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reference, in their entireties. 1. Field of the Invention 100011This
invention i s P&048.837.tfted AP Pi 2¥R% onposite or TFC nenbranes i ncl udi ng
nanoparti cl esgaipds 9h7 atidicAp@ddi ooses, and nore particularly to such

menbr anes used for reverse or forward osnosis, for exanple to purify water.
2. Backgr ound 8&04p.849.IfireARTIdR. 2008)002] Rever se osnosi s nenbranes, made by
interfacial pghyasnszatddap@fisazoosoner in a nonpolar (e.g. organic) phase
together with a nonomer in a polar (e.g. aqueous) phase on a porous support
menbrane are RWOWR 78S fiett) edBrZ¥8s and are used where flux and substantia
rej ecti on chakaoseesstiissaagestneqoosed, for exanple in the purification of
wat er. Various nater%gls aavE bgeg &?ded to TFC nenbranes to increase flux
wi t hout reducPidOf&PectebicoRer ke8¢ stics and have met with linited
success. SuchemgubrangsedDec. al2s0@3ibj ect to fouling resulting in reduced
flux as contam for _.ex romthe brackish or seawater to be
purified, buiEhﬂﬁgbg%ﬂP%%Déﬁﬁﬁgégp%n the discrimnation | ayer of the TFC
menbr ane. 100834'Phau3diel beeded2a0& t echni ques for further inproving flux
whi | e mai nt ai ni r i Vi jection characteristics, resisting the’
effects of fo%ﬂﬂ%6$4ﬁgm%éﬁﬁcg%'?8@§chniques for inproving comerci al
processi ng of ssueh uapfileybdc. TRC20@5br anes. BRI EF DESCRI PTI ON OF THE

DRAW NGS 1000 [ i I jagramillustrating the layers in a step
in the procesé}gkgﬁﬁéggg?ﬁagéegé menbrane in which nanoparticles 16 are
present in agéedds 3phdsed D4c. TOBOBBIFig. 2 is a block diagramillustrating

the | ayers ins?g%&%ﬁs”ﬂa§58%pﬁp§8§§ of preparing a TFC nmenbrane in which
of : ,

nanoparti cl es are esent 1 h orgdanic phase 18. 100061Fig. 3 is a block

di agram i | | us®ideriegotited Paget?s 2008.a step in the process of preparing a TFC
menbrane in wai LEl @sod@g.are present in both aqueous phase 14 and
organi c phasg%igazﬁ?ggggapkgfei Is'a block diagramillustrating the |ayers
in a step in BhAE2p:368d8ed BECpYeBaPd ng a TFC nenbrane in whi ch nanoparticl es
16 are presentgjBo\WakehsBLUt{20Bodd between porous support menbrane 12 and
aqueous phase%14. %%OOS%FPQ. 5'is a block diagram show ng the use of a TFC
menbr ane, havibif2AakepEed Pere?. 2808.n a | ayer discrimnation layer 24, in a
rever se 0snosigs;PhaeesHed HBEOABLBbEs: 6 is a bl ock diagram show ng the use of
a TFC nenbrane, haVing nanoparticles 16 between discrinination |ayer 24 and
por ous suppor ©1fereEnded Beci 1P, 80P3ver se osnosi's process. 1009101Fig. 7 is

a TEM mi crogr aph sefzsdi med Fab.nat pooo:| ayer 24 illustrating nanoparticles 16
inathin fil rix._ 1000111Fig. 8 is a cross section view of ‘RO

m pol yner mat .
mermbr ane 10 | r@éﬂ@éﬁ%' fHeh6pRr4’i €PEE 208 in discrimination layer 24 on
support menbr gAeedb31 10802k 27, 2908 salldf whasisars #cbiponated ewrefbrdi@emenbr ane
10 including nanoparticles 16 in discrimnation |ayer 24 on’ support
menbr ane 24. i@ﬂr’ﬁTﬁpﬁz 10 is a diagrammatic view of RO nmenbrane 10 during
fabrication processing including soluble netal ions in aqueous phase 14.
1000141Fig. 11 is a diagranmmatic view 0f RO menbrane 10 during fabrication
processing including soluble netal ions in organic phase 18.



1000151Fig. 12 is a diagrammtic view of RO nenbrane 10, including
nanoparticles and soluble netal ions 16 in discrimnation |ayer 24 during
reverse osnosis. 1000161Fig. 13 is a diagrammatic view of RO nmenbrane 10
during fabrication processing including nanoparticles and sol ubl e netal
ions 16 in aqueous phase 14. 1000171Fig. 14 is a diagrammatic view of RO
menbr ane 10, including nanoparticles and soluble netal ions 16 in
discrimnation layer 24 during reverse osnosis. 1000181Fig. 15 is a

di agrammatic view of RO nenbrane 10 during fabrication processing including
soluble netal ions 17 in aqueous phase 14 released in whole or in part from
nanoparticles 16 in porous support nenbrane 12, or fromother carriers.
1000191FL9. 1§kﬁ ofd dipdraspratic view of support nmenmbrane 12 during
fabrication in—ﬁirtﬂ~cas§rng solution 13 is coated on fabric 20 on gl ass

pl at e 15.100000020 TRisgnvention & relatidatgithbimiin cemposilw oo fTFRONABRIANEACIENg

i ncludin I i in

i scr m SO B G BR/G o ek g Moo S Bl BV T st R et e

cheni cal reversepulcavaf ogmesishiptpxAamyReth AWy ¥e®0n221Fig. 19 is a di agrammatic
vi ew of RO nenbrane 10 during fabrication processing including

nono- hydrol yz gdckdvbuntofitie Rvegiinc phase 18. 1000231Fig. 20 is a

di agrammati c view of RO nmenbrane 10, inc]uydi.ng nono- hydrolyzed TMC 16 in
G o0r T RRbn | ARIFrSS PTG R R8s B e BGOSR ST a1 R
of nmono- hyshoharzed ndbMsiarl@QPD Zhd4mic).phdde tayethedivith kanoradnier in a@wlanfie BO
menbrane 10 duri p\g fabrication cE)rgocei)si ng i ncl udi ng ED| e\(l:#l ar additive 16
in or gani3UBAEE &N ON BHEEYBELEPOYBeMbranerg SPAXAR i E LT ERPEY e R frenbr ane
10, i ncl uge ngedwheeuluarnaddbstamial dfedtion dharacteristitatar®requage rfo2€xatdyne img

| is. 1000271Fiq. 24 | i tic . yipw.of 10
ueea o JOF PRy R Retrar Roiotsa ple < Wa T Sk L P Rlariuaeve °ne

r epr esentiadreage fafk witheur educed rdj@gisn charbtiexrstosendthame meed wathriggtetit of foul i ng

for three different nenbrane configurafi v Fi ' graph

rel ating Sr?ﬁ?ﬁf'lsar‘?’é‘cég}elngg}ﬁ%%sc%retatgsopsg’ﬁet%{/toggangﬁggﬁﬁ?géﬁéﬁg?&%g fﬂfﬁ/ﬁé SUMVARY OF
THE | NVENDBh@hindr€ 038 0skdampimfeora sipeloriackis mpr seeecterde haipgutsd, ooild upen tise of
nanoparticles in, TEC n ' ?ﬁy ped i ncluding the conbi ned
used of naf %%wﬂp%Fgg”ﬁﬁ%ﬁ@?%ﬁgﬂ%}fﬁ%ﬁﬁévﬁ . rg%]%'al ine earth netals,
nmonohydrol yzed TMC and/ or other nol ecular additives in hybrid nanoconposite

, y Dl .
TFC menbrid®8s wi tMhatges eesded ar¢ tpehninupelor fuineaimPraieg lpphilggaintaining

char act erd s pesing H)OARh A RANHE, réiiRg the sMRIISMOMAR! bdwBRBOCONPOSi te TFC
menbr anes, toget ﬁer w th nore advantages caoncentrati onngnd ranges of TMC,

MPD t 0 TNEShTERYes SOrd@PIRvING 8 TEiairreeeRpiIgOf SHCIY BRRTRYRY bR p¥imR'é e t he
concentrations of additives, such as nonohydrol yzed TMC, nmake the design
and fabrication of engi neered nanoconposite TFC nmenbranes with sel ected
flux, rejection and anti [ it d ible. 1000321In a
further aspect, sone of Bﬁﬂ% Pg%@ﬂgﬁmggﬁ%%rﬁﬁ@gm y the alkaline earth
nmet al s andompnohyy. aliy aetbckMzgramyilustatirpettie fayers ihe dles inghe anetefabt i cat i on
of high flux,.rej i_on .and ant,i.-f oul i ng. . rendranes nmay
al so adva?ﬁ?%dd'é‘gésﬁé IS A Dot ieh rgagné) ﬁg'cggﬁge@ﬁ%éﬁ%gﬁﬁg a-égg&%anges of TMC,
MPD to TM3.ratios and deflection points in the concentrations of additives
to provide optimum characteristics for particular circunmstances. 10003310ne
obj ect ofjofddp | N\ENLIi9Y alo%ktdpa%%rﬁ\mﬁa% thB et AR AdteP ® MBRFdEaE bPN process

for preparing a thghI y perneabl e RO nmenbrane, ‘conpri si ng: ,
preparing a TFC membrane in which nanoparticles 16 are present in‘organic phase 18.

10006] Fig. 3 is a block diagram illustrating the layers in a step in the process of
preparing a TFC membrane in which nanobarticles 16 are present in both agueous

phase 14 and organic phase 18.



contacting on a porous support menbrane, a) a first solution
contai ning 1, 3-di am nobenzene, and b) a second sol ution
containing trinesoyl chloride, wherein at |east one of solutions a) and b)
contains well dispersed nanoparticles when said solutions are first
contacted, and recovering a highly perneabl e RO nenbrane. 1000341A highly
per meabl e reverse osnosi s nenbrane produced by a process, conprising
contacting on a porous support menbrane, a) a first solution containing

1, 3-di am nobenzene, and b) a second solution containing trinmesoyl

chl ori de, wherein at | east one of solutions a) and b) contains well
di sper seq()(manoparFig dlie s bidek niagadnd ilsielratingdhs layees if iarséep iodh¢ acicesk ofand
recovering_ a hi 0% of

t he nmenbr r'Qﬁ%f cce%grmé;ggrigo'ﬁﬁs% %E%ﬁ%‘\%‘%grﬁ &l nggﬁﬁ;’ Q/a?%r SF @? érq5(1) ution
containiruymquw&mmmmsuppnoMEWMNand12andaqméouapbeabma sol ution containing a
pol yfunctional acyl halide nononer, a wherein a nolecular additive conpound

I's prese a) b} 100N B 4o Rek YIE TFEahbABraneasdV and
recoveri ﬂg”dgpm‘g@ > per rre%b e@%? rlryr}ge Anot her Objr gct i g‘g{lo provi de

a hi ghl y neeppas 13%1@ m}ag@r @%%F%"Oﬁ’é?ﬁﬁf&’ﬁe‘” A LYL§. EAMRY!S BFOGERE-er f aci al

pol ynmeri zation process, conprising: contacting on a porous support

nembr ane,|0009) Fy. 6aisfd 16¢k Giadrain howarghaiuse oga a'Fpohgmniame, margrer  and

b) a second sol yti cont ai ni ng. a,polyfu ti nal ac hal i d ner,

wher ei n a{“aHB’P%(B?Lj %?gQEW%PQSCE%f%&E%WPgE‘EP BAPY? ﬁg%ﬁor@”rqe'ﬁ%rag? n'%oinh during
t he pol yrefvaatioemosiepeddedst, and recovering a highly perneabl e RD nenbrane.
Anot her object of the invention is to provide an interfacial polynerization
process f ep ERN 00 YinBES: W&_@é"zﬁ iRt gﬁ,qg)r ane,

conpri si Hg@laltr)nt fcq s 934” am'ég%uéggﬂ% Inrn::rrr]bra s a) a first

sol uti on mnpmldemﬁm@mﬂy@m méyrn@frmﬁtelx and b) a second sol ution
cont ai ni nga pol yfunctional acyl halide nononer! wherein al um num i on

is pr eserﬂ)ﬂdlﬁ‘\ a) Fy. 8hy a cﬁassbe,@t:tl’bn e oNE Ot RémBRINg Merih@ading Raficpetiolean,
recoverin ow foul i ng, y perneabl e menbr ane Anot her obj ect

isto pro 'B@‘S&“’I"B\#'?'b@b’?rn%“ @‘I‘Hﬂ?”ﬂﬁ?rﬁﬁr&ﬁ?@ RO nenbr ane, produced by an
interfacial polynerization process, cor,nprising: contacting on a porous
support rmmrbrzpne Fig. 8 is a crasp sactﬁdrr\sewsabRCDtrhembr_amaﬂ@iimlv@nanpmmiﬁle%
nmononer ai ni nga pol yfunctional acyl
hal i de mﬁnﬁgsmmma“gféﬁ ersﬂsg'pgtf%%h%ér%raﬁgs@hpresent ina) or b), or both,
during the polymerization reactio r ob e t of the.invention is
to provi d& odial { nig 905 2P a,sa?rrvﬁém &'sw.oaﬁépmswg %P@ﬁa?rf%{j% hi ghl y
per neabl e;rf¥3sEREHcRIIhg SoRTE h@ta’l%nsﬁ@@h@@dds%a@élm porous support menbr ane,

a) an aqueous sol ution containing netaphenyl enedi am ne (MPD), and b)
an, P9t ol U e 1§00 Ak fnbAd ag“fwh@muﬁwﬁ g1 cansticaribiy dr ol yzed
TI'VIC speci es, and recoverin er meabl e nbr ane. Anot her

obj ect | sPreesspingicising srilgtie ywepamréa@p@anme 1§srmS| s menbrane, produced
by an interfacial polynerization process, conprising: contacting on a
por ous syp@osf mEprianea diagrammatk) view ch G emes bsarleutd, orelusorg ranvpagicles

met aphenyl %ns%lu%lle meta?iogws Q} disaﬂgination layer 24 during reverse osmosis.

100016] Fig. 13 is a diagrammatic view of RO membrane 10 during fabrication

processing including nanoparticles and soluble metal ions 16 in aqueous phase 14.

|100017] Fig. 14 is a diagrammatic view of RO membrane 10, including nanoparticles

and soluble metal ions 16 in discrimination layer 24 during reverse osmosis.



b) an organic solution containing trinesoyl chloride (TMC) and a hydrol yzed
TMC speci es, and recovering a highly perneabl e RO nenbrane. DETAILED
DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS 1000351For clarity, the present

di sclosure is divided into nultiple sections, as follows: Section A

| nproved Nanoparticles for enhanced TFC nenbrane performance, including:
nanoparticl e dispersion and sizing, processing to enhance nanoparticle
performance in a nmenbrane, selecting and processing nanoparticles to

rel ease soluble netal ions, adding additional soluble netal ions to

i nprove nmenbrane performance, and testing of nanoparticle nenbranes and
exanpl es.|0®a6} i orFid3:15Hy bdiayrarFGanenibw 2H B mawb@tierd§ dunegfairicaitmg addi ti ves

used in vari | nal i : : L | i fhyret al
addi 1 ved oS RgTEATHATE S meley (QRTORALLLE S pate 1 £ foslin FRBED TR fer
ol ecul arpagddin nerspartBeest 16in PBFous| svppeY BE¢NTIFRDenEhor Bpmothercriigrng t he
follow ng additives used in various conbinations: 1. Nanoparticles, 2.

Al kal i ne jeeuibh metigal16asldididgvasmatic vidiard sudpest, merbralvbri@-duyidg ébyizatenTvVC
(mMTMO), and/or 5. er | ecul ar ditives, Secti C. Techniques. cl. TMC
concent r é’fa}i'%hc%gﬁﬁ‘ﬂ/ﬁo%g?'? ngfoﬁgefdl Oé‘cfggré#%gi‘ gss @8&% f%n D. Tables 1-XI |
providing the follow ng information, where appropriate, for each of 166
exanpl es IA20] nclFigidd ' A d@ERRMBALC Wew oEROypevBraneMspingluging sobhiemelht i ons

and rati Qons AAIHEOLSsANe AR dRBas, fenspalitdtohesyerddidutivgfaversdqueous and
Organi ¢ Phase nol ecul ar additives, Percentage flux inprovenment over

control rRSMAYSEne without additives, and Flux (GFD) and Salt Rejection A

Section E. Preparation and testing methodol ogy for the exanpl e nmenbranes.
Secti on AP0MRipr oVedl 1Ras thseahemidad sMRBGIMfHcaadwdrolyzed TMC

{00022] Fig. 19 is a diagrammatic view of RO membrane 10 during fabrication

processing including mono-hydrolyzed TMC 16 in organic phase 18.

100023) Fig. 20 is a diagrammatic view of RO membrane 10, including mono-

hydrolyzed TMC 16 in discrimination layer 24 during reverse osmaosis.
100024] Fig 21 is a 1H-NMR of mono-hydrolyzed TMC.

|60025] Fig. 22 is a diagrammatic view of RO membrane 10 during fabrication -

processing including molecular additive 16 in organic phase 18.

00026 Fig. 23 is a diagrammatic view of RO membrane 10, including molecular

additive 16 in discrimination layer 24 during reverse osmosis.
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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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 nmenbrane 12. Two

i mm sci ble solvents are used, so that a nononer in one solvent reacts with
a nmononer in the other solvent. The reactions are very fast and relatively
hi gh nol ecul ar wei ghts are obtained. 1000371Reinforcing fabric |ayers 20,
woven or nonwoven, and made up of polyneric fibers are often enployed. In
sone instances, fabric |ayer 20 may have nanoparticles 22 incorporated for
added strength. Fabric layer 20 is preferably perneable to water, flat, and
wi t hout sjonedp| f i Deose abpect,doptarep trnbhiqaefos thepeetof banepartidiginfTiACm

di scri m nr%%hBIEnIe?%S\r/e gg'en (Iiéve QIIIinq:Ingﬁé;tt é@o@Binggﬁg&I"éﬁ]aﬁBBénianaIléP/oImX' mze
menbrane area, strong agai nst extension, and nechani cally resrstant to

def or mat i mamo&tbeliwgth givatiss aadis meBys, atthohydrolsresh EYICi apidées offer melada&@rpol yner
fibers of Ll . Heal . j ha. creat ed that
al Tow t hi Fiae i BinaFRh SodiFRcaRp 1PE hamb RS by R 05 1R

1000381 narfii-figuling, chacpetrsisticphase | ayer 14 is shown with nanoparticles 16

di spersed therein on an upper surface of support nenbrane 12, and organic
phase | aypoo3i$ i nheaneawbsaspiet)) traopmobpridapeocddposta@FCnhenbaoes legateen t hese

I is ) I ' I . . ' ,
nanopar 1 61 bEelgEaCaaY Butoah TP R S i M 019 TSR S VB Dot e

such as adkiakidiveoeay ohdeftecidrupdinteiin thercencéationsaoftadditiess, sayh be di sper sed

wWithin either, the a s_layer 14 or Q i I .or bot h.
Addi ti ona’lnorrI%IIIIgI)O egcl 'Ilr%lﬁ%g? 988'8@ aB‘II Ea?gﬁ%t%?\go f%@ﬁ%‘%grgg SrgII(g{:OéTI"@;Isg%erti es
or furt hefFC nendaseespeitt selementiyx, fejectior anplaetifoolingmwcacterisbed pdsgibtesi st ance.
Nanoparticles 22 may be the same or different from nanoparticles 16. Metal
iF_OnS ig nfwos?ﬁ dilﬁ%ﬂhryr%:-‘a\rélbédl,i $bned éfh?éé né@%daw@?p_smb%ywth%élhlkaase§b@rgmtihn
ig. , or e organi ¢ pha yer , as shown in Fig. 11  or .in bo

| ayers. MBPWIS ?moa%ﬂvﬁwzsawémw%uw%ﬁm ‘II@IIIE@Q%I&U%%%%'C?I%F“QP4, as
fShOth i N fhixOrejelolion bﬂf’@ﬂ@ﬂcﬁ?’in@ﬁsgﬁﬁhﬁg?éé. umg%unmérﬂbrﬁaei gy aBpOpar Li ?I es 16
in the aqueous or pol ar solvent and/ or _organi c as r efore

i nterfaci %\‘I"aB@WﬂﬁX Qs(ﬁtpsﬁgvgrﬁageepé:ggan?qqt&ﬁ?rg %}dtrgﬁg%sb eIII\IIal%g\,APéS%eCi ally
when nanop@cCtratdsesdldeflactonpionte ssied coocentrhtioresef dbitized totoyovdde omtiralmi ons.
Nanoparticles in .soé)ut L rg.n lrraiyj, rel gase al um num before the pol ynerization
reaction IHLHES 0qRAYGLAEHI UGN T or organic sol ution 18. The

di ssolved netal ions are thought to affect the polynerization reaction and
ul ti mat el WO¥Bhbr Pree QRITA theeNYRHAD HgtoPEOYIFRPH NI R PYYREIRACN 1t i s

t hought t hatedshsr stepslgvLhighiyRleshed IO ROMEMBRINGEcESprasiigenpl ate to gui de
pol yneri zati on | eavi ng spaces or channels for increased water transport.
1000411In Fig. 15, Cmg&ﬂgro%iac&ﬁg %&p}%k%&nﬁ'@raﬁ@ rel ease 'sol ubl e netal
species to introduce netal ions 177t o aqueous: | ayer 14, during
fabrication may be di spardest saiutinh soateingy pedininengpEena. aRtnbr ane 12. _
Nanoparticles 16 may al J I; aper 14 or organic
phase | ayer 18 or both @% %ﬁ?b%%ﬂgﬁ diIaIt"IIIéIIjIIar ne?lal@inrgﬁ's, 17 into aqueous
| ayer 14 during fawhereitdtderst pdelpt sadvtions gaaohat ¢qnédinswelydigessed so be
present 10 | MhaRbpstaRePtaRSOLlGS A6 ifdtcbhgticnaiease. performance of
menbrane 10. In sone enbodi nents the interfacial polynmerization process at
| east one of sol ut fasAkerae amahly Pererabs RO MamBIFaFt i cl es that rel ease at

| east 1 ppm of a soluble netal species per 5% (wWw nanoparticles, based on
the weight of the m xture, and wherein said nanoparti cl have been

pr ocessed ¥ 4haxi MiBEIVIASEN §PRIG FRVEETE %‘I%'%‘B?Eﬁ‘ﬂfaé‘er?é‘?d&lceggé@i RESCESSnt ri but ed
to the ing@hfasiqg@l polynerization mxture. 1000421RO nenbranes may be
fabricated in which nanoparticles are included in the porous support
menbrane to rel eas&OUBHIBIN TIPS PHROHBFMPRE® nterfaci al pol yneri zati on
process and/or inprove &)lantstfdonwod @chtammdoy 3-dpefihesizenesingt i ng conpacti on
of the support menbranes during reverse osnosis. The nanoparticles nay be
sel ected based on their ability to release 1 ppmor nore of soluble netal
species into the water contained in th® support nmenbrane. It may be

advant ageous to store the support nenbrane, for exanple for up to one hour,
before interfacial polynerization on the support nenbrane between aqueous
and organi c phase solutions. It nay al so be advantageous to formthe

di scrimnation |layer by contacting the agueous phase solution to the
organi ¢ phase solution on the support nenbrane for at |east 10 seconds,
preferably 2 minutes and nore preferably 5 m nutes after the organic phase
solution is applied. 1000431Referring nowto Fig. 16, casting solution 13
on fabric 20 becones support nmenbrane 12, after processing. Menbrane 12 is



1000501It may be inportant to allow sufficient tinme for netal ions 17 to

di ffuse from support nenbrane 12 into aqueous phase 14 before or during
interfacial polynerization. Atime of between 2 seconds and 5 m nutes, and
preferably between 10 seconds and 2 mnutes is currently believed to be
suitable for such diffusion so that netal ions 17 from nanoparticles 16

i npacts formation of discrimnation |ayer 24 and inproves performance of RO
menbrane for exanple by increasing water flux therethrough for the sane
applied pressure. 1000311It may be advant ageous to pre-process
nanoparticles 16 by using sonic energy froma sonic probe or sonic bath
before incorporation tlvgeesetondsdabuippapntameybriaasoyl 2hland, or further sonicate

el ther_aqueots Phagfdiial WARRILoRIRIETS 4 HEbficlusiahptRr&or duri ng

interfacial polynerization. SonicC r'oce nanoparticles 16 may

i ncl ude i ner samgpagtickenwiterpsarbeoldioneatd first suntectas ehthg sol ution 13 from

whi ch support nenb 12 i rd i ¢ or aqueous phases 14
and/ or 18 and/or pr:'egé(;:\ferr{éagorﬁ%@lféér@%\%&?héé‘nén%g%g%ﬁ?cl es 16 in a vessel and

i mrer si ng t he vesseherein 2 leash?2@% lohthk.mSobrané swtacerasea otrjsistt ed to suffici ent
soni ¢ ener gy FER&Ba?chl O 60 mnutes to aid in the release of nmetal species,
such as al kaline'earth netal ions 17, into the solution. After sonication,
the solution contains additional nmetal species. Additional sonication tine
may rel ease addi tiQnof s &fidlon TBRGINGR sty dhfindMBRombfMahaequi | brium.
1000521Pr ocessi ng of sel ected nanoparticles 16 may al so be acconpli shed
usi ng shear, cavitati o) agaerideidion conrtainggrpyiupaipnplacy! hyidgo ni nutes in
a Mcrofluidizer (fotsnagenark of the Mcrofluidics Corp.). After
processing, the solution contains additional netal species that were

di ssol ved f rom nan¥pRieiniacnalecylsr addiye s3TPPYRbis Y FRFNbIN JEr BEpipth

nanoparticles 16 Win@@h@baﬂnéﬁé‘aﬂﬂméa‘éhﬁq angi Nng a sol ution containing
nanoparticles 16 in a vessel with a stir bar and using a stir plate to
propel the stir baRcP¥eripaé FINpeBIRaBle B Memaei%el y using a notori zed
propeller to stir the solution or alternatively using a |lab tray shaker.
3th:ring or shaking is npst effective for nanoparticles that. have been

sel ected. for hi ghg%rl“ﬂkﬂbiqq {5 19 Rroy|derfeliohlh e W AREL €V B e 3R SISgani ¢ phases
14, 18. 100054hitraee pddigedby bh tt&relcet belgmaarmiparproaeisescobfpristnyg: be
acconpl i shed using a salution contain%yﬁln%po articles 16 in a vessel and
adj usting the pH eYYHE"Y BREPKHETHEBYLT 85 nore preferably |ess than
about 5 for at |east 3@)adierdstion cortaipihg grpeiitaeting imanomboartd B and nor e
preferably greater than, about for at |least 3 0 er pHis

adj usted higher than aBodtee’"s “W@WBFOFﬁﬁﬂ“&%%%ﬂﬁﬁ&ﬁ£%§%%¥ﬂﬁﬁgnt on the
solubility charactmonshércs of the specific type of nanoparticle 16.
1000551The term "nol ecul ar addityve: e ' additives
i ncl udi ng net al idﬁ@”gﬁ&’ﬁﬁ%ﬁgﬁF%%EBFégﬁﬁgBﬁigﬁﬁ%%Q éﬁ%ég%ggﬁ%ghtrations of
nmol ecul ar addi ti vedurgigdhe aslymetizdtion orestian,enfir om 0. 0001% (wei ght per cent
equi val ent of 1 pprr% SO ?%"tﬁ%hl?"ﬁér%tab% s Rhsferred from0.05%to 1%

i nt o -aqueous | ayer %, BPScess g may enhance nanoparticl e dissolution, or
ot her techni ques for adding nol ecul ar additives to assist in achieving the
desired concentr at \ gl QlidtPbARK IitenfAfis 14 ¥RDiab brlitkeRabititdcinerlBugP e
enbodi nents, processed nahopartlc es or other carries may have been broken
or partially diosses ipegrapaiingaddvetaulinghighly ermeable RO mpaeiante £eBRraig:
maxi m ze said soIqgﬁ%&mégha§§%ﬂ§§m@&@h@ﬂygﬁ@ to the interfacial

pol ynmeri zation m xture, Tncluding a mcrofluidizer apparatus. The
nanoparticles or ot her @ @lfigtisoblign FerdAINGBIRPLEHHTILIENARGT. [#RFe been cal ci ned
for at least 1 hour at 2QQEc8Hq $BNitRN cERRIMHRGRMFSELIGASINdHrNsaigan have been
shaken i n aqueous solution on a shaker table for at least 1 m nute.
Carriers may have 'BEe¢"¥r.ocessed by subjecting themto sonic energy in a
vessel having a sonic probe within a solution, said energy sufficient to

i ncrease the soluble netal species or other nol ecular additives contri buted
by the processed carriers to the interfacial polynerization mxture, e.g.,
in a vessel suspended in a sonic bath Por at least 5 ninutes. 1000561The
nanoparticles or other relatively insoluble carriers may have been
processed in a solution at a pH lower than about 6 for at |east 30 seconds
or at a pHlower than about 5 for at |east 30 seconds. The nanoparticles or
other relatively insoluble carriers may have been processed in a solution
at a pH greater than about 8 for at |east 30 seconds or in a solution at a
pH greater than about 9 for at |east 30 seconds. Nanoparticles or other
relatively insoluble carriers may have been processed with heat in a
solution for at least 5 mnutes at a tenperature of 40 C or nore.



framewor k structures nade up of corner-sharing S104 and Al104 tetrahedra. A
representative enpirical fornula of a zeolite is M2/40 Al 203 xSi 02 yH20
where Mrepresents the exchangeabl e cation of valence n. Mis generally a
Goup 1 or Il ion, although other netal, 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 channel s of
di screte size, which can be occupied by water. In addition to Si4 and Al 3*,
ot her el ements can also be present in the zeolitic framework. They need not
be isoelectronic with Si4+ or Ala', but are able to occupy framework sites.
Al um nosi |l i cat e zeghdréieslunyipiuroadn ip pdesept iaya) ar bpbr betgaduring the amewor k char ge,
but ot her nol eclul ar. §.i ﬁ\fgé ft.ggmewor ks can be electrically neutral.

1000661A1 uni nBEY PR 2&61" ™ 'es with a Si: Al ratio less than 1.5:1 are
preferred. O her peedweringd low-fradiag hightcperdeablelRO migneghrag.uni t e, Ammoni a
Alum Anauxite, Apjohnite, Basalum nite, Batavite, Bauxite, Beide!lite,
Boehmite, -Cadwal aderite, Cardenite, Chalcoalumte, Chiolite,

Chl or al umi nite, CrAmithdrepjebhisdopiovile Doadpaing hiddlckermeabied@Pksutite,

G bbsite, Hal i 1.0 O ] ,Jayng; lcite; Mte,
Kalinite, Kao %ﬁﬁr%{%’ @@F?@W%ﬁ?&n@ﬁ}ﬁ?%‘wg Q&Q@é?& EB octglggl’jni t ,”gﬁl\]ght ronite,
Pachnol i te, Prehnicatackn@gnpipreusRabeebmet®rarRansoni t e, Saponite,

Thomsenol i te, Veberit eq) YAQHRONGS Ldmaifid aflolfedliiTiBhirer, 23900671260l |  es
and other inorganic mneral conpounds nmay al so be further sel ected based on
the degree of crystall braspennd saibioplsentgnngetiodfigciena geyihghddarticl e are
typically nore solyglg,dhan crystalline portions of the nanoparticle and
processing can increase solubility. The amount of crystalline material can
be determ ned through 8$&@EmALFERINCGIBrSSAR Tl AP RRINGYES NG ogr aphy.
The nanoparticles ggymdButordreakfidicture with greater than 0.5% 1% or 5%
anor phous material by mass within the particle and may have a surface
containing at |east 40% of alum num atons or oxygen atons directly bound to

al um num at ons. 100QH&IMEdeesahs irfvBation1a Yepividk laanintedgsall gokendrizatdwor k
structures to Zeolites or have sim | ar @% erti %s and/ or .are associ at ed

with zeol it esPfas8PUIGEPieREM B BIFhREEMER fEMPRAITaSAPRIYe%'and ti ptopite;
and the silicates:cdasdcaRgbbalpotdus duppslamichrand, seite, partheite, prehnite,
roggi anite, apophyllite yrolite, maricopaite, okenite, tacha ite and
tobermorite. Thus, niné é’lgéq‘é‘?%slsgpt'f’%CQrétgﬁni'}gé'getﬁBfrH[egsdﬁg"rl]ﬁ){@gm‘ ar

si eves based on Alg4. These al um i nophosphates, silicoal um no-phosphates,

nmet al | oal um nophosphat and netal |l osilicoal um no h noted as
Al PO4. 0, SAPO n, NEAPgﬁ”QFﬂT”WESRIB@@ﬁ?mP&@ 'W%@fr@ﬁ%mﬁée@@?%?gn i nt eger
i ndi cating the striekayzdTe spddie¥Oéndol ecul ar si eves can have the
structure of known zeolites.qr other b%t'{agﬁlﬁ)e%bergheWen Si is incorporated in
an Al PO4, framewor®ECYHREY S PEESR e KNown 4s° SAPO.  MeAPO or MeAPSO
sieves are can be formed by the incorporation of a metal atom (Me) into an

AlPX., or SAPO fr wor k. Th i Iy M, Co, Fe,
M, Zn, B, G, Fe,'ﬁ%&‘er :Efecél'ﬁsggiéw%g%ﬁ@b@%@%&%@FH&?@%&%@_Ws have
t he sane str uctemieams pAkieO4d by an lnierfagial @olmenestiontnroeasar ednriiséonl y f ound
in SAPO, MAPO and 2 terial | works typically carry an

el ectric charge. 1@%‘8@5@@%@ gé‘%%tsz}pﬁgﬁg!pegnrqr?c ‘es and or other relatively

i nsol ubl e carriers may aben satewssd i srataining metePhepieRgriiamiredMPa).
conpounds that hav solubility product such that preferred concentrations
of dissolved nol ecul’ar addtives can be achi eved. For nany con‘g)ounds, t hese
sol ubility products (K&ppnarganigediutionerntainieg rieespy shigsdanBYe) eR¢de are not
known experi ment al |y o iRl eflb hedddidive rel easing or other relatively
insol ubl e carriers may also be selectable by their counter ion. In such
cases, conpounds nEgotRsing@ egtheaeesble RE MeBLBresence of sulfate,

hydr oxi de or oxi de counterions. Solubility of these non-zeolite
nanoparticles or other relatively insoluble carriers can be enhanced using
processi ng. 1000711Particle size is often described in terns of average
hydr odynani ¢ di aneter, assuming a sphefical shape of the particles or other
relatively insoluble carriers. Selected nanoparticle or other relatively
insoluble carriers 16 can have an average hydrodynam c di aneter of from
about 0.1 nmto about 1000 nm from about 10 nmto about 1000 nm from
about 20 nmto about 1000 nm from about 50 nmto about 1000 nm from about
0.11 nmto about 500 nm fromabout 10 nmto about 500 nm from about 50 nm
to about 250 nm from about 200 nmto about 300 nm or from about 50 nmto
about 500 nm 1000721Suitabl e nanoparticles or other relatively insoluble
carriers are often dispersed in a solution conpatible with the aqueous or



two or three am no groups, for exanple m phenyl ene di am ne, and secondary
al i phatic am nes having two am no groups, for exanple piperazine. The am ne
can typically be applied to the m croporous support as a solution in a
polar liquid, for exanple water. The resulting polar mxture typically

i ncludes fromabout 0.1 to about 20 wei ght percent, preferably from about
0.5 to about 6 wei ght percent, am ne. Once coated on a porous support,
excess polar mxture can be optionally renoved. The polar m xture need not
. be aqueous, but the polar liquid should be inmscible with the apol ar
liquid. Although water is a preferred solvent, non-aqueous polar solvents
can be utilizedPEJAUIEBESERIBTION OF 8 HimdRBF RBRADI ENMB@BRAEBR TEDIVF) .
1000801The polar m xture can typically be applied to m croporous support
menbrane 12 by di pping, imrersing, coating or other well known techniques.
Once coatlé®3sin pbeotigritgupp orasenetignieaee BZividadciatognpiiplasentiotsua® can be
optional Ly, renoved by evaporation, "drainage, air knife, rubber w per blade,
nip roller, sponge, or other devices or processes. 1000811C0rgani c phase 18

used duri dnterfacial | yoer.i zation nma o include one of the

Feact ant SERRAE P ey RepYE TS ter Bade Tt ReRP AR PR iy and
processi ng-lwiirks such as catal ysts, co-reactants, co-solvents, etc. 1000821A
second nonomer can be selected so as to be mscible with the apol ar

(organic) |J amibpbRicl dihbRsloRBY &kingl Xt ure, al though for mononers having
sufficient vapor pressure, the nonofrer can be optionally delivered froma

vapor phase. The second noner can opti |y .al | ected so as to be
i mmi sci bl e W Prﬁc%lss&?lotgrenﬁgﬁ‘iﬁ ’E”?ﬁ’ﬂ?'%&e@%r}% wigirgen rranﬁ)%orrer can be a

di el ectrophilic or a polyelectrophilic nononer. The el ectrophilic nonomer
can be ar orat $REGRYFAE RFACCAPIBY BAMPRADINSSI 1A relRSoIOIYRIP B3 NSexanpl e t hr ee,

el ectrophilic groups per nolecule. The second nononer can be a trinesoyl

hal i de. Fore t badimpsaditthabsgilibléd aletal éonslte abpropd Membramnperioraneg; yAndchl or i des
are generally nore suitable than the correspondi ng brom des or iodides

because of Jhgshie] &tiakebartitioWRImEands A, @rRader availability. _
1000831Sui t abl e pol yfunctional acyl halides include trinmesoyl chloride

ude (1] mesoyl ehl orl o
chiof | de SSaueEl; PRl drEndnbhRes kIR, MRS SR FRLER Y

further exelplabonst he second nonomer can be a phthal oyl halide. 1000841The
pol yfunctional acyl halide can be dissolved in the apolar organic liquid in
a range of, for exameberticksom about 0.01 to about 10.0 wei ght percent or
from about 0.05 to about 3 weight percent. Suitable apolar |iquids are

capabl e of di sso) vijgint BertshRedi-aBiiéd ¢ nononers (e.g. polyfunctional acyl
e \

hal i des) and which are inmscible with a polar liquid (e.g., water). In
parti cul ar, suit§Qh§oﬂR%gar | i qui ds can include those which do not pose a
threat to the ozZone I'ayer’ and yet are sufficiently safe in terns of their
flashpoints and flammbi|ity t d routi ne processing wthout having
to undertake exf?éﬂ%“‘?%%%ﬁ%%%ﬁ@gq$ﬁigg»iﬂE@ﬂde C5 - C7 hydrocarbons and

hi gher boiling hydrocarbons, i.e., those with boiling points greater than
about 90 C, suchb datheomolegglar ddditivéear bons and ni xtures thereof, which have
nore suitable flashpoints than their C5 - 07 counterparts, but are |ess

vol ati | e.SeEhien &0l laproved TiF@ nommbrapes inalubing ee WppVing@dtidvehesad ior opor ous
support nenbrane 12 by di pping, imersing, coating or other well known
techniqué??mfﬁﬁﬁgg%vﬁx%ne enbodi ment, the polyfunctional acyl halide
nononer (also referred to as acid halide) is coated on support menbrane 12,
typically tom orlgd¥AOPRHSEE sol ution 18. Amine solution 14 is typically
coated first on porous support 12 foll owed by acyl halide solution 18. The
mononers can reabtAlkdien eerth owhaladditivehier eby pol yneri zing to produce a
polymer (e.g., polyamde) matrix filmdiscrimnation |ayer 24 at the upper
surface of suppad@. tNasiotubesure 12. Al t hough one or both of the pol yfunctiona
am ne and acyl halide |layers can be applied to porous support 12 froma

sol ution, such as aqueous and organic solutions 14 and 18, they can
alternatively be applied by other mean® such as by vapor deposition, or
heat. 1000861l n anot her enbodi nent, by dissolving an nol ecul ar additives 16
in the aqueous or polar solvent 14 and/or organic phase |ayer 18 (or both)
used during interfacial polynerization before contact therebetween,
increased flux is often observed through nenbrane 10 during reverse
osnosi s w thout substantially affecting salt rejection. 1000871Suitable
earth al kaline nmetal species or other nolecular additives 16 include salts"
or conpounds that are dissolvable to sonme extent in either the agueous
phase | ayer 14 or the organic phase |ayer 18 or both. Different species my




1000961Cal ci ned zeolite nanoparticles may increase additive solubility
because the cal cining process may i ncrease the anount of additive in pores
and hence avail able for exchange. 1000971Zeolites and other inorganic

m neral conpounds can be further selected based on the degree of
crystallization. Anmorphous portions of the nanoparticle are nore sol uble
than crystalline portions of the nanoparticle. The anmount of crystalline
mat erial can be determ ned through several techniques including x-ray
crystal | ography. 1000981Non-zeolite nanoparticles may be selected froma
list of inorganic m neral conmpounds that have a solubility product such
that preferred comdem-hairolgresi TNCAmbIMC)eehdimt al speci es or ot her additives
can be achi eved. For many conpounds these solubility products (Ksp) are
wel | known. For gayperndecwiesdififegse are not known experinentally,
additive rel easing nanoparticles can also be selected by their counter ion.
In this case conpounds are sel ected based on the presence of sulfate,

hydr oxi de or oxide counter ions. 1000991Preferred concentrations of the
additives dlssolv_P from nanoparticles are fromO0.0001%to 5% by wei ght,

and nor e $8CUPRGoT9PBIPS 05 Wt. % to 1 wW.%in either aqueous |ayer 14 or
organic |ayer 18. 10001001Non- zeollte hydrocarbon nanoparticles can be
sel ect ed baSe@!.on t¥ie cppeaswale of the desired additive in the ash of these
hydr ocar bons. The presence of the additive in the ash of these conpounds
may rel ate toc2he BWCIratioy of these conpounds to release the additive in
sol ution. These hydrocarbon nanoparticles are preferably included in the
organi ¢ phasecd8. &ReAsHAdikt. is often beneficial to sonicate the ol ution.
Soni cation nmay serve to better disperse the nanoparticles. Sonication may
al so sery e

t emper atui%g'g—néﬁa Vﬁd&%%l&%ﬁ.ﬁﬁ},ﬁgewg%t gqrggﬁj%“&lgg%%gﬁpheﬂag;?gus support
struct ureea@tmfBﬁﬁﬁ?m@e@ptllwlmdaq%éwss%f at@kyecontai ning a first
reactant (e.g., 1, 3-diam nobenzene or "MPD' nonomer). The substrate can
then be putei MIPEO& U covidehtratiorsraganatio, sol ut i on cont ai ni ng a second
reactant (e.g., trinmesoyl chloride or "TMC'" nononer). Typically, the

organi ¢ or ﬁpﬁb@éods'éﬂm'd'&gbﬁxc'P'H%kéﬁ!a,%p%nvwésmddh@eeol ar or aqueous liquid, so
that the reaction occurs-at the interface between the two solutions to form

a dense poly on the rane, surface

10001031Rept gg@ﬁ‘f%%/’ g (grgﬁﬂ'ﬁp?’ggg ic aé&é?. O of an amine (e.g., MPD) with
an electrophile (e.g., TMC) to forma p Yanlde thin f|In1conp05|te

menbr ane, eﬁpP@SPeatag@rﬁ‘ééﬂt‘lﬁ?ra‘t’ﬁ?fbﬂmr%(?f 60% VemLFRem oyt 2d@Rs #2820, with
the MPD concentration being about 1 to 6 melght percent of the polar phase
(aqueous phaseiuk4BFDThed ekt Refrctiaatd.on reaction can be carried out at room
tenperature in an open environnent, or the tenperature of either the polar
or the ap§l&@onlg. qur@par%horb@ﬁ@tesﬂﬁdnﬁ%&i@ﬁig?%r'tﬁéiexémﬁl@ nmenmtrades.t he dense
pol ynmer |ayer, whi ch becones discrimnation |ayer 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 perneable to mater but re|ﬁtiveI¥ !@ ggaq"engo di ssol ved,

di spersed, or suspe 2 d fron1saltmater
or brackish water in use to groduce purified water. This ty menbr ane

i s convenf9Bahl | Refegrg bl hevhich B\et devepEsals f?rmr'th@mﬁgﬁécnpuon

10001041Qac& st Bsmpas YFﬁr@f mtaﬁh‘b%ne' 0 ﬂ‘s%&ﬁf‘ﬁ@smé&@s@@@||rﬂérfédléllﬂio£§'nfaalﬂathlﬁ1 renoved
by evaporation or nmechanical -renpval is often conveni ent to r@ane t he

apol ar | i R{OFRFSISP ARAP'GT SHAPSH ”%ﬁm'éfla@@d?eﬁw? éﬂ'ﬁ@F@f%? ents e YR 3hPa i n a
drying OVa?i%onorﬂuQ;QQ%Qé%bmeﬁtqasc@aﬁm% maﬁéﬁm@rhmarﬁb:@therafbmmfmetrbecndnmr@ved by
the addition of a rinse step u5|n i ueous solution after RO
menbr ane VRO fast $nstreiadvelE HioNER AR ' Pr‘glaég g‘eean be rinsed in a sodium
carbonate solution. The pHis preferably from8-12, and exposure tine nmay
vary from 10 seconds to 30 minutes or nore. 10001061Referring now to Fig.

6, when used for saltwater. purification, saltwater 26 may be applied under
pressure to discrimnation |ayer 24 |n@lud|ng nanoparticles 16. Purified
wat er 28 then passes through porous support nenbrane 12 and fabric |ayer 20
if present. 10001071Referring now also to Fig. 9, nanoparticles 16 nay

al so, or only, be present between discrimnation |ayer 24 and the top
surface of support nenbrane 12. 10001081Referring now to Figs. 5, 6, and 8,
nanoparticles can be included within nenbranes for several reasons, for
instance to increase perneability, to alter surface chem stry, to alter
roughness or norphol ogy, or to enable anti-bacterial activity and
particularly to reduce fouling especially in the presence of other




10001 131This inprovenent in fouling resistance is, in part, related to the
i ncreased hydrophilicity of nanoconposite RO nenbranes 10. The increased
hydrophilicity of TFC nenbrane 10 can be nmeasured by the equilibrium
contact angle of the menbrane surface with a drop of distilled water at a
controll ed tenperature. TFC nenbrane 10 can have a contact angle that is
reduced by 5, 10, 15, 25 or nore, relative to a simlarly prepared nenbrane
wi t hout nanoparticles. The equilibriumcontact angle can be | ess than 45,

| ess than 40, than 37, or even less than 25. 10001141An additi onal

processi ng step may then be perforned to increase the nunber of

nanopar t i|60033] 16 Remforicmgdaivricdaere 20 supeorar naewbyemnend madgkpof selgpesan

i ncl ude I,Ngd. Y ¢ [ AL, 0,

causi ng nERBREREPE Bt BEbT aRies, RRRL byl Rl dpBor AR Zane 12,
or can |nn¢qnpmatedaqymcwted@tteogthtH’@rlamw&@tﬁ rrefepebly E%(Cﬁe@Q ettp Wgsoatt i on of
nanoparti ¢l f i nal
namber of 2 SaRa fby BBt G incR R bl T 28 AT et o

i npact peX4 ttrshamid@e thindo decieasecashank iveBaxipizePRMGNS Basn SENSRFS on and

t he Concet{}ﬁérﬁtdnogndgﬁ%g%l&ﬂlg rédidtarlt TR QELARA dnCat SRIALIr&dsureO M1 ddildse er ri ng

now al so sone enbodi nents, sonme nanoparticles 16 nay be
| ocat ed atanph@mt?lﬁt 82 tathe nobmgs Ehersupb e 2IQeWBf9a’ﬁ6dF2"°§HﬁdrquF§"P3§6'I”9ﬁer film
of discrifngt kr%@te'damﬁrallg\ﬁ th:W‘?é‘rt E'r?efapgf ahlor Idi@Merddppbielossted in

di scrim nation | ayer . his location at the surface of menbrane 12,
nanopar t i perisactgedan reduce the resi stance of flow by creating channels and
fl ow paths between discrimnation |layer 12 and the m croporous pores at the
surface qbossappont Figetbaqueeud phasBdeyaidd ipthavrewitlehandpagioles| Gwishensdd y of
pores at S f BRI AHRsd fayef §6lUCi ng the
resi stanctégrg c#‘[];;r@ﬁpfpega %fgcﬁe 535%5%@&"%@@ the’ aF\d rantra persmeagl 1ty of RO
menbr ane id@rastd Wigh aqieouaiayenyd .t Tre intejfect b@weemmeaeﬂayer%!ﬁ Meere 180011611 n
sone errbo anoparticles 16 are |l ocated within the thin polyner
filmof dis (ﬁ%}%ng%%rf?%%mlnayer 24. In these cases, the interfacial

pol ymeri zati on may occur around and ev en t ual | rticles
16. Thi s 18937 eadxfgnﬁﬁmbppws PERP BT %%mf’}% ﬁe egﬁ%rgég'{l nggm | eadi ng
to increasrdsé heval sbéble@mhlassillwnoeeattﬂnosalmytdnem)dstf‘wcarpmthlqsrra@y b of the
polymer fi.l m adj acent fano art f t ayer 24,

i ncr easi NY°RHRE ‘%'ﬁ%@'l‘heﬂt R0} ayfef/%e% érqhy n%‘ i &m%geérjgéﬁg nil’rétﬂ[%g# n sol utes.
Thi s i npasdditamnabthrapeniticp ohayneso bapresentup nmpmactt Iaerf%neeraomﬁl@%orlfgmmﬁ 1

m cron, and eve to 1 am.( 1

such a mQCfea%er%erFﬁ mgnlceng?reeége ?e“t% 'rtqé%?%?orr@ﬁétré%%%\ e o ta r'téeé§%fm b

rel ativelbe theWamleazmrdpitemtté'drmaHmpammiesHés Megal idrg0BInaY b diseaiwed Wsi't“ances
nanoparti ¢ 16 a f r hg. reacti on
and al ter® %’ thtelalqu’r'lE SI%Y%[H% BQIS%(;WSA ?ejhdc Opﬁq Q{gargyghéyé lé{&@o%e

properti eshowntimGigt 11 naram potlhatayarm Mfetahméﬁérfﬁ&i)tm%@'S&%VQW'BWP-@erﬁWB?%e 10.
100011811 A, rany géﬁﬁn Ite Qa% been found that smaller dianeters  of

nanopart i CY es 18 hm | ve i rrproved perfor mance of thin film nanoconposite

HO menbrane 1 ieved that |a It S rticles
can | ead ItOBO“l%supEiYo‘? ?%865‘89 gLaiiym treft%ast'?ﬁgrﬁarfc’pfaﬁt%%% 1tEsr'rgrheeaascﬁl‘,\%g ?bgé&?'gars in
t he thin ddilem 14 heser sigahic phase Ryeals before mterfamblaHik)ag@thammugiﬁeaSﬁé filmand
a reductipn.in solutere ecti allows a
il ospBRBoUTT PSR ERE-E0y verangacn ey S2pOBREbL ) Ematle 0L 01°, 0
menbr ane mbnwaﬁ)ﬂléﬁlﬁomcmwmlolﬁsmscthbteansea)emﬁwempamthetqrei% can al so
be inporta erfor nce : I fg ard gher
concent r TSP URY pe-Ba o Ta BT Sy’ P on o olsfrbfe B OV i

di scri mi ntatsomedlraglernoézslareahngH’qtrsaf@lovthe@dl)angmah@mtﬂaeh@eanqw'f'm%?‘y However
above a s Grol HAMN S 1Re WesShedTOT €
than 0.5 r\%\%&%%n%%ﬂyétu%%gdﬁgﬁﬁ%rwéd F?T%'lfroér%taﬁ?fn g%wt °% there. | sSI ittle or
no added benefit. In these cases, there nay be an optimum concentration
giving the largest flux response with a negligible decrease in salt
rejection, which may be determ ned by hoperson of skill in this art. In

ot her cases, it appears that only very small concentrations of
nanoparticles 16 are needed to enhance nenbrane performance and any further

increase in the concentration of nanoparticles will have little or no
additional effect. In these cases, the smallest amount (preferably |ess
than 0.2 wt., less than 0.1 w.% less than 0.05 w.% less than 0.01 w.%

that gives a reproducible perfornmance i nprovenent fromresulting HO
menbrane 10 may be selected. In such situations, nanoparticles 16 are often
assisting, tenplating, and or altering the formation of the polyner itself,



10001271Wi | e usi ng hi gher TMC concentrations, it may al so be useful to

adj ust MPD concentrations, so that the ratio of MPD/ TMC i s kept bel ow
approximately 35/1. When this ratio is allowed to get too high, nenbrane
rejection begins to suffer, for exanple . nenbranes 148, 156, and 164. In
sonme enbodi nents the TMC concentration in a) is 0.2- 0.6% (ww), preferably
0.3- 0.5% (Ww. In sone enbodi nents the TMC to nonohydrolyzed TMC ratio in
b) is fromb50:1 to 15:1. In sonme enbodi nents the b) contains MPD, and the
ratio of MPIXTMC is from5 - 35 or fromb5 - 25, or from30- 35. B.5 O her
Mol ecul ar Additives. 10001281Suitabl e nol ecul ar additives for additive 16

i ncl ude coefbionsaycet\E s ngmplate tn guidle pelpmetizalion ipasinBspReesgEr channels

el ect r onegahyi ' n about 2.5 Particlulary preferred are

Al (acac) gf,gﬁ@é}(e;a)é%ég%!e??%r(’g cac)3, V(acac)3 and other alum num galium

i ndi um or vanadi um bet a- di ket onate conpl exes that are dissolvable to sone
extent | i fher I 4 i F;gm | ayer 18
or both 98@%@2915&3?%??& c%ﬁ@gﬁgﬁgts?%ggedo ref[? aest?%g{%lqeg@gﬂ ?%I ve ggnpl ex 16
are fromiotrodseneial5oahl7 ipkd avecan By abtde dpiirg keprieaiion M e ¢9mBT6eD 0. 25% i n
organi ¢ | gnek ol pbloy S8Ypdt rP@rﬂBrfa'n@'@.: ﬁaﬁoéﬂﬂél@@‘i@nfab%ls%ﬁie‘ih!r&fbfgésom cation

may serve to better disperse the metal in the organi C sol ution )
Soni cat i oAtoARKeals §yeet4@r arganis PRaserase | B Gh 8P HaiNtREUsEtItRER\ISE! r equir e

hi gher t epReN At 8§uekBliAleY $4 Suriky fabRddiibRt HRitoRaldmBpartitibs MY S be
useful to apply cosolvent's to better solvate the netal conplex. Preferred

cosol vent2e Reeéntie gerach syrasereparies s fyrdiemncrease PeEPIRaNeRS! BreM@ %et a

di ket onat £ NBts3meCORRBNeRe i iBteffabibt dolmerRatidr srakbads 3t iqsebes oed are
aromati c solvents including benzene, toluene, xxlen nmesi t or et hyl

, | ene,
benzene. SAHEES @bant hrrandaing pansparicles 3) release %{te%sb?prm %frﬂ%ﬁ')“‘ IS Retal
concent r adjeRResipRr Bt (wieOddnopehivieaffaeed onemwaiget gied MIdiEBCand wherein
100013011 nproved resi stance to accunul ati on fgé TFC e r.gngffls gan ilrt part
be rel at etfiq BANREHELSRVR PR BIRCEFEAH) M MIFREE MY 8hetd STHRCMiRtPleased
hydr ophi | épeicle¥ ceafibbedn® asUneeaby ddeneizaiidr Mixtuten cont act angl e of the
menbrane surface wwth a drop of distilled water at a controll ed
tenperature. Menbranes prepared with netal conplex . 16 present during
pol ymer i zbe4ap caRO hdansbranembpbé faongated irhahich sanguiuiiaes dy idsluded,in e even

25 or nore degrees relative . to, a simlarly prepargd. -agne W t hout the
net al con‘f)cir%g(gsuﬂ‘?grt vy PRF f%rr%'e@(gﬁtsg?gk’%%%?léo%sgﬁr @g "Iq{ggé)&?han 45, | ess than
400, or epwyméneaton paise@band/or improve flux flow decline by, perhapfresistmgnary Menbr ane
Testing 10001311Separation, effli gt?gpr e r : be
measur ed TN & '?%gﬂgﬁgg?p%ﬂeﬁﬁ%% gag’t% Xgég'ﬁéet% éés es?t@ iangTP] %&R%@@%ﬁjﬁg%d at a
Reynol ds rusdiestedbassi0f) thsio abilitytto beieédsg upprobr mefecft wtkbiingtab spetiest ine

nb : j %. hi th t hat
o he bul aRfieonBRER 1 el R e e By BB e Bl e e
(D) or ROppatteremane3orGxampleaiooup i onaveedsr katers intaifatial polymargation lour

before p LSt r 1S I ion) are
measur cd. 1 QRS Tl bRk ot Al o F bt el SEEEE 70 B
wat er at adyemageeyseiodernn ke disarpiiaiien lavey bheontagingdomh pyuaaus PBaseFAHiIARat er
and then @'tﬂ]&w@%nﬁc%%asblutm HRFHRUILESS et e hPadbaa8SecdiRizbr anes 10 may
be dried in a vertical position to prevent redeposition of any extracted
conpoundsPrefeably@yninypaand B arcferably Peninmgs after tha O FECRISREPIUWIST ISabi | i ty
in cont acgpp@&gl e neasurenents, 12 angles may be nmeasured with the high and
| ow angl es bei ng excluded and the renmi ni ng angl es averaged. Exanple A
10001351 Two aqueous solutions of 3.2 w% MPD, 4.5 Wt % triethyl anmmoni um
canphor sufpheapt € RFEMNSALWABFid) 186castife sadiidhM 3 ewfaptic S0IbbadBed Skgpbrti N DI

wat er were prepared, one of themal so contained 0.1% of LTA (150 nm

di anet er ) MeMRENEJI 2 Bt PraFasiing T AMGRLraas Hrda e p@%mﬁf'ﬁ&'cr Po'PY¥dpar G

sol uti on aMpbbrt Chetntvaite WMehWa turdlsSteprsepaoresd bylARNLI6A oAwpi@rabads, vath

pol ysul f one support was placed flat on a clean glass plate. An acrylic
frame was then placed onto the nenbrane surface, |eaving an area for the
interfacial polynerization (IP) reactibh to take place. 10001371 Then 50 ni
of an aqueous MPD sol ution prepared as described previously was poured onto
t he framed menbrane surface and remained there for 1 mnute. The solution
was drained by tilting the frame until no nore solution dripped fromthe
frame. 10001381The franme was taken off, and was |left horizontally for at

| east 4 m nutes at which point nost of the surface water had evaporat ed.
The nenbrane was then clanped with the glass plate in four corners. An air
knife was used to finish drying of the nmenbrane surface, The nenbrane was
reframed using another clean and dry acrylic frame and kept horizontally

A PN PN PN A PN PN A~ Y My ewmn A~ 1



97.50% Exanpl e B 10001411 A continuous coating process: an aqueous

di spersion of LTA (300 nm was added to an aqueous sol ution of conposition
simlar to that used in a |laboratory batch reaction (4 w.% WPD). The final
solution turbidity was 21 nephelonetric turbidity units (NTU. Al other
solutions and processing conditions were unchanged. This continuous process
i ncluded brief application of a vacuum which |led to the concentration of
LTA particles at the surface of the support nenbrane. LTA (300nn) Fl ux
(gfd) Rejection Contact angle none 17.7 99.40% 507 21 NTU 26.9 98. 80% 36. 7
Exanpl e C 10001421 Two aqueous solutions of 4.0 wt% MPD, 4.5 wt % TEACSA and
0.2 W % SsSabric 20, fmbmham&e&stmhgmampomn@rr&:lrmsd@rﬁraitypé@ll@26&25@1 % of LTA

(80 nm di anet er. tion A was, soni 18

| sopar G@(‘ffountsl%WQ%P?%sﬁmgh (beBthHQéT gvetf@(?mﬁﬁ 5gre&q£i%%%géig%ﬁapl ece of
wet pol ySuéLppe ssifpgor Porasisy ailtisec adfack & oftam law o‘be;aatagtaﬁsm;ﬂ -8%%. ofAne acrylic
frame was %ahe\%maol aced onto the nenbrane surface, leaving an area for the IP
reaction P& e° Sfa(:e 10001441 An aqueous MPD solution (50 m) prepared
as described previously was poured onto the franmed nmenbrane surface and

remined g, 1 ML g, THE SOl ORIRTALalReoY hEkiaE 1 frame unti

no sol ut| i pped Trom ane was taken off, and
was | eft lhciudlz@narmaaytldetsﬂeawi’l easting golntiomutiegsedtto wiEPEre piPALt NigsRrane t he

surface V\f%%F byﬁglugmgpﬁﬁaﬁﬂcle{@ mm@r%sméntt P%HDF S{EP e WS P‘dh&? gl ass

plate in ur corner An alr e was used |n|s drying of the

menbr ane ghase dversiorhauring idlrigadonefsuppdrt @ﬁ@@f%‘r?g anot her clean and dry
acrylic frame and kept horizontally for 1 mnute. 10001461 Organic sol ution
(50 M of 0.3 w% TMC/ I sopar G sol ution) was poured onto the franed

nmenbr ane §0HFhce Refeiring paw hebiof bF. i agditen WLrovigieg §6taliansn! Mafadeished by

tilfing theknane GUaKibn SﬂrkeldébaMBITeg li 6RO sGHoHth@Rb@hE ﬁ@%’eyf A188rsdrhgd rame.

The acrylic Ifzrama was renoved, t he nenbrane was ke hori zont aI ly for 1
m nut e.  1003%7ar M#Btaieiy anhel '%ﬁérq%ﬂ”meéaﬂea?vegs'”@ We BomPheirdsd [ TA

(80nM  Fl el 85 BloaBingshb@Re 10 %ortrelerse osmosis of saltwater 26. During reverse
osmosis, the application of hydrostatic pressures via saltwater 26 to conventional thin
film composite membranes (TFC) is known to cause a reduction of membrane
permeability, probably due to compaction of support membrane 12. When a polymeric
me.mbrane is put under pressure, the polymers are slightly reorganized and the
structure is changed, resultinghin a lowered porosity, increased membrane resistance,
and eventually lowered flux. As the applied pressure is increases, so does the extent of
physical compaction. Generally the flux decline of TFC membranes in brackish water
desalination is around 15-25% and in sea water desalination it is as high as 30-40% due
to compaction. The compaction problem in polyarhide thin film composite (TFC) reverse
osmosis (RO) membranes probably arises mainly due to compaction of the thick porous
polysulfone support layer, membrane 12. The use of nanoparticles 16 in porous
support membrane 12 may therefore also reduce flux flow decline over time by,

perhaps, resisting or limiting compaction of support membrane 12.

00046} By dispersing metal ion releasing nanoparticles 16 in support membrane 12
to release metal ions 17 in agueous solution 14 before or during interfacial

polymerization, increased flux is often observed in the resultant RO membrane 10.
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99.50% 0.05% 22.5 99.62% 10001481Met al -rel easi ng Nanoparticles Exanple D
10001491Tenpl ate-free zeolite LTA nanoparticles in an aqueous di spersion
were found to have al um num content after being subjected to inpact,
cavitation and shear forces in a mcrofluidizer. The di spersion contained
approxi mately 39Wei ght percent LTA made with double distilled water. VVhen
nmeasured using | CP analysis, the solution had an al um num content of 130.9
parts per mllion (ppm. This alum numcontent is likely related to

al um num di ssolution in the aqueous di spersion based on the data shown in
Exanple 5. A simlar dispersion of tenplated zeolite LTA nanoparticles (5%
showed amNaiopeitidlemircsunitontin afuehus spition ExanmgeniE solLl0GD 18 6bhselshoan i n Tabl e

1, zeolite LTA wt, 9 r epar.e fere t es two
di ff er ent &R '35‘5( %agggse tgé%oﬁmgﬁ?tppeﬁsstomgl MRS gsgﬁgr% %bfyeg%e?om zed
Wﬁ.t er (DDh¢ parslmec‘msrrbh eesqmeorabm eltiofatedypmeobraret siugtupdleddigp den@eved us when
shaken on borat b | tested
as | ong (pleab !g'c? ?ueg Eﬁ@t%%%% v%&%@iégl%rﬁsﬁﬁ@%ﬁ%wé‘a%%ﬁgg\ 'araég%nm st ent
with the gudd pd)&nérwlmjabavxngamﬁtmsbrchawmﬁdm woreasdd wWaler treesfdomA, Si: Al Ratio
and Shaker Dissolution Material Si:A Ratio Shaker D ssolution A um num

parts arts per mllion plateau in 500 ml DD water solution Zeolite LTA
(t enpl at d9004@e) Dutin@fabdication, Perelis sepAcTVMEMbIApE dRd)cludingnancpegiciase! AU

-2.5 dispersed therein, and/or on the surface thereof, can be immersed in an aqueous
solution, such as aqueous phase 14, containing a first reactant (e.g., 1,3-
diaminobenzene or “MPD” monomer) to release soluble metal ions 17 therein. Support
membrane 12 can then be put in contact with an organic solution, such as organic
phase 18, containing a second reactant (e.g., trimesoyl chloride or “TMC” initiator).
Typically, the organic or apolar liquid is immiscible with the polar or aqueous liquid, so
that the reaction occurs at the interface between the two solutions, e.g. between
aqueous and organic phases 14,18 to form é dense polymer layer on surface of

support membrane 12.

100048] Suitable nanoparticles 16 for dispersion in support membrane 12 as
described above, include those selected for their ability to release alkaline earth metals,
or other metal species, into organic phase 14 during the interfacial polymerization
reaction, especially when nanoparticles 16 are processed to enhance solubility of metal

jons such as .alkaline earth metals 17.

[00049] Porous support membranes 12 are typically kept wet until use.
Nanoparticles 16 may be selected to release metal ions 17 which may enter the water
or other solvent contained within or on support membrane 12. The amount of metal
ions 17 available for the interfacial polymerization of aqueous phase 14 and organic
phase 18 may in some cases be increased by storing support membrane 12, for
example in roll form, for a suitable time period such as at least one hour before

fabrication of RO membrane 10.
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*Average of 77 to 160-day data; **Average of 1 to 84-day data, *** 2-day
data Exanple F 10001511As shown in Table 2, nenbranes prepared from
nanoparticles with differing Si: Al ratios have different flux as expressed
in gfd (gallons per square foot of nenbrane per day). Menbranes were
prepared as foll ows: 10001521 Two aqueous solutions of 4.0 wt% MPD, 4.5 wt %
TEACSA and 0.2 wt.% SLS in DI water were prepared, one al so contai ned 0.05
wt. % of zeolite nanoparticles. The solution with nanoparticles was

sonicated for 30 mnutes. An Isopar G solution with 0.3 wt% TMC was al so
prepared. 10001531A piece of wet pol ysul fone support was placed flat on a
clean | aslsoqsbat e.lt Aay be 'rnwdrtanf mazﬂawwaﬁictehemmglfcicrmjaldma)ﬂtmediﬁtmetfrfane

surface, LEaM Ro-A0.ALEA 0L KlEs LR oRRkion d LAkl RRe | 10001541 An

aqueous utio as describe Vi ouUs y was poured onto
the fr anamblymmzam Atimetat eetweadn Pesenomusdarfddy mlnuhem and heefereblytbebyeanas

dr ai ned i ; e : [ ¢
10001551ﬂ\4O é#bé%%g”m‘/}agﬁ\'@en' SP%A%Y%“%)%&J*F&’% uﬂéﬂﬁ'??%%t“g'ﬁ P@ﬂ‘%'laﬁ i east 4
m nut es anet\ahlpowbtmmvtnammrti@es & émpacts feoeationt & diseaninalian tyat %IamThe

menbr ane g?peﬁﬂﬁxgﬁgf Mbtrner%agne k&3Sah n%%tlfy .hereggH@ WeR AGKS. An air

knife was use the nmenbrane surfacCe. The nenbrane was
ref ramed thsiedgouaidohibe S@W@@wph@ﬂjpr@ﬁ%facryl ic frame and kept horizontally
for 1 mn 10001561Crganic solution (50 nL of 0.3 W% TMJ | sopar G sol uti on)

was poured onto the framed nenbrane surface and remained for 2 mn. The
sol uti on WRS!Hr ailtieay by adyantagegus HePrePapReSE VAPPREHEPS 1€ BvEFINI 88NiSol ut i on

dri pped fér{équthtﬁn fars%mé rdd2Cora®hi!dath Eéf&@ﬁn&@ﬁoﬁaﬁmmebofaﬂ@dpbﬁ menbr ane was
kept hori zontall mnute 10001571 The nenbrane was then dried at 95

Cfor 6 rﬁ’?fﬂ?@@eﬂlﬂnélozfuﬂhébﬁ%?ﬁt%SW‘%?qNé?Hasr%{Wéeﬁl‘*u‘i%rgf"ﬂ'ﬁrp53§ee1§\/f°f h

Nanopar t i gduejusyRgoes GentRBerfaaRl @éﬂﬁﬂeﬁatnbh USoﬁ%@trorS;bratésarnby made control
menbranes w thout nanoparticles. Material Fr reased

ror e aRATF I T RGBS 58 @SoRE PRSI (e FAT a0 aokBeRaS 03 T30

Zeolite Lidn WhRABLBHE) mémbiaheO i€estetir ifto brganit & diUecdspranses her
experinment under simlar conditi on%ﬁ zeolite concent I’%tl on was .i n@r eased to

0.1 wt % AW/HE ae(p PlastesLEoNs, Witk Bgncraliglas 10 18,2 Vepsgl A PaB MRS a8 ¥8nt i nuous
coati ng prees@sa safic dgue Bafutidhs pay Suibiyttaf tolsUficiane pafie dndrgy from 10 to 60

minutes to aid in the release of metal species, such as alkaline earth metal ions 17, into
the solution. After sonication, the solution contains additional metal species. Additional

sonication time may release additional metal species up to some limit equilibrium.

100052] Processing of selected nanoparticles 16 may also be accomplished using
shear, cavitation, and impact forces generated by 1 to 60 minutes in a Microfluidizer (a
trademark of the Microfluidics Corp.). After processing, 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.

14



sonicating a 5% solution of LTAin water for 5 mnutes, followed by 20

m nutes of mcrofluidization, and stirring overnight, was added to an
aqueous sol ution of 4% MPD, 4.5% TEACSA, and 0.2% SLS. An organi c sol ution
of 0.3% TMC in |Isopar G was al so prepared. The conti nuous process followed
the sane steps and order of solution coating, renoval, and drying as
detailed in exanple F. LTAFlux (gfd) Rejection 0%7.799.4% 0. 10%24. 898. 9%
10001591 Al performance data unl ess otherwi se noted was obtai ned fromfl at
sheet testing on NaCl (32,000 ppnm) in DI water tested at 800 psi after 1
hour of running. Exanple H: Al (acac)3: 10001601 An aqueous solution of 4.0
wt% MPD, 4.5 wt % TEACSA and 0.2 W% SLS in DI water was prepared. An |sopar
G sol uti t h 0 and

soni cat e39?°§4r" 609@3\3% e%gwgggg%g%f%%% erggé%?é}'%?'\%sﬁ& ?%'ég{r?gre%tr?%%ort was
pl aced f|satutioncentainibamagraaryclps 46 & avessel gnd @Jwﬂlaaﬁ*%@ eithrriowedead ont o
the menbrgpg égﬁa‘ Abk prle?e‘?éﬁﬁl%fbs@'fhaﬁrﬁﬁu{ Sfor LilRabiNREdBRbA N0 eqwggreaﬂez ation

reaction to ta l'ace Aqueous MPD solution (50 nL K@repar ed as

descri bedhgy @anue)ﬁ@ng MeES PEienasll 96%1@' thare abeu (Pefar atdedit 3R Sesendsa

remai ned H.pi aé,umee méﬁé‘?u%'éﬁdupﬁoy‘@@«eﬂfh%h%gutté’mbybbbélﬂiehh@n fHeame till no
solution dripped fromthe frane. 10001631The frane was taken off, and was

| ef t hor iSPbRY qh)?rafcéﬁ”sllc%ﬁfﬁ[]?éee%cWEW%S‘@P%’?'C'RGQ of the surface water
had evaporated. The nenbrane was then cl arrped with the glass plate in four
corners. An air knife was used to finish drying of the nenbrane surface.
The nenbr®¥&5has TheteanaP!ersial gadise ReroRpa sé‘n%dﬁfﬁf‘gé&ffpp@v?sr ane and

kept hor iizudicy ta @hs%nﬂ‘n{HTl\l@OmﬁghQﬁganpr@féﬁr@bui)h@éht(aﬁan%f) was pour ed
onto the framed nenbrane surface an n was

drai ned BYR'ETHAa9gtiyeReSYN AT EFRIPDT B ffoﬂ‘ &%81 A’n(?ﬁ'e%f BECBN qﬂ“fvﬁl‘fé‘h ?r om t he
L rane. Theglapa:c)rty IsPchyf WaiRt AYRSmbeBréRered dideh 0. be%rrer’rgx @nga&mglé@br 14. A

oril zont m nu was t hen rile at f or .
s oe Fabdes b B PR TR T e D ot} o eor R8I <o ut on
cont ai nedndiecufir(zaidmicesStosassishin avdidhingniee desiled coecargratisnsaofaoolecdér

fl uxreject contro 999. 3% Al (,acac) 320. 299. 7% cl3
tested orf 9@3‘?% c"NSOLLRN, 'Qaﬁ%}e boo"irﬁ%fgi,quice&s%%?%%?txc?esd% @L%r%%\%\ne}r?g t he
Al (acac)maypravedaan erakbo\oe pbaklhwsissmvadeiny sHeac aayiBatan, er inpaet fogks 0 1% .

The menbr ane wa Lest ceII ken fromthe
Pacific (ﬁl%(é 'Zef%f"ﬁiﬁ’ é‘j%gecrtnfatoansééocr'\ ?gﬂ%&@%%ﬁ%ﬁggzﬁ%éﬁ@gﬂ%% Exanpl e
J: Sodi umigtuteyinehtdelg a mmﬁﬂfm%Zer/ampaMEﬁbe sehepariilesodr BheX reketyNPPD and 0. 5%
sodi um al { r r i th 0.17 wt %
TG v A DR Garierd gl U ool R PR ot HEIOR 0P & hO e s
pl aced f Ipatcessechcartieragaglhass bperashakepin aaueplb golliemen asdakdidabipfa@d ont o
the menbr tonita | ace.
10001681 S S Ah B e b o ion el D b ec BT A S & ah ey s
pour ed ont 8 vesee! hawred serigivrensevithun aa@bn@mardeerfmrwfﬁwnt 1o icragse theThe
sol ution d ' stédnlt ifiRe Py WelPEdbbPRGFledsr om the
frame. 10 E&ﬁ&%ﬂ%&g%ﬁ%oﬁgﬂﬁé dg’ﬁaro ?ﬂ?e e ral%Je vvapg t hen cl a?rged W th
t he gl asdo gledplerpeialipplumergatien Bixtyg. @B lmﬂwe%se\!mspﬁgé%p N sRAYEPBH dry the
menbr ane gWataspinulde menbrane was reframed using another clean and dry
acrylic franme and kept horizontally for 1 mnute. 10001701 Organic solution
(50 nmL) was poured onto the franed nmenbrane surface and remained for 2 mn.

The sol utjhg@aewas Tﬁlé AbR&ShrYed b 6thélgeﬁah@el)f rr@a@b@@mérgaidywavé bekn no sol ution
dri pped fromthe rame. The acryli d the nenbrane was

kept hor iPEefSEERd af%ﬂ‘““?”rﬁ‘ﬁﬁ"b"""’fb@@ﬂ‘?f?”ﬁ@ %@bﬁﬁStwaﬂ%s A apWepar ed as
above butigeragioantRit 5 Gbrititiiaast go@é@daemmanumealdamhaaat@amfeiwxr ej ection

cont rol 20. 098. 99% sodi um al um nat e30. 696. 77% Exanpl mn trate:
10001 721"5Pbiblencarasrs MeaY; heverees pipserse i %@‘@”&&r@ %’QEQ&H}E’ %i"t“f%c aci d

was addedort# Id¥st BUséddRdPOr inca Edietioneat GepHo GrebtdytiSan dhvait odmitatdastlBd not
require any acid addition. fluxrejection I
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control 18. 298. 78% Al um num ci tr at e26. 398. 30% Exanpl e L: Al um num

canphor sul fonate: 10001731 To the am ne in the sodium al um nate exanpl e
above, canmphorsulfonic acid was added to bring the pHto the range of

7.5-9. The insoluble precipitate that forned was filtered before use. The
control did not require any acid addition. fluxrejection control 18.298.78%
al um num canphor sul f onat e25. 998. 80% Exanple M Al C13: 10001741 An aqueous
solution of 3,2 w% MPD in DI water was prepared. A Hexane solution with
0.17 wt % TMC and 0. 3% A1013 was al so prepared and sonicated for 60 m nutes.
10001751 A piece of wet polysul fone support was placed flat on a clean

gl ass pl seeondsnNacepdriides erapteenialetiveieinsguble sariert may haverkegivRineessed f ace,

| eavi ng B Lol bPalIEARs! HutEQaLé‘gﬁngfgerﬁﬁe ofl@%lc?r%ré 50 ni of

aqueous uti1on prepared escrl reviously was poured onto the
framed méYanoaa’icies of alder fﬂmlvwm%@éﬁ gasriers mﬁw’fmve bewer%ﬁﬁq Wi was drai ned

?faﬁ% | &L S%%tergﬁﬁ%égﬁr? %}dédtlﬁgg%ﬁﬂh‘ébﬁug@ e tb%b%@efsroP@h%h%oféc@E?ad&ﬁ\%Ql??1The

rane was then clanped wth the glass plate in
four corners. An air knife was used to neter and dry the menbr ane surf ace.

The menbrigag,\was z@sﬁté@aﬁéowér mgrg%mtrhﬁéra%&ﬁﬁb@@g riHyaldcbey/ furef rame and
kept hor| zont aI ly f m nut e. Organic solution (50 nL) was

pour ed orfetsctasidor LHW@?@RB?‘&H& 1§L§‘P feé‘%?éeme?%feﬁdﬁé'de? of b?serﬁ cﬁh‘f“@s The

sol ution dé@ﬁeedff%mm.zlayorﬁ tHetdaagpérhaeé ﬂ@nﬂm‘éﬁjﬂob‘s}@bh}éni bf hard@asielestison
dri pped fromthe frane. The acrylic amre was renoved, and the nenbrane was

kept hor iZ®HPERIYMPB SQLUtH? AN v%@m%ﬁow o RN RaSIeAN RIESS Epar ed as

above butcah g réeaRibae). Wh@@n@@ﬂfoﬁtr@gﬂlhﬁ@ mérled carl belgeteireinbd atough
control 14. 099, 47% Al C1316. 199. 60% Ex ﬁl@ N Effect of rinsing: 10001801 Two

menbr anesseM%frabteﬁlﬂH%“efsdP‘FBWQQ rEheYRe 3 procedure above but using the
Al (acac)3 at a level of 0.2%. One was then rinsed in a 0.2% sodi um

b t | uti to, t fl . .
N (acac) 3005800, TR ek e S e SLamiReH arb of e INoRYBiS £a8ES 190,
Exanpl e GhayHd @elded wfﬁrgmﬁig ppasmﬁSéyer Jleaﬁblmad;uébumﬁmr anemVi@sgamdeyelccor di ng

to the Al (acac)3 exa exce or i ol ution
was only oﬁ”‘gétﬂﬁo o n"iﬁ‘ ?Tfaﬁﬁrt%egw ®ESHT h% Oﬁm r%lrgP% ?

organi ¢ ol ektanmte mfe/@emanalohw 5dth inqmedorhmun@@tlwn wm bsthmus@m lemmdranNas

used. A control made wi t hout K an 3 I Lection
control 13“%@!6‘9689‘ S‘? Y ?‘i‘f‘gOEf“E%‘@‘ %%@%ﬁ%@a&?ﬁgﬁﬁgglggg%’%o@gﬁ%ﬁgg . Cont act
angl e: iGQ0bB2darMensbitanegs inviectédennte wateowditerysurtace e sympoRodernbrask ddpl e H,

and a sec r%err%n‘ﬁotqngu rmlgg Qf@oh@?ééfe %O()[%@%)]% ,%},'glpqsrrerrbr ane cont act

angle w t'h ABasUr e

[00059] Support membrane 12 is typically a polymernc microporous support
membrane, which in turn is often supported by non-woven or woven fabrics, such as
fabric 20, for mechanical strength. Support membrane 12 may conventionally be made
from polysulfone or other suitably porous membranes, such as polyethersulfone,
poly(ether sulfone ketone), poly(ether ethyl ketone), poly(phthalazinone ether sulfone
ketone), polyacrylonitrile, polypropylene, cellulose acetate, cellulose diacetate, or
cellulose triacetate. These microporous support membranes 12 are'typically 25-250
microns in thickness and may have the smallest pores located very near the upper
surface. Porosity at the surface may be low, for instance from 5-15% of the total

surface area.
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Control 52.9 Al (acac)325.2 10001831The sol ubl e al um num 17 rel eased by
nanoparticles 16 in support nenbrane 12 are available in the water on the
surface of menbrane 12 which is kept wet until aqueous phase 14 is applied
to support nmenbrane 12 during processing to prepare discrimnation |ayer
24. As a result, soluble Al 17 is avail able in agqueous phase 14 during
interfacial polynerization between organi c and agueous phases 18 and 14 to
formdiscrimnation |ayer 24. The followi ng exanples are used to show t he
improved flux flow are a result of the presence of soluble Al 17 in aqueous
phase during interfacial polynerization which fornms discrimnation |ayer
24, referpewo; o dheAreparatiin affshipmdrt hOmbranEi1g.m&, bdgirawjh theEadksiionof Nae :

rel ease o ol u | up i . i ows the
it eer - or g Faie M ol A SRR BN SR Y TGt ARG Fc

pol yner i zz8,0@hfroro Aldriab, lﬂSA)(inarradswapreidieadrfnrcrﬁaraénigférgi%s |bo§Ie@f a resul tant
menbr ane i sol ubl e
oo num BB AR e R S P R s S e ARG % 201

di sper si onayee éleeuﬂdilrttbe Mﬁ%bafpmml@on@ Gmtpcévfsvé@neualwgers libgected to

i npact, i i rsion
contai ned SRR Inge S8R (PLERTaI R, A fethottetilirgTiodieyRg! o) PT,
wat er . Vifoieing theadnmpead casinggolutPn dRalpsting saluienddinay AN RagasiPraPmadnum

content 0Ofyel 30h-9 0P Fa%n@?é a%éﬂe’d%‘ glaRPPhate @‘@%llﬁlfgegﬁmfa%‘s 3lats48l e

menbr ane production 1000 I'n a continuous coating process; the am ne

sol uti on raﬁsdtr@n@eww@alamme@m deminaelisrdyuates Wit hadmretsratixanpl e 2

wer e usedhded REiSBRES BRIAME te%é%ﬁrte tinfRSich€l, FRAYE PN ErsRIMCh R rBaINdC
sol utions were about 15 seconds. Cther sol utions and processin condltlons

wer e si mi37eF Se\erelyswep masRueHsnsupport fage &p SERRBIN LR SUEPIDME
Ga( AcAc) 31 AR B8 sgp@rgtéamﬁélrr?glgss sibfeest h@émbﬁ%ﬂé‘ﬁ?ﬁ%heﬂ%@ﬂ&ﬁﬂqo?&@hﬁemr anes

were prepared by the method in the alum numcjtrate exanpl e above, using

two diff e"i"@h‘?e“l’rﬁ%%d vorterrans stesed ingQld gppPIRSHINIEYSPdo dn SWB‘LHUQUS EREINGt her

about 98. &%@grgaﬁoygﬂet%V@émmyta{gd@am.ré@th trace anmounts of nono, di-, and
tri hydrolyzed TMC. 10001871Control nenbranes vmth elther TMC | ot gave

simlar ma

Fl uxr o eariusdl o0 NERoBoNESEEIPIANES, SRl L 0D 8RR 2BRM o6 20w
Sect i on Bnemwr@npdawfm@ amgsammm@@meﬁwmrrﬁgvaﬁwg@way|p)¢rha95F| g. 18-26
and Tabl § J?Sﬂggpwﬁngre' & St HY LS BV &I n%é?ﬂ;raw@ﬁz 9H§/0P§W%l@|ﬁb' ons of

addi ti ves gn ues provide substantially superior menhbr anes for
f orward an@mbr@\m@ﬂé’énfagm%“sﬂ@ntft@ncomﬁéctlonor exanple, in the purification of
bracki sh and sal twater. Such nmenbranes have inproved flux performance and

foul i ng riesiczf anaesand cfr@lrﬁ%tﬁnd@sgrhbﬁ@jaﬂﬁteis@ﬁ owharemtvenyinsadmﬁe cdrrlers

partlcula”@ in adglt on to t V3 ces.in k?)te us nano icles and
ol ubl e msapy paEte ChyPors it JAd8 Tisle RO mERE e RREBR R Rt | o
advances astle v@umonhedusmg afjedtibe ab mdch\usmg!d@gdiahbwﬂclad th e thadrgamiosar i ous

nmbi nat d. the f L I
the use. drenanBphrpreariees i Shs PR o Pr BT oie Ry GTTRIAEe: o nor ease
resi st andecltided inallayey batwbenestippert trisentrares Dénd djlamrmnmrontlaym 2dwes thowhoul i ng,

the use qf  co |ons ves to incre nti aI
| oss of ?Deﬁloecmd% ch efggﬁ?gﬂnéglmen Shg]e rgjéac '%E\Le% y ro‘?%ﬁééﬁ#@?@

addi ti ve atfedsudo, ri$ ctrhl@ @rmi toring of a deflection point, . the use of

al kaline earth netals as additives, the use of other rml ecul ar additives,

the use Qqpodadpot uhpspasciase éthwe@:at.vélpwaﬁ@;eoéarmrgh@rmaaﬂeu@aasr@tI ons of
TMC, the use of |ower ratios of as well as the nonitoring of

t he per cenetafigppesiesniieh aéfgo%éhveacrdappprvé@cdher“eranmrh@ﬂqnaﬁgmc%mawgu to

control ne&EHafeagnesium, or calcium or an alloy thereof or an oxide thereof or a mixture

thereof. They can also be a nonmetallic species such as SisNa, SiC, BN, B4C, or TiC or
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10001891Tables 1-XI1 in Section C provide 172 additional exanples of
various additives used solely and in conbination to identify points within
ranges of the use of such additives and conbi nati ons, concentrati ons and
ranges. 10001901l n particul ar, as noted above, a conbination of additives,
such as tenplate fee zeolite LTA nanoparticles, and netal ions, such as
sodi um alum nate, in the aqueous phase of an interfacially polynerized
menbrane provi de advant ages not easily achievable if at all with single
additives in simlar menbranes. Likew se, the use of zeolite LTA
nanoparticles, conbined with the use of a snmall anount of nono and/or

di - hydr ol qrz@td)ymd)fmrtaheixwgmr@f pHasecérayen codonti@sed beenids sush@st obser ved

with eit b (o] Hefl €s and
mono ancr gePtR ForlbdBEsect Gupeh dBE A% k- Bl EANCRARERMAE 12, 10
earth netfalsesma @trttmnamtt@@udaaarbaddampaetlcg onf OXtuEs thewehi ned with t he
other additives and/or with the techniques, concentrations - and ranges

descri bego@myl des huBki-8oESNBEDEARSRopYiticlRs NegRifdaixr A igh, P& esid on and
i ncrease

resi stance to fouli ﬁg%%Althou%{h al kal i ne eté E net al s have not
been used<ds S¥aABYMORIS eI AEHBH SRS EH fPtiRsr @Gt 'x‘isﬁ FERY to work, we
sur pri si nglayackergnél chdraé ahhaydr@guhdty laRd hﬁ@tthdh@foke pxtélecetyorwsh | at
|ncrea5|n nenbrangrgﬁﬁneablllt ﬁ} @rth net al s é@g(ﬁr are al so
abundant , MPRAEES{ eféawmti@s{?@&et aﬁ?‘?ﬁﬂé &% h@maﬁ(/ﬁﬂjﬁ?ép ? Z¢%iSs group
i ncl udi nmrb@gm&oumno@loos dimmissdicdesont i um are al so environnmental |y benign
and can be available as counter ions fromzeolite nanoparticles. Mrdenite

and Ferri f g Si um
exchangeagﬁdéﬁo er't%gﬁg%g%@gfg'ﬁéy%'bé %g%r%é'@tr?g@f %rggg i Sra e? can be

t hought dfawmksmlhmvrassnaﬂe uphif ofrief-aharog$oCh aed IO TEGhesibr Anes, where t he
pol ymer i t nc S | es and
has been%ng%g?rﬁéta&ehﬁnahé%%rﬁ?uqbla}ssfeao%fomgﬁsg&lgwn@rzg okggﬁe 2{9(21 di H l:\//‘(e:s Hybri d
nanoconpdspteéemswermebﬁm@@l%naéloh af wléngeinal Y js ganeprly edCrapRt caHé@. f or med i n
t he presegrfﬁsu% ng@ﬂﬂ@%” lofilrSstal gfwéargameesu&ts R s A A MRS negiidle Vi €l ding a
m xed matrix rane of the nano ticles, and/or additives, together with
pol yrer, Qﬁ‘@tﬁ%ﬁ?@tpélbésh%WQSWﬂfN@she siyspaet Bee Bymawokr@BcrYiRiy | ayer ,
typical | y.nérbo%éét@d Qégé?aqﬂrdQ:fh‘ahhé@Bf &gbr@t@rgttléa%cht@@@é%%wm@d geidiickon of a

conmbi nati on nanoparticles, wth other addi tives, form hybrid
nanoconpos |aﬂéflTPU0n%'nb$r§n‘t¥s ale" pemEn§<as aisoterprpagnt |”‘h'€‘|e@§§@@ freg@Qance to

fouling, ¥R§tnekdnof % FsB&eJ:tPcﬁﬁc m‘th Eluy AveputtdrdBbidUs otdugyarinaiWdiRbitedn by the
seawat er or other materi al purified. 10001941Q her advant ae%a

es of the
vari ous n’ﬁH’BF‘Qh@C&éﬂéF‘P'It%’s’p'&ﬁ'&’ ‘t%‘ﬂ‘hyn‘? BeldSIPtETI PP UA < $H2108r P Fay i ncl ude

subst ant i @blebi&T SARSFhN dWbrkS 057088 8ctiicall/Meutisle of the menbranes with the
i ndi vi dual additives, subst antial i ncreased flux by the addition of small

amounts of TI\/C s an t Il a n

per f or mand & S%é"a O\{géosov‘r”ﬁ" %? %rtﬁon%(saé :P;é )'%516%"%I al;gé%dé e%vgshern
subst ant |p&bferrad rreraaald lmceta;nctwt\lummntfeplf\ltamidl Amnesiavitum, phmuxrtej éprohoite,

Sgﬁ;?gf e{% s]al%Jrer?eS Ba?aHﬂglo%éjxq% E%é cYeeﬁﬁe Bqﬁeﬂgtlltkn@%%&g%%%eg&%y r&ghlt ?:g?nrs(rjerg\r/lvelsn
may be us@mlalmahdmsmmhmttee Ctm@umlmtha@ryobﬁt@awsmﬂﬁe e@laawcgevm'p@te have a

t endencyaégaéﬁﬁﬁ% ifsfe %alto@gtter@ﬂ/gfog? alGH i t@%d&eﬁﬂﬂﬁ@ﬂyd%t lBlté hﬁte

contamn ecreasin ective ane pernea ty, e.g.
decr easi nfplinteritenheite M@Ultfa\i‘émtmpﬁ@mt? M@amt@rmmt@ﬂéafawpuae but are not
limted tg pald b%soBﬁ@%lﬁow hsoq‘??er tS'aBJ}rlnéé rASAL4R)ife, Miegai ¢ materi al s,
organi c surfactants silt, et erial, mcrobial species including
bi of i | s W@ﬁﬂ“@ﬁ@&hﬁﬁdﬁﬁﬁéWﬁwW§ ei t her excret ed or released from m.crobia
speci es such as proteins, polysaccharides, nucleic acids, netabolites, and
the like. This drop in perneability or nmenbrane flux is often snaller for
menbr anes prepared as disclosed herein than for nenbranes prepared by
conventional techniques due to a decreased anmount, density, viability,

t hi ckness and/or nature of accunul ated material. Menbrane surface
properties, such as hydrophilicity, chg}ge, and roughness, often affect
this accunul ati on and perneability change. Generally, menbranes with highly
hydrophilic, negatively charged, and snmooth surfaces yield good
perneability, rejection, and fouling behavior. The addition of
nanoparticles, such as zeolite LTA nanoparticles, have been shown to reduce
roughness, increase negative charge w thout addition of carboxyl ate groups,
and reduce contact angl es. 1000196] Nanoparticles can al so be added to

i ncrease nenbrane perneability while maintaining good rejection, and/or to
I nprove the nechanlcal strength of the thin filmor support |ayer.
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provi ded a reasonable total flux flow of 30.8 GFD, which provided a fl ux

i nprovenent of about 36% over a control w thout additives and mai ntained a
very good salt rejection of over 99.5% However, the Ga additive nenbrane
showed a poor flux performance after 47 hours of fouling testing, |osing

al nost half of its flux capacity. 10002041Exanple 121 illustrates one of
the benefits of a hybrid TFC nenbrane approach in which nanoparticles, such
as LTA are conbined with nol ecul ar additives, such as Ga(acac)3, to form an
i nproved hybrid TFC nenbrane with qualities superior than are provided by
either additive separately. In particular, the hybrid LTA Ga nenbrane

provi ded |8d069| GFIZiebIIites<ancaothianmpm@aehmninerefccmmmuhdslﬂriﬁyrﬂﬁoebetfnahett he control
with only o X i's on
t he or dersei l 5!38 tHe desg%.%/) s sﬁ&ﬁigﬁggrgﬁ%{%h% %Eg@gb/?? ﬁgagﬂg&egaég of the
Ga(acac) 3arad@|qallwmormmthaewarstaﬂme@drtm@m thet nanpopatielefandprecgseingf t er t he
47 hour t NMAS, e 47 -
hour testC%ﬁAs a Fé%hﬁllg:ﬁlhee %rﬁ%urﬂgpﬁ[&%%n%@%geﬁe as sutémtl rﬁg)}}mhe flux
i npr overresrwer@ftepfnrsqmlnumwrbn@dmmrv@a"qgranwl Sheagwpedglesatacha)Pa  and the
fouling r T, N B wto Fig.
25, a si rrsgr? lét%Feaerﬁ? ierr pgnteeés%/eon?%ﬁ? grf) é@b?ﬁgu%@%ﬁg@ﬁgég \(F)V!‘tmﬁltr%() over tine
is shown Fiaﬁ'%ﬁ @héa\{_e'IaASla[Taﬂiﬁ@OQ‘ﬁiﬁv@Q atdeast HO% of ApUDEHEMMHPE PRYBBW f | ow

| oss due 4i9n§ gilfgdt,Pgou,w@, ddnRdei dtbws al one shows high flux inprovenent with
substantial flux [oss due to fouling while the hybrid shows the best of
both additives, high flux inprovenent with low flux |oss due to fouling. It

shoul d aliagdshe N@treHetaR@hattffe ShRtHaAE %Qré%évbbrk@ﬁu@dr@s%l@olﬂé@@ﬁ has a
| ower fl ux t han t he nanoconposite TF nmbrane while the nanocorrp05| te

hybri d THEVRERIPANOPERERENHOF ?fﬁﬁsﬁﬂ‘iﬁ?‘%é’ﬁﬁﬁFO'B%WCFH% tHeRRASRPRES] e hybri d

TFC menbri@Rgei@f pakRupaidldfd tibtépreyard ﬂaxéalca@beqsraﬂgﬁugftefldawer.w QReft@nds to
decrease in conventional menbranes over tinme, article hybrid TFC

menbr aneP3EPBtRRFEC!RIOSYaME: AR it QW%‘FOV‘é‘H‘é‘?ﬂa‘tSfO e .daqt598 Boove

simlar neahssEesiel tihusimekbeissisitin tsesolRés apurbtbeanabourands aremsed
| ncreased F| ux 10002061Re ar di ngel ncre sed fl ux g?tg?ar ed to nenbranes with

t he indi \H”dﬁgp“‘aa'éﬁ’steﬁ}‘é@'” BIMREP érsf"lcﬁ@ UAYRG-PRPSE cular to Tables |1,
1A 2 andnétbuba&mnsmsﬂ&m@@amd inetatiSsindod iuatifaphoapletites sresdemaiechys AlRSnsel ves

fesi roa. m PReaeh VAR S Bradbs etoreate Dol i 8- e 1P8 kel ¥ oouce

menbr anesstrhamrmtgpé halPtastolesddraidvep eah bavaiheetrutt0O&FKndRefzeplitesigr now t o

exanple 2 trat 0 f |ar
n)a(mggartl iheé SQF‘ﬁtu‘ieﬁl ﬁ}eé‘s%q%mﬁor@‘é ot%%'ﬂé%@ﬁﬂ B§ ﬁﬁﬁ%?gz&eﬁl @88@}&!38&5” t he
aqueous pdmawe abész(B’r(b MeAPQcir MaARS @ hiever grartao beHaseed oy the maerdasgtical of

pol yreri zat i rm.a_n 0] GFD at a
5. 179 1 1R ey e M P R AT B ap e Sy IR M A defle

cont rol rebigale, Fadén\drt BoGl, EhdéeadnaparAs. cl e, which may be useful in sonme
cases especially in light of the other benefits of nanoparticles. However,

subst ant H@d 06D T t RRJst é\ﬂ&i’nifu'té?ﬁﬁz‘abof %avme%\éﬁi@ahcmegmwﬁ@w 8&beral
10002081Referring now to exanpl e addi t mol ecul ar additi ve,

such as 9. %%%%Wé@ﬁiyrfﬁ%‘”%'ﬁ P %rM?"B?Q@Q@)“QeﬁP@Q ﬁ@t‘%ﬂadfanm?"phase bef or e

contact wddbwdne @gg@g,lb%rr?%se%ctmdp?@duce a TFC nenbrane yielding a 29.7
GFD flux rate, which at % has rou y doubl e the 16% fl ux i nprovenent of

exanpl e t he t abl 1000 n w.to |e. nmbi nati on
of "t he. Ll cRebrierfaranarat 5%558'?43 GhaiaPe DB IR B By T
menbr ane saieicted faim a liSGf Srdcfddid mmerailabmpoancﬁﬁ%au mgye cventniitty progiuctasucbnt r ol
menbr ane vi din tr e ' Of 7% mhTMC
s an AddlHiRUeP SO rO AR e Hira Tt B oo yBS Skt Sln@led koD " TE
or nhTMC rigymeynpoends, sissske\setlbity pmdladdmsp\)ege welbkreovay. fian coowbiumdst i on wit h
anot her addi C I metal or

ot her ol ST SEe o BRI oRkubRbBs R ol 1T i th
aqueous | ayer 14 during interfacial polynerization to increased flux and/or
i mprove rejection characteristics whed®TFC nenbrane 10 is used, for

exanpl e, during reverse osnobsis to purify saltwater 26.

10002111Monohydrol yzed TMC 16 is a nolecule of trimesoyl chloride or TMC in
whi ch one of the -C bonded groups has been replaced with a bonded OH
group. D -hydrolyzed trinmesoyl chloride and tri-hydrolyzed trinmesoyl
chloride (i.e., trimesic acid) often acconpany nonohydrol yzed TMC at | ow

| evel s in TMC whi ch has been hydrol yzed. Tr-hydrolyzed trinmesoyl chloride
is believed to be a contamnant in that it appears to be insoluble in
organi ¢ phase 18 and may serve to increase flux in TFC nenbrane 10 at the



10002181Referring now to Fig.s 19-20, mhTMC may be applied as an additive
to organi c phase 18 before contact with aqueous phase 14 on porous support
12 of RO nenbrane 10 during fabrication by interfacial polynerization to
formdiscrimnation |layer of to TFC nmenbrane 10. O her additives nmay be
added to the organic or aqueous Phases or support or fabric layers 12 or
20. Hydrophilic layer 30 nay be applied to discrimnation |ayer 24 so that
seawat er 26 nay be applied under pressure to TFC nenbrane 10 to produce
purified water 28. 10002191 The purity of the synthesized nonohydrol yzed
TMC may be estimated from NVR spectra. Crude and purified nonohydrol yzed
TMC i s dirsatleheidssolobldeatrersatey ako ekapecfable umeeuNbRJrempeni iresuch c@bes, purity

cal cul ati gn p at _th es of
trimesic C&B]pﬂuxﬂs @a%gﬁéﬁl§g§§ ? (Ja J@ﬁ)ﬂge Tr %Lll’"I%k ér{ﬁe)é)r(lg %g%)!éb%/zed TMC and
di hydr ol ywoendteiiord, SSdailite nktthese aorbeenjite manophntuoies@eoth'éh@@lvebllnum.tutrmy t hen be
reduced b e which usually inpurities fromthe

synt hesi séérr%é%f)aﬁ%él%ﬁ}f g]'rég? rbllgﬁ%g\%%ggséi i1 to Fig. 21, identity and purity of
nonohydr ol yzed TMC can be verified through the use of H-NVR After

ot or at QA o nan e Bnal By TBHA By s o A SR ot at
8. 6Ppm carssespordphencal keapaws the participe or ther r@l@@vﬁmwwwb&@aﬁmerﬁo both a

car bonyl i T rat ea of this
ek, 1. S B O e B e tuo
protons hyHepdy Rampic diamatersof Aigpnakast pés)’pj@ﬁﬂjébql{bw n&; figMeabgrbhabmdor i ng
proton beueeihob\ih, %&ﬁ@&}dt 260Pl| ABUGTIRT, I bbout o Aficasepostd can be

checked by conparin e Integrated area of these protons versus those of

t he non- Hyrlfeomyzeayt e, nmilngRAUPYS ed. mabaHWQfﬁmﬁ%P%uta‘?@Pd‘m from

1000221 1Ref,6f 50 M 1896t 2501 neh, Ry alBRIPERAR tOBbSQIITBMAE dr $rohi ddest bat ed
graphically as a function of the concentration of the mhTMC adj usted for
purity. 1M Pa3ouEslBrM the entries in Tables 1-XI1 for nhTMC reflect the
actual concentration of the synthesized mhTMC used identifying the source
of the mhiddz| i . suitayiehbesiartted atchet relati2ly mbaulge aphiers aresofien Fig. 26 have
been adj ust ed r th of the s e data
For | ot 5 deegizedd AsoR R e R PP bal St el A B I o
synt hesi mﬂn@WTéd@olmSelqlmenzannNMR neEyDpses welendiaygpesiseplas hobr tent age of

materi al s dISSO|V to r a tation
of the adl WSLRt EORELANT LT aHHEOG oL (6 B BYhEER Sa iRl I REREERER % o)
lot 1 (80§4gplummlude§l\®)atad1dnc2nr(dmpmr@pah“cmm oHer v@ativeasln%pl@éﬁar ate pl ot
line for t rQer

cont am ndarEr 1006521 8ke¢ o AR slrng Fh bRl T ONANERE e
salt rej eﬁSumtmomﬂsylvshngmd §f Miewfigigitet 1da trademarkims er%r(ﬁfﬁf eflurecs

contamn f

w thout iR Garaatol St QRal e o Wierer AR BRI, Lt 81 bl RN Rl ot
99. 5% sallo nrae) easasEPME ert,hﬁé?iﬂ@jzﬁﬁttféﬁﬁQialtth%rﬁt?'ﬁb\fed)smﬁwéb'ﬁéiaé@ﬁ eayatl a much
greater nat i §ReROI Nt
appears at% %Bﬁgegwgéﬁ %@?Egﬂ%@%@é’mﬁéﬂg+atu€é]€?d§)8(fugle:ﬁa|rr§‘&§r amatically and
t he rej ecadomestegropsbellelimeeloben ¢r remmved i@ SUtaPlede@ ¥diees or tearing or
sone ot her degrading of the nenbrane. These regions of the chart may be
charact erjpagg) as B@@rttp@rsl ér@bahmérs@)vedwef Péla(uvemﬁ:tcamﬁl@aérin@rs in the

di m ni shed- rej ectl ial grdam nation (ij | % one?sF 1000?{231| n

parti cul fACPHECT g ﬁo Fﬂte“sf Urgg njeragigl el 8”% P & LEPHEPES he

synt hesi z.e(dudiﬂ&gTM’hdpfartic@ts ok owees r@atwelvahaﬂhm@chrms reevogt im®odeedoncent r at i on of

pure mhTMC,, showed an incr.ea om 24 0% congc ion, i.e.
gl ST R o AR L R o R R C R LS
concent r ahérotranel pr:ebe@daftutwdmltnoapperaamnrigovéjledlavadmd :mrtqpemctaamqnbthe]’he flux

at "t ho ndrp el BurHcoRierS Bubeh o1 2BTe d Palr ARhREU REENTER on ana

then dramatically increased to 45.1 GFD at 0.2050% adj ust ed concentrati on.
The rejection characteristics of |ot ®0adjusted were very good at the 0%
concentration of the control nenbrane at 99,8%rejection and had a simlar
defl ection point at about 99.60%rejection at about the 0.0075% adj ust ed
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concentration. 10002241As a result, the addition of fromO0%to perhaps

0. 0150% adj usted concentration provi ded very useful nmenbrane perfornmance,
wi th concentrations as high as about 0.02%to about 0.02125% bei ng usef ul



menbranes having 34.4 G-D flux having, a 52%flux increase over the control
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or used as is. Wien used as is, trace inpurities may be present i ncluding
unreacted carbon precursors or carbon in other phases, oxidized naterials,
nanot ube synthesis materials such as cobolt containing conpounds, and ot her
inmpurities. Nanotubes 16 may al so be 6Focessed before use to make them nore
beneficial for use in thin filmnanoconposite nenbranes. For instance | aser
abl ation or treatnment with a strong acid can be used to shorten the average
| engt h of the nanotubes. Ul tra-high pressure honogenization, for instance
by a Mcrofluidizer (r) may be used to break up nanoparticle bundles and to
shorten average nanoparticle |l ength. 10002431l n sone instances it may be
preferred to align nanotubes 16 within the nmenbrane. For exanple in sone
instances it may preferred to align nanotubes 16 normal to the superficial
menbrane surface. This can be used for exanple in situations where



(0.11) 0.1% Carbon Nanotubes 28.5 (1.8) 99.64 (0.08) Section D. Tables
1-XI'l, Exanples 1- 172 10002471 10002481 Exit MPD TMC MPD/ TMC RATI O ACI NP
ORG NP ORG ADDI Tl VE . % FLUX | MPROVEMENT FLUX REJ. 2 4% MPG 0. 30% 1711C
13.3 0.05% LTA 0.058% Sr(16acac)2 63% 36.8 GFD 99.57% 3

intensity ultrasonication or the Microfluidizer performed for a sufficient time period

results in well dispersed solutions.

[00076) Referring now to Figs. 1 - 4, aqueous phase 14 used during interfacial
polymerization may also include one of the reactants, nanoparticles, or other relatively
insoluble carriers, and processing aids such as surfactants, drying agents, catalysts,

coreactants, cosalvents, etc.

[00077] Generally, the polyrher matrix which forms discrimination layer 24 can be
prepared by reaction of two or more monomers. The first monomer can be a
dinucleophilic or a polynucleophilic monomer and the second monomer can be a
dielectrophilic or a polyelectrophilic monomer. That is, each monomer can have two or
‘more reactive (e.g., nucleophilic or electrophilic) groups. Both nucleophiles and
electrophiles are well known in the art, and one of skill in the art can select suitable
monomers for this use. The first and second monomers can also be chosen so as to be
capable of undergoing an interfacial polymerization reaction to form a polymer matrix
(i.e., a three-dimensional polymer network) when brought into contact. The first and
second monomers can also be chosen so as to be capable of undergoing a
polymerization reactioh when brought into contact to form a polyfner product that is
capable of subsequent crosslinking by, for example, exposure to heat, light radiation, or

a chemical crosslinking agent.

{00078] The first monomer can be selected so as to be soluble in a polar liquid,
preferably water, to form a polar mixture. Generally, the difunctional or polyfunctional
nucleophilic monomer can have primary or secondary amino groups and can be
aromatic (e.g., a diaminobenzene, a triaminobenzene, m-phenylenediamine, p-
phenyenediamine, 1,3,5-triaminobenzene, 1,3 4-triaminobenzene, 3,5-diaminobenzoic
acid, 2,4-diaminotoluene, 2,4-diaminoanisole, and xylylenediamine) or aliphatic (e.g.,
ethylenediamine, propylenediamine, piperazine, and tris(2-diaminoethyl)amine). In a yet
further example, the polar liquid and the first monomer can be the same compound; that

is, the first monomer can provided and not dissolved in a separate polar liquid.
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4% MPD 0. 30% TMC 13.3 0. 1% LTA 0.116% Sr(f6acac)2 87% 42.3 GFD 98.44% 4 3%
MPD 0. 20% DAC 15.0 0.1% LTA 0.116% Sr(f6acac)2 40.7 GPO 99.20% 6 3% MPD
0.40% TMC 7.5 0.1% LTA 0.116% Sr(16acac)2 39.3 GFD 99. 12%

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 to 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).

100080 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,- air knife, rubber wiper blade, nip roller, sponge, or

other devices or processes.

100081] 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.

60082 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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6 5% MPD 0.20% TMC 25.0 0.1% LTA 0.116% Sr(Macac)2 40.3 CEO 99.41% 7 5%
MPD 0.10% TMC 12.5 0. 1% LTA 0.116% Sr(16acac)2 31.3 GPO 99.27% 8 4% MPD
0.30% TMC 13.3. 0.05%LTA 0.06% Sr(f6acac)2 0.02% mhTMC ol 2 88%'42.4
GPO

|00083) Suitable polyfunctional acyl halides include trimesoyl chloride (TMC),
trimellitic acid chloride, isophthaloyl chloride, terephthaloyl chloride and similar
compounds or blends of suitable acyl halides. As a further example, the second

monomer can be a phthaloy! halide.

{00084] 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 acyl 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 -
C+ 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.

100085} In one embodiment, the polyfunctional acyl halide monomer (aléo referred to
as écid 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 acyl
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.

100086 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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99.16% 9 4% MPD 0. 30% TMC 13.3 0. 05% LTA 0. 058% SrOBacac)?2 57% 35.5 G-D
99.48% 10 4% WPD 0.30% TMC 13.3 0.1%L TA 0.116% Sr(Maccc)2 77% 40 GPO
98.63% 11 3% MpD 0.40% TMC 7.5 0.1%

through membrane 10 during reverse osmosis without substantially affecting salt

rejection.

100087] 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 I-Xll herein below.

100088 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.

100090] 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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LTA 0.116% Sr(f6acac)2 29.5 G-D 98.61% 12 5% MPD 0. 40% TMC 12.5 0.1%LTA
0.116% Sr (Macac)2 30.3 GFD 99.15% 13 4% WPD 0. 30% TMC 13.3 0. 05% LTA
0. 06% Sr (16acac)2 0.02% mhTMC | ot 2 25% 282 GFD 98.81% 14 4% MPD

monomer, most commonly coated from agueous 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 acyl 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
acyl 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.

100092] 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 acjueous 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. [t 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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0.30% TMC 13.3 0.05% LTA 0.09% Ca(F6acac)2 0.02% nmhTTIC Id 2 69% 38.1 GFD
99.31% 15 4% nPD 0. 30% 1140 13.3 0.05% 0. 09% Ca(F6acac)2 0.02% mhTMC |l el 2
52% 34.4 GPO 95M% 16 4% MPD 0. 30% TMC 13.3 0.05% LTA 0.09% Ca(F6acac)?2 1%
22.9 GPO 99. 53% 17

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.
100096 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 compbunds 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.

100099} 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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4% MPD 0. 30% TMC 13.3 0.05% LTA 0. 44% My(F6acac)2 27% 28. 7 GPO 99. 71% 18
4% MPD 0. 30% TMC 13.3 0.135% LTA 0. 11% Ca(acac)2 2% 23. 0 GFD 99. 60% 19 4%
MPD 0. 30% TMC 13.3 0. 05% LTA 0. 09% Ca( F6acac)2 52% 34.4 GPO

release the additive in solution. These hydrocarbon nanoparticles are preferably

included in the organic phase 18.

000101} Itis 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 aqueous 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., trimesoyl chloride or “TMC” monomer). Typically, the organic or apolar
liquid is immiscible with the polar or aqueous liquid, so that the reaction occurs at the
interface between the two solutions to form a dense polymer layer on the support

membrane surface.

J060103] 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
;)ermeable 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.

1000104] 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.

28



99.02% 20 4% 0. 30% 13. 3 0.05%47A 0.02% Be(acac)2 8% 24.3 99.50% MPD TMC
GPO IIA 1 WTH LTA NP AND mhTMC 21 4% MPD 0. 30% TI MC 13.3 0.05% LTA 0. 02%
MTTAC ot 2 36% 30.7 GFD 99. 63% 22

|000105]  In some cases, performance can be further improved by the addition of a
rinse step using 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.

[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 zeolite 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.

j000109] 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 nanoparticles.

[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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4% nmpD 0. 30% TMC 13.3 0.05% LTA 0.02% mhTMC | ot 2 14% 258 GFD 99.63% I 1A 2
WTH LTA NP ONLY 23 2. 75% MPD 0. 09% TMC 30.6 0.05% LTA 30.2 GPO 99. 46%
24 2,75% VWPD 0.09% | NC 30.6 0.1% LTA 297

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 nanocompasite 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 aiso 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 resisténce 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
pblymer 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 Qp to 10 nm,

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

1000119}  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 improvemenbt 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 cailed 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 fiquid 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.

j000121]  Another method of improving polydispersity is throuéh the use of
microfluidization. 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
discriminatioﬁ layer 24 during interfacial polymerization and/or may not be present in

discrimination Iayer 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 énd the amount of water within membrane 10, this

increased water uptake may result in increased permeability.

j000125| A molecular additive may be an at least partially soluble compound
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, hafniu_m, cobalt, ruthenium, iron, chromium, cadmium,
tin, berylium, palladium, ytterbium, erbium, praseodymium, copper, zinc, magnesium,

calcium, or strontium.

[000126] 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% (wiw), 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 5 — 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)s 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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]000130]  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 merﬁbrane without the metal
complex. The equilibrium contact angle can be less than 45°, less than 40°, or even

less than 25°.

Preliminary Membrane Testing

1000131]  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
(Dh 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 laury! 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.

[0060139}  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 corners), 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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Example B
[000141} 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.

VI . A EXEMPLAR W TH
10002531

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 agueous 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 piece of wet polysulfone éupport 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.

1000144]

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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|000145] 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 solution was drained by
tilfing the frame (vertically) untit 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% 22.5 99.62%

1000148] 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 millioh (ppm). This aluminum content is
likely related to aluminum dissolution in the agueous 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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[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. Although 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 -
: ’ R parts per
Material ' *:Sri?m?%v;(t)ig( million
) ' . plateau in .
‘ 500 m! DDI
water
solution |
Zeolite LTA 101 35.90*
(template-free)
Zeolite LTA 151 <0.1*
(template)
Zeolite FAU ~2.5 <Q. 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:

|000152]  Two aqueous solutions of 4.0 wi% MPD, 4.5 wt% TEACSA and 0.2 wt.%
SLS in DI water were prepared, one also contained 0.05 wt.% of zeoclite 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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[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

' ' Framéwork Membrane

Material Si-Al Ratio Flux with

) Nanoparticles
- (gfd)
Zeolite LfTA (template- 11 13%
ree)

Zeolite LTA (template) 1.51 : 9%
Zeolite KFI 2.2.1 0%
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In another experiment under similar conditions, zeolite concentration was

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

Example G:

|1000158]  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 aqueous 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% 24.8 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 agueous 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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[000162]  Agueous 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 98.3%
Al(acac)3 202 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 fiat 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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|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.

j000167] 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.

1000168]  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.

1000170}  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 30.6 86.77%

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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MPO 0. 30% WC 13.3 0.05% LTA 0.03% Tri butyl phosphate 19% 26.9 . G-D 99. 60%
61 4% MRD 0. 30% TMC 13.3 0.05% LTA 0.03% Tri phanyl phosphi ne 85% 41. 7 GPO
9927% 62 4% MED 0. 30% TMC 13.3 0.05% LTA 0.04% Pcl(acac)2 4% 23.5 GPO

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 1P

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. 55% 63 4% MED 0. 30% TMC 13.3 0.05% LTA 0.07%/11(acac)4 3% 23.3 GFD
99. 44% 64 4% MPD 0. 30% TMC 13. 3 0.05% LTA 0.139%% Nd( 16acac)3 2% 23.1 CEO
99. 35% 65 4% MPD 0. 30% TMC 13.3 0.05% LTA 0.029% Na(acac) -1%

}000178]  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 AlCls.

flux  rejection
control 14.0 99.47%
AICI3 16.1 99.60%

Example N Effect of rinsing:

1000180)  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 tb 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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22.4 CEO 99.52% 66 4% VMPD 0. 30% TMC 13.3 0.05% LTA 0.06% Y b(aca 03 .4%
21.5 GPO 9950% 67 4% MPD 0. 30% ' Roc 13.3 0.05% LTA 0.06% Er(acac)3 .9%
24.5 GFD 99.53% 68 4% MPD 0. 30% TMC 13.3 0.05% LTA 0.03% Zn(acac) 2

stirring 21.2 99.5%
sonication 27.7 99.2%

Example P: Contact angle:

j0060182] 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 52.9
Al(acac)3 25.2

[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 agueous phase 14 is applied to support membrane 12 during processing to
prepare discrimination layer 24. As a result, scluble Al 17 is available in agueous 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 agueous 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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4% 23.4 GFD 99. 58% 69 4% MPO 0. 30% TMC 13.3 0.05% LTA 0.034% K(acac) 5%
24.0 GED 99.6.6% 70 4% WVMPD 0. 30% TMC 132 0.05% LTA 0.024% % Li (acac) 4%
23.5 GPO 99.63% 71 4% MPD 0. 30% TMC 13. 3 0. 05% LTA

]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 agqueous 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); 43.0 98.7%

Example S, Effect of impurity

[000186] Two membranes were prepared by the method in the aluminum citrate
example above, using two different lot's 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 20.5 898.75%
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0. 107% % Dy(acac)3 -9% 20.6 GPO 99.46% 72 4% NVO 0.30% TNIC 13.3 0. 05% LTA
0.113% Tb(acrac)3 -4%21.6 G-D 99.51% 73 4% nPD 0. 30% TMC 13.3 0. 05% LTA
0. 1%% Zr (acac)4 11% 25.0 GPO 99.51% 74 4% MPO 030% TMC

98.5% pure 33.2 96.32%

Section B: Hybrid Membranes

|[000188] Referring now generally to Fig. 18-26 and Tables I-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,
» 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,
_e the use of alkaline earth metals as additives,
« the use of other molecular additives,
e the use of nanotubes as additives,
e the use of higher concentrations of TMC,
e the use of lower ratios of MPD to TMC, as well as
» the monitoring of the percent improvement of such additives and combinations

compared to control membranes.
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13.3 0.05% LTA 0.087% % Ni (acac)2 A% 21.8 GFD 9953% 76 4% MPD 0. 30% TI NG
13.3 0.05% LTA 0.111% % Sn{acac)3 2% 23. 0 GPO 99. 60% 76 4% MPD 0. 30% TMC
13.1 0.05% LTA 0.092% WMnh(acac)3 21% 27.4 GPO 99.43% 77 4% MPO 0. 30%

[000189]  Tables I-XIl 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, Calcium, 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

I 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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TMC 13.3 0.05% LTA 0.093% Mh(acac)?2 6% 24.0 GPO 99.61% 78 4% MPD 0. 30% TMC
13.3 0.05% LTA 0.04% Fo(acac)3 31% 29.7 GPO 99.57% n 4% MPD 0. 30% TMC 13. 3
0. 05% LTA 0. 05% Sn0: 90261Cac)2 71% 38.7 GPO 98.87% 80 4% MPD

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.
1000194]  Other advantages of the various membrane additives and technigues

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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0.30% TMC 13.3 0.05% LTA 0.04% Cu(f6acao)2 41% 32. 0 GPO 99. 24% al 4% MPD
070% TMC 13.3 0.05% LTA 0.04% Co(acac)3 12% 25.2 GPO 99.50% 82 4% WMPD
0.30% TMC 13.3, 0.05%LTA 0.09% Pr(Macacp 91% 43. 3 GFD 98. 38% 83 4%

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 nanoparticles, have been shown {0 reduce roughness, increase

negative charge without addition of carboxylate groups, and reduce contact angles.

j[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.

[000197] 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 nanoparticles 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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MPG 0. 30% TMC 13.3 0.05% LTA 0.06% Zn(f 6acac) 2 16% 26.3 GFD 99.51% 1 4%
MPD 0. 30% TMC 13.3 0.05% LTA 039% Cr(acac)3 23% 27.8 GPO 99. 60% 35 4% MPD
070% TMC 13.3 035% LTA 0.05% I norac)3 16% 26. 3 GFO 99. 37% 86

|000200| Referring now in particular to Table 1X. 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 aqueous 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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4% MPG 0. 30% TMC 13.3 0.05% LTA 0.05% V(acac)3 26% 28A GPO 99. 54% 87 4%
WMPD 0. 30% TMC 13.3 0.05% LTA 0.09% Sn(acac)2C12 8% 29.5 GPO 99. 61% BB 4%
MK) 0.30% TMC 13.3 0.05% LTA 0.05% Rt nacac)3 24% 28. 0 GPO 99. 65%

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

1000206] Regarding increased flux compared to membranes with the individual
additives, and referring now in particular to Tables Il, IIA.2 and lI1A.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.

[000207) 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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89 4% npD 0. 30% TMC 13.3 0. 05% LTA 0.038% M02(aoac)2 2% 23.0 GPO 99. 51%
90 4% MPG 0. 30% TMC 13.3 0.05% LTA 0.03% Cu(adac)?2 9% 24.6 GPO 9939% 91 4%
MPG 03014 TMC 133 0.05% LTA 0.03% Sn(999)2C12 5% 23.6 GPO

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 nanocbmposite 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 trimesoy! chloride 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! chioride 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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9954% 93 4% MPG 0. 30% TMC 13.3 0.05% LTA 0.04% Cd(acfm2 1% 22.9 GPO
99.58% 93 4% 0. 30% 13.3 0.05% LTA 0.172%%0 YObacac)3 8% 24.4 97.28% MG
TMCGPO 10002551 Ex.?! MPD TMC MPD/ TMC RATI O AG NP ORG NP ORO ADDI Tl VE %
FLUX | MPROVEMENT FLUX

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-chloroformylbenzene) 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.

]000213]  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 benzenetricarbony trichloride; 1,2,3-
benzenetricarbony! trichloride; and tricarbonyl chioride 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.

-[000215]  Monohydrolyzed TMC was s'ynthesized for the examples described herein in
two lots, labeled lots 1 and 2 in Tables I-X1l as will be discussed below in greater detail
by the techniques described immediately below. Other monohydrolyzed polyhalides

may be synthesized using similar methods.

[000216] 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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REJ. VII11B. 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% WPD 0. 30% TMC 133 0. 084% Fe(acac) 3
90% 42.9 G-D 98. 70% 96 4% MPG 0. 30% TMC 13. 3 0. 1% Sn(bu) 2(acac)2 117%

methylene chloride and reacted with Wang Resin (a commercially available solid phase
polymer with reactive hydroxyl 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 1H-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.

1000217]  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 compéred in a ratio with the amount of
TMC. Preferred TMC/monbhydronzed 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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09.1 GPO 9781% 97 4% MPG 0. 30% TMC 13. 3 0. 085% Cu(16acac)2 83% 41.3 GPO
98. 98% 98 4% MPG 0. 30% TMC 13. 3 0. 086% Co(acac).3 47% 33. 2 GPO 99. 62% 99
A% MPD 0. 30% TMC 13. 3 0. 18% Pr ( 16acac) 3

[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-Benzenetricarbonyl trichloride,
monohydrolyzed TMC and dihydrolyzed 1,3,5-Benzenetricarbonyl trichioride. These
values may then be 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 6ompound 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 I-X1 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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46% 33 GFD 99. 28% 100 4% MPG 0. 30% TMC 13, 3 0.12% Zn(f8acac)2 44% 32.6
GPO 99. 63% 101 4% MPG 0. 30% TMC 13. 3 0. 036% Cr(acac)3 37% 31 GFD 99. 64%
102 4% MPG 0. 30% TMC 13. 3

1000222]  The filtering process substantially improved the salt rejection and only
slightly reduced the flux. The remaining éontamination 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 line 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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0.1% In(acac),) 38% 31.2 G-D 99. 30% 103 4% MPG 0. 30% TMC 13. 3 0.1%
V(acac)3 28% 28.9 GPO 99. 60% 104 4% MPG 0. 30% TMC 13. 3 0. 086%
Sn(acac)2d 2 27% 28.8 GFD 99. 46% 105 4% MPG 0. 30% TMC 13. 3

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.

]000226]  The flux characteristics of lot 2, adjusted and filtered, indicate that the flux
grew reasonably linearly, 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% éoncentration 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 rangé. 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. 092% Ru(acac) 3 23% 27.5 GFD 99. 72% 106 4% MPD 0. 30% TMC 13. 3 0.076%
MbO2(acac)2 31% 29.5 . GPO 99.53% 107 4% MPD 0. 30% TMC 13. 3 0. 05%
Cu(ac)2 19% 26. 8 CEO 99. 48% 108 4% MPD 0. 30% TMC 13. 3

[000228]  While not willing to be bound by theory, it is believed that the area to the left
of the vertical line at the concehtration 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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0. 065% Sn(i - bu) 2C12 17% 26.5 GFD 99. 07% 109 4% 0.30% 13.3 0. 072%
Cd(acac)2 15% 26 99.70% M/ TMC GFD 110 4% MRD 030% TMC 13. 3
0077% Pd(ac) 2 15%

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 agueous 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 i, IA.2 and IIA.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 sait 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 nanocompaosite hybrid TFC
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25.9 CED 99.65% 111 4% MPI') 030% TMC 13. 3 0.013% HI (acac)9 12% 25.9 GFD
99.55% 112 4% MRD 0. 30% TMC 13. 3 0. 139%N\d( 15aeac) 3 11% 25 GFD 99. 60% 113
4% MR13 0. 30% TM 13. 3 0. 029% Na( acac)

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%.

]000235] - Regarding additives with poor decreased rejection and referring now to
Table |l, I1A.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

1000236]  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-XIl, concentrations of TMC less than about
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11% 25 GFO 99. 99% 114 4% MPD 0. 30% TMC 13. 3 0.11% Yb(ecec)3 9% 29.6 GFD
99.52% 115 9% MRD 0. 30% TMC 13. 3 0. 11% EHacac) 3 5% 23. 7 GED 99. 62% 116 4%
I MPl) 0.30% TMG 13. 3

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; Alky! poly(ethylene oxide),Copolymers of
poly(ethylene oxide) al_']d‘ 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, Siticon, Cu, Bi, ZnO, GaN, in203, Vanadium
oxide, or Manganese oxide. When carbon nanotubes 16 are used they may be single
or multiwall, 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. 065% Zn(acac) 2 4% 23.6 G-D 99.48% . 117 9% MPO 0. 30% TMG 13. 3 0. 034%

K(acac)

0% 22.6 G-D 99.44% 118 4% MRD 0. 30% TMC 13. 3 0. 029% Li (acac)

22.3 GFD 99.54% 10002561 Ex.# MPD TMC MR13) TMC RATI O

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; Alky|
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 nanotubes 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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ORG RP ORG ADDI TI VE FLUX at 1 hr Flux at 47 his REJ. | X FOULING TEST 119 9%
MRD 0. 30% TMC 13.3 0.1% LTA 22.5 CFD 22.5 GFO 98. 50% 120 9% MPD 0. 30% TMC
13.3 0.08% Ga(acac)3 30.8 G-D 20.9 G-D 99.53% 121 9% MPD 0. 30%

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 cut 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 then

dried at 95C for 6 minutes. Performance is shown in example 44,

Average 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 ™C MPD/TMC AQ NP ORG NP ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT
X REJ.
1. CONTROL MEMBRANE (NO ADDITIVES)

4% 0.30% . 226

99.68%
1 MPD TMC 133 GFD

[000248]

Ex.# | MPD T™C MPDTMC AQ NP ORG NP QRG ADDITIVE - % FLUX FLUX

RATIO IMPROVEMENT REJ
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TMC 13.3 0.1% LTA 0. 08% Ca(acac)3 31.9 GFD 27.3 GFD 99. 42% 10002571 MPO
TMC MP 0)1 MC RATIO ORG ADDITIVE ORGANI C FILTERED FLUX REJ. X

| MPROVEMENTS W TH mhTMC I N TFC MEMBRANES 123 4% MPO 0. 30% TMC 113 OE094%
mhTIVIC LA 1 NO

I. HYBRID MEMBRANES WITH LTA NP/ALKALINE EARTH ADDITIVES/mhTMC
4 ..
% 1 030% | 33 | oos%LTA 0.058% Sr(f6acac)? 63% 368 99.57%
2 MPD T™C GFD
% | 030% 13.3 0.1% LTA 0.116% Sr(f6acac)2 87% 423 98.44%
3 | mpDo | ™MC GFD
3% | 020% 15.0 0.1% LTA 0.116% Srf6acac)? 407 99.20%
4 MPD T™C GFD
3% | 040% 75 0.1% LTA 0.116% Sr(f6acac)2 39.3 99.12%
& | mpD | TMC GFD
5% | 0.20% 25.0 0.1% LTA 0.116% Sr(f8acac)2 403 99.41%
6 MPD T™C GFD
5% | 040% 125 0.1% LTA 0.116% Sr(f6acac)2 313 99.27%
7 | mpD | TMC GFD
0.06% Sr(f6acac)2 .
4% | 030% 133 | 0.05%LTA 88% 424 99.16%
s | wmpp | TMC 0.02% mhTMC lot 2 FD
4% | 0.30% 133 °|'_°1?A°’° 0.058% Sr(fBacac)2 57% 355 99.48%
9 MPD TMC . GFD
4% | 030% 133 "L'}Z“ 0.116% Si(f6acac)2 77% 40 98.63%
10 | mpp | TMC GFD
oy
3% | 0.40% 75 %}Z" 0.116% Sr(f6acac)2 295 98.61%
11 | mpo | T™™C GFD
5% | 0.40% 12,5 1% | 0.116% suteacac2 303 99.15%
12 | mep | T™MC GFD
* 0.06% Sr(f6acac)?2
4% | 030% 133 000 25% 282 98.81%
13 MPD ™C 0.02% mhTMC lol 2 GFD
0.08% Ca(F6acac)2
4% | 0.30% 133 | 0.05%LTA 69% 381 99.31%
s | weo | T™c 0.02% mhTMC lot 2 .
0.09% Ca(F6acac)2
4% | 030% 133 005% 52% 3a.4 05.115%
15 | weo | ve 0.02% mhTMC fot 2 oFo
L
4% | 030% 133 | 0.05%LTA 0.09% Ca(F6acac)? 1% 229 99.53%
16 MPD TMC GFD
/
4% | 030% 433 | oos%LTA 0.44% Mg(F6acac)2 27% T 99.71%
17 | mep | TmMC GFD
4% | 030% 133 | 00s%LTA 0.11% Cafacac)2 2% 230 99.60%
18 | mpo | TMC GFD
4% | 030% 133 005% | 0.09% Co(Féacac)2 52% 4.4 99.02%
19 MPD ™™C GFD
20 | 4% | 030% 133 | 0.05%LTA 0.02% Ba(acac)? 8% 243 9.50%
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32.1 GFD 99.60% 124 4% MPD 0. 30% TMC 13.3 0.028% mhTMC lot 1 NO .39.7 G-D
98. 60% 125 4% 61P0 0. 30% TMC 13.3 0.031% mhTMC ot 1 NO 45.1 GPO 96. 20% 126
4% MPD 0.30% TMC . 13.3 0% nhTMC | ol 2 NO 17.2 GPO 99.62% 127 4%

l MPD } T™C [ [ _] l GFD I
TA.1 WITH LTA NP AND mhTMC
0.05%
4% | 0.30% 133 307 99.63%
21 | mpp | TmMC LTA 0.02% mhTMC lo1 2 36% GFD
0.05%
4% | 0.30% 133 . 258 99.63%
22 | mpo | TMC LTA 0.02% mhTMC lot 2 14% GFD
11A.2 WITH LTA NP ONLY
2.75% | 009% } 305 | 005%LTA 302 99.48%
23 | mpp | T™C GFD
L7
275% [ 009% | oo | oieiTa 297 97.29%
24 | mpo | ™MC GFD
- 3
4% | 030% 133 | 0.05%LTA 16% 26.2 99.17%
25 MPD TMC GFD
4% | 0.30% 133 O'LOTSZO 0% 226 98.77%
26 MPD ™C GFD
2.75% | 0.09% 1056 o.LoTsA% 30.1 99 56%
27 MPD ™C GFD
2.75% | 0.09% 306 0.1% 285 99.62%
LTA
28 MPD T™MC GFD
11A.3 WITH ALKALINE EARTH ADDITIVES ONLY
0
4% | 030% | 435 0.09% Ca(F6acac)2 10% 248 99.63%
29 MPD T™MC GFD
4% | 0.30% 133 0.058% Sr(f6acac)2 3% 97 99.57%
30 MPD T™C GFD
4% 1 030% | 433 0.02% mhTMC lot 2 31% 295 99.24%
31 MPD TMC GFO
e 10,
4% | 0.30% 13.3 0.44% Mg(f6acac)2 24% 280 99.6%
32 MPD TMC GFD
4% | 030% 133 0.11% Ca(acac)? 23% 219 99.58%
33 MPD TMC GFO
4% 0.30% 29.2 .
13.3 0.048% Be(acac)2 29% 99.49%
34 MPD mC GFD
1000249|
Ex# | WMPD | TMC | MPOITMC | AQ NP | ORGNP | ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT e

1. HYBRID EXEMPLAR with CUMOF NP & ALKALINE EARTH ADDITIVES
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MPO 0. 30% TMC 13.3 0.005% mhi TAC ol 2 NO 20.5 GFD 99.59% 128 4% MPD 0. 30%
TMC 13.3 0.01% M TTINC ot 2 NO 25.8 GPO 99. 45% 129 4% MPD 0. 30% TMC 13.3
0.02% mhTMC rol 2 NO 29.5 GPO 99. 24% 130 4% MPC) 0.30% TINC 13.3 0. 03AMIMC
lot 2

4% 0.30% 34.2
0.05% 99.53%
35 MPD T™MC 13.3 Cu MOF | 0.058% Sr(f6acac)2 51% GFD
LA EXEMPLAR WITH Cu MOF NP ONLY
4% 0.30% 24.3 09.71%
. 0.05% :
36 mPD | TMC 13.3 Cu MOF 8% GFD
[000250}
Ex# | MPD | TMC | MPDTMC AQ NP ORG NP ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT
REJ.
1V. HYBRID EXEMPLAR with SiO2 NP & ALKALINE EARTH ADDITIVES
4% | 0.30% 36.6 98.66%
37 MPD T™MC 13.3 0.05% Si02 0.058% Sr(t6acac)2 62% GFD
IV.A EXEMPLAR WIiTH Si02 NP ONLY ' .
4% 0.30% 22.3
] 99.57%
38 | MpD | TMC 133 0.05% Si02 1% GFD
[000251]
Ex# | MPD | TMC | MPD/ITMC AQ NP ORG NP ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT
REJ.
V. HYBRID EXEMPLAR with ZEOLITE BETA NP 8 ALKALINE EARTH ADDITIVES
4% | 0.30% . 30 99.61%
39 | mpD | TMC 133 0.05% BETA 0.058% Sr(f6acac)2 33% GFD
V.A EXEMPLAR WITH ZEOLITE BETA NP ONLY
4% .30% 22.7
>} 030% 99.51%
40 MPD TMC 13.3 0.05% BETA 0% GFD
1000252
Ex# ] MPD | TMC | MPO/TMC | AQ NP ORG NP ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT
REJ.
VI. HYBRID EXEMPLAR with CARBON NANOTUBE NP & ALKALINE EARTH ADDITIVES
a% | 0.30% 0.05% 38.76
° 13.3 NANOTUBE | 0-058% Sr(f8acac)2 72% 98.83%
41 MPD | TMC GFD
42 a% 0.30% 13.3 0.05% 0.04% Ga(acac)3 39% 315 99.62%
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NO 29.6 GFD 99. 05% 131 4% MPD 0. 30% I NC 13.3 0. 04% mhTMC | ot 2 NO 30.8 GPO
98.18% 132 4% MPD . 0.30% INC 13.3 0.05% rali TMC lot 2 NO 31.1 GFD 97. 69%
133 4% WMPD 0. 30% I NC 13.3 0. 06%TMC ot 2 m NO 31.2 GPO 96.07% 134

NANGTUBE
weo | ™ GFD
4% | 0.30% 0.05% o 36.5
13.3 NANOTUBE 0.06% mhTMC 62% 97.37%
43 MPD T™MC GFD
VILA EXEMPLAR WITH CARBON NANOTUBE NP ONLY
4% | 0.30% 0.1% 28.5
133 NAMe o 26% 99.64%
4 | wpo | TMC GFD
1000253
Ex# | WMPD | TMC | MPOTMC | AQ NP | ORGNP | ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT
REJ.
VIIl. HYBRID EXEMPLAR with ZEOLITE FAU NP & ALKALINE EARTH ADDITIVES
% | 030% 332
aT% 99.42%
45 MPD TMC 13.3 0.05% FAU 0.058% Sr{{6acac)2 GFD
[000254]
Ex2 | MPD | TMC | MPOITMC | AQ NP | ORGNP |  ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT
REJ.
Vill, HYBRID MEMBRANES WITH LTA/ADDITIVE/MhTMC
4% 1 0.30% 133 0.05% LTA 0.04% Alacac)d 56% 353 99.44%
46 | mpo | T™MC GFD
4% | 0.30% 133 0.1% LTA 0.08% Al(acac)3 63% 368 98.81%
47 | mpp | mMe GFD
3% | 0.20% 15.0 0.1% LTA 0.08% Alfacac)3 48.6 98.37%
48 | mpp | TMC GFD
3% | 0.40% 75 0.1% LTA 0.08% Al(acac)3 449 98.69%
49 MPD TMC GFD
5% | 0.40% 125 0.1% LTA 0.08% Alfacac)3 335 99.13%
50 | mep | TMC GFD
4% | 0.30% 133 oo5% '0.04% Al(acac)3 48% 33.4 99.54%
51 { mpD | TMC GFD
4% | 0.30% 133 "L'}z’ 0.08% Al(acac)3 67% 37.7 99.32%
52 | mpp | TMC GFD
3% | 0.20% 15.0 ?}:f’ 0.08% Al{acac)3 40.1 99.22%
§3 | mpo | TMC GFD
54 3% 0.40% 7.5 0.1% 0.08% Al(acac)3 416 98.61%
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4% MPD 0. 30% TMC 13.3 0. 1% mhTNIC ot 2 NO 37.4 GPO 92. 26% 135 4% MN) 0. 30%
INC 13.3 0.03% mhTMC Ini 2 YES 26.4 G-D 99.56% 136 4% . Mni 0.30%"'INC
13.3 0.06% mhTI AC tot 2 YES 31.9 G-D 99.11% 10002581 ETA MPD TMC MPOTTNI C

LTA
MPD | TMC GFD
5% | 020% | o590 1% 0.08% Al(acac)d 37.2 99.30%
55 | mpD | TMC GFD
9 Y
5% | 0.40% 125 (i';;" 0.08% Al(acac)3 29.3 99.32%
56 | mpp | TMC . GFD
o 0.04% Al{acac)3 .
4% | 0.30% 133 0.05% LTA 41% 31.8 29.51%
s7 | mpo | TmMC 0.02% mhTMC Iol 2 oFD
0.04% Al(acac)3d
4% | 0.30% 133 oosw S5% 30.4 09 58%
58 MPD ™e 0.02% mhTMC lot 2 GFD
4% | 0.30% 133 "L‘}Z" 0.08% Galacac)3 50% 3.8 99.54%
59 MPD ™C GFD
4% | 0.30% 0.03% 26.9
133 | 0.05%LTA Trbutyhaaphalo 19% ' 99.60%
60 | mpp | TmMC _GFD
a% | 0.30% 0.03% 47 .
133 | 0os%LTA Triphomehesphine 85% 99.27%
&1 | meo | TMC GFD
4% | 0.30% 133 | 0.05% LTA 0.04% Pd(acac)2 a% 35 99.55%
s2 | meD | TMC GFD
A% | 0.30% 133 | 0.05% LTA 0.07% Hi{acac)4 3% n3 99.44%
63 MPD TMC GFD
4% | 0.30% 0.139%% 23.1 i
133 | 0.05%LTA |. e 2% 99.35%
64 | mpp | TMC GFD
4% | 030% 133 | 0.05% LTA 0.029% Na(acac) % 224 99.52%
65 MPD T™MC . GFD
4% | 0.30% 133 | 005%LTA 0.06% Yh(acac)3 4% 218 99.50%
66 MPD TMC GFD
4% 1 0.30% 133 0.05% LTA 0.06% Er(acac)3 . 9% 2.6 99.53%
67 MPD TMC GFD
4% | 030% 133 | 005%LTA 0.03% Zn(acac)? 4% 23.4 99.56%
68 MPD TMC ) GFD
4,
4% | 030% | 155 | o.0s%LTA 0.034% K(acac) 6% 249 99.66%
69 MPD T™MC GFD
4% | 0.30% 133 0.05% LTA 0.024% % Litacac) 1% 33 99.63%
70 | meo | TMC . GFD
4% | 0.30% 133 | oos%LTA 0.107% % Dy(acac)3 % 206 99.46%
71 | meo | Tmc GFD
4% | 030% 133 | 0.05% L7A 0.113% Tb(acac)3 4% 216 99.51%
72 | mpp | TMC GFD
4% | 0.30% 133 0.05% LTA 0.1%% Zr(acac)d 11% 5.0 99.51%
73 MPD TMC GFD
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Rati o ORG NP ORG ADDI Tl VE % FLUX | NCREASE FLUX RE. XI EFFECT OF TMC
CONCENTRATI ON ON ADDI TI VE FLUX | NCREASE 137 4% MPD 0. 30% I NC 13. 33 01%
Al (aciac)3 31 G-D 99.05% 118 4% MPD 0. 30% I NC 13.33 0.062%

Ti Mul yl phosphalu 31.8 CGED 99. 37% 139 4% 0. 30% 13. 33 0.08% Ga(ocac) 3

0/
A% 1030% | 133 [ ooswira 0.087% % Ni(acac)? 4% a8 99.53%
74 | mep | TMC : GFD
o o
4% [ 030% 133 0.05% LTA 0.111% % Smacac)3 2% S B secon
76 | mpp | wmc SFD
%1 030% 1 133 | oos%LTA 0.092% Mn(acac)3 21% a7 99.43%
76 | mpp | Tmc GFD
% Y%
A% 1 030% [ 433 | 00s%LTA 0.093% Mn(acac)2 6% 240 9961%
77 | MPD [ TMC GFD
A% 1 030% 1 433 | ooswLTA 0.04% Fo(acac)3 3% 27 99.57%
78 | wpD | TMC GFD
0 [
A% 1 030% 1 535 | ooswLTA 0.05% Sn(bu)2(acac)2 71% 87 98.87%
79 | mpp | TMC GFD
10/
A% 0% 433 | ooswLTA 0.04% Cu(f6acac)2 41% 320 99.24%
80 | mpo | TMC GFD
>
4% 1030% 1 433 | 0.05%LTA 0.04% Cofacac)3 12% »2 99.50%
81 | mpo | TMC GFD
4% 1 030% ) 433 | 005%LTA 0.09% Pr(f6acac)3 91% 433 98.38%
82 | mpp | TMC GFD
L . 9’ *
4% 1 030% 1 433 | oos%LTA 0.06% Zn(fBacac)2 16% %63 99.61%
83 | MPD | TMC GFD
4% ) 00% 1 135 | ooswiLTA 0.04% Cr(acac)3 23% 28 99.60%
84 | mep | tMC GFO
4% 1 030% 133 | 0.05%LTA 0.05% Infacac)3 16% 3 99.37%
85 | MPD_| TMC GFD
4% | 0.30% 133 | ooswira | 0.05% viacac)s 26% 204 99.54%
86 | mpp | TMC GFD
A% 1 030% 1 433 | oos%iTA 0.04% Sn(acac)2CR2 8% s 99.61%
87 | meo | T™MC : GFD
L’
A% 1 030% 1 433 | ooswiTa 0.05% Ru(acac)3 24% 280 99.65%
88 | mpD | TMC GFO
. ,
a% [ 030% | 433 | o0.0s%LTA 0.038% MoO2(acac)2 2% 20 99.51%
89 | mpp | TMC ' GFo
04, TA ) -
4% 1 030% 1 433 | ooswnLTA 0.03% Cu(adac)2 9% 246 99:39%
80 | mpD | TMC GFD
9,
4% 1 00% 1 133 | oosnLTA 0.03% Sn(t-bu)2C12 5% 28 99.54%
91 | mpp [ TMC GFD
4% | 0.30% 13.3 0.05% LTA 0.04% Cd(acac)? 1% 229 99.58%
92 | mpo_ | TMC GFD
33 % | 030% 133 0.05% LTA 0.172%% Y(f6acac)3 8% 244 97.28%
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32 99. 64% MPD TMC GM 140 4% MPD 0. 30% TMC 13.33 0.116%
Sr(f6acgic)2 32.2 GPO 99.38% 141 3.2% WMPD 0.17% TMC 18.82 0.1% Al (acac) 3
76% 98. 33% 142

I ' MPD l ™C GFD

[000255]
Ex# | MPD | TMC | MPDITMC | AQ NP | ORGNP | ORG ADDITIVE % FLUX FLUX
RATIO IMPROVEMENT
REJ,
VIIIB. EXEMPLARS WITH Additives ONLY
4% | 030% 13.3 0.04% Alfacac)3 34% 302 99.38%
84 | MpD | TMC GFD
% | 0.30% 133 0.084% Fe(acac)3 90% 2.9 98.70%
95 | mpp | TmMC GFD
U/ * d
4% ] 0.30% 133 0.1% Sn(bu)2(acac)2 17% 91 97.81%
96 | mPD | TMC GFD
4% 1 0.30% 13.3 0.085% Cu(f6acac)? 83% a3 98.98%
97 | mpo | TMC GFD
4% | 0.30% 133 0.086% Colacac)3 a7% 332 99.62%
98 | mpp | TMC GFD
9%
4% | 030% 133 0.18% Pr(f6acac)3 46% 3 99.28%
39 | mpp | TMC : GFD
9 104
4% | 0.30% 133 0.12% Zn(fBacac)2 44% 26 99.63%
100 | mpo | TMC GFD
% | 0.30% 13.3 0.086% Cr(acac)3 3% 31 99.64%
101 | mpp | T™MC GFD
0,
A% 1 030% | 35 0.1% Infacac)d 8% 32 99.30%
102 | mpp | TMC SFD
a% | 030% | .. 0.1% V(acac)3 28% 289 99.60%
103 | mpp | TMC GFD
0
4% | 0.30% 133 0.086% Snacac)2CI2 27% »38 99.46%
104 | mPD | TMC GFD
a% 1 030% a3 0.092% Ru(acac)3 23% a8 99.72%
105 | mPD_| TMC GFD
A% 1 030% [ 33 0.076% MoO2(acac)? 3% %5 99.53%
106 | mpp | TMC ' .GFD
4% | 030% 133 0.06% Cu(acac)2 19% %8 98.48%
107 | mpo | TMC GFD
4% | 030% 133 0.085% Sn(1-bu)2C12 17% 265 99.07%
108 | mpp | TMC GFD
109 " 0.30% 133 0.072% Cd{acac)2 15% 26 99.70%
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3.2% MPD 0. 30% TMC 1067 0.1% Al (acac)3 80% 98.86% 143 4% MP!') 0.17% TMC
23.53 0.1%Al (acac)3 29% 95.23% 144 4% MP!') 0.30% TMC 13.33 0. 1%
Al (acac)3 102% 99.05% 145 25% MP!') 0.09% TMC 27. 78

MPD | TMC GFD
4% | 030% 13.3 0.077% Pd{acac)2 15% 259 99.66%
10 | mpp | TMC GFD
4% | 030% 13.3 0.013% Hi(acac)4 12% w4 99.55%
111 | mPp | TMC GFD
4% | 0.30% 13.3 0.13%Nd(I6acac)3 1% » 99.60%
112 | MPD | T™MC GFD
4% | 030% 1 433 0.029% Nafacac) 1% ® 99.44%
13 | mpo | T™MC GFD
a% | 030% | 433 0.11% Yb(acac)d 9% 28 99.52%
14 | mPD | TMC GFD
4% 0.30% 13.3 0.11% Er(acac)3 5% B7 99.62%
15 | mpD | TMC GFD
4% | 0.30% 133 0.065% Zn(acac)2 4% 28 99.48%
116 | MPD | TMC GFD
a% | o30% | . 0.034% K(acac) 0% 228 99.44%
117 | mpp | TMC GFD i
4% | 0.30% 13.3 0.024% Li(acac) 1% 223 99.54%
118 | mMPD | TMC GFD
1000256]
ExA MPD THMC MPD/TMC | ORG ORG ADDITIVE FLUX at 1 hr Flux at 47 hrs REJ.
RATIO NP
IX. FOULING TEST
4% 0.30% 133 o1 % 25 225 98.50%
119 mMPD TMC GFD GFO
a% 0.30% 133 0.08% Ga(acac)3 30.8 2098 99.53%
120 MPD T™MC : GED GFD
% 0.30% 133 Ny 0.08% Ga(acac)3 38 273 99.42%
121 MPD TMC GFD GFD
1000257|
ExA MPD - TVC MPDITMC ORG ADDITIVE ORGARIC FILTERED FLUX REJ.
RATIO
X. IMPROVEMENTS WITH mhTMC IN TFC MEMBRANES
(."2
A% 0.30% 13.3 0% mhTMC lot 1 NO # 99.70%
122 MPD T™C GFD
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0.062% Tri butyl phasp hal e 10% 9932% 146 2.5% MP!) 0.30% TMC 833 0. 062%
Tfi butyl phosp hate 98% 99.19% 147 2.5% MPD 0. 50% TMC 5130 0.062%

Tri bul yl phosphate 85% 98.92% 148 4% MP!') 0.09% TMC 94.94 0. 062%

Tri butyt phosphal e -28% 91.69%

4% 0.30% 133 0.0094% mhTMC ot 1 NO 3z 99.60%
123 MPD ™C GFD

4% 0.30% 133 0.028% mhTMC Jot 1 NO 9.7 98.60%
124 MPD ™C GFO

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

a% 0.30% 133 0% mhTMC Jot 2 NO 172 99.62%
126 MPD ™C : GFD

4% 0.30% 133 0.005% MhTMC lot 2 NO 208 99.54%
127 MPD T™MC GFD

9% 0.30% 133 0.01% mhTMC lot 2 NO 8 89.45%
128 MPD T™MC GFD

a% 0.30% 133 0.02% mhTMC fot 2 NO 3 99.24%
129 MPD T™MC GFD

4% 0.30% 133 0.03% mhTMC fol 2 NO 208 99.05%
130 MPD T™MC GFD

4% 0.30% 133 0.04% mhTMC ot 2 NO 308 98.18%
131 MPD T™C GFD

0 .

4% 0.30% 123 0.05% mhTMC lot 2 NO 3 97.69%
132 MPD . ™E GFD

4% 0.30% 133 0.06% mhTMC Iot 2 NO a2 96.07%
133 MPD ™G GFD

4% 0.30% 133 0.1% mhTMC lot 2 NO 3 92.25%
134 MPD T™C : GFD

4% 0.30% 133 0.03% mhTMC lot 2 YES 204 99.56%
135 MPD ™C : GFO

a% 0.30% 133 0.06% mhTMC fof 2 vES 319 99.11%
136 _MPD T™MC GFD
[000258]
Ex# WPOD TMC | MPDITMC | ORG ORG ADDITIVE % FLUX INCREASE FLUX REJ.

. Ratio NP
X1, EFFECT OF TMC CONCENTRATION ON ADDITIVE FLUX INCREASE
a% 0.30% 1333 0.4% Alfacac)3 A 99.05%

137 MPD TMC GFD

. 1,

4% 0:30% 1333 0.062% Tiibulylphosphale ne 93.37%

138 MPD T™C ' GFD
139 % 0.30% 1333 0.08% Gatecac)3 2 B
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149 4% MPO 0. 30% TMC 13.33 0.062% Tri butyl phosphate 44% 99.37% 550 4%
MP!') 0.50% TMC 8.00 0.0132% Tri bithil phow hate 49% 99.00% 161 2. 5% MP!)
0.10% TMC 25.00 -0.08% Ga(acac)3 20% 99.00% 152 2.5% MPD 0. 20% TMC

MPD T™C : GFD
O 0. 0
4% 30% 13.33 0.116% Sr(6acac)? 322 99.38%
140 MPD__ .| TMC GFD
. 7%
3% 0.17% 18.82 0.1% Alfacac)3 76% 98.33%
141 MPD T™C
L7
3% 0.30% 1067 0.1% Alacac)3 80% 98.86%
142 MPD T™MC
4% 0.17% 2353 0.1% Al(acac)3 29% 95.23%
143 MPD ™C
0
a% 0.30% 13.33 0.1% Al{acac)3 102% 99.05%
144 MPD T™C
o
25% 0.09% 27.78 .| 0.062% Tributylphosphate 10% 99.32%
145 MPD ™
0
_ 25% 0.30% 8.33 0.062% Tributylphosphate 8% 99.19%
146 MPD TMC '
0
_ 25% 0.50% 5.00 0.062% Tributylphosphate 85% 98.92%
147 MPD ™C :
4% 0.09% 44.44 0.062% Tributylphosphate -28% 91.64%
148 MPD T™MC
O
4% 030% 13.33 0.062% Tributylphosphate 44% 99.37%
149 MPD T™MC :
% 0.50% 8.00 0.062% Tributylphosphate 44% 99.00%
150 MPD T™MC
0
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 31% 99.11%
152 MPD MC
25% 0.30% 8.33 0.08% Ga(acac)3 42% 99.48%
153 MPD T™C
25% 0.40% 6.25 0.08% Ga(acac)? 34% 99.32%
154 MPD TMC
2.5% 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 T™C
4% 0.20% 20.00 0.08% Ga(acac)3 3% 99.37%
157 MPD T™C
% 0.30% 13.33 0.08% Ga(acac)3 28% 99.64%
158 MPD ™C
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12.50 0.08% Ga(acac)3 31% 99.11% 153 2. 5% MPD 0. 30% TMC 8. 33 0. 08%
Ga(acac)3 42% 99.48% 154 2. 5% MPI D 0. 40% TMC 8.25 0.08% Ga(acac)3 34%
99. 32% 155 2. 5% WMPD 0. 50% TMC 5.00 0.08% Ga(acac)3 23%

4% 0.40% 10,00 0.08% Ga(acacyd 2% 99.50%
159 MPD T™MC
o
% 0.50% 8.00 0.08% Ga(acac)3 57% 99.55%
160 MPD TMC
25% 0.09% 2778 0.116% Sr(iBacac)? 1% 99.25%
161 Mo | Tmc
5% .
25% 0-30% 8.33 0.116% Sr(i6acac)2 53% 99.21%
162 MPD TmC
25% 0.50% 5.00 0.116% Sr{i6acac)2 46% 99.11%
163 MPD TMC
0
4% 0.09% 44,44 0.116% Sr(f6acac)? 13% 23.38%
164 MPD TMC
a% 0.30% 13.33 0.116% Sr(facac)2 | 46% 99.38%
166 MPD T™C
4% ) 0.50% 8.00 0.116% Sr(fBacac)2 34% 99.11%
166 MPD TMC
1000259
Ex# MPD TMC | MPDITMC | ORG ORG ADDITIVE % FLUX INCREASE FLUX REJ.
) Raio | NP :
XII. EFFECT OF TMC CONCENTRATION ON ACDITIVE FLUX INCREASE
6% 020% | 000 0.05% Al(acac)3 55% 378 98.73%
167 MPD ™C GFD
6% 0.30% 20,00 0.05% Galacac) 43% 348 98.43%
168 MPD T™MC SFD
6% 0.30% 2000 0.05% Fe(acac)3 1% 2 99.47%
169 MPD T™C GFD
6% 0.30% 20.00 0.08% Cifacac)3 13% s 98.21%
170 MPD T™MC ' GFD
%
8% 0-30% 20.00 0.06% Tributylphosphate 24% 30.1 99.51%
171 MPD T™MC GFD
6% 0.30% 20.00 0.06% Triphenylphosphine 2% 3 97.45%
172 MPD ™C GFO

Section E. Preparation and testing methodology for the example membranes.

Fouling Example
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99. 22% 156 4% MPD 0. 10% TMC 40. 00 0. 08% Ga(acac)3 29%
0.20% TMC 20. 00 0. 08% 05(5000)3 34% 99.37% 150 8% MPD
0. 08% Ga(acac/ 3 28% 99.64% 155 9%

24. 05% 157 4% WPD
0.30% TMC 13. 33

1000260}  Description of nanoparticles used

LTA: Linde Type A zeolite from Nanoscape. 100nm Diameter freeze dried.
Si02: 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]  Agueous phase nanoparticles. Example 2-8, 16-18, 20, 21, 23-25, 37-40,

45-50, 57, 60-93

[000262] To an aqueous 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.
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MPD 0. 40% TMC 10.00 0.08% 68(8084)3 42% 99.50% 160 4% MPD 0. 50% TMC 8. 00
0. 08% Ga(acac)3 57% 99.55% 561 2.5% MPD 0. 09% TMC 27_78, 0,116%
Sr(l6acac)2 1% 99.25% 162 2. 5% MPD 0. 30% | NC 8. 33

]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.
[000269] A piece of wel 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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0.116% Sr(16a00c)2 53% 99.21% 163 2. 5% MPD 50% INC 5.00 0.116%
Sr(16asec)2 96% 99.11% 164 4% MPD 0. 09% TMC 44. 44 0. 116% SN16acac)2 13%
23.38% 166 4% MN) 0_30% INC 13.33 0.116% S r(f6acac)2 46% 99.38% 166 4%

[000270]  Agueous 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

an'd 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 homagenous 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.
1000275] 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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MPD 0.50% TMC 8.09 0.116% Sr(1l6acac)2 34% 99.11% 10002591 Ex./7 MPD TMC
MPDTI MC Rati o ORG NP ORG ADDI TI VE % FLUX | NCREASE FLUX REJ. XI|. EFFECT OF
TMC CONCENTRATI ON ON ADDI TI VE FLUX | NCREASE 167 - 6% M 713 0. 20% TMC 30. 00
0. 05% Al (aoac) 3 55% 37.6 G-D 98. 73% 168 6% MPD

[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 érying 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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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% Fo(acac)3 41% 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

[000283] Agueous 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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20.00 0.06% Trl buzyl phosphal e 24% 30.1 CFO 99.61% 172 6% WMPD 0. 30% TMC
20.00 0.06% Tri phanylphosphi ne 32% 32 GFD 97.45% Section E. Preparation
and testing nethodol ogy for the exanple nmenbranes. Fouling Exanpl e
10002601Descri ption of nanoparticles used LTA: Linde Type A zeolite from
Nanoscape 100nm Di aneter freeze dried. Si02: Ludox silica Cu MOF: A netal
organi ¢ framework conplex prepared from Cu and trinesic acid as descri bed
in Science 283, 1148 (1999); Stephen S.-Y. Chui, et al. "[Cu3(TMA) 2(H20)3in
A Chemically Functionalizabl e Nanoporous Material"” FAU. Linde type Y zeolite
as described in M CROPOROUS AND MESOPOROUS MATERI ALSVol une: 591 ssue:

1Pages: 13CP8IMSb|ished: APR 18 2003 by Hol nberg BA, Wang HT, Norbeck JM
Van YS Beta: Zeolite Beta as described in M CROPOROUS AND MESOPCROUS
MATERI ALS Vol une: 25 Issue: 1-3 Pages: 59-74 Published:, DEC 9 1998 by

Canbl or MA,  Corleh Pocessfos prepaging a 1eytso MR R P8 FQER %% opar t i cl es.

Exanpl e 2-8, 1a}wovidthg adbiyahiiticZopolytifncibnal 4ot Rflide, 2 fluxGibr&igind 0002621 To an
aqueous di spersion of nanoparticles was added MPD, 4.5 wt % TEACSA and 0. 06

Wt % SLS i naqditivpeandrnanggarticlsspar G sol ution with TMC was al so prepared and
soni cated for 14, Eﬂnﬂuﬁiﬁgthe‘g&y&ﬂi:na pgghh%ﬁ&xal AbRShaBak] 6k AcResioRaBiNg Sol ution

of the nolecul ar”additive diSsolved in an aronnti_cqﬂgosol vent (xylene or
mesi t yl enejud maneparticles A B spEfice 62 BFOUSTEPROBRPEARE: RS 4 wt % by wei ght and

the concentrat i@ ehr Mﬁ’lgr NARQ Rl amid¥end 88 GoRhekosbicdcidadtdd | ve are
listed in.the t(g Ilesr.a 1 0%2631A |§i eé?gg‘of wet pol ysul fone sgg%grt was pl aced

flat on a enthgsuricaakheperpes supgertapguihrang t9 foR@ roYESe PHRATIS R onto the

menbrane syifAthe () AR\oREs an & Bdmb ke 40d€i1) dififrattian lape cympridizgd i on
reaction to take place. 10,82641 Aqueous MPD solution (50 nmL) prepared as
descri bed pelaamideigidthepagopsstiflesd onto the framed menbrane surface and

remai ned for 1 idikin HaGev3Rk BirhRM Médthraied dhadctBzell by b ilog tHaie gfeatame till no
solution dripped fromthe frane. 10002651The fra%e%s taken off, and was

| eft hori z&enel fgylxpgyhe samg pefplraneypepared in the absence o X increasing
additive. .

2. A process according to claim 1 wherein the polyamine is selected from the
group consisting of diaminobenzene, triaminobenzene, m-phenylene diamine, p-
phenylene diamine, 1,3,5-diaminobenzoic acid, 2,4-diaminotoluene, 2,4-diaminoanisole,
xylylene-diamine, ethylenediamine, propylenediamine, piperazine, and tris(2-

diaminoethyl)amine.

3. A process according to claim 1 wherein the polyfunctional acid halide is
selected from the group consisting of trimesoyl chloride, trimellitic acid chloride,

isophthaloyl chloride, and terephthaloyl chloride.

4. A process according to claim 1 wherein the flux increasing additive comprises

a beta-diketonate or a fluorinated beta-diketonate.

5. A process according to claim 4 wherein the beta-diketonate or fluotinated beta-

diketonate is an acetylacetonate or fluorinated acetylacetonate.
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menbrane was then clanped with the glass plate in four corners. An air
knife was used to finish drying the nenbrane surface. The nenbrane was
reframed usi ng another clean and dry acrylic franme and kept horizontally
for 1 mn. 10002661 Organic solution (50 nL) was poured onto the franed
menbrane surface and remained for 2 mn. The solution was drai ned by
tilting the frame (vertically) till no solution dripped fromthe frane. The
acrylic frame was renoved, and the nmenbrane was kept horizontally for 1

m nute. The nenbrane was then dried at 95C for 6 m nutes. 100026710rganic
phase nanoparticles. Exanple 9-13, 15, 19, 22, 26-28, 35, 36, 41- 44,

51-56, 58, 59, @14 proress aqolimng tlapy4 sdereinile befa-diketonatepr Juginpedpalesa and

0. 06 Wt % Slgxeldhahs HRbEEd WﬁﬁaQénﬁgﬂﬁﬁg-a_tdﬁ‘psele%@@%m@x@é}b&ﬂdoﬁﬁstm‘?ﬁh TMC and
nanoparticle was al so prepared and sonicated for 30 mnutes. To this

sol uti on watkabeporadh getatyng dlding ead meteldensof t he nol ecul ar additive

di ssolved in an aromatic cosol vent (xylene or nesitylene). Final
concentration of the cosolvent was 4 wt % by wei ght and the concentration of
MPD, Nanoparti cV-eA pragess aggeetipgiosloim 4 whergii the fux iggreasing S4dEVe QMPAESt abl es.
10002691A pj&eay@blyial riR@lyBitidRRe support was placed flat on a clean glass
plate. An acrylic grane was then placed onto the nenbrane surface, |eaving
an area for the interfacial polynerization reaction to take place.

10002701 Aqueoug. NBREQlabdok Rl o2 whBlRRRY Ak iAseAR3 GRAIRRARIpAYsOUS] Y Was
poured onto the framed nenbrane surface and remained for 1 mn. The

sol uti on w8 abrpliicfaih mtak qrjajkaligg ceRlemetabiee ti11 no sol ution dripped fromthe
frame. 10002711The frame was taken off, and was |left horizontally for 1

m nute. The nenbrane was then clanped with the glass plate in four corners.
An air knife wa OPEFePEGrHRSE iy il NGereHdheRUPSSARPOLRMPERE The menbr ane
was refranggdnpgicffadpatifiey cl ean and dry acrylic frame and kept
horizontally for 1 mn. [000272] Organic solution (50 nL) was poured onto

t he framed nmenbrane surface and remained for 2 min. The solution was
drained by tilt U@QA%)H)%GSE b &IRIidoMS Elaint Blvh¥bintid danfRrtiek Wbhge dédipped from the
frame. The acrylic frame was renoved, and the nenbrane was kept
horizontally for 1 mnute. The nenbrane was then dried at 950 for 6

m nutes. 1000273 Mg gtbe@seg&om 9 Ui 2 0RBBI ttheCilafSpartfeXed 0Bt frisd deartd- 34,

94-118, 120, 126- 136, 137-166 10002741 An aqueous solution of MPD, 4.5 wt%
TEACSA and men@@eit % SLS in DI water was prepared. An |sopar G solution wth
TMC was al so prepared and sonicated for 10 mnutes. To this solution was
added a honogenous sol ution of the nolecul ar additive dissolved in an
aromati ¢ cosol véht A Progess fes PEPatiiEs YA sosiFmeabranse FIBHEIHEL i on of t he

cosol vent was 4\ R¥in Y8 h&MmiAdd pbyinsAGIeREd Htid Bndof fil¥RRirealiMe, and

nmol ecul ar additive are Tisted in Ehe tabl es. 10002751A pi ece of wet

pol ysul f onedditippwskeetcdiremphegrawp qopgsting of & beid-dikpfopaten adluppingted betan acryl i c
frame was tdemnRbkas&d-18akd LhRintTesR ERREeS Ml BBinad @8RG, an area for the
interfacial polynerization reaction to take place. 10002761 Aqueous MPD

sol ution (50 niiB)seebiaingdhepolyamine pYeyngsiorstipgid §plidevind s incedsivht o t he
framed menbuanee St acRicdsd JoRBLe6 kefbhindllafla The sol ution was drained by
tilting the frame till no solution dripped fromthe frane. E090277]The
frame was taken®finterfzgindly Ralymegsing the polygpinapqdthe pplyfengtiopaleeyl hatide nenbr ane
was then clanRedMietdd ieHBrodt &porPhbrahd kol a ORI stosié\heRblankNi f e was
used to finish drying the menbrane surface. The nenbrane was refraned using
anot her' cIcéﬁlﬁma?&i(lﬁg‘yp%@rs;wm?ﬂﬂ?wﬂﬁﬁﬂd {éie pdisprgRingtinmclayer GonpRsising apg n.
10002781Cx Q&&k§plution (50 nm.) was poured onto the franed nenbrane
surface and remained for 2 mn. The solution was drained by tilting the
frame (verti cal Mayremjthq reypssesmatis Bamprangip epractesiaed tyer fuxdhat1s erepteracryl i c
frame was rgmmyedux @t HAE rXBBRLAPRpMESIn iRRIbs NS biZRNMIR ihoteds@E 1 m nute. The
menbrane was then dried at 95 C for 6 m nutes. 10002791The percent age of
flux inprovdfiEMe may then calculated relative to a control nenbrane made
with the sane concentration of MPD and TMC, with no nanoparticles or
additives, as the increase in G-D divided by the GFD of the control.
10002801Pr epar ati on of nenbrane from ngnohydrol vzed TMC. Exanples 1, 122-
125. 10002811 An aqueous solution of 4.0 wt% MPD, 4.5 wt % TEACSA and 0. 06
W% SLS in DI water was prepared. An |sopar G solution with 0.3 wt % TMC was
al so Prepared and sonicated for 10 m nutes which al so contained

nonohydrol yzed TMC as specified in the Tables. The | sopar sol ution was
allowed to sit for 1 hour before use. 10002821A piece of wet pol ysul fone
support was placed flat on a clean glass plate. An acrylic frame was then
pl aced onto the nenbrane surface, |eaving an area for the interfacial
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1. A process for preparing a reverse osnosis nmenbrane, conpri sing:
. ((A) providing a polyam nc, a polyfunctional acid halide, a flux increasing

additive, and nanoparticles; (B) conbining the pol yam ne,
pol yfunctional acid halide, flux increasing additive, and nanoparticles on
the surface of a porous support nenbrane; and (O interfacially

pol yneri zi ng the pol yam ne and the pol yfunctional acid halide on the
surface of the porous support nenbrane to forma reverse osnosis nenbrane
conprising (i) the porous support nenbrane and (ii) a discrimnation |ayer
conprising a polyam de and the nanoparticles, wherein the reverse
osnosi s nenbrane is characterized by a flux that is greater than the fl ux
of the same menfyf ag,RLeRakE: bR a2 SRR Mix hiteuipuadiner easing
addi tive. : 2. process %ccordlng to claim1l wherein the polyamne is
sel ect ed f comristsenapodyprobyzedsitiotesayychddriddi ani nobenzene, tri ani nobenzene,

m phenyl ene di-am ne, pphenyl ene di am ne, 1, 3,5-di am nobenzoic acid,

2, 4-di am not ol uene, 2, 4-di am noani sol e, xylyl ene-di am ne,..et hyl enedi am ne,
propyl enedi ani ni, Ap;bfp@ﬁﬁ@bwéi,ngém‘dalmrhﬁé’(f'zfelrtf}i%ﬂi"h’é‘%”tewg)agfwlﬁee. 3. A
process accordin . i WRloBhdled dia-dRkonbienct i onal acid halide is

sel ected fF%ersﬁ%%?aoﬁe%agrggrté?rstl Rghdg?dl{%%&ngéoyl chloride, trinmellitic acid
chl oride, isophthal oyl chloride, and terephthal oyl chloride. 4. A

process accor di { | WhebishaviRrdid HY bétGéteRSd dtdluadiehitddi ve conpri ses
a bet a-di ket ona{% ’Abﬁmgésﬁcg%rrh}n at ed bet a-éli ket onat e. ess -

) 5. Aedipr ocC
accor di ng tbetadikaionatdiswhmbiat with beertiat metal et slested figp the gropp FrRpIEYe

bet adi ket onat LRANALE nRfal fohslor i nat ed acetyl acet onate.
6. A pr oceé’galgaé{élg?%@nrg&?%%c gl%m 4 wher eai n the beta-di ketonate or

fluorinated betadi ketonate is conbined with a central netal atom sel ected

fromthe group X@ ne %ﬁ%@sggccgifdir%l K @hinD 4 SRR theBbialdseoRsle at fudhinmed eart h et al
i ons. 7. process according to claim1l wherein the flux increasing

addi tive coeprdisesatairo-ahstyaetopaiedr flugriraisdgqetylaseiondite. 8. A process
according to claiml wherein the flux increasing additive conprises an
al kaline earth netal or alkaline earth netal ion. 9. _A pr.ocess

according to cl &.nA revatse peiasismirmbrae presarsdipserding iR s PHGESs OB ses

nanopart i clcgsm or 12 10. A process according to claiml| wherein the
nanoparti cl A %rrprl’se zcolitcs. 11. A process according to claim!]l
wherein the nanoparticles conprises carbon nanotubes. 12. A process

bolyari pe. | a polbt éﬁ%@ﬁsﬁi@?ﬁﬁ%@%‘ﬁ@@%in”’ﬁ?rﬁié‘rt‘éeaﬁ?‘ﬁ?g%?tvg Gend
sel ect ed f r apabidwf eglibitipg & fns pat leas) 36 fdadesermined bk EXRORAE Bhe MEMPIPWEIY nat ed

bet adi ket onat e, mono- hydr FETP Y LHid O f 2 20tng @ BRkddd dfons

t her eof ; &lonizf%yvatg{)?%%hnﬁ%ﬁﬁ)gtpygl yamxtnaet,amﬁ%dygﬁncti onal m’:ci d halide, and
flux increasiongi.additive on the surface of a porous support menbrane; and
(B) interfacially polynerizing the polyam ne and the pol yfunctional acyl

hal i de on the surface of the porous support nenbrane to forma reverse
0SNDSi S NMenbr and 9c anpvdrsiosmogis nembrengrseadivg tpiporly Whsieby BaReRRGYSi ) a

di scrim nation_ | ayer. conpr.i.sing,: ' i 8indsihd@e r ever se
0SnDSi S nenﬁquﬂ%g?eéchlé’ﬁlglggg?lg{fe@%% ‘ﬁ(y‘{{%gsf? %Sﬁiﬁgmling@gi et erﬂ?g n CLhe f1 ux
of the sanmemembhnapecpniephwae dontatning 32198@ pere Nl 4t géemperpiurp HWeéé‘i‘ g

addi tive. 138 03« rocess according to claim 12 wherein the flux

i ncreasi ng APPSR 8L P%‘ri ses nono- hydrol yzed trinesoyl chloride. 14.
A process according to claim12 wherein the flux increasing additive
conprises a beta:deketonate ot . i -odi i @hnBctingthe  15. A
process accor di ?Pé) l‘Abm(Q,tﬁg(??fpfﬁ&I ‘%rléﬁlkﬁshtvﬁg&gxgstea-%gtcgiﬁgﬁg or fl uor i nat ed

bet a- di ket onakksh watewTBéanatenivth a aevema bsnadsis mesmbrang peserding ta 6y 1%.r om t he
group consisting of alkaline earth nmetals and al kaline earth netal ions.

16. A process according to claim 14 wherein the beta-di ketonate or
fluorinated beta-di ketonate is an acetyl acetonate or fluorinated v
acetyl acet onat e. 17. A reverse osnosis nenbrane prepared according to
the process of any of clains 1 or 12. 18. A reverse osnosis nenbrane
according to claim 17 wherein the nenbragne is capable of exhibiting a flux
of at |east 30 gfd, deternined by exposggng t he nenbrane to dei oni zed wat er
cont ai ning 32,000 ppm NaCl at a tenperature of 25C and a pressure of 800
psi . 19. A reverse osnpbsis nmenbrane according to claim 17 wherein the
menbrane i s capable of exhibiting a salt rejection of at |east 99.5%
determ ned by exposing the nenbrane to dei oni zed wat er containing 32,000
ppm NaCl at a tenperature of 25C and a pressure of 800 psi. 20. A

met hod of purifying brackish water or seawater conprising contacting the




