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HI GH SELECTI VI TY PCLYMER- NANO- POROUS PARTI CLE MEMBRANE
STRUCTURES CROSS- REFERENCE TO RELATI ON APPLI CATI ONS
wabios/1eopd i cation clains the benefit of U S,  PCT/US2008/056630
Provi sional Application Serial No. 60/894,234, filed
March 12, 2007, which is incorporated herein by
reference. BACKGROUND For many years it has been
desired to produce nmenbranes that can separate
chem cal species of simlar size efficiently. Typica
MIGH SELECTSVITC POLY MER-NEROLEOROUS KSRTEICIANS MENIBRANE
and CH4/ CQ2), the renoggRuefTiakgsni cs and salts from
wat er by reverse osnpsis, and the separation of

et hanol eRd)S@atEFERENwmmLa&TMN APPLYORTIONS

menfr anes. nade conv ntion qcesses such as

i mn'ﬂv% 4Rp! gﬁﬂ%ﬁg s prsii Ogh‘a{ge FoReEd GhpPligign Serial No
60/8Maal @kd MRrdhat 2000, WaveislifidepRReIhdiS £ By feldrergpar at i on

appllcatlons however, researchers and manufacturers

have not been abl e to;m&@axnusuﬁb|0|ently narr ow

pore-size distributions to achieve the efficient
sepd¥ AABHCBY I EAehACR 4PSISH AL Pradusrmetigst hatiemseragpte chemical

speSibZ8F sintiMr Sizk §ffféf‘éﬁ%§' qubbéal%ﬁhéaﬁoﬂshﬁ‘clw &s &dpafitions (such as 0x/N,
di stribution foun yneric nmenbranes as a result

andgfHgePynEe emary Oé@ég@inwg an@é@lﬁufé@n YISy iy 1§V egpeeosisis, and the
sep@ROk S MRh& ahdl Wter W%Jr%b&u%f ects cause sone

Interchain voids to ['arger than others.

FurRohenaisr enembignegemedal by neprdntipgal oprogesses| ey as  interfacial
ol FEEDERO g 8 AR b S AR5 ol SEFRP Brion
appbfational hevevan| eeeakdsrs natkiesnalmfadnufefm dule nod reevad to hebtain

S ecu] e e.
A bk 5 TR TR D R e
spetibavl dllrrmttlderttlhd sefef Bhisiiy pmaslyy dde pahy periscze nigstidraioe $ound in

have been chi eve e refined 0
orghE i ds Arar SResy S SRR e p bbb Sy ars not 100%
crystaitieg, eatk@ic Slech cage 2@nd 1nte®n31,a1ni woidshebd arger hhn that. Ri@einore,
h nenbrangﬁu %? nmenbr anes ShOM/ reatzfgtentlg% ue %?
the genera!l MRAHiG 5@‘% 28 64“%%‘} TRt TEREONABREESFE P HRATRMO) farser
molebi@éy an[eaﬂloh@n@@irbﬁh@ct@l‘lﬂoddrﬁ&lt 6Usrhalle® MFRLIIBNmakes it difficult to
procedures, they have not yet been MAder used.

prefef thediifisian of dyrrrdnglerukss apeiyha ASTbEAR s RheReiBnaj psult in a

flunAdeQViyf tkdAest fhar itV ffectifsiebd of pbRmArid highbEMES ace
area to volune ratio), their surface area to vol une

r atAimtshaveihep S1adnq pchipye mqrp reffse sk DRwASepaatons by using

struc Rl ihSroRHP RlatePihls Cshu%ﬁna§: AolitRdint REFITR ofHaBBdel I¥mbranes. These
ceram ¢ nenbranes have
membranes show great potential due to their narrow pore size distributions. However, due to

their fragile nature and difficult formation procedures, they have not yet been widely used.
Furthermore, since these membranes cannot be made in hollow fiber form (which results in a
high surface area to volume ratio), their surface area to volume ratio also limits their use. In
applications that require superior chemical and thermal stability, ceramic membranes have
proven to be better than polymer membranes. However, these membranes are often
expensive, difficult to produce, and fragile.

Over the past decade, mixed matrix membranes have been proposed as an answer to

the above membrane drawbacks. By suspending zeolite particles in a continuous matrix of
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proven to be better than pol yner nmenbranes. However,
t hese nenbranes are often expensive, difficult to
wee@dntx4s and fragile. Over the past decade, MPEETUS2008/056630
mat ri x menbranes have been proposed as an answer to
t he above nenbrane drawbacks. By suspending zeolite
particles in a continuous matrix ofl ow perneability
pol ymer matrix, it has beenzpossible to achieve
separations not possible by polyner nenbranes. The
lowl FERHH QABETTE Pbly nSr 1BAHREIE his 126 BOLSIBRINE QbhigRAepdridpa hbl p“dsﬁsle by
| ocked into _the polynmer matrix. These particles ar
Pol WR B ranes Hhe iAo Aneny isgaree Fom SPFf@n?Féerﬁ%lHB Piifilgs lafked into

the OB nfeP 81AIrZATh&O PRAPBRE hreWhbied th REYsBABAIRU bRBse the permeability of
permeabi lity of another. Thus, the desired perneate

Onec%ﬁwé SPMPRIGRs Whils {nsreasing difgPermeshiis pr rﬁ@@ﬁhw Thasrhe desired
perinBAB cd 55&1@&%6’%9 WsRk thp%hya”ﬁfﬂe& B OHBAE B MG Yﬂr&hghtmlrely
same pol ynmer. Additional he undesired chem cal
polmmyomém rapg nfade e the Sﬂma\pelyrr&r ndddtiqrelly. e singesirpd chemical
t I t | y
o5 RSSO ROkt M ISRASHE AOTIAHALY
decse_@i;leg triobilityy foff drat térapahentiand dnca:@ﬁlpg fengveralli sklgctely| fot e desired
coécﬁroé%ﬁag.ktﬂ%\f\ggogﬁe Bl aﬁgl%o n@\; #1}%“%&%Xesm§ﬁb%a&9t argvI B&o%thou‘[
dragbaks.i art edmple, tsinchi mlﬂdpaataklmﬂnbramraknrd: ilimieed . in thlalss;mratlon

cap%blﬁtéerselgecg%sel ar ! 11te gﬁ_ﬁlclae%are% nlo meﬁ% nﬁglg](%oug 8%Péra%on layer, only
a s;mll ym‘mrdvemlaf&nmearpes/nmﬁy hemtaaiss exi®d be FdhibVeer ortlsrmoEN ynany

e N

selddiigr ous nenbranes have been used to varying degrees
of success for separations; however, nore_refined size

sePAPBIPEHECRUANRS fathkeep gsad BBl carrtpl Wy separations;

hoWeR 81C M8 1efihBE KB QERratioNe ren@IBINRI 0@l 6hednki@B@Ble iohedife research.
roduce a nenbrane with the effectiveness of a

Theé‘%fﬂ‘iet Hgog@aipg| shallengp deto pigdecevq mgmprrae mibyihgeffpgtiyengsy of a

confHERR A1 eYshOdt, Bt Witk @b ARVl A BIRARRS of PHMUBRY: TN Bembrane,
pr esent [ nventl on concerns m Cr opor ous m xed nmatrix

menbranes for separati ogupMfangyarticularly, it
concerns high selectivity pol yner-nano-porous particle
me B le MRS oy IR\ QIY @ECH BT FHSEPDOTOAS Fadripatiy memiisesfop srpgiation.

Mogeg{aﬁfﬁ@l'ﬂhl%n’ it %né%Th1P§ SR ng?lym%ﬂ%o q)'bﬁ)uyéﬁf'tfae fiRMmbrane

wat er purlflcatlon(re ts an
strugfuses dbinesd 03 g)aﬁnq-llg) incdyedd gh@e §qplaq{ign| arZeoTH® membranes, that are

useﬁh %P %%¥h°% d ﬁiﬁﬁcﬁ%r génmfa&% Al S&’lfégﬁv)éd b&ﬁegﬁ‘c%?' anld gas

reverse osnosis, pervapora
Separam@f ﬂlhte rriciopprogp pilmdamatolmgnemleramsmlswcmasc batuaed maatveriety of

reverse osmosis, pervaporation, and nanofiltration applications where trace contaminants
need to be removed from a chemical stream.

The membranes of the present invention have several advantages over conventional
membranes. The ZeoTIPS membranes maintain significant advantages of conventional
polymeric membranes, zeolite films, and mixed matrix membranes, while eliminating many
disadvantages. First, these membranes are able to accomplish difficult gas separations and
difficult water purification steps with high selectivity. Furthermore, ZeoTIPS membranes,

unlike zeolite membranes, may be made easily into hollow fibers and form high surface area
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need to be renoved froma chem cal stream The

menbr anes of the present invention have several
w@owanizages over conventional menbranes. The ZBOGINUSESH08/056630

menbranes mai ntain significant advantages of

conventional polyneric nmenbranes, zeolite filnms, and

m xed matri x nmenbranes, while elimnating many

di sadvant ages. First, these3menbranes are able to

acconplish difficult gas separations and difficult

strubRuk R TP ednitradt C iy Borb bRRBaMntRbRAhGhMSE bAGHeVhide. into flat sheets,
Furt hernore, ZeoTlPS menbranes, unlike zeqglite

whigh hpyealA¥ SUTTRGH A0 HqEneIa49s Spmpated Bvlloawﬁ??r%él}hg hgfigyv fibers

may 06 PadbdhgiNihRcEmahSands ksdull B8 lardeP serRE hR8S in @M ler space,
conventi onal nmenbranes may only be made into fl at

ands fheset SoduAp e BAG anychviigher fTageS ares opyenyenal mrenbigney sFurther,

zeoﬁ@mﬁ"%ﬁfféréht I'ﬂ)QH KW frﬁa?@fe%sed-r ﬁespgghéaﬂy’ fhirRek S‘Ze[ﬁ‘iﬂ’Skhexembranes
packed tightl'y into a nenbranes nodul e for

forsmmra@téaramagation by sarBing ethe gpmcel zephige @ﬁ@é@l loeglly these
[ Y I
meifBint, KEerCOIEE ) GR6Es ol PHERLO VR, SR TRLARE it comyentiona
melnthlytnetse used to specifically fabricate ZeoTlPS
a ti . varyi
Cyndn SRS B AnBEH R BbCARGAER oty B deifees. o
miongIviorua ipelsmew maicienandtploess |r$gug§romrﬁ alforua@B Inhtty ahcnd lows iGenerally,
the meﬁl@)%!gl%%?g g}f’é" érgsggtglrngengﬁ{l alren%lgrlct‘a?% %r%lldmg nano po%us particles,
promlamg Paomogenpasstsodliies ,of & mlmmm@umlmmtymlnMer hatp-porous
ores ra f rom ahout o about ryn.
parild PRI RS hontaEn sy a2 ot e i et Ao et Rapperature
to forara eakiaed, kwolpfgome dhir@iré) a6 Qo0 1 SniP@pbroGd §6lymer matrix, and
providin geneous solution of a polymer and a
Opt’d’P?lb’ fractipg erfg‘%f’rﬁe nano- porous particles into the

honnﬁqm&@ssmﬁddum@@s of tha pR&Y MR EntRAGviA be rdadBNhpRAFenfid those
el evated tenperature to forma m xture, cooli n% t he
quR?

skilfgdyip the@rtiugor preading 9 e Aeserpfissrab ths epdrgimsnts that fallews.and
optionally extracting the diluent. The features and
advant ages of the presePRAWWNG®ion will be readily
appynRNtpdeict BREH1S kinbb@Reh® dth@ieadibcldRN nfy ' BAGHhMIsidd by
the description of the enbodi nents that fol F
refeDieArNGS- Bohefodpwinisideterigheingid dheaspianateing §rWn&She
di Sﬁ%&? uyr %‘h(ﬂ?sy %héfﬁ%ﬁil%r% Qoljegl?ﬁ)sr ‘ﬁIe%HnQQn \k/l'ﬁclpq{o contifuous
| ow ng descri ption and t he acconpanyi ng
rmcmmwuﬁg@th emisigaeressithsmembrage. schemat i ¢ of a ZeoTl PS
09 3 RN RN NAGHSPSTHREBRAL Wi poly(methyl

exi S%S acr oss
methacrylate), 1,4- butanedlol and Type 4A molecular sieve particles modified with the

addition of ethyl groups to their surfaces.

Figure 3 shows an SEM image of a ZeoTIPS membrane formed from isotactic
polypropylene, diphenyl ether, and Type 4A molecular sieve particles.

Figure 4 shows a digital image analysis plot to determine an empirical relationship to
predict cell size with suspended zeolites.

Figure 5 shows that ZeoTIPS membranes can be modeled as (a) a polymer phase in

parallel with a void and uncoated zeolite in series, or as (b) a polymer phase in parallel with
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Figure 2 shows an SEM i mage of a ZeoTlPS nmenbrane

formed from pol y(nethyl nethacrylate), 1,4-butanediol,
w@e@s/Tyes 4A nol ecul ar sieve particl es nodifi eRBCTHS1008/056630

the addition of ethyl groups to their surfaces. Figure

3 shows an SEM i nmage of a ZeoTlPS nenbrane fornmed from

i sotactic pol ypropyl ene, di phenyl ether, and Type 4A

nol ecul ar sieve particles. ¥igure 4 shows a digital

i mage anal ysis plot to determ ne an enpirical
voidl alhcapdlﬁﬁatﬂo@tea Qe seiesC Membsing @aMdpbh oSesPEHEShH to bottom of
. zeol | tes ure 5 shows that ZeoTlPS nenbranes can be
diagrap pia g athd ﬂ) a pol ymer phase in parallel with a void

an Ohgkﬁ@ @%h@\ﬁls £2RbTIPS sbfhraiih 's&%maﬁé fAPefiatién BOWOBEcies from
in parallel wthvoid and pol yner-coated zeolite

the Wp @eﬁhp bt OWBIP%WP%%%’OW TB%@ d fipesriepispent gre path of the

larggp&;n%@néﬁt FHeadhi@ifes YéResBRthk JatPsf thd smdTeO¢HnSHoRert NOWS 2
eoTI'PS separation schematic for perneation of two

spdagws 7 fShWﬁ felvetivippritideat and nootidesh? efTTPheembravesaivath 3:1 void
to p%ﬁ@’éég ra‘u-g%eanf:iI ﬂéﬂgg QmL drH?a?rnf fl dllhﬁriﬁ&tus g%aﬁ%ﬁd% Mf@ 1.

r conponent. The so I'nes reépresent t e path
of Hifuge $nshbive memmlplbtyecvft idedtiagdimen-ideglhéaed TR embiapgst @vith 3:1

v01&) ﬂé)‘ijﬁﬁér reﬁ{l@ e{?lrﬁ er@lllsg %%X ;(Ii_x glgmgFaﬂPsr %ﬂlgsda{avéﬂtatteq 11§ T;Tble 1.

rre rfbgum @shmm sa@c@aﬂyafo&ﬂeﬂl ZcoTIRS Trebibeands (3Hi yud eolBns togqudymer
vol me %5 {7/%0I @J X lb dl% IPZ/ 1%8 I%arrgr)sﬁ Wgyeng%é]oﬁ)\ésm%emaeagﬁ%y.

r atio
rmtfhgute menshoan psrfamuamg cd‘atlaﬂ gxean@s rmémblrazks ewith aﬁbgundacatmg

.9 sh select|V|t orld S ranes

incgnt Yo Doy Bty (RRCk, P S hnof SRl 2 TBY SR Sl arron

indidR iy Marefs}0 s Bahit€ k§ares), et Yden@ Mel MBdtriP @iciaddes, i Wivh arrow
Figure 10 sho erfora:Bﬁnce of ide

ZeoTIl PS. .
in ﬁ@w&%&sm&m FOSH PSREFOHHY é'alﬁ%tjlapgweeégﬁwgwawn s 1991
uppRE bR Rhd irdo¥on( &l ReHn AR SitraciiRiedseRIAIZRAE BStrespond to 25 vol%

menbranes, with arrow indicating increasing b (white
zeoliglapding. angdnl denBS stERfateapeint; cRERBPAHES 2 3l teidavelyme to

Ol%,ﬁg{lvgﬁﬁﬂer}gnd ncreasi ng pol ymer perneability (black
riangles), plotted with Robeson's 1991 upper bound

andFigwgildnshefvs cslenteviei Bir ideal ZzeTIRSemembrapgs) (3:lavpid volume to
polgﬂér%ﬁm‘r‘e%tﬁg%%ﬂﬁofW@ VRl Q\%?(Pé]ééﬁl@aﬂﬂi%?d' ng, and all

rane p0|nts correspo voi d
vollignse 18 showy padectivipy imendwétZieQTIPSlrngl@arles J(rr@‘rli@v@f PVAc, Py =

7505&&3% 1'8;@(1)5@/ P{ Abo bﬁ?@&ﬁ?ﬂ‘g 1&?%1%1?%3%8&?%&}&%&6%&0.

var\yhlﬂ’@th{zqqrcbemed'lmblel is tsysceptible to various modifications and alternative
forms, specific example embodiments have been shown in the figures and are herein
described in more detail. It should be understood, however, that the description of specific
example embodiments is not intended to limit the invention to the particular forms disclosed,

but on the contrary, this disclosure is to cover all modifications and equivalents as illustrated,

in part, by the appended claims.
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Figure 12 shows selectivity for ideal ZeoTlIPS
menbranes (matrix of PVAc, P = 750.05x10-18 nR2/s Pa
W@ 1@8/1BawF ers)), varying void volune to pol ynmePCTUb2008056630
ratio. Wiile the present disclosure is susceptible to
various nodifications and alternative forns, specific
exanpl e enbodi nents have been shown in the figures and
are herein described in norg detail. It should be
under st ood, however, that the description of specific
exanpl e enbodi nents i spRSCRIPTEINeEd to limt the
i nyention to the partlcular forms di sclosed, but_ on
t hel e RSP i eniigy) 1§lajes 4o isEQRoEPUS SNixeyl agitjs membranes for separation.
MoPD ghdib @@ty QRS pARcht aAMINMEH 88kiSs @@gﬁ\%h' S5t Aite PolymBr-Radbt porous
by the appended cl ai ns. DESCRI PTI The present
partlﬂee/émmlwer Sructess. 196 A5 Iop Ghesthsanss. xbat aist pyeful for both water
purlTRARA N8R0 {0 o rSGRATAG | cﬁ&olvﬁ@r(ﬁgaﬂﬁ:ﬁ)t lafid o8¢ |s¥pardifd® Methods of
present invention relates to high selectivit
fabpentipgreuchyaembiges gus alpadescabes haserbr Anssedtherpan. (ke term geo TIPS
meéﬁﬁﬁ% P&d”ﬁé"‘aé fives feFé’ilg ft@ E‘lﬁﬁfaﬂé fded t?)?/tl \{@Ih liid. thermally
purification (renova ts and di ssolve an|033
indeged as swpatian iloh. TV m@mbrwe) fuathei G‘atllvrn?glgsatchast one zeolite
a ranes are al so described herein. As used herein,
P € term"ZeoTl PS nenbrane” and its derivatives refers
tola Cﬂﬂatibrealbedihanm”ﬁtlllek@eommiumdlnbliaq%i of thhereyedtligvention, among
oth% %m 5 arg I%arrpgrp S8 g 2 dzls(et% ul'tlton ngsdetqe{g)F %c%wv tlgeg?%sgrlg% refined
sepaﬁ‘m@ﬂl SﬁmhteSmemhleneZedﬂfd:sE%S the dhandnes oﬁﬂ)oﬂlh&edplé dd@nihd traditional
i nvention, ot her things arrow pqre.siz
i S PO AR S8 A0 T S SV r Gl st e o the
parﬁc?&gb q)tamfpatle 11$lt1£‘ehs_e|§arﬁ|fﬁﬁﬁbd THig eaglaldel Etﬁ&:ﬁl 26 wilh §1v6| flRvame kparation
oth zeolite m and traditiona mat r i o
capphi s &E csvmﬁmﬂ’ﬂm 158)118 MSBIOARS ViEFqaser ﬁbr@blélwnﬁ%mblhw

parthicett£s emBbdi@witi G 10A] YiPshBergatd 6 lf6isnet Oy FRdttrhiGinp At R lymer
in the separation. This unique structure wll give the

witly ahghé)@ﬁlalgmn& Ailyenpaithigh temperaigres ihamel-blopd fgdte cpmperents into

%@ﬁhia‘il hoR BNE phhdeTIN BRERTcHYE 2B dni Y ly at high
as extl b? gfern n gertal n enboéllcmsnts a Lor@maﬁboFymeronyat '8

teHWW%n éndi pesine dhdlyorngaengoupriselitien. Alrqpiits AR PlyIKr-tean phase
forfd! i Fh«l E(ﬁlltlhﬁcghg Rjnllgr-rl‘éhl Hedat F%to@'cgﬁrélﬁﬂgjgg : i &Sth F:Qilluent -rich

nd t two co onents Into a su antla )
drowsmwmdh@,p%mmr@onwh@at@n iyt homegenees salugon arglrthe ecmhng rate,

Whl‘i:ﬁ gffgc? %%Barge%ﬂé tﬁlltl tﬂpgg s&lgﬁﬁ)c%F ee(ﬁlueﬁtnﬂf)@gts ?OQFH th8%ells of
onobgeneous "so utron Oor a polyner-1|ean

the piﬁmsenefmh'rmel anallly,oﬁtel ml@us lqoektyafcmd witcn pblagle. soFaot, ong the

memgr ter % Jrlte%geatw %a% qpen mlcro?ﬁrous Strllfllgtlnllte Htl < h dr %Panes are useful for,
concentratron i1n oaneneous

am&tgl ch.ther(lhlngsn dmtﬂoﬁltmomh ibecaus@tiey are flexible and inexpensive, and can be

tailored to any desired pore size within a certain range simply by adjusting the cooling rate or

polymer concentration. However, these membranes do not possess the narrow pore size

distribution needed to achieve the desired refined separations.

Generally, the ZeoTIPS membranes of the present invention are formed by mixing

nano-porous particles, i.e. zeolite, into a homogeneous solution of polymer and diluent

(polymer—diluent system) at elevated temperatures. By way of explanation, and not of

limitation, upon cooling below the polymer—diluent phase separation temperature, droplets of
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whi ch affects the coarsening tinme. Upon

solidification, the diluent droplets formthe cells of
wo b@sfiiatad nmenbrane. Finally, the diluent is eRCT/EHS10081056630

with a volatile solvent, and the nenbrane is dried,

| eavi ng an open m croporous structure. These nmenbranes

are useful for, anong other things, mcrofiltration,

because they are flexible and i nexpensive, and can be

tailored to any desired pore size within a certain
dilveaN@emSbeiéat By sadpettiel i Rgo-phRus patkitleg Califg quirtiReIsyidfies the

concentration. However, these nenbranes do not possess
mcf‘??é’“ﬁ’éﬂ?%%o?’é“@: A8 gxpgiing e gHiugeleErsdise B en Bé%}estructure

Exttd8orl6SihE /b udefial %t ﬁ&ﬁ@sﬁ@ft foPBSme NSkt Yand thRemembrane may
ZeoT| PS nenbr anes of present invention are forned

stillpfpn¢tionithgpmeatidhp 69%5%%# th@Félge matriy. Thegppiyix ds formegingsuch a
Waym%nﬁﬁ’&%cﬁ’&lsuéﬂaﬁ&l Ofan PRAHTBEmABEy dhdr 48 Nhe membrane_without
nmer-diluent system at el evat ed tenperatures. By
blovlﬂge gf aéi@mtamatn@@cnpora\aﬁdpaﬁmle dbreirignthe aetimsate tgpighfuse through the
I I &
eS8 18 AL RS T L AP R SRPRE R nion may
be umpeday shaposypebledsr paimtdndedapplicomhi mgluflet bigmot limited to,
L] | h ] r
e T SRE B ORIR B up® e o
Extlnaetdio nmbcﬁdimhm dhd aexhtnisrmpy mdﬁchrmleﬁssfuh/Z@diIP Ssroembrane is

formgcp lrrlla%?gclfcﬁrg Sil’altﬁu %lilowmg S ge$§ Flﬁsé[ é{olft?% é)alﬁ,g[el?l na% s%PgnJed in a
hom@‘enaoms s uticor mdrvayrbf&upllanemom@gndtﬂoabf nmntm(mr nmm aivking, diluent
droS hannel c nre ete%{ across the Hlsrrbﬁane.1 h
roRieE hEER 1y 061&118835’ IB&‘/’roa? rolu%B%l MEBUHY ST PBF 8 Iy Hqlgs @s they
groﬁvommﬁ@gtaﬂ eqpeL ﬁffﬁﬁ§f ef p&yrﬂérfefnd Sgudnd fcﬁugehzebht%s AR droplk® Sleform
4‘?} The m cropgrous m xed x menbr anes

% %g%ﬁ?m} w%ﬁfraaﬁo 75elite HArglgs %{h@e SHigR Sohdlffles the

zeofitdk thaldree fswstaaﬁhulynlfoel&deﬂtoagxabé B?tthé)ﬁol fn@ﬁ'tb'ldhglglp PHte where
not limted to, sheets or Ilyowflbers

MiCKPROERK] Yigphi rgtides it ﬁa‘é@lt&n@a@qu?ﬂor%‘@p@?la?ﬁa% Thug, micropores are
“bISI&SAT Bfbvediifg %@ﬂﬂe@tﬁ ﬁ%’%@h 'ﬁﬁ@fi&mné Q@llsmﬁﬁ‘@hcﬁ@l B¥cropores are

whi ch a successf ul nbrane is fornmed may

bl@fckédj rbyi nertecies, the Criiésa wllwtleq%ng IFrqaghed, sndgloj qoatipigps Migrapgrous
patﬁEﬁl SHARERLEH: [BmBraioMOgeENeOUs sol ution. By way of

anation, and not of limtation, upon cooling, .
di IH@npolﬂn@pltéﬂct ibehé Maltrigatiar of ithe nteebriney opor bugny virtually

0 h .
1mp%%é/a%ag Elj )%ugt:gi:[;lge e%%ﬂbl@? fon H)?)ly’?l?el}% 11?0 bﬁ’ts gltrc]a dl%‘[ limited to,
poljahld:fumntcowcrhymetrh e:oztamingt pelyolefires Ckmdplaetlmb@dfytnnm @svitnt edleohol,
pol% hﬁlse? C((:jonilcor rpatm %,oalng Bg'lﬁae S/le%% ﬁ(t) v%g?e}ceiiaebe%(ﬁgsrt trer%:e Sg'lysulfone
polﬁ(ub@hdmb | fajohyle)l ask @dly(méthy phabscridytel NeoppBimereconididkg gy of
up s ere m Cr opor es. Wo
e PG AP BT S SRBPaS IRHIC DGRty es ar e
" bl eksddice op aven bddgin b NdEtAtOhtof themambringemghbgrehd @pon,
am(():negI (l)ﬂsler thW]mgsn tl?enso llllgohhty o%rﬂ(l)ep 81 u%gt rae{atlve to that of the polymer. In certain
embodiments, the diluent may be any high-boiling point chemicals and may or may not be

liquid at room temperature. Suitable examples of diluent include, but are not limited to,

diphenyl ether, 1,4-butanediol, polyethylene glycol, and dodecanol.



10

15

20

25

30

"bl ocked" by particles, the critical zeolite |oading
i s reached, and no continuous m croporous path can
WO 2@8h127¢¥ oss t he nenbrane. The pol ymers used PEI/UK08/056630
fabrication of the nenbranes may be any virtually
I mper meabl e pol yner. Suitable exanples of polyners
i nclude, but are not |Iimted to, polyolefins,
copol ymers cont ai ni ng pol yotefins (such as
pol yet hyl ene co-vinyl al cohol, poly(ethylene

CO-[aGEydih 6mB&difhknts, aRdpfrahy{aillueyd 89@mE @sadi ifYhe fabrication process
acetate))f Eplystyrene pol ysul f one poly(V|nyI|dene
ac ll’]

may PG gt Mg | sistepinmente ool iHvacinythg agIbTaRgaY § feudl of the

1nte@&ﬂ51%' BReeraihg Riyhdiesd dR¥ntb8 ML fidthpekdturkdI€rhe nature of these
onposi ti ons and nethods of the present invention. The

mteé%&PléSem@f chynge ggpifigady from systent Khyiseay Maergthangee in processing

condRiSRY ARESe ﬁ@ﬁeﬁ?%%ﬂaé&@%a‘[@mg&vf& bes sﬁﬁ*hﬂﬂﬁ‘s n@tnﬁeet specific
solubility of the diluent relative to that of

neegp [P heNamplenifdls ¢ells Areenbloctierraaudd; the lseolig|reie may magd tode slowed
n 1 O
to @I qUI %Ilp% (%Jr(ﬂg 142 ér hi€ nﬁcﬁ%a% e ?ra(l)b%gm N\ ndnﬁl\fl}/ qg(funlaemore

erature rrp es O
progisking mullvrmﬂt ulde po}ymer -dileenhgytsten aliot datermanes dihpthemyrinot the nano-

porgﬁsgaeahlclejs vé l?t%r%&%gell Wil n@g ﬁ&%ﬁ%’ro&sﬁ?ﬁtgx ¥v(1:tﬁl)ut sﬁ&%e modlf%catlon

nol . n certain
Thesg,(zkymerrsdlhsetdsystﬂmls hszedﬁlablmfaiﬂtcaunm moaessem&y malydéséphennhetkner as a

dllugrelltr I;%,L ({tar}:gg epi ropﬁ g‘i’Ffoﬁw cL lyq%ﬁenso@?&;gp ahl%h %ensﬁy
polghithylienat (PF]:)Pri)l ghly(eﬂ[yﬂme adoedopgic aamgnqtmtm)r ;ﬁl(;i:)nbolpge?sfﬁane co-vinyl
acelffy B NRF B cilamrga e prbees iy PYpiar MBS ity 14

butiiredednd ﬁolpdamyxéhaggzcs@ WBE@) hodildeel aéylst@fns Q)ff palysesﬂ@nam co-vinyl

not specific needs. For exanp
alc<3@5|<§%lé w@tglycgf an¢ REGi, dilupnts. @alyﬁﬁnge d&@%%ﬂ%lyﬁl}?e% other
systef R@hSlegNBdatafati | st higgamk | Sdt phySicAVddtRr8@ra wld¥ $ange of
i ncreases processing tinme and nmay require nore

funglpopalaBayns g efistpHRIHES: The pol yner-dil uent system al so

d etﬂe%eﬂl@%o\’mﬁtﬂl@ﬁcl& r us@@tlntthg HENRRRE QSR rkdefd BSention are
will interact well with the m croporous matrix w t hout

gengighy gwde fromizeoldes qoemrlsmr& exiges gfiptamegis|sudms Syist OasP.yeédl In
f
certafh dnft di s ?tzé&@e 1515398@‘15;? flﬁYmbE%1M%VQ' ﬂngggé WIﬁ%l&/%aﬂable

as a ailuent for isotacti ypropyl ene (i PP),
anddlewmens;rvqaﬁﬁlg@wh% laath &) (Inme@m embgﬁm@etsstheyzepldby@asmd dyiee 3A
p h r
mofel?ﬂﬁf ' ﬂe%eéﬁ%lo%ll%ﬁy e%gsé z‘%a%eé’ lt%(r%@)A?g g@sbf%ms gcfl lar sieve. In
cert]aml v@bmlumgdts rth«t hacdlteylnaalyebe TAMVX) mmielctnlar:ylcveahﬁwamht;e may be
synél 411% eoﬁ?éa urélys o Fr%rpaé %(Prlllﬂ%glmehﬁlylegeﬁaelg)lc an{;:l s Ev%fc);' Sh Cﬂd organic
moleEMAlsjeves inhy ¢ y@€n id tharompsGioas at inbltﬁb]dsSqf the present invention. In

cerB ARy R05: PRBRY BRaba S PNE iR 15 STE AP o ahe 19
pmavitd LARré andendhg from about 0.3 nm to about 1 nm.

A wide range of functional groups may be attached to zeolite surfaces. Generally,
functional groups that may be attached are organic functional groups that may react with the
surface alcohols of the zeolite, with or without a catalyst. These modifications may be

performed in a variety of ways in the literature, including, but not limited to, Grignard
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functional groups and crystallinities. The nano-porous
particles used in the nenbranes of the present

WO poogn127¢h are general ly made from zeol ites coP@F/US1008/056630
oxi des of elenents such as Si, Fe, Ge, P, and Al. In
certain enbodi ments, the zeolite may be Type 4A
nol ecul ar sieve, which is wdely avail able and
i nexpensive (Figures 2 and 8). In certain enbodi nents,
the zeolite may be Type 3A nol ecular sieve. In certain

trea@ER ANV &rietyt BEsiBBRIonE £ MBYesO eredidtivfls DéveTBeR Pltaimed w1th the
sieve. In certain enbodi nents, the zeolite nmay be Typ

goalolashisying grealsy prjwmerrreglits areragiionsmdepse maiyee lﬁétfli" énea}branes

natty kilitatdla 681t @hdbr@FHAREI JTRRY SreseBInbmRHIRBIGlowing examples
framewor ks and organic nol ecul ar si eves may be use%‘

of sppcifiyembasipeds P 81Ysn dn do vay Kidd Be felloaving @g@ptes be read to limit

or defINEME bRfte sdope 68ME @lvBntRixDOdi ment's, the nano- porous
particles may range in size from about 0.5 to about 15

mmwi th a pore size rangkRarpypgn about 0.3 run to
about 1 nm A wi de range of functional groups nay be
at txamygde 1.0 zeolite surfaces. Generally, functional

gr Opfas, e%ﬂﬁlﬁltmy @gaﬁ&ﬂlgp IBSQ’HQF—%IIQ&Q Z%ét@rg g@%ttiﬁs‘?&la%y formmg

gr oups at ‘ma act wth'the surf
membiahgstusing et ﬂ’qll@wmwstep@ drirstga degingd ylgztn_tltqurfqg)é/mer pellets and dlluent

. P f ) . et o
] PR IR LIS iy G L ] S 1
hou@, iagiMngtpmaahcmﬁmo emsdreshovgereity. Oficeshd mhmdndmho@dgeneous it is
sohgl}eg usm% Fc?&%{t]rtosenhaan\é%r r‘rérﬁpbzag g? Tl?)% ﬁl{lémer% 0 elt ge gglon of 8115 solid
sanﬂmmewmghedchndaﬂdwxmmenm membe'ﬁdmfgamtﬂ iHegireped ahxetmtecrf zeolite

und t andi.ng .of pres [ nvent| on, th ollo
o dBE T E SR Rire e BT Manels e® Giogestt TR s lheated
abos& gl pdlyiniee nfeﬁinlg @oinin ggaixk RINPL @Suld EE veBatbwt @inkiiel & ra@ earth magnet
1s l%egg{ﬁ{]ﬁ%ggtget e?—@r}r{grl)e;nglgg F’Et?:fe rn?%,t l%.?(fogla g]\é/l?(? t g{g(é}he hi Iﬂ:)wscosr[y of the

susPALBABStheH ddieitin S¥Hb&MrdaSe LB e DnbY wer Bitned, NBEBIPARTN is
usi ng the foll ow n% steps. First, a desired quantit

sohélrﬁeédnwﬁté%d pEPges AbIEEH anto [domhisensarale oA $heq gkthe solid
sanfpBSit BR8N D&afr&ficABONYRIrd fifa ARt anPQ&oMd a@ﬁ cBIt’tFolled rate.

pol ynmer for -48 hours, agltatl?ﬂ% periodically t

To grigigries spohmryaire of gxtrudpg Blmshie Sishest P@’fﬁlbﬂ%coﬁbﬁ*ﬁ)@@r?élewgd by the
ot L LS B 09E i B ot
24 bamplogemsevewkd diheot. Scriniad dledirérommrasewet(8EY) tnalbeisab@algwhether
or n\éc\)ﬁléglg iptﬂ éflenteﬁﬁas tagféxfor r{)? n{erac ion W}%il {hﬁgecﬁget' pa %cl%slBﬁ g: ei s

addéad sysfem & feanib ée If@slhlea)tyelch hot stage technique, further membranes may
be formed using a Leistritz twin-screw extruder. Conditions to be controlled in the extrusion
process are mostly related to cooling rate. Films are formed using air cooling on a heated
fiberglass screen belt. The temperature of the belt is the most important factor in controlling
the cooling rate of the membrane. Furthermore, the thickness of the films is varied to
determine the thinnest film that can be made while still cooling slow enough to promote good
polymer—zeolite adhesion. Film thickness is varied by changing the width of the die slit, by
increasing or decreasing the suspension flow rate, or by adjusting the speed of takeup. SEM

analysis is used to determine if the cooling method chosen is effective.
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above the polyner nelting point again for ~2 hours.

Every few mnutes, a rare earth nmagnet is used to
W@iBa12543 he suspension. This nust be done si NRET/UMIBS/056630

to the high viscosity of the suspension, other

agitation nmethods are ineffective. Once well agitated,

the suspension is solidified in liquid nitrogen and

brought back to roomtenmperature. A slice of the solid

sanple is then heated to a desired tenperature on a

hotEshfge2.and cooled at a controlled rate. To mimc

the cooling rates of extruded filns, the highest ,

posSIeHPEm RIS it pigner b X EHTiEEY 5§ tesird i sieadsendgpresspre cells with

puré Aafef. MhBsel &t € Bsed 16 & pRBABKIANE St mthe @M Jrﬁl@&l%oli—i@ 1d38ing Boint.
ppropriate solvent for 24 hours to renove

Un%ﬁflﬁi@wres SE BN Rt eneRRIALSH th@tcyléléc%@m@gizw sagfpaﬁ Gpay glow are

asstiRMER| beVBTh Bk cﬁﬁcJ‘ %Bm& h@d RobYITESF A&iRe %aﬁﬁi‘é@ R ﬁ)promma‘[ely
interaction with the zeolite particles. If a systemis

20-BYanmax §e estdde tes find dhdpyxacherirenl poimidfer wcewharisqueyith the model
s may be fornmed using a Leistritz

pmﬁ$§%gg%%g§#§%??ﬁder Conditions to be controlled in

t heMembrassition ajgriowdss barw vegetdiyical gbiat edy botestodfar dgsalination

[ .

o TP B0 S RS0 ) PSR 3% RTBR) B
aumhdemb@ﬂmnmwuetdhmtﬁﬁnmqy in controlllng the cooling

tr ﬁte [ alg%( b%utrg%t c[rs rfrq?r %as snetgett]rfel%on ﬁaéogﬁl?f gs i?smg low-
preish&tpeﬁﬁéﬁtlbﬁ ceétBdthe \phinheabiitied df ax@@dnl ang rtka@an @nthie gﬂﬂsrﬂb@anes may
b gronn% Te38)0od pol ymer - zeol it e adhesi on. Filmthickness
© NESYES ety 1BV changing the width of the die slit, by

inCEﬁﬁﬁﬂ@g or decreasing the suspension flom1rate or

dj u ting the speed of takeup, SEM analy
0y Deialening tree peneent Mg b THCeS e eiedls oF Batcl
loadihd atit ifiy efpesifiehtetodsistd HE3 Imshbane sA U@sﬁ%lfdf eﬁﬁerﬁﬁ@nfsl-@bl@ﬂuced
be tested in dead-end pressure cel pure
uSHWai/MF soffyigg eThip designgis @ ray qoBwaNisetepigd Nty qhgphcates capable of
hanHBt SAAL Rl Jf?ecfé“fl‘irle&?a'cto?se n}%h{n%dﬁ&édéo%gné’&'ten(tsw MREERS°C/min,
pressures of 0 psig, ranes that yield no
125° 6o, ablemsi gyltri% (Wan 127150985 &) cardsuhte dattiolebleadalm (20%, 128.5 %,

cld.pi cal point a,ran oI|t | .oadi.n
andcfsshloSisalBr ooe® iy pi Bierinef BEP oy BT EPeIBER o the
reaohhlilé €flge P&l Do TIRS membpass. Tas polyinkr Hviheo isod®ulated by taklng into
redi ctions descri bed ab Menbr anes t hat fou
accglﬂlt B)éli: Yatig\ROLReL apg ; dilugnt I&%F?ﬂhte‘.@?ﬂagﬁ? ff?cfu%non takes into
accOh@f aldri admmelﬁ@paialshsptehse&l ANradigtares HEthB R xpGiimaiaSset are made
Sol utions of 0.1M NaCl and 0.1M KO rmay be used in
using 1IPP peiDREad- end pressure cells at 300 psig. The same
MenfHeaR&shd MY REl b:§etiftntt HvedRgieIBRPALIOR cell size induced by a

capabilities. Using | owpressure
change in polymer—diluent—zeolite interaction. The systems chosen for these sets,

ﬁar&e lil’l l’rlll‘El'gll

PMMA-—cyclohexanol and PMM A—1,4-butanediol, are formed into five membranes each at a
cooling rate of 50°C/min, polymer wt-% of 20%, and zeolite loadings of 0, 12.5, 20, 27.5,
and 35%. In addition, a fourth set of membranes are made from iPP and DPE with the same
conditions as the second and third sets, consisting of two membranes made with 0% and
12.5% zeolite loading. The zeolite may have a greater affinity for the cyclohexanol and 1,4-

butanediol than for PMMA, the important factor being the large difference in cell sizes
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pernmeation cells, the perneabilities of oxygen and
nitrogen in the nenbranes may be neasured at 30 psig.
wE@sple48. The fol l owi ng three experi nents nmeERCHES2088056630
to characterize the effects of particle |oading. The
first experinent consists of 32 nmenbranes. A design of
experinments is produced using JWP software. This
design is a central conposifoe design wi th duplicates,
capabl e of handling non-linear effects. Three factors
bet@E thdk o6l ktfeﬁl@ranssD(Thénglref@sE@ fdr20fabaison wiB GhdiPR-DPE system, in
125C/ m n) ymer w-% (20% 27.5% 359 and zeolite
Whlﬁ%melzewee hea?oﬁrfs@er(%w torrthe pplymaptha by therfygnt. I pyrhgpothesized

that” AR GRPerIRY 6n eI d8hAY Thin@d PRyt OVS! Me U@ AlTects cell growth,
experinents as the reasonabl e range for ZeoTlPS

unlps tesy eghls re meh ppierdhanyihe osqlide pafieley Bewaelrsy ThkpHgnt of this

effdcDvA %ﬁ?&ﬂéa‘t&ﬂoﬁr&h@e 15‘19%1%"{@\%@ rﬁ?ed%tlh% eMditioht Becd€@d f8duce
particle | oading cal culalion takes into account every

Zeﬂé?ﬁamﬁ@htanwmﬂhaed@uebféwgﬁumw Al nmenbranes in this
ex%édé{ﬁ%ﬁlgﬁtk onBE- Al GellBH SadhShddrhdein Eum g e Pro Plus
secon d experinments investi

(M¢dma Sgbern@czelnp n@dwdsgmylg,al\@)aﬁg@)tal of 50 cells are measured on each

I - ali ite i [ T S .
sV BB Sk MEIE IR 05 W s o
analbghué aeléddlome. ﬁheerefsmtsrmfckucma cnne‘asuremermatfr sgoes 1e&"¢guraﬂ ghich
ShOWé%ilat a C?Iggaat %lgmgrdw{? a&% %golYIlﬁdateM?elg51zf ﬂ%ccr)e?%% g9es through a
mirdgladint dandnhendndrensed wittsiatressingventixe dndsmgar e made from i PP
conditions as the second and

DPE with the.s
th?@’ﬁ"‘g’é‘f% qb‘&ﬁ%ﬁ‘??&ﬁ’é‘ W t wo nenbranes made with 0%

an dnl&d&o/?t(fi _&Hé_drétﬁ?llwaﬁbr(]iﬁg theT:@Errf(ZIﬁthtef of MRYTIPAY enedhbranes, the
g eater a | nit or the CycC| onexano
meeﬁea%emcwe ’tSH%Prﬁ‘y eled in {sRRfOr "tlﬁlé“‘ifFrB@V?’%tVO‘g%c?Pg Peqbils prgticles in

a pzlrﬁ%lis@tﬁ&%nﬁh% ehRhE RizBrd Ish6 Rk h sehemSDRHMEStHA 652@1 D Zeo TIPS
menbr anes ese are used for conparison with the

memppneEEongider Rasneatien fFng fet AR to it fottemnefsFigurgriéat 8y permeating
mofREfIE @dntﬁéssf ®fou %l'i‘ ﬁlte‘a}WngJ }?Jlﬂﬂe} r£Qbn tag 16l 'Vlalél?fmsmnl An L<1f~t7ernat1ve

hypot hesi zed ference in zeolite affinit

or rfatﬁﬂeltm@ (athyhrs fop themalesaledp pase ﬁtrouallftleﬂ%d@e@ht&gpléwwence in
seridd] l'[%§tsl LB tlhlsbu@l'i ﬁlem{ﬁ%éﬁeﬁ&h &k nﬁ&l@ﬁd the %ﬁ@el'—steﬁ fashion.
e (0] eip ect w Fﬁ

partlc ‘es themnsel Ves ext ent . L
Of praurgenpredudingueltar ideg meppribdaneiap giagihown onBigdrepg(@ds vatitmgal since

it hggg‘?‘ﬂi}lte%g&ﬁ iy ‘ﬁ?edl‘?tgraﬁxﬁ’;\éﬁ{a{’ﬁl‘écz%oég -%tP R 1?%2%5 20dies W W‘itﬁ'& Ldyer of

structure. asurenents area
poleaeh menbrane may be taken using Image Pro Plus (Nbdla
ot al 50

CelbIF %nvgetrllegor(rsgrggnﬁr e%la‘[%lhe ormﬁl§ il ofn Hnse m)xed ma!irlx mem ranes can lead
to an interphase region at the surface of the zeolite particles [2]. The polymer in this
interphase can be more dense or less dense than the bulk polymer. The case of a denser
polymer near the zeolite surface is not a concern in the ideal ZeoTIPS membrane represented
in Figure 6, since the diffusion of permeating molecules through the polymer phase is much
less than through the void and the zeolite. The case of a less dense polymer region near the
zeolite surface is a result of stresses occurring during formation and is less of a concern in
ZeoTIPS membranes due to the method of formation of these membranes. ZeoTIPS

membranes are formed not by solvent casting, as are many dense mixed matrix membranes,
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sanple, the result fromeach being an average cel

cross sectional area, which is used as an anal ogy to
w@eioB/1vokuime. The results of such a measur emrenPCEHDS2008/056630

shown in Figure 4, which shows that at constant

pol ymer wt % and cooling rate, cell size decreases,

goes through a mninmum and then increases with

i ncreasing zeolite |oading.11Exanpl e 4 - Theoretica

Modeling In order to theoretically nodel the

but R8T theiFBNGRlueéd FRRd kéPardiBADINANES stréske lﬂwrbddamedﬂuem expulsion
structure is nodeled in ternms of a m xture polyne

duripg; pRIYMefn spIIEIRIIQMe 2f5a PigRiradly| nssaﬂﬁarfapfreepccegnge@hen solvent

evaPSra@sioR MR nethbl GP hRmDrasb 9¥¥nafiors c«mmmry HBPIECRER &eﬁp ePflures,
of an ideal ZeoTlIPS nenbrane. Consid E?perneatlon rom

largerigregsparegniihaly Bepﬁwllbfherﬁogart@nsrfaéeoT Sp@pmeraRgsrgke those in

dengphl%&ﬁlrﬁatﬁ?&e%%e O RHED Stnn:% {RIRE KntfhR¥e P@l(}fﬁ%fe {nﬁ&bl?p[o be
via diffusion. An alternative or paral

SIng @ent (qo%@cr{ Ip$ embrangy thep @rntbierséit @ot pclydeksint the mpglhl dippaissed
her¥Oi d-zeol i te-void sequence in series. That is,
transport through the nenbrane can be nodeled in a
par@insesjuentbyr Fegref Hghihows aGthesmue se)reSpthmfrvgmen@abahaw non-
o t,.sh
1de%l?fe%ll"lf;§e§q?%1§%ge ?‘f'ﬁvglg:%bthg govlv? :‘?\%tlﬁe 9%1 ﬁgatgc{ ; eﬂrl aat et-r la¥er of
unifol® theloless @hpdrfteranit ehadmgoﬂot ehe seaamedf vhetmlyandr ay:&mgoﬁ used to
dls%l%hég%:ﬁ g(alr%]leL%I%dA%rles n%én%‘% u%srs](é%a edw Eﬁihae dvotld zggh%‘iﬁ{l%) gr %ement

Tha egiddpratntedbelswuirif deelopkd fdrencnaddal henpbaanks Gligse [Saj)), and it is

The pol r in this interphas an no dense or
e Pt T8 el c g resiil ARy hef e flediBs@or o denser
pol pandlel-BerE niobe czedlutfich surface is not a concern in

the ideal  ZeoTl PS nmenprane represented i n_Figure

si 8@ DPRdIea] £95o0Sh OMePPrane AHERESHIIB FLMR AS): Frﬁh&aglﬁe particle

hastah®IsRedr ¥6®Ring I @fi€orhSthitMeds. [ T@sScoatianfot s %@hthts a&)m@mmty for
and the zeolite, The case of a | ess dense

the palymshsuieagses iR &gy o1t te dilltepla s shewmin idgyp t5(18r the coated zeolite

itsefli§ BPPRQL ﬁ)_hrrdﬁleldsléﬁésnﬁrafngéﬂﬁ'i 1vGith ?Jl?mélsm sErPS3 aﬁﬁ it parallel
concern in S menbranes due to the nethod

with é‘ﬁ@@ll@nThﬂs phréslé CORIFDY AeEion Eborrhldsrqneﬁm%rhesoa@aﬂel zeolite—
1A O3t i

ro SRR 38 ok GRS R T RS e

pergieghalitees iandh volal_mld fltaht@nstrre@sstesm Abobupsticiipts di 1 dleard I represent

the g?ﬁaﬂ ?‘161%2%&9? tl'l%sl}gﬁ)&%rﬁgﬁgt%l ﬁgiééeg{ggééﬁ?%r éa%gllaﬁrgludm% Ireglon 11D, and

mg@udﬂbﬂamb@newsSuhmﬁmeﬂhdd mﬁ.ﬁeﬁbranehépDMHtrowmlandzaﬂne

com g)glen&sn | Pr%l(lﬁla tﬂyo% t 8 tﬁ hqrq F%%glr%)% )1 ?gsgﬁbegfb%rig]oﬁlﬁt resses
menbr anes Ilke those |n dense m xed matri x menbrane
fornﬁtlon Since these i By ghghdse regions are unlikely

to B (1)
(lwr'i’ wm?, 2Py Pp»%r*) Ppp -I-{r*}f-§f2 Py pil

P"™ denotes the permeability of the parallel component of path II as represented by the

zeolite and cross-hatched polymer in Figure 5(b) and is defined as:

PU = ¢ p, ol Py (2)
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significant in ZeoTlPS nmenbranes they are therefore
not included in the nodel discussed here.

w@getpIent | y, Figure 5(b) shows a schematic PCT/US2008/056630
representation of a nore realistic nonideal ZeoTlPS
menbrane in which the zeolite particle is coated with
a polynmer |ayer of uniformthickness. The different
shadi ng for the sections ofi2t he polymer coating is
used to distinguish the parallel and series paths

as Sﬂfé'v@ilﬁﬂeSV&JH nl lz,bé‘ vOIAmZE &l Edse 3y ahdl(4a dEdg@B®blume Thetions
presented bel gw i s devel oped for non i dea

of th%%ﬁe}laﬁe@p% Mgy Ehis thgyppth Thpgytipn OﬁFég‘trﬁé@? 'shown that the
nodel can be reduced to the ideal case (Figure 5(a)).
Par al | el - serﬁé& nmodel construction In a non-ideal
Zed;tPS= s represented in Figure 5(b), each

“Ky%bs a polymer coating of uniform

zeolite farti
t hi ckness.. This coating fornms when the zeolite

af fi |ty¢ﬁor the polyner surpasses its affinity for
the?M|Fﬁ__T As shown in Figure 5(b), the coated (4)
zeolite iTself is represented by a parallel-series

ar reRgQNEMs, (p "Wiahd o' ks YeEiiedi il EGE (5 Bshd A refen tPRE @blugik fractlons
Thus, path Il conta a region

with the ze [
of i reahits @’&rfé’i)@?ﬁ rdbeth éhep%?sahé}t@edfe F‘?tfeéwfwé Fegiest }notﬁe entire
pat®fi poRic oPeMenlbladehe devel opment that fol | ows, the
vari abl esPandf represent perneabilities and vol ume
fracgions, reﬁ@ectlvely The superscripts o, |, Il

and”t IFF T ; te overal |l menbrane, the polyneﬂiln

path I, Vhe" gntlrgf? of path Il (including region

), and reg} on 111, respectively. Subscripts P, V,

an ;R_Lefer &t he oolyner void, and zeolite (63
nenﬁ% erqe ywon through path Il in Figure S{b)

|s descrl ed by (1) p.. =*" ( 1) P111 denotes

t hQn ég% ‘[1‘33]c faua? ,Bp@fe?g {cBhe GRIRAN gf]{heott)tap ﬁ&lpmlﬂl in the

as rep resente he zeolite and cross-hatch

melpbliayn’élat omtributes ﬁcethS (Ctze)tmar@dtheszedleﬁ paddlenidn Emn(i) PdRg). 2 and
l %&lgo X@Jrélﬁhzloﬁlﬁle tlaﬁ%fftﬁ ogﬁgéilg%d Oﬁg asrheﬁ‘gfd beﬁ(ﬁ)/ 1nal@c?s )]

ote the Vol UmMe fract e zeo
andp(@b yate andng v hir edtimatedatstngthe palning diactafn ¢ mplymeer 50 iluent A the
p0l}lfrlnér—é{lllf%n%zgolitelsﬁép]énsion used to form the membrane. In Eq. (9), ¢"y refers to the
volume fraction of the void within the path II portion of the membrane as defined in Eq. (9).

The volume fractions of the polymer and void ignoring the zeolite in the suspension used to

make the membrane are denoted by ¢*p and ¢p*v.

dp = (1 — ¢ )y

(7
é}{i — {] LAF (’; & 8
Gy W — {'*Jzi Py ( )
P
1 ‘%}x
{3} E N B
i b7 + &y + Pdp 200

The total membrane permeability is the arithmetic average of path 1 and path II

permeabilities, as shown in Eq. (10).



10

15

20

25

The variables filz and f\ as defined in Egs. (5) and

(6) refer to the volune fractions of the zeolite and
w@logEr743 bot h t he crosshat ched and dotted pol BeEDS2008/056630

regions) in the entire path Il portion of the

menbrane. - O) # +v + fif PIn Egs. (5) and (6),

the factor b refers to the fraction of the total

pol ymer in the menbrane that3 contributes to the

coating of the zeolite particles. In Egs. (5) and (6),

nd f%r} @, pverall vol fractlons of the
polg df[ ﬁf‘}’m{d W in Egs. (7) and

(8). fO andf\ are estlrra ed L!%IF @Iurrefracﬁlon
of polymer and diluent M !thdé¥pd ynégr} i | uent - zedl

® or R 02511 st Al AT RS PRBimst Sorite it e, zeotite

resaidiid hn ragsremtaam @f coltirg ore Rt e aasf,hd@ﬁnmefwgdm Ee) afdP. This

stru;crﬂlge (\‘églég ¢ eveal % hglglicdgg;cg:pg ya‘ﬁo—ll%ge [ %rgln Etgl—zt%ﬁlét% a?fr mtle%l Such
1nteﬂ&ﬂ@tﬁsaﬁﬁl Bé Qluﬁirﬁiﬂziiiv@l@ &Mnﬂardﬂ Bﬁ@pﬁrogtmatltﬁg -_t-ltlel tzgolhte7hs fsMicx and
e tota

CO“?H?HB% &Welwﬁ@ ﬁ‘étﬁlbliﬂtet"tcitoq gr@ﬁ@ r&t%ﬂ%%?t olymeagpditeppnd diluent-
zeoRRURink (ROHiIB&Y %ltﬂﬁ%ﬁ?%kﬂeﬁs'&ihcl [ &Jﬁ%gfﬂeﬂtﬁ [3F0To represent

lrtla , = i - f i deal

the z@@zrlwé" Hﬁ%msmat@ee veaIsefs Kave (rﬁ@rewlm aer@ dehngep) & Bamgl) and
(105, Ae Z8QihE é‘quaﬁ&h% Ukd d E‘ﬂan'drdtzﬁ}“wﬁt%t?@é)%ﬁb%' thi¥ 1&%91 &Q%rhﬁlau ous

Structure as shown in ures
structure c@hR Be achi eved by bal anci ng of o
polz’;%? diluent-zeolite affinities. Suth

|nteracﬁ?p ¥ tdhv be quantitatively conpared by

appr oxi mat the zeolite as silica and conparing the
Iidﬂhgrsobad} | it @l Bgtion strength paraneters of (12)
pol yner-zeolite and diluentzeolite

In Eqgs. (11) and (12), the terms Py, Pp, and Py refer to the permeabilities of the void,
polymer, and zeolite, respectively, and Ptotal refers to the average permeability of the entire
membrane. The volume fractions of the membrane components are denoted by ¢°v, ¢°p, and
¢°z. Eqs. (11) and (12) are equivalent to those in a previous analysis by Robeson et al. [4].
The results discussed below involve membranes with a constant 3:1 ratio of void to polymer;
changes in zeolite loading do not affect this ratio. Membrane selectivity is defined in the
standard way as the ratio of the permeabilities of the components to be separated, oxygen and
nitrogen in the analysis that follows.

- "}ﬂijh g
SERECHVIY = Y
Hz

Model results

The following results are based on calculations using the polymer permeability data
presented by Mahajan and Koros [1] and the zeolite 4A data calculated by Zimmerman et al.
[5]. which in turn was based on data taken from literature [6,7]. The permeability and
selectivities used here are summarized in Table 1. The model developed here for ZeoTIPS
membranes is compared below with dense mixed matrix membranes for oxygen/nitrogen

separation. The polymer used for comparison is poly(vinyl acetate), and the void permeability
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using the Hildebrand solubility paraneters of the two
conponents [3]. To represent the ideal ZeoTlPS
wWoreooBn@1e; one sets b = 0 (representing a zer oPCT/US2008/056630

thi ckness) in Egs. (1) and (10). The resulting

equations are (11) and (12), which describe this ideal
menbrane. | Pv + f pz PULai =f Pn + fiPp ( 12 ) In

Egs. ( 11) and (12), the temnms Py, Pp, and P refer to
the perneabilities of the void, polyner, and zeolite,

is ABERACeVAl 350.08R0-RBaha Pagi @ Bafr@s)t MRe @ffedt dF&lifferent Q2 void
pernmeabiljty of the entire nenbrane. The vol une

per’F’F%Pélft}eél‘*fsdlﬁflss?‘ﬁBe%nbr ane conponents are denoted by f
, fp, and fz- Egs. (11) and (12) are equivalent to
thidsé in a previous analysis by Robeson et al. [4].
Fhendesul tisiadi sous setbelow Pnvalxesmenbr anes with a

zeolite | oadi ngxdannot aff ecHittdyics ratio. Memfarcansgtrogen

Panico of the periieabilities oftiddre conponentsvto be

sgpar at ed, oxygen and nitrogem; i n the anal ygi s that

%U“ AL tRYe= - ft-"r o d, L' Modelyresults
he''Fol I owing results are based on cal cul ati'ons using

t herpaly fonﬁ@éuﬂ?%}' thé[ k¥ad Qlte@elcﬁﬁs@%@&xe%gﬁ gaése&{%% PIBufRD and

Koros [1] and the zeolite 4A data cal
10 gopgraithrsmdation] resyls]for dembemiNed rpagi mma@remafseﬁthe jaga pelymer.

taken fromliterature [6,7]. The perneability and
Thesdtas for idgise ineised maldix Mesndragen issahiaiegd; byesgiing PTARNG 01y 26ha 0 in
the %8? ?clealdfio%lll?) gcﬂxap(ﬁr]{s%élg ?{r%%‘rﬁl Xto@ﬁ%%é@ﬂ?& b§/ i/Ia%Q IRaE ﬁoros
uSlI@(eylgedlfleIi Mam‘gdhmséqb alr |aZecdiPS ﬂ’iambplnésymmeladsm tiothdigures contain a

ar i nd .t he voi d
31 3EMRE hR PR R MR a1 PE R S Bl 0] ot Pieasmy thp ganee
of (st ZBgTIIPS rrﬁémbraih:e élefefrﬁ@ tof gf)lgdilef—ﬂ&ﬁeﬁhmzeﬂﬂe ‘gﬂﬁnﬁy 'll;hel solid line
er meabi eS|s i scussed bel ow. cr ncabi
repigsgnLs F‘?uala' WWZE’OI S al“?&l dlslélerﬁ—azef’%ﬁr"}fg?lg})ww \Coﬁeégﬁonds to the
Str% Q@@\lﬂl 1QF1§url B(). Thd dRBRNIIRYAprseht Hrodg PoBiner\zBdlde affinity

and weak dlluent—zeohte affinity, with varying values of P, corresponding to varying
thicknesses of the polymer coating on the zeolite surfaces in Figure 5(b). Increasing [
corresponds to increasing coating thickness.

In the dense mixed matrix approximation, permeability increases slightly (dotted line
in Figure 8), and selectivity increases significantly (dotted line in Figure 7) with increased
zeolite loading. Of course, the loading cannot really approach 100%; thus, the selectivity
cannot actually increase much beyond two to three times the selectivity of the matrix polymer
(reported as 5.9 in Table 1). However, adding zeolite particles to the polymer matrix does
indeed increase the separation efficiency of the mixed matrix membrane, as shown in Figure
7.

Direct contact of the voids with the zeolite particles is essential to an ideal ZeoTIPS
membrane, which makes the balancing of polymer—zeolite and diluent-zeolite interactions

important in the formation process. In the case of strong polymer—zeolite interaction, zeolite
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Zeolite 0.77 0.02 1 37 The sinulation results for the

nodel devel oped above are presented in Figures 9 and
waoahietgs wi th simul ation results for dense ni REHUS2008/056630

matri x menbranes of the same polyner. The data for

dense m xed matrix nmenbranes is obtained by setting

b=l and f *v 264 = 0 in the non-ideal ZeoTlPS

equations and is simlar tosthe data obtained by

Mahaj an and Koros using a nodified Maxwel |l nodel [1].

sur%@@ﬁbcﬁﬁcﬁﬁﬁbé@%&s@%&hﬁdthisﬁnt@ﬁtﬁbnftb@fb.llfdee‘&lu&l@t[ﬁtﬂﬂyrbf@le zeolite
3:1 void to paolyner ratio. In Figures

for gefymer apd glilaend mseerpl SH%‘émP%‘EFaé’é’éﬁl?aVP H%enrcgﬁ%@ 16$raf&§fe[fl &*ﬂ

ZeofH- RSl B A& @esurkdo L&l 16 réptesBR| iy RIcal it dlieNter e @lodbieshown
affinity. The solid |ine represents equal

scheyppticalby 1% Etgure &0 mgd dhysuday rosesentt @oﬂaﬁai impRnhyane,perfofmance. It
shoﬁl‘arl{eerﬁ)l@éantﬁét thOplofi€ars hb Uil e vélﬁpf@!? zé(ﬁltézlogéﬁfl 1%£s3t)1an T o1,
dashed |ines represent strong polyner-zeolite finity
singgrihaadgin diohenpermeyially én amflabﬂratyly thit greates thpn ﬁ@ vole% a@élte is
g
el B RS STRSRLAS RS PO P OGRS T LI orse i
sel@(lb)y as| the ledBigny ingreesdrfegp aerdgo t85 Yoresudiadionythe dadt ity the gas
mofeculgsk&ﬁifovF 1cf<lh ﬁlérgg Stﬁ% I%l(yiﬁg)l tﬁ?%er lht%ts aaglﬁ rsﬁ)l)é(!: g%;r%eig_ﬂas a hlgher
perﬁl)zabllayl dhmaglectltel molh;e_ thag rtmasgs thei ]gcﬂyrherc atnpzisyes(nmdzlt exd;re easﬂy
e e T SR b P Oiet R parites

theihbedves eﬂeﬁmddun Tyble ansbé 3AC Peraiehmluy RIESpR aaﬁewmmbremy dsuding, but

) wo to three tines th el ecti it of the matr
a3 R PG P SO g G gt sty M e Gragn does
nothe tbqo@ssmlaﬁﬁghqh@smxeﬂpdrﬁeabm?& ysalgzmemat?xxhdoes i gdeed _
|ncreaset atl on I.C cyo the m xe tri
menbrd8-1degd pagl %evw mpgf&r(%as s di Figuggst A and 6‘53 %lweéwws

sigMBEHLS 1&%{)1"0%&@1@ 04 80hie® Mafit 'rﬁén‘ﬂﬁraﬂe§ @SNk @hctttﬁataﬁkrmeatmg
I deal oTlI PS menbrane, which makes the bal ancing o

SPegigy §ifrure- oyl ey a paallimensh oL pobengrveen Hewreg he membrane. Even

whidROF $80L tdtfl JolRendr o IRtUH GO O&BRDHutel To bERInGE ARE/eBfite particles
strong polyner-zeolite interaction, zeolitesurface

(thatgieli ATt Toredighc bertisease senaff thet Agod IS mambeanegill shows
l 4

o YENESSLEIH SL LN Sk GRS (s pOLNRR B0,

| i tEheagoal whgnim@ing Mvabrandsiisl td pradceimentirgngs dwit praeagh 1ige ideal
cast Feﬁfe@él%atbgl tF@sohg%a!es iR eﬁlgé(sb)ana%bl -tﬁﬁus ;% élcc%g'g)\f%hed bx fselec‘ung
appumruawalbolymerbdlhlnm p@iremrsrtharha@e ehgal simbmhed—d@ehtmomédilluhmzeohte
afﬁfngé &P Ib e%%;% 52)'%% gmﬁ glée I)é?cﬁﬁela Iglgrkf)acg :’Préﬁ (l) Irrtle?nbranedflorngas‘ﬁon to
balmwehe rzemittalatfﬁfnnyn fop uthe | poibyonicat ordy dilleat Qomejuentlst hé réaining

vol.% zeolite
discussion tzocuses on thls 1deal case.

Figure 9 shows the increase in selectivity as the permeability of the polymer decreases
to zero. The selectivity at 25 vol% zeolite loading increases from about 20 to about 36. The
selectivity with a polymer permeability of zero corresponds to that of the zeolite, since the
zeolite is the only selective component of the membrane. Furthermore, Figure 9 shows that a
ZeoTIPS membrane is still useful even when the matrix has a higher permeability than the

zeolite filler, as is the case in Figure 9 where Po; = 2.0. This is a result of the high
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needed to prevent m croporous connectivity through the
menbrane. The large increase in selectivity as the
wo omditmy43 s i ncreased fromzero to ~25% r esul t BCEF/U82008/056630

the fact that the gas nol ecul es can nove quickly

t hrough the voids to the zeolites, and since oxygen

has a hi gher perneability through the zeolite than

t hrough the polyner, it pasiges nuch nore easily

t hrough the nenbrane than nitrogen, resulting in

perM@AHAAY v¥idt ineSrigtesith thi adolief patiifesZBRS teb@t P Edneh8%o dense mixed
t hensel ves (reported in Table 1 to be 37)

A FPREABINCE-t YNIEH B SBPYT ISt HRTAFeas ey Fltﬁd%ﬂ’ilW@er X phen the
polhMas ahedRE PEmRBAEING thdnBE 4ot 1PSuch @RS EheBxX8&h selectivity is

matri x nenbrane since the oxygen does not have to pass
redyqsel othgreat e peraweltilityay weraied Pl speitymer matrix. The
nonrd 4ed! yRakahd &he $8lchRIBHPLr 6 RN dnlah8iSent With ZeoTIPS
Figures 9 and 10) al so shows significant 1 nprovenent
memb@nesmt xewseiate mnswernﬂb@ aigdslocumgated gipp preboipg properge by Robeson
y
1 SFESR89 SORELEE LA Bk AEOHGRCOL e BB
uppalbpurslf Thigereswtsain  Fighng Y permant he m@nhymm evito memneblule alymer
mattnges gll%ouglg thte %}I‘é t%?lééaré er‘s?lgerghllg & %nc(llﬁ’%a {hs Oleg)%“}ﬁrélodel
reSlﬂtSI IAll divevwmirftaviowoéils] membtaeest nwthtX/S anito peqjlrrealbadlnig; yand as the
nbr.ane.
per R i b RS o TR e SRR ! R or he
mmab@n@amha@hemhddah1@HgﬁnfHpr&s&mmﬁﬂuhyﬁmhan&obmmngMma&dne
in Fiqures. can be acco
surlgfisab G s B TP - R ea dr g | Dhie seletivicy
andnpat@eaIua | bopo HaoiREe, 200 et @11 @R Ci;tlﬂlrbm@lﬁtwélﬁ‘@lbdv% &he upper bound.
affinity or by chem cal [

ly modifying the zeolit
Dengsg mnaf'éénm BB IR ARe VP Fast iesedng Balbirgeelesr Figure 10)
ren@@beldve thaful pré}l Holind &t afl REluRO0s me PerntHabilBMhvestigated P02 0
Consequent t he remai ni ng di scussion focuses on t

poiptdeiine Q%@br MMM 9 shows the increase in select|V|ty

as rh I}@rf&%ﬁ?ﬁi@ 'sinhﬂéﬁoﬁ; ab e tﬁ@béfméﬁbll‘i’t? OF BRSBRIstWhs 28iParily set
The selectivity at 25 vol % zeolite | 0ading increases

to 1‘(){00 ieaiso Uit dg@ortsaatabém segglivitphel Welneasel (o thy viaid pergeability and
sho | }AER RALHRR '(fe&l%é/seé)fmtﬁo(fe@regs%é %&H%@lﬁf&bﬁl& hl@\;enQ? the void

e zeo |te Sl nce he ze ite 15 the on Yy sel ective
perm@&rhﬂﬁm antuneghsoniidy erbiharselectiviy tihestiioreaificRitugieater Showeat of

den&bl%xe@ nﬁﬁ&%gﬁorgﬁegr% ﬁ)rﬁg %lllllléabllﬁﬁlgl% Hltgﬁgrvtﬁa[h tﬁﬁ%@ tﬁetb%lymer

as a Fhrt e zeo
nmﬁmller as is the case in Flgure 9 mhere P2 = 2.0.

Thll*‘ci% ure 19 g\{%%%he e?ffe r}evomi g{ﬁﬁ%{eg‘; L?l S rl\(lr%edr?tlo ha ZeoTIPS

seri eczectite par esu
meimbinahe bt gte@tedﬁhﬁ Seldrpoi(ﬁdar naior ihx greabtharesctivwiih kiﬁdﬂtol”thﬁ/facreased

i RELIRISE Hhs 8 TGN JerHRdD, Fidy SRR (He> T o lead o
viscoeifibd that akenos Ueh f@ &@sson e p&ymgleébrﬁaitﬁﬁbnsvﬂhhtyaré $o00 low for
structural integrity in the solidified membrane.

Conclusions

Permeation modeling of ZeoTIPS membranes shows potential for improvement over
dense mixed matrix membrane performance when the ZeoTIPS membrane is modeled as

polymer in parallel with zeolite and void in series. The membrane performance is predicted to
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reduced whereas the perneability is increased only
slightly. To best understand the magnitude of
w@erBaraTehce enhancenent with ZeoTl PS nenbr aneBCT/US2008056630
useful to consider the well-docunented upper bound
proposed by Robeson [I]. ldeal ZeoTlIPS nenbranes
produce a separation efficiency significantly higher
than the upper bound. The rigsults in Figure 10 pertain
to nmenbranes with perneabl e polymer matrices, although
surpRE RBBEsBA’s Appek &folnd @drr@algeﬂatetnysn lpSlyhféfsl rde @reatetthln{pb@vemem is
i deal ZeoTl PS nodel results. ata points involve .
exhihilied Whgr begobymen i apgded] Zep PP @qﬂ&éﬂﬁe AYIMPSHHCARL 1P s species to
be RPEARADIN! dohfaPlio hHBxQP IR mEBEHEASESch RqbiRg pefBability of the
ZeoTl PS nenbrane, the selectivity of the nenbrane
polymerr daddeal ZeliIPY mpgbsane s piegigied 1 GNProps o Axed Yy mgmbrane
perReh BT ev6RatHeA%NE R ERR! Hal & %&%@@E%ehﬂlﬁt&eﬁﬁﬁﬁ%é DedIfA€ itself.
non-i deal ZeoTlPS case (open squares In ure
Furthigeneya)| whan; the pormeakilipyeqfnthe tipidi is Wabmlhedd@eci evasre thetratio of void

Y
Vol CRINES (SRt s IR TRl s 1R L8 BBl ro i blocked by
at lbats‘admmqotl@martalet theanghl@gnd effiFipmpyrie mbRimiredmiinallh etverwwhen the
r I I f . pol [, |t
ZeofTElsses e?rlg)a <5 %E% -1%6\(/11?]‘@9%?' {h%l Cr%lg w\éé@ lggl % he z%ohte
parpcrzlesf drem B Elgmﬁsamrmth(mam)msseﬁmvw attdhperpeatniga womptngd cb(ﬁ dense
mid ﬁ“ ds %@ssarbitrarily set to 100. Figure 1 1
&%nﬁ"% AE8"Phe sensitivity of the nodel to the void
pereaahhdtandingathat kb omvaqetlheatrartgae as® [peatreterst yettdgciroahsae; broad

wi th decreasi ng voi d.permea t
scole PP SEon AL Wit SRR, e et (g 1, tegspecific
exafifplek lares tepBitdd @sapﬁadnyelg hePbLIbld I:»al@ fufdticfval@NBevdeX G6herently
matri X nenbranes as. | ong .as the per me bl&% i s _hi gher
confah feRHALETOF ffressBhy MR (o FgiaEt fovididoten their

resikfr@CEstiah mégdudery@lsume to pol ymer volune ratio in a
ZeoTl PS nmenbrane. The greater the void/ polyner ratio,

t helhgredere-ethe tERsey dpesatipn, it yely gdapied TPh"’étainn@P‘ €hdsepnd advantages
meﬁﬂoﬁé@wﬂl &s ﬂHereofﬁéttaYe %erEﬁQhé?ﬁﬁbWﬁﬂ@nutﬁQ@@svﬁlﬁmgeﬁ laly @ made
%feater than 3:1 can lead to viscosities that are too
by these skidled axthe asi sueh eaazes ore/amermpasted evithinathe eiigt ofHbis inyeetion as
Mu&ﬂﬁﬁl&,aﬁoﬁ‘ﬁé?ﬂﬁh&ﬁ%hmh@tegrlty in the solidified
Concl'Usi ons Per meati on nodel i ng of ZeoTI PS
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polynmer in parallel with zeolite and void in series.
The nmenbrane performance is predicted tosurpass
wRM8A W43 upper bound for gas separation pol yPEF/ES20081€56630

greatest inprovenent is exhibited when the polyner in

an ideal ZeoTlIPS nenbrane is inperneable to the

species to be separated, in contrast to a mxed matrix
menbrane, which requires pegmreability of the polyner.

An ideal ZeoTIPS nenbrane is predicted to i nprove on

6. M X1 MatHvex RYE DRfraH) ®ifesidnl e @ ney/aid diieiclol®s in 4A and 5A
pol xmeEs, Mashesh. Bb@FemdReraRabi {1oyy) Joban the zeolite
itself. Furthernore, when the perneability of the void

7. 1S JMR%IgEE e, R&RFENDETUsToR 8 Z&1iteR afd oMEH MicY@o B SbIRIS, Wiley-
POl IHRREiNQ HBRcAiSnd RewOrHRtess that still l'eaves each
m croporous path bl ocked by at |east one zeolite

8. Pard ifekfn, Whek sBIRiRREMEHE 6P BYer nferntBR 8 hA&with modified

Fi r}"l‘éSiZyB S061 1%& etﬁé}ﬁmg@ﬁ(ﬁ & rﬁﬁﬁpf(ﬁ‘%% s%f)e{rh’tﬁ; uf @\/Ién%br Sci.
noqmgq 1@§2¢ﬁ he case en pol ymer coats
zeolite particles, there is a significant |ncrease in

selectivity and perneability conpared to dense m xed
matri x menbranes. Notw thstandi ng that the nunerica
ranges and paraneters setting forth the broad scope of
the invention are approxi mati ons, the nunerical val ues
set forth in the specific exanples are reported as
preci sely as possible. Any nunerical val ue, however,
i nherently contain certain errors necessarily
resulting fromthe standard deviation found in their
respective testing measurenents. Therefore, the
present invention is well adapted to attain the ends
and advant ages nentioned as well as those that are

i nherent therein. Wile nunmerous changes may be nade
by those skilled in the art, such changes are
enconpassed within the spirit of this invention as
illustrated, in part, by the appended clains. [0001]
References: 1. R Mhajan, W. Koros, Factors
controlling successful formation of m xed-nmatrix gas
separation materials, Ind. Eng. Chem Res. 39 (2000)
2692-2696. 2 . T.T. More, W. Koros, Non-idea
effects in organic-inorganic materials for gas
separation nmenbranes, J . M. Struct. (2005) 87-96.
3. AF.M Barton, CRC Handbook of Solubility

Par amet ers and ot her Cohesi on Paraneters, CRC Press,
Boca Raton, FL, 1983. 4 . L.M Robeson, A Noshay, M
Mat zner, CN. Merriam Physical property



10

15

20

25

30

characteristics of pulysul fone/poly(dinethylsil oxane)
bl ock copol yners, Angew. Makronol. Chem 29 (1973)
wW@i706082127%5 CM  Zi merman, A. Singh, W. Kor os, R&EI/US20081¢56630
m xed matri x conposite nmenbranes for gas separations,
J . Menbr. Sci. 137 (1997) 145-154.6. D.M Ruthven,
R 1. Derrah, Diffusion of nonatom c and di atom c gases
in 4A and 5A zeolites, J . IGhem Soc. Faraday Trans. 7
1 (1975) 2031. 7. J . Karger, D.M Ruthven, Diffusion
in Zeolites and other M @ame®us Solids, WIey-
I ntersci ence Publications, New York, 1992. 8. S
Whhlus aliaiaed\. Koros, M xed matri x holl ow fi ber nmenbranes
made with dified HSSZ- 13 zeolite in polyetherimde
pol yrmer AREPPLCIYYISEEs separation, J . Menbr. Sci. 288
(2007) 19%ng ledst-dMeVRndPBabud FarGdl@infBrhdnfogedeoudsolBio@da
conprising: mxing at | east one nano-porous particle
polymerging 2 ivRsG e slegateblemPrahra farmppmjytee: @Ad a di | uent
at an elgyabeth h&IPELALIR, § QictRoud phlkhbithh&rixand
cooling the mxture to solidify a m croporous pol ymer
mat% i x. The methed ohglpinbl varered] Bp A l9ast giivenrq-RoPHepagicle
o R e P AR AR LG FOTRICZOR SRt ifua
zeoliena sysithiehgzeslite; a metai-greanic frewkvod; arrorgyme meletwWarsenk:iang any
~ -organi ¢ framework; an organi c nol ecul ar sieve;
Cong)ﬁﬁgﬁkhe%g?fbi nati on thereof. 3. The nmethod of claim1,
whex ei n Thhenetibd béesim hivérereantbe pideatisnepmnd-paroes particle

co Cp(%ggsr it a5t Ofal'e: nelm%iasotrou%nerti@ AN 0] SR 4B, tlilpcclog isﬁenl eo%'taen%tural
ni‘lromat e dgroup cponS| g?l ng OFZ a nhat urggﬁ) zeosf | i g; ‘a

zeokitend hiathetc zatitel tret angedmbinytichahdestat i on t hereof. 4 .
The, met hod o laim 1 further conprising reacting the
at 4 east T AERADHBFEL St S BRRsEE P HCRRbHRaro:

porgilisqlafticlebwithlhememinbiagdo@f cl ai m 4, wherein the
functional grouyp.is selected fromth roup .consj sti ng
of :> an é@ﬁmgethﬁﬁ%ﬁ?mh ‘@@’Ee@rt,he Smationg grgbl?féisﬂ%ﬁt? om the

grobi&neiBfing &: anldiiy] BRIuPOSh Bfer; Gh@hi cbmbMagseihBrebie pol yner
conprises at |east one polyner selected fromthe group
corfsi st iThgmsthod of gaimy b Wderei the PREMEisopPEFRS;at lgast one polymer

seldl Yo theBRup onsisting of: a polyolefin; a polystyrene; a polysulfone; a
poly(vinylidene fluoride); a poly(methyl methacrylate); a polyethylene co-vinyl alcohol; a
poly(ethylene co-acrylic acid); a and poly(ethylene co-vinyl acetate); any copolymer thereof,
and any combination thereof.

7. The method of claim 1, wherein the diluent comprises at least one diluent
selected from the group consisting of: diphenyl ether, 1,4-butanediol, polyethylene glycol,
dodecanol, and any combination thereof.

8. The method of claim 1, further comprising extracting the diluent after cooling
the mixture.

9. The method of claim 5, wherein extraction of the diluent takes place with a
volatile solvent, followed by drying.

10.  The method of claim 1, wherein the microporous polymer matrix comprises

pores ranging from about 0.3 nm to about 1 nm in size.
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pol y(vi nylidene fluoride); a poly(nethyl

net hacryl ate); a pol yethyl ene co-vinyl alcohol; a
wolsAer7y| ene co-acrylic acid); a and pol y(etPgI/E8m08/056630

co-vinyl acetate); any copol yner thereof, and any

conbi nation thereof. 7. The nmethod of claim1, wherein

the diluent conprises at |east one diluent selected

fromthe group consisting af: di phenyl ether,

1, 4- but anedi ol , pol yet hyl ene gl ycol, dodecanol, and

anyl1cony madhbi@ne ¢dAgridk: at fast bae namt fueshis Qhriielead Mickoporous

further conprising extractln the diluent after
POlYBYI THG he PRPKR0S'BS rom appd O%E(Fﬁgba beFt Icii m 5, wherein

extipact impe nRfnbide ofﬂaalﬁfent whakRShddi #ast o hihBpotdlsdattlcR

sol vent, followed by dry % 10, The nmet hod of cl aim
COmPrisGiti fea5PNE AUOPROEIUS @élﬁlél%e pOed/erp heearoypyeongting of @natural
zeoRE! §§fn'ﬂ§ﬂgker@)9tef L IR0k FaeRBRLE g &QQH& mdleBTri sfeve; and any

si ze. menbr ane conpri si ng: at | east one
commﬂmaopﬁwﬁné particle; a nicroporous polymer matrix;

and ;por bay 12.

The entrabenatAgpLIAm ARl be ft AR plmk: il
conraises- b teagivse palymeicielscied ﬁ‘pm thegroayp cdnelaigtg @nepolyolefin; a

ti t 0
polxgsgyr}gnep ? F&g%liﬁ% a p%!i/? dl?}?{dgz efglgmdé) @g&g&%ﬁ’#@thm Y gfel),t
polﬁetlumetralce{ynghaimhoi raambmwlenea;n aoryjandid); aahdepmy(aﬂlylsnee&cevmyl
ace%qesj é 0? TR 8 a}atrelo herc%%];bmai n th reofm:“‘nJor ane of claim
Whera ? ETrcPd 88 SUVEPY sttt ri x conpri ses
at l4eas tThe-) merrﬂ’)ﬁiny oe¢laisel le ﬁtrthdr dommslhg e diuenu p

co ist| p ol ef i styrene,

D OF@S ul f @en@raﬁs Pgiléflh% E%l’ﬁ]él tﬁq (%J%lle 51].})1‘1%{35 at least one diluent
seld@@ﬂ)ﬁ(oﬁ’fﬁﬂh@gﬂouﬁéﬂéﬁﬁﬁg/bfaﬂ@henyﬂetﬂw yebbivhensg, IﬁiDyeﬁiy[b)ﬁE glycol,

al co eth Iene co-acrylic acid); a and
dodseangl éW%?WéH%mE%“Wﬁ folacet at e): any copol ymer

t hereof, and any conbi nation thereof. 14. The menbrane

of clain111, further conprising a diluent. 15. The

menbrane of claim 14, wherein the diluent conprises at

| east one diluent selected fromthe group consisting

of : di phenyl ether, 1,4-butanediol, polyethylene

gl ycol , dodecanol, and any conbi nation thereof.



