SORE ENT F/ BER COMPCSI TI ONS AND METHODS OF TEMPERATURE SW NG ADSCORPTI ON
RELATED APPLI CATI ONS This application clainms, under $5 U.S. C. ii
119(e), the benefit of US. Provisional Patent Application Serial No,

61/ 051, 595, filed B May 2008, and U. S. Provisional. Patent Application
Serial No. 601946, 475, filed 27 June 2007, the entire contents and

subst ance. of which ate hereby incorporated by reference as if fully set
10forth bel ow. ECHNEC Ai, FIELD [ 2] The various enbodi nents of the
present disclosure relate generally to sotbent fiber conpositions. Mre
particularly, various enbodi nents of the present 15disclosure are directed
towards sorbent fibers for tenperature sw ng adsorpti on WCOSSPS BACKGROUND
OF THE | NVENTI ON [3] Coal plants provide the mgjority of the United

States' power and are ORBBNOFIPOR TONPUSIATONE ANIINVEAHBSOFJAS eni ssions,
such as carbon di oxi de (COZ)r. Devel opi ng countries are rapidly building

coal power stations at a rat EMBFRAMT W&H&"g‘?%%ﬂ}lql% at nospheric CQ2

| evel s. The nobst comon form of coal power stations are, Pulverized Coal
(PC) type stati i i |y produce about KO MN and rel ease
approxinatelg QREE%8%@A%Ebﬁ%§#8 nute, or 2.2 lbn, CX2/ kW (for 500

11/ 4/1W. 25 | nf0Eksed Thineppitcainictiss, ohdeCCp U.SICt hel1%er tha'tendik nDESher e
aggravate the 951%%@%9&1‘%%@9@& SEIRS saNdd 8351 . 59%’3’!{1@1‘2 ?bdsf'%ﬁaeu%hange’
wi th consequent risks o extrene weat her. ri31"Ng’ sea 1 evels, and advei se
effeci s on agri Eubisiong Patnd Aipbedtionw Sersall Np. 601HGsl75,ddal 27 Juped0(F| datedirpr ovi de
prime targets f oL, GArDeR ARt Wr G treSRube $HicbAblaRR i ErknceAS HALA 00! V.
there is a reat1$nté}est ?n e fic?ent ang g&%tﬁepfgctlvgmnethogg ?or CCs.
gasi fi cati ontOcofffhhelevcycl e OGCC) power Sf |ix1S and natural gas conbi ned
cycle (NGCC) power stations offer higher efficiencies and | ower em ssions,
the PC infrastructure also needs CCS retrofits for effective climte change
m tigation. OneTefHNI®aIMREDDhuUrdl es for CCS is the cost of capture. For
effective em ssj controls and sequestration, it is believed that CO2
shoul d be captuh@g]at g %f%?”iﬁﬁ%ﬂ &ﬁ%ﬁ?%Wﬂﬁﬂdh§%ﬁﬁ?é§§8§“ané“bipeline
pressure (e.qg., salpaufibet 20@p@Paioa). o @itthsiady eatiby caBoPmMESS eftht @readnt

i njection pressyr e.d.,..abo 1300 psi a), The process of .post-caonbustion
o Captur o s ¢ ot e R ol P B boskh Sl P e s s iibe: ve
flowrates i s opecafesmany difficult aspects of the CCS chall enge. Thus, a
need exists 10 for a | owcost CCS systens that can be retrofitted onto

exi sting PC plants as well as new 13CC and NGCC plants. | nportant
appl i cations i nghb&cRefUurNsBeTHEaNvaRgdpdustrial sector can al so be

anti ci pat ed. [OOS%AdsorEtion processes are widely used in industry for
separation of fl8ld ni xFosedantsmipddesp graiorisorf the Uik daigh . oyt dnt i al

sorption of 28el gl Y&nCHNRBN B teSeenhouse 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 CQO; per minute, or 2.2 b, COxkWh (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



15 on the surface or within the cavities of sorbent materials. For nost
separation systens, the adsorbent material has a |arge surface area to
provi de reasonabl e adsorptive capacities. The commonly used adsorbents,
such as nol ecul ar sieve geolites, activated carbon, alumna, and silica
gel, have surface areas of at |east 200 11121g, 20[ 006] Many i ndustri al

adsoi ption processes are carried, out in fixed-bed type colums. The

adsor bent matedal granules, particles) are generally packed and i mmbili zed
inacylindrical vessel. As the fluid m xture designated for separation is
passed t hrough the packed colum, the adsorbabl e conponents in the m xture
are taken up and retained by the adsorbent as the adsorbate, and the

non- adsor babl e 22,sgieNPRB&ALSedRFSIS (AT Yehert oMol MuMl gastdBBbMEd & ckpaces
anong the adsorbeal granul es p'?((]VFor cont i nuous ﬁ[og)esa g}gﬁ of a f% d fluid
mxture, a mltid I%dgswémaflgnsu%f&a highefusTEeir e Ardp Ly oG GBESIERY S0GA Tt he
adsorption/r egenﬁfr@truaﬁte aus hé&:di 0CS egteince: effenercimadichings enigai@geder at i on
met hods have bee rci y,.the. ilidi ri 30 pressur W ng
adsor ption (PSA) &ptbj E‘é‘ 8f%{ @#e\%m Cogwfﬁép“gﬁsﬁ):?lg?f%%thve(ag SR <O rozcess I'n
the TSA process, artdrneqlma:tamratite‘d tetised identCO: shquwgm@pate@ohttzyeapuﬂgn ﬁg%vvi th a
hot gas. Each heatJ ng/.c | e over a
day. In the PSA %r caglgggﬁgagg%}%é%fp%h&g%%gedr% | o%%lug?e élcﬂé\{gggd%%eﬁtgl ng with
a portion of thecompresfed ée aipimprdtiat prgasre d¢-g.r eguic @0 prie)ss Uhe protese of hessughput
In PSA i's generaldy,, 0008 capt r{}@ﬁ’iﬁo b hkssd fegdgeloa;%mpeﬁi'td?@@e(fsaélﬁ%{asstl\%npor al

cycles, usually In mnutes ours, are genera Posm

Apart fromthe afiesorissiseae ehpari difjicyf asperes %&@Mﬂl I‘SeneThéltls"dF‘fﬁjc 5 rate
and pressur e 1§ oy Alv-dMOCEITRRIh Hat {AGE %u%ﬁ&é&ladmor&lﬁhnémc SRAS hdREILs i N
adsor bent col umm design. Pressure drop through the adsorbent col um shoul d

be minimzed, 10'%e nhNGEG plaptg §’§*l5‘|‘ éPRi‘tcﬁBn%éfh“Eanggmﬁ’BV Bt or

fluidization of hharafdsabbentisPed ntiGhRs, resulting in serious attrition and
| oss of the adsorbent. The adsorption rate has a significant hearing on the
ef ficiency of thmosidsor pAdsotptipd poesss arhwidely @t@ini isdustsyufer bepadiédnert fivived by

the mass transfer, r esl ans%ear;{u%n ad?ﬂ%rdb(%t %Cf%{)@%&? 909% OP OIE ?&C&lb J&wg\%nftsl uid

phase to the |nterna‘fS surfaces of .
adsorption 15 rat ée ddfecet@ Vidringehenwmsisiet phpmhoat mat@smlst dioe enosippdphraii@sul t i n

a long mass tran§yf“ fs, t‘ﬁﬂ%d% E%m\ﬁfeﬂmlﬁs%h%% EMC@%Prtp%%l&sre%h%le

partially saturate ate. The adsorbent iIn the req%éon upst ream of
the NNTZ is subs%ch@rpil\al ¢apacfigs.ur Eeedmyionly wad ofoBeRs. MR 128 MARsRleH §RNfst r eam

of the NITZ is eagg@l halhid Ea[rﬁ'&l Rl mBdSAERALL pel ABivd Afald dtéd of ANEAsnES t O
flow, the METZ adyances t hrough the adsorber colum in the direction of 20

the fluid streani/Fhe adsorptlon step nust be term nated before the Mz

reaches the gﬁ @B&lr out j er Lo avoid the b ? A g -bef adsor bat e
in the ef flueht eam aiky ‘H “SH:E SPIPHASFRYSSHAE, Ca’iﬂﬁ QW RERTEPNSYR | ar ge
quantity of partedlhns. Uhé hdsa@ent atispinbesnt gramilés, parlhdmr aé(gererallyepsakled andn a
short adsorpt| Onln%ltlo i8] 91 alcr}} IId%IC 'V%Qél w3 E}eq{uldt %d& 1%1?&1?6%%019 %fom{s

[ 0091Bot h the pressure Re “frass "Transt res tance re strongly
passed through the packed column, the adsorbable components in the mixture are

taken up and retained by the adsorbent as the adsorbate, and the non-adsorbable
25 components pass through the column via the void spaces among the adsorbent

granules.

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

30 pressure swing adsorption (PSA) process and a thermal swing adsorption (TSA)
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i nfluenced by the size of the adsorbent particles. Changing the particle
size, unfortunately, has opposite effects on these two inportant factors.
The interstitial space between the adsorbent panicles in the fixed-bed is
proportional to the size of the particles. Since the resistance to the
fluid flow through the adsorber is inversely 30.propordenal to the pore
size of tile packed bed, the use of small adsorbent. particles will cause a
hi gh pressure drop. For this reason, the sizes of particles of comerci al
adsorbents for fixed-bed. operation are generally larger than 2 mMmin
average dianeter. [OMin addition, alnost all the surface areas of
commerci al adsorbents are |ocated at the interior of the adsorbent paddle.
For adsorption PEc®Eclthe Tierrertso b attwrated agspigery istregeperated Bingyparg with 4 r om t he.

external fluid B&gﬁse Habh ﬁeH@ng'/J&Blﬁ{g'c%le §§&51i3%%n@§ afe@%o@@'&&dv@! @dayThﬁhé ransport
rate is influence two mass transfer anisnms in series; (a

interfaci al mas&34 ,paqngseedsora?qtfrgggpgﬁlopﬁf 6liestedt P ESing it GuPRIGAnYOf| Y er
surrounding t hep@fte%fbahct $u di a@Bce@iprdshige. anlRRB&MbutRAPSA & @ner@thifHe)
intrapartiel nmass trat}s1 ci,r-- siaon through the |ntfzrnal ore space

(mi cropor es dmﬁﬁ&t}ﬂbﬁfn BdyA ?mcter’f%“%é?‘?ﬁo I gyelepguspyyly; in dnipyesePivgrs <t f ace
wher e adsor pti ogenkakeposgblace. The size of the particle has significant
effects on the rates of these two diffusion processes. Small panicles offer
| arge : fluid/soll08] cont apirt Bereads adspripthve cipaxigbf bechdfabeni, teedfcaioalrateras s
transter and regiics.Lie Aat e LEOIMAR 0 dfLLaPR! BELSdl K Sioly Hence,
smal | adsorbent particles Wil increase f adsorption rate and result in a
narrow nass trapdfrer dsigne Pragsurd drop thypegh thdadserbent icelnmn gatdald winimyfed,

adsor pt i on/ 4gsopRh kP Risk YiGdGRessul 4Sp ca%rl%!m'e nﬁa@éﬁ’énpéﬂ“ﬁmd?ﬁ%d & tfSadRérBentlesi rabl e
for efficient adsorptl on processes, hut the illifli MM particle size is

linited by acceptaiserchyéncoaysiams emtslﬁe@%& liowgbféle?rﬁéﬁqrbe@hs hsfadggaasiopiated bed

adsorbez That i gas apﬂgumm Sealifl QY e GrifididabfbZ Bk 1200rRBE pRX%ESS SihikEralRrigSSUr €
drop. [O11]En regards to pressure-sw ng packed bed adsor pt| on has been

20 consi der ed fbsr“alﬁi’oget‘erE‘H‘ﬁﬂ)Gﬁtﬂi'eoﬁa%éﬁflﬁ‘?rere“ %\ﬁ%\t}’e?d”’?ﬁ‘é URIPRE PPN 1 at es

and the ex penseblmz ﬂﬁhﬁ@ﬁﬁbltd thd M@ rianQirfatdd Of GasdsbDeit Perticle UA K166l a@sfo@ﬁlsmr e makes
this technol to uItraéurlflcatl ]?8n|che nar ket s. rr%)erature

swi ng adsor pti oﬁ"% ﬁ]“ “@&Wéﬁw?ﬁ b RS &V S @ 18%8‘?“68‘“?
sufficiently fr GqDB)n\kriﬂyn bica Vi disﬁhm nougy sg&ﬁﬁlamamraml \a:ﬂdadmﬁite Due to

these limtati Ondgsbrb ntm tHDrSetloHr Ort]r1ez{]enftthé: lilsrs%b;[te%tz;'ﬁ1 ?1 eﬁll\;\% Sebd on 25
I|qU|dgascqurmasor I on chem sorp |n0I|qU|d

al kyl al kanol at ahiteethat @Qymhtrqam ¢fnté¢ M’l_?etsm:mtldmfm Qiradsqnmmyhdltle’tiﬂladlol ani ne.
Aside from the E&El%?*vﬁov?%rwz h&AReS F.%gﬁ E.Ie aﬁ)srorbéplzonﬁnmm RAFRGIALE ON, t hi's

capture technol ogy suffers from severa I ncluding the need t
handl e | ar gé0anthaipis! sggfane lkic adipmsine step yluﬁézzwld@@tsd bodest the h@m:ewmne

entrai nment, fl oadiBGuuaRtoMEeRLNEY me %reliéﬁ%&’g‘h‘iif'&&lo}bmeﬁﬁﬁé SffhusSne&rddged for
conposi tions and net hods of adsor bi east a conponent of a nedium

n
characteri zed by &g @agy fryusfey ZS%IWngWFaBFéI kres cquanityy wétraighly ptilggd e t o

operate W th an,f66eR! ! BelfofS sddhii€ind] Pt ablordtidn b@p hitEinPFiGWA:sOBr @ such
conposi tions and net hods that the various enbodi nents of the present

i nvention are dfSREmgapacity.

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

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

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



SUMMARY [ 013] Vari ous enbodi nents of the present invention are directed to
the conposition and use of adsorbent fiber conpositions. Mre particularly,
various niftbedi Bleffi S of the present disclosure are directed 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 lumen to prevent fluid comuni cation between the |unen and the
15sorbent material, A hollow fiber can further conprise a
polymer matrix. In an enbodi ment of the present invention, the polymer
matri X can conpridébend Rr Uix@hivbbd opdradoBr £kl Qdiser4N@t AMBY Bhan Tmmphwaa&mgey of
tortuous pat hways can conprise one or nore of a microporc, a nesopere or a
macr opor e, wher efif"¢'fe one or nore of a mcropore, 20 neso.pore or a
acropore are in H]UI dc nIOI-(l:azi mos all I‘el:esurti"(%:l |mQW L c%er ?c?‘aq Qsao\r/b% ts areaver age
| ongest cross-se onal A& S KL out 6" &romet er's. The

| umen di sposed V\lotahedtaheleintdmr ofzmenadhtab@t aamm/d?oagborbmngesccucmggsos@@tl onal

di rensi on of 8t |eash @AHLRS ML HATBIELP il Falol bhbiRlsandpye an
average | ongest. cross- sectional di mension at ' east Imes greater than
that of the | unepartickthelbhdlahsport fatchie influgnved binyio) 1Rass aarn%nmp@ﬂ@ﬂ%s laneriegap

di sposed at each Lglwﬂaélﬁiqhﬁélrar@ﬂg d?iffusﬁog%ﬁéﬂe(ﬁe ﬂﬂi’ﬂ%ﬁﬁidﬂ'ytlﬂ@r ARRnRAIoUs end
cap does not inhi low thro umen. barrier layer can have an

u
aver age t hi cknes%e grenglsyripgga tgﬂoéﬁ?t’fb% H‘ﬁ"éko?ﬁélt &} intrapagiicly MRS et

material is in f&lﬁhéﬁ)n&@ﬂ%ﬁ%ﬂh@ﬁl&rﬁﬂpd& §fAcAtnid&Rek ald RASPJoRR) &fihe particlet he
plurality of tortuous pat .. The sor benaiﬁ terial can _have a(gengver age

| ongest 30di AensPdh IBan?re%JEfa(feh‘éili‘Freab‘Hﬁ’E’“‘iIbt st BESZe i d"S B Smat eri al
can conprise | esggnifidamrefdhos th8Eieshy hegitgbtiffaliot freccichesmalliheicke offant

mat eri al can have a_sel ivity for ‘b i OX| ver nitro of about
10 to about 60 sl AoRsaET aspirost ol e Bebal B bt ot e o0 00
M not CQO21- [ 16the pmh &sipddor bé ittgripieediffodion reard, sl arlmpent pegcles will

f I ber . based adsor Pgallsor&le a%so COtIlOI'ErItE a%u?? @Pr}itgﬁatl%rw I%?S?Q{éll‘ﬁ?ér ?ﬂﬁmer
conprising: a feed Stream. ream ou ransfer
fluid inlet; & hdftient toaﬂsfoerof faﬂasrmliwmsmetlon @clot. uilhusi snyallcﬁdsglzﬁ@wumhsal ly

al i gned hol I ow f&rp%vﬁmblm&r&haerﬁaa uﬂfont;p&eisé@%ﬁtsmgm uﬁleﬁartlél’e Qilzé“;sal ity of
t ortuous pat hways, erein the tortuous pathways are i1 n fluid commnication
with the feed stlimish HYrﬂc@lPtablﬁéYth@nPfé’éd)P@ﬂtr%ePﬁ?‘b%ﬂnﬁ ef theaflxﬁi Pﬁdeﬂdﬁ‘?tﬂgﬁrof
sorbent el ement siaisf dnbliwdntd @ LM &@niaBdeMbkiRe Absshi@@Rp. @ portion of the
plurality of tortuous pathways; a | umen disposed within the fiber, wherein
the lumen is in folyi d commdgdr@atol ocs mprbdau&helngqﬁkearma&ﬁmipﬁoh Uiadl beeal et and

the heat trapsfer fluid outlet: and rier

prevent fl ui 23co?ﬂ9'ﬂflﬁr i CB@PV%%W”PWEC bﬁérgceﬁié’wﬁ?tﬁsgagﬁ r]’tefx%efls % or wous
pat hways in at |ﬁq&dss@zﬁg|ﬂﬁtfﬁlﬁfgnﬂb theakQrited yreﬁﬁrehﬁhﬁesfﬂnb&rcsnolo'ghdmmhdltoal ity of
hol | ow fibers 15 further.co s..an_end cap .di i tudi nal
end of the fiber III ur1 catlon n(i'ge Blrarzc\f;té n?‘er%l]i)eratud'e Pwm %cg %l.e (?1 Onts% a%ig%h
plurality of tor lbedcfuxsnapaanhmetygydncusdﬁmemlb fteqla:né)f @ravneiohngmqun smeml g@st a
substant? al M) Oflglo¥s Obyd Bheld tfRons| HEnbl DRI RAPAIAISARAL, W NRact Of
can further conprise mat eri a g]fo ctive to I nterconnect adlj acent
fibers, whicB5i nhmaunemlnonbmtnntbh‘@d@nd:h@alpjsptwpr@\i@ﬂ@z fotqfigpid alky

comuni cati on 20, pabMeess, the 0eRthyltatsiithe MRMhMMIRIbARIR! Wik ity Of
tortuous pathways of adj acent fibers. The fiber-based adsorption contactor
can be utilized Peintgnsixg e%%%yeféﬁ%‘fe&’é%f?fsSPW@mée&eP"ﬂ@OQa@ls ARG reAnQyeyy  f uel
gas, bio gas, t OyViYe d 8Som WalA fIeilemsVadcBidin Clﬁ@-'ne@ﬁﬁo haddle, 128de An&ALsbOM

di oxi de- cont ai ni ng, medi um_The fi ber-baseg adsor n cont ctor can be used
in a tenperat ur e VRPN EEHEHESS X P SRRSO el“ﬁ*“f"@ﬁ”ﬁéﬁ’ﬁ?‘ﬂ% -@NQBCPUG ng
adsorption process, the heat transfer nediumfor the contact can be water,
wat er vapor, steam gas, or conbinations thereof. [17] An aspect of the
present invention can conprise a method of adsorbing a conponent of a

medi um the nethod conprising: contacting a nediumw th 3 hollow fiber
conprising a plurality of tortuous pathways, a plurality of sarbent
elenents in 30 fluid conmunication with the plurality of tortuous pathways,
a lumen disposed within the hollow fiber, and a harrier layer lining the

| umen to prevent fluid comrunication



between the lunen and the plurality of tortuous pathways; and adsorbing a
conponent of the nedium A nethod of adsorbing a conponent of a medi um can
further conprise desorbing the conponent of the nedium A method of
adsor bi ng a conmponent of a nediumcan further conprise preventing fluid
conmmuni cati on between the nmedium and a heat. exchange nmedium The nedi um
conprises flue gas, natural gas, fuel gas, bio gas, town gas, waste. gas,
wat er, coal gas, air., or a carbon dioxide containing nedium The conponent
can be selected from 002, SOx, NOx, and water. in an exenplary enbodi nent
of the present invention, the mediumis flue gas, and the conponent. is
carbon dioxide. in an enbodi nent of the present invention, 1.0 the nmedi um
can conprise 0001&hd ni teeebrely. d15e it hecesdpiyenposd]oanidtracthodnofipaeasbipg

sel ectivity for,ads0f &hRGneHQf aQ¥eRlunlVhhiO88Rd 9563 rei®aY Shalf RaRIedize lRe cycl e
ti me between successive adsorption steps can be | ess than about 2 m nutes.

[18] O her aspe¥dtstilhidr P QBars kb oF 2cetprbli PR S der- | ido hF evsiien Phvetht i on
wi || become appagigikitiéi@ ahd@s@o@fthR ki vaasu efkbdierdoftthepradeht, inktpGh HEVi ew ng
the foll owi ng 15description of specific, exenplary enbodi nents of the

present inventi 8 conj unction with the acconpanying figures, BLUFF
DESCRI PTION OF DRAWNGS [19] Figures | AB illustrate a hollow fiber
conposition conprising an 20adsorbent naterial dispersed in the polyner
matri x with an adsfdent material (A) and with a plurality of adsorbent

materials (8- (0] M 0Yhsss %ni%bﬁn@ﬁt?vcjfdtﬁ%%re%&? hlidy A BrBEEIPERLT Ve VI ew
of a cnes fie ontactor conprising a chanber (A) and a transparent chanber
(B). [21] Fi gusenmpigom andevsaanf\adsitesie fibkir agmaesitiony s Mot pargeusly, various

_25 po I yner / S Qb ve E&Bﬂ&&ﬁﬁ&%@f Yl%rﬁresgﬂl digciogﬂ'e are [d?xgr]ted_: ﬂ.ogkll{i@ a(ﬁOIib§nt Q‘na&_@igﬁ IIR(E ic
illustrating he danper sw tching between sorption and desorpti on nodes.

[23] Figure 5 i &eigussch&mpeiaerg IWiRgsidsapiorresassRT Smoapsdeessiberb &1 giRed 9Er vi ew,
the present invention comprises a sorbent fiber, comprising: a hollow fiber comprising
at least one 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

15 sorbent material.

[014] A hollow fiber can further comprise a polymer matrix. In an
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
lumen disposed with the fiber can have an average longest cross-sectional dimension
of at least about 55 micrometers. The hollow fiber can have an average longest cross-
sectional dimension at least two times greater than that of the lumen. The hollow
25  fiber can comprise a non-porous end cap disposed at each longitudinal end of the
fiber, wherein the non-porous end cap does not inhibit flow through the lumen. The

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

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

30  dimension of less than about 10 micrometers. The sorbent material can comprise less
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[024] Figure 6 is a schematic illustrating an werview of he fiber sorbent
RSTA systemintegration into a PC station. 10251Figure 7 illustrates
provi des mi crograph illustrating the cGsieveincage" norphol ogy.
5[026]Figure Sis a schematic illustrating a pressure decay sorption
system [027]Figures 9 A-C. are scanning el ectron m crographs of a fiber
sorbent (A), a Zeolite 13X dispersion (75 w% in a cellul ose acetate
matrix (B), and 13X particles exhibiting "sieve-in-cage" norphology in a
cellul ose acetate matrix (C). 'ON]JFigure 10 iaphical 1y depicts fiber
sorbents and fiber sorbent 10 conponents isotherns. [29] Figure 11
graphically depicts the mass transfer conpari sons between pure 13X and

sokbent fibers emhesidekon syhweldXof thi B8R}, FrieGoimbent Jnate'hsl c@n mammwagv.g/lfe.ct ron

m crograph show ng t he porosi t radient in fi sorbe ts. 031]IligurE
13. AC are scanni ﬁ% B qﬁ(?ﬁerr?i‘%’lg%b‘?a}é‘b?’l’éﬁ%tf’ aBoubOpend 3 figdh P ? )[ﬂB °“Shd a

cl ose-up acryl i c2s unenl Cayerabdus,;0®)/(mol[C82] Figure 14 is a scannlng el ectron
m crograph of a lunen |ayer with visible pinhole defects. [33] Figures 15
A-0 are schenati B86bf a typsmeal oftid present infrefiorogeratds gnfiteApasedad2Orplienmen

| ayer bypass kn {4 bef, Sor &ﬁ&l’:rﬁré smé?a? #Jng)cycérrﬁ)'}&l?%) dYLes ggea‘apﬁﬁett 4 eat ment

wer e responS| bl e, or acr IC cap er ti ) fiber
lip with 153, hi fﬁgéweplay)eqlet bybmtsanéfgl) fluid nfpya het gransger ileidlosﬂfa asfélﬁﬁ‘m’ flg
el ectron m crogr apkaffaRaBYAGFBR RSeS| WHRREn each of the fibers comprises: a plurality
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



DET. A MED DESCRI PTI ON [35] Medium separation is inmportant in various

i ndustries, including but not limted to, the production of fuels,

chemi cal s, petrochem cals, and specialty products. The term "nediuni is
used herein for convenience and refers generally to many fluids, |iquids,
gases, solutions, suspensions, powders, gels, dispersions, enulsions,
vapors, flowable materials, nmultiphase materials, or conbinations thereof.
A medi um can conprise a feed stream A nedium can conprise a mxture of a
plural' ty of conponents. The term"plurality" as used herein refers to
nore than one. [36] Medium separation can be acconplished by many nethods
that, assisted by heat:, solids, fluids, or other means, generally exploit
t he di f f er encesbdtyieep Hipdivea and id pPbyraliphd rireans nafopes tdedsogfing arempeihonent s t o

be separated. Fgr mgXARhe, AIRSISERALALIAE £aBnRAARN MR EaPirinbal
liquefaction or by utilizing ah adsorbent material 10that: preferentially

retains or adsofB¥lise ABPRINEeREi PPPIEraPrhEd BFdiuks ot A Yotfpthieghierkl ati ve
to a | ess readitynpaAsOrhad ne@iRofaNMurttdr dPrigAPreMnmihg fRid cdrdfinidién such

comercially_practiced gas separation process iI,s tenperature swn
adsorption (T SA?‘?twngﬁleég‘??ﬁ?‘? %’E‘s" lﬁ“tpﬁ"ﬁ}‘?g%"sm‘?ﬂf@‘e g néergg’@b‘og’lp“% 218?‘ Bﬂgnt
materi al i s usehnirfl @€ Fadl ahe bdNAs,a6wivRlyl eavpgnenita, ot gBf aig osh kadon of a

medi um and 15t hen.the adsorbent hed is regenerated (releasi e adsor bed
conponents) by ?‘ﬂ’S?%%f’é‘faH'é“gtrﬂ%d?% AR E 6" égelﬁ‘g%i.éonf ?{g’f% *process
can conpri se prafderant iradn cads@arp embniioént af thé pasht ioveetigo e oardint ioflua nmedi um

by an adsor bent i | at | . Q.56 ot . conponent s
3 the o o o e Bpmb R oh fiofied il ubORRARGThe BLeeuShici0 TROTPR,
from t he med? unth¢imedivm ¢ahecompsor@Pqi o nitageasiang thef sottet Aawosisentaveat eri al )

and the sel ecti ééiletcé{\af}ffogaﬁ&rﬁ’ﬁ??@?&%ﬁﬂﬂ&é@ﬁ oPQr@at&QﬁEB‘BDQﬁé c;@ﬁé@i&ne‘%@%g{a r

conponent of the medrum can often be I'nproved by operat’ing the adsorption
process under speessfiyerdpriog giers cambe lewrarbrub? 8ingndi ti ons, as both
pressure and temferature may i nfluence the adsorption | oading of
conmponent of t h&1fkedi unP‘hEHSaSPWES‘Q’PS&FFa%EEFéSFE)‘E‘EPdE‘éfrﬁ‘Bé’ﬁgﬁtpreé‘TmH“’ P UM can be
desor bed from arecads agparnt oMBds€ bf addinafegolr iptiheoit, @porAre CiONRY BRNLIGEELT S
because ads?gptgion.i.sot erns . . L

escription 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.



are strongly influenced by tenperature. Thus, high purifies of a conponent
of a nedium can be obtained by adsorbing at |ow tenperature, where
adsorption is strong, with the release of a strongly held conponent. being
possi bl e by nmeans or high 30 tenperatute for desorption. As conpared to
pressure swi ng adsorption (NA), TS A can be operated n the saturation
reginme of the isotherm which provides an advantage for capacity and range
of utility of an adsorbent material. in TSA processes, beat for desorption
may be supplied directly to the adsorbent nmaterial by :flow ng a hot

desor bent nedi um through the bed, or indirectly to the adsorbent materi al
through a heating coil, electrical heat source, heat transfer nedium or
heat exchanger, @mng ot e 6Whh Gihedhf illbstialid MRLRASS OF idtHiteNsobehn t he
adsorbent materi gl. %NO TSA, as _Fr acticed in the art, has several

di sadvant ages. F&P @xgHfp Bteemtiondnip aPLishlioat ed TSA processes, a hot fluid
is typically flo t hroygh t dsorption bed to.raise the.adsorbent
t enper at ur e; homﬁ@g]r, thggafeeg lél?atm ggtv léiﬁsr)%?cg)?lﬂl?léllf;ufai%azl?g @ﬁeswlvﬁ_mﬁ%algee fluid
that is needed. Whipbolpgsults in the dispersion of the &sorbed conponents in
a large volune of heating nmedium and the |arge amount of heat that is used
to rai se the adstpent t Bigpes&is apdemaicilisadiing @ prepueecipesy apPéon shyesome cases,
the heat is not recoverabl e because many directly-heated TSA systens are
operated with | ofg"hdsor BEPER 9A-frege Cenniys clegRpdyicragfaPineE milken grbeat (A),

r }ageﬂer ag i onbti rrezeo1iFaJrsbclhﬁ§pai@roﬂ(75_twt%) e RGeS a6k r_nﬁtﬁﬁi(lgfﬂldlll&k pifgeneration
of the adsorbent terial gives,rise to.concentration an ow vari ations
in downstream eqf’f%\’é’ﬁt S?W%P'Cﬁgﬁnmﬁlé’g%i‘??yf‘?ﬁﬁ‘ﬁ]tup’%acﬁ'ﬁtﬁérﬁgl qﬁ;an ot herw se
steady state pro pl a | ol Ndi L I at S h can be
supplied with a ﬁ%gf excﬁ%ﬁﬁeepl,o \r%}c#, %ﬁaﬁgvg?p%gs éﬁ?ru;g?@%rﬁ%fa%?@beéd%g%ﬁted
conponent by 10hecdmmnentsyigotiefray: medi um  however, heat nmnagenent and the
cyclic 20 nature of indirectly heated TSA processes often present
difficulties. A {883ugh vE!ngle ETRPIRH 1A G et the apps BRIy 68 SORRRiEPT ety een
comerci al l'y pragih ¢8dard\%6ibert BBerY 8aeddedtvi@nexstill remains a need in the ad
for inproved swing adsnption nethods, particularly when separating CO2 from
flue gas and for [0y e ef Figareem2 iUsescainingaddctrge necadgragh sHowingetha@sosipt i on
process. 25[ M Ref eé.ritnrﬁf.bnowgo the figures, wherein |ike reference nunerals
represent |ike part&thSUERGIT the several views, exenplary enbodinents of
the present ijavepkion W S e J: il j

descri ption, 1\5‘/ar pgy; con%%ﬁ%%tlg%ngyﬁg%q?%@n?%r%& uﬁJ %pﬁgg};%g{c’??mé‘ﬁ%“al ues or
par amet ers, howelazar (A fnd gelopenvstydie bisp by¢rdBdCas exenpl ary enbodi nent s.

| ndeed, the exempl ary enbodi nents 30 do not limt the various aspects and
concepts of therTEPélsent Figbeenlq én2 snpiah §legtsfpaireaiaah gh e diratnelarer wifhy es |
ranges, and/or vakiyR$iniBY détectd. npl emented. By way of exanple, the ienn
sorbent is intended to enconpass both adsorption and absorption. Wile
reference will bp3spade t Rigotegh®AtD hikischeslhtis biostypieal halloader qietadon @

associ ated c ositions, :naterial rocesses it should be

ecoon zed ¢ A eh PO oy b i renR U SR RER sk s R ) e

descri pti on, andresposgbly éersarylic capping of fiber tip (C), and capped fiber tip with no lumen

layer bypass (D).

[034] Figure 16 is a scanning electron micrograph of a PVDC capped fiber
tip.

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



5[ 042] An aspect of the present invention conprises a sorbent conposition
100, conprising a fiber 110, which. itself conprises at |east one adsorbent
material (and, by extension as described above, at |east one absorbent
material) 120, a lunmen 139 disposed within the fiber 110, and a barrier

| ayer 140 lining the lunen 139 to prevent fluid comuni cation between the
lumen 130 and the at | east one adsnbent material 130. (See, Figure Ib In an
enbodi ment of the present invention, a fiber 110 can conprise a polymner
network 3.50, the polymer network 150 conprising a plurality of tortuous
pat hways 155. . A fiber 110 conprises many C asses of materials that are
continuous, flexible, filanents or are in discrete el ongated pieces,

simlar to Iengﬁhswﬁﬁ‘Tﬁ@é@ﬁlgw@d@§é@'ﬁé?@Wﬁ“ﬂ@?“W15@?‘8%@@H%“h"%EMtlnuous

flexible, fil anﬁﬁh@uﬁuﬁ@tg%eb ablutdhsNaVieRdon, p&tdlsi Y&, WisPérdbhsa&RaGens! at i o

(i.e., ratio of length to average | ongest cross-sectjon). |Ln an embodi ment
of the present VigEntqvGHe MefFrigls; ﬁ@ﬁ‘ﬂphﬁsét’?a&“élér?rlﬁ%m‘%{flat‘lo gredpBEtedH ™. 1 n an
enbodi ment of the RLBESN fded ¥@ANI ON,ms'd[hnﬁ-Sdﬂ%hlpﬁ&Ii emalaaobe pﬂfraﬂt}eaﬁt about
10.1 13L | east about 10th 1, or | east aboﬁft 1000: 10431A fiber 119

can have many CFO¥ONe (e gap @‘h‘%&sﬁs B EGETHE™ DUPABE %0 linited to, a

et angul Al Shapgy A R SETHELEE A AR . Ml @ shape.
a pent agonal g a tri anguf’ shape, a ngagoﬁa gha an’ oct agonal
shape, a st ar - shapey, salidst ﬁmﬂwlosbth@rhacpas ganetdlly esplaip ehe @ffdr@b@dn shgpel a

mul ti-1 obed sha L S

t her ebet we. en. %?lor pelﬁ % pth %&és E§P1I@ng rétg;g(?m\/\%’Eﬂl %ﬂr e%??g%ﬂ{leh%%s t he
cross-sect i onal sephrape cof bg W@efqdbeParmi!_l@lqvﬁﬂchmu@tbémlhm MdsopBntgyeTah e

I ongest enesgpsegl &E&@Jmﬁh{@&ﬁh@& a@sorﬂsutem(‘;rh I?(%Ehly egl{ne@)éﬁﬁml)rged dhpoRyer age

| ongest cross-sectlonal di mension of ber having a circul ar

cross-sect i onal reiHEpE algs reagily aﬁW@CGFW@FOB*C e ¥PBer. In an alternative
exanpl e, the average |ongest_ cross- sll?ctl Oann@dl nmensi on of a fiber having a
rectangul ar cr o7Kect i HRGFICR RAPBCIHAYY PRc STPABEARPOHSt REBIPCERE | engt h
and w dth of thevihgalifguh &rSAOr 0SSA Semplien aqfrodeknewﬁerhera badmfadaycemenanot her
exanpl e, the aver a1qe1 Ion est Cross- secti onal enq om§ofsEl on, o nofam dhtl)ﬁaranyaw ng a
starburst eros SBETT SHAEF tgﬁ%oﬁgevﬁnff’“ﬁ%mf%n X ance between "t hi

furthest poilpt sthed thdedsstbaiitr bedr isi fegarass - (msmg)mheoﬁdsbfbed fcmbgmsnts)[ B4] in at
enbodi nent of the iLnven a fiber 110 has an average | ongest
cross-secti onal ‘“8“’93”‘ %ﬁeqem%eframf%ftgggﬁd about 100 m croneters, or at |east
about 5 500 . 1335 CTOVEL e, pg:es‘?tcah %Qfﬁ]gns@%éﬂreﬁ]tgpgdsmpﬁ&pHpstefe%t ofd ar

| east about 2000 ni croneters. I n an enmbodi rent present invention, a
fiber 110 has afrmeppesnager Medeasy ag %ﬂg@c@éﬁmr@h@lﬁﬂm ﬁ?én*g?oaﬁ CHPPOABB Gt 1200

mcrometers. |n.,@ag S¥BoRhANY | u@rmfaﬂin{reme @fal alh&mpﬁfe@@m lehdﬂ\éﬁmédnfp@nen@- fiber,
having a circular cross-section, has an average di aneter of about 1200

m cronet er s 20Fi pisp®ed Hpm dnmpdiat (of-ohe fEPRUIPLIRRHY of 61 ¥5orPeth 81 #ho t o

about 1500 micr ﬁkﬂﬂh@&eﬁeeﬂwfﬁ&]the%dsbtﬁﬂ&ﬂfoﬂﬁ& é"oﬁﬁboﬁbaveveﬂ’almjheﬁ E@ﬁ@n&ﬂ}@fl onal
shapes, includin a(}egut not Ilmted t a rect cir. u ar

shape, a semici Mg 74,98en by IRETGNE yé’ﬁ%fﬁténg t@ %&%ﬁh@@ﬁoé . E‘hﬁb%’w
triangul ar Shapﬁrﬁss&ehﬁd&g@&aﬂureﬁbﬁcﬁﬁbns,aﬂ bohtpagamnaindstapenransy afluahape, a
star burst shape a multi-|obed shape, an

obe a
arbitrary 15 H‘gﬁ‘ésorpff?n]z’g(ﬂ%%ﬁ ‘8%%{‘6‘?8@&‘90 G- ¢ her ebet ween. One of
ordi nary sKi,kl he ar t ape of
the | unen 135 \AHg?]t det ergrh %g&lto%e &@Ldrnége&rgn%éedgﬁn g{ag:% geggl%%(g%gln 3‘Flman3| on
of the |unmen. Fetsorbsmmplegial. tIpeorpiaarcd geoMprgeiccust brsause adspipbeibisotiiriensi on of

a |umen having Qrecs'trsﬁ\gw Hru&d QP By %&Eﬂaﬁ’]ﬂ@l TRRAR ?h‘fﬁuhﬁesbﬁ a Repdicast gr of the
lumen. In an alternative exanpl'e, the average | ongest Cross-secti onal

di nensi on of a MAfHEH ChERE dheringd Pﬁeec%saﬁb@a|ahlf>Wé?Iﬁ§satl§%é’flieiﬁﬁa%m%lﬁ&ﬁétwgl| be the

di agonal bet weegjd hg: 1.eAgt b AREoNMydhdl eémﬁda&nlvémgrbosdlm &S?tmeaﬁhobfhﬁgh exanpl e,
t he average | ongest cross-sectional dinension of a, ge w st ar bur st
%RA}B {10¥Yh

cross-sect i GRal EEREPETEPT flespratiqnn AO8PARE & H&?Wﬁéﬁ"‘gﬁ poi nt's
of the staitairst cross-section of the | umren.



25 [WIn an enbodi nent of the present invention, a |unen 130 has an average
| ongest cross-sectional dinension of at | east about 50 m croneters, or at

| east about 200 microneters, or at |east about 500 m croneters, or at |east
about 1000 microneters. In an enbodi nent of the present invention, a |unen
130 has an average | ongest cross-sectional dinmension of about 300

m cronmeters. In an exenplary 30enbodi nent of the present invention, a

| umen, having a circular cross-section, has an average dianeter of about
300 micrometers. Lunens can conprise dianmeters ranging fromabout 200 to
about 500 mcroneters, [47] In an enbodi nent of the present invention, a
fiber 110 can have the sanme or simlar cross-sectional shape as its |unen
130. In an enbodidx@Bbpdfiedi h%cﬂﬁtﬁﬁ@cﬂireénﬂ&@ﬂhé Rtherd, fhiBeproliddd af advahape a

di fferent cross ectlonal gp lﬁ ?qﬁare to its umen 130. In

enbodi ment of t h&' fPaLRfPd f“ﬁ B of phsprient Baigraly Ty B IbBﬁg%rst
cross-sectional ﬁhsapﬁm oBy 0¢ shppned dtremy he ttaevsdsaxgemlr@amasby ct‘roezf:@ saed i onal

di mensi on of the,l r at er .t han. about
1o 0 an exenpfaP e psSamERtGpe PRCo S PR ol S Ph A i AR 0r ¢ ne
aver age | ongeSt Hddtingceodsslectipt haanalureeli lrw:rtsmsfer ddivm, lve heat exchimgerameorage
ongest crose- S Cahd oAl dh TR A AR Bl ych WIGRoSyaonty 4: 1. [48] 1n. an.

enbodi nent of the present invention conprisés at |east one

adsorbent materi @he] I'n a’ﬂs@@@gﬂb%@@h arl B& sQJe?ﬁ@@&dvhdﬁ@%NFo?@xanﬁ'ﬂef jnber eau
conprise a plurali q adsorbent materials, including at |east one

adsor bent mat eri @rec Bhef?é TS pageessesa s hot i léwﬂ%ﬂ?wedrfﬁt"é&hl thg adsgptioing 125.
(See Figure 1 B)pedVardiseuse a@mswlt RBPdrSuef howaaargh@ b thdWAPrk@ riv@ ke use of

at | east one_adsorbent. materi to selective sorb at |east one
conmponent of @ n’@ﬂﬁegﬂi d G s %ngqdeé@? e Wénétl?rf%ﬁ?ﬁ‘é‘l‘i{ ggﬁ dEBPpT FEWORERY
materials, incl uﬂianggeb\tﬂlunlel dihéfifg fediug,andma ladgeQModlepflwdhagﬁmed Wirdigec0gen. ,

oxygen, or water orbent material co nol ecul 20 S|eves
e el o Tee APeRRR RSN IR Moo RkR| 1f SR Fith B oFR 2 afive

al um nophosphat ere(ALR} treduer nahys direlyhvatdeBiSA aylens amcopevatieditallong na,
coval ent o gant Crv IR Gy By TR R IR Cech AR AL, MRIEIA., She
zeolite-im dazol %@swfnalamaduaimeemah@ opdheyr@sorbﬁasenhteﬁauwbe\mto or

conbi naticms t hergad - RIng f]QJV Rt Brons2im B Askien %Hmﬁlm?q{ap%tbe%ff&mgtopr esent

i nvention, an adsorbent naterial can be used to selectively adsorb 002 from
flue gas. Wien aPmfnapsinghoihprrdésg siepdytstée REenetsupdant ol ipshiteetrdssied T systemsa f 1 ue

gas, there is a l'ie@tsé-hlntﬂerkgpﬂh@d dfh ameMkciabgeRi WHiQOARIAE Rilkidg JF He€1d9R36ed
Therefore, it is hi é esirable if the sorhern material utilized has a

hi gh sel ecti vi tycof”tBP“e'& RoipinFY tersper neadie: hawevg Apat nsgresment ppd By speice C. 102,

a flue gas feed 205¢ sraadNettS h@ﬂs&m Srdcdsdet btelpreasls aiffaRMes. NAERLMAaribAVI NG a
sel ectivity of great%r t han Rglﬁl for ads%[bl ng over nitrogen in the
flue gas m xt ur eV S A PRLD SIFMORTRVE SR EoBFTF 1 PRFEGIEYHA o> 68 S i t r ogen
in the flue gas mmxihus eeednmmarartéad)m@honmnwmg‘ad&dsr@uanmlmdt panivﬂm)i @h‘qn an
adsorbent nmateri a.selectiv f or..car bon ni t rogen
of “about 10 1o BB S ETOE SiERTed ot Helu L SPoy kPt o
"selectivity" asadggpiébniperceisn i s based on binary (e.g., painvised conparison
of the nolar concentration of a conponent adsorbed by the parti cul ar

adsor bent du?f ng0tHe adsRrfgtinorevpiod regnvfeerein like reisteagef jupesgemgeper at i ng

conditions and t]e pmbakosBPGEME ek P i, axeﬁfgmoeﬁmdnh&tsaoff ﬁledprés{eﬁteam

medi um . For a nedi um cont ai hi ng conponent conponent B, as well as
invention will be described in detail. Thnoughout this description, varlous

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



10 additional conponents, an adsorbent that has a greater selectivity for

conponent. A than conponent B will have at the end of the adsorption step
of the swi ng adsorption process cycle, a ratio: =(total noles of Ain the
adsor bent) (rmol ar concentration of Ain ithe flue gas in contact

with the sorbent) that is greater than the ratio: (total noles of Bin the
adsorbent (nolar concentration of Bin the fine gas in contact wth the
sorbent) where Up, is the "Adsoiption Uptake of conponent A" and LTB, is

t he "Adsorption Uptake of conponent B." Therefore, an adsorbent having a
selectivity for conponent A over conponent B that is greater than one is
represented Itiy Selectivity = Litt/Uu(where UW4> Us). 20 Anongst a

conpari son of defafgleemt tarmmpxbmm stendedtth enchmeds both edsormied kuimbsdrpr@nc onponent
with the smalle nt to
its ol ar Conceﬁih%lgé. ére%cg Iwﬂ t%%m&dgt&ﬁ!augﬂgdt?lﬁ 5)1 ﬁ%gglgtt(lﬁjﬁ)dsbrgtlén ﬁ%g%§8£t?0ﬁ t he

swi ng adsor pti orpnpaosn@ssmatmala @dmesa@ce@mcybetrmmmdéhdt alyhlpe@tls elehponent
have the | owest i IRAGGH b kA by POURK Slion /o LliE,Fase of O and N2, the

"lightest™ conpound in 6 sense 25used here 1s N2. This means that the

mol ar concentr afoupn of KH@skdt@NInE BlesHOMPRANENEonipRsds ABorBE BSHPoSIAbNI0DY OUut
doting the adsorption step is greater than the nolar concentration of that

| i ght est conpon%‘?ﬂprlﬁlﬁgf‘ﬁﬁerflé(éd" ioh dfseli £ ORRERSE et ong RsPrrent sraksgal{end: B ent i on,
an adsor bent coefaaSsiot 1a0MSscABA IHBVE a8 1a&| @6 tabstire)it materid) 20; St umenpPeNent
(e.g., conponent. A) ov. ﬂ‘fd: onent onpone B) of at |east
5, a selectivi té“?‘) ﬁ‘f’i &%?E‘Eg 8“‘@?%) r’b?féarye’éﬁgg@glﬁgh gﬁ #@ﬁ? gr(‘3’F‘°’mat | east
10, or a sel ect vt kymbodicagiod bétgtenabnporeni0d oMeare a lalmaddsoﬂﬂmommtal of at

| east 25. 05111 nt, of .t S Lnvention di ng of CO2
in an adsorgént ﬁrra{](g?enl%ogure t}% arére Iéla?dugerf?ﬁglﬁlle ese "bveﬁt?nm PEI i é:anof co2
per gram of adsmntpelmanﬂyrefrrlnallworlg]rsealhepolrmamemdUISO@om@Imglalplmralntbf ef of C2

f ads
per gram of a CO@BE(@?%&@% ”féojfsga dAé %E)geﬁ@rlo%lpﬁs@s g{aﬁflE §se&I &alga q)suttn

mllinote of ent mat eri a In an errbo?:hrrent of
the present i nveatihyns. flaxibladdemdnesror angdn disdresd el@rmntedzmuss@laamﬁ@aths of

sorption of abopfeng 2as hEhihkfR 2 Gl 5:QndR M inad9, tlﬁa'xﬁlienﬁlam%\)s mdreAP! es of

adsorbent materials that can seI ectiveiy remove CO,
ni t rogen- conf ai Vg ¥ 1ol vu Sishiaxetir 840 Hifd fﬁt?h‘?féwﬂﬂ@s‘i"ﬁ@ae loageat g%

include, but ar@ci@h. ki M ddainRnot &1 (6 ARRAOHTNTBY, @5 bapbs rileCdn 88 azieal i tes,
cationic ZediteS, ALPO materials, and SAPO nmaterials. Non-limti n exarrpl es

of zeolites suitoeBi &l g epbadimeptaf HioiPRsen Hweign| F0tAsPeANatiGRN bEgt leRh X and

NaY. exanpi es ofiboaalot1Qiil€asz®okil0@S, of Matasd®oracdo:t.es wth Si/ Al ratios |ess
t han about 5, such as faujasite, Beta, and nordenne. Siliceous zeolites
such as ME can BHHM3jo be Asfidr 1) cantave mEqy crbsseattiondl rsbges -icdwiingi batmgt

m xtures. A(%gi t 1181%%1' toaddr§8£r&§ﬂ1t shg&t, g&lrc%lﬁ sh%ﬁ{' a%grgfeﬁéu%a? 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
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20 hydrotalcite, inicnporous materials conprising a framework of el enments
other than Si or Al (such as P), carbon, inierQperQUS SOllei derived
materials, silicas, and am nes grafted to nesoporous silica, anbng others.
These adsorbent materials can be used alone or in conbination with other

ar at enal s. [52] in an enbodi ment of the iireset invention, an adsorbent
mat eri al can 25conprise about |ess than 80% by wei ght of the dry phase of
the fiber, or about |ess than 75% by wei ght of the dry phase of the fi ber,
or about | ess than 70% by wei ght of the dry phase of the fiber In an

exenpl ary enbodi nent of the present invention, the adsorbent materi al
conpri ses about 65% by wei ght of the dry phase of the fiber. [53] In an
embodi nent  of t hg,BLGSARE-sdcBWBMNhh R Will Be fHe RRTande iRt eOATRE L Rirfdst pRasss 30 one
adsorbent material 120. An adsorbent material 120 can conprise an adsor bent
| ayer, an adsor bE¥stahamtqrespeectigprishedbebent entity, a plurality of adsorbent

particles, a 15 Lurali of adsorb entities, article, a
sorbent entity, 24\ ur aI [ eé‘fbog eaﬁphe[?é?‘sf’?t ’i“ggtmo? a%efbmp%ﬂ "tAy*8%° sor bent
entities, anong tamghelrcsosstemaml dimboxitinnat at lef aliohtelopmﬁa@mmeris oy entdsogboutan

adsor bent mat eri 120 c have est di e n s t han
about 100 m cSome Oans'cmTe s ore%bo?fltr?én !fo IC mFtergeﬁ E§7a%v%br? t| I(%ﬁ&)

adsorbent materi micrmmrhdvenambmﬂlagfethé mge@nvmitlwemélb@rilmhaﬂzeseemgmn about
50 m croneters. P e@t”cr%ﬁ%g&?!oﬁilyduﬁgﬂagﬂ'o?%'ﬂ&utofzoé g&ﬁcr%&a@”tm'dﬁva%b

1%
adsorbent material “can have an average | ongest di nension of |ess tﬁ/an about
1.0 micrometers. emwdmne?fbbﬁi’rﬂ@mlnw@qu hélbﬁr kaybgta qirpwleresgpectionm hegsior bent

material can haV@veﬁ%e am&aq)@ atdapmtm&bxﬁaw BiBerd fan! BHfris iRMeRRAM 5ird
m croneters. 1010541l n an enbodi nent of the present invention, a sorbent

conposi tion 100 E&R BRie®OR PPOBITOME™ avi ng a barrier |ayer 140 |ining

the. lumen 130 o he fi revent fluid, c on between the
e 190 ana i nE4Seor AR Ry Feg S50 i BT GPoray e DA it
conpri se many rralixﬁitadab&redtanghlmkhqg bedtculanthapel, arbdnedrctiar qhepeya/sqnyﬂelsh@le

chloride (PVDC), rylonitrile, epichlorohydrin dr| :
p0| yet her ani de 3P %O]‘Elgl% hmngular a g a exa}gonah]yhage ﬁl}n oc égnal t%age astar
oxi des, | atex, oihlaefr, a Ismlghrstbamel e‘fU’ pb#p}tnzelpeed sbe pohylidabsd thaps; emﬁrbltltalry

conbi nat i ons she;hqgef of Bofln RUROHLIS Y Qlrak PR RRED okfMRNIPT w1 bt her

| ayer 140 has™ an average th ness ess an a m croneters. In an
enbodi ment of t heoyd e@bm thﬁtnbhemqss:wcnqnhleshbm ofi e lynappel30 1will detggmiae thever age

thi ckness of |es§vc1tagé‘ﬂ)n§é?pélgqeggmg&] Ao QO LEMS untAO I} BrafipieeHR QUL ANt t he
present invention, a sorbent conposition 100. can conprise a fitter 110

further conprisikBecs Pepyasatnahsimersiono@ lupgpdioviag A Girerlds srophisetionpihape
plurality tortuows Rahbvawsed&5hE NhRHINn bhaIdrhddef exahip@, MeuRéhdet Mngakt

20  cross-sectional dimension of a lumen having a rectangular cross-sectional shape will
be the diagonal between the length and width of the lumen. In yet another example,
the average longest cross-sectional dimension of a lumen having a starburst cross-
sectional shape will be the distance between the two furthest points of the starburst

cross-section of the lumen.

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

30 embodiment of the present invention, a lumen, having a circular cross-section, has an
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tortuous pat hways 155 can conprise a plurality of pores, wherein at |east a
portion of the. pores are in fluid conmunication with one another. In an
enbodi ment of the present invention, the plurality of tortuous pathways 155
can conprise one or nore of nmesopores, macropores, and m cropores, wherein
at least a portion of the one or nore of nesopores, inacropores, and

m cropnes are in fluid communication 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 adsorbent particles need not be highly bonded to the polyner
matri x. In an enbodi nent or the present invention, the relationship between
the adsor bent nateet dhmeercf tbrat oI yipemetenalpinss cancobwristeianddiednsie a "si eve
in acage." In ﬂ&n@&ﬁﬂﬂb@SMxﬁgQBQhaﬁﬁ&me the present invention, a fiber
can conprise a plurality of orbent particles in fluid comrunication with

at least a portjopam of thlearpémﬁoalnuewofo&le %resetnomvmm zpﬁbdavravscan Alvthaugh
enbodi ments of the present invention disclase tﬂi) 'S{ﬂ n of lurality
o I,

of adsor bent pa?al“iecqrégm{aﬁ FoSGHTeRnal ares B s imgh F’F’Efoqf at hways
do not have adspehenhvdpasd b€ibasl10s506vah atfehi ddosk Re@fonal MHapd A cbinpeed 110 can
conprise many p i but limted to, | ose acetate,

| di t
pol yvi nyl pyrr ol | %d%%[@nenﬂab‘;ﬁi i}l%?felﬂﬂjrrl} dimgns; Eﬁ'ﬁ@feBWyW fron. éhep%'il%/%#t et 1 ani de
bl ock co- pol ynefopgesotigisriedioss! gimbnsoinedti fiisy tqacnliwp\reoygyllmg@t_qwk -yeetitngl ene,
pol yam des, pol ger?stici)a{fl Ofu%%rt1 I;]s%nrg% L Ia%Xutn) At tﬂgnogﬂogt%:ﬁpm '
u

pol ystyrene, polylI'so ene Ut adi ene, ur et hanes, €l astoners,
co-pol yners t hec>eotb1ary0¢m®dmnnaf tmrrsesstttein@@ﬁon ﬁhef jabeof eOaveaee boapti se a

gl ass or Ceﬁ@m ?xois%g(!%%nzhjd%enslél (];IJ fﬁ)%lr to ét?e agerg ’]i)[fg@m&fdss s%ct?onglc&ménni%ﬁ LPn of a

pol ymer and a glass or ceramc nateri |I'n an enbodi nent of
t he present i nvéatingnis agodtidder can further conpri se an end cap di sposed at
each Iongltudlnal end of the fiber, wherein the end cap does not. inhibit
f1ow t hrough t hE4Blimen. IpREMbpRimen §f e presspiggyention, EbG Y cPmpaiftaHFtshl i on

bet ween t he tor baouSoPak hMﬂa)ﬁSl ofn bhembsmgint wdiagreMdin@dhiéhe fikebein and t he

Infiniti surroundi ng the i nal he fi ber 058] An. aspect
of the. prosent FHVERE T BB BT SRE I HEP Ao WSt oL gy en e

15 120 or at least two adsorbent materials120 and 125. (See Figure 1 B). Various
embodiments of the present invention make use of at least one adsorbent material 120
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 (SAPQO) 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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adsor bi ng a conponent of a nedium The nethod can conprise: contacting. a
mediumwi th a fiber conprising at | east one adsorbent material, a | unen

di sposed within the fiber and a barrier layer lining the lumen to prevent
fluid conmuni cation between the .iignelt and the adsorbent material; and
adsorbing a conmponent of the nmedium In an exenplary enbodi nent of the
present invention, a nmethod of adsorbing a fluid conprises contacting a
mediumwith a fiber conprising a plurality of tortuous pathways, a
plurality of adsorbent particles in fluid conmunication with at |east a.
portion of the plurality of tortuous pathways, a | unen di sposed within the
fiber, and a barrier layer 31E3itEg the lunmen to prevent fluid

comuni cati on betpyaesfot Rorblnl 1)) ot ditdobién 19|tHérfﬁ!: ?Mms&tuet& dREGaP RNy S ;
and adsorbing a conponent of the medi um hod can further corrprl se

&sorbi ng a conpohdif “@P’btnﬁé:%&?rtﬁ‘fﬂ%‘f"o‘ﬁg]e\f&’féﬂﬁ}%‘x@%dﬂf‘%ﬂm@wt? K% present
invention are dug@ieedndze@u@ehxemtmw@k MatBEs 04ntakga R1eCQRR eRreRbortdiodddvRel um
wherein the medi um can (;Dorrplrol S§1 e gas, natural gas, fuel gas, bio gas,

t own gas, waste gygeen Rhghept 1049 air, or a carbon dioxide-containing
fluid. In an ry e nt. of [ es ven ap,_adsor bent

fi ber conpositi owgl():]:n beﬂglge dina Woﬁg:lﬁnea q%ﬁénv,% 5 uEe;[d‘?anﬁ,m T %aégeicgs for the
capture of CO2 fbionyf(eae rgusise)lOB@iTive AShe pmiaegsle@traﬁont pfea powgensnt

i nvention can makgoy RRRAC LR dERITARL Hdifhidh Rbclshbde YneQecif
fi ber-based COI’T'pOS(I)tI or%% Er prrocesses of S i |c§£)ecsesnt |nveeEnxt1'c|16Cn can
utilize a pl ural $eymoPeEbi %ﬂlﬁ?@ 9@6%@@?‘%@“‘%@“@4&% a&f pregmpgneqtjiparfeglased

conposi tions. Asgjehh Usdifut ©#od NmSBEm EbAMAIES canfdnB Aac&ﬁ)ﬂbh@fﬁ@()ﬁs gangconpri se
a chanber, which jtself, conprises: a fee stream i nl et; a feed stream

outlet; a hedf t?dgﬁ’é’f“’ér‘:o?‘l’%?’&fs |*‘F’II*‘€‘t°d’eé\t Bardes £ EEASE sefecyity; far GURPERINE Ag
plurality of subgbetnipahdny B alill g dt theifd dI@fedsoplion ReL¥RAPWARYadesiB@s ment  of
the present inventi on, | the fibers conprise: a plurality of tortuous

pat hways, wher ei FOtReYE8A{8us pat hways are in fluid comunication with the

feed streaminlet and the feed streﬁmlq f%tli thea(gorlé natlj ity of sokbent
elenments in fluid camm lurality of
tortuous pathways; a | uBPAEPRGSHEEER ofi 4 Rithf flopasi airct wilhdkesPRethe | umen i s

in fluid 20 communi cation with the heat transfer fluid inlet and the heat
transfer fluid ottdiesreatanmcnaebaioher | ayer lining the lunmen to prevent fluid
comuni cation between the [umen and the pitiful:1:y of tortuous pathways in

at |east a substantial majority ofwg;ang Ed P8 Sene L §ri'5«1n|:j gures 2 A-13 provide
schematic repfesent dfy GW%W
adsorbents can be for med™P'AtENE ALY 1 i St Tung ferppct WA glesykens fI ow

contactor 200 conprising structured hollow fibers adsorbents 110 i s Shown
in Figures 2A aneh2d U, 1Fi1-g0‘més02;&os hlptﬁe toh eorgntrat"cmd afy iFidgufiels@pion t h t he
outer surfaces o cont a 205 rendered transparent. In
Figure 28 dotted ¥ |ne°§g? ggca e eor aelél o?g?thaw%%serecum gorcom IB{%
contactor. A fi béloveﬂ@nmanltb@sg@apothymmrelmpmsexted_&@ conprising a pol ymer,
at | east one adsorbent 30material 120, and a plurality of tortuous

pat hways. The fiber 110 COITple]g@ﬁltﬁ_W}’U%n 130hedt sposgd WEthifi the fiber
110 and a barrier layer 140 lining the [umen 130 to prevent fluid

communi cat i op, bejween the e adsor bent r Si.nce .t he
barrier | ayerQ d %monrg% ente? am?nu?fgglgfgrﬂhr[u%om@a{m nﬁnbtgrr&/eeegnltr "}eﬂlrlrlgh thaend t he
at | east one adswmpemmtwmm sradlledt2@io o thegathl maelessdked ummdhausisabent kratspassed
through the |umep., . i »s i rrier,
the effective di ?Uﬁsﬁ]og%?g%g h‘?cthreé%? oél‘]'r h%h-[egta‘?oﬁpg?& a‘@é*% J&%deg&ﬂ%% be | ess
than about 1150 rrieessavieisaiepé nefiefshiyghas thecligbfert comepnent krve e lpotsy mefecwtert ri x 150
and preferably |\@§ig°httﬁmvéi‘bﬁ%e sl 05 880a4dN8,, ﬂiéerl@ﬂé‘stdécfnfpklédd% te0&hdel Ci ent
in the polynmer matrix 150. The diffusion barrier eff ectively precludes
heating and édol FHYTI lﬁMsWe@e"’cﬂhFb(ﬁ%‘hmf’ﬁecqnﬁm‘ﬁﬁlomsbthf‘ Hgi§s ePmpepaneini ng t he

pol ymer matriXx 150 s@bant REmIn@S&ut Odurigribata8sofbrr &l is sdabr asn G mdisit 0 the
| unmen fl uids. 14



1062) A plurality of substantially aligned fibers 110 can be arranged in a
bundl e or splayed. The ends of the fiber bundle can be potted or enbedded
in a binding material 210. The binding material 210 effectively

i nterconnects adjacent fibers. In an enbodi nent of the present invention,
the binding material fixes the fibers 110 into a substantially parallel
array. One nethod to do this is with an enbeddi ng or potting process that
surrounds the ends of the fibers with a binding material 210. To visualize
the potted fiber array, Figure 2 13 shows the parallel channel fiber
contactor with the binding material 210 rendered transparent along with 20
chanber 205. This potted array is then sealed into a chanber 205. Sealing
surfaces 240 arenpingoiciedthatlighise cenpenepsfin thy éeed hlrssrbotigent phthg pgsedt i on, t he

chanber 205 is W%B@Qn hd¥oRent S mthh;(V@@@él@bt@%‘: ofa flﬁ@cfompbneﬁﬂ\(e@g
adsorption) nodule in a manner t revents communi cati on between

the medi um for SWHIRLE {’*b‘hvehﬁ%f"%{‘dr‘f@at”né%éﬁ%ncgfélpﬂ’??ﬂf%?Io‘fi“ legsf 3 A SUFHVBhe

chamber 205 is fdrhbst éipesknbsyena dcudidlcampdaent 25ataakd 10Mriacakcrioipbefisst t he

chanber can have many shapes i ncl udi ng{fbgtv%%t limted to a rectangul ar or

cube shape. 3l of¥PSRH QYeRA FGRNGCRPBUGH f Al of the chanber 205 to allow

gas i 0 pass int@wstlhe cont ﬂlCéIﬂ)’odmAnCﬁhﬁlé atesgamvenioh,abt icading ab€O, 2P | S

located in the center o ont N

col | ection tube® (%&r%ent m teﬁlapcagcb %'Ffi r an ;Ii)oFt @ ‘gmolfl]mo{g qfc(gﬁ] %g&?%{)l

mat eri al , whi chadsarherit mctteudlegrettuttharsabnutto 15 rmlltreceie 30@@; pea g8l ofchdprsbeat  or

englneerlng pIa 200

Wi t hout: m xing ﬁlra'!eﬁ (;mbéih %Q%Ig?ﬁé%)ogf%‘m? Qfe ?ébt R&%gfﬁugﬁ&%? t he gas

col | ection tlgbennﬁqsﬁldelntdmeemmdlmeet of23g Plfe§elé lp@msamﬂserhe@ﬂ matglift [§2hs por ous

netal or a porobb?np%’é X'H&rt oPE fr?ho%‘t‘%l%liu@%hd/(ﬁmt)@%) O&)hi%&ﬁ 90Tﬁ1'/(§1oﬁbb9\/\f5 gas
icien ite

within the contactor to y conce adsor ption step,
flue gas flows Eruplesid aéfrO&th PRETALE Gt 58t BlecPGl {CH‘Pb‘U&QZ {178 8if188e8- 215 and

contacts the hold.ewifd MRz AdSRIRAR &hé@desﬂ_efMQOzﬂﬂigy AR udBwh{ dré(n&ﬁguté@npr [ Sl ng
at | east one adsorbent material 120 renpves CO2 and opt| nal I%/ 112

and NOx from t h& fHGgPogRys magrigly spehy gozegiiPe 4MHPE 28Y P YEE PHTHe 2R ghI y
porous sectiign BALO GfatdriBe. CwAlINEdngGRSMEISd J)iEz@:b]itémsutth@fo.r B&Oherdaumcfuued gas

passes out of the.. 2 t hr t he i nperneab ection 2 t he
central gas col FEEF; gﬁ%ﬁd‘e%g‘foa?‘ﬁﬁgpwﬂ%f&? % 5 Y PGW & ShtY61 Ze\(/’gt ves (not
shown) and an exhmts teoli@s s;tlacsﬁ/,a(ln@ﬁosslhﬁvm;n a550t B,| mich at HajssenyPgrataod e ri se
during, e 0SoLRLS. SRR AR 108 RHATL 0%, B vl Sl T R3S
adsorption st epmltlaganbeamnmgnptmw. tAldéltlbli?d)\Aﬁdscbrbfmt umatgads | qan ocenmEisprodul e i s
shut off w ! fll ﬁgf@%m(%,oﬁq f @h@ﬁmhé $haR & Sed

t hr ough therzpurreﬁ)ﬁd\%&%%l}Cl)lﬁe ?Q%&Pﬁg{}ﬁ%ﬁ OMB W “11.0. t dI optionally
H20, SOx and 15oN&ks(sudhjap &), atrbeh. frigppardve s@@e&@wedrmmws 115@8 @érﬁrmqey ng the
at |east one ad?ﬁft&ﬁ'atmég@ﬂo?d’uk Qhical 2R ondPABSs, O¥itesOhdsbiBent GARLAE LA be2QQq i t her

t hrough the cenfral gas collection tube 220 or through the slots 215- [63]
The fi ber- baseda]amﬂfp%wlt?wa%mlﬁtﬁﬂw“’c’;‘@ﬁﬁ?| sing the plur aI ity of fibers can
further conprise _an end ca osed_at each. | ongitudin end of t he fiber
20 effective tol OBSEventh\‘F’EF @gﬂ‘?ﬁ‘hﬁf ?ﬁtﬂ“ﬁﬁt il ﬁmtaﬂ? UPAETY b

t ort uous patzhmay@nlﬁiadatibuh}&@tthztnrmﬁ}eﬁ/elgl&diflﬂmdryflphaatse bietashbei &Lﬂb&ttadfsﬁl al

majority of the f i.ber - hase rther
conprise a bi nd&F ?r%;fg}' Vg teoiffh@%y 8%%4 gtheg‘[ onnec ag(%qg W?llg e?s whi ch
in conjunction wetdhy phhe e fibapdn apemwmsserﬂiuodmd:nwmtm.mmscxath@mdnemmeen t he
neat Lranster MESbUIANR S B Fold haly d QI HOHSAPPRAVENER: @ 2] acent

fibers. [64] in‘various resen nvention, the
contactor 200 cgppe deg mﬁﬁo& eﬂromﬁ'egf%sé?ltﬁ’v&l'tﬁrprahﬁ&%@@&rﬁﬂi‘i@escht iehde medi um
(e.g., flue gas mxture | éast one adsorbent material that

sel ectively3 enﬁ%@S%’t’eﬂt @a@ﬂalo‘ﬁ@ @@n"ﬁém'é%‘f mptegith 120 sameapeifR arEFFPTEFNENt
contacting m ni Myzes, idGbeHIPMALie Of RUSRNDaMty, h YUIHITLE addPonOprti®es0f t he
contactor, and energy required to regenengate the contactor. Wth an
efficiently designed contactor, the pressure drop of flue gas, and fluids
used to heat or cool the contactor is also nithili3i7AtEl. This, in turn,
133illi M ZeS energy hist frompressure drop of flue gas flow ng through the
contactor and the energy required to punp or conpress the fluids used to
heat or cool the contactor. (0651in an enbodi nrent 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 of the contactor is achieved by heating the
contactor to an effective tenperature that will result in de,sorbing the
captured conmponent (e.g., CO2) fromthe contactor. The contactor is then
cool ed so that another adsorption step can be conpleted. Various

enbodi nents of the present invention are directed towards 10 cyclically
exposing a plurality of fiber-based adsorption contactors to a heat
transfer nmediumto facilitate adsorption and desorption. The heat transfer
medi um can conprise many nedia, including, but not limted to, water, water
vapor, steam or conbinations thereof. In an exenplary enbodi nent of the

present inventi OPwrafigt & adséivdok QUGS t NEQHGD phhiiGe | MREBS: 130y 0f phuRgi égzwallty
of fibers 119 of a fiber-based 15 adsorption. contactor 6 1P

adsorption and stWRERT PGS oUSP ALY QG IPreRleentitifretieons Sthest 1t be‘%@ﬂ’r“&fli ty of

fibers 110 of a bf iherprdaf Qleadts0 b taiRbeONLE QR0 ZQDhafv@ranqa&a ﬁﬁagd@ti on,
106610ne of skill. in.the art woyld {P%aljze that even 0(? ¥ adsorptl on
material of a fi B'Wn%%gdeﬁotgadlr‘g)f’?t CBRCHELEr P& FmPotipg tfcift Pr&??ﬁtt act or)
appr oaches 205 satnyéngibih,an ad@ft@n@anataths arnptaize)zm dveraget lohges;aiﬁﬁertsioﬁ eﬂghs thire
contactor, resul i ngsdnlctrgleetearsrm nt o f ebolagIE npf}(‘ r Ql%nlemue gas
falling bel ow a d85i ted VA (ﬁ)uag'n?lfl Re’f oW ST f”}v gas to the
first contactor ahorbbre mhtexrer tzetdhaivmtam aaersgclongﬂstocbmramhmf lcmhilanmbhasl(al r eady
been regener at ed,; W d& tﬂ%fehﬁﬁ&lm&ﬂ%ﬁf ﬁ’l%ﬁo?gselft SvbdiSh, %rﬁeﬁ{ﬁﬂ a'f‘BJHJ oW ng
t hermal regeneration, {he first contactor is prepare % sorption
process, and thehﬂfVPGW‘GfagQl@egeﬁqdyeergﬂsofﬂﬁ%ﬁmnebqus?-@wiqnéﬁlﬁﬂeéd back fromthe
second. contactor to the first contactor. The total cycle tine is the
length of tinB fHSH when ™ Hepadigspicof hemresers Pentan; ¢ paIbiny coeositien &% t o t he

first contactor gda c@mﬁﬂlsl'eﬁtﬁb&yﬂbelahﬁ’gibﬁnérllzfﬁr memmyﬁelgﬁ&em%fﬂielﬁbwl feis
agai n concl uded }113\ the rust contactor in the i di atle:’(qyasut%ce di n(PJli cycl e,
f

i.e,, after a sihg ¥ PeyEhPL: ?OSHH‘chart“WebarS‘@ﬁn '8 e Wty of
contactors (i.e. makhdlngd). Tieusairer 1dyérf 14D careédinp)isd rﬁar@zdﬁhtetriannlnamdlag bitmst and

second contacto n . pro |de ontl essin eci a
i nst ances when agmg?lpttg M ene %’Ecg@ %n P??'lé A%ﬂ‘tgei’ OWH ?fﬁ?y‘% '067] I n
an exenpl ary 1énbdmdnm)npply¢thm anhdzfr hiatk smpcﬁlgnadglasspmihcm ahmore Sietd,ompri ses

rapid cycl es of r o] ) ss is 5
referred to as ag’?‘ze& %Eek Ygf%?{g Ipé‘%/\fﬁ%“ acgsp\é\glg]fggotﬁgr?ﬁg‘?}sg‘?mgﬁ%%gss
rapid cycle ther WEIIGOfSV\iner @d@ﬂlﬁkﬁm ¢fahe preepoeBentipip rthey barpesslexsr df0 hisi an

di sclosure, is dﬁfefa@@ﬁhcﬁ&s@&qes's ﬂlaﬂ‘@ﬂoﬁﬁotnm&oﬁytﬁls Cm ah%b%%@ﬂhéﬂ%&ﬁtss' ve
adsor ptl on steps. Is | ess than about 2 mnutes, or |ess than about

mnute:, or | essinvepgam aﬁb@@@me Byayt MOt jan aspragsy Birkesss of é@% ﬂtanaal?mab’c%t 0. 25
m nut es. In ap ephagidgent of the present invention, the regeneration step
can be 10 assisted with a partial pressure !lurge di spl acenent, or a
pressure swi ng, HSEING Ot hemhSembdiigss o cieprasaitiivRsticdf a pirbme saa®siade100ef er r ed
to herein astherrral SW n sses _as Ion as .t hey athermal SW ng
at some pohat dufing the %gg‘gﬁfeiﬁ ﬁg’ﬁ grRp 130%%%?65 Wzlﬁngll aSEE™PRE tine
required for adsmljomntand e pbnaityatortoous maywiye 155 tiehuphttier fibdnarTht pkrdlicynel
required for theg r i

such cases, it may %gﬁ%fé\g{y?aﬁﬁdgaﬂtcg& avé?)glpagiﬁu ﬁf‘ire%yjﬂ gr é"lglr? ztag !(’)IIPEIF% th
adsor bi ng phéée (haipPres aregh gl onynupicatpontiticenoragothgre In an teppgodiment of the

heat i ngl mgener at blegandqmﬁ@o afb gluianﬁy o%gmﬁagl LilGaR N3 Em chnﬂg@s@gﬁ%%rwt of

the present invention, furality contact ors engage sorption are
connected in ser F‘&‘PP?I&%WP‘ES‘PPO“&R@H HN#%HOTGLS*Y@ICF?BS%‘ leaStaPOTUOﬂ of the one or more

of mesopores, macropores, and micropores are in fluid communication with one
another. In an embodiment of the present invention, the adsorbent material is
30 associated with the polymer matrix. According to various embodiments of the present

invention, the plurality adsorbent particles need not be highly bonded to the polymer
16



20 recently regenerated contactor unit is the last bed in line for
adsorption, and the first unit inline will be next to be regenerated. in
anot her enbodi nent, the adsorbing, units are connected in parallel, such
t hat each adsorber treats a portion of the whole feed. 1069l Fl ue gas, or
stack gas, is emtted in a wide variety of industrial 15 processes.
Pressure of a flue gas is typically slightly above atnospheric pressure and
is generally | ess than about two atnospheres. The tenperature of the flue
gas is typically in a range fromabout 100 C. to about 250 'V, nore
typically about 150 C to about 250 C, but about 30C to about 70 CC. when
wet |inmestone scrabbing is used to renove SOx. The gaseous corrponents of
flue gas gener aleixcdfpnicsoppentoy thoppsen8mveiign.Hbo relaiepthl brtwer dhe Spal |

quantities of padshibRRaRrifUaNHBPINGs Ak @&%e adsEritRl 8a “sfbﬁ/é an dageesmt cx2
concentration in the flue gas is typically in a_range about gplar %to

about 15 nol ar %ex&ﬁﬂlall’fé’(‘:?oq”é‘e"tt)?ﬁﬁhﬁaliefeﬁt ‘P?’anlﬁ‘baf‘ﬁﬁé ‘E?Impf‘fed"dﬂ‘fralﬁy mol ar %
to about 15 nol acrsm%m‘ﬁmcléoh&"luldr&dnﬁ;ﬂun&@memmaa,uetaarh pbfrtloﬁtcaZﬂleﬁimﬂamﬁ otusual | 'y
| ess than abgut 25% when a Stﬁ\ﬂl %ﬁt(ﬁi ¢ .cont sti on lg § hethstack gas
and is usual Py [PEEEStHRIEN*%bo “RREH™ET Gt i rPr%SPne EBAY dFFost %l oyed
in the pr ocess tiepelrdian &f zt bmram@nqsfeztdadirherre pamicleh errduigigdue thenfiter,atoue eof abarbust i on
R T ato a conctidS By 3 RER aglo TR SNANAARANG, L 0 Do02T &1 & L e

ous W
O into a concEhFTAPER 8'r puri ress the streamto hi gh

pressure, and tgspntrodyge ho'cm&m rl%;n?%@mumﬁaﬁ%ﬂn&ﬂm& foop for
sequestration to mtigate COz 10 CIBlitiStetts l'Tmting exanpl es of

sui t abl e under geduleee Pestapmtpobyiaylpyredlidens, pplytulfare arishloronydrned rodethaqui fers
having a topgseghiat NAbckPESYSRAS, %blgfﬁhiiésc%gltyolleﬁ)fﬁs p@fypﬂoﬂ}lﬁﬁt @elyaaRaRUS
conponents, oil reservoirs, gas reservolrs, ol | [eservoirs, and
depl eted gas reBUrasfesspol siaiugrqehens. h@l%vé‘t)(&?%’tlf’ é’HIOEfi(IWA%C c BB B npr essed
to pressures grpalisdbuiylRas pRBBuhLdIdne, PAPIr@Rdnes, MasigMmedt & pdl}lih&ﬂs mbx@bﬁ o2, 000
psi, and often to 15 pressures greater than abqut 5,000 , i nj ected
into these typeEOIW“aHR‘Hé'P"Q‘?%u%dT% roﬁ {1 s Presire nﬂ‘ieré 08 fﬁﬁebns of

t he captured CORI(canc@hsee De&OndinitiG @ngdlymexanplzpss deirngic ankancedeil ant
grow h in green house environnents and enhanced al gae grow h for bi of uel
producti on, 1anof#§7bt her & an duibdinidie! demposit tiveron, migichoudprtandnapipar at us
used in the pra e of r h for the
capture of CQ % %)n%cfl ?dls{’&gds%%g% lngg?tﬂﬁmél%Kgp # Elhg?ig‘%]r’[ @ﬁeréﬁglg%gé:c stasnces. 007
can be captured mftr"lh'hltfﬂqueth@a@ thylugman. aT'llee@E)dJSL*!PlOﬁﬂ pieesat e fleid gapmaboetios 0%
greater than abgufe.n3he to&ﬁ&@t[ﬁﬁlwﬁﬁ% tﬁb%&mﬁﬁlﬁ erﬁrofgﬁ@ﬁﬁé?ran& Bammabout 95%
of the CO? by the adsorbent material. One of ordinary skill in the at would
realize that enbwapisthe lonsipiaalsed HiobrslibSE t he present invention can

i nvol ve 25 the ca ture of |ess t an about 50% of CO2 h . [972]1In
an enbodi nedf ofl>the pr 88&MeCH HhEHPIEEAT MYFLIGP lﬁg’ﬁPnsﬁso?rBBgW' ﬁegecgﬁ%y met hods
can conprise thﬁisSﬁfh@.l’aﬁEdIﬁp@nﬁfﬁ of AemadiuriiD Mehe Iﬁ@ﬂiﬂdOd’&ﬁﬂbﬁlpﬁS’eDnttﬁtaﬁﬂB@i am |In an
enbodi nent of the res nvent i on, [Qne or nore compone nts e psobsgdrermved
froma medi um b?e%‘ Mt Pi%je CREPF g JHE" TP ERReR LA nt &8 BORDpri si ng
one or 30 nore azdmmttbem:ter et ebiradrdayet Hniagthe hdooeali torprateno fluitl hanpumwnm

i nvention.

c2 Le%ween the lumen and the adsorbent material; and adsorbing a component of the
25 medium. In an exemplary embodiment of the present invention, a method of
adsorbing a fluid comprises contacting a medium with a fiber comprising a plurality
of tortuous pathways, a plurality of adsorbent particles in fluid communication with at
least a portion of the plurality of tortuous pathways, a lumen disposed within the fiber,

and a barrier layer lining the lumen to prevent fluid communication between the
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captured fromflue gas using a swi ng adsorption process that enploys
thermal regeneration. in an enbodi nent of the present invention, a nethod
can further conprise the renoval of the water in a flue gas. In yet another
enbodi nent of the present invention, 3 nethod can further conprise the
removal of SOx and/or NOx. [073]1n an enbodi nent of the present invention,
a contactor can conprise a plurality of fibers, a fiber conprising a

m xture of at |east one adsorbent material capable of adsorbing different
components of the nedium In an enbodi nent of the present invention, a
contactor can conprise a plurality of fibers, a. first fiber conprising a
first adsorbent material capable of adsorbing a first conponent of a 10
medi um and a seg@id afuil RS pIGaNP df $brigupARE9N nddaRihant csdgaeatdrieapabl e
of adsorbing a sec% %onr‘t) ent t[%f t he medium  The use of a F}éﬂ‘aﬂty of
fibers (i.e., thPFg ™ o EHRodpy theré?’BP‘}SCF‘??°'£HI§Pt°?IBEP“F‘B°S FIfit""8nd second
fiber can furthe ovid adsor tLon of..mul t i 0

ni tidiankEl . 1107&’?.?1:1 an g%é"al nenfmenfs Otwa presenpmv n%f’%rgrlal [ rct)e% 0 Sé‘)alecuvel i nure
conponents of 15adshipmg gamparenbef adsdmmedhdygmtﬂmmgiilumearmommseeﬂwogﬂsact ors.
|n an embodi ment \plr,{AE AHFIERl, LOUED) SRR s U §250xP L AT R Ly Passed
through a first contactor to renbve on ent of a lum and a second
conl actor tol01: goxee- Wﬂmrﬂlé‘bnﬁtﬁi’e@’f@mﬂmtem@%mt@ﬁﬂ(emﬂéem inyephatle units
of operation (e. gdsorb&feme%lﬁﬁo%)mﬁ 8l R if PIFPRANRE R inPLdsdrPEonPREEN M- thehen

mul tiple conponents are renoved frOD1 a nedium (e.g., flue gas) 20 wth
one or nore cont $EMEHY Oaﬁ(%‘rﬂuaéfsor can be optim zed for the renoval of a
particul ar conpo [ n an enbodi ment of the ent venti on, one
b hore. cont act oloihn o T PRSP of T it it Pumda et Er oy
second cont aabor cdmpnmegrmpleramye)fﬁbermwcmﬁposnaqs WTSP&MCG@@M thngre@nt Mor e
contactors can blemé'ln 13 Zglel(l:tl (3 a ]iur:ﬁlt of con%ctors com nsm uaﬁlt ocf f1berht? &)ir esent

i nvention di scl oSe et hods fof b eratln ch &%3{ tyuon corrpletlon
of the adsor pti orngbgfons. [Hzﬁ]llulsunt@mne%bcfdgmrﬁ AchB, ahmtacpxre:slembmpnsveintl on, a
plurality of dif t el tactor.
I n such enbodi ne{:]t{[%élﬁé} Wﬁlglgggé?%g%ﬁ&én%t eérjf&fs%gﬁ gt ng%gcsﬁrgﬁﬁ ? J(:)dr& '?d hﬁeégtr(;em red
removal of a par transfar Hriddelat ariwpt trapeforf fluikeutasdd alvralityfofcobtastlbr aligotpr i si ng
a plurality qf agsesbgnh e%{p@afr%@rhl%dgfe"n%tttﬁe 5:B8nt iR RhGEGL ¥ SibES UM e.0f @
plurality of conipone tits with a single contact:a. En another enbodi ment
of the present iPBh¥Yi 8h, OrHoOEOPRRERCE Wﬁl%dliﬁprt?@’éusar?ataﬁ%r BEntn Aditderi al
capabl e of renoVidignidid i thy rQf qﬁ&nmreeﬁﬂdsmé s @eaiBslifbia pluadil] N aspect

of the present invention conprises a systemfor the rermv of
water from a fl u¥RFASCleHE 8\ FIG ARV T ¥ 1easty RPHER 8 ﬂ‘&@l‘l’ff’?‘i%?tﬁg a

pldur alb| ty of adsmﬁtg;mtpatﬁm}e;r iadhrfien didpbeel wathi@ theilependent ty eep abih gl
t t
Mvent! on, "crE. vavararBorin iabbrierine B wE RORAT B il 8RR o ¢ ne

feed stream i nl e4 bariet lbjee ligaP tisdheat to\peeverd Sridoentmungrtidnebelveem the durdgmn st r eam

fromthe water S%ld‘?ﬁdlﬁé?lr gﬁ}ﬁg&@ﬁ%m gs 1?"4 asPla EIB%L{[ U s %&fd«fﬁb@ﬁs' gned to

first renmove the ere

the flue gas confogfit s thﬁFM@sf QrA%ebx%ﬁhé \é&leﬁlgt?cofeﬁﬁmntaﬁ&fsoéfewéyk 19%&1“3 the
CO2 sel ective adsor bent some enbodi nents e sane adsorbent materi al

that is used to WERBYEheloy ibsnadspbeits @RBY EEHANE RIS TONEIHERE sA 655 | ue

gas, such as 2§0XﬂovN%tac€bT 2W€&ﬁpns1ﬁ§@lﬁiﬁh9€dhﬁ9[l§w flﬁd@q&daaiaﬁts T8 Rrsh@lSint hat can
adsor b 30x, and zgt er _include t are not linted é{g“ﬁéjw nes,

cationic zeoli teglg“rFPe pRbAE: agEs PﬁlS owscthp [5aRREtor 196 FigvE LBHOWE r i x

materi al s, and camnbiesar i@NGhatb@ ot @ie 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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[07S] I n an enbodi ment of the present invention, a dehydration process can
conpri se glycol dehydration, which can be used to renove water froma flue
gas. In 20 such enbodi nents, 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 renove water with glycol dehydration,
the tenperature of the flue gas can be reduced to | ess than about 1.10 T.,
or less than about 75 'C. [0791ln. another enbodi nent of the present

i nvention, a dehydration process 25 can conprise a physical knockout of
condensed water (e.g., such as drops or a mst) prior to contacting the
:flue gas with an adsorbent contactor. In such enbodi nents, the contactor
can conprise anl¥dgwetrdntithimathe fiberl 110tad adwirise faygrel4) Tmagohemgatdd¢ tf r om t he
flue gas. Adsorhent s:GaR&RNENiG0S Bit&Edh! MEluheh @ADL Qgso%Btel{latér[aFrrSifnLéJe gas

include, but are not limted to, cationic zeolites, functionalized
ral croporous antie hFgeydaico ) peopwt Byifl spramunicaiipnbrsveepiig dumenzatike Adedst  al s,

pol yners, or cophiakbeanfatRenf0h heat FABRY hiRAMATd R US p£ ¥ @dbuPR MeSu@én t he
present invention, the processed flue _gas exiti n%ﬁt e agtse_n tion. contactor
j: o] e

can be dehyd? at & E oW lad et BESHHR barieh &S B8 bel ow

about 20 ppm wabfe the Ciiftiee Nhyetl URD REoAd .be | 1838 StharD AUPAII0t thelukérng diffesiadsor pt i on

cycle. 110811Wen_a.contactor renpve sjgnificant fractio ., Qgreater

than about 75% S§f Eep!"d ﬁp%?’%rrm‘l‘t%ﬁ?(gaﬁ g’@*%%@ﬁeséntﬁa 8di 12{9051@0%?6 t he

present inventi orrganifesivprdosiéiciantt ihnehergblymegeneixatidon Thr ditsisn desiegned t o

remove both of te e%t?\%lcore 1(1) eg tastin halnd %Q lﬁln%gdsnf%@tthrgljghttneeILB{eﬁSl%ﬂtﬁolrﬂqv.entI on,
f can be eonduct ed t par

t he regeneration process o) at a“separate water-rich
stream and a0 sepugrag che@Ohyinchmsttix @ shorghelosstof perbde medridusuengg Gtheintoiea nal
regeneration prixtss .. [82] in an enbodi nent of the present invention,
adsozi ption and :regeneration of a contactor is acconplished by externally

cooling and heatgspg theAc]saﬁ&raﬁt?t&rsubslaa%ﬁﬁﬁcmgu&i MoerEXiREMADd HrRQA A
contactors conprise a plurality of lunmens to flow a heat M nsfer. nedium

(e.g., a fluid, byelgiraplgds) Tegntiesh haderdysile cfe e BHEACE SRef B 15
exenpl ary embodbif®@Af maRkialt 116, Pime $efaingi @Al RONettdchlpintti@dhickly a0facdntimens are
not in fluid corr%gnl cation O\@ th '#1&1 adsor bent . ma erl.r@l o 59, 1 rg%étztpe heat
transfer med? uniofSes Myt SRRt A PR ETPEL NVERRa N AITRE g LY B T8 i ber at ed
during the regefigralli(0mesh 8pbstan{iBF] patdllelmisly. b@nenotiaa tdhéi fhias wiseeh in this
speci fication and the agg 1ded 20cl. ai ns, the si ?u} ﬁlr forns,"a'. ."an", and
n n H f b th b d !
t he" include pFrﬁ?egFm$8 ?grhgt BT [ehgtss %ndcszgtﬁteeng “cléar Fr>sl it Al e
ot herw se. 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
19



[84] AI! patents, patent applications, and nferences included herein are
specifically :incorporated by reference in their entireties. [85] It
shoul d be understood, of course, that the foregoing relates only to 25
exenpl ary enbodi mrents of the present invention and that numerous
nodi fi cations or alterations nmay be nmade therein w thout departing fromthe
spirit and the scope of the invention as set forth in this disclosure.

[ 86] Although the exenplary enbodi nents of the present invention ate

provi ded herein, the present invention is not limted to these enbodi nents.
There are nuinerous nodi [tCl3ons that may suggest it CM R 1'VeS to those.
ski ed i ii the an. [0V]The present invention is further illustrated by way

of the exanpl es gartahhed N8k ehdinodulV3gh Afofoul Mk deG o pofdudielayordf
under st andi ng. The exe%I ary enbodi nents should ngot to be. COTIStRIC i in

any way as i nmposPHgIFPHIMERR “d’???’h‘ﬁ?fﬁ Yipae %@%eﬂflﬁh@o%@s WD BReF ORBEPT ary, i t
is to be clearlywudicdnapdolictad. mapOidsorpiyn skp, Mackat BowdintoChiScrods TRk

The.descri pti on FSERhMIag» @3%22&%@%@%&%@ PE R S hoaio; A e ar

Wi t hout depar 6i ngolymamatrixel S pomprisingfat elve onpragdsetnt maereuh 1 200mmevesl COs aidhe scope

of the 1oappe”de§%ﬁ>h:§§s éci% )gﬁx}dytg[lf ﬁmgﬂué’g%'s'ﬁ EI?Pé&%éE%PE olBItecHHufo

i nventi on have b |cular erence
exenpl ary enmbodi highy goroedresondi bl tédcqnnaltgh‘eC@pqtlommbb 23R dlémﬁtthm postyest

variations and ”&Q'Jf't&@&dn%n%r ‘éﬁd‘tl}? éﬁftﬁeef%&p@&e!{ﬂlé i gloﬁ E@s §f3919‘%e19fa1 Lhe

i nvention as defined I1n the pended cl al s, Accor he scope of W
vari ous 15enbodi ?ﬁé]ﬁ‘i%m@#betzﬁ%ﬂ}ﬂ?@@é%ts 9 HO® SPRToR VA 1S (1 Sliﬂb‘tn)b‘éi4H|WQ"é'd to the

above di scusggd. s@kRRAKKRMS.STo %@&Mﬂeﬁms\e dbgnedeS dds&phidANteh NEcobRlg oW ng

clainms and all equival ents. EXAMPLES
medium (e.g., water) is passed through the lumen 130 of the structured hollow fiber

110. After the adsorption step has been completed, the flow of flue gas into the
module is shut oft with a valve, and a heating medium (e.g., steam) is passed through
the lumen 130 of structured hollow fiber 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



EXAMPLE FI BER COVPOSI TI ON DESI GN 201 0891l n the present exanple, a novel

hol | ow fi ber based solid sorbent systemis considered. The hollow fiber
formation is based on the well-known non-sol vent phase inversion techni que
commonly referred to as "wet-spinning” in the field Polyner solutions
conprising solvents, non-solvents, and additives such as lithiumnitrate
are extracted through a die into a non-sol vent quench bath. The non-sol vent
25 bath. provides the driving force for nass-transfer between the quench
bath and the solvent present in the nascent fiber, which results in

m cr o- phase separation and the formaticin of a porous fiber. The phase
separation is best visualized using a ternary phase diagramfor the

pol yner / sol vent émbfiesonwent isstfouninorizedasTigeen thrn, Fh@n@@*@ﬂgfﬁ@*ﬁﬁEICKht

l'ine represents rEsQ@reQIh}f)' &%u@%é“ﬁ@ﬁngﬁﬁo&ﬂ%ecoﬂﬁgoﬁm tﬂ@@tﬁﬁgg ©hg and the
30t wo- phase region can be further divided into the netastable region and

the unstabl e spinodarmpreyihsiluidsgsed talspuaricom degpiacide such that the
solution exists in the one hase regi on near, the During the
spi nni ng proces¥6lexces® %Fﬁ?&l‘?@h?’gfk‘?&ﬁsf'ﬁém@%ﬁ’uIaaffqﬁe%sﬁda?‘ﬁéla?‘?‘\/es t he
con’potsi tion 50\/\iafn£i&oi h&y&l&@ﬁfﬂﬂ@ﬁﬂ 1éfstgt|§v8rlk§pamd ad@Fpitixh Bgp ﬁ)lﬁk)djbfegqneﬂ’agnﬁtﬂ ting in
a conti nuous po ore.ne an be used to
characteri ze po’ft%})rreﬁ2 ‘gﬂﬁmli“f?o? ﬁlcc?nég I agﬁgveg qul %aii%%&ﬁnﬁoaﬁcet%r Suth as

t hose r epo:te]g hjec&mrtamgrwre that \alﬂlJ;eshrf uRizgd?aug thémgurggcoomnmnd(irgag%ﬂ]s fS olr
measurement of 98 ROLRLLAN Jhi BOIE Be Yol €5 GoflESAot ePOlM SO! -
Part B: Pohm , c 6 ﬁese ni ques are uSed to

det ernmi ne an eqes ¢qnb>ﬂqtasim Vaothentndingntszof gizer préseul iavensar yadaectdribesrds pair by
10 plotting, 60n§@ﬂéa;gufp%mngsg A, RSSULS Alorfich QORKAN o PHRESALY

Furt her nor e, rium can be neasured whi ch provides
i nsight into cy@P(buIthréscﬂatﬁata mg;wbeandgbapmtwncylihel beap gt GHNp Y esses.

Thi s makes SmG%Jpn@J'm‘aﬁWﬁlad!@hh&u AbAGIE limkad 100 WalkE Qe vhfdr thamsbudy of
fi ber sorbents. This approach has JiM Laii OEIN which limit if mainly to a.

first cut charagt®inegesitseof oian CWIPP?FY erpRogimegt HstPrisent iyARfiony & lSrr19d| at ed
i nsi de the sorplib@d &xsbiethe BaeANABY of tRepleMBE e fiters010 af &l for-based em  but

i nstead 3. hatch stem so convective nmass transf i sta do not
conic into pPay?ds ﬁ%qoﬁ}taCtWrﬁogr}?fdf@ A PERBON AR S '62'886‘16 ugige E’f’?egcts of
conpetitive sor g0 @nhecABMADY ob Ebac ¢S £lbef-dbised 2BorpXAMBh&ci@d: 208IfBEFOSYS EM
DESI GN | 0911A pﬁst conbustion carbon capture system was desi gned based on

a mixed matrix NOPPOW fiber platform The mixed matrix hol | ow fi ber

platform was [066] One of skill in the art would realize that eventually, the adsorption

material of a fiber-based adsorption contactor (e.g., the first contactor) approaches
20  saturation, and an adsorption front breaks through the contactor, resulting in the
amount 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.c., after a single regeneration of the bed. The use of a

30  plurality of contactors (i.e., third, fourth, fifth, etc.) in addition to a first and second
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chosen for several reasons. First, higher sorption efficiencies can be
achieved by utilizing the hollow fiber norphology for supplying cooling
agents in the bore of the 25 fiber during sorption and healing agents in

t he bore during desorption. Secondly, the thin porous walls of the fiber
allow for very rapid heat and mass transfer tinmes, a necessity in such
demandi ng feeds. Finally, in. the design, the heating and cooling agents in
the fibets can sinply he steam and water, therefore renoving any waste
byproducts aaaociated with the system [92] The fi ber system was desi gned
using a two bed systemw th no guard bed hr a pseudo-steady state

conti nuous operation. The bed actively sorbing CO? will have |iquid water
passi ng through E(hﬁic!%p&ﬁ%r&fdetcbﬁlnfldnh%f‘o%ewﬁ?@qkbiﬁll)bipndm@a@&de%Eﬂ’acﬂ&p@&lr bi ng
wi || have steam RSSSIE%(thrOU h the bore of the fibers, as seen In Figure
4, below. |n bot RMgishdter fppregroeratignititne v i nper meabl e | unen | ayer prevents
exchange between e flu as_and the ansfer water, or.steam streans.
Duri ng soiption, [O%?]ue ga[s:i‘1 g’éeglé’gg(/gpb%%%enf’i Eerﬂ’fmimilu SYIE  AGELRYOP RRP Kt
exchanger arr angemgnises rapi® 8yclebhé adsgption us@desbxpnort hlIeWﬂEBIC@l& timaproees660 MWV PC
power stationg T elf h ber nt
system was conS| %’?eﬁlti%\%fgﬂa%ldcc ﬂgh%:l?%’ﬂ?mf?%e“ it qlégg A) %CC!Q g aptSi oyﬁ?eand
conprises 1M S@Wﬁﬁ@éﬁlnﬁ@smnmmaﬁm@mw@ thixf dls_“E‘lOiuratlmeﬁamSame a
tenperature of S5Qfiy tﬁ@Yﬁ[e"’}lme%%En ARSLGR LARROh AbRLSIWRLR abdiPORGRRAsed on
current technol ogi es and cost considerations. A paranount goal was the

m ni m zation of ¢MHess Biaeakayt béfuEspoidess thee 2bquy@S griantes;THEvEa9E fost HarcBRyr ess

such enor mous quaps infnb@$ 1Ahin BdSoaRtenNEANe ML EVENHRH ARSHERSaRAS e @iSdeder ed to
he 15 prohi bi él vel y hi Al so, to reduce, sequestration costs and

h
emi ssions, tH8 cHPPET & ‘Bf*\‘ P%F”ér%‘i?s%é’“@%td‘ﬂ]ﬁc%% OF 2rRTGHET SWIRBN2 P8 pr oduct
gas bei ng at as hih@h Th@e RSHbiIAKICAS oP PSSdssek Qre fefeRdd ky/ hertéift ab iRmhdl B@ingdesi gn,
the mass transfer rate within the fi S maxim zed to acconmoda ate the
i gh Super {1 ¢; al PUERSGITy > SRS TRng ABETE] REMI CRB® P0G YA Mfhese and
ot her constrai nt sgavergomydpi M zed with respect to mnimzing the 20pressure
drop of the flue gas. [94] An immpon.anl. factor for many established
power stations id68lhe folotpriynasesf thpdivwi lofred dorr whobent r@ampetionmayfigct or s
constraint s Gonshdaiay hPGinfl ReliroB6! holcthtBsh sCRIEHIA EphchP 1 P8e 'nﬁrge at 12
|nlong, 32 in MB a t hough i n conparison to am ne stry
facilities this 11@121"41 Iﬁlé&%h ‘ﬁléﬂst’é“@m |desirable gmpaye asl’thfiﬂtﬁbpﬁﬁm'@\}@tséM@S

typically has sixysagsopRes shifdM bibrafy e 3oRIREs £ inkRe F@Bhe/RAGE M tionSIhsseSENI - €an
strippers (Wwth a dianeter of 20 feet each), and three%ean stri pers (each

with a di aneter ¥ Berecgling phaspe i“bﬁ‘é‘i’b°§5¥“§%‘?ﬁ“PFa%‘eS§mf16\t?Pmﬁ‘r f Rluradjpy of
approxi nat el y 30&nfhé‘t3rs\6hl@g&ﬁ1&i atifdepriafaR @omi¢ &b EIN st fa%hlﬁﬁl(éﬁchnhdt e Bdst-

approxi matel y 600nc,, In order to mnimze re dr e adto be
oy 120kt 1 1. bl R e e (1B BB R s e o 010
the fibers bei ngunltZi@QOinenvwill 66 8ext tid1Be mgaia&tedofmfand)mmmbadhnm ﬁasdsbgbmg

determned to he3 n, fib his is n ans
smal |, industri al- %ggcﬁhne&ed %a%;@ & ﬂtha{ae he\s/gggr%n cc%grslt “dOnLs reri“f%f’{ergn

fi bers so the nfagber is not unreasonabl e for such a large feed stream

The next determ nati on to be nade was the choi ce of sorhent and the anount
of sorbent to belflsper i@ gt Or tstek ot yiprgamittqdpiar a - wige vpoety af dgulabtigf 65 w %
sorbent in the fibRESs WaSsEEbr MR daQistitcallLAREH msvéaﬁodpﬁérg%re%&e &@paci tins
per fiber. The fjber inner dianmeter was set at 320 mi crons. This |large

ODI sl | 1D fibeft SREHYHFsgrRa8 PR Hivo 12ERaepiie s ol The venreeturs af e Muestints of coe
to be. captured mﬁau&lnbﬁangwﬁdm dbolith 80 @@lagdmgso)nstmab@tp&anyﬁ%ﬁes@mtbent

choi ces were ini |aII r q% t edI{fICUt mentation
and avai ani i tyPosred i PURbERaT A oARET 7Re vhedaret iramie 1S i Bedi
remove SOx. The gaseous components of flue gas generally comprise Ny, O,, CO,,

30 and H,O, among others. Small quantities of pollutants such as NOx and SOx are also
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.ncustry standard for CO2 sorption, Zeolite 13X. In conparison, wth other
sorbents, its capacity for CO2 was quite high and its heat of sorption was
low. in Table 1, the various soitent qualities are conpared. The next
sorbent choice was high-silica MEL This sot-bent offer: the advantage that
it is %ely hydrophobic, has a | ower heat of sorption than | KC and
Conparable CO, capacities. Finally, a third sotbent ChQ CC |s was ani nes
grafted onto mesoporous silica. These am ne-based sorbents offer the
significant advantage that CO, sorption capacity increases in wet feeds
such as flue gas. These sor bents however usual ly have much hi gher heats of
sorption than either 13X or and as such., note _desorptio steam and
nore cool i ng wap&n R}iﬁﬁﬂltd%‘:ﬁ’wﬂﬁ%"éﬂ”‘t e Speeatis tptrals st 8° BuiPtiehnor e,

si gnificant resgane® ishioul 1518QHSE Lad b0 2Ayslang id e Hefestabsue0t hdlstabi | ity

of these anchored am nes under | on erm oper at itions,. TABLE 1
Sor bent Zeol i t 8%t 1> Hl"laf-ff"gﬂhgfoﬁl %ﬁ}af\f@mqn Aty © i\%g? égd“?fﬂweﬁ Bes 0. 66

CO2 Dry Sorpti OfboGadrae ivheh i sbibtiohérgd céilistion piddceddiie sBok gbd 0w iCapaldi ty
[annio]igl, éocless 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,
10  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
15  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
20  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

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

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

30 more adsorbent materials. In an embodiment of the present invention, CO; is
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0.09 0.73 Heat of Sorption Wnolj -369000 -26.000 -55,000 Diffusion
Coefficient letn2i.s1 1.8x105 9x104 Finally, the sorberit ioading in the
fiber was a determining factor, and 75 wt % | oadi ng of sotbent in the fiber
was chosen as an attai nabl e goal based on sone. prelimnary spinning
screening studies. (0961Using the sorption propenies of MFT, cycle
properties of the WES A fiber 5 systemcan be determ ned. A typical 500 MWV
power plant releases 9.2 tons of CO, per mnute, anci by doing a sinple
mass bal ance over the system the amount of CO2 captured per cycle can be
found as well as the cycle time. Assum ng that the heat of desorption
during the sorption step noderates the tenperature of the sorbents such

that they only expari®ensq falerrgﬂelrsa%ed LRRpPatdk ol PréS&, thatNehASysSH&har t he
CO, sorbent 10will only be at 50 'C and. sorption will occur at 35 'C

Therefore: Gapac relgmatl . &n _ak\fmé)ﬂ@ment of the present invention, a method can further
comprise the removal of the water in a flue gas. In yet another embodiment of the

present 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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at 15C. 15 K155/ noie()1760fint g 44 EGO Log MEl ikg 046 gCO2. kg - MFI
180ntrefig c-amriot-MEl 1000genR13X at m Need 20 So the system pi cks up:
&CO, 0. 15at m 1. 05xi 05cnBi 3X 25= (0.58-0.36)- cnB WMH -- atm (06 g GO 1 (Vele
From here, the cycle me was determi ned by determning the flue gas CO2 fl ow
rate:

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 conmtactor. 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.

25



359 scf saixl O scin thinoi 454inoi thnmoi =1 ,..7 x10 itm mn 0.15x1 .27
Xi/ mn- 44 --- 8.35x106g CO,/ mn not 147 x1.0" g cyclesec CO. 2-60-
24.9sec 8.35406g CO nmn 5A cycle time of 25 seconds is very rapid
considering that typical TSA siripping facilities have cycle tines ranging
fromseveral hours to days. This rapid cycle tinme inplies that sorhate
contact tine wth the sorbent win. be short, To determne this, the
superficial velocity was cal cul ated, as can be seen bel ow. (50+271V 1
flue273 Al 5, From here, the contact tinme was found to be 4.3 seconds
(39.41t path length, with a velocity of 9.25 fps). This sets the upper
limt of tinme available for nmass transport in a fiber.

[080] In various embodiments of the present invention, the processed flue gas
exiting the adsorption contactor can be dehydrated to below about 400 ppm, or below
about 50 ppm, or below about 20 ppm water content during at least one point during

the adsorption cycle.

5 [081] When a contactor removes a significant fraction (e.g., greater than about
75%) of CO, and water from a flue gas, an embodiment of the present invention 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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[097] Once the fiber manifold and the fiber sorhents were sized, the
pressure S drop of the flue gas through the bed could be calculated To

m nimze pressure drop while providing good nass transfer, the cross-fl ow
heat exchanger flow pattern was chosen, and the pressure drop across fiber
bed coul d cal cul ated Using the equation for pressure change across tube

bundl es, Dvvfuefil..200.40ifoti-)H (9,251ks 3 .,. Re :7.:( 411.022x10-'s
2.0x10-ti T [his is of the order of nagnitude of the dansition region for
flow through a fiber bed, therefore- that case was used (which wll result
in a conservatively higher pressure drop). 25 j;=a 43 N.- is a neasure of
how many obstacles a typical "packet" of gas will bunp run through the
mani fold. This mgcr@gtniqdﬁip@@nagr, alterations that may suggest themselves to those skilled in

the art.

[087] The present invention is further illustrated by way of the examples

contained herein, which are provided for clarity of understanding. The exemplary
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 turther divided into the metastable region and the unstable
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W.Nfold I p'norrul =de where LO is he dinension of an. obstaiction.
containing cell. Once this characteristic 10 di nensi on was found, the
nunber of obsfructions was estinmated sinply as Lo The resulting pressure
drop was found to be 0.15 atm In order to conpress the feed gas to 1.15
atm an additional draft fan woul d be needed, or a positive displacenent

bl ower. 1109810F concern for actual retrofits is the carbon capture system
parasitic load on the power station. Two of the main parasitic |oads found
in this systemwere the use of steam and the addition of another cooling
tower. To determ ne the total 20 ampbunt of steam and water required,

mat eri al and energy bal ances were perfornmed over the system dUEling the

sontion and desogpRidddNesibiePSpin Aolhlidds GRl miRAtcheX&NANAREiARRES S heAleof 5 ' C
was chosen for the sorption step”"knbient condition water at 25 CC was

assuned to be he8iagyreeiep nes the binggljl ligey Ruring{hs spinngPreejecrges " S8 suned to
be cool ed from BOmhd @adhation bab diiles XkQOmB&ition towaAdk)BelOA-phgse FtgionDhnd | ue

(:Q:-L?LZ%J/S%E %0'-' :< }A\il;cl’;ﬂf%ﬂgnd: &éng)g{lgléc(gl?m,qghlti%n a/comnﬂouélplﬂyn%gf p(c))(r)eon%tvs{orkr.Tal
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. Tirst, 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 steain and water, therefore removing any waste by-

products associated with the system.
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Since the heat added via sorption is renoved by the water in the bore,

those heats were set equal and the required anobunt o
determ ned. Q V,uu-Zoipror = thlib2ferC Pirosi = 4,1
=15K C= 80W i kg K =1.,600.1 / kg K =1,05 x1OGsMET
; 1.29g = 4.6x10 cen- s 55,200kg it,21" =10 ic =2 .5

f cooling water was

84J /| kg -K =15K A71,",
1.6g - 16, 00kg 3 CF?
.X1.05 kg ants =

56000gpm The resulting water flow rate of 56,000 gpmrepresents a

significant capital investnment due to ducting requir
desorption, the steam was assuned to have a latent e
steam as a worst case approximation. Furthernore, th
assuned to lose nore of its specific heat, 10 coolin
bei ng punped batR2i nt o Threfiker svterc Brfderigrad usipg tadiypib

enments. During

nt hal py of exhaust

e condensed steam was
down to 40 C before

tHEMpBlere &1kt i on

Hi gher qual ity sde@im Widulo- ¢ sht @Minub@adpefadh. DencusAdciiveRedopity @] ow ng

for less steamto be used, though at a hi gher cost

unl ess waste steami s

avai | abl e. QppoPilLive figdd fgier BasEPHTzen §15 oFestoh e f1PetaiY BePIAHYY exi st .

ravn = co 2Al | gestibMh &l halk klehh GhssiEEMeSigh the bore of the fibers, as seen in Figure 4,
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below. In both cases, the essentially impermeable lumen layer prevents exchange
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
pulverized coal power station and comprises 1M SCFM feed, 15 mol% CO,, a
pressure of 1.1 atm, and at a temperature of 50°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
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

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
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
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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158. 35x106RCO2 | moi GO. train 25sec 79, 000nmot -CO. -m n44g 60sec cyclecycle

=>Q',," =5.61:dlr.! cycle For the systemto he in equilibriumin each
cycle, the anount of heat renoved by the steam nust equal the anount of
heat required for desorption. lithe low quality steam does not supply

enough | atent heat, then we assune the steamw || condense, and we have
taken a value of a 60K drop in tenperature for the condensed steamto be
reasonabl e for the case of |ow quality steam used as the desoiption heat
source. nl)",zr,SW/cp at' 1. 711.31=w/Q SeeerreArS2carna aig(1l Allur = 2
,25 0 ,0 OD Jr kg or. at 25 sec at 0.42 mn =2050P kg K ar"= 00K .= 53(X)kg
5[099] Thi s nunber was used to determine the parasitic |oad on the power

station efficienger mbaglePERTSMAR 166 ARG, &Ftht QuiRbHIR {dd eSBasbedle b ansf er
fluids through. the bores of the fibers can be cal cul ated using the

Hagen- Poi seui | | eS%takFgederd s5€8knmi ng i nconpressi bl e fl ow and Newt oni an
fluids. The stea equi r‘f“@e er égn. O{i C%Oﬁ) caﬁt uragqleicﬁoizge gfss%;bléllt ;ﬁﬁrﬁ%ari son
bet ween differ en[ﬁbé]ar bon a%tthié Falngs"ahd"
amount of sorbent to be dispersed into the polymer fiber matrix. A goal of 65 wt%
5 sorbent in the fibers was set due to 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 MFI.
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 MFl | Anchored Amines
CO2 Dry Sorption Capacity
[mmol/g], 40°C 14 1.55 0.66
CO2 Wet Sorption Capacity
[mmol/g], 40°C 0.09 - Bi5
Heat of Sorption [J/mol] -36,000 -26,000 -55,000
Diffusion Coefficient [cm?%/s] 1.8x10° 9x10” -
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10can be cal cul ated as, 5300kg am m n 907,5kg 11? CO Czp lured8.5ton mll
The | ow steamrequirenments of the fiber sorbent system exenplifies the one
of the main advantages of this technology. Traditional gas-liquid am ne

contactors have regeneration requirenents of 1.3-1.5 tons of steam per ton

of CO2. 15[0100]Water wi Il have a substantially higher pressure drop than
therefore, water was used to determ ne the pressure drop in the

st eam
bor es.

2, 140

kg I mn 1000k,c) / 8280c=138cms (31.8.);10)(1c (160x10 4

CO 104...1)2 le:teLP 13E:c4 (0.0048g | cm Make 623kPe:e = 90, 37 nsi a

5aeil s.

10

15

25

Finally, the sorbent loading in the fiber was a determining factor, and 75 wt% loading
of sorbent in the fiber was chosen as an attainable goal based on some preliminary
spinning screening studies.

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

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

Capacity=(Kp ss:c —Kp so°c )P cozVsorben:
at 15°C:

_1.55molCO, _ 160mmHg _ 44gCO, 1.6g ~-MFI lkg _ ., gCO,
boc ™ ko — MFI 180mmHg —atm gmol cm®—MFI 1000g —  cm'13X —atm

Need Kps0:c, K ssec,

1ol Koswe | _=AHgop[ 1 1 }:m K, soc =26,000[ 11 }
Ky e R 323Kk 313K 046 | 8314 [323K 313K
gCO,

cm’13X —atm

1n] Koawe :—AHSORP[ 11 }:m Ky e =26,000[ 11 }
Kp e R [308K 313K 046 | 8.314 308K 313K
8CO,

cm’13X —atm

= K sc =036

= K, 15 =0.58

So the system picks up:

gCo, 0.15atm 1.05x10%°cm®13X
cm’MFI — atm

Meon e = (0.58—0.36) =3.47x10%g CO, I cycle

From here, the cycle time was determined by determining the flue gas CO, flow rate:
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5(x10 ciei)" 1C Since the steam k assuned to condense in the bores
during the desorption step, the pressure drop required will be negligible
in conparison to that for the water used. in the bores during the sorption
part of the cycle. [0101] One of the nmany issues associated with the fiber
sarbent systemdesign 5 was the t; ne require-41 for heat and nass
transfer. Mass transfer correlations for |amnar flow past tube huudies
were used to (tete:mne the nass transfer criefficiemof CO2 through the
fiber wall. 0.3; k'd=0.82.R Re =360 0.2cnR is [18] 0.2cin 2:ri 0-4 ic. =
0.82. 360"'" 1200; 510-4cm'Ladtli Moreover, one can estimate the effective
diffusivity in ther o DAyediber. /0v - 3

Ibmol 454mol
359scf Ilbmol
Mg, =0.15x1.27x10° mol / min- 44% =8.35x10°g CO, /min

mo
6
5= 3.47x10 6g Cco, /cy%‘le .60 se.c — 24 9sec
8.35x10° g CO, / min min

o= 1x10% scfin =1.27x10°mol / min

5 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.

50+ 27 |
Ve = (%J(I%Jnoﬁ scfin = 0.79x10° actual cfin

6
10 Yos = \ _ 0.79x10° acfm : = 9.5 fs

e, . A B
Manifold*"x, flue 0.88-(6006mx25000m)/ 30.482(cm J'6OSCC

2

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

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

a fiber.

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

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

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

pressure change across tube bundles.

_DyVriePpe _ (1200107 em) - (9.25 fps - 30.48)(1.022x107 g /em?)

20 Re
A, 2.0x10 g/em—s

=172

This is of the order of magnitude of the transition region for flow through a fiber bed,
therefore that case was used (which will result in a conservatively higher pressure
drop).
25
014
AP _ 4ffNrpﬂueV]21ue [ju; J
Fue — A~ |
zg c xlb
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= 0.50 =0.0330n2 s Fromthis, the extent of external nass versus internal
mass transfer limtations was calculated. KB, (0.58 - 0.36)8CQ2 nol [|atm
83.14 323K =133 cin'illF/ -arm44g 1.01lbar 23.8cmit s(440x10-4 cnm) 132
(0.033ere s) 15The a value was found to be low, indicating external nmass
transfer limtations The tine :or 90% saturation was found to be

approxi mately 0.55 seconds, thus setting the m nimumrequired contact tine.
To further ensure the validity of this earhon capture approach, the tine
required for thermal equilibriumin the fibers nust be calculated. As a
limting case, the flow was assuned to be fully devel oped such that the
Nusselt nunmber was set. =0.6

£~0.43

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

5  run through the manifold. This was estimated as,

— 2
W, nifold ’ lemifold - Nﬁbcrs : LO

mai

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

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

N, = imLOf—"‘ =2,000
The resulting pressure drop was found to be 0.15 atm. In order to compress the feed

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

20 amount of steam and water required, material and energy balances were performed
over the system during the sorption and desorption steps. A typical heat exchanger
approach AT of 5 °C was chosen for the sorption step. Ambient condition water at 25
°C was assumed to be heated to 35 °C, while the shell-side flue gas was assumed to
be cooled from 50 °C to 40 °C.

25
QSorpriou = ’hﬂueCP,FlueATFlue + ﬁC02AHs

i, =1x10°s¢fin = 4.06x10% kg / min of flue
Co e =10427 kg - K
AT, =10K
oo, =1.86x10° mol - CO, / min
AH  =26,000J / mol
= Qsorption = 5.57x10°J / min
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- (0.64Wi nt

conduciivity of the fiber wall

K) h=5000 -4r (440.t10 et/1.'130) PM The effective thernal

t he pol yner thennal conductivity, the sorbent particles, and the air
voi d spaces and was estinmated to be 2.45 WinK. Heat transfer charts were

enployed to determine the tinme for thermal

was then determ ned as a wei ghted average of

in the

equilibfiumin the fiber walls.

10 Relative resistance [18] : m= ki 2.4r, trz- K=1.25 5000, (440 - 10-D

m nr K

position

n

Di stance fromcenter of fiber wall Relative

=0

Since the heat added via sorption is removed by the water in the bore, those heats

were set equal and the required amount of cooling water was determined.

Quver = Lsorpuon = Maier Cr waier D waier = Masia Cp parr Blagrr = Moty Cop gty BT oy
Couer =4184J 1 kg — K
AT, =15K
AT, =15K
Cpum =800J /kg-K
Cr o, =1,600J / kg - K
1.6g

cm’®

My, =1.05x10% cm® MFI -

=168,000kg

m, =4.6x107cm® =28 = 55, 200kg
cm

AT,.. =10K

Water

= rity,,,, =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 =R AH s + My CP,MFI ATy + LIPS CP,pa!yATpoly

15 _ 835x10°¢CO, 1molCO, Imin 25sec _ 79,000mol - CO,

Reor =

min 44g  60sec cycle B cycle
= Qreop =5.61210° T [ cycle

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

does not supply enough latent heat, then we assume the steam will condense, and we
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Fi ber wall half thickness Unacconplished change in tenperature = 0.1%

emmM threbiu. :=> 12 =7.93x1015n2 itr apo(snmer 11- (440 X10-4 ClPai wuitibth
- 0.027 sec ens 7.93x1.0-5 nr2 s The tinme for equilibriumwas determned to
be 0.027 seconds, which shows that the rapid thermal cycles required are
possi ble. This result also denonstrates that the tine required for the. CO2
to locally sorb into the sieve enbedded in the wall is not 15 sirrnificant.
The MEI panicles were assuned to be 3 microneter spheres (or cubes), and
then tinme for the sieves to reach 99% of the ultinmate equilibrium]l oading
was cal culated. DCO2 _Mg -9x10" CM 2/3 At 99% upt ake, 0. 75R

have taken a value of a 60°K drop in temperature for the condensed steam to be
reasonable for the case of low quality steam used as the desorption heat source.
Qsteam = MamAH gy & + 11,0 C o st amA T s1am = Qi
AH,  =2250,000J/ kg
& = 25sec =0.42min
Ch seam =2050J / kg - K
AT, .. = 60K

Steamn

= 1, =5,300kg / min

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

min 907.5kg ..
= =(.69
8.5ton -
min
The low steam requirements of the fiber sorbent system exemplifies the one of the

7]

steam

Mo, Captured

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.

Moy _2.1x105 kg / min
a
Vitaser = Lo _ 5 1000kg /m» 2 — =8280cm/ min =138cm/ s
A . (3L8x10° )7 - (160x10 “cm/100))

RZAP

Varer =
4,
‘Tiber

AP, = Yo <AL, _ 138cm/ s-4-(0.0048g / cm — s)(600cm) = 623kPa =90.37 psia = Saim

Waier Riz (160x10_4 C”l)z -10
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0. 752(1.5x10 enx12 1== 0.014sec 9AT-20t? [0103]If the particles were 0.3
mcrons, this tine scale would be even nore 5 insignificant. Therefore the
maj or resistance found was the gas phase resistance. A further check was
that of the fiber sorbents strength, perforned to determne the viability
of the fiber sorbent system The Von Msen Criterion was used to determ ne
if the fibers could withstand the shell side pressures as well as the bore
side pressures. OD )2 10, Fiber sorbemyield stress = (1- 41.- =(1 -0.50)(1
-0.7) - 40MPa 6MPa 10132.5 .c.t5M Prt

Since the steam is assumed to condense in the bores during the desorption step, the

pressure drop required will be negligible in comparison 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 system design
5 was the time required for heat and mass transfer. Mass transfer correlations for

laminar flow past tube bundles were used to determine the mass transfer coefficient of

CO; through the fiber wall.

0.33
kd 082 Rc”z[le
DAB pDAB

Re =360
Doy na =0.2cm™>/ s [18]
0.2cm* /s 2x107*

° " 1200x10* cm 1.3x107-0.2
Moreover, one can estimate the effective diffusivity in the porous fiber wall, viz,

(.33
-0.82-360"° [ J =23.8cm/ s

DAﬂgﬁber
T

D =

10 7T~3
€ per =0.50
D, =0.033cm’ /s
From this, the extent of external mass versus internal mass transfer limitations was
calculated.
- kCl
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)

o

=133

=0.24

15  The « value was found to be low, indicating external mass transfer limitations. The
time for 90% saturation was found to be approximately 0.55 seconds, thus setting the
minimum required contact time. To further ensure the validity of this carbon capture
approach, the time required for thermal equilibrium in the fibers must be calculated.
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2.06MPa 6MPa Using a cellulose yield stress of 40 MPa, the fibers still
hold for both flow conditions. [0104] To ease conpression costs, producing
high purity CO2 at pressure was the highest pressure possible is i MpQtant,
since conpression costs typically scale inversely with the order of

magni tude of the initial pressure. After the sorption step ends, and the
desorption step begins, the interstitial. spaces between the fibers were
assunmed to be filled with flue gas (15 non CO2). and the danper val ves

cl osed. As steamflows through the bore. CO2 will begin to desorb and
pressurize. 0- nol 3.36x10 g,6,00urrun My 7: =5(PC = 323K V = (0.88)ri 200
x2500 x600enB8 =1.58x10 cm 83. 14ci n3bar 76, 00t hanoi 323K mol K
pc02= 1. 3bar =19apsiitingsas1H08M8 Wihessaaade be i dprelapedireh Brt DoNpstla al | ows
approxi mately 25% ek +thei gas to flow out due to pressure differences. To
flush out the rest, the desorption step will begin, and

Nt =3.44 = Cater )

waler

kpprer = 0.64l
m-K
_ 3.44-(0.6:1‘W/m-K) = 5000 x:/
(440x10"cm /100) m-K
5
[0102] The effective thermal conductivity of the fiber wall was then determined
as a weighted average of the polymer thermal conductivity, the sorbent particles, and
the air in the void spaces and was estimated to be 2.45 W/m-K. Heat transfer charts
were employed to determine the time for thermal equilibrium in the fiber walls.
10

. . kﬁber
Relative resistance[18]:m =

fiber (lflbcr wall )

245

m= m:-K =1.25
5000 K(440 10m)

. . Distance from center of fiber wall
Relative position : n = - - =0
Fiber wall half thickness

Unaccomplished change in temperature =0.1%

apolymzr l'2tequiﬁbn'um = 1 1

=7.93x10"m* /s

. _ 11 (440x10~* em /100)*
equiibriam 7.93x107°m* / s

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

=

a

polymer

=0.027 sec

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

calculated.
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5 the pressure differential will push out the rest of the product gas at
at nospheric pressure. There are certainly possibilities for flue gas
recycle streans to aid in the desorption skip. From here, the CO, product
gas will be pressurized and sent to sequestration facilities. An overview
of the systemcan be seen in Figures 5 and 6. Several unit operations were
added to a typical power station, including water punps, 10 a second
cooling tower, two fans in series, and a sequestration conpressor. As can
be seen fromthe process integration diagram, this systemcan easily he
retrofitted onto I1i GCC and MCC plants. [0105]In the design of the FTSA
system the OD and Mof the fibers as weli as the sorbents were chosen to
suit the system design however, fuigher, iBd,e51al2415 identification was
needed. To conplete the system design. the pro er fiber materials and
construction of the fiber neede b é,,t,;o t he system requirenents.
The first choice nade was the c%&égge gafkngt7$ k2 Two candi dates were
consi dered, HydrinQ and cell ut h887§£iF§ e, The first the el astomer

kl ydrintD, was considered due to= Heml properties. IlydrinaD
has many i ssues, however, mainly i n9’flﬂec'20”d| fficulty associated with

spi nni ng el ast ongr. Thelfqext CfilOI ce, gel | ul Oﬁ] aceta]t s chosen as a
nodel gl assy pol 1 quelt PRSI AL &f MHE7aRs TS 159 atey Ao Eh S
research perfbr ntasigmﬁcahheltpqurmmnajantrd;shanaasﬁo@n vcaeltﬂetgamglasmettatce has a
hi gh Tg which w ]| . al i it hstan t her

associated with %"ﬁtg&é%% Vg%stﬁl%ngw%ﬁgef sgrb% : Str n? srg)%éécggoa e}e/e I rltle ttlhe id
condi ti ons dr opsvieslsiotlde Sbirygorbemeystehie Toé Nemmemﬂntehorswasemﬁ tp detérgriieher
study. [010The Eﬂ?&%b@@%&ﬁlﬁw%ﬁﬁ%&l@&&h g égﬁrcstﬁ%vehgg lhgt%rtaktgce Bssias the
or g, ani ehnorgani e I nterface norphol ogy A or der to maxim ze nass tansfer
rates to the sorbents, the "sieve in a cage" norphol ogy was chosen as a
goal. "Sieve in a. cage is a phenonenon vvhere the filler particles are

poorly adhered (or oﬁl her t'he pol ymer matrix. (See,
Figure 7). Polymef.,f|i APt jh};ﬁ S wel I as polymer stress
accunul ati onégurl ng elfv ijev he c%use behi nd

"sieve in a 011)710;1 ect of the fi be% g‘ird‘f{s’f"é)’te fress
d

cumn:in:ion of the .iumen si atrier Iayer and the choice of materi al
for this bather Iayer S were onS| ger ed for constructing
this bather |ayer: dual Igﬂf’é’s"ébﬁf”rﬁ‘ﬁ%ij’eé’ p6 Hor&at nent procedures. Dual
| ayer spinning allows lunmen |ayer to be digegkhy -gyrgadtb.as the hol |l ow
fiber is formng. This exanple focused omt treatrrent of the :fibers.
Posttreat ment nmethods typically involve ‘g the outside of the. fiber

wi th an appropriate caul ki Bg (EOI% r.(if this design, the post-treat:nerit
woul d take place 15 irs)|de te> g‘rie?’[ o th 3.%5) ge . Poi yvi nyl i dene
dichloride (P s/DC) la I‘'nl capdidat @ppr this
application. The polyner has very{1tﬁN-V\at er and gas perneation rates, and
sufficient heat resistance for the rapid thermal cycles in this system 70
EXAMPLE 3: EXPERI MENTAL METHODOLOGY 2.06MPa < 6MPa

15

Using a cellulose yield stress of 40 MPa, the tibers 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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[ 0108] N- et hyl pyrrol odi ne (np) (Reasenrphi sTm 99% Sigma-Aldrich,
M | waukee, WO was used as the solvent in the polynmer solutions because it
is mscible in water and a strong solvent for cellul ose acetate, Methanol
(99.8% ACS Reagent, Sigma-Aldrich) and hexanes (ACS Reagent, >98.5%
Baker) were used for 25 the solvent exchange portion of she fiber
1/ 01TE33. 600. Met hanol was used to renove excess water fromthe fibers, and
hexarie,s were used to exchange excess nmethanol fromthe fibers. The intent
is to replace high surface tension fluids with | ower sutface tension fluids
to prevent capillary forces fromcollapsing the pore str.1CUP.7 during
drying. Al solvents and non-sol vents were used as-received wth no
purification or .30nodification 1191 ite 13X (1-3 micron particles.
Si gma- Ali : hid) was chose’l"Foasbwt??é‘g(B‘{l)&lﬁe,Tgﬁ%g%b%""zi spersed into the pol yner
matri x. Once received, tpg pgact_egn\yere dried at 230C to drive off any excess
organi cs from synt hesi s. Afs er drying, the zeolites were allowed to
saturate with hunmid air.VTH-88)wa80:Q6vx60tmpréwerf’ afie S zeol ites from
adsorbing NNIP or water in the (fOI z/)rggm@,pb&p:i ons and novi ng the sol ution

A

1

away fromthe binodal [0110] @&f se acet at @3V 60, 000, S na- Al citi gh)
and PVP (MW 55, 000, Si gn&oﬁwwm—w%e—mwﬁb?@raéw'i n this exanple.
Al polyners were dried in vacuum a for one day to drive off sorbed

water. After drYhdi@sorbit® RS 3 O MB¥Eafhkdx@Rdidly 250 dethe to& bR out
e o g e 5 B e e i e
cel | ul ose acet athe frishet SiffeRYINT WiBtpRxh v@sShs wRpbi &d PhyduSodaVian ahesresal s,
[0111] A fiber SBriepsQrie.n gl'h@l%%?er %E'tléligly\l\p%gsibql?tleeg féroﬂu% rg%a ;[egyciehs%rezn%lsht%raids ﬁ)lrt ee nts. The
desorption step. From here, the CO, product gas will be pressurized and sent to
sequestration facilities. An overview of the system can be seen in Figures 5 and 6.
Several unit operations were added to a typical power station, including water pumps,
10  asecond cooling tower, two fans in series, and a sequestration compressor. As can be
seen from the process integration diagram, this system can easily be retrofitted onto
NGCC and IGCC plants.
[0105] In the design of the RTSA system, the OD and ID of the fibers as well as
the sorbents were chosen to suit the system design; however, further material
15  identification was needed. To complete the system design the proper fiber materials
and construction of the fiber needed to be matched to the system requirements. The
first choice made was the choice of polymer. Two candidates were considered,
Hydrin©, and cellulose acetate. The first, the elastomer Hydrin©, was considered due
to its robust physical properties. Hydrin© has many issues, however, mainly in the
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.
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apparatus was designed and built in such a way that It enulates industrial
fiber 15 systens and is readily seal able. Recently, many spinning apparat us
have been utilizing dual-laver spinnerets such that two polynmer |ayers may
be spun in contact at the sanme tinme, with one polyner serving as the core

| ayer and other acting as the separating sheath |ayer. The pol yner-sorbent
spi n dopes were prepared by m xi ng 80% of the required anounts of NNW and
de-ionized water into a 11 glass jar sealed 20 with a PUT eap. A prinme dope
was nmade by m xi ng 20% of the required amounts of NNWand water into a 500
m glass jar with PIPE cap. Next, 20% of the required anmount of dri ed.

cel lul ose acetate and PVP were added to the solution. The solution was

m xed on a rollefpigd) 50 The dedt idksiGOMBhRIRcH SOPI ML | MoV C ELErY Eas 4@0l i te
13X, at equilibriumw th anbient humidity conditions, was next. added to

the NM RPT120 25°%im4/mpiganicinieriacsipopliolgy-( FoRierT i/mAHRIZ S5, raptiRaAES t©
Leesburg, VA) 3 the BB®ertflinel sidveiat £cagbt RorphblseGiaR dhhreeaks goal hesipye ik

sol ution vvasthena,dedtothesnlcat sol utio nore saoni cation
cycles were perf&argﬁgﬁ 2 PheAyyqrgn v gf‘f& theg r‘?gﬂf Ri‘rﬁﬂegd?rfgaor@e%fiﬂ\,\%goé "Bc¥t%te and

PVP wer e added t adhtdee) td |ttre>polyﬁteﬁmamd pﬁteacmghrom) aPoryalet-&HeratcomPatibitiondsi |

conpl ete di ssol ution curred i.n, var n --selvent, and
30zeol ite conposi Fll?o were “na Stress & 86] l%nedrurﬁ{l éé)llvg’ﬁtexg’l g i b %]}%geed %?)e;ﬁﬁe
ternary system usuustg)ehlhdz“nﬂvguthqam”nt techni que to determ ne one-phase or

t wo- phase reginme. Pure 41 polyner solutions were nmade first to determ ne
the pure pol yner [B9Hodal Onopawecttohitle {es depigneis enepstructien plothy hved $¢ | i qui ds

ratio was held tpgiganer a@ie rcﬁ@ceNMDmk{t&ai'@Q thi®barRer¥aser. ekl hdiRasarR as the
zeolites were added in, These sang >}> dopes were | oa d |nto syringes and
Ib

ext ruded i nt d0Di coapgsres 96 s rUsHng, BisyPagist @Y% Fral kayrs SRipERgangPogsiragisnt
separation. 1011gdcelifves. poagﬁweesgaﬁﬁg/almrs pirh@nNiayeetid el dmaﬂy wsadd tag tgdet er m ne
t he sorption iso&(ﬂer of th E_Eer SO bent q and a sc errgti rcw?gf Ehe
sorption can be ﬁ“ﬁf‘ﬁﬂ’rné S?’F?@’p JPBEIIH RO iTeamia ok the {ihers < E¥Yi n
const ant tenper air¢itiRenOirhettddd hgpically tlﬁrolvleoaﬂhllﬂg thdheukidbeif doOrfibenvits anpl es,

the oil baths were set to 1101 12a a eII toa
vacuumto conpl eff é’f%P“aet%é%“&k“t‘geP %erceplthli/ggslgph efposletrrearsngrlljtb“éu?dst%ge ?1%0%

dryi ng step, 16heingii¢ thedbie ofiete fdet Rodyvali€nadidhlQ@R (WHEC) htex o'ds cedert & the
A I
reservoir (A) anﬁinegﬁ h'd%@f&rq_hlg%% ﬁgw ’I'hprp{)/lgm% ggfqtv@é lg\b%a]-ep%hd as

equi libriumwas esta pi e val briet opened to

i ntroduce the CCEeHiI@UPMGﬂ&fSI s suifisieplehrat BaiptpIce forrth‘érﬂpﬂefé@f[]lﬂewﬂ@%&ym@ver time
was recorded forgeagh expansion, and. froma nole 15 bal ance between the
two reservoirs, a sorption isot herm was generated. Fromthis, fiber

sortient kinetics can be neasured, as can the fiber sorbent isotherns. Due
to the constraints of the experinent, however, ir 113 MA possible to
noderate | ocab tAEANRLE e &8XKPERIMENBAMMERHADOROGYanpl e cell as in the

falct)gf‘l SOII’ E—er ﬁf\ssg\@t}@]} [ O&Jnige]t};gh%'rg){f‘o%intér mp)o r(&eaggrz%%&’t' i @%, Ogigﬁlp-gldﬁlfl,r eat ed
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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70 characterized using pure N2 and CO2 at born-side feed pressures of 20-30
psig. Sheflside perneate flow rates were neasured using bubble flow neters
every 45 mnutes until the readings were within 5% of the previous reading.
Treated fibers were neasured using pure 1 ,/2 and CO2 at bore-side feed
pressures of 70-80 psig, and perneate flow rates were by downstream
pressure transducers once steady stare was 25 achieved. -Scanning el ectron
m crosi opy (SEM was used to determ ne fiber sorbent pore structure,
polynmer-filler interfaces, and probe for |lunmen |ayer defects. Sol vent
exchanged fibers were soaked in hexane for 2 IDDMI|eS, transferred to
liquid N2, and sheared in half using two fine point tweezers. These fibers
wer e then sputt B0Yoat edeolifet IBXa(11D Qo particlési Slemgdiidrickbaei ehgsqModed P- S1,
TSE, Mountain Viey (A di@8leS0td APSEGRECHatQ Dnld BReilRSAL YRR Weke! d
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zeol i te | oadi NgcendiRsetibitie FOLM I PARC VRS wal ADBRARG SBNSECRmidalsS api d phase
separation conpared to other CA solutions and its high filler |oading.
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80% of the required amounts of NMP and de-ionized water into a 1 1 glass jar sealed

et

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,0O

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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1 Conponent Core Dope (wt% Paraneter CA 10 Core How Rate 100 PVP
| Bore How Rate 250 3X JO |Bore Conposition 80120: NMP11-120 Spin D nes

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,0
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

S  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 cach 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 (I.eo Electron Microscopy, Cambridge, UK).
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Spin States Conponent Core Dope (\sit% Parameter NMP H20 49.3 6.7
Operating Tenperature Take-up Rate 25t initriin

[0114] The post-treatment method was performed by diluting the PVDC latex
with the required amount of DI H,O (40 vol% latex, 60 vol% H»O). This diluted latex
was then loaded into an ISCO pump (Model 500DM, Isco, Lincoln, NE), and attached
to a fiber permeation module. The solution was pumped through the bore of the fibers

5 at 10 psig for 15 seconds. Then, the module was connected to a N, cylinder and
humid N, (50% R.H. was swept through the bores of the fibers at 30 psig for 10
minutes and the effluent R.H was 40%. This cycle was repeated twice. Finally, dry
N, was swept through the bores at 30 psig until the effluent R.H. was found to be 0%
(typically 1 hour).

10
EXAMPLE 4: ANALYSIS OF FIBER COMPOSITIONS
[0115] Using the cloud point techniques and syringe extrusion, the final
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.
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] The first series of spins concentrated on creating monolithic hollow
fibers at 75 wt% zeolite 13X. The main challenges were the phase separation time of
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,O
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Air Gap3 cm A deep coagul ation bath was used to provide nore time for the
nascent fibers to conpletely separate. The |ow rake up rates were used due
io the large OD requirenents, and the high extrusion rates were used to
mani pul ate the die swell of the line such that the fibers were initially
close to the required OD The bore fluid was chosen to be mainly NNIT' so
that the water would not rapidly phase separate the interior of the fiber
and renmove the poierthal for the fiber to drawn onto the drum. Finally,
the air gap was set very lowto enulate wet-spinning wthout actually
subnergi ng the spinneret and causi ng phase separation in the annul us.

Wet - spi nni ng 10was desirable so that non-sol vent evaporation could not

occur in the airgap (aSpidbdiey- Wet spinping) and §HLRyResdENSE Tayegr. The
resulting fibers—were foungd—to be n ';aLL¥_3LLgﬁ%Z§EEZMeLe_abLe_to go
t hrough nornal fi Kempensnt i ngopMepeddfes. [ OM SENl i fagesteof t hese filbers
reveal that many of he fiper design objectivepetrice achi eved., can be
seen in Figure 9 A "the fiper and I D are Tompghtase tp the"design |goal,
with the QD being 1H0 nicroneter’s, and the [ikehpiRag 300 nilLT ormiher s|.
Secondly, from Figure-9 B, | good -sot: bent (i spesisGem can| be sg&en t hr gughout
the polymer matrix, Finally, Figure 9 Cindicates the presence of the

"si eve-in-a-cage ey f or t t hr ough
the fibers, 20 féfﬁ%égggmgg%§€a |3%wﬁ§§)§mwgenmﬁﬁghgﬁihls %&%pﬁﬁgi%b hol | ow
fiber to deterni mlpﬂdﬁféy rsataeamf Tmslswt plgnsp ettest hewuehd tdue 6 ithretasge PRe fi bers
were found to be, Sl o igt'obslich PR RRERA eoqt;an{pafa@ B & gif0OPG: 0as

Permeati on units CPID ere - ern2 ch 1 ndi cat ed
that the fibef' sthﬁélﬂ%s@bﬂw&ﬂﬂrf@emfedp@ﬁUYaﬂ%eé%Wﬁfmﬁ%ﬁSOD IT’hQMQﬂS@r ption

experiments on t{e kbR BORARPNIIP WahS HeORAMWSEHId Wbt Bpidly phase separate the

interior of the fiber and remove the potential for the fiber to drawn onto the drum.

—_—

Finally, the air gap was set very low to emulate wet-spinning without actually
submerging the spinneret and causing phase separation in the annulus. Wet-spinning

10 was desirable so that non-solvent evaporation could not occur in the air gap (as in dry-
wet spinning) and form a dense layer. The resulting fibers were found to be
mechanically strong and were able to go through normal fiber potting procedures.
[0117] SEM images of these fibers reveal that many of the fiber design
objectives were achieved. As can be seen in 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

5 3
1GPU =—22 "
cm” -s -cmHg

25
which indicated that the fiber’s pore structure was open and continuous.
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literature results for zeolite 13X adjusted to the correct tenperature and
literature results for CA at the correct tenperature. The fiber sorption

i sotherns can be seen on Figure 10, below, and |lend confirmation to the
zedlite loading in the. fibers. The polynmer 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 kinetics on the sorbetit fibers were perforned.
One of the main limtations of the sorption techniques is the dissipation
of heat generated by the release of the heat of sorption. As can be seen in
Figure 13, the 10 neasured half-tinme was about? seconds. A |likely cause of
the sl ower than[PA®di ct SePRemeticages anhate Hiert tRebeaiop weigr grsrratst o™ithe
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dense barrier layer that does not occupy any additional space within the bore, and
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agai nst the potting material, thus forcing the feed streans to pass through
the selective portion of the fiber (Figure 15 A), in a fiber sorbent,
however, with the selective 20 | ayer 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
mani fol d. Furthernore, flue gas fromthe shell-side feed could escape into
the water and steam systens (Figure 15 B), Both of these issues, if not
addressed, have the potential to render the RTSA systemineffective. To
counter this, 25 a nethod of "capping” the fibers at the potting seals was
devel oped. During the posttreatnent nethod, capillary forces present at the
face ﬁf tge f:j befeq@iwqhmtemeealvamaxmba&]ke hx’@zlh & t?@%rﬁdlfﬁ&& bd egm ta&aagaom s llatS e>(<:
was then dried usin sweep across the e of t i bers i gures

- D). This can b{-:l“os"g‘éﬁ“f"r‘f TRRIRN TRvng g b?F?eV%ﬁ‘cBﬁ]é?sf‘”B?s ti é“g&é‘iﬁbi’&ﬁ ‘?%%hm que
was confiuned by fifidie lahingltmeyN; ﬁvep@re&mmwﬁtemr&mnamm 1seoaﬁemamntcﬁms3@(tm

i neffective cappin i

fiber-based adso?‘ﬁ1 ﬁ“‘b°8r%’tf §‘8 “rpm % dﬂlsr ﬁga’s”‘ic}?“ C‘%*er é*”
conpri si ng: asf eetlersturbatmts ph ete,pamclfeeaﬂlcshlﬂossam putitledt tp eataﬂrm:tndtfmanm‘ er

fluid inlet; a hﬁﬁ%m%ﬁﬁgﬁfegt\%r ll%eell(’jsﬁ’ V\}%%& 'was used t con];rolt e 18# té?ls%E

substantlally al 1 gne erein each of t ow Tibers
conpri ses: defeqis wr the iIPWpPCotayar overal oefsloghat hinvagrsianagtpr é’i’lﬁlovh@lmlérl‘{zuous
pathways are in fdidd 1&9@%%10@&& Qz@re‘(«\ﬂe{e&eé 'fh%stﬁ&@l? dsd {o%’gifﬂ watdr 8bapBiafod he feed
streamoutlet: a sorbent naterial | umen di sposed wthin the holl ow

fiber, wherein tFes) denFiggeild-f Fad @dhﬁﬁﬁwle%&l%ﬁf the ttRTiEhi8YHet PPYansf er
fluid inlet qod theed@Rt whi pR&liahiofa shcehnPBidned 10@0dfor 24 hours to anneal the

PVDC film. CO; and N; gas permeation were performed on the post-treated sorbent
fibers. The demse 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 Tumen 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  a method 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 (anineffective capping would result in permeation bypass).
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a barrier layer lining the lumen to prevent fluid comruni cati on between the
lumen and the plurality of tortuous pathways, 2. The fiber-based adsorption
contactor of Claim1, wherein the sorbent material is in fluid

comuni cation with at | east a portion of the plurality of tortuous

pat hwa(%’l% 3. The fiber-based adsorption contactor of Cdaim1l, wherein the
barrie f"&?er lining the lunen is present in at |east a substanti al
majority of the hollow fibers. 4. The fiber-based adsorption contactor of
Claim 1, wherein at |east gne of the plurality of hol]ow fibers further

conprikes dhfibagbasgs adsyptien cantagtaroRis CUURHAI CRMBTSN%t he fiber, and the
end cap do pphi bit £luid flow of a heat transfer fluid either into or
out of the?ﬁ%ﬁpbpwbﬁlﬂébfi ber - based adsorption contactor of Caim 4,
wherein the end abgedostemanirdef, | ui d conmuni cati on between the plurality of
tortuous pathways_and the heat transfer fluid in at |east a substanti al
majority of the hiHAHFAMELEE 6. The fiber-based adsorption contactor of
G aim4, furthery pegprasdfeoiddheder material effective to interconnect

adj acent fibers, which in conjunction with the end caps, prevents fluid
comruni cati on bea heattramsfehideid autletisf er nedi um and the plurality of

tortuous pat hways of adjacent fi S,. 1., Th iher-b . ptd
contactor of daf rﬂ?tir?ﬁt\)déffay%stan&%@dagqr}egaﬁpﬁ%\&Sfl%%é& &ggﬁ"ﬁ?&%@e@d fsi)\{ér eam
inl et RAlotWBodreednsdriseam outlet is a flue gas, natural gas, fuel gas, bio
gas, town gas, waste gas, water, coal gas, air, or a carbon

di oxi de- cont ai ni ng medi uma [urafite of  BEKOYS RAhwaySr Mespinc the dRtupusof
orocess. |6 The 11 i BaaE el ARE SaadyGaERF WRNHES BT B! OF

heat transfer fluid isndwiccieedwiicam vafst;, steam gas, or conbi nations
thereof. 10. The fiber-based adsorption contactor of claim1, wherein the
sorbent material has a sel@8fB@antyatetaladsor bi ng CO2 over nitrogen of

greater than 5. 11. The f} %maegag%ggﬁgéQ&iﬂﬁihofﬁfecﬁaﬂ&ﬁtﬁﬁerpmﬁréihmthje

wherein the sorbent material tivity for carbon di oxide over
ni trogen of about 10 lumembisiin fi0d @odrautieatiorofvithdhptieat tesfnsédrdiutid irdet

kil oJoul es per nole of rbon di oxi.de to apout -90 kil oJoul es per nole of
carbon dioxide. 12, W&r&l%%%?tgfa’ﬁé%r&%é)ﬂﬁ &' 8Bftponent of a medium the
met hod conpri sing: SOMaRG Ndyar MRAhGIMENG t lurAehOld OWrévdier fluid
conprising a plurality of tortuous pathways, a sorbent material in fluid
communi cation wth theomphmunidation kgtweentthe dsmeat aiwhilke phuraliiveh taite@esed
within the hollow fiber, and a barrier layer lining the |unen to prevent
fluid conmunication b%’i’%@%st he lumen and the plurality of tortuous

pat hways; and sel ectively adsorbing a conponent of the nediumw th the

sorbent material . ] ) _
2. The fiber-based adsorption contactor of Claim 1, wherein the sorbent material

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

3. The fiber-based adsorption contactor of Claim 1, wherein the barrier layer lining

the lumen is present in at least a substantial majority of the hollow fibers.

4. The fiber-based adsorption contactor of Claim 1, wherein at least one of the
plurality of hollow fibers further comprises an end cap disposed at a longitudinal end
of the fiber, and the end cap does not inhibit fluid flow of a heat transfer fluid either

into or out of the lumen.
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13. The method of adsorbing a conmponent of a nmediumof Caim 12, further
conpri sing desorbing the conponent of the nmedium 14. The nethod of
adsorbing a conponent of a nediumof Caim 12, wherein the nmedi um conprises
flue gas, natural gas, fuel gas, bio gas, town gas, waste gas, water, coal
gas, abr, ofThe ¢ibebbasel cadsdeptiomtcantaciyr wEdClaim 415whdatein rtbehedd ofap

dsor bi ponent of a_nedi um of C aim 12, h i si
ot cvenPIVETYS A COMAIEATD Bobveb P BHaNsrt s S AEHEYS bR
1 ul d. nelrraréier fENA%t Mask dRibtaMiafrRIMPBEtHe 1Kol fRgtsum of (Cl ai m 13,

further conprising repeating the contacting and adsorbing. 17. The nethod
of adsorbing a conponent of a nmediumof C aim1l6, wherein a cycle tine

bet j d i is | b ] . .
ot hodGor - ad 08 tHSpare N BenEefea el arufntdihiiioa HoiRer
conpongittelisl ské@ivbad ihte?odrirddt aafacenhN@ersanehiviteiconjubBtior Rthmiiehend of

adsorbi ng a conponent of a mediumof Claim 12, wherein the conponent is
cop,  2epsTheevanthdlidbiconrsunisation Datwapaniaet heat Fansterureduntiandnthe,

wher ei he i IS i f d nitrogen, and the sorbent
mat erigp&ﬁ@%@%@@e@?@ﬁ%%%ﬁ% S6t inegg'CO, over nitrogen of greater than

5. 21. The nethod of adsorbing a conponent of a mediumof Caim1l9,

wherein the_mediumis conprised of CO2 and njtrogen, and the sorbent
materi & hadhge §eecbased Bfspmtions FOMACHA o @Eéa'm/ P Wh?ﬁeﬁb&?%?é)asg'&?lm 10 to

about %gséiﬂg Jgorﬁgﬁéa[)é%itﬁf%%ﬁ WPE) @‘:)thé%eé‘gf?é'ém'&ﬁl id Q‘Flﬂélﬁ%gi R&furaly=e, of

car bon"di ox ul es per nole of carbo oxi de.” 22. The
met hod fudl gaks dsibiges, dowongasnevdstefgas, medenmoal galsaiain 20,a ahAbdosi giokikle- medi um
conprises, at, | east. one of a flue gas, natural gas, fuel gas, bio gas, town
gas, w&ePKIYAE MGV coal gas, air, or other carbon dioxide-containing
medium 23. The nethod of claim20, wherein the nediumis conprised of a

flue gas stream
8. The fiber-based adsorption contactor of Claim 1, wherein the contactor is

used in a temperature swing adsorption process.

9. The fiber-based adsorption contactor of Claim 4, wherein the heat transfer

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

10. The fiber-based adsorption contactor of claim 1, wherein the sorbent material

has a selectivity for adsorbing CO- over nitrogen of greater than 5.

11.  The fiber-based adsorption contactor 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 about -25 kiloJoules per mole of carbon dioxide to about -90 kiloJoules

per mole of carbon dioxide.

12. 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 sorbent material in fluid communication with the plurality of tortuous

pathways, a lumen disposed within the hollow fiber, and a barrier layer lining the
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lumen to prevent fluid communication between the lumen and the plurality of
tortuous pathways; and

selectively adsorbing a component of the medium with the sorbent material.

13. The method of adsorbing a component of a medium of Claim 12, further

comprising desorbing the component of the medium.

14. The method of adsorbing a component of a medium of Claim 12, wherein the
medium comprises flue gas, natural gas, fuel gas, bio gas, town gas, waste gas,

water, coal gas, air, or a carbon dioxide containing medium.

15. The method of adsorbing a component of a medium of Claim 12, further
comprising preventing fluid communication between the medium and a heat

exchange fluid.

16. The method of adsorbing a component of a medium of Claim 13, further

comprising repeating the contacting and adsorbing.

17. The method of adsorbing a component of a medium of Claim 16, wherein a
cycle time between successive adsorptions is less than about 2 minutes.

18. The method of adsorbing a component of a medium of Claim 12, wherein the

component is selected from CO,, SOx, NOx, and water.

19. The method of adsorbing a component of a medium of Claim 12, wherein the
component is CO,.

20. The method of adsorbing a component of a medium of Claim 19, wherein the
medium is comprised of CO, and nitrogen, and the sorbent material has a selectivity

for adsorbing CO; over nitrogen of greater than 5.

21. The method of adsorbing a component of a medium of Claim 19, wherein the
medium is comprised of CO, and nitrogen, and 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.

22. The method of adsorbing a component of a medium of Claim 20, wherein the
medium comprises at least one of a flue gas, natural gas, fuel gas, bio gas, town

gas, waste gas, water, coal gas, air, or other carbon dioxide-containing medium.

23. The method of claim 20, wherein the medium is comprised of a flue gas

stream.
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