s 3

1 oo SOLVENT- RESI STA| W
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Application Serial 5 No. 60/125, 345, filed March 19, /1999 |s clalne /
BACKGROUND OF THE | NVENTI ON M cropor ous lf7 ,,/5;{
fiber menbranes are well known in the art. See, for exarrpl e, 10 uU. S

Pat ent Nos. 4, 230,463 and 4,772,391. Such nenbranes are typically made
by a sol ution-casting processSOIVENT-RESIHTMNT MITRABOROUD| ut i on

precipitation process (hollowp N%{ Eg{%gﬁ] lymer is
precipitated froma pol yme*r/l'sclaf ven scﬁﬂ?‘l’ on. nve&?l onal polynmers

used for 15 mcroporous nenbrane formation by solution precipitation

are not resistant to theTﬁelg5§95§le§eeft 9::59&@&5931 @9?&@ S@d10n for
t he casti Pg or__spi nni ngsfabrl cation sol venpg simlar s rength
S

since such®solN@nt&0/125348¢| fdled E‘ﬁEFP ELﬁe pEPYndE. cIrdgednenbr anes made
from 20 conventional polyners cannot be used to treat feed streans

manur act ure o Aok RiiBOF TR THEENFIRES © 1 om pol yimdes is vell
known in the art. See, fHMicroporexanflet shewmtnbpdahsilined flibgr Pat ent

N 5 753000 oZieTils oLeqkafl Lases achEOgeRe | QectPal 1g.foll et
sol vent - rE&i st@n$. HahepbsNoeasﬂuagosﬂéé agdch , fé@bBahes Such svegbirrechessd

sol vent - resi SLapL - cyonexely okl By0gSe8liftion- cgeemg [ BrBeeaiisqaaddl e to

hydr ol ysi s when exgose 30 water at el evated ures
result, these sheetgy QEn}PYrésﬁgg‘Hﬁﬂ-oﬁ EFSE&PéG§%8PyPﬁ‘P&@SF‘| H&eod Igve not

suitabl e for appbé£a) | oRRevbehethbepslyRam e b@eb&pataded frdus shot and
contai ns wat er een_.shown to be Z t abl e

1 O((J;e gol yrre? t hat g
to 35 hot watBPYRSROPOBERDFNFEAYELE™ PR ?n"eBEF°H8 BPééf“‘ﬁgén
to be cheh® calthycrespsdaat mambeaner fsghbkongby soluSéen paecdydnpita,orl). S

Patent Nos. 4,603, 868 +85980a4f%t0 the solvents used to form the
polymer solution for the casting or spinning fabrication,
or to solvents of similar strength since such solvents
dissolve or swell the polymer. Thus, membranes made from

20 conventional polymers cannot be used to treat feed
streams containing solvents or other harsh chemicals.

The manufacture of solvent-resistant membranes
from polyimides is well known in the art. See, for
example, commonly assigned U.S. Patent No. .5,753,008.

25 This patent discloses a process for spinning a fiber from
a precursor polymer, and then rendering the fiber p
solvent-resistant in a post-casting étep. Such membranes
are indeed solvent-resistant. However, polyimides are
knowri to be susceptible to hydrolysis when exposed to

30 water at elevated temperatures. As a result, these
solvent-resistant microporous polyimide fibers are not
suitable for applications where the stream to be treated
is hot and contains water.

One polymer that has been shown to be stable to

35 hot water is polybenzimidazole (PBI). PBI has also been
shown to be chémically resistant after crosslinking.

See, for example, U.S. Patent Nos. 4,693,824, 4,020,142,



2 ., 3,720,607, 3,737,042, 3,841,492, 3,441,640, 4,693, 825, 4,512, 894
and 4, 448,687. In these patents, various processes for maki ng nmenbranes
from PBlI are discl osed. However, the resulting nmenbranes are not

m croporous, but 5 i nstead have a dense skin on at | east one surface,
resulting in | ow perneation rates. These patents al so di scl ose a nunber
of techniques for crosslinking the PBI menbr anes. However, these

C][OSEI i 2(‘3‘ ng %@Qﬁtﬁ,tgcﬁﬁ,k!?,am7h,o4%p fﬁ,_@!lﬁ[m@ip 3n@%ﬁa§@oi m;ggabétst,l eness

of the menbr ane,  nmakin e icult to manufacture and, use.

BRI EF SUNMARY4@|5%ﬂ4|§%“|\|\?éP\#|"E)\?4né'é§7- In thegqpatentssVRFLPUSspect s of

the present prodenssd ifor diking membranednfrohi PBI aspedisclbgednvention

conprises a 1.Cr OpQr,ous -resi h o] i be rane

formed from p(ﬁoy e\ﬁezl?o’m%c}’éez o’féeé)‘xk%? Iﬁ%&eﬁ{r\r%qn%? a%%é bl)g?%g&érgﬁﬁg?gﬁt ePP%ed

by exceptiSonalinsitteashdreyeraedense $kih on atehsdse aneesgrhaaad high

el ongati on at : ' | | 5S4 a tabl e
g&?‘a%blﬂaakirpglé\g O%%rmé’éﬁbﬁ“féﬁ%é’ . Werha Sy n%&@eﬂés at88

support for ricatin osite permselective nenbranes.
In a second asiEdloggme | T orf copphrni@aes for cresmbinkingmkhagPBlch a

sol vent - r esi stitbrBledEMHEGHEver, these crosslifikénghbréc8gdneet, 1688
I nvention conprises,a 25 ., countercurrent, flow, separation_nodul e

|
i ncorporating ® 2 ArAMHLLS| PACTRABT ate WG r RFHEBECPRE8 ObnkPSel ecti ve
coating 10 inenbeaes, amleisygrther éiffichla sol venmtfaesusé aahdPBSe .

menbr ane. In a fourth aspect, the invention conprises a 30
nmet hod of crosslinking a nmenbrane (hollow fiber, flat sheet, or
t ubul ar; mi cr dPFOVEINSSUNMARYS r @K sSTHR RN BBNBICN or asymmetric) forned

fromPBl using a multi-fanctd ol severdl K¥bpbatsdSs the present The
menbranes of the present i1nvention are 35 useful for a variety of

appl i cati ons, HTHEGRfeh Py

15 In a first aspect, the invention comprises a
microporous solvent-resistant hollow fiber membrane
formed from -polybenzimidazole (PBI), the membrane being
characterized by exceptional nitrogen permeance, high
tensile strength and high elongation at break, making it

20 particularly well-suited as a coatable support for
fabricating composite permselective membranes.

In a second aspect, the invention comprises a
method of making such a solvent-resistant PBI membrane.
In a third aspect, the invention comprises a

25 countercurrent flow separation module incorporating a
composite membrane wherein at least one selective coating -«
is placed on a surface of such a solvent-resistant PBS
membrane.

In a fourth aspect, the invention comprises a

30 method of crosslinking a membrane (hollow fiber, flat
sheet, or tubular; microporous, isoporous, non-porous, Or
asymmetric) formed from PBI using a multi-functional
alkyl halide.

The membranes of the present invention are

35 useful for a variety of applications, including

ultrafiltration, microfiltration and membrane contactors;

and as supports for composite membranes that are used in



dltrafiltration, mcrofiltration and nmenbrane contactors; and as
supports for conposite nenbranes that are used in

3 such applications as reverse osnosis, nanofiltration,
pervaporation, vapor permneation and gas separations. DETAI LED
DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS 5 3 In contrast to the
procedures of the prior art, It has now been found that m croporous

PBI nenbranes siith applieatéphisons rpeeireenasoesdsd amnuﬁﬁlurﬁﬁﬁdﬁume, can
be __mde b%e%&ﬁ%&a%@io‘ﬁ‘“ g%o?cf pk et %ﬁd‘éﬁﬁs §T ‘%
€ ne I'n Spect’;

crosslinking t one |nvent|on
conprises a m cr oporous hol | ow fi ber nmenbrane forned froanBI t he
menbrane bei ngpkaRE{ At Bﬁs@m&:&&o&ob@wﬂ@g PREGRRRED EMBODIMENTS (2)

provi ding a fiber-spinning polyne sol ution conprising

15 to 30 we% PBI, 2 to 130 contrast to the PrRceOnrgs A &g HTies gt

pore-former it has now been fomuht&a@mwoyostgmmfmeh&%@mlvb%
5to 30 wt % | ow nol cula or ner, W|tha

ol ecul ar e GHECBPERERAL, By FOrmRAcE and solvent,zesiatandsy b Rent
(b) form ng amaganbypeptropees ke lextrivdi of the procedures for maklr@lajrli@r

sol ution throug?ogglghkghgetgg ﬂembranes tenperature of 25[err]
to 60[err] C wh sl t aneously injecting a

coagul at i h§ . In one afspgicl .t heugmventdedl eompozitass ian t he 25
orifice; mlcroporou%ChOEﬁQMfQH%QrauﬁHﬁﬂ%ﬁeb%bﬁmed from PBI, thdd)
passi ng the spun nenbrane throu uench bath at a
tenperature of "OPERPE PEIAG] & ecated by the following, A

m croporous hollow fiber (30 providing a fibefempiandngdftblymer

(e) rinsing the nenbrane. Addi.ti onal opti.onal ryi ng and
post - treating the menbr&Re O@r&&ﬂp ARRS dr &ﬁpéﬁ Qﬁfcﬁhfl 3"
15 5 wt% high molecular weight pore-former

with a molecular weight of >1000 daltons,
5 to 30 wt% low molecular weight pore-
former, with a molecular weight of <100
. daltons, and a solwvent;

20 (b) forming a spun membrane by extruding the
polymer solution through an orifice at a
temperature of 25° to 60°C while
simultaneously injecting a coagulating
fluid through a needle located in the

25 orifice;

(c) providing a quench bath;

(d) passing the spun membrane through the
quench bath at a temperature of 10° to 40°C
to form a microporous hollow fiber

30 membrane; and

(e) rinsing the membrane.

Additional optional steps include drying and post-
treating the membrane by crosslinking or annealing.

The microporous hollow fiber PBI membranes

35 formed by this process have excellent properties for a

wide variety of membrane separation proéesses.
Generally, the membranes have a gas permeance of at least



The m croporous hollow fiber PBlI nenbranes 35 formed by this process have

excel l ent properties for a w de variety of nmenbrane separation
processes. General ly, the nenbranes have a gas perneance of at | east

4 5 nerr]/merr]hr{err]Jatm preferably at |east 10
nferr]/nferr]hrferrfatm In addition, 4 he surface pores on the
menbrane (both i nS| de and outsi de surfaces of the hollow fiber) are

gr eat er tfham 1 /abtuea@n05 Hrafigugblandtl deensthald abdufshirspem.] mInThe
fibers 5  haugsfA{80Si¢Re SéuPPSEQ g&rég bﬁaéhelggmsééhlea'zfsekh in
preferably at Ieast 200 g/ fiTlanent. bers al so have Fongatlon

at break of atar}%ﬁ-it%%f% %H‘E?%‘FSEI g9fathe hollgysfibew) Fxe gFBéﬁ?}rcan al so

be made with acmmd@w@meo 05 w@f shanmeessstBad wBblLitt hi giknesgas, rdepenrdi ng
on the 10 ﬂ‘gael cation of.u ral

e in ter of t he
fibers car ra ?r%rﬁ%%%hjre2%6rf’%9£$n??o¥§bgﬁf‘s’io§8g ? ggmentf and t he
wal | thi cknespmdfatubIy bet sleastr 200egf folmabaut The Bﬁ)b{aﬁér]amsth&b@Ut

200 [err]m . The § tion_ga with.virtually any 15
PBI, and in paar ieclu?ré?at\:/\nl?% %ﬁois)ggggségl ngFggf'J iﬁg preE%th?yNSé
2,895,948, 5, dEReHd25%nd BhesAibess can also beswhdsuwithoé whidehrange

|ncorporated hef edihdiVeers aﬁ@fﬁéfﬂCEhlzﬂﬁégsgglSng¥ﬁ the gﬂ'kﬂ&"ng

general repeat structure:
Ris a tet®avaRimticatolii et nueeeusCergpriay) ythe mgyﬁfﬁeﬂ%a@altpy« Of

substituted, wiHd filgeidtcQgePang@NBrom abbatN20g LRetbeagbatdagabe 4, ngs
g?'?g palred %qu the wgfiagﬁfékﬁgégogfaEﬁng Le%gecgﬁogggég Q%gkeg ou%nd
30 um to about 200 um.
The invention can be used with virtually any
15 PBI, and in particular with those described in U.S.
Patent Nos. 2,895,948, 5,410,012, and 5,554,715, the
disclosures -of which are incorporated herein by

reference. These PBIs have the following general. repeat

structure:
20
LA T
25 \ / \ /
I

where R is a tetravalent aromatic nucleus, typically

30 symmetrically substituted, with the nitrogen atoms
forming the benzimidazole rings being paired upon
adjacent carbon atoms of the aromatic nucleus, and R' is
selected from (1) an aromatic ring, (2) an arylene group,
(3) an alkylene group, (4) an arylene-ether group, and

35 (5) a heterocyclic ring, such as a pyridine, pyrazine,
furan, quinoline, thiophene, or pyran. A preferred PBI
is poly(2,2'-[m-phenylene])-5,5'-bis-benzimidazole.

It has been found that to obtain a microporous

fiber with high porosity and high gas permeance while

40 maintaining excellent physical properties such as high



selected from (1) an aromatic ring, (2) an arylene group, (3) an

al kyl ene group, (4) an aryl ene-ether group, and 35 (5) a heterocyclic
Fing, such as a pyridine, pyrazine, furan, quinoline, thiophene, or
pyran. A preferred PBI s

poly(2,2" -[ mphenyl ene])-5,5" -bi s-benzi m da&zol e. It has been
found that to obtain a m croporous fiber with high porosity and high
gas perneance1mhﬁ$bld05trenghhaandnglengetﬂentaphbséehh pr opetiires csfuch as

hi gh h molecular welght pore- fOﬁmer and ﬁ%@shhgeiﬁﬁgﬂgth and
el ongati on at ak a mxture o | ecul ar MBI% ore-f orner

and a | ow nol ér@ﬂgant por@\efgﬁmeﬁosbwédnb? slﬁ@dl d Beeyvedg th@%cgtqf ratio

of hi gh ol eoul mé1 &eh DRt Q@ighf:%%é E8riaw EB' %wl %w%uqfatr @el ht
pore-fornmer should ra e from 5, prefer fraom %

0. 25. > Pore‘ 9FEeRi §RO @eEﬁPﬁ? &EP@hP Bérgofﬁrﬁerp§ﬁgﬁnf Y have a
mol ecul ar wei ghtofo ad 76 eest oapput 1000 dal t ons. | t should al so be

sol'uble in the sol vent d for,the.10 -fiber nnln tj on and
in the materials used ufﬁ?oglgﬂem?%?gP%gr WS&&%F % ? ﬁ? éﬁ%ﬁi#
guench bathmvéxanpbkecolasuweaghte hfghtn@besulabowalghoopdaétons

formers includg Qﬂz%%&yé\lgéérﬂé' %Q?.HBTE éHVE’%x Pll%ghgyhsed f%lrc%li‘@ (PVA),
pol yvi nyl acetate pol yet ene yco g pol ypropyl ene
gl ycol (PAgG . fider- sm@néngeﬁday@ﬁrrrﬁpééenan aBAgRAR BHereMpseAERlss Usgdl

The | ow nol eCUﬁ@f t\ﬂ@égbﬁteiaﬁsifebagﬁlghseahdsolutlﬂaheaadneh@c @ncei ght  of
no greater thg%ﬁ€EOUt 100 gltons gnd shoul d_be gdrophl ic. It should
al so be 20 t e FRRTRLeSoPT Rt ifiabler BiIPnBOL PR AL L RABRY POT S50l yrer
sol ution and ifottherseirtliabts psegvinyltbyrollldmheneauPw@agubmmyyinyl

sol ution and t c%%$2??PG£§Pbpégygigggeggéggt Q?Vﬁ Z V%%%f lOW

nol ecul ar meld% Nprrses 1) a 25
pol yf uncti®nalgkycoholPEE) i i andspel yrrdpui hae QéVCOétKP§§) A of an

al kanol . (1V) g8 %f% ?@é ﬁigﬁrme!%b&%w@élaﬁtapore £Bmsk-ungt il al cohol
(v) m xtures d vi) mXtures of water and at | east one
of (i)-(v). The low molecu ar weight pore-former should

have a molecular weight of no greater than about 100
daltons, and should be hydrophilic. It should also be

20 soluble in the solvent used for the fiber-spinning
polymer solution and in the materials used for the
internal coagulation solution and the quench bath. In
general, the class of useful low molecular weight pore-
formers comprises (i) a lower alkanol, (ii) a

25 polyfunctional alcohol, (iii) ester and ether derivatives
of an alkanol, (iv) ester and ether derivatives of a
polyfunctional alcohol, (v) mixtures of (i)-(iv), and
(vi) mixtures of water and at least one of (i)- (v).

Examples of suitable low molecular weight

30 pore-formers include monofunctional alcohols, such as
methanol (MeOH), ethanol (EtOH), isopropyl alcohol (IPA),
n-propanol, and the various isomers of butanol;
_polyfunétional alcohols, such as ethylene glycol,
propylene glycol, and glycerol; and ether and ester

35 derivatives of monofunctional and polyfunctional
alcohols. A preferred low molecular weight pore-former

is n-propanol.



Exanpl es of suitable | ow nol ecul ar weight 30 pore-forners include

nonof uncti onal al cohols, such as nmet hanol (MeOH), ethanol (EtOH),
i.sopropyl al cohol (1PA), n- propanol , and the various isoners of

but anol ; pol-yfuncti onal al cohols, such as ethylene glycol,

propyl ene glycol, and glycerol; and ether and ester 35 derivatives of
nonof unct i onal and pol yfuncti onal al cohols. A preferred | ow nol ecul ar
wei ght pore-f orner Prefiepregafeflvents for the fiber-spinning

6 soluf’isﬁeiﬁeﬂuael a%ta%hwéc%%nﬁu%er(m&m ng sol ution
i ncl ude di net hy| acet am de thyl formam dé (DVF) and N- et hyl

( DVA
pyrrolidone ( et Ylfo?ﬁémf-ﬁﬁer(Dglﬁl)nﬁPﬁgN glephydl Pyrrcilddsieet @M y is 5
filtered to rexmefpuefsspenaahgl pb@s}-me@dsbums.ohhw@wérebl 15! ne gage
(10-30[er$1 Bilter nd_has vi scosity_ of
ni n

50,.000 ¢
at the spi Brhetatdr EG"WFCRVF§Slze p&r&flé:ﬂgﬁl fiméioﬁ d'ﬁ'ﬁimi‘g}brﬁ P
25[err] to 60[&iné Cgagebélesbonummgfllteror aext hasi anxnlscmrldiyctcefd atomn

extensi on rat f om.1.40 t e n

sol ution \E\/}gcosdlst{'323 Sé OR 88 aer aé—%]r gpégﬁvﬁ‘% %Q%)I%PH%S'I 6'&‘ r}‘ s
conducted. A PeeEer 1Ex€©0§u§heﬂaﬁ§ ifgrom éﬁfetp]ﬁmﬁ Flbemnspmnmmg
tube-in-orificersPiPPEESLE HBYcBﬁdH%%Qd at abygk%@h%¥oga!h@% %EEQﬁkthgr of

di ameter on the order, of 500 15 1500 [err]mand a tube on the or
25- to 30LYageto 5 cm’/min, deP‘B?ﬁH"EU h@?ﬁ‘it’é‘i’%a@%@é@%ﬁa@?%ﬁté@nut| on and

t he quenchvbetbs peef ahabtneceampeeataraoh@r whakhehesekeghiRion idrom
MeOH, EtCOH, n- ro anol ures thereof Ri nsi ng

is preferably ‘d%?%‘é Wi @hp?g%eﬁ\ggr egﬁa}lgr"opPﬁmte 1s'2 cm’/min.
anot her aspectcom%entntveaitl bubeoenprozéfiae spimpelret sf owycbessisedi ng a PBI

nmenbrane by t2@Y%?%%Pfggﬂav1ngsBﬁpérlflce dlﬁgeter oﬁa%hgrg@qéfuefiso

crosslinking ising a nmul ti-Tunctiona
al kyl hall¥de to 1500 um and a tupg gnssheepirder Of 25~ to 30-dsgssoaking

the menbrane in the crosgbtAktAE8 internal coagulation solution and the
quench bath preferably comprise a polar solvent selected
from MeOH, EtOH, n-propanol, IPA, DMAc, water and
mixtures thereof. Rinsing is preferably conducted with
20 water and/or IPA.

In another aspect, the invention comprises a
method for crosslinking a PBI membrane by the following
steps:

(a) providing a crosslinking solution

25 comprising a multi-functional alkyl halide
in a solvent;

(b) soaking the membrane in the crosslinking

solution for 0.5 to 48 hours and at a
temperature from 50 to 150°C; and

30 ~ (¢) drying the membrane for 0.5 to 48 hours at
a temperature of 25° to 200°C.

The multi-functional alkyl halide should
contain at least two halide substituents, and has the

general structure



éoluiion for 0.5 to 48 hours and at a tenperature from

50 to 150[err]C, and 30 (c) drying the nenbrane for 0.5 to 48
hours at a tenperature of 25[err] to 200[err]C

The mul ti-functional alkyl halide should contain at |east two halide
substituents, and has the general strutture

7 [err] 10 where Xis Br or d, nis 1to 11, ais 1to 10, b is
0 to 4, and c is O to 6. A preferred class of difunctional al kyl
hal i des conprises straight cha_ne eroiamakl y or, di -substituted conpounds
havi ng the structure 15 X-(CH2) [err]-CH2-X

where X and n are as defined gbqes,) Adrps(cc}gr)gi;erred di functional alkyl
hal i de i s di bronobut ane (DBB). he al kyl halide may al so

contain three or nore 20 halide subsio,pents. Exenplary al kyl halides

with three or nore halide substityents include tribronopropane,
trichl oropropane, pentaerythrityl tetiCigrom de,, and pentaerythrityl
tetrachl ori de. The sol vent used to dissolve the al kyl halide

25 shoul #0not whezet XwiishBrheralRyl thdls de tand Isheuli® fotto 10 dilssid vee t he
uncrosslinked E’g' aTeahBaRe 1 Piehly e A preadete¥s ARYHdT KAIRRGS 1 Seh as

acet one, nethyl
alkyl halides comprises straight chain, terminally

di-substituted compounds having the structure
15 X- (CH,) ,~CH,-X

where X and n are as defined above. A most preferred
difunctional alkyl halide is dibromobutane (DBB).
The alkyl halide may also contain three or more
20 halide substituents. Exemplary alkyl halides with three
or more halide substituents include tribromopropane,
trichloropropane, pentaer?thrityl tetrabromide,, and
pentaerythrityl tetrachloride. _
The solvent used to dissolve the alkyl halide
25 should not react with the alkyl halide and should not
dissolve the uncrosslinked PBI membrane. Preferred
solvents include ketones, such as acetone, methyl
isobutyl ketone (MIBK), methyl ethyl ketone (MEK), and
pentanone; and ethers, such as isopropyl ether and butyl
30 ether. The resulting crosslinked PBI membrane has
exceptional chemical and thermal resistance.
In another aspect, the invention comprises a
crosslinked microporous hollow fiber membrane formed from
PBI, the membrane being fabricated by the following
35 steps:
(1) providing a fiber-spinning solution having
the makeup noted above;
(2) forming a spﬁn membrane by extrusion as

noted above;



i'sob,utyl ketone (M BK), nethyl ethyl ketone (MEK), and pent anone; and
et hers, such as isopropyl ether and butyl 30 ether. The resulting

crosslinked PBI nenbrane has =~  exceptional chem cal and thernal
resi st ance. I n anot her aspect the invention conprises a
crosslinked m croporous hollow fiber rrenbr ne formed from PBI, the

menbr ane bei ng fabricated by the foII (1)
provi ding a fi ber-spinni {‘jlad sdHIUT O %pun metBPane through; g, gusnghy

not ed above; (]@atlﬁoasn ngtadsphoverenbr foemby e CropoddOURS

not ed above; - 8 (3)
passi ng the spun nenbrane throug °%_5hb%r membrane ; bath as
noted above to forma m &loporbaging the membrane; andnol| ow fi ber

menbr ane; s () E1Hsh Dk DEg "ERE' ABRbrand és noted abovel.9)
crosslinking the nmenbrane as noted above: I n anot her aspect,

the invention conprises & anoE%ﬁ%o%?E%cﬁolFBﬂ/%PB%FthﬁﬁbFQWBrééﬁﬁr@S|ng at

| east one m{yamltﬁ:tﬂdlél@@&filﬂ@rftﬁéxﬂﬁﬂaﬂé aoﬁpﬁﬁﬁﬁ.hgkad e8P HRUS
PBI hol | ow fi ber e made as de per.nsel ective

coating t hat |§5ﬂﬁﬁ %ﬁﬁmﬁﬁﬁtﬁﬁ%n ?ﬁ@eg pﬁrFFeﬁﬁg?nggﬁaP&FFBP°q9W%3
desired to acmBiuhokaW1ﬁEber meMHranenmadeoasmdeacryhpdrabe&\orgmﬁlcs

the remydl ObermecilAliye &&ggoﬁggdéhsfogg%silgapaép?ﬁas REBA' ghion of

organi cs "or the purificationn o0 anot
aspect of the Pankdftular t9rparakion 1%rb$|@@ﬂlﬁe@oﬁﬂtéﬁbmﬁventSﬁb@was

separation ”D@ﬂé3remo¢é¥ﬂﬁf5%£ﬁbr vapor from orgéﬁicé CPREbeEmRIUNNG ¢f eed
and retentate eq and nmeans” for_ renbvi ng perneate

vapor near 20Volatile compoundgnfrem gakey; vapor, “the separphyor Béndl e of
thin filmcomagdradwld®whe purificationn of waber.nmenbranes arranged

substanti.al ly aral | el each,. ot her ip.said,chamqer,
each of slg d conposite HST ¥R £F fl%%\?h% 28belf §2°hS lnvﬁﬂﬁf)?ﬁ gg‘ere 18

conpri sing a goiomimied esicremtercurrent flow separation module
comprising:

(a) a chamber having feed and retentate ends
and means for removing permeate vapor near

20 the feed end;

(b) a bundle of thin film composite hollow
fiber membranes arranged substantially
parallel to each other in said chamber,
each of said composite hollow fiber

25 membranes comprising a solvent-resistant
PBI hollow support fiber having at least
one permselective coating on a surface
thereof, the PBI support fiber having been
formed by and optionally crosslinked by

30 ' the methods noted above; and

(c) means for securing and sealing the bundle
of hollow fiber membranes to the chamber
at its feed and retentate ends so as to
permit fluid communication with a feed

35 stream.

Details of the construction and operation of such a vapor

separation module are exemplified in Examples 28-31



PBI hol | ow support fiber having at | east one

pernsel ective coating on a surface t hereof, the PB
support fiber having been formed by and optionally
crosslinked by 30 t he met hods noted above; and .

(c) means for securing and sealing the bundye of hol | ow
fi ber nmenbranes to the chanber at its feed and

retentate endsheeeas hOd in commonly assigned@eruuigd. fHateshtconmuni cation with
a feed 35

operation of sHen & F43POS: Cre sgef&ﬁn&i'ﬁn?dlﬁcel°§ﬁer%§sxéqﬁ3|wﬁ} G e 2

Exanpl es 28-3lincorporated herein by reference. here|n and
in commonly assigned U. S @att%%t remo %h%%eqo%rotnh% &Eéréd rLQ:ri:team, it
di scl osures of which are I ncor por ate ereln by reference.
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useful for renmayargphalec.f r @RaaId Qﬂ:‘ |paﬁdmmemﬁ1yne yda tlithg a:ha:tcéﬂals
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Y- éd su

- pol ystyrene, acryl at es can " render | CI ent |y
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i ncor por ated bpoabmﬁfﬁ@momi@rss:yﬁmie cwﬁo’alproly acrsiictegy @ys I by

addi ng themin a %gr{%q %:tlgp hlydrorpﬁ'ﬂclqcaq:g %%T as{ehl%rl:th;%

pl asma- graftlng s San Versions o eftals are

al so useful . water vapor by 1ncorporat1ng hydrophilic groups such as
hydroxyl, amine, carboxyl, ether, sulfonate, quaternary
amine, carboxyl, ether, sulfonate, phosphonate,

20 quaternary amine, and ester functionalities. Such groups
can be incorporated by choosing monomers that contain
such groups or by adding them in a post-treatment step
such as radiation- or plasma-grafting. Blends and
Acopolymer versions of these materials are also useful.

25 The coating material should also be crosslinked to
provide sufficient resistance to swelling or dissolution
by components of the feed stream.

A particularly preferred permselective coating
material for dehydration of organics is a blend of PVA

30 and polyethyleneimine (PEI), wherein the material is
crosslinked through the amine groups of the PEI using
ethyl succinate by heating to elevated temperatures. By
varying the ratio of PVA to PEI or the amount of ethyl
succinate crosslinking agent used, the selectivity and

35 permeability of the membrane may be adjusted. This
coating will be extremely effective for vapor permeation

applications. However, it will also prove useful for



25 . The coating material should also be crosslinked to provi de
sufficient resistance to swelling or dissolution by conponents of the
feed stream A particularly preferred pernsel ective coating
mat erial for dehydration of organics is a blend of PVA 30 and

pol yet hyl eneimne (PEl), wherein the material is crosslinked through
the am ne groups of the PEl using -~ ethyl succinate by heating to el evated
t enper at ures. ®yher separytingnshiéncatiddngf deYxdratREn of hgaammentbyof

et hyl suc, in g used | :Qﬁ'q 5
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extrenely eff e@@$v%trgamﬂapgrlcbeﬁﬁeétiroﬁnd natalﬂfﬁlll gasi;orsd Hemwse in

will also pr0V§u5§eééilgorallow1ng the transport of water while 10
ot her separations including dehydfation of aqr %anl CS per vapor ati on;

t he renova?P ofrﬁﬁFE?‘c"(réﬁﬂrg*‘?oﬁ?ﬁﬁﬁﬁ?e%e?ﬁ’ rog§8s streams such as air and
natural gas; and for useaiparticfilakrigeplrefeatrlednicigsisheft ljp%ﬁr[mi’ﬁedﬂl\)/@ter

whi | I CLI h f hyd | ar |
TG RON X T ——— R

purification bysmesgsser nanofmbsiratapnnasopolyeaticdes iforpeldy g des f or ned

h s, Patent RoST L8 LgD pERHERY7RtIER. o magbly SRS ahae |
4,529, 646104, 2fqud4iand-4-08otenb, Nos. BpE83e72Bnedt 8dics@0Ssur es of whi ch

are lnCOprfat@d853 1b8r einoby, qg@erqnggg 646, 4,277,344 Beig theyemygl of
vol atil e conpo

u rom 15 as such.as air or mtrogen
t he permsng‘EtPGEt(’:BSPFnéaﬁg §H§ Py © bﬂ’ lng‘t aaew&%:ormrated

el ast oneri ¢ orheundbar pypok¥eareencExanpl es of rrat erials useful for such

separations include ”atuﬁé%yéggb% Q8val EE % 1ﬂ%b%omgﬂund%r%ﬁ%5 r ubber :

pol ystyrene- but adi ene copo rs (but adiéne ac oni
pol yur et hdhes; WaterpgryaﬁsdesrepmlsyauehyIaénes'r pol yitriogerhy ltdid yl pr opyne) ;

fluoroelaStonegérm98h¥E¥h9¥lGBEQEhSGEE usuall9, Y LRROSRRAZARLS)s, an
particularly t ose w th organic
elastomeric Or rubbery polymer. Examples of materials

useful for such separations include natural rubber,
nitrile rubber; polystyrene-butadiene copolymers;

20 poly(butadiene acrylonitrile) rubber; polyurethanes;
polyamides, polyacetylenes; poly(trimethylsilylpropyne) ;
fluoroelastomers; poly(vinylchlorides);
poly (phosphazenes), particularly those with organic
substituents; halogenated polymers, such as

25 poly(vinylidene fluoride) and poly(tetrafluoroethylene) ;
and polysiloxanes, including silicone rubber. Blends and .
copolymer versions of these materials are also useful.
Ion exchange membranes and composites may also be used
for some applications. A particularly preferred coating

30 for the removal of volatile compounds from water or gas
streams is poly(dimethylsiloxane) and derivatives
thereof.

_ For separation of organic mixtures, the choice
of permselective coating material will depend on the

35 organics being separated. Many of the polymers listed
above for the dehydration of organics or the removal of

volatile organics from water or gas streams will work



éubsiituents; hal ogenat ed pol yners, such as 25 poly(vinylidene fluoride)

and pol y(tetrafl uoroethyl ene); and pol ysi | oxanes, including silicone
rubber. Bl ends and copol ymer versions of these materials are al so
usef ul . | on exchange nenbranes and conposites may al so be used

for sone applications. A particularly prefgrred coating 30 for the
renoval of volatile conpounds from water or gas streans is
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coati ng materi Rlaggg p&@ the pﬂud”(fédzeor?ft H@G‘Stﬁvf%tof HFBF 12 PR
using a nunber of coﬁfve@ftri\&ﬁll delhriiefldy ,qlieﬁsludmigmmdﬂjatﬁ@,tl ng,

pai nting, spra coatl , sol ution- coatln | nterf C|al :
pol yreri zat i on\{’ a1 ngj&%&or}' coatt}%élq nsideY | unens) or
out si de smofac&n@bﬁﬂaerannpmmymerlzduﬂnn iThenssiatadpyy ineat impliaced on
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EXAMPLE 1 olution was prepare
consi sting of fdbgrw dal wosR agphisdrianend]t -is prefipmras ShathAhg dazol e

(Hoechst - Cel angggt 1 @éﬁﬁfgcggngﬁlthe 1dedrd i na), 3 wt % PVP (K16- 18,
Acros Organics, New Jersey) 20 . (a high nolecular weight pore fornmer with

a nol ecul ar wei ght of 8000 daltons), 22 w % n- propanol (a | ow
15 EXAMPLE 1

A fiber-spinning solution was prepared
consisting of 18 wt% poly(2,2'-[m-phenylene]) -
5,5'bis-benzimidazole (Hoechst-Celanese, Charlotte, North
Carolina), 3 wt% PVP (K16-18, Acros Organics, New Jersey)

20 (a high molecular weight pore former with a molecular
weight of 8000 daltons), 22 wt% n-propanol (a low
molecular weight pore-former with a molecular weight of
60 daltons), 0.4 wt% water and the balance DMAC. This
solution was filtered through a 20 um polypropylene

25 filter while transferring the same to a reservoir held at
a pressure of 25 inches of wvacuum. The viscosity of the
solution at 50°C was 13,800 cp. The fiber-spinning
solution was then extruded at a rate of 2 cm’/min at 50°C
through a tube-in-orifice spinneret having an orifice

30 diameter of 800 um and a 27-gage tube using 100% IPA as
the internal coagulation solution. The hollow fiber
formed by this extrusion was drawn at a- rate of
460 cm/min into a quench bath at 30°C comprising 75 wt%
IPA and 25 wt% methanol. The resulting solidified fiber

35 was rinsed in water at 40°C for about 2 hours, drained,

and then rinsed overnight in IPA at room temperature.



nmol ecul ar wei ght pore-former with a nol ecul ar wei ght of 60 dal tons),
0.4 wt% water and the bal ance DVMAC. This solution was filtered through
a 20 [err] m pol ypropyl ene 25 filter while transferring the sane to a
reservoir held at a pressure of 25 inches of vacuum The viscosity of
t he solution at 50[err] C was 13,800 cp2 The fi ber-spinning

solution was then extruded at a rate of 2 cnB/mn at 50[err]C t hr ough
a tube-in-orifice spinnefee heevdgimg odicroper3es heildest &i IEOTHTY m
and a 27-gage hHPeaHs%%r%%%%ih%ér?i%l diandt@d e PG ald QRerage
solution. The hollow fi ber formed by this extrusion s drawn at a
rate of 488lénthigknees 2Lq&énéM -ba c&iol’ﬁﬂoegrlrt]yc%\r%ﬁ diIRFIA Wi

| PA and 25 wt %;pgtibarel. bihe hedsuliighg ri®idodidr ekrindagice3Df was rinsed in
wat er at 40[err];&C g?rz gbout 2 hours .grai nﬁda " amg thgn rigﬁedf

overni ght Pn | BA Bt/ F8B¥T2Ehper Sigr fibers had a tensile strength'o

12 620 gfiia laamumtt iamgl rirc redporgatsi dioldtowfdade ro i@k .ane had
an average internal dianeter I ary AYar

t hi ckness of 80 [err]m OCF(%rcg%ers{)%lﬂ%}%qﬁ’be%rs waegsg'e(\)f Hhrléé\?lcéa]tleocr by

t hei r hi gh nitfiper pemprames oler® sokad/h & MaYrs rimtamsolmfd dn ber s
had a tensile %Bh%'}qt%gng 5 wts ABHldh AR @b)an £Iaakl dssHudifeak of

22% fect cross|inking, sanples of the hollow

fiber menBPfanckekone HHBK Rdr 108 Fourd HRrdeshifn Ghout 1 &ai% idichg 5
wt % di br onobut apen( BB -trdmiddylat BBy Ifok0 3 Herfrene (MMeBiesail ti@Rf err] C,

air-dried for ahout 1 _hour ,and t.hen heat-tre at, 150[err]C for 3
hours. The resdtOSH§ had S SRR 1SR SB}Oé'B'érJtr} thsa%gheov%' in Table 1.

EXAMPLE 2 15 To test the solvent resistance of the fibers,
crosslinked and uncrosslinked fiber sanplgspffom Exanpl e 1 were soaked
for 72 hours in a solution of N nethyl pyrol lidi none (NVP)_ at

100[ err] C15whi ch caused tOse test thfrassisisrkaeFisance ehiEwIfibermhd t he
crosslinked 20 qrdddighkdd AR5 U @itk syved ibe D Harf S e ddth abtamp S

1 were soaked for 72 hours in a solution of N-methyl
pyrollidinone (NMP) at 100°C, which caused the
uncrosslinked fibers to dissolve, and the crosslinked

20 fibers to absorb NMP and swell, but remain intact. As
shown in Table 1, the crosslinked fibers maintained high
strength (i.e., greater than 100 g/fil) and high
elongation at break values. After drying the crosslinked
fibers to remove NMP, their permeance to nitrogen was

25 tested and shown to be the same as for the crosslinked
fibers of Example 1 before exposure to the solvent and

high temperature.
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greater than 100 g/fil) and high
After drying the crosslinked
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fibers to renove NMP, their permeance to
tested and shown to be the sane as for the crosslinked

fibers of Exanple 1 before exposure to thel3olvent and hi gh

t enper at ure. 13

Table 1 El ongat i drekalte 1 Tensil e
Strength Br eak Nitrogen 5 Exanpl e No. (a/fil)

(9% Per meance* 1 (uncrosslfi nked) 720 | Elongation at2{ 5
1 (crosslinked 920 Tensill Strength 4break 2 {oiRgshi nked)
250 5 75 Example No. 45 (g2eiauincr ogsl i nked) Di s petmatice*

Di ssol ved 10 T
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Exanpl e 1 exce t 1.gh mal ecul a I ght |pore- f or mer S
incrﬁded, t he mﬁhiaagﬁggﬁgﬁg solliti on b2d'® gn IPidez%R wt g PRl 95 w9

n- propanol , 0. 4 2wi8ocsah efiked) and t hesdal ancqd DMAC7s5The f i ber - sgsi nni r%
solution was 2 marntar red—at 30t er € and—tere was o cfosstHnking:
The r esul flindUHHO) nkegbr 4 exBiBFPE%yi r tluaPresAYeer irrance™ u o)
ni trogen.10 Exanpl e 3
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* m3/m’shreatm

COMPARATIVE EXAMPLE
Hollow fiber membranes were cast as in
Example 1 except that no high molecular weight pore-
former was included, the fiber-spinning solution
comprised 18 wt% PBI,
and the balance DMAC.

maintained at 30°C and there was no crosslinking..

25 wt% n-propanol, 0.4 wt% water,
The fiber-spinning solution was
The
resulting hollow fibers exhibited virtually no permeance

to nitrogen.

Example 3
Hollow fiber membranes were prepared as in
the fiber-

spinning solution was maintained at a temperature of

Example 1 with the following exceptions:

30°C, the viscosity of the fiber-spinning solution at 30°C
was 37,000 cp, and there was no crosslinking.

The resulting microporous hollow-fiber had an
average internal diameter of 440 um and an average wall
thickness of 100 um. The microporosity of the fibers was
indicated by their high nitrogen permeance of
25 m’/m’shreatm. The fibers had a tensile strength of

720 g/£il and an elongation at break of 20%.

Examples 4-8
Hollow fiber membranes were prepared as in
Example 1 with the internal coagulation solutions given



25 | Hol | ow fi ber nmenbranes were prepared as in Exanmple 1
with the foll ow ng exceptions: the fiber- spi nni ng sol ution was

mai nt ai ned at a tenperature of 30[err]C, the viscosity of the
fiber-spinning solution at 30[err]C, was 37,000 cp, and there was no
crosslinking. 30 The resul tingim croporous hol |l owfiber had an
average internal dianeter of 440 [err]mand an average wal l t hi ckness
of 100.[err] mifh®abler pandstheref wakenb lbeossldsnking. i Miliecatied-dyert hei r

hi gh nitrogen o] i1 a2 rrlhrd enr . The i her d a
tensile st reng?§£‘g§g§§8' Iﬁﬁsé}lﬁ ?tg%é‘g%%’e}aglr? %tllégg;%?tlotr)lr %gk H&%%in
Exanpl es 4-8 these fibers wpgk| a® Shown #@rrﬁ'lagﬁ@s 2zere prepared as in
Exanple 1 with the internal coagul ation solutions given :

14 in Table 2 and there was no crossljnking. The nitrogen

per meance, °tensil e strength, and el ongat??:}?ﬂ-%tz break of these fibers
were as shown in-Tahle 2 5 Table 2

| nt er nal Tensinternsd ongati qn Tensile | Elongation
Coagul ati on Ni tropen Scpamgdihiomt Bredk NitrogenExa$hgrleegth | at Spleaki Pn
Per mreance* (g/[fExkyple | (99 1(Bolution 4 84 Betr¥gdrRAr I5 (s BlhVeOH (318

41%4 1¢° 680 w 33 ﬂi&ﬁ?"z‘%ﬂuo‘&%@%@*m% gﬂigﬂ Bzﬁ’é‘ 59579 15

7 20 wt % DVHC/ 89 Wt Ped/Bfde tpa/8s wte Me@d 3 g8 b5 399 8 1828 M%
DVAC/ 5 wt % 4 250- 15
6 80 wt% DMAC/20 wt% MeOH 21 243 7
7 20 wt% DMAC/80 wt% MeOH 8 213 5
8 28 wt% DMAC/S5 wt% 4 259 15
: water/67 wt% MeOH
15
* m3/m?ehreatm
Examples 9-13
20 Hollow fiber membranes were prepared as in

Example 1 except that the quench solution comprised 100%
IPA, and the fiber-spinning polymer solution temperatures
and internal coagulation solutions were as noted in
Table 3, and there was no crosslinking. The nitrogen

25 permeance, tensile strength, and elongation at break of

these fibers were as shown in Table 3.



water/ 67 wt % MeOH 15 *nB/nmerr]lhrerr]atm

Exanpl es 9-13 20 Hol | ow fi ber nmenbranes were prepared as in
Exanpl e 1 except that the quench solution conprised 100% | PA, and the
fiber-spinning polyner solution tenperatures and internal coagul ation
solutions were as noted in Table 3, ang there was no crosslinking. The
nitrogen 25 permeance, tensile strength, and el ongation at break of

these fibers were as shown in Table 3. Table 3

15 Table 3 Pol ymer
Internal Tenstte &y .00 Tnternal 0T Ut T on L,q,Pgw 2t (‘Hi,pn'\" rogen
(S'([)/(; ength at |Break 5| ﬁ%e Tg%rlg ]Lgnem@qwgdegn er ¢ b e%f’]; 1)
a5 (Exggple | dehg it o i jpeance? (Aegmeance” | (o/€i1° ()
11 9 30°C i|n26 RA% pmac 11 o 50pmar] ¢ 120 wj|%
DMVAC 9 BOO 16 in IPA in | PA
12 50[ drrte eprarRe 12 340 16
in |PA 10 1 480F err] cz° Wt BRGtloo DMRC |13 340 29011
14 iin | PR PR
11 50°C 20 wt% DMAC 9 300 16
in IPA
12 50°C 10 wt% DMAC 14 340 10
in IPA
10 13 50°C 30 wt% DMAC 13 290 14
in IPA

* m3/mshreatm

15 _ Examples 14-23 _
Hollow fiber membranes were prepared as in
Example 1 using the fiber-spinning polymer solution
formulations and temperatures, and internal coagulation
solutions listed in Table 4 and using 100% IPA as the
20 guench solution and with no crosslinking. The nitrogen
permeance, tensile strength, and elongation at break of
these fibers were as shown in Table 4.



* nB/Merr]hr[errjJatm 15 Exanpl es 14-23

Hol | ow fi ber nmenbranes were prepared as in Exanpl e 1 using the
fiber-spinning polymer solution fornul ati ons and tenperatures, and
i nternal coagul ation solutions listed in Table 4 and using 100% | PA as
the 20 quench solution and with no crosdinking. The nitrogen
permeance, tensile strength, and el ongation at break of these fibers
were as shown in Table 4. Table 4
16 Table 4
Pol yrmer Sol uff i on | For nmeskvee pegspion Formilationt 5 .
Pol ymer  kntjernal Nitrogen Tensil ¢ El ongatfi on _ EXtion
PBI PVP™  [Nepr ppanoll w» | Méspen | wSol Uit | LAZOM aVEHR | ot Berth
Str engt h =Bga([}u) (wes) |:¥("“) ("?*) Temp. tion eancesf \\f *(y/£i1) (%)
(W% 1 T s 3 [Solutiop o2 |eamee | 20w ufogy/[f i |4 30 (99 »
14 16 3 27 Q25 [ &P C PO _wt %I Ve OH
45 33.9 16 S 9 20 0.4 30°C 20 _wl:* DMAC 55 308 12
in | PA 15 16 5 20 il oW 30[erd}C
20 Wt % U\/AC 16 16 5[' 5 20 30 0.4 30°C 1 100% IPA 87 3;0 ! 8
in IPA 10 17 161 16 20 5 0.4 200 ws oide 4 e 30per ] Cs
100% | PA 87 320 ! il
18 17 4 21 0.4 30°C 20 wt¥ DMAC 58 315 11
in IPA
19 17 S 20 0.4 3jo0°c ) 20 wts DMAC 52 325 11
in IPA
20 17 5 20 0.4 40°C 20 wt¥ DMAC 50 340 10
in IPA
21 18 3 22 0.4 30°C 5 wtt MeOH 26 340 7
in IPA
15 22 18 4 21 0.4 30°C 20 wt¥ DMAC 38 ass 12
in IPA
23 18 S 20 0.4 30°C 20 wt¥ DMAC 36 400 12
in IPA

* Balance DMAC
** m’/mPshreatm
20
Examples 24-27
Fibers from Example 1 were crosslinked as in
Example 1 except that the concentration of DBB was varied
25 as indicated in Table 5 and the DBB was dissolved in
methyl ethyl ketone (MEK). The tensile strengths and
fiber elongations at break after crosslinking and before
and after soaking in NMP for 72 hours at 100°C are also
reported in Table 5.



10 . 17 16 5 20 0.4 30[err]C 30 wt %
DVAC 68 400 6
i-n | PA 18 17 4 21 0.4 30[err]C
20 wt % DVAC 58 315 11
in | PA 19 17 5 207 0.4 30[err]C
20 wt % DVAC 52 . 325 11
in | PA 20 17 5 Tadfle 5 0.4 40[err] C
20 wt % DVAC 50 340 _10 _
in | PA 21 18 B After Cr linking 0.4 pfter nvpOESEK ] C
5 wt % MeOH 26 34P 7
in | PA 15 22 18 21 04 Qﬂ[prr](“
20 wt % DVAC 38 DBE Condb5| Tensile | Hldngation | Tensile
in | PA ExAdple | 18 (wt%) b Strength P(at Break | Str¥ength | EB@pheatidm
20 wt % DVAC 36 __ 40D (g/£il) 12 (%) (g/£i1) (%) ifin
| PA A Ba] ance DMB]C *xomlerr [err]hrh%rrjatmzu
Exanpl es 24- 21 2f 2 898 Hberd'fro i 1 vere®
crosslinked agl i nas oJ@(arrp e begxcept that the cepgentjrati opy-0f DEB
was varied 2 —as—»—m +eat-ed—+rtabte—5S—and—the—bEB—was—di-gsel-ved—i-h
met hyl etHyl Ket od® (MEK).1The tpnsioB& stfrenglhs and 439 fiber7i
el ongatlons at bl‘g.?.l( ters'cor 0SS lnlggglg nd DEEOI‘E 612 and afl ?I‘
soaking in NM&&&&&H&&E:&QQE&&E}&Q&:Q f&pget:eigg.:Ebl e
5.
Example 28
15 A bundle comprising 20 crosslinked hollow
fibers of Example 1 was incorporated into a module with
an epoxy potting compound. The module was equipped with
a permeate port located near its feed end and a second
port located near its retentate end. The effective
20 length and area of the fibers were 38 cm and 96 cm?,
respectively. The fibers in this module were rinsed
first with 200 ml of acetone and then with about 200 ml
of a 0.5 wt% ammonia solution in water.
A selective coating was formed on the inner
25  surface or lumens of the fibers in this module using the
following procedure. First, an aqueous solution
comprising 1 wt% N,N’,N”,N'"-tetramethyl .
tetra-kis-aminomethyl methane and 0.5 wt% triethyl amine
was circulated through the fibers for 2 minutes. This
30 solution was then drained from the fibers by gravity and
dry nitrogen was forced down the fiber lumens for
2 minutes. Next, a 0.5 wt% solution of isophthaloyl
chloride in hexane was circulated through the fiber
lumens for 1 minute, resulting in the formation of an
35 interfacially polymerized polyamide coating on the inner

or lumen surface. The coating was dried by forcing dry
nitrogen at ambient temperature down the fiber lumens for
10 minutes, then increasing the temperature of the dry

nitrogen to 60°C for 16 hours. The resulting composite



17 Table 5 Af ter

Cr ossl i nki ng After NMP Soak 5 DBB Conc. Tensile

El ongation Tensile Exanpl e (W™ % Strength at Break Strength
El ongati on - (g/fil) (99 (g/fil) (99

24 0.2 898 27 150 18 56 25 0.5
862 27 208 147 10 26 1.0 985 23
439 71lhollow fib@¥ membr&né moduled9Bad a perh2abilitybtd dry 31

Exanpl e 28 15 en of felUndl ncggark§}ﬂghég?g&psslinked hol | ow

fibers of Exan%f%rﬁgmas I'nCorporated into @ nodule W th an epoxy
potting conpound. The nodul e was equi pped with a perneate port |ocated
near its feed end and a second pogkahgggtgg near its retentate end.
The effective 20 | ength and area of the Tibers were 38 cmand 96 cnferr],
respectivePy. The fibersThf PRAYLRpEEH EXgEPder 28sd@s evaluated int 1 200 ni

of acetone andréhepsyi bBmaBeEt £380 By circudhtdnd 2 We¥damMita ozl ution in
wat er .

. A selective coating was, forned.opn the_inner 25
surface or | unEREPEEeing” FPHl: DO IBRPs TR REcBsrhg? S e =5d PRoFI owi ng
procedure. Firshroaghagheofisbesl ltmens at acpresssiregocf #8%atm. The
NN, N',N "-tet y 1 tra: kis-am t e.gnd..0. 5 w %
triethyl anine&ggsigmgghép%g% a eggkﬁfoggﬁggﬁgh%%ggﬁs ?@rLgﬁﬁqﬁn%%. Fhi s
30 solultPon sasttnenedrapneaff POM-the fibers by gravity and dry
ni trogen was forced down the fiber |unmens for 2 mnutes. Next, a 0.5
wt % sol uti on of isophthal oyl chloride in hexane was circul ated through
the fiber lumens for 1 nminute, reB8PFPA§ BA the formation of an 35
interfacially polynerized pebuasl dascpabbagedn alsh@n BER@mple 289 d

surface, Tne COAALI YBRofl BdpBUnEOL&E"Solta, op (S CIERAEL ATbient

t enper at ut® of inherflagially polymerized polyamide coating as follows.
Solution A was prepared by dissolving 10 g of '
polyethyleneimine in 90 g of water to make a 10 wt%
solution. Solution B was prepared by dissolving 10 g of
polyvinyl alcohol in 90 g of hot (80°C) water, then

20 allowed to cool, forming a 10 wt% solution. Solution C
was prepared by dissolving 10 g of succinic anhydride and
5 gof 1 M HCl in 85 g of hot (65°C) ethanol, then
allowed to cool. A coating solution was then formed by
mixing 47 g of Solution A, 23 g of Solution B, and 10 g

25 of Solution C in 10 g water, 10 g ethanol, and two drops
of surfactant.

The second coating was applied on top of the
polyamide coating by filling the lumens of the hollow
fibers with the second coating solution for 1 minute,

30 then draining by gravity. Dry nitrogen at room
temperature was first forced through the lumens of the
fibers for 10 minutes. The module was then rotated end-
for-end and the process repeated. Hot nitrogen at 80°C
was then forced through the lumens of the fibers for

35 2 hours. The temperature of the nitrogen was then
increased to 130°C and the procedure repeated for

3 hours. Finally, dry nitrogen at ambient temperature



hitr,ogen to 60[err]C for 16 hours. The resulting conposite

18 hol | ow fi ber nmenbrane nodul e had a perneabi I ity to dry nitrogen
of less than 0.2 nB/nferr]hr[err]atm

Exanple 29 5 The nodul e of Exanple 28 was evaluated in a
reverse osnosis test by circulating a feedisol ution conpri sing 5000
ppm MgSH in water at 25[err]C and pH 6 t hrough the fiber lunmens at a

pressure of 28zt Mordwd throuwlutlke ekhinbngedfathat €ibekrex ovferaliglit 110

L/me[err] hr anlchea r]e ulélﬁjli é&hﬁ?éi?@ ﬂél?g‘% f er }nemE)J(:ane moiiélle had

Exanpl e 30 prep ar 63 except
that a second &aaimepbebl tyr ke ddby ltlbbr@getlh@f15688| ﬁhérlf acially

pol ymeri zed pqj yeyripeongaatdafeh.as fol | ows. Sol ution A was prepared by
di ssol ving 10 g of pol yethyl eneimne in 90 g of water to make a 10 w %
solution. “Solution B was prepared by dissolving 10 g of pol yvi nyl

al cohol in 90 g of hot (80[err]C) wateExathpes 21;) aI | omed to cool, formng
a 10 % solution. Soluti was _prepare i ssol vi 10

succi ni ¢ anhydri de and g mO%Ejg €o¥ad W?@frgﬁ @g b gxﬁBIPEFG\[S}?)eﬁX]

et hanol , then that albhwwidbe tof cabbut A2820at £Engessl wasonseds anldethfeor ned by

i xi ng 47 g ofy L 100 fonibPalle OLe S0l U P odfe 10l 255 o1 Sthibion C

in 10 g water, *H wo drops
The secord cod%@@@l%/a‘éa%p‘bhﬁi@dt%ﬁt@@pu%inghé vaporgypy gede s¢agem ey

filling the Iw&,@ M@ebomor\m at §1b@r§t%tblééaera@eoaé coating

sol ution for m nut e %‘aéhen dralnlngg _yLnltrogen at room
t enper at ure vve% §4 r /‘F’o‘?‘c t ArBEGRSYRE Phnd § GF“‘t fgbsolutglper & for 10

m nutes. The rm@bé;e seseahest ratat iltesden at SToL/eied and thecpiasess

repeated. Hot {Hé£é§@ éiagoéﬁe ﬁermeate port located near the
15 retentate end of the module. The combined sweep

stream/permeate exiting the module at the permeate port
located near the feed end of the module was directed to a
vacuum pump, which maintained the pressure on the '
permeate side of the fibers at about 0.1 atm. The
20 concentration of IPA in the vacuum exhaust was measured
to be 0.5 mol%. The vaporous retentate stream exiting
the module was condensed and had a water concentration of
0.03 wt%. Based on these data, the water permeability of
the module was calculated to be about 9 m®/m’ehreatm, while
25 the IPA permeability was calculated to be about
0.0003 m®*/m?shreatm. Thus, the module had a water/IPA
selectivity of about 30,000.
The terms and expressions which have been
employed in the foregoing specification are used therein
30 as terms of description and not of limitation, and there
is no intention, in the use of such terms and
expressions, of excluding equivalents of the features
shown and described or portions thereof, it being
recognized that the scope of the invention is defined and
35 limited only by the claims which follow.



was then forced through the lunens of the fibers for 35 2 hours. The
tenperature of the nitrogen was then increased to 130[err]C and the
procedure repeated for 3 hours. Finally, dry nitregen—at--anbi-ent——

tenperature d
through the lunmens of the fibers overnight 20 The re%ﬂllwﬂuumﬁ'ﬁ‘ﬁﬂ)ﬁﬁ

hol | ow fi ber nmenbrane nodul e had a perneability to C T ess
t han 0. 05 aBAm#pBerr] hr[err]Jatm 5 Exanpl e
31 A nmodul e was prepared as in Exanple 30 except that a
bundl e of about 2900 fibers was used and the effective nmenbrane area
of the nodul e was 2.8 n2. 1Thi & 1dcreperaas\delliew swenaxt Jsiker a vapor ous
feed stream of yembraBe? cWnyriatiel isd1hRAtalrShAHNC g1 dd P ¥ £ 10d

0.82 kg/mn and a,Bressure of 1.2 atm (absolute). A sweep stream of
dry nitrogen aP@¥¥ng hPR iR 1OUEES: coagasteristigsnduced at the perneate
port |ocated near the 15 ret(@nt at s @fhed pdiee k€. thdieose Mt 8£8nsweep
streani perneate exiting the nodul e at_the etrmagte port | ocat ed near
the feed end of the nodul e was direct® Jtad'lpea L vacuum punp, which

mai nt ai ned the pressure on thdii) rpidrmogere pedeeaics hef fatbelsaat about
0.1 atm The 20 concentration of IPAsI/R25N8ygcuum exhaust was nmeasur ed
to be 0.5 nol % The vaporous retentate é'tream exI'ting the nodul e was
condensedlnd had a water condédtpattensie stremgys of oat Beeasit on t hese
data, the water perneability of 1dd | e was cal cul ated to be about

9 nB/n2[err]hr[err]Jatm while 25 t he Ape’rmeabki?lity was cal culated to
be about 0. 0003 B/ n2[ er (ilP[ ersiQRIAt 1N AL RIRAKRILI&F higpst 10%;
wat er/ | PA selectivity of (ahout 30,{HHer diameter of frIheab&l#s2and

expressi ons whi ch have been eml oyed i.n f or egoi ng specification
are used therein 30 as terns of gg:s%raﬁﬁ‘fton%;cg% o &61?’81 i#c?ati on, and
there 15is no intention, irdvile wovalfl siltickngss ehdfrom aloywr e38i bos,

of excluding equivalents of the featdyfs 200 microns.

2. The support fiber membrane of claim 1
having a nitrogen permeance of at least 10 m’/m’shrsatm, a
20 tensile strength of at least 200 g/fil.and an elongation
at break of at least 15%.

3. A separation module comprising:
(2) a chamber having feed and retentate ends
25 and means for removing permeate near the
feed end;

(b) a bundle of thin film composite hollow
fiber membranes arranged substantially
parallel to each other in said chamber,

30 each of said composite hollow fiber
membranes comprising a microporous
solvent-resistant hollow support fiber
comprising polybenzimidazole having at
least oné permselective coating on the

35 | surface of said support fiber, said
support fiber having the following
characteristics:



shown and described or portions thereof, it being ?ﬁ'i_"'z"éa'“t?_fa‘t‘*[“he

reco
scope of the invention is defined and 35 limted onl 5”'?’"’ Imm' i ch
fol I ow. 20 TR el ”ﬂ’

M s *

1. A mcroporous hollow support fiber menbr ane conpri sing
sol vent -resi stant pol ybenzi m dazole 5 ha¥l ng the foll ow ng

characteristics: éi ) surface pores |ess than one

m cron (i) iAugfaret ppres less than one micrqgn|)
nitrogen perneance of at | east in diameter, 5
mMerr]/n2[err]hr[err]atm 10 ) (iii) tensile_strength of at
| east (ii)loglgFngp permeance of at leasqiv)

el ongation at break of at |east 10% m®/m’shreatm, (v) an i nner

di anmeter of from about 200 . t 0. alout ,1000
nicrons; ahd 15 (11i) (Gepsite,FrepRitt 9&s & o 5%m about 30
to about 1200gififddons. 2. The
support fiber nenbrane of cl ai s ni I f.at

| east 10 nB/ nR[err]hr[err]at J%}Zoelopgﬁséﬁlggl %ttr g%t%%eo%ffp%ttnﬁeega}’{séﬁ: (Z)JDOO%;"
g/fil and an el ongation &v) br eak énhngr déametezypf from about 200 3,
A separation nodul e conpri sing: to about 1000( @icrdnghahey having feed
and retentate ends 25 , and pmeans for renovi ng perneate near
the 10 feed &Wé) @ wall thicknesg,pf fnogh@kowy 3¢t
film conposite holl ow about 2biobericremar;arerl ar r anged
substantial ly paral lel to eagh ot herl.i n sai.g %har(rﬁer,
30 each (G} srﬁ?angoﬁﬁﬁsﬁ?guﬁﬁpﬁownfli gep~+1hd Sa1d bundle

of hollow fiber membranes to said chamber
at said feed and retentate ends so as to
15 permit fluid communication with a feed

stream.

4. The module of claim 3 wherein said support
fiber has a nitrogen permeance of at least 10 m’/m’shreatm,
20 a tensile strength of at least 200 g/fil and an
elongation at break of at least 15%.

5. A method of making a polybenzimidazole
microporous hollow fiber membrane comprising the steps:
25 (a) providing a polymer solution comprising 15
to 30 wt% polybenzimidazole, 2 to 5 wt%
high molecular weight pore-former having a
molecular weight of 21000 daltons, 5 to
30 wt% low molecular weight pore-former
30 having a molecular weight of <100 daltons,
and a solvent;

(b) forming a spun membrane by extruding said
polymer solution of step (a) through an
orifice at a temperature of 25° to 60°C

35 while simultaneously injecting a
coagulating fluid through a needle located

in said orifice;



memhr anes conprising a m croporous sol vent - resi st ant

hol | ow support fi ber conpri si ng polybenzimdazote———-
havi ng at | east one pernsel ective c?ﬂu

surface of said support fiber, said umw)l""'m”ﬂ"’
havi ng the fol |l ow ng cRaéracteristics?

21 gi) surface pores | ess than one m cron

in dianmeter, () ~proviging angued§én bs&hieance of at |east

I5 nMerr]/ rr[err] hrlerr]atm)5 passing the spun menbranikee v st ey r@)gt h of at
east
el ongation at break of at IeaEPr?b‘QP‘ daid quench bath at a(\t;)empeg%tl

di aneter of from about 200 of from 10° to 40°C to form abmmtré@ﬁ@ous

m crons, agd 10 ho lo(vVl\Z‘())L F ‘ﬁ@rr!bxfafi‘feqk%%%s of from about 30
to % 8 m crons; (c)
means for securing and sé&)i nglg@p.agbgﬁgﬂemembrane Of step (d) .of hol | ow

fi ber menbranes to said chanber at said feed and
retentate ends so as to 15 cI?L ermt fluid comrunication with
a feed - sthgafethod of claim 5 WheEelnTﬁé‘%é\ﬂgél of

claim 3 wher ei iﬁo$ébdlaupweli§ht porEl—lie:lfrnha&S iz Ridlceged Faioie e

o111 andin cohbLBELEE! b8 Boathioyd bEARIII SRR, Belininyr®a s,
5. A nethod of pobkihgyd pokgbtezi podyeshylene gilytmdp@trmimdirylnmpyﬂidrmf

menbr ane Conpr?§¥gglthgnatgggd 33w molecular wdﬁ @b'ﬁ ymer
sol uti on conpr to wt % ben2| m azole, 2

to 5 wt% selected from thii grrow! @@msalstwaggmf dé{)eﬁf dOM&T having a
alkanol, (ii) a polyfunctional alcohol, (iii) ester and

15 ether derivatives of an alkanol, (iv) ester and ether
derivatives of a polyfunctional alcohol, (v) mixtures of
(1) -(iv), and (vi) mixtures of water and at least one of

(1) -(v) .

20 7. The method of claim 5 wherein said high
molecular weight pore-former is polyvinyl pyrollidinone

and said low molecular weight pore-former is n-propanol.

8. The method of claim 5, including the

25 following additional steps:
(f) drying said membrane of step (d); and
(g) post-treating said membrane of step (f).

9. The method of claim 8 wherein step (g) is
30 selected from annealing and crosslinking.

10. The method of claim 9 wherein step (g) is
crosslinking and said crosslinking is conducted by
contacting said membrane with a crosslinking solution

35 comprising a multi-functional alkyl halide in a solvent
followed by heating said membrane sufficiently to cause
crosslinking to take place.



mol ecul ar meighf“BTNTETTT‘iﬁee—daLLons 5to 30 Wt %

| ow nol ecul ar me&ﬂiﬂﬂ nmer havi ng a nol ecul ar
wei ght of [err]l and a sol vent;
) : ! % HM) Imxt rudi ng said

(b) formng a span e pol yrmer
solution of step (a) through *an ) 23 orifice at a

tenperature of 25[err] to 60[err]C 35 whi | e sinul taneously
injecting a 11. The meghodaptngleim &0t Whe¥§ANa SAdEdl e | ocat ed

in said orificgslvent 1s selected from a ket®hePaoM dinnethesUamneh sRath;
(d) passing the s rane_of rou%P said

t )
quench bath at™& génﬁﬁ?ﬁFhPﬁal alkyT" nbide has a0§tFP85Pf6[§FﬁFCF§
40[err]C to fofsp@ m croporous 5 hol | ow fi ber nenbrane;
and (e) rinsing said nmenbrane of step (d).
6. The netfod of claim5 wherein said hi gh nol ecul ar wei ght pore-forner
is selected fromthe group 10X- (CHpki-<tH,n¥ of apdl yvi nyl pyrollidi none,
pol yvi nyl al cohol, pol yvi nyl acetate, polyethylene glycol and
pol ypr opyl ene gl ycol ; andXstHﬂanﬁHnﬂQﬁﬂwzﬁ wei ght pore-former is
selected fromthe group consisting of | a | ower al kanol, (ii) a
pol yfunctt®nal al cohol, (iii) ester ané: c ether derivatives of an
al kanol , (iv) ester and et her derilyatives of a polyfunctional alcohol,
(v) m xtures of (i)-(iv), and (vi) xtures of water and at |east one

of (1) - (v 0. 7. The od of claim5 wherein said
hi gh nnle&ﬂ%ﬁ? ée?ﬁh?e&Sngpofﬁgp BE 58 %6 i'dyl pyrol |'i di none and
said | ow mBl ecul ar waightapodetbgemgpf'irmmpﬂomandﬂJ

a is an integer of from 1 to 10,
b is a number of from 0 to 4, and

¢ is a number of from 0 to 6.

20 12. The method of claim 11 wherein said multi-
functional alkyl halide is dibromobutane, said solvent is
selected from the group consisting of acetone, methyl
isobutyl ketone, methyl éthyl ketone and pentanone, and
said heating is conducted at a temperature of from 25° to

25 200°C for 0.5 to 48 hours.

13. The method of claim 10 wherein a surface
of said hollow fiber membrane is coated with at least one

permselective coating.

30
14. The method of claim 13 wherein said at
least one permselective coating is coated on the lumens
of said hollow fiber membrane.
35 15. The method of claim 13 wherein said at

. least one permselective coating is a crosslinked polymer
selected from the group consisting of poly (acrylic
acids), poly (acrylates), polyacetylenes, poly (vinyl
acetates), polyacrylonitriles, polyamines, polyamides,

40 polyethers, polyurethanes, polyvinyl alcohols,



8. The method of claim 5, including the 25 foll ow _'ng\adanT"ona’r-—--s%@ps;

(o Shrm T I e ()
LN !

wherein step (g) is 30 selected fromannealing and cYogs s

10. The nethod of claim9 wherein step (g)24s crosslinking and said
crosslinking is conducted by contacting said nenbrane with a
crosslinki ng flesess cebhptesengeal hnleeef afkersnarediliossalide in a
sol vent felHeaomed byi headh NOcBat dnepbl gnersubbheheRtihy by G 1ic
crosslinking to take plfce. , 123 11. _The nmethod of
clai m 10 wher §5PWRF o c1astreEhe PILXBPER: B3 PERPATRE: BREVART San et her
and said - niludrdeluwd tonats al gyl ywahytiehahsdasst potiyphesphlaeeireds,
fromb5

éﬁgz) [errﬁ_(}Ro%%}%%ﬁ}T%t%§¥§£¥%ipL8§§LéFﬁzﬁélysgmgxanes, PEgQS [err] X

wher e(ddmetkyel et boxénesl Bandndopplymsrs and bjendsamrhenesfer of

from1l to 11, ais an integer of from1 to 10, bis a
nunber of fromO to 4, and c is a nunber of fromO to 6.
16. The product of the method of any of claims
5 or 9-15.
10

17. A method of crosslinking a

polybenzimidazole membrane comprising the following

steps:
(a) providing a crosslinking solution
15 comprising a multi-functional alkyl halide
in a solvent;
(b) soaking said membrane in said crosslinking
solution from 0.5 to 48 hours and at a
temperature from 25° to 150°C; and
20 (c) heating said membrane fro 0.5 to 48 hours

at a temperature of 25° to 200°C.

18. The method of claim 17 wherein said
membrane has a morphology selected from the group
25 consisting of hollow fiber, tubular and flat.

19. The method of claim 17 wherein said
membrane has a porosity selected from the group
consisting of microporous, nonporous, isoporous and

30 asymmetric.

20. The method of claim 18 wherein said
membrane has a porosity selected from the group
consgisting of microporous, nonporous, isoporous and

35 asymmetric.



20 . 12. The nmethod of claim 11 wherein said nmulti-

functional al kyl halide is dibronobutane, said solvent is sel ected
ffrom the group consisting of acetone, nethyl isobutyl ketone, nethyl
et hyl ketone and pentanone, and said heating is conducted at a

temperature of from25[err] to 25 200[errPE€ for 0.5 to 48 hours.

13. The method of claim wherein_a surface of said hollow fi ber
nmenbrane is coated with %g'leiéF prgduct °§eFﬁ§éF@ELP@e°@oéFWh@f gdaims
14. The net hodldf2@lai m 13 wherein said at | east one pernsel ective
coating is coated on the | unens of said hollow fiber nenbrane. 35
15. The nethod of claim13 wherein said at | east one pernsel ective
coating is a crosslinked pol yner sel ected fromthe group consisting of
poly (acrylic acids), poly (acrylates), polyacetylenes, poly (vinyl
acetates), polyacrylonitriles, ! am des, 40 polyethers,

I
pol yur et hanes, polyvinyl al coho
24 pol yesters, cellul ose, Hmlmgﬂw ”m cel | ul ose et hers,
chitosan, chitin, polynmers contatni I Mic groups, elastoneric
pol ymers, hal ogenated pol yners, fl uoroel astoners, polyvinyl halides,
pol yphosphazenes, 5 poly (trinethylsilylpropyne), polysiloxanes, poly
(di nmet hyl sil oxanes) and copol yners and bl ends thereof.
16. The product of the nethod of any of clains 5 or 9-15. 10
17. A method of crosslinking a pol ybenzi m dazol e nenbrane conpri si ng
the follow ng st eps:



v

(a) providing a crosslinking solution 15 conprising a

mul ti-functional alkyl halide L in a solvent;

¢b) soaking said nenbrane in said crosslinking sol ution
fromO0.5 to 48 hours and at a 26 tenperature from 25[err]
to 150[err]C, and 20 (c) heating said nenbrane fro 0.5 to 48
hour s at S@QLVENDERBS ISTANT MS5CROPPROUS200[ err] C

18. The method of claim 17 “h£5f§§E§f&HIDézﬁgﬁfﬁgﬁgﬁﬁgggs a nor phol ogy

selected fromthe group 25 CONSTStINg o tubul ar and fl at.
19. The method of claim 17 wherein said menbrane has a porosity

sel ected fromthe group GRSRACT GO ITHE G1RA! g honpor ous,
‘ 20

i soporous _and 30 asynmetric. e nmethod of claim 18

wherei n s&i d menbr &0d ViRl - essrsanty pedivkanaitidarelr wewkpanes,

ggnsi sting of m%ﬁb_?@ow&gmwg}@ﬁ@,aﬂ&m&gfsga&rﬂﬁqqf&rfer@%&iaﬁt r2 BC-
composg%ep%%dg¥aﬁ%staﬁarﬁgf¥%w(giégyléémééégémhodﬁleé

from them are disclosed.
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