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crystals. Meriaudeu et al. do not appear to disclose
formation of SAPO menbranes. Prakash and Unni kri shnan

| L . :
saRaRe YRR e pPReBRE RV e ke BlRa R from

readtiorhditureSsonthiaip@ucivessurces W4ilicAValLhina QéaFlepli’é?éiﬁw)ate and
In several of Prakash and Unnikrishnan's report

an @rrg@@wf@maﬂngw@g@’él Laketabdd. o 428,80 repest 92'70%6903'“0“5 and

ol PR VBELY POy daatiangggaro 5, sapo-r,

SAP@n’tﬁ ES)QBOWSAE@FQ(INSAR@M fSAPOs3, ISAR@35, SAPO-37, SAPO-

{ F
40, S F{’jl(r)a}ﬂI %nASPO-4%r and eSAPO 44 crystals. Lok et al. do not appear to disclose

formation of SAPO?ne—n;branes. Mériaudeu et al. (Mériaudeau, P.etal., J.
Catalysis, 1997, 169, 55-66) report gel compositions and procedures for forming
SAPO-11-SAPO-31;-and SAPO-41 crystals. Mériaudeu et al. do not appear to
disclose formation of SAPO membranes. Prakash and Unnikrishnan report gel
compositions and procedures for forming SAPO-34 crystals. (Prakash, A.M. and
Unnikrishnan, S., J. Chem. Sc. Faraday Trans., 1994, 90(15), 2291-2296). In
several of Prakash and Unnikrishnan’s reported procedures, the gel was aged for 24
hours at 27 °C (300 K). Prakash and Unnikrishnan do not appear to disclose

formation of SAPO-34 membranes.

SAPO membranes have been proposed for use in gas separations. For these
applications, an important parameter is the separation selectivity. For two gas
components i and j, a separation selectivity S;; greater than one implies that the

membrane is selectively permeable to component i. If a feedstream containing both



applications, an inportant paraneter is the separation
selectivity. For two gas conponents i and j , a
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per meances for H2, N2, CO2, and -C4H o Poshuta et al.

po(dsnd. Eng. Chem Res., 1998, 37, 3924-3929; Al ChE
Journal, 2000, 46(4), 779-789) reported hydrothernal
synt hesi's of SAPO 34 nenbranes on the inside surface
of SAPO-34 membranes on porous supports have been reported in the scientific

literature. Lixiong et al. (Stud. Surf. Sci. Catl., 1997, 105, p 2211) reported synthesis
of a SAPO-34 membrane on one side of a porous a-Al,O3 disk by immersing the
substrate surface in a hydrogel and heating the substrate and gel. Lixiong et al.
reported single gas permeances for Ha, N2, CO2, and n-C4H1o. Poshuta et al. (Ind.
Eng. Chem. Res., 1998, 37, 3924-3929; AIChE Journal, 2000, 46(4), 779-789)
reported hydrothermal synthesis of SAPO-34 membranes on the inside surface of
asymmetric, porous a-Al,O3 tubes. Poshuta et al. (supra) reported single gas and
mixture permeances and ideal and mixture selectivities for several gases, including
CO, and CH,. The CO,/CHj selectivities reported for a 50/50 CO2/CH, mixture at
300K were between 14 and 36 for a feed pressure of 270 kPa and a pressure drop
| of 138 kPa (Poshusta et al., AIChE Journal, 2000, 46(4), pp 779-789). The CO2/CH,



asymmetric, porous a-Al2g 3 tubes. Poshuta et al.
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i ncluding CO2 and CH4 The CO2/CH 4 selectivities
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In an embodiment, the invention provides a method for making a crystalline
SAPO membrane comprising the steps of:

a) providing a porous.support having.a pore size greater_than about 0.2
micron;

b) preparing an aqueous SAPO-forming gel comprising an organic
templating agent;

C) aging the gel;

d) contacting the support with the aged gel;

e) heating the support and the aged gel to form a layer of SAPO crystals
at least in part of the surface of the support; and

f) calcining the SAPO layer to remove the template.

The invention also provides supported SAPO membranes. In an

embodiment, the invention provides a supported membrane comprising a porous
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d) contacting the support with the aged gel; e)

heating the support and the aged gel to forma | ayer
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permeate stream enriched in the first gas component from the

permeate side of the membrane.

In an embodiment, the membrane is a SAPO-34 membrane, the first gas component

lis carbon.dioxide and the second gas component is methane.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 shows single gas permeances for CO, and CH4 and CO,/CH, ideal
selectivity as a function of pressure drop for a SAPO-34 membrane at 297 K. The

permeate pressure was 125 kPa.

Figure 2 shows CO; and CHy fluxes and CO; permeate concentration of a
CO,/CH, mixture (50/50) as a function of pressure drop for a SAPO-34 membrane at
297K. The permeate pressure was 92 kPa.



selectivity as a function of pressure drop for a

SAPO- 34 nenbrane at 297 K. The perneate pressure was
wdad.2®s5k9as3 Fi gure 2 shows CO2 and CH4 fl uxes anBCTZ0R2005/008590

pernmeate concentration of a CO2/CH4 m xture (50/50) as
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and CO2 perneate concentration of a CO2/CH4 mi xture
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concentration at 253 K as a function of CO2 feed
concentration for a SAPO 34 nenbrane with a pressure

Figure 8 shows CO and CHj fluxes and CO2 permeate concentration of a
CO,/CH4 mixture (50/50) as a function of temperature for a SAPO-34 membrane with

a pressure drop of 3 MPa. The permeate pressure was 92 kPa.

Figure 9 shows CO, and CHj fluxes and CO2 permeate concentration of a
CO,/CH, mixture (50/50) as a function of pressure drop for a SAPO-34 membrane at

253 K. The permeate pressure was 92 kPa.

Figure 10 shows CO, and CH, fluxes and CO; permeate concentration at 253
K as a function of CO, feed concentration for a SAPO-34 membrane with a pressure

drop of 3 MPa. The permeate pressure was 92 kPa.



drop of 3 MPa. The perneate pressure was 92 kPa. Fi gure
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a SAPO-34 membrane synthesis.

DETAILED DESCRIPTION OF THE INVENTION

_In an embodiment, the methods of the invention provide
silicoaluminophosphate (SAPO) membranes formed of SAPO crystals. SAPOs are
zeolite-type molecular sieve materials, having a crystal structure of tetrahedra joined.
together through oxygen atoms to produce an extended network of channels of
. molecular dimensions. The SAPO crystals have a three-dimensional crystal
framework structure of PO,", AlO," and SiO, tetrahedral units, the framework
structure defining a structure of regular cages, cavities, and channels. The
dimensions of these channels and cavities are generally microporous. As used

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

The methods of the invention are suitable for preparing SAPO-34, as well as
other forms of SAPOs including, but not limited to, SAPO-5, SAPO-11, SAPO-16,
SAPO-17, SAPO-20, SAPO-31, SAPO-35, SAPO-37, SAPO-40, SAPO-41, SAPO-



SAPO- 17, SAPO 20, SAPO 31 , SAPO 35, SAPO 37, SAPO 40,

SAPO- 41 , SAPOX42, and SAPO 44. Each of these cl asses
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sieves. Further information regarding SAPO structures is available in Baerlocher,
W.M. Meier and D.H. Olson, "Atlas of Zeolite Framework Types", 5th ed., Elsevier:

Amsterdam,-2001 and.online at http://www.iza-strucures.org/databases.

In an embodiment, the silicoaluminophosphates formed by the methods of the
invention have the framework composition (SiAlyP,)O; where

X is between about 0.01 and about 0.98,

y is between about 0.01 and about 0.60, and

z is between about 0.01 and about 0.52.

in another embodiment, monovalent Li; divalent Be, Mg, Co, Fe, Mn, and Zn;
trivalent B, Ga, and Fe; tetravalent Ge and Ti; pentavalent As, or combinations

thereof may be substituted into the SAPO framework structure.



I n anot her enbodi nent, nonoval ent Li; divalent Be, M,
Co, Fe, M, and Zn; trivalent B, Ga, and Fe;
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.. Ih ' ' . o
¢ Hisgrerierefed ERoan arn e Bps s B u erysiatization of
an %ﬂ&é&ﬁﬁéiﬁ’éﬂdl\%h\@%ﬁb@{bmtéﬁbmmg aif] Théhgel gehtagmnamorganic

organic tenplating agent. The term 'tenplatin
tempdating'agant: ¥ ren demplatingtagent'opr AempLate 'F@ftéf@%f@”aa”d

refeR e G oo ind e SYfiHESE, HelRAcail h Bhdior Bueiecter
polferl'iQétRﬂw_ @h@@ksgdmatibn rohthd buitding i ckisrthatfeomi¢he Geystal
(0] Cr

r form ng SAPO, stals are known to the art, but
framewbe r Gelsger (BN SAFIORY A B KAPHE tdip AR Rigfprred gel

corﬁﬁ%ﬁérﬂsfs{og?%rﬂgiﬁ %érﬁgra%%gﬁgéyil ifférr‘ffréfngglréfg{)r%%n{db@ﬂi%ns for

granul es. referre osi tion
forriRig 605y caatelsdr geanuyes The pdefernedal coatp@isitionanaymary
tenperature and tipe. | .ap enbodi@ﬁnt, %ﬂﬁ el is
deps éﬂo%y‘qﬁj‘)’("f'?ﬁ#‘r&bﬂﬁqﬁﬂ@@ 'of ISPRRTAINR 2 r§‘ghor us,
silicon, and oxygen in the presence of a tenplating

agent and water. The conposition of the mxture may be
eX pihesrs echbiodirhemtitheogeltis prefpsred By mgixing seurees phalugdnum,

1.0 Al233; aP20s: bSig. 2. cR R
phasaherus HioRgas OXY IR BRaarRiG of RHEPGNM sBeft and water.
Thé‘%ﬁ'@o%ﬁi‘oh%f%é‘?ﬂiﬂﬂr@ﬁﬂytbe Expregsédrirodinmerdf the fllowing molar
qua

rnary ammoni umtenpl ati ng _agent is selected from

ratiob@sgr b0 p\lgdn siPaOs eSOk €Rt dHgP opPeraafnd A tamPARtmaAge. Inan

TPA , L.et | i i .
bR ARl 44 S PRI A5G it rmoosiment e
quitehiag ERhoAI® Ripatiiglaguntie seleotéltjront ther greupydonsisting of
oo e A Wity et e s
e il @emoniy . 4etrg :
420 . - Y
] AP, s P, B

amesNEs hyalexte QTEADH), tdiraethyi aanmiodiuns boarnigecar apwbinations
20 and about 300. |If are.to be

thesewhin a0 eEPodinENt RuSbIRTeT CYERTIALAB HEKSRT SpRKt 4304 and
oo SRR AR 010 A5, b efohn 6 009 an
ab6ht 136, coistiebaeemabott@2erid. ahout Snardtd del bavRensahquiRlaand about
30f0.O rIf %{ esffte érlnier%t%taiirgr{o %fe s%'%@%u%éd into itl’?'e Eﬁ‘ﬁ&uw%n@%’ﬁ( of the
SAPO, the gel composition can also include Li,O, BeO, MgO, CoO, FeO, MnO, Zn0O,
B,03, Gay03, Fe 03, GeO, TiO, As,0s or combinations thereof,

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
hydroxide (TEAOH), or combinations thereof.



2. In an enbodi nent suitable for crystallization of
SAPO- 34 at about 473K for about 20 hours, a is about

wd 2008/09®88bout 0.6, ¢ is about 1.07 and d is aboOUUSHE5/008590
I'n an enbodi ment, R is a quaternary organic ammonium

| SRR, 30e0t o2 FLER e L NE RS At o
abdlY Wgﬁgielﬁ'@ 4 TEEAR 1.0 @;caﬁwumem @S dboat eco‘ ahd chis about 50. Inan

nt suitable for crystallization of SAP g&,
embddirtert6R iKaftiprogylaming emblate (GHMPs Catgd @i, Ind.(Engj- f-gem. Res,

20@ bkﬁ)m?ﬁ? 5%&1)3 about 2.0. and d is about 50. In an

is a tripropylamne tenplate (Gunp, C
et al, Ind. Engr. Chem Res, 2001 , 40(2), 565-577).

In an enbodi nent suitable for cr stal l i on of
SARO an embodimastifabie fPbETyatkAation %’%ﬁb -1 atabgy 40K for

b is abo [
abajs 24 3purs, £, Sig RO, s aaathl 5 ard SfAout 50. Inan
emBSi‘a‘lPﬁbntOR i€t cabropmmnémgnpuwe@umeg 2@ 1ngd. Bagr2Chem. Res,
77). In _an enbodi nent, the gel is prepared by
200111 )61%%) 566r2%93- of phosphate and al umina with water for
several hours before adding the tenplate. The m xture
is then stirred before adding the source of silica. In
an Iﬁl‘dmémmmmemmmesgnemspreﬁarpd:@yphmr@ seurpe® oppbesrhate and

alug]irlézg w@?@t@? lﬁ'@%&érﬁ r,l‘w?)tg?q,, ¢ Eﬁ(':'g ge tglﬁ\b}é%ygbgwl:xﬁge is then
stherd BQB?QPGHFQ%H@OUWIM - ad érr@%dﬁﬁ@mdtrf&ﬁurcé oé

Frce o mna i s an al um num al koxi de, such as

ph@éph“atea imphesghotpacidleSuitahle phosphateriqyicesalse dciyde grganic

oSRA PR SRS AR 10 (U1 SRER e S SRR sFianiEhats

alu?d ﬁ&b%&ﬁﬁa&é§ hinoari &@bodinferftntrendmateefialuniing is anrabeniolim
ica is asilicasol. Suitable silica sources al,s
alkomdbuslech gsadlnsinuiTcigoprapgxidey eSuitabley a%'ﬂar?&h'éces alSs include

s L
alu?fgﬁgteob:]mhmbm tﬁﬁ:ﬁ?n&e) UB'e@h baﬂ?dnmeah tHagem‘beg:élsmca is a silica
sok i $ustable Blicarputase A pslsie umsd i gercaisfifamorhous
U P E TRt e

formation of a solid cake. Wthout wi shing to be bound

by The gel is aged prior to use. As used herein, an “aged” gel is-a-gel thatis- -

held (not used) for a specific period of time after ali the components of the gel are
mixed together. In an embodiment, the gel is sealed and stirred during storage to
prevent settling and the formation of a solid cake. Without wishing to be bound by
any particular theory, it is believed that aging of the gel affects subsequent
crystallization of the gel by generating nucleation sites. In general, it is believed that
longer aging times lead to formation of more nucleation sites. The preferred aging
time will depend upon the aging temperature selected. Preferably, crystal
precipitation is not observed during the aging period. Preferably, the viscosity of the
aged gel is such that the gel is capable of penetrating the pores of the porous
support. After initial mixing of the components of the synthesis gel in a container,

material can settle to the bottom of the container. In an embodiment, the gel is
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any particular theory, it is believed that aging of

the gel affects subsequent crystallization of the gel
whyoogeyesat i ng nucl eation sites. In general, iPCT/BS2005/008590

believed that |onger aging tines lead to formati on of

stirrg fhd gcﬁlrfgat | ﬁg) s;ééﬁ%? n}a-@r‘?alﬁ’é Gisic &f r?egt%&g)rhid?%é"%ﬁtainer and

erature se

the gb?&&ééﬁ?ﬂranﬂm&hﬁén@ B&bs;tantlaityi wnifors tecthe @yeerinaifferent
uring the aging period. Preferably, the viscosjt

embcbthn‘@gléﬁd e Bqing G At (96D RESIRNTY i 4t kasiaBogT twenty.four
hourr)grgf}t?ra :IIIF%P %ggutﬁWeﬁgl f?)fur'hgﬁgdﬁt%g %%t %Eggf;{/ mhe‘}éﬁteﬁours and at

leadtabduE @@W@it?&wfvo Houtrsr Faf SAE’IQ) 8étinhémbtanedshe duffetejmembodlments
the container. In an enbodlge tt t he 8* |sst|%red an least
the aging timeiat reemdempesaiuracan bgat jeas)abpyi fortyreighthours, at leas

abotu%%g(%tg E)%Lﬁg rgrﬁis = e@ﬂ‘ﬁﬂo@? ek o%?@%‘fosabout seven days. The

and tially uniformto th ee?/

santé baphesttget maydberased fortiithagirysjallizatiorastepsose long as the upper
_ tenperature is at |east apopt t y-four hours
nmngpggweeaglwam%m eRarisp Ay o hed e g of oel may
be él%rp'é}’ec? taggguﬁvﬁh dﬁr@eﬁibéteﬁéé baRUiseeerse BhE dr Wiore

ours nbranes, in different enbodi nents
cryitbmzammgtap(sl)e Iatanr@nhodlmmé,r%am erystaflizgdonstenaay use a

araya bl 0t 5 AL ey 3 G SELEIAMRE Y or e

mag%\éﬁhegﬁ%ééﬂﬁ\aQMﬁéferﬁa may be used for all the
rystallization steps, so long as the upper |imt of

the aging tinme is not exceeded. Alternately, nore than

di i lggtgac?d (éfg %&égﬂ@iﬁ ﬁg: (?Jnet &\Gith QP@aQQSﬁ’e sM‘f*fé&e of the porous

use for one or

orstialdr @mboamertemiesiorous sappert e henhmeesm)‘un the gel so that

crystalllzatlon step may use a diffe elgt bfiltch of g t at

mommnﬁgsuﬁw of thgiFoTey e RYPRAI ERRIZCIST NG EeTD amembprient, a
f n

Ieaate§orﬁ§ oﬁ%ﬁgﬁl ﬂ%t%@%‘%wt% &c?@%mo?ﬁ'léjéuépgﬂrgt T'g% EBgeu@Gﬁﬁr e support

neéd nbtise pompuaewmpdm.th del. am aererobodieent, thhepOp@lus)a@;pport is
ort ma

orpaB Bl oD S RE e Ak e B e e 1 Ry gapo
meﬂ{brSHB‘?sf'h{iﬁéﬁbsta?\%tnéll?%ﬂ:@%fh@fambﬁnt&ﬁlgdmaoﬂdmé es the
pores o or

e suppor es of the support need
not be conpletely filled with gel. In an enbodi nent,

e RO SRR 5 Sh Otk B BB At SHE G membrane.
Théﬁ@%d@%ﬁ%ﬁp&é@fnﬂg\?gﬁf griybsiligabld ehape, lindtuding dbekstdrm tubes. In an
embodiment, the porous support is in the form of a tube. In an embodiment, the
porous support is a metal or an inorganic material. In an embodiment, the porous
support does not appreciably dissolve or form reaction products at the interface
when placed in contact with the synthesis gel. Suitable inorganic porous supports
include, but are not limited to, a-alumina, glass, titania, zirconia, carbon, silicon
carbide, clays or silicate minerals, aerogels, supported aerogels, and supported
silica, titania and zirconia. Suitable porous metal supports include, but are not
limited to, stainless steel, nickel based alloys (Inconel, Hastalloy), Fecralloy,

chromium and titanium. The metal may be in the form of a fibrous mesh (woven or
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The porous support is a body capable of supporting the
SAPO nenbrane. The porous support nay be of any

w@e osaploes shape, including di sks and tubes. | NPEIUS2005/008590
enbodi nment, the porous support is in the formof a

t ube. nhodi
norsvegan] R e i PL S Mo BE RS RHRRE bt paRidlEs. Znd
sinffeP Adtatiefsiclest InBaRepsbadimentlithe ohetal support ismforaed bbsintered
products at the interface when placed in contact with

metai @agljalehesi s gel . Suitable inorganic porous supports
i nclude, but are not limted to, a-alumna, glass,
titania, zirconia, carbon, silicon carbide, clays or

Sl | Tﬁ@b@réﬁii@ﬂi@éﬁof taerstmppbst is ptqumﬁl;etﬂargeeogeglsio alfaiv the
ported silica, titania aggrtﬁl rconig. Suit

syrmesjagehamn@mmq SRR BAh e Ry Biengtre, dametas of the
su;ﬁéﬁt qerg%rﬁﬁlg Hn%%@h% ARSHSARC %s(dlé‘%@ﬁ%rm |nS|de the

rom um an titanrum
suppiralOftey, amaoroustsbppcbrmwm baveiafdmrlbu&onmépor(e\m Preferably,

the B GIReIRIGS 1T S5RAG Bredisd taa ARPUED-Ab Grone. 'The pore
dlafr?ét Li & tﬁ% 'pm)g{bgg@ng@a@ﬁhanta'b%uﬂ@tﬁh@réﬁﬂGbés h&t require that

tal particles. The pore dianeter
evarf s"’lgée spopqz)mmelsmpppetflsgs&ﬂt9r thancab s &3 mierenal buhit dors

30 3553 o B T BBy G 0
mlceraﬁé'%r%QaHb?é aSRIPPoft ALY 8 1878 Wigh Bh 0B hﬂ@ohhﬁzerage pore

port. Often, a por ous su%port w |l have a
Slzel) sThe bbaraﬂt\ertﬁ’tlcmr% sizezvay bprtaken apithe avgr@ggomedian or largest

o G e RRER s B Sl R e Greser

ab&Jthihﬁérothétv@@@LébdhtZ aricasost Blmbaronstoratguit demicharts. The

every Si ngI e Bore in the support is ﬁlcé'er t han about
poUB SUPHEsTBaY auomﬁda@egnewauadaa?ulﬁgw HQViARy a sealing

sur{g&%.l ASisengt % T ARE 2GTHR héﬂb&roﬂgr t%hé?m'a? aflPe immersed in

m crons (for exanpl e, pport having a’ layer
or paitialipeoVer2dwitly syntawsis @gédpmn@tm s)e)theé‘ B@rocess, in which case

characteristi ore, size ag? an as I he aver age,
SARLcaStaE mMay O’bmeé"‘g]p?é ”?W 1 ASNE" embodi ment s,
the pore size of the support is greater than about 1

m cron, between about 2 and about 6 nicrons, or about
4 nimammnbo‘ﬂmepbrthmpom;qsmtppoﬁay clesnedi piisd tqa being brought into

coRGEPS8 155 RE=S8Lant S Py B S HRRBE BB

puffiePwhter MRIr&shifg with water, the support may then be dried.

After the porous support and the aged gel are brought into contact, the
support and gel are heated in a SAPO crystal synthesis step. This synthesis step
can lead to formation of SAPO crystals on and in the porous support. During each
synthesis step a layer of SAPO crystals can be said to form on the surface of the
porous support and/or on previously formed SAPO crystals. The layer of SAPO
crystals formed during each synthesis step may not be continuous. During the
synthesis step, crystals may also precipitate from the synthesis gel without being
incorporated into the SAPO membrane. In an embodiment, the synthesis

temperature is between about 420K and about 500K. In different embodiments, the
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or partially covered with synthesis gel during the
synthesis process, in which case SAPO crystal s nmay

wo 2005021983 he nonporous material as well. | n anPCT/US2005/008590
enbodi ment, the porous support is cleaned prior to

synipesephiasalte |CE SRR AP bk hiF BUDI 831 PEktycBHEabour
465@@5@1 abdMti 450 K! Wahréﬁnwdulﬁen@ttﬁe crystallisatRpotirne msabetwwm about
ried. After the gorous support and the aged

15 andcaboutiRfhhounst dn edtiferent embedyngplo the awatagl@at'an g'me is about

20 i Syt IPiRafl PRkl P AR RSPt st al

on and in the porous support. During each synthesis
step a layer of SAPO crystals can be sal to t}_Iorm on
t hén aorémbedipient HRXCESS siiat hesis s is mmfﬁ giupRert,and the

ST TR A e T S e

washiy WitH Quster. Daftengasiiag syitht \lvamlr,sthetsampochrgm:t SAP Onaiystals may
al so precipitate fromthe synthesis gel w thout being
then Redirigsk at ed i nto the SAPO menbrane. In an enbodi ment,
the synthesis tenperature is between about 420K and
about 500K. In different enbodi nents, thesynthesis
t erfpenasmbedinemehesyntheistustepsoakbanepaatedtin o8terie foim a

B SR i 2, BB Rk e BRI
gel fr &hﬁI ahd tferdthefgare s s@ﬁf&bﬂjls@r@bghf o contact with aged

crysta zation time is about 20 hours. Synthesis
synthﬁmls:gdall heforecperforoning thexnexdgynthesipsieps Upan embegiment,

s SRR SHE%Sip BRI P RN ByBE B on e

sup‘bbﬁ%urf-a%% tﬁ)%%ss%ﬂféssm b%m@\cedtlbwow@yen Jhel $APO
wat er. After washing wat er, the support

membyanelssfomagdtydhe @énmlate/@ layer(SrofeadBei trestals f{gﬁaed on the

supg& ﬁhugfac%@ﬁfb fﬁ?%gﬁ%&ﬁﬁﬁ%@%&fSh@gEg@b&% ﬁ}r synt |gseltts1e porous

suppofd, Intdﬁﬁembccﬁﬁerﬁ%ﬂhéfﬁaSPG @pstalssinsidetthie suppdrt e substantially
'nteg‘%fgﬂlf’&;ip 0{3'!‘ SIE?W&:!%% r!‘.?Ir ﬁ%@ggﬁéc tggﬂﬁ@,ﬁrgsgglﬁgre connected
to téé?&eré B %ﬁﬁ?ﬁ%‘tﬁ %rmeﬂﬁi 'ttrlfévguﬁfpo?y SLmss. Slnsérﬁéﬁibéﬂhent

ned so e cumu ayer formed on the

sufficlppiosyintisesis ate@staretdeefosrylad lleati the snembrang issmpermeable to
conti nuous | aye

nitrogen after prepargtlon (but %efsore calcination). R . o

After SAPO crystal synthesis is complete, the SAPO membranes are calcined
to substantially remove the organic template material. After calcinations, the
membrane becomes a semi-permeable barrier between two phases that is capable
of restricting the movement of molecules across it in a very specific manner. In
different embodiments, the calcination temperature is between about 600 K and
about 900K, and between about 623 K and about 773 K. For membranes made
using TEOH and TPAOH as a templating agent, the calcining temperature can be
between about 623 K and about 673 K. In an embodiment, the calcination time is
between about 15 hours and about 25 hours. Longer times may be required at lower

temperatures in order to substantially remove the template material. Use of lower
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menbrane is formed by the cunul ative |ayer(s) of SAPO
crystals fornmed on the support surface(s) and the

w@ eovseyieennect ed) SAPO crystals formed inside PEEUS2005/008590
porous support. In an enbodi nent, the SAPO crystals

i nsi de rt Lal
cald SmhBATIAARA eflEs U RIRRLbA o Yaldlifs BIREAGRLt n the
merﬁBFHh%Ct'ﬁﬁb heafirfterdt@yering ehlcBARiOncshmidibe staw eedug*mta lirait
pport surface, In an enpodi ment, sufficient

forngtmw\@fggfegtﬁéplgh g:ecrggfsf olp,%]jembgpmgrét the heating rate is less than

aboggpgf Iﬁ&ﬁiﬁ taodlﬁérteﬂfg%og Aﬁ%ﬁtc Pﬁeﬁﬁ%%%%ﬁ ests)?lgo#}? 6'Kemin.
Simmany!taé Q;ootnh?gs raﬁél?@stmd)s@heenw slogaloclimié therobrane defect

forrpatien 8- eTROEREN. IeSarne L Al islS e B apBu 20 Rlrmin. |
diffezrgp' RBOEFAGHCt HRAEddIR rgﬁé%%éuib@ Rhages that is

B'e o r|ct|n novenment of nol ecul es
across it |n a very specific manner. In different

b gb RO b Rt B AR RS Br (B Pranentd e comerise
SA@Q%@%&@WK:@ dfe F@éedfwmrrﬁéﬁléaﬁﬁs’@né&‘dfﬂga p&fad ofrtble support and

as a tenpl tlng agent, the calcining tenperature
whlclamor‘neabayemnatalbasttomsdﬁ( OhitRtE ROEMS BIPPOR: The 1% dickness of the

h I t
sABBURteTiRPenstsU P28 gibiR gkt Fovitnge SRPS EHRnet> 1y
emE dihfaMR WHePERPhiResisadepslay perfornted ubtitthemerhbranedsove
e tenplate material. Use of |owercalci

lmpteemﬂpeb@t tornittogerm the thisknassofithe GHMURHIVG: QAB% layer is less than

T
with Qééi?ﬂﬂh?l@zles&ro@i&ﬁmdisbo@ypmeamcmﬁy in the thickaebs dieasarement is
ing rate is |less than
belinetldo DRIorIERIIRER 10 e 'H@&‘Paflfgi Bodimgnty B thigiciess of the
|
oy B ATy 00P 5| RPAETcon o s oo

the'@nﬂfés&ﬁT@@lodeHBhd td fmn@mhmfdﬁA&%@e:rysialsemﬂun e supRart as well

as pg b@ﬁbrgnlpgg olgf)rt]hgaﬁgplpggr? L gl!: e)?@nﬁglgr ﬁrﬁe‘rs@ﬁgf %%%B)usqﬂb% ifi the

syn'mérst?% QPP&\‘/\E& (ﬁ?ﬁﬂ% FOISSIIH of OXPUYL éX8takPWRAINSAe T as well as

are present within at |east sonme of the
formaties obh SAROdaygraTt theridsidkiatid therautside £ die BibeatIn an

erbdPtabeheS BB oG R BB b TR TR B Shpport
WhHIA B AR SidesSéraRs skBpbRMIEnmiehsed and capable of being penetrated by
the gel, formation of SAPO crystals throughout the thickness of the support indicates
that the synthesis gel has penetrated to the center of the support. However,
formation of SAPO crystals throughout the support does not require that SAPO

crystals completely fill the pore space of the support.

Transport of gases through a zeolite-type membrane can be described by
several parameters. As used herein, the flux, J;, through a membrane is the number
of moles of a specified component i passing per unit time through a unit of
membrane surface area normal to the thickness direction. The permeance or

pressure normalized flux, P;, is the flux of component i per unit transmembrane
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enbodi nent where synthesis steps are perforned until

the nmenbrane is i nperneable to nitrogen, the thickness
w@boosheiogimul ati ve SAPO | ayer is | ess than abopdT/B82005/008590

m crons. \Wen the | ayer thicknesses are measured from

- segt.| '.th
o BT EbL ST o AR08 LSS BBl AR e
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e synt hesi's netrated to the Center of the
zeoditﬂstypletmatdmdavérmocﬂetmmposﬁd by Keixrpet el {d aemb. Sci., 1998,147, p.

5 RO BB 85k R el 9brTAot o AHE

Jou?HzEHF’QOGJO JS(@P%BPT?Q-?BQE@I@@ rhbd S E@istes tERBIth %dlﬁ&ﬂar sizes

nmbrane can 'be descri several paraneters.
relats/edo Hiee eealjitetpose Bndxthe gelatweh pdseyptian @gﬁﬁgmsedqtgrmlﬁg the faster

perm'g?mglsi%f_gcgshﬁ%gﬁg %Jﬁﬁ?& ‘ﬁﬂw‘éw&%%r% thre%as?‘éﬁd?gtlcﬂﬂegtmes

rane surface ar

whé&@bBth dobnpdientdiarkalsie so difftfé@ﬁht‘dhghﬁhe mellerfelansmverpores In the
pressure normalized fl ux, is the flux of conpaq

first regéon, beth mqthd%hﬁv%tﬁ@&tHf\ﬁdﬁ@fmwfeﬂ%‘?s pUiPIByR Jsger and

o BFUREET PR ORI, 0 s i e
selt\é/%‘{lﬁ/fegw thdésémalﬁﬁmmc$@ IIilh re@grszmﬁmn ghcrteéidesr ihwaee sirditarrkinetic
ey and Sons w Yor pp._9-10). . .
d'aﬁ@lt%fét byt eRe aeseb ﬁéﬂ?f?aﬂ@“ﬂgf Iaor%%m%,tltg%-mgngfar]e is sglective
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a

oGS < Bas e ah S RS o g BB oo
differ fromthe i deal selectivity.

In an embodiment, the SAPO-34 membranes of the invention have room-
temperature CO,/CH,4 separation selectivities greater than about 60 for an
approximately 50/50 CO,/CH,4 mixture with about 222 kPa feed pressure and about
138 kPa pressure drop. In an embodiment, the CO./CH,4 separation selectivity of the
SAPO-34 membranes of the invention is greater than about 270 at a temperature of
about 250 K for an approximately 50/50 CO,/CH4 mixture with about 222 kPa feed

pressure and about 138 kPa pressure drop.

In industrial gas separation processes, the pressure drop across the

membrane can be several MPa. For example, in the natural gas separation industry,
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Transport of gases through zeolite pores can be
i nfl uenced by several factors. As used herein,

w0 2@6l91ve3 pores” are pores formed by the crystBtT/US2005/008590
framework of a zeolite-type nmaterial. A nodel proposed

{ ) i e,
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the strongly adsorbing nolecule. In region 3, the
nol ecul es have significantly different dianeters and
adslarratieh gas rsepgltahlsn theenefhapetlesoin bemermeateaahewd be

ek ST AR TR o PeglE bl 45

m@?ﬁ%?&n@ﬂ‘ert fieah RURIYdiRBn #ve OO Bk AABSteaddcentration is greater

separation selectivities greater than about 60
thafh aboah 98#5% dor thatSAROSH mentranesof Hexnvertian ata taaperature of

e
oo M WSOy oy
meapsenss phthel lyvgrmomare&rgm thanabpet $- Pé{o ﬁé@@ﬁ%m
mnﬁtﬁ%g gﬁ@fgi?é‘trggé segg" %Jfor%%d‘eft‘) %ﬁsﬁﬂitﬁréjépﬁtehﬁer ture of

parati on processes, he pressure drop

abdt 233K With aboth3aviPaqresdiaesizopr al I\/Pa For exanpl e,
in the natural gas separation industry,the
trans- nenbrane pressure drop is about 6 Mra.

Thefreafnr%éﬁg E%SQ? fmbggﬁ azﬁfgﬁé%b%oﬁ@ L§BEInfateYial &ich as a SAPO

pr ess erentials i'n the MPa range
megibrahe caarayso bp mfluented by amy “enbzeblite pores’ e theomeaiane

e 0 NS ok kel AL AR B e R afie
Inté’rfcrystalllne pores are an example of nonzeolite pores. The contribution of
nonzeolite pores to the flux of gas through a zeolite-type membrane depends on the
number, size and selectivity of these pores. If the nonzeolite pores are sufficiently
large, transport through the membrane can occur through Knudsen diffusion or
viscous flow. For some SAPO-34 membranes, membranes with more nonzeolite
pores have been shown to have lower CO2/CH, selectivities (Poshusta et al., AIChE
Journal, 2000, 46(4), pp 779-789). As the pressure drop increases, any transport
through viscous flow contributes more to the overall flux and thus can decrease the
selectivity of the membrane. Therefore, membranes with fewer nonzeolite pores can

have better separation selectivities at higher pressures.

15



about 253 K for an approxi mately 50/50 CO2/ CH4 m xture
W th about 3 MPa pressure drop. In an enbodi nent, the
wEaShiogepar ati on sel ectivities of the SAPO 3BCT/US2005/008590
msnbranes of the invention are greater than about 120
out

pr é@@ ranes o MeS of t?nf@(lﬁ\?%_ﬁg Eﬁ%%tt?ﬁ gglte\l%x \?eﬂy 865’“9% 18 to some gases

ovef BiHers!t F@F b{?ﬁné@ Y8 APCL3Y RerhBKariet fl thie Jfvdntion are selectively
approxi mat e 0% 1n natural gas separation, the

permeahierte COs svemCHh eeqpacmélataé lawrfemnssaiusesc Eergoneothe

B PR bt R SRR R 80N i

thes&ﬁWi&@ cSﬁiﬁ@ﬁEhfsQIshﬁg"tHeSm@hﬁﬂhﬁés bhive iabentior? IT e fdeaistream
nmbr anes of the invention at

is appqu;thatharfeedml@mfdhe PEMRTaNG; gsne@élag@de@mf@t%ﬁ%@a@@nd a
t
pergipis e 1 REssleh SoBRLS i NS oBi0 A Hanchibftrane

dnv%@é‘n@ﬂbé apphedthdtiat dastentiodthagases peMattahme
about 93.5% for a 14/86 CO2/ CH4 m Xt ur.e, reaﬁfm‘%

membeaneagin7an embodmnert, bl aasesemeale e %9 Bfa
t rmg
me'%&é%%p%rste%ﬁwég&snl%? foh§f|Pé? gt al 1 nrgnggg&; ?ese%?/%d gas
conmpyrdnt, ahe Petineate stré‘dkl?@llh”batamnhedamﬂm first pas component while
i nfluenced by non eol i é . cir es" | ?hrrerrbr an t
the setentate sueam RS RIEEE0P RS MR SORRAATEnk T hF GEABR G, stream
ben@gnﬁﬁiﬁ’ thErfi?é’[‘(-;q’&%r&bmpoﬁéﬂt%Eﬁé/ssfrﬁt ke BoMEerRGatioh ©f &k first

nonze te pores e contribution of
gasrtmrmmhemen fre permente IstreiTuis gieatgasharhitv aghcentration in the

lite-¢ d th d
feedsireat; SaH. (neaensty Stooryorne CapREoi e TiEfed
con%cﬁwe?ﬁ%?ﬁésemalt Yhd édrintriatien op &id fifshhas ebripoeentintthanetentate

can occur through Knudsen diffusion or viscous flow

strefaon issless tEAPEG gancantiatiands theriesstiga®. with nore
nonzeol ite pores have been shown to have | ower CO2/ CH4
selectivities (Poshusta et al., AlIChE Journal, 2000,
46(4), pp 779-789). As the pressure drop increases,

any transport through vi $ogugPiLE®V contri butes nore to
the overall flux and thus can decrease the selectivity
of the nenbrane. Therefore, nenbranes with fewer

JMM%WEX IapEe l A iy 2 [\Pe%f,,%rne§$ﬁ2r ﬁ:sln‘gr]anes of the

| NSAPDOB4 eRmbranes e ipreareanmparolis stainkessstag sebes. These
tubes had approximately 4-um pores, a length of approximately 30 mm, an inner
diameter of approximately 7.2 mm and an outer diameter of approximately 9.5
mm.(81180-017-PRDC-TEST, Pall Corporation). Non-porous, stainless steel tubes
were welded onto each end of the stainless steel support to prevent membrane
bypass and to provide a sealing surface for o-rings. The combined length of the
combined porous and dense tube assembly was approximately 59 mm. The
permeate area was approximately 7.8 cm?. Before synthesis, the tube assembly was

boiled in purified water for 3 h and dried at 373 K under vacuum for 30 min.

The synthesis gel had the approximate molar composition: Al;03 : P20s : 0.6
SiO; : 1.07 TEAOH : 56 H,0, and was prepared by stirring HsPO4 (85 wt% aqueous

16



over others. For exanple, the SAPO 34 nenbranes of the
invention are selectively perneable to CO2 over CH4,

wespsodrably at | ower tenperatures. Therefore, PEEUS2005/008590
i nvention provides a nethod for separating two gases

soldigr MG e o a8 80%f AfEn 380 i, oo R AR for 12 h
ThenSthaRBfriphste! t‘étrbtlﬁh{/l%?ﬂnﬁ)hdﬁn Gy dtdIedTENDAORE 35 wt% aqueous

g_eneratl_n a retentate stre_amand a perneate st_reafm
solutionoAdtlrich) ovae peded eanchibeixtuguas stived fori 3min before the

trans. I IA\H r . ' t .
colbALEERBERRE Bl A0 4031 ! sARBRA S da408! 1R souion
wasodmdil matstirat durgsstoragertogatecteetiingtandrie formatioa of a solid

menbrane is selectively perneable to a first gas
cakgorfisnagliwas agedhios apoFRKIGAe!K érﬁlﬂ&’ﬁeﬁhwo'ﬁh@ﬂ?@?ﬂtym pefore use.

streamw || be enriched in the first gas conponent

while the retentate streamw || be depleted in the
fi rifte stameseiube absembdy waatdirestly placedeienticadipin ahleaflonrtube in

the first_gas conmponent |nplies that the .concentrati.on
an aylopkuer T Tofed LaRpRen tHepulthaymiBse S OB fLever 47 end of
. o i : '
e U C e e e
aboverthe upper endpb tienstainigds tubetassemttye  Aorappnexiaiately 245 mm

S i BB B GBS Bt 5 o
syng’?’&égg’ gsan@ NYBL Stalnle§¥ RBRY @ddepiblitls. SARGpRfoXilakIRES mm

br anes were prepared on gorous stai n| ess

diametay| andapproximasely 100ms high Teflanokbadiolds apprenimaelys50 mi of

sy L PP T e AR RO SpARayrhess wos
card®P a0 ¥baEt £ Y K JoPatitut @Blh 18erklnThd¥ROEd REmbRAnel was washed
_Corporation). Non-porous, stainless steel tubes re )
wittweutiier wiates at29K Keand siriedrat aboat ar%gglnsqrb@vers@mgﬁm §@mins. A
t ' i
sec I dBTa 2P 40PR O3 Ro BN bR bhlhe e was

invéartetbtaebtara onsreamifocranayert The thiss ant ifguntiasynthesis layer (if used)
approxi mately 59 mm Th%éé)erne

te fareargcyvas | ¢ that
werggepRrambEng the sampProgdeasshRfiiakand segand igyers, except tha
a néw; *Sfﬁﬁ‘%d Q?ﬁthggis' | Qi fdeRd 8868 QubRy neMbités were

ried at K" under m n.

acuum for 30

prepared with 3-4 synthesis.

Membranes were impermeable to N, after preparation but before caicination.
To remove the TEAOH template from the zeolite framework, membranes were
calcined at about 663 K for about 20 h. The heating and cooling rates were about 0.6

and about 0.9 K/min, respectively.

Example 2: Transport Properties of SAPO-34 Membranes
Single-gas and mixture permeation was measured on a system similar to that

used by Poshusta et al. (Ind. Eng. Chem. Res., 1998, 37. p. 3924), but modified for
the study of light gases at pressure drop as high as 3 MPa. The membranes were

mounted in a stainless-steel module, and sealed at each end with silicone O-rings.
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The synthesis gel had the approxi mate nol ar
conposition: Al2Q8 : P20 : 0.6 Si2 : 1.07 TEAOH : 56
wo2@iandsivas prepared by stirring H3PO4 (85 w BET/US2005/008590
aqueoussol ution), Al (J-C3H/O3 (> 99.99% Al drich),
and H20 at roomtenperature for, 12 h. Then the
Fluxesrpkse Bleassiadusing A soapnti buptle diowmeter ang Aglorwatch. The

ol BREEHTe BRIt ISRy S Pa
silica sol (Ludox AS40, 40% aqueous sol ution) was

added. The salution was seal ed and stirred during_. .
ot draigendionfe AerCetale-gASARS AHEUIS PRADPBIPL A investigated

as 5%&&ioﬁ%ﬁem§@?§tgfé aH@Pré%@@FE HRJp fPRbAE FRhHAnSs. dR¥Bmixture
at roomtenperature berore use. The stainless tube
sepasatior) Iryasefowlicoatrollers preae eiseddo mixgiurg GQp and’€Hsgases. The

t_ube in an aygté)%cl ﬁ)/e,. The T{ef&@n t ube, Warﬁ tﬂ?n fill edon each
totaliflow rayewaesi300Jal/npig FRLTESt PHIRCHHPEEMETE LIGPIRSEL®
sidd BP&@&%%B}%Me whéRhE8abénderith &oatblib 8 vetwee$ 84 kPa and 3.4 MPa.

approximately 10 nmm above the upper end of the
To shay oubgas sepearation delivy roon tempessturatee yngmbmnermodule and

di anet er . and i mat.el 4 i
sori Pusiebin e iR By o4 e Al Tk bfte OB S4HR? The towest
tenfethflir€ Hivest§steassaab o e 250/ K. P cormipositiony of tHe feed, retentate,

I anet er and approxi mately 100 nm hi Fh Tefl on tube |
anchpetseatpstieammwere msasuiedossing At ewledt-gackaid $880 eries 1l gas

stainl ess tube L T [ I '
chrie S RPh s ZOR 2 b6 e SRUERT ORERRr s TAFESEP-D
colgnt (AgEich). Theov@hinjeblrvasd datslotal teirpergturés ek albkept at 423
at 297 K and dried at about 373 Kin an oven for about
K. 10 mins. A second synthesis |ayer was applied using
t he sane procedure, but the tube was inverted to
obtain a nore uniformlayer. The third and fourth
synCe$CH, IRymn Terpematdye Resaltsr epar ed using the sane

o B shows Pegees EpAsen Es oK e aD LR CH minure
(229484 fééd%@é&%?a%d’%@klg{a ga?f’%s?ﬁe\ﬂréﬁ) f3r five YRrAB@ings éM1—M5)

nbr anes” wer e i nper nea o N2 _after preparation but
prepefed asiogltbé mathods offiheriovention hEheRAfiYe menmiranes wesgrprepared

in cé[%gggtggg@tdﬁeqfc{g&ne rk,s!g%%‘g{ ﬁggrﬁe r?néﬂqﬁé‘dﬁ\gegmaehtganes had a
COLARL 195 sdpAration Stlechivify iRrekcabout 60. 9 K/ mi n,

respectively. Exanpl'e 2: Transport Properties of
SAPO- 34 Menbr anes

Table 1.

Permeance CO; permeate | CO2/CH4

(mol/m?.s-Pa) concentration | Separation

Membrane | CO, x 10’ CH, x 10° (mol%) selectivity
M1 1.1 1.2 96.2 93
M2 0.97 1.3 95.4 73
M3 0.87 1.6 94.8 63
M4 1.0 1.3 95.0 67
M5 1.0 1.5 95.1 67
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Si ngl e-gas and m xture perneati on was neasured on a

systemsimlar to that used by Poshusta et al. (Ind.
waogs/oadem Res., 1998, 37. p. 3924), but nodi PCEUST005/008590

the study of |ight gases at pressure drop as high as 3

mgmeesmgﬁgg”g ﬁ?@ﬁe%}ﬁeefgpﬁf@eznﬁ& ftﬁ'(l:ﬁ(;clhrgﬁsc‘lnﬁtp‘?gésure drop,

whé?ebb e sﬂgléﬁgés p@frﬁeﬁrﬁkﬂﬁfb’r@i—imaﬂ glrﬂostcm:mstadtrat QOB through
| owmret er "and a stopwatch. The oF\%eé%gneasurabl e
memmw aka pemvealgiRIgS eI 156K 1h)- nd1ys¢ e 602 /CH4

O T R L

tenperature and pressure drop for sonme nenbranes. For
m xture separati on, mass flow controllers were used to

. Ih [, Af
TG oa H, t 3 S bl b o wi
preggur%ad:rppsfbrdﬁeﬂ"fbréng gﬁ’?{;ﬁipga@)e T%%@?/Eéﬁﬁé‘%r&dn\éentratlon also

contro bet ween a. To carry out
incrgased eyt latremsutgepmsur@odmpemnalvaﬂ 88 % mbampsassuiagrop of 3

MPG) J BBITGHCER SeBara) SV aiRTiSuas BealsBbey 3R £Tetellre drop
incrie%‘ég&tﬁ‘ogﬁbeﬁ e, OEAWPE%e%EQsé(theTﬁﬁ)szém@&hbe @esredsetgore than

retentate, and per meat e streans were neasured
CHupermeance(Fig: 3)- Paciseparaducyalestivily was glmpst constant as pressure

h .equi pped with a thermal conductivity
droa&;&ﬁm %Eﬂﬂg‘ BAYESEP- D col urm (Al I tech). The oven,
injector, and detector tenperatures were all kept at

2l R ol BRI RO Fotf o 2 201 L shove

m xFiguee ¢ 2bawisihe C2rand Esbpesmeaacesgnd the HrQe/Sikteseparation

o 550 el B AT e BB 51488 e of 222

kPé’réaﬁl%rs%dré Aropst 138t ke, aitd £30/50had, f/0HI, rmxmréleﬂgnre 4 shows
l'ayers. Each of the five nmenpranes had a

that s memlianesiepatated (GO1 fiome s withra S@ecﬂ\é\m 9@ filgim?é 270 and a
oy BR RS BT U TR S Paf BrASRaRe Kl sagEfRho; and
CHEigériwasneésrand teo08l,dCH, akepalation selectivii aseaﬁnmtlen Ml

at a perneate pressure of 125 kP

terprgrajuredor pembrarg Mk a4 P?"H"é%tﬁe%{?éﬂ-'r%l ch??)z 'ﬂ:@r @agreﬁéure drop of
3 MBS SHY § 587PcOh/8H, Rixture. Figure 5 shows that this membrane

separated CO, from CHj with a selectivityas high as' 210 at 253 K'and a pressure
drop of 3 MPa. Figure 6 shows the effect of pressure on the CO2 and CH,4
permeances and the CO, /CH, separation selectivity at 253 K. The CO,/CH4

separation selectivities were higher than 210.

Figure 7 shows the CO; and CH, fluxes and CO; permeate concentration of a
CO,/CH, mixture (50/50) as a function of temperature for membrane M1 at permeate
pressure of 84 kPa and a pressure drop of 138 kPa. The CO; permeate
concentration was 98.6% at 250.5 K. Figure 8 shows the CO, and CH, fluxes and
CO; permeate concentration of a CO2/CH,4 mixture (50/50) as a function of

temperature for membrane M1 at permeate pressure of 92 kPa and a pressure drop
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Both CO2 and CH4 fluxes in an equi nol ar CO2/ CH4
m xture increased with pressure drop for nenbrane M

W@ Bog/0o@¥3 The CO2 perneate concentrati on al SOPCT/US2005/008590
increased with increasing pressure drop, and it was 98

% at a _pressure dr 3 MPa., The / se [

of 3afite: Fidurs Aehans BUSPy PaEREale N EB AR WS s ot 263 K.

FiduPS B8Rk lfhreod‘,‘boaﬁé ¢, flui‘?es“é’rﬂi Q@}adé‘-‘rﬁleta'ﬂs?c&%ntratlon of a
efmeance decreased nore than CH4 perneance (Fi

COLNEHs exirtuse (Eﬂfse)easeatfumttoy\ ofeqreasuresirop@h 263 1%\@ CO2 permeate
pressure dro rtr} I iaAcfgased. CO2 /CH4 Results

CoRggH{at 'Ré‘élwel‘g tﬁ?%gg%gre 4 shows the CO2 and CH4

per meances and the CO2 /CH4 separation selectivity as

a function of tenperature for nenbrane M1 for a feed
pr e§gure 16fsheas the;Oaapd sddufluxagrans 60188merte conrendration at

25 B0 APt s o et TREPA AR oy perpese

prédsdie 6?927(@’21% a ptéFBupe HrRPOCE MPa 1EQen fd:Ch 74%3ﬁeé(jnﬂ1e CO;
s Pa) at 250.5 K F| gure 5 shows the CO2 CH4

perreeaeacrmnyauom was@s highiassEhBYoat frighres ¢ éBPYV§ ithg pgegm@ances of

B P 4 GETRE SR 25T 385 oty o e o

coh&éitkatlen ﬁbﬁhlfbmbmhéﬂm aFagwrmeﬁteSDrmsutdﬁat 92 kPa and a pressure
menbr ane seﬁarate with a sel eCtl\élél ?
drop gh3 MP210 atCngH(S&iﬁﬂ?t'H'%P iblipd aqPaginum gt gisa0: feed
the effect of pressure on the CO2 and
Co@l:—gméagtroneances and the CO2 /CH4 separation selectivity
at 253 K. The CO2/ CH4 separation selectivities were
hi gher than 21 %ﬂure 7 shows the CO2 and CH4 fl uxes
and tration of a CO2/CH4 m xture
( 50'Llég)e ?ﬂlﬁtr&k&k"tﬁbgf‘arﬁ nﬁﬁU@éé’éé«‘éﬁoﬁ QEleBBVRE SRR an@;us gas
at perneate pressure of 84 kPa and a pressure dr
mliﬁﬁekﬁaoug‘rmme:mrapermal(@ kBamnmeate PIESREES arEd Ga'gekf’a pressure
0.5 K Figure 8 shows the CO2 and CH4 fl uxes and CO2
dr rmeate concentration of a CO2/CH4 m xture (50/50) as
a function of tenperature frgpjgenbrane ML at perneate
pressure of 92 kPa and a pressure dropof 3 MPa _Figure

8 shows the CpoTerepewdere doncentldedli on was 9esgsation
§ K. . F| ureagt fg?kﬁnt 2? g()%sgﬁ&t% fl Lxessaegtl\ﬁ:(??,
H2/CH4 41 35
“=Ha/Na - 473 7.9 8.1
H2/CO: 473 2.3 1.7

H2/CO 473 6.7 NM
H2/n-C4H1o 473 >330 NM***

CO2/N; 297 20 NM

N2/CHs 297 6.5 NM

* |deal selectivity: the ratio of single gas permeances
** Separation selectivity: the ratio of the permeances for mixtures (50/50)
*** NM: not measured
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CO2/ CH4 m xture (50/50) as a function of pressure drop
at 253 K The CO2 perneate concentrations were higher

WO s/ 090988% Figure 10 shows the CO2 and CH4 fPCKRES20851GD8590
co2 permaate concentration at 253 K as a function of

for a14%feed theCOZpe te concentration

hi ghcarning Edpstran Migrescoped MAgESHT RS é@'leop%éﬁg shown in

and CO2/ CH4 sel ectivity at 253 K as a function
m@b%ﬂﬂpeed concentration for nmenbrane ML at a
perneate pressure of 92 kPa and a pressure drop of 3

MP The | i b ' .
COSF*QEE%S Eoand d shavsororieut sl e finer o Bo 2t e P (g 19
me@ﬁe !’f%bé’ét LRSS 1518A4 13 ShdW ﬁ{té'fg?oﬁﬁ Rebffel @Vstals with size

I es r various gas m xtures through
Iesﬂﬁ@fﬁpprd&(&nat(e&m kRa perneate pressure and 138 kPa
pressure drop). Table 2. * Ideal selectivity: the

rati o of single gas perneances * * Separation

sel F@Bkéﬂ{‘i{' épﬁkl%l ér@tdrBSé)Eeét g‘i’@femaé‘ﬁﬁé rh&hbRane &4 &fe inside

(50/ neasur e . Scannin
(F|dﬁl|reﬂ4)camd\4)m:tsmq6;gﬂré\n5[) phihe ﬁaurmsameei sampmh*dngw\ figures, the

SARD vt Brigeranthe Bliee SofeahicrdaplePBbrds, 398 g khow a
coﬁtﬁ&gﬂb%h@c %@ﬁoh Bsﬁ{thé'?hgdelaah 18 buBsIHE of (e Suppodd. Each

rane surfaces. Figures 12 and 13 show i ntergrown
zedlite laylee wasyapmbsinvately Simethioksn tapeof thestainlke g} support.
mm Figures 14 and 15 are cross-sectional views of the
menbrane on the inside (Figure 14) and outside (Figure

15) F%kﬁ%% |§taadr8§se§§ct§)tn%¢SEM ﬁﬁ@r@graﬁfﬂo%*ehnfdd@éﬁme porous

['ayer 1s towards the left side of
stamlesmgteabbupp‘ergaﬂ@smembame syntbrsin. £igeiet 1 mams that zeolite

cry§ élgtagglara %c/)equagﬁgpste |nt ethenrﬁldgFe mﬂet&%ngt(§ég%rl%§v) This is as
expected because the synthesis procedure for this membrane allowed the gel to

soak into the support before crystallization.

All references cited herein are incorporated by reference to the extent not

inconsistent with the disclosure herein.

Those of ordinary skill in the art will appreciate that the SAPO membranes of
the invention may be made using starting materials other than those specifically
disclosed herein and that procedures and techniques functionally equivalent to those
described herein can be employed to make, assess, and use the SAPO membranes

described herein.
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zeolite layer was approximately 5 mmthick on top of
the stainless-steel support. Figure 16 is a

weems®Iwext i onal SEM m crograph of the m ddl e pET/UR®05/008590
porous stainless steel support after menbrane
synthesis. Figure 16 showscihpyiszeolite crystals
appear to be dispersed into the mddle of the support
(see arrow). This is as expected because the synthesis

1) ek el ookt onS RS SidshoYials A mermbrane,
r eftﬁ%%ﬂ‘éﬁ%dﬂo‘nﬁﬁ’r'ﬁﬁ%ﬁ{&té g§ofncorporated by reference
e Nt ot |

to exte consistent with the disclosure

hers) n. Proviiingé poraissuppaskhaving @ pdre size graatér than about 0.2
appreci ate that the SAPO nenbranes of the invention
mayE€%hade using starting materials other than those

Spegy {1 Caldourih S RURBUSTAPO foAing/E ORI &5 orpahic

ni ques funCtionally equival ent 'to those descri bed
hertemplatimg bgemtirpl oyed t o nake, assess, and use the
SAPQ nmenbr.an descri bed herein. CLAIM5S 1) A nmethod for
mak%ng aa%'P9§$%9Fﬁne si | i coal uni nophosphat e ( SAPO)
mendy anegodthetingieqsbreasBupsdm withthe Higerisgelf © a)

providing a porous support having a pore size greater
t hae) aboleattitheiparews supprqst apathe geble fagnablayespiPafro

formn I LS ragani.c,tenpl ati ng agent; c)
agi?@S%Jggaérl?é)g@ﬁégéoﬁﬁggﬁuﬁggﬂhéﬁ%or ous support with
t hef)agedcaiginingethel&aPOrigyértte rentovesthe demptdtingragente

gel to forma |layer of SAPO crystals on the surface of
the support; and f) calcining the SAPO | ayer to renove

2) herp& ﬁﬁ%tﬂéb giﬁ%ﬂﬁ Nt w eimfje @F“@q% géle%{éﬂ fidrh the group

wher €ei s'selected fromt group consi Sting
of CHRBtng FAFRPO-3, SAROSH 1,65ARBPE, ITAP GAPO-SAP0O-20, SAPO-31,

,S’Ag'i?ﬁsﬁlQ@ﬁ,SgAKgOﬁﬁoéﬁgg-g?: SAPDUG 'sAPT-S “EarteS aHd sAPO-

44,

3) The method of claim 2, wherein the SAPO is SAPO-5, SAPO-11, or SAPO-
34. -

4) The method of claim 3, wherein the SAPO.is. SAPO-34. ____. .

5) The method of claim 1, wherein the porous support has a pore size large
enough so that SAPO crystals can also form inside the pores of the support.

6) The method of claim 5, wherein the porous support has a pore size greater

than about 1 micron.

7) The method of claim 1, wherein said support and said gel are heated to a
temperature between about 420 K and about 500 K and the gel comprises:
1.0 Al,03: aP,0s: bSiO,: cR: dH;0 where R is a quaternary organic

ammonium templating agent and
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44. 3) The nmethod of claim2, wherein the SAPO is
SAPO- 5, SAPO-1 1, or SAPO- 34. 4) The nethod of claim

wW@200840em63 n t he SAPQJ] s SAPO 34 5) The met hod pET/TERDFN08590

1, wherein the porous support has a pore size |arge
enough so that SAPO crystals can also forminside the
pores of the support. 6) The nethod of claimb5,

- wheg %élﬂetk)é%n@!{o@:%ﬁ%ébom,a pore size greater

8)

9)

t han out 1 micron. 7) The nethod of claim1, wherein
sailolisshetpeen about §03dankabautel¥bat ed to a tenperature

o aetas R 9 e ARBORS A, OR Gip where R

i S Q@ibetveeRaibsuRo@NdcaITrBoouMm t enpl ati ng agent anda
is between about 0.01 and about 52, b is between about

0. 03 and about 196, c is between about 0.2 and about

5, and d is between about 20 and about 300. 8) The

nmet hod of claim7 , where the SAPOis SAPO-34, Ris

t et Tive AiciNdd afnpRirh Tnwhgel thd SAPDR SAPO-3hRIts tetia-ethyl
about 0.6 c is about 1.07 and d is about 56. 9) The
netvmamupiydiexide @fdrein the gel is aged at |east 24
hou%% ggédye]en about 290 K and about 300 K. 10) The
method of claim4, wherein the gel is aged at |east 24
hous & Bledwiee® about 290 K and about 300 K. 11) The

nmet hod of cl 'mCJ{O, wherein the gel is aged at | east
48 HEAROBAGEBRTabout 290 K and about 300 K

d is about 56.

The method of claim 1, wherein the gel is aged at least 24 hours between
about 290 K and about 300 K.

10)  The method of claim 4, wherein the gel is aged at least 24 hours between

about 290 K and about 300 K.

— 15) '_Fhe method of claim 10, wherein the gel is aged at least 48 hours between

about 290 K and about 300 K.

12)  The method of claim 1, wherein the porous support and gel are heated to a

temperature between about 420 K and about 500 K.

13)  The method of claim 12, wherein the porous support and gel are heated to a
temperature between about 465 K and about 480 K.

14)  The method of claim 1, further comprising repeating steps d) and e) at least
once.

15)  The method of claim 14, wherein steps b) and c) are repeated at least once.
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12) The nmethod of claim 1, wherein the porous support
and gel are heated to a tenperature between about 420
wandomkout 500 K. 13) The met hod of cl ai m 12PCTiI82005/008590
t he porous support and gel are heated to a tenperature
between about, 465 K and about 480 K., 14) The nethod. of
16)cl dina methag ?frf‘éfr""bMp\f"i‘%fieﬂ{bsﬁe@ﬁéﬁﬁ'H’ge])s%@ﬂ@%")‘te&ﬁﬂ‘q'é?‘e SAPO
at idiR) impmERbROG RE beford %rng,)%s' :
st e!%a’?@% sgﬁgﬁgglé@rlén%peat ed at£I east Iils)gnce. 1 T%Z)
met hod of claim 14, wherein steps d) and e) are

repeated unti] the SAPO | ayer is,substantiall .
17)] oieashiad LBy Eruerell Sless iAo erSedis apjgast twice.

met hod of claim 16, wherein steps d) and e) are

repeated at |least twce. 18) The nethod of claim1,

18)f urfeemetiwrbof dainy 1 wusthen gompasimgywashing @nd dspiogithesupport and
the_S er after step e). 19) A supported nenbrane
dBS SAR AR A S

aim1. 20) A supported
menbrane conprising a porous support and SAPO crystals
which are present within at |east sone of the pores of
19)t heA suppoited membrane imads by the mpdhodaf gaimdast one
side of the support, wherein the pore size of the
support is greater than about 0.2 microns. 21) The

ZO)WWéaﬁﬁoﬁéd flembrar® comprisirigna poeoS EiPpst amd SHRDI crystals
fromthe group consisting of SAPg 5, SAPO 1Qel ,
SAPERich argpresent withjares loast someo8the paepf 3ae Suppest 38d which

S5 T e B TP Sl T o

SARQpbott, is grestéPthan3bou? 8)2 fitieromst hod of cl ai m 22,
wherein the SAPO is SAPO 34. 24) The nenbrane of claim
20, wherein the thickness of the SAPO | ayer is |ess

21)t NafhapRMbrale B €M 20, dMerdiRGhE VAP Q1€ sblecdréidRe group

wherel n the porous support has an average pore size
gr eamnsistingant SARDE, BARQ+Idn SAFOTIEe 1dn SAFIO-20aBAPO-31,

20,5 NBE £3 'S ADS. HO ABOSIPRAB 04D 'ShpBU | YAPSLA and SAPO-

44,

22) The method of claim 21, wherein the SAPO is SAPO-5, SAPO-11, or SAPO-
34.

23)  The method of claim 22, wherein the SAPO is SAPO-34.

24) The membrane of claim 20, wherein the thickness of the SAPO layer is less

than about 20 microns.

25) The membrane of claim 20, wherein the porous support has an average pore

size greater than about 1 micron.
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tube and the SAPO crystals are present within the tube

pores and formlayers on both the inside and the
woisigiosof the tube. 27) The nmenbrane of cl ai PERE$2005/008590

wherein the thickness of the SAPO | ayer is |ess than

abqut ] T, R i
26) {nd e ROTRLSAEBE ey 20 - BelF T RERR Al Sl Sl farp of a
sep@ahh@ths SN icHjistals ase gressene withimathectibe tpo@dainid form layers
an approxi mately 50/ 50 C@%CI—E m xture at about 250 K
wi o boththe Neide and the ewisiag odbRd4Re he nenbrane of
about 3 MPa 29) The nenbrane of claim 26, wherein the
SAPO crystals are SAPO-34 and for CO2/ CH4 separation
27)t haHeGReptrarabéclaim @6nivhateinthe shigkresseof thé SARD dayer is less
99% f or an %/)\F‘r,oxi mately 50/50 CO2/CH4 m xture at
abdit@n aBoukZ\MI¢ORSpr essure differential across the
menbrane of about 3 MPa. 30) A nethod for separating a

first gas conponent froma gas m xture containing at
28)| eddte mehibrane ahdlaan £6¢ verejashe SARI entstalsiase $ARP4 and the

co I S| the ste f. a rovigdin 7 .

c1 ron Sl emaratn ety AP (e e 2004 i Bpproximately
si dy/60 e ReCAY nfRURS bt MSdt 2B KRAHH & préssube dfffersiitiadasross the
conponent over the second gas conponent; b) applying a

f eadembraeof alduidi MBat he first and the second gas
conmponents to the feed side of the nmenbrane; c)

providing a driving force sufficient for perneation of

29)t herfid figistafe ©PBRANES, wHereinghe ISAP Onystalsare ISARPGL34 and for
produci ng a perneate streamenriched in the first gas
tI%aD about

corfporEils Saparatiancthe Repeeneatgconcepiationisigraater
Th h | ai [ . i ;
S A&g%zorg%%gﬁaﬁbgﬁhé@eﬁp Ofé’ﬁ%@'g@l—‘ﬁﬁlxmt%%gg %5@ K with a

IT’st gas’ conponent 1s car
di grbssurardiffétentialenposs tresmemipaneof absun@MPRme.

30) 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:

a) providing a membrane of claim 20, the membrane having a feed
. and a permeate side and.being selectively. permeable to the first

gas component over the second gas component;

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.

31)  The method of claim 30, wherein the membrane is a SAPO-34 membrane,
first gas component is carbon dioxide and the second gas component is

methane.

25



