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have met with limted success. Such nenbranes are al so

s@bj1@2t348ofilrd ek d 2 8998t i ng i n reduced flux as

c X e fromthe brackish or
851}1%?& thl%g 6&59%1‘ ?ggé build up on the surface of
tBea/1dI2;:‘.i5nLMedaDeG)|12L a0es; of the TFC nenbrane.

1 t e e techniques for further
Brgﬂgé% f'f‘&‘@ e& 99@# 'ntai ni ng or inproving
ren,aQngm filedred. e\l2l 2008s, resisting the effects of
foulin chni ques for inproving
c@ﬁ'ﬁé’? 531 f"ﬁgedﬁ%%glznaoég such i nproved TFC menbr anes.
BBHﬁEg@CﬁQIeBng\I 18F20b%: DRAW NGS 100041Fig. 1 is a

bl ock dia ramlllustratlng the layers in a step in the

p56)68§s35§ﬁ fileddRg. i 199 2808'FC nenbrane i n whi ch

e sent in agqueous phase 14.
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i tHeirsémtmetios) the | ayers in a step in the process of
preparing a TFC nenbrane in which nanoparticles 16 are
present in both agqueous phase 14 and organi c phase 18.
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bl ock diagramillustrating the layers in a step in the
process of preparing a TFC nenbrane in which
nanoparticles 16 are present in water solution 15

bet ween porous support nenbrane 12 and aqueous phase
14. 100081Fig. 5 is a block diagram show ng the use of
a TFC nenbrane haV|ng nanopartlcles 16 |n a Iayer



1000141Fig. 11 is a diagrammtic view of RO nenbrane

10 during fabrication processing including soluble
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di agrammati c view of RO nmenbrane 10, including

nanoparticles and soluble nmetal ions 16 in

di scrimnation | ayer 24 during reverse osnosis.

1000161Fig. 13 is a diagrammatic view of RO nenbrane

10 during fabrication processing including

nanoparticles and soluble netal ions 16 in aqueous
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V|em10f RO nenbrane 10 during fabrlcatlon processi ng
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di agrammati c view of RO nenbrane 10 used to purify
saltwater. 1000281Fig. 25 is a sinple graphica
representation of the reduced |oss of flux over tine
as a result BRIEFODESQRIPIIONIORFHE DRAVEINGSENDr ane

confi uratlons 000291 26 1S aph rel at.i
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20 9/129354PCT/U82009/0407 2 10003011 n one aspect,
14. i nproved techni ques for the use of nanoparticles in
TFC nmenbr anes have been devel oped i ncl uding the
|ooosf:0n‘0m§dz H,Saeslloelﬁ d@ﬂé&ﬁamsur%hﬁg trmé&@fs iRdN§tbp e thevbrobess of
al kaline earth nono zed TMC and/ or ot her
prepaiippec TF @imefpbraneie avhieh ﬁ@rmnacﬂtm%%% G BEgseat inperganic phase 18.
menbranes with increased flux, rejection and
|ooog ANt i Fflé’Lﬁ is@bl%@l@ﬁ?é‘g‘r@rh'lmﬂr‘éﬁng 1@9@?&35' in aaﬁebhefhe process of
aspect, the new hybrid nanoco Si nbr anes,
prepariogé FeE membransria vdu%ﬂ@mﬂ@%&@ e aqueﬁsmatmh aqueous
phasé?@%ﬁﬁcﬁéam Q to TMC ratios as well as the
cover ectlon points in the concentrations
of additives, such as nonohydrol yzed TMC, make the
desi gn and fabrication of emgi neered nanoconposite TFC
menbranes with selected flux, rejection and
antifouling characteristics possible.




1000321In a further aspect, sonme of the new additives,
particularly the alkaline earth netals and
worewohnywsol yzed TMC, may be used for the desi gpCEHOS2009/040732

fabrication of high flux, rejection and anti-fouling
TFC menbranes. These nenbranes may al so advant ageously
use the advantageous concentrations and ranges of TMC,
MPD to TNC ratios and deflection points in the
conc tions of. addit rovide opt.i

10007 po 345t PRSK Fistr i leG31g 18 BYervd 2rate I ine process of

prepaﬁﬂ?@ﬁﬁ@h@erﬁbwaﬁ@tm WhidHeandpertitieO NG iafe presBROWI WisteRBolution 15

erfacial polynerization process for preparing a
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on a porous support mnenbrane, a) a first
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a second sol ution containing trimesoyl chloride,
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wel | di spersed nanoparticles when said solutions are
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ort menbrane, a) a first solution
arev%%ﬁ?gpﬁﬁna§?é§£%|an1nobenzene and b) a
second sol ution containing trinmesoyl chloride,
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menbr ane, wherein at |east 20% of the menbrane
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a h| ghly perneabl e reverse osnosis nenbrane, produced

[0001Bly arF ig.ritCeis faadigtamyp RjeruieefR G mesnbrases! 0 dwins fabrigghon
proce%guﬂgz?r?élu@gg %BIU%IeOWe%S\’on?SulH UEPU? ﬁ:ﬂé@é‘? a) a

ion cont-al ni ng ne nononer and
a second sol ution contalnugg a polyfunctlona
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proce's§||n§ [i8SEMhg isBiuble Aetdorfy ml?ﬁ’@&‘ng hogg 18he

nerlza ion reaction, recoverlng a h|ghly
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RO menbrane, conprising: contacting on a porous
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proce$8ingtihcliding Maabpartigies Epidysalutdé inanal ioas 16 |dnadquetms phase 14.

nononer , wherein alumnumion is present in a)
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and swiupler ameal |ons mmtdhecnroimpeom Iaysr fzé q@rloglrelwerae osmosis.
| ow-fouling highly perneabl e RO nenbrane, produced by
an interfacial polynerization process, cor,nprising:
contacting on a porous support menbrane, a) a
first solution containing a polyam ne nononer, and
b) a second sol ution contai iy nga pol yfunctional acyl

hal i de nononer, wherein alum numion is present -
ina) or b), or both, during the polynerization
reaction. Anot her object of the invention is to

provide an interfacial polynerization process for
preparing a highly perneabl e RO nmenbrane, conprising:
contacting on a porous support menbrane, a) an
aqueous solutlon contalnlng netaphenylenedlan1ne
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recovering a highly perneabl e RO nenbrane. Anot her

object is to provide a highly perneable reverse
wWomarsssrenbr ane, produced by an interfacial PCT/US2009/040732

pol ymeri zati on process, conprising: contacting on a

por ous support nenbrane, a) an aqueous sol ution

cont ai ni ng net aphenyl ene di am ne (MPD), and b)

an organic solution containing trinesoyl chloride
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present disclosure is divided into nultiple sections,

part figg PANARARCISBABIM BATONS SURBPRRIMRERE % f HORLONgF Carriers
enhanced TFC nenbrane performance, including:
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osmosi8. vari ous conbi nations: 1. Nanoparti cI es, 2. Alkaline
earth netal additives, 3. Nanot ubes
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i ncl udi n%dt he follow ng additives used in vario
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hydro?y%e@q‘fl\h@GIBl iAifReiIMtatiopRayérary Guringplelvesselosthosipr ovi di ng
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Organi ¢ Phase nanoparticles additives, Aqueous and
100028} garfiie 35hisSediggrasynatc VigWR tRQ sembmaeKhéwig febrigation -

proce{'gggé WETERY rEEWSCRIdifRle 1B HPERRIcHHRaYls addi ti ves,

[00026] Fig. 23 is a diagrammatic view of RO membrane 10, including molecular
additive 16 in discrimination layer 24 during reverse 0osmosis.

100027] Fig. 24 is a diagrammatic view of RO membrane 10 used to purify saltwater.

[00028] Fig. 25 is a simple graphical representation of the reduced loss of flux over

time as a result of fouling for three different membrane configurations.

100029] Fig. 26 is a graph relating membrane performance to purity of mono-
hydrolyzed TMC.
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Flux (GFD) and Salt Rejection % Section E
Preparation and testing nethodol ogy for the exanple
woreosbnznses. Section A I nproved Nanoparticl e TRO/US2009/040732

Menbranes 1000361Referring to Fig. 1, which is not

drawn to scale for clarity of the description, reverse

osnosis (RO Menbrane 10 is synthesized using a

interfacial polynerization process on a porous support
nmbr ane ents are used th

10003870 13 e SEpeenintBed s e R Forbresrt fRsimare

memisthAés hawd Be&t deVdlBpéd® REludtbthar ormsihed L86d oﬁ:ﬁ@hopamcles and/or
relatively high nol ecular wei 8hts are obtai ned.
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addm#@% @/b?le na‘ﬁ@&@r‘ﬂpeﬁlté‘?ﬁmﬂ&ﬂbré{é@ iR ctaaseh fag! rSéE'@ftlbﬁ and

are often enployed. In sone I nstances, fabric
anti-foulpgrchacaoteristisay e nanopartl cles 22 incorporated for
added strength. Fabric layer 20 is preferably

10003 ger MR BhethePa¥Bddt! thefled hytRFhaMdcdmMposRé FI'&YJ inleR®ranes, together
hat coul d penetrate support 12 or_thin

with m@rgaqvmmeﬁ SRNFeRiEstiops andirageRstPiT ME MPDa tq E'Vl%@*'@é@é well
{ I

as thE BREoRY of BefBPtioN cemT R et o8 Ediork! GroRguAes, Skh as

monohydrelygied ﬁrl\é@smabe th@glesgrd |ang fakiivaban of engisegredinandsemposite

e SRl 36 kA R el IR SRR SRR ke

and/ or tougher su ports to be manuf actured. 1000381In
{00033 g. In a2 fudhrrAspe Eé@@q clytee new additiveswaarkicuigrly the alkahne earth
et SBRERRLIS RS AR R LS B B s LACH o
flux, rejelchcvraena antiffoul mguBoli snerahranes 4 These mMambkrehas eayaalseen

sovr B8 EL B AR SRS B BudEE Y . o

TMC Sﬁlo@@@obé‘ﬂ@btncbmpblhtsahi thé tyntentratiehs @ edditived tospetidesoptimum
as_al kaline earth or alum numions. Such
Charaﬁ?f‘ls ies o8 Pﬁﬁgwf% CHFB'B@@&SSW thin either the aqueous
| ayer 14 or the organic phase |layer 18, or both.
[00033yddi tOrunalbjectaafdpairnvieptien imeypravide amén@rf@g@hpolvmeiri@%m

proceB o BB E b pBmedtlc R e eREe Sofpritd ™o

Nanoparticles 22 may be the sanme or dlfferent from
nanopafantasting area PREQUA SURPRS MEMAEZSe di ssol ved
within eit dfd 9.
10, or the ragﬁfg&ﬁﬂgggévﬂgﬁﬁrﬁdl?dlas S vm%rlln rf:
11, or in Hm)tmsémmlutmmntalomg tlidesayl db@rtﬂiessol ved

agueous 4
100040‘!@ ey gb’&?i il ‘gfyst?rlr‘r‘tn]"lﬂ% aﬁeﬂ”é‘r@v%a é;%g‘é’%grdfs%efsed
1ﬁamd5be|trhtﬂe§wm\eﬁb@leOIDMWamdlrsn&rdntéclzte@rwidor or gani c
phase | ayer 18 before in ol yneri zati on,
i ncr eaSSRVETING@ hégt‘i\f P@m%&%m ”ﬁifﬁé%i al |y when
nanoparticles 16 are processed to enhance solubility -
of nmetal ions. Nanoparticles in solution my rel ease
100034} uniAbighbyeresmeablec e¥BISPRSMO%E MATRIEBR PTAHIGE AN & PIRsess,
CompggMgpus solution 14 or organic solution 18. The
sSolved netal ions are thought to affect the
pol ymeedrtactingnon e peroumsunperiuneintsang.y menbr ane
structure | rf [
thought ¢ el 3 5" 80 BB LRy 7.3 BeRRRtinzbhe, dhd
2009/ 129354PCT/ US2009/ 040732 netal ions nay serve as a
tenpl ate to guide polynerizaion | eaving spaces or
channel s for increased water transport. 1000411In Fig.
15, nanoparticles 16 selected to rel ease 'sol uble
nmetal species to introduce netal ions 17 into aqueous
| ayer 14, during fabrication may be di spersed within
or on porous support nenbrane 12. Nanoparticles 16 nay
al so be introduced into aqueous |ayer 14 or organic
phase Iayer 18 or both to |ntroduce addltlonal netal

o s A — a o o s - - .



Nanoparticles in solution in aqueous solution 14 or
organic solution 18 may rel ease netal ions 17 before

wo b@opzi3gsaeri zati on. Di ssol ved netal ions 17 aP@I/US2009/040732
t hought to affect the polynerization reaction and
ultimately nmenbrane structure |eading to inproved
performance. It is thought that the dissol ved netal
ions 17 may serve as a tenplate to guide

pol ynmeri zati.on_| eavin a hanne or,

i ncr eased v@tae?ectopg gB‘PF‘ COTB%WZ? BIFERY CPL%'PPcati on,
por ouswBgHRRVEL lea8TBHeAdTS ok Aiohs @3?1 deld By conRarel Glspérsba
di spersed therein, and/or on the surface thereof, can

beanqRRslicdesWhan saidspidians ase fifgticontacias Rds aqueous
phase e.g., 1,3-

di am n%ggvze e@gphﬂg&%ﬁéabﬁ)ﬁebﬁi\ﬁﬁ?%%él ease soI ubl e

met al wberglruat leasir20% of theppembranmenriane argacansistse®l be
pHénd act with an organic solution, such as

or gani c p ase 18, cont ai ning a second reactant (e.g.,
trimesoyl chloride or "TMC" initiator). Typi cally, the
or ganiué og F?oﬂ flr L 01u1 dis II nmm scible with the polar
or aquEdty St PUHY CQOE PRHRMPELLPIIRCo & Frs at the
interface hgtaesgdridldtion cotaiting@spolgfugctidrel we@malide
aqueous and organi c phases 14,18 to form a dense

pol ymePON@PEr. &n surface of support menbrane 12.

100048 SutielP8 hfols@naradditivel @&mgduridos p%mrrssapar b)rbr both
support menbrane 12 as descri bed above, include those
sel ect@d'@dhetﬂwnﬂefﬁtﬁtlpw%@@nr @n@ase al kaline earth

netals gani ¢ phase 14
duri ng Ver r# fd@g%m%(%%%ngﬁ r?g gn&i eacti on,

espeC|aIIy mhen nanoparticles 16 are processed to

car th AeaBreSst' s R budis HERZeR el & adfeys

afmenitydhe Prbjudezpby ueintenfadial podemerkeationrocedse sorprisiny.
be selected to rel ease netal |onE 17 which may enter

t he WatAHAGINIARThR POESZRPORSAEAPIER: wi t hi n or on

support mendrafigt é&uuc'rm@orﬂawrga Pﬁlyﬁﬁﬁr@é mdmawewand
avai l able for the interfacial meri zati on of

aqueous phadde §QP°&\%PQB#t@é‘rﬁ°@t%iﬂ'§§@ RYYiRGGNRI geKhalide
cases anb,rﬁ%Feased by storing support nenbrane 12, for
exanple 1nroll form for a suitable tine period such
as at Whersin ameolecular additeccdrapeunshisipsesestt irRa) arpberdmih

 mpor AT e NI B P EPAER B For el fone 17

t o di ffegseeringpahignhppermeaabibRa&nmetribram¢.0 aqueous phase
14 before or during interfacial polynerization. Atine
of between 2 seconds and 5 m nutes, and preferably

bet weeAndiBesE6jeB0sH th8thventibm i Sprogide lﬂnﬂﬁl@rﬂa}tudb pblymeeidation
to be suitable for such diffusion so that

S
PraRp B o SHRALING & IS oLND AL BTRRARA Rohapbrans, Comprising
di scr i gritatirRfbd a%efodkis pdnifiBmeiate, per formance of RO
menbr ane for “exanpl e by increasing water flux

t her et hr oug 4 st seletienpentajfing @ @oyaeyrRe MENOIEI08Nd | t

may be advapnt y

s, ng- soni Cergy R R BIARRES RARIRAhaFaG] nBfed
bef or emonomepor ati on thereof in support nenbrane 12
and/ or further sonicate either aqueous phase 14,
organi ¢ phase 18 or both just before or during
interfacial polynerization. Sonication processing
nanoparticles 16 may includeg i nmersing a soni c probe
directly into casting solution 13 from which support
menbrane 12 is forned or into organic or aqueous
phases 14 and/or 18 and/or placing solutions with
nanoparticles 16 in a vessel and imersing the vesse
in a sonic bath. Solutions are subjected to sufficient
sonic energy from10 to 60 mnutes to aid in the

rel ease of netal speC|es such as alkallne earth net a
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form ng the dope or casting solution 13. Casting
solution 13 may then be cast or spread over non-woven
wo ampi1z9320) attached to glass plate 15 via a knP¢BUSZGB040732
G ass plate 15 may then be imediately imersed into
dem neral i zed water, which had preferably been
mai ntai ned at the desired tenperature. |Imedi ately,
phase i nversion begins and after several m nutes,

non-woven support fabric 20 sS,u fo
ronhr SWEee AR ueh S lrerE el BYpLbhLs BRI, 2hirig e
Meovpiengatioh feactibven washed thoroughly w t h dei oni zed
water and stored in cold conditions until used. In a

cont i E6RLETNS:A Iy Talipg eRighly pesmeapleR@ membeaned not
be required. 1000611Nanoparticles such as zeolites,
particularly LTA, nay be added to support nenbrane 12
dur i ngApetbeeskipeigs t@ Praviseoe iov-faling dighte peraeatie IR s

Dt 8o R QR PREC e ot DG S

r esi staomtactmgoomd actausnsuppo@0bebbrareone ci r cunst ances,

nanoparticles or. oth rel.ativel Q ﬁL rr' S
16 ey be_ dctrst Ui AR bol BT sl e
menmbr ane cf@f@@é@fm%dllﬂ&:namlamgélp@wfwdtbmtacryedanueng
rejection as much as adding nanoparticles 16 to the

or gani ®OPAASE: 18. Nanoparticles or other relatively

i nsol ubl e- GakdreRl SludthumYorSisTBredéntin E?oi Py lordeth, idiriAg the

| ayer between support nenbrane 12 and discrim nation

| ayer pRalymsrizatonrepeliow in Fig. 6. In preferred

enbodi ments, the rejection is at |east 99.5% and the

flux i s at |east 30, 35 or 40 GFD.

100063Amlathepabjebtc¢febe oveotibre is togiravide @nyinientaglal pblymerization

oBitreSSTar i g Bl e eI R pftang o

Zi r conggHtactingdbrudpotdus, suppgresembrara; cal ci um or an

I 1oy thereqf af
Cher sof | THRYPLAILR S 7o GEARNaTS ePLpalPadianiny (MPD)

as Si 3j4 SlC BN, B4C, or TiCor WO

2009/ 129354PCT/ US2009/ 040732 an al | oy thereof or

m xt ure thetP)eaﬁorgan@ysqitawrb@or&alemﬁawesag'é?@bgﬁ’@c(ﬁé@c )and a
such a ss, a carbon cluster of at

| east @QC?&@E%WnCstggéggf]‘I%rdZne, a higher fullerene, a

car bonrecaveringa highly petmeebieRébeenmtseee. or a ni xture

t hereof. 1000641Suitable zeolites for use as
nanoparticles 16 include LTA RHO PAU, and KFlI. Such
synt heAhethzeobjeteis tb previde éﬂ@gt&mpe&‘néaﬁle remerss psmodis

exh| it different, char cter tic cha and T
AP RIPRYCERY ARy REHBT Bl o mBHeBhalPiees sPigsing

menbr ap&rftadtthd oh dipgofeUiseslippoirt membrames. Nanoparticl es

16 may al so include zeolite precursors oL a rgpous

al umi nosi-l | ¥AAUERMSRRREIGNAIB NGJREFe EPxT@)'? |3mjge (MPD),

al um ngﬁil icates with fully cross-Ilinked, open

frame structures nmade up of corner- sharl ng

and A104 t ebyathergeaic wlwmmq'wmt(/@eéﬁwmw&e TN'C and a

formul g Al 203 xSi02 yH20 where M

repr esﬁ%‘?}gy?ﬁ‘é%ﬁ(‘{%%g%%g%b e cation of valence n. Mis

gener atdcpverirfig alngHly pernhéabile RO alentizragé. ot her net al

non-netal, and organic cations can al so bal ance the

negative charge created by the presence of Al in the

structure. The framework can contain interconnected

cages and channels of discrete size, which can be

occupied by water. In addition to Si4+ and Al 3*, other

el enents can al so be present in the zeolitic

framewor k. They need not be isoelectronic with Si4+ or

Al 3+, but are able to occupy franmework sites.

Alum nosilicate zeolites typically display a net

negati ve framework charge, but other nol ecul ar sieve

f ramewor ks can. be el ectri cal 'y neutral

A PSS A AL o S N ~ a1l e



porosity, and/or surface chem stry) nanoparticles or
other relatively insoluble carriers in the aqueous

w@i0at12sM or organi ¢ sol ution, followed by appPOPUSBEDE040732

100033le| afiovekagity, ROPIFSPE

follow

preparation techni ques, can lead to such well

di spersed sol utions of nanoparticle or other
relatively insoluble carriers. As a result of using
such wel |l dispersed solutions or other relatively

nanoiAICEPRESERI AN DS e Ao PReB e dmens

i ncorporated in the final nmenbrane can be prepared.
1000741l n such a disPersion,.nanoparticles.or ot her

digelppweds diyidedinteumulipleserions.aas
ksol ated and i ndividual species or as building blocks
I ncorporated in | arger aggregate structures. These

sectBh S iR laRred b P T RS RS

includ#®y

-cinations of zeolites) or they can be transient
structures arising fromthernodynam cs of the carriers
and solutian. Vel | disPersed solutions, that is
sHnARAEHRe AIsPRHIYhaR % &2 Bhopar ti cl es or ot her
relatively "insoluble carriers are well dispersed,
ppriocassihy tacentarice nawpattete performeticeiinl@ahembrane,
nanoparticles or other relatively insoluble carriers

r t : i I i

o Rng R ReS A haRRElE b RS SaBe eta iors,,
containing primarily isolated and i ndivi dual
n%ﬁ‘ﬂj'ﬂ@\?tjﬂ'g%%' Siukle matalignatq PArgve MsAMRIBNR Pegpr@rse, and
and very few | arger structures such as aggregates. In

t felsSndBNAgHogditclé alcpisianBy aihg lexamplexo! at ed

nanoparticles or other relatively insoluble carriers

Secu§RB, ST RETALAE TS 4 Py FRIBSANG AT vrus

combib@067©1Sol uti ons in which nanoparticles or other

relatively insoluble carriers are well .di spersed,

Wi t hpuy §%§§{a ¢ial aggregates, can be attained by the
use,'fo? xaﬁp?é of nanoparticles of zeolite LTA in

t he aqueous or pol ar solvent 14 that will be used
duriﬁgg'?ﬂlﬂr@r?%rﬁgle?ﬂcﬂwwpﬁzati on. (In many cases
water is used as both the dispersion solvent and the
aqueduNasalbesit for use during the reaction). This
di spersion largely has isolated and indivi dual '

nano, h&l ' r ik gttion is well
di sp@?gggsgggr%'%—%dhwemﬁy(m%i@ria?ggurface of LTA and

its strong interaction with water, its small size of
I essgtﬁghﬁgf"ﬂ?%ur'%r a.‘dc%ﬂj‘fetsabl e nethods for causing the
desired dispersion include stirring, ultrasonication,

Sectigh &i: nmproye dof F G meralbraans énauding the felawing additives uged in

vaﬂ04£é§

rofluidizer TMtype material, use of nortar and
’ﬁ%?é%éﬂ§'of a ball mlIl or jar mll. In particular,
hi gh WO 2009/ 129354PCT/ US2009/ 040732 intensity

ul t r hshdanerantiegas.or the M croflui di zer perforned for a
sufficient tinme period results in well dispersed

sol up.i QARalinclOARY mkReifiditiveg, now to Figs. 1 - 4,
aqueous phase 14 used during interfacial
p0|YQEN%ﬁ§P58§ may al so i nclude one of the reactants,
nanoparticles,” or other relatively insoluble carriers,
and processing aids such as surfactants, drying
agents, catalysts, coreactagts, cosolvents, etc.
1000771Ceneral ly, the polynmer matrix which forns

di scrimnation |ayer 24 can be prepared by reaction of
two or nore nononers. The first nononer can be a

di nucl eophilic or a pol ynucl eophilic nononer and the
second nonorer can be a dielectrophilic or a

pol yel ectrophilic nononer. That is, each nononmer can
have two or nore reactive (e.g., nucleophilic or

.



salts or conpounds that are dissolvable to sone extent

in either the aqueous phase | ayer 14 or the organic
w@basa243ayer 18 or both. Different speci es nmayPOEUSHE040732

for the aqueous phase |ayer 14 and the organi c phase

layer 18. In many enbodi ments the beta-di ketonate may

be an acetoacetonate. Preferred species in the organic

phase for aluninun1species include Al (acac) 3, wherein

(ac t ntate | i gand.

Pr ef rMQH ?Bg dehﬁﬂﬁgﬁga@%g 9%y er incl ude sodi um
alum nate, alumnumcitrate, and al um num
canr&o@MrfmmmLéarédda’tﬁ\fasr ed species for other

nol ecul ar additives including earth alkine netals are
set forth in Tables 1-XI| herein bel ow
1000881Preferred concentrations of the netal species

ar m 0.005 wt.%to 5 w.%by weight and nore
§§E§%ﬂi¥er QOYIUH 0.05 wt %to 1 wi.%in either aqueous

| ayer 14 or, organic |ayer 18. 1000891When nol ecul ar
spkci eEM&reongeetiation t he organi ¢ phase 18, it may be
beneficial to sonicate the solution. Sonication may
sgFve tpchetiber di sperse the nol ecul ar speci es.
Soni cation may al so serve to drive reactions that
erwi se.require higher tenperatures,
cﬁ?aly@?@‘j@PF1ﬁﬁtlators to occur. 1000901l n some
cases, performance can be further inproved by the
Sectiaddd.t | Bables I-XIIrmiragidingrtha fellaying infermations whera aprrapriate, for
| For npl e, nenbrane
each T{) aﬁ%%%ggh%&&d i g(?%gnﬁégér b(’gnaabt%gesol ution. The
pHis preferably from 8-12, and exposure tinme may vary
« f MEYR &OTMEcONEeNtricws afidaties or nore. The rinse may
alternatively be a hot water rinse with tenperatures

o 0hqBEoPBEnd @P@arft PREsERYNSpSaclesalyrioes chl orine
speC|es such as sodlun1hypochlor|te

00911Int aC|a at| gccurs at the
9%?@5%%“ LQ% ﬁﬂﬁeﬂﬁ 5§§r 14 and organic
phase | ayer 18 to forn1d|scr|n1nat|on | ayer 24, as
o sRementayeMiux impBovesned, oven dostrolDhewbianenaithan aldéyiees,zand
nay typically be a conposite pol yanm de nenbrane
oAlS support nenbrane 12 wth a
E&?unctloﬁqﬁﬁ{h'%CR&@éy2009/129354PCT/U82009/040732
oner, nost co coat e $ fro qgeous phase
_EC_t'Q.ﬂI_Eut Bieristion AL ESH arnoTaos B PYABPEGBREanes.
non- aqueous solvents can be utilized, such as
acetonitrile and dinmethyl f or mam de (DNF). A
pol yfuncti onal acyl halide nonomer (also referred to

as acid @ééti&e)x- [%ﬁﬁas%g m%?gmhlw@mmamson
support FOMm or gani ¢ _phase
100035 o R Drrirg tﬁy]euﬁm"‘érﬁn%b o%,déé’wngi%acaﬁ?tfép@%ﬂ of 15088 &ption,

rever§®@bshosis (R®) rléabraeone rsSsy‘hﬂrﬂasiz%@QIsurV@Q tefacianpaigrherization
t her eby polyner|21ng to produce a

Process PP AOHS FRPPPS MEMbRape 12 Tw?é"ur@fﬁ%lg'esiﬂl§ gafﬁ used, so that
a moﬁ&ﬁ@PHor%t 44t %rHrr@aétgwnN 4 RIABM P IPtHRY othet Soleént! NRe reactions are
yfunctional am ne and acyl halide can be applied to
very f@et aubredatiyedy highngleewpawsights arerobtaiogd as aqueous and
organi c solutions 14 and 18, they can alternatively be
appl i ed by other nmeans such as by vapor deposition, or
heat. 1000921l n sone enbodi nents, by di spersing
nol ecul ar additives such as earth al kali ne and ot her
netals 16 in the aqueous or polar solvent 14 and/or
organi c ‘phase | ayer 18 used during interfacial
pol yneri zation, increased flux is often observed.
Nanoparticles and other relatively insoluble carriers
in solution may rel ease nol ecul ar additives before the
pol ymeri zation reaction occurs to the aqueous sol ution
1401 organlc solutlon 18. The dlssolved nDIecuIar

" o Y Y e - .




100010410nce the polyner layer is formed, the apolar

liquid can be renoved by evaporation or nechani cal
woemmnzd3s4 1t is often convenient to renove theP@PUEENI/ 040732

liquid by evaporation at el evated tenperatures, for

instance in a drying oven. WO

2009/ 129354PCT/ US2009/ 040732 100010511 n some cases,

performance can be further inproved by the addition of

a rinse ste i.ng a high pH agueous solution after ,
10003 Fermongty B0r es 2By B foTa Vo AHE G WERT Bameric
fibers'dr@ ©REN iefhployertl i sdrbaliknandss, sadrictiagst. 20Thay pdve Hanoparticles 22
, preferably from8-12, and exposure tine may vary from
incorppyated deaddacosteRnai - fiakels 1aver <t is PrafstablnBe R&a&i‘%y {yater, flat,
and WRBULL &rdy fiber§ that8lidseiétra®d sSEHdVE BF tHfiln big@fimftation layer

saltwate€r 26 may be applied under pressure to ,

24. 1t dh@gjd @heith@ttpmcr%aﬁ@rcognammo @Xijze Mrrplrenpares. stiong against
d | 1y . p r. .
ever . BhFh U oS R S5 WO B8P B9 ding
nanod4¥(i€1é§ 22 Re trer polpmen biveral of datbrac Z0, gnore, meactmaspcally irobest bbekings
nmay al so, Oor, on be present petween discrim ion
may (EgeRlssing lcvhitingg PRt nsTo oo R A8 15
manuifPQeg81Referring now to Figs. 5, 6, and 8,
nanoparticles can be included w thin nenbranes for
everal.reason [ .t Q] . : .
o003 1R 325805 g 817 s B Erapgrige, g6 isprsed
thereih@ngdmeagssercurizce o sLpoyrt membranenapamrd arganidploaser lapér 18

. activity and part}j ar.l o reduce fouling especial
nterafy Wit s BEErcl d R B BRMEe WG 1ORES Sgpere the
polyriei@aforrbecpsher applications it may be useful to

i ncrease the nunber of nanoparticles within RO

o3850 N FahoBE 8 34 {8SRle ) FRUARY o

releasalinetd)speties sutias alkatine eartb paEiurcihes ib6s.cucrepdrticles may be

. LTA, this_incorporation can,effectively be as d ’
dispeleg TG TR e ROHoPY RVET TA05 U MORES RSP IR Es (35 on ein
AdditishhNeariopanpidsSmap i 98 bfegencCirpaeopyrfdcEEibpeties or further
. nmeasure the percentage of the menbrane contﬂ ni ng ,
increaferRArMapresior Qmmggﬁwpw%f@wngj@ﬁé%f@d anoparticles 22 may
e G 0B g P PGBy SRR MBS By pledived wii
eithemtha @oaeous layer 84) 33 shawrairckig. H@. orghe paganic phasesigier 18, as

. i gents. at 0
snouREFL 12" oth B3l Pl T sl A dmous
layer 08, &Oshewhirafig. 18, such as hydrophilicity, charge, and
' roughness, typically correlate with surface fouling of

. 10. . . . |

ooosoo R38R UeBIERTtnd eneparices 18 T egpes o o

solvehlyth epdiiol brganitepfzasevieysr thaefges interfarial mobtnhergatipaciasreased
yiel d good per il i reiection, i i

o < R SRERRH ok CERPP PSR A0k e

solubigndirrasts idns. pNanopaztitlesllin sguties metyarEase@iiminum before the

polymeFaipe rastion SeBEdD B ST HEPBA HAT Lk POV TFo e
dissofvieflMhétaFAL laYe trRRGht toadtfckd thapblyesizatich @factisn ahduiimately
this ionic strength, electrical double |

er .

membrignesHEEiUsn Laging RdgIRreyas rerfasmagee nalhip t%ng that the dissolved
applications involve highly saline waters, one cannot
always rely on electrostatitc interactions to inhibit
foul ant deposition. Mreovejgg it has been denonstrated
t hat pol yam de conposite nmenbrane fouling by natura
organic matter (NOM is typically nediated by cal ci um
conpl exation reacti ons between carboxylic acid
functional groups of the NOM nacronol ecul es and
pendant carboxylic acid functional groups on the .
menbrane surface. 10001111To prevent scratching of the
menbrane surface or alter adsorption, hydrophilic

S o N a o s



10001181l n many cases it has been found that smaller

di aneters of nanoparticles 16 may give i nproved
w@egoborasance of thin filmnanoconposite RO menbCEHOS2009040732

It is believed that | arger nanoparticles and

m croparticles can |l ead to unsupported areas of the

thin filmpolyner as well as tears in the thin film

These smal | tears can result in Ieakage through t he

filmand a reduction.in solute rej tt

metalAag ey SeRt AR AIPEPERLE 16 0UHP SRymerAalRn H%%Vmé,%a%ﬁst% channels
for inéregssdblatedfarsBange in rejection characteristics of RO
menbrane 10. 10001191Concentration of the sel ected
nanoparticle 16 can also be inportant in performnce
I
10004 TR B RenofarBs TBRIGRERD AR bl motal pecies to
introduge cnmepalriam &n intotagueods yer i rmrlr@rfabaqaironznay @ﬁdilsnﬁnsed
0LV [- fl
w1th|rgﬁrf nRP ﬁts%% {Dgﬁﬁe?ﬁﬁr%gﬁﬁr2at$’§g\noﬂg?t¥@é{se[t€%Pa& ?Iﬁgbedntéoduced
into aguedfs Iayeew lbaorganic phas?éa layerot&ot thath td imttadidce @dditional metal
- an 5 wt. t he tle. or dded benefit.
ons {11t Satkand aysicl Enrins bhticdh, ARERPOSakERM s, | 7 may also
be présett g |th@ct|s@Ffﬁ@§brcfdelﬁt¥e§ SSRARSEINBddie peRehabtd bEmembrane
decrease in salt rejection, which nmay be determ ned b

10. lp speesyRbedimerts qhe,uﬁteﬁﬁp@l gqumepﬁa@rh@,ocgggggleapttoneo
squtn@HQ‘é BAd BZ@Bnt@[Hsynéh%ert%@%' that @%@@tﬁ@éétqrﬁprﬁfof a soluble metal
arti are needed to enhance nenbrane
speCIpepEotB%ahdw aadomryclearbased dnibeereight of thegixture, and wherein
t I t Ll
said r’?ag‘gn%g onéasl ﬁéet][éf emﬁﬁegﬁe@s@ rﬁ%g?eﬂéie tth%aé’rﬁouht d s?uooé'oltﬂtﬂe metal
speciép coheibatddytol the intefazialpAymerizatioessixtutan 0.1 wt . %
less than 0.05 wt.% less than 0.01 wt.% that gives a
reproduci bl e performance i nprovenent fromresulting RO
100042 ThrROEndBbrEREsieays Bé eadridted in veich nahdperticles gre included in the

nanoparticles 16 are often ssistin npl at and
POrousy SURPCEM G LIaNE Jrledes SRlWbIe MRiA! g%/ﬂtaﬁ‘ mfétaﬁ%' and
polynténzaﬁortt B?o&e'%@%@Idrnmbftﬁ/efflu&fﬂowp@édiﬁ%rbynﬁ a?!;geré%fstlng

di scrimnation |ayer whi ch gives the performance
compgrtieryef the\mpggogmqmbms@wmzew;se@@m@ﬂommmcles may

vosclUTS00Y B % BB 1 0P bf, PSRRI b ppeces o
the watey coetaized edhe suppor persbrape. @maywba@veﬂta@eong ta htuoee the

o 0488, PP B33 Do T PO BB bl bORErzatomon

the sN@dcm‘mbmt&Bvﬁb bervmeﬁﬂhumub aat drb&mb@hheersomtlans It may also be
ner wWhi re articles

acvaiggBeovo OB S AT AN PR AT T Sbhe P phase solution

to thé&@bﬁwﬁha@e@amoﬁlaﬁ tﬁé%bru@h meraa%n@l P& 18hétY1 CC St IpEs,
tained, e.g. nanopartic having a smal | er average

prefegabikZ AMgutes s mare mrgfﬂjab'afS winkdes aflefdbe 1a3tePhase Solution is
appli thod of inproving polydispersity is through the use

of mcrofluidization. Polydispersity can be cal cul at ed
by dividing the volune average particle diameter by

ones RS REP L3510 BB . RISl hopon

membrabiegide aftauptoeessingi dMembrand ®2 Fetypicalge pofyseresmicroporous
supnb S e NS B e s BRBE K oA 7 uyafibrcs. suen

usi ng soni cation alone on sanple of 100nm LTA lead to
a dispersion with a polydispersity of 62.4, while use
of sonication followed by mcrofluidization and
centrifugation lead to a pol ydispersity of 1.7. A
separate sanple of 400nm LTA after sonci ation and

m cr of | ui di zati on had a pol ydi spersity of 1.53.
10001221Mol ecul ar Additives Referring now to Figs. 22
and 23, nol ecular additives 16 nmay be dissolved within
the aqueous phase Iayer 14 as shomn |n F|g 22 or in

o A~ o I



10001321 Menbrane performance may be neasured in a
flat sheet cell test apparatus. Testing may be
weondozesed at a Reynol ds nunber of 2500, so the€T/bsiobe040732
up of rejected solutes at the nmenbrane surface | eads
to a concentration no nore than 10% hi gher than that
in the bulk. Al testing may be perfornmed on 32,000
ppm NaCl in deionized (DI) or ROwater, at 25 C and .
800_psi . Menbranes may be run for 1 hou bef or e
as fatfi 30 RHMEENEHGT AeBBI, S P mam ey 13 AR RS 2P 250
microh8litfHidkess ahe HaRa YeefdouddRIHARLRe —RhRAlesBpEes located very near
10001341 Contact angles may be those of DI water at

the UFPRﬁﬁrﬁUfféﬁfpePé’fQﬁ"éf at Nﬁf?rbl#’éﬁf@s'srﬁét?”tb@NtfﬁbmmeWQm s bef, of the
tmal%ﬂ g@%gr, and then allowed to dry in a vacuum
esiccator to dryness. Menbranes 10 may be dried in a
vertical position to prevent redeposition of any

onef | BRI e B R ARSI 1%

mclud‘lre@salmamﬂlctles 16 vitngasting rsa}utuba 13asedrte prepdre suppotinggmbrane

12 o2 L S A0SR P R, SRS e

phaselmeﬂs?eﬁwldcmwg fbrieatisn s0dufdopnEed@brahe2iant % MPD, 4.5 wt %
tri et hyl ammoni um canphor sul fonate (TEACSA) and 0. 06

wt % sodi um | auryl sulfate (SLS) in D water were
|0004'§’q:rlepEﬁé?grrln%rﬁ‘owol_F1 F‘%e'ﬁ aihséadﬁfbﬂtte' lgg Hataf |o|a§_/‘f7(té Hueous
olution with soni cated for
phasg 04 nthesaddition| &f seacpStistasuta @rsumppﬁ nmerabmr% Amayaiso serve to
f
mcre%f p% i %\Rﬂé ‘?Igf( 2 eag(?%{’s@ 4@%&”’&2&%'0‘6&5“9{@{:@}%#? Bt Fh%qﬁjﬁ( of purified
watera2d firougH mambraees 10 from Evecsdosmoss bh ealnmfer afe During reverse

osmast e OfnaoRalE preisuldl 4 Rk Bt 28'a sapyepyipnal tin
film coPBSED mEmtsranes (BRTIES khoWMRRo 2alisé Bosdyxtepatederabrane

descri bed previously was red onto the fr
permAgRIY aRE03B oA REAl A6 A RRHET BerEHane 12n filaen gipghymeric
t t lynber8Gré BRgHtRa8Brdanided 41 th
memﬁr'%bg Iéég{hut [ orgq{gﬁg]p‘%gdhi)‘érpgrg t hre rr aﬁr% b r(?égSlThe ?
structureaisechanged lestiting fin adenergararesity. meaﬁ%'t TAPMprang registance,
a [ S

and évgﬁﬁfallﬁ 1dH ée}ég glgoé a'%‘sé g‘féj %%M%?%ﬁé'ismggr ; @s éci{ gﬁébsgthe extent of
physiealtdomdeetighaGengdatly ¢the fiuxX deslineaf ﬁéfsmembrames krhrpekiglavater

cesa Gl B A5 A Bl PRLARE G155 gl 040% cve

to compaitiore Theajten sattiol @lﬁcbb!émrmmmaa’ubq tHio filll. compostite (TFC) reverse
100013910rw?)an| c sol ution

osmagS B\ TEraRas ROBFel BRPs MAdY g dadomorpharel e hick porous

polysﬁ%rﬁ@ ;ﬂimlapémé‘rﬁgrahaelrze T uge Bl rﬁhno'ﬂéﬁtncﬁéﬁ 18 irDporoas
ained by tilting the frame (verticall till no

supp@r@) manmkrang r1|2prpaw thareiore Alsofredwree flophiiow ?9H'W%0Y%ra’w Rés

oorTEn SRS B gz o

gl ass plate (four corners), and an air knife was used

|0004§£J ed )f %%86% m&%%q@ur%é%%?wg&éaﬁ%RM6 'lﬂ Q&(pécﬂ{ Bembrane 12

tOre@@ﬂghbﬁﬂﬁﬁﬁpﬁﬁkUSﬁﬁﬁﬂbﬁﬂﬂﬂﬁﬁ‘Wﬂbdﬁ&ﬁd%ﬂﬁ@@lﬁ@ﬁ&bml
Ex | e 10001411 A t t :
polyER{E0RG, B ERRF 1R 0 TTRDTORS KHneVRR B Fmifane 10.

aqueous sol ution of conp03|t|on simlar to that used
in a |laboratory batch reactiyon (4 wt.% MPD). The final
solution turbidity was 21 nephelonetric turbidity
units (NTU). Al other solutions and processing

condi tions were unchanged. This continuous process

i ncl uded brief application of a vacuum which led to
the concentration of LTA particles at the surface of

t he support nenbrane. LTA (300nn) Flux (gfd) Rejection
Contact angle none 17.7



99.40% 50.7 21 NTU 26.9 98.80% 36.7 Exanple C

10001421 Two aqueous solutions of 4.0 % WPD, 4.5 wt %
wWaEmes23and 0.2 w% SLS in DI water were prepaP€rySmng040732

al so contained 0.05 wt.%of LTA (80 nmdianeter). The

solution with LTA was sonicated for 30 m ns. An |sopar

G solution with 0.3 wt% TMC was al so prepared.

10001431 A piece of wet polySul fone support was pl aced

flat, on a cl.ean glass plate. acrylic frame s then
Nanoppdcied 1o aplipnd feviER e K et Sfabnin sn G 1 BavirglEase
metaltibfs hf’béﬂﬁé‘tﬁﬁ?ol&ﬁlé’ri@&ﬁorﬂl BRSolvéE PRtAidné\N 7 ame etsig hviDaffect
solution (50 m) epared as descri bed previqusl

o 1) prep; ) _was
the polymesgation rgactien W%HE@%W%WBF%Sﬁ&@@JF&A%@Q' \eryoved

perfofrinck. ”]tﬁ%‘fkﬁ)ugﬁhﬁ&ﬂ{é@ib%lyé@ﬁw@él%ﬁbew Maytddrié BY altBfiplate to
frame until no solution dripped fromthe frane. WO
guideBgNerzZERien FEViNgGSSPATYSrCepne BJon ipsnersed watgiktrargport.
taken off, and was |left horizontally for at |east 4
m nutes at which point nost of the surface water had

|00042) ap dwaingdabridetiome pbroas esuppsrt tinembrEnemMieidchuiding ndmoparticles 16

. | as Late in four corners. air knife s used to
dispef e BRFRT Pt (RS e BE05 GPh G TS h e Huedus
solutivAssuUchidsaaRbous ipheis@nat bertamirkpa fintdedtitantaergy) 1,8- frane

.and kept horizontally for 1 mnute 10001461 Organic
diamiggpenzens o SHFRH eenenen\ip igleRes F%‘HBL&rm@a’s@PEﬂi7dﬁ?'%33“pp°”
mem@gﬁég@ @nitAeh B8 %ﬁ HIBShEBRRRABR oPyHri@S8ILANH JRARSKEanic

m nut es. e solution was drained by tilling the
phasé f 8neont&iBingi & sgqopd rgaetant (fg s Hinuesayh caleride s FViemnitiator).

TR T AR AT s B i BB 8 o

that thee ndarcéioe oddagrstat dime ahtéréatedbet@Beltiotwdsolutions ©.9. IDEtween

80n Flux (agfd ejection 0% 20. 7 99 . 50% 0. 05% 22. 5
aquediss By ORISR R el & b UL P ASRE RONTIT T NS ULfAGe 2"
suppdit #PEH4Ad 12enpl ate-free zeolite LTA nanoparticles in

an aqueous di spersion were found to have al um num

content after being subjected to inpact, cavitation
10004810 hB@bI RarfpErtidle 1 BT REPeibidh 38 Bupddrem@naRans 0 ras

cont ai ned aﬁjgjr oxi mat el 9 'wei ercent LTA made

. . y 3 i ght p !
descrigedrrkayabine!ugiedtiese seletiedder tharabiliy i (aleasa alkate ggoth metals,
or ot FlofSt ShecleRAinte itgrROpha: T BT IR RekE Pby Rlerization
reactios, ¢spesially maieat mahapartidies  tare gicsessad lcoenHamcelselubility of metal
. agueou i spersion d on the data shown in Exanple
'ons 53‘.%%@53?51@ n§re§5ﬁwsrﬁs}ag$iz. of tenplated zeolite LTA

nanoparticles (5% showed an al um num content of 2.9
m anpl e E WD 2009/ 129354PCT/ UJS2009/ 040732
100048500 ARUnS RARSLIeTIbTaaE 12 21 bEAy SOPTac BTE8SR: o4
NanoPEeRRse My bakclbdtiés terdledt Meds idhsouRBRN M@y enter the water
different Si:Al ratios and two different

or othgssENt €3rBaINPH WIGIPEOR SHRRAT: B MRIAR? 12DDINP Aoy Yhmetal
ions L?ﬁ%‘ﬁ%%@%?t inBRRICRN bBRINEahOn BREGGERsEHase U é\fijBrganic

n on a |laboratory shaker table for nultiple days.
phase\l 8 maygin seote easasdep insraased Ry TigiRg syppasbmemdraEne)12, for

o 0 t ' t M
exarfl et AR per b R Tok Rl bR
fabricgtiobf R& memdmanesh@ker Di ssol ution Material Si: Al

Ratio Shaker Dissolution Alum num parts arts per
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mllion plateau in _ 500 nl DDI water solution Zeolite

LTA (tenplate-free) 1:1 35.90* Zeolite LTA (tenpl ate)
wa2891293%eo0lite FAU -2.5 *Average of 77 to 16PCTEE2009/040732

data; **Average of 1 to 84-day data; *** 2-day data

Exanpl e F 10001511 As shown in Table 2, nenbranes

prepared from nanoparticles with differing Si:Al

rati os have different flux as expressed in gfd

[ , f got of . .
B e T T
supp&ﬂHfé‘h#t%aﬁ@'@tlht@quu%ﬁuépﬂa&‘é Y MRy re br durih§arkEdéSA and

% SLS in wat er were ared, one al so

polymesigatipmed tneef Retweepi2 seeends @nﬁﬁr@pswﬁ@s @ngqreferably between
r

10 se%meb]%’gt é@@ Z%ﬁwptseggg ?B%ééﬂ 8%9%(\)/}%@3\? Bﬁ@gﬁgﬁl\%ﬁq /f: érhl\c/:cl'ﬁcgv\ggsnon so that

metalaps® 1p fropanathparige 06 9 pads SaPETooIT Gisrionodt8m layer 24 and

merapPRPeRiandt RO MuetBlaritey Siarh QR P HERRS e ReE At o)

therehraugrdfop theosdrhe applidd pressane f ace, | eaving an area for
the P reaction to take place. 10001541 An aqueous MPD
sol ution 50nL prepared as descri bed previously was

10005 PPUf qgm@?“dé ddvenidgeerd toprdpridess Hah@sHtiess 16Qiy&l§‘rﬁgﬂson:c

The solution was drained bﬁt”tl t he
energvrfam’é atsqrvc AEbs AN geNisPah PefRse inGaspeeHen thespe In support

mem%@ggh%ﬂfb&}uﬁﬁ% elekeNaQidousFHaswas, 'o?datnuc phase 18 or

ori zont al for at east 4 m nutes at which poihn
both justsivefore @rh@rmrInw@cmp@wn"tea@amp&ala@é@pn N@@eﬁ%ﬁ@r ane

nanoﬁé %IEPGIE It %)Z it use r%,?ﬁfalg%@ﬁ p dAbaet @lréc,rt]l]y ﬁ%rca%ﬁ;@&ﬁtlon 13

from whichat@por hmeq‘r‘endmeamausmnedabrr lattedrgasumgy anebhbe lpheSwmzi

andiof J8 sster Rirgian FeRbETT wB ) B riERS 0P ke ftg Falpiing the

vessepirs lsehicabth WasIUtioHs efe gmjectbheo Sufigreht sBNID reaeegy from 10 to 60
surface and renai ned mn. The sol ution

f
minutge 49 AHingDe [elpeseg’ PRE & epgries (SHenasalkaIpe eatth | iefghions 17, into

the sSIQlidH.| BRedédiRRdnt (HRMdIor datitdins Bagitidfadhbtal EpediBs. WAgditional
renoved, and the menbrane was kept horizontally for 1

sonicaiienutime mayrease JuditionatpreialsnRsies YRte Sﬁm%ﬂmét%@'ﬁ'bcum
for 6 mnutes. Table 2 - Conparison of Menbrane Fl ux
Increase with Nanoparticle Type Percentage increase of

[00058] ux RJ'meessimgTbi mlégtedm@eopaﬂticleeﬂama‘matﬂ@d@ agadmplished using

ano rtic terial t . .
shear, aF LG NEDPaSt Ao Pt SenPERER e g PP, iy hfypicrotiicizer (2
traderf@ek bt BielMibrdfluedicy ebq:.).fﬁrﬂ@ebrocessmg the solution contains additional
metal species that were dissolved from nanoparticles 16.

[00053) Processing of selected nanoparticles 16 may be also accomplished using a
solution containing nanoparticles 16 in a vessel with a stir bar and using a stir plate to
propel the stir bar in the solution or alternatively using a motorized propeller to stir the
solution or alternatively using a lab tray shaker. Stirring or shaking is most effective for
nanoparticles that have been selected for high solubility in either the aqueous or the

organic phases 14, 18.
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1:1 13% Zeolite LTA (tenplate) 1.5:1 9% Zeolite KF |

2.2:1 0% WD 2009/ 129354PCT/ US2009/ 040732 1 n anot her
wepenesent under simlar conditions, zeolite PCT/US2009/040732

concentration was increased to 0.1 wt % and the fl ux

i ncrease was 50% Exanple G 10001581l n a continuous

coati ng process; an aqueous dispersion of LTA prepared

by sonicating a 5% solution of LTAin water for 5

m nutes, followed by 20 m nutes of mcrofluidization,

and stirring overnight, was added to an aqueous

[000540! UtFiredes3ing!8bthBSelettdalhdriopa@tinsle sl may5é &t&mpﬂl&hed using a
organi c solution of 0,3% TMC in Isqsﬁ)ar G was

solutiof EpRIAENG NARPRASHRIPH (S Ik 2 YPeRRl drasiytingdne RE %gﬁ-’é lower than

aboutsé SRS e %f@ﬁﬁblyofes§ HaH At ‘S%F btnlgastr W@ndsa@a pH greater
dryi ng as detal in exanple F. LTAFI (gfd

than mué&ar@nngwmefejgbmreatfo mt 9"/‘9’1@!0@@3 seqonds. Whether

o s BLREITING Sab ol 85 Tl s il BpRiR g
solubiligt @varactstigttsaif i3 Spgaiic ypeaf nanhmr’ticleﬂﬁr unni ng.

Exanple H Al (acac)3: 10001601 An aqueous sol ution of
4.0 % WPD, 4.5 wt % TEACSA and 0.2 wt% SLS in DI

joo0sFyat errh\saérrﬁrmpwcattr a&ﬂmk/é O@'&Ionﬁ)mbsfal wlﬂlewah@e Of 3daitivés

MC and . 0. 25% Al %3 was a% g{ red an
nCluHTGIR &% 97 BTN G TE TS 10014 PIORTSRECECaR aians o

| mole&ﬂér%utfv@@%uéH %Qﬁétav\@ﬁs Fé'r@?r@% (ﬁ b@®1 %W\A@lﬁt%@l‘béﬂt @gBivalent of
acrylic frame was 8 aced onto

1 ppmﬁéﬁwfahé wntaam mpc@anref@remfr@méh $%rtot’e 'ﬂtﬁtaéklﬁ% layer 14.

R

molecddriadditive$ 50 astipt praghiaving the distred icoacentrations o Mpleeidar

additif()eg%u li ?grh.? Elt(laolucf1 gn 58{1@?@%%@% g{ic%éfsgg ﬁ?ﬁﬁéjal&n gl o'? %%er carries

may Haverseeni BrbKMOSphmblldelsdolwe@edunbrsbnsat iwvftatama or |mpact forces to

10001631The fra
maxifigP SFEHIaN TS TaA sPatien st atedis B et merizatien
mlxtuﬁau rl’fd\ﬁ‘(ﬁnd\@trﬁkr&%!ﬁéﬁéﬁﬁa%t@g THe\BamyEhti @é@oi\f\@metf F@Q’uvely
anped with the glass plate in four corners.

msolqp,Lﬁ CRATIRESTGY é@V?@eﬁﬂrﬁaWQﬂfW Ablegst 1 H@uh%tn%goaﬁeor more. The
proce§§'édc§ 8&fFiers é‘ﬁ ARV HEES s nrlﬁfaquGSGS USILien 8BRS Q’%’keﬁ kA for at

dry acrylic frame and kept horizontally for 1 mn.
least 1000084 Cadieramay bavaipéemprosessad bw\a@bjp@mgetaeﬁh&oosmenergy

2 TR TRTLLAH gAY PSR i &y Efpese o

solublel iktahepscésibr otmed migieadarf adaiiviesecohtrdouted B (heapno;zbssed carriers
o e aob SRS AL S % A58 iEBbe i spioan o

at leadt 5 Bhduteer 6 m nutes. A second nenbrane was prepared
as above, but the Isopar solution contained no
Al (acac)3 so the nenbrane could serve as a control.

|00056] er‘r@ieer%do%l%rt%g 6r06tﬂer9r%9at§érﬁh§él9@@)c%2r%r39\9a)7 Aeive been

rrp aca 3 tested on Pacif Ccean seawat er:
proceseed 163 solutiar @b a ik ol eharoalbaiofgr ﬁh‘@aﬁtl 3Q aeernds or at a pH

|ower8ﬂ_%§r§/§_9&11% ey %n_geégygo USEOhd Hﬂg’%lan()??ﬁt% eq?ltost’ﬁ%rlnr%}é?ilveﬁf

he nmenbrané was teste
insolyblestareiat e ag tawatbeentreeassed amatsokitibact i @1 goealer. than about 8

for at%g%ﬁ,éﬁjé%%t ' nagc ﬁnnnq} gﬁaﬁn %{g pHsg%’eA{eg %&Cgé&ﬁ 95f%§9 a?l%é"st 30
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WO 2009/ 129354PCT/ US2009/ 040732 10001661 An aqueous

solution of 3.2 wt% MPD and 0.5% sodi um al um nate, in
w@Rowarsss was prepared. A Hexane sol ution w t hPOT/LIF2000/040732

TMC was al so prepared. 10001671A piece of wet

pol ysul f one support was placed flat on a clean gl ass

plate. An acrylic franme was then placed onto the

menbrane surface, |eaving an area for the IP reaction

to take place. 1 1 MPD sol ution Q
secongR. Na SRR cr St dn St AT MO T B ek efiocessed
with rfeéletmml soRfibn &geat msg agmnarelci dt@lteh’ﬁfeﬁ?tﬁﬂsf of14cnn|><|nu>r enordhe

sol uti on was al ne tilting the fra ti no
Nanogaticies 5 offasBIEiVEY drciRe FREIGES MEyAIEYESEeRIRIOPFSSRd With
chelaﬂﬁgsaéé}lﬁrh Qélf.rtlor‘i t@brﬁ@@@[@i@m\é@é sbBeis Q3|r %fﬁé@qnd\'bb@laﬁ Q@dmves

glass plate in four corners. air knife was used t

neter and dry the nenbrane surf ace. The menbr ane vvas

efr ' : f
o001 RIS 4 PR A% Ayl 5 b
selectsdlfutt usmas banopirticles 1pdaredasem rwleduarfadaitive s igntaseden the

oo A A PR KRR SRS 8 PR Bl otppoparices 1o

are typaly hone dbiupethahropystalliee poaices of tree ra@TQdartmclé Iaamf.')rwmsmg

o R S SR SRl 42l s
sever@h@&ﬁnraués ?%%Wﬁ-‘?é‘ﬁc@@ia‘ﬂbg@bh ontai ned no sodium

alum mate. fluxrejection control 20.098. 99% sodi um
al um nat e30 696. 77% Exanpl e K: Al um numcitrate:
|000<§1000]F?é?érrr-rq§ r{cﬂ\?al@g‘t@? 5ds u‘%aﬁBH%r‘t’i@e@ldﬂ@tﬁ@’trﬁscﬁﬁlﬁma?ners 16
bove, Cit dto brin he
may eaingleided! ir7 ofgaic mhﬁsecwﬁayema:hb@tm@qumuayq ‘Hhgncheiganic layer

drt
18, a3ior 1365 8 A IRTTOUR0R61 S3UR4R PRF<Fs! 48RY sygpor membrane 12
for exéhwlé muwater soRtied 8 530 8q3ia%ommumtatidn with boitnacmeous layer 14 and

the wgieu I%%&?ig )@gat ?éu 19 Olnﬁﬁgﬁ(}é ?\{q?@'qggicgenéth éror%latfrvely

insolubilesriers P& ity |hh'§ctliﬂé ih@hd Ratdrargiedodurface-d suppért membrane 12
insoluble precipitate that forned was filtered before

whethgs @r nphiactusigrip theipauarts IP¥R{ui4 & ARNEdPYPraldli ti on.
fluxrejection control 18.298. 78% al um num

|000;§|arrp fUppeHi meRbeRte P& ti@%l@(éﬁb Mggné\/lc rAlckdpbrodd 0L

aqueous sol ution of in DI water was
memtpna@gawe@h imtyaey s ABeR SURRQTIRY BY RPN-WOYSN WY WOYRE fabiFsp Sua as
rabric i BB AN RO, SRR AEREETIE L2 1Bl BHANR bg made
from ;bumurtmeaormtmnglaabfsoqmom memtianes, \Buch asrpaiethersufona

o B PP BERR T 8y L W B BfPRPScrcne

ketonaﬂ W&Wﬂtrﬂ@l pﬁlymopyxee@,&rwdloae atetate |dla$ldlqseeivacmtrastleyor
our rame nenr‘? sur

Gl PSRBT o PGSeTHPROOTR SUBBP (TP ale® AP RAMPIER)Y 25-250

microhb lifh tHiGkrle88 aﬁﬁﬁﬁ@%hé\ré tHaOsreallegt b@ﬁésdbd:aﬂ@@defyf r@éﬁrtthe upper
franme. 10001771 frane was taken off, nbr ane

surfaggsPerasiy @t Hispagethay e IQyy.fesinstance fiam Polﬁ% @6%&0@'
surfaég@dg knife was used to neter and dry the nenbrane
surface The nmenbrane was reframed usi ng anot her cl ean
and dry acrylic frame and kept horizontally for 1
m nute. WO 2009/ 129354PCT/ US2009/ 040732 10001781
Organic solution (50 n.) was poured onto the franed
menbr ane surface and remainegd for 2 mnutes. The
solution was drained by tilting the franme vertically
till no solution dripped fromthe frame. The acrylic
frame was renoved, and the nmenbrane was kept
horizontally for 1 mnute. 10001791 A second nenbrane
was prepared as above but the hexane sol ution
contai ned no Al Cl13. fluxrejection control 14.099.47%
Al C1316. 199. 60%



Exanple N Effect of rinsing: 10001801 Two menbranes

were nmade followi ng the Al (acac)3 procedure above but
wagimg2e3he Al (acac)3 at a level of 0.2% . OneP@EES10hE0H0732

rinsed in a 0.2% sodi um carbonate solution prior to

testing. fluxrejection Al (acac) 321.599. 42%

Al (acac) 3, then sodi um carbonate rinse27.699. 13%

Exarrpl e 0: Effect of mxing process: 10001811 A

oooof o PRer B B CL BTN Ty SrhdZanghira e B Rl of v

meth)ﬂfﬁiy}#oﬁdtmel(:ﬂmﬂ) soIvertQARTIRORRANICS, BSF) N0 aypLidee watymer (M,-
the qorgani c sol ution nechanlcall% stirred

26, OOP&O%Q‘)‘"CFHCFFUP&L\ 'magmreat beAd RES 1N SEHINLDIZEHPREPS was

Alterr{ﬁiqgly‘%rhb frommymitle( @‘W‘a) apbesRel. sEhé"égﬁ/bﬁFtNQrﬁbpamcles 16
cont r ol 17 99. 6% 20 9354PCT/U82009/0407

may ke flispersgd in FEONMP kefare is ﬁ@@lmcm othelysuiape @owmer The

A e R L L e

formimgthe danemrmasahg aotamps 13TtGaasMegtspMuend@rma¢themg¢ east or spread

over ke Bty ad Sharn e B30 R elieThe” Siane plate 10

may thén belimassiiately :mamsed ﬁntc ldem ud@ranxecswamrwmﬁa madpnefeiably
are available in ‘%t/£ ter on the surf chje of menbr ane.
been maiRigined atdhg dpsir &e”i}?ﬁrﬁﬁur%q [repgdiahisaps inversiop begis and

after §é\/e$éllﬁﬁi%fesnﬁﬂhfwﬁi%n]s%p%ﬁ'fé&uoof@§@§§drﬂr§1? b@lkfﬁulﬁtﬁ%rrﬁembrane
discrimnation layer 24. As a resul

12 may e saparatad-rem dasselplieate Menhiane d2isihentwashed thoroughly
win SRUNAE YR A58 o PRS0 RRE AR AR comtng

procesgagipseplate €5 woatt naot ehrequirk@. i nproved flux flow are a
result of the presence of soluble Al 17 in aqueous
10006 Pﬁas NAH Iam:léwéwhfa’-scz@dmép 2l WRRII# RN rﬁ\é‘} 5@ afjaédﬁo support
|scr|mnat|on l ayer 24, erred fo as
memeENedR AGiNgrPreressing toamm\reaﬂ% @ﬁé@#@%@smé’ﬁée@e pgfhaps,

f |
SR Bo) 4B} Pl AR RIBE e b 2y BIG T g
mempriaas d 2duoiengsistard td aompbctial.yneri zati on, on the flux
and rejection characteristics of a resul tant menbrane
|0006§;: LE}P IsSm O&rclﬁﬁgﬁtée&aelrsﬁﬁngﬁo&férﬁag%& Sthe FFAIRleRy soluble carriers
16 m@OB@/aﬁﬁ%Bﬂé’Qﬂ'édﬂSMbOlmmmmmm¢mbpﬁrm ehdraeteristics such

oo 1 S BRRRIA P 1 BB SRR BR o o crnic

phas$ 48] eRinefattieldsrmasther rertivegtinsuiulsle danterar 6fmay sisnilarly de
m crof |l ui di zer. The dispersion contained approxi naiégay
includgst i Igrer RRIVeeRSUPRAL "R 2 oqmoqi'écran@laf 0 &yer 24 &s shown
belov&’\ﬁtﬁ{; 6. V\rﬁeﬁef@?eﬂlérﬁgoé‘lﬁié?ﬁs t&E réBetiorSis St Iéeﬁ?gg@%‘bhérﬁe flux is
an al um num content of '130.9 parts per mllion
at |ea§b%%35 &wEhPF®. R Comrmercial scal e menbrane production
100018511 n a conti nuous coating process; the am ne
|0006§P' UtNJé}%p%ﬂR':léb & &ﬁé%e@(v@%ﬁ%@iuﬁl@rﬂawlé}‘snl% RBgS MHiddes a
sol ution of exanple 2 were 'used to prepare nenbrane.
metaliip APeEies suehas peld. SNEEOTRPRERRIRE, dBRTIEMs P 3 IBMEURR rzirconium,
mdlurﬁbf?rlr‘tm SRR NGScal GLMESr a?PélH)ﬁ{ tﬂQr%o?ijaHBQTa%stﬁér%f or a mixture
onditions were simlar to ose
therebﬂ UNregj cart alem be(amcrrtm@talllE%eél%sGa(:tA@AcSliNASJ@%N7%0 or TiC or
Exanple S, Effect of inpurity 10001861 Two nenbr anes
were prepared by the nethod in the alumnumcitrate
exanpl e above, using two different lots of TMC. One
was approxi mately 99.5% pure, the other about 98.5%
pure (purity fromvendor) with trace anounts of nono,
di-, and tri hydrolyzed TMC. 10001871 Contr ol
menbranes with either TMC | ot gave sim | ar perfornmnce
and were averaged for the "control" data bel ow



fluxrejection control 18. 398. 85% 99. 5% pur e20. 598. 75%

WO 2009/ 129354PCT/ US2009/ 040732 98. 5% pur e33. 296. 32% |
w®e@vizns8: Hybrid Menbranes 10001881Ref erri ngP@DWs2009/040732

generally to Fig. 18-26 and Tables |-Xllsumrari ze our

di scoveries that various conbinations of additives and

t echni ques provi de substantially superior TFC

nmenbranes for forward and reverse osnosis. for use, for

o a3 4 B o8 o et species suen o

graphneré&baﬁ@msaa@aftmﬂ d:l[isief 6FAt3e AN T, BockrivkRIrfullbicpl, a higher
rejection characteristics. In particular, in addj tion

fullergne, are@rke BaRAsbe A PW@OU%”@PaWﬁ\% B'é?tm'éf%% thgigof.
soluble netal ions as additives noted above, there
|0006$]aV9 RAaBIeSHRSita ol ke 89 WaRSSS1IOBEIAGIRCILES LTAS RHO,IHRU, and

Il owi ng additives alone and in various conbi nati ons

§n@h ﬁw@hem zwt%h@&ﬁlﬁpwé&/él @iesannd exhibib Aftesenti on,

t h
chafaef”e“ga%gha“ageaﬁ@@%p’“. REREhGY BRrbione BERRRr RO
memtrades éamdlﬁeh@tlwssmfaﬂcbammaruj¢lm1 duoeavt @so mlwdﬂgzeollte

the u of n f additives to increase flux
precu\rlao(rﬁgﬁ‘?mgu%@qugoélur% Aq%q%g of rejection characteristics,
the use of nono-hydrolyzed TMC as an additive
|00065|nC| Jabiohtpstdaa bmcriy‘staﬂinagalmrhinastueétleemiﬂtfnllpomss slinkedheopen

rameliERs SR e SR ol 2ouR side oy Kidisraei
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represifs thi pxanoeahle GbiPe hy a'?ﬂ%‘? Bv g{lrghgqua@yu% ﬁerUP 1ot 1% lon,

althoﬁ%théyﬁt%télnﬁorﬁlﬁ@élnéﬁd eRfantOCRRNE €ahGis®BAlBAte the negative
mbranes. ' WO 2009/ 129354PCT/ US2009/ 040732

charggcm)@qtsg brdbe @sesenge|of Ah ingberstriegture pFis fra@ewpsk can contain
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In addltncm LusSu bang a¢T, etbdi eiemtsamh el@mbnermesemgn the zeolltlc framework.

They ﬁ%{e‘ gé%f/sg Iectré%@%o\{fﬁgg o ﬁ)r Agooogyg%ﬁ \Q/g%qgtchHbgfran%%ork sites.
Alum iheﬁpd:a:téaebmesZﬁmbaltyedltﬂTé\y aamy pagatuvcd fesmewndk chergé, but other

as sodi um a n_the aqueous phase
mole%garaqﬁe '?%'P]eﬁ@fkaﬁ ¥3n B%P@%W@%B Abr ane provi de
advant ages not easily achievable if at all with single
[00066y0di tAlNBOsicaigzdaliteswith a Bidd ratia lessviren, 1.6Hearegwrefsired. Other

zeolite LTA nanoparticle i ned.w t us.
prefo A NSTARAEGP AL End uh e ARJIA Py AREURIp. ppiShite
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git her used al one, due to interactions bet ween
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Al t hough al kaline earth netal s have not been used as

additives in RO nenbranes and were not expected to

wor k, we surprisingly found that they could in fact

work extrenely well at increasing nmenbrane

pernmeability. Alkaline earth netals as a group are.

al so abundant, |ow cost, anggeasy to use in

processi ng. Menbers of this group including Magnesi um

Calcium and Strontium are also environnental ly benign

and can be avail able as counter ions fromzeolite

nanoparticles. Mrdenite and Ferrierite are two

exanpl e of zeolites with cal cium or nagnesium

exchangeabl e counterions. 10001921 Hybrid

nanocon‘posnte rrenbranes can be t hought of as a
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Foul i ng 10001951Wth regard now in general to fouling,
in some instances, hybrid nanoconposite TFC nenbranes
woreyobhze3ssed t o desal i nate waters that contai NnPCT/US2009/040732
mat eri al s which have a tendency to accumul ate on the
menbrane surface in contact with the contam nated
wat er, decreasing the effective nenbrane perneability,
e.g. decreasing nenbrane flux over tinme. These
als can i clude ut are not limted to t
1000655 . e s Br o RPPT AN misce oo s i isd Be futher
selectERtRisedon the'd@ard oSeH tafizaiirs . Agiorphous Pdriddritadf the nanoparticle
mat erial, mcrobial species including biofilns, and
are tygicghn rrtprﬂﬁpblbleaqhgn&w%@ﬁn%ﬁeﬁ@né@f #e paNQPREice ARG processing
e
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%/E 09/ 129354PCT/ US2009/ 040732 nature of accunul at ed
atom '{%‘}tﬁy OUNRUABHURBU APT¥e properties, such as
hydr ophi K city, charge, and roughness, often affect
this accunul ati on and perneability change. CGenerally
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red fouling.propensity or decreased rejection,

other siuctuces. ayVhen i éhincaeaiatediaag AlBOus #@mawaik ghe product can be
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mhTMC enabl e a new degree of design flexibility to
|0006D P M@sttshubsmu&fdaAlPGAnlsdmaweetheSah'cerlstnmnafefMIPﬁ)g but several

o SRR oL TSRS, PR 45 PGSl S

framewWtiks §@italf chRflanzascttib cpage. the appl i cation of hybrl d
menbr ane technol ogy and are not neant to limt the

00078E 2B B s DO S s may

selecfEfdrhiClish b%\%ﬁ?érﬂg neerdi édrﬁﬁ@JﬁH%MhBﬁN&/eaa baugmtyeérfoeott such
on nmenbrane foulin but have little or no effect,

that psgferred songentraiions @i%ﬁ{vepME@ulabﬁd%ﬁﬁﬁéﬁ@% qun For
S I d
o S R R PR e g P iPounds
wherg\ttigse areinet knowg experinTetatiy melapelat gddibyareieasieg or other
benefit of the fouling resistance provided, for
exanpl e, by the nanoparticleg. WO
2009/ 129354PCT/ US2009/ 040732 10002001Referring now in
particular to Table I X FOULING TEST, exanple 119 is
based on other experinments in which 0.1 % of
nanoparticles zeolite LTA, was added to the organic
phase before interfacial polynerization or IFP with an
aqueous phase to produce a discrimnation [ayer on a
support Iayer and forma thin f|In1nanoconp03|te or
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10002091 Referring now to exanple 2, a conbination of

the LTA and strontium additives nmay yield a hybrid
woaroaeasposi te TFC nenbrane with, at a 36. 8 GRECT/U82009/040732

rate, a 63% i nprovenent over a control mnenbrane while

provi ding an extrenely good salt rejection of 99.57%

mhTMC as an Additive 10002101Referring nowto Fig.s

18 -21, nonohydrol yzed TMC or mhTMC 16 may be

.di ssol v n additive, algn r in_caonb natlon
relativae AR DR T B R el oL SERRBE M BT GOURter A Bk ases
compabrk@d MAg bEdciéctod babé®bn ke paskAte afislilfaty ehydroxios gaax|ae
hase | ayer 18 before contact with aqueous | ayer

COU”‘GU‘P”%QSWHP@FW%fdhﬁﬁe B%'F‘}ﬁﬁ'l’t?i‘é‘f‘PB?ﬁ'P@sl%@%%§€ tlflglwnsoluble
carrle?:i” Pbe 'eﬂﬁéﬁé’e'ﬁ uﬁhg‘b%éé@snﬁbar acteristics when TFC
rane I's used, for exXxanple, during reverse
OSI’TDSI S to purify saltwater 26. 10002111
10007 {7 ARG KB e [slioel AR ofovtind BRRYhomi amerer,
assurhiag ebaﬂ'rerlcepd;rmmdofvthe baalclxsrm‘eﬂhéu-ﬂegztwety insoluble carriers.

roI ed t chlo e and t zed
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aboulHIGH B 9% AR 206 kit 0P HATRAPOMSG g 10/ about 1000
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serve to increase flux in TFC nenbrane 10 at the
aboutehhamse apbut 2p@ o, et akew A8 e agoutiFP nm, or from about 50

C tics of di-hydrolyzed trinmesoyl chloride
nm toagrbgjruﬁgﬁ)gc early understood, but do not at this tine
appear to be substantially beneficial to the flux and
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largel§ MBudls Byt ¥ mMdMdual nanoparticles or other relatively insoluble
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-hydrol'yzed TMC'to TMC in the organic phase |ayer 18
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L2088 ol Hblold A 0P b1RP gy PRpLY s may
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flux. 10002131 To alter performance or solubility, a
|0007S|a| t B)/fdlspersmgdmmqpaetcblél'd\@ dtBemrw}atlyelyljewubhe qarpere imthe

acuegyoe BBt TEEt 4478 AhBG TGARCALPgIm e PG TFLOf Phbranes

includifd hdh%eﬁ‘ﬁdﬂ&b or ptrapyélatiely hsblubleledrrivat haidsg |mproved
100021411 n additi on to nonohydrol yzed tri

perforpangs G bY W 4 ng;tlcwgf tﬂcé?qsy‘?dﬁWr'%Pae %@%served with TFC
membi@fes ?ng%rga%ltﬁ' sfuthp s &ohfitihy Wéﬂtdléﬂ'&#ééa/ hadogdrtides bPbther
exanpl e nonohydrol yzed versi ons of
relativedy inspkible @@[flg(ﬁqylpcplsio@mf(;pug@le (. gghgwng optimized size, shape,
benzenetri carbonyl trichloride; and tricarbonyl
chloride substituted napht hghene, anthracene,
phenant hrene, bi phenyl, or other aromatic rings.
Tricarbonyl chloride subsititued cycloaliphatic rings,
or bicycloaliphatics are also included. Carbonyl
chl orides of higher substitution than three may al so
be di or higher hydrolyzed, as long as at |east 2
carbonyl chloride groups remain allow ng
polynerlzatlon to occur. -10002151 anohydrolyzed TNC



WO 2009/ 129354PCT/ US2009/ 040732 0. 0050% and 0. 01%

adj usted concentration. The exact optinmum point may
whaone/1235be det erm ned by experinentation. PCT/US2009/040732

10002251Referring now to the graph line for lot 2,

adjusted to reflect an estinmated 25% concentrati on of

pure mhTMC but not filtered, an increasing flux was

shovvn from the control rrerrbr ane concentration of 0%

poros]y S5y esh et S8 S e El Bl b 8 cariers i
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C nenbrane w t hout substantially reducing the
reJ ect| on characteristics. This area has been
desi gnated for convenience as the contam nate i nproved
flux zone. After the deflecpijon point, the effect of
such contam nants has | ess beneficial effect on the
grom h of the flux but begins to have a substanti al
detrinent to the rejection characteristics of the
menbrane and has therefore been designated as the
contani nate reduced rejection zone. As the inpact of
t he contam nants continues to increase with increasing
concentrat| on of the addltlve or addltlves a poi nt
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0.17% or 0.2% TMC or greater than about 0.5% TMC were
not optimal to get the beneficial effects of many of

w0 b@oaedss i ves. The preferred range is theref OPET/ERING/040732
0.15% to about 0.6% nore preferred fromO0.2%to 0.5%
and nost preferred fromabout 0.25%to 0.33% Ratio of
MPD to TMC 10002401 The ratio of MPD to TMC may be
anot her |rrportant factor in the preparation of high

ntensi st Rar e Plizoliizef bedSher B AT e peroc

result§wwtell‘dﬁ9§)e¢@£§(blbwshef ein. The preferred range is
ess than a ratio of about 35 for use in conjunction

e TMC copcentr t| ons disc above
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aChe%d%ﬂ%%é@ﬁ%?ﬁ@%ﬁoog/ 040732 Nanot ube di aneter may be
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erably from 1-2nm Nanot ubes 16 pay be thor ou% a/
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instances it may be preferred to align nanotubes

wi thin the nenbrane. For exanple in some instances |t

may preferred to align nanotubes 16 nornmal to the

superficial nmenbrane surfacgp This can be used for

exanple in situations where transport occurs through

the interior of the nanotube and the smallest |ength

of nanotube is desired to mnimze resistance to

transport. This can be acconplished by utilizing a

magneti c catalyst that is incorporated with at | east

some and preferably a plurality of each of the

nanot ubes of nanot ubes 16 In this case a magneti c
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MPD TMC MPDY TMC RATI O AD NP CRG NP ORG ADDI Tl VE % FLUX

| MPROVEMENT FLUX REJ. WD 2009/ 129354PCT/ US2009/ 040732
wWQR00pfYBRSD MEMBRANES W TH LTA NP/ ALKALI NE EARTPCT/US2009/040732

ADDI TI VES/ mhTMC 2 4% MPD 0. 30% TMC 13.3 0. 05% LTA

0. 058% Sr (f 6acac)2 63% 36.8 G-D 99.57% 3 4% MPD 0. 30%

TMC 13.3 0. 1% LTA 0.116% Sr(f6acac)2 87% 42. 3

100079} Examples of suitable amine species include primary aromatic amines having
two or three amino groups, for example m-phenylene diamine, and secondary aliphatic
amines having two amino groups, for example piperazine. The amine can typically be
applied to the microporous support as a solution in a polar liquid, for example water.
The resulting polar mixture typically includes from about 0.1 tc about 20 weight percent,
preferably from about 0.5 to about 6 weight percent, amine. Once coated on a porous
support, excess polar mixture can be optionally removed. The polar mixture need not
be aqueous, but the polar liquid should be immiscible with the apolar liquid. Although
water is a preferred solvent, non-aqueous polar solvents can be utilized, such as
acetonitrile and dimethylformamide (DMF).

|00080] The polar mixture can typically be applied to microporous support
membrane 12 by dipping, immersing, coating or other well known techniques. Once
coated on porous support membrane 12, excess polar mixture can be optionally
removed by evaporation, drainage,A air knife, rubber wiper blade, nip roller, sponge, or

other devices or processes.

[00081] Organic phase 18 used during interfacial polymerization may also include
one of the reactants, nanoparticles, or other relatively insoluble carriers, and processing

aids such as catalysts, co-reactants, co-solvents, etc.

|00082] A second monomer can be selected so as to be miscible with the apolar
(organic) liquid forming an apolar mixture, although for monomers having sufficient
vapor pressure, the monomer can be optionally delivered from a vapor phase. The
second monomer can optionally also be selected so as to be immiscible with a polar
liquid. Typically, the second monomer can be a dielectrophilic or a polyelectrophilic
monomer. The electrophilic monomer can be aromatic in nature and can contain two or
more, for example three, electrophilic groups per molecule. The second monomer can
_be a trimesoy! halide. For the case of acyl halide electrophilic monomers, acyl chlorides
are generally more suitable than the corresponding bromides or iodides because of the

relatively lower cost and greater availability.
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G-D 98.44% 4 3% WPD 0. 20% TMC 15.0 0. 1% LTA 0.116%
Sr(fbacac)2 40.7 GD 99.20%5 3% MPD 0. 40% TMC 7.5

wW@20%1298% 0. 116% Sr(f6acac)2 39.3 G-D 99. 12%@r/6320M10732
0.20% TMC 25.0 0.1% LTA 0.116% Sr(f6acac) 2

100083 Suitable polyfunctional acyl halides include trimesoy! chloride (TMC),
trimellitic acid chloride, iéophthaloyl chloride, terephthaloy! chloride and similar
compounds or blends of suitable acyl halides. As a further example, the second
monomer can be a phthaloyl halide.

100084 The polyfunctional acyl halide can be dissolved in the 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. Suitable apolar liquids are capable of dissolving the
electrophilic monomers (e.g. polyfunctional acy! halides) and which are immiscible with
a polar liquid (e.g., water). In particular, suitable 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. These include Cs - C7 hydrocarbons and higher boiling
hydrocarbons, i.e., those with boiling points greater than about 90 °C, such as Cg — C24
hydrocarbons and mixtures thereof, which have more suitable flashpoints than their Cs -
C7 counterparts, but are less volatile. The apolar mixture can typically be applied to the
microporous support membrane 12 by dipping, immersing, coating or other well known

techniques.

|00085| In one embodiment, the polyfunctional acyl halide monomer (aléo referred to
as acid halide) is coated on support membrane 12, typically from organic phase solution
18. Amine solution 14 is typically coated first on porous support 12 followed by acy!
halide solution 18. The monomers can react when in contact, thereby polymerizing to
produce a polymer (e.g., polyamide) matrix film discrimination layer 24 at the upper
surface of support structure 12. Although one or both of the polyfunctional amine and
acyl halide layers can be applied to porous support 12 from a solution, such as agueous
and organic solutions 14 and 18, they can alternatively be applied by other means such
as by vapor deposition, or heat.

|00086] In another embodiment, by dissolving an molecular additives 16 in the
aqueous or polar solvent 14 and/or organic phase layer 18 (or both) used during

interfacial polymerization before ‘contact therebetween, increased flux is often observed
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through membrane 10 during reverse osmosis without substantially affecting salt

rejection.

[00087] Suitable earth alkaline metal species or other molecular additives 16 include
salts or compounds that are dissolvable to some extent in either the aqueous phase
layer 14 or the organic phase layer 18 or both. Different species may be used for the
aqueous phase layer 14 and the organic phase layer 18. In many embodiments the
beta-diketonate may be an acetoacetonate. Preferred species in the organic phase for
aluminum species include Al(acac)s, wherein (acac) is acetylacetonate, a bidentate
ligand. Preferred species in the aqueous layer include sodium aluminate, aluminum
citrate, and aluminum camphorsulfonate. Preferred species for other molecular
additives including earth alkine metals are set forth in Tables |-XII herein below.

|00088] Preferred concentrations of the metal species are from 0.005 wt.% to 5 wt.%
by weight and more preferred from 0.05 wt.% to 1 wt.% in either aqueous layer 14 or
organic layer 18.

[00089] When molecular species are used in the organic phase 18, it may be
beneficial to sonicate the solution. Sonication may serve to better disperse the
molecular species. Sonication may also serve to drive reactions that would otherwise

require higher temperatures, catalysts, or initiators to occur.

[00090) In some cases, performance can be further improved by the addition of a
rinse in a high pH aqueous solution after RO membrane 10 is formed. For example,
membrane 10 can be rinsed in a sodium carbonate solution. The pH is preferably from
8-12, and exposure time may vary from 10 seconds to 30 minutes or more. The rinse
may alternatively be a hot wéter rinse with temperatures of 60-98C. The rinse may also
include a chlorine species such as sodium hypochlorite.

00091 Interfacial polymerization occurs at the interface between aqueous phase
layer 14 and organic phase layer 18 to form discrimination layer 24, as shown in Fig.s 5,
B, 8, and 9. Discrimination layer 24 may typically be a composite polyamide membrane
prepared by coating porous support membrane 12 with a polyfunctional amine
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monomer, most commonly coated from aqueous phase solution 14. Although water is a
preferred solvent, non-aqueous solvents can be utilized, such as acetonitrile and
dimethylformamide (DMF). A polyfunctional acyl halide monomer (also referred to as
acid halide) may then subsequently be coated on support membrane 12, typically from
organic phase solution 18. The amine solution 14 is typically coated first on 12 porous
support followed by acy! halide solution 18. The monomers can react when in contact,
thereby polymerizing to produce a polymer (e.g., polyamide) matrix film 24 at the upper
surface of support structure 12. Although one or both of the polyfunctional amine and
acy! halide can be applied to porous support 12 from a solution, such as aqueous and
organic solutions 14 and 18, they can alternatively be applied by other means such as

by vapor deposition, or heat.

[00092] In some embodiments, by dispersing molecular additives such as earth
alkaline and other metals 16 in the aqueous or polar solvent 14 and/or organic phase
layer 18 used during interfacial polymerization, increased flux is often observed.
Nanoparticles and other relatively insoluble carriers in solution may release molecular
additives before the polymerization reaction occurs to the aqueous solution 14 or
organic solution 18. The dissolved molecular additive is thought to affect the
polymerization reaction and ultimately membrane structure leading to improved
performance. It is thought that the dissolved molecular additive may serve as a
template to guide polymerization leaving spaces or channels for increased water
transport. Suitable nanoparticles or other relatively insoluble carriers for dispersion
include those selected for their ability to release the desired molecular additives in either

the organic phase or the aqueous phase of an interfacial polymerization reaction.

100093] The solubility constant may be considered to be the mass of molecular
additive in solution (e.g. additive 17) divided by the initially used mass of nanoparticle or
other carrier in the same solution. For example, a 5 wt% solution of nanoparticle that
gives 1 ppm of dissolved metal species would give a 0.002% solubility constant, and a
1% solution giving 1 ppm give 0.01%. Solubility of minerals can be used as a general

guide to the solubility of those same mineral nanoparticles.
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100094] However, smaller nanoparticles have greater surface exposure per unit
mass and smaller nanoparticles increase the number of exposed metal or other atoms
per unit area over and above a simple surface area effect. Greater exposure of such
atoms or molecules in solution may increase solubility of the desired additives.
Presence of counter ions such as sulfate, hydroxide and fluoride may also increase

solubility.
[00095] Mineral solubility can be enhanced using processing.
[00096] Calcined zeolite nanoparticles may increase additive solubility because the

calcining process may increase the amount of additive in pores and hence available for
exchange.

|00097] Zeolites and other inorganic mineral compounds can be further selected
based on the degree of crystallization. Amorphous portions of the nanoparticle are
more soluble than crystalline portions of the nanoparticle. The amount of crystalline

material can be determined through several techniques including x-ray crystallography.

[00098] Non-zeolite nanoparticles may be selected from a list of inorganic mineral
compounds that have a solubility product such that preferred concentrations of
dissolved metal species or other additives can be achieved. For many compounds
these solubility products (Ksp) are well known. For compounds where these are not
known experimentally, additive releasing nanoparticles can also be selected by their
- counter ion. In this case compounds are selected based on the presence of sulfate,

hydroxide or oxide counter ions.

[00099] Preferred concentrations of the additives dissolved from nanoparticles are
from 0.0001% to 5% by weight, and more preferred from 0.05 wt.% to 1 wt.% in either

aqueous layer 14 or organic layer 18.

[000100] Non-zeolite hydrocarbon nanoparticles can be selected based on the
presence of the desired additive in the ash of these hydrocarbons. The presence of the

additive in the ash of these compounds may relate to the ability of these compounds to
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release the additive in solution. These hydrocarbon nanoparticles are preferably
included in the organic phase 18.

[000101] It is often beneficial to sonicate the solution. Sonication may serve to better
disperse the nanoparticles. Sonication may also serve to drive reactions that would
otherwise require higher temperatures, catalysts, or initiators to occur.

[000102] The porous support structure can be immersed in an agueous solution
containing a first reactant (e.g., 1,3-diaminobenzene or “MPD” monomer). The
substrate can then be put in contact with an organic solution containing a second
reactant (e.g., trimesoy! chioride or “TMC” monomer). Typically, the organic or apolar
liquid is immiscible with the polar or agueous liquid, so that the reaction occurs at the
interface between the two solutions to form a dense polymer layer on the support

membrane surface.

[000103] Representative conditions for reaction of an amine (e.g., MPD) with an
electrophile (e.g., TMC) to form a polyamide thin film composite membrane, employ a
concentration ratio of MPD to TMC of about 10 — 20, with the MPD concentration being
about 1 to 6 weight percent of the polar phase (aqueous phase 14). The polymerization
reaction can be carried out at room temperature in an open environment, or the
temperature of either the polar or the apolar liquid, or both, may be controlled. Once
formed, the dense polymer layer, which becomes discrimination layer 24, can
advantageously act as a barrier to inhibit contact between the reactants and to slow the
reaction. Hence, a selective dense layer is formed which is typically very thin and
;aermeable to water, but relatively impermeable to dissolved, dispersed, or suspended
solids, such as salts to be removed from saltwater or brackish water in use to produce
purified water. This type of membrane is conventionally described as a reverse

osmosis (RO) membrane.

[000104] Once the polymer layer is formed, the apolar liquid can be removed by
evaporation or mechanical removal. It is often convenient to remove the apolar liquid by

evaporation at elevated temperatures, for instance in a drying oven.
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[000105] In some cases, performance can be further improved by the addition of a
rinse step using a high pH agueous solution after RO membrane 10 is formed. For
example, membrane 10 can be rinsed in a sodium carbonate solution. The pH is
preferably from 8-12, and exposure time may vary from 10 seconds to 30 minutes or

more.

[000106] Referring now to Fig. 6, when used for saltwater purification, saltwater 26
may be applied under pressure to discrimination layer 24 including nanoparticles 16.
Purified water 28 then passes through porous support membrane 12 and fabric layer 20

if present.

000107} Referring now also to Fig. 9, nanoparticles 16 may also, or only, be present
between discrimination layer 24 and the top surface of support membrane 12.

|000108] Referring now to Figs. 5, 6, and 8, nanoparticles can be included within
membranes for several reasons, for instance to increase permeability, to alter surface
chemistry, to alter roughness or morphology, or to enable anti-bacterial activity and
particularly to reduce fouling especially in the presence of other molecular additives.

For these and other applications it may be useful to increase the number of
nanoparticles within RO membrane 10. The percent of the surface of RO membrane 10
containing nanoparticles 16 can be measured by any suitable technique. For
nanoparticles 16 of zeclite LTA, this incorporation can effectively be measured by
isolating the thin film of discrimination layer 24 and using transmission electron
microscopy (TEM) to measure the percentage of the membrane containing

nanoparticles.

|000109] Using well dispersed nanoparticle solutions, membranes with more than 5
wt.%, 10 wt.% or even 20 wt.% incorporation of nanoparticle zeolite LTA can be
prepared. In some embodiments at least 20% of the membrane surface area consists

of nanopatrticles.

[000110] Surface properties of RO membrane 10, such as hydrophilicity, charge, and
roughness, typically correlate with surface fouling of RO membrane 10. Generally,
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membranes with highly hydrophilic, negatively charged, and smooth surfaces yield good'
permeability, rejection, and anti-fouling behavior. The more important surface attributes
of RO membranes to promote fouling resistance are hydrophilicity and smoothness.
Membrane surface 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. Since many RO 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
between carboxylic acid functional groups of the NOM macromolecules and pendant
carboxylic acid functional groups on the membrane surface.

[000111] To prevent scratching of the membrane surface or alter adsorption,
hydrophilic polymer layer 30 may be applied to the surface of membrane 10. For
. example, a solution of polyvinylalcohol in water may be applied to the surface of

membrane 10 followed by a heat cure.

[000112] In some instances, membranes such as RO membrane 10 may be used to
desalinate waters containing materials which tend to accumulate on the membrane
surface, decreasing the apparent permeability. These materials can include but are not
limited to natural organic matter, partially insoluble inorganic materials, organic
surfactants, silt, colloidal material, microbial species including biofilms, and organic
materials either excreted or released from microbial species such as proteins,
polysaccharides, nucleic acids, metabolites, and the like. This drop in permeability is
often smaller for nanocomposite membranes aé described herein than for membranes
prepared by prior conventional techniques, due to a decreased amounts, density,
viability, thickness and/or nature of the accumulated material,

[000113] This improvement in fouling resistance is, in part, related to the increased
hydrophilicity of nanocomposite RO membranes 10. The increased hydrophilicity of TFC
membrane 10 can be measured by the equilibrium contact angle of the membrane

surface with a drop of distilled water at a controlled temperature. TFC membrane 10
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can have a contact angle that is reduced by 5°, 10°, 15°, 25° or more, relative to a
similarly prepared membrane without nanoparticles. The equilibrium contact angle can
be less than 45°, less than 40°, than 37°, or even less than 25°.

|000114]  An additional processing step may then be performed to increase the
number of nanoparticles 16 on the surface of support membrane 12. This step can
include using pressure or vacuum to pull solution through membrane 10, causing
nanoparticles 16 to build up at the surface of support membrane 12, or can include
evaporation of the amine solution leading to deposition of nanoparticles 16 on the
surface of support membrane 12. Since the final number of nanoparticles 16 on the
surface of RO membrane 10 will often impact performance, the coating thickness of the
solution evaporation and the concentration method are all important to control.

[000115] Referring now also to Figs.' 8 and 9, in some embodiments, some
nanoparticles 16 may be located at thé interface between support membrane 12 and
thin polymer film of discrimination layer 24, whether or not they are included in
discrimination layer 24. At this location at the surface of membrane 12, nanoparticles
16 can reduce the resistance of flow by creating channels and flow paths between
discrimination layer 12 and the microporous pores at the surface of support membrane
12. Because of the relatively low density of pores at the surface of the microporous
support membrane 12, reducing the resistance at this location can increase the
membrane permeability of RO membrane 10 while maintaining the rejection

characteristics.

[000116] In some embodiments, some nanoparticles 16 are located within the thin
polymer film of discrimination layer 24. In these cases, the interfacial polymerization
may occur around and eventually incorporate nanoparticles 16. This can lead to
additional flow paths through nanoparticles 16 leading to increased flow. In some
instances this may lead to an alteration of the polymer film adjacent to nanoparticles 16
within discrimination layer 24, increasing the polymer film’s ability to permeate water
and retain solutes. This impact on adjacent polymer can occur in the area up to 10 nm,

1 micron, and even up to 100 microns from a particular nanoparticle 16. In such a way,

31



0.30% TMC 13.3 0.05% LTA 16% . 262 G-D 99. 17% 26 4%
MPD 0.30% 13.3 0.05% LTA TM C 0% 22. 6 G-D 98. 77% 27
waQ@2005Ae9PD 0. 09% TMC 30.6 0.05% LTA  30.1 GECP9SH69640732

dramatic increases in performance can be obtained by relatively few incorporated

nanoparticles 16.

[000117] In some instances nanoparticles 16 affect the polymer itself before and
during the reaction and alter the film chemistry and/or morphology leading to improved

properties without incorporation of nanoparticles 16 into RO membrane 10.

|000118] In many cases it has been found that smaller diameters of nanoparticles 16
may give improved performance of thin film nanocomposite RO membrane 10. Itis
believed that larger nanoparticles and microparticles can lead to unsupported areas of
the thin film polymer as well as tears in the thin filrh. These small tears can result in
leakage through the film and a reduction in solute rejection. Use of smaller
nanoparticles 16 allows a flux response with the smallest change in rejection

characteristics of RO membrane 10.

]000119] Concentration of the selected nanoparticle 16 can also be important in
performance of RO membrane 10. In many cases a higher concentration of
nanoparticles 16 will lead to more incorporation within discrimination layer 24, and thus
give a larger-increase in flux. However above a sufficiently high concentration (e.g.,
more than 0.2 wt.%, more than 0.5 wt.% , more than 1 wt.%, or more than 5 wt.%) there
is little or no added benefit. In these cases, there may be an optimum concentration
giving the largest flux response with a negligible decrease in salt rejection, which may
be determined by a person of skill in this art. In other cases, it appears that only very
small concentrations of nanoparticles 16 are needed to enhance membrane
performance and any further increase in the concentration of nanoparticles will have
little or no additional effect. In these cases, the smallest amount (preferably less than
0.2 wt., less than 0.1 wt. %, less than 0.05 wt.%, less than 0.01 wt.%) that gives a
reproducible performance improvement from resulting RO membrane 10 may be
selected. In such situations, nanoparticles 16 are often assisting, templating, and or
altering the formation of the polymer itself, and it is the change in the final polymer

membrane of discrimination layer 24 which gives the performance change.
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[000120]) As shown above it can be useful to obtain nanoparticles 16 of a tighter size
distribution by controlling what may be called polydispersity. One means of doing this is
through the use of a centrifuge. In a centrifuge, particles of larger mass have a faster
settling velocity and form sediment at the bottom of a container while the remaining
particles stay in solution. By removing the remaining liquid or the sediment both a
different size and dispersity can be obtained, e.g. nanopariicles having a smaller
average size and a smaller range of sizes.

|000121]  Another method of improving polydispersity is throuéh the use of
microfiuidization. Polydispersity can be calculated by dividing the volume average
particle diameter by the number average particle diameter. A polydispersity approaching
1 indicates a tight range of sizes, while a bigger number indicates a larger range
ofsizes. Preferred polydispersities are less than 10,5,2, 1.5, 1.25, and most preferably
less than 1.1. For example using sonication alone on sample of 100nm LTA lead to a
dispersion with a polydispersity of 62.4, while use of sonication followed by
microfluidization and centrifugation lead to a polydispersity of 1.7. A separate sample of
400nm LTA after sonciation and microfluidization had a polydispersity of 1.53.

[000122] Molecular Additives

Referring now to Figs. 22 and 23, molecular additives 16 may be dissolved within the
aqueous phase layer 14 as shown in Fig. 22, or in the organic phase layer 18 as shown
in Fig. 23. Referring now particularly to Fig. 24, when RO membrane 10 is used for
saltwater purification, saltwater 26 may be applied under pressure to discrimination
layer 24. Purified water 28 then passes through porous support membrane 12 and
fabric layer 20, if present. While not willing to be bound by theory, molecular additive 16
may become involved with the formation of the structure of the polymer forming
discrimination layer 24 during interfacial polymerization and/or may not be present in

discrimination layer 24 during operation of membrane 10.

[000123] By dissolving molecular additive 16 in aqueous or polar solvent 14 and/or
organic phase layer 18 (or both) used during interfacial polymerization, increased flux is
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often observed through membrane 10 during reverse osmosis without substantially

affecting salt rejection.

|000124]  While not wishing to be bound by theory, it is believed that membrane 10
transports water by taking in water and providing conduits for water diffusion. These
conduits within membrane 10 may be a result of the free volume in the polymer film and
may be considered to be interconnected, atom-sized or larger voids within the polymer
film. Membrane 10 made with metal or other molecular additive 16 may have increased
free volume and thus may be capable of transporting water at a faster rate than a
membrane prepared without metal other molecular additive 16. Metal other molecular
additive 16 may initially be stable in solution, but HCI may be released from the
polymerization reaction, metal additive 16 may be protonated and begin to precipitate,
| and this precipitation may give off heat at the locus of the polymerization. This heat
may affect the aggregation of the forming polymer chains and may result in an altered
structure that may have increased free volume potentially capable of taking in, and
passing, more water. The ability to transport water through TFC membrane 10 may be
thought of as a product of diffusion and the amount of water within membrane 10, this

increased water uptake may result in increased permeability.

|000125| A molecular additive may be an at least partially soluble combound
containing a central atom having a Pauling electronegativity of less than about 2.5.
Molecular additives that have been previously been described have in some cases been
relatively inefficient at increasing membrane permeability. In general the ligand is
bound to an element selected from Groups 2 — 15 of the Periodic Table (IUPAC). In
some embodiments the element selected from the group consisting of Groups 3 — 15
and Rows 3 — 6 of the Periodic Table (IUPAC), preferably Groups 3 — 14 and Rows 3 -
6 of the Periodic Table. In some embodiments, the metal may be aluminum, gallium,
indium, vanadium, molybdenum, hafnium, cobalt, ruthenium, iron, chromium, cadmium,
tin, berylium, palladium, ytterbium, erbium, praseodymium, copper, zinc, magnesium,

calcium, or strontium.

1000126] We have found that by adjusting the concentration of the reagents used to
prepare the membrane to specific ranges, the molecular additives can be made to work
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more efficiently. More specifically, the concentration of TMC has been found to alter the
effectiveness of molecular additives. Using concentrations of TMC 50% to 500% higher
than commonly used in the industry (for example 0.1%) results in molecular additives

giving a significantly larger increase in flux.

|[000127]  While using higher TMC concentrations, it may also be useful to adjust MPD
concentrations, so that the ratio of MPD/TMC is kept below approximately 35/1. When
this ratio is allowed to get too high, membrane rejection begins to suffer, for example

. membranes 148, 156, and 164. In some embodiments the TMC concentration in a) is
0.2 - 0.6% (w/w), preferably 0.3 - 0.5% (w/w). In some embodiments the TMC to
monohydrolyzed TMC ratio in b) is from 50:1 to 15:1. In some embodiments the b)
contains MPD, and the ratio of MPD/TMC is from 5 — 35 or from & — 25, or from 30 - 35.

B.5 Other Molecular Additives.

|000128]  Suitable molecular additives for additive 16 include compounds containing a
central atom having a Pauling electronegativity of less than about 2.5 Particlulary
preferred are Al(acac)s, Ga(acac)s, In(acac)s, V(acac)z and other aluminum, galium,
indium or vanadium beta-diketonate complexes that are dissolvable to some extent in

either the aqueous phase layer 14 or the organic phase layer 18 or both

[000129]  Preferred concentrations of the metal additive complex 16 are from 0.005%
to 5% by weight and more preferred from 0.025% to 0.25% in organic layer 18. It may
be beneficial to sonicate the solution. Sonication may serve to better disperse the metal
in the organic solution 18. Sonication may also serve to drive reactions that would
otherwise require higher temperatures, catalysts, or initiators to occur. It may also be
useful to apply cosolvents to better solvate the metal complex. Preferred cosolvents are
those that are able to form clear solutions of the beta diketonate metal complex before
dilution. Particularly preferred are aromatic solvents including benzene, toluene, xylene,
mesitylene, or ethyl benzene. These cosolvents are preferably used at sufficiently low

concentration to not negatively affect membrane performance.
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1000130] Improved resistance to accumulation for TFC membranes can in part be
related to increased hydrophilicity of these membranes. The increased hydrophilicity
can be measured by the equilibrium contact angle of the membrane surface with a drop
of distilled water at a controlled temperature. Membranes prepared with metal complex .
16 present during polymerization can have a contact angle that is reduced by 5, 15, or
even 25 or more degrees relative to a similarly prepared merhbrane without the metal
complex. The equilibrium contact angle can be less than 45°, less than 40°, or even

less than 25°.

Preliminary Membrane Testing

[000131] Separation efficacy

[000132] Membrane performance may be measured in a flat sheet cell test apparatus.
Testing may be conducted at a Reynolds number of 2500, so that build up of rejected
solutes at the membrane surface leads to a concentration no more than 10% higher
than that in the bulk. All testing may be performed on 32,000 ppm NaCl in deionized
(D1 or RO water, at 25 °C and 800 psi. Membranes may be run for 1 hour before
performance characteristics (e.g. water flux and salt rejection) are measured.

[000133] Contact angle

[000134] Contact angles may be those of DI water at room temperature. Membranes
may be thoroughly rinsed with water, and then allowed to dry in a vacuum desiccator to
dryness. Membranes 10 may be dried in a vertical position to prevent redeposition of
any extracted compounds that may impact contact angle. Due to the occasional
variability in contact angle measurements, 12 angles may be measured with the high
and low angles being excluded and the remaining angles averaged.

Example A
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[000135] Two aqueous solutions of 3.2 wt% MPD, 4.5 wt% triethylammonium
camphorsulfonate (TEACSA) and 0.06 wt% sodium lauryl sulfate (SLS) in DI water were
prepared, one of them also contained 0.1% of LTA (150 nm diameter). The solution
with LTA was sonicated for 30 mins. An Isopar G solution with 0.3 wt% TMC was also
prepared.

[000136] A piece of wet polysulfone support was placed flat on a clean glass plate. An
acrylic frame was then placed onto the membrane surface, leaving an area for the

interfacial polymerization (IP) reaction to take place.

[000137] Then 50 mL of an aqueous MPD solution prepared as described previously
was poured onto the framed membrane surface and remained there for 1 minute. The
solution was drained by tilting the frame until no more solution dripped from the frame.

1000138] The frame was taken off, and was left horizontally for at least 4 minutes at
which point most of the surface water had evaporated. The membrane was then
clamped with the glass plate in four corners. An air knife was used to finish dryihg of thé
membrane surface. The membrane was reframed using another clean and dry acrylic
frame and kept horizontally for 1 minute. |

[000139]  Organic solution (50 mL of 0.3 wt% TMC/Isopar G solution) was poured onto
the framed membrane surface and remained there for 2 min. The solution was drained
by tilting the frame (vertically) till no solution dripped from the frame. The acrylic frame

was removed, and the membrane was kept horizontally for 1 minute.

[000140] The membrane was clamped with the glass plate (four comers), and an air

knife was used to dry the membrane surface.

LTA Flux
(400nm) | (gfd) | Rejection
0% 19.10 | 99.12%
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V. HYBRI D EXEMPLAR wi th ZEOLI TE BETA NP & ALKALI NE

EARTH ADDI TI VES 39 4% WMPD 0. 30% TMC 13. 3 0. 05% BETA
w@2058%3S¢ (f 6acac) 2 33% 30 GFD 99. 61% V. A EXEMRUARBS20hT640732

ZEOLI TE BETA NP ONLY 40 4% WPD 0. 30% TMC 13. 3 0. 05%

BETA 0% 22.7 GFD 99.51% 10002521 MPD/ TMC RATI O

ORG NP  ORG ADDI Tl VE

| 0.10% | 3405 | 97.50% |
Example B
J000141] A continuous coating process: an aqueous dispersion of LTA (300 nm) was

added to an aqueous solution of composition similar to that used in a laboratory batch
reaction (4 wt.% MPD). The final solution turbidity was 21 nephelometric turbidity units
(NTU). All other solutions and processing conditions were unchanged. This continuous
process included brief application of a vacuum, which led to the concentration of LTA

particles at the surface of the support membrane.

LTA Flux Contact
(300nm) (gfd) | Rejection angle
none 17.7 99.40% 50.7
21 NTU 26.9 98.80% 36.7
Example C

[000142] Two aqueous solutions of 4.0 wt% MPD, 4.5 wt% TEACSA and 0.2 wt%
SLS in DI water were prepared, one also contained 0.05 wt.% of LTA (80 nm diameter).
The solution with LTA was sonicated for 30 mins. An Isopar G solution with 0.3 wt%
TMC was also prepared.

[000143] A piecé of wet polysulfone sprport was placed flat on a clean glass plate. An
acrylic frame was then placed onto the membrane surface, leaving an area for the IP
reaction to take place.

[000144]

poured onto the framed membrane surface and remained for 1 minute. The solution

An aqueous MPD solution (50 ml) prepared as described previously was

was drained by tilting the frame until no solution dripped from the frame.
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% FLUX | MPROVEMENT VI. HYBRI D EXEMPLAR wi t h CARBON
NANOCTUBE NP & ALKAUNE EARTH ADDI TIVES 0.30% 13.3

W@ 2055 9NOTUBE 0. 058% Sr (16acac)2 38.76 PC0U82009/040732
Ga(acac)3 69 WD 2009/ 129354PCT/ US2009/ 040732 MPD
™C GFD NANOTUBE 43

j000145] The frame was taken off, and was left horizontally for at least 4 minutes at
which point most of the surface water had evaporated. The membrane was then
clamped with the glass plate in four corners. An air knife was used to finish drying of the
membrane surface. The membrane was reframed using another clean and dry acrylic
frame and kept horizontally for 1 minute. '

|000146]  Organic solution (50 mL of 0.3 wt% TMC/Isopar G solution) was poured onto
the framed membrane surface and remained for 2 minutes. The solutioh was drained by
tilfing the frame (vertically) until no solution dripped from the frame. The acrylic frame
was removed, and the membrane was kept horizontally for 1 minute.

[000147] The membrane was then dried at 95° C for 6 minutes.

LTA (80nm) | Flux (gfd) Rejection
0% 20.7 99.50%
0.05% 225 99.62%

[000148] Metal-releasing Nanoparticles

Examgle D

[000149] Template-free zeolite LTA nanoparticles in an aqueous dispersion were
found to have aluminum content after being subjected to impact, cavitation and shear
forces in a microfluidizer. The dispersion contained approximately 39 weight percent
LTA made with double distilled water. When measured using ICP analysis, the solution
had an aluminum content of 130.9 parts per millionv (ppm). This aluminum content is
likely related to aluminum dissolution in the aqueous dispersion based on the data
shown in Example 5. A similar dispersion of templated zeolite LTA nanoparticles (5%)

showed an aluminum content of 2.9 ppm.

Example E
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4% MPD 0. 30% TMC 13. 3 0. 05% NANOTUBE 0. 06% mhTMC 62%
36.5 G-D VI. A EXEMPLAR W TH CARBON NANOTUBE NP ONLY 44

WA %RD384 30% TMC 13.3 0. 1% NANOCTUBE 26% 28. BCTEEER009/040732
10002531 10002541 Ex.# MPD TMC MPQ TMC RATI O AD NP ORG
NP ORG ADDI Tl VE

[000150] As shown in Table 1, zeolite LTA (0.05 wt.%) prepared by two different
methods produces two different Si:Al ratios and two different solubilities in double
deionized water (DDI) at room temperature of approximately 20 degrees Celsius when
shaken on a laboratory shaker table for multiple days. Aithough not tested as long
(Table 1) zeolite FAU (0.05 wt.%) shows results that are consistent with the zeolite LTA

data.

Table 1 — Comparison of Zeolite LTA, Si:Al Ratio and Shaker Dissolution

Shaker
Dissolution
Aluminum -
| ' wor parts per
Material Fsri?m;“gt)ig( illion
| ' . plateau in
500 mI DDI
water
solution
Zeolite LTA . -
(template-free) 1:1 35.90
Zeolite LTA . "
(template) 1.5 <01
Zeolite FAU ~25 <0 1%

* Average of 77 to 160-day data; **Average of 1 to 84-day data; *** 2-day data

Example F

[000151]  As shown in Table 2, membranes prepared from nanoparticles with differing
Si:Al ratios have different flux as expressed in gfd (gallons per square foot of membrane

per day). Membranes were prepared as follows:

j000152] Two aqueous solutions of 4.0 wt% MPD, 4.5 wt% TEACSA and 0.2 wt.%
SLS in DI water were prepared, one also contained 0.05 wt.% of zeolite nanoparticles.
The solution with nanoparticles was sonicated for 30 minutes. An Isopar G solution with

0.3 wt% TMC was also prepared.
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% FLUX | MPROVEMENT FLUX REJ. VII1I. HYBRI D MEMBRANES
W TH LTA/ ADDI Tl VE/ thTMC 46 4% MPD 0. 30% TMC 13. 3 0. 05%

W Th9/129384% Al (acac) 3 56% 35. 3 GFD 99. 44% 47 4P6IVPE2009/040732
0.30% TMC 13.3 0.1% LTA 0.08% Al (acac)3 63% 36.8 GFD
98.81% 48 3% MPD 0. 20% TMC 15.0 0. 1% LTA

[000153] A piece.of wet polysulfone support was placed flat on a clean glass plate. An
acrylic frame was then placed onto the membrane surface, leaving an area for the IP

reaction to take place.

[000154] An aqueous MPD solution 50mL prepared as described previously was
poured onto the framed membrane surface and remained for 1 min. The solution was
drained by tilting the frame till no solution dripped from the frame.

1000155] The frame was taken off, and was left horizontally for at least 4 minutes at
which point most of the surface water had evaporated. The membrane was then
clamped with the glass plate in four corners. An air knife was used to finish drying of the
membrane surface. The membrane was reframed using another clean and dry acrylic

frame and kept horizontally for 1 min.

[000156] Organic solution (50 mL of 0.3 wt% TMC/Isopar G solution) was poured onto
the framed membrane surface and remained for 2 min. The solution was drained by .
tilting the frame (vertically) until no solution dripped from the frame. The acrylic frame

was removed, and the membrane was kept horizontally for 1 minute.
|000157] The membrane was then dried at 95° C for 6 minutes.

Table 2 — Comparison of Membrane Flux Increase with Nanoparticle Type

Percentage increase of flux over similarly made control membranes without

nanoparticles.

. ~ Increased
' Frarﬁex)vo’rk Membrane
Material Si-Al Ratio Flux with
‘ o Nanoparticles
|  (gfd)
Zeolite LTA»(-tempIate- . A
free) 1:1 13%
Zeolite LTA (template) 1.51 - . 9%
Zeolite KFI 2.2:1 0%
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0.08% Al (acac)3 48.6 GFD 98.37% 49 3% MPD 0. 40% TNC

7.5 0.1% LTA 0.08% Al (acac)3 44.9 GFD 98.69% 50 5%
WOoPpDA29%8% TMC 12.5 0.1% LTA 0.08% Al (acac) 3 PGHUS20@HDI0732

99. 13% 51 4% MPD 0. 30% TMC 13. 3

In another experiment under similar conditions, zeolite concentration was

increased to 0.1 wt% and the flux increase was 50%.

Example G:

|000158] In a continuous coating process; an aqueous dispersion of LTA prepared by
sonicating a 5% solution of LTA in water for 5 minutes, followed by 20 minutes of
microfluidization, and stirring overnight, was added to an agueous solution of 4% MPD,
4.5% TEACSA, and 0.2% SLS. An organic solution of 0.3% TMC in Isopar G was also
prepared. The continuous process followed the same steps and order of solution
coating, removal, and drying as detailed in example F.

LTA Flux (gfd) Rejection
0% 17.7 99.4%
0.10% 248 98.9%

[000159]  All performance data unless otherwise noted was obtained from flat sheet
testing on NaCl (32,000 ppm) in DI water tested at 800 psi after 1 hour of .running.

Example H: Al(acac)3:

[000160] An aqueous solution of 4.0 wt% MPD, 4.5 wt% TEACSA and 0.2 wt% SLS
in DI water was prepared. An Isopar G solution with 0.3 wt% TMC and 0.25% Al (acac)3

was also prepared and sonicated for 60 minutes.

[000161] A piece of wet polysulfone support was placed flat on a clean glass plate. An
acrylic frame was then placed onto the membrane surface, leaving an area for the

interfacial polymerization reaction to take place.
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0. 05% LTA 0.04% Al (acac) 3 48% 33.4 G-D 99.54% 52 4%

mpo 0.30% TMC 13.3 0.1%LTA 0.08% Al (acac)3 67% 37.7
W@ER09AW3ZL% 53 3% MPD 0. 20% TMC 15.0 0. 1% LTAPOT/08509/040732

Al (acac)3 40.1 GFD 99. 22% 54 3%

[000162] Aqueous MPD solution (50 mL) prepared as described previously was
poured onto the framed membrane surface and remained for 1 min. The solution was

drained by tilting the frame till no solution dripped from the frame.

[000163] The frame was taken off, and was left horizontally for 4 minutes at which
point most of the surface water had evaporated. The membrane was then clamped with
the glass plate in four corners. An air knife was used to finish drying of the membrane
surface. The membrane was reframed using another clean and dry acrylic frame and

kept horizontally for 1 min.

[000164] Organic solution (50 mL) was poured onto the framed membrane surface
and remained for 2 min. The solution was drained by tilting the frame (vertically) till no
solution dripped from the frame. The acrylic frame was removed, and the membrane
was kept horizontally for 1 minute. The membrane was then dried at 95C for 6
minutes. A second membrane was prepared as above, but the Isopar solution
contained no Al(acac)3 so the membrane could serve as a control.

flux rejection
control 9.9 99.3%
Al(acac)3  20.2 99.7%

Example I: Al{acac)3 tested on Pacific Ocean seawater:

|000165) A membrane made following the Al (acac)3 procedure above but using the
Al (acac)3 at a level of 0.1% . The membrane was tested in flat cells on pretreated

seawater taken from the Pacific Ocean.

flux  rejection
control 159 99.73%
Al(acac)3 255 99.35%

Example J: Sodium aluminate:
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0.40% 7.5 0.1%0.08% Al (acac)3 41.6 98.61% WO
2009/ 129354PCT/ US2009/ 040732 MPD TMC LTA GFD 55
WGEAMWRD3S 20% TMC 25.0 0. 1% LTA 0. 08% Al (acachGI/uSmnR040732
GFD 99. 30% 56 5% MPD 0. 40%

000166] An aqueous solution of 3.2 wt% MPD and 0.5% sodium aluminate, in DI
water was prepared. A Hexane solution with 0.17 wt% TMC was also prepared.

|000167] A piece of wet polysulfone support was placed flat on a clean glass plate. An
acrylic frame was then placed onto the membrane surface, leaving an area for the IP

reaction to take place.

j]000168] Aqueous MPD solution (50 mL) prepared as described previously was
- poured onto the framed membrane surface and remained for 1 minute. The solution

was drained by tilting the frame till no solution dripped from the frame.

[000169] The frame was taken off, the membrane was then clamped with the glass
~ plate in four corners. An air knife was used to meter and dry the membrane surface.
The membrane was reframed using another clean and dry acrylic frame and kept

horizontally for 1 minute.

]000170]  Organic solution (50 mL) was poured onto the framed membrane surface
and remained for 2 min. The solution was drained by tilting the frame (vertically) till no
solution dripped from the frame. The acrylic frame was removed, and the membrane

was kept horizontally for 1 minute.

|[000171] A second membrane was prepared as above but the aqueous solution

contained no sodium aluminate.

flux rejection
control 20.0 98.99%
sodium aluminate 306 96.77%

Example K: Aluminum citrate:

[000172] To the amine in the sodium aluminate example above, citric acid was added
to bring the pH to the range of 7.5-9. The control did not require any acid addition.

flux  rejection
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TMC 12.5 0.1%LTA 0.08% Al (acac)3 29.3 GFD 99. 32% 57
4% MPD 0.30% TNI C 13.3 0.05% LTA 0.04% Al (acac) 3

W@20296938TMVC | ot 2 41% 31.8 GFD 99. 51% 58 4% MROI/0SB09/640732
TMC 13.3 0. 05% LTA 0. 04% Al (acac)3 0.02% mhTMC | ot 2
35% 30. 4 GFD

control 18.2 98.78%
Aluminum
-citrate 26.3 98.30%

Example L: Aluminum camphorsulfonate:

[000173] To the amine in the sodium aluminate example above, camphorsulfonic acid
was added to bring the pH to the range of 7.5-9. The insoluble precipitate that formed
was filtered before use. The control did not require any acid addition.

flux  rejection

control 182 98.78%
aluminum

camphorsulfonate 259 98.80%

Example M: AICI;:

[000174)  An aqueous solution of 3.2 wt% MPD in DI water was prepared. A Hexane
solution with 0.17 wt% TMC and 0.3% AICI3 was also prepared and sonicated for 60

minutes.

[000175] - A piece of wet polysulfone support was placed flat on a clean glass plate. An
acrylic frame was then placed onto the membrane surface, leaving an area for the IP

reaction to take place.

[000176] A 50 mL of aqueous MPD solution prepared as described previously was
poured onto the framed membrane surface and remained for 1 minute. The solution
was drained by tilting the frame till no solution dripped from the frame.

|000177] The frame was taken off, the membrane was then clamped with the glass
plate in four corners. An air knife was used to meter and dry the membrane surface.
The membrane was reframed using another clean and dry acrylic frame and kept

horizontally for 1 minute.
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99. 58% 59 4% MPD 0. 30% TMC 13.3 0.1% LTA 0. 08%

Ga(acac) 3 50% 33.8 G-D 99.54% 60 4% MPD 0. 30% TMC 13. 3
wWO2@52043FA 0. 03% Tdbut yl phosphate 19% 26. 9 GFRECPOSB09940732

61 4% MPD 0. 30% TMC 13.3 0.05% LTA 0.03%

1000178]  Organic solution (50 mL) was poured onto the framed membrane surface
and remained for 2 minutes. The solution was drained by tilting the frame vertically till
no solution dripped from the frame. The acrylic frame was removed, and the membrane

was kept horizontally for 1 minute.

[000179] A second membrane was prepared as above but the hexane solution

contained no AIClIs.

flux rejection
control 14.0 99.47%
AICI3 16.1 99.60%

Example N Effect of rinsing:

»|900180'] Two membranes were made following the Al (acac)3 procedure above but
using the Al (acac)3 at a level of 0.2% . One was then rinsed in a 0.2% sodium

carbonate solution prior to testing.

flux  rejection
Al(acac)3 215  99.42%

Al(acac)3, then sodium carbonate
rinse 276  99.13%

Example O: Effect of mixing process:

[000181] A membrane was made according to the Al(acac)3 example with the only
exception being the organic solution was only sonicated for 10 minutes, a second
membrane was made with the organic solution mechanically stirred for 60 minutes. No
sonication was used. A control was made without any Al(acac)3 present.

Flux  Rejection |
control 17.6 99.6%
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Tri phenyl phosphi ne 85% 41.7 GFD 99. 27% 62 4% MPD 0. 30%
TMC 13.3 0.05% LTA 0.04% Pd(acac)2 4% 23.5 GPO 99. 55%
W@ 30049e98RD 0. 30% TMC 13.3 0.05% LTA 0.07% | i f peasl049/040732

3% 23.3 GFD 99. 44% 64 4% WVWPD 0. 30% TMC 13.3 0. 05% LTA

stirring 21.2 99.5%
sonication 27.7 99.2%

Example P: Contact angle:

000182 Membranes were made according to the method of example H, and a
second membrane was made without al(acac)3. The membrane contact angle with DI

water was then measured.

| Contact
angle
Control 529
Al(acac)3 252

[000183] The soluble aluminum 17 released by nanoparticles 16 in support
membrane 12 are available in the water on the surface of membrane 12 which is kept
wet until aqueous phase 14 is applied to support membrane 12 during processing to
prepare discrimination layer 24. As a result, soluble Al 17 is available in aqueous phase
14 during interfacial polymerization between organic and aqueous phases 18 and 14 to
form discrimination layer 24. The following examples are used to show the improved
flux flow are a result of the presence of soluble Al 17 in aqueous phase during interfacial
polymerization which forms discrimination layer 24, referred to as Al or Al effect 19 in
Fig. 3.

Example E shows the release of soluble aluminum from nanoparticles, while Example J
shows the effect of soluble aluminum, in the aqueous phase during interfacial
polymerization, on the flux and rejection characteristics of a resultant membrane
suitable for use in reverse osmosis.

Example Q: Release of soluble aluminum
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. 0.139%% Nd(f6acac)3 2% 23.1 GPO 99. 35% 65 4% MPD

0.30% TMC 13.3 0.05% LTA 0.029% Na(acac) -1%22.4 GO
wW@20052%9366 4% MPD 0. 30% TMC 13.3 0. 05% LTA 0. PGRAS2009/040732

Yb(acac)3 -4% 21.8 GFD 99.50% 67 4% MPD 0. 30% TMC

|000184]  Template-free zeolite LTA nanoparticles in an aqueous dispersion were
found to have aluminum content after being subjected to impact, cavitation and shear
forces in a microfluidizer. The dispersion contained approximately 39 weight percent

" LTA made with double distilled water. When measured using ICP analysis, the solution
had an aluminum content of 130.9 parts per million (ppm).

Example R

Commercial scale membrane production

[000185]  In a continuous coating process; the amine solution and a 0.075%
Ga(acac)3 containing organic solution of example 2 were used to prepare membrane.
Contact times for aqueous and organic solutions were about 15 seconds. Other

solutions and processing conditions were similar to those in example 2.

flux rejection
control 22.7 99.5%
Ga(AcAc); 430 98.7%

Example S, Effect of impurity

[000186)] Two membranes were prepared by the method in the aluminum citrate
example above, using two different Iofs of TMC. One was approximately 99.5% pure,
the other about 98.5% pure (purity from vendor) with trace amounts of mono, di-, and tri
hydrolyzed TMC.

]000187]  Control membranes with either TMC lot gave similar performance and were

averaged for the “control” data below.

flux rejection
control 18.3 98.85%
99.5% pure 20.5 98.75%

48



13.3 0.05% LTA 0.06%E r(acac)3 9% 24.6 GFD 99. 53% 68
4% MPD 0. 30% TMC 13.3 0.05% LTA 0.03% Zn(acac)?2 4%

W@ 33004/12568B 99. 58% 69 4% MPD 0. 30% Tnt 13. 3 0. 05R6T/US009/040732
0. 034% K(acac) 6% 24.0 GFD 99. 66% 70 4% MPD 0. 30%

98.5% pure 33.2 96.32%

Section B: Hybrid Membranes

[000188] Referring now generally to Fig. 18-26 and Tables |-X11summarize our
discoveries that various combinations of additives and techniques provide substantially
superior TFC membranes for forward and reverse osmosis for use, for example, in the
purification of brackish and saltwater. Such membranes have improved flux
performance and fouling resistance and retain high rejection characteristics. In
particular, in addition to the advances in the use of nanoparticles and soluble metal ions
as additives noted above, there have been substantial advances made in the use of the
following additives alone and in various combinations and the following techniques

alone and in combination, namely:

¢ the use of nanoparticles in combination with various -additives to increase
resistance to fouling and reduce the loss of flux over time due to fouling,

o the use of combinations of additives to increase flux without substantial loss of
rejection characteristics,

¢ the use of mono-hydrolyzed TMC as an additive including the monitoring of a
deflection point,

¢ the use of alkaline earth metals as additives,

e the use of other molecular additives,

o the use of nanotubes as additives,

¢ the use of higher concentrations of TMC,

e the use of lower ratios of MPD to TMC, as well as

e the monitoring of the percent improvement of such additives and combinations
compared to control membranes.
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TMC 13.3 0.05% LTA 0.024%9'., Li(acac) 4% 23.5 GFO
99.63% 71 4% MN) 0.30% TMC 13.3 0.05% LTA 0.107% %

wyqoaa2sy8 - 9% 20. 6 GPO 99. 46% 72 4% MPD 0. 309 MIS2089/G40732
0. 05% LTA 0.113% Th(acac)3 -4%21.6 GFD 99.51% 73 4%
MPD

|000189]  Tables I-XII in Section C provide 172 additional examples of various
additives used solely and in combination to identify points within ranges of the use of
such additives and combinations, concentrations and ranges.

|000190] In particular, as noted above, a combination of additives, such as template
fee zeolite LTA nanoparticles, and metal ions, such as sodium aluminate, in the
aqueous phase of an interfacially polymerized membrane provide advantages not easily
achievable if at all with single additives in similar membranes. Likewise, the use of
zeolite LTA nanoparticles, combined with the use of a small amount of mono and/or di-
hydrolyzed TMC in the organic phase layer can have benefits not observed with either
used alone, due to interactions between the nanoparticles and mono and/or di-
hydrolyzed TMC.

[000191]  Still further, the use of alkaline earth metals and other molecular additives,
alone or combined with the other additives and/or with the techniques, concentrations -
and ranges described provide hybrid TFC membranes with high flux, high rejection and
increased resistance to fouling. Although alkaline earth metals have not been used as
additives in RO membranes and were not expected to work, we surprisingly found that
they could in fact work extremely well at increasing membrane permeability. Alkaline
earth metals as a group are also abundant, low cost, and easy to use in processing.
Members of this group including Magnesium, Caicium, and Strontium are also
environmentally benign and can be available as counter ions from zeolite nanoparticles.
Mordenite and Ferrierite are two example of zeolites with calcium or magnesium

exchangeable counterions.

[000192] Hybrid nanocomposite membranes can be thought of as a subclass of thin
film composite or TFC membranes, where the polymer phase of the discrimination layer
both includes nanoparticles and has been modified through the use of one or more of

’ these additives. Hybrid nanocomposite TFC membranes are interfacially prepared
membranes formed in the presence of nanoparticles, and/or one or more additives, and

yielding a mixed matrix membrane of the nanoparticles, and/or additives, together with
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0.30% TMC 13.3 0.05% LTA 0. 1% Zr(acac)4 11% 25.0 GPO
99.51% WD 2009/ 129354PCT/ US2009/ 040732 74 4% WVPD

WO 230%29BMC 13.3 0. 05% LTA 0.087% % Ni (acac) 2 PapwW08040732
G-D 99.53% 75 4% MPD 0. 30% TMC 13.3 0.05% LTA 0.111%
% Sm(acac)3 2% 23. 0 GFO 99. 60%

polymer, nanoparticles and additives, supported by an underlying layer, typically an
ultra or microfiltration membrane.

[000193] The addition of a combination of nanoparticles, with other additives, to form
hybrid nanocompositeTFC membranes may provide substantial increased resistance to
fouling, that is, to the loss of flux over time due to contamination by the seawater or
other material to be purified.

[000194] Other advantages of the various membrane additives and techniques

identified so far are may include

e substantial increased flux compared to the use of the membranes with the

individual additives,
 substantial increased flux by the addition of small amounts of mhTMC as an
additive,

¢ substantial flux and rejection performance by additives with poor performance as

single additives, and

¢ substantial increased rejection for additives with poor rejection characteristics as

single additives.

~ Fouling
[000195}  With regard now in general to fouling, in some instances, hybrid

" nanocomposite TFC membranes may be used to desalinate waters that contain
materials which have a tendency to accumulate on the membrane surface in contact
with the contaminated water, decreasing the effective membrane permeability, e.g.
decreasing membrane flux over time. These materials can include but are not limited to
natural organic matter, partially insoluble inorganic materials, organic surfactants, silt,
colloidal material, microbial species including biofilms, and organic materials either
excreted or released from microbial species such as proteins, polysaccharides, nucleic
acids, metabolites, and the like. This drop in permeability or membrane flux is often
smaller for membranes prepared as disclosed herein than for membranes prepared by

conventional techniques due to a decreased amount, density, viability, thickness and/or
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78 4% WPD 0. 30% TMC 13.3 0. 05% LTA 0.092% M(acac) 3

21% 27.4 GFD 99.43% 77 4% MPD 0.30% Ino 13.3 0.05% LTA
w@2093%3bh(acac)2 6% 24.0 GFD 99. 61% 78 4% MPDPOT/BS2N9/040732

TMC 13.3 0.05% LTA 0.04% Fe(acac)3 31% 29.7 GFD

nature of accumulated material. Membrane surface properties, such as hydrophilicity,
charge, and roughness, often affect this accumulation and permeability change.
Generally, membranes with highly hydrophilic, negatively charged, and smooth surfaces
yield good permeability, rejection, and fouling behavior. The addition of nanoparticles,
such as zeolite LTA nanoparticies, have been shown to reduce roughness, increase
negative charge without addition of carboxylate groups, and reduce contact angles.

[000196] Nanoparticles can also be added to increase membrane permeability while
maintaining good rejection, and/or to improve the mechanical strength of the thin film or

support layer.

J000197] Molecular additives have been used to alter the performance of pure
polymer TFC membranes. However these improvements have often lead to membranes
having altered fouling propensity or decreased rejection, particularly when the
membrane is used at high pressure and salinity, for instance during desalination of

ocean water. .

[000198] Hybrid membranes, that is, membranes with nanoparticles, and additives
such as soluble ions, organometallic compounds, inorganic additives with or without
ligands, and/or mhTMC enable a new degree of design flexibility to improve the overall |
flux, rejection, and fouling properties of membranes. The several cases discussed
below are meant to illustrate the range of benefits that can be realized through the
application of hybrid membrane technology and are not meant to limit the scope of this
application which is provided by the issued claims.

[000199] Some nanppartides under specific processing conditions may have a large

effect on membrane fouling, but have little or no effect, or at least an insufficient impact,
on membrane flux. In such cases, molecular additives may be added to the membrane
to provide an additional increase in flux while permitting the TFC membrane to retain

the benefit of the fouling resistance provided, for example, by the nanoparticles. -
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99.57% 79 4% MPD 0. 30% TMC 13.3 0.05% LTA 0. 05%
Sn(bu)2(acac)2 71% 38.7 GFD 98.87% 80 4% MPD 0. 30% TMC
wa2009/12386% LTA 0. 04% Cu(f6acac)2 41% 32. 0 GRECPOS49/640732
81 4% WPD 0. 30% TMC 13.3 0.05% LTA 0.04% Co(acac) 3

12% 25. 2

|000200| Referring now in particular to Table IX. FOULING TEST, example 119 is
based on other experiments in which 0.1 % of nanoparticles zeolite LTA, was added to
the organic phase before interfacial polymerization or IFP with an agueous phase to
produce a discrimination layer on a support layer and form a thin film nanocomposite or
TFC membrane.

[000201] Membranes were prepared using the method of example 12. Membranes
were run on a feed solution of DI water with 32,000ppm of a salt blend formulated to
simulate natural ocean water (Instant Ocean®). Temperature was maintained at 25° C
and a pressure of 800 psi was used throughout testing. No filtration was used during
this test allowing inorganic and organic colloids to recirculate through the system and
biological material to grow. Performance data was taken 1 hr after testing began and
again 47hrs later after continuous operation.

|000202] The nanocomposite TFC membrane had 22.5 GFD flux rate, which is not an
improvement over a control membrane made in the same manner but without the
nanoparticle additive, and had 98.5% salt rejection. The flux was maintained at 22.5

GFD by fouling after about two days.

]000203]  Example 120 shows that a particular molecular additive Ga(acac)3,
provided a reasonable total flux flow of 30.8 GFD, which provided a flux improvement of
about 36% over a control without additives and maintained a very good salt rejection of
over 99.5%. However, the Ga additive membrane showed a poor flux performance
after 47 hours of fouling testing, losing almost half of its flux capacity.

[000204] Example 121 illustrates one of the benefits of a hybrid TFC membrane
approach in which nanoparticles, such as LTA are combined with molecular additives,
such as Ga(acac)3, to form an improved hybrid TFC membrane with qualities superior
than are provided by either additive separately. In particular, the hybrid LTA Ga
membrane provided 31.9 GFD flux, an improvement of about 41% more than the control
with only slight loss in salt rejection. The further increase in flux is on the order of an
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G-D 99. 50% 82 4% MPD 0. 30% TMC 13.3 0. 05% LTA 0.09%

Pr(f6acac)3 91% 43.3 G-D 98. 38% 83 4% MPD 0. 30% TMC
wa3009/120386% LTA 0. 06% Zn(f6acac)2 16% 26. 3 GRECPESH9040732

84 4% WPD 0. 30% TMC 13.3 0.05% LTA 0.04% Cr(acac) 3

23%

addition 14% when compared to the 36% flux increase of the Ga(acac)3 additive.
Perhaps even more importantly, the flux rate after the 47 hour test was 27.3 GFD, i.e.
the flux loss was only 17% after the 47 hour test. As a result, the hybrid TFC
membrane has substantially the flux improvement of its soluble additive, in this case the
Ga(acac)3, and the fouling resistance of the LTA nanoparticles.

|000205]) Referring now to Fig. 25, a simple graphical representation of the reduced
loss of flux over time is shown in which the LTA alone shows low flux improvement with
low flow loss due to fouling, the Ga additive alone shows high flux improvement with
substantial flux loss due to fouling while the hybrid shows the best of both additives,
high flux improvement with low flux loss due to fouling. It should also be noted that the
TFC membrane with the additive alone has a lower flux than the nanocomposite TFC
membrane while the nanocomposite hybrid TFC membrane shows a flux improvement
over the nanoparticle hybrid TFC membrane of about 21% in only 2 days. The rate of
flux drop tends to decrease in conventional membranes over time, but nanoparticle
hybrid TFC membranes are expected to maintain an improvement of 20 to 100% above

similar membranes with single additives or conventional membranes.

Increased Flux

|000206] Regarding increased flux compared to membranes with the individual
additives, and referring now in particular to Tables Il, IIA.2 and 1IA.3, some
nanoparticles and other additives may by themselves provide a moderate increase in
flux, when a larger response might be desired. In such cases, hybrid membrane
technology can be used to produce membranes having the best overall performance.

1000207] Referring now to example 25, the use is illustrated of a concentration of a
particular nanoparticle, in this case a 0.05% concentration of zeolite LTA, in the
aqueous phase before contact with the organic phase for interfacial polymerization to
form a nanocomposite TFC membrane providing 26.2 GFD at a 99.17% flux rejection.
The flux rate provides a 16% improvement over a control membrane made without the

nanoparticle, which may be useful in some cases especially in light of the other benefits
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27.8 GFD 99.60% 86 4% MPD 0. 30% TMC 13. 3 0.05% LTA
0.05% In(acac)3 16% 26.3 GFD 99. 37% 86 4% MPD 0. 30%

W R09AM334 0. 05% LTA 0. 05% V(acac)3 26% 28. 4 GFCX/9S2089040732
87 4% WPD 0. 30% TMC 13.3 0.05% LTA 0.04% Sn(acac) 2C12

of nanoparticles. However, substantial further additional flux improvement is often

desired.

[000208] Referring now to example 30, the addition of a molecular additive, such as a
0.058% concentration of Sr(f6(acac)2 in the organic phase, before contact with the
aqueous phase, may produce a TFC membrane yielding a 29.7 GFD flux rate, which at
31% has roughly double the 16% flux improvement of example 25 in the table.

[000209] Referring now to example 2, a combination of the LTA and strontium
additives may yield a hybrid nanocomposite TFC membrane with, at a 36.8 GFD flux
rate, a 63% improvement over a control membrane while providing an extremely good
salt rejection of 99.57%.

mhTMC as an Additive
1000210} Referring now to Fig.s 18 - 21, monohydrolyzed TMC or mhTMC 16 may be

dissolved as an additive, alone or in combination with another additive such as a
nanoparticle or rare earth alkaline metal or other molecular additive, in organic phase
layer 18 before contact with aqueous layer 14 during interfacial polymerization to
increased flux and/or improve rejection characteristics when TFC membrane 10 is used,
for example, during reverse osmosis to purify saltwater 26.

[000211] Monohydrolyzed TMC 16 is a molecule of trimesoy! chloride or TMC in
which one of the -Cl| bonded gkoups has been replaced with a bonded OH group. Di-
hydrolyzed trimesoy! chloride and tri-hydrolyzed trimesoyl chloride (i.e., trimesic acid)
often accompany monohydrolyzed TMC at low levels in TMC which has been
hydrolyzed. Tri-hydrolyzed trimesoyl chiloride is believed to be a contaminant in that it
appears to be insoluble in organic phase 18 and may serve to increase flux in TFC
membrane 10 at the expense of rejection characteristics. The characteristics of di-
hydrolyzed trimesoy! chloride are not clearly understood, but do not at this time appear

to be substantially beneficial to the flux and rejection characteristics of TFC membranes
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8% 24.5 GFD 99.61% 88 4% WMPD 0. 30% TMC 13.3 0. 05% LTA
0. 05% Ru(acac) 3 24% 28.0 GFD 99. 65% 89 4% MPD 0. 30%

W R09AM334 0. 05% LTA 0. 038% Md02(acac) 2 2% 23. BCTHER009/040732
99.51% 90 4% MPD 0. 30% TMC 13.3 0.05% LTA

which may explain why convention wisdom teaches the avoidance of contaminated
TMC.

[000212] It may be beneficial, however, to have a small amount of mono-hydrolyzed
TMC (1-carboxy-3,5-dichloroformylbenzene) and possibly some di-hydrolyzed T™C
(1,3-dicarboxy-5-chioroformylbenzene) present in the organic phase layer 18 during the
. interfacial polymerization reaction. The ratio of mono and/or di-hydrolyzed TMC to TMC
in the organic phase layer 18 is preferably in the range of about 0.1/100 to 10/100 and
more preferably from 0.5/100 to 5/100. This impurity may interact with the nanoparticles
and result in the formation of aligned channels and/or other mechanisms within the thin

polymer film of discrimination membrane 24 providing improved water flux.

1000213] To alter performance or solubility, a salt of monohydrolyzed TMC 16 may be
used in place of the acid form. Preferred salts may be those formed from substituted
amines such as di, tri, or tetra methyl, ethyl, propyl, or butyl derivatives.

[000214] In éddition to monohydrol'yzed trimesoyl chloride or mhTMC, other partially
hydrolyzed reactants may also be effective at improving flux. For example
monohydrolyzed versions of.1,2,4 benzenetricarbonyl trichloride; 1,2,3-
benzenetricarbonyl trichloride; and tricarbonyl chloride substituted naphthalene,
anthracene, phenanthrene, biphenyl, or other aromatic rings. Tricarbonyl chloride
subsititued cycloaliphatic rings, or bicycloaliphatics are also included. Carbonyl
chlorides of higher substitution than three may also be di or higher hydrolyzed, as long

as at least 2 carbony! chloride groups remain allowing polymerization to occur.

-1000215]  Monohydrolyzed TMC was s'ynthesized for the examples described herein in
two lots, labeled lots 1 and 2 in Tables I-XI| as will be discussed below in greater detail
by the techniques described immediately below. Other monohydrolyzed polyhalides

may be synthesized using similar methods.

j000216] TMC was purified by reflux in thiony! chloride with DMF as catalyst.

Impurities were pulled off under vacuum. The purified TMC was then dissolved in
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0. 03% Cu(adac) 2 9% 24. 6 GPO 99. 39% 91 4% npo 0. 30% TMC

13.3 0.05% LTA 0.03% Sn(t-bu)2Cl2 5% 23.8 GFD 99. 54%
wW@20043293RD 0. 30% TMC 13.3 0.05% LTA 0. 04% Cd(BCHUPD0Y040732

22.9 GPO 99.58% 93 4% 0.30% 13.3 0.05% LTA 0.172%%

Y(f 6acac) 3

methylene chloride and reacted with Wang Resin (a commercially available solid phase
polymer with reactive hydroxy| groups) at 0° C. Dilute triethylamine was added drop-
wise over 2 hours and the solution was then allowed to slowly warm up to room
temperature overnight. Excess reagents were rinsed away with excess methylene
chloride. Cleavage with trifluoroacetic acid lead to isolation of monohydrolyzed TMC.
Compound identity and purity was verified with TH-NMR of the isolated solid. NMR was
run in deuterated toluene and is shown in Fig. 21 which identifies the presence of the
synthesized mhTMC.

[000217] Preferred concentrations of the monohydrolyzed TMC 16 are from 0.005%
to 5% by weight and more preferred from 0.025% to 0.25% in organic layer 18. The
amount of monohydrolyzed TMC may also be compared in a ratio with the amount of
TMC. Preferred TMC/mondhydrolyzed TMC ratios are less than 50:1, 25:1, 15:1, 5:1,
or 1:1. From this it can be seen that at high TMC concentrations more monohydrolyzed
TMC may be needed to see a comparable flux increase. It may be beneficial to
sonicate the solution. Sonication may serve to better disperse the monohydrolyzed
TMC 16 in organic solution 18. Sonication may also serve to drive reactions that would
otherwise require higher temperatures, catalysts, or initiators to occur. It may also be
useful to use cosolvents to better solvate the monohydrolyzed TMC. Preferred '
cosolvents are those that are able to form clear solutions of the monohydrolyzed TMC
before dilution. Particularly preferred are aromatic solvents including benzene, toluene,
xylene, mesitylene, or ethyl benzene. These cosolvents are preferably used at

sufficiently low concentration to not negatively affect membrane performance.

|000218] Referring now to Fig.s 19-20, mhTMC may be applied as an additive to
organic phase 18 before contact with aqueous phase 14 on porous support 12 of RO
membrane 10 during fabrication by interfacial polymerization to form discrimination layer
of to TFC membrane 10. Other additives may be added to the organic or aqueous
phases or support or fabric layers 12 or 20. Hydrophilic layer 30 may be applied to
discrimination layer 24 so that seawater 26 may be applied under pressure to TFC

membrane 10 to produce purified water 28.
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8% 24.4 97.28% WO 2009/ 129354PCT/ US2009/ 040732 MPD

TMCGFD 10002551 Ex.# MPD TMC MPDI TMC RATI O AQ NP ORG
WORVORES3ADDI TI VE Y. FLUX | MPROVEMENT FLUX REJ. POA/US1809/040732

EXEMPLARS W TH Addi tives ONLY 94 4% MPD 0. 30% TMC 13. 3

0. 04% Al (acac) 3 34% 30.2 GFD 99. 38% 95 4% MPD 0. 30%

T™C

[000219]  The purity of the synthesized monohydrolyzed TMC may be estimated from
NMR spectra. Crude and purified monohydrolyzed TMC is dissolved in deuterated
acetone for the NMR experiment. The purity calculation may be performed by looking
at the relative quantities of trimesic acid, 1,3,5-Benzenetricarbony! trichloride,
monohydrolyzed TMC and dihydrolyzed 1,3,5-Benzenetricarbonyl trichioride. These
values may thenbe reduced by any extraneous NMR peaks which usually impurities
from the synthesis.

|000220]  Referring now again to Fig. 21, identity and purity of monohydrolyzed TMC
can be verified through the use of H'-NMR. After synthesis of monohydrolyzed TMC,
the resultant product can be dissolved in deuterated toluene or deuterated acetone for
this analysis. The doublet at 8. 6ppm corresponds to the two aromatic ring protons
adjacent to both a carbonyl chloride and a carboxylic acid group. The integrated area of
this peak, 1.99, is twice that of the triplet at 8.4ppm because there are two protons. The
triplet at 8.4ppm corresponds to the single aromatic ring proton between two carbonyl
chloride groups. Purity of this Compound can be checked by comparing the integrated
area of these protons versus those of the non-hydrolyzed TMC, dihydrolyzed TMC, and

trimesic acid.

[000221]  Referring now to Fig. 26, membrane performance is illustrated graphically as
- a function of the concentration of the mhTMC adjusted for purity. In particular, the
entries in Tables |-XII for mhTMC reflect the actual concentration of the synthesized
mhTMC used identifying the source of the mhTMC, i.e. synthesized lots 1 or 2. The
graph lines in Fig. 26 have been adjusted for the estimated purity of the synthezied
mhTMC. The data for lots 1 and 2 have been adjusted for the estimated concentrations
of synthesized mhTMC based on an NMR assay, including simple percentage of
materials dissolvable in toluene. Fig. 26 provides a visual representation of the
adjusted concentrations as functions of GFD and Salt Rejection for lot 1 (80% pure
mhTMC) and 2 (25% pure mhTMC), as well as a separate plot line for a portion of lot 2
which had been filtered to remove larger contaminants.
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13.3  0.084% Fe(acac)3 90% 42.9 GFD 98. 70% 96 4% MPD
0.30% TMC 13.3 0. 1% Sn(bu) 2(acac)2 117% 49.1 GFD

W@T00819438% 4% MPD 0. 30% TMC 13.3 0. 085% Cu( f BeIES029/040732
83% 41.3 GFD 98. 98% 98 4% MPD 0. 30%

|000222] The filtering process substantially improved the salt rejection and only
slightly reduced the flux. The remaining c;ontamination seems to improve the flux flow
when it's at low values without much damage to rejection, but at the point of interest, at
about 99.5% salt rejection, further contamination hurts the rejection at a much greater
rate and only slight improves flux. Another inflection point appears at about 0.020 % or
0.0215% where the flux climbs dramatically and the rejections drops dramatically. This
may indicate holes or tearing or some other degrading of the membrane. These regions
of the chart may be characterized as contamination-improved flux, contamination
diminished-rejection, and contamination-damaged zones.

[000223] In particular, the graph lirne for lot 1, adjusted to reflect that the synthesized
mhTMC of lot 1 was estimated to have about 80% concentration of pure mhTMC,
showed an increasing flux from 24 GFD at 0% concentration, i.e. at the control
membrane concentration, to about 32.1 GFD at about 0.0075% concentration adjusted
at what appears to be a deflection point. The flux continued to grow, but at a slightly
slower rate until it reaches 39.7 GFD at the next data point at about 0.0215% adjusted
mhTMC concentration and then dramatically increased to 45.1 GFD at 0.2050%
adjusted concentration. The rejection characteristics of lot 1 adjusted were very good at
the 0% concentration of the control membrane at 99.8% rejection and had a similar
deflection point at about 99.60% rejection at about the 0.0075% adjusted mhTMC
concentration of the deflection point. Thereafter, the rejection continued to decay
through 99.11% at about 0.0150% adjusted concentration to 98.60% at 0.02125%
before it dropped to 96.20% at about 0.0250% concentration.

[000224]  As a result, the addition of from 0% to perhaps 0.0150% adjusted
concentration provided very useful membrane performance, with concentrations as high
as about 0.02% to about 0.02125% being useful at some conditions, but concentrations
above that level suggest, together with the dramatically increased flux, to indicate
damage to the membrane. The optimal point appears to be in the neighborhood of the
deflection point at about 0.0075% adjusted mhTMC concentration, perhaps between
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T™MC 13.3 0. 086% Co(acac)3 47% 33.2 GFD 99. 62% 99 4%
MPD 0. 30% TMC 13. 3 0. 18% Pr (f 6acac) 3 46% 33 G-D

w@200282$3300 4% MPD 0. 30% TMC 13. 3 0. 12% Zn( f Bea8)089/040732
44% 32.6 GFD 99.63% 101 4% WPD

0.0050% and 0.01% adjusted concentration. The exact optimum point may have to be
determined by experimentation.

[000225]  Referring now to the graph line for lot 2, adjusted to reflect an estimated |
25% concentration of pure mhTMC but not filtered, an increasing flux was shown from
the control membrane concentration of 0% mhTMC of 17.2 GFD growing dramatically to
just under 30 GFD at about 0.0050% adjusted concentration at which point the flux
leveled off and reached only 31 GFD at about 0.0150% adjusted concentration.
Thereafter it rose to about 37.5 GFD at 0.0250% adjusted concentration.

1000226]  The flux characteristics of lot 2, adjusted and filtered, indicate that the flux
grew reasonably finearly, from 17.2 GFD at 0% concentration, generally in parallel with
the higher purity of the mhTMC from lot 1 to 26.4 GFD at the deflection point of
0.0075% adjusted mhTMC concentration and substantially joined the graph line of lot 2
unfiltered at about 31.9 GFD at 0.0150% adjusted concentration. The fact that the
combination of the lot 2 adjusted and filtered flux growth lines substantially join each
other and run generally parallel with the flux growth line for the higher purity samples for
lot 1 indicate good consistency in the tests.

1000227] Thé rejection characteristics for lot 2, adjusted and filtered, show little
degradation of rejection from the control membrane rejection at 0% concentration of
about 40 GFD to the same deflection point for lot 1 at about 0.0075% adjusted
concentration of mhTMC and follow lot 1 to about 99.11% at about 0.0150% adjusted
concentration. The consistency between the deflection point indications in both lots
strongly indicate that the deflection point in generally in the same range. Although the
commercially practical purity of the concentration of the mhTMC additive, alone or
together with other additives such as nanoparticles, alkaline earth metals or other
molecular additives has not been determined, it is a matter of experimentation to
determine the appropriate deflection point for optimal additive concentrations of the
mhTMC and other additives, and combinations of additives, in accordance with the

techniques as disclosed herein.
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0.30% TMC 13. 3 0. 086% Cr (acac)3 37% 31 GFD 99. 64%

102 4% WPD 0. 30% TMC 13. 3 0.1% I n(acac)3 38% 31. 2
wW@R1099%330% 103 4% MPD 0. 30% TMC 13. 3 0. 1% V#erasl089/040732

28% 28.9 G-D 99. 60% 104 4%

[000228] While not willing to be bound by theory, it is believed that the area to the left
of the vertical line at the concentration identified as the deflection point, is the range of
concentrations in which the additives disclosed herein promote increased flux while any
remaining contaminants - to the extent they effect the formation or structure of the
interfacially polymerized thin film discrimination layer of the TFC membrane, serve to
more or less increase the flux characteristics of the TFC membrane without
substantially reducing the rejection characteristics. This area has been designated for
convenience as the contaminate improved flux zone. After the deflection point, the
effect of such contaminants has less beneficial effect on the growth of the flux but
begins to have a substantial detriment to the rejection characteristics of the membrane
and has therefore been designated as the contaminate reduced rejection zone. As the
impact of the contaminants continues to increase with increasing concentration of the
additive or additives, a point will be reached, shown at 0.02125% adjusted
concentration, at which the contaminants increase the passage of both pure water and

materials to be rejected indicating damage or other detriment to membrane.

[000229] Without willing to be bound by theory, monohydrolyzed TMC 16 in particular
as an additive in organic phase 18 is believed to react with metaphenylene diamine
during the interfacial polymerization to improve the hydrophilicity of the resuitant
polymer discrimination layer 24 to provide additional benefits. It is thought that
monohydrolyzed TMC 16 may react with the polyfunctional nucleophilic monomer and
may be incorporated into the polymeric discriminating layer 24 along with non-
hydrolyzed polyfunctional acyl halide. During polymerization the hydrolyzed acid group
present on this reactant may interact with terminal charged amine residuals on the
polyfunctional amine reactant forming ionic crosslinks. Such ionic crosslinks may
increase the hydrophilicity of the polymer relative to a polymer containing amide
crosslinks exclusively, and thus promote increased water uptake and flux. At the same
time rejection may be maintained by virtue of the electrostatic interactions between the
charged group, which is stabilized relative to normal electrostatic interactions, by the
rigidity of the crosslinked aromatic backbone keeping the two charged centers close to
each other.
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MPD 0.30% TMC 13.3 0. 086% Sn(acac) 2C12 27% 28.8 GFD
99. 469% 105 4% MPD 0. 30% TMC 13.3 0. 092% Ru( acac) 3

WQ20ipAT0384 GFD 99. 72% 106 4% MPD 0. 30% TMC 13. 3PCT/0SDFGH40732
Mb02(acac) 2 31% 29.5 GFD 99. 53% 107

1000230] Referring now to one particular example of a hybrid nanocomposite TFC
membrane, as shown in example 8, the addition of 0.02% mono-hydrolyzed TMC, or
mhTMC, has been shown to be extremely beneficial to the LTA, strontium hybrid TFC
membrane described above. The resultant hybrid TFC membrane including both
strontium and mhTMC in the organic phase before contact with the aqueous phase
during interfacial polymerization to produce a discrimination layer which may deliver
42.4 GFD flux at a very good 99.16% salt rejection rate. The flux improvement of 88%,
from the 22.6 GFD flux of the control membrane coupled with a very modest loss in salt

rejection makes for a useful membrane for several applications.

Poor Performance as Single Additive
[000231] Regarding additives with poor performance as single additives, and referring

now again to Tables 11, lIA.2 and |IA.3, some additives and nanoparticles do not provide
an obvious or substantial improvement in performance when used alone. However,
combinations of nanoparticles and additives have proven to be substantially useful by
providing flux increases when incorporated into hybrid TFC membranes.

]000232] As shown in example 26, a 0.05% concentration of LTA to the Isopar based
organic phase before contact during IFP with the aqueous phase yields a
nanocomposite TFC membrane with a 22.6 GFD flux, equal to that of the control
membrane, but a salt rejection of 98.77%, lower than the 99.68% of the control

membrane.

[000233]  As shown in example 29, a 0.09% Ca(f6acac)2 additive to the ISOPAR
based organic phase yields a TFC membrane with 24.8 GFD flux having about a 10%
flux increase over the control membrane without additives, with a good salt rejection of
99.63%. |

j000234] Referring now to examples 19, a membrane made with LTA and the Ca
additive, in the ISOPAR based organic phase yields a nanocomposite hybrid TFC
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4% MPD 0. 30% TMC 13.3 0. 06% Cu(acac)?2 19% 26.8 GFD

99. 48% 108 4% MPD 0. 30% TMC 13.3 0. 065% Sn(1-bu)2C12
waAZowA®354 GFD 99. 07% 109 4% 0. 30% 13.3 0. 072B6T/US2009/040732

Cd(acac)2 15% 26 99. 70% WO

2009/ 129354PCT/ US2009/ 040732

membranes having 34.4 GFD flux having, a 52% flux increase over the control
membrane without additives but with good salt rejection of 99.03%.

1000235]) - Regarding additives with poor decreased rejection and referring now to
Table lI, 1A.2 and X, additives can be used with some nanoparticles that may by
themselves have acceptable flux increases but decreased rejection, to produce hybrid
TFC membranes can be made that have the same or similar flux responses, but with
improved rejection relative to either additive alone.

Poor Rejection Characteristics as Single Additive

[000236] Referring now to example 25, a nanocomposite TFC membrane with 0.05%
LTA additive in the aqueous phase may yield a flux of 26.2 GFD, a 10% flux
improvement over a control membrane without nanoparticle as well as a 99.17% salt
rejection, below the 99.68% rejection of the control membrane

[000237]  Referring now to example 129, a TFC membrane with 0.02% mhTMC
additive in the organic phase may yield a flux of 29.5 GFD having a 31% flux
improvement over a control membrane without additives as well as a 99.24% salt

rejection, also below the rejection of the control membrane.

[000238] Referring now to example 21, a hybrid TFC membrane with both the LTA
and mhTMC additives may yield a flux of 30.7 GFD, yielding a better flux improvement
of 36% and, perhaps more importantly, a substantially improved salt rejection of
99.63%, much closer to the 99.68% salt rejection of the control membrane.

Section C

Concentration of TMC

[000239]  An analysis of the concentration of TMC used in organic phase 18 indicates
that a minimum concentration may be required to get the full benefit of the additive(s)
described herein. As shown in Tables I-XII, concentrations of TMC less than about
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MPD TMC G-D 110 4% MPD 0. 30% TMC 13. 3 0.077%
Pd(acac) 2 15% 25.9 GFD 99. 66% 111 4% MPD 0. 30% TMC

W@ 3009/129384 013% 1- 11(acac)4 12% 25.4 GFD 99. 55%A1/RS2096/040732
MPD

0.17% or 0.2% TMC or greater than about 0.5% TMC were not optimal to get the
beneficial effects of many of the additives. The preferred range is therefore about
0.15% to about 0.6%, more preferred from 0.2% to 0.5% and most preferred from about
0.25% to 0.33%.

Ratio of MPD to TMC
[000240] The ratio of MPD to TMC may be another important factor in the preparation

of high flux, high rejection, low fouling TFC membranes, particularly with the additives
and combinations of additives described herein. The preferred range is less than a ratio
of about 35 for use in conjunction with the TMC concentrations discussed above, more
preferably less than 25 and even more preferably less than about 15. A most preferred

ratio is about 13.

Nanotubes
[000241) When nanotubes 16 are included in the agueous phase it may be
preferable to include surfactants such as; Alkyl poly(ethylene oxide), Copolymers of
poly(ethylene oxide) and' poly(propylene oxide) (commercially called Poloxamers or
Poloxamines), Alkyl polyglucosides including Octyl glucoside or Decyl maltoside, Fatty
alcohols including Cetyl alcohol or Oleyl alcohol, Cocamide MEA, or cocamide DEA, to
help disperse the nanotubes. These may also be chosen so as to help align nanotubes
16 in a specific arrangement. It will be obvious to one skilled in the art to use other
nonionic, cationic, anionic, or zwitterionic surfactants to aid in dispersing or aligning the

nanoparticles.

[000242] Nanoparticles such as tubes 16 may be carbon nanotubes, may be made of
FeC, titania, WS2, MoS2, Boron Nitride, Silicon, Cu, Bi, ZnO, GaN, In203, Vanadium
oxide, or Manganese oxide. When carbon nanotubes 16 are used they may be single
or muitiwall, and may have a functionalized surface including derivitization with alcohol
or carboxylic acid groups. Nanotube length may be from 100nm up to 50 microns, more
preferably 100nm to 2 microns, and more preferably 0.5 microns to 2 microns.
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0.30% TMC 13. 3 0. 13%N\d(f 6acac) 3 11% 25 GFD 99. 60%

113 4% WPD 0. 30% TMC 13. 3 0. 029% Na(acac) 11% 25 G-D
wO®004493344 4% MPD 0. 30% TMC 13. 3 0. 11% Yb( apeDyS2089/640732

24.6 GFD 99.52% 115 4%

Nanotube diameter may be less than 50nm, preferably less than 25 nm and more
preferably from 1-2nm. Nanotubes 16 may be thoroughly rinsed, or used as is. When
used as is, trace impurities may be present including unreacted carbon precursors or
carbon in other phases, oxidized materials, nanotube synthesis materials such as cobolt
containing compounds, and other impurities. Nanotubes 16 may also be processed
before use to make them more beneficial for use in thin film nanocomposite
membranes. For instance laser ablation or treatment with a strong acid can be used to
shorten the average length of the nanotubes. Ultra-high pressure homogenization, for
instance by a Microfluidizer ® may be used to break up nanoparticle bundles and to
shorten average nanoparticle length.

[000243] In some instances it may be preferred to align nanotubes 16 within the
membrane. For example in some instances it may preferred to align nanotubes 16
normal to the superficial membrane surface. This can be used for example in situations
where transport occurs through the interior of the nanotube and the smallest length of
nanotube is desired to minimize resistance to transport. This can be accomplished by
utilizing a magnetic catalyst that is incorporated with at least some and preferably a
plurality of each of the nanotubes of nanotubes 16. In this case a magnetic field may be
used during the interfacial polymerization to then trap nanotubes 16 in this
configuration. In a similar manner, surfactants may be used to align nanotubes 16,
particularly when used in the aqueous phase. Suitable surfactants include; Alkyl
poly(ethylene oxide),Copolymers of poly(ethylene oxide) and poly(propylene oxide)
(commercially called Poloxamers or Poloxamines), Alkyl polyglucosides including Octyl
glucoside or Decyl maltoside, Fatty alcohols including Cetyl alcohol or Oleyl alcohol,
Cocamide MEA, or cocamide DEA. It may also be poésible to use other nonionic,
cationic, anionic, or zwitterionic surfactants to aid in aligning the nanoparticles.

[000244]  In other instances the preferred alignment may be in the plane of membrane
10. This allows much longer nanot'ubes 16 to be used that can impart improved
mechanical properties to thin film nanocomposite membrane 10. To accomplish this,
shear may be applied to the coating solution, for instance by application of the amine or
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MPD 0. 30% TMC 13.3  0.11% Er(acac)3 5% 23.7 GFD

99. 62% 116 4% MPD 0.30% TMC 13.3 0. 065% Zn(acac)2 4%
WQ@3008/12536% 99. 48% 117 4% MPD 0. 30% TMC 13.3  OPOBYS2009/040732

K(acac) 0% 22.6 GFD 99.44% 118

organic solution by a slot die coating method, or a dip coating process. Nanotubes 16
may be aligned by this method in either the aqueous or organic solution.

]000245] Nanocomposite TFC membranes 10 containing nanotubes 16 can also have
surprising biocidal activity. It appears that in some instances that partially exposed
nanotubes 16 may be able to pierce, or éut the cell wall of microorganisms leading to
cell death. In this way the membrane surface exhibits antimicrobial activity.

[000246]) An aqueous solution of 4.0 wt% MPD, 4.5 wt% TEACSA and 0.06 wt% SLS
in DI water was prepared. An Isopar G solution with 0.3 wt% TMC and 0.1% carbon
nanotubes 16 (0.5-2micron long single wall) was also prepared and sonicated for 60
minutes. The membrane was'prepared as described above. The membrane was theh
dried at 95C for 6 minutes. Performance is shown in example 44. |

Avcrage Flux (gfd) | Average Rejection (%)

Control 22.1(2.5) 99.66 (0.11)

0.1% Carbon Nanotubes 28.5(1.8) 99.64 (0.08)

Section D: _Tables I-XIl, Examples 1- 172

[000247]

Ex.# MPD T™MC MPD/TMC AQ NP ORG NP ORG ADDITIVE % FLUX FLUX

RATIO IMPROVEMENT
‘ REJ.
). CONTROL MEMBRANE (NO ADDITIVES)
4% 0.30% . 226
99.68%

1 MPD TMC 13.3 GFD
[000248]

Ex.# MPD T™™C MPD/TMC AQ NP ORG NP ORG ADDITIVE % FLUX FLUX

RATIO IMPROVEMENT REJ.
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4% MPD 0. 30% TMC 13. 3 0. 024% Li (acac) -1%22.3 GFD
99.54% 10002561 Ex.# MPD PAC MPD/ TMC RATI O ORG NP ORG
WODIP/T2NE FLUX at 1 hr Flux at 47 hrs REJ. | X PEQURN®G/040732
TEST 119 4% MPD 0. 30% TMC 13.3 0.1% LTA 22.5 GD 22.5

Il. HYBRID MEMBRANES WITH LTA NP/ALKALINE EARTH ADDITIVES/mhTMC

L) 2
% | 030% | 133 | oos%LTA 0.058% Sr(f6acac)2 63% 368 99.57%
2 | mPD | TMC GFD
4% | 030% 133 01%LTA 0.116% Sr(fBacac)2 87% 423 98.44%
3 MPD | TMC GFD
3% | 0.20% 150 0.1% LTA 0.116% Sr(f6acac)2 407 99.20%
4 | mpD | T™MC GFD
3% | 0.40% 15 0.1%LTA 0.116% Sr(fBacac)2 393 99.12%
5 | mpD | TMC GFD
5% 1 020% [ 259 0.1% LTA 0.116% Sr(f6acac)2 403 99.41%
6 { mpD | TMC GFO
5% | 040% 125 0.1% LTA 0.116% Sr(f6acac)2 313 99.27%
7 | mpo | T™MC GFD
0.06% Sr(f6acac)2 .
4% | 0.30% 133 | 0.05%LTA 8% 424 99.16%
8 | weo | TmeC 0.02% mhTMC lot 2 GFD
4% | 0.30% 133 °L‘§§,2’° 0.058% Sr(f6acac)2 57% 355 99.48%
s | mPp | TMC : GFD
4% | 030% | 434 012 | 0.116% Sriteacaciz 7% 40 98.63%
10 | mPD | TmC GFD
-7
3% | 0.40% 75 ?_'}Z" 0.116% Sr(f6acac)? 295 98.61%
1 | mpo | T™C GFD
5% | 0.40% 125 01% | 0.116% Sr(t6acacy2 303 99.15%
12 | mpp | TMC GFD
0.06% Sr(f6acac)2
a% | 0.30% 133 O-LOTS;/o 25% 282 98.81%
s | weo | e 0.02% mhTMC lot 2 GFD
0.09% Ca(F6acac)2
4% | 0.30% 13.3 0.05% LTA 69% 381 99.31%
w | weo | e 0.02% mhTMC lot 2 GFD
0.09% Ca(F6acac)2
4% | 030% 133 OLOTSA% 52% 34.4 95.11%
s | weo | e 0.02% mhTMC lot 2 GFD
L
4% 1 030% 133 | 005%LTA 0.09% Ca(F6acac)2 % 229 99.53%
16 | mpp | TMC GFD
7/
4% | 030% 133 | 005%LTA 0.44% Mg(F6acac)2 27% 287 99.71%
17 | mpp | TMC GFD
% 1 030% | 433 | ooswLTA 0.11% Ca(acac)2 2% 230 99.60%
18 | mpp | TMC GFD
4% | 0.30% 133 °'L°T5A% 0.09% Ca(F6acac)2 52% 34.4 99.02%
19 | mpp | TMC GFD
20 | a% | 030% 133 0.05% LTA 0.02% Be(acac)2 8% 243 99.50%
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G-D 98.50% 120 4% MPD 0. 30% TMC 13.3 0. 08% Ga(acac) 3

30.8 G-D 20.9 G-D 99.53% 121

4% MPD 0. 30% TMC 13. 3

w@20%1298%4 0. 08% Ga(acac)3 31.9 GFD 27. 3 GFD 99r@R©52009/040732
MPD TMC MPD/ TMC RATI O

10002571

lMPDITMC{

||

—

GFD
WA.1 WITH LTA NP AND mhTMC
0.05%
4% | 030% 33 307 09.63%
21 | mpp | ™MC LTA 0.02% mhTMC lot 2 36% GFD
0.05%
4% | 0.30% 133 258 99.63%
22 | mpp | TMC LTA 0.02% mhTMC lot 2 14% GFD
I1A.2 WITH LTA NP ONLY
2.75% | 009% 306 | 0.05%LTA 302 99.48%
23 | mpp | T™MC GFD
2.75% | 0.09% 306 0.1%LTA 287 97.29%
24 | weo | tmMC GFD
4% | 0.30% 133 | 0.05%LTA 16% 262 99.17%
26 | wpo | TMC GFD
4% | 030% 133 o05% 0% 226 98.77%
26 | mpo | TMC GFD
2.75% | 0.09% 206 OLOTSA% 301 99.56%
27 | mep | TMC GFD
2.75% | 0.09% 206 ?} Zs 285 99.62%
28 | mpo | TMC GFD
{IA.3 WITH ALKALINE EARTH ADDITIVES ONLY
4% | 030% 133 0.09% Ca(F6acac)2 10% 248 99.63%
29 | mpo | MC GFD
4% | 030% 133 0.058% Sr(f6acac)2 31% 297 99.57%
s0 | mpp | T™MC GFD
4% | 030% 133 0.02% mhTMC lot 2 31% 295 99.24%
31 | mPo | TMC GFD
4% | 030% 133 0.44% Mg(f6acac)2 24% 280 99.6%
32 | mpp | T™C GFD
4% | 0.30% 133 0.11% Ca(acac)2 23% 279 99.58%
33 | mpp | TMC GFD
4% | 030% 292
133 0.048% Be(acac)2 20% 99.49%
38 | mpp | mc GFD
[000249|
Ex# ] MPD | TMC | MPOTMC | AQ NP | ORGNP | ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT RE)

Ill. HYBRID EXEMPLAR with CUMOF NP 8 ALKALINE EARTH ADDITIVES
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ORG ADDI TIVE ORGANI C FILTERED FLUX REJ. X

| MPROVEMENTS W TH mhTMC I N TFC MEMBRANES WO
WQO®9/12133854PCT/ US2009/ 040732 123 4% MPD 0. 309 TIVICS2089/G+0732

0. 0094% mhTMC tot 1 NO 32.1 GFD 99. 60% 124 4% MPD

0.30% TMC 13.3 0.028% mhTMC ot 1 NO .39.7 GFD 98. 60%

126 4% VWP D 0. 30%

4% 0.30% 34.2
0.05% 99.53%
35 MPD TMC 13.3 Cu MOF 0.058% Sr(f6acac)2 51% ) GFD
1.LA EXEMPLAR WITH Cu MOF NP ONLY
4% 0.30% 24.3 99.71%
. 0.05% :
36 MPD T™MC 13.3 Cu MOF 8% GFD
|000250]
Ex.# MPD ™C MPD/TMC AQ NP ORG NP ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT
REJ.
IV. HYBRID EXEMPLAR with SiO2 NP & ALKALINE EARTH ADDITIVES
4% 0.30% 36.6 98.66%
37 | PO | T™MC 13.3 0.05% Si02 0.058% Sr(f6acac)2 62% GFD
IV.A EXEMPLAR WITH Si02 NP ONLY
4% 0.30% 223
3 ’ 2 99.57%
38 | MPD | TMC 13.3 0.05% Si02 A% SFD
[000251]
Ex.# MPD TMC MPD/TMC AQ NP ORG NP ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT
REJ.
V. HYBRID EXEMPLAR with ZEOLITE BETA NP & ALKALINE EARTH ADDITIVES
4% | 0.30% : 30 99.61%
39 MPD TMC 13.3 0.05% BETA 0.058% Sr(i6acac)2 33% GFD
V.A EXEMPLAR WITH ZEOLITE BETA NP ONLY
% .30% 22.7
4% 0.30% 99.51%
40 | mPo | TMC 133 0.05% BETA 0% GFD
[000252]
Ex.# MPD TMC MPD/ITMC AQ NP ORG NP ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT
REJ.
VI. HYBRID EXEMPLAR with CARBON NANOTUBE NP & ALKALINE EARTH ADDITIVES
4% 0.30% 0.05% 38.76
o 13.3 NANOTUBE | 0-058% Sr(Bacac)2 72% 98.83%
41 | mpo | TMC GFD
a2 | 4% | 030% 133 0.05% 0.04% Ga(acac)3 39% 35 99.62%
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TMC 13.3 0.031% mhTMC ot 1 NO 45.1 GFD 96.20% 126 4%

MPD 0. 30% TMC - 0% mhTMC ot 2 NO 17.2 G-D 99. 62%

13.3

wQ200942938D 0. 30% TMC 13. 3 0. 005% mhTMC | ot 2 INCI/BS2089/040732

GFD 99.54% 128 4% MP D 0.30% TMC 13.3 0. 01% nmhTMC | ot

2 NO 25.8
NANOTUBE
MPD | TMC GFD
4% | 0.30% 0.05% 365
133 Nt | 0.08% mhTMC 62% 97.37%
43 MPD TMC GFD
VLA EXEMPLAR WITH CARBON NANOTUBE NP ONLY
4% | 0.30% 01% 285
133 NANOTEBE 26% 99.64%
aa | wpp | TMC GFD
[000253]
Ex# | MPD | TMC | MPDMC | AQ NP | ORGNP | ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT
REL.
VIl. HYBRID EXEMPLAR with ZEOLITE FAU NP & ALKALINE EARTH ADDITIVES
4% | 030% 332
47% 99.42%
45 MPD TMC 13.3 0.05% FAU 0.058% Sr(f6acac)2 GFD
[000254]
Ex# | MPD | TMC | MPOTMC | AQ NP | ORGNP |  ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT
REJ.
. Vil HYBRID MEMBRANES WITH LTA/ADDITIVE/mhTMC
4% | 0.30% 133 | 0.05%LTA 0.04% Al(acac)3 56% 35.3 99.44%
a6 | mpo | TMC GFD
4% 1 030% | 434 0.1% LTA 0.08% Al(acac)3 63% 368 98.81%
47 | mpo | MC GFD
3% | 0:20% 15.0 0.1% LTA 0.08% Al(acac)3 48.6 98.37%
48 | mpp | T™MC GFD
3% | 040% 75 0.1% LTA 0.08% Al(acac)3 44.9 98.60%
49 | mpp | TMC GFD
5% | 0.40% 125 0.1% LTA 0.08% Al(acac)3 355 99.13%
so | mpo | TMC GFD
4% | 030% | 434 0% | 0.04% Akacacy3 48% 33.4 99.54%
s1 | mpo | T™MC GFD
4% | 030% 133 UR 0.08% Al(acac)3 67% 3.7 99.32%
52 | mpo | Tmc GFD
3% [ 0:20% 150 (,’_‘}Z" 0.08% Al(acac)3 40.1 99.22%
53 | mpo | TMC GFD
ss | 3% | 04o% 75 0.1% 0.08% Al(acac)3 a6 98.61%
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GFD 99. 45% 129 4% WMPD 0. 30% TMC 13.3 0. 02% mhTMC | ot 2

NO 29.5 GPO 99. 24% 130 4% WPD 0. 30% TMC 13. 3 0. 03%
WOorkoobAR2936¢ 2 NO 29. 6 GFD 99. 05% 131 4% MPD 0. 32%/T84809/040732

13.3 0.04% mhTMC | ot 2 NO 30.8 GFD 98.18% 132 4% MPD
0.30%
LTA
MPD | TMC GFD
5% | 0.20% 250 ‘)L'}:" 0.08% Al(acac)3 31.2 99.30%
55 | mpp | TmC GFD
5% | 0.40% 125 "L';:’\" 0.08% Al(acac)3 29.3 99.32%
56 | mpD | T™MC GFD
0.04% Al(acac)3 .
4% | 0.30% 133 | 0.05% LTA 41% ns 99.51%
s7 | weo | Tve 0.02% mhTMC lot 2 FD
0.04% Al(acac)3
4% | 0.30% 133 005% 25% 304 99.58%
8 | mro | TMC 0.02% MhTMC lot 2 .
4% | 0.30% 133 0.1% 0.08% Ga(acac)3 50% 3.8 99.54%
59 | mpD | TMC GFD
4% | 0.30% 0.03% 269
133 | 0.05% LTA Tribubioheephale 19% 99.60%
60 | mpo | TMC _GFD
4% | 0.30% 0.03% 417
133 | 0.05% LTA Triphommhesphine 85% 99.27%
61 | mpD | TMC GFD
4% | 0.30% 133 | 0.05% LTA 0.04% Pd(acac)2 4% 35 99.55%
62 | mpD | ™MC GFD
4% | 0.30% 133 0.05% LTA 0.07% Hi(acac)4 3% 23 99.44%
63 | mpD | TMC GFD
4% | 0.30% 0.139%% 23.1
133 | 0.05% LTA NAlome3 2% 99.35%
64 | mpD | TMC GFD
4% 1 030% | 433 | 0.05%LTA 0.029% Na(acac) A% 224 99.52%
6 | mpD | TMC GFD
4% | 0.30% 133 | 0.05% LTA 0.06% Yb(acac)3 4% ne 99.50%
66 | mpD | TMC GFD
4% | 0.30% 133 0.05% LTA 0.06% Er(acac)3 9% 246 99.53%
67 | mpo | Tmc GFD
4% 1 0.30% 133 0.05% LTA 0.03% Zn(acac)2 4% 23.4 99.58%
68 MPD TMC GFD
4% | 030% 133 | 0.05% LTA 0.034% K(acac) 6% 240 99.66%
69 | mpD | TMC GFD
4% | 030% 133 0.05% LTA 0.024% % Li(acac) a 35 99.63%
70 | mpo | TMC GFD
4% | 0.30% 133 | 005%LTA 0.107% % Dy(acac)3 9% 206 99.46%
7 | wpo | TMC GFD
4% | 030% 133 | 0.05%LTA 0.113% Tb(acac)3 4% 216 99.51%
72 | weo | T™MC GFD
4% | 030% 133 | 0.05% LTA 0.1%% Zr(acac)4 1% 250 99.51%
73 | mpD | ™MC GFD
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TMC 13.3 0.05% mhTMC ot 2 NO 31.1 GFD 97.69% 133 4%
MPD 0. 30% TMC 13.3 0.06% mhTMC ot 2 NO 31.2 G-D

wQ@2000/1243384 4% MPD 0. 30% TMC 13. 3 0. 1% mhTMC | BET/BSN®/040732

37.4 GFD 92. 25% 136 4% MPD 0. 30% TMC 13. 3 0. 03% mhTMC
lot 2 YES 26. 4

7
4% 1030% [ 433 | oo0s%LTa 0.087% % Ni(acac)2 4% 28 99.53%
74 | mPD | TMC GFD
L)
4% | 030% I 433 | 00s%LTA 0.111% % Sm(acac)3 2% 20 99.60%
75 | mpD | TMC SFo
4% | 0.30% 133 | 0.05%LTA 0.092% Mn(acac)3 21% 274 99.43%
76 | mMPD | TmC GFD
4% 1 039% 1 433 | oos%LTa 0.093% Mn(acac)2 6% 240 99.61%
77 | mpo | TMmC GFD
4% 1 030% 1 433 | ooswLTA 0.04% Fe(acac)3 3% 27 99.57%
78 | mPD | TmMC GFD
o 0
4% 1 030% 1 433 | oos%iTa 0.05% Sn(bu)2(acac)2 7% 87 98.87%
79 | mpD | TMC GFD
10
| 4% 1 030% 433 | o0s%LTA 0.04% Cu(f6acac)2 41% 320 99.24%
80 | MPD | TMC GFD
4% 1 030% | 433 | ooswLTA 0.04% Co(acac)3 12% 252 99.50%
81 _| mpo | TMC GFD
4% 1 030% 1 433 | ooswLTA 0.09% Pr(f6acac)3 91% 433 98.38%
82 | MPD | TMC GFD
4% 1 030% | 433 | oos%LTA 0.06% Zn(fBacac)2 16% %3 99.61%
83 | MPD | TMC SFD
[\
4% 1 030% 1 433 |ooswLTA 0.04% Cr(acac)3 23% 278 99.60%
84 | mPD | TMC GFD
4% | 0.30% 133 | 0.05%LTA 0.05% Inacac)3 16% 263 99.37%
85 | mpD | TMC GFD
4% 1 030% [ 433 | oo0s%LTA 0.05% V(acac)3 26% 284 99.54%
86 | MPD | TmMC GFD
4% 1 030% 1 433 |ooswiTa 0.04% Sn(acac)2CI2 8% 243 99.61%
87 | mpo | TMC SFD
4% 1 030% 1 433 | oosnLTA 0.05% Ru(acac)3 24% 20 99.65%
88| MPD_| TMC GFD
4% 1 030% 1 433 |oos%iTA 0.038% MoO2(acac)2 2% 20 99.51%
89 | mpp | TMC ' SFO
o ° -
4% 1 030% 433 | oos%LTA 0.03% Cu(acac)2 9% 248 99.39%
30 | mpo | TMC GFD
4% | 030% 1 433 | 0.05%LTA 0.03% Sn(t-bu)2CI2 5% 238 99.54%
91 | mpD | TMC GFD
4% | 0.30% 133 | 0.05%LTA 0.04% Cd(acac)2 1% 229 99.58%
92 | MpD_| TMC GFD
93 4% | 030% 133 0.05% LTA 0.172%% Y(f6acac)3 8% 24.4 97.28%
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GFD 99. 56% 136 4% MPD 0. 30% TNI C 13.3 0. 06% nhTMC | ot
2 YES 31.9 GFD 99.11% 10002581 Ex.# MPD TMC MPDY TMC
WR00029BRG NP ORG ADDI Tl VE % FLUX | NCREASE FLUMCTRES2009/040732
XI . EFFECT OF TMC CONCENTRATI ON ON ADDI TI VE FLUX
| NCREASE 137 4% MPD 0.30% TMC 13.33 0. 1% Al (acac) 3
31 GFD

’ MPD I ™C GFD

|000255]
Ex# | MPD | TMC | MPOITMC | AQ NP | ORGNP | ORG ADDIIVE % FLUX FLUX
RATIO IMPROVEMENT
REJ.
VIIB. EXEMPLARS WITH Additives ONLY
% | 030% | 433 0.04% Al(acac)3 34% %02 99.38%
8¢ | wpp | T™MC GFD
A% 1 030% 435 0.084% Fe(acac)3 90% 429 98.70%
85 | mpD | TM™MC GFD
) .
4% | 030% 133 0.1% Sn(bu)2(acac)2 17% 491 97.81%
9 | mPp | TMC GFD
4% 0.30% 13.3 0.085% Cu(f6acac)2 83% 413 98.98%
97 | mpp | TMC GFD
A% 1 030% | 453 0.086% Co(acac)3 4% 3.2 99.62%
98 | mpo | TMC GFD
9
4% | 030% 133 0.18% Pr(f6acac)3 46% 3 99.28%
99 { mMPD | TMC - GFD
4% | 0:30% 133 0.12% 2Zn(f6acac)2 44% 328 99.63%
100 | mMPD | TMC GFD
% 0.30% 133 0.086% Cr(acac)3 37% 31 99.64%
101 | mpo | T™MC GFD
0y
4% 0.30% 133 0.1% In(acac)3d 38% 2 99.30%
102 | mPp | TMC GFD
4% | 0.30% 13.3 0.1% V(acac)3 28% 289 99.60%
103 | mpD | TMC GFD
O
4% | 030% 13.3 0.086% Sn(acac)2C12 27% 88 99.46%
104 | mPD | TMC GFD
4% | 030% 133 0.092% Ru(acac)3 23% 278 99.72%
105 | mpp | TMC GFD :
A% 1 030% | 43, 0.076% MoO2(acac)2 31% 25 99.53%
106 | wmpD | TMC ..GFD
a% | o03o% [ .. 0.06% Cu(acac)? 19% %8 99.48%
107 | mpp | TMC GFD
4% | 030% | 45, 0.065% Sn(1-bu)2CI2 17% %5 99.07%
108 | mPo | TmMc GFD
109 | 4% | 030% 13.3 0.072% Cd(acac)2 15% 26 99.70%
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99. 05% 138 4% MPD 0. 30% TMC 13.33 0. 062%

Tl i butyl phosphal e

31.8 G-D 99. 37% 139

4% 0. 30% 13. 33

wO208%2G8{ acac) 3 32 99.64% WO PCT/US2009/040732
2009/ 129354PCT/ US2009/ 040732 WMPD TMC GFD 140 4%
MPD 0. 30% TMC
MPD | TMC GFD
4% | 030% 133 0.077% Pd(acac)2 15% 58 99.66%
110 | mpp | TMC GFD
4% | 030% 133 0.013% Hiacac)4 12% 254 99.55%
111 | mpp | TM™MC GFD
4% | 030% 13.3 0.13%Nd(f6acac)3 1% 25 99.60%
112 | mpD | T™MC GFD
4% | 030% 13.3 0.029% Na(acac) 1% 2 99.44%
113 | mpp | T™MC GFD
4% | 030% 133 0.11% Yb(acac)3 9% 246 99.52%
114 | mPD | TM™MC GFD
4% | 030% 133 0.11% Er(acac)3 5% 3.7 99.62%
115 | mpo | TMC GFD
4% | 0.30% 13.3 0.065% Zn(acac)2 4% 236 99.48%
116 | mpD | T™MC GFD
4% | 0.30% 133 0.034% K(acac) 0% 226 99.44%
117 | mpo | TMC GFD .
4% | 0.30% 133 0.024% Li(acac) A% 223 99.54%
118 | mpD | TMC GFD
[000256]
Ex# | WMPD THC MPDATMC | ORG ORG ADDITIVE FLUX at 1 hr Flux at 47 hrs REJ.
RATIO NP
IX. FOULING TEST
4% 0.30% 133 01% 225 25 08.50%
119 MPD T™C GFD GFD
4% 0.30% 133 0.08% Ga(acac)3 308 209 99.53%
120 MPD T™MC : GFD GFD
4% 0:30% 133 sy 0.08% Gaacac)3 31.9 273 99.42%
121 MPD T™C GFD GFD
1000257]
ExF MPD ThC MPDITMC ORG ADDITIVE ORGANIC FILTERED FLUX REJ.
RATIO
X. IMPROVEMENTS WITH mhTMC IN TFC MEMBRANES
o/,
4% 030% 133 0% mhTMC ot 1 NO 24 99.70%
122 MPD ™C GFD
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13.33 0.116% Sr(f6acac)2 32.2 GD 99.38% 141 3. 2%

MPD 0. 17% TMC 18.82 0.1% Al (acac)3 76%

98. 33% 142

w@2@9u 0B 0. 30% TMC 10,67 0. 1% Al (acac) 3 80% POBUSHVH/040732

143 4% WMPD 0. 17% TMC 23.53 0. 1% Al (acac)3 29%

4% 030% 133 0.0094% mhTMC Iot 1 NO 321 99.60%
123 MPD ™C GFD

% 030% 133 0.028% mhTMC lot 1 NO 39.7 98.60%
124 MPD ™C GFD

4% 0.30% 133 0.031% mhTMC lot 1 NO 451 96.20%
125 MPD ™C GFD

4% 0.30% 133 0% mhTMC lot 2 NO 7.2 99.62%
126 MPD T™MC GFD

4% 0.30% 133 0.005% mhTMC lot 2 NO 205 99.54%
127 MPD T™C GFD

4% 0:30% 133 0.01% mhTMC lot 2 NO 258 99.45%
128 MPD TMC GFD

4% 030% 133 0.02% mhTMC tot 2 NO 295 99.24%
129 MPD T™MC GFD

4% 0.30% 133 0.03% mhTMC fot 2 NO 2968 99.05%
130 MPD ™C GFD

9% 0.30% 133 0.04% mhTMC Iot 2 NO 308 98.18%
131 MPD ™C GFD

4% 030% 133 0.05% mhTMC lot 2 NO 311 97.69%
132 MPD . T™C GFD

4% 030% 133 0.06% mhTMC lot 2 NO 312 96.07%
133 MPD ™C GFD

% 0.30% 133 0.1% mhTMC lot 2 NO 374 92.25%
134 MPD T™C GFD

4% 0.30% 133 0.03% mhTMC Iot 2 YES 264 99.56%
135 MPD ™C : GFD

4% 0.30% 133 0.06% mhTMC lot 2 YES 319 99.11%
136 _ MPD T™C GFD
1000258
ExA MPD TMC | MPOITMC | ORG ORG ADDITIVE % FLUX INCREASE FLUX REJ.

: Ratio NP
X1, EFFECT OF TMC CONCENTRATION ON ADDITIVE FLUX INCREASE
4% 0.30% 1333 0.1% Al(acac)3 3 99.05%
137 MPD T™MC GFD
4% 0.30% 13.33 0.062% Tribulylphosphale 08 99.37%

138 MPD T™MC ' GFD
139 4% 0.30% 1333 0.08% Ga(acac)3 32 99.64%

75




95. 23% 144 4% MPD 0. 30% TMC 13.33 0. 1% Al (acac)3 102%

99. 05% 145 2.5% MPD 0. 09% TMC 27.78 0.062%
waeiobaessphosphat e 10%

8.33 0.062% Tri butyl phosphate 48%

99. 32% 146 2. 5% MPD 0. BORAUIN/040732

99.19% 147 2. 5%

MPD
MPD T™MC GFD
a% 309
030% 1333 0.116% Sr(6acac)2 322 99.38%
140 MPD TMC GFD
: 7%
3:2% 0.17% 18.82 0.1% Al(acac)3 76% 98.33%
141 MPD TMC
0
32% 0.30% 1 1067 0.1% Alfacac)3 80% 98.86%
142 MPD TMc
4% 0.17% 2353 0.1% Al(acac)3 29% 96.23%
143 MPD T™C
4% 0-30% 13.33 0.1% Alacac)3 102% 99.05%
144 MPD TMC
2:5% 0.09% 27.78 0.062% Tributylphosphate 10% 99.32%
145 MPD ™C
‘ 25% 0.30% 833 0.062% Tributylphosphate 48% 99.19%
146 MPD T™MC ‘
| 25% 0.50% 5.00 0.062% Tributylphosphate 85% 98.92%
147 MPD TMC
4% 0.09% 44.44 0.062% Tributylphosphate -28% 91.64%
148 MPD T™C
4% 0.30% 1333 0.062% Tributylphosphate 44% 99.37%
149 MPD T™C :
4% 0.50% 8.00 0.062% Tributylphosphate 44% 99.00%
150 MPD TMC
25% 0.10% 25.00 0.08% Ga(acac)3 20% 99.00%
151 MPD T™C
25% 0.20% 12,50 0.08% Ga(acac)3 3% 99.11%
152 MPD TMC
25% 0.30% 8.33 0.08% Ga(acac)3 42% 99.48%
153 MPD TME
25% 0.40% 6.25 0.08% Ga(acac)3 34% 99.32%
154 MPD T™C
25% 0.50% 5.00 0.08% Ga(acac)3 23% 99.22%
156 MPD TMC
4% 0.10% 40.00 0.08% Ga(acac)3 29% 24.05%
156 MPD TMC
% 0.20% 20.00 0.08% Ga(acac)3 3% 99.37%
167 MPD T™C
4% 0:30% 13.33 0.08% Ga(acac)3 28% 99.64%
158 MPD T™MC

76




0.50% TMC 5.00 0.062% Tri butyl phosphate 85%
148 4% MPD 0. 09% TMC 44.44 0.062% Tri but yl phosphat e
WO 2896129334 64% 149 4% MPD 0. 30% TMC 13. 33 0. O6R2@%/US2009/040732

Tri butyl phosphate 44%

98. 92%

99. 37% 150 4% MPD 0. 50% TMC

8.00 0.062% Tri butyl phosphate
4% 0.40% 10.00 0.08% Ga(acac)3 42% 99.50%
159 MPD T™MC
0
% 0.50% 8.00 0.08% Gaacac)3 57% 99.55%
160 MPD T™C
25% 0.09% 27.78 0.116% Sr(f6acac)? 1% 99.25%
161 MPD T™C
2.5% 0-30% 8.33 0.416% Sr(f6acac)2 53% 99.21%
162 MPD T™C
25% 0.50% 5.00 0.116% Sr(f6acac)2 46% 99.11%
163 MPD T™MC
4% 0.09% 44.44 0.116% Sr(f6acac)2 13% 23.38%
164 MPD T™C
a% 0.30% 13.33 0.116% Sr(i6acac)?2 46% 99.38%
166 MPD T™C
| 4% 0.50% 8.00 0.116% Sr(f6acac)2 3a% 99.11%
166 MPD T™C
|000259)
Ex# MPD TMC | MPDITMIC | ORG ORG ADDITIVE % FLUX INCREASE FLUX REJ.
Ratio NP
XII. EFFECT OF TMC CONCENTRATION ON ADDITIVE FLUX INCREASE
" 6% 0-20% 30.00 0.05% Al(acac)3 55% 376 98.73%
167 MPD T™C GFD
6% 0-30% 20,00 0.05% Ga(acac)3 4% 348 98.43%
168 MPD ™C GFD
8% 0:30% [ 2000 0.05% Fe(acac)3 a% 3.2 99.47%
169 MPD T™C GFo
6% 0.30% 20.00 0.08% Cr(acac)3 13% 75 98.21%
170 MPD T™C GFD
6% 0.30% 20,00 0.06% Tributylphosphate 24% %01 99.51%
174 MPD T™C GFD
6% 0.30% 20,00 0.06% Triphenylphosphine 32% 3 97.45%
172 MPD T™C GFD
Section E. Preparation and testing methodology for the example membranes.

Fouling Example
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44% 99. 00% 151 2. 5% MPD 0. 10% TMC 25. 00 0. 08%
Ga(acac)3 20% 99.00% 152 2. 5% MPD 0. 20% TMC 12. 50

w0:208%0Baf acac) 3 31% 99.11% 153 2. 5% MPD 0. 30B6TTNE2009/040732

8.33 0.08% Ga(acac)3 42% 99.48% 154 2.5%

[000260] Description of nanoparticles used

LTA: Linde Type A zeolite from Nanoscape. 100nm Diameter freeze dried.
SiO2: Ludox silica

Cu MOF: A metal organic framework complex prepared from Cu and trimesic acid as

described in Science 283, 1148 (1999); Stephen S.-Y. Chui, et

“[Cu3(TMA)2(H20)3]n A Chemically Functionalizable Nanoporous Material”

al.

FAU: Linde type Y =zeolite as described in MICROPOROUS AND
MESOPOROUS MATERIALS Volume: 59 Issue: 1 Pages. 13-28

Published: APR 18 2003 by Holmberg BA, Wang HT, Norbeck JM, Yan YS

Beta: Zeolite Beta as described in MICROPOROUS AND MESOPOROUS
MATERIALS Volume: 25 Issue: 1-3 Pages: 59-74 Published: DEC 9 1998

by Camblor MA, Corma A, Valencia S

]000261] Agqueous phase nanoparticles. Example 2-8, 16-18, 20, 21, 23-25, 37-40,

45-50, 57, 60-93

[000262] To an agueous dispersion of nanoparticles was added MPD, 4.5 wt%
TEACSA and 0.06 wt% SLS in DI water. An Isopar G solution with TMC was also
prepared and sonicated for 10 minutes. To this solution was added a homogenous
solution of the molecular additive dissolved in an aromatic cosolvent (xylene or
mesitylene). Final concentration of the cosolvent was 4 wt% by weight and the
concentration of MPD, Nanoparticle, TMC, and molecular additive are listed in the

tables.

[000263] A piece of wet polysulfone support was placed flat on a clean glass plate. An

acrylic frame was then placed onto the membrane surface, leaving an area for the

interfacial polymerization reaction to take place.

78



MPD 0. 40% TMC 6.25 0.08% Ga(acac)3 34% 99. 32% 155

2.5% MPD 0.50% TMC 5.00 0.08% Ga(acac)3 23% 99.22%
wa2@94238D 0. 10% TMC 40. 00 0. 08% Ga(acac) 3 2BOE/US2009/040732

24. 05% 157 4% MPD 0. 20% TMC 20. 00

]000264) Aqueous MPD solution (50 mL) prepared as described previously was
poured onto the framed membrane surface and remained for 1 min. The solution was

drained by tilting the frame till no solution dripped from the frame.

[000265] The frame was taken off, and was left horizontally for 1 minute. The
membrane was then clamped with the glass plate in four corners. An air knife was used
to finish drying the membrane surface. The membrane was reframed using another
clean and dry acrylic frame and kept horizontally for 1 min.

[000266] Organic solution (50 mL) was poured onto the framed membrane surface

and remained for 2 min. The solution was drained by tilting the frame (vertically) till no
solution dripped from the frame. The acrylic frame was removed, and the membrane

was kept horizontally for 1 minute. The membrane was then dried at 95°C for 6

minutes.

[000267] Organic phase nanoparticles. Example 9-13, 15, 19, 22, 26-28, 35, 36, 41-
44, 51-56, 58, 59, 119, 121

1000268] An aqueous of MPD, 4.5 wt% TEACSA and 0.06 wt% SLS in DI water was
prepared. An Isopar G solution with TMC and nanoparticle was also prepared and
sonicated for 30 minutes. To this solution was added a homogenous solution of the
molecular additive dissolved in an aromatic cosolvent (xylene or mesitylene). Final
concentration of the cosolvent was 4 wt% by weight and the concentration of MPD,
Nanoparticle, TMC, and molecular additive are listed in the tables.

1000269] A piece of wet polysulfone support was placed flat on a clean glass plate. An

acrylic frame was then placed onto the membrane surface, leaving an area for the

interfacial polymerization reaction to take place.
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0. 08% Ga(acac) 3 34% 99.37% 158 4% MPD 0. 30% TMC 13. 33
0.08% Ga(acac)3 28% 99.64% WO

WQO®9/12133854PCT/ US2009/ 040732 159 4% MPD 0. 4098 d1IVIZS2009/040732
10.00 0.08% Ga(acac)3 42% 99.50% 160 4% MPD 0. 50%
TMC 8.00 0.08% Ga(acac)3 57%

[000270]  Aqueous MPD solution (50 mL) prepared as described previously was
poured onto the framed membrane surface and remained for 1 min. The solution was

drained by tilting the frame till no solution dripped from the frame.

[000271] The frame was taken off, and was left 'horizontally for 1 minute. The
membrane was then clamped with the glass plate in four corners. An air knife was used
to finish drying the membrane surface. The membrane was reframed using another
clean and dry acrylic frame and kept horizontally for 1 min.

[000272] Organic solution (50 mL) was poured onto the framed membrane surface

and remained for 2 min. The solution was drained by tilting the frame (vertically) till no
solution dripped from the frame. The acrylic frame was removed, and the membrane

was kept horizontally for 1 minute. The membrane was then dried at 95C for 6

minutes.

1000273| Membranes without nanoparticles. Example 14, 29-34, 94-118, 120, 126-
136, 137-166

|000274]  An aqueous solution of MPD, 4.5 wt% TEACSA and 0.06 wt% SLS in DI
water was prepared. An Isopar G solution with TMC was also prepared and sonicated
for 10 minutes. To this solution was added a homogenous solution of the molecular
additive dissolved in an aromatic cosolvent (xylene or mesitylene). Final concentration
of the cosolvent was 4 wt% by weight and the concentration of MPD, TMC, and

molecular additive are listed in the tables.
[000275] A piece of wet polysulfone support was placed flat on a clean glass plate. An

acrylic frame was then placed onto the membrane surface, leaving an area for the
interfacial polymerization reaction to take place.
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99.55% 161 2.5% WMPD 0. 09% TMC 27. 78, 0.116%
Sr(16acac)2 1% 99.25% 162 2.5% WMPD 0. 30% TMC 8. 33

WO 20962435¢ (f 6acac)2 53% 99.21% 163 2. 5% MPD OPGDYS20ML040732
5.00 0.116% Sr(f6acac)2 46% 99.11% 164 4% MPD 0. 09%

]000276] Aqueous MPD solution (50 mL) prepared as described previously was
poured onto the framed membrane surface and remained for’1 min. The solution was

drained by tilting the frame till no solution dribped from the frame.

[000277] The frame was taken off, and was left horizontally for 1 minute. The
membrane was then clamped with the glass plate in four corners. An air knife was used
to finish drying the membrane surface. The membrane was reframed using another
clean and dry acrylic frame and kept horizontally for 1 min.

1000278]  Organic solution (50 mL) was poured onto the framed membrane surface

and remained for 2 min. The solution was drained by tilting the frame (vertically) till no
solution dripped from the frame. The acrylic frame was removed, and the membrane

was kept horizontally for 1 minute.. The membrane was then dried at 95° C for 6

minutes.

[000279]  The percentage of flux improvement may then calculated relative to a
control membrane made with the same concentration of MPD and TMC, with no
nanoparticles or additives, as the increase in GFD divided by the GFD of the control.

[000280]  Preparation of membrane from monohydrolyzed TMC. Examples 1, 122-
125. '

[000281]  An agueous solution of 4.0 wt% MPD, 4.5 wt% TEACSA and 0.06 wt% SLS
in DI water was prepared. An Isopar G solution with 0.3 wt% TMC was also prepared
and sonicated for 10 minutes which also contained monohydrolyzed TMC as specified
in the Tables. The Isopar solution was allowed to sit for 1 hour before use.

]000282] A piece of wet polysulfone support was placed flat on a clean glass plate. An

acrylic frame was then placed onto the membrane surface, leaving an area for the

interfacial polymerization reaction to take place.
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TMC 44.44 0.116% Sr(16acac)2 13% 23.38% 165 4% MPD
0.30% TMC 13.33 0.116% Sr((6acac)2 46% 99.38% 166 4%
WORDIA2B0 TMC 8.00 0.116% Sr(f6acac)2 34% 9BCT/LS2009/040732

10002591 Ex.# MPD TMC MPDI TMC Rati o ORG NP

[000283] Aqueous MPD solution (50 mL) prepared as described previously was
poured onto the framed membrane surface and remained for 1 min. The solution was
drained by tilting the frame till no solution dripped from the frame.

[000284] The frame was taken off, and was left horizontally for 1 minute. The
membrane was then clamped with the glass plate in four corners. An air knife was used
to finish drying the membrane surface. The membrane was reframed using another

clean and dry acrylic frame and kept horizontally for 1 min.

[000285]  Organic solution (50 mL) was poured onto the framed membrane surface

and remained for 2 min. The solution was drained by tilting the frame (vertically) till no
solution dripped from the frame. The acrylic frame was removed, and the membrane

was kept horizontally for 1 minute. The membrane was then dried at 95°C for 6

minutes.

See Table X.
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ORG ADDI TI VE % FLUX | NCREASE FLUX REJ. Xl I. EFFECT OF

TMC CONCENTRATI ON ON ADDI Tl VE FLUX | NCREASE 167 6% MPD
wW@2®%1 19881 30. 00 0. 05% Al (acac) 3 55% 37. 6 GFD BEr/vS209/040732

168 6% MPD 0. 30% TMC 20.00 0.05% Ga(acac)3 43% 34.8

GFD 98.43% 169 6% MPD 0. 30% TMC 20. 00 0.05% Fe(acac) 3

41%

Claims

1. An interfacial polymerization process for preparing a highly permeable RO
membrane, comprising:

contacting on a porous support membrane,

a) a first solution containing 1,3-diaminobenzene, and
b) a second solution containing trimesoyl chloride,

wherein at least one of solutions a) and b) contains well dispersed
nanoparticles when said solutions are first contacted, and

recovering a highly permeable RO membrane.
2. The process of claim A1, wherein a) includes well dispersed zeolite LTA
nanoparticles in water. '
3. The process of any preceding claim, wherein b) includes well dispersed
zeolite LTA nanoparticles in an organic solvent that is immiscible with water.
4. The process of any preceding claim, wherein the nanoparticles have a
polydispersity of less than 3.
S The process of any preceding claim, wherein the nanoparticles are
selected from the group consisting of Aluminite, Alunite, Ammonia Alum,
Anauxite, Apjohnite, Basaluminite, Batavite, Bauxite, Beidellite, Boehmite,
Cadwaladerite, Cardenite, Chalcoalumite, Chiolite, Chloraluminite, Cryolite,
Dawsonite, Diaspore, Dickite, Gearksutite, Gibbsite, Halloysite,
Hydrobasaluminite, Hydrocalumite, Hydrotalcite, lllite, Kalinite, Kaolinite, Mellite,
Montmorillonite, Natroalunite, Nontronite, Pachnolite, Prehnite, Prosopite,
Ralstonite, Ransomite, Saponite, Thomsenolite, Weberite, Woodhouseite, and
Zincaluminite. '
6. The process of any preceding claim, wherein the rejection is at least
99.5% and the flux is at least 40 gfd.
7. A highly permeable reverse osmosis membrane produced by a process,

comprising:

83



34.2 GFD 99.47% 170 6% MPD 0. 30% TMC 20. 00 0. 08%

Cr(acac)3 13% 27.5 G-D 98.21% 171 6% MPD 0. 30% TMC
WQ@000029304 06% Tri but yl phosphat e 24% 30. 1 GFD 9BCBLS200Y@40732

6% MPD 0. 30% TMC 20.00 0.06% Tri phenyt phospht ne 32%

32 GD

contacting on a porous support membrane,
a) a first solution containing 1,3-diaminobenzene, and
b) a second solution containing trimesoyl chloride,

wherein at least one of solutions a) and b) contains well ciispersed
nanoparticles when said solutions are first contacted, and

recovering a highly permeable RO membrane,

wherein at least 20% of the membrane surface area consists of
nanoparticles.
8. The membrane of claim B1, further comprising a porous polysulfone
support with Zeolite L TA nanoparticles located between the support and the
membrane.
9. The membrane of any preceding claim, wherein the nanoparticles have a
polydispersity of less than 3.
10. The membrane of any preceding claim, wherein the nanoparticles are a
zeolite is selected from the group consisting of Alu'minite, Alunite, Ammonia
Alum, Anauxite, Apjohnite, Basaluminite, Batavite, Bauxite, Beidellite,
Boehmite, Cadwaladerite, Cardenite, Chalcoalumite, Chiolite, Chloraluminite,
Cryolite, Dawsonite, Diaspore, Dickite, Gearksutite, Gibbsite, Halloysite,
Hydrobasaluminite, Hydrocalumite, Hydrotalcite, lilite, Kalinite, Kaolinite, Mellite,
Montmorillonite, Natroalunite, Nontronite, Pachnolite, Prehnite, Prosopite,
Ralstonite, Ransomite, Saponite, Thomsenolite, Weberite, Woodhouseite, and

* Zincaluminite. )

11.  The membrane of any preceding claim, wherein the rejection is at least
99.5% and the flux is at least 40 gfd.

12.  An interfacial polymerization process for preparing a highly permeable RO
membrane, comprising:
contacting on a porous support membrane,
a) a first solution containing polyamine monomer, and
b) a second solution containing a polyfunctional acyl halide

monomer, a
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2009/ 129354PCT/ US2009/ 040732 Clainms 1. An interfacial
pol yneri zati on process for ggeparing a highly

per mneabl e RO nenbrane, conprising: contacting on a
por ous support nmenbrane, a) a first solution
cont ai ni ng 1, 3-di am nobenzene, and b) a second

sol ution containing trinesoyl chloride, wher ei n
at | east one of solutions a) and b) contains well

di spersed nanoparticles when said solutions are first
contacted, and recoverlng a hlghly perneable RO
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6. The process of any preceding claim wherein the

rejection is at least 99.5% and the flux is at |east
waogfizh3s4 7. A hi ghly perneabl e reverse osnpsi BCT/US2009/040732

menbr ane produced by a process, conprising:

contacting on a porous support nmenbrane, a) a first

sol ution containing 1, 3-di am nobenzene, and b) a

second sol ution containing trinesoyl chloride,,

re| ast one of soluti.ons a nd b) , contai ns
wir1 < fte el S R0 Bl OREEoiR e il S8 RIS Sefeted from
fchﬁxpscpatmtwaommablgqmmcpg a highly perneable RO
nmenbr ane, wherein at | east 20% of the nenbrane

86 acEhamemtrane of faipAOWARERIA IS Betal is magnepiym, calcium or

n?(I%H of claimBl, further conprising a porous
ol ysul f'one support vvlth Zeolite LTA nanoparticles

| 3¢at etheatenelrane & claim @omhereid theneetal ihaasiemeny, setepted from
ei
R ARG Bl B GRSl T RIS § o I eriodic Tabie
10UPAIDY. merrbr ane of any pr ecedi ng cI a| m wherein the
n tlcle ar e |sslecte fro t he ar
gﬁSI s ?16‘95? rAPE R ﬁ{z r840m/lﬁ{ﬂn tﬁemﬂsa?n EW‘ent 9E18ERd from
At&@gg?bhﬁ coﬁ@ls@(ﬁqut GrolpRsBL U Bi diidt Row H3t-a iof Ehe E@'lub@ut Fable.
Beidellite, Boehmte, Cadwal aderite, Cardeni

CAkl coBne marabraps of clains A0whessia said metab's QHJWT'LI”E‘ ggallium,
DRR o Ja%ad@n‘i‘srﬁefyﬁde%rﬁkhéfﬁrurrﬁ%%bﬁﬁ %tﬁéhlur@ iP&$ i dhPomium,
Halloysite, Hydrobasal um nite, 'Hydrocal umte,

Hoarraua, dint Berviium, palladaam; yiterbiunksbium, tReasa@slymiwm, copper,

t r Nontronite, Pachnolite,

I\P/?'g% %ghé%rﬂgsgalc{ﬂ?ﬁ cggﬁéﬁgnrlﬁt e, Ransomte, Saponite,
'Th@rrse‘ﬁlmé Hteenbmebexf ahg premdmg)mlam tvwheralndhe beta-diketonate is an
Zi nctal u nltte 11. The nenbrane of any preceding
cPET'RFCARRPE n t he rejection is at |least 99.5% and the

f kX i h@mdmetrahe 49 ap§ precetithg daim, MireréimathalTMC concentration in
pol ymerizafj o ocess for preparing a highly

pé}ﬁé)a%l‘eoé{é &g}"(‘&)r ane, conprising: contacting on a

P24 OUSTﬁé‘ﬁfé?ﬁﬁraHB'ﬁi’%ﬂV%rec%lefg E1binS twiIsRbilthe TMC concentration in
cont ai ni ncg %3 yam ne nononer, and b) a second

sa) §t0.3m &o %N’Wl)ng a pol yfunctional acyl halide

° E! WHdré SRMRALEN L drkains

g?gsen h? fbea k%ﬂaﬂ},rﬁg%(%&mﬁ?ﬁfg ther poly rrerlé;)atl 02?1I

r s@obhypdrolyaed Trl\é@overl ng a highly perneable RO

THEYY 0o rcss LS VARSI, WR AT 1BV % bfonvronzec

PEMOrditio |Fianbhssfr()rlnLWC)o 1514. The pr ocess of claim 12

rein the netal is magnes um qr, stront
147 ThEne At e ot Bl PUES N R ER AvhatEr D H1EE BB, and the
ePaﬂféﬁﬂtMBBP’mCGﬂfrBhﬂﬂuiiﬂi‘ group consi sti ng of G oups 3
- 14 and Rows 3 - 6 of the Periodic Table IUPAC%
168. ThEh%F&E@%@”SfOf@P&l%‘PCPE'”QAH€%|Wﬁirﬁ!@ teoataing MEP, and the
e t t group consi sting of G oups
3@%‘%}%@9 tqgf@ﬁpg} it!@ﬁe Periodic Table. 17. The
pﬂ%ces’£h©fn€tfh|@raﬂﬁpi any eregeding¢lginvewhgreinsb)ganaingMPD, and the
g [ [ nmol ybdenum haf ni um
cggot,gl#fm ?ﬁ\gﬁq%gﬁ%ﬁpggn%chrom um cadmum tin,
b&0y! i Ting nmpsxhbradie whany presdsingclasn, bummlrpatasaasjdmei afrsolutions
copper .. zi nc, nmagnesi cal cium or strontium 18.
Tﬁgg'b‘? BLEQLalys rﬁv%%pﬁ:i@esdl ng claim wherein the
bet a- di ketonate i s an acetoacetonate. 19. The process
of any preceding claim whegpin the TMC concentration
ina) is 0.2 - 0.6%(ww. 20. The process of any
preceding claim wherein the TMC concentration in a)
iIs 0.3 - 0.5%(ww. 21. The process of any preceding
claim wherein solution a) contains nonohydrol yzed
TMC. 22. The process of any preceding claim wherein
the TMC to nonohydrolyzed TMC ratio in b) is from50:1
to 15: 1. 23 The process of any preced| ng claim
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29. The process of any preceding claim wherein the

nanoparticles have been processed in a mcrofluidizer
wappanzwsss.  30. The process of any precedi ng BCHUS3009/040732

wher e sai d processed nanoparticles have been cal ci ned

for at least 1 hour at 200C or nore. 31. The process

of any preceding claim where said processed

nanoparticles are sodi um al um nosilicate. 32. The

p of d|n erein_a)  contai
D5 e b graPe S0k PlheRoRiofyail reBp i gt piper sBfltions
agpay bP@cBﬁtéin@SNéllrd|Q§Bt§@dlﬁaﬁ@battl¢léﬁ whien said solutions are first
nmet aphenyl enedi am ne. 33. The process of any
pfHBEHPAgG claim wherein the salt rejection is at
| 58St PRe Fhéombr%ﬂe oTBﬁ){ preeery aémﬁmhe%.ﬁcr@a%agnra@ HBve been
wherein the flux is | east . rocess
obrokay oppesiady @@eselveﬁms'nmwrmaawtatl@raszr lmoa@ Praesdo maximize
raR BBl Hetd peiEBoREBRICH © (A6 eRala 34T ERzatth piure
ab3.i nt Ené acinabrapelof avy premedmng ¢iaiot edwreiodhpnasoparticles have

contactin nbrane, a) a first

sofUt P%Oﬁeg%%‘f@i%ﬁtﬁgﬁ '85#55@‘%{8 nomer and b) a
SQ¢0nth$@h1€nht§r@né @nbay prewaur@cdlarﬁu nHdresald progésdeal i de
nmononer " wherein a nol ecul ar addltve CONMQ

phaeaatigles Q§V%Pe%0 calcinggifer atpastg o %&%’n@ﬂr Meon
r 88Ct i PR nRINSbraRE Y 8k Sac%dht/ggétéwh REHTE 3BldeprBEkssed
menbrane. WO 2009/ 12 54PCT US2009/ 040732 ~ 37. The
nﬁmmlw agg sedivm@EMmInesiicat®e netal. is an el enent
ect T . .
S804 T Rl O By B B8 Y S B G
ntamtesanbnn sobltionwihtimesayl ehloriden andsa) caritaing@maquesusfsolution

h nmetal is an el enent selected from
ﬂfamgta&g‘snt'Sﬁgﬁ@h rﬁeg of Groups 3- 14 and Rows 3 -6 of
t BB PeThedietnbrahé @f 6hyprécedingddain venereintihaiselt oéjectia is1at
gég pn the metal is an elenent selected fromthe
gteé‘ﬁb #isting of Groups 3 - 15 and Rows 3 -6 of the
Pgg i 0dTke frphisrane 4t any beed@amg"@alﬂn Qfherbiai the 40wheaeieast 40
said metal is alum num gallium indium vanadi um
nﬁﬂdybdenum haf ni um cobalt, ruthenium iron,
om f I 0
CB5 O R rRAMTEHor By B3 0 AL ER difast 20% of e
nmgnﬁxauensutfad;eatﬁaccmsnsgw naparticles?. The nenbrane of
any preceding claim wherein the beta-di ketonate is an
acet oacetonate. 43. The nenbrane of any preceding
céai m Antirtedacial palymdizationqerotess fooprepariay a lswfoRling highly
0. 6%évv/vv#.é) 44. The nmenbrane of any preceding claim
wWRBTaPIE RO MG RGAGHATPRIS™h in a) is 0.3 - 0.5%

(Ww. 45.a)herstesitien omtbinity a pogeethe enaHoaidn and
wher ei n sol ut| on a). contai ns nmonohydr ql zed TNC”WK‘??
0

The pr ocessPlo? SBERNTIAGH mt@nmﬁ]pq}m digrat Ay
monohygipbegd TMC ratio in b) is from50:1 to 15:1.
47. The menbrane of any preceding claim wherein b)
cont ai wberrﬁvn)altamumh@n reRriesedlfin POT PMOriboth, [dufing the 35,
4 f any preceding claim wherein b)
é"'%’m?'zgﬁfggr the ratio of MPDPTMC is from5 - 25!
49. Thecneartngaaekovotfouim, pigblyguirmgableaR @ mambranen b)
contains MPD, and the ratio of MPDTTMC is from 30 -
35. 50. The nenbrane of any preceding claim wherein
at | east one of solutions a) and b) contains
nanoparticles. WD 2009/ 1298&4PCT/ US2009/ 040732 51.
The nmenbrane of any preceding claim wherein at |east
one of solutions a) and b) contains well dispersed
nanoparticl es when said solutions are first contacted,
52. The nenbrane of any preceding claim wherein
nanoparticl es have been broken or partially dissolved
usi ng shear, cavitation, or inmpact forces to maxim ze
sal d sol ubI e rret aI speC| es contr| but ed to the
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58. The nenbrane of any preceding claim wherein the

flux is at least 40 gfd. 59. The nenbrane of any
w@e@oanidng claim wherein at | east 20% of the PENDISZNS040732

surface area consists of nanoparticles. 60. An

interfacial polynerization process for preparing a

| ow-fouling highly perneabl e RO nenbrane, conpri sing:

a) a first solution containing a polyan ne nononer,

a b) a secon ol uti on _cont ai ni nga . .
Byt (R PEsisS 285 P SETRS R fon 1 Bragest i B) n
ahwﬂb&yﬁbh@@uh@npresent‘in a) or b), or both, during
t he pol ynerization reaction, recovean%)a | ow f oul i ng,
hfgh! y T Pracess of pay REagsaRgCclaimp@yherein b) contains aluminum
2%&%6;&&35 BCT/ US2009/ 040732 61. The process of claim
6 erein alumnumion is present in b) in hydrocarbon
s6B.ut i Bine pragess Phany praedingotlaisnywhereioeatien gredustian, the

r el . ' ' - t t The
of Bafiringls AR JHRLERERSR L RIFE £ PP g ortore! e
p6oducTheprodeiss ofranp peatedirg claing eheraina) caqtesmsis
oA B B R P S g R olIoR8 88 c8hpouna
nBs.2apheRy besteds dfbAE pfeded ainfWhehgindReHadLs sugportm
esoyl chori de conmpound. ' 5, The process of any precedi ng
cMEMRran speias MNORSFUSIRS support nenbr ane cont ai ns
NGBOPafh he?Bih SHEEEsbdHhas b
c?@a'i mf% tﬁ%ﬁsgggﬂyéﬁﬁgiﬁi@gﬁen st orled@éj%r about
osleréminr abetivore bowr hrIDiBLi poAitMizationceadion. 67. The
proces ' e ~Lei I
P sor % Brels B ShF By it din MHRrE 41 64st oRE T sBons 2
Thed pi octatsafarmpyrtiglescedi ng cl aim wherein at | east
0 of _solutions.a) and b) cgntains well dispersed ..
Bfopal i BidsesaRt AL BrKpeine R Bh a4t BBR L cplions 2
68nd DheoMaRessl Okpéiid Pafepatitites Mt ainseltons aad first
processed nanoparticles have been broken or partially
dPRBF®Ed usi ng shear, cavitation, or inpact forces to

By M TRe PAddsS OF HRY PrétRidtlg QBRE vifer6PNdid pricedsé® the
i nterfaci al polénerlzatlon m xture. 70. The ﬁrocess

onhanerarpe'es bave geen srekengidasiallytdiesahgdeeting gheay, gavitation, or
| g oo ' .
G5k AL i s s mapharied it oy

amtenfa s frepdyraérizadilonp meixiuzat i on process, conpri sing:

7Pt LhF B RO PR ) B nm sigrtion fipt st

bpo &% anartte fok statacast@dtgidni nga pol yf unctional acyl
hal i de nononer, wherein alum numion is present
in a) or b), or both, during the polynerization

reqct i ANow-fddiingTMEnIyRERhaaBleO Ghéhbidhe, PRIcRIcBd by an interfacial
alum numion is present in b) in hydrocarbon sol ution.
780lymesizatiom PEIFESSHICOMR S cedi ng cl ai m wherein b)
cont ai ] . The menbrane of
any prginetg#t@ %?quip%?&jvﬁer in afbtﬁrebrrarg%oducti on, the
menbr ane i say4 fiest golutionsoaiginiog s Podiamine manemergaad pH
of 8 or norg, pglcgpacciyyy - ' j -
claim vvher®| ans%‘?oncdogr}ﬁ%l' ns %ﬂ%g‘{n%ﬂen%rgﬁgo&%g?nmﬁg alide
cor npumehnoared , b) contains a trinesoyl choride conpound.
76. The nmenbrane of any preceding claim wherein the
por ous support menbrane contains nanoparticles. 77.
The menbrane of any preceding claim wherein said
support has been stored forggbout one hour before the
pol ymeri zation reaction.. 78. The nenbrane of any
preceding claim wherein at |east one of solutions a)
and b) contains nanoparticles. 79. The nmenbrane of
any preceding claim wherein at |east one of solutions
a) and b) contains well dispersed nanoparticles when
said solutions are first contacted, 80. The nenbrane
of any preceding claim wherein said processed



b) an organic solution containing trinmesoyl chloride
(TMO) and a hydrol yzed TMC speci es, and recovering a
whegblige3per neabl e RO nenbrane. 83. The procesBCD1S2009/040732

cl ai m 96wherein the TMC to nonohydrol yzed TMC ratio in
b) is from50:1 to 15:1. 84. The process of any
preceding claim wherein the TMC concentration is 0.2
0.6% w w. 85. The process of any precedi ng.- claim
wherein the TMC.concentrati o . 0. 5% w w. 6.
The preeeh SEMITRITLisiphean 2 i Subpaifh dulthe 1€,
g@y@@r@gﬁdﬁﬂ@ﬁﬁo@) and b) contains nanopartl cl es.

The process of -any preceding claim wherein said

né%opaT"t‘eF g1esPreRe @5%'@"%\183Irl%§%'f‘ UBBHMOIONAP BFRSTRM RN

5%&%%oﬁgggﬂ,@ﬁtl cles, based on the weight of the
m Xt ure. . The process of any preceding claim

wher ei Th@;nemmaae 095 anY presgdinge:lam, whesgipfd contalns aluminum

MROQLY IO N ed TMC, based on the total trinesoyl
specres in 89. The process of any preceding

cf4i m Trvmgrembrane of Rppiadedngnaiant, mdterein after poodustibn dive

crerRens R TR RS BT EE A il e o

915, THEn@meeesaneof any plfHo‘éde@l mgmq Iwmerr@mvd) eoeataing e
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TREgRNGEKESedrmIAG CRMeLEd: ?ﬁ# R) nﬁ'naﬁéﬂmeﬁow oride compoun

r % eCtTr%‘rrie‘Pn&Iané %@éhy B%c@%ﬁr@'@auhh vHeréin thé pafodseitpport
A hi ghl'y’ perneabl e reéverse osnpsi s

rr@ilﬁmﬁiﬂ@e cgmt@mdwomrtms nterfacial polynerization
P PCESPng ﬁw rbﬁé 38 an Fléc%mgflga.ﬂ{‘ WhePOhUsi SURRRH thas been

menbr ane; ueogg sol ut on dontarl ni ng
rretbsq:ﬂmnﬁbeuleomb tamn@f()rmm Jposmerization reacmpnan or gani c

oA 95 SNBSS T et souons

- pey amdhb) eorR@anmbpamcles% The process of claim 110

oy shraegtions & SRBIYALRI S8, IVl e Bl oo
chphma bw t8in8 wdiedidpbrse6@RaRBIAratIed Whe daid solufloriare first
w Ww. The process of any preceding claim wherein

t geNtIRedconcentration is 0.3 - 0.5% ww. 98. The
p?@ces‘?hé)Fne’i‘lWraHé%‘F%& BeeceldfHdBlaiM) &irir8indaid Bﬂﬁ:bsé’é@

'sol utions a) and contalns nanoparticles.
Thanqpaotiegss have bagn prakeadir pgridallyidigsolmesl wsing §Ia¢af caVItatlon or

SO o R R P Sa sch B8 meloPRRC R, iR e E

minkérégctal pol;@ﬁ)enz'atlenmmliotmeeas of any pr ecedl ng claim

rei contains at | east f o
nihony R PR H ATy BissiTgncIoRs A el B sty s o teast
SPeGPeaNd thdlux isldd leastlae gidocess of any preceding
claim wherein the MPD) TMC concentration ratio is from

5 - 35. 102. The process of any preceding claim
WBQ rei Aniherd® QTJWnéﬁf‘él%téréééwoF éFépﬁarihg d tﬁn@%yﬁnermeable RO

103. The process of any prece Ing claim erein
th@ﬁwwﬁrl\@f@mﬁdf@tratlon ratio is from30 - 35. 104.

ror eot Panan o PEoRRCRREER ReP gL € o cast

40 gf d. a) an aqueous solution containing metaphenylenediamine (MPD),

and
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b) an organic solution containing trimesoyl chloride (TMC) and a

hydrolyzed TMC species, and

recovering a highly permeable RO membrane.
83. The process of claim 96wherein the TMC to monohydrolyzed TMC ratio in
b) is from 50:1 to 15:1.
84. The process of any preceding claim, wherein the TMC concentratioh is 0.2
- 0.6% wiw. v
85. The process of any preceding claim, wherein the TMC concentration is 0.3
- 0.5% wiw.
86. The process of any preceding claim, wherein at least one of solutions a)

~ and b) contains nanoparticles.

87. The process of any preceding claim, wherein said nanoparticles release at
least 1 ppm of aluminum per 5% (w/w) nanoparticles, based on the weight of the
mixture. .
88. The process of any precedingbclaim, wherein b) contains at least 0.05
wt.% of monohydrolyzed TMC, based on the total trimesoy! species in b).
89. The process of any preceding claim, wherein the MPD/TMC concentration
ratio is from 5—-35.
90. The process of any preceding claim, wherein the MPD/TMC concentration
ratio is from 5 — 25.
91.  The process of any preceding claim, wherein the MPD/TMC concentration
ratio is from 30 — 35.
92.
93.  The process of any preceding claim, wherein the rejection is at least
99.5% and the flux is at least 40 gfd.
94. A highly permeable reverse osmosis membrane, produced by an
interfacial polymerization process, comprising:

contacting on a porous support membrane,

a) an aqueous solution containing metaphenylene diamine (MPD),
and
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b) an organic solution containing trimesoyl chloride (TMC) and a

hydrolyzed TMC species, and

recovering a highly permeable RO membrane.
95.  The process of claim 110 wherein the TMC to monohydrolyzed TMC ratio
in b) is from 50:1 to 15:1.
96. The process of any preceding claim, wherein the TMC concentration is 0.2
- 0.6% wiw.
97.  The process of any preceding claim, wherein the TMC concentration is 0.3
- 0.5% wiw.
98.  The process of any preceding claim, wherein at least one of solutions a)
and b) contains nanoparticles.
99.  The process of any preceding claim, wherein said nanoparticles release at
least 1 ppm of aluminum per 5% (w/w) nanoparticles, based on the weight of the
mixture.
100. The process of any preceding claim, wherein b) contains at least 0.05
wt.% of monohydrolyzed TMC, based on the total trimesoyl species in b).
101. The process of any preceding claim, wherein the MPD/TMC concentration
ratio is from 5 — 35.
102. The process of any preceding claim, wherein the MPD/TMC concentration
ratio is from 5 — 25.
103. The process of any preceding claim, wherein the MPD/TMC concentration
ratio is from 30 — 35.
104. The process of any preceding claim, wherein the rejection is at least
99.5% and the flux is at least 40 gfd.
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