Thin Fi |l m Conposite Menbranes for Forward Osnpsis, and Their Preparation
Met hods FI ELD OF THE | NVENTI ON This invention relates to nenbranes for
forward oworsizns7BACKGROUND Forward osnpsis i S a pcoasseioeheEne wat er
flows through a perneable nenbrane froma solution with relatively high

wat er concentration (feed solution) to a solution with 15 relatively |ow
wat er concentration (draw solution). Menbranes for forward osnosis, and for
the rel ated process of pressure retarded osnosis, have been under

i nvestigation for _many years. However, it remains challenging to provide
hi gh wat ef“Tl}f&leilllrnbdﬁ%‘i“BQtﬁlo%emM@H‘kb’?%’é?Sdé‘s‘?? agpéf%rﬁgreﬁ)rﬁ‘g?@lﬁr'operti es,

such as |low solute flux, ,resistance ta faulinpg chani cal handl i ng
properties, etc. Acco?&iq‘lgfé,eliri n'\gf\{)ﬁpgr ce%:%l Pla(’li/lva cgdigﬁ the art to provide

i nproved nenbranes for forward osnpbsis and pressure retarded osnosis. 25
SUMVARY Thin fil mconposite nenbranes are used to provide inproved forward
osnosis (FO and pressure retarded osnpbsis WD 2012/047282PCT/ US2011/ 001701
(PRO performance. These nenbranes include a hydrophilic support |ayer,
which _is preferably porous. At |east one polyanide rejection |ayer is
formed on a surface of the support |ayer, thereby formng a thin film
conposite 5 nenbrane. As used herein, a "thin filmconposite nenbrane” is
defined as a nenbrane that has |ayers of dissimlar materials joined
together to forma single nenbrane. This | ayered construction permts the

use of mat@iimlorcamlpl rRAt/EQR3olthat opti m ze performance and durability of 10
the nmenbrane. As used herein, "polyam de" is defined as any polyner wth

R1- C(=0) - N+ RZH;isnkagesctiBat rbsat o5 ned Mymped yeerd zatdiorwdiet ween one or
more di - or polyfunctional am nes and one or nore di- or polyfunctional
acyl chl o75mRss.S-This pol ynerization is preferably interfacial 15

pol yneri zation as described in greater detail below The di- or

pol yfigncti onal ami nes can be aromatic and/or aliphatic. The di- or

pol yfuncti pnal acyl chlorides can be aromatic and/or aliphatic. Preferred
options for the support |layer material 20 include aram d polyners, such as
net a- ar arR SRR xt ur es

Forward osmosis is a process where water flows through

a permeable membrane from a solution with relatively high
water concentration (feed solution) to a solution with

15 relatively low water concentration (draw solution).
Membranes for forward osmosis, and for the related process
of pressure retarded osmosis, have been under investigation
for many years. However, it remains challenging to provide
high water flux in combination with other desirable

20 membrane properties, such as low solute flux, resistance to
fouling, good mechanical handling properties, etc.
Accordingly, it would be an advance in the art to provide
improved membranes for forward osmosis and pressure

retarded osmosis.

25

SUMMARY

Thin film composite membranes are used to provide

improved forward osmosis (FO) and pressure retarded osmosis



of neta-aramds (e.g., Nonex0) and para-aramds (e.g., Kevlare). O her
preferred options for the support |ayer material include acryl ate-nodified
pol y(vi nwodera4fisaori de) pol yners. 25A non-woven nesh ecrtassmnv@oi7oesh can
be incorporated into the support layer to inprove handling properties of

t he nenbranes. However, in sonme cases it is preferred for no nesh to be
included in the support layer. In sone cases, the support |ayer is

sandwi ched 30 between two pol yam de rejection |layers. Practice of the

i nvention does not depend critically on the overall shape o&.ihe thin film
conposi te<Pﬁ@ﬁb?éﬁéPrW%eshe“ékf‘e%ﬁld“?’fﬂ?lqu‘ilﬂ\gﬁ”@&nf“i P&PPOAd tare two of
the possididiotkesafer, t fhscn WO 2012¢ OAA2B82 REHIJS201 Wt0QLERL ower al | shape.

For flat sheet menbranes, polyamde rejection |ayers can bhe on the top
surf ace, rdioapégeonriartaee, lavevni Hof Prgst fAL&s SO FaTE Sdppoft | ayer. For

hol | ow “é&‘i‘:@ﬁe@%gg%g@?& cROLYBY 5k 8L eCt | O | aers Labdea e on the inner

surface of ort layer, the outer surface of the support | ayer, or on

bot h Bnnererdrdneut eAssustdckereint he ‘Supborii ImyeamP aSHitsoPSARTG §bes ( CNTs)
can be di.spersed _in_th I g ' r&iegtisgn |ayer is
lspfde%lngdoﬁglg ﬁ%ggﬁ%’%?og%%{ had'e] A Yy &y i) 1eahiy

preferably forme ic support layer by an interfacial
pol yner i zaitean apsodesaetihabgeshpr otdacedrmya coiTaees atamr agfe -polMrifunct i onal
acyl halides (for ex le.trineso chl ori de) j.anne reagents (for
exanpl e ph Feﬁ@&?ggBﬁE}OBeP?ﬁ? d ?%eapﬂ%jiﬁﬁg?g%ﬁgglves pl acing 15 the
react ant sdnbine@ il sekbl epphases padféheanpod yarer idatdlon idgecwfs only at
the interface of the two inm'scible,lgha,$es1 . ,,Anti-féngédu%g ayers can
be défositthed MsAbaRrRer 6F BSER 8BFfiles BPLYHEIIHi - i9FHhE6iHosi te

nenbr ane. 5 Rf ¢fanallywiz@ Rhecand) -haukp nUihky@dd spha el f ofdrededoyt he thin
fil mconposite nmenbrane by exposing the thin film conposite nmenbrane to a
mi xt ure GTClOBEEHZIE 1oRd PESERDI OPBUPF NTC PRI heroT 9&?33&ﬁﬁﬂ9ﬂ? of the

i nventi O%r?irrf‘eﬁ%%r ape ehemertsq25 bachydypendQ smabrangs as descri bed
above. As used herein, "nmenbrane elenment” is defined as an assenbly that
cont ai ns chlsitigles .me@bign@cdymauLerplen nbabP EREST 2 F AR 5 1P S B edef i ned
confi,gur ?‘;%lo)nré(ﬂ z%]tq(%lﬁs 19 qbhat 1 gagbl gsq Lyt dr Ofie 92851 hadddhd NG Fr¥ an

appl i"Cat i‘on. anple configurations 30 fray 1 nclude shell, plate-and-frane,
spi r al - wodind, o rampe lydlunowibneér apandke can\Wee 201084 7Q 8PP 1US2011/ 001701

NE”bra”esafﬁgﬂé¥lcﬁE”Q%%”%i§'%gegkinySSQESEQQ g@yl chlorides can be

aromatic and/or aliphatic.

Preferred options for the support layer material
20 include aramid polymers,‘such as meta-aramids and mixtures
of meta-aramids (e.g., Nomex®) and para-aramids (e.g.,
Kevlar®). Other preferred options for the support layer
material include acrylate-modified poly(vinylidene

fluoride) polymers.

25 A non-woven mesh or a woven mesh can be incorporated
into the support layer to improve handling properties of
the membranes. However, in some cases it is preferred for

no mesh to be included in the support layer.

In some cases, the support layer is sandwiched
30 between two polyamide rejection layers. Practice of the
invention does not depend critically on the overall shape
of the thin film composite membrane. Flat sheet and hollow

fiber configurations are two of the possibilities for this
2



enbodi nents of the invention, have various applications. Cenerally,
applications include concentrating industrial product and/or industrial
wast e usiwQ 2ai1darward osnosi s 5 apparatus conpri si ng onecorusean A0 Fa
menbranes as descri bed herein. Such applications are expected in industries
such as the food and beverage industry, the biofuel production industry,
and the oil and gas industry. As an exanple, a hydration bag can include a
thin filmconposite nmenbrane as 10 descri bed above. Further applications

relate to pressure retarded osnpsis (PRO , where %;? ssélér.%eand/ or energy is
gener at e@VEEPhY ANPRE appf at 1R | TG UdiHg o ie 6 g°FO fenbr anes as

descri bedcieceiBn Dhhersapphisaté®nsd ndpidartaeesonhreobloedomel ease of
chem cal s, "'using a controlled 15 rel ease appar at ugr1 tlhat conprises one or
nmore FO meWhRgResCasClelerh beyr Feret Pt PRI S 1°6d el edSE appl i cati ons

are of infgnest ffiBErdﬁHﬁbggﬁéy?%o%ﬁéleﬁreﬁw’imawtyie&al cappbicat i ons. 20
BRI EF DESCRI PTI ON OF THE DRAW N Figs. la-d show several flat sheet

enbodPnersts the fhaerngehfaen. of the FEPosy J7 ¥&tow EarptéS of enbodi nent s
of the [ nuenLiangnehidingoapt i 1fopdl ngr |Gy Gsen Abkids ardaoussiiow several
i 0 S 0

hol | ow fiber enmbodi nment e 1nvention. Figs. 4a-b show operation
of forwarshrdswesi of( EQp andepresbayer r et@ e dRS WP PRONTEbGd nent s of

- erbodiife At BEeRE. v ERE SROoGD DD1Z) D47282PCT US2011/ 001701 - Fig.
Fig 7 shovd COmpRriean Bectrt srure Fuet o Dot et "o Che e kvntion. 5
DETAhED dpeSERarbbaN1The stipbbowi bgyeesioy i pt i orcquriadidds greater det ai |
Lol AT N9 L0 299 TR0h p2hck 08 LRYENL Ofrodited ) Sadiladd Jrs ofven

poly functional acyl halides (for example trimesoyl

chloride) and diamine reagents (for example m-

phenylenediamine) performed in a way that involves placing

15 the reactants in two immiscible phases and the
polymerization occurs only at the interface of the two

immiscible phases.

Anti-fouling layers can be deposited on either or both
surfaces of the thin-film composite membrane. Preferably,
20 the anti-fouling layer(s) are formed on the thin film
composite membrane by exposing the thin film composite
membrane to a mixture of dopamine and an anti-fouling

polymer.

Some examples of the invention are membrane elements
25 including FO membranes as described above. As uséd herein,
"membrane element” is defined as an assembly that contains
a single membrane or multiple membranes arranged in a
predefined configuration in a housing that enables fluid or
gas handling for an application. Example configurations
30 may include shell, plate-and-frame, spiral-wound, and

hollow-fiber bundle.



10 Section A provides greater detail and exanples relating to general
principles of the present approach as well as the particular flat sheet
appr oach.wBeotxmamsB rel ates to the holl ow fi ber approaclrcT/US20118er70i on C
descri bes various applications of the present 15 approach. Exanple 1
relates to the flat sheet menbrane fabrication according to the present
approach and perfornmance conparisons of these nenbranes with comrercial FO
menbranes. 20 Exanple 2 relates to a configuration having carbon nanot ubes
incorporated into a support |ayer. Exanple 3 relates t rylate-nodified
pol y(vi nyl i deH@m]PFGB?'ng d%‘?ﬁ %ﬂbeporgaterrleévgr' & cgrggﬁgr %éxarrpl es relate
to neta- andBuensHPPOsE LRYefsyenboExaiple vhrielat epptld chlté opsepar ati on of

the holl ow fiber FO nmenbranes according to the present, %pprt(%a%kll. Exanpl e 5
rel at es GSPERELANt | 2PBUL TR PRIt S Ih O e P e tCEd S ®pr ef er r ed

embodi MeRfy$quc¥0aR8 134 04d@82PET4 PS20ddd QL7 Prasrplag 6 oprsiides furt her
details relating to use of enbodinents of the invention i nﬁ%gé%ti on bags.
i

Secti 8n ARPPEEAERA| CAPBF bAERT f 9 MFHRATRFQ SETEFARG %5 &5 8nd Fl at

Sheet Merfranes f@ﬁcgogﬂﬁigcg§ﬂp§ésare expddt RKamplididn smtiisarecst ruct ure,
shown on Fig. la, includes a (preferably 50-500 nmthick) polyam de barrier

| ayer 104somheofoofl anfppereradt yimeuay nitdreokEtcdiue hpdoshistitc® support

| ayer 102 i p u 0 ol y= : 7 phenyd ens drgarht hal am de)) .
Mor e specﬁn(flﬁlggﬁ/y, gbﬁe&r}g?g??a?&%f&%%l %ngrhi?ttgieﬁ/bar rier layer 104 is a pol yrmer
W t h Rl- Gya3pthibnRRabi nkagésclhade & stiibr nibidlrbycqusloaidrs Zenoa@ NsePReen one
or re dj- or. | yf uncti opal , am nes_an ne or S l.yf uncti onal
acylmiehl eisgés}}olg%h%%ofg'po lﬁﬁ%ﬁ?%aﬁ%ﬁl?as&poﬁle err%%{t;e |d8r?t g%eas(%?]ar?é

pol yner i zaitiagdeds c8aset sbeHRON, great erpretaite beldier Bre iy icr

pol yfunctional am nes can be aromatic and/o | i phatic._ The di.. or

pol yf unctdsrar t&8y HSERPofi dBY 2BRAbRTAT oﬂﬁ{%ﬁé}%/o&e a5 pES &° preferred
materi al QRiJ-anesl @k suppeibedOnbayern. 108haelamgel aranichpalnuire, such as
met a- ar am ds and m_xtures_of neta-aranids é Nonex, Ot%rq d para-aram ds

(e.qg., KehearcOprrodlrer rprefrerred eperbrzt 'gr‘%ilrfég supgpot mat eri al

| ncl yde aqidaleappdi-hicad paby(¥bAptideacold LoF iniee pul wiBlsar2hH 0. | b
shows a sandw ch structure, with polyam de | ayers 104 and 106 sandw chi ng

the hydr gphidsseréigforerrager 92D TRREECLIPUCT USRS Dravk de dnifditced
per formanee, 19 ;TQupaLd @%@akﬁggeghwéﬂ%ﬁd Jhe enhansed-qearfarnmnce

stens froma conbination of a rophilic highly perneable
applications.

20 BRIEF DESCRIPTION OF THE DRAWINGS

Figs. la-d show several flat sheet embodiments of the

invention.

Figs. 2a-b show examples of embodiments of the

invention including anti-fouling layers.

25 Figs. 3a-c show several hollow fiber embodiments of

the invention.

Figs. 4a-b show operation of forward osmosis (FO) and
pressure retarded osmosis (PRO) embodiments of the

invention.

30 Fig. 5 shows an example of a membrane element

according to an embodiment of the invention.

4



30 support layer formed by phase inversion nethod and a thin high-rejection
pol yam de | ayer forned by interfacial polynerization. WO

2012/ 047282RCR/043%011/ 001701 These forward osnosi s nenbramas26iawel’al t hi n
filmconposite (TFC) architecture that includes a hydrophilic support |ayer
incorporating neta-aramd (e.g. Nonex0) or other hydrophilic polyners that
is covered with a thin 5 | ayer of polyam de that enhances the nenbrane
rejection performance. Meta-aram d or simlar hydrophilic nmenbrane support
materials offer segeral adv nt$fes.ov r state-ofthetartnnaterials (such as
pol ysul f one) , F&8ch®asRed§ 2xeeffe SHeASt TS FOrmdbC £ and flexibility,
(2) 10 erhapeelegbestcaher esvohanse, (3) enhanced structural stability, (4)
hydrophilicity, which could result in enhanced anti-fouling property, and
enhanced fl uxpilgr ongbhéhe sEhPs Ao NrepMiaralrdlypdsgoft capploodatiean (e. g.
forward osnosis). The neta-aram d polymer |ayer also nmay 15 incorporate
functi on&fi 268 6PVERELARti onal i zed carbon nanotubes to enhance the menbrane
per f or mance. Wil e the conposite nmenbrane of this architecture shows
enhanéed flux and rejection properties, its mechanical strength may not be
suitable for all 20 applications. The present work solves this probl em by

i ncor por afeirag1.apr eEpErrerngnnesh structure into the support |ayer. An
exanple is shown on Fig. |c, where nmesh 108 is incorporated into support

| ayer 102. TheneegBl(whish eesldipei&h thesv menyrera tean-demadrd) gi ves the
menbranes 25 nechani cal stability_and handling capgﬁ%#iﬁﬁﬁ\Mt ut
significéﬁ@@?lQEfEEt?ﬁ609ﬁ@eﬂ%ﬁb¥5n%h%eﬁﬁﬁ%ﬁq%ﬁ?'per € Unli ke the
convent i QRAl NeY- WAVERNvEHPRYEL structure used in preparation of the reverse
osnosi s nenbranes, the non-woven support in the FO nmenbrane is 30 enbedded
in the D@é&@%b%gg?‘@b@&@s Jheadepsidyaof 4 NQRpPIRELTeSuHION thor the
fabrication of TFC FO nenbrane is about 5 g/sq neter to 60 g/sq neter,

pr ef er ablgensisedt PTdngiederepér the BOEHPRY FRAEIACTHS MAldkfSS<ENGF the
nonmoven‘S@Qi%%&%40§g%§2§gg%gS%gg}éQQ&701 support is about 20 mcrons to

100 m crons, prertera m crons. For the woven support the

pref ef  ed JIRS,C QUL 1o 20¢L0: 20, GUIBET L - bt kness of 30 to 100

m crons. n one e iment, an FO nmenbrane that has a nmeta- aram d support

ayer ands Ry AMdR Lebec! LoR 1 Lay ClobAsc Aty Sy AN a0 fiedlly
appl i cations because of 1ts high resistance to high or I'ow pH fl uids.
15 approach.

Example 1 relates to the flat sheet membrane fabrication
according to the present approach and performance
comparisons of these membranes with commercial FO

membranes.

20 Example 2 relates to a configuration having carbon

nanotubes incorporated into a support layer.

Example 3 relates to a acrylate-modified poly(vinylidene
fluoride) polymer support layer (the other examples relate

to meta-aramid support layers).

25 Example 4 relates to the preparation of the hollow fiber FO

membranes according to the present approach.

Example 5 relates to the anti-fouling measures that can be

practiced in preferred embodiments.



In this work we al so describe a way to incorporate 10 ultra thin polyam de
| ayers on a reinforced hydrophilic polyner support (neta-aramd (e.g.
Nonmexe) ) weinp/ihm2i nt er faci al pol yneri zati on nmet hod. Apcworosestiioortal use of
this process described in research and trade industry reports only

consi dered the procedure of making polyam de 15 | ayers on hydrophobic

pol ymer supports (exanpl e pol ysul fone). Mking the sane |ayers on
hydrophilic support is a significant chall enge due to the phase separation
and mismatch in the swellin roperties. Qur .exanples circ ent this
chalIeng@xﬁ?pﬁgi%gpﬁﬁYﬁﬂ%?igugﬁh ﬁﬁ%%ﬁ%l%ﬁuﬁ9H&F69ﬁd§§ 538h§%¥cally sinilar
surface tapbhenpAl ¥ast dehe OInWYn IOV T N dtyidnoplaiglsi.c rough surface to
anchor the interfacially polynerized |layer, or by providing a conbination
of both. The hydrophilic support |ayer may or may not incorporate
functionalized or unfunctionalized 25 carbon nanotubes to enhance the

per meabi Iseletiohi 8. EE8nshOYVSARPr SXAWPESr Mentardiny FaroFokeardl0 i ncor por at ed
into support |ayer 102. This invention also includes nethods of
enhanei n@sPRELIgNeRIf BLRFnghpeb MetPrrnet ERCHOSYARh PETEeS Sy coating t hem
30 with a m xture of dopam ne and anti-fouling polyners,. The use of

anti f oul ant p6Pyﬁé?§péﬁ6hem%ﬂbf?ﬁ@rﬁﬁﬁﬁ%ﬁﬁ?qsE%Vﬁﬁﬁéﬁh??@'bgéause of their

poor at t aGRTEALS! @ |BeetBrkBY TS0 Taen adl ironOlpdlgpamiee oo riike react | on

m xture enables the formation of a nore stable coating. Prior art used

dopami ne ltayelrel g4wpnhtant Pfoal iPEe porgeEr Wt hMERrOMHeS)n t hose st udi es
the memby c LNy Lyo, cogsecditd Ve hens (iddesdo Wi opani ne
adhesionr$§§§Pﬁ€§ESnggﬁé?%h anygﬁt?fou iﬁ% pgﬁinep graft). heygresent

appr oach mesmephphiydhes isophtbatansiep) andpreserasds tdsd W akdiSor t

properties of .the EO r : . o Fl - S &S Qfcrt hi's
approachﬁwﬁﬁrfﬁésgfe a ggaga% f%%%€|ﬁﬁgﬂfgyﬁﬁgﬂggg?ﬁﬁgm%b4 are deposited
on 10 botR1-suebaews-a8f aihkage§i tihatonposShitres dréb remeniarsiaadiieg hydrophilic
support | ayer 102 and_pol yam de rejection |ayer -104.. Fig. relates to the
flat she&€TeGRM SBFaPFoW?\r/Snal Fi §F §%£¥€Lf%?t:e%°r}aol the 'ho Iac?v%\}a ﬁn%e?)tr

confi gur atdren adeseki pedybehewioAddi 4tpn @l @ntded . oullmgs | ayers does not
depend 15 critically on details of the thin filrnégi osite nenbrane - for

exanpPe, RAHYMSESGRLAGD AFePECEGRABLY dEPLRT t2d h LAY 3Sur f aces of

any of the £xamRlesnolrEhgsr hatkiandeFb@s. B @i-Sestion B. Hollow fiber
met hbr anes 20Anot her énbodi nent of this invention is a hallow fiber

conposi t eeqteringiié OnFA| SMABADr GAB Ra sa BOBVMID Y Ut rdctRIYVE* Sehi ch i ncl udes
thin bar " di@y%&(ghlg@uh_l%%ié%iage $) cRlof e $URROHe | M8at {Ehe suppor t
menbrane 1ayer can be fabricated with hydrophilic polgner(s), such as
and/or aliphatic. Preferred material options for support
20 layer 102 include aramid polymers, such as meta-aramids and
mixtures of meta-aramids (e.g., Nomex®) and para-aramids
(e.g., Kevlar®). Other preferred options for the support
layer material include acrylate-modified poly(vinylidene

fluoride) polymers.

25 Fig. 1b shows a sandwich structure, with polyamide
layers 104 and 106 sandwiching the hydrophilic support
layer 102. These structures provide enhanced performance
for forward osmosis applications. The enhanced performance
stems from a combination of a hydrophilic highly permeable

30 support layer formed by phase inversion method and a thin
high-rejection polyamide layer formed by interfacial

polymerization.



25 neta-aramd (e.g. Nonexe) with or w thout carbon nanotubes by phase

i nversion nethod. The thin barrier |ayer can be synthesized on one surface
of the suppant2/oaersdrane (e.g., inner surface or outer swecfrase)i1moi7on both
surfaces of the support nenbrane by interfacial polynerization. Fig. 3a 30
shows an exanpl e where the polyam de rejection layer 104 is on the outer
surface of support layer 102. Fig. 3b shows an exanpl e where the pol yam de
rejection layer 106 is on WD 2012/ 047282PCT/ US2011/001701 the i nner
surface of support |layer 102. Fig. 3c shows an exanpl e ere pol yam de

rej ection Iay5B§sioﬁ°’é‘ﬁﬂrq0‘65‘5?%l%ﬁ“%‘btirr?rﬁﬁ s ang %G\;,)\%érl?‘ | ayer 102.
Maki ng stahbespekyaitde LAYeIsecofuky diraphiildadl daelsl ewnfyideephsapport is a 5
significant challenge due to delam nation and m smatch in the swelling
properti 8PPOIt AR¥AP| ENEPFRURVEISE T & A Ik riGe Yoy NOTEAE pSFymeri ¢
suppor t tof{%fer%?&kggﬁi@iehﬁmé}rﬁéw shai | &5 Sudrace Wik e ypahyam de, or
provi ding a m croporous rough surface structure to anchor the 10

i nt er bacilalyley pél preverede| byek, enhranse prigis diTRPrRComFIFATGR of bot h.
Optional | [ nan e be. i IdH:a itdhech@lrsmer of the
support |%’f§r%%f“§9§ﬁer%gg ?f%@v@:hﬁ?aﬁ%@%% ?jé:}gﬁc? tl%e menbrane. Section C
Appl i cat isampolBl magemerdk, o fbabr agesrak cad i MR Ay asadistaries odf t he
invention are suitable for use. i f 0S i ), yappl i cation or
in any ppc S P@?SF&% Soé%??sgf%ygéﬁ%&’i I)gr%{%}ﬁiagqja{ shows an
exanpl e afxdeQneaitdmesbeahe. fbamabi i exampd ef 1 ex idriave tsol utd)on 404 (e.g.,

hi gh 20 concentration brine) is _separated froma fe i-on 402 (e.g.,
fresHOmteéW%’Fepoﬁk88ﬁ€§ t FEPI3hRe %teE t%?kjarb%/egansetgﬁsc?réé}n%rlane 406 (e.qg.,
nmenbr anessafpitihe yki nd) dasarbbral bei ey n) wh St ceouieirhreanel 406 i s perneabl e to
wat er, and the water concentration is high(gr in fee ol ut ihorn u4%2 than in
25 draw SOIMANCES 2041-ERELAPET BFERBELY n AT YYMBIGTE pretsdre Bt ween the

two sol utin$,Gijrkes WAt 8evkeaflll Yot Br 88 ghp eIy @iteh 406. oy Forrweardd osnosi s.
Fig. 4b shows an exanple of pressure retarded osnosis. This exanple is

sinilar tesmdedsoxanphe oEtRrgramad BREWPET 3BPYHatd B Hibn 408 is placed on
the draw Sol Ui QS %%nc%@@nngEgﬁsaFeuET@McEf@hé&fHHH'éﬁkﬁdh11he pi1 ston

t hat "pushes agal nst the osnotic ow. However this pressure is not

suf fi ci emandADIRG12/004N28RPETLUS20¢mPOONFORSE BT Dr reverse the fl ow of
wat er across nenbrane 406. |nstead piston 408 noves against the direction
of Prey, as shtire shereoharisés4e wemkrean 9é Peis RPEM BSCEHIS arrangenent.

Equi val entljb(}/ws ener | Ce%arhjtl)l)%plgggle%?ggﬁgélg?{gg Dg-1be pressure devel oped in

t he PRO a?) aratus. rane needs to be
appr opr i ahedhammat edt remghowiage netif becsentaplei fof | @W and nechani cal

support in applications. It is convenient to re t i nation of an
FO r’rezr%ra"i‘l%pajvﬂi"tar}:lﬁ% a "RSuRE S5§1% Yﬁrgn%?r%yaée{@{sengﬂ%ﬁferﬁﬁgg? 5 shows a
generi c exadgpis ft imgrentredne ogleemgnineshnst hustexanpheo hé esdbpdde 502 is

separated froma draw side 504 by a FO penbrane 406. On the ed_ side, an
i nl et 506LAYRE outAete S0P Eortr Slhof”ﬁeof‘egagso?ﬁti‘ﬁ?leWoWS%i%S?alr?y, on the

draw si de; p @ pdy fle PLA LD Aokt haled12020nt TRE hbsh di@n siol cdulm f1ow,
Practice of the invention does not depend critical I%Eon details of the

mermbr ane ¢ egiEter WEVBUS IMEPB-ARY eRBUAE VRS SPPrBEEHEI ST e
25 mechanical stability and handling capability without

significantly affecting the membrane separation
performance. Unlike the conventional non-woven support
structure used in preparation of the reverse osmosis
membranes, the non-woven support in the FO membrane is

30 embedded in the polymeric membrane. The density of the
non-woven support for the fabrication of TFC FO membrane 1S
about 5 g/sq meter to 60 g/sq meter, preferably about 10

g/sq meter to 40 g/sq meter. The thickness of the nonwoven

7



known in the art and are suitable for use with the thin filmconposite
menbr anes descri bed herein. 20The above-descri bed nenbranes have numnerous
speci fi c wppbixatrisons. For exanple, Fig. 6 shows a hydracras2bagossanpl e.
Here a bag 602 has FO nenbrane 406 included in a suitable nenbrane el enent
604 for the hydration bag application. In one enbodi nent, the nenbrane 406
is sealed 25 to a sheet of plastic or to another sheet of nenbrane using
glue or thermal welding or ultrasonic welding and a dose of a high
concentration draw sol ution iﬁaplaced Hgﬁ}he bag 602. In og? exgnmpl e, the
draw sol §PPBATFsif 2BRRENt? ARETERR ri i ' TS R RACERRINYy “pl aced

insi de bag 602yidhen30 bagriend hesved angbdrt ameupiregatreddsoesbe of water,
and the osnotic gradi ent between the source and the solé%ti on_in the bag is

_ [
used to @eantwaserOi ke ol 1HenHBRE T HFHd A1 hd e SHiESiSt i°6u drtlonliogeady f or

consunpt i,qn.. Agot her enbodi nent WO 2012/ 047282PCT/ US2011/ 001701 uses the
menbrane sealed in a cartridge to dilute a supplied concentrate sol ution

(nutritious dihnk,Qr D8I nERNCEM B Gler®rdlte BRItNhaef amarubact ure or
point of sale to produce a suitably diluted drink in places where a 5

certifiedremicl eanproat etagenraed s potyavkds di5ie S ofotl EEnEAFCAP to use.
On a |ar %ev%%%ltagﬁ EQLs Q&g'téegﬁﬂc‘? cod d, he, used, dy & bgwer age bottling

pl ant for treatrng waste and/ or creating bottled beverage products.
Bever age rdisipeaseestooblidhbercieateld fhatdsreat water by 10 using the
beverage syrup as the draw and then di spensing the beverage. An
appl i cation innt heisowdrkndesaiyocodesdriise a hese YReiRT@P 3¢ S enove or

recover ter Lin he_ mgnuf ac [ f 4004 oul d be used
to 1§8cr \gg‘ttéaj 35&8 gSEE@IﬁI?r@St %%yé%% (?Ig c-scie]\:/\%ellt er %egﬂ?%cffgrpn(}gﬁtcgnt f oods,
such as poilginees sappborBinesa-aramid At@tderNamx®)i nertingddea premade bag
charged with el ectrolyte draw solution to prpduce sterjl i bags for
in the fi'dt¢Téqteadl pé%&“?ﬁé??ghgp Iﬁ%&?’fg? algpﬁcfr}:va n|tolnosna:aln§1 uede%%vvastevvater

t r eat ment aRPHredkbs8N8esEREHEY FRNEE 8b4 OEh Ushd(t prdEs siman stetyar ded osnosi s,
direct desalination using a draw solution that can be renoved .vja heating
or use ofrepegist c8lyr corpéferfel gae %?%‘?d‘r”é%ﬁq;i’??dfl%dj YSHUEEd wat er

appl h&at i onsrFah ﬁ?d?éé%b@clfabﬁyﬂgﬁbé@ﬂlgoﬁﬁw @NEne nodul es can be used

in conjunction with“a draw solution to Eu | wastewater through the nenbrane
usi ng osrotliysudrfadieent Mekandr FREn§aPer £_AYC TheP M YRERRN i t hen be

recycl ed t iQf J3gigniriPBAYT ARLYILRG PHQSESS e SHSdLIT C process that
in effectsa'gj(sjlcg)?rretdl}%eéil tsﬁgnévéraﬁl wat er rg(aui rements eneeded. These

menbr anesseped-atBobr ane sastetdhesnchhe absel binqsEPRer PRt - ofO4%he
prE-treaHgE&&ﬂgssEggkL LehEVEhss challenge by using polymeric
20 support that provides a chemically similar surface to the
polyamide, or by providing a hydrophilic rough surface to
anchor the interfacially polymerized layer, or by providing
a combination of both. The hydrophilic support layer may
or may not incorporate functionalized or unfunctionalized
25 carbon nanotubes to enhance the permeability. Fig. 1d
shows an example of carbon nanotubes 110 incorporated into

support layer 102.

This invention also includes methods of enhancing the
anti-fouling properties of TFC-FO membranes by coating them
30 with a mixture of dopamine and anti-fouling polymers. The
use of antifoulant polymers alone on the membrane is
problematic because of their poor attachment to the IP

layer. The addition of dopamine to the reaction mixture
8



WO 2012/ 047282PCT/ US2011/ 001701 osnosi s applications, providing a highly
fouling resistant separation nediumand resulting in a double-tight

menbr ane warnixu7iset ween processed and produced wat er, wPhatusawy/oneduce
concentration of hard to renove contam nants such as 5 Boron. Example 1:
Preparation and performance of conposite FO nenbranes This exanple
descri bes the preparation of a nenbrane 10 according to the present
approach as well as variations of this approach that allow tuning of the

bilit d_th t fl Ceristi th e
80 ahoRBaRI B BEF: SOR BT SEh OF 1S o LAB o RSt o SB0aFaf Tl o1

commer ci alsky avphhahé et &Ch@epbe afte san thhé ulHmee peaymerciaal atbmeeobr anes
consi dered are nenbrane nodel s HTI - HTl - ES and HTI - HydroWel | from vendor

! NW
HTI (HydPHEti 8f FBERAOP BYY FhntRGt TOHR A Sfhe Sty £€3Efbrané¥ accor ding to

t he_ pr es%@hs@@ﬁﬁ@@éhs{:@ﬁé of £r SONS1 ersbdni dhiasin@sampl e agee , naned
Porifera-1P-1, Porifera-IP-2, and Porifera-IP-3. 20 General menbrane

pr epaPat WghprBcerdhi éouling mpiyeet Jlitly gdhér &4eSPntweéPpredrie a

pros:edw%cfc_tsﬁ\bl&@ﬁegs% 19 BREPS & thy Py ane Patidf @rankBo2e Wil e
variations in the exact conposition of the solutions used in these

procedur @sopeytaksepicehe af® pewpert¢ es of the 25 nmenbrane, they are not
critical for practicing this invention. Step 1. Support preparation. A 7-15
W % Nomex0 ( RédsSedg-brsDeposxdmebt uit@lortvies aprapacdd by ndit§€6Pvi ng
Nonmex(r) i i et h et ami de-4d 4 hj | ard CMAG ki G1) 30 salt
sol ution eg(t%“%gggdegngl Eﬁ%%?i%%nggg%]{@s%?% Hrﬁlgr;nzggjr %éfleﬂ‘r%ise Szil(\tteecg%cent ration
in DVBc Wwashmeumfacaedofita2this, Oilwm Gompibel fyoImamirans UnNcdndiag t hen

stored in desi.ccator__ WD 2012/ 04 2 / /0017 r..at ast 10h
prior tohé'§§topnjﬁl& ﬁ‘é?pgﬁFvg%Yggt }71%? {%I# éeﬁl&djﬁegge%gggarlgbﬁ%on of
pol ynmer Sa@laut i pagar eaNpel yds 2t pyrhel f ton es {eNNMP)G ol inptdaytrsioinf, orinde ( DVBO) ,

and Di nmet hyl f gr mam de ) .. 5The. pol yner sol uti.on S cast .on. | ean

gl ass pl ff@'o%i’oﬁ%%ﬁ%% W%r%ﬂgf?%igﬁo%feoﬁf&gu ga%\/\léj\flen eﬁ&ﬂ}%@’% suppor t
to a thi genews oha89t160 pECaADS- apdl g erhwpdrs/ Qateg rod @epn@ m nutes. The
menbrane was imedi ately immersed in a water. precipitation bath at room

t enpéPat FTé tiGaddYi ANt F&EBILReCphale Sepr kit F OmRRS I HISIRE 3REs ~al | owed

to remai ned N LhGREECHRLE 3ELAN: BEt Da§OFs lodH ¥ dEPddi ddie saldisneresent in
t he pol yner sol UPI on are renoved. The wet nenbrane support thickness was
about 30-arO®othcsomsaces ofspep 2f Bag rexamplsfercf Jtias i d By &kt er f aci al

15 pol ymegizatsgn,,

Section B. Hollow fiber membranes

20 Another embodiment of this invention is a hollow fiber
composite membrane. This membrane has a composite
structure, which includes thin barrier layer(s) on the
surface(s) of the support layer. The support membrane layer
can be fabricated with hydrophilic polymer(s), such as

25 meta-aramid (e.g. Nomex®) with or without carbon nanotubes
by phase inversion method. The thin barrier layer can be
synthesized on one surface of the support membrane (e.g.,
inner surface or outer surface) or on both surfaces of the
support membrane by interfacial polymerization. Fig. 3a

30 shows an example where the polyamide rejection layer 104 is
on the outer surface of support layer 102. Fig. 3b shows

an example where the polyamide rejection layer 106 is on

9



Support nenbranes were partially dried for 3-8 mnutes and then were
nmounted on a frame support. A small anount of aqueous phase sol uti on was
spread orwOt012A3umous phase sol uti on conposition was 1. per6st013/001701
phenyl enedi am ne 20( MPDA), 1.5wt % of DABA (di am nobenzoic acid), |w%
triethylamne (TEA), |w % sodi um dodecyl benzenesul fonate (SDBS), and 6wt %
Canphor - 10- Sul fonic acid (CSA) in water. After 2-5 mnutes, the solution
was drained and the remai ned excess was squeezed off. Next, the nmenbrane

was 25 wetted with excess opgani c phase solytj on..consjisting of 0.1 wt/vol

Benzenet r"€arBBAY | SPFE?:?\? o?fd%ulfﬁ‘f&% af‘weﬁ) 1\% % Lo 'ar§,c fbo\g/cs)l % chl or of or m

and 80 velx¥mbexanpReso! pbi pamidorrds et srutles e rEhe Oax @esis 10egamiec osol ut i on

was drained off and the nenbrane was cur@d i&eathe ovgn et ween 90 and 30
wer & K §

135 C f oPoths SRrhafres. OReSPRRIAF T i tat soaking in a

wat er batdylyamide Paybieran! Rydr SBHbI 2henyEoWprfapresupplols tibeasame
procedure for the supﬁort preparation and jnterfacial WO _
2012/ 647 26ZRETAO8201EN8bIF0IE pBRS nE? | T2t 3B 2 e i He STFSFEnt "conposi ti on

for the g a@kq%tlgtﬂﬁggggewi'tQ@swsO&P Y0486 16 apafoundfah 190 t¥als% hexane. Thi s

menbr ane exhi bi reverse salt flux and |ower water perneability than
t he Pori farad-leRg2 henbeane. PSPonef b¢ as YRS reftrtamE Ovdsi9sr épar ed usi ng t he

same procedule nql L SURPOLE PLEPAL ALAOTL ANLAET fACiAlo Al geel zal fon,
except the solvent conpositron for the organic plhase sol'ution was 5 vol %
| sopar, 16 creipdrobhkorofighnpuafidc80s vohés e ate. arkiiar mdwbr ane exhi bits 10

hi gher. reverse salt .flux,and higher_ water I;TPIQQ'! d 1 an the
Por i ﬁgr a-1 -efefﬁgﬁﬁﬁéﬁepowmerlklzga f7’3%‘Ia‘loﬂ/vsmigg}% fer a‘JJ1OE3¥11gt ré\DOri fera-1P-2,
Pori f er alRmd imaribane fpebt b maapei ona Foy wacak smosirso thudstss aeonp@r ed to t he
performance of commercial FO nenbranes pn_the sane 15test, ddi ti onal
vari at i on'FFRFEt5A0dBEAr EBCBE Yﬁ“f)]édo‘lf ntl?%i%up&oarrrtpﬁeaycearn e allrgﬁéerrent ed
to provi dad unthekhaFpeeverent s5vari ahé onsmb ramenbr ane per f or mance
characteristics. 201) O-5wt % of pol yvinyl pyrrolidone (PVP) can be added to
t he pol yner sol utjion used 5}9_ cast the support nenbrane. This addition

0

typi cal | Y58 €-i APPO2SB%RPGher water flux of the nenmbrane. After
preparation the support nmenbrane nay al so.be treated with isg r(%panol for 1
Xﬁ the

hour 15Thi s 25 1r §C8GERS  WRETREBRE 02 HrEpATRY t e HRMBHHNE Pord 't &7 % | P- 4.
2) 0- 5% W %aft i@y GekolkuGaaphe agddedstoihhgnpotyimirsadstidoois user to cast

t he support nenbrane. This addition ,

application or in any pressure retarded osmosis (PRO)
application. Fig. 4a shows an example of forward osmosis.
In this example, a draw solution 404 (e.g., high

20 concentration brine) is separated from a feed solution 402
(e.g., fresh water or low concentration waste water) by an
FO membrane 406 (e.g., membranes of the kind described
herein). Since membrane 406 is permeable to water, and the
water concentration is higher in feed solution 402 than in

25 draw solution 404, the difference in the osmotic pressure

between the two solutions drives water to flow through

membrane 406 by forward osmosis.

Fig. 4b shows an example of pressure retarded osmosis.

This example is similar to the example of Fig. 4a, except
30 that a piston 408 is placed on the draw solution side, and
a pressure P, is applied to the piston that pushes against

the osmotic flow. However this pressure is not sufficient

10



typically results in 20-30% decrease in the reverse salt flux as well as
10-30% increase in water perneability. 30 This procedure was used to
prepare tWwe oewiarmpe Poriferal P-5. WO 2012/ 047282PCT/ US20AkL@007 1

Tabl e 1 bel ow shows Porifera-1P-1, Porifera-1P-2, Porifera-IP-3,
Porifera-1P-4 and Porifera-1P-5 nmenbrane performance in Forward Osnosi s
tests conpared to the performance of comrercial FO nenbranes in the sane
test. S5Table 1. Menbrane performance in Forward OGsnosis tests Menbrane

Flux (L Reverse Salt Flu %gé\t% kin side taq dr [ ihde to water
Skin sidé®t 5%8PaWSE?‘ﬁe§?%Ieéf‘ %r° "@L}ﬁferacﬁrﬁ%snén%gpgﬁggli?%l -NW 4.8 5
Instead piston 408 moves against the direction of Pyey, as
shown, so mechanical work can be performed by this
arrangement. Equivalently, energy can be generated by

5 using the pressure developed in the PRO apparatus.

Typically, an FO membrane needs to be appropriately
mounted to provide sufficient fluid flow and mechanical
support in applications. It is convenient to refer to the
combination of an FO membrane with such a mount as a

10 "membrane element". Fig. 5 shows a generic example of a
membrane element. In this example, a feed side 502 is
separated from a draw side 504 by a FO membrane 406. On
the feed side, an inlet 506 and outlet 508 control the feed
solution flow. Similarly, on the draw side, an inlet 510

15 and outlet 512 control the draw solution flow. Practice of
the invention does not depend critically on details of the
membrane element. Various membrane mounting approaches are
known in the art and are suitable for use with the thin

film composite membranes described herein.

20 The above-described membranes have numerous specific
applications. For example, Fig. 6 shows a hydration bag
example. Here a bag 602 has FO membrane 406 included in a
suitable membrane element 604 for the hydration bag
application. In one embodiment, the membrane 406 is sealed

25 to a sheet of plastic or to another sheet of membrane using
glue or thermal welding or ultrasonic welding and a dose of
a high concentration draw solution is placed in the bag
602. In one example, the draw solution is a concentrated
nutritious drink mix initially placed inside bag 602. The

30 bag is then placed in an untreated source of water, and the
osmotic gradient between the source and the solution in the
bag is used to draw water into the bag, producing a

nutritious drink ready for consumption. Another embodiment

11



0.63 0.525 2 Commercial nmenbrane 2 (HTI-ES) 11.2 5.1 1.48 1.37 3 Conmerci al
menbrane 3 (HTI- Hydrowell) 20.5 11.7 0.4 0.37 4 Porifera-1F-1 40.2 30.4
0. 08 0. 08WH 2012/047282 PCT/US2011/001701

uses the membrane sealed in a cartridge to dilute a
supplied concentrate solution (nutritious drink or other
concentrate) at the point of manufacture or point of sale
to produce a suitably diluted drink in places where a

S certified or clean water source is not available or not
economical to use. On a large scale, this application
could be used by a beverage bottling plant for treating
wastewater and/or creating bottled beverage products.
Beverage dispensers could be created that treat water by

10 using the beverage syrup as the draw and then dispensing

the beverage.

An application in the food industry could use these
membranes to remove or recover water during the
manufacturing of food products. They could be used to

15 create juice concentrates, or to dewater high-water content

foods, such as potatoes or tomatoes.

Another embodiment uses a premade bag charged with
electrolyte draw solution to produce sterile saline bags

for in the field medical applications.

20 Other applications include wastewater treatment
applications, energy generation using pressure retarded
osmosis, direct desalination using a draw solution that can
be removed via heating or use of magnetic or other fields,
water recycling, and produced water applications. For

25 example, the membrane and membrane modules can be used in
conjunction with a draw solution to pull wastewater through
the membrane using osmotic gradient as a driving force.

The permeate can then be recycled as part of a
manufacturing process or systemic process that in effect

30 reduces the overall water requirements needed.

These membranes and membrane cartridges can also be

used as part of the pre-treatment system for reverse

12



Porifera-1P-2 60.1 40 0.14 0.12 6 Porifera-1P-3 75 55 0.25 0.2 7 Average of
15 menbranes prepared using Porifera-1P-2 procedure 602 401.5 0.120.03
0. 10. 02 8wBanizarm2l P-4 80 60 0.5 PCT/US2011/001701

osmosis applications, providing a highly fouling resistant
separation medium and resulting in a double-tight membrane
barrier between processed and produced water, that may

reduce concentration of hard to remove contaminants such as

5 Boron.

Example l: Preparation and performance of composite FO

membranes

This example describes the preparation of a membrane
10 according to the present approach as well as variations of
this approach that allow tuning of the permeability and the
reverse salt flux characteristics of the membrane. It also
shows a comparison of this membrane performance to several
commercially available FO membranes. The three commercial
15 membranes considered are membrane models HTI-NW, HTI-ES and
HTI-HydroWell from vendor HTI (Hydration Technology
Innovations). The three membranes according to the present
approach that are considered in this example are named

Porifera-IP-1, Porifera-IP-2, and Porifera-IP-3.
20 General membrane preparation procedure

Without losing generality, we provide a procedure that
was used to prepare the membrane Porifera-IP-2. While
variations in the exact composition of the solutions used
in these procedures may alter certain properties of the

25 membrane, they are not critical for practicing this

invention.

o)

Step 1: Support preparation. A 7-15 wt % Nomex® (Red Seal
or Dupont) solution was prepared by dissolving Nomex®
polymer in Dimethylacetamide-Lithium Chloride (DMAc-LiCl)
30 salt solution at 100 deg C under constant stirring for 4
hrs. Salt concentration in DMAc was maintained at 2.5-5.0

wt %. The polymer solution was then stored in a desiccator
13



0.4 9 Porifera-IP-5 55 35 0.06 0.06 All FO tests were done wth a
1.5M NaCd draw solution and pure water as a feed solution. The test was
conduct edwDreor/d4adsor at ory setup equi pped with a fl ow celrlcTarsdo11wil701

2012/ 047282PCT/ US2011/ 001701 circul ation punp to initiate | ow speed
cross-fl ow over the nmenbrane coupon. Exanple 2. Preparation of conposite FO
menbranes 5 incorporating carbon nanotubes in the nmenbrane support.

The preparation procedure is si m' I ar to the Exanple 1, except that the

pol ymer mi xture orporate O %of ar ban 1anot u that may or
may not BELf SHCQFB%E\I ?@édgﬁi?’ﬁ té\%ld???‘b]r{bq co rFE‘OIfm?s tvc?nl%rrplr%gl\%e nanot ube

sol ubi Itl Tc)é#%@ sadutbe sbabpke;wr@fflctrhew ;shmerzsls@nsltlﬁmrapbem PVDF
support menbrane 8-20 wt_% of ro i C nyl idene fluoride
(PVDF) p&eyher - éaﬁyﬁéoaiggﬁ?véﬁwh dri)lrf’é "grflr?éﬁh {DB\%E) )7180 gnd/ or )
di met hyl anelamydecsabyeat mhutpre at 50-70 deg C for 2-4 hrs under constant
stirring until "a clear PVDF polyner solution fornmns. Cl ear and bubbl e

free BVDF sol %boao@gﬂebes@a&tl@ﬂ Ra€aca-ADQ rdlsaons tskisco1BEE Nyl on mesh
or nonwoven % O support, or a clear glass plate, to a thickness of
50- 150 miqdr @ﬁsa PHE éﬁsPlFFPﬁ?tﬁ%hC]éa%OWﬂﬁrémnéﬁoé’leW HFSEd into a wat er

preci pi tat ?);@rfaaw gBiAt akReds abs I 90M @RS AIY &P drlidd afe 7ohe phase
separation. The support nenbrane is allowed to remain in the precipitation
bath for deg C for 0-5 minutes. The membrane was immediately

immersed in a water precipitation bath at room temperature
10 to initiate the phase separation. The membrane was allowed

to remain in the precipitation bath for 1 hr or until the

salts present in the polymer solution are removed. The wet

membrane support thickness was about 30-100 microns.

Step 2: Barrier layer formation by interfacial

15 polymerization.

Support membranes were partially dried for 3-8 minutes
and then were mounted on a frame support. A small amount
of aqueous phase solution was spread on it. Agqueous phase
solution composition was 1.5wt% 1,3 phenylenediamine

20 (MPDA), 1.5wt% of DABA (diaminobenzoic acid), 1wt$%
triethylamine (TEA), 1lwt% sodium dodecylbenzenesulfonate
(SDBS), and 6wt$% Camphor-10-Sulfonic acid (CSA) in water.
After 2-5 minutes, the solution was drained and the
remained excess was squeezed off. Next, the membrane was

25 wetted with excess organic phase solution, consisting of
0.1 wt/vol Benzenetricarbonyl trichloride (TMC) in 10 vol%
Isopar, 10 vol$ chloroform, and 80 vol$ hexane solution,
for 1-2 minutes. The excess organic solution was drained
off and the membrane was cured in the oven between 90 and

30 135 °C for 1-5 minutes. Residual chemicals were removed by
soaking in a water bath.

Porifera-IP-1 membrane was prepared using the same

procedure for the support preparation and interfacial
14



25 1-5 hr to renove solvent. After that, it is transferred into an

i sopropanol bath and stored there. The wet nenbrane support thickness is
about 30-wOQom@rmnps. The pol yam de barrier |ayer is thearfusecomaorni t he
support according to the procedure described in Exanple 1. 30 WO

2012/ 047282PCT/ US2011/ 001701 Exanple 4. Preparation of hollow fiber FO

menbr anes. The preparation procedure for conposite hollow fiber
menbr anes includes 51) Making a polyner dope solution including
hydrophilic |nor anj c sal t d sol vento%nqo§ bare sol ution

havi ng n&fiy F6 ﬁf‘t((b? m?@fﬁ? SN P AN ?r{/erﬁomé)r? 1Ed0O0ent ™ &f' t he pol ymer .

The pol yr&@aﬂ@l@epﬁgbétb@nu@ﬁdﬂnl\m&$UﬂE Wyl aphidairg pmldym@r golpol yrrer
additives, salt, and 10 sol vents. I £ of the drop i I i

li near 1N$xagfomafnispBEYRRPLR ?N?JH%JX Lopeg ére 5% SSol yafrﬁn ?f %‘%vl ar (D),

or acryl %%@D%Eb%dpeewéuwytydermgnf&n@rpdia)ferﬁhapmnmmrrameon of the
hydrophilic polymer is about 3 to 30w % preferably about 5 to 25wt % To

adj ust the Vi $ee8irbya15p0f Hepsr$0b Ul & rpedish eantusiing hhenisamest ruct ure of
t he porous support nenbrane, additives can be added into the dope sol ution.

An exanplrroskdune Aadi £hoeSHEPPBE yRFPRATRT IV i6he- " bRt aSdrident rati on of
the addi 4 m@glﬂﬁg?'iohs aheubt 0c o 39W At RESHIAl bralrst thet 0 20wt % 20

An inorg n| salt (such as LiCl) of about O to | Oat % al so can be added to
t he dope suwlantiicophapeefelublignabest S 1vebs 7At®arThe 3d1%%nt s for nmaki ng

hormgeneoq\t do e S0l %gogoa 0%5&%%%/52 ﬂy éme( NVR)ib iNgTet hyl

acet am de& hysul D| nmet hyl f or mam de (DVF). An
25 e)l@npl}agm‘ext htfevecmposatucorﬁlok &he hogleelsodla}t&mrpqrsﬂ%?@dﬂﬁé’ntthﬁ@r t he

pol ymer, nd mxture 9% 20 vent a and non-sol vent of the polyner. Exanple of
non- sol vent® i WafER 14 OWS{H ahd gl ycerin and their mxtures. 2) Spinning
hol | ow fi ber u3| ng

3 f d
sol ution from'tffe 3utgge8'|5ntp(é%l :%(r:l% %%}rgg sg]isj |é3£r1ae;f%n%)¥hﬁas{1 %?ag? ?he ope

spi nner etIEt-lBDa\eaMahbe@elrmbmdueengnt herwasd eddmdwd 4 dvesuéoe;rompﬂrtﬁda wat er

bat h. 3) Formng a barrier a | a er_accor di to tdhe general
pr ocedur e<° §fheE>P§r¥§I°émfncEx855§°%E \ulgiﬂ gﬁ?u‘fl FTHR be” r%?r%ve Fromthe

surfaee of.dihe support nenbrane by pressurized air, or by gravity flow, or
by mechani cal 5 squeezing.

Additional variations of the procedures described in
this example can be implemented to provide further
improvements/variations in membrane performance

characteristics.

20 1) 0-5wt$% of polyvinylpyrrolidone (PVP) can be added
to the polymer solution used to cast the support membrane.
This addition typically results in 20-30% higher water flux
of the membrane. After preparation the support membrane
may also be treated with isopropanol for 1 hour. This

25 procedure was used to prepare the membrane Porifera-IP-4.

2) 0-5% wt% of glycerol can be added to the polymer
solution used to cast the support membrane. This addition
typically results in 20-30% decrease in the reverse salt
flux as well as 10-30% increase in water permeability.

30 This procedure was used to prepare the membrane Porifera-

IP-5.
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Exanpl e 5: Procedure for formation of antifouling coating on the nmenbrane
The following naterials were used for the preparation

sur f ace.

10 of antwbaulZmgseoati ngs in this exanple:

(trade nane JEFFAM NE) (Jeffam ne nonoam nes,

Triam nes consi sting of polyethyl ene glycol

nol ecul ar wei ghts in between 1000 and 5000 Da.
obt ai ned from Hunt sman Cor porati on,
(Met hoxy PEG Ani nes
and 5000 was &BP3fn

USA)
PEG di am nes with PE
Lo L Bvh SRAKE nf et

2)

1) Pol yner ACTRskyebeoam ne

Jef f am ne di am nes,

Jef f am ne

(PEG wth approxi mate

Pol yer

| ar_ wei

e B a2,

15 JEFFAM NE npnoamn ne was
B: Met hoxy PEG Ami nes
in between 500
t ed,

20USA) .

3) Pol ymaio GrePalYbCyCl poet e8ea gt Bf 4 - phro sphoir il rehal f-te inenis adlet ai ned from

Todd Enrick, Pol

yner Sci

Dept,

, Uni versity of Massachusetts.,
USA. 251F20 fRgRARCRoLYnEPrAI TS GFMes iist ¢ 'S G MRE 5

Amher st ,
16~ 56'*nM Tri s- HCL

VA,

buf f er sQdtriQR 68218 PELRABEE) a1 AFd Bherloda @ Min dopamaie Wastadded to this
solution, it was poured onto an FO nenbrane attached to a frane and the

frame was agitated for 5-30 mnutes to achieve unifo rgcoat.i ngcf%f st he
pol ymSr. 30 | Faklgali aMPBRr8Ret REELQFBRRCR Ef%‘?‘()ﬁ‘{i R854 “FPESrenbr anes

can be soaked with gentle agitation in poly

F-— D
2012/ 0472824PCT/| YsPb121601701 doﬁ?@ ne sol uti PReYRFSS-30 i tht*es. |The latter
procedure grodiyices the FO nenfjrdilllcoated on b%{%)qjdpq wi th antilf oul i ng
pol yner. Thg ex¢ess and unreact|édkiconpéirdnt s weken redwed By FiA8t| washing
the nmenbrane with excess wat er| Sidéhen ssdlgki ngte ndirgopr ppaneRteér |1-4 hrs.
To evaluatg the irreversible flowing|rtesi stapnce of FO menbranes, |t he
nmenbr anes re|lexposed to a sdldtdvon |ofat@rpol yneric foul ant for 3 hours.
The nenbr anel pecoamaracalbef orjes and afst er thj 6.e€Xposur ¢ Owd5eval yated in
the forward 10 |asm®shset @st uging 1.5 NaC dyaw soluti¢on and Di ter feed
solution (Tabl ¢ @&rr-kabl e 2. Antifouljing coaling performance. Menbrane
sure to foulant Aftler expnosureto-foulant
Before expgspre o foulant—Arter-expagy o 1,37
membrane 2
(HTI-ES)
3 Commercial 20.5 11.7 0.4 0.37
membrane 3
(HTI-
Hydrowell)
4 |porifera-IP-1 [40.2 |30.4 |0.08 0.08
5 Porifera-IP-2 60.1 40 0.14 0.12
6 Porifera-IP-3 75 55 0.25 0.2
7 Average of 15 60%2 40+1.510.12£0.03(0.1+0.02
membranes
prepared using
Porifera-IP-2
procedure
8 Porifera-IP-4 80 60 0.5 0.4
9 Porifera-IP-5 55 35 0.06 0.06

All FO tests were done with a 1.5M NaCl draw solution

and pure water as a feed solution.

The test was conducted

in a laboratory setup equipped with a flow cell and
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circulation pump to initiate low-speed cross-flow over the

membrane coupon.

Example 2. Preparation of composite FO membranes

incorporating carbon nanotubes in the membrane support.

The preparation procedure is similar to the Example 1,
except that the polymer mixture may incorporate 0.1-3 wt3
of carbon nanotubes that may or may not be functionalized
with additional compounds to improve nanotube solubility

and the stability of their dispersions.

Example 3. PVDF support membrane

A 8-20 wt % of hydrophilic poly(vinylidene fluoride)
(PVDF) polymer can be dissolved in dimethylformamide (DMF)
and/or dimethylacetamide solvent mixture at 50-70 deg C for
2-4 hrs under constant stirring until a clear PVDF polymer

solution forms.

Clear and bubble free PVDF solution can be cast on a
ca. 40-100 microns thick PET/Nylon mesh or nonwoven polymer
support, or a clear glass plate, to a thickness of 50-150
microns. The cast film then can be immediately immersed
into a water precipitation bath maintained at room
temperature to initiate the phase separation. The support
membrane is allowed to remain in the precipitation bath for
1-5 hr to remove solvent. After that, it is transferred
into an isopropanol bath and stored there. The wet membrane
support thickness is about 30-100 microns. The polyamide
barrier layer is then formed on the support according to

the procedure described in Example 1.

17



(g/L) Porifera 32.5- 0.12- 31.5- 0.17-0.3 3-25 % Modified with 35.4 0.16
28.3 Pol ynmer A

WO 2012/047282 PCT/US2011/001701

Example 4. Preparation of hollow fiber FO membranes.

The preparation procedure for composite hollow fiber

membranes includes:

5 1) Making a polymer dope solution including
hydrophilic polymer(s), inorganic salt, and solvent and a
bore solution having non-solvent or mixture of non-solvent
and solvent for the polymer. The polymer dope solution can
include hydrophilic polymers, polymer additives, salt, and

10 solvents. Example of the hydrophilic polymer is linear 1,3-
aromatic polyamide (Nomex®), 1,4-aromatic polyamide
(Kevlar®), or acrylate-modified poly(vinylidene fluoride).
The concentration of the hydrophilic polymer is about 3 to
30wt%, preferably about 5 to 25wt%. To adjust the viscosity

15 of dope solution and control the microstructure of the
porous support membrane, additives can be added into the
dope solution. An example of the additive is poly-
vinylpyrrolidone. The concentration of the additive
polymer is about 0 to 30wt%, preferably about 0 to 20wts.

20 An inorganic salt (such as LiCl) of about 0 to 10wt% also
can be added to the dope solution, preferably about 1 to
7wt%. The solvents for making homogeneous dope solution are
N-methyl-2-pyrrolidone (NMP), N-methyl acetamide (DMAC) ,
Dimethysulfoxide (DMSO), and Dimethylformamide (DMF). An

25 example of the composition of the bore solution is a
solvent for the polymer, and mixture of solvent and non-
solvent of the polymer. Example of non-solvent is water,

alcohol, and glycerin and their mixtures.

2) Spinning hollow fiber using tube-in orifice type

30 spinneret by extrusion of dope solution from the outside
tube and bore solution from the hole of the spinneret tube
and then introducing the nascent hollow fiber into a water

bath.

18
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3) Forming a barrier polyamide layer according to the
general procedures of Example 1. Excess aqueous solution
can be removed from the surface of the support membrane by
pressurized air, or by gravity flow, or by mechanical

squeezing.

Example 5: Procedure for formation of antifouling coating

on the membrane surface.

The following materials were used for the preparation

of antifouling coatings in this example:

1) Polymer A: Polyetheramine (trade name JEFFAMINE)
(Jeffamine monoamines, Jeffamipe diamines, Jeffamine
Triamines consisting of polyethylene glycol (PEG) with
approximate molecular weights in between 1000 and 5000 Da.
JEFFAMINE monoamine was obtained from Huntsman Corporation,

USA)

2) Polymer B: Methoxy PEG Amines (Methoxy PEG Amines, PEG
diamines with PEG molecular weights in between 500 and 5000
was obtained from JenKem Technology Corporation Limited,

usa) .

3) Polymer C: Poly(cyclooctene-graft-phosphorylcholine)
was obtained from Todd Emrick, Polymer Sci Dept, University

of Massachusetts., Amherst, MA, USA.

1-20 mg/mL Polymer A, B or C was dissolved in 10-50 mM
Tris-HCL buffer solution (8-10 pH range). After 1-4 mg/mL
dopamine was added to this solution, it was poured onto an
FO membrane attached to a frame and the frame was agitated
for 5-30 minutes to achieve uniform coating of the polymer.
In a variation of this procedure, forward osmosis TFC

membranes can be soaked with gentle agitation in polymer-
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6.1 Exanpl e 6: Preparation of FO nenbrane based drinking/ hydration bags.
Thi s exanpl e descri bes preparation and use of a drinking pouch that can be
used for woi2ele/gerserati on of 5 potable nutritious drink®cirroseéwa/dizel d. Thi s
pouch contains a sealed high osnolarity draw sol ution including

el ectrolytes and nutritious chem cals (for exanple sugars). One of the
advant ages of this kind of pouch that incorporates a w ndow made of the
menbrane prepared as 10 described herein is that it enables the bag to fill
up fast (under 30 n time_for ypi cal personal.-si ze drlnkvlurre) Thi s
pouch ca Oﬁlaglénﬁesglr“ébh?%df%ﬁdf_’ a%(i Jdb%%% a orr%‘\féc&roP LPkseY |9mtat es a
convent i gialdudeknknher ra ﬁ@ﬁbi&n@l’&d’dﬁ;ed hats bead g dels mdte antiactive for
consuner sal es. 15These FO bags can be ﬁg\—f red by hot nelt sealing or glue

seal i ng, fTOM14PEr BSLKFET wel df AY. S 19%° FG €5 CSREPEMEnBiFafe with a
transpar ginoRkashi,Ceibhm WeERi 8 aEke thanh Fare ViGihe @idces spalayest er or

pol yam de nesh, fabric, or nonwoven fabric. This stack was pressure-seal ed
20 at 5t héhedgeeakinagin hopPrePanabpseatlic Mife tenperature of the heating
apparatus was about 300 Cto 500 C, preferably 350 Cto 420 C._ The heating
time was abouffoleé’éééﬁaet6h501§€%6%|%1b1pﬁ' eﬁ‘%%lallﬂ%/ LRF0Ft a3 € O6ndS to 20
seconds. BeforgetherhashefRH9En¥8S SRl Ehoddte ROWIIThAIMNTIott Wre of sugars
25 and ot nutritious chem cals was placed into the bag. This powdered
m x can b@lweplraeedowaathfgh goneens r at Thm RGP SoIRRGIGFmance 1o

pr epare g [ u a rge edges
of the F(g@r%éj%%r gﬁg g% L:hgﬁjs' . (gséuer %e%y%‘%%ﬁ%b%}riqgr&g

t rangpar emnopsllasﬂ:leetf ubimgas . édlie@lo@ra‘opsqﬂfuttm revebineva teive fglede ar ea
was pressuri a tight and even seal and cured in an oven at
terrperatLF‘relélztﬁ‘é)f]\/\/&raF rSL %terrperature to 100 deg WD

2012/ 047 RCT/ US 1/,.001701 f 1-3 hours The nutritious chemcals in
powder or ‘%l(ijizd %Bizﬁ?ﬁg & ﬁl 58%5”1% ??le£%ag prl or to final seali ng usi ng

hpo hnt

procedurﬂ sim-lar—te "“haf s—deseribe or—+th Rot—rert olllllg 5A ;trlp
of ¢l osdd'TETE oan Bt Gt A% al Afété‘ﬁﬁra?ﬁ%o%ure uecf:loﬁ(to the edges of
the bag |to inprove |its fdwotatid on propetdi £subatkt hol d t heldzagase tdue proper
orientatiion to ensure full utilization of the menbrane o
irreversible
fouling
Flux Reverse Flux Reverse
(LMH) Salt Salt
Flux Flux
(g/L)
Porifera 32.5- 0.12~ 31.5- 0.17-0.3|3-25 %
Modified 35.4 0.16 28.3
with
Polymer A.
Porifera 33.4- 0.15- 13.5- 0.3-0.6 >60 %
Unmodified | 38.4 0.25 9.7
HTI 12.2- 0.3-0.4 4.,7- 0.7-0.9 >55 %
13.2 6.1
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area. Table 3 conpares the performance of the bags that 10 use Porifera FO
menbrane with the bags that use comercial FO nenbrane made by Hydration
Technol ogyol2nreesaasecons (HTI). Table 3. Conpari son of Fecparstanmarroe of
menbrane bag according to enbodi nents of the invention and a commercial FO
menbr ane bag. Porifera FO nenbrane bag HTI FO nmenbrane bag (HydroPackTM
Menbr ane area 10.0 X16.5cn2 10.5 X 16.5 cn2 Powder 30g of the

el ectrolyte and

Example 6: Preparation of FO membrane based
drinking/hydration bags.

This example describes preparation and use of a

drinking pouch that can be used for quick generation of

5 potable nutritious drinks in the field. This pouch
contains a sealed high osmolarity draw solution including
electrolytes and nutritious chemicals (for example sugars).
One of the advantages of this kind of pouch that
incorporates a window made of the membrane prepared as

10 described herein is that it enables the bag to fill up fast
(under 30 min time for a typical personal-size drink
volume). This pouch can also be prepared and packaged in a
form factor that imitates a conventional drink or a sports

drink, thus making it more attractive for consumer sales.

15 These FO bags can be prepared by hot melt sealing or
glue sealing, or ultrasonic welding. Two FO membranes or
one FO membrane with a transparent plastic film were
stacked with a protective polyester or polyamide mesh,
fabric, or nonwoven fabric. This stack was pressure-sealed

20 at the edges using a hot-melt apparatus. The temperature of
the heating apparatus was about 300 °C to 500 °C, preferably
350 °C to 420 °C. The heating time was about 1 second to 50
seconds, preferably about 3 seconds to 20 seconds. Before
the last edge was sealed, the powder-form mixture of sugars

25 and other nutritious chemicals was placed into the bag.
This powdered mix can be replaced by a high-concentration

syrup solution.

To prepare the bag using glue sealing the glue was
placed on the three edges of the FO membrane and then
30 another sheet of FO membrane or a transparent plastic film
was added on top of the membrane. The glue area was
pressurized to ensure a tight and even seal and cured in an

oven at temperatures between room temperature to 100 deg
21



nutrition powder 30g of the electrolyte and nutrition powder \Water Tap
water Tap water Water tenperature 21 00 21 00 Water uptake | mrersion
wat er forworotd4misa 38. 79 PCT/US2011/001701

10

for 1-3 hours. The nutritious chemicals in powder or liquid
form were placed in the bag prior to final sealing using
procedure similar to what is described for the hot melt

sealing.

A strip of closed cell foam or other materials can
also be glued onto the edges of the bag to improve its
flotation properties and hold the bag in the proper
orientation to ensure full utilization of the membrane
area. Table 3 compares the performance of the bags that
use Porifera FO membrane with the bags that use commercial

FO membrane made by Hydration Technology Innovations (HTI).
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10. 79 | mersion water for in 20 mn 75.1g 19.0 g |Inmmersion water for in

30 mn 110.8g 27.1g |Imersion water for in
WO 2012/047282 PCT/US2011/001701

Table 3. Comparison of FO performance of membrane bag
according to embodiments of the invention and a commercial

FO membrane bag.

Porifera FO HTI FO membrane
membrane bag bag
(HydroPack™)
Z Z
Membrane area 10.0 X 16.5 cm 10.5 X 16.5 cm
Powder 30g of the 30g of the
electrolyte and electrolyte and
nutrition powder nutrition
powder
Water Tap water Tap water
o )
Water temperature 21 °C 21 °C
Water Immersion in 38.7 g 10.7 g
uptake |water for 10 min
Immersion in 75.1 g 19.0 ¢
water for 20 min
Immersion in 110.8 ¢ 27.1 g
water for 30 min
Immersion in 134.7 ¢ 33.6 g
water for 40 min
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Claims

1 A forward osmosis membrane comprising: a hydrophilic porous support layer
comprising one or more aramid polymers;

awoven or non-woven mesh embedded in the support layer; and

a first polyamide rejection layer, wherein the support layer and the rejection layer are
incorporated into a thin film composite membrane, and are adjacent layers in the thin film

composite membrane.

2. The forward osmosis membrane of clam 1, further comprising a second
polyamide regjection layer in the thin film composite membrane, wherein the support layer is
sandwiched between the first regjection layer and the second rejection layer.

3. The forward osmosis membrane of claim 1, wherein the membrane is configured
as aflat sheet.
4, The forward osmosis membrane of claim 1, wherein the membrane is configured

as a hollow fiber.

5. The forward osmosis membrane of claim 4, wherein the first polyamide regection

layer is at an outer surface of the hollow fiber.

6. The forward osmosis membrane of claim 4, wherein the first polyamide regection

layer is at an inner surface of the hollow fiber.

7. The forward osmosis membrane of claim 1, further comprising a plurality of

carbon nanotubes disposed in the support layer.

8. The forward osmosis membrane of claim 1, further comprising at least one anti-

fouling layer disposed on the thin film composite membrane.
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0. A method of making a forward osmosis membrane, the method comprising:
providing a hydrophilic support layer comprising one or more aramid polymers; embedding a
woven or non-woven mesh in the support layer; and forming a polyamide rejection layer on the
support layer by an interfacial polymerization process to form athin film composite membrane.

10. A method of filtering fluids, the method comprising:
providing a forward osmosis membrane, the forward osmosis membrane comprising:
a hydrophilic porous support layer comprising one or more aramid polymers,
awoven or non-woven mesh embedded in the support layer; and
afirst polyamide rejection layer, wherein the support layer and the rejection layer
are incorporated into a thin film composite membrane, and are adjacent layersin the thin
film composite membrane; and
exposing a feed solution to the forward osmosis membrane, wherein the feed solution
comprises water and a solute;
exposing a draw solution comprising water to the forward osmosis membrane such that at
least some of the water from the feed solution flows through the forward osmosis membrane to

the draw solution, increasing a concentration of the solute in the feed solution.
11.  The method of claim 10 further comprising performing pressure retarded osmosis
by generating a pressure change, energy, or combinations thereof due, at least in part, to a flow

of water through the forward osmosis membrane.

12. The method of clam 10 wherein the solute in the feed solution is an industrial
product, waste, or combination thereof.

13. The forward osmosis membrane of claim 1, wherein the forward osmosis

membrane is sea ed to a hydration bag.
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