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WO 2007/ 134094 PCT/ US2007/ 068542 HI GH FLUX AND

SELECTI VI TY SAPO 34 MEMBRANES FOR C02/ CH4 SEPARATI ONS
WOROSSMEFERENCE TO RELATED APPLI CATI ONS 5 Thi BCT/US2007/068542

application clains the benefit of United States

Provi sional Application 60/800343, filed May 15,

2006, which is hereby incorporated by reference to the

extent not inconsistent with the disclosure herein.
BACKGROUWNG HOF LUMEANNVERITECN Y0 YTRAS Q-3¢ MEMBERANESH

the field of silidddROOACPHhSIPARAT(GNBO nenbr anes,
in particular SAPO 34 nenbranes prepared on a porous

support The invention es supported SAPO 34
renbr aneCBOSSRERRANCR S RoLAT R RRELIRAT RS,

theﬁhl%%ﬁgﬁg a ISim&h eﬂ)é’né?@@?%ﬁ@d@taéb Pr‘ék/rsd:rﬁa@ﬁg)roﬁcatbn

and can ree- |msn5| onal m croporous cryst
60/8@%4@rﬂkectMayctﬁj r2006f wh@htis hetély axcor@rated by reference to the
et rahedr al n| ts. The cages hannel s and cavities
e%?'é%?&d”%ﬁﬁsﬂ Q”E‘P’%{*}ﬁ d'%&’é%ﬁ?@?”&an per mi t
separation of m xtures of nolecul es based on their
ef fective sizes. 20 SAPO crystals can be synthesized

by hydr ot her mal BBEY$IROUNAGRoRHE DMENTIACt i on

o unt S iSRG BPiarid ot SegallbTRatlosPhalscfSanay
maa®thned; o paktictlar SAPS-34netibrdnds preRiel died porous support

conposi tions and procedures for formng several types
The ingaptivr peMidesssupRPriatcSHRChd4 srgrabrmnesgsovell s methods for

7. SAPO 20, SAPO 31, SAPO- 34,
méﬁﬁg%? %i@ © SAPO- 40, SAPO 41, SAPO 42, and
SAPO 44 crystals. Lok et al. do not appear to

di scj formati on of SAPO nmembranes. Prakash and
Unmﬁ/gl% R 17198 ?O’B@PS%ﬁ‘g‘ékﬁh oﬁé‘déﬂénﬁrf@@é%ﬁ)/ree%three'
M d
dlf’n%hsL nanééPgC&ééryst%LﬁH@gﬁ:rk gﬁna@g BfT Fg’r%s’ AI@% dand SiO;
teﬂr@h&dreﬂaomt&) Themg%z@@nndmam‘zeviaes ofecfec by dhe ancbtal
nni kr,i shnan' rocedures, . th el S ed
A BWSIK St par i SShaatipa e TRLTeY 4f Rl Shsedon B
eftdtpivK Sigdanan do not appear to disclose formation of
SAPO- 34 nenbr anes.

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 procedures for forming several types of SAPO crystals,
including SAPO-5, SAPO-11, SAPO-16, SAPO-17, SAPO-20, SAPO-31, SAPO-
34, SAPO-35, SAPO-37, SAPO-40, SAPO 41, SAPO-42, and SAPO-44 crystals.
Lok 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.
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1 WD 2007/ 134094 PCT/ US2007/ 068542 SAPO nenbr anes
have been proposed for use in gas separations. For
wao bh@sae3appl i cati ons, an inportant paramneter i SPCTES2007/068542
separation selectivity. For two gas conponents i and
j, a separation selectivity S;/]j greater than one
inplies that the nenbrane is selectively perneable to
component i. If a feedstream 5 containing both
conpohBR: membrapgs hade becomeopaste fof ust N gasseparationse For

56 PREL R SRS st S o e 4B 2PSr o
g&PEFAPenénts i ahtlg, Hseparettioh Relsttipry 8l igPBateetient biveé inplies that
the greater the enrichnent of the permaate streamin

thegsngyokeatie is. selerctivglyrpergreale ta egrppenenigpb et fegdsteeamt e

C r%ﬁ cﬁh(clci Zen%n%fé %@n‘gdqg%ner@%]%ﬁmfrﬂren{d?gn? the

on 0 €S on porous su
pe{rhhe%te stred62eX@) theBather sige aflthe mahbretnba/tnllamyertmdoh

zeolite-type terial may be us i ncl udi n
CIMPONREIH || @ﬁgrﬂ?ﬁﬁi%%%@p%ﬁlgm% es%@é%thﬁ g’a@{'on selectivity,
v, tific
tnBRr8ter HOBAICNEME (HETorBRRY §féarhhy EORpoRERER '
1997, 105, p 2211) reported synthesis of a SAPO 34

s A eberpPaRedePfleTainibranasy ) Sy Biselhge4) and
m@ﬂ‘ﬁid'srfgr fH@pr%HQét‘idrﬁbﬁz&ﬂi@e niPhbrakieX| 'oW}Sbr@hs %hgports (U.S.

% singl e gas permeances for
5 36 20). Bapbepals iate that aaly.type nﬁze@ﬁg tymmmate%snay be used,

g8 oo BPEEOR e hor el Syt nesi < of SAPO 34

menbranes on the inside surface of asymmetric, porous
a- A1203 tubes. Poshuta et al. (supra) reported singl e
gas %Bw&mﬁ@bq@@ﬁﬁm&%@uaﬁappgré%hazm@eﬁniemréed in"the

sQEYeeraisE Lifi0ha BEXETSIUOREA scl Reark ey 588, 14y

re aéwnm@stwf% stAP@l@K Memerares M@@heh‘?d@ﬁﬂa POroR adl,0s disk
eed pressure of 270 kPa and a pressure drop of 138

bykirMmersiihthe sukstrade surfageinea hydragsl angm@tlng Aiwg aybstrgie and
o i8R oL gl e R M oA AR oA IUBIGE 1 o
Pestiitaiet Bk (lexic Engl Thénd. fRes. v1 998, 37, 302488929 Aﬂ@h\Eedurr&n
2506, TERER oo el v e cpartardl Sembranes
ottt R fraR RS &RTHIFetAE OPorBls 128115 3ubd1ePBYRIBYR al. (supra)
reported single gas and mixture permeances and ideal and mixture selectivities
for several gases, including CO2 and CH4. The CO2/CHj4 selectivities reported for
a 50/50 CO2/CH4 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 CO,/CH4 selectivity was attributed to both competitive
absorption (at lower temperatures) and differences in diffusivity. Li et al. reported
an average CO2/CHy4 selectivity of 76+/- 19 for a 50/50 CO2/CH4 mixture at 295 K
with a feed pressure of 222 kPa and a pressure drop of 138 kPa. The average
CO, permeance was (2.3 +/- 0.2) X 107 mol/(m?sPa) and the average CH,
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C02 perneance was (2.3 +/- 0.2) X 10-7 nol/(nmsPa) and
the average CH4 2 WD 2007/ 134094 PCT/ US2007/ 068542

weoomeaee was (3.1 +/- 0.8) x 10-9 nol / ( n2sPalCT/{181007/068542

S. et al, Ind. Eng. Chem Res. 2005, 44, 3220-3228.

U S. Patent Application Publication 2005-0204916- Al

to Li et al. reports Q02/CHA separation selectivities

of 67-93 for a 50/50 co% nj xture at 297 Kwith a
permnpeefmf?m af- @28pxKPa ranhﬂ(na SB@e)sf.lurS dt@plrmf Erg. Cem.

Gt 237 RaPodl ear ot pydr ERicayel pddfozoote-

Athb Chet sﬂvlfapbets@@g@msre@amnofnogdreét{:intml fBY-98 & £86/50
)/stals on the support prior to an in situ synthesis

O/l nuixBirers 129t K @/Itd)%femgor@@wr@ ofed2duk i aad agpressure drop of
13r89 ts a process which involves formng an
Internmedi ate | ayer by applying nol ecul ar sieve
cryst als to the support or form ng such crystals on

pport then contacting the resulting coated
suppé@ 4Orah Yre. aPEH?%P@d&PQF %8%%?@9%% doagutaciurgof mgigcular

s%\?@l T’é 8:9 gesflfi) Kich itV h%/eéﬁéélﬁﬁ%[g} idr gﬁf‘écdlé‘r sieve

't an upper Tayer conprisin
crystyaﬁm thenwppﬂrbpmnd)ran a1 ievatuodyntngss atep. 19. ShéRa‘te@t @090,289

t on dlnen ion gre r. than the di nensi ons of .th
tofSIab iy B g rEmalts £ prefecsariich MR Tofinba Bl edibtayer
bﬁaéﬁl?mé?ﬁol‘e@ul@"r afdve @ystals toﬁﬁ@%ﬁ?éoﬂ o‘Pﬁ‘@r‘Fﬁﬁé sih &ystals on

| NVOIl Ves dep03|t|ng on a substrate a nonol ayer
the@mppomthgn gohtectingthe resudtingneonied pepaOR WAle ZMmaeeular sieve

SRS e SAbiedfins 3fe B e folRaellBbritic orser

toCipoaf tdnngpidieayarsongiiinga &r@flalling nsolBtlassieve o dhyistdls

and hﬁdrot hermal 'y growi ng nol ecul ar sieve to forma
hawineatleast ene dimension greataethandse dimensions of g erystals of the

m%rﬁ%&a@é@a)}e‘? anﬁ Ftatéﬂt 6, 1APS73 % Sgerflar QFQSF‘eCJq‘?{s a process which

nmenbr arie ex
mcoloes deposltlnglah a suwgilate @gyionaléyéhemmpnanglmeaulaeeréve

in the for | roved t hods r making SAP ,
mﬁ@ﬁ%ﬁﬁi%wm P& Ieaqa@@@tmﬁmewtmﬁt Fyarsieve
fnsrs@gﬁﬁﬁ QM bl tio Nty thigkm
! I NTI %\I S%I%H%gtr? ée<)r?‘()é di rreen &tﬁr@ﬂ nven(t:l n Er 03?0 ager and
thesyhtiesis solutierkiand h@!d;@ihartnhaltyegrowmg molecular sieve to form a
molecular sieve film on the substrate. U.S. Patent 5,871,650 to Lai et al. reports
a process for preparing a zeolite membrane exhibiting a columnar cross-sectional

morphology.

There remains a need in the art for improved methods for making SAPO
membranes, in particular SAPO membranes with improved separation

selectivities.

BRIEF SUMMARY OF THE INVENTION
In an embodiment, the invention provides methods for making crystalline
silicoaluminophosphate (SAPO) membranes on a porous support, in particular
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sili coal um nophosphate (SAPO nenbranes on a porous
support, in particular 3 WO 2007/134094
WSRO 7/ 068542 SAPO- 34 nmenbr anes. | nor ganPCI/US2007/068542
menbr anes such as SAPGs can have superior thernmal,
mechani cal and chem cal stability, good erosion
resi stance, and high pressure stability as conpared
to conventional polymeric nenbranes. 5 The net hods of
SAR®-3Hhmembianesr énergpalsl meotoranesisiechgs SARYIgan have superior

Rt el b BhBYce Sl 'ofdd BPsiLisiafite. and hign
preef et RabifigrasSAdhb rednBynYBatondi Polyrnei® hmibrages.
menbr anes of the 1 nvention can have a C02/ CH4

selectivity greater than 100 for a 50/50 C02/CH4

m xt ¥ - fe r u : a

1o i€ aRinddiotmsliterfiopRie RRaBRtothBlutng SAPQE
memldmamsewitbﬁmlt)mad@@_amm‘sele@th/iti‘esvh& éﬁé}gbgtéﬁ to separation

eparation selectivities greater than r
Si‘?&ﬁ@%ﬂ'&%'y rePeEsd fr %’?\%E’Sg‘ﬂ H‘%&Er@é@soﬁ: o5 B3 MPt§the
' f: cfr b G~ - en I

mEARRLRS SRl niior R A 8 TOTBH. lictiviy! sReHY fan 100 for
a 60/50aC Op/&lH, gixdureldd 299 lawithnd tetidhenessurehef 282nkPaned aof

SRS OB SHd SR - a IO 408 S K mElbsares agihe invention
cdh ﬁevé‘@@)‘@q%séﬂiﬁatieﬁﬁ sBlectititicd gpdatbhthap: ’féﬁ?zﬂaﬁs%brﬂb}?ane

selected to be greater than that at which mxtures o
pregg@esirops in sxeessoffaiia. (Themepandian oGO, froheCBlsisaimportant

g B bitasd bS8 GoP syloke i PR Bl or el

gagthod for making a crystalline
si |l i coal um nophosphat e- 34 ( SAPO 34) nenbrane, the
met hod conprising the steps of: 25 a) providing a

por Y

2O W BB Lt RSB i A At
syithegi®gpr carhpositonowithra Si/Altratip lvettichn s lagettign 0.3. However, the
Si/Al ratio of the synthesis gel is selected to be greater than that at which
mixtures of SAPO-34 and SAPO-5 form. In an embodiment, the Si/Al ratio of the

synthesis gel is between 0.2 and 0.15.

In an embodiment, the invention provides a method for making a
crystalline silicoaluminophosphate-34 (SAPO-34) membrane, the method
comprising the steps of:

a) providing a porous support having a pore size greater than about

0.1

micron;

b) preparing an aqueous SAPO-34 forming gel comprising an organic

templating agent;

C) aging the gel;

d) contacting the porous support with the aged gel;
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30 ¢c) aging the gel; d) contacting the porous support

with the aged gel; 4 WD 2007/134094 PCT/ US2007/ 068542
w@oohaatopyg t he porous support and the gel to POF/DSR07/068542

| ayer of SAPO-34 crystals on the surface of the

support; and f) calcining the SAPO 34 | ayer to renove

the tenplating agent, wherein the gel conprises

al um num phosphorus, silicon, oxygen, a tenplating 5

agerg) an meeémgrthemtgeesumt and &he gelod feimhiacleper of SAPO-34

al um num be en 3 and 0O, and ri step e) said
Support SR s AR arRe FUPet plder ature O
bet vgen aémuhm@&BeamP@kWa e temd\al the tempidtthgogdent,

may take pI ace before and/or after the gel and the
whefigbthe galgoarrsisgsadeinum.daisepeerus, siligas: exren, a templating

oGRS 056 AEBS BGOSR LR 3 ono 015

arebapring siep é)h;%udssapysort ahd sa)d gelare tieageditpateuperature
su port havin ize greater than about 0.1
Gailtal 6?3%”9[?&79 igr\faqueous SAPO- 34 forming gel
conprising an organic tenplating agent; c) aging the
gel; d) contacting the porous support with the gel; e)

heatAgiggtdﬁdﬁ@gebmaywlpq)phabedlmﬂorelmdigeaiftegethetgel éod rhh]asupport
e.su

I f 20 SAPO 34 t t
areited i ciiedl) Toangin A SodmRbAS Ny BR Broidengypethod
fof Afakiry™®! cﬁ}sltélﬁn@@@(ﬁ@ 34VY‘H§Frﬂiré‘né hBe 96éthe8 '&Fﬁﬁr%‘ﬁwg the steps
al um num phosphorus, silicon, oxygen, a tenpl ating

Ofagent and water, the gel has a ratio of silicon to

o P R e SR APl At R b aoou

heat ed 2p1trpiceort enper ature between about 453 K and
about 533 K. I n another enbodi nent, the nenbranes of
t he ®Pnverkresaring @nrﬁé’&@ou&&ﬁf@ 34 @«E'ﬁ‘l‘ﬂgﬂ%‘ GONRiFfirRg an organic

(8135%34 Ct%}‘rﬁ)tlgtlir?g gtj&,]t?ppl ied to the support surface

C) aging the gel;

d) contacting the porous support with the gel;

e) heating the porous support and the aged gel to form a layer of

SAPO-34 crystals on the surface of the support; and

f) calcining the SAPO-34 layer to remove the templating agent,
wherein the gel comprises aluminum, phosphorus, silicon, oxygen, a templating
agent and water, the gel has a ratio of silicon to aluminum greater than 0.1 and
less than or equal to 0.6 and during step e) said support and said gel are heated

to a temperature between about 453 K and about 533 K.

In another embodiment, the membranes of the invention are made using a
technique in which SAPO-34 crystals are applied to the support surface (by a
method other than in-situ hydrothermal synthesis) prior to in situ hydrothermal
synthesis. Use of this technique can allow thinner membranes to be made,
thereby increasing the permeance of the membrane. The methods of the
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nmet hod other than in-situ hydrothermal synthesis)

prior to in situ hydrothermal 30 synthesis. Use of
wa hiog/1seehni que can al |l ow t hi nner nmenbr anes t oPOEUSBAE(68542

t hereby increasing the perneance of the nenbrane. The

met hods of the 5 WD 2007/134094 PCT/ US2007/ 068542

i nvention are capabl e of produci ng SAPO 34 nenbr anes

with inproved permeances of C02 in conbination with
inwérifonCaz/ @pbiredEpoducnigeSAPOr34 menebitanés matit improeed

r meance 2 1s.greater than O-7 mol./ (2 s
pBEIEGRE Bty GoTHARH flta hFLoeorss el yean
erAb6GiITER, Bk pbthdaRae INT @, iBIRESter eharb3 &rap’ flol/{RBs Ry for a

In an enbodi nent, the invention provides a nmethod for

50raRiG{/aHsariywrept PHe Kswith @dapd mressyie o RaL &Pavand a pressure

d@?ﬁ?@g@ﬁgpd'{en‘o.rane, t he met hod corrp!ri sing the steps
of:" 107a) providing a porous support; b) applying a

first quantity of SAPO 34 crystalline material to at

| east part of the surface of the porous port prior
to s @Y 0ogiReN; e in¥entqn Rrovides m%thf PC@ rng}@%'aﬁ i ne

o o Mo TS e ofetnod |
carnprasing the stepbaifi ng agent; d) contacting the porous
suppart with the gel;: e) heating the porous support
and he _g%rpv'pﬁqq 6%@%M’quant ity of 20 SAPO 34
cr y96)3| | | AHIViBg %rf'irf@{ %%hﬂt Bf Smﬂ’cr%‘tﬁﬂiﬁehét@l‘iﬁl fd%atdeast

cunmulative layer o O34 crystals on the surface of
the garpport; and f) calcining the SAPO 34 |ayer to

renove th Lat | rein. the gel :
compr | seSANETEHERF SRHBEGRbrs SUEPRiclightS sy wherein the
t enpl at i nigst @rarfBEbf ciiREhING @atervdl idintthe folh iop SAIPO-34
silicon to alum num bei ng between 0.3 and 0. 15 and

during st@yst@ls;sai d support and said gel are heated to
at e&per aﬂrlébﬁring an aqueous SAPO-34 forming gel comprising an organic

templating agent;

d) contacting the porous support with the gel;

e) heating the porous support and the gel to form a second quantity of
SAPO-34 crystalline material on the support, thereby forming a
cumulative layer of SAPO-34 crystals on the surface of the support;
and

f) calcining the SAPO-34 layer to remove the templating agent,

wherein the gel comprises aluminum, phosphorus, silicon, oxygen, a templating
agent and water, with the ratio of silicon to aluminum being between 0.3 and 0.15
and during step e) said support and said gel are heated to a temperature
between about 453 K and about 533 K.

The invention also provides supported SAPO membranes. In an
embodiment, the invention provides a supported membrane comprising a porous

support and SAPO crystals which form a layer on one side of the support. SAPO
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bet ween about 453 K and about 533 K. The invention

al so provi des supported SAPO nenbranes. In an 30
wepods4oent , the invention provides a support eBCT/US2007/068542

menbrane conprising a porous support and SAPO

crystals which forma |layer on one side of the

support. SAPO 6 WO 2007/ 134094 PCT/ US2007/ 068542

crystals may al so be present within at | east sone of
crysialspmay sisg be peesand pathin at leastswnaof thaportisrafiibe support. In

a8 EmBORRRAt. e frtp LS SupPhus i A HRE ofd b Bpfidhe sapo
crostaly fdemad 1alyBeoh Witter tHe iaBicendIeringeRitsidehs thé tuberesan

of the menbrane is less than 5 microns. 5 The
embodimeninthgltbiskpess, Ptide mempsarRe fSIess dipiy amiang. i r st

gas conponent froma gas m xture including at |east a

first and a second gas conmponent. In an enbodi nent,

t he Timé meentiomatsosgevides rﬁéthpes ébr: separatiray a dli’S’t@% component
menbr ane .of the invention, the nmenbrane havin

10
frera 9 HUpRINGRIRG a5 '&@Sta%&rsé&”ﬁ’ga 3RPANG 93P ponent In an
erﬂSBHﬁ?éHtethTe%éfP@d Jdnﬁp;?rﬁ e%%ﬁe%?%ﬁ?&ﬁm over the second
) applying a d

gas conponent stream i ncl udi ng the
firsd) andorohielireps omembeesie afdhp amamtiont thet mentfbeacke badiag a

U {1 o1 eriEoF e PREACHEI R PR Bt SHoEETy pemieable to the
conmponentsjrsf é’éig&nbbﬁeﬁﬁf@rﬁlﬁ‘@se&&% §8Y cBRfpdnehng a

per meat e stream enriched in the f |rst gas conponent
fronk he mwegtaefegdweam inchugling: ther sk and theagecond gas

and t he. ermplTegls 16 RS R A TR iR R hefa e
DES(E} PTIgviding Tiaﬂarl MbMNESSs fficien efok pesmeatdmbnthe first gas

el ectron m croscope ( l\/?1 i mge of a stainless steel
support stfmRerethgughd gmﬁmbme@ith%ebsnmﬂwg a permeate

crystals. ge'ic} 'e%H{;:l":fed’Z 4&]6%8@4 ESTRBEN Gt Form tAL Beffiate side

steel support surtace toll
of the membrane.

In an embodiment, the first gas component is carbon dioxide and the second gas

component is methane.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is scanning electron microscope (SEM) image of a stainless steel
support surface prior to application of SAPO-34 crystals.

Figure 2 is an SEM image of a stainless steel support surface following
application of SAPO-34 crystals.

Figure 3 shows an SEM image of the top of a SAPO-34 membrane
prepared using two synthesis steps after applying SAPO-34 crystals to a
stainless steel support. The synthesis temperature was 493 K.
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application of SAPO 34 crystals. Figure 3 shows an SEM

i mge of the top of a SAPO 34 nenbrane 30 prepared
w@200mg340m synt hesis steps after applyi ng SAPCPGHUS2007/068542

crystals to a stainless steel support. The synthesis

tenperature was 493 K. 7 WD 2007/ 134094

PCT/ US2007/ 068542 Figure 4 shows fluxes and C02/ CH4

selectivity for CO2/CH4 m xture (50/50) at 295 K as a

f undtigore $shpwedkiee anddpOs/6H Safeotisity PO vBixtidre (50/50)

2P ehrdl NS el Bgnd 1
OhY peHnedtepressuré WS krg. a function of tenperature
for an SAPO 34 nmenbrane M3 of Exanple 4. The feed and

per meat e pressures were 222 and 84 kPa. Figure 6 shows

fl u?@gy,%g) at&ggémjz% ?e?r‘ﬁte ME& YarkPE 2/6392 gla%t.wtow afecog/cm

unctlon 0 ssure
m&ﬁﬁ@ S0/50)ndx gnml?fs&on bEX@mrpbmtﬁDhe fo'Ffmw S@rﬂ@&emembrage M3 of
pressure was 84 kPa. Figure 7 shows er meance an
E@QP'@I—@&QQ‘@pé@thr@hp%r EIGLE PUPITUERS wggaa R klga50/ 50
C02/CH4 mi xture and a perneate pressure of 84 kPa for
the 15 Na- SAPO 34 nenbrane of Exanple 6. DETAI LED
DESCRp&HE ©ishows Tidkes WMENID N H.iseleotiviyrford 6€ntCGH1 mexture

CBTRPR 2eBk S BuBERat oM Bk E0p pr SABG 24 dueriransS2

(EXarABE) CTives barseatdQrSdRs weaZ jpki t e- type ol ecul ar
sieve materials, having a crystal structure of

tetrahedra jOI ned t oget her through oxygen atons to

S.r gedrﬁ %2 sﬁ gr@'be)e@ﬁé%o cgﬁ @ﬁi&@%@ﬂ? ﬁé@%rfatlgR ls%?e%tlvmes at

295 K668 3080 GQQ?-IL‘HJ; miiXtareaed serinéate! bﬁas@ﬁré’@?% kR&G3r the
and Si 02 tetrahedral units, the franework structure

NeSHARPrf mesibrane of ExaMpieBul ar cages, cavities, and
25 channel s. The di nensi ons of these channels and
cavities are generally mcroporous. As used herein,
"mcr opor OUBETAHIED DESCRIPEIGN DFeTHEIESINESETIdEN
abotjlt Eglsters Cry tal line SAPO 34 has the CHA

st r Uty @MRREIMENta e mEINAYSHT the dnveatigp arovide

silicoaluminophosphate 34 (SAPO-34) 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,", AIO,” 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.

Crystalline SAPO-34 has the CHA structure and is an analog of the natural
zeolite chabazite. The CHA framework structure contains single eight ring,
double six ring, and single four ring secondary building units. SAPO-34
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30 zeolite chabazite. The CHA framework structure

contains single eight ring, double six ring, and
wa@emghatdpur ring secondary building units. SARC/BL2087/068542

WO 2007/ 134094 PCT/ US2007/ 068542 adsor ption

measur enents have determ ned that n-C4Hlo (0.43 nm

dianeter) can fit the pores, but i-C4H10 (0.5 nm

di aneter cannot, thus the pore size is believed to be
adssrpEMBaserements. r@vmde(ter@mned that. n Ci4H1¢(@k43 BmM @diemeter) can

it 1§ Botes. LB} Frut R 208G REnBAC Y it enrRizg s befieved

totied h&tveieh Masend &8s wm BARKCSt aland Lok hétral nRldeout gktalline

si eves can be classified as small, nedium or
Siligeajeming Bhosates) 48, $984)ks based on the size of the
| argest oxygen rings in the structure. Crystalline
SAPO- 5 has the AFlI structure which contains rings of
12 o3treeSAROa have dlfferenygamtartesrand @lﬁdre‘ht@W@elms. SAPOs

AP BEL oS oV Cab herdat e G5 bR mecBito i Bomagre
bR RN G ) S5 EPRARR S 02950 P ndQ PR cture

Cnrystallyrm SAHQA5dta$§hde%chstrmctmdlmtpooetamm ogd af 12 Drygen
Structures where th est .ring

j | 8 f
Ao B EEREIIPS, $YB1 RYPS NS0 SATINRL A tunlar)y. pifdered a

Iafqé -g6td r%le%:b%f%ﬁeve‘zulhtdwtra*sf'fd?yé!ﬁﬁuh@@Amdﬁdhéhgth%m
structures is available in Baerloch er, WM Meier and

stmiatureaviich confinsigngs o7& loxygen Etcme@okyggrpa@ms BsnA 4

ofiep ol ToE0ET P Beh fa i LHe GpHope grotecular sieve.

SteudtaisWngre thBaajelst A0G conianeps o pdaéesxyigehnmemyarthgpically
met hods of the invention have the franmework

cansifesed sMa-RaseXpp\ePTiRos iaNRE r & Ukthies INfatnpetian rassiding SAPO
R g e e

Fr‘ameammkﬁejpeevr‘rmulmrﬁlsewenmsterdarhl 2001 @nd entinBet M,

and Zn; val ent B, Ga, and Fe;
ht%'{/\“’ﬁ’\‘/‘é!zérﬁt“@é’r%ergf‘?ata 8%%%val ent As, or

In an embodiment, the silicoaluminophosphates formed by the methods of
the invention have the framework composition (SixAl,P,)O2 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.

Silicoaluminophosphates exhibit cation exchange properties. The excess
negative charge in the lattice may be compensated by protons or by

9
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conbi nations thereof may be substituted into the SAPO
framework structure. 30 Silicoal um nophosphat es
we@xrhs409£at i on exchange properties. The excesBCT/US2007/068542
negative charge in the lattice nmay be conpensated by
protons or by 9 WO 2007/ 134094 PCT/ US2007/ 068542
conpensating cations located in the cavities of the

structural framework. Acid hydrogen forns of SAPGCs .
cqrepensatingARYoB4 Jodaded inpthet cavitiesheitthastrucboalgrgmework.  Acid

IR e O b TERAPSTo ) R BrotPar it e toosely
atfé‘éslﬂ@d&é théie frafowdIk istraERIr8 @ lidd 6F tn@égérﬁk U@mgéﬂéhﬁr‘f’g cations.
-SAPO 5 34, Li-SAPO 34, K- SAPO- 34, 34, and

omrm QUSAPR:34 inslyde dut gsel B0t Fimnised o N@nSéRQ'l%g@UﬁAPO-
3{;L§./é.ng§e»§”s4° . gxﬁ@%ﬁ%@%@?ﬁ%@%@? SABOCH | PResd L Fhay be

hes i Aventi on
mbde mm@ughnm@hcmangﬁ dUHSABOa34 bzhy ilrwludni@ thod amﬂroprlate cation
queous sjlicoal um nophosphate-form ng gel. The gel
'néﬁﬁﬁﬁn §SiS0 ganic tenplating agent. The term
“tenplating agent” or "tenplate"” is a termof art and
refers to a species added to the synthesis nedia to
ai d The aediltnangsiodéhe ineepodry aee faraeddhraugdl inrsitu crystallization

ofcﬁa”' £5Us SlkedlpiorplsnieBdorniG ey dhbge bt an panic
d 9gérhemé tternb%rr@iléﬁr?égf&}t &P t&%‘plé%@"ié%%tetrr‘r%ﬁart and

for f ormi ng menbranes ma frompreferred
re&mﬁo@ spesias ddded @rﬂmersgntfm&mdgastoa&ud i angrulidssthe

e BeRedi L aRolBlod THBER e i RRERT e ¥ta

franeBlQdGERor fdrifng SAPG cpystaaraed khgwhityithg afobLC@ferred
of al um num_ 20 phosphorus, silicon, and oxygen in the

gq)cesmasdions far mm%m%@brﬁgéﬁm%@ﬁ%ﬂ@m preffg{reghcompositions
fof\ég?ﬂﬁﬁ | ntgea%rgﬁ?%eé ij}gﬂﬁlre'ssqghfaﬁﬁrefé?reos ?It&éplﬁoﬁltlc%may vary

depeﬁdmgeupmytr’@dwmobayewlllzatlbmtempeifatwewid)tmnew ng
nolar ratios as: 1.0 A1203: aP206: bSi 02: cR dH20O,
where Ris a tenplating agent. In an enbodinent, Ris

2 USSR R B 89l 440 SPaiyminu,
phaspheries; tsdidofr amd bkggeryindbp presencs ofngytemhplating ageopynd water.
B B 55, oA B SRS OB Mimp SRR o wer
TIRETBBMbBSRtion of the mixture may be expressed in terms of the following molar
ratios as: 1.0 Al.Os: aP20s: bSiO2: cR: dH20, where R is a templating agent. In
an embodiment, R is a quaternary ammonium templating agent. In an
embodiment, the quaternary ammonium templating agent is selected from the
group consisting of tetrapropyl ammonium hydroxide (TPAOH), tetrapropyl
ammonium bromide, tetrabutyl ammonium hydroxide, tetrabutyl ammonium
bromide, tetraethyl ammonium hydroxide (TEAOH), tetraethyl ammonium
bromide, or combinations thereof. In an embodiment, suitable for crystallization
between about 420 K and about 540 K, a 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
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brom de, tetraethyl anmoni um hydroxi de ( TEACH),
tetraet hyl amoni um brom de, or conbi nations thereof.

wo pooan3eobodi ment, suitable for crystallizati orCB0S2007/068542
bet ween about 420 K and about 540 K, a 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
10 WD 2007/ 134094 PCT/ US2007/ 068542 is between about

is between about 2Be0d abbubB8O@r I'éotmeetmante are thbe substituted into

KBl b Ntk of BB SABLE I B <o alsSingluge Lizo,
BAOOVIG® @ oG eeOMVBO, ZKD), BR93 .G45a20Be,de 280, BEDAsLOPor

As 2 or conbinations thereof. If co ensatlg‘?
canabinghensathereef dfecorn@eruﬁﬁé@guqatvpné are o pedrcladed in the cavities

ofisthé léﬁ'gﬂfu?al erﬂ@‘v?/ hee bgﬁ%&ngé%ég 8§h %'I#H‘m‘é%'&gaéo%%es of the

€ sources o
carnpensating =tibing ¢for Baample, (Nhh(DHrfoLNa, , IKOH fopILi'KKQH for K* |

OH for ,Ro+, and CsOH for Cs+) In an enbodi nent
R'?,Raﬂf%&) f,&nd&%ﬂghd‘pr £8akion of SAPO-34, c is less
than 10 about 2. In an enbodi nent suitable for

crystallization of SAPO 34 at 453K to 533K for 20-24
hourls,areegodinoent sujtable for 0ry3&lzadionofiISAROGH T. i2 lessdthan

a0t IR avenbli oS h R RE S &5 AP0 at 453K to
53 wsren-94 Roard a0s BpoutMdo isS0 93P, i @@7%‘2%&@@55 B6.

Is a quat ernary or ganl C anmoni um t en‘p at i ng agent
otper exbedinenitm meragowglllconsw gtunniguoft isttstwaen Gpy BNd .15, is

o FERE 2 B . BhestRtiei G ik e BPOBBIAT, SR Erery oroanic

amﬁmmhttemmammgm Eele‘étdd*ﬁoﬂh&hé@r@up &nélgtlrﬁ of ﬂelfra@i’opyl
enbodi nent, the ratio of Si to I s hi Zh enoug

amﬁmml#mmsr%d%d?trﬁaﬁhule@mmqnIurndﬁy@iurw@e FEAOH) Or Sombinations
tgp&dl ments, the ratio of silicon to alumnumis

greater than 0.1, greater than 0.10 and | ess than or

equal to 0.6, betvveen O 10 and O 6, between O. 15 and

0.45, from0.15 to O. et ween 15 and 0.3 An

0. 1509%"699”3'6tr9¢'§055%9§ﬂt'%‘ I%"amqtﬁr '§r¥h%ﬁ%%PH%htP Inan

erbél AR, therfrafd veatd AF@tHl ?C??‘%’Qtﬁatzgﬁl 'hof‘ﬁﬂmfd.

25 about 24 hours, S a out
difefent @bdaadirpents, ttmlradiumd sdlmoutto%ﬂhmurium wgreataydham 0t 1, greater

thgﬁgfﬂ? at ;! %r Oﬁé'g%%gf FOZ@ etv\g%?@.;g))%nde (5.6%étvx|/eneorlf 0.15 and

0.45, from 0.15 to 0.3, between 0.15 and 0.3, from 0.15 t0 0.2, or is about 0.15.

In an embodiment suitable for crystallization of SAPO-5 at about 460K for
about 24 hours, a is about 1.0, b is about 0.4, ¢ is about 2.0, and d is about 50.
In an embodiment, R is a tripropylamine template (Gump, C. et al, Ind. Engr.
Chem. Res, 2001, 40(2), 565-577).

In an embodiment, the gel is prepared by mixing sources of phosphate
and alumina with water for several hours before adding the template. The
mixture is then stirred before adding the source of silica. In an embodiment, the
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In an enbodi nent, the gel is prepared by m xing
sources of phosphate 30 and alumna wth water for
w@ewenadoshours before addi ng the tenpl ate. ThePCTUK1007/658542
is then stirred before adding the source of silica. In
an enbodi nent, the 11 WO 2007/ 134094 PCT/ US2007/ 068542
source of phosphate is phosphoric acid. Suitable
phosphat e sources al so include organic phosphates
sauuich ohphosphate e ppogphshistacid.abditablesthaisphate sources also include

o nafts S SRR BRontile” 2 BRRRIThr a'dfonous

alehitie haR! ap@x glabodridrabihe RJuvee BRalseing &SadbRAninum
i ncl ude pseudoboehm te and cs%at al l'ine or anorphous

alkoxiee r o RlsNEsUMgseRroppXside. Sydialia ahumfnaaources also include
pidShBeRrite e Hefins, & eiPpfERS AfFPbpnbhagy” Gfufe

sodigrhudieminate dalaminura tncbmar@de)v €In <0l erdbo@lrrwmhMESource of silica
preci pitated %lllca al koxi des of silic

'S@Sﬂ'q PRl RY! &ﬁs'ﬁ?%ﬁwrceﬁ@ﬂ%} |n§|qd|ecfgfn®d silieg, reactive solid
arfBrFRES o7 o ARSI QiR clef KB bIICRRIICR BoibiaF alkl

sis g I'ment e ge nposition

meamsbeakxpressed by: A1203: aP20b6: bSi02: eNa2G cR
dH2O I n an enmbodinent, ais 0.77, bis 0.46, e is
0.23, cis 0.77, and d is 46. 15 In an enbodi nent,

the IQ@JSAISO"’BJ@@'aeré%ad@by%oréﬁaﬂﬁgwé@‘l Ei’rhtB thé%ynthess gel.
"aged" gel is a gel that"is held (not used) f

Ingseenbpdinpenti he g8l commosiiane¢arabe eKh@SSedrhyOrﬁdn@s aﬁzos

g FeeTnBRRAR WA heltiind L IR B, 8160 e s

0.remped atigiag. for a specific period of 20 tinme after all
t he conponents are m xed. In an enbodi nent, the gel is
sealed and stirred during storage to prevent settling

and b SRR, Ble dR0bb8 AP0 w | AQY el RILATEh Oagea

be bound™b Iar S be |eve%

gelds a@ed)thattmIaelgie(lnoaﬂéat)tfsr alﬂpeemluepmnodrqfsm lafteraall tbie
of the b ener at i nucl eat i on t es. %eger al ,
CQrppQReny |°| teﬂﬁtm'lxﬁ Z‘agetaar A8 OF tI'Se%‘@'rtt%' ata

tegrfgﬂ{eﬁgh'tré’ggﬁ\/&/ ﬁér @ggﬁ)ﬁ% up{én t %ngilptr??agture-r e PESESE S&iod of
time after all the components are mixed. 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. In an embodiment, 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 stirred and aged until no

settled material is visible at the bottom of the container and the gel appears
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tenperature selected. Preferably, crystal
precipitation is not observed during the aging
w@ee7osiodd n an enbodi nent, the viscosity of theCHUS07/068542
gel is such that the gel is capable of penetrating
the pores of the porous support. After initial mxing
of the conponents of the synthesis gel in a
container, material can settle to the 30 bottom of the
tramweant@nd substantiaty odiforemtq theneyeyeln differant endapdiments, the
aged until n setile terial is visible at the
oG85 Pl rcre R S ke B trdntyBi Baufs Yrsbif then ten
hAREbrlG4084 tRETIMSROIBLORETE2 In UifRREhLsABbdidTshts, the aging
~substantially uniformto the eye. In different
tiragrigd aRQraierpetatere igqtiepstiabeut vetedewrhauiangreater than about
rea
iRB-our HOBFS, 2 1< Bkl Briltbf ni ST ot e 480t sayvepty-two
haurb o lomSARD-HMheeadirages, tin diffeaéntr @obodiengrts euagingdinad at
| east about twenty-four hours, greater %han about 5
rop{fe AR 8 iHe [ GP8) e&@mt@a%tt'ea%t&wn%%w- eHEhIreRIGF than about

tw%rr‘\%ﬂ}urlh%%?g aﬁl%%# aé&)‘:%h%-g%ﬂ holif! et JedLR abBtPsevithty-two
menbranes, in different e Iments the aging tine at
houwsneétereparaitout ¢hree dalys\amdcaboud seaen dags br bekvegn foondays

h , t t.han about t ty-f h t | t
anthgtcay By 11 ag iegtrodiaERS he ol St 988 JenaelyBar pnevigonth. In
different enfRjdvaentsabrtbging e pemtsrarbaesh 19e°Ccand s C or

or between four days 10 and 28 days. In an enbodi nent,

betiveegeld (s andb0agedn (diffeyent emaadiomntaphelagingtime is at least 24

differe ' e [ I re i
il RS 2O T8 350K, bR\ B SER Bl 0B pefgsp 290 K and
3@b Kf eAgrmg cﬁﬁh@%bﬂﬁﬁy&aké g&ao@%eﬁard thetydl aindtthé 8appod4re

hours between 290 K and 350K, between 290K and 335K,
plaged it grreact2do akoiry embedirenhdha@ebmayrke gaed byplacing the

I t. I t l.ac in

odl P SRS 8 B oL 308 pblking R TE R R 6,
tepiperatouge bbow thel symtitedid éers perature fontheodésield @andunt of time. The

hol ding the gel and t S ort at a .tenperature
Sgha¢ gﬁf‘?\w‘%‘h %e;}%‘?ﬁ%@? g%&ﬁgﬁ%@ﬁgy%wzaw aeosy 8a lagamthe
uptﬁi]ertl iIEof tﬁlgﬁgziryﬂﬁ]e%%% eRbedtitld. ”RiYeng’%e‘rl]W?ﬁoFeothaﬁ:dne_ t%atch of

e crysta Ion steps, so long as e upper Iim
gelfmayke poeparediang aged) otithediffersahe thatoNesdraiag eb¢d farmme or more

t han._ope bat f 20 | may be prepared and ed
criEhz8fen o). dhitrebpafiintosad FRaten i ey use a
diffesent BhtdhZaridedN ThEGR(IR] timelbfalife@ROBAITRABS of 8BFAL the time of use

crystallization step may use a different batch of
mgyloe the samf agmeyrae affetints er ent bat ches of gel at the

time of use

In other embodiments, aging of the gel is not required to obtain the desired
quality of membrane. For example, gel aging may not be required if SAPO-34
crystals are applied to the support prior to in situ synthesis. In addition, gel aging
may not be required for certain types of silica sources. In an embodiment, aging

is not required if tetraethyl orthosilicate (TEOS) is used as the silica source.
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may be the same or may be different. 25 In other

enbodi nents, aging of the gel is not required to
wobiaiisnovhe desired quality of nmenbrane. For BXEDP1087/068542

gel aging may not be required if SAPO-34 crystals are

applied to the support prior to in situ synthesis. In

addition, gel aging may not be required for certain

types of silica sources. In an enbodinment, aging is
not Theygelriedrotfightdntosearitget votit aldenst ora eur(fata:@)th'es)orous

SRS 2B l57e RIS Coiels e beh anlief Dl SHCReg g the surface

ofthé fsupg otte@stged REbRighe o ebntdee withrd Usass WRB Plakt oflthe surface.
the SAPO 34 crystal s have been applied to at |east

Ingsy embpdinnents {ier pRTEUS SEPBAR heggyersides (eeg dbe ingide and outside

o PP thaxdp SRBRASH Mo of SRRl phIi R SRR pPovd T g,

ccsitaiaSNl(reogly dnigesid @ of tife supportlt Ondsidedobtheasuppbe: may biee
or bottom o [

mB?‘éﬁﬂgm limit ity C@BFﬁQS@‘F t Srg%ﬁmgy'téea'@a@gﬁéﬁgiegq%uses are known
toXHERPY tOnQRﬁoﬁlhqﬁaé’Iln%}f@:ﬁﬁ’]H’cgf?ang%Qé c%@en@ﬁtfgurtf&e with a

l'Tmt its contact t abl e
pdlwmbnIa:_yeesfoaeleamptamovemgt|hmtlarﬂUordpmdymetotmena°srlotlmq masking

tetﬁlgr?lgﬂlglj u\feoél nvl%fl?{’@?lnggver pée%cg{;tgplss:fﬂr@fpgf v\v,\m AN organlc masking
ad érﬂoélRfPPéé’ olyra@eor ARNRKNEHidRREH R8erlid FRfGEHPough thermal

I nvol ves in Itratln the pores of the support wth an
treatoeenit.c Irna@qthﬁg en‘do@elments thehperous swpprtﬁnay)bearrmsed in the

adtodfiat fire Biebhaahoy RErbHaHES shifTPon SRl man

ernBogised, atNehstesorge bf e gélfﬁen@trbﬁest ihRrpa?BE of td agsbor. The
t he porous support contacts the I'n an

P@rRB & thieskPPQEE Need 8pt @%ﬁ@”h?ﬂet?Wé%@QIW'Hbﬁélt rlatagsempediment,

B3, Sl BB, e BcROIAS FIndlR SR brgader
thithgrawth @i $hes SAR® ersbranelg hbt smbslan%lyamted by tree amount of
suff|C| ent quantity of gel such that growth of the
o9&l ave)laifbr ane is not substantially limted by the
amount of gel available. 20 The porous support is a
body capabl e of supporting the SAPO nenbrane. The
por olike pamusrsuppayt i@ wddyatapable obslEpatiag e SAE’IQJdiermgjorane.

8L B B b o S SREBl S, R0 948 0P

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 non-woven), a combination of fibrous metal with sintered
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the porous support is a netal or an inorganic
material. In an enbodi nent, the porous support does

wmoedo7appeeci abl y di ssol ve or formreacti on proPCIUS2081/068542

the 25 interface when placed in contact with the
synthesis gel. Suitable inorganic porous supports
i nclude, but are not limted to, a-alumna, glass,

titania, zirconia, carbon, silicon carbide, clays or
metdl padicesriandrsinterechmetajglasticlesp poan et kaslimgot, she matdl

sBRE Y6 oL Sfiesbb e AL ARE S0 "ar e not 1 ted to,

stainl ess steel, nickel based alloys (Inconel, 30
Hast al | oy) Fecr all oy, chromumand titanium The
met an a’?a?mb@dlm\eﬂth@ef RRr;digmgteriaf e §YPPRIS IS lajas enolgh to

AN e QB DO 04T enrtiBo BT SRR S soystpls are

ammetjltoltle@ suﬁacb of thte&rmbommmr toar tsltta lspsthebis, #1e pore size of the
enbodi nment , support is rmed of sintered

SURPOH| Cashbpe §Hl3é|§r tha@ &HU@ntBo@f ﬂfﬁﬂter RB the cRagcigrstigore size
oﬁﬁe?ﬁﬁ@é’é’p@'ftﬁn' a %l%es@pgﬁﬂﬁﬂllltf%véa 6|s|tr%lﬁen goAflgar% EIZGS.

synthesi s gel netr e support
megrabl:—;d $he_apere @dippldtedofttbe tsppenirid gmteﬁ thaheattmu;bﬁdk microns.

T@%IB&% |g%etﬁéfttgﬁ%¥15t88ﬁtﬂ¢i}g érh&e% it t%gsalbfgﬁt ﬂéﬂ(‘épn? Aggs not
rebUFPe Ghat! Sfeh g 5ingld sormmhélsaspo@f.s shatdahbh dgdet 0 fnfions,

a porous support wll have a distribution of pore
biivdees exedepapdgrts hawngcﬁegow ahere theotharastesispip pore size is

atstu L BElorS TRE Bl ulit B7Bne & oy EwRERBA 1 gisror

averag®podrelsies) NPhe charittdristiclire 81 mag ivedbReP@Eehé Bverage,
the support 1s greater than about 0.1 microns, but it

mgdiag @%éwgﬁéépgﬁﬁp‘ﬁié@t Slnlmmrﬁﬁt e&*@péﬁﬁer\)@ﬁei*@ Qcﬁ@ size of the
L@ib%‘?ﬁ%b%é@? tHarPQF 5 tf‘dl%(? ab8u @@RH{ b%t\&eéﬂ 888@50 (Ifrﬂircrons and

port av ng

atgm IGaE&:r@m ebeﬁweet)u abdbe0. Q@TGB&%@I’[IESMI(B'ODQ Isetaiezn am;at 0.5 and
e taken as the average, 15 nedi est pore
akqui g, MIGROTR frelwesn aBREbHIHERNsaN ﬁ'%%‘oé BIEPRE, lefFtwerp about 2

arg}‘e Bp&itte c@ﬁ§36reébduﬁﬂ%ﬁrroﬁsqu?h Eﬂa@at&@éﬁsté d?@sze of the

tween a . m crons and 6 mcr
SLtpmmkamay mcmiseesed bm@eabmhmeﬁhml& rrmimiun@etmveenommeques

5 and about 0 betvvee abo t.l m cron an
%B\?{C%yrﬂoé?%? rybéﬁlﬁe‘é‘?f%ﬁﬁ&b‘f)p?r Joned go HPEP%G%‘S
méferrP Qi prdviica sedly W@%?Uéébf %@ﬂ%ﬁ]tﬁbﬁ@ This
the 20 support may be assessed by several nethods

Nonpsiralds materia moey alsp kecibimegdsin or partially covered W|th synthesis
gel during the synthesis process, in which case SAPO crystals may form on the

nonporous material as well.
In an embodiment, the porous support is cleaned prior to being brought

into contact with the synthesis gel. The support may be cleaned by being boiled

in purified water. After cleaning with water, the support may then be dried.
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and mercury porosinetry. The porous support may be

joined to nonporous material which provides a sealing
wa7ag®ef or use of the menmbrane. This nonporPCEUS2007/068542

material may also be immersed in or partially covered

with synthesis gel during the synthesis process, in

whi ch case SAPO crystals may formon the 25 nonporous

material as well. In an enbodinent, the porous support
i s clheamembpdineentt a fitstiqugnbityoeighhPO-34 orystalline maignid in the

fob BT o SAB D PF o M PR o PRl 8 LB P B ol e
pdrbés %upp@ﬁt})namb bieding enélsigdort #cdritat VROt dy3tA8dis gel. As
PCT/ US2007 068542 n an enbodi nent, a first quantity

ussd e, d2e tarpsilepse erysialy defeis to aryistals mayich afe lacasiy

%ﬁrﬁéraﬁ%éf ?hg‘tér&cﬁ%ﬁc@ Hll] cSHtrB% tgtthé %?ﬂo@%ﬁ# gﬂ%éélgﬁ%rmed

support prior

duringpiargitui syntieegisiof thai mbrrttiﬂansy%hmmh@‘ein, thsssurfisczdof the
herein, the term "l oose crystals" refers to crystals
SURROELCaY BClugieRqtl nonRRigYS HREIORSEANHPOTONS PIor wgers the
;
PGTES T A% SUmhirLBpe i HenSinaLs, AL R scrR TR o i) St can be
apnlietido éhetutfaee by wpptacting anystalsiwithrethecsUrfacerorpaittoarystals

albsyAeosies Panihe sUipracBindiiRe R B BRea AR A o
p&rbM§b6Ftﬁ>rffsaﬁo@t%cﬁ@@'cHee& seald Wﬁhs’tHé Saf8cdrah %I@@é td8tacting
crystals with the surface or wth crystals 10 already

crystatscwiln eanvaaraus pertiomsfaidlee sHiface ot ledging ¢rys@lhwiolly or

oG BB B R ERER e B ucBRL 15k ablipey avo e
applieatialtve vutfaca by uB@ngcbtﬁJpﬁﬂgtag@ﬁﬁs w‘fotrhecowre‘naﬁﬁkéges
Iodln%9cr ystals wholly o partially within the pores

between top srystals end tB@ﬁﬁQ@@rt spRacer |1 aalesmbrgimgns dhesupport is
| f [
BB, Bab B 05 R PASTS RO BRI i e
paepmxﬁﬂ:je smppg]cat:as dbscrwecemmma 16e090,289e Imaﬂ@met errfboldlment, no
treated with a barrier event the crystals
barrighiayreSasst \%eg rEh*P%ﬁr ')éﬁ[?yleﬁ U?ﬁf’f@% d dre F'Wé %afﬁﬁrtna”
RS el SHiebith S ol Todiienhih ERITES of IRASITRR, the
crystats et nofefocnya;cmmtmue Qs edlarly oenbu@muskayehaverstbae
nc?r{pé}rg&s 86%%%%'0? the ggppc\)l\rnt %Urfgcet th gor esoodlment tr?eugveor%ltgé
amount of particles applied is 0.4 g/m?-0.6g/m?, where this value is calculated as
the weight of crystals applied divided by the approximate surface area over which

the particles are applied.

The crystals may be applied in dry form. For example, various types of
brushes or other applicators may be used to apply the crystals. The crystals may
be rubbed onto the surface of the support. In an embodiment where a stainless
steel support is used, sufficient crystals are rubbed onto the surface of the
support that the support appears uniformly white to the eye.
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20 crystals need not forma continuous or nearly

conti nuous | ayer over the nonporous portions of the
waappos49sur f ace. I n an enbodi nent, the aver ageCT/HRMOTI068542

of particles applied is 0.4 g/ nR2-0.6g/n2, where this

value is calculated as the weight of crystals applied

di vi ded by the approxi mate surface area over which

the particles are applied. 25 The crystals nmay be

appl Theiciystals ynayoalae becuseraded & selationasditheseludibn applied to

gy BRER Stefie” & yaRy of B, B arB e iegRe ARP ot ptifin
soMitidrizeofsaamprIal pa#tmle@inelfmﬂmfi_!j, mabhovifited fo, Sofi-0b&tHRy, wash-
steel support Is used, sufficient crystals are rubbed

caating, spreysaating ebuishings ship-caaiim rdic chating. readsinpipeision for

' i hey: .16 WD 2007/ 134094
'0@@%/6‘?%%%%@@%” I°t§8c4s§9:"l§|%é°e¥r‘§%“” 'so be suspended

in solution and the solution applied to the support

surface. A variety of techniques are known to the art
for ﬁ?ﬁowrpmt Sudpen Mawaisn bedraardin imyeart A sugigce charge

suit26|e %@so&)ﬁaﬂl%n%ts/&ﬁ@iééggartti&esﬁF?isB[lﬁiBﬂt. e xX 4R, if the

coat1ng, spray-coating, brushing, slip-casting, dip
SABex-3hgrystaid arempersad ihan alkalimngqueqes suspensfont thescrystals

oA ORE RS B RV PERSPD S Cherdsy MRderiapad thd Strace of

théléiub?BHQoﬁrﬂbaﬁ%sﬁéé?ﬁ\iéjéu%cesﬁf’ 84ePatd ihdt@Sctidh between the
solution. For exanple, if the GSAPO 34 crystals are

pafticlperesddhe sudacal hModifieatoguscuppsdspsiases bistigecationic

it BhEl s € eladT RS S ool dl Piele MER il oifsogo i

U.islméntaes,nw,istm\/ce&érté@@@l.CAﬁplﬂgtibﬁwlthig techraglié asioren
bet ween the particles and the surface. Mdification

sikgalitaifers layRTAsban egoras uredijo el SHegliewad) et al.
b 651 RgOTEE 4
2 NBlRPo s T NREBlo® QIS IYLT et il

Application of this technique to form15 silicalite-1

seed | ayers has been reported by Hedlu et al..

( Hed‘f‘_&ﬁ pling agentgan 3'398@{3%’}1 t@r%ﬁ?&ﬂo’i«&'g erié“ REJISISS 18 dee
OBt Ridbe 1 S e PSR A 3BRHisEa B8 BReP R R
cdvaterd Xiakad e pbetveamieqrartitiea @ndgdianel granpbenubedutface of the
st%rorr?. aUse of coupling agents to form more or less complete zeolite

microcrystal monolayers is discussed in U.S, Patent 6,177,373 to Sterte et al.

The size of the crystals applied to the support surface can vary. Ifitis
desired that these crystals penetrate the pores of the support, the size of the
crystals is selected accordingly. Packing of the crystals into the pores of the
support may limit later penetration of the synthesis gel into the support. If it is
desired that the crystals form a stable dispersion or solution of discrete particles,
colloidal sized crystals are selected. In an embodiment, the colloidal sized
particles are between about 2.5 nm and about 1000 nm. In different
embodiments, the size of the crystals applied to the support is between about 50
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20 coval ent |inkage between the particles and sil anol
groups on the surface of the support. Use of coupling
wagenusipo formnore or | ess conplete zeolite PCT/US2007/068542
m crocrystal nonol ayers is discussed in U 'S, Patent
6,177,373 to Sterte et al. The size of the crystals
applied to the support surface can vary. If it is 25

desired that these crystals penetrate the pores of the
nrgmdoabqutﬂlﬁieomnzdoeiweeneabomﬂéﬁaﬂr@ angd abelied0e@ nm or between

rdi Pa f the crystals into the pores of
39%3%0 rgf]é":ét %@@B%rﬁ | ater penetration of the
synt heS| s gel into the support. If it is desired that

the crystals forma stable dispersion or solution of
di sctha erystals repked to b6l supPeH susfagednay petsanhesized from a gel

A Gy RS G o8 o 2 ke cibAf 3R e

es are tvveen apbou nm an

mbnﬂbirérﬁ?'.ehbwlﬁembwlde &amtrmtloghemlezaugi usdnkafteysyprahesis may be
ied to the suppo i s between about 50 17 WO
h'S%%?Wf@ih@ﬁu PU%%)UW@Q@? nm and about 1000 nm

gggmﬁ/ﬁ%é‘hﬁ%ﬁ o BETE Q%rg%ﬁg%‘h&#?%)&lm& ef k}?fs"lfé?fégeg that in

nm an e crysta s appl i
sdrhe eﬂmqmnentsmfftbe em\munob sosynohihei argstafs appl @dgelthe Support

avi ng_t he subst ally t sane. co sition

al S5 ye Fafion BUFRLIST tae plfe SR MefaerT nogRrthermal
tré‘éthfén‘ﬂ agrpstals@RBeAtdY &y é*t%ﬁf“z'a%rﬁ AUCRY BhhBgirefdi Bfas "seed

hi gher than that used for t he menbranes. Wt hout

crystals” nlf is bellgyeddhatdwinging mdreihenmal treatimertt the seed crystals
gel leved that in sone enbodi nents of the invention
QY 5%t he crystals applied to the support 10 act as
crystallization nuclei for the synthesis mxture
durin drothermal treatnent. Crystals that act as
cr ys/Nngﬂ t%@zﬁqr@lr'ﬁ AURPQT aga N aded gt Aeubroyghkinte eaptact, the

SL{Hrp\é?‘l{ gelt%r% He%t@ I £Pd %ﬁ}stﬁ%ﬂnﬂ%s@&e%ﬁﬁﬁ Fgﬁtﬁggls step

see crystals row’i n si
cdrieapao cﬁmnaimpm‘rSAla@obryttellmgeﬂagﬂbl amn andrio mpordus&upport.

cont t he port. an are heat d in
A% P?%‘? E?re;g}nw%@ﬁ@e@@}ﬁr'aﬁm%ﬁ@ﬂﬁ%@w %C%{MStFa@a%Pd
Wb, I
cry R IR TR AlsPB Giourf SRS Forec By gﬁdr'is'tfg’*?%wé‘a's have
besaxt appled torthé Lsdpportjicmrlbr tmﬂvlwsy‘rfomemsi sterwe:heasynthashs step results

m&ﬁ%ﬁrﬁrﬁ%fcﬁqf%nﬂw&r&%oﬁgﬁyg{a }Heorlﬁ% ria f%rhm% may take the
form of new crystals and/or growth of the applied crystals. 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 540 K. In different embodiments,
the synthesis temperature is between about 453 K and about 553 K, or between
about 470 K and about 515 K. In an embodiment, the crystallization time is
between about 15 and about 25 hours. In a different embodiment, the

18



10

15

20

25

30

20 been applied to the support prior to the synthesis

step, the synthesis step results in the formation of
wa@:2@eadts quantity of crystalline material whiPECT/DE2007/068542

take the formof new crystals and/or growh of the

applied crystals. During each synthesis step a |ayer

of SAPO crystals can be said to formon the surface of

the porous support and/or on previously fornmed SAPO
crystpdization tlrneeISIa@pelt 20f253amas c Systhasis ppidadly meguctuvndey

a@éﬁ?@%téé %§F|§p3t ep may not be continuous. During the

crystals may al so precipitate from
the synthesis gel wi thout being incorporated into the
SAPO nmenbrane. I n an enbodi nent, the synthesis
t enplarait emeofinegyit QreasSHthesivoR! ignemanedfrossthesugpert and

AR LB P v s S o SRR BlaY G emoved by

wa@nug wifOwéteandfteb awaishinbbwith wateratheestispbrivand SAH® crystals
st aI i zat| on tinme is between about 15 and about 25
mﬁb &N be drigdgi f f erent enbodi ment, the 18 WO
2007/ 134094 PCT/ US2007/ 068542 «crystallization tine is
about 20-25 hours. Synthesis typically occurs under
aut dgeamelmbpdmesrurme symtlaesis stepdinay de, reprateskin order to form a

sypt hesi s [ vedf mthe s ort, an 5the
oeh g AT REEn Al anel LB Stefche s
ﬂﬁﬁesﬁ@ﬁeh@ réﬁf&i%é%n@ytheﬁ’@l*i@ bBEbUY dUbpirt i8 brodRt8hto contact with
washing with water, the support and SAPO crystals may

swﬂeesn&gekjbefece pewﬁor@mngrﬂb@oemnthems stomt Heldiciens swpthesis

StPY aiEeP ARG Red b et Sl e Ay A oM Do el BB urtace
bﬁﬁ\@%&thé&@bf@@%l ahdighy C@/sfeﬁ@p}bﬁ@btmﬂbtéb@mrﬁﬁ% @@lﬁt!mubus layer.

port is brought into contact with synthesis
E&P@ peamienery fermethex thesGyinHiadve |a§>teé£$) S il |Cé\fﬁta|3 on
B B B8, BB o
parbepsupportaiy aneyssadimepnlthe SARD ceystpls ifisidethasupport are

ontinyous |ayer. 15 The SAPO nenbr is fornmed
Sy mﬁw'@?r%npsgeér(lg)awm @ﬁ@%tyﬁ*\edngerwnq %)APO
f n I
PR EHTLRERI B)nBTe BT GG ARISTH Hba AT suppor
surfasedi Irrmmtembomrrmﬁsm‘ﬁmenmmthess seusrwewfmwtedathat the

u Z%@%E%@ﬁ h Gl 88&#? %Ttelr Bre%%ratlo O&)U"%e*dre ca?cmatlon)

When SAPO-34 crystals are applied to the support prior to in situ
synthesis, fewer synthesis steps may be required to form a good quality
membrane than when no SAPO-34 crystals are applied. Three or four synthesis
steps can produce acceptable results when no SAPO-34 crystals are applied.
Two synthesis steps can produce acceptable results otherwise.

After SAPO crystal synthesis is complete, the SAPO membranes are
calcined to substantially remove the organic template material. After calcination,
the membrane becomes a semi-permeable barrier between two phases that is
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crystals are connected to the |layers of SAPO crystals

formed on the support 20 surface. In an enbodi nent,
wafof7iigioent synthesis steps are performnmed thatP@ES2007/068542

menbrane is inpernmeable to nitrogen after preparation

(but before calcination). Wen SAPO 34 crystals are

applied to the support prior to in situ synthesis,

fewer synthesis steps may be required to forma good
capablé oﬁfrezfriq’eiag‘dhemowmnt\mgmlaouIsamm it ifyawaryssm&crific

m%@ﬁ%rioﬁ d yé%eqj’ﬁ{)%dlaﬁa@ss yﬁé %\E@ag tgﬁg}eﬁtgrg sobe ween about

6(ﬁmldr@aboum@om( ahbestwesh @PBULEPS m&@gl@olﬁwn(ahﬂoe
results otherw se. After SAPO crystal synthesis is

meaYsarReEMadrIsEIPOENHD Bad AP &pa templatiea agent, the calcining
(o fERARRS b b, SRR 36 859 LI @123 S @hbodiment,

th{e/gaiz%%m;mgm’ggés bg\_/yeegz %lgmft\(/)&élgourg\mdwt&%fﬁﬂ taursi $ongér times
7/ 134094 P U 7 54 capa
MAK OETEFHIrGE af IwverdeRERtULSS 'Htﬂrg%ioe‘g]béé@r&@'ylr?mioﬁeéhe

teﬁgﬂé(tesfﬁgf\e'rlfd CUsEBf ier darblﬁl'ngftme n a out r‘ggé(%ﬂ%e a’{hg%rmation

cination tenperature 1s b
ofadadmmngeﬁlatecaddfdnm inethe rabmbtraré? 3Tie aedtird cate duridgkcalcination

TEA nd TPA
sHezies PAT; cgual T it ToRfeyar (EeEs Shenas ok @
erﬁﬁbmt%@q{ea@% rﬁte@%de@%‘h &out8.0 Kiman 1andPasfer@itt

the calcination finme is between about 5 hours and
erabodimezs, thedraatingoatgeis abowe9.6 Kﬁylnbe‘slrrelqdyrt@@ copolingviatie must

¢ STREIRMY Sz 4 Rl rab Bt R blalich - TR Spikiiment the

couling IratdLie eedd i ahQiigtRit RANK/rAin. Clal Ldifferdht lephiBddithedie fieg cBoling
in the nmenbrane. The heating rate during calcination

rafissHAUt @-HE/Bivbw enough to Iimt formation of defects
such as cracks. In an enbodinent, the heating rate is
less than about 2.0 K/min. In a different enbodi ment ,
t he Ihesat Jenm@od'mh@wti heaPARD Metndfanes of Bienpreaehtyinvémiion

cool in ufficiently slowto |i
C%Fﬁrﬂﬁeagé&%éf“é’&a ¥ WPI‘FEHS .2 {ayepRn tﬁ’@ﬁts'dQ H{ethe porous
17 9AP0L0yd 259 e i Syl dng ot e ores o
the.saipgiorti M.hel ﬂmczlmeesrbﬁmewsAPO lelyer dapEndeeimpanhes thod nuinder of

o P, S B A e B hEth £ e
until the membrane is impermeable to nitrogen, the thickness of the cumulative
SAPO layer is less than about 20 microns. When the layer thicknesses are
measured from cross-sections with scanning electron microscopy, the uncertainty
in the thickness measurement is believed to be on the order of +/-10%. In other
embodiments, the thickness of the SAPO layer is about 5 microns, less than 5
microns or about 2.5 microns. In an embodiment, immersion of a porous support
in the synthesis gel can lead to formation of SAPO crystals within the support as
well as on both sides of the support. For example, immersion of a porous tube in
the synthesis gel can lead to formation of SAPO crystals within the tube as well
as formation of a SAPO layer on the inside and the outside of the tube. In an
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support. SAPO crystals may al so be present within at
| east sonme of the pores of 20 the support. The
wao biockswess of the SAPO | ayer depends in part oPCT/082007/068542
nunber of synthesis steps perforned. In enbodi nent
where synthesis steps are perfornmed wuntil the
nmenbrane is inperneable to nitrogen, the thickness of

the cunmul ative SAPO | ayer is |ess than about 20
embediorent, thedpAlPOQecriysiptsr majifertom §yosghautghe itigknessdofithem

SRR L AFRD I silebbrde bk 8L el e 5gabte o B8ing

pdIRittRyE By ttife §8l, formdtRnasfABAP Of cryétalOrodghorit iR thickness of the
enbodi mants the thickness of the SAPO I ayer is about

S@chlﬂdﬁé‘tesl teatthengyitimesisrigel bas penetsagdito ih%cﬁﬁ”@f ehthe
I

e STRREL TR e b S0 Sl Nl A5 P god s no
requyetradztsBMPOInrysttalseo@ﬂplmly filhshe potd speceowt thotsuppodes

of the support. For exanple, inmersion of a porous

tube in 30 the synthesis gel can lead to formation of

SAP I j t [
AT B o g o o BB R P E57BE RRcfibed by
saveba . pdramaters 2 AsWB eDitareir 4100 AueCH/ toBAQM 74 @r&%b@ne is the

t he SAPO stals may form througho
B Oles 0 e SRS e PO HasE RO A Meng HaroLgh a unit
oﬁHQﬁ%Fén@é@féé@Et’e%%rﬁW 16 B2 kneEs RifeBtion. pﬁﬂ?bérﬂﬁ@%ce or
by the gel, formatl on of SAPO crystals throughout the

prepswierssmadized fgx, Buspbetfiuxraficompanenhaper Wait kgnsmegibsane

i §85e " FRF Rl o Pricie B Bntte bt MRS drge is e

gr@dm@m cw@a&:aantenngmr [ig:2) é&ﬂboﬁé‘rﬂ%}@’rg’éﬁ al Ruthven D.M.,
0

onpletely fill the pore space of the su
D'ﬁﬂé\%‘pﬂﬁ r&eowes@ debr Wikay QnﬁeNqW XO{W@%eHBr%ﬁQ) cahe
I
SRR e AT . 1 T

covmﬂ)memﬁ dévicgeeby ftheademmmeeaﬂﬁcommtmgTpendemmleotimty is
hrough a unit of rrbraa surface area nornal to the

theyipRRRELS RRTFRRANGER O ORbEHGIE 95 PBIBealEexperiments.
TROLERA| €8dciili n;g/"(els% called gréﬂdhxsé?é ﬁﬁ’tWﬂi?’?Jgaé m&lre may

unit transnenbrane drivi orce usi on
diffenitensthetidenl tsetansingyrbr ane driving force is the

gradient in chem cal potential for the conponent

(Karger, J. Ruthven, D.M, 15 Diffusion in Zeolites,

Johnrrghkgyrt & a@é‘ﬁwrob@ﬁvzé{@lftké pot&9éan BB-influeHted 65h§everal

selectivity of a nmenbrane or conponents i over |, S;
factprg.hdspisediaiein, oteolite 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 permeating species in a binary mixture.
This gives rise to three separation regimes where both components are able to
diffuse through the molecular sieve pores. In the first region, both molecules
have similar adsorption strengths, but one is larger and its diffusion is restricted
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conmponent i divided by the perneance of conponent j.

The ideal selectivity is the ratio of the perneances
wobioaitsueos f r om si ngl e gas perneati on experi menPGI/USZNB 068542

actual selectivity (also called separation

selectivity) for a gas mxture may 20 differ fromthe

i deal selectivity. Transport of gases through zeolite

pores can be influenced by several factors. As used
dueatOen)@re waltsol Intthe rﬁimtésgioar &qamembraoe iseskelpotiventor the smaller

-t i.al. A npdel
mBlebHlsE olp 15 RRER Rt BtoiBediER hab g s i Re didmeyéls Bl Ebne
adsorBSor8 asroRGKY i 1aUEhHWNIIE ae aiphbiefeti® sSRIZVEfor the strongly

menbr anes (Poshusta et al., Al ChE Journal, 2000

adperaing rpplevyle- 189ggiom, dhe malesules hewe significapty Wifferent

OG0 AAEEPUI LAVl TrHIGEREb AP ORE A By

cqmblrreab lengaac@separaltmn arlgonauete o xdduce. the Beietigity.es
rise to three separation regi nes where both conponents
are able to 30 diffuse through the nol ecul ar sieve

I
20 gy gt S U B 5  816 pgv oom.

temperaiuré GO 00GHL sepastion (S.emi:tlvmbs\mat@@mamam;t 100 for an

PCT/ US2007 ue to wal | In the first
A KBRS Rk ek Bl Sp2ikbe GRirrgseure and
ag&ltqgglkepa breskBEH @dpp2, both m)I ecul es have sim |l ar

ki netic dianeters, but one adsorbs nore strongly. In

region 2, the nenbrane is selective for the strongly

o o PSR Yemarafiof BRsRngs dhE PR R L5 AHBNS he
mehibeaes Ban b’é%v@?élwpé For ergmpre oh &g ﬁﬁﬂuﬁﬁ)ghasoﬁﬁﬁr@tﬁ)n
to enhance separation or conpete to reduce t

'n§@$té\btth©ffrtajﬁs MemRrNEBESS HEnEror in @bgupbBMiAa nEhrefaiesthe
mgr’nbtrg ﬁfgr% PH '%etb%\ﬂ@lty fb‘?%antser%ﬁ{bﬁéﬁ' E eg%%/ %’ﬁfe{entlals in the
or an

I'on selectivities dgreater an out

ME@ rane@anrlm\mry u&iﬁbgéntcglaléa-émbbﬁmm Wet(DO@m}wd sezu’éZatlon
Pa. f ee an about 138 kPa pressure drop
sqleetydy 9 fﬁe §2\?§§6mm B@Pepsr‘a‘gt%éré‘ée”tpﬁés SF%@@W@”&Q%“ 100
e e A B o 2y P L QRSP MR Rure with
abouTsMRarressigemrepsure drop is about 6 MPa.

Therefore, the nmenbrane separation selectivity for

trans- nenbrane pressure differentials in the

In natural gas separation, the methane loss in the permeate should be
reduced as low as possible. That is, high CO2 permeate concentration is an
important parameter. In an embodiment, the CO,/ permeate concentration is
greater than about 98.9% for the SAPO-34 membranes of the invention at a
temperature of about 298 K for an approximately 50/50 CO./CH4 mixture with
about 7 MPa pressure drop.

Transport of gases through a crystalline zeolite-type material such as a
SAPO membrane can also be influenced by any “nonzeolite pores” in the
membrane structure. “Nonzeolite pores” are pores not formed by the crystal
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MPa range can be very inportant. In an enbodi nent, the

C02/ CH4 separation selectivity of the SAPO 34
woregennates of the invention is greater than abpait/us®07/068542

at a tenperature of about 298K for an approximtely

50/50 C02/CH4 m xture with 20 about 7 MPa pressure

drop In natural gas separation, the nethane loss in

the pernmeate should be reduced as | ow as possible.
frameaworls, IntergrysGiing perasaare arvexamplesafinomzesliterpores. The

ogs RIS RRERTEGoren B AT BLAE ProwdinG aidlfe-wmeoos

meaTbrame dePERISEn tREThumBRS, $ife BhE selbctnity enthakeores. If the
tenperature of about 298 K for an approxi mately 50/ 50

napzgededreres e sullicientlydaee: transpert gireysitke mespbrane can occur
AASH hr ' i Le-

SRR AR5 YRR B KO AL SARGLS erieBRcs,

menibraess &ith byor@morizeotiteesores éaperbesh showrh® havenibnen€O0,/CH,

SR SN SRR S B0 e e
pr@%&ﬁ?‘é‘gﬁbp-inér@5§é§,réﬁﬁ/&tﬁérﬁg)&ﬁtﬁ&@ﬁé%ﬁl&ﬁ %Hﬁirfbu?és more to

nonze e pores. nonzeol i te
thpavesalt tux &red tHuskcaf dgersasé trrigdleativiyodfithe membrane.
ane

IR BLDef R R0 R RARZSARe B L B5Lr hrator
seledétivitfdseatiHighéragragsuresansport through the nmenbrane can
occur 5 through Knudsen diffusion or viscous flow For

some SAPO 34 nenbr anes, menbranes with nore

el ofts e EanES el M SEa0oT Pa B Rty Bly el SBme
gaesbver RNt 9 F68 Bkamfte 1the SAP@BLMentbraned BEHeARRSntion are
any transport through viscous flow contributes nore to

seleetiveleperineatle jo Qvei £ gsaeeipbyablowes _t%@P@EﬁtPRﬂSt- y

TidretdiE, HRTRYAMMon &r%vﬂ}ﬁ,%rae & H?qd f@@%@é%ﬁg%‘bés%%ﬁ a feed
nonzeol i te pores can have Detier separatron

stegdne ridludibg dsesd tWo gae compeasntsassing tree mentbranes obthe

YRG0 ISP Fo PRI (B0 TeHE SHAR) B TEHBRAes
odfrkiy PBRAEN R of8 LAY S Ko AR Sy e
twiochgadeasy eunfficent praosindesbeaneediiniog face seypst it apgicovibat at least
oS of t%eignasaesfpeeerr%eates 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
implies that the concentration of the first gas component in the permeate stream
is greater than its concentration in the feed stream. Similarly, the retentate
stream being depleted in the first gas component implies that the concentration of
the first gas component in the retentate stream is less than its concentration in

the feed stream.
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stream i ncl uding these two gas conponents using the

menbranes of the invention. The feed streamis
wappriemt o the feed side of the nenbrane, gePEr/ES100T068542

a retentate streamand a pernmeate stream In order to

separate the 20 two gases, sufficient trans-nmenbrane

driving force nust be applied that at |east one of

t he gases perneates the nenbrane. In an enbodi nent,

bot Mlge@‘e@ncse cited herein@redmorporated by reéferenaeniodhe exéent not

. sel e ne first gas conponent over a

'ng%r&sd t&”g Mé@ @ﬁgorﬁu?e b%re”ﬂer neate streamw || be
enriched in the first gas conponent while the
retentate streamw || be depleted in the first 25

conpdhenta MeRcishegropatas clfiereairbBEiong Usat inerein. alhindhadual
iRy SRR a1 Sbl8fghDaha LIBoGABFRARHE Hoglio of the

onen

groupairelintehaéed td be dradigidnaihainictualedrin tihe disekbusd.r eam
Simlarly, the retentate stream being depleted in the
first gas conponent inplies that the concentration of

t he O .” 1 L * Ho., "
| oad s PEba AR CEBARARING"Ts SO BN B ALLERE, opiaining
oN(ChaGReTerizatdsy)” el IdUs2LEHela8ipEh-ended aprd eioeacneﬂ; excludd

aqifiiets S BRISGAeR e T e b sies e Red B v consiSthg of

e%d%&éhﬂél@%rﬁrst@b h@ﬁm@fé&r’éht%t 's%eé'ﬁiéé |r|i1 eHeetiBim @ldment. As
i ndi vi dual 5 menbers of e group and conbi nat i ons

usasdhereirs ¢ n@n&rﬁtngoeeﬁqms&y bf' alogs ﬁd’ﬁ@XCk}}ldGU‘pa@rI@S or steps that

o PREHARTELY aRel Bl Bty hob BEcraPREenBics & wp eiigwany
reditation heelinigi the, term cetinprisingy. partiUilarl hea deteriptiptof
by," and is inclusive or open-ended and does not

CC&%@%ES b aL£@mrasHied or inrf @%$Qr@(§|0@|®mm§m§rofr?e‘ﬂ%@p is
urgcfezgn@ﬁg’ e%Spr'%@E m&ee%&ﬂﬁéélﬁééggnﬁ’ ?th8§§ lcUﬁi%Etlr?gP&sentlally

step Speci

ofcdrad a:brtshsim@rnf thé\$e0|tmecbmpomrrts ot emmemttst Mhe invention
does not exclude materials or ste

| f
'lllt?%gqef'r\]’teli/gd%i%ﬁgtwgﬁlqL&an\‘Vfr@@Y H¥apiead-in4he a,pgggge of any
eIéHféh%F @Fe'n*?édtgSllrﬁlftatfdheorQ|rﬁ1'téﬂorf§Whlcﬁ ‘?schétaédé@hdéﬁ{/ Bidtlosed

he term "conprising", particularly in
hdegbrlptlon of 15 conponents of a conp05|t|on or in a
description of elenents of a device, is understood to
enconpass those conpositions and net hods consi sting

esseRtdedlerdl the terms and phrases used herein have their art-recognized
meaning, which can be found by reference to standard texts, journal references
and contexts known to those skilled in the art. The preceding definitions are

provided to clarify their specific use in the context of the invention.

The terms and expressions which have been employed are used as terms
of description and not of limitation, and there is no intention in the use of such
terms and expressions of excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various modifications are
possible within the scope of the invention claimed. Thus, it should be understood
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of and consisting of the recited conponents or

el ements. The invention illustratively described
whegoeitswosdi t ably may be practiced in the abseneer/v§20am968542
el ement or elenents, limtation or limtations which

is not specifically disclosed 20 herein. In genera
the ternms and phrases used herein have their

art-recogni zed neaning, which can be found by
thebalgraughetheqreseanidaventionxhas b¢enuspedificallyeatisciossd by pieferred

e BBy SHE PP RaLRETERE ThooiFal el vfiever PFipe sancerts

heTBRCdibIBSEE endybd FesrRidt By Bibsé RRilleaVe e an; arldehat such
ternms and expressions which have been enPoned are

modidigatrns andnyariaifongederansiasicd iibasyithon the seang eidhis

indtidr( Getied By ¥ 8800 hd alle ¥Go€br Sitfitbry(sR{iTR the art

wMImtpne@atesthaMea@AP@mée&nah@@df thie moemtuommatyrw @atle using
it is rec %nl zed that vari ogysqjlrm If%i%atl ons are

St%@@: BRETRIG PINRT 17 WespsPrefiTicaly digclened Asrein anegat

t
e TiIEs 6% Bt hehes ARToRR A EquRAND ot LR Hted perei can
bénasplimed topeeké,i asseby, aliduse edSAY hmeindrapds described herein.
enbodi nents and optional features, nodification and
variation of the concepts herein disclosed my be
resorted to by those skildygfvppeghe art, and that such

nodi fi cati ons and varl ati ons are conS| dered to be
Exampile 1t Brepe Aembrianesas defined by the

SO0 4 e B A 4Py s o

CopoeatioroReisy2 239388 deart # TRC4S1@®N 1 i 8G008! BoicAdise ehBricterized
than those specifically disclosed herein and that

a%b@@eﬁﬁﬁ@&'%@yt“e@ﬁﬁﬁpﬁ%é@df%“hm'?rmél ﬂ?p@ﬂﬂjn@@néh@ to
cﬁe’?g&%rlggﬁ‘&{ H@%q} 'ﬁ'@%ﬁ%@ﬂesnﬁgd ameh %ecgf ép@)égﬂﬁgt%ly 30 mm, an

asseéss, and use ranes escrl
indér dAAGEEST agpraxiplately:7. Prepamat amoutel dEAREeBbf approximately

o e SAL S Bt S LTS LaRS S
stgﬁ%%%ﬁeel gﬁ)o#t té'%%@%rqtrﬁéiﬂgﬁ'g?mé&r&ﬁ n;?rowde a seallng

aracteriz tely 4 nicrons and
swiegerfocogings. ddpecatnbipedrengtd 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: AloO3 : P2Os :
bSiO2 : 1.2 TEAOH : 55 H20O, and was prepared by stirring HsPO4 (85 wt%
aqueous solution), Al(i-CsH70)s (> 99.99%, Aldrich), and H2O at room
temperature for 12 h. Four different Si/Al ratios were used: 0.3, 0.2, 0.15 and
0.1. 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.
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characterization nmethod). These tubes had a | ength of
approximately 30 mm an inner dianeter of
wapprosdosmat el y 7.2 mm and an outer di aneter of PCT/US2007/068542
approximately 9.5 mm Non-porous, stainless stee
tubes were wel ded onto each end of the stainless
steel support to prevent nenbrane bypass and to
provi de a sealing 20 surface for o-rings. The conbi ned
Thesgiution fvasrseatethbind stirrpd doing Steragerie erevarisetling abd yhe

bR Br A SollG Bk s TRR® et LR B R 57 s gwom

teﬁﬁﬁ@ﬁ@ké’béﬂﬁe@@@ ed in purified water for 3 h and
dried at 373 K under vacuum for 30 mn. 25 The

synthesis gel had the approxi mate nol ar conposition:

12 R0 T s O B, TR gy e

platdd vERidED) B 4rrabtdcBfyaml thial altpclagedvdd2Deat witlosynthesis gel.
tenperature for 12 h. Four different Si/A ratios were
used: 0.3, 0.2, 0.15 and 0.1. Then the tenpl ate,

tet fﬂiéfhgdr‘otr?ém‘ bxlmh%f%hé?%‘é egrrkaﬁg?ou%??‘ii?o?%bout 24 h.

aqueous sol ution dric was a and e mxture
Afterssysithesiedhé onerBbranenwab afashed twith puriiflead waler sit PP &K and

o ST MRS IR e s Br vos

a;ﬁﬂ@ﬁ%n@ﬂﬁesédrﬁé %?oéié&dré‘ Qo@tttﬁé @tﬂ?e {vas iRy eI toSethini J‘E’hore

formation of a solid cake. The gel was aged
urﬂfﬂrmdtayerea'@te thid leodrfeurdin syoibesistleygrelifataade wese repared.using

tngsaie, B0 a0f et el 435 SHEPod IBRRS “irBan fiat BB ten of
gﬁé%s;ﬂlﬁeﬁ@b@ﬂv@s@sws Godd gdaly h’férﬁwﬁnlégSNére%ﬂbpare'ﬂhﬁlth 34

rothermal synthesis was carried at about 473 K for
SYARRRRAIS 24 h. After synthesis, the menbrane was washed
with purified water at 297 K and 10 dried at about 373
Kin an oven for about 10 mins. A second synthesis
I ay evlentsanepwere inpemngadideo blaaétep prepedatien bbtbefbre

ube vva i nverte in o uni fo The

Cac'@if‘%orh o) WY%&@yﬁﬁfggﬁﬁem%@rﬁ?mfthﬁ§§8E‘te\/®]@%ework
m@ﬁ%?éﬁ%dw%% Bglcm*e@eat%"&%t B6S RN, %08§1 ) 'FﬁeTBbfh%gtuﬁﬁ%nd

second | ayers, except that a new
caxjing retsissverel abad 06 add a@ouUO@JPé/Irmmyrew&bh\eeixes wer e

prepared with 3-4 15 synthesis.

The membranes with Si/Al ratios of 0.3, 0.2 and 0.15 had a CHA structure

(SAPO-34). The membrane with a Si/Al ratio of 0.1 has a structure which was a

mixture of CHA (SAPO-34) and AF| (SAPO-5).

A broken membrane with a Si/Al ratio of 0.15 made with four synthesis
steps had a zeolite layer (measured by SEM) approximately 5 microns thick.
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Menbranes were inperneable to N2 after preparation but
before calcination. To renove the TEACH tenplate from
wo b@7as0bi t e franework, nenbranes were cal ci nBCI/ES2007/068542
about 663 K for about 10 h. The heating and 20 cooling

rates were about 0.6 and about 0.9 K/ mn,
respectively. The nenbranes with Si/Al ratios of 0.3,
0.2 and O. 15 had a CHA structure (SAP034) The

Exampile2e Ruepg / An th Application of
whi ch vva§thOn34<Cmystadxf td}lﬁe §§§mmloamd T,Nérmal Synthesis

(SAPG-5). 25 A broken nenbrane with a Si/A ratio of
0. 15Thedamei mjppbctunate]nat Wesiusedsaselmm‘omadT lae peuldletseapplled to
neasured b nm crons

|
thgGpgo FodrPa OPlErs RpODS BeLBSUS 1 SRpraKIBate Molar

GH | r t [ f
O 0P PLOT GO IO ANEAQH | 35 00 pféidren &2

desonibhéd g Exarmée §anheshysisothermat eynthésummdedat about 473 K
ore hel. art Ies plied ta
r

be
opabal2n it SRR Rt fertfided Ton PG g Frer crystals
rffpih%fn c&tﬁmgﬁé%lgbirpé‘t a Aighed sgé’é’@@o col%&ﬁh@grf/sﬂalgfdf’%ﬁcatlon

H2O, prepared as described in

toifpa sspackmiegy e mlsaNeraBencrsaHos v Wi Andicalredias 823 K

fof BB86 "¢ heThd AEaRE ApdictPlid Sk BBl DIl aBay0 8
K/atin ardsbebtivelp.pad dize sithberysthiBecolieyigidalas between 100 nm and
application to the support. The crystals were then
1%8@&@&@/%@?9%9@?”'89@%%% W%’OQ@OF??ZQSW) apalysis- about
10 h. The heating and cooling rates were about 0.6 and
about 0.9 K/mn, respectively. The size of the
crysife mstid $etdcedofthe sbppm&éubd%srrnblaed W|th(m§) Shir0O-34

parfioes STAE Sl ARG S englstisiur. § Dseaenot OB main e stee
tu%%&éﬁ’é%c%y By §1 YEM nlisfdstbp \A%s]@ed%'l&gk Qf‘thebsurface of

eyel ash brush. The  mass of the s ai nl ess steel
a padiopaedspat tn@:eSoejorewM after apivpliones thesparrticlesl dogure 1

at the rface of ., a port suppor bef or

st i st e Sk inntiiior fbearedoiadRatiop of e bartictes.
A&HRWRgad tﬁg%étm@%é’far?@@t SOrBRYSd |stdi%eQﬁH@F 8f 5 um. Figure 2 is

appl i cation of the particles.
an SEM image of a stainless steel support surface following application of SAPO-
34 crystals. SAPO-34 zeolite crystals have filled in the pores of the support, but
do not form a continuous layer over the nonporous portions of the surface. In
Figure 1, the scale marker length indicates 10 microns, while in Figure 2 the

scale marker length indicates 1 micron.

The synthesis gel had the approximate molar composition: Al,Os : P2Os :
0.3Si02 : 1.2 TEAOH : 55 H,0O, and was prepared as described in Example 1. .

The outside of the tube was wrapped in Teflon tape. The tube was then

placed vertically in an autoclave and the autoclave was filled with synthesis gel.
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According to this picture, the largest pore size is on
the order of 5 m Figure 2 is 20 an SEM i nage of a

W@ L@n4ss steel support surface foll owi ng appPCTES100TI068542

of SAPO- 34 crystals. SAPO 34 zeolite crystals have
filled in the pores of the support, but do not forma
conti nuous | ayer over the nonporous portions of the

surface. In Figure 1, the scale marker |ength
i ndi tha bydrothermal spsthegisi was carrigdaifer 2bee24 ls.c Membranes

W STiReAd i hke 2ha Tk SRS K Bnd BRaBYS e yfedror
sy dteps wds br&()ﬁén oﬁiﬁahﬂ%re@n@lth}@ﬁe bé@@t@é@bo@ﬁresults

descri bed in Exanple 1. The outside of the tube was

OW@ﬁﬁeer wp mth@ﬁIStséms Afier eadbesymikesin st dhe marelrane was

WA G oo AU ORI K S8 ARAAE Y8 oven for

atRQTMUSﬂ@&?/ 068542 The hydrot hermal synthesis was
carried at for about 24 h. Menbranes were synthesi zed
at 473 K, 493 K, 503 K, 513 K, and 533K. The nunber of
synt '
oot Dol ShERS APSEREMERIGNNE 8PS S orate Bidpafed using
twat Byrdheshé swmpsealdte swﬁhems itempegiuret Wwas #e8t. ahlee B G-34

hed with purified water,, at 7 K drl d. at about
2084 Ryl ABe fortes SRS Bh ST g, Hridiie % 186 s0de fherker
%M,ha@ggésof ni@@nt op of a menbrane prepar ed using two

synthesis steps. The synthesis tenperature was 493 K
The SAPO 34 10 zeolite crystals appear to be snaller

t han I Lgure 3 r.k n

| nar A e rahE W dhalka Wi ST R e laesetiP bhegs K and
twWeyS\niiesdis stepaiteicps zedliteflagétdneaineed b%ww&bmuﬁnately 2.5

steps had a zeolite |ayer (neasured by S
MigHRn §Xfmt ely 2.5 15 micron thick. Exanple 3:

Preparati on of a Na- SAPO Menbrane Na- SAPO 34 nmenbr anes

were directly prepared by a gel conposition
Exaridpie’ 8! Praphritior’df a: Na-SARD :Mdimbehh € 0H20. Four

synt hesi s_steps re 20 perforned, with

Syt NeSIAP G el sdne el STRCGP epara by 8 0ecprRgsiton
0.3Na20:1.3A1503:P205:0.6Si02:1TEAOH:60H20. Four synthesis steps were
performed, with each synthesis carried out at 473 K for 24 hours. SAPO-34

crystals were not applied to the support surface prior to the first synthesis step.

The remainder of the synthesis procedure is similar to that of Example 1.

Example 4: Transport Properties for the SAPO-34 Membranes of Example 1
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 7 MPa. The

membranes were mounted in a stainless-steel module, and sealed at each end
with silicone O-rings. Fluxes were measured using a soap-film bubble flowmeter
and a stopwatch. The lowest measurable permeance was estimated to be 9.6 X
10" mol/(m? s Pa).
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crystals were not applied to the support surface prior

to the first synthesis step. The remainder of the
w@whaeeds procedure is simlar to that of Exam@l/eSin’/ocss42

Exanpl e 4: Transport Properties for the SAPO 34

Menbranes of Exanple 1 25 Single-gas and m xture

perneati on was neasured on a systemsimlar to that

used by Poshusta et al. (Ind. Eng. Chem Res., 1998,

37. (arbeaztipxide@nd Giddsingéalg@® and meixiire geroeatioyivas

nfESGRIEL o8 rdna i Al Bndtiall &R réedB ndd Srsame.
mahbraesd. eHotloweareRseietmixtdiielsspdratishye nidds! lt@® coltrolle®s were

wer e neasured using a soap-filmbubble floweter 30
usesbioamix Rt @n and kd14 aagest FaehighrRIBEaUedNIiBEERkatioNS, a

i t . - .
BB A0e e (edots BRaLhst Bas BRI s ey fogpmuimin
fos nr]{wt ef g&se%mﬁrmmuﬂee peersmgé bn reawaside;u’emb;rgetrmdaraswas
. a function of tenperatur nd pressur rop for sone
INGRReNAGElY. Copdi Ph?%efy}’%%kgff %Pﬁi éj’l%?@ Mg’ﬁaﬂ_ﬁt%aérﬂ&m%s
s g?eﬁ’é’u‘ficﬁ?'ﬂ_éIHR) r!o%h?té’r‘ﬁﬂi@ratd’ré?fﬂwetrﬂemtﬁatﬁ’é‘ hoddi€ afd ‘goé:"&lsystem

ases. For high-pressure m xture separations, a
linesevenex@dced) A atlyylighdtal/wgdar (8@550)edh. Tieelowashktemperature

. fl 1 m f . h
ki Hes BoehE 230 & dliercosmesif s otibe Pea etentats, ane
piRfeatd BEHERRRAREE! esaVetQdiRfla PMEwWRRIP&4kakd8890Mere2 || gas

MPa. To carry out gas separation bel ow room
chrematogiaph eguitpedneith e dhernnal dwinduatidtysigtectoy end AYESEP-D

ot ARRISR) OUBE G MyBP BRI ferefief bRl Bles 8l oot o

42ZHR. K. The conpositions of the feed, retentate, and
perneate streans were neasured using a Hew ett-Packard
5890/ series Il gas chromatograph equi pped with a

h I Y r and HAYESEP-D col umm

CPA??HZ&; #ﬁ%%@rﬁ?‘r?ﬁjbggltgr , and detector

t enpEdlEé Ursiowepernagatidongropeattiesdt 298. K 1¢r £60/50CE0 /Ry

Temper re Results Tabl e shows per neat i
mﬁﬁt@%e(?él%i‘?aa edgressyrgang é’iﬁ/ Q%aeo%sem rQﬁ%Q%TOé"Mbra”eS
(Mé%@iﬁ%@%@%&t@ﬂem&%ﬁ%grirﬁz%?ﬁ'ibﬁ. AHieRY 16 meRtbranes
each had four synthesis layers. Each of the three membranes with the CHA
structure had a CO2/CH4 separation selectivity in excess of 100. The presence of
SAPO-5 (structure: AFI; pore size: 0.74 nm) in the membrane significantly

increased the permeances and decreased the selectivity.
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and perneate pressures were 222 and 84 kPa. As

-1
RALS]

showrigure Fispowe fluxtband @Q4/CHY, seppadtidn selestdlitgdor €OLYCH,
i ncreased dramatically as the tenperature 15 decreased

MpAIreOPhat Rpdt a8 @rfEneinn akprseawe eP ohe s> 34 membrane
MBETHE PBffieate pressure was 84 kPa. The separation selectivity decreased

slightly as pressure drop increased; at a pressure drop of 7 MPa a selectivity of

100 was obtained. In addition, the CO, permeate concentration was still as high
as 98.9% at 7 MPa (not shown in Figure 4).

CO; /CH4 Results below Room Temperature

Figure 5 shows CO2 permeance and selectivity of a 50/50 CO2/CH4

mixture as a function of temperature for H-SAPO-34 membrane M3. The feed

and permeate pressures were 222 and 84 kPa. As shown in Figure 5 the

CO,/CH4 separation selectivity increased dramatically as the temperature

decreased below room temperature for membrane M3. The CO2 permeance

exhibited a maximum at 273 K, with the permeance value being 1.3 x 10”7

mol/(m? s Pa).
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exhi bited a maxi num at 273 K, with the perneance val ue

being 1.3 x 10-7 nol/(n2 s Pa). 20 30 WD 2007/ 134094
weO/Us@907/ 068542 Exanpl e 5: Transport PropePeT/8S2000068542

t he SAPO 34 Menbranes of Exanple 2 Table 2 shows

per meances and C02/ CH4 separation selectivities at 295

K for a 50/50 C02/CH4 feed at 222 kPa and a perneate

pressure of 84 kPa for rrerrbranes vvlth two synthesis
Exampie &t repsgortProgdrties foethe doVie i aBePaﬁﬁExampleZ

C02/CH4A Menbrane 002 X107 CH4 xl 09 Selectivity

4.0 Rame gignoveypgrmeanassangd C&/GHg S@P@ra@@nﬁﬂﬁ@vs‘les at 295 K

C t | Z.ait

foF 3 BRI IR Yok PERP2 B0 A £ P RERE L e ¥ 84 kPa for
maahréndéowith tw0/sybtHesexIsteps 2229BFa and a perrreate

pressure of 84 kPa. Three nenbranes were prepared at

each 10 tenperature. Two sin regi s steps (24 h for

each synthesis step) were %el d for all menbranes.

Al | the \IQI ves—are—st andarrl rh:\u at: ons- A A 2
Crystal lization p&ﬁm@qmll(w Fs’a)l)’a)) %ﬂ@ﬁi

TenPéeBPANE (K) doZ—xtO7-CH pectividgectvity 4. 5
0.38 7.5 0.83 59 ég( uIO493 3 gﬁz :1’?9 3.6( 0.68 11014

5033.7 0.28 3 7 0 39 102 3 513 4.3 10 22 50
0.3%18710 533 3./6400.082 1.2 3(’93 027 30 0.8 31 WO
2007/ 134094 PCT/ US2007/ 068542

S2 35 2.9 120

S3 4.0 4.3 94

Table 3 shows the effect of crystallization temperature on permeances and
CO,/CH4 separation selectivities at 295 K for a 50/50 feed at 222 kPa and a
permeate pressure of 84 kPa. Three membranes were prepared at each
10 temperature. Two synthesis steps (24 h for each synthesis step) were applied for

all membranes. All the + values are standard deviations.

Table 3
Crystallization Permeance (mol/(m?*s-Pa)) CO,/CH,4
Temperature (K) CO, x107 CHa x10° Selectivity
473 45+0.58 7.5+£0.83 59+5.0
493 3.8+0.29 3.6 +0.68 110+ 14
503 3.7+0.28 3.7+0.39 102 £ 3.6
513 43+£0.22 5.0+0.39 87 +£10
533 3.6 £0.082 1.2 £0.027 30+0.90
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Table 4 shows the effect of the nunber of synthesis
steps on perneances and C02/ CH4 separation
w@edoeasdovd ties at 295 K for a 50/50 feed at 220CKPs20ameh8542
a perneate pressure of 84 kPa. One nenbrane was
prepared with 1 synthesis step, 3 nenbranes were
prepared with 2 steps, and 2 nenbranes were 5 prepared
with 3 steps. Each synthesis step was carried out at
493 Kablled SI!DWS thal ¢ffeqt oéthevalimber af syriinegisl ataps on permeances

LRI R SendpfofsdiIReL RoRlK B8 s0 ecet 227 Ko and o

péiibate bosstré ok84 RkPal Gnd n?éiﬁbrlanb wds §re‘bar@d Ah3t theS|s
0.68 110 14 3 2.1 0.18 4.00.69 534.7 ure 6 s

stepu&gserah@nggzv@ﬂ@rgw@ﬂamtma séeivse @\ f@enﬁ an@@we@em

s wifaAg SRR Tl B4R PR A

theasvéadek Bee stBheagkbpaviatiorss) sel ectivity decreased as
pressure drop increased; at 7 MPa pressure drop, a
selectivity of 55 was obt? ed, Fluxes kept
increasing with pressure d BE 4 a pressure drop of

Y r‘HB rof ne Loz Tl ﬁérr%@?nc@’({ﬁ&’gh@s-lﬁé)g)‘“e PET $CH,

\_/r\gﬁ1 eggZ (not s I gure Exapmp ge ctivity
ransport eT T 68 0 e SA usztl_}/e%gane

Exanple 3 Figure 7 Shows” 002 parrreance and COZ/CH4

separat/i on sellectivitizeg at 29p K forz2g 50/ 50( C02/ OH#H4

mxture and alpernmeate nressurelof 84 kPa for he 20

Na- SAPD- 34 nerfbr ane3.8ft 828npl e B. 3360007/ 140940 £ 14

DO LICONN—7Z Nl oL ALV 1

Crystatline Sl codt ot f0Bhosphbt o- 3% £ BASD 34} 5347

menbr ane, the nmethod conprising the steps of a)

provi ding a porous support having a pore size greater
t harFigheu® shows fluxes and CO2/CH4 separatlon selectivity tor CO2/CH4

10  mixture (50/50) at 295 K as a function of pressure drop for a SAPO-34 membrane
S2. The permeate pressure was 84 kPa. The separation selectivity decreased as
pressure drop increased; at 7 MPa pressure drop, a selectivity of 55 was
obtained. Fluxes kept increasing with pressure drop. At a pressure drop of 7.0
MPa, the CO; flux was 39 kg/(m?%h), the permeate was 97.5% CO, (not shown in

15  Figure 6).

Example 6: Transport Properties for the SAPO-34 Membrane of Example 3

Figure 7 shows CO, permeance and CO,/CH4 separation selectivities at
295 K for a 50/50 CO2/CH4 mixture and a permeate pressure of 84 kPa for the
20 Na-SAPO-34 membrane of Example 3.
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5 0.1 mcron; b) preparing an aqueous SAPO 34 form ng
gel conprising an organic tenplating agent; c) aging

w0 b@70g84094 d) contacting the porous support w tPCT/H82007/068542

gel; 10 e) heating the porous support and the aged gel
to forma | ayer of SAPO 34 crystals on the surface of
the support; and f) calcining the SAPO 34 | ayer to
renove the tenplating agent, wherein the gel
conprises alum num phospHok&BISsilicon, oxygen, a

o1 1o Bhe D B0 kR 8 Blunel ek BRbrBabfeteaf lsapo-09

or efealbrame,Gné ngtHod Wohildistiemesstepgiofl  support and
said gel are heated to a tenperature between about 453

K ad abygvidigea Rorgus suparef#dad 8fPA e &iza areaterthpa about
conpri si g4t Ecﬁ{.ep of applying a first 20 quantity of
SAPC- 34 crtys 5T"ne material to at |east part of the

sur fieice ofreptilieg paragueoss [FAPO-FF fopmiriggeitaapnpt)sing an organic
wherein the first quantity of crystalline material is

in the fJEMARAINGME®E4 crystals and wherein in step e)

t he ~\por t and the gel are heated to forma
secocr)d qu ??wgél’SAPO 34 crystalline material on

t he duppacdntadtimgr tbbypdrousrsngpart aitmthatgee | ayer 25 of

et (0 of A ErS POGRHS BParT 6 i e BB P Llaye o

first quaghpbyadrysesendfe GLyratalos trPalipsst; tehdt he
surface is substantially simlar to the ‘conposition

of tfhe secaieidinguhatSARO6I4 laygstaatamone inettempdatirigoagest,

R S R AR AR .

avertagplsirgLagéntidiel walks! thbgyerpRb iaaGtib @f shieos Us bageinam
the support is between 100nm and 1000 nm 5. The

et HYGAET tearm O and {gssrtban of kaUBLIP-§iang diringntep e) said
SUPRQIdpotSafENARI rd hedtelt6 L n e Bt @5 about 453 K

and about 533 K.

2. The method of claim 1, further comprising the step of applying a first

quantity of SAPO-34 crystalline material to at least part of the surface of
the porous support prior to step d), wherein the first quantity of crystalline
material is in the form of SAPO-34 crystals and wherein in step e) the
porous support and the gel are heated to form a second quantity of SAPO-
34 crystalline material on the support, thereby forming a cumulative layer
of SAPO-34 crystals on the surface of the support.

3. The method of claim 2, wherein the composition of the first quantity of

SAPO-34 crystals applied to the surface is substantially similar to the
composition of the second quantity of crystalline material formed in step
e).
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6. The nmethod of claim2 wherein the support surface
conpri ses non-porous and porous portions and the

wo peogt3moent ity of crystalline material does nPCT/USIOTIV68542
a conplete or nearly conplete |ayer over the
non- porous portion of 10 the surface. 7. The nethod
of any of clains 1-6, wherein in step e) the
tenperature is between about 470 K and about 515 K

4.15 slhermetined abanyof elaime 2-% Iveiarsinithz avehegesigetdighe crystals

ot 5 R 1aF SHgbCe RLIE tifost £ pireSen ToPneatp 1006 hm.
alumnumis 0.15 to 0.2. 20 10. The method of any of
claims 1-9, wherein the tenplating agent is a

S.quat EtaErefhest ghelptn 4niMhiereimtne pprexsize @f duepuppart is bgfween 0.1
nmet M, erein the tenplating agent is
t et ﬂﬁ&rﬁﬁﬁ ghgémgkg%r}]%m hydr oxi de (TEACH). 12. The
nmet hod of any of clainms 1-11, wherein the gel is aged

at least 24 hours. 30 13. The method of any of clains
6.1- 12ThBIeENed pheagai2 whergybtnesunpor Qﬁ%@pr'ﬁ?&mﬁomus

L

1- 13prrher cdreplet® opnesilygomefsdaiayey oveefie ©Qn-paralise)oréion of
| eas on(r:_fe. 5 15. The nethod of claim 14, wherein
steptbe 2M8 e) are repeated until the SAPO 34 |ayer

Is substantially inpernmeable to N2 before performng

step f). 16. The nmethod of claim 14, wherein steps d)
7.and B)e methodkptanedf daimead, whgteinihstep ey theTiesnparatuse is

ar y R 2R BUERz0 K o BB S By er after sten o)

8. The method of any of claims 1-7, wherein the ratio of silicon to aluminum
is 0.1510 0.3.

9. The method of claim 8, wherein the ratio of silicon to aluminum is 0.15 to
0.2.

10.  The method of any of claims 1-9, wherein the templating agent is a

quaternary organic ammonium templating agent.

11.  The method of claim 10, wherein the templating agent is tetraethyl
ammonium hydroxide (TEAOH).

12.  The method of any of claims 1-11, wherein the gel is aged at least 24

hours.

13. The method of any of claims 1-12 wherein the gel is aged at a temperature
between about 10 °C and 75°C .
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15 18. The nethod of any of clains 1-17, wherein the

gel conposition conprises 1.0 A1203: aP205: bSi 02:
w@Ro7dHdA where R is a quaternary organi c  anmPai/us2007/068542

tenpl ating agent and a is between about 0.01 and about

52, Db is between about 0.3 and about 0.6, 20 c is

bet ween about 0.2 and about 5, and d is between about

20 and about 300. 19. The nethod of any of clains

1-18, wherein the support is in the formof a tube

1 ayohe B8 aRoe: SR ST R Grndiing gt ters o

sur fawee) 0eadtendeet hod of any of claims 1-18, wherein
the support has an upper and a |ower surface and the
SAPO | ayer is fornmed on only one of the upper or

0 21 d
ot noif HETg ofAdrf 44, AnsHORSISEL FRBRELR AREGEY i e
PCT/ $/520034 (h@b4a2suldstantldily impiebmaablead N lbéfore2performing step
wherein the silicon to alumnumratio of the gel is
0. 15)and the C02/ CH4 separation selectivity is greater
than 150 for an approxi mately 50/50 C02/ CH4 mi xture
at about 295 Kwith a pressure 5 differential across
16.he heerbredimed of clalmodd, WBBrdiPsie3d) and epapier tepeated at least
menbr ane nmade by the nmethod of any of clains 2-20. 24.
The Wfbr ane of claim 23, wherein the thickness of the
SAPO 34 layer is 10 |less than about 5 mcrons. 25.
The menbrane of claim 23, wherein the pore size of the
1&uppbie metheg ehtaay ofictaimst hab sfurtbes tomipdsBargagdng and drying

26’ SR RERRAREGSAPS BSA den bl e B0
crystals are SAPO 34 and the CO02/CH4 separation

selectivity is greater than 90 for an approxi mately .
8. The method of any of claims 1-17, wherein the gel composition comprises

1.0 Al2O3: aP20s: bSiO2: cR: dH2O where R is a quaternary organic
ammonium templating agent and

a is between about 0.01 and about 52,

b is between about 0.3 and about 0.6,

c is between about 0.2 and about 5, and

d is between about 20 and about 300.

19.  The method of any of claims 1-18, wherein the support is in the form of a
tube having an inner and an outer surface, and the SAPO layer is formed

on only one of the inner or outer surface.

20. The method of any of claims 1-18, wherein the support has an upper and a
lower surface and the SAPO layer is formed on only one of the upper or

lower surface.

21. A supported membrane made by the method of any of claims 1-20.

35



10

15

20

25

30

50/50 C02/CH4 m xture at 295 Kwth a pressure

differential across the nenbrane of 138 kPa. 20 27.
wab@7metebt ane of claim 23, wherein the per neanP€r/v$2000@8542

is greater than 3.0 X 10-7 nol/(nR2 s Pa) for an

approxi mately 50/50 CO2/CH4 m xture at 295 Kwith a

pressure differential across the nenbrane of 138 kPa.

25 28. A nmethod for separating a first gas conponent

froma gas mxture containing at least a first and a

ecopd. gas ¢ onent. e neth onpr.ising.the ste
255+ e BRI ARG ST T De sneB o it Af Rl rine go
menbis ANE5 BAY itHg CO,/Cag deparditian Relavtiding issgréaternBa®ab0dor an
selectively perneable to the 30 first 8as component

overapmiexiswiel P e Cénipbn anixturg et aigp K 3wtioa pressure
PCT/ \; il qgﬂj ' eam i ncl udi ng
t he I%@%ﬁgﬂ%ﬁ?éﬁt@%hg% 8§§Qgg%8gﬁ$%§§b%b the feed
side of the nenbrane; and c) providing a driving force
suffjcient for perneation of the fjrst _gas conponent
23 hr dhGHPBSESH BT ERBS TS By mAIRT A6 20 rRRae2-28.
streamenriched in the first gas conponent fromthe
pernmeate side of the nmenbrane. 29. The net hod of

24| ai Theemibraneiaf ctdim 23, veergasthedhickness of thec2ABOR34 layer is

di O)ﬁlegsetha%ngbct)uq% rsme&gﬂg gas conponent is nethane. 10

25. The membrane of claim 23, wherein the pore size of the support is greater
than the size of the SAPO-34 crystals applied to the surface of the

support.

26. The membrane of claim 23, wherein the SAPO crystals are SAPO-34 and
the CO2/CH4 separation selectivity is greater than 90 for an approximately
50/50 CO,/CH4 mixture at 295 K with a pressure differential across the
membrane of 138 kPa.

27. The membrane of claim 23, wherein the permeance of COsz is greater than
3.0 X 10-7 mol/(m? s Pa) for an approximately 50/50 CO/CH4 mixture at
295 K with a pressure differential across the membrane of 138 kPa.

28. 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 21 or 23, the membrane having a
feed and a permeate side and being selectively permeable to the
first gas component over the second gas component;
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29.

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

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.

The method of claim 28, wherein the first gas component is carbon dioxide

and the second gas component is methane.
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