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FI Bd% MEMBRANES FROM PERFLUORI NATED THERMOPLASTI C POLYMERS -'1 This

. Ynvention relates to a process ﬂumol | ow fi ber porous 10 menbranes
from perfluorinated thernopl ast“mmﬂw nm More specifically, this

ﬁ nvention relates to a process to 14 giyee mcroporous menbranes havi ng an

essentially skin-free surface on at Teast one of the inner and outer surfs
ces, and to the nmenbranes produced. 15 Background of the Invention

M cr oporous nenbranes are used ] i riety of applications. Used as
separating filters, they remvﬁﬂk@ﬂﬂ‘ﬂ@“ﬂ%ﬂ‘@nd bacteria fromdiverse

sol uti ons such as buffers and ont ai ni ng sol uti ondMCA-888PC
phar meSeuti cal industry, ultrapure*4¢t&ous and organic sol vent solutions in
20 m croel ectroni cs wafer nakin rocesses,_and for_pre-treatnent of water
purification pr oceMé@BQRQWSS‘I‘&H—QWe@’H#@ NEMBRANESIFRPMi agnosti ¢
devi ces, where thei PERGLUGRIDATED BYERMOPLABTIEPAISOMERD sor pti on and
wi ckin g properties. Hollow fiber nmenbranes are al so used as nenbrane

contactors, 25_typically for de?‘gssi ng or gas absorption applications.
Cont actors bri Agis Byentien reladepruadyoceseto pragias beliaw fhesesrows a 1i quid

o't A& or BB fanES from e HLBES S (L ABRI A efRaRETE SoeclitR e B
absor pt i om,vehgowaélgtegtcgaﬁ;r@ées% PR mfroPodits ﬁatehﬂ?rﬁhbl.s,_rﬁmlgg Bed in a

liquid. Liquid degassing is another 30 exanple, in which a Iiqui

cont ai ni ngseitiady ekin-frae susfasernmast askione efithatinpepard euter surtaces, @anc
separate se tq.re e _dj ssolved gas. In an exanple of conventi onal
gas absor%{}ﬁgr{pgggag%%%ré&u” di spersed in an absorbing liquid to
increase the gas/liquid surface area and increase the rate of transfer of
the species to be absorbed fromthe ass phase, Converagely 35 droplets of
liqui@ can be sprayed or Baskgroyoddotthe bevantiorsported as a thin film A w

, --~, 25 July 2003 in counter-current operatipn of spray towers, packed
towers, etc. YIRPRPIQHS @PB‘;W@F@S@FE%@#%%M% )éa’i'?td{Lﬁfoe/RPé'ﬁaB@r’ﬁi sper sed
in a sec L QWi : : e I : | ums
have a Ao efieeBati RS Pridar e paRIeY AR HETERON HREASE! |

i ndependenlutipnsasuotdaobeffers ded tiregeeulicwidrtainingselstiogs in tadi ng,

entrai nnent, etc. If however, the phases are garated a nenbrane, the

Af by ALL:

flow rat Qg’aaf‘aéﬁﬁ?'ﬁ%hﬁ'@éﬁ&%(n”%@% i SOH S ni solvgpt REIUAENS INal | t he
aread s ay: ; g se
2 o RHEGERR RoniEy Barel el bidtoeskBlahy R B RaU b SENERERS Cont act or
appl i cat parfication pdegdesphnladditiang topy aoe sised i nertisaladiegnostmdeyicesed f or
contactor appl,ications with an aqueous solution, that. does not wet the
nenbranewhﬁﬁgt@%i' 15 OHQS&M%‘H?%%&’@Y%@EEFOFﬁébﬁeFﬂﬂ%%n%mdﬁngas m xture
a} a IO\A@roéDgrgﬁiure than the solution flows on the other. Pressures on each
side of the nenbrane are maintained so that the liquid pressure does not
over cone t he Hollowifiberahemtranes arefalsthesed@srraambrand contddiats,t he gas does
not ,hubble.intq the liquid. Critical, pressure) the_pressure at which the
o 281 odvaiaally ot deassslie Grams ansERiChapRliastens cCBNIEGHS Mt er i al | used
to make | r ; r 1i&E: d
directl )}b@%tﬁﬂ:)r ? ascéeg?;{'(%h'?iwgynh(g{?d ?&gslglgqﬁlr % ||ﬁ§1d§éﬂ? %ﬁ%é’@mﬁﬁﬁ%ﬁg tggs

phase. Hnirpose faf e shiemingam esngoaent ifrioen ioing pisase R0thiseathes.e Acdormerabi | ity

to obtain a very hi ﬂh @?cki nq de sité i th such deyi ces. Ea ki ng density
rel at es RTGCEHR IS @R2rHiAUIGr MBSEMANS & SHEN A7 93F ARSRANON. TLIMBIRD 31938IRE &evi ce.

Al so, they, 1 acti; t JoRSH

out si de sur ac%@%ﬁgég}sﬁr%amfﬁl?%ﬁb{egqm{g(ﬁ‘v.tg Véﬁ@ggeﬁésgﬁfﬁeﬁoﬁ riecul ar
apB0 catexampléyim whichep pfuidatordamifi@dissometgans cembrtatewiignens are to 25
remove di ssol ved gases fromliquids, "degassi ggqy %rﬁoé.o add a gaseous

subst an@&MO§PHETS. FLYRCUYHOTE aEpRIALe PHGRE tPJemiRvadthediserlyed gas. ia@sy to
wash seni a f ; eferred for
many apaT e el G g e e e

nonpor oadsurdihg digeidl toForr e eafvel g asitiqodssudade #iesguants iIrmesmng tHeorets wf f ace

auc 1o TRoSTEatdhe leEieh & e Bbnertl ARhT 0B BHERE, okl he gas o

begkr angfsiLebr Uik ¢Bhb e b0k ditnbNRid BhGe transported as a thin fim
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o~ 25 July 2003 phase, the mass transfer resistance of  ski et EAR? anes
iS aldetrinent to efficient operation. Z. Q and E. L. Cussler (J. Menbrane
Sci. 23(1985) 333-345) show that menbrane resistance controls absorption of
ases such as ammonia, SOZ and S2S in sodi um hydroxi de solutions. This
Seens generally true for contactors used with strong acids and bases as the

absorption:|j j ! i 1 ntact.

rontr e, i EFEr-¢Tent BRRFARAPAL SRBYAERe S dEREANOWAS, S60 S By ocause
t he menbr agroplesi sitampemisnibid kpid ednerdiisgbisedwnud 8eben@iaald ©bnhntse

| i quid does not intrude the 10 pores and increase resistance. Wth the very

| ow sur f ackansiesi dlackadaalunss@nshitran columps bavaa defigancyas theiisdivdual be
possi bl e without.coating the surface.of the fibers.wth a |ow surface
Pensi on_ malrs B e Apses rhabhS iiveRsdfisnel Vekintt adedvidRrahidasdes step.
An advgnt %ﬁhémrcﬁgmqlﬂéba&gaeatﬁaﬁﬁﬁe@@seté.s:ftﬁweﬁér?waeﬁﬁaw%?é" face 15
tensi on of these perfiuorinated polyners allows use wth |ow surface

t ensi on | isppaistedroy aeramidrane hihghligw catesafieaachdeivas @ pandeusaied n t he

sem conduct or manufacturing i ndustry may contajn surface tension reducing
200 1 ves INgeRHdaNtGy T UheimaTe. PHebe HHbad BraIabI8oRY el Ao Baveldassamu t h
typical m u TN N1TT I : s at
the. pressifEy (odh TolE E0EanERS: AGIONFRsr Bl Bies gt e EibBR.BeE
evapor at i giedlin coftidtapappficatipmisd _~ filling the pores would greatly add to

the mass transfer resistance of gas transport. US Patent 5,749,941
dascri®es how dtiirephebisanicrePENsIMBEIOTABAD A5HEMINOPY YD forIaadastior

Dbsar pt T oRPPIEAMER i enCafuadls 8080 Shdacss ot BEERPORAEEC TG, | hour
the use ofpltisalfldiwsdn 2@ §ideeftise Pri@vibndnd eakaggas Wiktuee Rt Howesrbr anes

woul d work in these applications, presumably because of their tower surface
tensi on, Praspuse than g solutiondlowserdie pies. Hoesswres pereachgide @fipeanes of

br oper t; eberiranBarsnalnalRetsd TR Al SRt 8a®h Mo BysPirP Rl anec or
hol | 9w f i bxtfcaMPPaY SR8 Df the PhEPBFANS, AFRITE6 m&hé@{% 8oE8Rbt BUBHR fﬂi"? g&é

structure that extends throughout the menbrane. kers in the f
consi der liquédr Qnigicabprassiuee, pressurepet Whish tagmaddiomwdl intudesinds then to

Che. for mistebrdgeends disetty 8 Heinae D % maaribitls MM i itesh |
advant agesn fe perigsizaRifehs MdMbrawer 4 airectly Oh ehé sRafaekitepsigavafae at hi gh
packi ng densities. Packi ng density relates to the anmount of useful

filterindiovid inaeantpet witbithawastphase. devliew fibar saembranesare pemmripusaded

whi R0 1'< begpusE A 2glBy 16 BrtIA A Vbt PaP I AFnghl WAR ScHERRAR S Poer
Porous NEEUEtEdbAsIEy FeitdsAb thiel ATBOAL SOURSTLBTIRG M) sQHBEE Pl JBRIrRE of an

ihner dianmeter) with a porous wall thickness between them The inner
di anet er thieterice. tAlsohtiidyomaydra Pparaied mith thiefeedgantasting the insidamery 10

the per niit BUISOR UTECer BPPRTHRE olfubicr Bfthe 5 0RRAcklE IRER Batftilier.

hol | ow papbii@éﬁdrﬁ Topieki applicationedot bentastiay. matmbrane eystems areto sur f ace of
a hollow ti1ber mcroporous nenbrane can be skinned or unskinned. A skinis

a t RS desrseve dissaived ggses fiore fRdidswde0assnd bOE A REBFROUF t he

thr ough. ¢4 ABBHAREIAE, G2 bl e LkRAeT o Skt PRISHHANE Sufleithnes,
the surfaeqiddrducesialidrs. pores | eading to the continuous porous structure

of the substructure. For skinned m croporous nenbranes, the pores represent
a ninor fract Porows contactar mecebranea arapreteriaksiarmany mpeticatiansi | | be

porous qver_the,major portion of the rface rosity may be_conprised
of si ng&ée%fs(?sth@) Vé'r“ . eo!lP'ggSFBEsﬁ/t.rs}lg%ngg? ﬂygﬁﬁpﬁpqua@pﬁiqraxgar e
porggi tyaerwaﬁan%viﬂﬁﬁwee miﬁqﬁw suiacoteribhacemanseps@@izes adl B the
pore openings to the total frontal surface area of the nenbrane.

M cr oporahle toeperaiecat mghebprassases duedodbesyesistanae iadntiusios. aspmetri c,
referring to t.he uniformty of .the pore size_ acrqs hi.ckness of the
menbr ané. H“ﬁabﬂgsHh%‘@'%‘m@ﬂafIt%\geftf%%sf?rrgﬁilgﬂléﬂyﬁgq%’g?(LSTJ?QAECFLI”aof t he
fiber. Symmetric nenbranes have essentially uniformpore size across the
menbr ane cross-section. Asymretric nenbranes have a structure in which the
pore size is a function of |ocation through the cross-section. Another 30

manner of defining asymretry is the rajio of pore size on one surface to
those on the opposite surface. Manufacturers produce m croporous nenbranes



' ~ ~ -- 25 July 2003 of ‘synthetic polyners are thernopl astd &”I}Sgpg}‘?rers
mhch can be fl owed and nol ded when heated and recover their original solid
propert| es when cooled. As the conditions of the application to which the
menbrane i s being used becone nore severe, the materials that can be used
beconmes limted. For 5 exanple, the organic sol vent-based sol utions used
for wafer coating in the mcroelectronics industry will dissolve or swell
and weakenph@ase, tbermeas insher iesistente ahssinnEdamBMPranespe cadetriensnt tppi ng
baths in th@ r{{e mda@tﬁry consi st of highly acid and oxi dative conpounds,
whi ch wi | | CHEE anes made of commn poI ymers. Since nenbranes nade
from _ 10 perfl o h tN

pol y(tetrafl uorge&;%ﬁtgﬁg %o%[e"r ,I'étg%ow'g VI ny etﬁQR@ 333-349) show that
(POLY( PTFEnémU?ENAEﬂlsrbanq:mbpbheﬂsrﬁdmrph@rebmglaeeeemhrmaﬁ'lrnomaprsxbyIamia)

FEP affected b dit f they h
oc ion. aianLH BTN HENA B SRS 115 TEEEOE NNy Ta o Reraral |y
stabl e Pol UKl Bith ol A5 AAH Balad/al BRE bbsbiftioRC Y%B“T‘-%r‘?ﬁ}? VAE) and FEP

pol ymers are d| |cu nbr anes "usi ypi cal ution
casting nepptidatiord)ey msre Merousd@ntadtor maThb e su.&:lhr@s ahnicfbssrald y
| nduced Phase Separ ation (TIPS C{Jrocess In one exanple of the TIPS
process, &gObyERS, \ecnuldda@%maaa vgintaparkeqausedhermentkieag resist@nest r uder

to a tenpera at, 2 hthe haped by

ext rusi onW%égﬁechggt ru |§8£§E§ét ﬁ%éﬁ%ﬁ{”@g’é%éﬁgﬁﬁ rﬂ@ﬁ’gééﬁﬁl ed to
2r m geber&‘éh@%é}@@%b%swﬁwé@' YWTEH tHeol ety 1B & @ifBes dénEi6n insateeRiyred to

bel ow the upper critical solution tenperature. This is the tenperature at

or bel ow Wwhed fin t%pmmsnvmmﬁﬁ tBis waeldnerbgesibir vitheat eaatiog the surfasee

e e e

sol vent r¢@,hp[gp§@ﬂu$a@t@e,ﬁ rbtass gteppnd the nmembrane dried.
PCLY( PTFE- CO- PFVAE) and FEg menbranes made by the TIPS process are

di scl osed in UASad?tairHage fareomamﬁngzamsaﬂdﬂs isgthed ohe 94ry lmvdsarfasge, 274. | n
the 4._902, 456 a @d 4,906, e t he aio nmenbr anes, have .a dense surface
Wi h I8 AERSion 6 isise rerLPaRaled RaVEIRIS AR et B B oVe iTiate EIERS . o o
a seri es RuigEY Q3 ose
using a cgjatl ngFgflef(Emﬂl sslyﬁf}{ ?%’srag%g%vent %éﬁhe sh?aﬁg e?ﬁn%régﬁgégsf it
exi ts themdnefadiotimg dstoemayorwitgin sifrfacel B Re ng u% $ub 4003
f ¢nd rfaceltarséo qhucﬂ additi ]

W th porous are s. n_one enbodi nent d with
oxt 1 U] o AL S ct a5 eV COEFRERHI RIS RBSEPRAL VaFCLPlial Bibrdibrovne
menbr ane rﬁémbasﬁeé ‘B%c‘éb@é%@?u&'%ﬁ%@ld:mo@ t%e%oﬁé%%&' Ak FBBSFeisNGed
structures separated by crack-1ike openings. U S. Patent 5,395,570
di s@Oseand ;mm-mhmteobaesmgjsmluhooﬂosa)andwxr:ebeevapntatmmsln addlhDDHIanld

adr upI ext rusion head s used trude h ow.f.i ber
Mimen- i u!'ansgthﬁmﬁr&s v GreRliad Lo thel 19a8s Jetiey Bisipace &) GBS Thi s
et hod rﬁ%ep Q]JSqﬂé’t'e‘?% 5oX4d Qaw%éaeﬁesmfcbw%ﬁwélq{oumr and a
separate coating Tayer cons$isting of the solvent between the cooling fluid
and 10 t heerabtanatedf polypropylese ortpadyathylemeccarinaidre Usedin carhorddiaxicdey

cont act ed th the cooli fluid, but passes t I zone of the
" extrusiofff WéQEPSI?é} 6‘!"8"5??1%9?%8%% '?tEO%qLF > ?%'yﬁ?’a“? §8\A§arﬁ"§8t%°(ﬂ‘?%ct he
coaber fEBREnt WithlouP® £ isebr2PdoiiBn tothies &5 pro Ve Kitadeor WHIBRRT F B
porous fibers and nbranes. The process involves formng a honbgeneous
m xture ufembmqsaw;mbiwmmldlratheseaasmplmnerprasqmnablyrtmau\s;etdﬁtheepect to

the polyner. Th ture st hav erature.r ete
M sci bi | OMErSHITacs By Faiscuh P Brones e PaTandiadisi THE gap. The

mxture g %@é@e&% aﬁréseﬁpmh%ﬁ a%ecmgdbh rﬁepgrg\/nw@ﬁ?&.ﬁgg fin@ipMre into

a bath pre y containing entirely o or t par i nert

i qui d. dlirfadmtdndion rmcphﬂloliad PEFERnder herepandlly emrdaptarad (nts.
Di scl osed but, not cl ai EbOdl ment wherein the honbgeneous m xture

i s 8Qt r vueall disroster kol Wﬂb@rmﬁm % ont ai n| ng entirely or for the nost
part the i ner'wgp Sréjl%s 'n?:ﬁ_g{)osol Vﬁ%\t’? al\&:rﬂ?{ !%&BBE%‘?ME er{RBLaSt' ¢

polyners are 1 ner s scope of the
pat ent . dwtengsthougheutdile nodmbpes. awmmmthmhddctdrmlcmﬂthedangé of

i mredi ately into the coolin batha y h| h tenperat ures. 951 02447
di scl 0s @OTRWiRMRS meeﬁmepiﬁﬁwmeevn@ BeEBdbApToRmatey 108



a solution of PTFE in a perf{uorinated cycl oal kane heated to bduly Z43C
Qnto a substrate, renoving the solvent and cooling the PTFE on the
substrate so that one surface of the nenbrane is | ess porous than the
ot her, and optionally, 30 renoving the substrate. No nention is nmade of
applying this nethod to unsupported hollow fi ber nmenbranes. U.S. Patent
4,443,116 di scl oses a process for making a porous fluorinated polyner

st ruct ur e. migphé.c Snch rpembranssaae woipothgrform affsheets; tutEs, dalhp!i2003

tetrafl uorget hyl ene and perfl ugrovinylether with a sulfonyl fluoride

“s02F) , dharsnaialopdineds ve HaBATAGEs BRERNG #bi8 asPRINGRrBaE tRskine
i(ssgz?an%e E?n' BES AtlhidfBa s'n%rvdé‘déﬂ%é Oﬂag&kiﬂ {yler%?iﬁé fffé%' tates
sol ubility. P %ﬁﬁﬁ%ﬁ?y in(?uéeg pﬁage separati on mgt od:gl S usea P \hi ch

t he sol verdmousttofusefyisfiltdringz sudédepervolumyobitie gbaige. skigal tiidyomaylbe
solvent is renpved while in a solid state. No pore structure or

per meabdi | iOPErafgdvith theyfaec coptacting g Visidger tre pRigige saitegeEdepessting

menbr anes _ar i i Pat ent : ; i n an aqueous

di sper si oﬁﬂo\ghgh‘ﬁﬁg%%\&rr{%&@ég% {heﬁ%rhé@l;a@%%sogwgﬁéﬁa filament form ng
pol ymer are m yefdliow iBef PoFBEs hrabmnEEsty mxﬁmaﬁw@fﬁc&d?ﬁngﬁﬁﬁgtéh above
the nelting tenperature and then the filanent form ng polyner 15 renoved.
For filtratterdiametdr sagnner didmefieonsith egrarehs negli/tHicknessvpétsvarn them.
extractabl e resi matter is requjred of th rane., .,The TIPS process

T e R e amatarietnes s Hlesaodiart OF tENBRE 628 (eeartoRATDoN,

aft en pext i Thi [J¥=1 191 i I wth a
231 vad ohe: Oiner R etg R g R oA PO RSB AT 1 Lo e
ext ract i operso¢aterit thenfilterireg ged arfie frenbtheneuter spafaciee sT foe inmer. hdibotw potticom i s

si npl e and t horough dye to the high porosity of the nenbrane and the high
di f f usi orfSSOMHN %ﬁﬁﬁ%‘ﬂé’&%b%eﬂei ght sol vent. Menbranes made by extraction

7, B, SS9 PR SRR I M ARRN Hy 4R

difficulty due to the 1Tnheren renovi-ng y di fPusi ng

pol yner s b skinet ®r uPskifirmes RAKIH BTE Ehio@drise i) rfaoelldyel imtegralwitn ése made
fromthe TIPS nethod required extrusion through an air gap.

POL Yi PTFEUSIPFisE Of dhe rrembian®r dhekinpgddnefidrares the @aimranstianof
di scl Li P ~nd, thd 4; d 5,032, 274.
I Instchgséel?g%)'gt,ahj‘acg tgrfg)tvg%@)@#Bﬁﬁ%@ﬁgpé{ﬁggﬁgﬁ}%%é@%ﬁsa@@ 131“ ggnse surface

wi th eit ipgicraptreny ahembfra sesidkel susfacenskin ngatains pores leadindes tiee ngly, or as
a series of several pores. The 4,990, 294, and ?9032, 274 patents disclose

usi ng a EOALINWUHPOIS slirysiuraof Hie sePstevstuth RE SKINASEITIRIRBRIAMS as it
exits th ' i . i f IS

ctr et chol"HotaAs, P eBEPE afRREn; b dfimd REHER 2R Ent SufraBBiiba; T,

evapy at 'unslélinheﬁ hnﬁ!emﬂz:lraiﬁtidatwi]ljhtbe:1 daterohis]gdveeme crwjonpba'rTmeofam m.e*ﬁacgﬁthE

ski nning and _poor control of the surface porosit 0 qvercone the skinning
pf obl ensPOPSilyIManbecrmPrge & ﬁtfw'amr%gf agﬁ%seéfcwmf%r@r?sw heres July
2003 enp b, Vi y ] I t hod, the
sol vent, }%éfsd'ﬁa%luorgéﬁgﬁﬁﬂﬁ%’ﬂe%d?fﬁ)ﬁéa% %ﬁﬂ?ﬂ@g%tg{:]éf g?@%@%& o0 coat the
mel t suréamesisas of tva pase penired s toetmertgted ffandah suréack ereadf the t hi s net hod
does suppress evaﬁ\ﬂ_ration, it introduces gth rﬁ{.o(gessi rl],al'1 probl enms. First,
it is vemgmirentc WCrPRomYSHEMPREFE MAaY PEEATHIEDAH YT EHITSE sol vent

becgsse %@I@H@uﬁ)&gﬁmn itlothaw#b?nﬁ@rm@%ofresiﬂgiﬁysgnhstutﬁiﬁkhaﬁ §F‘d of a

uni form atl ng, e sofvent coating'tenas to stre al ong e ne

sur f ace.thafrhembriee s oh thé @aseofebbialy fiber,shls iditheedbroubevaiesfitheribesur f ace
shows uneven porosi t¥ due to non-uniformcoating of solvent. Second, the
t enper atSYBMHRIiE REDPraney have assediahounyorangore size across the

membrane cross-section. Asymmetric membranes have a structure in which
the pore size is a function of location through the cross-section. Another
30 manner of defining asymmetry is the ratio of pore sizes on one surface to those
on the opposite surface.
Manufacturers produce microporous membranes from a variety of
materials, the most general class being synthetic polymers. An important class

a



10 the resulting nmenbrane woul d show hi gh degree of vari “at | 025J%1y2003 ane '
properties due to uneven quenching of the surfaces. Third, the hot oil
“tends to soften the extruded nelt and the extruded fiber tends to break
apart during processing. Post-stretching was disclosed as another technique
to enhance 15 perneability of a skinned PFA nmenbrane in US Patents
4,990, 294, I i y
) Pfy?ﬂtﬁegg’%o%ersvg‘r'e tﬁe%bEFa;‘sh P@S?’s A ﬁacsa% B@'ﬂ% bhK

substanti a It produces 1ts own eS|rabeS|dee First,
for stretchiolged evhee reddtedtanderecoler titesneos@nnhedhdrpndnpaﬂesmfﬁn beoVem_“ y

EQ'SL"L;“nioP/a%Bhéchﬁéﬁgﬁg%fgﬁs{é%ﬁisﬁ}&‘%t"&? 3B ine bR as mdor oo <
et O e lB RS B! SRS BLIC iy p@«me%f bECERS T4, Borr o

sane stret |ng forc above i's very roduce

base membr@aRApM, tHe brgfarﬁ@bwmht-o@@éuwdtﬁﬂmwﬁoﬁWaﬁe?lco%ﬁh GRahkNg is
not used, the heavy evaporation of porogen usually produces drled pol ymer

on the di enlqr@electmn@sandum wilkdisgelverareawvglbaydaveakaemmest gootmesnt he nel t
surfaces rroduci n nes of n, weaknesses, in.t e henbrane. Upon
stret chi ngFD "1’@8”9\/&5’2@%? @Bﬁ%@%eh HBRRM S Fter%%?HF INShERaMe | i nes.

I't woul d tA@lRRPESHISt @ﬁﬁgh@bécﬁdta%dW%ﬁ\/é)&@ﬁmﬁd%aWWMl Getibpat e the

rapi d evaporati‘on of solvent fromthe fiber surface, but not requite a
di fficul t nwmomeswg:a@ue csfwczmmomgolyn-@rs $inogonembrasestvade frmci al t o

d I nb hi f rd
i1 15 aPREIRSTe ReRaPty hBYmrs, et 48 PPVl R faethyBints hoand
rétentl on rﬂuoro @,gmkbétg?@f FbGL ﬂﬂEngt_pp ﬂt@g@@m rable to have a

por ous hOPFOWfI er’ contac ne for applications in which a highly

sol ubl e gpoly(tetrraﬁubméthg!mbecro-hdxaﬂuorolplrmyldnda)a(l-TE"@) hcafmoha@vérsel)al
tension. Sunmary of the Invention 5 This invention provides for high flux,

ski n- freeaﬁgFtl@vP)f %@rew%%onﬁ%w%e@eyr?@w@ & gesidaccafyantage @v@or ous
rombr anes OB RS LOTIARIEC LA AN RSB fmeREc i cal Y
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35% by form from the homogeneous heated solut|on one phase primarily polymer, the
25 other primarily solvent. If done properly, the solvent rich phase forms a
continuous interconnecting porosity. The solvent rich phase is then extracted
and the membrane dried. POLY(PTFE-CO-PFVAE) and FEP membranes
made by the TIPS process are disclosed in U.S. Patents 4,902,456, 4,906,377
4,900,204; and 5,032,274. Inthe 4,902,456 and 4,906,377 patents, the
30 membranes have a dense surface with either intervals of crack-like openings or
pores, either singly, or as a series of several pores. The 4,990,254 and
5,032,274 patents disclose using a coating of the dissolution solvent on the

shaped membrane as it exits the die. Both surfaces consist of a dense skin
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ol the die used Tn horizontal fiber spinning. 25 July 2003 Ffgure 5 is
a phot onegtiogfy msHomthe3mesX part thednendigrics uief asavent. aNhqgrivofinated
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a substrate, removing the solvent and cooling the PTFE on the substrate so that
one surface of the membrane is less porous than the other, and optionally,

30 removing the substrate. No mention is made of applying this method to
unsupported hollow fiber membranes.
U.S. Patent 4,443,116 discloses a process for making a porous

fluorinated polymer structure. Applicable polymers are copolymers of
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10 Figure 8 is a photom crograph at 3372X of the outer surfagg JcL#y a hol | ow

1 fiber m croporous nenbrane nmade from pol y(tetrafl uoroethyl ene-co

“per fluoro(al kyl vinyl ether)) made in accordance with Exanple 1) Sanple #8.
Figure 9 is a photom crograph at 984X of the inner surface of a hollow
fiber m croporous nenbrane nmade from pol y(tetrafl uoroethylene-co 1 S
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POLY( PTF%W,%/Q&E@& s %8?9% E?{ré‘?ﬁdﬁ is Siiqle | thorough due ght
pol ynmer s tofthehii?m poro$ityof tred mdrebrarfeased biee highodiffudidroobthellbwisefietular
solvents. A preferred solvent is Hal oVac 60, Hal ocarbon Products
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to pre-wel g?led pol yﬁer I'n a contal ner. e polynmer has either been”obtai ned
in a partrémovirg thee sovepiffxsingtpelymetdot esi®HO ni cron size, preferably

Ui tabi e gr ndiyeBeley et O e AR At 88 asmigen s mAdk 40N Biasol ve
'n TIPS method required extrusion through an air gap. POLY(PTFE-CO-PFVAE)
and FEP membranes made by the TIPS process are disclosed in U.S. Patents
25 4,902,45; 4,906,377; 4,990,294, and 5,032,274. In the 4,902,456 and
4,906,377 patents, the membranes have a dense surface with either intervals of
crack-like openings or pores, either singly, or as a series of several poras. The
4,990,294, and 5,032,274 patents disclose using a coating of the dissolution
solvent on the shaped membrane as it exits the die. In one embodiment, the
30 membrane in a sheet form is stretched in the transverse direction. It was found
that the rapid evaporation of the solvent at the high extrusion temperatures
gave skinning and poor control of the surface porosity. To overcome the

skinning problems, a solvent coating method and post-siretching were
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25 the preferred heating step, requiring additional heat ihng t%SﬁJé’Jy %Pnoc?
smalle r particles require nore expensive grinding which increases the cost
of th a process. The pol yner conprises between approximately 12%to 35% of
the m xture. M xtures above approxi mtely 35% do not give suitable
porosity, and at bel ow approxi mately 12% pol ynmer content, the resulting

fibers are \ n 0 : u _ght
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nitrogen) to prevent degradatl on of the solvent at 15 these tenperatures.
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Fi ber Extrusion Holl ow er nmenbrane production presents I cul ties not
encount er pebo@ssmgrenbr ane producti on such as sheet nmenbrane where the

menbrane i s supported.as is solidjfies. In the case of hollow fiber
production at Q,s&sﬁp&q.apuzg W%'QFIQFEE@:?, apQ é%&b’ﬁﬁéﬁé%@%&m fied.
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the lunmen during.solidificatiqgn., In operatjio he, pol solutjon is
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mai nt ai ned at a tenperature bel ow whi ch phase separation occurs for the
pol ymer sukohaminabsireggths ediny fibe-whitgredtysioltbeib@secoma@nshbranieasitl teepar at i on

t ak | ) the fib [idifi . Unli fi t nb , 13
25 720y ReOAITH &h SaPD TRt DERe SAUBISHIEE (8 SRFBE. BERRE ABder , or
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ndrel, extru I bers™are not supported while ey are
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nter. r ol se o den BRualy Brod R PO TREREE Mo Ul B This, BRalusted 10,
pr o&ss. dfiedgmlymer then scratches the melt surfaces, producing lines of hidden
weaknesses in the base membrane. Upon stretching, the weakened
membranes break apart along the “scratch” lines.
It would therefore be desirable to have a process that would eliminate
the rapid evaporation of solvent from the fiber surface, but not require a difficult
30 coating or stretching step. It would also be beneficial to produce a skinless
membrane having high surface porosity in order to utilize a large proportion of

the membrane surface for permeation and retention.
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poi nt high enough so that boiling will not occur in the die or the extruded
fiber. This can cause bubbles in the lunen and fiber breakage. The | unen
liquid should not affect the fiber inner wall in a way that wilt cause the
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to the dign apefird héﬂihgta fiduidatight@éal i te inkaladbewali tA trU@gh%r &Bolifg Nt ai ns

the solution in a fluid farm Tenperature sensor 16 is used with a
t erpé&Pat Uiqeiid How isiplaced in aaeaesas in Heatpposite sidenf thedaselatingeda l.émeer at ur e

nose ( codnRRBeh a1 HSTRBFSR Haiie hebe Bt h e Rhiee e SRl s ' ©
hel'd in giepid newRak *@héﬁﬁ&!ﬁjg 28d o@éﬁldm;l{f él\rlﬁm_é?iﬁﬁtog etﬁlé tPotigh Bﬂ%sé%b?m.f | ber

18 exits the die tip throdgh die exit . umen fluid filling the
i nner di &eeping tife dizendsd eutletraubmerged withex flowsefoeqolingdiquie. in potts the

i tioned h h P | fib h h i
e or o cArdiealag b a] Medfadiin bRBEELPERId PP REbpEr MR bR lIl | 9P
appraxi Mpddnys s Bsed to Eﬁbﬂ? réiiéglﬁeismh)qrpferhb@ra@thrfé autpeediga RSpFeRhesent ed

in Figure 1. For horizonta er spinni n&_l, the die is firnly positioned
agai nst aremesuneatalingur inad subsegwanirsten, Feytissoitiontsolverd is remsrdtat es

t hrough ap ni n Vi n Liqut d-tiaht seal jn. t pnsul ator. .A trough
for cool Fﬁﬁggﬁ u@gdpﬁgv&eggﬂﬁwa@@@\yhbgr %edﬁggad%{stﬂze%ﬂﬁégf f?trﬁ@etoof the
10 i nsul ptdvishtSRa8mmbrafe 3hARREGE dnieéolidpse. BhHbRAITY tHedMb & fiRepmAIbEet in a
subnerged condition. The trough nay be permanently fixed or retractable.
The troubkatsepal 28¢°&atd 30§8C. | ength of a depth, and a shorter |ength of

| esg _depth, which butts ainst the, insylat in the recess. Optionally,

t he4Pr ough can be of a sgﬂiﬁfb%{m'%lozt%%@wﬁﬁse, punpi ng nmeans to
remove overtl i Ui i b & WAk I-,qi&." r h and
overfl ows the%dgrﬁoﬁ%g%'ﬂtBﬂve&tapg%rgh@?lsl@gé?gggg%lﬁl eégﬁn%ﬁﬁﬁgrfgg;ég nose
outl et seMtresiged with a flow of cooling liquid. Optionally, the trough may
be placed to allow a small flow of cooling liqujd between the trough end
and t he insul Giesuisradew deerRitgt tPRATARESPEL NI PTErdOnPYNEP igr Biadi ni | ar
in chemfg&},u%(gnstructur e. POLY(PTFE-CO PFVAE) was surprisingly different
than PFA Interns of processability. PFA tended to quench very fast,
pos3Obly due Figuré$ i8ipHeawingldfithg diemsedahweeticaldibeegpentihy., with
subnmerged extrusion, it was very difficult to spin at a rate much higher
than 40 -50 fhigUiBKdsa tj'FﬁéN'PGrﬁiﬁh@Idt’ﬁ?d’sﬁﬁéné@r‘i'&zpmqlg@etrépm-a t enper at ur e
bet ween 260C - 280 C. Since the 25 lunmen fluid would tend to boil at this
tenperature, spinning at a higher rate was very difficult. Under optinal
conditions, the maxi mum spinning rate of PFA was around 24.4 neters per
mnute (nprn), (80 feet per mnute (fpm). Probably because of its slightly
| ower nelting point, POLY(PTFE-CO PFVAE) did not quench as fast. Spinning
at could be done at 55.9 npm(180 fpm . B0 POLY(PTFE- CO- PFVAE) fibers also
appear mechanically stronger than PF,~. The gel fiber or dried, extracted
fiber could be stretched lonpitudlnally, r~~ultlnp in significant i nQ-e~S~



25 July 2003 Cooling Bath THe cooling bath | owers the tenper a%su‘#uely %?0% he

extruded fiber to below the upper critical solution tenperature to cause
‘phase separation. The bath 5 |iquid can be any liquid having a boiling

poi nt hi gh enough to prevent bubbles fromformng on the fiber exiting the
die, and not adversely affecting the surface pore form ng process. The bath

tenperature canFigurerdin 2pBotamBO§iapn &3 01X ef ére etharagtadeeong (IGW o
150C. The path liquid can be any |i qui d t hat does, not boil at the cooling
10 terrperaﬂQﬁré“‘fd@P@EOLt%@eﬁbtPfﬁPevmé e ffome p@é)é(i%taﬁ gregiaxienermers t he

cooling b [

di ssol ve r ap{}}?\;ﬁ@%t%rﬁ)&%agﬁé éc%gg [ ng ?ﬁ %aﬁrﬁé U§éﬂ‘|’%£%l es of
preferred Ii qw H@u@é@ ldld ﬁﬁé@hl&l’dgrﬁpﬁ% @119 120 0f me@marlsmﬁd@l & & hdloher
di -substituted pthal ates may be used. 15 Extraction and Drying The gel

fiber Ps tiven mm@mm*ouednembmaaelmq@e fﬂromppatétat@ﬂumoatwerm-boquu d t hat
|1 t bst t k 20

il ssol vi npertS Rk irkss dhade M ruiansh i EdrR e Sampia %3,

di chl or of | uor et e

TF) DuPont), he'“ﬂ §0% 7 T Eptidtomieibrdn? ot BaeRkIAnE hhenSaRkEY of BonboM:

20C to abﬁbérﬁﬂ@’dpmroumnmemeramnﬁdeaﬁ'ormponyt‘tetraﬂma@eﬁw@de-qmu d on the

fiber. The extracted fiber is dried under restr t to prevent shrinkage,
as on a c??l’ﬁi-tﬁrpé{ky,&tﬁtyiet hgE)) Mmage Toecesdapes yi &?Mﬁl"l pample #per i s

then lg?at set ﬁ E2%id 9 g%%q%rghcgﬁgﬁaﬁ?égﬁ'ﬁ?@f rggfthé rb%tér“?xl.x é&?g EXM:HR)VO”

thod i s that | can pr raneé con nuous

practi cal fibengiidropoRsud hwmbnmieeﬂxadeaﬁrmppb@ly@tenaﬂ@d:ddemylehercdrerrbr anes nmade
by prior art methods break easi lé during extrusion and practical |engths

cannot beP@dlucsetadsy!vimyiethenb inRCGHraane’ Witk Exampie A mdagrledtd.r usi on

Chow the i mner " BREaLEcH PRGHBlctdorleh AR RBY TR Mrnsrcf Ehatofl

sanpl e #3ﬂbe—m‘hldrﬁﬁ6fouﬁélﬁ1fe%@t9'a%5méﬂe'fTDm polydetraflZSrod thEkE Red sur face

consi sting of nodules. The outer surface is nade up of Tibrous-1like
ori edbed Mmmopmpmwr(éﬁpi) aatsinsaoverdaace ity Exachpdeer sur f aces

tivel fi Th d
up of 11 ber 1 | Kigtes gk Bt Earapn 3t T el e Sl s SR R oL ace.
i's 5 pri fydrimichgsisrous rﬁfenwrbﬁetrﬁsdéIfhﬁﬁﬁdwetséﬂu&wfmen@caur es 9 and 10

show the inner and outer surfaces respectively of a_fiber of Exanple 5.
Bot h sur frexedluarepriopytang) r(EEEUsmaMetlIﬁ\ FRCOSEBOES WK Exaf@@l’%ﬁs These Fi gures

' 8 cont | nuaddohTedld8 2o BSeotkod ASTe A FoRIAY P an beo oo
appregi ahgembhahe bbatbclarsSWaU@Cfeomt@ﬁmé& nfémbhehekidns epnta@mobpades of the

present invention will be less likely to become plugged up or fouled by
ﬁgrtl cul eﬁm@Ltmskirrﬁ@damﬁnmr@meagncwﬁateapzanatlmhu s will result in longer and

re effectiv P i.on of t r I trat i cal
process for v?r'QVFcea Eéi)ﬁrﬁﬁr}?ﬁ%bé%f@{c?a{cé%tf@é%uugeg’té CBHTQbarrg c%%tgctoyso
fluid-fluid contacting applications.
Fiyure 13 is a chart comparing absorption of carbon dioxide in water

25 using contactors with skinned membranes and unskinned membranes.
Detailed Description of the Embodiments of the Invention

A person of ordinary skill in the art of making porous membranes wil find
30 it possible to use the teachings of the present invention to produce essentially
skin-free hollow fiber porous membranes from perfluorinated thermoplastic
polymers which can be dissolved in a solvent to give a solution having an upper

critical solution temperature, and which when the solution is cooled, separates

11



15 hollow fibers of the i nvent| on. The pol yner/sol vent past e- %5 '&ey ZOX? ure

Is introduced into a heated barrel extruder 31 through inlet 32, by neans
of a punpi ng system 47, for exanple, a progressive cavity punp. A solution
is formed is forned in the heated barrel of extruder 31. Extruder 31
conveys the heated solution through conduit 33 into nelt punp 34 that

neters t heinsotwo iphase2 Gydididfigoict hinasembepanadiont Bﬁampiecyoswdtep@ 'éré”ﬁ-
Optionally, the solution is conveyed from extruder 31 ?h conduit 33

into nelt 9wlzetetraﬂtepméhyiﬁﬂm@gna.eﬁl@@mﬁaikymnylatwm&%h\’ WF&C@ and

the cr osehead 5 8kBolyAsRIEERiRaIERE- B B S praR bR RO EF T FER 1"
formed i ntPeford®lid QWeBdahﬁﬂeﬁf@ﬁely?ﬁbﬁ*ah%ﬁfétfﬁ)ﬂghd -d¢s i ntroduced from di e
mandrel 38 to the inner dianeter the hollow fiber solution exiting from

the di & Tesfluoméalkyivinyethery immhichithealiykisrmritaasly aecoyplatalysthef ptapyen
fluid suppl 46, For vertical fiber s the solution with |unen
fluid Is &gPEdégﬁfTQﬂﬁr@'%ﬁﬁ axgserle W@Q’Y@%ﬁq&ﬁﬂhﬂ@r‘%‘ic@'gap into

SO0l 6t o Nakallub qpﬁapwﬁﬁgfgaﬁéyigge'eﬁﬁc" feeiirad By hiRabl ShgofinaBA4 00 12
gel, Torr nge It o 98 oo YOS IBEPRERBAES PF RSl 2003 ol | ow

fiber 8 i QUIde coollng bat y gui ers 43 and is

r emoved fp@m(teln@flgngethgleb@t-ctb-ébrfh;orS(niEylvmqlelﬂseri))ﬂfpoTWﬂergﬂ wm@;ﬁitﬁh@r@lkpm | ow
fiber 8 is renmoved fromthe Godet rolls 44 by cross wi nder 45. Figure

i I ustQ at BEOUP SyRTIBANTYSPEHYA & BBFCTIRA] Kot FalgnhRidRS PQGprA)acﬁ:f@r@d he

't roducehEb g s st BB B TREB GRAVER) PR oSl RSB Readie of a
punpi ng swgtp@qhéTThbgﬁfaeé(qqpl e, a progressive cavity punp. A sol ution is
formed is formed' in the heated barrel of extruder 31. Extruder 31 conveys

t he heated sol Withothet ROMYYR TEE @D RBAE htRF Ardnd Fl pdlyriise batmeaézss t he

.~ 10 | ut dth th 5t h d 36.

oot i onar 110y ERedlituveEht PO y@ﬁ%%g@&w‘?moaﬁw‘éu&ié’%%faﬁ%%ﬁif%m beas

intojgelt, npsoﬁeremg g%b[:@l’érrte'&ré&! @Qgﬁjélbggééﬁ ‘dé%!rk?@n Prbd§htst9: and
e SO

then hro condui Cross ut’ton passesTt hrough
t he crosshe@ﬂWQMﬁ13Gvan8dgetNJthe dle nose 15 1 where the solution is
formed into a hollow fiber shape. The lunen fluid is introduced fromdie
mandrel 38 to the inner dianeter of the hollow fiber solution exiting from

the die. The lunmen fluid i s or| zohﬁﬂf'hgl gbﬁlmﬂB?\g 38 by neans of |unen

fluid supply neans 46. For er 'spinning, the solution with lu
men fluid is renoved 20 fromthe die nose 1 through the dielcooling bath
insulator wall 19 with no air gap into cooling bath fluid 20 contained in
cool3thg bat h Fpasteref mcﬂgrrmlantd miverst iscnaed byandngthe daeired empirtsd

and sal ven to a nor a w fiber.18. The

0ol nenb i arb pIRY 1 8fe- B8N aplrter s B ol PRRORI IS 11157 by

gui de robkepotiginaldnisSpa iRy Sgefdfaprbgintaelyi m&aﬂboékniwoﬁ@&%t roll's 44.
The gel nmenbrane hollow fiber 18 is renmoved fromthe CGodet rolls 44 by

cross wi poeferatdy about 840 micremsizes empredouslyipdueed o thatrize rgnge(byact i on
with a selysil ddindbidedid SArgBh b2 aeRKRO; SmBRLiel, L osoky, af fect
25 the preferred heating step, requiring additional heating time, and smaller
particles require more expensive grinding which increases the cost of the
process. The polymer comprises between approximately 12% to 35% of the
mixture. Mixtures above approximately 35% do not give suitable porosity, and
at below approximately 12% polymer content, the resulting fibers are too weak.
30 An example of a saturated low molecular weight polymers of
chiorotrifluoroethylene is HaloVac 60. (Halocarbon Products Corporation).

Choice of the solvent is dictated by the ability of the solvent to dissolve the

12



30 nenbrane. The fiber is then dried under restraint to nini d2&ERPPKkage.
Optionally, the fiber may be stretched in the |ongitudinal direction.
Optionally, the fiber may be heat set. '' 0 25 July 2003 The resulting
perfluorinated thernoplastic porous hollow fiber nenbranes of the present
tnven Lion have porous surfaces on inner and outer surfaces and at | east

one surfacegdharen@ghen rsddtsd tEﬂﬂ@rnﬁr%!ﬁthrp?@ScrhMBsélbﬂWnRéﬂﬂ%rbi&é solution, but
characterized by flow tinmes (described below) of |ess than 3000 5 seconds,

Ccnt act or NBHY 8Kesssively heilcdtbatiesnperabo@ neienodisspkitionviekes phace lat asanme
hol | fib 1 nb turi d i hed .f ,

oy anes. TR BHive e Haliid dalt &F e 55 saR v aes 1hahaR 3hSt he
process paRiiBhfesand BaupEseRTlind Btddkadel T sbivfh ndddibie SAiHEILH. I

from about 25%to about 40% wth a preferred range of from about
about 33% cameopadt buf mayebe adientbd madlechiaawedgmisx ongopohyenerf ratios, of low

conventional ,twin screw extruder and_heated to a preferred tenperature
of about 2MEEGUALNE t@@@@em@fwﬁomf'@u@fp@ﬁ@ﬂ%a- rﬁr@bbk@mdgsm”ga 310C,

or e er abl st R ot e, SqBIRT ARG utaglc BOYRG SRifL ERardcto s Ol ey

di aneterlinner dianeter ranges typically are 8001200/ 400-700 m crons. Spin
line take-up rates are dependent on the fiber 20 _dinensions and extrusion
rate. Rates of from approxi matRisgohutien afshExkiusdenl y 200 feet per ninute
can used, with a preferred rate being approximately 100-150 feet per
ni.)nut . During fiber extrusion the inner dianmeter of the die is filled with

a’continuous " ITe Bhsid §Uhetdred MiBMABthddted ihiRfHg 26HE Bf b RVERLARE hig:
Careful 25 control of the lumen liquid flowrate is required to prevent

uncont r ol lsecew extratieoasdihedtet ¢ adineéersed tempeheture gficthosh@uDeC heab ot
boi ling point high enough so that boiling will not occur in the die or the
ext ruded BRB&C. withiamaia rrafereechiangeacef 2851Gi¢0 BURRG, areferalyundesaicage. The

cause 1 heamarReelRe sEoh @it pgen & brayBnl Samdatin afreiaysigt ot
coagylsat i gesef tehtifeaaed THY téltrh@é‘ra%ré 1€ dpERIR At IghUAHE iRRHg 18k beGRMEACT

interface, or by extracting solvent fromthis interface and’i ncreasing the
surface pof theepolymerdrainguised. Thecextnw@er conrpays tbarhestedwsolutinh imao in-he die

at room 21 July 2003 t eratur, reheat ed at rature of up
fo about nspnEated &g o BIF Shh §e0SinS S8LRRY 0 448 dhriig e dad

conpri secc@Hitrels Sh@ PSR 6F sxtAssibeadtiohal IrfIiMBifiRBrd SartieAshias iﬁréfa@e@?se- _The
die has two tenperature control zones. The crosshead portion o the die
is kept at 270C to 320C, with preferred tenperature range being 290C to
310% The di e nose, which encorrpagﬁéhf die outlet, is controlled
sepaf3tely to a range of 290C to EXHESEAbly to 320C to 340C. The die
nﬁse heated zone briefly raises the solution tenperature to near or above
the boiling point of the solvent. -~) 10 The cooling bath | owers the

t enper at ur e ofHolhsw dibter molexthbf a e pradudbieinowesents difficulties not encountered

with membrane production such as sheet membrane where the membrane is
supported as is solidifies. In the case of hollow fiber production at very hign

25 temperatures, these problems are magnified. Hollow fibers are made by
extruding a polymer solution or dispersion through the annular space of a die
made of two concentric tubes. The inner tube carries a fluid or gas, which
maintains the inner diameter defining the lumen during solidification. In
operation, the polymer solution is co-extruded with the lumen fluid into a licuid

30 bath. In the thermally induced phase separation method of this invention, the
bath liquid is maintained at a temperature below which phase separation oscurs
for the polymer solution being used. The shaped solution cools, phase

separation takes place, and the fiber solidifies. Unlike flat sheet membranes,

13



the upper critical solutioRitenperature to cause phase separa®? é¥y 2882 bath
Liquid can be any |iquid having a boiling point high enough to prevent
bubbl es fromform ng on the fiber exiting the die, and not adversely
affecting the surface pore form ng process. The bath tenperature can be
f.rom 25C to 230C, with a 15 preferred range being 50C to 150C.

fi it o 4aeh el patanor e Uesh s A% b TR of Wil adrergiiies.”

used to foyfighles foRhed UrigetiRnerah ol epRitessich Plandrel)edthRidd/Biolgwt © pPot
the fibers. Normally, the glue does not fill up all the spaces between the

fi bers. Tlibeosiprenet shpppoediwhjle they arelsoliglfyiagi SSiapplthedxtudedesotutien end
f the to,be., The | th t he, fi f h d of . th tt] to th

Poop. sholfi BOLS-BRRTRCie Toara tat Ganspart:BR oge thELgTute Godling bRflurre oo

the 25 t ubi . . A . .

under 5 noRPRLlr HechPof tREShARE8 sl s pIcIER: 105 Ta R, Hie TBARECT

hol der. |wfippoibiHe fibephphrt(1 PA) is poured into the holder) the hol der
seal ed) and gas pressure is set to 13.5 psi. The tinme interval to collect a

jelt arzrg(u)gt | Ic:))f FlpA“’p%fibﬁéﬁ_@{/ frp E@ﬁ?ﬂ@me@bnsﬁ’lﬁiﬁ@@émiﬂé@ﬁ-?@_ed RS - 25
cgl ?/ect 598 bﬁ?ﬁﬁgﬁagﬁgﬁé%"? (S\Z%flcg m%i”e'%’l”ﬁ g‘ﬁﬁ?ﬁé%%%*%éégﬁ%d nggglnqréc% Oa

conveni erthewfdad® hE0&d Slenkes-HEnlraas ibekighvisehsalfility, andabWee adfe to
perneate T = time OD = outside dianeter of tiber N = nunber of fibers L =

t ot allgl ;a_rﬁgﬂwcfﬁ agedtian thed V?Q'é)&'ﬁ)’@e@gﬁﬁiﬁét strengity ig b@fgnﬁuugﬁely}boi nt The
Subrrer gedeHU5 RS P ERBA sk A SR Y Plb iR 8 BBl pUfncr cased i n
15 the | ' @i ' bl

R A L o e g A

poi nt. Msalvédtbhire kRowr a2 ekenethbadhtsiated sow hwol ASTENMrF3dighBPolyasersssfd t o
det erm ne mean bubble point. A curve of airflow throu a potted sanple

h
versus peelygifiugigetyieneipyns uaety hayadpidtiong. e thesespiventsnpigheret t ed

W t PA ‘ ala]l i ' -8 at J iLrflowis
one éal f W?ﬂgeg%ﬁ%@ﬁf%&@g cgnﬁghgfb@ﬂ@@? %ﬁlegﬁg%@&w&%gggé%l es
of hol | ovndtiiher TIRSpravesstieatdhalbadingpoisbpf theysoleeabbhbularbeigréaterr e of

i sopropyl al cohol and water, approxinmatel é 50% by vol une. The wetted sanple

i s then BwHkE® palymeremelting epmpe@tinecbnketfholl0°thandgheuldbave @ 8w sanpl e

sarpl e 1 CERUly RGN BB Ber e R TR0 Bty MR AS B 041
tweezer sq14pp0oNi MRéREYer Jatlidtie@ien n@@bc@l@ﬁweegmﬁpc\ﬁl&msw a sanple stub
W th conductive carbon paint (Structure Probe |nc. st Chester PA).

M c26s cogyloratrifidoroetby @mieywitio 0 ilihgnroints: gresaten thenCEIcac28@°Shatengokl ect ron
)\ croscope (lnternational Scientific, |nstrunent [,nc | pitas .
gt 1 2o eris IbRae A ByTe nsiFotur MSned s hE dhiS i | ¢
. T1F f Ofdé@éolvén%(ﬁéwng %iliﬁ@h&ﬁ% |OveFiF hear AR MEth e re of
C20( Ausi nont) was m xed wth | ovac 60 from Hal ocarbon” Gl  Inc. to produce
a past e tbe pdymiey. Wdithhse temipenatvags.ftbd spiventNeyaty polable and ifean air gap
Baker - Per ki_ns NPC/\{-BO; LI le%.t)m'n . oy s
is used, rapid loss of solvent in the air gap will increase the polymer
25 concentration at the fiber surface and result in a skinned membrane with low
permeability. To prevent skin formation from rapid evaporation of the solvent,
the die outlet is submerged in the cooling bath.
Submerged extrusion, although seemingly simple, is actually very difficult
to achieve practically. In the TIPS process, heated extrudate passes through an
30 air gap before contacting the cooling surface or bath liquid. The air gap, the
distance from the outlet of the die to the cooling or quenching surface, seres
the very important function of allowing the melt to draw. Draw can be described

by the ratio of the membrane wall thickness to the annular space of the die,
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10 screw extruder operati ngrat 200 RPM in the horizontal fi b&5 Jéi!% %Or\q3n9
Extrusion and run conditions are shown in Tables 1 and 2 below A

node.
Zenith nmelt punp was used to neter the nelt into a hollow fiber die. The
di e annul us was about 400 ~. Heated Hal ocarbon oil 1000N was used as | unen

fluid to maintain the hollow portion of the fiber. The nelt punp and the

lumen flui Thesaipgap alleves thej mettdd dazeteratbuzawinig)tand w b tabem:HJpZQGaWalPh
and 500 lunen. The bath liquid was djoctyl pthalate. After centering of the

| umen needfBQ &agROMigalEaies fprd0few iibRleTULMRrogeetRUSIDRuawRYer. 4DBlyta 11 16"
xt,ract ed

mith cones it 5758 6 BPni ik RleBias bey st 2ie skfuiBe TR cabEitct R Siinal og
at 275C.. Ed:mﬂﬁeegs@iﬁ@kiescwaiéahioothéi@éain?r@atgi %AH HeboMabs eesistaltbe 1.

Extruder Barrel tenperatures Tenperatures C) O Sanple #Zone 1Zone 2Zone

3 ~ ~Z8ne4dravng. tNotdwing dully, seliqifigdi thetfthgy hias aNstrong3endency te8saski
~285285 .~285 12753104230

2852803102@%02 0 , 285 ~285285275 ~ :Z%of.lbs '231%29% .
| 200285 ' 2BBDIEEOTE, H7E HESESSANI0 SRR IRE MDESR) TN A bW dsaW43tia. o5 ju1y 2003
6230290 1280~ 280d:2; ~ 3 -y i .
500280 , 2802851 " DRIT TYERIGn  pMERIU SR TR i Berletler enAite M Br
rate (rpmgaml Fingt, hashdebtep thatdrawiag(dijehio@, adadbe fibef d1WA8 mAde with

~251004130151005100301006 1100351007 1100451008 1200 125100

an unusually narrow die gap of about 350-400y, which defines the wall

10 thickness. This is very close to the dimension of the final fiber so that minimal

.) drawing is required. The die was designed and machined so that only the tip,

about 1/16 of an inch, made contact with the quench liquid. This modification is
crucial to the success of this technique. Since the quench liquid has a much
lower temperature than the die body, submerging a conventional die would drop

15 the temperature of the die to the point that the solution loses its ability to flow.
Even with just the tip submerged, there was a decrease in the temperature of
the die tip. A micro-thermocouple and a strategically located booster heater

were used to control the temperature of the die tip and to raise the solution

temperature at the die tip.
20 Fiber can be extruded in either of two attitudes, horizontally or vertically,

as shown in Figures 1 and 2. The solution is metered through the annular die
by the metering pump at a volumetric rate that approximately matches the take
up rate of the spin line. This is necessary to prevent any significant drawdown
of the fiber which will cause breakage of the weak extrudate. The inner and
25 outer diameter, and the resulting annular space are set by the requirements for
the final fiber. A wall thickness of from 100 microns to 250 microns, preferably
150 microns to 200 microns, will give a useful fiber. Spin line take-up rates are
dependent on the fiber dimensions and extrusion rate. Rates of from
approximately 20 to approximately 200 feet per minute can be used, with a
30 preferred rate being approximately 100 feet per minute.
During fiber extrusion the inner diameter of the die is filled with a
continuous flow of liquid to prevent the fiber lumen from collapsing. Careful

control of the lumen liquid flow rate is required to prevent uncontrolled variations
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25 July 200's Table 3. 1 Sarple ~ 'QuterVallVisual |PA ~%i MeaR® $¥X 208w
Ti rnedi anet ert hi cknessbubbl ebubbl epoi (sac) M cronsm cronspoi nt (psi)nti

(psi )1 1940191 " 16 139.5 1139fi 29141841 4 ~37.3
(10283829g1651537. 691647492101940.5 " 1467510541781427. 3933fi 108017210.5

+27.3 ~783711181401037. 9788825203~ 122g -~ 1295g Ex~2 Effect of Stretching
A fiber pimﬂberedlrmemmmmeﬂ'hmlmuhdishooldtrhm@a iboilBgppire high ehooghao o

sol i ds sokut i on of POLY(PTFE- COQ PFVAE) Hg Vac 0 was extracted
str et ched 0208 @04 RRERY itha dis7asdh s B UCEGUIRES - | TiBHRaMTease Bebblrssow

W e

pol nt (psi Wah 1P eRiey et illalueenpeitiarssurifte R3ddHsify. ons!t foreexzpese2@90, 835

10 Exanpl e 3. Bl ends of
pol y( Pet redysing 6eegyleéing- Qfdhpé}erata@ts@mmnr@ntberwmrhleqw-lopw wall contact

008 T 1See B PhE ey 8 TR ARR Ehddh ek Beesutges 1"

with thr %|%§F€§n9ént@a@c5‘ﬁi |3*%1«'—3-”]fihetnOI‘ic%Jld %@h'!ﬂ?Mé?eFélﬁrﬁé%@ @t ?&g’?hal At e

Take-up rate was 50 feet per mnute he cooling bath was diocty
at 85 ( Ctemiebaturs,ompriehgaten b altemspmamrgloferp to20@dCes 4 and 5. Menbrane

5 characterization data are given able 6. ,Ta t.ruder Barrel
e Biesle orap36s OER S eaAl A BRTRE B SR 1o AiEh rbtteaned

t enper at ures

i @E%@8&%%?@%9%8’92/8@%%3@8@3@32&%@%5??% R

AI BTake Lhéfﬂ@o@'kleffb@laItJQb@@f@tmﬂ@'ﬂﬁﬂ@g!‘eﬁéﬁé@@ﬁﬁie&uflﬁe(r@h@élitfe“t)@()% 1

Dv6501085809% 20960 |1 10 18520% 8090 110 25 July 2003 Table™fi. 5
280°C to 290°C. The die nose, which encompasses the die outlet, is controlied
separately to a range of 290°C to 320°C, preferably to 300°C to 310°C. The die

nose heated zone briefly raises the solution temperature to near or above the

1S  boiling point of the solvent.
Figure 1 illustrates the die nose used for vertical fiber spinning. The

solution is introduced to circular inlet 3 from the cross-head die and is
transported to die exit 9. Lumen fluid is introduced to the die nose at inlet 2,
and exits at the die exit. Heater 5§ maintains the solution in a fluid form.
20 Temperature sensor 6 is used with a temperature controller to maintain heater §
) at a determined temperature above the separation temperature of the solution.
Die tip 9 is submerged in cooling bath 7. Gel membrane hollow fiber 8 exits the

die nose through die exit 9, with the lumen fluid filling the inner diameter of the
fiber.

25 Figure 2 illustrate the die nose used for horizontal fiber spinning. The
solution is introduced to circular inlet 13 from the crosshead die and is
transported to dle exit 21. Lumen fluld is Introduced to the die nose at inlet12,
and sxits at the die exit. Heater 15 maintains the solution in a fluid form.
Temperature sensor 16 is used with a temperature controller to maintain heater

30 15 at a determined temperature above the separation temperature of the
solution. Die tip 22 penetrates die nose /cooling bath insulator wall 19 and

contacts cooling bath fluid 7 held in cooling bath trough 20. Gel membrane
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10 15 20 ' Blend A/B'° Quter~ Wall' Visual iPAVean | PAI Fl ow T¢duly 2003
.Jdi amet ert hi cknessbubbl ebubbl epoi (sec) M cronsm cronspoint (psi)~ ntili
(psi)90%410% 953130-27971] 451318809%420% | 914J 130-27916 i 401 1194
-209480% 19271130- 279112 144 11362 Exanple 5

Pol yl t et raf | uor oet hyl ene- co- hexaf Juor opr opyl ene) (FEP) The process

condi ti ongofial fmgrn%i @ﬂtsFtlﬁ%4éxeltipoeHr6mQ§@iéTsﬁib2@,n@/ﬁpvm@qu% ﬁ%ﬂmﬂggpﬁé t he

bl end nmenbranes of Exanpl e 4, except r the barrel tenperature an di e
t enper at uimer dapetéersafl thdfibgast e was used. Even though the nelting point of
FEP, about 258 _C, is, much |ower than . . " ver )

pol y(tetrafl quQéf’ﬁglcgﬁ:gz‘tst'ﬁé‘r Fh%@&eotﬂﬁ’ﬂi POSiionRA sprbay the pxitingel fiber

signific i £ i i

POLY( PTF@%%GBE%% %%’b@%ia{?@ﬁ? ‘??@*%EP?WPQ%?EFE@ Bt A PEafered oq
from 395 gosittoBbas@prdxinstelli € 6ntulliendtenpt/1briveh)XAhe die sitfnérgeldes
menbr ane properties of FEP holl ow fiber nmenbranes spun in this exanple

vere; | PAeRreseitedin figwepki For hedaomapfiner peinningadne (digvis firmaly1593 seconds.
Co ti . | es. | fil . i .

s e VIR pERinsh s d1 el gl s e AR RPoRS S50 2R TSR Pon of
pol y(t et rp@‘déﬂ@t@@%ﬂbb@ﬁ%rg%oéﬁﬁ@w% arlmrg]yd-}_«gpwé@élhﬁrt%é 3%%\‘ HRiroGRr bon O |

I
56 was extruded into a cooli ng bath .ocarbon 1000N, a poor sol
vent for trdughplolr goeling liguidufiew ibplaceld inenfaness un &e wepesita®ide of8B€, 260C,

2o G B8t i P T Al B B TR s BB S VS 000" A
. short poéhb%rgéd%bhg}’&ﬁ'?ﬁé tIRIR AR ePhBIRROYed Br ROrSQE%ENt coating

at a take-up rate o 5 feet per mnufe. The air gap bet~n, ~een the die
exit andThedraugh comppriael slonigacengib of 22depthcand Enshbiterlenigi odesD cf

1500 m crons and a Il thickness of 250 mcron. IPA flow tjinme was 42,735 5
seconds. dﬁpghd‘r‘ ichy Gt cﬁg%FStﬁBPI'Bﬁﬁﬁfe‘P tﬁ%ﬁ%‘?%ﬁ% 5&&06?&@8&%% t he
ol vent j : = f } ar bon
26 v, cSERbENE AR dRbHTWi(E: BRaiihe imdilo M8aRR3R ey dElr o ©
20005 ceomingafhsidt FGoalird lidind dlovesi thestrdfgh and coeslow®thé regiohiafedheas 3315

seconds. 10 These exanples illustrate that fibers produced by _the earlier
et hod AraUGeOf IRRSEr G5 AR JHRARING IR AIBNIPHE CHECTRIGTNEESSS WBAPW of | ow

flow ti : Lo i r i M | AL [P and
sho\rNt elr ”ﬁql;{n‘rg;\m%é] ﬁ%@l@?ﬁﬁgu%ﬁ{@éfﬁgt I| S e&%rgnﬁ;?\gga%gﬁmoﬁ?fcont act or
hol | ow fgdustingnizyuid deeweanehé troumghlen Bakd e yreriateolsutfacs. descri bed above

was conpared to a skinned fiber e fr 30% pol ymer sol uti on accordi ng

to the met hodAB'ﬂom@iAsz“z?naLﬁOhM"@gE?-@&’EV%O BrSIRYEr EEN@GYned. A gas

m re i Ni qﬁgﬁqz,_ 1] ~r.at I tacted with

V\/a?éé?| usslqﬁgt?*ﬁgsgér!fe rar?e?dl%v ,f( %Xﬁ?eﬁpﬁghggﬁgr@%&tﬁ%@vﬁfge’ﬁ menbr ane
s nmadechyis of @rbes ssabigty "EFAcendBdvid equeeh chyddrp fa st-poégibhi duerto itShor of ar e,

{J) was m xed with Hal oVac 60 from Hal ocar hon % | nc, Hal ocar bon Products
Cor por athi@hgr meltag edgeeratyre. QB”WWB’-&"%&%‘{ BroeshexinesiORelt Wast ent
whi ch f [ i el ' - Per Ki
(Sagi nagerkFifed) & JaCa 2 BRe) AAbh Hichen fHbo E ogRiap doRs et Mo vere

set to Wgidwer’ dHirolRBBothavk Zeanplarituld aktbeen 25BYCHERB0TOMSiNGS thsed t o
neter the nelt into the special hollow fiber die nentioned above. The die

an@# us lwmendhidwaid tend tohoil hthis 4emperaiure. spinbingcated higher rate wgszeni t h

Pnd’ t he VPRI Ui a Reled Rfclds e BaKPUAR B RE el B PR AR ' 260
m cron %wncﬁgd.ﬂ%temp%rdicm%mp’fhg (serveet péumlﬁte (Fm))ba%blaimwi d,

mneral oil, was set to ter centerin t umen needl e, the die

was subbecgese bbits stightly Icy-'verﬁrmt@itirtgqpoi@ﬁxe‘?l@hY(KJﬁ’%{iEdCaBFMﬂ’aE)fdidé‘rOtwas t aken
up by aqag}wcr?fas%gﬁts 5ig}1|]nsg artuc%rbilc?%eaéor;eogt 55.%.95m‘[1.>‘r4r|1(31 86%%1).
30 POLY(PTFE-CO-PFVAE)fibers alsc appear mechanically stronger than PFA.
The gel fiber or dried, extracted fiber could be stretched longitudinally, reguling

in significant inQraasa in parmeability.



feet per minute. The fiber was extracted by (1,1 dichloro-1- ffUd¥%e2RA%e,
(Fl orocarbon 141 b, Genesolve 2000 Allied-Signal, NJ) and dried
subsequently. This fiber had an | PA visual bubble point of Q40-50 psi with
an |PA flow tine 12,000 sec. The intrusion pressure for these fibers was
8-10 psi. 5 Each contactor was installed onto the test stand depicted in
the Figure 11. Deionized water at 23odingrBathat ure and a pH of 6.2 was
punped t hrough the |lunmen side of the menbranes at varying flow rates. Water
fromthe deionized water system (not shown) enter through valve 142 with

bypass valve 1 C . I . er,_flow
pressure drop ﬂ)j eaécdr%cﬁ)@g ?%@qggﬁ{ggﬁt&ﬁ%@&%ﬁé%ﬁ@%%q R‘@gf)%sel%‘fvt her
one cont ahei ugh&kdritied sBRITRINReSdrifA898 datisk)pdsedBeputdtidns KTHb ¥ih

menbranes (12798 unit). Gzone gas from a Sorbious Senpbzon 090.2 HP ozone

gener &t orliqudg cead aany liguishhawing oboilingtreietdiighienagh tepravientbe bsepm

t hrough inl et. 130 to the shell .si of. th gptactor_,uni .16Q) . Cont act or
gas_ presdHE REEMASe PRI eruig Belliee5u TOR BEBREa Rrisrting e igace
pressure t ( oS Qlireld=zh BBFRdN 0

concent rﬁgg?ﬂ#kg%%%%gls\%%ﬂ%?gneﬁ nﬁ%‘rﬁe rcont actor out ?tjwst?{rg%:?n' \ng @
measur ed phgferratheargrnbeingl30°C The 50PGsol ved ozone in the overflow rinse
bath 100 was neasured using an O bi sphere Mddel 3600 di ssol ved ozone sensor

110. Liquid flldwe thath iguidgean beany3igeid thatalagsmobel ahthaisodlmg val ve 140

dt inlet |iquid . into .th hel ide,of 't
oo bRk Ll B R G Rl TCBRAI: SRR bbb sl
pel ow ther RiteRRUNAPind fiBet tdlkbdsd @ SRIPHPRINL, R thafigBbILeR QPR €S 1N the

liquid as gas was transferred to t Iquid throu menbr ane.” Figure 10

is a p; opelyofieratsthel caalingzbati tempdratwat Exampies of peafenrsediquid@Breart s per

mllion zone. vs. D _water fl r in lLiters r..mnute for each
cont act oé%ﬁ)%‘é’%r”é‘aﬂq Qﬁéﬁaﬂ't%ﬁ qth@%g?'s g‘gﬁgéa"wgﬁtétuité)f?%aé%eée@@é’a{:?es
with incregging DI water flowrate and that the skinless fiber contactor

di ssol ves nore ozone into the DI water than the ozone contactor (102698)
conl®i ning the skinned fiber. 30 Exanple 7 The skinned and skinl ess
menbranes of exanple 6 were conppared ma test with carbon dioxide, a highly
wat er - sol ubl e gas. 30 25 Jul Gxtraghion ad i¥dRIcont act or used in his
ExamNl e, a bundle of fibers was made, potted and installed in a cylindrical
hol der to make a contactor that separated the lunen side fromthe shell or

outer side of Theediifiber s tHarbitrdducedsnfOs liguichextradtiod bty ofvaliquigas about
150 p. The nunber of fibers was about 500 %ﬂd the 5 Iené;th of the nodul e

was aboutiahwilbiamessthe seieniayithaw sybs@ntiedy sSPHeNBIWFRKEN™H @F fi ci ency.
I n i's : 2 Y 148 G l~; t. 20 C was
pureda” R S B et R Bl e Plar® ped

aE, | ow HEFSU1411r D1t 2¢ticiserdttiustoelthylehdéFadorn®@ el R, i DePeont) Rogxahé opr acti cal
purpose) the absolute gas pressure was assuned to be 760 10 nm Hg. The
ozone caindar r Bxiraation is heualbedoaa@t figen @abouéL0Gattorabms S0°Gdasur ed at

different, flow rates. Figure 12 sho t he resylts d theoretical .

e ot MHRMEEGE SReotyieedading Rl S rER R T IG5 < i
resent | : fdeCh Bt auliKdri I t he
Dot oni CHeRanfr reliiBpreUBRELSH, AR, astorPligyjifiaritatedid; SLIBRESORY ! Ih,

cad®n ¢ 6ePCe Optienally) thetfier id thir Hedippet] atZDACC-td 800t car bon di oxi de

P gas.r codresahe NSRS st Ll SR BafkFbiedors. o
s = KeRRF T Inerahe con Ry SR IR B TRRESE P TERHER ) b1
the 1p fHerkiplbstrehol6wdibErdnembranes made by prior art methods break easily
during extrusion and practical lengths cannot be collected. The membranes
30 produced by the submerged extrusion method have high surface porosity and
good permeability. Figures 5 and 6 show the inner and outer surfaces

respectively for a fiber of Example 1, sample #3. The inner surface has an
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Doa is the ~I|l~uslvlity of carbon d-oxl d~ In wat er[ om~/ a~,” 31 25 MY?QP@ 2003

The Graetz or Peclet nunber is calculated as fellows: Pe or G =
V*D2/ (L*Dab) 5 Where V is the velocity of flowinside the lunen [cns] and
L is the length of the fiber [cn] The Sherwood and G aetz nunbers are

di mensi onl ess groups used to 10 descri be heat and mass transfer operations.

The Sher wogtbKMHEESUifSc cBNBRARL UilrRek RS Fhelounsf surfaeefid ned@lp gnd the
Graetz nunber is a dinmensionlesS group that is related to the iInverse of

t he bounddibyousyise orieintead et ctudes RFigurelsranngiSnefmewdhednnér andidter ane Sci .
69 (1992) 235-250) 15 | . t t i fib m

cont act of LTSRS bEA I S Gka O Buharamble B o GbBHBNEDSEriZGRNS

Menbranes jgge aggcff%emmé sﬁhﬁs&gﬁest iRed whoPLie PAtdie arREIOOGe SIPRIc VR the

G aet z nunber I'I'near at hi val ues of the G aetz nunber, in agreement

with theopeimardy npadsllptdfarent®e sibet-dikatstiugiurés adtiguras®endwd ehevptias ned
by the polyd isperity 20 of fiber dianeters, which affects uniformty of
fiow t hr oliiertans eyteesyrfacessespeEting)y Pt adhered Bxampie 51 Botosustacasuaneer s,

br edi ot 1 of BHEPPBSnduEEhe SRR B TRas e T Bhse Bsban Cakbha:
oxygen nesghly pogiueronekiniensidueliced thyt tdn dedbrotiucetddhlaabon@sidgiigance across
t he nenbrane. Conversely, one can conclude 25 that a nenbrane that foll ows

t he prediRRACESs &Y thRsutsnemes exeesioninseihedeut Fapdenappraniatedthast highe

resi sjhanc dj 1,0 I | t I ary...The results
BN uzbr até‘ﬂﬁ)%e H”I@%ﬁg #é%#&\%@ﬁ%ﬁ%ﬂ@%%@%@g ér%\rgﬁbgﬁb\}sebﬁlpnt\ﬁ'i”sb%mpl e
have a |QWe'I'93f8)bé‘<!Stﬁné6;§w§@é@Q% éﬂo@mg{y)tdam@tﬂ@fés desag acfiltdrg 30 fol I ow
the Leveque ‘equation at high Peclet nunbers. In the linear redgion, the

rel at i onsipgrabenwddis whilkreshudlrindodgetand maenedeffentiver aperatiomndfedhei s g i ven as
Sh= 1. 64(Gr§1' '3 for Graetz nunbers from between about 5 to about 100G 3'?
25 July JOBFBfABE we Claim 33 25 July 2003 34 CLAINS 1. A hol | ow fi ber

e oy ST ATRES Ml uBel il RS GEkd haremma SR TIE W PG BYLRS,
of 1ESs tudowefitmers (SQADO iseedimds.The polymer/solvent paste-like mixture is
introduced into a heated barrel extruder 31 through inlet 32, by means of a
pumping system 47, for example, a progressive cavity pump. A solution is
formed is formed in the heated barrel of extruder 31. Extruder 31 conveys the
heated solution through conduit 33 into melt pump 34 that meters the solution,
20 and then through conduit 35 to cross head die 36. Optionally, the solution is
conveyed from extruder 31 through conduit 33 into melt pump 34, and then
through conduit 48 to solution filter 49, and then through conduit 35 to cross
head die 36.
The solution passes through the crosshead die 36 and into the die nose
25 1 where the solution is formed into a holiow fiber shape. The lumen fluid is
introduced from die mandrel 38 to the inner diameter of the hollow fiber solution
exiting from the die. The lumen fluid is supplied to die mandrel 38 by means of
lumen fluid supply means 46.
For vertical fiber spinning, the solution with lumen fluld Is extruded from

30 die nose 1 vertically with no alr gap into cooling path fluld 7 cortained in ca8ling
bath 41 where the solution Is cooled to effect the microphase separation of

polymer and solvent into a gel membrane hollow fiber 8. The gel membrans
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2. The nmenbrane of Claim1l wherein said nenbrane is asyrrrretri%S.J‘élYZ%%
menbrane of Caim1l wherein the IPAflowtine is |ess than about 2000
seconds. 4. The menbrane of Claim1l wherein the IPAflowtinme is | ess than
about 1500 seconds. 5. The nmenbrane of Caim1l wherein said perfluorinated
t her mopl astic polymer is

pol y(t et r didliowar fimd 18y | segreid ed prrdUghoihe(cdKingwbati &£t berguiderroliers 43 and is

pol y(tetrafl uoroethyl ene-cohexaf |l uoropropyl ene). 6. The nmenbrane of Claimb5
wher ei n t @M@VRYIfrasn tegicgoling bath 41 by Gocet rolls 44, The gel membrane hollow

poly(tetr r. hyl - cQ-perd | uqr L kvl vinylether)),ds propyl, nethyl,
or bl endsﬂé%?ﬁé?ﬁ%%gﬁ@?@ﬁﬁ@ééqéjeq'@ﬁgﬁﬁoda/ %&&%@gjg}r‘ﬁa hol | ow fi ber
por ous menbr angidam Yk cBSE Pk ' '
essentially ski rlfTJergs glgrlg?gfcéeéjgny@t lﬁggsta one sﬁﬁda@gpg%%pﬂﬁgs%t@aﬁ
di ssolvi ntheshwltbw ibersiof theainedntitver Hop pastrner/sovgntpasie-bkesolixtang i$ hat

re solutjon with said pol yner,

forms an upper critjical solution tenpera
(b) extru’&%&%ﬁﬁdm@o@ Gﬁﬁ%ﬁ&] Eﬁfréh%’“ raﬁfﬁmréldg ilglet32, Syimeaneoi«ni d di e

bei ng sub i coolg i i te ture

Do, 19 SUOSEBRA LNEEAD! R ARLABLEIA AR A el SRR, e

Jul'y 2003opPetl fermedsh ik RabSOAl SMestAlderaAl. dEsabERY1 %hk}ely(s%e

cooling said solution to bel ow the upper critical solution tenperature to

cause sepgwaied solutivnothrewgiplasdsit i3 intaoiadt- pumpi 34 phaste nsstpes thts on, ~sai d
vent rich |jquid phase,

has bei ng. a polymer rich solid phase, and,a sol,
o T 5o ecdion BpeMepcheuals sevdub 3330,5rG5% vead die o sRPUOBEIY ihBer ©o

forma pqr I i 44k I inGh : | oxv, f i ber

rerr ane S Seifive B iR AT a1 iplodtpaRSE o3 B M IRpett:  on of
sai d di e apel thenHRRIHEENd Sit B8R0 GoutldrPfiltét 4T hendreidinthreligiicahaut 3%gs ei n
said perfluorinated thernoplastic polyner is dissolved in a concentration

of from &bt haad diem3fbout 35~ by weight in a solvent that forns an upper
critical solution tepperature . solution with said. yner. . 10. The net hod of
Cl ai m 7 wherei #%?@H%Bfaééﬁﬁﬁﬁ@gg s Fr%ﬁ?%bei%aggblmd 5P 8?? &W nose

ess i akl r sk : i g iSEYEH di i I ;gai nt ai ned
ot 2 et e o Rl R D B e Ty B, i e

pr emat ur gitsodugeldifrom dibenandre] B8 toithe dhnsmadid mibter pétheg halies fiber eaition wal |

separating said the body_of said _die fromcooli n_g both, exposing the die
exit to @Xfiagdwunithg diet The iwguea fluidis syrplies: tedtie dnanrdes! M87bxwmeansnot he

sol vent il i l,ewer than the tenperature of the gel fiber at
the die @ﬁeigpﬁéﬂ@gy%ﬁ%&ﬁfe?ﬁbd of daim?7 wherein the solvent is a |ow
nol ecul ar wei BBt heAkoh@l §Heebbianhing, ithe wofalnydwiie dumen Mol ysRImoved5 July

2003 36 13. The nmethod of Caim 13 wherein the solvent is Hal oVacm 56 or
bl eRBs tHemdbe.diggmosent threrabdheidie/ere!ing bath Mssbater yalk 1 withma alr

| i | i . , . . C
L (oo S I BBl G s fuis, 20 ceniained in gPOlng Path 81, 4he the solution is
pol y(t etdofié &l &5 ey tRNERErobRY8E Isepaedticyf o§merldnd $bRefEhod @ C aim 14

wherein the alkyl of said
pol y(t etmammbranedwoipheikerctd.per f | uor o(al kyl vi nyl ether)) is propyl, mnethyl,

or of blens met hyl and propyl . .16. ., The nmeth of im.7.wherein,said
cool i ng bat hof}?%gregxmgfaé'{ésh@%"%f'ﬁ’Sﬁjgd?\?@féef%\mggﬁj&ﬁlﬁgp?lll%Eiaﬁhgéd

t heggoplRsgiige Roliyises3 a%-is?@ﬁo@@ﬁhﬂﬂﬂ%e@o@iiﬁ%} Hatmimarsy Gogat FbIeep4 i ng bath
| iquid consists of a non-solvent for said perflTuorinated thernoplastic

pol yner ThesgelThe mirahechadoucfibem § iswemeved &aimithe @dded rolke 44 biygrods

consists of the group selected fromsilicone oil or dioctylpthalate. J 19.
The met M6Ad®F4% ai m 14 wherein said cooling bath |iquid consists of the

Bor ous e VTS neh FBR Y b e YEBL 8% BB vt 2 56h her “havi ng
an essefidtalili ot lsidHiBSsntRUvEaren @n daletbrastlyafrect Whé aeBowdmdra | PA flow

time of |ess than "about %0 seconds produced by the nmethod of Claim?7.

2s 30~i ymeoobragie. 2The Tiber ne theradded undeaireste@nivieerenimizaistirinkade.ane i s
asymetrjc. 22. The. nenbrane of ai,m 20 erein saj.d perfluagrinated

t her mpb&’glppéﬁbotl-{‘?rféqeri gay Qee%tf‘:ét(% P 6%%??129{9"&99&%#&@0@9 i néj ng naly,

pol y(te{H@fi+Mg thy hegesgoper f I uoro(al kyl vinyl ether)) or

pol y(tetrafl uoroéthyl eneco- hexafl uoropropyl ene). 23. The menbrane of Caim
22 wherein the al kyl of said

pol y(tetrafl uoroethyl ene-co-perfluoro(al kyl vinylether)) is selected from
the group consisting of essentially ald propyl, of essentially all nethyl,
or blends of nethyl and propyl. 24. A hollow fiber contactor nenbrane nade
of a perfluorinated thernoplastic conprising a porous surface on both

~ - Y = L



28. The menbrane of C aim 26 wherein said perfluorinated'ther#®pHu2PP?
polymer is selected fromthe group consisting of 38

pol y(tetrafl uoroethyl ene-co-perfluoro(al kyl vi nyl ether)) and

pol y(tetrafl uoroet hyl ene-co- hexafl uoropropyl ene). 29. The nenbrane of O aim
27 wherein the al kyl of said

pol y(tetrafl uorned hyd afig %@rﬂﬂﬁfrfrla‘#@é @rﬁé\"n*fd’dlé!strb/bgﬁdlﬁé’ holid® beee' ected from

t he group consisting of propyl : I ends of nethyl and propyl. 1.
. A. A?. Anvmembranes of the present lnvenuon have porous surfaces on inner and outer

A AS. A AS5R. ASe. Ayy. Af . A AHe. Ae, A AS?. AS?. AS. . AFy. A, hR. AR
A o ABLHACHS BT UIEAS and SHERCASA VI 10 Aldni TRRimembranas have by |

+~~ytoj e calc

a] cgu] JcaL}jwaqa’l% gﬁcaf@%ﬁgka%&g@ @@%W&B&W@P%&%Sﬁgﬁé !

t } xsnisd_Z§eedredd.cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! UD*

VSu&{ && ()))O0*s**+, -W-.]///|wnmhc”Y]c]ca] ca] ca] ca] ca] ca] ca]ca] ca] ca] ca] ca]
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nose heated zone briefly raises the solution temperature to near or above the
boiling point of the solvent.
10 The cooling bath lowers the temperature of the extruded fiber to below
the upper critical solution temperature to cause phase separation. The bath
liquid can be any liquid having a boiling point high enough to prevent bubbles
from forming on the fiber exiting the die, and not adversely affecting the surface

pore forming process. The bath temperature can be from 25°C to 230°C, with a

15 preferred range being 50°C to 150°C.

Characterization Methods
Flow Rate Test
Two strands of fiber are loops to fit into a 1/4"polypropylene tubing about
20 1"long. A hot melt gun is used to force hot melt glue through the open end of

) the tubing to pot the fibers. Normally, the glue does not fill up all the spaces

between the fibers. To complete the potting, hot melt glue is applied to the

other end of the tube. The length of the fibers, from the end of the potting to

the loop, should be about 3.5 centimeters. After the hot melt glue solidifies, the

25 tubing is cut to expose the fiber lumens. The fiber OD is measures under a
microscope. The tubing with the fiber loop is mounted into a test holder.
Isopropy! alcohol (IPA) is poured into the holder, the holder sealed, and gas
pressure is set to 13.5 psi. The time interval to collect a set amount of IPA

permeate is recorded.
30

Sample Calculations
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tJ



F"109%& ()- Y :!10% ()-010%& ()- 10 U 10 U))0*s**+ dBK@ 10 U 7y Y2898 ()- G
109%& () - F$109%& ()- Fs109%& ()-10%& ()- 109%& ()- ,-W-.]//aBK@10 U9 109%& ()-
M6 Y%40%& ()-&0F"109%& ()-Y.'110%& ()- L, "100%& ()- +

10%: ()-// /1110000~ @ U&10% ()-s10% ()- !$010% & ()- 10 10

10, >10% ()-; 10% ()-010L2$3_33aB~_@ UMLO%& ()- 10%! ()- !S&10% f& ()-

matolls (RO PR SR et o (-

SV66. 7n77aa,sﬂ@nm3 (E &éécoddls'ta;%&ea 506011098 8é)me|atelclé’é$c&léted from
C3+" 109 () -! $f' s$109%& () - 8WB889@I 9J9K9dE: / 10 10, >10%
&L0%&' () - mevnmwn(sasarmmn ccyuecalalmme(n)lent&sgmﬁdwmt)hel@etgmdemﬂbede
108t 1 10% & %%9 Y10% & ()-3ML0O% & ()-, $10% & ()-FL"10% & ()-'!110% /& ()-
10; ; n<<=WEEES/ 103y 10% & ()- 3Y"10% & ()-y! 10% & ()- 10% & () -

14, s&H0% 1 & () \1OY%furhé of permeate
T =time
OD = outside diameter of fiber

N = number of fibers
L = total length of one strand of exposed fiber

Visual Bubble Point

The potted fiber loop is mounted in a bubble point test holder. The loop
is'submerged in a glass container of IPA. Air pressure is slowly increased in
15 the lumen of the fibers. The pressure at which the first bubble appears at the

outer surface of the fibers is registered as the visual bubble point.

Mean Bubble Point

20 A method similar to ASTM F318-80 was used to aetermine mean bubble
) point. A curve of airflow through a potted sample versus pressure was plotted
‘ for a dry sample and for the same sample wetted with I[IPA. The mean bubble
point is the pressure at which the wet airflow is one half the dry airflow.

25 Scanning Electron Microscopy Images

Samples of hollow fiber membrane are soaked in isopropy! alcohol or a
mixture of isopropyl! alcohol and water, approximately 50% by volume. The
wetted sample is then soaked in water to replace the alcohol. The water-wetted

30 sampleis held by a tweezer and dipped in a container of liquid nitrogen. The
sample is then removed and quickly snapped by bending using a pair of

tweezers. Approximately 2 millimeter cut sample is fixed to a sample stub with
conductive carbon paint (Structure Probe Inc. West Chester PA). Microscopy is

23
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S69310%& () - YULIONE fdnk BOLVIERFE.c PR REFSSd(Ausimont) was mixed
with HaloVac 60 from Halocarbon Qil Inc. to produce a paste of 18% by weight,
which was fed by a Moyno pump into a Baker-Perkins MPC/V-30; L/D=13 twin-

10  screw extruder operating at 200 RPM in the horizontal fiber spinning mode.
Extrusion and run conditions are shown in Tables 1 and 2 below. A Zenith melt
pump was used to meter the melt into a hollow fiber die. The die annulus was
about 400 n. Heated Halocarbon oil 1000N was used as lumen fluid to
maintain the hollow portibn of the fiber. The melt bump and the lumen fluid

15 pump were adjusted to produce a fiber with about 200n wall and 500u lumen.
The bath liquid was dioctyl pthalate. After centering of the lumen needig, the
die was submerged under the quench liquid for about 1/16" and the fiber was
taken up by a set of Godet rolls. The fiber was extracted with Genesolv® 2000,

Allied-Signal, Morristown, NJ, dried and then annealed at 275°C.. Fiber

20 Characterization data are given in Table 3.

Table 1.

Extruder Barrel temperatures Temperatures(

(°C) °C)
Sample# |Zone |Zone |Zone |[Zone4 | Melt Die Die

1 2 3 temperatur | body | Nose

e (°C)

1 | 230 280 | 285 285 285 280 310
2 230 290 285 285 285 275 310
3 230 290 285 285 285 275 310
4 230 290 285 285 285 i 275 310 |
5 230 290 280 280 277 280 310 [
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Sample # | Take- | Lume | Cooling
up n bath
rate pump | Temperat
(fpm) | rate ure (°C)
\‘) (rpm)
1 100 20 55
2 100 25 100
3 130 25 100
4 130 15 100
5 100 30 100
6 100 35 100
7 100 45 100
8 200 25 100
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Example 3. Blends of poly
(tetrafluoroethylene-co- per‘luoro(propylvmyletﬁer)) (B)

(A) and poly
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2 914 184 14 37.3 1028
3 826 165 15 37.6 916
4 749 210 19 40.5 1467
5 1054 178 14 27.3 933
6 1080 172 10.5 27.3 783
7 1118 140 10 37.9 788
8 826 203 12 . 29 1295
Example 2. Effect of Stretching
5 A fiber produced in manner similar to those in Example 1., from an 18%
solids solution of POLY(PTFE- .CO-PFVAE) in HaloVac 60 was extracted,
stretched 100% and annealed at 275°C. The results in the Table below show
the improvement in permeability due to stretching.
) B
Unstretched Stretched
0D microns 851 723
D microns 381 343
"Wall microns 229 191
(IPA visual bubble point(psi) | 15 10
"[PA mean bubble point(psi) | 38 23
"IPA flow time (sec) 2000 835
|~
10

(tetraﬂuoroethylene-co—perﬂuoro(methylviny!ether))
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Table 4.
Extruder Barrel temperatures Temperatures(
(°C) °C)
3 Blend A/B | Zone | Zone |Zone |Zone4 | Melt Die Die
1 2 3 temperatur | body | Nose
e (°C)
90%/10% | 200 285 265 295 295 285 300
80%/20% | 200 295 295 295 295 285 300
20%/80% | 200 l295 295 295 295 285 310 )
Table 5.

| Blend AB | Take- | Lume | Cooling
up n bath

rate pump | Temperat
) (fom) | rate ure (°C)

(rpm)
90%/10% | 50 10 85
80%/20% | 50 10 85
20%/80% | 50 10 85

10
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Microns microns point (psi) | nt

(psi)
90%/10% )953 130-279 | 71 | 45 1318
80%/20% | 914 130-279 16 40 1194
20%/80% | 927 130-279 12 44 1362

Example 5 Poly(tetrafluoroethylene-co-hexafiuoropropylene) (FEP)

5 The process conditions for spinning FEP hollow fiber membranes were
the same as for the blend membranes of Example 4, except for the barrel
temperature and the die temperatures. A 20% solids paste was used. Even
though the melting point of FEP, about 258 °C, is much lower than

poly(tetrafluoroethylene-co-perfluoro(methylvinylether)), it was significantly more
10  difficult to dissolve than either PFA or POLY(PTFE-CO-PFVAE). To spin FEP,

the barrel temperature had to be raised from 285 °C to 305 °C and the die nose
temp. from 300 °C to 320 °C. The membrane properties of FEP hollow fiber
membranes spun in this example were; |IPA visual BP 12.6 psi., mean BP 40

) psi. and flow time 1593 seconds.

15
Comparative Examples

Hollow fiber membranes were produced using a process similar to that of
Example 1 of U.S. Patent 5,032,274. A 19% solution of
20 poly(tetrafluoroethylene-co-perfluoro(propylvinylether)) in HaloCarbon Oil 56
was extruded into a 150°C cooling bath of Halocarbon 1000N, a poor solvent
for the polymer. Extruder barrel temperatures were 150°C, 285°C, 260°C,

280°C, for Zones 1-4. The melt temperature was 308°C. The extruder was run

at 300 RPM. The lumen fluid pump was run at 28-30 RPM.
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microns and a wall thlckness of 250 micron. IPA flow time was 42,735

seconds.
A short portion of hollow fiber membrane was produced using the solvent

coating method at a take-up rate of 50 feet per minute. Halocarbon 56 was co-
extruded with the fiber. The air gap was 0.50 inch. The OD was 2000 microns
and the wall thickness was 250 microns. [PA flow time was 3315 seconds.

These examples illustrate that fibers produced by the earlier method are
not able to produce fiber with the desirable property of low flow times. Low flow
times relate to higher membrane permeability and shorter filtration times.

Example 6

In this example a skinless contactor hollow fiber membrane made from the 30%
polymer solution described above was compared to a skinned fiber made from
a 30% polymer solution according to the method of MCA 422, our number,
serial number not yet assigned. A gas mixture containing ozone, a highly
water soluble gas, was contacted with water using these membranes.

A skinless contactor hollow fiber membrane was made by the folowing
method. Powdered Hyflon MFA (Ausimont, Thorofare, NJ) was mixed with
HaloVac 60 from Halocarbon Qil Inc Halocarbon Products Corporation, River
Edge, NJ.. to produce a paste of 30% polymer content which was fed by a
Moyno (Springfield, OH) melt pump into a Baker-Perkins (Saginaw, MI) twin-
screw extruder. The extruder barrel temperatures were set to between 180 —
288° C. A Zenith (Waltham, MA) melt pump was used to meter the melt into
the special hollow fiber die mentioned above. The die annulus was about 300
micron. Halocarbon oil, Halovac-60 was fed by Zenith pump in the lumen to
maintain the hollow pcrtion of the fiber The melt pump and the lumen oil pump
were adjusted to produce a fiber with about 200 micron wall and 700 micron
lumen. The temperature of the bath liquid, mineral oil, was set to 70° C. After
centering of the lumen needle, the die was submerged horizontally under the
quench liquid and the fiber was taken up by a set of Godet rolls running at ‘00
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Each contactor was installed onto the test stand depicted in the Figure
11. Deionized water at 23° C temperature and a pH of 6.2 was pumped
through the lumen side of the membranes at varying flow rates. Water from the
deionized water system (not shown) enter through valve 142 with bypass valve
141 closed. Pressure gauges 150, 151 measure the water flow pressure drop

w

10 across the contactor. The ozone contactor 160 was either one containing
) skinned membranes (102688 unit) or one with skinless membranes (12798
unit). Ozone gas from a Sorbious Semozon 080.2 HP ozone generator was fed
at a flow rate of 2 standard liters per minute (slpm) through inlet 130 to the shell
side of the contactor unit (160). Contactor gas pressure was measured by
15 pressure gauge 152 and controlled by pressure controller 180. Outlet gas
sensor 112 measured outlet ozone concentration. The dissolved czone in the
contactor outlet stream was measured by ozone sensor 111. The dissolved
ozone in the overflow rinse bath 100 was measured using an Orbisphere Model
3600 dissolved ozone sensor 110. Liquid flow was changed from 3.6 to 20 Ipm
20 by adjusting valve 140 and the inlet liquid pressure. Gas pressure into the shell
side of the contactor was adjusted to make the pressure of the gas just low
) enough below the pressure of the liquid to prevent the formation of bubbiles in
the liquid as gas was transferred to the liquid through the membrane.
Figure 10 is a piot-of dissolved ozone in the outlet water measured in
25 parts per million (ppm) ozone. vs. DI water flow rate in liters per minute for each
contactor. The results show that the dissolved ozone in water decreases with
increasing D! water flow rate and that the skinless fiber contactor dissolves
more ozone into the DI water than the ozone contactor (102698) containingthe

skinned fiber.
30

Example 7
The skinned and skinless membranes of example 6 were comparedin a

test with carbon dioxide, a highly water-soluble gas.
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“$ 109 & ()- S#'10% & ()- sL!s!10% & (
! ~$10%& ()the luraen &ide front s8N pr bntE{SYde bﬁthe fibetst' Fjper ID was 500 p and
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I a. c" 1094 &he fibepwat @4 aboyt 130 ¢ iengmber of fi ers was about 500 and the

S5 Iength of the module was about 43 cm. Contactors were used to test for
gasification efficiency. In this mode, water cegassed by a Hoechst Liquid Cel
degasser at 20° C was pumped through the fiber lumens. Air containing carbon
dioxide was pumped at low-pressure drop across the shell side of the fibers.
For all practical purpose, the absolute gas pressure was assumed to be 760

10 mmHg. The ozone concentration of the feed and the outlet water was

,) measured at different flow rates.
Figure 12 shows the resuits and theoretical predictions based on
Leveque's solution. The method of data analysis is presented below..
The mass transfer coefficient, K, was calculated by the following
15 equation:
K =-(Q/A) " In[Cou = C*/Cin —C*]
where
Ce.ut is the carbon dioxide conc. in output liquid [ppm]
20 Cn is the carbon dioxide conc. in input liquid [ppm]
) C* is the equilibrium carbon dioxide conc. at the gas pressure on the
shell side [ppm]
Q is the flow rate [cc /s]
A is the membrane area [cm?].
25
The Sherwood number is calculated as follows:
Sh =K * D/Dgs
30 where

K is the mass transfer coefficient [cm/s],
D is the ID of the fiber [cm] and
D, is the diffusivity of carbon dioxide in water[sm?/s),
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Where V is the velocity of flow inside the lumen [cm/s] and
L is the length of the fiber [cm]
The Sherwood and Graetz numbers are dimensionless groups used to
10 describe heat and mass transfer operations. The Sherwood number is a
) dimensionless mass transfer coefficient, and the Graetz numberis a
dimensionless group that is related to the inverse of the boundary layer
thickness.
S. R. Wickramasinghe et al ( J. Membrane Sci. 69 (1892) 235-250)
15 analyzed oxygen transport in a hollow fiber membrane contactor using the
method of Leveque. A bundle of porous hollow fiber membranes were used.
They showed that a plot of the Sherwood number vs. the Graetz number was
linear at high values of the Graetz number, in agreement with theoretical
predictions. Results at low Graetz number were explained by the polydisperity
20 of fiber diameters, which affects uniformity of flow through the fibers. Their
_ analysis showed that at low Graetz numbers, the average mass transfer
) coefficient falls below the theoretical prediction due to uneven flow through the
fibers. They concluded that oxygen mass transfer was unaffected by the
diffucional-resistance across the membrane. Conversely, one can conclude
25 that a membrane that follows the prediction of the Leveque theory is porous,
because otherwise, the resistance to diffusion would be too high to follow the
theory.
The results illustrated in Figure 12 show that the skinless membranes of
this example have a low membrane resistance to ozone transport because they
30 follow the Leveque equation at high Peclet numbers. [n the linear region, the

eF{Y: la. c"100 & @Y 200°

relationship between the Sherwood number and the Graetz number is given as
Sh= 1.64(Gr)"* for Graetz numbers from between about 5 to about 1000,
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hexafluoropropylene).

6. The membrane of Claim 5 wherein the alkyl of said
poly(tetrafluoroethylene-co-perfluoro(alkylvinylether)) is
propyl, methyl, or blends of methyl and propyl.

7. A method of producing a hollow fiber porous membrane from
a perfluorinated thermoplastic polymer having an essentially

skinless surface on at least one surface comprising:

(a) dissolving said perfluorinated thermoplastic polymer
in a solvent that forms an upper critical solution
temperature solution with said polymer,

{b) extruding said solution through an annular die, a
portion of said die being submerged in a cooling
bath, and maintained at a temperature sufficiently
high to prevent said solution from prematurely

cooling,
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being a polymer rich solid phase, and a solvent rich
liquid phase, to form a gel fiber,
(e) extracting said solvent from said gel fiber to form a

porous hollow fiber membrane,

(£) drying said porous hollow fiber membrane under
restraint.
8. The method of Claim 7 wherein said portion of said die

being submerged is the die tip.

9. The method of Claim 7 wherein said perfluorinated
thermoplastic polymer is dissolved in a concentration of
from about 12% to about 35% by weight in a solvent that
forms an upper critical solution temperature solution with

said polymer.

10. The method of Claim 7 wherein step (b) comprises extruding
said solution in an essentially horizontal attitude
through an annular die, said die maintained at a
temperature sufficiently high to prevent said solution
from prematurely cooling, wherein the tip of said die
penetrates through a wall separating said the body of said
die from cooling both, expocsing the die exit to said

cooling bath liquid.

11. The method of Claim 7 wherein the solvent has a boiling
point lower than the temperature of the gel fiber at the

die tip exit,.

12. The method of Claim 7 wherein the solvent 1is a low

molecular weight saturated chlorotrifluorohydrocarbon

polymer.,
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17. The method of Claim 14 wherein said cooling bath ligquid
consists o©f a non-solvent for said perfluorinated

thermoplastic polymer.

18. The method of Claim 7 wherein said cooling bath liquid
consists of the group selected from silicone o0il or

dioctylpthalate.

S

19. The method of Claim 14 wherein said cooling bath liquid
consists of the group selected from silicone o0il or

dioctylpthalate.

20. A hollow fiber porous membrane produced from a
perfluorinated thermoplastic polymer having an essentially
skinless surface on at least one surface, and a IPA flow
time of less than about 3000 seconds produced by the
method of Claim 7.
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23. The membrane of Claim 22 wherein the alkyl of said
poly(tetrafluorocethylene-co-perfluoro(alkylvinylether)) is
selected from the group consisting of essentially all
propyl, of essentially all methyl, or blends of methyl and

propyl.

24. B hollow fiber contactor membrane made of a perfluorinated

thermoplastic comprising a porous surface on both diameters.

25. The membrane of Claim 24 wherein said perfluorinated
thermoplastic polymer is selected from the group consisting of
poly(tetrafluoroethylene-co-perfluoro(alkylvinylether)) and

poly(tetrafluoroethylene-co-hexafluoropropylene).

26. The membrane of Claim 25 wherein the alkyl of said
poly (tetrafluoroethylene-co-perfluoro(alkylvinylether)) is
selected from the group consisting of propyl, methyl, and blends
of methyl and propyl,

27. A hollow fiber contactor membrane made of perfluorinated
thermoplastic comprising an unskinned surface both diameters
capable of liguid-gas mass transfer with a Sherwood number equal
to about 1.64 times the Graetz number to the 0.33 power in

Graetz numbers of from about 5 to about 1000.

28. The membrane of Claim 26 wherein said perfluorinated

thermoplastic polymer is selected from the group consisting of



|[:vU4; 5y $Z9%A0YBX&S8& ()- 5  110% X& & ()- 5s! 10YRX&RE () - CFYA0% X&
& ()-Z D 10%CX&C& ()-g 9! 10URX&R& ()--!1S2; <z&10% + "& ()-F&

“8$109Z+' Z& () - &1ORX&RIORX&RIORX&R- 9990! 10%RX&R&! () - -

OLL*1 109 X&[ & ()--'y $Z2940%44& ()-2| 38t S2;: < .!10%Z+ Z& ()-

£9' MbA 0% 1Y (Lt SRE RIGOHTRYZENE ) cT-FR1f100Te (ZRkYDvwiS Yl eShet DYy & ()arl

" Yovea Ty neab TR RS- np MU Bl % LG g 191

"Headi ng 23] c" "Heading 33]c" " Headi ng 43]c" "Heading 53]c" "Heading 63]c"

"FE"S?SL” s B I B Mebino Ml N o 7o

@ol/y(]iBESk@fluoroethylene co—perfluoro (alkylvinylether))

f%:%ﬁéz#é%wﬁ%zfﬁf § Gl e L g o0 o

<=>? GABCEEmEith ¢ KLANORQRPTUVWKYZ[ \ | A _" abcdef ghl ] kI mmopqr st uvwxyz{ | } ~6Ti mes
New RomanAri al Courier New'h Root EntryWrdDocunent'
" #$UR' ()*+,-./0123456789: ;
<=>?@\BCDEFCGHI JKLMNOPQRSTUWWKYZ[\]"_" abcdef ghi j kIl mopqr st uvwxyz{| } ~
I"H#B9R ()*+,-./0123456789: ;
<=>?@\BCDEFGHI JKLMNOPQRSTUVWKYZ[\ ]~ " abcdef ghi j kl mopqgr st uvwxyz{|}~



