SEPARATI ON OF CARBON DI OXI DE FROM METHANE UTI LI ZI NG ZEQOLI TI C EVI | DAZOLATE
FRAVMEWORK MATERI ALS FI ELD OF THE | NVENTI ON [ 0001] The present invention

rel ates twoth@/®wei7ecti ve separation of carbon dioxi de (‘PCTABRoodorR4ret hane
("CH40) in streans containing both car1bon di oxi de and net hane utilizing a
zeolitic imdazolate framework ("ZIF') material. Preferably, the streamto
be separated is fed to the present process in a substantially gaseous
phase. | n SEPARATIONOK CARBON BIGXIDE FROVEMETHANE UTIHAZING a

process to separm@% VTS X mémg %mﬁgﬂq erably for

sequestration of t in the
nat ural gas. BACKGROUND OF THE | NVENTI ON [ 0002] Gas separation is an

i mportant process utilized in various industries, particularly in the
productiodEHELDU@EEIEH@EHEHQNﬂ!EﬁEtrochenicals and specialty products. A
gas separation can be acconplished by a variety of nmethods that, assisted
by heat, solids, or other neans, generally exploits the differences in

physi cal c ) 1 t . ted. For
cxaiml 6, J0008k oar TRy Bft el AREPLORReRLey fInE RPRPATE L ek 8iGR o SRAGH' O
utilizing diogidel (C@HSyfibaNinetivdRy ("THL' Ml steephetomhirihg bolletaibda or adsor bs
a nore readily adsorbed conponent relative to a | ess readily adsorbed

conponent dipxtdeaangamethanemtdizing azgokite émidazoldie fragaewekp@d ZdF | omateziahni ques
known in the ingﬁstr%. One sgch conme .cBaII racti ced gas separation
process i S1sferably, thestream 4o SrSSP‘i‘r@FF‘{‘S ed g theRIRSERIRIOEESSSIN dyhen oper at ed
under certgaj |t w i r 7 .jn a
gas. i xt urabsRRany eapdis MasP)"IF pREHEl HLERRAR, Hhe S ORI LY *
porous adsgflbRAlinFprocta 1 Jephrité ¥8rbod doRRIEIMEMGRITRANGAS sREameMPONENtS i N
the gas m xture. The total anount

preferably for sequestration of at least a portion of the carbon dioxide present in

the natural gas.

BACKGROUND OF THE INVENTION

[0002] Gas separation is an important process utilized in various industries,
particularly in the production of fuels, chemicals, petrochemicals and specialty
products. A gas separation can be accomplished by a variety of methods that,
assisted by heat, solids, or other means, generally exploits the differences in
physical and/or chemical properties of the components to be separated. For
example, gas separation can be achieved by partial liquefaction or by utilizing a
solid adsorbent material that preferentially retains or adsorbs a more readily
adsorbed component relative to a less readily adsorbed component of the gas
mixtufe, or by several other gas separation techniques known in the industry.
One such commercially practiced gas separation process is pressure swing
adsorption ("PSA"). PSA processes, when operated under certain conditions,
allow a selective component or components in a gas mixture to be preferentially
adsorbed within the pore structure of porous adsorbent materials relative to a

second component or components in the gas mixture. The total amount



WD 2009/ 105271PCT/ US2009/ 001124 - 2 - adsorbed of each conponent in the
material (i.e., the adsorption capacity) and the selectivity of the

adsor pt i omof2009/@3zpeci fi ¢ conponent over_anot her conponent/usagoonbtien be

i nproved by operating the process under’%pecific pressure and tenperature
conditions since both pressure and tenperature influence the adsorption

| oadi ng of the conponents to a different extent. The efficiency of the PSA
process neadsbebddidf &h dompovaf iRyhd Rtdril (ROE Heddsop@bn PaAPLRLSiand St eps,
such as the use of purge strean(s) that have optinmally chosen comnposition,
pr essur es thedeteetipity afithe adsdtption dor a spédificwelnypdnent adenatxgher nat eri al s
have separation selectiyities, adsorption capacities and other ,Penef i cial
proper t | esCQUEPRRIEH Nahaien e Impaoyed By nerating the dsacess ynder spfoificy) so as

to be able to function as comerectally viable and -efficient adsorbents
i o paa st BAB0aP R T Gun tinds POt St Rl Flobp Bl 7"
greater anpgmned tmsggﬁmnmmﬂ BNMIRNISEn N RAA BiFfereAl8xteRE! THE N
conditions. Certaln conmponents may not be 'selectively adsorbed or may not
be adsor besfficterney cfthe PSabpeodesy alayt beafurthen ivipresd by tienineplenmemitatidd gf

vi abl e process. However, if sizable differences_in adsorption properties
exi st for Precessing stepyipcheastthe upe ahprrgeoitisam(shitas haye optimallyrchaseses can
be used to_effectivel segara(ﬁ'(te certain c onent pags%iytroma m'xLure. For
exanpl e, 19OMPERItiOn BregsEE i TeyuPerafurpy, Hdbeyar qetdiely fe adfotbent g
tenperat urlﬁafeli’fawgﬁ\'easexﬁﬁ?dn %&tﬁ‘iﬂé@ %d@@laﬁﬁ!ﬁoéa?ﬁpﬁie%hﬁrdtﬁér béiRificjal

sel ectively adsorbs nore oxygen than nitrogen, a east a portion of the
oxygen consrepsgitsi(sudthss éleariial endphysicalsinaptness diedaabilitpesd asnsibehe gas
com ng out of the vessel will be enriched in nitrogen. Wien the bed reaches
a sel ect ecatfle se funsiioprasi qammereinlly apehle apd costaedivientadggdents n 2 BRAbe
regenerated by various pressure swing techni ques, thereby releasing the
adsor bed d?&‘?ﬁé?'(and any ot her associ ated gas conponents), which can then
be captured and isolated as a separate product stream The adsorbent

mat eri al whi ch has now been "desorbed" of the oxygen can then be reused and
t he [0003] Some adsorbent materials are able to adsorb a greater amount of one

)

component than another component under certain conditions. Certain
components may not be selectively adsorbed or may not be adsorbed to an
acceptable level that would lead to an economically viable process. However, if
sizable differences in adsorption properties exist for selective components in an
adsorbent material, PSA processes can be used to effectively separate certain
component gases from a mixture. For example, if a gas mixture such as air is
passed at some pressure and temperature through a vessel containing an
adsorbent material that selectively adsorbs more oxygen than nitrogen, at least a
portion of the oxygen contained in the feedstream will stay in the adsorbent and
the gas coming out of the vessel will be enriched in nitrogen. When the bed
reaches a selected fraction of its total capacity to adsorb oxygen, it can be
regenerated by various pressure swing techniques, thereby releasing the
adsorbed oxygen (and any other associated gas components), which can then be
captured and isolated as a separate product stream. The adsorbent material

which has now been "desorbed" of the oxygen can then be reused and the



WO 2009/ 105271PCT/ US2009/ 001124 - 3 - various steps of the PSA process
cycle are repeated so as to allow a continuous operation. [0004] However,
findi ng swotailesimaterials that specifically discrimnareThseesenidsfficult
to separate gases in both an efficient and effective manner (that is that

t hey have both good separation selectivity and a high adsorption capacity)
are not easily found. Additionally, many adsorbent materials known in the

art do notyabiud stips\wfithe PSA processitydloned reprarasnastd alldwe cintimaoas or  ar e
unabl e to sustain the severe pressure and/ or tenperature conditions,

i ncl udi ng apgedtian.condi tions, required by the processes. Therefore,
comercially suitable, and nore inportantly, comrercially val uable
adsorbent materials are not very readily avail able. Researchers in the

| ndustry gggpipualiy 00K fifind IR IE T AGARIREN sHERIFCAIR discrRiREAES
an C%%z?dl’i 0 make trﬁg

confi gur atiions OpEr ari ng ons se séparation processes

econom CalHekuéxaaifﬁcuftqe%i)ﬂat@%adeg ih dathameffidient Al effeadasmahay (ibata
mul ti-bed systemis found 1n U S. Patent No. 3,430,418 wherein a system

havi ng at i @sattthéyphaverboth gaodiseparatiadseldttivity anda pigleadsarptionicepacity)cycl i ¢

PSA processi ng sequence that inclydes in each bed: (1 | gher, pyessure
adsor pt i orﬁrﬁﬂlphe@sélYe@é}édofA‘éﬁlH&GEﬁYemﬁnﬁé gon PBWFF&‘%? E{ig\?’f‘ IB%eﬁft t he

bed; (2) cp-current depressuri . ' lrat ] el ease
of vt d spetid iR FE Y bBlioRE Sotop OIS TR 1B rBREGL AR diskle 0

depr essur i g i the é%v@fé gﬂﬁéu&rﬁﬁﬁw RmpefdtuldESRditions iheludigPegasdiri zati on.
The void space gas released during the co-current depressurization step is
conmonl y  esopidityes, fajuirdess teepreqesses z Thiersfor) cpnarerciaity switghleyamie pur ge
gas to a bed at its |ower desorption pressure. Another conventional PSA
processes meraigpartanslys sopunercialbs valyableadseehent materias apapahveno.

3,738, 087 ‘readily available. Researchers in the industry continually look for improved
adsorbent materials, process configurations and operating conditions to make

~ these separation processes economically viable.

[0005] An early teaching of a PSA process having a multi-bed system is
found in U.S. Patent No. 3,430,418 wherein a system having at least four beds is
described. This ‘418 patent describes a cyclic PSA processing sequence that
includes in each bed: (1) higher pressure adsorption with release of product
effluent from the product end of the bed; (2) co-current depressurization to
intermediate pressure with release of void space gas from the product end
thereof; (3) countercurrent depressurization to a lower pressure; (4) purge; and
(5) repressurization. The void space gas released during the co-current
depressurization step is commonly employed for pressure equalization purposes
and to provide purge gas to a bed at its lower desorption pressure. Another
conventional PSA processes using three sorbent beds is disclosed in U.S. Patent

No. 3,738,087.

[0006] Another industrially important gas separation process is temperature

swing adsorption ("TSA"). TSA processes, when operated under certain



WO 2009/ 105271PCT/ US2009/ 001124 - 4 - pressure and tenperature conditions,
al |l ow sone conponents to be selectively adsorbed over others within the
pore struwoun®/ws27an adsorbent material. In this proces®CTASIMYRAITTRS

cont ai ni ng conponents to be separated f10Wws through an adsorbent materi al
wherein one or nore of the conponents are selectively adsorbed over another
conponent or conponents. An effluent stream reduced in concentration of

the sel ectpresdite aﬂaQénhﬁérmmmﬁﬁm&@, allswostiraé Bethpduehzgotbel seladdiseiyt i on
"stage" or "step" of the TSA process. In this process, after the adsorbent

mat eri al hedsoshbixboverdthensewithinthapoue stroturd of ae edserbenmaterialt (8 thist he
tenperature of the adsorbent .is increased, ,and the | ectj vel y adsor bed
conponent (RIPCPSS, ﬁérréa%%enteml%sempeaew6%‘)@@@%@%%1?@8% th‘&ueﬁ’iaé} s and can

be coll eCt{&gitg@g%grigf \Q'F{]eféfﬁ ok for WEdke osf{tpg ggﬁﬁntemssarétsgﬁfcﬂgﬁgg e overall

TSA proces cyclrcall'y swinging nperature o r bent

beds, TSA isefRIPEverGOIRG it SERSMPoRHRNMON effliferit Rtréa, ¥éduoedwhen
used with an adsorbent that selectively adsorbs one or nore of the stream

conponent sini gonichrtritéem ofithet salectivelnadsarbed component(ey is abitdihed eluringtthisam
conmponents conprising the feed nj xture. [0007] PSﬁl_and TSA processes do not
need to beadsoiRiN \5ta8&| QFs|step” of the it/ Paotesyy s 1§P6‘é‘2§'§§"‘hé§” € utilized,

for exanple i.ncreasing the & enperat.ure of .t r jal s
dur i ng. t herdsoriont BAEaRt R ARG SRR A niy liing BERFREROmPBRERLS) o
| mpr ove thﬁ.&gﬁg&%ﬁ&%ﬂhe%@o&%@@ihxﬁéaxe&%@rthe@e&eﬁpe@%sbﬁaed n the
process. The bed tenperature can then be reduced (or all owed to be reduced)
during thecanipongit{sdts rededsednpondeddnbedisnt fi adsoebéntpmaterialstmdactsobet i on
characteristics and/or adsorﬁt ion capacity of the material. [0008]Besides
usi ng pr esenllestedsepatatp dram the effinent gegemanghisitep et Bropvasall XA t he
adsorbent can be regeperated wmith.a .purge that |s fl.owed.th
Sdsor bent AeRFYs T HRaocrfaly SMifrREcee tiRirabie RISt EBt PR TR
adsor bent . p ScesRs 261 bbhiRkd ¥ Sefftatd tRrftdlirt Rkt ik ALRAVRRN
regeneration technique are often call partial pressure purge displ acenent
processes 4dsBRSw#At Xhat selectively adsorbs one or more of the stream components in the

feed mixture relative to one or more different stream components comprising the

feed mixture.

[0007] PSA and TSA processes do not need to be mutually exclusive. A
combined PSA/TSA process may be utilized, for example, by increasing the
temperature of the adsorbent materials during the lower pressure purge step of a
conventional PSA process to improve the desorption of the selectively adsorbed
component(s) in the process. The bed temperature can then be reduced (or
allowed to be reduced) during the adsorption portion of the PSA cycle to

improve the adsorption characteristics and/or adsorption capacity of the material.

[0008] Besides using pressure and temperature to regenerate the adsorption
bed, the adsorbent can be regenerated with a purge that is flowed through the
adsorbent bed in a manner that displaces adsorbed molecules from the adsorbent.
Processes that are conducted with this type of adsorbent regeneration technique

are often called partial pressure purge displacement processes ("PPSA").



WO 2009/ 105271PCT/ US2009/ 001124 - 5 - Processes such as PSA, TSA, purge
di spl acenent, and conbi nation thereof are referred to herein as sw ng
adsor pt i oNOpr@¢®Szes. These swi ng adsorpiion processes eam/useowondect ed
with rapid cycles (i.e., cycles of shor‘tSduration) in which case they are
referred to as rapid cycle thermal swi ng adsorption (RCTSA), rapid cycle
pressure swi ng adsorption (RCPSA), and rapid cycle partial pressure sw ng

or di spl aceiReésepIneleagBSA, MS At SPN cémiéit 2h@ gbabindtiiDHepest dreonal |y,
menbrane separati on processes can be used for the separation of gas

conponent sreferrexd to héreineas swing adsobptiorepsoegssest | Dheser owingsadsorptianr nor e
conponents of the m xed stream contact one s|de of aﬁgggbra e material and
a portion RFPcesses camk ba condueted yetlheanid SYEIes ALigh CYSIES 9L $BPH furation) ia
retrieved fromthe. other side t he tell. ;' per meat e
stream | nw['%ﬂ]scaﬁ? Blbeé'sgr,e rFtegﬁfg{on@a?B{%??cggﬁﬁ?{ggal §%ﬁ%ﬁ§§0®8 centration (in
mol e%, Waqlwr S&X), @pid Y UEprdésare SRing R ofptidEREPSAYS and Pdpid cyelesct
conponent than the 1xée)}l]j S rreamthat I ni toiﬂglllyggont a?fs theplneeriflgrane. A

"r et ent at gfartiak pre@ssurs salisg oo kisplawtndnt purgdadsarption {RAGPREAY he menbr ane

whi ch has a | ower concentration (in nole%, weight % or volunme % as

defi ned byteelolpgissess) of a sel ect component than the nixed streamthat

initially contacts the nenbrane. In this manner, a separation of conponents
is made resulting in a higher value for the two separated streans (i.e.,

the 1 et ent@goRnd ABGiReaIS hferHhhRE TBlarkiiaR phlesOld G uSBdRsE B eam { hat

Is fed to nbrane se cess. e physical conditions on the

perneat e Sjeféradiont dfzasesvhipsIRnts O a aRMIRe.e [P hesembeanc sppratRinp®cesy)d pur ge
conditions) are chosen so that there is a gradient of chem cal potenti al
across t heoneeorbnareecemponénss fod\the atiked siseamniopatach eng sidecof @ orgsabrane f r om

e o LS e, S0, oL Lhe o a0t L O0IRL et BB oo

utilizing ;adsofe0ed ird B tRE bitlet sld¥ of tAE rﬁ&hﬁﬁfﬂe\’rﬁaﬁ?ﬁﬁlgﬁi"Bgnﬂéate"
stream. In this process, the permeate stream has a higher concentration (in
mole% , weight %, or volume % as defined by the process) of a select
component than the mixed stream that initially contacts the membrane. A
"retentate" stream is also obtained from the first side of the membrane which has
a lower concentration (in mole% , weight %, or volume % as defined by the
process) of a select component than the mixed stream that initially contacts the
membrane. In this manner, a separation of components is made resulting in a
higher value for the two separated streams (i.e., the retentate and the permeate
streams) than the original mixed stream that is fed to the membrane separations
process. The physical conditions on the permeate side of the membrane (for
example pressure, temperature, and purge conditions) are chosen so that there is
a gradient of chemical potential across the membrane that is favorable to drive

the select component from the feed side to the permeate side of the membrane.

[0010]  There is a need in the art for improved swing adsorption and/or
membrane processes utilizing adsorbent materials for the selective separation of

gaseous stream components. In particular, there is a need in the art for improved



gaseous stream conponents. In particular, there is a need in the art for

I mproved WO 2009/ 105271PCT/ US2009/ 001124 - 6 - swi ng adsorption and/or
menbr ane woco@swexiutili zi ng adsor bent r’rg)at erials for thecsalSeapiovE24
separation and renoval of carbon dioxide’from nethane in streans containing
bot h carbon di oxi de and nmethane. [0011]United States Patent Publication No.
US2007/ 0202038A1 di scloses a famly of materials which shall be referred to
herei n as ggiagiddserptiondaiiibeinenibrane pesdessdsaitilizhg ad3orehtmatdrials Tori s
publication describes in detail the synthesis and structural and pore

vol une chahacstlkctivaseparaton andiremoval 6f earben idivxide from ma¢thaes in sfecamsy

t enperature physisorption characterizatjon (N2 and H2 at 77K and Ar at 87K)
of sel ect e‘d’nﬂlplrﬁ]?‘i?fgt‘iﬂ'é%“ glﬂ’“&? apd @ethafie. gi scl ose adsorption properties
of these materials at pressure and tenperature conditions that would be

rel evant to separation processes of gases and hydrocarbons of interest in

i ndustri aljoppp| i cathRBg StatMPARYt Pablithidd\MaNUS2807/0202038A11 discloses a
family of materials which shall be referred to herein as zeolitic imidazolate
frameworks (or "ZIF"s) materials. This publication describes in detail the
synthesis and structural and pore volume characterization of various ZIF
materials. It includes the low temperature physisorption characterization (N, and
H, at 77K and Ar at 87K) of selected ZIF structures but it does not disclose
adsorption properties of these materials at pressure and temperature conditions
that would be relevant to separation processes of gases and hydrocarbons of

interest in industrial applications.

SUMMARY OF THE INVENTION

[0012] The present invention is a separation process utilizing ZIF-containing
materials to effectively separate carbon dioxide, CO,, from methane, CHy, in

process feedstreams comprised of both components.

[0013] In accordance with one embodiment of the present invention there is
provided a process for separating CO, from a process feedstream, comprising:
a) contacting an adsorbent bed comprised of a zeolitic imidazolate
framework material with a process feedstream comprising CO, and CH,4
at a first pressure and first temperature;
b) adsorbing at least a portion of the CO; in the adsorbent bed;
¢) producing a CO,-lean product stream, wherein the CO,-lean
product stream has a lower concentration of CO; by vol% than the

process feedstream; and



[ 0012] The present invention is a separation process utilizing
ZIF-containing materials to effectively separate carbon dioxide, CO2, from
met hane, vZbapoyvmsynocess feedstreans cor‘r.pri sed of both eommsa@atsl124 0013]1n
accordance with one enbodi nent of the present invention there is provided a
process for separating CO2 froma process feedstream conprising: a)
contacting an adsorbent bed conprised of a zeolitic imdazol ate framework
material with a procdsprotlaengta €Oy rchprodichgtr&of adadeCbnd pressure dnd st
pressure and first tenperature; ). adsor bi ng at least a gprtion of

u

the CO2 in the sasopdiemperdyre, whereinct;nlej Sr@uttich pgoductspreagbhass Bigher stream
O hon e S EERABEYE L B hHRiccSPRESB A o Of O By
wherein the zeolitic imidazolate framework material has a
framework structure wherein each vertex of the framework structure is
comprised of a single metal ion and each pair of connected adjacent
vertices of the framework structure is linked by nitrogen atoms of an
imidazolate anion or its derivative, and wherein the zeolitic imidazolate

framework material has an adsorptive loading ratio for CO, over CH,4 of

at least 10.

[0014] In accordance with another embodiment of the present invention there
is provided a process for separating CO, from a process feedstream, comprising:

a) contacting a first side of a membrane comprised of a zeolitic
imidazolate framework material with a process feedstream comprising
CO, and CH, at a first pressure and first temperature;

b) retrieving a first permeate stream from a second side of the
membrane at a second pressure and second temperature, wherein the first
permeate stream consists of components that selectively permeate
through the membrane and the first permeate stream has a higher
concentration of CO, by vol% than the process feedstream; and

¢) retrieving a first retentate stream;
wherein the zeolitic imidazolate framework material has a framework

structure wherein each vertex of the framework structure is comprised of a single
metal ion and each pair of connected adjacent vertices of the framework
structure is linked by nitrogen atoms of an imidazolate anion or its derivative,
and wherein the zeolitic imidazolate framework material has an adsorptive

loading ratio for CO, over CH, of at least 10.



WO 2009/ 105271- - PCT/ US2009/001124 7 d) producing a CO2-rich
product stream at a second pressure and second tenperature, wherein the
CO2-ri ch woadwetosztir eam has a hi gher congentrati on of CeERThis2000l08612han t he
process feedstream wherein the zeblritic i mdazol ate franmework
material has a framework structure wherein each vertex of the franmework
structure is conprised of a single netal ion and each pair of connected

adj acent vieOusFes bf othbepiefamredentbalimesitsusfthe présenk g dnyion| tHeogreoest oms of
an imdazolate anion or Its derivative, and wherein the zeolitic

i m dazol atfeedstegamis ¢omprised af amaturahgasd ssypthietisally papduacadsgasoaflandfdte over
CH4 of at Ieast 0. éq(')O%éggl n.‘gﬁ‘cord%nce w t h anot her enbodi nent of the
present i iRFeAReesheas ek 2 biagenicalivargducel 83%ss for separating CO2 from a
process feedstream conpri sing: a) contacting a first side of a
menbrane conprised of a zeolitic imdazolate framework material with a

|tor oc esst f q0035] eanCOrm mdte refeited efhbodimahtsdfithé presehe ifuentionNthef i r st
enper at ure;
zeolitic imidazolate framework material is selected from ZIF-7 and ZIF-9.

BRIEF DESCRIPTION OF THE FIGURES

[0017] FIGURE 1 is the experimental powder X-ray diffraction ("PXRD")
patterns of the as-synthesized and acetonitrile-exchanged ZIF-7 samples of
Example 1 herein. The calculated PXRD pattern (shown as the vertical stick
patterns in the figure) for ZIF-7 based on the single crystal structure of ZIF-7

reported in the "Park Reference" as referenced herein is also shown in the figure.

[0018] - FIGURE 2 shows the thermogravimetric analyses ("TGA"s) for the

as-synthesized and acetonitrile-exchanged ZIF-7 samples of Example 1 herein.

[0019] FIGURE 3 is the experimental powder X-ray diffraction ("PXRD")
patterns of the as-synthesized and acetonitrile-exchanged ZIF-9 samples of
Example 2 herein. The calculated PXRD pattern (shown as the vertical stick
patterns in the figure) for ZIF-9 based on the single crystal structure of ZIF-9

reported in the "Park Reference" as referenced herein is also shown in the figure.

[0020] FIGURE 4 shows the thermogravimetric analyses ("TGA"s) for the

as-synthesized and acetonitrile-exchanged ZIF-9 samples of Example 2 herein.

[0021] FIGURE 5 is the experimental powder X-ray diffraction ("PXRD")
patterns of the as-synthesized, the acetonitrile-exchanged and the toluene-

exchanged ZIF-1 samples of Example 3 herein. The calculated PXRD pattern



b) retrieving a first perneate streamfroma second side of the nmenbrane at
a second pressure and second tenperature, wherein the first perneate stream
consi sts wh 20ompsmTent s t hat sel ectively perneate througkcrhis2ommbriane and
the first perneate stream has a higher cbhcentration of CO2 by vol %t han
the process feedstream and c) retrieving a first retentate stream
wherein the zeolitic imdazolate framework material has a framework
structur e (shewaias thavbrtical teek phttés ifi Itl@d*ﬁ%@fd? fot ZUELlUbssedorcihepingled of a
single netal ion and each pair of connected adjacent vertices of the

f r amewor k @ystakstiweuresof Zlfﬂcdcreps)rtﬂd in thee'tPask Refersncahas rafdrensedthereini on or
Its derivatiye, .and wh refin the zeolitic imdazolate framework material has
an adsor ptif @ OI%‘Qél‘fIh’dj“?’Qt 1@ for CO2 over CH4 of at |east 10. WD

2009/ 105271PCT/ US2009/ 001124 - 8 - [0015]1In other preferred enbodi ments of
t he present invention, the process

[0022] FIGURE 6 shows the thermogravimetric analyses ("TGA"s) for the

as-synthesized, the acetonitrile-exchanged and the toluene-exchanged ZIF-1

samples of Example 3 herein.

[0023] FIGURE 7 is the experimental powder X-ray diffraction ("PXRD")
patterns of the purified and methanol-exchanged ZIF-11 samples of Example 4
herein. The calculated PXRD pattern (shown as the vertical stick patterns in the
figure) for ZIF-11 based on the single crystal structure of ZIF-11 reported in the

"Park Reference" as referenced herein is also shown in the figure.

[0024] FIGURE 8 shows the thermogravimetric analyses ("TGA"s) for the

purified and methanol-exchanged ZIF-11 samples of Example 4 herein.

[0025] FIGURE 9 is the experimental powder X-ray diffraction ("PXRD")
patterns of the purified and methanol-exchanged ZIF-8 samples of Example 5
herein. The calculated PXRD pattern (shown as the vertical stick patterns in the
figure) for ZIF-8 based on the single crystal structure of ZIF-8 reported in the

"Park Reference" as referenced herein is also shown in the figure.

[0026] FIGURE 10 shows the thermogravimetric analyses ("TGA"s) for the

purified and methanol-exchanged ZIF-8 samples of Example 5 herein.

[0027] FIGURE 11 is a Scanning Electron Microscopy ("SEM") image of a
ZIF-7 sample of Example 6.



feedstreamis conprised of a natural gas, a synthetically produced gas, a
| andfill produced gas or a biogenically produced gas. [0016]In even nore
pr ef er r edworntb@dionzmt s of the present invention, the zeolPcrius2eoyiooazol at e
framework material is selected from zl F-*P-and ZLF-9. BRI EF DESCRI PTI ON OF
THE FI GURES [0017]FIGURE 1 is the experinmental powder X-ray diffraction
("PXRD') patterns of the as-synthesized and acetonitril e-exchanged ZIF-7

sanpl es of [0828]! eFIGURE:1D shdtve thel0Dy aiseeptifRBoptairireat 3 (IsKofun adBIR-fie
vertical stick patterns in the figure) for ZIP-7 based on the single

crystal stsamplarod Exanle67 reported in the "Park Reference" as referenced
herein is also shown in the figure. [0018] FI GURE 2 shows the
t herrnogravinetric anal yses ("TGA"s) for the as-synthesized and

acet oni trifodn6y CN2PRSORA T3 (hSRIRhE T, ads AR FishifiehPAil the CH,
adsorption isotherm at 301 K for a ZIF-7 sample of Example 6.

[0030] FIGURE 14 is a bar graph comparing the adsorption loadings of a
ZIF-7 sample of Example 5 for CO, and CH,4 at 301 K and 106.6 kPa.

[0031] FIGURE 15 shows the CO, adsorption isotherms at 301 K, 308 K,
and 323 K for a ZIF-7 sample of Example 6.

[0032] FIGURE 16 is a Scanning Electron Microscopy ("SEM") image of a:
ZIF-9 sample of Example 7.

[0033] FIGURE 17 shows the CO, adsorption isotherm at 301 K for a ZIF-9

sample of Example 7.

[0034] FIGURE 18 shows the CO, adsorption isotherm and the CH,4
adsorption isotherm at 301 K for a ZIF-9 sample of Example 7.

[0035] FIGURE 19 is a bar graph comparing the adsorption loadings of a
ZIF-9 sample of Example 7 for CO, and CH,4 at 301 K and 106.6 kPa.

[0036] FIGURE 20 is a Scanning Electron Microscopy ("SEM") image of a
ZIF-1 (acetonitrile-exchanged) sample of Example 8.

[0037] FIGURE 21 is a Scanning Electron Microscopy ("SEM") image of a
ZIF-1 (toluene-exchanged) sample of Example 8.



[0019] FIGURE 3 is the experinmental powder X-ray diffraction ("PXRD")
patterns of the as-synthesized and acetonitril e-exchanged ZI F-9 sanpl es of
Exanpl e 2wben@/ms27The cal cul at ed PXRD palgtern (shown aspChase@vwdnad stick

patterns in the figure) for ZIF-9 based

n the single crystal

structure of

ZIF-9 reported in the "Park Reference" as referenced herein is al so shown
in the figure. [0020] FI GURE 4 shows the thernogravinetric analyses ("TGA"S)

for the asf938] hesFREURHE Y2 sheivenhé OO cadsveptiorgsdthérhr shddrepCHs of Exanpl e
2 herein. [0021]FIGURE 5 is the experinental powder X-ray diffraction

("PXRD') pasdsomptien ispthem ats3Gly Kt fos 8i Z1Fd] (acatonitilesenahanged)esample

¢fd and the

t ol uene- exghan ZI F-1 sanples of Exanple 3 herein. The cal cul ated PXRD
pitalicn

pattern Pdi) 05271PCT/ US2009/ 001124

[0039] FIGURE 23 is a bar graph comparing the adsorption loadings of a

ZIF-1 (acetonitrile-exchanged) sample of Example 8 for CO, and CH, at 301 K

and 106.6 kPa.

[0040] FIGURE 24 is a Scanning Electron Microscopy ("SEM") image of a

ZIF-11 sample of Example 9.

[0041] FIGURE 25 shows the CO, adsorption isotherm and the CHy

adsorption isotherm at 301 K for a ZIF-11 sample of Example 9.

[0042] FIGURE 26 is a bar graph comparing the adsorption loadings of a

ZIF-11 sample of Example 9 for CO, and CH, at 301 K and 106.6 kPa.

[0043] FIGURE 27 is a Scanning Electron Microscopy ("SEM") image of a

ZIF-8 sample of Example 10.

[0044] FIGURE 28 shows the CO, adsorption isotherm and the CH,

adsorption isotherm at 301 K for a ZIF-8 sample of Example 10.

[0045] FIGURE 29 is a bar graph comparing the adsorption loadings of a

ZIF-8 sample of Example 10 for CO, and CH, at 301 K and 106.6 kPa.

DETAILED DESCRIPTION OF THE INVENTION

[0046] The present invention is directed to processes for the separation of

carbon dioxide ("CO,") from methane ("CH,") in streams containing both carbon



- 9 - (shown as the vertical stick patterns in the figure) for ZIF-1 based
on the single crystal structure of ZIF-1 reported in the "Park Reference"
as ref er enoadodwsmiin i s al so shown in the figure. [0022PEr@SREBHIBOHROWS t he
t her nogravi netric anal yses ("TGA"Ss) forl¢ne as-synt hesi zed, the

acetonitril e-exchanged and the tol uene-exchanged ZIF-1 sanples of Exanple 3
herein. [0023]FIGURE 7 is the experinental powder X-ray diffraction

("PXRD") igbtiae and Hhethhfe BHlizingeslisorsbni®trapeised vt hesiitsindiddzodlats anpl es of
Exanpl e 4 herein. The cal cul ated PXRD pattern (shown as the vertical stick

patterns iframhéveork GZIEY) materials:- Biefomblytherzeotisicsimidazolateyfsameworksict ur e of

ZIF-11 reported in the "Park Reference" as referenced herein s also shown
in the fi @t Blilizgrhimg FVingedsprEHERPIOGRSs + fbe rﬁ?@F'ﬁ\? iteRR P?‘Kl%%¢%9§ggo? "TGA"S)

for the purified, and TRLDAGAFESRARASE iRUBaS broaTM S3ifE ARSBERIG 4 herei n.

("PSA") processes, Temperature Swing Adsorption ("TSA") processes, Pressure
Purge Displacement Processes ("PPSA"), Rapid Cycle Pressure Swing
Adsorption ("RCPSA") processes, Rapid Cycle Temperature Swing Adsorption
("RCTSA") processes, Rapid Cycle Pressure Purge Displacement Processes
("RCPPSA") as well as combinations of these swing adsorption processes. In a
preferred embodiment, the stream to be separated is fed to the process in a

substantially gaseous state.

[0047] In other preferred embodiments of the present invention, zeolitic
imidazolate framework ("ZIF") adsorbent materials are incorporated into a
membrane material for the selective separation of carbon dioxide ("CO,") from
methane ("CH,") in streams containing both carbon dioxide and methane. The
ZIF materials will preferably be utilized in a matrixed membrane material to
facilitate the separation of CO, from CH,. In a preferred embodiment, the
feedstream to be separated will contact the membrane wherein the CO; and the -

CH, in the feedstream will be substantially in a gaseous phase.

[0048] "Zeolitic imidazolate framework" (or "ZIF") materials are defined
herein as microporous crystalline structures having framework topologies
commonly found in zeolites and/or in other crystalline materials wherein each
vertex of the framework structure is comprised of a single metal ion and each
pair of connected adjacent vertices of the framework structure is linked by
nitrogen atoms of an imidazolate anion or its derivative. The terms "micropore"
or "microporous" as utilized herein is defined as a pore diameter or a material
containing pore diameters of less than or equal to 2.0 nm (20 A), respectively.

Descriptions and the synthesis of some of the ZIF materials that can be utilized



[0025] FIGURE 9 is the experinmental powder X-ray diffraction ("PXRD")
patterns of the purified and net hanol - exchanged ZI F-8 sanpl es of Exanple 5
herei n. TWe 20@/wsi7at ed PXRD pattern (sh(m/n as the verti ealr/useéookopat t er ns
in the figure) for ZIF-8 based on the Si'ngle crystal structure of ZIF-8
reported in the "Park Reference" as referenced herein is also show in the
figure. [0026] FI GURE 10 shows the thernogravinetric analyses ("TGA"s) for

the purif iiﬁdh@?ﬁhsﬁﬁ‘t imeatiopsed dighded i Uhitd$laas RiteddPubilicationM™o.eU8. WO
2009/ 105271PCT/ US2009/ 001124 [ 0028] FI GURE 12 shows the CO2 adsorption

i sot her m &200360202038A lato/Y glti etaalpivhiol isshereby én@nrporated by reference.

[0049] The applicants of the present invention have discovered that ZIF
materials can selectively separate CO, from CH, in streams containing both of
these components. Furthermore, this may be accomplished at conditions of
pressure, temperature and compositions that are relevant to industrial processes.
In order to separate two components from a mixture, the adsorption loading
(e.g., in mmole/g) for the first component must be greater than the adsorption
loading (e.g., in mmole/g) for the second component. Even though process
schemes can be designed to operate at low ratios of adsorption loading (in
mmole/g) for the first component vs. the adsorption loading (in mmole/g) for the
second component, it is preferred that this "adsorptive loading ratio for CO, over
CH," for of the ZIF material utilized be at least 10. Since the required
equipment size, cost and operating expenses tend to be significantly lowered at
higher adsorptive loading ratios, the separations processes become much more
attractive utilizing materials and conditions that lead to higher adsorptive loading
ratios. In more preferred embodiments of the present invention, the ZIF material
utilized in the present invention has an adsorptive loading ratio for CO, over
CH, of at least about 15, even more preferably at least about 20, and most

preferably, at least about 25.

[0050] The ratio described above is a property for a specific adsorbate-
adsorbent pair, at given conditions of pressure and temperature. This ratio is
referred to herein as the "adsorptive loading ratio" or more particularly as the
"adsorptive loading ratio for CO, over CH,". This ratio is defined herein as a
unitless quantity that is equal to the adsorption loading (in mmole/g) for the first
component divided by the adsorption loading (in mmole/g) for the second
component for a specific adsorbent material at a specific pressure and

temperature. As used herein, the term "first component" is synonymous with the



[ 0029] FI GURE 13 shows the CO2 adsorption isothermand the 0-14 adsorption

I sothermat 301 Kfor a ZIF-7 sanple of Exanple 6. [0030]FIGURE 14 is a bar
gr aph commparoemgosite adsor ption | oadi ngs of a ZI F-7 sanplPeTafS2éeeanpbke 5 for
C2 and CH4 at 301 K and 106.6 kPa. [003#]"FI GURE 15 shows the CC2
adsorption isotherns at 301 K, 308 K, and 323 K for a ZIF-7 sanple of
Exanple 6. [0032] FIGURE 16 is a Scanning El ectron M croscopy ("SEM') i mage

of a, ZIF&mhpoien cafbdpdioRide, CO,, and the term "second component" is
synonymous with the component methane, CHy. As used herein, although it is
preferred that the adsorption loading for each component on a particular ZIF
material be measured under the operating component partial pressure and
temperature conditions for the system, it is often more advantageous to measure
the adsorption loading for a particular ZIF for each component material at more
"standard" conditions of pressure and temperature. Therefore, for the purposes
of this invention and the scope of the present invention, the adsorptive loading
ratio for two components (e.g., CO, and CH,) can be measured at either
operating partial pressure for the specific components and operating temperature
conditions for the feedstream contacting the ZIF-containing adsorbent, or at
single component testing conditions chosen herein to be 301 K (28 °C) and 106.6
kPa (800 torr). Unless stated otherwise, these latter conditions were used in the
testing of the samples in the examples herein, which can be readily duplicated in

a laboratory test facility.

[0051] ZIF materials that exhibit significantly large adsorptive loading ratios
may be used in swing adsorption processes of the present invention to effectively
and economically separate CO, from CHj, in streams containing both
components. Each of these swing adsorption processes are comprised of a
number of "steps" that include a variety of adsorption and desorption steps that
in combination lead to a complete swing adsorption "cycle" that is periodically
repeated. Since multiple adsorbent beds are typically used, their appropriate
time synchronization leads to the continuous production of products. A
complete swing adsorption cycle on a particular adsorbent bed, therefore,
comprises all of the adsorption and desorption steps that are taken, beginning
with the very first contacting of the feed gas mixture with the adsorbate-free or
substantially adsorbate-free adsorbent and continuing through the last desorption
stage that regenerates the adsorbent into its adsorbate-free or substantially

adsorbate-free state and further including any additional repressurizing and/or



[ 0033] FI GURE 17 shows the CO2 adsorption isothermat 301 K for a ZIF-9
sanpl e of Exanple 7. [0034] FI GURE 18 shows the CO2 adsorption isotherm and
t he CH4 awlean@rioszrii sot herm at 301 K for,.a ZI F-9 sanpl epofi/uSz@epba24 .

[0035] FIGURE 19 is a bar graph conparing-the adsorption |oadings of a ZIF-9
sanple of Exanple 7 for CO2 and CH4 at 301 K and 106.6 kPa. [0036] FI GURE 20
Is a Scanning Electron M croscopy ("SEM') imge of a ZIF-1

(acet oni t rpdrgirgxstopsitiat maaomdue thérekfen krifg the "cycle" back to the first

contacting of the feed gas mixture with the adsorbate-free or substantially
adsorbate-free adsorbent which has begun the "cycle". At this point, the next

swing adsorption "cycle" is started and the cycle is subsequently repeated.

[0052] Typically, there is at least one adsorption step wherein a process
feedstream is contacted with the adsorbent material in a swing adsorption
process. The equivalent terms "process feedstream" or "inlet stream" as used
herein in sWing adsorption embodiments of the present invention is the mixed
component stream comprising at least two components to be separated which is
contacted with the adsorbent material during the adsorption cycle. During this
step of the process, the process feedstream contacts the adsorbent material under
certain process temperature and pressure conditions and as the process
feedstream flows through the adsorbent material at least a portion of the "first -
component" (or "strongly adsorbed component") of the process feedstream is
preferentially adsorbed by the adsorbent material with respect to a "second
component” (or "weakly adsorbed component"). During this step an "effluent
stream" (or "CQO,-lean product stream" herein) is drawn from the swing
adsorption process wherein the total number of moles of the first component into
the swing adsorption process is higher than the total number of moles of the first
component out of the swing adsorption process during this adsorption step.
Although it is not necessary, it is preferred that the molar concentration of the
first component in the process feedstream be greater than the molar

concentration of the first component in the effluent stream.

[0053] The swing adsorption process is also comprised of at least one
desorption step wherein at least a portion of the first component that has been
preferentially adsorbed by the adsorbent material is recovered in what is termed
hereip as a "desorbed stream" (or "COs-rich product stream" herein). During

this step, the process conditions in the swing adsorption process are changed to



WO 2009/ 105271PCT/ US2009/ 001124 -- [0038] FI GURE 22 shows the CO2 adsorption
| sot herm and the CH4 adsorption isothermat 301 K for a ZIF-1

(acet oni twol2ee%erositanged) sanpl e of Exaan e 8. [0039] FI GBREUR30ms0E2bar
graph conparing the adsorption | oadi ngs 8f a ZIF-1 (acetonitril e-exchanged)
sanpl e of Exanple 8 for CO2 and CH4 at 301 K and 106.6 kPa. [0040]FI GURE 24
Is a Scanning Electron Mcroscopy ("SEM') imge of a

allow at least a portion of the first component to be desorbed from the adsorbent
material and collected as a "desorbed stream". This desorption can be induced
by a pressure swing, a temperature swing, the introduction of a partial pressure
purge displacement stream, or a combination thereof. In a preferred
embodiment, the molar concentration of the first component in the desorbed
stream is greater than the molar concentration of the first component in the
process feedstream. In another preferred embodiment, the molar concentration
of the first component in the desorbed stream is greater than the molar

concentration of the first component in the effluent stream.

[0054] Although at least these two steps (i.e., adsorption and desorption) are
required in the swing adsorption processes of the current invention, additional
steps may be utilized in the swing adsorption processes. These steps include, but
are not limited to, concurrent purge steps, counter-current purge steps, and/or
multiple partial pressurization or depressurization steps. These additional steps
may be utilized to improve first and/or second component recovery, improve
first or second component purity, and/or obtain multiple product streams in

addition to the effluent stream and desorbed stream described above.

[0055] One embodiment of the swing adsorption process of the present
invention utilizes a Pressure Swing Adsorption ("PSA") process wherein the
adsorbent material is comprised of a ZIF material and the "first component” as
described above is CO, and the "second component" as described above is CHy.
In this PSA process, the partial pressure of the first component in the adsorption
step is higher than the partial pressure of the first component in the desorption
step which allows at least a portion of the adsorbed first component to be
recovered in the desorption step and the adsorbent material to be regenerated by
depletion of the adsorbed components for reuse in a subsequent adsorption step.
This is accomplished in part by exposing the adsorbent material to lower partial

pressure conditions in the desorption step than the partial pressure conditions in



ZI F-11 sanple of Exanple 9. [0041] FI GURE 25 shows the CO2 adsorption

| sot herm and the CH4 adsorption isothermat 301 K for a ZIF-11 sanpl e of
Exanpl e 9woO[2004@571 GURE 26 is a bar graqg conpari ng thepraudase@vioon24 oadi ngs
of a ZIF-11 sanple of Exanple 9 for CO2 ‘and CH4 at 301 K and 106. 6 kPa.
[0043] FIGURE 27 is a Scanning Electron Mcroscopy ("SEM') image of a ZIF-8
sanpl e of Exanple 10. [0044] FI GURE 28 shows the CO2 adsorption isotherm and

the CHA  the adsorption step. This desorption can be further assisted by utilizing a purge
gas to lower the partial pressure of the first component during the desorption
step, a purge step, a partial pressurization step, or a partial depressurization step

as described above.

- [0056] Another type of swing adsorption process of the present invention is a
Temperature Swing Adsorption ("TSA") process wherein the adsorbent material
is comprised of a ZIF material and the "first component" as described above is
CO, and the "second component" as described above is CHy. The TSA
processes operate similar to the PSA processes above wherein the partial
pressure of the first component in the adsorption step is higher than the partial
pressure of the first component in the desorption step which allows at least a
portion of the adsorbed first component to be recovered in the desorption step .
and the adsorbent material to be regenerated by depletion of the adsorbed

~ components for reuse in a subsequent adsorption step. However, in the TSA
processes, this is accomplished in part by exposing the adsorbent material to
higher temperature conditions in the desorption step than the temperature
conditions in the adsorption step. This desorption can be further assisted by
utilizing a purge gas to lower the partial pressure of the first component and/or
provide heating of the adsorbent material during the desorption step, a purge
step, a partial pressurization step, or a partial depressurization step as described

above.

[0057]) It should also be noted that the steps of the PSA and TSA processes
can be combined in a PSA/TSA process of the present invention. In these
combined processes, both pressure and temperature changes or "swings" are
made between the adsorption steps and desorption steps of the process, resulting
in a desired separation of at least a portion of the first component from the
second component of the mixed component process feedstream fed to the inlet of

the PSA/TSA process.



adsorption isothermat 301 K for a ZIF-8 sanple of Exanple 10. [0045] Fl GURE
29 is a bar graph conparing the adsorption | oadings of a ZIF-8 sanple of
Exanpl e Wof2009/1082Z1and CH4 at 301 K and ,106. 6 kPa. DETAPCEDSRESGRI1PTI ON OF
THE | NVENTI ON di oxi de and met hane utili"Zi'ng adsorbents conpri sed of
zeolitic imdazolate framework ("ZIF') materials. Preferably the zeolitic

I m dazol ate franeworks are utilized in a swing adsorption process. The
general term "swi ng adsorption process as used herein shall be taken to

i ncl ude Pressure Swi ng Adsorption ("PSA") processes, Tenperature Sw ng
Adsor pt i on[005S8EA" )Irpﬁ:mbeém@ts p:f é@% swingradsgEpiive progessesal the Ppresenés

o B L b P T A b ST ™

Pressure P r “y@ nbi nati ons of
t hese sw n‘grroggsor gﬁhgﬁgpr%égs@gﬁ§%ﬁaé&pﬁg§er r e%nenb éd(ﬁ?()ﬁ e streamto
be separ at@smpéndit§l The ATP RaREAKSMAR bR inbbpordtet ak |y aatieesiof pieféged
[0047] I n other preferred enbodi nents of the present invention, zeolitic

i m dazol at@z¢ andrehapecof sublstntiatlysorifient dimersiond or with dlnmspmsauddblynt o a

menbr ane erial for the sel ectlve sepay at.i on f car bon di oxi de
from met hgaé buteds ageqrding tosnprelesad distiipytion: i Eé’%ﬂﬁ’&?w&ié’ea‘fé?dnet hane.

mteri a ”acﬁf#ég@ 3 floelucR B st Hbbs bEBE pidie hefrhors rfhRES g
enbodi ”E”tl’ar%%gaggﬁe?ﬁ?éhs; &%O@iﬁbﬁ)d}ﬁteﬂ%ﬁf ateaciréd of AHAS mdtbAal R PO

wherein the I'n the feedstreamw || be substantially in a
gaseous phfasm, stability, and/or in combination with other complementary co-adsorbent

materials that can fulfill a variety of other beneficial functions to the overall
process. Non-limiting examples include incorporating the ZIF material witha |
binder material to form a matrix comprising a binder material selected from a.. |
crystalline polymer, a non-crystalline polymer, an epoxy, a thermoplastic, a clay,
a silica-containing material, an alumina-containing material, and a titania-
containing material. The binder material may also exhibit either a microporous
or a mesoporous structure. Additionally, it may be advantageous to add suitably
chosen additives into this binder material. These additives can be used to
improve the adsorption/desorption and transport properties of the selected
components within the ZIF materials. Non-limiting examples of these additional
additives include zeolites and microporous crystalline materials such as pure
silicates, silicoaluminophosphates ("SAPQ"s), aluminophosphates ("AIPO"s). In
a preferred embodiment, the additional additive is a zeolite. Other additives
such as metals or other high heat capacity and high heat conductivity materials
may also be incorporated into the matrix to assist in the capture and transfer of at
least a portion of the heat that is generated during the exothermic adsorption
step(s) of the swing adsorption process, thereby shortening the duration of the
cycling process, increasing throughput, and further improving the overall
efficiency of the ZIF material for adsorbing the select component or

components.



[0048] "Zeolitic im dazolate framework™ (or "ZIF') materials are defined
herein as m croporous crystalline structures having framework topol ogi es
comonl y wounab/iose7zeol i tes and/or in other crystalline mararscabsonberein
each vertex of the framework structure 7i’'s conprised of a single netal ion
and each pair of connected adjacent vertices of the framework structure is
| i nked by nitrogen atons of an im dazolate anion or its derivative. The
ternms "mcropore” or "mcroporous" as utilized herein is defined as a pore
dianeter or a material containing pore dianmeters of |less than or equal to

2.0 nm (20[0859] r esBéuan thel Z1F weterialpatecinsomedater ovigly atinders thsy adsogeerst ¢ he
"o Uit o Deria) a8 forpulAe L e sSSms FopRERaR AR LMD otal s
which is h Ny : . 0 ' f

present 1 neTRE REOBRPS EAId SURITIFRSTe R A AORiPed g

separat e G rhfcoap whithi the Stlciadsering Rohfpdehty 4t brbege iatnpentact s.
Furthernore, this may be acconplished at conditions of pressure,

t enper at ur withrttie adsqrpsioni sites of e ZHF enatetialy aNon<bnitinguexaniples madedsses. |In
order to separate two conmponents froma m xture, the adso ﬁt'on oadi ng
(e.g., in beasisepxfrudaies,dpeme P§ﬁet§0§$%?f§mf Wog'rﬂéga?%‘i 91\3?{ s,
adsorption_|l oadin . Q. ,.ln ) far the. . n t hough
rocees scheiel BasaDolyaeplrllpBtelen Bpublific SRR OBER R hollbsey "1
| oadi ng (i | L §5dci 5O SREARFIY, i WhPditicinas aedi ng (in
nmol e/ g) fgpgﬁg@g&@ g%%é%éeﬂﬁcuﬁf I's gjr%flfgr%% Se%é?ﬂat ﬁ?{]i s " a?:lsor ptive

| oadi ng raad prdduct SE@am\cempdsitiornfsp prafess benditibnsrané eqaipmentldezign for the

| east 10. Since the required equi pnent, size, cost and operating .expenses
tend to bepxicgss of bermIEsEnt dnKSTEION, CERpRHETUCres apdiof dnatEiXcABPOHPBE  t he

| i Praceriat orpicantie PBS, ¢ he
Condi {1 onScHR BRI HRPE AgRB ST e i<ps 4ol el ades s TR PRI S e

enbodi rrentgr&fesg he present invention, the ZIF material utilized in the
present invention has an adsorptive loading ratio for CO2 over CH4 of at
| east about 15, even nore preferably at |east about 20, and nost
preferably, at |east about 25.{40050] The ratio described above is a
property f H069]spediny ef thestansadascribed aboen(i.qpastructyning additivesn@Pt i ons of

P LS RaREL L aMoh s Babo 16 Talot SRR, | oot ng
ot 1 R SEy T relae e NSRBI s
conmponent  ghortétes chytifee régldoimhigher theadginsuts and/orekaregdudecsqutipmentcond
conponent for a specific adsorbent material at a specific pressure and -

t enper at ur eostASVhereds kene¢ntjonahewing adsdrptien presgseesciypically epasai§ydtous wit h
the cycles with durations of the order of minutes, with the materials of the present
invention and the abovementioned process modifications, it is possible to
significantly reduce the duration of a complete cycle by more than 50%. These
rapid cycle swing adsorption processes that are enabled by the materials and
process conditions of the present invention are particularly advantageous from
an economic standpoint. In preferred embodiments of the present invention, the
ZIF material is utilized in a swing adsorption process wherein the cycle time is
less than about 1 minute, and more preferably, the ZIF material is utilized in a
swing adsorption process wherein the cycle time is less than about 30 seconds.

In an even more preferred embodiment of the present invention, these short



conponent carbon dioxide, CO2, and the term "second conponent” is
synonynous with the conponent nethane, CH4. As used herein, although it is
pr ef er r edwOhaty/wby1adsor pti on | oadi ng fQr. each conponen®CoSaogantize€ul ar
ZIF material be neasured under the oper&ling conponent -partial pressure and
tenperature conditions for the system it is often nore advantageous to
nmeasure the adsorption |oading for a particular ZIF for each conponent

mat eri al  agycl@times sre fftdrporatahititd aaapiddychds peessire swidgtaispaptivnir e.
Therefore, for the purposes of this invention and the scope of the present
i nvent i on,("REPSAYprpeessembediment od thepresent ingesomonent s (e.g., CO2 and
CH4) can be neasured at either operating partial pressure for the specific
conponents and operating tenperature conditions for the feedstream

condi t1 ondO0REL cr TRhS ShBAeRGRIGTIOE preRbnl i Eh1oh e ERAA Fin' O
Unl ess st sieeihcBiftiRatedSfto 4 RRGAbIaAE R6CER0TEF tHellrletRiesepardionoft diebéest i ng
of the sanples in the exanples heréin, which can be readily duplicated in a

| abor at or yibesle, C&a%i fiony mdtbate] CHE imatreaialcontprising & mixituresofghesd cant | y
| ar ge adsorptive | oading rati Qs may %%?used ] E SW n adsor‘gt | ONn processes
of the presEmponenientn s embeiaent 94l magriel nBEPIRATAE KA O from

CH4 in stre cont ai.ni.ng h ts. .t SV dsorption
processes D edC%%ral%léxar%qmgtsMag?%g_ﬁrbo&rgggﬁﬂtt%g%l %?éﬁﬁ%gdggvagri ety of
adsor pti onnaRralRSUpakdtih ﬁf&e&, thatby Préfiteng al"7an-ddesininy MehiiiRhet e

swi ng adsorption "cycle” that 1s periodically repeated. Since nultiple
adsor bent DBedZIRnaténali afahe ynembrhnet has a napperapeatmneaflinity foy WDy averzat i on

| eads to the continuous production of products. A conplete swi ng adsorption

cycl e on £Har Thepeameaden e vanhedypidally dieseiabed Bhisrmsf tiio  of t he
d ti d,d ti t hat .t.aken, i nni i t.h
' rot "contauliniisanye FisoR, b Belatdift B SRR @ L BidiHentasleh e
A ; Iy Ne” |
substanti aﬂdsﬁgpggﬁﬂ[]ogtaﬁf;gg dfihe %gﬁ‘gfoggﬂfsa(ggﬂg? glg%dr.etﬂdﬂctmg{érfame Wikt

desorption st generates the into iIts adsorbate-free or

subst ant i adebpectds diibddteerffhedrsd AU naateridllintbporated|int thg raembeattt whivhal
repressurizing and/or purging steps that may occur_ thereafter to bring the

"cycl e" bas akighpradsorptive boadieg ratip fr GQeoverdHgatmprovesithe wi th t he
he - oycl SONCRRRTL ERATH foF (0 BRIer N iy meGuhuaRG PumacejbPuste Shte B aq
and the Cyr@%@r?kag}ez%ﬂgﬂ%gy%&)& ih BRE AfehitbrahO P ZhJHBLEALA YntotHE hferhBradk | €aSt

one adsorp el'n a process
matrix). This improved concentration gradient enhances the selective

permeation of CO, relative to CH,4 through the membrane, resulting in an

improved recovery of CO; in the membrane permeate stream.

[0062] In this embodiment of the present invention, a process feedstream
comprising CO, and CH, contacts a first side of a ZIF-containing membrane and
at least a portion of the process feedstream permeates through the membrane and
is retrieved from a second side of the membrane material as a permeate stream.
The permeate stream is obtained from the second side of the membrane and the
permeate stream thus obtained has a higher vol% of CO, than the process
feedstream. The equivalent terms "process feedstream" or "inlet stream" as used
herein in membrane process embodiments of the present invention is the mixed

component stream comprising at least two components to be separated which is



feedstreamis contacted with the adsorbent material in a sw ng adsorption
process. The equivalent terns "process feedstreamt or "inlet streanm’ as
used her evo 2009/®937mg adsor pti on enbodi m;its of the present/useaembiidh is the
m xed component stream conprising at | é4st two conponents to be separated
which is contacted with the adsorbent material during the adsorption cycle.
During this step of the process, the process feedstream contacts the

adsor bent opatetédvithritie firsesitdaiof ti ZEcontatnipgrmembearsen dt shesklbenoted
conditions and as the process feedstreamflows through the adsorbent

mat eri al dhat insomeepbpdimentss a t'sweers stream'coaydrecwfitizedopn the pgmgale adsor bed

Sdsbrbent S aF 2o iing Srembraae in dad payans separdipp progea athé "°
d bed " ) i j " | tn y " -1
o oduct  soteet fillention f RGNS, 66 B8 citnafi (45 pehheaRldein 408 PN

the total \3eahereiffanditsasor@poditien prosdrtied Biromeasured basédisolsly mgorattgeor pt i on
process is higher than the total nunber of noles of the first conponent out

of the swicompasitiomof the greace tat perinsates throughdbe FIF wontaining meosaph it is
not necessary, it iiggé,ef,erred t hat thﬁ mpl af concentration of the first
conponent Ho§y RUAROSSS 1§ INYERen.dh ANy additional streamSURAS AP RPCR 356 A1 r at i on

br ocess 1 45 40a8T BEAY pelriedsf Sift ot HETheRbRaRTrBHR: et pPdhien iR 20,
a portion QfechN@rehhl fiusf BERROAE fith theSompesitiohaf ﬁiaﬁgéih ke pergrehied by

the adsorbent "naterial is recovered in what is terned herein as a "desorbed
stream’ (aotreaff2-rich product stream herein). During this step, the
process conditions in the swing adsorption process are changed to allow at
| east a portion of the first conponent to be desorbed fromthe adsorbent

Mhduced by0H63F s dopEiudiie vith Big picess SR MmO TS THaLH: e R BF
parti al prl@ﬁ%g&% rBtehéfte dire RnAS AR b biainedadmahe Fir§NIBE BEthOMeittagdf.. 1 n a

preferred e ment, the nolar concentration of the first conponent in the
desor bed swyhighrhas 3 lonetvel % SO0, tkamthearocesscfeadstedano thatfinitiadyf i r st
conmponent in the process feedstream In another preferred enbodi nent, the
mol ar concwemtacts thenmembraee.f [y this SaRBEH entePRIALIOROTROIBPORANIS 1S WAAE | S

reater than the.nolar, congentratiqon of th irst ¢ opent .in._th ffluent
gt ream [ GGS‘&I}‘REtlﬂ 3uyghex valag dor 3?'@ ﬁe‘mrag?é Bé'e?rp.s g{’rg’ glfsr(ﬁed}q?tg r??léiﬁd
desorptio r kred i ; i ent
mventi on, e dspFAReEhs) tarhe A RHBRE G BATERSER (B mARbRMe
pr ocesses. sephrsidns pedcess NClinysteferbed embediménth, thie ZIH materiabutilived i theur ge

steps, counter-current pur?‘reé steps, and/or nmultiple partial pressurization
or depr essueinbranaprosesspef thepresens dayentipnchassancgdsorpijveptoading ratiegforo

oV R 5 Vi SBRB e S5RtSbh TR Sl 500 V0TS e
o et SRR 536 05fgascpr, descr bed above. 10055] e erbod e
[0064] The membranes utilized in embodiments of the present invention can
be asymmetric and can be comprised of several layers of different materials. To
improve the mass transfer characteristics of these asymmetric membrane
structures one or more of these layers can be a porous material. A thin selective
layer imparts most of the molecular selectivity in the asymmetric membrane
structure and in a preferred embodiment this selective layer contains the ZIF
material. On the feed side molecules are selectively adsorbed in the selective

layer and on the permeate side the molecules are desorbed. The selective ZIF-



invention utilizes a Pressure Swing Adsorption ("PSA") process wherein the
adsorbent material is conprised of a ZIP material and the "first conponent”
as descriwedo@bosEziis CO2 and the "secoag conmponent " as pdediseéovmdilabove i s
CH4. In this PSA process, the partial préSsure of the first conponent in
the adsorption step is higher than the partial pressure of the first
conponent in the desorption step which allows at |east a portion of the
adsor bed fdohsdinie@Map&redn sptidreallyeimoliriecsthemmiateriale s Onetofcthe shatprialsdhathe
adsorbent material to be regenerated by depletion of the adsorbed

conponent sande presend in theZ: atpieing layerols i padymer eWhendhe 21 acconpl i shed
in part by exposi t he adsorbent . mater i to | r rti ressure

contit 1 onORHiERg Busorosthin eghandD ot pEprdt phBkialthe SHRERVE ons i n
the adsorq%&&qs %Eﬁ&! ﬁ-mi'x%d irthT@ﬂmiﬁggteb(ﬁefe?fe%PSf' afty AbRIRIoYintblds! 21 N9 @
purge gas to | ower e partiral pressur& of the tirst conponent” during the
desor pti onp $hessle@ivilager, Rparaiodeddatinle dtrregaﬂatibnaa' @ cadl Pincotpdrated t i al
depressuri zation step as descri bed above. [0056] Anot her type of sw ng

adsor pt i onn phomessbrahe strecfresent i nvention is a Tenperature Sw ng
Adsorption ("TSA") process wherein the adsorbent material is conprised of a
ZIF material and the "first conponent" as described above is CO2 and the

" d t" i ' T t

i ar  dODRg oA A EREhlRRReTRe R, W ol B PRl A SCHEmARNY 1 °
first conmpa@it thdt ihbRdesagreisuP@hshding! Ndl-Hhffing RaBmipl& PRZIE-al pressure
of the first conponent in the desorption step which allows at |east a

portion ofcohteniaganemmbearid stsuctoreshatesan beoincerparatedansathenmetbraiss or pt i on
step and the adsorbent naterial to be regenerated by depletion of the
adsor bed dbefdaant BoHey-Hbersmembrane strucissnilabshest prorabragesfruch@bver, in

he TSA € hi i | ish i b i. h d b
o PSSt it SOTRRL e Ak e D bR o e
t enper at Urc%nfa(?ﬂgé%l's ?@?sdllélef[tﬂé r&@ﬁﬁi@&h&geﬁﬁé‘é{e zOhES ofiRAhBELRMHFR be

further assiste y utilizing a purge gas to Iower the partial pressure of
the first prevgmilsw bgpalsasr qross+comtahrastiorgobthet leeernatestizani(s s thei al  duri ng
t he desorption step, a purge step, a partial pressurization step, or a
partial d@srasatgrsteani(gh H?@peaals mpysalsp seyeasadevipoborhaldingibg d al so be

not ed t hat ths stegs of the.PSA and,TSA eroﬁc?sses can be conbined in a
PSA/ TSA prigRBeanginplace within the membrangmodile. nose “conbi ned processes, both

pressure and tenperature changes or "swi ngs" are nade between the
adsorption steps and desorption steps of the process, resulting in a
desired sqpee66lt i onThéredrelmas) applicitionstin the indestry veliich @andeasfit fiogiat he

second conponent of the m xed conponent process feedstreamfed to the inlet
of the PSArTSAs phasadlosys such efficient separation of these two components in a gas
phase stream. Most conventional processes for the separation of CO, from CH,4
rely on cryogenic liquefaction of at least one component, typically CO,, and |
subsequent distillation or crystallization for the efficient separation of these
components when present in gas phase streams. The cost of liquefying these
gases to temperatures of below about -40 °C (233 K) in order to separate these
components makes cryogenic separation processes very costly and results in the

separation and recovery of the components from many available mixed gas

streams economically unfeasible.

[0067] As an example, Figure 13 shows the adsorption isotherms for ZIF-7

for carbon dioxide, CO,, and for methane, CH4. As can be seen in this figure,



WO 2009/ 105271PCT/ US2009/ 001124 [0058] I n enbodi nents of the sw ng
adsorption processes of the present invention, the ZIF materials may be

i ncor por awecoewmos27t he adsor pti on swi ng % ocess in many eCTMS2emabiipor ms
and/or in conbination with additional ¢ hﬁonents. The ZIF materials may be
I ncorporated as crystallites of preferred size and shape of substantially
uni form di nensi ons or with di nensions suitably distributed according to a
pref erred ZNFSY (Adweilar. ZIFR¢ it Fygira! 118) thas artaspeaisogstivedioaditgd sati@sfopr oduced
in the synthesis steps or be nore preferably fornulated into |arger

aggr egat e<COy ovecGHaorEhecaivdratl @dsorptiondoadiog afithess ¢amperenss phstandagsh ovi de
form stability, and/or, in_ conpj i W i h oth onpl e r

co- adsor bt GeRditions %fr-?tdia{( %’gﬁi&%f‘% 1s éLQ‘é'Pi 1gﬁbe @ﬂ%@ﬁ%&éf? Lal
functions . S “ld gLk [N

i ncor por atéégﬁ&l{]ﬁeeg%f:ﬂng@??glg’ g\?(g%qge%él %‘érd}rgmtgggﬁ@ ﬁ?%dsf g'gﬁ]d/‘;h%sa?r}i X
conpri si NGBoRtivloadizefor 8Os 6F 866D 29 einale/g Wiileathei ZIF-Pbayanr, a

non-crystal line polynmer, an epoxy, a thernoplastic, a clay, a )
si | i ca- coradsorption lovadirg for CHpofibnky about Orlihinmelg/gralbe adsqrpting leading

titani acontaining material .. The binder mater.l . also exhihit either a

m croporoJ§t19rf0’é8@2§B’[§6 a5 1SSBTeRler aél.abxa{iﬁ’éi- ?L?i%ﬂw,gﬁialdsﬂﬁv“ﬁ oatiignt ageous

to add suitably chose I 1 ' | 8 hi | e additives

can be useraﬁf’%y‘?"rdér gl;‘/e eﬁ[? éagegfa& ?%1&/ %gécgkﬁtéagﬁ{bg%hﬁtgﬁé%g}?ﬁ%r operties

of the Se;;ﬁ-%ésgéeﬂﬁﬁgﬁ%émt%‘&&ﬁﬁbﬂ.he ZIF materials. Non-limting exanples
Toces . :

of these ditional additives include zeolites and m croporous crystalline
materials such as pure silicates, silicoal um nophosphates ("SAPO's),
al um nophosghat es ("AlPO's In a Fr eferred enbodinment,. the additional

addi tive i[0068keol] tisealsmrl&ééd thaa Al veassvielhaa LIKeD axbiubjts upgueni gh heat

i t d. hi gh, heat ductivity .material | ] ted int
Che a1 1 ioetbenBhase naf BRciily iyl hrpSdpS PP e PlaefSB BERASOR of
the heat thgfidsS ASHEIRITM @égigggn& %ﬁicﬁjggigmﬂémfshaﬁé%pcmnn%lm fas of the

SwW ng adsorption process, t shor ng the duration“of the cycling
process, iififpoetamt hgplibatborghymd distinctivelytchables mpitdimgntshef thegrasdnt
efficiency of the ZIP material for adsorbing the select conponent or
conponent smvemmmoﬁmux@@éshpmﬂhszb@gmmim%or CO, at 301 K displays a

hysteretic behavior characterized by unique adsorption (solid diamonds) and

desorption (open diamonds) branches. The transition from low to high loading
in the adsorption branch at about 60 kPa signals a more favorable
accommodation of the CO, within the ZIF-7 structure than in the Henry’s law-
like region below about 60 kPa. Similarly, the transition from high to low
loading in the desorption branch at about 50 kPa signals the less favorable
accommodation of the CO, within the ZIF-7 structure. This behavior is the
result of unique energetic interactions between the adsorbed CO, and the ZIF-7
structure that, as described herein, advantageously enables embodiments of the
pressure swing adsorption processes of the present invention. With this
particular isotherm shape, it is possible to develop an effective pressure swing
adsorption cycle that requires a narrow pressure swing that is only of the order of
the pressure gap that exists between the rising adsorption branch and the
decreasing desorption branch (i.e., a pressure swing of approximately 20 to 30

kPa in this example). It is also worth noticing that such a cycle would be



[ 0059] When the ZIF materials are incorporated with a binder, the adsorbent
material can be fornmulated into optinal geonetric shapes or be applied onto
suppor ti nyowdystszEies whi ch further i ngé ve t he durabi |l ipCy/ustooheliadsor bent
and the rate at which the sel ected adsofbi ng conponents are brought into
contact with the adsorption sites of the ZIF material. Non-limting
exanpl es i nclude beads, extrudates, forned pellets, structured beds,

monol i t hs ygydidied Wathi 4 FAielySlarges“werkingsapavity!’(gad dpys aiddhe ecohamis aff
monolithic structures fibers or hollow fibers. Depending, upon the specific
si t uat i onthe prioeessys assseencdivopdbi darges differqmice bsgwmrbﬁ\?choagmgé@ﬁﬁ%l%si tions,
process conditions and eguip t design r the prpcess pf the present

i nvent i onand brghhpressyres at W#’é&gﬁo‘)y&ie ﬁﬁ’l"ﬁ@?p@@ﬁboiﬁ?i Wr%fg%caﬁflgw d8P

i nproved separakion fiGi ' RYAR N |
procese. FoARNGRAY plsrld iE e e BEENPRs B Eflerdice tiwlgh thafaEA@

addi tives|ofdfing aflaR ARBEStiorsiep ahahe aﬂ%m«a@ loadingtinahe idesorpeiofistey obn of a

conpl ete sw ng adsorption cycle or sinply "cycle" are of utnost practical
i mpor t anc eheststongihadsarbed gomponentwhiehy hereim ihCehyr Largesvghpastaf thad/ or
can reduce equi pment, cost. \Mereas conventional sw ng adsorptio rocesses
typi cal | y wspking @pacity p&¢ desitable M]&W‘Hﬁét%ﬁaaf‘liuéwﬁrgsm ’6‘9{%*“% oyt h
the material s ,of.the. present .i hOD: e i onegh - ess

modi 11 cat PohEeipilhE HEEF BTt RAN R b RGUETFR (LOERBIAECCE
conpl ete 1thadua Qe redietel chaRigtw it Présstiré Aba dgASAM | ON
processes (ﬁ'gsogyg@é{gdb}égd by thrg materoi al sgd‘gndqiprocess conditions of the
present | E'Mﬁ?ériaﬁne)i, the pe¢ssuraiswingyhadedret sigeidicanfly broaderdo acbieive an
standpoint. In preferred enbodi nents of the present inventi Oﬁz’g the ZIF
material iequivaldntdeeliof veorking gapasitys pithospnsoputant inplications g akjgher ¢ i ne
is less than about 1 mnute, and nore preferably, the ZIF material is
utilized icﬁStePEe\Ki‘ﬁﬁ%n'adsorpti on process wherein the cycle time is less than
about 30 seconds. In an even nore preferred enbodi nent of the present

i nvention, these short «cycle tines are incorporated into a rapid cycle

pressure f’[ﬂbﬁg adgbat therprevidus s ussivaaestheaniquimess of die isbthepmes ent
i nvention. [0061] I n anot her enbodi ment of the present invention, the ZIF

mat eri al shapdeartiodapyithe transitivo fromdewrterighleading, it dpllows thatiinct j ve
separation of carbon dioxide, CO2, from net hane in . Sstreans, conprisin
a Ir[:‘ixt ulrepé?fe{‘}? £ S ?Ethelmefqﬂtén\éﬁ% %Z%%rﬁalﬂﬁt@ﬁzﬁ? l?gp e
i ncor por ated._w_ thin,: j i rat r
s or o - ShAhapirDfh oG wARhd ik RGOS ANIAGISI S thPRAAE

" ZI F- cont a0i kTt "Rftefiecd eiBed#héntSof €hid pleseit inkentiemitha ZdF rhaterial iset
pernmeation affinity for CO2 over CH4. The perneation rate can be typically

descri bed utitized ima swfing wdsomptionrocessi wkeretctherapplisdepressuse syingistlnss

di ffusion rate and another related to the, adsorpti on | oadi ngs. of, .t he
conponent $hat aboyd 200.Ra; ang e vendnorepry r@Pﬁ'alt.e%ﬁ mated étugﬁ’&efiﬁf’é | atter

factor, a ZIL.LF materi.al .inco i . i i gher
adsorpti ngl%g?%(&?tlgpipgog%{swggﬂ él r %&EH ﬁ)rrr%gr% ggéeg‘gﬁ%ﬂ cl g%c@%tﬁ rag'? Pt) n

gradi ent f1gp | FL R ém@&enﬁﬁlo&@gréfeﬁea@ﬁﬂ)oﬂﬁm%ﬁpsfﬂiefp&@@ﬁqdyaﬁm, these
menbrane surface) and/or in the nmenbrane (if incorporated into the nenbrane
matri x). THanow applésdpressureeswings armingogutireted iatthapressurcheveg ecti ve
perneation of CO2 relative to CH4 through_ the nmenbrane, resylting in an

i nproved radserpsion (GPSAMY precesh smhodbngREokbe Rrgieat apyeniign. Thete

"applied pressure swing" as utilized herein is defined as the difference in the
maximum and minimum CO, partial pressures that are experienced in the

adsorbent bed during a swing adsorption cycle.

[0070]  The adsorption isotherm features displayed in Figure 13 for ZIF-7

have several other advantageous implications for the swing adsorption processes



[0062] I n this enbodi nent of the present invention, a process feedstream
conprising CO2 and CH4 contacts a first side of a ZlF-containing nenbrane
and at | eset2o@/pps7Mi on of the process Lffidstream per neatres/usheoowgihi24 he
menbrane and is retrieved froma second”side of the nmenbrane nmaterial as a
perneate stream The perneate streamis obtained fromthe second side of
the nmenbrane and the perneate streamthus obtai ned has a higher vol % of CO2
than the Bfaesesémaaséntasin AthdseshowmieRigureapthepatsobss G@gpattiabant or
"inlet streamt” as used herein in nmenbrane process enbodi nents of the
present i pressufecegion athehichxhd lewrtpdngnadsarptiamleashipgiteansiion takes placewo
conponents to be separated which. is cont.act ed V\A%P t?kﬁ f{ﬂr) t side of the
71 F- cont aisnfaidy hevrorWhen sieh pRGIAl aressuriktads eXRIEsS R LAY i ments, a

Sheey ST SukCe L BR (LApBRGIEE Bt b g Ll i o

menbr ane P rocess o present ntion. It
shoul d al $an8gioRGhREs laaé afQeelhﬁwg'mﬁmabe1§stsrtn@m0.0aSaudeKr(eeei nand its

conposition properties are neasured based sol ely upon the conposition of
the streauppbeibseisadaFigurei2)yuchHewAtatuesoof BiPoimakedRbi7avesy For pur poses

f this i ' i ddit] | h [
added on BHEQUEHERAASEPINE GOFEMAISBR Ba L aRLEEION YSRAoP tFEN of thi s
t t,. | fr. th MY : | th
per noat e STARE G GO MR R AT R RpL AR AR IR o' T

present ig\{@k&itp%gﬁméﬁ?éto aﬁeoshﬂ%éé;ﬁa%rmagptﬁnﬂbaai taheedmer om t he

first sid rane wnich has a l'ower vol % of CO2 than the process
feedstr eamem?aﬁatdmi tBvainl moroithportanttfhemaeGon AP, sé¢parations standpoint,at is
separation of conmponents is made resulting in a higher value.faor the two
separ at ed neticedithat @i the san¢ eonditions of pregsure and (saprraiuse g% OpiiBf t he

o efor s oawankgE MieRons AE Crten il he AP SFRROAIE AOPRURE AB RS RcRAS. ("
the pr ese%thi'gﬁ‘@egﬁhgrgta*ﬂésthé@q%%awsvt at WREh ey Al dontdAed Gk MeZIFCH of

at | east abo re pr rably at |east about 20, and even nore

pr ef er abl ynatdtial #gsibssubedas Righ 4s00%46 kPe amdrBflaliethewddsorptéch loadamgdodi ment s
of the present invention can be asymetric and can be conprised, of several

| ayers of reinhinsrlow, imatRenral sslawrksindef regime naltimatelyt iy dse thahigh eri sti cs
of these asymmetri.c nbr ane. syructpures o or re of ,t.h ) b
a porous @g%tlap!loﬁgirﬁtlgg'prétgg\,rgtthlggép%g}fﬁ{gs%g?dlglp%?ﬁé*’ﬁ%$ét§af:p ©
sel ecti vi te&p' g te}ﬁé]%%ﬁ PGB arsd 5%93%‘»1%@'3?1 i Aude Mk Sidifén

K efeceiVe 14 e Zl 2

enbodi nent S S er contains t F material. On the feed side

mol ecul es ta@%igﬁéﬁ%ay@ Matedsaakeplace it henstetiaCliky ZIF 4y sy thasdmen t he
perneate side The nol ecul es are desorbed. The selective ZIP- .
temperature of 301 K, one of skill in the art of pressure swing adsorption

processes knows that adsorption phenomena are temperature-activated and that
the temperature can also be proportionally raised to prevent such transition to
occur and thus prevent significant amounts of CH, from loading into the
adsorbent material, which is a key objective of the separation process where it is
desired to maximize the enrichment of the adsorbent material with the preferred
adsorbate component, CO,. It should also be noted that similar characteristics

are exhibited by the ZIF-9 material shown in Example 7.

[0071] From the previous discussion on the features of the adsorption
isotherm, particularly in embodiments desiring the attainment of high loadings

of the preferred adsorbate at low pressures, in a preferred embodiment of the



containing |ayer can optionally include other materials. One of the
materials that can be present in the ZIF-containing |layer is a polyner.
When t he WORo@ansHEiLNi ng | ayer contains re than 10 vol &Cofusasohar4
material the selective layer is called &"m xed matrix. To mtigate the
effect of any defects or pinholes in the selective |ayer, a reparation
coating or reparation |ayer can be incorporated in the nmenbrane structure.

[ 0065] The pgkfent omveitivng cheTEND brneriat ik lutiligpd ¢ biswihg adssrptioh grooessbr ane
modul e that includes a pressure housing. Non-limting exanples of
ZI Fcont ai nvhereirethsrGOe pertial gressaige ithtie gasrmixdurerfodrepsaparatad iistess than

menbr ane dul hol | owfi be nbr. a tructures,...flat sheet nenbrane
Struct ur eabohd0fkBay ARd MOrsREfesalY Sthe faF materia i utitized Hh SRl e wi | |

typicall i ' - ot . s of the
ol o andBtioh AERes) el Ui €0 a8 SOLEHE iF e BE ARAUF aPBED O

strean(s) depatdie] REeSEMaf abon€a0l) kPa. Thans®@hsmoRyprefé&eed embodatem sievi ce
for holding the menbrane in place within the nenbrane nodul e. [0066] There

are many dpelipressnt orventions the prodessing ofithiest lawCOeparttial ptessureastpraneess t hat
al l ows such efficient, separation of ;these two cpngg"%\;s in a ga,s phase
stream MASE IRGUDRIAEHHUP ARTERB/UC eWIRYH A ﬁ%tlg’éﬁapf | bprosescembpdigaentiy el y

on cryogen&tﬁpébﬁjﬁ%&?}c@ﬁggpgf at | east one conponent, typically CO2, and

subsequent crystallization for the efficient separation of
t hese conponents when present in gas phase streans. The cost of |iquefying
t hese gases to tenperatures of bel ow about -40C (233 K) in order to

separ at e t[0632] corplnesd of tealEeratry og pravens thealost foolnighrloadmgdasansétion cost | y
and results in the separation and recovery of the conponents from many

avai | abl e inithe isofherms isriblysgateddon AQain Kigure basilbisligumomntmststheexanpl e,

Figure 13 asdggl\!\pﬁiotnrﬁ%o&x%%rs o} 8'?); 1?1021%% g]t;thfrgé teznligérgtures, namely 301 K, 308
K and 323 K. As the temperature is increased from 301 K to 308 K, both the
adsorption and desorption branches remain but are displaced to higher CO,
pressures. When the temperature is further increased to 323 K, the transition
does not take place even at pressures of 106.6 kPa, thus confirming the
temperature-activated nature of the adsorption process on solid adsorbents such
as the ZIFs materials of the present invention. Just as the temperature can be
increased to displace or prevent the low to high adsorption loading transition for
an adsorbate in a given pressure range (as shown above), the temperature can be
alternatively decreased to cause such a low to high adsorption loading transition
to take place for an adsorbate in a given pressure range or to displace such |
transition from a higher pressure to a lower pressure. Such interplay of pressure
and temperature can be used to design advantageous swing adsorption schemes
incorporating the present invention over a wide range of components pressures

in the gaseous process feedstreams.

[0073] In a particular embodiment of the present invention, the temperature
of the process feedstream is reduced prior to contacting the ZIF-containing

adsorbent material. This embodiment is particularly beneficial when it is desired



for carbon dioxide, CO2, and for nethane, CH4. As can be seen in this
figure, ZIF-7 (as well as ZIF-9 in Figure 18) has a | arge adsorptive

| oadi ng rMaDI20091627CO2 over CH4A. The overal | adsorption lPoadiSagodiiehese
conponents at standard test conditi ons-&f “301 K and 106.6 kPa is shown in
the bar graph of Figure 14. As can be seen in Figure 14, under these
standard test conditions, ZIF-7 has an adsorption |oading for CO2 of about

2.29 ml %gewia{eecd%qr&h%m heFovapradary process feedstrains, wspetidllofwiest y
about 0.09 mmol e/ g. The adsorptive loading ratio for CO2 over CH4 is

great er t lthetahperat@bs obthehpiocgss feedstrerm veay badignificanticooughitder t hese ZIF
materials very effective adsorhent terials of the

f th
present i rAPPRIGIaRY shofo s adsorptign ap §@E’tlpﬁélralqu}9-s'ﬁg?“g§ﬁ%2¢ 2§§esf}l%-59)

oS! : O ol (a8
orystal i AR xpEhfid 21805 RihabRUEe ak cRlEsdel MOGIPRREOYS
i sot herm shapg §or- 7088 ndple; darl'@chib v/ sighiicantilepamitiopnst @04 from

di stinctively enabl és enbodi ments of the present invention. Figure 13 shows
t hat the iGH}; henearfambi€ilteaipeldturés of siphe 28 °C (Bt KD ender looh & opartial
characterized by uni que adsorption (solid dianonds) and desorption (open

di anmonds) DsesswEdseeonditiens ehless thasatiqus 80 kRa. ( doweyer |aé&apﬁ>§ SeRnt

The e wiigl {ndReseuiobpiindRuplifi R eRBh L YL ARERCDR "
bel ow abogftair@% r?surﬁi E@-élggéﬁéd téiBetaares! Ucflih%fsrew?lﬂ}j @dutihd @i | oading in

t he desor anch at out 50" kPa signals the'l éss favorable

accommodattemipetitutesf GeDrotdssifoedstean] pridr & corhctingg theL K -bentawiing i s t he
result of unique energetic interactions between the adsorbed CO2 and the
ZI F- 7 st r ueisarbent materials sigatficans saparetien of Gy Hemghhiranbeadneved at

nmbodi t th i d tion. f. th t
hvent | on. Vel 1PWRRFSUBS Scia G EBPRGTANBRIE oL e FeapRiel 84" o devel op
an effect|d/ec§mgﬁf('ﬁlg¢yaﬁcﬁggﬁgqoa%??ﬁggsg&éécycl e that requires a narrow,

pressure sw n I's only o r of the pressure gap that exists
between the rising adsorption branch and the decreasi ng desorption branch
(i.e., a pressure swing of approximately 20 to 30 kPa in this exanple). It

i s al so wd00Rdhot i Ehergharheteristies aadesyeing procgsd implicatigns iofttbeluique a fairly

I ! kj acity" dt id, t ' f t

aen fr omadketERRoliehne BYE REAECIN REoFeak Abd 13cere S0 BRI h
Bicor bt & PP s hatdRIE KRl BB ARG A Rl R CHBNE, SPuPRRRRIGY . @
adsor bat e dipfidt Berigetit etePattione tvidh cﬁﬁ%@néﬂi‘.@ subk a8 Oy fied EH, 0Dy i n the

desorption step of the "strongly adsorbed conponent” (which herein is CQR2).
Lar ger valwhkie &IF{heonteingiZigas theaingle raetel s i41E ef Evampledy whichandar d

hown . OB U9 75 e sinedk el 100, AlsP S B RE AN AgP S BSH S CHaETe. |
e si gni 118AT" Bt BEadire SyAERHAp bR TREEALH As dedGRETFL IO s To
capaci ty, aMdd sothZIFL1 and ZIFY h&dd thenanfeddrystah iahfiwerkstruepgiea SOD.

Figures 17 and 18 show the corresponding adsorption characterization datav for

ZIF-9. Figures 17 and 18 show that the transition from low to high adsorption

loading occurs at a slightly higher CO, pressure in ZIF-9 (i.e., about 90 kPa)

than in ZIF-7 (i.e., about 60 kPa) at the same temperature of 301 K. This

difference between ZIF-9 and ZIF-7 primarily reflects some small differences in

energetics between the corresponding adsorbate-adsorbent pairs but the overall

adsorption characteristics are substantially the same. Interestingly, as shown in

Figure 19, the adsorptive loading ratio for ZIF-9 at 301 K and 106.6 kPa is equal



[ 0069] From t he previ ous di scussion on the uni queness of the isotherm shape,
particularly the transition fromlow to high loading, it follows that in

pr ef er r edwerntb@diosmt s of the present in %ti on, the ZI Fromtuseeoalooiig4
utilized in a swing adsorption process, erein the applied pressure sw ng
is less than about 300 kPa. In preferred enbodi nents of the present
invention, the ZIF material is utilized in a swng adsorption process

wher ei n t e 20@eRi38d0 08} sshile tisésrgespontitrpsad soaptivbd madimDiatioPfor ZAkRd7 és/en
nore preferably, the ZIF material is utilized in a sw ng adsorption process

wher ei n t lequaldpl 2202 Y00)dseaF igure d 4).e Thus riheserssults fasherriblusiratedhe even
nore preferred enbodjpent, of .the.present. in tion,.the narrow applied
pressure SfVaRfages %“‘i H’??@Flbtbpg?gﬁl 1aitogs é’tfﬁﬂleeéi% materialy oi(ﬁ%%Prp?PF%n (" PSA")
rocess e ' I ' [ : P | § essure
gwi ng" as Wﬁt@?g r%égéer?ﬁngé g@#%%‘%%t%@%ﬁ@%e@%c%gdﬁgﬂf Hggu xi mum and
m ni mum CGR/iR@h8sGptiBh Procksses.t hat are experienced in the adsorbent bed
during a swi ng adsorption cycle. WD 2009/105271-25 -PCT/ US2009/ 001124 of

the present invention. As also shown in Figure 12, the absolute CO2 parti al

pressure region at which the Iow to high adsarptiog. | oading transition
t akes pl ac[@g‘?ﬂ f ai/k MAIPHAEE &les‘imnﬁg?qqs}fly 15 feE efipeti 82y RhASEh  essed

relative to the sat ' fi t est
excpor i rmen®geByes Rrdh pepRpERT Cafbel ks o IReRHBH Hefoibt dfd ¢

l'ess t han PoddciRin FOdatlird] $aS fUIR Yas Hetds. SWahilemEIhaHE &s 4 Fhluablich | ow val ues
of P/ Po ke ZI'F-7 very attractive for adsorbing CO2 from streans that

cont ai n | dwdtesacben odbmPoRenthfor naturabighs; altnd$t allihatural gad<welds vonthimor e
conventional materials that require a higher ngirti aLélrl)r essure, 1o i eve an

accept abl someslevek ofosarbem diowjdadn theegasssteeam nhdthaugh dhe eompositior I8, t ant
froma CO2/CH, separations st.andpoimnt. 1t | i t anme

condi t i onSUSRMSMRLLYATY fﬁ%‘& ﬁgﬁggﬁﬁé}r@aﬁ)ﬁ]ghﬁ}eg?%&@'gl é#’;ﬁﬁ@a tlteegﬁlss

interacti i t 19 iR@bneameRidRerkatensi tion to
a high Io%gﬁﬁﬁﬁg%ifggué%%@%E%%g%ﬁ%at?ﬁﬁmﬂegICI I114 i's }:onteg;ct ed wth the
ZI F- 7 mat ehamhb@it pvelssuilesonr ihsghcesthédbnstukdtgaaficldBtresinstcan hasts@r pt i on

| oading remains low, in a Henry's |aw kind of regime, ultjmtely giving
rise to acarbm digxadecontent grgaienghamebantilsvallp and inisopme instanggs te ¢ hose

ditions. \Mile it i d_that high ' I d
cvent ual | peebaT @O (R ERRE eetoimplmabin RN k0B T BRI 20"
a mat eri alip{ihK€Zbherd “fﬁgnttﬂé f&?dﬁehé\%”iag‘%eaérﬂ fnQbf3rhnled 288 prbe&sild in the

art of pressure $w ng adsorption processes knows that adSorption phenonena

are tenpergfithé Ered stravah e dard be ebbadmidadlytprohibitive dae carhasignifimnt
proportionally raised to prevent such transition to occur and thus prevent

si gni f i carequipmenitandodpeTridng expenssa @ssngiatad ovith theaemnvad of thesedrgh| | whi ch
is a ke bj ecti.ve of t.he. separation,proce where it | ired to

i i 20 ARLETS A FEXARBRAIORIde, Ham e JABARE RIS ORP PRI RSE RS, © o
adsor bat e e : I s Siclg

character i@ﬁ@%%?%nlg%ﬁ%gé@l&&%(ﬂgﬁéﬁ)&@@ﬂ%ﬁ tgﬁﬁ%‘%rﬁg%b&mﬁrgxh%&g%pl e 7.

[ 0071] Fr orReréia doé Wi Pwatedi fBedbadion on the features of the adsorption
isotherm particularly in enbodinents desiring the attai nment of high

| oadi ngs of the preferred adsorbate at | ow pressures, in a preferred

enbodi nent._of the
[0076]

the processed natural gas. Since the CO, is non-flammable, the CO, content of

In the processing of natural gas, it is important to remove CO, from

the final natural gas product must be reduced to sufficiently low levels to meet
the minimum BTU requirements for natural gas shipped by pipeline. In most
cases, the CO, content of the pipelines natural gas stream needs to be less than
about 5 vol%, preferably less than about 2 vol%. Although higher CO, contents

can be utilized as an intermediate product stream from the processes of the



present invention, the ZIF material is utilized in a swng adsorption
process wherein the CO2 partial pressure in the gas mxture to be separated
is | ess twanoanosi71200 kPa, and nore preferably, the ZI PCcratSesovabiins
utilized in a sw ng adsorption process'%?]érei n the CO2 partial pressure in
the gas m xture to be separated is |ess than about 100 kPa. In an even nore
preferred enbodi nent of the present invention, the processing of these |ow

CO2 parti preshefifiehtion] repidferaéd ebodimentdlofdhé present veatvnhethewi ng
adsorption ("PSA") process enbodi nent of the present invention. [0072] The

use of terfiduentstreatoolptainedrfromthelswing adsorghiongudtenges hana iG@peontant he
Isothermis illustrated for CO2 in Figure 15, Thjs fjgure contrasts the
adsor pt i oRfilessithan ﬁgo‘Fto? V@bﬁa and Z}qfepr‘?atrﬁrﬁbi}’é"essttb%é*"g’t"ufé@ﬁgnanel y 301 K,
308 K and 323 K. As the tenperature is increased from 301 Kto 308 K, both
t he adsorption and desorption branches remain but are displaced to higher

CO2 pressyggrr] Wiesndther pRIBIGhAhH SxisE ih Yepdtating TOLAead O, iddditltal t he
transition does not take place even at pressures of 106.6 kPa, thus

confi r m ngat bresmsyetiat theenatatal\gasetreants are ustalihebtadsat froimgagpfieldess on
solid adsorbents such as the ZIFs materials of the present inyention. Just
as the tempdenverychighpresurec ¥piralinayreli 2asITaeQVeEY PEFSSUESH ULy IT8REE 0 hi gh

(as Shown T fpul D0 BB aePL kP B BERRR o0 pPela S apbEDe Hifief Satiee
such a | oy, {9 py ARL34%K ?Eé&%séé)@aﬁi E‘tgdésrigﬂ%? {Sdpﬁt‘;)dhﬁe baeRteP s&4tafiOh afn

adsorbate in a given pressure range or t ce such transition froma

hi gher pr eswer epérating lppwssirey @gpically blesh abontes (0 pyigdB,4d7ceRa)rfer tl
tenperature can be used to design advantageous sw ng adsorption schenes
i ncor por atinletjstreampin sseadsdrptienstepnindhe processlidt isalegirable todwmwysnent s

IR T R eI R

e BB RS S f npl ee ber,

2009/ 1052 At gHSRR QWi hllddrption processes of the present invention can run o
efficiently at inlet stream pressures of less than 250 psig (1,724 kPa), in other
embodiments, PSA and TSA processes of the present invention can be operated
at inlet stream pressures in excess of about 500 psig (3,447 kPa), or even about
1000 psig (6,895 kPa). Although an effluent stream pressure of less than about
250 psig (1,724 kPa) will normally be desired to maintain a good selectivity of .
the separation made, effluent stream pressures of greater than about 250 psig
(1,724 kPa), or even greater than about 500 psig (3,447 kPa) may be obtained
especially when utilizing a ZIF material with adsorptive loading ratios for CO,
over CH, of greater than about 10. Maintaining the effluent stream at these
higher pressures is economically desired to minimize the repressurization
equipment and energy required to ship the purified natural gas via pipeline.
Pipeline pressures for transport of the purified natural gas product stream are
typically in the range of about 800 (5,516 kPa) to about 2000 psig (13,790 kPa).

[0078] The processes of the present invention can utilize the ZIF adsorption

materials at these higher pressures by designing the swing adsorption processes



- 27 - to separate CO2 fromCFl4 in | ow pressure process feedstreans,

especi ally when the tenperatures of the process feedstream may be

si gni fi cawo 2e0010§371t 0 appreci ably shift _t he adsorption &ou/use@onptizon
branches to higher CO2 pressures than rH8se experienced at | ower
tenperatures. As can be seen fromFigure 13 herein, ZIF-7, for exanple, can
achieve a significant separation of CO2 from CH4 at near anbi ent

t enper at urigopefata Ao Highed témpefaturss to @dﬁgré the K& fitabéivadenthe 2861§tion

condi tions of |ess than about 80 kPa. wever, as can be seen from Figure
15, t hese adsdasptptoon ofEEnpn it Zb axederial retativie todCHi.gAerdeserjbed earliecy

arti al ressures at el eyated.tenperatures. nversely, redugi ng t he

'Ito enper at Erlt!g pdsorptivede §gfr%’éﬁ%g$ré WP@Fn%tdBHEeéégﬁgréﬁﬁﬁ rtial

Zl F-cont ai_pi r . L i gni:fi £ m CH4
can be ac r#}gg%a&g?yﬁg%&ﬁngv%hg%@se& P %gs&:}{ dé@%h@%@?&e@%ﬂ%&“ﬁ%?@ of the
adsor pt i onragicieRenPh 16W tB raqngheaﬂsémilofa%adfmgeﬁ&e netgile SigRitdntdasly

characteristics, and sw ng process inplications, of the unique adsorption

i sot her ms rheentifgsuchl tFankition ForgGHgs TR tarthie 18mpemtutesacta@pdd vatibkeof o ot her
ZIP materials having different cqnposjtions of matter,, ich exhibit
simlar erfbe gdsorpticpmspeessentisediignrecbhpach 15 an mfripgic EntP @Y. Thus,

while ZIF-7 cqntains Zn as .the single nmetal iop. ZIF-9 0O I whi ch
cont ai s aisabfadSorhEnEaitBerae e Pute fisp Bebs h o RiRER &G Botkr b
herein forc@l Bad d F Bre3¥indg AR ROR QLD sibRaREARStheAanfiescr i bed in
Exanpl es 1C§%§ng,(!}g%ﬁ]ﬁ%ﬁg_§re§nd ZI'F-9 h%\t?éﬁ%?}e sane lc??ystal f ramewor k

st ruct ur e,adSciptivie loadig rafiodbd CIB, sveav\CHhe correspondi ng adsorption
characterization data for ZIF-9. Figures 17 and 18 show that the transition
fromlow to high adsorption | oading occurs at a slightly higher CO2

i -9 (i. e, t 90 kPa) t in ZIF-7 (i.e. .. abqut 60 kP
Bt the. sarB0f8merta iffifiof tSHnpporitiich o Fitetl sl videteleinf dhirsdt 2 v 1
Cimaril ! n . £ hern
Cor r espond A SRSV EAL TR for the Leh RN TR R e 10
charact er iIsntt'rmpaftatisml@fmipabﬂuctsme&aaf;aremamrfes minghizatiaa ofhhevTON
o}

Figure 19, the adsorptive |loading ratio r ZIF-9 at 301 K and 106.6 kPa is
equal to at¢ntargsyen 0BYe swingent than fsrgas pipsltherganspogiapony dnitbe Mg rati o

P bR E b G o SR IR el R 7
et 215 SRUBAEA RIS, Ol o RDURR P BORIIIHEES

need in thelgmietRBis)) oréidn't leselt f 1€dsfthah abeutds® pphas ETHik ds das esteor t he
separation of carbon dioxide fromnethane in the recovery and production of

nat ural gafact thehthgaSOh icentgnt invtie ratwead igas stream anysti heatsrefullydiedueedtin
conmponent for natural gas, al.nosi all natural s fields gontain sonme |evel
of carbon R}’F?é?\‘?tcf’é‘cFWY%Lﬁlﬁégfgeré%ﬁexﬁﬁﬁﬁ?ﬁﬁwlﬁa@wy iBhSt ¢ he
streans w fi fi . 1: Leld
ctroams odidustiilor GFtRe afih bR 3 deslFRUI¥ S hlide B BT SOr R preleile
concent r atihogsi & fHEO, réRbvaAPRY Patufi] Yas btcmabRtilized FHECENG hese nat ur al
gas field streans can ﬁave a carbon dioxide content greater than about 25
vol % and prodsctien.i Themfiores irt bertaiarepubodiinenisdef thempresent ¢aventione tenClheat er
t han about 50 vol (V% In.these latfer instances, .even when the fields have

| ar ge anouisntensrofdhe sHlnant sirsampirepdbeinigseaf syiRg adqrption PEAGRSS dhin be

exponses. dUSGRIEJBN AR Bl )0 bl R hEEWn BV BIBRLIY TR oo e
from the valyaBbpies (e £90kad RERiA, thé Baae" SREralight UiiRIudddY @& ot her wi se
noted, all conponént concentrations expressed herein are on a water-free

basi s. obtained from a natural gas reservoir, any intermediate stream leading to the

production of a natural gas product, or the final natural gas product itself.



[0076] I n the processing of natural gas, it is inportant to renmove CO2 from
the processed natural gas. Since the CO2 is non-flammble, the CO2 content
of the fiwel2oopaosa7al gas product mnust bslreduced t o suf Prriusatdopoiiow | evel s
to neet the mnimum BTU requirenents for natural gas shi pped by pipeline.
In nost cases, the CO2 content of the pipelines natural gas stream needs to
be | ess than about 5 vol % preferably |ess than about 2 vol % Al though

hi gher COJ0080f ent Another lesikdble icortmasia procssremisidifrenpod thcpresemteam f.rom
the processes of the WO 2009/105271PCT/US2009/001124 - 29 - present
i nvent i on,inventporeisfor use emtheseperationodf symsheticatlyrprodnoechgavsireamethatf | uent

ess t han BB BropEh A HGHLOp Felet SR e Rees HarHTZs B EArPTrOE
treans | SOptest fthaf B|dit pfidof e, (TREREL FhBicf pid bl tchins [ ol os

fields undgid ue, )foﬂ"é}@ﬁin?ree% syiethedi¥ [pias for thetpioactimsof ethrey ehymiassur es
usual |y range from about 500 psig (3,447 kPa) to up to about 5,000 psig

E) 3:1{ 474 kaa))dltu_ss randtin‘Tesmeﬁ’E@esa@d%.}l'Smtlpmmd)awwllmrin_tthe ldlmtihgsied)ftlﬂglpnrodggg a
etter separation at ] ower operatin ressures (typica el.ow ahou

psig (3, ol TR drged 096 (& dmkerosene Taot o Sl el i
process), it .i esi . I R ) ptive
Poading &t RudlEBt MR BebinghiBaBenAaRba B Baadile. Vid Btk R IR6RREE V2
than Conves?rh_tm:?sl) hhiBR th&ahs@ides ihHRREAE fidaae?muws gL indiRfee FeSES Of
the present invention can run efficiently at inlet stream pressures of |ess
t han 250 rfarthef furk2ibnkR2dtion or fartthe sgnthesiis odfrotber prdAuatsd Sidlaplyo tlessses of

t he present invention can be operated at inlet stream pressures, in_excess
of about 500thsticglly praducedrzas stenams,may absofaradddhe generatign edongiohed

Al t hough gn effluent stream pressure of .l ess, than. about 250,psi. 1,724
ey w1 TelEngen Satt b et R s BEUOR To Pt (it o
separ at i on, apde. HonSEPr e t han about 250 psig
(1,724 kP r, orln Eéf;\ﬁ%ur}gg?er ? Egﬁa‘@ﬁw?%%ﬁggﬁge‘?gﬁgm kPa) may be

obt ai ned dspeededitrpgedution)! iDéptndingod ffedmtatlabilityyptdressioptiphs smed | oadi ng

ratios for CO2 over CH4 of greater than about 10. Miintaining the effluent
stream at achaemi¢s, ghearioty of sarhenareouscsonseascean be wred; ranging framigaequst he

Gas Vi o pi(Ba MEuAEAE) iR de o PHYBR. HFavepls herEunes S ohar ur ol
gas procy ot 6T 3bGAS (RkS hly. ' WithBsg 0% 1R oRAR sk, Rro bRy EER) O
air, or steam (plus heat) are typically used. In some instances, only heat is
applied to the carbonaceous source to produce a “gasification” gas mixture that
contains lesser amounts of full combustion products, which may be used as fuel
or chemicals. The specific composition of the synthetically produced gas is
strongly dependent on the nature of the carbonaceous source, the oxidant and the
use of heat (if any). The produced gas typically contains varying amounts of Hy,
CO, CO,, H,0, CH,4 and N, as majority components and lesser amounts of sulfur
and nitrogen containing species (e.g., H,S and NH;) as well as other
contaminants (e.g., COS). Depending on the intended use of the synthetically
produced gas, various levels of purification and preconditioning are required. A
particularly important step in the production of a synthetically produced gas is

the removal of CO, from the product stream. The CO, in the synthetically

produced gas is generally not beneficial as it does not incorporate into any



to operate at higher tenperatures to capture the benefits between the
adsorption and desorption of CO2 in the ZIF material relative to CH4. As
descri bedweantdwws271hi gh adsorptive | oading rati os can beCwaispaionsd4 at

i ncreasing CH4 partial pressures by opé?’gt‘i ng the processes at higher
tenperatures that ensure the CO2 transition froma low to a high adsorption
| oading state while sinmultaneously preventing such transition for CH4. Due

to the tenpbsajueneréctiondrodustatandat ddestiiet adldswwapingonlys.oddditeenallyee Fi gure
15), which is an intrinsic feature to any adsorbate-adsor bent

air,
i ncr easi nghe Eiepresentdndhe pyntheticallye praduced gas san exishin hufdigzerﬁi-)bdhm to
hi gher pressures whil 1e‘l keepieé}% . ubsrg)zgtg‘ti ally.the.sane adsorptive tI oadi ng
ratio for ogeRivAionsthayc @?’PFF £COBISIN OF PHOSHHMRG FABPMEN S (i1 o

gas via g ' ' ' [ - growi ng mar ket for the
transporta ?18%‘9§¢"l“?ﬁ%&%@gﬁ%‘r}ﬁ%&ﬁg@@#‘é’%"LNG'. In transportati on of LNG
products, the requirenents for mnimzation of the CO2 content are even
nore stringent than for gas pipeline transportation. In the LNG product,
the C2 | §008%] i n ®he entodimknpathetpresent invdngioni igde preddofaiprocessed t o be
brought down to | evels of |ess than flbout 10 pgrrv gg,arts er mllion on a
vol ume badFegstregm gomprising a synthetical]oproduged 2as ip SHENHAAOPRANS i s due to

he f h h ' h . . full
reduced t PTpTEvATRerERL Qe e MSsRe iRy e SIGRILT eS8 S
required idnidigsdd GUETRE A8l thhiRasiH 4ds¥rp @S lodding FatHPfdr'@O) Bvéo utilize

t he process the present i1 nvention for renoval ~ from natural gas
streans utGCHj o€dt feast Abdat d0aduetriove.at Teast afportéon bfi thee€COaifrorarthegroaess s of
the present invention, the CO2 content of the effluent, streamfromthe
present svicedstecasor bt a srorgrsetested empedimandof yhe preseptinyenbiena RFSSHnv

Cc®2, and en nore preferably | ess than qut 50. . d herein,
Che. t or m REGFA GRPrisig b SeREel BrliRks 427 1ORBY g o AFwiR
reservoir, | [ 15254 ' r9eHS tladeGrptfona Nat ur al
gas pr oducatd,%B%{Prﬂc{?.l:g[roglE gnya?hﬁréc? I:lJFaI gégg@%rtg%%%?a% {hgtg{é fs‘.;a&1 g\!% on

2009/ 1052 7kBEdssiIS20prided bT4 2I0B@ ehiub thtrhad ani adsbitiveolvading mltiofioocess
enbodi nent of the@g{r}esent invention is for use in the separation_of

synt het i cdlOy openGlhef ajdeast abeutnkd toremeveatdpadtiarartionaihe GOvEPMEt y of
reactive processes th utiljze a carbonaceous,sour an oxi dant and/ or
heat . ThestéeQy?ﬁ%étf?%ﬁﬁﬁ%%rf&d%lb%%efb%‘&f%l’?eggﬁsdFF#’&’%‘S@S{‘F%@%%?F&P ., as
synt hesi s . I L1 Q1 t 1 154 arP4 .S i
i nt er medi alggémﬁcgg’gt@%rlrgt %ﬁg sﬁgg?év\(}eﬁﬂﬁggsp@%@ﬁe s%/nt esl s %?dhglim er

mol ecul ar paBbEBE COLLVRE WHPOBat(1ead abokieR@saEmiosepeferablyain ads@ptide fuel s,
di esel grade fuels or |ube bl endi ng products obtal ned, for exanple, via

Fi scher - Trlopding ratintthe €iGy) oweni(s ohatleast?ds find use as final products or
as internediates for further functionalization or for the synthesis of

ot her products. Simlarly, these synthetically produced gas streans may

al so taragiohP IR!HB0 R enUdiRAE o U HEShtThi EATGh éﬁve;@g@é fuels

(e.g., fu etls) or for usein chemcal processing o _ rocar bons

(e. 9., hydegfiration s#aheaoaliyngratbided gas streagsabsoel the®Hendilrg on feed
availability, process options and econom cs, a variety of carbonaceous

sour ces caynklecticatly produegdngast feedstogane taithe(progess will pass thgeugh the | i qui d
(e.g., naphthas, heavy oils and residue, bitunmens, or.shale oils) tp solids
(661 cotmdsorant matedpeend bd ronwetsd gahe SERIEY StsaRbaRy BEProsrss; A1 *ot eam
(plus heat)_ar. i I sed. i - hSvapplied to
t he carbonf?ﬁgﬁgéégﬁﬁﬁétpggbggﬁﬁ%gs?ﬂgggéﬁﬁbggﬁﬁﬁﬁmﬁgggé%ﬁ%%ﬁ?gythat

contai ns | gx3eh 16 AREW the 3bwitd Higk doadiss trafsibioatxbilsitedvn the isGliehn fused as
fuel or chem cals. The specific conposition of the synthetically produced

gas i s st rO0glty odeyrantieritheselettedprocess conditiomsc whilerpaceentingsthis ooy te he

oxi dant and the use of heat (if any).. The prqduced s typically contains
varyi ng anvghtdeadingansiton ogccuror Cwnéﬁa%@ei%ctgipbﬁeﬁwe Rénts and

| esser ano . of .sulfu d i tregen cond ajni i i nd
NGy s wepaiongifemoshaf s Ml B gRACRIL PORIRT R Told sHep 08 o
use of th | p&Ys! ggpm ioniRhicPiaP ah@ belrécHerbdin tHecat i on and
pr econdi t?%%?ﬁ%shgpleﬁ%g(%f@ ) /%edgég’?ﬁ'co& arly i ﬁportarn% setrep in the
production of a synthetically produced gas is the renoval of CO2 fromthe

product stream The COQ2 in the synthetically produced gas is generally not
beneficial as it does not incorporate into any



subsequent reaction products and it does not add heating val ue.
Additionally, the CO2 present in the synthetically produced gas can exi st

i n sufficverméwyiobizgh concentrati ons thag can contri but e PCo/ush@omorieosi on of
processi ng equi pnent, as well as contri dte to gr eenhouse gas em ssi ons.

[ 0081] One enbodi nent of the present invention is to provide a process
feedstream conprising a synthetically produced gas to a swi ng adsorption

process whflaem stRanafioa tenproteser The CH) ihfthe dbtdigeddffudgitisagam camess i s
conprised of a ZIF material that has an adsorptive loading ratio for CO2
over CH4 dhembeiseparateshiom the Hoby eomvantional methods rgsuktingnings higher co2 fr om

the process feedstream, |n nore preferred . enbadi pent. of .t he presen
i nvent i on,PUItY @W'eégﬁkﬁma@bﬂﬁﬁ @?tﬁ’&eg @M‘?‘E% ytilized, gé‘agas is

brovi ded_taog, Sl AASOIRY Aibdh SRR ANSEEIR PG AR fer al i n

the swi ng‘a i'on process 1S conprised o erra as an

adsor pti vetdpaadr fie éﬁhl’y%icc)fz;%d%@,\&@f ekiiipl, ofimédthandl gisther figuido renove at
| east a portion of the fromthe process feedstream |In an even nore

pr ef er r ed hydivockirbempsodifcts.he present invention, the ZIP material utilized
in this process has an adsorptive loading ratio for CO2 over CH4 of at
| east about 20, and nost preferably an adsorptive loading ratio for CO2

over CH4 | east . | n.th ' t resent
Mnvent 1 on 10B8YE £ ap 2B frerd eaon RO BRI G s E, o e E: oo,
most of 1 Rge drdegele'aﬁg}rbaﬁa%%éam)ﬁfreéu@&ﬂiM% preesistandeR bptehe process
w || pass through the adsorbent material and be réecovered in the effluent
st ream f r asmiolval pf COsfBomAssytrheti¢dindproduoced gasicotans lpsothaasadout be
operating tenperature is preferably chosen to allow the |ow to high | oading

transiti orvad%heOht and even more prrigeably dess tiompaboptch ¥l ¢Haer Itisheuldbalset ed
diti whi, | . ti t hi | .1 i | i iti t

cour T or HEBtEhgBpt 4 deSeef ABR by et oy iRk e e audt s VAR st or °

the H2 in a&@%&ﬂmgggtseéhw ag,rmqﬁﬁgiingi JHES afll MR RichRapbeCESS Wi l |

pass through the a rption material an e fecovered in the - effluent

st ream f r ghysivallprdanegsng dhepidional hindedhgao tkelary bf denembbdinentsafi - t hen
be separated fromthe H2 by conventional nethods resulting in a higher
purity H2 the ZdBreontningseparaionstnrasessps af hedpresentjaventianst Thergfore, ied as a

[1nal By ol o DLASAUAR P CaLROn, NEK e SLLERT gt USFIRHES P
other |iaujrd SyEVaFpFiBPR BEMIUEGAS the target stream with the ZIF-containing ‘
process. There are many conventional processes that are known to those of skill .
in the art for the removal of such contaminants that may be utilized in
conjunction with the processes of the present invention to reduce the
concentration of these contaminants to acceptable levels prior to contacting the

ZIF or ZIF-containing adsorbent materials disclosed herein.

[0084] Another desirable commercial process embodiment of the present
invention is for use in the separation of CO, from CH, in landfill or biogenically
produced gas streams. Landfill gas streams are defined herein as substantially
gas phase streams that are produced from the substantially anaerobic
biodegradation of organic matter in landfill disposal sites. In these landfill
decomposition processes, the released gases are captured and processed for the

recovery of valuable hydrocarbons which typically contain a significant



[0083]In a preferred enbodi nent of the present invention, the effluent
stream (or "CO2-|ean product strean) produced in the process above for the
renoval oVOCOR/fos2ym a synt hetically proq%fced gas cont ai RETIUSe@90hER4 about 5
vol % CO2, and even nore preferably | ess”tfhan about 3 vol % CQ2. It should

al so be noted, that as described above, there may be significant quantities
of water and contam nants, such as, but not limted to H2S and NH3, which
may be physgineahtratisinopgietar®. Sipsiltly, GicgenicdlBepioductd ghb streays afe t he
enbodi nents of the ZIF-containing separations processes of the present

i nvent i on.defineddfeoein, asianyprotessrtbat generatiessmethafiechatainisgarrodietyent i on, a
portion of the contam nants .arge renbve rior.to ntacti the target -

D Er cam w (SReARGIOHEGART Chin g S BOBLE Teimentation of RupF acemtthls Or iy
processes r - S ki i f t he renoval of
such cont arIr"th%rn(gg ’[‘E‘gﬁ %&8@@?@5@%@ |‘lrllésé%nrk]nt5§§f ?%Otnt)sw&{cf?'the processes of
the present invention to reduce the concentration of these contam nants to
acceptable levels prior to contacting the ZIF or ZIF-containi ng adsor bent
mat er i al s [0D88) oscbhdeapture afdperfisatoom of landsilk ard kiogenivatlyipabdyceskgass
enbodi nent of the present invention s for u,s?_i n the separation of CO2
from CH4 iSteREISIS igrInipg myprsgridecsredd gommseeid] yapodaneebecaupgHtan | gas

def i ned  her ej j al |
o oduced 1 BUTERE S ST A YU RodkeBTR, FRErrENCARS IS o
in | andfild, (Heapogen oﬁ'F%&ﬁhohgb bhecemidstiti(.b!, COLAPCH,)! ByRCIgLases, the

rel eased gases are captured and processed for thé recovéery of val uable

hydr ocar bap®, wte sinifiqane abhtyibuvorsao thagrieghohseceffectc diteeerhisatansfrarh

met hane. Simlarly, biogenically produced gas streans are defined herein as
any procedbe mndcrlzgmge'nag@gradam proressesrgenicraliylesd da bigh seneantationmofhe

bi j i f t at,i f..bi od d - i c..mat
anaer 001 ¢ (HESA0, DehshaR B e hoR AR G ABRMBHIHE, (o %0
puri 11 cal i Bealicatty Bdducedihs %89@39,' h'iht41 BORAHSEACHA2nRCOREBnicht 881 Ni NG
nore w de-sp‘%eagl (o] rcial” 1 nportance because 1t can sinul taneously

produce a thaddakdaind ¢l ofe® By @iredter than abod) Sas/olbdl dor evencgreater thircabiouta
reducti on of greenhouse gas emssions (i.e., CO2 and CH4). Both CH4 and CO2
are si gni fikwello.cdheGOueontent of theeprgduesthgassonr these progessesnip $¥piSALY f r om

th derl yi ng. Qi dat i L Ly, t [

concont r atYHYIBh D BISASTSHBE BIAPR RO RGL Or i R apett 70 OB | ons of the
landfill sj ' j I mbi ned
o ana iR PPl PREC ORISR, HERRIBGR I ab oLl Dot 50

vol % or ev@yntahBRne sudheds WPQUH,S @nd @héfcaptans pr&enoiit #rte sfredrhs, pr oduced
gas fromthese processes is typically ver hrimgh, of ten possessing a CO2
cont ent oftypicallgas sizablufraction of theagas ls@é ane€ Hanand theraferegn mnpedaith

th all, dditj i h NH3, H2S_.and
or Gapt ansCPREUBRIN E ElreRup A AT S5 BRI PLABSE 88 SEEAT Flof ¢ he
gas s OOfgilefdith s L&l GoRBr IHACO, Hm HORHA! pBledin HE stzb&ANP OF

landfill an I"ogeni cal Iy prroduced gas Strfeans for comercial use 1s the
separation of the CO2 fromthe CH4 present in the stream [0086] Anot her
problemthat makes it difficult and expensive to separate

[0086]  Another problem that makes it difficult and expensive to separate

CO, from CH, in these landfill and biogenically produced gas streams is that
these streams are often generated at very low pressures, often at pressures less
than about 30 psig (206 kPa), or even at pressures less than 10 psig (69 kPa). In
order for these streams to be separated by swing adsorption processes, the
process feedstream must typically be pressurized up to above about 50 psig (345
kPa) or even 100 psig (689 kPa) prior to contacting most conventional adsorbent

materials in order to obtain sufficient separation of the components. This is due



CQ2 fromCH4 in these landfill and biogenically produced gas streans is
that these streans are often generated at very | ow pressures, often at

pr essur eswbes®/tobzm about 30 psig (206 Ega), or even at ppramsguwosiikess than
10 psig (69 kPa). In order for these sfreans to be separated by sw ng
adsorption processes, the process feedstreamnust typically be pressurized
up to above about 50 psig (345 kPa) or even 100 psig (689 kPa) prior to
cont act i ngo MR fact Akt gAY oGt veitivaabaddorbaritanartials reqoirdesignidicant ai n
sufficient separation of the conponents. This is due to the fact that nmany
convent i orpaessatesctomhtainradsorbed eompopgntdoadings sulfimientgpdnake g size 0bt ai n
adsor bed cgnponent | oadings syfficient to nake,the size.of the ﬁ %Spnent

Zmall enotBf CHMPRSL SEbheUShAQMEFiRConPIE APE SRRATSTEGUITeHN Y i
'Scovefeﬁe%t}%&scmege@hgto N {zrﬁﬂex Fe?&l%zﬁmigﬁ’éph{égﬂéséiﬁéﬁ&'eﬁ@fé‘s%?ftﬁ’é the

current adsorbents rene oadi ng capacities for the
sel ective c@?x’&@ﬁ@ﬁrbéﬁts‘(ﬁ'é%o'tﬁ&rIékﬁ%ﬁié'lﬁﬁi_/gl{ l‘@)@ﬁﬁigr&upabﬁﬁdﬂ fostlg esented in
Figures 12 and 13 for ZIF-7 and Figures 17 and 18 for ZIF-9, which

exenpl i f y seleetizé Eomptomenbatsverfy lowepnesagent i nvention, clearly show their
adequacy for |ow pressure operation. In preferred enbodi nents of adsorption
processes of the present invention, the landfill and biogenically produced

h | E | - i N j
Jor bl v ARSSEN' DetniRSe brSeatinddt R A IS R 2 TR gBre Rl ®,
about 50 psiio) & REZIEER) which e 1i1§rfhe@mﬁﬂ£t§riarsf@fthe Edenlt irdshtion,

bi ogeni cally produced ‘'gas st ontact the ZIF or ZIF-containing

adsor bent ciedryr stdw dheinadequaely| fior bdw peessuenpperatione Iapdefprredess f eedst r eam
pressures of |ess than about 30 psig (207 kPa) or even les

s, thap about 10
psig (69 lembodimentsof asdsozpion prasessasqifithe presenhinygationg etlanfiﬁﬂ 3dessur e
| evel of the str the tenperature |ev I Sl sgreritic to E’Bﬁt
desi gni ng éogwlﬁag?ya Ffti&%? 5&8%@§§0P§F?hﬁﬁ‘ﬁ% gé%&?&h‘ﬁ#‘.g alsorten
pressure | gyl fsc] ﬁﬁ&ﬂﬁ% icPP%earfn %ﬁﬁ%ﬁtﬁlﬁé ﬁng ﬁ?%&'ﬁ PeR1RRET PR84Ur¥s dCr eased

in order to ensure a sig g o e adsorbate on the adsorbent

mat eri al . 18ss s absaesd psigai345tkHa). thatlatteaibadimendd, théiandfiftand ai ni ng
adsorbent materials can be significant in |owpressure applications of the
present i rhiegenioallyspraduged gap siraama goaaet theoAloenZBF woataining adsaehant| or

bi ogeni cal | roduced gas streans where th ressures may be rel atively | ow
as not ed dBUSEAl FIhSRIADTY cRESTLIFmRSIRW e and pROGRRE feqdusampiEsuies of o

pr oduced a4 j i :

Bisor pt1 onyebn 3Bl 30 pE 07 XIE R AN habbul Ppsi (60 kP, &5

requi red fcan bepiceiyrora dignsd 1 rifi additichitonthe yeeysase leMet bty streann, the

enbodi ment of the present invention, the tenperature of either the landfill
or bi ogenitemipeatpredduelsid adgeseritieal 4o phe degigning@ swig adsepmtion peocess for

- PCT/ US2009/ 001124 str, i sed of I t f th i

- educed prIPSHTR SCBAFAON rfes HRePIZFIre deNel deFtra oidls IRmeeTRBIe KARANN 't i s
manner, the GRIBHAS UedPedsed th bdkr'i8 dndhth: {iBRifiAATidddin br MOBRNGAL! Y
produced gas O OptI mum separatl on con 1't10ofS or ep esent 1 nvention can

be m ni m zgdthe@ddofbent Bdtéxial. wba@bﬁmu?ridrbﬂﬁ@en@katwrisci@ roATtRs ZIBN
equi pnent to raise the pressure of the feedstreamto the processes of the

present i rooatdining adsprtirnt coatptielsalap bl dignidizantiin low-pressure applications of

the present invention such as separating CO, from CH,4 present in landfill or
biogenically produced gas streams where the pressures may be relatively low as
noted above. However, the temperatures at which these streams are produced
may be significantly high enough to shift the adsorption/desorption branches to
CO, partial pressures above those required for optimum separations at low
pressures. Therefore, in an embodiment of the present invention, the

temperature of either the landfill or biogenically produced gas, or a process



[ 00881Wth regard to high | oadings at |ow pressures, for exanple, the
sanple of ZIF-7 from Exanple 1 and its correspondi ng adsorption | oading at
301 K andw0Q60%10kPa from Exanpl e 6 shovvz an extrenely | acgase@paciey for
CO2 of about 2.29 nmmle/g of CO2 at the &-substant i ally atnospheric
pressure and tenperature conditions (see Figure 12). .Simlarly, the sanple
of ZIF-9 from Exanple 2 and its correspondi ng adsorption | oading at 301 K
and 106. 6 sﬁ@@mfdd?ﬂ?lﬁfs(e’ﬂmf & [éasthomesofahbsy gmses apaciuced priordo antacthrgthe?. 33
mol e/ g of CO2 at these substantially atnospheric pressure and tenperature
condi t i onZIFsemt#ining @dmb¢ntAQaW1§bu¥1’sﬁuS pranser, the compressien requitedioas
ZIF-7 and Z] F-9, ¢ e val uabl ¢ adsor bent terials for Low pressure PSA,
Tsh ' and neiss falapRdubabideeRically BraductEns R R corratiod GRGLAYE of t he
present i ti . . o i I

bi ogeni calr}%ggﬂlﬁr rgﬁ%rgdmé%@@f?ie[gﬁnglﬁjghgﬁig\?lﬁﬁe {%E%tégé‘meﬁ’bﬂﬁg‘g‘%%éf Flgé\ process
wher ei Nt hpeadsPESBPtesERINSquapmichit tRrisenheprestuee pf thpfepdsteeas té sheonpri sed
of a ZIF material that has adsorptive |loading ratio for CO2 over CH4 of at
| east aboyrodédsevof therpresait iheergtionampyhei completelp eligdpatedom t he i nl et

stream In a nore preferred enbodi nent of the present invention, an process
feedstream conprising a landfill or biogenically produced gas streamis

Phe. swi ng HO8SF ot (iR ERELI MR GRS RRs MRhF bless D i abaRble BES) 2 11
adsor pt i veahpadipp gIFat fr8nd Eka@ﬁ% g\gﬁg ri%ggs?éﬁdih?%ﬂsoﬂhmﬂ 103@irigoatr emove at

| east a portron of the CO2 fr eedstream In an even nore

pr ef er r ed 391K dindel(6s6 kPatfrem Bxaneple 6 shoave amaxtremelyZlaFgereapacityl font i | i zed
in this process has an adsorptive loading ratio for CO2 over CH4 of at

| east aboutOzsf abawd 2229 smmob/g pbE 1 aAbesy snbsiantiallycmosphete Rressee not ed
that alth th , f the. t d: i i f

nat ur al - o@0ddemBerRuSA BoRe e T EMEa e S IGUEM: Mk e BRRAEL AR 41
bi ogeni calg yiliedaatliIBSrrelp ity HaystphBRToRKAL &t B6Y KABAIA06M kR4S of a

SW ng adsorption c guration, t ont ai ning nmenbranes descri bed
above nmay fadraEhenpiei7 shiats wiatge capatityaforfCOg of aboul 283 acnmoble/g @i Op -

sel ectively separate CO2 from CH4, and produce sim|lar cor,rposiéi on product
streans agitdheselsobs@ntially stmesphegicaprssyyse iapd tpmperatureciANsioR 5§ above. I n

h i zi Z| F-cor - f CH4
i a pr ocdaureabbi e dhelneitim g T RHCE B GRa RS2 1T 1 APy G B et
the COC SelGeli¥ ShorBERI At MU ISR FSACTSAL Bhappmgane. process

produci ng a ric perrre%te stream wherein the CO2-rich

permeat e Siroe&¥eslak & phéfehed enihddinienCol tHehproctsroMtheqrssent devisitionam t hat
contacts the Zl Fcontaining nenbrane. Additionally, at |east one CO2-|ean

r et ent at e procesarfeedstedasocomptiscd of bylandfall pr biegenicHllyr priodugedgns steeain -
retentate stream has a l.ower, vol % of CO2 t.han.the process feedst.ream The
stream coﬁﬁé’g?‘fla]ﬁﬁilé? aguing 2dsFRLion regesspYRSIED %‘ﬁﬁﬁ?’%ﬁ@? f‘fag%f@fmﬁﬁs final
roduct s . - Ml Hents of the
Bresent i ﬁ%ﬂg%@g(’%ﬁé’hgﬁ r?lg%gagrlgt?: ghﬁigi(}'gg%f en iﬁagegp‘flgﬁﬁgds?ﬁﬁgjﬁﬁsor ption

process enpadingaatis fHE0, dved GIROYEat IEAAABDAND0 e FernoVent Rast Pporissof n t he
i ndustry concerni ng greenhouse

the CO, from the inlet stream. In a more preferred embodiment of the present

invention, an process feedstream comprising a landfill or biogenically produced
gas stream is provided to a swing adsorption process wherein the adsorbent
material in the swing adsorption process is comprised of a ZIF material that has
adsorptive loading ratio for CO, over CH, of at least about 20 to remove at least
a portion of the CO, from the process feedstream. In an even more preferred
embodiments of the present invention, the ZIF material utilized in this process

has an adsorptive loading ratio for CO, over CH, of at least about 25.



gases, such as CO2, is the sequestration of at |east a portion of the CO2
renmoved froma process stream The terns "sequestration” or "CO2
sequest r avoanby/ms27ut i | i zed herein are dgfined as the comrCiruseeaonts a wast e
stream contai ning at | east 50 vol % of “in an underground structure, or
repository, or in the deep ocean at pressures of at |east 500 psig (3,447
kPa). Dependi ng upon the sequestration process utilized, it may be

desirabl e that the separation process of the present invention be operated
so as to produce a high concentration of CO2 in the CO2-rich stream This

i s especi d0D§9HesiIt abowldbeemotied ghatvalthomgh the pomessgseolptheresant imventipnocess,
for exanple, in the extraction of naturalhﬁﬁas1 streans, where high

concent r atiPbAePARtIeINT BARITEN SCSECa, SHADGRFARCREPGieed eds Sureamsnand ey y

| arge pro LON_rat I i .a very
2 ge amounaH AapdFgertaly BRAEE RS SEERH; BalBbUEA exPimad fidlent (UYL,
to be sequeshebed saeRs adsrpiiohdoatighfition) thaoiaifidg mBmdraleds 10 reduce
the size of the handlTng and conpressi on equi pment required as well as to

reduce t halesadbgl abost magsdeoxbauttized thdehamslag pestesatinleh coditions Q2.
Reduci ng the overall vol une g_f t he gas,stream o, be sequestered al so has
the benef iselestivalynsepasats & @ntrost GHhgand s&fq@@ml@r reEposHion praduct s

of e casuehs S oSy lfeAEde SRR S T BRI RO, PRRL. "

wher ei n C%%P'tbésseg fdkL Z‘l?-ééhtﬁﬁitiﬁ%h?&n&ﬁén% Rﬂ?@éﬁaraﬂe@@?%n’i’tﬂ BSE

processes, I'S nore inportant t a high percentage 0f the pr oduced
by a procgsscss feedsreaiedomaihing hodstampdnamts}ivdd dédimblEthateche@<®d to the
at nosphere and/or the residual CO2 remaining in the process gas is

i ni m zed.selastivalyspermeates theougiptheaf Iopoaidng sembranepsopessguadugingent i on

o ocluct ot e BRG GLEHOh PRBST RO TRRHWAETRID i CLl O PRSI C e
produced by e SERRLFC@NIRRIRERRERsO ol IRBRABSEod BYEThE 9AF0RN De

further sequ e separation of romthe va e CH4 in

nat ural gasniifidigtheMbraid eAGRidriadlly, hSlepstedrey €0L 184 yetafinos Siechr s t he
separation process can be sequestered at high pressures in underground

f or mat i onslsd praduceé by the peocdsawheneins Gh-dean tetpntatostneamn das adeweocat ed
near the productian site of the patural to mnimze transportation
Coats.  UndEioh S G- tBam e Bresors edsteam o h g arLr O pasilOns ePBH NS o2

i ncl ude aquj . t i L Hi . of the
I eos oq” MdcBRids td pibErfest Aiing Bilal RRIuCR! FrEbed BydRy AIF Aty

reservoi r snémbrarprotest dabodigs@ity of fife prey@itdaventidheresemalantethdgel-ri ch.
product stream has to be reconpressed to pressures greater than 2,000 psig

(13, 790 kRdyntifnet! of therswiog mdserpsioasprocessteambodiarents doribeidpbese, 474 kPa) to

be injected into these types of
[0090] Another important process in the industry concerning greenhouse
gases, such as CO,, is the sequestration of at least a portion of the CO, removed
from a process stream. The terms “sequestration” or “CO, sequestration” as
utilized herein are defined as the confinement of a waste stream containing at
least 50 vol% of CO, in an underground structure, or repository, or in the deep
ocean at pressures of at least 500 psig (3,447 kPa). Depending upon the
sequestration process utilized, it may be desirable that the separation process of
the present invention be operated so as to produce a high concentration of CO, in
the CO,-rich stream. This is especially desirable when high volumes of CO, are

produced in a process, for example, in the extraction of natural gas streams



WO 2009/ 105271- 39 -PCT/US2009/ 001124 underground formations. Therefore, it
I's beneficial that the process enbodi nent of the present invention utilized
for the swpanarioszviof the CO2 fromthe be abl e to proaaseomwioel1@O2-rich
product stream at high pressures in ordefto mninze the anount of
conpressi on necessary for the sequestration. As stated prior, in preferred
enbodi nents of the present invention, COX2-rich product streans can be

produced hbyhérechigh espcéntrationstofa@OWARY prieserittia th&elihehd gasdihie tsttheam
produced is at a pressure greater than about 250 psig, and even nore
pr ef er abl yery hargeprodudsiprpraseref these bigh pressire matursl gas feldsea sarelaggeat er

th bout 500 ' 0093] | f er.red enbodi t f t t
 nvont i on AROWENCQ: poproniety HERE iERpmnerin TR ahe ges SRR BPE he

i . e bR |
mbod ment U PRERR GnHIng aditdcnokARGH BF O, RHHEEI e L PEEMT 1 5

| east of ‘#heWah@litidane iconipressias tqa@iphtdnt réquitdd 4w el@to reducdthet ream i s
sequestered. In a nore preferred enbodi nent, the CO2-rich streamhas a CO2

cont ent ofengtgy eesss asfocgBed avith thesegquestratidneethe"Qpr Riedncing theevexall ri ch
streamis sequestered. In other preferre nbodi ts aof the present

i nvent i on,V‘ﬁﬂ’é‘e@g?- £ &€ah SBP@HJBtbeﬁeﬂéﬁﬁP‘@gtalegas ﬁgs]’eé‘e%(‘)?%@blﬁ NG | ess
t han about 9 - out 2 vol % The
utilizati (}Hggf&%#% ge%%?rgggésngs g%ggosg‘{l%g‘t?% ﬂ!ng%%glﬁ%hﬁ%ﬁflaglfl y benefi (::i al wherein

the CO2-lean streamis released to the atnosphere as an exhaust stream

[ 0094] Al t hough the present invention has been described in terns of

speci fi c €0081] mentleweier,itbe ne¢d tosdpanate add s8guesiér & paiticer of ther(sOa titht

nodi fications for_ operation under specific conditions will be apparent to
t hose ski |if @8eSEAt ithe DERQESS Fireas qanapRl iy Feamn PEAFGEY Whiegint(Ha2 f5opro

O ™, e LR 5 FRRUE] oD RBs B AL 0 O gl
a high percentage of the CO, produced by a process be separated and ‘
sequestered so that the CO, released to the atmosphere and/or the residual CO,
remaining in the process gas is minimized. In this case, the separation processes
of the present invention may be designed to minimize the amount of CO, that

remains in the CO,-lean product stream produced.

[0092)  As such, the CO,-rich product stream produced by the separation
processes of the present invention can be further sequestered. In the separation
of CO, from the valuable CH, in natural gas production, the CO, that is
preferentially adsorbed in the separation process can be sequestered at high
pressures in underground formations. It is desirable that these underground
formations be located near the production site of the natural gas to minimize
transportation costs. Underground formations that are suitable for sequestration
of CO, include aquifers that have a top seal that prevents significant loss of the
injected components, oil reservoirs, gas reservoirs, depleted oil reservoirs and
depleted gas reservoirs. Typically the separated CO,-rich product stream has to
be recompressed to pressures greater than 2,000 psig (13,790 kPa) and often to
pressures greater than 5,000 psig (34,474 kPa) to be injected into these types of



WO 2009/ 105271- 40 -PCT/ US2009/ 001124 [0095] The Exanpl es bel ow are provi ded

to illustrate the synthesis and the adsorption properties of a few sel ect
zeol iti c wWoidezobzie framework materi alf to illustrate wrhE/usesemitigs4 of the
present invention. These Exanples only" Qtustrate speci fic enbodi nents of

the present invention and are not neant to |limt the scope of the current
I nvention. EXAMPLES [0096]In the foll ow ng Exanples 1 through 5, snall

amount s ofind@erdind fdriviativns! AttRréfopdaiy behefieial tHAthE processlepsbodinment
synt hesi zed for use in testing for adsorption and separ ationsr(gﬁocesses
that are oftherpissehtiinventien htilinedfenthe ssp@ratinn ofigire €8)- fromsthgreHabeini que

type of m croporouys crystalline structures having franework, topol ogi es
conmonl y ABl§H8 pra E‘éf‘oﬁhietééz'é Rodpat $ream aEﬁS&htlg'lquWES Fﬂa?’éﬁrggs wher ei n

each vertex. is. LS I ngk | ' f ected
i acent - uplizEdNBaREREt B shuish i PPty s B iR rRibh, A FRATC
atoms_of ?Hohrfhgﬁéfé'r&rdeerﬁﬁb&i%éﬁts bF thedrebmlinventiGiRC@OZkichiprodué@!l with a
specific type of solvent occluded is characterized by a unique X-ray

di ffracti sireqmas tan be prodwsesl by theeprieseritiaveticuwherein the GOy-achpredustof 71 F
framework structures, the X-ray diffraction patégrn can Be al tered upon
sol vent - egEpMgEoducedais it anressare greaten thangbept 49 Peige ang §VER &S

adsorption reeni udi es r r epare i !

o ocedur cBrRHRL PR OB Aroav srisan P auBEd L A Subifenet g
activatiogb dggi rence Park, K S.; N, Z; Cote, A P.; Choi, J. VY.;
Huang, R ; Uribe-Ronmo, F. J.; Chae, H K ; O Keeffe, M; Yaghi, 0. M Proc.
Natl. Acad. ScL U S. A 2006, 103, 10186- 10191, which is incorporated
herein by reference and herein referred to as the "Park Reference".

[ 0097] The [@0831p| edn preferedrmbodimentpebthequasent inyentigreatisastapertionplpe

the CO,-rich stream produced by the separation process of the current invention
is sequestered. In preferred embodiments, the CO,-rich stream that is produced:
has a CO, content of at least of 75 vol% wherein at least a portion of the CO,- -
rich stream is sequestered. In a more preferred embodiment, the CO,-rich
stream has a CO, content of at least of 85 vol% wherein at least a portion of the
CO,-rich stream is sequestered. In other preferred embodiments of the present
invention, the CO,-lean product stream obtained has a CO, content of less than
about 5 vol%, and more preferably less than about 2 vol%. The utilization of this
process embodiment is particularly beneficial wherein the CO,-lean stream is

released to the atmosphere as an exhaust stream.

[0094] Although the present invention has been described in terms of specific
embodiments, it is not so limited. Suitable alterations and modifications for
operation under specific conditions will be apparent to those skilled in the art. It is
therefore intended that the following claims be interpreted as covering all such
alterations and modifications as fall within the true spirit and scope of the

invention.



limting of the present invention in any manner. The general synthesis and
structural characterization of sone of the ZIF materials applicable to the
present Wowvemiosazviare presented in Unl%ed St at es Pat entCiaiskéoomviion No.
US2007/ 0202038A1 which is herein incorp ated by reference. [0098] Detail ed
synt hesi s procedures are described below in Exanples 1 through 5 for
selected ZIF materials. Exanple 1 [0099]In this exanple, a ZIF-7 materi al

was synt hm g39d. TR Exa51e0 bklow ax%'ﬂfo%d&d&o&illwdm%mﬂﬁlsynﬂrmmsarﬁltha of ZnL2

(wherein L benzi m dazol'ate, i.e., the anion of benzi m dazole) and a
t opol ogy dd§orptidn ipyopiemsesZof & fw sciscttztwﬂltlpsmldmlatcéraméwpﬂén‘taé@illfilﬁ ite

f k

i LZ”F#B;L A EamMenaits oA pIearRRVentom Jhee loxamles o8B TeS5aEi 1o
ra B | i
Ao k sokaE criSenERS o B Blsssht ifveriR itFire it Fcaft RPfimirthe sbopievi sed

Edi ti on,
of the current invention.

EXAMPLES

[0096] In the following Examples 1 through 5, small amounts of Zeolitic
Imidazolate Frameworks (or "ZIFs") samples were synthesized for use in testing
for adsorption and separations processes that are described in detail in Examples
6 through 10. ZIFs are a unique type of microporous crystalline structures
having framework topologies commonly found in zeolites and/or in other
crystalline materials wherein each vertex is comprised of a single metal ion and
each pair of connected adjacent vertices of the framework structure are linked by
the nitrogen atoms of an imidazolate anion or its derivative. Each ZIF material
with a specific type of solvent occluded is characterized by a unique X-ray
diffraction pattern. However, due to the porous and flexible nature of ZIF
framework structures, the X-ray diffraction pattern can be altered upon solvent-
exchange or desolvation. The ZIF materials used in the gas adsorption screening
studies were prepared according to published procedures with slight

" modifications in reaction scale and/or sample activation; see reference Park, K.
S.: Ni, Z.; C6té, A. P.; Choi, J. Y.; Huang, R.; Uribe-Romo, F. J.; Chae, H. K ;
O’Keeffe, M.; Yaghi, O. M. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 10186-
10191, which is incorporated herein by reference and herein referred to-as the

"Park Reference".

[0097] The examples of ZIF materials provided herein are not meant to be
limiting of the present invention in any manner. The general synthesis and

structural characterization of some of the ZIF materials applicable to the present



[ 001001 In the synthesis of the ZIF-7 material, 9.00 g of zinc nitrate
tetrahydrate (Zn(NG3)2.4H20, 34.4 mmol) and 3.00 g of Benzim dazole (25.4
nmol ) werwodnesob27éed i n 900 m DMF (/V, %LDi met hyl f or manPd@)uSeev9moti24 i t er
glass jar. The jar was tightly capped a d-the reaction nixture was heat ed
in an isothermal oven at 373 K for 48 hours. After reaction, the nother

| i qguor was decanted. The solid crystallized on the side wall and the bottom
part of tHhgvémion'@e presdmeed bl UnirdlBidtewiPaberaPibsicatied Noy DM and | abel ed
"as-synthesized ZIF- [00101] In order to activate the ZIF-7, the

as- synt hed7S2Q0H0202038:1 mducke is herer ingamaratedtbyirdenenter 24 hours,
transferred to a 120 mM vial, imersed in acetonitrile (c.a. 100 n) and
soaked at 348 K for 48 hours. The acetonitril eexchanged ZI F-7 was | oaded in

a glass t nd LDe 3 t erature
For 1o nodddofh" JAEGHEY Sindilst atPetFer AREUARRBER YRR In EXAMAIETRS %5110
of acti vattgﬂ)u%hl-‘s for'Rfect@ ZTPeshtefigls esponding to 55%yield (based on

Benzi m dazol e). [00102] For gas adsorption experinents, the

acetonitril e-exchanged ZIF-7 was | oaded directly in the sanple hol der of
the gravinetric gas-adsorption unit and activated in-situ by using the
condi t i ondxample bed i n Exanple 6. [00103] Figure 1 shows a conparison of
t he experinental powder X-ray diffraction ("PXRD') patterns of the
as-synt hesi zed and the acetonitril eexchanged ZI F-7 sanpl es and the

cal cul at eqoﬁ’gﬂi PRI exaBAPNa ZIFI Nfrabdril de%aéfl?ﬂﬂéﬁzéﬁgﬁﬂe Hanidiork! dT0! €

crystal stru e of ZIF-7 reported i n the "Pa Ref erence" as referenced

herei n. THAIFPKRE: pahtaiics cadsnsdsition ofi Zhi g (wheideinle= peavinidaaslatd)é.c.,
diffraction intensity (in arbitrary units) against the diffraction angle

two t het a the anipageidesnizimjdraobe) ammtapolpgyhdelingd by thendngatiopsthasds zed zI F-7
le is.evid b i nci d i | | cul.at.ed PXRD
oarPer ne” G S o7t SRwSLF Rk S SPI REClle A0lhr Pl
i _ 7 : . S i ZIF-7 i
CrBocen T ARy th FiEuafbl Pt Ak gprippesiete 2 ]

wher eas t hAthatdfeZévlné Fagmeork Mypesx (Okrgsstabher,.1Bs MoCeslest, DoHt he sane
space group with a = b = 22.522 A and ¢ = 15.760 A The data suggest a

sl i ght di $2leeni SixtoReviseddtditiopeElsewter Amsterdgnn2@®ivent - exchange. [00105]
Figure 2 shows the thernogravinetric anal yses ("TGA") for the
as-synt hesi zed and the acetonitril e-exchanged ZI F-7 sanples in nitrogen

at frospher qoofef 29k the sy AtheSRMSE tht Z1F-FRREAAY. BPYP-MR Fuafosen based on
tetrahydrate (Zn(NO;),'4H,0, 34.4 mmol) and 3.00 g of Benzimidazole (25.4
mmol) were dissolved in 900 ml DMF (¥, N-Dimethylformamide) in a 1 liter
glass jar. The jar was tightly capped and the reaction mixture was heated in an
isothermal oven at 373 K for 48 hours. After reaction, the mother liquor was
decanted. The solid crystallized on the side wall and the bottom part of the jar
was collected, washed with and stored in DMF and labeled "as-synthesized ZIF-

7".

[00101] In order to activate the ZIF-7, the as-synthesized solid was heated
under vacuum at 473 K for 24 hours, transferred to a 120 ml vial, immersed in
acetonitrile (c.a. 100 ml) and soaked at 348 K for 48 hours. The acetonitrile-
exchanged ZIF-7 was loaded in a glass tube and evacuated on a vacuum line

apparatus at room-temperature for 16 hours to remove the solvent molecules



[ 00106] Figure 11 is a Scanning Electron Mcroscopy ("SEM') inmage of a
sanple of ZIF-7 produced. Exanple 2 [00107] In this exanple, a ZIF-9

materi al wesoeywsitesi zed. The franmework of ZIF-9 has a ek@miseed/oeueposition
of CoL2 (wherein L = benzim dazol ate, 42 t he ani on of benzi m dazol e) and
a topol ogy defined by the Co cations that |s Identical to the zeolitic
framework type SOD. SOD is a three-letter framework type code as defined by

the | nt er rasidigain Eﬁpbnetsezz%)?of attivated ZIEA' was obtdired, Sor@spofhdidgabi t e

Fr amewor k T pes” (Ch. Baerloc L. B. McCusker, D.H dson, Sixth Revised
Edi ti on, evidd (hamde@mB@nzm@ayoleDoom& In the synthesis of the ZIF-9

material 1 26 g of cobalt nitrate hexahydrate (Co(NOB)2.6H20, 4.33 mmol)

and 0. 360 g of Benzi m dazole (3.05 nmol) were dissolved in 108 m DWW

(NA-Di et frgh{ @3 nar@‘(q'e%a\assdaﬁagftﬁgx &rpe\ﬂrﬂénts g akk nlffﬁé-ekl:ﬂ%%éﬁ z?p_pevg%sand

t he reacti‘on mxture an I sothernmal oven at

hours. Af tigadédedizédtBnin ﬁllaesam;ile Bblddr@fahe BosvigRGI psladSdrptionlundt and
crystallized on the side wall and the bottom part of the jar was collected,

washed wi tactizatddnesitiby nsmgl:chandndmiwlseiﬁscralse(byn]ﬁm%lmpbe@ ZI F- 911. [00109]
In order to activate the ZIF-9, the as-synthesized solid was heated under
vacuum at 473 K for 24 hours, transferred to a 20 ni vi al, imersed in

acetonitri S

acetonitr |[P§%6§]ha ég éZW éhg&gvas&qﬁ%e%h %ﬁgleg IXL%%mt%§l e an eernggﬁ}ét ed on a

vacuum | i rtﬁft?éﬁiﬁfna(t'?m 19&[61{19@%@és%ﬁﬁﬁ@ﬁzé&aﬁ@ﬂi&ade@ommve t he

sol vent nol ecul es residi ng in its pores. 7 g of activated ZIF-9 was

obt ai ned, excharggbAli-igampléSand it mhl(:lhiamldPXRIBpauemm (@hewhais. the stick
pattern) based on the single crystal structure of ZIF-7 reported in the "Park
Reference" as referenced herein. The PXRD patterns as shown in Figure 1 are
plotted as the diffraction intensity (in arbitrary units) against the diffraction

angle two theta (in degrees).

[00104] The high purity of the as-synthesized ZIF-7 sample is evidenced by
the coincidence of experimental and calculated PXRD patterns. It is worth
noting the slight differences between the two experimental PXRD patterns of
ZIF-7. The pattern of as-synthesized ZIF-7 is indexed to rhombohedral space
group R3,a=5=22.927 A, ¢ = 15.603 A whereas the pattern of acetonitrile-
exchanged ZIF-7 is indexed to the same space group with a = b = 22.522 A and
¢ =15.760 A. The data suggest a slight distortion of the unit cell of ZIF-7 upon

solvent-exchange.

[00105] Figure 2 shows the thermogravimetric analyses ("TGA") for the as-
synthesized and the acetonitrile-exchanged ZIF-7 samples in nitrogen
atmosphere. The activation conditions described above were chosen based on

TGA data.



WO 2009/ 105271PCT/ US2009/ 001124 -44 - [00110] For gas adsorption
experinents, the acetonitril e-exchanged ZIF-9 was | oaded directly in the
sanpl e howdenovwifosi7he gravi metric gas adg rption unit anecCaatsceaed?24 n-situ
by using the conditions described in Ex gf)l e 7. [00111] Figure 3 shows a
conparison of the experinental powder X-ray diffraction ("PXRD') patterns
of the as-synthesized and the acetonitril eexchanged ZI F-9 sanples and the

cal cul at eq0GXY) peﬂigafeml 9 SoamsingRiestrore Migesscopyn)("SEMYY innagtlof asi ngl e
crystal structure of ZIF-9 reported in the "Park Reference" as referenced
herei n. TisempkRDf g&k {7epresluged.shown in Figure 3 are plotted as the
diffraction intensity (in arbitrary units) against the diffraction angle
two theta (in degrees). [00112] The high purity of the as-synthesized ZIF-9
sanple is ' ced by the coincidence of experinental and cal cul ated PXRD
patterns. %‘ﬂ-ﬁ&—gtively | ar ge background in the PXRD pattern of the
as-synt hesi zed ZIF-9 sanple cannot be attributed to the existence of

anor phous inmpurities because only purple cubic crystals are observed wthin
t he sanpl 0830pt i lnahisnexanysle o L.IF Thmareciab veast gy izsst. sThé fran@yvarkrafai ni ng

ZIF-9 is intrinsically of lower c¢rystallinity when conpared to it.s
i sonor phoddFZ hagachemica] compasitae 2%%—‘#’*8’%‘1?{?&?’&@%% Z?Paé‘?xd'e@) .
[00113] Figure. 4 shows.the thar i | § " r.the
| COLL], PRyfich (R B PR R 4 ErAry B ch bnd ity e
at mospher gderiital 3§ /AR §EMGWIR BppdISOD).i BOD aboufcdBéercianewoblased on
TGA data. [00114] Figure 16 is a Scanning Electron Mcroscopy ("SEM') i nage
of a sanpltgpotodd &s definedibiy ¢hie International Zeolite Association ("IZA") in the

“Atlas of Zeolite.' Framework Types” (Ch. Baerlocher, L.B. McCusker, D.H.

Olson, Sixth Revised Edition, Elsevier Amsterdam, 2007).

[00108] In the synthesis of the ZIF-9 material, 1.26 g of cobalt nitrate
hexahydrate (Co(NOs),"6H,0, 4.33 mmol) and 0.360 g of Benzimidazole (3.05
mmol) were dissolved in 108 ml DMF (N, N-Dimethylformamide) in a 120 ml
vial. The vial was tightly capped and the reaction mixture was heated in an
isothermal oven at 373 K for 96 hours. After reaction, the mother liquor was
decanted. The solid crystallized on the side wall and the bottom part of the jar
was collected, washed with and stored in DMF and labeled "as-synthesized ZIF-
9",

[00109] In order to activate the ZIF-9, the as-synthesized solid was heated
under vacuum at 473 K for 24 hours, transferred to a 20 ml vial, immersed in
acetonitrile (c.a. 15 ml) and soaked at 348 K for 48 hours. The acetonitrile-
ekchanged ZIF-9 was loaded in a glass tube and evacuated on a vacuum line
apparatus at room-temperature for 16 hours to remove the solvent molecules
residing in its pores. 0.07 g of activated ZIF-9 was obtained, corresponding to

15% yield (based on Benzimidazole).



[00115] In this exanple, a ZIF-1 material was synthesized. The franework of
ZIF-1 has a chem cal conposition of ZnL2 (wherein L = im dazolate, i.e.,

t he ani orwof2eéioszzol e) and a topol ogy defined by the ZmCratse@asotibat is
identical to the zeolitic franmework typé“BCT. BCT is a three-letter
framewor k type code as defined by the International Zeolite Association
("I'ZA") in the "Atlas of Zeolite Framework Types" (Ch. Baerlocher, L.B.

M Cusker, [B0110]0 St gaSiadbbrprn S§Rrintbrits, Ahe abetdAitHES-cACRdRed SN -2 W) -
[00116] Ir! the]synthegsis of 't he %Iylé-l material, 1.25 g of zinc nitrate

t et r ahydr doadedzdifedy) id. theizample lidldenof Yhegavimegiggas adserplaewbeitand 4 mol )
were dissolved in 100 mM DMAc, (N, N-D net hyl acetam de) in a 120 m gl ass
vial . The agiiyateddn-situdnt using the, eenditigns %Sv@s@tmﬁx%ﬂe&-e was heated in an
i sothermal oven at 358 K for 72 hours. After reaction, the nother |iquor
was decanted. The solid crystallized on the side wall and the bottom part
of the vi S W} | efimlehkaPpeRidey X-payram de) to
renove an?bglelsmuafﬁg%ﬁglﬁ&r?g%&. T%gn\grfggﬁgtkfms t hen transferjrrrgd to a 20
m vial, slifftetgion{"PXRR)bdtterrs ofitHesss-symhdsizidzat theFacttonifrile117] | n or der
to activate the ZIF-1, the as-synthesized solid was inmerse

di .
acet oni t r iexehanged ZH59 samples and thetcalcwated PRI} B@“erﬁés%‘fvi)é‘ﬁ!ttﬁ%éﬁl%e was
| d 4 h Th tonitrile- d Z] B-. | gaded i
Gl et ub AR dAsEd andhe Sl SSistHl shiehe & AP A flpoRled DB EREK  at ur e for
16 hours ti%tﬁfe%'ageﬁ E@te&‘i’ilcgg tNeréIH.l qql‘é'%ét@érﬁg a$ th)\ltvﬁ iH‘Figﬁre Park3 g of

activated was al ne correspo to 14% yield (baSed on zinc

nitrate teflétady el tiecdiffradtic maénsiwl (in atbicrapsusiys)tdpainst ehk diffrattions
activated by exchanging with toluene foll owed by heating under vacuum at

443 K for apghotwsthgta(inidigrers). gas adsorption experinents, the
acetonitril e-exchanged or tol uene-exchanged ZIF-1 was | oaded directly in
t he sanpl e holder of the WD 2009/105271-46 -PCT/US2009/001124 gravinetric

gas adsor ghi uni i LRSI ] er I i d scri bed
o Exanpl QOBETHo0 T REN IR Bi3 bl sShitietabd SFTIsdrp| U HACRRE 152

powder X- rRY cfincidedetiofRxpemiidatal apdtdateulstcd’PXRD patteaunt Mhsirekadvelyne
acetonitril e-exchanged and the tol uene-exchanged ZIF-1 sanples and the

cal cul at edaiRerackgtaundnin(tha R¥RBspattesn of thakapayntbesizedZ4EP samplge si ngl e

crystal structure of. ZIE-1 reported in the "Park Ref.erence" as referenced
het oi n. TifanPats RATIDEEAL0 she Rsiance pTamrpPhoRs UpRuLfics PecausE oph

diffracti Nt i i i 4R i if: Lon gl e
‘wo t het a%(rallrf‘;'f% Zg’?ée Ee:éss_(dlg' aftf bderfdd withiidh fHe SIPRYy St nlibtAehbpyN THR
PXRD data suggests that Co-containing ZIF-9 is intrinsically of lower
crystallinity when compared to its isomorphous Zn-containing material ZIF-7

(comparing Figures 1 and 3).

[00113] Figure 4 shows the thermogravimetric analyses ("TGA") for the as-
synthesized and the acetonitrile-exchanged ZIF-9 samples in nitrogen

atmosphere. The activation conditions described above were chosen based on

TGA data.

[00114] Figure 16 is a Scanning Electron Microscopy ("SEM") image of a
sample of ZIF-9 produced.

Example 3



100120] The high purity of the as-synthesized ZIF-1 sanple is evidenced by
the coincidence of experinental and cal cul ated PXRD patterns. It is worth
not i ng t wodné%¥wszmces bet ween t he threg experiment al PRRDUS2000001134 oOf
ZIF-1. The pattern of as-synthesized ZI 21 is indexed to monoclinic space
group F21/c, a = 9.699 A, b = 15.185 A ¢ = 16.555 A fi = 116.9 whereas
the pattern of acetonitrile-exchanged ZIF-1 is indexed to the sane space
group with a = 10.098 A, b = 14.649 A, ¢ = 17.300 A fi = 119.5 and pattern
of toluene-exchanged ZIF-1 is indexed to a space group of orthorhomnbic

symretry ROOLLS) t Hnghis exannge, #ZIB- =matersd was synthesizegle olhe frameveprkpf
tdi i f.t it.cell of ZIF-1 . -exch . e
S0 ntout AEal hag nepitalcolrasiioy 06 Anks EvieriR L STREHE Sl o1 yst al
truct t i g the A
7ot or enced i df AP AR 8 1oBB ey By the 2 calfBhHBELCHRAGEY B°

or t hor honiihg zedi§@frathewdtkbyfe BCD. BCP isld thrée-letter 24méhdridtypd Odde’ds

Figure 6 shows the thernogravinmetric analyses (I"TGA"') for the )
as- synt heglefimg( byrthe dnterunatianal [Zeolite Aasematiom (1714 inthe1iAtles o ZggHte 7| F- 1

wer6 chosdiABRBGHR Y PFOA A BacrlgRbesoba) 1056 Pkeia D e NERRODSHBET2RTy
[00122] Fi .e 20 | S. ' tron Mcroscopy ("SEM') inmage of a
sanpl e of %lfisﬁ’ lglggiiegr@ﬁ?ﬂgpde%{-}gkc (gﬁged) produced. Figure 21 is a Scanning
El ectron M croscopy ("SEM') imge of a sanple of ZIF-1 (toluene-exchanged)
pr oduced.

[00116] In the synthesis of the ZIF-1 material, 1.25 g of zinc nitrate
tetrahydrate (Zn(NOs),"4H,0, 4.77 mmol) and 2.75 g of Imidazole (40.4 mmol)
were dissolved in 100 ml DMAc (N,N-Dimethylacetamide) in a 120 ml glass
vial. The vial was tightly capped and the reaction mixture was heated in an
isothermal oven at 358 K for 72 hours. After reaction, the mother liquor was -
decanted. The solid crystallized on the side wall and the bottom part of the vial.
was collected and washed with DMF (N, N-Dimethylformamide) to remove any
residual mother liquor. The product was then transferred to a 20 ml vial, stored

in DMF and labeled "as-synthesized ZIF-1".

[00117] In order to activate the ZIF-1, the as-synthesized solid was immersed
in acetonitrile (c.a. 15 ml) for a total of 72 hours. The solvent volume was
replaced every 24 hours. The acetonitrile-exchanged ZIF-1 was loaded in a glass
tube and evacuated on a vacuum line apparatus at room temperature for 16 hours
to remove the solvent molecules residing in its pores. 0.13 g of activated ZIF-1
was obtained, corresponding to 14% yield (based on zinc nitrate tetrahydrate).
Alternatively, the as-synthesized ZIF-1 was activated by exchanging with

toluene followed by heating under vacuum at 443 K for 2 hours.

[00118] For gas adsorption experiments, the acetonitrile-exchanged or

toluene-exchanged ZIF-1 was loaded directly in the sample holder of the



Exanple 4 [00123] In this exanple, a ZIP-11 material was synthesized. The
framework of ZIF-11 has a chem cal conposition of ZnL2 (wherein L =

benzi m dawol2at9105i71e. , the ani on of benlﬁ]m' dazol e) and acrasetoomyiidefi ned
by the Zn cations that is identical to the zeolitic framework type RHO RHO
is athree-letter framework type code as defined by the International
Zeolite Association ("IZA") in the "Atlas of Zeolite Franework Types" (Ch.
Baer | ochegrainBtridg&daderptibh dnit@relactivated in-fay by edingdihticonditidmsevi er

Anst erdam” 2007). [00124] In the synthesis of the ZIF-11 material, 0.330 g
of zi nc nidesaibednioxZxamplet® (zn(NOGB) 2. 6H20, 1.11 nmol) and 0. 990 g of
Benzi m dazole (8.38 mmmpl) were dissolved in 100 m DEF

(NN-Di ethyl formam de) in a 120 ml glass vial. The vial was tightly capped

and the r AN H; r i i : 373, k for 96
hours. Af @ﬁﬂrsﬁact iléé# fﬁe %?%@b%g@g@%égﬁﬁﬁﬁgg%?bﬁﬁéﬁg3??%’ ~
crystalli aeﬂmﬂo%;ggpm ')vgutden@mfﬂieeasb@tn&mm thohcdtbsitrileatxohanged! | ect ed
and washed wth (N, NNDi net hyl formanmi'de) repeatedly to renove any

resi dual mmtlhke tdluenmexchahged Zkel pampiestandthedataulated R Popatternas t hen

transferred to a 20 m vial and the sol vent s decant After the

addi ti on &shawn as &thl%mtﬁﬁrglgaﬁﬁd)qn%élﬂglﬁlC%\é\?%%? %ﬁglﬁ'ﬂe m xture

was i nmersed in, anul, SENi-C N i i etach an

uni denti f irg%or&ﬁ\élng’ethﬁh%gk Rgg?ﬁeﬁﬁée %%&?ggggéﬂogé%ﬁﬁ- Tﬁe (@3@/@? zrat} Efsi |V\%§j| ayers

of solids ﬁ%ﬁpﬁﬂgﬁ{éﬁﬁré 06t alks th@tiffracloh SN@hsisy (Inaabittargitieg) bed for 30
i

m nut es. e So ayer floating on the surface of chl oroform was

car ef ul | y againsetteadiffractiorgamglpitpetthetasiml degmes).erred to another 20 m vial .
The solid was washed with and stored in DMF and | abel ed "purified ZI F-11".
[00125] In order to activate the ZIF-11, the purified solid was i Mmersed in

epl aced d08F30a T hiek priish RiThe sV BnRHE] 207 2F paRbICR eI eRE B9,
gl st UbGy ARG YRGBT BB MENRAUNE dal Ao BRIFKRID Pattchfd ot id Wortheroval of

ext er nal ano vent at roomtenperature, the solid was heated under

vacuum at rtinghhé diffdenbesbetwieenithetivee teliperinieneal tPXRDepatterns p€ZilBilng i n
the pores of the ZIF-11. A 0.09 g sanple of activated ZIF-11 was thus
obt ai ned, "Bmpa@@pmmﬁiaﬁ@ynﬁlezlﬂﬁdﬁ@}li ig indsxed o, manesliniq space g’i@%lﬁ’%ﬂ&at e).

00126] F I i x the | - h d ZI.F-11
| oaded di O o) SARSIAL 651 Hess o e 1gPe, naviers BB D L T on "t ¢
4 activat ! . : ' L . : |
(00157 FsEbuiEng chihiiodd 7 91 T deRRh (R SAESEAOBOup N AT 10,098
diffractigf 4=P4RE49 Apat+ enr3p00A, Bhel PUS? hnépatteth dihwlueichexuhlanged hanged

ZI F11 sanples and the cal cul ated PXRD pattern (shown as the stick pattern)
based on tAHE-bingidexed yoaaspaes graapuefcortiiorhpmbig symmateebnnd wilea'=par k

Ref erence" as referenc erei RPXRD. pattern hown d.n Figure 7 are
plotted aslXH& 31 ?’frf gcﬁeﬁ%o’g’ £ it Q@g-ﬁr??(ﬁw %ﬁBiSPgﬁ?ﬁj dﬁﬁ?ﬁé‘insa(b{atﬁﬁélp !
diffracti of ARY GpbiRohht-RxEhihEWE BBint out that high-symmetry analog of

ZIF-1 does exist. The single crystal structure of such a component was reported

in the "Park Reference" as referenced herein (ZIF-2 having the same framework

topology as ZIF-1, orthorhombic, Pbca, a =9.679 A. b=24.114 A, c =24.450
A).

[00121] Figure 6 shows the thermogravimetric analyses ("TGA") for the as-
synthesized, the acetonitrile-exchanged and the toluene-exchanged ZIF-1

samples in nitrogen atmosphere. The activation conditions described above were

chosen based on TGA data.



[00128] The high purity of the sanple is evidenced by the coincidence of
experinmental and cal cul ated PXRD patterns. It is worth noting the slight

di f f erencwe 2o@mem t he two experi nental, ,PXRD patterns @®CTAISE02D01124t er
met hanol - exchange, the intensities of fﬁg'diffraction peaks were altered
and the peak positions were systematically shifted to higher two-theta
angle (in degrees). WO 2009/105271PCT/ US2009/001124 - 49 - [00129] Figure
8 shows the thernogravinetric analyses ("TGA") for the purified and the
met hanol - exchanged ZI F-11 sanples in nitroggn at nosphere. The actjvation

condi tS ] onS[_0ﬂ&3%E}|i b@i(gua@ﬁﬂ()és adcaneingsélsosan dicspscoox dSEM")iowesdf ai gure 24
'pfoﬁﬁcéé.””séﬁ%q}spi%éﬁ?ﬁsafgirn?ﬁﬁ%’? chaggayprbdhda, e 2T £ Sthnfice

nt . " hE- i i1 )
Cuher o n EecBBENABIRABYIC Snf) infhed T fatife\ AAIFEP fRfIure ORHNGd-2

a topol ogygahedtd by the Zn cations that is identical to the zeolitic
framework type SOD. SOD is a three-letter framework type code as defined by
the International Zeolite Association ("IZA") in the "Atlas of Zeolite
Framewor k Types" (Ch. Baerlocher, L.B. MCusker, D.H d son, Sixth Revised
Edi tion, Htxample 4ansterdam 2007).

[00123] In this example, a ZIF-11 material was synthesized. The framework
of ZIF-11 has a chemical composition of ZnL, (wherein L = benzimidazolate,
i.e., the anion of benzimidazole) and a topology defined by the Zn cations that is
identical to the zeolitic framework type RHO. RHO is a three-letter framework
type code as defined by the International Zeolite Association ("IZA") in the
“Atlas of Zeolite Framework Types” (Ch. Baerlocher, L.B. McCusker, D.H.
Olson, Sixth Revised Edition, Elsevier Amsterdam, 2007).

[00124] In the synthesis of the ZIF-11 material, 0.330 g of zinc nitrate
hexahydrate (Zn(NOs),-6H,0, 1.11 mmol) and 0.990 g of Benzimidazole (8.38
mmol) were dissolved in 100 ml DEF (N, N-Diethylformamide) in a 120 ml glass
vial. The vial was tightly capped and the reaction mixture was heated in an
isothermal oven at 373 k for 96 hours. After reaction, the mother liquor was
decanted. The solid crystallized on the side wall and the bottom part of the vial
was collected and washed with DMF (N, N-Dimethylformamide) repeatedly to
remove any residual mother liquor and an amorphous by-product. The product
was then transferred to a 20 ml vial and the DMF solvent was decanted. After
the addition of chloroform (c.a. 15 ml), the vial was capped and the mixture was
immersed in an ultrasonic bath for 30 minutes to mechanically detach an
unidentified dense-phase from the surfaces of ZIF-11 crystals. Two layers of
solids appeared after the vial sat on a level surface undisturbed for 30 minutes.

The solid layer floating on the surface of chloroform was carefully collected



[00132] In the synthesis of the ZIF-8 material, 10.50 g of zinc nitrate
tetrahydrate (Zn(NO3)2.41-120, 40.2 mmol) and 3.00 g of 2-Methylim dazol e
(36.5 MmoWp wevwsritssol ved in 900 mM DME_(N, N-Di met hyl f ecwarseaepoiins a 1
liter glass jar. The jar was tightly caﬂﬁéd and the reaction m xture was
heated in an isothermal oven at 413 K for 24 hours. After reaction, the

not her |iquor was decanted. The solid crystallized on the side wall and the
bot t om panjsirf a pliRtiedind@dnsFoirt€ ¢ afothee20asihed]l. WHedsdid-wae peshed it o
remove any residual nother |iquor and an am)rphous by- product. The product
was then tandrs¢éredrindMF andibbeldd \puaifiedhdlE-hé".DMVF sol vent was decant ed.
After the addition of chloroform(c.a. 100 m ), the vial was capped and the
m xture was inmersed in an ultrasonic bath for 30 mnutes to nmechanically

07 ach: L anEAa'e APt G 2Ry ] B ed S HRbRSed IO | 2YerS

of solids e at on ev surtace undi sturbed for 30

m nutes. THahaRbY @.4.avahl) fopattohd o T2tHRIrS TS velt volihy whordpluasl
carefully collected using a pipette and transferred to another 120 nml .vial.

The sol i d ewesy Q4 hioark. Wihichmethdnet-exethniged AVF - bhwvals dbadeskiin'pglais$ e ad-- 8" .
[00133] In order to activate the ZIF-8, the purified solid S 'mTelrsed in
met hanol (e¥aguatedond yaquym hine @pparagys. 7¥fterdhe semopal ebextermal yagthanolyas

O hse”t ubSoTAh A it tnpg ke M S TS RERRE Hiet ad i uRI R ol I o
exter nal gy hanolensoly plsoNer SRBILERRSEAESN hEBoRal dEhWIRTFORL ad under

vacuum at ours to renove the solvent nolecules residing in

t he pores (009 glsanible bf Abkivatedl ZIPt1 Vaias dhud ébt8ineds cotresponding tw27%s pondi ng
to 41%yield (based on 2- Methylimdazole). [00134] For gas adsorption
exper i nentyd¢ldi(basgdeom zins| nitra dmte).8 was | oaded directly in the sanple
hol der of the gravinetric gas adsorption unit and activated in-situ by
using the conditions described in Exanple 10. [00135] Figure 9 shows a

_ d . e 10. [00135] Figure &
of The punpI28f'S IPEE LRBAlorP O Elmetus e MCRAT, Lfhahg B A A1 B3RS ol it el

PXRD pat t 4padddsdir€dtlypint thersample sieitied pftthe gravigletric pysaddorption ahitrandof  ZI F- 8
reported in the "Park Reference" as referenced herein. The high purity of

t he sanpl ectivatediidesiaehy byingtibe conditions descritedeinpdxamplea®l and cal cul at ed
PXRD patterns. The PXRD patterns as shown in Figure 9 are plotted as the
diffraction intensity (in arbitrary units) against the diffraction angle

two theta f gr j . R i petric
anal yses ([bt}&' flﬁgﬁ%ehéEgg‘}]ﬂggC_edgﬁ%&nﬁd&tnh](gtﬁgggg%}éﬁgg@ﬁ%ngeé%f@8 sanpl es
i N nitrogeRffeddIMPXRD Fattths vatheopurRed hhd aRsniesgiol kedhabgudZIrer e
chosen based on TGA dat a. )
11 samples and the calculated PXRD pattern (shown as the stick pattern) based
on the single crystal structure of ZIF-11 reported in the "Park Reference"” as
referenced herein. The PXRD patterns as shown in Figure 7 are plotted as the
diffraction intensity (in arbitrary units) against the diffraction angle two-theta (in

degrees).

[00128] The high purity of the sample is evidenced by the coincidence of
experimental and calculated PXRD patterns. It is worth noting the slight
differences between the two experimental PXRD patterns of ZIF-11. After
methanol-exchange, the intensities of the diffraction peaks were altered and the

peak positions were systematically shifted to higher two-theta angle (in degrees).



WO 2009/ 105271- 51 -PCT/US2009/001124 1001371 Figure 27 is a Scanni ng

El ectron Mcroscopy ("SEM') image of a sanple of ZIF-8 produced. Exanples
6- 10 [ 001882009m0Eanpl es 6 t hrough 10 herein, a Cahn(r) poirasewaloance
apparatus (TO 121, 0.1 lig) was used to‘@r‘avi metrically characterize the
adsor ption/ desorption properties of gases and hydrocarbons (i.e.,
adsorbates) in various zeolitic imdazolate franeworks (i.e., adsorbents).
Experi ment[goye9f CRigured s_ﬂastﬁeﬂ%mmgsaﬁﬂwibaham%gnt@m')_ﬂﬁima to
determ ne the adsorption isotherns for the various ZIF materials

synt hesi z guirifiedExmdrtieanethanbi-exgharigedlitiFel 1 Aamplesdngtitrogen atmesphtene.e, t he
equi | i brium adsorbate | oadi ng_was_neasured at vari ous dsor& te pressures
up to 106. Bh&aetivationgionditiens dessribed abaye psre shpsgn basedanel @‘gé avi or, for
each isothermhalf of the experinental points were neasured in the
adsorption node (i.e., increasing the pressure fromvacuumto the maxi num
pressure 6 ; i (& {fH s were
measur ed ﬂ?oti ?ig] dei;%?l%)? ??)ﬁs ?mlg\(?gﬁ %?%;Ekegte)g ?gg;?%ﬁ ﬁgsggg slg{raegé ?rf:)gm t he
maxi mum prsaggple of AF106pfoducadt o vacuun). In all experinents, a LabVI EWD
conputer software was used to automatically set, control and nonitor the
sequence of steps followed in each experinent. [00139] The adsorbate feed
was brougné int& ghe feed manifold fromlecture bottles or from house
supply |irfe¥d ining high purity gases and hydrocarbons. The feed

mani fold was in contact with the adsorbent |ocated in the sanple hol der of
the m crobal ance. The adsorbate pressure within the feed mani fold was

control | e00e8 e Nnvikidexanmple, 3 FIFE8 kRaeriyl wadishiehdsiped. 17he Kamsewerkeof and
Control System which was connected to the conputer via RS232

communi catZdh8 hashacheaddalncompositiones Zadui(whsteinilt i 2-Mesby ddpaodate,
ressure transducers -0.0133 kPa,. 0-1..33 kPa an - 133 kPa) that
Brovi ded tlfe s%ﬁ’%?égﬁ\@gyﬁlfrﬁl‘fa@@gﬁﬁ@iaéﬁppg’&yh‘gefglﬁ]qt%yohﬁezp cafians
troll f j ' : :
wtnin tndnRERdaERAISR o BTN AR BESED TSOD S BRREIERE £l rreot o
to the adspamaiverk egst sodrdydemstd bietid hgemutlbnal Zddifte Wxt8éiatibEIZATPORV)

was connected to the vacuumline. A Pfeiffer(r) TSU 261 turbonol ecul ar punp
was used tin theffiddlas afteolite Hramewodk Tiypes’ (FloBam]ochepilcB. McCpskesy to the

adsor ption_i sot herm reasur enments.. abgyut 15- 90 of or bent was | oaded
in the ni dPdb bﬁ%‘esﬁ%tﬁ 1?@‘“&3“’(9“@1 setvbera%g}s&p?aﬂ@, 3§ﬁi)dcti ng of the
adsorbent with anmbient air, the adsorbent was fully imersed in an excess

of a specified solvent (i.e., an anpunt well in excess of that required to
fill its ioes2p RPME syAtHEI® offihe ZIPLY eiteMals 108500y o zinv diuate t he use of

dynam ¢ vacuum’ I n sone cases, where the solvent was held nore strongly
Wi t hi n t hetetrahpdiate (Zxi(NO9, 4k Or, 4@t 2mmel)and G .Mg l2sYeibglimidagoleal |y, the

T
i or onal arkigt fsS oty TRy FERHY cBbbeland s BB IR e bR T

directly obf AbfiRGmlal 6Feh 484 18 K Abred PRGEs UATRT ¢O4TH0A! 'umn@thérhglﬁ;lr%- up
procedure. The type of solvent, the heating tenperature as well as the .

dur ati on odecahteds ThpsolidrystpHirtdmin the sidewalrandcthe dottdhi-pamtodithejarunder
study. For a given ZIF sanple, the _sanme clean-up steps were repeated each

time a newvaueeleated and yyashedavith MF sepratedlydo remoye any residyal methase

le f mth i bal aw.th i a/ d t]
oxper | et il and S ERPE R byt Boduist SRty S o SR ER Y 0 120,
reproduci bt Lia.an83Ré iD'Nﬁ?lfkl%l\Tzé}ﬁ vlegutaniedo A fidiehe xaait orest dlloafteRhpPt | ON

i sot herm proceagures as we as the stability of the sanples throughout the

adsor pti on(cex 1€0i mbntie viXl way cappsdiardrédre mixtiird Was immarsel faapulisasbnid her

confirmed their integrity. . . . .
bath for 30 minutesto mechanically detach zinc oxide particles from the surfaces

of ZIF-8 crystals. Two layers of solids appeared after the vial sat on a level

surface undisturbed for 30 minutes. The solid layer floating on the surface of



[00141] In this exanple, adsorption isothermexperinents were carried out
on ZIF-7 sanples obtained fromthe synthesis detailed in Exanple 1 above in
conpl i ancEOwnaosiTeé general testing procedures for ExanplCeaiséeod@odescri bed
above. [00142] For the testing of each absorbate in this experinent, a
sanple of ZIF7 was | oaded with acetonitrile as the solvent. It was
out-gassed for 6 hrs at 301 K under dynam c vacuum No further heating was
appl i ed. Tédotbfyrmevghtarefidly’éolbtedusiipa pipette ahéd aransferppdotverhotieemiE2)
applied to ZIF-7 prior to all subsequent experiments wth other adsorbates.
A Scanni ngmivial Tga solid mascwvashedveithviandistargd in DV andslahpled ‘pyrdiedan i n
Figure 11. ﬁigwe 12 shows the CO2 adsorption isothermon ZIF-7 at 301 K
The ordi naf"- isplays the equilibriumadsorption loading in typical units
of nmmol e/ g. The | ower abscissa di splays the absolute CO2 pressure in kPa.
The upper abscissa displays the relative CO2 pressure, where the

nor mal i zi NEEABSESUlLofRr ¢ hEESRENHES ZIP-8, ke PiHfisasulidwainphessdie at 301
K. From t hermrodynam ¢ equilibrium vapor pressure data, a value of 6583.8

kPa was esmiettaneti(¢.ar 10ml)fu £ totaleaf Zhlbowsefhe gekyent volisme wag replaced
correspondi ng adsor ption and,  desor pti on ches, .respectivel t he

adsor pt i onemﬁérh%&sﬂmm%h@holrm&@ageﬁ??ig-r@"vnaé R glﬁégﬂé’? i on
branch is shown w th_ open di n 0 i h the
Ceoting. protsiaicdkon's SBEHR I AbarHETAtter P Ayal L e ERatibl
gener at ed gldehtSat $0OMOthBARLAARE, thB sbiidWa Hehtdd iiddriticatfiPatds 2 PR/ feder pti on
i sothermfromFigure 12 above. In the testing reginme of this exanple,

met hane di hourstto exthiobé thé fulverpaoidoalasdesidmg ontherpbrdesb ZpFi& . H grdhes as
was exhi bited for carbon djoxide and therefore oth,e dsorption and

desor pt i onadivaiedZI8 e abtaingds CPHPEPQ%P&@G@@?Y@&)‘?{W‘? 9% As can be
seen from 'I%ur!e 13, ft t he upper test pressure of 106.61cPa @301 K, the
adsorption UPHE28 e)t:ar bon di oxi de, CO2, was significantly |arger than

t he adsorption |oading for nethane, CH4, on the ZIF-7 material. [00144]
Figure 14 is a bar graph conparing the correspondi ng adsorption | oadi ngs of
the ZIF-7 o184 al Fopgasadsonption expeidments? theanethanbhereharigdd, ZHi-8 tveest .
condi tions of 301 K and 106.6 kPa obtained fromthe tests apove. As can be
seen from laaded dinecdy amthe samaplechalden olohe gsavimeiris i2as pdsomption ypdt &d al f or

CO2 at 106.6. kPa, @301, K was pr oxi mat e 2..29. | e/ ile the

adsor pt i on2§tHAEHH-FI bwl%@%acﬂﬂ;é&?% %FV"SS&%P%/‘@B- At these
conditions, the adsorptive loading ratio for CO2 over CH4 is approxi mately
25.4, illustrating the high selectivity of the ZIF-7 material for CO2 over
Cl - 14, makiou33| F- Figure 9i shalsca o@inpaiisdn bbtheaeerimdital powdenk-sagvent i on.
[00145] Additional isotherns for ZIF-7 were performed at different

t enper at ur ddfractiom(FXREA) patternsnfsbe purificd daddhp metharolgxhenged CIES of

per f or med HMBSE aR0 baHcu BIRIA PRRERL Bk RHfegured P8 RS AR b s
pertorne ) ) . e seen
[N Figure dofRRLALERE 24 [ rdeRh R PARRCRIIE Bl fferbiiddHerpin.

tenperature-rs Increase rom e transition fromlowto

hi gh CO2 | grehigh perifli sPthecathple ihedderncdd 8 ey @sincilehee bf guperimbotad t hat
conpar abl e adsorption |oadings of CO2 on ZIF-7 occur at a correspondingly
i ncreased mad talahlapedeBXIRID pattensr el lksPXRID patiomns asishowa indigure 9 ane

transition fromlow to _high CO2 |oadjing, does not.take plac nder the
Cond t i onaPloHE adhe diEREHAn JRensTy Mo HT HIVIS) pEPSLLE GEBRCEDS. o kpa.
Such behavj [ Y that of CH4 as exhibited in Figure 13, that
due to wea leézigqﬂ#ae(?%g?érgtﬁ?'with the adsorbent, CH4 is unable to undergo
the transition to a high loading state. It is this interplay of variables
i nvol vi ng

[00136] Figure 10 shows the thermogravimetric analyses ("TGA") for the

purified and the methanol-exchanged ZIF-8 samples in nitrogen atmosphere. The

activation conditions described above were chosen based on TGA data.



t he adsorbate, adsorbent, pressure and tenperature that can be used to an
advantage in designing effective swng adsorption processes in accordance
wi t h t he woesevtosiTmventi on for effecti § y separati ng Ceetfuseom@bid24 n gas
m xt ures contai ni ng both conponents. fpl e 7 1001461 In this exanple,
adsorption isothermexperinments were carried out on ZIF-9 sanpl es obtained
fromthe synthesis detailed in Exanple 2 above in conpliance with the
general tg@0i3mW PRgERLER 4 ScarniagBletrén Micessopy (ESEMIpimage 00247] For
the testing of each absorbate in this experinent, a sanple of ZIF9 was

| oaded wi shmpleobAik-Bipredueced.he solvent. It was out-gassed for 6 hrs at 301
K under dynam c vacuum No further heating was applied. The dry wei ght was
56. 35 ng. The sane cl ean-up procedure was applied to ZIF-9 prior to all
subsequentEex ef | e S wi th other adsorbates. A Scanning El ectron

M cr oscopy x(a, ms—)—r-mage of this sanple is shown in Figure 16. Figure 17
shows the CO2 adsorption isothermon ZIF-9 at 301 K The ordi nate displ ays
the equilibrium adsorption loading in typical units of mmle/g. The | ower
absci ssa q06138jys IntExaniysles 6tthrdu@h b0 herein,e CahkPaicidbalanspeppatatus ssa

di splays the relative CO2 pressure, where the normalizing pressure Po
correspond¥GI&1; A mgpwesusedito gravpmetrically charanarize ther om t her nodynami ¢
equi | i brium vapor pressure data, a yal ue of 6383. kPa.was estinmated for
Po. The fiadsemt e@p@?{l%ﬂ%@ﬁl%@ﬁ&%ﬁ%{l%& A fndsaA Y B and

desorption branches. res i oL Rl a I Rowa i t h
filled di XERYS F&ﬁ@% “Bh‘g“%ﬂf‘ég?ea&é‘%{’]‘?‘éﬁﬂ 7 gﬁ%:%glgrs“gi'hg% etifhen opeﬁéMdi amond
I egend) . [QB14Bbut 6h ¥5GQNFANGRbANetddsbitent Palrs BE dBlepmdtkitirRSadsafptasis or pt i on

i sot herm for mst%ane, CH4, was al so generated and is shown together in

Fi gure 18 ivéthbrid foratis eapivus Z1Hasaterialsmynitssizedrim Examples duheough Sbove. I n
the testing reginme of this exanple, nethane . did pot exhibjt the separate
adsor pt i orabane. ddgoeqnstant tempeetiats, the mulibsinmpadsegbate loading 3¥aSdi oxi de and

over | ap. { SRerreha VIR p3arlE RRERpIsS e 27 Ph, TR @l bl 3o
pressure otérﬁfallgxg#[é §ti ik, fhPEadOR6iHH I OPfHe Wk REins&HtAOpbidisoxi de,

CQ2, was signi arger than the adsorption |oading for nethane, CH4,
on the ZI kv&emaéssuréd in the adsorption mode (i.., increasing the pressure from

vacuum to the maximum pressure of 106.6 kPa) and the other half of the
experimental points were measured in the desorption mode (i.e., decreasing the
pressure from the maximum pressure of 106.6 kPa to vacuum). In all
experiments, a LabVIEW® computer software was used to automatically set,

control and monitor the sequence of steps followed in each experiment.

[00139] The adsorbate feed was brought into the feed manifold from lecture
bottles or from house supply lines containing high purity gases and
hydrocarbons. The feed manifold was in contact with the adsorbent located in
the sample holder of the microbalance. The adsorbate pressure within the feed
manifold was controlled between vacuum and 106.6 kPa by a MKS® Type 146
Measurement and Control System, which was connected to the computer via
RS232 communications. The feed manifold was equipped with three MKS®
120A pressure transducers (0-0.0133 kPa, 0-1.33 kPa and 0-133 kPa) that



[00149] Figure 19 is a bar graph conparing the correspondi ng adsorption

| oadi ngs of the ZIF-9 material for carbon dioxide, COQ2, and nethane, CH4,
at test cwodnewoosziof 301 K and 106.6 I%Ea obt ai ned fromCrlusS2e0080828bove.
As can be seen fromthis bar graph, thé-adsorption |oading of the ZIF-9
material for CO2 at 106.6 kPa @301 K was approxi mately 2.33 nmole/g while
t he adsorption |loading for CH4 was approxi mately 0.08 mmol e/g. At these

condi t i ongrovitRdals adsirbie presslira gnforinatiohad th&BomrsllerCH¥hd somppliexi mat el y
29.1, illustrating the high selectivity of the ZIF-9 material for CO2 over

CH4, lITB.ki ragtizited owa ehﬁrtlltcmm walves ¢o adjust the adgserbate ptr':essmeewiihin thevieadi on.

Ex 8 [ 00150 ' ) ' | '

ca??ipleﬁ : ko One vale BERSZasa e 1502?1@%@%&?;@5 Ei0 R i
Sanpl o GG feet bl A6E ot bt PAvETREKS 03483 Tb | RERHYF el O

acet oni t rid@mexelan 9dvaddun 13RMA PleiffeP@® TSOM A trbSméldeularSiifap Svdar oduced

and activated as in Exanple 3 was | oaded with acetonitrile as the solvent.

It was outusgdssacdhikeoe tlee hacuah cdfiditiongnder dynami ¢ vacuum No furt her

heati ng was applied. The dry wei ght was 69.64 ng. The sane cl ean-up
procedure was applied to the acetonitrile-exchanged ZIF-1 prior to all
subsequent i nent.s with,other adsorhates..A Scanni ng El ect.ro

v or oeconl 0BT 8EAr  Tinigall-gictie the B08apBon o bRuRangBUT Rt S 18- <
shown in H rean(q [ . 0 testing
of the torgu(gllrlilg-%xc Sgﬁb\gégcti %‘%gaf’ %&gglrrp g% g%@@?{l %&o t%éq%ﬁ%bgpfsoaém g

produced aRd cofitacHial o tae adsorb¥aWith ambiest dipatieddvorbent Mavdialy as t he
solvent. It was out-gassed for 6 hrs at 301 K under dynam ¢ vacuum heated

to 443 K fioimerskd sn anextéssrofcospesificdsdoant(i.eTaa amgquniewghin gaeess®f21 ny.

The sane clean-up procedure was applied t e tol uene-exchanged ZI FE-1
prior to 'éLPt Qe @@%ﬁl Uspuemab RPLE velum thﬂ&e%@%}tmse@mw gy

Bl et ron Mg 188 B8 YndmREVcunl TR P Glne! BhAS Wieh BHPRIGEnEs RefRiBLE s

shown in
strongly within the interior of the adsorbate, heating was also used. Typically,.

the following steps (all under dynamic vacuum) were applied: (a) out-gassing at
301 K for a prescribed duration, (b) heating to a prescribed temperature and kept
there for a prescribed duration, (c) cooling to 301 K. Because the microbalance
was tare just prior to loading the sample, the dry weight was directly obtained
from the microbalance upon completion of the clean-up procedure. The type of
solvent, the heating temperature as well as the duration of the steps was
dependent on the particular ZIF material under study. For a given ZIF sample,
the same clean-up steps were repeated each time a new successive experiment
was conducted. Prior to removing the sample from the microbalance, the first
and/or second adsorption experiments were repeated. These repeat experiments
revealed excellent reproducibility, confirming the adequacy of the experimental
adsorption isotherm procedures as well as the stability of the samples throughout
the adsorption experiments. X-ray measurements of the removed samples

further confirmed their integrity.

Example 6



[ 00153] Figure 22 shows the adsorption isotherns of the

acetonitril eexchanged ZIF-1 for carbon dioxide, CO2, and nethane, CH4, at
301 K. Theoardvmarre di spl ays the equili ?Jél um adsor pt i onPCoASR009/001124 ypi cal
units of nmol e/ g. The absci ssa di spl ay5-°the absol ute pressure of the
adsorbate in 1cPa. As can be seen from Figure 22, at the upper test
pressure of 106.6 kPa @301 K, the adsorption |oading of carbon dioxide,
CX2, was higher than the adsorption |oading for methane, CH4, on the
acetonitrile-exchanged ZIF-1 material. [00154] Figure 23 is a bar graph
conpar i ng [004Hor leshisraxampledadsopptiomisotatimexpesfments were carried out on

G, Cat L - ‘éXC“an%dfmalaﬁd S K SEPhES ei‘é%&@%da?éafaﬁé&emﬁz\@n@”?eg? ts:a”e’
cet oni t 0 ERLHReE ROl et P it B FBfuren By PRI G0 ABgbeq”, e

appr oxi matggbyel.- 05 mol e/ g while the adsorption |oading for CH4 was
approximately 0.30 mml e/ g. However, at these conditions, the adsorptive
| oading ratio for CO2 over CH4 was onIy approxi mately 3.5. This exanple

L' E’E tuift?zat &“&aﬁi? AR T R @ig%n%%ﬁépé%ﬁ&oisemﬁzm
Phe tol uereax g atitbeetbolitis F%e"sgiﬁsr@ E¥ah O iy Bhed B 2RECT
charact er 'Ié hheér dndi icaha) Nol ﬁlﬁh@f‘ﬁ%ﬂ%@aghﬁ fedBTRE IR weisRIWhe 0"

[00156] In this exanple, adsorption isothermexperinents were carried out

on ZI F-11 4$6tpings Thd same dldanoup praredyrd WaSIappliedmZéEJ pn@(tmﬂl e 4 above
in conpliance with the general testing procedures for npl es. 6- 10
descri bed subssgent gmmpem@rwnﬂh@theésﬁdﬁﬂ@a&s e‘écS«caaamgrlﬁl&pEoanﬁpgcopy

o out - od-SENT Shage fif s sampl€ o shitier yflente 7, J000s PRAMERREEDS ( for
3 hrs, an%dgg'@gloﬁqgé)tﬁgrﬁl%rf@@ K.a1 Blog g Wh‘é%rﬁMat%?sP%SQKe gaull-ﬂ}ﬁnﬁa”e

cl ean-up proc re was applied to ZIF-11 prior to afl “subs ent

exper i mentagswdptiondohéingdd sppieal esits 6f fanolel/ NgTht dowenabsvissaaispipys (HeSEM' )
i mage of this sanple is shown in Figure 24. Figure 25 shows the adsorption

i sot her s abbolBIFCOp pressucaimkRadilheiupper @bﬁcwmsml@wmre @i C&b 301 K.
of ol ¢/ GTESHE, aﬁg%pgé%naﬁﬂ%ﬂl%b?drﬁé?ui% eBireneB26e 61 38888, bat e i n
e R IR YA e s sy 05 12
adsor pti oRaleaef 61%3‘ RkPaBLAREimAled foP R .t ThedlIRdldnd@p@r $yahbols identify

the corresponding adsorption and desorption branches, respectively (the

adsorption branch is shown with filled diamond legend and the desorption

branch is shown with open diamond legend).

[00143] In accordance with the testing procedures, an adsorption isotherm for
methane, CH,, was also generated and is shown together in Figure 13 with the
adsorption/desorption isotherm from Figure 12 above. In the testing regime of
this example, methane did not exhibit the separate adsorption and desorption
branches as was exhibited for carbon dioxide and therefore, the adsorption and
desorption curves for methane in this regime overlap for ZIF-7. As can be seen

from Figure 13, at the upper test pressure of 106.6 kPa @ 301 K, the adsorption



[00158] Figure 26 is a bar graph conparing the correspondi ng adsorption

| oadi ngs of the ZIF-11 material for carbon dioxide, CO2, and nethane, CH4,
at test cwodnywosziof 301 K and 106. 6 kPa obtai ned frompCinast@otsiiabove. As
can be seen fromthis bar graph, the adsorption |oading of the ZIF-11
material for CO2 at 106.6 kPa @301 K was approxi mately 0.87 nmole/g while
the adsorption |oading for CH4 was approximately 0.42 mmol e/ g. However, at
t hese condl'da'dm%s@f tdrbondsoxide] €O,] waslsipmifiedritbnlat ger thaR tlew adsotpdomas onl y
approximately 2.1. This exanple illustrates that ZIF-11 does not possess an
adsor pt i veldadingj fog methane HCHh, emtheghll-d material.he requirenents of the
present invention. Exanple [00159] In this exanple, adsorption isotherm
experinments were carried out on ZI F-8 sanpl es obtained fromthe synthesis

detail ed i | @. Vi ' W : is

pr ocedur esm@?agaﬁl ergtlglgg %ég%ggg;%@%m‘f Bgﬁg%fd@% ?ﬁgﬁ?gggi ng of
each absor Ralthdsbfithe ZIPXP fdtédlt for dasbdiidiexide, O3 an@ tndthants CH, ta _
met hanol as the solvent. It was out-gassed for 2 hrs at 301 K under dynam c

vacuum hewsedor;]ditiﬁﬁ§ok3|0b|l( 3nd dQﬁ.éalnPhd Dhmﬁnerbfrbmldthedege abgye.TAs aambenei ght
16. 37 . T - i ZI -8 i [ 1

5 o Y SRS e L A A B

Shons” T re” 106 Bk @ SBEK Rias hBbRpABIRIG 25 RN/ Waledhe Gasduybhdule 28

met hane, Cqify fo’%QiH%wam?p%ﬂhm&? Clos phdvEe/s AR ddHditiopsdis®r pt i on
|l oading in typical unrts of mmol e/ g’ The absciSsa displays the absol ute
pressur e ofddorptive koadhag eationfdeR30, Aser@hl,hie approximataly 25ghiduggating thehe
upper test pressure of 106.6 kPa @301 K _there was not,K a innifica

di f f er encehigh selectiviyoeipthe JAFH b mpteralofor GPpoverdr B makingcplF-4 @ %ng ed to
t he adsorptia?n.llgadi neq.f%r methz%ne g—|4 on the ZIF-8 material. In fact, in
contrast t BAFAIFORLSC A RERIFMILATLRION o * { he adsorption | oading on the
ZIF-8 material was lower for CO2 than for CH4. [00161] Figure 29 is a bar
graph conparing the correspondi ng adsorption | oadings of the ZIF-8 materi al
for car bon[al1as} de Addionalrisothetrhafier, ZIF7 wat peeftrmedrdidifferent of 301 K and
106. 6 kPa obtained fromthe tests above. As can be seen fromthis bar
graph, t hetemperapreote inygstigaje she adsorptipn/deserptiongharasterasties af 4lbs7 8t kpa

@01 K was, approxi mately 0,70 le/qg .while th ' tihan_| gadin or CH4
was appr oxh'réleéFV“E?r?@%ﬁDFE‘Fﬁggg&p?ltoﬂéé‘éﬁ’fgﬁﬁP? ?@-ggﬂcﬁhdéaaasﬁf’ﬁf{‘ffgé‘ﬁ oadi ng
ratio for i i hi | f@t§s that
JE- 8 does bty ayind 32 M A Elne, L3 S e L2 he
requi r emenggnfétehheithr RIS61tioMB&IYd principles, as the temperature is increased from

301 K to 308 K, the transition from low to high CO, loading is displaced to

higher pressures. This figure shows that comparable adsorption loadings of CO,
on ZIF-7 occur at a correspondingly increased partial pressure. Figure 15 also
shows that at 323 K, the transition from low to high CO, loading does not take
place under the conditions that were tested up to the maximum test pressure of
106.6 kPa. Such behavior is equivalent to that of CH, as exhibited in Figure 13,
that due to weaker CH, interactions with the adsorbent, CH, is unable to undergo
the transition to a high loading state. It is this interplay of variables involving
the adsorbate, adsorbent, pressure and temperature that can be used to an
advantage in designing effective swing adsorption processes in accordance with
the present invention for effectively separating CO, from CHj, in gas mixtures

containing both components.



-61- \What is clainmed is: 1. A process for separating CO2 from a process
feedstream conprising: a) contacting an adsorbent bed conprised of a

zeol itic woidaziobzie framework material _with a process Pegarsstmsarng
conprising CO2 and CH4 at a first preséégné and first tenperature; b)
adsorbing at |least a portion of the CO2 in the adsorbent bed, thereby
produci ng a CO2-| ean product stream

Example 7

[00146] In this example, adsorption isotherm experiments were carried out on
ZIF-9 samples obtained from the synthesis detailed in Example 2 above in
compliance with the general testing procedures for Examples 6-10 described

above.

[00147] For the testing of each absorbate in this experiment, a sample of ZIF-
9 was loaded with acetonitrile as the solvent. It was out-gassed for 6 hrs at 301
K under dynamic vacuum. No further heating was applied. The dry weight was
56.35 mg. The same clean-up procedure was applied to ZIF-9 prior to all
subsequent experiments with other adsorbates. A Scanning Electron Microscopy
("SEM") image of this sample is shown in Figure 16. Figure 17 shows the CO,
adsorption isotherm on ZIF-9 at 301 K. The ordinate displays the equilibrium
adsorption loading in typical units of mmole/g. The lower abscissa displays the
absolute CO, pressure in kPa. The upper abscissa displays the relative CO,
pressure, where the normalizing pressure Py corresponds to the CO, saturation
pressure at 301 K. From thermodynamic equilibrium Vapor pressure data, a
value of 6583.8 kPa was estimated for Py. The filled and open symbols identify
the corresponding adsorption and desorption branches, respectively (the
adsorption branch is shown with filled diamond legend and the desorption

branch is shown with open diamond legend).

[00148] In accordance with the testing procedures, an adsorption isotherm for
methane, CH,, was also generated and is shown together in Figure 18 with the
adsorption/desorption isotherm from Figure 17 above. In the testing regime of
this example, methane did not exhibit the separate adsorption and desorption
branches as was exhibited for carbon dioxide and therefore, the adsorption and

desorption curves for methane in this regime overlap for ZIF-9. As can be seen



wherein the CO2-1ean product stream has a | ower concen- tration of CO2 by
vol % than the process feedstream and c) producing a CO2-rich product
stream atwe 28@conf1pr essure and second tenperature, whePerASRIVO/0Qd24 ri ch
product stream has a higher concentratiofi-of CO2 by vol % than the process
feedstream wherein the zeolitic imdazolate franework material has a
framewor k structure wherein each vertex of the franmework structure is

conpri sed fRdmFigiRdl & arehi@lppeneatstesand ofdins. kP @ 36¢ e dhedidsognion
vertices of the framework structure is |inked by nitrogen atons of an
i mi dazol atleadingaf carban dioxéde, @1, Weas siguifidastlyilargeh thanctbeiadserptifindazol at e

framewor k materi al has an sorpti | pading ratio for CO2 over CH4 of at
| east 10: lasdingifer a}éf"rnﬁt’ Iﬁ%ﬂ%‘éﬁiﬁ:@ﬁim%ﬂg@r C2 over CH4 is neasured at
301 K and 106. 6 kPa. 2. The process of claim1l, wherein the CO parti al
pressure in step a) is greater than the CO2 partial pressure in step d).

3. The prqeesg9pf ﬁgaiemdis WBEF Bfapht diinpdrirsd tHer ®rhdspeniimgdideatstior han t he
second pressure. . The proceSs of claim?2, wherein the second
t enper at ueadingg o theeZ [R-Qanatehnial for carbor djxide,uCO,, andmeltanephbeat of

adsor pt | ofeprovdisionral THeKopd LD bridactbieied fipndne st casieng B o PBt | on
process | Sseler? %rson% 1S b%p %lrje{ph% t}rlrci: Q&'stoerption loading of the ZIF-9 material for CO; at
106.6 kPa @ 301 K was approximately 2.33 mmole/g while the adsorption
loading for CH4 was approximately 0.08 mmole/g. At these conditions, the
adsorptive loading ratio for CO, over CH, is approximately 29.1, illustrating the
high selectivity of the ZIF-9 material for CO, over CHy4, making ZIF-9 a suitable

material for use in the present invention.

Example 8

[00150] In this example, adsorption isotherm experiments were carried out on
ZIF-1 samples obtained from the synthesis detailed in Example 3 above in
compliance with the general testing procedures for Examples 6-10 described

above.

[00151] For the testing of the acetonitrile-exchanged ZIF-1 sample, a portion
of the ZIF-1 sample produced and activated as in Example 3 was loaded with
acetonitrile as the solvent. It was out-gassed for 6 hrs at 301 K under dynamic
vacuum. No further heating was applied. The dry weight was 69.64 mg. The
same clean-up procedure was applied to the acetonitrile-exchanged ZIF-1 prior
to all subsequent experiments with other adsorbates. A Scanning Electron
Microscopy ("SEM") image of the acetonitrile-exchanged ZIF-1 sample is

shown in Figure 20.



- 62 - 6. The process of claim2, wherein the process is a sw ng
adsorption process and the difference between the maxi mum and m ni nrum CO2
partial pvessaw®s27achi eved in the adso\rM% nt bed duri ng &Ctyusk@viosiikess t han
300 kPa. 7. The process of claim2, W gr‘ei n the CO2 partial pressure of
the process feedstreamin step a) is |less than about 200 kPa. 8. The
process of claim1, wherein the process feedstreamis conprised of a

natural gge0152P. T the eesthiy 6ff thelteluen8.exchangsdZH-11saagile portionoof of t he
C2-| ean product streamis utilized to nake a final natural gas product.

10. The prtbe&dE-lbsamplgiprodyucedhandpetivated ps ix Exemipde d svaselpadpd avith cop
Ct e O RS2 3he S0k, Rt oS B ARt RLgEeE kg 1o° 2
wherein t e A0S hlhRAb AMAKRLPS9ES ah8 Bk E6ABY b6 381 K ¥Rt R Wdighe-
was 46.21 mg. The same clean-up procedure was applied to the toluene-
exchanged ZIF-1 prior to all subsequent experiments with other adsorbates. A
Scanning Electron Microscopy ("SEM") image of toluene-exchanged ZIF-1

sample is shown in Figure 21.

[00153] Figure 22 shows the adsorption isotherms of the acetonitrile-
exchanged ZIF-1 for carbon dioxide, CO,, and methane, CHy, at 301 K. The
ordinate displays the equilibrium adsorption loading in typical units of mmole/g.
The abscissa displays the absolute pressure of the adsorbate in kPa. As can be -
seen from Figure 22, at the upper test pressure of 106.6 kPa @ 301 K, the
adsorption loading of carbon dioxide, CO,, was higher than the adsorption

loading for methane, CH,, on the acetonitrile-exchanged ZIF-1 material.

[00154] Figure 23 is a bar graph comparing the corresponding adsorption
loadings of the acetonitrile-exchanged ZIF-1 material for carbon dioxide, CO,, -
and methane, CH,, at test conditions of 301 K and 106.6 kPa obtained from the
tests above. As can be seen from this bar graph, the adsorption loading of the
acetonitrile-exchanged ZIF-1 material for CO, at 106.6 kPa @ 301 K was
approximately 1.05 mmole/g while the adsorption loading for CH4 was
approximately 0.30 mmole/g. However, at these conditions, the adsorptive
loading ratio for CO, over CH, was only approximately 3.5. This example
illustrates that the acetonitrile-exchanged ZIF-1 does not possess an adsorptive

loading ratio high enough to meet the requirements of the present invention.



12. The process of claim1l, wherein the pressure of the CO2-1ean product
streamis at |east 250 psig. 13. The process of claim1, wherein the
process fwodsiwwsmi s conprised of a synthetically prodeceasg@s/oandst he
CO2- | ean product stream has a CO2 contettt” of less than 5 vol % 14. The
process of claim1, wherein the process feedstreamis conprised of an
organically derived gas streamselected froma |landfill produced gas and a

bi ogeni cal jop155pdultatioghbbe nottd. thaf)althoaglkeast sHowhahmtdluenahexchamgdde CO2
partial pressure of the grocess feedstreamin step a) is |l ess than about
200 kPa. ZHs1 mpteriph exhibys @fmtlaraadﬁomtlomdmgnclnarecteéwpe$ asthee of the

or gani cal | er.i ved St educed prior to contacting the adsorbent
bed in Ste%:eggnﬁnle -¢ ?na?f{eigﬂdc@éﬁﬂ@i claim 14, wherein the process
feed-stream contacts the adsorbent bed at a pressure of |ess than about 50
psig. - 63 -

Example 9

[00156] In this example, adsorption isotherm experiments were carried out on
ZIF-11 samples obtained from the synthesis detailed in Example 4 above in
compliance with the general testing procedures for Examples 6-10 described

above.

[00157] For the testing of each absorbate in this experiment, a sample of ZIF-
11 was loaded with methanol as the solvent. It was out-gassed for 2 hrs at 301-K
under dynamic vacuumn, heated to 423 K for 3 hrs, and then cooled to 301 K.
The dry weight was 82.07 mg. The same clean-up procedure was applied to
ZIF-11 prior to all subsequent experiments with other adsorbates. A Scanning
Electron Microscopy ("SEM") image of this sample is shown in Figure 24.
Figure 25 shows the adsorption isotherms of ZIF-11 for carbon dioxide, CO,,
and methane, CH,, at 301 K. The ordinate displays the equilibrium adsorption
loading in typical units of mmole/g. The abscissa displays the absolute pressure
of the adsorbate in kPa. As can be seen from Figure 25, at the upper test
pressure of 106.6 kPa @ 301 K, the adsorption loading of carbon dioxide, CO,,
was higher than the adsorption loading for methane, CH,, on the ZIF-11

material.

[00158] Figure 26 is a bar graph comparing the corresponding adsorption
loadings of the ZIF-11 material for carbon dioxide, CO,, and methane, CH,, at
test conditions of 301 K and 106.6 kPa obtained from the tests above. As can be
seen from this bar graph, the adsorption loading of the ZIF-11 material for CO,
at 106.6 kPa @ 301 K was approximately 0.87 mmole/g while the adsorption



18. The process of claim 17, wherein the second tenperature is greater than
the first tenperature. 19. A process for separating CO2 from a process

f eed- st r edO20@OI0p271Si Ng: a) contacting %% adsor bent bedpcomgseésediied a
zeolitic imdazolate framework material “A"'th a process feed-stream
conprising CO2 and CH4 at a first pressure and first tenperature; b)
adsorbing at least a portion of the CO2 in the adsorbent bed, thereby

produci ng leading- tbee)Hm@siuppros:imawhy 0Ow2emendleigheHOWvegal thiyseduct stream
has a | ower concen- tration of CO2 by vol % than the process feedstream
and conditions, the adsorptive loading ration for CO, over CH4 was only
approximately 2.1. This example illustrates that ZIF-11 does not possess an
adsorptive loading ratio high enough to meet the requirements of the present

invention.

Example 10

[00159] In this example, adsorption isotherm experiments were carried out on
ZIF-8 samples obtained from the synthesis detailed in Example 5 above in
compliance with the general testing procedures for Examples 6-10 described

above.

[00160] For the testing of each absorbate in this experiment, a sample of ZIF-
8 was loaded with methanol as the solvent. It was out-gassed for 2 hrs at 301 K
under dynamic vacuum, heated to 523 K for 3 hrs, and then cooled to 301 K.
The dry weight was 16.37 mg. The same clean-up procedure was applied to
ZIF-8 prior to all subsequent experiments with other adsorbates. A Scanning
Electron Microscopy ("SEM") image of this sample is shown in Figure 27.
Figure 28 shows the adsorption isotherms of ZIF-8 for carbon dioxide, CO,, and
methane, CHy, at 301 K. The ordinate displays the equilibrium adsorption
loading in typical units of mmole/g. The abscissa displays the absolute pressure
of the adsorbate in kPa. As can be seen from Figure 28, at the upper test
pressure of 106.6 kPa @ 301 K, there was not a significant difference in the
adsorption loading of carbon dioxide, CO,, as compared to the adsorption
loading for methane, CHy, on the ZIF-8 material. In fact, in contrast to the other
ZIF materials tested, the adsorption loading on the ZIF-8 material was lower for

CO, than for CH,.



c) producing a CO2-rich product streamat a second pressure and second
tenperature, wherein the CO2-rich product stream has a hi gher concentration
of CO2 bywoabositositan t he process feedstream wherein theczaskeowioc1i24

i mi dazol ate framework material has a fr&fework structure wherein each
vertex of the framework structure is conprised of a single netal ion and
each pair of connected adjacent vertices of the framework structure is

l'i nked by [0016Dlge Fighs1B9 & a dar 'gfa'fpmmhpdrmgaﬂiembrwspbhdix@eddswmtime, and
wherein the zeolitic i mdazolate framework material has an adsorptive

| oadi ng r doadings of GeRZH-8rmatatiadforatarbemdioxide, GO, anbmethones CHqeatist r eam
is conprised of .a.nat as | egst, a. portion of the -ric

pr oduct stt?%%nﬂglwdﬂ!eﬁ]eﬁ@d:{]@%g és‘gﬁ?‘é‘eef op the Iests W%@Faﬂ I?’?O. A

o oS, | Qe i S SOEAR ST R SE I 2R SR PO,

contacting an-adsorben CONpri a 2 i'cimdazo _
material wWgee RPQ@@@qq{fv@@ﬁaﬁirbﬁﬁﬂh&WﬁO%ﬁﬁl%ﬁﬂé’ttg'ﬁ’dﬂrpt@oﬁl rst
pressure and first tenperature; - 64°- b) adsorbing at |east a portion of
the C2 i doadiagdds Othenas bpproximetedn (. 79 mdalefpy At (eRe konditipnsdibet st ream
adsorptive loading ratio for CO, over CH, is approximately 0.9. This example
illustrates that ZIF-8 does not possess an adsorptive loading ratio high enough to

meet the requirements of the present invention.



wherein the CO2-1ean product stream has a | ower concen- tration of
CX2 by vol %than the process feedstream and c) producing a CO2-rich
product stream at a second pressure and second tenperature, wherein
the CO2-rich product stream has a hi glher concentration of CO2 by vol
% than the process feedstream wherein the zeolitic imdazolate
framework material has a framework structure wherein each vertex of

t he framewor KWshatugs glsanied donpri sed of a single netal ion and each

Prnked by ni PRI a0s s BRSSO R0 RIS BLHYEEE, | 5

and wher ei FQAIRPI¥EOZE ti c i mi dazol ate framework materi al has an

adsorptive | ogdicemtheting ber adgBrbeat Keédt (._Qjm%ée&:ﬁsdf H0gzewhigfei n the
)

adsorptive | odadi ngqrat fer COR aqyer .14 sured at 3Q@1 and
106.6 kPa: anq iHedifelle. nRGri MAt A SRGeh HOGSoTGEH cal |y
derived gas strsaeasecemptisingri’®. andfCH,, pt adirstprgasune dral

bi ogeni cal Iy prgducringesatnped the process feedstream contacts the

S G LR P A e
material is sel bedgthéreby preducong aO{3i deani podictZtredngnd ZI F- 9.
wherein the CO,-lean product stream has a lower concen-
tration of CO,, by vol % than the process feedstream; and
¢) producing a CO,-rich product stream at a second pres-
sure and second temperature, wherein the CO,-rich
product stream has a higher concentration of CO, by vol
% than the process feedstream:;

wherein the zeolitic imidazolate framework material has a
framework structure wherein each vertex of the frame-
work structure is comprised of a single metal ion and
each pair of connected adjacent vertices of the frame-
work structure is linked by nitrogen atoms of an imida-
zolate anion or its derivative, and wherein the zeolitic
imidazolate framework material has an adsorptive load-
ing ratio for CO, over CH, of at least 10; and the adsorp-
tive loading ratio for CO, over CH, 1s measured at 301 K
and 106.6 kPa.

2. The process of claim 1, wherein the CO, partial pressure
in step a) is greater than the CO, partial pressure in step d).

3. The process of claim 1, wherein the first pressure is
greater than the second pressure.

4. The process of claim 2, wherein the second temperature
1s greater than the first temperature.

5. The process of claim 2, wherein the steps of the process
are part of a rapid cycle swing adsorption process and the
cycle time of the rapid cycle swing adsorption process is less
than about 1 minute.
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6. The process of claim 2, wherein the process is a swing
adsorption process and the difference between the maximum
and minimum CQO, partial pressures achieved in the adsorbent
bed during a cycle is less than 300 kPa.

7. The process of claim 2, wherein the CO, partial pressure
of'the process feedstream in step a) is less than about 200 kPa.

8. The process of claim 1, wherein the process feedstream
is comprised of a natural gas.

9. The process of claim 8, wherein at least a portion of the
CO,-lean product stream 1s utilized to make a final natural gas
product.

10. The process of claim 8, wherein the process feedstream
has a CO, content of at least about 10 vol % and the CO,-lean
product stream has a CO, content of less than about 5 vol %.

11. The process of claim 10, wherein the pressure of the
process feedstream is at least 500 psig.

12. The process of claim 11, wherein the pressure of the
CO,-lean product stream is at least 250 psig.

13. The process of claim 1, wherein the process feedstream
is comprised of a synthetically produced gas and the CO,-
lean product stream has a CO, content of less than 5 vol %.

14. The process of claim 1, wherein the process feedstream
is comprised of an organically derived gas stream selected
from a landfill produced gas and a biogenically produced gas.

15. The process of claim 14, wherein the CO, partial pres-
sure of the process feedstream in step a) is less than about 200
kPa.

16. The process of claim 14, wherein the temperature of the
organically derived gas stream is reduced prior to contacting
the adsorbent bed in step a).

17. The process of claim 14, wherein the process feed-
stream contacts the adsorbent bed at a pressure of less than
about 50 psig.
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18. The process of claim 17, wherein the second tempera-

ture is greater than the first temperature.

19. A process for separating CO, from a process feed-

stream, comprising:

a) contacting an adsorbent bed comprised of a zeolitic
imidazolate framework material with a process feed-
stream comprising CO, and CH, at a first pressure and
first temperature;

b) adsorbing at least a portion of the CO, in the adsorbent
bed, thereby producing a CO,-lean product stream,

wherein the CO,-lean product stream has a lower concen-
tration of CO, by vol % than the process feedstream; and

¢) producing a CO,-rich product stream at a second pres-
sure and second temperature, wherein the CO,-rich
product stream has a higher concentration of CO, by vol
% than the process feedstream;

wherein the zeolitic imidazolate framework material has a
framework structure wherein each vertex of the frame-
work structure 1s comprised of a single metal ion and
each pair of connected adjacent vertices of the frame-
work structure is linked by nitrogen atoms of an imida-
zolate anion or its derivative, and wherein the zeolitic
imidazolate {ramework material has an adsorptive load-
ing ratio for CO, over CH, of at least 10; and the process
feedstream is comprised of a natural gas and at least a
portion of the CO,-rich product stream is sequestered at
a pressure of at least 500 psig.

20. A process for separating CO, from a process feed-

stream, comprising:

a) contacting an adsorbent bed comprised of a zeolitic
imidazolate framework material with a process feed-
stream comprising CO, and CH, at a first pressure and
first temperature;
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b) adsorbing at least a portion of the CO, in the adsorbent
bed, thereby producing a CO,-lean product stream,

wherein the CO,-lean product stream has a lower concen-
tration of CO, by vol % than the process feedstream; and

¢) producing a CO,-rich product stream at a second pres-
sure and second temperature, wherein the CO,-rich
product stream has a higher concentration of CO, by vol
% than the process feedstream,;

wherein the zeolitic imidazolate framework material has a
framework structure wherein each vertex of the frame-
work structure is comprised of a single metal ion and
each pair of connected adjacent vertices of the frame-
work structure is linked by nitrogen atoms of an imida-
zolate anion or its derivative, and wherein the zeolitic
imidazolate framework material has an adsorptive load-
ing ratio for CO, over CH, of at least 10, wherein the
adsorptive loading ratio for CO, over CH,, is measured at
301 K and 106.6 kPa; and the process feedstream is
comprised of an organically derived gas stream selected
from a landfill produced gas and a biogenically pro-
duced gas; and the process feedstream contacts the
adsorbent bed at a pressure of less than about 50 psig.

21. The process of claim 20, wherein the zeolitic imida-

zolate framework material is selected from the group consist-
ing of ZIF-7 and ZIF-9.





