;tue3eO LI (HETFS5; 6t 16'" Decenmber 2002 1 U trathin H gh-Performance Hol | ow
Fl ber Menbranes References fromthe scientific and patent 11 tntD%E%ﬁ%k%& ted
herein are hereby incorporated in their entirety by reference ground
of The Invention This invention relatesto the field of asymmetric hol | ow
fibers, particularly those that corrpri se an ultrathin selective |layer for

air and gas Sepyitrahlfy HightPeRfGrfahds Hollol FiberMBRiBraRasTbr ane.

it is desirable to perneatlon or roughput and a
hi gh separation factor or select|V|ty ThIS conmbi nati on of characteristics
permts the effective separation of a relatively large volunme of fluid per
unit tinme. The phase inversion process is one of the nbst inportant neans

have o deeLTeDERe |ty T s bnd bR RLAAAE ohed, hER, AR HEFRINLE"

porous subworperatedin theiz epiiraty dydeferencaibst ructure are conposed of the sane
material. The skin layer, which contains the effective separating |ayer, is
one of the key elenents in determ ning the nenbrane perneability and

sel ecti vi Bﬁckﬁ?o@ﬁ& FIHY BVeRGbhor mance air-separation nenbrane, this skin
| ayer has 't as t in as possible and nust contain a m ni num of defects.

U S Pat. No. 4,871,494 issued to Kesting, et al. describes a process for
f ' tri h .aded depsi t K

Thi 5 procdb® FuRpioddsialre to s Eelﬁ%gbaéi‘é‘rﬁn?ga%@ﬂw?ﬁﬁaﬁhm%c”s@e%a?hc'zf%ie
conpl ex Sﬂ{déf%hpﬂé%téWhW&%ﬁ'sﬁlécﬁ@e'lﬂ&;}??@(éF‘QnB m e %Pétud?\fs the sol vent

species and the polyner are wwthin 1 spl ope prepared by this
nmet hod conprises a polynmer and a solvent mxture, but the relevant m xture
further contains two ¢

20
1005 a5 o Oas ARG ReParation MeubraRedl Sentabte fofiats bbfta bl
prepare deét@%f-éérﬁeeambhr@\hir%uéﬂm drideh gl 5fdtrénm%¥3r8c516§elééﬁm Fhisor ced

convecti ve rylng process. In order to oranﬁe skin ayer this process
requires Qommmatwnmfuereeteriemcsﬁwmt%meb@‘fethg sepianatioroef aurglatlvelpdarge

st 1 P05 3Rk e Uil T, Tk BG8 anidteiy BibBs Do B bl BofTi g
poi nt sol apdrtgntd nfedhisgio bsrebary dighithetsiel vmhbraﬂ@serdr afr $8garaivRNtTHN |t
is an object of the Bresent Invention to provide an asymmetric hol |l ow fi ber

nenbr ane FRSUIAHt MAMDERHES weeatdanswslaﬂdawrﬁh@bbﬁ mtegra“&srbcmdedanmdsgrﬁ
separ at i OW?tlh d thit® H%Pﬂ#"gubﬁm Fhe! asﬁ@tsd%YﬁEf rgrér{a %o%p%'ée%oﬁ

met hod for rovi perneabiTity o asyrmetrlc ho ranes.
It is a fmei;wneqbatemal of the present invention to provide a nethod for
maki ng hi ghly
The skin layer, which contains the effective separating layer, is one of the key
elements in determining the membrane permeability and selectivity. To have a
high-performance air-separation membrane, this skin layer has to be as thin as

possible and must contain a minimum of defects.

U.S. Pat. No. 4,871,494 issued to Kesting, et al. describes a process for forming
asymmetric gas separation membranes having graded density skins. This process
comprises dissolving a glassy polymer in a Lewis acid: base complex solvent
system wherein the Hildebrand parameters of the solvent species and the polymer
are within 1.5. The spinning dope prepared by this method comprises a polymer

and a solvent mixture, but the relevant mixture further contains two components.

R
AR e
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per neabl e asymmetric holl ow fi ber nmenbranes using bi odegradabl e or
environmental friendly solvents, such as NWP (N nethyl - 2- g)émbgl:é”go%p;aoz

O her objects and advantages of the present invention wll "bé apparent to
those skilled in the art fromthe foll Oé/i ng description and the appended
clainms. Summary of The Invention The inVention is a sem -perneable

asymetri olpgaw fHbe, I i S I i Al
with a po?b%'s F?ér?helﬁbl a@’gpgé{r?gaggsdense exlfeh?%lgl gi]gygorbro g@ﬁ'lstges{r%g)ﬁft(ggo A .
Aft er appfoyimutationsito ipteparectedectdfgee ulrmhigh flux fiathasienmetricaembranes using

sel ectively separate agne gaseous conponent fraqQm other gaseous,conponents in
2 6t~ BleEREeroTasVE BHBEReER Incahr 57 TS the mkdt Ty i P aiee
external fofres aoiveHISINHIGE GitAer hage SGWBOTHEPbiRts of higﬁ'ﬂ%ﬁ&r pR3B6fds int he

invention is a process for prepari n? a sem - perneabl e hollow fi ber nmenbrane

conpri si ntte Apluipsssysiemg Ehe dlaghmolinns esepargd aby dhisi meathod nhamtraultiplent ent

cont i nuou€oepeRertsg i e sHnbisls of atheinkt L i BRliRaB AL sEhbf ane 2uope.

possessi NBighWdiliry) goiht ¥oIeemsi ty and exhi biting chain entangl enent at the
tenperature at which the dope is to be spun; B) extruding the said

pol ymer - sol vent sol ution through a spinneret (as shown in Fig.1 ) into a
hol | ow fi ber nenbrane using water as an external coagul ant and using a bore
fluid having the follow ng properties. 1. the solubility paraneter

di f f er encObjedtvefcThé hevemdion fl uid and the spinning dope is less than 2.5
(cal/cmB)o.s, 2. the volune ratio of bore-fluid flowrate to the dope flow
rate is between 0.45 to 0.75; C imersing the spinneret in the water, both

i nner and t i GO j f i apgeo ; vat i.ng
the asymistei 2 amieG 0N et RIERET o rpuide B RS el 18Roh, e O,
washi ng t membraheahaviag ddbh egood esplectivityr @ndn perpaabilityrefdirusir amnd fgas
drying the menBrane at tenperatures of from about ambient to about 20 C
bel ow t heSePHELOR$-ansi ti on tenperature.

It is another object of the present invention to provide a method for improving the

permeability of asymmetric hollow fiber membranes.

It is a further object of the present invention to provide a method for making highly
permeable asymmetric hollow fiber membranes using biodegradable or

environmental friendly solvents, such as NMP (N-methyl-2-pyrrolidone).

Other objects and advantages of the present invention will be apparent to those
skilled in the art from the following description and the appended claims.

Summary of The Invention

The invention is a semi-permeable asymmetric hollow fiber membrane comprising

a glassy polymeric material with a porous inner layer and a dense external layer of

less than 500 A. After applying a silicone coating, the ultrathin dense layer can
selectively separate one gaseous component from other gaseous components in a



16t" Decenber 2002 4 The asymmetric hollow fiber nmenbrane of this invention
denonstrates surprisingly high gas separation factors and 'h% S
perneabilities for the separation of at |east one gaseous 1}c%‘o S%Ea%rz?qzom
ot her gaseous conponents in a gas m xture. In particular, the nmenbranes of
this invention are useful for the separdtion of oxygen and nitrogen from
air as we r; i ng
nydr ogen. DA% BOR GARRIHorRyR o doRAs RxlerRst RF8r e tothPRocd Bl e

sel ecti vi sgmetmgterial% of t he i nherent selectivity of the glass material.
Brief Description of The Drawings Figure 1 is schematic diagram of the

hol | ow fi ber spinning apparatus. Figure 2 is the solution viscosity of

pol yet her gul ( [ i - 20yt | (?}IP/B i .
using a Bﬁgo%?? Pgefrdgg@ncet’- ?néc}l:lp adtﬁglnv%géoérgcgrgggﬁ I\/{) e élrIIZﬁI‘%%D\l“l‘/’b ﬁﬁﬁ%‘m%%bfsé
vi scosi t yhdbow fibehimenisranedomprising:hai n ent angl enent phenonenon, shown by

the rapid change in slope, at a concentration of about 35 wt % Figures
3A- 3B show el ectron m crographs at magnifications of 50 (3A) and 750 (3B)

of a Cr05?\)SeCHis%BIvﬂflgEarpdl\%ﬁwéﬁth%Qeﬁﬂgnéﬁtédjtﬁliﬁ?ﬂlrh%t%i’ Rehter Hr ATt 25
wet -spun froma 35% PES/NMP dope. Figure 4 is an electron mcrograph at a

magni f i cafCoof less8ban0d wiv & dn o sobept iand farming hafteucentiruaus sfirring, a
ultrathin_as tric | ow fi ber rane : nfr 35% PESL NVP,
dope. i oUPEOGERELUS B ool RBGITCHE H8; stbisw” Heery PsCasSiRg AT ERe: on
of 50, 000v@&oéiﬂﬁaﬁ@te&himtmgcﬁéinaéhtéhgléﬁféﬁt At A5 ferRpétaturieoat Whichi therdope
menbr ane wet-spun froma % PES/ NMP dope. 16"" cenber 2002 5 Figures

6A- 6B shoif tOIR&SPWH ni crographs at a nagnification of 50,000 of the outer
skin of asymmetric hollow fiber nenbranes dry-jet wet-spun (6A) and
wet -spun (6B) froma 30% PES/ NMP dope. The acconpanyi ng drawi ngs which are

i ncor por aBgd i Bkipuding thersid tpagen@r-s;tﬂmntqfolmtlim tresagh 2t spinnefett(as shown
invention, iLllustrate the enbodi ments of the invention and serve to explain

the princifbFigs!bfintor@ hofigwrihesmemprane veingevaigs @ssarn syterd raagulantiand  he
dr awi ngs agﬁ‘]gdafzﬁg%Ih%gir%qbﬁqammégr%%éﬁggat| on only, and not as a

definition o 0 e |1 nve or which reference should be
made to the clains appearing at the end of the description. Detailed

Descri pti on of e I AE b Lo b GLleRte" BEhSS: ' BePBoto i BREHRS 1O
3)\0.5
)7,

spinning dope is less than 2.5 (cal/cm

2.the volume ratio of bore-fluid flow rate to the dope flow rate is between
0.451t0 0.75;

C) immersing the spinneret in the water, both inner and external coagulations

occurring simultaneously;

D) desolvating the asymmetric gas separation membrane thus formed though

a water bath;
E) washing the membrane at ambient temperature in a polar medium; and

F) drying the membrane at temperatures of from about ambient to about 20 °C

below the glass transition temperature.



asymmetric hollow fiber nenbranes. The process conprises in its nost

inportant aspect dissolving a polyner in a solvent to forqua,dlggﬁ&gae
dope possessing sufficient viscosity and exhi biting chain entanglenent at

the spinning tenperature. The dope is then extruded to forma hollow fiber
menbr ane using water as an external coadul ant and a bore fluid conprising

w th and Mo Db A | §Far
et wean t §EE S RHE Gy ot Hbmbiats BEIInvehtio BeffEHstiate saBishel |
and t he vbighngas separasionbfactors| andi highogas qtesmeabilities dop éhd Iseparadive ofaalyes

o O 1 B B A TR e BB Lp "

desol vat i [} paHREMSS thé menrhNys dhehisi PventiBdrangsdfal sdratié isBphffion of
coagul ating bath for sone tinme, then washi ng it with nmethanol. After the
e

hol | ow fi bXygereand nikkogen frommel, ag well aspiosftbe sieparatisux ebihydrogen fremrgasce

si 11 cone BYChES abtmBanhviiooRE 38" SavDrBRRL 3uK, ABEL Penbla¥ of his.
process afrfyehfbRchfyl o celsctiiey Gbove SONSof tthednRérape! s6lddtitty of the glass
fl uoropol yner, polysul fone, polyethersul fone, polyarylate, polycarbonate, a

pol ybenzi Mateddl e, “pol yet her ket one, pol yet heret her ketone, and a pol yester.
O fluoropolymers, the preferred one is a fluoropolyin de. 16" Decenber
2002 6 Most preferably, the polynmer is polyethersul fone. The solvent for
the dope is preferably a N-(C~-C3 al kyl)-2-pyrolidone, nost preferably

N- et hyl - 2- pyrol i done. The ratio of solvent to water in the bore fluid can
range froﬁ\rﬁl%qrtpt!%!? of Theddrawipgsr abl y 80120 to 90110. The preferred
solvent for the bore fluid is a N(C, C3 alkyl)-2-pyrolidone, npst
preferably N-methyl-2-pyrolidone. A preferred enbodi nent of the invention

i s one whEigure 1tisscHematic difrafbofitbehellberfindr fspimning appanatu- pyr ol i done and
the bore-fluid is 80120 N-nethyl-2 pyrolidone/water. The invention further
resides in hollow fiber menbrane produced by the

Figure 2 is the solution viscosity of polyethersulfone (PES) in N-methyl-2-
pytrolidone (NMP) measured at 25 °C using a Brookfield® cone-and-plate
viscometer (Model: FIB DV-lll). This viscosity data exhibits a visible chain
entanglement phenomenon, shown by the rapid change in slope, at a

concentration of about 35 wt %.

Figures 3A-3B show electron micrographs at magnifications of 50 (3A) and 750
(3B) of a cross-section of an ultrathin asymmetric hollow fiber membrane wet-spun
from a 35% PES/NMP dope.

Figure 4 is an electron micrograph at a magnification of 80,000 of a cross-section
near the outer skin of an ultrathin asymmetric hollow fiber membrane wet-spun
from a 35% PES/NMP dope.

Figure 5 is a scanning electron micrograph (SEM) at a magnification of 50,000 of
the outer skin of an ultrathin asymmetric hollow fiber membrane wet-spun from a
35% PES/NMP dope.



process; generally uncoated nenbranes will exhibit a selectivity
characterized in that the Oz/ N2 selectivity is at |east 0.1%{§Dee te} ol he
menbranes with silicone greatly increases the selectivity, generally by 5-6
fold. The nenbranes of the invention ha\ée excel | ent perneance; the

per neance observed for 02 is about 10.17x 10-6 cc (at Standard Tenperature
and. Pr ess pigred BR:G ShER dibctrdri AiRo8rabHs! 4 Brabnifitafiof of SORICothBYAG Of
the hol l ow™ i ber spinning apparatus” Figure 2 ows the viscosity of a

PES/ NES s gkinnbfngsyhometrics halldw rfiber onembraties doj-jell veetrspamt (GA) and Weétisputope
exhibits é@lfn entﬁ@?ﬁgs@ ?t 351 65 ratio of PES/NMP. A formul ated 35/65
PESI NVP d VD & fef MEPRE this exanple. This dope was fed under
nitrogen pressure and an 80120 NMP/wat er bore fluid was fed by a 500D
Syringe Punp, nmade by |1SCO The accuracy of this | SCO precision punp was

0. 5% of t hbefacsamuanyindTrdeavepgs which aop éncanporiadad irftd ding eenstiytet apart of of

t he spinngre I i rs in a ter l ati,on th.at 25 C._No
nasceﬁt fﬁl?e%%%@n\é@fm?meﬁggﬁr @HAS“%@ ﬁ?egi‘?@%ém%h\?e?fg@ﬁ gPVSf‘g'?'P,@"ﬁjm | ow
fiber wassggarioyekplginstieEpasciplee off e hebhiidh 1Y & ideyuhdersifod; Trmdval] on
bath. After formation of the hollow fiber, the fibers were stored in the

wat er bat Hhatdheadranings ase cdesigneshdon perposesneff duptation anly,aamd dwiitas @ ng

fresh nethapol. ; S t I e i du NVP.
ol Tow 11 Bation $F 18k ubicht, R anbeion fr SPIPh BRSO I o Rt Lt
process, tlainsabpbating ¥t ey @éikbfiheddddcaipitiee bet ween the 801 20 NWP/ H20 and
35165 PES/NWP was 2.19 (callcnB)o.s and the bore fluid 16t" Decenber 2002
7 rate was 0.1 cc/min. Qher information relating to the process conditions
and par anBetaileddescriplien af thahhiention Menbrane sanpl es for SEM study were
first imersed in liquid nitrogen and fractured, and then sputtered with
gold using a Jeol JFC 1100E Ion Sputtering Device. W enployed a Jeol JSM

U3 el ectron m Thedereatioanesiddd inagdit irbaddroBess edrcfoeriris Likbratisin adunsedayer
el ectron mcroscope to investigate fiber norphol ogy. Two to five fibers

with a | eAGYMMstria bolew fibee mersbianesd ThatsoeRBLERBPrigefeineli® mast irpoRantdl es
St t yor | afmyectHiSsatvifh A BERETIA £ Solk et Rimcs P fRlots R fosdbesine

al um num boffidient vsicogitypane gxhibitirpoiainrertamyléfens at Jhe pinhingktebhgrratuset o
fully cure tginposet resin. The grepared rmgrth%e was fitted into a
stai nl ess T8¢ pepfseﬂ?s%r exirgded e formea 69@0‘%5 dNEBIRrARD ST BFLEraS BH0 psi

(13.6 bar UEAR , LR 2l ul e
wer e det e%ﬁeﬁ% d&)g’llr(‘-'ng acfﬁb%:?!gh Iﬂg{/(\j/ Qn@f@ﬁs@ﬁaﬂ gg gggﬁgéﬂugﬁr%bltgﬁs@lm'

f ol | owi ngThqsalubiity paPaméter dif@@réage betemthelbc@e fluick and Fhe spimnirepdope tsy of

t he separation | r, t =sgkfective length of the fjbers: OP =

t r ansrenblesAdNAP &8 (Fa/EP ; SRA-hEeyANERJ AP IRGTedINT, Pt fa dhe §ope ne
gas flux fiepdbftdiandes flm0es Rfolyested fibers; D = outer dianmeter of the
fibers. W use GPU"as the gas perneation units, and one GPU is equal to 1 x
106 cnB ( STP)/ After extrusiontidhe Tiver iigledgsobvaed dyi altowiagt ibrtoostand insy rpadar i ¢
menbr ane can b deft erym ned from 1Qt y De?enbaer 20|02.8 a=_P vvhgre and B
denot e di PP¥pRAL PF gg%tgpy water or methanol. A preferred” desolvating process IS to allow

the fiber membrane to stand in the coagulating bath for some time, then washing it

with methanol.

After the hollow fiber membrane is formed, it is preferably coated to seal
surface defects. Preferably the fiber membrane is sealed by coating it with silicone
by methods known in the art.

Preferred polymers for use in the process are selected from the group
consisting of polyimide, a fluoropolymer, polysulfone, polyethersulfone,
polyarylate, polycarbonate, a polybenzimidazole, polyetherketone, polyetherether

ketone, and a polyester. Of fluoropolymers, the preferred one is a fluoropolyimide.



(2) The effective skin |ayer thickness is estimated fromthe oxygen
pernmeability and the pressure-normalized flux of oxygen fr h W ng
equation: L = ~PPO) (3) Oz Po2 in equation (3) is the pern@tﬁef"?’?@&g#&m in
the material. (P/L) 02 is calculated as_ in equation (1 ). L is the
effective skin layer thickness. The sel gcti vities of polyethersul fone (PES)
for 02/ N2 PpRfersbi. the bg@ﬁ%-s oivetidrBuiforRer neabi ity of 0.51 Barrer at
30 C., or .1pﬁth ?’perﬁe i ilt? %f“?)gli Barrer at 50 C. In addition, one
may cal cul at e Phe rsohtent iforythef doe is pafer@bly ail-€G++Gayalkyl3x2epyrolidene, Baoster by

using an Arrhenius relationship between perneability and ternperature.

Oxygen pePWé%r@Hyi @S}n?@y\hgfﬁyﬁg €scribed in Journal  of Menbrane Science 133
(1997) 161- 175ThuhhGd of SolvBRPIPRERIGE thy bbR RS R fom SEYe0tb &b /Hol | ow
fi ber nodules were further inmersed in a coating solution containing 3 Wt %

pol ydi met mpst peefarably 80/2§atod90/49)THenprefersedselveot far therhareJluich isna de+(Ci-o
seal the I def.ects. The coat i ber nbrane nodul e was left to
stand for Eg%@gf—gygo&ggn?empﬁgp@??F@Egn&-mﬁ@ggi-p%@{q%ﬁg *at room tenperature
bef ore conduct Af‘;ﬁemﬁé@@mb@ﬂiméﬁﬁ of th'éﬁihbéntforﬁwfﬁﬁé Wehhmes@cwé & BOB5
performance of the hollow fiber for air separation at 25 C. The uncoated

C
fi ber haspelyethersuifone/NMapethyt-g-pyroliglopet and dbeahare-fiuid 8aB9&2Q N-methyl-2-

significa i to 5.80 after a silicone coating. The invented fi ber
has a perﬁ@gﬁ%%ﬁ%w%{%f'jm X 10-6 cc(STP)/cnmR-sec-cmHg for 02 at room 16'"

Decenber 2002 Phé iheentyrafurtrreraredideseinc hbow Hibed mentbeaheyroduded lbyethe i s
434 A using Egq. 3. (STP, standard tenperature and pressure). Figures 3A and

( , ar .
3B depi ct POEEEHi gengratly snceated: meabranes wils exhibia seleciMbncharctenzed, i8yi on
near the j r ki fg =l Vol ; ayer.
Froure 4 I ube UM RIS b aQbapCo e Ketatld g e dce il ierk
magni f i cagreatly oihcBases Othendelieotivityatgemerailys by ay-€r faldnThet mebntrhnesdfl tae. The

out ernost, skin has a thickness of approxi mately 600-800 nd the
Sbel roct iventimBays exhela Permeencehe pedngaNte CDerad 1Ak s eoaut 10

fingerlikeg 4pter ' ' hkdgs SEM sanples is
ar ound 10889150 Fsﬁmﬁgéag%@‘ﬁggﬁé%"gﬁggggg@@ﬁgt thczmg-g?'ecti ve | ayer
shoul d be less than 600 a A . Figure 5 reveals the outer surface norphol ogy
and shows_no visibl e defects. Exanple 2 Except the bore fluid
concentraF?‘ﬁﬁ',p|3i1r-gap di stance and flow rate, all other process conditions
are substantially the sane as in Exanple 1. The bore fluid in this exanple
is 60140 NMP/water and the bore fluid rate is 0.05 cc/min. The solubility
par aret er Figure drisra schematie fiagramsof e knlipwidibes spirsena BppeEsItUR/Figyre; 263

' Tabl o Showashe VisediSLPEe BRINESI3RTH dbBCRnan du RGB! s Yl o
bef or e angomderrativRe Thisl d6se exhibid ehamositanglenisht xnt35/65 eutiv 0f PESYNMRL | on
performance. Before silicone coating, wet-spun and dry-jet wet-spun fibers

have 02/ NA fgenulatad,3e/65PES/NME dansgwas fheretrewsed inghis exeaiplecEhis HpPet he
ey TEL" B TE8 GRRNE Rl KR e A8 NRLRRILY bl AOBRAL B 6 811
t he i nher 500D syringlel RPuimp, ohadEBy IBCOPTee accuracy of this ISCO precision pump
was 10.5% of the flow rate. The spinning dope and bore fluid met at the tip of the
spinneret which was immersed in a water coagulation bath at 25 °C. No nascent
fibers were extended by drawing; the take-up velocity of the hollow fiber was
nearly the same as the free falling velocity in the coagulation bath. After formation
of the hollow fiber, the fibers were stored in the water bath for at least one day and
then transferred to a tank containing fresh methanol for at least one hour to
completely remove any residual NMP. Hollow fibers thus treated were used for
further study. In the above process, the solubility parameter difference between
the 80/20 NMP/H-0 and 35/65 PES/NMP was 2.19 (cal/cm®)®® and the bore fluid



A formul ated 301 70 PESI NVMP dope was used as the spinning dope and a 401 60
NVP/ wat er m xture was used as bore fluid. The dope vi scosi1 ¥ ggen%eg?ﬁoch
which is below the critical viscosity of approxinmately 34, C €

i nformati on about 16'" Decenber 2002 10 process conditions and paraneters
are given in Table 1. The solubility paraneter difference between t he 401 60
NVP/ H20  ande C b 0

separation peré%s)ng%em%f g@%pﬁﬁoﬁyps@éﬁ%iemaﬁg Eﬁcreérsgt |sg%ﬁg

r ubber copananmtamdat&)tgiveﬂnhm/vabw 1s dfembranensampfes fanSEM EtLgiyr weﬁe Singtws

t he SEM t f . ext f f th fib t 50,0
magni 11 ATDRISeHo P01 gHGORER Eng ERERISCicTEL 115N SPUGRe W GRidiusing As.

Table 1: C n

Pl NP e oG D SR P IRer 0y € Wbl dasiE IS Bistion

b30985%8 5Hisresaid and acHitdchi® S$-dd084RRBérmebic séaiting electimnmizrossch@b25Do
a fluid rate, ram m n0. 320.2340.216S innin s eed, cnlmn8141.467.8S innin

t em er at uin¥estigaie GbgBRasPRoIggY conposi ti on (NVPI H20 by

wei ght ') 40/ 60601 40801 20Bore fluid flow rate cc/ m n0.0830. 050. 1External coa

ul ant WAt er WAt er WAt er Coa ul ation bath tem erature~ C252525 Table 2:

Per meanceTwb t@fi8e fiberspith & lehgthsof( Kpom weenastzmibleddB3hotitles.oPas ansi afg

801 20 NWPI H20 as the bore flujid) 02 erneanceN2 erneanceSel ecti

02/ N2Bef othe lging! Q%H@%BG@QQG@WQ@@MPK%F& ISCE@AENG ePoXY 78815, é’o’a Idite@,

wet -span Ronretndp e the HePaRe e " GhAE BR s Hled Bilo SRR o0
as the bokeldét wisthy A: relgafarr €pdiyl redimn ¢ELOSERNY IAtdoka 8dhauirgnioefldly esure athee N2

ermeanceSel ectivit 02/ N26.068710. 96028300, 93 B: After Silicone Coating Ar
a di st ancebeselRhesinclbe prenaind awmdue wag fittagsbinip e siaiptess. stgel 1messure3Ells |

fibers (sonig Parpsanaton BBkl dl B Nl veo 5s the bore

fluid) A Before Silicone Coating

The permeances, P/L, of gases through the hollow fiber module were determined

using a bubble-flow meter and calculated using the following equation:

£.2.__¢ (1)
L APA nrDtAP

where P = permeability of the separation layer;

t = effective length of the fibers;

AP = transmembrane pressure drop;

A = membrane effective surface area;

Q = the gas flux reading;

n = number of tested fibers;

D = outer diameter of the fibers.
We use GPU as the gas permeation units, and one GPU is equal to 1 x 10° cm?®
(STP)/cmz-sec-cm Hg. The ideal separation factor of an asymmetric membrane

can be determined from:



Al r a distance02 erneanceN2 ernmeanceSel ectivit
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Po2 in equation (3) is the permeability of O3 in the material.
(P/L) o, is calculated as in equation (1).

L is the effective skin layer thickness.

The selectivities of polyethersulfone (PES) for O2/N2 can be, for instance, 6.1 with
a permeability of 0.51 Barrer at 30 °C., or 5.1 with a permeability of 0.81 Barrer at
50 °C. In addition, one may calculate permeability of Oz at 25 °C., which maybe
about 0.44 Barrer by using an Arrhenius relationship between permeability and
termperature. Oxygen permeability is further described in Journal of Membrane
Science 133 (1997) 161-175, which is incorporated by reference herein.

Assembled hollow fiber modules were further immersed in a coating solution
containing 3 wt % polydimethysiloxane (Sylgard-184) in n-hexane for 5 minutes in
order to seal the membrane defects. The coated fiber membrane module was left
to stand for 48 hours to cure the silicone rubber coating at room temperature

before conducting permeation tests.

Table 4 summarizes the separation performance of the hollow fiber for air
separation at 25 °C. The uncoated fiber has an O2/N; selectivity of about 0.96 and
this value is significantly improved to 5.80 after a silicone coating. The invented
fiber has a permeance of 10.13 x 10 cc(STP)/cm®*sec-cm Hg for O, at room
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Except the bore fluid concentration, air-gap distance and flow rate, all other
process conditions are substantially the same as in Example 1. The bore fluid in
this example is 60/40 NMP/water and the bore fluid rate is 0.05 cc/min. The
solubility parameter difference between the 60/40 NMP/H,O and 65/35 PES/NMP
is 4.63 (cal/cm®)®°. Other information process conditions and parameters are given
in Table 1.

Table 3 compares gas separation performance of as-spun fibers before and after
the silicone rubber coating and both show poor separation performance. Before
silicone coating, wet-spun and dry-jet wet-spun fibers have O2/N; selectivities in
the range of 0.93 to 0.96. After coating, the wet-spun fibers have a slightly better
02/N; selectivity than that of the dry-jet wet-spun fibers. However, both have
selectivities well below 90% of the inherent selectivity of PES.

Example 3
A formulated 30/70 PES/NMP dope was used as the spinning dope and a 40/60

NMP/water mixture was used as bore fluid. The dope viscosity is 8,493 cp which is
below the critical viscosity of approximately 34,000 cp. Other information about
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shows the SEM pictures of external surface of these fibers at 50,000
maghnification. Both fibers have visible defects in their external skins.

Table 1: Process Parameters and Spinning conditions for 30 and 35 wt %

PES/NMP Dopes.

ID Example 3 Example 2 | Example 1
Polymer concentration PES/NMP (by 30% 35% 35%
Viscosity (poise) at 10 sec™ 8493 34,444 34,444
Dope pressure, psi 10 25 25
Dope fluid rate, gram/min 0.32 0.234 0.216
Spinning speed, cm/min 81 414 67.8
Spinning temperature, °C 25 25 25
Bore fluid composition (NMP/H?0O by 40/60 60/40 80/20
weight)
Bore fluid flow rate (cc/min) 0.083 0.05 0.1
External coagulant Water Water Water
Coagulation bath temperature' °C 25 25 25

Table 2: Permeance of PES Wet-spun fibers (spun from 35 wt % PES/NMP
dopes using 80/20 NMP/H0 as the bore fluid)

0O, permeance | No permeance | Selectivity O2/N»
Before Silicone 258.42 269.19 0.96
After Silicone 10.13 1.746 5.80
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Air _gap distance | O, permeance | No permeance | Selectivity Oo/N»

6.0 68 71 0.96

0 28 30 0.93

B: After Silicone Coating

Air _gap distance | O permeance | N permeance | Selectivity O./No
6.0 36 37 0.97
0 15.9 6.33 2.51

Table 4: Permeance of Wet-spun (0 air gap) and dry-jet wet-spun hollow
fibers (spun from 30 wt % PES/NMP dopes using 40/60 NMP/H,0O as the bore
fluid)

A: Before Silicone Coating

Air gap distance | O, permeance | N, permeance | Selectivity O2/No
14.4 22.87 25.23 0.91
0 75.79 74.9 0.99

B: After Silicone Coating

Air gap distance | O, permeance | No permeance | Selectivity O,/No

6.0 12.8 13.5 0.95

0 15.0 6.1 2.38
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dope is less than 2.5 (cal/lcm®)"~, and

the volume ratio of bore-fluid flow rate to the dope flow rate ranges from
0.45t00.75.

2. The process according to claim 1 wherein the polymer is selected from the
group consisting of polyimide, a fluoropolymer, polysulfone, polyethersulfone,
polyarylate, polycarbonate, a polybenzimidazole, polyetherketone, polyetherether

ketone, and polyester.

3. The process of claim 2, wherein the polymer is polyethersulfone or a

fluoropolyimide.
4, The process of claim 2, wherein the polymer is polyethersulfone.

5. The process of claim 1, wherein the solvent is a N-(C¢-C; alkyl)-2-
pyrolidone.

6. The process of claim 1, wherein the solvent is N-methyl-2-pyrolidone.
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c) coating the hollow fiber membrane with silicone.



