MEMBRANES FOR HI GHLY SELECTI VE SEPARATI ONS

CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 001] This
wappbkiotwsi on clains the benefit of U S. Provi sPONaER2005/027530

Application No. 60/598, 733, filed August 3, 2004,

which is incorporated by reference in its entirety

herei n. BACKGROUND OF THE | NVENTI ON [ 002] This

invention is in the field of zeolite-type nenbranes

whose MEMBRANESFOR HIGHRYESELECIORISERARATIONS

nodi fyi ng agent within and/or on the nenbrane. Usef ul

modi f yi @Q@SSUREFE?’@ W@Eb%LM”"?@ are

| argel y conpose and have a
[001] t Whi@eanﬁllnehcsm olaiths e bepeﬁtcofsu S ij’sso\asloﬁab@rpnhnatlon No

S ST R A CIER TR

hereih.ncor poration of Al atonms 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 MBACKGEROUNEEOFOFTHENNMENFIONt i ve si zes.
[004] Different zeolites may have different Si/Al

[002] Thiginvestieib ihitke Figld ahadiite-6de MbRbraged ﬁfﬁébé %@tewaw %
substituted by other elenents such as B

improyad by adgegptian of & madifying agantyvethin azdéﬂrimethﬁﬂnemme Useful

mod,ﬁgilnl%?/ﬁer{nf%?/ng;ﬁq/e afindiAl ratio approaching infinity.

ar sieves do not have a net negative
framevvork charge, exhibit a high degree of

[003] Zeg foschpiaisel CorRasad bl ShiAl B0 ShAdbbca i HBaeimensionl
micro BRI E) SAABIIE SUCRIL IR0 sF1AR Ao
units.c bobadatteaiegitive Rhange Quard tireineotduratierd b haioomsain the
fram%]o gaqb%gsﬁr%{l%gérgoga&& gﬁ&gtﬁ%pghhgg tgH(ri%hlaﬁFlglgl 3/f tl% framework.
The cgbbb C&?Adﬁ@ls{‘ﬁm eé\?ihéé %réa??@ﬁ’ 9& tﬁ@'c%%‘t‘éléf rﬁé\%ﬁécéﬁ Bermit

| argel y conposed O an have
separatipa ®f mmfyr@ @hmbleﬂmaalp@sam@n mwseféectweaMr K

structure largely of [PO4]3 , [AIX]5 and [SI4] 4
tetrahedral units. Ml ecul ar sieve franeworKk

[004] Dlﬁélfelntifzeldilﬂés Ay m@ume&qtlm/mammﬁ@tﬂebuet@mm@@51@ Blso be
(Baer | ocher, ., et al., 2001 , Atlas of

et
lsostrnﬁf&ﬁ@w:ﬁubsgtut@@bur@b,ewlﬁ@r@nt%ﬁ%cir aviBs &, &0, GalMawPeand Ti. In
an exhBRIELA Rz olite 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 [AIO4]” 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], [AIO4]” and [SiO4]*

tetrahedral units. Molecular sieve framework structures are discussed in more detail



[ 006] Mol ecul ar sieve nmenbranes have been proposed for
use in separating gas m xtures. Several types of
worioeoulsaT si eve menbranes have been tested foPCT/US2005/027530
separation of mxtures of CO2 and CH , including FAU
zeolite nmenbranes (Kusakabe, K et al. 1997, Ind. Eng.
by Baeriesherrsal., (Basrloensy; Oheret ak, 2601 ahtlas phEmEmeneropbuctures

it nb Vi
Typesh 3P e B e id, Atlrordliy 20 Chem Eng.SeL. 24,
259; Poshusta, J.C et al., 1999, J. Menbr. ScL, 160,
[006] Moieglcﬁﬂar W&%m@& #HRA0E b@%ﬂéﬂ@ﬁbé’ed forlsesh s@ aratﬂa%%fa

Chem Res. Poshusta, J.
mixtu rgeocsewraimaoes) af mlecular@(la\)e MENYraneg Aaye dueuenéested for

separdBIPEPRSRLADN 065 o s By ETRE bk,

(Kusakeipe, KoCét. aITwQWth E Cﬁélﬁlkesa% BBER\VehTi @085, 2002,
(Tomta T. et opor I\/leso or. Mater.

Microggy, Mesopey. Matﬂrn % 4%), MF' zeem@rmembaamv\@mder Bro%ke L.J.P.

et al, 3988 ERRL T Sl 2. 58 RrRushBY G gita BP0 Sel.

160, 1515 BAPO=p4 marrbmne8i PesHustapdiGitat ah, $89& chdvEhy. Ohe®6 Res.,

57, 35¢%: i, J0i oL, 2000 MeheS 50t FE i L Fa ooty

memb1=Q/1§§>§t\a+§$a e"t%Po o8l CRrd GHY sgpanat vom), Eq*se&tzbtsmtel es
in excess of 60 or 'a SAPO 34 nmenbrane ‘wth a

membgasesr{ Guam.cCaet 219 20R2aBepaSei3 T ekracipriys S0834), ca'rmeD3R

memcgicy i ol oBistals Dicipedt Wllondr R, B (o). Tomia

et al. &poretW e IEHPsSHEatibh BeRchOtPBf 226 forl XDBB3R men@&énlé with a

07] Adsorption of ammoni a and ot her conmpounds on

50/50 msenmtlare ai3BEs Meshuséeat ab,ﬁ%@%@upz@dleppdgd 8O 2/6ddn

separgfifT bERCHU TS RE S APD- 2 PRt bRAES it o 740 B beture

300 Kde=eegriarast 20f (UsSr Petknd mpplicatidrDy&805A4.83) Asported CO2/CH,4
I ntroduction to Ml ecular Sieves, 1988, John WI ey and
separaiipis selqetivities i e>s>ess‘zz>zt)60 fopp@ARQR4 mespPBaeith aﬁ@é‘w gas

R e e L T

reportetiea 80T, sepaa'apom) Blewty of 5.5ifor an&l-Z&MﬁﬂM@ hrakcbae)

after calcination by cont ng the
membiane Wit g %p@ﬂfs‘&'?é :?cﬁhét m xture of ammoni a and

hel i um and t hen desorbing the anmoni a. [ 008] Treat nent
of netal | ophosphate nol ecul ar sieves with anmoni a has
[007] Adpeemtion of ammonia and other compounds on 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.



reported to stabilize the nol ecul ar sieves. U S
Pat ent Publication 2003/01 4932 1A1 to Mees at al. and
workms/oetssal . (Mees, F.D.P, et al. 2003, Chem ®Bonmsaw035/027530
1, pp 44- 45) report stabilization of
nmet al | oal um nophosphat e nol ecul ar si eves, including
[008] Trepiraerdof rmeiedophosphade moiecular sicuesraiihamvioaia leas béen

enol bl AL, St D ARl coovrsoceia
to Messl el avid Mesest dBUMEY, F. BIP &t al 'R0P, Chent VOodhfth., 1, pp 44-
adsor pt i on process for SAPO-34 and SAPO 37 (Buchholz

45) reorpstabilizgtion of metaNpalurainephesplyatevapleculas sigygs 3inotudiig
. ' . St j ..
R R L T e
chemisdrbegd by aCld catalytis sited OFile) meeAdagnindphbspHaee Mdledular sieve.
Bucth ar{rgxﬁry umrtl ons éNH4 orrrap. The second ammoni ati on
plet AhEPATARWYG Bi5BrAAeRIPTORIGGPSRIOTPARBr 34 ARE RAPO-37
(BucKHOIZERGE, 200N Py aoo(ff‘,uér&?é?% g@g%dﬁgﬁ’ﬁ,@gﬁ;ﬁg)@ As reported,

nol ecules to fra
the figsUstep Grrtsists of an%eisdiEjoradfsammenia exdusibelyiat Bronstedfacidic

S e .
The s22bAE @smbhRAToh e 8AMBh GRIZSEPbHBE t&focil é‘ﬁﬁgp?reammonia

monocyclic heterocyclic conpounds, organonit

coverggppeentisisani@ eaordinaéion of amrapniadnolesuleste framewgkAl atoms.
cont ai ni ng conpound is chem sorbed and/ or physi sorbed
with the nol ecul ar sieve. [0010] U S. Patent 6,051

[009] Meddtét alt (U uPatentad,756/54BP ailsd repeitistasitizationcdf sl |
ore nol ecul ar sieve catal ysts by adsorption of
meta@@

lyminarbgsphatsmacleculpssiaves Y ireatmsrinvituene At mare aitrogen

: | i f i . t .
contifhd opulEs SRS FOpCALAHBh SoHERAnG SEAR Ak RofitRic
heterocygiicicoengmmindsy orgeaonitriknedmpoinedssand yriktuce Cihepesfadsthat the

., Wth at. |east three interconnected ring structures
mtroggg\ﬁq{)galg{ng %%{EPOWP\(S |srﬁq‘err6|§g;pegt /qephysiserged with the molecular
sievesubstituent, each ring structure having at |east five

ring nenbers and quaternary salts thereof. [0011]
Anmoni um cati on exchange of zeolites is also known to

. dugtion i | |
00101 U &P ot & BB g 08 ph3l RE 5 R S perp polecuier
sieve LIS Sleipar bagnasel SEAR bR bimpourcs ot

the caiatysht Th@.mcmh%@ci catahsts vieoe repartad lodhaveoincrgfased selectivity to

olefing.i 'fh%%BHH?ePsOB&%BHQSBSRmY)‘EEe%P aromatic heterocyclic compounds with

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

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.



can be achieved with m xtures of ammoni a and hydrogen.
SUVMARY OF THE | NVENTI ON [ 0013] The present invention
w@e@eiotss? nodi fi ed nol ecul ar si eve nmenbranes WETIUS2005/027530
i mproved separation selectivity for gas m xtures and
met hods for maki ng and using such nenbranes. The
[0012] U.SoPatent No. 8§i08e/ 4t repaatsestridationod silicealubynepisespiatesnwhich

can b3 pofiRUB i A Prar R RPOro0RD. moai 11 cd

nol ecul ar sieve nenbranes are supported nenbranes. In
an enbodi nent, the nodified nol ecul ar sieve nmenbranes

of the inventi cRUNNBRYRF o IREENGH@N el ectivity.
[0013] Th[ﬁ g?%sféé]tﬂ\?en%ﬂjfrébﬂdgg n‘?%diﬁg HJI%%S{(J% g‘nséﬁ?@faﬁq%@wi{gﬂ;

gas processi ng because e ener

impro‘rz]@ilﬁepmaﬁbn satactigity ﬂﬂ:gaswm%umatﬁnghemsmf frfakgrgﬂami asing

i gh concentrations of CO2 (a igh as 70% , and, nost

such memuipresobheRIIesar gioNe dpeHRrIes Qfﬁé“ﬂ‘g'f'%%y apisorpion of a
eshi NG f t

o BB, S iy ISRl b imdRRS Do

emboginerdythe rdofiffied antliealilaasicysanéembrameshargnsupponted membranes.

i ndustrial .gas s ratjon processes, the ssure dro
in an SPBkhe Rl TR TR Dale it s Beribeance-Bf Festigrion Fave
improléd Ot®/OR}, Séektigas | ndustry the transmembrane pressure
drop is about 6 MPa. Polyneric nenbranes are currently

used for CO2 renoval in sone cases with | ow CO2

[0014] Th%{a%éﬁg{tg)’% gﬂé@? F{ﬁ%]r f::l—ﬁ!ﬁ R{\ﬁéﬁ%ﬁtzﬁ ﬁiﬁ%ﬁbfoicteisgfnﬁebecause
CO, regiidssatheserfcpgy EEhERHGT AgRPdIGasOMahP Adbirallies wells tbein high
nol ecul ar _si eve nenbrane can be a SAPO 34 nenbrane.

concenyatinp®ipf C&% (@8I par 0%h)e 7B MRS 04 Hais (e BIUSb DR deroved
vetord 1 TR fle Bt P MR 1 2046 e

membrand/ itizsedesiablntdase agelativelphighpresaure diffiehentiat acramsdhe

chem cal stability, good erosion resistance, .and hi gh
membiABg s I INCRISHE OPBSepBRIANRIOPRSasm imbTassare MR ARPEE the

mem@?%@ﬁ% sevaTat MPa i@ L thERafi#al %‘@ét’ @diug'ﬁ{l fyed

separation selectivity as conpare
transroembgarie prbsSARCH®P isetinubfddPal iPclymerit owmieranestare currently
used HFH&’ Fenrr?g\salliﬁ 5591% c%%ze/s wnth low CO; pressures. High partial pressures
of CO,, plasticize polymers, and thus limit the use of polymeric membranes for

CO,/CHy4 separation.

[0015] The modified molecular sieve membrane can be a SAPO-34 membrane. The
modified molecular sieve membrane can aiso 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
NH3 can have improved CO,/CH4 separation selectivity as compared to unmodified
SAPO-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



separation selectivity is an increase of at |east 3
orders of magnitude. |In anenbodi nent, the invention
WEe@eUtEs7 a supported menbrane conpri sing a poPOUES2005/027530
support and amoni ated SAPO- 34 crystals which forma
| ayer on at |east one side of the support; wherein the
embodmedHhesiopantian DWVMSe@suppwedamanm@an@rﬁ@m@lmga porous

supp 8% b RB AL A 34 S0 i DB 1AL EREER o i

of theémrp@@ﬁ Wherémmﬁé @@/@HQ eparaiiba @el&tﬁltwaﬁtlwlﬂeﬂimahe is

concentrati on between about 25 nol %

great%rﬁbaa@@ewt 4'% OHQ@%a fentrerpture behvesmhabpwiesl’ Kianwl about 323 K, a
presshfé’&t%fé?ﬁlapé%'sg?ﬁe %é?ﬁbm% tgéﬁvegﬁ%%'b'uf‘g AVIBY &5 d’EB{;ut 3.0
Si eve nenbrane to I ncrease S Separation select
MPa, ehdchCEpepneamsation qum@einohbtglt%rmb% ahdrab®iuévVeé mol%.
menbrane; and b. adsorbing a nodifying agent within
t he menbrane, on the nenbrane, or both on and within

[0017] In hBReNBIERNRAL thé ﬂﬂf@?ﬁloh@r&ﬂdéﬂq{%fﬁ%ﬁ%r er&hﬁ@é'?ﬁé’lecular sieve

| mproves t he l[ectivity of nbr ane.
membaraneritbmnrm its sepanabdnfspie@vmgemmclh somnmasa [ 0019]
In an enbo |nvent|on rOVI%FS a net hod for

Bpar NG Bitpalt e S RIBRER AT ARG gas i tur e

cent ai adsbitly 4 ARslifymd adetit vattth thesReaitaBéson the membrane,
conmponent, the method conprising the steps of : a)

provi dPieoth afpand wibimtblesmemMarars.eve menbrane, the
menbr ane haV|ng a feed and a perneate side, being

oote] - in & gFbadihy 16 MEtRof anbrayes the Ry B sBRERUR] Of wi <!

memisteBer i hARnbodmERE thiiredifaeh ?erh)ls@ﬁnhumag a feed
streamincluding the first and fhe second gas

conponents to the feed side of the nenbrane;

joo1o]  1n B S¥pdihef, L YVARLRTiE ALL LiGERDS fgﬁ%eﬁﬁyaﬂﬁgaaefﬁg%%s

ds conponen rane

comppn@ndttfmmga @asptmmai eomtarrﬁxagmenasw ¢icktiamdtdheetondsagas
nponent fromthe perneate side of the nenbrane.

CompPO@@f@}heﬂﬁ'@thﬁ%?quﬁﬁmﬂdﬁﬁﬁtw be amoni a. The
nodi fi ed menbrane can be an ammpni at ed SAPO 34

menbr ane used for separation of CO2 from CH4. BRI EF
a) Dp%uKkIiIRg hhbdified iHio DR BiegE 00@hprdfiey thee mehvibrane HeRing a feed

and a R RGOS S R SPIASAEIS | ey ek Gankponent over
the sddodd'gasl®niperEntarel Rsifg FRsdifieBY 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 SAPO-34 membrane used for separation of CO, from CH,.

BRIEF DESCRIPTION OF THE DRAWINGS



view. [0022] Figure 2 shows gas single fluxes for CO2
at 295 K through an untreated and a NH3 treated
WEABQOBHSTTENDr ane as a function of pressure drP@I/UIIe65/027530
perneate pressure was 0.08 MPa. [0023] Figure 3 shows
~single gas fluxes for CH4 at 295 K through an
[0021] Figwies dAtandl AR shawNeBM photoe of 8/84F Q434menkiaseqyiol to

modif%ggéﬁ.i\/ﬁgype{ %%ﬁ?&ggﬁ? gh%gﬁgﬁil%@&% éj’[eogfssg 'cFod¥Sectional
view. sel ectivity at 295 K through an untreated and a NH3
treated SAPO 34 nenbrane as a function of pressure

drop. The perneate pressure was 0.08 MPa. [0025]Fi gure

o022 iur 2N 4SS SRAcREEERSE S RS g a i

treate8A8APQ434mamanaeacas afdnotiohiofpredsure opep.athe pernidate pressure
feeﬁl/tsjor essure was 3.1 MPa and the perneate pressure
was 008 Mg MPa. [0026] Figure 6 shows the permeances for
CO2 and CH4, and CO2/ CH4 separation selectivity of a
CO2/CH4 m xture (50/50) as a function of pressure drop
[0023]Figurd 3rshaws/shgle 3asfndes doeCpl:iad 296K thydugh aatunsreatathend a NHs

veatslSAEB RO A8 H AR S TR G ressur

was O8RMFE m xture (50/50) as a function of pressure drop
for a NH3 nodi fi ed SAPO 34 nmenbrane. The perneate
pressure was 84 kPa and the tenperature was 295 K

. Fhgu 8 i rj
(0024]Figure & $Fds 841100k SIEATR AL e BBTrpecy HBGE N
treateld /P O-34 Adrmisranefaspa functionf@ssssuee drop. T parnitite pressure
treated SAPO 34 nenbrane.[0029] Figure 9 illustrates
was 0:9fMigd.ect of CO2 retentate concentration on CH4
perneate concentration and CO2/CH4 selectivity for a
NH3 nodi fi ed SAPO 34 nenbrane. Tenperature = 295 K,
[0025]Figurd eshoprsesinglegyas ffereavieas fanGOp emaeditg gdeCOuiGH ~idead8

VMPa. . [ 0030 | qur i rates the effects of CO2
seleciydntaiiah & Msdinaiad SAP ORI I 266 LBRIGNES HTBRature.
The fé&d g%s@h’% #Rdid | MPPARPHE pBRABAR Fesd1@ &S TR MPa.
pressure was
[0026] Figure 6 shows the permeances for CO; and CHy4, and CO2/CH4 separation
selectivity of a CO,/CH4 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 CO,/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 CO; and CHy4 fluxes for single gases and a
CO,/CH4 mixture (50/50) at 295 K as a function of partial pressure drop for a NH;
treated SAPO-34 membrane.



0.08 MPa [0031] Figure 11 shows CO2 perneance at 323 K
and 373 K at 3 MPa feed pressure and 0.4 MPa perneate
w@e@sourse7 f or a NH3 nodi fi ed SAPO 34 nenbr ane. POFUSI0LER 7530
DESCRI PTI ON [ 0032] In general, the ternms and phrases
~used herein have their art-recognized nmeani ng, which
[0029] Figse lusteriad thy effectafdOe ratontata ndacentrationson Colipeameate

r [ n 0 s kno Q_t hos ) LI in.th
concd b M CBR R TS B S R TR s Fomeir A
TempkPdtufe SPOG K| feed $ressurt R0 eMIPAt afd pbRAchRVBE @@ = 0.08
[0033] As used herein, a zeolite-type material is a
MPa.npl ecul ar si eve material. A nolecul ar sieve material
has a m croporous crystal framework structure of
tetrahedral units having a cation in tetrahedral
[0030] FigwedOdilnsttates the effectswnf GOy pterstatelbendestiradibdrom @Hg permeate

conce URTAR 1ok AN PAGeR ARG AmERINat i herPeBAR Pressure was

0.08 Wipkr ahedron. For zeolites, the cation is A 3+ or Si4+.
As used herein, "mcroporous" refers to pore dianeters
| ess than about 2 nanoneters. [0034] Mol ecul ar sieves
can be classified as small, nmedium or |arge-pore
[0031] FigwédddhowsCOsqerineaade ah 328K and 878K ah® MRa st pressure and

xygen rings in the s cture. I 1ine SAPO- 5 has
0.4 MERIEEAE Pirasive Mina Nhscitfifet SAHE BFTbREy gen

atons, 6 oxygen atons, and 4 oxygen atonms. SAPO 5 is

typically considered a | arge-pore nol ecul ar sieve. In

contrast, crystal 'DE*P?} seRasrib\e AEL structure
10032) 1 Y041 SRS ol Bradls Kb HAFInVE PRy B Ko moaning
whichaszrshe és518tt by refdranvetorstamddre aekts/ joirreal eefeféncest andsontexts
ere the | argest ri n_g?%cont ains 8 aor fewer oxy

wh
knownattq,ﬂ%osgr%il{%qnctapwt. c follewing gﬁ@pitiomﬁ)a@ provnoge%nto clarify their
o j I nol ecul ar si eves i ncl ude
spec@ﬁégﬁ?w emﬁ é@?ﬁc@iﬁ%r’é"r@%@éphat e (SAPO) -34, and
Deca- dodecasi| 3R Medi um pore nol ecul ar si eves

w00 oG SN b B s A o
sieve ﬁﬁéf@ﬁﬁpﬁés b IphieEsb & égfﬁiéWraﬁi\eﬁN&k'@m&hﬁ@% 6@ ral units

ransport of gases through a zeolite-type or nol ecul ar

having isesagiomeiniietiakedrahcoeordiation iveth foyr swygend. phe teteaheirs are
assen%legstg(gjetrﬁ%rr Sulh tﬁat%%&?&een af egchsfse?}a'h%%rraq%%prlleer is shared with
that in another tetrahedron. For zeolites, the cation is AI** 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



barrier between two phases that is capable of
restricting the novenent of nolecules across it in a
waeng/osperi fic manner. As used herein, the fl urRCT/IIF2005/027530
t hrough a nenbrane is the nunber of noles of a
speci fied conponent i passing per unit tinme through a
sieveay ﬁﬁmalbponeemnbiem@rﬁje\f&sciecmdeaenmem&l sitiepaltmindphognksgte

er C ressure n mal.ized f
(AP 5% 8 Decarpdt SRR AR iR B33 B i Rk zsm-s,
ZSM-1H, IaﬁmSAPQI-w LaPge-pofh Fiolsdupdr $iéRsEELmBIudeBAPO-5 and SAPO-
t ransnenbrane dri vi ng force is the gradient in
37. chemical potential for the conmponent (Karger, J.
Rut hven DM, D ffu5| on in Zeolites, John Wley and
The sel ectivi ty of a

..... Hort throudh Malect : :
R i oo ol RS BRLS b
descnbeafb%/ éc%@& p%‘?laﬁf’ettér‘é' tAs iised Rerefrfitd Mefibrbhé |§Srs'éﬁﬁfﬁé¢ﬁ1eable

taned from single gas perneation exgerl ment s.
barrleabeMersMcephasea at i capablg pbigstigiingdne snovement of molecules

acros§ AR Xy bl ot 4 (5l Forh afie ML RIS ragpgbrane

is the humber of pslas bpa spelchieti coniponaint i pﬂéﬁﬁt]t; pler URRRINOhrough a
inplies that the nmenbrane is selectively perneable to

unit otwepdrane surface agea setsaktedhe &usknass ditgalienn The permeance or

I
rss PR PO TSR PR AR
driving@forche Fimrai‘mhﬁpslohtmecehlfy tﬂ%transhdm)ora\mé ttinbmgeforoecﬂaehle
gradlegveigggﬁw?q%itpg@ﬁﬁéfqra Re SaimoenPut (KATaPhe - GAgAvalt 3 N, Difusion
in Ze lg% y}aﬂﬁﬂf\m@sﬁ ahBB PR Tedl & ok, ! FAD, ggol Qfﬁgo"'lq{c].atsélectlwtt\g of a

ransport of gases thriough’ pores can
membraﬁda lﬁrmmmdpmerﬂe\r eval j, Spds thespersearsedofheamepenent i divided by

pores" are res for by. the crystal
the perfisaaRe A Comaensael T8¢ Jinel RePenYiRt s BE sefid Bt flecpmmagnces
obtair®d #sthZhiglelga! per(nbatlUﬁ '&pe%bnté%ﬁe é&ﬁjal Belel:ﬁ@iiy (féfi’éo called
previ ously been applied to SAPO 34 nenbranes (Poshusta
separatiombelechiyity) foua gesanixture muay diffen frompifieridealzagectivityi s
nodel states that both nol ecul ar sizes relative to the
zeolite pore and the relative adsorption strengths

[0036] Fof V& has ROnigthentst afd £ ranesiaragore Ssletipatyl By, grdxitendhan one
m xture. This gives rise to three separation re

lmphe@ﬁbatethsdnﬁrr@ém ifcsRigctively peimeatde & component nggﬂwaQ‘?'étream
conta@i%ﬂh&orﬁ%@ﬁé@g’t?% ?gghelcf‘totcﬂ?et e tl‘i@ﬂﬁ?ﬂbra‘ﬂ%t(ihe feed side),

ads fon stren

the pdrindate gereaanekiting trok bfhes sidle mf&he mémbcetrmll(tldelpetmealersade) will
wa| | In the first ) e nenb is select

th ran
be enfigheq ifecapRPRERt iAILAEH q%te iR CPE’mOcS‘ﬁ“EJ Poe ﬂr«?ﬁ}%ﬁm geparation
seleciiAyCtil Fidater thirichment of the permeate stream in component i.

[0035]

[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



di anmeters, but one adsorbs nore strongly. In region 2
the nmenbrane is selective for the strongly adsorbi ng
worioeouiser I n regi on 3, the nol ecul es have PCT/US2005/027530
significantly different dianeters and adsorption
strengths. The effects of each nechani sm may conbi ne
permeafingrip@eiss inepbinary tvixture. c binip glivest rise teolhieee separation regimes

whereS B dnEryd SR8 RS felia SR Rel ey pores. in the

first reg‘éﬂl Ltﬁiﬂh‘ mlel@Q}‘lavé GiraRe ddsorpivrestierigths Nsutreredis aager and
ure.. "Nonzeolite pores" are pores ngt formed by

its d'fftuﬁ@“dﬁ ye&tapteﬂr%mqw wl@r dnyae ﬂrshrﬂe'oaoi*@smenéoraﬂe Is
selectiVepP lﬂﬁ ?ﬁ‘lané’lnﬁr\%%du'ifh e %_]t]@ogtg ? lﬁbé?ﬂég'r%'\]/e%mllar kinetic

nonzeo € pores rough

dlamezte«sL bukothy adsmshnarmsmmdm @gidrh2, Mnermembrames saldctive
ectivit

th I f _t it
for the SHEoR4ly PAEDEIG (nalssy. 17 Fegien ar tha MORGPS heve b ARty
d|fferecrﬁ'&héfﬁ§ﬂérrs tah& %@Brﬂf@hds??éhg@hé f?ﬁé %ﬂ‘e@[‘s ofi HeAUBeEh&Nsm may

zeol I te nenbranes, been reported that
combmmertmeznhlanee iseparationar cadnhmwexto $edmza thedsatectvityn 1 ow
decrease the selectivity (Poshusta, J.C. et al., 1999,
[0038] Tr en‘perfa tureﬁﬁ@nd@lgprq%%?y% Effe e%lllﬁfts op%e?\%m%njdbrags,p&n also be

influeSed b ; 2“né14-z®ohté BOR3Y lnTﬂﬁe r‘i‘i@ﬁilfréﬁé’sﬁﬁ%?é‘n%oﬁiedlﬁ@pores

|nven Ioh are selectively perneable to sone gases over
are pmebmod;forﬁfmd o theptrystal framaydirki élmtesmmaﬂmrmrbs aneanof

e J nventj.on can sel erne e ver
examplof RYEPRIG ReTEE kA Ui ST GRRS RRSPRAG Mepfurc of gas
throu a%ehﬂentgpé\fﬁer%m H8péndsceiigie eafben @z&dam sbleegeity of

gas conponents using the nmenbranes of the

these.nwefm Ifdhe noreeelide poresar suifieipplly lafoe dranrporiibsoughithe
mem%ép%légpe'&'gm HiGugld %%Hg&h iy L%lcfr%leﬂ%@éﬁﬁ&’é/e@ggrg\gﬂsz’%ollte

ream>ln or O Ssepara
memisrahiés at Bag beeanspeitdd thae ndhizaolitg pboes:matraﬁbwbns@msl ared

that at | east one of the gases perneat es%
é e qum@erqtpre and

Knudsen How sestrpsedhe, saiRativity dseshysia mb bt 8t ehel S0
Pressw@ EfBER'&ed San%eb 6?8\‘1%%&@‘?{%9@11 iﬁ/llfl Solitd Fr?émﬂt%%es "J.

nponent oVer a sec as co e perneate

Membzt Sea,m@@ [115pe enriched in the f| rst gas comnponent

while the retentate streamw || be depleted in the
first conponent. The perneate stream being enriched in

[0039] Thbhﬁoaﬂnéatrnaﬁsraq%pmﬁaqn\}mJubﬁ?aré kalectitely peneRablAtd ¥ne

first gas corrponent in the ermeate stream 1 s .
gasesgomcﬂhetshaﬁon aanpacthetmadified SAPOH# mestyaneaef the invention

can bgis'eilec%(/le% petrpn%ab?e Fonbfﬁtg%vsétr t‘?—ﬁ Therefore, the invention provides a
method for separating fwo 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



being depleted in the first gas conponent inplies that
the concentration of the first gas conponent in the
WO ed0eniAmsE streamis | ess than its concentrat i PCT/US20051€27530
feedstream [0040] The nodified nenbranes of the
invention are suitable for separating permanent gases,
implies thairthe opapentsatiamel therfisstrgas corsponentdathe REFbealestream is

o8 G5 NORTE il v

being SlepRAed irt thef sy SovAPOhHERCNTPIED ﬁl@éﬁhe%nd@ﬁ!ﬂatﬁtﬁf 6f the first
a supported nenbrane Is a nenbrane attached to_ a

gas ccemp%emt in the eteplate strapysiessibiandts eancestratigrimthe ar e

feedstfé‘é}Wn to the art, but preferred gel conpositions for
orm ng rrenbranes may differ frompreferred
conpositions for formng | oose crystals or granul es.

(0040]  The RRodlies Fistmareyias £ K16 RVEDHOR aifpsHiatil ESrarpay il D& anent
gases| Q&f‘aﬂlc UBp&re, SAY @8 HTBmY C}Ionts*'ﬂéie|'*821'f.eCU' ar sieve menbrane

formed by providing a porous support,
contacting the porous support with a nol ecul ar

M bsi eve-formng gel conprising an organic tenplating
ﬂn——é@%ﬁhﬁl@ﬂ-ﬁng t he porous support and nol ecul ar si eve

[0041] MolédURMNEleds mdrbriafesintay BE lgréwn timvaghah-sit@ apjstalzaidrt on a
on the surface of the porous sup '&ort and cal ci nﬁ@g q
e

porous isepRedite ferm ayssippeged mvbranee 2Hpedhereipoa syp

memd4RET, 8oL a8 o4/ AFRIR) Fydeuter s

crystaiﬁ)bl%thhcﬂmn £ theeart My tpréferied gal compositionstionfprivirey membranes
port with the nol ecular sieveformng gel. The term

may dlﬁ@ﬁmmtnrﬁ@r@@wpﬁltlon%ﬂ%|f%rf@n9.l%osc? wﬁ%@r granulgsy The
prefer‘?&i Séﬁcgﬁgﬁ%ﬁ&gmﬁ%ﬁ%@ebﬂn\g” of fWerIfe%l F;E?%tall&gtlon

Ion an

tempelagmelandttlmeﬂ of the building blocks that formthe
crystal framework. [0043] Synthesis m xtures for
formng zeolite crystals are known to the art.

[0042] In Eﬁ %?r%i}ﬂ“t%nf Phe ARHEAHarsibY® hdrhbRiR rﬁxg%eﬂfbrmselvyt;ﬁowdmg a

nbranes on a porous substrates have been repor
porous Iselppottecmtac’@mg( hekporos seppait with' @aleewlaesieverdiorming gel

erties of, A e Zeol,i rane For Por
compigAB B0 E3nT tepipliieAie Ao b8 S HPRg AndThgRular
sieve fothiNg geditd fofm £iedlte laydriat Retistin part@h A8 stirfRte®f the porous

eolife Filmon the Surface of an Al um na Ceranic

support; langrcalciningghe weelitegayeite watave thedemplatg. For some types of
molecular sieves, it may be desirable to prepare the porous support 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 to 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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[0044] MFI -type nenbranes include ZSM5 and
silicalite-1 nmenbranes. As used herein, the term
w0 giobiocbT t e- 1" refers to zeolite Pentasil PCT/US2005/027530
(silicalite-1; Si-rich ZSM5) Procedures for making
supported M -type nenbranes have been reported (CQues,
141, 197 Rndd¥lasiida, T.E@ial.aRreparationaf asf AZepei Z@Ol(leh/Fllm on the

surtac SRR RRY PRSP ToSs HREBRE s pRE, ol poff o™

"Zeolite ZSMS Menbr anes Grovvn on Por ous Cc- Al 2C3
1995, JCS Chem Conmmun. : Masuda, T at al.
[0044] MFt ﬂve@mqnbmme@ﬂndu@%rzw ,§SPn¢>SIZ@QJIth1em|EmW6%S t A used

herem%{ e{en% %@a@gg{n r'égglgﬁ Qg{ﬁtg %érft%l (sﬂf'q%@t% 1’A§i9|1|ch ZSM-5)

Proceddu‘etslfolcﬂmkﬂmppﬁrmswm typéhmenitanés aévepren) Irdapml'téd:(Gues
te Menbranes,"_1993, Precision Proc

ER. efréb,h“lf%]%@?te”m’fﬂﬂ@%??‘ﬁ%ﬁMEHdV'ﬁmbf%DeS 6 FSPHR GBI
; kzeoli
Suppp%gér g%l on I},enar act erl st gs %%‘5 8%9%@- SYua\rﬁgOYr t%ggp Zeoltte

ZSM- ﬁﬂelmla‘ahteeﬂroﬁmod)n PerdvsndoAdag,™ 1@%9GCSJChe|MEﬂmmman 2,227,

.oJ t I 993) MVenbr
Masudzn T 3t Sl SUREBEsioniRs ADapse ZobhaiZaglis Lim arelk Slesatan

MBI £ 10 B TSRS, S
Multi-@omeonaBHT tamsBoeT htough/MetaitSupportesi MEI Zeakitediembaanes,”

O gani ¢s_f
1993, figpaitiopyiochs JEF BB Wi Cr Oatben AR e atnidiie. eds.

KluweP/'ﬂmgﬁéﬂclél‘rn‘[9 BNEE@rEél@é‘ér W29 % al, “F"\@?H@éﬂﬁﬁ (ﬁ%rﬁéléﬁstlc%ﬁof a
1-123 045 L nenbranes include Z

Metal-Suppededdili¢alite- r‘reZoaQtlge iisimkirame e %adeMehWémbﬁﬂh 117, 57).

Jia et RERESSHCL Mombraila S6i 58116, ARelosrSsaRt sypfiasfs,qf itdite *

membP@\ﬁé@bﬁ%@%ﬂnfc%sl@ EgM-Barerz W18, GL£ISM-Al éﬁtEGéOZ&MS&B
48, 269-278 OOiﬁél Procedures for maki ng

membriangs areediselosad jiv sP%f@ﬁbUPt GWW&%%W%M\& epgl. as well

as by 11:@};62@33?@% Pb\(r{T%ha ac’t é%}elps}é{ %&Wreﬁ@@em B)?04

Pervaﬁbfétbﬁrwlth ISdntsrphously!Rbsfituted Mt lZeols8 Metibranp8Q20P2 J.
O crystal s can be synthesized by hydrothernal
Memb{f@%ﬁ&!ﬁﬂcﬁaﬁ%ﬂmr%)a reaction mxture containing

reactive sources of silica, alunmina, and phosphate,
ooast el snsS s S oSS oS gl LEmegpranes
have @g@@g@g@ B gfdlPE? $f LAPQTY 378ME 11 MSHBRENRS:
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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SAPO 16, SAPO- 1 7 , SAPO 20, SAPO 31 , SAPO 34,
SAPO 35, SAPO- 37, SAPO- 40, SAPO 4 1, SAPO-42, and
wEABQssTrystals. Lok et al. do not appear tordi/BEs1005627530
formati on of SAPO nmenbranes. Meriaudeu et al.
(Meriaudeau, P. et al., J. Catalysis, 1997, 16
procedifes & forpng seyeraldypemef SABﬁ%cwﬁtﬁlgrloelédlmge%AP&% SAPO-11,

sAPOLA] BAMOSF S Apd: %@%8;% SO QAB Y K @be 27 sAPO-

40, SAHO IAPSAPDIARa ang . SAPOkasbrystls. Dok kt als hlorm)t ra@peat togeabclose
corrp05|t| ons and procedures for formng SAPO 3

formatigryaf SABO emixases. Meéviaudgad ebighi(Marswpgau, K et %' J.
caray S ToaP S HEHRY e RRAIAY pts i BPlomii

SAPOPt NEAROS1, driteSAPO-wherates. Mériaddetnetinb datndtappear to

PN S N e
compast eparéwgrd‘déﬁufég f5r 6 @P(mima&%talé WPrél@ésh' A.M. and

y m xi ng sources of alum num phosphor us,
Unnikgshniamo®., &rChemy§enFanadapdranses 884, A(15), tZﬁ%I—%&QG&g In

severdl i Phaliith #50 EbrieREnstRESoted Brke diifarhs ] §etRpelfor 24
hours %t Q?Abz(@@O @le%kaﬁ@aﬁd@nrﬁl&srﬁﬁ%@o WBEASp&Arits disclose

| ati ng agent. In an enbodinent, Ris a quaternary
formahamoﬁSAl?ﬁQ-éﬁﬁhemb@@gent I'n an enbodi ment, the

qguat ernary ammoni um tenpl ati ng agent is sel ect ed from

the group consisting of tetrapropyl amoni um hydroxi de

[0048] In 4 BABdHimeRt forfsredibiy SAPO membiznes] the gélds padpangt by mixing
amoni um hydr oxi de, tetrabuty I anmmoni, u br om de,

sourcesof %J@ﬂhwmanhewmﬁy%w% akd ©OrgeR)n thepresenrs of a
templ%t!ﬁéjgéﬂénﬂg‘n Whfc a};ﬁé c?&"lﬁ%fﬁ@h'o‘?@ﬁe Hﬂﬁ"u?é’ﬁb gi Be éf@pressed in

crystallization ween about
terms@iﬂwéﬁdibdm@mﬁiarﬁr@ﬂo&as a 0 Al et aE@s ARi0L: GROdHzDdwhere R

s & g AdPB N G RGOHIRIT Rds 2diaenany 8LTReH i BpiPlating

agent?$h 8RS %he'f‘lqothe'cfua?érhﬁf:yt %ﬁ'ﬁﬂ?ﬁﬁrﬁ tahfplatthgPegent is selected

substi t ut Int'o the structural framework of the SAPO
from thegroe consipting of tetrapeopyhasunomichubydroxize, (TBAQHMjeirapropy!

A o cph e e el
tetraefﬂy'l bAtthénibRT h§«‘drh§id@| (WEMHP RetPdetRPHRPnabnitmitoids or

han about 2. In an enbodi nent suitable for
combuﬂay@m%therzai iln ansmisxinest, sitabledor castxlizajiondirtween@bout

420 K and about 500 K , a is between about 0.01 and about 52, b is between about
0.03 and about 196, ¢ is between about 0.2 and about 5 and d is between about 20
and about 300. If other elements are to be substituted into the structural framework
of the SAPO, the gel composition can also include Li;O, BeO, MgO, CoO, FeO,
MnO, ZnO, B,0s, Gay03, 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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hours, a is about 1, b is about 0.6, c is about 1.07
and d is about 56. In an enbodinent, Ris a quaternary
woe@anirssammoni um tenpl ating agent sel ected f rRem/Ubm05/027530
group consisting of tetrapropyl ammoni um hydr oxi de,
tetraethyl ammoni unmhydroxi de (TEAOH), or conbinations
hydroxithe ( BEoAOHixehgorebinatiops theraof. Exargplaselinigceshyes far making

sapoLE{ 2088 ol BGOSRl R OBy bt

Ilteratuﬁél Ll)ﬁarﬁd; et all 89iGd. SUrh. Sei. Lk, 1‘)9976;1@6'; pcﬂ?SMr)hrémfaj sfnthesis
SAPO- 34 nenbrane on one side of a porqgus a-Al?2

of a SABOSRA membrfaénescvm gne Isidesofia PPERUS AvQecdisk Hyamﬁwﬁ'@géhe

substrsgep%LPrf |Egan chroégggr&iﬁ%g%@@ bst#@éé(bﬁg%egob%on et al.

reportéc? s@gk%g@s p gg‘zégg%% fbfra\ Il-%lh IEIZ,\(] cod, ar;uil‘lg-CAHh@m Péstaista et al. (Ind.
our

Eng. Gherm.Ba3. 1506, 3 b SR AB BN ARRE K5hAG 2000 AO U S759)

reportggﬁpépoqgé u% s&ﬂﬂ‘g F%l&fggAP@ 82 0fembrakedBEie |F|S|d Wi PdRe of

a et al. (supra) report

asymraethigl po@as by tubes e Peshostaretes. (8uﬂra)depbrtad16|ngle gas and
m xture selectivities for several  gases, i nc*u i ng

MiXtuTg RERANCTR AnEiPe el N mIiEE SAIRGI TGS dBE PRIl GRses, including
CO, a?gl (3':194 ?(Eﬁ%% /glgﬁsge%gﬁg?g‘?%ﬁﬁ% g)rtéeﬁdﬁgrbé"/ ﬁn&ﬁ%re at

ressure d
300K W bé’ﬁve(d?ow aatl @6efor al feed predstird of Qﬂalk,Pazm):Da p46$stj)re drop

of 138 (eesuista ef b ASat oy 2000, Shi. BR AZRrIHS, B COaCHs
selectf%'?c e ﬁf éﬁitﬁﬂ&ﬁo bBtlﬂzéﬁmHéﬂltWet dbsor S%PO geﬂ%\ﬁ)éf @ hberatures) and

or crystallization of at about 460 K
dlﬁerérmesabdlﬁmsMyhours ais about 1.0, b is about 0.4, c

is about 2.0. and d is about 50. In an enbodinent, R
is atripropylamne tenplate (Gunmp, C. et al., 2001,

in éﬁ‘@mb‘@wﬁen@ﬂfﬁbl@ﬂﬁ cryb Ry atidrPot SAPD-5 2t abbut 460 K for about

nmbodi ment suitable for crystallization of SAPO-1 1 at
24 hoaltsoatls about 1.8 bapekoubQ.4heis gbout 2.9. andgtis abgut p0; & an

embo@ﬁ;ﬁeﬁﬁ1 %é%? t?pj’o%ﬁaqﬂ@ %n%lﬁtgg]@u?n 05%2?& I, gﬂgr Chem.

Res, £)(2), S80877), indén fﬂbbdusﬁw)gmuntabb fcs)iﬁl(yglalll.fﬂbnﬁif'BAPO 11 at
Proocedur es for

abouti4EAi 196 BROHLIH POEES. Pyl aReUL 1 0o 1s APEUL O ot GPRUL Llngnd d i

abouta§0 ah: ar{é‘?‘l gdl %ntek l?la' dlﬁﬂcﬁ!&%}mrﬁe té@glatggbumn%h. étld) 2001,

orted r ot ranes on
Ind. Eagfreﬂ‘.ﬂlem RbaMO(S@,rﬁﬁ@ﬁ?ﬁ) Proepdutesdfongiaking SARE:-5 and SAPO-

14 e aE eV it iape B 05 LGTRBIH R G5 Be3 o, T
et al.,q|992, J. Mol. Cat., 77, L12) reported hydrothermal synthesis of 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. Tsaietal. (Tsai, T. G. etal,,
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
o-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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1998, M cropor. Mesopor. Mt., 22, 333) reported
synthesis of SAPO- 5 nenbranes on anodi ¢ al um na
W@ PpO115S7 usi ng a m crowave hydrot her mal synt hBGT/BS2005/027530
technique. Gunp et al. (Gunp, C. et al., 2001 , Ind.
Engr. Chem Res., 40(2), 565-577) reported
water Woﬁ%’leh@ thears befere adiingihedamplateaTheanpdure is then stirred
er surface of a-alum na tubes with
befor%g@%%@ﬁ%rsggrcte{bﬁégﬁ;@enbodl ment for form ng SAPO
rrenbranes the gel is prepared by mxing sources of
al um na wi t hwater, for severa

te an
[0051] In %éﬁaﬁz@ imani e seuiceRiiPhosphateds phesphers @C'Phgi"tab'e
phospgltra]'tée %@ﬂg@@fa@oe‘m@ﬂ@ 2 géﬁi% %@%Bﬁﬁte%fsu%'h'éscﬁletrgﬂgﬁ%pﬁﬂe and

I ment olir ce osphate 1s phosphoric
crystaﬁioecbr aBoophblie apmpphbspisates c és aalepabodivientidhe rsgame:of

s AP A BT RAR GorRRd S8 i

sourcé@Hfs‘éein@md@'p'é&hé?@boéhrﬁﬁe ahd Bryutaniaé lbpahstipheush as
al um num i sopr opoxi de. Sui tabl e al um na sources al so

alumlanweat@ee(mbbotm sodidira aturgingia, Aluminein frichiaridst odis an

eyl AR PAE5H8 PR B oL S I, i e

fumedbsilits aehstive sdlid &AofHousPretiphbedsilide; silisawet eskatides of
i ncl ude fumed silica, reactive solid anor phous

siliconsdiicipaeid s @kl metl siicateda gel, al koxides of silicon
(silicic acid or alkali netal silicate). [0052] The
nol ecul ar sieve-form ng gel may be aged prior to use.
[0052] Thésnoleedlaheeee#forramg ‘gal ey belaged priogéd usdaisi iselddiatein, an
[ tinme a{te

‘ageck 2 n S int R o) S Sl b B bl e e
comp&HONEIdeE geldie rﬁ&bd't@ @P efh %’i‘@ﬂﬁfdcﬁr‘h@ﬁt e | ngls sealed and

storage to° prevent Sett ng an f ormat'i on”of
stirrecsduiing stokage W prevent wtﬂhng@pd thebfermationl ohg satigt cake Without
| ar heory ev.e hat ,na.of the
wishiBElo b Polie b aBy SinduieCigBnu FesPar BtARIR e} 8 e
affectd 80BSEqUcH cRpsthIR2dtioMNofsthe /el bl eBBRRIY nudléatich sites. In
bel i eved that |onger aging tines |ead to formation of

generabiitds bglieead thab langes agintmgs éead tOeﬁ@r@gtlﬂ@ of masewucieation

sites. dﬁge E?eg%ﬁ%@ aép@sﬁ’ﬁer\}%lrl tgg {I %hgfa ﬁh?%bﬁﬁt@%eraturﬁ selected

Preferélhj]y Gy dthlepragipitgtioeis wet. ob@ee\feid dblinyg tﬁd‘l@gmg spem:out )Preferably,
s such that the i s capabl e

the viseil 04 (4 500 GepiShgNat e g foeaPalip B PENEiRRing the pores
of the'dﬁr&b%%% aoﬁ% ggftef lrﬁt'th lﬁl??ﬁggﬁqg% t%?fﬁ o?r%ﬁﬁé(ﬂh h?ne% gelina
containee, matdriai oan settle tarthemimddhmfrﬂwe doméainer. In an embodiment, the
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

14



gel is stirred and aged until no settled material is
visible at the bottom of the container and the gel
wa@ppearzsst r ansl ucent and substantial ly uni f or lP€DUS1005/027530
eye. In different enbodi nents, the aging tine at room
tenperature for SAPO-formng gels is at |east about
than onevbatah dfogel mayube preparat @ndidgad, avthudiffergnt batdhegrbeing used

hours, at | t. abqut forty-eight.. S nd .
for one 3t rpre BsidifAtaD Sensee. -8 SN sy burp£5h step
may usé hidf&eht Balkadifgent Thé Regimplime dfidifteraht baehes of gel at the
) tenperature can be at |east about forty-eight hours,
time ofayse Bwytbarthegare peMmay kadifiesents, and bet ween about
three days and about seven days. The sane batch of ge
may be used for all the crystallization steps, so |ong

[0053] Thei?eltibw@lmmﬂrinﬂoicm'nttacﬁfwitmat legstond suracesohibie poroasdeapport. In

ternately, norethan one batch of gel may be prepare
an emppgimeidthe RArAUHSHPROE AaYLRE mBsTaRd Fghgasy S shaigRere han
I i 15
one sufficE &S Brous it S REE e U I AR aR it A8 dot some
of the Jblepargtrajes theepaiesdif flie sepporbailbeeores ofjthie supparkenesdmot be

of . u y, be the sa r be different. .[0053] ,The
compiglety il Bt ' hart SEbR ke dne:poious ShBPof i begiithy 1S
contac® with® sBRICRINE gBHRIYJF gel SuantRiTRASWIFESK the hGleB@RP YReve
support nmay be immerseéd in the dgel so that nore than
membeare isurdtscbstehtiafielipied by the@vwuntedgehavailabies gel . In
an enbodi ment, at |east sonme of the gel penetrates the
pores of the support. The pores of the support need

[0054] The?ﬁbrdl% SuppRirtet &l ody ¢dpriblavof Bugisdrting the makedida siend ,
e

por ous support is brougfht into contact with a
membgafie.i Ehe POrejisasHAROY BAY el ofamhsiitable ghapg Hngrdipgdisks and
' ' ; ti | ijrid-ed
tubes. i & EhlodhnBHE REBRFABS oot iT YSIEarH tibel e
embocﬁm,rthehpﬁ)raué)gu#ymomm hestalf orsarpimorganig nmdteriaiol le@nl ar
si eve nmenbrane. The porous, suppor be of _an ,
embodifjanipNe ROfARSURRRIE Ba%aobﬁeﬁéczaﬁ%vn%s%@.e O o, reaction
i I : iAtH et i
produdt s hTRitbriadd EBR RS HIRM At it B JRAISUEl Syitable
inorganic paorous GuUPpLits inadds, ibait aré noblimited taliavahiminahglapsy titasia,
. support dges not, appreci ably disspolve or formreaction
zircongy GALRAs SHEOR KEThifcrIRYE 6" sHeAe TAEEIS RETOFREactPRP e
e i - JaRi r r
asrogolasafi ShppSEY ks, (B EAIQANACSUiabIe (WSS MRS dbports
includé] barare, nat ilimitedita, staamdssstesi, Inickehbasedatieys @neorelor
ate m n%rral S aero&els syﬁgorte aer,o

Hastalloy) o BBt @UOK GTramUm AT ANy L1 CUR LA G FEH of a
fibrou® XS WA orHdRRREVEN), a combination of fibrous metal with sintered
metal particles, and sintered metal particles. In an embodiment, the 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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i nclude, but are not Iimted to, stainless steel,
ni ckel based all oys (Inconel, Hastalloy), Fecrall oy,
w@hkooen17381 and titanium The netal may be in theCT/o82009627530
a fibrous mesh (woven or non-woven), a combination of
fibrous netal with sintered netal particles, and
micronrs, i itetbaseexoludeasupusrisshaving segiend wiiene e chareciesistic pore

size iSiRER 2 e st haniiig A pEop & bR 8Lt il 152 micron

avera@é‘ pb@éwsitz%afrh@\&hbrsetmicl}ﬁﬁe SiAal beReh aatthe tdverage,
ort urthernore, the pore dianeter of the sg&\ port

medla|nsorda(g6§t aBre sizar ga difiesiegheabodiraents fhecergrsizg ef/iie support
[ t

is gre%t%%ﬁ%a?{ém&ﬁﬁ ﬁ’ugcg/rgh B%L\Afe %&u‘? Méb%ﬂé ﬁfcroﬁsp&réﬁbilm
microm¥.eThe zploh;rv]us $thmpqut)myd:m;mmwtoqiorthdmosm praterialivehich prowdes a

. greater than a t 0.2 mcrgons. The pore dia
sealingisr B 0% Sotal (G TPERIGc: RAR EAOE DA EIGHS ABede
mmef3eh f 2Hvel "Va’%‘gsfé%‘”%“ SBeSIg flrg E STHORRIS proBess. i
which soappanolechhv sieyerargstalssmai doren bhdhe manpotausi rpaieciapas well.

size is about 0.2 mcrons (for exanple, a support

having a layer with an 0.2 m cron average pore size).

[0055] In Jrhencdwmeherthébbﬁoqu)pwzlg dI@éhé@epﬁ&l‘tSrbeﬁfq bRfught into
aver aﬁ@wrﬁhl an or | ar gest pore Size In erent

contaeisitii esingepol Be suppoBimahbe slganediby keige dailed in

puriicht ARishe Ay i AR dFe B el Bef Bt bictiny b

J 0| ned to nonporous material which provides a sealing
face for use of the nenbrane. This nonporous

[0056] Aftﬁﬁtf@r PefouFByPRPE AP REsdses] ara bepugtiRtoganjadoliersipport
and g%ﬂérje LS 55 b ndBkudH5leRd c‘r%hﬁelz%'ﬁ'ftﬁgﬁé §t£{) 0Fﬁ§%y%h'ee3|s step

h ' case nol ecular Sieve tr S may rmon
can leadrtpdoonatioradEmioldcues sield cryftalsoh and iathe pbromlisnsumport.

oo ecR ARG BB e & SEREHE e 5 B L o or
the s&f’ac@'cﬁ%ﬂ@%o u@%ﬂgﬂ)rpé’hcﬁlgfjoh r@\thely@@rrﬁ\@d ﬁ{olecﬁfléreéleve

cleaning Wt , he support my t hen dri ed
crystaﬂsz)ome Iaferr of mdlecyar sieve costals tforned ﬂheng@edh gynthase step
t.act e su heat e

may it B otiDbisr Bl BGdns yGnERRERp2YF e g s PR cTtate from

the syPYHEIE §EPWRk G Being irRafpdratddinatieomomicua sieud Membrane. In
Si eve crﬁt als on and in the porous support. During

an emhasimeghionsynthestsegf SAPQy4 mambrgnes ihgrsysithasis temperature is
betwe% o%]tﬁzg e}rfoe ﬁ@ftgsrdog(hf f?\r&fﬁgfentt Eﬁqlfdﬂl%@g{% 1‘8} e\téﬁfle&s of

us su previ ous

SAPOsBe\rﬁembvaa’Ceel the 'sVy‘rﬂhégseempEramieeetﬂeiWeen @aveutd 56 Kadisd about
med durlng each synthesis ste

480 K or between about 465K and about 480 K In different embodiments, the

crystallization time for SAPO-34 membranes 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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may not be continuous. During the synthesis step,
crystals may al so precipitate fromthe synthesis gel
wowdkoutssbei ng i ncorporated i nto the nol ecul arPGI/EY®05/027530
menbrane. In an enbodi nent for synthesis of SAPO 34
menbranes, the synthesis tenperature is between about
[0058]  In amerbadiheoile Suthesis atep Mmpg berepeatssdnmsdestor fgrm a greater

' . p , ' .
amouR 4P RI8 T 2L EER TSNS 288 sy BB qupep svgnesi
gel is regioveenarbthien theperensl sapsort isAiioutht into dorthet with synthesis gel

enbodi nents, the crystallization t

beforerparorayng thesnpdisyaiesipiar- 18 _aarﬁiﬂ'[a@u{e%ri,sssﬁg%?égﬁ sygythesis
steps FRWErcrthedPL ﬁxatﬁxé;bnmagu/%xﬂé}glﬁweﬁggg%é HRPBF surface by

aut'ogenous pressur i ment, excess
the systhesisedepss fprms & coptimes layemTheenslegplar sievednembrane is

omed BS54 G 5 B sl PR B suppor

surfac@{stg%hdvbﬁé*cinwc%hé\cﬂe@} Rlojedulst sieNRPerybtald orifdcEipsiderthe
sieve crystals may then be dried.[0058] In an

porousstiertirhelnt an embaiment dhe malegulaksieve crystalairaide e support

rder. to.forma_ greater . of i eV
are su 5 L8liah i P Be 585 5 By TR il B motecutar
sieve &y8aieaicsSc@fiedted fetivagenst riblesulaheicveraystaufopaet on the
i S brought into contact with synthesis gel before

suppopéUriaca tg anrRmMBestimernsyitapat Sinthesis steps ApRSITarEIRd that the
memb %{rr% 13&{71??)%@%&8@%36iﬁﬁé%ﬁ%ﬁef‘él%p%?étfdﬂ {ﬁg&% rE‘E%Ec}i/ﬁ%tﬁ)en).

! ayer for e suppor ace
synthesis steps forns a continuous |ayer. The

[0059]  ARPEEIREHArSTONR FRBIA 37 BR85s SPYBtes NeMRISHR SRS
membtatiPale éél?@?g %§ %hbé%ﬂtiém?@ﬁ@fh‘é%}gaﬁrcetéhqm@tbqfﬁaieﬂbl. After

sl eve crys ormed i nsi e porous support. In an
calcinatidrg dherereémbiane edcrces asesiipesmeablst barsier hetvaren te phases
bstanti al | i.nter ect ed.

it isGHpBBle R B P b et TRPRES o] i very specif
mann&r. Yi$ Hebe it &nBOAIRRGItE dht @alditatl ot iehfpPatur® FGICSARD

sieve crystals fornmed on the support surface. In

membganesiisrstwees whiout 6EAK aptaheudi W0 and b@@vqﬁ@rakﬁ@%@ Kand

s F735" B SRSy BITAATE DR SOM 18988 Bttt
e BSSAG AT s ko 10 s s ol K I

an embggoant the c3icinalipndines katyaan @beskpp hoursand apgpt 25 hours.
Conad s, SR LIRS R pupstptaly remove
the tempiEtbIneatefial. eldse iof towey dafeiningtempetatafesicareadues the formation
of calgﬁi%8§r§3létéd Idgfeactg ?r{ %est%ggnlbfrér?e. The heating rate during calcination
should be slow enough to limit formation of defects such as cracks. In an
embodiment, the heating rate is less than about 2.0 K/min. In a different
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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manner. I n different enbodi nents, the cal cination
tenperature for SAPO nenbranes is between about 600 K

wapaeabmset 900K, and bet ween about 623 K and abOmUS2083027530
K. For SAPO nenbranes nade using TEOH and TPACH as a

tenpl ati ng agent, the calcini %ten'perature can be
[0060] In dreembedingiduthegnslaculaicieusomentranes of thegpresapbiaveriian

h | Ci ) , -y _

compr RSB RSE RSN bRt S B P PR

pores betReasuppoHemd WhivhdRFmtalayebsh aldamt bie si@ukthiehsorous
tenplate material. Use of | ower calcininpg tenperatures

suppoBarf hechiskeess o Her MelscuiarariealryPhileRRIAS IaRAT g i pymber
of syn%h%g[ﬁ"&gegg Bgffaﬂﬁed.-rﬂ?ﬁnt%gﬁl?&ﬂm'éﬁ; ﬁ/hgl'i% Iéﬂ&hé?iggé?@éc ?fsﬁ“

ow énoug Imt formation o
peﬁor?\edmrﬁiﬁtlw mglﬁbrahe iailg/nml‘nmﬁbtetu nitrolgen hihet thiviness ef the
ess than about 2.0 mn., In a different odi pent
cumulgiie MERGUR] et e gt thargalRg 20 MTans RN the Ayer
thickn%ns s:reﬂ% rﬁgée%rﬁkﬁﬁonb%réég-ié&ioﬁgt\&iﬁh &a‘?\\f{iﬁg)eiebff?ﬁ microsoopy,

ane ect formation. I n an enbodi nent,
the uncedainbginrthe éhicknésseaisarenadtls believad o be onrha order of +10%.

In anofqHembaEBTLHe dRekABT DR BRU e SRk T T8 ab0uTs
microdE NI ANEMbBHIh &R, RhIEPEIbN IoR ¥ o @ sGOET irstendyrittetifbel can

sieve crystals whi ch are present within at |east sone
lead toformatiop of saoleculaneieyempystalsavithinihe suppariaga wellas op koth

. at,. |l east ane- side of the £ Qu t ' .
sdos R BheRL s Bl AP BRI S K HBESpEF e biBESS oo
can leBYN® ermaftiop)dTiriciecalas siive dpsthirigtln the tuve ashediaseioimation
where synthesis steps are perforned until the penbrane
n

of a molequigiatieisalayer 08 the insideand thipowtsidardbs tabe+ Hpan
ermmofBH b TRBRLEF el SUSU, B Bt g 88 R e
suppott. O8/hen &oth eideswftthe Sapport age Pheetsezhamd capaitlemf befrige
penctialsa by SiF ohb TiRIons! meet i S T e e B fickness
of the%ﬂb?éﬂmfﬁgsqﬁﬁt Jﬁ@b&%ﬁme@is §é|edé% peheiiatéd tlEerter of the

S. odi'ment

n an e nt, Tmrersion of a porous
suppostupgpowevem farhatoynfmesiesulge sievarcrysials throughouhthesupgort

does f B e Lidlatd grtieha Sgnintels bR Bie o iEios Sine
suppopf @ porous tube in the synthesis gel can lead to

formati on of nol ecul ar sieve crystals within the tube
as well as formation of a nolecular sieve |ayer on the

[0061] In é\rrll %im %d?rﬂgntt, %g?&?ﬁis%a%ftiohr&%léc‘fieﬁy of the®8APO-34 membranes of

the invention before modification is at least 50. In an embodiment, the CO,/CH,
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,4 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./CH4 mixtures with CO; concentration varying from
approximately 25 to approximately 70%.
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enbodi nent, the nol ecul ar sieve crystals may form
t hr oughout the thickness of the support. Wen both
WG e@e®1357 t he support are i nmersed and capabl ePCf/URBDFIOR7530
penetrated by the gel, formation of nolecul ar sieve
crystal s throughout the thickness of the support
Membrans Medificatiomt t he synthesis gel has penetrated to the
[0062] Theealcmedoholelkslas sigvermentivany & tredted with @ madifying agemtalhe

o A5 L E AT b0 SHRA O <BURBRE s 2ERF by FEPAPG e
separdtRACSISdivity ®f S RIhbrahB0 G4 liffdte ANeraBbad eS| the (PhBAiBfHg
separation selectivity of the SAPO 34 nmenbranes of the

agent jsnadsarbes withiothe meaibrapatomihe membraee,sr agh withigand on the

e R b PR R BREAR AR SR Kty led
embodifmedt gheenethbas flakahitoughtheimembeanesis dielow reddibdatectable

253 K for an _approximptely 50/50 CO2/ CH4 m xture, w th
levels abbathes epmpdimestsu the BRigvemeni in BiepRRaRalin selggtivty is at

least oﬁ%ﬂé}rﬁgﬁ gﬁﬁ@hﬁﬁé&%ﬁ%% 'ovérﬁé%soﬂ%agﬁiﬁ{(%g%%%feast three

I nvention are great out 140
ordersadf raageitquier. at ur e of about 253 K with about 3 MrPa
pressure drop for CO2/CH4 m xtures with CO2
concentration varying from approxi mately 25 to

[0063] Théeerrmegﬁh PndiB¥ e glhand\Relirifg Hgent EQ@E&]"tJﬁé@" fora

cal ci ned nol ecul ar sieve nenbrane 7Ts treated with a

given sepirationg Fagtuning themabetulgi sigvaged modifying-ageittulsely issues

. whi ch,  wh d d, is. bl foi i ]
includg g Bizer T SRRROT O o R B0k A wrlBSRE dfblfor e
molecBEP iEiveERb fotiohhraiieh)f ihrth éaBbdinientagheanbeaiying talgent is

t he nenbrane, on the menbrane, or both within and on |
ammonis QEhtimatentially usefd ediiikgagetisdndde siapgseneer amines
that regE} §Abe oY s iR Res At ARaf ERARLTRA sub Bs TiAARA®

| evel s. I n other enbodinents, the inprovenent in the

separation selectivity is, at |east one order of

epegynggh

[0064] AdseiphiPh @déne Brodifuiagiagens Wihieine HEMPIGRE Mak
chemi%gﬁggi?)rquf]gsﬁség?%ﬁ Sord cmmétMHQhe%%ﬁggbgﬁ?Scess of

nmol ecul’ar sieve an ng agent can
chemiberptionreadbrding tathy presestipaeationis. a EBbemiaahadgotption process in

which IRk B ol A e e BPIE S euE 45F Henusgr tovid
state (#§& mafyigSaddrt) hd ¥ Solit duffdice (the molecular sieve). Due to this
weak bonding the process 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 particular 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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nol ecul ar sieve (sorption strength). In an enbodi nent,
the nodi fying agent is amonia. Other potentially
was@bol756ndi f yi ng agents include silanes and/ oPCHDB2085027530
that react with the acid sites of zeolites and poI ar
conpounds such as ethanol. [0064] AdSOfﬁtl on of th
[0066] In anmmbgdimgrigbatmedifngagert IF@mNana. taythiser MU@N the

v CHEFRHON g SR B, AR

membr@héﬁgm atiavferhiamd dontaing Brpnstel =il oitex (amid pltces:emere the
whi ch a weak chem cal bond is forne betvve%n nmol ec

acidic entity fiag derizale dydregan) qarmgniationef theJPePry e gt ?aé to
the forﬁ%ﬁﬁ Egﬂrﬂoﬁ?ﬁh{ Rne dtlthiSsdBbigGitkar I@b%\éﬁévemmﬁe Bhironia

process 1s reversible upon the
treatmemﬂalnswb:hl the lmier‘meatdoelsmcttmeSldhu;mlb‘qu@nysqféhﬁ praleculangieve.
nodi fyi ng agent may be adsorbed on to the surface by
rel atively weak forces such as van der Waals forces.

[0067] In abrbthSdlpﬁé}ﬁt !h‘é%@&lf)f g ab@M?i@tdd?% nlfrbgemédhfa(rhlﬁg ceaptund

oes not irreversib react with the nol ecul ar si eve.
selectddB6Bi thAcgarouptcuooalstmg obaminessinenaryclie hetaseeyalis'compounds,

th
organdiefempiped and i s RIS wandfdeaRbatiEnt e .,
modﬁyhﬁal h§ént 19 %20 bdHUCKartdiematid iheydrogycigastmpourtd.n t he
nmbrane nay serve to obstruct gas flow through

non zeol ite" menbrane pores, therefore inproving the

oooe) - m FEGFRAST, B UL IahDARE ot RnarBy bR o tomriing
the mddifyiigeagerthrough tha)mémbmed Tle bas mnmiur&mEedonWIsa a diluent
t he nol ecul ar sjeve nmenbrane . is in acid for

such a8HIrageR. BihaRelickeMposiTeR!, fi meniiane TRLPe TRdpifed in

soluticR¢i dic entity is an ionizable hydrogen), ammoniation
of the nenbrane nay lead to the formati on of ammoni um
ions at these acid sites. It is believed that the
[0069] Thea0B®terAptratatesithe nsedified mdmnbiameenay be intwsnoediby conditions

at whighh T ey AorASnT bR B AeRPTIEORL DR e oRARe. o FOr Stfngly

ammof|dt @ $AP G A @rgé‘ﬂa@m%@lm%i% §ﬁ1rﬁ6ﬁlﬁdpu1’fg@@ i ReflEw 8F Bry
consi sting m nes rmnocycl ic heterocyclic

nltrog@urmmwdssomtlgarw ammonhia wasrpbsered atd9pKxwhile greater effects

wore 422 5°%(3 K\ ARSHE AR epb oI, 08 880 bo'stor

3113)[ 0068] I'n an enbodi nent, the nmenbrane may be nodified
by flow ng a gas conprising the nodifyi ng agent
t hrough the nmenbrane. The gas nay further conprise a

[0070] Evéjriylt%ﬁ%lation or combination of components described or exemplified can be
used to practice the invention, unless otherwise stated. Specific names of
compounds are intended to 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 possibie of the
group are intended to be individually included in the disclosure.
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[0071]

[0072]

[0073]

[0074]

such as nitrogen. In another enbodi nent, the nenbrane
may be nodified in solution. [0069] The use

wao eqoperAEsur e of the nodi fi ed menbrane may be i PET/USVORER7530
by conditions at which the nodifying agent begins to
desorb fromthe nenbrane. For strongly anmoni at ed
SAPO- 34 crystals nodified with ammoni a, purged in a

flow of dry nitr
W@l Bblete e SREPEEFIN 3ot Sy blcC ATRRicRrfe range.
a time ‘ﬂé@& dr(aﬁb&hb@émoﬁtrarﬁ?ée ,aIIZ@l@ﬁmedlateE’i‘angean&irssbnaylges as well
Vol. 108, 3107- 3 113). [0070 Everty f.ornul at.i
as all ne@w&uabvalyﬁswcle@%w@mr@na%% ghepere drteasgrip peiiRgugsH in
d to practice the invention, unless otherw se
the dlsgﬁ‘)gpgeg Speci fic names of conpounds are intended to be
exenplary, as it is known that one of ordi nary skill

As TReh eSS, i Serd BBt PR ngticite. b FioRinig.” or
"charaBl%rrltzleg Lﬂga'rar?ds %Wﬁ&lu@fve%?@iﬁénoéfﬁiecpénd B8es pBPEKEIddé dBRional,

or exanpl e f or nul a or in a chemnm cal
unrecnealrmemelmas odamtmcpsteoa As msqdelmrem "gongigtinglel" &xelydes any

cemeb 3. o AP Bl PSR ERLARSRRS Do,

"cons&in%éé%’ntigﬂf P! died Sotuseiideanatdtialabt stlepdltwatct!ltﬁhot materially
ers of group and all conbjnations,_ and

affect ﬁ@umeandtnoyﬁtcwggt%lﬁacwf heclaim nyaresitaion haeein ohthe

o Sob 58 AP LB S 5 R goncr o

a desdtiplion|of eleméntspsiraadenies, rlaugdermdsd tmemem*gpasmthoae

nposi t || t
compasiimeras MedsdReFPnSRng FSSERURLN aL/ad GaNdsuTy REihgdegited

compdd'le %‘Sr 55@@9&?’(88'% 'ih\fé'hﬁoh ﬂgﬁ\‘?ely QeBEribétf heras sUWaEI? enay

osu use ereln conpri si ng'
be pras;w@dlmrmesameﬁme oframeLedemgnt or' e:lemamtsu limgjatiomror Ilmltatlons

characte nd is inclusive or open-ended and
which jg,pat Wﬁc' §T6H4l unrecited el enents or
nmet hod steps As used hereln "consi sting of excludes
any el enment, step, |ngred|ent not specified in the

The lerima anc axptessmsu@edh heveibeen araployed iarg used atterms of

descr Bl S5 PR AP € Sp g P e 200 s

terms @hdl&X@rédsibre of“@ﬂclu&ﬁ?ta@ e@fuivagsiets of dhe fdxtutesrshown and
conprising", particula In a descrlptloné)
descnb@dmp@m@somegeqfohwg|stregqa,gryzeqi ghat various modifications are

possible within the scope of the invention claimed. One of ordinary skill in the art will
appreciate that methods, 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.
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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a description of elenments of a device, is understood
to enconpass those conpositions and net hods consisting
wez®entisat |y of and consisting of the recited PCT/US2005/027530
conponents or el enents. The i nvention iIIustrativer
descri bed herein suitabl be practiced in th
the artadubthes sueh mgdificatiansta V&ﬂ ipBR g cpNpiderad Ehb%wlth'" the

scope bt fveRf3n 47 Efine abhe BRAShSE Berc T e have

been enpl oyed are used as ternms of description and not
imtation, and there i s no |nte$t on that in.th

(00751 Al grfanisrarkiew latings sentionseas diseegHCaLIen 21 ngicafiye of the
levels 8@?‘{'”0% 'é% s@flle&ihﬁ %%H%%léh‘ﬂt@m%ﬁtl@heﬁéﬂb?ﬁ%d_ or

i's recogni zed that various
rmdl ficati ons are possible within the scope of the
vention ordi nar

[0076] Al ighEngBn FLed BB aie NEEEOREo PRBYPe Pouietsiefeb 16 1R bxtent that
there |§ h@ﬁhédl%léf&h@f Mthsthe AtisBuné BetHis sﬁ@@ﬂ@eﬂ&)mt Semetrafatences

hose specifically exenplified can be enp ed in the
prOVId@d hetéin @refncorpeoratacthy irefﬁFQMOBH@j@mrfééﬁpt/'dﬁca/QIﬁ'&ﬁJ%O“C@mmg

addltlogp g{qw@t ak e@ﬁoﬁdltl%n@m@% %ﬁ‘[‘thg}&? (?&Hbt‘(ﬁ\'lﬁ%%ds of

analysi@ér@d halsionangsexy ot thetinentighhods are intended to be
included in this invention. [0074] Thus, it should be
underst ood t hat aIthouh the present i nvention has

Exampledn Rieparatiaradi SABOs24 Masbigpesr ef erred enmbodi ment s

0071 SRk A e T S, e

tubes hQ@%ﬁp%&nﬂnb@y Ui ores, a RAGHH bedpprogimatelyi 30 amh) ammner

and variations are considered to be within the scope
diametsr of mpproximately dr2 Bxn @ad.amwtaydwtabpéa@@r@xwetew 5 mm

1108 3RO 7R HaBHBlL N B ESHRSH o g ver

welded BagSesih Eh@df it biaghless steel sdppont t&mevenemmane bypass
pertains. [0076] Al references ci ted her ei

and totpeigy a aedlingosuiace fey orristasr eieecembingd lengtel the gombined

s e e

was appoximateht ‘é@dcgm rBaéfelreesm"dhems ethe tube pissembly Was holled in
concer ni ng addi t t I dd I

purfeAQEHBR LD oF N SR 8t 3 BB BRUFHITHBHE0 BN anal y o1 s
and addi ti onal uses of the invention. Exanple 1:

Preparation of SAPO- 34 Menbranes [0077] SAPO- 34 )
[0078] Thesyhihasissgeldrea theappreximate pwlancorspesitiorsil2@s eBrOs : 0.6 SiO:

X 1.O7LIL€JEC§H .-Igéeﬁzo, and was prepared by stirring HzPO4 (85 wt% aqueous
solution), Al(i-CsH;0)s (> 99.99%, Aldrich), and Hz0 at room temperature for 12 h.
Then the template, tetra-ethyl ammonium hydroxide (TEAOH, 35 wt% 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.

22



tubes had approximately 4-nm pores, a length of
approximately 30 mm an inner dianeter of
wappsoxiskat el y 7.2 mm and an outer di aneter of PCT/US2005/027530
approximately 9.5 nm (81 180-01 7-PRDC- TEST, Pall
Cor poration). Non-porous, stainless steel tubes were
The stainlessdubmbsserably wasidisectiyhplacedvartically it adieflongpbe in 8o

sutoo T THRR L GG A SRS CHe 7804 o on o e

stainle§® fﬁbé*@@bd%%l?usrgm&llﬁ ethé%;é] el mqﬁpjrvximay 10 mm above
approxi matel y per neat e area

the uppiperskoftieatgintess tobe asg@mbiye /éisy ﬁpﬁ@i'@atQ'h &4tumen diameter

e G 153 NG 8 TR A 1 amposs

gel an%ﬁr&?mlg?&skqtb@dswmb%mr g»ﬂoagmrrgzlamjtaty danposdipimater and
approxiasly 480 wméilgh iefign %M0@8§RM°/E'HE\S%'¥%’Q EPDW%W}S‘S gel
B
about QYrBrIKnﬁon abby’dm)hl Adef §m@bs|s3’$1evm%rduqa|@@u@ssmsh60bmth purified

wotor 85 R i 550 B0 3 ST AU S e

synthedy ﬁmgg%gﬁ%&hémg)thé%nﬂéjﬁ%eﬂf@ bR@khE tube Was inverted to
seal ed and Irred during storage to prevent settling

obtain anhorén anlf«mrrmiayleonThﬁ trurdsand @L@t@k?e'ntheﬁés yersdtusgbgvere
preparggeusu% #nrﬁél%lr §?,% ﬁ% i s‘rlhoq%itse a;cli‘é\%%rfsr %gééﬁﬁhat a new

batch bf‘@géd‘§yrﬂﬁe§|§ qe@%sQfseIdh eGoodqualithenembrards wérd bl@pared with
stainl ess steel tube was wapped with Teflon tape

3-4 sypWTesise synt hesi s. The stainl ess tube assenbly was
directly placed vertically in a Teflon tube in an
aut ocl ave. The Teflon tube was then filled with

[0080] Meﬁ}b?bh%mraﬁhpémnemﬂelto Naeﬂxen@resﬁaratim buabeﬂoessalcirtaéion To
assen . Typi ¢

e l_evel I 0X
removeghamEAAUEMRAE i i adalte frRayctn M EREbRES were'calcined
1.0 t\REreddlsb
at abofE B8TR, tor BBy ?Qf-mgﬁf%h'“%%?‘ﬁ%dﬁ“‘aéef% ggresboutoeand
about@rﬁiKﬂnlmmancti%lym of synthesis gel and three
stai nl ess tube assenblies. An approximately 4 1 mm
di anet er and approximately 100 nm hi gh Tefl on tube
[0081] Flgﬂ?é@%aa‘i‘ﬂr%‘bﬁ@\ﬁ/eéw%d’(bs of a BAROSY Mmeatrans prior ght
tal nl ess tube assenblies. The hydrothernmal synthesis
modlfmattomd-'rlglur@m/&Shawslﬁhe sudaee fhileabigute 2B showsy @ gross sectional
synt hesi s, the nmenbrane was washed with purified water
VIeW. 5 297 K and dried at about 373 K in an oven for about
10 mins. A second synthesis |ayer was applied using

t he same procedure, but the tube was inverted to
Example 2: 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 NH; 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 NH3 reacted with the acid sites of the SAPO-34 to form NH,-SAPO-34.
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obtain a nore uniformlayer. The third and fourth
synthesis layers (if used) were prepared using the
wa200e/0p1s6redure as the first and second | ayer SPCEKS®PE/027530
that a new batch of aged synthesis gel was used. Good
qual ity nenbranes _er e preoared with 3-4 synthesis.
Example0B38Jrangnast Braperties of § g4 Membrane®> aft er
[0083] Smd?_éE?é%ra?Hd At &ﬁié&ti@nﬁﬁM hitisufed o @ §y%fém%lmh@’ to that

| at e fromthe zeolite franework

used bwé?cshuata:armd(lad B Eheb3REsS, JP98b3 1 P- 2392}4) l:rwemodlfled for

e s R GRS AR P, SRy
mountéd i 8 $tihle8s-SARPnISHUIE Ndichs@alpd iat eatio emddiith siticormanO-rings.

Fi gure 1A shows the surface, while Figure, 1B sho
Fluxes yyejesmeasyred iising a spapdikaryibble flowmste 204 P GPRY a{eh” The

lowest B AR M i (BB BT ey S

st ai nl ess st eel rmdul e, and seal ed at each end with
Si I|cone Ori T dul
f0084]  Carkph Ao etCISSein g e S dSee SR Eel A i tghltd as o

functloﬁllﬁ tér‘ﬁ?@r&ﬁ?@%ﬁﬁ Eré@%relaﬁnﬁ%? sBAfL fethbr8hE8aFer mixture
e was ut wi shing to be bound by
separammyn peassiflow mntttﬂllerseflvere tsed toalix pusiCQzand GHik geses. The

ot QG 58 R BB R b 6 e

side oﬁﬁ@%é’ﬁb%@%@@Wé&@ﬁé}\tlﬁbﬁgirQH@BBemnﬂ&«kBa@nd 3.4 MPa.
perneati on was neasured on a systemsimlar to that
To cargsedt ¢85 separation betovaroon ferapeiaigre, theementiyane @@@ge and

some g e Mo R 1809) S4 T oo

tempeg?ﬁ?aiﬁﬁé@ﬂigfed {Wr?% étltc&lt 25096 'Eﬂeeed)mposlll:lbns ottt feed| satentate,
ch end wi

and patisats SHCATEHETE DEaP waTd BTl arkes DadQ/sgries Il gas
cvon3RPAR SR B e AR B o0

columﬁ@Abt@nh)lecbvel clemn ije o, mm@datecgmstempdra’tusa&were al] kept at 423
perneation was investigated as a function of
tenperature and pressure drop for sonme nenbranes. For
m xture separation, mass flow controllers were used to
m x pure CO2 and CH4 gases. The
[0085] Unless otherwise noted, the experimental results shown are for SAPO-34

membranes forming a layer primarily on the inside surface 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 COz and CHy, and CO2/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,
permeance decreased by 40-42% as compared to the unmodified membrane as
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total flowrate was 1300 nL/mn for nost of the
experinments. The pressure on each side of the nenbrane
wormeionmdependent |y control | ed between 84 kPa apdr/BS2005/027530
I\/Pa To carry out gas separation bel ow room
erature, the nenbrane nodul e and sonme systemlines

preSSLW@ gorpnweasedﬂr@maﬁﬁéo fy0 Mfta, ch1e/ G@rz&m Bleabogleptiity. slightly
t vest J was about 250 K
mcrea%kg ggyn\g%sﬂ\'{-lfi g’%gi'ﬁ%w %8 Sfgeg n é@e tate, and perneate

strearrs were nmeasured using a Hew ett-Packard

890/ series |l gas chronmat ograph equi pped with a
(0087]  Figgteeh SAPWS GIIE 0P ejmaanoes tir (el ani AbzRnd Gon i ideal

selectl(/ﬂ bé ‘r%gliﬂlhgtéasﬁ‘%fré\é%%rﬁhﬁé ?l‘frtoﬁtbh 5@%‘!:%38%% ?ﬁPL% 34 membrane.
The feed imesswe was 8d, MPbearmktperparmaataaé pressurd wasiiood MP.eAs

showny i} ighed J05 PR TR e Reee AR $haies Fon] Gaarumin 2y o
perme&néé‘ dt hbSat 28 Wi Me?éHEDOH? g@ﬁn@ﬁﬁ&é eRegited n%%ﬁﬂhfatzaround

Gas concentrations are nolar concentrati ons

373 K.Hwe hMghsst ekt deabsdleslivtyrwas ZOAoIsﬂam/eobatrﬁjae’ngas
fluxes for CO2 and CH4, and CO2/ CH4 i deal
selectivities as a function of pressure drop through a

Gas Mbde b aseramants before and after the NH3 treatnent.
ures 2-4, the data markers for the untreated

In F
[0088] F ig%&@%gm@@ the ermnanBers iR Sf2nanOHs anchPi/6Husenaration,

setect oS AILTE RSB ABTEY dHnEha1 LR Pl gpeo-

34 meﬂﬂb%am papptmmodﬁk:atwn 3r Hé’pe@ﬂ@@t@tﬂrés@llr@ﬂmas%ﬁk%rénd the
ance decreased 40- 42% as conpared to

tempefﬁ#@f%Wﬁ%&%ringh%ﬁspaf?éloasi%@wvéllambbmprﬁ,a(sggs%prﬁﬁ@me
drop iféréaded §e9aL¥D he;F tu%ffﬁ@g@bgﬁ dé@lle%%EHYﬁér%énfELFgrttth

I ncreased a , as snown
CO,, (Fig0®7After quodificatishpas skowglie K@Y, ke m@wp@méme@@breased

by 2195 3% s dRifD o Mita And 342 &t Fitias St aion ok d iz Figure
7 showdhat ﬁ%jaﬁfn‘?&‘ﬁﬂ'h%awsﬁl:b W&né‘t‘%rér’f@sﬂﬂ?ﬁé@ﬁt@%rmeame

pressure s 0. shown in Fig. 5,
as h'gm CEE2-Y ?Gemmowm sﬂﬂah@ta%lK ghdenapreaswe drapoaf 0.34 kPa for a

50150 ESLTEA G Ml ns Cl doni gl BincethaR R JHaC SSense o

detectiotiamhit, sehiels wasl dstinvdsd 26 be BB ppmeTthas t280$/CH., separation
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 NH; 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 CH4 coverage in the mixture, relative to the single gas,
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Gas M xture Measurenents [0088] Figure 6 shows the
per meances for CO2 and CH4, and CQ2/ CH4 separati on
waelentissity of a CO2/CHA mi xture (50/50) as aP€¢T/O810080R7530
of pressure drop for a SAPO- 34 nenbrane prior to
nmodi fication. The pernmeate pressure was, 84 kPa and t
may be dugpte eempetiliessadeypion Preadspezthasa Siahes feal ?ﬁ/adSOfPtlon
than C%l ightly increased as pressure drop increased because
fe fraction of permeance decreased nore for CH4 than
C@ (Flg 6). After rmdlflcatlon as shown in Fig. 7,

CO perneance decr eased &éﬁ&b" gr essur et toed
[0090]  Tabis, BAlLeHRRETRCHARAE [ARPPRLIS ofcRaTgligRpat a fee
pressufd ﬁf;ﬁq MP%W’BY"?nh Og,—tré%e&g@mﬂ@' L8y Hé?ﬁ‘ﬁr%‘ﬁeS/Fpépb%‘ﬂh

rane permeance as high as 1.2 x
temperb@lirés nedted nthesCHa peane@i@scdicantiation \Amseﬁd;lmeéo\m rﬂzﬁ) detection

imit, sg e sapetv g an Sreapbhande qaf onaPles fLialkiineidtect of
permeé@bﬁfas%% SPCOME RséParafion @t Bﬁéed Pressurd of @@M@d‘land a

separation selectivity was at |east 42,000. This is an
tempetationess 295K fabanuNH:-tegated SAHO ddgmiemhraney Eor trepperaeate

ress BB b5, MBS BGh 4 IR BB Bctin

s0 the SERCEHHy Wakighestet HHrDH2,000. 72bIS3 dfustratenthicl effeombf CO, fed
parti al pressure dr op, for a NH3 treatﬂg)g ﬁ@g

concenttatianaere COpfleHp spparatiop ot afaed PRSI % permpate

presf B et oWl ¥ 198 1S Aetled Bapd

membranet UTiee mmbrhhewa$sélbetl\keeﬂmaﬂ®:fepdemlncee’tﬂaﬂtgnstﬂn@’n 25% to
Maxwel | - Stefan nodel. The nodel indicates that the

70%. s| ower - di f f usi ng CH slows the faster diffusing CO,
even though the CH4 flux is small. The CH4 m xture
fluxes were significantly |ower than the single gas

Table ] Bffest c(fFfegxpe@tureThn Q(Dg)ﬂ%lnse]bﬂratlon’ér age i n the

Temd%ﬁ%ﬁ%, t |I?/§anéoés§r pti on Zﬁ%%wngﬁ%gshgzya g{] heat
@) adsopisspure tiwa) ©Al° (mQH'I'ﬂe s1Pa) | ust r abeleTH ‘Hé’ ef f ect

%‘iessure of @ 1 MPa for aﬁ iNH3 treat ed SAPgﬁ

rane. Foyy both tenpergiures tested, thg

erneate concentration was still bel ow the det ection
yqrit, so thggsel ectivityqwas greater tham2g00.
Table 2 illustrates the effect of perneate pressure on

CO2I CHA separ at | onFaledprésfiffep asigiPee of 3.1 MPa and a

Table 2. Effect of permeate pressure on CO,/CH4 separation™

Permeate CO; permeance CO,/CH4
pressure (kPa) X 108 (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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tenperature of 295 K for an NH3-treated SAPO 34
menbrane. For the perneate pressures tested, the CH4
w@eroaeatse7 concentration was still bel ow t he deP@DUSING/027530
limt, so the selectivity was greater than 42, 000.
Table 3 illustrates the effect of CO2 fe
Table 3drffentof mmf@edrcoo@@ntwnorsep&%zmbh SQPa'@t'P@ed pressure

CO, f8&d Gohcehd gbﬁneéﬁéesure of oﬁézgédsﬁ 2ng 24

f
{'regpr;ﬁfaur'?'hg‘ TRl %\B§psel ec ?'68{'\{8{ SCOZ f eed

entratitons fromgs% to 70% Ef f ect of
tg%erature on COZ/VCgM separat i onaj'? ?errperature

ate CO2 pernmeange CO2/ CHA (Kapipessure (kPa) x
108 (mol / n2-s-Pa) sélectivity 297 84 5.1 > 42, 000 323
84®m. 4 > 42, 000 3231430 4.9 > 42 420000* Feed pressure:
3.1 MPa Table 2. Effect of perneate pressure on
C CH4 separ ati on4.Per neat e CO2>pek, ®8nce CO2/ CH4
pressure (kPa) X 108 (mnl/nP-s-Pa) selectivity 84 5.1
> 42, Ofeedypessures34pMPaopenmeats pressure; 84d&a-ced
pressur agmpetatvia 2d5eRper at ure: 295 KTable 3. Effect
of CO2 feed concentration on CO2/ CH4 separati on* CO2
feed Concen. r meance nol

[0091]  The alieotse! Yaming B e cnesngar gt ot oW C@oﬁf@é&%‘%@at'ons
were f&ﬁheﬂﬂ@esﬁ%ﬁe&- Fi ag‘h?e PHdWLCH, ?e?méate 9&%l§3n’ﬁ%ﬁ6n and

essure: per neat e pressure:
COleH4 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 NHs-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 CO,/CHj, selectivity (Fig. 9). At 295 K and a feed
pressure of 0.77 MPa, the CO, retentate concentration of 23%, which corresponds to
a feed concentration of 25% CO5, blocked CH, 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 CH, concentration in the permeate to below 36ppm. Figure 10
compares the effects of CO; retentate concentration on CH, 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,4 to permeate concentration below 36 ppm (Fig. 10).
[0093] Low feed flow rates were used to investigate the enrichment of CH, 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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tenperature: 295 K [0091] The effects of varying the
feed concentration at |ower CO feed concentrations
woweee/0i1561 her i nvestigated. Figure 9 shows CHAPQEDSMAH/€27530
concentration and CO2/ CH4 separation selectivity a s a
function of CO2 retentate concentration (Tenperature =
shows 20%s &f mixterdsprits Bawgate deqreasing framd 0pBted 86enpmaigaireughly

.= 0.08 NP . NH3- .nmodi_ f . R :
cquimqipRiesaasresRuanet TN e AR RHRARE: vRach o
these dddk, CPLiMehd peAnbsieanssbEIod theaedateetiun lrhity AtebBanaLisin the

t hrough the nenbrane. H gher CO2 reten

] te, )
retentade mesrantished frare &3 3B L PR iy thantesd t@@?-é‘%\/\@&“&yﬁmaﬁiyméoss of
CH menbrane and hence nore effective bl ocking of the
4 pernmeation of CH. Thus, at higher CO2 coverages, the

reble £ sFQRFEN 6PEHGTn e B BRI AT BARA. d EibA incar
preserg,egncpgggwre of 0.77 MPa, the CO2 retentate
concentration of 23% which corresponds to a feed

FeTe(er{é@t ron of —25% OOZ, cBhe&ktrstica ¥, OM.4 per meat e
concentration below the detection limt o 36%%%&,[
! e

[(P9RIn) The experifesd was al so Raynfeaiered at 3

A N

co¥htration i n’ #RE per neat e t 5°HEPBI 36ppm F|5 i e

104g§£par es the efhects of CO2 kggephit € concentsoag i on
on permeate concentration for anmoni a nodified

SARO034 menbr anes5at4 di fferent €3&POAt ures and 8flekd
pressures. | ncreasi the tenper to 373 Ka 1
I\/Pa?%%equi red 42% %%g?i n the feeé%gﬁ)g{f ock CH4 ttc?s%

pernmeate concentration below 36 ppm (Fig. 10). [0093]

Low feed flow rates were used to investigate the
[0094] A SAROeHmmembyanemas NHs ieated en 6414404 psiascrbed i Exprpie 2

f feed t t ' '
and wi syBEEu Y ST RCteflet B sEpFIRETS, RAER SopeAth began
on 6/18/02NBiRUréTE Mshane. a Pl b COsmmeanns over thextaliveingB2 days.
ow rate decreasing from 1000 t %66 g}némndat 04
The meamanyv@ﬁﬁtableafprﬁec@wd%m%%?% At $ &fPafeed pressure, 0.
MPa %’ﬁ]'qggéjk)ﬁés%ﬂres,%q ée;ébwaﬁg "@Lﬁ%m rAn& A Abo RARE 16 %éys

€ pernea w the detection limt.

when LfStemgerature veas intesdsatdo\@TS8 nhi it demperats B $ecObl

in the feed to 85.6% w th, virtuall Q J.OSS 0
permente panaentERfianSR SRR Saine saRet i Uop gy than 4
x 10* PfrSiBhfbrafe 2xMbieBGEPEARESIlity when these 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 CO2/N, mixtures through the NH; 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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CH4) (nmL/mn) Feed Perneate Retentate 1000 49.9 <36
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1. Anmethod for treating a nol ecul ar sieve nenbrane to
increase its separation selectivity, which conpri ses:
w@e@eiotisey a nol ecul ar si eve nenbrane; and adsPebhUSZPOH027530
nodi fyi ng agent within the nenbrane, on the nenbrane,
or both on and wthin the nmenbrane. 2 . The nethod of
claim1l, wherein the nenbrane is a supported nenbrane.
3. The nmet hod of cl aiqu Mﬁ%ein t he CO2/ CH4
separatlon selectivity o menbrane is inproved. 4
AMThe nethod of claim1, wherein the nenbrane is a

silicoal um no hosphate SAPO) nenbrane, 5. The
1. dmefhachion trealing Aanalecuiar sieve Membsas 1 HrFEHa & gevaration

%ﬁ%&@‘fg&p Q@A@‘E}b@g\’pﬂéﬁ\ gp:?ls gﬁgg %4,1 siég(}s%,e; SAPO- 40,

PAR@IIAG a mBAROIatZievannheBARanddand . The met hod of

I 4 . wh [ th PO.i s SAP034 Th d -
Se2eiBinG A MOTh O raCT e s mnbtens. ghitns RirHBLAR or botn
%ﬁa(%@,mrfﬁg‘%@ngra& The method of claim 1, wherein

menbrane is a zeolite A nenbrane. 9. The met hod of
claiml1l, wherein the nenbrane has a M-l or

2 el o vesb‘?"fgaﬁe"ﬁnsﬁrﬁ?ﬁ%isue%s@@?‘"‘t‘bﬁpbaane

with B, Fe, Ge, or Ga or conbi nati ons thereof 11. The

net hod of claim9, wherein the nmenbrane is I\/E§é| fo%
3. Z&emethadseaiaiphdughgrein e COHed: sgrafation pelectiaty ofthe

thereof. 12. The nethod of claim1l
m%&ér%%e&?e%ne is a small pore nol ecul ar sieve
menbrane. 13. The method of claim 1l wherein the
nenbrane i s a nedi um pore nol ecul ar .si eve nbr ane.
¢ themaihoatdain, Whalqh e msranane e e oPiRaInoBRgsphate
brl‘rgll1 cul ar sieve nenbrane. 15. The net hod of
?A )%ﬂ \ﬁhere?n t he nol ecul ar si eve nenbr ane

We clai

conpri ses

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 MF| or MEL structure.

10.  The method of claim 9, wherein the membrane is ZSM-5 or ZSM-5
isomorphously substituted with B, Fe, Ge, or Ga or combinations thereof.

30



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Brnsted acid sites. 16. The nethod of claim 15,
wherein the nodi fying agent adsorbs at said acid

WG R06917537. The nethod of claiml1, wherein thePCT/US2005/027530

nodi fyi ng agent is anmonia. 18. The nethod of claim1,
wherein the nodifying agents are silanes or amn

tHe medhrd of¢lain Phwhatsia tke mambaneds 45\ 1 qrgZSl)(fi‘f?1 1
SHRR ARG SR EHS0H, BPOR PRt ergor

| east one side of the support; wherein the CO2/ CH4

aratio el ectivity, of the nenbrane is greater than .
mesi0ReEoRIM 4 Whari e nembEaR Bna SBAPOIS TnlegHar sieve
ah 39 K a pressure differential across the
rre%ﬁbarme bet ween about 2.3 MPa and about 3.0 MPa, and
a CO2 concentration between about 25 nol % and about 70

| % 20. net hqd for.separating a.first gas

cHiBIRERRd PF R T guaSTRin e DoTUARS 5 mareditn e rmolecular
fdigwd mipdbrangecond gas conponent, the net hod
conprising the steps of:providing a nodified nol ecul ar
si eve nenbrane, the nmenbrane having a feed and a

| . bei ctiv t .
FiEhRyfad bbfaih et B e ElRtaRE A28 B biecuppsiove
haerbrangi fi ed by adsorption of a nodifying agent
wi thin the nenbrane; applying a feed stream i ncl uding
the first and the second gas conponents to the feed
ST I?f nflthd 8; &Slmf1a%e{&h%é %@ﬁc@gpéib\% PeerhBidife comprises
sufficien or pefneation O e Ti1rst gas componen
tBremstdd hbid siesbr ane, t hereby producing a perneate
streamenriched in the first gas conponent fromthe
perneate side of the nenbrane. 2 1. The nethod of

t i1 d [ i i
anie Mealod 0L R, WheTRIR hl FiodTETid 060 ispbe at sald acld
cgitgsonent i s carbon di oxi de and the second gas
conponent is nethane. 22. The nethod of claim 20,
wherein the feed streamis natural gas. 23. The nethod

\?V‘Ihtuﬁ hﬁétﬁ%@f cfifirewherifl tRB thddifyiry agéemttis iapnragsiar bed

The method of claim 1, wherein the modifying agents are silanes or amines
that react with the acid sites of zeolites.

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 about 3.0 MPa,

and a CO, concentration between about 25 mol% and about 70 mol%.
A method for separating a first gas component from a gas mixture containing

at least a first and a second gas component, the method comprising the steps

of:
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21.

22.

23.

menbr ane, on the nenbrane, or both within and on the
menbr ane.

WO 2006/017557 PCT/US2005/027530

providing a modified molecular sieve membrane, the membrane having a feed
and a permeate side, being selectively permeable to the first gas component
over the second gas component, and being modified by adsorption of a

modifying agent within the membrane;

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

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.

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.

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

The method of claim 20, wherein the modifying agent is adsorbed within the

membrane, on the membrane, or both within and on the membrane.
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