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

rel ates twoth@/®eisecti ve separation of riar bon di oxi de ('PCTASpocbOOMIMOMI t rogen
("N2") in streanms containing both carbon di oxide and nitrogen utilizing a
zeolitic imdazolate framework ("ZIF') material. Preferably, the streamto
be separated is fed to the present process in a substantially gaseous

phase. | n SEPARATION'OIOXRBONDHROXIDEFROM NITROGENWTILIZINGY a

brocess 19 sePaZiGLITIEIMIDAY OF ATRFRAMEWORKIWEATRIGALS] ° gas)
streans prefera he carbon

di oxi de produced in conbustion processes. BACKGROUND OF THE | NVENTI ON

[ 0002] Gas separation is an inportant process utilized in various

i ndustri eww’_ﬂﬂ%ﬂr oduction of fuels, chenicals,

petrochem cal s and specialty products. A gas separation can be acconplished
by a variety of nethods that, assisted by heat, solids, or other neans,
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that preferentially retains or adsorbs a nore readily adsorbed conponent
rel ative and aitregen utdiglng p zeotitichinddazoigtefeamnewbrk ((ZI§8smaterialr e, or by

I h ti t echni in the indusfry. One ch
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adsor bed wiiliRédirt ProREStSidpaeite’@riin M%@ﬁ@ﬁﬁ@drﬁ%étidﬂ%%@sr {ea%s flug! ative
to a second corrponent or corrponents in the gas m xt ure. e total anmount- -

gas) streams preferably for sequestration of at least a portion of the carbon

dioxide produced in combustion processes.

BACKGROUND OF THE INVENTION

[0002] Gas separation is an important process utilized in various industries,
particularly in the production of fuels, chemicals, petrochemicals and specialty
products. A gas separation can be accomplished by a variety of methods that,
assisted by heat, solids, or other means, generally exploits the differences in
physical and/or chemical properties of the components to be separated. For
example, gas separation can be achieved by partial liquefaction or by utilizing a
solid adsorbent material that preferentially retains or adsorbs a more readily
adsorbed componeﬁt relative to a less readily adsorbed component of the gas
mixture, 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 componerit 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 adsorption for a specific conponent over another
conmponentworygowfos®ma be | nproved by operating the proces®Cun$es0snpaod fic
pressure and tenperature conditions sinée both pressure and tenperature

I nfl uence the adsorption |oading of the conponents to a different extent.
The efficiency of the PSA process may be further inproved by the

i mpl enent ailidtbe@bf RACIE E6mpoaent itthe nfdteHal@.el, tRe ddsorptionwapacisfy 4@ s) t hat
have optimally chosen conposition, pressures and tenperatures. However,

rel ati vel the sslectiidtyr obthe adsorption for aespecfapeomponentssieeanother i es,

adsorption capacities % other beneficial prqperties (spuch as .chem cal and

physi cal FCABIPORERMaY Ttsh baimproysd by operating, heprogessindes sSpegficas

commerci a ' - 4Gl i ess. [0003]
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conponents may not be selectively adsorbed or may not be adsorbed to an
accept abl efficeordy ofithe R®AIpto¢esadnaybe furhbemiamrosed pythabmplgmentatssn of
However, if sizable di ffcj{ﬁen es in adsorption properties exist for
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vessel wil]l be enriched in nitrogen. Wen the bed reaches a sel ected
fraction ablejtpdunefion asepmmeargially viablsrandsoptrefficient adserbrnts inja RS2t ed by
various pressure swi ng techniques, thereby releasing the adsorbed oxygen
(and any BY9%&PS-associ at ed gas conponents), which can then be

[0003] Some adsorbent materials are able to adsorb a greater amount of one
component than another component under certain conditions. Certain
components may not be selectively adsorbed or may not be adsorbed to an
acceptable level that would lead to an economically viable process. However, if
sizable differences in adsorption properties exist for selective components in an
adsorbent material, PSA processes can be used to effectively separate certain
component gases from a mixture. For example, if a gas mixture such as air is
passed at some pressure and temperature through a vessel containing an
adsorbent material that selectively adsorbs more oxygen than nitrogen, at least a
portion of the oxygen contained in the feedstream will stay in the adsorbent and
the gas coming out of the vessel will be enriched in nitrogen. When the bed
reaches a selected fraction of its total capacity to adsorb oxygen, it can be
regenerated by various pressure swing techniques, thereby releasing the
adsorbed oxygen (and any other associated gas components), which can then be
captured and isolated as a separate product stream. The adsorbent material

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



captured and isolated as a separate product stream The adsorbent materi al
whi ch has now been "desorbed" of the oxygen can then be reused and

t hevari ow020@p®5235 t he PSA process cycge are repeat ed POTAS2000/00d1bOW a
conti nuous operation. [0004] However, fi'nding suitable materials that
specifically discrimnate between difficult to separate gases in both an
efficient and effective manner (that is, the materials that have both a

hi gh sepawnatibasisteph ef the/PSA prodess dyiclhardepeged ao asapadliowyy candnumis easi |y
found. Additionally, many adsorbent materials known in the art do not hold
up wel | t @peradioaddi ti onal conponents in the streans or are unable to
sustain the severe pressure and/or tenperature conditions, including cyclic
conditions, required by the processes. Therefore, commercially suitable,
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i nproved bdswsdnedifficEt e sepasatePasechsbathrun efficiint and effedtiop efiginien gthat
conditions to nmake these separation processes economcally viable. [0005]
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| oner pr esendiipng,dpcinding cydimicgriditiongy reguived bpthoproceksesy dititrefoaee gas
rel eased durin itéme co-g rrent depressurization step i s comonly engl oyed
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look for improved adsorbent materials, process configurations and operating

conditions to make these separation processes economically viable.

[0005] An early teaching of a PSA process having a multi-bed system is
found in U.S. Patent No. 3,430,418 wherein a system having at least four beds is
described. This ‘418 patent describes a cyclic PSA processing sequence that
includes in each bed: (1) higher pressure adsorption with release of product
effluent from the product end of the bed; (2) co-current depressurization to
intermediate pressure with release of void space gas from the product end
thereof; (3) countercurrent depressurization to a lower pressure; (4) purge; and
(5) repressurization. The void space gas released during the co-current
depressurization step is commonly employed for pressure equalization purposes
and to provide purge gas to a bed at its lower desorption pressure. Another
conventional PSA processes using three sorbent beds is disclosed in U.S. Patent
No. 3,738,087.

[0006] Another industrially important gas separation process is temperature

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



[ 0006] Another industrially inportant gas separation process is tenperature
sw ng adsorption ("TSA"). TSA processes, when operated under certain- -

pr essur e woaowenwpssat ure condi tions, allow sonme conmponerCI/USe0MR01100

sel ectively adsorbed over others wthi 7% he pore structure of an adsorbent
material. In this process, a stream containing conponents to be separated
fl ows through an adsorbent material wherein one or nore of the conponents

are sel ectpryhie atbnistanive condivione] altongonrdompormmpbnseectivelef f | uent
stream reduced in concentration of the selectively adsorbed conponent(s)

i s obt ai nadseibed yet hiteraivdibip theoporestagsuresyf ansadsprbest materigisAnghiscess. | n
this process, after the adsorbent nmaterial has adsarg.ﬁ)trad &][rcertai n anount of
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tenperature of adsorbent beds, TSA processes can be used to separate
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[ 0007] PSA,and TSA proces d t s ua Lve.\ A
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t enper at Ukge RimAdianae 90 HREMsoMBEfib fctealied BAd tREsdIQMR/elPhassBES Purge step
of a conventional PSA process to inprove the desorption of the selectively
adsor bed component(§)sis releasdd; oprdeserbed ffom the dds@bpat materialcand thebebe
reduced (or allowed to be reduced) during the adsorption portion of the PSA
cycl e to icaeesed separateaompthesiiflupal draaam insthis steppf/the oxexadl bbAon capacity

(r)fe gtezgr g?fg%ci‘,?gls gaélg?gﬂ Blegl%a?l%'SsvslfJi%Ig{]r% &reetgfsnlf)re?atﬁpedo SISt re(c;'\is,t’PSA
processes can be used to separate components in a mixture when used with an
adsorbent that selectively adsorbs one or more of the stream components in the
feed mixture relative to one or more different stream components comprising the

feed mixture.

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

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

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

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



bed, the adsorbent can be regenerated with a purge that is flowed through

t he adsorbent bed in a manner that displaces adsorbed nol ecules fromthe
adsor bentwoRp@¢wszses t hat are conducted with this type eCTassavbendo
regeneration techni que are often call edspartial pressure purge di spl acenent
processes ("PPSA").Processes such as PSA, TSA, purge displacenent, and
conbi nation thereof are referred to as swi ng adsorption processes. These
SWi ng adsPreddsSes RUCHGRTSA, TSA, bar%@@idplabeﬂlem,tahdr@m&naﬁmh dreréof &re, cycles
of short duration) in which case they are referred to as rapid cycle

t her mal swéferredde @s gwiing adREPEOR procasses. cyYdicse pwirSadsOrpidm Preagsaspt i on
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a nenbr an eparation proce one or rmnore npo m-xed stream
cont act Oa?clélﬂéss%?e Wi RFt oM [RCPSIA 288l fapia clcRpdtiial pessirsed stream
perneates through the nmenbrane and is retrieved fromthe other side of the
menbr ane swig ontisplacaniepe purgst adsosptian(RCPRSA)iteclprodegiss., t he perneate
stream has a hi gher concentration (in nole% weight % or volunme % as
defined by the process) of a select conponent than the m xed streamt hat
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the m xed reamthdat initially contacts the nenbrane. 'In this manner, a

separ at i oonebr aurpeoerichents ofttte mixedistieam ¢ontacthorghside vhbhueerhbraniehe t wo
Separated streans (i.e., the retentate and the perneate streans) than the
ori gi nal materdalandemportion: off the maixed stnepm prsmsatgsethseysly teimembpinscayk . The
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drive the sele
mole%, weight %, or volume % as defined by the process) of a select component

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

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

[0010] There is a need in the art for improved swing adsorption and
membrane processes utilizing adsorbent materials for the selective separation of
gaseous stream components. In particular, there is a need in the art for improved

swing adsorption and membrane processes utilizing adsorbent materials for the



component fromthe feed side to the perneate side of the nenbrane. [0010]
There is a need in the art for inproved sw ng adsorption and nenbrane

pr ocesseswotnéwmszsg adsorbent materials for the sel ecti veTamspawaviion of
gaseous stream conponents. In particul a'r6,' there is a need in the art for
i nproved swi ng adsorption and nenbrane processes utilizing adsorbent
materials for the- O - selective separation and renoval of carbon dioxide
from ni t r ggROtIVE sepdreton afid rémbhaingl ebon divide fidbno xitdegemnia sitdanngen.
[0011] United States Patent Publication No. US2007/0202038Al1 discl oses a
fanmi |y of contagning/bothveaionsdiakidendrwitiogend to herein as zeolitic

i m dazol ate frameworks (or "ZIF's) materials. This publication describes in
detail the synthesis and structural and pore volunme characterization of

various ZI teriyal. ¢ !1 i [ '

char acter ilgg I‘on ( eéin% rigt&?%x%l%tlgﬂﬁg{).%%)@Z/p@?%ﬁ%%@%zﬂ%%}e?%
struct ur egamilly dftmatefialsnQhichi shalldferefélsed B h&RimaPR&sliticeinidhzélags e
materials at pressure and tenperature conditions that would be relevant to

separ at i odrgmewerksder HZIK]'a3 emtemals hdiopablicationaiescribes asdetail thadust ri al
applications. SUMMARY OF THE | NVENTI ON [Q012] The, present invention is a
separ at i ofYpthgsis sad structurahandperecylumeshagadiangation of vaneus € i vel y

compr  sed Biosn 1€ Eies e oy S PbR bR i WEio RO RELRE e R o
the presem, JtMRIAAPARYTR )i 6T RIQUFAZIF 8trRERFRButliPHoSERG diké1age CO2 from a
process feedstream conprisi'ng: a) contacting an adsorbent bed conprised of

a zeol i ti adsorptian praperties afithese knatetielsi Alpredsube angtampaature edatlitimms
conprising CO2 and N2 at a first pressure and first tenperature; b)
adsor bi ng tat wadbegelryant inhseprrathen propessestof @aseisardbhydrosatbons of

interest in industrial applications.

SUMMARY OF THE INVENTION

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



c) producing a CO2-1ean product stream wherein the CO2-|ean product stream
has a | ower concentration of CO2 by vol % than the process feedstream andd)
produci ngve 280/105BR product stream at a_second pressurepramaSs@oondoo
tenperature, wherein the CO2-rich prodLIc,7t' stream has a hi gher concentration
of CO2 by vol % than the process feedstreanmy wherein the zeolitic

| m dazol ate framework material has a framework structure wherein each

vertex of the franemgkosmcringta@ezir’ﬁcm@ﬁuétsmbam aBa Seqgidepreedurt andn and
each pair of connected adjacent vertices of the framework structure is

| i nked by ni t r sgeonditemperaturewhetedn tld €Os-rich product ptrearddas wigher, and
wherein the zeolitic imdazolate fr wor k mat er i has an adsorptive

| oading ratio f‘iﬂnc%ﬁatb‘?féf’fﬁéﬁd?y g?ﬁ/f’ Lt .Prf’ﬁ?ﬁﬁfé eqls&regg.&;or dance with -
anot her enbodi ment Qfy, 4,06, tﬁ’lref‘z'%ﬁﬂha'i{h‘{&ﬁdlﬁg G oIS it Ydl%%? ad Process for
separating CO2 froma process fTeedstream conprising: a) contacting a first

side of a nenbripifiehofPsira@trdvhereif @ath verttxofl #orahworkveetfe hiat eri al
with a process feedstream conprising CO2 and N2 at a first pressure and

first tenperat womptigedrafia sisglenmetal fiom and pachhpair @fsonseeted adjacansecond si de

of the menbrane at a sgcond pressure and secqnd tenperature, erein the
first perneate W‘é@rﬁﬁgﬁ&%ﬁ%"vﬁl‘k %%B’Ef‘e‘ﬁtlgﬁ‘{e%ahy %’éﬂ%@f‘i%ﬂ?%éﬁnﬁat e
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a first retent g gnevbadmatdtid s ant BoFRRl Toh8ingTatiddek @@t(fﬁe%'m}"@f &
material has a framework structure wherein each vertex of the franmework
structure is cdegstiSsed of a single netal ion and each pair of connected
adj acent vertices of the framework

[0014] In accordance with another embodiment of the present invention there

is provided a process for separating CO, from a process feedstream, comprising:

a) contacting a first side of a membrane comprised of a zeolitic
imidazolate framework material with a process feedstream comprising
CO, and N, 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 N, of at least 5.



structure is linked by nitrogen atons of an im dazolate anion or its
derivative, and wherein the zeolitic imdazolate franework material has an
adsor pt i weolo@dioszysrati o for CO2 over N2 of at |east 5. PCo/us200004a6)po |l n

ot her preferred enbodi nents of the presént invention, the process
feedstreamis conprised of a conbustion gas, an FCC regenerator off-gas, or
a synthetically produced gas. [0016] In even nore preferred enbodi nents of
the prese 1[[()015]v enﬂh@mer}__ﬁr@fdﬂﬁ ¢rhbodinémiaabtiat prebémrinveritionahe pradess s
selected fromzl F-9, Z ZIF-7, ZIF-1 | , and ZIF-8. BRI EF DESCRI PTI ON
OF THE FI GuRiESepn0s ComprEgioa cambhstiangas; andiiGrreganerator R-gss, @F Af r act i on
("PXRD") pat erns of 44;0 s-synt hesi zed and acetonitril e-exchanged ZIF-7
sanpl es” ofYRthgheally pr Saﬂa&The cal cul ated PXRD pattern (shown as the
verti cal stick patterns in the figure) for ZIF-7 based on the single
crystal structure of ZIF-7 reported in the "Park Reference" as referenced

herein is[@éF6] ShauRveR ndie (drbﬂ#fe@l ethB6di¥derts 6P presévivéntion, the

t her nogravi metric anal yses TGA"s) for the as-synthesized and

acet oni t r izeelitix thidagetite ffame veenkphaterial 1sEsdcqjed3fmanﬂE+9; ZIFeb1AIF-# GURE 3
is the experlrrental owder X-ray diffraction ("PXRD') patterns of the

as- synt hedlfed, éﬁé@%egomtrl | e-exchanged ZI F-9 sanples of Exanple 2
herein. The cal cul ated PXRD pattern (shown as the vertical stick patterns
in the figure) for ZI F-9 based on the single crystal structure of ZIF-9
reported igR S hﬁqﬁ ﬁr@FTﬁE Fp{;ﬂmsed herein is also shown in the
figure. [0020] TOW ' Togr avi netri c anal yses ("TGA"s) for
the as-synthesized and acetonitrile-exchanged ZI F-9 sanples of Exanple 2
herein. [0021] FIGURE 5 is the experinmental powder X-ray .diffraction

(" PXRD") Mt rns FdGIﬂhE 1a1§-tb9 ﬁKﬁ@fsmféHil PO eaé%whdtffruap@mékm&a and the
tol ueneexch f%ile as- syn{ﬁ%smed and ace {Err)ntrlle excflanged gﬁ‘%%%}nc ésa(t)te d PXRD

pattern
Example 1 herein. The calculated PXRD pattern (shown as the vertical stick

patterns in the figure) for ZIF-7 based on the single crystal structure of ZIF-7

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

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

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

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

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

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

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

[0021] FIGURE 5 is the experimental powder X-ray diffraction ("PXRD")

patterns of the as-synthesized, the acetonitrile-exchanged and the toluene-



(shown as the vertical stick patterns in the figure) for ZIF-1 based on the
single crystal structure of ZIF-I reported in the "Park Reference" as

r ef er encewloherion2sss al so shown in the figure. [0022] FirGORE2899h008 t he

t her nogravi netric anal yses ("TGA"Ss) for orhe as-synt hesi zed, the

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

("PXRD") Rathdfiged ZIF-1 banplsi cfﬂm%ﬂ IkédeanoThexalahged PXRD battesanpl es of
Exanpl e 4 herein. The cal cul ated PXRD pattern (shown as the vertical stick

patterns ishavreas thpuverdicalmtickipatteris inathedigime) fox Alifnpbasast g the sisgleuct ur e

of ZIF-1 1 reported in “Park Reference” as_.referenced herein is al so
Shown | n R SAEEIC Oy | FRaures 18 18R aRATS RETHRAAMS oL TS BTkl y ses

("TGA"s) Ef@aégfoﬁﬂ&@ggﬁped met hanol - exchanged ZIF-1 1 sanpl es of Exanple

4 herein. I'S"the experinmental powder X-ray diffraction
("PXRD') patterns of the purified and net hanol - exchanged ZI F-8 sanpl es of
Exanple 5 herein. The cal cul ated PXRD pattern (shown as the vertical stick
patterns i[0022]e f FIGURE 6ashoxsithg thersmogramiméteicsimatyses €' HSAF) farrthet ur e of
ZIF-8 reported in the "Park Reference" as referenced herein | | so shown
in the fi@gssenthesigod)theaceionitride-gxehangedand-be tplicacicrenange “Jses
("TGA"s) for the ri file(§ lgnd. nmet hanol - exchanged ZI F-8 sanpl es of Exanple 5
her ei n. [ﬁﬂ?ﬂeslﬂ B % 5 scanni ng El ectron M croscopy ("SEM') inmage of
a ZIF-7 sanple of Exanple 6.[0028] FIGURE 12 shows the CO2 adsorption
isothermat 301 K for a ZTP-1 sanple of Exanple 6. [0029] FlI GURE 13 shows
the CO2 a@eoR3)t i oFIGERE Grimtherdxpdrémbiztabgoordpt Xoray dibfrhetion GPPXSRD"K for a
ZI F-7 sanple of Exanple 6. [0030] FIGURE 14 is_a bar graph conparing the
adsor pt i opatteradiohdke perified and methanol-exchanged ZIF-11 samples of Example 4

herein. The calculated PXRD pattern (shown as the vertical stick patterns in the

figure) for ZIF-11 based on the single crystal structure of ZIF-11 reported in the

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

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

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

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

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

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

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

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



ZI F-7 sanple of Exanple 5 for CO2 and N2 at 301 K and 106.6 kPa. [0031]

FI GURE 15 shows the CO2 adsorption isotherns at 301 K, 308 K, and 323 K for
a ZI F-7 swopb@/wb2sExanpl e 6. [0032] FI E 16 i s a ScanmcCmgSEdoeobdrion

M croscopy ("SEM') image of a ZIF-9 sa%J e of Exanple 7. [0033] FIGURE 17
shows the CO2 adsorption isothermat 30 1K for a ZIF-9 sanple of Exanple 7.
[ 0034] FI GURE 18 shows the CO2 adsorption isothermand the N2 adsorption

I sot her m §0088)1 KFIGUREZFstdvasattiel @09 bhdsorptiph ésotheimd@8301 Kl BiREZIB-7i s a
bar graph conparing the adsorption | oadings of a ZIF-9 sanple of Exanple 7
for CO2 asampie ef Egampie 6nd 106.6 kPa. [0036] FIGURE 20 is a Scanning

El ectron Mcroscopy ("SEM') image of a ZIF-1 (acetonitril e-exchanged)

sanpl e of Exanple 8. [0037] FIGURE 2 1 is a Scanning Electron M croscopy

("SEM") i rmﬁf;)of | (at - h . Eﬁm e 8.[0038]

FI GURE 22°sS ovJ/s t%ééé@talc?s%{_rop !oﬁq?@%?ﬁer hgﬁgﬁlﬁhgmﬁl%na sorﬁti on isotherm
at 301 K fag@§orpti6hfisdtheafi @t 301 K Férea EXETan@esle ofENangplef6. Exanpl e 8. [0039]
FIGURE 23 is a bar graph conparing the adsorption | oadings of a ZIF-I

(acetonitril e-exchanged) sanple of Exanple 8 for CO2 and N2 at 301 K and
106. 6 kPa. [0040] FIGJRE 24 is a Scanning Eleciron M crosco "SEM') i mage
of a ZIF- 10&3(HarrpIFQGHR-Exlénlélaebaé.grf‘g@)&QP%PpﬁgﬁEe Qgs%rﬁgﬁgsl??@};éﬁfsﬁdsorpti on
i sot herm e j i h t r -1 1 sanple of
Exanpl e Q%FD%E%H%I @gr%fe?sgfdf(ggﬁ gé%atﬁplgraﬁﬂgl 'ékaﬁ sorption

| oadings of a ZIF-1 1 sanple of Exanple 9 for CO2 and N2 at 301 K and 106. 6
kPa.

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

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

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

sample of Example 7.

[0034] FIGURE 18 shows the CO, adsorption isotherm and the N,
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 N, 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.



[0043] FIGURE 27 is a Scanning Electron Mcroscopy ("SEM') inmage of a ZIF-8
sanpl e of Exanple 10. [0044] FI GURE 28 shows the CO2 adsorption isotherm
and t he NRoad®orwpisson i sothermat 301 K for a ZI F-8 sanplce/ustoozoanpé e 10.

[ 0045] FIGURE 29 is a bar graph corrpariln]g'the adsorption | oadings of a

ZI F-8 sanple of Exanple 10 for CO2 and N2 at 301 K and 106. 6 kPa. DETAI LED
DESCRI PTI ON OF THE | NVENTI ON [ 0046] The present invention is directed to
processes [§088]t he RERARB220shooys thatO Nadiceptide idothémi hnd theNgi t rogen (" N2")
in streanms containing both carbondioxide and nitrogen utilizing adsorbents
conpr i sedadsorption iumtgenrmaa 30 bKafar # ZHmdV(eedtopitrile=exchanged) samplemfef er abl y

t he zeolig)é i 'gazol ate frameworks are utilized in a sw ng adsorption
process. n’tj’g"?l ral term "sw ng adsorption process” as used herein shall
be taken to include Pressure Swi ng Adsorption ("PSA") processes,
Tenperature Swi ng Adsorption ("TSA") processes, Pressure Purge D spl acenent
Pr ocesses [(§39PSA" FIGRERE 323Gyl tar R &SI5 d6@ip@ihp hAdasrptibR lod dilePAd )
processes, Rapid Cycle Tenﬁerature Swi ng” Adsorption ("RCTSA") processes,
Rapi d CycV4FHr @sstongtribereyehdiged) asmpbnot Prxamphs$ Jo CRGRPYEAN) a0l | as
conbi nat i ong ﬁf tl?]?se SwW ng adsorption processes. In a preferred

enbodi menf dR8-6kaam t o be separated is fed to the process in a
substantially gaseous state. [0047] In other preferred enbodi nents of the
present invention, a zeolitic imdazolate framework ("ZIF') adsorbent
material y§o40)COr PIGRIFEE 241% A ScalBIHY El&tr@;ﬁ_trqidrabcdp?/ %@W?ﬁh@é‘éﬁ:’ ofa
separation of "“carbon dioxide ("CQ2") fromnitrogen ("N2") i'n streans

cont ai ni ngIBdtlrsanaplb@f Ehampld®. and nitrogen. The ZIF materials wll
preferably be utilized in a matri xed nmenbrane nmaterial to facilitate the
separation of CO2 fromN2. In a preferred enbodi nent, the feedstreamto be

separat ed g ) COMBUREDS TR AITINGER Pridh otnt Ad HEN,

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

[0042] FIGURE 26 is a bar graph comparing the adsorption loadings of a
ZIF-11 sample of Example 9 for CO, and N, at 301 K and 106.6 kPa.

[0043] FIGURE 27 is a Scanning Electron Microséopy ("SEM") image of a
ZIF-8 sample of Example 10.

[0044] FIGURE 28 shows the CO, adsorption isotherm and the N,
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 N, 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 nitrogen ("N,") in streams containing both carbon



N2 in the feedstreamw || be substantially in a gaseous phase. [0048]
"Zeolitic imdazol ate franmework™ (or "ZIF') materials are defined herein as
crystal | iwWe 2009¢168336r ous st ruct ures havi f ramewor k t opelcogisesoormonl y
found in zeolites and/or in other crysiatline materials wherein each vertex
of the framework structure is conprised of a single netal ion and each pair
of connected adjacent vertices of the framework structure is |inked by

ni trogen digNide ahd aitrogeraiioziapadsoibentsocomprisaieof xaliticeimidhzolbher ns
"mcropore” or "mcroporous" as utilized herein are defined as a pore

di anet er dranzewerke("Z&F " )ovateziald. nirefenablydihgrasobitic infidazedateframewerksqual to

2.0 nm (20 A),.respectivel Descriptions.and the nthesis of sqne of the
71 F ot o P WHlFREL TR PHE ASORPOGHPIOGERS BRESERTIa FRTBh SORE AR osed | n

United St . - i et al.,
whi cn o RISy Pl bt tRen {RisctOfE Prastit Siind RalgRion, B
present i pvEA NOprodasses dTempYahed Swhitle KB%rEﬁE)ﬁr(i"BSA”)?pfbo‘égé&QPfesehﬁe

o}

separate from N2 in streams containing I of these conponents.
Fur t her noParge Bisplacemdng Rrocessps {"HRSA B RapidiCyclerRressurpSasingr e,

tenperature and, conpositions that e relevant to industrial, processes. In
order to Zelsgrpiien g&é%éﬁ%bﬂ@?@%seﬁ%ﬁ?‘éi Jﬁy%ﬁﬁeé{m?fﬁ@lrs?}%rlgﬁ&wms%i ng
(e.g., in, /G £ ef ik t.he

dsor pt i of Radarug prlesses Reeid CHERPRIGHe THRE CHEDHEERRATPIRBRA T 1 1 ougn
process SeghePpSa®) a9 ovdlPsd EuiRBinafiofl OF Aiecde lvihWdSGptioA pbc@deQrRiaon

| oading (in nmole/q) for the first conponent vs. the adsorption loading (in
mol e/ g) fpesfetred entmmticheatjthestraam totbel seppratédisr fed tolh¢ ptduess imalsor pti ve

| oading ratio for CO2 over N2" for the ZIF material utilized be at |east 5.
Si nce t he subsjantially gefigopsstate.si ze, cost and operating expenses tend to be

significantly |l owered at hi gher adsorptive |oading ratios, the separations
processes becone nuch nore attractive utilizing materials and conditions

that | eadt[(,@‘ﬁ]i ghgp oﬂ%ﬁ%@féd’e@ érﬁﬁgﬁi'?ﬁ?etrﬁng ?lﬁg %ﬂggeﬂfgheerﬁ'i(ﬁ{, QF ZeRfhtic

enbodi nent's of the present 1 nvention, terial
imidazolate framework ("ZIF") adsorbent material is incorporated into a

membrane material for the selective separation of carbon dioxide ("CO,") from
nitrogen ("N,") in streams containing both carbon dioxide and nitrogen. The ZIF
materials will preferably be utilized in a matrixed membrane material to
facilitate the separation of CO, from N,. In a preferred embodiment, the
feedstream to be separated will contact the membrane wherein the CO, and the

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

[0048] "Zeolitic imidazolate framework" (or "ZIF") materials are defined
herein as crystalline microporous 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 heréein are 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



utilized in the present invention has an adsorptive |loading ratio for CO2
over N2 of at |east about 10, even nore preferably at |east about 25, and
nost prefwoabdyLoszms | east about 50. [0050] The rati o degcmiuseaoabove is a
property for a specific adsorbateadsorbeht pair, at given conditions of
pressure and tenperature. This ratio is referred to herein as the
"adsorptive loading ratio" or nore particularly as the "adsorptive | oadi ng

ratio for iR présentBventidti srerdisdloseédbindghited States ParenaPublication MesUsguant i ty
that is equal to the adsorption |oading &lj@n mol e/ g) for the first
conponent 2007/0262038A4 tie Yagshdepal. owhichadiherelyy incarnsirated)byt iferenee.second
conponent for a specific adsorbent material at a specific pressure and
tenperature. As used herein, the term"first conponent” is synonynous wth

the- - co nt r L QoI H ent" is
synonymoulOtatn « AucanmiSaadtine phbenPiishifn WELEVIRErERA GRIPATECL, 15 o
pr ef er r ed piigrialk lRn aeRRLIVEIyNRphRRE O, fré N2 e steedROb6iMairing doftpof | cul ar
ZIF material be measured under the operating conponent partial pressure and
t enper at uthese eodiponents. flurthdrmagsthismmay tbei accompdished atcantlitionsigbous t o

nmeasure the adsorption |loading for a particular ZIF for each conponent
material BYESHBICe temperathe dnd COMRASiENS hat geaglayant thndusitiad pregrsses.

Therefore,; fo he _purposes LS. ldavent | n |0 .ation of the
scope of - IRaNRASePHRRTTE aebRlis AR ALy T SRcPEERREM onent

(e. 9., COgegnqlnHﬁho R tHE B4t Rfhnedt hiRE beReEAL! HnRAE htiddrpAbRSSUr € for
the specifiC conponent's and operati'ng tenperature conditions for the

f eedst r ealoatlimg 6, iy mrheleZg)For tit secondgongsardnénEven thaiglsprogess conponent
testing conditions chosen herein to be 301 K (28 0C) .and 106. 6, kPa (800
torr). UnPehgmes canche designed toparpiesat lowinatips @badsarptias loadingdled in t he

ot 19, OhhRLSTIRYE AR e L5 Ron thihe Aol ok the
second component, it is preferred that this "adsorptive loading ratio for CO, over
N," for the ZIF material utilized be at least 5. Since the required equipment
size, cost and operating expenses tend to be significantly lowered at higher
adsorptive loading ratios, the separations processes become much more
attractive utilizing materials and conditions that lead to higher adsorptive loading
ratios. In more preferred embodiments of the present invention, the ZIF material
utilized in the present invention has an adsorptive loading ratio for CO, over N,
of at least about 10, even more preferably at least about 25, and most preferably,

at least about 50.

[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 N,". 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



[0051] ZIF materials that exhibit significantly |arge adsorptive |oading
rati os may be used in the swing adsorption processes of the present

I nvent i orwoeo@ffoszssi vel y and economi cal L% separate CO2 PcomshiRvioniise r eans
cont ai ni ng both conponents. Each of theSe swi ng adsorption processes are
conprised of a nunber of "steps" that include a variety of adsorption and
desorption steps that in conbination lead to a conplete swi ng adsorption

"cycl e" t Baiposemesarbe did¥ide,r€Dsadrriithe $em ¢senonidi qnepamtsot sent beds are
typically used, their agpr opriate time synchronization | eads to, the
cont i nuousypemyteeus withdhe gpmponest nittagenpNet Asswiieddiezeisoplthough yel e on a

particul ar sor bent bed, therefore, conprises all of the adsorption and
desor pt i oRTEHRd %P*Haﬁ‘e& %OrPHRBﬁ,Oaciiééifﬁh? GRTRRORGNL qpquarlnicpiqr ﬁknt acting
of the fe ) ' 3 = |

adsor bat e?rfl‘irt %‘zﬁa slg%g%lﬁ? &A&%’Qe‘i{g‘ﬁt%ﬁ‘g@m’%‘gﬁ“ﬁ%ﬁ #12@% eﬂgg %bg%/l on stage
that regepghpératurt Renaildkienthd dYistemn} it igofion hajre advastageossosinamrel | y

adsorbate-free state and further including any additional repressurizing
and/ or pur thenadsstptoen tdadingrfor aoparticutanAIEADOT each eomppnentimaterial et @orgack t o

the first contacting of the feed gas mxture w t adsorbate-free or
subst ant i a$tﬂ9é§§é &Ppditions P%é’rﬁif%‘? B%femmrewrﬁaﬁﬁ?gﬁ%&ﬁ%themews At this
point, th ext , o LRLY . | ef . cle is
Cubscauentt 75 B AGBE Ssi i G el oPhebE Bl AVEnGOR Y0 o7 ot on
step wher Blfbrpive mﬁ%h&ﬁﬂﬁdr&m orhip6Rta(d.8d G, and W, eardBe aiddsivd
process with the adsorbent material. The equivalent terns "process

f eedst r eant eithier'dperatingpartiatpressurestod thesphacific cosypongntsdadrqperating

enbodi ments of the present inventiqgn is the m xed caopponent stream

conpri si néFraperaiue condisions fpb Hentegdstscas centagting dhe &bl opnfainingnt act ed with
t he adsor bent terial. during the adsorption.cvcl.e. ri i tep of the
brocess. eREtBe gt af yinklioEnhrey St el e Rseiterdf b b B RE,
certain p qﬁgar I @3REELstaRAYthérWiSe, aResARttbP Bolifi6RS S
feedstrea&%%&gﬁfﬂ?gﬁg tﬁg@;‘gg@rmt rra?%rial at eIbeast a por(t)ic;n of the
“first were used in the testing of the samples in the examples herein, which can be

readily duplicated in a laboratory test facility.

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

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



conponent™ (or "strongly adsorbed conponent”) of the process feedstreamis
preferentially adsorbed by the adsorbent material with respect to a "second
conmponentwo(2009/109xsakl y adsor bed corrponeg "). During thi 2C3tuspocaooiied f | uent
streanf (or "CO2-1ean product stream’ herein) is drawn fromthe sw ng
adsorption process wherein the total nunber of noles of the first conponent
into the swing adsorption process is higher than the total nunber of noles

of the fi patgiagmpepsahat @ay oetut thercaftordo deimgrthti"oyclpl baes to therfirsg t hi s
adsorption step. Although it is not necessary, it is preferred that the

mol ar  conecentacHng of the feadegasi misttureowitbriba adsarbatecfrpa pesubstantialibe gr eat er

t han t he | ar copcentration of .the first.cq nent, .in. the effluent stream
[ 0053]  Thédsabal-BaE BRpsRT pRisHES begl b6 *ERARr asdPisiotint el ne
desorptio YY) ) ' . ' nt that has
been pref g@%ﬁgﬁ}gﬁ%sgﬁgd@@ﬁ%% téllcl)ér)g}(,eénlg3 lgrra&?.gffltlg?ﬁtll}g%ggé@éred I n what
Is terned herein as a "desorbed streamt (or "COX2-rich product streant
herein). During this step, the process conditions in the sw ng adsorption
process af@052]angdypically, therednatleabieenst adsopption siepovherkin 4 pregesg onponent

to be desorbed fromthe adsorbent material and coll.ected as .a "desorbed
streant. TeRdStigaRs SONGRCIGLN $EWING oD Rrofess ?ﬂﬁbﬁ'@vﬂﬁﬁfbeé‘tt enper at ur e

S g, ¢ nadsBHEROHEL LAy BenP RIS IoPhoRY TR GO el B8R TEO bl T oam of

a conbi na ereo na preferre t he nol ar concentration

of the fihgteif PHBMNENhdIdIptife elfbvdiletsSifitha Présend irBRn€iontis ik fnlveedrol ar

concentration of the first conponent in the process feedstream |n another
pr ef er r ed compodienesttean bempoisarg atdeastrtivoatoropomdnts tebé seprratedrphichns i n t he
desorbed streamis tgr eater than the nolar concentration of the first

conponent cPhtacted withithe adsabertamateripd during|the adserption cysle: hedeg s st eps

e eSSBS e A BRI R
certain process temperature and pressure conditions and as the process )
feedstream flows through the adsorbent material at least a portion of the "first
component"” (or "strongly adsorbed component") of the process feedstream is
preferentially adsorbed by the adsorbent material with respect to a "second
component" (or "weakly adsorbed component"). During this step an "effluent
stream" (or "CO,-lean product stream" herein) is drawn from the swing
adsorption process wherein the total number of moles of the first component into
the swing adsorption process is higher than the total number of moles of the first
component out of the swing adsorption process during this adsorption step.
Although it is not necessary, it is preferred that the molar concentration of the

first component in the inlet stream 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
herein as a "desorbed stream" (or "CO,-rich product stream" herein). During

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



steps may be utilized in the swing adsorption processes. These steps

I ncl ude, but are not |imted to, concurrent purge steps, counter-current
purge st ape20@mdszss nul tiple parti al prﬁ?surization or aepruss@ynimat i on
steps. These additional steps may be uti?ized to inprove first and/or
second conponent recovery, inprove first or second conponent purity, and/or
obtain multiple product streans in addition to the effluent stream and

desor bed atlbfedn ldgser pditidnafake fir§tidpijorone tebbddsdrbed fdm tthe adsdrbent
adsorption process of the present invention utilizes a Pressure Sw ng

Adsor pt i omaterdgrnd eoliestebasindesonbedhstreans’cr Bbis desarpiiomean be tadyeedsed of a
ZIF material and the "first conponent' as, descrjbed above is and t he

"second cOHFOPIERTUTE $YIRgsE IanBRATaMEE TWing The intfoducfion ww@&%wr@he
partia) PoEReHaRpRlcchilf tkiih, GONBOABMHarigh HBRAITREEARGE oP 1o Nl gher

t han t he i arrpressure o onent esorption step

whi ch al | ebodimeRBthe e EdrRnihtibhof @S AfPBnipontht FPIHRABEbedo be
recovered in the desorption step and the adsorbent material to be

r egener at sticdun is gpéater thandhe nidlandswebtdtion wf tinefirst coorparent in the a

subsequent adsorptjon step. This is_acconp]ished in parf by exposjng the
adsor bent Pregess fegdstrgamg raf’é’&hqrili&'?feﬁ?eé’s@'ﬂ{?‘ég i Tlhie(mgfair ﬁOPF@'REPé%‘r ption

step than e rt r u ndi t,i | Nt i ep. This
desorpti oﬁ’tfg}é%ﬁ%é CPﬁi»H“ﬁ‘Sfi?i&Q’i%s‘%ga%&? 53%31'4 {zgi ga%gglﬁgr“g%’egﬁg o |l ower the
partial peeasHtitidn 6ﬂ'kﬁefﬂr§§éorﬁ§8ﬁ@ﬁ€fﬂfth@|&fﬂd&t’sd?@arﬁ.esorpti0“ step, a purge
step, a partial pressurization step, or a partial depressurization step as

descri bed above. [0056] Another type of swi ng adsorption process of the
present invention is a Tenperature Swi ng Adsorption, ("TSA") prqQcess wherein

t he adsor h@#4]nat ¢xlthoughsatdeast thessdwer stapsr(ire. radserntion andidespsption) are
above s feAtdin s S5nd 0N Epligp Srafiel Af g HERY HERRAR AiedBal “Soove
e ek SERRTFEL B4 aBIPRE ByiS e pfgbomenea! Thesd Bepssitadtan ot

are not limited to, concurrent purge steps, counter-current purge steps, and/or

multiple partial pressurization or depressurization steps. These additional steps

may be utilized to improve first and/or second component recovery, improve

first or second component purity, and/or obtain multiple product streams in

addition to the effluent stream and desorbed stream described above.

[0055] One embodiment of the swing adsorption process of the present
invention utilizes a Pressure Swing Adsorption ("PSA") process wherein the
adsorbent material is comprised of a ZIF material and the "first component" as
described above is CO, and the "second component" as described above is N;.
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



first conponent in the desorption step which allows at |east a portion of

t he adsorbed first conponent to be recovered in the desorption step and the
adsor bentwoaeberioadsst o be regenerat ed by ?epletion of t hecadserlm100
conponents for reuse in a subsequent ad%o?ption step. However, in the TSA
processes, this is acconplished in part by exposing the adsorbent materi al
to higher tenperature conditions in the desorption step than the
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partial dSlsPed SUFSSIFPhPETE PESSUEEAGiEP ooy BaTA) GERTEPrGa 9eR) <o be
noted tha the PSA and TSA processes can be conbined in a
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pressure and tenperature changes or "sw ngs" are nade between the
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co- adsor bgidorbed first component to be recovered in the desorption step and the

adsorbent material to be regenerated by depletion of the adsorbed components

for reuse in a subsequent adsorption step. However, in the TSA processes, this

is accomplished in part by exposing the adsorbent material to higher temperature

conditions in the desorption step than the temperature conditions in the

adsorption step. This desorption can be further assisted by utilizing a purge gas

to lower the partial pressure of the first component and/or provide heating of the

adsorbent material during the desorption step, a purge step, a partial

pressurization step, or a partial depressurization step as described above.

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

second component of the mixed component process feedstream fed to the inlet of

the PSA/TSA process.



materials that can fulfill a variety of other beneficial functions to the
overall process. Non-limting exanples include incorporating the ZIF

mat er i al wit2hosziobisader material to forni mat ri x conpri Cmgsacmioncier
material selected froma crystalline pd fg‘msr, a non-crystalline polyner, an
epoxy, a thernoplastic, a clay, a silica-containing material, an

al um na-containing material, and a titaniacontaining material. The binder
material (eo58) so Igxmbudimehishsfitha sWifig adosrPLisn ProcessesoPieqitssaitr uct ur e.
Additionally, it may be advantageous to add suitably chosen additives into
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adsorption/desorption and transport properties af the selected conponents
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conponents. en the ZIF materials are incorporated with a bi nder,
t he adsor heneria@itkat can fudfill hevarietyrof athed beneficiap furraiong ¢o thet overaHhapes or
be applied onto supporting substrates which further inprove the durability
of the adpoedsshat Nomdlimpting sxamplesiincludetineorperasingdie L& onptierig! ®atdnent s
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a silica-containing material, an alumina-containing material, and a titania-

containing material. The binder material may also exhibit either a microporous
or a mesoporous structure. Additionally, it may'be advantageous to add suitably
chosen additives into this binder material. These additives can be used to
improve the adsorption/desorption and transport properties of the selected
components within the ZIF materials. Non-limiting examples of these additional
additives include zeolites and microporous crystalline materials such as pure
silicates, silicoaluminophosphates ("SAPO"s), aluminophosphates ("AIPO"s). In
a preferred embodiment, the additional additive is a zeolite. Other additives
such as metals or other high heat adsorbing 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. Depending upon the specific situation, inlet stream conposition as
wel | as product stream conpositions, process conditions and equi pnent

desi gn f owoth@/ppss6éess of the present invention, certai RCIUS@VO0BESL0 and/ or
mat ri x conpositions can provide inproved separation efficiencies and/or
selectivities for the overall process. [0060] Any of the steps described
above (i.e., structuring, additives, coadsorbents, etc) that allow a
reducti ongesgihe oWhei tenZIF niatedaiplagd incovporgteddwithpi biades Yid adswrbentpl y
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i n hi gher mdtenalgtaphesformndated sntocrptinal genmetsigi shgpesiebp applicheridesses

typi cal | t les.wi th durati f the.order, of .mnut i th
the mat el SUPROTBRE EsEHES SHhich SEhRT BIPranG tis AuraB AL DY B DB GRS

nodi fi cat | ' i Lani fi . ] of a
coml et o (0 fate bt whichPARReRicied fadrile!diifllohu! BRUGRuEREIAYEBMAEE

pr ocesses wiflptheddSofitidHl sitkstof the ZIFehatetial. SNefdimithfnestammpRyindloas of the
present invention are particularly advantageous from an econom c

st andpoi nbeads; egtreflates cfdraed qetl lets) structuredhbe gy, esenulithseed holaw fiberszl F
material is utjilized in a swng Ialdsor tion .pr.ocess V\/nefégin tq@cg\gle tinme
is less tRawellsgoatings spplicd ianlates of moaplithipsirucuges Bhersprhalioyy s

Cilized | . : ; . 1 : th
about 30 deBhadePhfs Bph (e SPLTEE SRS, Thiks SiGa Erlpdsitin hE w1
i nventi ongs hRSHRt $T0AM OHPESiiHNE Proceds icBAGHIME ahEEquipfest daRfIfetht e
pressure sw ng adsor ption (" RCPSA*) process embodi ment’ of the present

I nvent i onpr@RE4 bf the presttitdnventbodiceeain sttudthrespmdé@mmmatrivveorpositionsie ZI F
materi al can be incorporated into a nmenbrane process, for the selectjve
separ at i osaBPrevide HMPEeed separation efficipncigs ansyenselegtivitigs fartha gye@dhpri si ng
a mxture of these conponents. In this enbodinent, a ZIF material is

i ncor por aPE¥FSPt hin or coated onto an inorganic substrate or a pol ymer
material and utilized in a

[0060] Any of the steps described above (i.e., structuring, additives, co-
adsorbents, etc) that allow a reduction in the duration of a complete swing
adsorption cycle or simply "cycle" are of utmost practical importance since
shorter cycle times result in higher throughputs. Whereas conventional swing
adsorption processes 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 cycle times are incorporated
into a rapid cycle pressure swing adsorption ("RCPSA") process embodiment of

the present invention.



menbrane separation process, thereby producing a "Zl F-containing nmenbrane".
The ZIF material of the nenbrane, has a net perneation affinity for CO2
over N2. Wbeoperwssat i on rate can be typ%ial | y descri bedPcm/usesoawonho t wo
multiplicative factors, one related to the diffusion rate and anot her
related to the adsorption | oadings of the conponents of the m xture on the
ZIF material. Wth respect to this latter factor, a ZIF materi al

i ncorporated into the nenbrane which has a hi gher adsorptive |oading ratio
for CO2 over N2, inproves the concentration gradient for CO2 either at the
menbr ane §006Hce (nmaneder enhodimenhel therpressid iBYentione tha Al sratemaliqaa

b i f i di h b i . This.i d
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of a ZIF-containing nmenbrane and at | east a portion of the process
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measur ed B3seghigRreldsoRRR 1bh&ing ratio for CO, over N,, improves the

concentration gradient for CO, either at the membrane surface (if coated onto the

membrane surface) and/or in the membrane (if incorporated into the membrane
matrix). This improved concentration gradient enhances the selective
permeation of CO, relative to N, through the membrane, resulting in an

improved recovery of CO, in the membrane permeate stream.

[0062] In this embodiment of the present invention, a process feedstream
comprising CO, and N, 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
contacted with the first side of the ZIF-containing membrane. It should be noted

that in some embodiments, a "sweep stream" may be utilized on the permeate



conposition of the streamthat perneates through the ZlF-containing

menbr ane. For purposes of this invention, if any additional stream such as
a sweep swoeasw10s5added on the permaa%il si de of the nembmasecopooness, the
conposition of this sweep stream nust excl uded fromthe conpositional
anal ysis of the perneate stream [0063] Continuing with the menbrane
separation process enbodi nents of the present invention, at |east one

r et ent at e sifelfahie iAF additailighineatbrifi®n theemémbsinesieparation pcossdf thee whi ch
has a | ower vol % of CO than the process feedstreamthat initially contacts

t he nmenbr gresent inventien mdhshwuld alsodisancied diratdhe termpGprrmente streaiaeas esul ting
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about 10, even nore preferably at |east about 25, and nost preferably at

| east aboig adsled ¢grode4jerteataside of s membrane groaess;tho domposyia of thas pr esent
I nvention can be asymmetric and can be conprised of several  |ayers of

di f f er ent SWRER ﬁtrsm.ymw hw@wgeq ﬁemh@% mtrl@ra?@na YAk %&ﬁl@tn%é@eaﬁe t hese
asynmetri St E@ﬂbrane structures one or nore of these |ayers can be a porous
material . "AThin sel ective | ayer inparts nost of the nolecular selectivity
in the asymetric nmenbrane structure and in a preferred enbodi ment this

sel ective layer contains the ZIF material. On the feed side nol ecules are
sel ect i ve[§063]s or iBmhtinningdhwithethe shémbranayepamnidngrotdss epebodiateatsofie t he

nol ecul es are desarbed, The selective Zl Fcontaining |ayer can gptionally
i ncl ude othseprepentdpyention, @hdeast opg ectemtats stegam ihalse abtajped fospthe firstt he
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feedstream 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. In preferred embodiments, the ZIF
material utilized in the membrane process of the present invention has an
adsorptive loading ratio for CO, over N, of at least about 5, more preferably at
least about 10, even more preferably at least about 25, and most preferably at

least about 50.

[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-

containing layer can optionally include other materials. One of the materials that



|l ayer is called a mxed matrix. To mitigate the effect of any defects or
pi nholes in the selective |layer, a reparation coating or reparation |ayer
can be i nvonrpov@smsd in the nenbrane struyucture. [0065] TireTAISEO0OMONOLIA Ni NG
menbrane will typically be part of a nefrbrane nodul e that includes a
pressure housing. Non-limting exanpl es of ZI Fcontaining nmenbrane
structures that can be incorporated into the nenbrane nodul e are

hol | ow-f i legfi beiéyennén tie ZIR-orinihdaycstieatpolypnbr. aNhes the/ZIEr es, and
monol i thi c menbrane structures. The nmenbrane nodule will typically contain
seal s to icontainingiayerrconsaingmorg thamp &p yekocofanethergnatepial theralectivied t o
prevent flow b S, Or .cross-contam nati on of e Jetentate strean(s) to
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such effi ¢h ¢ meaibrand steictofe.CO2 and N2 in a gas phase stream Very |arge

anounts of CO2 and N2 are presently and continually emtted fromthe
burning of fossil fuels to support the existing energy infrastructure. In
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t he carbonaceous source that is utilized by these fossil fuel burning

t echnol oginesdul&are koldow! fEheranemprars stonmtimes) flalrshgasmemteane piroctucesd i n a
coal -fired power plant contains about 14 vol % CO2, 5 yol % Q2 and 8 1 vol %
N2, with Redgeenclithisinemirans HeusHIFn  the membrans medulsovill 2asalpom ,  NOX

(<1000 pp nd rticulat <10 g/ n8 Si.m Y ' gas
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15 vol % Ogr@nsht Blot ¥Phdés or cross-contamination of the retentate stream(s) to the

permeate stream(s). The seals may also serve as a device for holding the

membrane in place within the membrane module.

[0066] There are many applications in the industry which can benefit from a
process that allows such efficient separation of CO, and N, in a gas phase
stream. Very large amounts of CO, and N, are presently and continually emitted
from the burning of fossil fuels to support the existing energy infrastructure. In
fact, the CO, emitted by utility and industrial power systems accounts for a very
large fraction of the global CO, emissions. CO, and N, are typically the
majority components in these combustion gas (or flue gas) streams that are
released to the environment at slightly above atmospheric pressure and the
composition of the combustion gas produced can vary significantly with the
carbonaceous source that is utilized by these fossil fuel burning technologies.
For example, a typical combustion gas stream produced in a coal-fired power
plant contains about 14 vol% CO,, 5 vol% O, and 81 vol% N,, with lesser
amounts of contaminants that include SOx (<3000 ppm), NOx (<1000 ppm) and

particulates (<10 g/m3). Similarly, a combustion gas stream produced in a



N2, with other trace anounts of contam nants such as SOx (<1 ppm), NOX
(<500 ppm and particulates (O 01 g/nB). Unless otherw se noted, all
conmponentwoan@ernsasat i ons expressed here'g are on a wat ePcfrruseodasiiso [ 0067]
Al t hough several industrial processes afe available for the separation and
capture of CO2 from conmbustion gas streans (e.g., cryogenic distillation,
as well as physical and chem cal absorption), both the | ow CO2 content

(i.e., dugat@al g textsias proétss sodtaimeabouy 4asi®b OG, 16 esdir ©, ahd Bllevol%
conbustion gas streanms severely |limt their effectiveness and_increase

their cosiN2, Whithsothgniraesamonats afieontaminants sushcasnd Q11 D) MNP £580Q he co2
to significant pressure n he, very_l.ow t erature hat are required in
cryogeni CPBF'gtqnl%l 18?113%52@@ Fide le%so%t&e -ﬁﬁ%@i?@sﬁ%l?m}%‘&es t hese
cryogeni ¢ 3603k AlHong e&é&%ﬁ%@ﬁ%ﬁ% 3 Wb ater-fieBibadfs! ¥, the need to
concentrate ané conpress e -contarning streans to significant
pressures nakes the use of am ne-based absorption technol ogies very costly
for the recovery of CO2 from conbustion gas streans. As further described
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pressures and noderate tenperatures. [0068] As an exanple, Figure 13 shows

t he adsor ptveraly mittheireffeotivZhéssandancreasdtheideasti ddusdor examplé,dhe
nitrogen, N2. As can be seen in this fic?ure,_ ZIF- 7 (as well ;as ZIF-9 in
Fi gure 18needto gonceniraieangbcemprrssithe €Gxadigyficans presyiresapd iyed. The
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-40 °C (233 K)) makes these cryogenic separation processes very costly.
Similarly, the need to concentrate and compress the CO,-containing streams to
significant pressures makes the use of amine-based absorption technologies very
costly for the recovery of CO, from combustion gas streams. As further
described below, the use of porous solid adsorbents, such us the ZIFs materials
of the present invention, can overcome some of the present difficulties by
enabling the selective separation of CO, from combustion gas streams without
the need to precondition these streams in a costly manner. The materials of the
present invention exhibit unique adsorption properties for selectively adsorbing
CO, from a combustion gas stream at relatively low pressures and moderate

temperatures.

[0068] As an example, Figure 13 shows the adsorption isotherms for ZIF-7
for carbon dioxide, CO,, and for nitrogen, N,. As can be seen in this figure, ZIF-
7 (as well as ZIF-9 in Figure 18) has a very large adsorptive loading ratio for
CO; over N,. The ovefall adsorption loading of these components at standard
test conditions of 301 K and 106.6 kPa for ZIF-7 is shown in the bar graph of

Figure 14. As can be seen in Figure 14, under these standard test conditions,



Figure 14. As can be seen in Figure 14, under these standard test
conditions,- - ZIF-7 has an adsorption | oading for CO2 of about 2.29

nmol e/ g WNDl2e0% 1082521 F- 7 has an adsor pt Id?‘ﬂ | oadi ng for NeC®fusewdpoabout 0. 02
mol e/ g. Therefore, the adsorptive |oadfhg ratio for CO2 over CH4 for ZIF-7
at these conditions is greater than about 100. Such high adsorptive | oading
rati os render these ZIF naterials as very effective adsorbents materials in
t he proceg3psy bis il’ﬂ&dtﬂfrgﬁeﬁlﬂodding i GO, df@B66] 2.29 mmait/govhide det ZHaT ZI F- 7
(as well as ZIF-9) exhibits a unique isothermshape not typically found in
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accomodation of the CO2 within the ZIF-7 structure than in the Henry's
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in the adsorption branch at about 60 kPa signals a more favorable

accommodation of the CO, within the ZIF-7 structure than in the Henry’s law-
like region below about 60 kPa. Similarly, the transition from high to low
loading in the desorption branch at about 50 kPa sigﬁals 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
associated with a fairly large “working capacity” (and thus aid the economics of
the process), as seen from the large difference between the loadings at the low
and high pressures at which the cycle would operate. The “working capacity” of

an adsorbate material is defined herein as the difference between the adsorbate



associated with a fairly large "working capacity” (and thus aid the
econom cs of the process), as seen fromthe |arge difference between the
| oadi ngs WO 2069e1052%% and hi gh pressures whi ch t he cyclpeTwsadod/ooper at e.
The "wor ki ng capacity" of an adsorbate fraterial is defined herein as the
di fference between the adsorbatel oading in the adsorption step and the
adsorbate loading in the desorption step of the "strongly adsorbed

conponent 'loz{dm%ﬁkht}hﬁcﬁbfptﬁ@l §tePandlthe gdsorbatelieadinfg inlthe dosdtptioncagaef ty are
desirable. Wth nore standard adsorbent materials that do not exhibit the

type of hyls &tengly bdsnrbed contponant”(Whighyherein iy £0s). Lasgerpalues afghe
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i n Fi gur e pjgteflc@hvéhtional paydud everease it lpadingtwithipresarsat apbhstadt ons for the
sSwWi ng adsorption separation processes of the present invention, as well as

for the cagnpemtwt), e ppesssrrswing hasadorbsudgnificangtly bseadsste aghieseas shown in
Figure 12, the_ absol uyte .partial pressure region at. which.the .low to

i gh adsoRAUIVGHNL JEAL 96 YOG FARAFIY ARG IICOBMIASY ATaplipgHions for drhishek,ch
parti al pressure ti@l is expressed relative to the saturation pressure of
COx2 at th@ofe(?ﬁ)eé? re of the test experinment (Po), the transition takes
place at a relative P/Po value of less than 0.01 at 301 K (see upper
abscissa in Figure 12), Such |ow values of P/Po nmake ZIF-7 very attractive
f or adsor HOOTO]CO2 Thecadsetptémnisothenn feantres disptayeldandligursf 13Cfw Z1Fa? woul d be
difficult to adsorb with nore conventjonal materials that require a higher
parti al prhé§§§¢‘é€f@]o0t§§hﬂé‘(/@tégﬁ%dg}ﬁ%ﬂ@n%@dﬁﬁtswﬂgFl HUPHENat the same

e SRR S B AR AP BB BT
CO2, the Weakafid HterdutiongadbirdEmWAdalsd héWhi-if FEirc2!tRe @Bsdlate cause
CO, partial pressure region at which the low to high adsorption loading -
transition takes place is fairly low. When such partial pressure (P) is expressed
relative to the saturation pressure of CO, at the temperature of the test
experiment (Py), the transition takes place at a relative P/P, value of less than
0.01 at 301 K (see upper abscissa in Figure 12), Such low values of P/P; make
ZIF-7 very attractive for adsorbing CO, from streams that contain low levels of
CO, that would be difficult to adsorb with more conventional materials that
require a higher partial pressure to achieve an acceptable adsorption loading at
the same temperature. Even more important from a CO,/N, separations
standpoint, it is noticed that at the same conditions of pressure and temperature
than for CO,, the weaker interactions of N, with the ZIF-7 structure do not cause
the transition to a high loading state. Figure 13 shows that when N is contacted
with the ZIF-7 material at pressures as high as 106.6 kPa and 301 K, the
adsorption loading remains low, in a Henry’s law kind of regime, ultimately
giving rise to a high adsorptive loading ratio for CO, over N, at those conditions.
While it is expected that higher N, partial pressures could eventually cause the

transition to a higher loading state to take place in a material like ZIF-7 at the



the transition to a high loading state. Figure 13 shows that when N2 is
contacted with the ZIF-7 material at pressures as high as 106.6 kPa and 301
K, the aoworpiywwsssoadi ng remains low, in a Henry's | awPkirrus2eb/onagé ne,
ultimately giving rise to a high adsor'péé]'ve | oading ratio for CO2 over N2
at those conditions. Wile it is expected that higher N2 partial pressures
could eventually cause the transition to a higher |oading state to take

pl ace in gametiempatathieks 30 1FK7 oA of bl in tharet éfpressuat swéng bdSirptisn one of
skill in the art of pressure swi ng adsorption processes knows that

adsor pt i opregessesiarmvsithat adsprptian phenomens aretemparatumeractiveted apgdhat: ure can
al so be proportionall rajsed to prevent such.transitio 0 _occur, and thus
prevent E it ﬁ%ﬁ%ﬁwrﬁﬁﬁ%a@%prﬂﬁgftf nliyd'élfleag}o ipﬁ‘fY)enttﬁB&éif?B? Btnat eri al ,
which is j ' f.: | i § ot lred to
o i 7o DRETAREIES i Pont it o R R B ROATERIOMMIRE Dl thepdibiiche

adsor bat e ngasRgWHich [s®key bgﬁhﬁué f the Sepagaticii prbcebawhstanitlisdesired to
characteristics are exhibited by the ZIF-9 material shown in Exanple 7.

[0071] Fr omximézepthevdnviehnuing ofi $hs adsosbenthpatgniatjwatheihe poeferred adserbase m
shape, particul arl he transitiop fromlow to high |gading, it follows
that in pP@WPPEﬂt:m&tﬁéH{@ ajgo Bﬁé‘o @éﬁ?lmlﬂ‘ﬂféi%ﬁ%?rlﬁtﬁg HPF material is
utilized i . SWi AN - r . | he applied pressure sw ng
is |less tﬁg%%é%gnﬁ)&g@g%Pg;h{qqﬁlgrsgﬁgﬁfg\éﬁgﬁg%’Zfents of the present

i nvention, the ZIF material is utilized in a swing adsorption process
wherein the applied pressure swing is | ess than about 200 kPa, and even

nmore pref ¢0@]y, HFremahE previens discussian iohithe dniqueaesswfithedssthepni on process

wherein the applied pressure swing is_ |ess than about, 100 kPa. I n an even
mor e pr ef 8haRsy ParHsadanke Hhe Bansitian gw%éw tp m%lqaémg,tlh@%% W appl i ed

Pt ocoss. cRbdaTRd s ERRRAbE pré sl ufeRRR e Fbfe- BT Ml ika e
swi ng"  asgWidd AdKAphsh phitess wiktdinGHe applidd plisbhRr SMRE ib Tesk iRan about

300 kPa. In preferred embodiments of the present invention, the ZIF material is

utilized in a swing adsorption process wherein the applied pressure swing 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.

[0072] The use of temperature to prevent the low to high loading transition
in the isotherm is illustrated for CO, in Figure 15. This figure contrasts the
adsorption isotherms for CO; in ZIF-7 at three temperatures, namely 301 K, 308
K and 323 K. As the temperature is increased from 301 K to 308 K, both the
adsorption and desorption branches remain but are displaced to higher CO,

pressures. When the temperature is further increased to 323 K, the transition



maxi mum and m ni mum CO2 partial pressures that are experienced in the
adsor bent bed during a sw ng adsorption cycle. [0072] The use of

t enper at Wwe 20@/pps®m¥ent the | ow to high #,Padi ng transiti @aTiUs200000118@t her m
is illustrated for CO2 in Figure 15. Thfs figure contrasts the adsorption
I sotherns for CO2 in ZIF-7 at three tenperatures, nanely 301 K, 308 K and
323 K. As the tenperature is increased from301 Kto 308 K, both the

adsor pt i odoaflotiake piddetvenrapeessardgsaoil 06.6 kPaathms doaficmiegitheo hi gher CO2
pressures. Wen the tenperature is further increased to 323 K, the
t r ansi t i oteioperahe-activateg naterecaicthe adserpsion nresessfom gdidsadgogbents guch

firm th t =activated f th d '
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(as shown aab@yérbatd fiea EREBGTassHEE raie (a8 shbivarabale) ehy tappéraniedahdecause
such a low to high adsorption loading transition to take place for an

adsor bat e altarmatiyelyedeqreasedito €ansmspchoa law telhighl adserptiom laadime frapsitionr om a
hi gher pressure to | owey pressure. Such intergl ay of .pressure and
t enper at ut@takgplaee {am adsorRals in 2 LAVAIHPLESI§JaRgE AR B%SFiSBﬁhscherres of

t he present . ' r | r f n . | he
gascous. f BensPPETbAY BBy Brothirt (oA ¥ or RS TS RUT REEAAY P prdstule

i nvention SraRSread ttBQleBigCARantLRAESE ERANE AdsorPaUs SehdihéPr to
contacti ngn%l@% F- cont airbr?il?gedadsorbent mat%?i al. This grlr-gog?rren?ﬁi S

parti cul aofyhépreséntdnaéntidreover a ivdde emigesaf compapatapresSoRs intm CH4 in | ow
pressure process feedstreans, especially when the tenperatures of the
process f @aspausdaedstigpmse si gnificant enough to appreciably shift the
adsorption and desorption branches to higher CO2 pressures than those
experienced at |ower tenperatures. As can be seen from Figure 13 herein,

ZIF-7, foio®r"P! §n aGRti8GAE BMBOAIMEANG the PrEsche RV dltiofN tHY tefigeritupen N2
of the process feedstream is reduced prior to contacting the ZIF-containing
adsorbent material. This embodiment is particularly beneficial when it is desired
to separate CO, from CHj, in low pressure process feedstreams, especially when
the temperatures of the process feedstream may be significant enough to
appreciably shift the adsorption and desorption branches to higher CO, pressures
than those experienced at lower temperatures. As can be seen from Figure 13
herein, ZIF-7, for example, can achieve a significant separation of CO, from N,
at near ambient temperatures of about 28 °C (301 K) under low CO, partial
pressures conditions of less than about 80 kPa. However, as can be seen from
Figure 15, these adsorption/desorption branches shift to higher required CO,
partial pressures at elevated temperatures. Conversely, by reducing the
temperature of the process feedstream prior to contacting the ZIF-containing
adsorbent material, significant separation of CO, from N, can be achieved at
very low pressures due to the corresponding shift of the adsorption and

adsorption branches to lower pressures.



at near anbient tenperatures of about 28 0C (301 K) under |ow COQ2 parti al
pressures conditions of |ess than about 80 kPa. However, as can be seen
from Fi guwe 208/106136se adsor pti on/ desorp{zéon br anches shipCtr/useooioghier
required CO2 partial pressures at el evated tenperatures. Conversely, by
reduci ng the tenperature of the process feedstreamprior to contacting the
ZI F-cont ai ni ng adsorbent material, significant separation O CO2 from N2 can
be achi evq@oa4] verbhd charadtedsticss and peedsard Heingoproesssointplivatiohs,faf the t he
adsorption and adsorption branches to | ower pressures.- - [0074] The

char act er iwsiqussadsanptiqn sothermsshiomy forddEs? in Figuread 2 6ad, 13c3realso uni que
adsorption isotherns sh for ZIFE-7.in Figures 12 and 13 _.are, al so.

appl i cabl @PPEC r1F|é? Oﬂqu%@t@?‘ieé]l haying giifFren F%WPOEI(SWB(%’lfW%FFg’W it ter,
whi ch exhi it .si.m:l.ar. e |G r [ ] t h as CO2
and te. e SRR bl et A Eh B lehly GRIRATRD) IndaGy 25 CF
Exanpl e 2, Thfi GihileZTFaT7 B6nfaths?®n ab ¢hé singleemided] dbn,i DIF-2lof Ex@xiplbi2i s t he
advant ages described herein for ZIF-7 in pressure sw ng adsorption

pr ocesses.whishdestainb€d asth&Esinghd petdl ianalsw, exiubits theradvantagezidesgibedie t he
sanme crystal framework structure, SOD. Fi.gures 17 an 8 s%o the

cor r espondicRnA8E 41517 19 Presae sWaRg 3G39TBHOR RIOCESTS- ZMEESCrNefUPes 17 and 18

how t hat & he t |t | ' ' '
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(i.e., abquycRilekSBD. atighhe BAARd I 8EREHAthedrRbpstdink addbiptiodi f f er ence

between ZIF-9 and ZIF-7"sinply reflects sonme snall differences in

ener get i cshheicveentionalatoforeslpeddiFiguraddGrdnat K8 stuse thatthe pansisionuiromhe
overal | adsorption characteristics are substantially the sane.,

| nt er est i dgmyto high edsarptipp lpading ecears at aeslighlyigheicCOo paessyre i £8 Por

ZIF-9 at 301 .6, kP ! h i.nfi.\ni 2. 33/0. 0 ile th
corr esgon }'ﬁ'g %@@gﬁgiﬁgﬁ ’i’)e‘h%i‘a?ﬁ-gffﬁf‘i-ga Oﬁ 6?{]?3\4 al& gleeiﬁ%\? t?&%@%? O%15 ©
(=2.29/0. G K S9%ifiFrEnce between ZIF-9 and ZIF-7 simply reflects some small

differences in enérgetics 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 approaches infinity (=2.33/0.00), while the corresponding
adsorptive loading ratio for ZIF-7 is equal to about 115 (=2.29/0.02) (see Figure
14). Thus, these results further illustrate the advantages and breadth of
applications of the ZIFs materials of the present invention for separating gaseous

mixtures containing CO, and N, through swing adsorption processes.

[0075] A major need in the current industry is for effective gas phase
processes for the separation of CO, from N, for the recovery of "greenhouse
gases" such as CO, from combustion gas streams. Combustion gas streams
include any reaction effluent stream produced by the combustion of fossil fuels
for the production of heat and/or energy. Such combustion gas streams are
typical in the industry and include industrial processes such as, but not limited
to, coal or gas fired power plants, as well as coal or gas fired heating. Following

extraction of the heat and/or energy from the combustion process, these



14) . Thus, these results further illustrate the advantages and breadth of
applications of the ZIFs materials of the present invention for separating
gaseous mwetorewsrsent ai ni ng CO2 and N2 rough swi ng ad®omrptseam/opriocesses.
[0075] A major need in the current industry is for effective gas phase
processes for the separation of CO2 fromN2 for the recovery of "greenhouse
gases" such as CO2 from conbustion gas streans. Conbustion gas streans
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fuels for the production of heat and/or energy. Such conmbustign gas streans
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gener al | y S9dagoopt éﬁ]ng%ﬁﬂz,@n Jr%gﬂi’fﬁé tQGg%@Q,"\gﬁ% -apdtt a%%’e%% about
85 vol % N2 f val % P h tively
amal 1 vol dlgReNCRL S8R BelBn@Rsby Sy N arky il §'COERENESLST | ¢

at nospher endyinhSpheRNBY sid SomBhstidtssf fosklEhdls represafdaboabedds dtkeof the
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2001) . Thé¥exidenfbomtlyg Gases'st- éﬁrﬁl“%‘f%: ﬁoﬁ?ﬂlt%ﬁcﬁl"lﬂ‘é@f I\T/S&W‘Hﬁ‘aérmunt s

O H20 and addi tional trace contam.nan uc b | §} to, SO,
NOx, and PERFaLBS arFBB u%:%f%'&?gWﬂ%ﬂ?ﬁgﬁﬁ?ﬁe%%f%%bhgﬁ ‘in these
conbust i O pRkE 88MBuién gas streams also normally contain varying amounts of H,O

and additional trace contaminants such as, but not limited to, SOx, NOx, and

particulates.

[0076] Although many of the contaminants in these combustion streams are
present at very low quantities, some of them are regulated by emission standards.
As a response to these regulatory requirements, there are numerous conventional
processes for removing these trace contaminants to very low levels. Conversely,
out of the combustion products that éomprise a significant fraction of the
combustion gas stream composition, the release of H,O and N, to the
atmosphere is generally not regulated. On the other hand, since CO, has been
identified as a major contributor to "greenhouse gas" emissions, there are
increasingly more stringent limitations being implemented on the amount of CO,
that can be generated and released by industrial and commercial combustion
based processes. The need to minimize these CO, emissions to the atmosphere
has become an issue of ever increasing importance due to the very large volumes

of CO, that are generated by most conventional fossil fuel combustion processes.



present at very |low quantities, sone of themare regul ated by em ssion
standards. As a response to these regulatory requirenents, there are

nuner ous worrwerntoszsaal processes for renp i ng these traceCrtarske@ionant s to
very low |l evel s. Conversely, out of the Q{,'onbustion products that conprise a
significant fraction of the conbustion gas stream conposition, the rel ease
O H20 and N2 to the atnosphere is generally not regul ated. On the other
hand, sin¢e00J2 h@Gasteamsiamn bd irested foatheaentovabof OLinarertain * gr eenhouse
gas" em ssions, there are increasingly nore stringent |limtations being
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probl ens restricting comercially viable separati on and/ or

sequest r aequespatior psecesses istthe higlhnitrdgeogentend present gn swshtombusiden
conbustion gas streanms. [0078] Conventional CO2 separation and
sequest r a2p®hplreaMEesses are additionally hampered by the fact that in order
to be economcally effective, the N2 nust be separated fromthe CO2 in the
conbusti on gas stream which is produced at very high volunetric rates in

these conpygig|on hvehtiBRIFCONIEparation and sequestration processes are

additionally hampered by the fact that in order to be economically effective, the

721

N, must be separated from the CO, in the combustion gas stream which is
produced at very high volumetric rates in these combustion gas streams. Not
only are most conventional separation and/or sequestration processes extremely
costly from an energy requirement, but many of these processes would require
extremely large equipment and land or space requirements to achieve the desired
capacity required for these separations. This fact makes the use of conventional
processes for separating the CO, from N, or sequestering the combustion gas
stream prior to significant removal of the N, content even more economically
challenged when used in such "high square footage cost" applications such as
use in treating or sequestering combustion gas streams associated with offshore
oil and gas platforms. Therefore, there is a great need in the industry for new
and improved processes that can efficiently separate CO, from the N, in
commercial combustion gases as well as a need for these processes to have
lower capital cost and square footage requirements than conventionally available

Processes.



only are nost conventional separation and/or sequestration processes
extrenely costly froman energy requirenent, but nmany of these processes
woul d r eqwiOreosroszsenel y | arge equi pnent_and | and or spa®€e€Trisqeoerent s to
achi eve the desired capacity required f%f t hese separations. This fact
makes the use of conventional processes for separating the CO2 from N2 or
sequestering the conbustion gas streamprior to significant renoval of the

N2 conteanMn min eoaventivtiat GO yrenhevdl proestsed) suchuaedmine treating,hisgh square
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concentration CQ2 product streamfor "su sequent
order to produce a high concentration CO, product stream for subsequent
sequestration, thereby effectively removing the undesirably large amount of

nitrogen that is commonly present in the combustion gas streams.

[0080] Since most combustion processes are designed to extract the
maximum heat and/or mechanical energy from the combustion gases, the final
combustion products to be treated are usually at relatively low temperatures and
pressures. The final working pressures of the majority of these combustion gas
streams are in the range of about 0.1 to about 50 psig (0.7 to 345 kPa) since
these products are typically released to the atmosphere or are or transferred to an
enclosed low pressure flare gas or treatment system. Most typically, the
majority of the large combustion gas producers release these combustion gas
streams to the atmosphere at pressures of about 0.1 to about 10 psig (0.7 to 69
kPa).

[0081] These low working pressures of many combustion gas stream pose

additional problems to most conventional CO, removal processes which require



sequestration, thereby effectively renoving the undesirably |arge anount of
nitrogen that is comonly present in the conbustion gas streans. [0080]

Si nce noswocomhwsisson processes are desjgned to extract PCaSaeriooin heat
and/ or mechani cal energy fromthe conbué ion gases, the final conbustion
products to be treated are usually at relatively | ow tenperatures and
pressures. The final working pressures of the majority of these conbustion

gas streagigrifieantly gleatorgrgssunds tleedt sich stroarmboulin didepti funclior t o 345 kPa)
since these products are typically released to the atnosphere or are or
t r ansf er r efifectively, amayfahesecpmicationaleCOn spmoyakpisicesses Zequirg thedseem Most
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conbustion gas stre ose addition t'o nost conventional CO2
removal phegEiRaIRS prdiesd preadute kLo fortrtsepagitivatrocessas thedargeo ther eat
such streans. In order to function effectively, many of these conventional
CO2 r enpv alzemnskcenst of theecpinprsssiva auproenictbapisasqhisad 49 bringghes® r ai se t he
conmbustion gas pressures to their required rocesi wor Ki n ressures.

Al t hough SHFaMER thregiied pIesspre copgifonsnd ferg ﬁeawe,ﬁeve?m@"ﬁ%cess

pressure tEQLER LRl DERRALAL AN FRSR Vbl GothelipRuzige, and

cost of t onpr essi i's requlr I ng t e streans

to the regubéRy pPERERUESJIAOM. TRERFOrENRIS aisd Alvaftake60$ IREPRREsNGsdINCT ease
in energy requifred to bring the conbustion gas streamto the required

process preseparatecthe@®; from thEnNs &f acembustios gas sweadwanthegeayfermed at
process used to separate the CO2 from tge N2 in a conbusti o& gas stream can
be per f or Aelgtixelyrlomapresargsy Hisggausemphasized that 49 Addiiom i e asUfG: . i n

o1 o0 8 BTGB Gl AETRRRAUE-SMOA PSSR A,
¢ hosen. OPLIEbPBioho8dss Rah BEENR@BIPERISRA dPBifnize the effectiveness of the PSA
~cycle. Thus, for example, ifata given temperature, the partial pressure of CO, is
insufficient to induce the low to high loading transition on the ZIF material
described earlier, the temperature can be suitably reduced to ensure that the
cycle operates selectively and under a high working capacity and thus ensure the

operation of an effective swing adsorption process.

[0082] The results presented in Figures 12 and 13 for ZIF-7 and Figures 17
and 18 for ZIF-9, which exemplify the ZIF materials of the present invention,
clearly show their adequacy for low pressure operation. As can be seen from
Figure 15, in addition to the pressure level of the stream, the temperature level is
also critical to the design of a swing adsorption process for 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 N, in combustion gas streams where the pressures

may be relatively low as noted above. However, the temperatures at which these



cycle. Thus, for exanple, if at a given tenperature, the partial pressure
of C2 is insufficient to induce the lowto high |oading transition on the
ZI F mat erweal2oede®s255bed earlier, the tenperature can be ®airtskéog/opaduced to
ensure that the cycle operates selectively and under a hi gh worKking
capacity and thus ensure the operation of an effective swi ng adsorption
process. [0082] The results presented in Figures 12 and 13 for ZIF-7 and

Fi gures 1%trasds fe produdtd ntay bdsighifecamniyl high enbaglltd-shidt #hei al s of the
present invention, clearly show their adequacy for |ow pressure operation.
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materials can be significant in | ow pressure applications of the present
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conbustion gas stream or a process stream conprised of a conbustion gas
stream i of tiedpresentinventiéwnmyricecimplptélyeliftifatednt ai ni ng adsor bent
material. In this manner, the conpression required to raise the conbustion
gas to optimum separation conditions for the present invention can be

I n enbadi nents, the ression
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process e ment the current 1nvention,
TSA processes of the present invention can be operated at inlet stream pressures

less than about 50 psig (345 kPa), or even less than about 25 psig (172 kPa) due
to the significant low pressure adsorption loading characteristics for CO; of ZIF
materials. In some embodiments, the PSA and TSA processes of the present
invention may be operated at very low inlet stream pressures of less than about
10 psig (69 kPa), or even less than about 5 psig (34 kPa). At these very low
operating pressures, the PSA and TSA processes of the present invention may be
incorporated into existing combustion gas process and/or utilized with
conventional combustion gas equipment without the need for additional
compression. This can potentially save significant system costs, thus making
embodiments of the present invention highly cost effective and able to retrofit
into existing combustion gas systems without the need for additional combustion

gas compression systems.

[0084] One embodiment of the present invention is to provide a process
feedstream comprising a combustion gas stream to a swing adsorption process

wherein the adsorbent material in the swing adsorption process is comprised of a



that while it may be advantageous to run at higher inlet pressures, the PSA
and TSA processes of the present invention can be operated at inlet stream
pr essur eswbes®/mbms about 50 psig (345 %&a), or even | e®sTiUsanmomabooe 25
psig (172 kPa) due to the significant TOW pressure adsorption | oading
characteristics for C2 of ZIF materials. In sone enbodi nents, the PSA and
TSA processes of the present invention may be operated at very |low inlet

st ream pr g3 yn&eriaf thaehas bnadsabeve 1ddldipg rgti¢ 6& €RBapvepN,&fanldasss t han
about 5 psig (34 kPa). At these very |ow operating pressures, the PSA and
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conbustion gas ocess and/or utilized wth conventional_.c ustion gas
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conpressi on systens. [0084] One enbodi nent of the present invention is to

provi de aZiFonatssial thatihas adsarpove toaslingratic fori{iOs over Naof ot leasimhamta swi ng

adsorption _process wherein the adsorhent material in the swin orption
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I's provided to a swng adsorption process wherein the adsorbent material in
t he sw ngimvtswiopt thenZ it nmesrialiwilizedpn itlsie proc¢esa has Bnradserptive loadinghas
adsorptive loading ratio for CO2 gver N2 of at |east about 10. In an even
nore pr ef &ati@iordabo@veRhe 916t 1985659 esent i nvention, the ZIF nateri al
utilized in this process has an adsorptive |loading ratio for CO2 over N2 of
at | east about 25, and in a nost preferable enbodi mrent of the present

[0085] Inan embodiment of the swing adsorption process of the present

g

invention, the process feedstream is comprised of a combustion gas stream
which contacts an adsorbent material comprised of a ZIF material with an
adsorptive loading ratio for CO, over N, of at least about 5. A CO,-lean
product stream is obtained from the effluent stream from the adsorption step of
the swing adsorption process. A CO,-rich product stream is obtained from the
desorbed stream from the desorption step of the swing adsorption process. As
‘discussed prior, the CO, content of a combustion gas stream can typically range
from about 3 to about 25 vol% CO,. In preferred embodiments of the present
invention, a CO,-lean product stream is obtained as the effluent stream from the
separations process wherein the ‘COZ content is less than 10 vol%, and even more
preferably, a CO,-lean product stream is obtained with a CO, content of less
than about 5 vol%. It is desired that when separating the CO, present in the
combustion gas that the processes of the present invention recover a large
portion of the CO, in the CO,-rich product stream thereby allowing the CO,-lean
product stream (now rich in N; and very low in CO,) to pass through as an
effluent stream and be exhausted to the atmosphere or to further treatment with a

significant reduction in the CO, greenhouse gas component.



I nvention, the ZIF material utilized in this process has an adsorptive

| oading ratio for CO2 over N2 of at |east 50. [0085] In an enbodi nent of

t he swi ngwedserpsisen process of the preg nt invention, POE/USL@OASH00
feedstreamis conprised of a conbusti on g'as stream whi ch contacts an
adsorbent material conprised of a ZIF material wth an adsorptive | oading
ratio for CO2 over N2 of at |east about 5. A CO2-1ean product streamis
obtained fromthe effluent streamfromthe adsorption step of the sw ng
adsorption process. A CO2-rich product streamis obtained fromthe desorbed
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combustion processes, this can amount to a significant cost reduction over
currently available technologies. Additionally, since the required work to
compress the CO,-rich product gases is also reduced by a factor of about 5,
significant energy savings are also achieved by the present invention over other

conventionally available methods.

[0087] 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). In other preferred embodiments, at least a
portion of the CO,-rich product stream obtained from the separation of CO, from
N, by the present invention is further sequestered at a pressure of at least 500

psig (3,447 kPa), and even more preferably, at least 1000 psig (6,895 kPa).

[0088] When sequestering the recovered CO, separated from the combustion
gas streams, in addition to having a high CO, content it is desirable that the N,

content of the CO,-rich product stream is less than about 20 vol%. In more



nost preferably, at |east about 70 vol % As can be seen for exanple, by
produci ng a 50 vol % CO2-rich product stream by the separati on processes of
t he presewbd 200w@st550n from a conbustio%as wi th an i nl eCTase@osdtivon of
about 10 vol % CO2, sequestration equi pheht sizes and storage capacity can
be reduced by a factor of about 5 tinmes. Due to the very high volume of CO2
produced in these conbustion processes, this can anmount to a significant
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the required work to conpress the CO2-rich product gases is al so reduced by
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of at least 500 psig, (3,447 kPa), and eve re preferably, at |east 1000
psi g (6, soslerptpn 2[(8@8‘8](1 NER P%E@Y é@ﬁSﬁgart”Eé‘%, @éé%f‘]g(?o ti’é‘p‘é?i%‘{ ed from
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about 5 vol% In other preferred enbodi nents, the N2 content by vol % of the
CC2- | ean pirean@rodugedahii the presenttinwenti®ns of the N2 content by vol % of the
conbustion gas stream In other preferred enbodi nents, the N2 content by
vol % of the CO2-1ean product stream

[0089] The CO,-rich product stream produced by the present invention also
has improved composition for amine treating of the CO, gases. The increased
CO; content and lower N, content of the CO,-rich product stream significantly
improves the ability of the amine to adsorb CO, due to the higher available CO,
partial pressure under comparable amine treating conditions. Additionally, the
total volume of the overall combustion gas stream to be treated is significantly
reduced by the separation of most of the nitrogen which can be in the order of
about 65 to about 85 vol% N, in a typical combustion gas stream. Therefore, the
total volume that would be required to be treated in an amine unit can easily be
reduced by a factor of about 3 to about 5, resulting in significant capital,
chemical and energy savings. Thus in a preferred embodiment of the present
invention, at least a portion of the CO,-rich product stream produced from the
removal of CO, from a combustion gas stream is further processed in an amine

treating unit.

[0090] In another embodiment of the present invention, a swing adsorption
process utilizing a ZIF-containing adsorbent material is utilized to separate CO,

from N, present in the regenerator off-gas of a fluid catalytic cracking ("FCC")



Is less than 20% and nore preferably less than 15% of the N2 content by
vol % of the conbustion gas stream In this manner, efficient renoval of a
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reduced capital and energy costs for treating and/or sequestering the
CX2-rich product stream produced by the present invention. [0089] The
C®2-rich product stream produced by the present invention also has inproved
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fromN2 present in the regenérator off-gas of a fluid catalytic cracking

(" FCC") unieffectClheser BC@aktenaraton dffygahstreardsi san glsartet difigculetretreatadusr

of f-gas can contain a significant ampunt O CO and N2. Simlar to the
conbust i oo Eer soptamwant ermpeundsjant cajalyshbaes gcnqrn@dr%@@ﬁgﬁ &ldr of - gas
Is emtted to the atnosphere after sone treatnent for contam nants.
However, PH&%¥nventional treatnents typically do not target the renoval of
CO2 fromthe regenerator offgas

[0091] The FCC regenerator off-gas streams can have similar properties to
combustion gas streams described prior, particularly in regard to their total
pressures as well as their CO, and N, content. These FCC regenerator off-gas
streams can thefefore be treated by the processes of the present invention to
remove at least a portion of the CO, from the N,, thereby producing a CO,-rich .
product stream and a CO,-lean product stream in a similar manner and
component concentrations as described above for combustion gas streams. In
preferred embodiments of the present invention, at least a portion of a FCC
regenerator off-gas stream is subjected to a swing adsorption process of the
present invention thereby producing a CO,-lean product stream wherein the
CO,-lean product stream, or a portion thereof, with a reduced CO, content is
emitted to the atmosphere and the CO,-rich product stream, or a portion thereof,

is either sequestered or further processed in an amine treating unit.

[0092] Another desirable commercial process embodiment of the separation
processes of the present invention is for use in the separation of synthetically

produced gas streams that are obtained through a variety of reactive processes



and therefore have little effect on the overall CO2 em ssions. Simlar to

t he conbustion gas streans produced in the industry, the FCC regenerators
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present inventionis for use in the separation of synthetically produced
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hydr ocar begg vetsdd, rak8liS8Bf gaseous (e.g., natural gas) to liquid (e.g., naphthas,
heavy oils and residue, bitumens, or shale oils) to solids (e.g., coal). With
respect to the oxygen source, pure oxygen, air, or steam (plus heat) are typically
used. In some instances, only heat is applied to the carbonaceous source to
produce a “gasification” gas mixture that contains lesser amounts of full
combustion products, which may be used as fuel or chemicals. The specific
composition of the synthetically produced gas is strongly dependent on the
nature of the carbonaceous source, the oxidant and the use of heat (if any). The
produced gas typically contains varying amounts of H,, CO, CO,, H,O, CH4 and
N, as majority components and lesser amounts of sulfur and nitrogen containing
species (e.g., H,S and NH3) as well as other contaminants (e.g., COS). In
particular, when air is used as an oxidant, the synthetically produced gas streams
contain significant amounts on N,, which does not incorporate into any major
reaction products, with the exception of the smaller amounts of NH; formed.
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



fuels, aviation grade fuels, diesel grade fuels or |ube blending products
obt ai ned, for exanple, via Fischer-Tropsch synthesis) which thenselves find
use as fiwaloprosassts or as internedi at for further feaTtiseswaiodmati on or
for the synthesis of other products. Simlarly, these synthetically
produced gas streans may al so target the generation of enriched hydrogen
streans for use as fuels (e.g., fuel cells) or for use in the chem ca

pr ocessi npenéfi¢inbaie dobonst inkofporateyitt®dry subsequeat ieaotiom groducts and it
hydr odeni t rogenati on). Depending on feed availability, process options and
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whi ch doesonptrised o afiFaneterial thatrhas majasisorpgbeet loadingrratio dos COxi aver e
exception of the smaller anmounts O NH3 fqr rreg. Dég)gr}di nq on the intended
use of t hef 8y leapiahais s tp remeyg @t deasha porten 8t thg Bthe BFOGESS at i on and

precondi tionj are required.. A It Gl ' . '
o cond LMo Sy R SHhBD! YOIt A0
product stEeReahN@n¥sihp al atsotiai§ipreahted Pi0dpeevideasoasvaaperal |y
not beneficial as it does nhot “i ncorpofate into any subsequent reaction
product s adsbrption process wherein the adsorbent material in the swing adsorption
process is comprised of a ZIF material that has an adsorptive loading ratio for
CO, over N, of at least about 10 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 N, of at least about 25, and most preferably an adsorptive

loading ratio for CO, over N, of at least 50.

[0094] In the process embodiment of the present invention above for CO,
removal from synthetically produced gas streams, most of the N, in the
synthetically produced gas inlet stream 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 N, under the selected process conditions.

Additionally, most of the H; in the synthetically produced gas inlet stream to the



does not add heating value. Additionally, the CO2 present in the
synthetically produced gas can exist in sufficiently high concentrations

t hat can wonnewisise to t he corrosi on of processi ng equi poents20@so1ed | as
contribute to the production of greenhotuSe gas em ssions. [0093] One

enbodi ment of the present invention is to provide a process feedstream
conprising a synthetically produced gas to a swi ng adsorption process

wher ei n_t beocds willgnks tavagh dhe adsorbentanangiabdsd bprecovepediretie éffluenpr i sed
of a ZIF material that has an adsorptive loading ratio for CO2 over N2 of
at | east atream feomghe presessaflheddsin the mbtained ebflueristream ¢anghenbe process

f eedst | f d ' t of t . t, | tion,

br ocess 1 SERRIEISQAT BB DH Py By ROAEPELiadyeH DRBeEA THERST Ty O ded to a
SW ng adsQ{rgﬁhlengC@ﬁéaﬂﬁhﬁﬁ?gﬂtaiﬁ% %‘i‘fzﬂé Hﬁgétl}npﬁﬁ%é@h b Firdal Bro R Or
adsor pti ofi process i 8 conprised of a et 6F 1Al That has an’adsor ptive

| oadi ng r aiixed Wdth SCRrivnahohBxidt sateatrefistusalinfiirtiér ymthesiostepsifor thast a
portion of the CO2 fromthe process feedstream In an even nore preferred

enbodi nentcatabytia productiernforickemplé, of methendl ¢r otheeligaid hitdroratbgni n t hi s
process has dam adsorptive loading ratio for CO2 over N2 of at |east about
25, and mbE? l}fl‘%ferably an adsorptive loading ratio for CO2 over N2 of at
| east 50. [0094] In the process enbodi mrent of the present invention above
for CO2 renoval fromsynthetically produced gas streans, nost of the N2 in

the synt hm;sél |'Y TRGHERSFLDSHbb ARt D tRE Prdsent i cAfiORHE efflhéntPass
t hrough the adsorbent material and be recovered in the effluent streamfrom

t he procesteaAdot8€E,Hbanl pprdust streamt' hpseluped de thweprochss alpereafior e
tenperature is preferably chosen to allow the |ow to high | oadi n%e
transit i ofeR¥rRTEQ: fForp asynthsticalmproducedgassontains lessdban abutsky ect ed
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be noted, that as described above, there may be significant quantities of water
and contaminants, such as, but not limited to H,S and NH;, which may be
physically damaging or operationally hindering to the any of the embodiments of
the ZIF-containing separations processes of the present invention. Therefore, in
preferred embodiments of the present invention, a portion of the contaminants
are removed prior to contacting the target stream with the ZIF-containing
process. There are many conventional processes that are known to those of skill
in the art for the removal of such contaminants that may be utilized in
conjunction with the processes of the present invention to reduce the
concentration of these contaminants to acceptable levels prior to contacting the

ZIF or ZIF-containing adsorbent materials disclosed herein.

[0096] It should be noted that although the processes of the present invention
for separation of combustion gas streams, FCC regenerator off-gas streams, and
synthetically produced gas streams has been explained above in the terms of a
swing adsorption configuration, the ZIF-containing membranes described above
may also be utilized under similar process inlet conditions to selectively separate

CO; from N,, and produce similar composition product streams as disclosed in



Additionally, nmost of the H2 in the synthetically produced gas inlet stream
to the- - process will pass through the adsorbent nmaterial and be recovered
i n the efwbueeswiosisseam fromthe process,. The N in the olpCaiuseamddfibuent
stream can then be separated fromthe ol by conventional methods resulting
in a higher purity H2 stream The H2 stream thus obtained can be directly
utilized as a final product or mxed with a carbon nonoxi de stream for use

in furt helthés/\ﬂidg%?ds&rptﬁ@ﬂﬁrdoeﬂs ¢mbodaheity abovar hothetprovesskoutidizanpl e, of
met hanol or other |iquid hydrocarbon products. [0095] In a preferred
embodi nentZIBfcontainingemenmbrangsctotseparate K dromMnin 8 precess feadstream. | ean

duct st nt', d d i he . b | of CO2 f
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cont ani napefmestyGiteam whekcimtie COYLridpémndRSseedn Na8 a hiBhetvorey obe
physi cal | y damagi ng or operationally hindering to the any of the

enmbodi nentGOpthah ke pracess fitedstrean thepeortadts the Allbcontatmingfmembranessent
i nvention. Therefore, in preferred enbodinents af the prese i.nvention, a
portion oquq%O%&’é‘ﬁil%hf’ge -leapagientale sram s @ Htrgeflvﬁf‘g%)ﬁéh‘i ar get

streamw th t | F-.cQ [ N N
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such cont %%({é@@?éedsﬁ@hmﬁmf’hé)@tréﬂm lcbAfpdsitibre0separaiomselédtivitibeaid ocesses of
the present invention to reduce the concentration of these contam nants to
accept abl préparties opthieofindlproductaprodurediey thieFZIb-catitEintng ximbrageadsor bent
material s disclosed herein. [0096] It shquld be n_?t ed that, al t,go gh the

pr ocesses Psdcesh embpodiments; afitae pressnt Biveatipnase sisnlartothassident eéa% ,

oo LR DR B e PhEFER: RGN oo 1 produced gas

[0097] 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, but not limited to, combustion gas streams
and FCC regenerator off-gas streams produced by industrial processes. Here, it
is important that the gas stream to be sequestered contains a large concentration
of CO, in order to reduce the size of the handling and compression equipment
required as well as to reduce the energy costs associated with the sequestration
of the CO,. Reducing the overall volume of the gas stream to be sequestered
also has the benefit of minimizing the storage requirements necessary for this

sequestration.



Sw ng adsorption configuration, the ZlIF-containing menbranes descri bed
above may al so be utilized under simlar process inlet conditions to

sel ecti vewy 20@p@smse CO2 from N2, and pé%duce simlar cecpaszeomipe oduct
streans as disclosed in- - the swi ng adsorption process enbodi nents above.
In the processes utilizing ZI F-containing nmenbranes to separate CO2 from N2
I n a process feedstream containing both conponents, it is desirable that
the CO2 sel ectively pernmeates through the ZI F-containing nenbrane process
produci ng at | east one CO2-rich perneate stream wherein the COR2-rich
permeat e 40028Im hdtowetargthernagd) toseparatpandy seuscster grrartien of dbeiS1Qdhat t hat
contacts the Zl F-.containing nenbrane., Additionally., at.| & t. one -l ean
et ent at o 'SPrESSR, N BOSES bR 60 BRPDHE Abesessftein COxizproduss
retent at @ ;3bh SARAASH By pRlct! Th Yolife FbdBRCEIRSPIGE RRtRe LEPARAREMAL  The

stream conposi tions, arations selectivities and propertie I nal

product s priaghpectehyagel the IEQppictiuced byrEpiocescbgsepaested antiodi nent s of the
present invention are simlar to those 1dentified in the swi ng adsorption

process esbautistarad so dlatdhe KX released t¢ dooatmospbetecsand/opberasidupk ©Oess i n
t he i ndust rﬁ\; concerg}i@n}g greenhause asea, Isgﬁ‘h as ggg IS fihe se%tf?estration
of at |eadfManiein PrETReSa8ad MBHBASY- FPOMSLAPPICESEPLLHRAM OTHES er s
"SeqUGStF%?'tt?é‘“re?{:nt"i%t?&ﬂ ?tl{é"&és‘? et Mﬁﬂimiifﬁmé‘ﬁhggﬂt @ﬁf@d’% ned as
the confi nement or & Wast & Streant cont al ni ng at Teast vol % 6f in an

under gr ouRgnainsyf ithé €0,0lcah PPOGICt BtnéamOprodicéde Adeaph.oheaTOakichr essur es  of
at least 500 psig (3,4427 kPa). Dependi ng upon the sequestration process

utilized, produchgtrbamdesiducdd by ahpof thesepapatien proceps embedinénts lof the esent

i nvention be operated so as to produce a high concentration of CO2 in the
C2-rich Presen n"PﬁFlgniC%ng&fBEth% PEAUEETEhbl e when hi gh vol umes of CO2 are
produced in a process, for exanple, but not limted to, conbustion gas
streans and FCC regenerator off-gas streans produced by industrial -

processes [o¢¥J]e. i[h preferred embodiments of the present invention at least a portion of
the CO,-rich stream produced by the separation process of the current invention
is sequestered. In preferred embodiments, the CO,-rich stream that is produced
has a CO, content of at least 75 vol% wherein at least a portion of the CO,-rich
stream is sequestered. In a more preferred embodiment, the CO,-rich stream has
a CO, content of at least 85 vol% wherein at least a portion of the CO,-rich
stream is sequestered. In other preferred embodiments of the present invention,
the CO,-lean product stream obtained has a CO, content of less than about 5
vol%, and more preferably less than about 2 vol%. The utilization of this process
embodiment is particularly beneficial wherein the CO,-lean stream is released to

the atmosphere as an exhaust stream.

[00100] 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.



is inmportant that the gas streamto be sequestered contains a | arge
concentration of CO2 in order to reduce the size of the handling and

conpr essiwo 2equiopasent required as well 4235 t o reduce thePemasgyI®oEDE
associated with the sequestration of th& CO2. Reducing the overall vol une
of the gas streamto be sequestered also has the benefit of mnimzing the
storage requirenents necessary for this sequestration.[0098] However, the
need to separate and sequester a portion of the CO2 that is present in a
process stream can apply to any process, wherein CO2 is produced as an

unwant ed $90HHMddudihe Examplaeb @iDWtﬂéﬁoﬂﬂééé%bl&@tmﬁﬂl%ymélslaﬁﬁ@ﬁ ant t hat

a hi gh per ent e of the roquced e separa
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of CX2 t hgpedificembddimerithof HPpresean inveationtansitare aot picantitodimit ise suopl, t he

CO2-rich product stream produced by any of the separation process

enbodi menof thef curtent prvesdion. i nventi on can be further sequestered. [0099] In

preferred enbodi nents of the present invention at |east a portion of the

C2-rich stream produced by the separation process of the current invention

is seques@&ﬂ,{%@g)referred enbodi ments, the CO2-rich streamthat is

pr oduced content of at |least 75 vol % wherein at |east a portion

of the CO2-rich streamis sequestered. In a nore preferred enbodi nent, the

CX2-rich streamhas a CO2 content of at |east 85 vol % wherein at |east a

portion of0042]COln the folkiwiagExanples ddbrmrghds, slmalbam@un]:srceaﬁbccrlﬁit

enbodi nent s he present inventi on t he CO2-1 ean, pr. stream obt ai ned
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exhaust s¥rnRAfligh 10. ZIFs are a unique type of microporous crystalhne structures
having framework topologies commonly found in zeolites and/or in other
crystalline materials wherein each vertex is comprised of a single metal ion and
each pair of connected adjacent vertices of the framework structure are linked by
the nitrogen atoms of an imidazolate anion or its derivative. Each ZIF material
with a specific type of solvent occluded is characterized by a unique X-ray
diffraction pattern. However, due to the porous and flexible nature of ZIF
framework structures, the X-ray diffraction pattern can be altered upon solvent-
exchange or desolvation. The ZIF materials used in the gas adsorption screening
studies were prepared according to published procedures with slight
modifications in reaction scale and/or sample activation; see reference Park, K.
S.; Ni, Z.; Coté, 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".

[00103] The examples of ZIF materials provided herein are not meant to be

limiting of the present invention in any manner. The general synthesis and



[ 00100] Al t hough the present invention has been described in terns of
specific enbodi nents, it is not so limted. Suitable alterations and

nodi f i catwonso¥ws2seper ati on under speci Hec .condi ti ons wiPClr/useocappanent to
those skilled in the art. It is thereforeé intended that the follow ng
clainms be interpreted as covering all such alterations and nodifications as
fall within the true spirit and scope of the invention.[00101] The Exanpl es

bel ow ar e spuenirslathatactetizatidn of b ef dynZHeriaterdals appkicatds oo thd present
properties of a few select zeolitic imdazolate framework nmaterials to
i |1 ustrat énvemsiopeare pressntgd inhldnised States PatgahPpblicatimieNe. Exanpl es only

illustrat i fi di ts.of the present,invention and are not neant
to im b USPEE BRI B e rein Br et kX S0 1021 1 b t e
foll owi ng Exanples 1 through 5, small amounts of Zeolitic |Im dazolate

Frameworks (or "ZIFs") sanples were synthesized for use in testing for
adsor pti 020011011]3eﬂ%t@ﬂé&@ﬁltﬁéﬂ@956@utéb%re&fe§cndl@abbélbadid Bxagaphisil i n

Exanpl es through 10. ZIFs are a unique type of mcroporous crystalline

st r uct ur eshdeagh igfor selestask ZIE matdrias.es conmonly found in zeolites and/or in
other crystalline materials wherein each vertex is conprised of a single
metal ion and each pair of connected adjacent vertices of the franmework
structureﬁre I!' ied by the nitrogen atonms of an im dazolate anion or its
derivatives |F material with a specific type of solvent occluded is
characterized by a unique X-ray diffraction pattern. However, due to the
porous and flexible nature of ZIF framework structures, the X-ray

di ffracti ¢a0108]t edn thizrexampdé.t 27 He- 7upeteriab was systhekimede Tdre filamoivosk ofn. The
ZIF materials used in the gas adsorption fcreeni ng studi ea \Mire prepar ed
accor di ng ZIB-Dhag 2 shemiqal sempesttonwk Ank: (WhereiphiT bengipddazqlate; ket i on
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identical to the zeolitic framework type SOD. SOD is a three-letter framework
type code as defined by the International Zeolite Association ("IZA") in the
“Atlas of Zeolite Framework Types” (Ch. Baerlocher, L.B. McCusker, D.H.
Olson, Sixth Revised Edition, Elsevier Amsterdam, 2007).

[00106] In the synthesis of the ZIF-7 material, 9.00 g of zinc nitrate
tetrahydrate (Zn(NOs),-4H,0, 34.4 mmol) and 3.00 g of Benzimidazole (25.4
mmol) were dissolved in 900 ml DMF (N, 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".

[00107] 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



O Keeffe, M; Yaghi, OM Proc. Natl. Acad. ScL U S. A 2006, 103, 10186-
10191, which is incorporated herein by reference and herein referred to as
t he " Par kwBaehevesse". [00103] The exanplgs of ZIF nat eripairaispooowoded herein
are not neant to be limting of the pr'eéi'nt i nvention in any manner. The
general synthesis andstructural characterization of sone of the ZIF
materials applicable to the present invention are presented in United

St at es Patapphrabisati roati-tinratudSZ00 16 6302088 eMnomei the solvehensilecules or por at ed
by reference. [00104] Detalled synthesis procedures are described below in
Exanpl es Tesilinguighitsspares. 2 &0 @c@feaptmtedﬁﬂg?i\ﬁ@%@btmdpp@rqsmmg]o In this
exanpl e, F: terial_was synthesized. The framework of ZIF-7 has a
chem cal gé%&‘i{@ eér%‘ﬁ%ﬂ%wé? f ‘L = benzim dazol ate, i.e., the anion
of benzi m dazol e) and a topol ogy defined by the Zn cations that is
Identical to the zeolitic framework type SOD. SOD is a three-letter

f ramewor k [0y Po8]C 0 dRor tas Adborpeidn Bk petiendntd, ehe atétonitileZexdlangedAIBCT atason
("I'ZA") in the "Atlas of Zeolite Framework Types" (Ch. Baerlocher, L.B.

McCusker , léaded dirextly, inShe sample/helddr Blithe grayimetsingasradsorptéoniunit apdo7) .

[00106] In the synthesis of the ZIE-7 terjal,. 00 of zinc nitrate
t et r ahydr @CEVated INGHP YA p R t@l‘.’ﬁmﬁﬂﬁpgﬁﬁﬁfﬂ‘@.‘i@ﬁ aﬁﬁﬁéizi m dazol e (25.4
mol ) were dissolved in 900 mM DV (N, N-Dinethylformanmide) ina 1 liter
glass jar. The jar was tightly capped and the reaction m xture was heated

in an | 50;[091693' Pigaredt siABs K cofipatfiol dffthe eApérimendpbivder X-hey not her
| i qguor was decanted. The solid crystallized on the side wall and the bottom

part of t kiéffiationdSPEXRD Bqiatidrnsathecsviynithesinedsanst the acatabiFilend | abel ed
"as-synthesized ZIF- 7". [00107] In order tQ activate the ZIF-7, tt](e
as- synt hegxghangsd) L1 -aampdes and the calculated PXRD pattern (shown as the stic

pattern) based on the single crystal structure of ZIF-7 reported in the "Park
Reference" as referenced herein. The PXRD patterns as shown in Figure 1 are
plotted as the diffraction intensity (in arbitrary units) against the diffraction

angle two theta (in degrees).

[00110] The high purity of the as-synthesized ZIF-7 sample is evidenced by
the coincidence of experimental and calculated PXRD patterns. It is worth
noting the slight differences between the two experimental PXRD patterns of
ZIF-7. The pattern of as-synthesized ZIF-7 is indexed to rhombohedral space
group R3,a=5b=22.927 A, c=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.

[00111] 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.



under vacuum at 473 K for 24 hours, transferred to a 120 ml vial, imrersed
in acetonitrile (c.a. 100 mM) and soaked at 348 K for 48 hours. The

acet oni t rwbeeoxctosasged ZI F-7 was | oaded igl a gl ass tube aou/use@owatied on a
vacuum | i neapparatus at roomtenper atur®for 16 hours to renove the sol vent
nol ecul es residing in its pores. 2.10 g of activated ZI F-7 was obtai ned,
corresponding to 55%yield (based on Benzi m dazole). [00108] For gas

adsor pt i of@KIR]r i Fagae 1 I ea Seaining Plédttorehibaisgeply ZISEM "\Zirnagoeflad
directly in the sanple holder of the gravinmetric gas-adsorption unit and
act i vat ed sampdé 0fiZBy-7upriodycedhe conditions described in Exanple 6. [00109]
Figure 1 shows a conparison of the experinental powder X-ray diffraction
("PXRD') patterns of the as-synthesized and the acetonitril eexchanged ZI F-7

sanpl es a a h I | cul ated PXRD pattern (shown as the stick pattern) based
on the si tal structure of ZIF-7 reported in the "Park Reference”

as referenced herein. The PXRD patterns as shown in Figure 1 are plotted as
the diffraction intensity (in arbitrary units) against the diffraction

angl e two [00ELY (iln thisgxaagle, 4 ADA-DOhatbhial WaglsypthesizgdofThenfzamewoypk obiesi zed
ZIF-7 sanple is evidenced by the, coipcide Cﬁ of. x_pgri nent.al .and. cal cul at ed
PXRD pat t élis9 hag a chempgal gomposHipn pleCelp gw ergin Lor BppaEdazolalenithe t wo

experinmental PXRD patterns of \Zl k-7, p er - j ZIF-7 is
ndexed 1 50% ABRBHaRTALEle) gp aropd by R e bybing 350 RUAGICHAE BT F. 7
wher eas t hgeRabl & theXeohfRiPahERoHERHRBODE IS B s 4 theed-RdR¥ FEhnidwbike same
space group wth a =b =22.522 A and°c "15.760 A The data suggest a slight
di st orti omymd codecasudéfineakby thef Inférhafiongldfealite Vessoeiakioh{NGEA ") idGh¢ 1] Fi gure
2 shows the thernogravinetric anal yses (" ") for the ass%nt hesi zed and

TGA
the acet onAtlasiodZsotite Hepraewprk Tﬁéﬁﬁﬂ@é Ba}?ﬂﬂ)ch%g}eﬁ- Mefe R.HTne
act i vat | 0, 0T | Of3, HEATLRSH ROV HohSoFRAoaHoe0 o

[00114] In the synthesis of the ZIF-9 material, 1.26 g of cobalt nitrate
hexahydrate (Co(NOs),-6H,0, 4.33 mmol) and 0.360 g of Benzimidazole (3.05
mmol) were dissolved in 108 ml DMF (N, N-Dimethylformamide) in a 120 ml
vial. The vial was tightly capped and the reaction mixture was heated in an
isothermal oven at 373 K for 96 hours. After reaction, the mother liquor was
decanted. The solid crystallized on the side wall and the bottom part of the jar
was collected, washed with and stored in DMF and labeled "as-synthesized ZIF-
9".

[00115] 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-
exchanged 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).



TGA data.- - [00112] Figure 11 is a Scanning El ectron M croscopy ("SEM')
I mge of a sanple of ZIF-7 produced. Exanple 2 [00113] In this exanple, a
ZI F- 9 matwoi2ado/mexsssynt hesi zed. The frapework of ZIF-9 Iras/us2abeniloal
conposition of CoL (wherein L = benzi mt A4z ol ate, i.e., the anion of

benzi m dazol e) and a topol ogy defined by the Co cations that is identical
to the zeolitic framework type SOD. SOD is a three-letter framework type
code as dq00nBs] byFdripasladserphioni expelinend,ithe adatonitiibd-exchapgbd XTF-9 washe
"Atlas of Zeolite Framework Types® (Ch. Baerlocher, L.B. MCusker, D H
O son, Si teadedadiressky incthe isampleEhelser of thnmgrayimetsic gesomsorgtopyunitpndn t he
synthesis of. the .ZIE-9 material, 1.26 of cobalt. nitra hexahydr at e

( Co( NOB) 2-361111‘2%59341.’3“5}“ ysing the 69%50598?8%@1&%%%185?3. 05 mmol ) were
dissolved in 108 M DVF ( N-Dinethylformam de) in a 120 ml vial. The vial
was tightly capped and the reaction m xture was heated in an isothernal

oven at 376011 7jor MsukBIskowdhicempaRohioinhe tXgerirathral pbivdepX-res decant ed.
The solid crystallized on the side wall and the bottom part of the jar was

col | ect ed diffeastiod (WPXRDHDatteonseof the ashaynshesizedsidethe agstosytatleresi zed ZI F-
9". [00115] In or o activate the ZI F-9, as- synt.hesi zed solid was
heat Ead und’]éFh‘?be?G a Sﬂ‘?‘:ﬁ’&% 3 thg@amiﬂgal’t sﬁ%“égsh%"’%aﬁ tick al

i mer sed i t.onl & r.i.l . . h hours. The
acet oni triﬂgggﬁl #%E%%Bhiﬁ %S@g{?\%g%%f)aéze é‘{lﬁge g)?g g%speﬁ)ggfeéﬁén ée)v%%%at ed on a

vacuum | i nefeRpaeehd FefelentO@ Akt Tha PRI piiteks BOMEYA ¢n FesE dree
sol vent nolecules residing inits pores. 0.07 g of activated ZI F-9 was

obt ai ned, platteeapihrediffgadtmnlinténsityl (ih atbasery umtsPagainst tezdif Facti@0116] For
gas adsorption experinments, the acetonitril e-exchanged ZI F-9 was
angle two theta (in degrees).

[00118] The high purity of the as-synthesized ZIF-9 sample is evidenced by
the coincidence of experimental and calculated PXRD patterns. The relatively
large background in the PXRD pattern of the as-synthesized ZIF-9 sample
cannot be attributed to the existence of amorphous impurities because only
purple cubic crystals are observed within the sample by optical microscopy. The
PXRD data suggests that Co-containing ZIF-9 is intrinsically of lower
crystallinity when compared to its isomorphous Zn-containing material ZIF-7

(comparing Figures 1 and 3).

[00119] 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.

[00120] Figure 16 is a Scanning Electron Microscopy ("SEM") image of a
sample of ZIF-9 produced.

Example 3



| oaded directly in the sanple holder of the gravinetric gas adsorption unit
and activated in-situ by using the conditions described in Exanple 7.
[00117] RAwvoun@®/®smkows a conpari son of Ege experi ment al PpOMUSR009Mor1ay
diffraction ("PXRD') patterns of the a3-synthesized and the

acetonitril eexchanged ZIF-9 sanples and the cal cul ated PXRD pattern (shown
as the stick pattern) based on the single crystal structure of ZIF-9
reported in the "Park Reference" as referenced herein. The PXRD patterns as
shown in Figure 3 are plotted as the diffraction intensity éin arbitrary
units) agd00k21]t hdndhisfexanplern ZHiilenatesial nassypthesizedr dde) frameworlgpf The

hi gh ' f th - t hesi zed ZI F-9 le.i id b
fb?ncfﬁéh%@f hisch REmAA SPTRTRTOn 28k o GVBseRiS Bt TIR2S i dPS i vel y

b ne i . _ |
cannot  be I PEI By tS) FAER BRAIDES Ucbinellts, B /Y OGS atis enal BT 0|

pur pl e cubh&z&S1HEd Rhmedozk RsERCIY BOThis thitee-Seatep I fearhywoik typelcodeasoscopy.
The PXRD data suggests that Co-containing ZIF-9 is intrinsically of |ower

cryst al | i definedbgrihe mpmatidnabZeoktei AssosigsiauE'IZA " omthei ‘A thap eolital ZIF-7
(conmparing Figures 1 and 3). [00119] Figure 4 shows .t t her avi nptric
anal yses ?"rqrmwrlf gb’PFﬁe((ﬁl&@@ﬁr Q,Jngi\QCQH%J@éCﬁtS%nB&QW S—lggg{ﬁﬂ ZIF-9
sanples iR pi.tr . activation conditions described above
wer e chosM%%%ggwg#@%ggg&’[%%m Figure 16 is a Scanning El ectron
M croscopy ("SEM') inmage of a sanple of ZIF-9 produced. Exanple 3[00121] In
this exanple, a ZIF-1 material was synthesized. The framework of ZIF-1 has
a cheni calj0@12R]osilhitnsyaitEedi? of WeeZ 81 materiali H23 @ eff@nc niteate t he ani on of
i m dazol e) and a topol o8y defined by the Zn cations_that js identical to

tetrahydrate (Zn(NO3),-4H,0, 4.77 ' mmol) and 2.75 g of Imidazole (40.4 mmol?

were dissolved in 100 ml DMAc (N, N-Dimethylacetamide) in a 120 ml glass

vial. The vial was tightly capped and the reaction mixture was heated in an

isothermal oven at 358 K for 72 hours. After reaction, the mother liquor was

decanted. The solid crystallized on the side wall and the bottom part of the vial

was collected and washed with DMF (N, N-Dimethylformamide) to remove any

residual mother liquor. The product was then transferred to a 20 ml vial, stored

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

[00123] 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.

[00124] For gas adsorption experiments, the acetonitrile-exchanged or

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



the zeolitic framework type BCT. BCT is a three-letter framework type code
as defined by the International Zeolite Association ("IZA") in the "Atl as
of Zeol i twOoRr@ymesssk Types" (Ch. Baerlocher, L.B. MCusker/usmnogioo@heon,

Si xth Revised Edition, Elsevier Anster 2007). [00122] In the synthesis
of the ZIF-1 material, 1.25 g of zinc nitrate tetrahydrate (Zn(NOB)2-4H20,
4.77 mmol) and 2.75 g of Imdazole (40.4 mol) were dissolved in 100 m
DMAc (N, Ngf—lﬁﬁfefﬁé geehderpadn uRitanl2Rtivhtedl iassitwbpusingithe ¢onaditivas ti ghtly
capped and the reaction mxture was heated in an isothermal oven at 358 K
for 72 hodescribkidtiorExamaplei®&n, the nother |iquor was decanted. The solid
crystallized on the side wall and the bottom part of the vial was collected
and washed with DMF (N, N-Di net hyl formani de) to renpve any residual nother

liquor. T duet r.anss er . ' 1 in DMF and
| abel cd » VBT hEipdRS YtE% b cORFRT5ATOr i Bttt fowaB ReBY PO TG
as- synt hegiffegtisal('RXRAY") paiRfiesk the a%?htl’fﬁsizredl the(dcetonifrBerdxchhnged t ot al
of 72 hours. The sol vent “vol unme was replaced every 24 hours. The

acet oni t r iahd tkex tdiaergedxcHangbd WAE -1 samiplesianddhgcakculated 8XdQ pattaouat ed on a
vacuum | i ne appar at us, at roomten‘g ure for 16 hours totr e the

sol vent mbsheown as theesticl pajtern) bass Sﬁl g single srysta)rstepcfure Af£IE7l F. | was

obt ai ned, _correspandi,gg .t 4% Yinel i ' ydr at e) .
At or nat | Fagret NG o PR Refarios e terdRi o TEnCRIID SabiBhlsatyo" o £
tol uene fghbnaH P*?%uﬂée%ﬂegﬂoﬂe&i 8§ (YEGHRALE6n Atendity Qh afbifdey EnitsP0124] For
gas adsorption experinents, the acetonitril e-exchanged or tol uene-exchanged
ZI F-1 was apsiasethediffeadtion angle bwoshetpl(in dedrdes). of the- - gravinetric gas
adsorption unit ‘and activated in-situ by using the conditions described in
Exanpl e 8. [00125] Figure 5 shows a conparison of the experinental powder

X-ray [00126] The high purity of the as-synthesized ZIF-1 sample is evidenced by

the coincidence of experimental and calculated PXRD patterns. It is worth
noting the differences between the three experimental PXRD patterns of ZIF-1.
The pattern of as-synthesized ZIF-1 is indexed to monoclinic space group P2,/c,
a=9.699 A, b=15.185 A, c=16.555 A, B = 116.9° whereas the pattern of
acetonitrile-exchanged ZIF-1 is indexed to the same space group with a = 10.098
A, b=14.649 A, c=17.300 A, = 119.5° and pattern of toluene-exchanged
ZIF-1 is indexed to a space group of orthorhombic symmetry Pnn2 with a =
15.708 A. 5=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, ¢ =24.450
A).

[00127] 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.



diffraction ("PXRD') patterns of the as-synthesized, the

acetonitril e-exchanged and the tol uene-exchanged ZI F-1 sanples and the

cal cul at edlORMRODOpESt ern (shown as t he s%('b]ck pattern) bagea/usaomioer1sé ngl e
crystal structure of ZIF-1 reported in"the "Park Reference" as referenced
herein. The PXRD patterns as shown in Figure 5 are plotted as the
diffraction intensity (in arbitrary units) against the diffraction angle
two theta (in degrees). [00126] The high purity of the as-synthesized ZIF-I
sanple is evidenced by the coincidence of experinental and calcul ated PXRD
patterns. [00128 wdiigererdt isrmySeanning FlectrorcMicioseope('SHM") inage ekper i nent al

P SApICe et RS F Lol
e, o SRR S agnga brbhaapreleated Ephepyph g

19.5° andpﬁagdl;&an of toluene-exchanged ZIF- 1 is indexed to a space group
of orthorhombic symetry Pnn2 with a = 15.708 A. b 9.455 A ¢ = 16.969 A
The data suggest distortions of the unit cell of ZIF-1 upon

sol vent - exchange. W point out that high-symetry anal og of ZIF-1 does

exi st. Th&’@ﬂ@!ﬂécrystal structure of such a conponent was reported in the
"Park Reference" as referenced herein (ZIF-2 having the sane framework
topology as ZIF-1, orthorhonmbic, Pbca, a = 9.679 A. b =24.1 14 A ¢

=24. 450 Allooiﬁilﬁh thisEkathpfle, SO2YE- 1 RafeRal WRQSFHINTSIZEHC THRArHEH otk TGA")
for the assynthesized, the acetonitril e-exchanged and the tol uene-exchanged

ZI F-1 sanpf@dFil had 4 onenical cosplosition dhénlactwhertimh <berdiimidazolatescr i bed
above were chosen based on TGA data.[00128] Figure 20 is_ a Scanning,
El ectron Neeithe aniop qf twmmmidazalpd apd atopalaayed@ined iy the Zn cations that is

(acetonitril e- exchanged)...oroduced., Fi I S.a_ Scannin | ectron

M cr oscop§d€(n%§ér/% eﬁz&givtlgff?%{ng\g% E’p%;ﬁéﬂzzmbsl %gﬁ'g?gﬁ%%a gagyvor
type code as defined by the International Zeolite Association ("IZA") in the
“Atlas of Zeolite Framework Types” (Ch. Baerlocher, L.B. McCusker, D.H.
Olson, Sixth Revised Edition, Elsevier Amsterdam, 2007).

[00130] In the synthesis of the ZIF-11 material, 0.330 g of zinc nitrate
hexahydrate (Zn(NO3),'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



produced. Exanple 4 [00129] In this exanple, a ZIF-1 1 material was

synt hesi zed. The franmework of ZIF-1 1 has a chem cal conposition O ZnL2
(wher ei n WO=20dper0zi581 dazol ate, i.e., the_anion of benzi mpdaast@p/oando a

t opol ogy defined by the Zn cations thatsf’s identical to the zeolitic
framework type RHO RHO is a three-letter framework type code as defined by
the International Zeolite Association ("IZA") in the "Atlas of Zeolite

Fr amewor k ubinges pipefie - anBaedariséaned to andthe@Cuslkaal, Theldolideamwashed witRevi sed
Edition, Elsevier Ansterdam 2007). [00130] In the synthesis of the ZIF-1 1
mat eri al , apd3swed inDMiFrandilabelgde posstigdydlfal b'.( zZn( NOB) 2- 6H20, 1.1 1 nmmol)
and 0.990 g of Benzim dazole (8.38 mmol) were dissolved in 100 m DEF
(N,ND ethylformam de) in a 120 m glass vial. The vial was tightly capped

dth ' ] : ' ' ; : ; ko f 96
nours. A (00D b e o et B L P DO B W lerieg i "

crystal | i zgsth@rolt(ea. 35d81)et h tétati of 12 hoatd. TMheplvemivolinae way rephredol | ect ed
and washed with DVF (N, N-Di net hyl f or mam de% repeatedly to renove any

resi dual rwehe24 hpursod hamoethanalrexqhaoged BYF prlowas loadeddn grglassciubgasdt hen
transferred to a

20 m vial .and the DVF sol vent wa canted. After the
addi tion &Vagydted gn@ryacuumyling apparptus, Adteythe r%@"%éﬁ%@‘g"@ﬁgmteﬁ@%’a xture
was i mmer ' Lc b Qr ) ' I tach an
i dent ooyt AlRolh b Ao e oliBwaChes P biler RBRPANUERIC 8] 00 °
of solids RRRER REhdVeltBE sbRRnY hitle&iflts Ri3idink Gl Che pores dFeh&ZIF Stiurged for 30
m nutes. The solid layer floating on the surface of chl oroform was
car ef ul | y 0c0f p samptief agivated FEF41d wasithusatsdiaed ecbrrespandingeto 206 vi al .
The solid was washed with and stored in DVF and | abeled "purified ZIF-H".
[00131] | widddbasedpmainepitratethexahydrate);  the purified solid was i mrersed
in nmethanol (c.a. 15 m) for a total of 72 hours. The sol vent vol une was
repl aced

{00132] For gas adsorption experiments, the methanol-exchanged ZIF-11 was
loaded directly in the sample holder of the gravimetric gas adsorption unit and

activated in-situ by using the conditions described in Example 9.

[00133] Figure 7 shows a comparison of the experimental powder X-ray
diffraction ("PXRD") patterns of the purified and the methanol-exchanged ZIF-
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).

[00134] 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).



every 24 hours. The met hanol -exchanged ZIF-1 1was | oaded in a glass tube
and evacuated on a vacuum |l ine apparatus. After the renoval of external
met hanol wolxentoszms room tenperature, the solid was heatet/usaeenomacuum at
423 K for 16 hours to remove the sol vent? 1ol ecul es resi di ng in the pores of
the ZIF-1 1. A0.09 g sanple of activated ZIF-1 1 was thus obtai ned,
corresponding to 27% vyield (based on zinc nitrate hexahydrate). [00132] For

gas adsor joo135]ex Fghreedslsows tire theimegrivistivagtgses|(FTGA")Wos tHeoaded
directly in the sanple holder of the gravinmetric gas adsorption unit and
activated pilnﬁs:dtamdgge wadthanelhexchenged lowsaples sunitrogerAtposplere] 00133]

Figure 7 ows a conparison of the eri mental powder, X- dj ffraction
(" PXRD") tactiyatigp copditions i@?@@ﬁ%&%ewﬁ@t%g? Wé&%%@%‘\zﬂa L 19

sanpl es and the cal cul ated PXRD pattern (shown as the stick pattern) based
on the single crystal structure of ZIF-1 1 reported in the "Park Reference"

as ref erengemg)er @igureﬁlﬁismrﬂﬁﬁ% Eﬂé&r@ﬁhﬁ&@éﬁoﬁﬁ('@%@irﬁa?&@f@' otted as
the diffraction intéensity (in arbitrary units) against the diffraction

angl e t wosampteaof ZIF-dégreduged.[ 00134] The high purity of the sanple is

evi denced by the coincidence of experinental and cal cul ated PXRD patterns.
It is worth noting the slight differences between the two experinental PXRD
patterns Zl F ]5 1. After nethanol -exchange, the intensities of the
diffracti were altered and the peak positions were systematically
shifted to higher two-theta angle (in degrees).[00135] Figure 8 shows the

t hernogravinetric analyses ("TGA") for the purified and the

met hanol - §6€183%# gedn Zhis-ekampderap? He-8i materint vas synathesizptie e frarnework ofit i on
conditions described above were chosen based on TGA dat a. {0,013(%] Figure 24

i s a ScandilRcd lrseachemiopl cpapesition ofstnk) (Whergtn b &-Msthylinidazolate, |~

produced. i.gf%ﬂglagio% of 2-Methylimidazole) and a topology defined by the Zn cations
that is identical to the zeolitic framework type SOD. SOD is a three-letter
framework type code as defined by the International Zeolite Association ("IZA")
in the “Atlas of Zeolite Framework Types” (Ch. Baerlocher, L.B. McCusker,
D.H. Olson, Sixth Revised Edition, Elsevier Amsterdam, 2007

[00138] 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



[00137] In this exanple, a ZIF-8 material was synthesized. The franework of
ZI F-8 has a chem cal conposition O ZnL2 (wherein L = 2-Methyli m dazol at e,
i.e., thevanpomosfss2- Met hyl i m dazol e) agg a topol ogy defcmas2dmg/ovieo Zn
cations that is identical to the zeolitr¢t franework type SOD. SOD is a
three-letter framework type code as defined by the International Zeolite
Associ ation ("IZA") in the "Atlas of Zeolite Framework Types" (Ch.
Baer | ochetchldroformMiay skstullPcblleded eBingSh pipetidaidseshsEeliréd anandtheey2@r
Anst erdam 2007 [00138] In the synthesis of the ZIF-8 material, 10.50 g of
zi nc ni t r aleviak{Thetsplidaves wasitedojth-andxtoredoinDiviband labelal trorifiest
2- I\/Ethyllgﬂgaéole (36.5 mol) were dissolved in 900 mM DWW
(N, N-Di ne ormamide) in a 1 liter glass jar. The jar was tightly capped
and the reaction mxture was heated in an isothermal oven at 413 K for 24
hour s. After reaction, the nother |iquor was decanted. The solid
crystalli 39 the criele Rk ivaR e tATE - ® ot Piirifrdisodid wheirhaersg@sincol | ect ed
and washe vvlth DVF repeatedly to renove any residual nother |iquor and an
anor phous nigthanaldoat 100mel) food tatal 0b32 tioers. (Thersohent eodlume avasaephicedi al and
the DMF sol vent was decanted. After, the ad glon of .chloro orm(c a, 100

S

m), the @VeNy 2hbowisylhis methanglkexshanged wAtdPades Ina g sauel?ed%lzﬂn ¢ bath

for 30 mnutes.to nmechanica rs

surfaces & a%alge@ogﬁyvsa&cgpgliﬁggfaﬁ@gsﬁoft& t@&e&goa%pefagé%%%{@ e vi al
sat on a |S§W%ht MJ&&%M@%%&Mﬁﬁ%d‘lmrwﬁ%eatewhﬁaer Vicuneht §23 KYﬁfr 1 oating
on the surface ofchloroformwas carefully collected using a pipette and

t ransf er r @duistoaentdverthd 26lvent mcﬂécul&'hees%hgdnﬁhspmhﬂ(im-s hl.20¢ oft ored in
DMVF and | abel ed urified ZIF-8". [00139] In order to activate the ZIF-8,

t he purl fuaeuvmduﬁFvﬁasvaismbéa@@@ qasrespending todd % yielddbased 92~ a total of 72
hour s. 2\4 tﬁﬁ é (il une was replaced every 24 hours. This

met hanol - eXEHY a 8 was | oaded in a glass tube and evacuated on a
vacuum | i ne apparat us. After the renoval of external nethanol

[00140] For gas adsorption experiments, the methanol-exchanged ZIF-8 was

loaded directly in the sample holder of the gravimetric gas adsorption unit and

activated in-situ by using the conditions described in Example 10.

[00141] Figure 9 shows a comparison of the experimental powder X-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).

[00142] 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.



solvent at roomtenperature, the solid was heated under vacuum at 523 K for
16 hours to renove the solvent nolecules residing in the pores of ZIF-8.
1.70 g ofwacviwmszmsd Zl F-8 was obt ai ned, _correspondi ng t eCFizeqmoebdof based
on 2- Methylim dazole). [00140] For ga’s5 dsorption experinments, the

met hanol - exchanged ZIF-8 was | oaded directly in the sanple hol der of the
gravinetric gas adsorption unit and activated in-situ by using the

condi ti ong00BA3]r | Megurer2 BsanPtanning El@idohlMitioguopy 0'SEMWsimagoopar i son of

t he experinental powder X-ray diffraction ("PXRD') patterns of the purified
and the né&h&hb@fgﬂﬁﬁangéduZ{F-B sanpl es and the cal cul ated 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 sanple is

evi denced ﬁ%lﬁﬁs%gwci dence of experinental and cal cul ated PXRD patterns.

The PXRD shown in Figure 9 are plotted as the diffraction
intensity (in arbitrary units) against the diffraction angle two theta (in
degrees). [00142] Figure 10 shows the thernogravinetric anal yses ("TGA")
for the pye0f44dd dnExtaneplees tamuighebichaeiea CaliiBmsemmbhance appatatusgen

at nosphere. The activation conditions described above were chosen based on
TGA dat a. {TG1R00A43pg)Fwasinsedtp gravimSeiwaly ehamcéerizedtheM cr oscopy (" SEM')

i mage of a sanple, of ZIF-8 produced. Exa s,6-1 00144] .1 n, Exappl es 6
{hr sugh 164HePBPR/de30 B IPP RIS G e B BRSO Ht 2 BOSGTREALN s
used to grawvi ' . c ' d | ' perties
soe0. 0 OVRNOMELFARE fEDRRAC SHATrIE SCREIROL A SERRYBhERR e
i mi dazol atgr{dPHRMH Haridis fsortASAUbEBeR palEX REAERIE thela@s6ptioned out on
vari ous adsorbat e-adsorbent pairs to determ ne the adsorption

isotherms for the various ZIF materials synthesized in Examples 1 through 5

above. At a constant temperature, the equilibrium adsorbate loading was

measured at various adsorbate pressures up to 106.6 kPa. In order to capture any

potential hysteretic behavior, for each isotherm half of the experimental points

were measured in the adsorption mode (i.e., increasing the pressure from

vacuum to the maximum pressure of 106.6 kPa) and the other half of the

experimental points were measured in the desorption mode (i.e., decreasing the

pressure from the maximum pressure of 106.6 kPa to vacuum). In all

experiments, a LabVIEW® computer software was used to automatically set,

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

[00145] The adsorbate fee;d 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



I sotherns for the various ZIF materials synthesized in Exanples 1 through 5
above. At a constant tenperature, the equilibrium adsorbate |oadi ng was
measur ed WO 20@vi0025s adsor bate pressures_up to 106. 6 kPaPpcirrusesodeniivo
capture any potential hysteretic behav'r@#| for each isothermhalf of the
experinmental points were neasured in the adsorption node (i.e., increasing
the pressure fromvacuumto the nmaxi mum pressure of 106.6 kPa) and the

ot her hal fpre¥idtd ehexdairbaePradsupe infosmugoe torerseomgrbllen. The aeswileti on node
(i.e., decreasing the pressure fromthe maxi num pressure of 106.6 kPa to

vacuun . IalnTuamd @%pelectrenf%valaes_@badjgwthy adeonbatecpresgireweitiinhe feeded t o
t t t f | I

cach expemaftiaid: Qe S 0288 aderp DI ARIOT Er chnisiEta e feed
mani f ol d f c hi gh
pur 1y gaddeotbaiFlaBubih ARPuRlohEAIRe (RS YDRAN, TYBE RRDRY " Pe
adsor bent ¢,a78dt84ltd thd WRussHhE. ROPASTTeA® 1ts"l9 261 aufbsheRetlar Paspdagr bat e
pressure within the feed manifold was controll ed between vacuumand 106. 6
kPa by a Ms& tg adhipec fhtovdduasucemditionsind . Cont rol System whi ch was

connected to the conputer via RS232 comuni cations. The feed mani fol d was
equi pped with three MKS(r) 120A pressure transducers (0-0.0133 kPa, 0-1.33

kPa and O- Pa)_th ded the, adsor bat
cont rol 1 cA00RR” CTmigH G PHe i b0 B e Bl G BRYS sttt Wb s ™
adsor bat e%rrﬁg%‘fraﬂs%ﬁ‘bgm Wab MGadeR ¢ '&'utgl larfdit 591 €. ({ﬁ/'&?dé}%%oui ype

00 OORK) was tonnecte he a sor supp y and the other val ve

(MKS 0248#he Edﬂ@ctlﬂ?@ﬁﬂi@ ad%ﬁbmﬁmﬂ@hﬂﬁném dit)ehe/ addorbenti was fullyPf ei ffer (r)
TSU 261 turbonol ecular punp was used to achieve the vacuum conditions.

[00146] Tymimers¢d/in am excess @ftars@eatfmdrq@xlvem (i.eorh@maunt asal} snexress ohbout  15-
50, O Tesorsentenpaded in e Miceoothance o J0L Ko LR prdsh 1o
fully the use of dynamic vacuum. In some cases, where the solvent was held more
strongly within the interior of the adsorbate, heating was also used. Typically,
the following steps (all under dynamic vacuum) were applied: (a) out-gassing at
301 K for a prescribed duration, (b) heating to a prescribed temperature and kept
there for a prescribed duration, (c) cooling to 301 K. Because the microbalance
was tare just prior to loading the sample, the dry weight was directly obtained
from the microbalance upon completion of the clean-up procedure. The type of
solvent, the heating temperature as well as the duration of the steps was
dependent on the particular ZIF material under study. For a given ZIF sample,
the same clean-up steps were repeated each time a new successive experiment
was conducted. Prior to removing the sample from the microbalance, the first
and/or second adsorption experiments were repeated. These repeat experiments
revealed excellent reproducibility, confirming the adequacy of the experimental
adsorption isotherm procedures as well as the stability of the samples throughout

the adsorption experiments. X-ray measurements of the removed samples

further confirmed their integrity.

Example 6



i mersed in an excess of a specified solvent (i.e., an anount well in
excess of that required to fill its internal pore volune). The sol vent was
renoved twocoghosise use of dynami c vacu&gl I n sonme case®PCTMIsR008/0011680 Sol vent
was held nore strongly within the intefror of the adsorbate, heating was

al so used. Typically, the follow ng steps (all under dynam c vacuum were
applied: (a) out-gassing at 301 K for a prescribed duration, (b) heating to
a prescribed tenperature and kept there for a prescribed duration, (c)
cooling to 301 K Because the microbal ance was tare just prior to |oading

t he sanpl 40014 ddp thisiegample,adsprpsian isoBera GPETIMBHS Wese gpEiedRitaice upon

conpletio f,the clean-u rocedure., The .t ype,of _saol vent, .t he .heati ng
{ emper at Al 3% SaBPIEs SEUAIREd o i rspesin deENERdn FREmATE 4iRaNE 1Bt he
parti cul arco&l}#ﬁaﬁ@é Wifﬂhegéﬁgfal%#ﬂ?g %ﬂé%d@reg 'f&eﬁxgrhgle%mb%es&}?@ecﬁa”e
cl ean-up steps were repeated eac a new successive experinent was
conduct edgbbyé.or to renoving the sanple fromthe m crobal ance, the first

and/ or second adsorption experinments were repeated. These repeat
experinments reveal ed excellent reproducibility, confirm ng the adequacy of

th [ | ad ti | S0t d wel | th L1t f
the sanp! d00T4Tou g8 gee iohna sl pEk ABHTDR SO i Rberienly S suRBlh Shafits of
the 1 emovedy SAIRLES Wit AASEniEAL s FEdohIR 1 WALHL bdesed1BIBfS fr 301 [ 90147]
In this exanpl e, adsorption isothermexperinments were carried out” on ZIF-7

sanpl es olyt ﬁhdlﬁ(ﬁ)frfaﬁﬂbtv'ﬁ@uﬁﬁﬁlh@?ﬁﬁh@l%éﬂtin@dvhﬁa@iﬂim|’Bheldﬁ}b%%itl%vas _
conpliance with tthe general testing procedures for Exanples 6- descri bed
above. [ 0@648 mgorThersameskehngipoproeadincabsoapics o/ ki prmrgenrllnent , a
sanple of ZIF- 7 was | oaded wi.th acetonitrile as the lvent, It was

out - gassedubssauentexpesimerds with,adher adserhates- fage@mm&ﬁ?m@wcmmg was

appl i ed. I@Eﬁ“%ﬁ@%@&% thvf?gample is shown in Figure 11. Figure 12 shows the CO,
adsorption isotherm on ZIF-7 at 301 K. The ordinate displays the equilibrium
adsorption loading in typical units of mmole/g. The lower abscissa displays the
absolute CO, pressure in kPa. The upper abscissa displays the relative CO,
pressure, where the normalizing pressure Py corresponds to the CO, saturation
pressure at 301 K. From thermodynamic equilibrium vapor pressure data, a
value of 6583.8 kPa was estimated for Py. The filled and open symbols identify
the corresponding adsorption and desorption branches, respectively (the
adsorption branch is shown with filled diamond legend and the desorption

branch is shown with open diamond legend).

[00149] In accordance with the testing procedures, an adsorption isotherm for
nitrogen, N,, 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, nitrogen did not exhibit the separate adsorption and desorption
branches as was exhibited for carbon dioxide and therefore, the adsorption and
desorption curves for nitrogen 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

loading of carbon dioxide, CO,, was significantly larger than the adsorption



46. 68 ny. The same cl ean-up procedure was applied to ZIF-7 prior to all
subsequent experinents with other adsorbates. A Scanning El ectron

M cr oscopwO(20®AENEdsSi nage of this sanple ,}S shown i n Fi gece/usoosigore 12
shows the CO2 adsorption isotherm on Z1¥L7 at 301 K. The ordinate di spl ays
the equilibrium adsorption loading in typical units of mmle/g. The | ower
absci ssa displays the absolute CO2 pressure in kPa. The upper abscissa

di spl ays thgiing et hivogehRPNprasther ZIF-Mheateriah elnnfacanly 0102 mnesis(y ef Po
corresponds to the CO2 saturation pressure at 301 K. From t hernodynam c
equi | i bri adsorhpdmitpegerswee datected at 30| Kangf LE58%P8. kPa was estimted for
PO. The filled and open synbols identify the correspondi ng adsorption and
desorption branches, respectively (the adsorption branch is shown with

filled di l e . t ' I | | n di anond
| egend) . ?@@Eﬂg] gﬁg%ggyﬁaﬁgdﬁp@%h@&{ @&qﬂﬁgoﬁgﬁégg%%\g&%ﬁﬁg sorption
| sot her m 194difkd HPARZIFM? mavetialbfot Raplsiedidikedt, TV, iadd ievger, AgL b &Ist | N
Figure 13 wth the adsorption/desorption isothermfromFigure 12 above. In

t he testi rgnditipns®f301tKiasddOarpkBa obtained)fondthe tests abriebiAs eamebesepar at e
d ti dd ti h hi pi t .b | Qxi d d
Fher ef or o seemomUISH bit SHPANheBORam g REthe AT maiGHAL 108 GGh & r egi e
| f Fs 7 j a1 . t ‘
oressure JPoTukPE@ AR & b ebrilald s o9 Hifiofkds it BF AdSBBOES i e,

C2, vas $hgiihé F&AN, :v%s:aiabe@;firﬂal@as}ld.t)@nﬁ%wgl ixgrherRddditieds, Bd rogen, N2,

on the ZIF7 tertral. Infact, ohly 0.02 mbl e/g of adsorbed nitrogen was
detect ed ads@plivkleading 84ti® faFE0, [odef BY]is Bpproxémately 4 14.5hallugragimig thonpar i ng
t he correspondi ng adsorption | oadings of the ZIF-7 material for_carbon

di oxi de, ®epy highcelgativilyer!, theZIF af matenialdon Q5 over Ny, making ZdkKd’ 206. 6 kPa
obt ai ned f“%g]'%}t he tesltf above.t As can be seen fromthis bar graph, the
adsor pt i ofTRRIgMerpl 1o disg i he PreSent VeRlion.op "5t 106. 6 kPa @301 K was
approximately 2.29 mmol e/ g while the adsorption

[00151] Additional isotherms for ZIF-7 were performed at different
temperatures to investigaté the adsorption/desorption characteristics of ZIF-7 at
higher temperatures. The adsorption isotherms of ZIF-7 for CO, performed at
301 K, 308 K, and 323 K are shown in Figure 15. As can be seen in Figure 15,
consistent with adsorption-based principles, as the temperature is increased from
301 K to 308 K, the transition from low to high CO, loading is displaced to
higher pressures. This figure shows that comparable adsorption loadings of CO,
on ZIF-7 occur at a correspondingly increased partial pressure. Figure 15 also
shows that at 323 K, the transition from low to high CO, loading does not take
place under the conditions that were tested up to the maximum test pressure of
106.6 kPa. Such behavior is equivalent to that of N as exhibited in Figure 13,
that due to weaker N, interactions with the adsorbent, N, 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 N in gas mixtures

containing both components.



| oading for N2 was approximately 0.02 mmol e/g. At these conditions, the
adsorptive loading ratio for CO2 over N2 is approxi mately 114.5,

i 1l ustratwogoednmesasery hi gh selectivity %I t he ZI F-7 nmat ecirals2600/00G02 over
N2, making ZIF-7 a suitable material for®use in the present invention.

[ 00151] Additional isotherns for ZIF-7 were performed at different
tenperatures to investigate the adsorption/desorption characteristics of
ZIF-7 at higher tenperatures. The adsorption isotherns of ZIF-7 for CO2
performed at 301 K, 308 K, and 323 K are shown in Figure 15. As can be seen
in Fi gure Ekaymplerti stent with adsorption-based principles, as the
tenperature is increased from301 Kto 308 K, the transition fromlowto
high CO2 | oading is displaced to higher pressures. This figure shows that

conpar abl r ptel, o [ QS - i ngly
I ncreas ed??)gffﬁal I%?@lgse%?gi.ﬂ? %i aé%;g)q% %ﬁg%@h%x\ﬁg ?ﬁ%%tgge?gg%&@s@ﬁew{

transi ti oZ[FLogahpNsiobtdlhed feaR thoadithesisaemile@tin Bxatnple 2cbovedar t he

conditions that were tested up to tthe nmaxi numtest pressure of 106.6 kPa.
Such behavcompliaace guith/thecgeneral testitg procuras fex Exbinpées 6-A0rlegemibed 3, t hat
due to weaker N2 interactions with the adsorbent, N2 is unable to undergo
the transiabP¥® to a hi gh loading state. It is this interplay of variables
i nvol vi ng the adsorbate, adsorbent, pressure and tenperature that can be
used to an advantage in designing effective swing adsorption processes in

accor danc ' t IJPaeh | @f | epaamblef 22 from
N2 in gas?%%%ﬂrelg%ég%‘?géﬂlhﬁg bo?%aggbngggﬁe@ttgg?é%wégﬁgig 7 100152] In this

exanpl e, ®dsas Waded wislohbetonitd ey thesohente ltewasoni-gaksedtfoné h7s & I kanpl es
obtained fromthe synthesis detailed in Exanple 2 above in conpliance with

t he gener & undendyngmicometume sNp durthenheating was appléed: r The drnaysight was
56.35 mg. The same clean-up procedure was applied to ZIF-9 prior to all

subsequent experiments with other adsorbates. A Scanning Electron Microscopy
("SEM") image of this sample is shown in Figure 16. Figure 17 shows the CO,
adsorption isotherm on ZIF-9 at 301 K. The ordinate displays the equilibrium
adsorption loading in typical units of mmole/g. The lower abscissa displays the
absolute CO, pressure in kPa. The upper abscissa displays the relative CO,
pressure, where the normalizing pressure Py corresponds to the CO, saturation
pressure at 301 K. From thermodynamic equilibrium vapor pressure data, a
value of 6583.8 kPa was estimated for Py. The filled and open symbols identify
the corresponding adsorption and desorption branches, respectively (the
adsorption branch is shown with filled diamond legend and the desorption

branch is shown with open diamond legend).

[00154] In accordance with the testing procedures, an adsorption isotherm for
nitrogen, N,, 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, nitrogen did not exhibit the separate adsorption and desorption
branches, and in fact, nitrogen did not load measurably on the ZIF-9 during the

test. As can be seen from Figure 18, at the upper test pressure of 106.6 kPa @



[ 00153] For the testing of each absorbate in this experinent, a sanple of
ZIF- 9 was | oaded with acetonitrile as the solvent. It was out-gassed for 6
hrs at 30woKoem@erssdynam ¢ vacuum No further heating wasTapspéoomdiiolhe dry
wei ght was 56.35 ng. The sane cl ean-up pfocedure was applied to ZIF-9 prior
to all subsequent experinments with other adsorbates. A Scanning El ectron

M croscopy ("SEM') image of this sanple is shown in Figure 16. Figure 17
shows t he 300X athhe cidsbiption loadingr ofi canbeit Bidkid¢, (304, was Sibriftoattlydargedi spl ays
the equilibriumadsorption |oading in typical units of mole/g. The | ower
absci ssa dhaptheyadsormsiamlostingformitrpgens N, ©nithe [KBE-9 materiddper absci ssa

di splays the relative CO pressure, where the normalizing pressure PO
corresponds to the CO2 saturation pressure at 301 K From t hernodynam c

equi libri or : inat ed for
PO. The fittm)ié%ﬂanfi %g%f\fgsf}r%g%@ﬁagg\ﬁt% H@rﬁﬁeﬁggﬁﬁgﬁ%ﬁgédg olr%gti on and
desor pti onofdings bethe ZHSPeRiterial for(dabsoradRxidy, ICD,, ihdrfitrogsn, SNQwe test t h
filled dianond | egend and the desorption branch is shown wi th open di anond

I egeﬂd) . PDG(IBMDSIQf 38d dSrandnld$. ek Ph Obtaincféﬁqghghq?e&seﬂhﬁf\’@s Aseamgbs or pt i on
! ) ey . _ .
IFiSLrgr o s Fophits a6 Bipbo B AsorRATb Ipauts AEMe # s GURLT Cdbebe. 1 n
hdsor pt1 o OGiERRAT 301 I vyscHtRnar iy 2. 59 il dle AHiIEH disbrgiliy PP2L 2" ©

measur abl Yoging F6r Kb, wvad nbimhéBubdiie ! AtithedScomditifis, Seeadorpiiveiading 18, at
the upper test pressure of 106.6 kPa @01 K, the adsorption |oadi ng of

car bon di aatioéor CO, ovendN,ds gmirfaasanable/(dppropohinginfintityd, distrapingdhe | oadi ng
for nitrogen, N2, on the ZIF-9 material. [Q0155] Figure 19 is a r _graph
conpar i ng extemedy highsslestivgtyaekbeptifoR majgaphios (92 over My.pmakingZdEr A 1 or

carbon dioxide,, CO2, and nitroagen, N2 .at t conditions of 301 K and
106. 6 kPa ao%‘t“é‘Pl?ela‘aHf%??‘h 5G4 %gp&%sg{%_mvgg%i)gh be seen fromthis bar

graph, the adsorption |oading of the ZIF-9 material for CO2 at

Example 8

[00156] 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.

[00157] 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.



106.6 kPa @301 K was approxi mately 2.33 mol e/ g while the adsorption

| oading for N2 was not neasurable. At these conditions, the adsorptive

| oadi ng raiDi200%106258C2 over N2 i s irmeasgé abl e (appr oachipag/tusadoodtiy(
illustrating the extrenely high selectiVity of the ZIF-9 material for CO2
over N2, making ZIF-9 a suitable material for use in the present invention.
Exanpl e 8 [00156] In this exanple, adsorption isotherm experinents were

carried ojooPs8]Z! FFor skedsting @fttié fiddend-exetidnged AIIFhE sarapltgagidrtidn iof
Exanpl e 3 above in conpliance with the general testing procedures for

Exanpl es 6hd Zlddssample proadused. andowtsaredras in ixamplet 3 was dpadeadewith
tonitrile-exch Zl F-| | e, ti Z| F- ! duced

2nd acti vAPDEnaES ME wlud Jt ¥anaot easshabion o S 2L a0 b BAMFE R SOl vent

| t - ' h

heat' ng_ va2PaRR fledtel 13495 ¥ e s And (BRI St RE R affPuhih o'

procedur e WaMGEPPMEAThe shhie iRl @ piddddarewab apgﬁéd @ the topuener to al |
subsequent experinments with other ‘adsorbates. A Scanni ng El ectron

M cr oscopexthsiged)ZiFrhgeiontto aHsubsejuent cxpéremenishuiily otheZladsorbatespl A i s
shown in Figure 20.- - [00158] For_the testing of the toluene; hanged
ZIF-1 sanﬁcém@gpﬁiﬁﬁﬁ%E\@WYQS?QPZI(FSENEQHW"‘SG solvenerexrkengedi 4t Ld as in
Exanpl e 3 was,| oaded w t ne as the solvent. It was out-gassed for 6
hrs at BOfawpb%ﬁéﬁ%%lﬁghg%gﬁum heated to 443 K for 2 hrs and then
cooled to 301 K The dry weight was 46.21 ng. The sane cl ean-up procedure
was applied to the tol ueneexchanged ZIF-1 prior to all subsequent
exper i mrenf80189]h @Figere 2MdwvsathesadsdriSoanisotigridseditheacdiboitngzopy (" SEM')
i mage of tol uene-exchanged ZIF-| sanple is shown in_Figure 21.

exchanged ZIF-1 for carbon dioxide, CO,, and nitrogen, Ny, at 301 K. The

ordinate displays the equilibrium adsorption loading in typical units of mmole/g.

The abscissa displays the absolute pressure of the adsorbate in kPa. As can be

seen from Figure 22, at the upper test pressure of 106.6 kPa @ 301 K, the

adsorption loading of carbon dioxide, CO,, was higher than the adsorption

loading for nitrogen, N,, on the acetonitrile-exchanged ZIF-1 material.

[00160] Figure 23 is a bar graph comparing the corresponding adsorption
loadings of the acetonitrile-exchanged ZIF-1 material for carbon dioxide, CO,,
and nitrogen, N,, 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 N, was
approximately 0.004 mmole/g. At these conditions, the adsorptive loading ratio
for CO, over N, is approximately 262.5, illustrating the very high selectivity of
the ZIF-1 material for CO, over N,, making ZIF-1 a suitable material for use in

the present invention.



[ 00159] Figure 22 shows the adsorption isotherns of the

acetonitril eexchanged ZIF-I for carbon dioxide, CO2, and nitrogen, N2, at
301 K Theoandmatse di spl ays the equil ié)]{i um adsor pt i onpcoaevg/odmoe ypi cal
units of nmol e/ g; The absci ssa di spl ay3’the absol ute pressure of the
adsorbate in kPa. As can be seen fromFigure 22, at the upper test pressure
of 106.6 kPa @301 K, the adsorption | oading of carbon dioxide, COQ2, was

hi gher th3g0141g adsshdiild ®8 nodedlthag dldioughtiorghownNethe toludneeexchanged
acetonitril e-exchanged ZIF-1 material. [00160] Figure 23 is a bar graph

conpar i ng ZilRel nateréd pahibitssindleoadsorption deadingshafactdristics as the

acetonitril e-exchanged ZI F- g: teri,gl for carbon dioxide, CO2, and

ni t r ogen, afgtonyfilg-gE¢hanggdi4l oﬂglaé?ﬂgm K and 106.6 kPa obtained fromthe
tests above. As can be seen fromthis bar graph, the adsorption | oadi ng of
the acetonitril e-exchanged ZIF-1 material for CO2 at 106.6 kPa @301 K was

appr oxi mqﬁﬂaﬁfn%le@ nmol e/ g while the adsorption | oading for N2 was

appr oxi na 004 Mol e/ g. At these conditions, the adsorptive | oading
ratio for CO2 over N2 is approximately 262.5, illustrating the very high
selectivity of the ZIF- 1 materjal for, caz over N2, meking ZIF-. 1 a

sui tabl e [60k2]al Indhis example.adsomtiondaptheppasirperments Wegd ¢aTied QuUtomoyl d be

noted t ha |.t hough not .sh he .t ol uene- ange L i al

oxchi bi t - G4 Lrees PBlaiBHe FiSmiicrihe B Ferpiey AL E ARy 3 B9 6

acet oni Frbbﬁ?%ﬁta@uﬂﬂpth%l enbrd¥Hg?procENaeR f6r BxdiABkRH-10 Webitsedxanpl e,
adsor ption 1 sotherm experinents we carried out on ZIF-1 1 sanples

obt ai ned fibowe.t he synthesis detailed in Exanple 4 above in conpliance with
the general testing procedures for Exanples 6-10 described above. [00163]
For the testing of each absorbate in this experinent, a sanple of ZIF-

[00163] For the testing of each absorbate in this experiment, a sample of ZIF-
11 was loaded with methanol as the solvent. It was out-gassed for 2 hrs at 301 K
under dynamic vacuum, heated to 423 K for 3 hrs, and then cooled to 301 K.
The dry weight was 82.07 mg. The same clean-up procedure was applied to
ZIF-11 prior to all subsequent experiments with other adsorbates. A Scanning
Electron Microscopy ("SEM") image of this sample is shown in Figure 24.
Figure 25 shows the adsorption isotherms of ZIF-11 for carbon dioxide, CO,,
and nitrogen, N, at 301 K. The ordinate disp.lays 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 235, at the upper test
pressure of 106.6 kPa @ 301 K, the adsorption loading of carbon dioxide, CO,,
was significantly higher than the adsorption loading for nitrogen, N,, on the ZIF-

11 material.

[00164] Figure 26 is a bar graph comparing the corresponding adsorption
loadings of the ZIF-11 material for carbon dioxide, CO,, and nitrogen, N,, 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



11 was | oaded with nmethanol as the solvent. It was out-gassed for 2 hrs at
301 K under dynam c vacuum heated to 423 K for 3 hrs, and then cooled to
301 K. Theodng/meisght was 82. 07 ngy. The _same cl ean-up praramsose/onaso appl i ed
to ZIF-1 1prior to all subsequent experpfrients Wi th other adsorbates. A
Scanni ng El ectron M croscopy ("SEM') inmage of this sanple is shown in
Figure 24. Figure 25 shows the adsorption isotherns of ZIF-1 1 for carbon
di oxi de, Q6¥din@mor Nb wagpproditatély B01 nfmoldig. Atdhesd eondlisong ke t he

equi l'ibrium adsorption loading in typical units of mole/g. The abscissa

di spl ays tadsorpbiyelloadingrade GereCer, avee Nads eppreaxémiately P9, ilustatingtheseen from
Figure 25, .at the.upper .test essur.e, of 6.6 a @301 e adsorption
oad no. ofidhselgetvRbeF s 2t Tateri fin o2 anes amakoe €Wkl ne

adsor pti ony|i@eliistehal it iseql e phRenCibvkfifiof! - 11 material. [00164]
Figure 26 1s a bar grap conparlﬁg the correspondi ng adsorption | oadi ngs of
the ZIF-1 1 material for carbon dioxide, CO2, and nitrogen, N2, at test
conditions of 301 K and 106.6 kPa obtained fromthe tests above. As can be
seen fromExampleal0 gr aph, the adsorption |loading of the ZIF-1 1 nateri al

for CO2 at 106.6 kPa @301 K was approximately 0.87 nmole/g while the
adsorption- - loading for N2 was approximately 0.1 1 mmole/g. At these

condi tion a t] j ti.Qaf ; ' i mately
700, 111 ud0eg TR el RlsB it sSiePin. e phles Werk o G Bp e
N2, maki ”QZIfﬂS:szﬂm%le@ o%‘t'éihé‘@'fﬁnﬁ"ﬁi@@rﬁhed‘i@ﬂeﬂdﬂ@d lif Ex'&?nlj}é 8sfydivelinvent i on.
Exanpl e 10 [00165] In this exanple,” adsorption isotherm experinents were
carri ed owbmpliadt&Ewdtistrpteneralliestingeprocedunet Hor Examipéesi 6-10ateactibed i n

Exanpl e 5 above in conpliance with the general testing procedures for
Exanpl es @b@ve.descri bed above.

[00166] For the testing of each absorbate in this experiment, a sample of ZIF-
8 was loaded with methanol as the solvent. It was out-gassed for 2 hrs at 301 K
under dynamic vacuum, heated to 523 K for 3 hrs, and then cooled to 301 K.
The dry weight was 16.37 mg. The same clean-up procedure was applied to
ZIF-8 prior to all subsequent experiments with other adsorbates. A Scanning
Electron Microscopy ("SEM") image of this sample is shown in Figure 27.
Figure 28 shows the adsorption isotherms of ZIF-8 for carbon dioxide, CO,, and
nitrogen, N,, 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, the adsorption loading of carbon dioxide, CO,, was
significantly higher than the adsorption loading for nitrogen, N,, on the ZIF-8

material.

[00167] Figure 29 is a bar graph comparing the corresponding adsorption
loadings of the ZIF -8 material for carbon dioxide, CO,, and nitrogen, N,, 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-8 material for CO, at
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at 301 K woadesy/wyisan ¢ vacuum heated tg 523 K for 3 hrecrasdotwhenocool ed
to 301 K. The dry weight was 16. 37 ng. - %é sanme cl ean-up procedure was
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29 is a bafatefigiPfor uesMRthgrebéiet iB0ER@sOoNdi ng adsorption | oadi ngs of the
ZIF-8 material for carbon dioxide, CO2, and nitrogen, N2, at test
conditions of 301 K and 106.6 kPa obtained fromthe tests above. As can be
seen fromthis bar graph, the adsorption |oading of the ZIF-8 material for
CO2 at- O- 106.6 kPa @301 K was approximately 0.70 mmol e/ g while the
adsorption loading for N2 was approximately 0.1 1 mmle/g. At these
conditions, the adsorptive loading ratio for CO2 over N2 is approxi mately
6.4, illustrating the high selectivity of the ZIF-8 material for CO2 over
N2, making ZIF-8 a suitable material for use in the present invention.- -
CLAIMS: 1. A process for separating CO2 from a process feedstream
conprising: a) contacting an adsorbent bed conprised of a zeolitic

i mdazol ate framework material with a process feedstream conprising CO2 and
N2 at




a first pressure and first tenperature; b) adsorbing at |east a portion of
the CO2 in the adsorbent bed; c¢) producing a CO2-|ean product stream
wher ei n twe 20@2v0bman product stream has f‘ | ower concent PaTiusR000EER by
vol % t han t he process feedstream and 'd§ produci ng a CO2-rich product
stream at a second pressure and second tenperature, wherein the CO2-rich
product stream has a hi gher concentration of CO2 by vol % than the process
feedstreamL MM N the zeolitic imdazolate framework material has a
framewor k structure wherein each vertex of the framework structure is
conprised of a single nmetal ion and each pair of connected adjacent
vertices af the\ preussyiisrksephratiziguCO, drom lai priveekstiigeddtream, toongmising:ons of an
i m dazol ate anion or its derivative, and wherein the zeolitic i mdazolate
framework material Hasontacting@nmdsorbenshad sgmnsised of grzeolipicdpuidazelatsf at

I t 5. 2. Th f claim 1, wherein.the adsorhent hed i i sed

of 2 binder matEMENOBoRELHEH b PIOLT P ITAE FOPYRSIE CCRGRINAA ol | 1 ne

pol ymer, an epoi(ﬁrst%réggﬁ{er@m fl?sttit&gpéra?ﬁl%y’ a silica-containing material,
material, and’a

an al um na- containi ng titania-containing material. 3. The
process of any pr eceb)ialdgoﬁii%Hlle‘ﬁél%pbﬂicﬂﬁ@ﬂh@@@?idﬂﬂcﬁdsgrbeﬁﬂtbed;f or CO2
over N2 is neasured at 301 and 106. 6 kPa.4. The process of any preceding
claim wherein the xd@rodudng aicAzd¢amn produahsiveany, whersin gie €9,dearect ed from
ZIF-9, ZIF-1, ZIF-7, ZIF-1 1, and ZIF-8. 5., Th?. ocessg;)f an recedi ng
claim wherei n Rradueistysam hag a [pwekepneeniaipn 9 5’? 18P attg?nﬁ}?gn t he CO2

partial pressurg | .. «The process of any preceding claim wherein
the zeolitic i rﬁ%aggsgﬁrggﬁst@amﬁand :

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

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

least 5.

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 adsorptive loading ratio for

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



framework material is selected fromZIF-9, ZIF-1, and ZIF-7. 7. The process
of any preceding claim wherein the first pressure is greater than the
second prwewloss The process of any precedi ng cl ai m panarseésna/ovheo second
tenperature is greater than the first t erature. 9. The process of any
preceding claim wherein the cycle tinme is |less than about 1 m nute. 10.
The process of any preceding claim wherein the process is a swng

adsor pti og, pr oCHgSpredsd Gfarfyi pleee 15 i, Wekereihthenmoolliti¢rinddazotatei mum CO2
partial pressures ‘achieved in the adsorbent bed during a cycle is | ess than
300 kPa. 11. THeampewodsmatérialriy splecteddirom ZlFaP nd Ik e ZEF 17 tﬁE-ldoznéarti al
pressure of the process feedstreamin step a) is |ess than about 200 kPa.
12. The processZ f’gany preceding claim wherein the process feedstreamis
conprised of a conbustion gas stream- - 13. The process of any of clains
1-1 1, wherein the process feedstreamis conprised of a FCC regenerator

of f-gas stsream di rblaiﬂ'i,&ﬁﬁéﬁeﬂﬁtﬂél@og?' aviilipeedsutdiin Wher ei n
t he processs fee%%?ga%h‘ggﬁgeﬁlﬁggntngm of from about to aﬁgout 85 vol %
and the CO2-ri ceppapiigreatet theanthkd30apiitiat prassute iofstépdy t han about 20

vol % 15. The process of any of any preceding claim wherein the process
feedstream has a CO2 content of from about 3 to about 25 vol % and the

C2-rich produ stream has_ an ._cont.ent tale ..ah ol % 16.

The proceSs of TIAPIRECE: ‘iﬁir,ly W%ﬁ% cﬂﬁl@,p\y@%rg&t}*ee%f?ilp elg%a?%oq%t\érrpr? sed of

a_synt het | cal | v egae thiéifal it SERMA ol EIFOTPZIF-4Pafd ZUFCE. StTeam has a
0

N2 content of |ess than

7. The process of any preceding claim, wherein the first pressure is greater

than the second pressure.

8. The process of any preceding claim, wherein the second temperature is

greater than the first temperature.

9. The process of any preceding claim, wherein the cycle time is less than

about 1 minute.

10.  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.

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

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

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

comprised of a combustion gas stream.



17. The process of any preceding claim wherein the tenperature of the
process feedstreamis reduced prior to contacting the adsorbent bed in step
a). 18. TWe ptwoexss of any precedi ng clgi m wher ei n t he ppramse@w/obraeast r eam
contacts the adsorbent bed at a pressur Ofrom about 0.1 to about 10 psi g.
19. The process of any preceding claim wherein the zeolitic imdazol ate
framewor k material has an adsorptive loading ratio for CO2 over N2 of at

| east 25. 130. Ay poress banysePelaih M9l ICPhdreiinthe froces foedstrdat fseam
conprising: a) contacting a first side of a nmenbrane conprised of a

zeol i tic i m dazonaprisedrafreeMCCkreganenater offiigak streamocess f eedst ream
conprising CO2 and N2 at a first pressure and first tenperature;- - b)
retrieving a first perneate streamfroma second side of the nenbrane at a

second preggsur 0 e re.. i &t e stream
consi sts g?'co?&%&%@&%hat né’eé%g‘%ﬁ%g cg%ﬁﬁgﬁegkﬂ%gﬁﬁ%r% ﬁ]eth%?r r‘ggrsle and the
first perneat e fsdds@mmRes AN)icORRnt 6P TEsA abahi O t@AbSIB PVoIYE) dd then t he
process feedstream and c) retrieving a first retentate stream wherein the
zeol i tic im dafiDatiehfproductsticamehasra B, coatend of lessdhan kbeutrdfcvel’e. wher ei n
each vertex of the framework structure is conprised of a single netal ion
and each pair of connected adjacent vertices of the franework structure are

linked b h it t i m I i i ivative, d
wher et L1 7 QMBeRs i & o AR AR FRLER B ArbBeficty el vesr 2"
| 0adi ng rat i 0 {0 LRRANEra B0 lorMintlTaRémbodt s (3A8oBY 25 ¢8R4@indahai m 20,

wherein the zeolitic 1 mdazolate framework
CO,-rich product stream has an CO, content of at least about 50 vol%.

16.  The process of claims 1-11, wherein the process feedstream is comprised
of a synthetically produced gas stream and the CO,-rich product stream

has a N, content of less than 10 vol%.

17.  The process of any preceding claim, wherein the temperature of the
process feedstream is reduced prior to contacting the adsorbent bed in

step a).

18.  The process of any preceding claim, wherein the process feedstream

contacts the adsorbent bed at a pressure from about 0.1 to about 10 psig.

19.  The process of any preceding claim, wherein the zeolitic imidazolate
framework material has an adsorptive loading ratio for CO, over N, of at

least 25.

20. 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 N, at a first pressure and first temperature;



material has an adsorptive loading ratio for CO2 over N2 of at |east 25.
22. The process of any of clains 20-2 1, wherein adsorptive loading ratio
for CO2 owenoddZiosmssneasured at 301 K ang 106. 6 kPa. 23. pChasspeoomenso of any
of clainms 20-22, wherein the process fé Ustreamis conprised of a
conbustion gas stream 24. The process of any of clains 20-22, wherein the
process feedstreamis conprised of a FCC regenerator off-gas stream 25.

The process of any &) retrivvimg 2FirdPpermranesticdnh €rqm acesend srldsfitham i s
conprised of a synthetically produced gas stream- - 26. The process of any
of clains 20- 25nembeans af & sesond giressuce and secopddempreratiesaoyheram theifist i s

selected fromZIF-9, ZIF-1, and ZIFE-7. .
permeate stream consdlsts of compounds that selective 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 are linked by the nitrogen atoms of an
imidazolate anion or its derivative, and wherein the zeolitic imidazolate
framework material has an adsorptive loading ratio for CO, over N, of at

least 5.

21.  The process of claim 20, wherein the zeolitic imidazolate framework

material has an adsorptive loading ratio for CO, over N, of at least 25.

22.  The process of any of claims 20-21, wherein adsorptive loading ratio for

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

23.  The process of any of claims 20-22, wherein the process feedstream is

comprised of a combustion gas stream.

24. The process of any of claims 20-22, wherein the process feedstream is

comprised of a FCC regenerator off-gas stream.

25.  The process of any of claims 20-22, wherein the process feedstream is

comprised of a synthetically produced gas stream.
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26.  The process of any of claims 20-25, wherein the zeolitic imidazolate

framework material is selected from ZIF-9, ZIF-1, and ZIF-7.



