WD 2006/ 017557 PCT/ US2005/ 027530 MEMBRANES FOR HI GHLY
SELECTI VE SEPARATI ONS CROSS- REFERENCE TO RELATED

waMdeb/h G831 ONS [001] This application clains thectyesmbsszrsso
of U S. Provisional Application No. 60/598,733, filed
August 3, 2004, which is incorporated by reference in
its entirety herein. BACKGROUND OF THE | NVENTI ON
[002] This invention is in the field of zeolite-type

menbr AMEMBRIGNE SSEORCHIGHLY SELECTIVE SEPARATAIREPL i on
of a nodifying agent within and/or on the nmenbrane.
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Zeol i tes ar eéﬁggéﬁyﬂ%%ﬁggﬁ?ﬁwﬂ (ﬁ@ and have
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S| HA14' an Al 0415- tetrahedra
60/59 738 HIoqAugHsd Ae éoﬁég\&hic@é IrargRralrebby feferrnce in its entirety
hereir. ncorporat| on of Al atoms in the framework, cations
are incorporated into the cavities and channel s of the

framewor k. The cages, channels and cavities created
by the crystal framework can permt separation of

m xtures of NBASKGROWEDAUFAHE IMVENTIORCt i ve si zes.
[004] Different zeolites may have different Si/Al
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st |tute by of her el’'ene s suc
improwéd b adaorptidon.oflanmodifyiegtageme withineand/eobnttee mérabrdre; Useful

sieves ve a Si/Al ratio approaching infinity.
mw'“@?@@@ﬁ”ﬂ%%@@@?aﬁmg\ Cfes do not have a net negative

framewor k charge, exhibit a high degree of
hydrophobi city, and have no ion exchange capacity.
[003] Ze@ites ese largely compepsesi ofi SiaAl ard O and have edthieridimensionst
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units. CRITBaIBAGe PkgAlive Eharyé due RNhelAYET bFHtQﬁr@HNﬁ”t@fr@iﬁ'the
n Ccr opor ous cryst al framework structure | ar

frameyvpdy cations arg incomasatast infhiher cavitias qugd channe%s of the framework.
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separatioreef rdixteresiof madlecalies rbasedmmstherrﬁte@hvé sizeswor K
structure largely of [P04]3", [AIO4]5"and [Si O4] 4-
tetrahedral units. Ml ecul ar sieve franmework
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Structures

an extreme case, zeolite molecular sieves may have a Si/Al ratio approaching

infinity. Silica molecular sieves do not have a net negative framework charge, exhibit

a high degree of hydrophobicity, and have no ion exchange capacity. Silicalite-1, and

silicalite-2, and Deca-dodecasil 3R (DD3R) are examples of silica molecular sieves.

[005] Aluminophosphate (AIPO) molecular sieves are largely composed of Al, P and O
and have three-dimensional microporous crystal framework structure largely of
[PO,> and [AIO,]® tetrahedral units. Silicoaluminophosphate (SAPO) molecular
sieves are largely composed of Si, Al, P and O and have a three-dimensional
microporous crystal framework structure largely of [PO4*, [AlO4]* and [SiO4]*
tetrahedral units. Molecular sieve framework structures are discussed in more detail



Types, 5th revised ed., Elsevier, Amsterdam. [006]
Mol ecul ar si eve nenbranes have been proposed for use
wO osessat i ng gas mi xtures. Several types ofPCT/US2005/027530
nol ecul ar sieve nenbranes have been tested for
separation of m xtures of CO2 and CH4, i ncluding FAU
by Baertohier et abrtBaaﬂwer( Ghs &t ahe 2061, Atlasabf FregatyorknStructures
K. et al., 2002,

TypesyPoreoed e ElsHer, EREPIIat). a7y, Mer seol 1 Lo
menbranes (Van der Broeke, L.J.P. et at., 1999, Chem
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160, 1$@53%Ap0tsﬁﬁsémwrbhe§(gp5£}4@a \&. &kt 4. uwg@tm&oa .Chem. Res.,
Poshusta et at 200 rep orted a

37, 39a4supausin ) ebal ,vzqqﬂ IBBE dasrina. Hey. 34 Shelkebh aselite

membi¥iiel Aokl e SE0I90EL 1 Moty 556; 1% 192557 R4 Ze0BP

membeEd @ua) Gatad) 2002, 8ep.i SeieXeelnsol0376008 1), andINDER34

membrane with a 50/.50 gas_ mxture 297 K
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50/50 gagmixtraat 301K. Hd3bUbtatetsalr (R006n suprad mepoited ar@ogcw
separ St BN b T e S DA O B apR e S RS mixuro a
300 K. pPébe%%$ ePhl. (B3 Y4teht Aﬁﬁﬁ&dtbﬁ AFBOS HB3) Zé?ﬁr!efdeCOZICHa,

acidity is neasured from desorption of sorbed anmbni a
separa(tweseleatlvntxesnnuam¢esj of:ﬁacfmr a SAMDdumemigaes wéth a 6860 gas

mixturd B30 A AEAERPRRReRe PR Fhshbs ot dfrm

reporté® AU @L/CM): se‘pla%tld?xaéeﬂéétl é/?d\‘% .§4dr ant PI-BSNVBE (VI sruicture)

reports nmeasuring the acidic site population of
membearig wﬁblaﬁﬁ/ﬁ@@agmmﬁxr@@tm & cal cination by

contacting the silicoal um nophosphate with a m xture

of ammoni a and helium and then desorbing the ammoni a.

[007] AdsbridlivrR 00aMdiotia anBGthéiSCEp60AdS3A molecular sieves has been
reported. Zeolites have been treated with ammonia for the purposes of measuring
zeolite acidity. Zeolite acidity is measured from desorption of sorbed ammonia
(Dyer, A., An Introduction fo Molecular Sieves, 1988, John Wiley and Sons, New
York, p. 124). SAPOs have also been treated with ammonia to measure acidic site
population. U.S. Patent 5,248,647, to Barger et al., reports measuring the acidic site
population of silicoaluminophosphates after calcination by contacting the
silicoaluminophosphate with a mixture of ammonia and helium and then desorbing

the ammonia.



[008] Treatnent of netall ophosphate nol ecul ar sieves
W th ammoni a has been reported to stabilize the
woReoirssr sieves. U S. Patent Publication PCT/US2005/027530
2003/ 0149321A1 to Mees at al. and Mees et al. (Mees,
F.D.P, et al. 2003, Chem Conmmun., 1, pp 44- 45)
[008] Treatpuerit of nedtalloptedsphateomolediddl sievesTwith phaaphiatitas been
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PO-.3 B hh et al 2004
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coverage,exunsisté obmcobedigatiorpotamsiaiia ngoletulesta framework Al atoms.
monocyclic heterocyclic conpounds, organonitrile
conpounds and m xtures thereof so that the nitrogen

[000]  MeERIEHRl NS, PR 87750, S1ONSh SRRaf Siteapboany = =or oo
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contaiB iR srBPRipdRselaniattrard Bs Seib ettt @i, ondsyoli
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i ncreased sel ect|V|ty to olefins. The
nitroge sphiaining commesingzs cheavisarbed lredéorqpysisocbedwitb thel snolecular
with at least three interconnected ring structures
having at |east one nitrogen atomas a ring
substituent, each ring structure having at |east five

ring nmenbers and aternary salts thereof. [0011]
[0010] U, S Tralant084: 146 te oemeatcib. t3partomoddisation of seallsip najecular

sieve Iéél‘é \y@fé bg gggérpjiéﬁ I’nof@;&fyn'd&a ﬁg%géwg% ,qg?erggwg%%o%&%ds onto

the ca’déhyastaﬂﬂmmadéﬂedmlystew@@rrebbﬁad lie haat tndredséd selectivity to
uce eh ro en formof the zeolite. 3 WD
oleﬁn£ .8’69 yrjiciegyaromatic heterocyclic compounds with

at least three lnterconnected ring structures having at least one nitrogen atom as a

sieve.

ring substituent, each ring structure having at least five ring members and quaternary

salts thereof.

{0011]  Ammonium cation exchange of zeolites is also known to the art (Dyer, A., An
Introduction to Molecular Sieves, 1988, John Wiley and Sons, New York, p. 121).
The ammoniated zeolites can then be calcined to produce the hydrogen form of the

Zeolite.



[0012] U. S. Patent No. 6,051,745 reports nitridation
of silicoal um nophosphates which can be achieved with

woYoss/ o€y of ammoni a and hydrogen. SUMVARY OF pictfus2005/027530
I NVENTI ON [ 0013] The present invention provides
nodi fi ed nol ecul ar sieve nenbranes with inproved

[0012] U.SséeraemtiNers,08H gas repbytsnitridgien of silicsaiesminabhosphatés which
for rraqké{‘)’g and usi n? such nmenpranes. The nol ecul ar
can bespehjeverbWih Ankkures OF apumenia angyNHegedt i on of a
nodi fyi ng agent, such as ammonia, wthin and/or on the
nmenbrane. I n an enbodi nent, the nodified nol ecul ar
si eve nenbr anesSUMMARY O {TetE IMVENTHGN. 1 n an

oot RO TE b R el Sl TR
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natural gas processing because CO2 reduces the energy
such membeanesofTheamaledulzrsieve/membranas are gradified by adsarpdion of a

. i gh ' . of . ] 9 t
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embodithieRb2He AfBHifiSE tholdsulansie ea fterhbiaintk Wre 3uppofed Meembranes.

menbrane, it is desirable to use a relatively high

In an gipkedimest.dheraedified anolgewlassieva nemprasnesf the invention have

‘ ' t - al 985 parati on processes, the pressure drop
|mpr0\)ae@?(g§§fCItFﬁ4es rre'r\r,b?t ane can be several MPa. For exanpl e,

in the natural gas industry the transmenbrane
ressure drop is about 6 MPa. Pol yneric nenbranes

. . re
[0014]  Thegepasatioy of rers Cldois ImpesiaaL N RalYFhIasRIesesH g Beganse
e . -
O reR<BE SHER A O ) g AR Tl %yt contain g
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si eve nenbrane. [0016] SAPG 34 nenbranes are inorganic
membranebrlariedustriacgah asraratipe pragessasy thel presswertiap egrossnihe

membf3ECLifhe S8 My, PEPRAFAR IPUGEEARASS AR
transn@%ﬁ@?essﬁﬁ@@@ﬁ isTBBbiit @NPH. t PolyMddiconenttasnes are currently
CQ2/ CH4 separation selectivity as conpared to

used friarm*gmal B sasesithdey COnpeasseraso diigh partial peessures
. R . ki .

of 01 TBBETBLrids B R Ity G020EpORMAR B I

CO,/CH4 separation.

[0015] The modified molecular sieve membrane can be a SAPO-34 membrane. The
modified molecular sieve membrane can also be a ZSM-5 membrane or another

type of molecular sieve membrane.

[0016] SAPO-34 membranes are inorganic membranes which have superior thermal,
mechanical and chemical stability, good erosion resistance, and high pressure
stability compared to conventional polymeric membranes. SAPO-34 modified with
NHs can have improved CO,/CH4 separation selectivity as compared to unmodified
SAPQO-34 membranes. In an embodiment, the improvement in the CO,/CH4

separation selectivity is an increase of at least 3 orders of magnitude. In an

4



WD 2006/ 017557 PCT/ US2005/ 027530 enbodi nent, the
i nvention provides a supported nenbrane conprising a

wPRoeussssupport and ammoni at ed SAPO 34 cryst abcr/vnio031027530
forma layer on at |east one side of the support;
wherein the CO2,/CH4 separation selectivity of the
embodietdatathe ingentipneprosideshmbuphmtdd h2nfiirfnatcomprising a porous

te rature t out 297 K apd about 323 K, )
SUPPOK AL AR R0, SNP Dso4 SBISLAIs WHigh FlTos Ve ghleast one side
of the 30BRbrtEwHeAIR IR COMOM] septtayhiiSe|dsfititfof e membranc is
greatgrdbar pbout 42,0881s6 ai teomeratune betwaan aboutRdHVKans about 323 K, a

pressiiRq Beteutot a6rB8s 12 isibiate defivese FEouh 2 MER I Saqut 3.0
MPa, 8nd Rf O, 8bRcerirdthasathvdenbRve 28RidIvaAaRd adbdt PO mol%.
adsorbing a nodi fying agent within the nmenbrane, on

the nmenbrane, or both on and within the nenbrane.
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membeam® th imerdaset ittesepatatiyh sgleatdty, witclaoomprises  0019] I n
an enbodi nent, the invention provides a nethod for
separ RPHGING ?W@?C@QES'%’G@@EEF@% @BFh a gas nixture

nt ai 14 ; a fl
B s d S8 Boldeht AR e RERRIaRE n tng membrae,
pr ovi ddrigpth oncatid withinntheenernbrarse.eve nmenbrane, the
menbrane having a feed and a perneate side, being

sel ectively perneable to the first a@s conmponent over

[0018] In amembeginantyiie Rwiemhinproygs the CRy/Gida selestiviby of the
. gnent o ! . f oed
membgHie! Rt i BitiocinBRE el MITAL Aqent e afipftNalo @ T ee

conponents to the feed side of the nenbrane; c)

oote) i 41 8t bylioRpFoudi Lot SR EtmPHERS iy

compdH& woni'g gf'ésﬁﬁfxﬁﬂ@tcﬁarﬁé AR AEeAS A&t Eﬂd thgeddnidBgas 9as

conponent Tromthe perneate side of the nenbrane.
compgrediothe Thetheddionyprising ¢ stepawfbe ammoni a. The

nodi fi ed nmenbrane can be an ammoni ated SAPO 34

menbrane used for separation of CO2 from CH4. BRIEF

a) StdingTa My dified Mo ldRAYY dise manibrapeStHalmembrane having a feed
CT/ USZ005/ 027530 [0021] Figures 1A and 1 B show SEM

and a pponeatesside, gipmsglechivalymarmeppledio the first gas component over
the second gas component and being modified by adsorption of a modifying agent;

b) applying a feed stream including the first and the second gas components to
the feed side of the membrane;

c) providing a driving force sufficient for permeation of the first gas component
through the membrane, thereby producing a permeate stream enriched in the first

gas component from the permeate side of the membrane.

[0020] The modifying agent can be ammonia. The modified membrane can be an
ammoniated SAPQO-34 membrane used for separation of CO, from CHa.

BRIEF DESCRIPTION OF THE DRAWINGS



nodi fication. Figure 1A shows the surface, while

Figure 1 B shows a cross sectional view [0022]Figure
wo2209608s59as single fluxes for C02 at 295 K t hr@ugsroasrn27530

untreated and a NH3 treated SAPO 34 nenbrane as a

function of pressure drop. The perneate pressure was

[0021] FigOréi31NEmd 1B 6RSWISEMrphdios bb%ﬁﬂP@gi@n@aﬂomhammrmr
rough an .untre and

CH4 at_ 295
modifiGaien. FIGWE 1 SNEvSdhe SHHES (BRI F iored mvm%ﬁf°$r§@ct'°na'

view. Perneate pressure was 0.08 MPa. [0024] Figure 4 shows
C02/CH4 ideal selectivity at 295 K through an
untreated and a NH3 treated SAPO 34 rrerrbrane as a

ooaatFigure BB bR TRHES 5 GBs AL S B B b8 i

treateé @Am@%n@ﬁéne A8 {etiGiof prsRlure 8RIE TheVpdnheate pressure
hrough a NH3 treated SAPO 34 nenbrane as a function

was 0@18 MEaperature. The feed pressure was 3.1 MPa and the
perneate pressure was 0.08 MPa. [0026] Figure 6 shows
t he pernmeances for CO2 and CH4, and C02/ CH4 separation

[0023]F|gure533 bR6WS \irigle gés Auke ferBHak 205 K (pdugiDan amtreafachand arNH;
pressure for a SAPO- 34 msnbrane rior to

tfeate‘ﬂr@d’iﬁ@r?é’t membrane age fwpstien of pEessuEe QR dNadaimaate pressure
was 0lo3ppLat ure was 295 K. (0027] Figure 7 shovvs the CO2
perrreance of a C02/CH4 m xture (50/50) as a function
of pressure drop for a NH3 nodified SAPO 34 nenbrane.

[0024]Figureidhshbig GOz b ia elpatity af 295 KRI85 GEaEpafa N
|
treate%l—f'da@ﬁeﬁe%{{aﬁé gg agf nglts Ioﬁﬁ?%%ug%?ﬁwﬁﬁﬂﬁage pressure

was 0@D8ddPor a NH3 treated SAPO 34 nenbrane. 6 WO
2006/ 017557 PCT/ US2005/ 027530 [0029] Figure 9
illustrates the effect of CO2 retentate concentrati on

@ﬁﬂbé@fd afld 12/, arnd GeLeH, ideay
[0025]F|gure%‘sﬁg%ﬁlf%l_g{gr’{€;gbf§ |p§ngAP n‘gr ane. 4 n’perf%ltur‘;eI =

selectiiig througbadNpls ér@gtﬁechAHQ ‘34 mbr@mafé@rfﬁﬁafﬂ@w pf tegapgrature.
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[0026] Figure 6 shows the permeances for CO2 and CHy, and CO,/CH, separation
selectivity of a CO,/CH, mixture (50/50) as a function of pressure drop for a SAPO-
34 membrane prior to modification. The permeate pressure was 84 kPa and the

temperature was 295 K.

[0027] Figure 7 shows the CO; permeance of a CO2/CH,4 mixture (50/50) as a function of
pressure drop for a NH; modified SAPO-34 membrane. The permeate pressure was

84 kPa and the temperature was 295 K.

[0028] Figure 8 is a comparison of CO2 and CHy fluxes for single gases and a
CO,/CH,4 mixture (50/50) at 295 K as a function of partial pressure drop for a NH3
treated SAPO-34 membrane.



concentration for a NH3 nodi fi ed SAPO 34 nenbrane. The

perneate pressure was 0.08 MPa [0031] Figure 11 shows
wdFddepesseance at 323 K and 373 K at 3 MPa f eeelT1/0S2005/027530

pressure and 0.4 MPa perneate pressure for a NH3

nodi fi ed SAPO 34 nmenbrane. DETAI LED DESCRI PTI ON [ 0032]

[0029] Figure gdiestadtes theeelfestaf GhsratdrtatesoncendrationadmChapermeate

concentation 308 GO o AeliviE Rards NHs rofiied SRS auagoabiine.
Temp@?ﬁ%ﬁ ggsgg Fbd ga?eéshu?ée- &b??'nh@%,eég{q geﬁp@é@ -pré88ure = 0.08

Initions are provi ari fy their
MPa. specific use in the context of the invention. [0033]
As used herein, a zeolite-type material is a nol ecul ar
sieve material. A nolecular sieve material has a

[0030] Figlir&n 9%&#&3@ fHeséfdcts bR DDWEkerithic6dntehtratioh ohr@Hggeaheate
units &*& a cation in tetrahedral cooordi nation

conceniration fmra geedified SARQ3amembrane. Theameale pressure was
0.08 I@Qget he_r such that the oxygen at each tetrahedral
' ofner is shared with that in another tetrahedron.
For zeolites, the cation is A3+ or Si4'. As used
herein, "mcroporous" refers to pore dianmeters |ess
[0031] FlghF@m ahewls @O%@ﬁﬁ@éﬁéé at B@@%&nd/wswém MP £ ré8sure and
classified as small, u or |l arge-pore
0.4 Mlﬂalp@cmmeate D@SQUEQ;fOLE@s@H:a mﬂdlﬂlfgd) SAPO-éft mﬂ@br%neg est
oxygen rings in the structure. Crystalline SAPO 5 has
the AFl structure which contains rings of 12 oxygen

atons, 6 oxygen ?3 % torrB SAPO- 5 |s
00321 I Sk SopEh i ifirﬁi @\f?et‘?mariﬁ%ﬁﬁ%é meaning,
which ‘@éhcﬂb mgiadfl%fér‘e?ﬁé to Stant é&”féé&@ "joﬁFrFHT‘iefe@er?Bé‘é% contexts

en at ons. I's typi cal
knowrt:tmmloderskdled mue arh pﬁweefaﬂowmdeﬁmwware mpw@bdaoe&anfy their
ontains 8 or fewer oxygen

Spec"‘%ﬁ’t‘bﬁ%'” & Wﬁé@éﬁflth ﬁgfa'ér ed smal | -pore nol ecul ar 7
WO 2006/ 017557 PCT/ US2005/ 027530 SI eves. Small pore
nmol ecul ar sieves include zeolite A,

[0033] As sised deaeinriameolitss ypatraaterishisg mplecidatsiere matedale £ molecular

siovo e PO o GOk B G ET W e

havingARation an tetfei¥aralooodrdinhafioa diciour bygargh Tins tetrdhaira are
i eve Menbranes [0035] Transport of ?ases t hr oy

assembded tegethgpsuel thas the pxygensalegac gAEal &amqrég Shared with

that in another tetrahedron. For zeolites, the cation is AP

or Si**. As used herein,

“microporous” refers to pore diameters less than about 2 nanometers.

[0034] Molecular sieves can be classified as small, medium, or large-pore molecular
sieves based on the size of the largest oxygen rings in the structure. Crystalline
SAPO-5 has the AFI structure which contains rings of 12 oxygen atoms, 6 oxygen
atoms, and 4 oxygen atoms. SAPO-5 is typically considered a large-pore molecular
sieve. In contrast, crystalline SAPO-11 has the AEL structure which contains rings
of 10 oxygen atoms, 6 oxygen atoms, and 4 oxygen atoms. SAPO-11 is typically
considered a medium-pore molecular sieve. Structures where the largest ring

contains 8 or fewer oxygen atoms are typically considered small-pore molecular



descri bed by several paraneters. As used herein, a
menbrane is a sem -perneable barrier between two
wehesessthat is capable of restricting the noveOEUE200$/027530
nol ecules across it in a very specific manner. As
used herein, the flux, J1, through a nenbrane is the
sieves @il pore miblewla:rfs;a/@qacnuﬂ'feaéowmmmlif;mﬁm%ghm
nit ti ro nit of nenbrane surface are
(SAPGbheind Bepsoriitanhabio Medue PO MoRs A SRS IcEre ZSM-5,
ZSM-1f, %?ﬁ%RP@?WB'Lbﬁ%gBPé%m thlaﬁs‘?exiékemt:!udé SAPERSBARBAPO-
| 'per unit trans rane riving force. For a
37. diffusion process, the transmenbrane driving force is

the gradi ent in chem cal potential for the conponent

) ). Di fu3|on |n Zeol i tes,
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[0035]  Tragspedaf geasgs &roaghr?emlﬁfﬁ-éy%@r '@@fﬁ%‘l‘ﬂi’rﬁ'@yq mmbrape cgn be
f
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mponen a separation selectivit
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exiting the other side of the nenbrane (the perneate

gradiest d'ec)hamiclal poiendial fot itleel compooeaploliféngen, JaFatings), &.Ma, Pifusion

o 2ecf PSPV 18 Sl Y8 2. B B ARy or

membfMPRIrvmpondriid BaVerT)| Smﬁ@ﬂfd p@fnw&esoﬂdump@iemwiwda! by
pores can be influenced everal facto

the pefraeanege of se@ponenpbr e Id&\aé%lsfsté\étw I8 rth%aafwom Pefmeaﬂces
I

obtaln%@éf’rcbtcl){g1 i d’fd;)@ é“b;ezm%e Pég l%?B%l‘jﬁwﬁf\m}Est Vﬂ?esgﬁ*ﬁi%ﬁ gfggﬂﬁtf@% called
separdtidh selbaﬁmm ¢oti @ gas nikiees neypdiffedfrom thaRdesksatectivitynes

(Poshusta et al., AIChE Journal, 2000, 46(4), pp

779-789). This nodel states that both nol ecul ar sizes

I
006 Fof HF4AY BokohbAgld 8 Merts4baI) Sl yiior thanone

implieg maﬁ/tbe TRETibROE ismwegfmmeqm tmaomgnsptelc ifasfeiedstieam

con Rl Tt S S 1 1 BRrSARfoa e,
the pehl?‘\bﬁt@&r%é}ﬂ éi@t'irfﬁ?ﬂie%théf §”dé d?@lﬁ@%emﬁrédée(thé péﬁheate side) will

regli on nol ecul es ave sim |l ar adsor ptl on
be enmhe@hgtamnpmnto madidepleted dn camponent). dT e gesadar the separation

select ' 4 edgerlfﬁe CArRRIRNYBH & perheats strehit in" &thSdherttie

[0037] Transport of gases through zeolite pores can be influenced by several factors. As
used herein, “zeolite pores” are pores formed by the crystal framework of a zeolite-
type material. A model proposed by Keizer et al. (J. Memb. Sci., 1998,147, p. 159)
has previously been applied to SAPO-34 membranes (Poshusta et al., AIChE
Journal, 2000, 46(4), pp 779-789). This model states that both molecular sizes
relative to the zeolite pore and the relative adsorption strengths determine the faster



sel ective for the smaller nolecule. In region 2, both
mol ecul es have simlar kinetic dianmeters, but one

w(ﬁ@smhgsﬂmre strongly. In region 2, the nmenbreMBU$®05/027530
selective for the strongly adsorbing nolecule. In

region 3, the nol ecul es have significantly different
perme@ltmg& peciesana Edagy mbitore. SThis givesgiseTiocthedd separation regimes
eac ration or

where daip bR RIECARIR 0 SaTSerth (UG (AEGOQRFUIAr SRy RaTest In the
first regﬁ)%e%ofmh%‘l’éﬂbllﬁ ﬁéVéEﬁ‘ﬁlI r'ifdls t%%t?énqﬁh@":ﬁJﬂB?@Q ?éI@er and

al so uenced y an nonzeolite pores
-~ its diffusien ierastrgted stueutotpore wallso dlzéhﬁ fltSé regipasthe memhjamss

selootlys,far Ml tplel Thieanzate &'qJeRUEs AR il dneti

dlameféi‘gt ButiHe Adsdrbs 'FI%IéGéIIdrIgW pmrregldnoz tthe rhémibraie miectwe
hrough a zeolite-type nenbrane depends on the nunbe

for thesfstzcm adserbing meledulef In regien3 pibedgoleculasiave signifi cantly

d:ﬁerepﬁaéﬁ'g%é %%ﬁ’o'l) h@%@iﬁn%@%ﬁg@cg A%/ ﬁtf%‘%tgﬁﬁ Q'Iﬁ@&fémsm may

combiflé b BRhanceseparation Dridopweté & rdﬁceﬁhelseﬁa:tlvnganbr anes,
it has been reported that nonzeolite pores that allow

vi scous and Knudsen flow decrease the selectivity
[0038] Tranepetwé gases through agrystailipggnoletlas sieueumembrane can also be

oo BT Pabe oo S5 PR by or

are poTé@nBDI@IrrfneGbeWﬁét& sfrafmelWork.i mtertrystallineeores are an

sel ectively perneable to sone ases over ot her g:or
exampig gippezealiie pers.f 8@ capfstoutian ﬁgﬁﬂﬂéﬁ%@e Fores i the flux of gas

I I
tvoud S S FbrGhe GRS 0h BEIATRARA 512 G sty of
these tperw af thegndneeolites perésnare swfﬁec:isntﬁarge rtrar}muontghtm@ethe
WO one t .
mermtyanr 57 orSSMRRPI Relecit RS RETRISRTR M Phcariopti
membPindd) & HES B Rep it hBﬂzéth@beéts"JIhat &l6\W A8cR0E ahd

per rreate stream In order to separ ate he two _?ases
Knudmfﬁovcdea‘ease éhe selﬁmtmnhse(&bshulst&; JGr etealnu'kﬂg% emperature and

Press{iBlEEHts o (.08 Aneiiaa PRAREalo Sa B PRl Binides. o

Membgeg@r 69, 1I1§)the menbrane is selectively perneable to
a first gas conponent over a second gas conponent,
the perneate streamw ||l be enriched in the first gas

[0039] The ﬁ@cﬂf‘%e&he%njaﬁgﬁ,%ﬁieeb‘n%ﬁl er‘?sgér Englg |\‘/5I# ng%e%ﬁ%' Blthe

gases&ver efitsls] Fok bﬁahmétthéaﬁommsm 32 M&ﬂﬁﬁﬁé@ﬂﬁ&&ﬂnventlon
PCT/ US2005/ 027530 I i es that ﬂi‘he concent.ration of

can be gelectivaly pga@eamd@rfé e OVEr Ehle JOeRRfare tBe rvantiog provides a
method for separating two gases in a feedstream including these two gas

components using the membranes of the invention. The feedstream is applied to the
feed side of the membrane, generating a retentate stream and a permeate stream.

In order to separate the two gases, sufficient transmembrane driving force must be
applied that at least one of the gases permeates the membrane. In an embodiment,
both gases permeate the membrane. If the membrane is selectively permeable to a
first gas component over a second gas component, the permeate stream will be
enriched in the first gas component while the retentate stream will be depleted in the
first component. The permeate stream being enriched in the first gas component



greater than its concentration in the feedstream
Simlarly, the retentate stream being depleted in the
wo 10060178 conponent inplies that the concent redt/os2008027530
the first gas conponent in the retentate streamis
| ess than its concentration in the feedstream [0040]
impliesTtteat tinel cOheshtratiohrafries ficst gasecdnpenerntdm theer pesneéatelsteam is

aroatet s GcPareTL N Ao fasgsteAs iRLU) D Gipte Eham

i X )
a1 108 S e
gas cosupqrartténithesretentate strsamde tedsdhaniits consapisatiorein the
nenbrane is a nenbrane attached to a support. Gels for
feedstigdMi ng nol ecul ar sieve crystals are known to the
art, but preferred gel conpositions for form ng

nbranes may differ frompreferred conpositions for

[0040] The mqwfmgi methsanes of thesinyentipnaia swtable for separatingleerpanent

gases GIRAR Varde T CFHinERRRE Mot v " 00az] T an

enbodi ment, the nol ecul ar sieve nenbrane may be forned
by prOV|d|ng a porous support, contacting the porous

Membeane,aypthgsieh a nol ecul ar si eve-forming gel conprising

[0041] Mo%‘&u@r%?é\} Crg&ﬁ{qt’ Fowr?&%h irl- Q?u E@fs fization on a
ort an ecu ornl el t orma
porouszemlmdretd ﬁwmra aqu;bcmfsd memnlpxane As mmﬂ beneimcesgpartes

or ous

membfie rRETaNS BiBEne S SRttt Jeeeder fopGing ibled tar sieve
crystal%'ag% ‘k?\ovdn;torfﬁé ahe b@?éféfé\%& gﬁ?c&h@@@ﬁléné Iy @ﬂhmgsmembranes

seed |n nol ecul ar si eve crysta S
may diffier frorm prefermedcomp@sttiwsiopfmmngdqomtqmstabl wreaunles. The

prefrre 3 cor ol B A v fiondg PRI cAdyed lsjaffaton
tempe?éi&i%ﬂaﬁ@tlmée synthesis nedia to aid in and/or guide
he pol ynerization and/or organization of the

bUI | di ng bl ocks that formthe crystal franmework.

[0042]  In dPTRhaNEHNER! Rolcklatshsvd RlerRaRL May B8 'f&ﬁﬁ%&pﬁﬁé\h&ing a
poroud supsisit, Gopeactingahe |potwsmnﬂ1mahaﬂhmmlmﬂmeve-formmg gel
substrates have = been reg rted i Het he literat

compr(sman ogani¢ tefnplating:agep ingdhe OGS BHRRO ARA Mgipgular
siove 5 e S5 ENRYoP 3, BRSPHSR i Ao tre porus
suppoﬁ@ﬂ@ﬁﬁ&ﬂﬁﬂ@ﬂ%&bht&@er1®7emnde thes tetaplate. Eor some types of
molecular s %g ! llt %%ng 8gsr'r6‘éb-ll_¥ kS p?ee%rlettﬁe Eolror{]xsosupport by “seeding” it
with molecular sieve crystals prior to contacting the support with the molecular sieve-
forming gel. The term “templating agent” or “template” is a term of art and refers {o a
species added to the synthesis media to aid in and/or guide the polymerization
and/or organization of the building blocks that form the crystal framework.

[0043] Synthesis mixtures for forming zeolite crystals are known to the art. Procedures
for making A-type (Linde Type A) zeolite membranes on a porous substrates have
been reported in the literature (Aoki, K. et al., "Gas Permeation Properties of A-Type
Zeolite Membrane Formed on Porous Substrate by Hydrothermal Synthesis”, 1998,
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Surface of an Alumna Ceramc Filter", 1995,
M croporous Mater., 3, 565). [0044] MFI -type

WO BEES | nclude ZSM5 and silicafite-1 nenEGIMESR005AR7530
used herein, the term"silicafite-1" refers to
zeolite Pentasil (silicalite-1; Si-rich ZSM5)

141, 197 aaeussial T etrak| ’memmbontoéanHTypgrffeahtmEﬂmmthe
have been_ reported

Surface chapAVNng SErYRICHrilt eoWQg MWBOr%ﬁMQJﬁES ot Por ous

Ceram c Suppports, 1992, J. Chem Soc. Faraday
Trans., 88, 3101; Yan. Y, et al. "Zeolite ZSM5
[0044] MFIMype meeatbrénesinotudeASM:E and/sitkedite-1 Toombraes. dhe nsed

nerein gBRdEM Sfaibed rereia shalie RO GiicafELf STz fu-9
Procecﬁ%@fﬂr%ﬁ(ihb%ruppoﬂ@@‘MFl@b?E/u mé?ﬂ(b:gérppeosrl]lia:]\{e @rﬁwnrse%@rteﬂr (Gues,
or

E.R. etTair éOgaraeﬁerMat@umf&aO&E (1) Memnbranasem PaFRUS eramigs,

Supppp[ts Dichf’ﬁ Qn E:L 2 esi%él' %%pac%ﬁmgqns'w@s t% gm a%%ﬁBYaggglA“Zéobhte

ZSM- 5%§Kffrané/¥ é;ro\ﬁh ol Poroﬁsroemm oA 9G5S CHdrat Commidn.a2, 227;
Supported Silicalite-1 'Zeolite Menbrane," 1996

Masuda, TMahal a‘ﬁ’ee;gmathn oiz D@B)e ZSW-5 Zeolitg Filmp pmgtgp guter of an

el GBEdE r, TR e GARES, 45 HOLIEIL . e o
Multi- C%?n;?e?{\érﬁ’Tréﬁ L}iﬁM’ Rrough l@@tal ortedMF bZieslitatdembranes,”

di scl osed in

P
1993, Brecisign \R?éoq:eSSaEecﬂgn%tthm% NP %|Wg€g%rgg§ t\’7\o &%'@M%U%’ eds.,

e, BRSBTS 2RI} . K B By Eade g

Metal- QuppMSﬂm@h’ﬁ&L Zegm&ﬂ\??mbtélie 12996, .[JCN]éBﬂbraEe_Sm 117, 57)
ra
Jia et mem@%SiiMqr%événE@ 3% 5. diadosgs the symheSR@ BTieqe of

membEnes P éer. M};kr 1B'%mr5arlfé28|\ﬂ?)a@a¢2§l\ll 8 &Hnd0e ZBM-5

rvapora I'on formancé for Al cohol /Vater M xtures,
membiindsEare tisrlosed a2 FatemaYo. 6,064 384rootuatuArd/ efal. as well

as by Tln%‘lb\g? @ﬁ?@@aﬁr rane gepf‘%? ﬁwgﬁr@@égﬂvn

Pervap%ﬁ’ﬁt%n \Aﬁﬁﬂ%omo%d‘sﬂpswémmféd MRIZaoli®y Mehibraned”, RDRR2 J.

ite nenbrane,” M cropor. Mesopor. Mter. 68,
Membr'ah)aS{‘,leﬁda"FQSAﬂ’U-dﬂﬁi;t al s can be synthesized by
hydrot hermal crystallization froma reaction mxture
contai ning reactive sources of silica, alum.na, and
[0045] MEphospbaaress inctiderZSMr HanProcedupeatarmgaking £SM11dkmembranes

nave bsigapBeiad BYiest BiboSHS Alaatoe” 23 { MeRraREs:t YO

Characterization and Pervaporation Performance for Alcohol/Water Mixtures,” AIChE
Journal 48, 269-278).

[0046] Procedures for making DD3R membranes on a porous support have been
reported by Tomita et al. (T. Tomita, K.Nakayama, H. Sakai, 2004, “Gas separation
characteristics of DDR type zeolite membrane,” Micropor. Mesopor. Mater. 68, 71).

[0047] SAPO crystals can be synthesized by hydrothermal crystallization from a reaction
mixture containing reactive sources of silica, alumina, and phosphate, and an
organic templating agent. Lok et al. (U.S. 4,440,871) report gel compositions and
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procedures for forming several types of SAPO crystals,
i ncl udi ng SAPO-5, SAPO-1 1, SAPO 16, SAPO 17,

WORBEH 857 SAPO- 31, SAPO 34, SAPO 35, SAPO 37, 7052065027530
SAPO 41, SAPO 42, and SAPO 44 crystals. Lok et al. do

not appear to disclose formation of SAPO menbranes.
procedu&ﬁs furdermiay stverdiMppesofd®ARD dysials, ancludihg SAPAHY,SSAPO-11,

SAPO 3o SARIPEY. %&P@@%%éﬁﬁwws%’@%%%o%ﬂ-

40, SAf{) ) sk asApdRp QH%%}A@% Alery &alsn ol oleBPSRHo rfdt agpééi @sdisclose

mat ron of S Prakash and Unni kri shnan
formatmmerAl@QI menthrpnas.t Méniaudeid epab (Wéiinedean, P el ati, g

Catalygs %&7 M‘%Sgéﬁc’) repp Pr ak %pmgﬁgl onig)g:g &gg«%«?@%&%%ming

SAPOZ4395AH3%)1. ahd SAPWﬁbry@fal?fM&ﬁé@dém gt anaokidtsippsear ®

reported procedures, the gel was aged for. 24 hours at
disclosz7foanation ok SARY Mhrm Bmhashumunntkashaan snshgel

compefiolh B Ere AT il SABS 34 AP terygeAOARh o

Unmkr@hﬂaﬁrsd JYCHEn 6. Féiradaﬁﬁfﬁarm‘ O 9OYNS), masma)sjn
ilicon, and oxygen in the presence of a [

severalgERiakEh A N KAREN S EoROTa b ASEArRS, 16 OB Was 2 er dor 24

vours §87 563480, 5KE0 g LA BB eop bt s

formatichngfl SAP Q934 garhbranesan enbodi ment, R is a quaternary
amoni um tenpl ating agent. In an enbodi ment, the
guat ernary ammoni um tenpl ati ng agent is selected from

[0048] In a{n?%n%{gﬁiﬁwefar&qaﬁfoﬂdlwsﬂbd RlinAprapBy| th@”@@% Fmﬂw@a eyindiing

et raprop amoni um br om de, r abut
sourcamfmimmmmm,owmepimrus silicabuayd oamm:mtheomr@ﬁeﬂ@e Of a

ol AR o BE 153 A RBhE o B Pl S0 Bipessod

terms Sf‘fgu%%ﬂ@\mng m@slatraah@s hor 1@&@0@4 AP A34: IbSI0b et Redih, Gy hohdre R

K and about 500 K, a is between about 0.01 and
is a temptatingsrgert. i1s aneammﬂwm is @ quaterAanLHMoNiYE tegplating

B N

from tﬁélgﬁiud strisistiriat oF tehrapipyliammianiufr ydraxide (TEAQM tetrapropy!
t he gel conp03|t|on can al so incl ude, Li 20,

ammoRya) b@;(yde;;é@r abuy@ammepunshydioxise) datr alplgybgmn@gwm%romlde
tetraetgkg%naz %%J&B)@Pé??ﬁh@?ﬁyst N1-arhXBAR 'b'?orﬁﬂie or_

or cr ation of SAPO
combm@txdr@lﬂetét&fnlra@metnbbdtmént amtaabibddr mtystallsaatmatbmween about

rystallization o SAPO- 34 out 0 t

420 K Gtirabou 500 K s betwash Soaia T ehg ahout 520p 5 Beles about

0.03 aﬁH q-\b%ui $98POH bafveeh it 0"RAd BBl 5 a'ﬂdI & isPbetween about 20
nary’ organi ¢ amoni um tenpi ati ng ent sel ected

and alicm:b 1300. If other elements are to be substifuted lnto the structural framework

of the SAPO, the gel composition can also include Li;O, BeO, MgO, CoO, FeO,

MnO, ZnO, B,03, Ga03, Fe 03, GeO, TiO, As 05 or combinations thereof,

[0049] In an embodiment suitable for crystallization of SAPO-34, c is less than about 2.
~ In an embodiment suitable for crystallization of SAPO-34 at about 473K for about 20
hours, a is about 1, b is about 0.6, ¢ is about 1.07 and d is about 56. In an
embodiment, R is a quaternary organic ammonium templating agent selected from

the group consisting of tetrapropyl ammonium hydroxide, tetraethyl ammonium
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the group consisting of tetrapropyl ammonium
hydr oxi de, tetraethyl amonium 12 WO 2006/ 017557
wOP086/6452605/ 027530 hydroxi de (TEACH), or compa@au$20082027530
t hereof . Exanpl es of procedures for making SAPO 34
menbr anes on porous supports have been reported in the
hydroxkiel @HAOH}, orl adrebiabtiomes theredfo r@(mplas of p&m&ﬂur& far making

1997, 105, 1 d
SAPOFgpabiisnAB PRiRID SRRl BESS et RAERoRatft
meratuPé S Ehea d SRS %tﬂﬂ sha. seubshr att9©7s 40525 2211) Pepirbidogeithesis

thing t substrate and gel . LiXi ong at al.
of a sm%@am pEmbrage enene piderd anpeous orAkD; disk byimmessing the

substrgﬁ sugégg |@g§ydsrt Sela f@qﬁt&&qﬂeﬁggﬂaﬁ?% geE7f3|le§é)e%8al

reportéoeﬁﬁgfeeg?a %Wéehﬁfé%r mbm; aHd PERE:34 Frwmfswgtsal (ind.

nsi urface ém“retrl C,

Eng. ChotreRePototn (i G0943920 MGHE Joupealt 2006, 461D 440780

epordl S P SETSTABEES D ks ARATEHEY R FESbL) R

asymngef{h@ Idr¥lis b&&lzb@ﬁ%é@d%éﬁuﬁa 204R Qs (B3) FEKortecksingR @és and

were between 14 and for a feed pressure of 270
mixturd Perreaneespans iaad add asplxttwe setivitigs (Fiosgvesalgagesaincluding

cox o4LEEE, 1B BBt Bbr b bt £ g RS/ PR

300K 2B dtiveen 1(46&ndl QBﬁbr 4 Wbﬁsﬁu@bf ZEI‘OideIa‘rfdea pmre drop
diffusivity %In an enbod

of138d<Pps(tPanlshusfat¢t<ﬂ1 é’fl BERDUSNal 2@%&6(&)5@%7?%1788%0%8 Cf/CH,
selectlglgydwas a@trtbﬁ&%{’%ﬁt&otﬂ\ ?givn?i:;étitgﬁ%o gH?PécgnA(a&fovgér at@ﬁ’?b‘étral%r&) and

d;fferehéeg)rnqnﬁhgmywe tenplate (Gunp, C. et al., 2001, Ind.
Engr. Chem Res, 40(2), 565-577). In an enbodi ment

suitable for crystallization of SAPO 11 at about 460K

[0050] In afng @gggweﬂéuﬁgggﬁgr Iegis%‘aell@ilag% of-SAPO-5 &t as@wm K fofabout

t 50. I'n an enbodi nent
24 houirs, aisdalpsuipy0 arisnabawdrtd at is @i, 0.anded imabout@®1in an

e, s i P (O L BOTLPATEM o

Res, 4??2 56§$W§‘ Wﬁn%‘?ﬁ&f&:ﬂﬁeh?su:tétﬁé %Mr?staﬁ&aﬂoﬁbf SAPO-11 at

about 4@Qi€ rfd)m];bdqtmducbwsnalis gmm‘eg; tg la)abcg,d;pﬁtm;c ls@hwtahésand dis
T |

et 5. o5 il 08 oGRS A8 001

Ind. EﬁqreCﬁéﬁﬁtRéﬁ & 082 586L577)s @ro@édlﬁés férTmakmgTSABO &tand SAPO—

, Mcropor. Mesop 22, 333) orted
11 memhnamhave)be@z\mm&%mhér@@nt@ﬁ llﬁﬁfamré Sana @lcal. (Sano, T.

etal., f g@ﬁn{ yucgu 8L1977 M5 1RPBMEd BYAFth O Ry nthelid 6P SAPO-5
membranes on a Teflon slab. Sano et al. reported aging of the hydrogel overnight at
room temperature before heating the substrate and gel. Tsai et al. (Tsai, T. G. et al,,
1998, Micropor. Mesopor. Mat., 22, 333) reported synthesis of SAPO-5 membranes
on anodic alumina supports using a microwave hydrothermal synthesis technique.
Gump et al. (Gump, C. et al., 2001, Ind. Engr. Chem. Res., 40(2), 565-577) reported
hydrothermal synthesis of SAPO-5 and SAPO-11 membranes on the inner surface of
a~alumina tubes with 200 nm pores. In an embodiment for forming SAPO
membranes, the gel is prepared by mixing sources of phosphate and alumina with
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Gump et al. (Gunp, C. et al., 2001, Ind. Engr. Chem
Res., 40(2), 565-577) reported hydrothermal synthesis
wdeoS6Fsxd and SAPO 11 nenbranes on the inner pwisp06s/027530
of a-alum na tubes with 200 nm pores. In an
enbodi nent for form ng SAPO nenbranes, the gel is
water mrespaemli hbyraibeforgyaddingdhe tempjzies ﬂ'hatmlxana imkhen stirred
WD 2006/.017557 PCT/ US2005/ 027530 water for
beforeg Q\ &IRHEC BEPUFR addi ng the tenplate. The mixture
is then stirred before adding the source of silica.
[0051] In an enbodi ment, the source of phosphate is

[0051] In grhermphdinentattiedsousos ohphesphatedppheephieracid. Suigble

onosph i 4158 48B150HE RO ERgENSe R ok S5 e pLEREM e, ano

crystalﬂﬁ@@@l Iaﬁ’&frphom&almhbpﬁoﬂjhat@é UIA 8’ elvibodlimeht) thersource of

koxi de, ~such as _al um num i sopropoxi de. SUI t
aluming ig An-RIUMi adkoxides Such @sridmrwn dariepaxide. %&uﬁab'e alumina

souree g0 Flc o pray EBRSRRAle and pHRIRT BE B! Post T

alumw@phodphﬁes (dibbsitepsodianpilusiihateq alsniausi frichiorige).. In an
tabl e silica spurces

embodiibl 108 SaUIGEPT SRR GLSIGA Sot pouIARIR SUFR RouTces iag include
fumed%gl[cgﬁ, ?ésé?ffﬁé%ﬁ %frrioorggé?é‘?ﬁ%& e}té&'sﬂmﬁcélﬂcé’geﬁ'a‘ﬂéﬂldes of

i cate ecul ar ' si eveé-form ng
silicondsilicicemcider aljali mpatabsilitcaieise. As used herein, an
"aged" gel is a gel that is held (not used) for a

specific period of tinme after all the conponents of

[0052] Thd Hﬁ)i@&]laﬁété’\/éffdfﬁﬂné geeig be AGedPriefiOHaTEAS usbAtedsih, an

I's sealed and stirred dudring storage to prevent
“aged"sgmm arggl thad is heldr (pohtsedfooh spesiici periogief time efisueall the

compcehl Ay BrEREs ol 141 G586 Tt gl daln an

stlrredCdmﬁlbéétbtagéttbqjﬁe@énttéwthgg|anﬂythéffﬂ|¢naﬂdm@f msclldaeéke:z nWithout
sites. In general, it is beljieved that I on éghg%ﬁé

wishingitenbe haug mbamopﬁamﬂf tBeolypitds Raligves thahading;
aﬁects{’é%s;%?q Eﬂtr @9§ o‘f"tl,l&é g?er ag?né‘r%ﬁﬂ ?trﬂlglé%@ibﬂ%ltes. In
generdl] s beltarbdcthaﬁ Isnget agxhgekmﬂﬂedudrtorfgrmatmragﬁ mngr@aucledtlon

Pr ef er S it f the a i s .such
sites. (ThgtPTEIRESLA0IG Tl GeRANCunRR et Foio TvoPBERtaLs Sefpoted.
[
e, S P A QU K . P
the viscasity ofaﬂhecagedsgﬂltm suci thatéhe get isrsaplabiehef mjmtaatmgrthelmres
an enbodi nen t he,

of the BRiciscaiARATe AT ganbsing of i (iBraen i the Phithel8 gel in a
contalﬁ&nh?étéﬁél AHMHIE @ e BORGATST thé abalaitfedNtin aRtembodiment, the
substantially uniformto the eye. In
gel is stirred and aged until no settled material is VISIble at the bottom of the
container and the gel appears translucent and substantially uniform to the eye. In
different embodiments, the aging time at room temperature for SAPO-forming gels is
at least about twenty-four hours, greater than about twenty-four hours, at least about
forty-eight hours, and at least about seventy-two hours. For SAPO-34 membranes,
in different embodiments the aging time at room temperature can be at least about
forty-eight hours, at least about seventy-two hours, and between about three days
and about seven days. The same batch of gel may be used for all the crystallization

steps, so long as the upper limit of the aging time is not exceeded. Alternately, more
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di fferent enbodi nents, the aging tinme at room
tenperature for SAPO-formng gels is at |east about
wd weenyssour hours, greater than about twenty-FEEUS2005/027530
hours, at |east about forty-eight hours, and at | east
about seventy-two hours. For SAPO 34 nenbranes, in
than ont bathesftged mayberpreéparet @ndgigeyl, withedifferend batches being used

foroneL g RBtE YR UG ATeR ) ot Bl il ser
may u@f %lﬁ‘fé?‘ébfﬁbat@ﬁ &f gep UFhé apmg A% of diiftehttidchas ehgélfat the

used for al he crystallization steps, so
time ofluaegnay hehﬂ;elﬁapm of mytbe)ﬂlﬁel’ﬁmagl ng time is not
exceeded. Alternately, nore 14 WD 2006/ 017557
PCTI US2005/ 027530 than one batch of gel may be

[0053] Therﬁeﬁweb&mgmﬂqta@eﬁtad@wmh aillééﬁrcﬁiﬁsmﬁdb”@ﬁhéﬁpdﬂ@usiswbort In

for one or nore crystallizatjon

an emkodinginkghe poseushserBost mayi Q%lm@ﬁrw@lﬁ fz\ﬁ@)@l & éh%t more than

one sugﬁg{;% %zgﬁl%p&gﬁg%é.@ggﬁe&onttgﬁg tﬁ(? bgg e;rr\ bﬁ%r@ﬁocﬁih{e“r‘n‘? re&'?éast some
of the g@)pémtrétés‘ theqmres P He3$ugpt.g€he IpBréH oﬁtb\btsuppbd need not be

| east one surface of the

complajafee. watmgelarlnambﬁémentt & RRIOYS SURRBR i Prawght into
contact {7 s siiricBnt Sfarify of et SIith (AL SrAHAT (RETLENIACETe

membrainellem)t seiostantialfy |tm|eecgby ﬂpmamdmtteﬁgemqﬂabk&s of the

support. The pores of the support need not be
conpletely filled wwth gel. In an enbodi nent, the

[0054] The;’%r?% s%EPBR lid a'b%d?rc‘ngﬂBIe ofMduhp diﬂr‘ia’g% e motddiias s:eve

I cie quantity such rowth of the
membnanleec'ﬁheapomue\selppnﬁrma)abe af anysuitabless , #1qlyding gliskscand

tubes. 3 At FBpaensofisHierpf LBBHds i oy 1R CReT fan,,

embodihEHE thé@ﬂhfu%reﬁpp'éhels ROMetH of wpaab c?aﬂm/nmrw‘l. amgn
sui t abl e shape, |nclud|ng di sks an tuhes. I n an

embodimpot |tlme reroustsipporidressiplpnRresiablyfissrive OF fArpt repction
prod uc&#J Qgﬂ'ne' iﬁge?‘%gﬁ%@?&%fé%lggim tcpﬁta%?MHﬁtjsé %Pﬂf?{e%is' g?%la dlraBle

inorgaifie poHsus SaRsurts iner™eNbut arPictdingitdd/ tod csalaiva,glasxtitania,
reaction products at the interface when pl aced in

zirconigoearkon, silicon cabids, Miaysserssiigate nEneialD| aerogels, ganasted
aerog gﬂ%(fp}%?%lda@ééa athg% ang%rcﬂﬁ;%o?gltalﬂlg}pgﬂist t‘?lle fal supports

include; dup e nothiralitsd ¢, staihlesststedl) niekel lsasaﬂltwel(Mconel
orted aerog el's, and supported silic

Hastall@wf)cf ralloysGhEarBIE pad gtanivg: alh %mrmey bPrﬂ'& tomb%
foroushBs Rioldt Ao nchh 3 PoFBBARS LR et anbrsinirec

metal partielespand Sinteredtmétaipgrtictes. nlnteireembnmméntathe metal support is
formed of sintered metal particles. The pore diameter of the support is preferably

large enough to allow the synthesis gel to penetrate the support. Furthermore, the
pore diameter of the support is preferably large enough so that molecular sieve
crystals can form inside the support. Often, a porous support will have a distribution
of pore sizes. Preferably, the pore diameter of the support is greater than about 0.2
microns. The pore diameter of the support being greater than about 0.2 microns

does not require that every single pore in the support is greater than about 0.2
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fi brous nesh (woven or non-woven), a conbination of

fibrous netal with sintered netal particles, and
wolob/@ress netal particles. In an enbodi nent, tHE/US2068/027530

support is fornmed of sintered nmetal particles. The

pore di ameter of the support is preferably |arge

mxcronenbu’glh dbes ektiudetsuppsyts thaeiigsregidng whpmﬂﬂerczhasacbtbsstlc pore
port. Furthz;@rmre pﬁhe ore di arret

size i SHphED micons for ippie ayulipeit e hu B iR 8e,f 2 micron
average e sizd ysﬂﬂé éhérﬁﬁt{q@ﬁ@‘pbi‘@éﬁ@ nﬁ%% bé%ﬂl@éﬂ hs thd hosrage,

rous s ppor ave a distribution por e
medlam br Eegestrpdrersidd. y In differeolr embodlmmrds e thﬂe ssaWdhe support

s areaferanat At TWRET dtaeel opnihe ap o5 Tt o anBl 4

BOITHLHbYOUS briGHay b fdust materiapbich provid
mlc;mngreat e}?‘wt har?uﬁ@out & ei%m\g/\%qgg%g?&?%? Which provides a

sealingemfasefrysssexfste membremes This monpotpyssmalerial ay also be

e R

which &@ed Abiscuiaysievavchystals niay2folincsr® the AYBPEOES matenai aeell.
The characteristic pore size may be taken as the

average, nedian or largest pore size. In different

[0055] In aﬁ@ﬂﬂb% h%oﬁ&&%ggbéﬁ iOkle % BP‘&S begfgmragsﬁf ififo

han m'cr on Ween a and a
contactivithahe synth%imgél a he’rsmppmnsmaijme deaned bgdmmg boited/in

purified itk HBONBH T ¥aIS3T T RSN AN S B Eiod

nonporous material may also be imrersed in or
partially covered with synthesis gel during the
[0056] Aftenthe Iwmas suppat anditime aghd gel aweskraughé inid sontacéibe support

f t.h
and o Y8 bpafed e EIRIBRIEHE e PRET SYBTS BuREr (TS SYTRgHeftep
can ledd tcPforFrfétlBﬁ'dfgn&éémghéle'vétd?ystéﬂrﬁrﬁéﬁd W the ;bcb‘r@us support
hesis gel. The support may be cl eaned by

synt bei
Duringiesdhesyrithesip @ten aé@vmfémolem!aéweye(séyﬁtﬁ@ cm e ﬁﬂ'@'ép form on

e sl B FRORoB SR e P BiPlo Ao

crystalS UMM inyeRotmafdcuidrasid\eatgstals foxnmel duringeach eymihesns step
crystal synthesis step. This synthesis ste can

may netbe EPRENUQIS. JPurRg e suhasie Ster GRtiaisiMg abﬁ?oprﬁﬁ'lo?fﬁ&e from
the syr#gﬁgféfﬁeﬁ Wﬁ%ﬂt bem%ﬁ{:&%o?ﬁ%g i8the! bl%cﬁ FRicve! rﬁéﬁﬁ)r&‘?e In

ar sieve can be sai orm on
an embudlh&sm foff syritieesio od SAPOH3danentnanes, tbe synthesisutemperature is

or med I I The | f ,
betwesys pBB 480K pBoci SUGK, 6 Sl tembRghabEh 1S auniaesis of
SAPO%@&erﬁﬁ&nQQtthgﬁsXﬁﬁﬁél MSerattelis Eehﬁ@eﬁ&ﬁélﬁt&%@K and about

p, cryst so preciplitate from
480 K sgrrtté‘tween apelut \MSSKcand dmo ut @ 8i0ni€.o lip differeiat emb@dlnmnts the
crystal‘matlon !lr%re f(salr gﬁ?’dﬁﬂbmem%ranes is between about 15 and about 25

hours, or about 20 hours. Synthesis typically occurs under autogenous pressure.

[0057] In an embodiment, excess synthesis gel is removed from the support and the
molecular sieve crystals after each synthesis step. The excess gel may be removed
by washing with water. After washing with water, the support and molecular sieve

crystals may then be dried.
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an embodi ment for synthesis of SAPO 34 nenbranes, the
synthesis tenperature is between about 420K and about

woiiso17ssy di f ferent enbodi ments for synthesi s pfT/US2005/027530
SAPC 34 nenbranes, the synthesis tenperature is

bet ween about 450 K and about 480 K, or between about
[0058] In aAGHHbadithemoihe S%ﬂ‘lééls stepdinay begrpeatasddiarder to, forme greater

arour B B i Wy Aoeh A S5 RS tness
gel is r%‘l%é@?%rﬁi fheRithe gg)‘ %gwﬁom&%ugm RELBOMECOWRR SYhthesis gel

In an enb ment, ‘excess synthesis gel is
before rpenﬁmemg thementt eyethgsca stepndn anembedimant ssuftigigpksynthesis

ryst fte C

stops e R TR ol BEd R RS i 5Pnad BB RE SERPo8 SR oy

the syr\‘bﬁé@ié StépEefoPRRPESnIbuUSTAYaY The rmolecealar siewetmémbmye is
be dried. 16 WD 2006/ 017557 PCT/ US oos/ %753

formeo[ bwﬂa cumulative favat(seaimoleselas fieve csysia Pndhe support
suﬁac%ﬁ)g@ﬁ I‘ijeF '(lﬂte%gﬁﬁeétg?grﬁ’ﬁ?@cﬁ %res?é\éegé Synﬁ]rggdsmgltdg the

SIeve crys
porous §UppXE eipsars gmbodirent, g&t motecutarsieve amttalsmsnd@me support

are sul@gag#%y? ul; géfypé%paq x@% &t@cﬁ o %tégt\ggéé]}r%petcr Wo{lﬁpular
sieve &g&g&ﬁ&%ﬁ nn%‘é{é 9 ﬁl@tla?%rgtd?%lécu@? S@eﬂfr?stal%rfoﬂhgé@n the

e curru ative 1ayer fornmed uppor t
suppot sufface. by antelmb@ntehre,sswﬂ@emrﬁmsns SEp@oﬁrﬁl pertugmed that the

I Th nb
s o L
on the support surface(s) and the (interconnected)

nmol ecul ar sieve crystals formed inside the or Qus
[0059] Aftesupplectlar isievercrystabaymibasis is sempigtectieamols sieve

crystal s i nsi the ,su r t :
membfaneSrale mrscied © PHERNEARCHmAIR BaR Eelde mptegal. After
calcméﬂblneﬂ#é RlemiStaR¥DtoYidsPh Senii-pennaablet isatrienbetwedrayay phases
| ecul ar sieve crystals fornmed on the

ort ops
that is sapableeof reatr@hngﬁlmm%mentwmlewﬁs @Wﬁ%gg{) g VepyesRecific

mann% ﬁ@g&ﬁ%%‘g‘nﬁgﬁ‘glg | on%ﬁﬁﬁ tb e ca Cl nafl gﬁ)
membldHEESb between abbet600K mcbabowlr%ﬁ?@la@ybeﬂmwn@bwt 623 K and

about 745 KurEerStPD MemisEes e By pa kO fci LPAdH e A Eihplating
agent, ’%é %ﬁlcﬁﬁé‘i%rﬁgbtaﬂre 5&? EYEAL8ES aBBGPEES Keand about 673 K. In

rrier etvveen two phases that is
an emba@mﬁr& ttm‘e caisinatien timg istoetweermbatt 45 houreand @bout 25 hours.
across it

Longegfiiea e e reaHESe it ERfRieisierdier i qredr i puigRfaty remove
the terﬂgfé%é grgﬁé%%lat@%éz W%Weﬁ‘*&@l&mﬁ@@en’ﬁpéfﬁiu@%%&n RINCe thadormation
of calcining-related defects in the membrane The heating rate during caicination
should be slow enough to limit formation of defects such as cracks. inan
embodiment, the heating rate is less than about 2.0 K/min. In a diiferent
embodiment, the heating rate is about 0.6 K/min. Similarly, the cooling rate must be
sufficiently slow to limit membrane defect formation. In an embodiment, the cooling
rate is less than about 2.0 K/min. In a different embodiment, the cooling rate is

about 0.9 K/min.
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about 773 K. For SAPO nenbranes nmade using TECH and
TPACH as a tenplating agent, the calcining

wO soperasur e can be between about 623 K and abpeit/u§2085/027530
K. In an enbodinent, the calcination tine is between
about 15 hours and about 25 hours. Longer tines nmay
[0060] In dmeembodintesd, the molaeularalm@rmemﬂes]of)ﬂwepresent invention

compriSgBFIeEuE FIRRG VAP hIEh AS FeasPrOURS o et SpmeLdTdhe
pores th%éﬁugbBH%gTd \ﬁh%hefgrrﬁed‘ I%géﬁoh Bit IRt Bﬁé’%'io%.néf th&orous

eating rate during calcination should be slow enough
suppotto Therthickhessaf thermolecukfreaiave lguehd@@elwsaamrt on thgnumber

of syniRRRR iR Perortiedy Bieh congiRinvieie s Menge® |

perforrABQWhtilthe riéMbfanSigimprmeabld'® idehengtheahickiess obthe
sufficiently slowto |'imt nmenbrane defect formation.

cumulativeanoleeblsdisiae: layenis leswthangabqudi20 microas IVhgRhe kyer

thickndsds S kad led fibhi LIS MC AR e tannitPelcBbh Micfd¥cBpy,

the unE$Hdibiy2A ke GACKELs heaslenentds belidweti toere on tthe order of +10%.
nol ecul ar sieve nenbranes of the present invention

In anotherprmbadingnt due ﬂ?lcm%aﬁeoféh%?@%mﬁh plee daverds @beht o
micron® YRR &Bb!}&iﬂféntsme@l?ﬁ P ?&?sss ;g{er{‘ﬁl tﬁé%gfﬁ'iﬁeﬁé‘gel can

which form a one Si of th
lead tosfeppation off hmlédula:ksless cqfstalb &vmm tmusuppat ay wdllae;eemn both

sides ¢Jahe GHREA. FRr SRR AT A& POREaER & BiERinteys oel
can Ieé’cﬂ(f fbrn'ﬁ%ﬂoH I b lég{laf@?@% %'?ﬁ;téé WitFig "tﬁ@ﬁmeﬁaé Qlell as formation

the t ness of cunmul ati ve nol ecul ar
of a meieeular Ism)verlayesr oretle insile anbtite Qlﬂismeowfdhs tubvheln ame

embodifbh. das MaiaeTar Seve srvalR ettt bR 138 Mibkiss of the
suppoFthWMH Bﬁﬂﬁéée%ﬁﬁw SUEYrt bfe hﬂhéﬁﬁé@daﬁwcmmé of being
order 10% | n another enmbodi nent, the thickness

penetrated buethm@cfﬂrmatlgn of enolagalar pievasayatals thrﬁttgmhlé the fhickness

ot SRRLBSHEREL RS0 o pRELRIRHSIOER] bl iy e

suppoit! Blweley Sformativh i hivlétdassippe bt’yﬁ@ls\&h?ﬂdugh&ubthetmjﬁport
si des of the support. For exanp

does nebrefmre ﬁh@émqﬂew@r siewe ﬁaéﬁt%lsgempl%fﬂv 'Lf}t? H?Qfe space of the
suppoﬂornat' on of nolecular sieve crystals within the tube

as well as formation of a nolecular sieve |ayer on
the insi de and the outside of the tube. In an

(0061 In aprahgRERRit RoxiCHessnaalion sieetviby it BeisATMesE Biimbranes of
the invehfi&s b&fork Mo GiHERRSH isHtGeadtBY. SAthrRBmMboARAGHE 1R CERITH,
separation selectivity of the SAPO-34 membranes of the invention before
modification is greater than about 200 at a temperature of about 253 K for an
approximately 50/50 CO,/CH,4 mixture with about 3 MPa pressure drop. In an
embodiment, the CO,/CH, separation selectivities of the SAPO-34 membranes of the
invention are greater than about 140 at a temperature of about 253 K with about 3
MPa pressure drop for CO,/CH,4 mixtures with CO2 concentration varying from
approximately 25 to approximately 70%.
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penetrated by the gel, formation of nol ecul ar sieve
crystals throughout the thickness of the support
wo rsoeses that the synthesis gel has penetr at ec/uszobdre7s3o
center of the support. However, formation of
nol ecul ar sieve crystals throughout t he support does
Membrame Medification hat nol ecul ar sieve crystals conpletely
[0062] Thd taltinedenplecelas sizve mémibnane upgatet wntm@mr}dliymgaagent The

Moy BRI B RSN BRT MIEhOVROR BHE SR b St GRALIS of Miproving the
separégg sfg'_ﬁﬁﬁlltﬁ Bf e ﬁfenj\iﬁﬁf\é 5:9djffé?e@l;brﬁﬁ'@@ﬂh&%ttheﬁﬁ%lfymg

separation selecti Vi ty
agent Beadsodnm:iSwthMe men@mmeqmrbﬂﬂbonemmw fardath gvithisand on the
reater_ thap gbout t, a te

membi4se: o 2 BPadiinte CO2CH s Seraahongeli-Syll st hvat ol an

embodimiRe thé AsstNase AL BhrolighaRe nfEFBAINEES beldv feddiB/ detéctable
separation selectivitiés of the SAPO 34 nenbranes of

levels.t lneotheneeodinentse ther issprevemeahindibeurepauation selectivity is at

oast bR E}R 2 MEBaRbud Aot S APl BR P st ite
orders\tﬁ“m(a tuideom approxi mately 25 to approximately 70%
2006/ 017557 PCT/ US2005/ 027530 Menbr ane
l\/bdl fication [0062] The cal ci ned nol ecul ar sieve
[0063] The'n‘%gfipﬁﬁﬁoh %chfié‘&ﬂQr el 8 aﬂd'@%@ib@%gé AESAn bg ned; for a

yi'ng agent i's a CO en a
given seharaticro| Eom‘unm‘gaﬂm\mno@wlw sreamoam@mamfymg mntykaw issties

mcludqag\@rﬁqggg%a@g@p!ggg% f er gér%”s‘.jﬂéﬁ ag,l;starﬁ@] {jy Fo¥ the
molecﬂﬁn_g? %@ﬁgsorﬁh%%%%péﬂﬁ h'lﬁ‘ aﬁ'@n@éﬂﬂ%t FBHR6&RAng hgeAtlis

eparation selectivity iI's
ammoniap r@thed potemtiatly ueefnxbmachfﬁytng agentsindiadee silanes and/oughines
t he rane i.,s readi | v .det ect abl | evel s, |
that regrls DIt a0 iiee OF 2enlief A utEhnbATh e sty § Bimerbr
selectivity is at | east one order of magnitude, at
| east two orders of magnitude, or at |east three

[0064] Adamrprreorsobmermgmfwu@@gep wEkIN thRenembranMaybethrough

chemidBTofit itiysBoTih T on o EibbiRFn JRFRLr T le Bocsstlfc. o '
chemistigtioPetéording t@qﬁ@tprekm ihgentiom isisncherdicat Adsaptien prokess in

shape of the nodifying agent as well as its affinit
which ayveakehemisakbendis fer@eé%@éweﬁm malecylesinihe gaserpugrgr liquid

state (ﬁ@ﬂ%l‘@ﬁé aghﬂgfdlﬁd%éll@gyﬂg@é‘gthésmo@%E ge s? PR to this

pot entl y>us ents | | anes
weak bordfing frenprioesss is reversible upon the application of heat. In the case of

physisorption the modifying agent may be adsorbed on to the surface by relatively
weak forces such as van der Waals forces. In the practice of the invention, the

modifying agent does not irreversibly react with the molecular sieve.

[0065] Adsorption may occur within the “zeolite” pores, the “non-zeolite” pores, or
combinations thereof. Without wishing to be bound by any patrticular belief,
adsorption of the modifying agent within the membrane may serve to obstruct gas
flow through “non-zeolite” membrane pores, therefore improving the membrane
selectivity.
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that react with the acid sites of zeolites and pol ar
conpounds such as ethanol. [0064] Adsorption of the
womdédyssrg agent within the nmenbrane may be t hr@ugsr00s/027530
chem sorption, physisorption, or a comnbination
thereof. The process of chem sorption according to
[0066] In an eenhmdiment, theveodifying agerst mlammoma do $his pmkediment.dbe

treated ol may K e g0 Eo AmBI A B YVASE B TEIqEafel sieve

membriREiid gﬂ' add ‘i&%‘bhd FoAtAnS B'nbl%té@! ralfcﬁﬁﬁtéd (@%ndmt@:where the

Si eve this weak bonding the process is
acidic erértxecsgﬁmi@lzm hydegeppl ammqnatroafofﬂbﬁﬂﬂemhfan?em@é@%ad to

the forrBﬂthrgo{ ag\?@?[ﬁﬁ' O@n%%‘? f{ems t%éf\/ﬂé ﬁe@gﬁ %(b \eéggth%g?ﬂi B&fhonia

treatmeysearin Y& irfvehtio s edes Inot t'éwlipn aﬂmdaﬁowa tﬁeemolecular sieve.
invention, the nodifying agent does not irreversibly

r eact W|th t he 'nol ecul ar sieve. [0065] Adsorption nay

006710 afSFEE TpAE  aiier POTBERS,

selectebdlémﬂ tiy geawyp pmS:stﬂ? af arbirlese monoaysliar peteoocyefic chmpounds
noal N

organoplidie AR PoIIS 41 WXHIRABRTod 0 D %Bﬁmqrém%&%megﬁéhe
ot s DA MR B TRy S 11

enbodi nent, the nodifying agent is anmonia. In this

ooce1 - 1n SRR, RS B R R AR ol 48y mprisn

the moéﬁ%ﬁgfa@ﬁm ﬂfﬁgu%ﬁ’ Mehitmbtapes e’ gud thayifufhiel edrngrise tetiluent

acidic entity is an ionizable hydrogen

such asunitmgeat. i dn aﬁfotmereem’eﬂ@mm mﬁyne@man%maym.e mﬁ*gﬁd Bn

solutio of anmmpniumions at these acid sites. It is believed
?hat the ammonia treatnment used in the invention does
not result in nitridation of the nol ecul ar sieve.

[0069] The[&%%]ndé}aﬁwe et sRifled mBmbragé ayige afkenced byaonditions

trogen contai ni ng conpound sel ected fromthe group
at whucbdhs.rmdnﬁ@@agam brgins paesyrbl fram ke sreyph@ne: Forstrongly

ammorfRERESRPR 3o SHABAE AR IR RRHERSR 0088 I BB ot o

mtrogeFS s@m}e cfbsl@@;bﬁﬁiﬂ@ﬁ %ﬂmcﬁf @V}ﬁﬁldbsbﬂte&i ac3asK, QNbltETgmatef effects
n an enbodi nent

were segn af 448 Ag(BughBolz&t@l i ZO%eJt L@g&@‘%%g}ﬂ&é 86 3107-

3113) t hrough the nmenbrane. The gas may further conprise a

“diluent such as nitrogen. In another enbodi nent, the
menbrane nay be nodified in solution.

[0070] Every formulation or combination of components described or exemplified can be
used to practice the invention, unless otherwise stated. Specific names of
compounds are intended fo be exemplary, as it is known that one of ordinary skill in
the art can name the same compounds differently. When a compound is described
herein such that a particular isomer or enantiomer of the compound is not specified,
for example, in a formula or in a chemical name, that description is intended to
include each isomer and enantiomer of the compound described individual or in any
combination. When a Markush group or other grouping is used herein, all individual
members of the group and all combinations and subcombinations possible of the
group are intended to be individually included in the disclosure.
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[0069] The use tenperature of the nodified nenbrane
may be influenced by conditions at which the

womdébiyrssyg agent begins to desorb fromthe nmerfUEUs2005/027530
For strongly ammoniated SAPO-34 crystals nodified
with anmonia, purged in a flow of dry nitrogen, sone
desorption of ammobni a was observed at 295K, while

[0071] Wh@g'{fglgr %Sr_a%fggsggﬁ@q\gﬁ{tﬁ% g;g&(ifg‘%tiodﬁi &@W@%gs ?é@g%%t_ﬂrle range,
a time %2@%?%35? Mpéﬁﬁﬁ?@ﬁeggn HtefrasdiattdrR@sandsuranges, s well

~des or exenpl | can be wused to practice the, .
as all individnal @lyesiincbidedinibe wargesgines @re dyeaded (o haipdudgd in

. conmpounds are intended to be exenplary, as it is known
thed'si(’:lﬂ%‘t"eone of ordinary skill in the art can nane the
sane conpounds differently. Wen a conpound is

described herein such that a partj.cul ar isoner.or .,
[0072]  As useshhereire COMPHSBIC BnpH@RMOYSEh ’éa%’eaﬂgeg%m;%?mg’ or

" X "i f' i age
charaEER By thcly TG of bpefi-ehdERic dbed AGFexclM addiional,
unrecited @érhenerorahethivel stoppoAsdisedsmreine tconsistingdfaexelndes any

o SO R ML R B i
"consistrt)iggsél%%gﬁ%@]‘% ?Jea%k@lﬁﬂé ,‘Pﬁéteﬁg% cﬁ*tggéggﬂ'i\dt@d ®étsmaterially

( roup are intended _individual |
affect the tasiteand novélehdiractetstioseof the clabme dow/recitain herein of the

. PCT/ US2Q05/ 027530 . [0071]. W ' i
term “copprisyas PRELIRGH, InFEressiRpn & CarEBRSEIEg s Boflpbgfioh brin
a descﬁgﬁ@n BPBQ?erﬂ of aGRIRRS id LidersRit@eto érldonpisy tiede at e

ranges and subranges, as well as all indiyvidual

compositions andrmokthves cansistisgressgatially efaandeensisting efdherracitrd

included in .t di sc : I
compongis aefpnts. o e MaFORELLsira el e trereeref Slitibly may
be practicddf iithe Mbsensé of AV aleméstrorasembts, limitation arfintitations

_or open-ended and does not exclude additional,

which srmadspeetiicalletissloseghei@inhod st eps. As used herein,
"consisting of' excludes any elenent, step, or
i ngredient not specified in the claimelenment. As used

[0073] Thehl%fms_ral}d éxessiohs mhictshave beéh pryfloyrrbarendgsedas terms of

materials or steps that do .not materially. .affect .th

descripfiesy andipat ebifaitatdL P8 taeiBnainGtoRahel i e Ryer st

terms & F&@f«%s@lﬁr}%edf%)&l ind BBy ehBivBlent® BPtHeSfeBElires shown and

particularly 1n a escrl%tlon of conponents of a
descrilsathpopotiions thereof, bu itde secagrtizeshthat variews mogifigatigns are

possibf G e soRa e s FighBoS BRABRT Dok A R arBRTBOL kst wi
appred?afatettHSt fretddd device elements, starting materials, and synthetic methods
other than those specifically exemplified can be employed in the practice of the
invention without resort to undue experimentation. All art-known functional
equivalents, of any such methods, device elements, starting materials, and synthetic

methods are intended to be included in this invention.
[0074] Thus, it should be understood that although the present invention has been

specifically disclosed by preferred embodiments and optional features, modification

and variation of the concepts herein disclosed may be resorted to by those skilled in
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conponents or elenments. The invention illustratively
descri bed herein suitably may be practiced in the
wohsencesof any el ement or elenments, |imtati GUIOUS2005/027530
limtations which is not specifically disclosed
herein. [0073] The terns and expressions whi ch have
the art, zeenthatrpiicly subdifications dndvariatiass efe corgideras: tode within the

limtati,o d.there ention that in
scope aftbisysweiore &k Heed B iR aPBaiTel 8Rlfit 0r ' excl udi ng
any equivalents of the features shown and descri bed

or portions thereof, but it is recognized that vari O#Jﬁ
[0075] Al patentsianat pubiicatiors rrmmgnedm the: snecifigation s dndicaliveeof the

I d 0]
v TS B RUPE 12 550 Wi PR b =
sthartl ng rm% eri ia: S, and Isypt hgtl c net hodsI ot her t:]an
[0076] Al rpfefenesoisid bm@in Brs, BotepyinSATDAGIE] PULBISLSs fibigesxient that
there |seé§ @éﬁ@%&%dﬁpﬁh fd g%g:t]os Flfﬁf‘thw%dlﬁ’éﬁion Some references

devi ce el enent s,
providett ﬁé:@lmlremberpomhted nrbferente ételrem tmﬂmwde details concerning

additionasaring ronistiets. BECiane} SRURPS PLAYIINSS AiRiinE methods of
analys@ragﬁfé‘cﬁdtgmaqrﬁsggrbﬂ?ﬁé iefflonspeci ficall'y di SC' osed by

erred enbodi nments and optional features,
nDdl fication and variation of the concepts herein

e R
[0077]  SARGISH MeBIHTADEE MBS PEeRATGY TR BHS SiAIEless slyd driaer : e
tubes r\g%{)gﬂ%@ognﬁ? affﬁ%&?\f 8&%{ 'aii‘fz\‘@Y\e(F’ft oRmaAsT i JoeshnbYart ikfer

pat e s and publications
diametBPBf apﬂm;matew ospacahd aatduter dinmeterofcapproxingtelyhd mm

(81180 G7 FRSw | GAT pBAl Goneorafiony SlonporoLsr Siebfipes St bés were
weldedgg{u {b({l‘{]&ﬁs ﬁ*é‘/ thf?n‘féérspﬁééltﬁﬂ) | Sttbeﬁré(/@ﬁlcrﬁeh%réﬁ@bypass

re 1s noiInco encyV\/lt
and to (rblré\ﬁli@aw@hng surfese speo-rings affihercongoined lengthaif deg combined

poroug é{?%lpigsg% ezlgsggqa}églg' ncor Orhgitrr?%sgyﬁef ﬁ{gi{ '?H% gepﬁéﬁe”area
was a@&ﬁ%ﬁé@g 852 Befde iRt m thé tebnhssshbly mkdbbllemml

anal ysi s and addi'ti onal uses_of the
purified matert iood.h @ndpied at 378rke pader yaguush Fe5aBO™MA: Menbr anes
[0077] SAPO 34 nenbranes were prepared on porous
stainl ess steel tubes. These tubes had approxi mately

[0078] Thés;‘ﬂtﬁ@é@@el Rad ehe bppaixiraaty eslaraioetposibrmAlLQ@g: Psder 0.6 SiO2
net er appr oxl mat ely 7.2 mm ani:_ll SE) géerod' anmet er
: 1.07 EEAQJ‘[!)I: Eﬁll'haﬁl and was pmnared by stirring 4? wt% aqueous
solution), Al(i-C3H;0)s (> 99.99%, Aldrich), and Hz0 at room temperature for 12 h.
Then the template, tetra-ethyl ammonium hydroxide (TEAOH, 35 wi% aqueous
solution, Aldrich), was added, and the mixture was stirred for 30 min before the
colloidal silica sol (Ludox AS40, 40% aqueous solution) was added. The solution
was sealed and stirred during storage to prevent settling and the formation of a solid

cake. The gel was aged for approximately 3 days at room temperature before use.

[0079] For membranes forming a layer primarily on the inside surface of the tube, the

outside of the stainless steel tube was wrapped with Teflon tape before synthesis.
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(81180-017- PRDC- TEST, Pall Corporation). Non-porous,
stainl ess steel tubes were welded onto each end of
WO wemimsnl ess steel support to prevent nenbr aPer/bypese7530
and to provide a sealing surface for o-rings. The
conmbi ned I ength of the conbined porous and dense tube
The stdinlzestlibe aesemblyrwas diréetlyplabedwertitally pea fedion tabein an

* autooes AP ST Ve hor i SR 41 3p S gt e
stainle&¥ hﬁﬁe ﬁse%‘?ﬁy.K;]rzg%t% ly, YA€ ?gpé\/@r wa8 dfphexitr2di§]10TMen above

synt hesi' s ge € approxi nate nmolar conposition;
the upper2afi of theGfainless dulsk @gsembly. 0%n AppEHimatady R4E mandiameter

was .prepar by stjrrin P 85 Wt % :
and apiEoRrBRy 0%t Abhor R ES 8 GbS b ARG S o ptheste
gel andfthre & SMIAIBER QY HESerhBliest 2 A apprgimdtely 4eminadiameter and

tetra-ethyl amoni um hydroxi de ( TEACH, 35 w % aqueous

approxioately 560 mandigh Reflomdibeabialdls, apprexitzeeltiSR it ef syghesis gel
and it AL oo BeSR i o1 SV Bro o alsHPlneid g cibea a

about 578 KifoPaboWEE0 ReAftetsyiibesis] theareibramgweswvashed with purified
prevent settling and the formation of a .sqlid ake.
water AR T8 iandiestRIcRRONK Pk i pR@VER JoBaRRHicl Lnins, dy gecond
7 JTBP f i
synthe} &Rl EpBfR LEnt e saltt poctRireTBUE IRf e AL MG 3 to
obtain $u‘]§1|§isi@niflfmt IEyfestTa‘ieﬁh@ﬁsham iaarthtzsyb%%;slag/egl)ﬁpbﬁuﬁm)tw\efe
efl on tape before synthesis. 17557
preparedHsbesene Bsedife a8 fae ﬁr%@%ﬁ@&é’nag%%i $XGepd that a new
' sed! I¥od kgt W d with
pach 854 YA 8 e loddapmlig s drropara
3-4 sysipssisesi s gel to cover the end of the stainless tube
assenbly. Typically, the gel |evel was approxi mately
10 nm above the upper end of the stainless tube
[0080] MerRbPaHE Werd ithFiRicabldRY ﬁhhﬁ@ﬂpﬁepﬁi@tﬁbrﬁbﬁt issforexodicination. To

approxi mately 104 nm hi gh Tefl on tube hol ds .
removeine SicARH éemplie fiomtheszenlite Sreewik, memkranes were calcined

at abofjt GhLkap a2 S8 hefling g GRRIAK iRk ushebdtin 6 and
about b® Kenippryspsciwdlgl y 50 ml of synthesis gel and eight

stai nl ess tube assenblies. The hydrothermal synthesis
was carried at about 473 K for about 20 h. After

_ ¢ s L A
[0081] Flg%{geﬁébégg% ang gﬁhgdt at é‘\a%out g%ﬁgngbrfég%bg\g/{atnofor_
modification. Fidureildsshadws tuosutfacey mtiledfiguteayB ishaws apigisssgctional
] usi ng the same procedure, but the tube was inverted to
VIEW. obtain a nore uniformlayer. The third and fourth
synthesis layers (if used) were prepared using the
sane procedure as the first and second | ayers, except
Examgle2: Modification of SAPO-34 Membranes

[0082] Membranes made on the inside of a tube as described in Example 1 were

mounted in a stainless steel module, and sealed at each end with silicone O-rings.
The module was heated to 220 °C, and NH3 gas was then introduced to the
membrane for 2 h. The feed pressure was 118 kPa and the permeate pressure was
84 kPa. Without wishing to be bound by any particular belief, it is believed that that
the NHj; reacted with the acid sites of the SAPO-34 to form NH,*-SAPO-34.
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bat ch of aged synthesis gel was used. Good quality
menbranes were prepared with 3-4 synthesis. [0080]
wovboesss were i npernmeable to N2 after preparpti/oseobsio27s30
before calcination. To renpve the TEACH tenplate from
the zeolite framework, nenbranes were cal cined at
Exampeb®u T réitspo Pmpeaimlbfs,aPE -34 dermbrariasg and cool i ng
[0083] Smg{lé‘?%%ce{l‘ﬁ{/ ef%%%%t@ﬂ%a@ u%@oﬁ’a@ﬁtem similar to that

I gures and 1B show SEM phot os
used by)PoshSmtSafl (rhmdrlﬁr@eCfmmoReso 1988437 i R.a3924h. byt rpadiéed for

the studi el g gasce S AreSuinshep 25 NG EP P PRy 1 MERERAGE were

mounté\ﬁgibé §%§e§&9&7€l m&is %séﬁlé@ a®Bath @nd%tlﬂeﬂlaﬁneao -rings.

escribed i n Exanmpl e were nounted in
Fluxes steaenheasured eisinga saap-film rh!lbbé%tﬂ@wﬂ‘ﬁtere%i&aétﬁpwtph The

lowest Fjeas{abiaaerrRano meRRARAoR (5B B 18- Mot S

The feed pressure was 118 kPa and the per meat e
pressure was 84 kPa. Wthout wi shing to be boun

[0084] Carbowy disaide and SHpwinglergas and BigHre Bogresting Wes éﬂ"est'ﬂ%ted as a

wnctof\ 6 SEET LS BEP SorE E Bpe m

separaﬁ%ggmngss ﬂowchrcﬁmMmrst wereopsed tembopu@ABO. Zd\Ehihgases The
o oy AT e B S TR0 e
side of(tlllé‘ﬂ? rﬁg&,fne% nd%?% ﬂ?é?nt?ﬂledobetﬁ%%‘ﬁ)m RP& and 3.4 MPa.

or t gases at pressure
To cargroyt gas gep@jnaimn Belhmoomhtempenarumeﬁwmembrﬁna mpedle and

some &fé@h!ﬁégsé?@rét sood Bl 8 st Rl Bl AGoRRh hetfi rid folest
temper%ﬁ?r@ ihvedh sfdb%WF%@fK JHE Sorhip OSIHBAS BF thEhI%ed retentate

west ne ura e per nreance was e€s imated to {
and pelmemle stwedrpstvere Pagasyred asjngca HayvleiRagkaed §ﬁ80/eﬁﬂes gas

as._an
chromog i FABRPSE Wity v i EOTRH ARy eTectO R HRHESERD
columrTBREERE The foveniniédtos andafeteator tsmperetsres|vave all kept at 423
controllers were used to m x pure CO2 and CH4 gases.
K. The total flowrate was 1300 nmL/mn for nost of the
experinments. The pressure on each side of the
menbrane was i ndependently control |l ed between 84 kPa

[0085] Uniéss ofhetwiddmoted otheasxperimantalresalip ahawn are iel SAPQ34n

tenperature, the nmenb
embrangg forming a layer pnmarﬁyaclr)]r(l3 the lorlwusl;cFe gL?r?ace of the support as

described in Example 1 and treated with ammonia as described in Example 2. Gas

concentrations are molar concentrations.

Single Gas Measurements
[0086] Figures 2-4 show single gas fluxes for CO, and CHg, and CO,/CH, ideal

selectivities as a function of pressure drop through a SAPO-34 membrane before

and after the NH; treatment. In Figures 2-4, the data markers for the untreated
membranes are diamond-shaped. After ammonia treatment, the CO, permeance
decreased by approximately 35% at approximately 0.3 kPa pressure drop and
approximately 36% at approximately 3 MPa pressure drop. Similarly, the CH,4

permeance decreased by 40-42% as compared to the unmodified membrane as
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some systemlines were placed into an ethyl
gl ycol /water (50/50) bath. The | owest tenperature
wo fegeirsgat ed was about 250 K. The conpositi onscwisiobs027530
feed, retentate, and perneate streans were neasured
using a Hew ett-Packard 5890/ series Il gas
pressughdmmeincigansd feamihd éol 3vd MiPaa TheeC OpiCH.piddatselectivity slightly

YESER- D col Al|tech). Th ,
inoreast) i ghe Wity Uadinanions sBAYNARIA wer & al| kept

423 K. [0085] Unl ess otherw se noted, the
experinental results shown are for SAPO 34 nenbranes

(0087} ngurarﬁwm@/vaSiw@ga@pemeamgemimr@@z ang Gy, 20dfCRFChY iden)

stecAEh ues S ERTAS TER s RS SRR prane.

The fe@d premsluaé wa@rmemmpabhdrtﬁe peﬁheateep:@%sul’ééwayroewmm As
086]_ Figures 2-4 show single gas fluxes for CO2 and

shown @:HE ig. &q@@b‘ﬁsmte@ ggmbragecshaws aistightagaximumdis C&ke of

permeé{ﬁct%zéﬁ’%tﬁ% % k:“elg 'és% Aﬁ%ﬁgu@@%ﬂgﬁe#’ﬁ{&ﬁymﬁ%mund

373 K. ffheHﬁgheétdBO&/ﬁ)d*hudéalw@dqudy 20\esbtained at 323 K.
di anond- shaped. After anmmonia treatnment, the CO2

per meance decreased by approxi mately 35% at

Gas MBRRENib AR I8 n@s3 kPa pressure drop and approximately
a ely 3 MPa pressure drop. Simlarly,

[0088] F igure@o shdws the pmmmaésdoe@@obnwcm A2 CA/CHypapathtion
t.h d d b 2 2006/ 017557
selecti T BLObhIs He PiABIe |RLAQ R & dunchian, cluasauedaR for 2 SAPO-
34 merdbfan¥vior tBen6QRLsHHh. W@%erﬁféa@é?&é’ dduYe %ers%ﬁ kB‘a and the

I ncreased after the NH3 treatnen as shown in Fig
temperpboe as29t Ke Ehassenaration gelectjuity pightiydncreased rascuuessure

drop inBE%sei Al I RtHh SEPrrpS T daeateingle o Hs il
CcO; (F"{Eﬁ‘I ©).f Afesr rlhbﬁﬁi‘éut' @n szsslﬁ)v&n MDH!gan tHé"@O%Eﬂdfﬁ@Tﬁﬂce decreased

essure was 0.0 In Fig. 5
by 21 %t @@P&sm@f ard Mﬁ@wob%% @ﬂhermﬁﬁmmdrﬁp@@é 0 MPa Figure

7 shou SRRl A 0 SO A AORS, porac

as highGi1 2-4 10dend)/(rel £Ph) af 295 Kamd,a p:tasaumedm@toms«t KPa for a

xture e ts [0088] Fi .6 shows the
50/50 '%C@/f?'gk ireed e s negie £ nispiion Yaghalowthe
{ t
detectl?';tf h@?e@m % g%tftf@?éﬂ#bé‘%ﬁ oprs. Tl #d) coy/CHS $85rhish
selectivity was at least 42,000. This is an increase of about 3 orders of magnitude

over SAPO-34 membranes that were not modified.

[0089] Figure 8 compares CO, and CHjy fluxes for single gases and a CO,/CH, mixture
(50/50) at 295 K as a function of partial pressure drop for a NHj; treated SAPO-34
membrane. The partial pressure drop was used for the mixture, and thus the mixture
pressure drop is only to 1.5 MPa. The CO,, flux was a little lower in the mixture, and
this is the behavior predicted by the Maxwell —Stefan model. The model indicates
that the slower-diffusing CHs slows the faster diffusing CO,, even though the CH,
flux is small. The CH4 mixture fluxes were significantly lower than the single gas
fluxes (Fig. 8). This lower CH,4 coverage in the mixture, relative to the single gas,
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34 nmenbrane prior to nodification. The perneate
pressure was 84 kPa and the tenperature was 295 K
woltes/eeear ati on sel ectivity slightly increasedP@BUS2005/027530
pressure drop increased because the fraction of
per meance decreased nore for CH4 than %@£ g
may beAfuesto cardpéfitivet adsorptien bacawse GOsihgs azhlgmé of adsorption
ermeance decreased by 21 %at a pressure of 0.34 MPa
than Clg‘hd 34% at the pressure drop of 3.0 MPa. Figure 7
shows that the ammoni a treated SAPO 34 nenbrane still
had a CO02 perneance as hi halexlO?rm/é S
[0090] Tablea) illastrates the efiest oftepmarsiure amr CR2GH.oseparrtieh AbR feed

e R 0 SO 0,

temperd@fe Este@ tA6 Cl9, permbatedncéhtratiorhwaCill Below the detectlon
separation selectivi ty was_ at

limit, scathei srieetiity was alsaier thap rized@0- okahﬁ&?‘ﬁﬁgggso% P?fecgf’f
perme%é&%%%%%én@@ &g&gﬁmsg?%@gkéésﬁ% of QOI8I9I]3a and a

conpares xes for single gases
temperaiifle df 0B/HCitt am MHetatdd SARD-3dtmastbranas Far thenpeimsate

pressu%rﬁgggqiﬁl gi;;};h%g?e 58 Lo @ogrv@# Eéﬁe@gdstAhP%e?f%tgn limit,
so the %é&ﬁ@&ﬁ@ﬁd@é%ﬁ%mm u"rableos ﬂﬁ@%@esduh@mﬁe%t onCY; fed

ux was a little lower in the
concentiiatibnron, COICH. semaration hbalfeed pressupe ofi ck Miap pefrmeate

pressued oh4 kB #0d Prigmeie e AL2RE s sV ERlnd RAPG3A

membr‘aﬁén THeMemrase WA sdléstivei for €I fbed ThacéHiationstfrsra 25% to

uxes were significantly | ower than the single gas
70%. fluxes (Fig. 8). This |lower CH4 coverage in the
m xture, relative to the single gas, 25 WO 2006/ 017557
PCT/ US2005/ 027530 nmay be due to conpetitive

Table ﬁ@f&d@b‘ff&hb@m@@)z@m%ﬂm@en heat of adsorption

Temp?@’vf’ﬁﬁ at fﬁlﬁf?ﬁ‘{%é?” 285 i §T‘5‘83l ;tb ;l?ggj étlf‘essure
() 3. 1 pvessdrer(kBa) N0t (mal(mﬂssaaf)o 34 nes@leatidty For

bhath tenperatures tested.—the GCH4—pe

™r P\,l LA *ZZ9Y
298ncentrati 8f was still Beflow the det ect?o‘f? 000ni ¢,
sel ectiyity was greatgr, than 42, 000. _Taplgn2
3izEI us \éflhe ef § ﬁbO%O

trates fect of perrreate pressuré on

3232/CI—|4 sepﬁ tion at a fggd pressure of 537l gifga and a
nperature o 295 K for an NH3-treated SAPO 34

membrane. For the-peEefeSGurd’ £93Wpas tested, the CH4
per meat e concent raflgoﬁ%was st |? below t he detection
limt, so the selectivity was greater than 42, 000.

Table T abffectdfipehmeatapesstiiecor UGLCHg epatibet

Permeate CO, permeance CO,/CH4
pressure (kPa) X 10® (mol/m*s-Pa) selectivity
84 5.1 > 42, 000
430 4.4 > 42, 000

770 4.4 > 42, 000

* Feed pressure: 3.1 MPa, temperature: 295 K
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concentration on C02/CH4 separation at a feed pressure
of 3.1 MPa, perneate pressure of 84 kPa, and a
wd moperasure of 295 K for an NH3-treated SAPO BET/US2005/027530
menbrane. The nenbrane was sel ective for C02f eed
concentrations from25%to 70% Table 1. Effect of
Table 3. &ffeet of GO foad mﬁbéhﬂaﬁmpam £046H, seppa@tiantir

CO, f ﬁ‘bﬁ)ng P p's'é ﬁdé"u"* co @H ssure (kPa) x
% t 297 zf
§4 > 42, X @B(rrm/m Izﬁ\éllaa > ;I >*é§edooo 323

nroacac =

sSsHre—3—+Ma——Iable—2—FEf ecl rmeat e pressure
o@BCOZICFM separ atl7 [1’* Per meat e ggzoggrmeance C2/ CH4

pr. sure(kPa) X 1@8, (ol / n2sPa) s ivity 84 5.1 >
%SOOO 430 4 >%442 000 770 4%? 999,2 000 * Feed

pr sure: 3.1 I\/Pa 5t1errperature 243 60026 WO

6/ 017557 PCT/ US2005/ 027530 Table 3. Effect of COp
fey@d concentrationg4gh C02/ CH4separdd, 066* CO02 feed
Concen. CQ2 perneance CO02/CHA (ol % x 108
(ol / nPEEad pﬁetswel SitMPa2peifm&atespragsure0d4 kbg, 5. 4 >
42, Oooterﬁg %tw K000 70 4.3 > 42, 000 *Feed
pr essur e: a, permsate pressure: 84 kPa,
tenperature: 295 K [0091] The effects of varying the.

[0091] Thefaftasts ohvamingathiedaed conedRriatiapat lower & qm%sﬁ ations

were f%@géf i, 315%# aﬁgﬁé gansths LY PEfmdaft Wi t¥AtiBR Hraat
CO,/CH, separation selectivity as a function of CO; retentate concentration
(Temperature = 295 K, feed pressure = 0.77 MPa, and permeate pressure = 0.08
MPa) for an NH;-modified SAPO-34 membrane. Note that CO: concentration in the
retentate was lower than that in the feed because CO- preferentially permeates
through the membrane. Higher CO; retentate concentration resulted in greater CO;
coverage in the membrane and hence more effective blocking of the permeation of
CH.. Thus, at higher CO, coverages, the CH4 concentration in the permeate
decreased resulting in greater CO2/CH, selectivity (Fig. 9). At295 Kand a feed
pressure of 0.77 MPa, the CO. retentate concentration of 23%, which corresponds to

a feed concentration of 25% CO,, blocked CH4 to a permeate concentration below

the detection limit of 36 ppm.

[0092] The experiment was also performed at 3.1 MPa. At this pressure, 25% CO, feed
also reduced the CH4 concentration in the permeate to below 36ppm. Figure 10
compares the effects of CO; retentate concentration on CH4 permeate concentration
for ammonia modified SAPO-34 membranes at different temperatures and feed
pressures. Increasing the temperature to 373 K at 3.1 MPa required 42% CO; in the
feed to block CH, to permeate concentration below 36 ppm (Fig. 10).

[0093] Low feed flow rates were used to investigate the enrichment of CH4 in the

retentate. Lowering the flow of feed gas causes a greater concentration gradient
across the length of the membrane, thereby simulating a longer membrane. Table 4
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CO2/ CH4 separation selectivity as a function of CO2
retentate concentration (Tenperature = 295 K, feed
w@iessiumssr = 0. 77 MPa, and perneate pressure = PCD8S2005/027530
MPa) for an NH3-nodified SAPO 34 nenbrane. Note that
CO2 concentration in the retentate was | ower than
shows ks of mlmmresf\mﬂﬁﬂmcratss@e@éas;pg dfamn 400040 11p6peLimiataisoughly

hr ough t h
equima {86 SoRE s RaIars [ AN HE e e SARS 243 b8mbrane: In eagh of
these dé%@?fé‘ﬂ% iRHE S&?ﬁé‘atwfs Sélbﬁﬁﬂ*nb‘dét@étﬁﬁklﬁrﬁﬂl it 1BB€mL/mm the

rneation of hus, at higher C02 covera
retenta(é—Wascmmehed ditono 63;5%@1@2 e thﬁe@teé toftbcf Yawiily VF&!@JV tniorfess of
CH in greater C02/CH4 selectivity (Fig. 9). At 295 K and
4 a feed pressure of 0.77 MPa, the C02 retentate

concentratjo f .23% iC res f )
Table £0RBBAMERE ShCBK i S Eie agm‘ﬁage%’%séhge F \E§ germeate
ki on below the detection limt of 36 ppm
pressuf%%aggﬁir%e experinment was also perfornmed at 3.1 Il[\)/Pa.
Wﬁ%ﬁ%ﬁmj ed tThe CHA4
Fe&gﬁ@&hﬁf tion in the perneate el ow me Fi gure

L/rﬁm ares the pdddects of COPerpicmie at e Retentate

(‘Qnr‘pn ration on CH4 perneate concentration

VVVVVVV Tl | U]

ant@d a nodi fied 4M80 34 membr amel PRI di f f er ent 992

te ratures and pressur esag easing th
te%:g rature to 37%§%dat 3.1 MPa regﬁﬁed 42%C(§ |5n

thgoof e((alo:I to ?I 33085@44 to permes3@pponcentrati o818kl ow
m (Fig 0 093] Low feeg.flow rates wer sed
Egvestigate thég ri chment ofSERBM n t he 85.6'
retentate. towerimg the fTow of feed gas causes a
greater concentration gradient across the length of
[0094] A SARO-B@Thembeane hasdiil; Featedson 64 4404 eaglescribad imh¥ample 2

Tabl 427V\DZOO/01 /
o g GO LA RS o
1
o St on: o

The memisane nesstalgdedor 8 daye whamenpgratedhat 3 MRa.feadpressure, 0. 4
et I t /
MPa pgfneatastessifh, a30aacRs THY it e 486 ity 2 days
when Hhe'tEHRer¥tuf® waeShAcrelaseitd 373301 At b<bth Eempefatar&s tife CH4
In retentate at 3 MPa feed press
permeptecsoneniralinns yese ket oI Sain “iReibites Hfg%oer than 4
x 10*. THEmé TR xiiB RS P& LRabifity A& s initial conditions were

restored on day 30. In Figure 11, the measurements at 373 K are indicated by

triangles.

[0095] Untreated H-SAPO-34 membranes have shown to separate other mixtures listed
in Table 5 (the measurements in Table 5 were obtained for a membrane prepared on
both sides of a stainless steel tube). Table 6 shows the separation selectivities for
N,/CH, and CO4/N, mixtures through the NH3 treated SAPO-34 membrane (this

membrane was prepared on one side (inside) of a stainless steel tube).

Table 5. Mixture separation selectivities for various gas mixtures through untreated
SAPO-34 membrane (84 kPa permeate pressure and 138 kPa pressure drop). -
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1000 49.9 <36 ppm 53.9 400 49.2 <36 ppm 59.5 200

55.4 <36 ppm 81.4 166 53.5 <36 ppm 85.6
wEReE B4snenbr ane was NH3 treated on 6/ 14/ 04 aBCT/US2005/027530

[0094] A

descri bed in Exanple 2 and was subsequently

characteri zed for several

days.

Q02/CHA separation

began on |6/TEMstatufegyr e 11lddadws a pl ot Sepa@ipn
per meance |over e follo ays. | Th by ane
Gagixte$| d f or g%days whenggi?&f ed atf 3 %f‘ilgg@ d
ure, 04 PETTEAlE p%qssure, and s3Z3sK. The
ﬁé@"ane was al S0 stablle for days when the
raturle was4ydcreased to B3B3 K At both 8.1
termpr aturles...the CH4 per reat e—concentrat U” were

belCedz

36 ppm s®’¥he 56

=I ecti véQi es well

e hlghé t han 4

WI al

The
CO

TEITUA%IE EX
ndi ti ons wer €

b tetdgFEepeat af
restored on_d

ITTTY NRen thed
ay 30. In Figur

tLlannI

HY4-CiHhg ne

asur egppt s

es [DDQR1

cat edNW**

{

2t0 S

Tl'Edb i
Téréane pr epar on Kk

atf 373 K330e i ndi
Untt. d-H-SARPO-34-+renrbran
epar a2$7 ot hej mi xt ulBs 1istad h@f)l

IIaVC

tbte5-

oth sides of a

cobtai ned TR 2

st ai nl ess_st eel

Ideal s@!é@ﬁxht
ek Sep

MY
e (I

- Tebtidofdingte ddep

Sengeson selectivities for

cRitEviEP 3h82ati vF tHeaserhidanieab fohmiitidst (5e4805d
nenbr ane was prepared on one

rane (this

nsi de) of a stai

nl ess st eel

t ube) .

Tabl e 5.

M xture separation selectivities for various gas
Table WMIM@%dplaraﬁcghselebm\ﬂMsedt 285 R B30/56rHy/ Gk grauCpdN2

per neat e pressure

mlxtur@)mssvmw 3y Fﬁ@t%

138 kPEgEEFeopt "

7]9(?312 g@v 5@9@@4‘ g?adr oﬁ'@gg? prégs)ure and

m xtures (K) Selectivity*
H2/ CHA 297 41 35 H2/ N2 473

7.9 8.1

HA0Rid@3s2. 3 1]7 HSeparatioh selactiyt/ n- G4Hi o 473
>330 NME**  C021N2 297 20 NM

CO,/N, 6

No/CH4
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N2/ CH4 297 6.5 NM ldeal selectivity: the ratio of

singl e gas perneances ** Separation selectivity: the

rati o of the perneances for m xtures (50/50) *** NMm

not measured Table 6. M xture separation selectivities

at 295 K for 50/50 N2/ CH4 and C02/N2 m xtures through

NH3 treated SAPO 34 nenbrane (84 kPa perneate pressure

and 138 kPa pressure drop). Gas m xtures Separation

selectivity** C02/N2 6 N2/CH4 5 29 Clains: 1. A

nmet hod for treating a nol ecul ar sieve nenbrane to

[ ease its separation selectivity, which conprises:

“providing a nolecul ar sieve nmenbrane; and adsorbing a

1modi hyi gy eﬂ, %Jtﬁgn t@ﬁ}lé&ﬁ’ér' 'é%v@oﬁ‘% 5?£néht% increase its

menbr ane ere yi ng agent does no

i r r eveparativryselectivity, whi¢h comapniggisecul ar sieve. 2. The

rreth j rane i s a supported
p%ﬁ/fegmégwémar 0 q*&%"%%@?m ., wherein the

002/ adsorbinga modifyingsagant withintthe aeolité poreswiitheamembsane

i npr o) I

o fhe ST JBhtHock; At revertBfRat W the molecular

5. Thievert hod of claim4, wherein the SAPO is sel ected

fromthe group consisting of SAPO5, SAPO1 1,

SAPO- 16, SAPO 17, SAPO 20, SAPO 31, SAPO 34, SAPO 37,

2SAPOTHE mediadtDofidaimShDetdin thamoheBhiPanedis a Sippdiied menthsane.

of claim4, wherein the SAPO is SAPO 34. 7. The method

of claim1, wherein the nmenbrane is a deca-dodecasi |

33R [Tbh&3Rpthod mirciaim. 1,8whérin thet BO/Cot, separiation selsiotivityi of the

t he olite A nmenbrane. 9. The net hod of
cl ai ﬁ%wmﬂg%sé. r???‘é “menbrane has a MFI or MEL
structure.

4, The method of claim 1, wherein the membrane is a silicoaluminophosphate
(SAPO) membrane. ‘
5. The method of claim 4, wherein the SAPO is selected from the group

consisting of SAPO-5, SAPO-11, SAPO-16, SAPO-17, SAPO-20, SAPO-31,
SAPO-34, SAPO-37, SAPO-40, SAPO-41, SAPO-42, and SAPO-44.

6. The method of claim 4, wherein the SAPO is SAPO-34.

7. The method of claim 1, wherein the membrane is a deca-dodecasil 3R
(DD3R) membrane.

8. The method of claim 1, wherein the membrane is a zeolite A membrane.

9. The method of claim 1, wherein the membrane has a MFI or MEL structure.
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30 10. The nmethod of claim9, wherein the nenbrane is
ZSM5 or ZSM5 isonorphously substituted with B, Fe,
Ge, or Ga or conbinations thereof. 11. The net hod of
claim9, wherein the nenbrane is ZSM 11 or ZSM 11

i sonor phously substituted wwth B, Fe, Ge, or Ga or
conbi nations thereof. 12. The nmethod of claiml
wherein the nmenbrane is a small pore nolecul ar sieve
menbrane. 13. The nethod of claim1 wherein the
menbrane is a nedi um pore nol ecul ar sieve nenbrane.
4. d_pof,clapm er gl n a '

1 3r o218 FENR) of et O el e ebrdBE i TaSME & zom-5
of cisamorghouslysubstituteldevithoB cfitr) IGe; os Gavas combinatinas thereof.
conprises Bronsted acid sites. 16. The net hod of
cl aim 15, wherein the nodifying agent adsorbs at said

1fci dTheimethod 16f. cldine Syewherdinothec eimhbrane \ih ASN+1 1t be ZSM-11
nmodi fyin t LS, ' ~al ] aj
wner SORATRERER R ST el o pATL SR aBhEidrdor
that react with the acid sites of zeolites. 19. A

130D B85 E et T e £ PSS e

| eassieosmemitanef t he support; wherein the C02/ CH4
separation selectivity of the nenbrane is greater

t han about 42,000 at a tenperature between about 297 K
13nd The mietBatBokslaima 1 whessinrthe didnfilramaisi ametiur pore hwlecular
menbr.ane between about 2.3 MPa and 310 about 3.0 MPa,
and ﬁ'e&f‘egbt?ﬁ%%trati on between about 25 nol % and

about 70 nol % 20. A method for separating a first

1877 FEERRRR0, ot o 3erdh b ismiaphdt ALBRes bore Ablecular

conpsiese n@gnibrenst eps of : providing a nodified
mol ecul ar si eve nenbrane, the nenbrane having a feed
and a perneate side, being selectively perneable to
15.he Thé sietBos of claim 1, wherein the molecular sieve membrane comprises

Brensted acid sites.

16. The method of claim 15, wherein the modifying agent adsorbs at said acid
sites.

17. The method of claim 1, wherein the modifying agent is ammonia.

18. The method of claim 1, wherein the modifying agents are silanes or amines

that react with the acid sites of zeolites.

19. A supported membrane comprising a porous support and ammoniated
SAPO-34 crystals which form a layer on at least one side of the support;
wherein the CO2/CH4 separation selectivity of the membrane is greater
than about 42,000 at a temperature between about 297 K and about 323 K,
a pressure differential across the membrane between about 2.3 MPa and

31°



conmponent over the second gas conponent, and being
nodi fied by adsorption of a nodifying agent within
zeolite pores of the nenbrane, wherein the nodifying
agent does not irreversibly react with the nol ecul ar

si eve nenbrane; applying a feed streamincluding the
first and the second gas conponents to the feed side
of the nmenbrane; providing a driving force sufficient
for perneation of the first gas conponent through the
menbr ane, thereby producing a perneate stream enriched

in the fi gas,cogponent from.t er me side o

the Ao P23 SREB RN SeleToRPo A8 af1fh arfkabout
nodi 70 asbigenbrane i s an ammoni ated supported SAPO 34
menbrane, the first gas conponent is carbon di oxide

and the second gas conponent is nethane. 22. The

20et had m&hd@l ék'brmsaﬁaraﬁh@f@i first lyasf wﬁp@iefr@aﬁbmsangésl rraixture

gas th of claim 20, erein the
SgonEoTanRget TRAH i (¥ S0HeA PR @75, COPORE, the method
menbeémgrisi thb%‘tébs\/bft hin and on the nenbrane. 24 The

net hod of rel n the nodif ent %
A nBroviding a Fesifg rsiNe-mReratmdne freane having a

nodi fe\eunancaaeﬁérméat@ra'aml lSeing %3Ie8@vel§|' eriveatie asethef first gas
claim6, wherein the nodifying ent is an am

The RRTRRNIENHFOVSF athe) §9°°'Wr1eﬂa§| Fl° RRN&Rba g H@'”Sgw%ﬁg by

anmoBisorptioASof BN hodfyiRg dagdint Ghlﬁhirng&lte VeS| o th@emembrane
nodi fyi ng agent IS an am ne. The method of cla

20, gied] Fi‘et "Redifg poeRt ‘i’ﬁﬁ?b’i%r\’ée‘feés'ﬁlysrﬁaﬁo‘ﬂﬂéﬁ‘e molecular
SAPGsidde mmyrﬁ@ 30 The nmet hod of claim 29, wherein
the nodi fying a iis ammonia. 31. The net hod of

cl ai ﬁmgng R e qnn inGsting e it 256 e secos gasicempogents to

The fRifBedsigé oftrd MemBrangherein the first gas
component is carbon dioxi de and the second gas

conpBIRKING & dFARG JaTee SuAicienkior RRIMRRIORIOf ey fiR gas component

wher girbudh@e TRERBHR! tidrENe pFB%‘E‘f@h%ne? péh‘ﬁéeﬂérstream enriched in
conpri ses non-zeolite pores and the nodifying agent

al sothediEeidas compeRent fmm irpa@ﬁrmegtep%qi%gf thgnentpranget hod
of claim?20 wherein the nol ecul ar si eve nenbrane

further
21. The method of claim 20, wherein the modified membrane is an ammoniated

supported SAPO-34 membrane, the first gas component is carbon dioxide
and the second gas component is methane.

22. The method of claim 20, wherein the feed stream is natural gas.

23. The method of claim 20, wherein the modifying agent is adsorbed within the
| membrane, on the membrane, or both within and on the membrane.

24, The method of claim 1, wherein the modifying agent is an amine.
. 25. The membrane of claim 6, wherein the modifying agent is ammonia.



conpri ses non-zeolite pores and the nodifying agent
al so adsorbs in the non-zeolite pores. 33

26.
27.
28.

29.

30.
31,

32.

33.

34.

The membrane of claim 6, wherein the modifying agent is an amine.
The method of claim 20, wherein the modifying agent is ammonia.
The method of claim 20, wherein the modifying agent is an amine.

The method of claim 20, wherein the modified membrane is a supported
SAPO-34 membrane.

The method of claim 29, wherein the modifying agent is ammonia.
The method of claim 29, wherein the modifying agent is an amine.

The method of claim 29, wherein the first gas component is carbon dioxide
and the second gas component is methane.

The method of claim 1 wherein the molecular sieve membrane further
comprises non-zeolite pores and the modifying agent also adsorbs in the

non-zeolite pores.

The method of claim 20 wherein the molecular sieve membrane further
comprises non-zeolite pores and the modifying agent also adsorbs in the

non-zeolite pores.





