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with inproved ga pernwa#uhcﬁn and 0 e}ect|V|ty I n anot her aspect

I nvention relate g pol ymer dopes containing the polyner,
an organi c solvent, and a suitable additive that is a polar

conmpound ("h6ﬁ§8F¥eBERHBH$¥$v%DBYETﬂﬁﬂﬁﬂﬁﬁKW@bﬁ@§L@W t he i nvention have

noder at e pol PIBERCURMERANAS | POR @08 dEparaird@osi ties an well as [ow
coagul ati ons val ves. In yet anot her aspect, the invention relates to

t he process of produci ng asynmmetric hollow fibers for gas separation.

Descriptson of Related Art 2BACRGROURDfOFerme mivENermei entific periodical
and pat ent literature are cited throughout this specification. Each

such literature reference is hereby incorporated in its entirety by

such citatiofield of the Thwewtiom three key paranmeters that deternine the

25 I The first
o Lo Separati onifis, bivehe Sl FOLANE W AATTTRAGI e MiSumerri py s
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directly conpPbiew; fibarg withiinproved gas permecdlldty amd rect!y

determ pes tHQ188EDVEEP. 2l BA another aspect, the invention relates to
formulating polymer dopes containing the polymer, an
organic solvent, and a suitable additive that is a polar
compound ("non-solvent additive"). Polymer dopes of the
invention have moderxate polymer concentrations and

15 viscosities as well as low coagulation valves. In yet

another aspect, the invention relates to the process of
producing asymmetric hollow fibers for gas separation.

Description of Related Art

20 References of the scientific periodical and patent
literature are cited throughout this specification. Each
such literature reference is hereby incorporated in its
entirety by such citation.

There are three key parameters that determine the

25 commercial viability of a mewmbrane for gas separation: The
firset ie its éeparation factor towards the gases to be
separated and this directly controls the degree of the
separation and indirectly determines the membrane area
requirement. The second parameter is membrane permeation

30 flux which simply dictates the membrane area requirement.
The third is the working life of membrane. The separation
factor depends wainly on the membrane materials. Tt has
been shown that polyethersulfone exhibits superior
selectivity compared to polysulfone and cellulose acetate

35 which have been used to produce commercial gas separation

membranes. Polyethersulfones also have good thermal
resistance and mechanical strength, but display only
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requi renent. The

seco i1s menbrane perneation 30 fl ux which

sinply dictates ﬁ%ﬁ%ﬁﬂf@ﬂﬁS@Eea equi rement.. The third is the
working life of r ey afEe sepajiation factor depends mainly on the
menbrane nmateri n showg that polyethersul fone exhibits
superi or selectivity conpared to polysul fone and cellul ose acetate 35

whi ch have begi@dietk pRrucabldete0NMEhe| dhalBéngs SRS  tlhé Ofroduct iGE NGE anes.
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di fference aghaffordtional tEE HHedpReskhfeNBIPES EN6E 8Ost tiReper meabi lity

coefficient of the nenbrane terial, and i,nversel oportional to the
nenbr ane sepé?%éqﬁﬁfﬁégiﬁs1ﬂﬁE§¥ sareg apd Fﬁ%é@eﬁﬁ?ahéfiF t he

per neabi | i t y cxmeeffifiiccionit depades menbrane thtepdaly cand jmirgeeelymterial, and
pressure diff [ 1.ng LikQn. g ' nbr ane
Taking s PRGEtional ‘b, vhe SBAbERRND6ERAEA L 1 0Er HER) clcleHE"
separat iy | Herthese paranatexs, shenpetmeabliiity eeefiiciesnthdepends
strength. on th _ﬂé@:&é)\atd‘gd%e@ %E@?}?&@??aﬁ&eﬁréggu%%ﬂférence

separating | ayer thickness, a tric hollow fiDber ranes are the
favorite choik®sth¢ipperating condifiones The goal in membrane making is

therefore, to prepare membranes with an ultrathin
separating layer and enhancement of membrane area and

15 mechanical strength.

To provide maximum membrane area and minimum
separating layer thickness, asymmetric hollow fiber
membranes are the favorite choices. Hollow fiber mewmbranes
which can provide the maximum area per unit packing volume

20 is the most important membrane configuration. A process
for producing asymmetric hollow fibers typically includes
the following steps: (1) formulating a polymer dope; (2)
extruding from the orifice of a tube-in-orifice spimmerette
suitable for forming a hollow fiber configuration; (3)

25 meanwhile, a internal cocagulant (a nonsolvent for polymer}
is injected into the tube of the spinmerette in order to
maintain the bore configuration; (4) the nascent hollow
fiber passes through an air-gap; {(5) the hollow fibers aze
immersed into the coagulation bath 80 as to leach out the

30 esolvent or additive in the nascent fibers to produce an
asymmetric structure by forming a thin dense skin supported
by a thick and more porous sublayer; (6) removing the
fibers from the coagulation bath; and (7) drying of the
fibers.

35 Agymmetric membranes have good possibility in forming
very thin separating layers. The method for producing this
kind of membrane by the phase inversion process was first
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whi ch. can provide the m ninum area per unit packing volume 20 is the nost
i nportant .mebrane configuration. A process for producing asymmetric
hol I ow fibers typically includes the follow ng steps: (1) formulating
a polynmer dope; (2) extruding fromthe orifice of a tube-in-orifice
Spi nnerette sui tabl e for form' ng a h IIowfiber configuration' (3) 25

meanwhi | e, al..,C ﬁxﬂﬂﬁﬁgu o ol -
i nj ected |ntgn¥ﬁﬁeégbby e splnnret I'n or baE §”ﬁ§§ 13?&|n t he bore
confi gur at i oFReER) AsYENAEELE Menrange were fﬁGIQ@r “ﬁ&ésésl tndusgriad air- gap;

(5) the hol Iwgﬁiaeéépaﬁaemn proce@Ese budt Qd FRveraslbaoal sbakls SO as to
| each out the additive i.n the nascent flbers tQ %roduce an
asynmmetric SP?‘EE?G?'gt:B?t#‘B MY n %%ee“?ﬂiﬁ B a thick
gndhnnregp?rnun -agblajesea ﬁﬁlymem?v&fmgﬁiuthbit bnherse&eetuwﬁeyc&mgulatlon
ath; an 7 r nes
have good poéggb¥1a£ aﬁ'gﬁiago H? 5° éﬁ’é éréryé%% OESg&Q%?Tﬁ%gF%ygﬁg&ﬁn

met hod for pmembxang surface anﬁub@bausemnhﬁennan@pommeoﬁhsgg dsvention

process was | due to knudsen flow and viscous flow. 3 _ invented
by Loeb and X 133, 132). These asynwetrlc

, Pat
nenbr anes were soHnJSuSBB Lin rﬁ@lﬁs‘%$ atssued th M%@Eér FrigRddr ocesses
such asipevegegcesbBsi & a8dhod toUsédRfthd nsilg sHpe \CRiat ilge B tHIbr anes

Gas. separ at | BiL36eRR0 riRgef, ELEncen FhE, %\z;éﬁ %3‘;' i SRS
surface and hemhuaaesheTheaaeparatnbngpsopertlesIaﬁw;hqgedunmmmbdﬂmudsen fl ow

and vi scous t and Tri podi
10 descrlbgggﬁhﬁgfﬁod 8b§%% 8 %?£5$%n #%gfby co |ﬁ§9h§§@ﬁ%
silicone rubbmeteribdh of the ssytmetribe m@whwﬁne|xnsteadrnﬁﬂﬁhgumatemtal

separat h@n PLEPehll 63athinkNeSBeeTBARELE of this kind of membrane

allowed large-scale commercial applicationg of gas.

separation using asymmetric wembranes.
Unlike flat-sheet membranes which require a solid

suppbrt, hollow fibers are self-supporting. The polymer

20 dope used for spinning of hollow fibers wmust be of
gufficiently high viscogity and polymer concentration in
order to produce a. self-support extrusion prior to a
coagulation process. However, too high a viscosity of the
polymer dope is undesirable as it causes difficulty in

25 spinning. The spinning process involves many variables
which affect the structure of the membrane and its gas
separation characteristics. These variables include
polymer dope composition, spinning conditions and
coagulation conditions. The nature of polymer dope is

30 highly influential in determining the morphology of the
hollow fiber wmembrane and its gas separation properties.

U.S. Pat. 4,871,494 issued to Kesting et al. describes

a process for forming asymmetric gas separation hollow -
fiber menmbranes having graded density skins. This process

35 compriges dissolving a hydrophobic polymer in Lewis
acid/Lewis base complexes wherein the Hildebrand parameters
of the solvent system and the polymer are less than 1.5



asymetric menbranes are generally determ ned bhy.the mat er i aI_ of the
asymmetric nmenbrane instead of the-material 15 s khes |

Devel opnent of this kind of nmenbrane allo %rrg@L%@%ieﬁ%ymferci al
applications of gas separation usi ngg asy

Unli ke flat-sheet nenbranes which require a soli d support, holl ow
fibers are seaj_“ S;W(afrt | he Usefpdl gotds28mploped ussdaddit Syés gt of

hol | ow fi ber be kk:p&g Oahtte3Nd JRA YRR
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15 process for preparing asymmetric polymers hollow fibers
with improved separation factor and mechanical strength.
The wmembranes were produced from a process utilizing
membrane forming dopes of solvent systems formulated from
two non-solvents and one solvent. The nonsolvents were
20 chosen according to the nonsolvent strength, i.e. one
strong nonsolvent and one weak nonsolvent which were
combined with solvent in an acid:base complex solvent
system. A strong nonsolvent is defined as one having a
AD (B pongorvent = Opotymer) = € cal®s/cm™S. A weak nonsolvent is
26 defined as one with a A§<6 cal®S/cm*-®
Pinnau et al. (U.S8. rPat. No, 4,902,422) discloses a
process to prepare "defect-free" agymmetric flat-sheet
membranes by the dry/wet phase inversion process. Highly
permeable asymmetric membranes were prepared by selecting
30 suitable polymer dopes and coagulants as well as
controlling conditions of the drying process so as to form
a dense gkin separating layer.
It is krnown in the art to make polyethersulfome hollow
fiber gas separation membranes from 1:1 molar mixtures of
35 N-methyl-2-pyrrolidone (NMP): proprionic acid, a Lewis
acid:base complex and high polymer concentration. Such a
process has been patented (U.8. Pat. No. 4,871,494).
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5 The solubility paranmeters of useful acids have been found to have

val ues of 12<[err]<12.5 cal[err]/cnferr]. The polyner dope ~° - has a high
pol ymer concentration (3Swt % 40wt %, high viscosity (>100,000cp) and a
| ow coagul ation val ue (0<Gv<l.5g) . A suitable choice of acid (e.g.

propi onic 10 acid) results in the hollow fiers exhibiting high
permeabi i ti Wmoamepwaaboﬂ.venbl gpstenarcontaining fagpolar The

comor ol ol oad S R I RS Bf potds 1fGuida g 4 E@?’—‘%@fﬁ%é*‘z’gl‘)T ssued

to Mal on et addidiisg o mmvedpseseggpa@atw@mﬁtﬁ@r%ym ic polymers

hol | ow fi ber $61yet Héidll fBHO WA 1M EiBELENhASCAOE PrevIGEsEYi Beknst rengt h.
The nenbrane We}Fe produced froma process utilizing ment ane form ng
dopes of Ssol \Kﬂﬁ"’fsysterrs formul ated from t wo nonsol vents and one

solvent. The nonsolvents were 20 chosen according to the nonsol vent
strength, i.e. one strong vant d?gaﬁwf% nonsol vent whi ch

wer e conmbined with sol venﬁw 9 Hﬁ% conp sol vent -

system A st rong remsihpertants qhafeated:fashanenﬂantiagnais a formulation
[err] &1(4 t AgPNE mﬁa [err]

Pi nnau et aI @?%&@&%?ZQ ?gc 8ses° rocess to agepare
"def ect -X@ ee P@k%%*‘ﬁﬂélf?% ammmetric hedlpwafibers ’E‘ﬁg By HRREONFR:

i nversion pr eabiﬂ | and sep@.qtrmblf%c@rmmmhecmwwna&puehas

prepared by se ect| sui t abl e al yrrer s,and, coa nt.s |1
as cont'P%@?ﬁ\Echﬂ 23 n"émlﬁeq °§E5 ke Vigeg. fa&dﬁ] o” a
dense skin Se@@ég&laﬂlbﬁyealue. The polynten ﬁobeomntambeaar fleastiake

ol yet her Ifon f ber r 0
Iroml )altr i xfﬂreE gg rsﬂr}ﬁ%?ﬁy?rl'f one%?zﬁ%%f@mg %%?’?g%ftc@g? %‘t
Lewis 15 aledsbaenecnopselvem-ad@itm y e sopsolventogddisive 4s

process has bgep,pal-ggyesn(hich Ftlle Pyetiibui®bhe or derivative
thereof is not soluble. As the nonsolvent-additives,
either strong nonsolvents or weak nonsclvents are chosen.
Nonsolvent-additives are preferably polar compounds that

20 are liquid at room temperature and include water and
ethanol.

Another object of the present invention is to provide
improved polyethersulfone hollow fiber membranes which can
be used for gas separation by selecting a suitable

25 nongolvent-additive and its concentration in the
formulation of polymer dopes.

Another object of the present invention is to provide
a procese for preparing such improved asymmetric hollow
fiber membranes.

30 It is a feature of the preceding cbjects that the
viscosities of polymer dopes can be adjusted by the
introduction of a suitable nonsolvent-additive into the
polymer dope.

In the process of thig invention, all the polymer

35 dopes have their compositions close to the point of
incipient phase geparation with coagulation values falling
within the range of 1.0 - 3.0 ¢ using water as a coagulant.

ey m———t



5 . However, the use of solvent systens containing a polar liquid or

a mxture of polar |liquids as a nonsol vent - additive for inproved gas
separ ati on performance of pol yethersud fone hol | ow fibers has not
previously been 5 known. SUMVARY OF THE | NVENTI ON

An i nport antTiedj ﬂsfm@Iaﬁm iof/ drlied poliymexr tHopsubempositionoisabpsednen dope

d h I L
mov v o o 21 IR Ao 0 M S, SRREPECHERR S A S5
has rmdemtsomw&atsm r:d:a swagulasione valugodtry éﬁangoﬁ/t

coagul ation yal ug. J%@?Mag&f; do%l??’é[ ai3e8Y hggsuo). polrueher sul f one

or a derivative ther vent an

nonsol veht - dematien tye Prec&PHEFEFP&IVPﬁ“ﬁﬁlch
the plol yet he%%utﬁerno@éoﬂeénwadmlve m@@lﬁoboagunahtsd’nulkihe Mmawel

nonsol vent - a tives er s n ol vents
are chosen. §3+V%ﬂ'f %%%?‘?ng %&Pg'dl gﬁigmrr%%énds t hat

20 are Ilqwoﬂ as0r (D983 EnpEeRt1TE and |nclude wat er and et hanol .

Anot her object of the present invgntion isgp provide I mproved

pol yet heesul f one hol | ow fi ber arfds whizgfi-c@n be used for gas
separation by selecting aRalsta -additive and its .
concentggtion in the fornulat?Qn#(ﬁpﬂ&ﬂ ter dopes.. Anot her

obj ect Of the present invention is to provide a process for preparing
such inproved asymfekghC (Ip)|PW, is th peecipibasfen. v@lue of It is a
feature of the preceding objects that the vi scosities of polyner
dopes cgp benatisudtredtbuddbtive (g) j eVodecthenprécipitatibhevalue of
nonsol vent-additive into the pol ymer dope. In the process
of this invectagalaakl (ghe BQLmrthemassqumwfemn@p&vm@@dmmg
close to the point of I nci pi ent ase separation with coaqul ation
val ues falli g solveny dni hhﬁhEOE &pq and & oig the qpamtlatien
coagul ant .

value (g).

' The hollow fibers are spun by the dry-wet phase

25 inversion process using water as the intermal and extermal
coagulants. The dried hollow fibers are then coated with a

highly permeable material (silicone rubber).

DETAILED DESCRIPTION OF THE INVENTION

30 The present invention comprises a wmethod to produce:
ultrathin-skinned asymmetric polyethersulfone hollow fibers
which have higher ideal gas separation factors and
permeabilities than those produced from other solvent
systems utilized for producing polyethersulfone hollow

35 fibers for gas separation. The hollow fiberzs of the
present invention were produced from the polymer dopes
containing N-wethyl-2-pyrrolidone (NMP) and also containing

a suitable nonsolvent-additive, The nonsolvent-additives



The formul ation of the pol yner dope conpositjon_is based an Egn. (1)

which relates the nmass ratio of nonsol vent-a -~ Yent (Ra/ s
and its coagul ati on value (GQv) (Wang et zdm”§ qﬁf§§§§%L| , 60| )
(1995) 233-240). This 5 equation i s expressed '“ e mR—atothe

FLechitation values of the nonsol vent-additive and the coagulant in

e bi nar

ol . EO ({gg%sfe@ 19‘5 arvfi{}&ufé'ss (£ i9Rs @here&prpbfeE@xk!@ﬂsc'

(5 B o 1 BaBbLkent- a&&lgi@éé R del e/ A 14 Siell . CZ0C, RARSSHOIEN amidild i Ve

_ e preC|p| ation value o coagdﬁant (9); Rerr] is
the mass rat 3 .

——

. biaHEhas Balél VeMost préfenmd el the titmsulvernt- dope
and Gv is tht coagu atlon ~ value (9). The holl ow fibers are
spun by the gdagiveveBhage waber amdestharolproees minture witerecss t he
I nternal and external coagul ants. The dried hollow fibers are then

coat ed wsth Mixtureshofhhgnpsoleentcadditcives qan bedimambiost texrnary
mixtures. The mixture of solvent and nonsolvent-additive
is capable of dissolving a suitable concentration of
polymer, and is easily evaporated during the drying process
and rapid desolvation during the coagulation step. When

10 these hollow fibers were coated with a highly permeable

material such as silicome rubber, the hollow fibers exhibit
improved permeability and separation factor in comparison
with those of state-of-the-art polyethersulfone membranes.

Advantages of this invention are as follows: the

15 process of the invention has excellent reproducibility; it
is an economic process allowing production of reliable
hollow fibers in large quantities; the material for making
the membranes is commercially available and has excellent
selectivity as well as thermal and mechanical stability;

20 the nonsolvent-additives used are common and exhibit little
toxicity.

The hollow fibers formed by the process of this
invention have thin ocuter and inner skin layers supported
by an interconnected microporous sublayer with very little

25 resistance to gas flow. The hollow fiber mewbranes with a
range of "sponge-like" to "finger~like® sublayer structure
could be fabricated by selecting a suitable nongolvent-

additive. A change of nonsolvent-additive resulted in the

i
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DETAI-.LED DESCRI PTI ON OF THE | NVENTI ON 30 The present invention

conprises a nethod to produce ul trathi n-skinned asymmetric

pol yet her sul fone hol | ow fibers whi ch have hi gher ideal gas separation
factors and perneabilities than those produced fron1other sol vent
systens utilized for producing pol yetherstilf one holl ow fibers for

gas separatlﬁgw¥ggﬁbrgg¢l fdfﬁ?@%&%& %Q%HﬁFgFﬁlng&ﬁgep%ﬂégégn%égn wer e

produced fro € pol ynher dopes me Pol i done
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nonsol vent - addi ti ves are wat er and [ near Ff err aFcohoIs
Most pref er rela@sit his NesfoNnd diie addisurénvnt’ 6f scamm;;eélaadrshhanol or a
m xture thereof. M xtures of nonsol vent-additives can binary or

ternary 8Sn xtmicesosddey m >The @@aﬁﬁﬁ@ﬁfe@&dvaoakehvenicmahbl ve is
estimated from measured gas permeability and reported
permeability coefficient data of dense films formed from
the same polymers ranges from 400 A to 500 A. Between the
outer and inner skin'layer lies a very open porous support

10 of complex morphology, easily seen by scanning electron
microscopy.
The process of the present invention uses

polyethersulfones as the membrane material.
Polyethersulfone which forms the membrane of this invention

1s consists essentially of repeating units having the general

formula:

+ 1
20 5

wherein R and R’ are optiomally present and can be the
same or different. R and R’ are selected frowm the group
25 congisting of hydrogen, linear ¢ -C, alkyl, branched C,-GC,
alkyl and halogen groups. Preferred alkyl groups are

methyl and ethyl and preferred halogens are Cl and F. More

than one, but preferably no more than three R and/or R’



5 capable of dissolving a suitable concentratlon of polyner and is

easily evaporated during the drying prpcess—ant=ra ‘ol vati on
during the coagul ation step. Wien thesg haklowifi Beér 8E&Ere coat ed
with a highly perneable materi al sych ds si | iEdneSERbber, )l t he hol | ow
fibers exhibit inproved perneability and L—:%Eﬁ“arat‘romr I n

conpari son Yricugdhesm e prdisentl,-the-art pol yethersul fone 10 menbr anes.
Advant ages of this invention are as follows: the process of. the invention

has excel | dite maato gwefierivetly polynes s wndexdvatizetess allowing
production of reli abI e hollow fibers in large quantities; the
material fopolarathensvd r&hé§ is, thescenpery |<af|§omalaabl)e and has

excel | ent sel ect I Vi ty asQ/\g as, thermal and 15 mechani cal stability;

the nonsol v apce R oARBnakAeREy hi Tris  polymer is
ey oseamalatEy S VAR Lol e oL 0L
a‘of.fze;);?g:;:rmwm o Pt BSOREERLIAAST) 005 11 o
SubL ey S e Ul b SOl SEREoR BELEE Y fox, pelaRltLAYL°
oxygen from nitrogen (Haraya et al., J. Membrane Sci.,
71{1992)13) and separating helium, hydrogen and carbon
10 dioxide from nitrogen and methane (Kumazawa et al., J.
Polym. Sci., Part B: Polymer Physies, 31(1993)881; Chion et
al., J. Appl. Polym. Sci., 33(1987)1823; Wang et al., J.
Membrane Sci., 105(1995)89). It also has good thermal
resistance Ty,=220°C) and mechanical stability (Harris et
15 al., Encyclopedia of Polymer Sc¢i. and Eng., Polysulfone,
Wiley: New Yor'k, 13(1988)203).

A unique aspect of this invention was the realizatiom
of the importance of choice of nonsolvenﬁ-additive in
producing hollow fiber membranes by the dry/wet phase

20 inversion process. In selecting a nonsolvent-additive, it
is of primary importance to select one with good mutual
affinity with solvent and coagulant. A good nonsolvent-
additive should also have a suitable volatility in order to
evaporate upon an exposure on the nascent membrane surface

25 g0 as to increase polymer concentration during the dry
process, particularly if the solvent uged has a low
volatility. The formation of hydrcogen-bond complexes of

solvent and nonsolvent-additive is favorable to increase
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8 mrenbr ane having different structure. The "sponge-I|ike" structure

enhanced the yield stress of the hollow fibers and al so pressure
tolerance. The skin layer is so thin that it is beyond the

measur enent of scanning electron 5 |ﬂ(¥65copy. The apparent effective
ski n thickness estimated from neasured gas perneability and reported

permeabi i t y,e0ohbi-CagRE J8baoRityeRng fédifrd Fhfri8d membrd@eSane

pol ymers ranges from 400 A to 500" A. Between the outer and 1 nner skin

layer |ies apygpereReB.POTRESeSEPRP the Ihonsdveifiiad tiveD Rrlla8@y a casi |y
seen by scanning el ectron m cr oscopy. The process of the

present invegeronimpettant ropel yathenbriden asalaing ovvdimenecrata i al °
Pol yet her sul fone which forns the nenbrane of this invention 15 consi sts

essential |y ahveepéati.ngSedectianvofigat selgan: alonsolvertoaddisive is

Lerr] thue very lmportant. In preferred embodiments of this
invention, water and ethanol which possess the above-
mentioned properties ware selected as nonsolvent-additives.
Of these nonsolvent-additives, water, in particular, forms
a strong hydrogen-bond complex with N-methyl-2-pyrrolidone

10 (NMP) .

In producing the asymmetric hollow fibers having
graded density skins, several parameters have been used to
choose a nonsolvent-additive based on the concept of Lewis
acid:Lewis base complexes (Kesting et al., U.S. Pat. No.

15 4,871,494). These include Gutman acceptor number (AN) for
the strength of Lewies acids and the infrared (IR) freguency
shifte (Av) of the carbonyl (C=0) bands of amides for the
strength of the acid:base complexes formed. According to
Kesting’s view, acids which yield the most useful complexes

20 appear to fall in the range 47<AN<63 and have a Av of -25
to -38 em?, To date, the only acceptable acids which have
been found are propionic acid, acetic acid and butyric acid
with propionic acid as the begt overall choice. In
contrast, the Gutmann acceptor number (AN) of the

25 nonsolvent-additives used in this inveation and their As
with N-methyl-2-pyrrolidone as listed in Table 1 are wmostly
outside the range recommended by Kesting et al. These

nonsclvent-additives were apparently not considered as good



20 ’ wherein R and R are optionaffy.pfesent and can be the
sane or different. Rand R are selected fromthe group 25 consi sting of

hydrogen, linear Cerr]-Cerr] alkyl, branched CJerr]-Cerr] al kyl
and hal ogen groups. Preferred al kyl groupg are met hyl and et hyl and
preferred hal ogens are d and F. Mre t han one, but preferably no
nore than thaddiRisad/ on ®.8. Patent 4,871,49%.0ups can be present.

The nost preferred polynmer is underivatized pol yet hersul fone; that is,
t he conpound of fornula (1) wherein both of Rand R are absent.

This polymer is 5 comercially available as VITRAX[err] (I.C I. Anerica,
I nc.) and RADEL (Anoc®AREE{DLrnance Products, Inc.)

5 Water

RBthanol

The desired concentration of a nonsolvent-additive in

the polymer dope depends on the nature of polymer, solvent

10 and nonsolvent-additive as well as temperature.
Nonsolvents are categorized as strong nonsolvents and weak
nonsolvents in terms of Hansen solubility parameter
difference (b, catvenc=Bparpmer) - B Strong nonsolvent is defined’
as one having a Ad>6cal®®/om’5., A wezk nonsolvent is

is defined as one with a Ad<6cal’f/cm’-®. It was reported that
when a strong nonsolvent has low tolerance in the polymer
dope, higher concentration of weak nonsolvent can be
incorporated (Malon et al., U.S. Patent 4,992,201). In
practice, it bas been found that this rule is not

20 universally correct (Wang et al., J. Appl. Polym.‘Sci..
50(1993)1693). For example, the solubility parameter of
ethylene glycol is 17 cal®S/cm*®. Ethylene glycol is a
strong nonscolvent for polyethersulfone. However, the
tolerant concentration of ethylene glycol added in the

25 polyethersulfone/N-methyl-2-pyrrolidone solution is nearly
the same with that of aliphatic alcohols which are weak

nonsolvents. It was demonstrated that the precipitation

LI IR



Pol yet hersul fone has superior selectivity for_separating oxygen-from
nitrogen (Haraya et al., J: Menbrane Sci., |[. ‘Zg < id separating
hel i um hydrogen and carbon 10 dioxi de f rlpm 1% fjtalgeﬁc et hane
(kumazawa et al ., J. Polm Sci, Papt Pol yiter 'Bhy’si ¢, B1(1993)881;
Chi on et al.., J. Appl, Polym Sci., 23(1987)1823; Wang et al., J.
Menbr ane Sctaluel G (rcsgR)is®nt i tilespolymey vent ngystem definedance
(T[err]=220[ err] C) and nmechani cal stabili t{ (Harris et 15 al .,

Encycl opedi¥s dor® Bragiseiin £he deggrwipation| ¢feoncentragieg. ofew York,

rlgéiiggg% izg?énsol??wﬁ% 5o %g@gﬁxﬁfgt 55 0ol SERPOLTRRET ve | n

. . . 0 . .

b ocess. 1 Padithye Ml R HRRY, B 5&3%#%,13%%33%% B# primry ]
lzcr)rgglrjlt %tc ? %ngoéogb?%%%s!olf vger#ig EL%O%CE%%&E%F\E%MS hfo{ﬂl %ﬂglté%mwah\g}gsghégpt aglne

volatility 4 #1,_, :95:9% t VEY Yol gt AT aly r&go ent
menbrane surtace g d)sEéI‘%fs(:'f)d I'ncr easgl&apo gﬁeeggg%ﬁcgﬁtirag%xlgg% urEi ng the
dry 4%%"3 t'cﬂ#él# (g {3yt he DJ-a]Hﬁ[E Heas ow

vol atili tyl.[H he fo%tél on o € h‘%f'(’)@‘.én%ég%ﬂnﬁ conp gg<es cﬁ’hé sol vent and
ansol vent -aektii Mt v Y %elrd. W @388 ratio of nomsolvent-

additive to solvent in the range of O~ (R,/) e May be
10 required to achleve the desirable composition for a given
coagulation value. The mass ratio of nomnsolvent-additive

to solvent in the polymer dope can be determined using

eqn. (1) for a desirable coagulation value. (The desirable
wmase ratio of nonsolvent-additive to solvent in the polym :D:Lutc.
15 dope ies different for different nonsolvent-additives and
golvents in terms of their precipitation values.)
The Eheree § Hu ay«bhlm Vaalocson d%w\.da on A 7r—cod/ui¢hﬂ‘5
v@bu%%&m odditipe, pomparatunc and jptorathol g #he pulgmsr
- Selvent- grmawent addiat .?o'km For C-C4 "‘0?’/“‘_}"2 M’h
20 Plaalves gre ;wu:t srmdar; whe Aearodle -60?’-*--’-‘\,' e M‘:{_
an bedlveer 0.8 - ’“"J’j and AL . mass rehe 7 mm:ah.-
addbint Ao Silvant are 1n e m«7.< ? 0,47 —9.37.
The polymer concentration of the polymer dope must be

sufficiently high to produce the hollow fiber membranes

25 with dense surface separating layer and good mechanical
support layer for gas separation. A polymer concentration
of about 25%-50% by weight in the dope may be needeé. to

achieve the resulting wembranes with desirable separation
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pol ymer dope viscosity and results in inproved nenbrane properties.

Therefore, the nonsol vent-additive plays a very inportant role in
menbr anes maki ng according to the i nvention. Selection of a suitable
nonsol vent-additive is 5 thus very inportant. |In preferred enbodi nents
of this i nvention, water and ethandP which possess the above-

E‘SRLLFCE& Pé%%ﬁ%%i%%?%ﬁaﬁﬂfc%lﬁ%{%%% F RPN b BBty O 1T
I%dggggzéngg?éé§%§£%ﬁéﬁérkéﬁéﬁﬁéﬁkﬁFﬁ%gﬁg&%%%g%%eha%gnggéa eéldensity

skins, severph REkBIPLEF Sarid R d:ﬁ‘i‘ic’tﬂter in t&ROgEenAIng of
nonsol vent - addi tive based on the concept of Lew s aci d’Lew s base

conpl exes (Kes1idw £ib&dr medbranddidud\@o high v4s@éiit9d) whébesas i ncl ude

GQut man acceptor nunber (AN) for the strength of Lewis acids and the
i nfrar eds (| Rrettbheauen cyroduced sfrdn slaW goiymeroiconentaabdon ha€eOlowands
of am des for the strength of the acid: base conpl exes forned.

Accor di ng t oselectiwityiand padewechanisaihiatirepgthd t Bepreferveds ul

conmpl exes 20 appear to fall in the range 47<AN<63 and have a [err]v of
- 25 range of polyethersulfone concentration is 25 wt¥ to 40

wt%. The optimum concentration xange is 25 wt% to 35 wt%.
The desirable polymer concentration depends also on the

10 solvent and nonsolvent-additive used and operating
conditions of resulting wmembranes.

Viscosity has a significant effect in the spinning of
hollow fiber membrane. Too high a viscosity is not
suitable for fabricating hollow fibers at room temperature,

15 whereas a low viscosity hag a detrimental effect on hollow
fiber formation. 1In this inventiomn, the polymer dopes have
viscogities ranging from 5000 cp to 50,000 cp at 28 °C
which are much smaller than those used in U.S. Patent
4,871,494. The viscosity of the polymer dope increases

20 with increasing concentrations of the polymer and the
viscosities of solvent and nonsolvent-additive. However,
the hollow fibers spun from high polymer concentrations
tend to exhibit low permeability. On the other hand, the
diffusion rate of the liguid decreases with increasing its

25 vigcosity. This behavior is not desirable for making
membranes for gas separation.

The desirable viscosity wmay be achieved by the

selection of a suitable nongolvent-additive which forms



to -38 cnferr]. To date, the only acceptabl e acids which have - been

found are propionic acid, acetic acid and butyric acid W th propionic
acid as the best overall choice. In contrast, the Gutmann acceptor
nunber (AN) of the 25 nonsol vent - addi tigves used in this invention and
their [err] with N-nethyl-2-pyrrolidone as listed in Table 1 are

most |y ggat&a'gaﬁ-baﬁdr SB8ES1 &R CRIFE Nstetrdtit Kethie) Fotimatlionl bEs &his
a 1 T1

nonsol vent - es were apparently not considered as good

addi tives i”cUmﬁleEa?9@&tiy8iﬁcﬁ8éses the viscosity of thelARilent
AN [err] cnferr 5 Wat er 54. 8 -5to -10 Et hanol

37.1 systefhehdeh dtadtaenceatsesitine ofiscomityolofe tthengubiliymens i n
t he pol yner dope depends on the nature of polyner, s$olvent
dope to increagse dramatically. 1In this invention, the
5 formation of the complex of water and N-wmethyl-2-
pyrrolidone yields polymer dopes with high viscosity.
In producing integrally-skinned asymmetric hollow
fibers issued by Kesting et al. (Kesting et al., U.S. Pat.
No. 4,871,494), higher polymer concentration (»30wt%)},

10 higher polymer dope viscosity (»>10%p)} at 25°C and higher
mass ratio of nonsolvent-additive to solvent in the polymer
dope ére necessary conditions to produce membranes with
high permeability and selectivity. In the process of the
invention, the polyethersulfone hollow fiber membranes with

15 improved permeabiiity and selectivity can be produced féom
a polymer doﬁe having a moderately high polymer
concentration, woderately high viscosity and low wmass
ratios of nonscolvent~-additive to solvent.

The polymer dope temperature is typically between

20 about 0 °C to 100 °C, preferably 20 °C to 50 °C, but the
cptimum temperature is usually room temperature considering
economic and operation factors.

In a phase inversion process for making membranes, the
dry process is very important to form the dense outer

28 layer. During this process, the polymer concentration on
the surface of the nascent meubrane may increase due to the

evaporation of solvent and nonsolvent-additive. At the

same time, the absorption of moisture may result in phase




10 ahd nonsol vent-additive as well as tenperature. Nonsol vents are

categori zed as strong nonsol vents and weak ponsol vents in.terns of
Hansen sol ubility paraneter difference 'éépprrHﬁgﬁggm nonsol vent

i s defined as one having a [err] A wegkijnonsameni~d$ 15} defined as
one with a [err]. It was reported that when-—a-streng=—honsol vent has

| ow t ol er anc esepatdieiqm) ypnt;cular]@op&zemlt@eepo&wetnﬁoaﬁl basoft weak

nonsol vent can be incorporated (Malon et al., US. Patent 4,992 201)

I n praccomeSLtlhascb@%% to e meint Wi phase ecpazation. uﬁpv§h§ally
correct (Wang et al. Appl . Polym Sci . 50(1993)1693 For
exanpl e, the @5h95|h§¥9 pﬁ?%%%ﬁ%ﬁnQﬁ and defommaticm of, POLYmer: 7

ol b o ProBbbn Sl by ot o R ik e eﬁy
ol ycol 20ged b an?rohg YE! RShithd Bt IR LG T Shile R ! o
nonsol vents. 1s imporggﬂgnéér@ﬁgdf$£ﬁﬁti555J%‘%H'ﬁéﬁﬂﬁéy}ic hollow fiber
mewmbrane have thin, dense outer layer. The effect of the
dry process mainly depends on the volatility of solvent and
nonsolvent-additive, temperature in the membrane wmaking
10 environment as well as the surface tension of the nascent
membrane. A solvent and nonsolvent-additive with low
boiling point are optimally selected for the sake of
forming the dense sgkin. Unfortumately, solvents with good
water wmiscibility which dissolve polyethersulfones usually
18  have low volatility because of a high degree of polarity
and hydrogen bonding. For the present invention, one
selects one solvent which can dissolve polyethersulfones
and has a good affinity with water as well as high
volatility. N-methyl-2 pyrrolidone is often considered as
20 a good solvent for making polyethersulfone asymmetric
membranes, but has high boiling point (202°C). However,
other n~-lower alkyl, preferably C,-C, lower alkyl
pyrrolidones, can be considered. 1In order to increase the
surface concentration of the nascent hollow fibers, the
25 nonsolvent-additives with suitable volatility are
preferredf
The air-gap is generally kept about 0-50 cm,
preferably about $-25 em. The air-gap should be optimized




12 ' val ue of nonsolvent in the polyner/ sol vent system def| ned is

nor e precise in the determ nation of - :
nonsol vent-additive in the pol yner dop v EEN FI tive with a
hi gher precipitation value can be ¢ > QiklaYs - her

concentration in the polyner dope. According to 5 Eqn T“the maxi mum

mess ratio otonphedurenthadbastyvasymmstieiiollow f£ilker [DHeeoptinal he.
val ue when the coagul ation value is zero. A nmass ratio of

nonsol vent - agdpt imid1t dependenponnmany fackers ncludiag HHenqlmsr be
required to achieve the desirable conposition for a g| ven cqéulfatlon

val ue. The used,mtbe bedldngt PRdnts| eEnthaRRIVERT WYaleRre fthS T3
pol ymer dope can be 10 determ ned usi ng a d i rabl e
coagul ati on FRiginghe theop@d ofhicknesg g‘b%’gfﬂ‘%aéﬂ?ﬁ %Iepends on the
g][ etCIhgl |toat ;%/%WP%% iﬁe :.nteadd &V‘éh%%e@aé uqr_tgq ‘%gract I on
EHI R aC e AR AL
ratio of nonsol veraqaiddied S5 Y8Rl oA Snk addE1 ¢4 MR UuFidd £nd- 37-
coagulation process is another key parameter in producing
agymmetric hollow fibers exhibiting high permeability as
10 well as wechanical stability. This is true because the
skin layer thickness and porosity depends on the surface
polywmer concentration and how rapidly the solvent and .
nonsolvent-additive in the polymer dope is removed from the
polymer dope, and the coagulant is transferred into the
15 nascent membrane. One important factor that controls
phase geparation kinetics is the coagulaut tolerance of the
polymer dope, that is, how c¢lose the polymer dope is to the
. precipitation points. The closer the polymer dope is to
the precipitation point, the faster the phase inversion
20 will occur and the thinmner the skin layer thickness will
be. Because it is difficult to determine experimentally
the coagulant tolerance of a highly viscous solution, a
dilute solution of polymer in a given solvent is employed
instead. The coagulation value (Gv) is used to indicate
25 the coagulant tolerance of the polymer dope, which has been
defined as the grame of coagulant required to make 100 g of
2 wt.% polymer solution turbid at a given temperature. By

adding a nonsolvent-additive into the polymer dope, the
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The pol yner concentration of the polyner dope nust be sufficiently

hi gh to produce the hollow fiber nenbranes with dense surface separating

| ayer and good nechani cal support |ayer for gas separation. A polynmer
concentration of about 25% 50% by wei ght 17n t he dope may be needed 20 to
achieve the resulting nmenbranes with desirable separat&on. .

factor and nechgwmlationvalug HHecreanesh wtidl Fher coagulabioB VAIPEL .S ends
to form nenbranes having | ow perneabi_l ity and causes difficulty in the

spi nning of zero.hoWhen Fhe ForPHsERI Wide & 8 PEEGsi PP =fhereas 5
e Mot SRS dl U B W3R L1
OO 2 ok Zaed koo Caronyrih, e SABARRRANES BBt e |
e oA ARG BEAANAEN L AP L WAL 0 1
coagulation value ig described by Egn. (1}.
A feature of the invention is the formulation of
polymer dopes with suitable coagulation values by the
introduction of a nonsolvent-additive for making the
10 desirable hollow fibers with improved permeability and
gelectivity. This allows the coagulation process to occcur
at an extremely rapid rate and prevents formation of large
unsealable surface pores and thick skin layer. The choice
of the coagulation value is determined by the precipitation
15 values of nonsolvent-additive and coagulant and the
interactions of polywmer/solvent/nonsolvent-additive.
Usually, the dissolving power of solvent system for a
polymer declines with increasing polymer concentration due
to interactions of polywer and the constituents of the
20 solvent system. It is generally believed that coagulation
values are different for different solvent systems, and
they depend on the interaction parameter of the solvent
system and peolymer, which is concentration dependent. A
higher coagulation value is expected for the system with a
25 stronger interaction parameter compared to that with the
weaker interaction parameter concentration-dependence even
if the polymer dopes are close to the precipitation point

at relatively high polymer concentration. In making




Viscosity has a significant effect in the spinning of hol | ow fi ber

menbrane. Too high a viscosity is not suitable for fabricating

hol |l ow fi bers at roomtenperature, 15 whereas a |ow viscosity has a
detrinmental effect on holl ow fiber rmation. In this invention, the
pol ymer dopes have viscosities ranging from 5000 cp to 50,000 cp at
25 [err]C

| hessorddsce witle tihg ent
4,871, 494. Tﬁ,eo \})lgs%l(%égty o) t%iggbyﬁei?égggléﬂl ncreases 20 W th

i ncreasi Nng CaRfRMYREN A Tyficalcpplvaer dopd hile a coaguwlaticntvabuef
sol vent and nonsol vent -additi ve. However, t he hollow fibers spun from

hi gh pol yner waaiigientulas imigie of 25-888¢ Kevbmiml (C | iy pretymesbi | ity. On the
ot her hand, the diffusion rate of the liquid decreases with

i ncreasi ng i tcondEntratixmodin weightt)s behavior is not desirable for making
menbranes for gas separation. The desirable viscosity may be

achi eved ®y the Ancothas dewiaxteagt factorawhichonontyvekrs- bhei raveswhfch
forms

gelatiqn and desolvation during the wet coagulation process
is the mutual miscibilit& of the solvent system and the
coagulant. Many nonsolvents for a given polymer can be
ugsed as ¢oagulant. Water is favorable from economic and

10 environmental viewpoints. Therefore, the solvent and
nonsolvent-additive selected must be easily dissolved in
water. When the nascent hollow f£iber is immersed into a
water bath, quick coagulation and fiber solidification
occur,

15 The temperature of water bath can be varied from Q¢C-
100°C, preferably the temperature is from 20° to 50°C.
The most favorable temperature is room temperature. ‘
Solvent and/or nonsolvent-additive remaining after the
fiber leaves the water bath is washed away by a water spray.

20 at room temperature. The washing period is at least 3
daye, preferably 3 or 4 days.

After the hollow fiber has been dried, it must be
coated with a highly permeable material to seal the big
pores on the fiber surface. Without such a coating, the

25 fiber will not have the desired high separation factor.
One of the coating materials is gilicone rubber (SYLGARD-
184 (polydimethylsiloxane), Dow Corning) . Concentrations

of coating solutione vary from 1 to 10wt%, preferably about




14 " hydrogen-bond conplex with solvent. The formation of this

conplex greatly increases the viscosity-of the sol vent systemwhich in
turn causes the viscosity of the pol yner dope to increase
dramatically. In this invention, the 5 idormation of the conplex of water
and N-net hyl - 2- pyrrolidone yields polynmer dopes with high viscosity.

I n produci ng 2i-sk&gr.al | y- ski nned asymmetric hol | ow fibers issued by
Kesting et al. (Kesting et al., US. Pat. No. 4,871, 494), higher

pol ymer concent r afThen Heldgnt Bibers0of Khghprepent ritverfptoniakesity
(>10[err]cp) at 25[err] C and hi gher mass rati o of nonsol vent.additive
to sol vent | muitabis ;1;@ use in G&ﬂ!@répésngeﬁs%%??rémt?wmoduce

menbr anes mnth hi gh perne bil,it sel ecti he 5 OCESS of
t he i nwekimegen tfxom, &E@ﬁﬁo%@%mﬁ ‘a-h% 14¢, From s

I npr oved ﬁerrreabl I I%é/ and sel ctivity can be produced from a®pol yner
dope havi e3P ymer concentration, noderately high
Vi scosity and | ow nass ratios of nonsol vent-additive to sol vent.

The pol yner dope tenperature is typically between

GENERAL MATERTALS AND METHODS
Any means for forming a hollow fiber from the polywer
dope can be employed: A preferred hollow fiber forming
10 weans is a tube-in-orifice spinnerette. All of the hollow
fibers prepared in the examples below were made by the dry-
wet spinning process. The mass ratio of nonsolvent-
additive to solvent in the polymer dope was determined
using Eqn.(l)'for a given coagulation value. The mixture
15 of solvent and nonsolvent-additive was prepared according
to the calculated mass ratio. The polywer,
polyethersulfone (VITREX®, 4800P or RADEL A-~300) was then
added into this liquid mixture to wmake the polymer dope
with a desirable polymer concentration. Polyethersulfone
20 was dissolved slowly in the liquid mixture at room
temperature with agitation. A clear and howogenecus
polymer dope formed.//
The homogeneous polymer dope was filtered and
introduced into a solution tank in a "moisture-free"
25 environment. In order to prevent concentration change of
each component in the polywmer dope during the vacuurm
degassing process, the dope was degassed by a still method.

The polymer dope was kept in the sgolution tank for 48 hours




20 about O [err]C to 100 [err]C, preferably 20 Cto 50 [err]C, but the
opti mum tenperature is usually roomtenperature considering econom ¢
and operation factors. In a phase inversion process for naking
menbr anes, the dry process is very2onportant to formthe- dense outer
25 Iayer During this process, the polyner concentration on t he
surface of tYheFdasasdd. nmdmmgetﬂmymembraaeesnmﬂingtmcessp %b%poratlon
of solvent and nonsol vent-additive. At the same tine, absorption
of noi st ur e Pelymes dope Wash extruded through a BPi-E’aﬁFaFFﬁnthiﬁ*tFEBI arly

Separati on. VREeROas SLBIGMeRHRLY A5e5560n SuERHEr SERRE SHUSR- pOHSmor
T ormi ng CRRUEIRSYER a8 e S tiss dube in?oRlelle Bype’ PHhe™" oo
5 temperatures of the spinnerette and tap watexr were
maintained at room temperature (24-26 °C). The spinnerette
was arranged such that the hollow fiber was extruded
vertically downwards into the coagulation bath. The
nascent fiber passed through an air gap of predetermined
10 length before entering the coagulation bath. No nascent
hollow fibers were extended by drawing. This means that
the take-up velocity of the hollow fiber is nearly the sawe
as the initial extrusion wvelocity. The hollow fiber was
washed with a water spray for up to 3 days and then removed
15  from the water bath and dried at room temperature. Each of
the hollow fiber test cells consisted of six to twenty
hollow fibers of 15-20 cm length. The hollow fibers were
coated with a solution containing 3wt% SYLGARD-184 and n-
pentane.
20 Mewmbrane Gas Permeation Test
Two hollow fiber test cells were wmade for each sample.
The hollow fiber test cells were placed in a pressure
vessel and immersed in a water bath at a controlled
temperature. The permeation rates of pure helium, carbon
25 dioxide, oxygen and nitroqen were measured at atmospheric
pressure and room temperature using a soap optidigital
flowmeter. The pressure difference across the hollow fiber.

was kept at 5 bar. The permeability was calculated using




is inportant to the formation of an asynmmetric hollow fiber menbr ane

havi ng thin, dense outer layer. The effect the———dtry _process mainly
depends on the volatility of solvent and _ ﬁbf%%‘ﬁ%Tnﬁ*A%%E{\‘i e,
tenperature in the menbrane making 10  e2%i rlonmenfERSAREP| as fhe surface
tensi on of the nascent: menbr ane. A sol vént and nonsol vent-additive
with | ow o eaquptiene are optimally selected for the sake of

form ng the dense skin. Unfortunately, solvent with good wat er (2)

m scibility which s ually 15 have | ow
volatility because of & i e & 4FoFarPty and hydr ogen bondi ng.

F th t i ti - | ' |

pol yet herul fones Whese G 49 Ehe anacfeliedi il Sioy Sed ihgilied o 8
latility. N A ' 1S 4 §f@p' .

\sfgl \allelnt | f)c/)r r&%ﬁgy{g%%@%/#eﬁsﬁl onef);s?'?/{m%gﬂl C ,éj%f#gﬁfber %:&Dg@ as

hi gh boili L N, Ifggggg, - s

plr gf er glbl 'yn%[%]%&‘%%?]z‘[’ﬁ)%ﬁ%“f Ky in [%Illrer glﬁli g:lce)g, kg\gﬁhggb?gr%g'id&r ed.

In order 10 | §£4REEEr! B the hoFliw FibeiORGL M2l 9B thel Nengencest thel | ow
fibers, the 25 nonsol vent-additives wth suitable volatility are

preferred. hollow f£fibér ihragpmaP dodahe griesskeet dififerencel across
preferably about 5-25 cm The air-gap should be optim zed .
10 the membrane in bar. The subscript i is referred to as the
species concerned. The ideal separation. factor relative to
nitrogen is the ratio of the gas permeability and the
nitrogen permeability.
% /m = Ty (3)
15 Tz
The following examples are for illustrative purposes
only and do not limit the scope of the invention.
EXAMPLE 1
20 A polymer dope was prepared by dissolving
polyethersulfone (VITREX® 4800P) in a solvent mixture of N-
methyl-2-pyrrolidone and water (as a nonsolvent-additive)
having a mass ratio of solvent/nonsolvent-additive of
8§.38/1. The polymer concentration is 29.4 wt%. This
25 polymer dope had a coagulation value of 3 g and viscosity
of 46,786 cp at 259C. Hollow fibers were prepared using the
spinnerette with orifice diameter/inner diameter of the
tube of 2.0/0.8 mm at different air-gap lengths. The
prepared hollow fibers have an outer diawmeter of about 1800
30 um and an inner diameter of 1200 um. The permeabilities of

helium, carbon dioxide, oxygen and nitrogen and their ideal
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to produce the best asymetric hollow fibers; t
depend upon many factors, including the ponner* TH55y$ﬁd HA@gggnl

- W | |
I ng
hickpess

poi nts of the solvent system the rate of pi nni pgeLthepwal |

of hollow fibers, the 5 coagulant used 2321 t he lintermal=—amd=
tamaaUMeofdoe

Ki {
ki netics of §§PéFPﬁﬁ°&ngaﬂggﬁﬁvﬁ?igﬁfﬂﬁ 2 enVIrong§£56¥ﬂ%|on procggg in
th k t d hi bi t
hi gh per rrngb ?F’-?&%&?f&re 48280 %F%%%(‘E@?a‘%{‘ff%ﬂﬂ%v.‘if S AR
the el BuShuel hROSvRANLRORABIE Y2 dehpnds déhfé@smﬁ fe-gap

pol ymer conc ratlon an rapl y t he sol vent and

honsol vent - a(ifétnfg't ¥ ithd RRrRRAPVITLLYOBRLYSAiRIRVEKbS IFIiGEly. Theedyner

dope, and the ¢ agul ant i's transfered into the 15 nascent menbrane. One

i npor t anig f aq{dafldmaﬁlwé&ra e¥hibit highBeSpesnesbility dmdeideslis the
coagul ant tol erance of the pol yner dope, that is, how cl ose the

pol ymer dope depdratiiion factoyesechant ghose preparedTﬁeomlbherso]nenbl yuner
dope is to the precipitation point, the faster the phase inversion
system containing propionic acid and N-methyl-2-pyrrolidone
according to the U.S. Pat. No. 4,871,494. Although the
gsame solvent and coagulant have been chosen for the
10 preparation of the polyethersulfone hollow fiber membranes
in the present invention. Example 1 clearly demonstrates

the advantage of using water as nonsolvent-additive.

TABLE 2

is i Permeability, GPU Ideal separation factor |

20

1 GPU = 1x10°¢ am® (STP) /em®-cuHg-&
* J.S. Pat. No. 4,871,494

25
EXAMPLE 2

Three samples of wet-solidified polyethefsulfone
hollow fibers were prepared by the same process described
in Example 1 with an air-gap length of 15 em. Before

30 drying, the hollow fibers were stored in water for about
gix months and then immersed in methanol (MeCH), ethanol

(EtOH) and 2-propanol (2-PrOH), respectively for the three

Thig She eet 1.
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20 will occur and the thinner the skin layer thickness as wil| be.

Because it is difficult to determ ne experinentally t he coagul ant
tol erance of a highly viscous solution, a dilute solution of polyner
in a given solvent is enployed i ns€dad. The coagul ation val ue (Gv) is

has been rd'éin%&?mmégée@ic’a S o ol ganceral ohag Bl NTBEadaRg. e o
2 %

noﬁgolvggtygﬁél?gvgéég?ot % qg%gga}qﬁﬁg&@tugge B¥iea at rRddi N0 @
. COATKLAbERR AL “sin&e& &@é&suéyf}ﬁgla WS CRABAY BOLuEARE i S

zero. Wen t I On va ue reac zero, phase separation of the

pol ymer dopep, %%asﬁiﬂéiae 874 841 CeeparatiRid fRtoréaieie Betramdted hi s

rel ati onshi p between mass rati o of nonsolvent-additive to sol vent

and its g yaeagulali eo,yaduendsNgeacridiey, EpndFehe piessure A
feature of the invention is the formul ati on .of pol ymer dopes- with

sui t abl e coagilffeirenceabfes burtheThe results are shown in Table 3.
The hollow fibers treated using aliphatic alcohols and n-
pentane exhibit relatively high selectivity, particularly
as to the geparation factor of 0O, and N,.

10 TABLE 3

Ideal separation factor
He/ Nz CO, / Nz 02 / Nz

127.8 42.5
140.8 43.4
130.1 41 .4

15

1 GPU = 1x10°¢ em® (STP) /em?-cmHg-s

EXAMPLE 3
20 :

A polymer dope was prepared by dissolving
polyethersulfone (RADEL A-300) in a solvent wmixture of N-
methyl-2-pyrrolidone and water (as a nonsolvent-additive)
having a mass ratio of solvent/ nonsolvent-additive of
25 8.38/1. The polymer concentration was 29.4 wt%. This

polymer dope had a coagulation value of 3 g and viscosity

of 29631 cp at 309C. Hollow fibers were prepared using the
‘ spinﬁerette with orifice diameter/inner Qiameter of the
tube of 1.0/0.21 mm and at air-gap lengths of 15 em, 10 cm
30 and 5 cm, respectively. The resulting hollow fibers have

an outer diameter of about 850 pm and an inner diameter of




i ntroduction of a nonsolvent-additive for making the 10 - desirabl e hol | ow

fibers wth inproved perneability and SPTFeEet . iows the
coagul ati on process to occur at an extr pref!$ SHEBT dASIBEENMINd prevent s
formati on of |arge unseal abl e surfage plres did 4Hidk ski Flayer. The
choi ce of the coagul ation value is determ ned by the_precipitation

15 val ues of0Gomsol VEme -petiadhid iniesc ofgbeddunangarhen dioxidfeeractions
of pol ynmer/sol vent/ nonsol vent-additive. , the %issolving power

Usual | y
of sol vent syoxegienocand nitrogep|and thedn ddeal, FeRaratiers tAGERERy ner
concentration due to,interactions, of I r.and the constituents of
The 20 " sol vekREsye: b RLFTOSN g AdkPrame, &y BSE aRigBEEERlre
val ues are dif ent for different solvent tens, .and ey depend
on the inter aé%'fg‘%ﬁrﬁﬂ?ﬁrﬁge% Bt he I’?’aear'ﬁ’tﬁ;\{ss ate ?Q‘gt%gmigha'agg‘gy#ér, whi ch
A

S concen%ration dependent . hi gher coagul ati on val ue is expected

for the systemwith a 25 stronger interaction paraneter conpared to that
with the weaker interaction paranmeter concentration-dependence even
if the polymer dopes are close to the p&ﬁgﬁgi ation point at
relatively high polyner concentration. n maki ng
10 1 Air-gap Permeability, GPU Ideal separation factorfw
{cm) ™ Joz  Jo2 i __He/N, ZJQEL_w,f§£EL4
15 190.7 S56.2 13.0 2.10 90.8 26.7 6.19 §
10 205.0 61.8 14.3 2.24 91.5 27.5 €.89 |
5 171.1 54.1 13.0 2.20 77.8  24.6 5.91
|
e mm— : SR
15
1 GPU = 1x10°° em® (STP) /cm?-cuHg-s
EXAMPL.E 4
20 A polymer dope was prepared by dissolving

polyethersulfone (RADEL) A-300) in a solvent mixture of N-
methyl-2-pyrrolidone and water (as a nonsolvent-additive)
having a mass ratioc of solvent/nonsolvent-additive of
8.38/1. The polymer concentration was 27 wt%. This

25 polymer dope had a coagulation value of 3 g and viscosity
of 13266 cp at 25°C, Hollow fibers were prepared using the
spinnerette with orifice diameter/inner diameter of the
tube of 1.0/0.21 mm and at air-gap lengths of 15 cm, 10 ¢m
and 5 com, respectively. The resulting hollow fibers have

30 an outer diameter of about 850 um and an inner diawmeter of
500 pum. The permeabilities of helium, carbon dioxide,
oxygen and nitrogen and their ideal separation factors

relative to nitrogen were determined at 50°C and pressure

This Sheet Has Been R a
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pol yet hersul fone hollow fibers in accordance with this I nvention a

typi cal pol yner dope has a coagul ati on val ue within the range of
25-35% (Gv)[err] C (Cis polyner concentration in weight). 5

Anot her inportant factor which controls tBe rates of gel ati on and
desol vation during the we aqul ation _progcess 0 s the I :
mscibility cﬁlﬁm%r%‘éﬂ’?/e?l% é&ﬁ%‘m zLH{? F%@“igs aggagul tgnr\g%%i%oﬁﬁol vent s
for a given polyner can be used as coagul ant. Water is favorable from
econonmi ¢ and 10 envi ronnment al vi ewpoi nts. Therefore, the solvent and
nonsol vent-addi tive sel ected nust be easily dissolved in wat er. When
the nascent hollow fiber is inmmersed into a wat er bat h, quick

coagul ation and fiber solidification occur. 15 The
tenperature of water bath can be varied from0C 100[err] C,

preferablg the tenperature is from20[err] to 50[err]C.

TABLE § )
Permeability, GPU Ideal separation factor |
e © Yoo - He/N, wlg%ymk ‘
1926.4 74.2 17.0 22.4
i0 220.5 80.4 18.7 58.8 21.4

223.7 88.6 19.6 62.5 24.7

1 GPU = 1xX10™° o’ (STP)/cwé-cmHg-s
s
EXAMPLE §

A polymer dope was prepared by dissolving
polyethersulfone (RADEL A-300) in a solvent mixture of N-
methyl-2-pyrrolidone and ethanol (as a nonsolvent-additive)

20 having a mass ratio of solvent/nonsolvent-additive of
2.29/1. The polymer concentration was 27 wt¥%. This
polymer dope had a coagulation value of 1.5 g and viscosity
of 2767 cﬁ at 25°C. The hollow fibers were prepared using
the spinnerette with orifice diameter/inner diameter of the

25 tube of 0.6/0.15mm and at air-gap lengthe of 10 cm, 5 cm
and 2 cm, respectively. The resulting hollow fibers have
an outer diameter of about 575 pm and an inner diameter of
300 uwm. The permeabilities of helium, carbon dioxide,
oxygen and nitrogen and their ideal separation factors

30 relative teo nitrogen were determined at 25°C and pressure




The nost favorable tenperature is roomtenperature. Sol vent and/ or

nonsol vent -addi tive remai ning after the fi ber | eaves the water bath
is washed away by a water spray. 20 at roomtenperature The washi ng
period is at least 3 days, prefer atﬁﬁy 3 or 4 days. Af ter

t he hol l ow fi bBer has been drj ed, |t nmust oat ed W ghl y

per neabl e nefidffarengesef| 5t herhi gThe res‘bﬁ?%% qciﬁ' |1t?er.1ta&}ref ace

Wt hout such a coating, the 25 fiber will not have the desired hi gh
separation factor. One of the coating materials is silicone rubber

( SYLGARD- 184 (pol ydi net hyl si |l oxane), Dow Corning). Concentrations

of coating solutions vary from1l to 10wt % preferably about

2- 6Wt % . The holl ow fibers of the present invention are

suitable for use in nenbranes for separating oxygen and ni trogen from
air, heligum hydrogen and carbon di oxide from

7

10

1 GPU = 1x10°° om® (STP) /om®-cmBg-8
18

EXAMPLE 6
A polymer dope was prepared by dissolving
polyethersulfone (RADEL A-300) ‘in a scolvent mixture of N-
20 wmethyl-2-pyrrolidone, water and ethanol having a mass ratio
of N-methyl-2-pyrrolidone/ water/ethanol of 8.7/1/1. The
polymer concentration was 28.4 wt¥. This polymer dope had
a coagulation value of 3 g and viscosity of 17009 ¢p at
25°C. The hollow fibers were prepared using the
25 spinnerette with orifice diameter/immer diameter of the
tube of 0.6/0.15 mm and an air-gap length of 5 c¢m. The
resulting hollow fibers have an outer diameter of about 600
um and an inner diameter of 310 um. The permeabilities of
helium, carbon dioxide, oxygen and nitrogen and their jideal
30 separation factors relative to nitrogen were determined at

50°C and pressure difference of 5§ bar. The results are




5 ni trogen, and net hane. - GENERAL NMATERI ALS AND

METHODS Any neans for forming a hollow fiber fromthe polyner
dope can be enployed. A preferred hollow fiber formng 10 neans is a
tube-in-orifice spinnerette. Al of th&7holl ow fibers prepared in
the exanpl es bel ow were nade by the dry- wet spinning process. The
nmass rati o EivRIRSHL V e 7. additive to solvent in the polyner dope was
det erm ned u5|ng Eqn (D) foraaéﬂﬂﬁﬁhfoagulatlon value The nlxture
15  of solv-- and._.non e—=a

cal cul at ed
4800P or RAMj
t he pol yner
Polyethessuu
tenperature M
f or med.

i ntroduced i

T PleyiiR t he{ Sdeiain e@ﬁhﬁﬁﬁk@e tor
: SS%&gS’ggpwa etdqen ?bllz]iggédpletr:?rz tﬁl s Ilﬂﬁﬂ?‘i Qs ANL {ﬁ:]gaéﬂe

g dof |

pol ymer dope
4 filtered and

Lo A

1 GPU = 1x10°° cm® (STP)/cm*-cmHg-8
10




25 environment. |In order to prevent concentration change of each
conponent in the pol yner dope during the vacuum -------degassi ng process,

t he dope was degassed by a still nmethod. - The kept in
the solution tank for 48 hours 28 lmmmﬂl “mmm 20
before use. During the nenbrane spinning process, t ¢ Lpokyner dope was

extruded thr CLBAME spinnerette while tap wat er was si nul taneously
injected into the fiber [unmen. The spinnerette is a single hole

tube-in-ori fWeeCl@d® The 5 tenperatures of the spinnerette and tap water
wer e mai nt ai ned at roomtenperature (24-26 [err]QC). e spijinerette
was arranged suchlt-haft PROCRSEF| f‘i“%’éingva%ne?? {4 ho%qi’%%?ﬁl

downwards into the coa ulatgon bath. The nascent fiber passed through
an air gap ofePPEEEfe &d8LH8: | ength before entering the coagul ation

oLl NS (o) g BB ErHER SRS SR Wy ik oo
as the initi gy1Ptde' Y0 etAvative thBee8e! ! Q614 0851¥88:, by dissolving
said polyether sulfone or derivative thereof in said .
gsolvent and said non-solvent additive, wherein said polymer
dope ig close to the precipitation point and has a
10 viscosity of 5000 to 50,000 centipoises at 25 °C;
(k) forming a nascent'holiow fiber from said polymer
dope;
{c) passing said nascent hollow fiber through'an air
gap; and
18 (d) coagulating the nascent hollow fiber in a

coagulation medium to form a hollow fiber membrane.

2. The process of claim 1, which further comprises:
(e) desolvating the hollow fiber membranes in the
20 coagulation wmedium;
(£) optiocnally treating the hollow fiber membrane with
an organic non-solvent;
(g} drying the hollow fiber membranes; and
{h} coating the dried hollow fiber membranes with a

25 coating solution.

3. The process of claim 1, wherein the non-solvent

additive is a polar compound that is licquid at room




washed with a water spray for up to 3 days and then rermved 15 )
wat er bath and dried at roomtenperature. Each of \!@m

test cells consisted of six to twenty hollow1f|ber

| ength. The holl ow fibers were coat?® with a sol utisn %oﬁtalnlng 3wt %
SYLGARD- 184 and n- pentane. 20 Menbrane Gas Perneation Test

Two hol | ow f FBEPEEBENYe| | s were nade for each sanpl e. The hol | ow
fiber test cells were placed in a pressure vessel and imersed in a
wat er bath at a controlled tenperature The perneation rates of pure

hel i b 2 opdl
a'?rr;)gg]hefﬁtr: o 2p eg.gg)r(gggcggég%% errper a't u‘sr;% Si nﬁﬁg%?}”ﬁ%[‘?eé} gi t al
flowneter. TadReaselie dehbeteACEran’ oas #&ﬁ%ﬁ%ﬂﬁ@ of a 085 kept

at 5 bar. The perneab ty was ca at ed
8 alcohol, water, a mlxture of C,-C, alcohols and a mixture of

at least one C,-C, alcohol and water..

5. The process of claim 1, wherein the polymer dope
comprises polyether sulfone.

10
6. The process of claim §, wherein the non-golvent
additive is selected from the group consisting of a C,=C,
alcohol, water, a mixture of ¢,-C, alcchols and a mixture of
at least onme C,-C; alcohol and water.
15

7. The process of claim 1, wherein the sclvent is N-

methyl-2-pyrrolidone or N,N-diwethylacetamide.

8. The process of claim 5, wherein the solvent is N-

20  wethyl-2-pyrrolidone or N,N-dimethylacetamide.

9. The process of claim 6, wherein the solvent is N-

wmethyl-2-pyrrolidone or N,N-dimethylacetamide.

25 10. The process of claim 1, wherein the polymer dope
has a coagulation value of 1 to 3 grams for water by the

addition of the non-solvent additive.




21 - (Z)the equat i on: [err] 5 "her e Q[errl”llﬂlHlMlm%mlmmat i on
flowrate (nmeasured usi ng volume flow neter) in*SFP)Ls of pur« gas
i; nis the nunber of hollow fiber$% n the cell; ODis the outside

di aneter of the hollow fiber | LSt Length.of Lh X
i ber in om o b aie Finedhd BF i by weafede. chooboixmer aiPenc |
bar. Th i pt i t j . Th
aoal | Separ abtBri SRrTLAEIEH RS OF £ W0 & qrame REE RRLEIER ORE [0°

per meabi | i Fyaéﬁﬂtwﬁ of the fbhd RNy 15 [err]

The followi ng exanples are for ilTustrative purposes only and do not
limt the scope of the invention. EXAMPLE
1 20 A pol yner dope was prepared by dissol ving pol yet her sul f one
(VITREX[grr] 4809F) ivThe pebyess Of Xi1ldin o, Wherein vt pdlytedy 'ddild done
and water (as a nonsolvent-additive) havi ng a nass rati o of

sol vent / nonshaseat codgulavtonfvalue off. Bd .3 hmanpo|forewaterc oyt tHe on i s
29.4 wt% This 25 pol ymer dope had a coagul ati on value of 3 g and
viscosity additiabni6f7ebecpontsobyent |@idiwivenw fibers were prepared
using the
13. The process of ¢laim 1, wherein the non-solvent
10 additive is selected from the group conesisting of ethanol,

water, and a wmixture of ethanol and water.

14. The process of claim 5, wherein the non-scolvent
additive is selected from the group consisting of ethanol,

18 water, and a mixture of ethancl and water.

15. The process of claim 7, wherein the non-solvent
additive is selected from the group congisting of ethanol,

water, and a wmixture of ethanol and water.

20
16. The process of claim 13, wherein the non-solvent
additive is selected from the group consisting of ethanol,
water, and a mixture of ethanol and water.
25 17. The process of ¢laim 1, wherein the coagulation

medium is water.

18. The process of ¢laim 1, wherein the hollow fiber-




spinnerette wth orifice dianmeter/inner dianeter of
2.0/0.8 mmat different air-gap |lengths. The ml "IH“I}”H' T“rbers
have an outer dianmeter of about 1800 3 [err] n1an art | mneh d$ amet er of

1200 [err]m The perneabilities of 1hellum car bon di oxi de, oxygen
and ni trogen and .t hei eal e
22 sepalfﬁl gL 351%3%' eFa'F P‘:‘/’g %]3 ﬁFFF]é%%n et%%? n?:crt%dwater is
tenperature %%5& I%Hésﬁ%%eﬂtfﬁsmaﬁefiﬁeé Hi'the no1To@ results
are given in“Table decreasing air-gap | ength, the pernmeability
only di m ni shgge 'wté:ébrudﬂaemisamal kpinhébetsa exhi bit higher
perneabi lity and i deal separation factors than those prepared fromthe
sol vent system cont ai ni ng propionic acid and N-nethyl-2-pyrrolidone

5 19. The process of c¢laim 2, wherein said coating

solution comprises polydimethylsiloxane and n-pentane.

20. A hollow fiber membrane prepared by the process
of claim 1.
10

21. A hollow fiber membrane prepared by the process

of claim 2.

22. A hollow fiber membrane prepared by the process
15 of claim 13.

23. A polymer dope comprising polyether sulfone or a
derivative thereof, N-methyl-2-pyrrolidone or N,N-
dimethylacetamide, and a non-solvent additive selected from

20 the group consisting of a C,~C, alcohol, water, a mixture of
C,-C, alcohols and a wmixture of at least one C,-C, alcohol

and water.

24. The polymer dope of claim 23 comprising polyether
25 sulfone, N-methyl-2-pyrrolidone and a mixture of ethanol

and water as the non-solvent additive.




according to the U S. Pat. No. 4,871,494. Al though the sanme sol vent
and coagul ant have been chosen for the 10 preparation of the

pol yet her sul fone hol | ow fi ber nmenbranes in the present invention.
Exanple 1 clearly denonstrates t he %dvantage of using water as
nonsol vent - addi ti ve. AB T§£é§LE 2 15 Air-gap
Perneability. GPU | deal separation ftactor | ength, cm

J J J
[er r] [286 r] ggr gﬂ&l%ﬁ&ié%l%ﬂ:%d\ﬂﬁéﬂ defde?r "ahéiN[iéirélogﬁéﬁt] 6l ﬁfﬁbesigs

194 4 81.0 r1n as{ﬁhetrlc lyetherBul fafie hollow f@ber 100.0
783171315 &é& g %3, - - 13.1*

1 GPU = 1x1Ghenbtarxesd efds:} éﬁ' I%épznfaa:r:lrc]n Giddg ddisclo=el. U. S. ‘Pat . No.
4,871,494 25 EXAMPLE 2

Thr ee saapl epobyethyrsulfont ibIlaw fHibere memtsanesnwhich exhdbiitw fi bers
were prepared by the same process descri bed in Exanple 1 with an

air-gap | engitpuéved gae parueabilily andiseledtiyity hawef beens were stored

in water for about si x nmonths and then i mrersed in nethanol (MeOH),

et hanol rroducesd) fuow 2-fewpalated pakymer dopspeontadmingo-t he t hree

methyl-2-pyrrolidone (NMP) and suitable nonsolvent-
_ additives (NSA). The nonsolvent-additives are water and
10 the mixture of ethanol and water. The dopes were tailored
to be close to the point of phase =zeparation, and have
moderate polymer concentration with moderate viscosity.
The hollow fibexrs were spun by the dry-wet phase inversion
processes using water as both the intermal and external
is coagulant. The dried hollow fibers are then coated with
silicone rubber, a highly permeable material and the coated
hollow fiber wembranes exhibit excellent permeability and
selectivity compared to those of the state-of-the-art
polyethersulfone membranes.

20
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23’ sanpl es prepared, for 30 mnutes., _and then in n- pént ane for 10

m-nutes. The treated hol{fow ||uer T ried at 1 Favure and
coated using 3 vvt%coatiga“%%ﬁ %WE BPCERI ﬁ’ermaabi E?LAQEME&W Bl
separation factors were et_e_r_____________—_—_—_u&i ng He, err], (Jerr] {and

N err] at 25[err]C,. and The pressure differenc op§31|9@r1997l'h<= Nesults
are shown in Table 3. The hollow fibhers treatlieq using ali phati d

al cohol s and n- pent ane exhibit relatively hilg TIVvity,
particularly as to the separation factor of (Qerr] and Nerr].. 10
TABLE 3 Perneability, GPU | deal separation
factor used[ &re rjolar liglfidsr aid mixtures thereoff, Pidfenred nonsolvert-additives] are
CJerr]/Nerr] derr]/Nerr] MeOH 135.5 45.0 8.6 1.06
127.8 42. Swater and &n@ar C, C, aldoh&k! Most prefdired as3the Qlonscﬁv&t-a@dlﬁ%s are140. 8
43. 4 8.0 Pr CH 135.0 42.6 8.3 1.03 130. 41. 4

E.X,%J\/PL Elg 20 water and %th%ﬁa Or, algﬁ%%rthlre&q{ ﬁ/flgcllures(o§ JP‘%{ s%meﬁ{ 54&&6@5%?1 be

Oopé Wds' prepare di'ssol'ving

binary or ternary mixtures. The mixture of solvent and nonsolvent-additive is
5 capable of dissolving a suitable concentration of polymer, and is easily
evaporated during the drying process and rapid desolvation during the coagulation
step. When these hollow fibers were coated with a highly permeable material
such as silicone rubber, the hollow fibers exhibit improved permeability and
separation factor in comparison with those of state-of-the-art polyethersulfone

10  membranes.

Advantages of this inventioﬁ are as follows: the process of the invention has
excellent reproducibility; it is an economic process allowing production of
reliable hollow fibers in large quantities; the material for making the membranes
is commercially available and has excellent seleétivity as well as thermal and
15 mechanical stability; the nonsolvent-additives used are common and exhibit little

toxicity.

The hollow fibers formed by the process of this invention have thin outer and
inner skin layers supported by an interconnected microporous sublayer witﬁ very
little resistance to gas flow. The hollow fiber membranes with a range of
20  "sponge-like" to "finger-like" sublayer structure could be fabricated by selecting

a suitable nonsolvent-additive. A change of nonsolvent-additive resulted in the

This Sheet Has Been Replaced
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‘pol yet her sul fone (RADEL A-300) in a solvent mxture of N

met hyl - 2-pyrrol i done and water (as a nonsol vent - addifti-y; ),w P
mass ratio of sol T HonSo] ven.__-ﬂd itive of 25 RF ACEMENT. SEE
concentration was Fg?“@ iDp! HARPSE pol ymer dope Had a coagul at
value of 3 g and Vi s

wer e prepared using the

4

cosPEYEACED  of 19633 cp at 30[ drr] Co BHolil 0wl i

spinnerette with orifijcg dianeter/inn

i om
he
er

di aneter of the tube of 1.0/0.21 nmand at ai rk gap—tengrns of

10 cm 30 and 5 cm respectively. The resulting hiol | ow fibers hav

19

an outer dianeter of about 850 [err]m and an inner dianeter of

24 500 [e

oxygen and nit ;‘)éiél?n(’f;ﬂr@s@ﬁéel r iqéée. élﬁgggélgﬁék%c&gingg s g{()% ipge%ise

10

15

20

in the determination of concentration of nonsolvent-additive in the polymer
dope. A nonsolvent-additive with a higher precipitation value can be
introduced in a higher concentration in the polymer dope. According to

Eqgn. (1), the maximum mass ratio of nonsolvent-additive to solvent

(Ry/s)max 1s the value when the coagulation value is zero. A mass ratio of

nonsolvent-additive to solvent in the range of 0- (R,/)max May be required

to achieve the desirable composition for a given coagulation value. The
mass ratio of nonsolvent-additive to solvent in the polymer dope can be
determined using .eqn. (1) for a desirable coagulation value. The choice of
the coagulation value depends on the precipitation value (PV) of the
additive, temperature and interaction of the polymer-solvent-nonsolvent
additive system. For C, - C, aliphatic alcohols the PV values are quite
similar; the desirable coagulation values are between 0.5 - 1.5g; and the
mass ratio of nonsolvent additive to solvent are in the range of 0.47 - 0.37.
The polymer concentration of the polymer dope must be sufficiently
high fo produce the hollow fiber membranes with dense surface separating
layer and good mechanical support layer for gas separation. A polymer
concentration of about 25%-50% by 'weight in the dope may be needed

to achieve the resulting membranes with desirable separation

This Sheet Has Been Replaced
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rel ative to nitrogen were determ ned at S0[err] C and pressure
difference of 5 bar. The results are given in TAble 4.

TABLE 4 Air-gap Perneability, GPU | deal separati on fact or
(cm Jlerr] J[err] J[err] — He/Mperr]
CJerr]/Nerr] Qerr]/Nerr] 15 190. R@@LA FAELOT é,;f ET

90. 8 26. 7 6. 19 10 28%5.0 61.6 14.|3 224 27.S
6. 89 5 171.1 54.1 13;0 2.20 77:8 {24

1 GPU = 1x10[err] cmerr] (STP)/cnferr]-cMig-s 25JUE 1%7
EXAMPLE 4 20 A pol yner dope mg red by di slsol-ving

pol yet hersul fone (RADEL A-300) in a so venteﬁ?n xture N-

met hyl - 2- pyrrol i done and water (as a nonsol vent - addi t +ve) traviTyg— a
mass rati o of sol vent/nonsol vent-additive of 8.38/1. The pol yner

concentration was 27 ww% This 25 polynmer dope had a coagul ation val ue of
3 g and vi scosi EﬁMﬁ [p% - re
prepared using PI!GHLYP nnere?te ’f]h or| ceﬁg”l ane ﬂeﬁfﬁdi anet

of the

10

15

er

t ube of 1. 0/0 21 Eg% a Ienﬁ)hs of 15 cm 10 cm

Formulation polymer dopes and development of processes for preparing asymmetric
polyethersulfone hollow fiber membranes for gas separation are disclosed.
Polyethersulfone hollow fiber membranes which exhibit improved gas permeability and
selectivity have been produced from a formulated polymer dope containing N-methyl-2-
pyrrolidone (NMP) and suitable nonsolvent-additives (NSA). The nonsolvent-additives
are water and the mixture of ethanol and water. The dopes were tailored to be close to
the point of phase separation, and have moderate polymer concentration with moderate
viscosity. The hollow fibers were spun by the dry-wet phase inversion processes using
water as both the internal and external coagulant. The dried hollow fibers are then
coated with silicone rubber, a highly permeable material and the coated hollow fiber
membranes exhibit excellent permeability and selectivity compared to those of the state-

of-the-art polyethersulfone membranes.



and 5 cm respectively, The resulting. hollow fibers have 30 an outer”

dlaneier of about 850 [err]n1and an inner dianeter of 500 [err]m The
permeabi lities of helium carbon di oxi de, -oxygen and nitrogen and
their ideal separation factors relative to, nitrogen were determn ned
at 50[err]C and pressure .o 25
difference of 5 bar. The results are given in Table 5. 5
TABLE 5 Air-gap Pernmeability, GPU | deal separation
fact or (cmy - Jlerr] J[err] J[eirr] Jerr] " He/N[err]
CJerr]/Nerr] gerr]/Nerr] *196.4 74.9 17.0 3.35
58.3 22.4 5.07 10 10 220 5 80.4 18.7. 3.75 . 58.8
21. 4 5. 00 EIGELY PERMEARLE POLYETHERSULHGHESHORLOY 3 53 62°5. 24.7
5.60 FIBER MEMBRANES FOR GAS SEPARATION

5 . BACKGROUND OF THE INVENTION

Y . sris

Thie invention relates to polyethersulfone asymmetyic

hollow fibers with improved gae permesbility and

10 - salectivity. In another aspect, the invention :r;elates to
formulat:ng'polymer'dqpes containing the polymer, an

— . organic sclvent, and a suitsble additive that is a polax

conpomd ("nonsolvent—addiﬁve"}. . . Polymer dopeg of the
‘invention have modexate po_lymer concentrations and

15 -vidcosities aw well as low coagulation valves. In yet
anothex aspect, -the inventicn relates to the prodess of
producing asymmetric hollow £ibers for gas separation.

1) e} . ed )

20 ' ﬁeﬁe:énces of the scientific periodical and patent
literature are gited throughout this specification. Each
such literature reference is hexeby incorporated in .its
entirety by such citation.

' There ave three key patameters -that determine tha
25 - commexciul viahdlity-of & wenibxane for gas separatiqn: The
N firgt ie its aeparation fact:or towarde the gases to be
‘separated and this directly controls the degree of the
geparation and:indirectly determines the weubrane area
Yequirement. The second pavawetei is meubrane permeation
30 flux vhich iuply dictates the wenbrane area rdguirement.
The third is the working life of wewbrane. The separation
factor depends mainly on the weubrsne waterisla. It has
" been shown that polyethergulfone exhibits superior
selectivity cotpared to polysulfone and cellulose acetate
which have been used to produce commercial -gas geparation .
wewbranes.  TPolyethexrsulfones also have good thermal
resigtance end wechenical strength, hut display only -

35



1 GPYU,= 1x1Q[erc]. cnjecsr] (STP)/cnfert]-cmHg-s 15 e
EXAMRLE 5 A pol yner dope was prepared by dissolving
pol yet hersul fone (RADEL A-300) in a solvent mxture of N

met hyl - 2- pyrrol i done and ethanol (as a nonsolvent-additive) 20 having a
mass rati-o of sol vent/nonsol vent-additive of 2.29/1. The pol yner
concentration was 27 wt% This pol yner dope had a coagul ati on val ue
of 1.5 g and viscosity - - of 2767 cp at 25[err]C. The hollow fibers were
prepared usi ng the spinnerette with &ifice dianeter/i nner di anet er

of the t ube 6/01 dat alr- | engt of 10 50

and 2 cm respec'?? & ?ﬁﬁm IYng %"hg{} %]ter

di aneter of abouRo Msﬁmm Suitabl%(ﬁpl{ errlm

Thg pﬁr n'eabld | i It Iﬁmﬁtﬁﬁhl apﬂmﬂaeasdi@wuiefabriaauaaxbﬁeehwctdﬂyh@szgen
o v o oS00 kg g i St 1|8l
S perméan te through a dense polymer tiswbrane is
roperticnal to the preegure difference acroes the
wenbrane, ita wewbrane area snd the pemeahility
coefficient of the wembrane material, and 1mreree1y
proportional to the wenbrsne geparating layer thickness.
10 Of these.paxaweters, the pemabilii:y caeffiaient. depends
on the nature of polymer material; and pressure difference
~— is the operating candition.. The goal in wmadbrane making is
therefare, to-preparé wembranes.with an ultrathin
_separacing layer and; euhaucement of wmewbrane area and
is mechanical st:rengl:h
: To prcwide maxiuum membme area and winimum
separating layer thickness, ‘asymmetriac hollow fiber
wewbranes are the favorite cholces. Hollow fiber merbranes
" which can provide the waxisum area per unit packing volume
20 4is the wost inportant wewmbrane configura.tion. A process
. for producing aaymne.tric hollow fibexs typicmlly inc].udes
the following dtepe: (1} formulating a polywer dope; (2)
extruding frow the orifice of a tube-in~crifice spimmerette
suitable for foraing a hollow fiber configuration; (3)
25 weanwhilae, an interpsl coggulant (& nonsolvent for polymex)
- ' is :Lnjected into the tube of the epimmerette in oxder to
maintain'the bore configuration; (4) the nascent hollow
fiber paases thrau.gh an airv-gapr (5) the hollow £ibers are
jmmersed into the coagulaticn bath 0 as to leach out the
30 eolvent or additive iun the nascent fibers to produce an
' asywnetric structure by forming a thin dense skin supported
by a thick and more porous sublayer; (6) removing the
fibers from tha cozgnlation bath; aud (7) drying of the
fibexs.
Asyumetzic membranes have good paes.tbility in forwming
very thin eeparating layers. The wethad for producing thisg
kind of wembrane by the phase invereion process was fivst

a5



26 _.. .. difference of..5 bar. The results are given in Table 6. e

TABLE' 6 Air-gap Perneability, GPU | deal separation
fact or (cm Jlerr] J[err] J[err] J[err] .

He/ N[ err] CQerr]/N[err] Qerr]/N[err] 10 . 10 79.1 45.4
5.3 0.74 107 - 7. 5 97.0 45.9 6.7
1. 37 70.8 33.5 4. 9 24 110.0 60.4 9.0 2.55

43.1 23.7 3.5 1 1 1
(STP)/cnf err] - cFth-"d<p". The vseful ac"d" z 39“5‘{ bt nid%riﬁ%(ﬂﬁﬁﬁ“%t

A pol ymer dope lmmee hitep Gutgan yaaticpsokvimgber (AN) pofyé‘lhﬂifsﬁ.ﬁ:f amal @RADEL
A-300) in a sol yefts Hel ¢reéqRén sh&@te (@ﬁ)h)df&

g]'E hg.n(;} 1/hiw| n_glg_ha .Mass %If"gnﬁ ” ’ ‘ﬁ g’}st% 2 I :Aggn érh:/vgt (;?&/ et hanol
dope had S The aolubility parametexrs of useful 8.0158 have been found
to have values of 12<4<12.S cal%Sfau™S, - The polymer dape
has a high polywer concentration (3Swt¥-40wtt), high
viescosity (5100,00099) and a low coagulation value
(0<@r<i.Sg) . A suiteble choice of acid (e.g. prapicuic
10 acid) xvesults i the hollow £ihers exhzl.biting high
-permeabilities end good potential for high separat:ian
factors. The development of this kind of wenbrane has led
" to the production of t:he commerclal gas saparator Perue-~c.
' U.8. Pat. 4,992,221 lseuéd to Malon et al. discloses a

15 process for preparing asymuetric polymers hollow £ibars
with improved separation factor and mechanical strength.

The mewbranes ware produced from a procese utilizing
menbrane forming dopes. of solveut systews formlated £rom
two nomsolvents and one solvent. The nongolvents were
20 chosen according to the nonsolvent streumgth, i.e. ane
' ai:.:‘:ong‘ nonsolvent and one weak nonsolvent which wewe -
cowbined with solvent in an acid:base camplex golvent
system. A strong nonsolvent is defined as one having a
88 (BnosncrvensFpotywec) 2 6 calfcnd5. A weak nonsolvent is
25 defined as one with a Aé<€ ¢al?-s/om<s-
Pi:anau et al. (U.S. Pat. No. 4,.902,422) discloaes &
o proceegs to prepare "defect~free® agymmetric flat-gheet _
mewbranes by the dry/wet phase inversion process. " Highly
perueshle asymmetric menbranes were prepared by selecting
30 suitable polymer dopes and coagulante as well as
controlling conditions of the arying process g0 as to form
. & dense gkln separating. layer.
" It is kunown in the art to make polyetheérsulfane hollow
fiber gas separation wewbranes from 1:1 molar wnixtures of
35 N-wmethyl-2-pyrrolidone (NMP): proprionic acid, a Lewis
. acid:base complex and high polywer concentration. Such a
procees has been patented (U.8. Pat. Wo. 4,871,494Y.
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a ceagul-ation-value.o&-3 g and viseoesity of 17009 cp at. 25C. The' -~
hol | ow fibers were prepared using the 25 spi nnerette with orifice -

di aneter/inner dianmeter of the tube of 0.6/0.15 nm and an air-gap

| ength of 5 cm The resul ting hol | ow f.i bers have an outer diameter of
about 600 [err]m and an inner dianmeter of 310 [err}m The .
perneabilities of ' hel i um carbon di oxi de, oxygen and nitrogen and
their ideal 30 separation factors rel ayive to. nitrogen were determn ned
at 50[err]C and pressure difference of 5 bar. The results are

27 given in Table 7. : ‘TABLE 7

Al r-ga Permeabil jty, | de ti nfa e c
Jler ?] g J[ er r ] UseY[HE ,PPial'ﬁ[-%lﬂ él?quoSfCEf '@?ﬂeﬁl\ff@ﬁ? ent—a&lgjrvpf PR (er;?
5 196. 0 812 17.6 3.65 . 540 :

1 GPU = 1x10[ ewafer end dinedr CSTE) Alsahals rMoet'rmgfemd as the nonsolvent-addmves are

water and ethanol or a mixture theteof. M;xtures of nonsolvent-addltives canbe
bmary or temary mixtures. The mixture of solvent and nonsolventsaddxtive is
S eapable of dlssolving a suttable concentration of polymer, and is easﬂy
evaporated during the- drymg process and rapxd desolvation during the coaglﬂauon
v ~ step. When these hollow ﬁbcrs_were coawd with a highly peuneable material |
such as silicone rubber, the hollow fibers exhibit 1mproved permeability and
separation factor. n ;iomparison with those of s.tate—of-'the-art polyethersulfone
10 mibrines, | ‘
_Advamages of this ihvenﬁon are as follows: the process of.the invention has
excellent rcprodu.ciﬁi_lity; it is an ecogon:;ic process é'ﬂlowing production of
reliable bollow fibers in large quantities; the material for making the membranes
is commereially available and has excellent selectivity as well as thermal and

15  mechanical stability; the nonsolvent-additives used are common aud exhiﬁit little .

toxicity.

'fhe hollow fibers formed b.y" the process of this 'invepﬁon have thin outer anﬁ
inner skin layers suppo'rted by an intereconnected microporous siﬂ.)laycr with very
little resistance to gas flow. The hollow fiber membranes with a range of
20  "sponge-like" to “ﬁngcr-'liice" sublayer structure could be fabricated by selecting

a suitable nonsolvent-additive. A change of nonsolwfent—additive resulted in the

AMENDED GHEET



10-v. .o« cvivn -CLAINGS Ve d ai-m- 1. A process for makiag:-an

asymretric hollow fi ber menbrane conprising: 5 (a) producing a
pol ymer dope conprising a pol yether: sul fone or derivative thereof, and
a solvent, by dissolving sai d pol yether sul fone or. derivative thereof
in said sol vent and sai d non-sol vent additive, wherein sai.d pol yner
dope i5 close to the precipitation point and has a 10 viscosity of 5000
to 50,000 centipoises at 25 [err]C, - (b) form ng a nascent holl ow
fiber fromsaid polyner , dope; 9 .(c) passing said nascent

hol | ow fi ber t QQnQEé p:eaentgap’ and 15 (d) coagul ating the
nascent hol | ow r

'J.'he nost p::eferred polyner ia underivatized
ioolyethemxlﬁone, that 1§, the cowpound of formula (1)
Whevein.bioth of R and R¢ ave sbsemt, This polymer is
' § commercimlly availsble as VIIREX® (I.C.I. America, Ihé.s
| and RADEL (Amoco Performance Products, Inc.).
) fol&ekhsrsulfone‘haa.auperiof'eelédttvity for aapéxating
. ~ oxygen fromnitmgan (Eamya et al... a. Menbrane 8ai.,
— 71(2992)13) aud sqparating‘helium, hydrogen #md carbon

19 dioad.de £xom n:l.t::ogen and methane (Rumagzavwa et al., J.

. 'Polym. 8014, Part Bt Edlymer-Ehya;as. 31(1993)881; Chion et:
al., J. Appl. Polym. Sci:, 32(1967)1823; Wang et al., J.
Mewbrane Soi,., 105(1995)89). It also hag good thermal
:.':eEistanc;e (T,~220%C) and wechanical stability (Harris et

186 al., Encyclopedin of Polymer Sci. and Eng., Polyaulﬁone.
‘ﬂiley. New York,' 13(1.988)203). '

_ B;unique aspect of this inwentian wada the xeallzation
of the iwportance’ of choice of nonaalvent-additiva in
. Producing hgllawufibex'memhranaa-hy the dry/wet phase
- 20 inversion process. In eelect:ing a mnaolvent—additive, it
ig of primaxy-impomtance to salect one with,gcod wutual
. affinlty-with solvent and coagulent., A gaod noneolvent-
additive ¢hould aleo have a eultable volatility in arder.te
H evaporate upon an exposure on the nagcent mewbrzme surfage

25 €0 as ﬁo.lhcrehse polywer coientration during the dry

process; pavticularly if the solvent vsed has a Low
_ volatility. The formetion of hydrogen~-bond aom@lemaa'gf'
solvent and nopsolvent-additive is favorahle to increase



coagu)_atj.on nedium.ta.torma hol l.ow-fi ber nenbrane. 2. Fhe-

process of claim11, which further conprises: . (e) desolvating the
hol | ow fi ber nmenmbranes in the 20 coagul ation nmedi um ()
optionally treating the hollow fiber nenbrane with ' an organic

non- sol vent ; (g) drying the 'hollow fiber nenbranes; and

(h) coating the dried hollow fiber nmenbrgnes with a 25 coating sol ution.

3. The process of claim1, wherein the non-sotvent . additive is a
pol ar conpound that is-liquid at room tenperat ure.

4. The process of claim1, wherein the non-sol vent additive is

selected fromthe group consisting of a (Jerr]-Cferr] 5 alcohol, water,

a mxture of C[ qaide‘o?ﬁn%_lv@ﬂﬁﬁhﬂé ﬁol?ﬂﬂrl@ol%ﬁf%y&&n%ﬁned is more precise
| in the determination of concentration of nonsolvent-additive in the p-olymer

dope. A nonsolvent-additive with ‘a-higher precipitation’ value can be

introduced in a higher concentration in the polymer dope. According to

(R,/edmax is the value when the coagulation value is zero. A mass ratio ‘of
nénsolvent—addiﬁve to solvent in the range of 0~ (Ry/dpax My e required

to achieve the desirable composition for a given coagulatioﬁ value, The

mass ratio of nonsolvent-additive to solvent m the polymer dope can be

10 . determined usmg eqn.. (1) for a desirable coagulation value. The choice of

the coagulation value depends on the precipitati;m -vilue (PV) of the

additive,. temperature and interaction of the polymer-solvent-nonsolvent

additive system. For C; - C, aliphatic alcohols the PV values are quite

- similar; the desirable codgulation values ‘are between 0.5 - 1.5g; and the

15 mass ratio of nonsolvent-additive to solvent are in the range of 0.47 ~0.37.-

The polymer concentiation of the polymer dope must be sufficiently

high 0 produce the hollow fiber membranes with dense surface séparating

layer and .go.od. mechanical support layer for gas separation. A _polymer
concentration of about 25%-50% by weight in the .dopg may be needed

20 to achieve the resulting membranes with desirable separation

AMEMDED SHEET



at | east..one.d.exr]:L.err] al cohol..and water. 5. The proeess of

claim1, wherein the polyner dope conpri ses polyether sulfone. 10

6. The process of claimb5, wherein the non-solvent additive is
selected fromthe group consisting of a (Jerr]-Cerr] al cohol , water,
a mxture of (Jerr]-Clerr] alcohols and a m xture of at | east one
Cerr]-Cerr] alcohol and water. 15 7. The process of claiml1,
wherein the solvent is N nmet hyl - 2- pyrrol i done or

N, N- di et hyl acet ami de. 8. Theiprocess of claim5, wherein the

solvent is-N 20 met hyl - 2- pyrrolidone or_ N, N di methyl acet am de.
9. The process agpazptiemp, parfloalarly e %ﬁtww ope has a

o O i BRResRaoh P ke b A 8 phads sonermeslf, | JROGRECOPSS
3 grans for Watcﬂ{heli%fhhﬁa, coaledtifich] M@ﬁeﬁo&ﬁaﬁ%% \#iﬂ_MQ-dl ti Ye
aggregates induced by the surface tension aleo play an
§ important role in fo'miﬁg dense skin layer. This process
: is important to the formation of an asymmetric hollow fi.be;.r
membrane havmgthm, dcnse outerlayer _ The effect of the
"dry pmcess mai.nl.y dependes on the volatility of éolvent and
o ' nonsolvent-additive, témperature in the wembrane waking
10 ennromnentaawellastheeurfmetenaionofthenascent
‘mewbrane. A’ solveut and nonsclvent-additive with low
boiling point are optimally seclected for the gake of
forming the dense skin. Unfortunately, sclvente with good
vater wmiscibility v.which digsolve polyethersizlfones uaually
1S  have low volatility becauge of a I_J:I.gh_, degrea .of.x;)olarity
and hydrogen bonding. For the present invention, on;a
selects one éclvent which cau dissolve polyethersulfones
and has a good affinity with water as well aé high’
_ vulatiiity. n—metliyi—z-pyrréiidone is often considered as
20 a good solvent for waking polyethersulfone agywmetzic
mewbranes, but has high boiling point (2024(‘.') . Hovwever,
other n-lower alkyl, preferably C,-C, 1cmer alkyl .
pyrrolidones, can be considered. - In order to increase t;he
suxface c;nncentq:‘ation of the nascent hollaw fiihera_, the.
28 'nouéolyént—-additiveg with suitahle volatility are
preferred ' '
.The au:—gap ig generally kept shout: 0-50 cm,
. prefera.hly about S-28 cw. The air-gap should be optimized

AMEMDED SHEET



30 curve wi ww.ddawdhe process of clai-mb, wherein the pol ynmer dope
a.coagul ation value of 1 to 3 grans for water by the addition of the
non-sol vent additi ve. 5 - 12. The process of claim9, wherein the
pol ymer dope has a coagul ation value of ;1 to 3 granms for water by the
addi ti on of the. non-solvent additive. 13. The pr.ocess of claim
1, wherein the non-solvent 10 additive is selected fromthe group

consi sting of ethanol, water, and a m xture of ethanol and water.

14. The process of claim5, wherein the nd% sol vent additive is

selected fromthe group consisting of ethanal .15 . water, ,and _a,nm xture of

««Ras

gap will depend upcn wany factors, including the polymex
used, the boiling points of the solvent ayﬁtem; the xate of
epinning, the wall thickuess of hollow fibers, the, -
‘s | acagulent used in the internal and the tempgraﬁuré of dope
and meubrane wsking-environment.
_ The kinetics of gelation snd desolvation during the
coagﬂl&tibﬁﬁ?;oceés ic another key paremeter in producing
— métric hollow fibers exhibiting high peqéict_eability ag
10  well sa mechsnical etsbility. This {6 true because the
| ekin layer thickness and povosity depends on the eurface
polywer qcﬁce'ntration and how rapidly the éélvant and
nonsolvent~additive in the polymer dope iz removed frcm.the
.pplymer dope, aud the coagulant is transferred inmto the
1§ mascent mewhrane. Ome important factar that controle
phaée separation.kinétics is the coagulant tolermnce of the
polywer dope, that is, how close th?'poiymer dope is to the
precipitation point . The clogser the polywer dope is to
o the precipitation point, the faster.the phase inversgion
20 will cccur snd the thimmer the skin layex thicﬁnesS'wili
be. Because it is difficult to determine experimentally
the coagulant tolerancé of a highly vigcous solution,.a
dilute solution of polymer in a given golvent is employed
instead. The coagulation valug (@v) ie used to.indioate
25 the doagulant tolerance of the polymer dope, which hes been
defined as the grams, of coagulant required to make 100 g of
2 wt.% pplyméi solution turbid at = given temperature. By
adding a ncneglvent-additive'intp the polymer dope, the

AMEMDﬂDGHEET



15. The process of .cl.aim 7, wherein the non-sol vent additive i s~
sel ected fromthe group consisting of ethanol, water, and a m xture
of ethanol and water. 20 16. The process of claim 13, wherein

t he non-sol vent ' additive is selected fromthe group consisting of

et hanol , - wat er, and a nmixture of ethanol and water. 25 17.
The process of claim 1, wherein the coagul ation medi umi s wat er .

18. The process of claim1l1, wherein the hollow fiber-

31 forming neans is a tube-in-orifid® spinnerette and water is

I ntroduced into the nascent hollow fiber as the holl ow fiber is
extruded from§ ?oeg‘b?“r?r?é’r‘ette 5 19. The process of claim 2,
wherein said coati g, =

nxwerDxLxAEx'Is ) .

5 Where Q; is the gas. permeaticn flow rate (méasured
uging wlﬁme-'flw weter) fo om'(ST®)} /8 of pure gas :i.~ n is
the numbexr of hollow fibers in the cell; OD 15 the outeide
dlameter of the lmllow fiber In cw; I ie the length of the
hollow f:l.ber in cw; AP is the pressure difference acrass

10 the m«_ambrar_xe in bar. The subscrﬁ.pt i ia veferred to as the
epecies concerned. The ideal sepa:ration factor relative to
nitrogen is the ratio -of t:he gas permeahilit:y and the
nitrogen permeability. - _

15 - 1.0;%2 - "g.:r‘,;— ' : (3)

The f.ollovying examples are for illustrativé purposeé
only and do not limit the scope of the invention.
7 mxmwer® 1 '

20 A polywex dope was prepaved by dissolving
polyethersulfone (VITREX® 4800¥) in a solvent mixture of N-
wethyl-2-pyrrolidona and water (as e nonsolvent-additive)
hav::ug a mass ratio of solvent/ncmsolvent-additive of
8.38/1. 9The polymer concentration ig 29.4 wt%¥. This
28 polywer dape had a coagﬁlaticn value of 3 ¢ and viscosity

of 46,?.86 cp at 259C. Hollow fibers were prepared using the
- gpinneratte with orifice diameter/immer diameter of the

tﬁbe of 2.0/0.8 mm at differeunt air-gap lengths. The

prepax:ed hollew fibers have an outer diametexr ;::f about 1800
30  pm and an inner diaweter of 1200 pm. The permeabilities of

helium, carbon dioxide., oxygen and nitrogen and their ideal

AMENDED SHEET



sol uti.en conprises -polydi net hyl si | oxane and n-pent ane.

hol'| ow fi ber nmenbrane prepared by the process of claim1. 10

21. A hollow fiber nenbrane prepared by the process of claim 2.
22. A hollow fiber nenbrane prepared by the process 15 of claim 13.
23. A polyner dope conprising polyether sulfone or a derivative
thereof, N-nethyl-2-pyrrolidone or N, N di net hyl acet am de, and a
non-sol vent additive selected from 20 the group consisting of a
Clerr]-Cerr} alcohol, water, a mxture of Cerr]-Cerr] alcohols and
a mxture of at.least one Cferr]-Cferf] alcohol and wat er.

24.  The pol ymer dope of claim 23 conprising polyether 25 sul f one,
N-met hyl - 2-pyrrol i done ‘and a m xture of2et hanol and water as the

non-sol vent add| ti vg‘hm factors relutiveé to nitrogen were deterwined @t

20w ~-A

a tempera.ture of 50°C and pressure - .differvence of 5§ bar,
The rasulte are given in waple 2. With -decreasing ajr-gap
lengt_h,. the permeability only diminishes slightly. _'.l‘?ese
§ hollow fibers exhibit higher pemeability and ideal .

geparation factors than thoee prepaved £rom the solvent
system cont:ainmg propionic acid and N—uethyl-z-pyrrolidone

~ according to the U.8. Pat. Kia. 4,873,494 Alth:ough the

' same solvent end coagulait have heen chosen for the
10 prepaxation of the pélyethér_sulfone hollow £iber wawmbranes

in the présent i.nveqti_dﬁ. . Example 1 clearly demonstrates

the sdvantage of using water as nonsclvent-additive.

_ TABLE 2 :
1s " Perweability, XU Ideal meparation fagtor
200,7 €5.5 18.9 3.24 ‘63 26 8.8
194.4 81.0 18.0 3.06 64 27 5.9
20 ige.0 78.3 17.1 3.18 57 25 5.4
- - .- 13.,1% S.1¢
. ey = —— =

1 GBEU = 1x10™¢ cm’ (8TP) /o~ cnEg-o
« U.9. Pat. No. 4, 871,494
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EXAMPLE 2

Three samples of dry-wet solidified poléeﬂxe:sulfone
hollow fibers were prepared by thé same prodess desaribed
" in Example 1 with an a:‘;r-gap length of 15 cm. Before '
30  drying, the hollaw fibers were stored in water for about
* @ix months and then ‘$umersed in methancl (MeOH), ethamol

_(EtOH) and 2-propancl (2-BxOH), reepectively for the three
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S$00 im. Tha permeshilities of heliuom, garbon dioxide, -
oxygen and nitrogen and their ideal separetion factaors
relative to nitrogen were determined at §09C and pressure

difference of 5bar. The results are given in Tahle 4.

10

1S

20

25

TABLE 4
e - = s e e
Ax-gap-* Ydeal .geparation
{cm) T dye He‘é CO,
15 - 190.7 56.2 90,8 26.7 6.19°
- 10 205.0 61.8 4.2 2.24 g1.8 . 27.5 - 6.89
53 . I71.1  S4.1 13,0 2.20 77.8 24.6 5.91

e e —

1 GPU = 1x10°° en® (STP) /cu®-culig-s

i EXAMDLE 4

A4 polywmer dope was prepared by disaolvi:_:g
polyethersulfone (RADEIL: 3-300) in & eolv.ent wixture of N-
mnethyl-2~pyrrolidoné and ﬁatér {ag u nonsolvent—a&ditive)
having a wage r.s.tio of golvent/nonsolvent-additive of
£.38/1. The polymer concentm*gtion.was 27 wtt. Thig
polymexr dope had & cosgulaticn velue of 3 g and visdosity
of 13266 cp at 25°c.. Bollow fibexs were prepared using the

spinnerette with orifice diameter/inner diameter of the

" tube of 1,0/0.21 wm and at air-gep lengths of 15 cm, 10 cm

30

and S cm, respectively. The resulting hollow fibers have
an outer. diameter of about 850 ym and an inner diawmster of -
500 im. The permeab{lities of helium, carbon dicxide,
oxygen and'nitrogen and their ideal sepa.rat';iou factors

relative to ﬁitmgw were deteruwined at SO“G and preggure

AMENDED SHEET



