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BACKGROUND

Semipermeable membranes are substantially permeable to a liquid and substantially
impermeable to solutes based on the nature of their selective barrier. Osmotically driven
membrane separation generally relics upon driving forces associated with the passage of draw
solutes through one or more support layers of a membrane used in the separation process.

Polymeric membranes used in liquid separations are typically thin-film composite (TFC)
membranes which generally include a selective barrier on a porous support structure. Recent
development of highly selective membranes has been focused primarily on the reverse osmosis
(RO) process. Reverse osmosis is a pressure driven process in which the primary resistance to
water flux through the membrane is hydrodynamic once the osmotic pressure of the solution is
overcome by an excess of hydraulic pressure. Forward osmosis (FO), by contrast, is a diffusion -
driven process. The factors affecting water flux in RO and FO processes are different, in turn

requiring different membrane structures for optimum performance.

SUMMARY
Aspects relate generally to forward osmosis membranes and methods of making forward

osmosis membranes.
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membrane by separating the first and second layers of the support structure may comprise
modifying a pore structure in at least a section of the forward osmosis membrane. The method
may further comprise reusing the second layer of the support structure.

In accordance with one or more embodiments, a method of making a forward osmosis
membrane may comprise casting a paperless support structure on a fabrication belt or drum,
depositing a barrier material on the paperless support structure, and delaminating the paperless
support structure from the fabrication belt to form the forward osmosis membrane.

In some embodiments, the belt or drum may be constructed and arranged to provide a
surface which retains a portion of the support structure. Retained support structure may be
removed prior to full rotation of the belt or drum.

In accordance with one or more embodiments, a method of facilitating a forward osmosis
separation operation may comprise providing a support structure, applying a material to the

support structure to form a membrane support layer, applying a barrier layer to the membrane
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combined weight of the support layer, support material, and barrier layer overall may be between

about 20 and 40 g/m”. The support layer may be made in a wet laid process.

In some embodiments, a method may comprise rewetting a forward osmosis membrane

by immersion in water containing a solute which enhances wetting. The solute may be a

surfactant. In other embodiments, the method may further comprise rewetting the membrane by

immersion in water containing a low surface tension solvent. The solvent may comprise an

alcohol. In some embodiments, the solvent may comprise isopropy! alcohol, ethanol or

methanol. In at least one embodiment, the support structure is embedded within the hydrophilic

material. In some embodiments, the barrier material comprises polyamide.

Still other aspects, embodiments, and advantages of these exemplary aspects and

embodiments, are discussed in detail below. Moreover, it is to be understood that both the

foregoing information and the following detailed description are merely illustrative examples of

various aspects and embodiments, and are intended to provide an overview or framework for

understanding the nature and character of the claimed aspects and embodiments. The

accompanying drawings are included to provide illustration and a further understanding of the

various aspects and embodiments, and are incorporated in and constitute a part of this

specification. The drawings, together with the remainder of the specification, serve to explain

principles and operations of the described and claimed aspects and embodiments.
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case they may be concentrated and collected via a membrane separation process.
Membranes may be used in various osmotically driven separation processes such as but
not limited to desalination, wastewater purification and reuse, FO or PRO bioreactors,
concentration or dewatering of various liquid streams, concentration in pharmaceutical and food-
grade applications, PRO energy generation and energy generation via an osmotic heat engine.
Polymeric membranes typically include a porous support structure that provides
mechanical and structural support for a selective layer. Membranes may be formed in various
shapes including spiral wound, hollow fiber, tubular and flat sheet depending on an intended
application. Membrane characteristics should be customized to achieve ideal performance and
may vary between specific applications. For example, in FO and PRO applications, the
effectiveness of a separation process may be enhanced by reducing the thickness and tortuosity
of the membrane, while increasing its porosity and hydrophilicity, without sacrificing strength,
salt rejection and water permeability properties.
The RO membrane industry has, to date, standardized on a polyethylene terephthalate
(PET) support layer with a polysulfone active coating. The PET support layer is generally about
four millimeters thick with a basis weight of approximately 80 g/m?® and a Frazier air
permeability of approximately four cfm/ft*/min. Although robust, the PET material generally

represents the most expensive raw material of the membrane and provides little to no benefit to
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In some nonlimiting embodiments, a tricot layer may be laminated to a thin PET layer to

create a bilayer which may then be processed on existing membrane manufacturing machines.

By combining these layers prior to membrane manufacture the strength of the tricot can be used
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material may be composed of two layers pressed together such that the bottom layer may be

either subsequently removed or ultimately used as a membrane fluid channel spacer mesh.

The bilayer support material may be conveyed to a polymer application device which
applies a solution of polymer, for example polysulfone, in a solvent, for example
dimethylformamide. Upon coating, the bilayer material may enter a quenching bath in which the
polymer precipitates into the top layer of the bilayer material. The temperature of the quenching

bath may vary and may impact one or more properties of a resultant membrane. In at least some
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s 10 ldAVE daBer tal)ibghn %ﬂnlahé Ir rp)?lral}élﬁa(tﬁépgl)jm%r(%] %j h hsnrtesel{h]éfg‘c ?Pep&%ciyé al

pol yrmeri zation or other deposition net 0 provi
suppor -&-dsoghthapyl or Fﬂrfrphti@}owl)émhdeayennesmhehm] oposixtat tidwfreamitger of the

) iy i lly tort bl
o o BaFRis AL Wb te by BE B OSSO S5t W et Phr BTy

facili nlmr@zu!emryokytmmwe or residues of a trimesoyl halide and residues of a diaminobenzene.
The selective barrier may also comprise residues of trimesoyl chloride and m-phenylenediamine.

Further, the selective barrier may be the reaction product of .trimesoyl chloride and m-

phenylenediamine.
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In accordance with one or nore enbodi nents, a polyneric additive may be

di spersed in the porous support. This addition may add strength, fouling
resi st ancwo 2hydreegshi | i city, or other desirable properti @Tius20l0@46appor t
porous structure and materials. In the case of hydrophilic additions, very
smal|l quantities may be added. By way of exanple, between 0.1-1% of PVP may
be added to the polysul fone to enhance hydrophilicity in the structure. A
seni per neablneacsetense iwitd obarrinere embydibentaphd sebdtivnbartiee nfayrtetchabdaied t he

POr ous 1S YRR ks ad lln.certalin enbodi nents, the menbrane fl ux be
bet ween§about iy 8(?1u§teatgggu§aré%$§%dlenfcg)ﬁeéecﬁlglrl R e GFB%BH@%PTOWG "%ér
oper at igagralymdininiiging owvdrall mbmMahaBickdesawinsettait iembodimenta, th¥ sdleedh wakdit i on at

25 C. i iah is an.indication of th fectjveness of the thin,
open, %%&%ﬁ%a%adﬁ%xla %%lc 7 &8@5#)9‘%586’%‘?“9 ai’%‘séﬁ - &%ﬁlﬁ%&ﬁ@”r"égﬁestance to
di f f usbamieotayatisdussal theas linttal 4sHosTREDIENS BitRRASeh & precdtliGedOinkoOVi de
drivi ngogtlxr)lr%e for %I ux in %gfﬁ faorm of osnptic pressure. This high flux is
due in“par %{IfasCS T pAdicG Y%F?@QBPW"E riggtiony{gr IS LY P By I'n
accor dpageabit kmdRReDhayPEEMERDQMARNG She BpFoptiRR®aRfer AMBKbALe tidpipar d
0Snosi jhrrenbr.ane may conprise providing a support structure including at

| east alf P9Etive Rares maycdbedomusd oRdhg syyfate of apptrops Frppart atmehimsrizationafof i r st

| ayer efaniple veUpRALdial Pblyrftivient O form a nmenbrane support |ayer, applying a
barrier material to the nmenbrane support layer to formthe forward osnosis
menbr ane, ahdYPer &rEmay be stable foraselasponys seppadsivraasadinge wihanati mget he

first baygiimedts RS HRPYbns HENEHULES L aet he support
structure. I I n ag(ggr.dalr]lég \l/%l&tﬁgoﬁ%g’w}&gﬁgs%#g]g%feﬁ%%gg?l?éeth%t hod of

maki ng c&YFistanal golyehslaginpredtive ve foma fetonriyrol werypmiviledpaigprapydengpor t

st ruct Y&iehiie s 42 i orty r ddi material to the
supporP, ?(ayﬂg’? to ng %E/géhﬁle% dre’gcr?gag%ﬁ%%{f&fg’ Cseihrﬂﬁg%l(ﬁ?dgt,a%r %Td;%.g\%ﬂ@ﬁ the thin

| ayer Hitdetptapelyradlositrlact ure as one piece, and coating the menbrane support

structure w_t Ler terial.to formthe forward osnpsi s nmenprane.
In accor da\rll\féleab(\:/fllﬁl(ti @%%{etﬁé)rrle”%or?oere &H %‘ﬁrirlf’*r'@?!{@ée, Sugp%olta)ﬁeéglaéf?’efs acf?‘it‘?rtzﬁggﬁg a
f or war dthidmosiadeqeipar piovida sqpert ahd Sruclibyl sS@BINPS tb 3enddiMiediuAge 8 suppor t

structyr Lyin .t hin ort. | ayer to he support_ structure,

appl yi #&E‘éfa@‘ﬁ’gs%é ] r%“lﬁ&%elr ‘iﬁg'f)r&%m?lﬁé Y%?}L’ine?‘Eraf‘%i’fﬁaéesﬁ'o]r“diigmﬁerrbr ane

isuppor tmbddinetts) ties poyppdr Yippgrtandyantd £ avk@yeihidkRest REmRBEAUD WERRI@Ne support
ayer t

&H‘gﬁ%m a tf.orwaraﬂ gsm)ﬁig nmbrane, and configuring the forward
osnosi § WBn & it RO B i o © YT BPte it ah Bittierdbls wethowthat  the support
st r uct conepromisingrtay/qudBtya il sOpdRNGER &RacRlerhQhl Ry avARAl - MRE a feed
sol uti @gﬂs%ggl ied to the nodul e duri ngl,t he forward osnosi s separation

1

oper at smoqiher the-ypprahlaeer s the lesh Ehieknessoif aurppt suionehis gencsellyet hod of

faci || iegliviaGoRhlsQfiVibH BEIMALISORERRIAIN AMbARRIAL!A 1478 fQURLL Se Provi ding
a support structure, applying a supporting material to the structure to

f or m a®RPBY IO Chdfiimanie cetpperbodimenis thanerovapyippitegmaritsan ficseside Ggeve to t he
POT OUSs; i Ratha Vs tSHRRIDY bof bAUE bnd Psb QG E ) X‘@E@@%ﬁ%ée%oﬁﬁe TRLANGe and
configuring the forward osnosis nenbrane | N a forward osSnosi s renbrane
nmodul eP&efe Hn e¢Ein erhodiagbo the festiplicality ef prags apd dheisdenad prumitubiyes aspacer for

?O?\rl\g‘r"%ﬁgllg/%}g%gteg gop%rcgtglﬁlgrh %g lb)}é'% %r?llﬁ)g?rggﬁlpiofaygnetrig aé&gversrggeu is%e%gci \iVP[gmt he
the porous support. Additives may enhance hydrophilicity, strength or other desirable properties.
In accordance with one or more embodiments, a thin-film composite membrane may
include a porous support comprising a first side with a first plurality of pores, and a second side
with a second plurality of pores, wherein the average diameter of substantially all of the first

plurality of pores is between about 50 nm and about 500 nm, and the average diameter of
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In accordance with one or nore enbodi nents, a forward osnosi s nmenbrane may
conprise a fabric layer of |less than about 75 m crons, a support |ayer of

| ess t harwalkout0288x1m crons applied on the fabric |ayer, pamdiSaotomueseer | ayer
applied on the support |ayer. The forward osnosis nmenbrane nmay have an
overall thickness of |ess than about 125 m crons. The support |ayer may
contain | ess than about 30 g/n2 of material overall. In sonme enbodi nents,

t he suppsiantislly afe! dre satondmiurdgy aﬁmﬂrﬂtse’dbd:twe@ aboeits g anf atoet 0aen. Eeout 5 and

20 g/ s in be between about
8 and 77 g&(ﬁﬁgﬁ Qﬁagyég}nbﬁuﬁe g‘hﬁ“ah ""éefsug tb ’ﬁ%@yl support

mat er i azbl,ymandltlba or 0tb¢r dlepgseronmvaetmll imdrmprdveiebmch&maal LPpaned #Ary thin The

suppor [ in a. wet id process. . In some enbodi nents,

t he rre{bﬁllr%yﬁﬁ?% urpo Bﬁ%?ﬁ‘ﬁgr cffjﬁlg @85@?%“@%%%‘1‘?%@%%’&@5 by i mrersi on
in wat armlmany an'lﬁlbllnsgas@o@ﬂﬂﬂ%ﬂ%bxﬁ@asﬁﬂﬁh&ﬁ@6§1Blelhigegowg-fbﬁva§c@|twt%ttﬂﬁy be a
sur fact ant ther enbodi nents, the nmethod may further conprise rewetting
the meftsy & tgtf?aTW?Fon in water containing a | ow surface tension

sol vent. The fsediant Wﬁﬁ)éné}&rlmk $Rb6AmBAE, AWl ymdrid 28QFF: SEPAMJRALS ] T he
sol vent, ma orrprlse IS opyl alcohol, ethanol or nethanol. In at |east

one entSdHEAUPPeH TRISE ??n 12y sidisiergth. fodmp seririamcqiby drophilicity, pryadiraophi | i ¢
mat er i absirabld pRPERicLMHINIUEBH ﬁoro&s@?ru@cﬁfera'ng 'fnam?lta@r ufthe 6 de m)y?i?o}hﬁlgl yam de.

I n accordance with one or nore enbodi ments, a forwar menbrane is
di scl o@dfitionsyvespmallqmppicnriey 8¢ added. Bantsy aihexammye, betwaercd pUsifPyP gener al | y
i ncl udypgiRA u r. O her

par anmet ers sa@e{% g(\é@%dl@ﬂﬁ%)segﬂ%ggg@ﬁm91$dltgq? We%&ucgurgdgggrﬁgﬁ cee¥101‘3 sol vent

and/ or sdetife beﬁﬁeﬁ@thﬂaeph@wmth@h@tsuﬂdﬂthi@w@e stlppowml ch the support |ayer is
rendered hygdr Th Lve rally

i ncl ude anyglnc?%?%?:e fé‘?"’dé‘gl%g‘% tﬁ)erm rrg’?ezfé s %lrcge(t)‘?’ T8 V\?l §é5 3%%?@&%3 a barrier
t 0 onegdonppirequaas fpet pe(l:dmpmalnd@emtmgemtqumsaf pb 0L Bias] drhw eclmidaramaghl i nto

cont ac n at |.east. on odi ment active |l ayer may
conpri gegwﬁéolPtlon aeagregb&. ﬁ@g gﬂ&f‘ér’ﬁ &t gﬁ%w‘ﬁ }Vnﬁg‘eﬁeﬁés ?@%&Hhepe&ct ive |ayers
nmay al paobe andvplvasimisedsupport layerin G&l&blhgﬂesﬁﬁﬁ&ﬂ@ ditfusfoh Q% &ralv DIk RGhifBY be

achieved within the active |layer, such as to_inprove the barrier properties

of t he IEHEIRGRE SURRRGSEPSHEede 6‘§¥ldF AHKPE§rEsniof ﬂ%x pehs/ferm Bosmpyis prasgirgyener al | y

desi r alphi high fluAlY @8n pat disd BIRCW A beANEhbANEEAht bRBENIQBNCE. | n accordance
with one or nore_ enbodi nents, cross-linking is achieved in a manner such

that the hylﬂraﬁﬁ’ﬁ?lqn%w%?’éerqré?cge sinkodiygents. adngslad of makingiarfopard wmesince, and
are Walﬂ@hl@fa'ﬂ@ﬂlay@o R or Vi a Mﬂ{o&v&muﬁc &bﬁmﬁ@@%é&%ﬂ&k e 38‘ treat ment
process. n sone enbodi ment s, wat er anneal Fng may fo facilitate
cr oss- Feepmg ! AT 4 PRl epater st fishieser of Swtsupnosatmenie terfoymacoambrae one or
nore ofyshberd ess.. during or
o TRDE LA, Bl B N R AR AR L L RO R T

enbodi PRSI, m@lttemecfend relesatertentorway Obeowednbrhm It seheaste thn@rselaaodi nent |

heat d In some such enbodi nents,

t he m%rﬂﬂ’ég%#mﬁ‘??‘@?%)g‘d‘? F@eqé%dm%%r Ohche olél gnrllcqln water, and in some _
enbodi nent slp atdvedaneg With ommundwereb(q:amsmﬁe atx@ﬂa)dwﬂrtaklmg aa@eﬁaid dstho§i®Nj unct 1 on
W th h that the tantl en ready for use. In
some l%é]i’a}lr%ﬁlf% g oREe Preorri/?1 e Sé‘pﬂ%sst ub%ﬁ?%@f‘%%‘i 1?’@82‘ g’h@ HRUIThEYS: sal t

rej ect adnmgm‘ mﬁéndl ﬁaﬁé sﬁ@%‘c Qiyeigo @avied methBRné Qippa SrnREND S48 B IR BAeS nay
genera %/r b te ve at hlln .and characterized by high porosi t%/ | ow
tortuo??’ H‘& i ]ggﬁuﬁ\é BN PIES: a“ﬁfé’aﬁﬁ‘ﬁfg?ﬁ’ﬁ’é‘graﬁ’ﬁ?mw‘ﬁéﬂ sEeViha variety of
appl i cedrii@iSatérRC loUdind he OSRE] Gnidkis YRMbYRLEr purification and filtration,

desal i nati on of eamater purification of contam nated aqueous waste
streans, sePar¥rqaBeF BN Qusr Hivse eRRpdIDNts £ sthed of Ssiisiting apowerd qawes at i on
and t h& hiaff & operation mhi cRHRGRE 9%@%@’\5 §u@889§nﬁ{urmé@ylﬁg9 gl % gr%i 3 {gol yrer
or other porous nenbrane nmaterial may eposi’t a var| Rnown

t echni ques, such as phase inversion, on a th|n woven or non moven or

i norgani ¢ substrate to give a formerd osnosi s nenbrane with a very thin
support structure. In sone enbodi nentss, the substrate used for nenbrane
fabrication may include a nulti-layered support. An ultrafiltration (UF)
substrate nmay be placed on a nulti-layer woven or non-woven support, such
that one or nore |ayers may be renovable at the end of a



menbrane fabrication process prior to nodul e construction. In at |east sone
enbodi nents, the size of the pores of the substrate nmaterial nay be in the
UF range,wbaniiensspl e, about 100 nrn to about 1 urn di ameTas20mo4d5aci litate
proper formation of an interfacial polynerization barrier layer on its
surface. In sone non-limting enbodi nents, deposition may include phase

i nversion of polynmers such as pol ysulfone or PAN. Layers which remain

connec thecuprert sracturR, sppheng aswportivg beteapltb thedadr fodforng e porvadinembrane

char ac ISt I i.ah_porosi.t |l ow tortuosity, thinness or other

pr oper {Slﬁ{ gﬁ\t/s\klg%%r%’gaﬁﬁlgﬁ%eam&% ﬁa Frotr? ﬂ?%potr I %F%{l)? é??po}m@'eﬁ%tryé?‘? als may be

but nedédwaatostmesigermbaint,yanth yorfgphing the forlvardatsmbeasiembnee ardfodiargnt, one or

nore | ayers. nmay, serve.as a dr solution or feed solution spacer, In
one nod iy T RE GGl HaPle Sdplh sl B mog iR arhsp AR RRYEE by o
pol yamdges sshyioher glepdsslttsh soppldo the nddal@arigd th @ryveidlk@b8s @padtiéh 5 M |
paper. In sonme enbodi ments, a barrier coated UF material may be placed,
such a8PY% phase inversion of a polymer, followed by an interfacial

pol ymer i zat inaRcdfiane Bathoh€6r thé¥ @mbodiMedts WOHERO ST FADNANRMEBrvwHP P dsissuch
that after the mapufacturing of the nenbrane, the support nmay be renoved

| eavi n§PERIIY" PRFEUIR MW FOBRITS REPVifiae 8 FRRROT!S UGS PRBRY e SHPRASEREA Batelid) some
non- | i @3 thi SeucBID AR B bSroudmbibladY %pﬁ@%r@%ré?%ﬂﬁ?ﬂngQGaﬁiI&ele&Q@ﬁl@d with a
barrier |ayer such as pol yam de or polyam de urea. In at |east one

enbodi RERES MERErABLBPPeratascriaformiciorerad asmasitemirantatidycosbpainatice support .
This SURRGIdLosBb LN ElehbnBTY, REvRE h%r?%gg?mg%mdule%w I th%( sxg,g@'tosed or

fully enclosed within it. In sone e ments, 1 nterfacia yneri zation

or coaflir¥rgremag prohvide adebelendersgadentpe n duhi hitioppm fesd sdieiqpasspigd tothewat er  but
not Salﬁoﬁul%ﬁﬁﬁ{'ﬁﬂ@ f&@aﬁdfw&%ﬂ‘e&%&?oﬂ %efaﬁiﬁﬁr embodi nent s, deposition of a
porous support Tayer on a renpvab e erial, such as delam nation from a
belt or ot hleractdrdmge withohé drendrackbadimastt,erfomard bsatosis snensbechetnmyenhance
mat er i | I fabricati.on equi pment, but_ which is t intended
to becg%%&%ggtf%%% 1% hregﬂgsr?itfz Tl O‘?Fglrsrbrrr’lgﬁgs’ﬁrswﬁgtl?y_e Vesﬁéhaﬁ’fbﬂutg@ create a
\t;er y t hllroxmpbhmttﬁmfabgc ta(}j'&t airidcd hakrier le@alcdph plidtadn thé sdjo]?éirtt rl?@exbc’sithklfdlﬂxgzardA thin
arrier_layer en be deposited on the surfac .the paperl ess
supporP?n$%”§%%%¥%ﬁB%a¥W%ﬁ?%T#ék%“;%??P F$ﬁ%?€;mﬁéggﬁﬁxﬂgp§§FF@Hmﬁn t he
szgpg_rtaya?hwcohmlnt los t&r&ﬁbﬁt&ﬂﬁlg&ﬂt @f(fjmata&tl ﬁtﬂi’zﬂpl‘l? s@rﬁ@a’?&{lﬁmgﬁé,&he I tn solrre
enbodi ments. a pol yner may he coated on the surface o e support pol ynmer,
this t3FPPEyE F%éféf%r‘ﬁgy léesgpﬂ’ﬁ‘“ed 183 Pating; od PSR 1bRyet and0iBr WiSPRe or  wi t hout
subs equeimitifeahbodihentd, fheQbABYs lﬁdmdie%@ﬁ Foout @@ncﬁl’?pp 153 2 *Fﬁé’&fmﬂiﬂe%lel f )
functlong a%%the barrier layer, having sufficient salt rejection properties
for th&egppititestipaut ycrwhipedrt mateiiply andfarricp Bivpreyerall gy be between 20 and 40
Cobso B PTG AR S W 0 TS
supports. | Iy same phedimenis, teqineilipdaay coraprive Fewettigdhe fasvad eomseyor belt or
li ke Stehplait By H¥er¥6n %@ge@ng@&bﬁo A Gnlch Qlklﬁggé;rt%hm%h Fhe (RIBLI

primarily within the scope o e frenbrane manutfacturi g equil pnent. The

bel t mhya prrigeladie 1 afhpomebodonentsh the degiodingdydinrtioh corhpriss upptintg theid barri er

coatin . et al . Leus in the fabrication uj pnent rat her
than r SenlanPBY iifelEhH I86 ARMLAEEN Bl AU S8, FE SIS e s ne
bel t orordpriseamalgolivé biesingretiodimeps.oli¢ déveat moy famgeiswbgbpylatcahéls a porti on

of ap us suppor rial. The.base, of a porous suppo strucfure may be
disrup%%gk& %%Qg?uésﬁgéﬁiﬁgae?? %*Tﬂg”ﬁ%?PP%E“HFﬁﬁ?ﬁﬁggﬁ%k?§W%ﬁV$%n of part
of t hehypbomhiis Batpidr in svBic@miballimetyCthe BirGEUpAtéRN camptisbepdipmalid.ci al . Ret ai ned
por ous support terial may be repoved prior to full rotation of the belt
or dr um t 6 BrPESFETCe b ATH TSR o PodHEn et et OSBIoSTS RISV Srilistosehe

ef f ect liv@nRembOdinichS, HeRRHbiahOMadBEla dbiBFdiRE, icekbrA/ARE@SENg an active lal& i$OME
enbodi nents, phase inversion of a polyner coated on or around a nateri al
intended primarily to give the polyner resistance to deformation with
strain may be used to create a nmenbrane support. For exanple, a very open
and thin woven or non woven material I3may be surrounded by the pol yner,

rat her than underneath it. Interfacial polynerization of a rejecting

pol ymer may then be carried out on this support structure. In
accordance with one or nore enbodi nents, a forward osnpbsi s nenbrane may be
a hydrophilic phase inversion nmenbrane on a woven or non woven fabric. The
hydrophilic nmaterial nmay be PAN in sone non-limting enbodi nents, alone or
m xed with other nmononers. The fabric |ayer nay be of any desired

thi ckness. In some non-limting enbodi ments, the fabric nmay be about 25

m croneters in thickness. The forward osnosis nenbrane may be further

T - Y -, = - - o A



The support filmmy be nonwoven and nmade of any material, but thinness,
hi gh porosity, low tortuosity, and hydrophilicity are generally desirable.
The t hi ckwiesst1iaRsisme support filmmay vary. In sonme enbedirmsneis/4dshe
support filmmmay be | ess than about 100 m croneters, |ess than about 80

m croneters, |ess than about 50 mcroneters or thinner. In at |east one
enbodi nent, a porous pol yester nonwoven support filmmay be used as a
subst r abmgunction with a kuppad dged Oilee pwiatmbtesrsectoas thomessateadiofpsiyser wed,or war d
osnosi s, e ne may be fornmed by first eating a,s ort layer. In some
non-1 1 SR R enify! SRR phbPrec e i b Ry &H Mo @iin apout 30
m cr omedndersd tadrofiglic; opdnad padotid) Ehepoliwesitiydr @ag getdrallyl indluddf angBttriall 2. 5% i n

di net hyl f or ram.de. The, ef fect. of | ysul f one thickness on the flux of a

f or war apﬁgwggfeéecﬁ%‘b’r(%%wlsg AFOE 38 g B@%‘%‘Oioﬁe CBTURS CAGPRINGUPESest 10 dower
concenpfoatds @RcnObrofght HsstdRewTRIhcRenEsaR. 1iatllekkt SR TerbbBARNE tHe QEmRT d
osnosi s nenbrane properties, including flux, as evidenced by acconpanyi ng

Fi gur e?ai/?r Y CERESE At THRIAR P Ger Paenakheiponiy Usse Py BEMPERR AGHRIAYHE My

gener ahlsy bbgngl@asuddhan about 16 g/n2 to mnimze the inpact of the support

| ayer on diffusion. The application of a support |ayer on a typical reverse
osnosi s f abfidesitsd drerproigrosshisking s1ay bppehievied withinthaestive taagr, susBas to i n much

| ess t OPHL BBied Q5 PRSI |.u SV ek - [ Figure
2 B e o PR e B AR, R AR SARATNER % oom
t enper &engradlyasiwpleda eiroy sehecipitias end ovealigiednrmuincs. He apoirdares with omesarsi on i n

t enper e han: 90 to 4 \V he .pore si.ze
char acror, r kel ARl W iRCER HERet Beb TR B R RE bR B opor ous.
open suogipehicedinrtrt peronmirich aadh aemipedaec inabya swaienbrotigt®upibt ynreufagtiengt h f or

rollin handling.; The active |ayer t hen be plied_tao.the support
struct 8?%%%}&“ %I(t) r-olc?sg"i n Sr?gneee?aﬂ% SN FIOf nge{wéﬁw& nbafy%{‘%ﬁ’ig%detg 6??88?@ structure
with tbesaitkdive Thaher enimdintenkse héan eredtinom msdy@cc@fin dicor supEor the inimésis@! ut i on

cont ai ni n ol yan de .of.her desired active material. In._one non-limting
enbodi ﬁ%%go,f{ﬁf%éelgtﬂfﬂlbeof%m?b?‘h%r?ﬁﬁs% dhrige ‘bfé"%ﬁ%‘ﬁﬁf‘%/a 13¥6T dEPeSIUR Yol uti on of 1-3
pheny!| éngdi@nprossd. NnboRMhIRREE, it tredtmerlthgayaneantinat le@nonf the

sol ution rzg%/ v%ey (s)ased on desired charactgri stics of the applied active

| ayer . “BRYAPPYNRE YRRt BrPVRRYRIEsS DLrsyd I orasinsh Aohodimateithy

enbodi fRAbSaned VB EAHI1 v bYBYMBGioh @S Fatthan RREME eRbSiIMUAE Shey! A1 QAFer SPECT i C
enmbodi pent, the duration of i mrersion nmay be about 2 m nuteS. Excess
a&ﬁzer,

sol ut i BHCFROSHT teWElting ageat igroniHeeting Hifh resh Hhat thanwilldy subsimtialoawsl e wi t h

a 1ol | @hedfeady) for k¥l Ti€some embodibhBts"BERIABRNEBNa ) BEMh PR dEE Vihmtseq in
anot her solution to induce the polynerization of the polyanide Tejecting

| ayer FRFECEONDS 4 3apEq %0t argster.dTbmioreard asmeses raeuienss nphiasecralvde for exanpl e,
aci d_chhenbgenihAnd BRRR; RERAS Qowabrid i ACSeRbitherpuppor t

mat eri al \X/hl(glr]e1 t he ﬁaseé _etg."lﬁl’n sg’rrgwnorﬁ-oﬁ ma':ﬁtllllﬁ;ll%11 \gﬁ[%%g]}-t}?rgl;] s, the
menbr apemiepesyBay s et Vanietyhd aglicatidns nndhwlingadsowetic-Arivanwite purificatione

non- 1 i g & &9 3 1. 22 i % 3, 5

benzenet ri? ca#cg"gﬁ(glg It“{rglﬁgl%%sr%?‘gaetai %%%gtgdé];gﬁégﬁg?ﬂéa%? a?ﬁ%eglrlﬁ aesrtr%setrregl%r e may be
used. Wperatenbnaneusmyeduk etreamenouedc powertgheerdtvapad (he)likal | owed t o evapor ate
fromthe neghran

rgan];eo WitRone or more embodiments, a polymer or other porous membrane
material may be deposited via various known techniques, such as phase inversion, on a thin
woven or non woven or inorganic substrate to give a forward osmosis membrane with a very thin
support structure. In some embodiments, the substrate used for membrane fabrication may

include a multi-layered support. An ultrafiltration (UF) substrate may be placed on a multi-layer

woven or non-woven support, such that one or more layers may be removable at the end of a
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period of tinme, for exanple |less than about 5 mnutes. In sone enbodi nents,
the duration of the evaporation step may be about 2 mnutes. In sone
enbodi mrerwe®,20ime343i on nay take the formof a di p coati rgTArSe@iessss2such as
one in which substantially only the surface of the nmenbrane conmes into
contact with a solution. In other enbodi ments, the entire nenbrane nmay be
subnerged in the bath. In sone enbodi nents, a conbination of these

t echni guebrdia Yabbieatlos @y ceSpeidr &SmbdulEconeieati einQf 1ealt kégE @RtodiAEHRY, 8ieON St eps.
nore enbodi nents, a forward osnpbsi s conposite

In accordﬁ};l e vvith.ﬁne or )

membr af&® @e BEehlAhe fubsmieRatcal dedict 615 Wivangeefos sxamle, phgusd 0Qpmag t o
cause @ba®$uli dikhaig, ohdiGhteRpb R rmBiRr Ired i@ LR ﬁd)?ﬁéﬁziaﬁ&l baifiifgr out the
menbrane, however, may in sone cases cause detrinental shrinking of the

voi d_afBpBrecst uenarer-limHingcedpdiaes. dipesitiaraaonclidy Rasriboasionot s,
condi t beWinea sﬁ@b’ag?@l}@\?hin@}SPﬁAhy _L@yé@%g?%ﬂ peg\l?aliﬂ MnSk&Ro tleATF §H8TRL fn

i ner si on In a h wat er | mrer si on . ny_terrperature wat er at¥| my be
used t haprtinizedkigafistade chagstiristigguéhresdighawiasisl low dortvesitf thomesseorotheki ng and

desi r egrdﬁffﬁ@mﬁ%h Qﬁlrafl dm{{k?& toftl%rUlgﬁl E@lﬁeinﬂtekgfs%s %fe blsltailete Lcﬁj gction. In
0 s may %e &’

sone enbodi nents, as low a tenperature as possi €sirable. In
some neenerdllyibyilnephiberblodit resitogs embadanent, dyatohmbed laywrsalbauterk(0 a@ravay be used.

I n one i fi =l im. ting enbodinent 5 C.water bath be used.
pur at St i Ao b B GTIRETRE ohedin it S RS i eve
the dekiyered pdogmele nofy berdepsittd ork0d.figil layer ofigolgypifond dnca @frboiiap@Nln sdnkee hot
heat  t PRR R Saret e ST malerdy T e, sty DoBognareriiiis: on st eps
i nlt endeadlyfer, fdlohed bput pestsial gilpherBsti @oTiangrRf 1haga‘:ﬂ; @{n%Wbeenaﬁ Eli)l\/-elokﬁlyﬁr

pol ymeri zati o r depositian, step. I n ot her enbodi nents, the heat

t r eat nﬁ‘f??o%ﬁu£‘ﬁgat ﬁ&?fﬁgea]ﬂ%n (g o Bsansmprapeqihe supgod may be smavedisavipy a

sol venbnlgxiehangel barudnatdnigl @ be @ksdant nWdtilR. & {oVion HtifiRCGnBRANERN t han

wat er Bﬁlgg excHanged gith water by inmersion. In this way, the nenbrane

pr oper :é ChEyY ‘_?)f‘epﬁgte &%r%@?@wé‘%lfié?é’f”éﬂlaé‘ﬁdu‘fhr?é PRYABIdEREPARgMIfR BIgRN t he

pr oper td £%ca0fonB @inBedifeAdink ¥uls8¥¥8nay include ah Ehté%kitlﬁélly%@%a@éiﬂ% b&y. the

treatment of the rejecting |ayer may be carried out by a chem cal treatnent

rather than! s FRPRPT HEPCErepay Phbsimy dis nehsrerinaeiate nislesae ondilydndesddept wet
t hr ough@ut it REsohlcQAHIBRlenR! BEESSal po]yme_rié!ltﬂ)n%? antﬁgppg{h%%ie%ﬁné lrageqt ing the

menbrane support layer with the polyam de material to | nduce ¢rosslinking
i n t heWpshypaimigahg peyeage elovaterrhvt adisalfsorayatheh ssmpsinenivdnbraime conpri ses
chem calpddi8ahir8BlositioR :Es’ﬁg ' ts, nent step involves hot
wat er | r}Tre_rus?{ct)ﬁ‘, E]ﬁ:frsllctlm g ﬁ% E&?r%y }gch?lgygroigdélpgvag%%%?mgr?‘rl\%aa\si ng. In other
enbodi Admmigatiqneonhehelt oratler reerr, ogdslebsclang maryrig diants vded torghanre afiteesl t he
pol yam . i .sj on . hy.maintai.njng a sufficient.tenperature
o onerSRIADATE: LONELSL B0 BAE TP unigl I MBu] fefe® et Edeuh ki ng 1 <
car r i ethembtandyrodugy, aayizalsedig,crdatit a ey thir medbne: abp@t sttichied, ventthexchange

step, soaking.the t. memrane in a.sqlution c risi anot her sol vent
wi th aﬁ SNer Si(\}n Yois %%} téasrggrﬁ%’fer g’@'?ﬁﬂtbe 88?091‘[%&3??%}66? #&E‘F HESS ri ed out
Wi t housupaov.emsey cabbdinichttghd hiricraaier aag bOYepsHieh of i sifport prior to the
delamination of the support from the belt. In some embodiments a polymer may be coated on the
surface of the support polymer, this top layer acting as the salt rejection layer, either with or
without subsequent treatment. In other embodiments, the support layer itself functions as the
barrier layer, having sufficient salt rejection properties for the application to which it will be

applied.
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In accordance with one or nore enbodi nents, a nethod of making a forward
osnosi s nenbrane may conprise providing a thin woven or non-woven fabric
backi ng oWol2esig2833an about 50 m croneters in thickness. PATAISpEOfg6sRayer and
a barrier layer may be applied to the fabric backing. The thin woven or
non-woven fabric support layer (top layer) may be characterized by a
Frazier air perneability of greater than about 100 ft3/ft2/mn. The thin
woven or noh}amo&rémctta«li)ﬂhione bﬂﬁkﬂemglbba;teﬁts(maoemulnam@ilbe WY tddciGhar acteri zed
by a Fra%e{“%l per nea b tk}é 8S than about 10 ft3/ft2/mn. In sone
non- 1 i M PrAgP S Ed PRATs ! naé Ftaf’?f’g‘?‘ %ﬂl?’e‘ﬁe? abHohint § corverB ek oslikks 3/t 2/ mi n

for t hetrlhlm.tré imiy Ibayesd a@'ayulb&até eSplldcaib® that ﬂmﬁlns'pﬁﬁrﬁhlys«ﬂﬂﬁn e oS, the
thin woven or non- woven fabric backing may be of |ess than about 30 g/ nR

basis WSTYRC BARRACHIRSsmmepe r Thedsit iﬂ@d ptwc{ewepﬁoavofm be Benegiting ofthy be | ess

than abeyport40d H&rﬁé@@@ﬁﬁ&t fn@y%@f&iﬁ%%ﬁd relBe 19ﬁ{erfhl§fcaduﬁy§ﬁn %%X Rg.APplied to
the pol yneric gﬁgtﬁort ay I n sone enbodi nent 5’ I’IC backi ng

| ayer s R 4 e‘l‘da%?‘érdlsﬁﬁ9edo‘é TRSE | J(Eﬁéélln%mh@fh@elpié)lﬂs%bﬂltfoo demcwmagbat r ati on
of les Sestiéiﬁﬂl t@@@%ﬁe 4 3%@act Which rrétﬁhé"a &Qﬁorl J)er 0 %%Mﬁ Sl"hetbg% Zi:féppor t

structure may be nodified wth a process quen erature grea t han
about 9YOps suppt §01§Bk§?m33/ bg/diprupted Wh@lm@rmp‘@ddm@ﬁbelmﬂmmmae may al so be

modi fi g4 sSi B gf%t ﬁ(?l éﬁdr&ﬁ M\&ﬂ:opc rx"i‘ata}%‘f]r%ﬂ d% oy ?nrz]lg/ be {)enepce:laﬁg%e}qn?eﬁ.i ting

pol yvi nyl pyrrol 1 done. accordance w one”’ or
enbodi ﬁ%‘ﬁtl%supmlf veistrldnaysheosheveadpnbr @rfell nmnonotrmebsleoxadrﬁmbds pevlacki ng, a

Ith
SUppor bed a%ekio? {)f +& ﬁl%‘g%]g'] qo i Hﬁ)bboy tion clgl’ﬁheq fFe%tlvene£ oﬁ}{)ggi %‘}Sﬁ@ﬁ%rgd §FRtYhe or nore

pol yacrilonitri
enbodi penatss, a f or war d OSﬁDSIS nenbrane may be characterized by a flux of

reater th Cl draw sol ution and dei on| zed feed
\g/]vater at Zgﬂé&% e}nbO(?Wg ?S&é éS‘% ‘ffN%Bﬁ'@eBFOWrOé‘ % AgRT AEntesal 5 forward

osnosi mtemabpranml;myglbaethe pallymet Eibtaed (O¥efamBabh witks@ah A belsdnrgat er than
about 99% usi n draw sol uti on and dei oni zed feed water.

I'n accor%tﬁﬁggn%‘inﬁ SWQ o OLBRRPENh Y AR R thin HEVSUMPB HEVELPEETBN of | ess

that abeybe hidfdundyl lyehepPyhataiter BRNANERANS. AfieMRiL pPvRRALALEST 9T 2
forward. osrmS| S merrbrﬁ% lEf’f For exanple, in some non-limting enbodi nents,

| ess t HAAHBAY™m a3yt caisd St TF B SURRLY SHECHISpl i ed on a fabric backi ng

| ayer of a Ith’:M(ﬂdiic@ﬁrﬁDShesormpEﬁﬂ&hments afoﬂvﬂrcﬁ&é%glg% réﬂ'etrrﬁ Qg or nore
enbodl{r)%g a_nethod of making a forward osnpbsis nenbrane may conpri se
O 11

provi di¥fgeRli Rhats ipvestionmembiane eppgveRgr aomydyeghiric Thrhydpplalic t o t he
SUPPOT fakiflUkdyWee AN inf QNBn MEIHRI ARG oS HRRRS &101%6}%%{15(%(13\91% ér% gnonogl%lrsy am de

material to the nenbrane support 1ayer, I nirer port
| ayer Wt Hbtinlayermpsyibegf pa deariddbiclerser nabme nomhmemg emapqh;nemg, tbctliabﬁc sol vent

exc han19ﬁ¥ B atl oty ; 1c é?érs ]h:ﬁlc dergp r’ﬂ{%efm\)\gapéj?sg{% 1} aa{nle nxga I}agwnbr ane
support 1ayer wt eria Srm P Snosi s
menbr agiaracterized by polyamlde mterfacml polymerization on its surface. A polyamlde active layer
may be applied so as to result in 2 membrane of any desired thickness. In some non-limiting
embodiments, the membrane may be approximately 25 micrometers thick. The active layer of
the forward osmosis membrane may be modified to enhance rejection of draw solutes.
The support film may be nonwoven and made of any material, but thinness, high porosity, low
tortuosity, and hydrophilicity are generally desirable. The thickness of the support film may
vary. Insome embodiments, the support film may be less than about 100 micrometers, less than
about 80 micrometers, less than about 50 micrometers or thinner. In at least one embodiment, a

porous polyester nonwoven support film may be used as a substrate.
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In accordance with one or nore enbodi nents, a forward osnosi s nmenbrane may
be processed on production lines currently used in the nmanufacture of

rever se o800Q9i1g28Febr anes. I n accordance w th onePCI/uUsee18/0¢6sRDdi nent s
the nethod by which a thin forward osnosis nenbrane i s processed may

i nclude the use of an integrated drive systemto control tension in

di screte sections of a nmachine. Suppl enental manual or automated web

st eeri ng dein mesdamy withsoe bemompindndinteed, a forwad nen@ishochbirartsay teachi ne

desi gn .na | l.ow for no nore than about a. 10%tension_ dr r. zone to
r educe ‘SUSH O SR PSiinag 8PP HE B PR RAPER HaP0u s 8 18 BHEY g and
f ol di nGackweyla@h of ke thadboar®. mivRiiaNfay BhSdatdsvitfa fobsslfédeanluabost 1 pound

per lingar jnch revent. creasi of the_menbrane. The_design of the
machi né‘g‘ﬂﬁﬁ‘g(f%% g%éﬁ@'@?’??}mp?'nf ke ecf’%gt tpaeysulfngf rﬁg?knﬁﬁé’l‘}ﬁ xRy a%%ﬁ%‘i‘dane to
| ess t BaRoNBetiBbiiec it NRsMEE] Wiadtdinjalyias @R8rd 3 Wt BordcharaiBRdyrane is
subnersed. I n sone non-limting enbodi nents, machi ne design may al so

i ncl ud@optioaamaybs yivtenturher BPIOP AL BIOSABTOrae orpeTif Hekidgr | i near
foot  ofguk OksleGliedMedbPadcOmPARHEinaE ©AH fdtheathofictlisN@e MEInt 8F pdiAGIHRIDY ane.

I n accordance with one or nore enbodinents, various techniques” disclosed
her ei n cpaiipe Ry geesdaltyderdes ehaahdirt 4 A a4n fte mipigrzgehelinespodithe sappsiri lexer pons. | n
accord Y| ' Yk ;i i,S6 d
e R e R A

pr essup& migt iatldechessgnaysiesilt ih mush ees @abojetined frwardgrswessiflex asetvaleded bysnosi s

may ge Ly . . to deriving osnotic power or salinity gradient energy
fron1ag§%ﬁka@g%§§%%§§tion di fference between two solutions, such as a

concent r at etthareavtimgruppirolayampdcarsai thay Bembe kimgsddlinradm Mihpératoreqpraasur e

retarded osnpsi,s, .a dr.aw | ut,i on be i.nfroduced into._.a

Do1a) osnsime B BiaTBhaess bRl FRtedhn it b BsEES el ofp il ey e

menbr aneged tb fimgonethe plre dizereltr&cterticsl of dst supp PO Fdr O Mhio inaly peoddecaathig! uti on may

be pressurized based on an osmofic pressure difference betweepn the draw

ool ut | GROBRMOE: DR PGPRPRHGTRFS ARG ARP T OO P GUF RPNGOT YT 8 iy be

i nt r odugigek 411 FAndREO MHe sitde 196 hietheepbipred toTH@suﬁbérUitﬁmtﬁ@d’. kd Agh-f 1 ui d may

general |y nove cr?gs t he QEE rane vi a osnDsiﬁ% t hus i ncreasing the vol une
I

on t he BFEEHPPPlE @t the Gt Ioh i oNPR I HEIsTre WED e ppirverieyer nevldhe s essure i s

conpens@inediondf tHelsBhpde iR YolkGorS@HRIiS: SRNRTiAd & e addiked hdiive midrigS ULt i NG
dilute draw solution may then be processed, such as separated, for reuse.

I n som@eRBOHNYBAERboHMEHWBE SYRPAT SR a1y imBsisetie a 3stie pelationiadd st ri al

vast e healdByakie #580m! ttnMrathRGlardr! 8hEcAHRRSHEBRE ShAAG5hyQ3ARRLG System
or process. The function and advant ages of these and ot heér

enbodi ®Bdesredicharagiasisigsrad teapped astes lsyaouratioprt ivendrapn waw Alge exxanidl e. The
B A L o
her ei nemBdAjvPhLtEthe duration of immersion may be about 2 minutes. Excess solution from the

surface of the membrane may be removed, for example with a roller or air knife.

The membrane may then be briefly immersed in another solution to induce the
polymerization of the polyamide rejecting layer by combination of the diamine in the aqueous
phase and, for example, acid chloride in the non-aqueous phase, at the surface of the support
material where the phases meet. In some non-limiting embodiments, the membrane may be
immersed in the solution for about 2 minutes. In one non-limiting embodiment, a 0.15% solution

ot 98% 3,5 benzenetricarbonyltrichloride in Isopar@ C or G at room temperature may be used,

The membrane may then removed and the Isopar” allowed to evaporate from the membrane for a
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The di scl osed approaches have been denonstrated on an existing 40 inch
menbr ane production machine with 1.7 ml| top PET alone or with 2.3 m|

backi ng meiDeniiali2ssi ch is | ater renoved. Techni ques usi RGTAISSINGYUES21 ayer
support are generally referred to herein as Gen 1, while techniques using a
bi | ayer approach are generally referred to herein as Gen 2. FIG 1
presents flux data as a function of polysulfone concentration. Flux was
measur eeticgtof imei o sxapuily/lssd thayrbosicrioemntes.aln soms ewbbdimentsghe frantamstl dres

remai ni rdance.wth a.,sybstantiall.y invers

el at | SABREAOF ANy hOARSELRATNGT UL SRR bt Y B P famy.

Exper i pendiglcodagardras, sichanonenp mbioddustemvialiydonds e surgacaefithe arebidnax wi t h

pol ysulcf one gancent r.‘%ti Oﬁ)% in the ragg(ﬁ-] oft outt. 9%tg aboutb13% Menbr anes
used WSTe CER “TTAG IS PHUE™ ¢ H BRL FUROGIENHETC cntire membigheaanaybe, asent s dat a
i ndi catubngerged in thedabe I sdngd dnthiod i ditsh & Eoveig RativR [P thastaedhiiuknassbandd,f | ux.

Fl ux decreased with i easi.ng nenbrane thickness, generally indicating the
desi r abf 1@?9”0?“‘1“????1"% F‘%\tﬁ’é‘&elsﬁlﬁéﬁmpar aneters were kept constant. Flux

was al so NeRmsdEREnkOvitd 3hé OUSoRehysditane hRael fGssWichbRpail afendbdmanet er s
remai ni ng cgnstant anb,r,an%s used were Gen 1. ~_FIG_ 3, consistent
wi th FP@Y bgheat Herteio cendition the rejsclipp lyarse agiagepss rosediakiagnhigunysa f one

| oadi NgsferMATD EANBSAIME E DriIBE Sut @ ndy bral}{él?hg@éﬂe{,%%g&;d?géag@%%&/ 046521

FIG 4 depicts flux data coll ect ednu5| ng two nenbranes, depicted as Gen 2A
and Gefelipentylshrnkiamof e veir eed poie setssrelalicecaianke wHe oaeemedsed PS

(pol ys ] PR LA , i i 0sity, and
b1 1 2y o1 o e A R Ay P G e Bt edl
f r om aaheiteanamesstis bailt My teinpehtaresygdeydrethi may Heayedt thatdptapreld obissuemg 1,

wher e ﬂﬂl Xes%&fad %% b §s-191Ikir%ea%ﬁ %@ﬁleeg rrl:éﬁlb?aglg égﬁ}&%%béeg gﬁ 6?&%}% Iﬁlstgxgns%

| oadi ng, and 1 nCreased porosity were enp nanufacturing
t echni splieejeTihe. the stmaettivddnéntsy ad lowchfa sérmgpraturd bl MasGblednanvbesiositableorin on t he
support. i ide... e r.an nd.eit her ihQni zed water, or 0.5.M NaCl
sologt i %Aﬁg%}?%f]ﬂgmg %ghﬂ%c}ngg&g = uager\%ﬁtg br?%%vsau r ‘étgl%gs etnﬁa q)rerﬁlg%dgéﬂ%egs ¥t he draw
sol ut i omm-bwméingteinbredimest, i A8 PC st bath ey be seddo Haehtioh iraie watee Bhmhgy @lswas

associ ﬁt eq. Wi t.th super i otrtfl X rﬁsgl ts gttri but able to the reduced thickness
and ot Re B "AEFEVS TSRS (Lteieue e Ardier deerss U atesat B " IPPeRRsCHIq ayer

t echni guesliggcthes&dvdig hathimmersigadctirg trarminade. of t hese paraneters wor ked
together to yield uperior result. sho is an experinmental run

i nvol vi ng aInr‘r’él}fﬁF‘&ﬁ%ﬁ‘ﬁgl?fﬁﬁl&eel?faw‘eém?‘f?égg'1FH&‘? raE HEN OETE WY RE BV eldber eased
PS congritkiah seps in@ﬁ@d’dﬁ@ﬁ&ﬂer?ﬁﬂo@@ﬁiu@g as @RhgloNEf S ARRLHRORASI LYy, Which

produced significantly |ess ux than the Gen 2A and 2B sanpl es shown here.
Al so nBYYERGRHOT & ¢RESINYE™ ow f1 ux that was produced by using a menbrane

made by teCll'ﬂrbit}QaH@1§bét§1§9nt§,@h&{%ﬂ%ﬁﬁm@f}ﬂﬁg&eﬁl%mné RRY BEadeSn TRRREARS,

manuf act ur | ng. Convent i onal . _ _
preceded by a solvent exchange involving a solvent with a lower surface tension than water

bemg exchanged with water by immersion. In this way, the membrane properties may not be
adversely affected and the membrane may retain the properties of being readily rewet,

In other embodiments, the treatment of the rejecting layer may be carried out by a
chemical treatment rather than a heating step, in which case the membrane would be kept wet
throughout the treatment process.

In some embodiments, treating the membrane support layer with the polyamide material
to induce crosslinking in the polyamide layer to form the forward osmosis membrane comprises

chemical treatment. In other embodiments, the treatment step involves hot water immersion, and
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menbranes in this experinent produced |less than 1 GFD of fl ux. FIG 5
depicts the flux results of a nenbrane nmade in accordance with the bilayer
t echni quewodestiizkad herein in conparison to a nmenbrane matdasedwh4E26i ngl e
supporting |layer. The menbrane whi ch produced the highest flux was

manuf actured by first conmbining two |ayers of PET. The top | ayer of PET was
1.5 mls in thickness with a basis weight of 15 grans per square neter and
was cottbs meylbavietdred tdxmokdt agheRinE. i btheBerhhuidkenes thedkatAredinitht sccandt aybasi s

wei ght 8ifn ?41119 gr a% er f}%ua e.neter. .The toio t hi nner. | ayer. of PET was
coat ed PRF T4 P5 G IERONEMEIT PYASSIBYTULN TEFRSS 4X N2 HBS PRVITCIEn de resul ti ng
is a peonywtiirefitone@aofmdeigst stek. BilotB@FmbpaimcSQURE BrolBihRihg islhgiedescr i bed
support s. then processed using nmenbrane chem stry of an acid chloride and
am no. P8 B uaEatiee S g Ve Py AR g stopetmBkian e e megiRiang i he

nmenbr aa ol @hipeiBing hithdd QSIVQMWRE T 16 R 8L NGBesERERY @t pc[r-g Qfinchfn é%l e
constrgctl on, The resultant nenbrane and support had a basis wei ght of

appr oxPRETEFY By Gedrevesety dgatrehamembragnly sichardns t hi ckness of 95
m crons. In accob@fict Gh ohESHS e WRBodiReMtS & ethat{pMKn%rQ SRYAd fRWssol ution

on the supporting side of the nenbrane and varying concentrations of NadC
sol ut i BEMEFNe HRY Celsprissipaeviding athinewipesnar npreworen fgidic backing of less than about

2011/ 028344 Bt idS2R19L 046 as. the s change in
the draw sol ution over&fgl'i %r?ss&pp%gt I%ﬁalg%&;%(%%?&tlﬁg?gﬁgggg%@gﬁéE’ltflg@ag’?ct echni que
was asberkingt ddie thin Wosupe npowofdnukbniccmppdrslaguétop dayeh enaydd ubaactérivied kpess and
ot her : . racteri stic S | at 1th the bil ayer technique
di scl oggg& [%g%gﬁrfn%%glrﬁ& P’% ] t;kllfm %q?lugldﬁ f?ﬁg{r?lg{eglse B YEPFAETHYDf treating
very hiaphc sadkingilayer ftoads lyshmgpyrherharaciaszei by a Frejer ki permfrasilinaif 1dse t he past

been p i.bl 10.the benefits. of the.nenbrane manufacturin echni ques
descri %‘Zag aﬁ@?é{?#ﬁﬁﬁg. 4 ST RItiBE %Ewg@tf’ﬁﬁqﬁ“gﬂrfpé@ﬁeag’th@’ Q%@%%‘fti nent al ,
and t hé frgrveiimfon ghethatiom lBpr ASER desidabl€Xlh AR sérhOmbisiiNehtaarephed nodel i ng
techni gues. Not sho [ e ver ux .that is,produced by using a

i.s t | ow f it iS _
menbr ang’ Hed&by v mﬁhﬁlﬁ%gngg}%%ﬁ ﬁ&ﬁ?setg@lﬁbémdﬁ Fon by gy HisapProTenbr ane
manuf atiye dppided tEERVEIR D HaBdhg RS, PEREY BALHMON HicRinReueR thietldgiBlee flux in
the high salinity fee cenari os. . FIG 6 presents an SEM i nage of a

merbr afg" FP(?F_&’(?VBF%W%G toatéﬁB‘?léfQFFé‘éSW‘%rhlaﬁﬁe or nore bilayer techniques
descri bed h@rsend embOEMBQAL, @ frlcWatidhLlab& S8R SHHOH 1A} %a_\s?’{?@&_o@iheﬁéﬁ?g;ae region
e ba

of the polyper support |ayer which ?rew ously intérfaced with cki ng
| ayer Briygtiopgcangspgotion efess dep abomsd3 oy easiaierondinnifieg embgdements, e por ous

U ucture'ta ified Wi C . nmer ater th u ° Havi
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now describ sonme illustrative iments, 1t e apbar ent to those
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i m ti RQvabaviNGeher ’%ﬁﬁ Lied; exanpl e only. Numerous
nodi fi ca%,ir@%)s ‘2%8 ot Egr nﬁggdlﬁgrr%lﬂ@»@?dgg%uthi n the scope of one of ordinary
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inventian. |0 particul ar |.th h f the a resented herein
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characterized by a flux of greater than about 20 gfd using 1.5M NaCl draw solution and

deionized feed water at 25 °C.

In accordance with one or more embodiments, a forward osmosis membrane may be
characterized by a salt rejection of greater than about 99% using 1.5M NaCl draw solution and

delonized feed water.
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It is to be appreciated that enbodi nents of the devices, systens and

nmet hods di scussed herein are not |imted in application to the details of
const r uctworroadsishe arrangement of conponents set fort rCirrusedie/ofieski ow ng
description or illustrated in the acconpanyi ng drawi ngs. The devi ces,
systens and net hods are capable of inplenmentation in other enbodi nents and
of being practiced or of being carried out in various ways. Exanples of
specific i nimlaemdmim W'Uhsmacprenqrr: @mb@thmeﬂrteraqiotysmﬁmeisblhmm ofdtss et phouposes onl y
and ar nt 011/.028541PCT/ US2Q10/ 046521
parti CE ‘p%ay s g ggoe%e%ﬁ Cfonear?qore ﬁ?pggleavf%gf A4 FPROYHRABREN ST SR th any
one or emn’rpdze anmmnmemymmganmnnemﬁ, Baddeh iubB @x¢ bistedufteama s m |l ar rol e
in any otlhgr %rgt%odgnz(nt%. ThOﬁe ski.lled in the art shoul d appreciate
that tAPUSEPAALACDE Bakie Toehe] Hior L SHRoUBErPBRY herein are exenpl ary and
that act ual Inpacadmbenih afedrafiore @RboEMERS, iaGRShoM IfimABRRTEWARI dARsspeci fic
applicati %n in which the systems and techni ciues of the invention are used.
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di sti nguil s almel ements.
embodiments, various techniques disclosed herein may also be used to make membranes for

applications involving pressure retarded osmosis. In some embodiments, pressure retarded
osmosis may generally relate to deriving osmotic power or salinity gradient energy from a salt
concentration difference between two solutions, such as a concentrated draw solution and a

dilute working fluid. Within pressure retarded osmosis, a draw solution may be introduced into a
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CLAIM5 1. A nethod of nmaking a forward osnosis nenbrane, conprising:

provi ding a support structure including at least a first layer and a second
| ayer; appbyong2sssraterial to a first layer of the suppect/useowotasee to
form a nenbrane support | ayer; applying a barrier material to the
nmenbrane support layer to formthe forward osnosis menbrane; and

rel easing the forward osnosis nenbrane by separating the first |ayer of the
suppor prestureidtatiiber dnr Offvst sk F@@@Rtbrindy &1 sotfe difbBdiBIERROL teaStd pelid Fihe?- The

gﬁ Bg? Sfafévl sCollu@[Iilorrl1 mla’y b\é\@reegseulrigedt bggedsol}llpa%%rsﬁmtsié }Erlélscsgr%rdleffégnrgg rb:et%v%gn t%e l(Ji;’alway o
solution and a dilute working fluid. The dilute working fluid may be introduced on a second side
of the membrane. The dilute working fluid may generally move across the membrane via
osmosis, thus increasing the volume on the pressurized draw solution side of the membrane. As
the pressure is compensated, a turbine may be spun to generate electricity. A resulting dilute
draw solution may then be processed, such as separated, for reuse. In some embodiments, a
lower-temperature heat source, such as industrial waste heat may be used in or facilitate a
pressure retarded osmosis system or process.

The function and advantages of these and other embodiments will be more fully

understood from the following example. The example is intended to be illustrative in nature and

is not to be considered as limiting the scope of the systems and methods discussed herein.

EXAMPLE

The disclosed approaches have been demonstrated on an existing 40 inch membrane
production machine with 1.7 mil top PET alone or with 2.3 mil backing material which is later
removed. Techniques using a single layer support are generally referred to herein as Gen 1,
while techniques using a bilayer approach are gencrally referred to herein as Gen 2.

FIG. 1 presents flux data as a function of polysulfone concentration. Flux was measured
at various polysulfone concentrations with other parameters remaining constant. In accordance
with a substantially inverse relationship, flux increased as polysulfone concentration decreased.
Experimental data has shown improved forward osmosis membrane flux with polysulfone
concentrations in the range of about 9% to about 13%. Membranes used were Gen 1, but with a
thicker 4 mil PET.

FIG. 2 presents data indicating an inverse relationship between membrane thickness and
flux. Flux decreased with increasing membrane thickness, generally indicating the desirability of
thin membranes. Other parameters were kept constant. Flux was also measured for various
polysulfone loadings with other parameters remaining constant. Membranes used were Gen 1.

FIG. 3, consistent with FIG. 1, indicates that flux decreased with increasing polysulfone

loading. Membranes used were Gen 1.
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3. The nmethod of claiml, wherein the first layer of the support structure
has a Frazier air permeability of greater than about 50 cfm ft2mn. 4. The
met hod ofwol2aim28541wherein the material applied to the fPcrasS20iapesszof t he
support structure is applied in a coating of between about 5 and 20 g/n®.

5. The method of claim1l, wherein the forward osnosis nenbrane has an
overal | thickness of |ess than about 125 mcrons. 6. The nethod of claim

1, wherein Fh@ sRpiisdluxMBhebl@lcd COMpH S BEmBra @NIREIRRARI S 2B Adabs, 7. The
met hod ,of clai.m 6, wherejn the barrier material conprises a polymer. 8.

The mettRBIBEECHEdH sccopiarseatih hp degsersed B (prbysdfang) Coémmﬁﬁmméecmapﬂdl yani de
urea, PSllyflifeneehRe poRkit?d aft H%@ex%pﬁ%}ymosed RereilNg cgﬁégggﬂg)f <fi {m L.

wherein the support structure conprises a polyneric ®met hod
of cl ai€ H‘]ﬁ@te \ﬁﬁéf% emAmpHES @afﬂﬁpwlla@tlglaéunpp@ngdﬁypvdese:sedasﬂemﬂ \phﬂm]p)ﬂppyl ene.

25 the benefits of decreased PS concentration, decreased PS loading, and increased porosity were
employed, but no bilayer manufacturing technique. The test method involved using 1.5M NaCl
draw solution on the supporting side of the membrane and either deionized water or 0.5 M NaCl
solution on the feed side. Flux was measured as the mass change in the draw solution over time.
As indicated, the disclosed bilayer technique was associated with superior flux results
attributable to the reduced thickness and other parameters and characteristics associated with the
bilayer techniques disclosed herein. In particular, all of these parameters worked together to
yield a superior result. Not shown is an experimental run involving a membrane produced via
the bilayer technique without decreased PS concentration, decreased PS loading, and increased
porosity, which produced significantly less flux than the Gen 2A and 2B samples shown here.
Also not shown is the very low flux that was produced by using a membranc made by techniques
used in pressure driven semi-permeable membrane manufacturing. Conventional RO
membranes in this experiment produced less than 1 GFD of flux.

FIG. 5 depicts the flux results of a membrane made in accordance with the bilayer
technique described herein in comparison to a membrane made with a single supporting layer.
The membrane which produced the highest flux was manufactured by first combining two layers
of PET. The top layer of PET was 1.5 mils in thickness with a basis weight of 15 grams per
square meter and was combined with a backing PET with a thickness of 2.3 mils and a basis
weight of 49 grams per square meter. The top thinner layer of PET was coated with a 12.5%
solution of polysulfone and dimetylformamide resulting is a polysulfone coating weight of 21
grams per square meter. The described support was then processed using membrane chemistry
of an acid chloride and amine to produce the forward osmosis polyamide membrane. Following
the membrane formation, the bottom PET layer was removed prior to module construction. The
resultant membrane and support had a basis weight of approximately 35 grams per square meter
and a total thickness of 95 microns.

The test method was to use 6 M ammonium salt draw solution on the supporting side of

the membrane and varying concentrations of NaCl solution on the feed side at a temperature of
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WD 2011/ 028541PCT/ US2010/ 046521 11. The nethod of claim11, further _
conprising rewetting the forward osnosis nenbrane. 12. The nethod of claim
1, furthewoconprssiing adding an additive to one or norePCagseaonissehe
menbrane. 13. The nethod of claim11l, wherein the step of releasing the
forward osnosis nmenbrane by separating the first and second | ayers of the
support structure conprises nodifying a pore structure in at |least a

sect i 0506€. Fhe vaemvadudedas MRSthsss ORFRE ANBe drav4oluiiEoViR LR AQfnafdaliNhd -
further conpr|3|n reusi ng the second | ayer of the support structure. 15.

A et hdclgred bRy feehnifies madsqssaﬁﬁéwgl seperior Aperesdisrive istha tpdueedghickngssa
paper | asdothstRRntetedd 4nd Chith Qe cask ARELLRHH A0 bﬁf}JeP te%lcﬂ{e'ﬂfgclosed herein.

Particularly, this illustrates the capability of treating very high salinity feeds using membranes in
a way that has not in the past been possible due to the benefits of the membrane manufacturing
techniques described herein. The data points presented for 0.5M feed are experimental, and the
remaining data represents an extrapolation using accepted modeling techniques. Not shown is
the very low flux that is produced by using a membrane made by techniques used in pressure
driven semi-permeable membrane manufacturing. Conventional RO membranes would produce
negligible flux in the high salinity feed scenarios.

FIG. 6 presents an SEM image of a membrane manufactured in accordance with one or
more bilayer techniques described herein. The pore structure is substantially open at a base
region of the polymer support layer which previously interfaced with the backing layer prior to
removal thereof. The polyamide barrier layer, the porous support layer, the topmost PET and

backing PET are all shown.

Having now described some illustrative embodiments, it should be apparent to those
skilled in the art that the foregoing is merely illustrative and not limiting, having been presented
by way of example only. Numerous modifications and other embodiments are within the scope
of one of ordinary skill in the art and are contemplated as falling within the scope of the
invention. In particular, although many of the examples presented herein involve specific
combinations of method acts or system elements, it should be understood that those acts and
those elements may be combined in other ways to accomplish the same objectives.

It is to be appreciated that embodiments of the devices, systems and methods discussed
herein are not limited in application to the details of construction and the arran gement of
components set forth in the following description or illustrated in the accompanying drawings.
The devices, systems and methods are capable of implementation in other embodiments and of
being practiced or of being carried out in various ways. Examples of specific implementations

are provided herein for illustrative purposes only and are not intended to be limiting. In
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depositing a barrier material on the paperless support structure; and

del am nati ng the paperless support structure fromthe fabrication belt to

f orm t he worwardssas nosi s nenbr ane.

16. The net hod of clrairmsi®o/owdser ei n t he

belt or drumis constructed and arranged to provide a surface which retains

a portion of the support structure. _
retai ned support structure is renoved prior to ful

17. The method of claim 15, wherein
rotation of the belt or

drum p&tiCIAammttrh@&nmﬁtsfaﬁ(tfebﬁuteaﬁisb@sal ih @6 MREEbOSIIADSIyoNs 6PAGAL | ON oper ati on,

conpri

support
| ayer to thehsseskinenia tsPablld layesiatt thal BE Prhamb@IAH do@RSbS Menbr ane;

described herein are exemplary and that actual parameters and/or configurations will depend on
the specific application in which the systems and techniques of the invention are used. Those
skilled in the art should also recognize or be able to ascertain, using no more than routine
experimentation, equivalents to the specific embodiments of the invention. It is therefore to be
understood that the embodiments described herein are presented by way of example only and
that, within the scope of the appended claims and equivalents thereto; the invention may be
practiced otherwise than as specifically described.

Moreover, it should also be appreciated that the invention is directed to cach feature,
system, subsystem, or technique described herein and any combination of two or more features,
systems, subsystems, or techniques described herein and any combination of two or more
features, systems, subsystems, and/or methods, if such features, systems, subsystems, and
techniques are not mutually inconsistent, is considered to be within the scope of the invention as
embodied in the claims. Further, acts, elements, and features discussed only in connection with
one embodiment are not intended to be excluded from a similar role in other embodiments.

The phraseology and terminology used herein is for the purpose of description and should
not be regarded as limiting. As used herein, the term “plurality” refers to two or more items or

kN1

components. The terms “comprising,” “including,” “carrying,” “having, containing,” and
“involving,” whether in the written description or the claims and the like, are open-ended terms,
1.¢., to mean “including but not limited to.” Thus, the use of such terms is meant to encompass
the items listed thereafter, and equivalents thereof, as well as additional items. Only the
transitional phrases “consisting of” and “consisting essentially of,” are closed or semi-closed
transitional phrases, respectively, with respect to the claims. Use of ordinal terms such as “first,”
“second,” “third,” and the like in the claims to modify a claim element does not by itself connote
any priority, precedence, or order of one claim element over another or the temporal order in
which acts of a method are performed, but are used merely as labels to distinguish one claim
element having a certain name from another element having a same name (but for use of the

ordmal term) to distinguish the claim elements.

What is claimed is;
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WO 2011/ 028541PCT/ US2010/ 046521 configuring the forward osnosis
menbrane in a forward osnosi s nenbrane nodul e such that the support
struct ur evorylpmessiide a spacer or a flow channel for a #cawssabosésen or a
feed solution supplied to the nodule during the forward osnpbsi s separation
operation. 19. The method of claim 18, wherein providing the support _
structure conprises providing a bilayer structure. 20. The nethod of claim
18, further conprising providing acsauvise of the draw solution. 21. A

forward osnp rane, conpr|3|ng a fabric layer of |ess than about 75
mi crons; Aéngﬁﬁgﬂf?dW%W%?“ﬁ¥ PRSI STASFP A ERNIBDING cr ons applied on the

fabric | ay eprovidiig adufRi 8 Etutead @hdiAPRIERCh %t hil8 asHPRRELd thayer
wher ei n theﬁforagrd %%LDSIS nenbra%g has an ovgfa thlckng%s of |l ess than
about 125 niphopsa material to a first layer of the support structure to form a membrane support

layer;

applying a barrier material to the membrane support layer to form the forward osmosis
membrane; and

releasing the forward osmosis membrane by separating the first layer of the support
structure from the second layer of the support structure.

2. The method of claim 1, wherein the support structure comprises a bilayer structure.

3. The method of claim 1, wherein the first layer of the support structure has a Frazier air

permeability of greater than about 50 ¢fm/ft’min.

4. The method of claim 1, wherein the material applied to the first layer of the support structure

is applied in a coating of between about 5 and 20 g/m>.

5. The method of claim 1, wherein the forward osmosis membrane has an overall thickness of

less than about 125 microns.
6. The method of claim 1, wherein the barrier material comprises a semipermeable material.
7. The method of claim 6, wherein the barrier material comprises a polymer.

8. The method of claim 7, wherein the barrier material comprises a polyamide urea,

polypiperazine, or a block co-polymer.
9. The method of claim 1, wherein the support structure comprises a polymeric paper.

10. The method of claim 9, wherein the support structure comprises PET or polypropylene.
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22. The menbrane of claim 21, wherein the barrier |ayer conprises
pol yam de. 23. The nenbrane of claim 21, wherein the support |ayer
conpri seswBE111/028541 PCT/US2010/046521

11. The method of claim 1, further comprising rewetting the forward osmosis membrane.

I2. The method of claim 1, further comprising adding an additive to one or more layers of the

membrane.

13. The method of claim 1, wherein the step of releasing the forward osmosis membrane by
separating the first and second layers of the support structure comprises modifying a pore

structure in at least a section of the forward osmosis membrane.
14. The method of claim 1, further comprising reusing the second layer of the support structure.

15. A method of making a forward osmosis membrane, comprising:
casting a paperless support structure on a fabrication belt or drum;
depositing a barrier material on the paperless support structure; and
delaminating the paperless support structure from the fabrication belt to form the forward

osmosis membrane.

16. The method of claim 15, wherein the belt or drum is constructed and arranged to provide a

surface which retains a portion of the support structure.

17. The method of claim 15, wherein retained support structure is removed prior to full rotation

of the belt or drum.

18. A method of facilitating a forward osmosis separation operation, comprising:
providing a support structure;
applying a material to the support structure to form a membrane support layer;
applying a barrier layer to the membrane support layer to form a forward osmosis

membrane; and
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configuring the forward osmosis membrane in a forward osmosis membrane module such
that the support structure may provide a spacer or a flow channel for a draw solution or a feed

solution supplied to the module during the forward osmosis separation operation.

19. The method of claim 18, wherein providing the support structure comprises providing a

bilayer structure.
20. The method of claim 18, further comprising providing a source of the draw solution.
21. A forward osmosis membrane, comprising:
a fabric layer of less than about 75 microns;
a support layer of less than about 50 microns applied on the fabric layer; and
a barrier layer applied on the support layer,
wherein the forward osmosis membrane has an overall thickness of less than about 125
microns.

22. The membrane of claim 21, wherein the barrier layer comprises polyamide.

23. The membrane of claim 21, wherein the support layer comprises PET.
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