SORBENT FI BER COVPCSI TI ONS AND METHODS OF TEMPERATURE

SW NG ADSORPTI ON RELATED APPLI CATI ONS [001] This
wa@p@ioeari on cl aims, under 35 U. S.C. 119(e), PEEUS2008/068587

benefit of U S. Provisional Patent Application Serial

No. 61/051,595, filed 8 May 2008, and U.S. Provisional

Pat ent Application Serial No. 60/946,475, filed 27

June 2007, the entire contents and substance of which

are hereby incorporated by reference as if fully set

forth bel ow. TECHNI CAL FI ELD [002] The vari ous

enbodi nents of the present disclosure relate generally

to sor bent N

vari ous en% BEWWFW%IWJQ@@I O@E‘@%@’QF

di rect ed t owar dSTEMPERATURIDSMWANOADSORPIIANUr e swi ng
adsor ption processes. BACKGROUND OF THE | NVENTI ON
[003] Coal plants provide the majority of the United

5t aRESATPDWPPLEOWTIINS maj or poi nt sources for

O BRI opi na R e eE A Far Ry Bl ol i eha et US

st aprb@RiSnAtPagent abpllc\&tiblc Bel\MﬂNo aﬂmsg Beﬁtﬁlyd qu{ay 2008 and U.S.
at m)spherl ¢c. CO | evel

PovP USRI Palat APelcpin S S (e st vieues 30 o entire
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approximately 9.2 tons CO2 per mnute, or 2.2 | bm

1ocpierinkelevor 500 MW . I ncreased concentrations of CO2

in the earth's atnosphere aggravate the greenhouse gas
effect and |l ead to unwanted clinmate change, with
CONBECHRIEAT P $H of extrene weather, rising sea

| evel s, and adverse effects on agrlculture and

bi d@0%er si t yhe Vhiigps ephafinfenisead the aresent giselpbute rgdatp generally to
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landigdsstireefie editacied towtuhlo dortfeor fiBES. fof 0@Ujerafime PGng avlearption
st Séro&ssesnfrastructure is aging, and current carbon
capture nethods are prohibitively expensive to be

i mpl enented as-is. Wiile integratedgasification

conmbi ned cycle (1 GCC) power stations and natural gas
conbAOBGROKEVIR OFHNGBICINYBMEIONSt at i ons of f er hi gher

ef ffﬂﬁi"]enCi e%oa n&antg Vﬁ/reorxllc%nhg ?na]oor}l v o% I116: gmted States” power and are

20  major point sources for greenhouse gas emissions, such as carbon dioxide (CQOy).

Developing countries are rapidly building coal power stations at a rate which will add
greatly to atmospheric CO; levels. The most common form of coal power stations are
Pulverized Coal (PC) type stations, which typically produce about 500 MW and
release approximately 9.2 tons CO, per minute, or 2.2 1b,, CO»/kWh (for 500 MW).
25  Increased concentrations of CO, in the earth’s atmosphere aggravate the greenhouse
gas effect and lead to unwanted climate change, with consequent risks of extreme
weather, rising sea levels, and adverse effects on agriculture and biodiversity. Thus,
coal fired plants provide prime targets for carbon capture and sequestration (CCS).

Accordingly, there is a great interest in efficient and cost-effective methods for CCS.

30  [004] The PC power station infrastructure is aging, and current carbon capture

methods are prohibitively expensive to be implemented as-is. While integrated
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infrastructure al so needs CCS retrofits for effective

climate change mtigation. One of the main hurdles for
w@amwoiossithe cost of capture. For effective eni BGI/US2008/068587

controls and sequestration, it is believed that CO

shoul d be captured at greater than 75% purity and

conpressed to a pipeline pressure (e.g., about 1500

psia) and subsequently conpressed to an injection

pressure (e.g., about 2300 psia) . The process of

post conbustion CO capture with | ow pressure feeds, |ow
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f i xieduspedisacippearcddaherigticified. adsor bent material (e.g.,
granul es, particles) are generally packed and
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ads@t/gti on/ regeneration cycle in sequence. Several
di fferent regenerati on nethods have been used

2conpoes]ci al | Wank nedusidiahgdsarpfite pideBessmk rgrriad ©or ot fix@d-bed type

(TR P S8 <P RA (o BELe (B R P ety packed and
adsiaii®ilized sh 4 &FRALERY QL1 D sIRY Bl GniMuteliefignated for separation is
passed through the packed column, the adsorbable components in the mixture are
taken up and retained by the adsorbent as the adsorbate, and the non-adsorbable

25  components pass through the column via the void spaces among the adsorbent

granules.

[007] For continuous processing of a feed fluid mixture, a multi-bed system is
used in which each bed goes through the adsorption/regeneration cycle in sequence.
Several different regeneration methods have been used commercially, including a

30  pressure swing adsorption (PSA) process and a thermal swing adsorption (TSA)
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hot gas. Each heating/cooling cycle usually requires a
few hours to over a day. In the PSA process, adsorbent
W0 eenmexiati on i s effected by purging with a poP@T/O82008/068587
the purified product gas at reduced pressure. The
t hroughput in PSA is generally higher than that of the
TSA, since faster tenporal cycles, usually in mnutes
to hours, are generally possible. [008] Apart fromthe
adsorptive capacity of the adsorbent, the adsorption
rate and pressure drop are two inportant factors that
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adsorbent, will, therefore, result in a short adsorption step and inefficient use of the

adsorbent capacity.

25 [009] Both the pressure drop and the mass transfer resistance are strongly
influenced by the size of the adsorbent particles. Changing the particle size,
unfortunately, has opposite effects on these two important factors. The interstitial
space between the adsorbent particles in the fixed-bed is proportional to the size of the
particles. Since the resistance to the fluid flow through the adsorber is inversely

30  proportional to the pore size of the packed bed, the use of small adsorbent particles

will cause a high pressure drop. For this reason, the sizes of particles of commercial
3



proportional to the pore size of the packed bed, the

use of small adsorbent particles wll cause a high
wW@e@eoedel dr op. For this reason, the sizes of PEF/USWDEB68587

of commerci al adsorbents for fixed-bed operation are

generally larger than 2 mmin average dianeter. [010]

In addition, alnost all the surface areas of

conmer ci al adsorbents are |l ocated at the interior of

the adsorbent particle. For adsorption to occur, the

adsorbate needs to be transported fromthe external
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25  liquid-gas column absorption based on chemisorption of the CO, into liquid alkyl
alkanolamines, such as methylethanolamine and methyldiethanolamine. Aside from
the intensive energy requirements for solvent regeneration, this capture technology
suffers from several problems, including the need to handle large amounts of

environmentally hazardous waste, corrosion, entrainment, flooding, and weeping.



suffers fromseveral problens, including the need to
handl e | arge anounts of environnentally hazardous
WQREPM)31CDr r osi on, entrai nment, floodi ng, and PCT/US2008/068587
weepi ng. [ 012] Accordingly, there is a need for
conmpositions and net hods of adsorbing at |east a
conponent of a nmedium characterized by a relatively
smal|l particle size and yet still able to operate with
an acceptabl e pressure drop. It is to the provision of
such conpositions and nmethods that the various
entl§#2lment s Agfordinglyptheséne n¢qd\femqrmmsiao@ agid meghtodel of adsorbing
SuU r . .
R oot PR E A RARRLS LB e Bl SR el soe and
adswx bdhdbld u0bnperateo>vrpw detcapmble dvbrsere |dmpt IIlt:lsl kathé provision of such
o rSB PR By G s Brb T B 3 an BR T Piarr S0 anon e
% engiecatiur e swi ng adsor pti on processes. Broadly
descri bed, an aspect of the present invention
conprises a sorbent fiber, conprising: a hollow fiber
| east one sorbent material; a |unen
gg@%@%“@fthln the hollow fiber; and a barrier |ayer
I i njomg] t he Ivuﬂeurs tabglievantoff del ;desE@trTEﬂJl/BhtCo&it ieu@ndlrected to the
bet ween the | unmen and the sorbent materi al 14]
hol $o8ROffpRANE 43f PLAYSRERENC HPRS rSoswositions yW@Fe ﬁﬁfl?"rli(ly’ |VArious
1AN &daghdRndt B pfeE@lt ﬁfs@l%ﬁﬁ‘é afe MRk @vardRIsOBEN rHi%fterlals and
matri x can conprise a plurality of tortuous pathwa
The!M§iF Bican itgypesture éWtI@&Ggoraa%nmwése&aﬁr%weﬁ%@%ﬁa aﬁﬁect of

DI e Pesedt MvERR b SpriRs H@@f%}f? FiferOfontpridiie! PIRIHOG: fiber comprising
wherein the one or nore of a m cropore, a nesopore or

a nﬁééWpWéO@F@ mzﬁerfql Ui e sitoered atithinthe ipkkovh §pgrogad a barrier
f ' bl%;erqﬂlﬂl ¥ @&? ﬂhfﬁn&%ﬁﬁun‘fcraﬁéﬁ‘ bét%&ﬂ ﬁﬁghﬁnen and the

di mensi on o about 100 m croneters. unen
Idi syedwedmatetidl. the flber can have an average | ongest
cross-sectional dinension of at | east about 55
m cl0dhet er s A Tikbowofibenwedn be‘thet aempese agpolaner apprix.  In an

lg ? 2 1 e{i n?t{%l? 3 @E g%elsé‘]? ﬂve% %&F‘%ﬁr nL g—ﬁséan héeﬁ% glﬁrality of

conprouge pathwayrr ﬁdme(phgamy] df toapous |pglpngajcaatcomgnd‘¢ one or more of a
Ion i tudi nal he non-

1CI‘06)OI(?O % Smer%o OI‘G Ohil lL_I)IlﬁltCI‘O]pP WP% rel(l’)lutﬁ% O{lé‘h g S%Of hCI‘OpOI‘e a
2(b ar Im:seporb aye ITnaCﬂ)pOﬂ&alV@mthll(aV@maglﬁcdtlan Hhe a6l flbcﬁs;ﬁn have an

than a 03% 50 n1cronet éﬁmﬂ# 1%% IQe S er @ mat er i al
s TR I8V SHA AR GPGPIH et RS EooRt 0 PG
lumen disposed with the fiber can have an average longest cross-sectional dimension
of at least about 55 micrometers. The hollow fiber can have an average longest cross-
sectional dimension at least two times greater than that of the lumen. The hollow
25  fiber can comprise a non-porous end cap disposed at each longitudinal end of the
fiber, wherein the non-porous end cap does not inhibit flow through the lumen. The

barrier layer can have an average thickness of less than about 50 micrometers.

[015] The sorbent material is in fluid communication with at least a portion of
the plurality of tortuous pathways. The sorbent material can have an average longest

30  dimension of less than about 10 micrometers. The sorbent material can comprise less
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the plurality of tortuous pathways. The sorbent
mat eri al can have an average | ongest di nension of |ess

W@ b@o/osdaout 10 micronmeters. The sorbent mat eri BCT/U82008/068587
conpri se | essthan about 80% by wei ght of the fiber.
The sorbent material can have a selectivity for carbon
di oxi de over nitrogen of about 10 to about 60 and a
heat of sorption of about - 25 kJ/(nmol CQ2)to about
-90 kJ/ (rmol CO2) . [016] An aspect of the present
i nvention conprises a fiber-based adsorption
contharcabont 0% by weighted ttioy fiteonBhe witegt matenigablave a selectivity for
co [ t e
o TagioR ettt P ATk 70 B ool Al TpARTDANY & o
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inlet and the heat transfer fluid outlet; an
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?ﬁ?‘fvﬁd@r gieaq lle%@al db ﬁgtnt égng (fz %Sﬂ@ﬁt '"I"ﬁL: Hi?ilf?}? 611 %118&/ fibers

ef| orption cohtactor can
15f urfukbar compryes geeral d@p dde%edatt aarh hgigfdirate¢ndyd thediber effective to
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adsorp on con oM C4n or feed streans
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o O HER iR e e e Py ot Bl Fpudeis poicent

confiteed ormaﬂb&a)asbﬂeadsb@uant@maetbatcuﬁ EbeSWHI@d for feed streams
adsorption process. In tenperature sw ng adsorption

pr gRaRssing gdluRgat NpRE &t ifuehﬁ%fr Bih &b roVhEde BAtiages wakr coal

be yat afr, oVal @hrb¥RRMExideSEoRAMingd dfodivd. CORDIBALHRES adsorption
thereof. [017] An aspect of the present invention can

congontaster 5athBe Mesd B A EHPsFaBIT gwglg adsorption process. In temperature

25  swing adsorption process, the heat transfer medium for the contact can be water,

water vapor, steam, gas, or combinations thereof.

[017] An aspect of the present invention can comprise a method of adsorbing a
component of a medium, the method comprising: contacting a medium with a hollow
fiber comprising a plurality of tortuous pathways, a plurality of sorbent elements in
30  fluid communication with the plurality of tortuous pathways, a lumen disposed within

the hollow fiber, and a barrier layer lining the lumen to prevent fluid communication
6



conmponent of a medium the nethod conprising:
contacting a nediumwi th a hollow fiber conprising a
wEkweabilty of tortuous pathways, a plurality oPCHUS19681068587
elements in fluid communication with the plurality of
tortuous pathways, a lunmen di sposed within the holl ow
fiber, and a barrier layer lining the lunmen to prevent
fluid conmuni cati onbetween the lunen and the plurality
of tortuous pathways; and adsorbing a conponent of the
medi um A nethod of adsorbing a conponent of a nedi um
c anbefwaren tiger lumempid thepldedior ditergpouhpatiewaypomdntisogfing iheomponent
mec U, AJFANOL Rln@ISPL BRI COIBERGNor Of 1 IRt Rurther
can further conprise preven 0 fou comuni cat 1 on
betwmmset hiesontgdg ulm amdpancheaf tlex oledinge mednaimd dhHhedsorbing a
gas lI'Ir{rBo%&rtTp“ Sen?edfulfnlil ecagat%tthgr E:ol'ﬁrlpanse ggrre\?en 1ng ﬂu%a cbrpglélr%catlon
x armedltmdﬁumamt alhlat mgchmgh madluﬁﬁh ahe mmmnempmaﬂ fine gas,
select

d f
o I 37 R R Bt sy PSS A PR DRL: fheer @ carbon

nedilbbfﬂld SOnftduuﬁg gR8iunANThel dBIPOMMRAEDE sdidtedAERIOITO,, SOx, NOX,
di oxi de. In an enbodlnent of the present invention,
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SOr Hi€Nind eleQBBPbSent A r&aﬂﬁaﬁ{ ioRids elnemtenitotiynehOdt tReiSdehi iAGention,
CO over nitrogen of eater than 5. The cycle tine

1 et the didaige 6@ MREIsa 4 < Pdi ooyl banobent| dyrenthey have a

ab oslétect%vﬂ? tﬂpﬁcﬁ&'bm[g%l@z] ovel ﬁl@S geﬂ%@gféﬁér fﬁgﬂj 5 f ?ﬁé WC%SUHQJ between
enbodi nents of the present invention wl becone

appafentiva alserhoaestapt car b Iawrthangiepyt|2 mlmutChe art, upon
review ng the foll ow ng description of specific,
exdfiptlary eftrsdinspeeic gndfeaturrs op ebedimentholehe pEsert mnventlon will

CcO e ,gu
SO0 A e ORI R TR g g

1% hisb¢ropwof i dlespesdimp osietipbny coomodingingsg 0énthad31@$dnennventlon in
| SRE mer matrix with an
adsce%ElJo foql Vz??ie;lég% }(n%ntyn%cf%mktéh a plurality of

adsorbent materials (B). [020] Figures 2 A-B provide a
schematic of a perspective view of a cross flow
conB&IﬂFd)ESﬁﬂﬁﬁifI@ﬂ@gm@WalNGSr (A) and a transparent

r (B) 021 [ e 31is ter di agr.am
il ﬂﬁ? rati ngléuﬁe ]tl)o‘lgy}pnglilysg%tfeveh@}or%r? o vrg?ﬂm S8 GlPeRTS an
2( 02ddporberg uraeeridl dispetsed ahreerpdli@er thattis tvitAtah adsotteet idaemxe (A) and

Swi Clpa Bl%ra?lty (%Ssorbent materials (B).

[020] Figures 2 A-B provide a schematic of a perspective view of a cross flow

contactor comprising a chamber (A) and a transparent chamber (B).

[021] Figure 3 is a ternary phase diagram illustrating the

25  polymer/solvent/non-solvent solution.

[022] Figure 4 is a schematic illustrating the damper switching between

sorption and desorption modes.

[023] Figure S is a schematic illustrating an RTSA system design overview.



sorption and desorption nodes. [023] Figure 5 is a
schematic illustrating an RTSA system desi gn
W@®PWIaM [ 024] Figure 6 is a schematic il ustPEL/USZPOHOHS587
overview of the fiber sorbent RSTA system i ntegration
into a PC station. [025] Figure 7 illustrates provides
m crograph illustrating the "sieve-in-cage"
nor phol ogy. [026] Figure 8 is a schematic illustrating
a pressure decay sorption system [027] Figures 9 A-C
are scanning el ectron m crographs of a fiber sorbent
(A 024 Zeol iFigurd FXisdi sphemsticoluftmBingtaggoveryicw o Heufilps gorbent
acekat £ RN niolfihe idpd 3upAT L1 Cl €S exhi bi ting
si eve-in-cage” norphology 1n'a cellul ose acetate
mat by (C) . i . ' l. ' Slher
sor@%ﬁt S ang quﬁggrlﬁgsgg%gﬁ%ggggn%g&gé i?ﬂél llﬁlésgrt%ﬁllé%?{lrlé gl%‘%ﬁb]cage
Fi guemphdldgygr aphi cal |y depicts the mass transfer
conpari sons between pure 13X and sorbent fibers
enbi@deed wi Figut@Kis { ©BONati€iildustratie2 pressare sle@y RnPgon systen.
el ectron m crograph showi ng the porosity gradient in
fi H@27]lsor beRignre] V34¢ aeisgumag eledtrdn Bicawgaps @hanfibg sorbent (A),

el ectr LCF.oar.a of,a. PVDC | unen | ayer. :
ol GEET BRI Ll oM Dl BYBE ) Rt
i s exhibitangrisiag:-mtagd roorphalegyognapliulok acethtematrixl (&Y.er
with visible pinhole defects. [033] Figures 15 A-D are
schié2qit i cs dliguae t Ypi graphidadlly| depidts béber op@batd amd( Aper aorbent
14 unen Ioa T OSM ass in fiber sorbents (B), capillary
orc i ' %lbn&-treat ment were responsi ble for
acrylic cappin fiber tip.(C. and capped fiber ti
o 28 TonE e L fapiaut B e 35 ERERE obRRin b ueen
Scapink MK aldesotteantiberscanggddgdhviaf 13&. PVDC capped fi ber
ti p. DETAILED DESCRI PTI ON [ 035] Medi um separation is
| mpi0Balant | Wigoee i1Qus & ndansingi @sctronN@icusbirapy thotvinothe porosity
[im t(gd t o, thebgrhoductl on of fuels, chem cals,
pet¥0 ?fgﬂﬁ@l%ﬁr§?r Y specialty products. The term
15, Mol S phineh DPASE ] QhnSOMUROLSNE AR B §FVDC men

layer (A) and a close-up acrylic lumen layer (B, C).

[032] Figure 14 is a scanning electron micrograph of a lumen layer with

visible pinhole defects.

[033] Figures 15 A-D are schematics of a typical hollow fiber operation (A), a

20  lumen layer bypass in fiber sorbents (B), capillary forces during post-treatment were
responsible for acrylic capping of fiber tip (C), and capped fiber tip with no lumen
layer bypass (D).

[034] Figure 16 is a scanning electron micrograph of a PVDC capped fiber
tip.
25
DETAILED DESCRIPTION
[035] Medium separation is important in various industries, including but not

limited to, the production of fuels, chemicals, petrochemicals, and specialty products.
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fluids, liquids, gases, solutions, suspensions,
powders, gels, dispersions, enulsions, vapors,

w0 b@oabdiel mat eri al s, nulti phase materials, or PCT/US2008/068587
conbi nations thereof. A medium can conprise a feed
stream A nediumcan conprise a mxture of a plurality
of conponents. The term "plurality" as used herein
refers to nore than one. [036] Medi um separation can
be acconplished by many nethods that, assisted by
heat, solids, fluids, or other nmeans, generally
explhei term Keediufif eis enesebertin fohysivenikna@naidotefesh eeriepdlly to many
pro ti f e n ? t : .

tﬁ’tﬁ? &, haﬁldg) ag%a?og@%g Sgl e‘?l%&?sé gxl)vgeh%g ?% ﬁgg?r%:llg%ﬁ, emulsions,

I [ qupélaciﬂovmblecmatbxyammmuphawgnama@demommnnatlnmmerbc&l A medium
thacganpcroef ggeeg %l ltl)éar etglme o ce?n 2 rfc'sea RS o? & 1u1¥111t of
r et ' ned'Por® 4d<or conponen ARVE % P P y
T ea@Mpynatisd?hbeﬁmcmnmﬂmﬁms usdd Hehﬁn G&Ss 1 drel than 0[1@37]
One such commercially practiced gas separati on process
S mﬁﬁmeratm&ﬂh&mﬁm@madsﬂmmbh&mn@ﬁﬁkﬁbyﬁﬁ&y@ﬁﬂnﬁﬁSQSaﬂm&ﬁ

e ei.n. a bed of adsorbe
il R g Tl B S R R S e R
medind/or cBfdichingbpdring @d@ercbapbneasdol lﬁe ie@@&té&r o bxample, gas
(rel easing the adsorbed conponents) I ncreasing the
te nsﬁgfir%ﬁotﬁlrcén 8¢ aochff‘é(e%@dpafflﬁé‘s]lef%@@ﬂr 'BY Yiging ag gffsorbent material

1(C O N &&el@ﬁ@ﬁl@r@ﬂafn‘s ak a@s@ﬁﬁ rapthbi@effily 3étain€ 8t ad®B®ed component
conmponent of a nmedi um by an adsorbent materia

r el glafiveetoradesy readd v adiods entef thsteaemi¥yrponent s i n
the nmedium The total anount of the at |east one
cordflent ad®eFHBCORHRHTIRINEPTAE P AR Sepyation ygcess is temperature

ad SQ¥iRd 'a@s%r;ﬁ@ﬁ agkhy OfsA REmPARSDEREesIBIREdifRla) beANSF Ld¥8rbent
selectivity of the adsorption for one conponent over

anob#erial EoHpbIeRPATYE ORher A CURPONSRIA oBfaf rtriwn Pipmedied. and
1§3y AAF Y 1 rﬁeHP b@(ﬁjs@ Qéeh&gteﬁrgé:l@a%ﬁlguﬁge ds&B@&'ct) mPonents) by

pressure and tenperature conditions oth pressure
andin¢rersprerthg '@meelﬁ’alye ¢frilid bednce t he adsorption | oadi ng

of a conponent of the medium [039] An adsorbed

confd¥lent ofA ASAeripeayy can chivpriespreistedtifly aslprgrion of at least one

ads of DS Rne TR Glehifbhn bé’%f ﬁJstblaﬁr}nﬁéna? ré“i&HIB %‘ & Q%cio% %Hﬁn@onent or

becau e adsorption i ernms are strong uenc
by thenwemablwne inThe sl,edlhmg thmmotaﬂ |amsurufof aher: amlp@n em cghponent

2(? add orHrH Fr tge }u{flnl L. e ey ac?s 1ror? CQ cffilt 0 9} adts%rbent material)
ameatne dsorpti on PSS €T , w t'h

r el aeske &ﬂecavs)t bbtmglaylsdmimh foo nmcmnnonheldvgr poger bbepdngnt of
means of

€ medlum 9an often be improved by operating the adsorption process under specific
pressure and temperature conditions, as both pressure and temperature may influence

the adsorption loading of a component of the medium.

25 [039] An adsorbed component of a medium can be desorbed from an
adsorbent material. Desorption of a component occurs because adsorption isotherms
are strongly influenced by temperature. Thus, high purities of a component of a
medium can be obtained by adsorbing at low temperature, where adsorption is strong,
with the release of a strongly held component being possible by means of high

30 temperature for desorption. As compared to pressure swing adsorption (PSA), TSA
9



tenperature for desorption. As conpared to pressure
swi ng adsorption (PSA), TSAcan be operated in the

W@ ad0g0exi7on regi ne of the isotherm which provPdEES208/068587
advant age for capacity and range of utility of an
adsorbent material. In TSA processes, heat for
desorption may be supplied directly to the adsorbent
material by flowing a hot desorbent mediumthrough the
bed, or indirectly to the adsorbent material through a
heating coil, electrical heat source, heat transfer
median e oprathd et thesetiratimgargimawb iy ivthvensyhinhpiokidey @ ddyantage
| nt S | t t '

118?%% /-{%/ az@%%‘%% Iﬂtée OP aﬁ Fﬁoﬁgﬁtﬁﬁg Sl, gﬂ;’?/%? g?rjcesses, heat for

dl s&dupiitrages . beFmppbechdmoely nonthdialdscubdny tiveatag dy TiBAving a hot
g(rjg%rsopr %m % Ehrourga t%eebcfdh o El 13%:}1' 3{0 ‘_the O o(%bénrt]trrr% lﬁlrough a
N ov&uﬂg ccn]h elemeatteat dgobeet Mpexrafeu hediuns @r hédn excrhan@r among

flu ded. Thi the d
of st C&%ﬁ‘eﬁe@t&ﬁ%ﬁs&ﬂ?@wﬂw@ hpdsiopgitls "

e MO and e Lo 0 o, o, R AT LS

I ecdireetipidated TIN pROBGAS BS, Il dypiadllyl Bovdlthrough the adsorption
recover abl e because many directly-heated TSA systens

ar e>gperaicdhc WSPWCP%H@P%H&@ B?W‘?Yﬁr i ggaigrehy tempﬂréﬁ}’é‘) rise, the

18N B Gl SMAY it Bbede@IFNR &It thé AR Bersibh b ME BRI cbMBonents
occaS|onaI and gradual regeneration of the adsorbent

mat 18Rl 3Ee ¥ilves ofleadng Bedighcwd thedfies AmapRy of pesfrhat is used to raise

varth@taas%%nt RnfeMRsd (eS8t irRBBAbIE. N3, s&AO RS, the heat is not
difficult to manage in an otherw se steady state

pr d@@@/@rableabﬁcauspnr_nﬁm@ directhythpatad ab e sYSpNs st epgyatedhggith long
a
di Paljl?&gtz&gt?rhésﬁ b éfaps) aan!i] Sftkch %Q@%@ﬂmatﬁﬂ ﬁ"ne \ngtgainore the

orbed conponent
1% r aovsdseamahed{] ugndisdvwegeaeratine aef mnagf@m@m raxierial hgives rise to

Cycéoingenﬁgttn## £dC v{/ lejlartl % L J%ﬁ]%&gagn I rRénQ Cfl?a% 2T bd defﬁ&llt to

present TCurt] es. vari o
adsoapee ominehdrocs sthaiyestdn@pmcecss phaet din aidnyctpzrtaaated aed systems
over the earsl,ldth%he stil rema ns.a n inth

a

f or hipFoved PRWI Y aashg?tp?xf%aﬁlg b “%1‘ aVOl luté% f § atsorbed

wh esongpe pa zbty |t]ﬁnghéa0trﬁmm rhdditen gasveasd héam mlam)gealent and the cyclic

G M NG LI ——

li kﬁvmgi‘afcgb@ﬁﬁrf)methﬂwmkfébf[eﬁ[@bﬁﬁﬁf&alllyipke&tlé&lrdv& the years, there still
t hroughout the several views, exenplary enpodi nents of

t he®Pras dieeq IBRET o MIPFIveth éw’di‘éﬁl?qﬂ%)d‘ Pheflst garyicularly when

Thr gpahgist coNirSnASE LhPLHOMRdT NRE iefiitSent ABPONBEH: Seh@Med @ the
identified having specific values or paraneters,

howkh@ption pyagess.

25  [041] Referring now to the figures, wherein like reference numerals represent
like parts throughout the several views, exemplary embodiments of the present
invention will be described in detail.  Throughout this description, various
components may be identified having specific values or parameters, however, these
items are provided as exemplary embodiments. Indeed, the exemplary embodiments

30 do not limit the various aspects and concepts of the present invention as many

comparable parameters, sizes, ranges, and/or values may be implemented. By way of
10



itens are provided as exenpl ary enbodi nents. | ndeed,

the exenpl ary enbodi nents do not |imt the various
wapenerd7and concepts of the present inventi onPGEEUSNG 068587

conpar abl e paraneters, sizes, ranges, and/or val ues

may be inplenented. By way of exanple, the term sorbent

is intended to enconpass both adsorption and

absorption. Wile reference will be nade throughout
this disclosure to adsorption and associ at ed
conpositions, materials, and processes , it should be

r ecaxgnpleethe tti¢rar sodipabisphicndedite eadospaisrirotn eidsdrption ped absorption.
ENCRAIRER: ?é? ngxhﬁ RE nflgs ﬁ{r&&h&ﬁrﬂ is ﬂﬂgloé/dre??o Vd%rBﬁ‘On in%%lomated
An aspec presen |nven I on conprises sorbe

C ONgEOpbsitions, ﬂn@t@nals;canqb prose:ss@ a shoude be ﬂe]:@gmmﬁ |thaln absbfpabﬁ is also
co east o erial (and, by

et BRafeio B Bl t§ %%ﬂpeﬂotn % e absor bent
52?%[%4%3?:' ) 1 glrars ecl (l)'ﬂge %resef 4]61V? 12)% %gm]erhses f 3OTR sorEen? i%;(ap(%sulon 100,
pr eaoarptnsﬂng d Ifld.’iercllﬁmuhlblﬁ: Bﬁdlfm@nipﬁtame]’eadt bee zidmfbant h3ferah@nd, by

the at | east,K on mat erial . 120. e i gure

1) e S SHERE A o et 126 7 ik 130
110digpaRedowitian thedibar PO, yied bdi?ﬁéﬂll@fek 146Gning b 1{Paéy 188N to prevent
network 150 conprising a plu ty of tortuous
pat%%ﬁﬁ@nngcmﬂn#FB@?n %bmﬁﬁﬁg?¢§%§mﬁ&h agt|ogg agwrhgnt material

10mat i alsse, tHi@kre a7 eI ANEhPsERMSnt Jf 18X pddes infvbhtRARERYHeiO110 can
are in discrete elongated pieces, simlar to | engt hs

of OMPEsEa PAYMgREGVHE 18D, nthe aolymplb@‘tworﬁégﬂ §oraprlslngga plurality of

CONb AR %tthayﬁxsbl & flﬁérl1thf%ﬁ§esrm5@ra§slsesf@vmmgnﬁs that are
relatlvelyﬁgggt aspect ratio (i.e., ratio of ngth to
c,

av eqoateuoug ﬁlﬁ@@@@ et e dhyiscrety el@ngaéfrﬁdb@neiirémnl%fo lepgshs of
pr etﬁl%gﬁ Ag\ﬁg&it ﬂe?é?n ﬁ%&@? Hﬁ(tgatns fa%‘)h ﬂlugf’im ﬂgﬁb@t fliaﬁl%ﬁgous material

about 4:1. I'n an € e présent invention,
13an spect retaively highadpectantit Sastragbotitengtd: to, avertagd Emgest cross-

??85 EtlojleOhiL an Q&bﬁlm&%&&tth Z}grgsLéBt &199& oilf aIl f%ﬁé‘ﬂt r!ilot\o];éaﬁ g)F: at least

can’’have nmany Cross-sS a es, Inclu
butabowt4:1.i :tneﬁnbod;mtalt pEdE gragert amvesthmp en aspecii ratgautaarbe at least

shape e C|rcu ha a shape, a
pen 8%%@5faﬁ%%6gmu ﬂ{ ga%ﬁfgﬁﬂg lea hexagona

2[@23] an 0 t ﬁeonﬁb can%g a Stcraoss secfJ oria} ?ha%‘f::sa 1ncguc§ ng, but not

., A"I'dbe ap
2(B hapeitedan, ﬂl‘eblaiiguw‘ryh&pha@arcum s}@@m seaﬁaumn}ar tHape, acsflueme shape,
t her ebet we skill in the art

Fodh PREDRY Pk bR B ShE] SRR Pt ppgpse a str-

11Gshuipd, b sdetus Bhape, at e Byl agded mgg&tmmﬁoafedsﬁ@u anabitrary
d| nsion of the fiber. For exa t he average

a3t 5B SEe | BREHT O HERE BIETof O4C Ff SR slHginghe ar
Cl r@@ﬂl@rreeﬁlrz@stﬁa:t SBE kRN M ctiSMARRBape of the fiber 110 will determine the

25  average longest cross-sectional dimension of the fiber. For example, the average
longest cross-sectional dimension of a fiber having a circular cross-sectional shape
will be the diameter of the fiber. In an alternative example, the average longest cross-
sectional dimension of a fiber having a rectangular cross-sectional shape will be the
diagonal between the length and width of the rectangular cross-section of the fiber. In

30  yet another example, the average longest cross-sectional dimension of a fiber having a
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will be the dianeter of the fiber. In an alternative

exanpl e, the average | ongest crosssectional dinension
W@B009/0631ber havi ng a rectangul ar cross-sect i oneCT/BRAPE068587

wi Il be the diagonal between the |ength and w dth of

t he rectangul ar cross-section of the fiber. In yet

anot her exanple, the average | ongest cross-sectional

di mensi on of a fiber having astarburst cross-sectional

shape will be the distance between the two furthest

poi nts of the starburst cross-section of the fiber.

[ 04s4qrburst cavss eerttionil veape vOil be e (istarse httwieery énttwo fiurthgst points of

{1 DRE kb0 PAG A0 BYEE AdGpkongest cross- secti onal

di nension o east about 100 m croneters, or at

lme 2{?}&4 about IﬂL3 919 elmn&{ i ROR LR lge’ o%rggeag%%én%%ﬁt ﬁﬁ’é}lﬁtl() ]hg? Qn average

ters, or at |east m croneters
e rrtion@emeqmssoécttotld qunesimtof ianleestaban 10Gnfigrhpetet 1Qr 4o mst about

5a n Y)e ometorlgg%fc’ ta]t eas abo qci 0 nrallncréj I e QSIOIO nat qf as? agout 2000

m CFOREter 8T 4 n®%h exenp gimeht™ o
pr efrrdmeitdry. et anoarmboalrﬁdnbefr the Ipaasd:rm gwanm‘.nnr g ilbexr 110 has an average
cr ss-secti on, an aver ter of abouf 1200
PRt BPETIaT TR BTt TAa MTBPETRant) A Sxemplar

f I odmt@ntnt 80@e tpeesadd Abkend &)@ fTBef; hatig @rcsrculhi0&dbds-séetion, has an
lumen 130 can have many cross-sectional shapes

| nciVBGER GATBEE OrhEu |0 PRI, T et SR GaMaR ligper enzing

1(C1 I gbth @boub BEPG absut 3800 Micksidi@t. shape, a square shape,
a pentagonal shape, a triangular shape, a hexagona

shqpgs) an oqt ﬁg@ﬁ abko %ﬁa@@ve Iﬂanztc@&s§13@£@1@na1%h§fe§rlﬁélﬁcﬁhg, but not
shape, a "U' a nmulti-|

a
shalﬁéltedéﬂ %ﬁebqa@%uiw @ﬁaﬁo@rw@r Slaa@ﬁsm KENGISHET thaes @sfuas shape,

t hef &helY¥es Bha Q‘aetrlgﬁgu@irthﬂ)@ré’he%Kgdnal dnpd, la@ o&ﬁéon\é)péﬁh& a star-
reallze t hat F he cross-sectional shape of | umren

130hapa, p si@euest phaRe 2 RE shorsr adpbed m@ﬂm@ﬁd@@d%@m Prrapitrary
15d' %Qﬁé QR cgfnbﬁlgt?ods UHELr (grot'hel%w OEQ %f %Ycﬁ‘ﬁaﬁg Skill in the art

| ongest cross-sectional di mension of l'umen havi ng
ci reedldreadize gt s;leﬁ:t:nommlctlcshhp@pworfIthdoémudmeliﬂ)l ‘afribti@tﬁmnne the

t he, | h
AT gk B0 ALLSLPR ML RATL B 3L UCHANE e g
redbamguhams&ﬁ@@@mhmauumnﬁwlsmapewmnghcbeﬂmhmmﬂwagwmamhqm
ano ey DS Siasfeet B oncoll nlstB 4 Fotiers b Fspge tonees
2(Iji rmmsmecmomil daménsivarof haumag havimt ardoungdlammxsssemhal@hqie will

e Wl t he di stance en the two furthe
b o e eoREberghf PO rapd SR ET St e R kg example
[ 046¢ aldtag@nlopgEROEoREYRELiGRRl HiiRn6e 8L A tluthéV BAVingOM stafburst cross-
| umren 130 has qn aver g
sectional shape will be the distance between the two furthest points of the starburst

cross-section of the lumen.

25  [046] In an embodiment of the present invention, a lumen 130 has an average
longest cross-sectional dimension of at least about 50 micrometers, or at least about
200 micrometers, or at least about 500 micrometers, or at least about 1000
micrometers. In an embodiment of the present invention, a lumen 130 has an average
longest cross-sectional dimension of about 300 micrometers. In an exemplary

30 embodiment of the present invention, a lumen, having a circular cross-section, has an
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| ongest cross-sectional dinension of at |east about 50
m croneters, or at |east about 200 m croneters, or at
wo e@svoxrbout 500 micronmeters, or at | east abourCI/OSD08/068587
m croneters. In an enbodi nent of the present
invention, a lumen 130 has an average | ongest
cross-sectional dinension of about 300 mcroneters. In
an exenpl ary enbodi mrent of the present invention, a
| umen, having a circular cross-section, has anaverage
di aneter of about 300 m croneters. Lumens can conprise
di aavetage diamaieydimlpoftr BhnzprometeR0 J-umsnagrosonpOee diameters ranging

nlq&ggg%ﬁﬂ§m)%géé%syﬁwaggﬁgﬁgdlnent of the present

i nven ave the sane or simlar
cr secti S I.n

criiiThent . o o EBARRAC &8 ol lydedllon {82 119 cag have e
hamm cuhmﬁmremsso'ecmssal%mel Bnl&i lum@apiQOasIn(aormmoehmdno of the
él n Vperes[ent 1nvent%8 er [il(? Fantqhage a 1fferent C{OSS Pec{a ?nap shape as compared
cr o®sts d@andn mOaIIn dm mﬁh@ilmant@)ff tHel ;ifb@énttlmvemhm awvemagef the average
Iog&esttcross secthonal E@qu f the Iinen i's tonal
gr eXP&Ert ISR CabY imf‘fs“’Br cat8r It YR 8h othe=H : Fossyspetiona
an @&wengdnasythe miedh 1@%ﬁﬁat@fthin%o@lf B3 et gredidtefid bout #Ne In an
rati o of the average | ongest cross-sectional dinensian

of FEBBRt eMPAEMERlH Al IGAY8YeripysEe JG Phffig average longest

101 n@esisediond] diliéns|onrBe fibkrSio AROMErade Iohgest &) sektibn@Ndimension of
enbodi nent of the present invention, a fiber 110

con'pf jused isgbopiedist  one adsorbent material. In an
enbodi ment of the present invention, a fiber ca
con@iSlse a M U ARbodimesf offhe BetEhINveRioRq fiftes 119 ?R?PHE’@?%?Q least

at drRagikoBaR RS baRt anBhESdidbnt J#QhO predlnt! 13@&1{101{ WO fiber can
adsorbent materials 120 and 125. (See Figure 1 B).

Varfoawsise b inent alserbent neatgsiatss Bstuding\ig Festome peseebegsmaterial
150f 20 (Lreeﬁsi%asp Ao qgs%%egfsﬂltateﬁgitsﬁfﬂ' Qld iLZ%O ES%eSf@ u?é:tl' B’)el Yarious

adsorb at least one conponent of a nedi um
| easnbodivesnsonfisrreerentcarengonprksese wémvemor@rada?rbent material 120

i nCl uglleggvé? tad drl';n at elgas %ne c%kn?g&gglo?xd %fedluwdrﬁge& least one

n|trogen ygen, or water sor be
corqg)mpgnemg cum kenpriisarmaiyevgsrialy eodlidigs put limited to, carbon dioxide,
2: lu:% IxeY gn unrlrt]ro}(g: hooxsyghnaf,# r‘{)((;)lgA(F))SQp eg?ér%«z%ﬁ@?jnal C?nel?rlsu}gsmolecular

2(HCt diavat, e d:e@laéd;) 0 sﬂlc@ahnmedsphdtu M(S¥ePO)s | nateddle s ,aluminosilicates,

S I-or ani ¢ franewo . .
BTt 8RS I S e ot et R @%ﬂ,fnm& silicates,
rret Ahin® ggaal ﬁh@o krbelfaedfgamc IR0k Vb itk 0baldt bizailewamkwork
naterlals yner-bas?d adsor bents, or conbi nati ons
t herp%tsnlla s,aﬁzgq.ﬁﬂ—o&aﬁgr gpoly hedra, zeolite-imidazolate framework materials,

polymer-based adsorbents, or combinations thereof, among others.

25  [049] In an embodiment of the present invention, an adsorbent material can be
used to selectively adsorb CO, from flue gas. When air is utilized in the combustion
processes to form a flue gas, there is a resulting large amount of nitrogen in the flue
gas. Therefore, it is highly desirable if the sorbent material utilized has a high
selectivity for adsorbing CO, relative to nitrogen. To capture CO,, a flue gas feed

30 stream is contacted with an adsorbent material having a selectivity of greater than
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[049] In an enbodi nent of the present invention, an

adsorbent material can be used to selectively adsorb
wedoppoetrf | ue gas. When air is utilized in thePCT/US2008/068587

conmbustion processes to forma flue gas, there is a

resulting | arge amount of nitrogen in the flue gas.

Therefore, it is highly desirable if the sorbent

material utilized has a high selectivity for adsorbing

COrelative to nitrogen. To capture CO, a flue gas

feed streamis contacted wth an adsorbent materi al

havibayt ‘afos edsething/FQyovsf nigiogent igrthet fzergab ouxtuss, fregreater than about

g?sgil: 1@% ?e?%a (%Vgu bﬁ%g&}f i1 tllleg‘r(]jJ %Mlﬁﬁr(e)o aﬁreﬁgl{xwu%ent of the

ni tprexgethamtibﬂn enfaﬂs@daegamatmlaltcan kave Iarselacmveyf’rﬁuehaﬂbm tliogfde over
the 5eese Oup}/(e{g a'bglﬂ an adsorbent material can have
BtV ]f or car 658n di oxi de over nit rogen of

b % 10 to out ] ess I‘,,\NI SE.d ed
5a hgﬁ ()ér m"s t\t}clertw)llse ?egutg% Oenﬁer éectrg]lw }é eb use ere1n 1s based on

bI nEnary ((e gg paup&sleb Vdoﬁ@)trls{oﬁm)fathesﬁﬂla@fcoh&ﬁtrh]ﬂi)jnabf a component

concen of . co nent .adsorhed b

arirehrar 9 edsdal SERPHG Lt i TE adur i gtdgshe speciic
undgkteinh@e R fE cbiditidhy She McoPeNaA tortgntRE0A iof iaadpaitat iMe feed
nmol ar concentratl on of a conponent in a feed stream

mediUG? M998 o fife di BFHEB ﬁ?lgﬁlﬁ%nﬁéo%ﬂ%h éntorpponent B, as well as

1(CONRIANRAAL BmpdSen¥ehh addriRddinhi RRA EABPRNLRHTIS, foRRomponent A
adsorbent that has a greater selectivity for conponent

A t RHhCERAPN EntilBaxe pY the girbofthe fdsarpEngStep of the swing adsorption

ads@bRlkd QR1est@fb:0f the swing adsorption process cycle
a ratio: (total noles of A in the adsorbent) (nolar

concentration of A i N(bAEmEUS DRShd DsGBRERCt Wi th the

sor benty, @MW
mol es of B Y AECHHEEYhANT M PROYEE PSHEaH P S BB

in the flue gas in contact wth the sorbent) where UA
i's th!ites grégteahpt thomtibpt ake of conmponent A" and UB is
the "Adsorption Uptake of conponent B." Therefore, an
adsorbent having a sel gc |v1|t or, compone t A over

1Lonponent = . .
by: Sel ect i (wiotay cencesmyatimn ¢fi isrthe Uz gas DRpntact Avidripgstortent)
corrpari son of different conponents in the feed stream

N GOTRARR W tth%td'i}ec g&%é EAb 4 ﬂt Othe tR8s0rpti
tota nol'es e| ckegﬁng i ds6r bent tél 18 © SOTPHON
Uptake of component B.” Therefore an adsorbent having a select1V1ty for component

A over component B that is greater than one is represented by:
Selectivity = U,/Ug (where U, > Up).

20  Amongst a comparison of different components in the feed stream medium, the
component with the smallest ratio of the total moles picked up in the adsorbent to its
molar concentration in the feed is the “lightest component™ in the swing adsorption
process. It is not necessary that the lightest component have the lowest molecular
weight; however, in the case of CO;, and N, the “lightest” compound in the sense

25  wused here is N,. This means that the molar concentration of the lightest component in

the stream coming out during the adsorption step is greater than the molar
14



nmol ar concentration in the feed is the "lightest

conponent” in the swing adsorption process. It is not
woewessrry that the |ightest conmponent have t heCT/US2998/068587

nol ecul ar wei ght; however, in the case of CO and N ,

the "lightest” conpound in the sense used here is N2.

This neans that the nolar concentration of the

| i ght est conponent in the stream com ng out during the

adsorption step is greater than the nolarconcentration

of that lightest conponent in the feed. In an

enbodtameationoff thay dghess semponenhvia titei foed. [aan auibedimenttof the present

ConiHQ&llti&{l,%?%d&)%npgo\#g)o@ltlgfsl %ﬁlh%le}s}élect?\;lt GTOIf éfﬂ% component (e.g.,

componen e.g., over a second conp orent

( e. @mposoponemta SB)onéﬁoraponbme(sg Bomppns ! B at\/IB:tsyS faoeleetivity

f I tsér L3 ﬁraspg g{l]peorr]l%:nt%\\;%erra s]%%ofn golglpone p%ast 1ﬁ,tor a selec%wty for a first

Ssecmn¢oﬁmnpmersécoﬁaﬂ c@tﬁpdneﬁtsif a2bast {25)51] In an

ot B alfeaf BERC R ot i P aeegh e ey TR B m an

0. 2Risé¥bldt i himérel @hn G@ g@@lterghﬂffhlﬁfut adsomnhenble r&lt(emg pér, gram of
greater than about

OSBRI My ot SHancARei 4 F i i st adsorben

1. Smiekdidll srelvén Bhn SOalLhaf hso 05 AHSRNOBNEONBer&rdrRbf adsBrbent
an enbodi ment of the present invention, an adsorbent

Loyt epteial clinare BRPrdisentaotHBa tPresentsiB¥SipBRAlo AdseERs matsal can
kJ/ &%kls%):attd? s@@ﬁHﬁ of %ukHS(mbo ‘to Wb@%gﬁol COy).

adsor bent nmaterials that can sel ectlve y renove
f r omaniples o elderhendi miteripls hae capaselentixelhirrenown fOadiing irogen-

deséoﬁlﬁlgllllgg@g gﬁmxt{l ¢ Lﬂ@ﬁﬁlep@&esﬂéflogahgsl ln@u‘d@ qIJuE &e not limited

m cropor teri s such as zeolites, 'cationic
zeobij MOPOAL@CmmaéT pachsas Enbtesm@@)m‘atzecrhtfal ALPO materials, and

1 nSAI—"(SnIﬁatt{llgg: o ngﬁ g fﬁéﬁ@% Bfg?eoﬁ gsﬁpalb% dif Kél UR&ein include

erein’inc
Nonzeb]ltm 4A,NTA, eBanNMé,sarmtf Na‘at i Non-tmitag| éxamples € | catienic zeolites
zeol i

at i o | e n abouyt 5
F ool a2t e Sal Heof it WPAR L0 a0 RS B anc
suchordsnif¥F| Sitieddua sditddesucls ad MR dage FﬁIISVbGDeG@d ft6 @move CO, from
ni tr.ogen-cont ai ni ng m xtures.. adsor bent
BT SRR O RAIES. hy AT PEO MG gL comprise
20mat gidicdd1Sites MREPosdUR gnaaerfarsmpﬁglkg frapbeomdF §leﬁlt=,1|it§6ther than Si

than Si or Al_ (such as P), carbon, m croporous_sol -
der9tveldsiRtas ), a‘lagbons‘inlqr‘li’%ous Aplcech Arhiad %%P{Se%}h'faé an ammes

e SQPRIINY Snbpdr&®, silRAPN ot MBS - THRE 98sAknPHRRRAIS can be used
materials can be used alone or in combination with

ot haenerpd ineqangiration pgh pthepmagridivhodi ment of the preset

i nvention, an adsorbent material can ,
[052] In an embodiment of the preset invention, an adsorbent material can

25  comprise about less than 80% by weight of the dry phase of the fiber, or about less
than 75% by weight of the dry phase of the fiber, or about less than 70% by weight of
the dry phase of the fiber. In an exemplary embodiment of the present invention, the

adsorbent material comprises about 65% by weight of the dry phase of the fiber.

[053] In an embodiment of the present invention, a fiber 110 comprises at least
30 one adsorbent material 120. An adsorbent material 120 can comprise an adsorbent

layer, an adsorbent particle, an adsorbent entity, a plurality of adsorbent particles, a
15



conpri se about |ess than 80% by wei ght of the dry

phase of the fiber, or about |ess than 75% by wei ght
w@Roovkesidry phase of the fiber, or about |ess PCEHES2008068587

by wei ght of the dry phase of the fiber. In an

exenpl ary enbodi nent of the present invention, the

adsor bent material conprises about 65% by wei ght of

the dry phase of the fiber. [053] In an enbodi ment of

the present invention, a fiber 110 conprises at | east

one adsorbent material 120. An adsorbent material 120

carplerehtyr ¢fs edsapertdenditipe rit S¢rb€3nernartbzi¢ adsobdpeentity, a plurality of

Racol Bulh R IEF BRI, bk R 4584t Bef dn e pppgtimen

parfic
a scofrtbemresplarmvemltlen, & satsoﬂaemt metnnalt 120 eanphaye adni 4verage longest
sor ent S urall E sorbent. entitijes
Cﬁrélel’cl)s esa n al’é r?g%urtrta)l mlcrotmee% n an em% cthfnent OfI he p‘resent

5 Nvi@nition, ana?k’lsc&lif&m‘) hhemitl caathané an ad&&ed&fgehaﬂlﬁer&mn of less than

avera est dinension o Ies han 00 .

o PO PEISTHe S oIy ERorHibey SaBhpresent invention, an
| NVRIBSbER , m@riaAdeAmaeN hn HRéredd Ring&adidia¥ionad 1ad%emhagebout 10
| ongest dlnenS|on of | ess than about 50 m croneters.

| n HITOREETDT Bt 3 SHRGETSRERE DSPTERE 1BYGERM an; aHbRpRT Bigierial can

an ) 2 befoe Mo &t dihenGiBh oREhAMbBMEN @R fonlc@iRgest
di nensi on of | ess than about 10 mi croneters. In an

1enmesient  of ot BabRiRSRYr thdMehi BRentH, @@&B&I@%Bﬁlposmon 100
material can have an average |ongest di mension of

t hag¥n &pntisex fifeg d bhhavingsa bfp‘@@fzﬂfyer A4 HniggHsdrneh i3(b?f the fiber

t heyor @S pRbed: BN lbRhunRaSH BEGLteL HPRSleh! P 10 tHe@lisorbent
conprise a fiber 110 having a barrier layer 140 |ining

t hematgingd 120.3he parvipielaggriddp cmeortl@lss meaRE mpatgjaly geluding but not
COMFRHRIACRY | g&iyé@ﬂﬁ%@ Jhib%d}: Utﬁfbé) Mr}l&lﬁm‘f’éjs Qﬁlaﬁ&%hydnn

nmat eri al e barrier ayer can conpri se
I5rat @ydab)s pOIyml:lIeludmnﬂg blogk n@polb/mm t@@s,t oligrol ajwming| m@ltehemetal

Chl %J degela %@e¥ %l Mﬁﬁ%ﬁb@?ﬂng ,I lcg Polgﬁlleﬁ htlhglregﬁjyog réoﬂlbmatlons
SI Ithc:(aof aInum nlabodmmemqu thtepmlserm)(n\dbetsqn Itlaat bamerolahearmo has an

hi gh bar ol t re
corbrgt pisRoef REFEGHE RS AR RRIer Ry ot gpresen

I nvievdnkiom, the Nardeariayee r14[)a1)aeran14x&ratga3thalanay @f dge than about 30
2Othlckness of I ess than about 50 microneters. In an
nBEFWE TS 0of the present invention, the barrier |ayer

140 S an era h ck ess of |ess than a
i APSet or s poadfodied é%%f&?%ﬁ&ve%@tﬁéOfE?né§8WP0mn 100

[ nv@ﬁtdoﬁfpnseﬁaffﬂfeb&m fCEH¥P @S mbtiHe 1%13&@&] 8P I156 &ofhprising a
i %Xéq]f%ﬁﬁ ;r [glgrea{ltyctgrrtrgoruls Splatrﬂlways ?85 leough rHlag H)f):(r 1"[5h% plurality of
tortuous pathways 155 can comprise a plurality of pores, wherein at least a portion of

25  the pores are in fluid communication with one another. In an embodiment of the
present invention, the plurality of tortuous pathways 155 can comprise one or more of
mesopores, macropores, and micropores, wherein at least a portion of the one or more

of mesopores, macropores, and micropores are in fluid communication with one
another. In an embodiment of the present invention, the adsorbent material is

30  associated with the polymer matrix. According to various embodiments of the present

invention, the plurality adsorbent particles need not be highly bonded to the polymer
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pol ymer and a plurality tortuous pathways 155 through

the fiber. The plurality of tortuous pathways 155 can
w@owpdael a plurality of pores, wherein at | eaBCT/HS2008/068587

portion of the pores are in fluid communication with

one another. In an enbodi nent of the present

invention, the plurality of tortuous pathways 155 can

conprise one or nore of mesopores, macropores, and

m cropores, wherein at |east a portion of the one or

nore of mesopores, macropores, and micropores are in

f | ungrig.oniman @alddonenpiof Hheo peesch dtveation, |te setationtha befeaen the

of r te‘r »
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Pr etSﬂllittuslp?n\‘&me!; omltﬁohgq embadimeits huf pheb@teme fintdneon disclose the

adsor bent terial th 0 r trix can_.be

e Bimebat Fo oot ettt qgdies dSuHols BRnGry some of he
enmbefidi® phth@hystddnmopr A8 aiorieny@itdidi@nssodiafeld Bh thabn

conprise a plurality of adsorbent particles in fluid
comoseli cat i @nfibwr 110 &in cbﬁ@ﬁie 1aryqiolyingids, fclddig Hat hldStainiuteﬁ to, a
of tortuous pathways hough enbodi nents of

t he
pr eSHREsS AGRENE:i Eﬁ%de?BélaXf@élé"fteh PobPYROe s FRiRhlgRohydrin, a polyether

10! uin@bié tetodkf c@-@&l@h@ﬁnf)olﬁﬁﬁ&ésc|p@§/otehﬁﬂuﬁch%ﬂ) Jflé}fé fdoBRthylene,
sonme of the tortuous pat hways do not have adsor bent
paqulm%esaggléii’f‘?%@é%lmﬁ\ﬁl?W) t Wé)fﬁmxhds@] chlofidendVDQp pelyptyrene,
CONRYiyi SBuiTRAY, m&aﬁm%ﬁeﬁe p&y&&%&g Q&Htorﬁl% dol goiyteds HRreof, or
a cellul ose acetate, polyvinylpyrroli done,
pol spanbirfagps, thespifc HY ﬁbf@fﬂ;l EATConzpTisH R gb@&w@reewﬂﬁl@ matgrigle JA fiber
CO- g HF&%%BQM{)I%% no?g:g}f?rln?f Ad¥Sy %1 %ﬁ/&ﬁ&ﬁ Ua%'al as well.

poI yet yam tetrafl uoroet

$ol 7ny"d Mﬂmm MO0 en KV o GTREr can furth

poI [)Y/}?s]obut y?‘g ut agl ggsent yur et hanlé%an urther comprise
el amt aoeng dlSQQﬂefb @t wbrl@guth@n@@md 06thecfdm)| wizerdin fiw end cap does
t he [ ' ram.ec . ...
a5 i Wt 60, BN 6, BaBARE. B pEE B hgiation
p ol betmegenghel tcatughsaszsh\mys cértheriangitatimy ieadl of shewdbdr .anfl Qa7 nilieu
res nt invention, a fiber can

s(uﬁrounrg)%%n%ﬂudmaﬁ er&l

er ¢ o sposed at each
Qd oggk%g?' InﬁlhA. Slnsge ?lo(f) &\tllet rFsdeler hn’Vf:llg] o%rc%ng)rltsetg_el%me%oé og gtﬁlectively

C amdpsreine nt cdsrhpaonfahwofda crmenimmml CHtel methbd cave eompiixe : contactmg a

and TR baobLr P BEGRAS WoRe TGO YR H i hgosed

f i be@ithin (25®er;And aﬂﬁﬁfeﬁr 10%r likige heasedd tol pisent 6l communication
co ertlvlvesegsthea lunntleetnhe(l)ngl tge agseolrbee(r:lE im\glteelrigl; and adsorbing a component of the
25 medium. In an exemplary embodiment of the present invention, a method of
adsorbing a fluid comprises contacting a medium with a fiber comprising a plurality

of tortuous pathways, a plurality of adsorbent particles in fluid communication with at

least a portion of the plurality of tortuous pathways, a lumen disposed within the fiber,

and a barrier layer lining the lumen to prevent fluid communication between the
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adsorbi ng a conponent of a nedium The nmethod can

conprise: contacting a nediumw th a fiber conprising
wW@eoobeedEr1 one adsorbent material, a | unen di spPGEHUS2008/068587

within the fiber; and a barrier layer lining the |unen

to prevent fluid conmunication between the | unmen and

the adsorbent material; and adsorbing a conponent of

the nmedium In an exenplary enbodi nent of the present

i nvention, a nmethod of adsorbing a fluid conprises

contacting a nediumwi th a fiber conprising a

pl upakn tagd ¢ffe ploraipoas tqm@owwlswaya; pidundgbibing fcomponent of the

ads t it .
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f | uap@asef @ tftonatlugas, fuel gas, bio gas, town gas,

waste gas, water, coal gas, air, or a carbon

di ops@le- contrae MSAgrbdesied of the padteRXievation yaremii@dise®N tontactor

of the prese i nventi an adsorbent fjibe
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TSA processes of resent_invention can make use of

corfPaPPHHOBo NP | @PW@tCé il Y aligyrgs gf Ah e FoaRi¥gean comprise a

conpambld QAR iGRE &%rl@ésoce?%%g%r&fm Hrh& PI&I&Aeam outlet; a heat
|nvent|0n can Utlllzea |Ura|ty of Contactors

conprpist Alyidainfetiur apdt tipnger flpigequilpagerluebiprfsivbstamiglly afgned
19 Il ﬁ{%}sr aitn%q h&nnégﬁr é%l'l‘tg)ﬁ t &t fﬁe?res@nt QIWQL@&E ﬁfeafﬁ)?gecgmprise: a

conprise a c |tse conpri ses: . .
st ridaalityn béttortmlisee@thwmeameamnl @@ togtupsa tpathwayss fagg in  fluid

fo:‘ Ués ﬂbﬂnpl C%.Elcl)na l@/IltH %@ﬁt fetéﬁ ?géa%? nlJt aﬂh qheof‘éyi ?t&eam ?1R el raa[LI{ntaYlty of

I ghe ers. I'n an exe
entrodieneeltmerts urh ﬁulprc@semmqantvre pithan ,lea‘sth:e ptbntlbe 10§ the plurality of

corrgr | Se at%wre)l ur ai ose W uﬁla W%%rein 1%1\1'h ?umen 1n fluid

t he F6US % muni ca
2@ h ecofrrﬁﬁﬂnc&tldin‘;‘ﬁ[th tml heﬁt tﬁmsfet fmﬁd ﬁrﬂﬁdms tlreemm tmmtﬂeeﬂmd a)utlet, and

plurality of sorben ements ip flu communj cat i

W ehesey s eBF i B e YA RBIo B Gaes lumen
pat dnaalyesplulity WieituthisSRasess W d Rag atsbiestdntibiatajonk ©F ik fibers.
the lunen is in fluid comrunication with the heat

tragoefler fl wighrdsnt et-Bapdvitbecliv@atic teposhartiods off ays in which
OUtsltr%E:ture rﬂgllow fiber adsorbents can be formed into a cross flow contactor. A cross
25  flow contactor 200 comprising structured hollow fibers adsorbents 110 is shown in
Figures 2A and 2B. Figure 2B shows the contactor of Figure 2A with the outer
surfaces of the chamber of the contactor 205 rendered transparent. In Figure 2B
dotted lines indicate the edges of the outer surface of the contactor. A fiber 110

comprises a polymer matrix 150 comprising a polymer, at least one adsorbent

30  material 120, and a plurality of tortuous pathways. The fiber 110 comprises a lumen
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a barrier layer lining the lunen to prevent fluid
communi cati on between the lunen and the plurality of

W@ 2009003131 pat hways in at | east a substantial negDDE1098/068587
of the fibers. [061] Figures 2 A-B provide schematic
representations of ways in which structured hol | ow
fi ber adsorbents can be fornmed into a cross flow
contactor. A cross flow contactor 200 conpri sing
structured hollow fibers adsorbents 110 is shown in
Fi gures 2A and 2B. Figure 2B shows the contactor of
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bu nfﬂhhted(hagl ob@ofiog tpmtessrthandmetddmks then eladsbofrttie rﬁlgensrmler i zblnding
Zlomaterrtﬂ nd’i"o mqgﬁgr te%oflbef fa%%t : 1% d2 ows the parallel
I nt'er conne ts a acent ?PBers rren %ﬁ)

pr eshaiel fmetenﬁﬂaann wilthehe kblnalmgngatmm elo &hdefrbd(&ﬁlspzhent along with

ot L 50 BB S5AR e S Y 5e: srces

pr op@site paides df he @AdSoft the clemerr 265. t eogetddion sthivchdmbar 205 is
bi ndi ng materjal 210. To visualize the potted fi ber

ar r3QUSE g £55 9 Réhbvds Gppid Pardhsrapl SHanAdorptogymodule in a
C ont @k PthaiprbVentshuid b Hm g cdiRh Deivitbn dbOnédinf €6r8@dparation and a

tr atﬂe?ltp ea)[c?lgﬁgearlllgdqgmw Igllghough the chamber 205 is illustrated as a tubular or
25  cylindrical chamber, the chamber can have many shapes including but not limited to a
rectangular or cube shape. Slots 215 are cut through the wall of the chamber 205 to
allow gas to pass into the contactor. A central gas collection tube 220 is located in the
center of the contactor. The end of the central gas collection tube 225 of the gas
collection tube is a solid impermeable material, which can include, but is not limited

30  to, a solid metal or engineering plastic. This allows gas to enter or exit the contactor

200 without mixing with the heating or cooling fluids. The portion of the gas
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chanmber 205. This potted array is then sealed into a

chanber 205. Sealing surfaces 240 are provided at the
we@pwg/0af17t he chanber 205. I n operation, the cheeEs2029)868587

is mounted in a TSA or RCTSA (rapid cycle thernal

SwW ng adsorption) nodule in a manner that prevents

fluid conmuni cati on between the nedium for separation

and a heat exchange nmedi um Although the chanber 205

is illustrated as a tubular or cylindrical chanber,

t he chanber can have many shapes includi ng but not

| i ndofletiondubw insidet thagrodale 230 icupwosshaperialSiuoh gs pordnsaneal or a
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mat @ %41 e St fs?Yoineyeh s vaeal?leaéﬂepmﬂﬁaﬁoﬁ fher cppral gas

a VWVIeRioN RSt 220RA GRS flowhiohtrdll JaPs (3R Show) Rhd ah Behaust
contactor to be efficiently collected. In the
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15P urN(f);; elgbega gtﬁ%l?e ]goqgrﬁerzrggthlg elS?,he&@%ts@% l?eog lgeg[ gﬁigg]clsorbent

e rne a e sec
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or &' ["ow
Af t@n fulkeracmigios Ia!l’Enﬁtcetp diq&sémeme@hmphgtuadlal ek of ltignfiber
flue gas into.the of a val ve,
At e oy i e PR e SicheRine 8 Rudliucpr fep Gy icnvays
t heanldureat (2:30fePneditimua tatifeed aRabdtadall mkjerity ok Ghe {ErsanThe fiber-
optionally HO SOx and NOx, |iberated fromthe
pol Rﬁ%‘élr adaofRtioR %%‘@Ctoé&%rﬁugbﬁgcqf?@sﬁta REES H&?ﬁ‘élal effective to

adsi@feR@RhecBdjdch@fibel? QvhidamScoRfdhct@n Wil e Al G0 greZ&Qs fluid
ei ther through the central gas col |l ection tube 2 or
t hrQUYRINigaEORs |befnsem the heat transfer medium and the plurality of tortuous

25  pathways of adjacent fibers.

[064] In various embodiments of the present invention, the contactor 200 can
be designed to provide efficient contacting of the medium (e.g., flue gas mixture) with
the at least one adsorbent material that selectively removes at least one component
from the medium. Efficient contacting minimizes the amount of adsorbent required,
30  volume of the contactor, and energy required to regenerate the contactor. With an

efficiently designed contactor, the pressure drop of flue gas, and fluids used to heat or
20



[063] The fiber-based adsorption contactor conprising

the plurality of fibers can further conprise an end
weapdiaposed at each | ongitudi nal end of the PCES2008/068587

effective to prevent fluid conmmuni cati on between the

plurality of tortuous pathways and a heat transfer

mediumin at |east a substantial majority of the

fibers. The fiberbased adsorption contactor can

further conprise a binder material effective to

I nterconnect adjacent fibers, which in conjunction

wi tdeot He emthcwaps alspmanianirel. f [Thisdinc pumnumingaig¢soenergy lost from

bet t e nl [ .
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energy required to punp or conpress the fluids used t

heafe€ vmcteoﬁacmﬁée adipsen gind qeswsgion. n ThR I@ﬁb&aﬁl%nme%flm can

t he.Rfp@ise Rand mé@mt iRRdind, bRt hl%ﬁéﬁ do 20N mate@ n/apor steam, or
ontactor i s cycled through at |east two st eps:

adswnpinagansshepofa dgame prabedgnens pe e PRSg m@@awno pyater is
of ﬂJWedC@%gﬁttﬂé 1h1ﬁe1%ci‘3(ﬁ\619‘#heb§1u%%%{ o?qlb%ﬁelﬁP%If ACHPdr-based

to an ef |veterrperaturet resul
1deswisgpign ehecoaplfos & odpopremtand @tegm is ﬂm&e)d throcugln thedumens

angﬁ{%Cg‘fQﬁe I;Epa% C&“ﬂb% { Pfo éﬁc‘a {)lpe? %a&aﬁ%d? Q}gfo%\ftao?@%tars 200 for CO,

er ads orp % On s ep can be co

enbtedorpent s of the present invention are directed

towards cyclically exposing a plurality of fiber-based

adslé6glt i on Contadckdl é the @t veald tenbaesther evepdiallym the adsorption

I agrlhléétlf:tﬁtoﬁeg 3e?rnrbgstélald oaﬁs ant?olngcgosn ac otr I((?rg dthehfe TSt c?nttagton) approaches
2(Mutsatedtiohj and ed atl@rptivat feont hwedke rthmagh) the sineaty, Kesultlng in the

conbi nat i thereof. | xeppl ary_enbodi ment . of

£ AL 8h T nF B 1<y D8t e 19 BRIy BRI, & figired value.

| unedisequdmtiyg thetfiay §f fltfeadab toythefirdi chicor kAR bOfivarted into a second

fi ber-based %gsor tion contactor 200 for CO adsorption

andCoRtE9Mm \’Ylg aac{ymesla éqgeleeﬁgeci lwpé]ﬁghe first contactor is thermally

regenerated. Following thermal regeneration, the first contactor is prepared for the
25  adsorption process, and the flow of the flue gas mixture is switched back from the
second contactor to the first contactor. The total cycle time is the length of time from
when the gaseous mixture is initially conducted to the first contactor in a first cycle to
the time when the gaseous mixture is again conducted to the first contactor in the
immediately succeeding cycle, i.e., after a single regeneration of the bed. The use of a

30  plurality of contactors (i.e., third, fourth, fifth, etc.) in addition to a first and second
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130 of the plurality of fibers 110 of a fi ber-based
adsorption contactor 200 for CO desorption. [066] One
w@Roogkodlr1 in the art woul d realize that event uBCT/YS20081668587
adsorption material of a fiber-based adsorption
contactor (e.g., the first contactor) approaches
saturation, and an adsorption front breaks through the
contactor, resulting in the anount of CO being renoved
fromthe flue gas falling bel ow a desired val ue.
Consequently, the flow of flue gas to the first
contoagtior cangmovide ¢linviayndue gracpismgaespedlydn cestangestvgren adsorption
enerated, while the first
coanZa]lcF%ﬁor%k [ht%ﬁgér/g ﬁ%ﬁ%nrt@%ener ated. Foll ow ng thernal
re ratio ol d
ndo0g Tt Fon” ot &b dBehb i AR Clhet BB B sk ol Brocess
m xdompeiséssrapivi dyclae @f bdaokptlfoncmdtd@s)rgtmohdwb@htcam the pfirocess is
ﬁt eng{eﬁrec‘? ]E a;:soar}g 1? E\gclie %rrtr]n%l %\gltngacésso’é)olag (I%néﬁA proclzess A rapid cycle
| Nni theradal ywmg ndisuqineﬁi pto@edshfer purpsdes obthtsalidcrure fis definel ait one in
cIe ous m xture i s agai .
ot acrde EHEDHPPETeGRr ACRBRTan yiie ) Favefirdansy minues,
sucsreediting a6yl 1eminiite eor, lesaftﬁeﬁarabauti’{) N@litek cGRNaT @tlé@ Rha@fabout
the bed, The use of a plurality of contactors (i
t hi ¢-¢P Migeeet anf‘:infbtoﬂlmeélt o the Prﬁseﬁﬂl&?’?ﬁu% ﬂt‘f‘ofe&elﬂatﬂg‘t‘ Stgpgpn be
105 € CRRGEP REAC b Partaf PrREudyY iptBe CRPIABMOMS op raoﬁ‘i@ﬁsﬁﬂe NGving, among
especially in instances when adsorption tine is
shotthey ThaY FEYBREPEY PORMOESSHES, arp Gefvl_]req fP Befeidxasniperata) swing
emingidRbtas 1 etshﬁlwaémpﬁw ROHRASAT RihO "t RORLCESSint during the
conprises rapid cycles of "adsorption and desorption,
i n TggAnefatiemsyenr.t he process is referred to as a rapid
cycle thermal swi ng adsorption (RCTSA) process. A
rapf®8lcycl eIt mapyrepseswihadirerisapsed 6 dpeben gegepgation may be
§3urs‘38§@rsth91{ tﬁehhﬁ‘le qle e@SfUlr fhe éo%tagl%{r § Qﬁgo nO&Y aélp to be fully
whi ch the cycle et ween successive sor pti on
st epdizeéd Inessh tCh@m in by tbe Zesrabiet tohavep pluslyy ohaentadierstin the

1n I t t

oL 555 MR TR 1 R PGy
pr esdribe fencoehing pimgse.t hrearr eglerdémett iod mes;treqanmvnenben a plurality of
aSSI S

conEactors enlg%geg\}mfl) ﬁéSOI‘p%Ol’l Fgl{eecsot%ﬁerc ed pH y 1 gaslslf%n as%g n?wE the most-
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D ot BT i e e bs Eenat Y h o o dBiens dnahgrbine
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[069] Flue gas, or stack gas, is emitted in a wide variety of industrial
25  processes. Pressure of a flue gas is typically slightly above atmospheric pressure and
is generally less than about two atmospheres. The temperature of the flue gas is
typically in a range from about 100 °C to about 250 °C, more typically about 150 °C to
about 250 °C, but about 30 °C to about 70 °C when wet limestone scrubbing is used to
remove SOx. The gaseous components of flue gas generally comprise Ny, O,, CO»,

30  and H,O, among others. Small quantities of pollutants such as NOx and SOx are also
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shorter than the tine required for the contactor's
adsorption capacity to be fully utilized. In such
w@a®es)31irt may be desirable to have a pl urali tRCDUS2008/068587
contactors in the adsorbing phase while a plurality of
contactors are in the heating/regeneration phase and
the re-cooling phase. In an enbodi nent of the present
invention, a plurality of contactors engaged in
adsorption are connected in serial fashion, such that
the nostrecently regenerated contactor unit is the
| aseftebadesent. | CRecdngentratisw impthedhie g@ands tyhisalfy iﬂsft rapge pf ppput 3
l I nl%o YM ‘I% t? Qﬁouﬁ %qnggag If?%leclﬁ(g nse 81%;?15/ 1(r:1 g%nlg@ ed:B%ut 0.1 molar %
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at nospheri c %}S ure and isg&eneral% | ess than about
PR YHB P ST P RS SORPHTE 6Tt e f1ue gas is
typi.cal ly i aranefromab ut 100 OC to about .
o7 o'y i S PGnestie 18 B R 86 HE, B into a
abOdd)hce'il&a@@er)uﬁﬁéwtstrJa@l Q6 cohpresyveie $tted®StoORIgh pressure, and to
scrubbing.is used to renbve SOx. The gaseous
conPBPAKE & Bl ¥ fuifably élgdeé%fﬁlé?dafoln?at&’&riﬁﬁ? peguesigtiondjo miggpte CO,
1N nhs§dns AN ALAL eRam Rl s SRR luhddr@SuRf fdP@hdidik A&e, but
such as NOx and SOx are al sooften present. CO2
c on@é@ APt gpifedrio) aquifere havinga gRsseqldhatypivenip signifiqang 1ss ofijected
f abowt é%rﬂﬁ@héﬁ[s %it Qes@ik?/Qllﬂst g135 mr@ﬁrs % Qdeﬁl@tgd H2OrdsSrvoirs, and
typlcallyln he ran about O. lar % to about
15 depleted 95 TPHREvaint a emlbzr ﬂ@ﬁoﬁﬂpéﬁtqda@@@ﬂil%ﬁ? 6o conprgyed to
S r#)réﬂf’i’ﬂeé reLngls aﬁ 'a%ht q%H{‘pSIZ%I/ ‘gf/e\!gt%pthgn %B(Sut CQ':HO? rf)@lt, bh& often to
onmbusti o pro uces the s as and is usually |ess
1Y hapresaivou gred§shwm epud 1008 perio be igsataisistogheseitgpee rp hwlpegtound
In %Hﬁat LOCESR I‘P[% l{r%: rc‘ﬂsbostn%%s o?%ec%nger cellnheﬁsohlgcggwisioned,
tenpera ure co I on" process
i nséxamples being en%nc@bpladvgnw&lglﬁ(gl&nt Iwuseeplamatlmemth endCS&ghanced
intg a co Nt r purified stream to conpress
theﬁ%e é%wrr%ﬁ %&uﬁpﬁogl@%tgoﬁr%mong {0 introduce it into
I:d‘ﬂa]abl gog‘ osolﬂoglsf ortﬁmcf I on Ilp%rellraeuQa cf pr%]ctltce of the
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si gt P G L a° sirlBet B g ahe RS S0 ereaer
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servoir CGener a ar at ed

and dgtgéqe‘} g él%aé%géglgeeadst) ent materlalI Igne otfhoerdl?lglg skill in the art

would realize that embodiments of the methods of the present invention can involve

25  the capture of less than about 50% of CO, from flue gas.

[072] In an embodiment of the present invention, adsorbent compositions and
methods can comprise the separation of one or more components from a medium. In
an embodiment of the present invention, one or more components can be removed
from a medium by contacting the flue gas stream to a contactor comprising one or

30 more adsorbent materials. In an embodiment of the present invention, CO, is
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pressures greater than about 1,000 psi, or greater
t han about 2,000 psi, and often to pressures greater

W@ b@p/oedaout 5, 000 psi to be injected into thesECT/YRHE8/068587
of underground formations. Low pressure dispositions
of the captured CO2 can al so be envisioned, exanples
bei ng enhanced plant growth in green house
envi ronnents and enhanced al gae grow h for bi of uel
production, anong others. [071] The conpositions,
nmet hods, and apparatus used in the practice of the
pr esewted frvmnflvogat heng ar evidesidgeredorf processethetapmplops dfermal
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Ki |nth art ld.r i ze that
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[072 n e of the present .invention
G R TEBe TSR Shacae R g TRttt Slbedigen of the
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an enbodi ment of the present invention, one or
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i nvasiaerpiaen ofanulérly eempreaants of 2 Wediumonpri se t he renoval
of the water in a flue gas. In yet another enbodi nment
of R presénen pmbadimensef the paeseridaveation. foge phiere components of
15 0NfRfe! g%g c&rhﬁe crlcﬁ g@‘ay ggln%s% M&Q OMOIS.[ 917?;’11 ethBod@fent of the
enbodirent  of e present 1nvention, a contactor can
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m X
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of Ry YPU“Second conponent of the nedium The use
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| | f
ot o788 " 2ol 11 ShovhER o St Gukioe Pt rondeor can

f urdon@iisgh Givdt d6ntactor to remove water and a second contactor to remove one or

tfomt:"achr] car]: cgnrl]pnse a

more of SOx, NOx, and CO,. One or more contactors can be used because the
25  various embodiments of the present invention disclose methods for regenerating each

contactor upon completion of the adsorption step.

[076] In an embodiment of the present invention, a plurality of different
adsorbent materials can be used to form a contactor. In such embodiments, an
adsorbent material can be selected for the desired removal of a particular component

30  of the medium. A contactor comprising a plurality of adsorbent materials permits the
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adsorption of nultiple conponents of a nmedium [074]

I n an enbodi nent of the present invention, one or nore
w@owpoesant s of flue gas can be adsorbed by usiPQI/Us08/068587

nore contactors. In an enbodi ment of the present

invention, a flue gas stream can be passed through a

first contactor to renobve one conponent of a nedium

and a second contactor to renove anot her conponent of

the medium (i.e., separate units of operation (e.g.,

contactors) for each conponent of the nedium. Wen

mul eleplie wowpdrd it Jualie ofeapppetkenty with a simeth eantaceorg.In another

flu

be egrbl%ﬂ%ﬁezye\%lt@ ?Ha?%n? E%@Rn%ogaﬁ 85!4&%%31? Fo@% fg@ N AG{cWenf ARterial

c onqpatanof. refnOvibg a pluradiny @rdom@bmmmfranf a tnhéiupr esent

i nvention, one or nore contactor can conprise a first

con0@tlt or t dnrasprovel thmpresenaindena'os e@nmdesmmsaut for the oemoval of

Forxderer g Re e odbaosien RS S SmBo Rufbryne «
of pltvalifyrog aesvibenninatatialonwidels ok MpéfﬁlélliIMpﬁlﬂdf of adsorblng water

e e AR Y e g B 6F B, el (el ot e

I NVeRtti@ads@b@lt dhbé Idﬁat@(ﬂ irdpoki@fignt dedeed kedai inlet and the CO,
materials can be used to forma contactor. I n suc

enbBEF iSO GADsrIBSRI drntnsisag) TeRhp e aéeélsélé'ft% aggrbent.

10 hesR aichshubRIFR Yedesi@hedo Piadt trérﬁ?d’lfle e CALTRINS E]Hu@&astfbl%wed by
medi um A contactor conprising a plurality of

adsBf Bartvahelt €Pi ap sheplyengas copiiess éheewﬁwlq%vﬁo%daprbem bgfore it

Pl Wodlakd ¥hO s aRReMRM Bobbdth B s%mgérﬁoogﬁﬁun@scw sanldNadsorbent
anot her enbodi rent of the present invention,

c onmgietial that anused rip rineeyve £r0x¢a glseaRmoyrnansl othgr C@awamn@ of flue
OB 7%3% 'E‘&Xﬂ QQS@X FN(%{ %lr \Vtaléér q{noﬁ% Hﬁﬂ%e%%rﬁén? %?en'!ﬁ%a‘ﬂ IEan adsorb

aspect t he pr ese I nventi on conpri ses
155ys$(é>m NGOk, athlewptenwvcdideobutOde ared lingitedrtof repitea, £atigaic zeohtes

n t ! risi .
p ur aﬁIp ro&%?lgtgﬁlslg% rb%?ﬁﬁaityﬁl%rs )%El V@aﬁ}ég Enggeggﬂ, At dfhbhations
mdhpeofdently capabl e of adsorbing water and/or CO .
In an exenpl ary enbodi mrent of the present invention,

t helOW8lt er sé&i emtmbeiimdmmfbbmprewn irb/enticmlc atdeblydration process can

pro ream.nle

Cer et Er b e bR R el Bl BRI Fuop g e e T
20nat ch $eibed1tneme ﬂldsﬁlll‘ebgﬁt canSM:CJilehadI(a&ﬂfmgaJ B@faram’lpioSess or unit

designed to. first r ter froma,flu
{ ol RBEA 57 e TPehBOan B teooe 28t ¢hahg gy oltactor.  To
condfacitglyt BRovelatr Sith ei5tdl\iehRriiadhb@B tenlpRE@Ire of the flue gas can

be reduced to less than about 110 °C, or less than about 75 °C.

[079] In another embodiment of the present invention, a dehydration process
25  can comprise a physical knockout of condensed water (e.g., such as drops or a mist)
prior to contacting the flue gas with an adsorbent contactor. In such embodiments, the
contactor can comprise an adsorbent material that selectively removes water from the
flue gas. Adsorbents capable of selectively removing water from flue gas include, but
are not limited to, cationic zeolites, functionalized microporous and mesoporous

30  materials, carbons, mixed matrix materials, polymers, or combinations thereof.
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contacts the CO sel ective adsorbent. In sone
enbodi nents, the sane adsorbent material that is used

wo 0weeave CO2 can al so renove and ot her conmpoPErUS200$/068587
flue gas, such as SOx, NOx, or water, anong others.
Adsorbent materials that can adsorb SOx, NOx, and
wat er include, but are not limted to, zeolites,
cationic zeolites, mesoporous materials, carbons,
pol ynmers, mxed matrix materials, and conbi nations
thereof. [078] In an enbodi nent of the present
i nviéBli on, & d@iwsjmawdbmerm olctbs presen inyontani the pglogssed flue gas
dehé&ﬂ[n ttheo %ﬁ n? AR g l:%sc?eﬂy(ﬁ gteﬁf ‘fc?w W liod %p(?ﬁno?below

u nbodi ment S ue gas can

d e rabdutaftOe@m ror aelswpmmat?@ gpnoeasiscantentidirtngep Easgtane point during
pri ({88 |tlgtro uction of the flue gas to the adsorbent
conta&e8P T St fi ci ently renmove water with gl ycol

S A E b I ST ST R
75 %) df@1(Y)ant Rvasen Gitohes ﬂ%mdaﬂmﬁliiodﬁﬁeﬂt loe the rp%emtlnventlon can
i nventi.on, dehydrati on process can conpri

ohy SPSES ih SREBAY T B D LR WA e o (y TeYso frofg Of these

dr of@snpohiends. ITh $h pmPédiMEntiod tHePidsatinvegtid) ﬁlefrégd:aelga@a prodels can
an adsorbent contactor. In such enmbodi ments,

comteefONBHdan oY ApFRERe JACLES PRy A ey P HF C(qffart"h stream are

15 el B6duc¥@idting RV @MmaVRb&lerdibRpIdke. fl ue gas.
Adsor bents capabl e of selectively renoving water from

fl yesgas i ngd wanb&uhe@betﬁaqireslemrrh&efﬁdoﬁ Qdsog@ion QR Gegeneration
zeolites, functionalijzed m croporous_and nesoporous

mat &r # PAACtA ShRieemPlihse &Ynea%term%llyw&oapg and hepigey sy eontactor,
or eQERAL | eRSmhiehaRh- c{o%%rsldam\pﬁgé 95&@@@%@% ® flow a

of the present invention, the procCessed gas
exi ltenaht@arlsf% mgdiaBy (5t% il ridaic ats) &abeab énctj%m thexppigctpp In an
19! A6 ARRNE A BRTDr R pREH OV BRRH! 1RBIBRY RTuRELAe no
about g B IIrlnwater cont ent dur| ng a q)east oneup%Sn not in
d urfilng Ct)lh‘teluald@mnpwntfo thecadedrbent [ngRerrjal, \N?ethatath@ bent dengfer medivm
[ t [
g&t\ég 3%%1& \%ﬂ! % %@egl stlfe Iﬁ%fu %gsm &gcgf Lﬂé@qgtgtzhﬁaﬁn tﬂ@?egeneratlon
entmﬁx ment of the pr esent i nvention can conprise a
thermal regeneration process designed to renove both
of 0BAse coﬁpmn&trﬁesnotdmthatn ae nbasidinntbist spefifitdtion pne skentppended
nvention, the nerat‘Lon rocess ga uct ed
2d cﬁ%mts {gle Sel glraé e Wat'er -1 CEE s;ﬁ} eénmccla%d e rer}gl}egttg e nEcsf the
2 raootexsdeaelamhmt@s qoitepdlise.ed during the ther mal
regenerati on process.
[084] All patents, patent applications, and references included herein are

specifically incorporated by reference in their entireties.

[085] It should be understood, of course, that the foregoing relates only to
25  exemplary embodiments of the present invention and that numerous modifications or
alterations may be made therein without departing from the spirit and the scope of the

invention as set forth in this disclosure.

[086] Although the exemplary embodiments of the present invention are

provided herein, the present invention is not limited to these embodiments. There are
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[082] In an enbodi nent of the present invention,

adsorption and regeneration of a contactor is
waecwonpdirshed by externally cooling and heati nBCT/Ki§2008/068587

contactor, respectively. Externally heated contactors

conprise a plurality of lunmens to flow a heat transfer

medium (e.g., a fluid, liquid, gas) to heat and coo

the contactor. In an exenplary enbodi nent of the

present invention, the plurality of lunens are not in

fluid conmunication with the adsorbent material, so

t hanunteheus menglifichienyof elterpeat that top suggodt thrimselnps o thdse skilled in

feed.skreamflue gas or CO |iberated during the

regenerat| on step. [083] It nust be noted that, as

us n thi icati.on . d '

naUEI Ul i S e, GREABE 26t T FRBRTIRE B3 TR oot

ref%menméIunmes@ﬂdheeqmmﬂ@ﬁﬂbcbbandM?Mkbman@sg The exemplary

5o t heenlibvgdlsn?ents s(l?lo 4111 ﬂ 0 b@%gr?slgrtugd 1npat erglt gpﬂ?l Isﬁl%thmlaabns upgn the

ref @rences i net heréin ar e SHe&y £ Ty

I nceopahated (h1ythé ecfrﬁratynﬁes torbe icleatly ulﬁietsltd’oﬁttlhee ?Besm[t @89 be had to

It shoul d be understood f course, that ore g

ol SRR SR PROTRAE: Sy Henbot AbhatateltdhesPusERER afer

I nvlemmgnmeadaécrtﬂmah hBté[[ErrﬁHySsde&t fihe@BEIVEND Bbse skllled 1n the art

alterations r de therein w thout departing

t heVidiout Fl?PaétH’@ E“Pf% t@‘“c ORJEL 8F terREeseRy ENENtR agg/og é‘te ?CBPGE Hf the

g n gpbé@egibﬁgﬁsosure [086] Al though the exenplary
enbodi nents of the present invention are provided

her@ggy, t he TREBRENtWHIIBCRBbAifRNts Sf &fpst inkértioh @alvd Bech RB&Abed in
enbodi nents. There arenunerous nodifications or

al t@ﬁaé]twlghlgarteqﬁlgg rquryncgd@ @)@gl}pletrh eipedimerys, thpse plalded in the art will

ski ﬁﬂd@l‘é‘tah@ tHab Sarfikibas e{ngsﬂz&dlf-[&ﬁoﬁr &ﬁ%tefﬂeﬁg@ Rith@Nthé Scope of the
further illustrated by way of the exanples contained

herléveﬁltlov\m eefingd én freawpended Flgimse| Agcordingdy. the scope of the various
§" n d&ﬁb%ﬁﬁﬁkﬁiﬂtsn& thd gfa‘es% mll@d})y sh%ma%'t 'BF nl'ilﬁteé I@& HehnB0d dfsQussed

be construed in way as I nposing [imtations upon

th eer@:@dpl@entShertd@bf)uld @mlytbh éefe@dtbw ahwfollwmg slaings 4pd all equivalents.
clearly understood that resort nay be had to various

ot her enmbodi ments, nodifications, and equival ents

t hegefppigch, after reading the description herein,

may suggest thenselves to those skilled in the art

wi tIBSaMPiEDarRIBRR GOMROSH@ONIESIGNof the pr esent

2d nv[%%]l on apg (h% rprgs!:1 ft X5 g, aor]:ovgﬂlollo gaseg soehd soibent system

is considered. The hollow fiber formation is based on the well-known non-solvent
phase inversion technique commonly referred to as “wet-spinning” in the field.
Polymer solutions comprising solvents, non-solvents, and additives such as lithium
nitrate are extruded through a die into a non-solvent quench bath. The non-solvent
25  bath provides the driving force for mass-transfer between the quench bath and the
solvent present in the nascent fiber, which results in micro-phase separation and the
formation of a porous fiber. The phase separation is best visualized using a ternary
phase diagram for the polymer/solvent/non-solvent solution, as seen in Figure 3. The
binodal line represents the divide between one-phase and two-phase regions, and the

30  two-phase region can be further divided into the metastable region and the unstable
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[088] Therefore, while enbodi nents of this invention
have been described in detail with particul ar

WO 2Goeoe1ce to exenpl ary enbodi nents, those skiPCEUSI008/068587
the art will understand that variations and
nodi fications can be effected wthin the scope of the
invention as defined in the appended cl ai ns.
Accordi ngly, the scope of the various enbodi nents of
the present invention should not be [imted to the
above di scussed enbodi nents, and should only be
defipmedalbygiphe Spal $obwiong) atsl midessuain dhagthe sedutiongdxéestst ig. the one-

| f ] I

Eha o ALt Binofd WS BEMECTR: ThihlnporR D, b 88l fotvent

Sorﬂnﬁmthmg@mqnggadmed dree@mpweom@wmy thi lb&e)thase region, and
own non- sol venttggf§e

| nve ul(i f; ul# I?]lxlné OCCU,I‘S I'CSI%UP%I & e l'rlueO S PO ymer pore ne

) pi nni ng e field. P
SCﬁﬁlB?‘?ﬂs. ng Sopd stﬂ S bS oo Ehed T e ong, e
as slamtptes Wonption reakiequas eucelxdsrthﬁbedepdmredlbgh{@osjw J. abhd DaR. Paul
non;sol vent &zench bath. The no solvent batq i des
r he Tiviel; ap TGS 155 hituEREPL AL ERY SRR HBUS P Rssre
bat decayrd]. PBRns Stiv @att BY PeS &N Physl) 14 NO0R-IS CETGY. Tlheb@t’echmques are
which results in mcro-phase separation and t
f or'g¢ (O ACtEHmIne %F%‘HL‘"‘?‘}% &othesp oy, Q%rélc'élérp%ﬂf'aatt? PG pair by
16395[5lot‘ﬁh§ WackR@Mliol SkeRPs PrebRENA ¥ chRageedipB@haddn Fafhdribre, the
sol vent/non-sol vent solution, as seen in
F| gtav%u@ﬂ eTHEDBIR GAmPe Niepwradapiigh Bioyviles Hisiehy ipicieycle times that
bet yWeeBe Q& RhawSic bk PlodsSes! e@m@r}ﬁake@@s!rph&@ an invaluable
t wo- phase regi on can be further divided into
met digragistizatior gieged am thetstisly @h Siberisoehs plisn Jhélapp@gquhﬂs limitations
Spl ietP liﬁﬁt'lﬂlﬂ%n@rtg aI}ﬁ'gecu§HﬁlflacF$ 9%10&1'?8013@7}r§)tt héyﬂ cﬁ?ﬁbtsﬁesreadﬂy
in the onephaseregion near t I'nodal [ine.
1% hemgjiitedhinsige recoesion sms Seavodly stbb viestem fsrr@nntﬂw system but
Coal%{ %t Il?a@ch%?&t&n dsro éﬁfec g %%gssfé I sqaal{cgél\@or 90% c&gg into play.
t wo- phase reg a P qU|dTgen1X|ng occur
r esliihdliyngnly pu@ gamtmamlve unsedps:d thereffeqeoofeompetitor lsorpﬁl@lg(‘)ﬂnnot be
A net hod that can be used to characterize pol ynmer and
aCccoUN ed for,
I norgani c sanples sorption techni ques such as those
reported by Koros, W J . and D. R Paul "Design
consi derations for measurenent of gas sorption in
2(pol FXBMPLE: (HIBER SYSTESCBYSIGN . Polym ScL: Part B:

Pol Phys. 903-7 (1976). These tec
oo dlBh, "OYe & heskomRdan crbBy cagrea ey i Jriged baddon o
par hixed hakri:s Réldat fb&Plamimh. PEHer mByd Pladit hé1®w fiber platform was
concentration yersus pressuyre at a constant

rf&@?eélt Féevelf_au F?%%t}snolﬁlést l%lﬁlgar sorption efficiencies can be achieved by

utilizing the hollow fiber morphology for supplying cooling agents in the bore of the

25  fiber during sorption and heating agents in the bore during desorption. Secondly, the
thin porous walls of the fiber allow for very rapid heat and mass transfer times, a
necessity in such demanding feeds. Finally, in the design, the heating and cooling
agents in the fibers can simply be steam and water, therefore removing any waste by-

products associated with the system.
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time until equilibriumcan be nmeasured which provides
insight into cycle tinmes that nmay be used in cyclic
w@e®onpiron processes. This nmakes sorption an PCT/US2008/068587
i nval uabl e characterization nmethod in the study of
fiber sorbents. This approach has limtations which
limt it mainly to a first cut characterization tool.
First, heat cannot be readily nedi ated inside the
sorption system Secondly, the systemis not a flow
system but instead a batch system so convective nmass
t r dii92ler r edhsfibercostedowarodesignereusing o typd &gd syBiemaivitly no guard
onl ef 1.8
coriban F pARRES R RS RGeS Shekdin THE WS Bhyely ipe cO:
2 wﬂHI IBER 1i§YS MEMrRESHE\Nhf@2H theAbgeasof- the ibers andnthe aeda aqively
cap esor %Ilgﬁmfl% eﬁ@sodﬁqssmg%&lrougﬁ%hedbr% ?flat)t(lg]ﬁﬁg?rf &y s?enbln Figure 4,
fpl aieﬂdw nﬂN\IaStthaslseﬂlefasfenﬁﬁlgsei‘nqierrﬁ@akolnﬁlen Fayes prevéritgBethange
sorption ef |C|enC| can be_.achieved by utilizing the.
hol %W‘“*Put%ee{lu%%arsﬁﬁg gy E Gl Byt "Wﬁ@‘e?:%ér?af?& %Eﬁ‘tgs”rp“on’
I N fllkeabpaseesAfvetthefibdromra ok ifvg el Rthdperaf@ndt@rbi. ng
agents in the bore during desorption. Secondly, the

t hipoogjor ous Thabdsss wEd foh elefdtesbgf wad d 500 Mo P pdS\yerrs&ﬂblﬂ The flue
heat and mass transfer time a necessity in such

den¥f PRYUIPEebENe Fdni by, fl'%eﬁ S?Iil?%ntosé@tF’@‘nwast fnskieat i such a

1(&%@@@@&1 BoAGRNES slafot AR fcbRBFises CAN STFNP! f¥ed) € 5SMBBINCO,, a
water, therefore renoving any waste b roduct s

asSETHES vl AR Apbalsy TR0 gQ’fﬁe Seiverak otagrdeaign weprstraints

des|,gaeelpsisd Bked oh\WrPRdeGNSHER YAd &bsneo@fa@iraqo&e da f@famount
a pseudo-steady state continuous operation. g

actgoakgs Beppimizaton of the pressyee dippal de Wae gis. pila@stpﬁgo compress
t hrs%?lglgn&ﬂl%u%)%ﬁ 1t195f of E% Eﬂ 9&? %mb?e%ﬂlp &ﬁ&eﬂas‘a (EIJSI\&@IIC to be

desorbing w ave st €am passing t ore o
1% heprhibigrvegly hagh. sdén, ionreRiqguyequestratival eonts dnd epossipns.ahe sapture

t he Y, I .
L SHASRESNE SRS RS Gl Ml ARy B g e
wat mossible. Stiedly 8t the diter d€igni, g m@ssptansﬁar rdtd m@thglatm fibers was
g?f’@eﬁxgrénor%\énio ch?e}B%i)g%éle IIB %1 supeag céla c1t¥ 'ﬁnedagaes cont act gme of the
500M¥aPCTheeand sthait ¢adbrainik evefed apeintas vﬂﬂn@lsgebm Snlbﬁnngg the
sorbent system was consistent with

Qiuchﬂesaiufﬁgr(i?equ'? @8%1I power stati on and conpr ises |'M
cr at uPd Bpos aciosly B SRl nnon theFooprin
Cort&'tp’oﬁshtﬂ& fetrofits. Based on factors constraints considered, the fiber manifold was
calculated to be large at 12 m long, 12 m tall and 25 m wide, though in comparison to
amine stripping facilities this is in fact quite small. An amine stripping system
25  typically has six adsorbers (with a diameter of 22 feet each), six semi-lean strippers
(with a diameter of 20 feet each), and three lean strippers (each with a diameter of 21
feet). The fiber system has a foot print of approximately 300 m” whereas the amine
system has a foot print of approximately 600m”. In order to minimize pressure drop,
the bed had to be only 12% filled. Combining this with the optimized outer diameter
30  of the fibers being 1200 microns, the number of fibers can be easily determined to be

32 million fibers per bed. Whereas this is by no means small, industrial-use hollow
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wer e i nposed based on current technol ogi es and cost

consi derations. A paranount goal was the m nim zation
w@Roovlesipr essure drop of the flue gas. The cosPCT/US2008/068587

conpress such enornous quantities of gas at near

anbi ent pressures was considered to be prohibitively

hi gh. Al so, to reduce sequestration costs and

em ssions, the capture efficiency was set at 90% or

hi gher with the product gas being at as high a

pressure as possible. Finally, in the fiber design,

t hefilvaowdulea paf emtaimi X wiltidn fibdrh eofthdhrursbenasnatramienionakle for

to hi gh superficial velocity and short

cons{ﬁglg?m?%qng&gsft&%ﬁe flue gas. These and ot her

co aints o) i speck .t o .m N m .zl

e e R L

f actnpjunt qfrsomytOdst dtperssthedo gevpetynstr dibeiomstriks A panl of 65 wt%

ngg ra{] nttge élg‘%é% glrsgt d{u%ttﬁglg ft eess1 ya o%qz%r%? nga capacﬁles per fiber.

cal Thel fétee thntodib@etawgeseatt 3D mictoangThil 2arpe Om/dmaﬂrm) Aser with

T P PSRy 0 S Y BB e v

St rthP pésigh @ylstteﬁ:m t Yhie€ 3bibynt RASI c&i xxeradﬁ@my&roﬁmdmd basad on the
di aneter of 22 feet each), six sem.-lean strippe

(wi tHicyy Péh%l’lé?le%?tlozloalﬁe@taﬂaé’é@ﬁ) Hhgrfifst piuss Visafhe traditional

165t Iih@REY Stab@2E Pord G sofptidh aZ@%‘h%rBQ{f 2 cbnfp@&doh with\&her sorbents,
fiber systemhas a foot print of approximtely 300 nP

WhefSeaBAGi éorag@h‘é(a%%tleéml}@g it hegyit s%qppﬂ% wag low. In Table 1, the
appfgh@ithy, qlﬁﬁgéEQare é(ﬂnﬁfeqe The ‘ﬁeﬂ‘s@ﬂb@ﬂt%ﬁm@é FasMbEsilica MFIL
drop, the bed had be only 12% f Conbi ni ng
t hi Bhisyperhent néfespihp ﬁﬂ\zeéeﬁge gt @i \mehjeckop.krobwh Basf 3 hyeg heat of
bei r b
oo QBRSSO 1 5 o
15t hi wasj gnibgs gr@ftq:rbarns ngayepdrousi sighas t Thiesd amme-bhssid| sotkenty epffer the
r
e n%n?f? &ﬁf‘é}igg@ﬁ%%& é}é% d?fhm{g C%.B?Cltb’ qgcrr?dses Elsx{zérﬂ g%e'&%‘ TR& as flue
[ 0951]5 Theserserbente bdeever naklly haveanipd h@@ehw@&soﬁ soeptioh chaoelther
| nt Og{ %Slwg{jlang ats ts11%echgglrolr'lenctletsoOI{ptlg’nor Qaenll’] ta I%Ppee%)% V\}(l%) wafcér would be
soriequiteditt dpbr@tef ﬂhbememva§uﬁaetmﬂtee sigmficlite raeaes Still yneddrto be

t fi .
20 e &Y OB T o e st DR PRGN AieS s Gy pperting

| D donbigonsni t h hi gh sorbent | oading allows for |arge
anounts of CO to be captured per fiber within the
design constraints. Three SDABERt choices were

i-nitiall \ considered based on the difficul f\/ of
ifmpl emrenfathenh and avpZealite 13X y). HigheSifi¢ar MFI dh g\ reboredsimines
i he ol ISbip@BR Capacity
[mmol/g], 40°C 1.4 1.55 0.66
CO2 Wet Sorption Capacity
[mmol/g], 40°C 0.09 B 0.73
Heat of Sorption [J/mol] -36,000 -26,000 -55,000
Diffusion Coefficient [cm”/s] 1.8x10° 9x10”
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i ndustry standard for CO sorption, Zeolite 13X. In

conparison with other sorbents, its capacity for CO
wor®Ifudite high and its heat of sorption was |RPUT/US2008/068587

Table 1, the various sorbent qualities are conpared.

The next sorbent choice was high-silica MFI. This

sorbent offers the advantage that it is very

hydr ophobi ¢, has a | ower heat of sorption than 13X,

and conparable CO2 capacities. Finally, a third

sorbent choice was am nes grafted onto nesoporous

si | Figdly, thesderindadmgha dedibsowiendaterffieg fattes and 75 wt% loading

S1 gip sfofb%ﬁ‘tnﬁl tﬁgﬁgé}t%e h%n:?ltaﬁ%tt?{ﬁgﬁé o b%%'eﬁiaoql §o¥ne preliminary

I ncreases feeds suc

sonbﬁmHQSM@wamgﬁustally have nuch hlgher heats of

32;@5@??0 s1ene :,trt]tlegsﬁr tl:ldg %ro%gr(t)lgsf ofnl\élﬁgé}/c%f prsou(%F%S Qgtegl{eeRTSA fiber
3 equybtectah Oe dpermaihel. t A eymaas SeMWpbiveieplamrreleases 9.2 tons of CO,

si gni fi.cant arch sti s to done t

ot minas o B2 E3E M Bip e malr e R TSt e amnuar CO-
| on@piueddrPed PRil@¢an @ fE@iads twedns theldBlekrindd-i Abahthg thdd @ae heat of
sorbent loading in the fiber was a determ ni facto

an ode?@PWr%hFrB]éo‘Pﬁ §OBHOTS P Bloflerpigs fl}”?ete‘FlPﬁé?‘r th?: ﬁ%@%‘ﬁs such

as @it Byt iy aefedteal mORSRL te@ipe AR riR, @hd Bl ARA Ythe CO, sorbent
spi nni ng screeni ng studies. [096 Usi ng t he sorption

10pr opilranfyes 260 j=1and qrptien willgserraf 8% °of TherdoRTSA fi ber
system can be determined. A typical 500 MW power plant

rel eases 9.2 tons er ute, a by doing a
si mpl e nass bal anc@”pﬁvgr( %°C%f0MCT2 &gipunt of CO
capt%re‘ per cycle can be found as well as the cycle
§| sum ng that the heat of desorption during the

sorption derates the,

sorHgn&slgﬁﬂﬁ_égaLiﬁkﬂgg%nl ber Pentd bdepape 8<%

t enpefat uk&—MrFéelfg(H'ﬁ@lHasa%cﬁmo h@ncdwé’érl@@}ﬁ Wi | em’13X — amm
only be at 50 0C, and sorption wll occur at 35 OC
Therefare: Capacity =(K Dr35 ¢c-K Dr50 ¢ )Pco2V sc bent

St NesgKnsot- 155w CO 2 | bOmHg 4AgCO 2 |.6g - Ml \kg

gCOK 2 n = = (J.4o kg - M-I 180nmHg -atm gnol cnB - MF
'Oooﬂl EBl3X — A m.Need K DPS?%’ln KK D23 2,26}90({26, 000 1 }
K, e R 323K 313K 0.46 8.314 | 323K 313K

8CO,
em’13X — atm

1ol Koase :—AHSORP{ 11 }:m K, s5c :26,000{ 11 }
Ky e R [308K 313K 046 | 8.314 308K 313K
8C0,

cm’13X —atm

= Ky s =0.36

= K pssec =0.58

So the system picks up:

gCo, 0.15atm 1.05x10°cm’13X

=3.47x10°2 CO, / cycle
e’ MFI — atm & 21CY

25 Meps e = (0.58-0.36)

From here, the cycle time was determined by determining the flue gas CO; flow rate:
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In LD,50C ~ HSORP 1 K =1n D, 50C K D, 400C R 323K 313K
0.46 ~ 8.314 323 313 _ gCO 2 K D,50C = 0.36- cm 13Z
WO 2009706317A TJ In D ,35 n SORP 1 K _ 26,000 1 1rPdT/US20081068587
> 35C K D,40C R 308 313K 0.46 ~ 8.314 L308 313 J gCO 2
D,35 C- 0.58 - cm 313X -atm So the system pi cks up:
JCO 2 0.15 I.05xI 0 8c 313Z nCQ2, Cycle = (0.58-0.36) =
3L7x\0 6 g CO2 /cycle cm MFl - atm From here, the
cycle tinme was determ ned by determ ning the flue gas
COflowrate: 6 | bmol 454nol 6 . " 1x10 sc/m=1.21 x \
nol | nm 359scf | ad M4 1 m n-
44 - = 8.35x10"g q%%z‘ FOTImb0" 122%8 mg”ml%sxl
CR2 /mn mn Acycle tlma of 25 s conds IS very rapld
consi der i ng.4,ha0. 15)&@%&] myBMmist4di-ppi—rsPSHHrigl G@,i/e@sn have
cycle times ranging from several "Wours to days. This
rapid cycle tinmgL A7 i KE e t06ht cxdr Ragtsec contagt time
with the sorbent” wid.35:06° gst©@f AminTO @kﬁﬁerm ne this, the
superficial velocity was cal cul ated, as can be seen

el QWyck ik f 25 3¥chds is very rapid considering that typical TSA stripping

facilities have cycle times ranging from several hours to days. This rapid cycle time
implies that sorbate contact time with the sorbent will be short. To determine this, the

superficial velocity was calculated, as can be seen below.

Ve = MJ ! JxlOéscfm 0.79x10° actual cfin
273 1.5

1% . 6
10 v, = Flue _ 0.79x10° acfm : = 9.05 fps

& oA
Manifold . fue 0.88-(600cmx2500cm)/30.482{cf’? j 60sec

From here, the contact time was found to be 4.3 seconds (39.4ft path length, with a

velocity of 9.25 fps). This sets the upper limit of time available for mass transport in

a fiber.

[097] Once the fiber manifold and the fiber sorbents were sized, the pressure
15  drop of the flue gas through the bed could be calculated. To minimize pressure drop

while providing good mass transfer, the cross-flow heat exchanger flow pattern was

chosen, and the pressure drop across fiber bed could calculated using the equation for

pressure change across tube bundles.

DV P (1200x107 cm) - (9.25 fps - 30.48)(1.022x107° g / cm®)

20 =172
H e 2.0x10" g/cm—s
This is of the order of magnitude of the transition region for flow through a fiber bed,
therefore that case was used (which will result in a conservatively higher pressure
drop).
25

0.14
_ 4ffNrpﬂueV;lue ﬂy
AP, T e \n

c b
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VFiue =1- 2?3 11 - 5 1cl q scJfin = 0.79xl 0 6actua

cJfin VFlue _ 1 V Flue . eManifold Ax . flue -60 sec
wo-e@aiobare, the contact tine was found to be 4PGI/US2008/068587

seconds (39.4ft path length, with a velocity of 9.25

fps). This sets the upper limt of tinme available for

mass transport in a fiber. [097] Once the fiber

mani fold and the fiber sorbents were sized, the

pressure 15 drop of the flue gas through the bed could

be cal culated. To m nimze pressure drop while

provi di ng good nass transfer, the cross-fl ow heat

exchanger flow pattern was didsen, and the pressure

drop .across fiper bed could cal cu] ated using the L

equiit’t BB Prhedsify AEAge? H@F’&L Packsh eOfkﬁ?rg SilERumRs jpgy in its

SThisen toh thdi@aRfoler THS wikgimhiges, of the transition

region for flow through a fiber bed, therefore that

case was used (which will result in a conservatively

hi gher pressure drop)W.2b: LLpiwufT¥e-4FNr is a measure

of how many obstacles a typical "packet"” of gas w |

bunpharqLoisithe dingnsiemoft i dhygicticheomeining okldl. Onbd ghiswdigracteristic

1St dilBhesh V@%’foWd, FRALL8L s Jod RS0 lW%S ésltill\l%tefdisﬁgﬂlyc' ag: 12

N, = L”L—Of” = 2,000
The resulting pressure drop was found to be 0.15 atm. In order to compress the feed

15  gas to 1.15 atm, an additional draft fan would be needed, or a positive displacement
blower.
[098] Of concern for actual retrofits is the carbon capture system parasitic load
on the power station. Two of the main parasitic loads found in this system were the
use of steam and the addition of another cooling tower. To determine the total

20  amount of steam and water required, material and energy balances were performed
over the system during the sorption and desorption steps. A typical heat exchanger
approach AT of 5 °C was chosen for the sorption step. Ambient condition water at 25
°C was assumed to be heated to 35 °C, while the shell-side flue gas was assumed to

be cooled from 50 °C to 40 °C.

25
QSarpl'ian = mﬂueCP,FlueATFlue + ’;lCOZAHy

Mg, = 1x10° scfin = 4.06x10* kg / min of flue
Cp e =10427 kg — K
AT, =10K
ficp, =1.86x10°mol - CO, / min
AH  =26,000J / mol
= Qgorption = 5.57x10°J / min
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O where Lo is the dinension of an obstruction
containing cell. Once this characteristic dinension
wor@Ibeind, the nunber of obstructions was estPEERUS08/068587
simply as: Nr = Lmanfol d =2, 000 The resulting pressure
drop was found to be 0.15 atm In order to conpress
the feed gas to 1.15 atm an additional draft fan
woul d be needed, or a positive displacenent bl ower.
[098] O concern for actual retrofits is the carbon
capture system parasitic |oad on the power station.
TwoSinde thhdeateaddedorin asiptipe i wawsed byutd watert inithe byret dnse heats
wer . |t f .
coormaeaf et oEIGRRARENG ROl PR Bk BRALGRL
and water required, material and energy bal ances were
per f or n@d.. vyt sy € emAduri ng.t Oe.s8Fpt + op, Gng, AT,
desorption steps. A tye,i cal_hclf /xc:g?nger approach DT
of 5 0C was chosen for “the Eé’gji f"step. Ambi ent
condition water at 25 0C wgp asssped to be heated to
35 0C, while the shell-side flue gas was assumed to be
cooled from50 OC to 40 OCATselpkion = (tmflueCp, Fl UA
T Flue + CO2D iflue = \x\0 Q@éf@gé.%ﬂ XA g /mn
of flue CPFlue =I0423/kgr+nK LBl (8 £k c02 = 1.86x1 05
mol CO2 1min AHs =26, 008/ /=mebosXeer ghon =5.51 XI 9 J
| nSince the heat added Vi‘a sor pti(ggn is renpved by the
water in the bor t 3 reg s | and the
requi red anmount %W’c%@?ﬁ%ég;%&a@g{\éws_géegf@r%g‘%aned.
Xi water ~ Sorption ~ Water P V\afgr Water ~ m UFl P M
MFl ~ mpoly P polyn oJ:y.@RV\&héf—f—'dz,sBS@(]l{gkg - K Tpoly

Y

=l 5K ATMFI =15K CPMF! =S00J/ kg ¢K
AT‘Water :10K
= tity,,, = 2.5x10%kg / min = 56000 gpm

The resulting water flow rate of 56,000 gpm represents a significant capital
investment due to ducting requirements. During desorption, the steam was assumed
to have a latent enthalpy of exhaust steam as a worst case approximation.
Furthermore, the condensed steam was assumed to lose more of its specific heat,
10 cooling down to 40 °C before being pumped back into the steam condenser system in
the power station. Higher quality steam with more latent heat can be used, thereby
allowing for less steam to be used, though at a higher cost, unless waste steam is

available. Opportunities for optimization in that regard certainly exist.

QREQ‘D = nCOZAHS + mMFI CP,MFI AYWMFI + mpoly CP,polyATpoly

15 _8.35x10° gCO, 1molCO, 1min 25sec _ 79,000mol - CO,

nCOZ -

min 44¢  60sec cycle - cycle
= Qe =5.61x10° T / cycle

For the system to be in equilibrium in each cycle, the amount of heat removed by the
steam must equal the amount of heat required for desorption. If the low quality steam

does not supply enough latent heat, then we assume the steam will condense, and we
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CP poly =I,600J/ kg -K mwI =1.05x10* CnBMFI f =

168, 000kg cmm= 4.6xI O 7cnB f - = 55,200/tg cm
WQIabea17= 10K = > f water = 2.5x]1 O 5kg / nmm =PEGGOAM08/068587

gpm The resulting water flow rate of 56,000 gpm

represents a significant capital investnent due to

ducting requirenents. During desorption, the steam was

assunmed to have a | atent enthal py of exhaust steam as

a worst case approxi mation. Furthernore, the condensed

steam was assuned to | ose nore of its specific heat,

codlavadakdnwunvalus di0a 0C Ko dfapria tbepergtuppufepdles bendrnseditsgam to be

t he t

H grapr e A SARRE OV AT ol 12y e B B0 Al souroe

used, thereby &l onimngAHOLH Heﬁesmngegmm O %@Mylsed,

though at a higher cost, unl e steamis

avai |l abl e. Qpportunitie %Hﬁorfggvﬁﬁffﬁtlon in that

regard certainly exist. R =0m &7 s + m MFl CP MFA

T Ml + mPol,Cp Pol, T pel 0 6gC<92 I nO CO2

Imn 25 sec 79, 000nol 1Mu‘ﬁ?ﬂ£%26§%o sec cycle cycle

QREQ D =5 6IxI09 / I cycl grForcbke systemto be in

equilibriumin each cycle, t'he nnynt of heat renoved

by the steam nust equal™ Whena&ﬂ%ﬁiéﬂﬂ heat required

for desorption. If the low quality steam does not

Sup@PY enoudhisl ramém whgatsed tohdaterwancaths prmeasitiselogd emrthe power

W 'Jtatﬁﬁne‘?ﬁ&&{%g l‘sﬁ}éed%@@@ dl%d & Hl% Fhesd RORREDRuids

in tenmperature for e condens 0 be

r eatbonglbthe bbrs of the fivas @ambe twlamhlllsmgyths Hemmimdillasquation,

the desorption heat ;sour %@b T S, eam C PS ea
T saumng nd_)\;ggeg i?_'f]vw ihd ‘T\E:w Ig]la S "&%e sie%reglé%e% ' pET ton of
0. 420ntaptured is a useful comparison between different carbon capture approaches and

10  can be calculated as:

5300kg ton
‘mmm _ min 907.5kg ~0.69
mCOZCaptured 8 Ston
min

The low steam requirements of the fiber sorbent system exemplifies the one of the
main advantages of this technology. Traditional gas-liquid amine contactors have
regeneration requirements of 1.3-1.5 tons of steam per ton of CO,.

15  [0100] Water will have a substantially higher pressure drop than steam;

therefore, water was used to determine the pressure drop in the bores.

3
Vivater = pwa[er = 3 IOOOkg /m74 T 8280cm / min =138cm/ s
Ax,Tatal (318XIO )(ﬂ: (16O.XIO Cm/lOO) )

L kAP
e 41LlLF iber

AP, = Vivasor .4;uLFibe, _ 138cm/s-4- (O.OOiljS(g7 /sz_ $)(600cm) — 623kPa =90.37 psia = Satm
R, (160x10" cm)” - 10
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CP team = 20507 1kg -K A TSteam = 60K => am =
5,300 eg/mn [099] This nunber was used to determ ne

W@ b@operiasi tic | oad on the power station effi CPENUF2008/068587
The pressure drop required to punp these heat transfer
fluids through the bores of the fibers can be
cal cul at ed usi ng the Hagen-Poi seuill e equation,
assum ng i nconpressi ble fl ow and Newt oni an fluids. The
steamrequired per ton of CO captured is a useful
conpari son between di fferent carbon capture approaches
an dSineerthp etegra lie edsamedi toagond §RO M tho rporefs uBQy thg kigsorptioh s@ep, the

T ' -
0 R TLTR LSBT LSRLSTENLR bl wea

adv&mbage@nmgﬂkhmqmbephﬂahhgmmwTrad|t|onal gas- quuid
S 0T 2P L PR PRI Ssen acin
5Ni | Washie ainge ﬁdqbﬁédaftfrIIEhﬂ yndhmgheurarpfeessmam tehhefpr téreetations for

f to.d
or cedlmbAGH G he PH@%W%%HS@HM%?%@C? ey T cpefricientof

wat €D, thfddeh 6@/fib8r walt. - = , = 8280cm/ min =
138cm/ s AXTM (3 1.8xl 6 )( (160x10 4 cm 1002 ) R

P vWaur 4nLFLer _ 138cm | s - 0.08648g / cm -
s)(600cm R 2 ~ (160} Aoggnzféﬁsén%e the steamis
assunmed to condense iHut he bores| Bding t he desor ption
step, the pressure drop reqﬂyr%gomnll be negligible in
conparison to that for the wat ér used in the bores
during the sorption papt, of dd®scysl) [0101] One of
the many issues associate ‘With the fiber sorbent

system desj gn 4
y KIn_02em’ /s o er agoes[ 2907 1 o3 gemss
1200x10"" cm 1.3x10™-0.2

Moreover, one can estimate the effective diffusivity in the porous fiber wall, viz,

D = D ABgﬁber
¢ T
10 T~3
& fper = 0.50
D, =0.033cm” /s
From this, the extent of external mass versus internal mass transfer limitations was
calculated.

k.1

C

KD,

_(0.58-0.36)gCO, mol latm 83.14 323K
cm’MFI —atm  44g 1.01bar

_ 23.8cm/ $(440x10™* cm)
132(0.033cm™ / 5)

=133

=0.24

15  The @ value was found to be low, indicating external mass transfer limitations. The
time for 90% saturation was found to be approximately 0.55 seconds, thus setting the
minimum required contact time. To further ensure the validity of this carbon capture
approach, the time required for thermal equilibrium in the fibers must be calculated.
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was the time required for heat and mass transfer. Mass

transfer correlations for |am nar flow past tube
wheodier7iwer e used to determ ne the mass transP&r/US2008/068587

coefficient of CO through the fiber wall. Re = 360

DCO2_N2 =0.2crn2 / s [18] k = 23.8cm s Moreover, one

can estimate the effective diffusivity in the porous

fiber wall, viz, _ ABfiber et ~ 3 fiber =0.50 De =

0.033cn2 / 5 Fromthis, the extent of external mass

versus internal mass transfer limtations was

cal su} amétdlg Glam, the@losgwas G BECOR futlyl ddveloped3@ch thagthg Nagsselt

%ﬁ% -atm AAg | . A bar 23. 8cnl s(AAOxI Q@ 4cm

1 0. BCrTQ / s) The a value was found to be |ow,

i ndi cating external mass transfer limtations. The

time for 90% saturation wi€nfaund to be approximtely

0.55 seconds, thus setti ng lahe m ni mum requi r ed

contact time. To further ensure the validity of this

carbon capture approachest¥fe time required for thermal

equilibriumin the"fibersmnfist be calcul ated. As a

limting case, the floy\ammmswr@d to bq/fully
devel oped such that” WW vvalsgset L7.. _
dLL _ fiber wall/ h water

[0102] The effective thermal conductivity of the fiber wall was then determined
as a weighted average of the polymer thermal conductivity, the sorbent particles, and
the air in the void spaces and was estimated to be 2.45 W/m-K. Heat transfer charts

were employed to determine the time for thermal equilibrium in the fiber walls.

10

. . kﬁber
Relative resistance[18]:m =

fiber ( fiber wall )

245

m= m- K =1.25

W _
5000 (440-10m)

Distance from center of fiber wall

Fiber wall half thickness
Unaccomplished change in temperature =0.1%

Relative position :n =

apolymer l'ztequilibrium = 1 1

=7.93x10"m" /s

; _ 11-(440x10™ cm /100)>
equilibrium 7.93x10—5 mZ /S

The time for equilibrium was determined to be 0.027 seconds, which shows that the

a polymer

=0.027 sec

rapid thermal cycles required are possible. This result also demonstrates that the time
required for the CO; to locally sorb into the sieve embedded in the wall is not
15  significant. The MFI particles were assumed to be 3 micrometer spheres (or cubes),
and then time for the sieves to reach 99% of the ultimate equilibrium loading was

calculated.
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h Wrwater = 0.64 ni K 3.44- (0.64Wm K) W =5000
(440cl O 4cm V 00) pi 2K [0102] The effective thernal
w@eomdextrvity of the fiber wall was then deterP@TEs2088068587
a wei ghted average of the polyner thernal
conductivity, the sorbent particles, and the air in
the void spaces and was estimated to be 2.45 Wm K
Heat transfer charts were enployed to determ ne the
time for thermal equilibriumin the fiber walls.
Rel ative resistance [18] :m= "-fi ber fiber wall W
2.45 m=- - i K= L2505&>@@11€42ﬁ0-r@z/6 ) mK, . .
Di stance fromcenter of fiber vvallj—Rel ative p05|t| on

N 0 Fi ber wal IAmL%fuﬂta[yeqj( cconpl i shed
change in temperature =0.1% f fRpol yner

equilibriumr n a =lg95xs 1014C[n)8 11- (44xXIO 4
CZI0O 2 _ n rr>71tF —=00l8sec . 0.027 S C
7.93x10 mi s The tinme 18P é’&u' fibriumwas deternined

to [8%)3 027 s conds whi ch _shows t hat

e particles were 0.3 microns, this tlngehscale would be even more

5  insignificant. Therefore the major resistance found was the gas phase resistance. A
further check was that of the fiber sorbents strength, performed to determine the
viability of the fiber sorbent system. The Von Misen Criterion was used to determine

if the fibers could withstand the shell side pressures as well as the bore side pressures.

P oD\ P oD\
SR Gk Rt
P, \ID P, ID

10 <7, = Fiber sorbent yield stress

172

Fiber sorbent yield stress = (1—&)(1— Yo T )
=(1-0.50)(1-0.7)-40MPa
=6MPa

1.3[(53 -(3.75) JZ + 3{(153 - 1}(3.75)2 jz ]1/2

(3.75) -1

101325 < 6MPa

2.06MPa < 6MPa
15

Using a cellulose yield stress of 40 MPa, the fibers still hold for both flow conditions.
[0104] To ease compression costs, producing high purity CO, at pressure was
the highest pressure possible is important, since compression costs typically scale
inversely with the order of magnitude of the initial pressure. After the sorption step
20  ends, and the desorption step begins, the interstitial spaces between the fibers were
assumed to be filled with flue gas (15 mol% CO5), and the damper valves closed. As

steam flows through the bore, CO, will begin to desorb and pressurize.
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rapid thermal cycles required are possible. This
result also denonstrates that the tine required for
W0 b@B31rD | ocally sorb into the sieve enbeddeRCi/ES100$068587

wall is not significant. The MFl particles were

assunmed to be 3 mcroneter spheres (or cubes), and

then tinme for the sieves to reach 99% of the ultimte
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stress of 40 MPa, the fibers still hold for both flow
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10

15

20

25

Several unit operations were added to a typical power station, including water pumps,
a second cooling tower, two fans in series, and a sequestration compressor. As can be
seen from the process integration diagram, this system can easily be retrofitted onto
NGCC and IGCC plants.

[0105] In the design of the RTSA system, the OD and ID of the fibers as well as
the sorbents were chosen to suit the system design; however, further material
identification was needed. To complete the system design the proper fiber materials
and construction of the fiber needed to be matched to the system requirements. The
first choice made was the choice of polymer. Two candidates were considered,
Hydrin©, and cellulose acetate. The first, the elastomer Hydrin©, was considered due
to its robust physical properties. Hydrin© has many issues, however, mainly in the
difficulty associated with spinning elastomers. The next choice, cellulose acetate, was
chosen as a model glassy polymer due to its ease of availability and wealth of
research performed on the polymer. Furthermore, cellulose acetate has a high T,
which will allow it to withstand the rapid thermal cycles associated with the RTSA
system. The T, of cellulose acetate in humid conditions drops considerably, and the

effects of this require further study.

39



ends, and the desorption step begins, the interstitial

spaces between the fibers were assuned to be filled
wowRaok/06310e gas (15 nol % CO ), and the danper VBCT/ES2008/068587

closed. As steam flows through the bore, COw Il begin

to desorb and pressurize.Co2,sObed =3.36xI06 g - =
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20 EXAMPLE 3: EXPERIMENTAL METHODOLOGY
[0108] N-methyl-pyrrolodine (NMP) (ReagentPlus™ 99%, Sigma-Aldrich,
Milwaukee, WI) was used as the solvent in the polymer solutions because it is
miscible in water and a strong solvent for cellulose acetate. Methanol (99.8%, ACS
Reagent, Sigma-Aldrich) and hexanes (ACS Reagent, >98.5%, Baker) were used for

25  the solvent exchange portion of the fiber formation. Methanol was used to remove
excess water from the fibers, and hexanes were used to exchange excess methanol
from the fibers. The intent is to replace high surface tension fluids with lower surface
tension fluids to prevent capillary forces from collapsing the pore structure during
drying. All solvents and non-solvents were used as-received with no purification or

30 modification.
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research perfornmed on the polyner. Furthernore,

cellul ose acetate has a high Tg which will allowit to
wowrabsernd the rapid thermal cycl es associ at edP@i/UB20D$1668587

RTSA system The Tg of cellul ose acetate in humd

condi tions drops considerably, and the effects of this

require further study.[0106] The next design

consideration for the hollow fibers was the

organi c/inorgani c interface norphology. In order to

maxi m ze mass transfer rates to the sorbents, the
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( Rela@lemg ldlu@lsléxem}plglmts Slcgmlmx Avapdlgher Infeirsymepk beespuiin) contact at
t i
boct 35t ffiel O 30 K5fnel Qb RE AL 138 Ul 8% scupe as e
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amount of dried cellulose acetate and PVP were added to the solution. The solution

was mixed on a roller at 50 °C until complete dissolution occurred. Zeolite 13X, at
equilibrium with ambient humidity conditions, was next added to the NMP/H,0

25  mixture, and sonicated (1000 W max horn, Dukane, Leesburg, VA) 3 times for 1
minute with 30 second breaks. The prime solution was then added to the sonication
solution, and two more sonication cycles were performed. Finally, the remaining

dried cellulose acetate and PVP were added to the mixture and placed on a roller at 50

°C until complete dissolution occurred. Dopes in varying solvent, non-solvent, and

30  zeolite composition were made to determine the binodal line of the ternary system

using the cloud point technique to determine one-phase or two-phase regime. Pure
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fromthe fibers. The intent is to replace high surface

tension fluids with lower surface tension fluids to
w@e@omo1t7capi | | ary forces from col | apsi ng t he POF/ES2008/068587

structure during drying. Al solvents and non-sol vents

were used as-received with no purification or

nodi fication.[0109] Zeolite 13X (1-3 mcron particles,
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105 P (81l VABuRP RACAIpiiel aFacU S @het R1GhE eSriteh SorbdBET After the drying
sorbents. The apparatus was designed and built in such

a WP theail hath é’ﬁ% Peétt‘é§5 I AdBd GQearasfintRiuesyrtsriesamrir (4) and
reagidnyigeab Qlaln@ quﬁfBﬁﬂ&' Y AfER B rSA J&lﬁih%ﬂuﬁp\@%r @sttéﬂ)ﬁshed the
have been utilizing dual -1ayer spinnerets such
t wosapleyisiie (Bayes byichi ppéned dpinrodyre dlerfE@oto tee fieh éorb%mréample
ti Mhhe fg‘e§snreo&%a}p Bvef Mhhe w&¢ (J(cglgle,(f’lls\fOII @aﬁh %962@1s1|0§yﬁ{d f’ﬂ&g a mole
ot her acting as the separating sheat

3ol batrsre bgwbanthe Spp nesdopas averpsiop riegtlaaradv iyygeneiedg Fa@oothis,
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e IS s B kol PR bRl MGR B R NS Rl o he
dop®nvt/aa$nt$raﬂéle lBy parinxdnn glo%%roft it het posgle rte thodemigrbsi dfermal

wat e pto a W|th PTFEcap
I%Capg SWlt[hfnhee Pet &e ?egl m t%e a‘ftualfR a[rgr Sé’atecel I ul ose

s olelhﬁﬁna\?\gs EXIP%( Wetre% aocrltd r%g?ptlegles a& %8' ut,| onfl ﬁlber sorl:fen%s were
20di sehatatitetized O lpnfee‘{ﬂz anZelﬂzlat Bord-3i¥e fet] pegklires df FZOLBmp\Mgt I$hell-

anbi. t hum dity conditions, ! dded to th
NBE TR P B gHAEE e T DO AR e HeGT i 45 minutes
Duk@itie thdeasiapy GercVthid 3% reEsihé @fevious reading. Treated fibers were
measured using pure N, and CO, at bore-side feed pressures of 70-80 psig, and
permeate flow rates were by downstream pressure transducers once steady state was
25  achieved. Scanning electron microscopy (SEM) was used to determine fiber sorbent
pore structure, polymer-filler interfaces, and probe for lumen layer defects. Solvent
exchanged fibers were soaked in hexane for 2 minutes, transferred to liquid N», and
sheared in half using two fine point tweezers. These fibers were then sputter coated
with a 10-20 nm thick gold coating (Model P-S1, ISI, Mountain View, CA), and
30  transferred to a high resolution Field Emission Scanning Electron Microscope, Leo

1530 (Leo Electron Microscopy, Cambridge, UK).
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mnute with 30 second breaks. The prinme solution was

then added to the sonication solution, and two nore
waomoeexiron cycl es were perforned. Finally, theCT/US2008/068587

remaining dried cellul ose acetate and PVP were added

to the mxture and placed on a roller at 50 OC until

conpl ete dissolution occurred. Dopes in varying

sol vent, non-solvent, and zeolite conposition were
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fi beypicaay baptr).sanpl es, the oil baths were set to 110

0C and sanple cells were exposed to a vacuumto

1cconpl etely evacuate the ceII and the fiber sorbents.

After the dryin e oil bath was set to 45 0OC
oGS 4 TN LTS ER BHERCPMIEIVBIONG &) and gi ver

tingiis conmgy guihla' asid %lnﬁft&&lﬁlqh&eawlsyﬁ Ilntd%rsioﬁmthe final
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c ongiaseaiepdrsted bery hlowdx prel word bot hapmbaeerideal for kignming. Dopes with
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Thefrgasingr ansport properties of the untreated fiber
sorbents were characterized using pure N2 and CO2 at
2bor@1Ki]de f dae fpstesden of spifis Bﬁtc&ﬁrqwli on cﬁhﬁhg ﬁiod@ilthlc hollow

ot BEE S0P Aok o R e e oul B sP R e of
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neasur ed usi ng}él ure bare-si de feed

pr ergglmugs tlg:f 8(50 ngil\ﬁ thgm%bers and determination of the bore fluid

composition. Considering these challenges, the spin states used can be found in Table

25 2.

TABLE 2
Spin Dopes Spin States
Component Core Dope (wt%) Parameter
CA 10 Core Flow Rate 100 ml/hr
PVP 4 Bore Flow Rate 250 ml/hr
13X 30 Bore Composition 80/20:NMP/H,0
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perneate flow rates were by downstream pressure
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sorbent pore structure, polyner-filler interfaces, and

probe for lunmen | ayer defects. Sol vent exchanged

fibers were soaked in hexane for 2 m nutes,

transferred to liquid N2, and sheared in half using

two fine point tweezers. These fibers were then

sputter coated with a 10-20 nmthick gold coating

(Mbdel P- SISpid Bbpeshbunt ai n| Vi eéw, CA), angpinStates erred
t orahigh resotptign Fi cJ/d EnirssionScanni ng Etectron
M lcr G8WBRent | =§61% PYPED) El eg¢tron M crodCBHEFer

Canbr i UK) . [0114]5 The post-tr elramsine met hod wasgec-

perforned by diluting the PVDC | at@wpewiteth t he required

anpunt BBO DI H20 (4Q7vol % | at ¢x, BBewpRMeH20) . Thi7sn/min

di | uted--latex|was then | oaded|i nt o AanG4pSCO punp ( Bodel

500DM 1sco, Lincoln, NE), and attached to a fiber

per tion dul e. The sol uti on was punped t hrough the
bor/gE dgFP tee P%Sétha‘YaSM%é‘? grovise fﬁ@%st%“ofdmo&stpe RS s o
t heconpiiidle 8pEacONMRC QM thie ap Nay | wérdalse@nile UNihe ge OD

(50% R H. was svve%t through the bores of the fibers at
30 'BeiiEgIEnE A e Aigh&Strasien 1ffs Vers Pisdrie nRomulpésthe gog swell of

sThi @e GHE LRNRS RERBA! GeretiMitiGRy cIBLNB! thy reqdlirdd OB, WAR bore fluid
swept through the bores at 30 psig until the effluent

R. HYasghgsen deihei mep ol MIvso(thaf shecwitprywauld aeirrypidigrhnpisgpyate the
Ak@h?(ﬁ&éh@%b%ﬁ{éﬁem bl B0t SHbebsS @&w%l %glto the drum.

cl oud point techniques and syringe extrusion,
f i nEihallyoltyemair ghppweass edt utelyo tove o semlaia svet-epinniog thbutqgetually
PVP 9 ! 0 8 7% 0. tde,
byt IR, MLy TP
10Thi wassigbitabiece thwh sochrdsmnetapoatseconfd ot scauaini the phgapdas in dry-
separ.ation ¢o ed tq _other ol utj.ons..and its_nhi
7 T e e Rt Qe gt b RERLRR S e e be
r atinechpiiedly ssempdndtvete Mad tp goltimahgh @malaMithel pottimd prbcederes.

be jHeal spi nni ng., Dopes with higher zeplit .
DodBLlIea: i SR SR A dineoR s i e hS g B et gy desien
Wt drgadtivdsraat eniegd. [Aldb]beTdaen fn FighreIeAl 8 fifer S A& ID are
concentrated on creating monalithic hollow fibers at .

15 B deriEh ek th B AT R Al ICERGBRISGEs ang fls Thhkeiag 300
S epaicadnhe@ids.t | SBorly, tiiren A dOREB, o6@NEEBENt WiGersiddEcan be seen
| arge OD (for polyneric hollow fibers) while still

throughout the polymér matrix. Finally, Figure 9 indicates the presence of the

“sieve-in-a-cage” morphology, a key factor for rapid mass transport through the

fibers.

20 [0118] Gas permeation was performed on this monolithic hollow fiber to
determine the rate of mass transfer through the fibers. The fibers were found to be

non-selective, with a N, permeation rate of 60,000 gas permeation units (GPU), where

10° - cm®

2
cm” -s -cmHg

1GPU =

25
which indicated that the fiber’s pore structure was open and continuous.
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retaining the ability to draw the fibers, and
determ nation of the bore fluid conposition.
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that the flber ore structu was open. and .
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zeolite 13X adjusted to the correct tenperature and
|i tdoningting factorfor sorption. (See, Figure 11).

[0120] The PVDC latex post-treatment method proved to be a simple and
successful lumen layer creation method. The latex was diluted by 60 vol% with DI
H,O so that the latex could easily flow through the fiber bore at 10 psig. At dilution
25  levels lower than this, the latex solution was found to block the fiber bore. From
Figures 9 A-C and Figure 12, a porosity gradient extending outwards from the bore
can be seen, with the fiber densifying towards the shell-side of the fiber and being
more porous towards the bore-side of the fiber. This change in porosity acts as an
intrinsic backstop to the flow of latex through the bore at approximately 30 microns,
30  and this can be seen in Figures 13 A-C. The latex post-treatment resulted in a very

dense barrier layer that does not occupy any additional space within the bore, and
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results for CA at the correct tenperature. The fi ber

sorption isotherns can be seen on Figure 10, bel ow,
wa@eeokeadi confirmation to the zeolite | oadi ng PCI/URM08/068587

fibers. The polynmer and zeolite sorption capacities
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results in the fiber sorbent capacity). Using the
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25  amethod of “capping” the fibers at the potting seals was developed. During the post-
treatment method, capillary forces present at the face of the fiber pull the latex back

into the tip of the fiber. This latex was then dried using a N, sweep across the face of

the fibers (Figures15 C - D). This can be seen in Figure 16. The success of this

capping technique was confirmed by the ability to perform permeation experiments

30  (an ineffective capping would result in permeation bypass).
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dense barrier |ayer that does not occupy any
addi tional space within the bore, andrequires little
w@e@a/00dirhi n t he active area of the sorbent fiPeEr/UkS08/068587
The | atex noves through porous region around the bore
via capillary forces, allow ng every pore to be
filled. During the N2 sweep, excess water in the |atex
is carried away, causing the surface tension of the
evaporating water to draw the polyner particles closer
toget her, where surfactants on the particle surface
allow the particles to ent@gIMS and form an
intrinsically defect free layer. Humd N was used to
control the drying rate, so that defects in the PVDC
| ayWhatiecleinredtis: | ocked in permanently. Wthout humd N
, pinholes in the barrier |ayer were detected, npst
likely due to high water evaporation rates. (See,
Fi gur eA dethent fibera¢dihpriinghe devel opnment of the barrier
| ayer, t?e osttreated figer was. pl aced into a vacuum
oven dt™ 81‘58 CFGPHANR BTSSR teal the PVDC film CO

and N2 1g@asn @iefoiebditfin twtoBoW ibkbQhied on t he
post-treated sorbent fibers. The depse PVDC | ayer
providb%mﬁmépﬁﬁikm@%ﬂF PE@Pé?éﬁ%@n&gmﬂd§HWWQH§E%}P?W“m>me
r edymieAehd e sdMNeenPBa@RaNce down to approxi mately 0.5
GPU at 70 psig. As bore side feed pressure increased,
& he flux through the fiber wall increased, until the
! unen iy ebiPM fler %_? aMifaSs %&%ei@fthelé&r RetiRr b l a%lymer
i ssue encountered with the fiber sorbents was that of
| uniBgirikayer bypass. In a typical selective holl ow
fi ber nmenbrane, the outer selective skin seals against
the potting material, thus forcing the feed streans to
pas} t Hihoughett Hibese] @aini %evheoit thopolyfnet hetrixidomprises a plurality
Fi n a fiber sorbent, however, with the
1%e|%ﬁ@ﬁ5é§Pﬁ%¥Fsbeing on the interior of the fiber, no
such seal exists. As such, water and steam i ntroduced

Chet; oBF hes he SREfihat olRarn fe FRP o i0s Blnways

Fur dohgtisdsore, or inldieofgamictdpors, b iesgoed dr-ashaepbee dheeil thk one or

escape %nto the water and steam s stggﬁ.&ﬁ%gure 15 B).

Bot HOER! £ HELRPY'S SURSOPIE O eRer ey s BY. Wt SY B gation.
opotential to render the RTSA systemineffective. To

counter this, a nethod of "capping" the fibers at the .

pot i r?éhes Pt \ker gely Ql%%‘eéz vEh§Feih g‘h? r?@rbﬁB"s il fepip fluid

met SRFaun@Rbd Wk Xt 1ERF Lportitd @ﬁ:ﬁ@%luﬁlity.td? %‘orfu%ﬁ@pa‘ﬂ{watyb.e

fiber pull the latex back into the tip of the fiber.

This latex was then dried using a N2 sweep across the

f ace Ofnelsh®edkdrReF St (ﬁlgﬁrgﬂ f@Rlet tﬁe sorBint mbrl 1ERAn Q@er%%qgngest

in Figure 16. The success of this
25 dimension of less than about 10 micrometers.

7. 'The sorbent fiber of Claim 1, wherein the fiber has an average longest cross-

sectional dimension of at least about 100 micrometers.

30 8. The sorbent fiber of Claim 1, wherein the lumen has an average longest cross-

sectional dimension of at least about 55 micrometers.
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cappi ng techni que was confirmed by the ability to
perform perneati on experinents (an ineffective capping
wowwvgorigsul t i n permeati on bypass). CLAI M5 WhaRCT/8S2008/068587
clainmed is: 1. A sorbent fiber, conprising: a hollow
fiber conprising a sorbent material; a |unmen di sposed
within the hollow fiber; and a barrier layer lining
the lunen to prevent fluid communication between the
| umen and the sorbent material. 2. The sorbent fiber
of Caiml, wherein the fiber further conprises a
polymer matrix. 3. The sorbent fiber of Caim 2,
wheg ei : [ i .
ForPuos SReead it cPRls SuSAIPk ARl MR LBl tes an
whesbeitr80Uhley wéigitalf itteyfibef. t ort uous pat hways conpri se
one or nore of a micropore, a nesopore or a nacropore,
wherein the one or nore of a mcropore, a nesopore or
3 NHCrpeabebear Bbdrrof f¢laind 1 cohareinithafib@rhas an albiags tmbentcross-
fiber.of%‘ﬂ%aims, wherei.n the sot[1 rﬂﬁﬁrlal isin
f 1 uiCE WBHHIRTLCR A SRS AMgt SPaghathy A8t the
plurality of tortuous pat hways. 6. The sorbent fi ber
of Caiml, in the sorbent material has an
av e]r]aé'é“elsiﬁ%’étsffbeﬂ PhElER dnwBsreindasbarHeravep §iyt an gyerage thickness
M Ccoraee Rk Sboul 50 Al@os@eRent fiber of Caim1, wherein
the fiber has an average | ongest crosssectional
14 mensi on of at |east about 100 microneters. 8. The
sor penfnefbfth: @fer G @'lanﬂlll \x%l%[rﬁh@ s&%@ntl HAESh Iﬂ@ssa @é]ectlwty for
average | ongest crosssectional dinmension of at | east
abowtbopslipiige et ritregeg. of THpeuls &) heeabotti Merndos heptadfnsorption of
whe t | ~
800 /egbgl)lltn \%}é F\Lg RAle ?%Q{ngig c!n@l)n g%m&& éoc‘ g%bru ?E)?{l%)%ﬁ%?ﬁﬁ)le of
d anarhondlqmér ein the fi ber has an average | ongest
5crosssectl onal dinension at least two tines greater
than that of the lunmen. 11. The sorbent fiber of Caim
1, IBhérheisnrbeeideapf Ckarm I1awh¢re1hahe fiber av@page atnon-ekroes snd cap
of ciisepsogedtelllaegcha o(r)lgl ud1nal encf: rp trﬁe 1%er and the non-porous end cap does not

inhibit fluid flow through the lumen.

20  14. A fiber-based adsorption contactor, the contactor comprising:
a chamber comprising:
a feed stream inlet;
a feed stream outlet;
a heat transfer fluid inlet;
25 a heat transfer fluid outlet;
a plurality of substantially aligned hollow fibers, wherein each of the hollow
fibers comprises:
a plurality of tortuous pathways, wherein the tortuous pathways
are in fluid communication with the feed stream inlet and the

30 feed stream outlet;
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12. The sorbent fiber of Caim1l, wherein the sorbent

material has a selectivity for carbon di oxi de over
wozaopoepam of about 10 to about 60 and a heat OPCT/US2008/068587

sorption of about -25 kiloJdoules per nole of carbon

di oxi de to about -90 kil oJdoules per nole of carbon

di oxi de. 13. The sorbent fiber of Cdaim1l1, wherein the

fi ber conprises a non-porous end cap di sposed at each

| ongi tudi nal end of the fiber and the non-porous end

cap does not inhibit fluid flow through the [unen. 14.

A fi ber-based ads@pbtaili@nofc@meaml@m?ntx heflad gomopication with at

conprising: a cha i.nlet;
a feed stream out ?Ep&%ﬁgatikpgﬁg er ?ﬁhﬁ& ﬁﬁﬁaﬁi a
heat transfer fl uatineotdispbsedavighinuhaholiopy Hber, wherein the lumen is

substantially ali %I}Fdd po%lmgn\ll\éaillon tISl ’tlrev}{(]agtrtre Qf &l?lg in%t and the
the hol | ow fibers' conpri ortuous

Jat hways, mherelnmﬁh@mﬁﬁrﬂmﬂuaﬂ@amhmays are in fluid

conmuni cati on th the fee reaminlet and_t f eed.
ST oot ot a L b G A SRl et Lo fom g rigation

conmuni cati on W tet@éen tBaRinea aﬁd) FHel pOutalef; of Rgtuptidipadividyy in at
of tortuous pathways; a |unen di sposed within the

hol | ow fi ber, méﬂ%ﬁ%ﬁ%@nﬁlﬁrﬁ%&f’f}%% the pel{wgibers.
connunication with the heat transfer fluid inlet and
the heat transfer fluid outlet; and a barrier |ayer

10 i nihgheriber-bed afwmsioaeepcer of §126m i Mibeisi @fnleast one of the

bet %@@ﬂytdﬁ ﬁoild’wrﬁﬂer@ ﬁchEP@onmrféésaAn' dnf 096 d1"slgHs1:3dJ chaslongltudmal end
wayS in at least a substantial majority of

hol <Pfc§1W fileip effectivg ® prayeat fhiué é@mmasléﬁloa@gmepn rhsmlurahty of tortuous
co |
ol D[lﬁagﬁ ?75 afP{ El;eftl th}ls]fdir er 1 ?rbgt I€ast h@ﬁ%‘anﬁﬁ%'ﬁgn 9'%?(}1(3 hollow

l'ow er conprises’an’en
cadﬂ@hsposed at a Iongltudlnal end of the fiber
ffective to prevent fluid conmunication between the
plurality of tortuous
16. The fiber-based adsorption contactor of Claim 15, further comprising a binder

material effective to interconnect adjacent fibers, which in conjunction with the end
caps, prevents fluid communication between the heat transfer medium and the
plurality of tortuous pathways of adjacent fibers.

20
17. The fiber-based adsorption contactor of Claim 14, wherein a feed stream is a flue
gas, natural gas, fuel gas, bio gas, town gas, waste gas, water, coal gas, air, or a

carbon dioxide-containing medium.

25 18. The fiber-based adsorption contactor of Claim 14, wherein the contactor is used

in a temperature swing adsorption process.
19. The fiber-based adsorption module of Claim 15, wherein the heat transfer

medium is water, water vapor, steam, gas, or combinations thereof.

30
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pat hways and a heat transfer nediumin at |east a
substantial majority of the hollow fibers. 16. The

wo pwenenased adsor ption contactor of C ai m 15, PETIDS1908/068587
conprising a binder nmaterial effective to interconnect
adj acent fibers, which in conjunction wth the end
caps, prevents fluid communication between the heat
transfer mediumand the plurality of tortuous pathways
of adjacent fibers. 17. The fiber-based adsorption
contactor of Claim 14, wherein a feed streamis a flue
gas30. namgthall ofadsorbingal cogiasnenboion gedymthavmegad comerising:
gas, c , , ,
di oxi \éxght%tl aia? %:leﬁlgﬁf’m iﬁuén ho%gw GEH%? P]%Eﬂsm% g S'peharahty of tortuous
adsmputptayern pdonlitaof smrbe)ft elemantmirlAyid wdremeninationevith the plurality of
R T e o
L athenldiben wohgreinn ﬂhidecdneﬁumctanam@étezeemﬂﬂl lunten andvetteeplyrality of
wat er vapor, ste gas, or conbinations thereof.20. A
net%%ﬂ“ﬁ é&@%?ﬂ? g a conponent of a medium the
met hoderanpry RlkdtBing @ @BipSHchE tide M&Hikm Wi th a hol | ow
fiber conprising a plurality of tortuous pathways, a
plurality of sorbent elements in fluid comunication
Wi th tihe Rbkubdlor ta\ﬂs&f)lnfgoi Q%ﬂ&eﬁ@bh\&atﬁ%@lmﬁ bUBfim 20, further
di sposed within the hollow fiber, and a barrier Iayer

19 rfomyprisng desarhine the corrapEROf fhededitbnmuni cat i on
between the lunmen and the plurality of tortuous
pat hways; and sel ectively adsorbi ng a conponent of the
medi2unkhezmethothef sserhg ofonzrpsen tif igmedivs rap dieint 2bfwhgrein the
medj f f I
CormarafteotpRieTHeouy: S SR T D8 PR APt S o
congahsntainr acatheai dionidsfcoTaming @@liunvher ei n t he medi um
§onprises flue gas, natural gas, fuel gas, bio gas,
town gas, waste gas, water, coal gas, air, or a carbon
di 034. déhecmathad rif neglserbidg umcoi@Boneith ef metladidmodt &dsr B0, niyrther

conpanent of a dj um of . Cl.aim 20, further
corgPer g PSR P it S e bt B BRenda hes pashanee
mediluiin and a heat exchange fluid. 24. The nethod of
adsorbi ng a conponent of a nediumof Caim?21l, further
20  24. The method of adsorbing a component of a medium of Claim 21, further

comprising repeating the contacting and adsorbing.

25. The method of adsorbing a component of a medium of Claim 24, wherein a cycle

time between successive adsorptions is less than about 2 minutes.

25
26. The method of claim 20, wherein the component is selected from CO,, SOx, NOx,
and water.
27. The method of claim 20, wherein the component is CO,.

30
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conprising repeating the contacting and adsorbi ng. 25.

The met hod of adsorbing a conponent of a nedi um of
wW@@oMv3A41, wherein a cycle tinme between succesBCT/ES2008/068587

adsorptions is |less than about 2 mnutes. 26. The

met hod of claim 20, wherein the conponent is sel ected

fromCO, SOx, NOx, and water. 27. The nethod of claim

20, wherein the conponent is CO .28. The nethod of

claim 27, wherein the mediumis conprised of CO and

ni trogen, and the sorbent elenents have a selectivity

f or2&addembitimg «CClapv ar. wiarein germestivny isecnwrisecef{C G, andQitrogen,

Th eangﬁﬁé']s%%g?{ %&J\@%jtsrﬂa%g 2 c%rvﬁ#gn?ortag&rﬂﬁgbg%{/& nitrogen of greater

conprise ue gas strea
than 5.

5 29. The method of claim 28, wherein the medium is comprised of a flue gas stream.
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