METHOD OF PREPARI NG A NANOCOWPOSI TE MEMBRANE AND NANOCOVPCSI TE MEMBRANES
PREPARED THERECF Cr oss- Reference to Related Application [0001] This

appl i cat iwo 20112i3sBet he benefit of priority of United StatescRiuwosiconal
Application No. 61/326,896, filed 22 April 2010, the contents of which’
bei ng hereby incorporated by reference it its entirety for all purposes.
Technical Field 000 2] The invention relates to a nethod of preparing a
nanoconposi tMEd A RARIENGr ANANGCOMRRSH T YHEMBRANE ANB i ons i n
wast ewat er treat mant seawat er desal i nation, food and pharnaceuti cal
processi ng, and W@C@MM%HE)MEW@NESMBAMIFGWOFSWDQ s (FO
process nmakes use of the natural osnosis phenonenon for the transport of
water froma | ow solute concentration feed solution to a high solute
concentration draw sol ution across a seni perneabl e nenbrane, with the

osnotic pressure differeprRsReEMease @JﬁelggﬁdA?@attﬂg draw sol ution acting
as the driving force. After € wat er natura permeates into the draw
sol uti on Wgﬁr‘)“tmé“agﬁﬁt% 1o§’&%¥ tﬁé‘f?éﬁeﬂt\t,cﬁ%{l‘ghh%ﬁﬂlnﬂ% ‘gtaﬁQJ P{o'v?s‘?on%i"“ t hen

be recyc reuse int rocess roduct

can be pr Odtjgﬁd pelﬁ &z#cf’h §96F 911&{ 2% %psﬁl %30 %ecrg)tn%e\{ltssgp mlcgrb%%gg Reregnt al

for vvast

incorporated by reference it its entirety for all purposes.

Technical Field

[0002] The invention relates to a method of preparing a nanocomposite
semipermeable membrane for forward osmosis applications in wastewater treatment,

seawater desalination, food and pharmaceutical processing, and power generation.

Background

[0003] Forward osmosis (FO) process makes use of the natural osmosis
phenomenon for the transport of water from a low solute concentration feed solution to
a high solute concentration draw solution across a semipermeable membrane, with the
~ osmotic pressure difference between the feed and the draw solution acting as the driving
force. After the water naturally permeates into the draw solution without external
energy input, the diluted draw solution can then be recycled »for reuse in the FO process
while high quality wafer product can be produced.
[0004] The FO process has fecently shown great potential for wastewater reuse and
seawater desalination. It has various advantages over current membrane technology,
especially the reverse osmosis (RO) process. These advantages include a lower energy

consumption needed for the osmosis process and a lower fouling potential of the



seawat er desalination. It has various advantages over current menbrane
technol ogy, especially the reverse osnosis (RO process. These advant ages

i ncl ude awbawarisgner gy consunption needed for the osnpsipgTcace®s018Nd a

| ower fouli ng potential of the menmbrane. One of the nost -inportant

chal  enges- in utilizing the FO process for - practical applications is the
| ack of such suitable nenbrane. Water perneate flux obtained with current
FO nmenbr arembiraneu 0 bfy theyweost titnportantpelulledgesTie utibring etherd#® eprbtagx for =~ —
attributes to the severe internal concentration polarization (I1CP) effect

occur ri ngracticdl hepplicativns is uhpdadk béwech ghititle manbraaseWatdOfrineae flex t he
limtations posed by the severe I CP effect on water perneate flux for

current GHpfanRHdvilts BREdnt FIBMBRBRRS is QWY A6War fhaf TP ], TRENG R HRAnMH h
superior water pernmeate flux and high solute rejection rate are desi red.
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nanocorrposMe sem perrre ranes that *contai n drspersed hano

Wi t hin tg} If r}:{;\f Q,éig orvvard osnosi s applications such as

wast ewat €F° 7€ tSHB?ﬂ Ay PR PCERLANe nation, food and phar maceuti cal
processin ower gen tion, and the like. Wth the addition of

nanomat el‘?“&ﬁg d.%%ﬁoéﬁﬁﬁmliaﬂpw psed waewéﬂ’. % &t on WatepsrRatesilighor t
| ayer of the nmenbranes, significant increase of water perneate flux is -
achi eved fornaurent hfogwargologmesip enewbranes,r aee foswandi esmpsiednewbrepes evth o

menbr anes havi ng no added nanomaterials. [0007] Various enbodi ments provide
for a neswpedionivaer perardateflux arslioglosqioirtjectmentatezare desited. met hod nmay i ncl ude:

Summary

[0006] Various embodiments provide for methods of preparing nanocomposite
semipermeable membranes that contain dispersed ﬁanomateﬁals within the polymer
matrix for forward osmosis applications such as wastewater treatment, seawater
désalination, food and pharmaceutical processing, power generation, and the like. With
the addition of nanomaterials dispersed within the polymer matrix of the porous support
layer of the membranes, significant increase of water permeate flux is achieved, while
high solute rejection rate is maintained, compared to membranes having no added
nanomaterials.
[0007] Various embodiments pfovide for a method of preparing a nanocomposite
membrane. The method may jnchide:

(a) providing a nanocomposite solution comprising a polymer solution and

nanomaterials;
(b) subjecting the nanocomposite solution to a cold water bath to produce the

nanocomposite membrane in a gel-like form; and



(a) providing a nanoconposite solution conprising a polyner solution and
nanomateri als; (b) subjecting the nanoconposite solution to a cold water
bath to pvOQotiél3srie nanoconposite nenbrane in a gel -|i k@CTHGRY1140@161 (C)
subj ecting the gel nanoconposite nenbrane to a- heat treatnent to-solidify
t he nanoconposite nmenbrane, wherein the nanomaterials are dispersed within

t he pol yner trix.of the nanoconposite nenbrane. [0008] Vari qus odi ment s
provi de for &° naﬁ‘%l%hﬁ% G &° %ﬂ%@?@%f‘aﬁn f%%IL“ﬁ?}‘et?Jat e’H’éHESQEEEY’éCt'i'Ve
| ayer, wherein the dense selective layer is perneable to water _but is

i mper meabl e to s#ieubaOcompasite; MeBEINS, sUpeint theayaomaigrtseiare dHpersed ous
support |ayer comprises nanomaterials dispersed within a polymer matrix.
Bri ef Descri pti owithin thigoldmenimagsx of e @ghdaontpositeimambrays, |i ke reference
characters generally refer to the sane parts throughout the different
views. TIg008] awi Vigsosr embualimasts @sedde for alharstohpositahembemehastich magt ead
general Iy being placed upon illustrating the principles of various

enbodi nepi$udet N the foll ow ng description, various enbodi nents of the
invention are described with reference to the foll ow ng draw ngs.

[0010] Fig. 1_showsyeRsSSHEMRE 1Sy RUERR Bl ddhSe SARLIVAIAPEOS FREmERe RS €PaT T NY

a flat

water but is impermeable to solutes; and
— a porous support layer, wherein the porous support layer comprises

nanomaterials dispersed within a polymer matrix.

Brief Description of the Drawings

[0009] In the drawings, like reference charactersb generally refer to the same parts
throughout the different views. The drawings are not necessarily drawn to scale,
emphasis instead generally being placed upon illustrating the principles of various
embodiments. In the following description, various embodiments of the invention are
described with reference to the following drawings.

[0010] Fig. 1 shows a schematic diagram of the casting process for preparing a flat
sheet membrane.

[0011] Fig. 2 shows a schematic diagram of the spinning process for preparing a
hollow fiber membrane.

[0012] Fig. 3 shov;rs the TEM of TiO, nanotubes prepared in the Examples. -

[0013] Fig. 4 shows the cross-sectional view of a flat sheet nanocomposite forward
osmosis membrane. |

[0014] | Fig. 5 shows the cross-sectional view of a hollow fiber nanocomposite

forward osmosis membrane.



sheet nenbrane. [0011] Fig. 2 shows a schematic diagram of the spinning
process for preparing a hollow fiber nenbrane. [0012]Fig. 3 shows the TEM
of Ti 2 raifadukeslipr epared in the Exanples. [0013] Fi g. 2C3Is6as11toheol
cross-sectional view of a flat sheet nanoconposite forward osnosis
menbrane. [0014] Fig. 5 shows the cross-sectional view of a hollow fiber
nanoconp nbrane. WO 2011/133 0161
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sheet forward osnosis marrbr anes. HTI Tm denotes a comercial forward osnosis
menbr ane fTWgHd pipaRsit embragen bl 0Yidesotena comagreiahiorwardpsposisynggrage et at e
forward osnosi s nenbrane prepar ed w t hout nanomaterials; - .
Nanoconpd&wim Elydeition| Berbnelogieatlac.d éifotdesotas raammmtaee faowaed dsroespsi s
menbrane prepared with Ti Q2 nanot ubes.

membrane prepared without nanomaterials; Nanocomposite-Cellulose acetate denotes a

nanocompdsite forward osmosis membrane prepared with TiO2 nanotubes.

[0016] Fig. 7 shows the water permeate flux comparisons of different hollow fiber

forward osmosis membranes.

Description

[0017] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
may be practised. These embodiments are described in sufficient detail to enable those
skilled in the art to practise the invention. Other embodiments may be utilized and
stfuctural, logical, and electrical changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments.

[0018] Osmosis is defined as the net movement of water across a selectively
permeable membrane driven by a difference in osmotic pressure across the membrane.
A selectively permeable membrane (or semipermeable membrane) allows passage of
water molecules, but .rejects solute molecules or ions. The semipermeable membrane
filters the impurities from a water source (feed solution) which is _suspec'ted to contain
ifnpurities, leaving purified water on the cﬁher side (permeate side) of the membrane
called peﬁneate water. The impurities left on the membrane may be washed away by a

portion of the feed solution that does not pass through the membrane. The feed solution



[0016] Fig. 7 shows the water perneate flux conparisons of different holl ow
fi ber forward osnosis nenbranes. Description [0017] The foll owi ng detail ed
descri pt i 208/188H6t 0 t he acconpanyi ng draw ngs that sh®aI/SERoMAY0Ict
illustration, specific details and enbodi ments in which the invention may
be practised. These enbodi ments are described in sufficient detail to
enabl e those skilled in theha{l't to ﬁrac i se ﬂtnge in.veqti on dq her .,

embodi meffS M 1% EMRHtes S XEFhsd) fveay; Tamy the membBEAne 3  als gallads dEIeCE 2T changes
may be nade without departing fromthe scope of the invention. The various
embodi merfT#1€3r e not necessarily nutual |y exclusive, as some embodi ments can
be conmbined with one or nore other enbodi nents to form new enbodi ments.

[ 0018] Cs[949k | Vatwib emblodisnentseofitbt imeutior ntakefusevaf e formardesmesis @)t i vel y
per neabl e menbrane driven by a difference in osnotic pressure across the
menbr anemefbsakecievelopdd/apar alecabiteyermebaine tédbhol®gyifpewastebiter redtieane)

al | owns passage of water nolecules, but rejects solute nolecules or ions.
The semn ges wEdE G BRERY 3BRuifemch® b a trB@ilt dABH ¢ RShfdrAMprasusd apptidice (feed
solution) which is suspected to contain inpurities, |eaving purified water

on the offher. si - [ : e At er .
The i mpur B rgRo By {PERRRRIReS bf Bl BhulR, BRI ATl RyREE BRI T | e
feed sol ution Lfﬁgt does .not ﬁlgessb throu?h t he qﬁrérbrane. The fe@% s? ution
car ryi ng"PHETSq HhBFeP T & Ve TR PPFoRTY RECThanErans TosisdEafPed
"reject"--or "brine". [0019] Vari ous, enbodj nents of the invention nmake use
of af orWQF?fso'ési‘?Bs&‘Q ¢ tl%ﬁ%?‘gﬁeaﬁéﬁﬁt@ké’&r%§ 'gﬁ HEmbFang: jrgther ane

t echnol ogy for wastewater treatment due to the | ow energy requirenent as a
resul t ogycira}wc(ifrresquﬂ}éfp@atwldaprtbggmr@ceeswl) g the divang fapetoriteasort ef wi de
range of contam nants, and | ow nenbrane fouling propensity conpared to

pr essur ewdter veoughethe ammmipams eBee§0 prochssassulésy @r Senceptraigoms of RD) feddO
process uses the osnotic pressure differential across the nenbrane, rather
t han hy dgchutionCandr diksion @f diligtey eohdentrated Stream REf@reictossahy dasy ddhgtidh).i vi ng
force for transport of water through the nenbrane. The FO process results

i n concept §théd Wordsf the FO El%@é'ss&ﬁilil;kéé R ARFalddsmbsisOPhefbmendl, WHidh mar&ent rat ed
stream (referred to as the draw solution). In other wrds, the FO process

utili zes,dengr Baceh@dtioRSaRREchcB BEVERAGR: WD MutlTRK SRS & efnél‘f)grrlgﬁ Ber ation

di fferences between the two Sg{'Utl ons across a sem pernea rane. The

sem per n&%&gﬁaaggﬁé g{%ﬁi@%ﬁ]ﬁ%gﬁz?gm%%n%cg&sv 5 ? %élre%]t?vre l?a?}i T eQW%QneEl}e%o

sol uti ons, om n I'crency o reshwat er transportation in the
FO process... A conc nt.rate(a}dr w sol ut.i.on on the perneat.e ig of the
menbr anes I EiRCARIREBASE e OIRGY R SPOTELeT FASHE SRR i 5O, BIEFSFor ent
terns are used in the literature to nane this solution including draw
sol ut i on® cBFRAtIREed sk solutipn ga e pemgplgsideras theamembrang isthesquree gf thero
process the draw sol ution has a higher osnotic pressure than the feed
sol ut i ondriang face s therF® pronsys. Difforen} teams auss usediio dherbiteratursrtoviage thisr a
nmet hod of preparing a nanoconposite

solution including draw solution, osmotic agent, or osmotic media to name only a few.

In a FO process the draw solution has a higher osmotic pressure than the feed solution

(or reject or brine).

[0020] Various embodiments provide for a method of preparing a nanoéomposite

membrane. The method may be a phase inversion type for preparing asymmetric

nanocomposite membranes. The membranes may be polymer-based. Further, the

membranes may have a dense selective layer disposed adjacent a porous support layer

. whereby the dense selectively layer is used for rejecting solutes in the wastewaste -



menbrane. The nethod may be a phase inversion type for preparing asymmetric
nanoconposite nenbranes. The nenbranes nay be pol yner-based. Further, the
menbr aneswory1ihdyaca dense sel ective |ayer di sposed adj cersiG2611p0616US
support |ayer whereby the dense selectively layer is Used for rejecting
solutes in the wastewaste stream for exanple, and the porous support

| ayer is used for providing--nmechanical strength to the nenbrane. [0021] The
met hod né¥yeamciog fxamploy japgd ?&be ROTAA CEBPPb e IS vbed furpreviding sicepnicabol yimer
solution and nanomaterials. The polyner solution is first prepared in a

sui t abl esseigiietn themenywamem of sol vents. Suitable sol vent or system of

sol vents include solvents that are mscible with the polyner so that a
honogenefai21} 0l UTheomethoyd ey fnelude prévidingad hﬁfocompoﬂfbesoﬁmchdﬁ%ﬁsmgt he
system of solvents may include N-nethyl-2- pyrrolidone, D nethylforman de,

acet one BHEMMRALEILLI6S 88d Ea%mt&ﬁlqu*hewmyn{&%%bﬁ iV Bfst Bfé%al%m?ﬁ’@s 51{1%6 the

pol ymer of t he pol yner solutlon is a natural polyner. anp es of

natural polyer ry%lnu f‘Ht ﬁbl‘%as%ﬁ%n%}m?&ﬁ oﬂsﬂe flh&é’k@% pgcetate,

cellulose triace 0se aceta |anate ose yrate
cel lul os cetate te ceIIuI i acet at e, Julose di at e,
cel | ul osgja?rafeoml ‘ﬂh% BQK)’B}%WI W@Sﬂeoé‘ﬁoso t’topol?}@Y |bﬁ|fg I n one
enbodine t he Polyner in.the polyner solutlon is cellulose acetate.

[ 0023] | nthekgafist s Ine oBe demeediment, HBe pysigrreof ovolvends pend isludso Noriethyl2s a

synthetic polynmer. Exanples of the synthetic polyner include polyam de,
pol ybenzpmd&%@PeDllmhy&mﬁmdﬁ faeriene ansl watet (semBxampleybélay). al cohol ,

pol yvi nyl pyrrole, polyvinyl pyrrolidone, polyethylene glycol, saponlfied
pol yet hy[0022} vi rinl varioes @tmbodimpaits) ke polymieetdfythe pelymey solutioans adhstday| ene
gl ycol. [0024]1n various enbodi nents, the nanomaterials may be

nanopar t pellyser. Bedigfleder she ﬂﬁﬁﬁpr@&nerﬂﬁﬂQ&élb@ﬁu]oﬁbd&@@%@lﬂﬁfr@%ucﬁ RAs one
enbodi nent, the nanomaterials are nanotubes. |In another enbodi nent, the

nanomat ef:élﬁll@seae[c%taf@'l@ﬂﬁbgé friRState] QQI?Lﬁl)éenaééﬁfté BtoprRfRedidRMse butt}b}gte
nanomaterials are i nor ganl c materials.
cellulose acetate propionate, cellulose diacetate, cellulose dibutyrate, cellulose
tributyrate, hydroxypropyl cellulose, and nitrocellulose. In one embodiment, the
pdlymer in the polymer solution is cellulose acetaté._
[0023] In various embodiments, the polymer of the polymer solution is a synthetic
polymer. Examples of the synthetic polymer include polyamide, polybenzimidazole,
polyethersulfone, polysulfone, polyvinyl alcohol, polyvinyl pyrrole, polyvinyl
pyrrolidone, polyethylene glycol, saponified polyethylene-vinyl acetate copolymer,
triethylene glycol, and dietﬁylene glycol.
[0024] In various embodiments, the nanomaterials may be nanoparticles,
nanofibers, nanowirés, nanotubes, or nanospheres. In' one embodiment, the
nanomaterials are nanotubes. In another embodiment, the nanomaterials are
nanoparticles. |

[0025] In various embodiments, the nanomaterials are inorganic materials.

Examples of suitable inorganic materials include titanium, silicon, . aluminium,



Exanpl es of suitable inorganic materials include titanium silicon,
alumnium zirconium indium tin, magnesium calcium including the
respect i weoesiwsstiper eof -and al l oy thereof. In one enbodcmseRe1iobeet
nanomat eri al s may be titani um oxi de nanotubes or nanoparticles. In another
enbodi nent, the nanomaterials may be tetraethyl orthosilicate. [0026]In
various enbodi nents, the nanomaterials may be nesoporous material s.

Exanpl es @frcenjpmg Bidipp st sragnssiamesdleinss oludieg therresnsstivg exfe thereof-and - -

al um nophopsphate, and zeolite. [0027]1n various enbodi nents, the

nanonat erllay tharepf. beoms grabediment, ¢hd Bdnomakxrmbypingy beftitaniimaidide nanpéarties

mat eri als include dendriners, graphite, gaphene, carbon nanotube, and

full erener h&dP8tticlesvdni ansthenieatbodiznng, thdendnannraialy imdys W QetpdefiBgnt in
the polynmer matrix in the range of about 0.1 wt%to about 20 wt % (based on
total weiggibsiRéaté.he pol ynmer matrix). [0029]1n various enbodi nents, the
nanomaterials are in the size fromabout 1 nmto about 1,000 nm

[0026]  In various embodiments, the nanomaterials may be mesoporous materials.
Examples of suitable mesoporous materials include  aluminosilicate,
aluminophopsphate, and zeolite.

[0027] In various embodiments, the nanomaterials Iﬁay be organic materials.
Examples of suitable organic materials include dendrimers, graphite, graphene, carbon
nanotube, and fullerene.

[0028] In various embodiments, the nanomaterials are present in the polymer matrix
in the range of about 0.1 wt% to about 20 wt% (based on total weight of the polymer
matrix).

[0029] In various embodiments, the nanomaterials are in the size from about 1 nm
to about 1,000 nm.

[0030] The method may further include homogenizing the nanocomposite solution.
In various embodiments, the nanocomposite solution may be stirred continuously until a
homogenized nanocomposite solution is obtained. The stirring may be carried out via a
mechanical stirrer or magnetic stirrer, for example. In various embodiments, the stirring
is continued for more than one day. In one embodiment, the stirring is continued for
about two days. |

[0031] In various embodiments, the obtained homogenized nanocomposite solution
may be subjected to an ultrasound bath to remove air bubbles or partially evaporat¢
volatile cbmponents of the solvent. The volatile components may be vaporized at room

temperature.



[ 0030] The nmet hod may further include honogeni zing the nanoconposite
solution. In various enbodi nents, the nanoconposite solution nmay be stirred
cont i nuousbyountssitea honogeni zed nanoconposite sol uti onpics/sehéajon@dr The
stirring may be carried out via a mechanical stirrer or nmagnetic stirrer,
for exanple. In various enbodinments, the stirring is continued for nore

t han one da I n_one enbodi nent, the stirring is continued for about two
days. d)‘yﬁéi n~ vEr sethodnpaviiakseringlude 1sebjseting thechamenasgiad 2BROGRIRISBAPOSIt e
solutlon may be subjected to an ultrasound bath to renpove air bubbles or
parti al | yolatiapdo at eld ovairi bath doppeheattbe ahnedompoite erembraieeiny ol gat-like
conponents nmay be vaporized at roomtenperature. WO

2011/ 133 traPThe HRdLMA) Birtier [ADGR] sibjR cligd hﬁcgenﬁatloabﬁlposlmcxhuﬁbransuba ecting
-the -honopgeni zed nanoconposite solution to a cold water bath to produce

the ”anoﬁeﬁﬁ&%{xﬁ&t'ﬂ@k’@{cﬁfﬁhé Bax@ocﬁﬁlp@h’té‘ﬁeﬁl@ﬁﬂe Wh&ehP iathnoRMteldlstper
i nclude subjecting the gél nanoconposite nembrane to a heat treatnent to

solidify i terials are
disperse& &ﬁsﬁ?ﬁﬁﬁﬁﬂﬂ@é?l ’ﬁﬂﬁhgﬁgﬁL gﬁggonpoggge nenbrane [0033] I n
vari ous after bta|n| honogeni zed na 05|te sol ution
and pri oﬁ@g?s Uar;‘e%dtqoﬁ@ etnﬂé’ HBFSY ‘ﬂ%f (g’%?'}ﬂlr’i'&c gl?qggmgg ‘f?ntpé’s’ée col d
wat er bath, the honpgeni zed nanoconposite sol ution may be cast on a_plate
to form Soltier aflsimﬂor Hersubjestipg dhe ppgoganized parocgmpesitenolgigfietur ldcess
used for preparing nanoconposite menbranes by sol ution casting. Phase

i nver si oiwates bathe thef ymegrnized aenecominesite folption maydet cagieerbp ptate to faimt e

pol ymer solution casting, a polymer solution, conprising polynmers and

nanomat ecast| Sln{.OFdr exar@fleWiFig. badlastraes ot @lenemli ghicesst ubdde fqro pyeperingrat ri x)
in solvents, is stirred continuously until the solution become honpgenous.

The pol yﬁErEoc%ﬂipUﬁltd)rm&Iﬁbrhﬁ&nb?aﬁil@tﬁbrprbaﬁlr@ aBlsasp| iatersiosi 3g used 6t ithg Kkni fe.
The cast filmwas then imrersed into the cold water bath (or coagul ation

bat h) t 0pepaRkieh 8f HAGHRAARENbAKE. $i R pohifer T ARESINGES ?oltyﬁf‘ei‘ sf18§én,t reat ed
in a hot mater bat h. 100341l n alternatlve enbodi nent s, ter obtalning the

homrogeni %88{){6}8@%&&3%& Igd 29%(}!{1% ?2@1%' wieR, B Qh%ﬁtﬂo&g tRgpgeni zed

nanoconposi bat “te onngenlze anoconp05|te
sol ution be extruded hro flb ret, For.exa

Fg o PPRT pay i gehepd 90, Suddl RlinaiSl BRUDERS oAb eSHRE: ¢e
menbranes in the form hol | ow f.i i nni.n In.t ry-wet
spi nni ngiﬁﬁnﬁﬁﬁ?gs ﬁf?epoglﬂ??nsé’hut?é‘llﬁuf eBr‘Fa%@‘gﬁé agasmp te ysing agcgsti q@b’%n ng the
flat sheet menbranes) flows through the ring nozzle of the spinneret while

a bore f {TheFast Blgeqvashthen gmmensed; nfether cald water haths(or wpagwationThehy fher

passes through a controlled
complete the phase inversion. The membranes were then post-treated in a hot water

bath.

[0034] In alternative embodiments, after obtaining the homogenized nanocomposite
solution and prior to subjecting the homogenized nanocomposite solution to a cold
water bath, the homogenized nanocomposite solution may be extruded through a hollow
fiber spinneret. For et(ample, Fig. 2 illustrates the general process used for preparing
nanocomposite membranes in the form of hollow fiber by dry-wet spinning. In the dry—
wet spinning process, the polymer solutioﬁ (same as that used for preparing the ﬂat"
sheet merhbranes) flows through the ring nozzle of the spinneret while a bore fluid

flowed through the inner tube of the spinneret. The fiber passes through a controlled



environment- air gap- before entering--the cold water bath (or coagul ation
-bath). The hollow fiber filanent then passes through a series of rollers
in the cosgubntidsricbath. Following that, it is then pas®€d/SGaooeghca
washi ng bath. The fully formed hollow fiber is then continuously coll ected
on a wnd up drum Prior to evaluation test, the nenbranes are subjected to
a pretreatnent process [o.reduce pore size of the nmenbranes. In the
pretreat ﬁ%‘ﬂfona}easégssapffa%f%ﬁw 8P g bk (0 ogngor b B room
tenperature and the water bath with the nmenbranes in it are gradually _
heat ed f hellevarfibiee Ailarpenigbempafses thsoughoyseres elorollsr © thermgagvlatiembath. 20 to
30 minutes. The final tenperature is kept constant for about 10 m nutes.
The wat eFoliawingttiaeit hethemipagsed Heongnb maskesg hath. The fulbofrmdd Hobowifibat |y to
bel ow 60 C by pouring cold water directly into the bath to freeze the
menbr aneisshénledntin@ousl Collgetddroanewindng drei) Prica@dyevhRatithdest Jhe Rinbeitks
exchange to prevent fibers fromcoll apsing during evaluation tests.

[ 0035] | na\aqibRifed B didiRithRNt pRRBeRABORATROPAE &i eI IR NGeMbRRA! 84 thder eof
by the above-descri bed nmethod rmay be a porous support |ayer for providing

mechani ¢ etréét{rﬁ&%&e%so t}?eqﬁaﬁfg}gﬁégtarr%ﬁxﬁ&?edqmw&%% IRt SR tenlpdrabih LS
enbodi meht’s, € ‘nanoconposite nenbrane nmay include a porou$ support | ayer
and a dense selective |layer. The dense selecti ayer .is_di sposed. adj acent
the por ol vl W& et ondCHE drain FChealch B Slobisk FaBRESE o s o
but is inperneable to solutes. The porous support |ayer conprises

nanomat eAboxt 80 & LYkl esin #hokt 20 is)cﬁo%wt%ﬁq fnal tempempiire ket ponstant | ayer
may provi de nechanical strength to the nanoconposite menbrane. Both the
porous sippahont |18ymmutesd Thé evairnbath Jegatiaari wish | ths enenphignep car¢ dheredoadéd t he
sanme polymer. Alternatively, the polyner of the porous support |ayer and

t he densdédrastidabiy tto ieldwayor°G by dioiifing enld. wh@0 Jpttly iae it bathnboofiiéezenhes, t he
menbrane may include a snooth | ayer disposed adjacent the dense sel ective

| ayer angheaibpific iraiturk TEhedREMbiansS WRPMER rdady & undéipe seRefitcRchangy ®rpréyt be used
to prevent or mnimze nenbrane fouling. The materials for the - snooth

| ayer cappde iRl dubpilg ReBE Auaidd tf! yvi nyl pyrrolidone. [0037]1n various
enbodi ments, the nmenbrane rmay al so i nclude an internedi ate | ayer between

the d t] : ] | i at
e e g S e A T

sane as the [ OMS, SU rt l.ayver, the sa as .bot h .the dense se] ect,i ve
over ot R FHUBRA hav B £ borotd' S TTART R Prdvie SRR SR o7 e

matei al s for, the internedi at ayer can be cel] ul.ose, polysulfone,.

ol y et ks SHCHEThIRY TS0 IGBEES IBHLTT | Povert Db SaTPHgERSole SRUSATIREHS wher e
the nmenbrane include a dense selective |layer and a porous support |ayer,

t he densBCEBrEEIE inchydera Rerpus SURRSFiBYCra#l %Iid§1ib?@§é§306}‘le fayer. ddeqigases uppor t
| ayer by a nmethod sel ected fromthe group consisting of phase inversion,

i nt er f achaléctivellayee isi disprosethadjsqentithe potrvisisgpparhidyeti phe dentse sejective layerisous
enbodi nents, the dense selective |ayer may be formed sinultaneously wth

t he por opamnsableas twdtayiarn is impaicaslaad svlatesnBhel poens syppohtdagenoepreect i ve

| ayer is subsequently formed on the porous support |ayer.

nanomaterials dispersed within a polymer matrix. The porous support layer may provide

mechanical strenigth to the nanocomposite membrane. Both the porous support layer and
the dense selective layer may be formed of the same polymer. Alternatively, th¢
polymer of the porous support layer and the dense selective layer is different.

[0036] In various embodiments, the mémbrane may include a smooth layer disposed

adjacent the dense selective layer and away from the porous support layer. The smooth



[0039] I n one enbodi ment, the nanoconposite nmenbranes may be used in forward
osnosi s processes. For exanple, the nanoconposite nenbranes may be used in
wast ewat ewotopa3sanat , seawat er desal i nation, food and plrerseeeuion@al
processing, or power generation via forward osnpbsi's processes. [0040] The
wat er perneate flux of the nanoconposite nmenbranes were found to be
dependent on the anobunt of nanomaterials used. Conpared with the forward
osnosi's HYRbMaNS Bisd; toapreventj or Heipmizg o embwne fpuling: Breamrichalsuigh they the
wat er perneate flux of the nanoconposite forward osnosis nenbranes was
achi evedsmodthhaysr casbe prighappedtasoindtplyendpyirandoper f or mance. WO

2011/ 133116PCT/ SG2011/ 000161 [0041]In order that the invention may be
readi |y (oude] st dadvaziads RHboliMty thE iepibra®f frgtalsdaichideWmint@ffeaiitdrent s

wi |l now be described by way of the followng non-limting exanples.

Exanpl es,y5opdakeh BRIRaLS scl&tive 18fer Nad @R0pmI88d bRy aNeke id:QRfkaltd t he

fol |l ow ng”Exanpl es, nenbranes prepared according to the invention were
tested i ' | ] it hout [ e rane
wns ¢ ost ByeTRAEE AL RS e s ANOIRN 5 Ge BTN Pl oD A1)

wat er as feed sol ution.  The fee ol ut,ion s.directe ai nst the dense

Sal Gt Py RO SRS EHS: e AEmaAs LoR e HhEe i oy Sl G (B Bofios SRR agar nst
the support layer. Baoth the feed and _draw sol uti ons were maintai ned at room
t enper at |aver, o different from any of the layer. The mateials for the intermediate layer can be

cellulose, polysulfone, polyethersulfone and polyacrylonitrile.

[0038] In various embodiments where the membrane include a dense selective layer
and a porous support layer, the dense selective layer may be formed and disposed on the
porous support layer by a method selected from the group consisting of phase inversion,
interfacial polymerization, spray coating, and dip coaﬁng. In various embodiments, the
densev selective layer may be formed simultaneously with the porous support layer. In
alternative embodiments, the dense selective layer is subsequently formed on the porous
support layer.

[0039] In one embodiment, the nanocomposite membranes may be used in forward
osmosis processes. For example, the nanocomposite membranes may be used in
wastewater treatment, seawater desalination, food and pharmaceutical processing, or
power generation via forwafd 0SmMOSis processes.

[0040] The water permeate flux of the nanocomposite membranes were found to be
dependent on the amdunt of nanomaterials used. Compared with the forward osmosis
membrane fabricated without nanomaterials, a breakthrough in the water permeate flux
of the nanocomposite forward osmosisr membranes was achieved, with almost ‘

unchanged solute rejection performance. -
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[0043] Resul ts of the solute rejection rate by the nanoconposite nenbranes
of the follow ng Exanples are shown in Table 1 below. Flat sheet Holl ow
fiber Al 246Q@4)12139A% 99% NaC 96% 96% PCT/SG2011/000161

[0041]  In order that the invention may be readily understood and put-into-practical ~~— -
effect, particular embodiments will now be described by way of the following non-

limiting examples.

Examples

Forward Osmosis Tests of Nanocomposite Membranes

[0042] In the following Examples, membranes prepared according to the invention
were tesfed in forward osmosis mode without hydraulic pressure. Each membrane was
tested in a crossflow mode with 1M Aly(SO,); as draw solution and DI water as feed
solution. The feed solution was directed against the dense selective layer of the
membranes and the draw solution was directed against the support layer. Both the feed
and draw solutions were maintained at room temperature 25 °C.

[0043] Results of the solute rejection rate by the nanocomposite membranes of the

following Examples are shown in Table 1 below.

Flat sheet ' HcA)llow fiber
Al(SO4); | 99% 99%
NaCl 96% 96%

Table 1: Solute Rejection Rate of Nanocomposite Forward Osmosis Membranes

Determination Of Water Permeate Flux And Solute Rejection

[0044] In the following Examples, water permeate flux is determined by measuring
the weight change of the draw solution over a selected time beridd. As water transports
across the membrane from the feed water into the draw solution, the weight of draw.
solution was increased. The solute concentration is determined by Inductively Coupled

Plasma Emission Spectrometer (ICP).
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Table 1: Solute Rejection Rate of Nanoconposite Forward Osnobsis Menbranes
Determ nation O Water Perneate Flux And Solute Rejection [0044]1n the
fol | owi ngwBxanpiseas wat er permeate flux is determ ned bpcrsasomnjooget he
wei ght change of the draw solution over a selected tinme period. As water
transports across the menmbrane fromthe feed water into the draw sol ution,
the wei ght of draw sol ution was increased. The sol ute concentration is
det er mi ndxample h;Elat Sheet, Nanacamposite Membmnes witholi€h NanotwhesDispersgd -  Exam
s le 1: FI at Sheet Nanocom osi t e- Menbranes with Ti 02Nanotubes-Dis s ersed
in Cellulose Matrix [0045] Ti O2 mn€ellwlosssMatrie f abricated as fol |l ows:
Commercial Ti Q2 (P25, degussa) powders were nixed with a 10M NaOH aqueous
sol uti on [6045agNEI0,Gafbtubés Weke fibitoatddiss followdi GonwasrcRl TaD, (P26 Odegussa)

Tefl on-lined stainless steel autoclave. The autoclave was heated to 160 C

from r ooy taEREHEE Hifed Witk aNoM RROHRjRbS fstic oy perfealindf, ende 1 nal Iy

cooled to room terrperature The obtained precipitates were fitstly washed

W th di Slﬂ&lu dé’ al%fled 46N, %%hﬁﬁgﬁgd slb? 18 lEth“@#S% e, 1t hlteh dli’ %\deHx%s

sol uti on, wWer e was rep ea er and
et hanol

nt s examned in th utian, . Aft r.as
treat menl'jl ‘ltB t%&%%%ﬁ@oﬂ PRERBE Hbgél \%L?Pén?lﬁlaﬁleﬁ 556(5!{ (éf?rzgzlﬁ]gm@g on
el ectron m crosco ¥ (TEM of TiQ2 nanotubes is shown in
[ 0046] Cofipay Fori afl) DIPQEL tEmAFERELeo hh %@Etauseéd>r¢%n>ltatt%ewarﬁefﬁatlsawa8wddm| at
sheet nanoconposite forward osnobsis menbranes. A sol ution conprising
cel | ul os éisablgg water,(they gbugedthg/piblo neggalgwith 9124 El(H\splugiont andtfinafly wErev %
acetone 66.7 w% water 10.0 wt % nagnesi um perchlorate 1.0 wt % and Ti Q2
nanot ubesvaglddgrep@ytedly 3vitit Hsstitled staterrand atlommbl nuBlLBO 1T Gras tewamitedsin thhe
sol ution was honogeni zed and put into an ultrasound bath for 30 mn to
renove aisluliom oA B Wedsotsd Gasthiefgfor T0ein} e Tids hangubal widrk @BtanRd. Thst ed on
a glass plate using a casting knife. The cast filmwas then i mersed in an

i ce wat e'lral?f%@s&ﬁ’ el%@t%ll Ri&odBBy PIESIS 08 ERF BhbRBes (FRBoWEHPFRN8S were

heat -t r eat ed Cin a hot water bath for 10 mn Then the menbranes
were i i 0.6 K h nd t hen
were dri @d‘ﬁ‘%ﬂ arﬁ;&égtrle(‘)%a%rtglg%%g‘%lsﬁ%%or‘%g{i/algo agdgllah &lg%{l%ﬁder t he

same for \ﬁlgrlo%o%%gg% Forwatd Eérﬁrc?sl‘st amemcb%]n%lst l&osno%ﬁtlon comprising cellulose acetate

(MW 30,000 g/mol, 39.8 wt% acethyl content) 22.0 wt%, acetone 66.7 wt%, water 10.0
wt%, magnesium perchlorate 1.0 wt% and TiO, nanotubes (Fig. 3) 0.3 wt% was stirred
continuously for two days. The solution was homogenized and put into an ultrasound
bath for 30 min to remove air bubbles before casting. Then the casting solution was
casted on a glass plate using a casting knife. The cast film was then immersed in an ice
water bath to complete the i)hase separation. The membranes were heat-treated at 80 °C
in a hot water bath for 10 min. Then the membranes were immersed in a 50 Wt%
glycerol water solution for another 24 h and then were dried in air at room temperature
for evaluation tests.

[0047] Under the same forward osmosis eXperimental conditions, the
nanocomi)osite membrane had a notably higher water flux than commercially available

HTI™ membrane (Fig. 6).
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nanoconposi te nmenbrane had a notably higher water flux than comrercially
avai l abl e HTI Tm nenbrane (Fig. 6). Examale 2: Flat-Sheet Nanocom a osite
Menbr aneswWinhy/iBs@sNano a articles Dispersed | n Cell ul opeTBR011%000161

[ 0048] Conventi onal phase inversion was used for the preparafion of

fl at-sheet nanoconposite forward osnosi s nenbranes. A solution conprising
cel lul ose acetate (MW 30,000 g/nol, 39.8 wt% acethyl content) 22.0 W%
acetone 66.7 wt% water 10.0 wt % nagnesium perchlorate 1.1 wt% and Ti Q2
nanoparti cl es (Degussa P25) 0.2 wt%was stl rred contl nuously for two days.
The sol ut i dixaBp 1 N annchmy ' ; itholi6 Now ieleS0 nmin to
renove air bubbl es before castl ng. Then the castl ng "sol uti on was casted on
a glass plate using a casti Disperiddeln CeltulossMatiik m was then i rmersed in an
ice water bath to conplete the phase separation. The nenbranes were

heat - tr eqg@d]at BGnventifna ﬁl@se We%oxba&zi% hiQid 4R e Npregdi@tibd BE fIRIRANES

\(/jveredl m"rersed in a 50 w%glycerol sol ut:on for another 24 h and then were
Fl |f FLQ@%?@@%&%E‘%&?%@%#%%@% 474 Pkt Eabipf KPR doette g |
Ce 004 d f

or epar at KT P-oPp&mehdb s ”“ﬁ’eﬁ&gm%ﬁ?ér% s R R T

corrprl sing cellul gse acetate (MW 30, 000 wt % acet h content)
%9{ Yo GRAGHE B RSNV é\ft%lwbwg?r P@Opﬁﬁ’ﬁkéépﬁ&\‘ﬁﬁeupgﬁmﬁa‘t’% 1.1 wt %

and Tetraethyl ortho silicate 0.9 wt% was stirred continuously for two

days. Thavasstied epntipuouslyrfoytve dexs. dhe splutionvas homagenized enth@ubiithafor 30

mn to renove air bubbles before casting. Then the casting solution was

cast ed onlteasghmak bathl far 80usiimdo acmeast iaivgbubbidsebefdteecastisg. Thémtheasastingn

imrersed in an ice water bath to conplete the phase separation. The

nenbr anegolkioe isadastedeat adglads SldteCudifg a Etingvknee. MBE leaftofilnd Gvasi then Then

t he nenbranes were imersed in a 50 wt% gl ycerol solution for another 24 h

and t henjefcesedih @f it wadef bath th QMBI REBRY sHalé Sepalltion. M hiéaltrAEstRge S-

heat-treated at 80 °C in a hot water bath for 10 min. Then the membranes were
immersed in a 50 wt% glycerol solution for another 24 h and then were dried in air at

room temperature for evaluation tests.

Example 3: Flat-Sheet Nanocomposite Membranes With Silica Nanoparticles

Dispersed In Cellulosé Matrix

[0049] Conventional phase inversion was used for the preparation of flat-sheet
nanocomposite membranes. An acetate solution comprising cellulose acetate (MW
30,000 g/mol, 39.8 wt% acethyl content) 22.0 wt%, acetone 66.0 wt%, water 10.0 parts,
magnesium perchlorate 1.1 wt% and Tetraethyl orthosilicate 0.9 wt% was stirred
 continuously for two .days. The solution was homogenized and put into an ultrasound
bath for 30 min to remove air bubbles before casting. Then the casting solution was
casted on a glass plate using a casting knife. The cast film was then immersed in en ice
water bath to complete the phase separation. The membranes were heat-treated at 80 °C

in a hot water bath for 10 min. Then the membranes were immersed in a 50 wt%
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Exanpl e 4: Nanoconposite Menbranes In The Form O Hol | ow Fi ber

[ 0050] Spi nni ng of the hollowfiber nmenbrane was based on the dry-wet

t echni quewoAohioi®genous spi nni ng sol uti on was prepared sanmsGasiiion@ilfor the
fl at-sheet nmenbrane. Afterward, the dope was extruded through a hol | ow
fiber spinneret. Both the core liquid and the external coagul ant were pure
wat er, and the external coagul ant tenperature was controlled at 80 C. The
air gap &hicenel selutipe feri anoflies 24vte angd dient Wererdrigdon aphpthivemetemmemtegdos ur f ace
of external coagulant was kept 20 cm After coagulation in iced water, the
resul ti ngvdiedtioovtests.ber was wound up with a take-up roller and rinsed with
water to renove residual solvents. Then the fibers were annealed in a hot
water bath at 80 C. Finally, the fibers were inmersed in a 50 wt % gl ycero

sol ution for E’sﬂﬁﬁﬁ?ﬁ: Mnhc&ﬂ@oéi&%e%ﬁné&rﬂnephé Fordh Ol oGP FiBegTPEr at ur e
for evaluation tests. ITe the Tnventron has been particularly shown
and desc{0a56y wi Spintief ef thedellbw-Hipe mdntraenbadbasedibs thd dryswettbchnliyue.
understood by those skilled in the art that various changes in form and

detai | nay Hatogefust _E\;ﬂhﬁihg valbther twabe pedpatddd shihe Mg HgatS pirr tHe Masieeppe of
the invention as defined by the appended clains. The scope of the invention

is thus pndicaied ayviiemans @Fge)&hﬁegﬁtnﬁgghcflh&u&b%e@ MU & BGANEe Wi t hi n

t he meani ng and range of equlvalency o alns are therefore intended

to e embachiia o hlenchin ATBINACHEL: BLERALENCHE AASGONROSIARIPrET ane.
pr g a nanoconpo site sofu po

conpri si Ng: ovidin C _ ion conprising ymer
sol ution,and nanomaterials: (b), | ectin he nanoconposjte solution to a
col 0 wat EPTSEAe R OALE #480 PG bAeC b B80 PR ahaBERAE BEGER FAd T or
and (c) subjecting the gel nanoconposite nenbrane to a heat treatnent to

sol i di fyof sRinnEetced he s¥rface of shierNd cosgniant s ket HheBndfler soagulatipr in

di spersed within the polyner matri x of the nanoconposite nenbrane. 2. The
met hod ofced|vedten the resulting hollow fiber was wound up with a take-up roller and rinsed

with water to remove residual solvents. Then the fibers were annealed in a hot water
bath at 80 °C. Finally, the fibers were immersed in a 50 wt% glycerol solution for
another 24 h and then were dried in air at room temperature for evaluation tests.

[0051] While the invention has been particularly shown and deécribed with
reference to specific embodiments, it should be understood by those skilled in the art
that various changes in form and detail may be made therein without departing from the
spirit and scope of thé invention as deﬁﬁed by the appended claims. The scope of the
invention is thus indicated by the appended claims and all changes which come within
the meaning and range of equivalency of the claims are therefore intended to be

embraced.
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wherein the nanomaterials are selected fromthe group consisting of
nanoparti cl es, nanofi bers, nanow res, nanotubes, and nanospheres. 3. The
met hod ofwol2aimsiier 2, wherein the nanomaterials are i porgania/ooeierial s.
4. The nethod of claim 3, wherein’'the nanomaterials are selected fromthe
group consisting of titanium silicon, alumnium zirconium indium tin,
magnesi um cal cium oxide thereof, and alloy thereof 5.The nethod of claim
1 or 2, &Hamsin the nanomaterials are mesoporous materials. -6. - The
met hod of claimb5, wherein the nanonmaterials are selected fromthe group
consi sti g ofA mbthod nbpieparieg Enamicomposfehngapdaat,esompndingeol i te. 7. The
nmethod of claim1 or 2, wherein the nanomaterials are organic materials. 8.
The met hod ofa)cl pio¥iding a nanocomposite solution comprising a polymer solution and
nanomaterials;
(b) subjecting the nanocomposite solution to a cold water bath to produce the
nanocomposite membrane in a gel-like form; and
(c) subjecting the gel nanocomposite membrane to a heat treatment to solidify
the nanocomposite membrane, wherein the nanomaterials are dispersed

within the polymer matrix of the nanocomposite membrane.

2. The method of claim 1,
wherein the nanomaterials are selected from the group consisting of nanoparticles,

nanofibers, nanowires, nanotubes, and nanospheres.

3.  The method of clairh 1or2,

wherein the nanomaterials are inorganic materials. -

4.  The method of claim 3,
wherein the nanomaterials are selected from the group consisting of titanium,
silicon, aluminium, zirconium, indium, tin, magnesium, calcium, oxide thereof,

and alloy thereof.

5.  The method of claim 1 or 2,

wherein the nanomaterials are mesoporous materials.
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wherein the nanomaterials are selected fromthe group consisting of
dendriners, graphite, graphene, carbon nanotube, and fullerene. 9. The

met hod ohvenynmmeuef the preceding clains, wherein the peamscatai@ks are
present in the polyner matrix in the range of about O. 1 w%to about 20 wt%
(based on total weight of the polynmer matrix). 10. The nethod of any one of
t he preceding_ clains, mhereln the nanonmaterials are in the size from about
1 nmto boul qn@ﬁ@dﬁﬁﬁaym »The method of any one of the preceding clains,
wherein the polynmer of the polyner solution is a natural polyner. 12. The
met hod of cl wihetein , theh evappmateriels pary negledted sibmctthd faramp t ¢nasigtingipof

consi sting of cellul ose-based polyners including cellul ose acetate,

cel | ul ose tr alaoshasileates elumihgshepsphateatusd poodips. onat e, cel | ul ose butyrate,

cel lul ose acetate propionate, cellulose diacetate, cellulose dibutyrate,
cellulose tributyrate, hydroxypropyL cellul ose, nitrocellul ose. 13. The

nmet hod of any one of clains 1 to 10, wherein the pol yner. of the pol yner

solutiongi s gn&yfiatdrciamalyarey, -

wherein the nanomaterials are organic materials.

8.  The method of claim 7,
wherein the nanomaterials are selected from the group consisting of dendrimers,

graphite, graphene, carbon nanotube, and fullerene.

9.  The method of any one of the preceding claims,
wherein the nanomaterials are present in the polymer matrix in the range of about

0.1 wt% to about 20 wt% (based on total weight of the polymer matrix).

10. The method of any one of the preceding claims,

wherein the nanomaterials are in the size from about 1 nm to about 1,000 nm.

11. The method of any one of the preceding claims,

wherein the polymer of the polymer solution is a natural polymer.

12. The method of claim 11,
wherein the polymer is selected from the group consisting of cellulose-based
poljrmers including cellulose acetate, cellulose triacetate, cellulose acetate

proprianate, cellulose butyrate, cellulose acetate propionate, cellulose diacetate,
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14. The method of claim 13, wherein the polyner is selected fromthe group
consi sting of polyam de, polybenzi m dazole, polyethersul fone, polysulfone,
pol yvi nylwel26niabiispol yvi nyl pyrrol e, polyvinyl pyrroligersczealoyeshy! ene
gl ycol, saponified polyethyl ene-vinyl acetate copol yner, triethyl ene

gl ycol, and diethylene glycol. 15. The nethod of any one of the preceding
clains, wherein prior to (b), the nanoconposite solution is cast on a plate
to form a castlllpden dibatyratee celulosel  dfibutymateyridrydfoxypripyt ~teliwoses andher ei n
prior to (b), the nanoconposite solution is extruded through a hollow fiber
spi nner et . 1hitrothkulost hod of any one of the preceding clains, further
conpri si ng honogeni zi ng the nanoconposite solution prior to (b). 18. The
met hod of claim 17, wherein honogeni zing conprises stirring the
nanoconposi te- solution -until a-honbgeni zed nanoconposite solution is

obt ai ned.;319 1[Gt J1Aly She 6F Blaifhslt to?f0, 18

wherein the polymer of the polymer solution is a synthetic polymer.

14. The method of claim 13,
wherein the polymer is selected from the group consisting of polyamide,
polybenzimidazole, polyethersulfone, polysulfone, polyvinyl alcohol, polyvinyl
pyrrole, polyvinyl pyrrolidone, polyethylene glycol, saponified polyethylene-vinyl

acetate copolymer, triethylene glycol, and diethylene glycol.
15. The method of any one of the preceding claims,
wherein prior to (b), the nanocomposite solution is cast on a plate to form a cast
film.
16. The method of any one of claims 1 to 14,
wherein prior to (b), the nanocomposite solution. is extruded through a hollow

fiber spinneret.

17. The method of any one of the preceding claims,

further comprising homogenizing the nanocomposite solution prior to (b).

18. The. method of claim 17,
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further conprising subjecting the honogeni zed nanoconposite solution in an
ul trasound bath to renove air bubbles prior to (c). 20. The nethod of any
one of thsopoeesaieg cl ai ns, wherein the cold water batrcToopeiimesican i ce
wat er bath. 21. The nmethod of any one of the preceding clainms, wherein the
heat treatnment conprises a hot water bath. 22. The nethod of claim 21,
wherein the heat treatnent conprises a hot water bath fromabout 60 Cto
about 100 C. wh@einThempgertizidg cfongirisesnsA@ingnitier eampcompositeasolutiemtungihta
conprises a hot water bath at about 80 C. 24. A nanoconposite nenbrane
prepared by komegenidd abnaoynposiee @iutidnak Bbtaineddo 23, conprising a porous
support layer forned of: a matrix of the polynmer conprised in the polyner
solution; and nanomaterials dispersed within the polyner matrix. 25. The
menbrane of claim 24, further conprising a dense sel ective |ayer disposed

adj acent 1§ heTpoL S SERRAL 17l0RY8r» Wherein the dense selective layer is
made of a'poFyner. ’

further comprising subjecting the homogenized nanocomposite solution in an

ultrasound bath to remove air bubbles prior to (c).

20. The method of any one of the preceding claims,

wherein the cold water bath comprises an ice water bath.

21. The method of any one of the preceding claims,

wherein the heat treatment comprises a hot water bath.

22. The method of claim 21,
wherein the heat treatment comprises a hot water bath from about 60 °C to about

100 °C.

23. The method of claim 22,

wherein the heat treatment corriprises a hot water bath at about 80 °C.

24. A nanocomposite membrane prepared by a method of any one of claims 1 to 23,
comprising a porous support layer formed of:
- a matrix of the polymer comprised in the polymer solution; and

—  nanomaterials dispersed within the polymer matrix.
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26. The nenbrane of claim 25, further conprising a snooth | ayer di sposed
adj acent the dense selective |ayer and away fromthe porous support | ayer.
27. The mpohwamssnabt any one of clains 24 to 26, further pcomonrigiongean

i nternmedi ate | ayer between the dense selective |ayer and the porous support
| ayer, wherein the internediate |layer is made of a polyner. 28. The
menbrane of any one of clains 24 to 27, wherein the dense sel ective |ayer

i s formeds.si ¢ mgmboans|of cleimi24t he porous support |ayer. 29. The nenbrane of
any one of clains 24 to 27, wherein the dense selective layer is forned
separ at el y f fusthet bemprisiog s dempp oelectivaylayer dfpostdadjreertsrthe pomius chippart 29,
wherein the dense selective layer is fornmed and di sposed on the porous

support | ayelayby wheftit tHeWeh&) REdcBd fahons nile @Fapplyairsi sti ng of phase
inversion, interfacial polynerization, spray coating, and dip coating. 31.

- The nmenbrane of any one of clainms 24 to 30, wherein each of the polyners
of the dense selective |layer, the internediate |ayer, and the porous

support hayeqy | § et ot daim 25,
further comprising a smooth layer disposed adjacent the dense selective layer and

away from the porous support layer.

27. The membrane of any one of claims 24 to 26,
further comprising an intermediate layér between the dense selective layer and the

porous support layer, wherein the intermediate layer is made of a polymer.

28. The membrane of any one of claims 24 to 27,
wherein the dense selective layer is formed simultaneously with the porous

support layer.

29. The membrane of ahy one of claims 24 to 27,
wherein the dense selective layer is formed separately from the porous support

layer.

30. The membrane bf claim 29,
wherein the dense selective layer is formed and disposed on the porous' support
layer by a method selected from the group consisting of phase inversion,

interfacial polymerization, spréy coating, and dip coating.
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32. The nenbrane of any one of clains 24 to 31, wherein the nmenbrane is in
flat sheet form 33. The nenbrane of any one of clains 24 to 31, wherein

t he menbrwoeoisizBnehol l ow fiber form 34. Use of a nenbramscabéiianyieone of
clainms 24 to 33°in a forward osnosis process. 35. Use of claim 34, wherein
the menbrane is used in wastewater treatnent, seawater desalination, food
and pharnmaceutical processing, or power generatlon 36. A nanoconposite
marrbrane%or‘rﬁhi’:men@ranea)f@émgéeQétlémﬂ/’eml?é)yer wherein the dense sel ective
| ayer is perneable to water but is essentially inpernmeable to solutes; and
a porous supphetein egobraf thdrpolgihrerd dfethp demsessekafipotayet, abemte:mremateslayer ‘
nanomateri als di spersed within a polynmer matri x.

and the porous support layer is different.

32. The membrane of any one of claims 24 to 31,

wherein the membrane is in flat sheet form.

33. The membrane of any one of claims 24 to 31,

wherein the membrane is in hollow fiber form.
34. Use of a membrane of any one of claims 24 to 33 in a forward osmosis process.

35. Use of claim 34, wherein the membrane is used in wastewater treatment, seawater

desalination, food and pharmaceutical processing, or power generation.

36. A nanocomposite membrane comprising:
- a dense selective layer, wherein the dense selectivevl_ayer is pernieable to
water but is essentially impermeable to solutes; and
- a porous support layér, wherein the porous support layer comprises

nanomaterials dispersed within a polymer matrix.
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