SOQ,BEI\FF,,,..FI" BER COMPCSI TI ONS AND METHODS OF TEMPERATURE SW NG ADSORPTI ON 5
RELATED S [1] This application clains, under ) 119(e),
t he beneflafd_%)@@:;@ Provi si onal Patent Application Seri aﬁ%&oaﬁﬁﬂ, 595,
filed 8 May 2008, and U.S. Provisional Patent 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 10 forth bel ow

TECHNI CAL FI ELD [2] The various enbodi nents of the present disclosure
relate generally to sorbent fiber conpositions. Mre particularly, various
enbodi nents of the present 15di sclosure are directed towards sorbent fibers
for tenperature swi ng adsorption processes. BACKGROUND OF THE | NVENTI ON

[ 3] Coal plants proviSORBESTFBBRI COMPOSIFEONS AND MEEHOPS @Bwer and are 20
maj or point sources for gr Ssd as carbon di oxi de
(C2). Devel oping countri ewgmyﬁﬁéﬁgogiwgomr stations at a
rate which will add greatly to atnospheric CO2 |evels. The nost common form
of coal power i P rized Coal (PC) type stations, which
typically \éfod%égtfiﬁggf)pg@@mm rel ease approximately 9.2 tons CO, per
mnute, or 2.7200in, CCRAikMPplichtsn Gliths MiJder 35 U.SICr §ade@),abn edetit af U®s of
CO in the earth' s atnosphere aggravate the greenhouse gas effect and | ead
to unwant ed cIPF%?@*‘E:ﬁétﬁﬂfeépmcﬁwncgeﬁgéaﬁegyogi’WSQ’qu %ﬁarye?%’smé%ﬂ Hg"_r,
rising sea | evedisioma BadflVaspHieatRhRERISNS G0RAGI4¢5! filkd 07 Rié 10PdhY 8hdkt Y.
Thus, coal fired plants provide prine targets for carbon capture and

sequest r at i on cpEtelty andasubstapge Ry which e hereby; ingorppratad hyetereage as | fakly peti ent
and cost - g4f egthygeispt hods for CCS. 30[ 004] The PC power station
infrastructure is aging, and current carbon capture nethods are

prohi bitively expensive to be inplenmented as-is. Wile integrated 1

gasi fication conbined cycle (I GCC) power stations and natural gas conbi ned
cycle (NGCO) JEWEINIEARKIERD of fer higher efficiencies and | ower enissions,
the PC infras ture i . Cl l.wmt.e change
mtigation. Oigdégf theﬁr?;?argﬁ ﬁﬁrg%})é}sﬁ%? lgr%{é:%% érgse%tﬁ%lscg%%fe %23\{%5%{61}”1 .tgFor

ef fective em ssiber fdencempasitioss. alvbrs pepticdentatvatens dmbodigndsss| ofethe greasémat  CO?
shoul d be ,gcaptur t. gre 9 A : nipel i ne
pressuro. (8. g dteEfus o LEREL (Loas SRR ek (A LrGRREE IR hofheBh

i njection pregsesey.e. g., about 2300 psia) . The process of post-conbustion
CO2 capture with |l ow pressure feeds, |ow tenperature feeds, and nassive
flowrates is one of many difficult aspects of the CCS chall enge. Thus, a

need exists  p,CKGROUND OF THE INVENTION
[003] Coal plants provide the majority of the United States’ power and are

20  major point sources for greenhouse gas emissions, such as carbon dioxide (CO,).
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 b, 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
1




10 for a |l owcost CCS systens that can be retrofitted onto existing PC

pl ants as ew | GCC and NGCC plants. Inportant a n the
petrochemwc?g#(]%n ?lndustri al sector can also be antici pS{{%1L/ﬁ§2t0bé?&§5d7

[ 005] Adsorption processes are widely used in industry for separation of
fluid mxtures. This separation is based on preferential sorption of

sel ective conponents 15 on the surface or within the cavities of sorbent
materials. For nost separation systens, the adsorbent material has a | arge
surface area to provide reasonabl e adsorptive capacities. The commonly used
adsor bent s, s i an 1 na,
and silica gel g%lgms%hr ? %(%‘gg)éc?(%agé%ocﬁ %g%kllt gtg%ong%%mey/%gg%g% i b‘ée]dﬁ/éé’ﬁ?

i ndustri al ads(UG}ﬁlG)opDvmo&t@meﬁm digher reifféqiemws anld fower nbesebns ypie BGl umms.
The adsor bent rial n i r. ner.al ked and
i mmobi |i zed |nmnigasg S ﬁslgcr% Své;(ggelém?%sfo{)%ﬁécﬁ i ?ﬁg E"%g d{lga tg%a?’é for
sepﬁ] ati ont i's qﬁalssmgin':(ﬁurmgbr CRS ip dekedt ofgdapmg F%re:fﬁds@[mm?l mmn'plsnegtts
in e mxture are nup.a e adsor hent a e or bat e,
and the nort- aquderusretas L inBtick Baps Fapdisiaphirdc s M2 or o
fspagefsI a_rrgng_ t;{ﬁﬁty&ﬁ&@bﬂnﬁnl‘éfseggcﬂgmba&}[e dré&6urik kog., stont 1300@sia) mdﬁmg&qhmyof a
ee uid m xture, mul ti-bed systemis use vhi ch, eac oes

t hr ough t he a(fgﬁ‘Pﬁ‘ﬁegﬁ 9 PR JUREPR FSAE %gea'?Wtséé](EB% & \PEQCSTS %P?OIS%rent
regeneration nBmbessn m%a;m@ RvithSI6@ p@@m}ef&u@hdmempeﬁwéifee@ andB3RlaRressur e
swi ng adsorption (PSA) praqcess and a thermal sw ngﬂadsor ion (TSA)

process. In t Hlowraigs bsr%é%énanf H@fl%‘tzﬁf’%ﬁse‘&f thaiSoP 1sBHlengss %Wﬁt"’@ﬂtsby

pur gi ng wiggh Efoxhé)Io\xQ&)%t cé@@%t&&a&lhmﬁ %eeéddﬁ&e&mb%xgﬁﬁ@bé YlahBadieBSisa few
hours to over a day. PSA process, adsorbent glgneratl on is effected
by purgi ng w tgwal t@érN@@CtM@l%urlmpéﬁltmpé’d%@?nsgas t Patreghratier] ndssur e.

The throughput; dugmlg tbgcag%%grbglahtym%&her 5 than that of the TSA, since
faster tenpora cyc usual nutes to hours, are generally

possi ble. [00 art f E,@Qg i t he
adsorption ra?gﬂ%gnd pré{g&ﬁ%&ﬂ ro %gfzgepﬁm%&?%eg#{lgnﬁi%@%?g té\lgtgmrlrﬁgt be
considered in DadtSImeélﬂmS fSpirathon l@é)gff»egn)n Peferntdl sorptiop of hfrl@nnlgh cempongtisor bent
col um shau! d e im0y RECAUTE, B Wbl UhARAES TE Sudlf QeuAnCaUSE
novenent or f|UI |za Ion o adsor bent par es, resulting 1n serious
attrition and syss@ss, ghe tadsoraohs ondderisd .haﬂ'ruelaa{gkscsmqfucacn:lear & prévak aeasnngbﬂefl cant
bearing on the,effiel SREY,Qf The AH30LRTIOR PIGRSSS WAl Sl Sidigual |y
determ ned by fkf"lép NEsEPEF anst er® FESSEENEE L0 26 BREe ?ransport e'fromthe
bul k fluid phasditéspadtiveted ridomallursiug,faad eHicofgelt ha/eesﬂﬁacrebﬁeﬁs of ar teast|268. A

I rpti
sl ow adsorpti cr)nry/g.

20  [006] Many industrial adsorption processes are carried out in fixed-bed type
columns. The adsorbent material (e.g., granules, particles) are generally packed and
immobilized in a cylindrical vessel. As the fluid mixture designated 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)

2




15 rate, due to large mass transfer resistance, will result in a |ong nass
transfer vm'thi n which the adsorbent is only | ur at ed
W th adsog‘gj{]ﬁggl Y adsorbent in the regi on upstream of pﬁ%@%@?é%
substantially saturated with adsorbate, while that downstream of the MIZ is
essentially free of adsorbate. As the fluid continues to flow, the Mz
advances t hrough the adsorber colum in the direction of 20 the fluid
stream The adsorption step nust be term nated before the MIZ reaches the
adsorber outlet in order to avoid the breakthrough of adsorbate in the
effluent stre I S uantity
of partially &?%ﬁelézégﬂg sor %rg%{sé”lﬁé ﬁ%P:thQcﬁgdrs%}rﬁlQﬁﬁ?re é}{sét dq@rf)% aé H%&ﬁhg

adsor pti on st épt gasd Encietichiing/@olingisyeleofsudllygeqissr fronbhowrsipacet aday2 5f BO9] Bot h
the pressure p_an mass Lran fer r tance are stron | | uenced
by the st 7. ot e RhfisoRBelRR e b RRRGE s HRg A BimRerni FapRich Yo
unfortunat el y,pufified priopas |ghseateéd1£éxi ﬁreﬂ;nret hﬂﬁehlbu@pumnd?StAamtgeﬂﬁail)oMgherThe

interstiti ce bet t he agdsor bent icles.in the ed is
oropor i ongl i e @ BE TS, HRe RSP Reibhu Sisiore bR T bt FeR o he
fluid flow thrgenghtistgoesisidsor ber is inversely 30proportional to the pore
size of the packed bed, the use of small adsorbent particles will cause a
hi gh pressure [008)p. FOApztrh'ermrtﬁas&arptm&eapﬁh@eﬁt@éadsaibkﬁtcihead@frptmrm@rci al
adsorbents for fixed-bed operation are %gnerall

| ar
aver age di anet38f Prespurpdrqp,ars fypimgprtans figias that “Y"tshg gﬁ’i‘sf & ‘é’raéiéngrL

comer ci al  adeshkfNddsigal Présaatiesh Mtoubhend zﬂis@rlbbﬂrcoﬁlfmnt dRuRdEOhRaRzed,
particle. For adsorptl on to occur, the adsorbate needs to be transported

from the ¥t emseause high Juidtpsessire gropiran FaHse POYFME PF %'eélzgfontqiiéhepazshswbem The
transport rat @aj31el NEdUNBIRGH dedtYns aWRHSRSR 1bSsTThLLdsHBERANNS WBsorflionhces: (a)
interfacial mass transfer--diffusion through the fluid boundary |ayer
surroundi ng t has ésigaifirant kagripg e thy effigiengydeloths cdsorpiiant presess. dhi mats) is
ntraparticle Jgugs cfefe@rﬂﬁxfeé?rb" Sfab bl ROHOR § BobilCHARborP Bof HBACE

(m cropores an cropores) e particle 10 to 1ts interfor surtace

wher e adsor pt ibok ﬁhacﬂ( ebasptcetbe mtﬁmé swifaces of the hdsorhanttpagicéesh dsslew gddofitioant
effects on.th D S I es

of fer lar 38 flef\%tlg q%‘gcon %Xg&gerrggsfsgti&h?\cé’t ﬂﬂl #ﬂ?lﬁggl %20(51 gf%g?s ls |trr%t? Sg% %’fgllkal mass
transfer and r(hﬁlzaemhhewpahhhé edvgttient wronfshpartialty sypaated clith adsdrbzusl dihe Hence,

snmal | adsor bent es Wll incr ion rate. ult in a
T ow ot AR} T et nbyted of AR T2 RFRRT B SHwhBafidAdhsite

adsor pti on/ deswilptthardosyetream ofl hidSMTZrialebseaﬁtSDrﬂi)&l’lbf mbﬂba«el eAs dreeflaldsi r abl e
for efficient adsor n praocesses, but the mninumparticle size i

| r Ced by accanian to T2 i Bnguthunb B T afiee e REh if EEeT RS bed
adsor ber . 2phathd Suid @t&’@nwames&d&&p@m@ thiist bélteZainh@f befof tBX VAT SleMBePthesSsSur e
drop. [11] In regards to pressur e- SW\@% packed bed adsorption has

been 90 consi désoser pulet ﬁb%r@ercteﬁﬁﬂéﬁbeowe%& Of agippRaffein the gfHlugns sgeant. | ow
rates and the exReNERssOfrarRfedSOHE, | #hiBY cbitind |aURrLaGuahtyt &epe{raﬂw [@fhelr essure
makes this technology limted to ultra-purification niche markKets.

Tenper at ur e s\Witngbeati SoH pthprsferg. mesuitgn @ heré AESORRYIOR stFPIed inedficient usaphde be
cycled suffici, 8%%%téa‘i>§ﬁ§e”t |y to avoi d enornous system size and cost. Due
to these limtations nost prom nent capture technology is based on 25
l'i qui d- gasys coI abs [ 1Pl QeCfestsfc: e sBhgy! i quid
al kyl al kanol g%ch tgél %e% y e hano{ﬁg%ﬁﬁe a?nge eslh ﬁ(fl et hanol ani ne.
Aside fromt henﬂuqn@dsbweheenepg# ﬂleqasiswéﬂénmastmﬂ@r $dhnging theegmkavm;n this
capt ure technol pdy aﬁéigfﬁars opbb R FEYSE S 'éqallaglr@orta{n??%c% NGyl AGeRRES O
handl e | arge anount ronment al azar S waste, ‘corrosion,

entrai nment, fpaodetmgen ﬂmddsmﬂmpl pagmles\iﬂh’é@ﬁ@d Beﬂiiiﬂdﬁdfﬁbmﬁm%/méeﬁi&é' [ 12]
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5directed. SUMVARY [13] Various enbodinents of the present invention are
directed osition and use of adsorbent fiber It Mor e
parti cul ami,d@g&?gigs 10 enbodi nents of the present di SWSMA‘%@& rected
towards adsorbent materials and their use in tenperature sw ng adsorption
processes. Broadly described, an aspect of the present invention conprises
a sorbent fiber, conprising: a hollow fiber conprising at | east one sorbent
material; a |lumen disposed within the hollow fiber; and a barrier |ayer
lining the lunmen to prevent fluid comunication between the |lunen and the
15sor bent mat 4 I H r pr mer
matrix. In anedg%%q}ée&tsneor]ﬁtalxeé IJ%ﬁeé’p(|c%}r%élé}ént |%§€%ﬁl§| (laér]\rgeer ggpollélﬁren a\%?%g%!x can
conprise a pl wiabatéary of tortuous pathways. The plurality of tortuous

pat hways can conprise one or nore of a mcropore, a nesopore or a

macr opore, whd0Hiln t helnosdition, aipoet aF tha snifmecqmcasexf camP@raie sdpwbeantsoare a

racr opor e areﬂ)c'attda%‘ Ind nﬁé’mif%%%%éo%é Tarftl?clp ora f'u%eg 6&r Qﬁvasa@aavefage
| ongest cross-sec I mension o eas U Lo O Erontt er s

| umen di spésedewdstth Heheanfpolred froanthh axermah ﬂandepstagftol tha gastiorcsuefas: sfeihe i onal

di mensi on of at ast about 55 mc S, The hollow fiber can have an
aver age Ionge%n'ffeozé‘e%ﬁp%ﬁ?ﬁ 1Sd'lnh’\% %ﬁy fyo PassanpiGmeqDANEMY MeSSPSY ¢ han

that of the | uaEiRterfiifl ek lnawsf&S diffubien tianghCHBIuid BouRdi9 NayeP k@tmnging cap
di sposed at each Ion i tudi na @ggﬁs(g the f] wherel n he non%rg rous end

ber
cap does not iHfhfEFT fﬁ“ﬁﬂ?&?et e¢=?tlpﬁ’F‘r‘|§Jr? a‘l‘héb bARRaEHC E]H’g"i‘%gr“ Thave an

aver age t hi ckgmsidafthlo8sStht Madnaler spaé @iEHEITRY fldSmacropotedPdf ) arﬁélé bent
material is in fluid comunication with at |east a portion of t plurality

of tortuodf pdt KdpisriorTiefach PhemtadsRpEsy wkecBAchate éﬁea\féhf‘a@émﬂérhj‘ést 30

di mensi on of s%%ﬁxc&rﬁ%@feé’epQﬁ'EheJereéTbicth&%&/g'aﬁfustH%ro"c%sQ@ NEmAPSRAdIE offen
conprise less than about g he sorbent materi al
can have a sellast flyiffsglid ‘Eﬂﬂtaéh%f%nﬂ thedixed bedbips nterfaciabpass tepsfghandtreduge t o
about 60 and %% 1eRbth 8t @1%'1 antlc@tlf?ﬁ‘&smn zﬁe&g/ MQH' ad%ér{t?)aﬁlm%ykwﬂ 90

kJ/ ( mol aspect oipt he present invention conprises a

fiber- based adrgmaptt tmmdsmmtaeﬁcm@rresqlh@ a:omtazcmass trmfﬁmzsnmgar fast @hdinber
conpri singsa f, t, rfIU|d
inlet; a %gat Cg"ﬁ@’é‘%ﬁ ul ofl%gor{)t?on{aeeg&pé‘% ur a lu? E’?"& %{e gnhed
hol | ow fi ber s arentiesirehle feraefficieht adserptmxln@m.cessesmm Sl&smuampinupatwle ymzefls

wth the §eed Cpaihirirplpi bR i Ee Do & 50 oo b ARERG: ' "

sor bent el enerhat is,foné Wwantd ol oidTaidi Fdtioa bhdéxcedsivl padssudred®p. a portion of the
plurality of tortuous pathways; a |lunen disposed within the fiber, wherein
the lumen is @11l ui d norpards ecatGaM mshlheishmghmked badmﬂsbrptfohmasl beshet and
t he heat t, ansf er f|L%Id out | a_ bat her

nin | unen
o P et R et e P Rt M s Fiaw mt%raa%wxmns‘fort Jous

pat hways in abf peastiziag HelFhieant icthe MRjuBEd pissafe hiles kHibRESnoloE) Ginfledit@l i ty of
hol | ow fi bers 15 further conprises an end cap. di sposed at each | ongitudi nal

end of the fi BEfP-RYffigionpiche saskessy chRmBeraditg Swwdffﬂrztaoa ipifs SwIeHE 8rkEHe
plurality of teq4 ?&&Htscagﬁétm@%@]e@r&dffﬁléﬁﬁ?-tfreﬁﬁﬁﬂgft@ravcﬁg(ihbﬁﬂo'ugl sftterh GBSt @
substantial majority of the fibers. The fiber-based adsorption contactor
can further céhpeassdDye thithrarlimpgiions.ithg mast Peapipgns capsurp fchpaiegyrie basedai acent
fibers, ch Ganj i h

communi catt on JOUEa sann e o o e o R B i
tortuous pat hwkysolahinesd sebeastmdthyiethanolaies indb!ecthtidmnd@mmp pthsiie fc@mt act or
can be utiliz fuel
gas, bio gas, ﬁ%ol&n% Bagegg&m%; gg%e%%%g s&b&ﬂ eﬁl&ﬂgorgg% Cwagéchgrg%%%

di oxi de- cont aksuffeng ﬁmdismalTpreblémbemhdmgdthadmd pbi lmmdleohtgec troountaef be used

in r [ W I’ 1 on, pr n. [
a temperat lejanveu"o%merrl‘ltglly SO ts “C/)aSt 00%0%1%% ent:ram%n%rr;q.p ﬁooac{ing and weeping.



25swi ng adsorption process, the heat transfer nediumfor the contact can be
wat er, WalHf ey steam gas, or conbi nati ons thereof.PC{/%ngmsg@pect of
the present 1Tnvention can conprise a nethod of adsorbing a conponent of a
medi um the nethod conprising: contacting a nediumw th a holl ow fi ber
conprising a plurality of tortuous pathways, a plurality of sorbent
elenments in 30 fluid comunication with the plurality of tortuous pathways,
a lumen disposed within the hollow fiber, and a bather layer lining the

| umen to prevent fluid communication 6 between the lunmen and the plurality
of tortuous p ySs; rdi TR : t nﬁ% hod of
adsorbing a cgg%%ﬁent %?%é&g%gitgﬁggsaﬁn%grthe?ﬁg%l%r}siagg esg%J |and§bt
conponent of tahéastadiomprneat pfet modufcharaesenided iy aaelativehyomentl pagiclesizeeatidum can
further conpri r i f L ki i I e he. i and a
heat exchange }’?}g%?luaﬁyee@tﬁg&%ga\!lﬁrﬁq@g& rlfs% ge%%‘*rggr °§a§,1§ ﬁ%?‘%?gﬁ’gg’?g‘#?a gas,
bi 0 gas, town cgapositiers taed gethodwdihethe variak egdsdimants of dre peeseatribention ai de
cont ai ni ng nedd'irléépe The conponent can be selected from CO2, SOx, NOx, and
water. In an exerrp‘il'ary enbodi ment of the present invention, the nmediumis
flue gas, and the conponent is carbon dioxide. In an enbodi nent of the
present invention, 10 the nedium can conprise CO2 and nitrogen, and the
sor bent el enerfitBMbBYRYhave a selectivity for adsorbing CO2 over nitrogen of
greater than he cygle tine between_ successive adsorptign steps . can be

| ess than aboi?ls-iE i nu?@réc?us[m%ﬁdﬁl%%r ogsdseeéir?e’é{nﬂw‘f”g'ﬁf’uggs ‘E?fteén‘%oﬁ?rrent s
of t Ee pr esentcompusidn iyl el dF]f ac}sbl[alemrmem??g@mon_ts.o Mb&sﬁb%r@cfula@ryg:cv_&@dlﬁ ski l'l
in the art, upon review ng the follown escription of specific,

exenpl ary EnbGHPAEHCES & %@eﬁflb@éﬂ?wﬁ BAfPOR oW aEsrjdinteent shtsRiatsnihe
acconpanyi ng frheithiseSn teBipealurORAGRHbHSH ProcBisA BeRily dedcdiBld, bh dipe@iorl A-B
illustrate a hollow fiber conposition conprising an %0 adsor bent nateri al

di spersed in tRRPTBENYIREGOLIAREQMBIISG] 3 $orieRt BRpEoBWHEINg e hollpw| fibergomprigingi t h a
plurality of adRQLRAN oBER: GladHab algl@len dibpditd FhEMIRShAIR B! M a0Girifer

schematic of a perspective view of a cross flow contactor conprising a
chamber (A) adtyen lipmg iy hyment to arerepiefluid Rpmmunicpidar batwegnr @e Jupen and denary
phase di aglrsamsinlb[aﬁ{%&%{ai].ng t he 25pol yner/ sol vent/ non-sol vent sol uti on.
[22] Figure 4 1's a schematic illustrating the danper sw tching between

sorption and 4epQY Pti oR ROESS-fiber daftSfurhibiUbSiprel § FoishideMRAE | 14 YRt rating
an RTSA system dési gn overvi ew.
embodiment of the present invention, the polymer matrix can comprise a plurality of
tortuous pathways. The plurality of tortuous pathways can comprise one or more of a
micropore, a mesopore or a macropore, wherein the one or more of a micropore, a
20  mesopore or a macropore are in fluid communication. The hollow fiber can have an
average longest cross-sectional dimension of at least about 100 micrometers. The
Iumen 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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WO 2009/ 003171PCT/ US2008/ 068587 [24] Figure 6 is a schematic illustrating
an overV| g{ /M]ﬁ fiber sorbent RSTA systemintegrati OnPé'f}{Jﬁzoﬁs/g)&ssslt ation.
us

[25] Figure rates provides mcrograph illustrati

'sieve-in-cage" norphology. 5[026]Figure 8 is a schematic illustrating a
pressure decay sorption system [27] Figures 9 A-C are scanning el ectron
m crographs of a fiber sorbent (A), a Zeolite 13X dispersion (75 % in a
cellul ose acetate matrix (B), and 13X particles exhibiting "sieve-in-cage"
nor phol ogy in a cellul ose acetate matrix (C). [ 28] Figure 10

graphical ly dqmn%%utfgobﬁs é&%ﬂ%ﬂﬁﬁa fRE THleBfveRONREM caiPhaG0 m@ag@ Res for

I sothernms. [29] Figure aphically depicts the nass trans
conpari sons bmedlm@vqmmd of ghvayt hQ tofabbetrtd and ddatedl sarption dfout -[ 30]

Fi 12 h show th It di ent

|hg?rger sg?bg%ﬁgﬁgggﬂ?agf?gﬁgures ge%gﬁparz gggz%ingeepggffgnynggfobfgphs

of a PVDC | umggigiayer (f),saiflofuk! DSeatRvafiby LbfiplidiB tideA¥RE d%@so (don [ 32
3! T of a I

Figure 14 is anni ng electron crograp umen | ayer vi sible
pi nhol e defSectcontactp3He @ngutoesomﬁns&a@ arcmrstmhemapmmg (o} 1 f@dtsyapamamleﬂnal | ow

L;‘ber operati 9L ed( 825am out%eQ #{gﬂ% tran (P 13{1%? s‘neatr%rans {Blln g?e%nt Slux(aF ity' of
pillary forces uarrng pos rea WET’e T esponsi acryl’c cappi ng
of fiber tip (s@stansinldly ﬂ@nmatiolfdwbﬁbers, |vmemﬁ énchof ﬁmrﬁﬂrslc@mnsdsy padwalith) .
of tortuous pathways, wherein the tortuous pathways are in fluid communication with
the feed stream inlet and the feed stream outlet; a plurality of sorbent elements in fluid
10 communication with at least a portion of the plurality of tortuous pathways; a lumen
disposed within the fiber, wherein the lumen is in fluid communication with the heat
transfer fluid inlet and the heat transfer fluid outlet; and a barrier layer lining the
lumen to prevent fluid communication between the lumen and the plurality of tortuous
pathways in at least a substantial majority of the fibers. The plurality of hollow fibers
15  further comprises an end cap disposed at each longitudinal end of the fiber effective to
prevent fluid communication between the plurality of tortuous pathways and a heat
transfer medium in at least a substantial majority of the fibers. The fiber-based
adsorption contactor can further comprise a binder material effective to interconnect
adjacent fibers, which in conjunction with the end caps, prevents fluid communication
20  between the heat transfer medium and the plurality of tortuous pathways of adjacent
fibers. The fiber-based adsorption contactor can be utilized for feed streams
comprising a flue gas, natural gas, fuel gas, bio gas, town gas, waste gas, water, coal
gas, air, or a carbon dioxide-containing medium. The fiber-based adsorption
contactor can be used in a temperature swing 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



[34] Figure 16 is a scanning el ectron m crograph of a PVDC capped fi ber

tip. 25 SCRI PTI ON [35] Medi um separation is 'ﬂpl?fx vari ous
i ndustri eDglwdrqu I'ng but not limted to, the production #2%#/06]8%7

chem cal s, petrochem cals, and specialty products. 8 The term"mediuni is
used herein for convenience and refers generally to many fluids, |iquids,
gases, solutions, suspensions, powders, gels, dispersions, emnulsions,
vapors, flowable materials, nultiphase materials, or conbinations thereof A
medi um can conprise a feed stream A nmedium can conprise a mxture of a

I it f " I t
o e than one. P TGR e anbithe iy o bdfiBle S B, R GEGRIEL S GhBlZ, | o
that, assistedfidhe medium.sa ingthodf ¢fuaddgrbingr a @Dmmnen’eaﬁs mgbmrcahlfyrt@tpl oi t
{he differ encenmbRIshil yR dlonclio 68! wRERRCT 1 SRagl §hSssamoRents to

be separated aration can be ac ieve
| i quefaction @pmpynem |of|azumag1uan ca:dsfontthmrﬂom%erpreylenm{g flhiit cqsmmﬁmcmohl all'y
rea

retains or r ai ned or conpanent relative
to a less rSea {Ween g“son? deudn S%Crg%ggaéﬁfc 812t R doud’ésq"ﬁr? Iél COmPRAS 1ié*Such
cgrmer ;:! al | %/Tpnmcaﬂ [%gidueg@ss , Dip gasatdvangaes ﬁmﬁ gasi, Svate€ ropealr gk, ]Emﬁ OSWidﬁQ)O;I

adsor ption co process wherein a of, adsor

material is u? %“dt CFOBBHAR rt“% ‘B‘Hea%‘f’ W%neebﬁﬁ?oq?eﬁ%teggfoanO&d@’?’ m’of a
medi um and 1%hieMatet. hBl Aadsempieit enitedinhéht 6EHE pREE ﬁdeﬁtml 9 $iedfint REadsor bed

conponents) by increasing the tenperature of the bed. [38] A TSA process
can conprise BRLPRtEACPH °I’§H‘§6F35P‘?’b‘ﬁ°’8fle dp ap gxbpdigppt of GieBFEMIN GRS medi um

by an adsapbente mBdiBM @h dofipAtd ¥O), tafd RitkBE0 A GRTBADBER eleflenRI A ThaGOAPONENT S
in the medium The total amount of the at |east one conponent 20 adsorbed

from the nmedi gpleqtivite for adsabing €6k gy erawreeap abgresterghan helhedyele awtbetveeer i al )
and the sel eCfshééhésyve%so&ﬁﬁm%féﬁ%datﬂe%sHfaﬁ aBAE 2 %gﬂms?é?ent over anot her

conponent of the medium™ can often be inproved by operating the adsorption

process under [§ig§Ci f i CORELAPIEarfdBachRIBEERS I et CStdhd | 1)1@&3?& m@ént#aﬁt\xt}n
pressure and terrper ature may i nfluence the adsorption 1oadi ng of
conmponent of tbaeomeegpipagent to those of ordinary skill in the art, upon reviewing the followmg

15  description of specific, exemplary embodiments of the present invention in

conjunction with the accompanying figures.

BRIEF DESCRIPTION OF DRAWINGS
[019] Figures 1 A-B illustrate a hollow fiber composition comprising an
20  adsorbent material dispersed in the polymer matrix with an adsorbent material (A) and

with a plurality of adsorbent 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 5 is a schematic illustrating an RTSA system design overview.




25 [ 039] An adsorbed conmponent of a medi um can be desorbed from an adsor bent
mat eri al . i of a conponent occurs because adsorgt | rns are
strongly ?ﬁ?@gﬁgjel?by tenperature. Thus, high purities %f/gﬁgg%k%%%m of a
medi um can be obtained by adsorbing at | ow tenperature, where adsorption is
strong, with the release of a strongly held conponent bei ng possi bl e by
means of high 30 tenperature for desorption. As conpared to pressure sw ng
adsorption (PSA), TSA 9 can be operated in the saturation reginme of the

i sotherm which provides an advantage for capacity and range of utility of
an adsorbent rsfri al . plghirel #As B QRERRRSHIARRLe bR ovASRY B 1R FHIR ¥orBEnt
supplied directly to the adsorbent material by flow ng a hot desorbent

medi um t hr ouglRYIHesystem insgratipintoeak ¢ gtatian. t he adsor bent nmaterial through a
5 heating coil, electrical heat source, heat transfer medium or heat
exchanger, andf2flot her Eiguyhy éliustztes pravidest ipicepgeaph sdusenting the “sigvetincage”

adsor bent nat %(%‘_rglllolo 040] TSA, as practiced in the art, has several

di sadvant ages. r exanple, in directly heated TSA processes, a hot fluid

i's typicallsy flysped thi?%gﬂ!‘s LhecRASAE Bfuks@din g‘[}résghré aéca§s<§rﬁgo,§sg§t9&bent

t enperature; however, t greater the tenpe ure rise, nmore fluid

that i s neede his r A I I nent s

in a large volqunﬂ of hg%'y Hﬁg %d?g%aqgﬁgg{eﬁ%&{}gggog ﬁ%ﬁﬁ%e?gﬁg%?@ﬁat is

used to raise aZeeligdSErdiwarsionéipetar o peeilyossfapespre matrixy @0 cardridBiperticles sone

cases, the heal,is:.. pat. . recoyes [ y-heated TSA systens
b e P R e S

are operated ng adsorption t ch shorter
regeneration thems. Fu 1 casl.on d I
regeneration ép@he adfs?%pﬁ{ew f'%%ptg%ﬁ% (gﬁp\%gss%ﬁege&%%eﬁgoﬁg&eﬁﬁ%t iscgﬁenatmd fl ow
vari ati onslOi n cduposintsesotheegui pnment that can be difficult to manage in an

ot herwi se steady state process plant. In indirectly heated TSA systens,
heat can be suUp¥li ed wFighrealhemiphiexthdepiey thewhass Hraasfei denmribansitetwesh t he
adsor bed conpagn th transfer. ium however, heat nanagenent
and the cycli é’u%gﬁr)l(g ﬁirs?er 841%:%%\%??@% dlegwﬁtgg?%d TSA processes often present
difficulties. houghgvari Qys  SW adsor pt i on have, been_ .
comercially r;(r%aotc]ti cedFl \%er ??hlse ayaéalrgrél,géj t eecrgéﬁ sniulc'l[gga gdns%fwr‘{lsngathﬁ S5t he
art for inprovedieswinfipeasstenpt i on net hods, particularly when separati ng CO2
fromflue gas and for nore efficient use of heat generated in the

adsor pti orspr géH3s. 25Fi@ddes B3 240 aregcamingt dedidoe niicggraplss of BVBnlulnek e
reference nu ralﬁéﬂreg)re ent li}'ﬁe Eart% tRﬁo hout the several views,
exenpl ary enbdHEHENREY BFIOPHEP #rdcdiven RYZAB1Gh wi Il be described in detail .
Thr oughout t hi §3zgescri§ti on, ,vari ous.co nents_nma hbef i genti i ed th?vi ng
specific val udBZr parSEEtIE S RATEPG ClPHID MicrsiaPh o2 ImeR e wu

exenpl ary enbaghiviepibbole Heteleed, the exenpl ary enbodi ments 30 do not limt

t he vari ous aspects and concepts of the present invention as nany

conpar abl e parnesst er s, Figh#es 45 A-Bngesheraqnids of a typichldsliow fibbeopergibe @nhed. By
way of exanple, the termsorbent is intended to encqonpass both adsorption
Bl absor b1 bAoA bYRPE TOES ST D). FRAETY HPoaGRON PORIE Sy Seur e ¢o
adsor ption andespsmtd flr QBryio MRPSgt bOMer tiPRTS analcpped ibePlip G8HSRSlumeh t
shoul d be recogni zed that absorption is also intended to be enconpassed by
the descripti et BpasstPse- versa. 5 [042] An aspect of the present invention

conprises a saorbent conposition 100, ) i
[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.

8




conprising a fiber 110, which itself conprises at |east one adsorbent

mat eri al tensi on as descri bed above, at |east e nt

mat eri al ) 8@W§%ﬂﬁ§en 130 di sposed within the fiber 116? an%ﬁgﬁgéggier

| ayer 140 lining the lumen 130 to prevent fluid comunication between the

| umen 130 and the at | east one adsorbent material 10 120. (See, Figure 1).
In an enbodi nent of the present invention, a fiber 110 can conprise a

pol ymer network 150, the pol yner network 150 conprising a plurality of
tortuous pat hways 155. A fiber 110 conprises many classes of nmaterials that
are conti nUOUSH,.f ke fi. ol L I e jeces,
simlar to Ieﬁ%?ﬁ%ﬁ%fg% Pgad%ﬂ%gmggggfﬁgégwﬁ?ag%ﬁﬁﬁgégmhégﬁgﬂ%qgéﬁ?'nuous,
flexible, fil dhidst basdnwnsesi wlutibBs, shspensiopsapowdess, igels] gisprrgdnsaspelsions.at i o

(i.e., ratio of | th verage.l on 0SS- t1.0N) . n di ment
of the pr esentvaPcﬁ\%’g%ﬁagfﬁ?nager? agss%lgﬂélpg?sa |a%en%%h§rbcé)ﬁ1§fna*1§n§§ er%ng%[mﬁﬁﬁrg I n an
enbodi nent of chlheompesenfeed sueam.i g medinmasqpecimpria¢ iaanixame b€ agtlurhlidgastt about
10: 1, at | east about ,,eas 000: 1. 043%Afiber 110 can

1Q0: Qr. at. | t .about
have many cr oscgme%re;emsoﬁﬁ? }e?ﬂaBl@%af‘“}i A& Pi?&?‘ﬁ’&}“ Bt RO Pi%ited to, a
rectangul ar s , a cjyecular shape, sem cj.rcul ar shape, squar e .shape,
L pent agonal - dSe, *a Mefliir St iza B SEORELTES hEm b Boo R a A
shape, a st ar -byhepe solalsstladd) wr thes heps, generdlly sphpahe diffeadnest iapmpsicala
mul ti-| obed shape, ﬁn .ar bi trar% §htﬁ143e, or conbi nations. thereof qr
t her ebet ween. ﬂfﬁ(gf Ghemyral; prapedries \ot | e Companents o BRoGPaPdaltor EX4RE $3e
Cross-sect i onatpagdivARadbe dchRvéd Bgfartial Qqufdctiotlel B uiiliniRg bh @dsdfbenBv@E@ge
| ongest craoss-sectional dinension of the fiber. For exanple, the average

| ongest c r]_Qs s-taat (Pﬁf‘?fﬁ’&ia_“bi ITFHRIAS P’bﬁiSBﬁbS & "19'% é‘?ad%mtﬁﬁe_daor&dﬁ‘?fmda@mponem _
Cross-sect i 0ngkladean§ 18 tehdiBadbétBedMPRBh&: oPthe biiemikhber. In an alternative
exanpl e, the average |ongest cross-sectional dinension of a fiber having a
rectangul ar crgsg- sect oﬁaalch%bﬁ\ﬁ@remﬂylpraeicédﬁ%s@bﬁegamlpr&%svv@%geﬁ@mbengt h
and wdth of the rectangul ar cross-section of the fiber. In 30 yet another
exanpl e, the &vERagloweaystiikr dS9- serrrisehal PrafeseMEPsH afbed ofi adsedemrivi ng a
starburst crossnSaEkuRnAb sSRRREM dr mdREcdnionbitS SR BE € sREIMG S Inddien LR
furthest points of the starburst cross-section of the fiber. [44] Tn an
enbodi mentlSof thdnether edserbent bade st reganeraied j(tsdgasing Chd aadsaabedavempapentsopgest

Ccross-section i i 9 e%un%t L33} about 100 m croneters, or at | east
'ﬂ%t f . )
about 5 500 %ﬁcé%gﬁgt er sr,Hpor ato east about 1000 m croneters, or at | east

about 2000 m ters ig@g}- f 1N ti.on, fiber
110 has an avgdrs%gg IonéetE?A ??(gggsg-)g%ctl nasﬂg Fd ‘}F:r%rrll@lﬁ (%Rr?'l1 tl()!<'§11be(!)f‘ti§t ff%oong

m cronet ers. lcompeneskefingpinadiymdiylradidaebent ofateriabrepatizs éna sdcondeetmmnentrf i ber ,
having a ci reular 65958 58 W oReafRS 138 BYPLASG: b ATSh fasClnc Do, 4200

m cronmeters. FiDers €an conprisé dianmeters rangl ng o 0m Bbout "800 t o
about 150Q0m cdemeiddiran the dbdiul (.eirdre dis@ipiancdpasiey ofethy adsodisat sactinpnal
shapes, incl udi but not limted to, a rectangular shape, a circul.ar
shape. " a sem ¢P i e b dfhapl el oo ke Ay syEner of
triangul ar shag@emeduhesagnabe igipagied bRdpeaing Yt wkorpti@dstocess Gidef spetisipe, a
starburst shape, a "U shape, a | obed shape, a nulti-I|obed shap an

arbitrary 15 SHAPEC and eRpFBiuFratonditent ALPY presiurg st lEBREHEMaGIEugce
ordinary skil lihd asdrPRorAbidiNgsH abohPBhdnZ & thdimkdibAe Cross-sectional shape of
the lunen 130 will determ ne the average | ongest cross-sectional dinension

of the lumsn. [§39] exanpheadséBed R¥MpaRar |0PNYanddiih 0%s - & Geiddhal rdhimansi on of
a lumen having a circul ar cross-sectional shape will be the dianeter of the

lunen. In an &ftoshenampiglale Rasprpion plveComROnER)OCEBhHbReaEse AdsorptiQidsethesis i onal

di mensi on of g, WRBIhAWLALeP by RGhRRANE AT T ORigh $EALEOHE) SRS L De the
di agonal between the’l ength and width of the Iunen. In yet another exanple,
t he average | @iegawt carbgobtained by adrerbinl #ders iamperture, Whereadseratiomig seor, ar bur st

cross-sectional..s i | LSt t t t 1. poi nts
of the starbu?‘lsltth @?%@gﬁgeﬁt?gﬁé%ﬁ' g %lg %ﬁ%g?l&@%ﬁgg%éﬁ]ﬁﬁ %mfg%oﬁf%lﬁt of

t he presedd i tangrerdtan foradeserpton. 139 céraparahtogresserg ewingrglewrptiar 49).sE¥A | onal
di rension of at |east about 50 m'crorretegs, or at |east about




200 mcroneters, or at |east about 500 m croneters, or at |east about 1000

m cr omet e{ﬁ)zolo /O@rfnenbodi ment of the present invention, Ipcf/bl&%{)]s&%gmhas an
aver age | ongest cross-sectional dinension of about 300 mCrorne 410887 1 " an

exenpl ary 30 enbodi nent of the present invention, a |lunen, having a
circular cross-section, has an average di aneter of about 300 m croneters.
Lunmens can conprise dianeters ranging from about 200 to about 500
mcronmeters. [47] In an enbodi nent of the present invention, a fiber 110
can have the sanme or simlar cross-sectional shape as its l[unmen 130. In an

enbodi ment of thg L [ | b ; ' rent
cross sectional ps%g%é a@ﬁg%gﬁéggﬁgﬁ%gqﬁgg Elrlrsgﬁlrmf%é&l gﬂﬁéés%{r}gag?ér?gﬁ of the
present i nventiposepadifyend sange obhtilith ef anvasiseent noatggiad t IncFSs prosesedsi manfor

di mensi on of f} .10 _th ver.age ..l t, Cross- i On { rensi on of the
| unmen is gr eatd§$° toté’nm% ?))S?S ug?l%,% %lfe%ggggtﬂé? a?i?gbﬁ%g%fﬁ%ag!bi%qwﬁn%ﬁ e°>EerrpI ary
enbodi ment of detebqnt esdiotm throvginthedred, dhiedireatly @ e atiivebeav eiaggel thoogest 10

cross-secti.onal di nensi.on.of . fiber to the erage | ongest cross-sectional
o oot oot " Headte TR He0 Gl pte SGlred et G EE T BAS SPHER L SERRR RS 200
invention, a fotteey; whit aednptiingesasedcidtion siith direadasiban harkialmat erial . In an

enbodi nent of the present invention, a fiber can conprise a plurality of
adsor bent mat 040l s, | TSA udiphgtiedd ihelesdrt, ameseaetaladiaddntagad. eFdrakamgld, ik 20 or

at | east two adsorhent terial s120 and. 125. .(See Fi qure . . Various
S bod ment & oR B TEAEddRA PHGSRE: SR ES finadas evelldirbveb ol aanibhont
mat erial 120 tbed &LHag6 liheVRisdrbad $@hiferaire] IRAGVerD IR £QNR AeBip&htuk ARIhM The
at | east one co gln_ent can conprise many materials, including but limted
to, carbortVdi Braduiddiatioprered: nThis H5ei M dhe/Gersrsigry of fh desorbag ComRIEHEnt

material conprih &iaAg VORInRCAHn8Ating 2bdRing i8S the 2884 Ath&me ofiichi a-idhdddtdaRRosphat e
(SAPO) materials, alum nosilicates, alum nophosphate (ALPO nmateri al s,
activated car fsnadsgident\iamBratreyisiohign net receverable.  Hnbome: ¢psest thegheay is roj,

met al - or gani ¢ fdEMPTdecdTRE §hdnd! SirecAPNBIEN TSAT GARING e AoRMRLK Wit Rhh 2l S,
met al - organi ¢ pol yhedra, zeolite-i1mdazol ate framework terials,

pol yner - based agspspsiobdines (e.a¢ dexsipidap¢loshorteiegengfation tinwg Bertthermore 2B 049] | n
an enbodi nent : i i n;ad t i C used
o sel ecti el y-aont, RAEFRbal iRkt o8 RbRER iR By, 18
conbusti on pr comsswaionand dlom wriatiors igaewnstrremeequipneent theuéani egdiffajeo anount

cor bent mat er P Sl 0k SR doseblntkls B ARk SBRUEETRE sage'S) ot ve
to nitrogen. heatcaptbarsepplied with 4 here egeamngeeeathidh astidedibntion of it absbbddwi t h an
adsor bent mat %gringénegtat\)lyi 91% h%atsueelng e} Im\élhtu};x, %Engre% teg{ m%rtlaaggment and the cyclic
20  nature of indirectly heated TSA processes often present difficulties. Although various
swing adsorption methods have been commercially practiced over the years, there still
remains a need in the art for improved swing adsorption methods, particularly when

separating CO, from flue gas and for more efficient use of heat generated in the

adsorption process.

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



about 5 for adsorbing CO2 over nitrogen in the flue gas nixture or greater
t han abouﬁmag,;ﬁg dsorbing CO2 over nitrogen in the fI €. I n
an enbodi % e present invention, an adsorbent nater can qve a
selectivity for carbon di oxi de over nitrogen of about 10 to about 60.

5[ 050] Unl ess ot herwi se noted, the term"selectivity" as used herein is
based on binary (e.g., pairw se) conparison of the nolar concentration of a
conponent adsorbed by the particul ar adsorbent during the adsorption
process under the specific systemoperating conditions and the nDIar

concentration ¢f;Ae CRIRLRAEBIbehls %tgrﬁi%g to Eﬂc%fh% glumé%tlp%: (lg)lg aft

cont ai ni ng conponent A, conponent B, as wel onents
an adsor bent tWhile nefesenge wilbbe medesibraughduy ﬂtlsldl‘ﬁ‘d%umom;idmmonﬂanﬂ hawcm@dpo nent

Bwll have at, e i.0 0, | rptijon
process cycle Q pgstlf?dc})lg r?{t%é%’ alr?rng[?rggség%efs ’ gsﬁ%ﬁ)lﬁee{e%%sﬂgf %ﬁ{ﬁp%sﬁgﬁ&:g als8
(ol ar concentintetded o loef enbomprssddyfthadesgigsion,rand eise-aeka.wi t h t he sorbent) that

is greater than the ratio: 15U(total noles of B in the adsorbent) B =
(nol ar conéentld4Xli on ofnBspert df e Hrésant igwtibmcqmpttsw:et sorbenhcdniy@sision et )

where UAis t [ f _con

“adsor pti on USPRRANEF Bbirad iARe e BPERS RGN oo RGP by
selectivity f@xtenmrpamdmmﬁedosmzx% Cﬂmpmnemb aBsdrbeat nasergheler khan 180e i s
represented by, Selectiv ere UA > st a

conpari son of HPPYE Emn %ﬁﬁBgﬁgﬁt (a\rltgn lafygreh‘mjf %%‘Hf ﬁ'%fi"u]%g % REV®nponent
with the smal Ifiaéd conihincadibn be@etihalluii®] €30 pidakee: lags biie hdierbatsaid@Nt 10

i is the "lightest conmponent” in the

its nmol ar concenptr nin the fee
swi ng adsdPpt i} ?ﬁ gfi?c gure Py %énﬁaﬂ%%%e@ggsﬂv RIFSER HHAtPRL R 110 f3Ponent
have the | Om%bmﬁﬁéeﬂﬁpﬂlﬁﬁer\ﬁﬁt@i‘ﬁ 150) vy meri nBtvidiie 1SR sind@plaalkyN2, the

"I'i ghtest” conpound in the sense 25used here is N2. This neans that t he

nol ar concent tAYOBH PEhWEYselSS; gftithet 18 apiBprsse many (chasses 1of deatsriadnihaigare ut

during the adgghfub@)fISisHe, ﬁl§m8{t§§1ta% infdd@feed H6ndIRUPlecdd sinfRNGAR RO Of
that |ightest conponent in the fe I'n an enbodi ment of the preésent

i nvention, an r'ﬁ%medéléﬁﬁb@“ﬁb@’n@e@aha pensiauenss Be¢xelle.i filpmenteusrmaterial r st
conmponent qie. oSeeong; C ent B)
of at | east5 S%Yam g{{g@? é)ﬂ '}’{@C[ %l r((;rltg 2%%%%gég§§a&slgg g{drp[g%rrponent
of at |east 1@ectign). alnsas| @n:ttommetnyOf e peestitristengorc anpepeehtatiover ba askesond
corrponent of ?B%lé%alsatln%ﬁ embL)élHenJ & ﬂ@pﬁ%?gfv%ﬁ}t a(tjnf as%&? raR SRk %E fé&’s‘?”t on,

the loading o
about 10:1, at least about 100:1, or at least about 1000:1.

[043] A fiber 110 can have many cross-sectional shapes, including, but not
20  limited to, a rectangular shape, a circular shape, a semicircular shape, a square shape,
a pentagonal shape, a triangular shape, a hexagonal shape, an octagonal shape, a star-
shape, a starburst shape, a “U” shape, a lobed shape, a multi-lobed shape, an arbitrary
shape, or combinations thereof or therebetween. One of ordinary skill in the art
would realize that the cross-sectional shape 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

11



adsorbent materi al can be greater than about 0.25 mllinole of CO per gram

of adsorb pal, greater than about 0.75 m | !li nol gram of
adsorbent%%erl aI or even than greater than about 1. SePé){[P /6)6%5 7
per gram of adsor bent 10 material. In an enbodi ment of the present

i nvention, an adsorbent material can conprise a heat of sorption of about
-25 k. 1/ (nmol CQ2) to about -90 kJ/(nmol CO2). Exanpl es of adsorbent
materials that can selectively renove CO2 from nitrogen-containing flue gas
m xtures and achi eve desired | oadings, include, but are not limted to,

M Cr opor Ous Tl i chosSUelofkt sEBEIiA BS thekRARE blwEaPhE 1S rurfb QI | ! S,
and 15 SAPO naterials. Non-limting exanples of zeolites suit b e for use
her ei n i ncl uddhg$ybumstcrgn:sedinn ofshe fikgrX, and NaY. Non-1liniting exanpl es of
cationic zeolites include zeolites with Si/Al ratios |ess than about 5,
such as fauj adP44, Bet bn amaerabadinens of the. preient ineastion,zebbar t1d@ hasiathavesagkk can
O pe ySed U STRNE B LARMoh P PSS AR AL 5 180D 0D
adsorbent materials can conprise rota m croporous materials
conpri singda fiamawerketat, et efrderss abdedﬁeerOt)hmcr@etm, Bt af demsh aaQutP;QOOcar bon,

m cropor ous sq 1m%%1eteg rfn a% 'Baﬁl‘r’n ofsthe §I Isén nve t%rﬁd ?B%r qg hgsr gn %%gag&tgo

Mesopor ous si I'TV67, anong others. ese adsor terfars "ean

alone or in cdmigeﬂad:mssrsemdnhﬂ dm’ammommtf elbmal 1;200 {nﬁﬁ}mdtm anInearbedenmm/ of the
preset |nvent| %stgr bent materi al f h e about t han 80%
by wei ght of t § B PEPY P Pep M 8‘r &Y&%i‘ "1"% ¥ ??Féﬁ“f'%/bstﬂﬁ? Mei ght

of the dry phasefagn‘ dibferef ofa®6ut 1200 ab@umetbss Fitlehsasan é0pidy dihaidit rapginghe dry
phase of the fjiber an exe enbodi ment of the present invention,
t he adsor bent fﬁﬁ‘f%‘?"i“h&%%ﬁ?)‘?‘ﬁt@% BIRe'BB% by wei ght of the dry phase of
the fi ber In an enbo nt. of the present invention, a fiber 110
conpri ses at I[g%t 30 6&3’“8’312%&5@&”%%% 88 ieggonaAﬁhaga%&o&Wg, r’?ﬁft’é‘?‘l al 120

can Cormrl se aimikd$erefingduRy SHape A ciRABOSHALE) ta sBAIciric6lh©shagd) @?lfa%
entity, a plurality of adsorbent particles, a 15 plurality dsor bent

entities, a s&rﬂién@%%fta%|aénar§ukabﬁlﬁeﬁta hexggong! Shapep#ru?%aow sBpesdtBent
particles, or sfafl ME@iblikyshape, aOUPRRMpeSMobdd Spe, aTRING 1PN Sape, ahRrtifa

enbodi rent _of the present invention, an adsor%ent mat eri al 120 can rf‘);ave an
aver age | digeshansi peaenbipatipns |ﬂee§@ftqnethermmen10@nerrpf: pshinane pigll ip rthe grt
embodi ment of Jdiy RafsPlihe 1@ {OUSBLIAR sAf BHA RARL 1BIGH Mifidh figve an
aver age | ongest di nension of less an a 50 mcroneters. In an

exenpl ary enbadémgmiongdst ciges- me@ehthmewempf dn lugan.adovetseple, Wt average can
have an avera i f In an
enbodi nent of QWeQQ:?%gé%c?io{im;@Zrh%@mﬁ of aei§r§1e H&E}ga{)gﬁjéu aér%lr ge[cgg?ah?ﬁ e

aver age | onges&illdqerthﬂdlaumteofof Itlmkmteharin aboultbmﬂum exagpiel dresavebp (Irﬁlg]asltn an

enbodi nment,,of the res i nven sor bent. ¢ osition 100 can.conprise
2 ber 175 hab s Mmdr R OL r Wi e B SRS Ho B w8 Nl ber 136
to prevent fIUEdmsmmgmanﬁﬂWamnmbhhgﬁaﬂihhﬂhbﬂmemnﬂﬁolandtmhﬁwadﬁmqment
mat erial 120. The bat er 140 ca ise many materials, includin
but ot 11 i B TS5 SR SSTAoRT) P Gen BVDRE I Pch JRgRSt PP, |
epi chl or ohydr isectiohdl shipedwillde, thp @l syt Bdtwadh @le tWd BGtheQGoRdd YNBE sta@luds s,
silica, alumna, netal, netal oxides, |atex, other high bather polyners,
co- pol yners t KEISE8TCtionpf theBieRat i ons thereof. In an enbodi ment of the
pr esent |nventh§ﬁ t he_bat her Iayer 140 has an average thickness of |ess

ro

t han about?50 | met Brad embodimenpofifBe PIFRSHE IyPNtioRe BimeaddP handedieragh, the

bat her | ayer e§laPosBe BRI AdFerkdh Of RERAst Abod: SO mikRAREAD O hir 1B&t 2Bout
m croneters. [ 5] I'n an enbodi ment of the present invention, a sorbent

conposi tion 1660 cairrensigst.i Sk 2h lpashapout 190G wrieRREeeEo RSr pisilaag abqub| ADRRr

matrix 150 conpriofleRts. dn Qﬁ’lsﬁﬁﬂa%ﬁm@rﬁ%fﬁxe%éééﬁ'lﬁxle}{uérp5‘1&%%3@%&‘%5/&&55
through the fiber. The plurality of

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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tortuous pat hways 155 can conprise a plurality of pores, wherein at |east a

portion o res are in fluid comrunication vmth {?ﬁU In an
i t‘vc’;?bo%/ﬁ 1 uous p&t%

enbodi men e present invention, the plurality of tor ways 155
can conprise one or nore of mesopores, macropores, and m cropores, wherein

at least a portion of the one or nore of nesopores, macropores, and

m cropores are in fluid comuni cation with one another. In an enbodi nent of
the present invention, the adsorbent material is 30 associated with the

pol ymer matrix. According to various enbodi nents of the present invention,

the plurality a@&%gé a%&ep@ffaﬁob&b@é nf&6HeRRL 1R &a'cxwgﬁérédﬁgnét&s} ing0! yrrer

matri x. In an enbodi ment of the present | nhvention elati onshfp~bet ween
t he adsor bent fram ehqusP004adbeu80pmioyeraetersmt ri x can be described as a "sieve
in a cage." In an exenplary enbodi ment of the present invention, a fiber

can conprise d0§llural i iyanembeiveiserit the @ras¢ns |iveeniion, fa) filed 148 resuiesatieon wi t h

at least a pors‘é\fn r Q Imﬁa?%ré%g YL ﬁl)ﬁel:lséhﬁ)fgl a351 tﬁfnre#qgé %tagm%dméﬁm 9 g’lgural ity

enbodi nent s of e present 1 nvention ose he di'spersion o
of adsor bert gwsmtohwtwm racfthgh oLl canrhavé ] IdEfferens omes gftidnabshiape dsu@npapdt hways

do not have a ry ed with them 056 i ber 110 can
conprise manyq%gt Iﬂl‘?rrlérnslla‘}@ ne cf% Ii ono fis?ﬁtt‘%ﬁmtlon 4%4‘0%‘@%& at e,
pol yvi nyl pyrr dbngdanerpssmabmu] ﬂmmswep:lfcﬂﬁiemrtohyd raweragealqmgésy&irdm@rsecuﬂ)ﬂalam de

polyam dee.  pOTgRTERiTt s by BB B ¥y

pol ystyrene, pzﬁér)dplﬁ@bﬂhbddﬁﬁﬁlt omahey lptHsadl igvetion) Gthy lﬂzitfbt bfaﬂﬁsaveﬁlg@%xigaﬁr S,

co- pol yne t her eof , . conbj na%)l ons thereof. A fiber 110 can conprise a

gl ass or SR arfiess-setiantl gfmension o Bber 19 e QPRI SEON SEHBRUDPRSIPNGH o

pol ymer and a tgd Resn @rabe@4agmi ¢ material as well. 15[057]In an enbodi nent of
the present invention, a fiber can further conprise an end cap di sposed at

each | ongi tudl[mﬂ] end Bf antdddoliinRat of tMGERhNinl i oR AT e APL0ARADriBRLat jepdii Di t

fl ow through the | unen. The end cap can prevent the fluid comuni cation
bet ween the t GPERGEREDIIAMIRIIAE R apHrmhoditesnt GditheaPreasny ientione # fibR&rcaind t he

m |ieu surroundipfsd NsutaQR0btddctirBeank nﬁ'ﬂﬁaﬁf 1nEIIﬂ§in£ 'apfcﬁst 039 L&éﬂemniér@ﬁm of

the present invention conprises a nethod sel éctively adsorbing a
conponent 16f d2fediaidsastTieo peiserhort I@&tﬁn‘dﬂ%rﬁnéel%co@% teurry 1 BmeMpriowswi th a

fiber conmprisiffoginch@2F Ee%eﬁ%ﬁ@%a@fsg [)f zﬁlleastaoxJe %H&)?bem ﬁlgtgﬁﬁch()

to selectively adsorb at least one component of a medium. The at least one
component can comprise many materials, including but limited to, carbon dioxide,
hydrogen, nitrogen, oxygen, or water. An adsorbent material comprising molecular
20 sieves, zeolites, silico-aluminophosphate (SAPO) materials, aluminosilicates,
aluminophosphate (ALPO) materials, activated carbon, activated alumina, silicates,
amine-grafted silica, metal-organic framework materials, covalent organic framework
materials, metal-organic polyhedra, 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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within the fiber; and a barrier layer lining the lunmen to prevent fluid
conmuni ca n the |l umen and the adsorbent nateri rbing a
conmponent W(?E‘qoﬁﬁﬁs?@?nedl um | n an exenpl ary enbodi nment ol?éw?le pr/(gig%ﬁt
invention, a method of adsorbing a fluid conprises contacting a nmediumw th
a fiber conprising a plurality of tortuous pathways, a plurality of
adsorbent particles in fluid communication with at |east a portion of the
plurality of tortuous pathways, a |lunen disposed within the fiber, and a
barrier layer lining the lunen to prevent fluid comunicati on between the
lumen and the phirat taéomngtétﬁtareyaueg%nmsfmeagagin@ﬂa@ra'geat&aﬁﬁrteaﬂent of
the medium The nethod can™further rise desorbing a conponent of the
medi um [ 59] Ndpi slserbmgtiddti avenmigogshn in e fineegemixtimgy &nar gnbagdineendpf det ed t o
sel ectively a I n
conprise flue pg‘gséa Ek%n&lof QHE(%&%@& rg%ter?all %qlaw%s%&gg% tb%&gﬂg@hﬁ@mg\ge?e gas,
wat er, coal gasr;rognpfatmutwtoabdammdr oxi de-containing fluid. In an exenpl ary
embodi ment of the present invention, an adsorbent fiber conposition can be
used in a tsher[fi#] sw ninkskswhqrivise notpd,dlpeissn f‘@ieCtirie"’@aptedrherebﬁs éaedbnom f | ue
gas. [60] The.TSA processe of the pres nt n Kk f
contactor 10 3% |s$hdm”W1?L PP?“OP(% fig ase%kg&m&%s?€?oﬁg&§ﬁﬁg TSA
processes of tddeormdegethé pammﬂzntadmrbﬂmdumng the zdsoepuph prc&bssttmdm‘fthecmemﬁct ors
conprising a plura fiber-b ustrate n See
Figures 2 A-BY %{6‘8008?%8?%@“83‘8“%8 ﬁt %%8%%Eon \%ﬁs f SRMPISE ¥ 2 egflrprr ses:
ﬁ feed str feams;rlézirﬁténedﬁmil‘ ©&Wr 8 infedaim @(bﬁtdlﬁh% c&ng@ﬂht Aramqa‘l | oaént fB, b g,/ellmb](cat A a
eat transfer uid outl et; r substantj a ned 15 fi ers
I'n an exem? ardldiERm GPRBARENGS a‘{)?fg %F %%&Ohaf R Stindde eCtt‘Wé f?" Cg?%onﬁ%trr%rr se:
plurality of t@int@ﬁtpsmmstwmﬁvematdmftﬁ&ad@&gﬁmap FRAONAE adoption T 1 Ui d
communi cation with the feed streaminlet and the feed streamoutlet; a
plurality of S¥RBERCEREMOAts in fluid comunication with at least a
portion of the plurality of tortpyous pathways; a | unen di sposed within the
fiber, wherein thqylumen is in f tefplanolesef Ajmiiendsorbsnsh with the heat
t ransf er fluid inléet dmndlatdvacdneationtaf aniaftier flifelgas id contadt @tith tizrsdrband)ar r i er
| ayer lining the lumen to prevent fluid conmunication between the | unen and
the plurality of tortuoustgathmays in at |least a substantial majority of
the fibers. [ RUB provi de schematic representations of ways
i n which structured hollom/frber adsorbents can be forned into a cross fl ow
contactor. A cros 25 fl ow cont agétalmadf Glinyiteiagionigens)t r uct ur ed hol | ow
fi ber s adsdr bent s "0 1S, ARG I GHRER B gATH et il WeomEnhovs t he
contactor of Figure 2 t he outer surfaces of the chanber of the
contactor 205 rendered transparent. In Figure 2B dotted lines indicate the
edges of the ovhewr Usus fligc@dsérptiore Upwaie F componant Aband Di0is dlemnphdsomsion
pol ymer matri b , r terial
)injfe?cg 099 ongllltrﬂg al“h@t% El ;?(siéaogblﬁh?ﬁaf%%e %f?‘gﬁ@ fQIe(Q)tm %Qerga

120, and a plur tortuous pa wa onpri | umen
A over component B that is greater than one is represented by:

Selectivity = Ua/Up (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  used 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




130 disposed wthin the fiber 110 and a barrier layer 140 |lining the |unen
130 to pr communi cati on between the | unmen an

mat eri al . %?zﬁﬂgjobﬂzpbat her | ayer 140 prevents fluid conmu %é}ﬁ@%ﬂ%@{%@t ween
the lumen and the at | east one adsorbent material 120, a heat transfer

medi um can be passed through the lunmen 5 130 of the fiber 110. To act as a
diffusion barrier, the effective diffusion coefficient of the barrier |ayer
140 shoul d be |l ess than about 1/50 the average diffusion coefficient in the
polymer matrix 150 and preferably | ess than about 1/10,000 the average

di ffusion coef 0. [ er
effectively prgé%?én% nhdgggail?ﬁgﬁand@ féeﬁdgnglb%ng%é%%&gﬁ?tﬂh%?{%ﬂr%en 130
from 10 ent erinvaptiphan p@doybmtrconmpmtlmsrsmhme atShlecti\mséom‘ﬁnsmonwpaeméﬁgu al,
such as CQ2, |ntoth n A t|a

al'i gned fi bers® Bneélgﬁg §Vee ﬁrs?cgﬁéggeio Rohgrg%%)%hg "mogenttl%lo at l%asp ﬁesegﬁl éty of the
fi ber bundl e clanafist qamt;toedttowrersmddleﬂnpomem dfianidasn 0, msaaeaslecmlvnjzﬂtﬂa fithe

bi ndi ng matserl al 210 effecti ch%? rﬁotr]neﬁ%ss adj acent 15 fibers. In an
enbodi ment %OH@"?ﬁné%VeeﬁtS‘fcﬁt} AT PhE ‘Bl ng material fixes the fibers
110 into a suqesEnti al Iryarpam&bdueéntaifrtﬂa/preﬁamelmhﬁmdtHeOloﬁiﬁng bf £0,9n\wht h an
enbeddi ng or pottjn rocess that surrou ds of the fibers th a
bi ndi ng naterlaQForE?Pg“E iaf; ca, By igpeatef Han %’Pt“eégg "b‘ﬁ?n%t‘? roéygl ’F?edu‘?rr%‘n? B shows
the parallel clagsipk nfatdser, fant aﬁh%owotts hi@mdle BEI0TY pERbAN & adddBediender ed
transparent along with 20 chanmber 205. This potted array is then sealed

into a chanberM3¢gHl ogexgn Hap Fepierfharsaboypl -5 mi ligrods ot REF SEECTABADER t he

chanber 20fp | .@REr ahi ANemBdABnGRITIEE pROt iifvelROH) tadadsBrbant Tvfle@dl Ak TSA
(rapid cycle thermal swi ng adsor ption) rmdul e in a manner that E)revents

flui d comruni CQMPEH HEEaeE porplian efeabionim2f dd/(web@Palt it aboh P Oak] Cérthange
medi um Al't ho% gi@? of Qﬂéé?ﬁé nt Aeerial ﬂhhl f Ut sre?etc%l §e1ﬁovts'"'(?@ Bond Ohitrdgen-
cylindrical cha t he anber can have many s apes inclu |ng blt not
limited to a rentemingdluggaomixtwircandngpeve dshigrddogiigs andudaybuttane eeidimiteie wal |
of the chanber, I S n a tral gas
col l ection tubezyg% Jp%rO%% 512\5% SurCl(Pt Egg@eténst tg?ﬂog{h %e}%g&%:o%%gdét%éﬁe& ealhgnd of

t he centrals Q&Mbmaeualsommdbmuﬁﬁsxanipldsw zgalaezcmhﬂablctfpnusethmen ighgesol i d

i nper meabl e mater.i al,, i£h : 1.S not a solid
reCal o engl REQHT g Yt Ty T onectimiifs "Bhat Bl e pdrles
contact or 200 indlideozeblites XwithgSiAL fnubheeshebetnl ﬂ@uos swwhl asnfhufabite, deta, Boe

portion of the s.19 .collection t ' |de nodul e 230 i or ous
ot eral - suct Gy Sl goiBr st VT cfb e it 6 5ven Rk anong
others. This alittspésceginingt hitulehie cmttl@&tapracts@bae efatdriaisetbh ycsighrisect ed.
In the adsarption step,. flue gas floms into the cross flom/contactor 200

t hrough t & slhéft‘rgtai“i@ ‘a'ﬁH’Pe’iﬁ?Hi gategals remprisineAframaserk offlanasizer iy Sithe 5
pol ymer matri%r h3@sueRaPp), %hﬂBgn ehtumI Srdlis NBePiSiEPRRHeri B Bidadland 2RidegMOVES
CO? and optionally 1420, SOx fromthe flue gas. A purified stream
is collected igmftefido megtwy)uaéﬂléwn@@éwl@rﬁ 2BBsopdsprentcapierial cagigke e8| ect i on

tube 230. Puri folnggrg@gmgﬁgm@pgm&fmgtgﬁlscont actor 200 through the
i nper neabl e section 225 of the central gas collection tube 220 that

connects_to flgycont rgl,vahy&eméd tﬁ@%@t e BXDRNSEn L RaeSh AN (Ot
shown). To I|mt the tenperature rise during the adsorption step, a cooling
medi um (e2§., compise)abpel lpssdBandBGh by ingieht hethbmephateof tee fibes os bt dest ed

hol | ow fi ber f h fl ow of
flue gas into 75@‘ eelétlngfﬂ% gédfé)@f tﬁ%ﬁgervgfa\tigﬁqt%sg&ﬁ@hza@%ﬁgﬂ@& um
(e.g., steam thesdrpaBSedf thie fibeng Hintah @ x ¢ ropieny eﬂttb@dmfentsdzfrth@pnﬂseedmhattioowhé| ber

110. C® and o] ti a0 ILO SOX he pol yrer
Tt x 150, oS s Helhemd P R peisnk T Bl ol B 508 Dost "out o

t he contactor either thro t centr.al |on tube or
through the 4888 <L sps St B i A ATr S0 SphiEr 5y 8
conpri si ngot henephd!;bﬂientt xytatetﬁalf]anerAm aBorbéntrhitenal damcan smnmeanchdmberﬂl sposed
at each Ionglﬁudlna qﬁ q i ber . 20 effect g 0 e ent

comuni cat i on A&k ABAASAGEL Pt ﬁlt“t‘ifls%“Pe‘tH%Pt“éioﬁg“ﬁ th \%5% ﬁ‘?fpénff

transfer mediumin at |east a substantial majority of the fibers. The

fi ber-based adsorption contactor can further conprise a binder nmaterial
effective to interconnect adjacent fibers, which in conjunction with the
end caps, prevents fluid conmuni cati on between the heat transfer nedi um and
the plurality of tortuous pathways of adjacent fibers. [64] In various
enbodi ments of the present invention, the contactor 200 can be designed to
provi de efficient contacting of the nmedium (e.g., flue gas mxture) with

the at_ﬂl__east one adsor_bent materi al that sel _ecti vel y renoves at | east one



30 volume of the contactor, and energy required to regenerate the

cont act or " efficiently designed contactor, the of
flue gas,waargdfo?/f)%?zjls used to heat or cool the contact oﬁxﬁﬁ%@%&rﬁ%ﬁi m zed.
This, in turn, mnimzes energy |ost frompressure drop of flue gas flow ng
t hrough the contactor and the energy required to punp or conpress the
fluids used to heat or cool the contactor. [65] In an enbodi nent of the
present invention, a fiber-based adsorption 5 contactor is cycled through
at |east two steps: an adsorption step and a regeneration step.
Regeneration qf,1fi6 GOMLABLR entiSes2GNEWSH LR Reatd . CO 0 an
effective tengjgal#ratgre %at V\,ﬁnP efsésu%t e?np%égo’r gigﬁg&?ﬁg&gg’p{ﬂ%?%%ﬁgo%frponent
(e.g., C2) f rsorpentpartdast erca pipraliffhed soantaantioes, awonghethers.o bl adesbodihertt

anot her adsor ptipn _step.can.be conpl d. Varigs. enbodi ments of th
present i nventoltfotfr?le ?eée ilg‘%gfl%lb at%oe\lkr%?rgérﬁ I.’iﬁerga;llcllayccﬁf’ I fv%fﬁoasv PRE éonﬁfsteﬁr ality
of fi ber - basedimdsmnpifiloss thantzet ADG nticromefesat Int 48 ambalimemdifuhe tpeesent

facilitate adsorption and desorpti.on. The heat transfer nedi umcan conprise
many medi a5 § A0 DETRGD AEOTo Rt PR AN o RATEF ISNEY SPGB 16k i or
conbi nati ons tdbeutesdf midrdmeers.eXe rmpl exeyplanbadbitiandnt Gff thdPrepyne S@RAtidn)\MENT i ON,
water is floweg t hrough the lunmens 130 of tr%cﬁj urality of fibers 110 of a
fiber-based 139SIRF ﬁ?ai‘%ﬁ EHhORE: B 2ErEerIgPecEiglimenen of ioh thatgakauedth i s

fl owed t hr oughnitigmeletTERSanledtbodfmenh6f Bk Breddit idvedfiod, bl @iorbbhOm@feri@ can

fi ber-based adsorption contactor 200 for CO2 desorption. [66] One of skill
in the art woUR¥ $eayFragelopgest diggasion ofilesy thap gkous dSHeISPPER- mat eri al of a

fi ber-based adsorption cont actored‘&le. g}e the first contactor) approaches 20
saturation? ad®n adsBr Pt FBRedipahel Biegawssntinyatigh & webeabrrmarassion 08sul ting
in the amount .gf &hWisBaifer Iﬂﬁﬁh\éﬁ? al BaBBr riaiml%uﬂ%a&eﬁlﬁﬁédm&%%e@
desired val ue. Consequently, the rlow of flue gas to the first contactor
can be divert 40 tatRieyens dhish gomrRigIon betypencthe Hamem 138zl the cadsorbent
regener at ed, Jid > i ShriG AN RGP Ear ; : | owi ng
thermal r egen\gﬁgétrﬁé%?wtm first %ont(gc%do%@%&g}ﬁ%%g%ﬁ?%’? ﬂélgggﬁg%ﬁ%

adsor pti on prdicsted, tampltvinylid¢newchipridh e PVDGR, getyastylonisrile, i epichigrehydsn back
fromthe co t tQ . BT a .1ahe | I hme is
the | engt roof o7 s Pldher. it S Skt Shil silHF shilifh, 48 Tkl Sq T
the first contoacienrlaten athéi high tayedr epolyondrd) ecotpohpmenh elrerediie og asmbingtions Xt ur e

cycior 1o Wl 28 rriitedinitys SEMTTBRn e hidR o eyl e 1Y HEEE "
30pl urality ofaverageithickmessof(lessehan abhrit |50 midrometets, I af érthbodahent pf iha padeitt i on to
"' 1 ot ances VBN odtt UFEh Pl S 1B AVGRER HAFF SgBBeatPanopaD [ 67]
In an exempl amyicrepbeel ment, the thermal swi ng adsorption process conprises
rapid cycles of adsorption and desorption, in which case the process is 5
referred to agoss]r api dinCinCdntbodinntref the Wrddgntafeatio, | a0ddrieRCISpiYosibRd06S. A
rapid cycle thermal sw ng ad %r tion process, for purgoses of this

di scl osure, i $2HEPPHEH %g‘b?fngl | ﬁm\%‘i Ecﬁnﬂrﬁé‘gc"yBPlé!mﬂ' FeHed Yk PRI S| ve
adsor ption st @eFmes ah®8 PIdrNAP GHRRUS pAhWAyRULSEShroagh HRSHoet. haRe FRMIty b M nut €,
or less than about 0.5 mnutes, or even or |ess than about 0.25 mnutes. In
an enbodi ment ‘GRophRAYAE AR cavReBIPORPlY fagErRevbrreiBAt e PerieNIE 10
assi sted wsthgg Pakd hielin RIS SIMBuletigR vHihSRle2RBIRAT in 9f cAbPARSRUSEHLSW NT,

anong ot hers. These conbinations of processes are referred to herein as

t her mal swi ng PEsset évyseitonathe phyijitnef tortegns patbivays IStche corapriss @haigr meresdme

poi nt during e i.Qn_ st e : i qui red
for adsorbent Hr%g(a{gn%’rlgf&{r r?!r %ﬁ%ﬁbrglgrlogo{selggﬁegh %ﬁ%t %ﬁ%ﬁ?ﬁl %%‘Hg%%éﬁ?’é‘{igf or the
contactor's ad§argeoponss, asp@poey dnd @rdpoetdsyaretin [flurk dominnnisation edlsese it nay
be desirable t ave,a plurality o ontactors i.n the adsprbin hase whil e
2ol ural o e anf af HiBuiniclc B ORI Hriealin o PE REHOLR uBEAATE e

r e- cool i ng0phasseciated with tlerfobadierantrixo fAdchingrte saivus embeliiens of the presenal i ty of
contactors engaged ipn adsarption are connected in.serjal. fashion, such that
Che most - 20" fagaie the PEREPR LGSR fofite HaT hiraet BT SRvmR [ ne
for adsorption, and the first unit in li¥%e will be next to be regener at ed.

I n anot her enbodi nent, the adsorbing units are connected in parallel, such
that each adsorber treats a portion of the whol e feed.



[69] Flue gas, or stack gas, is emtted in a wde variety of industrial 25
processes of a flue gas is typically slightly heric
pressure XY{EE@’B@’@Z%W ly less than about two at msphere@ﬁﬁﬁg@@%@r ature
of the flue gas is typically in a range from about 100 C to about 250 C,
nore typically about 150 C to about 250 C, but about 30 C to about 70 C
when wet |inestone scrubbing is used to renobve SOx. The gaseous conponents
of flue gas generally conprise N2, 02, CO, 30 and 1120, anobng ot hers.
Smal | quantities of pol | ut ants such as NOx and SOx are also often
present. nt i f p a e.of about
to arg % fgaako énp%f t%ﬁre&%? %dv'én&&ﬁ 'tl{‘\ea}e a¥10{1] ip bdt@0HE 1

3 molar % and rcally 1nt range of about
0.1 nol ar % t ;adsdobant nthEenabinelrthe%oliﬁm maut>a¢anr’pplda$cnb0tusean‘tsrea¢ ln(mcagé 7dae + H20

is usually less th abo n a st.o .0 c._conbus uces
Lhe st ack’ gas BaetOeGeitbrertoE Rt oAb SbT et Eanr BITPHR BB ST  excess
air is enpl oyedsdrberni Ipmtples)neﬁmdtmmhatumcﬁudnhmﬁ SiNpst afpuftien iof tltehﬂul’ahtgtbf

t enperature conbusti o roce i nstances, |

hcvant ageods tEDaRPEYY naepett fRtodiedh oL e BESHT Grveplitn FRdE e tFeam to
conpress the sfigpesiont & Diphkalidy @S&‘adfoebena@ﬁitttl@s itirbiighAuC e fibek, 'dofneaofsthet abl e
underground formation for sequestration to mt%gate CO 10 em ssions.

Non-1imting &X&4AYF esthwsgalnf’%ﬂﬂveat?ﬁ%w@awkaa FiAge Wbthsh‘?“hcl ude, but are
not limted t qui fers_ ha a top seal t prev n|f| ant | oss
of injected g(;[g\‘e@us coﬁ;fﬂ’ﬁ%ﬁos‘%n&f”inp LAY &P yg‘ers %1"5% FV&H rhgute%&’pﬁet ed
0i | reservoir gelap Qenteet;@ﬂ&vg@t;pyheﬁ@dn\éoIpb@sulﬁﬁaeéatm&ohﬁdm sepayaked CO2

has to be conpressed to pressures _greater than about 1,000 psi, or greater
than about!02, GoBdgdlockaeripelymeln palyimidss.,pelyelehinss RplwARRYIenen RALYEBYIGRE. 5. 000
psi to be inj %lﬁﬂude@t901%&%&&8&%&%0%%!19&{3%&&r('iW‘DG?nﬁol dePLPr essure
di spositions of ‘the cap be envi si oned, exanp?es bei ng
enhanced pl antpob’tiwtﬁletl% @h@eﬁdm@st@bemihane%r?é%w@eé@nﬁoeﬁhmee@e@pﬁae growt h
for biof uel Hlﬂﬁ%&@’ Mngﬁé?‘ﬂ(ﬁcm({o 1se a&%@éhﬁdﬂ al.rr%tﬂ%qs and
appar at us use I'n the practice o resefnit invention that are

desi gned for tIH8 caagmpriee véondi@Ration ofrt polymenyad aglass decerpniic maefifliasivetlt . | n
sonme i nstances, CO2 can be captured fromflue gas in an anount greater than
about 50%15gr d6§7r t halm anbesehodingsy Ofgtﬂleateefrnttrtvanti@b@ﬁber&anquurmergwre[at'ser t han

e ar t woul o Peat 5 Bpdp A RRRTEM MRS ol (E yBlrchl BB Yoflly' 17

i nvention can nonmbibuélo%hiohgh thairoene Tk ehéswyp dahawvabdtﬁﬂtﬁm%rmhurmoﬁr om
flue gas. n enbodi nt of .t.he vVenpti n, ar hent
Compos &1 ons HavH Eik GERRS, PR btase oL MR BEEREAL st ¥ERG B aRERR B

conponent s fr goreundikditheiongditmdmal eutleddierfibat of t he present invention, one or
nore conponents can be renoved froma medium by contacting the flue gas

streamto 28 cgosgct or AﬂﬂimchbﬂgleQﬁ&eﬁll‘mﬁ@ttlmi)l‘cempﬂ@@rahﬁﬂhod’mf ﬁﬂdoﬁlvely In an
enbodi nent of the .present invention, tured fromf|l ue using a

swi ng adsor pt iPBIPTHRS AeSCMAORER A i Pl Lny he(llhf“ns{’[‘ed;‘El gEMef U, FORtES e a

enmbodi nent  of ntelaﬁmpwaenﬁbdrméﬁ@hmﬁgl at RasteinBadscunt hlatehiaR 2 1GMBP dispésel he
renoval of the water ina fl gas. In_yet another enbodiment of the

present i nventVitip thy fibet pada @%!ﬁ‘e]f @yqrﬁgl,mgctgﬁﬁwpegéo PHeRt I, AmgFniatien ang/ or

NOx. 5[ 073] I n paiyveeiraRdiniRA tan@fthd ABoRERSRRENAINYRNEdsObingda COAPACHOSS GAN
conprise a plurality of fibers, a fiber conprising a mxture of at |east

one adsor Bént megiusti ap T SRaIRany f cTRASHRG 1Y (B FRSERININVESIoBoAcHEROB Ol t he
medi um I'n an gohadi MeRig &)frnlpg‘@f% &Bﬁéﬁ{ga hBGERLVRDa fiBerC@tpAGHOL phRRitGONPri se

a plurality of flbers a first fiber conprising a first adsorbent nat eri al
capabl e of adobtriiupes mﬂmatvsta pchunlpmnémsomﬁnta)amleﬁeuﬂmﬁporamdmaat@eo’eﬂnohtf| ber

conprising a ”?ﬁﬂ BQP | NG

conponent of ?%gt a:}go um braf ? drﬁhu C[%r He a%rt]@l?&%%?és §| : e&??@ggr d,
fourth, fifth an@tacba)mrriayaaddlrmngoﬂnetloman ’m psatvexarmn@ ecmmunicativar betweenf the t her
provi de adsorption of nultiple conponents of a nmedium

17



[74] In an enmbodi ment of the present invention, one or nore conponents of
15 flue g%?(%?ﬁgq 1adsorbed by using one or nore cont aCtIQéﬁBSJOHs/@ﬁ@SSJ
enbodi ment” 0 € present invention, a flue gas stream can

through a first contactor to renove one conponent of a nmedium and a second
contactor to renove anot her conponent of the nedium (i.e., separate units
of operation (e.g., contactors) for each conponent of the medium. Wen
mul ti pl e conponents are renoved froma nmedium (e.g., flue gas) 20 with one
or nore contactors, a contactor can be optimzed for the renoval of a
particular co [ 4 0, n, one
or nore cont ag?lggl?gg%&éeo ahggoa Fﬁ %tﬁconggc%{%‘rlc?grb?{gn%\%/g&a/ar{ggfgga{r?
second cont actioedivie Tenwethodens fantherrpemaprst dSORInNGomp@nent 6Ohe n@dannr m)re
contactors can be used because the 25 various enbodi nents of the present

i nvention di sd0#He net Nedeusfembodiagats of teiprgeanventamra direstedup stleativelpl et i on
of the adsorpt] step e_nr i ion, a
plurality of (ﬁd?(?%l %% oAt &erg%%eok{l ﬁalgrg?glﬂérg@%e %Ieed}ﬁlgleaaq} %ﬁﬁgfrs%f%é{?ggﬁt actor.
I n such entdodimmemilas,dnelapsdiheas, tavat gas| whste g, bates.aloelcgawdaif, @r atdasbodesi r ed

renoval of a part [.C nent 30 of the contactor .conprising
Lo ural ity of e Cus B BT T8 St S R B R I PIHEO IR of o
plurality of cdspbemefiba caimpbsittonsian @t asedamt aeinal.swing adswapdoarpresebofdt tient of

t he present |nvent| gru. ?{?coﬁtpt actor can conprise an adsorbent materi al
capabl e of refBU PRSP & PBIPPLIYEEH of corrponents froma medium [77] An

aspect of the sent % ion co i Ses stemfor the repoval of 5 CO2
and vt or {1 oPeiTr e SES FEhRatet BhinE S-Sy R B det 8F YR o1 ng
plurality of ads@ribiegnh pMﬁﬂlW¢f&1tﬁr-baU@d %nwsﬁohﬁdﬂﬁﬂme@b&éﬁsﬁapmbbﬁzs@ﬁ

adsor bi ng wat er and/ or . In an exenpl ary enbodj nent the%t%rr sent
i nvention, the"\GRHEY Cas“e‘l“@l?f’|3\/I§m§H§'o‘i‘fb%’i‘ﬁac‘i9¥a?nC%‘§’rﬂs’(9§é‘t %‘arailw to the

feed stream i nbgpodishst h&s GRistuel 88 e &FiARSOD DRM, aC@JhtzQﬁ)HcQﬁacTo ngﬂ@wnstream
fromthe water selective adsorbent. 10 Such a confi ?uratl on is égged to

first remove thambga which itseH. gomprigesgasferd pirasiethlasya fosd Srré%vaqletozf h

the flue gas Qﬂﬂ@f@ﬁh&dtlﬁﬁt Vit & tﬁﬁ‘éfé‘rcﬁﬁlé{ %uﬁ&sgrﬁﬁﬁl’ity Qﬁfs%&adu‘én}?? QR4RELS the
CO2 sel ective adsorbent. In sone enbodi nents, the sane adsorbent nmateri al

that is usiéd tiberernns complerwmbbdigenicofobe presrit Wh@mnc@ﬁétbﬁ@rﬁzp@pme fil ue
gas, such as %‘i’ﬁ& &&uo‘ﬁ@tﬁithw%'émg&eg&&%é to P&H&/a taf‘er il fyfhat can

adsorb 15 SOx vvat er 1 ncl'ud ut are not zeo Ites,
cationic zeol |cpmmunr¢etscmpmth)ds feed grdanl imlet aad tmrfs@d mlalyxrmxﬂst,, amlwehtyrtﬁt rix

.rmt eri al S, ang %Ql(rl}bél SO&SH&IQ ecro%glunmatgo?n%mh gt st arr?(g'g J)lﬂgp Ehe lurLﬂ? Vﬂg resent

i nvention, on process can conp dratlon ich can
be used to rertmmuwgathwajsl AMbhen dispesed gmmn tha le& szhedalnettrdamﬂnetmmrsﬂmd he fl ue

gas can b drated in epar.at e _proces n erat ior .to

o - auct 128h B Sorv i SRRl Bl B BT Bl Ah R ke BRSSP okt P,
renove water i tafrieg!y@eelinialg e uadeh Q8 prdvei ﬂ@arp@mhnibalo@fbetanftﬂlwmn@as can
be reduced to | ess than apout 110C, | ess t han ut .75

anot her embodi? ﬁ‘gfshepi}Falf%B s pat Wﬁ%ﬁlaf]&??taé‘ﬂﬁ@ﬁ %qr%oﬁfpﬁ%@% 25 can
conprise a ph kngckout of condens wat er such as drops, or a
mst) prior tﬁaé,]gnt act FiggFet t?reRfIF LPéO\@‘ges &]"’Fﬁ“%ﬁepé‘gfﬂfg%’ﬁto foumsal® BRI | n such
enbodi ment's, tshect@eMhATWOFibe: ABsoBRMRIchS Be Aimadmey HE0Es Gk ntatort Aatkoss

sel ecti velqy renoves water fromthe flue gas. Adsorbents cagabl e of

sel ectivel®d r diPBvFmGcionrad compiising e Hlowfikers psprbgnte 180,is showntiag t o,

cationic zeol 'Fﬁgﬁr’i"es JAIRGE '2@”317 rg&i%%ET‘sHJv&p@lE %ﬁm&ﬂﬂoﬁ%ﬁ&%&%&ﬁ&@%@e&' al s,
carbons, mxed matrix materi a nmers, or conbinations thereof.
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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WO 2009/ 003171PCT/ US2008/ 068587 [080] I n various enbodi nents of the present
i nvention ssed flue gas exiting the adsorptio &P an be
dehydr at eavégtﬁ%@f%gvleabout 400 ppm or bel ow about 50 ppnnri orgﬁﬁezf/gd\?vsgbout 20
ppm wat er content during at |east one point during the adsorption cycle.

5[ 081] When a contactor renoves a significant fraction (e.g., greater than
about 75% of CO? and water froma flue gas, an enbodi nent of the present

i nvention can conprise a thermal regeneration process designed to renove
both of these conponents. In an enbodi ment of the present invention, the
regener ati on PQGESsRARIRE dRORS G16nd A tiR: 18P AR TAE HEfHfen! 1BoSt T €M
and a separate C%%-%rf?ch stream_lare §0npro uceclgyguriﬁglt et ﬁeﬁa13% °
regener ati on prevcas8uid cp@giunicaticanbeswitso dthevbmengind ttheeagsprbertrmatemale fincon,
adsorption an - [ f L ' rpally
ool i hg and nef FREHAE ARy Giend MATLAGhBlcdiSy BASEIRAE RARH o uEH B5

cont act ors compeiad®rt@npineteadli 120, ofical wasfes ntedivid cav te fassad trowhsheuneedi um

(e.qg., a fluui dyal i-qui ).t o heat.and cool the contactor. In_an 15
xempl ary. amba? b e #1518 & BSR G RDRRERier PSR G %ion sPePiedns ar e
not in fluid cdnierbaastilayerwidOhshonkl acldessbhmi ab@itet/S@lthe a0erbgeadiffdidnheat

transfer mediumdoes not mx with th eed str flue gas o 2 | i berated
during the red@H&rats ’6‘ngh§tp8§'.mer i ?%J ﬂﬁig?reiféﬁ’meéﬁ Ha“g?utagl(z%@dmf’n this
spﬁci fi calti gn aAaadegd Fﬂﬁﬁ?ﬂedwﬂdieﬁﬂlﬁﬂ Qﬁﬁ@ﬁlyiﬂbﬁ nsduﬂgqblo,r Tl?Hﬂgfdéi@ﬁ,bdh@dﬂ", and
"the" include ural] referents unless the context clearly dictates

ot herwi se. [ SAFCUAElY Pa¢ladrssheating and coplige jfhuds; {5 throyghy theeugtea nt¥sfomc| uded
her ei n ar e10s pesichihg lelpolynes A2 BORA tR)odseff 86:BEE Sndidtial, REIH as&1D,| 1S He'S-

[85] It should be understood, of course, that the foregoing relates only to
25 exenpl ary dwBeiltighnt s of the present invention and that nunerous

nodi fications or alterations may be nmade therein w thout departing fromthe
spirit and thd%dope oft EIH’@hiynQ%?ﬁthéWlaélﬁ digned §pern 1B qapibe yrapesdbiupe.

[86] Although guhfle & epRIN YTIRIMORAIJFBRL BbQfbuhlie dah e §fdtted BY ERbASAR A &
provi ded herein, the present invention is not limted to these enbodi nents.
There are binding material 210. The binding material 210 effectively interconnects adjacent

15 fibers. In an embodiment of the present invention, the binding material fixes the
fibers 110 into a substantially parallel array. One method to do this is with an
embedding or potting process that surrounds the ends of the fibers with a binding
material 210. To visualize the potted fiber array, Figure 2 B shows the parallel
channel fiber contactor with the binding material 210 rendered transparent along with

20  chamber 205. This potted array is then sealed into a chamber 205. Sealing surfaces
240 are provided at the ends of the chamber 205. In operation, the chamber 205 is
mounted in a TSA or RCTSA (rapid cycle thermal swing adsorption) module in a
manner that prevents fluid communication between the medium for separation and a
heat exchange medium. Although 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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nunerous nodifications or alterations that may suggest thenselves to those

skilled i{}v&fb‘@ 71 [87] The present invention is furtﬁ%{r’&g{”%&%ed by

way of the eXanpl'es contained herein, which are provide arl of
under st andi ng. The exenplary 5 enbodi nents should not to be construed in
any way as inposing limtations upon the scope thereof. On the contrary, it
is to be clearly understood that resort nmay be had to various other

enbodi ments, nodifications, and equival ents thereof which, after reading
the description herein, may suggest thenselves to those skilled in the art

wi t hout depart] : . L L ' | e scope
of the 10 appeéﬁg%é&é%trlr%?de %&o&%ﬁ%?%?%r@?&%%daéﬁg%és rrlct?hgq{l) arltohlgs
i nventi on haveotmme polgtmscer doreveh megsiagiohg oihers. Phis tllowd gas withinethe pengactay

exenpl ary enbqdi th Ki| i he.ar i ]l qunderstan
vari ations angglr?eo”%ﬁc?egg F%‘?\%wgaﬁn glgdag%é}%%%nesé%whfl %m’é‘%\s ??ij“és Igéoopgcgf d ﬁﬁ\g
invention as dehtacter200nhibohgh tapplendds and @intsts thkdotodifibgt adsorbéres Eldoieof t he
'he above di sdabaEa MBrBom renPBoE R ek St A hry BB e RS Ry e 1

S odi ; Y VRS
fDEISII g/\lvi 28 E:i)gm@s‘ior&tﬂlﬂ HO| S(eqanidllabeﬁbilthWﬂsEls Wkﬁam is EélaEﬁd?aﬂElo_SéTl ON

n the present exanple, a novel holloyw fiber based soli

Sorbont - Syst oS BOReT a0 PR IB AT T PRI P e SEEFST 1 he
wel | -known noreus of ignéonplR@s 200 NkRLSH @ik fnfeititaBlescE NIy ¥t BRf@hf@dgk0 as
wet -spinning” in the field. Polymer solutions conprising solvents,

non- sol vent's, calertian§bei2sBehas Gonpeess tq flow copflivelvat @obshovak prd gt ough a
di e into agononsrinee Movaems fuldhdempBARORseSRIHE He adSorhiiinlkidp! K¥bsl@g t he

driving force for mass-transfer between the quench bath and the sol vent

present in thenadiue g Vapeds pagprdchrongls thetlymem 13 ofrthe prRicsBedpllematibesn and
the formation @qp, M&rtgyadsfog%p-s@%s %&f@oxﬁﬁ%&,%b% St ﬁ@é%asvmuakl zed
using a ternary phase diagramfor "the pol ymer/sol vent/ non-solvent sol uti on,
as seen in Fi gudulegs shpieffbiithodedivel prvea heapingmedivg (¢-Be stdim) id@adsed thewgh
one-phase and §0;RN3RG JreehaliRa 180G ¥Rer 110. CO, and optionally H,0, SOx and
15 NOx, liberated from the polymer matrix 150, comprising the at least one adsorbent
material 120, pass out of the contactor 200 either through the central gas collection

tube 220 or through the slots 215.

[063] The fiber-based adsorption contactor comprising the plurality of fibers
can further comprise an end cap disposed at each longitudinal end of the fiber
20  effective to prevent fluid communication between the plurality of tortuous pathways
and a heat transfer medium in at least a substantial majority of the fibers. The fiber-
based adsorption contactor can further comprise 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

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



30 two-phase region can be further divided into the netastable regi on and
the unsta i.nadal region. Spin solutions are nade Sﬂlfl%

sol ution gi}xcfzs%og/ﬁ(}sgﬂt he one-phase regi on near the bi nodal ing’ezfa%(;%%ﬁg t he
Spi nni ng process, excess non-solvent fromthe coagul ation bath drives the
conposition towards the two-phase region, and liquid-liquid dem xing
occurs, resulting in a continuous polyner pore network. 5 [090] A net hod
that can be used to characterize polynmer and inorganic sanples sorption

t echni ques such as those reported by Koros, W J. and D. R Paul "Design
consi der ati ons,.f0 nidAsgS I QN r %? re
decay 3. o LeAHERTFRte By oRL! bl AR Ry ByCRaH

t echni ques ar eresswd drap efefusr gais iovang Sapnighithe fantacios oné drenereray rqeedttbcul ar
sor bat e- sor be i l.ot ti n rat | rsus pressure at a
const ant te_rrpg)ﬁlglﬁﬁorr é(.) %ﬁ%&lﬁeei?uﬁgsrl_ges?g&hégttoﬁgrg&ﬁ(%Oﬁ{lccet\égi l'ibriumcan be _
measur ed whi chogyovi defy LnghglinkRl & Y Priohd MESERAL AlBYNARE) USSHbR cycl ic
adsor pti on praocesses. I's makes sorption an 1 nval uabl e characterization
met hod i n the cettadyr isfcyled drrowgbrab dmastswo Fleps apos@piddn higsardi anepateraios whi ch
limt it mai nlsy to agngrrﬁé e ec@gnrtaacc}relriazc 1teiec()inbt%olt. Fi st htgatt cannot be
readily 15 medrat e narde %t f sorp on SYStem” Settidty, Ptﬁ% %yostagmis
not a flow sysffetriveneriperanat eleed wall bablc i dyabiepthesapmad\wemponeat @as,sC0OH)ansf er
resi stances dq_not cone intqQ play. Finally, qnl ure gases may be used, so
the of focts ofBbREEOTEI e ISRRERT EAfRcola 6 dub aPiad RFPiossBARPLE 2
FI BER SYSTEM BeSofadlieldd 1V Aica® Sinb6@HaLLS lof @it £r85cR0 hvERidh i@ dBdSddeiwaRIS

desi gned based on a m xed matri X hgl,l ow fiber platform The m xed nmatrix
hol Tow fi B&r SYeltcrl FRReiBe ambuality PbfoERAEIAISIRUAL SRR ACErT ©ra hagt nsfer
sorption effi ghAnm @5 rEcMalRCadRBEPliY @8d Ri¥sHtionl ZITRE HekreriiRtel QWédid San _
nmor phol ogy for supplying cooling agents in the bore of the 25 fiber during
sorption and KEAPIYfgTaRjemEda; MCHABE R OHLRTIAY (U SR pYREh VRSB P t he
thin porous wWabhgin@fiorks rﬂ%réo'f.bﬁ{anaéxhﬂWaf}pém%@frﬂqnf @ipchgpltégéﬁ BB et s ansf er

times, a necessity in such demanding feeds. Finally, in the design, the
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t herefore (e i ng. 1 d - ' | WO
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station. The faldént of CO, being removed from the flue gas falling below a desired value.
Consequently, the flow of flue gas to the first contactor can be diverted into a second
contactor, which has already been regenerated, while the 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

21




gas conditions being fed to the fiber sorbent system was consistent with
such a 10 iZzed coal power station and conprises 1 15 nol %
Cx2, a prgébs%o\réglb%sleﬁl. 1 atm and at a tenperature of SOCM%égpgﬁ?&g?ﬂer
design constraints were inposed based on current technol ogi es and cost
consi derations. A paranount goal was the mnimzation of the pressure drop
of the flue gas. The cost to conpress such enornous quantities of gas at
near anbi ent pressures was considered to be 15 prohibitively high. Also, to
reduce sequestration costs and em ssions, the capture efficiency was set at
90% or hi gher \Whbhot BF PSR EUShiHRSs POL&Gindles il'r}'gllﬂir@taﬂée@%gﬁ SaBfhuBRASSi bl e.
Finally, in the fiber design, the ss transter fate wmthin the fibers was
maxi mi zed to diecopphsatar Gan fegereragin smger fi ci al vel ocity and short cont act
time of the flue gas. These and other constraints were optimzed with
respect to m Pedlzi ng Inhen 2Rqmplary ignebodinegnt,othe tthesmpl greing saslsorpli@m propgss

i nportant fact . ! I QNS i.nt of
possi bl e ret roC? fnp };183"3 égagggﬁy%%t ?gézcisgl&gg%g%\?ésaoﬁr@é gloﬁlslﬁcgecééél?hg ?’ ﬁc;ecg%i1 er

mani fol d was aefered @taed rapad dyelel thergel sxting Klsomplion@RCTSA ) iprdcassl Aampid2Fclem wi de,

t hough in co rison.to am tripping facildiies this.isdn fact .quite
smal . An ani R s BielSh Bk BRbheedti of di SRl s dorods i

di anet er of 2avHidehe eathyme Ixtxecnantcessbarndsirptiqupetps is(lvds thanabaolic Anehwes, of 20
feet each), and,three le strippers.(each wi.th a dianmeter of 21 feet). The
{ber oot em RAS RS rsipy b P T Ak Loy aBisusb St 495 HER DS he
system has a fo@stmiptiestinah emppditshioitiel preseRQnRntidn) tRrreherafondtdp dih be
pressure drop, the gﬁg had to be only 12%filled. Conmbining this with the
opti m zed Qut &S1EhNEr e PaFaAl PretsHEs PYRR ASPREIRFL1%08 PRSEHFH Y NG RER&nber of
fibers can be ogRsd | Yhéletc@mBinagshst F f16cedsls Mird kdf@edl lobRi&in REthd@al swihigr eas
this is by no neans small, industrial-use hollow fiber npdules can

contain 150 mPrAFERS fF Jers as SBeyt KaPlynh eherme] fiingy A 62086 Bt eduige ®eich a
large feed strgamnddQalpIhe next determination to be nade was the choice of
sorbent and the amount of sorbent to be dispersed into the polymer fiber
matrix. A goaljpgs] 65 Wn"manysedseEnhe kithe! RGuifddDOF Sd3RTEnS Klge flAiohOmhy8e
necessity for large CO2 capacities per fiber. The fiber 'inner dianeter was
set at 3205m cheies thaphihg ting geuiopy &rethe cpmagipye pds@ptian [iapasits ¢p Benfully oadi ng
allows for Iange AMyntsh okeCRmbPbP8ehaRk 45 BaePE prufdiRete Wl desi gn
constraints. 'Fhr%ae sor bent S?:Sﬁoi ce}g we?e i|§ani tlﬁg‘f I yﬁgoélg?dferélcﬁeg)gss{élgtﬁ%n t he
di fficulty of afspphingrphasawhide a phaalidy af berickdrs gre iTithe Hepting/regdnoiatien phase t he
traditional 1Q i try. St ar Q ' 20| [ &

conpari son w todkﬁa g% #?a'rc Bésigl H@%%S,Iqia%s&%bg%%e?%ﬂ%%?%&% ?%g&%ﬂ%g)?a&rﬁllhgﬁfand its
heat of sor pticomaaters ehgaged inmadiabtien dre colmectediin senigl fetridwe vtchothat] the mest- ar e
conpar ed. ,fhe ne sorbent. choi ce s high-si.l.ica | .. This saorbent offers
Che’ advantBge Tty RERERRIBLOERITR B B ieh B iapsotlich. SR BBk on

t han 13X, and uaonpiinablie bE@ExtCarCiegdnemitedFi Madnbiher ambduiméentShe asdbiagoi ce 15
was am nes grafted onto soporous silica.. These am ne-based _sorbents offer
the o1 ni T Cabiiatio SHEGEY fhEa s Sy Bt Fi5h AORBEE CEYS ARERLASELN Widler feeds
such as flue gag. These sorbents however usually have nuch higher heats of
sorption than either 13X or MFI, and as such, nore desorption steam and

nmore cool ing \eq9gr woukide as,r & btadle @ad, Ois OpEifed 6n taheidy Sy oFUnh&Refalor e,
significant research still needs to be 20Q done to determne the stability

of these &nchBFASESEviFiEsuIgRfia flup gy HxPiGH Iy plaghly iRy e AbnerPRsTisrRIesSSHARRE 1

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 Nj, O, CO,,

30 and H,O, among others. Small quantities of pollutants such as NOx and SOx are also
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often present. CO, concentration in the flue gas is typically in a range of about 3
molar % to about 15 molar %, and H,O is typically in the range of about 0.1 molar %
to about 15 molar %. The total molar concentration of CO, + H,O is usually less than
about 25% when a stoichiometric combustion produces the stack gas and is usually
less than about 15% when dilution or excess air is employed in the process to limit the

temperature in the high temperature combustion process.

[070] In some instances, it may be advantageous to separate the CO, into a
concentrated or purified stream, to compress the stream to high pressure, and to
introduce it into a suitable underground formation for sequestration to mitigate CO,
emissions. Non-limiting examples of suitable underground formations include, but
are not limited to, aquifers having a top seal that prevents significant loss of injected
gaseous components, oil reservoirs, gas reservoirs, depleted oil reservoirs, and
depleted gas reservoirs. Generally, the separated CO, has to be compressed to
pressures greater than about 1,000 psi, or greater than about 2,000 psi, and often to
pressures greater than about 5,000 psi to be injected into these types of underground
formations. Low pressure dispositions of the captured CO; can also be envisioned,
examples being enhanced plant growth in green house environments and enhanced

algae growth for biofuel production, among others.

[071] The compositions, methods, and apparatus used in the practice of the
present invention that are designed for the capture of CO, from flue gas can be quite
efficient. In some instances, CO, can be captured from flue gas in an amount greater
than about 50%, greater than about 75%, greater than about 85%, or greater than
about 95% of the CO, by the adsorbent material. One of ordinary skill in the art
would realize that embodiments of the methods of the present invention can involve

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

more adsorbent materials. In an embodiment of the present invention, CO, is
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[ 096] Usi ng the sorption properties of MFl, cycle properties of the RTSA
fiber 5 system can be determ ned. A typical 500 MVN power plant releases 9.2
tons of CO2 per mnute, and by doing a sinple nmass bal ance over the system
t he amount of CO2 captured per cycle can be found as well as the cycle
time. Assuming that the heat of desorption during the sorption step
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KD, 50C, KD, 35Q@res2 invention, a method can further comprise the removal of SOx and/or NOx.
5 [073] In an embodiment of the present invention, a contactor can comprise a
plurality of fibers, a fiber comprising a mixture of at least one adsorbent material
capable of adsorbing different components of the medium. In an embodiment of the
present invention, a contactor can comprise a plurality of fibers, a first fiber
comprising a first adsorbent material capable of adsorbing a first component of a
10  medium, and a second fiber comprising a second adsorbent material capable of
adsorbing a second component of the medium. The use of a plurality of fibers (i.e.,
third, fourth, fifth, etc.) in addition to a first and second fiber can further provide

adsorption of multiple components of a medium.

[074] In an embodiment of the present invention, one or more components of
15  flue gas can be adsorbed by using one or more contactors. In an embodiment of the
present invention, a flue gas stream can be passed through a first contactor to remove
one component of a medium, and a second contactor to remove another component of
the medium (i.e., separate units of operation (e.g., contactors) for each component of
the medium). When multiple components are removed from a medium (e.g., flue gas)
20  with one or more contactors, a contactor can be optimized for the removal of a

particular component.

[075] In an embodiment of the present invention, one or more contactor can
comprise a first contactor to remove water and a second contactor to remove one or
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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selective removal of a plurality of components with a single contactor. In another
embodiment of the present invention, a contactor can comprise an adsorbent material

capable of removing a plurality of components from a medium.

[077] An aspect of the present invention comprises a system for the removal of

5 CO; and water from a flue gas. The system can comprise a contactor comprising a
plurality of adsorbent materials, which are independently capable of adsorbing water
and/or CO,. In an exemplary embodiment of the present invention, the water
selective adsorbent can be located in proximity to the feed stream inlet and the CO,
selective adsorbent can be located downstream from the water selective adsorbent.

10 Such a configuration is designed to first remove the water from a flue gas followed by
the removal of CO,, as the flue gas contacts the water selective adsorbent before it
contacts the CO, selective adsorbent. In some embodiments, the same adsorbent
material that is used to remove CO; can also remove and other components of flue

gas, such as SOx, NOx, or water, among others. Adsorbent materials that can adsorb

15  SOx, NOx, and water include, but are not limited to, zeolites, cationic zeolites,
mesoporous materials, carbons, polymers, mixed matrix materials, and combinations

thereof.

[078] In an embodiment of the present invention, a dehydration process can
comprise glycol dehydration, which can be used to remove water from a flue gas. In
20  such embodiments, the flue gas can be dehydrated in a separate process or unit
operation prior to introduction of the flue gas to the adsorbent contactor. To
efficiently remove water with glycol dehydration, the temperature 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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pattern was chosen, and the pressure drop across fiber bed could cal cul ated
usi ng the équdf8idn f or Whees somtectahamges acigngwattfiretitnufedl, escater khanpbaitp f | ue

(1200x1014cm) _75(%8 'ogé()fz RRd g’vgt'eﬁ?r&g\lz{ Huzezgxa%,vangenllboﬁmle)nt otg 85 Sr:ese:n 17n2vention can
comprise a thermal regeneration process designed to remove both of these
components. In an embodiment of the present invention, the regeneration process can
be conducted so that a separate water-rich stream and a separate CO;-rich stream are

10 produced during the thermal regeneration process.

[082] In an embodiment of the present invention, adsorption and regeneration
of a contactor is accomplished by externally cooling and heating the contactor,
respectively. Externally heated contactors comprise a plurality of lumens to flow a
heat transfer medium (e.g., a fluid, liquid, gas) to heat and cool the contactor. In an
15 exemplary embodiment of the present invention, the plurality of lumens are not in
fluid communication with the adsorbent material, so that the heat transfer medium
does not mix with the feed stream flue gas or CO, liberated during the regeneration
step.
[083] It must be noted that, as used in this specification and the appended
20  claims, the singular forms “a”, “an”, and “the” include plural referents unless the

context clearly dictates otherwise.

[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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determne the to
5  embodiments should not to be construed in any way as imposing limitations upon the

scope thereof. On the contrary, it is to be clearly understood that resort may be had to
various other embodiments, modifications, and equivalents thereof which, after
reading the description herein, may suggest themselves to those skilled in the art
without departing from the spirit of the present invention and/or the scope of the

10  appended claims.

[088] Therefore, while embodiments of this invention have been described in
detail with particular reference to exemplary embodiments, those skilled in the art will
understand that variations and modifications can be effected within the scope of the
invention as defined in the appended claims. Accordingly, the scope of the various
15 embodiments of the present invention should not be limited to the above discussed

embodiments, and should only be defined by the following claims and all equivalents.

EXAMPLES
EXAMPLE 1: FIBER COMPOSITION DESIGN
20 [089] In the present example, a novel hollow fiber based solid sorbent 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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liquid-liquid demixing occurs, resulting in a continuous polymer pore network.
5 [090] A method that can be used to characterize polymer and inorganic
samples sorption techniques such as those reported by Koros, W. J. and D. R. Paul

“Design considerations for measurement of gas sorption in polymers by pressure

decay”, J. Polym. Sci.: Part B: Polym. Phys., 14, 1903-7 (1976). These techniques are

used to determine an equilibrium isotherm for a particular sorbate-sorbent pair by
10  plotting concentration versus pressure at a constant temperature. Furthermore, the
time until equilibrium can be measured which provides insight into cycle times that
may be used in cyclic adsorption processes. This makes sorption an invaluable
characterization method in the study of fiber sorbents. This approach has limitations
which limit it mainly to a first cut characterization tool. First, heat cannot be readily
15  mediated inside the sorption system. Secondly, the system is not a flow system, but
instead a batch system, so convective mass transfer resistances do not come into play.
Finally, only pure gases may be used, so the effects of competitive sorption cannot be

accounted for.

20 EXAMPLE 2: FIBER SYSTEM DESIGN
[091] A post-combustion carbon capture system was designed based on a
mixed matrix hollow fiber platform. The mixed matrix hollow fiber platform was
chosen for several reasons. First, higher 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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be between the flue gas and the heat transfer water or steam streams. During sorption,

flue gas passes over the fibers in a cross-flow heat exchanger arrangement.

[093] The basis used for the design was a 500 MW PC power station. The flue
gas conditions being fed to the fiber sorbent system was consistent with such a
10  pulverized coal power station and comprises IM SCFM feed, 15 mol% CO,, a
pressure of 1.1 atm, and at a temperature of S0°C. Several other design constraints
were imposed based on current technologies and cost considerations. A paramount
goal was the minimization of the pressure drop of the flue gas. The cost to compress
such enormous quantities of gas at near ambient pressures was considered to be
15  prohibitively high. Also, to reduce sequestration costs and emissions, the capture
efficiency was set at 90% or higher with the product gas being at as high a pressure as
possible. Finally, in the fiber design, the mass transfer rate within the fibers was
maximized to accommodate the high superficial velocity and short contact time of the
flue gas. These and other constraints were optimized with respect to minimizing the

20  pressure drop of the flue gas.

[094] An important factor for many established power stations is the footprint
of possible retrofits. 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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reasonabl e for the case of low quality steam used as the desorption heat

source. Q?f(??@b/ﬁ 3égIsrecrrn hhTvap& thszennC P, St eamAr St e%:jzﬁ”m%% AH'p =

2 250, 000 sec = 042 mn Crspon, = 2050J / kg 60K "am
= 5,300kg /mn 5 [099] This nunber was used to determine the parasitic |oad

on the power station efficiency. The pressure drop required to punp these

heat transfer fluids through the bores of the fibers can be cal cul ated

usi ng the Hagen- Poi seuill e equation, assum ng inconpressible flow and

Newt oni an fluids. The steamrequired per ton of CO2 captured is a useful

compar i son bet et dik! BL0hGRI RORIRAPRLES R ARKIPS AR dntOGARIOR

cal cul ated as: ri11CQ2Capture bton mn | ow steam requirenents of the
fi ber sorbent syt Brgedsasineaii es the one of the main advantages of this
technol ogy. Traditional gas-liquid am ne contactors have regeneration
requi renents o093 3- 1. Bhe oews deferminatiom toche mafds wis MhOiQGSPﬁ)mbﬂﬂV\améﬁlew |

have a substangiall % ¢ JSLRAED b%ﬂﬁ%?fé%ﬂnﬂcf ?1% é)rog'gx%r ?15@1‘%%&1% g‘l’ %Ia?%neﬁ Wer was

used to determne the pressure ,
_1000kg / 23 sofekB8inrthe fibers wh88a rdue go the necessity for large CO; capacities per fiber.

The fiber inner diameter was set at 320 microns. This large OD/small ID fiber with
high sorbent loading allows for large amounts of CO; to be captured per fiber within
the design constraints. Three sorbent choices were initially considered based on the
difficulty of implementation and availability. The first choice was the traditional
10  industry standard for CO, sorption, Zeolite 13X. In comparison with other sorbents,
its capacity for CO, was quite high and its heat of sorption was low. In Table 1, the
various sorbent qualities are compared. The next sorbent choice was high-silica MFIL
This sorbent offers the advantage that it is very hydrophobic, has a lower heat of
sorption than 13X, and comparable CO, capacities. Finally, a third sorbent choice
15  was amines grafted onto mesoporous silica. These amine-based sorbents offer the
significant advantage that CO, sorption capacity increases in wet feeds such as flue
gas. These sorbents however usually have much higher heats of sorption than either
13X or MFI, and as such, more desorption steam and more cooling water would be
required to operate the system. Furthermore, significant research still needs to be

20  done to determine the stability of these anchored amines under long term operating

conditions.
TABLE 1
Sorbent Zeolite 13X | High Silica MFI | Anchored Amines

CO2 Dry Sorption Capacity

[mmol/g], 40°C 1.4 1.55 0.66
CO2 Wet Sorption Capacity

[mmol/g], 40°C 0.09 - 0.73

Heat of Sorption [J/mol] -36,000 -26,000 -55,000

Diffusion Coefficient [cm?/s] 1.8x10° 9x107 -
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"'t OA(31.8x106 ) (Tr (160x10-4cm/100)- ) iTo rat '3/4 " -Fiber V, 44M, ,

138cm /s ¥?{€@§Q@878g / cm- s)(600cm Water - vale,623hﬁ?wﬁ§£%¥&%ﬁ9§ia

=5at m ni n cm2 -10 Since the steamis assunmed to condense 'in the
bores during the desorption step, the pressure drop required wll be
negligible in conparison to that for the water used in the bores during the
sorption part of the cycle. [0101] One of the many issues associated with
the fiber sorbent systemdesign 5 was the tinme required for heat and nass
transfer. Mass transfer correlations for |am nar flow past tube bundles

i ber wal | o e Ssbolf 1IBRR it G RRuSlps TR e G o R Ve Mg "

Mor eover, one of aprbesstin riieet fber lvers ehbsen tas ve attaihdbls geal bysed rontsome poglionisarf i ber

wall, viz, 10 spinning screening studies.

[096] Using the sorption properties of MFI, cycle properties of the RTSA fiber

5 system can be determined. A typical 500 MW power plant releases 9.2 tons of CO,
per minute, and by doing a simple mass balance over the system, the amount of CO,
captured per cycle can be found as well as the cycle time. Assuming that the heat of
desorption during the sorption step moderates the temperature of the sorbents such

that they only experience a moderate temperature rise, and as such, the CO, sorbent

10 will only be at 50 °C, and sorption will occur at 35 °C. Therefore:

Capacity=(Kp,35:c —Kp,s0°c JPco2Vsorvens

at 15°C:
15
_L55molCO, 760mmHg 44gCO0O, 1.6g —MFI 1lkg 0.4 gCo,
Droc kg — MFI 180mmHg —atm gmol cm’~MFI 1000g — cm’13X —atm
Need Kp so°c, Kp3sec,
20

n K sooc ="AHs0RP 11 —In K}, sooc :26,000 11
K R 323K 313K 0.46 8.314 [ 323K 313K

D,a0°C

gCo,
cm’13X — atm

In KD,35°C — _AHSORP {: 1 _ 1 j' =1n KD,35°C — 26,000{: 1 _ 1 }
K R 308K 313K 0.46 8.314 | 308K 313K

= K, e =0.36

D,40°C

gCo,

=K, 0o =0.58§ ———"3
D35 em’13X —atm

So the system picks up:

gCo, 0.15atm 1.05x10°cm’13X

3 =3.47x10°g CO, / cycle
cm” MFI — atm

25 Meosepme = (0.58—0.36)

From here, the cycle time was determined by determining the flue gas CO, flow rate:
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D e AB fiber

r-3 efiber = 0.50 D,=0.033cn2 Is Fromthis, the extent

ext er nal s internal mass transfer limtations Gy

= KDe K :“?gﬁgﬁﬁ%ﬁéB)gCIB nol |atm 83.14 323K cm MFI - atn1ﬂ%%&%&g%
23.8cm /s(440x10-4 cm a --0.24 132(0.033cn2/s) 15The a value was found to
be low, indicating external mass transfer |imtations. The tinme for

saturation was found to be approximately 0.55 seconds, thus setting
m ni mum required contact time. To further ensure the validity of this

carbon capture approach, the time required for thernmal equilibriumin the
fibers nmust be cal cul ated. 36 Ibmol 454mol

10

15

25

=1.27x10%mol / min

wee 16108 scfin
& S 595t lomol

Hitgy, =0.15x1.27x10°mol / min- 44——57 =8.35x10°g CO, / min
mo.
6
_ 3.47x10 6g Co, /cy?le .60 se:c =4 9sec
8.35x10° g CO, /min min

A cycle time of 25 seconds 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 = (SO;]§73 )(—l—jl-s—]st scfm = 0.79x10° actual cfin

V tue 3 0.79x10° acfn

=9.25 fps

VFlue =

T e A B
Manifold . fue 0.88-(600cmx2500cm)/30.482[

2
cm

2

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
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.

Re = DyViPae _ (1200x10™ cm) - (9.25 fps - 30.48)(1.022x107 g / cm?)

=172
H e 2.0x10g/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).

AP — 4ffNrpﬂuev;ue _& o
e zgc ﬂb
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As a limting case,

t he Nuss
(0.64W/

conductivity of the fiber wall

the fl ow was assuned to be fully devel oped such that

t. Nu _3.44 _Kkifib Ler = h= 3.44
%WWU%BHW?LEE 10- doni] 100) n2K | I018r2] #ﬁg) of T rec‘ﬁ??'é%?w@“ﬂ%

the pol yner thermal conductivity, the sorbent particles, and the air
voi d spaces and was estimated to be 2.45 WmK. Heat transfer charts were

enpl oyed to determine the tinme for thernmal

k fiber

10-6m) n2 -K

was then determ ned as a wei ghted average of

in the

equilibriumin the fiber walls.

Rel ative resistance [18] : m=2.45 m- K m-=1.25 W r 5000t 440 -
Di stance fromcenter of fiber wall Relative

position :

10

15

20

n

= 0 fF0.43

N, is a measure of how many obstacles a typical “packet” of gas will bump into in its

run through the manifold. This was estimated as,

— 2
Wmaulfold : Lmanifold =N fibers LO

where Ly is the dimension of an obstruction containing cell. Once this characteristic

dimension was found, the number of obstructions was estimated simply as:

N, = Zmite 5 000
0

The resulting pressure drop was found to be 0.15 atm. In order to compress the feed
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
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.

QSorpIian =m flue CP,FIueATFIue + e, AH
g, =1x10°s¢fin = 4.06x10* kg / min of flue
Cp e =1042J kg ~ K
AT, =10K
Fico, =1.86x10°mol - CO, / min
AH  =26,000J / mol
= Qsorprion =5-57x10°J / min
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Fi ber wal
apol ynere
=0. 027 se
0. 027 sec
possi bl e.
to locall

| half thickness Unacconplished change in tenperature = 0.1%

LT, ST L0 AT e 00

onds, which shows that the rapid thermal cycles required are
This result al so denonstrates that the tinme required for th
y sorb into the sieve enbedded in the wall is not 15 signifi

The MR particles were assuned to be 3 mcroneter spheres (or cubes),
then tinme for the sieves to reach 99% of the ultinmate equilibrium]l oading

was cal cu
t 0.752 (

Eagig%ncgr%ig pedtabé via %2)(1'15965 isqlé/}%/o%:dq))I thetwatat 1h R QA&Q’ thse 1Rafs
were set equal and the required amount of cooling water was determined.

Owier = Qsorption = Ti0r C b waier D warer = MoagierCp parr AT ygy — oy Cp JFTNAY SN
Crwarer = 41840 1 kg — K
AT, =15K
AT, =15K
Cpum =800J /kg-K
C =1,600J/ kg -K

1. 6g
cm’

P, poly

My =1.05x10° cm® MFI - =168,000kg

= 4.6x10cm* 128 28 _ = 55,200kg
cm’

=10K

poly

AT,

Water

= tin,,,,, = 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 = n'C02AHS + mMFl CP.MFI AYVMFI + mpaly CP poly poly

15 _8.35x10°CO, 1molCO, 1min 25sec _ 79,000mol -CO,
co2 T - -
min 44¢  60sec cycle cycle

= Oregp =5.61x10°J [ 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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-0.014 sec 9x10 cm,/s [0103]If the particles were 0.3 mcrons, this tinme
scal e woul nore 5 insignificant. Therefore the ' I.sj.ance
found was ‘?ﬂg&é@gﬁghase resi stance. A further check was W§%9P§€4§3§7f| ber
sorbents strength, perforned to determne the viability of the fiber
sorbent system. The Von Msen Criterion was used to determne if the fibers
could withstand the shell side pressures as well as the bore side
pressures. POD\2\2+3 Pam D ,132"ID ) ropy ID ) Fiber sorbent yield stress =
(1- BE)(1-113x)z- y = (1- 0.500)G- 0.7) - 40MPa =6MPa 2( 5 - 0.75)2 ) 3H1L 3
," 5 (3.75)2 - : oS 0, | 0 MPa,
the fibers st ilgalvgrt]o %’%}?%a?d\ég%ft%é? I%J%O@giﬁgfxﬁﬁ%%\tg}.e ?8%4?#%61%%%8%%%%%5& on
costs, producimgsohabdthfoptheicasg oCloRv @alifyrsessursed asabe ddserphiomghmssoupreessur e
possible is inmportant, since conpression costs typiccally scale inversely
with the order of magnitu é‘—"’"oTmt“fﬂég?“n%%l’"&l’”%;f'fe@tgﬂwg_aéﬂﬂfﬁer the sorption
step AH,,, =2,250,000J / kg

& =25sec =0.42min
Cpso =2050J Ikg - K
AT, =60K
=35,300kg / min

P Steam

= m

steam

5 [099] This number was used to determine the parasitic load on the power
station efficiency. The pressure drop required to pump these heat transfer fluids
through the bores of the fibers can be calculated using the Hagen-Poiseuille equation,
assuming incompressible flow and Newtonian fluids. The steam required per ton of
CO; captured is a useful comparison between different carbon capture approaches and

10  can be calculated as:

5300kg  ton
: M ream — min 907.5kg =w
Mo, Captured 8.5ton =z
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.

mwaler

2.1x10°kg / min

3
= 1000kg /m =8280cm / min =138cm/ s

A g  (31.8x10°)(7 - (160x107* cm/100)*)

— IO warer.
Water

RAP

— 1

V =
Water
4l[lLF iber

AP = Yo -duL,, . _138cm/s-4-(0.0048¢ / cm — 5)(600cm) — 623kPa =90.37 psia = Saim

Haer = R? (160x10™* cm)? - 10
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20 ends, and the desorption step begins, the interstitial spaces between
the fibers were assuned to be filled with flue gas (15 % d the
danper vaMRIGPIEY  As steam fl ows through the bore, g%%”&#%ﬁ%ﬁggﬁn to
desorb and pressurize. 3.36x106 gnl - 76,000no/ 44g T =50C = 323K V =
(0.88) x1200 x2500 x6000n3 = 1.58 x109 cnB8 83. 14cnBbar 76, 000nmd/ 323K nol
K CO21.58x109 -1.3bar =19 psi P The desorption pressure of 20 psia
al l ows approximately 25% of the gas to flow out due to pressure
differences. To flush out the rest, the desorption step will begin, and 5
the pressure di.fferential will push out f est .of the .product gas at

at nospheric p(rjéégcsetfp%.steafﬂésr %Ssg?%i Q&P f'%’ln?] ﬂ?htg%écs’r?%fl‘ln}rigi tg%d Sg(rf)pq"roﬁlfteeg’géalg

recycl e streangessare adrap requiieli avill &s @egligitde irst¢oyparisemomthee ifer, the hate€@edpn oduct
gas will be pngsayrufed nd sent to sequestration facilities. An overview
of the systemB&PPTERIEEE fesaPRoRATEY B YRl 6. Several unit operations were
added to a tyqgog] pPowehe 5t &k in@Ry idsiks| assbiciagdwathethe Pibem®rbedsyatemadzeigel
cooling tower, two fans in se iis, agd a sequestration %oqg;efsor. As can
be seen from t¥as ‘B?(S‘é‘é"s%eq?‘fﬂde’ré? £t AR o‘f’%?ér"é’gffe’c hiMass vapsich ©xglalgs {4 pe
retrofitted onkginNGR BREubSRAIRS Metsused RIRRIhie tRanse thaferebeftibientRTSA
system the OD and ID of the fibers as well as the sorbents were chosen to
suit the syst &rPafbsugnthe ety further material 15 identification was
needed. To conplete the system design the proper fiber materials and
construction of the fiber neededc o be matdhed §6”the system requirenents.
The first choice nmade was the choiced-&t Rsol | Two candi dates were

consi dered, Hydrin(c), and cell ul‘8se acet at e first, the el astoner
HydrinC), was considered due to its roRusBe(physical properties. HydrinO has

many i ssues, however, mainly in the R
D,y pr =0.2cm” /5 [18]

_ 0.2cm’/s 2x107
° 1200x10™*cm 1.3x107%-0.2
Moreover, one can estimate the effective diffusivity in the porous fiber wall, viz,

0.33
-0.82-360°%° ( j ~23.8cm/ s

D AB £ fiber
T

10 T~73
€ = 0.50

D, =0.033cm’ /s
From this, the extent of external mass versus internal mass transfer limitations was

calculated.

_ k1
KD,
K= (0.58 -0.36)gCO, mol latm 83.14 323K
cm®MFI —atm  44g 1.01bar

o= 23.8cm/ s(440x10 cm)
132(0.033¢cm? / 5)

=133

0.24

15 The a 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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70 difficulty associated with spinning el astoners. The next choice,

cel lul ose_acetate, was chosen as a nodel gl assy pol yner | ase of
avai | abi | WQIZ(%??&QO%%I th of research perforned on the pol sz(%ﬂ%@ﬁs r nor e,
cellul ose acetate has a high Ta which will allowit to withstand the rapid
thermal cycles associated with the RTSA system The Tg of cellul ose acetate
in hum d conditions drops considerably, and the 25effects of this require
further study. WD 2009/003171PC171052008/ 068587 [0106] The next desi gn
consideration for the hollow fibers was the organic/inorganic interface

o phol ogy. | 1y OF igkrh Ol ot &, MBS Surl A0 BE By A iBpd Qb P BE RERLR: LN
sieve in a cage rmrﬁho? ogy "‘was chosen as a g(}/a VORCe IR A cage” is a
phenonenon whemmbeheasset.| er particles are poorly adhered (or not at all 5
adhered) to the polymer matrix. (See, Figure 7). Polymer-filler
inconpatibilities as well as pol yrrerhat ress accunul ati on during sol vent
exchange are believed to be tae-xause-Beli-nd "sieve in a cage". [0107] One
aspect of the fiber design is the condtsucti on of the |lumen side barrier

| ayer and the choice of material for whis barrier |layer. Two nethods were
10 considered for construct kng T®%—bat her layer: dual |ayer spinning and
post-treatnent procedures. Dual la el Spinning allows |unen | ayer to be
directly created as the hol | aw,ti (.6 /or AN hhi's. exanpl e focused on
post-treatnent of the fibers. Postuogatemniooyet hods:’Kypi cally invol ve

washi ng the outside of the fiber with an appropriate caul king polyner. In
]'Ehibs desi Ign, t[blﬂ)zgost -g‘h@ﬁflfdasﬁvﬁ thieyonial ebrﬁaclttﬁritploa&ﬁ ﬁbErhwim@haiﬁeﬂ dftfﬁerbﬁfeﬁ of the
i ber. Polyvinylidene dichlorjde (PVDC) |atex was .chosen as the mai

candi dat e for ®Hi %C‘QB??I eRes 8‘%1.3“’3 ?é]émﬁb%‘?ﬁ’@tl Cﬂ%@é‘c%"é‘ryyg’iaéwbﬁﬁtpé?w%& as

permeation ratgs air aNghe VHdf 55952@ Rhd ReabstihRedSb 88 e/ 5TWE-kh ek aRimfct bRl
cycles in this system 20 MPLE 3: EXPERI MENTAL METHODQLOG

Y
[ 0108] N- et hy | W% PRRIPYRS; th deterains the figng derbesmakeanilibgop isthg fbernyals ch,
M | waukee, W) was used as the solvent in the polyner solutions because it
is mscibl®in water and a strong solvent for cellul ose acetate. Mt hanol
(99.8% ACS Reagent, Sigma-Aldrich) and hexanes (ACS Reagent, >98.5%
Baker) were used for 2Belufte resdtaneaflSExchangd=perti on of the fiber
formati on. Methanol was used to renove eXee¥s«water fromthe fibers, and
hexanes were used to exchange exceggs nethanol fromthe fibers. The intent
is to replace high surface tenst Fluids with | ower surface tension fluids
to prevent capillary fe& e -1 -45he pore structure during
drying. Al solvents and $000-se6lv m)-slovﬁm)e used as-received with no
purification or m”-K

Distance from center of fiber wall _

Fiber wall half thickness
Unaccomplished change in temperature =0.1%

-t

l2

=7.93x10m? /s
_11-(440x10™*¢m /100)*

equlorim — 7 93310 m? /

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

0

Relative position :n =

o

polymer equilibrium _ 1 1

apolymer

=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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30 nodification. W) 2009/003171PCT/ US2008/ 068587 [0109] Z,eolite 13X (1-3
mcron p [ ¢l i gma- Al drich) was chosen as the sorb i spersed
into the%@ﬂ%ﬁmﬁari X. Once received, the zeolites V\efﬂg}%ﬁfz‘g@tﬁggégsoc to
drive off any excess organics fromsynthesis. After drying, the ze,olites
were allowed to saturate wwth humd air. This was done to prevent the 5
zeolites from adsorbing NMP or water in the polynmer solutions and noving
the solution away fromthe binodal line. [0110] Cel | ul ose acetate (MN

60, 000, Sigma-Aldrich) and PVP (MN 55,000, Sigma-Aldrich) were the polyners
used in this exanple. Al polyners were dsj,gd | vacuum at 110 C for one
day to drive off sorbed water. Afl?gfz'Mﬁ’ﬁ@ién%? f 2“‘ pol ymers 10 were directly
added to their respective solutions. PVP was[phgsen as a pore forner over

Li N8, a traditional pore forfdf9%petkadedSH was found to break down the
cellul ose acetate fibers. PVDC | atex was supplied by Sol Vin Chem cal s.
[0111] A fiber spinning appar atud). 8¢l 3dedcony g{)%%;%cthe fi ber sorbents. The
appar atus was designed and built igxglgh? as Way t at it emul ates industrial
fiber 15 systens and is readily scal able. Recently, many spinning

appar at us havqeisgn ut ifl the paieicldd derel @Y SicroR, S kifleSsclb Ghbuld1Bd edentniie! ymer
| ayers may be spun in contact at the sane tinme, with one pol yner serving as

the core | &yernsgnificanheFhestore e major Fraisegsaionrd Was R eat Phapqjristancey oA

pol yner - sor ben;PicRe AORES tHEBE HY SRATBbeRY s&bﬂ%ﬂﬂ%eﬁg%&lf tol fierf@RUInE €d
amounts of NWP and de-ionized water into a 11 glass jar sealed 20 with a
PTFE cap. A priabdityebiée fiker sathget systemi The §op disant Critpréon wapuisedie dsiepoimes of
NMP and wat er ;j ' A 1209 t he
required am)ur%{{tﬂ%)?q b%? ?%gd {gteqlﬁﬂa glzeedhgfé gpgk)%ssgﬁ %‘\’V/%ﬁ\%et%lgsggggg&t%ﬁgﬁé
solution. The solution was m xed on a roller at 50 C until conplete

di ssolution occurred. Zeolite 13X, at equilibriumwth anbient humdity
condi tions, was next added,to the NVR/ H7Q,25"m xture, and sonicated (1000 W
max horn, Dukang, L%esgfﬁ% @L%QB}Z 1 minute with 30 second breaks.
The prine sol uti’dn Ryas\tZBen ) added,t o AHP ication solution, and two nore
soni cati orlOcycl — - <rwerdiilvr nerbertiyédd gredsh ul ose
acetate and PVP were added (t@Pt he; m xture and placed on a roller at 50 C

until conplete dissolution'oficurred. Dopes in varying solvent, non-solvent,

and 30 zeolite conposi tirghd, Wb TRALs A datennipe khe binodal line of the
ternary systemusing the cloud pdint technique t'd determ ne one-phase or

t wo- phase regi ne. Pure =(1-0.50)(1-0.7) - 40MPa
=6MPa
5 5 172
1.3“%—(3.75)2j +3((%—1)(3.75)2j }
' . 101325 < 6MPa
(3.75)* -1

2.06 MPa < 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% CO,), and the damper valves closed. As

steam flows through the bore, CO, will begin to desorb and pressurize.
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pol ymer solutions were made first to determ ne the pure pol yner binodal;
once this m ned, the polyners to liquids ratio sane,
and the N 89ﬁ§gﬁr atio was held the sane as the zeoli t%@‘d@?@éﬁ%ﬁd in.
These sanpl e dopes were | oaded into syringes and extruded into DI 1110 to
gqualitatively determ ne the speed of 5phase separation. [0112] The
pressure-decay sorption nethod was used to determ ne the sorption isotherns
of the fiber sorbent, and a schematic of the sorption can be seen in Figure
8. The sorption cells were imersed in constant tenperature oil baths.
After loading the fiber sorbent sanples, the oil baths were set to 110 C
and sanpl e cells were exposed=106110°a—vaeca0dmoiconpl et el y evacuate the
cell and the fiber sorbents. After thé4&lryi ng step, the oil bath was set to
45 C and CO2 was i ntrodneed°d o323k reservoir (A) and given tine to cone
equi librium After thergal Ui 4Dk d ssest.ablbshed, the sanple val ve
(B) was briefly opened ‘?g(P'ggfcyggéﬁeéopﬁéd@%—?gg?ﬁea?i ber sorbent sanple.
The pressure decay over ti e mrl_e&bt@edbdrquﬁ@ch expansion and from a

nol e 15 bal ance betweep the™t Y eseryokr s, ~a sor. Li on | sot herm was
generated. Fromthis, fidef sor benisgkigigl,i CS can‘ﬂ)g Heasdfed, as can the

fi ber sorbent isotherns. Due to the constraints of the experinent, however,
itI : s not pOESthldesdrllﬁzing%ygﬁl%@&ef Q@@al[a Stﬁtgsrgrﬂﬁ&oxhﬁaﬂyefs%e&ttﬁe Bast Bifldwt hie sa][rpl e
cell as in the actua system e gas transport properties o
the untreated % BbPre§B¥eﬂjéﬁ‘fr§X%rE° QBS%%LQGF%T‘*%%QE?O%‘PEQmBW%g LA c2 at
bor e- si de feedhdpRsw 8ffeRhtidOnIOpRai G tRNe! of idepBeIERal 8t hinRdpHeat es were
measured using bubble flow neters every 45 mnutes until the readi ngs were
within 5% of PHSSPP-eTheIE e ecaidinhyPosTibBiies £priflus ens refutle sheamsup i insthdg pure
N2 and CO2 at JRQ&ichl @, PRt REESHEIES, &Ed&@'ﬁ@ whiP b8 ,pr&%z@@raﬂ@@&ﬁ ¢! ow
rates were by downstream pressure transducers once steady state was 95

achi eved. Scanpdusgfradipe éaciliies. mAaraysyeyy of BENYsteia sanBeseen dn Hizuees i a0 6. i ber

sor bent pore t - int.ar . an n

| ayer defect s.ssre%%?lvdé&%t? peelgég %%éedg(%d%gasgy%fﬁg ogggﬁaét@%i %cﬁaeﬁggvgte? B‘rﬂlgﬁe

m nut es, tl0ansfsesand dodlmg|tdverri voNi@ys inmeties vad rechuestrabiah forumessgr. tAscafibae poi nt

t weezers. The fi bher . ter e i.th a. 10- ick gold
coating (I\/bdel%gﬁg-%%? d?eseﬁfg &%}%&E az}u?l)gtélia a,m’gﬁ?fsy Sger?)émcé‘oeat%rl%ggfegrroﬁ[et% {”gba hi gh
resol uti on Fi NGCEm&KIQhplaaanni ng El ectron M croscope, Leo 1530 (Leo
El ectron Mcr Y, ridge, UK WO 2009100317 US2008/ 068587
[0114] The posﬁ@ggat neqﬁltrm‘?r‘éels%l}&f béﬁ??&sfyﬁtf%%egﬁ) ?ﬂdljlﬁtc‘?y A THEE BISE S at ex
\évi It h tfd1e| r equitmeedoramyh I%Terd)lgh%@bn H& Osuit4the Vet atsiph; tgﬂzleval York#0 )matdrul S

ilute ex .ywas_.then | oaded.into an | SCO punp. (Mdel 500 | sco,
Li ncol n, ﬁlé) l‘y@.ﬁ\%ﬂﬁ‘é’f'f”é@ﬁéaeﬁde‘a%‘P F%Pleﬁé?"n@gi‘ﬂf’b#g%d‘r}ﬂ %YF’P@F%"%{S‘P'&‘}P?IM was
punped t hr oughnd BéhsRdRn QF tHefbef hORES tPbAhardkdRs itk fyslemlBqERERAMS Thd hen,
t he nodul e was, connected to a N2 cylinder and hum d N? (5%% R H. was swept

through the bdr¥shgice ihdervaseis chpica®f polygnerorTviQ CrrdE sV aRFORKETh f | uent
R Hwas 40% THusn®Ymlieisse26R88 1 Bk £, %-elaEeoH@}R %drirf@,Xva}?‘@&xs‘i’@?ed%ﬁ@pt
. H. Was

t hrough the bores at 30 psig until the effluent ound to be 0%
(typically 1 @ s )’qbust physical properties. Hydrin© has many issues, however, mainly in the

20  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

25  effects of this require further study.

39




10 EXAMPLE 4: ANALYSI S OF FI BER COVMPOSI TI ONS [0115] Usi ng the cl oud poi nt

t echni que | nge extrusion, the final polyner dop ' osen
was 10 m&@g?@fg%ﬁw / 30% zeolite 13X /49.3%NWP / 6. ?’&f‘%@é@”?&?@t he dry
phase, this corresponds to 75 wt % zeolite | oading. 15 This solution was
chosen because of its rapid phase separation conpared to other CA solutions
and its high filler |oading. Dopes with higher polynmers to liquids ratio

phase separated very slowy and woul d not have been ideal for spinning.
Dopes with higher zeolite concentrations could not be drawn into a holl ow

fiber w thout turi 0116]l T | SeLi f [ o] ngrated on
creating m)nol[ﬂoﬁfc ho owl?e% b%eglgha?&?gfe{/ﬁﬁ% Zgo(%l ?%e%fgé}? @E%rgn&?‘iﬁ te
chal | enges wemeganiténqrpaseingefes mbipbnlogy.nin gflert thenagAnido pess, trgefer rapds tover t he

| arge OD (for po) ic hollow fibegs i,le still retaining.dhe ability to
dr s the 11 bert® oS Bea sl ¢ SRR IES, B4 fa hOhael  Sfe B4
Consi deri ng t keg® ishglhensmymen wHeee shpifilles patielss asegbotlgradhaed ¢arnebt ian alfabl e

: , 0
259. TABLE52 EHkllerllecP%) ﬁlse pogpnlleg msattr%;[. e(%ee, Figggpf nﬁ&gmggfrﬂ?er E)r?c%?npgt%ih/ges as
well as polymer stress accumulation during solvent exchange are believed to be the

cause behind “sieve in a cage”.

[0107] One aspect of the fiber design is the construction of the lumen side
barrier layer and the choice of material for this barrier layer. Two methods were
10  considered for constructing this barrier layer: dual layer spinning and post-treatment
procedures. Dual layer spinning allows lumen layer to be directly created as the
hollow fiber is forming. This example focused on post-treatment of the fibers. Post-
treatment methods typically involve washing the outside of the fiber with an
appropriate caulking polymer. In this design, the post-treatment would take place
15 inside the bore of the fiber. Polyvinylidene dichloride (PVDC) latex was chosen as
the main candidate for this application. The polymer has very low water and gas
permeation rates, and sufficient heat resistance for the rapid thermal cycles in this

system.

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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Paranmeter CA 10 Core Flow Rate 100 m/lu: PVP 4 Bore Flow Rate 250 m /hr
13X 30 BW&zo%H&??li tion 80120: NWP/ H20 Spi n Dopes PCT/US2008/068587

[0109] Zeolite 13X (1-3 micron particles, Sigma-Aldrich) was chosen as the
sorbent to be dispersed into the polymer matrix. Once received, the zeolites were
dried at 230°C to drive off any excess organics from synthesis. After drying, the
zeolites were allowed to saturate with humid air. This was done to prevent the
5  zeolites from adsorbing NMP or water in the polymer solutions and moving the

solution away from the binodal line.

[0110] Cellulose acetate (MW 60,000, Sigma-Aldrich) and PVP (MW 55,000,
Sigma-Aldrich) were the polymers used in this example. All polymers were dried in
vacuum at 110 °C for one day to drive off sorbed water. After drying, the polymers
10 were directly added to their respective solutions. PVP was chosen as a pore former
over LiNQs, a traditional pore former, because LiNO3; was found to break down the

cellulose acetate fibers. PVDC latex was supplied by SolVin Chemicals.

[0111] A fiber spinning apparatus was used to create the fiber sorbents. The
apparatus was designed and built in such a way that it emulates industrial fiber
15 systems and is readily scalable. Recently, many spinning apparatus have been
utilizing dual-layer spinnerets such that two polymer layers may be spun in contact at
the same time, with one polymer serving as the core layer and other acting as the
separating sheath layer. The polymer-sorbent spin dopes were prepared by mixing
80% of the required amounts of NMP and de-ionized water into a 1 I glass jar sealed
20  with a PTFE cap. A prime dope was made by mixing 20% of the required amounts of
NMP and water into a 500 ml glass jar with PTFE cap. Next, 20% of the required
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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Si inStates Conmponent Core Dope (W% Paraneter NWVP 49.3 Operating
Tenper at ugg, A80dosiia® 6- 7 Take-up Rate PCT/US2008/068587

polymer solutions were made first to determine the pure polymer binodal; once this
was determined, the polymers to liquids ratio was held the same, and the NMP to H,O
ratio was held the same as the zeolites were added in. These sample dopes were
loaded into syringes and extruded into DI H,O to qualitatively determine the speed of

5  phase separation.

[0112] The pressure-decay sorption method was used to determine the sorption
isotherms of the fiber sorbent, and a schematic of the sorption can be seen in Figure 8.
The sorption cells were immersed in constant temperature oil baths. After loading the
fiber sorbent samples, the oil baths were set to 110 °C and sample cells were exposed
10 to a vacuum to completely evacuate the cell and the fiber sorbents. After the drying
step, the oil bath was set to 45 °C and CO, was introduced to the reservoir (A) and
given time to come equilibrium. After thermal equilibrium was established, the
sample valve (B) was briefly opened to introduce the CO, to the fiber sorbent sample.
The pressure decay over time was recorded for each expansion, and from a mole
15 balance between the two reservoirs, a sorption isotherm was generated. From this,
fiber sorbent kinetics can be measured, as can the fiber sorbent isotherms. Due to the
constraints of the experiment, however, it is not possible to moderate local thermal

heat effects within the sample cell as in the actual RTSA system.

[0113] The gas transport properties of the untreated fiber sorbents were
20  characterized using pure N, and CO, at bore-side feed pressures of 20-30 psig. Shell-
side permeate flow rates were measured using bubble flow meters every 45 minutes
until the readings were within 5% of the previous 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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11.7 mrnin Air Gap 3 cm A deep coagul ation bath was used to provide
nore tinme r scent fibers to conpletely separate. | e up
rat es mrﬁ@%@é}a%glato the large OD requirenents, and thpegﬂﬁw%g%%%si on
rates were used to manipulate the die swell of 5 the line such that the
fibers were initially close to the required OD. The bore fluid was chosen
to be mainly NWP so that the water would not rapidly phase separate the
interior of the fiber and renove the potential for the fiber to drawn onto
the drum Finally, the air gap was set very |low to enul ate wet-spi nni ng

wi t hout act ual ubmergi n i a I ng..nha Lon in
t he annul us. \ﬁtﬂpﬁjpi nn?ﬁ% p%é—mﬁiﬁggﬁe@aﬁ%ff’%s gegfoﬁﬁgfb%g%ﬁglgﬁg%ﬁtgggg%ér ation
coul d not occuwith the tdyeirad amapapof(RISH,ON40 vyl9ntex i voiflo ki D).aTlds Hibwted atelense

| ayer. The resultjng fjbers re found to hanj cal.| tron ngd were
abl e o go ¢ hringieRRR s SOy o) SPRHE sl L YR Haded of
these fibers r®débbrgeratatioRrmpdat. Tiesohitibe ivaspaiyipd taohgitthe B&s ofvbegibag hi eved.
As can be seen iﬂ Figfura%SQ A th? fiber and 1D are, 15 c%os. o the

desi gn goal’, vitt!R RSI$e OB’ $EINE 1 1H8- HecroMtEe &Rs comeref e 21N B P?S&j%‘ 0
mcroneters. Seatdal,y50% MO Wad et MrBughdMe thoseRrdIand fidéS REBSIRIE oanobe seen
t hroughout the polymer matrix. Finally, Figure 9 Cindicates the presence
of the "sieve-iFuiss andybe etiiveRifoHows, 40%- KBRS eeda Brs Tepgatsddpics: diedlyt$¥nspor t
through the filpars swepEbhe (8 9olke hiMRAlsl Ohile eBRichOR B ¢/a® fouhdtcshe®pol i thic
hol l ow fiber to determne the rate of mass transfer through the fibers. The
fi bers were fdbmifallpl Berhon- sel ective, with a N2 penieation rate of 60, 000
gas permaaltoi on units (GPU), where 106 cns

EXAMPLE 4: ANALYSIS OF FIBER COMPOSITIONS
[0115]

polymer dope solution chosen was 10 wt% CA / 4% PVP / 30% zeolite 13X / 49.3%
NMP / 6.7% water. In the dry phase, this corresponds to 75 wt% zeolite loading.

Using the cloud point techniques and syringe extrusion, the final

15  This solution was chosen because of its rapid phase separation compared to other CA
solutions and its high filler loading. Dopes with higher polymers to liquids ratio
phase separated very slowly and would not have been ideal for spinning. Dopes with
higher zeolite concentrations could not be drawn into a hollow fiber without

fracturing.

20 [0116]

fibers at 75 wt% zeolite 13X. The main challenges were the phase separation time of

The first series of spins concentrated on creating monolithic hollow

the CA dopes, control over the large OD (for polymeric hollow fibers) while still
retaining the ability to draw the fibers, 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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1 GPU - 25 WD 2009/ 003171PCT/ US2008/ 068587 [0119] Sor ption experinents on
the fiber sorbents were conpared with literature results for zeolite 13X
adj ust ed WO ¥NM¥OBSTYy ect tenperature and literature resulRE/EH0HRI t he
correct tenperature. The fiber sorption isotherns can be seen on Figure 10,
bel ow, and I end confirmation to the zeolite loading in the fibers. The 5
pol ymer and zeolite sorption capacities are additive within the fiber (as
in, 75% of pure zeolite capacity added to 25% of pure CA capacity results

in the fiber sorbent capacity). Using the first expansion, sorption
Ki netics on thhe—sorbentfibers—were—perfprred—Oore—pfi—thermatln—tHm-tations

T

of the sorptijon technﬁ&@e‘-&ﬂ% t he di spgi patl on of hMrat ed by the
rel ease of the B&atonghe S DCB{‘e'I%ﬁe(@ﬁ%)Can e seen in Eblgﬁ%@r 13 the 10

||/ | v/

neasur ed hal f+pre—was—a seconds- ,@i’tﬁg cause—of—the—-sloewer{t han

predi cted ki reti csMPs thht as4pbe COO sorbs iPfe surface2dfc the 13X,
there is an Unmediated | bcal tenperature|l risSWEEMNY tHe released heat of

sorption. Thijs_I o2 heat ri Q967An||l d cause Jﬁkﬁ QP\R?;}Fl on i era KE‘VW\“} 0
tenporarily shift downvwards, thus |owerihg t hAT&HR i brlium cA§Bcity of the
sorbent. Due to heat conduction fromthe oil bath, this 15 terrperature
rise wll eve d t Ol V\”lthg t Wil b brium
In the RTSA s%;dgér#%ag@aﬁt?ﬁﬁasgsgg%gc i ﬂﬁ)tr B[l()a'ero vvae Sé/h\nlt% (S:otol wat er
as a heat t r arofmpletelyl wemrathoulle i‘m*dltdieeugcntes ofere e dhpdalthe darper@R ur e

spi kes. CO\/E%[ m d

conduct out e glg[lgp ?)}rl]e @éﬁf%glggﬁnﬁgtﬁg%%%:{sgdwﬁ] Be Eerfﬂ{ g%%g;regtogre The
time for the hhfahnetsmclnmat l’.ﬂelf}bedil st pEtidly dGesas the sitied OD. tThe bosenuifli gur e,

and clearly, the |msfor f is.the m._nat factor f
sorption. (Se€ aslg T e b amF ]S?%??E\?&ftﬁr egcp?)oct)g%pup?[ ghatse S e ?‘ﬁod
proved to be antsmdrmfeheaﬁderwdeaﬁ&fewhe Ipmmial Iferythe fibercatdromn oRbhbedruihe | at ex
was diluted b gF%wth DI H20 so, that t ﬁlatex could, aS|I Llow
Chrough ¢ he f MBIy Y Opetiteeh 0va5sich Tek 1o R e ie B e Taents WBag Pk "t hi s,
the | atex sol yhbhdginashef Pinadret shdWatsike pHace dphRtiohrtBe afnhR) Weguplaﬁmg A-C

and Figure 12, a or05|t§1?rad| ent extendi ng Qutwards fromthe hore can be

seen, witHO t hava dpwiablg ap G %“nsdl"teBWé(PEfgatt%é?o‘élﬁé‘P'i ocgpra therain g3r (3SiRER- and
bei ng nore porkspiaiey dad tthen ROAGS i1dRr. Of THehRsi1liRE Fiberd NWére CoaROE bB
porosity acts as an intrinsic backstop to the flow of |atex through the
bore at appr oxpashanigally stoongiapd gges, ablsgo gp dhreughqiopaa) fiber OB Precefyrgiur es 13
A-C. The | at exopept - tr?ﬁ”ﬁﬁﬂge{ &% Uhds8 Gritlerk Fevia" had BRSE &aﬁlé'ﬁerlcﬁkﬁﬁ t hat

does not occupy any additi onal space within the bore,” and
objectives were achieved. As can be seen m Figure 9 A, the fiber OD and ID are

15 close to the design goal, with the OD being 1100 micrometers, and the ID being 300
micrometers. Secondly, from Figure 9 B, good sorbent dispersion can be seen
throughout the polymer matrix. Finally, Figure 9 C 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®

cm” -s -cmHg

1GPU =

25
which indicated that the fiber’s pore structure was open and continuous.
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requires little area within the active area of the sorbent fiber body The
| at ex noves through porous region around the bore via capillar orce

al | owi ng WANYUBIB to be filled. During the N7 sweep, eIp %é‘\‘ |n t he
| atex is carried away, causing the surface tension of the evaporating water
to draw the polymer particles closer together, 5 where surfactants on the
particle surface allow the particles to entangle and forman intrinsically
defect free layer. Hum d N2 was used to control the drying rate, so that
defects in the PVDC | ayer were not |ocked in per rranently W thout humd N2,
pi nhol es in tg&e@?rrle | ayer were detec edf nmost. likely due to hlﬂ_ﬂ wat er
evaporation r (Se TP, GFRETHANTS 0B (e TIPS POTRente VIS SiPEREC W

barrier |ayer ,htérkterep@ﬁﬂts a0 zdolieal 3d afijubred wwas @rRcedmpaiharaanitgtimroven at
100C for 24 hour? %’g anneal the PVDC fil E]g go and N2 tgas perFreati on were
performed on ¥ CA gt g omredt syprsiatute; Bg Hber pRIpLoR1SQBeIBTEn PSSFER OPr ovi des

a significant piRSd 30,366, MdA8K ERRHRVIN to th@@étﬁité\%a&hg iNithe RBIrEIEGAEE dOWN
to approxi matelig’ 0.5 GPU at 70 psi g. _As bore_ side ed pressure_increased,

the flux tRrokghymenand peolife wawtwn.%e%ﬁé&a%ﬁew@%th (3s5RayF %bur st at

pressures of 1a R@h@ ca{waQi]tg Lhdda b 38uLEREO @W Ep&&eyWedullks b ﬁlefﬁﬂéff‘ Eorﬁéift bents
was that of |unmen |ayer bypass. In a typical selective hollow fibe

menbr ane, t he ceppcy). sUbiag tthey frss Rrpansien| O kiratics pa tho sArPeng fﬁﬁltse‘f@fal t hus
forcing the fegd,sihERRE of e ﬁxshrh'{&ﬁgl@& hd'® Eh?&hhﬂﬁﬁes@?&ﬁ: 'dBEpoJontol?e fiber

(Figure 15 A). In a fiber sor ent owever, e ‘selective 20 | ayer
bei ng on t he ibatte@enaatedby ﬁlheelcast)efthe heat ofiedptimal Asexi be seen AsFigweH3, fhat er and

steam 1 ntpodycad OFfe SheSas SRUL 4 BURRSS: HAPUAD. L. GRLE: BhY kLS of t he

fiber into'the emanl errmre ue gas omthe
shel | - si de feécdaeawlsdlaess:mpeCOzmomstdnen thetsenfaca ol tlst@éﬁﬂbyesnsanmn(xﬁdlgtude 15
B). Both of t

| ssues, i t es ve. th to.r nder
Che RTSA syst dfve KBRPECT v R d) B GElhaR B of B¥Sich) ThBMGTP s Sallf 1% ¢ ne
fibers at thec&@bnmagoqmah&mnaﬁmdevakmnﬁﬂﬂyEmﬁlﬂgwhhﬁdpoﬁhiﬂ@mﬂmgnmcnethod,
capillary forces_ present at fhe face i ber, pul | | at.ex back into
The tip b ¢ hEarHBuET el phitgoRES: o oG e J8F 0ss ¢ he
face of the fikipesarfiEirge/vasdenfually b medifies, HamhdX@drRaRviil Bo b gqiiilﬂarﬂaﬁ; The
success of thls ca i ng technique was confirmnmed by the ability erform

permeati on exp@ ASYStEI &5 InHRRE SeRtpqOF Hﬁﬁ&emja%\‘ﬁ‘lﬂblC?Oéé"ﬁfef a? ?\h at

permeation by Qﬁﬁs?ér flui@lsRdulP mediateAofR I eRYse dcRElempSARRY §ptked 0 A @oMSdOW fi ber
conprising a sorbent material; a |lunmen disposed within 'the hollow fiber;

and a banqdekyas c&y@lppqdi tA |HW@SIF%@CItW?Efﬁf hest oy copdynt opf ofithe waRttonsER at i on
between the |y %&1@98%}? Htet@{’n PRLAL | Bhe tlmg for?ﬁ'@héi@’i@@@fullgl'd%fba@fi daim

1, wherein the fiber t conp |ses a polynmer matri x.
20  was plotted on the same figure, and clearly, the time for heat transfer is the

dominating factor for 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,0 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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3. The sorbent fiber of Claim?2, wherein the polymer matrix conprises a
plurality of tortuous pathways. 4. The sorbent fiber of Claim3, wherein

t he pl urawqyo?f?oqz)‘rtuous pat hways conpri se one or nore %T/QSW%‘}%%I’G, a

nmesopore or a macropore, wherein the one or nore of a mcropore, a nesopore
or a macropore are in fluid communication. 5. The sorbent fiber of Caim
3, wherein the sorbent material is in fluid communication with at |east a
portion of the plurality of tortuous pathways. 6. The sorbent fiber of
Claim 1, wherein the sorbent material has an average | ongest dinension of

| ess than about 10 m cronet.ers 7. The sorbent fiber af aim1, wherein
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has an average Jegnﬁ)gls,t cross-sectional di rr,entﬁé on of at. | east about 55

.T ;
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sorbent fiber of daim1l, wherein the fiber has an average | ongest cross-

[ I
sectional di meHSTEOTAEARtE 98 the RAFIqlq fratacealiogt B DaRices (o hiaRgle pBfOMMARN . 11.
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pinholes in the barrier layer were detected, most likely due to high water evaporation
rates. (See, Figure 14). To aid in the development of the barrier layer, the post-
10  treated fiber was placed into a vacuum oven at 100°C for 24 hours to anneal the
PVDC film. CO, and N, gas permeation were performed on the post-treated sorbent
fibers. The dense PVDC layer provides a significant resistance to gas transport,
reducing the N, permeance down to approximately 0.5 GPU at 70 psig. As bore side
feed pressure increased, the flux through the fiber wall increased, until the lumen

15  layer burst at pressures of 150 psig.

[0121] An issue encountered with the fiber sorbents was that of lumen layer
bypass. In a typical selective hollow fiber membrane, the outer selective skin seals
against the potting material, thus forcing the feed streams to pass through the selective
portion of the fiber (Figure 15 A). In a fiber sorbent, however, with the selective
20  layer being on the interior of the fiber, no such seal exists. As such, water and steam,
introduced bore-side, could bypass through the core structure of the fiber into the
shell-side of the manifold. Furthermore, flue gas from the shell-side feed could
escape into the water and steam systems (Figure 15 B). Both of these issues, if not
addressed, have the potential to render the RTSA system ineffective. To counter this,
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).

46



carbon di oxi de over nitrogen of about 10 to about 60 and a heat of sorption
of about -25 kiloJdoules per nole of carbon dioxide to about -90 kil oJoul es
per nol e of carbon dioxide. 13. The sorbent fiber of Caim1l, wherein the

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

t he fi befaigiy t he non-porous end cap does not inhibit fluid flow t hrough

t he | unen.

1. A sorbent fiber, comprising:
a hollow fiber comprising a sorbent material;
a lumen disposed within the hollow fiber; and

a barrier layer lining the lumen to prevent fluid communication between the

lumen and the sorbent material.

2. The sorbent fiber of Claim 1, wherein the fiber further comprises a polymer

matrix.

3. The sorbent fiber of Claim 2, wherein the polymer matrix comprises a plurality

of tortuous pathways.

4. The sorbent fiber of Claim 3, wherein the plurality of tortuous pathways
comprise one or more of a micropore, a mesopore or a macropore, wherein the one

or more of a micropore, a mesopore or a macropore are in fluid communication.

5. The sorbent fiber of Claim 3, wherein the sorbent material is in fluid

communication with at least a portion of the plurality of tortuous pathways.

6. The sorbent fiber of Claim 1, wherein the sorbent material has an average

longest 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.

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

cross-sectional dimension of at least about 55 micrometers.

9. The sorbent fiber of Claim 1, wherein the sorbent material is less than about

80% by weight of a dry phase of the fiber.

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

sectional dimension at least two times greater than that of the lumen.

11. The sorbent fiber of Claim 1, wherein the barrier layer has an average

thickness of less than about 50 micrometers.

12. The sorbent fiber of Claim 1, wherein the sorbent material has a selectivity for

carbon dioxide over nitrogen of about 10 to about 60 and a heat of sorption of
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about -25 kiloJoules per mole of carbon dioxide to about -90 kiloJoules per mole of

carbon dioxide.

13.  The sorbent fiber of Claim 1, wherein the fiber comprises a non-porous end
cap disposed at each longitudinal end of the fiber and the non-porous end cap does
not inhibit fluid flow through the lumen.
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