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| NVENTI ONVpQO®@1ijoF156 present invention rﬁl ates to the selpettise@omenas ati on
of carbon dioxide ("CR") fromnitrogén ("N2") in streans containing both
carbon di oxide and nitrogen utilizing a zeolitic imdazol ate framework
("ZIP'") material. Preferably, the streamto be separated is fed to the

present PreEPARATION GFCARBONDIBXIDE FROMENITROGERUTILEZING ment s,
the current '“VZ'iif(')Ei*rié I‘NII] IWEOGLATRE PRAMEWORREVEA PERIGEY §0n di oxi de

from conbustionTgas (€.0., UE gds) Stredls prererapry ror _seqguestration
of at least a portion of the carbon di oxi de produced in conbustion
processes. BACKGROUND OF THE | NVENTI ON

FIELD OF THE INVENTION

[0001] The present invention relates to the selective separation of carbon
dioxide ("CO,") from nitrogen ("N,") in streams containing both carbon dioxide
and nitrogen utilizing a zeolitic imidazolate framework ("ZIF") material.
Preferably, the stream to be separated is fed to the present process in a
substantially gaseous phase. In preferred embodiments, the current invention is
utilized in a process to separate carbon dioxide from combustion gas (e.g., flue
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
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to a second conponent or conponents in the gas m xture. The total anount
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process may be further inproved by the inplenentati on of processing steps,
such as t peopestiefsuphagehsmicd mhd)phybivial heermesphndrdutability)serasaotygosi ti on,
pressures and tenperatures. However, relatively few adsorbent materials
have sepapbleitodunelieias commesciallysaableiand wps¥ﬁ¢lﬁegambmtﬁm alBSdefici al
properties (such as chem cal and physical inertness and durability) so as
to be abl B'Y6*¥unction as commercial | y viable and cost-efficient adsorbents
in a PSA process. [0003] Sone adsorbent nmaterials are able to adsorb a
greater anmount of one

[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
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[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
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[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").
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separation of gas components in a mixture. In a membrane separation process,
one or more components of the mixed stream contact one side of a membrane
material and a portion of the mixed stream permeates through the membrane and
is retrieved from the other side of the membrane material as a "permeate”

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

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

[0010] There is a need in the art for improved swing adsorption and
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
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car bon di oxi de from nij trogen in streans contai ning both carbon dioxide and
ni t r ogen. that would be relevant'to separation processes of gases and hydrocarbons of

interest in industrial applications.

SUMMARY OF THE INVENTION

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



[0011] United States Patent Publication No. US2007/0202038A1 di scl oses a
famly of materials which shall be referred to herein as zeolitic

i m dazol awe 2beszmverser ks (or "ZIF's) materjals. This publ ipcattsemomdesos i bes in
detail the synthesis and structural and7pore vol une characterization of
various ZIF materials. It includes the | ow tenperature physisorption
characterization (N2 and H2 at 77K and Ar at 87K) of selected ZIF

structures but it dehprodicidgacCOseickdsedntt Hreapi apestdarl plesuresad
materials at pressure and tenperature conditions that would be relevant to
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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.

[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.



b) adsorbing at |east a portion of the CO2 in the adsorbent bed; c)
produci ng a CO2-1ean product stream wherein the CO2-1ean product stream
has a | owe0 200m@e255r at i on of CO2 by vol %t han t he procegsTfisedsorarm and
WD 2009/ 105255PCT/ US2009/ 001100 - 7 - -8~ d) producing a CQ2-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
feedstreapol1s] Vhetkdrprehgretegthbbdinénts dfdw preseritriavenwor thepesdess has a
framework structure wherein each vertex of the framework structure is
conpr i sed feddstresinniglcompeised dfencembustinthgasaian F§EC cegansrater ofldgas ena
vertices of %28 fianev&)rk structure is linked by nitrogen atons of an

i m dazol as¥nshedlpProqueed@asyati ve, and wherein the zeolitic inidazol ate
framework material has an adsorptive loading ratio for CO2 over N2 of at

| east 5. [0014] 1 n accordance with another enbodi mrent of the present

i nvention [p§BG]e In even more preferred embodiments of the present invention, the
zeolitic imidazolate framework material is selected from ZIF-9, ZIF-1, ZIF-7,

ZIF-11, and ZIF-8.

BRIEF DESCRIPTION OF THE FIGURES

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

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

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

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

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

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

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

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

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

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



I's provided a process for separating CO2 froma process feedstream

conpri si ng: a) contacting a first side of a nenbrane conprised of a
zeoliti c woizdazobmse framework material with a process Pegdstoogamioo
conprising CO2 and N2 at a first pressur9€ and first tenperature; b)

retrieving a first perneate streamfroma second side of the nenbrane at a
second pressure and second tenperature, wherein the first perneate stream

consi sts ekcleiged EIFt b sihplessstl Bedmpylel yhaeinredhe calubitgdh PRD panterine and
the first perneate stream has a higher concentration of CO2 by vol % than
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singl e met ' | r of connected adjacent vertices of the
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its derivative, and wherein the zeolitic imdazolate framework nmaterial has
an adsorptive loading ratio for CO2 over N2 of at least 5. WO
2009/ 11) 526022 T/ USIGURE G:hbviklthe thermogravimetric analyses ("TGA"s) for the

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

samples of Example 3 herein.

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



- 8 - [0015]In other preferred enbodi nents of the present invention, the
process feedstreamis conprised of a conmbustion gas, an FCC regenerator

of f - gas, W0 2009%pssketically produced ga [ 0016] I n evenPomrus2@webans ed
enbodi ments of the present invention, ti% zeolitic imdazol ate franmework
material is selected fromZzZl F-9, ZIF-1, ZIF-7, ZIF-11, and ZI F-8. BRI EF
DESCRI PTION OF THE FI GURES [0017] FIGURE 1 is the experinental powder X-ray

di ffracti ¢eox8]PXRETGURE! I shovas thel@Oaadsorptibrdsathernmaat301 K for a ZIF-7
acetonitril e-exchanged ZI F-7 sanpl es of Exanple 1 herein. The cal cul ated
PXRD pat t sampleoblikample de vertical stick patterns in the figure) for ZIF-7
based on the single crystal structure of ZIF-7 reported in the "Park

Ref erence” as referenced herein is also shown in the figure.

[0029] FIGURE 13 shows the CO, adsorption isotherm and the N,
adsorption isotherm at 301 K for a ZIF-7 sample of Example 6.

[0030] FIGURE 14 is a bar graph comparing the adsorption loadings of a
ZIF-7 sample of Example 5 for CO, and N, 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.



[ 0018] FI GURE 2 shows the thernogravinetric analyses ("TGA"s) for the
as-synt hesi zed and acetonitril e-exchanged ZI F-7 sanples of Exanple 1
herein. [WORBJYAISRAIRE 3 is the experi men{ al powder X-r ay pdirfuse@otdnno
("PXRD') patterns of the as-synthesized bnd acetonitriie- exchanged ZI F-9
sanpl es of Example 2 herein. The cal cul ated PXRD pattern (shown as the
vertical stick patterns in the figure) for ZIF-9 based on the single

crystal s{o0s8jur e RGURE22 shepay the COpaddigptibiridotiiaheanddcled Nas ref erenced
herein is also shown in the figure. {0020] | GURE 4 shows the

t her nogr aafsaeptipn isothéysat 301 ‘I%ﬁurga)z ol (abetoniritsraxeharniged)sample of

acet oni trH}fg- %icganged ZI F-9 sanples of Exanple 2 herein. [0021]FIGURE 5 is
t he exper PP4F Spowder X-ray diffraction ("PXRD') patterns of the

as-synt hesi zed, the acetonitril e-exchanged and the tol uene-

[0039] FIGURE 23 is a bar graph comparing the adsorption loadings of a
ZIF-1 (acetonitrile-exchanged) sample of Example 8 for CO, and N, at 301 K
and 106.6 kPa.

[0040] FIGURE 24 is a Scanning Electron Microscopy ("SEM") image of a
ZIF-11 sample of Example 9.

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



WO 2009/ 11) 5255PCT/ US21109/ 0011 01) - 9 - exchanged ZI F-1 sanpl es of
Exanpl e 3 herein. The cal cul ated PXRD pattern (shown as the vertical stick
patt er ns wo 2béve106isqure) for ZIF-1 based on the single crgstimbomsioouos ure of
ZIF-1 reported in the "Park Ref erence"'}jé' referenced herein is al so shown
in the figure. [0022] FI GURE 6 shows the therrnogravinetric anal yses
("TGA"s) for the as-synthesized, the acetonitril e-exchanged and the

t ol uene- egehiaagand Aitodersatilpziag adsofbeandampriset of zeolitRGAAHRICHRIE 7 is the
experinmental powder X-ray diffraction (" PXRDV'1i patterns of the purified and
tig

met hanol - dvaceweorkd " ZIF)ratsziats. eBreferablyathsi zgolitin dmadarolatadraraewarkst ed PXRD
IR I N R R N e
Ref erenc e'i)r&sesg‘eéseﬁsee'acl?&eﬂlesrh%illrbé fikéh$6 iﬁ&Q&‘@P}&sﬁféeS\tvh%’Aﬂsorption
("PSA") processes, Temperature Swing Adsorption ("TSA") processes, Pressure
Purge Displacement Processes ("PPSA"), Rapid Cycle Pressure Swing
Adsorption ("RCPSA") processes, Rapid Cycle Temperature Swing Adsorption
("RCTSA") processes, Rapid Cycle Pressure Purge Displacement Processes
("RCPPSA") as well as combinations of these swing adsorption processes. In a
preferred embodiment, the stream to be separated is fed to the process in a

substantially gaseous state.

[0047] In other preferred embodiments of the present invention, a zeolitic
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



[ 0024] FI GURE 8 shows the thernogravinetric anal yses ("TGA"s) for the
purified and net hanol - exchanged ZI F-11 sanpl es of Exanple 4 herein.

[ 0025] FI GuBBo®@/i0s256he experi nmental powd X-ray diffracPConseoomxR0)
patterns of the purified and net hanol -exthanged ZI F-8 sanpl es of Exanple 5
herein. The cal cul ated PXRD pattern (shown as the vertical stick patterns
in the figure) for ZIF-8 based on the single crystal structure of ZIF-8

reported imtHsresdtarikviaiar seadiSclased @f United StatbePaient PabHtatiorsNewJS n t he
JLECHL o AR RS Db AL
2009/ 105255PCT/ US2009/ 001100

[0049)  The applicants of the present invention have discovered that ZIF

materials can selectively separate CO, from N, in streams containing both of

these components. Furthermore, this may be accomplished at conditions of

pressure, temperature and compositions that are relevant to industrial processes.

In order to separate two components from a mixture, the adsorption loading

(e.g., in mmole/g) for the first component must be greater than the adsorption

loading (e.g., in mmole/g) for the second component. Even though process

schemes can be designed to operate at low ratios of adsorption loading (in

mmole/g) for the first component vs. the adsorption loading (in mmole/g) for the

second component, it is preferred that this "adsorptive loading ratio for CO, over

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



[ 0028] FI GURE 12 shows the CO2 adsorption isothermat 301 K for a ZIF-7
sanpl e of Exanple 6. [0029] FI GURE 13 shows the CO2 adsorption isotherm and
the N2 adworpiyomsssot herm at 301 K for A2 ZI F-7 sanpl e eCTHs2a009/0€1160

[ 0030] FIGURE 14 is a bar graph corrpari'nb the adsorption |oadings of a ZIF-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 ZIF-7

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

readily duplicated in a laboratory test facility.

[0051] ZIF materials that exhibit significantly large adsorptive loading ratios
may be used in 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



[0032] FIGURE 16 is a Scanning Electron Mcroscopy ("SEM') image of a ZIF-9
sanpl e of Exanple 7. [0033] FI GURE 17 shows the CO2 adsorption isotherm at
301 K forwe m908258anpl e of Exanple 7. E) 034] FI GURE 18 #homs2000000G02
adsorption i sothermand the N2 adsorption isothermat 301 K for a ZIF-9
sanpl e of Exanple 7. [0035] FIGURE 19 is a bar graph conparing the
adsorption |loadings of a ZIF-9 sanple of Exanple 7 for CO2 and N2 at 301 K
and 106. 6 pkReing steps that may occur thereafter to bring the "cycle" back to the first

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

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

[0052] Typically, there is at least one adsorption step wherein a process
feedstream is contacted in a swing adsorption process with the adsorbent
material. The equivalent terms "process feedstream” or "inlet stream" as used
herein in swing adsorption embodiments of the present invention is the mixed
component stream comprising at least two components to be separated which is
contacted with the adsorbent material during the adsorption cycle. During this
step of the process, the process feedstream contacts the adsorbent material under
certain process temperature and pressure conditions and as the process |
feedstream flows through the adsorbent material at least a portion of the "first
component"” (or "strongly adsorbed component") of the process feedstream is
preferentially adsorbed by the adsorbent material with respect to a "second
component" (or "weakly adsorbed component"). During this step an "effluent
stream" (or "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



[0036] FIGURE 20 is a Scanning Electron Mcroscopy ("SEM') image of a ZIP-1
(acetonitril e-exchanged) sanple of Exanple 8. WO

2009/ 105256R@®/ 1082609/ 001100 [ 0038] FI Gﬂ?g 22 shows t he ECR/imdeonptid®ON

I sotherm and the N2 adsorption isother t 301 Kfor a ZIF-1

(acetonitril e-exchanged) sanple of Exanple 8. [0039]FI GURE 23 is a bar
graph conparing the adsorption |oadings of a ZIF-1 (acetonitril e-exchanged)
sanpl e of aHyanalleadt of urticDrané fikgt cimpiilienKt@bel déSsrbed fRan the adsorbent

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

concentration of the first component in the effluent stream.

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

addition to the effluent stream and desorbed stream described above.

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



[0040] FIGURE 24 is a Scanning Electron Mcroscopy ("SEM') image of a ZIF-11
sanpl e of Exanple 9. [0041] FI GURE 25 shows the CO2 adsorption isotherm and
the N2 adworpiyomsssot herm at 301 K for .731 ZI F-11 sanpl ePofi/uSz@aphB0®.

[ 0042] FIGURE 26 is a bar graph conpari 'nb the adsorption | oadings of a

ZI P-11 sanple of Exanple 9 for CO2 and N2 at 301 K and 106.6 |cPa.

[ 0043] FI GURE 27 is a Scanning Electron Mcroscopy ("SEM') inmage of a ZIF-8
sanpl e of tixadgokrptidi®step. This desorption can be further assisted by utilizing a purge

gas to lower the partial pressure of the first component during the desorption
step, a purge step, a partial pressurization step, or a partial depressurization step

as described above.

[0056] Another type of swing adsorption process of the present invention is a
Temperature Swing Adsorption ("TSA") process wherein the adsorbent material
is comprised of a ZIF material and the "first component" as described above is
CO, and the "second component" as described above is N,. The TSA processes
operate similar to the PSA processes above wherein the partial pressure of the
first component in the adsorption step is higher than the partial pressure of the
first component in the desorption step which allows at least a portion of the
adsorbed first component to be recovered in the desorption step and the.
adsorbent material to be regenerated by depletion of the adsorbed components
for reuse in a subsequent adsorption step. However, in the TSA processes, this
is accomplished in part by exposing the adsorbent material to higher temperature
conditions in the desorption step than the temperature conditions in the
adsorption step. This desorption can be further assisted by utilizing a purge gas
to lower the partial pressure of the first component and/or provide heating of the
adsorbent material during the desorption step, a purge step, a partial

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

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

the PSA/TSA process.



[ 0044] FI GURE 28 shows the CO2 adsorption isothermand the N2 adsorption

I sothermat 301 Kfor a ZIF-8 sanple of Exanple 10. [0045]FIGURE 29 is a
bar graphwoanparnsiasg t he adsorption Ioad'%_grs of a ZI F-8 eampisecmfoBr@anpl e 10
for CO2 and N2 at 301 K and 106.6 kPa. - Al LED DESCRI PTI ON OF THE

| NVENTI ON di oxi de and nitrogen utilizing adsorbents conprised of zeolitic

I m dazol ate franmework. ("ZIF') materials. Preferably the zeolitic

i m dazol afgodgjamednickiboiMetits df the@wing adsovption Jiscespes ofitherpresas. The
general term "swi ng adsorption process” as used herein shall be taken to

i ncl ude Pimesion, 8wi AL materials iy e PsAaroptascints die, adsorpltamswing Swi ng
Adsorption ("TSA") processes, .Pressuye Purge, D spl acenent. Progesses

(" PPSA") , Pregsss iinany sbuchual formy %%9‘81’?%“@“@32\3‘51“8% esses, Rapid

OveL e RS RS Bk ST IS RO ERIEREY, . .,
these swi gpeamihapt OF sEbRERSABSunifbrd dimehsiohs @r evitlodini@Rions digtably eam t o
be separated is fed to the process in a substantially gaseous state.

[ 0047] | n distebutedefceording ¢orb e feereddistiributionp ridwesrysialiuesmaynbe wsedeol i ti ¢
directly as produced in the synthesis steps or be more preferably formulated into
larger aggregates or incorporated into a structured or matrix material to provide
form, stability, and/or in combination with other complementary co-adsorbent
materials that can fulfill a variety of other beneficial functions to the overall
process. Non-limiting examples include incorporating the ZIF material with a
binder material to form a matrix comprising a binder material selected from a ‘
crystalline polymer, a non-crystalline polymer, an epoxy, a thermoplastic, a cléy,

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.



i mdazol ate framework ("ZIP') adsorbent material is incorporated into a
menbrane material for the selective separation of carbon dioxide ("CX2")
from ni t rwgenoy(1oBE5) in streanms containjng both carbon acofisd@andoo
nitrogen. The ZIF materials will preferably be utilized in a matri xed
menbrane material to facilitate the separation of CO2 fromN2. In a
preferred enbodi nent, the feedstreamto be separated will contact the

menbr ane \ggs9i N tWhelClie AIT nidieridl? atreviricoepdrardsiitharbinded, theadsdebémnt i al |y
in a gaseous phase. [0048]"Zeolitic imdazol ate framework" (or "ZIF")

mat eri al s materialefantesifcranidated astocoptimal geéameetniccshapes ouke applird 0Rt®s havi ng

framewor k t opol.ogi es commonl.y, f.ound .in zeolites [or.in qther crystalline
mat eri al SSWE‘P"EF‘g S8, E‘l‘iat\?%ﬁ"fr}légh gf%ﬂé“?ﬂ‘ﬁﬁ%%&“‘?ﬁﬂ&tq{rtbe iags Eﬁ%tr‘?'éfed of a
single nme i I e&tnﬁﬁ j i he

f ramewor khgelt ?alﬁé:) u%g?hgﬁl%gﬁg%éé dbél)ésr?lg ?fr}%gen a rge%ltssa%%rggﬁﬁg{ﬁ %lg(gg?lg{agf ani on or

i ts deri va§ittye atRerptRinSitesifahe PIF enatefial. "NehdpaitiiSexanplet indlagéel herein
are defined as a pore dianeter or a nmaterial containing pore dianmeters of

| ess t han beads gutrudates 2fobmerhpedletspptrucsedbeds, ahgnoliths and pollowsfiberd, t he

synthesis of sone of the Z| F materials thaj. can be utiljzed .in the present
i nvention a&i"‘@?]cﬁss%qaé@éé aPHil?Jiil e Bﬁ’t%?t ot @@npﬁwﬁﬁtw&wwﬁ#@r&wmﬁ%

2007/ 0202 Yaghi ch.d s her. ' r rence.
[0049] The THepy 1 2 8RgreARk uBhn s sndlifie BebiOtE AR sRad RRTIoREs WEIE! 2

mat eri al s 56 3FodiRh 8GEAMOMPERES R, Préddds ort itAs iandiquERRenCARig fritBie bot h
of these conhponents. Furthernore, this may be acconpli'shed at conditions of
pressur e, prergpebithe preaast invemtimi, tdeoaim sthadtusesandédrematrix campaositions i al
processes. In order to separate two_conponents froma m xture, the

adsor pt i osan previdg impreyved separatisineg fiiciansies;and/ oy selectbdipnirthe pystalbe
greater than the adsorption loading (e.g., in mole/g) for the second
conponent PF&FE™ t hough process schemes can be designed to operate at |ow
rati os of adsorption loading (in nmmle/g) for the first conponent vs. the
adsorption loading (in nmole/g) for the second conponent, it is preferred
that thi s [0@0§or ptAnseof thedite)s dattibed abol.@ysrudidringoadditiees/lcb- mat er i al
utilized be at least 5. Since the required equi pnent size, cost and

oper at i ng adsqrbertssetcy Hrattallopea s¢dpstiondarihe duratiosy elda semplejeswingisor pti ve

| oadi ng ratios,. the Eﬁ(g‘_ar.ati ons%(ﬂr,ocess S be%orre m,lﬁh nore attractive
utili zi ng2fieQrBHPR cyC HERLY t PYE” 201 YIRSt PEAGHCEhERPUGINENNS | 0adi ng
rati os. | . hehi j ' ZIF
mat eri al glil(lgq?%lgce}gﬂ?ﬁﬁ‘[eﬁgg%rﬁesengﬁg m}ggﬁéﬁlﬁﬁay’gﬁ%g%gg%c??{/dggpgvgi| g ratio
for CQ2 ow@sorplofipratesseasipiaiuspekite #\90legBrith dusittimdfithabrdeast about

25, and nost preferably, at |east about 50. [0050] The rati o described above

i s a properinytespwith thp eniterialsadsbe pagsent 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.



adsorbent pair, at given conditions of pressure and tenperature. This ratio
is referred to herein as the "adsorptive |loading ratio" or nore

parti cul awbyo@g0535¢ "adsorptive | oadi ng 6ati o for CO2 owemr/us2009/0Tt0e ratio
is defined herein as a unitless quantit% that is equal to the adsorption

| oading (in nmole/g) for the first conponent divided by the adsorption

| oading (in nmole/g) for the second conponent for a specific adsorbent
material at a specific pressure and tenperature. As used herein, the term
"first congonent " is synonynous with the conponent carbon dioxide, CO2,

and the t §0061]secdnanethepsmhadimest of hemrasan inyeian, thedHp sraserialifans ogen,
N2. As d.h in, alth h it i f t hat .t he ad ti | oadi
For each DipGHBRTAGAINS JAEmbEas PRIcE T ErIPe SFTebv e SaBiider b fipofne.
ti G i ti t : ﬁg&qj t f th
gsg[ 2rr; ”?tdﬁlﬁgﬁ%[*?fe)ﬁ f?ro&?leﬁlgjé)&gé\’tegsggﬁg%tgglsrreag(ur%hgﬁgna sor%{tlﬂg%e I ggdi ng for

a parti culeampbhenfsOn ehislensloodiaitanta A efdtédialdl inevrporatédnddinlor condi ti ons
of pressure and tenperature. Therefore, for the purposes of this invention
and t he i eoatedront@an ¢morghnichsbstrafeeorod pelysnérimateriaband utibizedisoapt i ve

61 ther  op SIEmPHGe SEPTAHON BRas: Bershy RIUciec 11 - comaBRBSTE RA S per at i ng
t t P B Upt

haor bont TscZARInbteRAT of e M3 RE Hes AR GRAREONAFIANEy OB P NS
301 K (28N\G) AbperiifbabiokPatel &0bd 6pidally iésRpibed iRtéthsobevom se, these

| atter conditions were used in thé testing of the sanples in the exanples
her ei n, whindtiphieativeefactasl dne cilated catleddiffusaon mieo and anpthee selafeakctiol they .
[0051]ZI F materials that exhibit significantly |arge agflior ptive | ?li ng
rati os rapdsrrptiondoadinghel B crynperaipef te PiouEseR ihoLlk matgnals Wit

invention _to effectively-.and e 1 . j eans
cont ai ni nées&g f %toc@}ﬁ)lgﬁg% fasc_torEgg@T-g&aﬁ%%i chzﬁ%%%&alsn%ﬁ fé{r%wb%gée Svsh_géﬁ are
conpri sedpgé ;i KoftiveSbfding rhtldifot 0O, WlRr N, #hbfdvesqhe adsor ption and
desorption steps that rn conbination lead to a conplete sw ng adsorption

"cycl e" t kahcémration grddieat For COpeitherlat themembrariei guirfaca {Hawdated oftedhe ar e
typically used, their appropriate tine synchronization |eads to_the

cont i nuougmbrane siHace ansk/ exincthe mempeans @t mcemargteddaty e Bambyale on a
ticul d t. bed h f ., i |1 of t d ti d

flesor ot | omaiEhs L ERamATPLed SRbtentisdignstnsheuiticss RedgENET Contact ! ng

f the f - 4Rt - fm i atl

gdsorgat gﬁg?g%ﬁé Sgﬁggﬁtrwgﬁlgeégﬁ‘gzﬁﬁﬁﬁf t r%ﬁg%rﬁeg astﬁ%Ee%gﬂrlp%/i on stage

t hat regengpaiesl rebevassfi®Onin the menibaepambaite stream. or substantial |y
adsorbate-free state and further including any additional repressurizing
and/or purging steps that nay occur thereafter to bring the "cycle" back
to the fi

sunst ant | §067Tads B bR dradiminl 6F harkreste v io ecrhC e oSy ' A" s
oo SPELBCTS RGBS e ST R G LS
step wher @i [east #pOGRMSof 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



feedstreamis contacted in a swing adsorption process with the adsorbent
material. The equivalent terns "process feedstream or "inlet streanmt as
used her evo 2009/®9458g adsor pti on enbodi gglrsns of the present/useaodilon i s the
m xed conponent stream conprising at | 1t two conponents to be separated
which is contacted with the adsorbent material during the adsorption cycle.
During this step of the process, the process feedstream contacts the

adsor bent sjiitfithalZIBrsataingig membizane asthetrasmbraicsepatatibropresssy ef the
conditions and as the process feedstream fl ows though the adsorbent

materi al @resentiventipor 1§ groudd alshde naoted thatdhe terent permnate streangpy adsor bed

conponent ") t he ocess feedstream is preferentjally adsorbed t he
adsor bent uﬁ?ff é?‘ieéﬂa {ts CPEYIRSHION Properties ﬁ(ﬁn%Hff(dn@PﬁEﬁ S@gﬁﬁy'%al%%

adsor bed " j j . ' h -| ean
pr oduct s? ?@%ﬁ&é@eﬁ t#\l |£Ijse Q%r%\%ﬁ ?%%??Sﬁtgr%%}{n{gﬂé%?o?%@?%ﬂ%&Igﬁir:rgts’%er ein
the total Fapplfoses offhis $nwintioneiff drfysdddiasRAneRan, 3i6h b a swdepGtiREAQT Pt i on
process is higher than the tot al nunber of noles of the first conmponent out
of the swinafddedsan titei parnmatecside ofithe mymbrase puxssyithegoptpesition efibigh it is
not necessary, it is preferred that the nol ar concentratiop, of the first
conponent SWRER ﬁt@e@rm@tlstsher@@ivM ép@afth@rcommltﬂw ppkysicohthe permentsn of
the first S&%{monent in the effluent stream [0053] The swi ng adsorption
process i§ so conprised of at |east one desorption step wherein at | east
a portion of the first conponent that has been preferentially adsorbed by
the adsorbent material is recovered in what is terned herein as a "desorbed
streant (0063PO2- Gomtinpirgiwith the meembranersepagatioByprooesstemisoditeents ofe
process conditions in the swing adsorption process are changed to_all ow at

| east a pHrapEserifinyertian, alcasbape rripttateostpany éselse obtainedniion thegBest pent
materi al and | ect as a. . desorhed strean.~Ahj,s sorption can be
Mauceq byidk gihe irabrafE hich RS AlEHeT WP EARGQ: e BE BB C fon of a
partial p ol 5 3he O ?ﬁ%mt In a
pr ef erredf%ﬁggg?r&gﬁﬁeﬁ%ﬁgg% arg&gg%%g{ne{ratl 8'nlhcl) l%Ehe II"S% Qééboatrrrp&gé\rgﬁf in the
desor bed sdmpenents ignercaesiltiap it hchighdraralae foretht tavol sepaeited bigedrs st

conponent in the process feedstream In another preferred enbodi nent, the
nol ar contleht thetretentate anfddhe permeate siyearmn) than the eriginal mixgdsticamthiat

i Toam | BORH AT ABIbaRe FERpAPREBiSCess, < OpUeried smbRB Y (bl

desor pt omate;fi . e iR $hd ﬂle&magwpp&e@gspgfg'g&gﬁrﬂriﬁes&é&%g% an Ne current

i nvention, additional steps may be utilize e Sw ng adsorption

pr ocessesadsoiptiee fdalirsg ratid fiteCODuvetiNg ofiat 1dastabicRd 5 enore Preferdtsdntat pur ge
steps, counter-current purge steps, and/or multiple partial pressurization

or depr eskast shautd®, svepmorg ipegferablyliat leasbabat @ds andynasé poeferablyat t o

i nprove first and/ ﬁr second conponent recovery, inprove first or second
conponent 1§33k 383PE SBnd/ or obtain multiple product streams in addition to the
ef fl uent stream and desorbed stream descri bed above. [0055] One enbodi nent
of the swi ng adsorption process of the present invention utilizes a
Pressure fB6a) AdTheRhémBrdneSohilize@i®efbodiensior thd praapimiRRtionRhgr i al is
conprised of a ZIF material and the "first conponent”™ as described above is
C2 and t beasysuwtic andpenbetcongwissdadrsebent] dyeveof difkdent matdriads. PHA
process, the partial pressgre of the first conmponent jn the adsorption step

i s hi gher MPEOYCithe mass transtes chamsterissics of gheserasymupetsisiaambrang he

desorptio I.C 0 i 0 agsqr fl.rst
conponent ﬁ{%&tﬁ%s\r’}g{g o(;\/}erflél&e #}t}&%%%iagfég%?%} ?‘%%&’é’ ? @bs %ﬁ@ﬁe%ﬁgggg@ﬁtw%t eri al
to be regrRer ahpartPihdiepr d MolRuldrielRasRy R dhe AFRANRAGTES nidhbragbse in a
subsequent "adsorption step. This is acconplished i'n part by exposing the
adsor bent stmatterd aid inca poaferre@ @ntbiodimpnetsusaectovediayepoentaimstthe ZAEsor pt i on

step than the, parti al tpres_sure conditions in . .
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



the adsorption step. This desorption can be further assisted by utilizing a
purge gas to |ower the partial pressure of the first conponent during the
desor pt i oNOD@PLOSESPUr ge step, a parti aéz pressuri zat i onPstras2omoaopart i al
depressuri zation step as descri bed aboves™ [ 0056] Anot her type of sw ng
adsorption process of the present invention is a Tenperature Sw ng
Adsorption ("TSA") process wherein the adsorbent material is conprised of a
ZI F mat er icah bapiedenein tHe BIF-conmaniagtdyeads dgotymbe Whbnwee ZIF CO2 and t he
"second conponent” as described above is N2. The TSA processes operate
sinilar tcontanipslaynraontains mayethamh@ vel% affanotharimaterigh thessalectye t he

of e 11 ISter SR RLAMIRF BB Sodus prnasLbe et e e a nidhalft 2% ©
the {1 _ 74 )
e and (REREIRICIET ol o rEhai PR Ry oF r ORIy Cap el EORPRARDT ' O

adsor bed Q@ﬂm@eﬂ{biaﬁ@gtmauﬁ@ I n a subsequent adsorption step. However, in

the TSA processes, this is acconplished in part by exposing the adsorbent
material to higher tenperature conditions in the desorption step than the

; E?Ffﬁé?t 24boédog tﬂﬁ%ﬂ-é‘aﬁnﬁﬁﬁﬁg%i’éfééiaégﬁiﬁﬁt?m@ﬁqﬂéﬁﬁéf%hﬁ?m Asur e of
further ¢ _ . Sl Bsure
the desor BOMHC S inA85Eh pReQitd oL, RonPhmidfe SERRRRENCZNL D!, 21 1

parti al d@sﬁﬁ%ﬁﬁgirﬁahb%esétﬁ&nﬂ%s R Gah hrAnabpoeatel @ tht imehbdng al so be
noted that the steps of the PSA and TSA processes can be conbined in a

PSA/ TSA pmembde ard holhew i lBaranembrarenttiumtureb nflatrsleet menbiranel spuctueesses, bot h
pressure and tenperature changes or "sw ngs" are nade. between the

gdsor pé i oand meenolihie meatirang shructuesss i mgmbsangmodule wall typigally n o
[ ti f. | t ti ' f h
second cofpoihbeHls B isRlate TG BuBH ar Pesad Zonds ienf HRRIE ISP 1) o

of the PSHdRit BloWBFSass 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



WO 2009/ 105255PCT/ US2009/ 001100 [0058] I n enbodi nents of the sw ng
adsorption processes of the present invention, the ZIF materials may be

i ncor por aveaoiwmis2sshe adsor pti on swi ng ocess in many eCTMSzemabiibor ms
and/or in conbination with additional tthponents. The ZIF naterials may be
incorporated as crystallites of preferred size and shape of substantially
uni form di nensi ons or with di nensions suitably distributed according to a
pr ef er r ed ndiviar gdsutuiltsine pibeess cyataihd ab@s 4ol % EQs ¢4 vabil ¥ecO} hyd 84 yoiduced
in the synthesis steps or be nore preferably fornulated into_|arger

aggr egat edNpwithnetbeptraes amountsofzcontaminantesnar asn®xi(s1 Pk NPX {5500 ovi de

f bility, d/ [ ' ' i h I

co- ausor benmARdarrapanies O e el GBS ot o maent o o

co- ad e o “ofle b

 noor por P e T RSFERplesBE PRI P pMAE R AR, o Torma mat i x

conprising a binder material selected froma crystalline polyner, a
non-crystal | i ne pol ymer, an epoxy, a thernoplastic, a clay

si | i ca- cof@@s i ng Althaighaieyeral indusiriabprosesses arhavaitable forl the _gﬁplarati_on

1 C1 opor od8d GAPRTSBE biby BHR SR BRTEERSARPIISS 1 {0y OB SWBARN 2t ageous
to add sui L i . 1 Ri i elj es ditives
con be ventt e pIRAETan HERUAREsBlRidn] Bol G T TOFEbMent (REARS T Y

of the sekjgcéadssNipane Meslow hbédluié(}ﬁ'egédrE_oM@édnﬂbﬁstid‘ﬂDgad éthddmh)g exanpl es
of these additional additives include zeolites and m croporous crystalline
mat er i al s sewarblyalimjitutheir siffactizeress anid increabe thewopdsds ﬁﬂmse%r(exmam,sthsa

al um nophosphates ("AIPO's). In a preferred, enhodi nent, the di ti onal

addi ti ve necdtoeenqengrateiqbeompgssithe CQatorsign W@P%P@S%}F%E‘WZF GYYH heat

eor por ol SR RpARES sl PRl GRS bR T S PR R 2P0y

| east a posg b@g%g Hg?ﬁxék‘%@tthés@%tryb 8965 #h86n Prodedses Vigy RuslIper i ¢

adsorption ste the sw ng adsSorpti'on process, thereby shortening the
duration Similadygcthelnered tprconeasirate padeamprgsd thedCQbeohtaiming streatriseo
improving the overall efficiency of the ZIF material for adsorhing the

sel ect conigpheant pressyrgsdnakessthe uge of oming et posorption derhmolagies ye59] Wien
the ZIF materials.are incor ted with a_binder, the agsarbent materi al
can be f oFﬂ'?nyafl(Ec}hF hEEVEhY P?rg&g&%?thu%tﬁ’é’p%%s %WaHéS.' dgﬁﬁlg%ero nt o

SUPPOT I ARG, WY 15 dYSdrBRS sbliPaRYELERS. SHUhAN dhe!2FRImdtBRaRAS O Dent
and the rate at Ich”the sel ected adsorbi ng conponents are brought into

contact wof thd presattsaveiticn) cahteeeradmé beméldf thepesseat diffloulties iyt i ng
exanpl es incl ude beads, extrudates, fornmed pellets, structured beds,
nonol i t hs eaaklingthesgldctiveseparationsifi CQs fiopacombystapp e streamp patheut or

nmonolithig structures fi.hers, or hollow fibers. Depending upon,the .specific
si tuat i on?hq e toerF%Oa‘?d‘EB %ﬁeﬁt@ﬁn?sm\ﬁe??st@smﬁ?ﬁ%fugthfg'?‘tagerﬂﬁl%8 itions,

process c Bﬂgleht ﬂﬁénﬁgﬂ eﬁﬁi@ﬁﬁﬁhg%@&%&oﬁﬂﬁo@&%e? rfBP?e‘iéctRfel)?] Qg?%}flylﬁg nt

i nvention, certaln structures (0] tri'x ctonpositions ca

i nproved sXPAfraii #Bombhitoepsd Svean at eslatietlgdbiwpresates and hitrleeater al |
process.
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,



[ 0060] Any of the steps described above (i.e., structuring, additives, co-
adsorbents, etc) that allow a reduction in the duration of a conplete sw ng
adsor pti oNnOy @555 sinply "cycle" are 2 ut nost practi ealr/dse@onvance si nce
shorter cycle tinmes result in higher thfbughputs. Wereas conventi onal

SW ng adsorption processes typically operate at cycles with durations of
the order of mnutes, with the materials of the present invention and the
abovenent ZgRethay ac edsorption loating dosCO, tofiabopo3 20hhmdle/gsivhile thecAR-7y
reduce the duration of a conplete cycle by nore than 50% These rapid cycle

sw ng adsbepanedserptiondeadingtfar Naraf anlypbewt 4,02 mmoleig e lihgreformdher ocess

condi tions ,of the present.inveniion a par t r advant.ageous from an
econoni c SfSQTRHYF ﬁ&.“ﬁpﬁ rﬁ“é?@r‘? éoé{ﬁf)gghr@ﬁl%gﬁ# gttqll? Seb?%%(ghf’ f%ﬁ?{%n, t he
ZIF materi i tqinkhi i 1 1o A eYc i cycl e
time is | ('glgzlsn %lﬁoad{n lgll())bﬁgf tﬁ%ﬁ&ta ge,)r%gir‘{gq?r%drlgépr)r é?éé{e?gl%?/?ﬂe\tgﬁ?lgllﬁat%‘tg 1esri al is
utilized g verseffoaiiisdyopbéms nidt@64ls $n YREpRIcBsdeh DI ENE preskhiimvestibess t han
about 30 secorids. In an even nore preferred enbodi ment of the present

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

pressure swing adsorption (" ") process e {ment .of the present

i nvent i on.[ooﬁﬁ 2039?51@@}253 %@K%Tﬁ@@ﬁ%ﬁ%gi P%hléﬁétaﬁg’rlq'é odi ment of
the present .J We! t.he: i al: i - nbr ane
process. 1 orotbtF SharihorsaBichlly RhEHA BlieERBENR LSQIRRE R habad 00T
N2, in st CNYUdsetiBed Aehdis! MiLubijué MRTRers® SR TOJ th ZIF-9 and

enbodi nen?,@@lg&%l T mast elri al ei s1 i ncorp(t)llrlat ed within or coa% ed onto an

i nor gani ¢ Z§Bsshassimpartarst ipgllicagonsrand distinctivelydnablesexinbodimentof thee

separation process, thereby producing a "Zl F-cont%ni ng nenbrane”. The ZIF
mat eri al ®resenkinyeRbpan Figrgsl 3ashoys fg@F theaspthermr for GQyat YH Ketsplors 2.

The perneation rate can be typically described | f

it pl i cauporelc Peieviop fhariBleiRed by ARG AforbUpd FE Baglohis) and.e,

rel at ed taef,é}ﬁti_aﬂs(e?a& bR bRAY bRaHeE. The tEARRRSIERbI Riw idRigh Mhding on the
ZIF material. "Wth respect to'this latter factor, a ZIF materi al

i ncor por atigchd adsorptien bramchanabuhi 60 kRasignals gheredavanable ve | oading ratio
for CO2 over N2, inproves the concentration gradient for CO2 ejther at the

msgr ane @Qiqra@@d@ﬁpn@cf ék(;% @Qm‘t"iiﬁifhféler@ﬁw sHucBige ﬂbﬁi’ei)“htéﬁ dleany isriaghe
I R SR SR B T o
b ane peddifi HER Arotidip Hanfi aBof's0 KPA RiRRAIS BEUR MvBlabiER 1 the

i nvent i on acéorahdasionfofels O@awithimbiei AP steGetuead ThEs belniviatis the f i rst si de
of a ZIF-containing nmenbrane and at |east a portion of the process
f eedst r camegudt ofenique energetin inteeagtionsbehucemthe adspehad €(e @nftben/dFskecond

i d f th nb ter.al . t t Th t t i
obt ai ned PHBANEH A ARFCEPAL BSFeib AN ADTABESHEY ATAC 67 TRRP BN Of fhstum t hus
bt ai d i 0 .aa(d h
obt ai ne ??%S&&@&%L%&éggpﬁ(g{ e@@%s&@%@tﬁ@ﬁpﬁ?ﬂ@ﬁ%nﬁ@ﬁ WhEMRs The

equi val en erns " p ¢ eam’”  or et streant ‘as used herein in
nenbrane pafiRis SOMRHANEHADS, i0is pHRibIE €6 datelop\@ndffeniviepressureswaty _
conponent “stream conprising at least two conponents to be separated which
i s cont aciadsbmpiivh aycke that stquitied @ refrraw pr&isErecoHving thahis omdyief dkeorder ofhoul d

be noted that in sone enbodi nents, a "sweep stream nmay be utilized on the
per neat e the pressure gap tﬁat e>glsts etween the rising adsorption branch fnd tthe

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



side of the ZI F-containing nmenbrane in the nenbrane separation process of
the present invention. It should also be noted that the term "perneate

streant awousediobssei n and its conposi t%%n properties areTmsSa@enedobased
sol ely upon the conposition of the streamthat perneates through the
ZI F- cont ai ni ng nenbrane. For purposes of this invention, if any additional
stream such as a sweep stream is added on the perneate side of the

menbrane péAaliNg in thwisoppiasstep @ndahe hisarbatelepdsigriaahe dusdrphienatsy ofied
fromthe conpositional analysis of the pernmeate stream [0063] Conti nuing

with the tintsteongly egsorhed samponent'(vdrshbereamisCoh)-t harger yalups afdbent i on,
at | east one , retentate stream,is obt ai ne romihe first,sjde ,of the
menbr ane WHTKMECaAPagity ﬁ%fieﬁ\‘}fﬂhﬁo@ %qrﬁéipr{cﬁéé B&%Oéhggt m@%&’satlsr ng Phat
initiall - | s al i : onmponent
< e ) COEPRABIGE Rp BN 28yl Betiablor SBWAGH FgURCER(E., hiflt £OmPANENtS

the retenpaire condehticnd) radall éncrlehsaimbloalingwitheregsugs aed comstast st ream t hat
is fed to the nmenbrane separations process. In preferred enbodi nents, the

Z|I F mat er itethperaturie},dlie presshee sweinigr kasgopexignidicantly heogdes se achiewe@nt i on has

an adsorptive loading ratio for CO2 over N2 of .at lLeast about 5, .npre
pr ef er abl y.qmvakéggweg@&yor 12 eaRAsIGrp Mathrancapiiang IQPEF%‘%‘ES Q)B&JPEE?{ and

nost preferatblﬁ/ %tio%east about 50. [0064] The nmenbranes utilized in

enbodi nent8¥0PY resent invention can be asynmmetric and can be conpri sed
of several layers of different materials. To inprove the mass transfer
characteristics of these asymmetric nenbrane structures one or nore of

t hese | ay§0870jan fFhesadsorption isatheritafeatukes Hisplayedanthigerel Byfor Zikpart s nost
of the nolecular selectivity in the asymetr.ic rrerrbrang structure and in a
pr ef er r ed hewp severahethenpdvastageausumnlicptipng Kyithe s@mgadsqrptifBt erial . On the

0. o1 TBhShih o Bbonsl B8k AAIEARCH, LB RERULS: b, o, on
ot 1SR P AR5 eim T iobben IR i i i e, U0
| ayer is @ @ppamial predbere reponZdtFwkichtthe towgo higteadsooption hsadinge t han 10
vol % of another material the selective layer is called a mxed matrix. To
mtigate trasifondskeplageys frirlgdew. oWhen sheh 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



in the selective layer, a reparation coating or reparation |ayer can be

I ncorporated in the nmenbrane structure. [0065] The ZI F-contai ni ng nenbr ane
will typiwel2bgo/tos2spart of a nmenbrane nodul e that includesTaSpressune
housing. Non-limting exanples of ZI Fcofitai ni ng nenbrane structures that
can be incorporated into the nmenbrane nodul e are hol | owfi ber nenbrane
structures, flat sheet nenbrane structures, and nonolithic nmenbrane

st r uct ur esaméhemperdni@nsf 3010k enavof kkillyipi thalakrtyoftpressiire ssdng adsarptienl at e t he
retentate and perneate zones of the nodule and to prevent flow bypass or
cr 0ss- conpaedessasi knows thahadsasptinn phenemena are tfempsratse-getinetgd é‘ngttg@an( s).
The seal s may al so serve as .a device for hol ding _the nenbrane. in place

i thi n t ARt G pBO KeogeBpRiRly ABeRRPreyit Shak HARSHoR B
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separat i o\ge%%?ﬁggﬁgﬁ%énﬁﬁf@qgg%tp ng(glgﬁgto ?2}3 nﬁré’lj{}el%ﬂpg?g% glff}odt?%?% 00%
and N2 ar entéesieattich yalkepobjertiae lof tiesdpaeatiod procebewheteaitligdedirddresi |

fuels to support the existing energy infrastructure. In fact, the CO2
enitt'ed bynaximize theaamdichnuang of itlg atgmmbentsysteelalswa&lctb@ mreferwed adsoghae | ar ge
fraction of the gl I e §si ons. and N2 are typically the majority
conponent §0WWﬁg%g)(ibn%C%9P@?ﬁ§%geP€Fe%%S g”gl@r‘?fé Stl‘ﬁaﬂrgare rel eased
to the enyifQr | . |£ pressure and the

conpositi %%fuo?%?h%é' t@%%ﬁﬁ%&%&ﬁ%&%‘éﬁgﬁ%ﬁ%ﬁﬁgg% 6’ary significantly with the
car bonaceous source that is utilized by these fossil fuel burning

technol ogi es. For exanple, a typical conbustion gas stream produced in a

coal -fired0@tier pramtthegnedions discassion 4nthe ¥nigeness obitnid@tharmd 81 vol %

N2, with | esser amounts of contam nants that include SOx (<3Q00.ppn), NOX
(<1000 ppahape@apiulady the wansitien fpmdyw teimgh loadyng, 4t %lﬁi’!&? M gas stream

Vol 56 02 aREFBTo0 stusiies of B i P HEARRBHEL T Aalal e et i s
SO (<1 PRfng N@brﬂ‘f&g grm wEeiRdhé h gﬂié’d E?esﬁlﬁ% &]ing/ i58ss thil §6cut

ot herwi se noted, a nponent concenttations expressed herein are on a
wat er - f r e800&®Pias .In[profericd drhbodimenty of thie preskittinveriticor, toeZ e snateralasai | abl e

for the separation ] . . o
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



and capture of CO2 from conbustion gas streans (e.g., cryogenic
distillation, as well as physical and chem cal absorption), both the | ow
CO2 cont emD 2009/1®5255due to the excess Nﬁ% and t he | ow abgaolruseoopnessur e of

t he conbustion gas streans severely |inft their effectiveness and increase
their cost. Thus, for exanple, the need to concentrate and conpress the CO2
to significant pressures and the very |ow tenperatures that are required in
cryogeni ¢ ddeshof takt iptave(éventdipressngss off 10606 kPa; s Coh Fizdikg jherakes t hese
cryogeni c separation processes very costly. Simlarly, the need to

concent r atemperdturerastizated: nasurecet the pdsemitiog proeessran sadidadporbenia sech

For the r 8LaUCEy omalseils poHRUBRREIL R SSUNS. Gt BRI CRPergRrS e BbLor | bed
bel ow, th f ' : : . | f
he.pr esontei e pRriHce 8P bl AL AR B8 MieR 4RoltTigh S dirpd ARl i

enabl i ng thedseibacs i'n%gﬁ&ﬂae;reﬁ,ﬁ@@ rafigeq@R showin dborb) The esmpaangticante
wi t hout the need to préecondition these streans in a costly manner. The

mat eri al s alternahizely deoreasedrio@ausosuaxldy to highjadsozptéon [adimg rangitioni es f or
sel ectively adsaqrbing CO2 froma conbustion gas streamat_relatjively | ow

pr essur es @ keRlaes franadseehate ip 8 SIVHBESTYE rangeuipdisplacesUFR 13" shows

t he adsorption. | eJ -7 for I | 0gj,de; r

ni ¢ rogen, SRS M RbLE hresilie oo ARy .28 ingEiay, BProsSlye, |

Fi gure 18hn83EmpeMirt dafiltitCusde’Rkigneadvanttigedus siviky A@orpliBn Qvieeme®. The
overal |l adsorption | oading of these conponents at standard test conditions
of 301 K afithelpEséntkiRuerition &Ver & wide singerofi compendnds ppsapies af the gure 14. As
can be seen in Figure 14, under these standard test conditions, WD

2009/ 10523852015 IeddADB1100 24 - ZIF-7 has an adsorption |oading for CO2
of about 2.29 mmole/g while the ZIF-7 has an adsorption |oading for N2 of
only about 0.02 nmole/g. Therefore, the adsorptive |oading ratio for CO2

over CH4 :16’(?7033I F- Thalpdri€3i8r ERIMdIhEeRSof he PréE&n® invdhion2iRiie atugd/Ch hi gh

adsorptiv ding rdtios render these ZIF materials as very effective

adsor bent of ted procassfeedstirden is esheed priok td bonfactiagnhe Zib-eohtaining] 0069] It is

also not egd;(?r%tentzrln;;iaﬂ.a%“h\{\selerlnbg(siinﬂrft-ig)pa?t)i(cr:lilatl)ril; %er?et%c?iillq\li’%en 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.



i sot herm shape not typically found in mcroporous crystalline materials
such as zeolites. As described herein, this unique isothermshape for CO2
in ZlI F-7 wodo®wsBshas i nportant inpli 02 i ons and di sti mcrivsedop/oenabl es
enbodi ments of the present invention. F gUre 13 shows that the isothermfor
CO2 at 301 K. displays a hysteretic behavior characterized by uni que
adsorption (solid dianonds) and desorption (open di anonds) branches. The
transitioody4m | obhd chara@bristicadand pressuteswiiposrocessriniplivationstofithout 60
kPa signals a nore favorabl e acconmodati on of the CO2 within the ZIF-7

st r uct ur e unique adsorptéorHisotherms| shawn far Z1Eq7 omFigiresv] 2i98dtl 36ueiatse

Simlarly, the transiti from hi t.o low |l oading in the_ desorption branch
at about $@PReableite Qthes ﬁemﬁ@?é'l%%?&Hﬂfge%?smﬁ&&ﬁo&ﬁ ngnqst%é’ ?fbﬁcrh/vl thin
the ZIF-7 -Ur. i j ' | j etic
interacti oe?féﬁﬁ{é%l\%{égdﬁ e;?fegfegl%?g%g%ﬁ@vgﬁ%o@ﬁ@ﬁfn}_s?sfycg{li P tﬁ?ﬁ?@gt at, as
descri bed TiRisewhileFIFan cagRMESTIN as flRdSiaglemead ol LIF-9bf Hxamplegsur e swing
adsorption processes of the present invention. Wth this particular

i sot her m shiziph containsCpas shdbimglonitaldbo alsnexdfibiss thevadvantages desenbady

adsorption cycle that requires a_narrow pressure sw that, is only of the
order of theecipdesdll< igaessyse S\é’k‘i‘%?gs%ﬁﬁ%@ﬁo‘iqﬁi%esr |§?H§S‘%§H’§ riBti on branch

and t he dggreasin K Pkl i '

appr oxi mad i3t £ M8G5 BRI PR AR e e BRI SaPABRRR g (e
such a cygh@ckrel SOPe PigaRGl Bt 88 WBishow theidoéspaidifig 2886ipiida capaci ty”
(and thus aid the econoffics of the process), as seen fromthe |arge

di f f er encehbeicverentiohalat futi ZIFs9 afFigires [1GvanantB stiayh thatebe trassition fadinch t he
cycle woul d operate. The "working capaci t){," of .an_adsarbate mat erLFaI IS
defined hdewita high edsorptipn deading osevinad @ tlightlydusher£0:2 pressurain £H-One

St rongl y iiis SRR ERBRaREn ket O rkeit 0 BT bt B BhFRg o T e
worki ng_capag Al gifigeh{cblireckiAIR-0Bng AFoNdRidlyddAERBIA | al 5 that

do not exhibit the type o ysteresi s behavior shoiwm in Figure 13 (i.e.,

exhi bi t a diffeenceniregriargetids gstadunlthé comrespomding hdsaabatg-adsoibent paisr e at a
constant tenperature), the pressure swing has to_ be significantly broader
t o achi evduhthegydrelladperptionahagictemstiasige substantially thetsfm@nconi t ant

inmplicati f hi 0S{1. tion.. [0070]Th d ti LSot h

Foat ur os. APEprpely- (i SBoum 8 HguR | 9zt 8 s bl a0BRrao R 293! ageous
features A 12 . It ageous
| mvent 1 on. AL BB OB R e RS Y “oas

stream Asdsbpeiveeading Ratrd Gor ZIFLZ,is efgalaiosablout ¢ 15022 29/0.02) (see Eiguwee
region at which the lowto high adsorption |oading transition takes place

is fairly IpwThvbethesarstsulis furtbér ibusiatertbe @Ryantsges@ndbeadtref ative to the
Thet ransrppbRATatscs the Z0Es Roteriglsictth prasFRGI RGN 6o SenaEa PieRRsoHs ar
301 K l- } i . | P/ P ke ZI F-7
very at tr JARAGES pBREARTOald B dirclieh sl hdsBHbiERl pBeees” 1, TOCP 2

CO2 that would be difficult to adsorb with nore conventional materials that
require a higher partial pressure to achieve an acceptable adsorption
| oadi ng at[00FE sank majopeeat irthe dBveent mudustryrip dot effectiveogassplase/ N2

separations standpoint, it iis nqgtjced that at_ the sane ndi t | ons of
pressure PRACAsEGHKN Lhe peparption Pgﬁngw{ﬁef%@Eéﬁcquﬁa OB$e N2 wit h
the ZIF-7 [ WG n C h ILion | I st at e.
Houre 15 e vt 3 CoRorEeBButif LCHRADE ChfBslbd Bay 00T °F
pressur es jg8lublé dhy 28actidf: G1laBAt archnd loduicelltsy Mmdcnithistion! oTadisibfuetdrai ns
low, in a Henry's |law kind of regine, ultimately giving rise to a high

adsor pt i veor thedproductitn of heat afidPorcarergiN2 Sath chobastomgas sweams wrg e it is

expected that higher N2 partial pressures_ could even ualh% catise.the
transi ti ofyRisakinthgiedustpsandimchidg @dusirial PEOGESSRSSUCH a3, Bt etilunited ke 71 F- 7

at the 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



sanme tenperature of 301 K, one of skill in the art of pressure sw ng
adsor ption processes knows that adsorpti on phenonena are

t enper at we-2aeiosmsed and t hat the tenpﬁs[]ature can al soPoe/yse@pontivonal |y
raised to prevent such transition to octlr and thus prevent significant
amounts of N2 fromloading into the adsorbent material, which is a key
obj ective of the separation process where it is desired to maxim ze the

enr i chmentofifbustien adsey dre iftembrevased torhehatidigpherefl eCorabustitiogisdteeam
conmponent, CQ2. It should also be noted that siml|ar characteristics are

exhi bi t ed chmposisiansicag vaey signaficastibyiependingypore the cqroposifien ohtheighr evi ous
L ansi 1 oRORRSrNEGR AT PTogs e e a1 S A E Bi0 LS CBRArEIPea
o rg nenumilgkd i THBOREN, MERIL e nlall Cfip RS bRthd corlbudtiifad 1, @

Ion pr es e

SwW ng adsorp S wherein the ap ressure swng Is |ess than

about 300 sitBams ;p!i'odli&_ﬂ%"yf eshwvesbiodhnmaustrial prdeespdsa@rpiessed ontaiwiert he ZI F
material is utilized in a swing adsorption process erein the ;%pl i ed

pressure d$uwerlpsisy wilsgenehally wingatfrao@bePh3 tanboel2hvello Qs dfamnaboyt t he

ZI F terial i tiLi i i d ti i h i ed

Cesour o Satagbout B5yeTomn sAddthm AL pab abautR) SoLA Qe Even B iiSeq™ | ©
Coodi i, . . . .

oo heer SRty R SRIE VGl B B0 of CR5L AR AN ARRY FCO) ERTHER S NOS

enbodi Menth Ohih hRFEHE Me EMBRticH of ORSI] fRsI8refRM LS dbORESEMIof thei Ng” as
utilized herein i's defined as the difference in the maxi mrum and m ni mrum CO2

partial prebstslGE, thadsiarsaoday €fAdvareddiTechhel ogilesofdndhe Captird of iGagben swi ng

adsorption cycle. [0072] The use of tenperature to prevent_ the |ow to high
| oadi ng t AAAXide féswmlﬂus:r(*easeéotsra&hﬂlﬂvmuésﬁlmt%chHPnd@d’lrﬁﬁefﬁt&naﬁe 15.

oadi ket g .
{ ormper ot uRuieRE b CarbSn SSBERA R, SRR DE MaLI S 172000 el
| ner eased Q0369 ¢A0Bsfom RS bR AARd @RSANFLE NG anches

remai n but are ace o higher CO2 preéssures. en the tenperature is
further i nadeddiibriad traed cntantiaattsansh tis,dsut mbodisnited ta, SGx, NOxeamd en at
pressures of 106.6 kPa, thus confirm ng the tenperature-activated nature of
t he adsor paftignlgiedcess on solid adsorbents such as the ZIFs naterials of
the present invention. Just as the tenperature can be increased to displace
or prevent the lowto high adsorption |loading transition for an adsorbate

in a giveng tﬁssurﬁltﬁ&%@ﬁgﬁgz o?'?l?é"’@onﬁ?ﬁl‘{ﬁants 6 ehels8 TRAIKUSHDR sERAMR%re

alternatively ‘decrease use such a low to high adsorption | oading

transi ti oprésent akeerpllaseqiantities, suiseobdiem iare reguiated byreesissioa stanigedsor to
di spl ace such transition froma higher pressure to a |ower pressure. Such
i nt er pl ay Asfa prspensq to these regubatont rrqulitearenis thewpre aumeIPyH carnantiongbous

sui g 2soLBLLEN BEneES, o e B el S, OB NSL A 08 g, o

embodi ment;, ofr e AhET&Un HrdGBEs! B cdMifril ETRYAFiEAR 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.



of the process feedstreamis reduced prior to contacting the ZI P-containing
adsorbent material. This enbodinent is particularly beneficial when it is
desi red twozepanstse CO2 fromCH4 in Iovv3 ressure proces®cCrasdavneant,
especially when the tenperatures of the (g'r ocess feedstream may be
significant enough to appreciably shift the adsorption and desorption
branches to higher CO2 pressures than those experienced at | ower

t enper at uf@E77]As Gus sueageetan botrested foethtdehmival of COFinferfain exanpl e, can
achieve a significant separation of CO2 from N2 at near anbient

t enper at ucesveftianabprozsses, sediakymingibasaddigatiog teehnolagiosr essur es

diti | t bpout 80 kPa. .Ho b f Fi
75t hese AdRBPTA NG (A GoSTh P SeIHBISTRR o CTGHBFuR DTSy BPIed G2
partial PLSIAN ﬁ;;g%s%@gg& g:gee Sg@@ﬁﬁhﬁﬁ $he é@;wsrb%ee&m%xgxste{@%%&g the

tenperaturé o proce ream prror to“contacti

Z| F- cont ahfgpreasisres b€abowes (0 irdborti3gs00 psig(8,44garag, 1 3N kPh) (e f rom N2
can be achieved at very | ow pressures due to the corresponding shift of the
adsor pt i ofnjact¢dantohighipyassuranoderground foxsrationss Floweever, hgh of these

2009/ 105255PCT/ US2009/ 001100 [ 00 4£he char aﬁt er'@ﬁi cs, an ressure sw ng
process i PEPGESEEs o dhe sgparpfion and, seduesration obthe Sohhavere for ZIF-7 in

Figures 1 | sQ: i |1 rd.al i

i £ er ont COOERLY PBERUMSAIRRR: oRReFilsR SH1Ek, Cribuieh L red i, ne

i nteracti @pghéMrath PRINOMS REStricHAS cBmméRiAlydvibBle TOYsepavatibs adifor? cont ai ns
Zn as the single netal ion, ZIF-9 of Exanple 2, which contains Co as the

si ngl e netedudstratiah pooeeshesistthe high aitrepenayatend gsesenb gunvst eombustio| F- 7 i n
pressure swi ng adsorption processes. As described in Exanples 1 and 2, both
ZI F-7 and £2$ pireamgve t he same crystal framework structure, SOD. Figures 17
and 18 show the correspondi ng adsorption characterization data for ZIF-9.
Figures 17 and 18 show that the transition fromlow to high adsorption

| oadi ng o at i J it ! , about 90
(Pay 1 han 0D B SR el o B et R o1 301 K

Thi s dif f adénivmaliethagsperéd by 3hafiskt Zhat-int awdempioybe eddnemisaly effestiae, the
differences in energetics between the correspondi ng adsor bat e- adsor bent

pai rs but Nataushhs sgparated diom th CEhdndhe epmbupiien gas sedinrichds |y t he

. Int tingly, as.sh i n.Fi 9. the,adsorptive | oadi ti
for 71 F-o Papdssq ak Vg higbevalumisiric, SIS  MBse FmOAEROh Bas S oS L2 o
th i ive | aadi ' s 70 | t 115
(25 507 0° Shp HieloBraniRhlifial Rakfon Bid 6t chefldlich bcBWeSjextenipd ©

advant agegostiyl flohead ehegly ignireamit,dns nednyt bfthébépromssesi wbsldaequire present
invention for separating gaseous m xtures containing CO2 and N2 through
sw ng adsékppemely large equipment @oddpnd enppacerequirementioachiae the dgsised y | s

for effective.gas pha ocesses f.or the. separation of from.N2 .for the
recovery Sﬁpaﬁgfe@ﬂﬁgﬁagog a6 SeRafeHoay tgg%‘ﬁ‘? s‘fslec()%’gz cpuyentional o
Conbustio t j CQﬂy L h tcbgfdﬁﬁbﬁ ged by the
combust i o%r%%%?%sgoﬁsgﬁﬁﬂgpgé?%? t eﬁ%{?@gﬁg??% e%(‘e&lﬁgatt Ea_n orS en_grégy. Such
conbust i oRtrg@s pridragmficahtiRntdlal ioff thd N, icoftent eyerditbre Reonoi@idaliyust ri al
processes such as, but not limted to, coal or gas fired power plants, as
wel | as cohallengegashén neetl mesuchiighrequareifootags costt tapphicationse and/ or
energy fr (1)1rsQ: EIP g'egt?gg gf tscI:ci)urzesPerrnggecsosrhbltlsr%Fosnegas 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.



conbustion gases are often released to the atnosphere. Conbustion gas
stream conpositions can vary significantly dependi ng upon the conposition
of the fueD220@ms25 t he conbustion process utilized, asPa@luS2@9/001180 process
conditions utilized in the process. However, the mmjor conponents of the
conbusti on gas streans produced by conventional industrial processes
(expressed on a water-free basis) wll generally range fromabout 3 to
about’” 25 ye979)CO2 Infconverthmal (B3, temn o proctsssey)lstieliNds amink freatinglagut 5 to
about 20 vol % 02. Even at these relatively small vol une percentages of CQO2,

]Ehe tlot ?I venibamml in ©- wu@znatipemro@f:ss% ;bism@mé' b tgyyepanete gt iaasba of

i . t 6Q9 i SSi .t od
( -‘?ZZ'vaEcéio%é{sﬁﬁf;&%‘éBagiﬁ Gty of B froind T CaptssHhondaF GoMTISHPREAS Gases”,
Soquonty abfed prior (G4l (aribld e Spalitdhigh TP AREN, RoROAERIVRdF RO On

streans ahafin®GedBhg br @@qUe%hﬁtiMﬁ,rﬂlief%u@pmm siz&¥ antPProeess @iy requited r ace
contam nants such as, but not limted to, SOx, NOx, and particul ates.

[ 0076] Al t bocemesrarders bf niagnitudes hargeminsondar thprosessothisuiditbonal anmuamd odr e
pr esent a&\]ve y,l ow quantbipties,. sone . of them are.requl.ated by em ssion

st andar ds N2A¥high, 3igge Hdls both ap dagrt apd anonsregulated erHssion,Joes ot ZeqijiEs

nUIMer ous ' . i n 3 i nants to
nurer ous SORESRO RBIRL BRAAES LAfu I ARRARIL S SRR ARRRTS 10
si gni ficaptodesast s@h & etbactiodrusht@le Safoedl'TDOS,AHP Yrgk iad@itidrag el ease
of H20 and N2 to the atnosphere is generally not regulated. On the other
hand, si namotfRofidb ihd¢ka condbnsiién gds siseamsmyomlid signifi¢cdanityolower thgCéxnhouse
gas" em ssions, there are increasjngly re stringent limtations being

i npl enent ATt PrefsuEsBReTEby hanperinghe ¢4 cagergféﬁ@%aﬁ@& PIRECSSE$-eased by

hese. Crp TEMaoT Rie g fieRB RS Re i RE AR CHATAR reclifesf Shpkdtioh ™ ™ 2
i ncr easi g d JWOWIRRGH tﬁye:_@zqstsefecﬁ%rfyé @R AR MBI BistioRZ dshifeaftsdin

generated by nost conventional fossil® fdel conbustion processes.
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



WO 2009/ 105255PCT/ US2009/ 001100 [0077] Gas streanms can be treated for the
renmoval of CO2 in certain conventional processes, such as am ne-based
treati ng wechewloszyses. Additionally, CC%%can be sequest ecedseevomwndes gr ound
formations, but this usually requires Tffe" gas streans containing the CO2 to
be conpressed to very high pressures of about 500 to about 3,500 psig
(3,447 to 24,132 kPa) to be injected into high pressure underground

f or mat i onsignifieemey grdatdripredsutémeioareutgaels sesathsr Inherdsepafuaiciion and
sequestration of the CO2 have problens efficiently operating with the
conposi t i ¢iifestivelys manyrafitbeseeonyeationaleGs remeyabprochsseRESFHIIES B Wes
restricti n(li; conmmer ci al)lf# vi abl e selg r@t i on_and/ or sgq estratio
processes o SOPHECHHIYhSHi'ENS §R A8 M%r §P L83 RICRBEES Hsrtel%f{egas
streans. | ' Wel(H ses are
i t1 onaPTy A m K ElE et AU ERER ThisRAn iy IR ALk RS

ef f ecti ve highe th@ photess peesserareghizdd forthetsepatationi protdss is,atibuatgenthegas
stream whi ch is produced at very high volunetric rates in these conbustion
gas st reasize axsk castof tha compssssicoreguipmentthat ispgquired to hringdheseequest rati on

processes extrenely costly from an ener ui yenent, but mapy of these
pr ocesses SHgHg tp é%@rqqglr&%tnrsﬁ%l!r?f CP‘&‘?‘&Qgéq &?‘g%ﬁta. Hhd CPgﬁéP(H}d} Pace

requi renen C i r .

epar at 1 oniorehfk B°HeRE pedlineipi it SRR betfef il i ealblo leERyired

separ at i NGréhQs presshiral¥itiohs. SEHeR TSR] it19 alsdeadantigrbuoIf Hpfocsty @i pri or
to significant renoval of the N2 content even nore econom cally chall enged
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" ¢ycle. Thus, for example, if at a 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



[0079] I n conventional CO2 renoval processes, such as amne treating, as
well as in CO2 sequestration processes, it is inportant to separate out at
| east a pwotznevmosfsst he |arge quantity of N2 from the COPCprusg@atoiinot he
conbustion gas streamprior to amne treating or sequestration. If the N2
is not renoved prior to amne treating or sequestration, the equi pnent

si zes and process energy required becones orders of magnitudes larger in
order to Rfre48s ard podaded mpnbd sigabficintlsfhidR enbughto shificthei t i s both an
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t hese conbustion gas streans are in the range of about 0.1 to about 50 psig

(0.7 to 345 thkdpresentriaeentiers mayrtedcmnhpletely elippinateldl y rel eased to the
at nosphere or are or transferred to an encl osed | ow pressure flare gas or
treatment system Most typically, the majority of the |arge conbustion gas
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conbustion gas stream can be perforned at relatively |ow pressures. It is

agai n enpHagisiz (b2 kBa), or averltissithan aboutrepsigdd4 kPe).i &fdheservesy {@Wper at ur e
condi tions of the tenperature-actiyated pressur.e, SW n dsorption ocess
can be suiPPSRUPEINE %Eﬁ? RS Acand, £ 54 prcessss pidac B?esgﬂ@%ﬂgew " Dhus,
for exanpl I i rt of C2 is
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mat eri al  deacéitRIA1 eaibustion LhS ef SipBRIA WO AR Red firtalditioniatduced to
ensure that the cycle operates sel ectively and under a hi gh worKking

capaci ty aonmhprésssoren$hisecanimoteptéallt save vgnificart Systam wostswihug makiogpt i on
process. [0082] The results presented in Figures 12 and 13 for ZIF.7 and
Fi gures 1pmbodiments of the present invention highlycost 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



and 18 for ZIF-9, which exenplify the ZIF materials of the present
invention, clearly show their adequacy for |ow pressure operation. As can
be seen fwormdy@sase 15, in addition to % e pressure | evecTafS2aeoEDe eam
the tenperature level is also critical 10 the design of a swi ng adsorption
process for optinum separation. As the pressure |evel decreases, the
tenperature can al so be optionally decreased in order to ensure a

si gni fi capiIFlmadiiapthat haden adsarptiat ¢oading hstiefroCOg ovendh @fiaaleasts
di scussed prior, this characteristic of the ZIF-containing adsorbent
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i nvention may be conplefely elimnated. [0083]1t can been seen that in

process eiiafitivantte IF taterial utdized iin deistprocess thasanwadsbrptivie loadinge

advant ageous to run at higher inlet pressures, the PSA and TSA processes of
the preseftio frdaPp onethin obat igast 80ed at inlet stream pressures |ess than

about 50 psig (345 kPa), or even |less than about 25 psig (172 kPa) due to

the significant | ow pressure adsorption |oading characteristics for CO2 of

ZI'F mat er 1@«5835]_ | N 15 QR PR R BF the $Wih o%ﬁibnTﬁ‘bc%sOG?ﬁx%%ew‘ntt he

present invention nay be operated at very low inlet stream pressures of

| ess t han imlamition] thepsrioge{sofRedftedam i campristdofaicbartbustionigaSspeam (34 kPa).
At these very | ow operating pressures, the PSA and TSA processes of the

present i Whigh contagisyamadsorbent soatgriabicomprisedpEe i1 mespakmidayas process
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effective®a ble to retro into existing conbustion gaS systens w t hout

the need figs swit ddsoRstiorc provesd.i ANCOsgichoprodastsittsans soisained[foG@4héne
enbodi nent of the present invention is to provide a process feedstream

conpri si ngesorbedistreaindiogathe sieserpiionstep efithepvaingadsorpsionprocesss Mher ei n

t he adsor bent terial ipn the swng adsorption process is conpyised of a
d?scuss%% prior, the CO, content of a comoblPstlon geg s?ream can typic fy 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.



ZIF material that has an adsorptive |oading ratio for CO2 over N2 of at

| east about 5 to renove at |east a portion of the CO2 fromthe process

f eedst r eawo 200v/@51%r e preferred enbodi r? t of the presemrCTiusz@aian) a
process feedstream conprising a conbusiton gas streamis provided to a
SW ng adsorption process wherein the adsorbent material in the sw ng
adsorption process is conprised of a ZIF material that has adsorptive

| oading ratio for CO2 over N2 of at |east about 10. In an even nore
preferred enbodi nents of the present invention, the ZIF material utilized
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process wpesdicing hé0G@ %e CM,ench produes strediabylthesepstatianprecessesrof the
preferably, a CO2-1ean product streamis gpbtained with a CO2 cont Bt of
| ess t hanDEassnt inyeptpn,ram a comglaastiongasiiyith apdnlet spmposition @ 0@@3 pr esent

in the cophpsthqn gas that the. i i over a
| arge. por PER CorRatepRion CRUPRBAETER ] sl elERE R SR LU0 B g
the CO2-1 ganciBr BeHBbULSS HiRRE! (Iﬁ'ﬁé’\tdﬂh%h/e'rﬂ hi¥h AORNYE6F COMrbBuédedin thesdass

t hrough as an effluent stream and be exhausted to the atnosphere or to
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conmponent. WD 2009/ 105255PCT/ US2009/ 001100 [,0086£V\hen .coupled with the
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capacity r the CO2. Therefore, 1 n preferred enbodi nents
of the pressvéntionatigtavailablehaetiodss i ch product stream has a CO2 content of
at | east about 50 vol % nore preferably at |east about 60 vol % and nost
preferably, at |east about 70 vol% As can be seen for exanple, by

duci % C2-ri.ch duct,, st & by the.. f
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cost reduction over currently available technol ogies. Additionally, since
t he requi pédt leastkSAbpsigrPridIkRa)e Inotheri prafesrasbierobodimsends,iaf leaste r educed by

a factor of about .5, _significant ener savi ngs are al so achi d by the
present i ROEHN %ﬁth&vﬂé@z-g{qﬁ?&m B%/%Wfrgﬁaiwdgﬁam the| SPRRIRYRS 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



[ 0087] The terns "sequestration” or "CO2 sequestration” as utilized herein
are defined as the confinenent of a waste stream containing at |east 50
vol % of G0 2009/@m5ander ground structure,, or repository, POI/USROOVI0e11d@eep
ocean at pressures of at |east 500 psi'g3‘i3,447 kPa). In other preferred
enbodi nents, at least a portion of the CO2-rich product stream obtained
fromthe separation of CO2 from N2 by the present invention is further

sequest er gebfafred cRitRESmMEAtsAf the préseat ibAtion] § AB,-HdH pedductandarvign nor e
preferably, at |east 1000 psig (6,895 kPa). 10088] Wien sequestering the
r ecover ed obainetbyhereie thd Nogontent of the €O aichyproduct stream is lesadlaan 10n to
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sequestering the -rich product stream produced by the present invention.
[ 0089] The c§jial rand lenprgydoests $orr teeatiny atl/oestquesteniagphe €04-richypeoduain al so
has i nproved conposition for amne treating of the CO2 gases. The increased
CO2 cont eftream@roduged bythegresent ipyentian. cO2-ri ch product stream '
significantly inproves the ability of the amne to adsorb CO2 due to the

hi gher avail able CO2 partial pressure under conparable am ne treating
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streamto be treated 1s"sig I cant separation of nost of

t he ni trogenimpiosed cempusition fdreamindareatingadfahe (83, gaseabdlic iBbreastdo N2 in a
typi cal conbustion gas stream Therefore, the total volunme that would be
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Co2 froma co Ion gas streamis fu rocessed in an amme treating
unit. 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")



[ 0090] I n anot her enbodi nent of the present invention, a swing adsorption
process utilizing a Zl F-containing adsorbent material is utilized to
separ at e WORodwiomsB2 present in the reggferator of f - gas pafr/ts2d600001 00
catalytic cracking ("FCC') wunit. FCCs"afe well known in the industry and
the regenerator off-gas can contain a significant anmount of CO2 and N2.
Simlar to the conbustion gas processes described prior, nost of the

regener at @hitofFCQaard wel kinbixadint thetihdusityasd tiey R gahératorsuffigas caat nent f or
contam nants. However, the conventional treatnments typically do not target
t he renpvabn@in asigrfifiomntramoudgdi{ePannd Nof fSimilardadhe pembpsfien gase little

ffect th |1, Lem ssi Siml t h nbust,i t
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FCC r egengfeaténtdltypigaly dbimi i@ getthealeivvat o 00] fuht theqegdifatod o€f-t 0 ot her
cont am nant conpounds and catal yst fines generated fromthe FCC process.

[ 00911The gaand ¢prnforathove dittle gifectson tunevaralh G{dwemissiansarSiprilapée thes t o
conbustion gas streans described pr.ior,.particyl in regard.to their
total pre$e@bYstian gagsireams Pﬁ%‘f"r"eg@ té?lb"f) try oH}%{:& r?ﬁ%%gg%?:"f egener at or
of f-gas st C . t < sent
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pr oduci ng can 6Rtrith 8 snPRlHtlysior €8T eplskian h#d (1§ aBsdVised eediihoasen i n a
simlar manner and corfponent “concentrati ons as descri bed above for

conbust i orfigas ThesedEC regemerefoeoffdae stveatnsrean alsofbet di€figuletetreati dueent i on,
at least a portion of a FCC regenerator off-gas stream|s srlbj ected to a
swi ng ads & pthescoptasaingnt eampeendsy andeatalyst Baes senaraeddegmdhed¢ ng a
C2- | ean %‘;oduct stream wherein the CO2-1ean product stream or a portion
t her eof ?%F5% reduced C2 content is emitted to the at nosphere and t he
CX2-rich product stream or a portion thereof, is either sequestered or
further processed in an amne treating unit. [0092] Anot her desirable
conmmer ci al[0@9ces sTnbOCi regaterafortdft gae preahs oan have smsidar mbpefiespo esent

invention is for use in the separation of synt heticala!v% produced gas
streans t lkambastion gessiteams Hesriedaprior; particudarly imeqgard tg theiiotals

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



that utilize a carbonaceous source and an oxidant and/or heat. These
synthetically produced gas streans find use, for exanple, as synthesis gas
for the pwodoexiosezssof ot her chem cal pr?gucts and i nt er redits@s/0080q. ,

met hanol) as well as in the synthesis of” higher nol ecul ar wei ght
hydrocarbons (e.g., kerosene fuels, aviation grade fuels, diesel grade
fuels or |ube bl ending products obtained, for exanple, via Fischer-Tropsch
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for further functionalization or for_the synthesis of other prod ctﬁ.
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t he corr ogbatbusfionpecdisss,nghietuhpyrbatusedias Yl lorahemicdls. Bheesptdfiche
producti on of greenhouse gas em ssions. [0093] One enbodi nent of the present

i nvent i on coBPOSItNoYE the synpresisaly predussdransis seapElysdeRgnderton et i cal | y

' the. swiAGTaaLoReFHBAnAr st aouRe: B Erndatiint e et BAERIFARY) TR Ros "an
adsorptiv i rahi t a t e. e at

| east Ioa p?rrdhﬂg%ki% Sttﬂ%k%%? Pg&qn%t ﬁée(&lipr}%%%@gn eoe(}g?’féegh]é@#hlgdﬁgr}%‘ %}Be/f erred
enbodi mentN,ofs hbfority @eaiponentsedid lebser anpnate6f silfedaid aarogeanontaining a

synthetically produced gas is provided to a swi ng adsorption process
wher ei n t lspecids 62-pe i SrandeNHa) as welltas atheneprdaminants (hep(d28ssln s conpri sed
of a zIF rf)aa}'tlecruilgrl, v&hré:%t aip used aasdasnocg)ghgr\{t? tﬂeogy(jr{tﬂgiéa?f}j lgjrofd%ed 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



CO2 over N2 of at |east about 10 to renobve at |east a portion of the CO2
fromthe process feedstream In an even nore preferred enbodi nents of the
present iwoentyiwmnssthe ZIF materi al u"t\llg)d zed in this preceas200a80HN0
adsorptive loading ratio for CQ2over of at |east about 25, and nost
preferably an adsorptive loading ratio for CO2 over N2 of at |east 50.
[0094] I n the process enbodi nent of the present invention above for CO2
removal f benefoial it idoas hyt picothuratt pas asy sebseguenteacién phedudes amd ithe
synthetically produced gas inlet streamto the process wll gass t hr ough

t he adsor dees netadst heatinghalne Aslditienally, ithe €65 rresaontdnthesyshetiealbim t he
. As i bed lor, ip th t.h ti t
s pr of er RBIJHCER 28 fan et 1 s OB B SRRt el Path PR IAlh: bi t od
1S prets . _ ; Bl
in the 'S?ﬁé‘f&%éﬁpgﬁf%%%@g%w% ab WRIPR] EfiABURIOARE ProdRdiohl NS

whi | e preventing oading transition to oc or N2 under

the sel eclopgbnPoasesss eéandidasons. Additionally, nost of the H2 in the
synthetically produced gas inlet streamto the process will pass through

the adsorbent nmaterial and be recovered in the effluent streamfromthe

process. The N2 in the obtained effluent streamcan then,be separated from
P’ 1o by [0098)an: Qe ABE RIS Of b6 PHeABL IYeBONR G0l PIOVIIS S PROSESE r cam | The

mixed w1 1R RS AETERR SR IeAl potfhedd €RloRafind SRbpRIAELS, 00 (o)

the catal §}6&s§>mﬁwhitﬁa ad§tbeRRARR iR thd®ving sostict pycebd ui d
hydr ocar bon products. [0095]In a preferred enbodi nent of the present

i nvent i on cotrpeised olf adhiF mateemintl{airhas @andsemriiverloading ratiodanCOprvedeed in
t he process above for the renoval of Coz,fro? a &bnéhetiﬁall produced gas
cont ai ns 1o&8tleapkaboat Sup rempyeqt degst a peatian of ot D2 fFandhe procesdss t han

about 3 vaql % . Iit shoul d SQ s t i t here
mmy be s ST, gmors prdedpa SEyRhitn: bEfe S dRatvRTh, 38¥ss, "hot
limted t ki siB iaCdy nboti By R ah & £ dprBdided to swaagat i onal Iy
hi nderi ngq?éc?%ﬁﬁglﬂany ofmpgg rrrlbod% rregltfﬁg of th% le - cont ai ni ng s%par ations
pr ocesses adforptien presssiwliereimnthe adsorbeat afateréal intheswing adsbrpdawdi ment s of
t he present invention, a portion of the contam nants ar&f&em)ved prior to
cont act i nPregsss ixeqaprised ebavAll taterial thathasan adseralvplepding ratg e are

many conv i onal,.precesses.th re known to th . of il AA rt for
t he remvgﬁ?{)‘?v?ﬂh(’ﬁ%ﬁfﬁ 'ail?gﬂfliot%?\é?mﬂﬁ?/ abLeaaﬁB ﬁﬁbodl ?ﬁ& o¢1?6 ﬁfrg i ?heavm' th
the proce §5’§e59ffeéd§ﬁe%eslﬁn%n é%%%hk@gréfené&eﬂfb%dhhen@mw F&khen of these
contam nants to acceptabl'e Tevels prior to contacting the ZI'F or
ZI F- cont aiifivendioad g DENinateriat utdized dn skis geecesh diagian.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



[0096] It should be noted that although the processes of the present
i nvention for separation of conmbustion gas streans, FCC regenerator off-gas
streans, woaosyrsiseti cal |y produced gas, streans has beemrcexyst@onedo@above in
the terns of a swing adsorption confi giﬂ‘(z’ti on, the ZIF-containing nmenbranes
descri bed above may al so be utilized under simlar process inlet conditions
to selectively separate CO2 from N2, and produce sim |l ar conposition
product sipreaRs wil piss troagh theradsonberstwhagriatiand pt irecovered asthessfladhnent s
above. In'the processes utilizing Zl F-containing nenbranes to separate CO2
from N2 i streaprioomdbe peeepssr J&m&m@mmn%@ﬁw&mm@qn thenibg desirabl e
that the CO2 selectivel erneates t hrough the Z].F-containin rane
br ocess prostigietigram e Lt eabonaLRefbdsderting IR B pReran bt
C®2-rich at [ i 9 4
feedstr ealrgnﬁé %gt @oﬁ?ég?gé@ﬁgug?gagﬁ %a:fﬁllger{?glﬂég rgtnlg:@d]%\%jg?.ﬁ%gﬁa y,t ogt
| east one ng%kd Matina caftmt mbgosidesarairsfoause ip fodhieresnityesidisteps foreths wher ei n
a CO2-lean retentate stream has a | ower 'vol % of CO2 than the process
f eedst r eanataiytec produativnofosexamps of metbanelk ¢roother iwisk hydrorarboand
properties of the final products produced by the ZIF-containing nenbrane
process e Gtents of the present invention are simlar to those
identified in the swing adsorption process enbodi nents descri bed above.
[ 0097] Anot her inportant process in the industry concerning greenhouse
gases, su¢foesy COdy alprefdifeS@AbSdinicHtioTMhObredbnt R@ehtidnpdetdflief the CO2
renmoved froma process stream The terns "sequestration" or "CO2
sequest r akirearh (as "GO, Hiear grévhrot streamé) pefduced imthe processdbovenfenthof a wast e
stream contai ning at | east 50 vol % of CO2 in an underg&gugd strucfure, or

t

r eposi t or yemeval; ¢f ¢Qe fepsa g synthetically predugadezassontaing lessthapabeittiy (3, 447

kPa). Depengi upon, the sequestr ati 0Cess il it _
desi r abl evp%[tg(? Heanrsaeepvgpa{pp%nprg&gg@L}Eﬁgﬂl{aﬁe&ﬁ)&lgéevn l/‘? ﬁ\?éhtl} giﬁéllblgeatl)sﬁ)er at ed
SO as to NistesERBES AL, tRdteGh ighifibsntddantities of Watgm Thi s
is especi QF’?’? ésﬂ??tagl e when hi gh”’vol tfjrne%}cgf{g S%ﬁ ar e(a:)ar%odlulceg in a process,
f or exanplaad cbttanmniatnts| sadhegs, bat novhimitedi toH $aands N amhiclnchay®e r egener at or
of f-gas streans _produced by industrial processes. Here, it is _jnportant

that the ghesisalledamagingokeparationslbyhingdsriagie the pay gé thopmbadimentsefof cop

oo req M ZBeSRaitBe XehtaBont Bodtare dtfe e RO IR TR IhRRE R
. ! | .
sequestra ké}@g@g legrgfbh n s%ﬁﬁ&&??u&?ﬁ%ﬂ, laip}]SPt']MEEfHTe ddiRa@@tantd ream to

be sequestere as the It of mnimzing the storage requirenents
necessary afeofenidvedl précrudsdondddting 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



WO 2009/ 10525542PCT/ US2009/ 001100 -- [0098] However, the need to separate
and sequester a portion of the CO2 that is present in a process stream can
apply to wopowwssss wherein CQ2 is pro%fced as an unwamcgashgoopraduct . I n
sone of these processes, it is nore inportant that a hi gh percentage of the
CO2 produced by a process be separated and sequestered so that the CO2

rel eased to the atnosphere and/or the residual CO2 remaining in the process

gas is ni fhédwiig adsorptios prseess einbedirads abboa I theqavessses utihiging esent
i nvention may be designed to mnimze the anount of CO2 that remains in the
C2- | ean @Behontainingemenmbrangsctodepaente Gk, fromeNoapa pregesp fesdstreany r eam

d db ay. of th ti di t f h t
ivent | on Cbafitiag ol FemPoagastds Do A OB e LA BT s of ¢ he
present i '%P(r%ﬂgh‘?ﬂe 2y -lc%ﬁginﬂlrgﬁﬂé{:fbﬁlﬁhé) rolcB&s nEingl“at%és‘%gBE{bl@Gq&’i‘éﬁd by the
separatlon proécess o the cu en I nv tion S Se(q estered. In referred

embodi MeNnipermédte steBny whbrei HRACO,hadh pernifadelsieesin has achifher ¢olts efit of at
| east 75 vol % wherein at |east a portion of the CO2-rich streamis

sequest er €, thanaherpracess Efesistreamethbbelintasts the KEF-containipg membzandhas a O2
ctream i 5 AGliesD: alleashors ban rBreepE SHEUB AR POREHLOp M ent
Tt oo SR LRC LIV LBl BhPRdadec,Bo5R cophpiye” | oo
1! 221} o Moo . s opliuepe g sttt ey, e
[ 00100] Alptrdymertibs dhithepfirslgbdicts pnoduredHasthecll -dergainihg dnémbragens of
specific enbodinents, it is not so limted. Suitable alteratiaqns and
modi f i cat iPEeReSs smbogemenisaf the gesseapuwiention asm simiasie thesq ldﬁaﬂﬁséaﬁl ent to
ol ai ms. be e reiiE ARERE pissers RS e R REHARS and nodi f1 cat ons as
fall within the true spirit and scope of the invention.

[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.



[ 00101] The Exanpl es below are provided to illustrate the synthesis and the
adsorption properties of a few select zeolitic imdazol ate franmework

mat er i al swoeoedlosessr at e t he benefits of4 he present i nveamiusr009Dhase
Exanples only illustrate specific enbodiftents of the present invention and
are not neant to limt the scope of the current invention. EXAVPLES [00102]
In the follow ng Exanples 1 through 5, small anounts of Zeolitic

| mi dazol ate Frameworks (or "ZIFs") sanples were synthesized for use in
testing for adsorption and separations processes that are described in

det ai | i n[0898Ipl eHovevarothgtnerd tozeparate and seayegtes apqstionfof the C&hrdthatis
crystalline structures havin framevvol:}/fl "tea:])B,ol ogi es ﬁommglgl? . oun(g i n

zeol i tes AhBYCSENG IR RIOSFSSHE F#t ARP HIOCHRY RFIT bR ¥ 8FYRKEs
conpri sed ,of ' £ 1,0 | 0 s ad

vertices 8? a?ﬁlg%*dr?gérr@gb @é%étug?ﬁggegéféﬂﬂle?ﬁkgog‘é E)Sye%i ﬁ??ﬁdt%?cl)lg nﬁgﬁgﬁrrlgt of an
i m dazol afaﬂlign'F)@ftz_eﬂtag'etcﬁftﬁeUGjipﬁd(ﬁceE@?m piloCessbesdpakated ahda specific type
of solvent occluded is characterized by a unique X-ray diffraction pattern.
However, dequasteredhao thatdhe Ciureldased b theatmasphere andior thgresidnal SOhuct ur es,
the X-ray diffr.actialrér&gttern can .be al tered, upon Ivent-gxchan e or

s
desol vat i SHMaIRE #) EFISH3S 1&%‘&"?’%?%&“38? céag’c}gﬁlsf’% PR PEATHCSt udi es

were prepaged, gﬁg@mg Sniich 'Bé@%ﬁ%rg«{d)fo%?ﬁiﬁﬁzé"iﬁé‘axﬁbh%aggg it%tc gf i ons

in reaction scale and/ or sanpFe ac | On; See referenc

Z.; Cote, rémafs;in h®TOJlear prodiiiRttealm produté®- Be®uch fthe LO,-dehe, H K. ;

O Keeffe, M; Yaghi, 0. M Proc. Natl. Acad. Sci. U S A 2006, 103, 10186-
10191, whipedducs sireamrprodatcestibhanygiof the sepairatiemprocassiembodimentsofithed to as
the "Park Reference”. [00103] The exanples of ZIF materials provided herein
are not mPEGFENt BIVEBLPN GaR b fughes FF‘é]Uﬁg&‘E‘it i nvention in any manner. The
general synthesis and structural characterization of sone of the ZIF
materials applicable to the present invention are presented in United

gt ates Payggg9)Publrj %@éfeﬁ@d%bd&ﬁ%ﬁ O PF8Leht N ciftionsatN€dselapdriieRoFor at ed
y reference. 100104] Detail ed synthesis procedures are described below in
Exanpl es thd €0pridh &rédam psedwetdyy thefepatationgirecess 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.



Exanmple 1 [00105] In this exanple, a ZIP-7 material was synthesized. The
framework of ZIF-7 has a chem cal conposition of ZnL2 (wherein L =

benzi m daxol2at9105i55e. , t he ani on of bengj m dazol e) and actapsedomyiidefi ned
by the Zn cations that is identical to the zeolitic framework type SOD. SCD
Is a three-letter framework type code as defined by the International
Zeolite Association ("IZA") in the "Atlas of Zeolite Franework Types" (Ch.
Baer| ocher, L.B. MCusker, D.H dson, Sixth Revised Edition, Elsevier

Anst erdam_2007) 0106] In the synt hesis of the ZIF-7 materi aI 9.00 g of
zinc nit r&QQelQldt ralrh,ecﬁw leshelnmsgre pravided tanlustratedthy sypdesis and ghef

Benzi m daz

CTVNC Dy aagkrplicn pioneaass of A EeS Sqedtedfifig ididazoldle hework matsriali 18, capped
and the rmlla?@tﬁe B%dé"fi? ﬁ‘o{iﬁ% aﬁlhvelﬁibﬂ &ﬂgég%rﬁ% x@ @tluag@atg for 48

hours. After reaction, I quor was decante e sol

crystalliz 1ﬁ6eh‘fb@d&n€iﬁs\oﬂﬂe preserit isvdmioncimdrze hoofneametojlamtmmmbl ect ed,
washed with and stored in DVF and | abel ed "as-synthesized ZIF- 711. [00107]
| n order oftheceument enveméior] F- 7, the as-synt hesi zed solid was heated under
vacuum at 473 K for 24 hours, transferred to a 120 m vial, imrersed in
acetonitrile (c a. 100 m) and soaked at 348 K for 48 hours. The
acetonltrlﬁﬁ wd ZIF-7 was | oaded in a glass tube and evacuated on a
vacuum | in apparatus at roomtenperature for 16 hours to renove the

sol vent nolecules residing inits pores. 2.10 g of activated ZIF-7 was

obt ai ned, corresponding to 55%yield (based on Benzim dazole). [00108] For
gas adsor p01d2]ex pe thertoltesyingexamcples dithrough- %,mhdhgmd»uﬁtﬂ-‘efZWslﬁid oaded

directly in the sanple hol der of gravinetric s-.adsqQrptiqgn unjt and
activatedl mrﬁaszpme yameVREks (08 Zéﬁagtsamﬁewgﬁer sythesize Hsedn desting

for adsorption and separations processes that are described in detail in Examples
6 through 10. ZIFs are a unique type of microporous crystalline structures
having framework topologies commonly found in zeolites and/or in other
crystalline materials wherein each vertex is comprised of a single metal ion and
each pair of connected adjacent vertices of the framework structure are linked by
the nitrogen atoms of an imidazolate anion or its derivative. Each ZIF material
with a specific type of solvent occluded is characterized by a unique X-ray
diffraction pattern. However, due to the porous and flexible nature of ZIF
framework structures, the X-ray diffraction pattern can be altered upon solvent-
exchange or desolvation. The ZIF materials used in the gas adsorption screening
studies were prepared according to published procedures with slight
modifications in reaction scale and/or sample activation; see reference Park, K.
S.; Ni, Z.; 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



[00109] Figure 1 shows a conparison of the experinental powder X-ray
diffraction ("PXRD') patterns of the as-synthesized and the

acet oni t rwbeeoxctosasged ZI F-7 sanpl es and, t he cal cul at ed PERDSp@avierino (shown
as the stick pattern) based on the si niﬁ “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

uni ts) agairnsturdlichasidtérizationoof sumt ef theoZhatateridls applicatds Yo tHeOprkd@jt The
high purity of the as-synthesized ZIF-7 sanple is evidenced by the
coi nci dendaventiopxase pressnted indddited StatesaPatenpRpbligatianeNes. 1t is worth

noting th i ifferences between the t xperi nental PXRD patterns of
ZIF-7. Th@%(ﬂz(ﬁmg -%’;‘f‘ﬁih’é&efgﬁ‘lszr‘\fl@d?%fgfféﬁn‘feo r hombohedr al space
group R, a = b =22.927 A, ¢ = 15.603 A whereas the pattern of

acetonitril eexchanged ZIF-7 is indexed to the sane space group with a = b =

22.522 A 300104])= Dretdidéd dynthbsls padceduvgomsidescribedibélodt #i Bxdmplesdf the unit
cell of ZI'F-7 upon sol vent-exchange. [00111] Figure 2 shows the

t her nogr avhnoeghiScfosselegtaelsZIF m@ter)als.or t he as-synthesized and the
acetonitril e-exchanged ZIF-7 sanples in nitrogen atnosphere. The activation
condi tions described above were chosen based on TGA data. [00112] Figure

11 is a Sganni | ectron M croscopy ("SEM') inmage of a sanple of ZIF-7
pr oduced. MZ [00113] In this exanple, a ZIF-9 material was

synt hesi zed. The framework of ZIF-9 has a chem cal conposition of ColL2
(wherein L = benzim dazolate, i.e., the anion of benzim dazole) and a
t opol ogy ¢@010%d Hy thisexémpdetd AH-7tmateriat wadsyhtheaizedo Theeframeoiviork of

f ramewor k t}\épe SOD. SOD is a three-letter framewrk type_aod as, defined by
the | nter AdFibhag a ghemicad campesitian ehZply GrhgreimLifhenzmigazqiatezbey  t e
Framewor k . Types" . _Baey | ocher . B, [q, H-dJd i h Revi sed
Edi tion, EP%EWPB&%EFB?’&%&?@689)3&0P8{5’¥§%1‘:m??dt%5‘h§y%‘% ﬁ%@hss t01a E({She ZIF-9
mat erial, ; i 74 B, O SAHER)- Rk 2mdvak Mol )
and 0_3601%e1§fbagted;{zqem gi%l@%@%@‘ 13 Were di ssol ved 1 n 108 m  DVF

( NA- Di et liypd esdeds defindd by thieZiterinational. Zddite ssbciation (@A yindhpped and
the reaction m xture was heated in an isothernmal oven at 373 K. for 96

hours. Af f‘étlas eddieobite Framewerkh&ypes qdr Baesloghen di BaMofreskes PH.
tallized on.t id . the hott the j |l ected,
taehed wi OlomisioRensEd tRiofstife AR CRBE AR,  Jog 31 o o0 oCe

[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



911. [00115] In order to activate the ZIF-9, the as-synthesized solid was
heat ed under vacuum at 473 K for 24 hours, transferred to a 20 m vial,

i mrer sed wo 20@etssstrile (c.a. 15 m) aj soaked at 348pKTfuscod®otiours. The
acetonitril eexchanged ZIF-9 was | oaded™Th a gl ass tube and evacuated on a
vacuum | i ne apparatus at roomtenperature for 16 hours to renove the

sol vent nolecules residing inits pores. 0.07 g of activated ZIF-9 was

obt ai ned, apparabEPRdbonGtdneperatiryifer U6 hbamsad remdserthe sob@nphmecul¢H0116] For
gas adsorption experinents, the acetonitrile-exchanged ZI F-9 was | oaded

directly iresiding indtsparenod.d@ g off activatesk Al-fevas ebtginedasemesnangdingitd t and
activated in-si Si t he .condit{ions described in Exanple 7. [00117]
Figure 3 éﬁg/&é’legaléggﬁﬁarqnggﬁnﬁfmﬁﬂ@q%&peri mental powder X-ray diffraction
("PXRD') patterns of the as-synthesized and the acetonitril eexchanged ZI F-9
sanpl es and the cal cul ated PXRD pattern (shown as the stick pattern) based

on the sin@orOsIr y Horlgasiad o8 Xpedinfends, thpacdteditiile-ekehangad ZIReT eragnce”
as referenced herein.” The PXRD patterns as shown in Figure 3 are plotted as

t he di f f r dcadedrdirevtlyrigithg sainplexhoider af thaughavimetaisegassadsorption anit aodi on

angle two theta (in, degrees). [00118] The hj . ity of the as-synthesized
ZIF-9 sanﬁPEVi‘@démséfEﬁHe'éplﬁg ﬂ?#}%"‘l‘épﬁﬁ‘f H@%@%BTIRMI?IH\?M al and cal cul at ed
PXRD patterns. The relatively | arge background in the PXRD pattern of the
as-synt hesi zed ZI F-9 sanple cannot be attributed to the existence of

anor phous émmw’]i t iguREL SWSEs ARbnkTsBh O fehd Egperimehral potider BpeAr ved within
the sanple by optical m croscopy. The PXRD dat'a suggests that Co-containing

ZIF-9 is idiffrdctiohq4APXRIDT) patteens of thetastdynthdsyzadnand dherasatomdtrile- i t s
i sonor phous Zn-containing materjal ZIF-7 (cQonparing Fi gwr es 1 and,3).
[00119] Fiegohangedshlling S@mlqwmr%mwﬁifégﬁﬁawg@é@ (§hoprnas thestigk,e

- t hesi zed .and t he tonitrile- |- b it
=t moaphor £3040 BAS¢d OaEREAnE eI I oaeee o o Lisboiiah i iPak, baged on
TGA dat a. n Fl i S } " ") i
Feh gaﬁp Iliee%ge%o %% F{Egg &:)f?%gég% g_ére?n. TREFXRDRAhOBs MAKR%E PRure 19RY ) | mage
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.



[00121] In this exanple, a ZIF-1 material was synthesized. The franework of
ZIF-1 has a chem cal conposition of ZnL2 (wherein L = im dazolate, i.e.,

t he ani orwof20émiogzol e) and a topol ogy gfi ned by the ZmrCtaiSe@mwsotihat is
identical to the zeolitic franmework type’BCT. BCT is a three-letter
framewor k type code as defined by the International Zeolite Association
("I'ZA") in the "Atlas of Zeolite Framework Types" (Ch. Baerlocher, L.B.
McCusker, [601i2]0 Eﬂiﬁurcﬁ Kisha Beatirfigg BRetittoroMicidssepy €ISEMB) amdgarpf 2007) .
[00122] In the synthesis of the ZIF-1 material, 1.25 g of zinc nitrate

t et r ahydr aampl{Zof Kid87prodnoed.4. 77 mol ) and 2.75 g of |midazole (40.4 mmol)
were dissolved in 100 M DMAc (N, N-Di net hyl acetam de) in a 120 m gl ass
vial. The vial was tightly capped and the reaction m xture was heated in an
i sot her nal VA=t a4 358 K for 72 hours. After reaction, the nother |iquor
was decan - solid crystallized on the side wall and the bottom part
of the vial was collected and washed with DMF (N, N-Di net hyl formam de) to
renove any residual nother liquor. The product was then transferred to a 20
m vial, 0011 i dnbMs exathpleeZ B9 matesiphwrassiynthesizied- The framensrk bhi or der
to activate the ZIF-1, .the as-synthesized Sﬁlid ﬁa_g irrrrer.aed in .

acet oni t r i41E-9 baga chemigal compositian af Cek twhersin & = parzitydgeelatey bfune was

repl aced eyery. 24 hours.. The acetonitrile- -1 ed in a
gl ass tubgh%ﬂ OB\PAc gtzgaldgﬁole?")l\?gg&[}ﬁbﬂolgg gﬁ%ﬁ%ﬁéeggf %%érg\nﬁﬁsteﬂr?ggs(rjat ure for
16 hours G@efiRAPYStH R obiflcBathe WBHE BieSSODESSOD d thréd-fetReTRimework3 g of
activated ZIF-1 was obtained, corresponding to 14%yvyield (based on zinc
nitrate teypabydt o éfinodl by tiralnterahtionli®eaite Fyssotiation €IZA H-ih thas
activated by exchangi n% with tol uene followed by heating under vacuum at
443 K for “zxtla@mfieogm@ pamewerk §xpesdddr fiacslochn dr-BaiieGuskereD . H.
acetonitril.e-exgchgnged. or, .uene- exchanged ZI F- s loaded directly in
the sanpl Qlﬁ%‘!"ﬁf‘ﬁbgqﬁgd_Egﬁé%’[@lsﬂ”g %ﬁﬁgﬁég?:p%’]qoﬁ unit and acti vat ed
in-situ by using the conditions described in Exanple 8. [00125] Figure 5
shows a conparison of the experinental powder X-ray diffraction ("PXRD")

patterns ¢0011d adnshebhethesiedf thhEZIRSGahatvrial 1.26 exeihetadichioatt t he
t ol uene- exchanged ZI P-1 sanpl es and the cal cul ated PXRD pattern (%shovvn as
t he sti ck hexahydrate (Ce(dO0n6HO, 4i33gmenal) gad 1364 g o Bengimfdazeke-(3.Q%por t ed

in the "Park Reference" as.r r retyn. The .PXRD ter as; shown in
Figure 5 ZRBOp)|WEAS _S%%lv?(igl ﬁé?@%ﬁ&oﬁﬁﬁéﬂ?ﬁﬁ@%@%b { aﬂ?odﬂl ts)
agai nst t Re, ik £ LRGN ARG Eappi INEHR EAQI PRI £RPE 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).



[00126] The high purity of the as-synthesized ZIP-1 sanple is evidenced by
the coincidence of experinental and cal cul ated PXRD patterns. It is worth
not i ng t wodné%¥wsmaces bet ween t he thregi;7 experiment al PRRDUS2000001180 Of
ZIF-1. The pattern of as-synthesized ZIP'1 is indexed to nonoclinic space
group P211c, a = 9.699 A, b = 15.185 A ¢ = 16.555 A fl = 116.9 whereas
the pattern of acetonitrile-exchanged ZIP-1 is indexed to the sane space
group wi t ljoed 16]10 Fa#§ad adborptibh. p@rifents, thd Zc@0hitAle-exclrangtd ZFehdvapat t er n
of toluene-exchanged ZIF-1 is indexed to a space, group of orthorhonbic
symet ry Peadeddirdctly in the sampleholder of thesgraximetrie gas, aglsorptionmerit aad a
suggest distortions.of the unit cel.l. of ,ZIF51 .u sol.,vent - exchange. W

poi nt out aFﬂgl‘l‘teﬂil’@;ﬁJWIP%?l%ﬁ? %18’?5 Q?ﬁr?egdgy’@ﬂ@?%me single crystal
structure of such a conmponent was reported in the "Park Reference" as
referenced herein (ZIF-2 having the same franmework topol ogy as ZIF-1,

or t hor honjog11AbC Figare3 ShéW9 aRontparisds ofthe exparimenthl ?Bszéi X-tH0127]
Figure 6 shows the %herm)gravi metric anal yses ("TGA") for the

as- synt hegliffeagtion{BP ¥R Hrpatierneobtherasrryathesined: dnsl thelagetomiteilehanged zI P- 1

et e Chos@nohaEd AR YeTplcAnd oAk IR EDRAHeen (TR ER HIF Wikt ron
or oduced. peltipioa3gd BE¥e Engfk SARRLSARboL) BT 21N SERGBREH s FPRREEQC)

sanpl e of RidtErehcét & HIBRNEEE Renee dIrhePOdRELshtteEX2APsIown (P TIARE 3l atet hi s

exanple, a ZI'F-11 material was synthesized. The framework of ZIF-11 has a
chem cal qdotpabag therdifffadidnZinfertsétydimatbitratyemnisyiagamst tieediffraetion t he ani on
of benzi m dazol e) and a topol ogy defined by the Zn cations that is

i denti cal angletyeo thesd (ipidegreesdewor k type RHO RHO is a three-letter
framework type code as defined by the International Zeolite Association
("1'ZA") in the "Atlas of Zeolite Framework Types" (Ch. Baerl ocher, L.B.
McCusker, a iShduitReriseds-Ehth LAADIATS bOIdABEd BYO7) .

[ 00130] Ir*mt) e8]sy?11?{lbe1g|§}sl)ﬁcl#l ﬁ)\glﬂ%elgzs- %gﬁt#gtﬂg??gﬂsﬂ)ééagﬁ g of zinc n?trate
hexahydr attke (GinceBEe o6 RPeritheiifal mndlchlcutate® PORDpatteriie nFherelativtly (8. 38
mmol ) were dissolved in 100 mi DEF (NN-Di et hyl f or mam deiﬁin a 120 m gl ass
vi al . The langgbagkgroungrin|the Padpapastsen ohthe asapnthesisgd£1F-8 spapleeated in an

i h | 3 f 96 f i oFr h h [ i
o0 et T A5 el s RO S e HESTAE, 0
of the vi ?h{q)@%uﬁm &@%&Waﬁ%&%ﬁﬁ@r e an &frlygzgﬂiﬁtahﬁh&‘?fsm.d?he

r epeat edl renove-any resi d"an anor phous

by- pr oductPXRIDed4v4 edgiedstsghat Coecoritaimined ZIF-Odistintrimskidllyl ofdoslerand t he DWF

sol vent was decanted. After the addjtion of chloroform(c.a., 15 nml), the
vial was caystellinityovkerecomparaddovitssispmesphaeits Lurcantaiminganaisrial B for 30
m nut es tg mechani %all iet ch an unidentified dense-phase fromthe
surfaces OFCIRPRIAY &g'i}{éf |48 | ayers of solids appeared after the vial
sat on a level surface undisturbed for 30 mnutes. The solid layer floating
on the surface of chloroformwas carefully collected

[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



using a pipette and transferred to another 20 ml vial. The solid was washed
with and stored in DM and | abeled "purified ZIF-11". [00131] In order to
acti vat e wheo®1mssi, the purified solid gvas i mrer sed i nPoEtUsa0woloo1c0 a. 15
m) for a total of 72 hours. The sol vent®vol une was repl aced every 24
hours. The net hanol - exchanged ZI F-11 was | oaded in a glass tube and
evacuated on a vacuum |l ine apparatus. After the renoval of external

met hanol sol vent at roomtenperature, the solid was heated under vacuum at
423 K for 16 hours to renove the sol vent nolecules residing in the pores of
the ZI F- 110021]. 09nghisexpmplefa ABi-lvmatetiak was synthesizedu Shsbiramawerk of

3?f?{1?%hﬁ@%éf? i Epﬁ%ﬁéﬁ%ﬁ&%ﬂfg&h%%ﬁgﬁé‘%@?a%%fﬁé_é?whggé?jdF‘”
acti vat gd apinoEnm iu %£ﬁ§?§%9? ﬁo é:lgggﬁe?%%}si ES(E';I’I %%@'ﬁc{&%‘%jéemb&%01331

Figure 7 showsolRicRaPRNMoER fysd BOTR BXIRIs ihiédletize Eiaheworkaty pdidodeast i on
("PXRD') patterns of the purified and the nethanol -exchanged ZI F11 sanpl es

and the cdefinkdbygdh@Rerqadional AeoBteohssomsatidne("$ZAL K irpthet ‘eAtlys pladeeliten t he
single crystal structure of ZIF-11 reported.in t "Park Referepce" as

r ef er enced r#@ewORK Types %@(ﬂf%}’ﬁ&e[a%-i\ﬁ%%g?eﬁahﬁi%uaisoﬂ’ P@Elgf%ﬂ%f‘éﬁ as
the diffr i. on 4Nt ensi i rAkary units) against the diffraction

angl e t\/\o-%tc(%té?%f I%IF%‘%Sﬁ Seté%danﬁ(ggjf)?ﬁ] The high purity of the sanple is

evi denced by the coinci dence of experinental and cal cul ated PXRD patterns.
It is worth noting the slight differences between the two experinental PXRD

patterns ¢O0E22- 11In th¢ syrthesis bfide Z8-dhaatpeial t h2S5 igniferiné niteate of t he

diffraction peaks were altered and the peak positions, were s stemat]'hcally
shifted téetrﬁlymi@atet(%a(NQe)zeﬂ%memmiba -Yﬁgqﬁbngiﬁzm(éﬁr”emn% ows the

ot hanal - e oty e DD mh RTAS o N piEuBikcstdrBshas a 120! 8P vat i on
condi ti ong;ifeshE g dvANINRIY BifpeanARFiheRes& tbrPmidttife #Ak deated 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



[00136] Figure 24 is a Scanning Electron Mcroscopy ("SEM') inmage of a
sanple of ZIF-11 produced. Exanple 5 [00137] In this exanple, a ZIF-8

mat eri al wea0eynsisesi zed. The franmework of ZI F-8 has a eherise@v/oeanpositi on
of ZnL2 (wherein L = 2-Methylini dazol at® - i.e., the anion of

2- Met hyl i 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 gi’MFiﬁle@l@@'Pa@ﬁdﬂﬁgﬁﬁﬁfdnh)anﬂ%tiklﬁteﬂriﬁadifwmhsiﬂgahb iconditiomsi at i on
("1'ZA") in the "Atl'as of Zeolite Framework Types"™ (Ch. Baerl ocher, L.B.

McCusker , dBsdiibed indixangpletdhh Revi sed Edition, El sevier Ansterdam 2007
[00138] In the synthesis of the ZIF-8 material, 10.50 g of zinc nitrate
tetrahydrate (Zn(NO3)2-4H20, 40.2 nmmol) and 3.00 g of 2-Methylim dazol e

(36.5 mm';@o%’fa‘lsﬁ_e $‘ﬁ§&rj%'§’9r?o\b§‘?{%§&m’£§is%fﬁgé SA LA popmBiTdg)y 1N a 1

liter gla ar - was cappe ere on m Xture was

heated in d?ffrdcﬁ@h*(ePXRD'ggfa&eﬁ{s dfiBe hsTsgnthddiRduttfe aoéiérﬁfrilééba&hh@%hld the

not her |iquor was decantéd. The solid crystallized on the side wall and the
bot t om paahd the tdleeneaexchmmgedAIEck sainpled andghe dalouldicORERIRpatiesll y t o

remove any residual npther |iquor and an, anor phous by-pro ., The product
was then {shover as thestick pattepp) Sedi"é‘lthﬁﬁwgqg@rﬁ(ﬁ ﬁtO%'Hecant ed.

Af t th ddj t - fo | f w(G. - 1 i d dth
i xtur e s aiAies "PArk, RERirEIdR i Brerdedidrein "Pho PRRIVEACEARRRS, 20, e
detach zi @Ho@iﬁiigg‘cijgg(;etﬂ SleSlofte @y HRediFihé GG mthsit) fin Arkittasy ahits) Two | ayers

of solids appear ter the vial sat on a |l evel surface undi sturbed for 30

m nut es. Apsinspthcdiffeaction drgde twg thetat(hedegreésgjce of  chl or of or m was
carefully collected using a pipette and transferred to another 120 nl vial.
The solid was washed with and stored in DMF and | abeled "purified ZI F-8".

et hanol - (ROL26T: o heiieh gy phfhefaxsivishlsiged 21F 3 SmdR b Ky e as” "
repl aced W@E%ingfheﬂeélb? gx%é}'ixﬁeﬂﬁi Hﬁ&'@%mﬁl&ﬁ@@?@@ﬁ) afrefh\@sislwadrd in a

gl ass tube and evacuate n a vacuum i1 ne apparatuds. After the renoval of

external mptingiet dFtreacds dtweor thd thipeeapatiraentahPXRiIDipattenss dfalfed. under
vacuum at 523 K for 16 hours to renove the solvent nolecules residing in

t he por es Tok paterngof as-spnthesized ZFvlaisdadexed ® masoelinigispase st B3vendi ng

to 41%yiel do(Rsg, 2 21885 WL B 2R! 8L 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.



[ 00140] For gas adsorption experinents, the nethanol -exchanged ZI F-8 was

| oaded directly in the sanple holder of the gravinetric gas adsorption unit
and acti wiDedoywrszsst u by using the cond%@ions descri bedpcm/uSz@apbBa0d 0.
[00141] Figure 9 shows a conparison of “the experinental powder X-ray
diffraction ("PXRD') patterns of the purified and the nethanol - exchanged

ZI F-8 sanples 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 hig gurlty of the sanple is evidenced by the

coi nﬁl dend@OﬂS]exﬁhguM §Ia eanning Edm:@ul\'hww ('SEM") Imegwf@ pgt terns
i ) ngé? mAICSh eI e eBpie-Sxgransedy ProdicRd( FiBegrioRa Starsi2) i gur o
et hanor - &1 EW%SEXQVE@E Z“ﬁhﬁ?\???(ése?féa%’fn%? r%t@&“g‘?ﬁgg‘%c?‘%a on

condi tion r&ﬁ&%ﬂlbed above were chosen based on TGA data. [00143] Figure
27 is a SCanning Electron Mcroscopy ("SEM') image of a sanple of ZIF-8
produced. Exanples 6-10 [00144] In Exanples 6 through 10 herein, a Cahn(r)
m cr obal ance apEaratus (TG 121, 0.1 jig) was used to gravinetrically
characteri dsorpti on/ desorption properties of gases and hydrocarbons
(i.e., adsorbates) in various zeolitic imdazolate frameworks (i.e.
adsorbents). Experinments were carried out on various adsorbate-adsorbent

pairs to qgdgzgy nqnttﬁli% @ﬁﬁgﬂ@td 2IFI19GhhREHAP whssyhitRsized] At fAAmewRtiler i al s

synthesi zed in Exarrp es 1 rough 5 above. At a constant tenperature, the
equi | i bri whZdBsr hat ® cheailiah gompositiaself Zal afwiereirlis= besnmhdazolateessur es
up to 106.6 kPa. In order to capture any potential hysteretic behavior, for

each i sot hénithdaniongyf hengimidseplarand topelagysdefined hiptha e gatipng hat is

d t th

D ossur e diehisal 9 ool FHEe @Bﬂ%gﬂ?mm S8 RF IR Palp PR ot o
measur ed i et&?dede?ss@éfgr%é%fﬁédﬁltéﬂnaﬁonaldﬁ&ﬂﬁ@%ﬁ&ﬁaﬂénQ"%@Wl‘ﬁ theom the

maxi mum pressure of Pa to vacuum 'l experinents, a LabVI EVC,
conput er sgftlasfT cndise Beateworlallypesit (ClalBacrkeher, doBt MdCuskeriDiilt or t he
sequence of steps followed in each experinent. [00145] The adsorbate feed
was br ounglSthﬁxtlhEteWééd Edition.dtleevienAmsterdams 2971 es or from house
supply lines containing high purity gases and hydrocarbons. The feed

mani fold was in contact with the adsorbent | ocated in the sanpl e hol der of

the mcro e. gﬂrﬁﬂ gl d was
controll egaﬁmeéﬁeg% Eggto%lgé gﬁiﬂ %}‘Qms%b? ypenélrgg Jl\/basur enent
and Cont r Glex&hyyrdratd (ZAMINC ) WeH,00 111dchatbl) end 0990onpHBenzinidaRsieI8.38
comuni cations. The feed manifold was equi pped with three d)2%t) 120A

pressure mmobduererdisgadved 01360 kHdDED (N NDietaylforanamid)} i pd20t mhglass

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



provi ded the adsorbate pressure information to the controller. The
controller actuated two el ectronic valves to adjust the adsorbate pressure
wi t hi n t wohe@diosmsi f ol d. One val ve (M<§ 0248A, Type 00POTRISpoosmsiIlo@®Nnect ed
to the adsorbate feed supply and the of Lt val ve (MKS 0248A, Type 10000RV)
was connected to the vacuumline. A Pfeiffer(r) TSU 261 turbonol ecul ar punp
was used to achieve the vacuum conditions. [00146] Typically, prior to the
adsor pt i omsinpod pipette madtursf@nédto atmber 26 mi19Q@alnd hefsotidswadeashatwithoaded
in the mcrobalance at 301 K. In order to avoid the contacting of the

adsor bent andtstorgdiin ENVIFznd labpleddpusifisdrAIEndL . f ul |y 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 solvent was renoved through the use of

dynanmi c Vgﬁ?'tn‘!f‘i r.' ﬁn%??@rttﬁga%?igate"‘@%rﬁﬁ- EF tﬁQ'%xﬁ'?fed% idFAdirfiRletsedlihongd! y

within th ior o adsor bate, hé€atl was al so used. Typically, the

fol | owi ng nséthixsol((@ld. 19nAHfofl} natal 6f 72 tiourd. THe wlvgmviobaine Vegs replacgdssi ng at
301 K for a prescribed duration, (b) heating to a prescribed tenperature
and kept tNerye24 bouss. fhesunethbeol-ekohangoh ZIFcl)l wasldagdgdiin axglass¢ubpasduse t he
m cr obal ance was_ tare just Bdr]i or to Iogq{ﬁrslg t he saagplfe, t he dr¥ wei ght was
directly GBBGHatediOR acHACHE [ing ABPAIRHt he rampyalifsrignal methanol - up
procedur e, , . i he
duration of @ﬁ%%‘%@gg fte\:/\xé@éréﬁ%éht&tg}r%t% “@ﬁ%én@g%%‘??? g%rla%ér&lgfrﬁétrra etr(l a ltt?nder
study. Fohoardioi@mdéleithe 38Rt rﬁdl@cﬂé‘mbs?diﬁ?fin i Pﬁé&@%ﬂmé gIFgpeased each
time a new successive experinment was conducted. Prior to renoving the

sanpl e fr @092 peamipe obadtarated ZIFd 1f was thusrabtained cawnaspaddingtoi 2510
experinments were repeated. These repeat experinents reveal ed excel |l ent

r epr oduci bigliibasedant zingimgaterhexabkdi@®y of the experimental adsorption

i sotherm procedures as well as the stability of the sanples throughout the
adsorption experinments. X-ray neasurenents of the renoved sanples further
confirned j¢e37] | 'Fo?%’ah %HSOTEiQHJe&f)Erih{énttﬂ'tﬁe fetdl F-exRHSRERE 7O 11 Seadher m
experinments were carried out on ZI'F-7 sanples obtained fromthe synthesis
det ai | ed iloadedatipdotlylinahegamipie koldpt bfitiregravithetrivezagedsogitidnawtit and
procedures for Exanples 6-10 described above. [00148] For the testing of
each absomptvated insHbdyaugieg theeenditionndescsibsd ixbxample % oaded with
acetonitrile as the solvent. It was out-gassed for 6 hrs at 301 K under
dynam ¢ vacuum No further heating was applied. The dry wei ght was 46. 68
ng. The s ea g}&ﬁg |y 2 } -

subsequen ex%éri%%@gpfwt %‘?ﬁgirﬁglrsgl?gaf?g%?)@pAéiSdég%tﬁipRga’EF%gi?An '

M cr oscopMiffrashvh X "PRRIF')attehissoSthepueifieal aiftbthie hethehgliexechbhgediZghire 12
shows the CO2 adsorption isothermon ZIF-7 at 301 K. The ordinate djsplays
t he equi | ilBrsamplesiansd fei eatculatedi IgRDhpatigrndshownias she stickypatégrg) based | ower
absci ssa di spl ays,the solute ressure, i,n a,, Ihe,upper absci ssa

i ool aye CRDE Sinels o5 Elstyehie o 2P FERDofisd ndbemp ek RERRRIscS B e po
correspon I : am c
caui 11 bri cerck s etk i P RIS Balth RS 3 sBo B T hghte L AU BIOREN AR EE o1
Po. The fidiffeftiandneBsity $inndrbitbary dmifs) hyainbethe diffespionctinide adeahethi(en and
desorption branches, respectively (the adsorption branch i1s shown with
filled di depreds).egend and the desorption branch is shown wi th open di anond
| egend). [00149] In accordance with the testing procedures, an adsorption
isothermfor nitrogen, N2, was al so generated and is shown together in
Figure 13 x¢ th Lon/ j i I 1 above. In
the testi %%Mr%ﬂ. mear h%ﬂﬁ gh&?&@ggpﬁfeg&%n# ]‘[%p(s)gegﬁfegﬁéﬂhgttﬂg?ﬁflr%ﬂeﬁcéé fsepar ate
adsor pti oRx GARD LR icaltubited POERDSattéass. €t hé Bor@tndtiig Ry dlight di oxi de and
therefore, the adsorption and desorption curves for nitrogen i1n this regine
over | ap f difféicReds Betwean the twe erpérimentil XKRDmtteans oHZlkxdeAfteest pressure

f 106.6 kP 301 K th )t.i I i f bon di oxi de, ,
gi gni fi Camqﬁpgqre@@ﬁap%gh@a %itgéﬁglgg gf ;wlfﬁgct?on 1(;<(;iarksovrs}ereI altered an(?glze as

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



| oading for nitrogen, N2, on the ZIF-7 material. In fact, only 0.02 nmol e/ g
of adsorbed nitrogen was detected at 301 K and 106.6 kPa. [00150] Figure 14
i s a bar woapéy/wsspari ng the correspond%i?g adsor ption | eagiusg®oobiiohe ZI F- 7
material for carbon dioxide, CO2, and hrtrogen, N2, at test conditions of
301 K and 106.6 kPa obtained fromthe tests above. As can be seen fromthis
bar graph, the adsorption loading of the ZIF-7 material for CO2 at 106.6
kPa @01 HOOE3S)apFiguicrisledws thedBermogevimetrid andlpsesqsGAYifontheoadi ng for
N2 was approxinmately 0.02 nmole/g. At these conditions, the adsorptive

| oadi ng r purifie@ndae matbanolexchanged Xk rhdt sampled in sitrdgengmospherg. t he very

hi gh selectivity of the ZIF-7 materjal for over N2 ' |F-7 a

sui tabl e ﬁ%\eeﬂqéﬁtlf”&f:oﬁ@é‘@ﬁ dpﬁgltmde%gme VRFETOSER E’af%ﬁw&g’é‘%’fi onal
isotherns for ZIF-7 were perforned at different tenperatures to investigate
t he adsorption/desorption characteristics of ZIF-7 at higher tenperatures.
The adsor poomss]i s Hip@eT R3fa E¢drming Pledtidh Nﬁéﬁo@éé@}dgmmﬁﬂidﬁgé’:ﬂﬁ& and 323
K are shown in Figure 15. As can be seen in Figure 15, consistent with
adsor pt i osainpbedf pIF-1diprbdyecedas the tenperature is increased from301 Kto
308 K, the transition fromlow to high CO2 |oading is displaced to higher
pressures. This figure shows that conparabl e adsorption |oadings of CO2 on
ZI F-7 occ at orrespondi ngly increased partial pressure. Figure 15 al so
shows thalﬁ@tﬂ%&ém the transition fromlow to high CO2 | oadi ng does not

t ake place under the conditions that were tested up to the maxi mumtest
pressure of 106.6 kPa. Such behavior is equivalent to that of N2 as

exhi bi t ed [001F]gurn tHi8 exahmile, dUAIR-8 metekiat wWeR synthesizedi dibs frambwoble of
adsorbent, N2 is unable to undergo the transition to _a high | oading state.

It is thi ZIFrk bapr shemical gpmpesiion ofbnl; Gyhensin hasristhylimidagelgts: |
d t t hat. d, t d i p_desi gni
B Foct | ve Ewth ABRbdiA-Rasilimieald ¢S ety Bl BEHGR Y Bt 2pREDLRY
. N _ ! . i ! Cai i
bot ' conpdiibis HertEal ik SEARE oy it pE TODE 4ODARS et e, S horm

exper i menfgan@yerkcigpe icede asdefined bly-tRe SmeptationabZablitedA §soeiatidie("§ At hesi s
detailed in Exanple 2 above in conpliance with the general testing

pr ocedur edn the “Aslanpf dsoliteMramesvarkpeesh ¢¢h. Bpedadsy, Fdi- MeCuskes i ng of

each abso in thi Xper i, ment sanple of ZI F9 | oaded with
acetonitrﬁﬁ' ggls?rh 1§§1 ﬁsﬁlﬁ?d “\}\%‘%a%lﬁ?‘?‘g'é&%e‘%@m’g@?s at 301 K under
dynam ¢ vacuum No further heating was applied. The dry wei ght was 56. 35
ng. The sane cl ean-up procedure was applied to ZIF-9 prior to all
subsequent( ri MeRrhesythbsioolitie ZMSGriateeial, 19.5¢ grufizige fteaér on

M croscopy ("SEM') image of this sanple is shown in Figure 16. Figure 17
shows t he talcthysdate (Fn(NQ:)s8dH{2r40.3 mmob Mdad .08 @ok2-Metdybimidazale di spl ays

cbscrssa sl nerusonEd el bl Lottt macl oo™
cor  eepondieh et R BRI cartO8 R BF SRR EIR RRERRMCE AT,

equi | i bri umjystRemalr fentite 19K For 24 halike Afterbedeich, kRe mdBehiqusrakgs for
Po. The filled and open synbols identify the correspondi ng adsorption and

desor pt i odetarded HBlse solab prystallizdd/onf theesidd sl pandthetbettarn past affthegami t h
filled dianond_ | egend and .t he desorpti on branch is shown w {h, open di anond
| egend). [MASTollEcicd %@c‘ﬁ?%‘@ltﬁﬁ?l}ﬁ w@egtgg& wem%vcee%}m%ﬁ% “ﬁ&gﬁrr ption

i sot herm f.or ni g ' t.h in
ot ner I oRbb 1o ot B AR AR RS RASR SR b RSB Pl 1
the testipg vigDANEHRIDMY §o19¥AMWhE detUrité®IRAeHing ddditiS B Bhlorbfopms epar at e
adsorption and desorption branches, and in fact, nitrogen did not |oad

measur abl yc.anl@hmlYItke 9iad wasncapphe andthe mixturawasanesersed imankiliygasonid 8, at

the upper test pressure of 106.6 kPa @ . . .
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



301 K, the adsorption |oading of carbon dioxide, CO2, was significantly

| arger than the adsorption |oading for nitrogen, N2, on the ZIF-9 material.
[ 00155] RAwvQuor@/1:255s a bar graph conparing the correspordirrus2@d®oripe i on

| oadi ngs of the ZIF-9 material for carbon di oxide, 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-9

materi al Rlor6fRniivad Qorefuliieol2d0d usinges pirpte anidredrsiferréd Bamatheel 20 whi | e
the adsorption |oading for N2 was not neasurable. At these conditions, the

adsor pt i venl \daliThg sodidi was wiasigabwitheand\storesl indpivls andibabslgdifmprifechi ng
infinity), 'Fl%gtrati ng the extrenely high selectivity of the ZIF-9
material #3F- over N2, making ZIF-9 a suitable material for use in the
present invention. Exanple 8 [00156] In this exanple, adsorption isotherm
experinments were carried out on ZIP-1 sanpl es obtained fromthe synthesis

det ai | ed i[pQBHPIA odd@rQRtiVAteCRBIR TFABCBe Wutificdd D lidowss Bhmieesdd iRY
procedures for Exanples 6-10 descri bed above. [00157] For the testing of

t he acet omédthana-(exach@0gel) fat Pidtakafip2 douss. ddetsobvend ivolurae Xvas-repkaag| e
produced and activated as in Exanple 3 was | oaded w,th acetonitrile as the
sol vent. EVeRadd bgvtsglbgse@eﬂ@,nogemlgaraed@f - Vﬁﬁﬂ@?d Huarglasy feka.erd No

further heatin s applied. The dr i 6 cl ean-up
procedur o ALl T aPRYbERind BBh Sl ot Ry il s )|
subsequenisoRXREhl {ToM-fetbbiatitel e SMIROHAShESed AndePPabuien kt §23 KOfor 16
M croscopy ("SEM') 1 mage of the acetonitril e-exchanged ZIP-1 sanple is
shown in hogts © r2thove\Whe 20D2h1 GEREGRET tdIRHAQ I Bl poes of ZIF-8. 1.70 g of

activated ZIF-8 was obtained, corresponding to 41% yield (based on 2-

Methylimidazole).

[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.



[ 00158] For the testing of the toluene-exchanged ZIF-1 sanple, a portion of
the ZIF-1 sanpl e produced and activated as in Exanple 3 was | oaded with

t ol uene awWOoLh@®/®615%ent. |t was out-gass%g for 6 hrs at BOI/US2e@erio@ynam c
vacuum heated to 443 K for 2 hrs and theh cooled to 301 K The dry wei ght
was 46.21 ng. The sane cl ean-up procedure was applied to the

t ol uene-exchanged ZIF-1 prior to all subsequent experinments with other
adsor bat e300433camigieg X 8ot Semnihg EbstapyMic®sbbpy ('SEM"pimage of a

t ol uene- exchanged ZIF-1 sanple is shown in Figure 21. [00159] Figure 22
shows t he saniple pf ZHrr8inreduesds of the acetonitril eexchanged ZIF-1 for
carbon di oxide, CO2, and nitrogen, N2, at 301 K The ordinate displays the
equi libriumadsorption |loading in typical units of nmole/g. The absci ssa
di spl ays 9I6L_116: pressure of the adsorbate in kPa. As can be seen from
Fi gure Zz,m—mer test pressure of 106.6 kPa @01 K, the adsorption
| oadi ng of carbon dioxide, CO2, was higher than the adsorption | oading for
nitrogen, N2, on the acetonitrile-exchanged ZIF-1 material. [00160] Figure
23 is a be[00134r41phIn@mmplagﬂlmmghrlr()ebmhﬂiajﬁalm@snﬁmbalmnbeappmngof t he
acetonitril e-exchanged ZIF-1 material for carbon dioxide, COQ2, and

ni t rogen, (RG1234; 0tlasg) wanusad rgragimetdicaly shdractsiz thPa obt ai ned from t he

tests above. As c be seen fromthis bar aph, the adsorption | padi ng of
the acet oﬁﬁ%quFlénfé{%(?ﬁ%lj’@oPrEPm‘fsr?gltgéﬁ?sa"i‘n‘%)’gr@@r nS%sz’ 88%‘?5 algs ghy ngas
appr oxi nat el. . | i t 0 I i

aBBr oxi matklgpéu%zg(ggwf: %ﬁgg%mAtrg eggoéﬁgglh%%dlisgﬁl%%rﬁ?ﬂ;Eg%ésrgﬁlgﬁgv‘ﬁg%oadi ng

ratio for cGffe N o ariSusPRIROFEtERISIbeRPPaiPs td detefhinitheadsptioar y hi gh
selectivity of the ZIF-1 material for CO2 over N2, nmaking ZIF-1 a suitable
mat eri al fiswtherses for théeapioesEIF matereals isynthesiz80 16 Exahipleh b thibulgh ot ed

t hat, al though not shown, the tol uene-exchanged ZIF-1 material exhibits
simlar a@beyet Aba qopsanh terepriphire dihe equilibriumiadsorhags lnading wasexchanged

i o7 bt J ! re M
exper | montieeied i 3APIoGs gt0oaR Brcksbrkd B 45 108 B IR SR Reh BRI P «
detai | ed ?B}éﬁfﬁ&%ﬁtﬁ tROHEVIdE, fBachassiReh hAlf SRhERBEAMhE thots

pr ocedur e es 6-10 descri bed above.
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



[00163] For the testing of each absorbate in this experinent, a sanple of
ZI F11 was | oaded with nethanol as the solvent. It was out-gassed for 2 hrs
at 301 K woadesy/wyisan ¢ vacuum heated tg_ 423 K for 3 hrectasdoiwhenocool ed
to 301 K. The dry weight was 82.07 ny. - he sanme cl ean-up procedure was
applied to ZIF-11 prior to all subsequent experinments wth other
adsorbates. A Scanning Electron Mcroscopy ("SEM') inage of this sanple is
shown in Iprgvided 24e addogbite p2bssapewifotmation swthrt ¢omrolkest Mhensonofollét F- 11 f or
carbon dioxide, CO2, and nitrogen, N2, at 301 K The ordinate displays the
equi | i bri astuatesbive elestronicdvalyes to adjpstahe adserbstepressteayighinthe fegssci ssa

Fi gar o 25 menitiRe dnselive Sk § 348t 85F UH 80Kt anecfed B3 acor pti on

| oadi ng of QX , TelalR ¥ hi r

adsor pti or?d?%rgg%gp %pb ﬁﬁﬂtarnc(égqélr? d‘f‘iér §%gglt(]&gé%p%§'ﬁr’m%r€ilgp hBF(YC?rl\g%ﬁ Fi gure
26 is a bapnAé@pd & B dueh lile. POPFEFRARAISY 28dSarbherchRepuigswas t he
ZIF-11 material for carbon dioxide, CO2, and nitrogen, N2, aft test

condi t i onsised t@@dhikvatik vdtuetn kbtaditbhsi ned fromthe tests above. As can be
seen fromthis bar graph, the adsorption |oading of the ZIF-11 material for
CO2 at 106.6 kPa @301 K was approximately 0 87 mmol e/ g while the

condi 11 ond00 148 LB enG prith Ia e ARGPROT ottt pRRuRstneS e et o1
7.9, ill Ug)briﬁg_oﬁdk&%eﬁi %F ?@Acf‘e?ltih%hf: )ﬁ}i@foﬂali‘ﬁmc%ldﬁb:} KBIRbkddr thAvofd?2 over

N2, makin a sultable materia or use in the present invention.

Exanpl e 1@he tORA266hg b tHdadsoeiiniich ambsaitpiir, tile adwirbertnwasx fidly ments were
carried out on ZI F-% sanpl es obtained fromthe synthesis detailed in

Exanpl e 5 imibwarsed in awaxtdsande specifiadrolyrmidi-el, an@smauny welbineensess of or

Exanpl es 6-10 descri bed .above. {;80166 Fo; i_ge tfsti ng of eac ﬁrﬁso bate in
this expelﬂi“ﬁéﬁﬂ‘,“rgigh |15 HHCTRA D VEUING S d e §€ RPTHTT AROVEE tHEQUER | ent .
It was ou 0 r ] to 523 K
for 3 Insftﬁegﬁ%s?ﬂ%%r?%%%l‘étfﬁy ?'3%151%% %%%H‘rv?/‘%m@lﬂgeﬁstd@mg{s{%. llf’:@atrrrlgé.%eThe sane

cl ean-up RfRAEEHWRhIRthedRRIri b ttRe 4iforBate] heatingwak hlsouleddUeypicallsper i nent s
with other adsorbates. A Scanning Electron Mcroscopy ("SEM') inage of this

sanpl e i s thtoltowingRiteps @lIahdeEidynamio 8aghuns werreappliesk: () out-gassingeatns of
ZIF-8 f di oxi de, . jt , N2, 01 K Th i nat

i 5pl ays. BA8 Fodtr f PERICTREAdSGHT, OF) PEHANHS 3 HresgRPehicrapt abTE ANRSPD/ o

The absci i spl ; t 3 f ot ' As

pe. seen 1 steaph fefeueg AFRR (6) PEGRRCAOL K BeaiSgiPhfionbaliffy 1 The
adsor pt i ORydsaaft fudt Pliof &Y RARIHY MisdtplEMBe deRsveigiinvas aadédy obiagiel t han

t he adsorption |'oadi ng for nitrogen, NZ, on the ZIF-8 material .
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



[00167] Figure 29 is a bar graph conparing the correspondi ng adsorption

| oadi ngs of the ZIF-8 material for carbon dioxide, CO2, and nitrogen, N2,
at test cwodnwwwsssof 301 K and 106. 6 kg(g obt ai ned frompCiiaSt@9ws11above. As
can be seen fromthis bar graph, the adsorption |oading of the ZIF-8
material for CO2 at WD 2009/ 11)52550PCT/ US21109/ 0011 01) -- 106.6 kPa @
301 K was approximately 0.70 nmol e/ g while the adsorption |oading for N2
was approximately 0.11 mmol e/ g. At these conditions, the adsorptive | oading
ratio for CO2 over N2 is approximately 6.4, illustrating the high

sel ecti vi 1)0A47]t hdn thisesamplerddsprition iSothesegxpRPIMenik wege zanried Ul t abl e

materi al fﬁ{?-’/uga?m}l)l%s AT tlllenélyenr%}tlés?sn detailed i -Ex\a/lwr}l%tle 15poVEied 1S
compliance with the general testing procedures for Examples 6-10 described

above.

[00148] For the testing of each absorbate in this experiment, a sample of ZIF-
7 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
46.68 mg. The same clean-up procedure was applied to ZIF-7 prior to all
subsequent experiments with other adsorbates. A Scanning Electron Microscopy
("SEM") image of this sample 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



1. A process for separating CO froma process feedstream conprising: a)
contacting an adsorbent bed conprised of a zeolitic imdazol ate framework
mat er i al wibt2hosznoprsecess f eed- stream con? i sing CO2 and ReTatS2@09/00118¢
pressure and first tenperature; b) adsborbing at |east a portion of the COQ2
I n the adsorbent bed, thereby producing a CO' -lean product stream wherein
the CO2-rich product stream has a higher concentration of CO2 by vol %than
the procesgadife @6 fie@genaNe @ ther LT imgtetialCORr fact fondy 0cd2cinséleseof at a
second pressure and second tenperature, wherein the CO2-rich product stream
has a hi ghdsorbed nétnogen wes detectedpatidp Viglamgh 10eb kPae process feedstream
wherein the zeolitic imdazolate framework material has a framework
structure wherein each vertex of the framework structure is conprised of a

single nme prelg| h: .nal ' ar t he
Fr anevor k 10017 FIEBETisRTer ol ROREEHER BABRERONERE LR RED 5 o
ani on or i3sdifgy bFedel XIF-7 ansteMhiefoRicarbditdiorild, G O,, aRiddiagogen, N, agmanor k

mat eri al has an adsorptive loading ratio for CO over N2 of at |east 5;
wher ei n adendipions ®f 304K agdrlf6itokPaobtiged from N testsrabaver & can B01 K and

e’ ey oo ead. St (At BEEA ST abfepaflo RO
process SuobiSHA AT SIR PSRN 2 BB S PRI o e

process ofio4dial TN, Wi appotififitdly (502 MRS RS © At theietinditiértathd he second

pressure.
adsorptive loading ratio for CO, over N, is approximately 114.5, illustrating the

very high selectivity of the ZIF-7 material for CO, over N,, making ZIF-7 a

suitable material for use in the present invention.

[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.



5. The process of claim4, wherein the second tenperature is greater than
the first tenperature. - 65 - 6. The process of claim2, wherein the

st eps of wbeoprwsmss are part of a rapigl cycl e sw ng adgomrpmsea@n/opriocess and
the cycle time of the rapid cycle sw ng 2%1'0Isorption process is less than
about 1 m nute. 7. The process of claim2, wherein the process is a

swi ng adsorption process and the difference between the nmaxi nrum and m ni num
CO, partial pressures achieved in the adsorbent bed during a cycle is |less
t han 300 kPa. 8. The process of claim2, wherein the CO2 parti al
pressure dxampleg? ocess feedstreamin step a) is |l ess than about 200 kPa.

9. The process of claim2, wherein the process feedstreamis conprised of a
conmbusti on gas stream 10. The process of claim9, wherein the CQ2-rich

product st[ﬁﬁ’fﬁ]ha%nthél%xgﬂ{glg,rgdsm-ptlo%sﬁofﬂé% é&%&’ﬁn%ﬁs i¥re irried out on

ZIF-9 samples obtained from the synthesis detailed in Example 2 above in
compliance with the general testing procedures for Examples 6-10 described

above.

[00153] For the testing of each absorbate in this experiment, a sample of ZIF-
9 was loaded with acetonitrile as the solvent. It was out-gassed for 6 hrs at 301
K under dynamic vacuum. No further heating was applied. The dry weight was
56.35 mg. The same clean-up procedure was applied to ZIF-9 prior to all
subsequent experiments with other adsorbates. A Scanning Electron Microscopy
("SEM") image of this sample is shown in Figure 16. Figure 17 shows the CO,
adsorption isotherm on ZIF-9 at 301 K. The ordinate displays the equilibrium
adsorption loading in typical units of mmole/g. The lower abscissa displays the
absolute CO, pressure in kPa. The upper abscissa displays the relative CO,
pressure, where the normalizing pressure Py corresponds to the CO, saturation
pressure at 301 K. From thermodynamic equilibrium vapor pressure data, a
value of 6583.8 kPa was estimated for Py. The filled and open symbols identify
the corresponding adsorption and desorption branches, respectively (the
adsorption branch is shown with filled diamond legend and the desorption

branch is shown with open diamond legend).

[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 @



11. The process of claim9, wherein the CO2 partial pressure of the process
feedstreamin step a) is |less than about 200 kPa. 12. The process of
clai m9, wber@/rnsiske tenperature of the 5onbustion gas ecraseemmorieduced
prior to contacting the adsorbent bed iR Step a). 13. The process of

cl aim 10, wherein the conbustion gas stream has a N, content of from about
65 to about 85 vol % 14. The process of claim 13, wherein the conbustion
gas streasohds, the@Borivndohdinl ¢ff catbeb didxide,t@Ogbwas sighificantiyolargdr t he
CO2-rich product stream has an CO_ content of at |east about 50 vol %

15. The prtharethe assomtionioadingfesndtragen, Ne #8tthe ZJE:% materéal. t he coe-rich
product streamis further treated in an am ne unit. 16. The process of
claim9, wherein the process feedstreamcontacts the adsorbent bed at a

o o5, DRSS thefic § i) Epifying hekireThndl s tee 2 m o
| oadi ng r 3badingb6f tHLZ o maeriaf forlcatte@sliokide, 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-9 material for CO, at
106.6 kPa @ 301 K was approximately 2.33 mmole/g while the adsorption
loading for N, was not measurable. At these conditions, the adsorptive loading
ratio for CO, over N, is immeasurable (approaching infinity), illustrating the
extremely high selectivity of the ZIF-9 material for CO, over N,, making ZIF-9

a suitable material for use in the present invention.

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.



- 66 - 18. The process of claim?2, wherein the process feedstreamis
conprised of a FCC regenerator off-gas stream 19. The process of claim
18, wher ewo 20692102256l i tic i m dazolate fr wor k mat eri al PoagisacnoAac=o0 pti ve
| oading ratio for CO2 over N2 of at |eaSt™ 25. 20. The process of claim 2,
wherein the process feedstreamis conprised of a synthetically produced gas
stream and the CO2-rich product stream has a N2 content of |ess than 10 vol

%  21. Toe138]oceForahe tdstihglofthe weemi-oxchmged AIFt1 sampledazartior of
framework material has an adsorptive loading ratio for CO2 over N, of at

| east 25. the ZIF-1/sapple pseduasd andmotivatedasonExamples3 prasdeadedrwith- st r eam
OB b R T wR et Romcr e SSBRE STk R EREL ng o
and N2 at \3.hi5Shetb8 %o 45 K B hid aild #HRARDOMI0*301 K. The dry weight

was 46.21 mg. The same clean-up procedure was applied to the toluene-

exchanged ZIF-1 prior to all subsequent experiments with other adsorbates. A

Scanning Electron Microscopy ("SEM") image of toluene-exchanged ZIF-1

sample is shown in Figure 21.

[00159] Figure 22 shows the adsorption isotherms of the acetonitrile-
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 fhe 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.



b) adsorbing at |least a portion of the CO2 in the adsorbent bed, thereby
produci ng a CO2-1 ean product stream wherein the CQ2| ean product stream has
a | ower cwocemwmmwarsson of CO2 by vol %than the process Pegdstoanioand c)

producing a C®2 rich product stream at~ l second pressure and second

tenperature, wherein the CO2-rich product stream has a higher concentration
of CO2 by vol %than the process feedstream wherein the zeolitic

i m dazol al{@ﬂfﬂl?m\lpﬁﬁbummrdo@éd tias, dtHoughmuiskosin tie tohsenehexchiangedich
vertex of the framework structure is conprised of a single netal ion and
each pai r ZdF-conterial exhihdjssimilar adsarptien loddingeharastariatick asthéict ure are

| i nked by the pitrogen at of an i.m dazolate anion or its derivative, and
- 67 - V\héF%tpﬁltfliFée’ﬁélﬂ“igﬁarE[FnI H%ﬁ‘c‘ﬂ“glte framework material has an

adsorptive loading ratio for CO2 over N2 of at |east 5; and wherein the CO2
partial pressure in step a) is greater than the CO2 partial pressure in

step d); %ﬁgogass feed-stream is conprised of a conbustion as stream
the CO2-r product stream has a N2 content of |ess than about 20 vol %

and at |least a portion of the CO2-rich product streamis sequestered at a
pressure of at |east 500 psig. L. . .
[00162] In this exampl€, adsorption isotherm experiments were carried out on
ZIF-11 samples obtained from the synthesis detailed in Example 4 above in
compliance with the general testing procedures for Examples 6-10 described

above.

[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
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loading for N, was approximately 0.11 mmole/g. At these conditions, the
adsorptive loading ratio for CO, over N; is approximately 7.9, illustrating the
high selectivity of the ZIF-11 material for CO, over N,, making ZIF-11 a

suitable material for use in the present invention.

Example 10

[00165] In this example, adsorption isotherm experiments were carried out on
ZIF-8 samples obtained from the synthesis detailed in Example 5 above in
compliance with the general testing procedures for Examples 6-10 described

above.

[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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106.6 kPa @ 301 K was approximately 0.70 mmole/g while the adsorption
loading for N, was approximately 0.11 mmole/g. At these conditions, the
adsorptive loading ratio for CO, over N, is approximately 6.4, illustrating the
high selectivity of the ZIF-8 material for CO, over N,, making ZIF-8 a suitable

material for use in the present invention.
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What 1s claimed 1s:

1. 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 feed-
stream comprising CO, and N, at a first pressure and first
temperature;
b) adsorbing at least a portion of the CO, in the adsorbent
bed, thereby producing a CO,-lean product stream,
wherein the CO,-rich product stream has a higher con-
centration of CO, by vol % than the process feedstream;
and
¢) producing a CO,-rich product stream at a second pres-
sure and second temperature, wherein the CO,-rich
product stream has a higher concentration of CO, by vol
% than the process feedstream;
wherein the zeolitic imidazolate framework material has a
framework structure wherein each vertex of the frame-
work structure is comprised of a single metal ion and
each pair of connected adjacent vertices of the frame-
work structure are linked by the nitrogen atoms of an
imidazolate anion or its derivative, and wherein the
zeolitic imidazolate framework material has an adsorp-
tive loading ratio for CO, over N, of at least 5; wherein
adsorptive loading ratio for Co, over N, is measured at
301 K and 106.6 kPa.
2. The process of claim 1 wherein the CO, partial pressure
in step a) is greater than the CO, partial pressure in step d).

3. The process of claim 1, wherein the zeolitic imidazolate
framework material has an adsorptive loading ratio for CO,
over N, of at least 25.

4. The process of claim 2, wherein the first pressure is

greater than the second pressure.

5. The process of claim 4, wherein the second temperature

is greater than the first temperature.
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6. The process of claim 2, wherein the steps of the process
are part of a rapid cycle swing adsorption process and the
cycle time of the rapid cycle swing adsorption process is less
than about 1 minute.

7. The process of claim 2, 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.

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

9. The process of claim 2, wherein the process feedstream
is comprised of a combustion gas stream.

10. The process of claim 9, wherein the CO,-rich product
stream has a N, content of less than about 20 vol %.

11. The process of claim 9, wherein the CO, partial pres-
sure of the process feedstream in step a) is less than about 200
kPa.

12. The process of claim 9, wherein the temperature of the
combustion gas stream is reduced prior to contacting the
adsorbent bed in step a).

13. The process of claim 10, wherein the combustion gas
stream has a N, content of from about 65 to about 85 vol %.

14. The process of claim 13, wherein the combustion gas
stream has a CO, content of from about 3 to about 25 vol %
and the CO,-rich product stream has an CO, content of at
least about 50 vol %.

15. The process of claim 10, wherein at least a portion of
the CO,-rich product stream is further treated in an amine
unit.

16. The process of claim 9, wherein the process feedstream
contacts the adsorbent bed at a pressure from about 0.1 to
about 10 psig.

17. The process of claim 9, wherein the zeohtic imidazolate
framework material has an adsorptive loading ratio for CO,
over N, of at least 25.
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18. The process of claim 2, wherein the process feedstream
is comprised of a FCC regenerator off-gas stream.

19. The process of claim 18, wherein the zeolitic imida-
zolate framework material has an adsorptive loading ratio for
CO, over N, of at least 25.

20. The process of claim 2, 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
%.

21. The process of claim 20, wherein the zeolitic imida-
zolate framework material has an adsorptive loading ratio for
CO, over N, of at Jeast 25.

22. A process for separating CQO, from a process feed-
stream, comprising:

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

b) adsorbing at least a portion of the CO, in the adsorbent
bed, thereby producing a CO,-lean product stream,
wherein the CO,lean product stream has a lower con-
centration of CO, by vol % than the process feedstream;
and

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

wherein the zeolitic imidazolate framework material has a
framework structure wherein each vertex of the frame-
work structure is comprised of a single metal ion and
each pair of connected adjacent vertices of the frame-
work structure are linked by the nitrogen atoms of an
imidazolate anion or its derivative, and
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wherein the zeolitic imidazolate framework material has
an adsorptive loading ratio for CO, over N, of at least 5;
and

wherein the CO, partial pressure in step a) is greater than
the CO, partial pressure in step d); the process feed-
stream. 1s comprised of a combustion as stream; the
CO,-rich product stream has a N, content of less than
about 20 vol % and at least a portion of the CO,-rich
product stream is sequestered at a pressure of at least 500

psig.





