; pae3e9X: 9U| A6T: ; J# r 15t April 2003 1 ANNULAR HOLLOW FI BER MEMBRANES
“FOR GAS SEPARATION Field of the Invention This invention re‘lstaA %2583
annul-ar shetl ow fi ber nenbranes which are prepared by extrusion Bt 1
honobgeneous pol ynmer solutions with a triple orifice spinneret. This
invention further relates to a novel procedu ati ng an unified

t wo- menbr ane perneator fromthe prepar ed anngmmmmmmﬂwn i ber. The
perneator is capabl e of prOV| ding two intern separ ation 10 stages for gas
enri chment. round the | nven e- ration is
now w dely pr am% HSE'FI'QWI EﬁPER %ﬁg%t% ﬁ%%@l% for a
vari ety of gas-gas and gas-vapour separations processes. |5 One of the
probl enms encountered in nmenbrane separation processes, m t the
extent of separation achieved is often not high enough bemwummlﬁmm Ee gas
pairs, th&ygddnefhithe Jnvestfion ents are not widely separ at ed.iwwaagni t ude,

resulting in pagissel geddyviion | Pe PO OS deEothﬂﬁb!LQ)z‘e aoclqw ed igrgr ee of
separ at1 on, n energy |nt ensi ve oper ation Sugy as a nufti-st age or cascade
u

process W FANGS hoGR I pRr nédtSe rRESRIS s oyBE, WTh wi | |
resu t i nhamdgeaticRAse IprDpﬁéﬁtlSpl@OScbrSs 261 Gh dhaumtetipale. , orfixfietd nment al
Behavi or of .As mTeeérlc ranq:s and It§hg§e r|e Ntoevsel Separatl on

Schenes" N&w rane er| a §"Ahd rocesses f or eparaﬁ on> K" sirkar,

D. R Ll oydomdsire Al GoE Syrfpbr3eati8d (2é1), 11r®12f1(<1®88)twqj1m¢bmsse a gas
per meat or Whieh dsy capahl &l éQeegbgav'a}&\ﬁam ohe1186978¢Qf. sepafation

w t hout extra energy. consunpti on. illustrated in Figure 3 in the above
cited SidRSURSAtA 1y eFéngé% Otfh@rﬁé’ﬁﬁ‘éaﬂortw§pll1rktserﬂ‘ﬁé prEssipelon

di f fer encesthejerarvt e ead- ianshepay.neate side into two steps with two
menbranes of the same type. The 35 perneate, VS enriched in a nore

per meabl e conponent 1S April 2003 2 energing fromthe first nenbrane
at an i nt BadixdwundreSstine Wwoventiden be appl ied as feed to the second
menbr ane for ”}?I&?P L LI O S8R NS LA, R GRS 6 AL anaegent
foIIowsp>ps> ) e per neat or can eoperate W t ho I nterstage

r econpr essiron Ctllﬁfamﬁle:ve gahi ghed  degi eechmisepar dtrid taomsar Pt o 2 hat

achi eved iy, SOPVERL | aeali,agl Reke 3288 @@&W%@tp@&at/i@n@rtgrca&@ésﬂ dhoum et
al. in AIChE J. 35 74&)989 dlscloses t.echni que for fabricatjng a new
10 permeatde ThothenBEEbIsMscomePEREEININ oW FITETS wet PHBRSEN i n a
per neat or stwtdssds ch haswbodk, openi ngatastishiowxtentri gir esépatfathen Si dhoum

et al. (198 ierveef repce, tQ% present, (ﬁngeer}1 u% Qv u%%s ‘,_ig)e;:tte(gmglggvs

pairs, the permeability coefficients are not widely

separated in magnitude, resulting in poor selectivity. 1In

20 order to achieve a desired degree of separation, an
energy intensive operation such as a multi-stage or
cascade process with or without permeate recycling is
usually employed, which will result in an increase in
operation costs.

25 Sidhoum et al., “Experimental Behavior of Asymmetric
CA Membranes and Its Use in Novel Separation Schemes” New
Membrane Materials and Processes for Separation. K. K.
Sirkar, D. R. Lloyd, eds., AIChE Symp. Ser. 84 (261), 102
(1988}, discloses a gas permeator which 1is capable of

30 achieving a higher degree of separation without extra
energy consumption. As illustrated 1in Figure 3 in the
above cited Sidhoum et al. reference, the permeator splits
the pressure difference between the feed and permeate side
into two steps with two membranes of the same type. The

35 permeate, Vs enriched in & more permeable component



distribution and maxi m zes the packing densities of the |5 nenbrane
+‘perneat or as conpared with conventional systens. To date, no,s ‘?ﬂ %?%ISI ow
r "ho

) . ) 1
fi ber- menbranes are avail able. The i nventors have nade an annu Il ow

fi ber nmenbrane and devi sed procedures for fabricating an unified

t wonmenbr ane perneator that has a high degree of gas 20 enrichnent, and
avoi ds problens of the prior art noted above. Summary O The Invention The
two pol yner solutions are useful for p|2epari ng an annul ar hol | ow fi ber

menbr ane usi ng a phase inversiop 25 technique. The prepared annul ar hol | ow
fiber has PEHHIMH erhed™ andext &t s‘ﬁ‘?'ﬂ%gadbepeaarti ngat Jtrhteeqﬁ‘befc*l%q‘i ber
| umen and piessaxter n@uldal thenedpectippdliyd Beswesred hése thw skddnd

finger-li onge- | i t f. str 25 ar rmed Wi a .cl ear

di scont i nﬁ??%‘?ch ur nsé?ﬁe)é%(éoﬁgl I %\#ﬁ%g%?gpm %t%‘g'e ann%wirg?e ho'i ow
fiber. A posssectianarngfeandf fioddowsl [row X i Ber > ( 8eM phet paptds shown
in Figure dap | N,@nobpeka@8ReCt,i thid@ tPr asaRr JtRRNt | ik dniprdidsached ¢p a
novel process for preparing an unified two-nmenbrane 35 pernmeator using the
af or enent i ¥R HANGl R LBRET oRSOEEEr PRnSERAEST 1PRe FRMFALSTE perndilor i s

first asseddhbsva$i NG £ardrerdn oinalall echyiguesagéheeeathebr.the hol [ ow fi ber
1S April 2003 3 anpul uses at..ope end and.the_ hol ib | e t he

ot her end of th npglrg‘éﬁ?&%é'r eSlp 6)61 rlilt s%ﬁr ed"wi t‘%‘n?%)(b%xy?r”es%%ﬁ 270&{ hat the
nmenbrane pér9@Ar ordisctapebl eaof tpcbviidurg thew sdpdrdttadingt ages new ernal |y
for gas 5 gopdelomnt. Jhe LRNEULL 0Bri Soflhigel ki W 18l hedbdar produci ng
an annul ar” hol Tow Ti ber nenbrane suitable for further preparation of an

uni fied tweoweedr dfe PpePREALSLOrorshflsl sepaFht iNg®. Ter moPkod nesnprs ses t he
foll owing steps: idO0r{gursesd st itk taiHaly el w1 .( Qi 9sel eekirageacsol vent for
each pol yner; (C% sel ecti n% a nagnsol vent-additive;, (d) determ nlf an
appropri ate masSPfati BY6FRHENso VYR ARE t i WIS vert®itfa po g‘ﬁ‘ér 1S
dope; (e) &obsuihgutivon panyimetaxiopese by thieXipg-Ringy potysetsest bd soheent
and/,or nonaghy et add s off b SRALNG 4 N SO RV AL doPes, LbLpugn an 20
outer orifice and an inner orifice a spli'nnereé iT'e sinu ¥aneous|y

i nj ecti ng Toagalitant ndr sugh &ctldiorr ofikdie wpibhere: aoef vaitled gascent

hol I ow fibers: i(ILnRBSS! MhRAl ELAASERNENLLAGE t1QWEN A& riengRRhe
and devised procedures for fabricating an unified two-

membrane permeator that has a high degree of gas

20 enrichment, and avoids problems of the prior art noted

above.

Summary Of The Invention

The two polymer solutions are useful for preparing an
annular hollow fiber membrane using a phase inversion
25 technique. The prepared annular hollow fiber has both
internal and external skins appearing at the hollow fiber
lumen and the external wall, respectively. Between these
two skins, finger-like and sponge-like type of structures
are formed with a clear discontinuity which turns the
30 hollow fiber into the annular hollow £fiber. A cross-
sectional view of the hollow fiber (SEM photograph) is
shown in Figure 1.
In another aspect, the present invention is directed
to a novel process for preparing an unified two-membrane
35 permeator using the aforementioned annular hollow fiber
membranes. The membrane permeator is first assembled using

conventional techniques. Thereafter, the hollow fiber



(h) solidifying the nascent hollow fiber in a coagul ati on nedi um and
“formng solid nenbrane; (i) further renoving the solvent m xture f t he
30 forned hollow fibers in the coagul ati ng nedi um 1S AL P”b%8g29 (j)
drying the hollow fibers at anbient condition; and (k) coating an inner
side and an outer side of 5 10 15 20 25 30 the dried annul ar hollow fibers
using a coating solution containing silicone elastoner and n-pentane. The
invention is further directed to a netRod of making an unified two-nmenbrane
perneator b operly sealin | unen_at one . end of a rmeat or, and annul ar
Dap ot ¢ nemBRRbEEEH B (i ol Al So° aPPELERY TP hEPFER G1t SEBSr ot ng
per manent gesepaknd by el ;pargle@a@rpane pooeniny fsel ¢dvow nembepney
per meat or £oD Al NLpg BRENNHLAT Rk élbgérﬂsypéﬁne sandapbbalnipg

separation of the gas pairs to |n IVI ases Brle Descri ption
Dr awi ngs Fpgaved&pa) &M Fi IRREATIHN ar eLBERF phonb§raphd Yof &bssgsectiona
views of aapapspkenthollow fiber mermbrane that has been prepared by the

nmet hod of the present inventian. ure |IIustr riple orifice
spi nneret and ahM&ppav &Pﬁ%opoﬁstégééﬂﬁ% at9 op BF b ﬁﬁﬂi TRAPFARAT i ber

menbr ane. EthHr&nBlaﬁ addhematibete piasend i i mmloj‘atﬂm unﬂofn edutvhemenbr ane
per neat or. ure.4 is as separation appa 8.2 SEM
photograph oFgaréFégE §%%g?onaTP€|%%/§ aﬁggn nu arq$ﬁ% |b€? PER very
narrow annaepsraFEiigore Ghesmeh90§epnmameseénééntfaﬂﬂOWlmg.Steps

10 (a) selecting two polymers;
(b) selecting a solvent for each polymer;
{c) selecting a nonsolvent-additive;
(d) determining an appropriate mass ratio of

nonsolvent-additive to solvent in a polymer

15 dope;

(e) forming two polymer dopes by mixing the

polymers, the solvent and/or nonsolvent-

additive;
(f) spinning the two polymer dopes through an
20 outer orifice and an inner orifice of a

spinneret while simultaneously injecting
coagulant through a tube of the spinneret to

form the nascent hollow fibers:

(g) passing said nascent fiber through an air-
25 gap:

{h) solidifying the nascent hollow fiber in a
coagulation medium and forming solid
membrane;

(1) further removing the solvent mixture from the

30 formed hollow fibers in the coagulating

medium;



t hroughput (overall stage cut), 1. Conventional hollow fiber perneator, 2.
Uni fied two-nenbrane perneator. 15" April 2003 5 Detailed SC. &ﬁg'on(]
The Invention The invention, in one aspect, is a novel proce ] i ng
annul ar hol | ow fi ber nenbranes using two pol yner solutions, conprising a
m xture of: 5 1. at |east one polyner having a nenbrane forning and good
gas separation properties, as well as thermal and nechanical stability. The
pol ymers used include gl ass polyners ‘breferably polysulfone
polyethersulaﬁﬂf ﬁ etherl de r celluhese 2., at ne sol vent
selected fro g¥ 288y r r 5PFden O ealnetﬁ§lac ﬁQE (DMAC) or
di met hyl f or mam de (Emﬁﬁ;tnnnanaadnunt suff|C|ent to solubilize the
polymers) at the 15 hollow fi ber formation tenperature, and 3. optionally,

a nonsol vent, (jpy ef erahkyngn A ceRRL %rld\éﬁtﬂd HRI %x&reeif esadby o pol ar
organi ¢ al cohol such_as ngethanol, ethanol Elro panol , 1-butanol or

1-pentanol . 20 In atb6r d8kdE% ew%erpr@eéﬁp i nF&REFSN, YSARG ar® hol | ow

fi bar menbranes arecpaepaged U$|o|1g1taophase danterisii g procsess.,co'ﬁw pr epar ed
annul ar hol | ow fi ber rresrrtggn%rrlegngre ﬁg ngd to prepare an unified

t wo- nenbr ane per meat” or {61 gas sepa Irons. Gases such as, but not 25
limted to, C02, 02, N2 or CH9 can be effectively separated from gas

m Xt ures usi ngThﬁe hlemmehenpérmeévethemedjamﬂﬂ%ﬂ lfol | @wrfdtherd nerfbr ane of

the pr ese%khﬂlgenhhonuhﬁfl%%f erta«l@Lme%qgﬂeedprmaa%w wel, pB%%%er'l‘{/ers' on
process. Pol erers that can be used for preparation of the_spinni'ng dopes

i ncl ude, BGRLAPE RotlUMsH tadd e ?fb‘ﬁy%ﬁl‘?oﬂ%rm%%’?ﬂﬁt PRfs@PpBhar gap

pol yet her kil dacandheel.l ul ose. Sol vent s useful in the present invention

i ncl ude, but a not, Ilmtedto In orde t o praduce the
annul ar hol | ow tf?’l bel’lgv\ﬁinttﬁ the J‘§5 uI trat ﬁlllr]feé:%iegwrg)?erg ﬁg venOfd

addi ti ves sspelraid ngl cehwlagicarte dssedrd s ey prephy and oha of pauber tepianni ng
dopes. LSl 1QRf 'tM%OO%eﬁlbIJz‘%hC%% 0N Bh LG GATPARENLR 1 dihe

spi nni ng dopes may var For ynmer dopes, the concentration of the
pol yrrer i &ogdeter b‘l’?rgﬁ@é‘tkefraft%anaaﬁombtlas@l(%l §APRrataqal |9t ndthamre

t hapy 40% qRisefariak koZQ%thrliilfa‘i% d8ue preferably about 25%to 35%

(wei ght). The pol yner dopes are tal | ored to be nmuch closer to the phase
separation point by addation of a nonsolvent additive. The anpunt of the
sol vent uﬁe:d.eifnmelserilp\mnhi off The3Drewing80% preferably 40 %to 70% nore
preferably 45 %.10 to 7 0d/9 degeg.dl ng_on &%pe p£P£e§EMe§h8fto§;Q§pﬁ%| vent and

non- sol vent ad Jﬁ“ves a po?ymar concen
cross—-sectional views of an annular hollow fiber membrane

20 that has been prepared by the method of the present
invention.

Figure 2 illustrates a triple orifice spinneret and
an apparatus for the fabrication of an annular hollow
fiber membrane.

25 Figure 3 is a schematic representation of an unified
two-membrane permeator.

Figure 4 is a gas separation apparatus.

Figure 5 is a SEM photograph of a cross-sectional
view of an annular hollow fiber with very narrow annulus.

30 Figure 6 is the Permeate concentration  vs.
throughput (overall stage cut), 1. Conventional hollow

fiber permeator, 2. Unified two-membrane permeator.



The amount of non-sol vent additive optionally used in the invention is 2%
10 40% preferably 3%to 35% nore preferably 3%to 250. 15 Idg % &gw
fibers of this invention may be spun using a spinning apparat prii 9
schematically in Figure 2. Two pol ynmer spinning dopes prefornul ated
according to the aforenenti oned conposition are filtered and are poured
into their solution tanks 20l and 202, respectively. The 20 two sol utions
are kept in their solution tanks for 48 hr to ensure proper degassing prior

to spinning. During the nenbrane spinning process, the dopes are fed under
ni t r ogen pgﬁﬁgdﬁﬁlgﬁﬂﬁﬂﬂiﬂﬁéEQéELEE&aﬁEﬂEEEhQB a spinneret 203 into the
coagul ati on batthe20#neénaidh £ninCondi tajscpm:,t 2‘:15pr£f £6abl y p26¢Esand s

RH=60- 65% ];e spinneret is g_trlgle or|f| é a di agram of which is
shown in tHETHEPR EEE JiR e pof§ Faa ge9fﬁ¥9f HOi MG W i nner
orifice anﬂﬂnhempuhymmmghyaan& msnhedumatofthe outer orifice; while the

i ntey nal coagulant i u e inneret.
The %xtrusron pgtes % ﬁg eﬂh§'nn|ng éggsgaﬁgmggﬁﬁfoqﬁe ap water
at room tenperature Q@dugéﬁda§ﬁ&ﬁ§?94ﬁﬁﬁﬂﬂﬂ Eﬁﬂpﬁﬁa%%%ala%oug&ﬂaﬁﬁ The

i nternal water inj ecﬁh@ﬂnJEtSndiSn@@H&ﬁD&éEdsEQbDEiwen Fhangol yMe g n.

D fferent spinning 35 ndi tions are sel ected cording to the spec |f|c
pol yner dopes. The §ﬁ?ﬁ£eref“F ua?ran§§855uchppﬁapefﬁe naé%%ﬁézqq is

extruded vertically pbmwww&fbnentOpplmethéréﬁlﬁaneI :ﬁﬁﬂyéthﬁnmmﬂdﬁn on

bath, The tenperaturg % vdath is kept at ambient conditions, preferably
at 5%10 The nascent°Yiber energlng fromthe tip of the spinneret passes
through an air gap betoleasht @niengseheewoagalacten Baoh N nsftherl-2-

coagul ation, the flbﬁrl_sreifd&%dfmmbhromgmld%e ?ha@@wn&@é @nhdihen

coiled into the storage tank. nascent hol bers ire not forcrbly

drawn out of the app@fat Liislm“zltr}i‘ydt reraidAgs, f[PPeF)t'akeal velocid®PWit t he

hol I ow fiber is nearkuffhele@HEtassdmmbﬁaeeefaﬂk;ngolﬁmyet@prby_|ﬂhéhe

coa | ation bath. Thg | | ow fiber is kept orage _tank for two days
gyabrlrze t he stru%?gre gi@?erg??ﬁ?%ﬁéhn%mmq%ﬁ4turef|Se? menbrane is

prepared an undfi edopwoonehby ane pensehtort ofptdie mpieserdan ialverttdoon 1S is

fabricated by assenbgkngwgpgrholhgweflge@%eesbq bugdlexggg~tm%bgg4§lng t he

bundle in a stainless steel pipe acting as the perneator shel

procedure for fabricalfaot héusdni? anBepBrRAtAL ot e gas %e&%ﬁEﬁWQﬂﬂ i s best

under st ood by referemcgut@nglg@felsbgﬁugﬂbls a 20 representative draw ng of

t he Snnular hol | ow fi ber rrerrbrangh t he unified.two- genbranelp neat or .

ReféPring to Fi glr LT Bund’ ROl IR ¥ er 47462 CE80 i r VR Rf ul | y

pul | ed t hrisabhotwo flibes 30Rantarathe302mwoOnnecepared bothngnds ofplidee

stainl ess sfeel pLpe gpo303sacteng ag %é&r&?r”EEﬂ&Haérmﬂél ShDegiporting is

done by pouring epoxy résin 304 into t wo openln 0 e t ees,

separ at el ynemgefanest Ateepbry raesrintpspsepar@ han f ipe seer‘eweanemwe

arranged t?e@ﬂé&ﬁ@rtﬁﬁn?'bh%ngséﬁaﬁﬁgﬁﬁufeSGBsbquéQcﬁnaﬁﬁe batersst ces
anpn t he bers. 30 To fabricate the unified tm? %gf erneator, the
1s) F%G\HY

hol 128w fi bet™aRftl GSes 805 Q¢ ke “&ndHanG2hheh BHRFRSP8 at the
ot her nust fbempyaggaiixtutast heirpoxtye mesibranEh@draldaewrf.i ber annul uses are
pl ugged by appl yjng ute Xy resin _on the one the. er at or
and 35 at the séhe tgl 9 i (gﬁé%hg%c%ﬁpre%%é? AT ntogﬁﬁ ?o&?flber

| unen fromibhentiber éad p®85anbéMaypth@ue@®xybYesan @hYéhehaypha@ﬂllnto

the hol I ow; fiBeE i bHMRrocedsS~ APIEd1va#33 8 that can be used for

30 preparation of the spinning dopes include, but are not

limited to, polysulfone, polyethersulfone, polyetherimide
and cellulose. Solvents useful in the present invention
include, but are not 1limited to, DMAc, NMP and DMF. In
order to produce the annular hollow fibers with the
35 ultrathin skin 1layers, nonsoclvent additives such as
alcohols are used in the preparation of fiber spinning

dopes.



Thus, the hollow fiber [umen remains open, while the hollow fiber annul uses
are plugged as the epoxy resin is cured. The plugging of th stholjgwéiber

| umen at the other end of the perneator is carried out in a sifr 4P
manner. This is done by applying an epoxy resin on the end of the perneator
and then applying vacuumin the fiber lunmen so that a small portion of the
fiber lunmen near the potting end is filled wth epoxy resin. The annul uses
at the end of the perneator are al so pfugged during the |10 potting process.
However, the epoxy resin filled into the annuluses is not as deep as that
in the |unen, tH& eFMEREraBiPbeCf etoFerRAIARNA St i HYy bR SRNpiagged
porlti ondoffdp][w.: &rmwwtlﬁeﬁ. BEBﬁl’theh@ollQinEire_dioTp\él@]:, rr%ma[] aj_md@elrtrflaa;ti@(r? i's

enpl oye r actu as separation oating.o th intern

external Sdpalh oRTXTErs St nPEr FRCAREY ol SETANET  (SHHCARBta4, TBow
Cor ni ng Comsdrgdttilon vsudd ty amdbt USAket dlraepaf 0%t heorsdefrabé yde2 @t scshoul d
be carrie t ] it I, N ut i t alci N 3-6 20
polfﬁinetﬁ§%§ilg§g%e #ﬁe§§%§?%.cgﬁﬁghﬁ-ggﬁtgﬁg ?éofegw?%$g£bbthmﬁﬁ§ hol | ow
fiber |undPlaMmen MORGR|ITS| Hol LA sbP ubfoRuUFRNRILASSF ntPh&hgehdgcor f or

about 5 mgde dﬂﬁ%d1pdﬂitr%@Dﬁ@@iﬁﬂénabEOﬂEﬂthOEUéﬁtaéqdﬂ@@%é?ﬂper?tUre
rocess, vacuumi s 25 maintained in

for about 24 hours. During the coati ,

the fiber annul e sBTPHAE Phe at PRUEDE UEFBR ddh T49 | “BRERpOPRS idnd
repair thes@efesct80sn potliceablacd®s Twadi NY: hombte prgheeald]lyadgas
separati on appasatus. incl.udes th nif] - rane p r 404. In 30
ope?%ti on?:c% hzaf’ée N aeg‘dclyq% n }ér e 1 %%%%%%gegﬁf’ee?}‘geasg%ﬂg?é?e aﬁd a

subst ant i aldry- sOnstrENtaddiite viem @nche@odivalelr sdeenfrehéoper neat or via the
openi ng 403. A WY exRaIAEaDE e GaSsdTvdlte Lasi tivd Wik ilchar/Raled ithr ough
the outer |ayer into the hollow fiber annuluses, and the flow 35 rate of
the pernedi®d HA%ERHPPeidndfl uskt8 #O%coMuIaER Wy 3 nkls Prow™Bift rol | er
407. A frastd a1y B2 pey msat.ed gas in the holl ow fiber annuluses is
further 1 St ri| 03 9. perneated through the inner,_|ayer inta the

ol 0w 1 ber 1 (High, PUHEPT HE R ot a1 (e el M dbas e kir bl ow
fiber | umem simmeasyracbdne @ sessodn ovechramtari gy lim Eligwre £,. 408vé s a gas
chr omat ogr loyed st 5 ur Lt e om 405,
306 or 407 B T 2071 i S era
prepared. FfRreEHolgrd FOPOOELRESNf or kel af ek edi 8861 viRg Poured

pol yet her sih f ®nené Nr NBYB1 501 ¥&NEaARE0LBANGNO Aoe Weisgllctiatil@ .0f The
polﬁner/solvent of 32/ 68. Thi dope has a, coa glatlon vaLue 0 é%.éland

Vi seBsi ty BfO 1580BCLENAL 258CKSRRe 1bl SASH: dORL L Gs LROF FUERFed Poyh®

di ssol vi ngtd5epsliysuptoperi debBeiagl peibraceorsgiimging .t heDussirghttiiati o of
pol yner/ sol 30/ . The has co Lati val of 4.4 and

Vi scosity %%/rﬁgéﬁrgé cpgggggﬁlg} Tﬁgggﬁ%ﬁr ar tﬂ8| I %\%Bﬁgbe%r}v?/as %%iepal%ne%e%y
extrudi ng Rheregen ppfgaerreloped bnithe geapl RUBR i theudpi nneEnekeh an

ai r-gap 20,6 petyeen dfae Loy ofadish SPhaReRel and Seagationibaidys) ength
of 5 cm Internal water |%%ect|on rate was controlled at 1.2 mi/mn. The
crodé sectPHABErIPEW 9711 ke ade FEFEQ -RERI- owTPEhEPIPRE R VehS i ® FriRE® 5. It
can be seeprihdtet Wpd] shidchgtaness @hech Of feshavit hid henol ys@Ft 25r dopes
fornmul at ed,,, however, th@ t wo ?a ers g&g in{etconﬁegted resggting in a
consi der abf 29YESi ¢t -ancel For EE | fig t hridugh®e EXdHSl e “2eAgh ST t wo

pol ynmer dopesfiotel antd 2hwerpolyregar eldbpe302 Thiss pbkgneintdopéhd waster

fornul at ed I.§Sol vi. e o] ' ol.vent . o] and
et hanol ac%g¥gggé'tg%ﬁgg ag#%h%gﬁéfﬁéiogggép§%%?/RﬁkJ%ﬂ?%ﬁ%ﬁgfﬁ InbbP

30/ 48. 7/ 21tBe Fheedopeisasch EhagapanneRcval udhef exBumdenyi Bt t9fof 6109
cp at 25C pdhg Bl WY &onth ZhP5qabgeaubatedons rbiecaane @s, thate Prepared in

Exanple 1. The ) ,
room temperature 1is used as both internal and external

cocagulant. The internal water injection rate is
controlled to between 1 and 3 ml/min. Different spinning
35 conditions are selected according to the specific polymer
dopes. The spinneret is arranged such that the nascent

fiber is extruded vertically downwards into the



1St April 2003 10 annul ar hollow fiber was formed with an air-gap length
of 5 cm Internal water injection rate was controlled at 1 mi/ 'nrpzoa'ge
cross sectional view of the prepared hollow fiber is given in Frgdre 1b. It
can be seen that two 5 distinct layers with a clear discontinuity were
formed. The prepared annul ar holl ow fibers can be easily used for the
further preparation of an unified two-penbrane perneator. The di nensi ons of
the pernmeator prepared is given in the’f ol | owi ng exanple. 10 Exanple 3 An
uni fi ed two-nenpbr.ane perneator, shown in Figure_3_was pared. A perneator
cont ai ni ng P SR P Hot OV\J}:?‘? bg?[gp%\ﬁ‘ﬁu‘?%eo‘cef F%%t?%égl éﬁg?‘ﬁ’p& %5 nmm
was preparasdigodor dongitdonke pyoetstaldsy ment | dme’d.n t HBher ecedieng 15
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t wo- menbr e Perheat oripr epar Befpret Ret2oipgethsuscagipltéonadatded in a
gas separ aif ¥y t 884 gufa€isn /M Xhell €i66P% ahPENgud4edCoRrblgh RAeanesspf N2
was enpl oyed as a feed gas and was .fed into tr}}e perneator sheJ]l at 7 atm
The gas m3ATT e 2R8s pePHeat’etl | (04 Fe HBFP oW barCARAEI UERRK nhdi e t he
pressure wasscaid r abl edw2S idlers. st motThdoped bk gt etkagas out t b€ hald ow

fi ber annu e s furthe i t hol | o | ber | as the
pressure i ré?%’gaéfq?%'er Ilfjnneénttaifsngné%%géi rr%tg% a‘{]aqie-a mw%éégbt[@( négfe%d1m
conposi ti omkkemm thddy bdrs | npehnivastiedrisamed 86 98Lg/ viseFi gialelind urt her

30 iyl ustrd S 0BF $8PA A | @BaBRIERE ARG, t henaevAy) P &EBd perdreat or .
It can be seen that at a given throughput (overall stage cut), the unified

t wo- menbr dfPperifeatorsiifads &aBbnstefer &Py Fe¥hertyastaRiteRpnghe
per f or mancetr e@epared to the conventional single stage 35 perneator at an

i dentical energy_.cons tion. 1S rid. 2003 11 1. 2 3456 78,9 10 11
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an unified two-membrane permeator of the present invention

15 is fabricated by assembling the hollow fibers as a bundle
and then housing the bundle in a stainless steel pipe
acting as the permeator shell. The procedure for
fabricating the membrane permeator for gas separation is
best understood by reference to Figure 3 which is a

20 representative drawing of the annular hollow fiber
membrane and the unified two-membrane permeator.

Referring to Figure 3, the bundle of hollow fibers
301 is first carefully pulled through two tees 302a and
302b connected at both ends of the stainless steel pipe

25 303 acting as the permeator shell. Fiber potting is done
by pouring epoxy resin 304 into the two openings of the
tees, separately. Before the epoxy resin 1s set, the
fibers are carefully arranged to ensure the filling of
epoxy resin liquid in the interstices among the fibers.

30 To fabricate the unified two-membrane permeator, the
hollow fiber annuluses 305 at one end and the hollow fiber
lumen 306 at the other must be plugged with the epoxy
resin. The hollow fiber annuluses are plugged by applying
a dilute epoxy resin on the one end of the permeator and

35 at the same time, introducing compressed air into the
hollow fiber lumen from the other end to blow away the

epoxy resin which may flow into the hollow fiber lumen.



2F 28 CLAIMS 1. A nethod for producing an annular hol |l ow fiber menbrane
suitable for further preparation of an unified tmn-nenbrane1pg&ﬂﬁ358F for
gas separation, conprising the following steps: (a) selecting two polyners;
(b) selecting a solvent for each polymer; (c) optionally selecting a

nonsol vent-additive for each polyner; (d) determ ning an appropriate nass
rati o of nonsol vent-additives to solvent; (e) formng two pol yner dopes by
m xi ng the polyners and the sol vent andl optionally the nonsol vent-additive;

(f) spinni the,two pol ymer dqpes through an outer orifice .and an inner
o111 ce TB0gect DB yESbISR chitiior JAER | ESBR RF ¢ cidbtrs| I iy

coagul ant hfidowghf idodwbenwil tées spraneieygged ker mhrasepory hokkbow fiisber s;
(g) passi %l%]r%@i'.d “%%e“%1§b§§£ ¥ opgh 13l ggﬁéeé h) ufi@hl dif Vigg the

nascent hollow fibers i oagul ati on medium and form ng solid menbranes;
(i) furthéthegnmeidgofhehkol pearesEom tise FDFTRA hORF oW f | Berssmid athe
coagul ati pehppRA. UM Thid dikyidithd hey habbowi hbans edoxaimbi &in candidyon; and
1S April 2003 12 29 (k coatinh@% ange si.de and an quter side of 30 the
dried annisk Fol ts TS Qs B 48R ERRLHIS S SPGEEBN 1Borts fiRFSi |1 cone
32 el ast onmeimeandd-giartt anesnall 12.pokhd gor @des :hac ddbeirnd uivenc In@giam Ithasher ei n

t he 2 nonsgl,vent -addjtives. are,Cl- iphati.c. al cohal, er__or_,m xtures
of wat er é)r?(f\{tlﬁ]é; aﬁr}dphﬁiélg{%?cgﬁéﬁgéggg %’ﬁgl%i ocggg gg’é‘\({)ﬁgﬁsﬁg %" cl ai m
1, wher ei theheedpobynetlee aperpelayorheasel fadme, pohggafif oderimg the

pol ygt heriggdg dddose pdude & Y QR3S 2366andifd 1@ GlrAldN the Wher ei n
the 2 sol vﬂt;snt ingj’ l\ﬁet hyl - 2-pr“?roelri done or N, N3 di net hyl acet am de. e1 5. The

process acdBrdiuRes ol Bt 25" WeePeidd tHRAL thaflifadtmend ddsfA &R %N
medi um ar eid agaWeab&r re-opened by cutting off the plugged portion of

the annuluses.
Before the unified two-membrane permeator is employed
15 for actual gas separation, coating of both internal and
external separation layers with silicone elastomer
(SYLGARD 184, Dow Corning Corporation of Midland, USA) to
repair the surface defects should be carried out in situ.
A coating solution containing about 3-6wt%
20 polydimethylsiloxane in a balance of n-pentane is fed into
both the hollow fiber lumen and the shell side. The
solution remains in the permeator for about 5 min before
it is removed and allowed to cure at room temperature for
about 24 hours. During the coating process, vacuum is
25 maintained in the fiber annulus so that the coating
solution can fill the pores and repair the defects on both
surfaces.
Turning now to Figure 4, a gas separation apparatus
includes the unified two-membrane permeator 404. In
30 operation, the feed gas cylinder 401 provides a feed gas
mixture at a substantially constant rate into the shell
side of the permeator via the opening 403. A more
permeable gas in the gas mixture is permeated through the
outer layer into the hollow fiber annuluses, and the flow
35 rate of the permeated gas in the annuluses is controlled
by a mass flow controller 407. A fraction of the

permeated gas in the hollow fiber annuluses 1is further



1'6. The process according to claim1l1, wherein the 2 pol yner dopes have
coagul ation values of 1 to 3 g 3 for water by the addition of, th

nonsol vent4 additives. 7. The process according to claiml, ﬁ@ﬁoﬁhe 2
pol ymer dopes have a pol yner concentration of 3 20m¢@6-35m¢0 1 8. The
process according to claimi1, wherein the 2 polymer dope is spun
subsequently into a dry air 3 gap and then into the coagul ati on nedium 1
9. The process according to claim1, wherein the 2 pol yner dopes are
degassed and filtered prior to 3 spinning. 1 20. The process according to

claim1, WREFSETeCthetBredyl Sheod MYed whdYehgibfot H@%OIPP&\P‘M BéPert ake 3
place in aumingr 8adh tale r doBwt erges atofr ethe beSimeN¥ed 4863 {83 tthkl. The
process a%%grldl n%to clf\ m 1, lvvherel n trgleb dryl n% % hol | o f| bers occurs
in anbi ent %3 'O %, 119 15hBe5PEEEEs P Sorti Ty toO% BENE srein the
air2 gap il wrighne2-45 arog8 1i33.a Thmspr cbesmaaoguapihng ermbmaedn o wherein
the 2 ann | 1 L8 ,CQat u a t | ugi

cont ai ni nlgl %th{’}% 0 po?@& l% I g?l gggnggggls nfgg }Ilante4((§)€ CBJn]Ep‘ie)n ane. |

14. A method of making an un|f| ed t wo- nenbrane 2 perneator conprising: 3
bundl i ng annul ar hollow fibers; 4 encasing the annular hollow fibers in a
shel | ; an&xamplgas ng lumen in the annular hollow fiber at one 6 end of the
per neat or and annul ar gap at the other 7 end. 1 15. The nmethod according to
claim 14, Wpajdwlair or NZ 2 is supplied into the |unmen while sealing t he

3 annul ar gap. ,[;Lw ghe met ood acgor mg tozcl aém 1%remherree uum 2 is
applied into thecfuﬁfg YRR € zfppﬁ yi'ng an epoxy 4°1 Bsitht §Y orve en of the
per ieat or .pdll yiier Thedapehod laccowdeng tiomiwiahetid, wherei iz smnuingses,

whi ch ar eégﬁ}leﬁﬂlé’ﬁydﬁ Ral 1 9 Nupe §oi\'r'é‘??tf‘ a@ESﬁEQWQPWdtHX ﬁﬁét Ifg of f

* the plugg portion o t he annul uses. acco g to claim
14, wher eifRti 25epRPhyNoR 39 HERE aref pr%%(@%d i Bher ndPpg f dsgas® 3
enri chnenteoagull a¥iMrvh14803£1415.4 and viscosity of 15800 cp at

25°C. The polymer dope 2 was formulated by dissolving

15 polysulfone in DMAc solvent according to the weight ratio
of polymer/solvent of 30/70. The dope 2 has a coagulation
value of 4.4 and viscosity of 8200 cp at 25°. The annular
hollow fiber was prepared by extruding the two polymer
dopes into a triple orifice spinneret with an air-gap

20 (between the tip of the spinneret and coagulation bath)
length of 5 cm. Internal water injection rate was
controlled at 1.2 ml/min. The cross sectional view of the
prepared hollow fiber is given in Figure 5. It can be
seen that two distinct layers are formed with the polymer

25 dopes formulated, however, the two layers are inter-
cennected resulting in a considerable resistance for gases
flowing through.

Example 2
Again, two polymer dopes of 1 and 2 were prepared.
30 The polymer  dope 1 was formulated by dissolving
polyethersulfone in a solvent mixture of NMP and ethanol
according to the weight ratio of polymer/NMP/ethanol of
30/48.7/21.3. The dope has a coagulation value of 1.5 and
viscosity of 6109 cp at 25°C. The polymer dope 2

35 formulated is the same as that prepared in Example 1. The



1 19. A nethod of separating permanent gas pairs 2 conprising applying said
'gas pairs to a unified 3 two nenbrane perneator containing a{gtg I]LSH

hol | ow fi ber nenbrane; and obtaining separation of 5 the gas p P

i ndi vi dual gases. 1 20. The nethod according to claim19, wherein said gas
2 pairs are selected fromthe group consisting of 3 CO2-CH4, OZ-H2 and
H2-N2. . AY. AlY. Ayy. A@l . A AAAA
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The unified two-membrane permeator prepared in the

20 previous example was used in a gas Separation test. A
gas mixture containing 54% CO2 in a balance of N was
employed as a feed gas and was fed into the permeator

shell at 7 atm. The gas mixture was permeated into the
hollow fiber annuluses where the pressure was controlled

25 at 1.7 atm. The permeated gas in the hollow fiber
annuluses was further permeated into the hollow fiber

lumen as the pressure in the fiber lumen was maintained

at 1 atm. The permeated CO; composition from the fiber

lumen was enriched to 96 v/v%. Figure 6 further

30 illustrates gas separation performance of the newly
prepared permeator. It can be seen that at a given
throughput (overall stage cut), the unified two-membrane
permeator offers a considerably higher gas enriching
performance compared to the conventional single stage

35 permeator at an identical energy consumption.
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6 (b) selecting a solvent for each polymer;

7 {c) optionally selecting a nonsolvent-additive
8 for each polymer;

9 (d) determining an appropriate mass ratio of
10 nonsolvent~additives to solvent;

11 {e) forming two polymer dopes by mixing the
12 polymers and the solvent and optionally the
13 nonsolvent-additive;

14 (f) spinning the two polymer dopes through an
15 outer orifice and an inner orifice,
16 respectively, of a spinneret while
17 simultaneocusly injecting coagulant through a
18 tube of the spinneret to form nascent hollow
19 fibers;

20 (g) passing said nascent fibers through an air-
21 gap;

22 (h) solidifying the nascent hollow fibers in a
23 coagulation medium and forming solid
24 membranes;

25 (1) further removing the solvent from the formed
26 hollow fibers in the coagulating medium;

27 (3) drying the hollow fibers at ambient

28 condition; and
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2 polymers are polyethersulfone, polysulfone,
3 polyetherimide or cellulose.

1 4. The process according to claim 1, wherein the
2 solvent is N-methyl-2-pyrrolidone or N,N-
3 dimethylacetamide.

1 5. The process according to claim 1, wherein the
2 coagulant and coagulation medium are tap water.

1 6. The process according to claim 1, wherein the
2 polymer dopes have coagulation values of 1 to 3 g
3 for water by the addition of the nonsolvent-
4 additives.

1 7. The process according to claim 1, wherein the
2 polymer dopes have a polymer concentration of
3 20wt% ~35wt%.

1 8. The process according to claim 1, wherein the
2 polymer dope is spun subsequently into a dry air
3 gap and then into the coagulation medium.

1 9. The process according to claim 1, wherein the
2 polymer dopes are degassed and filtered prior to
3 spinning.

1 10. The process according to <claim 1, wherein the
2 desolation and washing of the hollow fibers take

3 place in a water bath at room temperature.
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1 12. The process according to claim 8, wherein the air-
2 gap is within 2-15 cm.

1 13. The process according to claim 1, wherein the
2 annular hollow fibers are coated using a coating
3 solution containing 3wt%-6wt% polydimethylsiloxane
4 in a balance of n-pentane.

l 14. A method of making an unified two-membrane
2 permeator comprising:

3 bundling annular hollow fibers;

4 encasing the annular hollow fibers in a shell; and
5 sealing lumen in the annular hollow fiber at one
6 end of the permeator and annular gap at the other
7 end.

1 15. The method according to claim 14, wherein air or N
2 is supplied into the 1lumen while sealing the
3 annular gap.

i 16. The method according to claim 14, wherein wvacuum
2 is applied into the lumen while applying an epoxy
3 resin in one end of the permeator.

1 17. The method according to claim 14, wherein
2 annuluses, which are sealed while sealing the
3 lumen, are re-opened by cutting off the plugged
4 portion of the annuluses.

1 18. The method according to claim 14, wherein two
2 separation stages are provided internally for gas

3 enrichment.
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2 pairs are selected from the group consisting of

3 COo-CH4, 0O2—-Hz and Hz-Naj.



