SEPARATI ON OF CARBON DI OXI DE FROM METHANE UTI LI ZI NG
ZEOLI TI C | M DAZOLATE FRAMEWORK MATERI ALS FI ELD OF THE
WO DMENTI2CN [ 0001] The present invention rel at eBCT/0S100%001124
sel ective separation of carbon dioxide ("C32") from
met hane ("CH4") in streans containing both carbon
di oxi de and nethane utilizing a zeolitic imdazol ate

SEPAERATIGNAOF CARBON BIOXIBEFROM, Vil HANEUTIDIZING

the current invention is utilized in a process to
separate carbon di oxi de fromnatural gas streans

JEL: R QR THEINVENEEON:t i on of at |east a portion of
t he carbon di oxi de present in the natural gas.
BACKGROUND OF THE | NVENTI ON [ 0002] Gas separation is

o e Lo varn] . :
80010 RERSRSE L IFES 0 e LA BRI Fcarton
dietide ¢reoh Haresmanetiape ' 6H,Y) inrsttbdaisscontaii@s both carbon
separation can be acconplished by a variety of nethods
dioxide and snethare ptilining: a zealitiasmiderolatehiameseork ("ZIF") material.
eperal ly exploits the differences in physical and/or
PenRray theSiisem ke stparpsd db b iroePToesn) pregssanaed.
SRR el BLREE N BrRR AN Bl S dion i
ubiized irrh pro@dss Rb SEFAratY ¢arbbi didNiae o haffaPgiSstAeaiiy ©
readi | y adsorbed conponent relative to a lesS readily

paefematiy dorsequesteatiom bf ahkeastas pontionuofethe wartion dimxédeapresent in
ot her gas separation techni ques known in the industry.
the,pa B38omercial ly practiced gas separati on process
IS pressure swing adsorption ("PSA"). PSA processes,
when operated under certain conditions, allow a
BACKGCROUNIYRIHEINVRNPIONL S in a gas mxture to

[ y S Within the pore structure
of porous adsorbent materials relative to a second

conponent or conponents, in the gas m xture, The total .
nt - (as 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



adsor bed of each conponent in the material (i.e., the

adsorption capacity) and the selectivity of the
wa@dmonpron for a specific conmponent over anotP@r/US2009/001124

conponent may often be inprovéh'by operating the

process under specific pressure and tenperature

condi tions since both pressure and tenperature

adsdrbed pEeath onfpmeht irdthel Madab(id., theadsenivredipacity) and

a different extent. The efficiengy of the@ggA prggégg)

theyelbetivity ofithe adsorptiend farya speeifiopomponernit over anpther

processing steps, such as the use of purge str
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[ ver . ..relativ f
PREFR B teioeraBUE Bhaivlshs Sblckialy ft B¢ e Ehpsragee
ifrABGde the 2d3o)1IRNnNBAIRAGTUT thE LBMPONERR b £differetittex@ént. The
chem cal and physical i'nertness and durability) so as
efficiencybf ¢he PSAprocessmay bedrthecimpioyedibgithe impdementation of
cost-efficient adsorbents in a PSA process. [0

003]
PIRRRsSingsHense suchas e ugesofpurgg sireamgs)thabhay eo0pftmally chosen
coO

B IiF SReee S Ehinck st HORERe's ARGV rebédorbent
n‘T‘ﬁEﬁﬁfs'Hbéﬁ/E%F lﬁbﬁ%@lé&ﬁv%, Pg%gﬁﬁoﬁ“éﬁﬁiéiﬁgs hd 6|f]1|er beneficial

accepta vel that wo to an economcally
propdities suehesschehideeivard physical irditeesd iahtl eluealsitisy )i 3o as to be
adsorption properties exist for selective conponents
able terfusation Bespmmesially Viablswnst casssdeica AdsrboRisdn P SA
effectively separate certain conponent gases from a

Bre. For exanple, if a gas mxture such as air is
passed at sonme pressure and tenperature through a
vessel containing an adsorbent material that

[0603]Ct | \SWnye adsorbbist MRtegialxa@eiblé taddvrb aogeater amount of one
| east a portion of the oxygen contained in the

chapsienethanwiniothertcompanenh enderseartsm condidionse Geatain
oA LB GRS B AR
a\%@aﬂ%lteﬁe%i tRASRbRILIEREED 'e&:oﬁ@xﬂi&?%\rﬁggféeﬁl%fzgg. .kHowever, if

arious pressure sw ng techniques by Tel"easing
siZaBledigher st s Gy wdedrptidnchrapurtiet kR st FosSle@thvdc@ponents in an-

conponents), which can then be
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



captured and isolated as a separate product stream
The adsorbent material which has now been "desorbed"
w@Roovhes20xygen can then be reused and thevari oRSI/ES®P%001124
of the PSA process cycle are ?’epeat ed so as to allow a
continuous operation. [0004] However, finding suitable
materials that specifically discrimnate between
vatibhd steps of thesPPArproeegaseie are reptited soeafsitoallemt a@odtinuous
effective manner (that is that they have both good
opefagiont i on sel ectivity and a hi gh adsorption capacity)
are not easily found. Additionally, many adsorbent
materials known in the art do not hold up well to the

]t | opal W GRIPRAGH sdlﬁbwﬁla Hfat?rBeﬁﬁ%aHg%@éc?lrhﬂlate

SUS ain e seVere grse ssure an

besichnt digficult tdsé at@%a@d;@iﬂ Botﬁmmcmﬁ andeffictivd manner (that
the processes. Therefore, commercially sujtable, and

isthat theydmvednith goodseperatioal Slelcmituaimldea highodserption capacity)
materi al.s are_naot. yer ead| I I abl e. . ear cher
apenetfasilydaund.y Additie }y THHEHGSKnOWD In the art

ad T ?&Pﬁl&p ngeAgh @%rs%ld?tg@rﬁg%én}% S ié%suiélgtglre gﬁéaﬁl@ Br are unable to
sﬁ’§t9ﬁ1hetﬁ§ %év&%?}@ﬁlﬁé‘ bhd/ofitéBberath@Adakdithehss #idldding cyclic

teachi ng of PSA process having a mul ti - bed systemis
cbnditidni,reluited Byt thetprokessés. 4’Bh)eréf(&ey\lmnmmrcmllsmmtabie and

havi ng at | east four, beds is described. This '418
npa@eﬁmoa@gt:ly; mrrwrwélwu\tahme BARRIOSAY MglegkAs BFFCROL YRAY

riiy el Br-tardtin i IRy PORRAID RRSCHR BRgved

afforbBt @E%la@ﬁ)rﬁé’es@,@oﬁﬁ réjcﬁﬁfsea?ﬂ 3&&’&1‘1@ Bohditions to make

Intermedi ate pressure w rel ease voi d space gas
thesersepdratiph procdssendedrivanieally vidlecount er current

" depressurization to a | ower pressure; (4) purge; and

(5) repressurization. The void space gas rel eased

[ Mg TS feashit off BSapeocsss ariben BRLtHed system s
PUEG RH' 923028 g Whérehted spiteid Ravifl E least four beds is

desorp on pressure ghother convegétlona

dBS EHIRRIS EFhiy 34 DY phtvhe des@itesni cytidPS A oe@smgesb nce that
U. S. Patent No. 3 738, 087. w e
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



[ 0006] Another industrially inportant gas separation

process is tenperature swing adsorption ("TSA"). TSA
w@r@easRes, when operated under, certain- - preBCI/US20a%0D1124
tenperature conditions, all ow %one conponents to be

sel ectively adsorbed over others wthin the pore
structure of an adsorbent nmaterial. In this process, a
peédsasdand tindpdtafige CORURIMER] 8116w somesenapahats td beselectively
t hrough an adsorbent material wherein one or nore of )
adherbedrqyenethess avithin sheporevsiiuctaresof ancadsovbentanateniel. In this

conponent or coigmnents. An efflgent strﬁ%’vrﬁg_uceg
Pracessne SiRE3RCOBHIBINEG SRR [Q/BF FeRARLS § through an

| .

HSPIRRF Rl TN ARUPOGr e S b amBOREHR AL lectively
adsé®edidiRr afstich ebpBakal d)laéorﬁ?éné}ﬁﬁO!Abﬁéffﬁleﬁeﬁﬁr@drﬁ, reduced

anmount of the desired conmponent(s), the tenperature of

in keneghirativenaf the selectizalyeatisodvatl ¢drepentrd(s)iiv ebtained during this

adsor bed conponent (g) i s ﬁ;gl eased, oy desorbed from

adperptigaoskest ofmsep| Af $hef§Acprocsss- b thitpragess ahicathe

atsfBish bl R acSof SRR el ip Bl g i e Bifoneni),

thé &thatlire oPth&dayrBemtis BecieasciSand 1RE S8 & vl '&dg&bed

used to separate conponents in a m xture when Uuse
coniponegnt(a)isaehsased,t dradeseredcfromethy addexrbens nmaterials amdroan be
of the stream conponents in the feed mxture relative

oplﬁle@tfé sgpamﬁ- from thecefélpent streammin 81 steprpisthe avsralk Td

t X1t " 007] . PS d TSA d
etk E5 Sl Bt Ev oy Desotingdnt 1 g RrE P BAR VR B4, TS
p?{%@é‘sgésscdmye El?ed‘{c%c iétpégé{e Bﬂflpo%éﬂﬁ%ea miYtut&WHRALIsEd with an

e tenperature o adsorbent materials during the
adssbenpthas seleetipely grlssitsomd oramorng titel streaim BSfponents in the
fprocess to inprove the desor_Pti on of the selectively .
eetb nrisage celapive tnone pr more (et fprent sweamuepaients comprising the
ft%gﬁsrature can then be reduced (or allowed to be
F ¥WC-during the adsorption portion of the PSA
cycle to inprove the adsorption characteristics and/or
adsorption capacity of the naterial. [0008] Besides

[g(ejd;‘g?p P{Iﬁ%@@ha BSW precaseatonet heed aobaanansly beclusive. 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").



bed, the adsorbent can be regenerated with a purge
that is flowed through the adsorbent bed in a manner
WO baw/10823pl aces adsor bed nol ec\%: es fromthe adrRGr/B82909/001124
Processes that are conducted™with this type of
adsor bent regeneration technique are often call ed
partial pressure purge displacenent processes
Prod¥35és sudhl ACRSAS TS Pur@e disphaceniefyt, 4d @mbination thereof are
di spl acenent, and conbi nation thereof are referred to
réferredito dereinias gwddg adpoiptionprocessees . Thrise swisgiadsorption
adsor ption processes can be conducted with i d ] )
PEQRasass qan ke conduated with rapy Eyales &tq-omcl?%om% dugation) in

I o R iR 3 BBV Erh P EVBlg RABion
(REAN A, iravfsld(c?l@f’..sﬁess@%vﬁag lads&ptilof (R@F%%%Pagfg)e@w Bycle

swi ng ‘or displacenent purgé adsorption (

paetcd poéssgreswingdondis phddinent patgdeyadsoeptiona(RCEBSA)at i on
processes can be used for the separation of gas
tmlﬂﬂéﬁﬁ-s in a mxture. In a nmenbrane separation
process, one or nore conponents of the m xed stream
contact one side of a nmenbrane material and a portion

980417, ATEoFA SRl Ry pateiis T na

rom he nenbrane

sepdrationlof @as somponspatifa mixtason In andemisrape separatiohpeocess,
perneate stream has _a hi gher concentration (in nole%,
oneiog morg,commpaensinisref theapixedsstream pontagieons side o) membrane

oSS RO o S kB pESa hileh I Etanc anc
_ . B - . .
SISO TAE! HUEhr AR lpih sREhngS Wi hshoe
stiead. dafthizgstobyss! e Pererats trédm aas alldgherceunieengation (in

than the mxed streamthat initially contacts the

mdebr aweight ot oni wolnmen¥ras defursddnathicprootss) ofaaetact s
COBpAPETLaB e HRed Pugam DA bhton8ets (BE piibrane. A

" tl i i M i .
PG RythrER e Ao ofi 8 (18! BL YT Ine higERRehB¥nich has
alBwet eahceifigion (9 ncs18%d hweipht PRV dluArR %fastdined by the

menbrane (for exanple pressure, tenperature, .and purge
praceds ) ofomsdlectrampoent than theanixddesteeans 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



a gradi ent of chem cal potential across the nmenbrane

that is favorable to drive the sel ect conponent from
wo b@ofieedh si de to the perneate side of the nmenkCEHNS2009/001124

[0010] There is a need in thé“art for inproved sw ng

adsorption and/ or nenbrane processes utilizing

adsorbent materials for the selective separation of

sone adsorptios amdememdrdrie prodegses utitiulrgy adsoblesrt matesials for

need in the art for inproved- - sw ng adsorption
tlansilectiveesaparatiomand remseval aficarbomdioxido froanmethane in streams

mat er.i al. s for .the, selgctiyve geparation and renoval of
centaing hoth carbon digx mea}??@treans cont ai ni ng both

car bon di oxi de and net hane. [0011] United States

Pat ent Publication No. US2007/0202038Al1 di scl oses a

[6er]l Y afnifed Statey Batehi Phblidytion 8. USDE0T/A202038A41 &listloses a

as Zeolitic imdazol ate frameworks (or "ZIF"s)
familgrafahaterialsi whiphtdhatldhd wiemied to héresn asizenditid imidagolate

synthesis and st uctural d pore volume . . .
FebaRoR PE AL BTaGEiASo 19y PRb geatiom daseribes in deeilbe

Sl B AR B S A SR RIA D Lo aREr 21

n¥dteHakUTERcAiesithe §ORSeRPerAiRPIREES APESH Ehél‘geterization (N, and

properties of these materials at “pressure an
H,earygikatnd & rcan 8FKD)i afiselddied ZHO strdctoecs itdy does hot disclose
separati on processes of gases and hydrocarbons of .
afperptiontprppertiss of thesg majsplalscatinressare englAgnperaturgigonditions
| NVENTI 012] . The present inventd on is separation
that 0l T el anhip FmeRi RIoseRRsS i ops R pyERRER e
SEFEE A MRl RALRESH SR, bon di oxide, C2, from
I%ttﬁgne, (%4 i?bproéess feedstreans conprised of both
conponents. [0013] In accordance with one enbodi nent
of the present invention there is provided a process
SIIMM ARY O FpbHECJ FINL BON ocess feedstream
conprising: a) contacting an adsorbent bed conprised
of a zeolitic imdazolate franework material with a

ess i Sj o .a S . .
[gfri fefs]s o0 gflgeﬁ%%%élrﬁg{ﬂ?g%irsg %Eg)ea%; PPt utiizifg 2 1FSlontaining
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



b) adsorbing at |east a portion of the CO2 in the

adsor bent bed; c) producing a CO2-|ean product stream
wob@pads27t he CO2-1 ean product ream has a | oweg€T/US2009/001124

concentration OFCO2 by vol % tHan the process

feedstream andd) producing a CO2-rich product stream

at a second pressure and second tenperature, wherein

the CO2-rid)produdingta COs-eh praduct dtrepneat a secmnd pmsurn and

of CO2 by vol % than the process feedstream where

the 5669Rd [GNPIRBREGVAEE R Hhine AriCThRRANCA Sireaig s 2 higher

framewor k struct eac vert
frané‘\%F%ntg?tf%?ﬁpg)y@' %F‘?%“e@‘ed?“’s S>s§| é?ap%? al ion
and each R@ldreff thHeQRBRALGHiARIANSE TraniEWbHERRBEaIlhR 2
framework structure is Iinked by nitrogen atons of an
I m defgshederlasiractues whiegeinleatk atitex of tinelfratrevedrk stiueture is
zeolitic inmidazolate framework naterial has an
adsorqmmseld@foa siggleamictal ion ambeaely pair afisopneeted |adiagent
001 rdance wi th anqt her enb di ment of
the presdesof e drnonon e B ket BisEshdiets ot an
separ; f
oy OB 6r B s RATER e ﬁﬁ"ﬁ[@%%%@‘%%%??%eé‘m%O‘am
a zeGqrihbwotlhiitealaias d‘nrmﬁi‘pl[\}% IsatRig @kiovok IC@, over CH, of
process feedstream conprising CO2 and CH4 at a first
presstideasad@. first tenperature; b) retrieving a first

pernmeate streamfrom a second side of the nenbrane at
a second pressure and second tenperature, wherein the

10014,  PTBrGEERREE PR ARARGRS ARSI 1EE plerfipvention there

C%oil‘id&fv‘ﬁ s F&r ﬁﬁ‘)‘ii‘éiﬁfg eq)ifidifra ﬁ@@éﬁ%ééf,tk?ﬁ?n Ofomprising:

by vol % than t pr ocess feedstreanm and
retrieving) aoﬁtac&hgraeiutsmsmiee)fgt merthrand) eomlpmsed ef a zeolitic
zeolitic imdazol ate framework, materi al 12 3
f r amdvtidazolate frameworlk sraterialonith anrpeess fepdstrram comprising

fr anE(\f\Bz ang t({I-T‘;C:Eltua{ ?1rslts’prgsosnper ar?& ?ir&fte%p%rar}gre,

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.



nmetal ion and each pair of connected adjacent vertices

of the framework structure is |linked by nitrogen atons
w@Rooanoi2mi dazol ate anion or its, derivative, anBCTV82089/601124

the zeolitic imdazolate framéwork material has an

adsorptive loading ratio for CO2 over CH4 of at | east

10.[0015] In other preferred enbodi nents of the

[0015]6 nt Inotkér preferréiempoditaats bf elits presam invention, thegdocess

of natural gas, a synthetically produced gas,

feedstrean sscmprisd ofnoral oq eynthaticallyprodused egasa landfil

%O n nore ﬁr ef e%ql enbodi nents of the
%’é‘ig]ﬁtgqs LogFNICAHY PR i &35t i dazol at e framewor k
material is selected fromZIF-7 and ZI F-9. BRI EF
DESCRI PTION OF THE FI GURES [0017] FIGURE 1 is the

[6016]" | MHAteRken mwéq:‘reférf@t/elﬂbb&ﬁﬂ@ﬁts of tii¢' pPéet invention, the
patterns of the as-synthesized

nd
zacktio midazolate fmacwerk Mharerial wsqib@sd dforex/dkpl end ZIF-9.
herein. The cal cul ated PXRD pattern (shown as the
vertlcal stlck patterns in the figure) for ZIF-7 based
> af, ZIF-7 reported in

F 2 eereetr herein is al so
shown in the figure. [0018] FI GURE 2 shows the
t hernogravi netric anal yses ("TGA"'s) for the
[681Hynt FIGURE larscthatexpenihtentdl posvdeh d0gey difftaction ("PXRD")
sanmpl es of Exanple 1 herein. [0019] FIGURE 3 is the
patteiasi afthe as-syo rzeﬁmdwcgtoﬂmrd@ﬁxshareg -y samples of

B3 iPric: ol BN BB pilfray hpvaas e aesical stick
pgﬁéﬁisrin & ﬁgﬁﬁé)%k FIEdy Eﬁﬁlat(ﬁgfh}ef‘sgfgﬁl@%l?féggl frudtlife of ZIC}’-7

vertical stick’patterns in r ZI'F-9 base

réportdieinsthe dParlc Rgsérehcs't asuefereacef hetein i3 alspshidwed in the figure.
the "Park Reference" as referenced herein is al so
shovvn in the figure. [0020] FIGURE 4 shows the

A L A et B0 for e
B

patterns of the as-synthesized, the

acetonitril e-exchanged and the tol ueneexchanged ZI F-1

[801H| es IGUBE pisd¢he enperdingntat ipewster cXrrai étfﬁpm ("PXRD")
atter hown a the ,verti cal él ck att bn th?

phiteie o the e 3y athesizEd i areitmitilp gpBanged 21F-bRaiples 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



crystal structure of ZIF-1 reported in the "Park
Ref erence" as referenced herein is al so shown in the
wo p@anes27{ 0022] FI GURE 6 shows .t he t her nogr avi PEL/DEH09/001124
anal yses ("TGA"s) for the as-synthesized, the
acetonitril e-exchanged and the tol uene-exchanged ZIF-I
sanpl es of Exanple 3 herein. [0023] FIGURE 7 is the
(shopat asriid wdrtipalhvstiok patteriys i ﬂlfertb%Irb)Jﬁ)r(ZlPXR[Bh);ed on the single
patterns of the purified and nethanol - exchanged ZIF-1

cryséalispueturg fof BlEimp repartaseingha "ParleRefirencelt ascreformaced herein
§) tteén &shg%ﬁas the vertical stick patterns in the
1529089 WhRIR ZY% based on the single crystal

structure of ZIF-1 1 reported in the "Park Reference"

as referenced herein is also shown in the figure.

0622@4] FIGURE S sHuswvsthehtfi ﬁﬁ%xﬁ?ﬂﬁéﬂid’ﬁﬂd{& MEGYERY for the
[("T "s) for the purifiedean nmet hanol-exjc,:haslﬁged ZIF-1

ag-syniinesized othe Ecatouiild-exchanged gmebths]tofieGoREchanged KEF-1
exper i tal powder X-ray diffraction ("PXRD")

S%Bfeé ¥anpled herein.i ed” and et hanol - exchanged ZI F- 8
sanpl es of Exanple 5 herein. The cal cul ated PXRD
pattern (shown as the vertical stick patterns in the

[0023]" €) FIGURE 78 théekperdmehta® powidt X-¢4y ifffaction ("PXRD")
structure of ZIF-8 reported in"the "ParK Reference" as

pattéras @f thel phrfied mndamethanokéxchkrangad ZZ1E- F1 samples[od@&imple 4
FI GURE 10 shows .t he thernogravinetric anal yses

herepeaT by calgulatpd FXRDrpattera fthaven aaH versisabstirdapatiqrngin the

I I her ei,n. ' .
AERER 107 #1610 B S P UReUB prytliafi el 2 1} Foiforter in the
"BAYKIR SfefdndeX 25T ﬁr&&e‘a%éinﬁk@&%%h%%vém fifigre CO2

adsorption isothermat 301 Kfor a ZIF-7 sanple of
Exanple 6. [0029] FI GURE 13 shows the CO2 adsorption

i sotherm and the CH4 adsorption isothermat 301 K"f or
[002A4] F- 7 FigtRI2 8othomsathe| themnograpugtricl anabses 4" TG A sh fgr the

B oSG abafi 6Xhapard &b Chonrapiys A Exginile Jheriive. o

kPa.

[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.



[0031] FIGURE 15 shows the CO2 adsorption isotherns at

301 K, 308 K, and 323 K for a ZIF-7 sanple of Exanple
W@200000221 FI GURE 16 is a Scannjpng El ectron M RCDES9PY001124

("SEM') image of a ZIF-9 sanfallé'of Exanpl e 7. [0033]

FI GURE 17 shows the CO2 adsorption isothermat 301 K

for a ZIF-9 sanple of Exanple 7. [0034] FI GURE 18

[0028F t IRIGUIREasshews the CEgtadesrptiondsotherrté 301 K for a ZIF-7
adsorption isothermat 301 K for a ZIF-9 sanple of

sarphpPEERampd®65] FI GURE 19 is a bar graph comparing
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

. . NaL 1 H f
1802417 T THERIRE S MG SRCY, SUSaEHRh hotEdh ard e ©FY
a?gg%a]p)nﬁgéﬂieﬁn?a% 303 1@ f6€aMIFWsdehplet 6fMxdvhplecs.copy

i mge of a ZIF-1 (tol uene-exchanged) sanple of
Exanpl e 8.[0038] FIGURE 22 shows the CO2 adsorption

i sotherm.and the CH4 adsorption isothermat 301 K., for
[Q030]_ | RISREN4 isia bareazan ﬁegmar%rﬁgp@ﬁné? pdings of a

éggg?%}?gk%@%ﬁﬁbe? g?lbgbz%rgaf@[{‘? 8(B61 K'Snd 166.6 kPa.

(acetonitril e-exchanged) sanple of Exanple 8 for CO2

and CH4 at 301 K and 106.6 kPa. [0040] FIGURE 24 is a
[@03tni nFIBEREr hshidws tircOQy ad$&ipkion isothgems it A0 VIKE-308 K,
1 sanpl e of Exanpl e 9.@}0041] FI GURE 25 shows the CO2
angS@BpkifonaiZdbt heamplmel Exemple6.adsor pti on i sot her m at
301 Kfor a ZIF-1 1 sanple of Exanple 9. [0042] FlI GURE
26 is a bar graph conparing the adsorption |oadings of

[gg%if- 1 HGERE! IFBO%‘;aS?é%PH&EEQe&%n Merodp S " § Shafie of a:

106. 6 kPa. E 27 1s a Scanning El ectron
NF9 ssmplyof Edrivp)e 7.mage of a

[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.



ZI F-8 sanpl e of Exanple 10. [0044] FI GURE 28 shows the
CO2 adsorption isothermand the CH4 adsorption
w0 s@vher2m at 301 K for a ZIF-8 ﬁarrpl e of ExanpP@r/1s2009/001124
[0045] FIGURE 29 is a bar grays conparing the
adsorption | oadings of a ZIF-8 sanple of Exanple 10
for CO2 and CH4 at 301 K and 106.6 kPa. DETAI LED
[063B]RI PRIGURE 2DHhd vwb/ARETC O afifdrpéibon ibethprra weidtthe CH,
invention is directed to processes for the separation
agporpsiopdsothiennriald 01 Kobor 3 ZIF dnfasstanatile exchanged) sample of

tre m‘gncont ai ni ng both carbondi oxi de and net hane

g adsorbents conprised of zeolitic imdazolate

framsvvork ("ZIF'") materials. Preferably the zeolitic
i m dazol ate frameworks are utilized in a sw ng

[6039)" Pt IIGWPRECSSE a H&tegxﬁﬁn Qbﬁipatﬁfgﬂhe%%d&l@t@ﬁﬂ@ﬁ@irﬂg@ Pfa
process"” as used herein shall be taken to include

Z3F ek faoctorstuilaee xatisnggd)i sample PSEX)anmlo &dos €X), and CH, at 301 K
er re Swi ng Adsorption ("TSA") processes,

apﬁg@éf&ﬁ%rge Di spl acement Processes ("PPSA"), Rapid

Cycl e Pressure Swi ng Adsorption ("RCPSA") processes,

Rapi d Cycle Tenperature Swi ng Adsorption ("RCTSA")

[004616SSTIGURE! 4t {8 arltife Ellé&rd?pwem@béw PEERI™) image of a

Processes ("RCPPSA") as we as conbi nati'ons of these

qurhsadpkerqﬁExmnpledtesses In a preferred enbodi nent,

the streamto be separated is fed to the process in a

subst antially gaseous state. [0047] In other preferred

o OTAPURE 2SS R 0: RUETEBR isdRRtzh i the G,

aH fiBArgStBErrh Ak 802 K'eos ZIE- 1'19§a%151@|0ff]3¥arﬁ 9.

sel ective separation of carbon dioxide ")y from
nmet hane ("CH4") in streans containing both car bon
di oxi de _and net hane. The ZIF materials will preferably

[0042]: i | iEIedIRE 26 ise bar@aph@ﬁﬁmn@gﬁb@ adpenptiop loadings of a

AR ISARERS faop end S a0 CRoand 1o ko,

will contact the rrerrbrane wherein the CO2 and the CH4
in the feedstreamw || be substantially in a gaseous
[p043Je. 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



[0048] "Zeolitic imdazol ate framework” (or "ZIF")
materials are defined herein as m croporous
w@eoostied2li ne structures havi ng framewor k topol QI/ES2009/001124
commonly found in zeolites @and/or in other crystalline
materials wherein each vertex of the framework
structure is conprised of a single netal ion and each
didaide Sid ﬁibﬂ'ihﬁféttﬁﬂiz”lﬁ% adsevbeMBrdongsiised oft Fevliticantidazdate
structure is |inked by nitrogen atons of an
framiestarrk (W7 BF ") materials. i Rrefarebliythe izeelitiTimidagohase frameworks
"m cropare”™ or "njcroporous” as_utili Zeflt her ei n

Gl ) ) | IS .
argattilized ing %N%réﬂsen&m BHOCEHS- aT B BERSTA] LB XY IAR Aglsorption

wd] Of 4| . .
BRSSP P S Ao
("T’fSA")ﬁ)trgéé:ssgﬁtl%dlﬁérﬁtdrg _fgwi;ﬁgm@ﬁ).rﬁﬁbh (ZESIAM) pfeesses, Pressure

preseé Invention are disclosed in United States

PiegecDispRadehiena Prrocesties ("BBS2007RoapOgcleAlressry agvinget
Asernsiop (RE A By rokessgralseaid Gyl erapraaye Swine Adsarpiion
(HEFSA 5oy, Babill Sl pleto R RyTEh U cREPRR %

'('mggﬂ%és wWelll dsh&SBingtioh$ b A tHEBY sRen@aasuipliba Ppescedbes. In a

tiohs of pressure, tenperature and comnpositions
pidfaire@embodiment) tthé stréaidus beisapamatabsSeddo theproodss it @
separate two conponents froma m xture, the adsorption
subssantindly( gasgous statemol e/ g) for the first conponent
must be greater than the adsorption |oading (e.g., in
nmol e/ g) for the second conponent. Even though process

(G55 16 Bih B DR ANBORIRAN BF rereb i i e, Feolitic

r pt in mmo or the first
iBRIAReREO fravfewd R " AU Qradsobent asérigls @reinvvoperatgd into a
the second conponent, it is preferred that this '
meantang materialotad ithey selaetive separatimm of earbopdioxige (6 Ophkfrom
ZIF materigl.utilized be.at Least 10. Since the
AN G Oy SRS Fomtaining PO tarhgn ARG g farbage. The
g .. . I
2 Hiptb B3y AL RIRER S il bl PRRmBaE TRACHRI o
fagliRtétHe’ @?htd«tﬁ‘)ntﬁﬂ €Oz ifrgn IGHLEr Ied preforfed @ntbddimeat, the
that lead to higher adsorptive loading ratios. In nore
fendsfreamdd bersepdiatedwdll sontacs they memhrangwderginrihe (& and the -
in the present inverﬁti on has an

Khaiortbs fendoiraam wif PasubsthmfalRLE S faseoms 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



CH4 of at | east about 15, even nore preferably at

| east about 20, and nost preferably, at |east about
WQ@200916230] The rati o described, above is a proper/U§200w001124

a specific adsorbat eadsorbent "pair, at given

conditions of pressure and tenperature. This ratio is

referred to herein as the "adsorptive | oading ratio"

ivthdpresemdntémtidridreydisclosdibin’ Bdited [States Patead Publication No. US
for CO2 over CH4". This ratio is defined herein as a

20074026293 8Martoi Yaghi ietal.i whiguisiherebyt insospiyretqsk by reference.
| oading (in nmole/g) for the first conponent divided
by the adsorption |loading (in mvle/g) for the second

[@%@ one r;lthefag)r li%aﬁﬁ%cfi:}f'l% éﬁ%%?ﬁ? [rﬁ%mio 1 idgé%o%:r&l tha% %(IEF

ificpressurean ature. use erein,

mdAéfals ichh SklceAVBRRpharate E%}@W@HSn\M&Bﬂs%ﬂtainin both of
conmponent car bon”di oxi de, , and the term "secon

thesepompunentss Byntlerymrasthis mayttecaccomplished atreonditions of
CH4. As used herein, althqQugh. it is preferred that the
PEgsSBH tSTBPCTab g ang qasmpesiionsthiap eVt 50 Pudustraal prpcesses.

ZIF. material b r t raf i
18 oo 3 S Qe P ERRPR B AP BeRA S RO EROR 0T be
St bie/é f ;
(R RmclopFLAIE T MATKALASE 58 PR 0 dibrpion
leaatipg (e i, imairaoledg) for thesecost componkntc diveéntthongh pfocess
pressure and tenperature. Therefore, for the pur g,oses

sefternen ean be dedigaed thapemte aldeperasios afadpemdion;loading (in
LR By R 5 BB bl gt o
s@é&xﬂﬁéorﬁ?@ﬁ&ft] fi%9s gf’éf&fr@h the[tEiﬁﬁu'raﬁs&gﬁvErl@a(ﬁB Ghfib For CO, over

conponents and operating tenperature conditi gns for

CHE foeef sia ZElMmeneriglaitilivgdibeeatdedst dOnt Sinverthe required
adsorbent, or at single conmponent testing conditions

eqhipsesntisiges casttandoepeating expensgsienchi® hosgpificantlydowered at
tqrr)., Unl .e\sﬁé sé.at ed..ot t}gr wi se, .these |atter
hightaids VG P aTiNg atoS, Uik SCRATAUORE PRI CRirs Begapieduuph more
i i AR"? Li .
L L e
rﬁt'ik?sf. b preféed Embadimynisaifahe pessenpinveationaatheWIF material
ratios
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



may be used in swi ng adsorption processes of the

present invention to effectively and econom cally
waepane2e1 CO2 from CH4 in streims cont ai ni ng bRCTUS2009/001124

conponents. Each of these sw 6'adsorpti on processes

are conprised of a nunmber of "steps" that include a

variety of adsorption and desorption steps that in
cofiipuneat cabohekdxide, €050amd dicctetind 'RecAtth osmponent” is

"cycle" that is periodically repeated. Since nmultiple
ssivenyhens witdtheaomporsing metgam &4t Asiused hgraipy althaugh it is

ti ypchronization | egds fo the continuous .

e iSeRsa1 PerihspdSPrIRD oading iR speh cORBPRENLRR 8 pgrtigHlar ZIF

. [

oSk BEaRaRel it R i GRARRAE Collnehl BATIaP pFessre and
témpbrafir® dondfionsPRA ROy e iths bfitn\tR6E ddvasitageous to measure

contacting of the feed gas mi xture with the

theladsdrptien loating fosa patteoularaZ IR/ foxaaoh lsatrponeptmaterial at more
,adsarbent and continuing through the | ast fieso ptf’lon

standard” rendjt pressire gad deropersdere. i Hiegefars, tor the purposes

SRR 0 R B IR ok o
r%@ & RHS g(f)ll'ﬁgoﬁéﬁ@ iegf‘],&(thQ'ﬁMd eqEpcah Y PehdRed h@eglé%ﬁ g

e "cycle ack to e first contacting of the f
operatitiggpartiel presburicfer dasspeeifieebmpenents andiperdtired teynperature
adsor bat e-free adsorbent whi ch has_begun the "cycle".
canditions fepthe feedsizeara vontagting thei£dF wontaining adserbeny, or at

ST eSmppnopt BSutY ofintal SPoSidant i fF 3! &g Crata 1066
%%GB @o&).ptfh?é‘s%%ltétfé‘& denéroase 'tﬁecjsgqgﬁ@t%(ﬁfhi%ﬁ@w'ép@%lsqeéi in the

sorbent “matertal In a swng adsorption process.
testingvet thetsainplesin' the @xanpléshstsin, edhith can bentadily duplicated in
streant as used herein in swing adsorption enbodi nents
adnbetatonyrtestdfacilitivent i on is the mi xed conponent stream
conprising at |east two conponents to be separated
which is contacted with the adsorbent material during

[?le Pas it ﬁl?%é‘%}é{ﬁﬁt b9 %éilﬁcﬁﬁﬁfy Z@%:abdtgﬁfptWeQB% ratios

e pr ocess_ ream contacts the materi a
mEBE used freéwing adsesstidrepresdedof the Pr@yeas Hivieation to effectively

conditions and as the process feedstream fl ows through
andecatemi¢adht saparate GO, from Ekbtinstigamsicontainingnoth
A AR TR E A e S
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



preferentially adsorbed by the adsorbent material wth

respect to a "second conponent" (or "weakly adsorbed
w@oepoerent *). During this step,an "effluent stPEEHDB2009001124

"C2-1 ean product streant hefé?h) is drawn fromthe

sSwWi ng adsorption process wherein the total nunber of

nol es of the first conponent into the sw ng adsorption

pREgiag stepssthhi wlagrocchathereaftdrad drinmpuiieeicyole” thakk $o die first
the first conponent out of the swi ng adsorption

contseting ofihe feed gﬁssmé?ﬁﬁtﬁ; wtiﬁhdge §§é?¥. al;}ﬂ-flﬁ@@gﬁllbstan@ally

it is. | .
aggorbaite e Posorbent wBidh has bésinsbrrcieh: MdBisppiat dhe next
sPREE PUSEPILA " GEIRR HatBRAn e EYCIBtis SOMCENERRY rifbaha,

swW ng adsorption process is also conprised of at | east
one desorption step wherein at |east a portion of the
[0052)t cdpaealhy, therstis btilcastene pdsorpiemsiepl whereis 8 ppectss

TeeilsSamy e cgmheted W be getbeat el 1 SRE dsprption
rephecdsd WTBESHBREh o8t el (B
RO ThR o iR prctls PRt gnG bEDinI g e e

Hefein fin Q\Kfin?hﬂﬁ/ﬁ)ﬁbn legftsddimeRR 4f A8 pRésenb ehventivh is the mixed

conponent 1o be desorbed fromthe adsorbent materi al
canponeht stedamnl campaisine sblebsttwst canpbnerkhits bd aspanatadowhich is
can be induced by a pressure swing, a tenperature . .
cenfagtpd WHE theedserbent atesial aiuplalgttgwadmr@é@arcacmreérlng this

S R s
b prRERABRTPerdtird Rd BRASHRbA AR CadiiRArBEedshan

'ar concentration of the first conponent” in the

feedzoeam flewd shromghn the adsorbehematered at teadt & poodomefithe "first
t he nol ar cgncentrati on of the first conmponent in the
campongat! (or 'sengly agiserhedrcampenentd afghe process feedstream is

concentration of the first ih th ffl yent

FEBES B AR b Ao S TRALER b b b Bona
cotnponenf4eP "RiehRly @&%ﬁ&ﬁ@&%bﬁﬂ%“ﬁrﬁuﬁﬁg%fs@s@e Bn "Bffluent
sSWng adsor ption-“processes of the current iInvention,
saggint' i(enaCOsilems praduch stredml!’ hefgdn) 8 driensfabmathe swing

adsor ption processes. These steps include, but
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



are not limted to, concurrent purge steps,

counter-current purge steps, and/or nultiple partial
w@e@sae2rrati on or depressurization steps. TheBET/US2009/001124

addi tional steps may be utilized to inprove first

and/ or second conponent recovery, inprove first or

second conponent purity, and/or obtain nultiple

alowdig¢éass hrppatien iof thel firsticompanenb o bé tesarbed ftomdhe adsbrbent

desor bed stream described above. [00%3 One enbodi nent
matteridlaandwiollgctagkas pi desorbedsteeam b Thisedgsprntion can be induced

b RESITR AU R SoER BUHIETHE BT o S frialpigbsure
I [ t pg ¢ t | bed
ol GRbfReAL o it s ebmbFakRERTr napreRIRd 1°

eAfbRMEkSt, Bi¥molat ddiicenfEhoR ofeRsfirst cbtponent &l the desorbed
pressure of the first conponent in the adsorption step
strearhiig gegat¢rthan the ndat ¢ariceptration of the firsieompanent in the

conmponent in the desorptign step, which allows at |east ..
PEOGSSS feegdstrgam H@ %hﬁrugg?qqqcéqrgggmn}hetrgo% concentration

coyer i . Q j
o B PorlRghAF BRSPS GR, R AE A ROl
BRSSO GTTRE TREE SorhPonérR YA the Bfffuchi bgestent
adsorption step. This is acconplished in part by
exposi ng the adsorbent material to | ower partial

ressure conditions in the desorption step th ?

the .
[OR54]i al Adthonghrat least dhesedig StRPHE - CaRASPERYH a _éﬁsoerptlon) are

Thi.s desorpti.on gan be further assist I.RG:
rosticrl BB By 178 aotphan ppbeiSFs B BeSiyRtertnyillopf plfiefonal
dHeSe 8iePP include, but
SERTRRAPEL pHELE i IR PR R ersBop idSe S
aflepsEldmited 26! ¢ Tustenp pazedseps, icoantealayent pafgetiteps, and/or
Anot her t.y{je of swi ng adsorption process of the .
myltiplerpartinl, pressunzationsordensessarizadonsiaps. Adwse gedisipnal steps

A TR T e
% HSSERH SR biriSCimang ok T pRRE gt

additidnao the effigeitSfreanpasd desorbbd vigearhatescribédhabean. ti al
pressure of the first conponent in the adsorption step
i s higher than the partial pressure of the first

[@(?ggio ne anei Qmi)ggirgeer?togéjthie %Qvﬁé gﬁs&hp.{igrq p%(lzeos\é\%f%e lp?eas%}lt

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



portion of the adsorbed first conponent to be

recovered in the desorption step and the adsorbent
woredoendrlli t o be regenerated by ,?lepl etion of thBCT/US2009/001124

adsor bed conponents for reusel’n a subsequent

adsorption step. However, in the TSA processes, this

IS acconpllshed in part by exposing the adsorbent

th@adyorplion @t | OFTEE db joatcahebecufthet asyisted byt itdlizing a purge
desor ption ep than e tenperature conditions in the

gaslgmlq:mrdhegaetmal prhssslrd of thepfirst componint duringéhe desorption
assisted by utilizin as to | ower
SThPed TS SIEDt ATl PHeSUREHOR lknt PRk AeREe kLA e Step

f ent material during the desorption step,
agdsgér}g%e%ngbgor‘}% a partial pressurization step, or a

partial depressurization step as descri bed above.
[0057] It should also be noted that the steps of the
 [¢836]and AisAher typesdawing adserptiomproecksiof the Ipﬁﬁeﬁsmventlon isa
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apdehe adsstbentzidatril $¢bp ecgdnesated byrdepdétion ofitHecadyorbed
. dinensions or with dinensions suitably distributed
cauqmn@nﬁgfor seuseneaf sbseguetit ads OIPRONGHIHED- TH@WCVer in the TSA
stal |

She s 3F e raplnuiB e P rubading B Py AR dmpifig! o
ey O Sy S
cofdhiontih ®he wllsdiptibh etept OTMpik AleBtiplion caa-trdfiethee atsisted 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.



materials that can fulfill a variety of other
beneficial functions to the overall process.
w0327t | Ng exanpl es i ncl ude, pncorporating tPer/E$3#09/001124
material with a binder materlé? to forma matrix
conprising a binder material selected froma
crystalline polyner, a non-crystalline polyner, an
epoxy, a thernoplastic, a clay, a silica-containing
materi al, an al um na-cont ai ni ngl material, and a
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ese additives can be use
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sel'ected conmponents within the ZIF materials.
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el hoo B SPRARE et ?“1“*5 Tl f”’ab?i fosihifted into
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fomm;j stablrlmy;raitdéok 1nn¢cnnbinmtmntwutlx other zssipdemientarheo- adsorbent
capture and transfer of at |east a_portion of the

mafgrialsghaiegrey Y advariaty of wehehsngBeial dungtiansgoithe overal

PR GRs e N it fing EiBtels B Rids e Pl pec Rl Mhterial with a
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over al ficiency of the terial for adsorbing

crystaliigk golymenponantrystallinepohanes ahGpoly, Mhiesrnidpdasiid; a clay,
materials are i ncorﬁorated with a binder, the

agilien-pertaining engtriak an abeming-gontaining matgrlabtand@l titania-

BRI EuBUEHA] NP iR AhAEHA LY e HEH ity adpicrpgorous
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conpo ts are brought 1 nto onta

cadsal additivesidte shisbinde ndhferiaht Thesd addikines can be nged to
_exanpl es include beads, extrudates, forned pellets,

improres ihealspention/ desospliom end transport propdrties of thessalegted
aﬁg&%ghgr\gﬁga}f&%fl% td%a?s og[hnrﬁ)t?r?gl é:)tiaprln(p:le%tof li!}(l:ese 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.



fibers. Dependi ng upon the specific situation, inlet
stream conposition as well as product stream

W@ oo9p0ei2ri ons, process conditi ?BS and equi pnenPCTES10g91001124
for the process of the preseit”invention, certain
structures and/or matri x conpositions can provide

i nproved separation efficiencies and/or selectivities

for the overall process. [0060] Any of the steps

descri bed aboveiéi.e.,.structuring, addi tives,

[0059k or bWihes the ZdF matsrialy drevineorpethated Wath 2 hindes, the adsorbent
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wth durations of the order of mnutes, with the

widh ¢hé adsorpfion hisepoLtherd IF matarialoNembimiting examples include
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s PIRpRAGI irf 1heNpebific difiafoRS Rt StFRARNEO@POSItdN as well
particularly advant ageous from an econom c standpoi nt.

dsprpdeétestreath eompdiitivnt sprotessheonditiernand equiptrient desiga for the
ZIF material is utilized in a sw ng adsorption process,
moeessiaf the presgat tnvienkien; eerfain StrugliEesdeA(/pr MaKIK GORIPOSsItions

d pr ef bl .h E_nater| ' AR |
iV Bheor o, stk efieBRkS phor ettt Tog e verat
ﬂrg;%ésghan about 30 seconds. In an even nore preferred :
enmbodi nent of t he present invention, these shortcycle

tinmes are incorporated into a rapid cycle pressure

swi ng adsorption ("RCPSA') process enbodi ment aof_ the
[}Bﬂéggnt Any efithe stepp desarjbadabayst(her st addirves neo-

P35 RS oo RS0 BlaB8R P complicr
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dhorfebicsclertiiads rasnlt, indhighdr thiedughipats arsd/oncan praiuet @quipment

Wi thin or coated onto an inorganic substrate or a

qust.y Neherpas eonventional swing adserptiomprocesses typically operate at
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



menbr ane separation process, thereby producing a
"ZI F-cont ai ni ng nenbrane”. The ZIF material of the
worempnes2e; has a net perneati og affinity for QOBR2I/oym9/001124
CH4. The perneation rate can” %'typi cally described in
terms of two nultiplicative factors, one related to
the diffusion rate and another related to the
cqolrairpts are ineagorgeddhtd & eapidpoleepressurt stvirg ailsérption
on the ZIF material . Wth respect to this latter
(TREPSA") prauiess emthodimient attheguesanddnyention: he nenbr ane
whi ch has a hi gher adsorptive loading ratio for CO2
over CH4, inproves the concentration gradient for CO2

i er i Y .
1 3 BT RRSAREBR b GRRL A £2A0 AP el can
beaesPerAtE thtorf MchitRai® procese forahe is¥lectiVOisparatioR W ¢arbon

concentration gradi ent enhances the sel ective

dpexideof Ogfrom @ethane| €H4y in stocabhs comprigingt hmixere ofitegse

resulting_in an i oved r very.of, CO2 in the . .
CREIPONSRIS: ;J@rth*éaqragp imsat, a ?gfg mtzlilﬂ IS HPCOTBREUER MEHin gF

cb TGS ndyBABT el B PESRSARGRLE AT RS0
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ane process e diments of the present 1nvention
réspeth® thiisx et fwqron e IFBinataial dacgrpomted imbd the asgmbrane which
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process of the present invention. SO be
mfify Thitiniprevee concanraival @adiche snhames thedeloetied n
and 1ts conposition prﬁﬁerties are nmeasured based
psuhedtionupbe Qutrelatiyego i through theemembrane,irgsulting in an

.perneates thro the ZIF-c ntainirr;gne rane.
improved recovery of CO; in the membrane pernieate 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



For purposes of this invention, if any additional
stream such as a sweep stream is added on the
wQeeaee2e1 si de of the menbrane,process, the cor@DEB100D0N1124
of this sweep stream nust be & ﬁcl uded fromthe
conpositional analysis of the perneate stream [0063]
Continuing with this process enbodi nent of the present
coneaereidiwith ti firstaide ofither ZiFodrthining heanbianeallsshould be noted
obtai ned fromthe first side of the menbrane ... which
thesdn someesmbadimends, acsveepstreams may deduilized esithe permeate
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the selective |ayer, a reparation coating or

mespbraatipsacesapdit o pressat inyentipn has en adsorptive loading ratio for

CO, over CH; of at least about 10, more preferably at least about 20, and even

more preferably, at least about 25.

[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-



in the nenbrane structure. [0065] The ZI F-containing
menbrane wll typically be part of a nenbrane nodul e
w0 b@v/1072¢1 udes a pressure hou%g. Non- | i m t i NBCT/US2009/001124
exanpl es of Zl Fcontai ning nenffrane structures that can
be incorporated into the nenbrane nodule are
hol | owfi ber menbrane structures, flat sheet nenbrane
coitaimihg lpser candprionally tihdladeetizranatesinlsucDne ef theTtmterials that
menbrane nodule will typically contain seals to
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phase streans. The cost of |1quefying these gases to
comapingmsmmbrant sheicowes tmttcan 8 i0rpdAed)intorthe membtame
separate these_conponents nmakes cryogeni c separation
mydglearedollasy-fihes membrang strictyres, flat sheet mepbrang siguctures,
and recovery of the conponents from man vaj | e.. :
o Pt e DA RIS R 1 DRPB R R bR nigatty
CRaRTER b Dl L R AR LT hE PR nd to
pfehiént iswchypdse os eessstontimndtiopwiahé irétertatastresm(s)ae the
ZIF-9 in Figure 18) has a large adsorptive | oading
penneaie searaty). hher sealumaydsasesyaps aglgyinepior deldipgdheg
of .t hese cgan‘gon.%rll.ts at Stsndard % t conditions of 301
menmprang §PECE MTRID the MEmPraneBodUle- o aoh of Fi gure

14. As can be seen in Figure 14, under these standard
test conditions, ZIF-7 has an adsorption |oading for
[00@8] of dltmit afe Afanyrappticativhd Iretheiadudtty Whiéts canbenefit from a

process that allows 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,



adsorption |oading for CH4 of only about 0.09 nmol e/g.

The adsorptive loading ratio for CO2 over CH4 is
w@em@atie27t han about 25. Such h#gh adsor ptive |peEdUsL09/001124

rati os render these ZIF materfals very effective

adsorbent materials of the processes of the present

invention. [0068] It is also noted that ZIF-7 (as well
ZAB-7 9911 ax ARG i Bigueé 48 hasaldrge adsdrppiecrioading ratio for

t ypi cal Ié found in mcroporous crystalline materials
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favorabl e accommodation of the CO2 within the ZIF-7
structure. This behavior is the result of unique
energetic, interactions_between the adsaqrbed d
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.advant ageousl.y enahl epbodi.nents of t e ‘
GG 3358 ety iR e ST e B R Pp R o R BRI G such as
z ltittéf.t mssdééél;iPE& HeAin) hi¥ BRiGHE 3HREm shapSfRTCOL M ZIFT has -
devel op an effective pressure sw ng adsorption cycle
irmbattantcianplicasioas aadrdistinutbeby eratdes embbdahents ofithy podsent
the order of the pressure gap that exists_between the
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bet ween the | oadi ngs at the | ow and hi gh pressures at

ag¢promodation pf|the withjpethet ZIF - Tistruciyse khanyincths ddenrys law-
li?(fe 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



an adsorbate material is defined herein as the
di fference between the adsorbate |oading in the
wa@dmonpron step and t he adsorhate | oadi ng i n PEEUS2009/001124
desorption step of the "strdr‘?'gl'y adsor bed conponent”
(which herein is CO2) . Larger values of the working
capacity are desirable. Wth nore standard adsor bent
asdBéiatddaith tahfairly target“weorkirly dapabityt yared thiusayd ther eciromics of
behavi or shown in Figure 13 (i.e., exhibit a nore
the puoeass), as aeem feom she lange differenee betrrenghaileadipge atihedow
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erein the applied pressure swng is |ess than about
tedifferitie), drpressurerswing hast@babignificanlybfoader tr achicvsan
utilized in a swng adsorption process wherein, the )
equipalentileyebof wiosking dagarisy. wiih congemieBt implentians for g higher
an even. nore preferred enbodi nent of the present
COshPBREAUSR: t hese narrow applied pressure swings are
i ncorporated into a pressure sw ng adsorption ("PSA")
process enbodi nent of the present invention. The term
[0089p! i eHrdihahé pEevisus d3tussionbnthe adiquenesshof thedséthesn
as the difference in the maxi num and m ni num CC2 )
shamet paiticplastys thectgansition fiom ko e higltleading, ihfollows that in
agdsor ben ed duri a Sw adsor pt i cle.  [.007 .
prRlgT e cBbati B te prrab YR BEons b ATl Fiakigited in a
f - t . .
g Ko pRELS, NHEER Rl BHEATERNT is oy thag about
300 RPN In iph¥R Al InbAdininsPoSihe\pieseht ratitivn] Zhe ZHe material is

absolute CO2 partial pressure region at which the |ow,
utibzéd ipha seéng pdsarption podcegs wheneintthe apphed pressurgeswing is less
than about 200 kPa; and even more preferably, the ZIF material is utilized in a
swing adsorption process wherein the applied pressure swing is less than about
100 kPa. In an even more preferred embodiment of the present invention, these
narrow applied pressure swings are incorporated into a presSure swing
adsorption ("PSA") process embodiment of the present invention. The term
"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
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rocess where it s desired t i m the enr| .
adoroies lersinietto bt O a1yt fo CF it il WA s
. P ~iht e i
-SRRELER % O] SRR 0 S Gt ansiion
tSHAgher ToddiagBiate To tdkePldde r ®matdrdaldilevZIIUg at the same
di scussion on the features of the adsorption isotherm
tqaperature af 391K, enbofiskilrin shejariafipigssures Winga¢Hespon f

hi gh | gadi ng?_l ) )
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



of the preferred adsorbate at |ow pressures, in a

preferred enbodi nent of thepresent invention, the ZIF
woredoendRriis utilized in a sw % adsor pti on prpCEES2009/001124

wherein the CO partial pressufe in the gas mxture to

be separated is | ess than about 200 kPa, and nore

preferably, the ZIF material is utilized in a sw ng
peekent fivieation) the<slF miatoril is ttikzéddh pewinghdgorption peodess

the gas m xture to be separated is | ess than about 100
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transition in the isothermis illustrated for CO2 in

thr presentliBvemtions, the gooeessingtofabese lowe Colyqmrtial pressure streams
isotherms for CO2 in ZIF-7 at three é,% gratures, .
apgaiePPosatedintosd Pressyrrs g adsomyiqny, %@Fﬁ@%ﬁsm@dlmw

Oggﬁ‘{oﬁ%ﬁi&g‘#‘%@h@ 1 K to 308 K, both the adsoiption and

ies remain but are displaced to higher
CO2 pressures. Wien the tenperature is further
increased to 323 K, the transition does not take place
[60722] at Theasswidemperdtofe © pPacnttthadowdofhighrlealing éransition
tenperature-acti vated nature_of the ads,orefpti on process
k

ipthesispthgrmds alwrated derchOadn Frgure| 15s hhis drguse soptrasts he

f.i fi . { { { b
oBiEPAR0 NGRS BB Ot AR LDl RERb S ARy 301 K. 308
Ke&sP3 23 KoNALRE ké}ﬂg&{aﬁﬁé'iﬁ iPedsed FEMIAKRBIIDE R, Both the
gl ven pressure range (as shown above), the tenperature

adsourption ahtl elesaiptiosl hradelesaeaenin bat arudisplaved tahigher (GO,
hi gh adsorption |loading transition to take place for

peassuigsor'Wher thatemnpgrowwe i Buther ingramsed tor3 230K thepirarsition
h t ition f hi gh t |
dpruay ke Place Fvemal AR orot A RPe iy <oBfiaits the.
t x*aﬁlré%%ﬁvﬁ&dqﬁa‘iﬁ&rbitﬁtﬂté %HE&?%H%&&‘&&%:@&%H RdddPBents such

schenes | ncorporating e present ‘I nvention over a

aytigeZ Iangatepial € of et entgheattioneslustas tie @agReamire can be
process feedstreans. [0073] In a particul ar enbodi nent

ingireased tpdispdage phprevenbihe lowetothigh adsemption 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



of the process feedstreamis reduced prior to

contacting the ZIF-containing adsorbent nmaterial. This
wepodizent is particularly b'eéflfi ci al when i tPCBUS2009/001124

desiredto separate CO2 from “in | ow pressure

process feedstreans, especially when the tenperatures

of the process feedstream may be significant enough to
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branches to higher CO pressures than those experienced
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OH et niear ambiere | tempeedutes yfabauti 28 $C (B0h ) wrdar, 1oy CO, partial

reduci ng the tenperature_ of the process feedstream
prasswies condiinnsfilass thaa abppt 8¢ i%"au Aﬁ%e‘&i{sﬁ g be seen from

mat erial,, signifi.cant separation fif;
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PRGOSO ek Binbudel o gppre deadn
terhpéranireof shé process feeslsiregmpprivras contauitingethe @F-caitaining

t he uni que adsorption isotherms_shown for ZIF-7 in_ |
agsqrhentsmaterhsignificent sgpasatignhef €6hifsomdHs gan bgjachieved at

8 B Bl O oG Dy
dEé’deﬁBﬁ%*@m&féS*ﬂo @gﬁre@mew. Thus, while ZIF-7
con e Si

arns Zn as t gle netal ion, ZIF-9 of Exanple
2, which contains Co as the single netal ion, also
exhi bits the advantages described herein for ZIE-7 in
[0 s ur §hevihatacseristiqs: pad sying presess implieptions; péthg ypique

amples 1 and 2, both ZlF.7 gnd ZIE-9 h t he sane,.
g qThan OB TIORE O All-d NP QAL 1 ey iad pgplicable to
| 1 o) I 3 g
o oG PRISRIAG A LR PR FRISE. B
sirhBasdricdraetid indepabGvhs withi mpeisamnptiuchnad Cayiand OHgUThus,
at a slightly higher CO2 pressure in ZIF-9 (i.e., ]
vatileZ IR0 dortging Karasithe Binglg mataldon, &Bodtofddxamale Atwhich
ctorr;t%ir?sa 0 ats ?ﬂgseirnagieurrn%tacifior?,oglsg éxlm)litss’ the advantages described herein

for ZIF-7 in pressure swing adsorption processes. As described in Examples 1

and 2, both ZIF-7 and ZIF-9 have the same crystal framework structure, 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



di fference between ZIF-9 and ZIF-7 primarily reflects
sone small differences in energetics between the
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thah dbvat 5ivall%. shr sans istandes thesenmatiabighy ﬁpldattrd:arns van have a
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equipment and operating expenses associated with the removal of these high

levels of carbon dioxide from the valuable methane contained in these gas
mixtures. Unless otherwise noted, all component concentrations expressed

herein are on a water-free basis.

[0076] In the processing of natural gas, it is important to remove CO, from
the processed natural gas. Since the CO, is non-flammable, the CO, content of
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



the processed natural gas. Since the CO2 is

non-fl anmabl e, the CO2 content of the final natural
w@amopsaduct nust be reduced tg sufficiently |poI/Us2009/601124

to nmeet the mnimum BTU requi?rge'nents for natural gas
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d.
rcrently at ”i eam pressures of |ess than 250

Althiogigh the 8Wirkd adsorptior phedessssbeitithopresent BBAntiot cBRAun
rocesses of the present invention can be operated at

effidientlys at indeh spreams pressurien of kess dhaw 2 5@ poig (15024 Ba) in other

b iR Rt o055l e oo
B 23 h Prils S d{eé é‘? éi}%&g@f a‘%|,1{ %Qg f)gigjpdgﬂiaﬁkﬁ&ﬁ lof 8dlet @bout

el ntain a go ctivity o fati on ‘frade,

1866 y%r(fé $49 RR4). PARBSUSIe an @fflgém atetnd hrassub @ftle¥TtBan about
psig 1, 724 kPa), or e%en great er than}b?bout 500 psi.

26 pais(1F24 kRraywisk notmaliyée desised tamajntairen geodiselachiyity of
thae szelp'e:lrar{}aotnerrniagclz, g}dﬂtugn? gﬁc"garnq tpiré/s%uie%%qj gr}gatrei?l Iila%sal;co%rt 2%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



over CH4 of greater than about 10. Mintaining the
effluent stream at these higher pressures is
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Ih e@aubpenaidsof DNGproduiczs ithe reqpiirenient Cfr mdmiheinatien of the CO,
even nore stringent than for gas pipeline .
contens prer ¢van woare stringeat e for gasipipeling dragsportatien.sin the LNG

t he nat ur as.streamto be liquefied ofte eed to
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SRR I8, OB 100l (AT
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must be carefully reduced to prevent excessive icin
fadt thatehn 620, eosbrtnigahs naturehgay raasy must beicareflly reduced to
peLasLon of L heanatur al 8ase  aldh SETLlERLEid e
liquefaction of the natural gas. It is desirable to utilize the process of the present
invention for CO, removal from natural gas streams utilized for LNG
production. Therefore, in certain embodiments of the present invention, the CO,
content of the effluent stream from the present swing adsorption process is
preferably less than about 100 ppmv CO,, and even more preferably less than
about 50 ppmv CO,. As used herein, the term "natural gas" includes a gas

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.



invention for CO2 renoval from natural gas streans

utilized for LNG production. Therefore, in certain
wepdodoszent s of the present inyention, the COZPCDOSM®NY/001124
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cqi3inR 1sster amaunte gR LS cPRPUSHRRY RERLIC T RIRN Mgy Be uedgs fue
ofthiiflals. 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
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[0082] In the process embodiment of the present invention above for CO,
removal from synthetically produced gas streams, most of the CH, in the
synthetically produced gas feedstream to the process will pass through the
adsorbent material and be recovered in the effluent stream from the process. As
described prior, in these processes the operating temperature is preferably
chosen to allow the low to high loading transition exhibited in the isotherm for
CO, to occur under the selected process conditions, while preventing this low to
high loading transition to occur for CH, under the selected process conditions.
Additionally, most of the H; in the synthetically produced gas inlet stream to the

process will pass through the adsorption material and be recovered in the



| oading ratio for CO2 over CH4 of at |east 25. [0082]
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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
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greater than about 50 vol % or even greater than about
typically, a sizable fraction of the gas is CO, and CH,4 and therefore an important
separation in the cleanup of landfill and biogenically produced gas streams for

commercial use is the separation of the CO, from the CH, present in the stream.

[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
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f eedstream pressures of
optimum separation.” As the pressure level decreases, the temperature can also

be optionally decreased in order to ensure a significant loading of the adsorbate
on the adsorbent material. As discussed prior, this characteristic of the ZIF-
containing adsorbent materials can be significant in 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
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swing adsorption process is comprised of a ZIF material that has adsorptive

loading ratio for CO, over CH, of at least about 10 to remove at least a portion of
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.



and tenperature conditions (see Figure 12). Simlarly,
the sanple of ZIF-9 from Exanple 2 and its
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kPa from Exanple 7 shows a |large capacity for CO2 of
about 2.33 nmole/g of CO2 at these substantially
at nospheric pressure and tenperature conditions (see
Figure 19). As discussed prior, ZIF materials, such as
ZIF-7 and ZIF-9, can be val uabl e adsorbent materials
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[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



process feedstream containing both conponents, it is
desirable that the CO2 sel ectively perneates through
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one C2-rich perneate stream wherein the C®2-rich
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process feedstreamthat contacts the Zl Fcontai ning
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confinement of a waste stream containing at |east 50
vol % OFCO2 in an underground structure, or repository,
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the handling and conpressi on equi pnent required as
well as to reduce the energy costs associated with the

[6@QR]est s sush, Hie €Rk-1axdppr tistrean predusedrby 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
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the benefit of mnimzing the storage requirenents
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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.
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preferably, the CQ2-rich prodict stream produced is at
a pressure greater than about 500 psig. [0093] In
preferred enbodi nents of the present invention at
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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
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adsor ption and separations processes that are
described in detail in Exanples 6 through 10. ZIFs are
a uni que type of mcroporous crystalline structures

imantiog dré preventdd indUaited SestesBaranPublicativh No. zeol i t es
and/or in other crystalline materials wherein each
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However, due to the porous and flexible nature of ZIF
framework structures, the X-ray diffraction pattern
can be altered upon sol ventexchange or desol vati on.
E materials used in the gas adsorption screening
studi es were prepared according to published
procedures with slight nodifications in reaction scale
or ; . ’ i
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applicable to the present- - invention are presented
QlspnusixbR eyisged Edisers dtlsedpr Amaterslanng007).
US2007/ 0202038A1 whi ch i s herein incorporated by
reference. [0098] Detail ed synthesis procedures are

[ i?glgilgf%%p Efgm'itﬁs.ﬂma&mugﬁo@ of ¥ ziR€ hirdied
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



[0099] In this exanple, a ZIF-7 material was

synt hesi zed. The franmework of ZIF-7 has a chem cal
weomwpoei2ti on Of ZnL2 (wherein L benzi m dazol aP&T/UB2089/001124

t he ani on of benzi m dazol e) % a topol ogy defined by

the Zn cations that is identical to the zeolitic

framework type SOD. SOD is a three-letter franmework
résidingdnds mees <. 1 dgdfactivated ZIR7 neds oistainede obiresponding to

Association ("1 ZA") in the "Atlas of Zeolite Franmework
55Ypricld (msed addentinddazaleB. McCusker, D.H. O son,

Si xth Revised Edition, Elsevier Amsterdam 2007).

[00100] In the synthesis of the ZIF-7 material, 9.00 g

' [6’61(%] F&Egﬁg%ﬁﬂ@#iﬁg%éﬂ g&%ﬁﬁ@%ﬁ?gﬁﬁﬁ%@%&fanéed ZIF-7 was

l(SHd‘é&Qilit&dyl i tﬁ@@aﬂhlﬂﬁd@f\bf\ﬂ@ gravinittrier gisradielption anit and

liter glass e jar was tightly capped and the
activated msrtubwmsengvase ¢editans demmedanlémm ledven at

373 K for 48 hours. After reaction, the nother |iquor
was decanted. The solid crystalli zed on the side wall

O BT oS S
défactién ("PRRIPYpatterty sithelas-synthesied dndethélacetonifrile-

as- synt hesi zed soI id was heated under vacuum at 473 K
ekchaned i samplaassefmdrmeatalwlaatedm(RD patteirn ($hnvem gethe stick
in acetonjtrile

d ked at
pagemmy based %éhea@aglﬁﬁrwtaﬁ) é@’%‘i‘a‘g% @Efzof% Etep%m n éﬁ%‘;@ark

Referdpdh T rertieedl RafiE: 1Rk PaRD Pttt iR i Figre 1 are

pldiRdSAl the M AR RAUhRISATI(H APitraryl difits) gﬁﬁlst ﬁlelﬂ?fﬁa@tﬁon .

actlvat ed ZIF-7 was obtained, corresponding to 55%
angleltoro thetee@dn degiesy.i m dazol e) [ 00102] For gas
adsorption experinments, the acetonitril e-exchanged
ZIF-7 was | oaded directly in the sanple hol der of the

Vi.methi G .gas- |onu vat
(B0 g B BB RERL Gestithbut AT nER ¢ Slichtea by
tHOGhRSIdehtd Hf @xé%rﬂﬁeﬁﬁl and QARAIAtEQ P)QiDt_ﬂ%@tems It is worth
experinmental po X-ray diffraction PXRX) ")
nptihg ehiesligtt differames potvineesi thedw&iqiehmental PXRD patterns of
acetonitril eexchanged
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.



ZI F-7 sanples and the cal cul ated PXRD pattern (shown

as the stick pattern) based on the single crystal
wa@reoagore of ZIF-7 reported ip, the "Park Ref erenusoosentiz4

referenced herein. The PXRD &terns as shown in

Figure 1 are plotted as the dlffraction intensity (in

arbitrary units) against the diffraction . angle two

[0010963 ( Figuledries) Scdmdi®E]ection Miglospopy ({SENM") image of a
as- syntheS|zed ZIF-7 sanple is evidenced by the

saoplecofdetcé psodesgskr i ment al and cal cul at ed PXRD
patterns. It is worth noting the slight differences
between the two experinental PXRD patterns of ZIF-7.

El%?ﬂ @gtzt ern of as-synthesized ZIF-7 is indexed to

dral space group R 3, a b =22.927 A c =
15. 603 A whereas the pattern of acetonitril eexchanged

ZIF-7 is indexed to the same space group with a -b =
(6010522 I thid exampl& a7A1F -8 matediatiwaa syodgsweda e fgamework of

Zgtht i gggg{mqghe O tll—_Q@]L;r éwge €(5= bgpzimidazolate, i.e.,
RO e e ye—

iFRRhPR the ZBblifie FRineWRSHHRISODT IBOBCK athtédletter framework
condi ti ons descri bed abové were chosen based on TGA

typeet codeQB 1didinedi tguthe IhternationdbcZaoite A sEbaation("IZA") in the
M croscop i mage of a sanple of ZIF-7

“ilonol @@oﬁaaméwgrq ties (i Harlochat kb MeCusker D H.

oRitishh KBRSt iR 2o, = 70 Te 2

benzi m dazol ate, i.e., the anion of benzim dazole) and
a topol ogy defined by the Co cations that is identical
[00108)e Irdhé symthésisuoedur KIF-Ppmatseinl, 1ISERgi of ca)balt nitrate
three-letter framework type cqode as defined by

hexdiat (6N CaboipHo@ Adoomeal) e D:3chse of Bengiaidazole (3.05
mine) B e SOG Ay REDimb R FRG RER 2 120 mi
vEISEiL §1al %tt?é}ﬁmaﬁ%g@nd 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).



[00108] In the synthesis of the ZIF-9 material, 1.26 g

of cobalt nitrate hexahydrate (Co(NO3)2-6H20 4. 33
woremb)oarnd 0. 360 g of Benzi m dazol e (3. 05 nmol PCHES2909/001124

di ssolved in 108 m DWMF (N, I\‘F‘H'mathylformam' de) in a

120 m vial. The vial was tightly capped and the

reaction m xture was heated in an isothermal oven at
[(V1A0K f Por 88s AgorptionkkpérinRats tihacdtbisitrilet dvhahped @TF-9 was

was decanted. The solid crystallized on the side wall

loaddd directiptin dne smnpledioldheof the gmmmemb@as @dsom@metmn and

nd stored.in d | abe i zed
a@me«gm-smgzo@}ng Fh itipns &sppggfl %57 , the
as-synt hesi zed solid was heated under vacuum at 473 K
for 24 hours, transferred to a 20 i vial, imersed in

[(ﬂﬁqtlTn' F'igdr€ N shoRvs 450 Miphridofl of Gi?é%éiég)e@iméiﬁﬁl Bowaer XSray

hours. The acetonitril eexchange 9 was loaded in a
dffrastion (RXBDY') pattenmst aftheas-ayuthesinedlandehe ppetoaitude-at
roomtenperature for 16 hours to_renmpve theéﬂl vent

exehasged dJFrsampleg andtht:gamaégd PXRD pptigrn showmag the stick

r8 teraaveH SR SFetetTiar SERSHESr £fe 5%??“8%  tRE
gﬁ%&“&ﬁtl‘%fe&ﬁ&@ﬁ&%ﬁp' The F’gﬂﬁ[g‘i%@ﬂréﬂ?sdaszsl}ﬁ% WeFigure 3 are

rectly 1n the sanp of the

mtwdl dsehe |d¢ff%$10ﬁdﬁfﬂhpity ¢in arbitrargnohiag bgaiatethei diffadtion
by using the conditions described in Exanple 7.
angle1wo) thetagim degreshbws a conpari son of the
experinmental powder X-ray diffraction ("PXRD")

patter ns of the as-synthesized and the

A -
3T e N BRI B 0 T PR REZ DD A RIET Cliehpl by
tHfd dilheidenysbRexdrimehtal endtalkufatéd PXRID padetns. tTiee relatively .

"Park Reference" as referenced herein. The PXRD
lasge beckgroaadslmdmeKtRIPﬁlpgttﬁm of theaspiyathesizegdsZ 8 sample

ot beATa G B s EREk aF eriT s [6‘63’%%51%%@‘3
TR A TS S g
PXRD Watd S5 gR¥BERhRACHadoMainfiipeZIRDas fiveingically 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



| arge background in the PXRD pattern of the
as-synt hesi zed ZIF-9 sanple cannot be attributed to

W@ b@9asi23t ence of anor phous i rities becauseP@rig2009/001124
purpl e cubic crystals are obg‘gfved within the sample
by optical m croscopy. The PXRD data suggests that
Co-containing ZIF-9 is intrinsically of |ower
crystallinity when conpared to its isonorphous

Zn-containing material ZIF-7 (conpari n&)@FI gures 1 and
(601 15[] oolug}ls exgmpte, 2 ZHohanatesial wes spathesized: rlihe framework of

2303 s pioraicak biaRigaiiion &AM (R T, hitpidigalate, i.c., the

S I i, A
tHRCAIVNitIR A+ dTth e ROk gyﬂ\é BCTS CBQZST i’ a&ﬁ%é—ldﬂmsﬁéar@éwarls@mlcﬁde as

of ZIF-9 produce le 3- - [00115] In this
definedby thelitemationat Zcolaile Associapionh@ELAEHin th|¢e“Atlas of Zeolite

gﬂ%g?’\éﬁ%klggs éﬁF}H A%%ﬂrl%pger E?fg %/?Eq%%sq%g,‘:@r}-&o(wsog gulc'tﬁ Revised
EARGE HsRief RinderBB0 208M)C01 | 1 Y amovor K type. BeT

BCT is a three-letter framework type code as defined
by the International Zeolite Association ("IZA") in
[001d 6] At [msheosynthedis DE ther ZIi‘e«Aunkteir"mbelsQS g@f zinc nitrate

é&%&h&%‘é TEnQUO b Hames] 8 mobtas 2 T8 aoakpideola 20 4 mmol)
h
W sl F&‘P&?@&Pﬁ’p@dﬁmﬂhi@&@ﬁ?ﬁemF°120 ml glass

7 I
ﬁql. %IM%XP&EI I‘\}IHI\EI- t?;flﬁngt Fay ag #hd B lrda MRITEMBLBEOWAS ‘Fleh!éd]lﬂQm

cetamde) in a 120 m gl ass
isotldrmal loweniaa B 5846 foi Fhhbyrsc Aftee deaotibr, tlee medlodri loquor was -

m xture was heated in an isothermal oven at 358 fo
dgcaried; Ehe NltcbﬁrYS@ébZ@(bﬂn thewidapralband ﬂm}?ﬁﬁwaéaﬂ of the vial,

“‘Ejaﬁg:a ts?&%g rﬂ"B i ﬁé% N, NE Bl tl}yqﬁorﬁxagl%d\éﬂo réiSve 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



was col |l ected and washed with DV
(N, N-Di net hyl formam de) to renove any resi dual nother

WO p@aaes27The product was then ansferred to aPQUUN009/001124
vial, stored in DVF and | abeled "as-synt hesi zed
ZIF-1". [00117] In order to activate the ZIF-I, the
as-synt hesi zed solid was imersed in acetonitrile

gra¥imetrikbgad adsbeptich tmit ahd aktivate dnsitu bihesiaglthkenonditions
vol ume was replaced every 24 hours. The

desceibediin Exampdg 8nanged ZIF-1 was | oaded in a gl ass
tube and evacuated on a vacuum line apparatus at room
tenperature for 16 hours to renove the sol vent

lLacul i §i | R . 0) '
(IS, ERGES, ol A ol BB Byl RRE: Koy
di@ftaétidye ("PXRB"® Ehﬁélfrﬁ hifdhehssyniebized athievalesonitrile-exchanged
as-synt hesi zed” ZI F-1 was activated by exchangi ng wth

i et st s i
heveors el sFiek SRbRER QB on P SEle encilaator ;9’.f|i_l?,ag
regRRin s cPURRERIE: RS fRlifelRyifhetl  TAFRXRD patterns as
S S5t RO, O i o
againstrthewiffedctipnvahele dvo dlyetdi(inf degrees)n (" PXRD")

patterns of the as-synthesized, the
acetonitril e-exchanged and the tol uene-exchanged ZIF-I

(R o ARR el Dbl 6 IR Sl 2R, Sk &fideliCed by
tHY ?cglllé:l'dk:n&?ﬁgéi ithBntal'8nd Carckidned PXFOPattéens. It is worth

referenced In. The PXRD patterns as shown in
nbligg e FifforenddsBetwdemthd theecleXperamentah PXRIB patteyns( ofZIF-1.
arbitrary units) against the diffraction angle two
Thegatiern of agynthsyized Edliolots infexasd grmpneskigiCspagggroup P2/c,

(OB RER LA AT L SIS §24 e PR o
BRI 1T B nieiparssyinea- 000
A+ qarp49f Aas =synBoe s, zz4 1405 ardspattamofdohene-exchanged

nonocl i ni ¢ space group Fl |Ic,
ZIF-1 is indexed to a space group of orthorhombic symmetry Prn2 with a =
15.708 A. b =9.455 A, ¢ = 16.969 A. The data suggest distortions of the unit cell
of ZIF-1 upon solvent-exchange. We point 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.



a=9.699 A b =15185 A c¢ = 16.555 k ,b =\ 16.9
whereas the pattern of acetonitrile-exchanged ZIF-1 is
wo pbeset7t o t he sane space gro¥8 with a = 10. OPGI/BS2009/601124

14.649 A, ¢ = 17.300 A, b = 11975 and pattern of

t ol uene-exchanged ZIF-1 is indexed to a space group of
ort horhonbic symmetry Pnrl with a = 15.708 A b =
9.455 A, c = 16.969 A The data suggest distortions of
the unit cell_ of ZIF-1 upon solvent-exchan oi nt

[Qi_bmlt] hatFigurgrzl%gsmwSearyﬁag ﬁflwr@r Mzgrascopyy é’gse%b(ﬁ\'/'\iir?la% efa
shwpth LA Gredhiti el ot S PRI A Seqnping
F A IS8 590 s o gRelexchangeo

pfg&hc@ao A). [00121] Figure 6 shows the
t hernogravinetric anal yses ("TGA") for the
assynt hesi zed, the acetonitrile-exchanged and the
t ol uene- exchanged ZIF-1 sanples in nitrogen

re. The activation conditions described above
wer e chosen based on TGA data.[00122] Figure 20 is a
Scanni ng El ectron Mcroscopy ("SEM') inage of a sanple

[00123]F- IIn (RB&xARIPIE] 4 ZTRNQARGSRA] wak R9HEARGizell AHeSfrdmEwork
Is a Scanning El éctron Mcroscopy ("SEM') imge of a

oS TP+ El hds Zthemidal cbmpositiorcofZingksd)wherettub et belzianigazolate,

4 [00123] In this examle, a ZIF-1 terial s . )

1§y rhe anioneef. benzimidazeisiang %@@im&qf?q?%ﬁgﬁa&éﬁﬁ%gpm that is

.conposi tj,on Ok.7Zn wher.ej ez t ' ,

SRRl RGBS A HABHE bR A R 655 Bt ffrework

t*ﬁkec&ﬁ: %ﬁéﬁ’ﬂbﬁi I?i%{e Intern@fiBhaIC2¢olite Ad3Bcieidhi('IZA") in the
ramewor k type . RHO Is a three-letter franmewrk

“Atle ofKtolias Feahewerk Mypedie(CmtBaerhichendl . BZad¢Cusker, D.H.

Association ("1 ZA") in_the "Atlas of Zeglite Franmework

OlyomSixticRevsad Hdidary Elsevier Avpstardaan, 2897  a son,

Si xth Revised Edition, Elsevier Amsterdam 2007).

[00124] In the synthesis of the ZIF-1 1 material,

[G0E2 9 RfthésPithBlis'o¥liRe 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



hexahydrate (Zn(NG3)2-6H20, 1.1 1. nmmol) and 0.990 g

of Benzi m dazole (8.38 nmml) were dissolved in 100 ni
WOERIB(10§2 Di et hyl f or mam de) i nl}g 120 m gl ass ROCHUS20041601124

vial was tightly capped and 1 reacti on m xture was

heated in an isothermal oven at 373 k for 96 hours.

After reaction, the nother |iquor was decanted. The

usiakiapi ?Etsté hAd tansfbrsd fohothele20nall lviginThe Belidavdsowashed with
part of the vial was collected and vvashed with DWVF

alid\star@i ireDIMF fandrtabéldd )'pndfiedtZdbrl1't o renove any
residual nother |iquor and an anor phous by- product.
The product was then transferred to a 20 ml vial and

[d%"zgﬁ"\’F 5‘? %}{e?qg a‘é@%a%etfl@'izlﬁdll i 5&3@3@ g@gg c}%éafém‘ﬁﬁrsed in
B4l §c wass 333 @othf‘oﬁ'ﬁZ %bhfsamlsﬁ)l\kb’ﬂt Rol@he 3¢as replaced
m nutes to nechanically detach an unidentified

edany<2t powrs eThe amethiweolsenchanged ZIF AllFwas loaded sn al glasstimbe and |
| ayers of solids appeared af t t he vi al
eyacrafedson pa@suWRdiRG apRATd ulsof\ thg rameal ofiesi<rmAl methanol

SDBHR o ek SR T PR 433 K for 16

P e S s o gepded omp L.

0109 QB@iﬁpld @f ativiaved EIF-1d wadthiis bbtdihed peorrdspeddsygy to27%
was i mersed in met hanol a. 15 mM) for a total of
yizdd Goased. orrmecmraﬁémexabyéme)ms repl aced every 24

hours. The net hanol - exchanged ZIF-1 1was | oaded in a
gl ass tube and evacuated on a vacuum |l i ne appar at us.

I : I
IR o F o B g b R B A kS llnid 3 was
1dadedrdifRtlyatithe sampiivldet bEtiRqirdeithetniol @Suidfserptlon unlt and
residing In the pores of the ZIF-1 1. AO sanpl e
activated invaite dyAising theeenditions descaibeddn E?@mrég ondi ng
to 27%yield (based on zinc nitrate hexahydrate).
[00126] For gas adsorption experinents, the

sanpl e E-oéégr o? % h%kgr é’é#’ne&??’fiﬁﬁag g@%&%% g\g‘dg%?dt“?ay
defficeibh i(VRXKRID') Tpa&'ehts SFthe puiididdendchedhéthansl-exchanged ZIF-
descri bed in Exanpl e
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).



[00127] Figure 7 shows a conparison of the

experinmental powder X-ray diffraction ("PXRD")
w@aa0vae3231 of the purified and the nethanol - excherysz09/001124

ZI F- 11 sanples and the cal cufdted PXRD pattern (shown

as the stick pattern) based on the single crystal

structure of ZIF-1 1 reported in the "Park Reference"
[06129 eTRpER® Se5ws the tRAMBERANIPRIAECARTYSE CTOW") for the

Figure 7 are plotted as the diffraction intensity (in
pariffietramdytha mé¢thinalgex ochmnged @18+ fif saanples in aitgdgen atmosphere.

two-theta (in_degrees). [00128] The high purity t(i:ﬂe
Theastivatign eon@@mrédieggrlb%a%\fenwmeﬁweafbaé%enilféﬁt ta.

and cal cul ated PXRD patterns. It is worth noting the

slight differences between the two experinental PXRD
[Wﬂtﬂr NFifhredfisla écarﬁ‘fih%'ElE@HlﬁNﬂhfc%éSﬁ?@SEM"W ®mage of a

Intensities of the diffraction peaks were altered and
samplepepKIPddigrodusedier e systematical ly shifted to

hi gher two-theta angle (in degrees).- - [00129] Figure

8 shows the thernogravinetric anal yses ("TGA") for the

ur i f'ﬁ and t he net hanol -exchanged ZIF-1 1 sanples in
%‘—w at nosphere. The activation conditions
descri bed above were chosen based on TGA data. [00130]
Figure 24 is a Scanning Electron Mcroscopy ("SEM)
[0 ofinahizaxahiplef a ZIF-8 mhtepiad shasayntiesiadl €lle framework of
éOOl 1] In this exanple, a ZIF-8 material was =

Fr& hasa chamicph sompositinn af 4nlz(whereimd. 3 2cMsthylimidazolate,

li%(3 gﬁg gil’ﬁﬁ)lélo(gfr%%igtby fl\ﬁnqﬁé%eélg) !f_f}ﬁ: a i%q tgg\y/ léllﬁgl]ngg i)glﬁg%: %ycations
4 TR LB ZRoP S0, OB 808 e

fFanAER YN n@bmae aedRfimed 48f thedatebyatidimal Avbtit Akssuiation ("IZA")
Zeolite sociation (1TZA") in the "Atlas of Zeolite

irFthenéAtdak of fpekite Krameviarkr Typds&(Chl Beerlpelmrs ka3, MoGusker,
A son, Sixt evj s diti , El sevi er, Ans am
Qb@ﬂnl.sov,oﬁﬁzﬁemeﬁﬁféﬁgg)m Iﬁﬁgwr érmﬁﬁédaz'ilé@fﬂm erial,

10.50 g of zinc nitrate

[00132] In the synthesis of the ZIF-8 material, 10.50 g of zinc nitrate
tetrahydrate (Zn(NO;),'4H,0, 40.2 mmol) and 3.00 g of 2-Methylimidazole
(36.5 mmol) were dissolved in 900 ml DMF (N, N-Dimethylformamide) ina 1
liter glass jar. The jar was tightly capped and the reaction mixture was heated in
an isothermal oven at 413 K for 24 hours. After reaction, the mother liquor was
decanted. The solid crystallized on the side wall and the bottom part of the jar
was collected and washed with DMF repeatedly to remove any residual mother
liquor and an amorphous by-product. The product was then transferred to a 120
ml vial and the DMF solvent was decanted. After the addition of chloroform
(c.a. 100 ml), the vial was capped and the mixture was immersed in an ultrasonic
bath for 30 minutes to 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



tetrahydrate (Zn(NO3) 2-4H2O, 40.2 mmol) and 3.00 g of

2- Met hyl i m dazole (36.5 mol ) wer e di ssolved in 900 m
WORBI10§2 Di et hyl f or mam de) goa 1 liter gl asBCT/EB2009/001124
The jar was tightly capped and“the reaction nixture

was heated in an isothermal oven at 413 K for 24

hours. After reaction, the nother |iquor was decanted.
chitero$erinh tvasrepséfallyicotidcted usieg aipiettedrd aadsfehedhotanother 120
part of the jar was collected and washed wi th .
mkyiehtBu solidowas masbed mith ard siosed inpbMY arlldd@b?leé \pugified
ﬁgogphous by- product. The product was then transferred

120 m vial and the DVF sol vent was decant ed.
After the addition of chloroform(c.a. 100 m), the
vial was capped and the m xture was i mMmersed in an

[001334s 0inCorlat tb 4Avad®the DIR-8sthiepurtfidihsolichivay inheherséd in
zinc oxide particles fromthe surfaces of ZIF-8

methsnal &.a. THO mb)ybr:a tofal o672 dwuap b salvent erlumeewes egplaced
sat on_a | eyel, surfac un mnute
Ty 34 hayes. Thivmethapaliere wnged] 28 %?%ﬁaaérﬁﬂﬂ%@ zgsuibe and

e%ﬁgﬁ{g%l lo)lll \9#&?1\97& gﬂ Léi}hglgdtlgﬁ ?{‘oﬂ%atglg r %f gf‘?)&t@f'r{ag (ilnétﬁanol

solwmedt f(?b%m?@f’ath&b ‘ﬁ'l@goh@Wab fh'eﬁtédihﬂeg vach®8k33P3IK for 16

order to activate thé ZIF-8, the purified solid was
howetsranove thetsolveait nicleaulet @6siding ihdhe porest aff ZH-872.70 g of
hours. The sol vent, volunme was replaced eve 24 hour s.
apnlvgteﬁellﬁa& SYaseabdpimedeeozesrondipgtq Hhdeticld(based qu -
MHE’ evla uated on a vacuum | ine apparatus. After

Il Zpe f ext ernal nethanol sol vent at
roomtenperature, the solid was heated under vacuum at
523 K for 16 hours to renove the sol vent nol ecul es
(00834} ndFormgdstasprption efpefinherds, the tethanél-exdlianged EIF-8 was .
ZI F- 8 was obt ai ned, correspondl ng to 41%vyield (hased,
londczi diveethy/in thiecsantnle holdeyf $hg grayimgtiic gasadsarpan unit and .

ment.s,, the hanol,- exc F=8_ wa aded

v aled -3 o BSioB b SORGIGE Brelies trLurHER | Gas
adsorption unit and activated in-situ by usi ng the

condi ti ons described in Exanple 10. [00135] Figure 9

[80035] a Eignras iskows af cdrhpartsapest thie eikpbrinmatid pov deryX-ray
diffraction ("PXRD") patterns of the purified and the methanol-exchanged ZIF-8
samples and the calculated PXRD pattern (stick pattern) based on the single
crystal structure of ZIF-8 reported in the "Park Reference" as referenced herein.
The high purity of the sample is evidenced by the coincidence of experimental
and calculated 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 (in degrees).

[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.



diffraction ("PXRD') patterns of the purified and the

nmet hanol - exchanged ZI F-8 sanpl es and the cal cul at ed
woXRD1pRrt ern (stick pattern) hased on the si npCBEUS2009/001124

crystal structure of ZIF-8 reported in the "Park

Ref erence" as referenced herein. The high purity of

the sanple is evidenced by the coinci dence of

[00135) | nBithat 2drid acSdanuigg EtbcSRMpabtepys("SEM" Fxirige of a
patterns as shown in Figure 9 are plotted as the
samplerefctiFed predugedi ty (in arbitrary units) against the
diffraction angle two theta (in degrees). [00136]

Figure 10 shows the thernogravinetric anal yses ("TGA")

Ef [ lh§69Hfi fied and the nethanol - exchanged ZI F-8
—ég%é—gs—i—n- ni trogen atnosphere. The activation

condi ti ons descri bed above were chosen based on TGA
data. [ 00137] Figure 27 is a Scanning El ectron
[00138)s c DpExainPEdd § throagh 16fhexemaaplahnSt mitrsbslance apparatus
produced. Exanples 6-10 [00138] In Exanples 6 through
(TG 12ky @il pg)avGahsedrtp gravinadsically ehayssterirethbe (TGL21,

0.1 ng) was used to gravinetric characterize,th .
a@mng@/idsmreggarp@p@%wﬁ o8 885¢S @@4 ﬂﬁdraa%ré’@naghe-a adsorbates) in
hydr ocarnhons .(ii . &, ) i ' bt

ViR ET RO yitar Bt RESRNRS Tley Sk BGRY? ESrhLs were

el GR'onl \eéf'icﬁiétad@,Brwiaﬂk&béﬂﬁ?’z{iﬁbﬂoedeiéﬁﬂfd@%é afgorpsion
to determ ne the adsorption isotherns for the various
isttitermat for itted sarsqus AHS hmterials sgnthepized il Examplesh] shrough 5
above. At a constant tenperature,. the equiliprium

abensor Ahaeongant iegnperaturedbgcayilirivg adserbalgloading was

re r t0,106. 6 kPa. | t

rliatuti v ahPut Bpse ettt uBHd Oa R FCh! heE T gpprure any
p8{ n&i%hf@i@l%‘ii‘cg}%'ﬁ%?iorf)ﬂir%t%h\Mift_ﬁeﬂi? AaH sTdhé RxpE&mental points

a(fsorpt on node (i.e., increasing the pressure from
weRe wastuedtingheradsonptiopmedel (iee. pih clcdSing thegressude fiom

other half of the experinmental points were nmeasured in
vatwundde thpmiagimupupressurs. of 1 k2a) anf Eh?é’tbP’ég%lgro the
e PR TSR 0 A D Wgebng e
pHES e RoRth@MHAkinfh pré&lre 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



control and nonitor the sequence of steps followed in

each experinent. [00139] The adsorbate feed was
whe@agb27i nto the feed manifold froml ecture bRCT/USR0WO01124

from house supply lines contarning high purity gases

and hydrocarbons. The feed manifold was in contact

Wi th the adsorbent |ocated in the sanple hol der of the

provdded teoadsorbatb presiacs hFbematiers tolthe sdntfvller! Mhefa@droller
mani f ol d was control |l ed between vacuum and 106. 6 kPa

apipatedvIGY( electropic videeseoaardjnsiithaadserbatopressire Syithisrthe feed
mARifale e e Ovies D3abAnasiof D0100RKSuas pmecisd to the
SNBSS 8238 TIpLIFROHRY) was

cBAR&TE B tHal WichBid BRe! A PREFFEAD TS RGN -turfdtin S1RBH TP pufip was
actuated two el ectronic valves to adjust the adsorbate

upédasavtdeve thel vacum Eesditionsi f ol d. One val ve (MKS
0248A, Type OO OORK) was connected to the adsorbate
feed supply and the other valve (MKS 0248A 5Type

was connected to,the.vacuumline. A
LA e TP 16 theinoraioh SOt Mipastigmats, gbout 15-
iga :

o051 g R R e ARl SR 2ty o avoi
tHbcorfiQctints 6f thrdaisbissi Witls ainbadr Air, the Adsorberitobad Arlbe

at 301 K In order to avoid the contacting of the
imdwrsdibin amexdess o aspecidied sol vent 4ide.o A @mownd svelliin gxcess of

i mrersed_in_an excess of a ecjfied solvent (i.e.,  an

- tharseAirgiia fill {saRtaraal Rarecolimeb b salvest pras renpyed Hhrough

' r . T r
e QRS VAR Lo s Pl ettt SO s il Bore
s&BhYSNWith@SthBahéricr 'of thé hastibite\hédting WhS alsdti@edo Tyically,-

the adsorbate, heating was al so used.” Typically, the
theofdlloawing steps(all (wider dydamicyaaming) wasuappliede (@) out-gassing at

SO 50 by B 5 o s B BB RS anc e
o550 DB B L PSP, S POy pgnce

walasiejast oS MBh8ingt the sdmpldahd iy Wasglt waedir¥ctly obtained
obt ai ned Tromthe mcrobal ance upon conpl etion of the

frone dre: nicobalaade upon Toenplgiden 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



solvent, the heating tenperature as well as the

duration of the steps was dependent on the particular
wQ@emofre2er i al under study. For gi ven ZI F sanpt’BUS100%001124

same cl ean-up steps were repeated each tine a new

successi ve experinment was conducted. Prior to renoving

the sanple fromthe m crobal ance, the first and/or

second adsorption experinments were repeated. These

repeat experinments reveal ed excellent reproducibility,

[l r ilm ehis ksamgle; @dsgrpdiont isethexpeaxipesiments #gso eptriedrout on
Z3Eehseaaeh pBlagpesl Forn e athdirs AFIeUED 3 Firamile 1,805y in
o[RBT R gL DG oE R0 ST ihBles R detbeo

aB6kOr ption i sot herm experinents were carried out on
ZIF-7 sanples obtained fromthe synthesis detailed in

Exanpl e 1 above in conpliance with the general testing

rocedures for Exanpl es 6-10 descrjbed above. [0014
[M)42] e For the testing of saeh abiasbatstin thys queglmé F%‘EHQ of ZIF-

P S 3 BRSSO o
KOYRRFA Sy afie vatudia, NG fieher lRatinBOvAPSpsIRed. | BRe dyn®reight was

dry wei'ght was 46.68 ng. The sant cl ean-up procedure

4648 app|Thedsante eleba-ppprooedure vead applirsietpuélit-7 prior to all
experinments with other adsqgrbates. A Scanni Eﬁ El ectron

suhssABeRioppermsaNs Withether adsarhates s dmjranniag drecifon Hlicroscopy

(M Birmag SEB R Bl SRR R ATy BiddR 12°8MT e co,
AR S 5O by

ad¢crpeon ¢oading Retypibsl wiinesf rahssle/gs dl'li Ryweryabstisea displays the
relative CO2 pressure, where the nornmalizing pressure

abpluterCes peessure in kit Ele uppenabscissa dispdaxuthe rglatiyg1CO,
PEESSReu ISP BSOS B Al AL SUR Pttt PoRdpys T e AN gion
PR R OT Fefol AERRLUY AR CRIBRNRP PR eSO
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).

[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



adsorption branch is showm with filled di anond | egend
and the desorption branch is shown with open di anond
wo egena271 [ 00143] I n accordancS wi th the testiPgr/uS2009/001124
procedures, an adsorption iso Aerm for net hane, CH4,
was al so generated and is shown together in Figure 13
Wi th the adsorption/desorption isothermfromFigure 12

labding oflcarbdiedioxide, ©O5,e9as s gnifidahtly lavgemphan theetdsartion
did not exhibit the separate adsorption and desorption
loadingifos methares (Ghiopi thed IFof magerdaln di oxi de and
therefore, the adsorption and desorption curves for

nmet hane in this regine overlap for ZIF-7. As can be

DEE4T | el Tt b Bl PRt LA oxPEgRANER: Blsorption
18h@inies ©f tREZIF Vamateriil if6i €abbh iddde,eCOL @ ineehane, CH,, at
adsorption | oading for nethane, CH4, on the ZIF-7

tostteemiditions] ARIOMK #ridy 0@ 6 kPai abtainedfremahe testhpkovergAs can be

t he correspondi ng adsorptign | oadin of ZI F- 7

se80 £rqm this har g&amfb ihg Agkoraion togting 44 ﬂhﬁ‘e?ﬁwﬁ%@?ﬁa@%‘ figg CO, at
[ _ .

58 kBT R Bl RE A 9B Rk b L AR ddtion

lBQ&ing%P My ®4s hggﬂixﬁhglafé‘ly 00D Anfolé/gTeAethedt coaditidad, the

at 106.6 kPa @3 K was approxi mately 2.29 mmol e/ g

atlsotpti vehleadiiporativi fon @ooverdCHpis ptoxmsatehp2 A ithisttaying the

0.09 mmol e/ g. At _these conditiaons, the _adsorpti

) ) erg [ .
highaplegtiv i 105 the ZIExpmatasial 6op COb aish Gk ARIEng ZJE-7a suitable
ilJustrating the high selectivity of the ZIF-7
m{e&aﬁ £or Yy né%%p&,%pt M?ﬁ%ki ng ZIF-7 a suitable

material for use in the present invention. [00145]

Addi tional isothernms for ZIF-7 were perforned at

[001 48] enAdditival iothicrend foriZl¥e? wegaperfoimed at different

adsor ption/ desorption characteristics of ZIF-7 at
tempiesaturestodnueiigate theradsamsnnsdesonpiien charagteristicy pEZFF-7 at

f. C2 f 301 .K .3 K K
e iSSP T B T Pl
1018, SRR R e 5, WS R e 15

dondistenthvgh a@5&rptioadhasgd ipsindiplpd, as eble temperghare is increased from
pressures. This figure shows that conparable

3HHsKrtot 308K, thediransition fiome 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.



on ZIF-7 occur at a correspondingly increased partial
pressure. Figure 15 also shows that at 323 K, the
w0 e@nddron fromlow to high | oadi ng does PGI/USRE001124
pl ace under the conditions t “were tested up to the
maxi mum test pressure of 106.6 kPa. Such behavior is
equi valent to that of CH4 as exhibited in Figure 13,
that due to weaker CH4 interactions with the
adsorbent, CH4 is unable to undergo the transition to
Example 7 oadi ng state. It is this interplay of
vari abl es i nvol ving the adsorbate, adsorbent, pressure
and tenperature that can be used to an advantage in

T . AR UL RIS LB SRR p SRR BB Parjeg out on

zwmasra%pleg obfdindd Honttie symlsms aetailed @s Exaniplé Qiabdve in
bot h conponent s. Exanpl e [00146] In this exanple

|l e
centptinpté withi thetgeacral ¢exping prencduree for Examplas 6 described
ZI F-9 sanpl es obtained fromthe synthesis detailed in
abR¥dpl e 2 above in conpliance with the general testing
procedures for Exanples 6-10 descri bed above. [00147]
For the testing of each absorbate in this experinent,
() ?ontheZdeEfmg ofRach 9B&lHat ih*ihﬁ%?&iﬁéﬁ'rﬁédt' £ sﬁﬁpléwef ZIF-
SO nt was out-gassed for 6 hrs K under
9dyzma1rasaded/ adthuasetdiitfilerdstthe sbbant.nfi wassoapgassed forThrs at 301

dry wei ght was 56. 35 m&{u The sane cl ean-up procedure
Kyaidexpshynagiic vacuwp. dNp furher heaging wagpapp|igght The dry weight was

ST L R P
Eﬁ&%{l@t@ge? ?ﬁ{tﬁﬁjﬁhéﬁgﬁdi&ﬁaﬁ@ A@Qéé’rﬁrﬁhg b3St MicFdscopy

I nate di splays t

("SSEM!") bhagl{e"fbﬁﬂﬁﬁ sanpivislshadinnig Figutey bb.c Rigurailt7sshofiws the CO,
nmol e/ g he | ower absci ssa di splays the absolute CO2
adsarption ésdtherpan Zike9 appel Kabd b esdingiesdisplays thrpequilibrium

S Tl e TS s o
ai§s01 g?%égggevgﬁgg& e 'ugg&f ABY AR EpUettRlCO,

ava a Was tlmate . The ti1lled
p?é%@u&p Shesdy tHOhGrmhdleihg pyessure 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



t he correspondi ng adsorpti on and desorption branches,
respectively (the adsorption branch is shown with

W0 pdovaes2di anond | egend and theéf;jesorpti on br ank¢ir/iUS2009/001124
shown with open di anond | egent)” [00148] In accordance
with the testing procedures, an adsorption isotherm
for methane, CH4, was al so generated and i s shown

floa Bidige 180 afihguippet SestipréssufeoAUBE6[KP00) 385 &, thé adsorption
i sothermfromFigure 17 above. In the testing regine
laziding o€ carbanpliexidee Obhnwadisigmficanthnlasger thans the pdsarption

adsorption_ and orptio ranches . as was exhi bited
lqaé’lmg;gwaﬁthapsxeg@, ﬁﬁéhq zg}?‘gf@%’,“aﬁ'he adsorption and
desorption curves for nethane in this regime overlap
for ZIF-9. As can be seen- - fromFigure 18, at the

t 3durer 1858 W BarPraphompatiag@sé Q&n’éspéﬂtﬁng adsorption
adsorption | oadi ng of carbon di oXi de, , was
Izidimg s o thetZIF-9 mageriak forcatton didxodey GOy andavéthgneé,deH,, at

th , CH4, t he ZI F- sial .. [00Q149] Fi 19
(g% canbion kg1 doABAri A KRE obtHRGb FORUNGoHIGBREE: A can be
I i . th I k-9 ' f hOX|
stiplroltpicher et feadiBhtidrdloalBla S ATC) iy g £O. o
1868% 1@&@@39?3@%@%@5&%&@&#@% ABRYE wHik h@ad86rption
seen fr thi s bar "graph, the adsorption |oading o
lddiéng Fér- OHwéasrdpprokinmat€lg0 .68 niMoldgk Pat ti@&oOdorditians, the
approximately 2.33 mml e/ g while the adsorption

adsorgtivg loasinZratiovder GQPp0yRT Falsds pPpraemately &gl idpstrating the
t hese congditjion e _adsorpt i | oadi ratio .
higfeseleiy obRcA R rartsriabror OO pUE CI, k2 g Sitable
AR Rt $£rial for CO2 over CH4,
n?rﬁ;iﬁ%gfoyl&%{gpghéﬁtsatllgscr:rlg?%r'i al for use in the
present invention. Exanple 8 [00150] In this exanpl e,
adsorption isotherm experinments were carried out on
Ezample & anpl es obtained fromthe synthesis detailed in
Exanpl e 3 above in conpliance with the general testing
procedures for Exanples 6-10 descri bed above.

[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.



[00151] For the testing of the acetonitrile-exchanged

ZI F-1 sanple, a portion of the ZIF-1 sanple produced
wap@oae2rvat ed as in Exanple 3 s | oaded w t hPCT/US2009/001124

acetonitrile as the solvent. ﬂvawas out - gassed for 6

hrs at 301 K under dynam c vacuum No further heating

was applied. The dry weight was 69.64 ng. The sane

[60152)- up For deetbstiig \wish@llemslekchanged ZIF-1 sample, a portion of
acetonitrile- exchanged ZIl F- Iqs&rll or _to all subsequent

t@(@ﬁ?ﬂlr@mwemwuaﬁd@d mﬂwf@t " s Exargplenh wag Eadﬁﬁ w@h
tofhng o i yolvert. dhuian otk edvasih for 30p GO 3B Bafier

VBERhOfegtd [ 34 R 1T R ERAGRT %i%t%%fgﬁl?%%?%wesg“
wad zl@(zm%e ”ﬁhé‘\@ﬁnb%@é&iﬂ ]!#phﬁbdd@kélwag applitd o 8 todiéne-

It was out-gassed for 6 hrs at 301 K under dynamc
exclianged ZiFal pdior to all3ukséquent ekperimantstwish other asisorhates. A

ST A @q%ggyrz@mggﬂmaggﬁ;é;@ﬁggg%a Lean o
SRRy iR i ERRER et T on M or oscopy (~SEM)

i mage of toluene-exchanged ZIF-1 sanple is shown in
Figure 21. [00153] Figure 22 shows the adsorption

[0GkEX]er Rigwke memseﬂwadsorptmisb&wgm fltke bcétonitrile-
car bon di oxi de, and et hane, at 301 K__Th

ezse@nng&deZIErkﬁq)rawbpnéh@adm Cohi and a@élaﬂ% B, pba@l kg The

oS 44 PR 05 R o Mo

ﬁg%g%%{;m%&g Eih@%b élhtet sHRB YT th€8dsdbERSHNP L As can be -

e adsorption | oadi ng of carbon
sekrofofeFigurl 22y\atsthbugiper tesh pressim: efiB6. 6 kiPar@ 3Kn the
for methane, CH4, on the acetonitrile- exchanged ZI F-

admr@tlpalloac[mgﬁ&}lr@rgdyo@l@g GQ,, Mlgberagqqné eradsorpgion
d ] d
topifed S0 PEfane, ChlingR anereetpnisiRErFdrnse Z0f;  ppterial

di oxi de, C®2, and nethane, CH4, at test conditions of
301 K and 106.6 kPa obtained fromthe tests above. As
?@I‘Sdﬂe S35 eLZZDf@at barsgraph cofrgffingt the catkesppiding adsorption
oadi ng of the
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.



acetonitril e-exchanged ZIF-1 material for CO2 at 106.6

kPa @301 K was approximately 1.05 mmol e/ g while the
wa@eamonp2ron | oadi ng for CH4 vvas appr oxi mat el y BCB0S2009/001124

nmol e/ g. However, at these cO Brei ons, the adsorptive

| oading ratio for CO2 over CH4 was only approxi mately

3.5. This exanple illustrates that the

[@0ES3)ni tIt sheuldbehsoted thaf) Althoulhesotshowin se tsluee-exchanged
adsorptive loading ratio high enough to neet the

Z1Eqlimagerialtexhabits simifaradsarptionleadingcharactensticssys the
shoul d..be not ed ,t al.t hough not shown, the
aPSﬁ%&ﬁ’&'@%@P@%&Qﬁ'k-‘?“ﬁH?ﬁ?i al exhibits sinilar

adsorption | oading characteristics as the
acetonitril e-exchanged ZIF-1 material. Exanple 9
ExX{pRI9!I n this exanple, adsorption isotherm

experiments were carried out on ZIF- 11 sanples
obtained fromthe synthesis detailed in Exanple 4

inc liance wjth the, general testin )
[ﬁ&g{@dhﬂaéﬁ%ﬁméﬁﬁ riami SRETHBEAIS werg§amiqd out on
r t] j j [ .
Z1P%1 iob3 e (R e Sa0RARL Bl T SHRAE e i
S i Mt e Epalef o Dorive
abowveed to 301 K The dry weight was 82.07 ng. The sane

cl ean-up procedure was applied to ZIF-1 1 prior to all
subsequent experinents with other adsorbates. A

ing Electron M.Crosc +SEM) . 1imae of. this
Q71T "o hirting R @St bl SURERAAL b afiple of ZIF-
139584 RIalded vwifPhidehdiiol a6 tfd Solvedt. f R w0 i Pass8 PFirdehrs at 301K
CX2, and nethane, CH4, at 301 K The ordinate displays
unider égmirhidovacuonsdreateat toct23 Kafdir 3chrs narid/thieaadooled tos3@F K.
nmol e/ g.. The absci ssa di splays the absol ute pressure
Tdre dnyaveighbwisa 2. hmgpal hexsarae glaga-upprocedurs wagapplied to

281l 05t BRSO R, Seanning
FILARG] MiERRCHS (101 P tina e b alh RambR! isBobaTfy Fighe 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



material. [00158] Figure 26 is a bar graph conparing

the correspondi ng adsorption | oadings of the ZIF-1 1
woradoenoalrl f or carbon di oxi de, %2 and net hanePCTZBE2009001124

test conditions of 301 K and 206. 6 kPa obtained from

the tests above. As can be seen fromthis bar graph,

the adsorption loading of the ZIF-1 1 material for CO2
lcddid® borcCHE avd@apptokinvatsl a2 emisbd/g) e Everpapihesg

whi | e the adsorptionloading for CH4 was approxi mately
conditionsxthe /agsomptivedeadingtratipe fer COhdiver wapenly

SRRSO 2 B R S P ol an

ot RGPS AR P BBt

inven€eiohi on. Exanple 10 [00159] In this exanpl e,

adsorption isotherm experinments were carried out on

ZI F-8 sanpl es obtained fromthe synthesis detailed in
Exanpl e 5 above in conpliance with the general testing

s for Exanples 6-10 described above. [00160]

For the testing of each absorbate in this experinent,

a sanple of ZIF- 8 was | oaded with nmethanol as the

[601593 N1 In his ‘é@ﬁm%ﬂ‘é,'&l%ﬁﬁﬂmf i§6th%rrﬁre$(§>%¥in§9ﬁs eddeftried out on
dynam ¢ vacuum heated to 523 K for hrs, and then
Z3B<@ sinples 3bfaiked Toen theysyntheslid devaded tn Bxample Srabosanir

cl ean-up procedure was applied to ZIF-8 prior to all .
cemplianerwitheths gengeal testing prosedies sersBxamples 6-A0 described
Ecanning El ectron M croscopy ("SEM') inmage of this

a le is shown in Figure 27. Figure 28 shows the
adsorption isotherns of ZIF-8 for carbon dioxide, CQO2,

and nmet hane, CH4, at 301 K The ordi nate displays the
[60160] i bFouthartstingtof @ach absbrbateiin thigpixpetimenit] 8 sarhple of ZIF-
nmol e/ The absci ssa di spl ays the absol ute pressure

8 o7as Ioededisaitomethane] Rpthe salvanin Thwas ook ges for @uhirs at 301 K
2 t th { 106. P
i, alaC yaR B, herieath 373 Ko L h cind, ief oted to'501 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,.



adsor ption | oadi ng of carbon di oxi de, CO2, as conpared

to the adsorption |oading for nethane, CH4, on the
wQ@bmBosrat erial . In fact, in c&gt rast to the oP¢IEUSZD$001124

materials tested, the adsorpi?on |oading on the ZIF-8

material was lower for CO2 than for CH4.- - [00161]

Figure 29 is a bar graph conparing the correspondi ng

[66161] pt lRi’gllﬂe(mlisﬁgbarC%{aph eoﬂpﬁrlﬁgrﬂié eotrebpbrding adbexption

di oxi de ane, CH4, at test condltlons of

lsatings @ﬁﬂneﬂﬁ? 8ma¥ar1@bfomlcad:wrf diorider £Qp and metbane, GH,, at
can be seen fr hi.s orptio
tqssaav o8 of BT R png 1,@313{3149 B%%?e%%gnaf eifSats@bens. @S can be

i pmﬁg%gﬁpoélgﬁ eAdé vvas apg oxXI ma _3 '?18at913a1 for CO, at
IUHW lﬁ;‘ag@ 301 K os8 a‘fagfll%hiﬂa@él §.0. 70 enrBERPE Whlléethb%%ﬂﬁlon

ratio for CO2 over is approximately 0.9. This
leadamg Far CH, weasrapipesx inetelyA). 79 Snmods/g et thewmmhaons the

adsorptive |l oading ratio high enough to h

adyiptive heading mt1q Fr GPe s¥at CHavis ﬁppmlmat Aé w%hlqexqmple
iSRRI 2 R e ostpss R RS BRI 3 e RaaRG Mg kough to
et ﬁlezl%qfhirtehfénmtﬂﬁk retéhtfifvdmig k material with a

process feedstreamconprising CO2 and CH4 at a first
pressure and first tenperature; b) adsorbing at |east
a portion of the CO2 in the adsorbent bed; c)

produci ng a CO2-1ean product stream wherein the
CO2-| ean product stream has a | ower concentration of
CX2 by vol%than the process feedstream and d)
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 by
vol % than the process feedstream wherein the zeolitic
i m dazol ate framework material has a



framewor k structure wherein each vertex of the

framework structure is conprised of a single netal ion
wa@eameem pai r of connected ad{sgcent verti ces PET/URI09/001124
framework structure is |inked“by nitrogen atons of an

i m dazol ate anion or its derivative, and wherein the

zeolitic imdazolate framework material has an
CGLAIVISt i ve |l oading ratio for CO2 over CH4 of at | east

10. 2. The process of claim1, wherein the adsorbent

bed is conprised of a binder rraterl al selected froma

lcr ystalpkocess ot saparating €6h-fromsy mok:cssefepdﬁym cqmprising:

epoxy, a thernoplastic,,a cla a sili nt ai ni n,
material , WFORMAGHNEAHISOEbNT i’ﬁdmfi' a%eq;ltlc ihidazolate

ti ta i
O O PUR Y oot oS A SR baRing 0 apa it
for C@%ﬂ&epr&kﬁrdﬁld@m%ﬁge@tu&m K and 106.6 kPa. 4.

The process of any preceding claim wherein the

zeol i tic ibjiadsarding at teash@portiomef thei GO, irs theeddsorbent bed;
fromZl F-7 and ZI.F-9. 5. The process of any precedin
claim V\hé?r)é’lfﬁ wcﬁeg@&opﬂm BiodyebsiEeam, WHCERIR gy Qoglean

greater an the artl

The oroebeetegahE nov R B0 beheeBHARRH R Pk B pof e

pr es:;&i{)gedssfegﬂﬁ?éa% 4dn the second pressure. 7. The
process any preceding claim wherein the second

t enper at urd) predgciagtaeCObrich produti stedant atrpseadnd presﬁlre and
The process of any preceding claim_ wherein the cy

ti me sesonésemperatirghwierein the((b-rich pragich ﬁ@@@‘é‘shaéfa hlgher
dj th

Adsorisreen e af COu TS fhn TeliBEeSoklufeie *

maxi mum ang Eieg}ég?e%cﬂﬁﬁ&é lateMfFAREWErk AidieFGfhslal

t he adsor bent uring a cycle is less than 300 kPa.
10. Wﬁ@mavv@eles&uafuramhepmceadh wertek aif the faatesvorktsmicture is

Cx2 partial pressure of
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.

2. The process of claim 1, wherein the adsorbent bed is comprised of 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.

3. The process of any preceding claim, wherein the adsorptive loading ratio

for CO, over CH, is measured at 301 K and 106.6 kPa.



the process feedstreamin step a) is |less than about
200 kPa. 11. The process of any preceding claim
waob@eadn7t he process feedstreag}i s conpri sed OPCHUS2009/001124
natural gas. 12. The process 8f "any of clainms 1-10,
wherein the process feedstreamis conprised of a
synthetically produced gas and the CO2-1ean product
4st r earhdprocassEParpopieeatingf clhigsswheaein the/addliticiimidhgolate
process of any of clains 1-10, wherein the process
f eeddrareeworls matenialiis seleotedafomr 4B @ad| Z/Ingr i ved gas
stream sel ected froma |andfill produced gas and a
bi ogeni cal | y produced gas, and the process feedstream

cont S : I t :
Sabout  hopi5eFy S fieclfie Qhinf FRERR I € uRRgl f5Rure in
wher ejéh A8 REMSE tad the COSpartg treisstepdyn i s at

| east g)ooﬁpsg?g. 15. The prggess g?@aslny of ¢ a?nrrs 1-12,
wherein the pressure of the CO2-1ean product streamis

at | east 250 psig. 16. A prqcess éor.s afzati n%éCOZ.

6 r om Hhgpiscesssoff apyRicCadng Jaimyy WasTeln tip) TiEsh prefsprenly greater

first,side of a e conprised of a zeolitic

i m d&%ﬁlgleesefcpgﬂtﬁg%&? terial with a process

feedstream conprising CO2 and CH4 at a first pressure
and first tenperature; b) retrieving a first perneate

7st r edfhd pracess sfapnpresedingadlainiewherein Hreesezbnd temperature is
pressure and second tenperature, wherein the first

per mgxedtes thaadhe dyakiesmperafureonponent s t hat

sel ectively perneate through the nenbrane and the
first pernmeate stream has a hi gher concentration of

geR bIYheVIleo%‘éH“@F‘aﬁ}h &E%gfﬁaiflﬁ,%ﬁérreﬁﬁfﬁe &de tﬁ%rée is less than'

retrieving a first” retentate stream wheré€in
zeol igboat il mmaral ate framework material has a
framewor k structure wherein each vertex of the
framework structure is

9. The process of any preceding claim, wherein the process is a swing
adsorption process and the difference between the maximum and
- minimum CO, partial pressures achieved in the adsorbent bed during a

cycle is less than 300 kPa.

10.  The process of any preceding claim, wherein the CO, partial pressure of

the process feedstream in step a) is less than about 200 kPa.

11.  The process of any preceding claim, wherein the process feedstream is

comprised of a natural gas.

12.  The process of any of claims 1-10, 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%.



conprised of a single nmetal ion and each pair of
connected adj acent vertices of the franmework structure

w0 go0vitedked by nitrogen atons of _an i m dazol at eP@nUSIV0DO01124
its derivative, and wherein tRd-zeolitic imdazol ate
framework material has an adsorptive |loading ratio for
CO2 over CH4 of at least 10.- - 17. The process of

16l ai "THSprowess 6f anyOOR cludimis €1R10 bwhw@lVitesf piokess feedstream is
retentate streamis |l ess than the CO2 content by vol %

of t heompposeskel dreerganicsdly deardvedigas straaoreselceted o landfill
cl ai s é6é%£’ wﬁ;&ein t he qpsorp i ve | oadi ratio for

o guwefuesdhrsangabipgricallysproduced gas,qdgig MIocess,

The p f | Qj - '

or oc B0t bl theBRbiFent Bad i o BREGlof iS5 thapabout 50
The psggess of any of clainms 16-18, wherein the

process feedstreamis conprised of a synthetically
produced gas. 21. The process of any of clains 16-18,

wherein the process feedstreamis conprised of
1¢r ganThepraeesepf aay) of shaims la i?en ‘ygﬁ@é@ PIESSHIS of the process

landfil |, produce .a bi ogenically produced gas.
22. T%@dﬂﬁﬁg%§§mgFg§ﬁ§ﬁﬁ%“g1ains 16- 21, wherein the
zeolitic imdazolate framework material is selected
fromZl F-7 and ZI F-9.

15.  The process of any of claims 1-12, wherein the pressure of the CO,-lean

product stream is at least 250 psig.

16. 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 CHy, 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,4 of

at least 10.
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17.

18.

19.

20.

21.

22.

-64 -

The process of claim 16, wherein CO, content by vol% of the first
retentate stream is less than the CO, content by vol% of the process

feedstream.

The process of any of claims 16-17, wherein the adsorptive loading ratio

for CO, over CH, is measured at 301 K and 106.6 kPa.

The process of any of claims 16-18, wherein the process feedstream is

comprised of a natural gas.

The process of any of claims 16-18, wherein the process feedstream is

comprised of a synthetically produced gas.

The process of any of claims 16-18, wherein the process feedstream is
comprised of an organically derived gas stream selected from a landfill

produced gas and a biogenically produced gas.

The process of any of claims 16-21, wherein the zeolitic imidazolate

framework material is selected from ZIF-7 and ZIF-9.



