TEMPERATURE SW NG ADSORPTI ON OF CO2 FROM FLUE GAS

UTI LI ZI NG HEAT FROM COVPRESSI ON FI ELD OF THE | NVENTI ON
wd 20891439¢he present invention relates to the aUSQUPIAV6272

of CO2 fromflue gas streams USing tenperature sw ng

adsorption processes. The resulting CO2 rich streamis

conpressed for sequestration into a subterranean

fPEMPERA TUREBISWING ADSORPTION OFh€ 0x<EBROM FLUE GAS

conpr essi oNUIILIZING HEAT FROVPOOMEBERESSION he
tenperature swi ng adsorption process. BACKGROUND OF

THE | NVENTI ON [ 0002] Gas separation is inportant in
various industries, particularly in the production of
fuel s, chem cals, petrochem cals and specialty
FIrIdaF SHIA INVENENNat i on can be acconplished by a
variety of nethods that, assisted by heat, solids, or
differ
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or adsorbs a nore readily adsorbed conponent relative
a portion eftherheatiof gompsesstadisasap imthe desorptien giep of the
m xture, or by several other gas separation techni ques
CRIRSHAUIG,SWHIE 24SQURIEOR Prassss-such commercial |y practi ced
gas separation process is thermal sw ng adsorption
("TSA"). TSA has been an inportant technique for
purifying gases ever since Joseph Priestley separated
BAGKIEROUND &F THE IVEBNBIONeat on nercuric oxide.
Tenperat ure-sw ng adsorption is a process wherein a
bed of adsorbent is used to selectively adsorb_one or
[0802F spees sepdratbom is pnperan invadans inditsines; parécularly in the
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sotls £61 dther ARS "GiHerally eQpIDMS € diffdteAcdddn physidal and/or
be preferentlallg adsorbed within the pore structure
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chemipal propeditsofitbacompoaentsi to besiepaiated.t bornexample, gas

separation can be achieved by partial liquefaction or by utilizing a solid

adsorbent material that preferentially 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

wOomS1dds (i.e., the adsorptioph capacity), an®dmes2008/006272
selectivity of the adsorption™for a specific conponent
over another conponent, may often be inproved by
operating the adsorption step of the process under

[0908Fi f i TSP prosusses awhien eppeated undercaentiin conditonscallow a
both pressure and tenperature infl|uence the adsorption
selesttyiernproponens OF SATPPALALS N gasgnixXtaretio beRiedaentially
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exchanger. The feed gas acts first as a cold shell
[0604FE ga¥ariousnfethads afisppbang heat teethelaasgebent fiemreigeneration
heated to act, as a hot shell side gas in_a second
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

wohe91h0egs heat exchanger where,it is dried. Padrwhodsieec272
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
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exchanger avoiding dilution of the product with a
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cyclic nature of indirectly heated TSA processes often
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conpression ste .5, see Sywu at ent No.

adsofpttonlGmkes [(89BF landhhlich ShdrtearuegsnéragiondisnesptFinally, the
met hods have been commercially practiced over the
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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).



nore efficient use of heat generated in the process.
SUVMARY OF THE | NVENTI ON [ 0008] In accordance with the
WOoReS ERde4l NVENtion there is prg\_/i ded a procesedrarsbznoe272
removing CO2 froma flue gas Stream containing CO2, _
whi ch process conprises: a) conducting said flue gas
streamto a tenperature sw ng adsorption gas

[066pRr at Wirileuvarioustssviaigradsbeptiasmstpaisdtaverbeen icbmmercially
contai ns at | east one adsorbent contactor having
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pregesssonyiriskisout 1000 psig thereby resulting in a
conpr essed CO OCh stream whose tenperature has been
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aptures heat from CO2-rich streamthereby

conexotidrt having a plufalizy oif opes tflovachainedsitiabagh ivelitly the flue gas
reducedt enperature and a heat - exchange fluid having a
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onto said adsorbent material;

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

atmosphere;

c¢) heating said contactor 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;

d) compressing said CO,-rich stream to a pressure in excess of about
1000 psig thereby resulting in a compressed CO,-rich stream whose temperature

has been substantially raised during compressing;

e) cooling said compressed CO,-rich stream by use of a suitable heat-
exchange fluid at a first temperature that captures heat from said CO,-rich

stream thereby resulting in a CO,-rich stream of substantially reduced



[0008] In a preferred enbodi nent of the above

i nvention, the tenperature swi ng adsorption cycle is
woepngiugdad with a cycle time of |ess than abowcTAs2008/006272

m nut es between successive adsorption steps. [0009] In

anot her preferred enbodi nent of the above invention,

at | east about 75 nol % of the CO2 in the flue gas
teatpeeatare and a heakexdhange dhiid dhavig s swlsstantialyl high@Ofecond

free flue gas stream BRI EF DESCRI PTI ON OF THE FlI GURES
teMPSIPIEi gure 1 hereof is a representation of one

enbodi nrent of a parallel channel contactor of the
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substamtial 19 highet seooidiemperaturpltopabvidy heat fathal doatactor during
channels. [0011] Figure 2 hereof is a cross-sectional
the gleserptionate¢me) @iy t he | ongi t udi nal axis of the
nmonolith of Figure 1. [0012] Figure 3 hereof is a

esentat,l : £ £
981204 il PRl R op B AR un, iy tmperature
swingwdaerptida deldels amdektedowithe Gfclé tithesBlesd tiain dbayien
al ong with a bl ocki ng agent occupyi ng sone of the neso
mamdesbetmepn sascessD@1BIsofptgur steps.her eof represents
anot her enbodi nent of the present invention in which
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prefornmed nonolith. This figure shows separatée rows o
substaitialip (@] freafliepapateam.r ows of heati ng/ cool i ng

channels. [0014] Figure 5 hereof is yet another

2 t f [ I annel contactor of the

BR eow(i&..[%ﬂb@r‘pﬁtﬁ%ﬂé He™ grm of a hollow fiber

contactor for TSA applications. [0015] Figure 6 hereof

is another representation of a hollow fiber contactor
[0800}\ | N FHigpte & herdvflis Wirtpresbitatvh &f onelehdts@tinent bfie parallel

housi ng for the contactor rendered transparent. Dotted
channelscantector efithepriesriitdaventidreincdgdermfofiayaonolith directly

formed from the microporous adsorbent of the present invention and containing

a plurality of parallel channels.

[0011] Figure 2 hereof is a cross-sectional representation along the

longitudinal axis of the monolith of Figure 1.

[0012] Figure 3 hereof is a representation of a magnified section of the
cross-sectional view of the monolith of Figure 2 showing the detailed structure
of the adsorbent layer along with a blocking agent occupying some of the meso

and macropores.

[0013] 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



outer surface. [0016] Figure 7 hereof shows a cut away
view of a cross-flow contactor that has segnents
woheszkiesb4so t hat t he average f%gw of fluid dumricrgs2008/006272
regeneration is countercurrent to the direction of

flow during the adsorption step. [0017] Figure 8

hereof illustrates the use of a thernmal wave to pass
chamae] twatinof agrefararedanbyolithat ddisfigbmecthmws sepiardtasows of feed
- been_ regenerated to second cqQntactor .that has
changelsrang separate sowp of dgatng/soaliag chamslhg heated for

regeneration. [0018] Figure 9 is an illustration of a
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is being cooled. [0019] Figure 10 hereof is an

TBAlapplicatiomnn of a three parallel channel contactor
unit that can be used as described in Exanple 1
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repeatedly cycled through at | east two steps: an
owessurfadeon step and a thernally assisted regeneration
step. Regeneration of the contactor is achieved by
[()l)ijI ng tigueONtRESSH shoWsa ol dvesyt Vet bENRESSAL U6 dondctor
W ll result in desorbing CO2 fromthe contactor. The
thalmsaseigorenitsstableed sothat thesavdarhge flawoofiBuiddexingrégemeration is
step can be conpleted. In a preferred enbodi nent, the
cougtgraarrentforthe sirestipnjof dloyy dueing the adspiptienstenw t h
rapid cycles, in which case it is referred to as a
[004P] d cycFigurdh8herdofsilustgatas tur yde cfa (HeEMAAWwWavedogass heat
A rapid cycle thermal sw ng adsorption process, for
fromrqnesiateraally heated spatactesrthat Basjeganwegeneratiskio :segengh
e e tipe. between successjve adsqrption steps is
copeSethaf b AFisRE R R0 SBGH Stebrardf 5 Helle PwEN T o1
rededBraiée. and even nore preferably | ess than about
.25 mnutes. The thermal regeneration step can be

[03f§]' sted ngtlrhe §id8n t1liliis,ltra%rc)(relso i seys?eunrl%% the present invention

wherein one contactor undergoes an adsorption step while another contactor

undergoes a desorption step and yet another contactor is being cooled.

[0019] Figure 10 hereof is an illustration of a three parallel channel

contactor unit that can be used as described in Example 1 herein.



di spl acenent, or even a pressure swi ng. These
conbi nations of processes are referred to herein as
wol2063/18d64SW Ng processes as | ohAg as they enpl @prTAIS0BO6272
enpl oyi ng an i nduced change in the tenperature of the
adsorbent at sone point during the regeneration step.
[0021] Flue gas, or stack gas, is emtted in a w de
vari ety of industrial The em ssion pressure
BT At 1D dHHBERIP S JENnBEt IdY IdOMhs is typically
slightly above atnospheric pressure and is generally
| ess than about two at nospheres. The tenperature of
flue ' i ; '
(0020] it JEEBRESehtRiveRioh refics G ErpBETAEM ol process
thabi3A@pablet ofccuptuding O3, fronuflecighn The therd) Ewing alisorption
70 0C when wet |inestone scrubbing IS used to renove

(153 prosesneinploygaat deass obe wpoiactardhat is repeatedly gycied through at
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~total nolar concentration CO2 + H20 is usually less
istthemcodedsb thatranothersadsomtiamsep ican berdompleted. dnodprederred

t he, stack and is usually. less than 15 nol % when .
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(REPSAF pLodels. AZagidndyld@férind]l §Wihd AddrpEsn pfdcess for

concentrated or purified stream conpress the COZ rich
pwposesnfithisningbntporss definedias onatin wdhicke the cyale tinae between

sui tabl e, underground formation fqor sequestration . in
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reffresst orharpinrpsabstmahswisapresessep pe ey theyresaploy a sep
iR BE cRavgei fitdtReRrtiteof heddiRiRay ffome point
ddfn%%efreg'&féré%mbpn& The present invention

[0021] Flue gas, or stack gas, is emitted in a wide variety of industrial
processes. The emission pressure of most commercially generated flue gas is
typically slightly above atmospheric pressure and is generally less than about
two atmospheres. The temperature of the flue gas is typically in a range from
about 100°C to about 250°C, more typically about 150°C to about 250°C, but can
also be reduced to about 30°C to about 70 °C when wet limestone scrubbing is
used to remove SO,. The major gaseous components are typically N,, O,, CO,,
and HO. Small quantities of pollutants such‘ as NO, and SO, are also often

present. CO, concentration in the flue gas is typically in a range of about 3



m nimzes the energy required for conpression by
capturing CO2 fromflue gas at atnospheric or slightly
woehes/aised pressures (i.e., | n_g_range f r om abautr/tk2081096272

to about 30 psig). The present invention also

m nimzes energy required for conpression by producing

a high purity CO2 stream In a high purity CO2 stream
moliftoitoabsutill § nielde hnd #,67 ist typicablypndhe rangesofcatpntiOs] mol% to

spent. on_diluents such as nitrogen. B '
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ahgait s apoles tihedatal melag cgnesntration i wuH%slg Hsalfy less than

referabl reater than about. 90 | 9 eV .
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process is conducted as a RCTSA process. |n another

preferred enbodi nent, the water vapor in the fl etgPas
[0922kam i sltds advantassaus tosenarate the (92 £8tipgd Bhthe flue gas
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the thermal regeneration step of The thermal sw ng

inastder ot mitigye G@samissidisaohe atmodspherenNoarlimting examples of

supplied frominterstage cooling of the CO2 stream
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ha3Qo berdomipreysed togiressees gtoatedrthhiy about heD0l psigpieferably
the flue gas flow |In another preferred enbodi nent the

greater then akons 2; @ bpsiraad often o preasires greaser thaaabaut 5,000 psi
l.east 10% of the thernml ener om gne cqpntactor i.s .
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stream only a small fraction of the compression energy is spent on diluents such

as nitrogen. By “high purity” we mean a stream having greater than about 85
mol%, preferably greater than about 90 mol% and even more preferably greater

than about 95 mol% of CO,.

[0023] The present invention captures CO, from flue gas using a swing
adsorption process that employs thermal regeneration and in a preferred
embodiment, the process is conducted as a RCTSA process. In another preferred
embodiment, the water vapor in the flue gas stream is also removed using a
swing adsorption process that employs thermal regeneration. In another

preferred embodiment at least about 20%, and more preferably, at least about



[0025] Unl ess otherw se noted, the term"selectivity"
as used herein is based on binary (pairw se)

wocRmpandagon of the nol ar conc_egt_rati on of compeaE2608/006272
the feed stream and the total” nunber of noles of these
conponents adsorbed by the particul ar adsorbent during
the adsorption step of the process cycle under the

309%%6¢eof fhecheny atahfarthe dhémupl rogetidratiors stepdfithe thstrmed iswing
conmposition. For a feed. containing conmpanent A, .

adsorRsTEpROCESS efsthgdresey 1amttqrbns§ppeb%mw9r%e cooling of

thg $ o Xtis P BB R (6°F PR arfaick Banapoy 1,000
psti.h?? ﬁH&t‘I’i’éPPfé%‘_@rr%B REnYdimAt, THe @ﬁe%s'%ﬁﬁfré@ FolPC053pture is
cycle a ratio: UA = (total 'noles A’ln the

reddsat frehthe pur{tyodfahe Cdesindamcaptured isfincreased by eeggnerating
that is greater than the ratio: UB = (total noles of B
with atthermalswatethat passeswither eawusientlyareeouatergurrentlyeto the

T
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or@ edit&dtot RPassttto Sedthet conthytor iNA/MAtI vdttaetobthermdBswing
. [0026] To efficiently use the contactor it is
adgexrtionr processanf the@reseadinento8O2 i n t he adsor bent
mat eri al be greater than about 0.25 mllinole of CO2
per gram of adsorbent nmaterial, preferably greater
[0024)h abboltapurdO0,| theflhe gad strédin ie pagped thajughds ostactor
material, and even nore preferably greater than
cogtainingra solithadgssbentimaterial havimgea $slecttvitypbar GOanver N, of

adsopben erial.  Adsorbe mat er | t hat .can
erERP LI AT pehbs] erablh ERealih et AbG L Son alRrHgEG Qe from a
niﬂ@éeﬂﬂ:éﬁfé‘irﬁﬁ i g&%g&ﬁr he desired | oadi ngs incl ude

m Tr opor ous %'at ertals such as zeolites, cationic

zeolites, ALPO materials, and SAPO materials.
[0023} | | iUhlesgothicawiseasoted, the dérnh Esclectiviad! & ised heg€in is based

herein include zeolite 4A, 5A Bx, NaX and Nay. )
onNiRany; @ainvise)esempaidsonoef hetmeler sopeatration ¢feormpenents in
thé eoeldI sttreesamwartlg tﬁ% {0%1 nr{lollllgér of moles of these components adsorbed by
the particular adsorbent during the adsorption step of the process cycle under the
specific system operating conditions and feedstream composition. For a feed
containing component A, component B, as well as additional components, an
adsorbent that has a greater "selectivity" for component A than component B
will have at the end of the adsorption step of the swing adsorption process cycle

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

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



ratios | ess than about 5, such as faujasite, Beta, and
nordenite. Siliceous zeolites such as MFl nmay al so be
woumesha3e4r enrove CO2 from nitragen contai ni ng MCAITUN263/006272
It is also within the scope of this invention that a
hydrotal cite be used as the m croporous material for
the treatnent of a flue gas stream It is also
Wiess Ul ie o AdserptionrUptake wf coniponeat At"candeUgasithef r om
a framework containing el ements other than Si or Al,
" Adsomptaen Pptakpoheompanentdt.e adsorbent material is
m cr oporous carbon. M croporous sol -gel derived

ThgteEie dpSaf Hs@behfRRiRERGIIS R BaMIRE Rl A et
co?-ﬁg&g@g?rggeaﬁg %&aggrhﬁgn BRLerials. It is preferred that

n the contactor have | ow nesoporosity
and macroporosity. The definitions of nesoporosity and
macr$glectidtyt ¥ WxMJm@ms def (wherehgg &t Ughel ow. That is,
the structured adsorbent contains |ess than about 20

vol % preferably | ess than about, 15 yol % nore )
[0826F er abo 9&5@@&51/ AR tafoeRRtaqlor dois preferredithat the loading of CO,

. preferabl . 1 5 vgl % af i r I

iR 5503 BT AR 2 B IR ¢ 8P sram

oﬂqﬂﬁ?fﬁe‘ﬁﬂ ?ddté’ﬁial??réf@?&ﬂj{ %?é%téﬂiﬂhtaﬁ%‘boﬁ?b% millintble of CO, per
preferred enbodi nent, e | ow nmesoporous and

grance Ogdsochent anasteriak; and evien anoteaprefarablyogrieatey tlayegteater than
effectively reduce the overall pore volupme in the L

abept d pomdllisels e ppoRNR of adsprbent materiadn Aglsoghent materials

oA T P B e el B B Bt s
oAl thd ac TR oM ShERlde BRTEPONER A ADHAIShcl™is 4B ifs
catibfid zaetit@ AL BOaapteriaty] ahy SAROatawiiaty)t NoManitiigd ¢xamples

an adsorption front breaks through the contactor and
oftzgeliteszuitable o usohetrin npclndesoeltef4d) SApBrolNadhasdNaY.

desi red val ues whereupan the fl.ow qf flue gas i.s
NGfFTish EDg SRATIPISH B FEIOTEE RealsteainalHiE Aeplies S Sl suekr
2 e .aGl o o1e
ra{“g%gér%g? a e%f()l@ﬁ? g{rﬂf ﬁ%?éryﬂ?sq{reég eéﬁ%rag}ﬁﬁgﬁ?d%r%tg ) cSole: Stor
zeblte3Gach ab MPRIRS 4196 badised B tétho$e COCRomA lﬁo?@ﬁ cohfithing
of the flue gas mxture is switched back into the
mixturieac {tas alsthwithin the soppeeftthisanientidrethat adtyldrotalditentse used
f}rlom,vvhen t he gasetﬁ,s rE xture is first conducted_ .
as the microporous material for the treatment of a flue gas stream. It is also
possible for the microporous material to be made from a framework containing
elements other than Si or Al, such as P. Another candidate adsorbent material is
microporous carbon. Microporous sol-gel derived materials and silicas can also
be candidate adsorbent materials. These materials can be used alone or in
combination with other materials. It is preferred that the adsorbent in the
contactor have low mesoporosity and macroporosity. The definitions of
mesoporosity and macroporosity are as defined herein below. That is, the
structured adsorbent contains less than about 20 vol%, preferably less than about

15 vol%, more preferably less than about 10 vol%, and most preferably less than



to the contactor in a first cycle to the tinme when the
gaseous mxture is first conducted to the sane
woenng/agdbar in the inmmediately 1qu_cceedi ng cycl ecTiuR008/006272
after a single regeneration of the first bed. The use
of third, fourth, fifth, etc. contactors in addition
to a second contactor can provi de conti nuous
atpu Sersd Vaof tHetnp@dsalpmiedn dpemgpares shthetméesdapore and larger size.
regeneration tinme is long. [0028] As previous]y
Adé%tqn@Hms d¢a9>élbgd§u6h%gel@@hmaa@eme@b@émts@@rlow
as SOx and/ or water, at |east so of .whjch..i
miSonsrghs i matpep o dustreRt eart isalcy Blotkipl hchesd
i .
ARV (RREE T oBbrah Rorg YNGR IR RIHASIANS abl thidtoporous
range of itlad contactohadserbeact or to renove at | east sone,
nore preferably all, of these other species. The flue

[0@99{ St PROL6ARACRr R tn BRSFRRLIES B? U pRsSmPAvaktfon is designed

contactor to renove one or  nore of these species, or

so thavulre deseatsng Gisanol%, prefenblyimore thdn apmitdS mol% and
When nultiple species are renoved fromthe flue gas

mere preferably moae thesrabant §5smobas the kiQuindhe dhue gas is captured

o ok B B B e PGP Yot
i £i .

{8 e o S COTRLAR inS RS P n Rl

whetetipoh ehelohvest Ques gaals divertsd® thtbematiss doneadesrewhith has
i nvention provides a neans for individually

alreadpbecn regenesatetl, ahtheceantactdt isrthehmallyl segemerasad s tder
i s conpl et ed. ternatively, several djfferent, )
thegudiGBrReratam e GOREASE oIS REBH Pmparéf ﬁqr@glﬁ%mtwn service, and
thé %‘\QSF He ﬂE@‘éQs ﬁ'ﬂﬁf?{r@ ?g]§wﬁ9ﬁecf)ﬁac(fcpﬁlltmlfeegortltg&o}.h %he total
rénoval of a particul ar hol ecul ar specl es. 'S

cyRIONIRES tife [R5 of AmcSRbALWhYR e %ﬁg&\ak AGixRHESE Frst conducted
species with a single contactor. other alternative -

toitbe tontactores @ filsecydlado ghastimiet When giengdseoansl stixheatis first

qthgat i.'s capabl e of renmoving. several different .
copgpetedtathe parne contagtqr indbe pamediatehhsuqogeding qygle, i.e., after a

. S fl it h cont oL tha taLns a
siflRaFEdst oot fenioe Bl R iR T B fotny it 21 tofthctors
inadanidh @ Descomll RRMbr SREFIRIAE éé&?t!ihlﬁﬁls"iﬁb@és)sinr% {81

When an adsorbent i1s incorporated wthin'the cortactor
adsorptiomotirae ig leort but regeperdtion thaletio larg. ange t he

adsorbent so that the flue gas contacts this

[0028] As previously mentioned, flue gas often contains other species such
as SOx, NOx, and/or water, at least some of which it is preferable to remove. Of
these species, water is usually present at the highest concentration in the flue

gas. It is preferred to incorporate adsorbent materials in the contactor to remove
at least some, more preferably all, of these other species. The flue gas stream
can also be passed through a separate contactor to remove one or more of these
species, or remove these species in a separate unit operation. When multiple
species are removed from the flue gas with individual contactors, each contactor

can be optimized for the removal of a particular component. Another multiple



adsorbent before it contacts the adsorbent designed to
remove CO2. This can be acconplished by placing the

woRbe1436Ql ecti ve adsor bent cI_o&e_r to the entr araaud2008/006272
the contactor than the CO2 sel’ecti ve adsorbent or by

| ayering the CO2 and water selective adsorbents so
that the flue gas contacts the water selective
cartsctobeonfigpafation is bne imvditls a tfirst @GiRacter eempves water and a

adsorbent. In sonme instances, the sane ags be .
se¢and confacter rgmQyes @nﬁmgre@fzS@ﬁng%@P sig@z:i E/iulglak%
Ox t . ..MVa i al. )
ciadt e B Rhe B el hybAin SRR A Bnl for
iﬁmhgélﬁg{?@éﬁyggﬁps%hga@} ShterCh HIRSrptRA 8P iScetifleted.

m xe 0030] In this case, the nos
Altermatiyely, sadecmabdiffaprradsorbents ban beurcaperdted irtblaysingle

water) will fill the adsorbent first, thereby delaying
cartectatisEagh pdsprbent;¢an heeptimizeshigr yhe rypeval Pifspartisylar

m&g%ﬁll CO2) until the flue s has flowed further 1

arishegisn: d0ibProvides 4 meapsdar seigqtivelY Temadine vt
t.S: h s

SRR iR ind @eBHE o AR OREAGHBnalidd H 1o pibcBioiRHluc gas

withid diAght ddeortaiip vitatuatpable ofirémevingueveesd diffbeent nudecular
gas can be dehydrated in a separate process or unit
spspmsatY granpthesraltemativieris da proggss the Aue gakavittea contactor that

adsorption bed, .To effici Ly reno t i.fh
Q583,30 JeRgeaE ik remRSs Ciisciunidoa ngt Siendlipatlly asord other

Jx t0 s than about 110Q0C, preferably
mpge%ﬂ%}hs ﬁ“&ggﬁﬁ%ﬁaﬂ&@gt her dehydration process that
can be used prior to contacting the flue gas with an

[0829pr beWhencii &d¥opberitds tndoitysiated whthixe kau¢orthctor to remove
condensed water (such as in drops or a mst). [0032]

water itnis prelsaiedgntarrangh éhe adsorbent sacthat thenflug gasicertecisdhis
avi ng,an adsor bent terial that is, capabl e ;
aqiaresT e MR desontag B asearAen el encio R aIE CQpaifihis can be
. . | : S T
ST B IR 6 DALY P ABEAIESFAELEPIR anrance o
theRbAfdc@drthak Bid OIS, seldckive adBbfYent BRb§Tagdringiié CO, and water

pol ymers. When the contactor renoves a significant
selectivei ashsortients. so thah theaflueigay omtak tf)the fwabePsed ectivwaadsorbent
beffgpeni]t tcggtafc{sutﬁe%?az geqte((:etri\i/enaglydstorr]t(ierzlit(.:I Slgrs%tnileolrr]lstances, the same
adsorbent material is used to remove CO, and other species such as SOx, NOx,
or water. Materials that can be used to adsorb SOx and NOx include zeolites,
cationic zeolites, mesoporous materials, carbons, polymers and mixed matrix

materials.

[0030] In this case, the most strongly adsorbed species in the flue gas
(usually water) will fill the adsorbent first, thereby delaying the adsorption of the
less strongly adsorbed species (usually CO,) until the flue gas has flowed further
down the contactor. In this case, multiple adsorption fronts move through the

contactor.



bed, the thermal regeneration process is designed to
renove both of these species. In a preferred

woehbgdizpant , t he regeneratioqlbq conduct ed SO PdTAIS2008/006272
separate water-rich and CO2-rich streans are produced
during the thermal regeneration process. In another
preferred enbodi nent, the processed flue gas exiting

[003¢) adshr aiather émbodimé¢nt; e ghyeed dEhpdtationqmeness can be utilized
dehydrated to bel ow about 400, ppnmv, preferably gel ow
toaigBiRvesyaisp fiwm theiflne gas.plBe dhsgas e kadehystiatedan geparate

S0 B RGBT 5o . o
eRRUR B 50k SRSk ecPIEH| i i ERpCEADICSH T s

hasabdie redacédes less tneatidu? 13 08C opreiferablyl Messwtanratioud m6°C.
the flue <?as. Efficient contacting mnimzes_ the

Angathendehy drationmseesss thafuiandz, used) prier torcantectingrthadiusr gas
i amrafent £ghelingha oS Lk ool o SPaRG gt fhon o

inotjroﬁg Uﬁagﬁ'ﬁt and fluids or gasses needed to heat or
coot the cor?f actor is also mnimzed. This mnimzes

energy lost frompressure drop of flue gas

[00B2M nalnhdaredibotiientothacbatactorttanneaiaragsection havirgz an
punp or conpress fluids and gases used to heat or

t
adsothent eateriak ot isrcappblaf] rempdng ayater am detfluegas:
SR S SRAGE F PLTEAR ste
fuh@{iSﬁzﬂ?iédefk‘?W hﬁ%@ﬁ%&%ﬁ?ﬁ%ﬁ& %ﬁ'ﬂ)é}%ﬁ g’ux%a% marix

regenerati on. interna cgnt ac

mégsialy arld polymirsd WReh &t cdigctoPréraev ey a Sighefi¢dny fraction (i.e.>
contacts the adsorbent material. As such, the gas or

thah abdutiz®e thadl %) Op hrd satenfroor theflungas enfering 4h¢ adsorption
passes through the same nacropore vyolune that the flue
begiaghf‘dﬁwenaa TEGNETALiORTOFESSi 18 ﬁle§lg@s¥ toFemgys Botly of fhese

Sp(%gl%g. tIr? a%%gferwzf%éﬁgcﬁlﬁ%nﬁ ﬁlgﬁrgg?x?%gﬁ{)g ?{]E?r?cﬁg:té& §Y'that

urrent, coun ogona

seéﬁﬁ&‘i@ﬁa'té}\lﬁcﬁ @nd '('BOFEEE Girk s tab@prd divell | Ri@ingathe fth&¥al

or such internally heated contactors, CO and any
regenaration pescese.d Inlanothgr predetrhé embodimgat)dhapracessedflue gas
m.xes with the gas or fluid used to regenerate

exding tha atsorption bed thatapmencs (4 h%é)e@ggie@ydgagggftgggww about
40 bk eRbEY ool thali R Anl i Sl Brstsfably belguy about

20 ppmv water content for at least one instant during the adsorption cycle

[0033] It is preferred that the contactor be designed to provide efficient
contacting of the flue gas mixture with the solid adsorbent materials that remove
CO, and optionally water from the flue gas. Efficient contacting minimizes the
amount of adsorbent required, volume of the contactor, and energy required to
regenerate the contactor. With an efficiently designed contactor, the pressure
drop of flue gas, and fluids or gasses needed to heat or cool the contactor is also

minimized. This minimizes energy lost from pressure drop of flue gas flowing



CX2. In contrast to the internally heated contactors,

external |y heated contactors have a separate set of
wochegingdea to carry gasses or |UI ds used to heatr/@2008/006272

cool the contactor. Here, elally, the separate set of

channel s are sealed so that gasses used to heat and

cool the contactor do not mx wth the flue gas or CO2

thioupdy theadntaotomand the ereggy esqtiredrtogiapp of @08fpress fluids and
Exanpl es of internpally heated contactors include a bed

gasas nEad (g heat psicoel hecinitagtai.ng the CO2 sel ecti ve
adsor bent, a beaded CO2 sel ective adsorbent bed, a bed

B35S, B PR P SPA R BRI b o PO

preséht PVt ol d&Jeaas oh wﬁéthepﬁﬁréoma%tbﬂrst Mfe‘i‘ﬁa heafedr
contactors contain a plurality of flow channels that

exaérinally heatedrddring regeneralipai With mtéhml\lythﬂamcghonthetors the gas
contactor. A flow channel, is that portion of th
ordBHd aised to hﬁampmn%% disseslyi qordaets dagigdsarhent material. As
sure ren Jieen t he o ints or
suBh 8 e ofuifl u58d Ko b BE o BiaeRR ik ieafpBR B huies
ththRAE @Enférm% %r@v ﬁfat e ﬂﬁ@gh? AKEGuiiRg the %dsorptlon
contactor. The f ow C anne I'S not consideredt

stgmar Thegas,lvr fiyidpustebio lasat and regsrceate chel aéscrbeﬁm_n flow co-
contactor. Parallel channel contactors forma

cume@i,@qu@aers%mt o(sforthog@aami@d ceassdlowhto &@rﬂimqti@nsthat the
I I t th t t
s A% S For siviamae Qy%a&d?éﬂsg?éh?q, Ty Ay wteh o
hb%‘?&tgd ﬁhpl -thé Qﬁ’&@lal% He X rﬁﬁ{ég WAREthe e{& or fluid used to
adso ors‘'o

struct ure ent ont ac e pr ese

regénepateithe confacedirD [isvsreferk@litha@ khw@dzﬁftcédpafht@d ﬁQm(i‘the gas
neso and nacropores. Mesopores are defined by t

orlﬂmsi\@scd)tmeemmée the interinally heatedreonzactoobsione acmmstewmg the
are defined to

oy 2 e & thaaiersBBy Reaacomiactass, syemabl Bestag contactors
ha(;? %{ke@ﬁ?&?@ 84St c?ﬁﬂngﬁctﬁ %?H'ge%lsg&aér ﬁis?ﬁ%d 0§ ﬁgﬂ &ifli &l the

agent an capable 0

coﬁth@ttﬂl &Qereeﬁfe@[lsrl fHd 3¢ gﬁﬂﬁe sét &Cdﬂa&‘)ﬂlehé ar@?éeél@ﬂ'l%@"tﬁﬁ‘lt Sasses
of a gas mxture. [0037] Several different nmethods can

used taibeat and coed she eonthetor doumd mixawithdhe fluegasrorfoOekiberated
in a contactor. However, for purposes of this

duriggdhe regenerafion step.

[0035] Examples of internally heated contactors include a bed packed with
pellets containing the CO; selective adsorbent, a beaded CO, selective adsorbent
bed, a bed packed with fibers or a fibrous mat containing the CO, selective
adsorbent, structured adsorbent contactors and parallel channel contactors.
Structured adsorbent contactors contain a plurality of flow channels that allow
gas or fluid to physically flow through the contactor. A flow channel is that
portion of the contactor in which gas flows if a steady state pressure difference is
applied between the points or place at which a feedstream enters the contactor
and the point or place a product stream leaves the contactor. The flow channel is

not considered to be part of the open meso or macropore volume of the



method to determ ne the volune fraction of open

nmesopor es and macropores as used herein is froman
woanes/yghe of the adsorption islﬁt herm of a condenzEb®/006272

vapor fed to the contactor. 'I'n the adsorption branch

of the isotherm capillary condensation fills enpty

mesopores and nuch of the enpty macropore volune with

cdritagtor] Pardll¢livhanneldenigadibes forpoa peifetred stbsstiof stractured
the m cropores or free volunme (in the case of

adserbent contagtpres be atparallgl chaanelontagiar there gxistieatdaestpne set
f t ak [ h ti h of th

of g RER e rybRanlely prB T satieBitr e and
macr opore vol une. Detailed analysis of the adsorption

isothermrelies in part on the Kelvin equation which
[0036he| | Ak Pesirionglytmestéongd, thestragiuradadsorbenti¢entactors of the

det gi.l ed .anal ysis provides neasurenent of the volune
presertingent B sorie My B8 wG e L AOR Ak pBen S o e
mATOPErS. M FNAET BIY AAREd BP o FIPACHBOHbS il SBR0T the

2acSHangstrom Bizestahgeard alksropdies ar® defiled tdbe pordsnwvith sizes
either the mcropores or free volune of the structured

graden threni00 pegssamsofByiepen porasiye MranveesnpoTes ard i on

ORI TS B AP Lo o

bR ShFE R s R AL aEtvely L plthonisal dgpe piture.
anal yses of adsorption and desorption isotherns of

[0087H e nsSdvlealvdifiekent (Bethodéa® be Asedito hivakiirevhe Wllume fraction
boiling points) are known to those skilled in the art.
offqrgagiorghin alcantastasndeweveetorenurpesestefitbis inventien, the
rallel channel contacrors of .the present invention
mEibidsn Seiepiin i Vo rgeRr of PBen Rigsabetes andnacropores as
[ ' P r 8 '
usEH R s Ho 1 SnafsR gt R Ao thElA P Bhdepsnbe

vapoRpestd thedeneactay. | Rlthe Hdsogdiontbiahth BS thisotteri, cglpillary
plurality of substantially parallel channels extendi ng

cohdensatioa fdlsiempty mesaporekiant much bfthet ¢émpty maptapoat volume
of tubular nmenbers; stacked | ayers of adsorbent sheets

wigh {iquichafhihe fgn ensahlceyapasloke 8/t eAISH egﬁ%&h,e micropores or

i - d [ | Ls, [ f ow fi
R ARy SRR RD ip LB PSEH B e
amh & 0T vapbetakea Uplianthe @@5oRfiontthRch BRI isBR™Pm nearly equals

geonetri c shapes or the shapes can, in
the empty mesopore and macropore volume. Detailed analysis of the adsorption
isotherm relies in part on the Kelvin equation which is well known to those
skilled in the art. The detailed analysis provides a measurement of the volume
fraction of the mesopores and filled macropores in the structured adsorbent and
the size distribution of open mesopores. Detailed analyses can also be used to
account for any surface absorption or adsorption in either the micropores or free
volume of the structured adsorbent. Methods of determining the volume fraction

of open mesopores and macropores in the contactor can be found in co-pending

U.S. Provisional Patent Application No. 60/930,827, filed May 18, 2007, which



many i nstances, be fornmed directly fromthe adsorbent

material. An exanple of a geonetric shape forned
wodioogetsbes from the adsorbent woul d be he extr usiTous20d8/m6272

zeol i te/ pol ynmer conposite into a nonolith. Another

exanpl e of a geonetric shape forned directly fromthe

adsor bent woul d be extruded or spun hollow fibers nmade
isfincorparated hetedn byl xyfmcncm ipasailedanalysesxafgdserptiormnand

geonetrjc shape that oated wi th_t he adsor bent
degormlpThISOthermSfqoadensable vapisenl arAEakinel ngrmal poiling

P REkBTA O HLASHRIR! Fy o lppriens 1L ouch =5 2

| ayer can be itself structured into nultiple |ayers or
[d'%ls{ sanph@difendisheaid ?Q&n%ﬁﬁﬂ&hdﬁé& ®fiti parallel channel

i -layered adsorbent sheet structures are taught in
cddtadters f the gredeat énventiopl dandie any @mdristert bogedinetric shape that
2006/ 0169142, which is_incorporated herein by
issuftablefor us¢ toad|SAree TheraehWavs wnsaﬂampéxondngﬁﬁa Non-

tispfli B les b BERlRItie Shébics e idR VARopE SRARE floBofiffy paving
gfm 'éfsubgi%ﬁﬁaﬁ Ip¥ralfd] @WakAAs eﬁtélda{gvﬁoﬂ?oﬁ@end of the

elatrvely low fluird resistance couple

mbaokth toethy olnlllcg‘ha?pll\urfahqeoﬁtlﬂmlarﬁhembel’&;rsmﬁkeﬂdmmrb of adsorbent
shoul d be sufficient to provide a nass transfer zone,
shmtsowth and avithauspacers bghvesropaddy shagts mulii-layeeedepiral rolls,

st aolliers s arg T e hngies Qﬁgvﬁﬁ‘ﬁ%@h BerafifLalid Goers.
Tl?ff Sd Geﬁtlﬁnm%@onﬂonthgﬁ@%e(ﬁﬁpg ﬁlé él#ip@ﬁ can, in

ractl on entering a

m@@ylirfs@arwes digeforfritid dieeonynfroat mevudsbrhwmv n@ttbﬁﬁl f Aniestample of
fraction entering another channel at its inlet until

a géamétriecshape formmed diseetdy Mth@&dwh@twomlﬁd)q;meleatrusnon of
It js ipportant that, there be.chapnel unifor

a é“r?%lﬁ?/gogﬁ’ﬁ?r <UBBPHUHH inkp pynomelith ‘{;‘P@\"Ehﬁ’l‘ﬂn‘épg %ﬁlaegeometrlc

stE Rhhet ket Fiofthe ARGbR' 418 BRI Bund¥ifow

equa y con ere

fileers ﬁ?aﬂe%oﬁ@i&lﬁite/{p@?ﬁﬁét éélﬁﬁ@éﬁte t Rarexangsle o iav %etaneifi@
gas purity wl one flow channel is Targer

shapathains adjtad evith tHeoadsohaemtevouldivera tiie fiat steel phcmﬂ mhat is

br eak- hhrough, can |ead to a reductl on_in the pur
cogted; With fuiGraporausley mesepere, adseibent flm, s}pﬁhweohte film.

e . [eov oper at, n cle
T G MR R AR B T S adth g
mORp¥ [d¥ers or the same or different adsorbent materials. Multi-layered
adsorbent sheet structures are taught in United States Patent Application

Publication No. 2006/0169142, which is incorporated herein by reference.

[0039] The substantially parallel channels in internally heated parallel
channel contactors are sometimes referred to as “flow channels™ or “gas flow
channels”. Generally, flow channels provide for relatively low fluid resistance
coupled with relatively high surface area. Flow channel length should be
sufficient to provide a mass transfer zone, which is, at least, a function of the

fluid velocity, and the surface area to channel volume ratio. The channels are



greater flow channel uniformty and | ess pressure drop
than those operating at |ower cycles per mnute.

woPRueg/ifagses i f too much pressur_e”d_rop OCCUur s acrpesaskig/ 006272
bed, then higher cycle frequencies are not readily
achi eved. [0040] The di nensions of the flow channels
can be conputed from consi derations of pressure drop
prfaablyt tunfigured ¢h aringhizelpresssirg dedpein te dhlaanelshdnfrhawy
channel s have, a_chapnnel gap f.rom about

5 to.abou
embodimentsraptyid Hewrlsacinchtegng aushanncakthe #gLpt thscontactor

O g RUBKS bl AR P AP gt
itﬁgfl?gimrﬂt thEA tiﬁ O¥icohPbiiBlaller @R AaKe oafien NRlis @@Portant

or w dt of about 50 to about 250 m crons.

thahthetdh baghhsnetaynifoentiai to ensapatiat substamiixdly, all lodthechannels
as a spacer. In sone_applications, the channels can be
aredeing fulhevti iz apd thatsthe apassdransierganstis gubyaatialéy equally

GBS R Fap SR CI R TRy an o
PRSP R TSRS s et U B ERTLES i,

thefi pedrhhRite predidt beealcairpugh achnitead itoreredwitidd i the purity of the
accurate: plastic, netal, glass, or carbon nesh;

desirgdtprodétigas@r anesathanadptimpinasytole timee t Moreepeasdevices
ceramc, orlggar bon fibers and t rea{ﬁ; cer am

mc .
opsirpiing at cyfle drsauengies gecatelcihapabouy. 1par niniile fGRiw) reguire

. i ;
it Hosh EnREYuTOARY dofiehPhrc Ml rop dndh B Tpkth a
loaks @K BRB periialiied| Furdiiét, bbanadt Presbi® dvdp &ccurs across the
sel ective adsorbent nmaterial, is 1ncorporated as part
basf, thémchighkt cydle tfreguehoigs @ananotiteaditfiachtevedt ur ed
adsorbent contactor nmay optionally contain a thernal

OAEP o 1 B GhbREhl B 8 Hpbl G W e
cARRBEA AR oS oF A e R IRl e
fléwdhahsels hakt Al dHaRfel @APROAT sSut'S ®Lakbift i1NGDC Aficrons,

adsorption step and can be incorporated into the flow
prefexablyl fram aboait SOrtb about 250 minomrsporyptieally,nflowt tleanmel lengths

ragay depmAbONA D GETHIER G ) elsr Mot BBl Bpm &bausd0 em
to'¥bolt 1 8 B%d & h%gleicﬂaﬂ}%legraipq{eigﬁts(torri ﬁﬂh%dof about 50 to about
250 microns. The channels may contain a spacer, or mesh, that acts as a spacer.
In some applications, the channels can be formed when adsorbent sheets are
laminated together. For laminated adsorbents, spacers can be used which are
structures or material, that define a separation between adsorbent laminates.
Non-limiting examples of the type of spacers that can be used in the present
invention are those comprised of dimensionally accurate: plastic, metal, glass, or
carbon mesh; plastic film or metal foil; plastic, metal, glass, ceramic, or carbon
fibers and threads; ceramic pillars; p‘lastic, glass, ceramic, or metal spheres, or

disks; or combinations thereof.



t hroughout the adsorbent |ayer or be included as a
separate |layer. [0042] The contactors of the present

WO veidan can better be undergtood with ref erpgnags2063/006272
the Figures hereof. Figure 1 hereof is a

representation of a parallel channel contactor of the
present invention that is internally heated during the

[00d@Ener bt a stiuctuegl adsoebgéraintadto maost @f the Qycdebective
in the formof a monoljth formed directly froma | .
adspehend sateriala and optienally ubepyatgeselegetive bentypatgrial, is

o et B B GO, S A e
c&ﬁé&ﬁﬁﬁﬁiﬂﬁ)n@ﬂy?gﬁ@h% AbrAacihl é&ﬁ#ol'ﬂ%ﬁghg ‘dirihg the

I's sho enmat In Figure 1 hereof. T

adspiptivdr steplof nionewirngadsoepiidrapricess. pHeatihg idyring the adsorption
paral l el flow channels 3. These flow channels 3 can

stemisccavned hzithg hpat ofradsompben obmodeaierenteriog therpdsashent.

it e bet SRR L ERs e R Gh5hE R eaipaion s
. . Choof ; arr

o8 RRRelsSp|ER Aofleinhir BECOTRA % B

intdthefwallvafurighwith@he 0B s¥lé@ive br dptorfal MutehpleRive ddsorbent.
circular in crosssection, then the channel gig is the

Whenét isdhceripanased intofthe vealtitrcanébe a-onlid/ materid] disteibuted
channel .gap,is, rectangular, ip cross-section, the flow

thEpyghout tAdspEhent dayesrorbe ingidsd a5 arsrPatAts Jayes. and
connecting the two | ongest sides of the rectangul ar

(0b4zE. . el f uidireSehetudH (i Alydd1 yndersiood with

refdiaiideiosthe Figes Glerevty Kigesst herdof ¥)a represdrtatiéRbf a'parallel
Pr ef erredenbodi nents are wherein the fl ow channel

chanoelscontaatonotithequeséngunwention that & inbamally heatedrduring the
e. However, any.geonetric

reé?f%%?%i P ?J[J}eslg%gifl?bma&mbﬁomgtow st fosmaf amopglith
fofiibg RS Sy florhBaBhs a8 Rbpor bhis e hentBy g

plﬁl%‘li't}ﬁ oPpatalie] AdSLERIMelsY OA UDRIctvariehP Of BitHYNEh sHé’%éér@n be

in the adsorbent contactor is from@about 0.5:1t
foahed dirtely-by extrisimr propessesrand|an éxamiplalodiatcylintirical monolith
about 50:; 1@00431 The channel s can be formed havi an a
1 i shpwinschematisaldy 1n Kegurgi Inbereplit The cylindsicalqnenolith T contains

o B BB PR . 5P PR 85 3RESS crannc
gaf$ P WBout §16o SHARNEDG0 thiCfdiPYreiibly from about 50 to about 250
microns. As utilized herein, the "channel gap" of a flow channel is defined as
the length of a line across the minimum dimension of the flow channel as viewed
orthogonal to the flow path. For instance, if the flow channel is circular in cross-
section, then the channel gap is the internal diameter of the circle. However, if
the channel gap is rectangular in cross-section, the flow gap is the distance of a
line perpendicular to and connecting the two longest sides of the rectangular
(i.e., the length of the smallest side of the rectangle). It should also be noted that

the flow channels can be of any cross-sectional configuration. Preferred



25% of the volunme of the nonolith and the adsorbent 5

occupi es about 75% of the volune of the nonolith,
wodob$ e t he adsorbent 5 can 1eccupy f r om abowcTaBSwdsmos272

about 98% of the volune of thé nonolith. The effective

t hi ckness of the adsorbent can be defined fromthe

volunme fractions occupied by the adsorbent 5 and
embadinsdnts arebwherein the 160 dheannelecrbls-s&cteaml Configemtioanis

1 . . . Volunme_ Fraction OQ‘IFI Adsor bent =- Chgnnel .
cithes gircilar, regtapgulanorsqyars. dlovweven &HH&@W%H&&IOWUOHM

t channel gap is Lnh fax ti: t o)
cond i fERD i ety ploiEod AR R R PO 8 38 Wapetes
 t : i ) ,
SRR IRyl Shapdh, TARURGEFNIRES LALOOENS. 4 ratio of the
adsertgmt olumeabw flow2éhamehbolume jrbthe adsortwes coftactar iS@rom
m cron channel aﬁ), the preferred range_ of thickness
abogt Otyib t@@b@mbléﬁl: | anbmore profgrabdy fiam abowubl dgewabogd0:1.
m crons, nore preferred range from about 50 to about
250 mcrons. [0045] For the nonolithic parall el
[0043hnel Thoochamntets caxf bé-foumed Hatihgta vaxidtyoshapdsyincluding, but
heated during_regeneration the effective thickness of
o fn et 5h bW sATS, & e, and hexagenalndl he spree detween the
t he feed channpel .. Fiqure 2 Ls,a Gross-seciional ,vi ew
chanfiely IF ReSolBRaY e BBt R FONIRRE EbURL 3 Befiliby abour
2555 ROV oRIRNbNhel BBHORIPANIFINE alsB1teth B! J&ugms%%t 595 of
ength of the nonolith wth the walls of theflow

the valume of thoer medokitlt, ialthbygh theradstabeted tad ocdupcfrompabaut
di agram enl arging a small cross section of adsorbent
50%Je abeut; W%the valume of theemenptith.. The efigetive Hrigkness of the
| ayer 5 i opprised of a mcreporous adsorben 0
ads SRt Park Be S fRed ki She Zofinif BRRGSHS SRR T the Alsapent s
and chafAtl SRlct@e feat sinks; a bl ocking agent 13 and
open nesopores and m cropores 11. As shown, the
m cr opor ous adsorbent or polyneric particles 7 occupy
abouilegaFpickess Heldpoetine of t he adsorbent | ayer and the
solid particles 9 occupy about 5% of the volune. Wth
this coppos) bi.on, Vdime Fagioddgeds¢réeow channel s) is about
55% of 2t he vol une Volume Fraction Of Channels

[0044] When the channel gap is in a range from about 50 to about 250
microns it is preferred that the thickness of the adsorbent layer, in the case
wherein the entire contactor is not comprised of the adsorbent, be in a range
form about 25 to about 2,500 microns. For a 50 micron channel gap, the
preferred range of thickness for the adsorbent layer is from about 25 to about

300 microns, more preferred range from about 50 to about 250 microns.

[0045] For the monolithic parallel channel contactor of Figure 1 that is

internally heated during regeneration the effective thickness of the adsorbent will
be about 1.5 times the diameter of the feed channel. Figure 2 is a cross-sectional
view along the longitudinal axis of the contactor of Figure 1 hereof showing feed

channels 3 extending through the length of the monolith with the walls of the



occupi ed by the m croporous adsorbent or polyneric
particles. The volune of the m croporous adsorbent 5

woolopnyereric particles 7 canqyange from aboutpcdni$20ds/006272
the vol une of the adsorbent [ayer to about 98% of the

vol ume of the adsorbent |ayer. In practice, the volune
fraction of solid particles 9 used to control heat

flowvl dhanaelg dofmedneatinaly ffivh tadsadbent 57 7¢sdfenmatéc diagrams ealarging
the _adsorbent layer. In a preferred enhQdi manEl th?

a gpll pEossisectien b adserbgnilayen fds showndn&igwie: hhersol; The

oA RSB, 4 B FRRRASR B e
pdrtikles 7 %“g?’i%??@gs QAe: 41 rﬂfa%szfy’,“fﬁatoa{ct ¥ohest difkd; a blocking

et ween par at t vol ume fraction of open

agens 4 andpadn el apodendimb midraporéshEl .adsostmmn, theymicréporous
I's | ess than about 20% [0046] Wen the nonolith is
adserhent or polymerig perticdes? Qcrepy phartbyoafdhe velume obthe

adSgrans fed A b SolAPaficls d deery Sbret Fecds voligme. With
thfﬂga@gggiﬁoﬁr tthlc%{H%’%é @dgg%hhﬁdag ié a'i)BH’E’?S'?’éJQPﬁﬁWdlﬁ&'n'ey

e size. | erred t'hat the standard

octapicd b}OﬂllerliderorbﬂslaQBoﬂfent be pblydhaﬂicd]pahidlés: r' D volisne of
adsorbent or polyneric particles 7 be [ess than 100 %
thefmichepaaoes adgsorpent 3 of polyshenepaniclés fhean tangeyfrom about 25%

ntroll ed _processes. In a nmyre err.ed enbodi ment
oftct_ﬁe Vel & ARCRD P aEeT orPosb ?B%OEM umaPhiual
s n s 1od
SRR [FRIRRE hedolieRA G PEIFhTicled e
conitret hdhswill PatigeoRoinCdboi 04 t& aBSIROT 3% Wfthé FB1die of the
controlled by the nethod used to synthesize the
adsarbient layer. |In a predered podwidiinent thesapamataf the meso and

pre-synt hesi zed m croporouys adsor benfl qEart icles by
m3eropoifsinihe ronkasierisdninamizedy Qe imgthed 4 mipimizegesopore

olum. |t al so. be ,advant ageo ni f or i
i pifopois yARYRE L Tl 5 Bt EREER T3 et s M 4Rl ppount
ofSHLL O ITICRNHOLL RIS o 06T S ofen
mésapores aiid nrtropetesl Limmherausortaas dayee R is 1&scthanabbat30%.
are described in co-pending U S. Provisional Patent
Appl i cation No. 60/930Q,827, filed May 18, 2007, which
[0046] ncoWhendhe monalith is 5§;ed( ior & flag gas separation process that relies

on a kinetic separation (predominantly diffusion controlled) it is advantageous
for the microporous adsorbent or polymeric particles 7 to be substantially the
same size. It is preferred that the standard deviation of the volume of the
individual microporous adsorbent or polymeric particles 7 be less than 100 % of
the average particle volume for kinetically controlled processes. In a more
preferred embodiment the standard deviation of the volume of the individual
microporous adsorbent or polymeric particles 7 is less than 50% of the average
particle volume. The particle size distribution for zeolite adsorbents can be
controlled by the method used to synthesize the particles. It is also possible to

separate pre-synthesized microporous adsorbent particles by size using methods



[0048] A non-limting exanple of a parallel channel
contactor that is externally heated during
woRggnssat i on i s shown in Figuje 4 hereof. Fi gumeusho0s/006272
hereof is a representation of ‘a parallel channel
contactor of the present invention in the formof a
coated nonolith 201 that is externally heated during
suchgBnegravitationdlesettling cafisnnbdhmalyaalsr be advatageoustoase -
the channel of a preformed nonoljth conprl ed, of
unifermiy sizedamicrenprrusaadsorhent Br polymery¢ partichesein; ¢qulibrium

C‘ﬁ"é qga s used to forma nonolith froma suitable
T é&‘PB’e“ﬁ't ON5at erial incl udi ng a netal such as
steel, or a ceram c such as cordurite, zeolite, or a

(099877 Bhreiaun Severalupys et cnaiolans san be loriet girectty Hom a

R o B4 R SR R e S e
U%Iprsaﬁldﬁa% Pakait 21 Atoh N6.60/956.80¢! fikkl Mayarg) 2009 nwhlch
fired under conditions that densi fy the coat i ng. It

isahcwpoprased herein byusferemozuum and pressure i npregnat i on
techni ques to apply the glaze or sol gel. In this
the gl aze ,or s trate into t

[0§3§]§’ stAfongimitng @ﬁ@nngen@f 't plﬁlraiﬁi chasne} coniagterthahs

orfh BT FEeR e Pt SREUAT 1Bl 4 PBlect™Figure 4

heré N8 1 fepRAehfitidntd¥ PadNePéhdnhR] EBRaLIor Ibf thé f@ﬁnﬁirﬁ/@ntmn
be desirable to inpregnate the pore structure of

inrthe 6brint bf wicolated moholtin2@ b thatlis eetermadlyt ineated dnnﬁg
wal | s are sealed. In order to provide externally

regengratign whenghe @Gé@r&@nbhyem %qaﬁ%d enteoths Cé\anaﬁla%fr@psefomed

p03|t end

mp ik siober-odbeRmatirialy I HEP B Te e usion
pré@é’gsqgu & ﬁ)rﬁgg ?'mﬁﬁﬁ}tﬁ% m%rﬁull‘é &ﬁ-ﬁﬁ%}bEQ?mfa erial

nmonol |t at bo ends o e nono to provi

inaludigsa hetdlerh asastetdor @ verantic cshan aslcordlitfie, Zedite rtsr a
surfaces 219 are provided at both ends of the nmonolith

cagomed| cexgmihor metatig glazeqir sohgeheoating 219 Elapqlcﬁ@wg] seal the
t h Il b
chafinGRRAR of e PRl Sudtietiaes ot bf AEPLEGAKS éilg%goatmg the

li

bl SR DAILERLS Sk REE o SRR it
ch@hﬂﬂﬁ&élflis amd thegh figedniider |cbﬁdﬁﬁiri§3hat§kﬁi§ﬁ§'|thé cohtifig. It is also

materials such as rubbers or carbons, and the use
possible to use vacuum and pressure impregnation techmques to apply the glaze
or sol gel. In this case, the glaze or sol gel will penetrate into the pore structure
of the monolith 201. In all cases the glaze seals the wall of the channel such that
gas flowing thorough the channel is not readily transmitted into the body of the
monolith. It may also be desirable to impregnate the pore structure of the
monolith with a solid material before the channel walls are sealed. In order to
provide externally heating in TSA operation, alternate rows of channels are

sealed at their ends 215. At the opposite end of the monolith these same rows of

channels are also sealed. Slots (223 and 225) are cut through the monolith at



of adhesives such as inorganic cenents and epoxi es.
The nodul e is configured so that a heating or cooling

wof dobs/ti36an be fl owed through _kge_ channel s sealped/@hoéshee272
ends 215 by introducing it th6ugh the slots 223 and
renoving it through slots 225. The heating and cooling
fluid will undergo heat exchange with fluid flow ng

bdth rendg lof tiemoinatittetsptdvade foes aqress td thebe sealed odws o€
nodu] e, These, nodifications to the nonolith convert

Chalwslsglt%aﬁeaéw@@ﬁs ZA9 arq\pravided at hothqmes afibe nmyglth as
h duced
WE@&SFI@&? e@l&%ﬁﬁﬁ% z‘ﬂigg IeelfsJr gf ugﬁchoz)t her ways |

i ncl ude shell and tube heat exchangers, fiber film

he exchangers a printed circuit heat exchangers,
[09|43] of HhPPEratios, monﬁ@mqwm ?H@ma%tfsg g re%il{ﬁpﬁa agpanner
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suﬁ’tfaneet%f:El‘i’olﬁ dhmRniselihs sé"&lstﬁé RAGS ofﬂY@éhdﬁﬁi%lsambﬁl’ﬁm
volunme fraction of nmeso and macropores. As such thls

metadipivelds, pasketmigesith amaterialslsuchias rhbbérs excclaﬂngfs; and the use
structures can,  be converted into nodul es suitable for
of adhgsings pychesinoagama cepenty anshepedes  dhemedule ipgonrfigured

sopftEa e iR S Coosints PR e R oSBT a BRsaR s seated at
th€|l 'eﬁéﬁ 21§r bg‘?ﬁﬁ@ﬁumhgq{#ﬂo F%@gﬁ% Qgﬁtankl% rov?r%slt‘%ﬁfbl&ﬁ slots

applied a coatl ayer, on the wa

228, dlheheaing] emcbg/ocalmg Auid will andergodstat biechdrigei withdluid
exarrpl es of such nmethods include fluid ghase coati ng
P

 thechanaels ¢hatrarg opeatat thy, end phtheompduly. These
mca%n%{;gf_ng hﬁi{i}h{’nﬁﬁ rqrﬁr)g{ :q:gt'nt br}%\o,lg{ ﬁptalg\eg%gﬁang%? %nd Mere are
valiolls I&‘t’ﬁ’é’r% ﬁ%hféﬁ‘"ﬁe'ap gx&ﬁcﬁéﬁi&sqé’eﬁfb?é (%b%@ﬁ or'cBfifigured.

coati ng solutions shou

Non-tinsifiapg @xamplesDaith sthePhysaidladestidll sh@fubetheat
Vi scosi tyl ng agent such as pol yvinyl al cohol, heat
exphm%r 1hgs|filas heatrekcbangessn ahd printéd mll'elllll heateesvbangers, all of

nsf er oI|d ma e needed be he body of
Wlilﬁ RS ﬁ]&rﬁrac 149 RRE AAASAFD N 38 4 108 B Fide of a

heﬁ?&c%aﬁ%ersll{% %Eh B (R4 if GLEFILAL DRaT tihe '})r{a&?lt %%Jn?fo%mlg a

€ separati on process Cy

préﬁéﬁreﬁ%@ibdﬂlfrfem q&a Advosbett 1y }aﬁsﬁprob»e%ldn@é/ facBOR ofiskso
into the body of the
and macropores. As such, this example illustrates how monolithic heat

exchanger structures can be converted into modules suitable for externally
heated TSA operation. Feed channels 203 can have diameters (channel gaps)
and adsorbent layer thicknesses as previously mentioned with regard to Figure 1

hereof.

[0050] The adsorbent layer 205 can be applied as a coating, or layer, on the
walls of the flow channels by any suitable method. Non-limiting examples of
such methods include fluid phase coating techniques, such as slurry coating, slip

coating, hydrothermal film formation, hydrothermal coating conversion, and



monolith. If a viscosifying agent, such as polyvinyl

al cohol, is used it is usually burns away when the
woced/i48gs4i S cured in a kiln. Lt can be advant agamus208m06272

enpl oy a binder such as colldidal silica or alumna to

i ncrease the nmechanical strength of the fired coating.

Mesopores or macropores will typically occupy from
hyadrotier@@l grovetho iWhéf¥onthydrethesmalneoating teshotqued are used, the

coating. To reduce macropore and nesopore yo

ne, a .
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Ite menbranes are prepafed. An exanple o
ofieht meshdlith 2@ ainrggt do as itk ioven heataranssertsolighty storid§ and
Patent No. 7,049,259, which is incorporated herein by
releasingdirad in theodiffesentspenssofjthe separptiopdireeessiGygle. Insuch a
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regenerati on. n I'S contactor or an exter fal Yy

mAQdp6EL Jrﬁﬁiﬁ%@?&@ivdlﬁfne?ﬂ%%dl@ﬂ apentedanitbapsysligd insESeparate
part of the wall of a hollow fiber 415. In Figure 6,
coahiag guoeasss Whe by duifthetmeal folos foration mkthadsrarachosen to

401 are rendered transparent wiith only dotted |lines
anp?w theaadsegbeni daysrglhe coatingdechpigiessisadsean berketyotimalar to the

bers. us . : A di . .
wh BERBIPAILE bSO B! bR, AR TP BE A HERSE o
gréWing hizebhiR 1dyéd ﬁ&h@@tﬂﬁr{ns Platdrt N 7,089,259 8whith is
surface 450 then heaiing and cooling fluid 1s passed
intdrporathd hbreih blyl referencee Zedliteflaydrs growarty Hyldrothiermadd
to formthe contactor. If the diffusion barrier is on
synthesisxeresyrports pitehaveeracksand grainboyadagieythat asemggapore

an'ds’mzlcer(fl)ptoper ﬂlusqtz]e.t lﬁe rQf%lltllr%\évo(f?fléesed'p%?f'es is often less than about 10
vol% of the film thickness and there is often a characteristic distance, or gap,

between cracks. Thus, as-grown films can often be used directly as an adsorbent

layer without the need for a blocking agent.

[0051] Figures 5 and 6 hereof are representations of another parallel channel
contactor structure of the present invention that is externally heated during
regeneration. In this contactor for an externally heated TSA process the
adsorbent layer 405 comprises part of the wall of a hollow fiber 415. In Figure
6, the outer surfaces of the housing for the contactor 401 are rendered

transparent with only dotted lines indicating the edges of the outer surface. The



[0052] Many different nethods can be used to produce
the adsorbent |ayer 405 in the fiber. Sonme of these

wombdindessar e di scl osed in co- %%ndl ng U. S. Prowcgingnads/os272
Pat ent 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
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cl%jfaﬂﬁr 8%35 dof bgg{mer\mﬁﬁtl‘[ﬁteﬁﬁw (ﬁ?ﬁ\lsfo"i‘lt cge ?Rﬁllis "o actasa

ass Silica e fi pro

diffusioh Bdi*n@f frth&effebtivaaifi®ion OO iefPdFehs Ubﬁtﬁbé %ould be less
fibers have been forned, they are gathered into a

thinuabibw Hihd thdevenage dffusibe coeffesiemtiindhe adscerbpnt tag'dr and
material 417. _This fixes

prgggaiﬂg ?gﬁﬁlttg‘ag abg stl/ﬁﬁppah? jverage diffpsign r%eyfﬁ@ﬁet in the
adsorbent layer. When a diffusion barrier is used, the gas in the feed channel is
effectively contained in the feed channel and adsorbent layer. This can eliminate
the need for a supporting matrix around the fibers, thus lowering the mass of the

contactor, and in some cases allowing for the cycle time in the process to be

decreased (i.e. rapid cycle operation).

[0053] Another fabrication method to make fibers suitable for used in an
externally heated parallel channel contactor is to coat the adsorbent inside of
prefabricated fiber such as a hollow glass fiber, hollow silica fiber or hollow

polymer fiber. Coating methods previously described can be used to form an

adsorbent layer inside or on the exterior surface of a prefabricated fiber. When



method to do this is with an enbedding or potting

process that surrounds the ends of the fibers with a
wombg/igsodmat eri al 417. To visuald ze the potted Hgmmes2008/006272

array, Figure 6 hereof shows tThe parallel channel

fiber contactor with the matrix material 417 rendered

transparent along with the tubul ar housing 401. [0055]
thetprefapeichted fiberdy nmadet from glasd, e silidag thee finkiupraduct has a built

housi ng 401. Sealing surfaces 419 are provided at the
ingifitirsion bagEief.ubul ar housi ng 401. A sealing surface 421

is also provided in the mddle of the housing. Slots

1003 { TGS sRE PR h Bion Bt RS fre i th A Tng o
blﬁﬂﬂe GRAENdY &F B G RindI A5G Fhpsitdd 90 fdfrix

the diffusion barrier is onthe interior surface

méﬁ:ﬁhaﬂ WU?. oFhisrfocsshe dierd imoa substanthlly parallebnerag2 One
and 425, 1f the diffusjion barrier_ is on the exterior
methodaedothis istwith ancanbedding @r peBingprocess dhat perggunds the

endiotle AR Rl mdts ARBERA T S Vealf BROAEN fber array
FighPh ﬂef@b‘f'sﬁo%% hrasﬂ’@l Haxﬂ?e“-l H%tr'cgmacgqi'%itﬁ thé trix

nner that seals e en e chann as we

mbfegiald i renddred anspareht ﬁlanAﬁltlli) tie/tubutdrholisipU46E d
any suitable sealing technology can be used. In a
gemfl c exanple, the nodule is configured so that a

A8l i ng mt@riuaﬁgamsl}hw sealed antplagiubular houging 4@l. Sealing

Sugfaa%wh%?eﬁhﬁ{vr'@%ﬁ 18 ons atg Bipudsiaihe t0k s & Sating
su?ﬁ%%%?? gféfocﬁr%'vidw il e ﬂﬁHL onﬁﬁ‘\@ l,r&ga@lo?g(ﬁff‘ & 425 are

I"owi ng t hroug ers \NhIC are

cudplerough th@evaﬁ?lﬁ@bzﬂfthé bedgrofithecubufai ﬂnoubmg&omw f6r the flow of
arrangenents, the tubular housing 401 containing the

hq@anglandlcoahngﬁtuﬂs and loopréddseasd kpee@uﬁgaasdse eItf the diffusion

exchanger sujtable in TSAprocess
beEHr B recre JHHSEH FOFiEcE f'ﬁé%}qeo%rrgr%sﬁegaé S¥s Sonish the slots

423206 479 5vaﬂ1f: 316@:9%18‘? b\ﬁ?lll %;e'xgn d&{ surfaee ggﬁO; ﬁleq{]ﬁleating

macr opor es or e rna

andeiotielg tﬂmdqlowcﬁuad% RiResTot 28 asd 925, the overal |
adsorption rate is characterized by the nass transfer

rate fromthe feed channel into the adsorbent. It is
[005€] r ablreoperatianethetubukas ousingsis anounded ina TiSx or RCTSA

(rargD g ﬁyglﬁaﬁel n osrv?lﬁ%;/aed%or(ptlon) rr?%ulgqg a tarllr?er}at laty se\g?st t?lre)ends of
the channels as well as the middle of the monolith. As previously discussed, any
suitable sealing technology can be used. In a specific example, the module is
configured so that a heating or cooling fluid can be flowed inside the hollow
tubular housing 401 by introducing it though slots 423 and removing it through
slots 425. The heating and cooling fluid will undergo heat exchange with fluid
flowing through the hollow fibers which are open at the end of the module.

With these sealing arrangements, the tubular housing 401 containing the parallel

array of hollow fibers becomes a heat exchanger suitable for use in TSA



nost of the volune of the adsorbent is utilized in the

process. Since the adsorbent selectively renbves CO2
woanes/apidional |y water fromthecgas stream i netfriuszeustoos272

use of the adsorbent |ayer can | ower recovery of the

CO2 and/or decrease the purity of the recovered CO2

product stream Wth use of the present invention, it
priosesses s libh preferfedramnbadiment sthe fthens baveas adsarbent layer 405

efficiently used.in %he adsor pti,on and desorption of
witha mawluszﬁn%aﬁ%m of pygsopeses 3NdJBAGIEPOIESs is to have

an adsorbent of uniformthickness where the thickness

he o t
19957} 7 o LBy, ihyiriafif heied ffcES albdbeh PEontactors

theioRr4lf addep@ehs P4telis ERarabRrided Byithe MMassitRisfétratdBom the
process. Thickness uniformty can be assessed from

ferd abaneetentosthefadsorbenhi ks dssiratfletto havel shoy mass trapsfer rate of

fromthe way in ich it is fabricated. 1t .
thgspeeies gemgrrsmq‘w Ui @Qarﬁn@wnsmaﬁa ‘ﬁ%rg@rmgﬁtensgga §erthat

mpREF S oREE 4TI ARSrAbAC ikl in ML BIOLERS Sthee ThE

addbPB et 3Blettivé Y GefioVed WO, ARY bakbAly vatdtdrdhitRE Bas §tﬁ@§m,

t he adsorbent "thi ckness is | ess than about 25% oOf the
inaffécienteuseifckeadsorbent lagyeevanlowerarepoedryrofabe 3y andier

standard devi ati on of the adsorbent thickness be | ess
dacreaseiho purity5of Bre repavered (depradusk siseam. Wobaise of the present

inf@hiiche b e BE SRR 5 SRR A BRI e bed in the
o B o PR R Yoo Rt RWaf 8F 80 iy is o

havieranugdsotbemt af sinifoemt thickyess wheee therthickaess afithe ddsorbent
for transport of the CO2 and optionally water conputed
laygr is sehby henmapntransfen geeffisients ofthe @Oplaad aptipnelybeater and
hi ckness,i,n the xdjrect.

sheet w.th n, and the. y and
th e b eGSOy OPIP PR AP O R Piiest 1 Biekrere
. V. N e
o e RS HEARAof s fiRdtg B asorben:,
ortfhiématie magentwhichiofd fabichuedl dpiscprefdrred tiat tef uhifSrmity of
heavy conponent along a path fromthe feed channel to
the lndsqrbient be such that thedstangeaddeviation of its thickness is less than
about 50% of the average thickness. More preferably, the standard deviation of
the thickness of the adsorbent thickness is less than about 25% of the average
“thickness. It is even more preferred that the standard deviation of the adsorbent

thickness be less than about 15% of the average thickness.

[0058] Calculation of these mass transfer rate constants is well known to
those having ordinary skill in the art and a detailed discussion is therefore not

needed herein.

[0059] A figure of merit for the mass transfer through the adsorbent layer is a
time constant, t,, for transport of the CO, and optionally water computed at each

point in the adsorbent. For a planar adsorbent sheet with thickness in the x



the di stance along the path. There are nmany possible
trajectories or paths fromthe feed channel to each

woPRU#43064, Y, Z) in the adsorbenl.  The tine congcants2068/006272
the m nimum of the possible tinme constants (Dpath /
Lpath 2) along all possible paths fromthe feed
channel to the (x,y,z) point in the adsorbent. This
ditevtiondesd e hand lzr divegtioms deprg #sthemlanaof dhoshest, ithe time
there is a solid material in the adsorbent (such as
canstant vioffherhgapeCOMPPNERdSt or heat nmnagement) there
will be no transport within it and (x,y,z) points

tr antgsve i MR ReR ] "or BB S eci o TS

taken to be the single conmponent Stefan-Maxwell
di f fwheRMQeT {5 the @WerdgertranpbrisdiEfisit cobfficRnebAgR heavy
transport di'ffusion coefficient al ong the path, Dpath, )
cangpartent hlongaa pgthafvemahe deed thargicd to tuepding (X niz) adrnchYlpan” is
the path. A ljnea eraging is sufficient to provigde
thg digthnassilghe deapatii | Lhare 2k, drassible tr@ﬁ‘&%%?qg?r g?] from
Vi ent. 3 [ hergLtf uUsS] .
8 A T RRAGHn B PN RPRBRBoh ek ilebfuan i e
mitifuh OF usd pEssAEftirh€ bomitasie HBNGS/ pnam?)eaaﬁ% MY RsHIE paths
it may depend on pressure. To fhie eXtent that the

froiinfthe feahcltanmkl tcthenix, g hppoms in the adsorbdrd. ahhas axpdaddsgpaths

the tenperature_and pressure changes occurring during
thepughamesopases and MACEPRRIES- Itheee 14 polid terig{dn the adsorbent

(PR BN G Metdeldl BB ERne eGP0 BpeiedhEre no
trdibbrtWithint Bhd (£ 91z)V BbisPhvidin iflte e MANGAL e | S

a dense soli ess than the cycle tine of the

copipitetion. Vheeranspbdretrdiffuyiontdoeffavientgeddh speorsss tdkenite be
adsorbent |ayer iIs chosen such that the tinme constant

the singde componcainyafamrbaxyrell diffysspm ceeffisientdpr aagh species.

093P ERE et b SbrBad 550 B Pe b ey
t hi t | s

/e R AHERAE e pe oA WP R o

protidea didfuzicn eufficitng @Raradcteriigg &&sg/athe ‘Whehalie héawot

a dense solid is |less than about 25% of the cycle tine
copipaneat bapneny . speoies the diffusion keefficiendy Paldl, yis Alsat ed or
co?ﬁ(;go%st?grllalll%/ a?vee?etlgee%. ¢ Cﬁltea(ﬁ%ﬁlglsont cho%fﬁcient depends on temperature
and it may depend on pressure. To the extent that the diffusion coefficient
changes, it must be averaged for the temperature and pressure changes occurring
during a cycle. For an adsorbent to be efficient, the averaged thickness of the
adsorbent layer preferably is chosen such that the time constant for at least half
the points (or volume) in the adsorbent that is not a dense solid is less than the
cycle time of the process. More preferably, the average thickness of the
adsorbent layer is chosen such that the time constant for at least about 75% of
the points (or volume) in the adsorbent that is not a dense solid is less than the

cycle time of the process. Even more preferably the average thickness of the

adsorbent layer is chosen such that the time constant for at least about 75% of



tenperature rise nust be limted during the adsorption

step. The heat of adsorption for CO2 in cationic
wozmod/ifes S in a range from agout 15 to aboutpcA®Uus2008/006272

kilo-joule per nole OfC2 adsorbed. Wth this heat of

adsorption the adiabatic tenperature rise for an

adsorbent |oaded with 1 mllinole OQCO2 per gramof a
theqialmnl(or Yehini¢)dndbs adsmbentuhat i e d dersesahiddas essthan about

ut 200C to ab(%ut 500C. For internally heated

ziérﬂfébﬁéb"%lelt!m%’ BREPERGEEY to linit the tenperature

rise during the adsorption step to | ess than about

(0980F PYEOEHRIBRIAANR, AcADE TRy hdfeBLHAMRIIA the

e ra mass ent mas

tefifpepdtdrdAsd hudt balasitdd iind the a&oeglné@ SR OUI‘heZh@dE @f

preferably in a range from about to about 1. For
adserptiomafdryCQOg ot eatiamaotzaclitesss ihe ramgepfront abamtrliSste about 40
can he |imted to | es

ki ﬂgﬁ;{}? g ptg?&l ag%g@f@,; Qofgsozlt) oW 1thyths heat afipdsogpiiamie adler&)atlc
h
DY SO SRR T Rle PR G ST ot

ca‘t\ﬁ)h?cr zedlﬁe tahk&b%ﬁfsﬁfould@e hh 8rAfde RORT MoUtP0SC tH I%b%t 50°C.
he water flow used to cool the contactor can

F@h intdrpall e Heaﬁed lvontaetars inisqurefdrregl tookiwit. the mempetdnmre rise
enmbodi nent, the cooling fluid is a fluid (gas o

during the)adspentiansstep sadasg than @b@n 2&°€elm ngemrabng @ytbemnal

[ tact C
s} orgase R dhicy At ok et sl BSs, pdhar b PR sguld be
inl'h'aﬁ &fifdrtt %Ebui §.02h8 a%ﬁhé Qw} RS 3H% r‘apge%ﬂﬁnhﬁgg 0.1 to

cont CtOf t renoves nd optiona

ablot 1 hiFbr exe@nally degletl dopbictonrs the seaperatuire Lﬁﬁé duitng the
heati ng/ cool i ng channels of the contactor in a

addbr;étsm gep cambeilgnitedita koss thanr araut 20°Chy plimping anoeling
f.l.o a oce sedtorem)v
flyidyt ‘b E’égkl(é%}é P\g&@&' ?Pr P%SS&g%“’pg?s‘f%!tféCt% In one

e BT cofimedhid 1S e &R Rl el B Ghermal

en@réﬁﬁk@ﬁ'up%sﬁle' Watés %W"ll&é'd RcSO1 tRE BBhla¥td?RahYE dissipated
contactor the ratio of thermal nass to adsorbent nass

th]ansdz) ef aroalingtgwer.r bnamdthet embOdlmmtaﬂmﬂocﬂlrgﬂuld is a fluid

r raby in range, fromabout 0.1 to about [ 0061]
(ggﬁ @ém%tdﬁ wmatthlf%hgaoﬁérlgﬁ@&mrcaﬁ& el stll anothet

APPSO
wHREPFENGVEAL. | Phis effluent is the gas that has passed through the contactor
that removes the CO, and optionally the H,O. In this case, the effluent is passed
through the heating/cooling channels of the contactor in a direction that is
counter-current to the direction of flow of flue gas being processed to remove
CO,. For externally heated contactors it is also possible to use a thermal mass to
limit the temperature rise during the adsorption step to less than about 20°C. Ifa
thermal mass is used with an externally heated contactor the ratio of thermal
mass to adsorbent mass can be in a range from about 0.02 to about 2 and

preferably in a range from about 0.1 to about 1.



front of adsorbed CO2 noves along the I ength of the
contactor during the adsorption step of the TSA cycle.

wo\eag/1438@ begi nning of the adsprption step, flpea@as0s/006272
begins to flow through the contactor and CO2 is
adsorbed in the adsorbent material nearest to the
entrance of the contactor. This depletes CO2 fromthe
[006d} NngWitlsa sbntaatortthatt hasagembmakotrgnifer chanagtenistits ahé has a

contactor. The adsorbed CO2 caoncentration falls .
mggrgiopimE e Jermperatire T When (§ayistadsorhse aél’@ﬂ’ gQncentration

PRSI GO0k dfovehione Bid 1l BF R ConeothP Suring e

acgogﬁgtf&m?@ﬁb&“@ﬁé IR Af 8Ydie. NBNEhedeRitthihPOf e 8ddorpfion BRp,

actor towards the exit as the adsofption step
fleopad beas td flosy thwvegtetite ¢antactbeané €O pisasisarbeddadcheed
concentration wave that noves along the |ength of the

adserheat meaterial nessess te thremirangs ofthecontacter: Hhisdeplates CO;
i n adspr bed i | | f th
b RIS A B Rl 0 B AR R ch o, e

s8R cLAEHAI G SIK SELE Bl % s bl ALY O Pactr
totdppraxdamitdgtthe bl it af tHGd of theregenoratisih etepl STHwposition
adequate, then the gradient will be shallow. Such a

atydrigh theadsosbed CO4 eonsanatian dalls ghoveisradong thesleagth efithe

contactor |.o t contactor's.,

coRRRPE MR HE Sl i DS ORPREieD CORtRRGn Talighovement s

. . P ! |
rel R 4o Ch N AL okt of e
contacteic OABBhhf)eshdentratiof Ql‘ﬁlﬁ?bﬁ?ﬁid\i\éﬂtbirﬁi&bkbéd &¥ncentration

0]

passages or channels for gas f . [0063] Wen the
alenis theplength ¢f thatcontacteris grefareedidsccahsoitgnahtestthe feed to be

of e cgntactor, the adsorption step is stopped and
Paﬁ%“g’;&‘éﬁ’%& Santactpr foreelatively doRmBms kefore eakiigough” of
1S referred enbodi nent,
th%?%ﬁ%? Q@ﬁgpé}lg thggd ?g&ﬂig téf gﬁgﬁg‘r ate the adsorbent
cones frominterstage cooling of the conpressors used

[0062]c ONIf @5fss ths o2 ié HOEAdSGUAtd, e BcSerabferd WARLIRS sHaTRW .
about 1,000 psi for transm ssion via pipeline or

Sushquesstdition ogsultstinadsqrbefeebegininigzo dseape theasamtdctoriong

bela(E]}'tgﬁBS %:srgt%cgogpsl éa%gacﬁgl R la%sgrrl])eirs%%l/eﬁ Stiliggd.cf)nnlt)gl%%igé, lllirg]ha}nass
transfer is achieved by providing relatively small channels for the feed fluids to
travel through. This is accomplished using contactors with small flow passages

or channels for gas flow.

[0063] When the adsorption front, or wave, breaks through at the exit of the
contactor, the adsorption step is stopped and regeneration is initiated. To
regenerate the contactor the adsorbent is heated. In a preferred embodiment, part
of the heat used to regenerate the adsorbent comes from interstage cooling of the
compressors used to compress the captured CO, to pressures greater than about
1,000 psi for transmission via pipeline or sequestration. It is preferred that heat

drawn from interstage cooling supply energy to the contactor in a quantity



greater than about 10 kil o-joule per nole, preferably
greater than about 15 kil ojoule per nole, and nore
woptoed/eneddl y greater than abou{3 20 kilo-joul e perrm2besnos272
of adsorbed COin the contactdr. Duri ng the
conpression process the CO2 rich gas heats up. Wen
the tenperature exceeds about 3500F, a stage of
grearep tieasatoutil9 kibo-joulatped nwie, preferghly greateoshamabout 15 kilo-
_preferably with use of a heat exchanger before
joule parauelen gnd meretpre ferably grgaten than ahput 20 kilnnuwe pepmole of

Jo .co sSS CO2-rich @i xture to _pressures qgreat .
adsReP ok i OISO Jufing Ehe e SmprER T PP s L0z ich
[ I iRber .
e HERLEES. Whon THE(GHfipkrafit (RELAL O3S ISIEERE of compression
isWerinfinatdd anidtheyek igsoeslel, prefuvablyr withhesehufta hid¢dtiestchanger

flowed or punped directly through the contactor to
beferd introduetg, it dntoia suhsaqient séagecef ¢Mpiegsion. Heneompress a

e
st TR0 9GS O RISt LGB

riéy 84k EBhPredsGYsas aRptirédwathGeHaid§udPebil b2 Wter. | Thé Rotsfluid
preferred enbodi nent, the heat derived frominterstage

is flmovechgr pimpée dizeetly dmough sbe sontactardpsiehiverheataor it can be
about 20% of the energy required tQ regenerate the

paserd thsevgh ahgapexshangst ip hete seandamciiid 2ba}, daliveps heat to
e equi_h t .

thE 3R el ok, HEIFBL A e M A RGP eriAP EATo the

conPatt8ELsah exedsOVf MoulTUPOHRTSEBIYRSEReBS BF §8SutTWPC and
that 1s often discarded in industrial processes.

evefiGfiéie plefdrably inugpeesedf atoutd@Of€r dhehisiprefesredaerhbodimyent,

passing.a hot fluid (gas or |i (%ui d) counter-currently,
the beatderévad fromointerstage-copbing of the) EQy easapressors gliversamore

thpABafaie ot e Ol deabigtin fene e The BasarPe) ¥ha
pr?fe%ﬁi%%ﬁ? eatﬁgngl%ﬁ{‘@@w&f e reiglinte'a% reSEn AR REe
ow of ]I-w ni

uring regenerati countercurrent or

adsorbaumt.r Aniothier soneceavhcr ehaticagdie wiedab regenerafe the wentactor is
gas during the adsorption step. One way to construct a
lowr ersmediumygragde westeproeess heabhat imefter dissardedanrindustyal

a cross-flow heat exchanger
processes.

[0064] Heat is supplied to regenerate the contactor by passing a hot fluid
(gas or liquid) counter-currently, co-currently, or cross-flow to the direction that
the flue gas flows during the adsorption step. In one embodiment, individual
segments of a cross-flow contactor are stacked or arranged so that the average
flow of fluid during regeneration is countercurrent or co-current to the average
direction of flow of flue gas during the adsorption step. One way to construct a
cross-flow contactor is to coat one set of channels of a cross-flow heat exchanger
with an adsorbent. Cross-flow exchangers are convenient configurations for use

with the present invention because their compact configuration is achieved via



wi th an adsorbent. Cross-flow exchangers are
conveni ent configurations for use with the present

wd wenidan because their conpagt. configurati orPGT8US2008/006272
achi eved vi ahi gh heat transfeér coefficients. However,
when heat and nmass transfer is engineered to give
tenperature gradients in one set of channels and

high heentramsfencoeffizitingsitiowaverhwhentheat and snasgiteansfer is
cross-fl ow exchanger woul d have sone or pt pat hs

engingerestq gwectsmpeam gl@aimt% m PRg et eloand” noul d

| ead to unev e
R A B E AP L hve
lion Paﬂm He'a?uﬁ%pwéllm@@hrnsﬂﬁﬁﬁrcﬁhe@n BisMould
[O 65 Igure 7 hereof shows a cut away view of a

lead usané\tewperﬁcmmOer exdeptt it cagsimmdich tukeeatarp arithcool-
the average flow of fluid during (iageneratl nis

dayeu sieps etg parermed separatiehy oy thepadsorpipn and peganseation steps.

adsorption step. The crossflow contactor is
constructed froma cross-flow heat exchanger which has
[0D6Hr meighiee Wdiekeo fsshpmsat cutgivayoviswt of akrdsseflow contactor that

channel s. The wal | 701 can be conpyj.sed.of a material .
hassegmeats stagkad rcthgt Bhgavesass prn%t[ ﬁwq@grgp%regeneratlon is

A e LA S QB R 5 b e
ﬂ&\@ '&bﬁtd&'td’iﬁs R0nSFIGE ffme a':drgysr flod ﬁé‘ﬂ%‘é&ch&?gé‘r'v@fﬂch has

channel lined wth simlar adsorbent |ayers 703, but
impetineablel waltnsepasating ewol séts @f dluw ahamdienThe azyaalt §01 gan be

l'ine each of the adsorbent |ined flow channels 702,
comprisedrf armaterpl éé@ggedaﬁ@npw@cgs@en cgnsisung of aglalss eeramics,

anilg o PR T rmet o, XL 20, 7085 S g fined

wﬁrﬁ 'aqﬁ%ér"ﬁ)?’f %{tggﬁnglﬁg gﬁ%(grr?%ﬁﬁlr% W7 8hows e AV Mnnel lined

yer 70 Cropores, Mesopores,

with kinhil@r adsetissritday srb 703 abutcopivnalroneacdn wstedifferent adsorbent
material, and a heat adsorbing material. [0066] During

layers tativercpeh o the adsorbentdi ¢w dhaonels 7102 d Oghamh%ll
adsorb nt l.ined fl ow channe 702, 709, 11
PrSES pagugRunid 8ISy prBee Jraueh Hoadsdtpen e figun
a n
chphRES 7923708 g1 £" TS 1AL 70T B Lok CofE A8 L fhen:
sefeetivt Ifof end apmore ofi IG(U% ,dyates SBeaRd NOXOUMR 1apér 703 can also
heating/ cool i ng channel's 708, 710 and 712 in the
coatain amicropores, mesopores, a filler material such as a polymer, a binder

material, and a heat adsorbing material.

[0066] During the adsorption step, flue gas is flowed through the adsorbent
lined flow channels 702, 709, and 711 and passed sequentially (705 to 715 to
725) from adsorbent lined channels in one cross-flow segment to another (i.e.
711 to 709 to 702 . During the desorption step hot fluid (gas or liquid) is
passed through the heating/cooling channels 708, 710 and 712 in the contactor
that are lined with the material 701 used to form the cross-flow heat exchanger.

During the desorption step the fluid flowing in the heating / cooling channels



that are lined with the material 701 used to formthe
cross-fl ow heat exchanger. During the desorption step

wd foes/f43pd4d flowing in the heq?zqg / cooling PCT/US2008/006272
channel s708, 710 and 712 passés counter-currently (735
to 745) to the average direction of flow during the
adsorption step (705 to 715 to 725). [0067] In the

708, 7d 0gewdeT2 passescountEi-gurrently (13@®ta 74Sktof thewverage direction
contactor segments, are stacked, with hoth

offdawidwingdbr adgomtionrider (IR0 ELDINT2Dn channel s
connected in series. Even though each individual
cross-fl ow nodul e does not act in co-current flow or
[006Tht er Incthe merangtment siolen in Fegurer itha trass-fbdw sentactir
nodul es inqi;ries 11| performin co-current flow or

segpsRtLAesiagked: withohpthdisatingigogling chaanelssnd adsorption

oHpRE 3oEARe s 3P, oy SRPA B AG A R pgy modute
dde%_@ﬁ)ltt det in%cﬁ“%ﬂnﬂ@@eorgou‘htgrfaﬁféﬁ qﬂﬁ’nﬁgﬁ(}ej, $hd Bathbitiion of

axi al conductivity of the whole nulti-nodulé
seserah ngeduded in seriesnwill pevforhhiis cod-@ailent Aloesot beunteecufrent flow
netal in the heat exchange portions w thout degradi n%

mege Thiriearalogeugioenmaecing Baurpbersof spnsingrus RErsgd
refetob W SRS R o+ ByTE a1 A Fiaefi (e BaFARAEe of
N R T

arfianigenent éngaydotv. CBhisffacilitateatie: weel df mer dm i heat exchange
adsor ption, which nmay have val ue either because the

paationswathout degrading iedemperatuee gradisngs Bt papmthaougly the
e R e A
SRRt DG Ea b ARG it s 20 o5

crédte angRdobent paidatieadh ke oveiadlr doditadiily Wisit.CThiseairtbement
individually fromone or nore nodul es as a tenperature

candeeilitate asultinompgnentradsorption,twkichdsay pavemalieaither because

syst.em of the nodul es y be connected in series fQr
the HETEIgRp CABPORTHASER 9t PO FeCONErad peparalFlye br Pesauska frst

f I ' of e
SRS Mont ESBSE s 35 3he BFAATEL ot
ads6ibRAB &g ARthdViflg HEHTSY BeBte h €UB RIsdESNt).ITh dndther embodiment

preferred to cool the
of the present invention, the modules are arranged so that desorbed material can
be collected individually from one or more modules as a temperature wave
moves through. That is, the adsorption channel system of the modules may be
connected in series for the purpose of adsorption but in parallel for the purpose

of regeneration.

[0068] Because of the way the isotherm changes when the adsorbent heats
up, CO; is released and the adsorbent regenerates. It is preferred to cool the
contactor that has been regenerated at the end of the regeneration step and to

transfer as much heat from the contactor that has finished regenerating to heat



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

wd twes/e@04act or that has fini shgd regenerati ng fdc@/us2008/006272
heat anot her contactor so that it can be regenerated.
This is acconplished by routing fluid (gas or |iquid)
t hat has been passed through the contactor that has

aristher camactor so ddhtiintan be ce:gdnnm‘tcal Thist isiaccomplished by routing
t he regeneration step ool the contactor that

h
flyk(gap @g dquidthat hag i I?9§S¢¢1fhrékl&'é Z¢ eoRtacion dhat has been

contact or  that b regener at
regnp Biacinig g gpnb&ler Rahisr SRNEHES b RILEE: diciap! the
ccﬁfta&tble tlfa‘? 'B'él% BEE’l‘i I enkPfle@uidfis tillil?odlﬁﬁﬁrlﬁfcﬁiﬂeoébrﬁﬁdiﬁr that
and prefera east about 500C [ower than the
ha};\/hﬁeagegémfaeﬂ&ttlarteanerathee avlehstctbaut 365°C It@wenthanfthe lagerage
regeneratlon step. This fluid heats up as it pass
tempesayre ohthecenntagionat theendrfthe segeneratipn §tepra@ﬁ preferably at

e S a8 SR oAbl 4 BB e end
of tﬁe?@%&deﬁ‘&&’f‘&e@onﬁﬂ&m‘i heatsh ' ?b@:&eg dlg:g)}u fqheednfktor

a regeneration St tOt e start an a tiron step

aridsthiig Bowsfleidrie dhéro ﬂamuhe heatnpadothieraodtdciorn Iy preferred
preferred enbodi ment at |east about 50% of the

crabodinsng ahleast 28% ofthefsensible heatgivernup i 6nokhrg dhe contactor
[L0069 ring the, regeneration ste referred to

(oA DB e} OLOERBANEIALIh BFP o i Lan BiARGHSPiPdh step

is %ﬁlsﬁz' é?{btﬁé}eﬁ_(gt%@ogé’tﬁ% fﬂag\gﬁg%g%éﬂeﬁl%a{b&ﬁbodlmem at least

sorp ion step y passing a

atoit S0PAbAtHe Wepsible hbst iS erindfdridd toF@iotRerdiom@adtby, heat ed
contactor the fluid passes through the same flow

channel s that were used in the adsorption process.
[0069F heBRuring the mgﬁn@m’uqmstep ithis rprafeg@sl torheat t:hﬁ ehbntactor co-

U Pt T i Ratas e B oo B dis e daning the
oRbRIRT 86 Ffeabiferie SR GRAT Y balligas pebabuid ﬁh#aggﬁﬁ?e

con@atact Por dafrecty h@at@ﬂ doﬁta{c@&uﬂﬁcﬂmﬁtpasid%ﬁthﬂﬁf%]lﬁﬂk@ame flow

bei ng regenerated. The heat exchanger used to heat the
chasoglsithat voO2 wsed ibdhe adsorptma proéesat This heating fluidcarmbe

hel | d tub di t h
cithe Ao 1wy Bectaviey HERROg vl ik ndhateam Chascan be

AR ST S A s
riéis&y thht fsrhe%tapbyfﬂcﬁvhﬁg RhRSfEHSa heat exchanger or another hot

contactor before being introduced into the contactor being regenerated. The heat

exchanger used to heat the recycled CO, can be an indirect heat exchanger such
as a shell and tube heat exchanger or a direct heat exchanger such as a cyclic bed
heat exchanger. For an indirectly heated contactor the fluid passes through
different flow channels from those used in the adsorption step of the process.
These heating/cooling flow channels in indirectly heated contactors are isolated
from those used to conduct flue gas to the adsorbent. For indirectly heated

contactors fluid flowed through the heating/cooling channels can be either a gas



These heating/cooling flow channels in indirectly

heated contactors are isolated fromthose used to
wocosiugdesf | ue gas to the adsorhent. For indirectys2008/006272

heat ed contactors fluid fl owé t hrough the

heati ng/ cool i ng channel s can be either a gassuch as

anmoni a, a fluorocarbon, or recycled or heated
suchsranuhogms adtuaotarbod, surdeyake dvartheatad COhtricH gasdt a fluid

cases, it is_desired that the tenperature of the fluid,
sughas Waicrenoilt e allgsen dbis dssirgd thaidbe leBeRatame of the fuid

o8 BB PR e PGB
teﬁ‘gﬁfpﬁ'ﬁf‘g of el dn' ct&ﬁﬁné%&ad}io n Etiégrbn'd eforEbl9dte
t enper at ur uring th

e of the contattor g adsorptio
tefiperatufedid 40 lledsn 56° Qriepher thdnehd aderags tempetaverenaf the@wvatactor
is used to pass heat through the contactor as it
duringthietadsprptiancstep-he adsorption to regeneration step,
or in transitioning fromthe regeneration to

(0 Z3EErtacd Bt Efed eapdcfingnt AdheRRyde s fied to pass heat
t rtBEic%Hti&&pas i tlaf SRS ?hcj: §d§br§ﬂ@ﬁ o }@%ﬁi‘\%féﬂdﬂ §ep, or
gradi ent, that noves linearly (i.e. approxinately In a

intramgltordng Eoin i wWgeherationaoadsorptionr stepl ot imat keast Ereof the
of the thermal sw ng adsorption desorption cycle. A
regeneasatien sicpenf idiat deast part afithe pdsarationsteps Adhermal wae is a

bg f di I n. co-pendi U. S. . .
SREH[SPRRRFPF SEA iRt L myss linkar i1 Qo aPproyeipately in a single

G RRAENS TG HlackBEHhEne 2By BRERSP Bt portion
desb6ption(dycte. AebfNdetailBd Aiubsiba GIehérnmilevaveddisedtin TSA

noves is referred to as the velocity of the thernal
progesses Tarebe fdwding intoipeadmg/V. Siddendbovisaum] Patdnd

constant _and the directjon the wave noves does not
Applicatiop M@ the same in h’g _adsar_pl_i_on_aﬁ'ﬁwfggéﬁékﬁtll‘]%ﬂ

. e [Nt adsarptian

2098 BR3¢, ST Brp ORI GEre b P rerhet o SRk vHleh the
th&RE Frértqre! RoidHE withesHRR e ldigdi '

st ep. rI t qi g alggo possi bl et%ﬁﬁrg&?g{éﬁd%ﬁ%@fgg{é@%igqaﬁﬂeir%elgl toas
the weloeity ofithe thaynidl wevet Threvetatityaf ¢hepwasedoes not have to be

adsorption step, while there is a significant thermal
copgiapt and theedirecitansthgtwaye moxgs dw%ng&gl@@ﬁ@é)eomeasame in the

adtglé]\ﬁ%rﬁlg%l or\légﬂil%ﬁﬂtpnls?e%% For exa %rlé itl?enth%];'mta \?vatvlél e e!

adsorption step can move co-currently, counter-currently, or cross-flow to the
thermal wave in the regeneration step. It is also possible to design a process in
which there is no significant thermal wave present in the adsorption step, while
there is a significant thermal wave in the regeneration step. The presence of a
thermal wave in at least some portion of the thermal swing adsorption /
regeneration cycle enables the system to achieve one of the objects of this
invention, which is to substantially recuperate and recover the heat required to

temperature-swing the bed. This, in turn, improves process efficiency. It also



regeneration cycle enables the systemto achi eve one
of the objects of this invention, which is to
wosMbsiand al |y recuperate and Izecover t he heatpdTagI8AM6272
to tenperature- swing the bec? This, in turn, inproves-
process efficiency. It al soenabl es the use of very
hi gh desorption tenperatures that would not normally
erablesahe inde b€ defyhighSlesopptiat tenmperp@@@d that wweedld not aatrhylly be
utilize a thermal wave for heat recovery, the fluid
cansiigredy fesut SAfopsaatient act or has to be sent to anot her
contactor. The fluid fl ow path between different

act '
10998} &7 Eb 21 ik SR SR rODh R ey TR e
ﬂ@@ﬁfgowﬂ &tcﬁleoc%ﬂaétof Rad ﬂﬁb@!{é{t% land¥Her Gonth eSOt TR fluid flow
cycl'e. When fluid fl ows between contactors, it may
path betwbemdﬂffurmmgiomadtestls eletdrarined by halvesdalichrare timed and
renpves heat fromthe flowing fluid. It pay al so, pass
COOf m@d tg routpluisbetvesn rss@ntasatonmaé@@prqnmte pPBYds if tmee%verall

ired rate tho

svigasdiiion Syo a0k BERVET cdribEiokd Tt Mikylige pass
thf&gh 4 REatBRhIY, %érftﬁm mwwes%xefreﬁwuamwﬁfglﬂmd It

ontactor is stored before it Is passed

mag atsrog:aeg firdaghra coinpessor pampl, of bidwerthat pmismmzeslt 80 that
packed bed heat exchanger that is cyclically operated.

it can ﬁowa@ktba dgaiged sate tb&%ﬁﬂw%&m Adest orageopediyn can
be, S Tigdiied S0 it the enered; ot the ARl e MOV rp L gne
CO?IEa%It&ﬂle s&;}%dtt{e'f&e itls aﬁ'(fstsgg 'iérﬁlseéf‘@i/c?c&ﬁa%?S Aeifhinle c%f a

at exchanger ows one adjust the timn

stérage hesditmdis af p ddked R Hae egmdwgtsv\/ﬁm islcydlesaiRtoperated. In a
contactors. Alternatlvely energy can be stored in a

pahked beg d:lhatr@mhawgcmemrgy nsstoedbly hbcaheaidmpa@m gf the bed. A

R HRGLES Diovahg e 4hE RO a?%ﬁ%%ﬁ@s el pg when icis
cotone% tﬂ% ARl df'&?\éethg H?ﬁllvévg{le td as%r}ﬁoﬁgg %’lﬁ e)?%ﬁagghpgﬁows

I'S use SS energ roma

odé&@ rad#w enetinting o‘f@h@rcﬁﬁﬁ@“@'f thefthaléfrgy 'b%fw@b’%ﬁdlfferent
finished the adsorption step and is berng heated for

contagtorss aﬁltemathiyt bnergyrdandienstote dainseheat ixehaegerswith a

coolin rovi ded for_ contactors undergO|ng an

Stryguie ?lp <§S@ ingiateRpl Sushat Maolthe cont actor t hat
has been regenerated

[0072] Several other thermal process integrations can be used to utilize the

thermal wave behavior. In one embodiment a thermal wave is used to pass
energy from a contactor that has been regenerated to a second contactor that has
finished the adsorption step and is being heated for regeneration. In this
embodiment a separate means of cooling is provided for contactors undergoing
an adsorption step. In this embodiment the contactor that has been regenerated
is being prepared for a sequential adsorption step and the contactor that has
finished the adsorption step is starting to be regenerated. Figure 8 hereof

illustrates this embodiment (i.e. the use of a thermal wave to pass heat from one



IS being prepared for a sequential adsorption step and
the contactor that has finished the adsorption step is
wosioas/idng to be regenerated. Rgqure 8 hereof pCT/US2008/006272
illustrates this enbodinent (i.e. the use of a thernal

wave to pass heat fromoneinternally heated contactor

that has been regenerated to a second contactor that

mlmnaﬂy heated dontestathet bag becrstegpnambd t© be¢copdrasmtactor that
s shown i

or regeneration) 0073 r
fanishedsthey Sémtbﬁfh%FFP;?n ig gﬁt %‘{ ?ﬂf rpgglqr%gn hown

|n F| gure 4 hereof The tenp contactors in Figure 8 is

(0813] 2, TpEoRa3R LEGRARATSBI- At GRLAGINY on { e

con ure shows contactor 801 at

cdrltfct8Rb The it gmﬂ%ﬁ hae shéeofNThe tapp! er
contactor 803 that has f| ni shed an adsorption step.

cofttactderikdiiggreay icoveriaid ve ral sopiitrgnspareniograycoeorugg on the

i ndi cat s a hjgher tenperature (f exanpl e i n_excess
cqsna%@q 1gHEp %mgm\%ﬁteebo é{ 81 abthsrendoe therggeneration

20t A6 TR TR o BB KR A s PRI ol 3R gorer
gﬁg%ld}%v*ebﬁry f HRHRdtaciO e %di@@&s Ahi rttthp%Pd”ththHBf

To coo ontactor 801, cool flui 833 i8S
extaniple g exdess dHSPCYand the h ghteh gm}etsloahgtdmcmnad:tac 803
As a heat front noves through the cont act or

indiggfrsraganler ipmpesatusy quai&asanmh% eéﬁtth%rhé@tao@@ Figure 8b

h h f fl
sORF BEERER! ihEe o ERPLRE he phab(e? @?ﬁ el hating B Egptactor
8030976 €881 ContA&BF 8Dyl iiaB33Lis a gll}%ﬁe {1 heating/cooling

regeneration. A sharp front 807 wt

chaanplrofithe eogaatbre™Ms & par ostsmbohes thirbugin theecmitactor, the
sections of the contactor. Hot fluid pushed out of the
temamtecﬂf the e@dme@r &he entranger805 amaﬁa@m: thp d¢mperature of the

conigeanyif Baagnie e BRaneeor i fuend ot ﬁgg FeRtagr a9
re}fﬁlni{seneag JtI? Pf gﬁ{c?sl ‘f%rﬂ{)we i egaff{[e?g? er[elrC i\ n Cﬁﬁ?ﬁ Erdni 807 with

rou ors.

a lapgd wﬁi}idréﬁ,uré RHGMEEpatatePBRIRA anldlcvolt s@cﬁ@ﬂg of the
exchanger 815 to add heat to the stream 819 bei ng sent

comac;tm Hetaﬂlﬁtdwpusimdtcmttod th@oantagtor apgatbiertd tot formmstasam 811
thetis flpui et R secaLaieapr S0: 1 sGramepbmeh
suse%ﬁleé”‘éﬁc%?l GAVEInGSPUhRS e VHIGE, B139 thefi A8h Hstd 96 sEoBeﬂow or

conpr esso
change the routing of fluids between different contactors. Optionally, stream

811 is passed through a heat exchanger 815 to add heat to the stream 819 being
sent to the heat the contactor 803. An optional stream 817 is flowed through the
heat exchanger to provide heat transferred by heat exchanger 815. In one
embodiment stream 817 comes from the interstage coolers of the compressor
string (not shown) used to compress CO, to pressures greater than 1,000 psi. A
hot stream 821 with a temperature near or above the temperature of the contactor
after regeneration is passed into the cool contactor. This stream 821 drives a

heat front through the contactor and the temperature near the entrance of the



string (not shown) used to conpress CO2 to pressures
greater than 1,000 psi. A hot stream 821 with a
wd Bopensagur e near or above th%7t_errperature of HdT®US2008/006272
contactor after regeneration”i's passed into the cool
contactor. This stream 821 drives a heat front through
the contactor and the tenperature near the entrance of
cdracton8238 ionediB3thas of der hot flindt824f while thoteriperatir8 21 the far
while the tenperature of the far end of the contactor
ergbof therentacterc8d9 ramaipp msarhtehe qQrgipak temnesatyre after
f.r.ont with.a la

regERaRian, oma et frobl 828 kPR larkeJeMpkcaefs @lafifent
se?ﬁFattésoﬁl% 1 ahh%ogﬁé?ts@&ﬁ 0 ggiedcdcn#téﬂtgr | 8oflf ﬂﬁﬁﬂsQiﬂveﬂfout of

contactor and IS gat orm stream 831. hi's

thtlconthceaandels gadtbréd td forint strbamt831p eThis heid icasn ebeluSed to limit
contactor that is adsorbing CO out of flue gas or can
thg éempe@twr@ risedn aeantagior twiisadwrbingCoouteb @@ﬁr@ﬁtor can be

used o GAphator ao??rﬂﬁqmy L PRE AR &2@&,& 0l Byt istggam 831
is qu fgﬁ‘b%rtl%ahlt tongﬂg I§tr% QSPL o?@dq'i%%fegt

shown in ure the anges and co

exehahg@hbefote ﬁq@t@mtbabk t8 %rrﬁrwkeaﬂﬁsss e ARGhoiwh inEigaad™® the
proportion. This is in part due to the fact that as

chaoges in the hot and kabthStdf@oanm 8 st $@F arenot in the
contactor 803, js taken at of des
Saie PrORET: hihlgé? i part e e et 6 ﬁmwﬁ@&pﬁi dasarb some of

S it
hehfXHanbep81 3 iBascdtesuppREhedtafisgssssle @ nidke th@@ﬁéfﬁ{al

waves through the cont actors (801 and 803) as the
wavasdedbe twacontactors (301 and 803) &aselkatrthe same vidlasityng
t hrough the heating/cooling channels of the contactor
t hrough t he

1052%1 acﬁggur S ‘1&; m@rog%?ig)r; ot 'ineet[l%n@lhw\f&s tbfoq&tbthe
col R (BPLTRE 393 BSR4 ek oS, RO g R Bt

flRHH ftﬁP@igh&hE%htth%oghhg'cﬁﬁhnél@%@l‘i@&éﬁtﬁct%ﬁ-%ﬂ The heat
regeneratlon A sharp front 847 with a | arge

fmmrhas maovadefugthed tlough the costaptoratResnperaturetn dre firsd two
r sections of the contactor. Hot fluid ushed out

thiggs phheaOLBe8 is Hearheihas of hq epating Fuidsd

texgéiraél?r\éﬁodf thg‘g%r é{}q‘j?ét%gocg)%t%q? g%%s, gérpglgx% ne'g‘r et or?éfngf‘m
temperature after regeneration. A sharp front 847 with a large temperature
gradient still separates the hotter and cooler sections of the contactor. Hot fluid
pushed out of the contactor is gathered to form stream 851 that is flowed into the
second contactor 803. A hot stream 861 at a temperature near or above the
temperature of the contactor after regeneration is passed into the second
contactor and continues to drive a heat front through the second contactor.
Temperature in the first half 863 of the contactor is nearly that of the hot fluid
861 while the temperature of the far end 869 of the contactor remains near the

original temperature after adsorption. Again a sharp front 865 with a large



tenperature of the contactor after regeneration is
passed into the second contactor and continues to

wodoos/ei3sssheat front through t_?‘% _second cont actp@/us2008/006272
Tenperature in the first half 863 of the contactor is
nearly that of the hot fluid 861 while the tenperature
of the far end 869 of the contactor remains near the
tempegitned gtadiqd saparatesahe dottarand poolen sedgmisrofahs leantactor.

Téi% %&mﬁﬁﬁ pwsgsr&g:‘s; eaio%%? ﬁél%%ﬁd%f@‘ﬂa%ﬁ%aéﬁ@ﬁfﬁﬁﬁ? the front
imth Pl 3o R oBFG R PO DI ordRY S opgne

cOMAIGESPRE cﬁE{féé@n&%"iﬂ velddifies of tlfe%d"ﬂ%nﬂhpﬂ%nﬁsﬁ@tdv\ug in part to

contactor. T fference 1n velocities of the

the heanaf désopption.i €olldiBuiddrisen otivof the duewactof is gathered to form
desorption. Cold fluid driven out of the contactor is
St@@nh&?bwhlﬁl rontinuas-tode wed intather cariagtaties to be used
in other contactors. [0075] O her thermal process

10D 251,26 rOBRE Ty rEBResA dntéRER o B G i bl AN o bhutting
heat' BefilenbheSbe ofd! goﬁ’t?%to% fﬂ@é&o&g‘ﬁﬁﬁaﬁrﬁgﬁﬁ @%ﬁ%&@%&e or

a regeneration step. 0/6] I'nTo enbodi t,

mést@itacteys inede?peing! £etgehthationstemnt act ors, one
under goi ng regeneration and heating while the other

under goes adsorption and cooling. This enbodinent is

[08R6lwn ~ skareneaembadingentnthe; b systere et baaperatedayyith two
e G0, R o ABH bR esk o e obdeoss
s 85hRnd Sy SRR BN TN SO i Figure

hegeutt Art atranyldién tinse, @i symat flomedf h&aaras ferahedinen will be
tenperature gradient that is created by flow of heat
flawingdraswenn theponthetony fortheatingrandcacoling: Ha the gxamgle shown

] d li i hj d wi.t h_hi | eyel f heat

in 385 L Rerenfueoniacing hVEE bhing beatd WIS pioMke Soniagtoral 01,
. APt PR S

is Bing ot ' BECalst dfftht BHEERANIY dialiichf ihef LRI by flow of
heahaaneer ARATumtheouRdthe HohtRtdQ W Hedting Guahcdlingles

that tenperature breakthrough occurs and the contactor
achievied sritly highaleydls off lmak (emeanl} typtunasbivettiit theet cantactef.ePuring

BTl BB AR BTAOS e i
en’iérggé fofh e heating/cooling channel 1907 in a cool state 1906 until such a
time that temperature breakthrough occurs and the contactor is mostly heated.
Simultaneously, cooled heat transfer medium 1909 is introduced into the
heating/cooling passages 1911 of the second contactor 1901. Traveling right-to-
left the flowing cooling medium 1909 creates a thermal wave such that the
contactor unit 1901 is cooled while the heat transfer medium is reheated. The
reheated heat transfer medium 1913 is recirculated back to heat the first
contactor unit 1903. In practice, due to heat losses (for example, desorbed
material leaving the system hot) some heat must be added to increase the

temperature of the hot heat transfer medium to its original temperature in stream



the flow ng cooling nmedium 1909 creates a thermal wave
such that the contactor unit 1901 is cooled while the
womedisanst er mediumis reheajped. The reheat edheRtos 06272
transfer medium 1913 is recircul ated back to heat the
first contactor unit 1903. In practice, due to heat
| osses (for exanple, desorbed material |eaving the
1905t viFigate 9 sadditibealt required heatidddded do strearaak¥d 3 bye passing it
tenperature of the hot heat transfer nediumto its
thepugh heat exehangeatld. i n streaml905. In Figure 9,
additional required heat is added to stream 1913 by
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(08338 i e BT AE PRORAF Iyt Rhf0 bERE herhBy&lfrom the
cdol Bt tpEnFOOMmelRRA td nRdIA{AH it RA pHEUERrIRH Ridprhtugé 2

predeterm ned tenperature notw thstandi ng tenperature
ndinéthkstandingyteniperaturé brezmnlhmghrfrmmnhe coytaictoalungt. Tipgically,

cool ed heat transfer fluid (exitjing the coo]-down
thecopled/hgat trgasier fluid é%@ﬂgttbﬁ éoehéewaﬁﬁﬁn)amb%e fhd
A L
e)fchﬁhgeni9f@€£ﬁ et oVid&dcdedse thﬁ%bllﬁ ?ﬁ‘u(fl &hture to

com ng as stream 1919, us precoo the

a RAFETHN ld\@eﬁhbﬁ et aftthe éndighing flbe gagsioedmd 919, thus pre-
separation feed tenperature. The flue gas stream 1919

coodingdbe adsorbent was tarppsrature belpve g insoming zgpmatlpn deed
tefperaares, dhe ik Stsfteat 19h iopaise] oiartidbotbsa Mt ciggnels
192353 8686 8{ ﬁ&ﬂ?ﬁ%@ib 19 T‘H?:eﬂé&}%&%f E?ﬂ.fe o%a?ig such that

progression o erma front (or wave

C©9 ahdt ;])ﬁbndﬂjbivatér BBt At NUDR dresadventdd B@ﬂoke/red@hﬁigﬂfee

Duri ng adsor ption, the strongest-adsorbing

thcnmqicmmtt ST pnomssuuhofrﬁrctthstmdn@blyt (o wawe) tlroughtoontactor
r bent wi | | ast bile. They will
192’3 P?Otfwef?&ﬁwfmc 518r 8Kt 2l osest to the inlet

and wi Il displace weakly adsorbed mat eri aI s fromthat
0478} 0 N 55RO B, S0 BRSEARL e 50050 B Shuch

mbsiStOARIRRS e RBSAtECAdsorbEnT ah'dewimb@thd Rasihbobile OfThey will
the adsorption channels of the contactor. For nost

ocadpjo theeregionst @ffadsbsbenmﬂmest o thieanlep and svilladigplace weakly
adso S[)%Eibrggteglgrp torgr%nt at reglon Over the period of adsorption, the
adsorbates will order themselves from strongest to weakest along the contactor
adsorbent from the inlet to outlet of the adsorption channels of the contactor.
For most adsorbent materials, water is the most strongly adsorbed component of
the flue gas mixture. In all cases a sharp concentration front moves through the
contactor and the position of the front at all times remains behind the thermal
front. As such CO; is always adsorbed in the cool section of contactor 1901.
Stream 1925 emerges from the adsorbent lined channels 1923 with most of the
CO, removed and optionally most of the water, SOx and NOx also removed. In
a preferred embodiment, the composition of stream 1925 is such that more than

80 mol% and preferably more than 95 mol% of the CO, present in the flue gas
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contactors so that the thernal waves run co-currently
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streams of adsorbates can be collected in different lines or vessels to achieve a

continuous multicomponent adsorptive (a.k.a. chromatographic) separation.

[0080] The adsorbates can flow out of the contactor being regenerated co-
currently or counter-currently to the thermal wave passing through the contactor.
In this illustration, the desorbed species flow in stream 1935 out of the adsorbent
lined channels 1933 of contactor 1903 counter-currently to the direction of the
thermal wave. It is also possible to achieve a continuous multicomponent
adsorptive (a.k.a. chromatographic) separation with a co-current desorption. In

this alternative embodiment, the desorption flow is taken in the opposite



conti nuous nul ti conponent adsorptive (a.k.a.

chr omat ogr aphi c) separation. [0080] The adsorbates can
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cocurrently or counter-currently to the thermal wave

passi ng through the contactor. In this illustration,
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[0082] In addition, in many cases (particularly for impurity removal) the
time required for adsorbent regeneration may be shorter than the time required
for the contactors adsorption capacity to be fully utilized. In such cases, it may
be desirable to have several contactors in the adsorbing phase while two paired
contactors are in the heating/regeneration phase and the re-cooling phase. In a
preferred embodiment, the several contactors engaged in adsorption are
connected in serial fashion, such that the most-recently regenerated contactor
unit is the last bed in line, and the first unit in line will be next to be regenerated.

In another preferred embodiment, the adsorbing units are connected in parallel,



[0082] In addition, in many cases (particularly for
inmpurity renoval) the tine required for adsorbent
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the contactors adsorption capacity to be fully
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enbodi nent, the adsorbing units are connected in
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the whole feed. In yet another enbodi nent, thernal
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for each contactor unit to be oriented in a co-current
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following tzamplesthas et preserted dor dhistrativevparpbises and not to be
lc(ount r-current flow orientation. [0084] The present

takgry emlimgHng 4he pavandionpe understood with reference to
the followi ng exanples that are presented for

EkdrhpRifative purposes and not to be taken as |imting
e invention. Exanple 1 [0085] This exanple

il lustrates use of a parallel contactor in a )
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as descri bed herein above is preferably enployed to

thar fwoati@osphieresn hot stack gas. The thernmal wave
adsorption process uses a parallel channel contactor
to renove nore than 70

[0086] A thermal wave adsorption process as described herein above is

preferably employed to remove CO, from hot stack gas. The thermal wave
adsorption process uses a parallel channel contactor to remove more than 70
mol% of the CO, out of the stack gas, preferably more than 80 mol% of the CO,
out of the stack gas, even more preferably more than 90 mol% of the CO, out of
the stack gas and most preferably more than 95 mol% of the CO, out of the stack
gas. At least one CO; rich stream is produced in the process that has a purity
such that it contains more than 70 mol% CO2, preferably more than 80 mol%
CO; and even more preferably more than 90 mol% CO, and most preferably

more than 95 mol% CO,.



nol % of the CO2 out of the stack gas, preferably nore
than 80 nol % of the CO2 out of the stack gas, even
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the stack gas and nost preferably nore than 95 nol % of
the CO out of the stack gas. At least one CO2 rich
streamis produced in the process that has a purity
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chahf¢l99aB e dRbedntlchhinglf94sn so that at the _
tenperature of the adsorption step in the process it

adsorbs nore than about 0.25 mllinole of CO2 per cnB
[0889]ads dnishistexampie stheadsothemé cputaipssa mistapoeous material. The

cont ai ni ng_ abqut 90 nol % n .
miCroporous mqaterla 1s chosen sootﬁlgt eﬁ tge temperature of the adsorption step

in the process it adsorbs more than about 0.25 millimole of CO, per cm® of
adsorbent from an atmospheric gas mixture containing about 90 mol% N, and
about 10 mol% CO,. In a preferred embodiment the adsorbent contains at least a
microporous material, such that at the temperature of the adsorption step in the
process, it will adsorb more than about 0.75 millimole of CO, per cm’ of
adsorbent from an atmospheric gas mixture containing 90 mol% N, and 10
mol% CO,. In a more preferred embodiment the adsorbent contains at least a
microporous material such that, at the temperature of the adsorption step in the
process, it will adsorb more than about 1.5 millimole of CO, per cm’ of

adsorbent from an atmospheric gas mixture containing 90 mol% N, and 10



about 10 mol % C2. In a preferred enbodi nent the

adsor bent contains at |east a m croporous material,
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the process, it will adsorb nore than about 0.75

mllinole of CO2 per cnB of adsorbent from an
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5¢01) At 3§°G0 nol % N2 and 10nol % CO . Dependi ng upon
desi gn, the adsorption step can be conducted in a
tenperature range from about 2C to about 600C,
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bejif Rt ), RAUE RS Role i, B Too e channel
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in¢ludingafiltration with ceramicccanatai filtefs, marddithiednotganié metal or
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t he optional process block 913 and enters the

optienal prycessdhliooky 91 Bandedrger84B¢ hpatidig/paokng chamiedn943(b) of
c actor 941(b). the start of the desorption step
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mi‘(":f"d];o%ﬁ]ss a&%?gérﬁergat%%l inAthe contactor contains adsorbed CO,. A

specific example of loading in the most preferred range would be a volume

average CO, loading of 1.7 millimole per cm® of the microporous adsorbent
material. As the stream 915 begins to flow into the contactor 941(b), gas begins
to flow out of the adsorption/cooling channels 943(b) forming stream 981.
When the process starts stream 981 is at the initial temperature of the contactor.
The temperature of stream 981 increases slightly as a thermal wave moves
through the contactor. The temperature of stream 981 increases sharply when
the thermal wave moves to the end of the contactor. It is preferable not to

terminate desorption before the thermal wave has moved through the contactor.
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material. As the stream 915 bégins to flowinto the

contactor 941(b), gas begins to flow out of the

adsor ption/cooling channels 943(b) form ng stream 981.
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941(b) being regenerated, water condenses out of the
regereratedcwater Condemsestaud of the gasstoeamu Condeasation occurs
betegn‘pe ?ggr_rn]e)ﬁ%gurtehoef t%gsgafs .éllllsS asalst piatsse%aaslgr?g tl?e! g(?n a(t:ttt])?. The
concentration of water vapor in gas stream 981 coming out of the
heating/cooling channels 943(b) is nearly that for saturated gas at the
temperature of stream 981 which can be more than about 100°C lower than the
stream 911 entering the regenerator. Because liquid water falls out of the stream
915 passing through the contactor 941(b) being regenerated, it can be
advantageous to align the contactor so that the gas flows downward and the
liquid flows under action of gravity concurrently with the gas to the bottom of
the contactor. An optional method can be provided to remove condensed water
from the contactor to form water stream 967. Optionally a knockout vessel 991

can be provided to remove any mist of liquid water flow coming out of the



concentration of water vapor in gas stream 981 coning
out of the heating/cooling channels 943(b) is nearly

wo Jed/1439¢4 sat urated gas at thg1 t enper at ure of PINER008/006272
981 which can be nore than abgut 1000C | ower than the
stream 911 entering the regenerator. Because |iquid
water falls out of the stream 915 passing through the
comadtar.t Itris Phdfetredikatrtherceiyane nastiguificant armoubieof liquid phase
advant ageous to align the contactor so that t he
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and 925 as shown in Figure 10 hereof, represent the
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he pr ocess described W | ture mich of the SOx ang

stﬂdﬁhlsfmcarpmbessghat eap*tammle:*.stofsthelﬂ(ﬂz be noted that it is

possi ble to use the principles described in this
as strea

(OFSEL o vt coristent cheiTab ware dhgorptaon process the lcast strongly
adsorbed N, and O, species flow out of the contactor in the initial phase of the
desorption process forming stream 997. It can be advantageous to divide the
stream 997 coming out of the contactor into streams emerging at earlier versus
later times, because streams emerging at different times will have different CO,
and water concentrations and thus may preferably be processed differently. In
an optional embodiment of the process valve 931 is opened at the start of the
regeneration step allowing stream 997 to flow and form stream 971. Stream
971, recovered early in the regeneration, has very low CO, concentration. In the
process shown in Figure 10 hereof this stream is combined with stream 963

which is ultimately vented through a stack. As time progresses, the



[0094] In the co-current thermal wave desorption
process the | east strongly adsorbed N2 and Q2 species
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2 tggri ty in stream973. Alternatively valve 933 was
highemniden atmosghesicapressiires.nk is pgesiblesto dasigrpprasesses producing

al | ow stream 997 to flow and formstre 973. .
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oo gy g des s e oo S 923t Shb limBphEH

presyesbécatib® thip ineresses Wob 3 dfl ddnhsreSsion in TR be@iedtration
processing. In this exanple the streamis produced at

pracessepheric or slightly higher than atnospheric
pressures. is possible to design processes
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Stream 973 can be sent to different types of CO2
injmcpdgmid gas onnmopcntsseﬂ remoirs,rgasirngemghmqﬂeﬁed clilide
e e s RIS T L LB O, e 5 e
is R3S Sétential disposition for the CO,, through purity requirements can be
anticipated to be more stringent. Typically CO, has to be compressed to
pressures greater than about 2,000 psi and often to pressures greater than about
5,000 psi to be injected into these types of underground formations. Several
properties of stream 973 make it suitable for compression in a sequestration
process. These properties include the fact that its temperature is significantly
below that of the stack gas and it is highly concentrated in CO,. In some
instances additional processing is required before stream 973 is sequestered. A

non-limiting example of an additional processing step would be a more rigorous

dehydration of the stream to mitigate potential corrosion in pipes and



i njected acid gas conponents, oil reservoirs, gas
reservoirs, depleted oil reservoirs, depleted gas
WO B8814894r S, and unm neabl e cqal beds. Deep opaTTHIR0@706272
is also a potential disposition for the CO2, through
purity requirenents can be anticipated to be nore
stringent. Typically CO2 has to be conpressed to
cqmpessors sised snther segbeastratbouproze§X0 0T pwiardsrtlie ehtleof the
pressures greater_than about 5,000 psi tq be injeqied
reganeratipe Progesp e BpOgancentration 10 stream;did<ncrsages. ol o
r.operties..of stream 973 make it.suitable for .
miFiiFE boRBHE FOEOSEH PEOFIeHR 5 i BEh R b dkauester CO, it
r
oo PRI RelS (BRI heShreditiorhinis SRTORGRIMS < of the
repegdration prowss aat ¢o handleGRis streanoseparatelyanhesn optional
addi tional processing is required before stream 973 is
embedimant vhen the fh) consantragiondnspreanu? 7 incaersics rbaye a
[0 Si ste ) d be re ri Qus _deh tion
adireii et A3 8 eldssd At e P35 5 Patich “Thts st flow
I .
of SERIDT T AR SEark RSy oF hebames fit bk nMeRG R piraion of
watef.Cc Sirteamt 9T camthehteodery dated sepaacsdy ahd thémtevontbined with
potential corrosion problens in equipnment used to

stregaqu@®l.er CO2 it can be advant ageous to separate the
stream com ng out towards the end of the regeneration

10838 onarRerRRIhaFERLY eyt IEEES SEEHT AL cqmife Sut of the
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urﬂl%r%dihg A AASSrprivh stepITlee tréith 96155 seathBoiipH thetadiagption

hi gher concentration of water. Stream 975 can then be

chasheld 9456a) afdbarcantdcjoranticncreemicrepondisnatsorbartt psefeeentially
ek, 5 S SRR s
sel GHF AFECE mictohofins d doRiahs huBIL B6th of e Bardefé

945¢a). Inf6iRUEHbb AR A SORdte | Rffefdht MietSpdt8asE Adsdtberts @re Fi/aced

contactor where a m croporous adsorbent preferenti al
alomegrthedengofahd cHatnel€9484a),the adi¢mbent trat apmiosthisdlestive for

be.constructed wi.th several_ different m croporous
HAdéoplesd at hedieginmag|odibe shamelselnHis manger the water vapor

partial pressure in the stream can be reduced allowing adsorbents towards the

end of the channel to operate more effectively for CO, removal. Zeolites with
large cation concentrations such as 4A, SA, NaX are examples of microporous
adsorbents that can operate more effectively when they are dry. The reason for
this is that the CO, adsorption isotherm of zeolites with large cation
concentrations tends to increase when the zeolite is dry (i.e. the CO, isotherm of
a dry cationic zeolite usually lies above a wet zeolite). Materials that can be

used to remove water include silica, alumina, carbons, and zeolites.

[0097] In this example, a single type of microporous adsorbent lines the

adsorbent channels 945(a). At the start of the adsorption process the



945(a). In one enbodi nent where different m croporous
adsorbents are placed along the length of the channels
woebs/ {88964 t he adsorbent that i§_rmst sel ect i vedrars2bid@os272

is placed at the begi nning 5f7fhe channels. In this
manner the water vapor partial pressure in the stream
can be reduced al |l owi ng adsorbents towards the end of

teimiperathenofthetcontgutor® 41 (ap icthefshant as/hay pfatucedat the end of the
renoval . Zeolites with |arge catign concentrations

copliog step inligyre 1. drhds tsrapgrpiye ds shighthopbevsthat of the
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se?&%i%ﬁ{ 1aREn 'gﬁoﬁ)hﬁfe Rbri7se hehCthe Wit drid S0 SPfHeod?)ntactor.

concentrati stends to I ncrease en the zeolite 1Is

Thl gor(dentratibhof G, arrbHhOrimthé rémdining poitivt of teadsbebent is
usually lies above a wet zeolite). Materials that can

lopeandsrenrtyocquahte thatat the end pfithe regenerationsten makigure 10(b)
anGhE R+ g <afiefo of g oEwE AT cRina SHE hhoRtactor 941(a)
; t f th

5 AR e b e B el i "cont act o

941(a) is the sane as that produced at the end of the

[0098] i ndnshpexamle ghi¢ nidfiporousTadsorbeitiras ahe peopedty that H,O
. slightly above that of the anbient air in the )
is mare sphagly. adsorberbthan(Ppt Asrexamepletndgi microporansdzerdic

are selectively taken up.b he, adsor bepnt near the
adBPRTt B BYCPIOPeraS 2R Tbr FoTHuS 8R4 HEll o8 29y other
s 0ot e BRSSO h s RS P Alorhed
THeagfipREALOFsS isedetbrininied Wyetht Bleld oAAdsdrpRoYof the sorbed

concentration of gas stream 963 com ng out of the

spedns,dbe amaut adjonbsd) theshetaal ainduttiGity af thehewntactor hand the
. In this exanple the

théf-‘:ﬂgaﬁ é%%ssasftéflggrgnm%ééﬁ %ﬁ‘gggllﬁ@alﬁ@&@ P19 Pﬁ'{&tbeli%@’?‘% through
ndRhagll 8By B CRSPE R T a0 Spheioraie

def98d iffotn M afmBierit RiardR! BIb&nAfrovH thdSheativ fih ecrlllannels

m cropor ous adsorbent the tenperature increases
943(d)axfithe sontaetard darthe émbbdémentgiesved int Eiguirs d 0(8) it moves
deternmi ned by the heat of adsorption of the sorbed

coyntericusrentlhdo shsamt IGkithet Bows threughberadsomsinnehanpelsy The
Ln t cont actor. and t her,nal s of. the

st 1%, GAOVS 1t pEtnledint O 5Rb of iSBliph gig forms stream

924 ré&ﬁiﬂg‘the contactor that carries away most of this heat. In a different

embodiment this optional stream 919 can flow co-currently with stream 961.

[0099]  As the adsorption step continues relatively sharp concentration fronts
in the adsorbed phase concentration (i.e. adsorbates in the microporous material
lining the channel) move along the length of the contactor. The concentration
front for H,O is closer to the entrance of the adsorber channel than that for CO,.
The way in which they move with time down the length of the adsorber channel
is referred to as concentration waves. With time these waves or fronts advance

along the length of the adsorption channel. As these waves advance, the CO,



the contactor to limt the tenperature rise in the
contactor. Stream 919 is derived fromthe anbient air

woddls/i4394l own through the heatdyng/ cool i ng changalss2008/006272
943(a) of the contactor. In the enbodi nent shown in
Figure 10(a) it noves counter-currently to stream 961
that flows through the adsorption channels. The stream

cdhteniration @s thecautlg streant 263 bymaine lowantid iICQgl fronptéashes the
and forns stream 921 exiting the con tor that

ende923 e5thagantagier. At thigipoinfagtime ﬁhea&gfzfcp@rs%@ffation in the
[ ' i | f1
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step continues relatively sharp concentration fronts
[00700)1¢ THE e6OEsrddNA963 FAELME'COL Aiinbled . is 2088 &ontactor
in the mcroporous material lining the channel) nove
94i(onthat hes beemytdgentratédand s andergoinprecodingstepatAdditional
front for H20is closer to the enfrance of the |
copd gas peeducedrindhe reganeratian processastreamed hcanpriianatly be

addbfhfndReh d e foffn §15eHin 993, IS befiy 9 JERBGHR into the
héakiﬁg/cyg% HAUASIS U tﬁals eaf@ctﬁﬁmz@). ah P St JreROtBolRig step

t he“adsor pti on channel . ese Wwaves advance, the

cdnfitton84h(c) & nedr the téhperatireasf the flarga8Gieann®l hs Aostream
until CO2 front reaches the end 925 of the contactor. )
994 beging tgBpwt threugh the eantactopa coningnthesmabyave develops. This
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teApeidthandsescarlipgps Tiheqgisesiting tHeenteagen988rémains hot as the
process (stream 971) can optionally be added to stream

themgal wavoadvances apross the Tontactory han optional thermaldmessiis used
o0 the heatin

inghd edeneratiaueR tien thsrEhsng vEBLP R 6o 65p 1HORaEq irough the
| ' t - f
5hel SRR, IR SOREAN o3 Al ks T B
wERTbRak 9 througRehdend BE thBLonay®r d8d ebeRsthe ThérnlaRAds Kefore
wave is such that the tenperature of the contactor

theeeaoling procuseis wruen@ed. s thiswptondalaembodimaend the gas stream
lLocated further along the | ength of the caontagtor t

exiting Hethgrmal mass 96 rempaing hotklurngthe majprgy phthe cooling step.
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a #3888 The cooling step is terminated simultaneously with the adsorption and

regeneration steps. Throughout the cooling step there is no flow out of the

adsorbent channels 945(c).



in the regeneration step then the gas stream 985 can

al so be passed through the thermal mass 983(c). Wen a
wold0eg/BdssnSs i s used in the yocess t he ther T/ vVRVEB/006272

breaks through the end of the contactor and cools the

thermal nmass before the cooling process is term nated.

In this optional enbodi nent the gas streamexiting the

| mass 965 renmi ns hot during the majority of

Cy‘%gi\@%ol ing step. The hot gas stream 965 is

substantially free of CO2 and can be vented or sent up

a st aclA pridvess fisl the gemoeing €O, dromnaflecigas steédm wentashing

wi th the adsorption and regeneration steps. Throughout
Chewbidl progess egmptiggse is no flow out of the adsorbent

channel s 945(c). CLAIMS: 1. A process for the renoving

cop ¢ e , _

or oc s EOhBetiE AR NS SEIRcBANFS Rrilrpfdre WihE ddsorption gas
séparaioroume Wteréia theigay sestiarion ualt asaifispaleati eie advorbent

wherein the gas separation unit contains at | east one
cendactobbavinganplucality dfapendlewhannels thropghopkiehithe flue gas

RTINS NSt S o ot
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thefeby! fekMingind SutitimllyatOy fféelid 84 Jttdatn 8ad CGOJ adwdrbed

and "CO2 adSorbed onto said adsorbent material; b)
omtershichgdsoabehtsnbterialiti al |y CO2 free flue gas stream
into the atnosphere; c) heating said contactor having

resubl Senine el s AR P SRS DCe CTRAE B Tn '
hog:eby resulting in a CO2-rich stream d)

atthds
corrgreséi ng said C2-rich streamto a pressure in
excess of about 1000 psig thereby resulting in a

conpekbsaingspdrdoptacior katingidIpadsorped theypen tman ptleptive
tegtnega 0 ik sduifSangte feiorBfiod aeh feask e T tln 1R Qp toereby
’ relgﬁﬁﬁfgxiﬁrha@%-rich stream,;

d) compressing said CO,-rich stream to a pressure in excess of about
1000 psig thereby resulting in a compressed CO,-rich stream whose temperature

has been substantially raised during compressing;

e) cooling said compressed CO,-rich stream by use of a suitable heat-
exchange fluid at a first temperature that captures heat from said CO,-rich
stream thereby resulting in a CO,-rich stream of substantially reduced
temperature and a heat-exchange fluid having a substantially higher second

temperature;

f) using at least a portion of the heat from the heat-exchange fluid of
substantially higher second temperature to provide heat to the contactor during

the desorption step c) above.



fluid at a first tenperature that captures heat from
said CO2-rich streamthereby resulting in a CQ2-rich

woshegzam@f substantially reducgd tenperature 08/1%2008/006272
heat - exchange flui d having a Substantially higher
second tenperature; f) using at |east a portion of the
heat from the heat-exchange fluid of substantially

hi gh2r Thegrodessafirdaiat Wrvehdreimpthevenpehatate $winghadsorption
contactor during the desorption step c)_ above. 2. The
cysile o€ saidgemperathrelswingradserptian gangsdasatigneurifisperformed at a
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| ess than about 2 m nutes between successive
ads 0B ptlheprét&ssof ady préceding chiim whersiy apteaseabog 75 mol% of
cl ai mwherein at |east about 75 nol % of the CO2 in the
the|CE; imthesfluegas steeam ipremioves {sr poduee thesubstantially CO, free
substantially CO2 free flue gas stream 4. The process
flge 2ah§rsBeedi ng cl ai m wherein the adsorbent nateri al
is conprised of a zeolite. 5. The process of claimi4

wher gi ThehRod@sldftayi prededing ichiintwhesdih e Hds0rbentIhawtial is

nolar ratio of |ess than about 5. 6. The process of
campripgcdeefalizeglitel ai m wherei n the conpressing is done in

mul tiple conpression stages and cooling is done

bet ' .St t d L. t .

et e LS o 3P BLeb FOPoflor b having
SYALHRIIA AtioWesSfHafiboufge, other than the |ast

conpression stage, ends when the CQ2-rich stream

reaches a tenperature of about 3500C. 8. The process,
of afy Thedreersspi@nyinreogdingclpimewhersin tameempressing is done

G RIE Pl it Holes S EhT R BiseRiBomprgssion stages
ar{rg"u :«Iﬂtctlﬁ% l%gag)g%ﬂé( E)z&rt %8%{%&{ ghpewherein there are

sor bent ctorsy each conprised of:

7. The process of the claim 6 wherein a compression stage, other than the
last compression stage, ends when the CO,-rich stream reaches a temperature of

about 350°C.

8. The prbcess of any preceding claim wherein heat-exchange fluid is
comprised of a fluid selected from the group consisting of water and a

hydrocarbon oil.

9. The process of any preceding claim wherein there are multiple

adsorbent contactors, each comprised of:
i) a gas inlet end; and
ii) a gas outlet end;

wherein the gas inlet end and the gas outlet end are in fluid connection by

a plurality of open flow channels wherein the surface of the open flow channels



i) agas inlet end; and ii) a gas outlet end; wherein
the gas inlet end and the gas outlet end are in fluid

wocnngiegddson by a plurality of gpen flow channelca/us2008/006272
wherein the surface of the opéen flow channels_ _ are
conpri sed of an adsorbent material has a selectivity

for CO2 over N2 of greater than 1. 10. The process of
areroonppriseeloofian adwirbentipaterial hiea seleotibigy forG,aneoN, of
has | ess_than about 20% of its open pore volume in
giegtesdhat dat er than about 20 angstrons. 11. The process

of any precedi ng claimwherein the contactor is

conpis t
& rstoagtﬂ ?%'(e)ﬁ%ssnat e Iﬁar}e@%m;gggldgﬁﬁvge?élﬁm@ws&%t d¥atactor

tively for water

haviess (Han abfoug 2684 of itk lbpon porndolusnd icpdres gugeer gramabout 20
Wth respect to the flow of flue gas streamto a
angsttomes. adsor bent material that has a selectivity for

CO2 over N2 of greater than 1. 12. The process of

claiml
str eg]m ?Q%Bgésrgr St tng’opsor ﬂg%ieﬁﬁg}v ﬁ?ﬁ&#tuﬁess
céhipfis@Pepat KA thxdsokbairRiterial¥inithe rﬁlﬁh@ds‘drv@nqtlatenal has
stream downstream of the first adsorbent material. 13.
a Stlectivaly dos wateraowmer §2@g efigregtar| thamlvandrie ilocated upsttream with
adsorbent materi,al that has a sel egtivi y for

respest tothe SowypbHpe gag span tpg §e4PRd gAserbent Gaterial that has a
te f d
sABIBERY CBnbTe Br o BRI 1T e cecond adsor bent

material that has a selectivity CO2 over N2 of greater
t han12.. Thé.prétesswfatsias 1 dfwhenyinpwateed adsorbed foonh dreeflue gas
t he substanti al %ﬁcog free flue gas stream contains

streass in thenfiess adsy mcmater@l sqrﬁhatdpéﬁztél@a abpuhA()0 ppmv of water
recedi | ai m wherein adso '
reBE 11 o0 A HyEAn SO TeRE PEE e g e mprial.
t hrough the sane flow channel s as the flue gas stream
t her by The 526648 fGER protedihf eldigpwhereiharfst adsorbent material
that has a selectivity for water over CO, of greater than 1 is part of a first
adsorbent contactor that is separate from a second adsorbent contactor

containing the second adsorbent material that has a selectivity CO, over N, of

greater than 1.

14. The process of any preceding claim wherein the substantially CO,

free flue gas stream contains less than 85 mol% CO,.

15. The process of any preceding claim wherein the adsorbent contactor
is directly heated by passing the heat exchange fluid through the same flow
channels as the flue gas stream, thereby desorbing CO, into the heat exchange

fluid.

16. The process of claim 1 wherein a first fraction of the flow channels of
the contactor are for receiving the flow of flue gas stream and a second fraction

of flow channels are for receiving the flow of heat exchange fluid and wherein at



fluid. 16. The process of claim1l wherein a first
fraction of the flow channels of the contactor are for
WO B0gasbéxg the flow of flue gagy stream and a SeEOeUS008/006272
fraction of flow channels are %or receiving the flow
of heat exchange fluid and wherein atleast a portion
of the channels of the two fractions are contiguous to
lematd pottiar of thetchaanelsrofitheitetodrantions an¢ comtigwanstthaiach other,
heat fl ow ng through said second fraction of flow .
butmetial fluid SOmypHBIcatigN, ¥ that 3F@feﬂ9Wi%§hr%§? sifdsgeond, fraction

of B ehsmels i ap45tE chiestosPe BB ECT Rahe ShidTirE Rion of
ﬂwﬁéﬁrﬁefsﬁ%][ﬁ\?z{cgehﬂa‘ﬁ‘fbldgéjso?ﬂt!iéﬁ.p| e contactors at

'east one o [ IS upstreamto at | east one other
contactor wherein said at | east one upstream contactor
cont &7 nTherpragesrafamny preceding|claimnwvhsegin shege)ase providgd

misieleconis o TapT OBGRE iRl ineRSIERA (opbligRiEother
cécé@f;‘to} whiein 93¢ B %ﬁ%&l@ﬁ&ﬁf@éﬂ?ﬁ@ﬁtﬁgﬂoﬁlQoﬁiﬁhf’hﬂ\’gtﬁ&tﬁkgnt

east one adsorbent contactor contalns at eas

nmif&d] iRt ha¥ed soléahdtyafd dt €ast bhs coagaehesdlectad €oi e group
has a selectivity for water over CO2 of greater than 1

cenuistintgeo S watendSQgsandbf), oner £fQagrdater thagdl ectivity
for CO2 over water of greater than 1, and wherein the

fir Sig?ﬁg@ﬁgéﬁs{%{ﬁg‘ﬁj&g{e& n%%‘fﬁh?@hlépet% T2t f st w'l% E(ésorbent

resp W ["Ue gas stream o

cSRaO0H cOHBMPATEadstRIWRY ddiorbek matbfaR adahe bt #dibrbent
precedi ng clai mwherein the of the flue gas entering

niakerid] dvap arsel ectivityviion gvaeisovgrt COp off gseaterpthantli and theisecond
is at a tenperature from about 1000C to apout 2500C,
aggprbentanatesiabhas aselgativily dertChver mmwﬁg@mréhan 1, and

whiran o Bl aSha Rl pERRiaGh VefiglhARar B R o the flow

of84ld Fide gas stream, of the second adsorbent material.

19. 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.

20. The process of any preceding claim wherein at least one adsorbent
contactor contains an adsorbent material that is capable of removing at least.

water and CO,.



