METHOD OF PREPARI NG A NANOCOWPCSI TE MEMBRANE AND NANOCOWPCOSI TE
MEMBRANES PREPARED THEREOF Cr oss-Reference to Rel ated Application

[ 00011Thi on clains the benefit of priority |

St at es PI’?\I/I g‘fiyrllﬁ?{dAppl i cation No. 61/326,896, filed ngx}g?%l?@%&%{
the contents of which being hereby incorporated by reference it its
entirety for all purposes. Technical Field [0002] The invention

rel ates to aMIETHOD OF BREDARING A NANQCOMBOSIEE MEMBRANEAND- - -
menbrane for forward osnobsis applications in wastewater treatnent,
seawat er desal i NNANOCOMROSHREMEMBRANES PREPARED 3EERBOFand power
generation. Background [ 0003] Forward osnosis (FO process nakes use
of the natural osnosis phenonenon for the transport of water froma
| ow sol ute concentration feed solution to a high solute
concenti-ation draw sol uCiRs RRErofc to Rebiit@AppHadtion NMenbrane, with
the osnotic pressure difference between the feed and.the draw

sol ution [%001]”9 This LBLEHKbY iclifind BleCifoneff $pridrite ot @nfted Rades! Broli¥ional
perneates into the draw sol ution wthout external energy input, the

di luted d§akca@bdiNbOB1/82d396N@ieddR2 MPRY SHRA HObork&@MS6f Which MRingRereh
process while high quality water product ¢an be produced. [080 4] The

FO procesgefiisated 65 Mtb¥n& 1P R el & oA RiAfdsBL. TOr wast evat er reuse

and

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
rforce. After the water nafurally 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 wat-er product can be produced.
[0004] The FO process has r'ecently shown great potential for wastewater reuse and
seawater desalination. It has various a(_lvéntages over current membrane technology,
especia]ly- 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

menbr ane technol ogy, especially the reverse osnosis (RO process.
These advaphaggasdic! ude a | ower energy consunption neggedch@h s
osnosi s ‘process and a | ower fouling potential of the 'nmenbrane. One
of the- nost inportant challenges- in- utilizing the FO process for
practical applications is the |ack of such suitable nenbrane. \Water

per neat e foembranbt @naed thetrhost timpenint Fdbaltarges dmantilivingsthal Y prosesy férham

expected. The' |l ow perneate flux attributes to the severe internal
concentr apracticap @pglicadéisi BNthé 1168R) of bhehC buitBRUMEMBEANENWARE fReheAts flux
support |ayer of the nenbrane. [0005]Due to the limtati.ons posed by

the sever gothicll &ith@Gfre FO\RRbrane iy BuhRy fdwibr thBlexpbttéd The 16 Pertbate
osnosi s nenbranes, new forward osnosi s nmenbranes with superior water

per meat e fihlXitriheksih €2 sS@drélifterh c%?één&ﬂnté{rﬂ%gar%aﬁmﬁ BEPY Bifect SHIEY/in

[ 0006] Vari ous enbodi nents provide for s of preparing

nanoco i 1 s that contain dispersed
MPOgk &o%?ﬂg?ﬁﬁﬁgp%ﬁ]@ﬁ%mﬂa . p

nanonat eri al's ynmer matrix for forward osnosis
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food and rmaceuti cal processing, power generation, and

Wth the adibian ARl hak Sl RELS Shatkd Mokl SnBRLYRE! with
matri x of {he porous supporti layer of’the nenbranés, significant
increase of water perneate flux.i.s hi eved, while high solute

ref ecti orPEIE e et s e TRy a5 8eedvi ng no added
nanomat eri als. [0007] Vari ous enbodi nents provide for a nethod of
prepari ng a nanoconposite nmenbrane. The net hod may include: -

Sumlhal_'x

[0006] Various embodiments provide for methods of preparing nanocomposite
semipermeable membranes that contain dispersed ﬂanomaterials 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 porou-s support
layer of the membranes, significant increase of water permeate flux is achieved, while
high solute rejection rate is maintained, compared to membranes having n;) added
nanomaterials.
[0007] Various embodiments pfovide for a method of preparing a nanocomposite
membrane. The method may incl{xde:

(a) providing a nanocomposite sofution 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 polynmer solution
and nanomaterials; (b) subjecting the nanoconposite solution to a
col d wat erydajiividsqigor oduce t he nanoconposite nenbrane ipgrRco@h0d01keE
form and (c) subjecting the gel nanoconposite nenbrane to a- heat
-treatnment to-solidify. the nanoconposite nenbrane, wherein the
nanomaterial s are dispersed within the polynmer matrix of the L
nanoconposi t lChe FHeHBE thoee SryegomMpQsit o fe- 8 heatgigaent do-salidify - -
nanoconposi te nmenbrane which may include: a dense selective |ayer,
wher ei n t he densdhe @reecompesiteanembrane athareiib|the nanomatatalshare dispersed

| npermeabl e to solutes; and a porous support |ayer, wherein the

por ous support | awithin themolyinsee matrinafithe sanoadrapadite pembeshewt t hin a

pol ymer .matrix. Brief Description of the Drawings [0009]in the

dr awi ngs, [000§je r Shaownembaliaeds peyvidegfon er @nbyommisite niembrdne whick npyr t s
t hroughout the different views. The drawi ngs are not necessarily
drawn to iaclalle, enphasis instead generally being placed upon
illustrating the principles of vari-ous enbodinments. In the foll ow ng

description, variodnseediveRies, Wheréifiehé auaBlseRBIA Ry&Ss Peirh@BlaMot h
reference to the follow ng drawings. [0010]Fig. 1 shows a schematic

di agram of the cagddribat RiBp&HRabIOko DEBRRKNY a fl at
—  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 characters. generally refer to the same parts
throughout the diffgrent 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 folldwing drawings.

[0010] Fig. 1 shows a schematic diagram 6f the casting process for prepaﬂng a flat
sheet membrane.

[0011] Fig. 2 shows a échemaﬁc diagram 6f the spinning process for preparing a
hollow fiber membrane.

[0012] Fig.3 shov.vs 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]A ‘ Fig. 5 shows the cross-sectional view of a hollow fiber nanocomposite

forward osmosis membrane.



sheet nmenbrane. . [0011]Fig. 2 shows a schematic diagram of the
spi nning process for preparing a hollow fiber nenbrane. [0012]Fig. 3

shows t he widebd193311¢2 nanot ubes prepared in the Exanpl egr/sEoH18ddré0-
4 shows the cross-sectional view of a flat sheet nanoconposite

forward osnpsis nmenbrane. [0014]Fig. 5 shows the cross- sectlonal Vi ew
of a hollow fiber_ nanoconposite forward osnosi s nmenbr ane.
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-flux conparisons of-different flat sheet- - forward osnosis
nmenbr anestorward pamgss sreepranes dhHEY denotesfaopammercigh frsward gsmobis aembiangm
Hydration Technol ogies Inc.; CA denotes a cellul ose acetate forward
osnosi s niemrAydratmne beshedlogies Mot CAadentaser icellwose acetate forward osmosis
Nanoconposi te-Cel | ul ose acetate denotes a nanoconposite forward
osnosi s meabane pepapdmetiovt riahomateRal sidoiondreposite-Cellulose acetate denotes a
nanocom_pdsite 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
sﬁ‘uctural, 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 lréjects solute molecules or ions. The semipermeable membrane

filters the impurities from a water source (feed solution) which is suspected to contain

ixﬁpurities, leaving purified water on the t-)ther 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
hol | ow fi ber forward osnosis nenbranes. Description [0017] The

fol |l owi ng vd@h.ﬁll,{lgdlﬁdescrl ption refers to the acconpanyipgg/seb@Wodas
that show, by way of illustration, specific details and enbodi nent's
in which the invention may be practlsed These enbodi nents are
described in, sufficient deta|I to enabl e those skllled in the art to
pract i se PHYNENhe HmpERtiesovasbed ayigydrora the meambrae-15t 415 salledapgect™or - - —-
structural , |ogical, and electrical changes may be made wi thout
departlngbﬂﬂ®n1the scope of the invention. The various enbodi nents
are not necessarily mutually exclusive, as sone enbodi nents can be
conbi ned 019 onHarmusmﬁ)edmmésroféh@Ummtmntmakemsﬁ@tf en foresier o osmuasisnE 0Y) s .

[ 0018] Gsnpsis is defined as the net novenent of water across a

sel ect i vaehgmipensdaiklopedrasrir alternalivie nasmtyyneatechnivfogy dhc wastew demmodaiment
pressure across the nenbrane. A selectively perneabl e nmenbrane (or
seni per nehilte theelotr ey raqlienenpass agelt of lavabeno hpdrewlid @sssufeUpplied,
rejects solute nolecules or ions. The semi perneabl e nenbrane filters
the i npurkigh Rectib BT 8 wilkd RIge oficsiRankihats mallow inembrdy BhlidSpRYeRfgt ed
to contain inpurities, leaving purified water on the other side

(per meat exofipdRl t8fprdshee AHIE ARAbLERAL RSLHRE NS 8s WelleB-osTBEs | '(K99' rpgyi es
| eft on the nmenbrane may be washed away by a portion of the feed

sol ution grhats 4e&S tHeObsiRARS p¥é§§1ﬁ?é‘ giifféﬁéﬁuﬂeﬁﬁ’és@”ﬁm fﬂéﬁbfa‘ﬁ@d radr Ui N
-carrying the -|npur|t|es washed away- fromthe nmenbrane--is al so

cal l'ed " ngiRalic pre%re tlﬂ'ﬁ'eﬂsﬁtlal (Eipﬁllgd)\é%de%@% LHROGNRD ¥otcdfor Egt?sgort of

i nventi on make use of forward osnosi s menbr ane deve oped as an
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| ow energy requirenent as a resul w or no hy |c pressure
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menbr ane ng propensity” conpare o pres ure-driven nenbrane

processe o ?0«0 h? 1%0953 ﬁké’% tfrggggtural:% %ﬁ?e@'ﬁ%ﬂlﬂg&h ﬁﬁ:hos t' ¢

pressure erenti oss rane raul’t
d f t f.
tr anspor (0P RTEr hirgton oﬁé‘?‘?‘?ﬁm&wo@fﬂgﬁ% t“‘zﬁq%‘ﬁ?-‘tsnsr ohdsy " GO
trati f he feed s ti
concent 1 Sttt ShnsubEpaatls himHeRY 5 ﬁ%ts ai BB et Hvcka g o

wor ds, the progcess. uti t he 0sSnDsS hen whi ch
mkes uséoB %ﬁl&cﬁﬁww% eﬁ?@c@ oShrse bl Pagt SR i P
across a sen perneapl e nbran The se menbrane acts, as a
el oot e SRRy SO O: ik Tarih T DEAEIEHE sgoqrweofst
efficiency of. freshwater trans tation in the FO process.

concent r SHEBEIPIES L 1o KO BFPCEH. DHES erER RS e Ypedeinghe llf?éa“ﬂreﬁwaﬁ%tm%
the source of the driving faorce in _the FO process. Different terns
are used sPiytipmincluding diaw rselupe;n St AZERt 05 OHNPUMMEHE |t B7AE OBy Afew.
solution, osnotic agent, or osnmotic nedia to nane only a few In a FO
process tha F&} BrRcessfhn draw spision hpg g higherorsmotic prespurs dhandhe faed seluBoR eed
solution (or reject or brine). [0020] Vari ous enbodi ments provide for
a nmet hod (errejsetap Srinelg a nanoconposi te ,

~ [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 membrénes 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 rejectfng solutes in the. wastewaste -



menbrane. The nethod nmay be a phase inversion type for preparing
asynmmetri ¢ nanoconposite nenbranes. The nmenbranes may be

pol ymer - baggdy 1 /issitdher. the menmbranes may have a denseP%ES%ﬁ&hMﬁnm
| ayer di sposed adj acent a porous support |ayer whereby the dense
sel ectively layer is used for rejecting solutes in the wastewaste
stream for exanple, and the porous support layer is used for

provi di ngstresme et exsaple, -and_the peroue isgprert Byerhis usedriferaprovidi@o@edhiahizal
met hod may i ncl ude providing a nanoconposite solution conprising a
pol yner sgtengihdo thermdembmserat eri al s. The pol yner solution is first
prepared in a suitable solvent or systemof solvents. Suitable

sol vent 0f0021]st eMheinctiaidwant mclude lpudlédifg b vané@niphsite @iionl aippisimgw t h
t he pol yner so that a honbgeneous solution nay be formed thereafter.

I n one enpghardlutionhad aysinemerls. ThE ¥Elnsr SMtidnE kiwdprebbxemixhxbul?ahle
pyrrolidone, Dinethylformam de, acetone and water (see Exanples

bel ow) . [$D2a1 b syt 0F Sol @eHO HuktErlE §0]vEt’ﬁQarF§?§t¥rﬁfo s@fveﬁt@%cﬂﬁ’de\’ments

solution is a natural polynmer. Exanples of the natural polyner

i nclude cghd a&leqﬁ@mlaﬁs\%ﬁhnﬂé pOBer §Hqﬁht6§h&ﬁbéeﬂka1%esoﬁﬁﬁh%§y b€ §bintda0se

triacetate, cellulose aceta e proprianate, cellulose butyrate,
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di but yr at e, ose tributyrate, r oxXypr opy ose
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.4
D.

sol ution i’s ce??éF%se ﬁ%r odr ment's, the
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may be nangparticle nanof i ber nanQw r es not ubes, or
na%osphercggglof% %ﬁ@?eerﬁfi%???éﬁt celjyiosen ﬁﬁ’(ﬁﬁtﬁfteer‘fe B S%r‘g‘gm upgllose,
anot her etﬁEOd' ne the na terials are n noparticl es. [00251

vari ous ‘HHT"FFB NArOXSREPDY rﬁ? % i ads mé‘i"é"e YesegdRi enemspbpdimest, the

polymer in the polymer solution is cellulose acetate.

[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 alcoﬁol, 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, nanowire;s, 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,
alum nium WO 2011/ 133116PCT/ SG2011/ 000161 zirconium indium tin,

magnesi Umye& al1§43s8¢ | ncl udi ng t he-respective-oxi de t hepe@fscafiduist -
all oy thereof. In one enbodinent, the nanomaterials may be titanium

oxi de nanotubes-or nanoparticles. In another enbodi nent, the
nanomaterials may be tetraethyl orthosilicate. [0026]1n various
enbodi rengisconiuns W i cnagapsiumpsal demninelogios dugsrespactysemide thereofand -~
Exanpl esof suitabl enesoporousnateri al si ncl udeal um nosi licate,
al um nophalpypthereef, Imnne zmbodiment, [l@0RAIatesials nwyDedithnguinmxidesnanpfubes
nanomaterials may be organic materials. Exanples of suitable organic
mat er i al sor nehometiodesndni aeotber gmhpdhinteat, theaphenaterizdy boay rben odtnabihyl
and fifflerene. [0028]1n various enbodi nents, the nanomaterials are
present i orthid3dicpe) ynmer matrix in the range of about 0.1 wt%to about
20 W % (based on total weight of the polyner matrix).
[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 may 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 evaporate

volatile components of the solvent. The volatile components may be vaporized at room

temperature.



[0029] I n various enbodi nents, the nanomaterials are in the size from
about 1 nmto about 1,000 nm [0030] The nethod may further include
honngenizwﬂgﬂhmgg@ﬁﬁoconposite solution. In various enpegjsaBitBsoiréine
nanoconposite sol ution may ‘be stirred continuously until a
honogeni zed nanoconposite solution is obtained. The stirring nay be
carried out via a nechanical “stirrer or nmagnetic stirrer, for

exanpl e. [0832ari 3he nestendamaz atss inelnde-sebjscting ghe-Boraegenized eengcompasitee - - -

t han one day. In one enbodinment,-the stirring is continued for about
two days. sq@@®ifpl s c@érWﬁmb@m@rmm ¢he ndnecahpasite eeknibwanegiont zeldike
nanoconposite solution may be subjected to an ultrasound bath to
renove ai forioubld method mamfunter inclwde apgjeding thopgad nadeomnpogpiementisand totahe
solvent. The volatile conponents may be vaporized at room

t enper at ulieat treatin@ft3a kolidify- thé aaretinpekiteayensbrame, wiheeby te nagolbpterils ag

t he- honogeni zed nanoconposite - - solution to a cold water bath to
produce t digpefstd MEMIPDS pbgmide Hatri thenaho@hpdsitk efnbfaie. The net hod may
further include subjecting the gel -nanoconposite nmenbrane to a heat

t r eat ment [p083jSO! tfliviryoush@nbBbARRGRRDSH bBtalBiE E@%mdﬁéﬁiz&bhaﬁdwmposue
nanonaterlals are dispersed within the pol ymer matrix of the

nanoconpoginfinERibiRRee dubfeddld ﬂlevl?cﬁhdﬁéﬁngm%&ﬁl?ﬁﬁte Sttt 8P4 bR N9

t he honogeni zed nanoconposite solution and prio 0 subjecting the

honogeni zgg NGO GRIRARb LaiA |ontldcgﬂlpBQteasoﬁR ofl RIS caQtatgr{"a gfalﬂ;'eto form a

honogeni zed nandconposite sol ution may be cast on a plate to forma
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for preparing nanoconposi nmbr anes n castli ng

| nver si Osr}aoalhﬁ%oﬁga%?lté Q{xerhlﬁ}‘iné%r Sg%ﬁ&foﬂn 1{1;' @i}asg NEGLsITR R ﬁ Sfor! fhe! NE

pol ymer n cas nprising ynmers and

mat i) (WO R g h%%%%f%%? P Rakeriy iy Bl B
3?2?2%2?”“5%39%%0 R IR} SR O 2 BT R aB ) e ne

e st orPOOFRG e s Ere: oot EBG i dinoPRichomen
o BB AR L B B R ISR
oG2Sy SR RsEEd Y31 < Bk TR GGR 5
T e i T s WA S o SREr S o

dry-wet splnnlng In the dry-wet spinning process, the polyner
solutlon nme as that used for preparing the flat sheet nenbranes)
flows through the ring nozzle of the spinneret while a bore fluid
flowed t HP@'&jh t Wealterpgtive embedigents,tadtes phtainmedhe homegenizpd panygewpesite

t hrough a controll ed
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 e)‘{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 solutio.n (same as that used for preparing the flat
sheet mefnbranes) flows through the ring nozzle of the spinnergt while a bore fluid

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



environnment- air gap- before- entering-the cold water bath (or

coagul ation-bath).-The hollow fiber filanment then passes through a
seri es of wobdi®fissiier the coagul ation bath. Foll ow ng t hatschéirkdighen
passed t hrough a washing bath. The fully fornmed hollow fiber i's then
continuously collected on a wind up drum Prior to evaluation test,
the nenbranes are subjected to a pretreatnent process to _reduce pore

si ze of tHWIRRIAEH AR gap before,entpring-theatald wates aghe éar, caaplatienyhathlydkhear ¢

imersed in a water bath at roomtenperature and the water bath w-th
t he menbriollew fiberifilament thempesses shrmggtaesﬂrires ofrolidss énthet eonpdatiomubath.t o
about 60 to 100 C range in about 20 to 30 minutes. The final

t enper at uFadloivgngctpt, itae teh passed troughouwashinghathutThs, fulhformed bolldvafiber
together with the nmenbranes are then cooled drastically to below 60 C
by pour i ng thealcdntivatoasly dollextkil on a wind uphieurhaRror toevilvedaratedt hbe mewmbiaasse
structure. The nenbranes are then ready to undergo sol vent exchange

t 0 prevendre sithenal fo o Prarbi@ps hiogesslus irednce \padeUsitd 6N tHeamémbraiddOB5hen
vari ous enbodi nents, the nanoconposite nenbrane prepared thereof by

t he abovepréteatidnbpidcdts Ol iindd RredmRFsedl fn SWRRHath At 2063 tefbrature and
provi di ng nmechani cal strength to subsequent |ayers di sposed thereon.

I'n vari ouge QERPBARBhThe BADRAARAE RO Slal @Y BERELRSM TbichNEnpa8tft to
porous support layer and a dense selective |layer. The dense sel ective

layer is ghsrRsedofel /el in 4b06 730 SniHPP The ihad ¥Ghperalite isI&PE&nstant
selective layer is perneable to water but is I nperrneable to solutes.
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pol ymer matrix. The porous support | ayer may provide nechani ca

trength : i i t .
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nmb i ncl . ; | i dj t the d

el cot 1 v Lt G bR s CE S tpport | ayer.  The. smoot h

| ayer may.- - used- .to prevent, K o nininize.nenb%ane- fou 'n%:-T-he-
Vori ar gl | B b RpRhsChn SRR T Ry aEe PR igrtor by e

g§|§5:ﬁy|' rroli one.9%8037v%n variousggézgdﬁgents . the nenbyane may

B1's6. i nel e SERerORY Biodio Ay ehel SRR SFEPRRSCRYY e RIEAUE SEC AL T Hh or

and the porous support | ayer, The internmediate |.ayer y be a polymer
which is® rf’é}g%‘r‘f’épg%y" Shé'sllo/"é?% dheggone iV\?E"‘FSaf/‘é‘g?é’F%Etss NAPQCRTH sitd
porous support l|ayer, the sane as both the, dense sel ectjve | ayer and
t he por oUB“RYIBHOIRY [FUIC 2 BRToRs wa%ﬁw AR P dRgseoelecte Haa‘greifﬁe frnse
mateials for the internedjate | ayer. can be cellul ose, polysulfone,

pol yet herslgrtisiayes iodigrassdadisrensiine porpes supperslayem Thea dense seleshinie yeidht s
where the nenbrane include a dense selective |ayer and a porous,
support [Pgyesable thevaiemae isEmesneaple 1o5pBKesnAle Parops Fyapart d#xer pmpssed
on the porous support |ayer by a nethod selected fromthe group
consi st | mgneaterials dispeysedrwithima pplymer masixalTheperpnesippert layer, mayprayide
coating, and dip coating. In various enbodi.nents, the dense selective
| ayer maymgsbarfieal seehiath imthe naneovrspasiteitembring. Beth duspaseyspopport layesand | n
alternative enbodi ments, the dense selective |ayer is subsequently

f or med orth¢ ldenssosetastive Ugsomayl by dormed of the same polymer. Altematively, the

polymer of the porous support layer and the dense selective layer is different.
[0036] In various embodiments, the membrane 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 nmay be used in
forward osnpsi s processes. For exanpl e, the nanoconposite menbranes
may be usefpbfiMmsicevwat er treatment, seawater desalinapic@Rc2di19shiand
phar maceuti cal processing, or power generation via forward osnosis
processes. [0040] The water perneate flux of the nanoconposite
menbranes were found toe be dependent on the anmpunt of nanomaterials

used. Conlggeradayube fisechte proveui og minimize smembmaneatoulingttliecnetedalaifomnthgt -~ -

nanonmat eri al s, a breakthrough in the water perneate flux of the
nanoconpmaoeh Taperwan He pslyvisilsaceisithind pelyvinglpyaohdaneed, wit h al nost
unchanged -sol ute rejection performance. WO

2011/ 1331[06PTT/ SIE2 Odribhe @fb6dinicdB34 Hel membri@e nidyailsd Iit&ludavcﬁmhtmnedmty be
readi |y -understood and put-into-practical - effect, particular

enbodi meriagerWetween @ dxisel sedentive &vebynd@y pofout Beppoad lhﬁBM Tig: intermediate
non-limting exanpl es. Exanples Forward Gsnobsis Tests of

Nanoconpaajer ndyesey polpaer VRGK 2 the sk ad Bk denderelcEXRTRY e Sthe RRADEAMES

prepared according to the invention were tested in forward osnosis

node Wi t hudushygp @Uﬂag& e 28Rl bebotFACIFBE R &6 N er 4RSthE Porbls ﬁxpport
crossflow node Wi th 1M Al 2(SO4) 3 as draw sol ution and DI~ wat er

feed sol Uhidihr dTiGeliaRth 36} U Oy ERSTIY hAELAGuPBR RS, ﬂgélsc%n be

sel ective 1ayer ranes "and the draw solution was directed

agai nst t%ﬁulﬁkﬁog&ﬁulkﬂx eﬁfé}slagéﬁbecandep%%%%n%?é"’ sol utions were

mai ntai ned at r
[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
dense selective layer may be formed simultaneously with the porous support layer. In
alternative embodiments, the dense selective layer is su‘bsequently 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 forwar-d OSIMOSiS Processes.
[6040] The water permeate flux of the nanocomposite membranes were found to be
~ dependent on the amo.unt 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] Results of the solute rejection rate by the nanoconposite
menbranes of the follow ng Exanpl es are shown in Table 1 below. Fl at
sheet Hol vpyndinAgziieA 2( SO4) 3 99% 99% NaCl 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 test-ed in forward osmosis mode without hydraulic pressure. Each membrane was
tested in a crossflow mode with iM AbL(SO04); as draw solution and DI water as feed
solution. The feed solution was directed against the dense selective layer of the
membranes and the dfaw 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 - Héllow fiber
Al(SO.); | 99% 99%
NaCl 6% 96%

Table 1: Solute Rejection Rate of Nanocomposite Forward Osmosis Membranes

l_)etei'm_i_natiog 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 ﬁeridd. 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 Osnosis

Menbr anes Determ nation OF Water Perneate Flux And Sol ute

Rej ectionwd 9H443:hiy the fol l owi ng Exanpl es, water per mpgiRchdiwioort
determ ned by neasuring the wei ght change O the draw sol ution over a
selected tine period. As water transports across the nenbrane from
the feed water, into the draMISO|UtI0n the melght of draM/squtlon
was _..t,mn-Lc.‘.t : ppaposiferlambiranedaxith sduhes A ed| ©
Coupl ed Pl asma Eni ssion Spect roneter (ICP). Exanpl e it Fl at Sheet
Nanocornposi t e- Menbr anes wi t h Ti TPCéllmlese MateixDi sper sed in Cel | ul ose
Mat ri x [0045] Ti @2 nanotubes were fabricated as foll ows: Comerci al

Ti Q2 ( P25[00d8lgus TH), poviibesswere fgbrivateé ds fulllbivs aCdOENBOR B2 fulegussa)
solution by nmagnetic stirring, then the m xture was added into a

Tef | on- | | prodiesd wemndzed witkell OMINaOHaweeous Belution be magketioatiringathes tHeo
160 C fromroomtenperature in 2 h, then maintained at 160 C for 48 h
and fili amixturecedsesided ift0oanTefioptnal sthinlesd RReloRitadlned The ehitdeldva v
were firstly washed with distilled water, then adjusted the pHto

neutral vhdatedQe 160 MERoRPIoYE Rperdiite fn'?l@'titéh MEhRiashesh s RrRaken
with distilled water and ethanol until no Cl- was exanmned in the

sol ution. ﬁﬂllg%oléh 6 psoRt RthplefRab TR ot Rhedlftetbitated heretﬁr% wmea WagS

wer e obt ai ne The transm ssion el ectron microscopy (T of TiO2

nanot ubesy;LH eI, by 5dj Qste@me%méﬁkmmtd H@%tcﬂ%@ﬁﬁ?o'a%% SiPReds

used for the preparatlo of flat sheet nanoconposite rwar snosi s

Totr A Syadhod ObhieA) FRTHSLALNGGPLAHLASRIAR8! 50 il W 00y B B!,

39.8 wt % acet con acetone wt % wat er

h 0

g???f:a“;@gttto&utﬁél R P e

Pasting. et ?%ﬁ@%rﬁ%‘%gtﬁt- (Y Tiognb iR 3 rvaggbf“s?%t e usi ﬁg
i ) . th i )

: ocii%ngﬁ%he FAEREaE) pan S e S B il

80 Cin a hot vvatf% bat h for i t.he nmenbr anes e |mTersed

Th
n a 5o bRl e et PP ?’Qﬁt}tﬂe’r S (PTG EFE
the- sams OB R LR Siateul Paremb o viohrmecionn 6.7 Wi, whier 160

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 t)hase separatiort. 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 solutioh for another 24 h and then were dried in air at room temperature
for evaluation tests.

[0047] Under the same forward | OSIMOsis experirnental conditions, the
na.nocomhosite membrane had a notably higher water flux than commercially available

HTI"'M membrane (Fig. 6).
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nanoconposi te nmenbrane had a notably higher water flux than
commercially avail able HTI Tm nenbrane (Fig. 6). Exanple 2:

Fl at - Sheetwdanegmosi te Menbranes Wth Ti O Nanoparti @b@gm@l@m&sed
In Cellul ose Matrix [0048] Conventi onal phase inversion was used for

t he preparation of flat-sheet nanoconposite forward osnosis
nmenbranes. A sol ution conprising cellul ose acetate (MN 30,000 g/ nol,
39.8 wt % acethyl content) 22.0 wt% acetone 66.7 w% water 10.0 wt%
magnesi um perchl orate 1.1 vvt%and Ti &2 nanopartl C| es (Degussa P25)

honogeni zed and put |nto an uItrasound bath for 30 mn to rermve air
bubbl es before casting. ThemisgeeseddniGellgloseMuatrisn was casted on a

gl ass plate using a casting knife. The cast filmwas then imersed in
an i ce wafi@48lbat Coheentiongil pitage tihversidnasas agehfat (henprefdigtione ob flangdket
were heat-treated at 80 Cin a hot water bath for 10 mn. Then the
menbr anespak@t@npoiite fstrd DsBoSOmastnraky L solutis® |cuinpasing Qelhdswet vefate?4
h and then were dried in air at roomtenperature for evaluation
tests. Exgaw 30,000 gfnot, 3630pi: ML eotings) 2220 Menbicatins 6¥Vrtvios i akéta 0.0
Nanoparticles Dispersed In Cellulose Matrix [0049] Convent i onal

phase i nvges] ARndREmUsechibafe LN RIBRANOL ln@ﬁbﬁahlcﬁésqbegﬁs%ms) 0 2 wt%
nanoconp03|te nmenbranes. An acetate sol ution conpri si ng cel I'ul ose

acet at e (MY rcA0nH ety 3 BroNdfs PR DL R dogel M purdi Aine

66.0 wt% water 10.0 parfs, nmagneésium perchl orate 1 wt% anhd

Tetraet hy,Lm%oth?%hh{ fRLRD fie? tRANRS ai tbhﬁﬁlssd bERRY l:a{!:H Si‘}}énf ﬁlg cfggﬁt?:ﬁ

days. The sol ution was honbgeni zed and Into an u rasoun

for 30 m ke remOYeal §n Q@Qs%?tws&réea %Qs’iﬁlh Nhite.TRED cﬁé?ehlﬁaa%ée Wen

sol ution was casted on a ate 0sing a“castling

filmwas hﬁﬁéﬁ ééirEH%L%Sedwhfér Bn 't&ﬁﬁ@%@rw@?ﬁ% tsgpagag{ég fhé m%%%lt'a%géa\?«' re

separation nmenbf anes were rea I'n a
bath for in,a 50 wt

o ycerol g frfeh 87 i ﬁ‘e SRRES b B TP cPhen 08 e B pereoom

tenperat Uil;n%ngrsoerd in 25507 w%‘s/a ycero SSthifon for another 24 h and then were dried in air at

room temperature for evaluation tests,

Example 3: Flat-Sheet Nanocomposite Melﬁbraues ‘With Silica Nanoparticles
Dispersed In Cellulose 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% acéthyl 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 -pﬁt 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 knif;e. The cast film was then immersed in an 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%

13



Exanpl e 4: Nanoconposite Menbranes In The Form O Hol | ow Fi ber

[ 0050] Spi nni ng of the holl owfiber nenbrane was based on the dry-wet

t echni que wdaii@imganNouUs spi nni ng sol uti on was prepar ed pggREB2@%/0800Gt
for the flat-sheet nmenbrane. Afterward, the dope was extruded through
a hollow fiber spinneret. Both the core liquid and the external

coagul ant were pure water, and the external coagul ant tenperature was
cont r ol | eglyesrolgghuionfapangither g4 apd then jwere Adedtinsain At wopktemperitur éort i p
of spinneret and the surface of -external coagulant was kept 20 cm
After coagyaluativrotests.n iced water, the resulting hollow fiber 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.

Final ly, the Ekbapk 4aNanocompositeMembeansdImiThe by fdiloliot Bibepn f or
anot her 24 h and then were dried_in air at roomtenperature for

eval uat i d#03Ust sSpinpipg of theioHowHiber membane Wap hased ea theshyrwet igchpiaye.
shown and described with reference to specific enbodi nents, it should
be- under&t basgogspoush spianiagi saleiipn; vas hprepared tsame 9mrthasubr cthgnfatsshpet
formand detail may be. made therein wi thout departing fromthe spirit
and scopenemhbrang Aftereardi the dope wasf axtradedofarauigh 2 apPew diber spinmieret. Botlnthe
scope of the invention is thus indicated by the appended cl ai ns and
al | changese Wiguid andothre exicriml rcoagiBanterere pyramdter,amyglethef exéeal vakguilant  of
the clains are-therefore intended to be enbraced. Cdains 1. A nethod
of  prepartemperatufeowzmechtroHerbati 80 1 rTthe airpeapivwidcinizthe disancciostwednsthe gip
(a) -providi ng a nanoconposite solution conprising a polynmer solution
and nanondtspinhakisand(thg swethop ef txtagal dvagnlamoeaaigepstd emsAftert doagulitionan

cold water bath to produce the nanoconposite nenbrane in a gel-Ilike

f or m . andcddcyvatar) hetdsulfige hbRow diben aae &R p et e Filfcadierdller andAided
treatnent to solidify the nanoconposite nenbrane, wherein the

nanomat eriél faRf & hinfRerre8halisbiRerts. tTRn AR YiBEE Wedd hhnealll ik Rhot water
nanoconposi t e nmenbrane, wherein the nanomaterials are selected from -
group consisht $0°0f FinkflyNths MbeisO¥ed Smnicpécdaat 150 watﬁﬁh%@b&’op 8d18tion for
alum nosilicate, and zeolite. 2. The nethod of claimI,

another 24 h and then were dried in air at room temperature for evaluation tests.

[0051) While the invention has been particularly shown and described with
reference to specific embodiments, it should be understood by those skilled in t.he art
that various changes in form and detail may be made therein without departing from the
spirit and scope of th;a invention as deﬁned 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 c]gims are therefore intended to be

embraced.
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wherein the nanomaterials are selected fromthe group consisting of
nanoparticles, nanofibers, nanow res, nanotubes, and nanospheres.

3. The nethod of any one of the preceding clains, wherein the
nanonaterials are present in the polynmer matrix in the range of about
0.1 wt%ﬁg.ﬁgout 20 wt % (based on total weight of the polyner

mat ri x). e met hod of any one of the precedi ng clainms, wherein the
nanomat e¥| al %@ d nf Si 26 fro ﬁeboutbl 000 nm 5. The
met hod o "Hhe %ot Rrﬁ%arﬁb’ﬁélc%’ﬁ{ 08?’8?1%3n%1@P8?1 PHBIBEREPTSPEL he
pol ymer solutjon is, a nat ur al mar 6. The. net hod of claimb,
wherein the %bl yRfeyiding a d1ange CfoBnSP YHon TR IS &) RALYREE splution ‘and

cel l ul ose-based pol yners including cellul ose acetate, cellul ose
triacetate, cel Ingne@ategalst ate proprianate, cellul ose butyrate,

cellul ose acetate propionate, cellulose diacetate, cellulose

di butyrate, (gl |subpsang tliemanyctanpqsnhysdmypo apyld swatdr athst, pradace the
nitrocellulose. 7. The nethod of any one of clains Ito 4, wherein the
pol yner of the pehyemipstt wenrdmanesna gelhikéfrnG apdl ynmer. 8. The net hod
of claim?7,

(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, wherein the
nanomaterials are selected from group consisting of titanium dioxide,

tetracthylorthosilicate, aluminosilicate, and zeolite.

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 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 wi% (based on total weight of the polymer matrix).

4.  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.

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

wherein the polymer of the polymer solution is a natural polymer.
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wherein the polynmer is selected fromthe group consisting of

pol yam de, pol ybenzi m dazol e, pol yet hersul fone, polysulfone,

pol yvi nyl al cohol, polyvinyl pyrrole, polyvinyl pyrrolidone,

pol yet hyl ene gl ycol, saponified pol yethyl ene-vinyl acetate copol yrer,
triethylene glycol, and diethylene glycol. 9. The nethod of any one
of the preceding clains, wherein prior to (b), the nanoconposite
solutioqsis,ﬁ%§ta%8 %f8$gﬁg to forma cast 10. The nethod of any one
of claing 1 t08 m%ereln ptior to (b), the nanoconposite solution is
extruded through. a_holl ow fiber spjnneret. 11. The nethod of a ne
of the precetigncig: FRIYMFRL S FRIFHbAIR i GNBngaRIDE 0§ EHeloss bised
nanoconposite solution prior to (b). 12. The nethod of claim 11,

wher ei n homofayiness ngickuhing j asHylose j aqefatyy cellulongn ddarsistsi edlueseyardafe
until a honopgeni zed nanoconposite solution is obtained. 13. The

met hod of clmpprianktegrcelPose butytete, ecBuiose sietate subpienate.neslivkuse diacetate,
honogeni zed nanoconposite solution in an ultrasound bath to renove

ai r bubbl es getlilose t ditfutyrate]l4 celffiesenetibotraé, amdrangrafylt hellylvss edindg
clainms, wherein the cold water bath conprises an ice water bath. 15.
The net hod dfitrgqyiuiie. of the preceding clains, wherein the heat
treatnent conprises a hot water bath.

7. The method of any one of claims 1 to 4,

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

8.  The method of claim 7,
wherein the polymer is selected from the group consisting of polyamide,
polybenzimidazole, polyethersulfone, polysulfone, pdlyvinyl alcohol, polyvinyl
pyrrole, polyvinyl pyrrolidone, polyethylene glycol, saponified polyethylene-vinyl

acetate copolymer, triethylene glycol, and diethylene glycol.

9.  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.
10. The method of any one of claims 1 to 8,

wherein prior to (b), the nanocomposite solution is extruded through a hollow

fiber spinneret.
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16. The method of claim 15, wherein the heat treatnent conprises a
hot water bath from about 60 C to about 100 C. 17. The nethod of
claim 16, wherein the heat treatnent conprises a hot water bath at
about 80 C. 18. A forward osnpbsi s nanoconposite nmenbrane prepared by

a met hodj of Wm@ﬂﬂ%d%fm?ﬂ&iéﬂsf h%gg%qqﬁgmi sing a porous support

| ayer formed of: a matrix oft r conprised in the polyner
sol ution; an nanomat eri.al s disper.sed within.the polyner rix. 19.
The ey and v AR R hERE BE B keb RSB SR B e | ayer
di sposed adj acent the porous support |ayer, wherein the dense
selective layer is made of a polymer. 20. The nmenbrane of claim 19,
further conprising a snooth | ayer disposed adjacent the dense

sel ecti vE2-| allmethgd ahelpimt A bm t he porous support layer. 21. The

menbrane of claim 19, o ‘ o
wherein homogenizing comprises stirring the nanocomposite solution until a

homogenized nanocomposite solution is obtained.

13. The method of claim 11 or 12,
further comprising subjecting the homogenized nanocomposite solution in an

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

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

wherein the cold water bath comprises an ice water bath.

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

wherein the heat treatment comprises a hot water bath.
16. The method of claim 15,
wherein the heat treatment comprises a hot water bath from about 60 °C to about

100 °C.

17. The method of claim 16,

wherein the heat treatment comprises a hot water bath at about 80 °C,
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further conprising an internedi ate | ayer between the dense sel ective
| ayer and the porous support |ayer, wherein the internediate |ayer is
made of a polyner. 22. The nenbrane of any one of clains 19 to 21,
wherein the dense selective layer is formed sinultaneously with the

porous Sﬁgoétfo}v@a\‘@ Bfm S na-ﬂ&?o Sg?tfegfﬂ%nﬂ%n@ﬂ%g%g b?fa Iﬁét?(!r)(g?nf %ﬁfegn% of L,

wherein ense selective layer ormed” separately

por ous_SUPPOS | QY89 cfitu e, BEINE ANGo8h, £ AlMAYe wherein the

dense sel ectiVe layer’rs P RedPaARd” o posey(? onthe ‘por ous support

| ayer by a nmethod se)] ected fromthe rccl)u consi sti ng .of ase
F%%HI]?H%F

i nversi on, it erd B ot pakem the PO SAGLOL G p
coating. 25. The nenbrane of any one of clains 21 to 24, wherein each
of the pol yrer s woppisrigis dispersed aithinthe pglysrer mafd.i nt er medi ate | ayer,
and the porous support layer is different. 26. The nmenbrane of any
one of clains 18 to 25, wherein the nenbrane is in flat sheet form
27. The nmenbrane of any one of clains 18 to 25, wherein the nenbrane
i s in hol9d.ovlHd henbfaae bf claim 18,

further comprising a dense selective layer disposed adjacent the porous support

layer, wherein the dense selective layer is made of a polymer.

20. The membrane of claim 19,
further comprising a smooth layer disposed adjacent the dense selective layer and

away from the porous support layer.

21. The membrane of claim 19,
further comprising an intermediate layer between the dense selective layer and the

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

22. The membrane of any one of claims 19 to 21,
wherein the dense selective layer is formed simultaneously with the porous

support layer.
23. The membrane of any one of claims 19 to 21,

wherein the dense selective layer is formed separately from the porous support

layer.
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28. Use of a forward osnosis nanoconposite nenbrane of any one of
clains 18 to 27, wherein the nenbrane is used in wastewater

treatnent, seawater desalination, food and pharnaceutical processing,
or power generation. 29. A forward osnpsi s nanoconposite menbrane

conpri siﬂg: Tﬁ%ﬁ@ﬁﬁg%?@rﬁga | ayer, wherein the dense sel ective

| ayer is pernea Is essentially inpernmeable to

solutes; and ,a poro suppor.t lLayer, .wherein the poroys support

ayer conpr s WadeRoS End RERL Ve S5 I wiGH ehi detoBl ot B Sipport
wherein the nanomaterials, tetraethylorthosilicate, alumnosilicate,
and zeol ite layer by a method selected from the group consisting of phase inversion,

interfacial polymerization, spray coating, and dip coating.

25. The membrane of any one of claims 21 to 24,
wherein each of the polymers of the dense selective layer, the intermediate layer,

and the porous support layer is different.

26. The membrane of any one of claims 18 to 25,

wherein the membrane is in flat sheet form.

27. The membrane of any one of claims 18 to 25,

wherein the membrane is in hollow fiber form.

28. Use of a forward osmosis nanocomposite membrane of any one of claims 18 to
27, wherein the membrane is used in wastewater treatment, scawater desalination,

food and pharmaceutical processing, or power generation.

29. A forward osmosis nanocomposite membrane comprising:
- a dense selective layer, wherein the dense selective layer is permeable to
water but is essentially impermeable to solutes; and
— a porous support layer, wherein the porous support layer comprises

nanomaterials dispersed within a polymer matrix, wherein the nanomaterials
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are selected from group consisting of titanium  dioxide,

tetracthylorthosilicate, aluminosilicate, and zeolite.

20



