DUAL- LAYER HOLLOW FI BERS W TH ENHANCED FLUX AS FORWARD OSMOSI S MEMBRANES
FOR WATER REUSES AND PROTEI N ENRI CHVENT CROSS REFERENCE TO RELATED

APPLI CATI ONS 5This application clainms the benefit of the priority of U S
Provi si onal AYP2PEAtH¥n Serial No. 61/105,556, filed Cctt6BEP2HKIOPH08 t he
content of which is incorporated herein by reference. FIELD OF THE

| NVENTI ON 10The present invention relates to a dual -1ayer

pol ybenzi m dazol e- pol yet hersul f one (PBI - PES) hol | ow fiber merrbrane in
forward osnosi B LA ' H : Ly
invention proHGRWARY OIS(MQISISMEMBMNES E@lﬂ V\é@TERrREMSE&AMceutl cal

products enrichnment and concepRETEIN FNRICH®SIENTUt e medi a w t hout
denaturing the conponents of interest. 15 BACKGROUND OF THE | NVENTI ON

Forward (or direct) osnosis (FO, an energing process for water reuses,
desal i nati on as wel | aRdssrRE:RmmmEﬂ@ RELATED SERIGAMEIIANSh very little
energy consunptio has el r QW n tenti.on from nunmerous
di sci pli ne3, 20suc ‘Saaé’pr? It}éﬁﬁfl‘fﬁt Fun LN @% }tgmwbltorrlraént seawat er
desal i nati on, Applivaesi Seaitili 6m/f103 Jputidd Dotoble 15120@8 cttnsndzom@hi ddvhncéllease of
drugs via osnotic eneration and water purification and reuse
in space. See r\?@fﬁ%‘atggg%ﬂsm%yj Erf%al of Menbrane Science, 300 (2007) 6-12;
Cath et al., Journal of Menbrane Science, 281 (2006) 70- 87; Holl oway et
al ., Water Research, 41 (2007) P&)E;rﬁ]ﬁld psen et al., Journal 25of
Menbr ane Sci ence, 319 (2008) 1§§E%§§‘49f}}g5d, eon et al., Journal of
Menbrane $¢i ence, TREPrs@006)ntbh4eldt23p ahidllleger pilytghzimidiarng et al .

Desal i nati on, po%ye4he( st ne) (P%f'gES) hollow fiber membrane in forward osmosis (FO) process

for water reclamation. Another aspect of the invention proposes that FO process

could be applied for the pharmaceutical products enrichment and concentration from
the dilute media without denaturing the components of interest.

15

BACKGROUND OF THE INVENTION
Forward (or direct) osmosis (FO), an emerging process for water reuses,
desalination as well as for dewatering aqueous streams with very little energy
consumption, has recently received growing attention from numerous disciplines,

20  such as water reclamation, wastewater treatment, seawater desalination, concentration
of liquid foods, the controlled release of drugs via osmotic pumps, power generation
and water purification and reuse in space. See Wang et al., Journal of Membrane
Science, 300 (2007) 6-12; Cath et al., Journal of Membrane Science, 281 (2006) 70-
87; Holloway et al., Water Research, 41 (2007) 4005-4014; Cornelissen et al., Journal

25  of Membrane Science, 319 (2008) 158-168; McCutcheon et al., Journal of Membrane
Science, 278 (2006) 114-123; Millcr ct al., Tang ct al., Desalination, 224 (2008) 143-
153; Jiao et al., Journal of Food Engineering, 63 (2004) 303-324; Petrotos et al.,
Journal of Food Engineering, 49 (2001) 201-206; Dova et al., Journal of Food
Engineering, 78 (2007) 422-430; Babu et al., Journal of Membrane Science, 280

30 (2006) 185-194; Sotthivirat et al., Journal of Pharmaceutical Sciences, 96 (2007)
2364-2374; Verma et al., Critical Reviews in Therapeutic Drug Carrier Systems, 21
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153; Jiao et al., Journal of Food Engi neering, 63 (2004) 303-324; Petrotos
et al., Journal of Food Engineering, 49 (2001) 201-206; Dova et al.

Journal of Food Engi neering, 78 (2007) 422-430; Babu et al Journal of
Merbr ane Sci eWQé?l"’gif’G”BO(ZOOG) 185-194; Sotthivirat et ACTUSHEUARE of

Phar maceuti cal Sciences, 96 (2007) 2364-2374; Vcrrna et al., Critical

Revi ews in Therapeutic Drug Carrier Systens, 21 (2004) 477-520; Seppal a et

al ., Journal of Menbrane Science, 199 115-138; n t al.
Journal of I\/bﬁ%’%)rfg@&?egt%@la%@&]@%é?% %;g‘i_%fy 16%%??}1:]311? n, 141
(2001) 85-91; Meatidhied ala|Jeurna1@ﬂM@ﬁbraQ<f Sd\@ﬂ@@ﬁﬂezo&al 18NOEL.0cBOBesh 206y, 85- 98;
and Cath et al., Journal nmbr ane Sci ence, %8??@9 2?31 8}1%9 5Sim | ar
to reverse os%‘sﬁ‘gm()ﬁé)?l q?@“t’]taﬂji‘)%é‘éloél\@é}b@éfﬁ?}éﬁcﬁ abt°e’ rane to
separ a;e }Nat eclzﬂqrepzm %@rﬁogwarwdﬂc@na@bembm 101- élqons N}g:vert hfel ess,h
instead o errpoylnga ydraul i ¢ pressure riving force for the
separation’in the %@‘ﬂrtﬁé%géeoﬁ@‘ﬁé%é) Fﬁé‘t‘g?fiémsgﬁt‘vﬁléﬁﬁ’%%lef‘lg? across the
menbrane, thatehnSrahdi® sQSRmE WaiciF &S 8idobred ket %lecul%@orhcﬂdUNeveathElleis flow of
wat er through the nenbrane into the draw 0 sql u Thus, rgﬁx% of fer
n

the advant agedS6td HicgRioyEB ey cressirgatf %Vﬁ‘(}ie 6‘f‘ﬁhﬁﬁelr?1té?ﬂt‘ d | ower
menbr ane- f oul ROGrEUQAPRO T kRThéMHRE pbicah] ammﬁc PSSl Batds ihy esmdrenbr ane

processes. However, the hur Iore FO ential as a
new gener at i oﬂrem{eﬁddb‘inb&h’&g‘i‘cﬁ ‘eéﬂ’?h%tl %H?Léhf;( rT”}erﬁltE@Pf dﬁﬂ’ﬁber of
comerci ahby araiohalths, F@mmﬁn@&mw@s Sﬂﬂg{ﬂepbtlcﬁleﬁahﬂdd razeEr f or mance;
2) 15the | ack of desi ragl,“t dr aw soI ons whi.ch 1@5 Si I and directly
separat ed fr ofi"fARBNEKYAR W@H“’ﬁﬂ?‘@?e' "P‘ig Hf%“%%érgi? ey |pfe & and 3) how
to optimze thk@vcE@cﬁibQﬁé@ﬁ)cébﬁbbl Hewt¥te ahiehjcielurdésfto ﬁll@m@ylorc'ﬁﬁbr e is a need
for devel opin FO menbranes with high water flu al t
rejection pro 9%?“(“?1 2 N5y SEGRARY VEIeT R lolgﬂﬂlé%ﬁogﬁyare)i)% H“%%%u Sbe5ect this
i nvention rel aﬁcﬁﬁmte&laﬂyhoidaewm h@fibransk ivith sﬁp&ﬁbnsdmat@nk)uﬁemanca Dol yneric
menbr ane fini t I tubu ar

circunfer iﬁt i ?agEP$‘§éléa%ge J}Wi"{clwlqné%ﬁg%‘n‘%eaea‘ YiPe ﬁ““a% PT araFrfi%rQ enti al
surface of thee Bﬂfaymnvlamrwelﬁrtmmengyﬂq&nmojwmB)dlomabptamec tha€Dudes a first
pol ymer havi ng 25nmpno containin I n anot her
aspect, the |%{}“eeﬁi‘i°d‘ﬁq]?e8163f igflﬁf’(‘fn?’ ﬂ%‘f’reé‘% ?Ge% deve%o ar egwby a net hod
descri bed hermhrnbraﬂ'elaevumﬁigmehmrrﬁmkumheksgkperah\rejehmgpmpértwsst sol ution including
a first solvent and a first polyner having nononers each containing an

i m dazol e group, providing a second solution including a second sol vent and
a second pol yner, and co- BMMﬁdiﬂg)thEﬁNVENTHON second sol utions

t hrough a spinneret havin 0 channel.s i nt oagul ation
bath, thereby for ﬁ{lﬂrbe PR ﬁ%“f HB%? e‘idtesﬁ%%gxﬁow fiber, w & vl dds Qlu%eﬁ,

a polymeric membrane defining the lumen, and a porous tubular substrate, a

circumferential surface of which is in contact with a circumferential surface of the

polymeric membrane. The polymeric membranc includes a first polymer having
25  monomers each containing an imidazole group.

In another aspect, the invention relates to a hollow fiber prepared by a method
described herein. The method includes providing a first solution including a first
solvent and a first polymer having monomers each containing an imidazole group,
providing a second solution including a second solvent and a second polymer, and co-

30  extruding the first and second solutions through a spinneret having at least two

coaxial channels into a coagulation bath, thereby forming the hollow fiber having a
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| umen, a first tubular layer defining the |lunen, and a second tubul ar
layer, a circunferential surface of which is in contact with a
circunferential surface of the first tubular |ayer. The fl/r t tubular |ayer
cont ai ns the YPPE'Bdi% ner and the second tubul ar |ayer P&Wf*é“"%%"“?he second
pol ynmer and is porous. 5Enbodi nents of the hollow fiber described above may
i ncl ude one or nore of the follow ng features. The outer

circunferential surface of the second tubul ar |ayer .g., the porous
substrate) i sUmFncoieiHEtulaRiavRr ‘{eﬁémgﬂﬁéﬁ‘m‘?ﬁ’ ?@LW%%@H{WQ‘E‘F gl%‘ar?ace of the
first tubul ar clh@au@eredirl glrfacctdm/hmlmﬂemt@ct mﬁ‘arcmmmaamfawofttm first
polymer). The first pol yner gg C|IC or tr| cllcg%tero ryl

U

mononers (i . efist WBﬂ@éﬁY%gTQﬁﬁrtté‘)b Lcreaneins e digt 8?11 R 4 ”8“’6 oup such as
benzi m dazol emb{nglelaﬁee@@ngnmé Ya®d Joneleugleds parotishe second tubul ar | ayer can

be selected fromthe i sti of | ysul f onc, ol et her quone a
pol yaryl ate, a pol%l?,o%ﬂ‘ F‘toﬁfhle ,Oﬁ%tw ngr)}igﬁiﬁgﬁidd‘ Oveafn‘B’dP(i}\‘fie%W Ié‘f‘%%ﬁi

pol yket one, athg%maﬁﬁgefem%pne a pol yam de-i m de, a polyi m de, a poI yam de,
and a 15conbi nati ap a_copo b end gr eof . The

|
second | ayer may thOH@‘?leCHE‘fﬂJﬁ‘é‘ala%ﬁfﬂefvfhﬁﬁ’cﬁz}/(ﬂi‘g? Frd@ﬁé (ge POV ng
mol ecul ar wei ginktraad) &Qc&a&tmtmnmﬂemmaﬁ@er&m) suthended findt tilbutahyaecond

pol ymer. The first tubul ar t ane) has a

t hi ckness bet Wgerl qpotlr}fﬁ‘eé‘ﬁénei‘% “‘fﬁﬁgWSIlﬁf%\E&?’%grzrhheﬁé’o[yme& Hess bet ween
1g0 ]chm ando 18&|Gydlhmor tthecfi l;}&ér?mhydmﬁlemyd)&eﬁehﬁlgamltw e2dhpohiyimerg dﬁont ai nﬁd in
the first tubu ayer e first |ay tain mer that
forns a pol ynjérflgaﬁf"l@ bt‘%‘afh‘épzfq“ %ZPF %F‘Wﬁggn ﬂyénelr mcf ge%mﬂiler?g an be a

pol yi m de, a m&lﬂyﬂu&d‘r ediehe selcpal yah hergsoub comatingofipolyyafopk.at e, poI ystyrene, a
pol yket one, er ket

or a e-im di ng can
be perforned %‘ﬁyeé N r%l?‘ﬁ?(‘éylﬁt&%@% 'i%‘a’[@eaﬁaoqﬂgedﬁﬁo?wmdlq Hetween 20 C
and 50 C) andi pdlylicfona, mﬁe&u&eﬁhm@pﬂy%ﬂemﬁxd@ a polyimikra, pohjatiid@gend,a ar gon, or
ot her inerf gas e spinneret ed C Xt rus referabl e has
the di rrené% on%omi’ Qag%&ﬁ; dr‘foﬁqﬂmré’r E’éﬁ"f’ﬁr b?%lfli herg%fgg?l ar<e dla hel'sy. The
coagul ati on batthcrimyudaa\pelyaint i@ppaidabeice., the\tm@mnlcﬁxlc(r:mrgntdm 500 Keag. ,

b 20 C ... Ih h h
betveen 20, C 1%, Kby iR ARHLALLA0 AN, ASIATGuR MREES] e ave

term"air gappolyr@efrernsentﬁf@e)jliashanﬂ@edse)bmerm pﬂi\emﬁp(i)mmer Ehe lalibivdibeand t he top
surface of the coaqul ati on bat h. refers to a

g‘erm eteroag%lh' |
monoval ent or "B WHkERY baermat 0 s an! WQ%@rér H BTy 08t 9 lie nber ed
bicyclic,20r dolynld caﬁmrlﬁ%ctmttwﬁldk Qayéﬂ MYe ﬁ%ﬁh%ﬂnﬁh@\ébﬁtgnalﬂﬁr@f nor e

het er oat onms (such as Oja TlPe tLl}((]penznllerpcdcglnabzoI es
i ncl ude, but RabEngigat f"i"rﬁi’ t %‘Hyff‘ﬁ bl% I“S}thih I I’ﬁb’mer oly
a polyimide, a polysulfone, a polyethersulfone, a polyarylate, polystyrene, a
polyketone, a polyetherketone, or a polyamide-imide.
The co-extruding can be performed at a temperature between 20 °C and 100
25 °C (e.g., between 20 °C and 50 °C) and/or in a gascous atmosphere (e.g., in air,
nitrogen, argon, or other inert gases). The spinneret used for the co-extrusion
preferable has the dimensions as shown in Fig. 2 (with three coaxial channels). The
coagulation bath may have a temperature between 0 °C and 100 °C (e.g., between 20
°C and 50 °C). The coagulation bath and the spinneret can have an air gap between
30 0.5cmand 100 cm (e.g., between 1 cm and 20 cm).
The term “air gap” refers the distance between the spinneret outlet and the top
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phenyl ene) -5, 5" - bi benzi m dazol e("PBI "), poly-2,21-(pyridylene-3",5")-5,5"-

bi benzi m dazol e, poly-2,2'-(furylene-2" ,5")-5,5"-bibenzi m dazol e,

pol y-2, 2- (naphthal ene-1",6")-5,5"-bi benzi m dazol e, .

pol y- 2, 21- ( bi PREAVIOEHE- 4" 4")-5,5' - bi benzi mi dazol e, ~ PCT/US2009/060791

pol y-2,2' -anyl ene-5, 5' - bi benzi m dazol e, poly-2,2'-octanethyl ene-

105, 5' - bi benzi m dazol e, poly-2, 6-(m phenyl ene)-dii m dazobenzene, poly-2,2"-

O et LA g Poly-2.2'- (mphenylene).

pol y- 2, 2' - (m phenytignghr heroafi’ (0RAZd Adadalca) & blvhicHtiromatic 5-8

poly-2, 2 -(mphenylgne)-S, 5' -dj (begzi 1 dazol ei | fone, ~ . ..

pol y- 2, 2' - ( m PRERFFERENQcsels: 8- mepBeHSd PFXFASOF f figAged tricyclic ring

po: y- g - g - E Wbﬁ&aﬂ%h Fﬁi@@%ne&'m&% hetérgé(tdtin( REedZis 10, Nalz,oirs}]ﬁr Iopane- 2, 2\,Nhand )

poly-2',2"-(mphenylene)-5" ,5"- di(benzim dazol e)et ene-1,2 where the

doubl e bonds of th%"ag’ﬁ’%PgWéybé?%mldﬁéo B ingiygleygarg QWH Slt(izﬁ%ly'.z’zl'(m' The

tE>e(r m | pot y} m gleéhylre@a‘)qﬁbma@fllzhﬁa&o%ommﬂdgna,lz'l-@yrchyfdgum,s'r)atsed pmd%/i ;n des.

anpl es of potyimgdes in e t are,.nof limted to, tirmd(r) 5218

(poly 20[3,3' E‘&’ﬁ“zlrﬁl ?Fflfp?fg}ﬁ'gﬁéwt‘"é#?%@a’?8%)(3/1blb8“28?“§??‘?ﬁ1‘378‘?1§’%e2'and

i( 6|) - aEn' ;1O;f(]).b(Jﬁbht}lgg&ﬁen‘(}@f)ﬁlliy_ﬁib_éngﬁrnitia;zio@p&%—tjﬁn(dg)m&)ylena@f,4'3-'53?- tDAPI ), ol
orlon(r T, 4 (co L,m 0 ' 4,4 -benz none tetracarboxylic

di anhydri de aﬁ‘ge"gﬁ%ﬁ‘l\%&h&qﬁﬁéﬁ%}?%f@dﬁ’Sz'm%ﬁ‘ézuﬁlldﬁ@?(?B@? "ﬁgt'ﬂ‘i}fr%%}éyd?nﬁhi ne), and

8ol yi m deso copsaiifinbighiiexiafjouor, el e gnemnyt-deiidazO e kY, @iyonps, pyromel litic
i anhydride (PMPA, K n)., 251,4,5, 8- t hal ene tetracarboxylic

di anhydri de (fQ‘FNng’feng]g%rg%%eé‘ﬁlg}ﬁ@z?l&tpt‘)g’gzgg%’(@‘fé?ygenﬁg'anhydri de (BTDA), or

2,4, 6, -trimet hydiHendinphuesiylctine pely-2w-(e-phdy Bhe )b, A-di( binpiedugbogtifidear boxyl i ¢

di anhydride (BPDA), . In still .anqgther. a t..this inyention relates to a

met hod for exPV%é i'%pwylé?e)éfsgﬁr\(%n?mlC?a%@g)g‘gfoﬂf ’i%ﬁ’#%%%‘l’f’é‘ﬁnyéenfgg’\%\ér d

0SNDSi S pr ocegishendim@iarmé) mothara) pdlpdes'-@Ogenilac)Sg- a first saline solution

with the ipne ( ircu e{_gjnti al 5 urfacle 05,, ¢ hel% holl_l 9\@/ f5j, ber descri bed above

and contadti néh UG e PA R RE > s o PP B -t CRPIRE St er ~ circunferenti al

surface of thé(thatinaiardid)bylcicol,2alhomnho deibafbohdsefitheregitylcandresganndthsal i ne

solutions to xﬁr(%a}ct water fromthe other through a forward osnosis

process. The fi%8¢Y8Hd second saline solutions are separated by the hol | ow
fiber, the first aktane “paliutidedimelraso doth constntivadl end Soenhend polamides.he second

ont ont or ¢ HERPRBSDRTY MRS havE uf Y SO SBlenbFiET BT TS YR
wi thin th20 sciopel dbetzbplenomvantirdoxylis dianhyetidood561)-2emro-cfi-ng a protein in
cont act ing & PUR o R S TR BB e Roa R aT ey ol sur  ace
of the hol | owcdilyibak ofi&s k4’ hedoplizovie tandabontiadianingride se€lddtd aqueous
sol ution wt hMtettﬂ}?poelfll%/Fe{lediamine plus 20% methylenediamine), and polyimides containing
hexafluoroisopropylidene (6FDA) groups, pyromellitic dianhydride (PMDA, Kapton),
25  1,4,5,8-Naphthalene tetracarboxylic dianhydride (NTDA), benzophenone
tetracarboxylic dianhydride (BTDA), or 2,4,6,-trimethyl-1,3-phenylene diamine,
3,3’,4,4’-biphenyltetracarboxylic dianhydride (BPDA).
In still another aspect, this invention relates to a method for extracting water
from a saline solution through a forward osmosis process. The method includes
30  contacting a first saline solution with the inner circumferential surface of the hollow

fiber described above and contacting a second saline solution with the outer
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circunferential surface of the hollow fiber. The first and second aqueous
solutions are separated by the hollow fiber. O the two solutions, one
contains the protein and has a | ower osnotic pressure than the ot her . Upon
contacting t h&93pB0&*% circunferential surfaces of the ﬁﬂ‘PS&WWPE%r t he
sol ution having a higher osnotic 15 pressure than the protein- contalning
solution extracts water fromit through a forward osnpbsi s process,

t herefore enrlchl protein (i.e., increasing the copcentration of the
Wanmt%@W Q%WMdm M@Wﬁ?%@ﬁ@?g EeWdsyenent s of
the inventi onsaii@ns &t cxtradt bwlatck froh e odes eiduph ia(ﬁﬂwbﬁk)@fﬂbsi@lh@lés featfiwtes,

obj ects, and advantages of the invention will be_ 20apparent fromthe

fol | owi ng dr afithiyee n%d%lt“als‘i’létéondé"seéﬂ?abatt‘?ddw %efh"él8‘<yg'tb§rl’&ﬁﬁ‘ﬁ%ﬁq%ﬁ‘f@“onand al so
fromthe aﬁpe Rk - artgstamdr aBnterBRhEFe @&Sma{ﬁ?ré EMNitiok ha_shEeBRAWaNGﬁmtcnt

Figure 1 sho structures o A n mdazole (FBI') and
25(B) Pol y 8t hé‘rfé %%%)Wdter content ‘ﬁt@ﬁ“é éiu s d%ec‘ﬁ%é P YiCagr am of a

spi nner et usegrek@fesspi Nni ng a dual -1 ayer hol I ow fi ber Figure 3 shows
SEM i mages of PBI-PES dual - hol | ow.fi ber FO 30Fi gur es
2R 400 demomst ran Ay fsor e e” RAIATHR: el BF GRAGE O HEL  ty: and

(O cunul ati ven mé(ﬁde)lﬂt&mdhl‘étlgH mw@moqumsocé@r Tl?eBhetREﬁndu@ds-l ayer hol | ow

fi ber FO nenbrane and 5 rat ef fect of
Gt o S0l ut § oncuBEH Pt 0P8 PR s BT B ST SRS (o) i PRO
node, theidr aﬁb&@b%ﬁb@lmbmn@ b@ﬁ&dn@gwcmﬁitaqhdfws sobltioa tritiehdRRkerout er - | ayer ;

i n FO node, thef aced aga e.5sel.ective PBI ter-layer

Fi gures 6(A)- %IEC@Y‘ Wﬁ’é‘ffgﬁt gekl%@ d&g fisEand SeRiy (}/f%‘\?\?”ﬁb 8P°%or war d
osnosi s nmenbr areecpfamcdmycﬂﬁﬂonoxe fibérc I(m*ﬁmttwo 6dh)t1dﬁs et tasigfithayab@ein and

transportation through the menb ncentration vs. tine
and (O) enri cﬁwﬂ?w?@&%lﬁ es”ur? hﬁléglcfg‘ﬁ% Onc tﬁm%xgle PRE™E rcul ar Di chroi sm
(CD) spect r umighmlfysnizysueaat bethe kdlloarfities Iﬂmnmnbrewmg(arlmkadntomt hat of the

native | y?g) yple%ure than the protein-containing solution extracts water from it through a forward
osmosis process, thercfore enriching the protein (i.c., increasing the concentration of
the protein in the solution).

The details of one or more embodiments of the invention are set forth in the
description below. Other features, objects, and advantages of the invention will be

20  apparent from the following drawings, detailed description of several embodiments,

and also from the appending claims.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 shows the monomer structures of (A) polybenzimidazole (PBI) and
25  (B) Polyethersulfone (PES).
Figure 2 is a schematic diagram of a spinneret used for spinning a dual-layer
hollow fiber.
Figure 3 shows SEM images of PBI-PES dual-layer hollow fiber FO
membrane.
30 Figures 4(A)-4(C) demonstrate (A) Solute separation; (B) probability density;

and (C) cumulative pore size distribution curves for PBI-PES dual-layer hollow fiber
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DETAI LED DESCRI PTI ON OF THE PREFERRED ENMBODI MENTS This i nvention
is based in part on the unexpected discovery that certain dual - 15| ayer

hol | ow fi ber nenbranes have very high water flux and salt rgjzecti on
properties, al'PGWiE*hem to be used as FO nenbranes. | tPHAE2EER™!

denonstrated that FBI nanofiltration (NF) hollow fiber nenbranes with a
smal | pore size and a narrow pore size distribution can be used in the FO
process for water reclamation. See Wang et al., Journal of Menbrane

Sci ence, 300 TO0EH?) 6-12. The sel f-charged characteristics of FBI and

its superior hydroppirtd gl ¥nd BB P& nichsth@SBe EFoREIsIwt do1dtioh comeebf.ane foul i ng
and provides great potential for water reuses. However, the water
permeation fl 8% (Orvasendfirehdt Ponet) ABPRRIMG Poderispatomenti4At was not
sati sfactoril Yodlisofhe sclbt@vaBi mid b, m@modd, énchd s blacddaifgtkheM t h SM
MyCl 2 as the draw solution. Wthout w shing to be bound by the 25 theory,

this was die fdectimePRYquiseiayenf a thick dense FBI NF sel ective |ayer and a

tight substructureEingeﬁ(A%(@;@em@ﬁn&@ﬁw&f@qum@mﬁdmewhibglhfow@@osi ty nature
of FBI dopes and highly hydrophilic nature of FBI nolecules.

Accordi ngly, BWeskepabrangforPrEn PRiFERER o YNt 8T VTS YRER St i ¢
conbi nati on ofhréligf kirel RN aiTEM 1R 1T RBE de £iBib O Ms. tidie AR @Y RBrickR@ntTOl ecul ar
engi neering of 30pol yet hersul fone (PES)-pol yvinyl pyrrolidone (PVP) bl ends

as the inner fagtpeys. time. a result, the substructure resistance of PBI is
substantiably | owerigge WodwR thd Sirddiag DichRys @M)ishdctinhYof lySoAyRk Afigi Fved.

Dual -1 ayer holl ow fiber nenbranes have the advantage of maxi m zi ng nmenbrane
per f or mance b§AiFERFRY tahcogipeicd fehyt ohGRab S Y SFnce or functional nenbrane

material as the selective layer, |ike PBI, and enpl oying a | ow cost
material as the supporting layer. thus significantly re in he overal |
menbrane 5 nat epﬁiﬁél‘%ﬂd&p‘;ﬁaﬁgﬂ(?%ﬁmcggfi .R@M%ﬁa“%‘SBQVEgT our nal of
Menbrane Science, B&2n{cA065i) b&3d ﬂxﬂ&llrt ohitheﬁﬁle@lectec% disdskerglthaoterivrdasiane

Sci ence, 277 (2006) 28-37; Li et al., Journal _o rane Sci ence, 243
(2004) 1582 17%,?“31%@0%\%?6‘}68}5@?%\*}%@ V%ﬂﬁgﬁmﬂ%ﬂu’i\@%&gﬁ&c% RAREIS294 (2007)

132-146. To bgioapp! theal & kel watehchiguzes, nol ecul ar engi neering of the
i nner layer is 1l0esse tig{ so t hat i’ig has
el

full or ous.. open-cel |

Structure with suBSEARETArmATHREHHE PRimAe Miion SF ERUPY TBSI TP Dr ¢ ne
inner |ayer i &itpokyet et St hoaaatdiiEre ki dikttiButiog RetelQ)ted @ thicof@N por ous and
open-cell struct uy@ W t hﬁgood. rre%ha\rg,i cal Erjogeyt if&%. bPoI ﬁv.i nyl pyrrolidone
(PVP) can be USES POVFSTIHATHR P&t Vst ith1 'BUBEI) M OHTE RY Wit HVPES to
modi fy t heo hydooploli achesdfdharced cilRESteritttve bRy 2 ftb supagorthi@roplilicry | ayer
15with a stable hydrophilicity. The dyal -1 ayer FO hol l.ow fiber
menbr anes of T e%?er??'/ RPTISYY %ﬁlﬁ@“d}%"sf%‘g%ﬁﬂ@ﬁr bﬁ?%’iﬁf‘tfp?ﬁg?dlﬁ%r?ﬁ%nes, can
be used not omliyes.flaswnat, Efc wartd @eradehtanm, fluRk bt thala®acricatiotcd @BENFihohewent  of
val uabl e protgins such as |ys .;%r{e.. AC O@gi nglix\é_‘ it s %Pnﬁf[TH/at ed that
the menbranes &f TEREPRYEAS S RERTE L s d4° PEH PR R OREAREPGL T Bn 20 of
phar maceut i calm’pr)odthcing MgCh, [ ewatray badgiobLtvithott viayhimeans befndtblheremal
treat ment,_ Si nce npst A;ar ceptic ro%ugt re | apil.e and he
sensitive> notﬁ‘f%gﬁﬁlwg lﬁéggﬁe%ﬁc%ﬁjgél@%% “snbealf%ﬁ\gre Secieér“Feel?:?fer Efbdrrap%ﬁ%%ed to the
current extr asbstanguredi Tt idittatdsatsulted from the high viscosity nature of PBI dopes and

highly hydrophilic nature of PBI molecules.

Accordingly, one aspect of this invention relates to a synergetic combination
of dual-layer membrane fabrication techniques and molecular engineering of
30  polyethersulfone (PES)-polyvinylpyrrolidone (PVP) blends as the inner layer. Asa

result, the substructure resistance of PBI is substantially lowered while its high

6



and crystallization technol ogies for pharmaceutical enrichnment, FOis a
sinpler, environnental friendlier and higher efficacy process. 25The

state-of-the-art for dual-layer nenbrane fabrication via co-extrusion
technol ogy utWPi2284*% this invention provides the menbfah@SHPEYIEE with an

ultra-thin selective dense skin, water channel s underneath and m croporous
sponge-|i ke support structure. Together with its sharp pore size
di stribution, the dual-Iayer. holl O}N fi eéqf ) war d osnmpsi s nenbrane can

(i

achi eve a wat Brdrenhificity & miigpings Dual-laygribp P ReRbEER Ko e 24ya80at ed
operation tenpehaliMi-es rﬁ’dﬂﬂ)f&@'p&rf&in‘alﬁ%e'b?%ﬁné o trdmOy Wl @Ry rmatfteorhi gh rate

of water flux and high salt rejectjon Is contrjbuted he desirable
dual - | ayer nEWBFIAETER Y geriptetalds4h s 5O IAED é‘k?‘r%%?'éﬁ%“‘;%‘}g 9% on

techni que. A eQIRLGRANSINY Gupbitiaf &ltH Bus @M iRWNOf rePicy thdisveed fidnitsaren

i dentifyi ng sui t abl e nmenbr anes angqjargr opriJat e dr ol utjons jn FO process
shows t hat °t hB(REEFENRALCEHM ©Me RGIANE shibr ORI BW IHOHEF SEESermsr ane

deyle! oped IRnO tzloir)rﬁ) L1950} IQ%SJIQJ@%&%W&%?@MSS&M&@@ SEBR(206W 98-3FQ.iRE agesseos
utilizing Menpranes and | S conpar r_eve etter than t F
processes usi My"EONMETRELC %@“%%@ﬁ%@%gw& an%%aw-i Hf“ap‘ﬁﬁe FO

menbr anes of HRiBrahevaaict, @94 can7ps2appl i ed to pharmaceutical products
enrichnment and concentration fromthe di|ute nmedia. A i cal exanple

d L o By

demonstrated in t hioPedPRIEPYS R Katfrdeysss: BRICCUR PY8ET YRS EHzynme 10
sol ution by thgertiviabthady@bs £ RIWBIEusQPBD &St Mameubsginig MG 2 as the draw

35 i n thr e POGHGS rgP e P Rt B S P SRV aT CEobEr 2 ame

only. The faves@ilcdcy t8$&mpottus il dpanreti NGrub@iarihatood smettteidlipidpedics.n t he

enrichment process when fe rotein flows agaj.nst. highly hydrqphilic PBI

out er -1 ayer. %é"‘?y&y@gf‘?negﬁﬁﬁ Kol E‘f ?ﬁegtodéé\%? ?gﬁbgfnﬁ%l%@?%[?%%gengnsures t he

enri ched pr ot eithPP$ @dhi&tifywid Hyatshhaindaarerat FESN thefeay gaudanathdanatlayetr ng.

Wt hout f gther el t{o at i it is believed that the above description has
Rkl lish

adequat el y° en¥ii & ¥ invention. The follow ng exanpl es are,
therefore, to be cwgtalusd: BS hotmefiber mehbmhdesal ihveipnvaroh, ret, PBI4FESat | ve of

the remainderpof e ARMLSEhOSH! bl 30 AN MPBLE0S Lo thle SL A
publ i cati ons %\9 B R lIOST BB PE R 8%@“?6%8#’6& Qb BEEROTSF B SWEECIH t hei r
entirety. EXANPbiShAcntMAtiabal sot2ibdiveh polyyohenz i Atcdaliglle it(i$Bl ) dope was
purchased fr Ocngnt%rl%llpla@%rtlﬁa? ghg?#e?n%ranes of the invention can be used for the concentration
20  of pharmaceutical products via dewatering but not by means of thermal treatment.
Since most pharmaceutical products are labile and heat sensitive, nonthermal
separation processes are preferred. Compared to the current extraction, distillation,
and crystallization technologies for pharmaceutical enrichment, FO is a simpler,
environmental friendlier and higher cfficacy process.
25 The state-of-the-art for dual-layer membrane fabrication via co-extrusion
technology utilized in this invention provides the membrane product with an ultra-thin
selective dense skin, water channcls underncath and microporous sponge-like support
structure. Together with its sharp pore size distribution, the dual-layer hollow fiber
forward osmosis membrane can achieve a water flux as high as 24.8 liter/(m’hr)

30  without elevated operation temperatures and salt flux less than 1.0 g/(m’hr). The high

rate of water flux and high salt rejection is contributed by the desirable dual-layer
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Products Inc., (NC, USA) with a conposition of PBI 25.6 W%

N-Di net hyl acetimde (DMAc) 72.4 wt% and LiCl 2.0 wt % Pol yet hersul f one
(PES, Udel A- 3003 was purchased from Anoco Conpany, USA. Figure 1 shows the
nmononer chemi WAPYIP4¢4Y% ures of PM and PES materials. N ﬁSF/ﬁ’g’f"i’%‘lﬁﬁi}’ho| i done
(NWP) & DMAc 30 (Merck, Singapore) as the solvents and pol yvinyl pyrrolidone
(PVP, Mwv 360 KDa) (Merck, Singapore) as an additive were enployed for

dual -l ayer hollow fiber nenbrane spinning, Sodi um hypochlorite (NaOCl)
(Acros O gani BSTOBNGYAIEHE) WREPHaE gregdraps BoPGEen t[ef’lgé‘f%ﬁt agent to remove

unbl ended PVPcd i 8RALY ANGard rBNSL of @ir8sus (N oh igeHpiplingditiyic Al fa Aesar (MA,
USA) was di ssolved in deionized water at. various ntratio and used as

onc
the draw sol ufeBA@nesNad, prPAPPrigls|dipveso ysipngypy Ddreness Sgb‘f"t gdle Ve &f ose and

raffinose fromeAliflliyehhol WADAEF® mdmEaind Mvel@ﬁ@iﬁﬁﬂﬁﬂi&cldsﬁl@ geferdli;ane pore size
and pore size distributions. Mlecular weights, “gi.ffusi vities and Stokes
radii of neut FPasEd fhepeldO RroFesesivitae R n}ﬁg%&mgﬁ[a [is compaapls QF ©GR  Merbr ane
Sci ence, 300 (2RPHin Hosk20 JrySREY MEheSURBlei Rl FOYnoMbemech, USA was used as a
nodel protein enzynme solution to be go&ggntrat ed and enrijched by FO
process. 10 B. FablP ReHiqo e SRINEHREFER PP ZHERPRSBTC PRICPHRS dual - | ayer

hol I ow fi ber prFhiRMRS! products ediiinidetAl badetabionmbn tedilagnadiaofA t he hol | ow
fiber spinni ngﬁ{sﬁystem has been descr [ OU{ nal of Menbrane

Sci ence, 243 ol pyamie domanstrafedin dhiy élgci‘%ﬁ'\!ﬁlqﬁ ﬁglffl‘g&'tlﬁié’%%%’ CBF" G hini
: : ni ng
condi tionse Taltwn by thIpiklLIMfer Ror @ ditds@nsentranRiking BGCRIRtiduielwieyer hol | ow
LT T e 12 DOLY, B Cakl SRPRL B AC02, 8. 15y Skt BVt ot now
tato (Ml mi n)hdurd:Smy akchonibem klokislc @th @ffd@ide arca 83.2 cm® only. The favorably
less protein fouling behavior is identified in the enrichment process when feed protein
flows against highly hydrophilic PBI outer-layer. The low salt flux of this dual-layer
15  membrane ensures the enriched protein product without conformation change and
denaturing.
Without further elaboration, it is believed that the above description has
adequately enabled the present invention. The following examples are, therefore, to
be construed as merely illustrative, and not limitative of the remainder of the
20  disclosure in any way whatsoever. All of the publications cited herein are hereby

incorporated by reference in their entirety.

EXAMPLES

A. Matcrials

25 The polybenzimidazole (PBI) dope was purchased from PBI Performance
Products Inc., (NC, USA) with a composition of PBI 25.6 wt%, N-Dimethylacetimide
(DMAc) 72.4 wt% and LiCl 2.0 wt%. Polycthersulfone (PES, Udcl A-300) was
purchased from Amoco Company, USA. Figure 1 shows the monomer chemical
structures of PBI and PES materials. N-methyl-2-pyrrolidone (NMP) & DMAc

30  (Merck, Singapore) as the solvents and polyvinylpyrrolidone (PVP, Mw 360 KDa)

(Merck, Singapore) as an additive were employed for dual-layer hollow fiber

8



Psnv tignt-rb0.n1 mn) I AOV¢t.if air ,spl-) Enkgnal .4:ttAgulanQ
"forkr.kmtun.: ;1"C,..Tap WaWw M x.. ;A d 1.c64 tiind Wnitaakuk:26 1:1
Spi nni ng, htimdny 00) 7040 Dio)sif,mof xpinwMOnra' p()1)", N Jrs_|.zZO0n.i
n.3n Tnkk'l RO % n) 14 The dual -1 ayer SJ?CHWQ?OQ?/Oﬁﬁ?éd in the
Exanples is shown in Figure 2. The as-spun fibers were inmrersed in tap
water for 3 days to renove any sol vent residues. To renove unbl ended PVP

ner 1 ayer . EREOFHDEH B ot LR T EOBC Bt eI e QB ISED i ng for 24
hrs. After thatcdtabicpedit@wnkhddgent FERFRGANES|MBIIEP RLL hiteibr&eaKedr-iafera 50 Wt %
gl ycerol solutian foriafﬁl]% hrs under s After thoroughly air drying

¥

tirring.
these menbr an&eCasupR epérst (Ve U%) Waselissdvesk n dePTER Fagék s with a
I en?t h gr ound va’%%ug Eﬂne&ﬁﬂatiélﬂlgﬁtgd el 06 diaRiselugors DMutbicB IuRE Af glybirslg ( Swagel ok,
USA) and two ends were sea ith epoxy.resip to as | e a nmenbrane
modul e. 5The ﬁ@‘?‘b‘ﬁ’ S 'gf%?ranﬁ Fféwl&fa%f@%}éfcﬁh‘m 8&7%*%@5%%%%@ was
OES e a ved lungefneﬁlbifah@b(ﬁle 6 &R s&6 ARRILAGNT] }s/ro@smapyeiglﬁsE&EMgiv&EandJ SM 6700) .
The detailed SEM specimen preparation was also described in Li et al.,
Journal of Nbgﬁ}‘%f‘ﬁé‘ﬁ‘éﬁcinéﬁ@ ?0?‘5%3”??8’696‘“%?@%%'3 ?O’I"ﬁ%‘l %fﬁgeérlnkfé"te’l ons of
dual -1 ayer nmeplE@BEI08 (OEE 15 EGisbAhe(sGplicd bnARIFich, AYBAr wislusdd asiammeiet | ayer' s
i nner surface (|L-I S%, i nn.er-lb?fyer' s..ourer, surf$ge él L- 100s), outer-I|ayer
(OL), outer- | BYEM Q2yhgoiutiop i dreanqeairatrignd crighe? OY BY 8F°&Sout er sur f ace
(OL-0S) and also the fractured outer surface were conducted. The
hydr ophobi ci t y- hydrophil jcity of .the - hqal | ow_fi ber nmenbrane was
char act er i zed}éb@(’%aﬁlf’%@fd %ﬂﬁ%@“%&‘?d’f gﬁglﬁi &yaiqatygrﬁ’é)}‘lg‘ﬁg%gﬁn%r% 701, KSV
I nstrunments, Finl ard)dcdsl soisedtit dageasihe hbiey Gemtgctinangles haf béche hol | ow
fi ber described in Li et al., Journal of Membrane Science, 243 (2004) 155-175. Table I

below lists the detailed spinning conditions.

Table 1: Spinning conditions of PBLPESPVR duakayer hollw fiber membrans

Exrornnd dhogae selathon (vt PR A0 BT e 33,0 TR LA
Expornai dhyae fhew sate posl ishigy #8

e chepy sodntser Pt RFES PUVR QARSI T
uwr chepy o e ool ey 3

Hony theid compesition {wi®ed WAL waiker 190
s B vaie Qo amdie I

Leamgth of wie gop tend 34

FExtornad congulant, Tonyprsratums: 5073 Tap Raken 30l

Pope sod Sore theid ranporatare FO} el

Spinsing funnilin S 1 T
Dimcusivn of spdumonst {aum L, O B DI any D
Voo up peod v pund 4

15

The dual-layer spinneret used in the Examples is shown in Figure 2. The as-
spun fibers were immersed in tap water for 3 days to remove any solvent residues. To
remove unblended PVP and also increase the porosity and pore size in the

20  membrane’s inner-layer, the fibers were soaked in 8000 ppm NaOCI under stirring for

24 hrs. After that the hollow fiber membranes were further soaked in a 50 wt%

9



15 nmenbrane's outer-layer. Furthernore, in order to estimate the contact
angl e of the PES inner-layer within the dual-layer hollow fiber nenbrane, a
flat sheet nmephbrane was cast out with the sanme dope sol Lof)tgggjgm%ﬂeﬁ for the

i nner-1ayer aR8 AW ¥ed in a coagulant with the sane c fPYEN %As the

fiber bore fluid. After soaked in 8000 ppm NaOCl for 24 hrs, the bl eached
flat sheet nenbrane was tested for contact angle 20 neasurenents by a
goni oneter (FTAl 2

5, Fi.rst Ten Angstrons, USA) based. gqn.the sessile drop
net hod at roo YF%WBEH?%I%JSIFP“ §5t5dn /?)ffeb\t))%’ug]ﬁé?“gﬁ'én 4Sured contact
?ngl eshof f | atncobRatssut Gam tehyRatare] Bl it & hoBdw fibdrs 01h § Ghgthatduadd | bers spun
romthe same material . See.Bonyadi. et al.. . Jqurnagl Menbr ane , Sci ence,
306 (2007) 1341 eici"e”.emr‘ﬁiél%’segﬁ?éo b%g'%é@rpg%%‘“%@r“faé‘g%gjs&%améva?sefldﬁam f1 at
sheet menbr an@efeqral@l ViSCHIRAICEHS @ esimlonhasbragnaddicneasur ed by the
tensi ometer for t outer PBI .| ayer. C hr ane characterization through
nanofiltrafion expefi logy 8f the ‘éﬁ%ﬂyg’ifw% gﬁ%“’"ﬂiﬁﬁﬁﬂ%@‘“ ﬂ%ﬁe’éﬁeﬁa‘“{}é pi eces
of PBI - PES dualicld@ay@siohedahfing icegtopye RESEMSE ONAIS M-6708}. | ThesitbijleiciEdd t o t he
measurenment of pure water 30 perneability. (PWP) flux in L/ .hr)
(bbr evi at ed_EPiRpERuFinsrvsnp Booditie b Ao aest SEVGBL At StE)  bed 1 n
Wang et al ., A3Ch&04) 0ss- 07l , Thd bRy o BHBIaId Mmbrinats cadsweyggorof@sy.at ed at a
nol mal pressure (1 b .in Exanpl es. Sub ently, the nenhra nodul e was
subj ected to WBﬁflf‘@ra@%ﬂHﬂ‘t@‘éEgﬁd ‘%f?@f%%ee@;@t iHB?{'If‘yeegtsguts\ﬁbt‘qﬁﬁ C&Rﬁfer ent feed
sol uti ons 16| odspguthkeughL}, heeneydk amer siriedl (OCLISY, eutottager’slcaee surfaRer neat e
was collected fraomthe | side of the nenbran dule. The 5
concentrati ong&ogg}ﬂ@ aﬁgg@rafnalm%e Ioﬂieébﬁﬂgces%?ﬁf(im H‘ge({\i\rgr e neasured with a
total organic car biha hpdraphpbeity-(lddiphABity 5000 Ayal-Blyemmtlzw fibdapamirancThe si ngl e

SELY SoneentT gl R TR MRl L L RDNEL ey o (1L20
concent r at i onBistweraatsuBiednd)ovas osd cemadsiurghd doetactehfle of the BollRw fibek - sol ut e
rejection 1§ Oeﬁl‘;&l riat?en,;[ ouﬁ\:ar-(lao et B u%tggr%)og’e? n (jrger to estimate the contact angle of the

PES inncr-layer within the dual-layer hollow fiber membrane, a flat sheet membrane

was cast out with the same dope solution used for the inner-layer and immersed in a

coagulant with the same composition as the fiber bore fluid. After soaked in 8000

ppm NaOC] for 24 hrs, the bleached flat sheet membrane was tested for contact angle

20  measurements by a goniometer (FT/f\125, First Ten f\ngstroms, USA) based on the

sessile drop method at room temperature. It has been proved that the measured

contact angles of flat sheets can give a reliable estimation for hollow fibers spun from

the same material. See Bonyadi et al., Journal of Membrane Science, 306 (2007) 134-

146. The same procedure was performed on a cast PBI flat sheet membranc for a

25  comparison of contact angle measured by the tensiometer for the outer PBI layer.

C. Membrane characterization through nanofiltration experiment
The assembled membrane module holding 20 pieces of PBI-PES dual-layer
hollow fiber membranes was firstly subjected to the measurement of pure water
30  permeability (PWP) flux in L/(m’-hr) (abbreviated as LMH thereafter) by an NF
membrane setup (as described in Wang et al., AIChE Journal, 52 (2006) 1363-1377)

10



(1) See Wang et al., Journal of Menbrane Science, 300 (2007) 6-12; Wang et
al., AIChE Journal, 52 (2006) 1363-1377; and Yang et al., Journal of

Menbr ane Sci ence. 313 (2008) 190-198. In Exanples, 20Q sol utions
contai ni ng gl YOOI ucose, saccharose or 15 rafflnosgcﬁggéﬂﬁ%gﬁlas t he

neutral solute for nmenbrane pore size and pore size distribution
characterization The relationship bet ween Stokes radius (rs, nm and

nmol ecul ar WEI t h& . E t hese y soI 1%5 can QS expressed

as: log r, St ardugliaghry BeMARL D ot Padi us (7-0 of

a hypot heti Calmcﬁl@falpl& fodllc FagiubRbtedbnc@rnl Reutd &amalas S@@datloﬁh@fbmﬁﬂﬂ effective
ore size and t i ze distr b

P d1f erenp f%ede so?utlzons f?owsing Iolilltglll '816 memli)rane S selectwc outer-layer.

Permeate was collected from the lumen side of the membrane module. The

concentrations of the neutral solute in solutions were measured with a total organic

carbon analyzer (TOC ASI-5000A, Shimadzu, Japan). The single salt concentration

was measured with an electric conductivity meter (Lab 960, Schott, Germany). The

wn

measured feed (Cy) and permeate (C,) concentrations were used for calculating the

effective solute rejection coefficient R (%):

C
R :{I—E”—]XIOO%
10 ’ (1)

See Wang et al., Journal of Membrane Science, 300 (2007) 6-12; Wang ct al., AIChE
Journal, 52 (2006) 1363-1377; and Yang et al., Journal of Membrane Science, 313
(2008) 190-198.
In Examples, 200 ppm solutions containing glycerol, glucose, saccharose or
15  raffinose were used as the neutral solutc for membranc pore size and pore size
distribution characterization. The relationship between Stokes radius (#y, nm) and

molecular weight (MW, g mol™) of these neutral solutes can be expressed as:

logr, =-1.4962+0.4567log MW )

From Eq. (2), the radius (r;) of a hypothetical solute at a given MW can be

20  obtained. The mean effective pore size and the pore size distribution were then
obtained according to the traditional solute transport approach (as described in Wang
et al., Journal of Membrane Science, 300 (2007) 6-12; Michacls, Separation Science
and Technology, 15 (1980) 1305-1322; Youm et al., Journal of Chemical Engineering
of Japan, 24 (1991) 1-7; and Singh et al., Journal of Membrane Science, 142 (199%)

25  111-127): by ignoring influences of the steric and hydrodynamic interaction between
solute and membrane pores, the mean effective pore radius (,) and the geometric
standard deviation (cp) can be assumed to be the same as 11 (the geometric mean
radius of solute at R=50%) and o, (the geometric standard deviation defined as the
ratio of the rs at R=84.13% over that at R=50%). Therefore, based on |, and o}, the

30  pore size distribution of a membrane can be expressed as the following probability
It



obt ai ned according to the traditional solute transport approach (as
described in Wang et al., Journal of Menbrane Science, 300 (2007) 6-12;

M chael s, Separatlon Sci ence and Technol ogy, 15 (1980) 1 0; §2 Youm et
al ., Journal BP2M&t¥al Engineering of Japan, 24 (1991)¢1U7%% %ﬁwélngh et
al ., Journal of Menbrane Science, 142 (1998) 25111-127): by ignoring

i nfl uences of the steric and hydrodynam c interaction between solute and
menbr ane pores, F mean effective pore radius (Lip) and the geonetric

st andar d deV|5?P6h‘PﬂﬁT'can be assumed to be the same as [Ls (the geometric
mean radius ofggplute at R—SOWi and_ y§, he geonetric standard deviation
defi ned as theigah Eoover that at R=50% . Therefore,
based on 1.1t d atnE.ne730p re28Pge distribution of a mermgpane can be
expressed as the follow ng probability D. Water reclamation through
forward osnosis tests 5Forward osnpbsis tests on the nenbrane nodule with an
ef fective nmenbr aner rskmhaGahicaxt Pl ososisass) area of 83.2 cn? were

conducted on a | ab-scale setup described in et al.,.Journal of
Membr ane Séi ence, WU OHLA)S tg“‘l"é‘ th"r‘ﬁ%mlaPW%ESY@&H?%‘I’UVR@@T%&&? di ff erent
concentr at i onsurfB&(ckead ﬂﬁh@mhréﬁﬁf&ﬁﬂlcﬁf Wy @ndeted e biabcile ithyy punped

Far mor . USA) e B B e Mabih S R AL e T

once-t hr ough, soMipheasME@e e diddret C@dcérﬁt&hﬁﬁs&dd foad tiehﬁnﬂ:ti heter sicleourihie

vol umetric flow rates in the. menbr nodul e’ unen nd, she re fixed
both at 100 nf‘?”?ﬁlﬁy E&W&Weﬁﬁoﬁyg TP RELH d?t dUB8r 551029 élég\#?s in |umen
and 6.03 GWTSCMBP&h&lhmﬁoeS&eﬁﬁwwahMyuwﬁMﬁ$dlmEGEEMMnﬂmnmﬂam&eor|entations

Soncent at i on Rk TEE B¢ BRCAERP B HEstToRer § Doty it ErE8ur o
retarded OSHDSmﬁwﬁﬁEﬁ)nﬁﬁdéshﬂ&n%ﬂfﬂwﬂheuﬂb@@bﬁbhumﬂmﬂMhhomB agai nst the
120" 1 arcamn T4 B B BRI St TR
(PES i nner - | ayeggectively) hi hT@o didfekent méknlhrarheameeta(lcﬁl&mm@stqd tAm&edﬁg@amany Ltd.
ggfﬁg)at Izgégfﬂ%}%c{ %dmcax} a CO lil‘ult, %{I:%i c(())ecectr_l{rglongpl%n%ahan on %Clcpcrl?caw ﬁux

pr oduct mater1mhmme$4¢rmaﬁabmmoﬂtaWﬁdnkmcﬁnwhen&kdp@ﬂmhmbméoWEed wei ght

change divi ded béttﬁ hs% e%‘&\]; Ctl I%Eter a er m rea e)'g\gnd ZA‘th7e owvar 74£ 4) 25where

t
Am (kg) is theégam |on pre etermned tine

At (hr) of FQFI))D mésﬁf)r @Mheraﬂhe chraw smheoreﬂdxvs @amheheafofcers Bumoert mgeriPBBe surface
(based on the external . .dia f salt
concentrati on' |nl?wgm#%é3@r terdﬁmm g%fg§%1%§L ?%HWFPHgdtngﬂct|V|ty
measur eme u&mmq&at@atmmmmnﬁmmdauwmenhQHM$héwskngﬁm@ﬂmgUn$@bdﬁm@n The

The

back-fl ow salt, fl ux % abbrevi ated as givH) was thereafter
det er mi ned fﬁ@ﬁ%?ﬁovagé§%%%i ?ﬁe f eed conductivity:

The product water flux (/,,) was calculated from the slope of the feed weight
change divided by the effective membranc area (4).

_Am 1
YR Q)

25 where Am (kg) is the permeation water weight collected over a predetermined time Az
(hr) of FO process duration; where A is the effective membrane surface (based on the
external diameter of hollow fibers).

The salt concentration in the feed water was determined from the conductivity

measurement using a calibration curve for the single salt solution. The back-flow salt
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A(C V,) 1 AtA(5) where ¢ and 17, are the salt concentration and the
volunme of the feed in the end of FO Stests, respectively. E. Protein
enrichnment through forward osnobsis test 400 nL fe rotei n nodel

sol ution (natYV%g‘W’ssési’yrre di ssol ved in dei oni zed wat er ig &S O%Sﬁdf’g"rgfratl on

of 0.1 g/L and pH -4) was circul ated through the shell while 10 800 nL draw
solution (3.125M |ng12) recycl ing in the lunen of the nenbrane nodul e. The

| ysozyme conc ntratl he. f W sol t| on re measured every
hal f an hour g §rs %Wﬁia‘ﬁ a%%@@‘?%sp SEBIE eé?m](q_mﬁrlgg‘tg‘fcreﬁeochr om
Ltd., Engl and))ft@@fcadmu@dt@mgth of 280 nm The product water flux and salt
qux were al so reggz qd The Circular Dichroism (CD) spectra of the native
| ysozynme sol uvie 15 0.4 g/L (pH -4.0) and the concentr2§ ed | ysozyne
solution after the*FO%nrichnent test were investi gated. Th Ja- hel i x

content of prohgtasan@st 48886t QLW N@SInl§RA oluthe SF thd Yecl EhP Bt FIFO
conformati onal changes, if any, after FO process. 02" - 4000 %- Heli x

cont ent - ?rrdteét%G@@e%Ué@( 6) 0208 where(deg cnR/dnmol) is the nean nol ar
ellipticity per residue at 208 nm See 20G eenfield et al., Biochemstry, 8
(1969) 4104-4108. EXAWVPLE 1: hol ogi es. of the PBI-PES-PVP dual -1 ayer

hol | ow fi ber FefBFEs “elkﬁ‘}?nh@mﬁﬁ}ﬂg’ gg“”‘?"é’;?é‘?s nmenbr ane had outer and inner

di aneters of 522 amd nﬁ%e%tefn&ﬁﬂ%&blu‘ﬁ@rﬁ maﬁ@ﬁwowfﬁgﬁ&om inslwieder e) .
Figure 3 shows the cross- 255 of a PBI

0] on

sel ective out &y %ﬂé?nc(“ﬁa}‘o‘b? %/&i‘a‘g % f‘%‘ms Cgc?lff?‘%/?mb‘é @ﬁgh“ilp‘%}iée li ke PES
inner layeg ( $d0)mL and saluded @Tm2ﬂlﬁltMgIL‘lg)fré@ehrlgr[h aicfiase. of&ﬂmdﬁsmeafeh t he PBI
sel ective | ayer hﬁrés wer e plent OVO'd s di 5: ﬁv% and openly
connected to PAGIS nthslyaRaIOneRy “f pt eh nd AR XU E At e 3, whil e
t he outer ski&eBfhatfhae howrngn Uhayes ssaasndgeatsph@smabqivbrd $82t RechrbmCOS sect i on.

Ltd., England) at a wavelength of 280 nm. The product water flux and salt flux were

also recorded. The Circular Dichroism (CD) spectra of the native lysozyme solution at

15 0.4 g/LL (pH ~4.0) and the concentrated lysozyme solution after the FO enrichment test

were investigated. The a-helix content of proteins estimated below was used to study

the protein conformational changes, if any, after FO process.

. % _ 4000
%a-Helix content=—2=t—
33000 —4000 ©6)

208
where 0. (deg cm?/dmol) is the mean molar ellipticity per residue at 208 nm. See

20  Greenfield et al., Biochemistry, 8 (1969) 4104-4108.

EXAMPLE 1: Morphologies of the PBI-PES-PVP dual-layer hollow fiber membrane
The as-made dual-layer membrane had outer and inner diameters of 522 and
290 um, respectively (SEM images not shown here). Figure 3 shows the cross-

25 section (CS) morphology that consists of a PBI selective outer layer (OL) of around
20 um, a fully porous sponge-like PES inner layer (1L), and a delamination-free
interface. Underneath the PBI selective layer, there were plenty of macrovoids
dircctly and openly connccted to the interface as shown in the OL-IS scction of Figure

3, while the outer skin of the inner layer was porous as shown in the 1L-OS section.

-
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As a result, there was no nuch resistance at the interface. Since the inner
| ayer and inner |ayer surface were fully porous as shown in their
corresponding | L and |[L-1S photos, the PBlI outer |ayer |stance
and selectlvéwpgy@@““ﬂbmever as displayed inits QL phgg%ﬂ%pﬁ%&ﬁ érage

t hi ckness of the selective layer was only about 5 2.04-2.23 umif
deducting the macrovoid length fromthe overall outer |layer thickness. As a
consequence, ter |d| iffuse a ossfthe ultra-thin sel ective
ayer by the aSHSTTE HyeamReiuch rosne MR S B BIFGHT el - | ayer
PBI hol |l ow fi hﬁ[ﬁlaym@ﬁfabywwﬁfﬁlglyqimcak as shd@hl fntadir @fnc%ﬁd}ﬁ@.ﬂﬁan&ﬂe@ce 300

(2007) 6-12, e u ness of th PBI-PES— a hol | ow fi ber
orbr anes |5 PHAES MoE LY 1P pon b taeen et SR HARGT PV 88 1 n't he

out er - nost suﬂfs@leya:dﬁms @Bbﬁd’to pissagge @itlndsOsf thejeketdediyer Battond} ouhas a
sponge-like o PES i nner | aye e aid of the PVP pore formn
agent and Sheeﬁéﬂgg gﬁ”ﬁ"ﬁﬁﬁ%Va%ﬂ%” P@%h?m'%?vﬁﬁ'ﬂuﬁb?gﬂﬁP i"8%5( 80 mﬁ@g
NVP) . The conais Babdsequede, Rathd @hbapidnydrraphtlobsahdBlra-g6l @CdkiitajaayptheWi t h
sub-nano pores and a 15fully porous and hydrophilic substructure nakes it
easy for watePSPEFRESYOn with a high transmenbrane flux. EXAMPLE 2: Sol ute

Lt(ejAscE IC;)nshon t Ee @Bhpaﬁﬁ& RYBretlisad sdlg':lélﬁlyerh’(ﬂl :l@l‘ildvxf ﬁﬁk@sfmi&l’ﬂitir\?@dhg eQQF: gures
show._t he ute separati it ative
pore size di B e e o] @ofh S b ither poot PRRBESEVE ¢

rej ection10esuld-fay@holle filetahenibaynes ishiok hawmfynmgbeis@g hakch-2a6®BI S menbr ane.
Table H Sol ute rejectlon characteri zation results on PBI-PES dual-layer

menbr anes  PWPTCLIRARC O8iGTReStGurtess for waler psigas apdpop rqigfion-Lat gl faeg v .
1 744520. 933, Qﬁﬂ;@: likdDpBe cAlVPESA G p@éxevﬂi tA€ai{ bfrhe VP Qord Torfiing dgcﬁtaddl us

i ndi cates the rgne achieved |n Exanples is.sipttin tween the
nanofiItratiowgﬁgaﬁggﬂﬁmgﬁ&w %§”L€W6W§§BSEWB§@§REQW%?gﬁ@5~#ﬁ% pure wat er
perneability édﬁ\M)anofi oftdtiighlyeydssphiie PBASclanlylafer 9v1ﬂhlbhb-aano@nre@px&raati on
pressure di stribution_or r obabi |ty density

P irve thonn + Aepat bt Felropili bRt R ity § a8 R et eeR gty

high transmembranc flux.

EXAMPLE 2: Solute rejections on the PBI-PES-PVP dual-layer hollow fiber
membrane

20 Figures 4(A)-(C) show the solute separation, probability density, and
cumulative pore size distribution curves. Table II below summarizes the solute
rejection results on the dual-layer hollow fiber forward osmosis membrane.

Table II: Solute rejection characterization results on PBI-PES dual-layer membrancs

e PWPR LME ., . o _— )
s, NI I, MW, Dia et NaClrerection. % BMell vejecnon, %
TF ¥ {1 bary N =
w7 .7 482 am RENY AR
25 The average pore size (1) of 0.27 nm in radius indicates the membrane

achieved in Examples is sitting between the nanofiltration membrane and the reverse
osmosis membrane. The pure water permeability (PWP) of this membrane was only
0.9 LMH at an opcration pressurc of onc bar. The pore size distribution or the

probability density curve shown in Figure 4(B) indicates that the dual-layer hollow
14



fi ber menbrane has a sharp pore size distribution. This is essential for
rejecting ions and contam nants. Additional characterizations reveal that

it exhibits a high rejection rate of 93%to divalent Mg 2 salt while a | ow
rej ection rat%’(’&gl @?ﬁ‘/éﬂt o monoval ent NaCl salt. The di scrpggﬁﬁwg/?(’ﬂwrlej ection
for divalent and nonovalent ions is nostly 5attributed to the ion size

excl usi on and Donnan el ectrostatic effect (see Donnan, Journal of Menbrane
Science, 100 (.1995) 45- 5%41% The salts. rejection data indicate the

dual -1 ayer menBridt bi“gleg? hap pgrerse df?@%l%%'i Kot R s ed¥anat i on
USLng | MyCl2 asd éghﬁmlﬁifaﬁw g@biu&daomaram&ﬁ;iglrc%al thatit Sbibttabhigh fe(p:i’cfi@xea wat er
and salty water desalination since its .rejection is quite |ow 10
EXAVPLE 3 Vs 0o @ Apion et st iip ovpeisc ias ght p é%/‘g?n‘%‘f&llﬂ‘?tow fiber
menbr ang f NaChaltdepengdenessyof rapgti@r foadidalsabid hodoxalemt idy GlRostigpncent r at i on
at two different operation nodes, nanely FO and P Is plotted in Figure
5. It denonst F‘térfbé‘?dtt%gf 1Q0hE© £ ‘ﬁoélrangﬁﬁgn%ﬁft“ﬁﬁngf%%t @ﬁepl:)?}’élf“éased drgw
MyCl 2 concent jakda08f Mkthbrend St@nsal 00 f1besy@s-59e e Safsir§éctich dath Indichtow i n any

ci rcunst ance. Gen;rall tﬂre wat er .fl ux uas fljye orders o{ magni t ude hi gher
than the salt e8It e é“%‘b??&%‘@n&fﬁ@?@f’ S8 PR ESPTE BN SSed in FO
tests. It is exgoeckead ddadoldtibe, Wilkeris idtuxitabRGseas @ated dnH saliyoveased dr aw

sol ution concentrat.ion iséﬁﬁégf:%?due toﬁ%he i ncreased osnotic pressure as

the driving 28°PURER §BFep WO oUEs. In addition, the water
perneationoflux in PRO node was nmuch higher than that in FO node. This is

becauseinthg F§%£ e\&ht%an,t‘rivi r c re si.gnificantly
than in the d3 ue? Heﬁqﬁgglgg\yg?ge %@f@%’é@p?‘ﬁggw%g?ﬁ%%#ggnt ration
pol ari zati on meebiafied in the porous support layer (i.e. in the PES PVP
i nner layer in our.c se‘%x. See ng et < rr#) nal of Nenbrang Zggci ence,
300 (2007) 6. 12; CAEASEPLGTS Seyin Su ot A cﬁn%%%%%@lff{% 6) 70-
87; Ng et al. ¢opecknivh motespiningly S8 ke RR0,& flecddioFggy,S. 40lc(2d6ies 2408e 2413;
MeCut ChCOﬂS et 'ailr' xJOlill na\lzvito'f 'Ir\l/brrrbr(gnrg %gé(efngo%ten?rgtﬁo (%10:1)0%’}6 521?21_74247; and
Gay et al>, BREHIPWART Whvidgnesneg|ay et IR &Y TSP ow shows a
perfor mance ceopaitistonribflow hreanyeaentstate diasrabnthE@aB0 ffrenbediesrdcBo f ar,
trenendous efforts. have been devoted by researchers in this field to
h . ) y . solut
i dentify sui t%fgl?afén%d?er\é% hﬁretganatﬁ?jsaatgglf{ SEPE R ar\}vﬂ%g%B( %Ja?“leoépnsw N ?)He FO
process in W32 Q4548 BR&IIWUS200 ke BGERT Bilx increase with increased draw
solution concentration is mostly due to the increased osmotic pressure as the driving
20  force in both operation modes. In addition, the water permeation flux in PRO mode
was much higher than that in FO mode. This is because in the FO mode the net
driving force reduced more significantly than in the PRO mode due to the severe
dilutive internal concentration polarization occurred in the porous support layer (i.e.
in the PES-PVP inner laycr in our case). Scc Wang ct al., Journal of Membrane
25  Science, 300 (2007) 6-12; Cath et al., Journal of Membrane Science, 281 (2006) 70-
87, Ng et al., Environmental Science & Technology, 40 (2006) 2408-2413;
McCutcheon et al., Journal of Membrane Scicnee, 284 (2006) 237-247; and Gray et
al., Desalination, 197 (2006) 1-8.
Table III below shows a performance comparison of the recent studies on FO

30 membranes. So far, tremendous efforts have been devoted by researchers in this field

to identify suitable membranes and appropriate draw solutions in the FO process in

15



order to achieve a high water flux and high salt rejection. Generally
various salts or sugar solutions have been used since they arc highly
soluble in wa have | ow nol ecul ar wei ghts, resulti i.n high osnotic
pressures. &iﬁﬁﬁ%%” t he separation and recovery of HﬂﬂééﬂﬁW& ol utions
can be achreved easrly by precipitation, heat 5deconposition or RO process.
Table I11. Overview of recent researches on FO process mﬁth di fferent

menbr anes erationDra erat i onFl ux Feed wiVenbr.a e "C)fl ow

ot orrodes. 1. P D36 Ty St B DS CPRCEIHI T &S CBRP PEE) N

menbr ane24. 701\@@88@1\&{0[{5 A3 Bbeonaiblrshivk MQQQ.rZ(BlgﬁBf SU&GEECBM&ﬂ a-nld&iy‘&l’ 10‘6 PB | -PE , S)

NF nenbr ane. 47This work 22 wat er. 1M hol | ow

fiber nenbr ané‘Tlecb‘frl‘]’C@*t%'“iﬁH‘%“% ”g’ighdﬁﬁ‘ﬁ YR Iﬁéﬁﬁ?%%‘s CeRE a“O'EBE

Gsi noni cs2 5[ @hd dNedviedylof tlﬁs%@nlﬁ%n@canmN&ﬁélveﬂ?&sffjéb‘japtﬁﬂﬁltatr()ﬁ[ﬂ)eat GE

(asnionics g%}04 3.5i > §9669 ONaClNa21- 1PO4- Gor e- Tex PTFE inenbrinie
rore4. 1[ 0] Po grrrpwtrﬂr nBA%Pane with the 20.0DI1.5M bra d.21.3

ems PRCS. 1[ 341 Table III. Overview of recent researches on FO process with different membranes

Operation . Draw Operation Flux
Temp °C} Feed Draw fow rate mode Membrane (LMH) Rel.
13 DI watar SM Mg G.03 o PR Dual-layer (PBI-PES) NF membranz 24.7% Thus work
232 D watar SM M2 ft a3 m's FO Dual-laver (PBI-PES) NF membrans 1947 This work
s DI water M MgCL {36 emis PRO PBIhollow fiber nienibrans 110 i}
35% 45%6 . e - 3
T - - e ane (AR G SO 3 25 {
870 Mact Na, HEO, RO membrans (AR, GE Osnionies 25 5]
- 15% 45% . . " .
67 - - zubrans (2 ISUONICS bt
6T 0 Nach Na,HPC, RO manibrans (AD), GE Osiienics 11 i)
N 23% 43% - .
5 - -- Cone-Tex® anilrane, Gors 4, &
691 Nac'l Na,HPC, Jora-Tex® PTFE menibraie, CGor 4.1 f&l
6910 3% 43% 36 Lilu PR Clellulos= triacetate RO membrane, ("di;.:de {51
Rt h , 35 L p T 21
Natll Na,HFQ, Crlurtek dat pHO)
Aumbient B el . .
tf:‘l;.lp Watar Anonymons - - PO menibrane. Hydration Technologies 40 f17}

usmotie agant

13 3]
en N::\,; AMNHHCO,  41%an’s FRO FO memeane, Hydration Teclinologies 1to [xi}
215 DIwater 1. 3M NaCl 3 ans PR Foy membrane, Hydration Teelnologes 186 33}
) 0050 . . . . -
0.0 N1 Cl‘\l[ SMNHHCO;  30oms PRO FO miemibranie, Hydratton Technologies 380 £33
250 Digasfer - 0 Mol 1 5Limin FO FO menbrane, Hydration Technologies 164 13
centrate 4
N3M < o : .. . § e . -
0.4 Hac'l SMEuetose & 3domis PRO FO nembrane, Hydeation Technologies 183 M
ne DI water 0SMNaCi  5.5Limin FO FO membrane, Hydration Technologiss 850 41
0.0 “\flt::d:;:d 4 SM WaCl 35 Lanin FQ FO menthrane, Hydeation Technofogies 12.9 i
- " . Polysulfens RO niembrane with the :
2 S Nat! 21 3oms v P 8. EE
00 DI LSMNatt  2l3ems  PRO Eahic removad. Dow Filmtee 5.1 (341
“ellulosic RO lgane wi .
w0 Diwatr  LSMMNaCl  203ems  PRO Cellulosic RO membiane with the 260 fa4
fabiie removed, GE Ostuonics
20 DI water 1 SMNadl 11 donis PR FO menibrane, Hydration Technologies 432 {33,341

[11 K.Y. Wang ct al., Journal of Membrane Science, 300 (2007) 6-12.
10 [3] Holloway et al., Water Research, 41 (2007) 4005-4014.
[4] Cornelissen et al., Journal of Membrane Science, 319 (2008) 158-168.
[5] McCutcheon et al., Journal of Membrane Science, 278 (2006) 114-123.
[6] Miller et al., Forward Osmosis: A New Approach to Water Purification and Desalination. 2006,

Sandia National Laboratories.



fabric renoved, Dow Filintee. Cellulosic RO nenbrane with the 10 0ODI
wat er 1. 5M NaCl 21. 3 cursPRCBG O[ 341 ti bi ae renoved, GE OGsnonies 20, 0D
wat er 1, 5M Nat : A21 ear' sPROFO nmenbrane, Hydrahon Technql 0gj es43 2 32. 34]
[1] K. Y. V\arrﬁ”8t20’§f°4543°Journal of Menbrane Science, 300 (568%00%0%5’ 10[ 3]
Hol | oway etal ., Water Research, 41 (2007) 4005-4014. [4] Conelissen et

al ., Journal of Menbrane Science, 319 (2008) 158-168. [5] MCutcheon eta].,
Journal of Me ane Sci 114-123. 6] MIler et al.

For war d @msﬁ%“nﬂ°tﬁew g\f)l““f”b f(\Z%g 8%\7\&?) Purificat |[ o]n and Desal i nati on.
2006, Sandi a NAtGebngl- Jevabiof Mendrapeionce. L7 (2003/y%%t al ., Desal i nation, 224
(2008) 143- 15811 §ekidL, HKoaitohnmedt! Saibnes & Jouoingl 4oafoodverabrane Sci ence, 257 (2005)

85- 98. E ]]'P\]Iccmglu&tct"ﬁilJomnﬁﬁ@%lﬁ%mmédal78@%0@”@7&4& Technol ogy, 40 (2006)
2408-2413. 1G %anm 13?(?8?)6)1 t al., Journal of Menbrane Science, 284
(2006) 2372247 %yééf esal i nation, 197 (2006) 1-8. [34]

McCut cheon et [3é]1M°CU‘%‘tPr°h%HJOLE§‘T(“°[ Nt atrisnese] WHIE 455348 (2008) 458-466.
It can be seen that the nost comon approach to sel ect menbranes for the FO
process is sinply t nmbranes. Nevert hel es mai.n d ack of

e
this 10practice is tf“ﬁ‘ elb?er’h 4 e P1oRsCORIEIN APIGEChq 59 e§i‘f“%r§ a3 A G VH i n
most FO pr ocegsess fsaimgeanat RO mlegadnes) atldvenhadss) cie hdiedRGbakmbthanes ar e

el ot velyy ok DY NEGesel . 0. and, L Byt ol Leopissauri, 11 ves

for FO tests, sdaligtef doydinedontsiics thR@O’liﬁéYbl!Sram:e amirtllxduaty thiabby gecewity @b | ncr ease

dramatically I)vgtl(l)btan e%ygraullfcl\g;'estbure 3& was 1epgrted%le'l(;[eg’trl’I elg)ynpegltmgaoff the support
fabric from the RO membrane for FO tests, the flux of this RO membranc without
fabric could increase dramatically from several LMH to 36 LMH (McCutcheon et al.,

15 Journal of Membrane Science, 318 (2008) 458-466). Although the strategy is
promising for flux enhancement, the practice is not feasible in large scale membrane
preparations for the FO process.

Hydration Technologies Inc. (HTI, previously Osmotek Inc.) is the market

leader in membrane fabrications for the FO process. It has substituted the fabric

20 support in the traditional RO membrane by an embedded polyester mesh and
developed a specific FO membrane with a maximized water flux while maintaining
the desired salt rejection. The membrane thickness is less than 50 um and this
membrane has been widely tested in water reclamation in space (Cath et al., Journal
of Membrane Science, 257 (2005) 85-98; and Cath et al., Journal of Membrane

25  Science, 257 (2005) 111-119), osmotic membranc bioreactor for water recovery
(Cornelissen et al., Journal of Membrane Science, 319 (2008) 158-168), power
generation (see McGinnis et al., Journal of Membrane Science, 305 (2007) 13-19) and
scawater desalination (see McCutchceon ct al., Desalination, 174 (2005) 1-11). Recent
work conducted in Elimelech’s research group demonstrates when water was used as

30  the feed and 1.5 M NaCl as the draw solution, the flux can reach above 40 LMH (see
McCutcheon et al., Journal of Membrane Science, 284 (2006) 237-247; and
McCutcheon et al., Journal of Membrane Science, 318 (2008) 458-466). Nevertheless,
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15Journal of Menbrane Science, 318 (2008) 458-466). Although the strategy
is promsing for flux enhancenent, the practice is not feasible in |arge
scal e menbrane preparations for the FO process. Hydratiqn Technol ogi es Inc.
(HTI, previ ou‘é’w"‘é@ﬁ’ﬁf"ek Inc.) is the market |eader in redfraifgie”
fabrications for the FO process. It has substituted the fabric 20 support
in the traditional RO nenbrane by an enbedded pol yester nesh and devel oped

a specific FO nmenbrane with a nmaximzed water flux whil L ntai ning the
desired salt ﬂté‘j'aééetpré?f‘.tWarﬁ‘ée b sinse; rmsetapampgl of HEFEo um and thi s
\r]renbr alne Pai/e lan%mara%g@gﬂbtkt@m glgh%ﬁa?%%%%ﬁbrg’aﬁhgg@mtdggﬁccgd’ﬂpHp)G(ﬁ}cfé Mﬁ@ghth etlal o
ournal o rane Science, -98; apd Cath et al., Journal o
Menbr ane 25Sc et EorvagPsmoppg) Ney fﬁﬁff@%h, to %‘ﬁﬁ? PEE?‘?E%?"EH%GSTJWB?%M or for
wat er recover yodeCednarl Nasisen I efor@bries). Jour nal of Menbrane Sci ence, 319 (2008)
158-168), power generation (see McGnnis et al., Journal of Menbrane

Sci ence, 385 (2007 Cilggaitgﬁhegh'“gﬁﬁ’é%f’g DR rigtdcy Op(egg‘etg’l\“/@@ﬂlf chcon et

al ., Desal i natéuddbe cbédicld 290 Bywird bioesisReaancwadds hasneivab@dent finkd | mel ech' s
research grou nstrates n wat er s .used. as 30the feed and 1.5 M
R A 8 o A P R e g 1O LR 8

McCut cheon et th@dlmembdaat tdnakacfalh3 i IAVIE watdr @0 nd DB84mELBBoY s@3Tx247; and
McCut cheon et al ., . Journal of nbrane Science, .318 (2008) A58-466).

Nevert hel ess, Wﬁ?“tﬁ Mgerftégﬁlrtgee%&@ﬂ?fie'tlﬁg‘%@ N 683‘316&11‘151%8{%?1&%%@ nenbr ane
materi al @b Hihx W3 daBistdarit was; 10etdrst @bltien tossdbivahtt naick dleyetiasigc and woul d
degrade at pH 9 (see MIler et al., Forward.Osnosis: New roach to
Water Purifi c%‘frfll?f’r‘foglﬂdusﬁé%%{’ldiaﬁ%\{‘?%ﬂ?vapféﬁge,rg@%ﬂ?paer%gf 'ﬁg%eawat%gﬁ%tp gt ories).
5l n contrast, thishialdagd FDayetbrdne gkl fyistr@assesahdae achécvdd e ROp@thbiranct hi s wor k

coul d be operated as a.forwar sSnosi s rane under hars i{ onment

si nce both PB?nda{ﬁﬁonﬁpé@L?é’f SYelnﬁthe[ %%}émgﬁpae?ﬁo%erswéﬁsén [oF: mcrr%lgli S \grg:e. Fi gure
5 shows that mbebmerbitdnepeast thedg milatinpdtal-Bperloddsbbwat strudhdresx and 105 ti nes
| ess of salt flux en 1.t is operated.in.the PRO npde. ..t should be

rent i oned 1 harPrb Pty sy R b et it RuaSe it putitas th s very 1 ow
draw sol ut i onhglkaissdnhioWow abelitwak OHFQ@ hecpeticstadrifiug cpuiopbker boutldnedst ai n and
at a non-el evated operation tenperature. The water flux of this dual-I|ayer
FO nmenbrane general ly surpasses those achi eved by RO nenbranes and is
conpar abl e or EEXBIRLEBel tPesteit hamithmosttwiRChosid o ERBISFE SuRY hduat-bmardotiowal HTI FO

menbranes. It cted.t hat 5)% tailoring dual -layer nmenbrane structures,
15especial ly i

i S.ex . ]
%1§/er Oﬁvrvgrﬁé)?m?béb ue(:n?br{g its selective skin thickness and

opt i m zi ng0 hydr odyyswiyte fahompetndirbtcnrszyine AD qploekes sroutdd andt er fl ux can

fiirther be enhanced. EXAMPLE. 4: t.ei n i.ch i 1) L. of

Bl - pES. PP la gy e G Fow T g PR ERTErh. Cohol b8 el e an

i mportant proB-@icnnterzysre2 WiovR) asSpivavdibsee aan oprd! phimawelticeilnam enzymat i ¢

activity at pH 4-6?(r?r%e Bani n eptro et al., Colloids and Surfaces

SBaEIES

B- Bi oi nt erfacsé)lsu,ﬂmi o was chosen as a typical pharnaceuti cal

dil ute sol ution f dtris tvhié kerwn thdittentxistogst of an amphoteric imidazole group within
25 PBI molecules provides the PBI membranes with different charge signs based on pH
values of the aqueous media. In general the PBI membrane is positively charged at
lower pH and ncgatively charged at higher pH. Therefore, in the lysozyme
enrichment experiment, the feed protein solution was purposely flowed against the
PBI selective outer-layer. The feed native protein solution at pH ~4 provided both
30  PBI selective skin and lysozyme positive charges. Therefore, the lysozyme rejection

by the dual-layer membrane could be achieved by both the electrostatic repulsion and

18



It is well known that the existence of an anphoteric im dazole group within
25FBI nol ecul es provides the PBI nenbranes with different charge signs
based on pH val ues of the aqueous nedia. In general the PBI nenbrane is
posi tively chdPde &Y oner pH and negatively charged at"f{'GREF PR
Therefore, in the |Iysozynt enrichnment experinent, the feed protein solution
was purposely flowed agai nst the FBI sel ective outer-l ayer. The feed native

rotein sol uti t pH - r,ovi ded bot h_30PBI | ective skin and | ysozyne
BOS| tive char é’g‘g?‘%ﬂ?ﬁ? B‘F&F@“f‘ﬁ%"”ﬁcﬁ}‘§8%yﬁ'ﬂ* ?‘%}‘réif%‘r% Byt O dGal rl"'%Sa;er Y
menbr ane coul grda@n @S}ahh@\tﬁddrkw s@idd duhg: @t BOtchOShRhi Bodc@pwhish @as and  PBI
sub- nano pore ?S)[_EI d; &ll usion. This ensu gd t VI here was no or very
| ess protein CHYEMPGYER ﬁéaca AR BPIROHESSEF RGO e UKD 8nr i chrent  process,
whi ch was confpdchighottichir inhee drae toltidtatovirahd spozigdexpeascdgiient ed by the

UV-Vis spe trophoto ter ol ution over”t,h‘e,
experi nent gl time. (égrrt “g((pﬁ\fﬂlv?‘i‘é(e‘@i“c? WepfleqEsy s %H"Elglé‘r%f"nge
decreases sli gh&akyamdlﬁytm R readet omlcmslﬁdadﬂ%bm&endﬂ&@dheaﬁ&dthes nmoti c
pressure across t ane since the o |naI NgClz dr w sol ution
P i ut od whRH e RRURC Rarersofebigat gt PiramRe S rBREr T soi ut | on
to the draw sabumtthoed prbeinisblutiorab tiwakev sdlitiex. The jpltial eiter feRrin por@nt test was
12.8 LMH, which. was | ower t 3. 7. LVH obt Ore | amati on
test in FO nnatém}g%‘?%ée‘*@%?“rlézglgﬁél W ey l%e%b@ﬁv‘q 7Iolr%i[/i,a %‘ﬁ”ng H’c"é t'rati on.
Thi s was doe teﬁlaﬁbﬁodtw/&fF(efnbs@msmgeodéqudmg,bf Qﬁ@@lrﬁ@%ﬁﬁﬁnbdﬁﬁcmﬁm.ane in
protein enr| cigle Lestg ht%[ f;fc? gérot.e|£ Csocrut ﬂ&c bra e1 hragl.an osnotic
pressure. "EF Of, WS CFoUNT R CTRETREI JP%{? cP 88 Y sozyme
concent ratl Oﬂcrb&ﬁﬁdltm‘&tsﬁﬂ'be tl’[ﬁﬂﬁﬁmb@.&lﬁﬂftﬂlﬁta%ﬁad&lnlo@dﬁbﬁcypl&BBIQ”EEI’H ddtigion,t he
measur ed one, e of the 15enric t test as
denonst r at ed by EF ha%{‘%ﬁalcu e% f%’de}gsﬁcﬁnﬁem %en%at%%lbfm Re M5y Fophi lic PBI
outer-1|ayer V\b&latncawemmrgamm@mgtMn Hlesr&aiult‘lﬁmn&&s@lmai/lmmﬂmc a?a,gtfl @ theV is nostly
contri but to t curre t.h st and hal f hour.
However , ?ge nt? ts wo?bgr%%&)g‘fﬁﬁrg I%e)eéi“s%g’t élf’ﬂzei N1 h merbr ane' s
shel | side sth)}dlroplhead’ﬁl bllrter-lamMthemoma@hngl@mqﬂméor:slgwmen B{LC) IVskows t he
| ysozyme dilute 20 b enrlch 3.5 after 3
nour s " The enprpalfoRRLBaR 13 fEpf e TER R S bR BTt 2t on at
time t over tHewewer,tthealowf@wﬂqw attesfnhacfoncentnat tmmem‘ﬁaalnbeslhe‘u s@ontilhct angl e
measur enent s PB1- PES du er. hal i b r | | fiber
menbr aneby tefrglsqb Et}he C{Cfurretﬂie fmilm% Fl re 6L@ bhow@%@%&%H&§ boh'ftpon v

20 be enriched by a factor of 3.5 after 3 hours The enrichment detOI' is defined as the

protein concentration at time t over the initial feed protein concentration.

Table IV Contact angle measurements on PBI-PES dual-layer hollow fiber

membrancs
PRI suder-laver PES invwr-laysr
Hollosy fiber membrans by tensiometry I FILLE -
Flat mambrane by gonlomeley (% STINY3 FISR2T

25

The salt flux during the protein enrichment test was satisfactorily low at 1.73 gMH.
Figurc 7 shows the CD spectra of lysozyme after the enrichment test was very closc to

the native protein. This indicates the lysozyme after test kept most of its original
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outer-laya 54.21.0,9 57.3:L 1,3 PSinn 1r 73.5:21 The salt flux during
the protein enrichnment test was satisfactorily lowat 1.73 gvH. Figure 7
shows the CD S ectra of lysozynme after the enrichnent test was very cl ose
to the nativeVBr8Y&fH* This indicates the |ysozynme afteH‘F8§FWW@B¥ nost of
its original structure. In addition, table inset in Figure 7 denonstrates
the helix content of the |ysozyne after test was very close to the

literature val ue of 32%.( Nor a | oi ds rfaces,. 64 (1992)
87-93). Al tﬁ%‘é"é‘“ﬁe‘ﬁ& P%fdgﬁtlwg{mf h‘r’é‘“‘FdI‘eﬁPB%@E% eé‘e@é?%?teﬁ%f Y ng for
phar maceut i caliysprya@uets (e v ERIRR Albscutd the tigv@die Kalago M2t dustdc2elgnat uri ng t he

i & Speci f1 cAETOR FAY L ORI HEL NI an) TEorsTRALT o B Pedtre

di sclosed in b&wmﬁpeﬁg fol pialrhaRutRYprb®ict @pkiasadviavevnerkQaditheinat i ve feature
serving the sg g@valent or. simlar purpose. For exanple, the
nenbr anes of ﬁV@”W% SPRBHCSA B&™Sppl i ed for gas separation. Thus, unless

expressly stated otherw se, each feature disclosed is only an exanple of a
generic series of equivalent OrO%h%hhﬁhBE&ﬁ&H%&?@
All of the features disclosed in this specification may be combined in any
combination. Each feature disclosed in this specification may be replaced by an
10 alternative feature serving the same, equivalent, or similar purpose. For example, the
membranes of this invention can be applied for gas separation. Thus, unless expressly
stated otherwise, cach feature disclosed is only an example of a generic series of
equivalent or similar features.
From the above description, one skilled in the art can easily ascertain the
15 essential characteristics of the present invention, and without departing from the spirit
and scope thereof, can make various changes and modifications of the invention to
adapt it to various usages and conditions. Thus, other embodiments are also within

the scope of the following claims.



From t he above description, one skilled in the art can easily ascertain the
15essential characteristics of the present invention, and w thout departing
fromthe spirit and scope thereof, can nake various changes and

modi fi cati onsWOPPREvention to adapt it to various udadesr o1
conditions. Thus, other enbodinents are also within the scope of the
followng clains. WHAT IS CLAIMED I S: 1. A hollow fiber conprising:
a lunmen, a polymneric nenbrane defining the |unen, and a porous

t ubul ar substﬁéﬁé?lé(%¢¥gu%?g¥entiaI surface of which is in contact with a
circunferential surfacen lloit®cpRiipaEng.c nmenbrane, wherein the polyneric
menbrane includes a first polyner haying nononers each containing an

i mi dazol e group. 2" 2 The hollow fiber of claim1, wherein the outer
circunferential sujagrerimdtieins UbBtifgtheluhBniafdcontact with the inner

circunferential surface of the polyneric nenbrane. ... 3. The hol | ow
fiber of claim i, Wé?t@i“ﬁm{ah@%ff?%ﬁCﬁmlvﬁféw&ﬁ%aﬁ UyEi§hds Brooppft- cycl i ¢
het eroaryl nORAABLECREEBNGORNIrALNGMEE @iy rhdlic dazbdlaegr oup. 4. The

hol l ow fiber of claim1, wherein the first po|lynmer is a pol ybenzim dazol e.
5> The pol y e e B D reg g oS TRy DR ta o & | &

pol y-2, 2' - (m phredyiheneimd8: ghiupenzi m dazol e,

poly-2,2" -(pyridylene-3",5")-5,5- bibenzimdazole, poly-2,2"-(furylene-2"
,5")-5,5"-bi benzi m dazol e, poly-2, 2-

(napht hal ene- 1", 6").- 5, She tilloentcndfb@iz@l ewherein the outer circumferential surface

Bg: z: g: g. : gﬁ;?@ﬁ%g{égga% igf'nbcéﬁéi-:t?ﬁigla@%?llg?qecﬂgdn%er%%%a?lsuerface of the polymeric

pol y- 2, 2' - oct aemeiaby| enc5, 5' - bi benzi m dazol e,

pol y- 2, 6- (m phenyl ene) -di i m dazobenzenc, poly-2,2'-

cycl ohexenyl-5, 5" - bi benzi m dazol e, poly-2,2'-(mphenyl ene) -

5, 5" di (benzi m dazd. e) efTheligllow fiber of claim 1, wherein the first polymer has bicyclic-or

poly-2,2" -(mphenyl ene)-5,5' -di (benzi mi dazol e)sul fide
ol y-2. 2+ - ( m Branl Sayard ot gERSpHGRE S B telsnde
poly-2,2'"-(mphenyl ene)-5,5" - di (benzi m dazol e) net hane,

poly-2'-2"-(mphenyl eng)-5',5" i (benzim dazal.e)propane-2,2, or
Dol y- 2 2 (m phoryl ond ?%””,"B”'ﬁ-be’c(ﬁql("%‘érﬁzli‘?r‘ileré%é“leé S)é?%lgy/ gned1 2. WO

2010/ 045430PGIyis2H608866079 1 6. The polynmeric nenbrane of claimd4,
wherei n the pol ybenzi m dazole is
poly-2,2' - (m phenyl ene) -5, 5" - bi benzi m dazol e. 7. The hollow fiber of

claim4, wherein the slibsgolateicinnoibuge st daiget emerepdhey/miybesamaletoddisf rom t he
ol yacr yi ni £ 1922 BRl Rt B e o BB Ele B apc B8R ABE one. 2
pol yet her ket orbgnzianigably guilyd22Hfirgene-2 oISy -biberejmidazobl pay2de, and a
combi nation tReneof . v 6)-5 5 bibenzimidazole, poly-2,2'-(biphenylene-4" 4")-5,5'-
bibenzimidazole, poly-2,2'-amylenc-3,5'-bibenzimidazole, poly-2,2'-octamcthylene-
5,5"-bibenzimidazole, poly-2,6-(m-phenylene)-diimidazobenzene, poly-2,2'-
cyclohexeny1-5,5'-bibenzimidazole, poly-2,2'-(m-phenylene)-
5,5'di(benzimidazolc)cther, poly-2,2'-(m-phenylene)-5,5'-di(benzimidazolc)sulfide,
poly-2,2'-(m-phenylene)-5,5'-di(benzimidazole)sulfone, poly-2,2'-(m-phenylene)-5,5'-
di(benzimidazole)methane, poly-2'-2"-(m-phenylene)-5',5"-
(di(benzimidazole)propane-2,2, or poly-2',2"-(m-phenylene)-5',5"-

di(benzimidazole)ethylene-1.2.



8. The hollow fiber of claim7, wherein the substrate further includes a
pol yvi nyl pyrrolidone bl ended with the second pol yner. 9. The hol | ow

fiber of claim8, wherein the polyvinylpyrrolidone has ar wei ght
of 80-500 KDaWO 204543010 " The hollow fiber of claim 8, %@gsoﬁ%%élsecond

polymer is a polyethersul fone. 11. The hollow fiber of claim1,
wherein the polyneric nmenbrane has a thickness between 1 um and 100 um
12. The hollow fiber of claiml1l, wherein the hollow fiber has a thickness
bet ween 100 kt m and 1000 um 13. The hollow fi ber of claim1,
wherein the first @ol ymae polsmédem@iryncpdkpnes, vierittha psybczikhwzgolsymer i ¢

menbr ane. 4. hol | i her prepared by a method conpri sing:

provi ding a fP?l§12?zs'8P'§F?néf n%%c{'lﬂig’le%‘ggag’?erst solvent and a first pol yner
havi ng nononers each contai ning an i m dazol e group, 5providing a second
solution including a seco solvent and a secqnd | yme and

co- ext rudi ng the 197|‘r st ergﬁg(ﬂg’(‘é’cé)tﬁﬂoéc&”ﬂgi’ ‘5W§elflﬂ}ec§ﬂ%ﬁa% lrbcmdﬁ%aesreé?ndhavi ng at

| east two coaybdlgheGBREBESm ithitetoud coDagud aft jodRulimty polkeksbodeps M ng t he

hol | ow fi ber havi a lynmen, .a first ul ar | ayer defini t he | unen, and
a second tubuP Ya"?lgg‘ieﬂ‘l?o'.ﬂ}ﬁm‘é’?r\“ Ut 8@%??&%2131%0&??/?5%%%@\%?%[%&?%&?n cont act

W th a circunpayedrketdne sipolyaardeciniddhe pdliifsde, & pdlydnsite, hadecombimagoei n t he
first tubul ar contains the first polyner and the second tubul ar |ayer

| ayer
contains the g‘&f’éﬁd pol ymer and is porous. 15. The pol yreric
menbrane of claim 14, wherein the first polyner is a pol ybenzi m dazol e.

8. The hollow fiber of claim 7, wherein the substrate further includes a

polyvinylpyrrolidonc blended with the second polymer.

9. The hollow fiber of claim 8, wherein the polyvinylpyrrolidone has a
molecular weight of 80-500 KDa.

10.  The hollow fiber of claim &, wherein the second polymer is a
polyethersulfone.
11.  The hollow fiber of claim 1, wherein the polymeric membrane has a

thickness between 1 um and 100 pm.

12. The hollow fiber of claim I, wherein the hollow fiber has a thickness

between 100 pm and 1000 pm.

13.  The hollow fiber of claim 1, wherein the first polymer is the only

polymer contained in the polymeric membranc.

14. A hollow fiber prepared by a method comprising:
providing a first solution including a first solvent and a first polymer having
monomers each containing an imidazole group,

5 providing a second solution including a second solvent and a second polymer,
27



16. The polyneric nmenbrane of claim 15, wherein the pol ybenzi mdazole is
poly-2,2'"-(m phenyl ene)-5,5' - bi benzi m dazol e. 17. The holl ow fi ber
of claim 14, erein the second polyner is polystil fone

pol yet her sul fgﬂém@ ¥ yaryl ate, a polyacrylnitrile, S%ngﬁo?/?(’%”
pol yvi nyl al cohol, a pol yketone, a pol yet herketone, a poI yam de-im de a

pol yi m de, a pol yam de, or a conbination thereof. 18. The hol | ow
fiber of claim 14, wherein the second solution further includes a
pol yvi nyl pyr r 819 done. 19. The hollow fi ber of claim 14, wherein the

first polyner is tdexidifg POHiysiRId et sélixihs thitovighe spihicddt hhwifiiidtadasd ayer .
20. The hol | ow fi ber. of C!Sal m 14, V\herelhnth%rrégy%o extrtfwh?‘?gk?rﬁperfor med at

5a t enper at ur & bERHBHAS! HItg  goapplatica bat Tming i ‘H8% of claim
14, wherein t Beune@; £t bliligayiesddiiaing ticTeerfbnd deesientataufgerbet ween 20 C and
50 C. WO 2010/ 045430PCT/ US2 60791 e. hol ber of claim
14, wherein tﬁlécugg%fa‘mdg‘ffu Qgﬁg‘ffgh‘alé‘ antfcéﬁ[ﬂgféfrwerﬁléqwghcﬁo %nd 100 C.
23. The hol | OWrsflubﬂﬁl IQ}fer,C| al m 14 wher ei n the coagul atl on bath has a 5
tenperature beé C.a | f ] m ow f'bblerl of claim 14,
wherein the c& Ejﬁllné ei Gt al‘i aﬁﬁracofltﬁ@bglﬁl ‘ﬁ%@?é?}“efrf‘a% °ArFconf FOYAL'*BEt ween 0.5
cm and 100 cmontddd5hcldaeord@blymet fndhieporafs. cl ai m 14, wherein the coagul ati on
bath and the spinneret have an air gap between 1 cm and 20 cm 26. A
met hod for extractlng ter froma sali a forward

0SnDsi s process, %Odyrg?ﬂ?ﬁ?ei”ébrﬂ]ﬁ O?elé Jn4t gl'c"frelﬁl i “ft%lpgytmeéﬁldl ne

solution wt hpdlﬂ&nxmﬁtﬁzolel rcunferential surface of the hol | ow fi ber of
claim1l and contacting a second saline solution with the outer
circunferential surface of the hollow fiber to allow one of the first and
second sal i ne sol uti onSh¢ wlerdricacimbaak ef clhinorf, tvhaciotiivgrolybbwaduighzole f or war d

0SNnDSi S process t he an econd saline solutions are
separ at ed by FRRIYE oﬁm\ﬁﬁ? en?) %P%nbenz‘ Rcie

17.  The hollow fiber of claim 14, whercin the sccond polymer is
polysulfone, a polycthersulfone, a polyarylate, a polyacrylnitrile, a polysulfide, a
polyvinyl alcohol, a polyketone, a polyetherketone, a polyamide-imide, a polyimide, a

polyamide, or a combination thereof.

18. The hollow fiber of claim 14, wherein the second solution further

includes a polyvinylpyrrolidone.

19.  The hollow fiber of claim 14, wherein the first polymer is the only

polymer contained in the first tubular layer.

20.  The hollow fiber of claim 14, wherein the co-extruding is performed at

5  atemperature between 20 °C and 100 °C.

21.  The hollow fiber of claim 14, wherein the co-extruding is performed at

a temperature between 20 °C and 50 °C.

2]
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first saline solution has a first water content, and the second saline
solution has a second water content different fromthe first water content.

27. A nmethod for extracting water froma saline solution, éﬂ{gugﬁiﬁlformard
250snosi s pr ot@EYHRWE net hod conpri sing: cont act ing A ¥TH¢M sal i ne
solution with the inner circunferential surface of the hollow fiber of

claim 14 and contacting a second saline solution with the outer
circunferential surfac og he.hol l ow fiber to allow one of the first and
second saline squf%ongh? mh&%@ﬁ&Wh%ﬁ?éﬁ’%ﬁ??%ﬁ?fﬁ@S%Fﬂﬁ%ﬁlﬁ?Bugh a forward
0SNDSi S procesmperathes@h&nlohe shi 1@ ccand second saline solutions are
separated by the hollow fiber, the first saline solution has a first water
content, and the second saline solution has a second water content

different from thesfir gthe Walodr P @l 14528 e LHRMIafi@ ba8iHak €hi NG a
protein in _an aqueous solution through a forward osnosis process, the

nmet hod conpr i &pgrature betweeg gRf@erd Hy'Ca first aqueous sol ution with the inner
circunferential surface of the hollow fiber of claim1l and
contacting a second aqueous solution with the outer circunferential surface

of 10the hol | ow fi¥er {fbe bellomdibsnel chfimtl heviicrdinthe sopguiarnchsth ad ous

solutions to gxXtdeA¢ha\ah &l i 1RMdch6 sk 1bhiERuUgh a forward osnosis
process, wherein the first "‘and second agueous sol utions, one containing the

protein and haying a |l ower osnotic pressure than the other, are separated

by the holjhow fibers. 15RIndNoWEtHOSF dadth 18NWHcEdM MO cAhgP@riath 4nB RN agqueous
solution through a forward osnosis process, the nmethod conpri sing:

contacting a fAmnStet BayGaoais sedctrscoh WA #8 i nner circunferential surface
of the hollow fiber of claim 14 and contacting a second aqueous

sol ution w th the gut en RiK&UST &&BAtnk Hatcs BbhHAGE R s0iZRSNEronRd 4 Rwvddiber to
allow one of the first and second aqueous solutions to extract water from

the ot her thr OVRJHS AroceeviBs BetBehpsirgsiggocess,

15 contacting a first saline solution with the inner circumferential surface of the
hollow fiber of claim 1 and
contacting a second saline solution with the outer circumferential surface of
the hollow fiber to allow one of the first and second saline solutions to extract water
from the other through a forward osmosis process,
20 wherein the first and second saline solutions are separated by the hollow fiber, the
first saline solution has a first water content, and the second saline solution has a

second water content different from the first water content.

27. A mcthod for cxtracting watcr from a saline solution through a forward
25  osmosis process, the method comprising:
contacting a first saline solution with the inner circumferential surface of the
hollow fiber of claim 14 and
contacting a sccond saline solution with the outer circumferential surface of
the hollow fiber to allow one of the first and second saline solutions to extract water

30 from the other through a forward osmosis process,



wherein the first and second aqueous sol utions, one containing the protein
and haying a | ower osnotic pressure than the other, are separated by the

hol | ow fi ber. _
WO 2010/045430 PCT/US2009/060791

wherein the first and second saline solutions are separated by the hollow fiber, the
first salinc solution has a first water content, and the sccond saline solution has a

second water content different from the first water content.

5 28. A method for enriching a protein in an aqueous solution through a

forward osmosis process, the method comprising:

contacting a first aqueous solution with the inner circumferential surface of the
hollow fiber of claim 1 and

contacting a second aqueous solution with the outer circumferential surface of

10 the hollow fiber to allow one of the first and second aqueous solutions to extract water

from the other through a forward osmosis process,
wherein the first and second aqueous solutions, one containing the protein and having

a lower osmotic pressure than the other, are separated by the hollow fiber.

15 29. A method for enriching a protein in an aqueous solution through a
forward osmosis process, the method comprising:
contacting a first aqueous solution with the inner circumferential surface of the
hollow fiber of claim 14 and
contacting a second aqueous solution with the outer circumferential surface of
20  the hollow fiber to allow one of the first and second aqueous solutions to extract water
from the other through a forward osmosis process,
wherein the first and second aqueous solutions, one containing the protein and having

a lower osmotic pressure than the other, are separated by the hollow fiber.



