PROCESS FOR REMOVI NG A TARGET GAS FROM A M XTURE OF
GASES BY THERMAL SW NG ADSORPTI ON FI ELD OF THE

wol2bgaN3d¢eoN [ 0001] The present invention rel at eeTIi®20083806276
separation of a target gas froma m xture of gases
using a thermal sw ng adsorption process wherein a
thermal wave is devel oped and utilized, primarily in
t he dEBROCESS EORREMO VINGASTARGEBGAS #ROM A
enaM[ER TURE!QFSGASES BY THERRMATSWENE ADSGRPEFION
froma treated gaseous streamvia utilrzing a single
adsor bent contactor to produce nultiple product
streanms. BACKGROUND OF THE | NVENTI ON [ 0002] Gas

- separation is inportant in various industries,

F b 6 RHEY INVENGTONducti on of fuels, chem cals,
%"ﬁ#ﬂﬂg—mi alty products. A gas
separation can be acconplished by a variety of nethods
[0003] . aFhRé pr&enbPihveaibn rélatdsds thekepirifibn BEANErget gas from a
generally exploits the differences in physical and/ or
mottard ofgases apirg a terofal sWwing adsoopton proaesh svheegiarathedmal
For , exanpl e, gas separatjon_can be achi eved by rtial
wayeiscdeelonsd and wylized, primargydndbe dgserptiopisget The process of

RS on 3888 Rk b SErAlery e b BRy b1 AR Tnde R o
tr&fsd gQ@&u%%maﬁﬁofa Lﬁfliztiﬁ‘%ag 18 38atbent &6nthvtod &Y Prétuce
ot her” gas separation techni ques known in the industry.

mOitéple peddutstreanisal | y practi ced gas separation process
is thermal swi ng adsorption ("TSA"). TSA has been an
i mportant technique for purifying gases ever since
BASIOGROUND: OF THIH EINMENTIONen from air using sol ar
heat on mercuric oxide. Tenperature-sw ng adsorption

IS a process wherein a bed of *adsorbent i.s used to,k .
[0802] onEaspepasation peimpartanitin yarigus dpqustiies. Pasi@Haty in the

and then.t.he adsor.hent hed.is .regenerated.(rel j.n
pepAel Rt B Eils SRRHEEE. nyFeulebrikaRERE PLRRIOLToRIEST A cas
i t &34 §h&Y a§MétB8 bYheat
A R
sopidesstiother atans cgaicpally osploits ale differencebeith. phiysidahand/or
advantage of TSA is that adsorption isotherns are
chemigalgprppertigsuefibe gopyponents to be separated. For example, 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
pull one or more species out of a stream of material, and then the adsorbent bed
is regenerated (releasing the adsorbed species) by raising the temperature of the
bed.



tenperature. Thus, very high purity products can be
obt ai ned by adsorbing inpurities at |ow tenperature

wo(obeisg9e@dsorption is strong) with the rel easecaius2o0s/oos276
strongly held inpurity speei es being possible by neans
of high tenperature for desorption. However, TSA has
several di sadvantages. For exanple, the tine to sw ng

[0803pr bent D8Ashaxvihe advhntige thatbyeswanieg the gascmmurd’
affect the s@ps)aratlon can be relatively |long, which
tempenaturd dnygad phiéhe pressurepeomprassiogr epstsaean bsayeidgde Another

iplesic ok dd A Eimyiorishineims 2R SoRSan e o

e T 40 gl BB B Sl o Bk rfing
m@bt&ﬁ%&%’ﬁl@@ﬁ&nﬁferﬂiﬁﬁe mn@emsrpt{&m%hovgy Mtlﬁthm*elt;ade ofa
suppb%ll ng heat to the adsorbent for regeneration
€

stmgéy bekhimpunitysspecicsiheing possiblgdynineansal/ highrtemperature for

deépaatiqr} OwisatoF A s e dispdeRBandiis &0 Sxpmpley thg time to
svwﬁgl | %;t: 58§§J8|§eercg %ﬁﬁéra&ﬂe r? %e(sa{tg’ é:iegll% %@? eg{ {hpecsteparatlon

rrc curren

ca l?&fdl&@\%ﬂ?'l b%q{ihfcﬂ m&nﬁ%&%hlﬁent“rnﬁ%% lakgeSand

Pat ent 9,962 discloses a dryer conpriSed of a
thstredfbte enmhotmbelly ypetteattivebedlsog heatemodgmtgm of teeTSANcycle,

the internal tube surface is c&i\ted wi.t h ﬁ\lggter
URSEEOP MW EGAm AU M eand yhiopel p Y adlgrge amount

o0 B AL AT o B R s

TEASSo8Eset 0 t he separation process through the shell
si de passage of the heat exchanger. The feed gas acts
first as a cold shell side gas in a first absorber

[000ed] exVhtingsmdtheds bﬁsﬂ'ﬁ.ﬂ%ﬁ@ Heat &¢ thezsdsarth@it fehedgdeneration
side gas in a second absorber heat exchanger

hayedwegqiraposashy dissainadunde mierovave qmss&éUtSerm@n Nae

1575470553 o 4 AR BSS 4150 oAt s o
th8%d &%rerg eq tl”c’R@n ges 9%9tdr}q ) %ﬁﬁ%cﬁ%@?@d{?{?n lectric

EXC ange nterc angln unctions

cuels ft@@l‘ie A@strbex fot et sdeRSrptivn ﬁ@' S \Patemans e, 091@ ©52). U.S.
cycl e. The i nterchange may take pl ace at interval s of

PateniiNoh$ 1669, %ecdindlosea tlhy@ecmnnpmaeelsof avshell arid tubhe typa
a(fs%?lgce?‘ Ses h e C\és,: ggllggﬁq]g{g? aenstulr acle it goateEi hvs"nh fine
water adsorbent partlcles. The dryer can be used in rapid thermal swing 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 the heat
exchanger. The feed gas acts first as a cold shell side gas in a first absorber heat
exchanger then is heated to act as a hot shell side gas in a second absorber heat
exchanger undergoing regeneration, and then passes through the tube side of the
first absorber heat exchanger where it is dried. Part of the dried gas is used as a
purge gas for the tube side of the second absorber heat exchanger. Interchanging

the functions of the two adsorber heat exchangers periodically reverses the cycle.



[ 0005] Several approaches have been taken to overcone
one or nore of the above nentioned di sadvant ages. For

WOENBTM3e56 One approach was to integrate a heatpcT/us2008/006276
exchanger with a sorbent ngterial. U S. Published
Pat ent Application No. US2003/0037672A1 di scl oses a
rapid thermal swi ng adsorption process wherein
Tleehnemhange afayctakt placeantistersals bf fromvthiety, seconds to taee
stream such as air is performed using adsorbent packed
mimutes;beManyeofithe Iy presesses haye aiede Hmasisigrificantly longer than
thexc an elr-l adsorlg r. After a period of adsorption
R RLCRSSHPUL A5 | ¥ed through the shell side passage
of the adsorber during regeneration and upon exiting

h ; . .
[Os)ﬂglnstheﬁ?\?’é}ﬁpéeﬁgpaétzlﬁgrlgdg%@e%ﬁ t¥kéh B HRGESmetHe or MbFe of the

sid sorber. During a cooling phase
abeivetrhentiegeihdisadvamages. Furlaxamplé, Lot apprpacts ods ttointegiate a
the shell side passage of the adsorber. [0006] U S. .
heasexehangsr vatlpg soduat madenials B.SpPublishgd\Ratent Appli¢asion No.

T AT L AR N TN ——
SO S KR BERESH S5S I, RN 8 R syl o i

parf@asdd esing ddshrdedepavkediinnuips sitleagsagts@fapmbe andshell heat
conprises an adsorption zone containing at |east one

exstisngdreadsorhareAfleapaeringofaadsorptien beatng fluisl isquassaskihrough
L A
th%: %ﬁ@%ﬁf isz{é%?clehqqg 4l e\ﬁl%r'b%cﬁ%%‘e%ﬁ@ﬂ‘é?ﬁ&%e@ﬂ&ﬂe?.

e ar O provide a process w t hout e

Dt gd\cvdlinggshalé o it/ fdgéneRifionOAedoliag llid € padsed eRtdRigh the
in devel oping a TSA process that is robust enough to

shetisederpassage of thwradsorber. | y vi abl e t han conventi onal
TSA processes. Therefore, there still remains a need

i he ar r o iypr s tq the TSA process that

(0086h v - Ot enta¥Br SR EUSR Jrestes & seirisueHR ugdide, for
td I | .

PPk R AR o AR 0o SR T e
mbayRProoitles Megle efficibhSy bakestparficiassrddacimeihecditféfdntial

renoving a fifst target gas conponent froma gas
prassure required between the adsorption pressure and the desorption pressure.
The apparatus comprises an adsorption zone containing at least one adsorbent
paper layer containing a selective adsorbent and an adsorbent spacer spirally

wound about a hollow mandrel and in intimate thermal contact with a heat

transfer zone.

[0007] While attempts have been made in the TSA art to provide a process
without the disadvantages previously mentioned none have succeeded in
developing a TSA process that is robust enough to make TSA more
commercially viable than conventional TSA processes. Therefore, there still

remains a need in the art for improvements to the TSA process that can



containing said first target gas conponent and a
product gas conponent, said process conprising: a)
WOR008/149¢8g @ tenperature swing adsorption gas pCT/us2008/006276
separation unit containinggat | east one adsorbent
contactor at an initial tenperature, wherein the
adsor bent contactor is conprised of a plurality of
owarbemanbirel dfjthpacahormlical mad té¢imicalHardsof condentienai n
the channel surface of at |east a portion of said flow
teghR@lABYs i s conprised of an adsorbent material that
has a selectivity for said first target gas conponent
OX LK1 SBRAAR SdHe tadasSaqrpgnent of greater than 1; b)
Spaxre .. b AN YN T rough at least a fraction
of said flow channels thereby resulting in the
[08U8Pr Pt InP4h 8mbBHirh&RSH the PREJN® vdntidaitHefd is ProVided e process
gas conponent fromthe gas m xture onto sai d adsorbent
formselectiutly removity a firstiacgetgaa commpmept frout a ggasnixture
stream that has a |ower nol % of the first target gas .
CQIiipHIgesAd ?ﬁatﬁa%ﬁtcgag £empopent and a prediqt gas cRIPOREat, said
r c tream d) heating said at |east one
P‘ﬁ&g%ﬁ“&%ﬂ?f%éggt actor having said first target gas
co n i S WA id
o oo ERIaREN RMHEALERNIAL hoPplIpT eat sERafon vt
cataining atdeasifonatadsert=int @ohtaatiriab andhitihitemperatire; shgedin the

c%as conmponent from said adsorbent material, thereb
adsgehent captactords cpmprisgd of @ pluealy of substantialhyparsllel open

ol SHETPEEEA LR st ARyt i v
cHahhéls iy‘@éﬁ'@rﬁ@& of ah @@briRA¢ xrfa)teﬁﬁﬁhh%ssé‘kéieét?\ﬂ% f&aid first

adsorbent cContactor to the initial tenperature,
tavgdet gas compbhentaerwaikkprgiugepsy edragonénttdfezrasien thaent ;
contactor in the desorption step d) thereby creating a

t herthapassig:saidges mitits threugheatileasiisi feactingy obsaiddlo
e BAES G5 a0 RRE T AE YRRl SR b Bt i Hos
R ESg O O PR RO o B S0 hrety

prodaciager figst grodbetmarsiteans thit Has Elowadr rhol% of the fikst target

transfer coefficient, and His the heat
gas component than said gas mixture;

c) collecting said product gas stream;

d) heating said at least one adsorbent contactor having said first target
gas component adsorbed thereon with a heat transfer fluid to an effective
temperature that will result in the desorption of at least a fraction of said first
target gas component from said adsorbent material, thereby resulting in a first
waste gas stream that has a higher mol% concentration of the first target gas
component than said gas mixture;

e) collecting said first waste gas stream; and

f) cooling said least one adsorbent contactor to the initial temperature;

wherein a thermal wave is generated in the adsorbent contactor in the

desorption step d) thereby creating a thermal wave temperature gradient, which



rate requirenent. [0009] In a preferred enbodi nent of

the present invention, the gas m xture is conprised of
wo0bd/L4goegas and the first target gas conponentpcraysebid/nos276

BRI EF DESCRI PTI ON OF THE FEGURES [0010] Figure 1

hereof is a representation of one enbodi nent of a

paral l el channel contactor of the present invention in
thehmalfwave timperatureigradieni mestes glongrthe derigtbofithe at least one

m cropor ous adsorbent of the present invention and

adserheat apnigctorpingr whichyadsprheat spn@ptqrﬂms wef Eur [aging from
s chonf 515wl A "G i e P

deltactemineEdrote, 0 feCertal & (2 ndof uBo bR RERAIIGN, APa L ishe heat

raﬁg@ﬂhh&ﬁmﬁﬁ.Flgure 2 showi ng the detailed structure of
t he "adsorbent | ayer along with a bl ocki ng agent
occupyi ng sonme of the nmeso and macropores. [0013]
[0609)r e 4 drpredefred eprbesiemest afthictpresentinocintiom, thed gadmixture is
present inyention in which the parallel channe
comupissieha 9cigas and the lrstonrest sbscampABe@l s GD%or TSA
appl i cations where the adsorbent layer is coated onto
the channel wal |l s of a preforned nonolith. This figure
5 3 el s and separate rows
' gIe ' JEUN Figure 5 hereof is
yet another representatlon of a parallel channe
[00D0) actlogund 1 hieecqfrie aeapresentation of onetembodient of mpafallel
a hal low fiber contactqr for TSA applications. [0015]

chenpel contagier abthe Rresemtingentiamindbe formiaie mongli dnrewly

fophff s M ifome buscodio PR o T, B B imb Rt g o ggniaining

a plafalit) S pardIf] (cPanh&gder ed transparent. Dotted |ines
are used'to indicate the edges of the outer surface.

[0016] Figure 7 hereof shows a cut away view of a
cross-flow contactor that has segnments stacked so that
[00}H avdigyee 2 hevgadtis picupss-setipngl Teprrsestationaiong the

lo%ﬁ_gberpurre?gﬁ r%otnr(])ﬁt ?gtulrgll of flow during the

[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
channel walls of a preformed monolith.  This figure shows separate rows of

feed channels and separate rows of heating/cooling channels.



[0017] Figure 8 hereof illustrates the use of a
thermal wave to pass heat fromone internally heated
WO/ agdger that has been regenerated to a sece®ad/us2008/006276
contactor that has finisheg the adsorption step and is
bei ng heated for regeneration. [0018] Figure 9 is an
illustration of a systemof the present invention
[00fd] ei nFiguee 6§ dierenttis yetaniethgorepresentatimr of a paraileéphannel

whi | e apot her contactor under S a or, ste
cqn@@ﬁfgq ogﬁ@mrésms(nayeml% it domm oh Gl et %fﬁag;tor for
tcgﬁ&génng of adsorbates deposited al ong the
é’ﬁl e adsorbent |ayer at the end of an
. adsor ption step for a multiconponent feed. The
[08‘1 5PNY! Figads 6 HeesbfSPafbaRr 2éptcsditdesh of Mot fibaycontactor

than the 1 ess strongly-adsorbed species. [0020] Figure
fot TS#empplicationarasishbwat indfigure Hbus wiith the cutert surfaves of the

ar al channel uni at can be used, herei n. DETAI LED
hc%égta% 1h@ﬁp@ractﬂqzen&weama@ﬁpaer@99 omﬂﬁ%ér@rﬂsed to indicate
thle'a’i§9§bf‘) |(§th11 §1ﬁ‘f’;{ %d to an inproved TSA process that

at or na

zes Con of thermal waves duri ng t he
desorption steps to enhance t

rption a
108356 Sk BT TeTRoGrOmsRCRIR RV oL g AEestiow contactor that

S SRBRRAR ook P b e PG Bl regsograion s

cdtﬁtétéﬁﬁeﬁtotoétﬁé Ql‘ix*écﬁaﬁ offldW Hﬁnﬁgﬁtﬁé ﬁasérbﬁﬁh %tégi ui d
stream typically a gaseous stréam The adsorbent bed

103 3h27 TELE §acRriRuSites S EE T Al w6 paSFheat from
oniélintdragilly h8ated Codictér RaPRSOb& &geﬁ&%ﬁa‘d i0P48econd contactor
utilize the adsorbent material Selectively adsorbs

thatohas farisbed: thef adsbepti@estsp raadm; beirg:hdamd ﬁarrmgemraaon

(referred to herein as the "target gas", "target gas
[0098PONEFTgure 9lis AN AlusifationBNa ARQHRTIhE ?P@%@Hﬁ ﬁfvehtlon wherein
relative to a second nol ecul ar conmponent (referred to

orieenoentactalsumdmrgbq:ﬂ anadsorptieh steppwhda ahoties contaetorantdergoes a
or the "weakly adsorbed conmponent”). For instance, in
desorptioBcd¢Brent  herein, the feedstreamto an adsor bent
contactor gas m xture conprised of a flue gas (or
[00 b9 ustFignreghd(a) —V\IrO(e)]hemnf ahm sahﬁnapoaibntheﬁ:a%dga)f
t ar get égas conponent ),
ited along the length of the adsorbent layer att e end of an
adsorptlon step for a multicomponent feed. The strongly-adsorbed species are

shaded a darker gray than the less strongly-adsorbed species.

[0020] Figure 11 hereof is an illustration of a three contactor parallel channel

unit that can be used herein.



conmponent), wherein an adsorbent material is utilized

which has a selectivity for CO2 over N2 of greater
wotJoednadees[ 0023] Unl ess ot herwi se noted, the temyus2008/006276

"selectivity" as used hereikn is based on binary

(pai rwi se) conparison of the nolar concentration of

conponents in the feed streamand the total nunber of

nol es of these conponents ‘adsorbed by the particul ar
DETAILED DESCREIPTRON @O TIHE AN CENTIONt he process

cycl e under the specific system operating conditions

f eedstream conposi ti.o For, a feed co
1032 oneﬂ € Rresey ongs 3&§C%|tp aagngaemi ?r’ﬁ’r process that

s0r
utﬁ?iqg ? ﬁ'?atftﬂ} 8i§mcrrramwa'i/??§\ {lﬁg ﬁﬁ%g%p i1 ?agd desprption
stépR @thanbe t@%pﬁraﬁ&?oﬁgﬁ@ bPhid8 c%h%@m‘ﬁﬁni @se‘é)‘ﬁk REmponents
adsorption process cycle a ratio: UA = (total noles o

from agahmizaiser lésrpr)eviou@lmﬂnantlomrhéFSAas amocgss Avhereirha bed
UB= (total noles

that is ter than the rat| o:
ffﬁdserqutlmseébgb@%@ﬁb png 0( mrsrspeaﬁéémmat Wi streap,jtypically

TR -

ofafemRgent B". Therefore for an adsorbent having a
selectivity for conponent A over conponent B that is
greater than one: Selectivity = UN UB (where UA > UB).

[0022p4] 1Ima fJiSeX proceds,embadtsontsmt snateriehis ybilzedrthat under the

nvention, _an adsgrbent material is utiljzed which has
fi&oagm@mmyn%mlﬁ?ef éh@ pdipreeniymatantal selgcyely adsorbs more of

e N I R A Y T

gadM, 'A8SRE Eﬁykoﬂbﬁéhﬁ" ot thelstlohgRAad¥orbéd B8mpanent™) relative to

selectivity of at |east one Conponent A ovel a
a Saoopdmeolectlao fcogipoateat (mfmre@ﬁxhﬁreﬁﬁas the0'psddudiveas & rproduct
TSA, as convent| onal I]é practi ced, has several

gaél%)&'éﬁmlégé%t h¢ nwegak dsyrbﬁéiaﬁ@npmtp} oF'es dnstance, | m;an
fl.owed. th h, th t b

erpifhend neiEh e fpifesRt i, 8 AUttt oRERGE b rigfife

oglgpgﬁdg%ﬂg ﬁ‘{.ﬁﬁ lg%t f‘é‘fc, &tﬁﬁgg&tgonﬂ gég"si which 86f@ths 4 Component A,

CO, (a target gas component), and a Component B, N (a product gas

-

component), wherein an adsorbent material is utilized which has a selectivity for

CO, over N, of greater than 1.

[0023] Unless otherwise noted, the term "selectivity" as used herein is based
on binary (pairwise) comparison of the molar concentration of components in
the feed stream and the total number 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:



di spersed in a large volune of heating fluid and a
significant amount of heat that is used to raise the
woadesbsyat tenperature is often not recover edpchuseEER6276

cases, the heat is not recgverabl e because many
directly heated TSA systens are operated with | ong
adsorption tines (days) and nuch shorter regeneration

Uj i=nétetal Autzles bbAain the adserbentia/s(noolat cancengrationadf A in the feed)
regeneration gives rise to concentration and fl ow
variations in_downstream equi pnent that can be

that 1sigreatier thap thedalle: i n an ot herwi se steady state
process plant. In indirectly heated TSA systens, the
Ul tofATnGfes DRI Bt Msbihdhel'P@hol CORIGRatIASY B in the feed)
5V0|8|ng POt on Wth a8 heate purge gas. wever,
heat managenent and the cyclic nature of indirectly

Wheaé Bl i§ Bhe PAdSEeptivh Uptake dffcoagitrend Af'fandulf igthe

0026] Practice of the present invention provides a

" rpijen &iptakeof domponent BY.| ute the desorbed material s

into a heating nedium and provides a TSA systemt hat

Th Rl ko MR ETA PR ORI B b S
ccﬂﬂféﬂ%&rﬁ@fﬂa’?ﬁs" friflaf@ybpent . Practice of the
present al

I nventron SO provides a TSA systemthat is
heat integrated in a way that the majority of the

ener $plectivityhe Wefther at ur ¢wheted,i>sUggcapt ur ed and
reused. A TSA systemis al so provided in accordance
the present invention that enables

Wit h [ ¢ )

[002Abnat bypreferred embodiments fdhe presephinyentianoin adseybent
di fferent,.species +1n a f.eedstream, [0027] ~The process
maferiaf i W ZRE Fhich Ak £ s EFERR. PER ea S ie CopoRERl A Sher a
: Civont & . . ¢
COTRERER D RYACACE QLR S ARl B ik sByors!
mestgrefatederibpdrhent; en adsirbdntmateriat asratiliesd svhich has a
adsorbent material wth a heat exchangi ng device (or
sedgqtiyity ofraideass pardrraponent A pygr a &anpergt B 9ppreaterithan
bcom?{si ses two sets of channels, each set connected to

aboulilpt orent fluid circuit, which sets are in thermal
comruni cation with each other so that heat can be

1 d th
[0028F1 | YHbWRREE, B A! ?gs {S&We?n'ﬁ%nﬁﬁ#r g?&cégﬁéanﬂfé sevefall N€

ot her set of channe In a preterr ehbodi ment of .
disativantaies! bedirecty HeatetdTS A proeesses, ahothitaid iexypizalde flowed

channel s, whi|e the other set of channels is used to
thipughotheedsorpiion bethita wise theadsebenbtemprragus orlipergreater the
ter%%\élraCtSfe xlige,ttﬂel: tnore Huid'is hggdé%r. “Tive’ Elesorbed impurities thus end up
dispersed in a large volume of heating fluid and a significant amount of heat that
is used to raise the adsorbent temperature is often not recovered. In some cases,
the heat is not recoverable because many directly heated TSA systems are
operated with long adsorption times (days) and much shorter regeneration times.
Additionally, the occasional and gradual regeneration gives rise to concentration
and flow variations in downstream equipment that can be difficult to manage in

an otherwise steady state process plant. In indirectly heated TSA systems, the

heat can be supplied with a heat exchanger thus avoiding dilution with a heated



i nvention achi eves one of its objectives, which is to
avoid dilution of the desorbed naterials into a
wohsed/igenedi um The present invention al so preuikessAc276
nmeans to rapidly change the contactor tenperature
wi t hout experiencing | arge heat | osses, or |ong
heat -up and cool -down tines. [0028] It is well known
purpagasf Homtevee, s onqtagemenedsd diecyldid gatark of irdirectly heated
careful attention of mass transfer coefficients, so
TS Agroeesseraftenpresenty didfiewltiesi n the bed are rel atively
sharp. Sharp concentration gradients are preferred

BBk REMESFE e RBBRATE? RS8R Bocsno

diRft€ HSdeddrbdd matérdalb i 4 Réatiipdhedfem aHa ‘i’ﬁ'@@ffd%s hSTSA s§stem

hi gh concentration within the adsorbent in
thapeses ghort(atinutes) thelebeand paovides rdlmwdyrumnhuaus Blosvsadf

t he downstream part of the bed. As the process )
produets slpf da met upset dowgsireana mee%smg mgpn@athmcm&@iqfﬁhe

pr Ve RIS RGP 4 AR sEiBm Bat & NI et AEd b a yay
thi¥he ridiBridy 8FURTEnctl of te RetfiberMict bR I 1dcBPAIred ahd

rebisgl. NAITRA ts9seat Bpelséd peovided irpag:drdimseewithehe pdesent invention
capacity to adsorb is well utilized. In practice, high

thmHMt)WWgaabm (@velticomponent) separation aifimany different
ga%crsgls for the feed fluids through which the
SpF%‘SEi“?P I€a%hi s i s acconplished, inter alia, by
usi ng beds of snall adsorbent partlcles or using

[0027P! | U EpRItRS Q g’béxﬂ ﬁ'{?@hiorﬁ@%fbﬁecﬁ nl?e?-en{ Memal

Becauselt I'S pre erre ese nmss tra er rul es

Whee #eisorption” d@rWix) whinhtis et sigedstezbientheiptioznirt. oThe phgsent
cannot sinply coat sone adsorbent onto the walls of a
inyentipn, dn dwsimplastipud areferred eombadiment qombmcsjax) adsorbent

mé{3ERF B hehexch %ﬁ?gqggqﬁweﬁ&m v eahergrneer). A heat

S e

difforeno €husd ﬂltﬁtutfwhidh\/%eté'l@rdlwtﬂénﬂil aﬂﬂmﬁida@@n with each other
particular, it must provide mass transfer sufficient

SOttbatrlwm can ba rgmaul)ptnamﬁcmeétfmm qgleas@t efichannals pn ﬁmtmther set of
chB ét 5 gfbru %fe(rﬁ 1%}%{1&2[&%@ Oér %rr]ltc i plac ?r? g;lg set of

T R L ST

inioSari(Eﬁke tHeanout of the adsorbent dev1ce. In this manner, the present

invention achieves one of its objectives, which is to avoid dilution of the
desorbed materials into a heating medium. The present invention also provides a
means to rapidly change the contactor temperature without experiencing large

heat losses, or long heat-up and cool-down times.

[0028] It is well known that effective adsorption beds are designed with
careful attention of mass transfer coefficients, so that concentration gradients in

the bed are relatively sharp. Sharp concentration gradients are preferred because



about 1 inch, preferably |ess than about 0.25 inches,
and nore preferably |ess than about 0.1 inches. [0030]
wol200s48968f erred enbodi ment, a thernmal wave i s pdgat20608/006276
pass heat through the contgctor as it transitions
from i) the adsorption to regeneration step; ii) in
transitioning fromthe regeneration to adsorption
they epableife¢d tobatpabseasthrquagtt thefbednfer mdgag ¢inad beforst ep:
r iv) in at least part of the adsorption step. For

“hggalgbgaghé’foftadéomaé@ epeursnvithe start ef tieairesesswadsorbateds at a

B G SR o R B PR el anc

109&956&%5%%0?4:’ éi 1 ffRensttcath Pﬁrtto??hé Bed.mals tﬁlé"'&f@c ss proceeds,
b e. Tch the

adsorption esorption cyc he speed at

the igvidirlg fine betwéenchigh@@noentratidh afidiigw icefpaitedtionezones
gradi ent) noves is referred to as the velocity of the
graduallmmongs éowards the bediexit asfadshrbalgaecuipukatesoen thpadsorbent
to pe constant. and t difection the, wave noves d
bego e cper vl P shallrey sEiass Rans(Er i agerBRcarabeh &
coRRRSIFTANIS o SR MATTDSscAREHINR A LRI i e

caph€itRes ad$Urb 38 walituti 184N Endprafics ttﬁ’%ﬁ mdsb tfansfr$9achieved by
W thin the scope of this invention that no significant

provisling relativel ysaalt ebantels fortthe ferts finjtsi throughewhichi the feed
there js .a significant thermal wave in the
traVegio g GHC@PBL.S}}@Fﬂ IntGF aligreusng peds of smalladorbent

pofigls S RE sl TRoRRlHiC B p kAR I SN RO EARELE" o

of the objects of this invention, which is

[0029F ubsBédHusa it i% preferRd thhethebé niRs Baasfer Mele§dRtmet in order
required to tenperature-swing the bed. This, in turn,

toiprpetivedhe presess snwention ene gannat sanply eoatisoase adsorberd onto
of ver i gh desorption, tenperatures that ul d not,

the, 3¢ |(f/f>ﬁhlaggf‘c wgl?f‘agrr uwr(?gr%a@ﬂélﬁ% insﬁlevfmmermal heat

I ' i 1.0l t dj .

xRN, MR RaCh R ASRA R BulhEEHs SR BPARR Rl on s

deBigiRarwith all ¥BEnt Piabed [ ohdkétl ¥ haf BREK A hafhelsNThe
heat exchange nedium This phenonena is well known in

adsobeat placadadn itlse slarstelsemst fflkw dik tudesasf adsorption, in

'r,eqenerative‘ heat exchange. For, exanple, .when a hot
PafigHlar. i BpSt Prvadymass Bgnsfch sathicisatiamgaultinisharp temperature

gr{u!rliglﬁ%f '61?1 p%%?tlgfg {@1?3“%% u%%d(;fljsrﬁ]aé:es’-fffﬁgé §8Sorv)\gr?trs], Qv%gltlcoats,
pellets or monoliths. Preferably, the adsorbent-containing heat exchanger
channels will have a characteristic hydraulic radius for fluid flow that is less than
about 1 inch, preferably less than about 0.25 inches, and more preferably less

than about 0.1 inches.

[0030] In a preferred embodiment, a thermal wave is used to pass heat
through the contactor as it transitions from: i) the adsorption to regeneration
step; ii) in transitioning from the regeneration to adsorption step; iii) in at least
part of the regeneration step: or iv) in at least part of the adsorption step. For

purposes of the present invention, a thermal wave is a sharp temperature



adequately high, the magjority of the heat transfer
occurs in a narrow region within the nedium and that
WO g8/ aBdsoves across the mediumwi th tinme. ThaicaRi@Wo6276
region contains a thermal wave, in which (in this
exanple) fluid tenperature transitions fromhot to
cold. The velocity at which the thermal wave noves
gradiems sthhtmodveslineadh {hgeapprokimmately inl osimpld diaection within the
velocity of the fluid through the medium as dictated
confa¢tpe) qusing pne stepf the tarrmal swing adsarptipni/ deserpsion cycle.

The Spa T ch B SpEEA dptnthe Togian Wishagh (spigitalte"*
SERAALI s BRIGERA NS AU IGHET b B Al kg The velocity

ofetheheamgeddasdidthaveno i constapt asdthediredtion the whwé mivves and
used in the heating or cooling channels of the thernal

degsvwothavetd be the samefintheddsooptionand regengratiarostieps.oFor
‘cold . fluid, or in the eneb?l case as 'thermal’

CXATRRIG, thie VS LATL SIS SPRarRITeNtly, GOBRIET IRl QB rossdlow

o4 e PRESTFBSTOT o 0 BEPUERE Sooe o
inv&aGom 8 ind sﬁ?rllilfﬁfaﬁf tHePmiahdlave Betiresen®fin kﬂ@am?ﬁ@ﬁ Sfep

that is directly involved with transferring
whie desra is hsignificant| thetrualowavelin the regenerbtion st€phi Ehe presence

ol 5o 5 o o5 o

BN Ge SPIGERe Y SRTIEAERNGEbf B obisgts of this

inventiGie Which QS ROSERstantiAly fcuBétate/ ahd¥loves tHehddt ‘i"eﬁiﬁ%d to
transfer, including for "exanple, conduits that bring

tefriperatard-stvingthechad. ofhishim womtiagiroves procekeefodencyoflt also
The .t hermal wave channel system of the

thg@cgntact r. {
engblesdhe use of veno highsdeserplioniemapsratyses that wasld not normally be
tr acterj-stjcs enable the desired short
"‘W'Z"F’ié‘ﬁ%otslﬁ*ﬂpeﬁéﬂ own in the art that a heat
t ransfer gystem can, be characterized by a heat
[003%hst et theranali wawnis qregtedaviflaiarn hent exghangqmgdium when a

r | ations for heat transfer coefficien
OGRS thopRER B s ¥R g BBy RieBer SERuveranfn the inital
telipRYdtureGEthqiiat bX SRR mEMBH].| ThRPhen®ni®lis well known in

frequently defined based on the heat transfer surface
thameta ahdhdd searppames ecferted tbvas ‘ségenaraiveHhaht ¢xchaager For

coefficient: BTU heal .
example, when a hot fluid flows through a cold heat exchange medium, the fluid
is cooled and the medium is heated. When heat transfer parameters are
adequately high, the majority of the heat transfer occurs in a narrow region
within the medium, and that region moves across the medium with time. That
narrow region contains a thermal wave, in which (in this example) fluid
temperature transitions from hot to cold. The velocity at which the thermal wave
moves across the heat exchange medium is slower than velocity of the fluid
through the medium, as dictated by the relative heat capacities of the fluid versus

the heat exchange medium. As hot fluid continues to be introduced into one end



h =- oorr = (1) f t 2 area)(F)(s) (I area)(C(s)
[ 0033] The required magni tude of the heat transfer
wOoCoed fas6dsent i s understood in ternms of the heaglcTUX2008/006276
cool -down rate requirenmentyof the system A heat rate
requirenment (H) for the systemis defined as the
ent hal py change over a process step (e.qg.
_ of thgdreat ex¢hange dnediday coid floil emergesifoemahe other endauntil the
transfer area of thechannel.system The enthal py, )
thermahwayphgs movedmomplgtedy, across tha heatsrebanggmedhAnm this

arhicnihy oS e 4R A im R o a8l B thermal

wd g hﬁﬁrﬂ@r &k eher&Vd ‘?mt’vﬁﬁf?l, acoctflee¥ tégg&’ ?Ei&, or 3 thégeneral

system heat transter area O e’ 'steps

cdieas ‘theimal’ efuidr dasoine ehbodimdts,gaopedsefluids that araased in the
ft area)(s) (marea)(s) [0034] A heat transfer

adserption I may abHTe used ad hermgbBuitbrein to
characterize the TWA system as taught herein. Tl -is
defined herein as the ratio of heat rate requirenent

[0082heatTHertarmf“ehanmel fslystenehis. uset dieeeih ¢o ireferr ¢o tlesttportion of the
transfer delta-tenperature, DTHT =/ (3) [0035] This

castagter that isdirecthyrinvobeed withdranséensiagdina bebyeasetheribermal

tr.ansfer suppl and. demand. .As ed herein, the DIHT, .
g e B s Bbelit is T RrCaTly nChideS theofefioL apd Brogesd fluids,
o ; : o _
asWell € (6O ARIrb A ary ehael PHRPSHERS che¥hRhichThe heat is
beleg t@ns fearedneSpricificullyt dclvd&b foin thevehanhehsysféa e contactor
sizes and naterials, as well as fluid flowrates are

caghpenants pokdireastyinyielvedcinahe dieattramsfer, incjudingfotexapiple,
e i SR PCRbsbhGedt BT it Shb

D DT :
cAb6 TRV ey P DELIREN 290V br D AR sleccd

sobbihirke he@lreatis fEOharacte Aot ent®the] Q3&él shert cycle times. It is

efficiently utilize a thermal wave for heat recovery,
knaven irhtheraat thfat @iheat transfiey systemofandrecharactacized by beatt

to_.another. The thermal, fluid f|ow path petween
R cient (e R By Surd ¥edii, Cares gisanscfor peat
4 ARE R, LD S FNSRE SEBATR Aol R0BEREN R,
The heat transfer coefficient is most frequently defined based on the heat transfer

surface area that separates the two streams.

Heat transfer coefficient:

h= BTU or = kcal
(ft? area)(°F)(s) (m* area)(°C)(s)

(1)

[0033]  The required magnitude of the heat transfer coefficient is understood
in terms of the heat up or cool-down rate requirement of the system. A heat rate
requirement (H) for the system is defined as the enthalpy change over a process

step (e.g. regeneration) divided by the step time and the heat transfer area of the



When thermal fluid flows between contactors it may

al so pass through a heatexchanger that adds or renobves
womad/14Bsggm t he flowing thermal fluid. It may @RFUPERBRHG276

t hrough a device, such as g conpressor, punp, or

bl ower that pressurizes it so it can flow at the

desired rate though the contactors. A heat storage
chapdelsystan. ehec@tithalpyr @dnge (AR s topanel fytheredthdlpyg of the

t hermal wave noving through one cont actor is stored
chaehel systemiwitp dbsdsiat the@ndexfdhd cydetrainusrthe Anthalpy of the

non-limting exanple of a storage nmediumis a packed

cm@aeh@as{terammﬂgleds gtthe beginning of the Gydee Méttb@ stgmtigne of T,
eat, exchan tor
ST YRS TR ERTERET e by s StoBy el reaidioaent (D
e ener is stored as well as when it is
cg‘gﬁgﬁﬂpﬁﬁ é{gl ne fo?ya thernal wave to pass though
thi s heat gggghanlger al lpgyps one to adj ysg; the timng of

the roufd n weeg—eontact@s.
Al t ernati vel%y 8ener 3 (%?f’;gg st or e(ﬁ”’l FregdhRat

exchanger with a structured heat adsorbing material,
such as a nonolith [0038] The use of a thermal wave to
[0033F heathcat aansfiee denitemperatine ATQf hedlsb used hefdin a6 ed
in Figure 8 hereof. The contactors sShown in Figure 8
charactevizethed] WA sgstiear] asuawghitthereinc ATyads definad héfeén as the
t.ype._shown in Figure 4 hereof. The tenperature of the
ratigiof heabrate requireent to heat tronsfenreetiicient.
sem -transparent gray coloring on the contactors.
Cl’férﬂé't‘éﬁsﬁé‘ hehOendfBe dEId- t&ﬁﬁé@a&emﬁ}% aé( (ggd of
the regeneration step and cool er cont aftor 3 that
has fini shed an adsorption step The darker gray col or
overl ayi ng the cont actor 801 i ndicates a higher

[Obﬁﬁf’l ig tegl%r?g%ngg or it egdeg%ﬁgon act or&%wgﬁ%e?pﬂ ansfer
suEﬁ B} &id HemaRA 2AY iBed hefeif XREN By 1§%§lctdl‘aﬁ€d %ng]{]héa(@%sfer

Idgure 8b shows the initial stage of cooling t
coefiiitiantsdraséd dbnahd chaditiong offth¢ karioussteps ¢adsdeRion0
cool contactor 801, cool fluid 833 is flowed through
regmerhte@m,u anglingd! The charaatesistic &¥TirHe aclesigiparameter for the
front noyes through the can

act or .
PrES, i VaTon. oy haniie] SHES ABL MRl eessolbuid flow rates are

R BBy b RS A bRl EO LY i Blpact or
809 remains near the original tenperature after

regeneration. A sharp front 807 with a | ar(()]
[0036k e r Adlurdoythedpresentsapentionis haiwepnabawi0 o endabout S00°C.

Mgﬁecf)rle?erably, the characteristic AT is between about 0°C and about 50°C.

Most preferably, the characteristic ATyt is between about 0°C and about 10°C.

[0037] To efficiently utilize a thermal wave for heat recovery, the thermal
fluid flowing out of one contactor is sent to another. The thermal fluid flow path
between contactors is determined by valves that are timed to route thermal fluid
between contactors at appropriate points in the overall swing adsorption cycle.

When thermal fluid flows between contactors it may also pass through a heat



of the contactor. Hot fluid pushed out of the
contactor is gathered to fornstream 811 that is fl owed
wol20d/1¥89¢600l second contactor 803. The streampldrmyw008/006276
t hrough a stream sel ecti ongval ve and /or shutof f
val ve, 813, that can used to stop flow or change the
routing of thermal fluids between different
exvhahgert thasaddper renedvies heat freantilflowingtiesmd! floidubhnay also
heat exchanger 815 to add heat to the stream 819 bei ng
pa§émr heodivies sugh vs @ mremropunmar querathasnmsslsrlzes it
heat

scyit SHS TlobY BT iohiee TeRhanER MegsentafioR,o A By 3ifinermedium
%ﬁgﬁn&%ﬁﬁﬁbé 14 that tHeTeh¥ frbﬂ'ﬂih‘é’at LA WEFS t}%rPgﬁqh one

€ present 1nvention Is USE to capture

cdntatogisstomdebefors ieis passedodiseenind contactm RInoreliffting
fromthe inter-stage coolers of a conpressor string

e amnle sh@vatgrags énlecilunttsmp&@dm heat sxelwgeeshajrle ayelacally

onsted” 18 nackes Dafbiisat SsanBer. <D as?ree%ﬁv&“ﬁ%‘ jeat capacity
oiﬂthg“b%dt Uftﬁe‘?ﬂﬁ? erﬁ {hfb%gﬁ‘mé Bed9 lz?(% élg‘%rg?' 1s .ﬁgred as well

generation 1S asse e COO

asswh@amls Zdokdi vme ﬁnieef@t afthemﬁalt\bawahpésbeh@@gn eHi feat
and the tenperature of the end near the entrance 823

exchangendllowsene tsf adjuest thettithing of B2 routing of tlmrmal energy
erature of the far .end of the, contacgtor

te
betwisgn qentasiars.« Adtesnatiyslyy encsgy caa bgstorgdin a heat exchanger with
%tﬁ%ﬂ%ﬂéa?gds&g%eé:ﬁ{ e cfhf t%“ﬁﬁ’%th Wth alarge

errperat ure gra sepafa es and cool er
f th t act Cold flI d t
(0B8] conTBebes OBAGATEAINANs: ©PaSS heth Hou PREFHTHBAIOF fARother
is trlllhlggécfgli‘%d gﬂ ng‘{g %rhé?&gﬁsfg ESntJ %sﬁ&? ﬁgﬂ@t%‘l&% externally

IS a SOT |ng

heafsiPRoABlithi¢ E@ﬁtaettﬂgmfeh&%mWf@Flg% 4<n‘erédﬂJ eTkAS)
or can be used to cool another contactor. In one

tempieratureeof therventapddrsfih Higuren8 &t oeartaid ag aissnsanansparndnt gray
O\S/qc))formleltream833 Optignally stream 831 is cool ed
ring eBthe cenagtaes Bagwe Saishons the hot gaptactas 8§0d, g4 the end of

\ c 1
thf REGERERh (B BRI, fekiBr B3 T0dHas AGE T H85grion
sté. € TH! ddrRert %xeyswlr& &RLihg e cdthétor sou rin@i%hiequﬁgh@r

the fact th as nol ecul és desorb sonme of the
temperatieer (fedexampleninaicess 80 aboat Qﬁﬂ@mnnhhbyhgﬂner gmytcolormg
of desorption. If heat exchanger 815 is used to sup
omgentactor 8O3 iadicates @ qaolertemperature, @ﬂoﬁﬁl’(amﬁlfe@% th%@bout

46‘%9 %Ontr%%tb hovx(s 0 ﬂ%jal gpa%)e Jf dot %e tcgr?tasc?onPSOI and heating
of the contactor 803. To cool contactor 801, cool fluid 833 is flowed through the
heating/cooling channels of the contactor. As a heat front moves through the
contactor, the temperature of the end near the entrance 805 approaches the
temperature of the cooling fluid 833 while the temperature of the far end of the
contactor 809 remains near the original temperature after regeneration. A sharp
front 807 with a large temperature gradient separates the hot and cooler sections

of the contactor. Hot fluid pushed out of the contactor is gathered to form



vel ocity.[0039] Figure 8c shows the progression of the
thermal waves through the contactors (801 and 803) as
wotdoes/asagess continues. Cool fluid 873 conti ngpeg/us2008/006276
flowi ng through the heating/ cooling channels of the
contactor 801. The thermal front has noved further
through the contactor. Tenperature in the first two
sttchir 881 ofhat e flooveidaotthe c8dbsdcond eantactoh®d3.0The Istream flows

cooling fluid 873 and the_ tenperature of th&@far end
thegughra Stsenm selestiopsalyeard (1 shutelt valves 8ild; that can used to stop

RS e PR Bo0s 1B e i
j t ] [
Oy Aaficot£is BREL B35EH 1 EQDIARCPBISTObitatlo

stiain 819 being Jeno e dooindantidter 863.0Ach optidread tstreaffiD817 #& flowed
hot stream 861 at a tenperature near or above the

thraghethgtheatexshaniger topravideoheatftransfersed hp hgat exchagger 815.
ssed into the second ntact or, and continues t.o
Ingitieymbogiananty s, Siream BLOH ey RBRVasIBIErEs heat. When
in-: ' f
thd BFAEHE(rUefitof it iSed IJ Blptily CORTHRA IACRANA, EhRiEGLA"
enilfsdifient,teeadi 81 Meohiss fedrd tBO tntef-stdpe cooldraofarcompressor
remai ns near the original tenperature after
stranig (ngstshown)Aised 4o gompuess @65 topressurdsagreater drameatauirlc000

r.adi.enf. again separates the hotter and ol.er
psL ot PIBRUNE TOSCaIePHRAR) .SIterh?shqtrSémanhﬁifaﬁﬁyatemperature

d whi - .
nelf BR3P PR BP RSB B ok i
thé 8ol ¢britastol Thixestréim B2 Hiivied @ I st roughithe contactor and
difference in velocities of the two thernal fronts is
thel temperaparetofitbe £hd neenthecdntrimeo 828iis meady|tbiatfdfithd hot fluid
athered to form_.stream

riven out of the cqontagtor s
Sﬁﬂhﬁﬁ thehtesmparaire o the b cndeat thi caniactorc3Ad sanaips near the

orfglf enRBatbihab R gRHBIROE? dBlorRen Harh TR Af iRree
tepBFdtiie gradRit sOParattéqh¥ Bobivd EbdIRE sE@AInsHLtHE Bn i for.

of nore contactors undergoi ng an adsorption step and
Cadlddlwid isrdrisen ont af thor sontacter gnd iggathesgktocioain sireas 881.

[0041] In, one enbodinent, the thermal wave adsorption .
Thiy thesmakdlng gap beused do himih thaysmpssatuee sise in ggentactor that is

oI ARG IRNT Bler i (BE S TRlY Conld FalhPnEhl The os) or

cafil¥@Wiked to cool another contactor. In one embodiment the cool fluid in

stream 831 is sent back to form stream 833. Optionally stream 831 is cooled via
heat exchanged before it is sent back to form stream 833. As shown in Figure 8
hereof, the changes in the hot and cold sections of contactors 801 and 803 are
not in the same proportion. This is in part due to the fact that as molecules
desorb some of the heat transferred to contactor 803 is taken up by the heat of
desorption. If heat exchanger 815 is used to supply heat it is possible to make
the thermal waves in the two contactors (801 and 803) travel at the same

velocity.



schematically in Figure 9 hereof and at any given
time, a substantially equal flow of heat transfer
wOoeok/ 3¢l | | be fl ow ng between the contact or $cfrars2008/006276
heati ng and cooling. The eyanple shown in Figure 9
hereof includes a contactor 1903 that is being heated
whi | e anot her contactor 1901 is being cool ed. Because
[0889] he FiyupeBathowsghagiegressitiaof tise theerabbdvabys threugh the
flow of heat transfer nediumthrough the contactor,

cantiectpesai80A and80B) a5 dhe pggceass cantinesse CCopl fluidi 13 centinues
f . heat ). capt yred ,withj tactar,.
Agyyinkeabel tegeadingdfoating chinsgls'y uhF sORRGTEAVE: The thermal
. : e .
Erbh ¥l O PG er A Do XTRALT, TARppEBEIR P et tho

thirds loftespetattor 848rie @khﬂﬁ ohthofakie ¢osling dlusd BIB andithe | v
all of the contactor is heated. Sinultaneously, cooled

temperaturaof therfanend efth®contagtor 849 samains near she priginal

heat i ng/ cpolin assages 1911, of second cont act or
teqGgRace A0 R ERGRD: ¢ SHarpi M4 Wi o e e atire
e S S R L e
pushed Wi of tHeebRrh&dr isTpaheRidastfoemeRani SN A lis MW edtinto the

1913 is then recircul ated back to heat the first
second aontactarr803. 180®t streamr 8k atcetemperatuoe heart ort alsswesthe
(for exanpl e, desorbed material, |eaving. the %ystem
tepperatyimel theaontarder plieriggeneraion i pawsd intsthe second

o FRIGE GOk B 58 A GBI hiir,

reins

Tafpelat@eah the fitstial 863 81 sécond @MACEL R duarRanat 8Pthethot
t hrough heat exchanger 1917. [0042] In one énbodi nment

flwid 861ewhile sletenprrature off thd fartenids8G%obthe dtontamtot teenains near
heat .transfer nediumto nmaintain it at a gredeterm ned

the opignal temperabusg aftercadsarniipn: efsbam froat B2 xtha dargs

fromthe cantactor unit. Typi.cally, ithe,coal th I
tepRastiCeis el aatan Y ilesngidpIgadsiont OPHR
con®A6F. AT HisSrrtatas My PRESRSsdd Hbore RalfakaPBowadle contactor

tenperature. Cooling via heat exchange 1915 can al so
whide theofronein the ofker eagactohhaspraigressed labodt tveoqtieirds of the way

to a tenperature | ower than that of the incaomng flue

algng the ¢aasten1 $his gifference inologities pE thesv thesmal froats is due
.t t bel the i ' t] f d .

in @G e ieat Shagiiseua LR8Ik AFEes pht SEimsinuastpris
ga@ﬁér)eﬂ 9% §terE§iSS?Fi Whih SSIRANIRERS bk'd%@?’ lix‘f Bﬁ{H?QJoﬁtzfc? .

at the coo of contactor 1901. The ow rate o
[OE)H&] pr Sﬁ-slimiting examples of other thermal process integrations that can

be used in the practice of the present invention involve shuttling heat between
one or more contactors undergoing an adsorption step and one or more

contactors undergoing a regeneration step.

[0041] In one embodiment, the thermal wave adsorption system may be
operated with two contactors, one undergoing regeneration and heating while the
other undergoes adsorption and cooling. This embodiment is shown

schematically in Figure 9 hereof and at any given time, a substantially equal



gas m xture is such that target conponents (for
exanple CO2 and optional l ywater, SOx and NOx) are

woxdediaed before reaching the thermal front. Poeg/us2008/006276
progression of the thermal{front (or wave) through

contactor 1901 is plotted 1921 schematically in Figure
9. [0043] During adsorption, the strongest-adsorbing

flowrgfdieantranyfier meditumokilhbs flosting bgtwedrmthehsontactomcfooheating
adsorbent and will be the | east npbile. These

ammmtEhwmmp&sjwn ieFigage 9rhereof inglusies @rontactor 1903

B L e T

B S AR YL et aatn
thiuth theecontdctér, ttﬂe Bedtigd (afd ddvtingy $§ﬁd§ﬁlb@éﬂ Wﬁﬁﬂﬁghﬂe@éls of

the contactor. Wen the process gas mxture is a flue

hegt §or eunil pcapturachwitinins thes¢onsang by Edlsmg:lmatmgnpdméﬂwd 8905 is

in9Rkee map 15H F9TBARIORSIA apf eFisgHCS HOnLBIUE Gpolipgpassage
létq?:intpqgé&gl' ﬁ?aﬁ]g 90%%&(51 sﬁ@ﬁ Hm&hatles %rJtﬁfEBﬁ ?k{lﬁ?ﬂlé}goccurs

er nma ront atarg e conponen

arRXAImRtt Jall 8f ﬁie\’&h%acﬁgﬁﬁfﬂéﬁféd rthli\ﬂtzﬁ%hsEie@bbl%ﬁ Heat
contactor 1901. Stream 1925 energes fromthe adsor bent

trdnsﬁadnedamm dDiO 19 raducedintot thetheatingfcgeling qxapsmntwl 1 of

(for exanp b renoved and o ti onal%ﬁ npst of
thg sgeond CQﬂtH@Pf a8 éetTréW%’égh‘s oHigpoolisggmedium

1A orbeteh e aph PR et Bl %Epié&?ﬁ TR Fbiied Wil he

heaP HahsRP mMEdidneiRFeREREET THE YehEHi&d h@é’lﬁreﬁﬁ%&t mediih %3 is

of the target conponent (for exanple, CO2) present in
theheeqiramdated bgek toheatthe fikbcormactopluaitf1908. dagjrad¥ds due to
entering the adsorbent channel 1923 is renoved. In
hept lpsses or exemple, slesarbiedmateriableayingthe systeny hpt)rﬁ@r@p heat

miiy s BB Bes ST e d bF e G e faleret mESR o its
or%lﬁbldte atufe g:f‘hﬁ 2@5 Tﬂ?lg&%@rihgfadd oﬁe{lq{ Is added to
ont roug

r wave the contactor is plotted 1931

stisalre 913 balpaysing iFthgough Beatldxchangerel917hat the ther nal
waves (1931 and 1921) nove in opposite directions

[0042Pughi fife &ABbAGh S the ??&‘éhf‘ﬂwéﬁ%nt H@at%}ahb%*d from the

nature of the sorbent and the nol ecul es being sorb
heiat tranyfeb enqaliwhetoahhmtdia inat zapmletdrmme@tmpmnween

no%\?vri]tthz;t%tn(c)l{nsg tse(r)npger;gtturet: %?e;ktt]l?ri)gglh f\r%ar;ll ?lsle contactor unit. Typically,
the cooled themal fluid (exiting the cool-down step) will be at a temperature that
approaches the separation feed temperature. Cooling via heat exchange 1915
can also be provided to decrease the cooling fluid temperature to a temperature
lower than that of the incoming flue gas stream 1919, thus pre-cooling the
adsorbent to a temperature below the incoming separation feed temperature. A
process gas mixture (for example flue gas) 1919 is passed into adsorbent lined
channels 1923 at the cool end of contactor 1901. The flow rate of the process

gas mixture is such that target components (for example CO, and optionally



run co-currently through the contactors.[0044] Wen
the thermal waves 1931 and 1921 nobve counter-currently

woloougbset he contactor, the region of the contpgai2008/006276
cont ai ni ng the weakest - hel ¢4 adsorbates wi |l be heated

first, followed by next weakest, and next, until the

strongest -adsorbed materials are heated at the end.
witee, SO andi MOwh arhadsoebed befove bedchingthe thetrmalsfdni. nThe

adsorbent lined flow channel 1933 matches the order in

prmﬁreﬁnian@fytha rtbenmltfémt (or waye) prpngh costagtoratifddis plotted
at .t he Ih vvav nmove co-currently through the
lcﬂnicé’f‘mﬂt’é’ YH’% ce}a of the contactor containing the
st rongest - hel d adsorbat es wll be heated first,
[004B] oweButiygradﬁmmqno ﬂye%tron@ﬁ&adwbmgmmponﬁés will attach

miSEuronelg (et adyPeft 528 B afit 1 fnbie, Ihese
RS W%’Ckﬁ%ﬁﬂ&ere‘g%sc&ﬂ“&fsﬁl?&ﬁ cRfebt ¥\ thb iflet and will

waves e co-current I'n er case

displas¢ ateak Bt adsdibed nadelsals lfﬁirﬁshata'eghﬁa QOV¢rahiegeriod of
ifferent lines or vessels to achi eve a conti nuous

ad$amtmm ihoadsarbates ovipt order themsedvesdiomrritangesitioi wyakest along
ggﬁgg@%&;@%g t%gft‘&%g-é— EE‘? ?R Sﬁtrogcgtttfﬁt ,o%?]?q gé%)ﬂvgpggrtl cﬁanneqs of the
cot?xr‘i;élﬁ&e ' rtﬁQ Xce%s% éa@‘?ﬁx@ﬁr ! ﬂ@evg%sg%géeggrt@éﬂgw Btrongly

e cont ustra ion

a@@ﬂfd&@rﬁbmm Fop hidae BisdBentauhtepfald. "B AlegyeRER %hér'tpn ed
channel s 1933 of contactor 1903 counter- currently

canicenttatien fionh nufvess braughrthea lcontactor and the paisitmpokticdirent at
adsorptive

all s aemas hr By %21}1 EioRF o0 gHCR 2 gl SsuR e (for
R R I -
19¥%émesek o th@h8sbrbBntiigkd hahneikUPIR3 With hbst of a target

weaker -;adsor bi ng conponents nust fl ow back over the
ccxnpmum (faxdxample €@y remeved and wptiohallh endst of seheral other
proach can provide a cleaner condltlon of the

taggied @ppmoaﬁnt§t(é1aclb ayvakery SOxeand NQhy also fﬁr@%rd pm 3 pyeferred

erFR AR, e REo P S 0235 St v B g
mb[%na ;ﬁfgﬁ‘i’ﬁﬁlgtrﬁo?é fHaHeboub 5 GROMA BE Bie &P I c:toylp%nent (for

condi tions an optional desorption no
examgip, 0O, ppregent inuthd pto&3sigas usixture ¢ fersexdasiple ifhie gas) 1919
desorption process. Wen the desorption is perforned
erﬁ@u@gxfheeadsmmttchanh@l YRS isapmayed, Ia Figwed: thejorientation of

eI I i By ARk R o HEF o Bostweakty
adsorbed species are nearest to the end where the hot fluid 1905 is introduced.
The motion of the thermal front (or wave) through the contactor is plotted 1931
schematically in Figure 9. It is seen that the thermal waves (1931 and 1921)
move in opposite directions through the contactors. Depending upon the
detailed nature of the sorbent and the molecules being sorbed it may be
preferable to arrange the piping between contactors so that the thermal waves

run co-currently through the contactors.



of the thermal wave noving along the bed. [0046] It

may be desirable to operate with a multiplicity of
wWOoo0m/agéder units in such a manner that sever alpcunis2608/006276

are coupl ed in heating andiecool i ng operations, while

other units are involved in adsorption (and/or

desorption). In this operation, the contactor can be

[0944}t anWdnl the therined] voyvdsi193di amcl1921 npveeunteranatfently
medi um before it is swtched into service for

theeiigly thei contactor theivegior @€ thsf centaeton nooraémiagutbﬁ weakesizheld
adspehalroillBe sared HishaolopeAd Hestaveaest gudde s unt the
stﬁdfn'gé# Q(E%dec‘ rjiehg hézﬁ?d a{)ﬁfé{krﬁ{ grf?ec' Bﬁ(ﬂatr iftlwieh these

adRefHtORArR r%le%ged afd adstbent [1hed Bovh eRdnred 1933abatdh&ethe order
needed to restore the high tenperature of the heat

intwhichfthey aradheated.[ DOhepipingas drtanged so thatethg thersed waves
icularly for i rrere ui red

%@3 r tamélm M%&%M %e)gré{] Sgﬁletmﬁa fEcontaining
th{e g{}‘énggsgfﬂéyl&gg&?& egwﬂ?é @C 184 Tir§ ?&E@L&?By%&@gﬁbé{gwt and

néir@srhﬂtﬂtthﬁ WAkBHVAISOPNET Mlat&iRi)é afd Rédted Bt i}féeerﬂﬂ SPEpéing on
phase while two paired contactors are in the

propetties efd¢he adsorbenty litasam anaid vamtageus do Ipipeythehcaactbrs so that
preferred enbodi nent, the several contactors engaged
the thermal Mavesimayecewhrestlyd Ingither rase sepsrate ﬁtre%raé ot

ol BELoNETERIA UithGRTARGY FEvGRI fhield garfinuous
mbiRiddfidorleht AEsdrBAQE ¢RI hrdrlaBRpIE) RipREAIdIRd

enbodl ment, the adsorbi ng units-a connect

OBESF' e FGRoMRR o 380 BfSF H’&r%"é‘&?‘ﬁéﬂ’g‘nﬁr{gé%‘f%e%f"o' |

cu‘g@gglgf&ﬁd}nﬂl‘%ﬂg}ﬁ?ﬁgf fg{/ %’regg%[‘%qﬁ?@e\h ﬁrf%jﬂgbhgﬁ"the contactor.

Inahistilastratsomrthe dssorbed spbéiss filmmwnar strédm 1938 joif 2l adsorbent
for each contactor unit to be oriented in co-current

linadshanaglsnt933. ofceantagior 190countsssprigntly dp the dirgetien of the
thI e, 1t ¥ AESRaFIRIE by E0hipe® RELRinmOR Rullicermportny,,
SR G0 BAISATh) BRSSP AN 22 A4 deprpon I
suph antdleenative dflﬁbodlment the desorption flow is taken in the opposite
direction to what is illustrated in Figure 9, such that the weaker-adsorbing
components must flow back over the stronger-adsorbing on the way out of the
bed. This approach can provide a cleaner condition of the adsorption-step bed
exit, resulting in higher-purity effluent during the adsorption step. It can also
result in a higher degree of separation of adsorbates in the adsorbate effluent
stream under some conditions. In an optional desorption modality, a sweep or

purge fluid 1939 is used to assist the desorption process. When the desorption is

performed co-currently with the thermal wave, a preferred embodiment of this



present invention depends on whether the contactor is
internally heated or externally heated during

woreenesati on. Wth internally heated contact egcg/us2i8/006276
gas or fluid used to heat 4ghe contactor directly

contacts the adsorbent material. Therefore, in the
internally heated contactors utilized in the present
optivrahhictality hetrddsdestthasstep witled Velicitytthitnearly matches that
defined as the fluid to solid heat transfer
ofttbefthermal wavesmoyingalongdhgdedor 1 uid used to heat
the contactor during regeneration passes through the

[0046F nElimeppbe desirabite tb loperdtbevit aengdtipliditd of ¢ontagtdrhmits in
adsorption step. The gas, or fluid, used to heat and

suchgemennetethahsevetalounisnarecouptadon h,e@tmgrar@rﬁoolmg operations,

Wﬁﬂ g’tr current or, orthogona Cr,0SS ow) . t the

qraﬁnt@ﬁa? "?YfélVF%%a SePriph fatefpeRiplionhy i i Iy
BRG] (RELAREN ot BEURTARAISURILEY tnd LRESALEE heat

erna regenerati on step

tréisféd mediung %@fdr@ it Rosviectaideintdsere fuet fae adsorptioh. f’lfheeadvantage
as separations, target conponents woul d be species

ofswech ansopemation lsaihy'lt the keatused to swg@&l@rhed ns rclamd‘d incthe heat
tr%@?’gré%\gg&%d é@ r o S\ggg ?(b};)pc?c{egftig?mﬁ \IIP t%ngo% Ing,
thES ) tﬁhﬁ?gﬁzﬁ o?ttlﬁé el % HEBEE %&ﬁ@‘b@%&rtﬁ tﬁé‘aﬁg&%{e‘lﬁee

eate con ave a separate set

feed! dnd &REARS heht fdadi \!déulug&dnéé@leBQ@tres’tBQ thedligh Mémperature of
contactor, Therefore, in the externall y heat ed

the dietbtransfer oediumed i n the present invention, the heat
transfer coefficient (h) is defined for the transfer

[00#7eat Irf sduTibe A rﬁqﬁy easdsN@arhanagy fort 1%ﬁdrﬁ?’lh1"eﬁﬁ)val) the
e

process channel s. I's also preferred that ) )
tirne pequtred ﬁn‘tadsbrhﬂnﬁmc@rmraﬂcm pay| bedshooter ilzan tjn:sisms required

used to heat and cool the conta do not_m x th
for the mta@prwiwa@ﬁv SapAT ( Reriul Piakizedh eln Such'Cases, it may
| [ ] e I
b GREARS Pt aral st o IR Pt B SRR sl Slpeo paired
cdﬁtatdioﬁedrle ¢ thERGAAeBER aflof Phasd AP HRARNEtHS piisedln a
| east one target component; a beaded sel ective
praihmcbanbo&bﬂnbntattteextvpmj lcedtasitdrs ehighgedimadsorption ares

mat contai ning the selective adsorbent for at | east
coaﬁécfleérlgé@rlebﬁ%ﬁbmmsuclmqyéh% mast-sersatlydsgenesatedgantactor

ann ont-act ors.. (Stru reda bent
B89 8 £ 4 e B SRERERNRICip Bl i) B BRRERCES Fliencrated.
In3iroM¥rgRefedfed éMb8diment, the adsorbing units are connected in parallel,
such that each adsorber treats a fraction of the whole feed. In yet another
embodiment, thermal wave storage devices are used to store and allow proper

timing of the cycles.

[0048] When the contactors are used in this manner, it is acceptable for each
contactor unit to be oriented in co-current flow, counter- current flow, cross-
flow, or any other suitable flow configuration. However, in a preferred
embodiment, the contactors are used in co-current flow and/or counter-current

flow orientation.



to physically flow through the contactor. A flow

channel is that portion of the contactor in which gas
wofdomsrsizeds a steady state pressure difference ipgTAIRIISBI6276

bet ween the points or placg at which a feedstream

enters the contactor and the point or place a product

stream | eaves the contactor. The flow channel is not

[0048%i dePhysital drehipeottireodf theonpetorsased dn ¢chopractice of the
macr gpor e vol ume of the contactor. Parallel channel
presentdaventiorn depands onewbethgr thaueerdacter isinteraally dgated or
dsorbent comntactors. In.a ral.l el nel ,cont act or
iRl it airite Bdbnetlion SR inEmalhheed Sonartors, the gas
Sttt i+l r : . t
© be readi Ité Hte?%ﬁ%pc?rr{t g%?é8¥§%§1%%ﬁﬁfg§?lé %g?%}))gﬁ?ﬁ%tm
Thdrefore| th the ihfeenaltis heqrbd eonteebiry Mitilized s tigdhpieRehtSinvention,
order to operate as an external Itg heat ed cont act or.
€

thphentirarsfergoefiicignt yhhisadefinedmstthe fbrid te apkidibeat transfer
use in the present inveption wll hayve high heat,
T hrieRt As br: e & o Tid e babeeh e conetaniring
rBE Ao AR Rt e R mEEREROEDLFREIEI: g s aic
durgdtheaidsaiptiotostepamhelgagner fIHRI, ©hed fshéateid RBhdidte the
heat i ng/ cool i ng nedi um That boundary can be

adshehreat cen iflosd caculmnt, mpuaterrassed @rtorthogonal @&. €A)ssdhaiv) to

a perinmeter (P). A paraneter D can be cal cul ated as
thaﬁ!}rﬁptlfzarthaéiéﬁﬂus,gqsz‘ioww Forsuchintemplix hsatedconfagtors, the

Bl SURB R BBy Ay 8RR A o phth e
gRVr WY Use@td P8genRPatd B coNaPRRI For FRRPMR!sephrafibns, target
contain adsorbent is |less than about 17 nch, nore

compirengbivpuldl be species sutinassGOytand. anyi water thf1GS Biesehein the
heat addi ng/ renovi ng channels are al so designed in a
flyggdfer that results in a sharp tenperature gradient or
"thermal wave" behavior. Tenperature gradients may be
[0080]t edt ioprederred thathe targetactimposentsbeseparatedfeom the gas, or
rimary controlling paraneter is the heat transfer

R
flyd epseddodigenaatadds intsanalheheated contagtorn Extamaiydicaggd

t changer . t he, heat exchangeadsoy ber
oot Hy € HCRPREL ) D ehabiR g Rer G3RBF itidReg g heat
andUodY ehd SvhtREOATTheFTord ih PEXRINIIE NEYE] ¥bhtac %utilized in

created during the heating and cool i'ng steps. Such a
the pratient nrveatiah) the hdaetraypsfee oo¢fficiedt<hnis defined for the transfer
recug_erate andrecover the heat required to

oftheap Eom heatingisorjingehanngls tppirem the proeess channelss It is also

preferred that the separate set of channels are sealed so that gasses used to heat
and cool the contactor do not mix with the target components liberated during

the regeneration step.

[0051] Non-limiting examples of internally heated contactors include: a bed
packed with pellets containing a selective adsorbent for at least one target
component; a beaded selective adsorbent bed; a bed packed with fibers or a
fibrous mat containing the selective adsorbent for at least one target component,

structured adsorbent contactors, and parallel channel contactors. Structured



the use of very high desorption tenperatures that

woul d not normal ly be considered for TSA operations.
woQues/ aBsangenent for a heat integrated ther malpc#a008/006276

adsor ption process was di spussed above and as shown in

Figure 9. [0054] Operating externally or internally

heat ed contactors with a thermal wave that passes
adsbrimng bohtaetars coatAin aplpradivy o€ flosw gimrmetsathtat BHowf gassor fluid

over previ ous conventional gas separation nethods,

toqhwricatlyflask gheoughithg icantagtard < tlsan ehanngd ds that pertiepyefithe
adsor bent rticles. .These,sw ng_adsor pt.i-pn . .
PR RoER Easch&is iGaieoas Al PSS RsEu ncs s apptied
betiviLh M/ psSifitd br Bﬁc% Bewhith Q@Qe&sﬂ%%(nﬁé}ﬁeRQh@%ht&_@oﬁ &hd the
renove a variety of target gases froma w de variety
paifit geplace kiprodsect sticansldaossthel cortactei.gihé iflowthannel is not

i nprove the recovery percentage of a |ight conponent
cansidgrest tfbe par ©fihe epen viesgppreoeicmgckporeiveiume obfhese

colpes” PREs BophBe G A a4 STGERER B o st
acﬁgfﬁéﬁg‘éﬂ{lt%c{d? t Iﬁ‘%g)a%’ﬁ l%ﬁﬁﬁ%l%'tfét{)%t}fe% BRistPat¥adi e set
adsorbent 1'n heasorpfilonsepo € process. V@th

oftdhanfieRithsl e SuBstahtigllp pafdlel to Bxenoéthen, it has been
unexpectedly di scovered that total recovery of the

Laht o , . . .
0531, <FIBERAR 585N Habdpoibic MR EARY) Bting channes
to Rh@ﬁdicﬂgtibn ghédiuf irf abhatiels indSrdeP topenaedaddri externally
preferably greater than about 90 nol % and nost )
heatesk enmdattpr.gPrefemedtextarnally beated contagtors suitebleofor axse in the
r ocess.

of the |light onent i ntroduced i Q the )
PrR%“d’cS\'/'éY%Pt%%ﬂ wﬁggﬁva ﬁ{g T ericgeﬁf(alﬁwéd Iﬁgnﬁﬁm%@em

. £ ' i
of THE RFSEHL FeRlioh; (1t ByOhareef ehalls FRIBRRERpip ) ol frms
of'thé ®ohdarybdtivebh i FRA®Mtaihihg dtannePasd tieddhannels

Simlarly a heavy conponent is taken to be the

conpainingsheatinghadodmg medismap dhehboundary cap deathasadtérzed as
are preferentially tagken yp by, the sorbent in the
hayipgp grossreestiepaloires 25,993@&%@%@2%- h&RAFaRsHs dA &R be
rebert ed r er ‘
o0 8 e L 4B REIPRBEL hen RN lokoflent
peli¢y, TQL1 FaLar thel tabe dadBetef. 18 pheRinéd CaMBSHIRTEnt of thd\fresent
product stream di vided by the tinme averaged nolar flow
inveitteomfthe peramsetey Dcforpba beadt dxchahgerfebadatlsahat ¢dsm)

In_a preferred enbodi nent, the recove{)y, of the |ight .
adserhssh isnkess than about 1 inch, more preferably D'is less than about 0.5 inch.

[0053] The heat adding/removing channels are also designed in a manner
that results in a sharp temperature gradient or “thermal wave” behavior.
Temperature gradients may be related to concentration gradients. However, the
primary controlling parameter is the heat transfer coefficient between the
thermal fluid and the mass of the heat exchanger. When the heat exchange-
adsorber system is designed with appropriate heat transfer and conduction
parameters, a temperature wave will be created during the heating and cooling

steps. Such a condition enables the system to substantially recuperate and



enhanced by utilizing structured adsorbent contactors
that contain a |ow volune fraction of open nesopores

wook/Bsgsopores. That is, the structured bed adgardden’ions276
contactors of the present jvention contain | ess than
about 20 vol % preferably |less than about 15 vol %
nore preferably | ess than about 10 vol % and nost
repoedrethathent tegairedhancmperdture- -swoingh the betiel"Ehmanetumnleua’eles
in open pores in the nesopore and nmacropore size

the a&sg@ f veBsbighr desosptionitemprratuses thae Wauldaot sorsally, pes

th
cofistdbsth FESTSA Srkiadons, "R arAngEms Rt Tk e, MiEtatod thermal
wHERISp % HWa@Qﬁsﬁﬁg d 46 Qﬁﬁjaé ﬁhﬁ‘@}éﬁ'@@ 1

m cron. use the flow c anne are ger t
mcron in size, they are not consi dered to be part of

[0064] macOppatiagweitermally By inteemal poheatedeontmatorswath atldermal

macropores that are not occupied by a bI ocki ng atgent
S

W&dethah RASSEP &%w,gaﬁh@ contagtors @r@\eléeﬁ) pignifican @ﬁﬂ? |gver
| ect b t
PrRgBEE FoREr s gaS SuSRAROR o Dol aRaChiy b Fofeiping

b
e C

teCHA3Qie8 %?e afl weltlkibyrn 18 th@s¥havitd oedinasy skitldnphe atteshd they
herein by reference. Contactors having | ow vol une

carxr@capmwddp r@pmvemsgarwy@sf target gasssdpanaswidmvasictyad@as
bot{i a} grluman etically controlled svvlng £
te ’3’ elyaen 04 rIRRIOVE re&&ﬁﬁ’é’n@?\‘ﬁ"f_“ag ora

llég{t grgionreﬁ?gsy & | Can?rﬂﬁglt\?eFBPE?)%(%ﬁ gg rﬁlglﬁlrgrﬂ}pﬁse of the

taln si nMeso

pro®shit dpdirtion. AThé hghteétdnpf)néﬂtﬁs edkeartdtbetthe $pefies,t d@molecular
nmesopor es and macropores of such contactors, whi ch are

comaprrsal.eytdonaponants thad atcanot me@arcml@umtakanmmb}s thef adsorbent
RS ER GeRSERaL FODF st B AR
in?%rptﬁﬁi 3 has l?ée%%r{é)@%@fed 8&'08%1]6? tFé1 A8 ég&f%r{ﬁ of the light

wave processes cause a e en

contjseicht heieté® i tHeswWinBRIsofiticiPp RIS LEan be gf'&ter than about
nmesopore and nmacropore spaces can be conparable to

80nmotféy mufre pocfecalily grembetanakiont 86sooliedvien mbee preferably
o5 U e ol b 8 g e o
thﬁg8&%‘ﬂ{ &Pt eﬁ?c({o?r?o;gﬂr?et%t ?I{d?od{% h{oa&leyprogec'sts {Red ov%ry of the

avy conpon
light component is defined as the time averaged molar flow rate of the light

component in the product stream divided by the time averaged molar flow rate
of the light component in the feedstream. Similarly a heavy component is taken
to be the species, or molecular component, or components that are preferentially
taken up by the adsorbent in the adsorption step of the process. These heavy
components are also referred to as target components. Recovery of the heavy
component is defined as the the time averaged molar flow rate of the heavy
component in the product stream divided by the time averaged molar flow rate

of the heavy component in the feedstream.



such, these light nolecules are not recovered as
desired with the light product. This can result in

woSdo@MBéggant | oss of val uable |ight product. Peg/us2008/006276
adsorbent contactors and pgocesses herein of the

present invention can significantly inprove this

recovery of |ight products when they a fabricated with
[0856k ducka preferred enstaidiment) fthe perovers oftiredigihtccomponent is

macr o ore spaces. [0057] Inprovenents in the recovery
enhaneed by UGhzing stesiurd %dS@rm@@ntaﬂthrs ithiyoranigin & lew volume

L S
d}hﬂf‘éﬁ%on{aktdé of}ﬂ?é gfbgk:ﬁ%'h%ﬁﬁ XSﬁtairh e 0 Y101%’

eavy conponents e nethane-ri C uct

preferpblyd sy thah abais 1 8tvoi, @b preferatdy ey than abaat I@abl%,
for operability in nat ur al gas processing. As

angrmpptopreferabiyniies sthan, aboms Spradeof themmuvmumann lppen pores in
sed to obtain nethane recove eate
the Fcaopore AR 'glaﬁr%ncgpébwaagéai\i?som a'ﬁafoﬁ%@/%PAC

to%‘éibr@%’é&?téf% %sefngérﬁ'g (%n%% égg%ngc%}o Ractbp @h%g are

ddfhﬁd'}fﬂréih&b H@asores vsflﬁﬂs@és BredferRh&s abo@ss 0 ARk s@ématand less
pressures greater than about 50 psig, or even at

than ebeutr bmlglromatEccatusamh@ﬂom clizzdefssirg,laxger eham] gmiertrein size,
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end of the adsorption step, the mesopores and macropores of such contactors,A
which are non-selective, will contain significant amounts of light components
because transport into the mesopores and macropores is nonselective. This
presents an especially significant problem in high pressure thermal wave
processes because at the end of the adsorption step the number of molecules in
the mesopore and macropore spaces can be comparable to the number of
molecules selectively adsorbed in the micropores of the adsorbent. In the

desorption step, most of the light components contained in the mesopores and
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vary from field to field. Non-limiting examples of components that comprise a
raw natural gas stream include water, condensates (higher molecular weight
organics), methane, ethane, propane, butane, CO,, N,, He, H,S, Hg, and
mercaptans. Water and condensates are typically removed and the condensates
sent to a petroleum refinery. In order to produce a gas that can be introduced
into a pipeline for sale to residential and commercial fuel markets contaminants,
such as N, Hg, mercaptans, and the acid gases CO, and H,S must to removed to
acceptable levels. The levels and impurity types vary from gas field to gas field

and in some cases can comprise the majority of molecules in the produced gas.
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Patent Application No. 60/930,827, filed May 18, 2007, which is incorporated

herein by reference.

[0059] In many instances, nitrogen also has to be removed from natural gas
or gas associated with the production of oil. In some cases this is because of the
high nitrogen levels (>2%) in the produced gas, and in other cases nitrogen
removal is needed in order to liquefy natural gas. It may also be advantageous to
separate nitrogen from flash gas that occurs in LNG production so that the

methane and hydrocarbon products can be used as fuel. Another application is
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[0060] In other instances, it is also desirable to remove H,S from natural gas
which can contain from about 0.001 mol% H,S to about 70 mol% H,S. In this
case, it can be advantageous to formulate the adsorbent with stannosilicates as
well as the aforementioned class of 8-ring zeolites that has kinetic selectivity.
The kinetic selectivity of this class of 8-ring materials allows H,S to be rapidly

transmitted into zeolite crystals while hindering the transport of methane so that
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recover heavy hydrocarbons from associated gas that is cycled back into an oil
reservoir during some types of oil production. In many instances where it is
desirable to recover heavy hydrocarbons, the gas can be at pressures in excess of
about 1,000 psi and in some instances the gas pressure can be in excess of about
5,000 psig, even sometimes in excess of about 7,000 psig. It is advantageous in
these applications to use an adsorbent formulated with a zeolite having a pore
size between about 5 and about 20 angstroms. Non-limiting examples of
zeolites having pores in this size range are MFI, MTW, faujasite, MCM-41 and

Beta. It is preferred that the Si/Al molar ratio of zeolites utilized in an
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cogﬁrﬁggﬁ?ﬁre%ﬁlgne\?ﬂéﬁ g%% ? g@bﬂgﬁsg g%s ¥%sBa % grlgreg% number of fuel
and chemical applications, as well as power applications such as Integrated
Gasification Combined Cycle (IGCC). All of these applications have a
specification of the exact composition of the syngas required for the process. As
produced, synthesis gas contains at least CO and H,. Other molecular
components in the gas can be CHy, CO,, H,S, H,0, and N,. Minority (or trace)
components in the gas can include hydrocarbons, NH; and NOx. In almost all
applications, most of the H,S has to be removed from the syngas before it can be
used and in many applications it is desirable to remove much of the CO,. In

applications where the syngas is used as a feedstock for a chemical synthesis



water. In such a case, the thermal energy taken up by

the water flow used to cool the contactor can be
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enbodi nent, the cooling flad is a fluid (gas or

liquid) that is flowng through a refrigeration cycle.
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coated with a
adsorbent of the contactor. A preferred range for the amount of thermal mass in

the contactor is from about 0.1 to S times the mass of the microporous adsorbent
of the contactor. A more preferred range for the amount of thermal mass
material will be from about 0.1 to about 2 times the mass of the microporous
adsorbent material, most preferably from about 0.1 to about 1 times the mass of
the microporous material of the contactor. For externally heated contactors, the
temperature rise during the adsorption step is preferably limited to less than

~ about 20°C by pumping a cooling fluid through the heating/cooling channels or



m croporous, |ow nmesopore, adsorbent film such as a
zeolite film The directly formed or coated adsorbent
wo Bye1439@Nn be itself structured into multipl e pcayensosmnec2e
the same or different adsogibent materials.
Mul ti-layered adsorbent sheet structures are taught in
United States Patent Application Publication No.
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coptactor thetreti¢ of themeajunass tgragiaoshent hass chabedh a range 'from
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pressure drop occurs across the bed, then higher cycle
[0068]juenthedimensiont andgedmytracstiapes of theOpda)lelTtleannel

di rren3|c%n of the, fl ow channels can be conputed from
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Typically, flow channel |'engths range from about O.
a plerdlityetfsubstantallynpaeallel chamndly pxteatling froomomd end ot (he

cmo about r and a have channel 9a53(s of about
maepplith tggggpglgga yurajhsof tubular members; stacked layers of adsorbent
sheets with and without spacers between each sheet; multi-layered spiral rolls,
bundles of hollow fibers, as well as bundles of substantially parallel solid fibers.
The adsorbent can be coated onto these geometric shapes or the shapes can be
formed directly from the adsorbent material. An example of a geometric shape
formed directly from the adsorbent would be the extrusion of a zeolite/polymer
composite into a monolith. Another example of a geometric shape formed
directly from the adsorbent would be extruded or spun hollow fibers made from

a zeolite/polymer composite. An example of a geometric shape that is coated



The channel s may contain a spacer, or nesh, that acts

as a spacer. As utilized herein, the "channel gap" of
wo0dd/advgehannel is defined as the | ength of apdmng2008/006276

across the mni mum di nensign of the flow channel as

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

the flow channel is circular in cross-section, then
withahe hdsorbentgwpuldsbé hehinnflatrsted] sticetrnthaeis anfatedwith a

circle. However, if the channel gap is rectangular_in_
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geonetric cross-sectional configuration nmay be used,

[0966] asThesubwantially p&@lleDchaidelpieinterasAy heated parallel
triangles, or various polygonal shapes. |In other
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fibers and threads; ceramc pillarS; plastic, glass,

futlyrwtitized, amd thet she ﬂpisse transfenizode wmbsmntmbiqulmllymtamed
thereof. [0069] In a structured_ adsorbent contactor,
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mass to control heati g during the adsorption ste

desired prodrt ads o Mbreovenrdeveces. opdeating gt chwle figquérecies greater
adsorption step is caused bythe heat of adsorption of

thap pbewl) @4 permeinutg(opre) qudetsspater fiow ehannehpnifasity and less
pressure drop than those operating at lower cycles per minute. Further, if too

much pressure drop occurs across the bed, then higher cycle frequencies are not

readily achieved.

[0067]  The dimensions of the flow channels can be computed from
considerations of pressure drop along the flow channel. It is preferred that the
flow channels have a channel gap from about 5 to about 1,000 microns,
preferably from about 50 to about 250 microns. Typically, flow channel lengths

range from about 0.5 centimeter to 30 meter, more typically from about 10 cm



that limts tenperature rise during the adsorption
step can be incorporated into the fl ow channel of the
wWoCRud/aRdder or incorporated into the wall al ongowiddodshes276
CO2 selective or optional yater selective adsorbent.
When it is incorporated into the wall it can be a
solid material distributed throughout the adsorbent
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process. The thickness uniformty can be assessed from
Inrthenprefened embotdimments; theratie offth¢ hdsarbent balnmeoto flowm
the way in which it is fabricated. | referred
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t andar i.aki on of it hickhgss is | ess than about
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tandard devi ati on of the thickness of the adsorbent
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mass transfer through the adsorbent layer is a tine
lamamatesanNont limiting exampksafithetypehef spasess thatrambaused in the

conputed at each point in ) . ]
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; plastic, glass, ceramic, or metal

spheres, or disks; or combinations thereof.

[0069] In a structured adsorbent contactor, most of the CO, selective
adsorbent and optionally the water selective adsorbent material are incorporated
as part of the wall of the flow channel. The structured adsorbent contactor may
optionally contain a thermal mass to control heating during the adsorption step

of the swing adsorption process. Heating during the adsorption step is caused by



the adsorbent. For a planar adsorbent sheet with
thickness in the x direction, and the y and z

wodoheLidggns being in the plane of the sheet, tpleaitid2088/006276
constant, ta, of the heavyzgconponent is ta [X,y,z] =
M ni muni Lpath 2 / Dpath] (in seconds) where Dpath is
the average transport diffusion coefficient of the
thbdeat/oLadsooption ofihmigcudepanteringdhe atisorbertd Thathrerinal mass
the point (x,y,z) and Lpath is the distance along the
thablimits temperatiee FisthJuiing theadsorptapn steprgandeoincergsated into
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ssi bl e pa romthe feed channel to the (Xx,y

thpevail iticantbeea selidntaerial distridutettihvoeghqaths adsorbemtlayer or
neso and nmacropores. If there is a solid material in

be neludedastresaparatgdayers t hat whi ch may be included for
heat managenent) there will be no transport within it

: ints within it t included in the.
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path, Dpath, is the linearly averaged diffusion
the beayy epmponant) iugh saowgh Bo thatimess of the wphumegf the adsorbent

. ficlent t I, d di ffusi fficient
is liesd i e piagBineS Bie foe whatDemocraius hotsmetshe hsavy

c eﬂ?%n?glﬁ gfs &kéaﬁh‘%’aﬁfqﬁeﬁ{ &éfecdfetﬂé 'ad%fept ia@ef‘kzﬁﬁ’ lower

conposi tion aver ag e ditfusion coefticrent

redeRaR & the ligRPempbHER didior dedrBasedtp peity 6f eeHSM Sroduct
as well. To the extent that the diffusion coefficient

strgaam gB&th use ofidie present dnveyidry, it istpossibbnteefoammlate zmd

BaThafh 3 I obee drstion QlHBesH it G arireRh sach tat most
VY t

of R yBTAE BE e 2dR0Fbert RITEI RN HeinIRE RGBS ey 3y

effiBieht19 1368 o BeNadddiptioh and desrplioAssT theheflvy Solpdhent. One
than the cycle tinme of the proCess. Mre preferably,
washef deimgdbs isho dlaness adsottent afl sobdvantiallyaymifoins thickness
where the thickness of the adsorbent layer is set by the mass transfer coefficients
of the heavy component and the time of the adsorption and desorption steps of
the process. The thickness uniformity can be assessed from measurements of the
thickness of the adsorbent or from the way in which it is fabricated. It is
preferred that the uniformity of the adsorbent be such that the standard deviation
of its thickness is less than about 25% of the average thickness. More
preferably, the standard deviation of the thickness of the adsorbent is less than
about 15 % of the average thickness. It is even more preferred that the standard

deviation of the adsorbent thickness be less than about 5% of the average

thickness.



chosen such that the tine constant for at |east about
75% of the points (orvolune) in the adsorbent that is
wonabs/asskense solid is less than the cycl e ti mpcafust2bi’/oos27e
process. Even nore preferafy y the average thi ckness of
the adsorbent |ayer is chosen such that the tine
constant for at |east about 75% of the points (or
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The diffusion coefficient depends on temperature and it may depend on pressure

as well. 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



or channels for gas flow [0074] Wen the adsorption
front, or wave, breaks through (or prior to break

wd oughys at the exit of the contactor, the adganm2068006276
step is stopped and regenegation is initiated. To

regenerate the contactor the adsorbent is heated. In a
preferred enbodi nent for flue gas separation, part of

volnend)datheiadsbrbent thaeisaiattacddnie selid s bsstthathescyfclotime of
i nterstage cooling of the conpressors used to conpress
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gradient, in adsorbed concentration along the length of the contactor is preferred
because it enables the feed to be passed through the contactor for a relatively

long time before "breakthrough" of the adsorbate occurs.

[0073] If mass transfer is not adequate, then the gradient will be shallow.
Such a condition results in adsorbate beginning to escape the contactor long
before the contactor’s capacity to adsorb is well utilized. In practice, high mass
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.



of the regeneration step. This thermal fluid heats up
as it passes through thecontactor and this heated

woldoed/Bbesf | Ui d (or "heat transfer fluidl) is tplgqNs2008/006276
directed to transfer heat 30 another contactor. In a

preferred enbodi nent at | east about 20% of the

sensi bl e heat given up in cooling the contactor to
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in the adsorption process. This heat transfer fluid
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haarbeeniregererited at domerndof ther regengratied step arehtatransfer as much

target conponent or a fluid such as water or oil. In
heat fromy, thescontactps that dias dmishesk regprerating & heakranathen ¢antactor

sot}ﬁ% it can be regenerated. This is accomplished by routing thermal fluid (gas
or liquid) that has been passed through the contactor that has been regenerated
into a contactor that is beginning the regeneration step. To cool the contactor
that has been regenerated, a thermal fluid is introduced into the contactor that
has been regenerated at a temperature at least about 25°C lower than the average
temperature of the contactor at the end of the regeneration step and preferably at
least about 50°C lower than the average temperature of the contactor at the end

of the regeneration step. This thermal fluid heats up as it passes through the



transfer fluid used to heat the contactor be at | east

about 25 C higher than theaverage tenperature of the
woaxde9Tdegst contactor during the adsorption st egTard008/006276

preferably the tenperaturespf the heat transfer fluid

is at | east about 50 C higher than the average

tenperature of the adsorbent contactor during the
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AAdJsorbLent = -Chl annell D.i-angter Vol une Fraction
regyclod {epeRMpOReNts thatiare dentsd by lewing threuglyg hypt exghanger

t Lithi el .channel contacior of Figure 1
or iR I Bl B ARl bei AR ROBRE I s Peactor Pee
rePéRir8fede drididat lhkeh i de@ iskd fo hBAtGhB 888y déd td?Eet component can
adsorbent will be about 1.5 tinmes the “dianetér of the
bef @emhdifeathhedt. ex€hgngerduich a3 acshetisarslanbe hieat exchangat ong direct
the | ongitudinal axis of the contactor_of Fjgure
heat exchanger such as a cyclic bed heat exchanger. For an indirectly heated
contactor the heat transfer 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, heat transfer fluid
flowed through the heating/cooling channels can either be a gas such as
ammonia, a fluorocarbon, or recycled or reheated target component or a fluid
such as water or oil. In all cases, it is desired that the temperature of the heat

transfer fluid used to heat the contactor be at least about 25° C higher than the



1 hereof showi ng feed channels 3 extending through the

| ength of the nonolith with the walls of the flow
wochagngde forned entirely from adsorbent 5. A pgaleyedsiods27e

di agram enlarging a small gross section of adsorbent

| ayer 5 is shown in Figure 3 hereof. The adsorbent

| ayer 5 is conprised of a m croporous adsorbent, or

amhgmmmpnrame of dheeadsorbemt dontartot duding thd drdsompdlomramp)and
9; that act as heat sinks, a bl ockln agent 13 and

prsireablycthis fompsraiues of hediest transfer algastiakeut 50° C higher
d tigles 7
e e S S S

stélg.l id particles 9 occupy about 5% of the volune. Wth
this conposition, the voidage (flow channels) is about
55% of the vol unme occupied by the m croporous
[0808pr bePreferredadmbedintesiof thed adsorbén contactersaftilized in the
~ m croporous adsorbent 5 or polyneric particles 7 can
prleawgenwrttrﬁrambetﬁwa%mndmétwd|‘wﬁb referenee tadbo Figures hereof.
of t he ad orbe

t 98% of .th |
Fiee) hefegls Sappaeniehen R RAIARPLhARBR GTiager BF the present

ingBRaSFLT f;h&?f#@%?f% FrERME Pormecplicfhy HoRETnictaerage
adsortsenpbdebinddr end oohtaiiihgtahslutalitilof\patalie! flfw thénnels. A
Mesopor es and nacr opores I n the contactor is

widenvariety of n@mwlithishapes eambe forimes dM@tl}Obﬁlexthlopqnecesses

| k h
AR BT acslingHCaraRe g | ipshambschnatcally i Figure 1
hELICPhe Bﬂrutn dﬁéa??n&?oﬁthalt iﬁ&gm\é%ﬁﬁg qgftéia?ﬁlléifﬂ&ggﬂannels

NMesopores” and m Cropores nt ayer

3. SFHe@é Flow aRarafeds8 c&ﬁ%av%%ﬁﬂﬂlel fidif abRaP5 itd Ié\bbﬁt 1,000

used in a gas separation process that relies on a
mi@rnes,me@e@idyafmmrab(opt &0 daiabant 250 diitfamsj ahlong as all channels
ontroll ed i s advanta eosfor the mcr poro?1
0 a?dgle{Faéﬁpt MS@H&& yithe same sizs ShanaghEamnt gichgnnels

s & a?ﬁ%r?ﬁ*ﬂf‘?%étve%@ap bF YR dnlfing ML ROCHRRsHpotnond

sq@dﬁeo tRSRGul8F, aﬂﬁ'ﬁé&ﬁgbﬁalp aIHd §ﬂa‘é§ bétWeer ﬁﬁScHaMElsJiQQ,c%pled
the average particle volume for kinetically

b)ctjntadsbttmm <3 ofksaslmsn therchanmel£3 pcetpy abduteZﬂ_%derthmvolume
otlntge sta rd devi n of the volune of the individ

@nédb%a %‘?f €BY S R6FYRiEs RBOWaFYocatdhe yolume @§§he

ol A Al o 0 A

vAlBmeVTHth® MEHbIAN. The effective thickness of the adsorbent can be defined

from the volume fractions occupied by the adsorbent 5 and channel structure as:

Volume Fraction Of Adsorbent
Volume Fraction Of Channels

Effective Thickness Of Adsorbent = %Channel Diameter

[0079] For the monolithic parallel channel contactor of Figure 1 that is
internally heated during regeneration, it is preferred that the effective thickness

of the adsorbent will be about 1.5 times the diameter of the feed channel. Figure



the nmethod used to synthesize the particles. It is

al so possible to separate presynthesized m croporous
wodefidaeget particles by size using nmethods sugTA2608/006276

gravitational settling colgm. It may al so be

advant ageous to use uniformy sized m croporous

adsor bent or polyneric particles in equilibrium

2 bedsls-lsedti@@adaﬁawi@@@% tHeDRBgE] tudinal axiref thecentictorayfFigure
that nonoliths can be formed directly froma

1 bereof showingifeedoghennels kersendiogithr@ighhthedengihsofthe monolith

Wi ¢ weatts gt the HoBo P Bk orned gy, rom adioghent.fyi &
sch%nfaﬁ%%? o gx‘i{lain)%bg r%{*?Xll LRSS rs?&i‘f&l RE‘ Qgécﬁ'laeﬁt lage{ 5 is shown

par al annel cont

intHighrd 3 heieoefr el adsBesing @ayewrs i3 q;ohqs}mar@ﬂa ﬁﬂcﬂoposdwm

inFigure 4 hereof. Figure 4 hereof is a
adsertrens,cort polyymerivt partdes?) silidopertikes (thertrad massh9; thatact as

pre ntion in the formof a coated ponolit 20
tﬂiﬁ b&@a%pgsn Handiopen msrgowgé@@fiam%ﬁmmé

SO PN AT e AR i st %o

theRbfihalof thé aHiBrBen@t"l@?@ﬂ &nd R M phtieres® dbdut 5% of
used to forma nonolith froma suitabl e non-adSor bent

thewoburnel With thd$ ogmapositioal theuedidage 6l @wlchannels) seatanit $5%
such as cordurjite, zeoljte or a carbon. A ceramc or
ofithe yolyrae gegupied bysihe misroperaus ﬁgsczrbgnt Qr a@pfmeéu: pagticles.

seal, t he anne noI th. .Such a
RGO RIAsgPGrass APsetbat Ror el Bhein hartcles 7 $in range
fré ! bW S 5DY of tid mume &f t'hb Hsorbeh lag%lfto 466ud SR dthe
applied to the channel I's an h I red under
valomeidfithe adsdrdentiayst.t In pi‘lfetlce athe n@lulhb fractivinsef solid particles
p033| bl e to use vacuum and pressure inpregnation

wehio fcﬂ!i’é@ ﬂl@atawpll yangeefrgmaghous 0% &0 agent 73% afithg volume of

thﬁaﬁad@ﬁpﬁ@?/s? E%B?armrﬁgeﬁﬁemypﬂﬂa%'}ﬁt i0%F vollide oF e
m?%c@)%‘fe§ ﬁlatcptg%d?@% B@ﬁr}ﬁknlﬁﬂigb t Pk Héhod to

W ng thorou anne I'S not rea

mirﬁﬁﬂﬁem}iettethlImémpbh@ab@ﬁ)/ac@é%dl’eevdmlh@1s tvshth hiblcb‘@éin%bgéht 13
be desirable to inpregnate t ore structure of t

thatohild$ thdﬁ@lrﬁdvam«hum aipade pnveidsdefithetween pagici¢sasmibiat the
seal e In order to .provi de_ externall .
valfime it SeopamrSendsas and fuPrenases LhAn B¢ Mdsathentdayer 5 is

tﬁgﬁ&ybgﬁt?ﬂtyt heir ends 215. At the opposite end of
e nonol | tThese same rows of

[0080] When the monolith is used in a 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 about 50% of the average particle



channel s are al so sealed. Slots (223 and 225) are cut
through the nonolith at both ends of the nonolith to

woROe/148%56f | ow access to these seal ed rows of @hanw/ 006276
215. Sealing surfaces 219 gare provided at both ends of
the nonolith as well as in the mddle of the nonolith
221. [0083] In operation, the nonolith will be nounted

volome. Mitparticte sizedistdbutibrforsalite hdsorbants cah behmontrolled by
channels as well as the mddle of the nonolith. Any
thg method ased thsyontbgsize dlre partiglasd It is alsapossibledodsparate pre-

syiitesi3E T Gopreys AdSPIRen Pariclsy BoRgs usfiE PRI h & a
erBORERLHTSCRHAE cOuhAC TORBY SIAFOR R FnARELFROSES unThifmly

e IS contigure or coo

sﬁédim@'cr@gﬂrdi% ddsevissht lof polighetid pastiview il EquiEbliath @dnttdlltd
ends 215 by introducing it though the slots 223 and

separapngg it through slots 225. The heating and cooling
fluid will undergo heat exchange vvith fI uid fl ow ng

(OBBAE S Tt ae Spverel wap's dhed ORINES e BF TPHMER AYEPLY ffom a
schithited (A FSGDE Q&Beﬂp%utcﬂ‘?%&h%?a?’ea&%s%ﬁ%egm%B-}y@ﬁ:‘ng

EXC angers can

UM Provigiced]l Phomt Hpﬁlidaﬁ@n@%@"&d/%‘o 807 sfira MfabelYS 2899, which
i ncl ude shell and tube heat exchangers fiber film

is ecorpesatéthhegeis byndfevencet ed circuit heat exchangers
all of which are well known in the art. By coating an

(OBBZE5 ocRingraiiyi e cRamwiq o ¢ Rareilel cBanrel coaRETashat -
ex@érﬁgﬁg %?Qteﬁ'@ﬁﬂi%&ﬁ%o §§ ShE&Alin qu e ébﬂére%ﬁ ?}f\%ure 4

raction SO an nacropore Suc

hep&dfhiB lagreptdseftatidhest parallenehdninei Sorftaator f Qﬁ@ﬁ%ént invention
structures can be converted i nto nodul es suitable for

inghe fomabf g cnemdenomshtlnw that enextEoedlycheated deria@3 can
roB oG RRL SSnAGe JUBUIOBEG o) SRy EIHbAMR R chagaskol ppreformed
mgﬁ&ﬁhec(?}na&%e%oéf rtlcirp ggé&rbé{f@m%&?%ﬁ bfrﬂ {em\%\g%?ﬁqp?% %{hegar\g?on

prf)&é%‘él@ 0see) forhva ﬁ’i%(ﬂlthtfﬂﬂh% SiffaBROnoNaAsdrbBhi Mfaterial
exanpl es of such nethods include fluid phase coating

inclading g ouedal swhrasastea) or a germnacisngh as cophuwitej zaplite or a
ca%\, eéﬁeg%‘hg%&%ln@tglﬁc m?tzleogr sotfyg%{ gct)apc?r{gn%b %soggphe% to seal the
channel walls of the monolith. Such glazes can be applied by slurry coating the
channel walls followed by curing by firing. A sol gel can also be applied to the
channel walls and then fired under conditions that densify the coating. It is also
possible to use vacuum and pressure impregnation techniques to apply the glaze
or sol gel. In this case, the glaze or sol gel will penetrate into the pore structure
of the monolith 217. In all cases the glaze seals the wall of the channel such that
gas flowing thorough the channel is not readily transmitted into the body of the
monolith. It may also be desirable to impregnate the pore structure of the
monolith 217 with a solid material before the channel walls are sealed. In order

to provide externally heating in TSA operation, alternate rows of channels are



hydr ot hermal growt h. Wen non- hydrot hermal coating
t echni ques are used, the coating solutions shoul d
WO 2004/ u8scat | east the m croporous adsorbent oPCT/US2008/006276
pol yneric particles, a visgosifying agent such as
pol yvi nyl al cohol, heat transfer solids, and
optionally a binder. The heat transfer solid may not
scatedatatient chds21Se Albehdopposite dndeofitheohondlithGhestesamaetows of
to as its own heat transfer solid by storing and

chaanglssira glsgesenlads Slots B23r ande?S)sareput giropgh the monolith at
t] | e, h t he  heat
boifiends ok B RO Hebiuade Bont AvctsSrc Bi5se shaléd APBS of e
. ! yer: t _
c pgﬁXls.oflif. h%ﬁ:afg}gl%g%d’rf S bf19?:<|¥ P?&\ﬂaéfl ut ?tya%ﬁfr% of th tlorflith as

yVvi ny ( I's used I's Uusua ns away
wihas i dee siddlend the ntorigtithi221a kiln. It can be
advant ageous to enploy a binder such as coll oi da
silica or alumna to increase the nechanical strength

[08831 he In pperationthegnonelithpuilkbee srounied Bpa madulg in a manner
icall f b 0 bout 4p% of th
o Rsftnstertiibt e ehmi Puiyetas Rednidie ab Msapbofipy Any
sd?ﬁ%%&ﬁn&l%gy%n 412 @eﬁ%'s@%&%ﬁha %fr‘@%@ Ehﬁﬂ%lflé ﬁx‘ilﬁcﬁng
en hy I'm

separate co&ting process. rotherm

mérili@ivetds, gatikaiiy with mhesak duhaupbtRoradsbsis ahd the use
| ayer, the coating techniques used can be very simlar

oftaghesizyenaych as rirganizesments andropaxies. dhe medylariedonfigured
SRSt B RS G o8 BRI HoShh e RSl Sscaia a

. " C
35S RS SRGEHR PG RHEREOTs 890l YR B AU o

227, aTkshadtth@amd Boblamd daid 8611 updergdy RedlRXORME Wil fluid
macr opore in size. e volunme of these pores is often

flowing thnewghatheuthabgelsdhanaredopsh atitiee £nd of the miodads Ehebke
ta,efre s often a c &lracteri stic djst ancg, or g%p
medificatiang fo thesmonalith copvegt Kiiptora heat exghargeramdbersag
i r t.l | e f
S 20l AR R AT B bl e e
NoeRingitiopt Xanles 6f swPbiher vRdsahé18le ShelMAgY teNhest or
structure of the present invéntion that is externally

exichangats dabémfilm bgatnechangers and printed cinctiitdteat exchrangers, all of

external |y heated TSA process, the adsorbent |ayer 405
Wbl&hm ?@éylﬁmwnw theart, By cepting apadsepbentdayeramsong gide of a

heh ks g Red A< Rafs shPEHR MR AR ShPoRIE I
preferRsl dBbdinidii@hé REsRHORSIagtr halCa MW SOIGHE ffRkSion UlSneso

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.

[0084] 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



holl ow fi bers used in this exanple have a diffusion
barrier on either the exterior surface 440 or interior

woshd/ A8e56450. | f the diffusion barrier is on tpgg/uS2008/006276
interior surface 450 then jwating and cooling fluid is
passed through the hollow core 403 of the fibers 415
arrayed to formthe contactor. If the diffusion

cdasing] kydioshermal Hfdnefdraration, hydfodlermid @oatihg conkersionjand
or process gas is fed through the holl ow core 403.

h)[@@&l?}mwbﬁsp"dﬁhf f Whenmanchyd@thesmel seating techgiqyesane ased, the

copipegubiats ol sty o Bt i mineproraS Bagypeatafiapolymeric

PAERLES'a IREGLE Loy SPLEES P01 st A g, nc
optivnallyhebihideer The heabirensfer solkbEmiay ot bexteededbeyause the body

heat ed TSA process a diffusion barrier is coated onto
ofithe moendith 20dfcapeact 50 ap its owreheatdransées spdid byt stonag and

P A oA B B
BB HABIE Mo RIS 200 S B ok

moRskh t 'Iiodlvis@@ﬁfﬁﬁgfdg@'ﬁg_%hbﬁﬁs ?Bl)ﬁﬁh}’l@b&h@[‘ﬁs 9€ddi ifl$s usually
(such as clays) and coatings of polyners that have | ow
buin$ awejy ovharpthiefGoatingtis cuiial iact kids. ¥t chrf heiadvantagaausdo,

the effective diffuysi, coefficjent of .the coatin )

ere,ﬁa@nadb et gich aseplloidal sihigs opa RENCR S [GPehpnical
L£] [ a [ I

L e b L G G M
fréfheabdds 20 ke Abole¥GYs of e voturfie foffilé elrddaddatift. ITo HaRke

the gas in the feed channel is effectively contained
macrophee drebohesbponeatolame, addackiieg agemymn. beTappliachin a separate

elimnate t need for a supporting, matrix around the
coglipg pg?CQSﬁuSﬁhwﬁwmfl@wl i formatin metosistase chgsgn to

[ | | owin r e.. | e tJ in the. .
ol LTRSS 1Al Mol OGS Sodd (O BV IR simitar to the
wRPR] Whi@edIOSRImENHEes aHd f)ﬁ?hﬁédf. | RRTekanfYle 8P a method for
external ly heated parallel” channel contactor, have
growamg & aeobitt, layereis tanghtgat s Pacent Na R0422480 cwhidh ishe
. ends of .the fiber bundle are potted or enbedded in a
ingREpPratedrhetsin By gferenas Zeolitgdayemgrewpdiyshydrothegmal

sy, beﬁ}sgqr%{ is@ﬂpl&f'tspc?ﬁear{ hive &atRY ané)é%eairql%toﬁggartigs &%t tapei rsheisg’pore
and macropore in size. The volume of these pores is often less than about 10
volume % 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.

[0085] 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



enbeddi ng or potting process that surrounds the ends

of the fibers with a matrix material 417. To visualize
wol26s/agédeed fiber array, Figure 5 shows the paiald®bosoos276

channel fiber contactor wijfh the matrix nmaterial 417

rendered transparent along with the tubul ar housi ng

401. [0089] This potted array is then sealed into a
transpatent withuenlyodet®ed lisesindigntsigrthaedgest dDtheer @utpr swtifatzd The

at the ends of the tubul ar housing 401. A sealing .
hallgw dibsrspsed in thissexampleihayg a diffusiombarsice opfeithge the exterior

SE55 lorf ERR e D B  Hoer
SRR 50 ATy 00 DL, e yong i oo o3

off the €ibeps 488 afraged 45 orm tee eontactoe.eds tiwdifiusdoys bafrierugbn the
the slots 423 and 425. If the diffusion barrier is on

exterorsuréadest4s themthe Audor praseshgas isrfgd dmpugbahe hgllow
fl ig flows through the slots 423 and 425. [0090] In

C%ﬁgrﬂ tion, the tubular housing is nounted in a TSA or
RCTSA (rapid cycle thermal swi ng adsorption) nodule in
a manner that seals the ends of the channels as well

[0086] he Wiang|diffefenit MecthiBAOLart Be uded B3 produeste adsorbent layer
di scussed, any suitable sealing technology can be

405siacthelfibea. Soaws 6f these angtheds afeadasodbéd in so-pending Ul
so,that a heating or cqooling fluid ca e fl owed L

Proyisional aterishpRACAtioBNar 6@(3995&2&, fidad kﬁay. H-rZH{e hch is

Lt .0t renmoving it through slots 425.

1n%rgogéé§g:?lﬁgélgrl])§ rééggo'r“ﬁﬁg fluid will undergo heat
exchange with fluid flow ng through the hollow fibers
whi ch are open at the end of the nodule. Wth these

[0087] i ngTamakeghadities suithbletfobubain o exiengallidhicated TSA
containing.the parallel array of hollow fibers becones

pracw@a&f dléﬁ@gahbn%mgs i eeaipd I:ﬂ@f]t tm@nﬁﬂsw@&ediﬂé@%gﬁt@r sypface
440 G Re TR N B ERR psmtiales o Ceoh o BeB B3P e Glthgion
ba'i‘ﬁ@fsﬁﬁ@fdﬂ%-sk)gﬁ&liie]\)?\g‘fl%ﬂ%etay Bhd Sbraatic ATIAGS 8V S orat metal and

conbi ne a thernal ve process with eithef a pressure
cesarhitgfibms,yaetal anhd pemssicrfints fopeddyecienpicabegsoraiepobition,

created. A thermal wave process can be conbined wth
cogtaskeampositgsaf n%ymﬁk%araf selislsi (sreleas clayshamd coatings of
T N S R ——
efRREQERETASoR coetfiGBA ¥f 12! Dating should be less than about 1/10 the

~ average diffusion coefficient in the adsorbent layer and preferably less than
about 1/1000 the average diffusion coefficient in the adsorbent layer. When a
diffusion barrier is used, the gas in the feed channel is effectively contained in
the feed channel and adsorbent layer. This can eliminate the need for a
supporting matrix around the 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).



species. A thermal wave process can be conbined with a
partial pressure displacenent process to nake a

woby/i4décged t hernmal wave/ partial pressure di splcaagFBiios276
process that can be run wijsh liquid feeds. [0092] The
present invention can better be understood wth
reference to the foll ow ng exanpl es that are presented

[0088] i | | Onice atuwlﬁerﬁqusu,mrm)demll theaber] pariatel dmnnel
limting the invention. nple1[0093] TSA a
contagor, dwyerhgen i@vgcdu thgy sxeigatheregeinto ppundle and the ends of the

fRSF R 34 DORGOT APBEGHCA o nadir atGHALE ¢ Thisfixgs the
ﬁﬂsé}s la%sqgg&&s@&ndaﬂygﬁﬁnw fizay On@TEARGH (136 ARSI Hhe

€ nore IS ne esor

erhﬁ@dﬂmg Ioe?)ottmg peotéssithad s6RBLAESHererls GHItHe fibetdiwithad matrix
heati n and the |arge amount of heat that is

mateeial #d7 r Ficseisuakizertheqrastod: fiberrqpeayafigurei %shﬁwseﬂmmrallel
es the heat not over ed

r ecoyv In sone .c
h&aeshﬁé a‘E}PF é‘ﬂ{}} 6’%@%8&1@@&%@?&&@‘1‘# teanspakea along
gﬂ hﬁﬁﬁ times, sonetines over 24 hours,
ot er regeneratlon times. Finally, the
gr adual eration [

108§§€2'n?f&s.££%gmx Bubeasraled g0 3 HouliaEaEd01. Scaling
su?ﬁ:#%? T80 rd p%vdﬁéﬁ‘ Ppﬁxedénfdfs'oﬂhé tt#b%l%ﬁ?(f\%?né 407" A sealing

r'mse s € process

surfide 1424tk mda)eﬁtbwdem thi $hiidFe ofﬂh% HRBing a9100€423 and 425 are

supplied with a heat exchanger, avoiding dilution of
cut hleromgbdbe wall n¢argheende df ﬂlmgbumshoubbw@lom éart the flow of

managenent and_the cyclic nature of .indirectly_ heated .~
heRAAg dPO ReliDs THids anfl cs ganeess dnd preduatigasses, o BOUE diffsion

t Ts emthat _en
bufHETR iRt fteds 130 NSO Hioca® e 6 Tgualythe stos
473/ 4240 I§ @P{eeﬂﬂfuﬁéﬁ Bﬁ‘l‘fﬁ:ﬁ@@ﬂ RO ERREoRshifdceisitd eﬂh%ﬁtheatmg
speci es. This chromat ographi c-1i ke separati on will
andefomlingdlvid fiow$ Tleopghdhe slotd/M2P akd4@86pt i on” (TWA) .
[ 0095] The TWA process as di sclosed and clained herein
is a specific type TSA process that uses indirect

.o SR Ao HRERC) RS R
i
theiskannels as well as the middle of the monolith. As previously dlscussed, 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 introducAing 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

processes. In a preferred embodiment, the fibers have an adsorbent layer 405

with a low volume fraction of mesopores and macropores.



to bring heat into and take heat out of the contactor.

In a preferred enbodi nent, the heat addi ng/renoving
woChesedes are designed in a manner that resul teeTiub2608/006276

t hermal wave novi ng al ong jéhe [ ength of the channels

in heating and cooling steps of the TSA process.

Figures 4, 5, 6 and 7 hereof show parallel channel

[0001] act Severahliylgidiatd poscdsbes that eombineadtierinmal wave process

this preferred TWA enbodi nent. In Figure 4, channels
withZither a pressues swingenpartigl prassvrerdisplagementpraggss can be

chagne 203.act as adsor pt, on cEan el In Figure 5 k

crgiteds. PaveProgrs Gpcbe combneouith prcSsuEDIY g to make
td | s.

a [ifBiiEed Rt e Tps Al the FROOAS R IrBuEAA NPl o

mi&aiongoreh sd(:jpaiati@h avtitd faciitdting ahe desorption of sadnBly held
705, 715, and 725 act as adsorption channels. [0096]

spesiesy A dhermal svaverprocessreaal beearabined with agrastiphpresswe
the therpal front can Qe deferm ned recordi.ng the
iR R ERSRR o aRna Toamgead thegmal Vake PHeA L Hissuire
: ' ' A [ h Is. Th
disp bEmERERAIAL a0 B BE (I S HOGRALEERD CNBone o e
provi des a neasurenent of the velocity of the thernal

[0092F anThé beeseat mvahtivhicah beer be tpdestosdEwithae@asnce to the
provi des a neasurenent of the sharpness of the front.

fotleaving edamplkstthatare presensed ifercidlustrative purpases and pioé to be
tagl aced i.n th}ge stream energi ng fromthe heat exchange

2 A% SPutngthe IPXENIONe har act eri ze the vel ocity of the

thermal front is to nmeasure tdeiay, which is defined
%ﬂggéas the time it takes from when the thernal
egins to flow at a steady rate to the point
that the tenperature at the outlet has risen to 25% of
[0003] f i NES Asdsgardyticdédhas seveval. didddyantdges ofin direetlgdreatetl TSA
characteri zed by neasuring tnSe, which is defined

PrREeSER abot fheidtib wepically dloved theowghntheradsorption bedto raise the
tlet to rise from25%to 75%of its final, .

A e

nded8d 2 e cﬁsg{)bfé?tig{rpdrhf’é% tﬁHs Bh& ﬁgcﬁgﬁéfs&f fiPh frgt RRTume of

nore prefer eater than 1 even nore

haatiageheil] andtedasge dmaanbOf hédl@Rat]is Thed t@tdise the adsorbent
tdei ay/tpse can al so be determ ned froma thernocouple
tepipgeattird 1§ often it repeversds dalsoneases thedheat impotaiesovered

ok BB SR T, AL Sherafit ERGofE alborpon
tih ESRShAtHAE over 24 hours, and much shorter regeneration times. Finally,
the occasional and gradual regeneration gives rise to concentration and flow
variations in downstream equipment that can be difficult to manage in an
otherwise steady state process plant. In indirectly-heated TSA systems, the heat
can be supplied with a heat exchanger, avoiding dilution of the product witha
heated purge gas. However, heat management and the cyclic nature of indirectly

heated TSA processes often presents difficulties.

[0094] This example illustrates a TSA system that enables chromatographic-

like separation of a multi-component feed into several streams each



profile has had a chance to becone devel oped,

typically greater than 10% or preferably greater than
wode/nisodshe full length of the contactor. At g/ x2608/006276

| ocation X1 there will be g | ocal value of quantity

tdeiay and tpSe , based on the |local change in

tenperature with tinme. For any such neasurenent
cdneentratimg difif¢rens sproidser Tleid chharhatdgeaphicdiker separatioewd) be

[ trise be greater than 2, preferabl reater than 5 ,
refasred tor a5 ‘cheppgragieavare vidserptoomnd ‘X(‘é’gn nor e

preferably greater than 50. [0098] The quantity

10DBSF rar THETST A Bichels ot L b sPRieB TPd elpecific pe
T%R';ﬁb@é’ssttﬁamdé%'infﬂ?é‘ct%ﬁhg r(}.%.'ﬂﬁ dokstnot diteitd ﬁfegd'éhsoi‘ﬁéd

e tdelray/trise- In genera I's preferred to that

mateeiatsintoe atheating mediam)bdnats simpisst embodimbat, ankiset of]
within practical design constraints. This makes the

chaanels ipfa qontastorsortains ansadsesber andamothassetpf phannels is used
RGPS T AL sBRBiR T AR Bhbodiment

: : . : . .
RS LA HERLOI SRR g sty AP in o
theanalb®ave movih® aborigithg degth ddwhy ehanrsol in Béatiﬁ@hdrﬂ'd téoling
general | y achi eved by using smal | er channel s that give
{

stensopfcthe grSed pupeessr diigurend, ot hendrehereat show pgrallel channel
B SR Doy SR, ST BB
o IR PSS R hd s

andi slRAN8RA0I&dtiaedsefptionadirnhtls. MAFikare® ahd®, thanrels 423
tdeiay/tri Se m ght be). [0099] Shorter cycle tines

andr425 as astheatingt/cealingachanmets andchannielse4@3 actofs adsorption

adsor bent,. but_also require t j ghest _heat transfer
chagpelsi ini’ﬁg%r.e meaglsgepae%rsgi’w%@rﬁmg aft 35 hypting

L et | ot .

(oGS LTS ahd cRiHel CEGHIRIAR By 308, 3, an PA8 a(hs'dlorption
chdaa@kpt i on step begins, nolecules are preferentially

adsorbed in the m cropores or free volunme of an

adsorbent within the adsorbent channel. These

[0896) c ul Bse uelociy efdhe thearmial ywavakaed the sharpniess of the thermal
ere a multiconponent feed f]o

frily it he Gereaimaned BY yeeuimibe dBE SEbEAEAGEIOf thelemperature of

ar . I at. this;:0oint. i :
th RELA A8 oBicrk #h FOAAE neBlink BoSURP Randidts, The time gelay,
befférel the eanpafatulc Wegifs @ Elfibige, pfovides a measurement of the velocity

of the thermal wave and the rate at which the temperature changes provides a

-

measurement of the sharpness of the front. The needed data can be acquired
from a thermocouple placed in the stream emerging from the heat exchange
channels. One way to characterize the velocity of the thermal front is to measure
tdelay, Which is defined herein as the time it takes from when the thermal fluid
begins to flow at a steady rate to the point that the temperature at the outlet has
risen to 25% of its final steady state value. The rate of rise can be characterized

by measuring t;s, which is defined herein as the time it takes the temperature at



preferred that the adsorption channels of the parall el
channel contactor are designed so that the

wocRgaRdédsat i on gradi ents along the | ength of tplag/us2008/006276
channel formed during the gdsorption step are
relatively sharp. Sharp gradients are preferred
because they enable feed to be passed through the bed

the @utlat toorige friome25%6 tr 25%aofatkfihalo sighdy-statedabrenalt és preferred

occurs., If mass transfer is not adequate, then the
thgt theiratie taiay { trise b 125EatEMthag % mrﬁfe&lﬂu@%ﬁr gy} + Bore

o AT BB RO B s

practice, high mass transfer is achieved by providing
[0097RL i VEhY rﬁf&"t(ﬁel?(‘/ﬁ%en R8h aloBe ddterhiRd frlow Q&lééx‘i’n(f)couple

travel through. IS is acconplished using beds o

placad in artsof therthepnalt ¢hranaslsat soaiendistaacalkl alonghtheriehgth of the
contactors with smal| channel sizes. In a preferred
conbasden, @ heng as ¥picufficianthyfag frosm Hrsenteangerthat the tgmperature

PRI REAAT R shRaH oo BeRdpbid. Frataid Ritaier BB 1% or
pr?fégﬁ?%gﬁﬁtgtﬁ% o aie Lﬁlll]lelt%}g by tHDEEntAERIrE r%g%ré’bﬁ?h

ess out 0.25 inches, even nore pre

lotation xheherabdlltbea Iocahehles of Quahtitymgl,, whde,; s tpesedtonothe local
can be created with adsorbent contactors that do not

change in tanpereye voith timeanbBomary by weasuremint lacations.aitris
or S e RO T BBt el erate than
5 TRRRPRRBLY BRATSRARD AR Ly RgR FUSREI B than 0.

| ess than about 20 vol % preferably |ess than about 15

[0098p6 rDiequamitgrtahl/y,l ¢s8 nidworeadDie sharpirlsSof dnethermal
most preferably |ess than about 5 vol % of its pore
wansg onmthérmad geadipot aisd isdiré¢aslyneedaspd te Ading. Thegemaller the ATy,

si.ze.[001Q1] Wen feed enters . the adsorbent chanpel at

the fareer éinleQﬁtd@aly/Zﬁsadsgf Benda ’éﬂ%EEefFH@g&Hg&tE]é%t’atl%tdelay/ ise
relatiVv C . I r t hg, .

bel 5 Bhdsfh e o BV ik R R BER R e, ad bigmakees

: s - _ art

the Y ELR TRy s SADACAS &l b cliSvil WA pratficaPbisfaR

cofonaiaity. eareadan albo ki thadifonly aymdiderine thd gradidifts €i.¢.Svith
a sharp gradi ent of adsorbate concentration along the

nad pragtital afesignecamssraints) themthene is nd\minjpeumt tocthe value of ATy
proceeds, this concentration front noves al ong the )

andetgt ¥alue of hATad searbbevenhelaseto zamee Howewemgmallee ATy is

geglg%ﬁrgapql@é\ge% 1%9 Ggi%gtsﬁglie?%hgﬂgells ?}\{\a{\tcg?\r;ec i g re?tplrgsnsu%eo eo?)s and
* other manufacturing obstacles. As such, practical considerations such as cost of

construction, design capacity, feed and product properties, and other design

parameters will dictate how small the value of ATyt might be in a given

application (equivalently how large the ratio tgejay/trise might be).

[0099] Shorter cycle times provide the most compact and productive use of

adsorbent, but also require the highest heat transfer coefficients. Methods for



noves towards the bed exit as adsorbate accunul ates in
t he adsorbent bed or layer. [00102] In the present

wo 2weniBégen, with a feed for which many differ eqtr/us2008/006276
conponents are sel ectivel yyot aken up by the adsorbent,
it is possible to have nmultiple concentration fronts
nmove al ong the | ength of the adsorbent during

‘achieving thighn heddtearisfere¢ delificients irtgiah eréhagees mici well kaown in
di fferences in diffusion coefficients between

thgiart.erent species in the feed, the adsorbent will
preferentially take up different feed conponents al ong

RO B i B RO Sl
arrE gy?’gt;?:?é(;rgfa?lg Ad¥orb&Fm MeGhRISFSHeS OTRRRSYIGmY if anba?dsorbent

as the weakl yadsorbed conponents. Duri ng

witHpthietddsorbeinb ehatnedn Jékte assloclesn grecprefereatially wiken up in the
occupy the regions of adsorbent closest to the inlet

adsarptvgn step |V§}ﬂra@ernu)éw@mpcmmb fensaflerays dhnoaigh o redati el cool

adsp Pty chiial deRine i o oot shia@at B S8bfipanty
beId& tﬂé%%ﬁs&h xfeftﬁ @vﬂ?ﬁb redssa tcS Pe (ge%%ré%é'meead&frbéﬁ}e Tt is

adsorptio anne terning can occur

prefirraibtRotife &korstlion aﬁadndlﬂlbﬂt}feq%iélleladlﬁnﬁmdﬁt@aﬁﬁaﬁs
can be designed to operate with either type of feed.

ddscgnetdhse) that neentrhtien gmhpmte al@ng‘d@elcngthf efcthie\ghpnnel

fogr@ﬁ n%?ﬁl d§{,',§,0103% *HfV § %Z:@gra %@?9@@6
prRkaRg ﬁé&uggg&y Iﬁlfblé gfedat%oef&a%@éd hitoEn t th?elge(???xlzbgmg time

an IOﬂ onen

befbe Tireskthiou "&)f@ﬂ@ﬁfﬂa@e bEEII3 REHRLS i’rﬁﬁisf%ﬁ iCRotidegua@, then
species with Tour different adsorptions strengths,

theigradient willrbs Bhaﬁan WSuchemonditibe sesudtsrio raglbyl;bamljegmmng to
nost - stro | n order of r.easi ng
esgaRO st %ﬂlgoglgrt@% %?é SHAPBFILY §0 a@%qsﬁaweélp@elﬂ@é die
e
pr3fies 2%@1 ﬂ%é?frafgffg%{}ﬁa@%?y SE3T0Eid B9 3B fhnnets
foFlﬂgéer%dﬂﬂlﬁaQ td %P8l ﬂ@&;gm fh&% AcComplishdd ¥ih8beds of small
barrier 1017 acts as a wall separating nol ecules in

adsbebene pdrtatienoreising @ardlted ra:hanmd&dntadtdm with small channel sizes.

heati ng/ cool ing channel 1011. The wal |l separati nﬂ t he
Inracerefermed padoriperloaISPACE- Ehiang adsorbent ceyiersitheowalls pbnd

adtsgrben arilnnEcllsqiJ 1§ p%raqfé?-cﬁ%gnél contactor leaving a hydraulic radius for
fluid flow that is preferably less than about 1 inch, more preferably less than
about 0.25 inches, and even more preferably less than about 0.1 inches. A
thermal wave separation can be created with adsorbent contactors that do not
have low mesoporosity and macroporosity, but to obtain the highest possible
recovery and purity, it is preferred to use an adsorbent contactor with low
mesoporosity and macroporosity as are described herein. That is, the structured
adsorbent contains less than about 20 vol%, preferably less than about 15 vol%,
more preferably less than about 10 vol%, and most preferably less than about 5

vol% of its pore volume in open pores in the mesopore and larger size.



Figure 6. The adsorbent channel 1007 woul d correspond

to 203 in Figure 4 and 403 in Figure 6. The heating /
wooe/i4886channel 1011 woul d correspond to coolpichgrs2008/006276

channel s running from accegs points 223 to 225 in

Figure 4 and from423 to 425 in Figure 6. [00104] In

the adsorption step, the feed flowed in the direction
[00d61] coWlent feed entkrd fHeSadsorbéret channdlCitShe sarsofthe adserption

strongl y- adsor bed species were deposited closest to
stemdhe adSarbent iswslativiebarool andsmplssylespseitakenep by the adsorbent

d it. | th d 1015. | [ | he .
npf B BPE AEWRAEH e i§ Tpmodine doeis pcs e cBpeiledliad frhieh
inttgs eﬁﬂ?‘_i")aﬁ' SfEhE R a?@x‘? gn? Q?Io%ﬁnéérﬁ%ﬂmfdiﬂrthe Yowlstream

adsor ption step. This 1s’referred to as performng the

partispthetbedorclagies] eRteally| there it @slep @radient of hdsorbate
configuration. It should be noted that a TWA process

cangentaation longdhsengthed the adsarhentachaningl.i 4 opetation proceeds,
AR SEo N oS A el Ry e B RO Rbb Y e
G T 5o SR s B 168 PRy pones gradully

mpPeeNfowdrds theebedexit bk ddsorbat Reariulates fih év¢ Adsorbént bed or
heati ng/ cooling channel, with a hot streamflowing in

lagerom 1023 and a cool er stream 1025 flowi ng out. A
thermal wave 1071 has begun to advance al ong the

OBRFACE e a0, S T L
ARSI i PRREH k) e TS T

muRiplé eonckitrbiont frome imeve Adng the 1énpith of iaRdsdorbéntddifing

fl ow canoptional |y be added at any point in the _
addemsiont. i [Dne so eithemstréngth of adsorptinoyert differemdesdnldiffusion

f dsorb | 1007. At thi ly, st t
C%?ﬁgﬁgtSﬁwggéﬂg}%ggte BRESACS @r@e deed s AdsRrbsaRRithent

i . o "
preF AR, BRE v’ BlternRad SOmrR RS A GRE U s fen fgneth. The
masigreRerdd doipondiis willaraeséred fo mmes&@h'geg-ims%rbing

i ncreased and adsorption isotherns are strongly
conmfdneats e hdless prpfermd compdientewill be cefeered tofastthe weakly-
ption flow channel,k is valved off and desorbed

adsor
adsarhed| AORPORSALS. d ngiadsqeniinn, the srengsstradsqbing eamponents
will (r)cec?l'l%‘y]tﬂg Miﬁﬂé ofa8¥6b2HE ci8lest b6 tl%eoﬂltlaca{n%rwilf‘aisffé:c%’

weakly-adsorbed materials from that region. Over the period of adsorption, the
adsorbates will order themselves from strongest to weakest along the adsorbent
from the inlet to the outlet of the adsorption channels. This type of patterning
can occur for gaseous as well as liquid feeds, and TWA processes can be
designed to operate with either type of feed. For the purpose of this example, a

gaseous feed will be considered.

[00103] Figure 10 (a) hereof shows schematically the patterning of adsorbates
deposited along the length of the adsorbent layer 1019 at the end of an

adsorption step for a multicomponent feed. The feed in this example is



the strongl y-adsorbed speci es nove down the adsorption

channel 1007 towards end 1015. As they nove down the
wocheddes t hey are readsorbed in the adsorbentpdrayos/006276

(in some instances displacsing the nost weakly, weakly,

and | ess-strongl yadsorbed species). The concentration

of the strongly-adsorbed species in the shaded region
charactbszedisocdmaptising2peciestwith fourcdiftesent. adsarptidnststiesgths,

i splaced intg the stream 1027 fl owi ng out of channgl . .
WEmgwarStm@qﬁivgea%éy,nwe@l@!yplfeé&é%reﬁg{ya|ar19 astrstiongly adsarbed, in
- rh eclgs (.S.Af r

oldB bR AGRREPn SRRRLHS Tl Subrell b g REg spetle AR
shalde8 arfark&edrag (RarY theflesd HrShgl§LABORLH spebRsIISeP 1099 would

step by use of a tine actuated valve in an enbodi nent :
carfespbad po énen 205rindiigured and ddtexi4®SrmiRigpirect.p Aodidfitsion

streans_with differing conposition froma single

bagtige 1 BEhacE Gereavel sepaptiogmedegules in the feclshapnel Hifls from
R i IR atelesSRESRRREBIE (el SgRalhe it fog pnd
hééﬁ%g?dd&\lﬁ éhﬁhﬁé'lgmﬁﬁoﬁﬁﬁébx?%ﬁ)]%%'&g?@gﬁ ANBEtS4 afid M35 in

str €am cort i nues owmng In a-cool er

FigurenTheGtsbtbens chatined 1 00N avewldticetespond €203 in Figure 4 and
tenperature of stream 1061 is slightly different from
40 Figures 6, ddwn hcatingt/iveolingshanoel HY lowoulst cemespond to

contactor at the earlier tine sh [ Lgure 10(b
cotingenas B quhiine am Adset BN £0S 19224 7 Highee Al from
IS rther along the contactor. Mre of the
4stro‘ﬁz§/§{]§ rctfg'ed nol ecul es have been di splaced from

t he ‘adsorbent | ayer 1083 because its tenperature over

[08104gein thendsdrphian steys,thasest fléhveddnthadirectés fioin tgtactor
adsorption fl ow channel remnins val ved off and

endeHHrf wthgend 918 hﬁmwflwhe m@ng\l?rsaﬂsptbemsménsweret 0

1031 . As
depReiied HisREty0 258 snd A0 ReSis WeakloadBetid Surernisivo
depRSod BRI IEAASOTA ik GABhEIE, TROAGD dHiht B fluid in the

desbmptivasitepveadury in Weakdnie diredtibRas fedd hagwasaUsPEDEGring the
speci es. The concentration of the strongl y- adsor bed

adspeptionsstepy  This isvafrstedciol aseperfargiiog thé adsmptids andelesorption
. 1033 is thus increased. s.th is displac into the
in B QR OB G UERT Gt o SBPU R R oA Shah T KA RIDEgsS can

R BBt A S AR PR BERErepPeBa i

collatRrdieftn Mow configuration.

[00105] Figure 10(b) hereof shows the state of the channels at the beginning
of the desorption step of the present invention. At this point in time, hot fluid
has begun to flow in the heating/cooling channel, with a hot stream flowing in
from 1023 and a cooler stream 1025 flowing out. A thermal wave 1071 has
begun to advance along the contactor. In this example there is very good
thermal conductivity in the contactor. The temperature of the adsorbent layer
closely follows the temperature of the heating/cooling channel. There is no

imposed gas flow in the adsorbent channel 1007 in this example. A gas flow can



stream 1033 can be separated from product gas streans
that evolve at |ater stages of the desorption step.

wol0083d66Fi gure 10(d) hereof shows the state @cTit%008/006276
channel s at an even | ater $tage of the desorption
step. At this point in tinme even nore hot fluid has
fl owed through the heating/cooling channels. A hot

optiorady oaddedustsanlyl poinhig the desorptibbdemtulaial indhe eemoval of
stream 1063 flows out of the contactor. The

molseplasdtremeadspriant shanneld907s Al thimearly siage.cmest of them
hat 1061, t.hat f 1 o t of .t
oo o bLE OB B bR 6L by o

reﬁfont 1'agéle%1t . %oﬁ{tﬁxrlﬁfgéﬁ%;tfeentﬂaﬁ?w&% tﬂ@f’eﬂgii%?the

as advanced even ong e contactor,

ad¥brteentlayierd 081 baglse Rotempdratuee hhs ndray duariadserpi@t
fromthe adsorbent |ayer and as can be seen in Figure

isqtberins arhatrongifitinflushcadeby temparaturabdhednt@ase kad of the
Rt GRTBEGU e 85t amBoteomplerbURaVe down the
ad@ﬁ?& %ILT%EE) Ecﬁ'ﬁ{] stgéeﬁﬁltlgﬁ?glﬁ%tr l%gvg Iaﬁt 8?'?11%r @(ﬁﬁ%%tégyﬂrs such,

I'n'reglon ecause erature over a

tht 8G8hB1yadsdrbed Speies mbve Wi ARCRIseRsticH chdihel 1007 towards
adsor ption fl ow channel remains valved off and

endeHbirSh ed's tindyemwivedavay thedehannt ) ¢heyd srer e dsorbed am thed adsorbent
Ase(t_ he str.ongl yboyund npl ecul es nove down the channel
lay¢rdyn somciinstantes displasHgothiermess weakly cyyeallyoand jgss-strongly-

BTy The SoRelitio o RS ueR B ZRGGPpEN SBrOEF e
shaded"BégioRADf MRS BdSorbeMal 0295HIREP BitreRRAI as thAkis dis;t)laced into
concentration of the strongly-adsorbed species in the

the hrdaad H0R7dRowiregoonoHEhaninel 20EDabihig pdid 3s peefetensially
increased. Gas that is displaced into thestream

engichad i thrmost-waakhradsorbad species. el bisdinst degarbed gps piseam

3 the. |le trongl y- or bed ecies.. As.in S
1023 ok piaes of Sefsyied et i sRADs Her v af 18 sipees of
thé QesStpHBA QL ey 988 o?hrtﬁﬁ‘érbét%f’edc@dlv?ﬁl af Eﬁ{meﬁg 8ffhe

product gas ‘stteans that evolve at l[ater stages of the
presssw imtenivonstoaybtaindfihifijle iproduce sirodms with differsigvsmipbsition

state of the channels at an even |ater stage of the
fremsoyipglendserkgnt contackrs point in tinme even nore hot
fluid has flowed through the heating/cooling channels.

oBHFL, 5T RIS O GAp RRATRR R B e o
thé @BRSpAbH sERT At this point in time more hot fluid has flowed through the
heating/cooling channels. A hot stream continues flowing in from 1023 and a
cooler stream 1061 flows out of the contactor. The temperature of stream 1061
is slightly different from that of stream 1025 that was flowing out of the
contactor at the earlier time shown in Figure 10(b). At this stage of the process,
the thermal wave 1073 has advanced further along the contactor. More of the
strongly-adsorbed molecules have been displaced from the adsorbent layer 1083
because its temperature over a longer length has increased. The entrance end of

the adsorption flow channel remains valved off and desorbed molecules move



this stream 1065 is slightly greater than that of
stream 1063 whi ch was flow ng out of the contactor at

Wol2068/839dsi er tinme shown in Figure 10(d)/ At thbicT/ 868806276
of the process, the thermai; wave 1077 has advanced

even further along the contactor, and nore of the
strongl y- bound nol ecul es been renoved fromthe

deves thdadsorptigre chammkl to dotr ghream- H)3ddihdt flogiscutlodith¢ edntactor.
1087 has grown with respect to the region 1085 at the

Ag the stegnglyradserhedimplecpiesuneva down. thgiehannel they continue to re-

t | y--bound I b j d f
G RELIRIeT Rt B TreafSroayam Bt Pt BEMGS.
g B e o e R e ] A0 B AEieS e he
caieentrigoh obtrcstt@plpdsorbedrspiebies dnl sl slidded codderrekion of the
As t he strongll y- bound nol ecul es nove down t he channel

adspehent dA33 ns thusdnereased oOas ithatds displagedgntmthststreaan flowing
o TR B bRy S TR D B e
A} HESiep 1000 SAIDE O LN Bikd Ve (B HRLRTGeGMRU gas

stfcagn 003Ptarn be s tddeRbml foducs gidstieanicthad eedlvelat later
step 10 (e), a fourth desorbed gas stream 1051 is

stagaswof thedesorptionestep.ential |y enriched in the nost
strongl y- adsor bed species. As in steps 10(b), 10(c),

1oBRfi e D160 gl o T35t 2t e SEaniis i evapater
OGS BIRIGEARE. WIhisHARY R Bl ALRmSLARITAN HhdTlowed

sorption I'sS point in the exa

thidighdthe dieting/todliap chanfelded i atrehhecdrtifRies iflodving in from
before or after) the thermal front breaks through the

1023canst a coelen straamok063-Hdows out ofithd contagtobe The demperature of
SR SR AR b B 0BT i ming vt
ESBRALHA ALLITLESeft WSO HIEUE JUOEAF I bge of e
proc&ltHe thefmal wade 075hab adgindddecvenaiipther akgahe contactor,

illustrates a process for generating four desorbed
andrmdrecof therstéomgly bound nudlecules bavembeer reghoved front the

ad3bitens Byt ang@nceate sy B WNouchs BbYY shadregion
BUEE108 Ko o RSLE FEREERPETER oo B3R e shown
indaperet (it Mdtestrohhy-8660d ReslefilesiHaVe been displaced from the
adsorbent layer in region 1085 because its temperature over a longer length has
increased. The entrance end of the adsorption flow channel remains valved off
and desorbed molecules move down the adsorption channel. As the strongly-
bound molecules move down the channel they continue to readsorb in colder
region of the adsorbent layer 1043 and in some instances displace the remaining
most weakly, or weakly-adsorbed species as well as less strongly-adsorbed

species. The concentration of the strongly-adsorbed species in the shaded colder

region of the adsorbent 1043 is thus increased. Gas that is displaced into the



streanms. In nore preferred enbodi nents of the present

invention a thermal wave process, is utilized to
woReTad¢e at | east three desorbed product str egmrs2003tos6276

even nore preferably a theggmal wave process, is

utilized to generate at |east four desorbed product

streans. It should also be noted that in a preferred

stesano flioneing oue af bharindl 194d ds prdferbnpiatigheniriched éatiee less
produced have a different phf/si cal conposition.

st{@rgm@]dsmtbed§ppei@ﬁgmeia S}tm& %(bé ang 106, allblawowém HHmMe-
e . . A
adligied SalvaRiSHiER ket o MEcast DA tan Beskphiiedd fiom
progakt %‘ar'% r %ssﬂ‘f'af‘gv&l%la? ‘Pagfala%gés thHeede%bgﬁfbﬂ fephe

heat anster nedrum sorption was to proceed
simul taneously with cooling, then a substantial part

[00108he Riaire il 0(¢) terésfitbhovid thestdte of thiochdimels at an even later
adsorbate-free feed, and a higher heat load will be
stpgeabtherdespeian sephAtithigrpainhisetime gvengnoreneotluid has flowed

o R s AR bt . 2B P LS SR RREEL BERing T from
1GEE6Hd 3800lch shréarh, RGO Gs il P Ird S6tlal B THR PinBoRilfe of

théydiainid 065 o4 sliglelyp paseditthan et tof@trecath BEE3 BhicH was flowing
cross-flow contactors is used to create a parall el

owdithe contantaxat the eardicr hime shayum in Eigurd 194d)al Atthis stage of
the o e Bearenvave f0L BRoedvincst) cxghiucher slang the
cH eI AL ARSI QUSIILLOILAGLY Hofh e

adsorbidhe 18)ee apdahélighelylshaded rebivi RbefddUR)STREasIioWIDWith
the adsorption step. One way to construct a cross-flow

respeet 4¢ thoe region 408 at thenearkier tinfe shiosymizl Eigute 40(d). More
cross-fl oy heat ex ith a bent .

stignglebopgd mgleraley Gose ggér} mﬂéﬁgégéﬁ gerbsnt kyer in
rob i 567 oL 05 55 R 3 RBoPEARHE o fiidased. The

erftfah08 Rl ofIRE hil§drPiibA £1d90 VRN el réfathsheale BFF diBdesorbed
transfer is engineered to give tenperature gradients
molecules meve dowalthaadserption channeht Asthestronglgibenms molecules
' e cross-fl ow exchanger woul d have

mtgggré&ta/ggtiais agi'aenl%g?}ﬁ sondnwe ipre-adsarbn caldenyegign afdhe
adtsg%%nﬂa{}%rr %05§hain%i isz%lnge instances displace the remaining most weakly,
weakly-adsorbed species and less strongly adsorbed species. The concentration
of the strongly-adsorbed species in the shaded colder region of the adsorbent
1053 is thus increased. In step 10 (e), a fourth desorbed gas stream 1051 is
shown that is preferentially enriched in the most strongly-adsorbed species. As
in steps 10(b), 10(c), and 10(d) above, with a time-actuated valve this fourth
desorbed gas stream 1051 can be separated from product gas streams that evolve

at later stages of the desorption step.

[00109] At this point in the example, the desorption step is ended near the
time (i.e., before or after) the thermal front breaks through the end of the



| ead to uneven performance, except in the cases in
whi ch the heat-up and cool down steps are perforned

woRp a3l y fromthe adsorption and regener at ipfit/15L2618%06276
[00113] Figure 7 hereof shgws a cut away view of a
cross-flow contactor that has segnments stacked so that
the average flow of fluid during regeneration is

comRadiber Howesiet, dsdt b bdiseas;the present invencdionigegetdies multiple
adsor ption step. The crossflow contactor is

prodnet gascstesants omaa singde desosptior atepexidhangserbent eentagtor

ernmeabl e wal |l s separat.jn ets, of
R & Borrpon et prodges it Hultis Himed falsinta saespeate the
dl?ﬁkaﬁtp‘?gduét%s sﬁ%aﬂ{so u&ltﬁﬁ@tﬁ{e e{)&n‘g;lF TBbet ?lllﬁtrates a process

nmers

foe lpenating fofr d&b’kbe@@ﬁocﬁ(& seegmb] i eslchoat to ané 8y skillidIhe art
cont ai ni ng an adsorbent. Figure 7 shows the flow

thahﬁmrmbcd:ssrafcthwcutrent iriveationdeo tisartilizedytorgenz e apymumber
one can u orbent_ | ayers to

off &ts'e? o oeifw& ﬂéeam%jfelwgég@f %@f@@ngpéwwﬁbp Presgpt invention,

o oaf e o PP BV 7D 0B

stRdaths/ Q% moRepleRIPEd zﬁ?oda%bﬁtsrb?tﬁ& pk&eht nﬁréﬂueﬁ%eﬁﬁhl
sel ecti ve for one or nore of CO2, water,

wanheptarges, i 0fliced t@ genecratendtdeast rthmecmasoﬂ:&;d predumtma,ms and

a filler materlal such as a polyner, . .a bin
evientrapreaprefenahly,a #@amaéwmrﬁge%atwﬂa@ed tpcgmna}te at least four

deERhrgd Bl PR R Bl Laish b Pt la? iny g PREfhsted 019"
erABSiRRNY, eéﬁoh%ﬁ@ tde%ﬂb%d(ngéuét%t%&ﬁls?}oaa@d h&Wd different

adsorbent |1 ned channels’in one cross-flow segment to

plaiidaheompiositionll to 709 to 702 . During the desorption
step hot fluid (gas or liquid) is passed through the
heat | nglécool ing channel s 708, 710, .and712 in, the
t

[084 0L c 1 s preferrad ghatiadsarntians desrrptign andAooring stepsbs o

rmtihe cro flow t _exchan
peaRirBle eaReBiT ihE 1A afgRat B adyRilredaibfperation is that
th€ Bieht W dHBAWIRL The antaZﬂ& is 80ine44nRRS K6t transfer medium. If -
counter-currently (735 to 745) to the average
addorpin was 66 pfdcxmd dunultgnedlsl)aabsmmdlmg, thierpa smﬁ)ﬁamtml part of
715 to 725). [0Q0115] In the arrangement shown
theihgat ia thetied wibbe Iast tvtheordsebae-fresiees gncbaéngher heat load

hga [ C h
will BERER el stiR ad B BrEE b L RETEAT 1 AnBRE mpectiym
the fluid (thermal or process) fI ows in
[00111] In a preferred embodiment of the present invention, the thermal wave

process described in this example can be used to separate and captured CO, from

flue gas.

Example 2

[00112] In one embodiment of the present invention, a series of cross-flow
contactors is used to create a parallel channel contactor that has separate and
parallel adsorption and heating channels. In this embodiment, individual

segments of a cross-flow contactor are stacked or arranged so that the average



a series fashion through every alternating channel in

a cross flow nodul e. For exanple, the process fluid
wofdob$is3ddsows across the 1st (bottom nost) chamegiys20d3®06276

across the 3rd channel, thgn 5th, etc. In one

enbodi nent of the present invention, each pair of

channels in Figure 7 is replaced by an entire nodul e
flowafutliid glurimgyregberatiba io towaencuaknt booe-wgrmpnboeths average

fluid that are heat exchanges against many channel s of
dipegtign) ofi flew ofifhig gascduring theadsorptipn $tep. WRYdA construct a

TR s LML R FosPlachanger
with &1 4d36HAt SR s Iy \é'xgHﬁge% 25cdveyidR @Hhﬁﬁ‘gft')d?%)rllﬁ g?r use

act in coflow or counter-fl/ow node, the conbi

witk k¢ preseninivesition beesusesheirldompaict oonfiguracionfit avhieved via
counter-flow node, This is anal ogous to _connecting a
high hisat tramsfeneeeffigiants. Howeeer, wher heah and mass ogngfer)is

AR Bl R s
cGEBHERLY iy YRS THhilc TS L MBGER ol

sohfaidsv¥ptici pathe teht ap fombddldswisleeirtiet tHantdiRers. This would
tenperature gadl ents that pass through the nodul e

leadto nge veageréormanse, exeeps me thantasds memthich thehkeatrupsand cool-
i nventi on, tl]lile segnent ed, cr.oss-fl ow cont ac%grs are

daoyyn steps are,p¢ oramc? serarately; fiony the adsggptien apd regeneeation steps.

adsor bent gradation in the overall contacting unit.

0881 o LR THBk RSB Lo T hEERBREEycopsctor

hadisbeieany stackgdostethia thiy & dragd flowesPfl gideduri®pidgrhetation is
or because a first renoved conponent would interfere

copntarcmentundhe dieatjoniof dlaiwdusing dheradstyptibestep; elbe cross-
renovi ng H20 bef ore CO2 adsor,bent). In, anot her.

flowkisentackatis GpnstRctpd dop g GTRYS Pwohg,atmshmn@ycaﬁm

. r 0

infHeRiaBR Y sRR AR Ry R dr o R lalfeIC OTHE ShAIE 701 gpn be

coniprsedofesmiatiriil §blectdiPfrohSthetdtBup ¢6ASIBENS Bf eiARELeramics,
system of the nodul es may be connected in series for

andHewpgasqumeabiliypoipmiern Blow tharpela?0%| 7 floand T2 are lined
N TR T A
it St BB gt SRS 260, Pt S B T wtiffeasnt agorbent
layét¥ €o tine @AVIE 0E¢hd AddorBert! Iitsed A1OW HARRER!709Y Y1 £Madd 002,
Prlocsz’ess and produced gasses are passed through the adsorbent lined flow
channels 709, 711, and 702. The layer 703 contains at least one adsorbent
selective for one or more of CO,, water, SOx or NOx. The layer 703 can also
contain micropores, mesopores, a filler material such as a polymer, a binder

material, and a heat adsorbing material.

[00114] 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.



in parallel orientation with a second plug-flow
channel system can be approxi mated using a series of

wohesE3édsO0W heat - exchange contactors. Cross-f lpew/us2008/006276
contactors have two sets ofy channels, with each set of

channel s having fluid flow at approximately 90
orientation to the other set A cross-fl ow heat

7TIEXONEes 702N, Mwrengreivyd 1(§}DStdinolt‘ﬂlﬁ& (gdsyer Kquuildy is
netal) plates that are stacked with a gap I n between

passed thiraugh dmhcatm@ﬁ@oallngmf@rmeh 8, 5110p PadB2 iutherrssitactor

thaf e dinetonhohe marerHal T Usechio Tonmh oo Sa low Ticat s3ehanger.
D&,q8$ él?@ges%]rﬁ‘?lo%fﬁkék)g[h?}ﬂﬁﬁ'ﬂo%lﬁ QHFt‘hec’ﬁéat% F@@&ﬂﬂrﬁhﬁﬁ%ls

carr raveln n one

708 10D FIZ amfcoﬁlﬁ%,cuﬁ&tlwgﬁﬁmw tHe average direction

constitute the second set of channels and woul d carry

ofdflaiv fdueingthe faldsoxptionsstep (TP ton7ES th 725)% i on 90 rot at ed
fromthe first fluid. This crossfl ow arrangenent is

i on., resent _enbodi nent,

(OB I¥E 0, B he e tangiiont Showwhdn Shevie T ihero-Bo L Somaciar
segiﬂgﬁfsr al%fst&%k% lei gga %R:ro%hn? ?ﬁﬂ&gﬁhh%sbﬁﬁlon

set anne con or 1 n seri

chiaffiflis @onna&rdd i seAes eﬁi Fipairé Uetlﬁefch@lﬂcttﬁﬁindlfor PrEEURS) Hows in
of each contactor in the 1dentical series order.

a Quiesdastddnithroughsevieay hltamatingehanoelriasudross ﬁo&\hmudelle For
xR the PERCCRs GDAG ATt HOWRGCEIB RN .lmkb&%«?‘rﬁixﬁésg <baengl, then
acgé]s\éetﬁg %n ecfha%ﬂgla(éﬁ&{ ?ﬁ nétc oﬁ’ 8‘?@&%@9?@“8 ea " gi}% nf gﬁ\;entlon

Seri’es 0SS

ea\k/:lg rpﬁlrﬂfﬁftﬁhhéﬁ iAgGHTE N répliteadbyodPentire ddale 19Mud1ng many

une of mssopores andmacri opores. Wien the adsor bent
chaanels aff garaliel dbew g processhfinidethat arfe lefae eheiaingex agamgemany

el enent s, the serjes_connectjon i s such that
chagnels of paralicddflowmg thesnabfuids dn this @ﬁhﬁﬁ’éll@ltt %treams 705 and

led with adsorpti or. deso tlonlnthe ot h
7458 Rt SHEROBONER 3 EFSCAOW s rRcBeo i, pef Shele
chﬁﬁﬂﬂ@ CE%’n tHb réa%ﬁ 1ﬁ3ﬁ‘i&’l¥dl'@6§5ﬂ6@emgﬁﬁﬁvdd¥s it a@]‘, in co-
paral |l el chan contactor and can be used In sim
ﬂdms;hlconntveRthrﬂmeddj ¢hd combiomionngf selvarul ehsdtﬂeelmsmbsl will

a_fashion that generates a thermal wave, only a snall
pepfsarm ivrcq-flaw anoeuntpr-flovamodssThistis @nalqg@uaﬁ«) conpefiting a

R iy et UENIO T N
flow SeR&b!. €OnLlad S ¥RABL GEHRis GPFanBbAeht & that the axial conductivity of
the whole multi-module arrangement is very low. This facilitates the use of
metal in the heat exchange portions without degrading the temperature gradients
that pass through the module during regeneration. In one embodiment of the
present invention, the segmented cross-flow contactors are prepared with
different adsorbents so as to create an adsorbent gradation in the overall
contacting unit. This arrangement can facilitate multicomponent adsorption,
which may have value either because the different components are to be

recovered separately, or because a first removed component would interfere with



exchangers). Exanple 3 [00118] This exanple
illustrates use of a parallel contactor in a
WO a3ddson that removes CO2 from fl ue gas i npgmtiiERb6276
SWi ng adsorption process. § ue gas or stack gas is
emtted in a wde variety of industrial processes.
Pressure of the flue gas is typically slightly above
thetfimstpdrEng ©f jar dsnsteeann ddsarbgein@: gl resndvissg H, Oameforma CO,
at nospheres. The tenperature of the flue gas is

adspphe)- |Ip angther imestrf thsupresertgaventiom dhe mosyles are
.Th j . LVRI | N2, O2

piped sOTh dSErBRiRAcFig Iap BF BesRUTBHIRGH . Kol pn B more

mod 1379 a%@ﬁ%ufk{/ Wale Rh&F&throdgl ?Hﬁqs,%éaéﬁk&‘i)tio:ﬁ 0/channel

the gas i1s in arange from3 nml%to 15 nol %
syatein IdZ €hé modndesonay ibe dommatied inReries forghe fpuppode. df adsbéption

to 15 nol % The total nolar concentration of CO2 + H20
bytgnpagaliglfor thespurpase absrgengmtionl % when a

stoi chionetric conbustion produces the stack gas and

j u y less than about 1 % when dilution o
(00288 L A ST g Prliniies g Mot B85 s et Farce
o b e D O OB BB (R sl
cdnitagtbrsl) e série eWat hiavee dikcovered ddiusplugfl@ashhedelrsgsiein that is
. reaches the blades of a power turbine. [00119] A
intpasaligl| origalatiewith: senendrpJugdlow shanpeleysiem ean baove

Co2 f hot stack . The th | d ti
apprgximalet Jine 7 seresidrost e Pealrehange FONAEoEy oCross-flow

0, | f .
cQIRAROIS AR CANRH et B ERAACK:, O R sl HaphR LAY Tuid flow
atQipptdMnsitelglo03asieneaidn tothe dtherf sotabAycrosy-fotviadat @Rokidnger

90 nmol % of the CO2 out of the stack gas and nost )
caprhgvermany high-eondugtivatydiiy pisallyrmerab iplates thetaro stackéd with a
t he stack gas. At | east one ri.ch stream.i .
B3t GRLBEeR g At DA RS neRG: THe seueSRE plalEs diives aseries of
£Q i b % r
e8P, 200G 70 91 B i 71 R GHEL R IRRE ER ML EE e odd-
ndxﬁBé‘red?apE (P07, M09 b8 131 Sh o8 CoRSIELRS 8¢ Vet chahhél and
about 95 nol % CO2. [00120] This exanple illustrates a
wohldreaary aviluid fraveling imbné dereqiemt iThk exds auptbeved gaps (708,

' i t dwithth
71312,%3{1 PlthzS) wgggg%twegth% second Set of glan\flme}s and would carry a

different fluid traveling in a direction 90° rotated from the first fluid. This cross-

flow arrangement is convenient for fabrication. In the present embodiment, the
parallel channel contactor is created by using a number of cross-flow contactors,
by connecting the first set of channels of each contactor in series fashion, and by
connecting the second set of channels of each contactor in the identical series
order. Connected in this fashion, the two resulting channel systems can be

operated in co-flow or counter-flow orientation.

[00117] In one embodiment of the present invention, an adsorbent is coated in
one or both sets of channels of a series of cross flow heat exchangers. In a

preferred embodiment the adsorbent has a low volume of mesopores and



units. Those skilled in the art can construct several
ot her potential enbodi nents of thermal wave process to

WO R0PVBodC2 from flue gas using this exanpl e. pdanys200s/006276
t hese enbodi ments invol ve ¢he use of other nunbers of

contactors to construct a process. [00121] In the
three unit operation of this exanple, one contactor

muadpogsse Vhen tusadsorbatt is tegtedionl enesser o ehanmels af tlog heat
under goes a desorption step and yet another contactor
exchapgenglementsethe sscrtﬁsagmncmn twdlﬁhebth@mqatlpgd@@@@hng in

oSSR EhAURH 1 Soepled o o adsorP bl o ARGHRIDR 1oy e set of

cHAhERI FREAIAE o0 AbEheal bidlidhgtts anelRPir Mfies
appeoxingates m&@a@wmﬂ od paatiepélainnel cohtabtor Anduwag B wsed in
shows the streans fl ow % into and out of the

simalar fashden.o¥lier) thstLhaatig dm@hogrchannds aroub¢hin & faghion that

The cont ctors 941 , 941(b 941
ECEEFRAD Sfrma) Vv a ya af @b tha ‘W@ whmanifestitself in

ory Snle el 0o LRG0 SSURREIOLTAUER BeNBLER i scries o

each conta aving an arra

theRAaNRhve 848 pAdifhed ﬁésabhg The Sdrassnet é?xo%ﬁ ex[sf(@ﬂ-at%lzk lof

this exanple, the adsorbent contains a m Cropor ous
exchamgéra).. The microporous material is chosen so that
at the tenperature of the adsorption step in the
process it adsorbs nore than about 0.25 mllinole of
cnB of adsorbent from an at nospheric gas
m xture contai ni ng about 90 nol % N2 and about 10 nol %

TR b SR Bcha T B2 RSk B on
i L A T N

fi X
stﬁeﬁ%@ is *AFAEQEAG Md%ma@& Oﬁbmﬁiﬂ%ﬁﬁ C&r@é‘éss@% PHEs8ure of the flue

aining 90 nol % N2 and 10 nol % a nore

gapriefypicalty shighaty abone atneosplieric ipeessusomdisgererall e kst tihan
m cropoyous material such that, at the te erature of

WO MASBBELSS aihestpgwemur% %xecibé*sgas isttypically 4a agiapge from

abERE TR0 AR st G sl Scironghud B weEintiy pmigelly No
oﬁ@@pla?mzz@n@nml qRARAEE or JoTREAHS SGch RONO e§dc990 B€often

adsorption step can be conddcted in a tenperature
presemgie GO ocommientratidin theagasuis VORI, ip aeargatioyn B mel% to 15
mol‘Vggg(ri%tlz% (1en the gas is usually in a range from 0.1 mol% to 15 mol%. The
total molar concentration of CO, + H,O is usually less than about 25 mol%
when a stoichiometric combustion produces the stack gas and is usually less than
about 15 mol% when dilution or excess air is employed in the process to limit
the temperature in the higher temperature portion of the process. For example
gas turbines use dilution air to limit the temperature of the combustion gas

before it reaches the blades of a power turbine.

[00119] A thermal wave adsorption process is employed to remove CO, from

hot stack gas. The thermal wave adsorption process uses a parallel channel



range from about 5C to about 45C and nore preferably
in a range from about 50C to about 350C. [00123]

woDapedédag upon design, the adsorption step CaETA2008/006276
conducted in a tenperaturegyange from about 50C to

about 60 C, preferably in a tenperature range from
about 50C to about 45C and nore preferably in a range

cdntasroptoorein A€ moretoan atd€.70Thel %iofithe Q@ueutnafttheistdck gas,
can be a zeolite such as zealite 4A, 5A 13X, NaX, and
pregerablytmpee tianabaut 80mele of thp € Quroutipfshe ptaskgasneven more

hyd | ci d ]
A AL o 0 L ORERRAE o s
i LA s e L

omd¥ COs with strealh isAmroidneed datid stetessatiaphaenputint sudhathat i
m croporous carbon. M crogorous sol -gel derived
contains more thanjabouti Thmad¥nCa2s preferabdy mergitham aboutEhmol %

terials. Th terial b q .
CBs A6 3eh ot rese bz maes wanapont ) e FAFidmishay
prggegal@gﬁﬁ[ﬁﬁmm! ohtl%gﬁgllfo@@(?r have | ow mesoporosity

croporosity. ¥e structured adsorbent
contains | ess than about 20 vol % preferably |ess than

[06020F IPhié@xAmpleiltugiraéss dibrihal easectpratessbwith séQuential
vol % and nost preferably | ess than about 5 vol % of

adsoeptisn;, desarption and enedingoiteps operated wish dirse pasaliel contactor

ufls tase ok Hlgelih Bt b dnsTact ete! ot pofFftiahembodiments
' t f ot ,

of b Bitocsy Aoy EERIESALAR ok pSifl (RRRAREN. Many

offthess €émBbdidleri Mol 6 ehShiseeaNdbthePumbers aNcbrtbétodd td he
contactor being regenerated 941(b). Stack gas 911

copstruetsa progeShieat i ng/ cool i ng channel " (as opposed to
t he adsorbent channel) at the tenperature at which it

10bTaFE ° 28556 i athit feeraGe o S AT G ABEc AL Ufdereoes
o RSO3 SRRt 1 0REH G g v
anlolteer @oRAtRES06 Rid boolelie AUl Uflthe are@ RinitOpr@Ickys BShown

. fed through a process block 913 that renoves
inFagutechll bereof. ¢ dl1 (a)i shioavsethe stneamsdftowingriabmard out of the

cobil 3415 QnaRE RE aflSSTPHoRGsh: i gures b} G shewo e airepms
ﬂ&ﬁfnﬁ%&) atd bhf6the contactor 941(b) during the desorption/regeneration
step. Figure 11(c) shows the streams flowing into and out of the contactor
941(c) during the contactor cooling step. The contactors 941(a), 941(b) and
941(c) are substantially similar. Properties of the contactors are similar to those
discussed for Figure 8 hereof with each contactor having an array of

heating/cooling channels 943 and adsorbent channels 945.

[00122] In this example, the adsorbent contains a microporous material. The
microporous material is chosen so that at the temperature of the adsorption step

in the process it adsorbs more than about 0.25 millimole of CO, per cm® of



tubular netal filters, polymeric, or bag filters.
Alternatively an electrostatic precipitator can be
wousegh4baser enmove particul ates. A stream 915 t ha@icTiig2008/006276
nearly at the sane tenperagiure of the flue gas stream
911 energes fromthe optional process block 913 and
enters the heating/cooling channels 943(b) of parallel
adsbebeme| fromnimatnossphéiiciPas mixtideecopt#iningdbdute90 mol% N, and
desorption step the m croporous adsorbent material in
abonié 10an0BetG.. chna preferrgd sonbnstimenp the adsosbest spataingat least a

i BEE SO 3L B SARGE 37 B0 s i e
PRYSEERSIERR 0l b0 9SSR AHIESF O rtor,

adspesent ifforeadMimespheri®©gad Mxtufe tHRtalffag 90 bEoMNedand 10
range woul d be an average CQ2 | oading of 1.7

mal%|COpoliea paoreqrefested ¢rabodimentshe adserbient ¢antains at least a
materi al . As.tge tream 915 begins to flow into the |
micEapeRous majgriaksuchthat, gt the,temperatusg,of the adsorpfaon step in the

ti / . . 1)

PrORSR! R CAS0ER RGSRRIEh, A Tmite B Qe 4F

ads6FBR@L Fdh An AmbBFh&GRNERCIRKturéSomtaiifg 98 meB N Lind he
type descri bed herein noves through thé contactor the

moBaeOat Dependingtupeand @8dn, ithe adsmrption Istapht¢dnybe dtieducted in a
tenperature of stream, 981 increases shar n the

teRperatire (aRee M aboths duimabe 5k a&fsr_fa% irw jemperature
roff BSoE Sy 26, Ao 2SR Bl PPN e from abour

5°COtAouensodf the thermal wave breaks through the
contactor before the adsorption step (Figure 1la) has
been conpleted, then an additional thermal bed 983(b)

[00323be Peapé¢nding upon sieaigny thehadsorption steptcanset ¢omelucted in a
stop .t he ads [ esorpti on/reéenerati on and

tion, d .
te’@@ﬁfaéﬁeoﬁanéﬁ%;qeﬁ '@%g%gg; torakoyt fl’ kel PrefaaablyIp s temmerpfare

SQl | ti Gl throu which a
rofip CRORT A0 bR B2 ol e iR A Lol fyom about
2°02ekbuP89°Cf Thelhitrégsrous nefctifPedrEhP s z8bMeSurh dsHRolite
start of the regeneration process Is near that of the
4 A dsAy bEX NaXd anfl 0P 511t istalscs withéf ¢hie sebpehufithishavention that a
regeneration and cooling steps be term nated for the

hydreialgite be vind asothgmaigroperoys grateral fosihe reaimentiafiatlue gas
th rption...Jo.ensure that the thermal front
s T ARG R PHE TR Hiek o kLA Trheum from o
frAASROAEBSntaIRE cRiMed DEG thiRISE oP Al1VGSA 48 Another
adsor pti on chahnel and
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. That is, the structured adsorbent contains less than about 20
vol%, preferably less than about 15 vol%, more preferably less than about 10

vol%, and most preferably less than about 5 vol% of its pore volume in open



heati ng/ cool i ng channel should be | ess than about 10
times the mass of the adsorbent nmaterials, preferably

wo 2e81436®®N about 5 tines the nass of the adsomppenis2008/006276
materials, even nore prefegably |ess than about
times the mass of the adsorbent materials and nost
preferably |l ess than about 1.5 tines the mass of the
pards i thenmesopore iaalddarged 8ilz26]A Spreviieusiy desaribada viee fow es
t hrough contactor 941(h) being regenerated water
mesNRAsAdLanG Macsepaneys gdsorbenteean cadaimehblocking agenir s
because the tenperature of the gas falls as it passes

1083288 ' REpERAEEA ST i R oBRRST bR MALBYat SPLBERY R P the stack
ga?h%ﬂrﬁ re) f'f’{ljy?)gh'g%s R Str¥ah TBw fiflo i Sitddfatle %6&;%2% being

e tefper at stream 981 which can be nore t

regoieritetiOAICh).oSeackt dmard hentsitsrthathOdtingod eling) gharee]” (as
regenerator. Because |iquid water falls out of the

opposed e timadseelentghannel) ghtheriemperatiee at whirh(ib)s peaduged
whighinas §estee rhat Somd LILEAP R dmer I hefiitergeeneration
prof e AR OB SR AR Rt gpbi2-C o

abwat BOC.c Befbre the atdcltathstol Ir @ireréahée eoaRRER D41 by the steehm 911
the contactor to formwater stream 967. Optionally a

capraptiopally dgifed dhranghr opratess blockdidvibatrgmovestpasticulates.
S AL B SRS A s Fioaion
wih SRR, IR Sh A el FORLAE) .

tubliliag netalnfilterst pelysderid) @?ﬁiagﬁltdié.ok‘ﬂférﬁit@vely an electrostatic
heati ng/ cool i ng channel s of the contactor 943(b) noves

preeipithtor sandediseddoiromoxs pgascylatesi Agstréamn $d5 thhtis nearly at
adsor pti on chann 45(a) duri the adsQrption step

the sarge te@pemr@me til?.f?mass stiesm 5?1 eBeERes kam theonhignal

5455568 5SRO gt
chidnell RPLEE1941 (1. IAY tBE sBilof dsbitortfep Yhe MiBroporous

adsorption channéls, respectively. I'n this exanplethe
adsdrbeoporatersalddsbhe bentactar containnadsorbed K0,. H2 @ prefarred that at

strongly adsorbed species, CO2 iis adsorbed, sonewhat
the Eggmgmgaﬂ ﬁyﬁ reggppenation stRp(1 &y altgkthe adsamtinmsep is complete)

thég‘ﬁgﬂml@ ﬁV&];igg% g)(?gﬂagﬁfg ﬁi’gtﬁlg :?'ggj)rsoe},b gt glf]eaa\fa tthlainsabout 0.25

milli-n(i;llenSerocm3 of adsorbent material. A specific example of loading in the
most preferred range would be an average CO, loading of 1.7 milli-mole 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 chénnels
943(b) forming stream 981. When the process starts stream 981 is at the initial
temperature of the contactor. As a thermal wave of the type described herein
moves through the contactor the temperature of stream 981 increases slightly.
The temperature of stream 981 increases sharply when the thermal wave moves

through the contactor. It is preferable not to terminate the desorption step before



zeolites such as zeolite 4A, 5A 13X, NaX, and Nay.
Trace materials such as SOx and NOx can be very
woHi91gd¢¢ adsorbed. The foll owi ng descri pti on pefr/us2008/006276
regenerator operation wllgapply to a contactor that
was designed and operated to renove nost of the CO2
fromthe flue gas and the description will focus on
tht hkenmedl ovaveyhasompeead through thé eohtactorgdf thelthermabwase breaks
described will capture nuch of the SOx and NOx from
throughythe contacien before thaadsorption step (Figureilda) bagbeent p| e

cqriplslie. Wish B addiednir il beT Oaalhy' i o S RERAES Begak up
h{dﬁgbﬁ% Fisis higvSt §t0£) hite Q@or}){igﬁ,%ﬁ%ﬁk&/g{%eﬁ@fﬁiﬁd ﬁﬁ contactor

wave desor ptlon process t strong

colin@rdoesk. NPhettkridas bed 983 (1) cun wia patkdédbed ofiselid particles
the initial phase of the desorption grocess form ng
thsoughawhisdiza thermad waye alstvpassage bilihetthemnaliraasstin@ packed bed

o b S EPE B BBk SR s e
thg*?fﬁfésad?%'t ng-at different tines will have
| an

eren H20O concentrati ons and thus nay
preferably be processed in different manors. In an

[OOMZSEnalt & pieteiregd thatahe régemREat@sand 8dbolindSeps be emiadted
at the start of the regeneration step allow ng stream

fog tire thermiabfvoanhtd brsak throughnthe Tontasterbafonrthe adsomtionedlo
ear | in the regeneration,, has, very | ow
eripp itk het DAErma TORh biaase HhrobgbIhG Hensacion thedgral mass of the

. ¢ . . . . J oh

oBSFRAH I SRR AR LR hN st oot e ©

hetiag)/oHas chhfiffic Icshotbd be #¢9sAhaw hb&610 finfeks tRe M3 bf the
begins to increase and valve 931 is closed to stop

adsprhent matemalanpiefarablynlesh thanoghiaud hatimesrtiuinassof thel adsorbent
933 |s "sinultanepusly" opened . to start flow in stream
mafpaialsy Guch Mpre relgRakil lesiciban sRoVL2 tisads the anasstaf the adsorbent

. ' [ tiy: lve 9
mehaltrld hopLoRebaB, 47 1l AEHAT, S g HE s e Bsorbent
madekiaWd. Nng stream 997 to flow and form stream 973.

Stream 973 contains the magjority of the CO2 that was
originally in the stack gas. The concentration O CO2
[00l1281 r eAstlerthermahivgve enovesithtdgh ¢antactor B41@drhieing a
estrati onw% ocess W little or no addit.ional

regeRiraed, wafer Pohdenses eubnbihe aarstsert Jhpndensadanassus
be%ﬁﬂ&sﬁ@%ﬁﬁ)f:gulléé oEfk! %als Lﬁl?? &8 it?ﬁ%gesaﬁlgfgé @gegéérﬁactor. The

pressures. POSSi 0 design pr
comtetesti tof 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 991 can be



stream 973 from pressures rangi ng fromvacuumto
several (approximately 3) atnospheres. It is |ess
woRed/18%ee t 0 produce stream 973 at sub- at nDSpPleaiig2008/006276
pressures because this incgeases costs of conpression
in CO2 sequestration processes. [00129] Stream 973 can
be sent to different types OO CO2 sequestration
prov idedstoasmoNeranlyi i st iof diqeskdiwatersflow dousia g soen dif tlye toetactor. It
. C®2 _into underground formations such as aquifers with |
is prefepredahat theeg ismas\acsigrificaghamoynnhef liguis phase yyater Bgwing
aci d .gas conponents,. oil reservoirs, gas r rvoirs,
aliji o thedaolee Bart il dehyditad v s stisam 38Er voi ¢ o
Deep open storage is also a potential disposition for
(00127 i i PLifipRL ks pakiG BFONLA (6EReingcgoling channels
ofsthp @oataetorPdB (b)) thd S ihalke sambdireotipn @s gasl passing through the
-(gressures greater than about 2,000 psi and often to
a

prian ehanpelse?43(a) duringibe adsmrption siap (6. be-quajeatkysd This
i nt thesen%ﬁ)es agf und rﬁiw%und formati 0215. ever a 1
tYBE Qb &PrquEtent theImal yavpaespEtion pracgss Wigh depgbed mn detail in

] [ j j e :
EXSHPICCRE BltrichiE 93631852545 O R Pt T10Rresent the inlet
endl &1d duttarvndyo ik @dsbiptionhahhelssicapbctivdy ald this exdmple the

hi ghly concentrated in CO2. In sone instances

migadpoiovs adsprbsotissthogen suele that He® ksed strenglyradsorten>pesies,
equestered. Anon-ljmting exa of, an addi ti ongl

Cfr dhadiorhef smpaiat|ofs siofetio Aed Nagirisedersatiatssrbed.

E)?Jnaﬁl'%? o MhieASdrBudhd t&%lg tlﬁ’a&th%%'tﬂ{s &@E{iﬁg 'o?rédk&éoﬁ'oﬂqﬁclude
and conpressars used I n the sequestratli on®process.

zebliv&y' tiehtdieeBlitt #A, She 139&9 QN AridPNaR". OL@ee mhdterifQuch as
concentration in stream 973 increases. To mnimze

SPeamhiNQY canobe veryostranglpladserbed. ddwi fohlomting slescription of
sequester COR it 1i:an be advant ageous to separate the

. h
regencsator opsratprowill eppkirtes eontaginn that wascdssignadeangd ppgrated to

a e .t hd separatel y. .hn.an .
refloR 3G b & T AP it 4 SRR AR Rp ot 3y gRs on the
m&jok R CbAMPIneREIRIRE TRRAKE Thedftoe&UdsbFiBed wiﬁ,cagah%%uch

33 1s closed and val ve 935 is opened. This stops flow
ofdhe SO card NU3 feom the @as strédmaw [bShauild dem@&d thardt ishpsssible to
hiégher_ concentration of water. Stream 975 can then be
usgdh¢ priacdessdessribed iy this example FRESROYH S andIN Ok feamngas

strgeerln's in a process that captures less of the CO,.

[00128] In the co-current thermal wave desorption process the least 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 H,O concentrations and thus may preferably be processed in different
manors. 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,



[00130] The cool partially dehydrated flue gas stream

961 com ng out of the contactor being regenerated,
woRbdd/faBoesi S sent to contactor 941(a) that is pedArGMsNY6276

an adsorption step. The stgeam 961 is sent through the

adsor ption channels 945(a) of the contactor where a

m cr opor ous adsorbent preferentially renoves CO2 and
cdriz€ntr&idon.alt tire Prbtéss) shoan opFigunall ll hebeoftthizsstraam ésicombined

with several different mcroporous adsorbents al on

withstreamdld whiathis wHEmaelysvenis! diroughha staske b Hmeprogresses,
g BN PRIGE 2 df STRETCh AGRG® U Bifaoe rLVAIvE 931 i
PR HobFin e 901 ik ook chibldihehl (176 935 i

“sivaiBANSARDY” Gpdricdab stareslow i sthedn 9731 1 Thatie@hatwhich these
reduced all ow ng adsorbents towards the end of the
valyemantuate setspbe 410, punity iafstewam 983y Alterngtrely vatne933 was
e cation concentr

origRed ik Besstert o s Feaegratims s pEr S A B8 seAro T g low and
(ofRTRRRY 995, T urk 0PRLAhY hERISRSIARE CH5Yinal B

reason tor this is’t ption 1S erm of

origifhlly &% thd sthck %ag THR¢drienEai6R bFf GO idNtréafin933 iPhigh
i ncrease when the zeolite is dry (i.e. the COQ2

enosighltbatrit odn he dent toat saiestragoh pracess wath little esn@bdditional
a wet zeolite). Materials that can be used to renove
Prpgessing. nly e xampledhe sirgama ,preiv%&r@,atwapherw or slightly

hi énﬁ%lj {hbfi %trkggp’lhg He é)e ﬁ%lﬂlﬁgn gt)s(igﬁ)égg%s&o’ir @egl}ﬁen éﬁ(&%ﬁ%{s S‘producing

ropor ous “adsor

stR4R( 973 fidm ph&seied rhnSing! fAEMARRANRT iPVRFAYEPProxiRately 3)

tenperature of the contactor 941(a) is the sane as
atmioaphgresditas desstdesirablento produbestcenh 978 atsap-atmosphenie
11 (c). This tenperature is slightly above that of the
pressiiges epauss this ngraascscestspHGampIessipn dn £439 spqyestration
§é§sg begi ns CO and H20 are selectively taken up by the
pr PBent near the front end 920 of the contactor. The
concentration of CO2 and H2O in the renmi ni ng portion

[00129€ Sxesh BF8icahDd it dndiffGaht typRE BRICO Psddidbtrdfion
t he 'end of the regeneration step i'n Figure 11 (b) and

probess€&2?Noodmmaitingexamples inelade serding 368 Gdnintyundérgedund
t he .cont act or 94é(Ia) is less than 5% of that .in the
formatonmsuciy asagwtery Withow tagpseal thatprevents signafieant loss of

TP RI0 SRR a5t OB BB L
re$erebRPahQ WS pk& bifreservoirs. Deep open storage is also a potential
disposition for the CO,, through purity requirements can be anticipated to be
more stringent. Typically the separated CO, and H,S 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



adsorbent with this property is zeolite 5A. For this

zeolite as well as any other m croporous adsorbent the
wolRpassdsur e i ncreases when nol ecul es are ads®edragk2008W06276

tenperature rise is determggned by the heat of

adsorption of the sorbed species, the anpbunt adsorbed,

the thermal conductivity in the contactor, and the
ndéréintitihg xampdé of be additional procedsingptepnauldbe aano@lidgorous
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closer to the entrance of fhe adsorber channel than

wates: StrsamcpS camthepaRe dehydsated sepasately\and ihen regarabined with

W0 e length of the adsorber channelis referred to
Stlge%nﬁgzg'entrati on waves. Wth tinme these waves or
fronts advance along the I ength of the adsorption

00130 el Thésobl warfiall \deh e flae gab Strehih FENESNINAGWOSY the
[ in the outl et streg?n 96§ r emai nsg]%ow until CO2 frggér)]t

candaatbhebeingaegentrafed; B4l @d)nisasenoto 6@actar 9i(a) thet 1st i n
tjme the CO2 concentratjon in the outl et stream 963 .
ur&@ﬁg@@gta@ adsgpptrtusteneTheisieymni 9 issept thyough Isorption

0 I 3 (wi.th th IS, _
cheBiF P4 E L aAgIOEU Bt 4 MikforionGus, il PER e erp ety
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sevptal diffetent e capdecud adsorbearsnabi} the 1engthn citthe @ha®®ds

This stream 995 is introduced into the heating/coolin
94 (ahnk ene embrdiment; whersdidfergntymicrppenqus adsprbents argplaced

o8B R L5 PSRl D S FRAL et for
H dé 3%@’{3?35_3 49 E}i bR AE cBafRdls NIn tHIS MiEnepEwater 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, 5A, 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.



cooling wave is such that the tenperature of the
contactor near the inlet side 920 is |low and at a

woshed/fuzégsont | ocated further al ong the | ength pefr/iid2608/006276
contactor the tenperature g7 ses abruptly. The gas
exiting the contactor 985 remains hot as the thermal
wave advances across the contactor. |f an optional

[mﬂel]ml Imtiise@difiplesa singie typetdfanicegporensaidsorbshehneshde
gas_stream 985 can al so be passed through the
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1035%1*9515@?@%“ il BEERA SFThe ERARDn on inFigwg 1A

arld t'h%tC(l)é\l‘:G@éerﬁﬁ%lo@lQﬁFgm%kaﬁf 963 domasg BuK6FHR contactor 941(a)
containing said first target gas conponent and a

ispessdhan SHaef tatpn tlenflpe gas dirpamc®ds conpri si ng: a)
provi di ng a tenperature sw ng adsorpti on gas
.unit containjn st, one adsor bent
l“@iﬁ thig Sxample; the gpicy QP%@&%bewﬁaSéflﬁ progerty that H,O

it a‘ﬁ%?%afﬁé%gé%@l i CERTR BimBle GF Ehterntuieolite
adsbebenb aiitethis propesy Rizealitd SASIF ot thidrZeotife 85 wedli 44 drlyodther
channels is conprised of an adsorbent material that

migaeperousladsorbent ;heftommaturé incseaseamden makecolespraadsorbed.
over said gr,oduca?ﬁ%as co e t of greater t

Thecmprgaliss HSgis tof adsomption g rtﬁeé%%)d
spggle§afh an) t%*&?B{b Meﬁ?l léc?rf'd{{p‘i kfgtgl dhr{hé %?niag}or 'fmd the

i
sorption aporlono S fTFs

thedBalGAFFOGENE Joh@d’@téxh eAﬁaﬁ_)tmnm Ste@arR 919 canivt Agwed bﬁmugh
materi al, thereby producing a first product gas

the lconﬁntorttbdtmhabe terhperaturewistoinfthe benthctost Steeaged19as

e&vgg ergtégtg gg} 1%gtlrﬁqr Egll’af lsni)ff)tvxlljr{ ?uogf);h %}?e hgaciltnlgr/]gooslfangdchannels
943(a) of the contactor. In the embodiment shown in Figure 11(a) it moves
counter-currently to stream 961 that flows through the adsorption channels. The
stream 919 removes heat generated by the heat of adsorption and forms stream
921 exiting the contactor that carries away most of this heat. In a different

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

[00133] 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



d) heating said at |east one adsorbent contactor

having said first target gas conponent adsorbed
woi20e9a8%s6M th a heat transfer fluid to an ef f @¢titv&2008/006276

tenperature that will resugg in the desorption of at

| east a fraction of said first target gas conponent

fromsaid adsorbent material, thereby resulting in a
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I'n the desorption step thereby creating a therm
outidt streampPeabeias o6 e antl thevadsdrptibarstap isweoitped.

tenperature gradi ent noves along the |l ength of the at
| east one adsorbent contactor and which _adsorbent

[09434hct The rae! HraamP63{mdinhefCQurerpevied)ds reutgddata @mtactor
i DTHT = H i THT. | t he. heat ..
o4 EL Bt pret Tesrpsraled A &5 Snderaginga A SepaAdditional
o 18 . .
cddl 35 pESaefif'the FloncBlfbrl bigeely GHidhf o7 £ n optionally be
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heatio giroeding| channelsrafshe cantastord4d4e). niktherséart oifi¢he bgoling step
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cdolidgoasverissudhahatsthe aempefatdrecd f the idoHtace@sncan ¢hd fiflet side 920
first target gas conponent is CO2. 5. The process of

is dowiamdatwersbvaep fronh doapted firtharradong thedepgihsefithefcontddtorethe
as, the firsgt tar as conponent is CO2, and at
tefRRAUEE Fitss AHPLY- e HAOE S 4hE Bis-ontaRtor D85 Femamschat as the
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the | engt
the thermal mass 983(c). When a thermal mass is used in the process the

thermal wave breaks through the end of the contactor and cools the thermal mass
before the cooling process is terminated. In this optional embodiment the gas
stream exiting the thermal mass 965 remains hot during the majority of the
cooling step. The hot gas stream 968 is substantially free of CO, and can be
vented or sent up a stack. 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).



the at | east one adsorbent contactor, is produced
during the cooling step f). 7. The process of claiml

woMdey aissket he adsor bent contactor has | ess thapcalagyihos/ 006276
20% of its open pore volung in pores greater than
about 20 angstrons. 8. The process of claim1l wherein
t he adsorbent nmaterial is conprised of an 8-ring
CLAIMSe. 9. The process of claim1l wherein the gas
m xture al so conpri ses a second target gas conponent,
wherein follow ng step e) and prior to step f) the
proc ss c ri ses.the sﬁ s of

Teast one o Sear SEISRHSED gBminin g st taheete oinanent
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ccﬁﬁlﬁ@iﬁﬂtvﬁudpmsﬁtdﬁ@rishﬁg will result in the
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t ar gt preMddingngptemeperature swing ddsarptioh@as separetipa/unit
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ectrng sai g vvast gas’ st ream

flowehanfclef ard Whe‘rcﬂn\m@ tRArthe$ siiffaté bEht Mast £LpSRfonSéf fadflow
has a hi gh nol % of said first target gas component

chahaelsds ndmmrsed d)f\masztdsogmt stateraah thatthasTanselpctivigy fordaid first
claim9 wherein said, '&d;‘ wast e gas stream has a
ta’rgeé B2% CAMPHNERL QUGTFAIEP Ct gageempaae Rater t %h
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fl ow channél s and a second fraction of flow channels,

tax/gee gas nospodent from theagasimixtarecbrite saiddadsoabéritanaterial |thereby
germal comuni cation with each other but not in fluid
Pregueingiac Atrsigodusiasaitiragndhat hasia lower mekys ofythe dirst target

e R RBRPE P 3 aPs bhBlien’ 1 ow channel's having
gﬂamggoélgﬁgﬁggtgﬁla%@qgg é&dstfgan§a| d adsorbent material;

d) heating said at least one adsorbent contactor having said first target
gas component adsorbed thereon with a heat transfer fluid to an effective
temperature that will result in the desorption of at least a fraction of said first
target gas component from said adsorbent material, thereby resulting in a first
waste gas stream that has a higher mol% concentration of the first target gas
component than said gas mixture;

e) collecting said first waste gas stream; and

f) cooling said least one adsorbent contactor to the initial temperature;

wherein a thermal wave is generated in the adsorbent contactor in the
desorption step d) thereby creating a thermal wave temperature gradient, which
thermal wave temperature gradient moves along the length of the at least one

adsorbent contactor and which adsorbent contactor has a ATy ranging from

about 0 to about 50 °C wherein ATyt = H/h wherein ATy is the heat transfer



fluid in step d) is passed through the second fraction
of the plurality of substantially parallel open flow
woCkeeigdes. 13. The process of claim12 wherei npchagas/nos276
m xture is conprised of a ) ue gas and the first
target gas conponent is CO. 14. The process of claim
13 wherein the flue gas is conprised of N2 and said :
dethsteniprratuittels ajuahés thee lsadt eank for icpe flicieiOand s t2 heat
of greater than 5. 15. The process of claim 12 wherein
rafcheequirenranént contactor has | ess than about 20% of its
open pore volune in pores greater than about 20
angstrons. 16. The process of claim 12 wherein the

adsof bent }'h% Pgﬂ?ﬂrﬁg%g? ethiff 1 %eﬁéiﬁid%gf)ﬁﬁ@ni its%erfozmeﬁ passing

process o erein the zeolr'te 1s selecte

tht hea tPhifeStlaid at aprdfeétiVe Wsorbbion tB@pefAGRS $hrolighlthé Bame
1 wherein the adsorbent contactor is further conprised

flow chenneld as saidogast maxtucdydhereby debaitbing at keast a portion the first
substantially parallel to sai bstantially parall el
taggst 825 COMPORSANIIG SaigHsat fransier dluids ni xture f1ows
t hrough said substantially parallel open flow channels
and said heat transfer fluid flows through said second

set pf flpHe Pﬁ%é@? bf clalfh 2 WiRrdlhAR€ hdatOkartsfey fuikBis co_mCPrised
wherein the Tlow direction of said gas m xture in sai

ofsstémmanti al |y parallel open flow channels is at a
substantially 90 angle to the flow direction of said
heat transfer fluid in said second set of flow

cdechbent THRpisESs BF SRIECL st o at Wkl i fourisgd of
fl§Phak attPfHeAist flrbyt P DrhFbnéR§NCO,0w channel s. 21. The

process of claim1l Whereih said adsorbent material is

| ocated on the outer surface of said substantially

paral l el open flow channels. 22. The praocess of claim

1 wher ei nTh$proggss phekaimedmihgeein the gag pripture dsicompeised of a

first ,adsorhent material and econd. adsor bent.
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gas conponent over sald product gas conponent and said
second adsor bent
6. The process of claim 1 wherein a thermal wave temperature
gradient, which thermal wave temperature gradient moves along the llength of

the at least one adsorbent contactor, is produced during the cooling step f).

7. The process of claim 1 wherein the adsorbent contactor has less
than about 20% of its open pore volume in pores greater than about 20

angstroms.

8. The process of claim 1 wherein the adsorbent material is

comprised of an 8-ring zeolite.



material has a selectivity of greater than 5 for a
second target gas conponent over said product gas
wocopaRssst . 23. The process of claim9 wherei pcting2008/006276
adsorbent contactor is comprised of a first adsorbent
material and a second adsorbent material, wherein said
first adsorbent material has a selectivity of greater
than95 f oTheprekcdss bficldiar hethegein the gas nerture\adso sanprises a
product gas conponent and said second adsorbent
seeand target gascempenentt wWhersin dollgying stepte) andpriasitostanit) the
second tanget ga corponent over said product gas
PrOSFSoTmpLiSes £he $ Sﬁﬁgcess of claimlwherein the gas
m xture is conprised of a flue gas and the first
target gas conponent is selected fromthe group
cons¢ Bthdatingfsaitbateleast @i adsOMbent @BnidXorrhaddng d4id first target
process of claim 24 wherein the product gas conponent
gascoxpporgdit and @ sad sesnddarggt gascomponentadsorbed thereon with a

adsor bent terial _has a selectivjt reater than 5
heab fraasfeq i &g ap &sifsstive a@nemﬂgﬁéh@ty wﬁLregsél i19 the daserption of
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that the gas m xture flowed through the adsorbent

congentation of the Sieé spcackmsgaifgas caimpdnenh thami said ges mixture; and
thermal wave durjng desorption noves through the
adso‘?nﬁé‘r‘i’t”e%ﬂg aelldo%eceeémﬁee&@s $tseae direction that
the gas m xture flowed through the adsorbent
contactor. 29. The process of claim1l wherein

adsorent TROprctes® bf bRIm® Whdlein3a Nkt W4 gﬁ’soéﬂ‘ea(?n hds a
about 10 OC. " 30. The process of claim4 wheréin the

highersmol¥dsifesagh firdt ttampetghs sompChicntathar shiddeicond swastd gas
| east 80 nol % 31. The process of claim 1l wherein the

StggdM-ni xture is conprised of a natural gas, the first
target conponent is CO2, and the product gas conponent
is CH4; wherein the product gas stream contains at

| easf],.80 TRE Pecess BE i PWReETh shitl {tBnd3Fadi ghd'sfeam has a

higher mol% of said second target gas component than said first waste gas

stream.

12.  The process of claim 1 wherein the plurality of substantially
parallel open flow channels are divided into a first fraction of flow channels and
a second fraction of flow channels, wherein said first fraction and second
fraction are in thermal communication with each other but not in fluid
communication; and said gas mixture in step b) is bassed through said first
fraction of the plurality of substantially parallel open flow channels having
channel surfaces comprised of said adsorbent material; and said heat transfer
fluid in step d) is passed through the second fraction of the plurality of

substantially parallel open flow channels.



32. The process of claim1l wherein in the adsorbent
contactor there is a local tdeiay/ ratio of greater

wol e 4396633. The process of claim1l wherein atpdra@bos®o6276
portion of step b) and at jxast a portion of step f)
occur sinmultaneously in said adsorbent contactor, 34.
The process of claim1 further conprising wherein: -
sai dl3.enp€heaproctss oif cthiadsD whicrein theighs nnirture s camprised of a
| east a first adsorbent contactor and a second

flegigas andhtheclivst target gasheonaponerids §&%. ni xture flows
through a first set of substantially parallel channels
| ocated in said first adsorbent contactor from a

pr ocegs ¢ [ ' ' .
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streamis retrieved; and- at |east a portion of first

adsor bent contactor product outlet streamfl ows

thropgh a,gsecond set,qf, syhstantially parall el
fs“gP'dngg r

chanhtl s ICROECTSP S¥hgreuydis aéjgﬂfbe@éﬁf’ﬁ@lcm‘ has less
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thgh RPb BRED S5 b Yol Bingf iy 8 ERAT AR BBEA 20
ampdfrehfient contactor fromwhich a second adsorbent
contactor product outlet streamis retrieved; and
wherein - a heat transfer fluid flows through a third
set of flow channels |qgcated. in sajd first adsorbent
cont Kot or ThpPEeresapd claimy 2 whercin the adserhanhis|comprasedypf an
8_t%gﬁr§ahi ecormuni cation with, but not in fluid '
¢ R&ation with, said first set of substantially
paral l el channels, froma heat transfer fluid inlet of
said first adsorbent contactor to a heat transfer
f1 ui b7.out Tke¢ podcessiofl cldinmst 6 adiereihehe zealiteds selecteddiramDDR,
a first adsorbent contactor heat transfer fluid outlet
SigmachgndLIMr38.eved; and - at least a portion of said
first adsorbent contactor heat transfer fluid outlet
stream flows through a fourth set of channels | ocated
| n spi.d SPROBELGS BE BRfn  WHeRéth the W diBeRPehthaE I further
set of flow Channels are In thermal comuni cation
comprisedoof second iset 6f flodr chamauRithat aremotistibstastiallly peedietito
set of substantjally parallel channels, froma heat
said sybstantiallyiparallel epervfloyghanselsondiersris saisbgas mixture flows

thgmgcgég%ﬁ%%qf}yaf)a}aﬁlgpgf)gr{ ﬂ%lwuél(ljan%lé}sl gr}d gafid %%Ia'g transfer fluid

flows through said second set of flow channels.

19.  The process of claim 18 wherein the flow direction of said gas
mixture in said substantially parallel open flow channels is at a substantially 90°
angle to the flow direction of said heat transfer fluid in said second set of flow

channels.

20.  The process of claim 1 wherein said adsorbent material is located

on the inner surface of said substantially parallel open flow channels.



contactor wherein a second adsorbent contactor heat
transfer fluid outlet streamis retrieved; and wherein
wo200d136dsow of the first adsorbent contactor padus2bos/006276
outlet streamfromthe first adsorbent contactor to
t he second adsorbent contactor is substantially in
cocurrent flowwith the flow of the first adsorbent
cont 2tt or The ptodesansictding 1 wittreintdaid addorbemn atenial ielocated
first adsorbent contactor to the second adsor bent
or et ewtenpurfa®: offysed subyantialby patallichppen fownehannels.
conprising wherein: - said tenperature sw ng
adsorption unit contains at least a first adsorbent
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gas mxture rou rst set antla ly

cdinpibeEof & fiasinrlssrient ma‘iérlalrmﬁfia ﬁecfdrfdsddsorbent materlal wherein
adsor bentcontactor froma process gas inlet of said

safid fisst adsorhremt mateniak hastaseledivitypobgreaterghan §for emdcﬁrst target
said first adsoraent contactor fromwhich a fi

2asImpnt Oy RE said produdt Aascogpanent and g segond adsorbent
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ovilsalf p ﬁj@g@f%mw}h pynéx@r al l el channels located in said
second adsorbent contactor froma process gas inlet of

sai IoI sec]?nd _agsor benf}I c(cj)nt actor to a pr ocefss ga\?\lh ]
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gds| comiparemtionersdid prodindtigas santponeat and said setond adsorbent
substantial ]y parallel channels, froma heat transfer

matemaé hay, p selestiviyof exeatenthands Eirsaid secomddarast gas camponent
%ffc :asuﬁﬁ fluid outlet of said second adsor bent
Ovce&?ta KIS 3T URO gféIgOnd adsor bent contactor heat
transfer fluid outlet streamis retrieved; and - at

| east a portion of said second adsorbent contactor

heat24.r an¥heprddess df oldilmel whersiarthé igasvmiktureugbomprised of a
fourth set of channels |located in said first adsorbent
fleogasendthefist rargelgascanaporsntis seleeted frandhe geoumconsisting

of WatelP0,, SO, and NO,
25.  The process of claim 24 wherein the product gas component is N,.

26. The process of claim 25 wherein the adsorbent material has a
selectivity of greater than 5 for said first target gas component over said product

gas component.

27.  The process of claim 1 wherein the thermal wave during
desorption moves through the adsorbent contactor counter-current to the

direction that the gas mixture flowed through the adsorbent contactor.



communi cation with, but not in fluid conmunicati on
wth, said first set of substantially parallel

wochengdée froma heat transfer fluid inlet of pgaintk2008006276
first adsorbent contactor #0 a heat transfer fluid
outlet of said first adsorbent contactor wherein a
first adsorbent contactor heat transfer fluid outlet
streamis retrieved; and wherein - the flow of the
first adsorbent contactor product outlet streamfrom
t he 28.r st Thelprodsssof ¢lamak wherein the therawd vwaveodwing nt
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29.  The process of claim 1 wherein adsorbent contactor has a ATyt

ranging from about 0 to about 10 °C.

30.  The process of claim 4 wherein the first waste gas stream has a

CO, concentration of at least 80 mol%

31.  The process of claim 1 wherein the gas mixture is comprised of a
natural gas, the first target component is CO,, and the product gas component is
CH4; wherein the product gas stream contains at least 80 mol% of the CH,

present in the gas mixture.

32.  The process of claim 1 wherein in the adsorbent contactor there is

a local tyelay / tise ratio of greater than 2.

33.  The process of claim 1 wherein at least a portion of step b) and at

least a portion of step f) occur simultaneously in said adsorbent contactor,

34.  The process of claim 1 further comprising wherein:

- said temperature swing adsorption unit contains at least a first adsorbent
contactor and a second adsorbent contactor wherein the gas mixture flows
through a first set of substantially parallel channels located in said first adsorbent
contactor from a process gas inlet of said first adsorbent contactor to a process
gas outlet of said first adsorbent contactor from which a first adsorbent contactor

product outlet stream is retrieved; and
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- at least a portion of first adsorbent contactor product outlet stream flows
| through a second set of substantially parallel channels located in said second

adsorbent contactor from a process gas inlet of said second adsorbent contactor
to a process gas outlet of said second adsorbent contactor from which a second
adsorbent contactor product outlet stream is retrieved; and wherein

- a heat transfer fluid flows through a third set of flow channels located in
said first adsorbent contactor which said third set of flow channels are in thermal
communication with, but not in fluid communication with, said first set of
substantially parallel channels, from a heat transfer fluid inlet of said first
adsorbent contactor to a heat transfer fluid outlet of said first adsorbent contactor
wherein a first adsorbent contactor heat transfer fluid outlet stream is retrieved;
and

- at least a portion of said first adsorbent contactor heat transfer fluid
outlet stream flows through a fourth set of channels located in said second
adsorbent contactor which said fourth set of flow channels are in thermal
communication with, but not in fluid communication with, said second set of
substantially parallel channels, from a heat transfer fluid inlet of said second
adsorbent contactor to a heat transfer fluid outlet of said second adsorbent
contactor wherein a second adsorbent contactor heat transfer fluid outlet stream
is retrieved; and wherein

- the flow of the first adsorbent contactor product outlet stream from the
first adsorbent contactor to the second adsorbent contactor is substantially in co-
current flow with the flow of the first adsorbent contactor heat transfer fluid
outlet stream from the first adsorbent contactor to the second adsorbent

contactor.

35.  The process of claim 1 further comprising wherein:
- said temperature swing adsorption unit contains at least a first adsorbent
contactor and a second adsorbent contactor wherein the gas mixture flows

through a first set of substantially parallel channels located in said first adsorbent
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contactor from a process gas inlet of said first adsorbent contactor to a process
gas outlet of said first adsorbent contactor from which a first adsorbent contactor
product outlet stream is retrieved; and

- at least a portion of first adsorbent contactor product outlet stream flows -
through a second set of substantially parallel channels located in said second
adsorbent contactor from a process gas inlet of said second adsorbent contactor
to a process gas outlet of said second adsorbent contactor from which a second
adsorbent contactor product outlet stream is retrieved; and wherein

- a heat transfer fluid flows through a third set of flow channels located in
said second adsorbent contactor which third set of flow channels are in thermal
communication with, but not in fluid communication with, said second set of
substantially parallel channels, from a heat transfer fluid inlet of said second
adsorbent contactor to a heat transfer fluid outlet of said second adsorbent
contactor wherein a second adsorbent contactor heat transfer fluid outlet stream
is retrieved; and

- at least a portion of said second adsorbent contactor heat transfer fluid
outlet stream flows through a fourth set of channels located in said first
adsorbent contactor which fourth set of flow channels are in thermal
communication with, but not in fluid communication with, said first set of
substantially parallel channels from a heat transfer fluid inlet of said first
adsorbent contactor to a heat transfer fluid outlet of said first adsorbent contactor
wherein a first adsorbent contactor heat transfer fluid outlet stream is retrieved;
and wherein

- the flow of the first adsorbent contactor product outlet stream from the
first adsorbent contactor to the second adsorbent contactor is substantially in
counter-current flow with the flow of the second adsorbent contactor heat
transfer fluid outlet stream from the second adsorbent contactor to the first

adsorbent contactor.



