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membranes, polyamide thin film composite membranes have been widely commercialized for

5  water purification applications such as seawater desalination, surface water treatment, and

wastewater reclamation due to their excellent separation performance and energy efficiency.

[0003] In recent years, the water permeability of conventional polyamide thin film composite
membranes has improved dramatically without an appreciable change in solute rejection.
Polyamide thin film composite membranes are widely commercialized for use in RO

)  separations such as seawater desalination, water treatment, and wastewater reclamation due to
their excellent membrane selectivity. Despite this advantage, one concem with conventional
polyamide (PA) thin film composite (TFC) membranes in these applications is their loss of
performance due to biofouling, which typically cannot be eliminated by feed water
pretreatment, membrane surface modification, module and process optimization, or chemical

» cleaning. S.Kanget al., Direct Observation of Biofouling in Cross-flow Microfiltration:
Mechanisms of Deposition and Release, Journal of Membrane Science 244 (2004) 151. A
small amount of microbial ;ieposition can result in extensive biofilm growth, which in RO
processes leads to higher operating pressures and more frequent chemical cleanings. This in

turn can shorten membrane life and compromise product water quality.
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WD 2006/ 098872 PCT/ US2006/ 007037 [0004] Therefore, there remains a need for
nmet hods and conpositions that overcone these deficiencies and that
effectively provide for nmenbranes having inproved fouling resistance,

ant i - m WOo8PE9988Bi oci dal ) activity, water perneabilityPCHHRGHIA0}ej ecti on.
SUMVARY [0005] In accordance with the purpose(s) of the invention, as
enbodi ed and broadly described herein, the invention, in one aspect,

rel ates t nanoc osi t.e menbrane conprising a.film conprising a polyner
matr i Oeaﬁﬁﬁ?rgf%t 18 TSRABDHARES Oé@em@ﬁagfiaomp?%ﬁl%th@ ‘HSH?HFrtgeﬁ?at rix,
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conpr aremicrbbid! Qiduiddly adtang) watbOpleabilityg ahdisdlhRfeceioRect , the invention
rel ates to a nanoconposite nmenbrane conprising a filmconprising an
interfacially-polynerized polyam de matri x and zeolite nanoparticles

di spersed within the pol ymer mat SUMM#ARYein the filmis substantially
perneable to water and substantially inperneable to sodiumions. In a

furth ect, {he rane cap.thjither .conprise .a.hydrophjlic |. r.

[ oooriopST B Rsprdrefe HOR B PWFe Bl ht e dFtsmipi B o REAIRRBY 1B par i ng
a NanpGeMPRR ihfentiBR AR AspeeTRélhet Rfa hilocoinBhsitetheRbNk €bMBriginR a/film M xture
conprising a polar liquid and a first nonofrer that is msciblé wtih the
pol ar cdmprising a polymed matrizacompriding and ranopartcbesptispoisedywithin thppbhmelri qui d
substantjally i mn nd a second nonoper that is

i bl ith th | liquid
mi sci HREX,MbisTeim, e% lzil%“lg;tﬂ\ﬁ‘iaii}' gﬁﬁ%gﬁ?g{fi tﬁld‘(’:] %u%ﬁegép?ﬁt@%ﬁymp@mm}e tPhe pol ar
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polar m xture and the apolar m xture at a tenperature sufficient to react
t he f]0006] B furber sdpett, thednweption delakes W @hancchapedite mahbraha compliing a

pol ynmeri zing the first nmononmer and the second pononer to form a pol yner

mat r i §lm gprapEsing an feenapidyapalymerized nolyamidp matrix aid zeolite ranopatiplesr matri x.

[ 0008}. In further aspect . the.inveptign .relates. me d_for preparing
& nantisedovith B pdRRE matshe PG Beisiub BBt BB A S e
Menbr aihetahRali infitnaeable &Podhin® bnsC PR FilrfieR dspéet) BRMERBRAE 38 AftthefNd pouri ng
onto the soaKed "pol ysul fone nmenbrane a hexane sol ution conprising trinmesoyl
chl or¢aeprisech lydodphilec lagieroparti cl es suspended in the hexane sol ution,
thereby interfacially-polynerizing the mphenyl enedi am ne and the

[0007] In a further aspect, the invention relates to a method for preparing a nanocomposite
membrane comprising the steps of providing a polar mixture comprising a polar liquid and a
first monomer that is miscible with the polar liquid; providing an apolar mixture comprising
an apolar liquid substantially immiscible with the polar liquid and a second monomer that is
miscible with the apolar liquid; providing nanoparticles in either the polar mixture or the
apolar mixture, wherein the nanoparticles are miscible with the apolar liquid and miscible
with the polar liquid; and contacting the polar mixture and the apolar mixture at a temperature
sufficient to react the first monomer with the second monomer, thereby interfacially-
polymerizing the first monomer and the second monomer to form a polymer matrix, wherein

the nanoparticles are disposed within the polymer matrix. -

[0008] In a further aspect, the invention relates to a method for preparing a nanocomposite
membrane comprising the steps of soaking a polysulfone membrane in an aqueous solution
comprising m-phenylenediamine, and pouring onto the soaked polysulfone membrane a
hexane solution comprising trimesoyl chloride and zeolite nanoparticles suspended in the

hexane solution, thereby interfacially-polymerizing the m-phenylenediamine and the



2 WD 2006/ 098872 PCTI US2006/ 007037 trimesoyl chloride to forma film
wherein the zeol | anoparticles are dispersed within th ' 9] In
a further ag'ﬁé%"f‘},"g*{eﬂﬂg i nvention relates to a nanoconposi tgcﬁé‘ﬁ%%lggeﬂg_p
conprising a filmhaving a face, wherein the filmconprises a pol yner
matrix; a hydrophilic layer proximate to the face; and nanoparticles
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further ggpect, the invention relates to a nethod for preparing a
nanoconposi te nenbrane conprising the steps of providing an aqueous m xture
conprising water, a hydrophilic polyner, nanoparticles, and optionally, at
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by the nethods of the invention. [0012] In a further aspect, the invention

relates to nethods for purifying water conprising the steps of providing
t he nanod sResk shepinveniton; ralates £0 a meshod 108 PrspaEg @ Bangcompasite
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contacting the second face of the nmenbrane with a second solution of a
second va@ nelymerdilinthatds selstantialy permeable do water iand sehstaatigBy impermealyls to e;

wherein the first solution.is in.fluj nication wWth.i.he second.
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I ncreasing the second volune and decreasing the first volunme. [0013] In a
further aspect, the invention relates to nethods for éoncentrating an

i mpuri ty [0Qdidn 2 Surther asnect theyaventioprelates ito thermedueisiyedwssd dyvithe metaodapts of
the i nveqﬁéﬂgmumgrei n

[0012] In a further aspect, the invention relates to methods for purifying water comprising the
steps of providing the nanocomposite membranes of the invention or the products of the
invention, wherein the membrane has a first face and a second face; contacting the first face
of the membrane with a first solution of a first volume having a first salt concentration at a
first pressure; and contacting the second face of the membrane with a second solution of a
second volume having a second salt concentration at a second pressure; wherein the first
solution is in fluid communication with the second solution through the membrane, wherein
the first salt concentration is higher than the second salt concentration, thereby creating an
osmotic pressure across the membrane, and wherein the first pressure is sufficiently higher
than the second pressure to overcome the osmotic pressure, thereby increasing the second

volume and decreasing the first volume.

[0013] In a further aspect, the invention relates to methods for concentrating an impurity
comprising the steps of providing the nanocomposite membranes of the invention, wherein

the membrane has a first face and a second face; contacting the first face of the membrane



the nenbrane has a first face and a second face; contacting the first face
of the menbrane 3 WO 2006/098872 PCTI US2006/ 007037 wth a first m xture of
a first Q@y' ng a first inpurity concentration at LrSt pressure;
cont acti@%’oseciond face of the nmenbrane with a secon’c’lgﬁbi"toﬂwg 847" a second
volune having a second inpurity concentration at a second pressure; and
collecting the inpurity, wherein the first mxture is in fluid .
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I ncorporated in and constitute a part of this specification, illustrate
sever {001dhbadditiemt] ademtages g€ theenvenitih will dedetsforthin pam irsthe\desdriptioaxpl ai n t he

i ncipl, f the . ti.gn. [0016] Fi 1. sh SEM i f ,
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nanoconposi t e nenbr anes. and cast Chim fr1m compos te ( ol yami de
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menbr anes synt hesi zed with increasing concentrations zeolite nanoparticles

are sHodarstped they both thefegeeaing geneod dejcriptign ped thefplowingslstadled descriptien TEM

| mges_of hand cast pur olyanm.de TEC at. ..magnifications .(a) 48k X and
(b) 1B SRy IR selariefor b s ROt oy e e verion As flatmed
magni fi cations of (c) 48k X and (d) 100k X

BRIEF DESCRIPTION OF THE FIGURES

[0015) The accompanying figures, which are incorporated in and constitute a part of this
specification, illustrate several embodiments and together with the description serve to

explain the principles of the invention.
[0016] Figure 1 shows SEM images of as synthesized Zeolite A nanoparticles.

[0017] Figure 2 shows representative SEM images of synthesized pure polyamide and
zeolite-polyamide nanocomposite membranes. A hand cast thin film composite (TFC)
polyamide membrane is shown in (a) and hand cast thin film nanocomposite (TFN)

membranes synthesized with increasing concentrations zeolite nanoparticles are shown in (b)

through ().

[0018] Figure 3 shows representative TEM images of hand cast pure polyamide TFC at
magnifications of (a) 48k X and (b) 100k X and hand cast and zeolite-polyamide TFN
membranes at magnifications of (c) 48k X and (d) 100k X.



4 WD 2006/ 098872 PCT/ US2006/ 007037 DETAI LED DESCRI PTI ON [ 0019] The present
i nvention myo RRgeiyesr stood nore readily by reference to tgg follown
detail ed descr?ﬁt#@g of aspects of the invention and the g@ﬁ“ﬁﬁ%ﬁuded
therein and to the Figures and their previous and follow ng description.
[ 0020] Before the present compounds, conpositions, articles, devices, and/or
nmet hods are disclosed and de ' |t nder stood that they are
not limted to specific synthg?$%nf%%PH%E§égﬁfg?§D§thermﬁse specified, or to
particul ar reagents unless otherw se specified, as such may, of course,
vary. |t [00193/The ptasettanventien siayde undaistdodendre reddilylbygyfershed tdithedoliowingf or
t he purpose _of describing particular enbodinents only and is not intended to
be |imi t dpigiledadescpption of aspests ofthe jnvantiow arghths dxamples dacdudadthergineanddp he
simlar o uj V. n h escri:bed herein can be used in the practice
or testigbgug% W@%é@&ﬁo{ugfﬁégoégfdﬁﬁh%sgg%&e met hods and materials are now
described. [0022] All publications nmentioned herein are incorporated herein
by ref er ¢ome) Befste #id p}é&namﬁaaﬁﬂg,rdoh@ohﬁenﬂ%im@ danieésOindrBit EthaliSare N

pu

connection with which the ications are cited. The publications

di scussedisalosed mdxdascpbalyitdet beaindesstdodrthatitbéyr ardingtlimited to gpetific synthetie
filing date of the present appl.ication, thing herein . is . to be cqnstrued
s an ad e mlesoRerase smedll, o paicnl reeTs tnlon ppRis e such
publ i cat ko ¥y HrbbitSe, YaryP 1t ald g dt Bld3ueed Rlrein{bdrcat i on
provi ded herlg?{%%y&g%’ g}')? f e*rgearlﬁoqﬁ)gtrhht ﬁkgmgg%alt&%ﬁgﬂltﬁcg%?éun ar%eg, i‘v{,hi ch
may need theopurposernd dpsnithing payticudarfebodinert OONY land\$s nut éntendeditb de dipting.i cat i on
and the appended clains, the singular forns "a," "an" and "the" include
plural referents unless the context clearly dictates otherw se. Thus, for

exanpl e, 4 PEFINFEENS o "4 conponent,” "a pol yner," or "a particle" includes
m xtures of two or nore such conponents, polyners, or particles, and the

r
like. [O j : N " Eeul ar
val e, -alon) RHE8EE, ERfmPBofk BIERARE AR o Sqplt el B itk d-RRATEIE Y
expr essegdan béradedan tierpracticawn testihg 61 the peesthitdfivértionPO@NIPI¢ iriettidda and/ miategiaknd/ or
to the other particular value. Simlarly, when values are expressed as

appr oxi matamedesgtibetse of the antecedent "about," it will be

[0022] All publications mentioned herein are incorporated herein by reference to disclose and
describe the methods and/or materials in connection with which the publications are cited.
The publications discussed herein are provided solely for their disclosure prior to the filing
date of the present application. Nothing herein is to be construed as an admission that the
present invention is not entitled to antedate such publication by virtue of prior invention.
Further, the dates of publication provided herein may be different from the actual publication
dates, which may need to be independently confirmed.

) ¢t

[0023]) As used in the specification and the appended claims, the singular forms “a,” “an” and
“the” include plural referents unless the context clearly dictates otherwise. Thus, for
example, reference to “a component,” “a polymer,” or “a particle” includes mixtures of two

or more such components, polymers, or particles, and the like.

[0024] Ranges can be expressed herein as from “about” one particular value, and/or to
“about’ another particular value. When such a range is expressed, another embodiment
includes from the one particular value and/or to the other particular value. Similarly, when

values are expressed as approximations, by use of the antecedent “about,” it will be
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forms another enbodinent. It will be further understood that the endpoints
of each of the ranges are significant both in relation to h@ ot_/ﬂ}gr
endpoi nWO 2086ieP88Rdependent |y of the ot her endpoint. | tPGEUSAMREM M er st ood
that there are a nunber of values disclosed herein, and that each value is
al so herein disclosed as "about" that particular value in addition to the
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" | essfPaR eRlipoiffl WileadtPof thOBnyad H€ signfi @At Koth i\ AMhtn t@%@éméxoeﬂdg@mxal ue” and
possi bl e ranges between valueS are also disclosed, as appropriately

under sidbindegepdetitty afidhe bthdr endposdnt ifalso enderptoed that theheare\aalunebet 80" i s

di sclosed t.he "l ess.than or equal to 10" as wel] as "greater than or equal
to 1Qvalu$%il§ﬂ?%§9dgxe§ew§aa§at eech alug is glsohwesin 9@6’_&5?‘151%% %ﬂ‘r‘%&%@ﬁﬂl@ﬁ‘é

app! i AL Baadiitolthe DARYHURE o] RamPH e limdl{dSE BREIEE MkS-opRG ¢ hat
this data represents endpol nts and statting polnts, an ranges tor any

conbi pgtt js Qko@iscldred d&tlig alge uhddistob®thab wWaBR b Faluk fis dis¢lasdd thatl ‘B¢ss @adndorpoi nt " 10"
and & particular data point 15 are disclosed, it is understood that greater

t han, eqpabtel’dhe valae, “greatas dlapal ortequallte the valizay ant possibln singss beljeah values and equal
to 10 and 1 re,consi dered. di sgl os | l, as between 10 a 15. It is
1 5o BRAUPRRSrStH R ABREEHA I T FEIREhY RS E eBaR af ok Ate, 3 B s o

di scl 9agd«1d™qE dRERARY ﬁxeé‘lzé;ss #indp @qﬂa’i’ 1@ & wal &S‘eﬁieat&ﬂﬁ&; éxlequl@t,o 3 and 14

are also disclosed. [0 1 Aresidue of a chem cal species, as used in the
speci Tsiatsat disobosad d Itae alsb mddergtood Hiatthrougheibthe applicatiennddteisyprovided irsa t he

resulting product of the chen cal species in particular reactiqn schene
or sumﬁmﬁ@#w PER4LS ﬁngﬁwail&ﬁﬂé%epﬁs%@%%av@ Flaslegoigipdatder t he

noi et y, .| obt al ) ' -anqebhyl ene

gl yco%nggssfi%gu ledr?{ %ﬂ%%i @gtg? g{rltg E}e)%lgs‘r? s@%%gieb@m@@m 1ﬁni ts in the
pol yesrids partiegar ddtepeinol 5 wiealidtiosed,dt Ryindestoallyhagraute that drdacer @ipar e t he

pol yester. Simlarly, a sebacic acid residue in a polyester refers to one

or noegual wolesHihegdess than er equsl fon andeqyabroy Hand 15 e gansifered diseloseghan her t he
the o1 pBlebes 188od s, B UhIERIRR! ol it AR R B SRR, ool -

meansaichfb didtfostdbFeaMQRIHIY if IR 1986 dRNRIRbd, Fher] I,A2NE3, 208 Q4 MYal86 MRY not
occur, and that the description includes

disclosed.

[0025] A residue of a chemical species, as used in the specification and concluding claims,
refers to the moiety that is the resulting product of the chemical species in a particular
reaction scheme or subsequent formulation or chemical product, regardless of whether the
moiety is actually obtained from the chemical species. Thus, an ethylene glycol residue in a
polyester refers to one or more -QCH,;CH;0- units in the polyester, regardless of whether
ethylene glycol was used to prepare the polyester. Similarly, a sebacic acid residue in a
polyester refers to one or more -CO(CH;)sCO- moieties in the polyester, regardless of
whether the residue is obtained by reacting sebacic acid or an ester thereof to obtain the

polyester.

[0026] As used herein, the terms “optional” or “optionally” means that the subsequently
described event or circumstance may or may not occur, and that the description includes

instances where said event or circumstance occurs and instances where it does not,



i nstances where said event or circunstance occurs and instances where it
does not. /098872 PCTUUS2006/ 007037 [0027] Disc [
conponentsQ¥%g%§%%gg to prepare the conpositions of the Fﬁ@gﬁ?ﬁ%ﬁW%gﬁ wel |
as the conpositions thenselves to be used within the nmethods discl osed
herein. These and other materials are disclosed herein, and it is

understo . en _conbi nati on subsets. interaction r s, et.c. of
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i ndi vi dugk vands g dopidsitRng GldriseRes &6 128d Wi HeahdtRodsXisdded Refepirpounds
may not be explicitly disclosed, each is specifically contenplated and

descr i be@hesr aidrotheéF anateréal suagel disclastd heneoy; end i isvndersipad that wherdecaubinatesand

di scussed and a nunber of nodifications . that o er of

aT be nmad a, gu
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I s each . i ' . .at.d

modt 1 catt S0 Epige B ARk B8 oAREARELEH AR L B ERIT s Afhohfs

cont r ar y maliiés be efplititlyEdioslosed! eavhliespictially chhtedplited sdlestriveli dersh. aSorve! |
as a class of nolecules D, E, and F and an exanple of a conbination

mol ecul e example; i§ agagisuba sdmpoushis disstosed anshdigcussedand a mumbar of modificatiens t ed
each is individual Ly and col |l ecti.vely .cqnt.enpl at ed nmeani ng.conbi.nati ons,
AE n it e Gagd ol ot rolgetich TR BE el rpr L PE i H S e,

Li kewi seg @d?ﬂca?lg%ﬁt% late FRUEBENRd aﬂer,p(gmsﬂiﬁaﬁ)d shdPeRBudtiss bpﬁl@@om§8ﬁ&§d for
exanpl e, ?he sub-grou o? A-E, B-F, dand C E would be considered discl osed.
Thi s conaaptheapgdifieations thwt laregmssiblesunddss spectfiaflglindiedtedio the nattrety.nGhusifta not
limted to, sfeps in nmethods of nmaking and_using the conpositions of the

i nvent i oflasypigolepyles AeBeand € e @laép \Ps Sfellagdi s ﬁgmoich% R.Haend Kinde
performeq. it I h | 3] .
performeg‘“vf\%“ff%ﬁl 88@?%@?“@@“%%%?%?3 § (c)lfrst'l?g ?%gtefvgﬁ 0 cgﬁq@gfﬁﬁ@ﬁfi Eﬁg’f t he
met hods  @¢cifell @adhriy @dividially AHIBllettivelyseontehgslated dtbahingtcobibinatioaK 0SIE, ACRS

di scl osed herein have certain functions. Disclosed herein are certain
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struct ur gswihitbe cymdiderbd HisBloSddE VEhid E&ceﬁt%ﬁl&é@t%%‘lltagg&ts SEMERaplcdRS! S AND
NANOFI LTRATI ON MEMBRANES [ 0029] Reverse osnosi s nmenpbranes and nanofiltration

menbr anesnadating) dutisetdimitedstopsteps i@ methods of making and using the compositions of the

invention. Thus, if there are a variety of additional steps that can be performed it is
understood that each of these additional steps can be performed with any specific

embodiment or combination of embodiments of the methods of the invention.

[0028] It is understood that the compositions disclosed herein have certain functions.
Disclosed herein are certain structural requirements for performing the disclosed functions,
and it is understood that there are a variety of structures that can perform the same function
that are related to the disclosed structures, and that these structures will typically achieve the

same result,
B. REVERSE OSMOSIS AND NANOFILTRATION MEMBRANES

[0029] Reverse osmosis membranes and nanofiltration membranes can be used to separate
dissolved or dispersed materials from feed streams. The separation process typically involves

bringing an aqueous feed solution into contact with one surface of the membrane under



di ssolved or dispersed materials fromfeed streans. The separation process
typically involves bringing an aqueous feed solution into contact wth one
surface rane under 7 WD 2006/ 098872 PCT/ US20 essure
SO as toweq Jag’fﬁ%g}r)rreatlon of the aqueous phase thr oughpﬁ@@@gé?-’é)g{e whi | e
perneation of the dissolved or dispersed materl aI s |s prevent ed. [0030] Both
reverse 0osnosis anggnoflltr n_ nmenbr e i,nclude..a thin film
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&'ﬁietaﬁon SEMHRAREIved bt i r‘sédtﬁl%hﬂ@ 1%@véﬂt&f Of ' | tration nmembranes may

also have a conposite arran port provides physical strength
but offers little resistance to flom/due to its porosity. On the other

hand, {09301 Bath feversabsmesid aydmanofiltration nessbranysaysicalinciade priivifilem  t he
primary means of separation of dissolved or di sPer sed materials. Therefore,
it is geﬁ@mauatlpg layrefitedtera parers support.eplectiveiisieredde @ Acsompefiteen
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rrenbranes and nanof i I on menbranes vary fromeach other with respect to
t hei r Heporesityf Op ¢henathéri Hand ythe disdriffirating fayeo o anldssopageand andocanpoovide .

Revers 0SNOSi S nenpr anes ar reI atjve I nper nea i rtuall | ions,
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seawat percémageraf\thelparticulugdibso vudrmiteral (het suluteprejdcted,) shd i -eﬂmﬂﬁwmté or
domestic use because _the reg ection rate of SOdI um and chl orine ions for

r ever sEETaRHESvasatveeh Bissalvent passasdhiopglytheanembinen about 90 percent. [0032]
Conventional nanofiltration menmbranes are nore specific for the rejection of
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nanof i jekpert tofheiFRleBics B€ Perddeabili ﬁrcﬁﬁbﬁént ioﬁpﬁﬁd'ﬁ%biu@ chfhpo @i Revesgpounds
havi ng cﬁ%l ecul ar %ghtg above@)gbout 1, 000 Dal tons. gdl tionally,

nanof i smesis memhranss aneaelaties]y lramrylehbleéo Mirgaly all ms;amcbxdutgmémbné

th b h t d
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" sof t efhB8ford reViddeCdsniRf rhdiRbrafERNE |wu9§cly R&3i fof il @fRsalination of brackish water

or seawater to provide a highly purified water for industrial, commercial, or domestic use

because the rejection rate of sodium and chlorine ions for reverse osmosis membranes is

usually greater than about 90 percent.

[0032] Conventional nanofiltration membranes are more specific for the rejection of ions.
Generally, nanofiltration membranes reject di’valent ions, including radium, magnesium,
calcium, sulfate, and carbonate. In addition, nanofiltration membranes are generally
impermeable to organic compounds having molecular weights above about 1,000 Daltons.
Additionally, nanofiltration membranes generally have higher fluxes at comparable pressures
than reverse osmosis membranes. These characteristics render nanofiltration membranes
useful in such diverse applications as the “sofiening” of water and the removal of pesticides
from water. As an example, nanofiltration membranes generally have a sodium chloride
rejection rate of from about 0 to about 50 percent but can reject salts such as magnesium

sulfate from about 50 to about 99 percent.



fromwater. As an exanple, nanofiltration nenbranes generally have a sodi um
chl ori de r@b%Bd/@gs{zate of fromabout O to about 50 percent but can reject
salts such as Tmagnesi‘um sul fate from about 50 to about 9FGI&/R28H007EBT\WO
20061098872 PCT/ U82006/ 007037 [0033] Anpbng particularly useful nmenbranes
for reverse osnosis and nanofiltration applications are those in which the
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pol yfunct i onal éw hal i de nmononer (also referred to as a pol yfuncti onal
aci d hal digejmmstingbayet fortevierse obmpsis mrbpws s pfgn ¢hfzined\by am gerfac®d 4. The
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obt ai ni nexapgdly,diSdRatdNsc4,27,5éd. | Tigs pdlparaids dsotimakitiag flofer famahofitradén on is

via the nethods described in, for exanple, U S. Pat. Nos. 4,765,897;
4, 812, 2 7Rpembrames isgymicativobtained wiagants gclalé@éym@rezaeﬁahgw@na DIRSRFRLOT DS S

om0 B o D B A"

coati ng B.9Pa0WosSHTERN48 avd 4, 858380 Xhothel waNef obThing pDRGTes dlsémﬁinaﬁﬁ%"'mm y
coated from an aqueous sol ution. Al t hough water is a preferred sol ven

non- aquelsyers suitabde fos namofiltration is|vizthd methds dascrdp@émy,lfor eNamnle,d).8nbat. Nos.

di et hyl i ona de .nononer (al so. referred
to as aciI ggﬁgﬂ 0€§1(%[24: %@@xggéﬁwy%@&%{fr‘%ﬁ%ﬁ{ﬂ’ ARERE 2 IEXFHCOSMO5St r om an
or gani ¢ ﬁ@bﬁ%&n@!‘such%k YOFUTY PR R, f4'2®/7%ﬁﬁ%to°£ ﬁ@ lﬁ'étwﬁlh pagessarily
required e amne solution 1s typi cal coate irst on e por ous
support foll owed by the acyl halide sol utlon Al t hough one or both of the
pol yfu ncm'OMhCompbme ;arhyhmdy nehdiramte arestypioal lyaprspared by codthng qymorousssupp@por t
froma %utl may alternatlvely benf pplied by other neans such as
by vapor¥ onelrarmﬁ@a%om{n@nms RemmenlysoatediF %Fﬂéq‘ﬂﬁ’és FfR} mance of
menbr aneme/ 1t \Ga B 8 o007 AL d Bty bl AT EFDAL Qloh 86 lega! T de

sol uti ons ar descrlb era or exa

4, 950, 404itrile 28d @iinétBylErtamide@NEFR e palyTeddtiodall 4251 halide @@srontr (AlsKreférred
conposite
w to as acid halide) is subsequently coated on the support, typically from an organic solution.

Although no specific order of addition is necessarily required, the amine solution is typically
coated first on the porous support followed by the acyl halide solution. Although one or both
of the polyfunctional amine and acyl halide may be applied to the porous support from a
solution, they may alternatively be applied by other means such as by vapor deposition, or

neat.

[0035) Means for improving the performance of membranes by the addition of constituents to
the amine and/or acyl halide solutions are described in the literature. For example, U.S. Pat.
No. 4,950,404, issued to Chau, describes a method for increasing flux of a composite
membrane by adding a polar aprotic solvent and an optional acid acceptor to the aqueous
amine solution prior to interfacially polymerizing the amine with a polycarboxylic acid
halide. Similarly, U.S. Pat. Nos. 6,024,873; 5,989,426; 5,843,351, 5,733,602, 5,614,099; and
5,576,057 to Hirose et al. describe the addition of selected alcohols, ethers, ketones, esters,

halogenated hydrocarbons, nitrogen-containing compounds and sulfur-containing compounds



menbrane by adding a polar aprotic solvent and an optional acid acceptor to
the aqueous amne solution prior to interfacially polynerizing the am ne

w th a polwoaeds@sssrzc acid halide. Simlarly, U S. Pat. pNefs2606887hsd73;
5,989, 426; 5, 843, 351; 5,733,602; 5,614,099; and 5,576,057 to Hirose et al.
describe the addition of selected al cohols, ethers, ketones, esters,

hal ogenat ed hydr ocarbons, nitrogen-containi ng conpounds and

sul f ur -lmeingai selubglity payameaterof 8do W\ (caoer’ 88887123 #90FPUsSRN0e s0l0feBand/bavi ng a
solubility, par ter of 8 to 14, (callcnB)la to.the aqueous am ne sol ution
and/ or Or%?ﬁ@@é‘f%ﬁoﬁﬁ}%%& E’&"rrg’ﬁmgi’? SZalM or f aci al pol yneri zat i on.

[ 0036] Met hods of i nproving nenbrane performance by post-treatnent are al so

known. r‘[5956] l\ﬁf?ﬁ’lg@é <§f eirrh%’ rrpgg Iﬂ{e&n@@nﬁg r%rf%zrﬁmﬁzg%ﬁtﬁ%stlﬂ%m%ﬁt Ak ﬁ}sg %ngfl.lb %‘gr agent

treating a polyam rane w th - an aqueous chlorin

t o i npregumplel UXS. Pa@Wed. S589I61600a6 et ol ddéaibes tragtirgaspoly@ifdeabmpaéiadi | ity to
base. U S. Pat. No. 5,755,964 to Mckols discloses a process wherein the
pol yanirembieee withianagneays|chlpsinating ageabtodmprperiluxmipversali passeBe @d@r ani nes,
e.g., .butylarnine cl.ohexyl am ne, a .di am.ne. U S._ Pat. No.
3, Job, a8t Tedtiine SIS RS VRCPAORP. 7R a SR R Sk i ore o h
strong iagh Me Tﬁcﬁ*%m‘ﬁ@ 'dis@ﬁﬁ&d@%gtliy%ﬁis@éﬂed With Bmthonfi GelcRtdRIAES le.%g agent.
C. NANoconr oSI TE MEMBRANES [ 0037] I n one aspect, the nenbranes of "the

i nvent ibmylanimeacycbberylaminepfind i, 6theattiechammectihPat. Nd. d1765897 b €adotte

desal ination nenbrane materjals. In particular, the anes of the

i nvent iddselosesthepest treatentiof agnegnbrape ﬁSFPP&m%%ﬂMgE@ @di»mam, whi ch
can re : di.spersi on of inorganic nanoparticles such as zeolite
or net yﬁ)ﬁ%@%%@%ﬂ“ﬂ%g@hi n a starting nononer solution. The invention
t akes advantage of inherently advantageous properties of organic nenbranes
(such a& NhsecbMriobyre MEpBRANEEI Ng density in spiral wound el enents, ease

of manufacture, and good perneability and selectivity) with those of

i norgani c._nanoparticles (such as_high surface charge density, ion-exchange

capaci tl{037hypBpAReFt theymemabianes oftheiHiventiamasiamer glass ph ddgatigngngsnzle- or gani c
Nanocorpesy %1&]%@&{1@&&& &%Hlbp&e%aﬁéﬁahsdp O&?&i«:m&%@%&q@fes th{{%l%ﬁt?q%' al
pol ymerrzation’réaction, as I's used 1n rmng pure polyam de I'n Ilm

CONMPOS ich bERIVBE R Srgadid ShiE R I@Jﬁ@&oxﬁ%osﬁtb endniibtendsi Whichaan ResultThRdin the
conjunction with any of a |arge nunber of avail abl e nanomaterial s that

of f er alispersiorrefiigergaiic panepapiclesrach as teplite or metal oxide nanoparticles in a starting
monomer solution. The invention takes advantage of inherently advantageous properties of

organic membranes (such as flexibility, high packing density in spiral wound elements, ease
of manufacture, and good permeability and selectivity) with those of inorganic nanoparticles
(such as high surface charge density, ion-exchange capacity, hydrophilicity, and biocidal
capability). These inorganic-organic nanocomposite membranes can be prepared, for
example, by an interfacial polymerization reaction, as is used in forming pure polyamide thin
film composite membranes. The membranes of the invention can be used in conjunction with
any of a large number of available nanomaterials that offer a wide range of possible particle
sizes, hydrophilicity/hydrophobicity, pore sizes, porosity, interfacial reactivity, and chemical

compositions.

[0038) One advantage of traditional thin film composite membranes is that the thin barrier
layer and porous support layer can be independently modified to achieve an optimal

mechanical, chemical, and thermal stability as well as flux and rejection, ak.a., “selectivity.”
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si zes, hydrophilicity/hydrophobicity, pore sizes, porosity, interfacial
reactivity, a 1 cal conpositions. [0038] One advantl;acgﬁ It i onal
thin film y&rﬂ’ﬁ@ﬁs{ég{?nenbranes is that the thin barrier | aye[rjgao?l%&ggjr-’ous
support |ayer can be independently nodified to achi eve an opti nal

mechani cal, chem cal, and thermal stability as well as flux and rejection,

a. k. a., [)639) eCchew advantagd Of Yeh N GHAGHIOsItEMeliBZARE QTS Inddpeftfdl A new

advantage of thin fil m nanoconposite menbranes involves independent
sel ect i eeleetinn anddngdiBeationrofaanopanigies toioptindze furtbet thaselectivitytdfdhe t he
sel ectivi tné{of t he ;crbtﬁane. As g re ult, th&sgnt hesi zed nmenbr ane
st r uct ufFTRRIANG: SAp? TSB! the Fyihysize a0 TLRICBY® BRSPS AR YRHC a
sem - pe gﬁﬁghﬁ YiEGed { The : p | or exanpl e
I nor ganirnc anog%% I cl g?sc? {v(k:tg}rlll aﬁlﬁﬁ%ﬁ%@%@wgﬁgﬂg’t ?E%P%Irsgﬁefogr med during
I nt er f acaadpapiidlysrioriczamplerinengdnia nheopaitivdesiaar wedifp tie membane stpradyrer t i es
(e.g., surface charge, hydrophil. Cigéﬂvj’ porosity, thickpess, and roughness)
in a fafead duringipedacial\pelvmerizaton andialics thempegoacepicciustacs propgrties (0]
Anot her 9 n [ ' e
SRHGRRE Bordhifkity pPRRSHPERRE bl REAT B RRIRAEE <t ance

pot ent i
or bot h whigesandéad tUbRired sEettHEigNCe to the forned film Passive fouling
resi stance, sonetines referred to as "passivation," describes nodification
of a surface to reduce surface reactivity and pronote hydrophilicity.

Passi ve [00A0] iAnpthes advantage o f dhin filmavaoecomposiie meth biayes divol s the pefertindioed,

col | oi dal r.m bial matter on.th nbrane surfa whi.ch .tends to foul
Che. nemdERHE soHrdoReteRBRG T ApTLn BLRE B0 SATGe OE PRC IR oL ARtie foul | ng

[ esi St ARty b #eSoldif AR PR hAMeGEsifiadil! {ARAIG RIAAALSaR Sl ective,
beneficial reactivity between the surface and a dissolved, colloidal, or

m cr obi &passivation,t desstribestmodifizatpdreofi ssurface toowiddecsarfacereattivityeandpaomotel es t o
possess_bi ocjdal properties, and subsequently, enbeddi ng the nanoparticles
in a polyaoPRdicity. f%ﬁswerfwe}&n&rsﬂat@wgéeV&gmw@%ﬁr SPRRGONIOf BT nrenbr ane
with in I.od-cr .okl al Les. 41} - i pvertian
provi dersa Slg&ﬁ%l\’/voc aésr‘gﬂlglfrﬂg)t"tt%ioﬁ %?ﬁ%&%ﬁgg‘(#%%é i&%‘i‘aq-mr%%ﬁ@trgz*ﬁ@tsthé &3_ Dr'?"r?pr oved
wat er pandaeditivelyinflisdke flex aad egédtion. Aztide fouling ResigtaideIheies thy er

conventional polyamde thin filmconposite nenbranes. Devel opnent of nore
ef fi ci emodifiestion §&p swnfaogdo promote a selective, beneficial reactivity between the surface and

a dissolved, colloidal, or microbial constituent. An example is the modification of
nanoparticles to possess biocidal properties, and subsequently, embedding the nanoparticles
in a polyamide film to produce a reverse osmosis or nanofiltration membrane with inherent

antimicrobial properties.

[0041] The present invention provides a new class of “thin film nanocomposite™” membranes
with improved water permeability, solute rejection, and fouling resistance over conventional
polyamide thin film composite membranes. Development of more efficient, more selective,
and antimicrobial desalination membranes can revolutionize water and wastewater treatment
practice. An additional advantage of the nanocomposite approach is that nanoparticles can be
functionalized to produce practically any desired membrane surface properties, and thus, are
easily dispersed in the initiator solution regardless of the solvent used. Therefore, the
methods of the invention are amenable to immediate introduction into existing commercial

membrane manufacturing processes without significant process modification.
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and antim crobi al desalination nmenbranes can revol utionize water and
wastewater treatnment practice. An additional advantage of the nanoconposite
approach o bdagbesganoparticles can be functionalized top@fedupgeoactically
any desired nenbrane surface properties, and thus, are easily o{i spersed in
the initiator solution regardless of the solvent used. Therefore, the

et hods nyt e | .nvenrtir{gn. ar e, amerﬂ%bl e to i medi ﬁt e IB’@’t roduction i n{_.l%l
exi st i N0 egresaspect g Bvapion e iS40 A AN IROS e DEAOTHIG SOMRISIEM IR ¢ ant
proces Scc{ﬁﬂ%isﬁﬂ 2bb19fher hbirdndAG6PRE81ES A6 SARRO{HE PO A er hAH4 2WvhérirP n]?.

aspect, I nvehtfon relates to ‘a nanocohposite nmenbrane conprising a film
conpr i sthadila ipsbbstantialipperimeatle do materpad substantially rppamdabie tdimpuritiespBlyy ner
matrix, wherein the filmis substantially p rmaagélgi to water and

subst antdispossd,7 Hiemeanithat at leastabapt 3% of thevolurae ehideast abqut SP% theant that at

| east % . t t o) % t.he rticles are
posi ti ﬁ%ﬁﬁ%rg@i\%%gfne é({%gm\sﬁgé ﬁg@ggﬁg% T htg@%ﬂf?#e @%?‘Sgofaeﬁ]: g,lagfgﬁgé‘é?&labout
60% at60% aftlleaabsbiiut 7099 atdbast Sl 8690 bE atd8%4t abdut 0% sRhé vaheid of W0 ¥asd t he
vol une of at |east about 50%t he nanoparticles can be positioned between

t he surdtmut§0%fthe hanopaiticles san bhepesiieneddetvgendhe surficesiof thafidmt As0mtotifert he

| f | east. ab 0%, at | bout, 70%_ at, | t. 80% t
east  aBamPIoGtRaH DAL 102hBh e fobinasotatTeasbanohl breopide ™l abom 3% e kel 1 aceq
of the JHolufrBO%PoPatfléHsL%ﬁh% ?@%‘f%};/e ﬁ%ﬁgﬁﬁ@f& 84d bEh&RiGRE b‘eﬁve%&it{ﬁ%aﬂi‘dc@é ly

encapsul ated wthin t m apsulated,”™ 1t 1s neant that at | east
about 8éPthefilthhin ¥ firthree agieciathel raaspartitlesitan Eelitbsthntidlly enaayniatéd withs the
positioned between the surfaces of t m _For exanple, at |east about

he fil ,
80% or %hn: By sencapslated§ okis meppfdhatat éﬁ%@t %puh@%@&&he %@?9 oE gbleash @bout

lo : L1 i 43
e 008 of Puc YR i ciBOR ok RfEq BEEEF the B of ReInp Mkl gt )

sur f acefhoft 0%t leGAbbE JOOPST (e vouine SN 2 leastsahioRP5 0% thénAidpaAile ¢hn bone of
the surfaces or faces can be in contact with the support. In a further

aspect ,paskioned hbiveese thesmwriegsiafdhe Bmpri se a  pol ysul fone, pol yet her sul f one,
pol y(et her sul fone ketone), poly(ether ethyl ketone), poly(phthal azinone
ether s ketong) ,-.pol vacrylanitrile .pol opyl ene..cel | ul ose_.acet at e,
cel't ul SODAEH FuadGarpl e b 6L ptPass by ForieSs YRR RSB mE SrREF RS ppor
menbr angn b[eq%ﬁ}naiena ﬁox’bﬂé SupPbrtaEPEAd aspbfiCorBrdfihe BB f4c8 oL ABRY dai®edn (i | M
conprising an interfacially- polynerized polyam de matri x and zeolite

nanopardontdcewittlitbgpsuppert. i 4 Kirther hspepip thermeembmne can further comprise a
polysulfone, polyethersulfone, poly(ether sulfone ketone), poly(ether ethyl ketone),

poly(phthalazinone ether sulfone ketone), polyacrylonitrile, polypropylene, cellulose acetate,

cellulose diacetate, cellulose triacetate, or other porous polymeric support membrane.

[0044] In a further aspect, the membrane can comprise a film comprising an interfacially-
polymerized polyamide matrix and zeolite nanoparticles dispersed within the polymer matrix,
wherein the film is substantially permeable to water and substantially impermeable to sodium

ions.

[0045] In a further aspect, the membrane can comprise a film having a face, wherein the film
comprises a polymer matrix; a hydrophilic layer proximate to the face; and nanoparticles
disposed within the hydrophilic layer, wherein the film is substantially permeable to water
and substantially impermeable to impurities. In one aspect, the hydrophilic layer can be

adjacent to the face. In a further aspect, the hydrophilic layer can be in contact with the face.

12*



wherein the filmis substantially perneable to water and substantially

I nperneabl e to sodium ions. [0045] In a further aspect, Ptcki‘?u e can
conpri se awplzp?ﬁ"q“?ﬁ%zng a face, wherein the film conprises a polynmer mtrix;
a hydrophilic layer proximate to the face; and nanoparticles disposed
within the hydrophilic layer, wherein the filmis substantially perneable to
wat er and supsm@bhﬁlliéy I npernmeable to inpurities. In one aspect, the
hydrophilic |layer can be adjacent to the face. In a further aspect, the
hydrophilic |ayer can be in contact with the face. IT WD 2006/ 098872

PCT/ US20[0046]0VRdally] the nhdhBhildskeF theOmst &jtiohyqan belprgpardde® asaobe autstantiflly he

i nvention can be prepared so as to hbe substantially inpernmeable to

i npurit il@menngabﬁ@dmm@psws Rsedheraiibe sMPYabRsT gensrallerebers tq mategals,  al s

di ssol ve | Spgr.se [ ded 0 @-hiquid. ey L . e
undesire ?Soﬂ\easﬁgﬁergedc §§%H,SSH§IF(%§ nhg %ﬁlghglsh egfgdﬁ aégggle%&%%ﬁ%\lfgg{&ﬁ% case,

undesi r efle infEtHThdds@En be Q88dD ferhbriihe unddsgee Bitpuritidsifforh Bk lidied, lthegethyd, and the
l'iquid can be subsequently collected. The materials can be esired; in such

a case, purifyimgihe boud, andribdbquid egh bosubsequsatly: collrstedo| Theemattrialkiean bhequi d,
t hereby concentrating the i rities,. and.the inpurjties canbe.supsequently
col | ect P51 Fh lﬁﬁ'écth %1836%5{%‘? H{e%f%ﬁﬁ%h%gseééﬂﬁ%g%ﬁm %‘gﬂmf’(??g@ tantially

I mper ne ' -] I 1 - Wi

mpar ¢ 2eph ERebs i B8 imp BRI, rdif LS SR DO SIREQRAN Lol LR TTORE,
| mpur i t i spectpthe toembramess cai bé pasddedne be butstaitially impamepbleas partionlaons,
magnesi umions, calciumions, silicates, organic acids, or _nqnionized

di ssol venpysities svhigh eanbe seloted from ameng HeP Wi ieg ragweto thesn ob#ell in @’G@ﬁD&lL ons
1 qui 0. B8 ATRRT et B hb BB BTee Pt PRI Rnl RSB BRE, or "

M xt ure fbgiesiin iobX,SAIEh Yoris)$iEdtés, BfpafiRtrhcidACO MR dridAs disslied ablidRith €S,
silicates, and organi ¢ conpounds, for exanpl e, am nes or. carboxylic acids.

[0047] |makcdanwpighheigeaterthen phows 20Q Dakipesar 4 mixduretthéroef drhe imppmtiestiagher
l ent i i xt .t h f., t. the i it] apr i
ronoval oif dipssfed OrdoFisd Wil uig, The RRSuRiR Sa he bufropBoib REESRERPEEET v e

ther eof mgﬁr%mﬁm%erwﬂﬁxkﬁgaﬁ%ﬁdﬂd&%ﬁ TCRIAR doRO HbHRl s pot assi um

i ons, ru%i diumions, cesiumions, franciumions, amonium i0 pr ot onat ed

pri mary silitates, amhergayic oompanmeld, foe examipleyanineser ¢asboxyliandidpr ot onat ed

[0047] Ions can be monovalent ions, divalent ions, trivalent ions, higher valent ions, or a
mixture thereof. In one aspect, the impurities comprise monovalent ions. The ions can be
positive ions, negative ions, or a mixture thereof. Monovalent metal ions include lithium
ions, sodium ions, potassium ions, rubidium ions, cesium ions, francium ions, ammonium
ions, protonated primary amine ions, protonated secondary amine ions, and protonated
tertiary amine ions. In addition, monovalent ions can be dissociated mineral or organic acids.
In a further aspect, one or more of these types of ions are not among the impurities wherein a

membrane of the invention is substantially impermeable.

[0048] In a further aspect, the impurities comprise divalent ions. The ions can be positive
ions, negative ions, or a mixture thereof. Divalent ions include beryllium ions, magnesium
ions, calcium ions, strontium ions, radium ions, ferrous iron, barium ions, strontium ions, and
protonated diamines. In addition, divalent ions can be dissociated mineral or organic acids.
In a further aspect, one or more of these types of ions are not among the impurities wherein a

membrane of the invention is substantially impermeable.
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tertiary amne ions. In addition, nonoval ent ions can be dissociated m neral
or organic acids. In a further aspect, one or nore of these types of ions
are not aygshotbsgtpurities wherein a nenbrane of the | | '
substantially inperneable. [0048] In a further aspect, t ?’?ﬁ%’ﬁ@?‘%ﬁ@s
conprise divalent ions. The ions can be positive 1ions, negative ions, or a
m xture thereof. Divalent ions include berylliumions, magnesium ions,

cal ci unt0P4sIn asfurther aspeti the émpuritiiseempoise higher vadend ionsoTheors eambeons,
strontium.ions, and. protonated diamnes....n addition, diyalent ions can be
di ssoc BiPLtr bR PaFersp g Do qiereot gt elant o nd BRI Mgy o o
these tRESIHH ionSbt 8 iRl 1R IMehdr REHecBUE bf hfdfe YPRES! B of TE8 A6t Of the
i nvention 1s substantially inpernmeabl'e. 13 WO 2006/ 0988 PCTI US2006/ 007037
[ 0049] dmorgg theirmpeities sytecdin atembrapeiof the @entiopisi sabsthntifllyrimpatmenbld. ons. The
lons can be positive ions, negative ions, or a mxture thereof. Hi gher

val ent jions | nclaide alumnumjons, ferric.iron ions, .or silicaions, In a
f ur t herl093YeNeutral seeciss cap inclyse, fo5 exampleppenionizedipdids mathrmolespian weghe

I mpurit] végqf ﬁi QF(VB t ' A [.$..S ial iy i nmeabl e.
[ 0050] @?ar al sp£ebc°?'tes ca%ﬁﬁgﬁi ﬂ&&eﬁ&%ﬁ@é& rbg‘j,n %ﬁbt\b?gsr(\iﬁ{zllélg’ chﬁ’(ﬂsglé%\?\lnlit h a

nol ecul 200 DEtdib] at 1€kt Hoab2 S0 Dhltdis, atleast 2B 306 Daddfs, af astmbarzdear -wei ght
can be, for exanple, at |east about 200 Daltons, at |east about 250

Dal t onsDaltans) atdeast alovt 40BDaltons, atdasst abaut|S0 Naltahs @t leastaborkdAinaltans, dteast

about 400 | t t | east about | t Qns,  at bout 0 | t ons,
2t eaeet oot 00 s em ob et B0t agbdvetRs, Ve ont BATDARER besideaetl 0wt 500
Dal t onsaholt 1,600 DaRSHs. TAL Abtlitral sﬁ&%s% be AfssolVBe o ishértledS ARE nBSirA §ﬂecli’€é

di ssol ved or suspended. The neutral species can be hydrophobic,

hydr ophiahibe, hytimiphoebioy hydesrthilas, bothy onndithet. hiara fasthercaspectneneor moreof tiese hese
types of neutral species are not anpng the inpurities whergjn . a nenbrane of
the i nvidpe ahmenal sBemicy HRAPLATING fﬁﬁél}lf»‘%s 'heresp 5 fpemabrape gt e IUERUPRE ude
al I kny\Bsiai®m srdapfd | 1 con and Oxygen based upon the SiO4

t et rahedron-shaped anionic group, with or w thout one or nore netal ions
present. It is wunderstood that the silicates can be present as solids with
a nol ed00st] Swicgbd canfingjudailbkndvw@compdiaidt of Sllicbalkhd Oxapeh baad bporiihesol ved or

suspended. The nol ecul ar wei ght can _be, for exanple, at |east about_ 200
Dal t onsSiOatetrabgdron-shensd ansmiggionp,kith af withewong 9 morgustabimsdwesent It iseast

about ﬁ%glu cl;otdqﬂﬁ’theaéilil:aﬁ&séan%cb%seﬁpﬁ s@ﬁhé i a%olle&ﬁgll w&%ﬁ%’ ¢ &Q:Rer% ons, at

| east

about 200 Daltons and can be dissolved or suspended. The molecular weight can be, for
example, at least about 200 Daltons, at least about 250 Daltons, at least about 300 Daltons, at
least about 350 Daltons, at least about 400 Daltons, at least about 500 Daltons, at least about
600 Daltons, at least about 700 Daltons, at least about 800 Daltons, at least about 900
Daltons, or at least about 1,000 Daltons. In a further aspect, one or more of these types of
silicates are not among the impurities wherein a membrane of the invention is substantially

impermeable.

[0052] Organic acids can include formic acid, acetic acid, propionic acid, butyric acid,
pentanoic acid, hexanoic acid, heptanoic acid, octanoic acid, nonanoic acid, decanoic acid,
and lactic acid and derivatives and mixtures thereof. Also included are phenols and
derivatives and mixtures thereof in addition to naturally occuring humic and fulvic acids or
biopolymers comprising amino acids, proteins, or complex polysaccharidic acids. The acids

can be protonated or deprotonated. In a further aspect, one or more of these types of organic
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600 Dalton, at |east about 700 Daltons, at |east about 800 Dal tons, at Ieast
about 900 ‘p@ 5@ gr at | east about 1 000 Daltons. In a_further as

one or nore of2 Flese types of silicates are not anong thECFﬁdﬁa@ﬂ"P@
wherein a menbrane of the invention is substantially inperneable. [0052]
Organic acids can include formc acid, acetic acid, propionic acid, butyric
acid, pehisamonct awing thhEmanities werein a heepibame of the inventowrt Rrsubstardizily,

nonanoi ¢, aci d, ,decanoic acid, and lactic acid and derivatives and m xtures
t her eof .MREFBEADIT| uded ar e phenols and derivatives and mixtures thereof in
addition to naturally occuring humc and fulvic acids or biopolymers

conpri si r I The

aci ds c@gsﬂe %?m?gér:{d% ¢ ﬂéghe%\& ; egna BQBJeﬁﬁ-ocﬁf%té?? eér}ﬁl%ldderc%6718%‘%%1 or nore
of t heserehdtidsscpéenfigdRBdy; ol tholdEbr @RANIGHEE SFer dﬁ@ifipl@ﬂmm;ﬁhﬁﬁesaanm ds are not
anong the inpurities wherein a nenbrane of the invention is substantially

i nper meathiemically@sBye agent afphampascuticaly ective 3geni, ppapialegealyastive agabop oduct

f h I
Cechni qUBRRE eyl 8 e{ Rhe 50 Feior 2501 LtRse BRerytagiy R0ed pothgen: |
phar mac eyt ifplritlesdpterdif a 3%MranQbf the RivehsH ﬁ%hbéﬁmﬂr&flly Pé&%‘é%le?’r a mxture

thereof. In a yet further aspect, one or nore of theSe {ypes of agents are
not anmong the inpurities wherein a nmenbrane of the invention is

subst anti al | y2.i INdNOPARIIGLES2. NANOPARTI CLES [ 0054] General ly, the
nanoparticles of the invention can be any nanoparticles known to those of

connect | 0S8 Gricrtb: Hrsimnpessiaeuet R G FRdhT B TEBRPEU Bt LM HiEdERupon
nunber - ofe &1 i e, HRGLYE BFbrRNBHAY, ndRARpRlicidsbhodih AUREARA T bC! © 51 7e

i n the nanoscal e regi ne ast one nmensi on of a size of

f r om abauémbranes éfrhebovehtidn m(bMecfedmawdamohanxﬁmMﬁmwa,l incloding onebout
500 nm fromabout 1 nmto about 250 nm or from about 1 nmto about 100
nm ; (2)momepfelid PR geeragrRasiHr size it thegpescale resims ¢ pahadpg 2HEasheNg rer matri x

conpri si t f r ance
ComP 1 i TPAREEDE o SHE Py R0 N, PSS BB SR 27
sui t abl exbdanNsTeirh] SothabsutBhf td about29d dmb 6r FeAPIRLE] ﬁnmetabeﬁlt 100izink); gzypur e
wat er cont act angl e less than about 5 to 10); (3) a nanoscale porosity with

an average hydrophilicity greater than that of the polymer matrix comprising the membrane,

thereby enhancing the passive fouling resistance of the resulting membrane (e.g., a surface

film consisting essentially of suitable nanoparticulate material would be completely wetted

with a pure water contact angle less than about 5° to 10°); (3) a nanoscale porosity with

characteristic pore dimensions of from about 3 A to about 30 A; and/or (4) dispersibility in

both the polar liquid and the apolar liquid. Optionally, the nanoparticles can be selected so as

to be modifiable to impart biocidal or antimicrobial reactivity to the membrane.
a. PARTICLE COMPOSITION

[0055] In one aspect, the nanoparticles of the invention can be a metallic species. The
metallic species can be any metallic species known to those of skill in the art and meeting the
nanoparticle selection criteria of the invention. For example, the nanoparticles can comprise
at least one of gold, silver, copper, zinc, titanium, iron, aluminum, zirconium, indium, tin,
magnesium, or calcium or an alloy thereof or an oxide thereof or a mixture thereof. It is also
contemplated that metallic species can be absent from the compositions and/or methods of the

invention.
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characteristic pore dinensions of fromabout 3 Ato about 30 A, and/or (4)
dispersibility in both the polar Iiquid and the apolar liquid. Optionally,
t he nanopyyd sdekBssssAn be selected so as to be nodifiabl | i oci dal
or antimcrobial reactivity to the nenbrane. a. PARTI QES%/E’}C@F@W[OOSS]
In one aspect, the nanoparticles of the invention can be a netallic species.
The netallic species can be any netallic species known to those of skill in
t he ar {0056} e Girthivg atpeet, tomeppartities earskd £abhMetalticispedién THe ridhgnetlient i on.
For exanple, the nanoparticles can conprise at |east one of gold, silver,
copper spegiasean be pannemmetpilisspecies krionrtp those of skillrin theret eird meeting theagnesi um
or calciumaar an,alloy .thereof or an oxide thereof or a mxture thereof. It
s o sOmpBRiclhShof ertelE Jfhe fvpithe diof xeriih e ndtrrttics i comprise

CONPOS hi e n@ BESAN, RENBHE B, dBC drinalby teredtor WehikARE(HPRET #t is also

PCT/ US2006/ 007037~ ['0056] I'n & further aspect, the nanoparticles can be a
nonnet abitexmphpecthetsnonfitetal ho speeiealchn be alspatiiem thacorpositimnsndfve reithdds ofpeci es
known to those of skill in the art and neeting the nanoparticle selection

crit er the IBYentRE-  nvent i on. For exanpl e, the nanoparticles can conprise at
| east one of Si3N4, SiC, BN, B4C, or TiC or an alloy thereof or a m xture

t hereo | E}%mﬁl] | Y nt
from tiuoeostgj)rlrib%m | 8ﬁssp°e§fr; or %@ﬁ%&;@%%@{‘%ﬁ%\%ﬁg ?Eﬁﬁéf%%%q‘ﬁﬁ'@ﬁ?ﬁn her
aspect spdched canbe pay tarbbebasedRpétiesknoain1o thdsa dEekillia thedt akh@egtaigths- based
speci es can be any carbon-based species known to those of skill in the art

and nesanapgrticheselersian satariacf shesiayventiono Aog exarepledthe nangparticlescanicomprise r

exanpl e,; t he napoparticles can conpris at . east. on f .gr.aphite, carbon
o1 ass, acletsl PpERr BRfkbe, Bapn 4Ry 0l o of of Rt O Bl BBty G
ful'l er gifer AillERNBO cAIBROhaHRAIbe2a EAbHPRArdPRGREY, bt & fixtufd thdredt X§ubhe t her eof .
Such materials, 1n nanoparticulate form can be surface nodified to enable
conpat imatdrialsy inmanepatiiculatecforageradesudaotemadifiad tavehdblasomprtibilipotith the
hydrophilicity by attaching nmol ecyl es. cont.ainjng, .for exanple, phenethyl
SUl f oneR-BEReUA 39 LR 28 WRHEHAO PrAzigin BRUBRRHICHY B A asbitRmalec b Bt rLERIIE: | ( y
with t Lar o %ﬁﬁ fhility with
mter.ﬁﬁfﬁg‘apgfgﬁﬁi\?gﬁggﬁp% %ﬁ?@éﬁsﬁwﬁagggs and “no -agillfgg{ﬁs phases can
be t unesimpatibititzrvgitinthe apblar fyldem aad tiemcitthgroop peomdths cdrhpdtibility sdthowateenpl at ed

t hat carbon-based speci es._can be absent .
The relative compatibility with aqueous and non-aqueous phases can be tuned by changing

the hydrocarbon chain length. It is also contemplated that carbon-based species can be absent

from the compositions and/or methods of the invention.

[0058] In a further aspect, the nanoparticles can comprise a dendrimer. The dendrimer can be
any dendrimer known to those of skill in the art and meeting the nanoparticle selection
criteria of the invention. For example, the dendrimer can comprise at least one of primary
amino (PAMAM) dendrimers with amino, carboxylate, hydroxyl, succinamic acid,
organisilicon or other surface groups, cyclotriphosphazene dendrimers, thiophoshphoryl-
PMMI dendrimers with aldehyde surface groups, polypropylenimine dendrimers with amino
surface groups, poly(vinyl alcohol)-divinylsulfone, N-isopropyl acrylamide-acrylic acid or a
mixture thereof. It is also contemplated that dendrimers can be absent from the compositions

and/or methods of the invention.

[0059] In a further aspect, the nanoparticles can comprise at least one zeolite. The zeolite can
be any zeolite known to those of skill in the art and meeting the nanoparticle selection criteria

of the invention. A zeolite can be natural or synthetic. Zeolites can also be referred to as
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fromthe conpositions and/or nethods of the invention. [0058] In a further
aspect, th I cles can conprise a dendriner. The d&nl% be
any dendriwﬁaﬁgﬁwﬁo those of skill in the art and neetihg %2{(;5@{/009@3
nanoparticle selection criteria of the invention. For exanple, the
dendrinmer can conprise at |east one of primary am no (PAMVAM dendriners

Wi th anrpplecGRf Hexasl alids a3y domténblat &bt 7281Hes of Chbleculaf favesS carl bedbsert ot her
surface groups, cyclotriphosphazene dendriners, thiophoshphoryl- PMVH
dendr i méros the chmapeiteysomddrmietbedsgpf dupimyensisiny pr opy| eni mi ne dendriners with
am no surface groups, poly(vinyl alcohol)-divinylsulfone, N-isopropyl

et § i) & ephfe i bt Feeredyf py e gneionspapafna & sty gt |
i nvent i 9Bed foQfdsdibe afid @efid B GbtvAHRSE the doftfer WE&W@%&MH i se at

| east one zeolite. The zeolite can be any e known“"to those of skill

in the #nmewodk apmisi Sgch tesipariop dsliowsd the sidéseszt up by an IVBACCominisston on
i nvention. A_zeolite can_be natural or synthetic. Zeolites can_ al so be

r ef er r edepliteNomenciatyre an £9 150 shethyee fetign opdns/ap gewrellydesived fromythe papesof | ¢

s al so4co d | I 3 [rol ' ) be absent from
t he conpﬂges%?%%{seﬁéﬁd% %ﬁ@gg& g?mﬁ%]seﬂl{ﬁga\gggﬁsg%eﬁd[ %gtgﬁ]]e pi?cglgol ite structure
can be mehdaftRilldOmaerialsdfsi@n ABW) ACOIAEL AR, AfEN,/XEE, APG] ARI, ATt ers

used to descri be and define the network of the comer shari r’}ght etrahedral ly

Y P e

I UPA 1S S| | No |
are gendrah i vich PR WiEr e hoBrAnBERC bk hGa, Belt e v CARTGRR K het ¢
zeol | t epAMAGRICHAORHINASY, CON, BPPeDRAR, BISRPROODHT. DO SNONTEASY ERIS

i nclude: ABW ACO, AEl ., AEL,” AEN’ AET, AEG ~AFI, AFN ’~APQO, AFR AFS, "AFT,
AFX, AFEMBHONAEP, ERPESWHETR ARTO, BV, FERNFRAT GIS AGRE), GME] GONNGOBWO, AWV

"Gl oeUas, BERISARE, 1 e TN Volk. S48, LAG, LEVEHHO, 26 Lo , £
TE RO LM BB R MEENEL P, SR MEEMFSRION, NOR. 7y ' Ui,

LTN, MARIOXIISOYMTF,NWECN, MEFT, WER, NYRIW, NBB, NN, NBERVONVERO, MSD, OBRE, MIN,
MIT, MW MAN NAB, NAT, NES, NON, NPO, NSI, OB\#
OFF, OSI, 0SO, OWE, -PAR, PAU, PHI, PON, RHO, -RON, RRO, RSN, RTE, RTH, RUT,
RWR, RWY, SAQ, SAS, SAT, SAV, SBE, SBS, SBT, SFE, SFF, SFG, SFH, SFN, SFO,
SGT, SOD, SOS, SSY, STF, STI, STT, TER, THO, TON, TSC, UEIL, UFL, UOZ, USI, UTL,
VET, VFL VNL VSV, WE], -WEN, YUG, and ZON. As well known to those of skill in the

art, an up-to-date list of known synthetic zeolites can be accessed at http://topaz.ethz.ch/TZA-

SC/StdAtlas.htm. It is also contemplated that zeolites having structures of other than the
structures expressly disclosed herein, but otherwise meeting the nanoparticle selection criteria

of the invention, can also be employed in connection with the membranes of the invention.

{0061] In one aspect, the nanoparticles comprise a porous structure. That is, the pores of the
nanoparticle provide an open structure in one dimension or direction. In a further aspect, the
nanoparticles can comprise an interconnected porous material. That is, the pores of the
nanoparticle can be “linked” to provide an open structure in more than one dimension or
direction. An example of a porous material can be found in zeolitic materials. A specific
example of an interconnected porous material can be found in Zeolite A. In such an aspect,
the nanoparticles can comprise preferential flow paths for liquids permeating the membranes

of the invention.
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OFF, OSl, 0sO, ONE, -PAR, PAU, PH, PON, RHO, -RON, RRO RSN, RTE, RTH, RUT,
RAR, RWY, SAO, SAS, SAT, SAV, SBE, SBS, SBT, SFE, SFF, SFG SFH, SFN, SFO,
SGI, SOD “Q% %py STF, STI, STT, TER, THO TON, TSC W usl
H l 0 H H H ] 1 ] ] ’
UTL,  VET, 6l§@NF2 VSV, WEl, -VEN, YUG and ZON. As \AeUF#T/EE@V(\)HO 0 those of
skill in the art, an up-to-date list of known synthetic zeolites can be

accessed tp.//topaz.ethz.ch/lZA-. SC StdAtl as. hfm It is also
cont enp[“&%éh%ﬁ e g’FipPE@lﬂ nagoparigles etk dpscribaduin tenms PIANErag_ POt ur es

expr esshpé”g | | nBai, ' el ection
criteria o#e??ﬁg%%%‘%{tp?%n?d i(‘C%){L';J{"'Ir[\l & é}{gé @e)s gnrrpl oye%%sg&g’otﬁ%g%?@%ﬁi c%s?: ﬁﬁt he
menbr anBgveaf ndnbscaldpyerodityonith cliRoGddsticpoed\@infapions of frb@ abaihArtd abbw30
conprise a porous structure. That is, _ the pores of the nanoparticle provide

an openAsforegampls, framabeut Acasbewt ¥ Adiers@bpwinl0 Ao abaus20rb frass peeut 20t he
nanopar i cl es Ng C ris inter ect.ed por teri That is, the
por es of B2 Outrc??rf%’p@?r}ﬁiah?'g 32&608 ogtfiﬁ%é)a.tﬁopbﬁmngﬁég% OBE%%AS feture in
mor e thgﬂﬂﬁflssg@btm%%bﬂdesdéa&l%%Qﬂmtéeoﬁwml rO§tnnRe! @ESis RREhA! can
be found in zéolitic materials. A specific exanple of an Interconnected
por ous pareeatedinkedor bmplaiito groducZ ametvwark Af channslsdhroaphas ftiectanoprhiele
nanoparticles can conprise preferential flow paths for .|iquids perneating

t he mendifuchius g vetrfurthenaspact She nanppgiicles 68 boerrsubstentitdprnss/ 007037 [ 0062]
The siz ' ' I hedni ns of
averageﬁé%?%&ggﬁegﬁéf%ﬁu gtrl\l}d‘l']’?%ﬂ e extpt)ﬂr‘ec ogrg%ga?ln%ogﬁé%? ?gﬁrrgéd \)I?Bfutr?ﬁél further
aspect, clidnfiels @kepdink itiibegh themanbyirticles. Nafatkalagpgeey, i danopdrtibles bt act eri sti c
pore di nensions of frgmabout 3 A to about 30 A, for exanple, from about 3
Ato abmpqwau,abpubh?satg@maqu 58 A powiys materil,An abevid Adewn about 4 Ao about 30

A, from abhout to _aboutz 20 A, or .from about . 10. A t t 30 A l.n a
furt nr PSR rperih aR aBRE i B9 ot wasl 10 R BSE eretl Ao ot Blo A pRow Bt ur e
that isA ReEhaGRREHaIPH Soubl & td HK@BuP?0 APebiadmiteri Al bt 2 1) #Piboupf
channel s 't hroughout "t he nanoparticle structure. In a yet further aspect,
t he nan2pArpdreusanatetiol, imstous 2 s\ samatioutidd Y proous matedal emAbait SA poare
structure; for, exanpl e, .the pores CONQris ubstanti al.ly parall el
channel @%’H@éﬁ??’f@“ Wp@g%o;ﬁ%&b%ﬁgﬂm%%yf?%qusr}gﬁteg ects, the
nanoparticles can conprise an about 1 A to an about 50 A porous material,
an abou ' 5 : eAfQut 12
A por oul063[ Geflrt, 30ks B ndtes PR Al TR hlefgls vath SHive Soffib R p D

capable of separating components of a mixture on the basis of a difference in molecular size,

—

charge, and shape. Zeolites can be crystalline aluminosilicates with fully cross-linked, open
framework structures made up of corner-sharing SiO, and AlO, tetrahedra. A representative
empirical formula of a zeolite is M,O + Al,O3 - xSi0; - yH,0 where M represents the
exchangeable cation of valence n. M is generally a Group I or II ion, although other metal,
non-metal, and organic cations can also balance the negative charge created by the presence
of Al in the structure. The framework can contain cages and channels of discrete size, which
are normally occupied by water. In addition to Si* and AI**, other elements can also be
present in the zeolitic framework. They need not be isoelectronic with Si*" or A1**, but are
able to occupy framework sites. Aluminosilicate zeolites typically display a net negative

framework charge, but other molecular sieve frameworks can be electrically neutral.

[0064] Zeolites can also include minerals that have similar cage-like framework structures or
have similar properties and/or are associated with aluminosilicates. These include the
phosphates: kehoeite, pahasapaite and tiptopite; and the silicates: hsianghualite, lovdarite,

viseite, partheite, prehnite, roggianite, apophyllite, gyrolite, maricopaite, okenite, tacharanite
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A porous material, an about 1 A to an about 20 A porous material, an about 2
A to an abgut porous material, an about 2 Ato an r ous
mat eri al , %é&ss A to an about 50 A porous nateri al @@Hﬁ%ﬁ&é@a@ 5 Ato
an about 20 A porous material. [0063] Generally, zeolites or nolecul ar

sieves are materials wth selective sorption properties capable of
separ at i a4 teberpwaita t Bhuss zeplitesyoan plso 6pMpHEe walacylap piegesdhasedoMRO4. nThest ecul ar

i ze, hape. it al | i i nosi | i cat i th
fuity orDoetephRifharto o it il REe P UL RhoR R Bl s L char i ng
Si 04 andmbhfidsitiedalphiRgpRosphatb SRt asRitbdhd XEPOSBAPOER| MEAPOLA andieAPBEP! i te

is W"O A1203 xSi2 yH20 where Mrepresents the exchangeabl e cation of
val ence m,.resdectivelvdrend h s au iGegerpindicating the istmctueel type ugy P Qutrhelecian sigves
non-netal, and _organic cations can al so bal ance the negati charge created
by the pfaadiyethe CWG?M@P&?& manyhave noy m%‘gr@%n&@’ﬁﬂgéi% cages and
channel s; | ot b&e, ﬁ’ﬁiﬁzi ) AF

addi ti onm'g2 {))rpgil'ajég%r?g ‘%?92“ 0 eglrgrkéiﬁ{ee%rﬁ%&?a%yoa s%%ﬁéb%%ent %? %\]/Ie{ eS O

zeol i ti csiévesnrmpyeiied Eﬁﬁzeiﬁ@ﬁgommnbﬁammh@m (M) iatorit AlFE.4br SAPAL3+, but
are able to occg}g{é framework sites. Alum nosilicate zeolites typically

di spl ay Bameworke Jhiess/metal atgmsptlvdedhiaBgaVgble, Ta M, ZipBe & Be: Go, dand

f ramewor ks n, he electrically neytral . [0064 |tes can _al so include

i ner al SAEn SO peufe A1 e a0 the e sractaiBies AP Ol BB R e "S1 1
proper ti gacAned K6 oAlyFoRSPROS APGAMEAPD BIdNIEAPSO! haRfifs. TR FemeRotidde t he
phosphat es: kehoeité, pahasapaite and tiptopite; and the silicates:

hsi anghutpically carguateeledtse chargs eThus, zgudite thentistry jsmeh ndifinedto glynandsilisates.
apophyllite, gyrolite, maricopaite, okenite, tacharanite 18 W) 2006/ 098872

e L TR R

si licoal m I 0 : :
nmet al | oséli?é'll coa u%ﬁﬂgm%@{tg? gl?deu?ggn%o@e éggé%%ﬁi&gmas%%ﬁ%}%ep%%On and
MeAPSO-  Iildissmetsf ambleculahsiee: is thesindividual tgahedraldindt withgopdiegsdestdbadria
type. AlPO4 nol ecul ar sieves _can have the structure of known zeolites, but
many havEnRSEs fnite pumbgrod spesgescombinafions o titrsbedra &alled, ‘sgepndaryduiding
franemorllﬁﬁts,zﬁgﬁrs duct is known as SAPO. MAPO or MeAPSO sieves are forned
by the incorporatron of a metal atom (Me) into an ALPO4_" or SAPO
framewor k. These netal atons include Li, Be, My, Co, Fe, M, Zn, B, Ga, Fe,
Ge, Ti, [066] htheddhspecss,dedctiptibiedf the Bthework ipvloglyitd asadTeculirsitve Chg alls
AVPO ,,, but several new

involve “tertiary” building units corresponding to different arrangements of the SBU’s in

space. The framework can be considered in terms of large polyhedral building blocks
forming characteristic cages. For example, sodalite, Zeolite A, and Zeolite Y can all be
generated by the truncated octahedron known as the [[beta]]-cage. An alternative method of
describing extended structures uses the two-dimensional sheet building units. Various kinds

of chains can also be used as the basis for constructing a molecular sieve framework.

[0067] For example, the zeolites can be at least one zeolite from the Analcime Family:
Analcime (Hydrated Sodium Aluminum Silicate), Pollucite (Hydrated Cesium Sodium
Aluminum Silicate), and Wairakite (Hydrated Calcium Sodium Aluminum Silicate);
Bellbergite (Hydrated Potassium Barium Strontium Sodium Aluminum Silicate); Bikitaite
(Hydrated Lithium Aluminum Silicate); Boggsite (Hydrated calcium Sodium Aluminum
Silicate); Brewsterite (Hydrated Strontium Barium Sodium Calcium Aluminum Silicate); the

Chabazite Family: Chabazite (Hydrated Calcium Aluminum Silicate) and Willhendersonite
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structures are only found in SAPO, MeAPO and MeAPSO materials. Their
frameworks typically carry an electric charge. Thus, zeolite chemstry is
not confined to alum nosilicates. [0065] The franmewor kP(g,L(ngogP/é&ﬁ ar sieve
typi cal | W HPE98§E2 cages and channels of discrete size generally from
about 3 to about 30 Ain diameter. In certain aspects, the primary building
unit of a nolecular sieve is the individual tetrahedral unit, with topol ogy

descri ' [ I Rt urdeer , Qf ~speci.fi iAat.jon f.

ot r andardreRa PpEs gyl SlifniSiEta ) cORRS Ry 5 Ol e
aspect gjliciey,anachidrdife @ydrited E4laiBYSEdiurh PResithh Bfundinti®l SiReHtd); Edi@initean al so
I nvolve "tertiary” bullding units corresponding to different arrangenents of

t he SB(Mgpdrated BapumeCalginm AhumipworSilicxe); Bpistithitei (Hydwted Galcierndlupiiniar ge

pol yhedt.al [ L di.n l,ocks., formng.ch cteristic ¢ s. JFar .exanpl e,

Bodal | Sufcasgdhranite RSP Dok Foleiim tatpumA L RuP Bty FRHEE Lncat ed
oct ahe i g QNivAS ChiFuck S Bl ARRRim AR SR N e TR odifigSCT | Bi ng
ext ended sfTUSLUres uses the T I mensi onal sheet bui I'ding units. Various

ki nds PofassitnaiMsgnesionaCsloinbe AlgeiduaSilitete)h gt Gismondme Fainilyc Aiigitea nol ecul ar
sieve framework. [0067] For exanple, the zeolites can be at |east one

zeol i t EHydrated Patassipm Tadiwm Adwminpm SikigateliGasrquide M xdrated Sepdeinm Almnwom

Silica ; lucit.e r at Cesi.um Sodi um Al L St Ligate), and

e r akPoieeienirdpiEe AR S CHF o Alens SIba =GR o

( Hydr apggirbiel 8o&iub{P&assinACal i@ A Iiinves Sﬂﬁhéb;@nemﬂtes(ﬁgidﬁeﬁé&%diﬁnki taite
(Hydrated Lithium Alum num Silicate); Boggsitée (Hydrated cal ci um Sodi um

Al umi n@alcivgn Aleminu)n Silicatey; tGonnawlite ddrated 8 ofivm Galaiwm BdniminnnsSilicate);Cal ci um

58 B R o Bl S o ™
i koS IS RSl

cal ci uGaBonh AluRimasSilicate)) WellsitefHitated R azium Edichgh Potassium(Adpdrdimired Bar i um
Cal cium Alum num Silicate);. Epistilbite drated Cal ci um Al uni num

ST 1 B bfcategh The Heuandiip St g CEen oN P (RS SOGHIS POMSHPTH ARG | | cat o)
=gl _ St . L S keat o) - Ferriert
oS P S R R OGRS R SRS For e e
G snmongaifoitie (Mydrat®diCuldiem Alunikiah SilicRR);asaiyHeISadtatedCAldivitn 'Sadiush | | cat e) ,

Garronite (Hydrated Cal ci um Al um num X . ) .
Potassium Aluminum Silicate); Mazzite (Hydrated Potassium Sodium Magnesium Calcium

Aluminum Silicate); Merlinoite (Hydrated Potassium Sodium Calcium Barium Aluminum
Silicate); Montesommaite (Hydrated Potassium Sodium Aluminum Silicate); Mordenite
(Hydrated Sodium Potassium Calcium Aluminum Silicate); the Natrolite Family: Mesolite
(Hydrated Sodium Calcium Aluminum Silicate), Natrolite (Hydrated Sodium Aluminum
Silicate), and Scolecite (Hydrated Calcium Aluminum Silicate); Offretite (Hydrated Calcium
Potassium Magnesium Aluminum Silicate); Paranatrolite (Hydrated Sodium Aluminum
Silicate); Paulingite (Hydrated Potassium Calcium Sodium Barium Aluminum Silicate);
Perlialite (Hydrated Potassium Sodium Calcium Strontium Aluminum Silicate); the Stilbite
Family: Barrerite (Hydrated Sodium Potassium Calcium Aluminum Silicate), Stilbite
(Hydrated Sodium Calcium Aluminum Silicate), and Stellerite (Hydrated Calcium Aluminum
Silicate); Thomsonite (Hydrated Sodium Calcium Aluminum Silicate); Tschernichite
(Hydrated Calcium Aluminum Silicate); Yugawaralite (Hydrated Calcium Aluminum

Silicate) or a mixture thereof.
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Silicate), G snondine (Hydrated Barium Cal cium Alum num Silicate), and

Gobbi nsite_ ( d Sodi um Pot assi um Cal ci um Al um num §.i . linite
(Hydrat ed @804%94?9%@ ciumAl um num Silicate); Gonnardi te%%%?g@éoy odi um
Cal cium Alumi num Silicate); Goosecreekite (Hydrated Cal ci um Al unm num
Silicate); the Harnotome Fam |y: Harnotone (Hydrated Bari um Potassium

Al umi numegishi fASR)aspBRi the hRRIhAiciddr Bbaf oz aRas HNISadi giggn Al uri num
Silicat reT;, V&Pﬁgﬁ eSngythrat eg Bg;rélg%m Calﬁlglllum %gt aséihl?m A ur?iag%ér%’ hSFTn} i cate);
The Heul anmiptriclearah yompiisenmgtar nodre b€ZEdtite Aafatsd réfeched o &oLiads Type Larci um

Al umi num Si licate) and Heul andiite (Hydrated Sodi um Cal ci um Al um num

Sili cat eFTAMME s QWH? apaxuretheregf Al umi num Silicate); Levyne
(Hydrated Cal ci um Sodi um Potassi um Alum num Silicate); Mizzite (Hydrated

Pot assi u i i L G Al-um >, 11 . Qi t dr at ed
Pot assi um@ggW%%Q?%%&Bq&%%ﬁ%l%%ﬁW'agﬁ ar%'ré? t?{(’:éald’ g@gﬁ%@%ﬂ% trlgla% dr at ed
Pot assi Ui &aRispét Ahsl BTt an Have abeativelyuhdiat sfecidsHyvidhia tigderpasliliien Pot assi um
Cal cium Alum num Silicate); the Natrolite Famly: Mesolite (Hydrated Sodium
Cal ci um frmeivatkywdileitesafranewotkimahiains aplaydradlineti nSuuil ghargé.uln sfiitheSispedat e) |
and Scol gcite. dr at ed cium Al um Si.licate); .Ofretite dr at ed

ol it am e ok kR SHFEAPD M THIAIDE BETE 0TS SATRAlF PbHEl M ot e

Sodi um ! ik L N I G - Pat L3 CahEd Sodi um
Bar | um AT e ey el o B S B G um

St r ont i unegativetyrchangs&d functidmality tdvebifid cativins ancladimgl fgr exBarplesiivee iqnisly Thas,ed

Sodi um Pgt assj um Cal ci, ym Alum num Sil.icate), Sti]bjite_  (Hydrated Sodi um
Cal ci um Regspligmarpnaraciesian bgsubjestdp ien-exchiangs, with sdver donse | Ihenanespmaesite

Silicate); I . j i i {1 )

Tscher ni é?ﬁ-gg&g E%{rhg{eg%ﬁefa%% Bﬁ%mngf%%{égﬁcgf gﬂﬁ]%%giv\ngl%g?{ (?é (Hydr at ed
Cal ci um Hydssphilidandiahti@eirébialdeohiteostingsefof HavRPindegehddft WRLRPLDPIRTBIR, Adv.

PCT/ US2006/ 007037 [0068] I n one aspect, the nanoparticles can conprise

Zeol i t e Runqgtiongl Mgtarnky (2889e¥36; the nanoparticles can conprise one or nore
of Zeolite A (also referred to as Linde Type A or LTA), MI, FAU, or CLO or

a mxture thereof. [ further aspect, the zeolite conprises a
negatively chargedhf %%Sﬂrgﬁﬁliy That is, in one aspect, the zeolite can
have negatively charged species within the crystalline

[0070] Particle size for nanoparticles is often described in terms of average hydrodynamic

diameter, assuming a substantially spherical shape of the particles. While it is contemplated
that the nanoparticles of the invention can be provided in any particle size known to those of
skill in the art, the nanoparticles of the invention are, in one aspect, with an average
hydrodynamic diameter of from about 1 nm to about 1000 nm, from about 10 nm to about
1000 nm, from about 20 nm to about 1000 nm, from about 50 nm to about 1000 nm, from
about 1 nm to about 500 nm, from about 10 nm to about 500 nm, from about 50 nm to about

200 nm, from about 200 nm to about 300 nm, or from about 50 nm to about 500 nm.

[0071] In a further aspect, the particle size of the nanoparticles can be selected to match the
thickness of the film layer. For example, for a film thickness of from about 200 nm to about
300 nm, the nanoparticles of the invention can be selected to have an average hydrodynamic
diameter of from about 200 nm to about 300 nm. As another example, for a film thickness of
from about 50 nm to about 200 nm, the nanoparticles of the invention can be selected to have

an average hydrodynamic diameter of from about 50 nm to about 200 nm.
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framework, while the framework maintains an overall net neutral charge. In a
further aspect, the zeolite can have a net charge on the crystalline

framewor k. One exanple wherein the zeolite conprises ' har ged
functi onMQ 3068825l ite A In such an aspect, the neglé?ﬁ\glg%‘])wc 7g3r7;ed

functionality can bind cations, including for exanple silver ions. Thus,
the zeolite nanoparticles can be subject to ion-exchange with silver ions.

The nanocon%gsﬁ Ol;ﬁ[ﬂ)(%ﬂﬂ can thereby acquire antim crobial properties.
A M P et at, drophilic and antim crobial zeolite coatings

for gravity-independent water separation, Adv. Functional Mter. 15 (2005)

336. bjo072H ShdastofAhE Aitrards of thelifvéition ch® tomprsafilnh Bh¥ifig hFacef t en
described I1n terns of average hydrodynami c dianeter, assum ng a

subst awhezginl the Simeompaiseshpglpmer mafmik, prd ednciugber agmprise athydeopbdictlayesl at ed

t hat the nanopajticles of. the invention can.b rovi,ded. i n .an rtigcle size
known Prgx%%ggo{;n'ef&‘seki @ f\"&ﬁ?ﬁ@%ﬁ&‘e I?Wé"ﬂ%%g’é{%"r%béé%welﬁtﬂﬁﬁ@&m n are,
in one ggﬁf] bR ¢ IBHE 1WA RBENA At &j‘gﬂﬁ @l fromabout 1 nmto
about ?ngt raﬁ,%écg’mﬁgggdg?ﬁlo réggto about %OO n%ﬁe ?r om about 20 nmto
about 1000 nm from about 50 urn to about 1000 ran, from about 1 urn to
about P0G3hWhileribiscahtentplatél thanthe hyddophilic38er nan cdmpnisesay bydfoPhiiim t o about

200 m, from about 200 nmto apout 300 run, or from about 50 M to _ about 500
nm [ owaterial ko (grthegerof skilldnithe qrh dho)layer, i enespect gommises a Matarselubles can

be sel t ' ' [ r , for a
film tﬁ(ﬁ&’%nlés@ ag@f'ﬁﬁ %o;}r‘?pg%’ot‘l}ghg%&%mc ? %eé%%ﬁ&rﬁ;ﬁ#g%ﬁ%astﬂig °£§§@g§49’ I cl es of
the i nM@éﬁdl,?blﬁdﬂyﬂﬁn%H, g6lyethyl Syricdidond apyhoetiufdy Tl dhyleheaa et er  of
from about 200 ran to about 300 ran. As another exanple, for a film

t hi cknglyeolosaporifiedpabysthylepe-vinyh aceataisopelymen tmethylemegliealoprdicthyleas of t he

I nvent i,on .can be sehiact to have an average hydrodynam c di aneter of from
about BECHhHr £SERER “ran. 21 WO 2006/ 098872 PCT/ US2006/ 007037 3.
HYDROPHI LI C LAYER [0072] In one aspect, the nenbranes of the invention can

conpr i @74 ftid &dﬂ&ﬁﬁlﬁ&d&h&t%‘&g’drdﬁl;ﬁfﬁ@ia?eﬁd%ﬁ cbinlphisé 2 BRE4IRRSd azmkuiﬁ%r matrix,
and can further conprise a hydrophilic layer proximate to the tTace. In a
f ur t hepolmvpec materiab Inyaifustber dspect) thy bydrophilib dayed cacemoprise atnve-dragstinkedy  a yet

furt he}rzy o eﬁé bolgqrx]l%ﬂg Qa&e%a?i iﬂl ocneI a3 eecrt, & Hytg'gpli]iﬂc Ta%% go%prg\gets r(1:rotss ?nkfeg ce
polyvinyl alcohol. It is also understood that the hydrophilic layer can further comprise the
nanoparticles of the invention disposed within the layer. In a further aspect, the nanoparticles
can be substantially encapsulated within the hydrophilic layer. For example, the film can
comprise a cross-linked polymer, and the nanoparticles can be substantially encapsulated

within the polymer.
4. FILM

[0075] In one aspect, the membranes of the invention can comprise a film comprising a
polymer matrix, wherein the film is substantially permeable to water and substantially
impermeable to impurities. By “polymer matrix” it is meant that the polymeric material can
comprise a three-dimensional polymer network. For example, the polymer network can be a
crosslinked polymer formed from reaction of at least one polyfunctional monomer with a

difunctional or polyfunctional monomer.

[0076] In one aspect, the nanoparticles of the invention are disposed within the polymer
matrix. By disposed “within the polymer matrix,” it is meant that the nanoparticles are
mechanically entrapped within the strands of the three-dimensional polymer network. For
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[0073] Wiile it is contenplated that the hydrophilic |ayer can conprise any
hydr ophi i ¢ i.al known to those of skill in the artpcfRR2008)4670371 N one
aspect, c%?ﬁ%@ggf}g?mt er-soluble polyner. In a further aspect, the
hydrophilic | ayer can conprise at |east one of polyvinyl alcohol, polyvinyl
pyrrole, polyvinyl pyrrolidone, hydroxypropyl cellulose, polyethylene
glycol, sapgp, HegdlRRertithy cah Be Wosiinkae Slodhé tEORRbYAHELes.t Sud HvdtanRap! ycol ,
or diethylene glycol or a mxture thereof. [0074] +t is contenpl ated that

t he hydremphpment chnpeeurciaring,diopeiaswple interfasihi piprdetigationphhdrein thepol yneri ¢

material. In a farther aspect, the hydrophilic |ayer _can conpriLse,a
non- cr oSEPRATEEles HE Bresem: quring tog PRZabepdpgchon. Mogﬁée’é?é‘ﬂfggf’? SYche

hydr ophi | | i: 3 i . 10O Lavd . al col . i

O b B ARANE S SAREPR AP i o BB Ghepled 1k
nanopar tingtegs afier thegolynveizhti Omredtitdntee Gevirtdd, But Hsubseyent crbssligking rédedon
aspect, the nanoparticles can be substantially encapsulated within the

hydr ophiis performedrwhileghe agnopgrtislestarepresdntn Basun d &t the ipvsntion péked
| . ticl b tantial l lated within th
R e R e S S

conpri sejciréd.! m conprising a polynmer matrix, wherein the filmis
substantially perneable to water and substantially inperneable to
impurities. By "polyner matrix" it is nmeant that the polyneric material can

conpri ie[OﬁTl’] Hoeee dspeet sz{h_en ahnqpai‘tljuimram sispmegl .“:Ethin the pofyiueer nadtex, ca’lt lensir

Dol v unAUPER AT Ph Jedst Ao S0 hEPATSP ISy Famer iRy FRmmes.
0076] Iy; Lol | | r ' d within

00761, Ao 0, BRSSP 8 g5 L1

t hat t heb0% a0 fasitabolie®%y & leaseaboan8iSa) dryat deakt stpnesiodidf thewdlinae of atdegts of t he
t hr ee- di nensi (())nal pol ymer network. For 22 WD 2006/ 098872 PCI/ US2006/ 007037
exanpl e, abore505 thewanoparticle cande mechenisally enfrapped witlinthe sandsiod taa threet es.

Such i cal t i i ] f aci al
ot yror | apg el pREh{cR R AR Rt cxitbl ) Bt 1cn o i SBR, S ik bl o
pol ymer i jgak hisdut 6ORS hi 188t abRRT09S, ableadtRbsutF0S, We At AR GBSHY 9084 offher apment i's

wherein the nanoparticles are added to a non-crosslinked pol ymeric
nanoparticles can be mechanically entrapped within the strands of the three-dimensional

polymer network.

[0078] Such examples are in contrast to a condition wherein a particle is merely physically
located within a polymeric material. A particle being merely physically located within a
polymeric material can occur, for example, when a particle is physically mixed with a bulk

polymeric material after the polymerization reaction has occurred.

[0079] One example wherein mechanical entrapment of particles within the polymer matrix is
typically absent from a film is a procedure wherein particles are positioned within a polymer
by a solution casting method, with or without a “‘compatiblizing” or “priming” step. For
example, in a solution casting method disclosed in U.S. Patent No. 6,585,802 to Koros et al.,
particles are “primed” (or “sized”) by adding a small amount of the desired matrix polymer or
any suitable “sizing agent” that will be miscible with the organic polymer to be used for the
matrix phase, thereby making the particles more compatible with the polymer film. In such a
technique, the particles are typically positioned within the polymer subsequent to any
polymerization step and/or a crosslinking step is absent from the technique. In such
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material after the polynerization reaction has occurred, but a subsequent
crosslinking reaction is perforned while the nanoparticles are present. It

i s under stwododsivegs7t he i nvention can include both of theckAise@riopfzexanpl es
or can be limted to one of the foregoing exanples, as desired. [0077] In
one aspect, when nanoparticles are disposed "within the polynmer matrix," at
| east about 50% of the volune of at |east about 50%the nanoparticles is
mec haniteainiques,the patields avel ridtimechirdcalyreatdppediwitliia thewteadsiofietisesmnal pol yner
net wor k., For. exa at | east about 60% at |east about 70% at |east

. | e,
about ghmengienalpolyaies petgiosk Aoearlizely, Hesugh|ataehniguesthepagiles @Bk 509% t he

nanopar}.i.cl es. Lcal I,y e d,w. thi s. of .the three-
0 o e ol e ARGRE R Y 1P aAREGH et W y¥iadbl i tlng, o ' (e
vol une a@pecibe dx€Ridbd AbRithe BB/tigh. | east about 70% at |east about 80% or at
| east about 90% of the nanoparticles can be mechanically entrapped within

the strands of the three-dinensional polynmer network. [0078] Such exanpl es

are i n [0080)rIastfurtheraaspeshdhe hanepathielesican he psubstantially encapsubdted witha thal | y

| ocated within a poLygeri erial. A pacrticle bein rely .physically

| ocat calyisimed Dby Vst e el Mt oSt s AR ¢ 1 o
I's phys) ' Wi Xt 560 | } zation
reagt %/osértl?%gés%gg%csl}%gd. [(ﬁ)g’ggfb%ﬁteleéianpl ggﬁﬁégﬁﬁﬁﬁ%ﬁ%%%ﬁ?ﬁgﬂ nt of

par ti cleasrappddhiithih e sicahiisref thewdiree-dinhensicnybpaipmbynatyedntFdr eeamplef at lsasts a
procedure wherein particles are posjitioned within a mer hy a solution

I
cast i nbREk ${tya or 3 least aboukid0haRf the volupiepd af lﬂaﬁtzﬁbﬁﬁﬁqg}r’) ?h%}qnﬁpﬁgcleg g&pbe For
I | ' ' ' I: . 6, 585, 802
o Koy dnedtinftpifPetab il GREN G (IR 0F o Bk AR HEnd Sy pSiynleb b B D

anount of the desired matrix polynmer or any suitable "sizing agent” that

wi |1 bg0osy dhhl farthértabpdchahefita hbsa Rk wid ht legst BotifrCoffithe nirtopartithisr | X phase,
t her eby naki n&e':fhe particles nore conpatible with the polyner film In such
a tecipsneftate therfacos abhat i, ald onless thyp pll of the nanepartielge gengirates the faee. pBY y ner

b t 1 | i zat i t d/ . | i nki & ' b t
71 om t naetstiel iumSi R e Blo SbERrERRaRle BeRHBRIu AT W ibel Gucs,
t he pardriged ggn.are not mechanically entrapped within the strands of a three-

di mensi onal pol ymer network. Accordingly, in such a technique, the particles
are not

a. POLYMER COMPOSITION
{0082] ‘While it is contemplated that the polymer matrix can comprise any three-dimensional
polymer network known to those of skill in the art, in one aspect, the film comprises at least
one of an aliphatic or aromatic polyamide, aromatic polyhydrazide, poly-bensimidazolone,
polyepiamine/amide, polyepiamine/urea, poly-ethyleneimine/urea, sulfonated polyfurane,
polybenzimidazole, polypiperazine isophtalamide, a polyether, a polyether-urea, a polyester,
or a polyimide or a copolymer thereof or a mixture thereof. Typically, the polymer is selected
to be a polymer that can be formed by an interfacial polymerization reaction or a polymer that

can be crosslinked subsequent to polymerization.

[0083] In a further aspect, the film comprises a polyamide. The polyamide can be an
aromatic polyamide or a non-aromatic polyamide. For example, the polyamide can comprise
residues of a phthaloyl (e.g., isophthaloyl or terephthaloyl) halide, a trimesyl halide, or a
mixture thereof. In another example, the polyamide can comprise residues of
diaminobenzene, triaminobenzene, polyetherimine, piperazine or poly-piperazine or a mixture

thereof. In a further aspect, the film comprises residues of a trimesoyl halide and residues of
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di sposed "within the polymer matrix." It is understood that such an exanple
can, in one&yoasRods2 be excluded fromthe invention. 10089&%@2@ Hevosher
aspect, the nanoparticles can be "substantially encapsul ated w tﬂl n the
polymer matrix." By "substantially encapsulated within the polynmer matrix,"
it is nmeant that at |east about 80% of the volune of at |east about 50%the
nanopar ta dikehobatrepe Teciuathecabbot, the filmapagdises tebidied dtarifiesey) dBlogitle bhd

t hr ee- di nensi onal_ pal ymer networ k. For exanple, at |east about 80% or _at

| east abwRhemdencdiaming g fyrhergtspegt, the fibm cappusessbegaerdomprpdpeiafiiimesoytan be
mechani cal | v, entrapped. wit.hin the strands of the three-di nensional polyner
netmrk.cﬁ%@gﬁldf'ﬁ enfybelnf: WSpect, the filmhas a face and at |east a
portion of the nanoparticles penetrate the face. That is, all or less than
all of the nanopary,i gyos Thedeidst es the face. By "penetrate," it is neant
that a portion of each nanoparticle is positioned exterior to the surface

of the film a. POLYMER COVPOSI TION [ 00821 Wihile it is contenplated that the
pol yner [#0841i While theqwiymérddmagan belprerddet] atemyidesizdd filpothjokpessnibevidmg okthswn t o

t hose of. skill in.the art, in qQne aspect, t film ri ses east one
of o SIIPAOR ate in G ATt PR BaL A BIBICkgE s AL HOTG B i apat 100
pol y- benrsi i | o Dol a P -

Dol y- ot Aot exAfgie, 80 m RAbY SRR ik Eies BEIUARLEIH 1Pl Boout 1000 o,

pol ypi pdraid abentil 0 phi @l boutd00anpdtone abart,1 mn poiboat 580 nwl fam sboppl Ymst er,
or a polyimde or a copolyner thereof or a mxture thereof. ally, the

pol ymer % gbeus|580may franpahsiit 80 pan tprbput I nre.offors abewSPaun Eg/ab&;¥5¢é:m aci al
pol ymer Iﬁi‘g’% bdht %?g@%g%ﬁoﬁf 258 188,'( %@Eﬁrabiaﬁk% mﬁ,?(ﬂg qeﬁlt Ic';'pn@ g@l LPKES: U ent to

pol ymer i Ion. nafur aspect, Aprises a polyam de.
The pol yamcshoue®o®eEman aromati c pol yam de or a non-aromati c pol yam de. For
exanpl e, the polyam de can conprise residues of a phthaloyl (e.g.,

i sopht hal oyl or terephthaloyl) halide, a trinesyl halide, or a mxture

t her eof .100%5] dn atfdherasparpitee thicknessoifybgfibe layancandepelested te siathhdbe particle

di am nobenzene, triam npobenzene | yet heri.md ne, .piperazin r .

pol y- pi P43 hnasoparicles: Finiexamiple deymanpparicler ipills Seyitads bviindvmampin

Conpri segamétst Sifsin Abowt 200 nfPRUBbul Rl H8, B8 ?ihﬁ@ﬁibﬁ&l%§ i bk1MRdA0PGYOP8872

PCT/ 1JS20061007037 a di am nobenzene. In a turther aspect, the film

conpr i sd8nrthkdess of fifont abowk2@F/hmdblaboit@80and As another example, for nanoparticles
having an average hydrodynamic diameter of from about 50 nm to about 200 nm, the film
thickness can be selected to have a film thickness of from about 50 nm to about 200 nm. As
another example, for nanoparticles having an average hydrodynamic diameter of from about 1
nm to about 100 nm, the film thickness can be selected to have a film thickness of from about

1 nm to about 10¢ nm.

[0086] The film thickness can be visually confirmed and quantified, for example, by using
transmission electron microscopy (TEM). Freger V, Gilron J, Belfer S, “TFC polyamide
membranes modified by grafting of hydrophilic polymers: an FT-IR/AFM/TEM study,”
Journal of Membrane Science 209 (2002) 283-292. For TEM observations, the polyester
backing of both TFC and TFN membranes was peeled off so that polysulfone and polyamide
layers remained together. Small pieces of the two membrane layers were embedded in epoxy
resin (e.g., Eponate 12, Ted Pella, Inc.). Approximately 60-80 nm thick sections were cut on
a Reichert-Jung Ultracut E ultramicrotome and placed on FORMVAR® (i.e., poly-

vinylformal)-coated copper grids. The sections either unstained or stained with 8% uranyl
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I n-phenyl enediam ne. In a further aspect, the filmconprises the reaction
product of trinmesoyl chloride and m phenyl enediam ne. b. Fu.rvt TH CKNESS
[0084] Wawbeodsvesgrel yner filmcan be provided at any desgictratkbislodrdzhi ckness,
the filnms of the invention are, in one aspect, provided at a thickness of
fromabout I nmto about 1000 nm For exanple, the filmcan be provided at
a thickness of fromabout 10 urn to about 1000 nmu, from about 100 run to
about 466 fouA) niin weraamtinéd oma IBORHIOGCX5DMmsmassjonf ¢lentroazogrost@panm t o about
500 n gIMrDom aboutl 50 nmu to agg(x% 500 nm from about 50 run to about 200 nm
from #@nagerleraing,wrifage 9 V. from about 50 nmto about 300 on, or from
about 200 wurn to about 300 run. [0085] In a further aspect, the thickness
of the fil@'@({@%m_‘,ﬁf‘ﬁsbe selected to match the particle size of the
nanoparticl@s. For exanple, for nanoparticles having an average hydrodynanic
di aneter of from about 200 urn to about 300 nm the filmthickness can be
sel ect[@087jdnhaxeupaspbéth,thé Harksompssiteimémbrmedofthe 2¥@niioh ¢am PO whridRO run. As
anot her exanple, for nanoparticles having an average hydrodynani c di ameter
of fr amepasber thatprovide tlee sipetier foeiian of the menbranes, inelnding exeelleahilye high ect ed
to have .a fi.lmthickness of frqm aphout 50.rimto _about 200.nm . As anot her
exanpi Betopcy  BigRe ata Dol y PR taruhed peleii Attt o Of from
about jnpreVBdtresisttisito F8inglihd thB ebility 1 B Pretiaes f %fbub@h%@k.eﬁtiﬁﬂl_sé o have a
filmthickness of fromabout | nmto about 100 nm [0086] The film

t hi cknasterstoad that the sendbranes baxe othargropettiepiant i fi ed, for exanple, by using
transm ssion el ectron mcroscopy (TEM. Freger V, Glron J, Belfer 5 "TFC
pol yam de nenbran nodi fied by grafting of hydrophilic polyners: an

FT-1 R AFMITEM st¥dy X journal of Menbrane Science 209 (2002) 283-292. For
TEM observations, the polyester backing of both TFC and TFN nenbranes was
peel e e ] i t her .

Smal | q&gﬁegc]e?% fﬁﬁﬁgf?%%nbraﬁ%%%ﬁ@%sg}ﬁcgﬁﬁﬁol n on%;%%rggsi n(e.g.,
Eponatfiowl gyembeaheHiftration dppardtus. Avp erampie] thiepufidwater flox carhbeessaedd inms wer e

o oo i i oo e R 0 B ot werbumer o heo
or st gh05AmYridds Baf HIAWhnlor 6 280G/ POPR ok 4 Y 05H80Y Bt square foot

of membrane per day) per psi (pound per square inch) of applied pressure. For example, the

flux can be from about 0.03 to about 0.1, from about 0.1 to about 0.3, from about 0.1 to about

0.2, from about 0.2 to about 0.4, from about 0.05 to about 0.1, from about 0.05 to about 0.2,

from about 0.03 to about 0.2, from about 0.5 to about 0.4, from about 0.1 to about 0.4, from

=t

about 0.03 to about 0.3 gallons per square foot of membrane per day per psi of applied

pressure.
b. HYDROPHILICITY

[0089] The hydrophilicity of the membranes can be expressed in terms of the pure water
equilibrium contact angle. The contact angles of the membranes of the invention can be
measured using a contact angle goniometer (DSA10, KRUSS GmbH). In one aspect, a
membrane of the invention can have a pure water equilibrium contact angle of less than about
90°, For example, the contact angle can be less than about 75°, less than about 60°, less than
about 45°, or less than about 30°. In a further aspect, the contact angle can be from about 60°
to about 90°, from about 50° to about 80°, from about 40° to about 70°, from about 30° to
about 60°, from about 20° to about 50°, or below 20°.
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acetate for 30 mn were exam ned on a JECL 1000X transm ssion el ectron

m cr oscope an accel erating voltage of 80 kV. 5. ) [ 0087)
In vari ous‘%‘é%—@%g@t’% he nanoconposite nmenbranes of the in{’/gﬁﬁ)‘b%ﬁg@gﬁﬂhave
various properties that provide the superior function of the nenbranes,

I ncludi ng excellent flux, high hydrophilicity, negative zeta potential,
surface snoot hnesg, ngm%ﬁ% rejection rate, inproved resistance to
fouling, and the ability to be provided in various shapes. It is also
understood that the nenbranes have ot her properties. a. FLUX [00881 The pure
wat er f 1[0890]fThelserfacer(zeta)patentiah obthemeashmee ofithainveitimatanibe saatred byoss-

flow nmenbrane filtration apparatus. Far ex | e, the pure water flux can be
neasur e FIPHIES mFe&Hg];ﬂné $1§ I‘%%&Pﬁr@é@? gg'mneggg?@id cjaspegled | j t ech
HP4750 ' ] W a of from
about 0%%%%9%%% Lgeﬁﬂﬁ%ﬁ(%gﬁﬁgﬁtg p;‘)ﬁeérﬁﬁg q uar(;erﬁ;a gg‘ft%gftg %ﬁﬁ%ﬁ%‘i}éﬁéer day)
per psi dependish @esolEBHHIL, 1 cothtepiitsipeebent, 886 tot4l.sofufibn toxABregtt. eor f 1 ux

can be from about 0.03 to about 0.1, from about 0.1 to about 0.3, from about
0.1 to semple, 3 ) mM NaChsadutiorothe zeta patsotial @nbe af fegshaainegative.ag8bew -about

0.1, fraom,abqut 0.05 to about 2,., fromabout .0.03,t0 (o] 0. from about
0.5 to dBURIHES TepaAaar 1 ' AT SOYS Bhabod e b Gt g ous 0.3
gal | ons faeleGdahsut-29m 0k bR HIm 504t R6 aB&it 10f applied pressure. b.
HYDROPHI LECI TY [ 00891 i'I'qhe oﬁ rgﬁ j |ﬂICI ty of thearrenbr anes can be expressed
in terms of the pure water equilibriumcontact angle. The contact angles of
t he menbranes of tdieRoweENESON can be measured using a contact angle

goni onet er (DSA10, KRUSS GrbH). In one aspect, a nenbrane of the invention

can hav e wgter equilibrijumcaontact angle of |ess than ahout 90. For
exanpl o, 004 Thesuiese tapelrety.al thesypdisizes menthsenve oo be jwediaad bV ARBE co,
l ess th . I . : ﬁ#ﬁ% he cont act
angl e c(’a}ﬁmggm?}ré %"#268‘3@6@@ gﬂgg}%{a 8@811&?? 8%19%1%(1)%#6 0 t})ﬂ%%gﬁ({uméeg, from
about 4@RMS)abeglinestGralfer for afeebrardutface. aioek, B,V 8oBhattohidrjefaridoMabout 50,
or bel ow 20. 26 WD 2006/ 098872 PCT/ US2006/ 007037 .

Elimelech, “Effect of Surface Roughness on Colloid-Membrane DLVO Interactions,”

Langmuir 19 (2003) 4836-4847. In one aspect, a membrane of the invention can have an

RMS surface roughness of less than about 100 nom. For example, the RMS surface roughness

can be less than about 65 nm, less than about 60 nm, less than about 55 nm, less than about

50 nm, less than about 45 nm, or less than about 40 nm.
e. REJECTION

[0092] Salt water rejection of the membranes of the invention can be measured in the same
high-pressure chemical resistant stirred cell used to measure flux, for example, using
approximately 2,000 ppm NaCl, The salt concentrations in the feed and permeate water can
then be measured by a digital conductivity meter and the rejection is defined as R = 1 — ¢ /¢,
where ¢, is the salt concentration in the permeated solution and ¢ris the salt concentration in
the feed solution. In one aspect, a membrane of the invention can have a salt water rejection

of from about 75 to greater than about 95 percent.
f. RESISTANCE TO FOULING

[0093] The relative biofouling potentials of the membranes of the invention can be evaluated

by direct microscopic observation of microbial deposition and adhesion. S. Kang, A.
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C. ZETA POTENTI AL [0090] The surface (zeta) potential of the nmenbranes of
the invention can be neasured by stream ng potential analysis (BI-EKA

Br ookhavegolagdjoygmnt Corp). In one aspect, a menbrane gt Socidd¥gat i on can
have a zeta potential of from about +10 to about -50 nmV e%%ncfljngﬁgn

solution pH, type of counter-ions present, and total solution ionic
strength. For, _exanple, in 10 "M NaC solution the zeta potential can be at
| east Subraognit BN Va %bomRrMatsmotcatand dh4t DeshusesgaDireet cdosexabmm of 15 nVv, at

| east as ative ag about -30.nV, 0 at Ie |ve a -45 nv
for pHEO F"é{’ﬁae HHPIOops Wé‘blatﬂﬁltta‘m 56 BPRE@@%E‘%§HT"66 ‘ﬂ?@’y surface

t opogr | force
m cr os@gﬂén?k W%ﬁﬁ@ﬁ%ﬁﬂ gati O%Ba BPHa ca cﬂ?ﬁglt%%ﬁzg 861? mean

squar e@A-PRY&hd polg@hrdcs(BA\)r aimﬂ)rims can Uenhnﬁasdewﬂh afcamerﬁabhabtﬁtyt\étainmgs.
Bhattacharj ee, and El i melec "Effect of Surface Roughness on

Col | oikd mmmm tiB@ﬁ'@l’lal v@aﬂgmts MddequiryPybesgle.-, Fogane | n one
t f t RNVG f h f

?ZES%%@W%— it g Py b Athaie Bleshinc Himeant oo | ess

than apg @@mmmm RN MEYE, ﬁ@r%vh&%%llébﬁ{‘bﬁlgﬁéheé%@me nlsgsE than

about 50 nm I ess than about 45 nm or | esSs than 40 nm e. REJECTI ON
[ 0092] angalend (mamvatedb edlisiapensseh atk el spetd Badficlsi anfl B.EeLoganeThe ompacaof be

measured in e sa h- pressure chem ca Si stan r ell used to
meas ur@trayiglet llg%tr"”é%@ﬁ??ﬁ?gadb%% g]éfﬁﬂf&mﬁé{@tl Suagaﬁné«é?m # sal t
concen$J’ﬁ1tC zbﬂu‘ ﬁ‘ste%l:& agglﬁwpate wat er can then be neasured by a

digita con |V|t erejectlonls defined as R=1 - cP/cf,
where cp is the salt concentration in the pernmeated solution and cfis the
salt concentratig@nSmapet he feed solution. In one aspect, a nenbrane of the
I nvention can have a salt water rejection of fromabout 75 to greater than
about 95 percent. RESI STANCE TO FOULI NG [0093] The rel ative biofouling
pot ent (089 Arvapgly Ortembaﬁ@sshape%qaeutqt@aﬁlfluceﬁ be grovidedaising the Eesely di r ect
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D. PREPARATION OF NANOCOMPOSITE MEMBRANES

[0095] In one aspect, the membranes of the invention are prepared by a method distinct from
the conventional RO membrane preparation processes. However, many of the techniques
used in conventional RO membrane preparation can be applicable to the methods of the

invention.
1. THIN FiLM COMPOSITE MEMBRANE FORMATION TECHNIQUES

[0096] Thin film composite membranes can be formed on the surface of a microporous
support membrane via interfacial polymerization. See United States Patent No. 6,562,266.
One suitable microporous support for the composite membrane is a polysulfone
“ultrafiliration” membrane with molecular cutoff value of ~60 kDa and water permeability of
~100-150 Vm*h-bar. Zhang, W., G.H. He, P. Gao, and G.H. Chen, Development and
characterization of composite nanofiltration membranes and their application in concentration
of antibiotics, Separation and Purification Technology, 30 (2003) 27, Rao, A.P., S.V. Joshi,
J.J. Trivedi, C.V. Devmurari, and V.J. Shah, Structure-performance correlation of polyamide
thin film composite membranes: Effect of coating conditions on film formation, Journal of

Membrane Science, 211 (2003) 13. The support membrane can be immersed in an aqueous
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Subramani, E.MV. Hock, MR Mtsunmoto, and M A. Deshusses, Direct

observati OW(S)EO%}B?QGPM ing in cross-flow mcrofiltrat EZQ@E@S@%@@Y@E

deposition and release, Journal of Menbrane Science

Viability of bacteria adhered to Zeolite A-polyam de (ZA-PA) and pol yam de
(PA) menbranes can be verified wwth a commercial viability staining Kkit
(e.g., lsbMEODESRGMingRafitst ghattant (Bactled-demihbnizénetor “KIRD” MohemaaMhPr obes,
Inc., Eugene Oegon) for 2-4 mnuytes, fallowed by observation using a

f | uor es et gan et t (g Coptact Wy ,OIG?IVFrE‘Eié‘tl%é‘?m@al,ngl gRecond\ispgtant] o

N.Y.). Livi I Qe 8 S A tivated)
cel & arftds ey PGl B aVE o0 19b RS, PEhTan R R P ARLIANETE

ul travi emelisdibleRitlohe Bakt 6F AqiboddRed, 20 tha thd RESiH sbeiBlag thedifetface oat ed
surface, Colloids and Surfaces B-Biointerfaces 41 (2005) 153-161. g. SHAPE
[0094] Actwerendbytvaf saktivns 4o fratadanse pelymes biyer omathe supporbmepbrane dudaagsi ng t he
present invention. These include spiral wound, hollow fiber, tubular, or

B e
di St i nClyoiafiille fltCARY @Hxﬁgéditg@ﬁémﬁ%é"ﬁmd@@ﬁ I]\@E%Qﬁg%(t eondRhRMRAEf0 ofRIFVEr .

many of "tHe techniques ed I n conventliona rane preparation can be
appl i calwith MPD fteaboet htoddspertent be weight énthie@olar phastHTHerédchibchiPbist aiedVEVBRANE
FORVATI ON TECHNI QUES [ 0096] Thin fil m conposite nenbranes, can be forned on
the sur PHb# 16pmMeRPEaRIE INAROPEE GRYERRMERNIN Shrctexppgrafyse ef either the polar or the

| ! oh Ca | T : |
P omoraat BaF BotlahB cSLENES CHERimit B8 Ao B bl
"ul traf ibhirieptéd QihibitREREAAE BohwdbnTRACRAI A1d 16 Wl Howa kereadtionShedeBahand wat er

pernmeability of -100-150 UnR*hbar. Zhang, W, GH He, P. Gao, and G H
Chen, De¢lettoyendense layer sodhemeiis éypicallyi very Gin aslnsoweatde tawater, bt relatiyely

R T e
Trivedi ¢ofivelitioRSk Asdived R3%evérsk o ﬁ’(R@)ré#?ﬁM‘éﬂé perfornmance correl ation of

polyam de thin il mconposite nenbranes: ect of coating conditions on
filmformation, Journal of Menbrane Science, 211 (2003) 13. The support
menbr ane can 2beNANOPHIRATION MEMBERANEUROEMATION TECBNIQUES

[0098] Unlike conventional RO membranes, nanofiliration (NF) membranes typically have
the ability to selectively separate divalent and monovalent ions. A nanofiltration membrane
exhibits a preferential removal of divalents over monovalents, while a conventional reverse
osmosis membrane typically does not exhibit significant selectivity. A conventional thin film
composite nanofiltration (NF) membrane can be made as follows. Piperazine, together with a
hydrophilic monomer or polymer containing amine groups {e.g., iri-ethylamine or “TEA”
catalyst), is dissolved in water. The microporous support membrane can then be immersed in
the aqueous solution with a piperazine concentration of ~1-2 wt% at room temperature for a
desired amount of time. Next, the membrane is put in contact with the organic solution
containing ~0.1-1 wt% of TMC at room temperature for about a minute after the excess
solution on the membrane surface is removed. Other changes to water flux and solute
rejection can be accomplished by using different monomers and initiators, changing the
structure of the microporous support membrane, altering the ratio of monomer to initiator in
the reaction solutions, blending multiple monomers and initiators, changing structure of the

organic solvent or using blends of different organic solvents, controlling reaction temperature
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WO 20061098872 PCT/ US2006/ 007037 solution containing a first reactant
(e.g., 1,3-diamnobenzene or "MPD' nonomer). The substrate can then be put

in cont aCWc}Q%JOE'm sPrgani ¢ sol ution containing a second peaHERNEL0708 9- -
trimesoyl chloride or "TMC" initiator). Typically, the organic or apol ar

liquidis immscible with the polar or aqueous liquid, so that the reaction
occurs at the interface between the two solutions to forma dense pol yner
| ayer and tife, enadding catrdysts (erge, metelspanids, b6t ]chdlaryt dmdenetalcondi tions for

th { f MPD and TNC to f fill t | hip fil
compos PORTEHBRA AR FaTe ARSHNB At PO WA KPR Assosted i 1 h VD
at apog& Qfmtaﬂle?ho%g F&V ol inhrisk G Wt Hate? RS Sor gﬂﬁ%éjlgﬁfe%hﬁ’é‘ can be

carri e ure 1 n an open envi ronnen e terrperature

of eit heptatid)Qapibh, &iycbheﬁdﬁe orasu;iamfﬁjl bmddlyamca%h oflarWhige A6twisking esibe Once
fornmed, the dense polyner |ayer can act as a barrier to inhibit the contact

bet wee howskhst theery, #itbalisved that thevnterfanialnolysondensationrsactiontdoes seltake | ve dense

vololi phet ﬁ%&%@bﬁ 2, 6tz LBlghyiie P e PELESS Sotat@pt R atiaaBitiide. T

type Oflmﬂﬁfﬂéra%ifab‘l Va%q&ét@%%ée‘/ 2 Hih thREn &S tdbuify Stﬁ‘eﬁﬁiﬁes' s (RO
mebr At AT FRAT RANE FORMATI ON" TECHNI QUES ] 0098] Unl i ke

conventhonoaer E0sses e watesorganic abiventriateriaoe, (dMR)sestimbuginthe pbmanmﬁ fayerhave the

ability to sel ectively separate dival ent and .nmpnoval ent i Qns.
nanof | Flrsady Temmeds A4 iR Colles nt pantact pridracideiprde fhe PRgakR SQiY%P’éﬁP§ over

nonova r [ ‘gﬁ?? does
not exh}ﬁagato?y Sl gnifas'l caﬁﬁﬁbﬁ% é@pﬂ}e{ f"%g@?%ev or%g I'n % I %&é{g‘%ﬁpdg}s/ ite
nanof i flmatWidle ﬁdN@lsngrhfmlmaMyb&dmdﬁsmhé@dltﬁmhe i geeszofie tHiwget her
wi th a_hydrophilic nononer or | ymer cont ai ni ng am ne groups (e.g.,

tri- et fjmienmed abthe' m@pface @ma}ﬂy ﬁeten@ngql by thevaty afdiffiesien of thpammetoopor ous

suppor nbrane can t e aqugou h a
o1 bor aieTERnRiE Sth VA oRple TS Blerle S edndtil: A s 18T B
amount Teiedil OB, DMlurad %d”iﬁmtﬂlﬂﬁ%thfch&ﬁipeﬂﬂnﬁﬂf&%ﬁel\ﬁhbﬁof yahidie Thia
sol ution contai ni ng -0.1-1 W % of TMC at roomtenperature for about a

m nut e filthicemposite membisaaes Sidfeat ofmoating ¢dnditiomsiondilm forméationg Jownpbgoved. Ot her

i 11 or M rirsance g Ao Diia bre SAETR i 35@3@%%%“" ghot "0

m cr op 0€-enfdrc r i{d ator in
the r eg%‘?‘?@r?ﬁg%{éﬁqoggr@mgp | ng gn% éjllgrp E’%ﬁgg(r)ginng ni to?a oérésal ch hangi ng
st r uct wfogatit polamide thin films, Environmental Science & Technology, 35 (2001) 4334; Kwak,

S.Y., Relationship of relaxation property to reverse osmosis permeability in aromatic

polyamide thin-film-composite membranes, Polymer, 40 (1999) 6361; Kwak, S.Y. and D.W.

Thm, Use of atomic force microscopy and solid-state NMR spectroscopy to characterize

structure-property-performance correlation in high-flux reverse osmosis (RO) membranes,
Journal of Membrane Science, 158 (1999) 143; U.S. Patent No. 5,028,337; Mulder, M.,
Basic principles of membrane technology, Second, Kluwer Academic Publishers, Dordrecht,
NL, 1996; Petersen, R.J., Composite reverse-osmosis and nanofiltration membranes, Jourrnal
of Membrane Science, 83 (1993) 81; Kurihara, M., Y. Fusaoka, T. Sasaki, R. Bairinji, and T.
Uemura, Development of cross-linked fully aromatic polyamide ultra-thin composite
membranes for seawater desalination, Desalination, 96 (1994) 133; Kim, CK., J.H. Kim, L.J.
Roh, and J.J. Kim, The changes of membrane performance with polyamide molecular
structure in the reverse osmosis process, Journal of Membrane Science, 165 (2000) 189;
Hoek, E.M.V., Colloidal fouling mechanisms in reverse osmosis and nanofiltration, Ph.D.,
Chem. Eng., Yale University, New Haven, CT, 2002; U.S. Patent No. 6,413,425; Comstock,
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organi c solvent or using blends of different organic solvents, controlling
reaction tgpPRHahdsss 29 WO 2006/ 098872 PCT/ US2006/ 007037 p shodiR7039"

addi ng catalysts (e.g., netals, acids, bases, or chelators). In general,

pol yfuncti onal am nes are dissolved in water and pol yfunctional acid
chlorides are dissolved in a suitable nonpolar solvent, which is inmscible
wi t h wdd.br, Desides mewbrape dompivater sufteaing, Detudintaorg, 76r(ADENH 1 ; CaddttendEaRe]. or

' ffin b hyd ol \Whi t w shi to b b d by.th ,
£ DS Bekeribpof Bt RasbnsA8d, h EoPrisksons News Y aa s iSOt FORrHUSENS. ¢ ok
| ace | . i ghl rab I bdeld fficient

o sc rErhitfad PSRt s (1986128 QR % KL ROKE R Bl o8 {161

t hi ckneSisckie) Nubfiliratipn nidhtbrassbeoaded (HERE of ikaiesnd deparatidetecident, C sol vent
interface, diffuses through the p 'ﬁ&m de layer already forned, and then

0
cones iDeselinggionadd (WAB8h7 & Belfer . oY i Biainsen,tand O depslaime Sudhepanedificaiiongd  t he
ol yam de | ay.er. .Thu new polyner fqrns on the . organic,s e I de of the
Pol y am B A o e eyt R e b By aH St B 4 AT T % e
that t heyd PhiskpRSS 4971998 s78] Belfdr! §.Mf PLiRSnaR. FABsHtEth YT RERhbS bR 1 |y
determ ned by the’rate of diffusion of the amne to the organic phase via

wat er - d&.dawdem, fexface mhodiBcdtonef cBemeraiabrompikaie pélyRnideSekérselassdusis J. J.
Trivedi, C V. viurari, and V. J. Sha uct ure:-perfqQrmgnce rr.el ati on of
pol yarri%%“c‘?r_ﬂ%l???;‘f‘ﬁ"‘ll%of AreSeignasy 5&@%@&7@@5—3’3 BT, Soat Te dneFERRs on
fiim f%.%ﬁgﬁ@j%ﬂgﬁaﬁ?d%h&g}af MREP RS I,'a‘ﬁﬂ?ﬁ&ffo Eﬁ%EPc?f)suff ce Mﬁcatﬁnf\(' ’

S. G Jung, uctare-noti’on- "performance relationship o

f | ux- ernh prevestingefoalincofdimadsial BAHROBEMEMRS af it deafateralesalimbiion pol yam de
thin filnms, Environnmental Science & Technol ogy, 35 (2001) 4334; Kwak, S.Y.,
Rel at i dHehplgnipDesadingtian.i 138 (BOYNdOPy to reverse osnpsis permeability in

aromatic polyamde thin-filmconposite nenbranes, Polynmer, 40 (1999) 6361;
Kwak, S.Y. d I ic force mcroscopy and solid-state NWR
spect roscop?tgg%ﬂﬁé?%ﬁﬁc%gm e-property-performance correlation in
hi gh-flux reverse osnosis (RO nenbranes, Journal of Menbrane Science, 158

(1999) (0698 Vridus PadterRhtrdénts Can(beSndpldyedh lefliRince Mater pBRfidabilRRy, sabit®l es of

menbr ane technol o?y Second, Kl uwer Academ c Publishers, Dordrecht, NL,

1996; meieetionear forling resistanpo of @ formed IFSemewhroes Seh ¢-2dASt PatentdNo.on

nmenbr a urnal of Menbrape Sci ence, 83 (1993).81: Kurihara, M,, Y.

Fus a0l ar 55,68 a7 pranfple. R RTans Ca B Fmetses B 0 Aisit apUBRAE BIREPURS. | | nked
fully 2&A5%E fe6idRQl YRBARAE 4¥id ERoLifds A FRABEL. ©While not wishing to be bound by

theory, it is believed that such treatments can improve the flux of the formed composite

membrane. Additionally, heat treatment, or curing, can also be applied to promote contact
between the polyamide film and polysulfone support (e.g., at low temperature) or to promote
cross-linking within the formed polyamide film. Generally, curing increases solute rejection,
but often at the cost of lower water permeability. Finally, a membrane can be exposed to an
oxidant such as chlorine by filtering a 10-20 ppm solution of, for example, sodium
hypochlorite through the membrane for 30-60 minutes. Post-chlorination of a fully aromatic
polyamide thin film composites forms chloramines as free chlorine reacts with pendant amine
functional groups within the polyamide film. This can increase the negative charge density,
by neutralizing positively-charged pendant amine groups, and the result is a more hydrophilic,

negatively charged RO membrane with higher flux, salt rejection, and fouling resistance.

[00100] Membrane surface properties, such as hydrophilicity, charge, and roughness,
typically correlate with RO/NF membrane fouling. Zhu, X.H. and M. Elimelech, Colloidal
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menbr anes for seawat er desal i nation, Desalination, 96 (1994) 133; Kim C K.,

JH Km 1.J. Roh, and J.J. Kim The changes of nenbrane perfornmance with
pol yam dg, Boddsdy structure in the reverse osnosis ppEpRSR0caPdsinal of
Menbr ane Cl ence 165 (2000) 189; Hoek, E.MV., Colloi def ? |ng

mechani sms in reverse osnosis and nanofi Itration Ph. D., Chem Eng., Yale
Uni versity, New Haven, K CT, 2002; S. Patent . 6, 41? 25 Const ock, 30 WO
2006/ (OBEEROLBETeTIIRSIsgOsmbrAne Measurgmenis agd et er sof t eni ng,
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and T. t OC Nanofiltrati on menbranes broaden the use of merrbrane
separ acvanse Qsamhmmdgrynoﬁlmetsm mepibrangs, err(aigBM)emWaneB’@vdnge,,ISS (2004) Puri nson,

ot HSSE B le N AR 20 4 En  ildFsss e T PRRE K0S of Bigmt Mok Toos a0
(1998)mc%§ﬂ?log}eﬁ &iél ojdal foqu% Bg?élﬁﬁ&d% acgiate';aﬁli% gSélfb aera{%@ﬁflg and 0.

Kedem | cat1o conmer cl al conpOsite e Treverse

0s NS irsverseushicaisasembranesNAburabl dfddembrane Scierdes €27 01:9971 1(9)Haaraﬂ17.ﬁA Bedfer, S.,
J. Gl ron Y. Purinson, . R Fainshtain, N  Daltrophe, M Priel, B. Tenzer
and AAEoRhildress; Assesging short-range msamtranesgqlioid lmﬁa‘iﬂoé\ﬁélﬁmgﬁbffﬁ%l i ng of

Desal HEEPish Al S ORI ot St R R bR OO M e oL
post - hERRtsBMEversesbntRiseisthBes bicfodima and provehiesn, ReZMRaliad (Bd/), sol ute
rejection, or fouling resistance of a formed TFC nenbrane. See, e.g., U.S.

Pat enMeﬂ@branéte?wlgﬁllVaﬂé%SMBB@hO@ h@WbY@tﬂieIQﬁinppelﬁr‘rﬁmmg; HGn acidic

G am e SeBie S gl SAmplT PR, RSy RESryE 1tor Eoblrs b6 Rt sucn

treat 0
A L b D R e Y oot

cont ahydrophﬂmemgaUMy phdrgedyiade sfabbtin sarfdcesglisid gbcbcbpmmablﬂn@r trejéetiom, andat | ow

t enper_at ur or, tao_pronote cross-Jinkingg wt ornegd polyam de film
Gener 5‘]’419‘8 AYifag ’ﬁ e EesdEpotan aP%?*E'[Ll{“F%‘rP q“ﬂﬁ‘t‘&] glftlﬁ?f’m %an?srre%/oc ost of

| ower ﬁ%q,gg gﬁg‘% e¥ %Pﬁ' oxi dant
such &S CﬁPO@Iﬁn gt%ﬁ(feyelrnlar?ggg&%l)% ppm SOI?J |oensp'o , o%%&arrﬁ?e, sodi um

charge can also be a factor when solution ionic strength is significantly less than 100 mM

because at or above this ionic strength electrical double layer interactions are negligible.
Israelachvili, I.N., Intermolecular and surface forces, 2nd Ed., Academic Press, London,
1992; Probstein, R.F., Physicochemical hydrodynamics, 2nd, John Wiley & Sons, Inc., New
York, NY, 1994; Stumm, W. and J.J. Morgan, Aquatic chemistry, 1st, Wiley-Interscience,
New York, NY, 1996. Since many RO and NF applications involve highly saline waters, one
cannot always rely on electrostatic interactions to inhibit foulant deposition. Moreover, it has
been demonstrated that polyamide composite membrane fouling by natural organic matter
(NOM) is typically mediated by calcium complexation reactions occurring between
carboxylic acid functional groups of the NOM macromolecules and pendant carboxylic acid
functional groups on the membrane surface. Li, Q.L. and M. Elimelech, Organic fouling and
chemical cleaning of nanofiltration membranes: Measurements and mechanisms,
Environmental Science & Technology, 38 (2004) 4683; Hong, S.K. and M. Elimelech,
Chemical and physical aspects of natural organic matter {(nom) fouling of nanofiltration
membranes, Journal of Membrane Science, 132 (1997) 159.
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hypochlorite through the menbrane for 30-60 m nutes. Post-chlorination of a
fully aroanfb%/%k’ﬁzam de thin filmconposites forns chl g %&mﬂﬁ $ree
chlorine reacts wth pendant am ne functional groups wthin e po yam de
film This can increase the negative charge density, by neutralizing
positively-char endant amn rou and the result is a nore
hydrophilic, * g'g FP E &YSAF&%T%%NWUFH hi gher flux, salt
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Measurenents and foul i ng mechani sns, Environnmental Sci ence Technol ogy, 31
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(2001)  ehss, sélekdIRhetidis o%omffos@ehﬂemﬁ*aﬁe sifehick i iSSeation Rave bédatttrodneb®irdf

membr ane” surface nor phol ogy in colloidal fouling of cellul ose acetate and
conposi t membrave prepaptiopbeyae simpleatip-eoatmgrmidsnteriadialawdgnerization atetiwids MEnbr ane
Sci ence, 101; .Br nd A E |Jd es Assess
short-ra“rli'ﬁé""'ﬁe#g‘f3 Ve'&ﬂem%‘q?c}ﬁ%‘fla‘m ‘?@a’LPQPWQ R reéﬁél“&ﬁ @graﬁJournal
of Merrbr e asdaiian spects of
reverse ?ﬁ#sﬁ%%n%v%%%{) %lg% ;E)Hr%et\%gcnatug T2 A ﬁ%idfa{@

Menbr an eGﬂﬁmhh BelfaysS, Wasanbio Bt Ngﬁtd)IRM rHIchfk ofNBWadéanhdlﬁﬂ:m omtlfdJﬂB),g

Fl emm ng, H. C G Schaule, T. Giebe, J. Schmtt, and A. Tanachki arowa

Bi of oul iﬁ@lpﬂionea%f@mmm%esrﬁéﬁvwe osrimfsrra% rﬁﬂ%@@@waﬂ%éé@ (30043 867~ 113
(1997) 2 BN8S o ely

char ged, il'ggﬁd sSno rﬁnﬁsm aces @ goo%e(%{eérséélgb @ﬁ@&@@é}%@iﬁgﬁhb

foul i ng Behen OpinidAaedbid &meﬁbmczmmam@g)mmmt esira, TRe 18R S; NF
menbranes - to pronote fouling resistance - include hydr oph| l'ici ty and

snmoot hne¥YeisangnnByr et v Eﬁtmtsa&@mfgmg@ﬁe@tmrmwhwlmgfa@dtp@rfomwe prpgrtiesn
lonic str th is SL cantl ss th ¢ e this
oni ¢t PRGRe T REIbeAgu Hess i T @b Toa L et Mo DI

| st ael acBilyban, CxNenal! MLADFRESGHAR moRi ot RA%alion sy o%%sé%terAcadem c
Press, London, 1992; Probstein, Physi coche caI ydrodynan1cs 2nd,

John Wi egatfeBpSlepardtion Sczékamn?ldbkhnowgy 319&4@01)5155!71?(157\31 MadM; Bowhiangan,

Aquati c chem st rl¥H 1st, W/ ey-Interscience,
Davis Membrane foulmg reduction by backpulsing and surface modification,

Journal of Membrane Science, 173 (2000) 191-200. Chiang W.Y. and Hu C.M., Separation
of liquid-mixtures by using polymer membranes: 1. Water alcohol separation by
pervaporation through PV A-g-MMA MA membrane, Journal of Applied Polymer Science 43
(1991) 2005-2012. Advantages of these surface modification approaches include well-
controlled coating layer thickness, permeability, charge, functionality, smoothness, and
hydrophilicity. However, a drawback of all of these sophisticated surface modification
methods is the inability to economically incorporate them into existing commercial

manufacturing systems.

[00102] Currently, one preferred approach to surface modification of thin film
composite membranes remains the simple dip coating-drying approach. In addition,
polyvinyl alcohol can be an attractive option for modification of composite membranes
because of its high water solubility and good film-forming properties. It is known that
polyvinyl alcohol is little affected by grease, hydrocarbons, and animal or vegetable oils; it

33



New Yor k, NY, 1996. Since many RO and NF applications involve highly saline
wat ers, one cannot always rely on electrostatic interactions to inhibit
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Measur enent s and nechani sns, nvironmental SCience ogy, 38 (2004)
4683; frefbranSs for neany rébersd dsi)seCdpplicdHORE] 48 Aellbzhnitysiidakelaapedbgeroh nat ur al

organic matter (nom fouling of nanofiltration nenbranes, Journal of
Menbr amengpsreposationpplicaons. Xsdang, 32 SywiriasTodeeprrrapGTCbswdbey0d7037 4.

HYDROPNLIL C LAYER FORNVATI TE [ 00101] Creation of a non-reactive,
Py opHERY e 6 PR B s GO e hegrl fetnchiry creoosts piefihefies AnB FAES appl y1 ng
an addpdhfnaks 9Dle§lﬁz‘n'aﬁ¥ﬁ'10@@m%) 3991106, RiMACEKa Y, HatieTy SRatH |
hydrophilic) poll'ymer such as polyvinyl alcohol” (PVA), polyvinyl pyrrole

( PVP) , Pxeparatian gfefohlihgresistiny nadof{liign amd reverseseaiatsenehbangodndatheidese onposi t e
RO nenpragne. In recent __years, sev | nmet ho Qf compgsite rane surface
modi f F&ﬁmg WA BERAETINERG dereate Inausmhsd gﬂfeéaag&phﬁww 804) npl e

di p-cog%é_m@nd interfacial polynerization nmethods of the past. These

advanced met hods include plasma, photochem cal, and redox initiated graft
pol yneri zati on, drying-leaching (two-step), electrostatically self-assenbl ed

mul ti - [0ages]s, GAPVoA cdatirdbiercabbe Yahred varthsurkiles bf @ polvamidd @edpsite surface
nodi fication on _antifouling and performance properties of reverse 0sSnosis
menbr amembrapg aa falloxis; din aqugonBy¥A)solwipn witto~0. Lidiwida & VA with meleadar

expl or atd L. ' il ' I 4. I JAI T ent

opt ni oncieht apkile EgRER 08T kbt F0Lbiek R e ey b AR o ) b er
S, Vadisiieidtizedtwatr. BldngCKSs TOMASEACR CRdhuA2th@B. Seurdahf oul i ng and
performance properties of reverse osnosis nenbranes, Desalination, 140

( 2001) Preparatigroandiestingwvf prilystingdrajcobp} conBwsitementbixanes foraevereerbsmesis,sur f ace
T PSSO S 0 O Mo VoS ok SRRagAL g Sel ence
Merbr apgishii! duos. 'Sodkrdiad RVérsERcHBYE peAGmAMte sHmbaTed PoRivityialdots:

thin-film composite membranes, Journal of Colloid and Interface Science, 166 (1994) 239,

Iang, K., S. Sourirajan, T. Matsuura, and G. Chowdhury, A study on the preparation of

polyvinyl alcohol thin-film composite membranes and reverse osmosis testing, Desalination,
104 (1996) 185. PVA powder is easily dissolved in water by stirring at ~90°C for ~5 hours.
The already formed polyamide composite membrane is contacted with the PV A solution and
the deposited film is dried overnight. Subsequently, the membrane can be brought into
contact (e.g., from the PV A side) with a solution containing a cross-linking agent (e.g.,
dialdehydes and dibasic acids) and catalyst (e.g., ~2.4 wt% acetic acid) for about 1 second.
The membrane may then be heated in an oven at a predetermined temperature for a
predetermined period. Various cross-linking agents (glutaraldehyde, PV A-glutaraldehyde
mixture, paraformaldehyde, formaldehyde, glyoxal) and additives in the PV A solution
(formaldehyde, ethyl alcohol, tetrahydrofuran, manganese chloride, and cyclohexane) can be
used to prepare PV A films cast over existing membranes in combination with heat treatment

of prepared PVA films to modify film properties. Lang, X., S. Sourirajan, T. Matsuura, and
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Jour nal of Menbrane Sci ence, 173 (2000) 191-200. Chiang WY. and Hu C M,
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coating layer can be fornmed on the surface of a polyam de conposite
menbr angodgndriingthe firshmonguzo asd Bi¢Acsmidunémmmenito formDa pelymer frateinywhictdin

nol ecul wei ght . rangj.ng from 2,000 to over . 70,000 can be prepared by
di ssol V?Hr:ﬂ e Wﬁ’i?rdl‘?ﬂ%se({jWé@q'g%B?]éEeBm% water. Lang, K., T. Matsuura,
G Chowdhury, and S. Sourirajan, Preparation and testing of
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homogeneous mixture or dispersion at the relevant temperature and pressure. Unless

otherwise specified, the relevant temperature and pressure are at room temperature and at

~ atmospheric pressure. Particles can be termed miscible in a liquid if the particles can form a
uniform and stable dispersion in the liquid. An example of a particle being miscible in an
apolar liquid is Zeolite A nanoparticles in hexane. A further example of a particle being
miscible in a polar liquid is Zeolite A nanoparticles in water. By “immiscible,” it is meant
that the respective phases do not appreciably mix and do not appreciably form a
homogeneous mixture at the relevant temperature and pressure. Two liquids can be termed
immiscible if neither liquid is appreciably soluble in the other liquid. An example of two

immiscible liquids is hexane and water.
a. APOLAR LIQUID

[00106] While it is contemplated that the apolar liquid can be any apolar liquid known
to those of skill in the art, typically, an apolar liquid of the invention is selected such that it is
immiscible with a particular polar liquid used in a method of the invention. Further, an apolar

liquid of the invention is typically selected such that it is miscible with particular
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I nterface Science, 166 (1994) 239; Lang, K, S. Sourirajan, T. Mtsuura,
and G OWOWIREHYES72A st udy on the preparation of pol yvi?é/T/U&“&@WP”t hin-film
conposite nenbranes and reverse osnosis testing, Desalination, 104 (1996)
185. PVA powder is easily dissolved in water by stirring at -90C for -5

hour s. nanbpertelesedthe ihvemipd. Fot yeample, if thepasticuar petdy lignel is svaberahdtieed Wit h
the PVA solution and the deposited filmis dried overnight. Subsequently,
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185. 5liquidemprssdieXaVEMBRANE FORMATI ON [ 001041 I n one aspect, the
invention relates to a nethod for preparing a nanoconposite menbrane

conpri g he s i 0 i 0 i 8] l,ar 1iquid
and o TR} " S8 B Bos il 8Bt SR HERGRTR B IR Spdfl 01
apol ar mﬁdeuraepmﬁpﬂiesdpamrnﬂﬂuﬁaq*@rethﬁw the Stibep adfiéled dnybel di¥fepsedbl € Wit h
the polar liquid and a second nononmer that is mscible with the apol ar
| i qui dwithinothg epolar igdparticles in either the polar nixture or the apolar
m xture, wherein the nanoparticles are mscible with the apolar liquid and
mscible witht ealp | ar ll ! id; and contacting the polar m xture and the
apol ar m xture at” Lﬁéﬁ)‘él re sufficient to react the first nmononer with
the second nononer, thereby interfacially- polynerizing the first nononer
and t hpozesnd MuRRET ist@nfefiplated Dat HePolatBhidcan'¥e@h§pblar lifsidi@peRast i Cl es
are di sposed within the polyimer matriXx. :

those of skill in the art, typically, a polar liquid of the invention is selected such that it is

jO—]

immiscible with a particular apolar liquid used in a method of the invention. Further, a polar
liquid of the invention is typically selected such that it is miscible with particular
nanoparticles of the invention. For example, if the particular apolar liquid is hexane and the

particular nanoparticles are Zeolite A, the polar liquid can be selected to be water.

[00110) In one aspect, the polar liquid can comprise at least one of a Cs to Cy42lcohol.
The alcohol can be an alkane, an alkene, or an alkyne. The alcohol can be cyclic or acyclic.
The alcohol can be straight chain or branched. The alcohol can be substituted or
unsubstituted. In a further aspect, the polar liquid comprises water.

{00111} It is understood that the nanoparticles of the invention can, in one aspect, be
provided as part of the polar mixture. For example, the nanoparticles can be dispersed within
the polar liquid.
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are Zeolite A, the apolar liquid can be selected to be hexane. 00107] In
one asp&oth nucteophibes aad dléctrophileszme wellnowe imthelaetaand onecofskilbindbe amd cgp4

hyd ._.The hyd b I . an al , I . Th

ydr ocaPOGH sulahie BECOHERIEY G 1 dycpEodaidhn eBalr BB PoE 2est 1 Al U cha n
d mondme 8 le'o 20Iing i :
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further aspects, the apolar liquid can® conprise at | east one of a |linear
hydr ocapblymerizationapadtiod & fatrog polymier matrixy(@.ki, a tirgehdomensiomal polpapt tewotidavy
napt ha, paraffin, or isoparaffin or a mxture thereof. In one aspect, the

apol ar Vibeg broyehicatsy sostast. nindafusther spaddhe firstjand seroad saxemertan hejchosen
nanopart.i of Fnvent i.on l. ne._as: | part of
'he_aporbE® Bretoptré el ey SoPmelifuR SRR ien ol B €885 1
t he apolfsn 4 pélyner product that is capable of subsequent crosslinking by, for example, exposure

to heat, light radiation, or a chemical crosslinking agent.

[00114] In one aspect, a first monomer is selected so as to be miscible with a polar
liquid and, with the polar liquid, can form a polar mixture. The first monomer can optionally
also be selected so as to be immiscible with an apolar liguid. Typically, the first monomer is
a dinucleophilic or a polynucleophilic monomer. In a further aspect, the first monomer can
comprise a diaminobenzene. For example, the first monomer can comprise m-

phenylenediamine. As a further example, the first monomer can comprise a triaminobenzene.
In a yet further aspect, the polar liquid and the first monomer can be the same compound;

that is, the first monomer is not dissolved in a separate polar liquid.

[00115] In one aspect, a second monomer is selected so as to be miscible with an
apolar liquid and, with the apolar liquid, can form an apolar mixture. The second monomer
can optionally also be selected so as to be immiscible with a polar liquid. Typically, the
second monomer is a dielectrophilic or a polyelectrophilic monomer. In a further aspect, the
second monomer can. comprise a trimesoyl halide. For example, the second monomer can

comprise trimesoy] chloride. As a further example, the second monomer can comprise a
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b. POLAR Li Qum [00109] Wiile it is contenplated that the polar liquid can be

any polar liquid known to those of skill in the art, typically, a polar
l'iquid ofywhhgodddygntion is selected such that it is imygeh ' a
parti cul arbapol/ar iquid used in a nethod of the invenmpon. %h@{o}%rp a pol ar

liquid of the invention is typically selected such that it is mscible with
particul ar oparticle f the inventjon. .For exanple, if the rtjcul ar
apol ar Ph‘ﬁ&lﬂygﬁﬁﬂé&hé&ﬁﬁgt ef gsgectyihe apelay ﬁﬂ“‘ﬂ&ﬂ%g&sggﬂdéﬁl"%?%erﬁé‘gﬁet A the
pol ar I Aul t Qﬁqﬂi‘@l . : - aifihe pol ar
liquid Sélggbgrgﬁgﬁrl}dggmgg ’ P%asgtgo&gg% of a I%Ottdlo%glrﬁlégﬁg#&eqﬁ'ﬁlgfg?%ghol can be

an al kane, an al kee, or an al kyne. The al cohol can be cyclic or acyclic.
The al godide] can Ifenstally) thbidifahetionaber gulgfondtimhal Mivdeophilivhabnermer used in
substituted or,  unsubstituted. In a further aspect, the paolar liquid
conpr i dkeaspraganbinventiymean hayve prigagyeresesensisty ARiRe SroupsAad Siyrhe apmatiofedne
I nvention, ca L-n_one_aspect .be. proyvided .a art of e polar mxture. For
exanpl & PpaRns iBplie paBE s Bl B RS BRFe Tk MeRBhBin e o %36 o
2006/ 0338 TAmBSoHeRSA0 264 094 Wdninb ek 12, Hai @RBARRAE, and K8 1RRURMIAEYGUr € can
be adsorbed upon a substantially insoluble support menbrane prior to the
cont actaliphptist(eg., efiytensdiapune, propyteanadiemize) andmn(2-dimihosthylgeming).e, a

pol ysul f one. or .pal yet heysul f one bing. C. MONOVERS [0Q113] Generally, the
pol ymeExARPles of gt wga%qlwﬁgﬁp%%meﬂémﬂq TR g _t‘l%rt 7€ nor e
MONONBL,S,; @P&‘%ﬁ-{g atalaTelyeTy hi

pol ynuc?ﬁg%dpﬁ}oﬁ?%f nmono ier%%ﬁlgﬁidhlzé%lecond n%%%ﬁ%%ﬁ*gﬂgi aﬁ‘?gméié‘%sfhégﬁﬁq?” C or a
pol yel aiitiopgioups, forexamiply pipéfagine. The adamcanwpsicatly leapplied® theo or nore

reactive (e.g., nucleophilic aor electrophilic) groups. Both _nucleophiles
and el EEETOPPIOUS E4pPRFiasgeolutiondng pokar diquida far examplegratelfTheesultingirelae art can

sel ect suitahl e 0, i th 0 | nvent i gn n._pne

aspect @?m%}cgﬁ?glﬁﬁ d'egg{?%a %%g%&ﬁ%}agﬁggﬁ %ée%gli[l?gscghﬂg% % \séﬁ}pﬁ)e %8’5“0%83& e of

under g@iyg aBButl 61veighBsdraént RAhIMEE OnédbdAt siLhe nhiefbpbfouk @lipPoit, BRESEBblIaPBL I'i X
i

(i.e., a three-dinensional po'%gﬁ; networ k) when brought into contact. In a

f ur t hemizgpemay be bptiénallytremove b laromia tree seasnot be agireue hut isdypisaltyy be

capabl e of.Sc%qug%ri&%ggpoa}arpho&‘ggeri zation reaction when brought into contact to

[00117] Generally, difunctional or polyfunctional electrophilic monomer is preferably
coated from an apolar liquid, although the monomer can optionally be delivered from a vapor
phase (for monomers having sufficient vapor pressure). The electrophilic monomer can be
aromatic in nature and can contain two or more, for example three, electrophilic groups per
molecule. In the case of acyl halide electrophilic monomers, because of the relatively lower
cost and greater availability, acyl chlorides are generally more suitable than the corresponding
bromides or iodides. A suitable polyfunctional acyl halide is trimesoyl chloride (TMC). The
polyfunctional acyl halide can be dissolved in an apolar organic liquid in a range of, for
example, from about 0.01 to about 10.0 weight percent or from about 0.05 to about 3 weight
percent, and delivered as part of a continuous coating operation. Suitable apolar liquids are
those which are capable of dissolving the electrophilic monomers, for example polyfunctional
acyl halides, and which are immiscible with a polar liquid, for example water. In particular,
suitable polar and apolar liquids can include those which do not pose a threat to the ozone
layer and yet are sufficiently safe in terms of their flashpoints and flammability to undergo
routine processing without having to undertake extreme precautions. Higher boiling

hydrocarbons, i.e., those with boiling points greater than about 90 °C, such as Cg —Cy4
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forma polynmer product that is capable of subsequent crosslinking by, for
exanple, e r heat, |ight radiation, or a chem cal crosslinking
agent . [ooﬁ@?%ﬁﬁg’%‘hg aspect, a first nonomer is sel ect edPSHUAWG/BOTRY
mscible with a polar liquid and, with the polar liquid, can forma polar
m xture. The first nmononer can optionally also be selected so as to be

| Mm sci y@roteibdnsfndRoltales tefdbfthave Yiire aliitable APpbintsSthadMRAE-0;S  a _

di nucl eophilic or a polynucleophilic nononer. In a further aspect, the first
nmononer codnterpagsginit heyarelleagivolatlenzene. For exanple, the first nmononer can
conpri se m phenyl enedi ami ne. As a further exanple, the first nononer can

conpris I am nQbenzene. . In et. further, aspect, the.polar liguid and
Chert i+ 908t omor Gk TG0 inta Anledk it AR RO theRa e Flebtrdnid o B e 1 s
not dis O L, EH4l : ond
ronomer e SO E pibrBRRRLAL R Sttt M rce bR o B e
t he apolmixtire gufctim acpolyher, foranample polyamidé, disrimihstinpdaysnd The nesction tin@ns

optionally al so be selected so as to be inmriscible with a polar |iquid.
Typi cal Itypicalhelessdbampmp sasprshbut contagt timeizeftemloneen forsxamplsdiamioae ta 8Bl 1 i ¢

mononer.__|n fur . as t . ond n r, can ri k4 mesoyl

nal | do. el anfe W% ARG ayid MRy abTERNY nEPARGS, P2 b ML B AR ey e s

a furt hagatertsuib e dryel Qnd EeOliNeL. NTHRAEROVADT i diREssSD1 R rdiktuiarndOPAfddR87 2

PCT/ US2006/ 007037 phthal oyl halide. In a yet further aspect, the apolar

li qui d amikturheasbeomyensnidyachieved biyeryihg at elevatedtempenatdes, elgatiran abeuidOsecond

nononer j.s not di ssolv I n a separate, apol ar |iquid. 00116] Generally,

the di fuﬁitPiagﬂ‘éqdlzgr (&Jpﬁﬁgcf%ﬁ@ﬁ%ﬂﬁg aﬁﬁ‘@l”éﬁb*ﬁﬂ%“ﬂﬁ%%?’ Y% in the present

i nvention can have prinmary or secondary amino groups and naybe aromatic

(e 9., [oorg¥ieny! efgehsiBoifine BepRiainemen! Bodd illeh id (s drf WATAERBERETE

1, 3, 4-triam nobenzene,” 3, 5-di am nobenzoi ¢ acid, 2,4-diam notol uene,

2, 4- di aropticami smicentration of\the/menaderangine) thespecific patate and (concpntration of the

et hyl enedj am ne, propyl enedi am ne, angd .tris(2-diam noethyl)apune). Exanples

of sui t AR BRROFST.JIFEEPEYCen drastian GPRGHHPTRS, andere Membidte MeaPTRANSewD or

three am no groups, for exanple m phenyl ene di am ne, and secondary

al i phati hnes [ ' . :Bj:iB r.azd e anine

can typilgg be g%\él | e%ért op"ﬁfcﬁerﬁ]l Q@nﬁg{°§%§$ﬁ‘gﬁg&§8§poﬁ {J)gss a E&q’&?ﬁgﬁoﬁg a

pol ar | irfigthbkand Mmﬁq&w&saso‘hﬂioﬁrcomgh&' ing@s-phérylhefialitie, afidl pouting dntptial | y

I ncl udes from about 0.1 to about 20 we.'e’gﬁt percent, for gxarrpl e from about
soaked polysulfone membrane a hexane solution comprising trimesoyl chloride and zeolite

nanoparticles suspended in the hexane solution, thereby interfacially-polymerizing the m-
phenylenediamine and the frimesoyl chloride to form a film, wherein the zeolite nanoparticles
are dispersed within the film. In a yet further aspect, the nanoparticles comprise Zeolite A. In
a yet further aspect, the method can further comprise the step of contacting the zeolite
nanoparticles with a silver salt. For example, the zeolite can be contacted with a silver salt
prior to interfacially polymerizing a first monomer (e.g., m-phenylenediamine) and a second
monomer (e.g., trimesoyl chloride) to form a film, thereby producing silver-exchanged zeolite

nanoparticles dispersed within the film.
d. NANOPARTICLES

[00121) In one aspect, nanoparticles used in connection with the membranes of the
invention can be used in connection with the methods of the invention. Typically, the

nanoparticles are provided as part of the polar mixture or as part of the apolar mixture. In one
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0.5 to about 6 weight percent, am ne. Once coated on the m croporous
support, excess polar mxture nmay be optionally renoved. The polar m xture
need not be aqueous but is typically immscible with the apolar |iquid.
100117] WENMOEPISE72 ¢i f unctional or pol yfunctional el ect'?%ﬂﬁ%@@"%ﬁorrer is
preferably coated froman apolar liquid, although the nonomer can
optionally be delivered froma vapor phase (for nononers having sufficient
vapor il e re and
can ¢ eSS Bt Eopd N sRSELORE ob of [BPRIELIC L 161h AR PRL ol el Y
nol ecypéiar iquid.he case of acyl halide el ectrophilic nonomers, because of the
relatively lower cost and greater availability, acyl chlorides are
generally nore suitable than the corres ondi_ngg,brom’ des or iodides. A

1t

sui t ali#®28bl yf uldreughaputingexpramenfation thesepkillsgin the 2ot wilbanproamyte thene
Fange S no@inr Bt i Tuhiiies o 68 e heplisthBB G Rbo it fid Al o 17 om

about {0t @R rotheRRRESnCmBRIMLY reabfdrF@Mtitions hrd@lebY& BEmBPane petfotharReCONt | NUOUS
coating operation. Suitable apolar Iiqui ds are those which are capabl e of

di ssolving the electrophilic nononers, for exanple polyfunctional acyl
hal i des, afd NaNotOMPOSITEINMEMBRANE WITH IEVDROPHILIGIGANER for exanple water. In
particular, suitable polar and apolar liquids can include those which do

of ¢ hOIR2B) ashpdh ARMETREMRaBP I 9 16 aUP GompOe RESAPkasi ng w t hout
h i . > i R i i . 1 . . )
those i RHHEET RadEts RILEIRD oS ypHEl il e BRSPS o

2006/ 0pfidaly PETICAROGHSNRRAE aghytcpovatitpmpolgmer filn that éssubsiangially have nor e

suitable f]l ashpoints than their CS -C7 counterparts, but they are |ess
vol at Peaneaplgde veterand substanighy mperaieabls e BppyiRtios; enntacting theapixtumgend

el ect 1] ! > € LA ] u ce
it or PR, e R e gr M R o RIS by SRR o bR i

pol y Mevapoting X BBl £pdraby 8Nth@evatét foni tHe Hydtdphdlid @eEompiteSRE! Iipdyéti e i S
typically |l ess than one second, but contact tine is often |onger, for
exanplfusthfer aspeoty thetroethpg fiyrther eompuses thef step oflkdating thedays to b tpmperatase opt i onal |y

be renpyed, e.q.,.by.way of. an air knife, water bath(s), dryer, and the
like. S w}ug&y\%%qmg]}/ﬂ{e]%o L‘E’ggga&?ﬂtar m xture and/or apolar mixture can be
conveniently achieved by drying at el evated tenperatures, e.g., from about
40 a. AQUEOUS MIXTURE

—

—=XD

[00124] In one aspect, the method involves providing an aqueous mixture comprising
water, a hydrophilic polymer, nanoparticles, and optionally, at least one crosslinking agent.
The components can be combined in any order; however, in one aspect, the nanoparticles can
be added to a mixture of the hydrophilic polymer and water. In one aspect, the crosslinking

agent can be added after the other three components have been combined.

{00125] Typically, the water is fresh water; however, in one aspect, the water can be

salt water. Similarly, the water can include other dissolved materials.

[00126] While it is contemplated that the hydrophilic polymer can comprise any
hydrophilic polymer known to those of skill in the art, the polymer, in one aspect, can
comprise at least one of polyvinyl alcohol, polyvinyl pyrrole, polyvinyl pyrrolidone,
hydroxypropyl cellulose, acrylic acids, poly(acrylic acids), polyethylene glycol, saponified
polyethylene-vinyl acetate copolymer, triethylene glycol, or diethylene glycol or a mixture
thereof. In one aspect, the hydrophilic polymer comprises crosslinked polyvinyl alcohol.
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C to about 120 C, although air drying at anbient tenperatures maybe used.

[ 00119] Through routine experinentation, those skilled in the art wll
appreciate the optinmm concentration of the nononers, given the specific
nat ure andWébWeeMmsBRti on of the other nononer, nanopart iRITEES209648¢437 on
conditions, and desired nenbrane performance. [00120] In a further aspect,
the nmethod conprises the steps of soaking a polysul fone nenbrane in an

aqueous ]mmhv} | ON  GOEBIsh ShissiEh REM W ARRpANId WolyrRatATHh R CoRPiRe fiRe  soaked
pol ysul fone nmenbrane a hexane sol ution conpri'sing trinmesoyl chloride and

zeol i t e nampadirdestof theainventmalispeded withinghépolymer. sl afuirther, aspbety thby
interfacially:-polynerizing the m enyl enedj,anrine, and the trj nesoyl
chi or i d&aRapattsichcan br silsiaialE pReapHAaizd SDILA AYERE e FoT GraiRles ed

W t hin | . r ecty rid N, se Zeolite
A in S (i cohibrile KShostilel HonARRCEH ! HibchARRRAICH: B SRR 2 20F

cont act icichpbiigted &Qthird meg@m@ﬂdﬂmbem\wﬁn@. silver salt. For exanple, the
zeolite can be contacted with a silver salt prior to interfacially

pol ynerizing a first nononer Se. ., mphenyl enedi am ne) and a second

&9 ) 1 Ne !
nononer [QE28] | t r iAkdeastonecdipss g agentfineptionally pravideddn dtoymethodiu€hatgs,
sil ver-exchange eolite ..nanpparticles dispersed wthin.the film d.
NANOPART] SRS By Rhi SRS oo oo TP Rroked AOROERAIERE Bt wi ¢ b
t he menBgape | ' ; I ' ik met hods
B e AR i o S PR S
polar m xture or as part of the apolar m xture. In one 39 WD 2006/ 098872
PCT/ US2006/ 007037b. aRixER FiisM nanoparticl es are sel ected so as to be

m scible with both the polar liquid and the apolar Iiquid. [00122] Through
routine I mentation, those ski]Jled in the.art wll reciate the
opt i rrum[@ﬁﬁg{ant r ath O7F FPetty eﬁ%{fﬁ%%&ﬁ%&@%‘%%%@%ﬁﬁﬁﬁ% nat ure and

concent ' f i Ragsla sstalely ; Ne el ONS,

and des:fsé?ﬁes'ctiaﬂ?l ﬁe&ﬁ%?%rﬁ%a%%rté g&%&nc@%& oS E‘ivﬁkﬁﬁﬁi %énﬂ—l&%f(%tz@Hl LIC
LAYER [ Gilch23h comprsef anytfiierkmpsweotthosk € skittih de af; holveveérminesiiel sspect,ugiiblees t he
steps of, providing an agueous m xture_conprising water, a hydrophilic

pol yner filliainspulednetahin e copposiéheempranss, napefiiragee merdsanesasiwall #gent ;
providi i r%ngé)oerﬂB%fte ];ﬂelmrgré.rpa%tof the iﬁ%%&itoral.n tIJh‘;;.ltI ils,yit is contemplated that the

nanoparticles of the invention can be optionally provided with the polymer film of the

invention and that, in one aspect, the polymer fiim can have the components and properties of
the nanocomposite membranes of the invention. In a further aspect, the nanoparticles of the
invention can be absent from the polymer film of the invention, and the polymer film can
have the components and properties of known thin film composite membranes or

nanofiltration membranes.
¢. CONTACTING STEP

[00130}) In one aspect, nanoparticles of the invention can be dispersed in a stirred
polyvinyl alcohol (PVA) aqueous solution to form a PNA-nanoparticle aqueous suspension.
Ultrasonication can be used to ensure complete dispersion of the nanoparticles. A given
amount of cross-linking agent (CL) (e.g., fumaric acid, maleic anhydride, or malic acid) can
be dissolved in the aqueous suspension with stirring at 50 °C overnight, and then cooled and

degassed.

[00131] Next, a thin film nanocomposite membrane, a thin film composite membrane

or a nanofiltration membrane can be contacted with the PVA-nanoparticle-CL aqueous
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perneable to water and substantially inperneable to inpurities; contacting
the mxture and the film thereby form ng a hydrophilic nanoconposite | ayer

in contact. wi} e film and evaporating at |least a portion of the water
fromt hewwpﬂ{lﬂ#ﬁi c nanoconposite layer. In a yet fur]?(fr?téb&g%@g?s? t he
met hod further conprises the step of beating the layer to a tenperature

sufficient to crosslink the crosslinki nqg agent. a., AQUEOQUS M XTURE [ 00124]
I n onesusaeRsian, allpuingsyaterdo iekinarate 8t 1008y feaIPsEAtuR, 30d e grops-Lnidps PYaket i si ng

wat er, . a_hydr.ophil | V. . {4 a ' t | east one
crossl Fﬁkﬁ%%t %‘gﬁﬁaﬁe Eﬁﬁéer aggﬁ%gﬁ%% S aanC %gﬁ%eg hbﬁﬁg%h?tﬁ{%&ﬁ%ﬁer; however ,

i N oneyAmlEEbesitefetBraARAFdshéth SSpesidh flukSreREAES ah@ fouliipresten@f the
hydropﬂilic pol ymer and water. I'n one aspect, the crosslinking agent can be

added after the other three conponents have been conbi ned. (00125]
Typi caEl yWIETHeDS\OF EISINGTHE MEEMBRANES, however, in one aspect, the water can
be salt water. Simlarly, the water can include other dissolved materi als.

00126 lJe it i t I d that the hyd hi li I '
any  DUIEBT 1 | TS RRASPRPE EETPHASE ObeRToRPOR Ao hESSAS SUGGAgol yher - I
one asﬂl%ﬁltodf ﬁé?are%éiphkoéﬁ tgtthbé%ao?{s hd ax&oéf]yﬁ‘lgg?ﬂﬁ ‘%Eﬁlﬁaﬁé& F%?' yvinyl

pyrrole, polyvinyl pyrr one, hydroxypropy ose,” acrylic acids,

pol y( aexanmyple, them@dmbranes catchdmysed ne patifycaiiquid by cemivinglimmeities idivsbiwed,- vi ny|
acetate copol yner, triethylene glycol, or diethylene glycol or a m xture
Wwithi AT

t her eofuspended e di #5 It ispagendythonzh Hipgn r E58 furfiieed

Uncier s Aot K bt oty Ry A S B R ks Pedfeplyals ' © = =
nanopagissdiv s stpehdid, bidiSpricdrviehif RARAM 2 the liguidhepeéd/ iRéughlthe @ furt her
aspect, the nanoparticles can be substantially encapsulated within the

hydr opisembrangol ymer . For exanple, the filmcan conprise a crosslinked
pol ynmer, and the nanoparticles can be substantially encapsulated within the

pol ymer matgix, of th olyner. [00128] At |east one crosslinking agent is
optionally i)‘r ERH‘HE\%'N?}HP “rethod. That is, in one aspect, the hydrophilic

pol ymer can conprise a crosslinked hydrophilic polymer. In a further
aspect jooi $% hydr pphid dsﬁedtfﬂi@ inveAtiorr &4F e 118d fortevirsd QaiisidWepataliyaly ophi lic
pol ymer. b.” POLYMER FI LM
including seawater desalination, brackish water desalination, surface and ground water
purification, cooling tower water hardness removal, drinking water softening, and ultra-pure

water production.

[00134] The feasibility of a membrane separation process is mainly determined by
stability in water flux and solute retention with time. Fouling, and in particular biological
fouling, can alter the selectivity of a membrane and causes membrane degradation either
directly by microbial action or indirectly through increased cleaning requirements. These
characteristics can have a direct effect on the size of the membrane filtration plant, the overall
investment costs, and operating and maintenance expenses. By applying the membranes and
methods of the invention to commercial membrane and desalination processes, the overall
costs can be significantly reduced due to the improved selectivity and fouling resistance of the
nanocomposite membranes of the invention. Due to antibiotic properties of the nanoparticles,
in particular silver-exchanged Zeolite A nanoparticles, disposed within the nanocomposite
membranes, less frequent chemical cleanings and lower operating pressures are typically

required, thereby offering additional savings to owners and operators of these processes.
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[00129] In one aspect, the nethod involves providing a polymer filmthat is
subst anti al Iq/_ @ermeabl e to water and substantially inperneable to

i npuriti esWARROBEAer filmcan conprise any fil m knownP€BUSHE&®7BY ski | |
in the art; however, in one aspect, suitable filnms include known thin film
conposite nenbranes, nanofiltration nmenbranes, as well as the nanoconposite

nmb f..the i tion. .That i i t..dS. t | ated that t
nanopar SPUREL of LRUSK PER: PEdnealyene <SS INERISH B Getid EROEA ol ymer
film of StA8ind AYRPES BRGNS Hedps of?ro@ﬂﬁn§§ R&sdcomdpBSitP LY BBMe bty can have
t he conponents and properties oOf he nanhoconposite nmenbranes of the

i nvent i dmvention ar 4 pradinetrofdbgomethods bfthe ameption,ivhessin dfie mbmbranahens fiest facan be
absent fromthe polymer filmof the itnvent ion, and the polyper filmcan

havef t P@@éﬁ?ﬁﬂﬂ@ﬁ@% eoaghing e sk iace pT (s gnrmbrpe vith aisioobEnf afitihr anes or
[ | ! 0013 |
SICHITE P T e RN

al cohol A MembrsE Atk Sebikd sdhtidroffaebdmitl VMBS ABWRAAlsb&dnd sall e8fitRtration
suspension. U trasonication can be used to ensure conpl ete di spersion of

t he nanapasecond pessute;givherein therfixsh solufiorcisas fluid eommunisapemt witlCthe seeongl. |
i i i.d, | ei hydri d - pal i d . _be di | int
et o B G bl i BBt 5 heSbio o e ot
degassed,y; E&%ﬁ&itid}l?ﬁfereéﬁ c}aﬁggﬁbéﬂa&@&ﬂ%ﬁé’%&& HE MRS, Snd Whetefd | M

conposite nenbrane " or nano rat i on menbrane can be confacted wth the
PVA- nanadigefifst plessu€d isaqffiderslyhighéfxtia Gid §800d preB¥uré tdSAReMORe 3gmoteispensi on,
al l owi ng water to evaporate at roomtenperature, and then cross-linking PVA
at i ncPesswEs thempy incressag dhevecapbydumewnd docrsasing the fisstyelwre. The resulting
thin fil mnanoconposite nmenbranes, possess superior flux, rejection, and
foul i ng st anc T : . tain
aspect s,lé‘?lﬁ'lgf nenbrq%rﬁlggi %%Egﬁﬁ%ﬁﬁéﬁ%an %’@3@%% %Slqﬁ?‘gs?%%ef’]g%ug%t hods

t hat ar endiadihg kfaids other than it Fekédamplé) thd@refibtdnedtar bd lisedltd fsmdwvechni ques.
For exanple, the nmenbranes can be used to purify a liquid by renoving

i mpurit ilmpumﬂmsﬂqmebpholsmgi@dmmethﬂmaieﬂmogacpmpmi,nsqpm@anb grbutasolit is

passed tlhyfu%u f: s&ngltgﬁ%ﬁggree'seiegteg rolrJI{ :Elrrr]lgrrlg liquids that do not substantially react with

or solvate the membranes.
2. CONCENTRATING IMPURITIES

[00137] In one aspect, the invention can be used in isolation techniques for recovering
an impurity — for example a valuable product — from a liquid, for example water or one or

i more alcohols. The impurities thereby collected can be the product of a chemical or
biological reaction, screening assay, or isolation technique, for example, a pharmaceutically

active agent, or a biologically active agent or a mixture thereof.

[00138] In one aspect, the membranes of the invention can be used in a method for
concentrating an impurity comprising the steps of providing a nanocomposite membrane of
the invention or a product of the methods of the invention, wherein the membrane has a first
face and a second face; contacting the first face of the membrane with a first mixture of a first
volume having a first impurity concentration at a first pressure; contacting the second face of
the membrane with a second mixture of a second volume having a second impurity
concentration at a second pressure; and collecting the impurity, wherein the first mixture is in

fluid communication with the second solution through the membrane, wherein the first
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exanpl e, the nenbranes can be used to concentrate inpurities by retaining
the inpurities dissolved, suspended, or dispersed within a liquid as the
liquid is passed through the nenbrane. 1. PURI FYI NG LI gJI DS q[600133] In one
aspect, wWO@od609e8iei on can be used for reverse osmosis SEFASAIGRYS7 i nel udi ng
seawat er desal i nation, brackish water desalination, surface and ground water
purification, cooling tower water hardness renoval, drinking water

sof teni ng,, and ul tr.a-pure ter prodyction, 1001341 The feasibility of a
mortbr AFBUEBHEANSEIEHOP oREEE (e fhaisriopRd PRt oBEEFion EREDY Pipating ki or 11 ux

and so r [ ' ' Eopl ii0g.: ' | . . Di ical
Foul  RgHieBie R seled it dndrfine, s oieftin Bodhrt ety 4k Beichng HEeE S
degr adain e seddntdpiesstliet v érromay tie sshibic Presstre] hereby indreksimpothe YedoRdough

i ncreased cl eani ng requirenments. These characteristics can have a direct

ef f ectvodume hsl decreasing the\Brsheplbmgne filtration plant, the overall investnent
costs, and operating and nmai nt enance expenses. By applying the nenbranes and
met ho&g f the invention to conmercial nenbrane and desal i nati on processes,

t he over can be significantly reduced due to the inproved
selectivity and fouling resistance of the nanoconposite nenbranes of the

I nventy Due t Qir%txﬁmﬁ i ' inarl B ticular
si | ver[pg%?llanged’ﬂlfzfgln?t e A?l nan([)%gﬁﬂslgl es, E%?gg%oﬂgggqgmﬁ%%%e%kmm%%gggﬁnposi te
menbr aheart withsscdnipd efe elisclosheerand alesariptian iofihewdhelcémpmmds pengiositigngr essur es
are typically  required, thereby offering additional savings to owners and
oper at#tides eyipessmdir Slaimpd hegmn ajaseand svaatedapd e iended to [00135]

In on . | Q& ' an: ' t hod for
puri f%eﬁ)gpﬁgt%’é?rﬁéoﬂgri Sél ﬁlgsﬁ%ée?lf aé‘{d%g?sh@flﬁ%bg%gﬁ'%t ?& n%ﬁgggf;r\g%%itg% menbr ane
of t hdnvénore régafhastheid ineation t Efforts hevertethadde 6f ersife dcBitR6Y with.resplder ei n t he
menbrane has a first face and a second face; contacting the first face of

t he neaBrmbers\F gh agopnisstemperaiire gitc-bbubsame emrorsyad devatiensishguld bej r st sal t
trati t first ; tacting. d f f. th
ronr deSLEoh UBkenislesRuitinh e, SRS R Hiah it B o tug
concent Lednhibnt t&hﬁ@f&ﬁ&%ﬁ&'gi‘%ﬁﬁ‘i'ﬁ'ﬁ?o;r%ﬁ‘ra%&ﬁﬁc.f' rst solutionis in fluid
the nd s g

conmuni cation wt sec olution thro t he nmenbrane, wherein the
first salt concentration is higher than the second
1. PREPARATION OF NANOPARTICLES

[00140] Zeolite A (ZA) nanoparticles were synthesized by hydrothermal synthesis from
a clear solution with a molar composition of 1.00 ALO;: 6.12 Si0,: 7.17 (TMA)0: 0.16
Na,0: 345 H,0. H. Wang et al., Homogeneous Polymer-zeolite Nanocomposite Membranes
by Incorporating Dispersible Template-removed Zeolite Nanocrystals, J. Mater. Chem., 12
(2002) 3640. First, aluminum isopropoxide (+98%, Aldrich) was dissolved in a solution
made from 25 wt. % aqueous tetramethylammonium hydroxide (TMA, Aldrich), 97 wt. %
sodium hydroxide (Aldrich) and distilled water. Once the solution became clear, Ludox HS-
30 colloidal silica (Aldrich) was added to begin a two-day aging process. The solution was
then heated with stirring at 100°C for 1 day. The colloidal ZA-water suspension was obtained

by centrifugation, careful decanting, and ultrasonic re-dispersion in water.

[00141) In order to remove TMA without inducing nanoparticle aggregation, a polymer
network was introduced into the colloidal ZA-water suspension. An acrylamide monomer
(AM, 97%, Aldrich), crosslinker N,N’-methylenebiscarylamide (MBAM, 99%, Aldrich), and
diaminosulfate initiator (NH4)28,0s, (AS, +98%, Aldrich) were added to the nanoparticle

suspension in water. After the monomer had dissolved, the mixture was ultrasonicated for 30
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salt concentration, thereby creating an osnotic pressure across the

menbrane, and wherein the first pressure is sufficiently higher than the
second pr eXABNW8Byer come the osmotic pressure, ther eRCHERIMAOTHG t he
second vol unme and decreasing the first volune. [001361 In further aspects,

the invention can be used for reverse osnosis separations including | i qui ds

ot her than Wa{?er z% nbran 1can ge used to re ?
par ¢ PRRFE e SREpLEtE Ritreiin R ARG cioet RARBOnoHeh FpA oo otion

i sopr 0pg/aethenHeattd t@HOC for MBI 2 KUt ?égb&nwbgua&%eaﬁﬁ st efi@lpefrr om
among |iquids that do not substantially react or solvate the

menbr anasnutl. TOGMAENERLOVENGA m@Uﬁ:ﬂibESc@mmg?&n theircanéibast eréd tproperty byrauent i on
can be used jn isolation technig n&s f or recover an_i nmpuri

exanpl elof SHEPINAGIEOGSEHYIR silversplymlBisiwag errpediogt l’léﬁ‘é‘ﬁfiﬂ é&mpa%\ﬁlea%a or
mor e al g&lﬂ@ s%%re&'*eﬁ M(;%lllﬁt bl o%SAgyt?fa%Pa(on‘i?A&rﬁ%ﬁ% ﬁ%f“ﬂz Re A ﬁlﬁ IWM%'@& ﬁm e,

chem ca ol ogl react eeni i solat’ion

for exasp]Bydrapiitia ah®edithicErbidl Yeoldts thitihgs 6 Hravify uﬂe%ﬂn@hﬂg#ﬁéﬂ deparatién,ve
agent or a mxture thereof. 100138] In one aspect e nmenbranes of the

i nvent i dev.daumctienaldéater.A542085)B36 for concentrating an i npurity conprising
the steps of providing a nanoconposite nenbrane of the invention or a

product of the t hods vention |n t he nenbrane has a first
face and a sgtoﬂ%wm‘igﬁw&@%ﬂﬂﬁng &e of the menbrane with a
first mxture of a first volune having a first inmpurity concentration at a
first pressure; cgnt@giidigd he second face of the nmenbrane with a second
m xture of a second vol une having a second inpurity concentration at a

second pressure; and collecting the inpurity, wherein the first mxture is
in flul@1ddhmuni Za-PArthinifilin nanecoopesitd nyaphbranesrwert cash oh prévéormedbr ane,

Soncent PABFBIPReSURHHHEROr A B BV ER BB A EGPcLE ROBFR LS frl'at%?/eafw_eby
cr eat | g0 5Bl an%%ﬁé&"eﬁ PR 25 KIRITRINRNG chubRLbanie 1175t

pressure I's surficiently highe 0 overcone t he

osnot i ¢ (PP S9¥% Aldrivh) &ir\api mtmmlyﬁ@ mhmtesandﬂtbmmﬂambpdﬂmmm t he
first volune. F. ExXPERI MENTAL [00139] The foll ow ng_exanples are put forth
so as t Wepythen placedhorsa paer évrl aad yollsdiwith g poft rubber roller to remove excess

solution. For the interfacial polymerization reaction, a hexane solution consisting of 0.1%
(w/v) trimesoly chloride (TMC, 98%, Aldrich) was poured on top. A.P. Rao ef al., Structure-
performance Correlation of Polyamide Thin Film Composite Membranes; Effect of Coating
Conditions on Film Formation, Journal of Membrane Science, 211 (2003) 13. For the ZA-
PA nanocomposite membranes, a measured amount of ZA nanoparticles were added to the
TMC-hexane solution, and the resultant suspension was ultrasonicated for 1 h in order to
ensure good dispersion of the ZA nanoparticles. The MPD-water soaked UF support
membrane as then contacted with the ZA-TMC-hexane solution. After 1 minute of reaction,
the TMC solution was poured off, and the resulting membranes were then rinsed with 18 M-
ohm de-ionized water. In some cases, the formed membranes may be contacted with a 0.2
wi% sodium carbonate solution for about 3 hours. The membranes were then thoroughly

washed with and stored in a sterile container of deionized water.
b. CHARACTERIZATION

[00143] X-ray diffraction and energy dispersive X-ray spectroscopy (EDX) were used
to confirm the crystalline structure, the Si/Al ratio, and the degree of silver exchanged into
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the art with a conplete disclosure and description of how the conpounds,
conpositions, articles, devices and/or nethods clainmed herein are nade and
eval uat ed, @) intended to be purely exenplary of the_ invention and are
not intend%gIa 3%ﬁ§ﬁ#t the scope of what the inventors r&GEF2UCPHET

I nvention. Efforts have been nade to ensure accuracy with respect to
nunbers (e.g., anounts, tenperature, etc.), but sonme errors and deviations

shoul d e i ndi ¢ W parts by
et gnt 2 BRRARINS Bhologlara M ERAE S SHIRHALE SncBRifefesdn P20 20X i s
at or REeafibrahEDSR R & mitusiﬁﬁtm_ ?&L\én@ﬁ Mﬂﬁequ@mﬁ 189péRhtidegind e A
(ZA) nanoparticles were Sént esi zed by hydrothermal synthesis from a clear

sol ut i evaneparticles was mea partigle elsttraplpesisl g susfaco(zstappotentialand the) 20:
0.16 2Q, 345 H20. H. \Wang. et . ,_Honpgeneous Pol yner-zeolite

Nanoc oIS FORbIAAR Bugi gt 1 s thisizet PG RS ION e BIeSeurEst Y SPEATBR oy ed

Zeol it ) tord | um num
isoprog)(())gé?1 ?ﬁ%%%ﬁt%ﬁﬁéﬁﬁgﬁéég%@%s% ut ?o?ﬁigrrn@élg rom25 w. %
aqueousyiithedizeterh biyib e was idetéryrdn akbystomiddreeAhitrosebpy (MFMM . % sodi um
hydroxi de (Al drich) and distilled water. Once the solution becane clear,
Ludox HS- 30 colloidal silica (Aldrich) was added to begin a two-day agi ng

process. The sol (i BERFABMANGEN heated with stirring at 100C for 1 day. The
col | oi dal ZA-water suspension was obtained by centrifugation, careful

decant igag, . ,and ul L e~heshl rsion..i r 0 r. 1,0 renove
T i OO g e IS AT R oARRe BBt PeliBhils weflblaed P B vl

i ntrod ?@ﬁﬂe&bﬂit? ah@ Solef refecia. B it Qated YHR LS Indéhsurdd e\ lﬁ?h fesHRBONET

(AM 97% Al drich), crosslinker N, N -methyl enebi scaryl am de AM  99%

Al dr i clehemisabiresistanhilerdsandrstirred el (Sterditach Rp4750 Stoed Gelld, Ciregliy mimbransh) ver e
i ssol SRRPIEE MARH SRpElet AE40 THEE PECURIRELIBATS 57 cal Vil ey soBryaemaya ver
PCTI US?&%% 2 At feseNMU AR thémBiafAL Was Hed 6n %ﬁ@%ﬁé QiinRks &bel

rtic on was th

nanopa es. The nonomer aqueous sol uti en heated to 50C for 2
hour s amambirZnddisc sjithracByrec iQrehy arcamhd & theasire dpakdtee apera?ionp dhe effectistee.

Tenpl at e-renmoved ZA nanopartiM%I es can be given their antibacterjal Broperty
by an mwrmﬁaﬁgcr Watecad solpte permeptien waspnrproxipiately h4-6 car v iQug BSHOCEYN addi ng

L A et B84 Asg S b dbd pRP okt AU RoRtesb ARIF

as water permeated through the membrane, and hence, flux decreases with time as the feed

reservoir solute concentration (and resulting trans-membrane osmotic pressure) increases.
Without wishing to be bound by theory, since solute rejection is known to decrease as feed
concentration increases and as water flux decreases (M. Mulder, Principles of Membrane
Technology, 2" Rdition, 1996, Kluwer Press, Amsterdam, The Netherlands), it is believed
that the values of solute rejection are substantially lower than those that would be achieved in

a hydrodynamically optimized spiral wound element.

[00145] Pure water flux experiments were performed using 18 M-ohm de-ionized
water. The operating pressure was set at 180 psi and the flow of water was measured
volumetrically and by mass determination on a calibrated electronic balance. Solute rejection
tests were performed using separate 2,000 mg/L solutions of NaCl, MgSO,, and poly(ethylene
glycol) (PEG). Salt concentrations in the feed and permeate water measured by a digital
conductivity meter that was calibrated daily. PEG concentrations in the feed and permeate
were determined by total organic carbon analysis. Solute rejections were determined from 1 -

Co/(Cro — Cpe), where G, is the permeate (filtered) water concentration, Cyy is the initial feed

46



aL, Hydrophilic and antim crobial zeolite coatings for gravity-independent
wat er separation Adv. Functional Mater. 15 (2005) 336. 2. PREPARATI ON OF
NANCCOVPOSIEZNERIBEANE  a. SYNTHESI S [ 00142] ZA-PA thin fRGHVAMNE0si t e
menbranes were cast on pre-formed polysulfone ultrafiltration (UF)
menbranes through an interfacial polynerization reaction. The OF menbranes
wer e pl awetgr concanimatoms angbCyutis the fofal R%6 (waterconsaniretign. eRedigthereatire(thétD) 99%
Al drich)_ for approximtely.10 m nutes d the D soaked support menbranes
wer e theh’gglr%tEQESWﬁvﬁé H@B\ﬁglus%ﬁ&ﬁé P?Baﬁﬁﬁl}/fpfﬁg&e%*’rt’tr bapgEfuGes | | er to
renove e iSRldeidrR o 0r the interfacial polynerization reaction, a
hexane so u'?l?t(r)an cgnsdlﬂs%ttll?\lg of 0.1 % (wv) trimesoly chloride (TMC, 98%

Al drich) was poured on top. A P. Rao et al., Structure- performance

Cor r el at [00a46]f Pol parsxgerinhtutal dyklend designed td aciifdtdviansisuahtifietionof Coat i ng
Conditions on Film Formation, Journal of Menbrane Science, 211 (2003) 13.
For the microbial sellfisposien prte simthpyizadanembranesway eaplakesding. KomgzAal., Direct

Caepans: ORGSR AR e B GRRs POV SRR AR oAl M CeBB AR LTSl o of
the ZA nRBRRER! Joush&Sof MbgbriRe SEikRde, 3404000415 1SV OTHe expeAReabsydfent hen

cont act ed vm'_th t he ZA- TMC- hexane sol_ ution.” After 1 mnute (_)f reaction, the
TMC sol udésonbedbia Kemgres dl. of s operated withow Shixt throgghthrebomembisinegn erdehton ri nsed

with 18 ohm de-ioni zed watgr. I n sone cases, e forned nenbranes may be
Cont act el GHRRE Hhegais andesiel oot HriereermBonacsoR b oF BRFtFrth o8 0T e hour s, The
menbr ane o4g ' i Adskhitd €

cont ai ne?yn\(t)%%%g‘? g%lﬂlzbtégﬁ\%va? ew%ée%%ﬁ%ﬁ %gg%}g?l X-r a@héll)f fraction

and ener Membirapsy Bavironkeniay Sapecd & TeciopjogyBOR0MD @6 Lsdd9. Witlmanvishing tbe
crystalljne structure, the Si/A ratio, and the degree of, silver exchanged

into  45byeywddy)thepssbiselievesibeionony oepfirmation gheslbdapositien onigypERbIZBE cal
char act eploeRiel 2idit afdd'iERiAallo p@@g@kﬁﬁeﬁggf%f%@@ﬁfﬁ@&@g@ﬁ iiftififleloped out

usi ng scanni ng el ectron 0SCO Ial

nanopar t figt 8éclie wHiRaHeHAH aRusRAsibh 6 foulihg HidiH OMEHicHt wishthgStdibeaotnd Bet a)
potential and the (sessile drop) contact angles of the synthesized

menbr anetheom; ¥ indlsebeliayed that finx degling is an indirect and misleading measure of fouling
because it can be biased by various factors such as membrane hydraulic resistance, salt
rejection, and concentration polarization. EM.V. Hoek and M. Elimelech, Cake-Enhanced
Concentration Polarization: A New Mechanism of Fouling for Salt Rejecting Membranes 37
(2003) 5581-5588.

[00147] In selected experiments, as synthesized and silver exchanged (AgX) Zeolite A
nanoparticles were convectively deposited onto the surfaces of pure polyamide composite
membrane samples in order to quantify (visually) the antimicrobial efficacy of the silver
exchanged nanoparticles. Live bacteria cell, Pseudomonas putida, suspension in water with
NaCl concentration of 10 mM (58.5 mg/L) and unadjusted pH were pumped through the
direct microscopic observation filtration cell in three separate experiments. In the first
experiment, a sample of pure PA composite membrane was tested. In the second experiment,
a sample of ZA-P A nanocomposite membrane was tested. In the third experiment, a sample
of AgX-ZA-PA nanocomposite membrane was tested. The cell suspension was filtered
through the system for 30 minutes, at which time the experiment was stopped and the

membrane samples were stained using the Live/Dead BacLight bacterial viability kit. B.K. Li
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potential anal yzer and contact angle gonioneter, respectively. Surface
t opogr aphy of synthesized nmenbranes was determ ned by atomc force

m crosco ( . PERFORVANCE [ 001441 The PA and ZA- P, ite
menbr anegwaezrﬁg%%%ﬁuat ed for pure water perneability an@@%@@‘gﬁ%ection.
The pure water flux was neasured using a high-pressure chem cal resistant
dead-end stirred cell (Sterlitech HP4750 Stirred Cell). G rcul ar nenbrane
sanpl egndBIF) Lagah, IHeimpadiof 4fraViD1XaIgBt Bh Bactedl Bdbdieor 9lass @hdl mptdIh t he
active separation layer facing the cell reservoir. The nenbrane was

suppor bxide-cnateth surfase e/l adaand Begices 8dhiomtarficandl RAWS) WH3HA6R Buna-N O-ring
around it to ensure | eak-free operation. The effective nenbrane area for
wat er and sol ute pelﬁreation was approximately 14.6 cn2. One distinction is
that the dead-enl FYEPi on configuration | eads to hi gher concentration in
the feed reservoir as water perneated through the nenbrane, and hence, fl ux
decrea jth ti VRS [ : ﬁﬁ]tnll' and
resul tPfr?g‘I?Yr ans-‘rl;eH@n% ar%g@gknggggspres{sz\ggeZ;Al?%gPélglgfef%%t ou{m"shi ng to be
bound fwtchitgahy X-oiy diffrasidORDepatemsnot shokwmd with the deiat €amenitice éreed
concentration increases and_as water f|lux decreases (M Ml der, Principles

f
of MenBewder Difisagtian Standardsi(JCRIaS) filss, Fieyos! shawsibat as/famaed b rtapezgaliterhe

hor | it e beli ; AELH
Subst aORARsich hipie Bt Toses g i ot B ana Aol SLES KBBRBS i cat 1y
opti m ABEbraRisIte lenéﬁgjdﬂﬂﬂéijsﬁmiay_ SpE&AcAbdpi PahAy e tied STALRatIB 0P as byitidsizeder €

performed using 18 M ohm de-ionized water. The operating pressure was set
iomaily and by mass

at 180Zgndite Anwas hé and the detregef silverden exchengecwas Iy didit

G I i e e T
o1 R e e R 1y
PEG cofAenhoperticiesin wateh eZdtepoteatiad of remmaopartivies detemninediromdmbasutedt al

G o) PP Sty St LT B AL SHTLAD HBHEUNL B DT G o 1 & the
7 o T L0, e oneen s on, o

rate of stirring was mai ntained using a Tefl on-coated nmagnetic stir bar to

reduce Table 1. Properties of synthesized ZA nanoparticles
Crystal Particle DLS Zeta
Structure size by SEM ~ datum potential
{(nm} [nm] [mV]
A 50-200 140 -45+2
[00149] Figure 2 (a) and (b) show representative SEM images of PA and ZA-PA

nanocomposite membranes, respectively. Also generally shown are TEM images of
TFC/TFN-0.04% membranes. XYZ indicates the concentration (w/v) of zeolite dispersed in
the hexane-TMC initiator solution: (a) XYZ=0.000%, (b) XYZ=0.004%, (c) XYZ=0.010%,
(d) XYZ=0.040%, (e) XYZ=0.100%, and (f) XYZ=0.400%. The surface of the PA
membrane exhibited the familiar “hill and valley” structure. For the ZA-PA membrane,
however, nanoparticles appeared well dispersed in the polyamide film and the typical surface
structure of an interfacially polymerized RO membrane was not found. Furthermore, at high
magnification no voids were observed between nanoparticles and the polyamide matrix,

suggesting good zeolite-polymer contact.
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concentration polarization. [001461 An experinental system designed to
facilitate visual quantification of mcrobial cell deposition onto

synt hesi zedWoendwmssss was enpl oyed. S. Kang et at, Direct PC%%O\@%'}OQ’P of
Biofouling in Cross-flow Mcrofiltration: Mechani snms of Deposition and

Rel ease, Journal of Menbrane Science, 244 (2004) 151-165. The experi nental
system described in Kang et at, was operated w thout flux throu h t he
menbr arfi@0130] or derTabde 2 skave the e key prapehamﬂlaemecnre@ntawc ef B

adsor pti pn of, bacteria eIIsotothe s e Wang et at,
Di r ect ﬂ(‘g%ﬂ}%ﬁe{%n yte ¥t %%@P%ﬁ@%@%}ﬁ ?%é E@H@g&r%ﬁ?‘?‘gﬁmnt al

Sci enc ORRIORY depPeck 2300e) ting® Aeknd by
theorysnléf{‘ﬂ}l%g be¥|ge%9? hat V|a£§;hﬁﬁcon§l%nﬁé\%?‘§ﬁwg ﬁz@*ynglegtggss}nt%l on onto
menbr argsrophilivsutfase. aTinave wvasla dem’easatiﬁ thd surfaed romghndss (Rgspz-dprstntdyrdof a
menbrane to foul than sinp E‘g flux decline while filtering. a suspension

of fouldeniptiont Br ithg ZARA R§ rmesqemﬁgrqddo the R4 IB9mb’iaﬁédﬂ91°a’iﬂig that e so

bel i eved an.,.ndir a of fouling
pecaus T poe oy 2P A Roiahe st acrim el 30n S LR eRErIRE B Beou 1 ¢

resi st afifpRoveddhbrgy'eBfi®&icyOftparatién 9&&&%6@%&1@%@9@%&1@@%&& waEer'Vl V. Hoek and
M Elinmelech, Cake Enhanced  Concentration Polarizati on: A New Mechani sm of
Foul i ng)uﬁ‘lﬁcaﬁaipromsmu ng Mermbranes 37 (2003) 5581-5588. [00147] In

sel ected experiments, as synthesized and silver exchanged (AgX) Zeolite A
nanoparticles were faces of pure

pol ya ' ko t he
ant i m d¥lembathnef mecWatdr t he si$wxface (asmhpn@a&ahanoﬁurfacc:hmghnhswe bacteria

cel |, PseudononasComsactingle[i$peng pH7i[mWiat er with Rfin] concentration of 10
mM (58. A 10 ] € ou pf ECT_m croscopi ¢

observ y frltr f ecell in three -lel'g‘arate exper i ments >'bn the first
experi Mwwwsecond

experinment, a sanple of ZA-PA nanoconposite nenbrane was tested. In the
third experinent, a sanple of AgX— ZA- PA nanoconposi te nenbrane was tested

Th | | h 30
mfcﬁettbﬂiéﬁﬁi”z;%bwéx% h G anes er ot FSIRE Waled X g RatleSy . 20 i e
using ty Lgﬁtg?eahe gﬂémieaﬁreﬁﬁeaﬁd stiffe@REll i(tpa3 StiedCelkiStédfitecHO

2006/ 09 72 PCT/ 06/ 007037

Corp., Kent, WA). The concentration of Zeolite A nanoparticles in TFN were varied from

0.0 to 0.4% (w/v). Rejection was determined using 2,000 ppm solutions of NaCl, MgSOs,
and PEG 200 (poly-ethylene glycol with 200 Da nominal molecular weight). Three coupons
from each membrane were evaluated for the flux and solute rejection, and the obtained results
were summatized in Table 1. The membrane designation of TFC refers to pure MPD-TMC
polyamide thin film composite membranes, whereas TFN-XYZ refers to Zeolite A-polyamide
thin film nanocomposite membranes made with 0.XYZ %(w/v) of Zeolite A nanoparticles
dispersed in the hexane-TMC solution prior to the interfacial polymerization reaction used to

coat the thin film layer on the polysulfone porous support.

[00152] The data of Table 3 indicate that the TFN membrane performance is superior
to the TFC performance with respect to both pure water permeability and solute rejection and
for all three solutes. In addition, with increasing nanoparticle loading, the permeability
increases, the pure water contact angle decreases (i.e., the membranes become more
hydrophilic), and certain key surface roughness parameters decrease (i.e., the membranes

become smoother).
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and B. E. Logan, The inpact of ultraviolet |ight on bacterial adhesion to

gl ass and netal oxide-coated surface, Colloids and Surfaces B-Biointerfaces
41 (2005) - . RESULTS [00148] The crystal struct si zed
ZA nanopay%?éwégiﬁgg confirmed by matching the X-ray diﬂ¢ﬁgg%wéﬁﬂ% RD)
patterns (not shown) with the Joint Conmttee on Powder Diffraction
Standards (JCPDS) files. Figure 1 shows that as fornmed LTA-type zeolite
nanoparticles exhibit particles sizes ranging fromabout 50 to about 200nm
in this exanple. According to energy dispersive X-ray spectroscopic
analysis, the Si/A ratio of as synthesized Zeolite Awas 1.5 and the
degree of silver ion exchange was 90% Additional characterization data is
provided in Table 1. Dynam c |ight scattering confirmed the average
hydrodynam ¢ radius in de-ionized water to be 140 run, thus, indicating good
di spersability of ZA nanoparticles in water. Zeta potential of the
nanoparticles determ ned from neasured electrophoretic nobility was -452
nV, when dispersed in an aqueous 10 mM NaCl electrolyte at unadjusted pH of
6. Table 1. Properties of synthesized ZA nanoparticles Crystal Particle DLS
Zeta Structure size by SEM datum potential [um [nn] [mvV] A 50-200 140
-4512 [00149] Figure 2 (a) and (b) show representative SEM i mages of PA and
ZA- PA nanoconposite nenbranes, respectively. Al so generally shown are TEM

i mages of TFC/ TFN-0. 04% nenbranes. XYZ indicates the concentration (wv) of
zeolite dispersed in the hexane-TMC initiator solution: (a) XYZ=0.000% (b)
XYZ=0.004% (c) XYZ=0.010% (d) XYZ=0.040% (e) XYZ=0.100% and (f)

XYZ=0. 400% The surface of the PA menbrane exhibited the famliar "hill and
val | ey" structure. For the ZA-PA nenbrane, however, nanoparticles appeared
wel | dispersed in the pol yam i t 1 surface structure of
an interfacially polyneri zed%%mgﬂgq}g@ﬁﬁl‘mnd. Furt hernore, at high
magni fi cati on no voi ds were observed between nanoparticles and the pol yanude
matri x, suggesting good zeolite-polyner contact. 48
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[00153] Fractional surface coverages of bacteria cells at different cross-flow velocities

(15, 25, 40 and 200 mm s are listed in Table 4. The net deposition rate was lower for the
ZA-PA nanocomposite membrane, especially as cross-flow was increased, indicating that the
nanocomposite membranes is easier to clean than pure polyamide membranes. Without
wishing to be bound by theory, it is believed that the difference in cell deposition and
adhesion can be attributed to the increased hydrophilicity and smoothness seen in the data of
Tables 2 and 3.

Table 4. Impact of cross-flow velocity on deposition rate.
Cross-flow velocity [mm s

Membrane 15 25 40 200 _

PA 23.1% 22.7% 21.5% 14.6%

ZA-PA 16.0% 16.6% 17.1% 6.3%

[00154) Figure 3 shows representative TEM images of synthesized pure polyamide [(a)

and (b)] and zeolite-polyamide nanocomposite [(c) and (d)] membranes. The polysulfone
support, which contains relatively heavy sulfur atoms, appears darker than the polyamide
polymer matrix and can thus be easily distinguished from it. The characteristic porous texture
of polysulfone also aids in distinguishing between polyamide polymer matrix and
polysulfone. All membranes were relatively rough, which can be a general feature of
interfacially polymerized polyamide composite membranes, and thus the thickness of
polyamide layer was in the range of 100-300 nm in this example. As can be seen from SEM
images for TFN membranes, zeolite nanoparticles, which appear considerably darker than the
polyamide layer, were located in the polyamide polymer matrix layer. Without wishing to be
bound by theory, it is believed that higher flux of pure water for TFN membranes is due to the

introduction of zeolite nanoparticles into the polyamide polymer matrix layer.
3. PREPARATION OF NANOCOMPOSITE MEMBRANE WITH HYDROPHILIC LAYER
a. TmN FiLM NANOCOMPOSITE (TFN) MEMBRANE FORMATION

[00155] TFN membranes can be formed on microporous polysulfone support
membranes through an interfacial polymerization reaction. The microporous support is
immersed in an aqueous solution of 2 wt% MPD for approximately two minutes. Next, the

MPD soaked support membranes can be placed on a rubber sheet and rolled with a rubber
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roller to remove excess MPD solution. The support membrane can then be contacted with a
hexane solution consisting of 0.1 wi% TMC and 0.001 to 1.0 wt% as-synthesized Zeolite A
(ZA) nanoparticles. The nanoparticles can be dispersed in the TMC solution by ultra-
sonication for 20-60 minutes prior to the reaction. After 1 minute of reaction, the TMC-ZA
solution is poured off, and the resulting membranes rinsed with an aqueous solution 0£0.2
wt% sodium carbonate. Modifications to the formation conditions, as well as post-tfreatments

described herein, can be applied to formation of thin film nanocomposite membranes.
b. SURFACE MODIFICATION OF TFN MEMBRANES

[00156] Zeolite A nanoparticles may be dispersed in 0.1-1.0 wt% PV A aqueous
solutions under vigorous stirring for ~5 hours to make the PVA-ZA aqueous suspensions at
various weight ratios ranging from 99:1 to 50:50 (PVA:ZA). Ulirasonication may be further
required (as described above) to ensure complete dispersion. A given amount of cross-
linking (CL) agent (e.g., fumaric acid, maleic anhydride, or malic acid) may be dissolved in
the aqueous suspension with stirring at 50 °C overnight, and then cooled and degassed. A
TFC or TFN membrane may be contacted with the PVA-ZA-CL aqueous suspension,
allowing water to evaporate at room temperature, and then cross-linking PVA at 80°-120°C
for 5-10 minutes. The resulting PA-PVA/ZA or PA/ZA-PVA/ZA thin film nanocomposite

membrane possesses superior flux, rejection, and fouling resistance.
4. PURIFICATION OF WATER USING NANOCOMPOSITE MEMBRANE

[00157] Basic procedures for purification of water using polymeric membranes are
well-kmown to those of skill in the art. A simple procedure for the purification of water using
a membrane and for determining pure water flux, salt rejection, concentration polarization,
and fouling phenomena has been described in E.M.V, Hoek ef al., “Influence of crossflow
membrane filter geometry and shear rate on colloidal fouling in reverse osmosis and
nanofiltration separations,” Environmental Engineering Science 19 (2002) 357-372 and is
summarized below. Simple characterization of a membrane’s ability to purify a particular

water sample is described in step (d), below.
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51 WD 2006/ 098872 PCT/ US2006/ 007037 [00153] Fractional surface coverages of
bacteria cells at different cross-flow velocities (15, 25, 40 and 200 nm
s-') are 6?60(3}395892 Tabl e 4. The net deposition rate vvast/l)ng %85703 ZA- PA
nanoconposi menbr ane, especially as cross-flow was incr easeo? I ' ndi cating
that the nanoconposite nenbranes is easier to clean than pure pol yam de
menbranes. Wthout w shing to be bound by theory, it is believed that the
difference in cell deposition and adhesion can be attributed to the

i ncreased hydrophi [AGbRXTERY-sEAPPLROSSS.OVEMiRMBRANRGICAiRR of Tables 2 and 3.
Tabl e 4. I npact of cross-flow velocity on deposition rate. Cross-flow
velocity [mms'1l] Menbrane 15 25 40 200 PA 23.1% 22. 7% 21.5% 14. 6% ZA-PA
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seen EBH%MF for TFN menbr anes, zeolite nanoparticles, which appear
conS| erably a?&ggﬁ%an the polyam de |layer, were located in the pol yam de
polymer matrix |layer. Wthout wishing to be bound by theory, it is believed
t hat hi gher fl wb.oMErsURINGMEMERANE HYBRAWLIC RESISTANCEIUE tO the introduction
of zeolite nanoparticles into the polyam de polyner matrix |ayer. 3.
PREPARATI ON OF NANOCOWPos| TE MEMBRANE W TH. HYDRoYnuc, LAYER a. TMN FI LM
NANOCHEAES8I TE (#%ffmmmaqmmw enypicaly ussyl forsachdiBationesxpeEmenk f or ned
on m eSpitdr ci al

b BARLIE o e xﬁ‘tfr%c Aty ﬂ'ﬁ:ﬂﬁﬂ@ﬁ@c{r&uhc%maﬁ& {%&P&Bze%'tdﬂ%{ei 8

pol ymeri za I Oporous suppor
circulated at about 250 psi (1724 kPa) for up to 24 hours to dissociate any flux decline due to

membrane compaction (and other unknown causes inherent of lab-scale recirculation
systems). Flux can be monitored continuously for the duration of the experirﬁent. After DI
equilibration, the pressure can be changed in increments of 50 psi (345 kPa), from a high of
250 psi to a low of 50 psi and flux recorded at a feed flow rate of 0.95 liters per minute
(Lpm). At each pressure, flux is typically monitored for at least 30 minutes to ensure stable
performance. The crossflow can then be increased to 1.90 Lpm and flux recorded at 50 psi
increments from 50 psi to 250 psi. Finally, feed flow rate can be set to 3.79 Lpm and the flux
recorded at 50 psi increments from 250 psi down to 50 psi. At each crossflow and pressure,
the average of all of the stable flux measurements can then be plotted against applied
pressure. The slope of a line fitted to pure water flux versus pressure data by a least squares
linear regression provides the membrane hydraulic resistance, R,,. There is typically no
measured influence of feed flow rate on pure water flux, but the procedure provides extra data
points for the regression analysis. The pH, turbidity, and conductivity of feed is typically

monitored throughout the pure water flux experiments to ensure constant feed conditions.
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I mersed in an aqueous solution of 2 wt% MPD for approxi mately two m nutes.
Next, the MPD soaked support nenbranes can be placed on a rubber sheet and
rolled with a rubber 52 WD 2006/ 098872 PCTI US2006/ 007037 i@%@%&f’% Jemove
excess MPOVEAMFO98H2 The support nenbrane can then be cofRf 8 a
hexane sol ution consisting of 0.1 wt% TMC and 0.001 to 1.0 w %
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of a menbrane"s ability to purify a particular _
temperature, K). Once ¢, is known, the concentration polarization modulus (c./cp) is directly

calculated.
d. MEASURING DECLINE IN FLUX DUE TO FOULING

[00161] After the salt water experiments are finished, pressure and crossflow are
typicaly adjusted to produce the desired initial flux and wall shear for the fouling experiment.
After stable performance (water flux and salt rejection) are achieved for a minimum of about
60 minutes, a dose of model are added to the feed tank to provide the appropriate foulant feed
concentration. If real waters (e.g., “natural” water from environmental or industrial samples)
are to be tested, then the feed tank and system are typically completely emptied, rinsed, and
drained prior to filling the feed tank with a volume of the test water. A “real water” is a
sample of water from a water utility or water source that is being considered for purification
via a membrane filtration process. The concentration of foulant materials should be
monitored in the feed, retentate, and permeate throughout the duration of the experiment by
an appropriate analytical technique such as, for example, turbidity, color, TOC, or particle
counts depending on the nature foulant material. In addition, conductivity and pH

measurements are typically made at the start, end, and at several points during the fouling
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wat er sanple is described in step (d), below. 53 WO 2006/ 098872

PCTI US2006/ 007037 a. LABORATORY- SCALE CROSSFLOW MEMBRANE FI LTER [ 00158]

Sui t abl e weobeognesshz | tration units include a nodified Orﬁg?@%owoﬁﬂs')’emi on
of a commercially avail able stainless steel crossflow nenbrane tiltration
(CMF) unit (Sepa CF, OCsnmonics, Inc.; Mnnetonka, MN) rated for operating
pressures up to 6895 kPa (1000 psi). Applied pressure (AP) shoul d be

mai nt ai ned constant and nonitored by a pressure gage Col e- Parner) and fl ux
shoul d expermentito mewhifon salbrgjectipmendio ensaiedhe fed solutioneame sttedgth dddop# afc000,
Hunoni cs; ncho, Cordova, CA) qr by directly neasuring the vol unme of water
per neat™od c@rgq&{#{ougﬂ%,th%t_es%&g@%}ﬂ@n Esmﬂmﬁiﬁg{eés adly Argarded0159]
A diff _ i .cally used for each filtration experinent
to det gﬁ?ﬂé’%l]é a %ﬁgﬁgﬁgﬂgﬁgﬁ%@?t%mé&hydr aulic resistance. First, deionized
(D) water is circulated at about 250 psi (1724 kPa) for up to 24 hours to
di ssocija0re2qny f|Nwillee bppeertettioge skitedinathe ag aig datiowymobdifidatidnsend unknown
causes inherent of lab-scale recjirculation systens). Flux can be nonitored
cont i nuetistignsiean bemeadgun hei psesegt inyventiangsdhowdapartipg frem the scapgudrispisit &€ on,

t he pressure can ch ed in i.ncrenments af. .50 psi (3 kP, f.ram a hi gh
of  bsaipvenit Ofer GRoahngaf ok o spl wbaientio et shillsd i B8t O o
liters mgh cohdidtrfion dRA %peefﬁcﬁﬁ&bmfbf Srastietor th h%eﬁtﬁaﬂcﬁﬁﬂl&&h'h%féﬂ?”nfi?r ed for
at least 30 mnutes to ensure stable performance. The crossflow can then be
i ncr eadstendenl thatOie kpsvifaoadon bok exangdediedcoasidefdasiexemplaryeorpt with a drwe50 psi to
250 psi. Finally, feed flow rate can be_set to 3.79 Lpmand the flux
recordéﬁoﬁﬁa@ﬁpﬁgioﬁ%ﬂl@we}q&}ﬁﬁl%@gb&mﬁmw@Bmﬁsi. At each crossflow
and pressure, the average of all of the stable flux measurenments can then
be plotted against applied pressure. The slope of a line fitted to pure

wat er flux versus pressure data by a | east squares |inear regression

provi des the menbrane hydraulic resistance, R There is typically no
measured i nfluence of feed flow rate on pure water flux, but the procedure
provi des extra data points for the regression analysis. The pH, turbidity,
and conductivity of feed is typically nonitored throughout the pure water
flux experinments to ensure constant feed conditions. 54
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WD 2006/ 098872 PCT/ US2006/ 007037 C. MEASURI NG CP MODULUS AND | NI Tl AL
OSMOTI C PRESSURE DROP [ 00160] After the nenmbrane pure water hydraulic
resistance is determ ned, concentration polarization effects can be
gquantified using the velocity variation techniques. The concentration

pol ari zation nmodulus is the ratio of rejected solute concentration at the
menbr ane surface divided by the bulk solute concentration. An appropriate
volume of 1 M stock NaCl solution is typically added to the feed tank to
provi de the desired experinmental ionic strength. The sequence of varying
applied pressure and feed flow rate igﬁyunhpally repeated, as descri bed
above. The effective osnotic pressure drop across the nenbrane (An) for
each conbi nation of feed velocity and applied pressure is typically

det er mi nedVhatdseldimedd§:Ap - An) where J is the water flux, cep is the applied
pressure, and A = 1/Rm Since the feed and perneate salt concentrations can

be directly ur. [ C . jon . is ..obfained from M=
fos(c,,, ¥ c%;a“?eﬁ‘%yg‘%g?r@%@g?%rr‘gﬂgﬁéhgﬁt{&t%’@éﬁ@ ations at the
menbrane surface and in the perneate and fos is a coefficient that converts
mol ar salt csonmetivg salaqoeoul Solutsiwith n grgRs solioq+& BfmfathinMilfi byeolyhdrization
concentrations; R = 8.324 J/nolK, T= absol ute ten'%frature, K). Once,cp, IS
known, the & At MERei TRNOMSTSAR thie-solugans A Waler pepmcable syppartmembrpe, the thin

cal cul ated. gy 'Jﬁlzéi‘ge 'iﬂﬁﬁh'\be@r%gﬂﬂfre Qeibiokhe F&%@& uAfidaBon;t Ne
salt water experinents are fini'shed, preSsufe“and crosstlow ar typricaly
adj usted to produce the desired initial flux and wall shear for the fouling
experi ment . adding@ancpanisiee tpenciaf thecsotitions kefere contactingirandsal t rej ection) are
achieved for a m nimum of about 60 mnutes, a dose of nodel are added to

£ QSI f 32? e£ 2%&*%&&8%%@6%?& @,ﬁ?é?ﬁﬁ %%ﬁ%@r@%‘gﬂheor us%%dgﬁgggdrr;l es)

are to be tabtreil, then the feed tank and systemare typically conpletely

enptied, rinsed, and drained prior to filling the feed tank with a vol une
of the tegt,water,. A "real ter" is a s |e of water froma water utility
or water <otnmathodipfmakinggamembrans for w U0, (QMATEME: on  via a nenbrane

filtration process. The concentration of foulant materials should be

moni t or ed i RohiQidpRdquécds SEThTSHEwitlPaorPRtiE RiAitRn kd TP BNRIM Y polnfrizeibnOf

the experinent by~ an appropriate anal ytical technique such as, for exanple,
turbidity, cflonsor movemanemersiin the|selutions antaswaterpermecahle supportnembrang, sherthin| ant

material . | g adQiib Witer pAREYGity dnti et Smpldity rejection effective for water purification;

adding nanoparticles to one of the solutions before contacting; and
selecting the nanoparticles to be uniformly dispersed in the thin film.
3. A method of making a membrane for water purification, comprising:

contacting an aqueous solution with an organic solution to form a thin film by polymerization
of one or more monomers in the solutions on a water permeable support membrane, the thin

film having water permeability and water impurity rejection effective for water purification;
adding nanoparticles to one of the solutions before contacting; and

selecting the nanoparticles to be miscible in the one of the solutions.
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measurenents are typically made at the start, end, and at several points
during the fouling 55 WO 2006/ 098872 PCT/ U52006/ 007037 experinent to
nonitor salt rejection and to ensure the feed solution ionic strength and pH
are not changing throughout the test. The transient flux at constant
pressure is typically recorded in real-tinme while maintaining constant

flux. [00162] It wll be apparent to those skilled in the art that various
nodi fications and variations can be nade in the present invention w thout
departing fromthe scope or spirit of the invention. O her enbodi ments of

the inventj op ' el t  from
consi derat I on %%%e spe | ca %nﬁgﬁgt@ﬁﬁqclk@g ét?n[{rﬁe g| nvention di scl osed

herein. It is intended that t he specification and exanpl es be consi dered as
exenpl ary ontontacting én sgueousaoluticrowith amolrgmii: solutionfto ffdren & thincfilm byrpabgnerzation

I ndi cat ed by {.he follown clartgrs | M5  \What bIIS clained,|s: d%‘t A

met hod of maRi G ORMKERFBPRARETS 19 v@twwww&rg&w CHRRIT Temprang, e Gt | ng
an aqueous Sginhd vgﬁgone cfificdBlliip M dwaey .htpmc? réj&tifoﬁ eife@ive %ﬂh«ftér'ﬂthh’anon

pol ymeri zati on I more nonomners hé solutions on a water
perneabl e support nenbrane, the thin filmhaving water perneability and
wat er i npuri afdmgeyaaenanmlpsea paeefithesolusionykafore contadtingcandi on;  addi ng

nanoparticles to one of the solutions before contacting; and selecting the

G sporsed ¢ Kbt b et e YR PSS b YpEhehe Baselep ' LT Cat i on

conprising: contacting an aqueous solution with an organic solution to form
a thin fil5n The pethgdwfiany af claims lo4, wheeeirsclectingthenanmpertisles furtheecesnpris¢s: ons on a
wat er permeabl e support menbrane, the thin film having water perneability

nanopar t1 cl cRNiR R ShFdRC0 TRl iy Sl Sorbtinany FSiciR coarlilE | e

nanoparti cl egfthothiefigni form y di spersed in the thin film 3. A nethod of
maki ng a nenbrane for water purification, conprising: contacting an aqueous

solution with an oodganlc solution to forma thin film by polynerization
6. The method of any of claims 1-4, wherein selecting the nanoparticles further comprises:

selecting nanoparticles to form preferred paths for water permeation through the thin film.

7. The method of any of claims 1-4, wherein selecting the nanoparticles further comprises:
selecting nanoparticles that operate as molecular sieves permeable to water molecules.

8. Themethod of any of claims 1-4, wherein selecting the nanoparticles further comprises:
selecting nanoparticles to have a pore size in the range of about 3 to about 30A.

9. The method of any of claims 1-4, wherein selecting the nanoparticles further comprises:
selecting nanoparticles to have pares connected in a multi-dimensiona! framework.

10. The method of any of claims 1-4, wherein selecting the nanoparticles further comprises:
selecting nanoparticles to reduce fouling of the water permeable membrane.

11, The method of any of claims 1-4, wherein selecting the nanoparticles further comprises:
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of one or nore nononers in the solutions on a water perneabl e support
menbrane, the thin filmhaving water perneability and water inpurity
rejection effective for water purification; adding nanoparticles to one of
the solutions before contacting; and sel ecting the nanoparticles to be

m scible in the one of the solutions. -57 4. A method of making a nenbrane
for water purification, conprising: contacting an aqueous solution with an
organic solution to forma thin film by polynerization of one or nore
nononers in the solutions on a water perneable support nenbrane, the thin
filmhaving sebeg raGspanidiis!td by didpeisedad de diififilih by thepaiynmdrizatorodieaaidisdaof or
water purification, adding nanoparticles to one of the solutions before
contacting; thnepenfthesoluignsianoparticles to be uniformy dispersed in the one
of the solutions. 5. The nethod of any of clains 1-4, wherein selecting the
nanoparti f ):SeS: ' b jantially
ratan 1 ot ienhdaile s POPORRY 4, WREICREIchig O RRBPICLF Rkt QHBRAAT 7Y g
The nethod of any of clainms 1-4, wherein selecting the nanoparticles further
conpri ses: stibtwnpiriancpaniviespe be uniformiy dispesedinthethin filmd pat hs for water
perrmeation through the thin film 7. The nethod of any of clains 1-4,
wherei n selecti t be nanogparticles further conprises: selecting '
nanopart i jP me °E 5&%%3%‘&%%56‘3‘9%%&8% to water nolecul es.
8. The method of any of clains 1-4, wherein selecting the nanoparticles
further conpion@Eing anagheRs kolGtionAtPaT drgakcsohition EPfoema (i fmbyfelynitrikdtidon’ ange
of about 3 to about 30A. 9. The nethod of any of clains 1-4, wherein

sel ecting t Hf opepropere mappmestsrin the/salutions A waser permasble suppagt wetRbreas theghias t o

e, 2% QEEAF Sl oSy S Ry B Bl g <

sel ecting namdparticles to reduce fouling of the water perneabl e nenbrane.
11. The method of any of clains 1-4, wherein selecting the nanoparticles

farther conprjses: - sel ect i nanoparficles t.o be dispersed in the thin
filmby the %W%WPQ‘S‘%‘BFP%8ﬁ@&8@8°@3’°}%@“&98“%f the sol utions. 12. The
met hod of any of claims 1-4, wherein selecting the nanoparticles further
fc_olrrprl ses14. Tk hethod\ef dmApiwhérsinadding the Rantpeitioled intralk&stRe WaWr ptmbeddality hi n
ilm

of the thin film when dispersed therein.

15. The method of claims 13 or ¢laim 14, wherein the nanoparticles are uniformly dispersed in
the thin film.

16. The method of any of claims 13-15, wherein the nanoparticles are miscible in the one of the
solutions. |

17. The method of any of claims 13-15, wherein adding the nanoparticles to one of the solutions
before contacting further comprises uniformly dispersing the nanoparticles in the one of the
solutions with the other solution.

18. The method of any of claims 13-15, wherein the nanoparticles form preferred paths for water
permeation through the thin film,

19. The method of any of claims 13-15, wherein the nanoparticles operate as molecular sieves
permeable to water molecules,
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13. A nethod of malting a nenbrane for water purification, conprising:
contacting an aqueous solution with an organic solution to forma thin film
by pol ynerization of one or nore nononers in the solutions on a water

per meabl e support nenbrane, the thin filmhaving water perneability and
water inpurity rejection effective for water purification; and adding
nanoparticles to one of the solutions before contacting. 14. The nethod of
claim 13, wherein adding the nanoparticles increases the water perneability
of the thin filmwhen dispersed therein. 15. The method of clainms 13 or

cl ai m 14. 2017he aiethodof amypafetaiing 1 3-18,9wltiein the nhnupaiticles haveer porelsizetin thdwangeni n
film 16. The nethod of a y of clains 13-15, wherein the nanoparticles are
ni sci bl e i nof Akoup3 o ahout solutions. 17. The nethod of any of clains

13- 15, wherein adding the nanoparticles to one of the solutions before
contacti ngy h frer HRQ in the
one of thgl1mE ?#g%g ?ﬁ?? HTB] gﬁkﬁgﬁ&?@%&ﬁb@@kﬁT e netﬁ%g&%?h2ﬁ§ of
clainms 13- 15mﬂmhﬂnﬂwnnmuﬂmnwwnﬂpart|cles formpreferred paths for water
perneation through the thin film 19. The nethod of any of clainms 13-15,

ol ecul es 22 T8 RaAEd o oS £3-T5 peeio BE Hapnsfef Eucg BOIRES, iy bl
nanoparti cl ¢emiakR nfenit?dm®. Si ze in the range of about 3 to about 30k. 21.

The met hod of any of clainms 13-15, wherein the nanoparticles have por es
connected in a nmnulti-dinensional framework. 22. The t hod_ of _an f clains

13- 15, wh&}-dibg mﬂ@dw&mpmﬂlw&mmm%mmmaksm rsed in g % M e
menbr ane. !Eﬁ:&{i de erein the nanoparti cl es
are di sper sea&nﬁg E&JOQ'? ﬁi ytot e po é’?rééilﬁg%%y?on when added to the one

of the solutions. 24, The nethod of any of the above clains, further
conpri si n2t. Tiwe diethod of anyhef theasbopaclaims| figthereomiprising:a char act eristic of the
thin filmrelated to water

modifying the nanoparticles to alter a characteristic of the thin film related to water

purification.
25. The method of any of the above claims, further comprising:
modifying the nanoparticles by ian exchange with a metallic species.

26. The method of any of the above claims, wherein modifying the nanoparticles by ion
exchange with a metallic species further comprises:

modifying the nanoparticles by ion exchange with silver ions to add a biocidal characteristic
to the thin film.

27. The method of any of the above claims, wherein the water purification membrane has a pure
water permeability of at least 0.02 gallons per square foot of membrane per day per pound
per square inch of applied pressure.

28. The method of any of the above claims, wherein the water purification membrane has a pure
water contact angle of less than 90°,
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purification. 25. The nethod of any of the above clains, further conprising:
nodi fyi ng the nanoparticles by ion exchange with a netallic species. 26. The
nmet hod of any of the above clains, wherein nodifying the nanoparticles by
ion exchange with a netallic species further conprises: nodifying the
nanoparticles by ion exchange with silver ions to add a bi oci dal
characteristic to the thin film 27. The nethod of any of the above cl ai ns,
wherein the water purification nmenbrane has a pure water perneability of at
| east 0.02 gallons per square foot of nmenbrane per day per pound per square

inch of apyl Themeheg sfng-of Afd- abdviecl i, \elbréth tiRdndpartiched daperded ilthd thifa filher ei n

the water purification nenbrane has a pure water contact angle of |ess than
90, -60 29. weeeasetheinegative smrfacepthargeof thedhin filhai ns, wherein the nanoparticl es
di spersed in the thin film increase the negative surface charge of the thin

film 30. ,kh a he.. vie i [ rdl.cl es
i sper sed on TRRECBRT pPiny AR the Bhobe Wyl Yiendo M Tinoplies dol dfy AIRCR
met hod of anyhaké the iifin e uerchydrdphilicvher ei n the nanoparticles are in the
range of about 50 nin to about 500 nm 32. The nethod of any of the above

clains, whergin the nanoparticles agre in the range of about. 50 nit, to about
500 S FHeAOOAGEARY oL BrypbeTe SIS JPASIRID Bie ARPAIRHS AE5 A Che aRBR T SRR | o s
conprise zeokhts. thod of any of the above clains, wherein the
nanoparti cl egog@rrt%?éjogte%zlg% ite LTA. 35. The nethod of any of the above
claims, wherein the nanoparticles conprise silver particles. 36. The nethod
of any of 3Zh@hemethed of anyof thewshevesilaims,whereim the asnopartisles aomip thesrangecfgbouter s.
37. The net hsg Oft n ﬁothe above cl ai ns, wherein the water perneable
support menbPaf® OM B pol ysul phone. 38. The nethod of any of the above
claims, wherein contacting an aqueous solution with an organic solution to
form a thi33, Thé method iy of theboveasidims,ovhitrsig the naduparticlds eoprisenieslittaci al

pol ymeri zation on a surface of the water perneabl e support
34, The method of any of the above claims, wherein the nanoparticles comprise zeolite LTA.
35. The method of any of the above claims, wherein the nanoparticles comprise silver particles.

36. The method of any of the above claims, wherein the nanoparticles comprise dendrimers.

37. The method of any of the above claims, wherein the water permeabie support membrane
comprises polysulphone.

38. The method of any of the above claims, wherein contacting an aqueous solution with an
organic solution to form a thin film further comprises:

forming a thin film by interfacial polymerization on a surface of the water permeable support

membrane,

39. The method of any of the above claims, wherein contacting an aqueous solution with an
organic sofution to form a thin film further comprises:

forming a polyamide thin film matrix entrapping the nanoparticles dispersed in the one of the
solutions.
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menbrane, 39. The nethod of any of the above clains, wherein contacting an
aqueous solution with an organic solution to forma thin filmfurther
conprises: formng a polyamde thin filmmtrix entrappi ng the nanoparticl es
di spersed in the one of the solutions. -61 40. The nethod of any of the
above cl ai ns, wherein contacting an aqueous solution with an organic
solution to forma thin filmfurther conprises: soaking the water perneable
support nenbrane in the aqueous solution; and pouring the organic solution
on a surface of the water perneabl e support nenbrane soaked in the aqueous
sol uti on. o Irme Hkehod'e ifofthe Mbbe Shairld @hALR\(Sntiliig i SdIcORRGL | N9 an
aqueous solution wth organic solution to forma in f|In1fItrther
conpri ses: GmmmaanMQnanknngdnnﬁhndmﬁnrumumkutr|nesoyl chloride with an
aqueous sol ution of rn- phenylenedianine. 42. The nethod of any of the above
cl ai ms, wherein di ng nanopartic to _one of the soi fion bef ore
contacting OPKINEINE ¥8 P?rglégb ﬁ@&?ﬁ&‘*ﬁé’nﬁé{h@ﬁéﬂeﬂﬁs@u%& T‘"ﬁe organi c

sol ution before contactlng 43. The net hod of any of the above cl ains,

wherei n addiga @%w: solftior ¢h DfUefed ofithewamed peinnedble suppdrormembnt soakedg

Bot her conprlses g t he nanoparticles to the aqueous sol ution before
cont acti ng. in the aquueus salitiedd of any of the above clains, father conprising:
form ng an additional layer on the thin film the addi ti onal Iayer

ot hod of 51 AP p Vel Sl contifihg Bl sBfon fibaf 7

further corqnganmeseluuanlmfngnaainnﬁhnﬁrthbemmpmseshe additional |ayer to increase

perneability of the additional layer. -62 46. The nethod of claim45

wher ei n addin anoparticl he ad | ayer to ingre

per neabi | i t LF&‘L“ﬁé‘RQEﬁﬂ‘F'FlsgﬁfHP“P g?‘ﬁ?ré& faugqus soluion o -
phenylenediamine.

42. The method of any of the above claims, wherein adding nanoparticles to one of the solutions
befare contacting further comprises:

adding the nanoparticles to the organic solution before contacting,

43, The method of any of the above claims, wherein adding nanoparticles to one of the solutions
before contacting further comprises:

adding the nanoparticles to the aqueous solution before contacting,
44. The method of any of the above claims, further comprising:

forming an additional layer on the thin film, the additional layer increasing hydrophilicity of

the water purification membrane.

45. The method of claim 44 wherein forming an additional layer on the thin film further

comprises:

adding nanoparticles to the additional layer to increase permeability of the additional layer.
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malting the water purification nmenbrane nore perneable, 47. The water
purification nenbrane produced by the nethod of any of the above cl ai ns.
-63

46. The method of claim 45 wherein adding nanoparticles to the additional layer to increase
permeability of the additional layer further comprises:

making the water purification membrane more permeable.

47. The water purification membrane produced by the method of any of the sbove claims.
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