesd shannelookigured is s Frss-sptional

. ferr di t t .
vib HROTE R TBhel Al sk I e RaBlesEY, AT BT Bertqt Sbpying feed
chiafinéls ¥ éitéfding ChRoUPRL the Jen &h HfhEichJIRE WA thePWdlls of the
macropore volune is with a bl ocking agent 13 that
fldw ichannéle formséd entiiy fiom adsarpente5.0A sohiedsaticadihgram enlarging
betlreen parti C:qfs so that the_ vaolune fraction of open
a srRald pEass seehien af adspsberislayer $ is shwn in Gigirat3 herpef. The

a0 3T B8R 88 A A g SR e
particles 7; solid particles (thermal mass) 9; that act as heat sinks, a blocking
agent 13 and open mesopores and micropores 11.  As shown, the microporous
adsorbent or polymeric particles 7 occupy about 60% of the volume of the
adsorbent layer and the solid particles 9 occupy about 5% of the volume. With
this composition, the voidage (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% of the volume of the
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on a kinetic separation (predom nantly diffusion

controlled) it is advantageous for the m croporous
w@omenisest or polyneric particles 7 to be subsperuszbs/§o6278

the sane size. It is preferred that the standard

devi ation of the volune of the individual m croporous

adsor bent or polyneric particles 7 be less than 100 %

adsorbdie layeer aea pacferredenvisddiment die kologid efthleymesopore and
control | ed processes. In a nore preferred enbodi nent
mapeoporeHytheccandastar isominimized (oleunethed tomainimigze mesepore

o S SEare ofiBe &s?iw%%%ﬁrfg@&e‘x&&?ﬁh@ ﬁhﬁ B desised FRount

oS48 PR L R R ETE i of o

mB%}idreé 8ad nlitrdpored 31) iR ﬂ%adﬁoﬁbérﬁ lapdras Riless than about 20%.
pre-synt hesi zed mi croporous adsorbent particles by

si ze using nmethods such as a gravitational settling
[094B);rm. Whenrthy raprelithds aged in agh@@Stscpa@éloummmwthat relies

ok g RSt et {92{@5?33“@2131& B SutslisR ftsradVaplageous

o??l‘{@frﬂi:r Sud éHas By EAL ?tl 9§ VAL gu Ls[glﬁgttabﬁagg the

roma s ucture mcro orous a ent

satieesides It iis peetferre dabapehieditarid deld aevi%mw of thBdlohitat &Tlthe
Application No. 60/930,827, filed May 18, 2007, which

mdmdmﬂanmomms ladsetbenbor pelyenericpartictsshbe less than 100 % of
thnon [imti n | e E( fgf aI | el q:i\nnel cont act or

£ Rprags RarEle @e oetigatly ﬁgnFreBs PFegssses-i I a MOA
pﬂefkrﬁ%cﬂ%ﬁo@n‘i@{tqﬁé sta’ﬁdg \ﬁaﬁﬁﬁ %‘Pfél?é 2% ¢ tné c?f the 1Pd \ﬂgual

representation or a ara ann

mivr6p6rdls iadyerbichPor pBly&ﬁﬁld partichis Risiesd AN dftthe 3Qérage

that is externally heated during regeneration when the
p@tisl@r‘{i)énmel élilmrpamclmsazedxmbmmm forcaeahite hdsifrbents can be
of non-adsorbent materi al

I
o R B o bod oo PS5 B Ealichés. Jddwaioe Hoskble o

BB oA, PSR Y e e
su@ﬁ lad largrhentatléﬁdl'sbﬁlmg lcoPurRRT POMay /éléiﬁﬁ@%%rﬁé éfﬁfs%b'ds@
gl aze or sol coafing 219 is app ied to se%
ungfoamiy sized| IhE:rOIDOItde adsorblent br pQyateryl particlesan dmﬂlbrmm
h:l d by slurry coating the channel walls followed
coagrp Gg SRBABYONSr i ng. A sol gel can also be applied to
t he

[0049] There are several ways that monoliths can be formed directly from a
structured microporous adsorbent. Such methods are described in co-pending
U.S. Provisional Patent Application No. 60/930,827, filed May 18, 2007, which

is incorporated herein by reference.

[0050] A non-limiting example of a parallel channel contactor that is
externally heated during regeneration is shown in Figure 4 hereof. Figure 4
hereof is a representation of a parallel channel contactor of the present invention
in the form of a coated monolith 201 that is externally heated during

regeneration when the adsorbent layer is coated onto the channel of a preformed
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channel walls and then fired under conditions that

densify the coating. It is also possible to use vacuum
wa@paspemssur e i npregnation techni ques to appl yPeTeS2008/006278

gl aze or sol gel. In this case, the glaze or sol gel

wi |l penetrate into the pore structure of the nonolith

201. In all cases the glaze seals the wall of the

mohalitietompried bBhowadsérbent nateriadr doghisteixampie,rane¢xtinsion
not readily transmtted into the body of the nonolith.
processely used b Brrmyiasnenglith from; apHtableinentadsothsnbmaterial

T L N
iy BeLbtyest RN o4 GPSU ) ehog 9 SELSINANS 01

chandebivallhef du@lonblith. nSech ghizes canvbe applibdbyallwrraiceating the
al so sealed. Slots (223 and 225) are cut through the

chesnel waHs fellowed by easingfbyt fisingo #bispk geltaanalsn belappliedito the
cHBRFLalS 310 B il Grds doacinsinanAe M BeoRBRe Tt is 2lso
PESHELS o8 S TR bR O s pioce

orisdl Fel‘.faliﬂﬁ'is édve! threglhse bhSolegdl Swidll péreratd o BhSpée structure
wel | as the mddle of the nonolith. Any suitable

ofitbe mmenadifh 20dn Ihelleasds the glaat sedls thmuallaff thehannel such that
channgl s i ncl dtggg metallic welds, gasketing w

th
gagd{Qying tho chapnelis net readilydransmitigdipto ihedagy of the

SO 1A B8 JLOPRORT: ORI P s TR
mbhofith Wih al3®]id M¥Reial Befi18/thd BRarfiddWiisSars 884184, 3 gHI@r to

ends 215 by introducing it though the slots 223 an
proeidewixtgrnally hieating fin 91Sct sp2fionTakernatet tavgs afichannels arg
ergo heat exchange with fluid flow ng

flyid will
Sef\kalo%ﬁ levmwelf ﬁ%ggglﬁm ehstherppposie eagdof the manelish these seme rows of

I didi LQNS it he nonel i t onvert..jt
chRLS Gre 06 SEo EHe bR Tard P2 dFe TR otrieh RN SRyl o
botl el 6N tHREAbNSHEG I HBY RILAGWIR

confi gur ed. Rloﬁﬁl I mti ﬁgiegxanpl g?%%@ﬁ%h%%%?%%
chann¢ls @4 5s(Senling sdrfanes2 1@ ate prosidetatrtsoth fends of thd Monolith as
egfat,excha{h%ers and printed circuit heat exchangers,
weil ps gy therniddle o€ theemonphgwA21n the art. By coating an
adsorbent |ayer on one side of a heat exchanger it can
be used in accordance wth the present invention. In a
[0051] In operation, the monolith will be mounted in a module in a manner

that seals the ends of the channels as well as the middle of the monolith. Any
suitable technology can be used to seal the ends of the channels including
metallic welds, gasketing with materials such as rubbers or carbons, and the use
of adhesives such as inorganic cements and epoxies. The module is configured
so that a heating or cooling fluid can be flowed through the channels sealed at
the ends 215 by introducing it though the slots 223 and removing it through slots
225. The heating and cooling fluid will undergo heat exchange with fluid
flowing through the channels that are open at the end of the module. These

modifications to the monolith convert it into a heat exchanger and there are
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preferred enbodi nent the adsorbent |ayer has a | ow
volume fraction of nmeso and macropores. As such, this
wez@spimes | | ust rat es how nonolithic heat exchaP@EDS2008/006278
structures can be converted into nodul es suitable for
externally heated TSA operation. Feed channels 203 can
have di anmeters (channel gaps) and adsorbent | ayer
varfouslotkaiswaysiin whésh hetitlexchagers oanl baiprbduesgbordcdnfigured.
Figure 1 hereof. %0052] The adsorbent | ayer 205 can be
Nepgdimisingexamples of auch ether aays inelude shellanddubg heate

cXShANBITaCHBT QI HeADPHUEEER g T a cir pi sl xefihegrs, al of

. u i H H 1 .

SR Sn i e ST SRR A00a8l bipER3L fone side o a

heapBXEliaiigen it canthewsHdoinhRcoRlange avith thereBent invention. In a
non- hydrot hernmal coating techni ques are used, the

prefeatd bodiméndribe sHsorbant laykubas alow setumeHeaction of meso
angh TGP A8 56T BUSCHAPIB IGTatSY RawcBRB Tt hpat
Xt S ok By B 15 gy
helaf®] TSACHpdrhtioR 1 Fead charindl9203 chh had¥didiféferd ?dh@ﬁﬁ@lr gaps)

solid by storing and releasing heat in the diftferent
ansht axlsertint ddyer thicknasses as provessyayentsonddwthakgardtadéigure 1
t he heat diffuses through the adsorbent |ayer 205 and
here@fs the body of the nonolith. If a viscosifying
agent, such as polyvinyl alcohol, is used it is

] I ,

(OSHE, | YTREESRBURaPAE 0 Ul 6P 3O b5 Seh il By, on the

walss §0fhed$\aIchahhéls dyQinyaduiEblPmiethdd) CNBASIfmithy examples of
mechani cal strength of "the fired coating. Mesopores or

suchaethodemohidé fluidphasie| opating teshrfiiques, abchuibs girtyocoating, slip
ahout_  40% of the volune of the cured coating. To .
COPEB&c‘%)"%ﬁ&h%H@J 51%@@@9990%&@8}%1 cgating SRV sivxe And

G SRE B | P OB ERRGl S R Bian 3t prof. the
co%’ﬁﬁg 30RATINRholRYRclude @ 1683 Khd &i&%@%ﬁf&o&'ﬁﬁﬁ%?&ymeric

e very simlar to the way in which zeolite ne
pastidegraeyiacesifyiAg ageanpich asfpaywiayhaltohol, lgaowangfeasolids, and
zeoljte layer is taught in US Patent No. 7,049, 259,
ophienaHy iasbmé%rorﬁm heatdransien solymayxmet bameeded beeause the body

of ltﬁ‘é{ flonotith 201 tz:\énha)ég {8 gsh its g%ln heat transfer solid by storing and

releasing heat in the different steps of the separation process cycle. In such a

case, the heat diffuses through the adsorbent layer 205 and into the body of the
monolith. If a viscosifying agent, such as polyvinyl alcohol, is used it is usually
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. To reduce
macropore and mesopore volume, a blocking agent can be applied in a separate

coating process. When hydrothermal film formation methods are chosen to
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synthesi s on supports often have cracks and grain
boundaries that are nesopore and nacropore in size.

wab@sueosse of these pores is often | ess than BODUS2008006278
vol % of the filmthickness and there is often a
characteristic distance, or gap, between cracks. Thus,
as-grown filnms can often be used directly as an

;?ﬂy didadiorbentdayey, tiwcdatinpeteohriqubo usad bdrobkivery sigeitdr.to the
0053] Figures 5 and 6 hereof are representations of
wayin miclpaealite snemhranes|are prapacedr Astexample @ @fmcﬂn@d for

S BAGRE RN BER Bhu SI RS RS, St
nBERAT0r0 #eﬂ@a-z‘?%ga&s.ﬁge%s%n‘whﬁ@fggééerﬁ@aﬁ

symh&swme Supptirisaﬁﬁén thvé baackodad f%mh‘b”ouhﬂﬁn@@ tHa2@r®mesopore
401 are rendered transparent with only dotted |ines

andnaiacropongin sieee a@esfodﬁrnehrf thesesporesiis afien leshdharoabowt 10
nthis di ffusion. barrier
tilr’f)ef ﬁweﬁlr? H@cléwérqneftﬁs ;;QF Factepplis distance, O gap;

e kB TS HERBR A Sanl ! Bd ARSI an esoren

lafr itabut ihe rieell o W Gkifig Besh, { he fibers 415 arrayed
to formthe contactor. |If the diffusion barrier is on

the exterior surface 440, then the flue or process gas
[0083] ed Figumesghandé hwbd)ﬁmeaepmsdmno{moﬁaﬂlothanparallel channel

di fferent nethods can be used ttg ﬁroduce adsor bent
CORIZRLPT stEiCtine Qtjhemresant imysntion: thatiscexternally dsatgdduring

d .
reeRindar L g BoBERE s h xperhal ReftRlr Bt iesniben
adisrten€ fyee 405 LS} Ris padtyofl t‘hEGv('zﬁP 6fa hBﬂo'iKafiBelt 485 1bPigure
suitable for use in an externally heated TSA process a
6, dh¢ puter surfhees dfetheihouseg fat thetontabtor 40 ecare $emde&eda 450

or outer &#Jrfac 440.0of the fiber. Non-limtin
trafsRARSNE Wit egy linespdicating dbe eégesm»ﬁmeﬂwsw surface. The

l. l. d
neRF, 968, A 6 A 1A B M e O B ypcrion
suffte 4o driihidkiot LIMEe bSG h?ml"f’eadlff{l@%rbé;ﬁ i(;’ ILFHb interior
coated conposites of polyners and solids (suc

sucﬂ'aag 4504hch beatingarsd ocbolmg floed 5 pass¢d thasagh dve hollow core 403
act as a_diffusion barrier,

d\ lﬁsl on coefficients. ct

of retly EayRd ?%Eqrahﬂ?@cfémﬁmpré ndf Bre difisinabarrigr is on the
extdiff' sﬁrﬁ%e 490> then the flue or process gas is fed through the hollow

core 403.

[0054] Many different methods can be used to produce the adsorbent layer
405 in the fiber. Some of these methods are disclosed in co-pending U.S.
Provisional Patent Application No. 60/930,827, filed May 18, 2007, which is
incorporated herein by reference. To make the fiber suitable for use in an
externally heated TSA process a diffusion barrier is coated onto the inner surface
450 or outer surface 440 of the fiber. Non-limiting examples of materials that
can act as diffusion barriers include sputter deposited metal and ceramic films,

evaporated metal and ceramic films, metal and ceramic films formed by
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than about 1/10 the average diffusion coefficient in

t he adsorbent |ayer and preferably | ess than about
warm80dshe average di ffusion coefficient in tPEr/US2008/006278

adsorbent |ayer. When a diffusion barrier is used, the

gas in the feed channel is effectively contained in

the feed channel and adsorbent |ayer. This can

cheimichhvdporideposition, todted conpsites of pobinérs andsohids (hiech as
fibers, thus lowering the mass of the contactor, and

clays)amdecaasings 0£|p|0&wmr§§ that haveclowy diffusipmeoefficients. To act as a

%‘806 S%}fgf’ﬁgl? %f%gﬁgé ﬁomﬁﬁgélglgcmbg cpgﬁrgg;shoﬂl)d be less
thﬁﬁ 'aB@Q{ /10 e%%@&%e%fﬂsﬁ)’ﬁt(ﬁ ?ﬁ!:ileé%ghgﬁfg%se%&lt dé;)er and

con act or ent 1 nsi

prefehbllesathasd dboben/ 1000hthaaivardge! diffsibnassefTicieat in the
hol l ow silica fiber or hollow polyner fiber. Coating

adsetbend iaxnre\Wbars layilﬁfasxonl tzedecrused, Ureeghstio the rfen(hchannel is
R om0 eRu e o PreCladt Bl
B 0T b Eng gl ME Sl i 8 s of e

contR461 anflin %Bnﬁxéa%é@ allbwlxtng’dretﬁe RFER! thinlk if TROPRIcess to be

contactor, have been forned they are gathered into a
ddommtbé(andaphbcymielspefattdme fiber bundle are potted or
enbedded in a matrix material 417. This fixes the

R R G o A

e A7 YA O BRTE inehlr [ 0ELR S Ry BBl of

prEfabyicated fidranichsRAsolldie gm@srseﬁﬂeel h&lﬂ@w%ﬂhcé ﬁB&f or hollow
contactor with the matrix material 417 rendered

polymes fibeen€oating gnethods previousby klascrthndscamgbeﬂfﬁéed o] an
ThISpE tted array is then sealed into a tubul a

adgerbe ysoin&@%ar PRdhe gxtesios surface gf a pge@br@é@daﬁbqrhéh’hen
B Bhck SR e S e e B DA GE i Foui

mﬁgﬁugagyaggelarecut t hrough the wall near the ends of
t he tubular housing to allow for the flow of heating

and cooling fluids and or process and product gasses.
[0056} he Qndéd sigtabde fibers, er anexternaliy heatedrpavallewhiaanel

450 flﬁ {) g cess %ﬁs flows thrqugh the slots
contactor, have becn formed, they are gathered info a bundle and the ends of the
fiber bundle are potted or embedded in a matrix material 417. This fixes the
fibers into a substantially parallel array. One method to do this is with an
embedding or potting process that surrounds the ends of the fibers with a matrix
material 417. To visualize the potted fiber array, Figure 6 hereof shows the
parallel channel fiber contactor with the matrix material 417 rendered

transparent along with the tubular housing 401.

[0057] This potted array is then sealed into a tubular housing 401. Sealing
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
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423 and 425. |If the diffusion barrier is on the
exterior surface 440, then heating and cooling fluid
w0 b@s343968 ough the slots 423 and 425. [0058] |PCT/US2008/006278
operation, the tubular housing is nounted in a TSA or
RCTSA (rapid cycle thermal sw ng adsorption) nodule in
a manner that seals the ends of the channels as well
cutghtdughrthe dvail néartthe ends of ithdtubatarfromsinguisl allow for the flow of
di scussed, any suitabl e sealing technology can be
heating andrcogl Lﬂﬂe@‘illﬂﬁ andyasspecssiand nrodustezassess ohf ﬂ’@lﬂlﬂéﬂsmn

batfiet ey fhe' ?rr%%wrf?&a P30 % of Histes Bas lows e fhe slots
423 aﬂcﬂm h I?lt}‘i’é ﬁBgn?EFi“ ghptﬂ? bkte}gﬁ' QH% e LIQFD,S‘th‘éﬁEheatmg
Th w er at ;

eati ng an COO

aneixedudingefluwidt flowk lthxd)ughcthe slpts 423 ugd 428¢ hoI I ow fibers
whi ch are open at the end of the nodule. Wth these

seal i ng_arrangenments, the t ubul ar housi ng 401

[09581 ai nimgperaéiopaths fubularrhoaping lsnnwmdﬂn BeF SAERGESA
b SRS P o PR bk B BSEERRIN dhas of
thb RUSAnel9as We?h%saglle%d(ﬂé Behd an)hﬂﬂ dﬂg lll)?gvci ﬁpfetﬁs&ﬁged any

macr opor es For externally an

suitableestaling uechiiodogyndawbbened.chnh agécif& examply, ethé'dlodule is
adsorption rate is characterized the mass transfer :

configured smthata h@@ngmmguﬂmd canebem@cdb mde the hallow

robiBe hagsige Ay F fsteaficine B thoggh siots 473 %ﬁ &gV ing s through
sl&g 9B5e MGkt l%[ef]ﬁfz e(gmﬁ{rg ﬁﬁldt WAl ﬁﬂhéi@a nE: é?{l’haéxge with fluid

sorbent 1s U process:.

flawingr thesighsiledslione E'ﬁbefﬁWﬁV&ﬁa@%eﬁra@ tl‘i’@éﬁ@ BAR/mOALRY.
fromthe gas stream inefficient use of the adsorbent

Wlltbytbcsecm ingwerangeosnds, the futilar Icasing)df bcontainiagthe parallel
ey ol et BeRoen & heRenaRbsrSabls forgsgdn TSA
profisSt, St Brefklld CHIRALAR che Eief%ﬂé‘%éiﬁé&%sﬁ%%ﬂsmr 405

withe lv@woimédradion b BmeSopstel aM@ nitrapiresbent  of
uni form thi ckness where the thickness of the adsorbent

er is set by the mass transfer coefficients of the
[Oﬁiﬁ and’ ayexiternal ly pndenternalyheated structuired hdsartientr quimntactors
tion ste of the Thi ckness

and d S Cess.
the,AYerall ASOIRLIAN BRE Recharaciarizbd Ry (ae 21Ass HBRBLET sateidiem the
fed PERARRP Tt8thé Q8sABSAL. PR™Y desirable to have the mass transfer rate of
the species being removed (i.e. CO, and optionally water) high enough so that

most of the volume of the adsorbent is utilized in the process. Since the
adsorbent selectively removes CO, and optionally water from the gas stream,
inefficient use of the adsorbent layer can lower recovery of the CO, and/or
decrease the purity of the recovered CO, product stream. With use of the present
invention, it is possible to formulate a structured adsorbent efficiently used in the
adsorption and desorption of the heavy component. One way of doing this is to
have an adsorbent of uniform thickness where the thickness of the adsorbent

layer is set by the mass transfer coefficients of the CO, and optionally water and .
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or fromthe way in which it is fabricated. It is

preferred that the uniformty of the adsorbent be such
wao b@s/1#3968 st andard devi ation of its thickness PEI/USNE8/006278

t han about 50% of the average thickness. Mre

preferably, the standard devi ation of the thickness of

t he adsorbent thickness is |l ess than about 25 % of the

thatmiagtlichadsionstien and desorption stapsefithebescess. Thadkriebe
st andard devi ation of the adsorbent thickness be |ess
unifermihean ba sssessed fromunsasyrementsahhssthiqkpesopf the adsorbent,

oGP REb eShBE BBF R s ThE R o
thEAdsGift B ich tHaP Pe° Safiard e IRIGH OF fis BACIAGS 16 Tess than

ablone §0%hof the AdsardtitknesyeMaore preferablyc ditsstandardtdeviation of
for transport of the CO and optionally water conputed
the thickné¢sspdfithe adsorbent thiclordse is lessthancabgiud 24r % ¢lavarage

tipkgers bt egniengBprRpEfErTeb ot e BRoaHeligian of fie'adifibent
RO 158 n JOUF I8R5 RARPRERS AiRpR 0Lt 1 L Che

average transport diffusion coefficient of the heavy

[0060ONneMal@llgtiéh 8f fiisB ndssrdmRerfrardcsiiRbdiinels welltkidwn to
point (x,y,z) and "Lpal h" is the distance al ong the

these avimg erdinareskilrin the asti a1dea detafled disdussionris plrbfore not
fromthe feed channel to each point (x,y,z) in the

ne&é%ﬁg}lm-. The tinme constant is the mnimum of the

possi ble tine constants (Dpath / Lpath 2) along all

i bl .
0065 & (RECS WA AP s SHATREIbAgh e okl tover i
tirie sonaasty t3for traﬁsépmobﬁﬂqe CO, tahdroptionaly Seateflcompatddedt each

in the adsorbent (such as that which may be incl uded
poirfrinithe adsarbantenléon 3 planer adsvrbentshest withathéqhoress i thei x
.1t .and : oipts within it are not included in
GRS b RSt Bt e A of ASLHVES, b e
coftbtaRfGN of BRFhERy CorhBlRIN & Pe

Ta [X,¥,2] = Minimum[ Dy, / Lpathz] (in sec)

where Dy, is the average transport diffusion coefficient of the heavy
component along a path from the feed channel to the point (x,y,z) and "L,.4" 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 (D / Lpamz) 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
transport within it and (x,y,z) points within it are not included in the
computation. The transport diffusion coefficient of each species is taken to be

the single component Stefan-Maxwell diffusion coefficient for each species.
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the single conponent Stefan-Maxwell diffusion

coefficient for each species. The average transport
walrdoBagidesr coefficient al ong the path, Dpath, PCI/Uk®08/006278

linearly averaged diffusion coefficient along the

path. A linear averaging is sufficient to provide a

di ffusion coefficient characterizing the path. Wen
Thédavdragy yraaspao déffusibasoetfiviespslong shé pathd D g5 dre linearly

coefficient, Dpath, is also conpositionally averaged.

avereged) diffusiomceafficiens iatong thematis Aolineasraysraging és swidicient to
it. d . . _To .th tent. that. th
pravide A ROR PP ERiSR CoigiEzing dhé fath. LWHeDEhE BEAVY o

rri: uring
cA o RRL ARSI S LRI Ll 1
coniposigenhallynaveraged. ofhé diFnniGPESsicidnt depefdLoie ténparature
is chosen such that the tine constant for at | east
artehit imayhdepemidnens piassureo Morthy extent leatahie diffasion coaffidient
not a.dense, solid i ess than the cycle tine of the .
Ch&PSE% dtmugppe aﬁ?’é‘ﬁéa 3J8¥ a?e YFHWGWEF%@‘{‘% PHissWiscchanges ppeurring

I ' [ n
A0 B, I A RoBBRTE LR NEGiE ot HSetagB SRRV the
adsBfbend $8/h Péfetdty is Shofin sicHaRaethedrhé cbstafBforla?d¢hst half

the cycl'e tine of "the process. Even nore preferably
the Ipeinty €omyelunis)dk nhe adsdrbeticthatisandianderisasetidiis less shanthe
such t h&t the tinme _constant for at |east about 75% of
C)icrretla’@i tthe prpcess) diase preterpblya thopvreage tiigkness afghe

d S hout  25% of. & he C ti ne,
ad5fRRe ey Bu koo Fodishii Foos Eptichuiton e RS BupwidFigp of
th@pofHt edr VolUaR)8H thORASTHEAShATR IR TREIME Ybfid'ié R8s T3 the

be limted during the adsorption step. The heat o
cyattsometdfahe fpooceSE2 Bvenanoreoprieferablyl theesverage thicknessn g€the
from about ;15 to about 40 ki]o-joule per nole of

cQp
adgaehsnblayer vy ehosenisychdbat the tiae sonstarsrior lab legat abeuti 5% of

rature rise for an adsaorbent | oaded wi.h.1
thf PR, Bore¥ i) S € e AL inol AETSe 3bfiflis ess than about
2 P4 DTHIREBY 18Rt E 0P fhd PrRefnge from about 200C to about
5Q0C. For internall eated contactors it is preferred
tolimt the tenperature rise during the adsorption
[0062) t ddradther mtermaibuhea?€d) 6r bytermally heuted icogtagtors the
thermal nass. To acconplish this, the ratio of thernal
tempeEAtyLs risesmuskbe imited dwdng thendsomtion stepe Fhedrsatiobut

adgc_)%%ito%nofo?w} in2caqpo%i@ rze(?(];l‘latre'rs’1 I?sl i Eil panagert?gr%eaﬂcoru?%%g% tout 40

kilo-joule per mole of CO, adsorbed. With this heat of adsorption the adiabatic

temperature rise for an adsorbent loaded with 1 millimole of CO, per gram of a
cationic zeolite adsorbent would be in a range from about 20°C to about 50°C.
For internally heated contactors it is preferred to limit the temperature rise
during the adsorption step to less than about 20°C by incorporating a thermal
mass. To accomplish this, the ratio of thermal mass to adsorbent mass should be
in a range from about 0.02 to about 2 and preferably in a range from about 0.1 to
about 1. For externally heated contactors the temperature rise during the

adsorption step can be limited to less than about 20°C by pumping a cooling
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about 1. For externally heated contactors the
tenperature rise during the adsorption step can be

wo 2ovBtI€3968 0 | ess t han about 200C by punpi ng a PCT/US2008/006278
coolingfluid through the heating/cooling channels or
passages in the contactor. In one preferred
enbodi nent, the cooling fluid is water. In this case,

flbidetht dueghnhle Ratingicoolikgrehannély or passuges in theovontaetdrt dn one
cool the contactor can be dissipated with use of a
pr@ﬁ@"mdugmb@dsnentl theapnnling fleidois wvatent In tlwécmotheh@ermal

el e B B b o BBk disipate

R PV PR 217
(ga$ of Miquihatigtiloveingndsseth 4 hefeigehatidiecylat Be e ahbetier

removes the CO2 and optionally the H2O. In this case,
emhedlm&ntuféntcmqussmoled wui@rﬂmmgamefzﬂueng that bias R4 and
channel s g actor in irection. that
WEGRACBPYEDs T eflh@ ¢ @8 thayhaspasseslihopugh the Gpdactor

OR
KRB S A B ATRAR, ARG T B SRR s passed
thiGugh methehﬁﬁg}c%ﬁﬂﬂg%dhﬁel%'o? Qh@' b'bht'&@tdr hif adfiftidhi that is
step to | ess than about 200C. a thermal nass is

cammi wrréntao thx drectadn pf Hlext eﬂﬂuc gasbeig prioeessadito refmove
mass_t o adsorbent mass can be _in a rangﬁ from

CQbo fior sxmnalbv hented csznﬁa%prﬁ dleisalgmhpgssitie g0 ruaﬁg ¢1Rgh mass to

t W.t h n

tBHIHE ictodeluffading B odl AR a0 I A8 Hin bRl 2R 152
thEhﬁblt mh§CishRBRSWitH Hh %xférﬁ@ll%"’ﬂ@ﬂe@%nta%t&dtﬁ@ "thRd of Qhermal

sharp concentration front adsorbed CO2 noves al ong
massetol aisgtend indsk ean dwetiac mngd dfrom @bbhe0 Adstorabiouod anidep

of the TSA cycle. Near the beginning of the adsorption
prgfeéfabl.‘/fm@eragg@ fwg.ah@uw ltogaboubdough the contact or

and CO2 is adsorbed in the adsorbent material nearest

DB}, T 825 PR s, T SRR ana ps

mé&RIoNiMft the @erﬁﬁéﬁaﬁ%%se whén @‘@2% kadorPed, a sharp concentration

concentration falls precipitousl’y at sone point al ong
frd)ﬂteofcadsbsttetddEO@ maeyesraengthelengtihef thewsintacbt dating liee
of the regeneratign step._ The positiqgn at_ which

adﬁﬁ@tws%% o b S Agrxcder rNeardhe bseinning o the adsorptiom step,
08 s BRI T3 KA R o8 i e
adsorbent material nearest to the entrance of the contactor. This depletes CO,
from the flowing gas strearh that passes along the length of the contactor. The
adsorbed CO, concentration falls precipitously at some point along the contactor
to approximately the level left at the end of the regeneration step. The position
at which the adsorbed CO, concentration falls, moves along the length of the
contactor towards the exit as the adsorption step continues. This movement is -
referred to as an adsorbed concentration wave that moves along the length of the
contactor. A sharp concentration front, or gradient, in adsorbed concentration

along the length of the contactor is preferred because it enables the feed to be
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referred to as an adsorbed concentrati on wave that
nmoves along the length of the contactor. A sharp
w@ovsesds@at i on front, or gradient, in adsor bedPCT/US2008/006278
concentration along the length of the contactor is
preferred because it enables the feed to bepassed
t hrough the contactor for a relatively long tine
paseéd theroliph ¢hd tbmtavgin'fonh relatvélydoagtimebefore dbteaktierough” of
adsorbent occurs. [0064] If mass transfer is not
thg feedsdream thieugh e adsabeittoofrS. be shallow. Such a

condi tion resul ts i n adsorbate beginning to escape the

(038175 P Parb s WO SRS ebRERS At bOshatiow.
Sﬁ{]}fi‘él EBﬁéhtﬂo% Ieglmseme&ds%&é ek E@E?éa ¥$hé’ cﬁﬂ@hior long

annels for the teed fluids™to trtavel hroug

befermﬂrecnmitaabﬁ 8 capacity woadsach i welliutilizednllh practive, high mass
passages or channels for gas flow _[0065] Wen the

tranpden iStachievieddm proyidingvelatiyelyasgall wh@wgeﬁs dor thedeed ftuids to
f .t ct th { t {
sy w8 o158 & R Bt BBt 16, SRRT A Popsaces
Omﬁnﬁgﬁ%ﬁggﬁﬂ' osv.heated. In a preferred enbodi nent,
part of t eat used to regenerate the adsorbent

cones frominterstage cooling of the conpressors used

[0065F 0 rrpmm theexdsapttioneffofiO0r tvave breaks dsroughait eiie eXxiaof the
about 000 psi, for transm ssion via pipeline or
C@é@ﬁ}estthgadmrptlpn step \@rsé‘ﬂque@d W&enw@apnds mmatqdo To

reggicia G Goakiker heads Rt behted ol 8 areehien Srbedieh, par
oﬂh@fh%ﬁf"@ée)ﬂ t%rr%g&g{rafmg A28 ilémg]boutd}g 61%&%‘?@ cFlmg of the

and nore prefera greater th
camepressure ueéd &de@mpe&s@éﬁ ggtutétﬁcmﬁbé}ﬁémre@ﬁehfw th&iabout
r

conpr essi on process the ich gas heats up. Wen
1,00@ psiefasdransorissien yisepipeline or seGOBdatians tIag;e;mferred that heat

d dth l.e
g R BT EPRIIPTSioER <GOBNE PURD o SPegY ARG EPIEIRSria & quantity
o AT 0 )l S ARG v
jouleagerahole, add Qaeprbforg6lyi gréste thdneasdut R0NEGR-fdde per fHole of

conpression. The heat extracted fromi nterstage
adsodieidn @anlntthe coatctor. dlurjng thoopmessssian processther@Q, rich

e s bR G uatirg CRAFGGHOUhdS0h ceaseh Of Bompression
is ‘{J&Jrﬂlﬁﬁ{ed%?itthe%ras lid c&?l@d,bﬁreferably with use of a heat exchanger
before introducing it into a subsequent stage of compression. To compress a
CO,-rich mixture to pressures greater than about 1,000 psi requires at least three
stages of compression. The heat extracted from interstage cooling of the CO,-
rich gas compressors is captured with a fluid such as oil or water. The hot fluid
is flowed or pumped directly through the contactor to deliver heat, or it can be
passed through a heat exchanger to heat a secondary fluid that delivers heat to
the contactor. In all cases, the temperature of the fluid delivering heat to the
contactor is in excess of about 70°C, preferably in excess of about 100°C and

even more preferably in excess of about 120°C. In this preferred embodiment,
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passed through a heat exchanger to heat a secondary
fluid that delivers heat to the contactor. In all
we2me4439he tenperature of the fluid deliveri nBCTEs1008/@06278
the contactor is in excess of about 7Q0C, preferably
in excess of about 1000C and even nore preferably in
excess of about 12Q0C. In this preferred
therheatidenwd froe hredstaperdoodihgf ofathe ICO £compassorsaddlivgromore
the CO2 conpressors delivers nore than about 20% of
thap abenk2@ip ofthaionsmry wquitgdrieregenerate the edserbent and

peBftoBly ot Faniano v 403 Bbine <nierey reaviesilioudtercta e’
adsBffert LSl Oof ﬁgﬁqﬁéﬁéa‘i‘l B S&Pflﬁgl%g%:ft?éel'ﬁtestﬂe%n%ctor is

medl um grade wast e process heat that
lodt sccmiediutn ighadediasterprabegsriesac dst 3s ofteR @dcaliat inl industrial
supplied to regenerate the contactor by passing a hot
Process@s.(gas or liquid) counter-currently, co-currently,
or cross-flow to the direction that the flue gas fl ows
during the adsorption step. In one enbodi nent,
[0066] vi ddeat isagpplitd tofegenerats the d:(mtac:tonb?qia@sin rachot fluid
stacked or arranged so that the average flow of fluid
(gasipr Hguid genataatqustently, eovmureantlys e arossrilewy te the direction that

ok S R BAT uEE Kb Rachymlin Sisd o e RBoBigaentiiVidual
Segﬁ‘ﬁh?sc??é cf%géftfb\g%?ht&% fﬁ@.tstegtfkeﬁ rb?ggx%!ngeefso %hat the average

r0Ss- ow anger wt an adsor pent.

fléw ef $hiid deringrbgagaation ieconitenirnt of 06idugtenttsd eitSaverage
for use with the present invention because their

direstipact towof é‘!mgas&urixgg theridsomtion stepi @mehway to construct a

crpss SR Gtonitan i thamial ant eGP LAMBRBGr: Giosod gt gxchanger
. ; . . o

8 38T 5 OGRS e AR or e

witlotiee prseritiihventi i bbcause aheir RofPacCEN figlatidn 88 ¢hi8Ved via
than others. This would | ead to uneven performnce,

higlx et transferrepefficients. Hawiedr, when heat angmeass transfed dswn

st eps e perfornmed separately fromthe adsorption and
engigRisd o F teREBRIUTOHRd T thoRe SotiRlcbannanond . cu

i . - C, C men

coB AP TR 0L SIBLRS s D A BOTBNFhave.
sofiRgRIzefFtidrPpaths heathip €61Cet0] ohvii)atliér tiah EheéraN THis would

fl ow during the adsorption step. The crossflow
lead to uneven performance, except in the cases in which the heat-up and cool-

down steps are performed separately from the adsorption and regeneration steps.

[0067] Figure 7 hereof shows a cut away view of a cross-flow contactor that
has segments stacked so that the average flow of fluid during regeneration is
countercurrent to the direction of flow during the adsorption step. The cross-
flow contactor is constructed from a cross-flow heat exchanger which has
impermeable walls separating two sets of flow channels. The wall 701 can be
comprised of a material selected from the group consisting of metals, ceramics,

and low gas permeability polymers. Flow channels 702, 709, and 711 are lined
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contactor is constructed froma cross-fl ow heat
exchanger which has inperneable walls separating two
W@ ea08/1e9968 | ow channel s. The wall 701 can be coP@FI/US®A8/006278
of a material selected fromthe group consisting of
nmetal s, ceramcs, and | ow gas perneability polyners.
Fl ow channel s 702, 709, and 711 are linedwith a | ayer
with 3 lapert 20 cograining daardserttent. FFigure 7sholwovhetfluey chemnel lined

channel lined with simlar adsorbent |ayers 703, but
wighsirilar a@sogln@tday\erégwd but eptionallydens eahuse diffarent agdsorbent

layg fo 5 eeh or e, 3SEbeRTingd HibethPcbolL 705, A€ zar.
P%Eé&%ﬂ prdg @?@gﬁ&%@fﬁé Eﬁ‘s%gdftfn%‘ﬂgtﬁnﬁg %ﬁk&rb@ﬁ?hg&p Bow

ontal ns east one adsorbent

chaahelsti02e 709; arah21br Thierlgy«f703ontuins ait leaSOsneadsdvBent
The |l ayer 703 can al so contain m cropores, nesopores,

sekectivelfer onepemeare of (CQ.,axatsr, pSiDy and N@xpiThedayer 703 can also

cof B o e anir S L% P B e eLoke AlhIE
m%ﬁgggﬁlﬂta ﬁéﬁ%@sﬁb@ﬁ‘% %}g&tqﬁl s 702, 709, and 711 and

ass sequent | 0 715 to 725) from adsor bent
I|ned channels in one cross-flow segrrent t o anot her

lof. 11 .t0,.709.t0 702. Dur ti t
1OREBF ;| Piripg 4 B4SatphER 51 Sofkasds torveg g g, e Hisorbent
bR 827 20PTSLd, TP find PR qheial (1R to 715 o
725y frorh hdserbeaslihtd vhaaails axeh@BaRk-fldMisegteht® another (i.e.

desor&tl on stg) the fluid flowing in the heating /
71dde! 799 te AQRn 1gm7g)the dze_soqamn step h@gékle@ (gas or liquid) is passed

tigieBofie St Roating chamecl M08LaLand 7B ' B Comtorshat are
1@&%&9 tﬂ@ﬁ)ater#zﬁoﬁﬁ] uged tb%nﬂrtflé' Qméwﬁﬁgp@xiﬂhggeg .l’t?ﬁnng

e Cross ow contactor segnents are s
thédedorpeiah sty thedhiidflehinarial the Avgting » 066lih® Bhak1$ 708, 710
connected in series. Even though each individual
andrd2spasses\comder-cuntertdy (035 tn:745)ntoothe averagetdifdotioncf flow
counﬁler current flmém _ZJ{ '2% onbi nati on of several
Jhe adsorpion; step 10,213 9 co-current flow or
counter-current flow node. This is anal ogous to
connecting a nunber of continuous stirred tank
[00eAct orla tgcgmangynmng&hmm in igiren7l, thecrospiflay tontactor

seér%%ﬁ{s are spncieg zT‘trllnt Both he heatmg/coolmg channels and adsorption

channels connected in series. Even though each individual cross-flow module
does not act in co-current flow or counter-current flow mode, the combination of
several modules in series will perform in co-current flow or counter-current flow
mode. This is analogous to connecting a number of continuous stirred tank
reactors (CSTR's) together to simulate a plug flow reactor. One advantage of .
this arrangement is that the axial conductivity of the whole multi-module
arrangement is very low. This facilitates the use of metal in the heat exchange
portions without degrading the temperature gradients that pass through the

module during regeneration. In one embodiment of the present invention, the
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this arrangenent is that the axial conductivity of the
whol e nul ti-nodul e arrangenent is very low. This
wo amBhiet es the use of nmetal in the heat exche@myEs2008/006278
portions w thout degrading the tenperature gradients
t hat pass through the nodul e during regeneration. In
one enbodi nent of the present invention, thesegnented
seghessed tiwssdlow gohtacsoraraee prepassdoithi diffedérftiadsertients so as to
adsorbents so as to create an adsorbent gradation in
creals apvasisgrbent gradatiamip theioveratheentagting yaite rkhis arrangement

B Rl P B S DR ecause
thR Qi ffERY ‘ébfiﬁoﬁgﬂt@raﬁ‘é ?ﬁ; be rE’éon}E@&‘ E@%frétey, (ot e SV E first
conp u ere wt t unct

onent Inter ioning of a

refiovedtor 1R ovdidd inteefege withntbeifogetieiiag ofef dovenstréanl
adsorbent). In another enbodi nent of the present )
adsarhent (@8, ramhevimgawvates bafase ar¢CQngdsbrbent) hbx aniber ¢rabiodiment
terial can be cqllected individually from one or .
offBe grsssat Benion, theompdHles ie aviangesh st that disorhed matssia! can

be Sollechis ‘ﬁz@ﬁ%ilg rl*r&ng)rﬁ?gdrr rﬁﬁx%t 0 es W0 ¢ k’ftﬁf%%ve

e connec erie € purpose of ~adsorp

mbvés ﬂh@on%g’l’i.aThSi is{ tHe ddz@rprivPelemnel sysemnsrthkiddules may be
[ 0070] Because of the way the isotherm changes when

connectadgnisbans forethe purposeG adsorptiabetdngratali¢lefor the purpose
dsorbent regenerates. It is preferred to cool the

OlIEEeRFIAUPNt hat has been regenerated at the end of the
regeneration step and to transfer as nuch heat from

10976} B aGhRE oF ¢ WASRE iU FUBHCARREASIAN I, ARG peats
up'ﬁ @@,gmewabé@ aAd e a@drbenet rebendtaledadt Rrpreftédiio ddtithe
as ’

een passed through the contactor that has been
contagtorcthat bas beeroregenerated avthetendtofi the reggnenatian step and to

T L R Rl

onbliR OB SR B eBhefhucd Pl PeSorPhliyff fy routing

flfia rqgascbpnqafd theét RRbeeh pabsed RIS el OntadtBP AR Has been
preferably at |east about 500C | ower than the average

regenepatedtintoea obntiahtordbatt ia bieginrang theregedemationtstep. To cool the

regeneratjon step. This fluid heats up_ as it passes
COPFﬂ%‘PIg‘E?*‘% has benn tegensTaleds Huif 45 Mproduced antosthe keptactor that

hafs 'b%\ﬁ geée%epft%& ar'l t@r%?)tequa%recﬁ%aas? B8but %]’CE‘ loovsr/eerftﬁgurl %ﬁje average

temperature of the contactor at the end of the regeneration step and preferably at
least about 50°C lower than the average temperature of the contactor at the end
of the regeneration step. This fluid heats up as it passes through the contactor
and this hot fluid is then flowed to heat-up another contactor. In a preferred
embodiment at least 20% of the sensible heat given up in cooling the contactor
to transition from the end of a regeneration step to the start of an adsorption step
is transferred to another contactor and in a more preferred embodiment at least

about 50% of the sensible heat is transferred to another contactor.
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enbodi nent at | east 20% of the sensible heat given up
in cooling the contactor to transition fromthe end of
W@20080¢3%8% at i on step to the start of an adsor ppCDOSEDEM6278
is transferred to another contactor and in a nore
preferred enbodi nent at | east about 50% of the
sensi ble heat is transferred to anot her
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Thdse hedtingicoalihg flosv hhaInehgimnxnllnengydieatdﬂleécﬁlt@c&OrMe isolated
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e.

coffieirs duif dlord srdone A eairle/esolini Uiaaelsiinbd Githesen gas
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tenperature’ of the contactor ring t

sush ap vaer qr el .efrmbll\cabdxe it isrdesired thia the t@hpérﬁﬁﬁré 0?¢hé&fluid
her than the average tenperature of the contactor
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d
tefRPBRLT he 2ohPElFHunly e siion SeB oA rebly the
terRPERI e 193t Iddst 5804I BhérMNas tFPav@hge temperature of the contactor

during the adsorption step.

[0072] In a preferred embodiment, a thermal wave is used to pass heat
through the contactor as it transitions from the adsorption to regeneration step, or
in transitioning from the regeneration to adsorption step or in at least part of the
regeneration step or in at least part of the adsorption step. A thermal wave is a
sharp temperature gradient, that moves linearly (i.e. approximately in a single
direction within the contactor) during one step of the thermal swing adsorption /

desorption cycle. A more detailed discussion of thermal waves used in TSA
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in transitioning fromthe regeneration to adsorption

step or in at |east part of the regeneration step or
WO pooati4d9etast part of the adsorption step. A t hRCTEHE2008/006278

wave is a sharp tenperature gradient, that noves

linearly (i.e. approximately in a single direction

wWithin the contactor) during one step of the thernmal
provessgs aais be found i cogrendirig U .A¥oh-Proisiomad PdtirdiApplication

di scussion of thermal waves used in TSAprocesses can
Nee_found in ¢ lsdmn_ag_u_s_ubma%gnﬁmn@y DogkethNo.
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kichgheretis Ino sigaificant thermalywiale paesent frethesddseaptéon stephwhile
regeneratl on step. The presence of a thermal_ wave in

thege'i @a%gn@&ﬁ@t Fabiyaye ip fhe rageprEationyter; hedretenss of a
thérrh AR B A G0N SORNSSE hASharyh Sihg pENIRRIR one

ect's inventi orn
re éﬂb?ﬁﬁ'@ﬁ byélbxenhswsnaé azﬁeﬁm) dFONEHNd BELHRESH e ét8 BfithRd
O tenperature-sw ng t bed. This, in turn, “i nproves
inperdooes sviath iis teesubstaritiallyl reouperatd arsd tdvevesthedieat eequired to
hi gh desorpti %n terrperat ures that would not normally
temperatws seingthe hedy Jhis,jartam. dmprpves/pocess %ﬁfmmcamlrc glso

Li r _heat recove
enfibisiithE ust br TES high S plton Rinek S5 Pesctnde wiolt hathfrmaatly be
cofSidersd fr TIApklatich.f | ow path between different
contactors is determ ned by valves which are tined and
coordinated to route fluid between contactors at
[0073r oprTaeHfigaithy stilize altkennanaave forilegt setovent,ithe fluid
ccle en fluid fl ows hetween contactors it may al so

6 contacker Bastedrygsnt o anothen soptaciasnohstiuid flow
paﬁ?@émtereﬂ"alfﬁ?er{t OMtors ¥ dgtermmed by valves which are timed and

coordinated to route fluid between contactors at appropriate points in the overall

swing adsorption cycle. When fluid flows between contactors it may also pass
through a heat exchanger that adds or removes heat from the flowing fluid. It
may also pass through a compressor, pump, or blower that pressurizes it so that
it can flow at the desired rate though the contactors. A heat storage medium can
be configured so that the energy from the thermal wave moving through one
contactor is stored before it is passed to a second contactor. An example of a
storage medium is a packed bed heat exchanger that is cyclically operated. In a

packed bed heat exchanger energy is stored by the heat capacity of the bed. A
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may al so pass through a conpressor, punp, or bl ower
that pressurizes it so that it can flow at the desired

WO 2108/1439681gh t he contactors. A heat storage nMeRPCT/DS20881006278
be configured so that the energy fromthe thermal wave
novi ng t hrough one contactor is stored before it is
passed to a second contactor. An exanple of a storage

theadallwaveé nioves thkaskibee tields thednengers sthreid dsswell as when it is
cyclically og;r ated. In a packed bed heat exchanger
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stenairgd heat a@nbitigl mateeial sacnass ndrolith t er nati vel y,
energy can be stored in a heat exchanger with a

structured heat adsorbing material such as a nonolith.
[003dl 4] Swsesalzother thermahproagss priegrations par hearsed te utitige the

be used to utilize the ther.nal ve behavioy. In one
therppel s behavier IR e erodiment adhermna) aveoisaissy 6 pas
erfbrf ROAEh onlalfr RACHALEr RIEAGHREN 4 focbndRERMbrqr that has
fiishewtheerisothtion stepanads deingheaked fdi r%g@fféiﬁﬁbﬂem this

separate neans of cooling is provided for contactors
enpedimsoit ngeparataigeaps ofcoslingis providadsfor coatlichenstundesgoing

ok GBS e n sROH VLo Raof Wi ARt Bert

s 5200 18Rall108ASab ARG 8 0 SR s

firsiSaribeRidsofgtion sttP s taftinY toPbd RYeRBratddV FiphrePRhereof
heat fromone internally heated contactor that has

illbsteates dye embadedeno(iz. ecoswoLatiieantabwaviead passheat from one

. finished the adsorption step and is being heated for
mtﬁé@@fb@h%&% ﬁ?‘.ltaft%‘ﬁg?t hascbeshTegergpteddnawecond mogtactorsthat

hf i SR e e i TR T e bR R e PR ) e

contactors in Figure 8 is overlaid as a

[00%S] t r aEPEsRAttof ShowR P Figife @ark k&1 AR A Befed- monolithic
Fi gure 8a shows the hot contactor 801 at the end of

contastors pdithe Hipewhosvrejn Biglire 4dwreefl. Tlntemparatud 31 that

has fini shed an adsoyption step. The darker gray col or
coglacterayn i;hgg‘frﬁ @&ﬂc&{@ﬂ% AS geeMINARPA ey gray, icg?mmg on the
cohw&%atﬁ'él?re(gaosrhows the hot contactor 801 at the end of the regeneration
step and a cooler contactor 803 that has finished an adsorption step. The darker
gray color overlaying the contactor 801 indicates a higher temperature (for
example in excess of about 95°C) and the lighter gray coloring on contactor 803
indicates a cooler temperature (for example less than about about 40°C). Figure
8b shows the initial stage of cooling the contactor 801 and heating of the
contactor 803. To cool contactor 801, cool fluid 833 is flowed through the
heating/cooling channels of the contactor. As a heat front moves through the
contactor, the temperature of the end near the entrance 805 approaches the

temperature of the cooling fluid 833 while the temperature of the far end of the
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exanpl e in excess of about 950C) and the l|ighter gray
coloring on contactor 803 indicates a cooler
wo eovpasrbtire (for exanple | ess than about abouPCHOSID)S/006278
Figure 8b shows the initial stage of cooling the
contactor 801 and heating of the contactor 803. To
cool contactor 801, cool fluid 833 is flowed through
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heat front noves through the contactor, the )
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embodiasnt stream@it7cdmes 80 theninegrsiageaiookdrs efithd3ddmpeessor

flowed through the heat exchanger to provide heat .
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heab érono thrangh that dstactoe gad ehatémperaturp afthe endneat the entrance
cool contactor. This stream 821 drives a heat front

823ris megrlytthet ofshedot dluid 831 while hefemperatureof theefapgad of the

copSR i $F KNS Sipt i e eminerAaye AN ecppation. Another
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. 831. T . b t
in & coiptaaonthas 1 Sasemingsials Bat Qfi ik ek o 66p bEGReR10 PGk
an@ftfer Qonffor? An' G erh Boffiknt O LOGT AGRNN el 887 108Nt back

to form stream 833. Optionally stream 831 is cooled via heat exchanged before

it is sent back to form stream 833. As shown in Figure 8 the changes in the hot
and cold sections of contactors 801 and 803 are not in the same proportion. This
is in part due to the fact that as molecules desorb some of the heat transferred to
contactor 803 is taken up by the heat of desorption. If heat exchanger 815 is
used to supply heat it is possible to make the thermal waves in the two

contactors (801 and 803) travel at the same velocity.
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to formstream 833. Optionally stream 831 is cool ed
via heat exchanged before it is sent back to form
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hot and col d sections of contactors 801 and 803 are
not in the same proportion. This is in part due to the
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Tenperature in the first half 863 of the contactor is
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of the far end 869 of the contactor remmi ns near the
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cont act or whi e front In thé other contactor has

inghe gtleseataitothad progréssed aboilit twiethimls ofl thagvdyhalong the
contactor, This difference in velocities of the two
carfiegtanl Thisghiffsrencedneelocipes of the twactheemel Fonts is due in part to

deso bon. Coldfluid.dri.ven out . .gf th ontactor i,s
g FERLPLABBh-ncord i BYEGABERE BisdotadbrisOEaféraadg form
sttAnP8HE Wi OR CBALIAAES to be used in other contactors.
[0077] Other thermal process integrations that can be used involve shuttling

heat between one or more contactors undergoing an adsorption step and one or

more contactors undergoing a regeneration step.

[0078] In one embodiment, the TSA system may be operated with two
contactors, one undergoing regeneration and heating while the other undergoes
adsorption and cooling. This embodiment is shown schematically in Figure 9
hereof and at any given time, an equal flow of heat transfer medium will be

flowing between the contactors for heating and cooling. In the example shown
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[0077] Other thermal process integrations that can be
used i nvolve shuttling heat between one or nore

W@ o0v8Aa¢1968 S under goi ng an adsorption step and PEEUS2008/006278
nore contactors undergoing a regeneration step. [0078]
In one enbodi nent, the TSA system may be operated with
two contactors, one undergoing regeneration and
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cooling. This enbodinent is shown schematically in
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rightator ledinthe dvin gommlimg hediunt 1869 fcecateseal thermid Geaviesuch that

i ntroduced into the heati n / coali n% passages 1911 of
thecontactesiinit AR0 s epoled o‘fbl er‘ihﬁ\hﬁat gnsley medigm isreheated.
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transfer nedium 1913 iS recircul ated bac heat t

mbfteriad leaviigtiteasystem thot)dtine haatnhasﬁbe:wddetu@ mOrdasathe
| osses (for exanpl e, desorbed nmaterial |eaving the

temperatirof thedwthicabtransfos mediumdedts Qr@gmnbtegmamne in stream

rat ure,o t r ansf um t
muf ee%’pae(t‘ﬁ{jﬁ?% reﬂulbrﬁﬁ bsat 13 ed i S#iF@fgrlg) lé, By passing it
15@61@@5( h #sheat is added to stream 1913 by
passl,llt ng |tctﬁ%€r heat exchanger 1917. [0079] In one
enbodi ment of the present invention, heat is renoved

[0D79M t hin aeo¢mbediméntasfahe presedi umehﬂomihéﬁtéis ferhdveéd from the
predet erm ned tenperature notw thstanding tenperature

cag) B transighmed i to maipipin dtaia predetermypadcgmperature
notwithstanding temperature breakthrough from the contactor unit. Typically,

the cooled heat transfer fluid (exiting the cool-down step) will be at a
temperature that approaches the separation feed temperature. Cooling via heat
exchange 1915 can also be provided to decrease the cooling fluid temperature to
a temperature lower than that of the incoming flue gas stream 1919, thus pre-
cooling the adsorbent to a temperature below the incoming separation feed
temperature. The flue gas stream 1919 is passed into adsorbent lined channels
1923 at the cool end of contactor 1901. The flow rate of the flue gas is such that
CO; and optionally water, SOx and NOx are adsorbed before reaching the
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the cool ed heat transfer fluid (exiting the cool -down

step) will be at a tenperature that approaches the
waepanason feed tenperature. Cooling via heatPERUkzNG 6278

1915 can al so be provided to decrease the cooling

fluid tenperature to a tenperature |lower than that of

the incom ng flue gas stream 1919, thus precooling the
thertnak frent. fIhegprogrgssioat eff the bl¢raval tfrenti(or emvey through contactor

separation feed tenperature. The flue gas stream 1919

190 ispletted 192 sehepatealty in Rigyrefannel s 1923 at the

cool end of contactor 1901. The flow rate of the flue
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contactor 1901 is plotted 1921 schematically in Figur
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Lr [ bent cl t.to the i.nlet
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ensel ves from strongest to weakest al ong

Forostanisatient nastedalzeniatdrriothe ilst strérigly adeoibedtcophiponent of
the adsorption channels of the contactor. For nost
the dbisrgasrmixtares rinaalk casga @etharys comesenmationsrentrgbyes through the
S
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Stedanm 1928 ¢assrpes fiom tHieadsosberft ¢l Ghafthels AI23G47h & bf the

Stream 1925 energes fromthe adsorbent |ined channels
CQ9eanovehand optiohaliy enasoef therwated, SO ansk NOxaalsy remsved. In

of .the,water,, SOx and NOx .al so renoved. In a preferred
a ReEsEs odjment, the,eamppgifiogof streamn] 92y is sughghgimore than

sl TRA%4 SR PP Ao AR ORI DU Hig i
the fluerda’d 919erelsns BRNidsofditeharld3 923 BRI Ed. TR Figure 9,

Figure 9, the oriéentation of contactor 1903 during a
thp peehtationaafswnpadton 190 duriag aspretiouk aidsotptiomstep waalsuyh that
thf FrigserEssE) RScrhed SBRROBUTETIGaSIS? B g1 PRI e Tuid 1905
is {ritPStuced" ’[Wevr%)otiBH ro%ﬁg tﬁet}ﬁla‘f ?H)tn?%rovrvaivéc') through the contactor is
plotted 1931 schematically in Figure 9. It is seen that the thermal waves (1931
and 1921) move in opposite directions through the contactors. Depending upon
the detailed nature of the sorbent and the molecules being sorbed it may be
preferable to arrange the piping between contactors so that the thermal waves

run co-currently through the contactors.

[0081] When the thermal waves 1931 and 1921 move counter-currently
through the contactor, the region of the contactor containing the weakest-held
adsorbates will be heated first, followed by next weakest, and next, until the

strongest-adsorbed materials are heated at the end. The order in which these
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plotted 1931 schematically in Figure 9. It is seen

that the thermal waves (1931 and 1921) nove in
Wo@pPel#es di recti ons through the contactors. De@EO008006278

upon the detailed nature of the sorbent and the

nol ecul es being sorbed it may be preferable to arrange

t he piping between contactors so that the thernal
adseresiey are released irtotthy atlsurbeghlitdibfloondiamnet $933 Aidlies the
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1933 matches the order in which they are heated. If

Dependang on gropertigs ofitlye adsorbentzit cambe advamageows/tospipothe
the contactors, t ion of the
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it can be advantageous to pipe the contactors so that

the thermal waves nove co-currently. In either case
[0082hr at Eheadsabates candkov bat ef thearonitactonbeiagiregenarated co-
different |ines or t/ess s . to alchi eve a, conti nuogic,
a

curtanily SRk c TR BNt the thermalavavepastinsotirapsh He contactor.
Instﬁﬁaﬂlﬁ%ﬂg?ﬁ‘%né I[tgg dedorbd sgg(zlgg PRLEH sctgﬁpqr{n/ llg?’S At oPthd Afsorbent

contac regener cocurre

lirfkdUdhagihe EUI33M6 1 doritfctb $90K @b ERler-VaMeNn AR 16 W dirBERMYBS the
the contactor. In this illustration, the desorbed

themealiwavd. | s alsogiossibde k93chiowt a ebntiheoustimmilticorhpbdnentd
channel s 19ﬁrof contactor 1903 counter-currently to
adsppptiye(@de2-shromatographic) separgior with a ce-caresat deserptioa. In
i,eve Nt [ QURUS I CORRQNent, adsorptive .
T e L R A
diftREBNH RS velht id Niisiafedin BIghad DY §uiadinEBREakdrRisorbin
desorption flowis takenTn t he opposite direction t%

compinents mubtuBoweaiaelt over Fhegsirenger-adsorbinfan thbevay out of the

er - adsor bi ng conponents nust f| ow back over the
begte ﬁ)‘gwgaapr%@bm PrpVade @ eteapsy condition afithe pdsprptipnsstep bed

éxgtg g«%sﬁgf%ﬁla&g@%fl\é'gg?y gfffllle%? %%?in%(%ﬂg ia'c:iisé)rgti?)];l s‘iel})e. It can also
give more-separated adsorbates under some conditions in the adsorbate effluent.
In an optional desorption modality a sweep fluid 1939 is used to assist the
desorption process. When desorption is performed co-currently with the thermal
wave a preferred embodiment of this optional modality introduces a sweep, or
purge, with a velocity that nearly matches that of the thermal wave moving along

the bed.

[0083] In the practice of the present invention, it may be desirable to operate
with a multiplicity of contactor units in such a manner that several units are

coupled in heating & cooling operation, while other units are involved in
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exit, resulting in higher-purity effluent during the

adsorption step. It can al so give nore-separated
wa@odmenpmses under sonme conditions in the adsorpb@Er/Es2008/006278

effluent. In an optional desorption nodality a sweep

fluid 1939 is used to assist the desorption process.

When desorption is perfornmed co-currently with the

adsb ticn (aRleér desorpticn ). €ls mmpbrmm thé cohtattemdandyeal
ality introduces a sweep, l:é_g wth a velocity,

sublsmntxaaarqwlcrdabz hlecscuhvalatmg htehtetra nalediumdeforei mgs switched

infe, SEiGeofor AomtpIn ol b dvaRids S5 apetationss Hiak the heat used
to@%ﬁl?%é %'e[iXs Pétaﬁlgﬁtlﬁ%lé’ éeéﬂk%ﬁf%ﬂn%& 1 oof?dy%%u&{‘ Was to

unirts are cou

proReédsinfiltanioul s \mth%oliﬂgt ﬁleﬁraesubgtsﬁitm attrzﬁdﬁ@ heAt idMthe
(and/ or desorption). In this operation, the contactor

bashwilbbedostgodhe adsdrpatestite fedsly antla lughcmheﬁtllmyi walbe needed
t r ansf nmedi um before%él eIS SWtc ged ipnto service for

toaregt@rwef{eolhigﬂwfﬁ@pawam dreat aas W@n i s that

the heat used to swing the bed is retained in the heat

¢
T N RN e B
tik rédiré® for ad%ofl’ﬁﬁn @@@eﬂ@r&tﬁorbﬁ)aly% sHoteriBan the tlmg required

adsorbate-free feed, and a highér heat |oad w |

fon elwemtaotorsaadmrptloh eapagity tochphulbt utibzed. hhmcﬂne@ases it may
transt nmedium [Q084] In addjtiqn, in many

bg %faﬁl&albf@ﬂ%hw meral aqtgrsyin the adsorbme phasé wbva@ fye paired

i SR T5 e ERRELAL SR S ORI sk By o

preferR&l érﬁbb&lrh'éﬂt' tteSstvetd] conbdetr3eRgagéd ilBdsdftion are

desirabl e to have several cont actors i n the adsorbing
cthaeted\nhlsleaat fashjom, sech dwtithe trmss-reuemhyrreghmerated contactor

heat | ng geeneratl on_ phase and the re-cooling phase.
umhlSathﬁ Ada linepand tshfirst undt iadine will be ey t%b@regenerated

d I
In AT brb R A BbU el o PRRRENE it 7€ bvihec T I Rialle,
subﬁ tﬁi‘t%a'cﬁ%‘ds@ﬂ%r 'tféaid & fracBOH of e Whbid fadd! tIlrol lﬂ:}; bhBther

be next to be regenerated. 1n another erre
embtbﬂ]mame,rﬁlermhlewads storaggdevicesarnsedaoesree@di dllow proper
paral | el , such that each adsorber treats a fraction o
timgg ohdeeyclsd. | n yet anot her enbodi ment, ther nal
wave storage devices are used to store and al | ow

[0659}0 ©T When the contactors are used in this manner, it is acceptable for each
contactor unit to be oriented in a co-current flow, counter-current flow, cross-
flow, or other configuration. However, in a preferred embodiment, the

contactors are used in co-current flow and/or counter-current flow orientation.

[0086] The present invention can better be understood with reference to the
following examples that are presented for illustrative purposes and not to be

taken as limiting the invention.
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timng of the cycles. [0085] Wen the contactors are

used in this manner, it is acceptable for each
wW@owsA¢¥6es unit to be oriented in a co-currentPET/U82008/006278

counter-current flow, crossflow, or other

configuration. However, in a preferred enbodi nent, the

contactors are used in co-current flow and/ or

Ecounaeﬁ-current flow orientation. [0086] The present
on can better be understood with reference to

B MR A——
[ ' l. 7). Ihi I
i RO VoA R LA o BN fgecss. luc s, or

steeaR 4 OmittdtPin 4 WIBY varie of indidtriall pr@ssés) Prebdige Bilthe
swW ng adsorption process. Flue gas, or stack gas, is

fleergag isdypicallyslightly abost atmbspheticspressire andde generally less
Pressure of the flue gas is typically slightly above

than tyeM@oseheiEessure and is general Iy |ess than two
at nospheres. [0088] A thermal wave adsorption process

0888 P A DS AL BB o RS PR PN e
profirabptdrAPlogeats $emese L@, RohrhbEitadlh a8y eThé eidrafl Wave

to renmove nore than about 70 nol % of The CO2 out of
adsheptainapiocgssusesragparalel ghamnekbcdritactoabo em8ve murestbdn about

the CO2 out of th t ack : n _nore preferabl
T4@00% 0Ethe Fidu pubef thel Soels eath ereferatiymaese thia abouR0 mol% of
f %, o/
hEEPE e sblck, sk i FRAE ol Rire o Poto €0 bt of
tht TOJ S6UsRfieisth SPAIRCRSSt predérabRSmRdrdtant abon 98 thBP% of
it contains nore than about™ 70 nol"% CQO2, preferably
the€}(@, outeof thb atack3fasnmA eGP omndOg rivh streaen jw mrfoduaéd yn the

nore than about 90 nol % CO2 and nost preferably nore ,
progess thatdias apurey suchdhat fteostainsrriose dhamghaut 70 mol% CO2,

iblustrates,a ther ocess Wth se nti. al
prefretiTibf Ao eBPRI RO A CR3CHTh Gy indid BAPRELE mare ghan
ablollf 98 MALEIAG] akPRIRE g%fe%ﬂ* fhord @%ﬁa@&fﬂdsﬁgom ¢05.

art can construct several ot’her potential enbodi nents

of thermal wave process to renove CO2 fromflue gas
[0089hg tThis exanpi¢ dlusttatgs a thermal wave process with sequential

adsorption, desorption and cooling steps operated with three parallel contactor
units. Those skilled in the art can construct several other potential embodiments
of thermal wave process to remove CO2 from flue gas using this example. Many
of these embodiments involve the use of other numbers of contactors to

construct a process.

[0090] In the three unit operation of this example, one contactor undergoes -
an adsorption step while another contactor undergoes a desorption step and yet
another contactor is being cooled. A diagram of the three unit process is shown
in Figure 10. Figure 10a shows the streams flowing into and out of the
contactor 941(a) during the adsorption step. Figure 10b shows the streams

flowing into and out of the contactor 941(b) during the desorption/regeneration
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of these enbodi nents involve the use of other nunbers
of contactors to construct a process. [0090] In the
WO boosg43968 t operation of this exanple, one conPEUSI008/006278
under goes an adsorption step while another contactor
under goes a desorption step and yet another contactor
is being cooled. A diagramof the three unit process
stép Bigane 100 shogsitke dfdearhs flomeng Gatosdmirsutt dfethe coatactor 941(c)
flow ng into and out of the contactor 941(@ duri n%
during theésontadtemcanling step.gilhe contacters\d 1 (a9, 241 b gad 941(c) are
low.ng intg a out . of e contactor 941(b ring.
subp@htiats soflef Prapehisuet GF coBRc o dor STTBE SHRRE Hisgussed
| . . o
fof FIFAES feret Wt e ot ndling 45 80 St atinidhe
chadhels 943B((a), ?ﬂ)dlnﬁl(l:l and adsorbehsélumine 945 ¢)N{B)adand (c).
Properties of the contactors are simlar to those
di scussed for Figure 8 hereof with each contactor
[0893] ng larthis example, theadsaghans sontaine s arigeaporousmatgrial. The
(b) and (c), and.adsorbent . ch el s 945 (a) b) ,and..
micedpoipye et it B anihal SihE SmBErAR L bR pdfiiptign step
L iy . . . . 3
inThEBERRSS B il oD OB AL B LB ko o

adsbetfent frémeandtacphetit gas seikBfe '&hﬁaiﬁfm? abdue 90 MoP%s N, and
mlli-nmole of CO per cr%g of adsorbent from an 2

abaubb phel’ €Q@aslma prafered enttwidiment tisadsot@entsbataies at least a
and about 10 .nol % . In a preferred_enbodi nent the,

QRO Bl KN Tt b he; el Bf ke QIRNiqmyftep in the

PR B b BRGNS, 5 R ORI OFBBLP ot

ad3bitent g aRfatiEEpiReic £AmPtuAsissthRI g DOGABBH N, and about 10
at nospheric gas m xturé containing 90 nol % N2 and

mal36 (1041 Olma ntorepee ferredeembodinpendt tlee adsbrbertonintaing at least a

adsor bent contain t least a m croporqus mteri al .
MigHePOTOHE MatgHak W@ittgﬁtp af the jemRSFaiRe: o thectdsorpiirnsstep in the

iLn th C Pt W r B € 0 3
ey B CREP Bl It AR T, 8 el SR Her o of
ad3brFenP iR Gn B oSpherit @&ﬁﬂtﬁf@ééﬁtaﬁﬁﬂg‘bh&@t IPHOIDEN, and 10
and 10 nol % CO2. Dependi ng upon design;, the adsorption
msl% C@anDepending mpbadicsign theagsarption stepacapebd camducted in a
about 2C to about 60 C, g{)eferabloy in a tenperature
tempgrpture BRSa B about &G ibaowt$8° i pratareblyrisadermeyature

rarllé]e %ornielgggutfg%‘r?oaa%%% 45°C and more preferably in a range from about

5°C to about 35°C.

[0092] Regeneration of the adsorbent is done with heat contained in the stack
gas and Figure 10b shows the stream flow into and out of the contactor 943(b)
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 preferably 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 flue gas stream 911 enters the contactor

941(b), the stream 911 can optionally be fed through a process block 913 that
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50C to about 35C. [0092] Regeneration of the adsorbent

is done with heat contained in the stack gas and
wo-r@ane9ddb shows the stream flow i nto and outPOFf/US1968/006278

contactor 943(b) being regenerated 941(b). Stack gas

911 enters the "heating/cooling channel" (as opposed

to the adsorbent channel) at the tenperature at which
retriovies particlilaes. Beivetl idffereat aretlidds toremovangetiéulates can be

about 1500C to about 2500C. When the regeneration
useddneluding Bltratiamwithaappamian eansllo filtern m@rthmnpngamg (metal

o i Wi o o
o e a0t P b BAIENIRO: BEARSRRCE) Ak sipors

thaei¥mearipalt ithe bamt ¢emparatrR dfxhe std&k' dig1d drhéigesificin the
with ceramc candle filters, nonolithic inorganic

o;(ttmlahproness: blowki ¢)3 amd triess tlleutﬂatlag/thag chiahnels 943(b) of
Al t er nat.i vel

paéﬂlé%l%pak %t%fatge Pﬂﬂibi: it thgstagto gfeedd%@mté%w@p the

I
b 3S5re SERTF e L0l BARELY pbybBF O
speBificaaimple¥Ta8adinaf hd ir?os@ Feferte "rﬁngéﬁlould be an average
heati ng/ cool i ng channel s 943P of parallel channel

COg hvading of A4 h)li-male pee cst af th@fnlcﬂwodmmadsbrmntsnaprlal
the m croporous_ adsorbent naterial in the contactor

Ag the sirean 343 hegins todlow Antotheicontactar 34 (B).cgas kegamntp flow

o D41 B BB ing ppfRels 43 hEresify sHFL A, When e
profeQrRaN sthdis 08 lis aﬁ@het 1‘ﬁﬁ1a51tté g@h?ﬂi% SRk tontRtdr. OI"he

into the contactor 94 , gas begins to flow out of
tetnperatdsooPstream Osmllna@awsashghltly d@3/B(hleymhbwavagnevesthrough
981. Wen the process starts stream 981 is at the
the ﬁpma&rort ehhsciemperatuse of Raears rﬂ%cméfeasqwlarelr}*pwhsn the

v ETE B A ICERT Bt fhst Ehagtof ol phste bl MO fa texpinate
thg%J:S(l)lﬂgl'b ef;ﬁbél"(‘)‘?é H{é/th\é’ﬁﬁal év%e 'hQ@Er;ERJ dwpy&xrgmh%scdn?acmr If

e contactor. IS prere

tht elierinid tveavie tredies thrptiglo l’hét@ﬂadﬁt@f befort ke hdsurptibn weepe(Figure
has noved through the contactor. If the thermal wave

10@0 daxbeem complietefethen @maasiddnomaéﬁbe@alrb@da&ﬁ,’dbbpm he
rRolayef 5 SPAE HE A U SSAmE oL fig adsOFplicH

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 of solid particles its temperature at the start

of the regeneration process is near that of the adsorbent bed.

[0093] It is preferred that the regeneration and cooling steps be terminated
for the thermal front to break through the contactor before adsorption, To ensure
that the thermal front breaks through the contactor, the total mass of the
adsorbent layer and barrier wall between the adsorption channel and

heating/cooling channel should be less than about 10 times the mass of the
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enpl oyed to soak up heat until it is time to stop the

adsor ption, desorption/regeneration and contact or
weomBilgmyest eps. The thermal bed 983(b) can be BCPHSNE$I006278

bed of solid particles through which a thermal wave

al so passes. If the thermal mass is a packed bed of

solid particles its tenperature at the start of the
adsegsont madterialsppreferably fespelean abmit Sofimtel ¢hartmss béthe adsorbent

bed, [0093] It is preferred that the, regeneration_ and
matssials ¢ ven epereipscfesabiyrigssedhan abouh tiaes thel massok the @dsorbent

eSSk SR e TS D PO s TRy By the adsorbent
tor, the total mass of the adsorbent |ayer and

arrier wall between the adsorption channel and
heati ng/ cool i ng channel should be | ess than about 10

[0094Es t As thatrermial wWawedaovéxthirough threl cdmtactpr 84 b(h) Beyng
| ess than about 5 tines the mass of the adsorbent
regeperptesl, svatencandenses itedfdhe igay stream. tCendeasatien occurs
e mass o e adﬁghbent mat eri.al s

ti t f d t
besailve e deptheiauts abfhe g 1als a5 it passes 4lAne 1Be Copfpciar, The

[ : e noves

CfiERiraRoh pEaBlr rir ih 537t AR JAICdrBE R HTKE T0VET
headingfovdtingwhannélstIIS(BRB datlgatiat fandanarid @iz 4¢keir S
because the tenperature of the gas falls as it passes

temipgrajurehef stogana 988 rwhitheao deowvnre thanabout 108%& lowerpthian the
in stream 981 conin t of the. heating/cooli

SUSRERALH ST TESTERTY Brese HIUd Pt adS gas ofhe stream

3 an

L Bt PRI B oritAd S TAPE) SN BBl THES) RS

advageipesas & aligietrusehthétar 56 thitké ghafloSvsUbwvatdénd the

_stream 915 passing through the contactor 941(b) being

liquad dloaysawrder actionanf gravisyl cancurgendlyswith theiggs to Hee bottom of
contactor so that the gas flows dowward and the

the cqntagtar $ha opHaesl rae%hc?rmfbegprawéfgd oicERverandenged water

tactor ... An,opt onal
frdln Eontibi a8 (BEDN T b o505 FENSaLLR BB egnst 991
cahR SOV R B'rehO VU M I 1Rfui @ VG Tow FnhiRB 3t bf he
knockout vessel 991 Can be provided to renove any m st
confadtomulitds preferred tieat therei in gobasigfifitiet amenmtaifdiquid phase

i S ﬁr ef.erred thaI_l {lhere is nat _a significant anount of
wateg Howing alang with the cooled partially dehydrated flue gas stream 961.

[0095] 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
adsorption channels 945(a) during the adsorption step (i.e. co-currently).
Elements 920 and 925 as shown in Figure 10, represent the inlet end and outlet
end of the adsorption channels, respectively. In this example the microporous
adsorbent is chosen such that water is a strongly adsorbed species, CO, is
adsorbed somewhat less strongly, and N, andO, are weakly adsorbed. Examples
of microporous materials that have this ordering of adsorption include zeolites
such as zeolite 4A, SA, 13X, NaX, and NaY. Trace materials such as SO, and

NOj can be very strongly adsorbed. The following description of regenerator
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water flowng along with the cooled partially

dehydrated flue gas stream 961. [0095] In this exanple
w0 b@sgaepassi ng t hrough the heating/ cool i ng cPermg1088/006278

of the contactor 943(b) noves in the sanme direction as

gas passing through the adsorption channel s 945(a)

during the adsorption step (i.e. co-currently).

operatid@n g1l 298 gaflﬁa Qaﬁtaaﬁ)rfthaIVWas dedipged end Operat@d Remmove
the inlet end and outlet end of the adsorﬁtl on

mostzofitbe £05 fopethd flue gas and th éessm@mpnevxl focus on the majority
ORIy Mo L8RS p BbF BECeaR BesGHedout AP S ENRR! the SO,
550 THERIF s B8 SN B 10 o us e

prﬁ{di?re's e s ibarmothii é%ln?(&qbltgﬁlo@%@(m &5d NG Nfraf gas streams in
zeolite 4A, 5A, 13X, Na and NaY. Trace nmteriarls
apmbssaﬁlasmptams lesxofthe GO,very strongly adsorbed. The
foll owi ng description of regeneratoroperation wll
t contactor .t hat . was desi gned and op ted to
(oPRLY . OrcyrRenteiermal Have éieﬁmﬂ)élogagroa?ﬁf thedeast strongly
{ t
cgﬁﬁé‘efp]rﬁ hﬂ@d“#gofe%%%ﬂtéescp@don‘?%étw jif tHEY pﬁ%ﬁ gﬁfthe

rocess
de8brptith es’*’s"ﬂ)rﬂ@i kfreAmt 9% gn%aﬁtb@mniatgeéﬁm divide the
noted t i's p033|ble to use the princCiples

stidancP9D edmnmg pht ef theanpitactoninte lstmamS@magmg\m«:a&henwersus

%Dg strgarrs in a process. that captures |ess
lateppimgsy gequssﬁtqeﬁ@sm%r@%ﬁ& diffsppidimeg vl lé@yérdgbffﬁmt CO;,

o G6EE Sphofhetefh ahTLBRS ey BRI, Y pRUerd SERRARD- 1n
and(gﬁftfrﬁ‘l eRTbORIIAERE ST [HY PFoBessSdl ¢ 93 DY opdrtedCathe Start of the
advant ageous to divide the stream 997 com ng out
regéreereton stepallawing stteaanH®7 eorflowi aigl farmestréam97Ale rSm&am

| ater tines, because streans energing at different
97;, FReovRred eafbx/zcn ﬁ?eflﬁgﬁlé@fﬁtlwh%n@mdﬂ\é’rc@e ﬁ@ammmtmm sIn the

pré¥es b SR EiBh i O BRtons ARisREeHR R dbntine il ieam 63
wlﬁEH@?ﬁltﬁhaﬁebevéﬁtéﬂtthﬂfug?\r@stﬁ@lgeﬁ%rtﬁ‘fglé %Po §&s2 l'geo""' ng

stream 997 to flow and Torm strea t ream

coneentvatico£€0,)inistreate9T Ehegias 36 iureaseamd edlye 98V iSCsed to
concentration. In_the process shown in Figure 10

stopflewr int sireans O bakn this optionakembpdmentrvadys 983 ishi ch
“s l S%lgqrbegygg'e’l(%/ 284S dstgr{1 h%&gm s%resétn?g% Afhe hme at which these

valves actuate sets the CO, purity in stream 973. Alternatively valve 933 was

opened at the start of the regenerations process allowing stream 997 to flow and
form stream 973. Stream 973 contains the majority of the CO, that was
originally in the stack gas. The concentration of CO, in stream 973 is high
enough that it can be sent to a sequestration process with little or no additional
processing. In this example the stream is produced at atmospheric or slightly
higher than atmospheric pressures. It is possible to design processes producing
stream 973 from pressures ranging from vacuum to several (approximately 3)

atmospheres. It is less desirable to produce stream 973 at sub-atmospheric
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concentration of CO2 in stream 971 begins to increase

and valve 931 is closed to stop flowin stream971. In
wao hiog/1¢3968 onal enbodi nent val ve 933 is "sinul t BCEUSXDY006278

opened to start flowin stream 973. The tinme at which

t hese valves actuate sets the CO2 purity in stream

973. Alternatively valve 933 was opened at the start

prefsirbe beegso ehidtinorasey asessf edmprdssipnsinr@@Mseguedtration
flow and form stream 973. Stream 973 contains the

progfescbiy of the CO2 that was originally in the stack
gas. The concentration of CO2 in stream 973 is high

(GS7HTs SURam a3 o g ofhok RS T G Pafeteads

e
protedsel }I/\f(ﬁlehﬁ%ﬁﬁ @xhﬁx sqgklﬁgg ﬁhdﬂg@g@@£ irﬁo %derground

sI I ghtl han rmsp ic pr res

fopprsiohl suélpasiaguiferswitlk asep Sezﬂrthdupﬂenentstsli@ﬂﬁilcﬁﬂﬁloﬁs ofn
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injegted asidrgas sloynneatsroilpissemoirs| gas resemoirsddepletas el t o
reBFR QIR ?@é@@?ga%é?e%tveﬁ% %@Erreahiq"ﬁoa@%aé‘s Bed 6pest Storage
1s%?WE?Pfe%‘ithH{s§B§’%§%g&é & &u ?B%l??ﬂ}1%7§ec§\g%rxp&t§ €M be

to d eren Ses

rhw(]pétbd”lté beanereatiheent! Oypicaly OO g tb'b% ¢mprieéed to
un

erground formations such as aquifers with a top
pressires pratgrtbarabeut? A0 st and often do piessnjasgreateathan about

conponents I eservoir as reservolirs,
5 ﬂ@ﬁw&t&j pinjegted éﬁak?otilﬁge types ipaaer&eumiwiqrss %ﬁY&ral

I =
e A A
proBeds. I'EneRe g%zﬁéﬁeb @n@lﬁﬂé ehedRice tht QtsRemperfud fsisigifificantly
Typically has to be conpressed to pressures
be:jowathat of therstadkogas ahdidds hsghlyndncﬁrltmted in §Ops darseme
. greater &han about 5, 000 psi i e injected into these
mﬁ%@%s %ﬁ IUHH@@PGEWE bsrli?ﬂf‘lréﬂ c g@\ﬁérream 7% bse?qquggtegﬁd A

HOE%&ﬁé}Qbﬁ ERnRE ok BUOHERaE pbles SBIRIGEE LR b Fospe rigorous

atid1pbf tHeSsticAfPRS ﬁﬁﬁgzﬁe'p%tédtﬁﬂ icbies1¥nl h aﬁgé@&hd hat

the stack gas and it hi ghly concentr din

cdmpnessms used anﬂmsseqﬁdstratmmprq@ees: eFewagls therenduofi thd

before stream 973 _is sequestered. A non-limting
TegRREFAIIEN PIOGHTS fariHoOotpnceptration 4 ﬁ@ew&amgmswe 3o
mintmizé bgf%n%alscorrosmn problems in equipment used to sequester CO, it
can be advantageous to separate the stream coming out towards the end of the
regeneration process and to handle this stream separately. In an optional
embodiment when the H,O concentration in stream 973 increases above a
desired threshold, valve 933 is closed and valve 935 is opened. This stops flow
of stream 973 and starts flow of stream 975 that has a higher concentration of
water. Stream 975 can then be dehydrated separately and then recombined with

stream 971.

[0098] The cool partially dehydrated flue gas stream 961 coming out of the

contactor being regenerated, 941(b), is sent to contactor 941(a) that is
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dehydration of the streamto mtigate potenti al

corrosion in pipes and conpressors used in the
wG@e@sasds@at i on process. Towards the end of thePCT/US2008/006278

regenerati on process the H2O concentration in stream

973 increases. To m nimze potential corrosion

probl ens in equi pnment used to sequester CO2 it can be

uﬂﬁgmhgm&omi@emp ATRe ktreamt 96 seanihirgughl thd advarption
the end of the regenerati on process and to handle this
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945(hy! In Shé eRABodRcRWhERedifRecktaikd#bpéoAls 2ERGbRh R ate placed

and then reconbined with stream 971.” [ 0098] The cool
alpng thealdngthlefithir citandelsl WS GYsthet adsarbedd thatasinmast selectve for

t he contactor being, regenerated, 941(b), is sent to
Hy@/is nlacsd abihe bgginping (Pfstbﬁd?gﬁﬁﬁ‘?lﬁg In thig aaanmst ithe, watey/apor

pag i) Bl GRYR I e Rap s ECed AfoP Bt Bk BuS BRRRL the
erilf 6f BeQhahAtl t6 JRIME ol G A Rr COYranboAalL %é&lﬁ%-s with

can optionally be constructed with sevéral differen
largeccativor coreeattanoesuch a8 4AgS Ah&Nd>e agt éxamipleb©f microporous
channel s 945(a). In one enpbodi nent where different

adspehensothat sam @perate pare glkecHvalyewhen ghey ameary e ddterreason for
th 945 .th d bent that,i {

thiscR i e Qs 2depfibe inolferd 3P 2ehien afhiarg B8Fon ne

corid@ARStiSns ﬂeﬂd%'&i ﬁlc?@&@e\ﬁhérhgxg"?éggfte Y Y Qi.@?‘fﬁég@bz isotherm of

pressure 1 n the stream can uce ow n

a doscativmid sedlitearsdally lhies abdveh wétezeolits)n NMatepialphiaataen be
more effectively for CO2 renoval. Zeolites with |arge

usedttp semoyn deaier mcludessibioa mlaming cagonshand zeelitgganpl es
of m croporous adsorbents that can operate nore

OBRAF! 5 MRRRB s as G SERR b e o
AR SRR, SRSEOTIACHS S0 UGS erp A R (e

tempetrarurecoZthel doneactst9d 1() lis B sahoy/ss thavptodiretliat eie end of the
Material s that can be used to renove water include
coglingstep w1 bigupe 10car Hdvs teraperapusglis skightly above that of the

ambient air in the atmosphere. As the adsorption step begins CO, and H,O are
selectively taken up by the adsorbent near the front end 920 of the contactor.
The concentration of CO, and H,O in the remaining portion of the adsorbent is
low and nearly equal to that at the end of the regeneration step in Figure 10(b)
and the CO, concentration of gas stream 963 coming out of the contactor 941(a)

is less than about 5% of that in the flue gas stream 911.

[00100] In this example the microporous adsorbent has the property that H,O
is more strongly adsorbed than CO,. An example of a microporous zeolite
adsorbent with this property is zeolite SA. For this zeolite as well as any other

microporous adsorbent the temperature increases when molecules are adsorbed.

48



[0099] In this exanple, a single type of m croporous
adsorbent |ines the adsorbent channels 945(a). At the

W@ L@Bt43968 t he adsor ption process the tenperat uPET/0820081@06278
contactor 941(a) is the sanme as that produced at the
end of the cooling step in Figure 10(c). This
tenperature is slightly above that of the anbient air

Théténhserature sRbés deteAmindiEbpdsohgitiofadsdmivionass the soflikd
and H2O are sel ectively taken up by the adsorbent near
speRissf theramewnt izortsid, thetheomaheerductivily indhe santagtoroand the

iSRS R ASTEaRPoL 18 0 B orough
thgfcohﬂ%{éretgﬁﬂﬁft%é ?%ﬁé{é&ﬂe'}i%'ég%g cofifalior? rﬁ'féa?rﬁ 94945
concentration of gas®stream comng out © é

derPrRidaRoM th84hilsitnt &ir bA8Ss bltAth ateugh e Réatinptodling Bigannels
flue gas stream 911. [00100] In thrs exanpl e the

943(a) optheceontactonr bethe ¢émbodineentshpentin Kigate HX®@) itsmoves
COMATORETILY G SRULBHILYS fiToHED Khe BRiapBPp Phagnels. The
555} 018 i 8l e b ByEBr A Py, B P e

920L:E6HE e BbRtaBRTIMCRIBE alvaYRRSROftRisTHed® Ifa different
determned by the heat of adsorption of the sorbed

embedinent thik®paionahstrems 91Badn fldve cobarnaitlycwittiustteiam 9¢1.
in the contactor, and the thermal mass of the
An_optional stream 919 can be fl owed

t . .
10‘@?5&3#3% the advorpiien steprantinues relatiyeysbam cercentrationfronts

i aGRR8 e SHIGHTARAR & AR LR ALoRBREPhateria

liflAg ¢l cAnrelEme9B adsiPthe leAgth6f MEROAITES PROWEndehtration
Figure 10(a) it noves counter-currently to stream 961

fromtafor H,Onis dlbsaritgithe betrameoo fHthie adsotben chhsnel Than giatdanCO,.
919 renoves, heat generat t he, heat of _adsorption

db
Thenwray an wehish thehmeye veikh t%FTPF'gX?WE the Hingth of theadsorber channel

ey S A LRSI s svanc
alglg% He l'éﬁgfﬂ Of thetdisoigtRAre kel [ RQ Hﬁé&e ﬁ§vép§%ﬁivance, the CO,

orption step continues relatively shar

conoemnteatiomin the dutletstream 963eremtsing bod uplid €0, front reaches the
concentrati onqéi .e. adsorbates in the m croporous
OF.

engde} 2y othe) Gont hAt BHapamt)in fime thg 6Ry coneenteiipminghe
ouRE s o eaint o FEE AR M RdsBaRto R Hep R 316PREAL han

that for CO2.
[00102] The cool stream 963 (with the CO, removed) is routed to a contactor
941(c) that has been regenerated and is undergoing a cooling step. Additional
cool gas produced in the regeneration process (stream 971) can optionally be
added to stream 963 to form stream 995. This stream 995 is introduced into the
heating/cooling channels of the contactor 941(c). At the start of the cooling step
contactor 941(c) is near the temperature of the flue gas stream 911. As stream
995 begins to flow through the contactor a cooing thermal wave develops. This

cooling wave is such that the temperature of the contactor near the inlet side 920

is low and at a sharp front located further along the length of the contactor the
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The way in which they nove with tinme down the |ength

of the adsorber channel is referred to as
w@Eovsassat i on waves. Wth time these waves orPET/081088/006278

advance along the I ength of the adsorption channel. As

t hese waves advance, the CO2 concentration in the

outlet stream 963 renains low until CO2 front reaches
tehiperstoce H8&s abfruptle. At gastexitingthd bortagtor 885iremiainehot as the

the CO2 concentration in the outlet stream 963 begins,
thesmal wave advaness ageassphe eantactgs. (1€ as oppipral thegoabmiass is used

cool stre [

th th t ed
iny 56 ZORRRT TS top A 11 % StTERGT RS 590 3136 he basshd diygugh the

0
BT AR 0t SR 6oy 9L 808 WO e e el
wapé bdakk kNrobghQHQ efld o thé cemarfR AndTobly thethéLndl 19955 before
This stream 995 is introduced into the heating/cooling
the h‘@nheg progess hietarnrinatedodn $his (apfionat embedlsmem:tthe fgas lstream
cQol i step contggéor 941( c S. near the ten?erature
exgting the ?heﬂ%‘ab%as% 5%“@1‘? ugingd ‘9@9“&%3 Hie gepling step.

Tlfldée @X‘ﬁ % fé%En 2@% 6% %s@%t; rllgpfrgé) gg C ztéﬂ‘let{ Eﬂbé{\@gﬁted or sent up

a §ta0®. em& oBlifg stéiﬁsct@ﬁhﬁfataf siffiAfaneB@slyWigh tisd s¥soPpfon and
is low and at "a sharp front |ocated further along the

regemegrationStephe Througlioutrthe kebbng stept there isimefowloututfithe
The gas, exiting_the contactor 985 remains hot as the

adspehenhch WﬁVﬂsggsﬁﬂces across the contactor. If an
optional thermal mass is used in the regeneration step
then the gas stream 985 can al so be passed through the
thermal nmass 983(c). Wien a thermal mass is used in
the process the thermal wave breaks through the end of
the contactor and cools the thermal mass before the
cooling process is termnated. In this optiona
enbodi nent the gas streamexiting the thermal mass 965
remai ns hot during the majority of the cooling step.
The hot gas stream 965 is substantially free O CQ2 and
can be vented or sent up a stack. The cooling step is
term nated sinmultaneously with the adsorption and
regeneration steps. Throughout the cooling step there
is no flow out of the adsorbent channels
945(c). CLAIMS: 1. A process for the renoving CO2 from
a flue gas stream contai ning CO2, which process
conpri ses:

50



a) conducting said flue gas streamto a tenperature
sSW ng adsorption gas separation unit wherein the gas
wa@epanaoson unit contains at | east one adsor bePCT/US2008/006278
contactor conprised of: i) a process gas inlet end;
and ii) a process gas outlet end; wherein the gas
inlet end and the gas outlet end are in fluid
connection by a plurality of open flow channels
CIvABMS:n the surface of the open flow channels are
conprised of an adsorbent material that has an

a0 JoEh R % OB B0 Pl ShaP G Dh e
C(%zlbWhiéh g}(;&gggamgﬁﬁgé:tl ng in a substantially CO2-free

ue gas stream CO2 adsorbed onto said adsorbent
material; b) venting said substantially CX2-free flue
gas aptooaduriing saidHiuegasmsirdam t0 a senipelatireswing asispxption gas
adsor bent terial having CO2 adsorbed thfr eon to.an
SCRAAReR BOY ‘Yr%'l‘ﬁ’é‘r (538 SCRARUPE 3 CONtaIng 1L Iest enpadprbent

action OCQ2, thereby resulting in a
co@%gﬁ')? ic%:)ﬁﬂé'iseﬁ e’

ream 2. The process of claim lwherein the
contactor is conprised of at |east one set of parall el
f 1 oW apmwess gas imetaand; aadt one of the contactor
process streans. 3. The -process of any preceding claim
whet.ein %)he adsor&ggt ontactor has | ess than about
ZO%IIS?W genggeaﬁo U ume in pores greater than
about 20 angstrons. 4. The process of any preceding

cl awheréiarthe gas htlet enpandithe gassoutled edd@¢ pi (1R @égnection by
separation unit process is perforned at a cycle tine
a phyralits of opem flapochannels whersin thet sweéacesafdbe opendlow channels

are SRR S8R0 b giteateal fhes Bangn aRBerriioe SeisqUYipHBr CO,
o8 R4 ) GBI S gy v
1, thkrebyyrepuktingdinngsubstintially ey gide flle gadisipédit Ahd CO, adsorbed

mat eri al )
onto said adsorbent material;

b) venting said substantially CO,-free flue gas stream into the

atmosphere; and

¢) heating said adsorbent material having CO, adsorbed thereon to an
effective temperature that results in the desorption of at least a fraction of CO,,

thereby resulting in a CO, rich stream.

2. The process of claim 1 wherein the contactor is comprised of at least

one set of parallel flow channels for at least one of the contactor process streams.

3. The process of any preceding claim wherein the adsorbent contactor
has less than about 20% of its open pore volume in pores greater than about 20

angstroms.
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Is conprised of a zeolite. 7. The process of claim®6
wherein the zeolite is selected fromthe group

W@ owsilsossg of a faujasite zeolite, a BETA zeoPCT/€52088/006278
SAPO zeolite, and a ALPO zeolite. 8. The process of
claim®6 wherein the zeolite is a MFl zeolite. 9. The
process of any preceding claimwherein at | east one

q . , .
adsar oy PREBLSE By bReER (R wtlorlln e Repbiiure gwing

adé’@l@ti_@nfﬁak Separdtibi Ut proRESY is Pépforided 2t ichiiftle ¢11@Ss than
and is located upstreamw th respect to the flow of

abbut2 nyastestbetaecn sucressveadsaptiontsteps. mat eri al t hat
has a selectivity for CO2 over N2 of greater than 1.
wat er, .i

frof ¢ e pREESSabhny bRt D6t othePlorht iy ABRRL 75 foloe of
thc{f%gfzpp@he e lad strk&iSis rBAdvel 9&@;@%&9&*&5&2@2% 0D, free

ue gas stream downstream I'rst ent
fluegdasrstrehm. 11. The process of any preceding claim
wherein a first adsorbent material that has a

o B g o5 pr RS TR P oAb aeria
is ?ﬁg?fiﬁé‘c%f&%{,ﬁ{é or containing an adsorbent materi al

as a selectivity for CO2 over N2 of greater than

1. 12. The process of any precedi ng clai mwherein NOx,

SOx 7orThgoprockxobeldirB@wherin teozdndite 18seldtted frameahe group
- of, an r%ce,di,ng claimwherein at |east one_ adsorbent
copsiing pbp Tnwasits zeqltts, hEH A 2591isa 3§ ABOL o, and a ALPO
Ze(t)lli@nsfer fluid of an effective tenperature through the

sare open flow channels as the flue gas stream

t hereby desorbing CO2 into the heat transfer fluid.

14. 8Thkhegprocessobhélaanyd wherdd igzedliae 18 aMFEx¢vlite heat

transfer fluid is passed co-current or counter-current

thrgugl. the fl ow channel s. relative to the direction of

{1 o oihe Rocy ol §REPEErding cldien Whesal Jesst 0gF agagrbent
coﬂlﬁl@ﬁﬁ Q?, Egmﬁi@éﬁno‘f"g? [daktvio éﬂgo?gelfntr ﬂ‘&{e‘r%ﬂs ?ﬁd {l{éeﬁltsk Qsorbent

channel s of at l'east one adsorbéent contactor arefor
matexiali hasngsdlértivielp forowater over CO, of greater than 1 and is located
upstream with respect to the flow of flue gas stream to a second adsorbent

material that has a selectivity for CO, over N, of greater than 1.

10. The process of claim 9 wherein water is adsorbed from the flue gas
stream onto the first adsorbent material so that less than about 400 ppmv remains

in the flue gas stream downstream of the first adsorbent material.

11. The process of any preceding claim wherein a first adsorbent material
that has a selectivity for water over CO, of greater than 1 is part of a contactor
that is separate from a second adsorbent contactor containing an adsorbent

material that has a selectivity for CO, over N, of greater than 1.

12. The process of any preceding claim wherein NOx, SOx or both NOx

and SOx are adsorbed.
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flue gas stream and a second fraction of flow channels
of said | east one adsorbent contactor are for

w0 e@eividsy) the flow of a heat transfer fluid OPCHIS2008/006278
effective tenperature and wherein at |east a portion
of the channels of the two fractions are contiguous to
each other, but not in fluid conmmunication, so that

heaty2f Iy ' C i f

et T Bkl i, SRECARTAN WAL el bhEdapeppen
coftactbrfis directly dehted@rbyopashinpv RéaPsFert Quidr sPdrferfé@ple

for desorption. 16. e process of any preceding claim

tempenatiira thromgh the samempedetownchanpele aadsofloepas stream, thereby
coptactors wherein at | east one adsorbent contactor is
deiﬁfgt‘}ge 211104 eﬁ@é&fraﬁfifér Hubr contactor wherein said
at | east one upstream adsorbent contactor contains an

adsquberte prakess ¢t aﬁ%g@@i%g%ﬁﬁh?@ﬂe\‘éih% hdt tuaatnafeg?ﬁjid is

one conponent sel ect romthe group consistin
passetleo-cuifent crrvduder-curesnt Ghidugh the €lvive tharirels felative to the
. The praocess of any preceding claimconprising at |east
dirggfaon, ot Hopent thedhiegaostreanat has a sel ectivity for

wat er over any other conponent in the flue gas stream

of gke ai*lﬁqpﬂo@@ﬁ of aqjsé%rsetwcgng rcg%iﬁf‘ afh%('?iﬂ %yﬁ{ﬁg 21[%%?{59 9f the

claim1l ereln at n sorbent con

flonocliaginets of atlleas lonk\ddsaftent bemactorlaeé et fecéing iR flow of
first adsorbentmaterial has a selectivity for Wwater

flug\gas stteamaindg secoad fractionlof Bow dhaenelsadisdidabtast et
mat eri al has a higher .selectivity for CO2 over water
adgIR DEHAACIDT &S OF PeSsiviRBARE £l HEa PicASWaBeIS Anidhot an

j ' t with re ct, to the.f.l ow
oI b5 S SR 5 o SERE el S et
frabBéosy arRl contiguod§ o BAACEHEr, Hut HOY iR FI8FE b MIiiS4dtiBn, so that
wherein all flow channel s 'of said adsorbent contactor
heagdtawing theoughi shid seeorgbfrastioreafiflbawehamels iariapableyoft he

amre channel gap.. 20.  The process of any preceding .
CHIBFiNGHY drIFaty hdpsingssaidh 8ryt fractignsofeilewGhagnelsdo provide heat

t ure swi ng adsorption gas separation unit is at
fora %eﬁ%@?‘éture from about 1000C to about 2500C.

16. The process of any preceding claim wherein there are provided
multiple adsorbent contactors wherein at least one adsorbent contactor is
upstream to at least one other contactor wherein said at least one upstream
adsorbent contactor contains an adsorbent material that has a electivity for at
least one component selected from the group consisting of water; SO,, and NO,

over CO, of greater than 1.

17. The process of any preceding claim comprising at least one adsorbent
contactor that has a selectivity for water over any other component in the flue

gas stream of greater than 1.

18. The process of any preceding claim 1 wherein at least one adsorbent

contactor contains at least two adsorbent materials and the first adsorbent
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21. The process of any precedi ng claimwherein at
| east a portion of the CO2-rich streamis conpressed

W0 eoopf1emssir es i n excess of about 1,000 psi thePCT/US2008/006278
injected into a subterranean formation.

material has a selectivity for water over CO, of greater than 1, and the second
adsorbent material has a higher selectivity for CO, over water of greater than 1,
and wherein the first adsorbent material is located upstream, with respect to the

flow of said flue gas stream, of the second adsorbent material.

19. The process of any preceding claim wherein all flow channels of said
adsorbent contactor containing said flue gas stream have substantially the same

channel gap.

20. The process of any preceding claim wherein the of the flue gas

entering.the temperature swing adsorption gas separation unit is at a temperature
from about 100°C to about 250°C.

21. The process of any preceding claim wherein at least a portion of the
COy-rich stream is compressed to pressures in excess of about 1,000 psi then

injected into a subterranean formation.
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