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MEMBRANE W TH |II\/P{RO\/ED PERVMSELECTI VI TY FI ELD OF THE | N\/ENTlthO\I Thi s
i nvention rel'atés to holl ow fjber membranes, their preparadti @HoRHPRAFe in

the 5 field of hi ce gas separatio D OF THE
| NVENTI ON The keJm lm m ‘ mm[gbssf ul devel oprremmmlﬂ hes for gas
separation is the ta Eo'o&flt on' of nmenbtanes with LGN separ at I on performnce

by a conveni ent and econom cal nethod. To achi eve Selective separation, the

menbr ane nust POBMSULIRQNE HOLdsOMWRIBER GAS SERABATION one or nore

gases than t MEMBRANESSWITH IMEROVED PERMSELRCTIVIDY, selective
separation can provide preferential depletion or concentration of one or

nore desired gases in the mxture with respect to at | east one ot her gas

and therefore provide a prqiggiD OFTHE ENVENTEOANt proportion of the one or
nore desired gases to the at | east one other gas than that proportion in

the ori gi nal THk xivéh€on felates 1LY fEbed ARmMBLARSE %éiPPreBﬁ!iQ{)@Hﬁ‘d Wdelih tROSSess
all of the follow ng properties (as described in I. Pinnau, Polymers for

Adv @nc efield of higbipstfoamancygps separakions. | (1994) 733): high selectivity for a
given gas pair (e.g. H2/ N2, H2/CH4, He/CH4, C02/CH4A 02/ N2, etc.) and high
gas flux for the faster perneabl e conponent; good thermal and nechani cal

stability; good chem caAl98GRGUND OP AL GNVENFIGQal nst snmal | amount  of
potential 20 contam nants present 1 n gas streans; |ong nenbrane worKking

life; good reproducibility of the nenbranes fabricated; and, sinple, easy,
and econoni cthd key italthe sneessbdsdeyelaparent af menebra@ls foh gasisepaation iethea,

sel ecti%'bt.g .tenperature resi tanﬁe and .chem cal resistance are minly

det er mi KBHCHIPN AL HEWBIARAY SHelh| sepgiaipn Jpe CEc Yt &r Canveafsah t only
on 25 t&HQnfRidA FEhdmt Gl AdhieveUdeldhis® separhtich, TRMRanB kiRO eRMiBRESS: Based
on gas transport through dense pol yner nenbranes, the gas perneation fl ux

i st r etesistangy tspthettrasapdrt pbonher pwrersatsh Ithanythatoef 4tjleast one other izas pbithyarer
materi al . e S . i C [ h r ane
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provide a product having a different proportion of the one or more desired gases to the at

least one other gas than that proportion in the original mixture.

15 Ideally a gas separation membrane will possess all of the following properties (as
described in I. Pinnau, Polymers for Advanced Technologies, Vol. 5, No.11 (1994) 733):
high selectivity for a given gas pair (e.g. Hao/N,, Hy/CHs, He/CH,, CO,/CH4 O2/N,, etc.)
and high gas flux for the faster permeable component; good thermal and mechanical
stability; good chemical resistance, particularly against small amount of potential

20  contaminants present in gas streams; long membrane working life; good reproducibility of
the membranes fabricated; and, simple, easy, and economically viable methods of

manufacture.

Of the above criteria, selectivity, temperature resistance and chemical resistance are

mainly determined by the membrane material, whereas other criteria depend not only on

25  the membrane material, but also on the membrane making process. Based on gas transport
through dense polymer membranes, the gas permeation flux is directly proportional to the
permeability coefficient of the polymer material, the pressure difference across the
membrane and the membrane area, and inversely proportional to the separating layer

thickness. The goals in membrane fabrication are to reduce the separating layer thickness,



to increase the nmenbrane area, as well as to inprove the nechani cal
strength of the nmenbrane. A hollow fiber nenbrane can provjde the |argest
menbrane area per unit packing vol une anong the different7t§B%%m6?OO3

menbr anes. Conposite nmenbranes, asymmetric 5 nmenbranes and mnul ti conponent
asynmmetric menbranes provide a very thin separating |ayer. Therefore, the
devel opnent of hollow fiber nmenbranewith an ultrathin separating | ayer
has attracted great attention in all gas separation processes. Although the
devel opodntrease the pheanbmae fadea, s ewell iap go dnposNeothct mechanionb seenyith lof ahe
ultrathin separating layer is inportant, especially when expensive polyners
are usé’&‘?mérﬁ'ge'f ormation of a 10 "defect-free" ultrathin conposite holl ow
fiber menbrane is still an extrenely difficult task. Successful devel opnment

of strategi eg hbRéwiflRr hithibrai! darprobide tie [Ridebimekbine drea IeruRit paskihg! | ow
fi ber menbranes or nulticonponent asymetric hollow fiber nmenbranes from

hi ghl y votymae ampag &g dfferegt dxneseefcmgmbrings sCowpgsiter membrangs,azsypunstgel| f one,

ot & 1 Anantigheh iy BUAGhBELE fmnifed kR RSN SNEPER PURRRRE oG
Asynretiayet. Mheiferecthe deeelapihémaifineHowdiber frenibiaies fdth dpqileathirpddpyratiag m an

ultrathin separating | ayer. The nethod for producing this kind of nenbrane
by an ilaygsr Bap Brab ctienbien ping all s8as8ePAratioR: PHICSHEY s edilthougly dhe and

Sour i I 3eRBiophlert o n@éﬁroce%s %@ﬁ%ﬂ% cﬁ)ihggﬁté‘ﬂkﬁl Yank Qﬁg{ zﬁﬁilﬂ'ﬁﬁg\ %éafa% rence.

These asy tric nbr anes In 1 ndustri qui parati on
pr oc es deygersiscimmstant espendallys mhsn expenbive polyfricrs amt nsed, théofiervetiont dfeae

nb = cel | ul I f hi bi t.
el Bt 1 FRIGH-TEF Gitatbemarie Rolith Ther PRmbERe Sttt tn el b o g
pores OBl deRSlopRBRY SNGratdPidsefor R thbkidfid eNalRaitin-SkinA&s adytrh@tigel y due
to Knudsen flow and viscous flow. 25 Asymmetric hollow fiber menbranes are

usual | yhadloap &iber misymbranss [asepulicompengnt asynmetnist hallow hidenvatenpimanse fromer si on

process,. There,are fiye major ste i nvol ved ,in preparing_as i ¢ holl ow
fiber glgghl%’ep%?}%cttlivgn ?@ﬂcbr}éanggw %?alpr%l%sgr a??lélﬁle%f 5”‘3& %ﬁeraég%ggﬁ?%r

spi nni ngplydtRerssifineN ipdlyeieritdide, tyigide hd mew ddvagsded &djont-oa@el @atefinlsof the
nascent fiber with a coagul ant, (4) washing and drying, and (5)

posts- t r wagldesia majppbreakthiough in §s seBaraligisenoleEyhol | ow fi ber menbranes

I nvol ves conplicated solution thernodynam cs and phase inversion kinetics

i nduced by t ReyfiinbfritS nthtRinds! &l tGOTROBER S HEH San t Pftentially Nt QRer 2003
ultrathin separating layer. The method for producing this kind of membrane by an
immersion phase inversion process was first disclosed by Loeb and Sourirajan, U.S. Pat.
3,133,132 which is hereby incorporated by reference. These asymmetric membranes were

20 used in industrial liquid separation processes such as reverse osmosis and ultrafiltration.
However, these membranes prepared from non-cellulose polymers often exhibit poor
selectivity for gas separation due to the presence of excessively large pores on the dried
membrane surface and the transport of gas is largely due to Knudsen flow and viscous

flow.

25 Asymmetric hollow fiber membranes are usually prepared by the Loeb-Sourirajan
dry/wet or the wet phase inversion process. There are five major steps involved in
preparing asymmetric hollow fiber gas separation membranes: (1) preparation of a polymer
dope for spinning, (2) spinning of the nascent hollow fiber, (3) coagulation of the nascent
fiber with a coagulant, (4) washing and drying, and (5) post-treatment. The formation of

30 asymmetric hollow fiber membranes involves complicated solution thermodynamics and

phase inversion kinetics induced by the diffusion of liquid components. Thus, the



-3 menbrane norphol ogy and its performance are affected by many factors. U.
S. Pat. 4,230,463 issued to Henis and Tripodi describes a_gethod far
sealing the | arge pores by coating a thin silicone rubber i QsHeRH 2&%
surface of the asymmetric nenbranes. The separation properties of these
conposite asymetric nenbranes are 5 generally determ ned by the materi al
of the asynmetric nenbrane as opposedBto the material of the coating.

Coat ed asymetri c nenbrane technol ogy has since progressed to the point

t hat hyeknahrene membology and ity pefformande eraffeceddylmanyfactotsar ge scale. U. S.
Pat. 4,871,494 issued to Kesting et al. describes a process for formng
asymetric rahl . P . . i Lty
ks, Thi s O % PP A0 iRt BYlIbR ha TRBREARSR NS Gl ACSETRL Y
sol ventlargy Sioees bpnwhatihg rgtioh silicbnk avbberafiing/dnetiessurase ofothip| asyrnsttier ei n
the Hi | debrand paraneters of the solvent system and the. polyner are within
| ess t FAGMBranese 5 é‘? SFParation prapertics &f C%CF%QP%%WS%HW&C BHrange Arfust

havg a ESHRD G R OBy M ThierlofNE (RE AAYBANIRS mefibihrn® b3dsed 16 Gthe

freque shifts (w) of"its formng conplex wth N-nethyl pyrrolidone
f al | i ngnateridlioff theocdatingr Soged asym@bu@vmerBBrapertethndlbgy bas! silsiel progrepsed doet er s

of wusef yul aci@% h)%]\ée been found %(g) hegi\ée val ugﬁ of %2<8<1a§.5 calO0.5/cm . 5.
The polPnBomtdhathyiiegen theoysrS PHRymed sommmeeiRlly SR 2028855408 hi gh vi scosity
(>100, 000cp at 70C) and a | ow coagul ati on val ue (0<Gv<l1l.5g). The Lew s

aci ds used imckugat. a871,4940¢dsded o Fstig Gt ati deschbdsy 4 ipro@sss dor ifo@iUEYr i C
acid, 2-chloropropioaic acid, glutaric acid, sulfuric acid, g{ycero_ ,
et hy| erfsymanelig Bah senaratiog hadlemd Ebemmembrapes dawingi gradeddepsity iskingy | Baist ani de.

However i i : (o] o] W eTpl | .jas the
o 1i0c; drptSh P A SOIeRd rusgbiiiic POPRCPLPELANE PRkl BRARRILL LS T2
Lew s Hasds siddléwizebdsy| qnipletes dehaeind thee Hildbbrandrgpatratetersli afethey sdeaitam de,
N-f or nyl pi peri di ne and di net hyl sul f oxi de. i s;fi nni ng these holl ow fi ber
menbr arsystemartdethe wakymes @ wﬁh%;dm thive 15 ﬂaﬂn andThexusefub aride smpbagd| ant .
U S Pat. 992. 221. | SS to | on al . discl ro S. for

prepari i I (o) W't h1'npro 5 ctrvity

SRR e 31 e e R uftor D R AT AN S P TR et
and ”ECﬁ'@e{deﬁ@ sKifts RO 6F it RRMBRS cRpIRK AHtON-HERPL ApesoN®Ine fAlldgusEkinf rom a
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process ilizing polymer dopes having solvent systens formulated fromtwo

nontss ol e parggedfd2 Bxre/<sd8 vank, . THh@@alitypusahstentos uvefuleacidsdaes baac fyugidng t o
t he nonsol vent strength, i.e. one strong nonsol vent and one weak nonsol vent
whi ch weer haveomiliuer of Vi2chi<ihé atf!-Vemil-3. n Hre pelydebawee dmspd digh pdlymect ober

(orr)  (RBORmORaAY SORUR) Beh ioPyRE) 0D Q0BT 1 B76) e & o o RBRORSALE vent

Is_defi e v%?:.sg&e Phel Ne@is( &9 5&dCRkRde/&blc ﬁciPﬁbbﬁg[&ﬁ@%ih¥’ butlFR 128885 and
EP761291 issued to JUNG et al. disclose polyneric 5 dopes for "the

pr oduct isgbutm‘i% iantde%dﬂbxgppmgicvMthlswkmm iacldm?tf?é@@fidbgly_zmld {eshy\mTe ppase
pol 51 PR demee R P ERroRE AR B SRl FEosvel Yok Bve o

the pol ydidy Hsted offier @Bars propiitiic afid arémbétubad Rnéfficieahadiditivésnit Mike high
pyrrolidone, dinethylformam de, dinmethyl acetam de or _di nethyl sul f oxi de and

a’ co- soperEaTmager: gaa Sepaption instabranesy 0 Thet hgwisnbaseh iagy iNtenetipiipyralidongs
propy! - EEiRRrmS i, Aiflefly1R0Efdk, 3a4%bih)ifipliahe" HdC adsddl IS shda ] -

spinning these hollow fiber membranes, water was used as both the internal and external

25  coagulant.

U.S. Pat. 4,992,221 issued to Malon et al. discloses a process for preparing

asymmetric polysulfone hollow fibers with improved selectivity and mechanical strength.

The gas separation membranes were produced from a process utilizing polymer dopes
having solvent systems formulated from two non-solvents and one solvent. The

30 nonsolvents were chosen according to the nonsolvent strength, i.e. one strong nonsolvent

and one weak nonsolvent which were combined with the solvent in an acid:base complex



.There.is still the need to prepare hollow fi ber nmenbranes having an

ul trathin-skin separating |layer and the desired substruct e rmgghﬂj(ggy.
The present invention has net this need as a result of ext en8F PR es
wherein the key factors which determ ne the 15 properties of nenbranes were
el uci dated. SUMVARY OF THE I NVENTION This invention relates to the
preparation of ultra-thin skinned hol-low fi ber nenbranes for gas
separation. An objective of the present invention is to provide a sinple
and econolvent pystaess Af stronfmohadidnt iinglefifed asubier Aaviig . N6 (Brgdsasadiet ric
hol | ow fi ber 20 nenbranes. Anot her aspect of the invention relates to the
prepar afﬂggign{kfr)_%ob}ﬂﬁér/crﬂbﬁﬁs_,At%al@%dlﬁﬁﬁlexﬁoi)ﬁ?deﬁﬂéh taieon@t Wikl #f A5G4 ng t he
pol ymer dopes in the synthesis of high performnce separation ultra-thin
ski nned g@y3yggtsi ¢ hol low fiber nenbranes. The pol yner dopes conprise a
polymer in a noderate concentration and viscosity, a solvent, 25 and a

sui tabl e nonsol vent as an additive. A unique feature of this invention is

t he additi on Méregeeantly al19d 368 5sadiEhi61 Adissuedeo JNBK) et al. disdogeapolymericlope i n
an angouni appropriate for ingi t.he polynmer dope. close to the incjpient
phacd s dpRPLRrrofe' ihfusih o bR MG a RS e ShRis Y ASp-BRLEI T on
di ff usi \haye \hdefsiér @nethéd. TNThE tpobaier28652 cdmpasyubRat polymerie aagietianbf used

nmust be a_strong nonsol vent for a_given polyner and easily mscible with
the sol \ROksubfpre, ielyefasrsuliane.trolyigridaypelygtisamideeict miryre.ef bs Polweesid ons of
smal | 1, H'ls%Fveﬂf QY GaidBivett Ak Gs th@-n%ﬁf}@ﬂr&@oﬂ& NitleV/i hﬁgrqgfe', Ves.
These small nol ecular organi ¢ conmpounds nust ve low'viscosity an

excel | erdimeihytideetantide wirt dintethydsudfoxidehendrae verplvent/ snth aas JHE, i diesarfeor t he

formul ati on of al pe and a process for fornng.as tric hollow
(¥ bed memuiens SupRos, ToheiaRer o 2pBrRedrreryy an ot RGREY Of ymicrardd

pol ymer gQpenepntains a polynmer as a nenbrane-forner, a solvent and a
nonsol vent-additive. ldeally, the polymer dope has a noderate pol yner
concentration, a noderate viscosity and is close to the incipient phase

separ ati on. |Thergisstiilethe meed tsf prepre hollewiber mearranes baviaeg anhdtrgthinesldinty and

state of . . j he, | i f

ui t abi S RAREF (AT b AR R EA buBGRik M SheiEONe), (Eht BRSO IR0 B et
present thizvesedi .3na pesalti afeaxtémsivet ftedips eyharedi itlenkef faodry vdficlddpiesnibb ther use
in preparing ul tfgrﬁt th-ski nneg_l asynmmetric hollow fiber gas separation
nenblsand¥OPTHEY PISNFYOrapes WG © r and a mxture of a solvent and a

non-sol vent additive in relative anmounts appropriate to bring the pol yner
dope close to the incipient phase separation wherein the polyner dope has a

noder at e pol ynmer concentrati gUMIVARY SIOFTHNINVENTION

This invention relates to the preparation of ultra-thin skinned hollow fiber
membranes for gas separation. An objective of the present invention is to provide a simple
and economic process for manufacturing these ultra-thin skinned asymmetric hollow fiber

20 membranes.

Another aspect of the invention relates to the preparation of polymer dopes, the
polymer dopes and the method of using the polymer dopes in the synthesis of high
performance separation ultra-thin skinned asymmetric hollow fiber membranes. The
polymer dopes comprise a polymer in a moderate concentration and viscosity, a solvent,

25  and a suitable nonsolvent as an additive. A unique feature of this invention is the addition
of a suitable nonsolvent-additive (NSA) to the polymer dope in an amount appropriate for

bringing the polymer dope close to the incipient phase separation.

An effective NSA must have good miscibility and excellent diffusivity with the



_Anet her aspect of the present invention provides for a nethod of

manuf acturing 20 high separation perfornmance polyneric hol},p&cf%brei 3
menbranes for separating gases from each other, conprising o P8P 2% ng
steps: (a) mxing a polyner, a solvent, and a nonsolvent-additive to forma
pol ymer dope; (b) spinning the polynmer dope by a LoebSourirajan dry/wet
phase inversion nethod (as described-ib5n US 3,133, 132); (c) coagul ating the
internal and external surfaces to forma hollow fiber nmenbrane; and (d) 25
coat i ngcodgnldntl Thevedagilent uredronanke astréngandnisglivknyt fores givah ipelymedr and @hsilyBRI EF

DESCRI PTI.QN ,OF .TH W N I 1.shows.the hollow fiber spinnin

opnar at QusSpleGuit e solyentsnd be RIS 1 (he gk Sons W oish 38E efelyf pidonsy o,
pct ober o2 @3ll-tholbddfar ctgak1ey\BreONUISIB tHHELSEd 8s AGHsOBlchSAMifiVddX TR small
oxygen/ nitrogen selectivity as a function of tenperature for the hollow

fiber mamle YAy ar@mpogndsmiist haenqvsryiscpsity, and jexcellent amsfibilitye vadt r oni ¢
m cr ogr of cross-section of the nenbrane spun using water as the

i nt efnal coagul ant fromthe 28w % pol yner dope contai ning N-nethyl5
2-pyrrolidone/water; L FIG 5 is a scanning electronic mcrograph of

Cr oss- sect i oThefprésent irmeentionpeovi¢asrfof the fordatiénadlaypolymatciope and b pravesy

N- et hyl - 2- pyr.rol i done/ wat er, and usi 50wt % et hanol /wat er asg.the internal
coagul afer fasming EEPmESeR v Der R orechoY @a RespeRniligy andy

i nvent i QpeGRRY. | 'Fl?esp(ﬁyﬂglv@éper&hﬁggrzf Qntg)rfrn%EpﬂJ& R ehbrdre i g lﬁbl'%etﬁtdand a

asymmetric pol'ysul fone hol I'ow fi ranes which exhibit hig

per msel emnsqlvefjnt@dditi@g. ddﬁﬂiﬁr &ie?id)ynfrrrﬁwptl@ma rg@@rzptaippb'meActﬁnTe:n@n&?m,%q t he
invention js directed to the rathi n: skinne nretric holl ow fi ber
rrerrte)lng ané%‘?d%%"ﬁf’%%r F?Soﬁosgftgtt%ee%%lg}eﬂga@?ge (r%raﬁérxrbr anes initially invol ves

the formati on of polynmer dopes. 15 The present invention also includes

pol ymer dopedt isa f@itlio df dfie prebdty ifiveatipw tharelie diogsity fand stdte op tepgdigineon of

hi gh perfornmance separation asynmetric holl ow fiber menbranes, and a
process dopes AR bsr é‘Sbﬁtﬁ‘i ibynthst infradugsionypler Beplle napsplvedradditivei ittghe

pol ymer p%%qn%dggéture of a solvent and an NSA in rel ative anmounts
appropritate to bring the pol yner dope close to the incipient phase
separation wherein the pol yner dope has a 20 noderate pol yner concentration
and vi scosi t yOneTampeeti oftthe presénttilmensoh pervideardor thherdy8rtion ftpetynagyptopps i at e

mass, ratio, i s capabl e of dissolving a suitable.concentration of,polymer
e o b PP megn Gan i el i fstie AR b8 s R eiimglsp bR T
NSA mas ScohdfristhgY amixas a?élydlét adR baifeest £5det ARdG doaldodvert hldifivé e r ange
of 2.6:1 to 19.3:1. 2% ol vents useful in the present invention include,

but ar e taltiveiamquats eppropyia@itauting thet Belyasr deBe ciusgHoathe incipient phase
N-met hyl s'e?ér%ﬁ&% %Egﬂptﬁe F%&r F%:has%qgoc{&ﬁ{té Hf)l?'ﬁm} &t atiohnd vpsrcﬁ%igr. red

enbodi nmen i nven solvent 1s a“single component.
concentration ranges from50 wt%to 70 wt % dependi ng on the anmount of NSA
used. 7' " pé&hcther aspe@of- the Tinesent meertioni provided ferenmethod NS Amamdattheng

Co) e el B Db kR o B et

of Sol ubddch tathdPAEGHIBH S o A RSI1oWHAE Etep N DI MEingRs PBBARE,Sa sélvEhtCand a non-
solvent-additive to form a polymer dope; (b) spinning the polymer dope by a Loeb-
Sourirajan dry/wet phase inversion method (as described in US 3,133,132); (c)
coagulating the internal and external surfaces to form a hollow fiber membrane; and (d)

25  coating the hollow fiber membrane with a highly permeable material.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows the hollow fiber spinning apparatus;

FIG. 2 is a representation of a ternary phase diagram;



Press, Inc., Florida, (1983)): s ~~ _~~Sa,~ ~d,n)2 + ~~P.- bP,n)2 + ~bn, ~-
b~,n)2].s (1) where subscript d, p, and h are dispersion, .ImBQtIO er%a

hydr ogen- bondi ng conponents, and ¢ and n represent coagul ant  an

nonsol vent-additive, respectively. A smaller (err) neans a better
mscibility. Suitable NSAs nust have | ow viscosity and small nol ecul ar

wei ght in order to have good diffusiyvgty. Their nol ecul ar wei ghts nust be

| ess than 100, preferably t 0 I ess than 60, and their viscosities |ess than

S cp, preferpig.g dhees okiigdn pressiredtorAalisedMASand ol pén/hitrodiLselicl sty bs a
i nvention include, but are not limted to, water, Cl1-C3 aliphatic al cohols
or a mifungtien offteperafire fosghechallow Gbar membraneprepared in thisdnveatien; As shown in

Table 1, these NSAs have a snall solubility paraneter difference with water

(0b), low vipR9y &Y & iﬁ%@iektrgfﬁ& %ﬁwo?fagl‘l@fg:p(;ss-sgﬁfo idf!{h@&{e‘t{lb &pun! N @
the 1 on, al cono

preferred enmbodi ment o 1 s 1nven the aliphatic I's a
nmonoal cuding wated as the ih€ral soagubinh fom the 2Bwilérmolymier dopbledntainirg Nenetbyl-r at i on
of ter in the olgr_rer dope is in the range from 3-5 wt % whereas for Cl-C3
aligﬁat PYHP gﬁﬁﬁ?ﬁ’%he |l evel ranges from15 to 25 wt% TABLE 1 Mol ecul ar
Wei ght, viscosity of several small. organic conpounds 20 and their

sol ubi l'ity pRIGNEised scdhiihg eRBaEnidintibrogidphrof ceaxspectivasifithe eiéibrane spun
Wi ght Vi scosi t (CE) , 25C0s (cal./cnB)o.swater18

, 0. 890nEPHa @O .dppetqentaning N-orethyl-2pyrinlidpegiwnten 1andsusing §8whpopanol 6
02.0381éhg§ﬁhgﬂ&%g%k%ﬁ%m§ﬁ%§%%@&ﬁpentanol883.61814.7 Pol ymers that can be
the y

used for preparation o nmer dopes include, but are not limted to,
pol ysul f one, pol yet hersul fone, polyetherimde, poly(styrenes), including

styrene-contai ni ng copol yners such as acrylonitril estyrene copol yners,
styrene-but adi ene 7 DEBAlIGBBDESCRIPTION OF THE INVENTION

10 One aspect of this invention comprises a novel method for producing ultrathin-
skinned asymmetric polysulfone hollow fiber membranes which exhibit high
permselectivities for commercially important gas pairs. Additionally, the invention is
directed to the ultrathin-skinned asymmetric hollow fiber membranes. The preparation of

the hollow fiber membranes initially involves the formation of polymer dopes.

15 The present invention also includes polymer dopes, a method of using the polymer
dopes for the preparation of high performance separation asymmetric hollow fiber
membranes, and a process for the preparation of the polymer dopes corriprising: mixing a
polymer and a mixture of a solvent and an NSA in relative amounts appropriate to bring
the polymer dope close to the incipient phase separation wherein the polymer dope has a

20 moderate polymer concentration and viscosity.

The mixture of the solvent and the NSA, in the appropriate mass ratio, is capable of
dissolving a suitable concentration of polymer and being rapidly desolvated during the
coagulation step. The solvent to NSA mass ratio varies, but in a preferred embodiment

falls within the range of 2.6:1 to 19.3:1.

25 Solvents useful in the present invention include, but are not limited to, N,N-
disubstituted amides, such as N-methyl-2-pyrrolidone, DMAc, DMF, and mixtures thereof.
In a preferred embodiment of the invention, the solvent is a single component. Its

concentration ranges from 50 wt% to 70 wt% depending on the amount of NSA used.
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Polymers that can be used for preparation of the polymer dopes include, but are not

limited to, polysulfone, polyethersulfone, polyetherimide, poly(styrenes), including

styrene-containing copolymers such as acrylonitrilestyrene copolymers, styrene-butadiene
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nostly washed away in the washing bath; however, if necessary, the fiber
may be further washed by using a water spray and/or contlguqytoqggb%bon I n
a water bath for a period of several hours up to a week. ers are
generally dried prior to application of the coating and assenbly in an 20
apparatus for gas separations. The drying may be conducted at about O to
100C, conveni ently about roomtenperaBure, e.g., about 15 to 35C, and at
about 5 to 95, preferably about 40 to 60, percent relative humdity. The
dried hednobymershend tysendrvinytbonzydnlidet rcoaotyrr@m y mércn@@nates rra@eélulqsic The

coi oct | BOWGRRCSELeMids AeLE i PARRY ol dRoR B e gty
Ar, hydbagﬂadsses nitfocelfulodel tcqusolpmides armmmpirﬁdeﬂncladidg anhpdleedddosdof 1 to
about 5 c (g é%ﬂ<£9 espeC|all%maethane eth and propane, .can be

ef fect | 9@4 Lirethsits: gRRly(aryiensy @¥1469); #if tFFePHb’I(lP‘}?W petxidgndidane of
the pre e t ating
to the 2?%* e %&W.Pﬂ@*‘%wn REL AR Boll) Eéfﬁeﬁ*gﬂ%ﬁrmes Sl (B

sur f acepomﬁtyliﬂieﬁ) s§edh aasoamly(gt,hytene ftetgphthalald), npolyfelkyd migthacpydated)e~ 2003
-10 the _desir el ec able mat.erials useful in_.coating
the dri 88‘3? BW i Bglﬁygplwgéleg?t g“r{e%&@ﬁa‘ﬁ £y aBY st%f‘iﬁ?neggly i 8™ r om
about OnQﬂx%eESOh{xﬁngrhﬁihQ%ﬁdl@ ubiQiiiafi 65 HAIRE Wsan MBALANA DBV SHEIE Eﬁ%‘éﬁl of the
coating is less than about 1 mcron, and may even be | ess than 5 about 5000

Fmgst r ofethylene), pol(prapylees), pelyghutene- Bn@ol}é‘}ﬂetbﬂ mltntqnealéx p@b@l@éﬁ@a@rat eb
o 55 PR Lo Rl LoD AlofdS. OTRIBLRA: 2L Bpafll GRRCRARRY °°

sprayi ng‘l,uoﬁda)sbml@g/mylrﬂmﬂhsl)gsbly(m:@m eﬁss)amdhaislpﬁly(vmyl ﬁem&)&hamq(cmyprl si ng
the material of t ting. or. the

Th t f h t
may be BERIPRAC)OPO Wmﬁéw m§§?b§?%\@®§ PY&?&S%‘F%)E@PNS’éﬁ‘E‘IkS@F@ﬁ‘é%’O yéﬁwgoa "
d t { {

omenc; ey Rttt oIy aRpI AR & DoRTARA" AR And NG PORIAANNT |
bot h ad@nty(unybrﬂnldes)denﬁa(muqﬂ pulinaskr $oly'(ylpybalrethanetsm mi;se(f/mlyl mateas)i al s
whi ch h h titut

o st POLRDAV! BigerhAEorn 2R odufing! SRS, Rabalgs: a8 (Gaectespimiatio
condi ti Qasyhy aﬁgldwcddyytﬁ(aam%l@@tp&ytﬁ%%r §o grx@kﬁmhdaw@p%maf&hﬁhha&l y high

nmol ecul ar melght and/or high b0|I|n organi ¢ prepol yners

pol y(si Ipokephesphatioes; @teneaqdom}tmpb'ynerqaowhidlrmz @m@g infespolymerth Anagining
pol y(epi t@éﬂ ﬂﬁé‘}’ﬂft Rben B8 'aX@&Q Q&Jgé’lé/ﬁl RESE acdbYidHe 4851 bromide-sodium

acrylon| ex con alrning copo yner

pol y( . alspheof- pdth-Quldeshienylatekiallyl e)hemmmkiygmﬁs anf Oblyedst edriaifingChnidiofighe

pol yI act ans and
foregoing. Typical substituents providing substituted polymers include halogens such as
fluorine, chlorine and bromine; hydroxyl groups; lower alkyl groups; lower alkoxy groups;
monocyclic aryl; lower acyl groups and the like. In a preferred embodiment, the polymer
is polysulfone. The polymer concentration is preferably in the range of about 15wt% to

about 40wt%, more preferably between 20wt% to 35 wt%.

25 The method of manufacturing high separation performance polymeric hollow fiber
membranes of the invention, comprises the following steps: (a) mixing a polymer, solvent,
and an NSA to form a polymer dope; (b) spinning the polymer dope by the Loeb-
Sourirajan dry/wet phase inversion method (as described in US 3,133,132); (c) coagulating
and washing to form a hollow fiber membrane; and (d) coating the hollow fiber membrane

30  with a highly permeable material.

In accordance with the present invention, the hollow fiber membranes are prepared

using a phase inversion process. The nascent hollow fiber is formed by forcing the polymer



- 20 polyarylates), e.g., poly(alkyl acrylates) and poly(al kyl mnethacryl ates)
wherein the al kyl groups have, say, 1 to about 8 carbons,7ﬂqh¥?&9qﬁﬁ%es,

pol ysucci nates, and al kyd resins; terpinoid resins; linseed oil; cellulosic
pol ymers; pol ysul fones, especially aliphatic-containing polysulfontes;

pol y(al kyl ene gl ycols) such as pol yethyl ene glycol), polypropylene glycol),
etc.; poly(alkylene) polysulfates; p&ypyrrolidones; polyners from 25
nononers having . al pha. -ol efinic unsaturation such as poly(olefins), e.qg.,

pol y( etlbpd thnaigh aotubg-irpouifige spieseretpuhileinjectiog emalternal coagulant into the fiber

ol y(2,3-di chl.orobut adjene), poly(isapren ol y{chl or.oprene), .

Dol ot YRty AFRE Pttt SO Peken 2B P oemial et LRObERE fher it ene
copol y imerde@idyi Addagulation bah. PteydtaplantedctP0d AdnsoR@hi Tiel)the abapaydes)
(e.g., poly(vinyl formal) and polyvinyl butyral)), polyvinyl _ ketones)

(e. g., dees pesidjsspkve Bya RalypeKietaprappyecial W%#O\é@teértgs cqagulsnt isqqt §q¢ be ny |
benzoa i hat j - : DO I (0)¢3 (vdeayl i dene
nal 1 dogynfuse S NAOKISATA 8 Hioech Eindenich” ThE erlera e l] (S bhagyMRIOK M

pol y( Ncun ibg | variee ifrond 67C tet160°C. Rxkfetablh-thy coaxgnidtiadi tette jemperature is in the

ol y(met hyl i opepyl ket one flyorinated ethylene .copal yoer,; pol y(aryl ene
gxiégsf?“ .af3Qéd5y5¥§fﬁﬂeﬁe%%%¥dﬂyzt%bF%@%ﬁ@Bﬁé{ fsdﬁwyéﬂﬁépwgrﬁéé ng.
pon(eqaﬁbggﬁmgethylphosphate); and the |like, and any interpolymers

i ncludi ng bl ock interpolyners containing repeating units fromthe 5 above,
and grafts and bl ends containing any of the foregoing. The polyners may or

may not be pgunngecoazulhtion: the eppugrcdiffusiontef theemplsewlas of esodveat japd thenbr ane.
Particul arly useful, nateri.al r..coati : i I i )
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of t en hAyBoll®p EdEl MGiallyidnd thoedaguhtiog fibntsamedaoiivarDiodardsaiie atmesof thse

nol ecul ar wei ght of the pol y(sil oxanes) nay_ﬁo vary w dely, but is

gener alfiier yeally dhe passpgs thraughan &y gamcoupld WEh jhesinmBssioadn the,¢eagylatignecul ar
wei ght 1 : ied to the porous separation
nenbragg$1%gﬁ#%ﬁ%ﬁﬁggﬁg??gggﬁlQg?%ﬂgg?%gggly(sionanes) i ncl ude the

pol y(nmonosubstituted and disubstituted siloxanes), e.g., wherein the

subst i t uent sThr kolloswéberaisithtratransferfeask fromsthe gozguldtioneratta kk g Iwashing| hadlh.ng

cycl oal kyl , .especi gl | t hyl , .et hyl d ropyl » | ower. al k ; aryl
ot T srtRROR ey ShreceeiniSh At e R AR e e B8 abm RiferE Ver o
| over nppQIyREsHRE GWaY iif i Whaidg baBYhowdvetl, Ut he@sdaB)\ahe Bbémiay ibe fafker ower
aromatic acyl; and the like. The aliphatic and aromatic substituents may be
subst i twashdd by uging agvathr spioaredder cantigued mmersiopdn ayatYrhate farrrapasiasnetne,

hydr oxy kyl groups, |ower al koxy groups, |ower acyl groups
and thékwgég&ﬂéﬁgbgﬁggggg(sionane) may be cross-linked in the presence of
a cross-linking agent to provide a silicone rubber, and the poly(siloxane)
may be a cop®hefikers wictdeneratly dsied priokt@lzpplicasionrof ther coatiog) asd assembly in an

. al pha. -net hyl styrene t o assi in the cross-1inking., Typic C Lysts to
pr offbt 2 . ??ryn&ﬁ‘snﬁepra‘%‘f)ﬁﬂeshweaﬁ?%mag %&Wﬁﬁ‘%‘gﬁﬁ 8&8&@ 5%3?8 éI"’he
cross- | idieRigniPYuboRt RiohPteriperanie ieGal hut afse tthe3Pal uhaidtatdae)s toposhe
porous separation nenbrane, but 25 preferably the poly(siloxane) is

cr oss~| prekasablyabeut 4040 A8, pepgsint eedative bupmddiBbr ous separati on menbr ane.
Frequently, the poly(siloxane) has a nol ecul ar wei ght of about 1,000 to

| 00, 000 prio - |J Rk t] il nes)
compri se. pol vPaHER Aol Bitibdre i tGE ik SHKAN SRR RIAL | B2

pol y(t r idshiltait @pated blimi fipesidisptaridgh gaopameatitityodnd. seleptivity. rGshy hiwhyasene and
di nmet hyl si | oxane, and post -cur.ed %8 polg(ginetgﬁh iIQxane%:gontaining

si | Rt onkut pidenitedatps K. NangHedls, £rOndhghydiggen, e, JUBRE PHISAMHO i or to
cross- | ki, @a%an%yém 19866 APodOhtomidf EdpRERNY IvethBie, 2tRALY 844 f one
porous séparati on nenbrane to provide as nmuch occluding contact as is

desi r ed prdfene\oan be aiffestively sepamtedifremegas inmigyturéscuspng the hiollowfey membrage| vent
whi ch dofﬁ}nOt 'n fctober 2003 -12 substantially affect the pol ysul fone
can facPf MEAEBHEET MRy occl udi ng contact. Suitabie sol vents incl ude
normal Iy liquid al kanes, e.g., pentane, cycl ohexane, etc.; aliphatic

al cohol s, e. ¢lighlyglchaedllc naesalhat egphal &da abithiges; thandieditallow fibdrbéns; and
the like; and m xtures thereof. 5 The preferred coating terjal is

si | Beonerdanpmasal thoypages o thgAibepsfassy Wiithgyt suph @ coptinge rﬂi“‘egg?Fe‘f”r\’o‘éPtd’la"e
applying the coating material consists of dissolving the coating materi al
in a suitable solvent, than imersing the dried hollow fiber in the
solution, followed by stripping the solvent by vacuum Concentrations of
coating solutions can vary formlw%to |Owm% preferably I M%to 5w % 10
The hollow fibers of this invention may be spun using a spinning apparatus

. - N N o s o



polynmer dope is fed into the orifice of the spinneret and its flowrate is
controlled by the gear punp 5. The internal coagulant is i.p.t{)gtq)g'gregowder
nitrogen pressure into the inner tube of the spinneret and itTsS owrate is
controlled by the mass flow controller 7 to between 1 to 3 m/mn. The
extrusion rate of the fiber is controlled. Tap water at room 25 tenperature
is used as the external coagul ant in the coagul ati on bath 9, whereas tap
water or a mxture of water and Cl-C3 aliphatic alcohols is used as the

i nt er natheglesiged setectivity.f f er ent spi nni ng conditions are enpl oyed dependi ng on
the specific polyner dope used. The spinneret is arranged ,such that the
nascent fibefﬁjisl e>‘<3tru&1 d v rtilcall ldown rgg int(i) tge caagqul ation bat h.
The tenperat %h%fp PRE DA TR aft e225ge ,CSP% gP DY VT3 © The
nascent hiveder average hidkndss aigingeirdr Ab&ft 0LH0D 1 3950 AAERhs. 1A S6AS instdnee) than ai r
gap of predetermned | ength before entering the coagul ation bath 9. After
coagul apyespge thigknesspef; the goatingrisclessethan gbautnh sHeran ash may gvempbe lessdharcoi | ed

into.a ) . 5 i is
i v o5t PRl 38R0 ok, TRE S0l ] odrifiice ofl Ik pEBERat R0 sereinb 1S B 1
fiber fmhichiney ssmhy not beadfithd Shmepantesiels. | n ot her words, the take-up

vel ocity of the hollow fiber is nearly the sane as its free falling
velocity in e coagul ati.on b The hol.l.ow fi ber isbthenk '

th. 1 ]
storage. t ank TECORE By wPRlpd ip 2RY SUhIC Stk § . DYa RN ARFTATR

fabri cageh a¢ @prﬁﬂﬂ@?ﬁﬁklﬁh YVindhékidatih @ ésséilatly NBuld SubstaheP 36@ptisiAg the

per f or mance, chani cal sfrength, fabrication method and other properties.
Thi s pr owdertal pEthgeoatinmentheike.y vi abl e process allowing for the production
of reliable hollow fibers in large quantities owing to the fact that

me ane mat ki haVi . v . r
megﬁgni cal s%%%%%@%?ﬁqgg%%}ngﬁgﬁéé }z%/tﬁa%/dil gﬁfﬁé\m& égﬁgﬁ?ﬁé}&ﬁ%ﬁd&gﬁgﬁ{tw o]

addi ti veslyands,t iiel adantdgacisly axRibitnee pappsopriatapebpeatics toeprpvidet ddobudingi city.
The hollow fibers of the present invention have very thip and dense outer
ski n |af89@cfswéébet RRFOBY SRT4lion dReTBPARE t @ thehE FB‘R%‘F‘S&%“@E’&‘FQVQ} aqifiv?lhg very

little rgq3 icéﬁ&ﬁgeﬁiohgaoﬁg@erg.l'ﬂ}fﬁca]_g?thg El%(%l!{ ég-eﬂalls Wi cagmoﬁﬁ)rf-s@ tetdhtifigneat h

the silicone coatin er, is too thin e measured by ‘scanni ng

el ect r omrepotymesswelnply carsiee §ubstitusid dyemnsistitweede dnd whichgessolid qrdiquihimider t y
measurenents. For a silicone-coated a tric menbrane, the pressure

nor rial | 20 Serstoerttgn i e e RUABEUS Bobber: e diRers delbv el dnEuat f on
(2) gi veRolbyuliie Wesgtet artl/or high bYRHY HGEIISCiorganiOlprepdlyniers;2 $ly(§ifoR8dds): L' +
L~P~-P+P2 1e\fﬁ1ere Llr i_sg}; he g%pa?ent sk%n Ig/_ep?}';hi c.k:r%esys( of t hs%
asymmet rpidicorarinolyiecrs); 2 pelysifazancsp palywrihenes; opoly(spicklorhydsing- aebtantpes; ayer ;

Pl ist er mealili .coef flgl i ; try gﬁ{é})s{ane' 2 is.the
perneabirh%ll}tq@%eg’effi@?gﬁ%dé?’ thgfc}c}g%lﬁ?{r%%kg?%g rdgggl r ayer%uc err)sdsi s the
sur f ace paby(cdpHay-chibfoattyborieil€)c tdopolyynesd; pblyestent €thcludidy apedylastamssanti al | y
equal to that of the asy ri c_menbragne sured at the sane tenperature
and Pr e.sl%“liﬁ‘a.éylafeﬁ &rfen ygm?}’i aF’é’%*?tgst)éiﬁ'gé’oéYn(Eaﬁ‘Hg "?ﬂ}af’ﬁ’%‘ésc‘ﬁ‘%ﬁ‘%‘& tﬁ%{i‘g‘?y to gas
per meat '$8u§sshaﬁt%,9£dy9'lbﬂoeab@\l%tc%rﬁofn& 1942 baGRes? Bolp SIRRARS | hdd/ alk9@Trbdifd; ent
very smal |l ‘surface’porosity of asy tTic nenbrane and thin coating |'ayer
t hi cknederpingidierresinsh diosetdt | ofls, deHulosispapelymeski npolusudfones)i ckspesipllyl, ) of

asymet reillﬁahartrt?crp&gn ngisngnpac}fys%?fogféts;e{)gpyeaﬁgyleb% élggolg)oslulcﬁvgsn&)l)('a@ﬁg'ién%ng:lycol),
poly(propylene glycol), etc.; poly(alkylene) polysulfates; polypyrrolidones; polymers from

25 monomers having .alpha.-olefinic unsaturation such as poly(olefins), e.g., poly(ethylene),
poly(propylene), poly(butadiene), poly(2,3-dichlorobutadiene), poly(isoprene),
poly(chloroprene),  poly(styrene) including  poly(styrene)  copolymers, e.g.,
styrene-butadiene copolymer, polyvinyls such as poly(vinyl alcohols), poly(vinyl
aldehydes) (e.g., poly(vinyl formal) and poly(vinyl butyral)), poly(vinyl ketones) (e.g.,

30  poly(methylvinylketone)), poly(vinyl esters) (e.g., poly(vinyl benzoate)), poly(vinyl
halides) (e.g., poly(vinyl bromide)), poly(vinylidene halides), poly(vinylidene carbonate),



7' COctober 2003 -14 P~ (3) ( L It was reported that the perneability
“coefficient of 02 through polysulfone material is 1.06 X Lr-dQ,per 2003
cnB. cnicnR. cnHg. sec and the 02/ N2 selectivity is 6.2 at ZSCC% Pranau et
al., J. Appl. Polym Sci., Vol. 43, p. 1491, ( 1991 ) ). (P/L) is the gas
pressure- normalized 5 flux, (cnB(STP)/cnR-cnHg-sec). Thus, the apparent
effective skin thickness for a silicort coated asymmetric nenbrane of the
i nvention, ranges from 350 to 700A as estimated from gas perneability

measur epaly@bvingbnaleipdde)e ctpe mgqb,ismyc;oocmirem)c | polyt(metitytisapiropkenytietdrie),ms

formed from pol t he al rod a co sition
havi ng %’ﬁ%ﬁgefﬁﬁge %gﬁ%wrﬂq %éﬂéé od‘ff{"éﬂ éf‘yl%'i}r“ﬁ PHFE: wher e
i n bet WweRycarbditted; pOlyphaiphiteOPEs., @er%tﬁyl%@ﬁn@ﬂfylﬁﬂ@k;ﬂﬁtd)smﬂﬁﬂié MkSefia by
scanni ng el ectron m croscopy as shown in Figures 4 and 5. Overal I’, the

entire §or w@pgb/mmlm@\ﬂdln&nlﬂp@lﬁem@ogmm oatgniyg trPPQ?Fén& gunitsafromothepeci al
oty antgsadd i B btng; bapdfeD hfr 5 3SkEhe Y B MBSy BERRL 0"

nost pr sdtdegolymeaixed liﬁen’lapplhoattk)n tehlsnpdrbnes sephrfahmonﬁmbmb. menbrane is in the
configuration of a hoI I ow fiber, the fiber may often have an outsi de

di anmet er baut 1000, ferably about,h 200 to.800 njcr nd wal |
t hi cknesses g‘l‘m& Y lo“@%m?sp? B{g§ %Bprf‘ﬁecl"blﬂg“lo’fﬁ@sbol al of the

present phDkABkAes) S b Vit 'aYcﬁnzi‘H QiBiet ! J
pol ysul }f)og(eé ;I(Dol glbsul ?g;lméﬂ{gs éﬁl\?‘{é@yﬂ rrportcant éﬁsﬁgeﬁg?yzgé%ﬁﬁbﬁgl%s 20

mat er i atontainingals toggmut 2@ carbon\atams. fldre melpeulart weightodthe rpd}f(mlnmnes)ogaan and

sep atin u hdroe and, c | mn| roge net hane
(Kkedd i ng  Wiely POt Ay o E’S&r%‘?édmpﬁngﬁ? \t%’ﬁs&?‘ J palE o I NG,
(1993), nidicamd wéight of aboutViIUD0DaKRE 386,000 whn( aéb?iga)tolﬁle) porB’@é %8 ﬁﬁmes have
good thermal resistance (hi gh gl ass transit ion tenperature) and nechani cal

st abi | i mpmbsgg. ar ogaivar alaliphatiesy ang @W@ aPobyésiloxangs) ¢ Ufﬁ’énbrt%ﬁ“les by
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the inveéntron 8s are prepared having pol ymer concentratlons of
25w % 3alipledtian ﬁ)rahSl@hcﬁ, dowels alksi,t inelmdoiz dyd]dI6A 66speialty madthyl, ethyl, and

15  propyl, lower alkoxy; aryl including mono or bicyclic aryl including bis phenylene,

naphthalene, etc.; lower mono and bicyclic aryloxy; acyl including lower aliphatic and
lower aromatic acyl; and the like. The aliphatic and aromatic substituents may be
substituted, e.g., with halogens, e.g., fluorine, chlorine and bromine, hydroxyl groups,
lower alkyl groups, lower alkoxy groups, lower acyl groups and the like. The
20 poly(siloxane) may be cross-linked in the presence of a cross-linking agent to provide a
silicone rubber, and the poly(siloxane) may be a copolymer with a cross-linkable
comonomer such as .alpha.-methylstyrene to assist in the cross-linking. Typical catalysts to
promote cross-linking include the organic and inorganic peroxides. The cross-linking may
be prior to application of the poly(siloxane) to the porous separation membrane, but
25  preferably the poly(siloxane) is cross-linked after being applied to the porous separation
membrane. Frequently, the poly(siloxane) has a molecular weight of about 1,000 to
100,000 prior to cross-linking. Particularly advantageous poly(siloxanes) comprise
poly(dimethylsiloxane), poly(phenylmethylsiloxane), poly(trifluoropropylmethylsiloxane),
copolymer of .alpha.-methylstyrene and dimethylsiloxane, and post-cured
30  poly(dimethylsiloxane)-containing silicone rubber having a molecular weight of about
1,000 to 50,000 prior to cross-linking. Some poly(siloxanes) do not sufficiently wet a
polysulfone porous separation membrane to provide as much occluding contact as is

desired. However, dissolving or dispersing the poly(siloxane) in a solvent which does not



~25C. Polysulfone is dissolved in the mxture of N-methyl-2-pyrrolidone
(NWP) and an  7tn pctober 2003 -15 NSA. The nass rati o of;oNyRoDSAOGRS | es
depending on the nature of the NSA. The NSAs of the present invention

i nclude water, Cl-C3 al cohols and m xtures of one of the al cohols and
water. Hollow fibers were spun by the dry/wet nethod using water and/or the
m xture of al cohol/water as the intenqpal coagul ant and water as the outer
coagul ant. The 5 schematic diagram of the hollow fiber spinning apparatus

i S showabstantiallg. affect THee pblgbkifotieneant faeilitate iobtdiiiag etdingscentgiti Seitdbde t he
skilled artisan and shoul d not be interpreted as |imting the scope or
essenc &OEnts hmcluds; per Mvgﬂ‘t“ﬂoﬁlﬁaﬁqﬁe eaéyr?ﬁ%‘@?%c"%&%?‘% ?tﬁ';f%l’ﬂi‘éﬁc using a
phase i i i T e .
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pol ynmemikAjres themgfil ant (B) and a solvent (C), is herein used to explain
asymetric nenbrane formation. The key features of the diagramare the

stabl e singlg phase region (1). t.he unstable ldguididiquid-w-pghase region
(T3, Sthe gcetamed SRR hidsial i SHSpRLARE CY BT osd ChIBd"3BE, 50 7)
r epr esgéferrad Shétibd® ofhepplyingihe omting) endderiay redbisists afodigkaiviakythdi amdhyed in
the solvent or the solvent mxture. This is a stabhle honogeneous i5

sol ut i drater@ginod sujtable sofept dhan immegsing ithe diiedhgHowolibernin, g‘_tei Wutian, _
coagul %ho@f;&fggg%i_ﬂf@& t108oIG&H By VabARE CHRRhtrdtRins Bf‘?(l)a?%%ﬁﬁiohé‘cﬁ‘@aﬁo' ution

results in urd phase“separation. Reglon represents a
rel ati et lit¥htodOmt¥nprefdratdy 1od%pgolSytdr {A). Here the pol yner is not
soluble in the minimal quantities of solvent, so the polynmer forns a gel.
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wher ei n | o o] o] rati . ' b ingle
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sol ventpdipmeoagpd iather?barasficttedr inkdSthe sohitionaanloBoTlecddpesis depass@d hydreren
concentration at the critical point is extrenely |ow.  Therefore, the
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separation occurs when t concentration of the sol vent becones so
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single 30 phase reqgion (1) depends o he nat ur f the, pol yner, the
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additive (NSA) into a polyner solution, region (I and re%l_on(ll shift
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result, i j. e | ti.on of
o oxcoBdIfer W & BITRE AEGHAR of he IGRAGRS aBTH HEly ral PR RaRIMALEY HePD
axi s angedrq@ingns.(The thtaragip@agelantoisyihteddricyd under. nitrogenspraguee mtptirsianexi st s.
This is the point where incipient phase s P ration occyrs. The. polyner
dopes ofuberRf Hecwpinnerst\and; F%ﬁllot‘f’oF?é?éﬁ CB‘F“‘Q eaolmfhﬂ mags, flow, eontredfer, I Qs
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of the solvent and NSA are controlled so as to mnimze the area of region
(1) 25 antenyperatoent usel ssthe exersl cogguano i themoagwatiangbathy 9( WhereThtaprwatet t ant

pol ymer dope.i s majntai ne e he 1 o . ipcipient.phase.separation. By

mai nt ai Af ﬁgmt"ﬁgrepfﬁ# _W?getr ?f'glpg" éaa?h e FH(?P?CJlFéﬁtusfﬁ%gggﬁ%éﬁtﬁB‘g{ i°8?1g,uq?"ﬁ'e phase
separ at iyffeRhP§fMSng SofiGetstirdbRployed depadmgtiithe GpecifR@folynrt dogsitieded i s
reduced. The closer the X-Z curve is to the (A)-(B) axis, the closer the

sol ut i oThespinoenchis aownged ichithasiths raseens rﬁéz%i@égaé vesticallyflownmeardssigie
phase i %/eecr:()sa{ggﬂti% Iblatht. %g télﬁpé}gﬁi‘g ot'B@"bath is kept at 5-50 °C, preferably 5-30 °C.

30  The nascent fiber emerging from the tip of the spinneret passes through an air gap of

predetermined length before entering the coagulation bath 9. After coagulation, the fibers

are immersed in a washing bath 10, and then coiled into a storage tank 12. The path of the



.15 the addition of the coagulant. As nentioned above, the introduction of

t he coagul ant to the pol yner/sol vent solution causes a Counk gl %II& j on of
t he nol ecul es of solvent and the coagul ant resulting in phase separ 1 on
occurring at both the internal and the external surfaces of the holl ow
fiber initially and the coagulation fronts noving inward towards the center
of the fiber wall. The enhanced rate18f- coagul ation restricts the avail able
time in 20 which the pol ynmer nol ecul es can approach equilibrium by

under gcﬁh@g isf diretctﬂdrbypé)c kiotgr gnide dil. Tha hmtareg\iidmédes maforaibgedlam the fitiens,
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solventcoagulant syste 25 The type of ase separation depends on: i)
the exds ﬁt%@éﬂktﬁﬁév@cﬁayéfﬂm %ﬂ@ﬁﬁtr““rq")e the outflow rate of the NSA;
and iii) the ratio of rates of the solvent to the NSA outflow Rapid
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cause phase separatlon to nove direct tot at 1 O reglgn ase |
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interaction controls the local structure. In this case, if the solvent and
t he NSAshtwanalt M@@hammlt stability @tee commgtdialbt availble. raagi thegeonsolvent-may

sti]l q in Lt.h a thin and dense
ski® Ia{/dgww% 9@415}%% S%&\;;@ﬁ%&%%ﬁ@gﬁ@&@ﬁ %f%ct"&ith the 5 coagul ant,
the rapid outflow of the NSA coupled with the sl ow exchange of the sol vent
and coagul anThe kelidw fibersaofl eapreseny éhwintion havdiwery thirdand elehdel olteskkin | ayer
is then formed. On the contrar if the eff|ux of sol ven{ %s nore rapid

t han tH&YGYBF“HH%WNSKa“t‘WércP%?%ede‘Pfqr‘EBPr‘?ﬁs syBlayertaving esy tiflle resiztancedal ance
toward % ds v~ Thelbhedr B&ﬁ?ﬁre?%ﬁ&ﬁié jast: behééih“&ﬂ: :th&iﬂle%&'ﬂ?gsﬁ SCRALBHHIAN

easi |y ‘occurs prior to gelatlion dause the pol ymer concdentration 10 does
not i ncuoebcsmehased éxyou@hmnzrﬂeqtemm mwrgsqmyrbs@m@must b¢ lestipated fnemegas por ous
skipn ! %\?L{ i S _not InjfLeab e g ﬁﬁ‘gia%farattl .on. él or 1o the addition
of 1[he "65‘5 i me?%\lée‘B%‘P f 83858“% i "APRES PSR h P pi ent
phase s@iafafkdOfux (1R) erbegh tRf mEmBRARRES bt @stiifed BGithd BiliatHASF ghrmar at i on
can be determ ned by the coagul ation val ue, which has been defined as the

quant | Yy Benis cteagliMernbrase SH.Yeint I 23bi &) ko nake 2g of a pol ymer in a
100 g polymer solution turbid, i.e., the | ower the coagul ation value of the
pol ymer dope - the closer the polyner dope-iis to the incipient phase
separation. (Kesting et, al{, U S. Patent\ 4,871,494; Wang et al., J.
Menbrane Sci., Vol. HE({/ >1g 5) 33). 7t" pctober 2003(The formul ation of

t he pol yner dope co i Pibas®d-By EHqn. (4) which relates 20 the mass
rati o of nonsol vent-additivelto solvent (Ra/s) and its coagul ati on val ue
(Gv) (Wang et al. J. Menbrane Sci., vol. 98, (1995) 233). This equation is
SXPI eSS@AlateL | & e Apaldh® sRIFyE Eyﬁemfegls ¥Rk EsyRimdihe gRBahven) 1Al tive
and the coag al ant the binary ymer sol vent “syst em (Wang et

App?a Pdiiqkmﬁsssd‘ the; Sl‘lﬂ0¢ne-<5@tl(lg %@Mﬁ d8the gas a¢mea@$mfﬁ@mtﬁvasme®p ( 4)

Egﬁsgfgvéﬁ{n\é ; ?; @éh% mgqg%glt; \g/gq glegthoef e ggellt&g saﬁclogcr:] ru Fayglf; [ is the

surface porosity. If the selectivity of the coated membrane is essentially equal to that of

the asymmetric membrane measured at the same temperature and pressure difference, the
resistance of the silicone-coated layer to gas permeation is negligible due to its high gas
25  permeability coefficient, very small surface porosity of asymmetric membrane and thin
coating layer thickness. Under such conditions, the apparent skin layer thickness (L;) of

asymmetric membranes may be determined by the following equation:



25 precipitation value of coagulant (c); Ra/s is the mass ratio of
'nonsol vent-additive to solvent in the polyner dope and Gv .S the
coagul ati on val ue. 7°" pctober 2003 -18 Wth increasing7p3F§§¥?2003
concentration, the X-Z curve is shifted slightly closer to the
pol yner-sol vent axis (A)-(B) due to the stronger interaction between the
pol ymer and the solvent mxture (Wjrtdns et al., Polyner, Vol. 26, p. 1539,
(1985)). The influence of tenperature on the phase separation region
depends on the interactions of pqlyner-solvent 5 nonsolvent additive. For
pol ysul f one/ sol vent/wat er or Lhe}h,-c3 al cohol systens, the single phase
region will increase with ificr easl ng tenper at ur@) (Wang et al., J. Appl.
Polym Sci., Vol. 50, p. 1693, @ 9§) ). The final structure of the fiber
menbrane is determ ned by the int ctions of the pol yner-sol vent - NSA
systemin the solution and phase separation caused by the counter 10
di ffusion ofItsab Yesortedttat @hﬂ%&ﬁﬁ@uli@met Jile ) m‘us%ﬁ palysilfoe snHidriali ent
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amount of the NSA eghances the fornation of |large p
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m croscopi cal | y het erogeneous., As region (I) diSﬁP ars W&Qe pol.ymer, dope
has | ocefatedcasyametrg membrane oftheipyertionprasgsse iy %ﬁv}o TQfHe3s (estirted) i qui d
phase s r adl 0 | ' . | es

b gai ol S g R BREY nbAnichenlPlbloBhl e hadlepbiln] NECRGLH Thla BPUBRE 7° e
pol ymer filneaformpéd freny ths whrhe ipolyniees. Qearht, therfinal poldodds aebmposifitie h@ving ianal
menbr ane r phol o is still controlled by phase separatjon Kinetics

ot or i SAEEPIEE HarRRiaih SHOBriTas a8 GHen e B TARHOTRE NpEHeTh e

coagyll aphUWped YolduS shpPBel whieh iCQATH s@hiRcAnREESSotronimRraiSbpseattshdld a NSA
have strong affinity for a coagulant, quick exchange of these conponents
rest ri cinsFigimes Aand éati on growth in the pol yner-I|ean phase,

Overall, the entire porous separation membrane is sufficiently thick so that no

special apparatus is required for its handling. Frequently, the porous separation membrane

has a thickness of about 20 to 500, preferably, about 50 to 200, most preferably 300

15 microns. When the multicomponent membrane is in the configuration of a hollow fiber, the
fiber may often have an outside diameter of about 200 to 1000, preferably about 200 to 800

microns and wall thicknesses of about 50 to 300, preferably 200 microns.

The polymers of the present invention are highly selective aromatic polymers,

preferably, polysulfone. Polysulfone is a very important gas separation membrane

20 material. It has good selectivity for separating oxygen from nitrogen and separating
helium, hydrogen and carbon dioxide from nitrogen and methane (Kesting et al. Polymeric

Gas Separation Membranes, John Wiley & Sons, INC, (1993), Haraya et al., J. Membrane

Sci., 71(1992)13). Polysulfones have good thermal resistance (high glass transition
temperature) and mechanical stability, and are generally easy to prepare as asymmetric

25 membranes by the Loeb-Sourirajan phase inversion method.

In a preferred embodiment of the invention, polymer dopes are prepared having
polymer concentrations of 25wt%-32wt% and absolute viscosities of 10,000-60,000cp at
25°C. Polysulfone is dissolved in the mixture of N-methyl-2-pyrrolidone (NMP) and an



and the spinodal deconposition may quickly take place in the two-phase
region. This 25 accel erated phase isepar ation process rest rf"C??tof)éjrrﬁc?fsr

aggl oneration of polyner aggregat es and the menbrane forned has snma
macrovoi ds or sponge-li ke structures. The rapid solidification process al so
prevents the coal escence of the spinodal deconpositional polynmer matrix;

t hus, the substructure has good interi®onnectivity between nacrovoi ds.
However, if the coagulant has a strong affinity with the solvent but poor
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role in accel erating phase inversion kinetics. In selecting
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nost preferred coagul ant. The non-sol vent - addltlve sel ected shoul d be
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The excess nonsolvent for the polymer in the solution results in liquid-liquid phase

separation. Region (III) represents a relatively high concentration of polymer (A). Here the
polymer is not soluble in the minimal quantities of solvent, so the polymer forms a gel.
Region (IV) represents metastable composition. In this region, the solution undergoes
20 phase separation by a nucleation and growth mechanism. At or close to the spinodal curve,
the mechanism of phase separation may change to the so called "spinodal decomposition"
in which periodic and network structures may form without nucleation. Z represents the
critical point wherein at lower polymer concentrations the separation between the single
phase region (I) and the biphasic region (II) depends upon the ratio of solvent to coagulant
25 and/or NSA. For macromolecules, the polymer concentration at the critical point is
extremely low. Therefore, the critical point (Z) of a polymer composition is typically

much closer to the (B)-(C) axis then in lower molecular weight compositions.

Incipient phase separation occurs when the local concentration of the solvent
becomes so small that region (I) disappears. In general, the shape and size of a single-
30 phase region (I) depends on the nature of the polymer, the solvent/additive and the

coagulant, polymer concentration and the temperature. Upon the addition of a nonsolvent-



.20 particul ar polymer/sol vent systemis nore precise in the determ nation
of the concentration of the nonsolyvent-additive in the polyngr, dg ng
et al., J. Appl. Polym Sci., vol. 50, (1993) 1693). A noﬁgo egﬁ?Pg%é¥?ive
with a higher precipitation value can be introduced at a hi gher
concentration in the polyner ;dope. According to Eqn.(4), the maxinum
possi bl e mass rati o of nonsol vent - addéti ve to solvent ((Ra/s)nmax) is
obt ai ned when the coagul ation 25 value is zero. The nmass ratio of
nonsol \additiva {NSHA) \ieto tzopsl pinee sdlutioh, répgont @Vyendfregloh QITY Reftspwand iy Ahe

requir t o, achi eve the desirabl e conposifion for a giyen coagul ation
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hi gher coagul ation value is expected for a systemwhere the interaction

st r ongl ipquiegsbindesiueed.t he t o pol ymer concentration. The mass ratio of the
nonsol vent-additive to solvent in the polyner dope can be determ ned using
Egn. (4) for desir ) 0 | W€y [ S [ f

nonsol vent - aghcﬁ ?l?)\g/eéetﬂ%%gg%uﬁ ks'| % ‘%‘Eé%éﬂ%‘? (é)pcgoeslgrsm%i %fhgat?’télnlg t?otpe

di f f er epdinneMiacipisanphaddepdratim, andthedhstenplmse mvesiomwill tehd @ bequr @popi t at i on
val ues. Due 1o strong interaction between ter .and hydrophobj c pol yners,

t hel%oageddition of Hieroae PmiA?LSne’B‘B%‘?deabP&En}iq?a@éFofiB‘it‘OP t{%f%u‘%ﬁé%w H20
syst em ¥heRel/Rfived sy Bbn CHMEE A dddhieP Riffilidd of (1R hoRAReLHf so1vbmbardhde The
correspondi ng nass ratios of HZONVP are in the range of 1:13.7 to 1:19.3
whi ch i epagulaht kesuktingtinaphas atpavdtiqr e@uoirigc ataboth: ty/Antesal and the extepzl ent

4,871,494, Al's n hanol was ed as _t.he.nonsol vent - addj ti v t he mass
Pt oo Biteaseh e AR Brat iR dREConRabds eRRpR S A et gt 1T
concent ggidrooT t8é fibhewalll YH® enli@bed s of beagildtiohGeqritts ¥héd hadilabl @nmedHce
hol | ow fi ber nmenbranes having a dense surface separating | ayer and a good

c

mechni whichsthp molxmeramelecyles cam apptopel squibibrium Yyopadergoing, PackiBg of

. about 20%,409 I f I 3 avaid gty d ope may
be needgrgg/ ro&ggg%qn\g\%}gg{lrﬁ%arfagg%ﬁt%g?hgﬁg I%%gl?f{%%r maX rar‘?gﬂéi lﬁ%lé\fln‘},l%di‘? ktl)g

desi r edobtainedt Howleyeratht aceahplse aépasdtioarkidtics 2id fimal nsngirage stoicpnre will
concentratiqon tends tq cause difficulty in dissolving the po]yner,

degassi fAgPenreoth &hsy miscibigpe and itfusion ﬁPtﬁg"fgfhehgglAOWanglB’étr aﬂ@ﬁtﬁ éﬁ[é@?“vx/ner eas
nenbranggagmaggg,ggeqngrom too | ow a pol ymer concentration have | ow
selectivity and poor mechanical strength. In this invention, the optinal

pol ymer concentrations are in the range of 25wt %32wt % for pol ysul f one.
Fur 2her nor e, Thadypre of iphasepssipgration clspersiatanati) dhe deqhengss raie af Hbe Jolveppe of

sol vent d. nons it . ratj S he
resul ti ﬁé&%@gr@ﬁ‘é‘\s{%@@gg&é‘% %’ §ﬁﬁ§§‘g’ %Pglrlllb |ec%ﬁ 02%%%%? P%érﬁ%ir% %EgethtSCpi nni ng
of the INJA etitflbivd Rapid®tificam ef the solvent and NSA from the outer region routinely tends

to cause phase separation to move direbtly into the gelation region (phase I — III in Fig. 2).

As a result, thin and dense skin layer tends to form. This is favourable for making gas

30  separation membrane.

When efflux of the NSA is more rapid than that of the solvent, the rapid loss of the
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7'" pctober 2003 -21 The desired viscosity may be achi eved by the

sel ection of a suitabl e nonsol vent-additive which forns a }mygftggglnz&%nd
conplex with the solvent. The formation of this conplex greafly I ncreases
the viscosity of the solvent systemwhich in turn causes the viscosity of

t he polyner dope to increase dramatically. The absolute viscosity is
preferably between 5 10, 000-60, 000 cgn,at 25C. In this invention, the
formati on of the conplex of water and'N nethyl-2-pyrrolidone yields polyner

dopes Kkng. a_ hi Vi SCOSI The pol yner d tenperature i.s typically
el d beRubemndity o ettt el dnBRstl ebf B BHrTeleRt fistaiBhE near
t he i ncédmreBithe RraEstuCRRE. Ainl tBIY ASY, Mthe kblodht bEIMRMNSAlhe®e stfonglaeBisityPfopf er r ed
when the nonsol vent-additive has a | ow boiling point. to Preferably, the

t enper athgrceaguaniathar samd gelaionmay stitlovger reyingnyy thefoanationeef mempeanat ure i s

" oom t eRRATAIHA Gnd| dnbd SIANESE:. | BEHIHLOH MleOStvont Tl HBBIRIAAG. GRKIfg. the
exposure of the frber to the'air Inthé alr-gap Is very Inportant Tor

f or M ngcargtilant) ticemapid cntflew of thg NSA Theplaf Witk thealow hxchangeyofithe poloaaaadmai nl y
depends on t he rheol o of, the nasgcent fiber, the coal escepce 15 caused by
ho our porealapCieSHb R AfelaRd sATen b AP SR AET FORGh TORE of 1 he

sol vent and nonsol vent-addi tive. After spinning, the polynmer nolecules in

the nascent OnbBE cafittary CHth@REME of [RAvéP N RBECHPRI Bl HATST HBINSA, Ok
pol yrner ag?r egates induced by the surface tension also play an inportant

rol e i nrapukefflay of sauens silts thejoead \palancertopardoligud-tiquidphase separation. oLignid-

formati -Of ri i.her i i nse 20
out or 1| S5 s SRR hfly el rlds 15 2R bR B Rifer endiFRA”
system dé3s ndidnareiverfaitaendugh. h@'hpakyubting membeanerialikely torhavba patohaskinof t he
nascent nmenbrane may jn(irggse due to the evaporation of the solvent and
NSA. Al la¥prwhicods got spitable i 823,86P81RH8R- oi sture may result in phase
separation, particularly in a polyner dope whose conposition is close to
the poi nt of pphegansERAHG bothe cddpRlak thdFRymsr SPREARIhaintsRiRH cRROW thk- 50 cm
25 preferably about 1-20 cm For different” nonsolvents, the air-gaps are
di f f er emcipiditehaserseparptieh dile@xtsat obelpsangssdo tlee ipeipipnt phasp sepseationagaprheet ri ¢

hol | ow f,ibers. .The optimal. gap wll. .depend factors, including a)

the. + nt SR by fredBhbTo PRl ot IR R TR B IR s oA, Pl

sol yent is g@eqtited fdemeid g @ aSpulymeni a dDO ighgdlyvadd soliticbknetsa, of., tiel | ow

fibers; e) the internal coagulant; f) the tenperature of dgge; .and g) the
es

menbr andovews therpaeylationi vaieneinthe Poliméiflopre the closerdhy palymsr stops ds tq Hhe
i nt L ¢ i WA j i,at t 003 122
I nter na‘““q@?‘?ghgﬁgf@gﬁ%ﬁc ﬁgstfn@;ﬁtd'aﬁ, & ¥ BhLBf 4,.871hoRC \Q’Q{?%u% Q ;J

ext rusi on I'nnerette. e I'nternal coagul ant’ seri |y effects
t he hi giMlgminpenSeiyivih F8(IP86) 238)and nmenbr ane structure. Suitabl e nonsol vent

strength and good miscibility with the solvent are inportant for formng

T ci ant 1y P08 T e b e e iep A i ] Sl ke

20 the mass ratio of nonsolvent-additive to solvent (Rys) and its coagulation value (Gy)

{(Wang et al. J. Membrane Sci., vol. 98, (1995) 233). This equation is expressed in terms of
the precipitation values of the nonsolvent-additive and the coagulant in the binary polymer-

solvent system (Wang et al., J. Appl. Polym. Sci., vol. 50,(1993)1693).
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In Egn.(4), PV, is the precipitation value of nonsolvent-additive (a); PV is the
25  precipitation value of coagulant (c); Ry/s is the mass ratio of nonsolvent-additive to solvent

in the polymer dope and Gy, is the coagulation value.



s having a suitable strength for t'he polynmer. In the process of this
invention, water and the m xture of water/Cl-C3 al cohol arg» pegber pess as
the internal coagulants. The kinetics of desolvation during the

coagul ati on process is another inportant factor in producing asymetric
hol I ow fi bers exhibiting high perneability and good nechani cal strength.
The skin layer thickness depends on_h@w rapidly the coagulation of to the
menbrane wal |l occurs due to the exchange of the sol vent/non-sol vent

addi tive w tWiﬁlkﬁfﬂc&Qﬁﬁg‘{p@lﬁncr SDfceh iR, MY Xt2ehQe if Haked SRR Soddits Phase
separation kinetics is the coagul ant tol erance of the polynmer dope, that

i s, howthel palzmengolyat axis(AxdBr dusstoribe strenger inderpetipncbetwesarthe polymesiand. The
cl oser ]S t h h rat4-Q@n Lt ,wtheqfaster. the
hase | HEaoBRRY BB T0inds' ol LoRE Yl AR BT SR BRI T dR bR B o

Wi || betentpefatvie @hhle pias€ keparatioh etpicrodépendsor the inteactorfof poBaterabivent-dur i ng
the wet coagul atign process is the nutual mscibility between the sol vent

system BeRsolveat addiive- arfor nedysplfans{salventivaterrosr thy Gi-Gadloebpl, sesteraanthse used
as coag t 0 S t a i C

envir on%riéﬁl? a hag%g%%%?vﬁg hﬁclrg%r%e‘?@ﬁgr%%!an%s%f}@g%tmg]ndQ\r}%%gorﬁq \r/gcla'ht‘]f-a1 giggll't ive
sel ect e®olym. Scicf\&olafil, p. 8608, (AP98) scible in water. ldeally, when the nascent
hol l ow fiber is 20 inmersed into a water bath, quick coagul ati on and fi ber

solidificati cur,_over e nbrane wal | .  Fast .coagul.ati on of e

substrate r egﬁF ?@a#" ﬂ“?ﬁ‘]rﬁ(?gghe %%’5 dﬂ%’&r}%rfi?? 8ndeéeﬁﬁm?eggt§' @8&%8@5&3 eoégicween

the pol poBhref-s6ReRNSA spstemt iiahe ebliiei ahd phash RasRatiohh@usadby tiad €oditert he

resul ting _hollow fiber exhibits ?ood i nt erconnection and | ow gas transport
4k

r esilat afitfusionsofsabrent/NiSkrand eeagulaps The infeduetions ol sufficieab amennt of thee

exanpl e el d - INang: : hemat i c
di agr amﬂﬁ £ @)({ahg% ﬁ‘ﬁﬁﬁg@%’gﬁ‘%@“@ rf‘%%ﬁ%%?%wﬁr%"& p‘g"{?@%%&x lE?&elvo t he
sol vent effaet ofaks sulven foratidipbiyweer,( d9pésiallyeat relatiedly highpsolpteraamoenttatigns.o t he
mass rati Q. determ ned using equation (4) for .a desirabl e coagul ati on val ue.
The pol JRrEHS S5e4{88 PPlBIST SRRtV atwl'émféw{edﬁ@limﬁ kecagsel\pemettdIgholyy mer
dope W Biiéh ABRfdARkh. POIAIE! o Ol Hoh@encble RALER OB bssphesed i
the solvent mxture wth agitation. 72n t ober 2003 -23 Viscosities of

pol yifrer ndomesopivatiy heeesgeneaisusi ng a Haake falling ball visconeter at 25C.
The honobgeneous pol yner dope was introduced into a solution tank. During

the holl ow fijer | DR e ol f d t hrough
the orifice 66?8 5eg§(%|‘ Rﬁepg’?ﬁg@ggg%ist % ‘g)rklrkﬁp%t Sﬁ%ha%gg‘g%r%ﬁ}cg%@g?nﬁ %neousl y
i nj ect lednéﬁas}tablé Iﬂ%ibmbwpf\?fhm liqpidnlliqiﬁﬁtmeséséﬁafaﬁbnlmgf .irrlthhe fetasableet te i s
a single hole tube-in-orifice type. The tenperature of the spinnerette was
mai nt ai AgRIoBt theoBaymeRJBPISE % agglomeraie)forming & polyiasraiche Niass: Andafifed such

that t h%ubl@ln%éa}l}[’vﬁrfow fin PRSpAFMENAGH phidel feGitl 1/ hd FHRNRIOHSOS A6R ¢l The

coagul at1on
20 final membrane morphology is still controlled by phase separation kinetics determined by

the exchange rates of the solvent and the NSA with the coagulant during the immersion
coagulation process. If a solvent and a NSA have strong affinity for a coagulant, quick
exchange of these components restricts the nucleation growth in the polymer-lean phase,
and the spinodal decomposition may quickly take place in the two-phase region. This
25  accelerated phase separation process restricts further agglomeration of polymer aggregates
and the membrane formed has small macrovoids or sponge-like structures. The rapid
solidification process also prevents the coalescence of the spinodal decompositional

polymer matrix; thus, the substructure has good interconnectivity between macrovoids.

However, if the coagulant has a strong affinity with the solvent but poor affinity
30 with the NSA, the rapid loss of solvent leads to a strong nonsolvent environment that

intensifies nucleation growth and results in the formation of superaggregates and the



.The nascent fiber passed through an air-gap of a predeterm ned |ength
before entering the water bath (25-30C). The take-up vel OCHt )éc{’éﬁ% goggdm n.
The hollow fiber was washed 1 o with a spray of water for up to ays and
then renoved fromthe water bath and dried at roomtenperature. Each of the
hol I ow fi ber test cells consisted of twenty to thirty hollow fibers having
a length of 20 to 30cm The hollow fifaers were coated with the solution
cont ai ni ng 3wt % Syl gard- 184 in n-pentane while applying a vacuumin the

fiber |i=é§iﬁﬂxntﬂéﬁxb?£{ekﬁ¥‘befﬁlg?ﬂac}&%§ cells were placed in a pressure vessel.
The perneation rates 15 of "pure h qlum carbon di oxi de, oxygen and nitrogen

were neasured at roomtenperature (25+/- 1 C) us a soaf) fl owreter. The
pressure di f Admiquecaspeat of shis iveption tiwhff cheice abs SW@E’QC ransglvgat-additiee in

pressur I?IOB%EEH)&W f‘i)lg}%e%lﬁéa!n& b ﬂﬁs@ IFQ ?ﬁ&jn Broggssi. 9@ Sk%“n%P' géle\d/I v

of gas rogen ressure nor
fl ux of thyﬂmeé'sl i5 iheersdintprafortidrenl no tth@gﬁgulaﬁ@n'l[hﬁetic@ldfam mgscene mnttsamd € f or

i1 lustrat] v ar&;‘)_‘i)ses g |y ar?d arﬁ not jntended to, and shoul d not be
const r udhttge dbe pgpRolymtaddinye plavsd dawiesntitgle nrrcsrigraliag PhesewpLE 1
The pol mfm&qaﬁeﬁ@s npgaearngda xmﬁs@vvéétoidmtm 1@@4 fgt &Pﬁg%enmom Se{ERE 0
Performance) 1n a solvent mxture of N net roli done and water (as a

nonsol vemt with agictllenty ejutuet caffiditygot ooth Hhe rmi;s&nt atxd ocoagulant In preparing

ol vent/ nonsaol.vent - addi ti,ve, of. 16.1/1. ,The. centrat nis 30m %
The. contuRERREh HaTABI, By e dperrgngiohers e meie e s 35 o

54, 430¢ Bre#érred>&agulafit PTaE intalibivengddifld suedidd souldvbt ReaifilyOiiRibldivapet er of
about 750um and an inner dianeter of 425um were prepared using water as the

i nt 40 naatesadlierefare, waler, $rilsstlinhatie pleaholy apd mixpues ofong of thenglcehnlpand
di oxi de, ., oxy0e oﬁr&gn&laétgf&ftﬂig{ii@%ﬁ Eif%h{oweﬂ?-aaddﬁgkgm lvities relative to
a an pressure

nitrogen were determ ne pct ober 2003 -24
difference of S bar. The results are given in Table 2. The apparent skin

| ayer t hi cknd@hs deditedabné¢dnératiemdbf anmsiolsvedeackiiuh\'reﬁadhmpdlygpequpeBdepEéﬂ_ﬁl 2
(P/IL);, (GP IdeI el ecti |t gpﬁagg ~ Nz He/ Nz COz/ Nz
Oz/ Nz 1 thesnalpre g0 ety BV an 1nOpSEIV ‘7%‘?“2"618? 2’3573% temperaiuss 73 1
37.9 6. Noadhvérdt ke C%E&%Heasn&&fﬂél h&RdivehidXand weak nonsolvents in terms of

15 Hansen solubility parameter difference (8nonsolvent-Spolymer)- A strong nonsolvent is

defined as one having a Ad> 6cal0-3/cm!-5. A weak nonsolvent is defined as one with a

A8<6cal0-5/cm! -5( Kesting et.al, U. S. Patent, 4,871,494). It has been demonstrated that it
was not reliable to determine the non-solvent-additive concentration in the polymer dope
based on the solubility parameter, whereas the precipitation value of the nonsolvent in a
20 particular polymer/solvent system is more precise in the determination of the concentration
of the nonsolvent-additive in the polymer dope (Wang et al., J. Appl. Polym. Sci., vol. 50,
(1993) 1693). A nonsolvent-additive with a higher precipitation value can be introduced at
a higher concentration in the polymer dope. According to Eqn.(4), the maximum possible

mass ratio of nonsolvent-additive to solvent ((Ry/s)max) is obtained when the coagulation

25  value is zero. The mass ratio of nonsolvent-additive to solvent in the range of 0 to (Ra/s)max
may be required to achieve the desirable composition for a given coagulation value. The
optimal composition is to have the polymer dope close to the phase separation point;

therefore, the coagulation value should be very small.

A feature of this invention is the design and formulation of a polymer dope with a
30  suitable coagulation value by the addition of a nonsolvent-additive for making the desired

hollow fibers having improved permeability and selectivity. This allows the coagulation



5 1 GPU =1x10-6 cnB(STP)/cnR-cnHg-'s EXAMPLE 2 The pol yner dope was prepared
by di ssol ving pol ysul fone (P-1800,; Ampco Performance) in a;sglyent ghxture
of N-nethyl-2-pyrrolidone and water (as a nonsol ventadditive) according to
the mass ratio of solvent/nonsol vent-additive of 16/1. The pol ymer 1o
concentration was 28w % This pol yner dope had a coagul ati on val ue of 2g
and viscosity of 38,100cp at 250C. Thg, hollow fibers were prepared using
the spinnerette with an orifice dianeter/inner dianeter of the tube of

0.5/0. 1?[%% I I her ] . r, di I o) 0 an
I nner d ame\stS 2? %“?\Q%%Bl%‘?ne\%‘e’y@%gr g%édr)g gtfggr%%v\e/tg? g?r?lgasfi% h&eft lla?‘ﬁ% e#’??g?ﬂgle

coagul asirfacé Iperesrand shiclk skinrlapdri ZHet dhoiceasf thé chagulation vahrelis detimitieddby oxygen
and nitrogen 15 and‘?glei r. (deal sel ec%'.\l.i ties relative to nitrogen were

det er mi HhedPregipisaiion. viahues of tb? dousyventpgdigye ﬁﬁ‘i cgieuant and the, interactionssotyr o

gi ven i BolyaRl/Soldent/hBRsoMReL8Mtive K URudlRY Be di@oﬁhﬁ@@mwﬂ solvenfl§§sgdrifed
using Equation 3. TABLE 3 (P/L);, (GPU) Ideal selectivity LI (A Sanple He

COz Oz alpolwiaxzeduces withdn¢rspsing pelgmer cagegiratndg, e3ntemciogsbgwgen) heS2S 2

234. 7 1600320l e LoBuiiui 3P 5 SR sl o 18yl oot B 34

). T pressure-norm

cnB( STPrédpubriofitghuss are/diffefent fupaliffeietSolvent 95 dependifg ofahy ikéractigie wWas
prepared by dissolving pol ysul fone (P- &g{qo Anoco Performance) in a sol vent
mi xt ur e bewerp thg Bolvent_systephpnd ppkymehgWitishds conceniation depapdaitaddi hishen

accordi : ' ﬁp@"ﬁ : ol Jhe

pol ymer @gaggxgaﬁ%gmap%fl ? gfr%ﬁc%cg&z%\%wa(}‘)}kt% I S %}gﬁgﬁgnﬁég‘gb@dﬂ%& béﬁ?:%;aeau gl'gr iﬂ(l)en val ue
of 3¢ apdlywies caonacdntraibdbn.38THE Gngss atati@ SafCthe Hodrisolvent-dulditivewer solyestpar ¢lak usi ng
the spinnerette with an orif.ice dianmeterlinner diapeter of the tu of

05/ 0" 1 BAHRSF DD (8 A BT 4B B OD PSSl COPRIon Ut DS The

resul ti ngsikAl ey rhiid ¥F fofictintuaditiad t@%l@éntdh&ﬁ@?@l&nﬁf depow digRunnfend an
i nner di aneter of 350m The pressure-normalized fluxes of helium t O

car bon diffstentenonsnlyerdradditiveniand sjeentsiindterme of thegeprecipisdtiont valiasi daue & at i ve

011 SR JRELALIHIASHah BB PSSR, LephBROrSal B o T
2 8| gsgh\agtayée ﬁzgug%dz folreheGialy SQEFo NEINNEP/NZ20 GO EMNAV KR/ th& pdlyhe D cchcBftratioh8s 2n 2. 82
the range of 25wt%-32wt%. The corresponding mass ratios of HO:NMP are in the range
of 1:13.7 to 1:19.3 which is much lower than that of propionic acid:NMP used in U.S.
Patent 4,871,494, Also, when ethanol was used as the nonsolvent-additive, the mass ratios

of ethanol:NMP are in the range of 1:2.4 to 1:2.9.

20 The polymer concentration of the polymer dope must be sufficiently high to
produce hollow fiber membranes having a dense surface separating layer and a good
mechanical support layer for gas separation. A polymer concentration of about 20%-40%
by weight , and preferably 20%-32% by weight, in the dope may be needed to achieve the
resulting hollow fiber membranes having the desired selectivity and mechanical strength.

25 Too high a polymer concentration tends to cause difficulty in dissolving the polymer,
degassing the polymer dope, and spinning of hollow fiber membranes, whereas membranes
produced from too low a polymer concentration have low selectivity and poor mechanical
strength. In this invention, the optimal polymer concentrations are in the range of 25wt%-
32wt% for polysulfone. Furthermore, the desired polymer concentration depends on the

30 type of solvent and nonsolvent-additive used and the operating pressure of the resulting

membranes.

Viscosity has a significant effect during the spinning of the hollow fiber membrane.
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33.0 6.4 4S7 (P/L): pressure- normil ized flux 1 GPU =1x10- 6,m
cnB(STP)/c~2-cnHg-s EXAMPLE 4 is The pol ynmer dope was prepare
di ssol vi ng pol ysul fone (P-1800, Anoco Performance) in a solvent

Ogtot%?r 2003

m Xt ure of

N- net hyl - 2- pyrrol i done and water (as a nonsol ventadditive) according to the

mass rati o of sol vent/nonsol vent - add_i%i ve of 16/1. The pol yner
concentration is 28wt % This pol yner

ope had a coagul ati on val ue of 2g and

Vi SCOSi i, Qésu%@h anggﬁh}agc%g -éna ed® ltRéN dLtdh% ;’Xg ttagfeetpoﬁs(?l%eﬁisddggl\}ehe

splnnerette ter I nner

0. 6/ 0. 1%hich foims & lhyémgaﬂl-bomﬂgumple& witls theasobrent. HDhd formdatibe iof thik icbmplexout er

di aneter of about 6
iy

um
pr essur FEALy HsFsases |"&F>€8§“yo‘P thesp t%ya&esbw dR itUpR capsey

and ap mn@ﬁfldl arrete f 350um méﬁﬁegg&a}{yed The

Cet ober ¢ QRBymeiSddpet tBQQ@t@a@@raH%ﬁbzﬂly' deel ab§(ﬁh@c¢1§c‘6§ﬁ}‘ & plre%rﬁslg \‘B%t\tv&:n

nitrogen were determ ned at 25t1C and pressure difference of

r els Ul t s1%PR0-§0,080 cp at IH6). &n this IaBNtEOG tl&aﬁ@ph@thrwflihc COI(IEJPKJ)OfwaIQi@aH N-
t / 154.0 92.0 17.5 3.07
50, icsbg’lﬁh’é’.‘%é’g’é‘)@ﬁ%%i‘.dg{?%%% RS ettty Lb¥eelty 42 320 (PIL):

pressure-normalized flux 5 1 GPU =1x10-6 cnB(STP)/c~2-cnHg-s EXAMPLE 5 The

pol ymer dOpeTﬂ@ﬁoI}ﬁ%F Egtéﬁ{g(éﬂtﬁl%oils‘{w'\]l_gal et&%ﬂmﬁ as{?utl@ietow GRd is

Per f or mance) ture of yl -2-pyrrolidone an
nonsol velmisenldiot asv &) meain@irdithey dope tniear ttasmcnmnt cphafe separation point.

wat er (as a
High

| vent [ t - addit | f 16/ 28wt %
Thi 5 pol PHRETAtRp s 360 preisst Wi e, ApPReR Sr iyt chebr R aGH: Sding ot Gocp
at  250Cpreférablfol the Wdmpeedtarenas empinefindde betibdeRd 1550°C PiTHE m@drt € pWiférfedn

orifice dianeter/inner dianeter of the tube of 0.6/0.15mMm The i nt er nal
coagul atfMRREAULE ifFoenytemnRerataBnt % wat er and 50wt % et hanol . The resul ting

hol | ow fi bers have an outer dianeter of about 620um and an i nner

di aneter o

370um The p'ir?ﬁ%”;%@sé‘ﬂ{v%% rrﬁx%c%és%le&e&fbrﬁ%%#m% e S;gﬂ R S B, (Pxygen

and nltrogen a elrr ectivities re ve t

nitrogen were

det er m gedcaiain tIiEtaﬂrC‘g@nd vpr}empmmndfofr fensmge tih dendeasuterlagerr ekhel dffecave gi ven
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and nonsolvent-additive. After spinning, the polymer molecules in the nascent fiber are

rearranged. The coalescence and deformation of polymer aggregates induced by the

surface tension also play an important role in forming a dense skin layer. This process is

critical to the formation of an asymmetric hollow fiber membrane having a thin, dense

20 outer layer from a polymer/solvent/nonsolvent-additive ternary solution system. On the

other hand, the polymer concentration on the surface of the nascent membrane may

increase due to the evaporation of the solvent and NSA. Alternatively, the absorption of

moisture may result in phase separation, particularly in a polymer dope whose composition

is close to the point of phase separation. The air-gap is generally kept about 1-50 cm,

25  preferably about 1-20 cm. For different nonsolvents, the air-gaps are different. The air-gap

should be optimized to produce the best asymmetric hollow fibers. The optimal gap will

depend upon many factors, including! a) the interaction of polymer-internal coagulant; b)

the boiling point of the solvent system; c) the rate of spinning; d) the wall thickness of

hollow fibers; €) the internal coagulant; f) the temperature of dope; and g) the membrane

30  making environment.

During the outer drying process, the internal coagulant is injected immediately after
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pol ymer dope was prepared by dissol ving pol ysul fone ( P- 1809y 0f19Rer2003
Performance) in a solvent mxture of N-nethyl-2-pyrrolidone and water (as a
nonsol vent addi ti ve) according to the nmass rati o of

sol vent/ nonsol vent-additive of 16/ 1. The polynmer 5 concentration was 28w %
Thi's polymer dope had a coagul ation wgl ue of 2g and viscosity of 38,100cp
at 250C. The hol | ow fi bers were prepared at different coagul ati on bath
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1.5g and viscosity of 12,246cp at 25C. The hollow fibers were ared
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for a given polymer can be used as coagulant. Water is the most favorable one from an
economic and environmental standpoint. Therefore, the solvent and nonsolvent-additive
selected is preferably easily miscible in water. Ideally, when the nascent hollow fiber is
20 immersed into a water bath, quick coagulation and fiber solidification occur over the
) membrane wall. Fast coagulation of the substrate results in spinodal decomposition and
less coalescence between the polymer-rich phase and the polymer-lean phase. The
substrate of the resulting hollow fiber exhibits good interconnection and low gas transport

resistance.

25 EXPERIMENTAL DETAILS

The hollow fibers recorded in the examples below were prepared by the dry-wet

spinning process. The schematic diagram of the spinning apparatus is shown in Figure 1. A
mixture of the solvent and nonsolvent additive (NSA) was first prepared according to the
mass ratio determined using equation (4) for a desirable coagulation value. The polymer

30  was then added in the solvent mixture to give the polymer dope with a desirable polymer

concentration. The polymer was dissolved in the solvent mixture with agitation.



5 An exam nation of Exanple 1 to EExarrpI e 7 reveals that the pol ysul fone

hol | ow fi ber menbranes prepared from NMP/ H20 sol vent syst efn Wcidpet B Ograss
rati o of 16:1 and NWP/ et hanol sol vent systemw th the' mass ratio o . 6611
exhi bit high perneability and selectivity. The results al so show that

coagul ation bath tenperature seriously affect the membrane perneability and
selectivity. For the NWMP/H20 sol vent. system the decrease ini o

coagul ation bath tenperature al so decreases selectivity of the nmenbranes.
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20 The following examples are for illustrative purposes only and are not intended to,

and should not be construed to limit the scope of the claimed invention in any way.

EXAMPLE 1

The polymer dope was prepared by dissolving polysulfone (P-1800, Amoco
Performance) in a solvent mixture of N-methyl-2-pyrrolidone and water (as a nonsolvent-

25 additive) according to the mass ratio of solvent/nonsolvent-additive of 16.1/1. The
polymer concentration is 30wt%. The coagulation value and viscosity of the polymer dope

are 2.2g and 54,430cp at 259C, respectively. The hollow fibers with an outer diameter of
about 750pum and an inner diameter of 425um were prepared using water as the internal
coagulant. The pressure-normalized fluxes of helium, carbon dioxide, oxygen and nitrogen

30 and their ideal selectivities relative to nitrogen were determined at 25+1°C and pressure
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21234567891 nethyl-2- pyﬂrolldone water is in the range of 13.7:1
to 19.3:1. 10. The pol yner dope as set forth in claim5, wiepgisBet HEo3IBSS
rati o of Nmethyl-2-pyrrolidone:ethanol is in the range of 2.6:1 to 2.9:1.
11. The polyner dope of .claim2, wherein the concentration of the solvent
ranges from50 wt%to 70 wm % based upon the weight of the dope. 12. The

pol ymer dope as set forth in claim 6 A/\,herei n the pol ynmer concentration is
in the range of 256 wt%to 32 vvt % The poI yrrer dope of claim2, wherein

e B 5 O b

N, N- di subﬂielrﬁdmtﬁdneamdd&nnmewuﬁﬁgmql. 32-pyrroli done di et hyl acet am de or
DMF. 15. A nethod of manufacturing high separation perfornmance polyneric
hol | ow fi ber nmenbranes for separating gases from each other, conprising of
following steps (a) mxing a pol ynﬁr ﬂl‘(ﬁm vent, and a non-solvent-additive
to forma pol ymer dope; (b) spi nni l? poI ymer dope by t he

Loeb- SoU BP/INaSEpUyver TET T sdld ) U0 Washi ng
to forma hoI I ow fi ber menbrane; and (d) coat i ng the ol | ow fiber nbr ane
with a Baghley per mitbl e er il . (182 The HﬁéNhod ﬁQﬁlNdl n@zﬂ\bz claim 15,

wher ei p—t-he—polyne S o a-m 15,
wherein the nbnsol 2 - diti’sf’egi522 %ter " Cl- g|lphét c al Jdﬂol or a

m xture of ong of jge alggohol g7 and kg er wr7§h the 37provi goy t hat ghe

al cohol is not gl ycerol . 72n pctober 2003 -31 1 18. The nethod according
to claim 15, (P9t pressueencrmialized flux an N, N2 di substituted amde. 1 19. The
met hod according to clajm 15 wherein an external coagulant is tap 2 water.
1 205 The netlGBUztlcddH ¢em 3T RyicaikemBg-saher ei n an i nt er nal coagul ant is
tap 2 water, or a mxture of water and one of the Cl1-C3 aliphatic al cohols.
1 21. The met hod according to claim 15, wherein the spinning step is
performed 2 with a spinnerette. EXAMPLE 2

The polymer dope was prepared by dissolving polysulfone (P-1800, Amoco

Performance) in a solvent mixture of N-methyl-2-pyrrolidone and water (as a nonsolvent-
additive) according to the mass ratio of solvent/nonsolvent-additive of 16/1. The polymer

10  concentration was 28wt%. This polymer dope had a coagulation value of 2g and viscosity
of 38,100cp at 259C. The hollow fibers were prepared using the spinnerette with an orifice
diameter/inner diameter of the tube of 0.5/0.15mm. Hollow fibers with an outer diameter

of about 550um and an inner diameter of 300pm were prepared using water as the internal
coagulant. The pressure-normalized fluxes of helium, carbon dioxide, oxygen and nitrogen

" 15 and their ideal selectivities relative to nitrogen were determined at 25+1°C and pressure
difference of 5 bar. The results are gi?ven in Table 3. The apparent skin layer thickness, L,

is determined using Equation 3.

TABLE 3
(P/L);, (GPU) Ideal selectivity L; (A)
Sample He CO, 0, N He/N,  CO2/N; 0,/N;
1 155.2 1165 20.2 3.33 46.6 35.0 6.06 525
2 2347 1603 26.8 477 49.2 336 5.62 395
3 2373 1545 283 454 52.1 34.0 6.16 375

(P/L): pressure-normalized flux

20 1 GPU =1x10-6 cm3(STP)/cm2-cmHg-s
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1 22..The nmethod according to cl aiim 15, wherein the spun fiber prepared in
step 2 (b) passes through an air gap ranging from1l cmto 2boewal 28891 ent
conditions. 1 23. The nethod according to claim 22, wherein the anbient
conditions are at 2 tenperature of 24-26C and relative humdity of 60% 65%
1 24. The method according to claim19, wherein the tenperature of the
external 2 coagulant is in the rangeé om5C to 50C. 1 25. The net hod
according to claim 15, wherein the hollow fibers of step (c) are 2
desol vat ed and washed in tap water %{W nperature. 1 26. The net hod
according to claim15, wherein the ow er nmenbrane 2 prepared in step
(c) is dried under anbient conditions. 1 27. The nethod according to claim
15, wherein 'tl“h@ mbrnémgopt epas( dyepmdzbspeﬁssokvmm pgb'isml@ra RaB0hg Aot | on

contain - 5Wm.% si | r.ubb ent a

et hod BECUFIRNE tha PRGBSI RR R G BRE bt (B Wbl |
Cct ober adfifive)-adeordink t8 tHe rhads ratid of stiverrinbMsol venpyddifilé 80161 0The polymer
di met hyl acet am de. 29. The nethod according to claim 15, wherein the

t enper acRACENtERtanHE 28Wi% rd hiscRabemer dopa §ads p copgulryion yalug of Be apd yiseosingeh 15 t o

50 C 3 to.xlaim?20, wherein.the te eratur of the

i nternasg’&gg%?ta%@(gurlﬁgo%ﬁfﬁ WEre; Rrepareq ising e Spipnessie (i e  The

met hod ﬁ%&’t&hﬁ%rtd?axﬂét@d &0 RO tuBé’forOGS/G 15Rh. t BRPRERA! IcBagilarit h@asrw“meéf dope

during spinning is in the range from20 to 30C. 32.” The net hod according
§Asrﬁng

t o cl ai 2rprepanghand waterhelhsote tolaw dibeest digplaveyl dansowdersdinmicter jof about
honogen . 1 33. The thoda ding.to claiml17 in th SAls

o Uher  akdin B an A FHPECE AT (PU atie Arestieponnelfidl Mk ohaciber i s

in gor a@%oﬁfdlosmﬁé) 0§y§@n‘yﬁxﬂnﬂtrb€ﬁ1 &d&hgg uﬁaFQéléUtwltﬁes irflafivd @8i&oREn Jv@ret 0 25
Wt % based upon t hé wei . A nmenbrane for separating and/or
puri fyi dgteryained at 293¢ |a9d pLespuot giszﬂrmm Qf Q baih elhgirpsults erergivgn imnkables4.pr epar ed
by the nethod of claim15. 1 35. The nmenbrane as set forth in claim 34,
wherein the apparent skin layer 2 thickness is between 300 to 700A. 1 36.

The menbrane as set forth in claim35psphergin the gases are He, CO2, @2, 2
N2 and CH4.

Sample (P/L), (GPU) Ideal selectivity L; (A)
He CO, 0, N, He/N, CO,/N, 0,/N;
1 169.2 96.7 18.2 2.82 60.0 343 6.47 582
2 165.0 1100 19.8 3.10 53.2 35.5 6.37 535
3 1754 119.1 23.2 3.61 48.6 33.0 6.4 457

(P/L): pressure-normalized flux

1 GPU =1x10-6 cm3(STP)/cm2-cmHg-s

EXAMPLE 4
15 The polymer dope was prepared by dissolving polysulfone (P-1800, Amoco
Performance) in a solvent mixture of N-methyl-2-pyrrolidone and water (as a nonsolvent-
additive) according to the mass ratio of solvent/nonsolvent-additive of 16/1. The polymer
concentration is 28wt%. This polymer dope had a coagulation value of 2g and viscosity of
38100cp at 250C. The hollow fibers were prepared using the spinnerette with an orifice
20 diameter/inner diameter of the tube of 0.6/0.15mm. The internal coagulant was water.
Hollow fibers with an outer diameter of about 610um and an inner diameter of 350pum

were prepared. The pressure-normalized fluxes of helium, carbon dioxide, oxygen and
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TABLE 6
Sample (P/L);, (GPU) Ideal selectivity Li(A)
He COz 01 Nz He/N 2 COz/N 2 02/N2
1 2050 1135 23.0 3.29 62.3 34.5 6.98 461
2 201.6 1345 31.1 6.20 46.5 31.1 5.03 341

(P/L): pressure-normalized flux

1 GPU =1x10-6 cm3(STP)/cm2-cmHg-s
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1098 () top@@ergngs ( ) The spigereite \@ﬂom qrifice 1ameter/1nner diameter of the tube of
0.5/0.15mm was used. The internal coagulant was tap water at about 26°C. Hollow fibers

with an outer diameter of about 550pum and an inner diameter of 325um were prepared.
10 The pressure-normalized fluxes of helium, carbon dioxide, oxygen and nitrogen and their
ideal selectivities relative to nitrogen were determined at 25+1°C and pressure difference

of 5 bar. The results are given in Table 7.

TABLE 7
Temp (P/L)i, (GPU) Ideal selectivity L;(A)
O He CO; O, N; He/Ny COz/N2  O02/Np
20-21 270.0 1999 30.6 6.6 45.0 333 5.10 346
15-16 1552 1586 30.7 853 18.2 18.6 3.60 --
10-11 196.2 173.0 33.0 930 21.1 18.6 3.56 --

(P/L): pressure-normalized flux

1 GPU =1x10-6 cm3(STP)/cm2-cmHg-s

15 EXAMPLE 7
The polymer dope was prepared by dissolving polysulfone (P-1800, Amoco
Performance) in a solvent mixture of N-methyl-2-pyrrolidone and ethanol (as a
nonsolvent-additive) according to the;mass ratio of solvent/nonsolvent-additive of 2.66/1.

The polymer concentration was 28wt% and the polymer dope had a coagulation value of
20 1.5g and viscosity of 12,246¢cp at 259C. The hollow fibers were prepared using the
spinnerette with an orifice diameter/inner diameter of the tube of 0.5/0.15mm. The internal
coagulant was water. The resulting hollow fibers have an outer diameter of about 650pum
and an inner diameter of 320um. The pressure-normalized fluxes of helium, carbon

dioxide, oxygen and nitrogen and their ideal selectivities relative to nitrogen were
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TABLE 8
Sample (P/L)i, (GPU) Ideal selectivity Li(A)
He CO, 0, Na He/N, COy/N2  0O./N;
1 1763 1324 23.0 4.12 42.8 32.1 5.59 461
2 185.7 155.0 247 5.02 37.0 32.0 4.92 --
3 1634 1580 278 594 27.5 26.6 4.68 --
4 143.8 1574 295 82 16.1 19.2 3.59 --
5 138.3 1366 242 5.6 24.7 244 4.32 -
(P/L): pressure-normalized ﬂilx
1 GPU =1x10-6 cm3(STP)/cm2-cmHg-s
5 An examination of Example 1 to Example 7 reveals that the polysulfone hollow

fiber membranes prepared from NMP/H,0 solvent system with the mass ratio of 16:1 and
NMP/ethanol solvent system with the mass ratio of 2.66/1 exhibit high permeability and
selectivity. The results also show that coagulation bath temperature seriously affect the
membrane permeability and selectivity. For the NMP/H,0 solvent system, the decrease in
10  coagulation bath temperature also decreases selectivity of the membranes. The oxygen
pressure-normalized flux and the selectivity of oxygen with respect to nitrogen as a
function of temperature of one of the samples are shown in Figure 3. Figures 4 and 5
depict the scanning electron micrographs of the hollow fibers spun using water and a
mixture of 50wt% ethanol/water as the internal coagulant, respectively. Many regular
15 finger-like macrovoids appear on the cross-section of the hollow fibers spun using water as
the internal coagulant, whereas the big macrovoids near the inner substrate are

significantly reduced by the use of the mixtures of 50wt% ethanol/water as the internal

coagulant.
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1 6. The polymer dope as set forth in claim 2, wherein the polymer

2 concentration is in the range of 20wt% to 32wt%.

1 7. The polymer dope as set forth in claim 2, wherein the polymer dope is close

2 to phase separation point and the coagulation value is between 1g to 3g for water.

1 8. The polymer dope as set forth in claim 2, wherein the polymer is

2 polysulfone.

1 9. The polymer dope as set forth in claim 5, wherein the mass ratio of N-
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2 (b) passes through an air gap ranging from 1 cm to 25 cm at ambient conditions.

I 23. The method according to claim 22, wherein the ambient conditions are at

2 temperature of 24-26°C and relative humidity of 60%-65%.

1 24.  The method according to claim 19, wherein the temperature of the external

2 coagulant is in the range from 5°C to 50°C.

1 25.  The method according to claim 15, wherein the hollow fibers of step (¢) are

2 desolvated and washed in tap water at room temperature.

1 26. The method according to claim 15, wherein the hollow fiber membrane

2 prepared in step (c) is dried under ambient conditions.

1 27.  The method according to claim 15, wherein the coating step (d) is
2 performed using a coating solution containing 1-5wt% silicone rubber and n-pentane under
3 vacuum.

I 28. The method according to claim 18, wherein the N,N-disubstituted amide is
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2 coagulant during spinning is in the rangg of 24 to 26 °C.

1 31.  The method according to claim 29, wherein the temperature of the polymer
2 dope during spinning is in the range of from 20 to 30°C.

1 32. The method according to claim 15, wherein the polymer dope of step (a) is

2 essentially homogenous.

1 33.  The method according to claim 17, wherein the NSA is either water or a
2 mixture of water and a C;-Cj alcohol and the water is in a range of 3 to 5 wt% and the C,-

3 Cs alcohol is in a range of 15 to 25 wt% based upon the weight of the dope.

1 34. A membrane for separating and/or purifying gases, comprising polysulfone

2 wherein the membrane is prepared by the method of claim 15.

1 35.  The membrane as set forth in claim 34, wherein the apparent skin layer
2 thickness is between 300 to 700A.

1 36. The membrane as set forth in claim 35, wherein the gases are He, CO,, O3,
2 N3 and CHg.



