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FIELD OF THE INVENTION

[0001] The present invention relates to the selective separation of methane
("CH,4") from higher carbon number hydrocarbons ("HHC"s) in streams
containing both methane and higher carbon number hydrocarbons (e.g. ethylene,
ethane, propylene, propane, etc.) 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 methane from higher carbon number

hydrocarbons present in natural gas streams.

BACKGROUND OF THE INVENTION

[0002] Gas separation is an important process utilized in various industries,
particularly in the production of fuels, chemicals, petrochemicals and specialty
products. A gas separation can be accomplished by a variety of methods that,
assisted by heat, solids, or other means, generally exploits the differences in
physical and/or chemical properties of the components to be separated. For
example, gas separation can be achieved by partial liquefaction or by utilizing a
solid adsorbent material that preferentially retains or adsorbs a more readily
adsorbed component relative to a less readily adsorbed component of the gas
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 component or components in a gas mixture to be preferentially

adsorbed within the pore structure of porous adsorbent materials relative to a
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[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 reutilized 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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i nprove the desorption of the selectively adsorbed conponent(s) in the
process. 4 1B Cenperature can then be reduced (or allowed to be reduced)
during the adsorption portion of the PSA cycle to inprove the adsorption
characteristics and/or adsorption capacity of the material.

[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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[0009] Additionally, membrane separation processes can be used for the
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 hés a higher concentration (in
mole% , weight %, or volume % as defined by the process) of a select
component than the mixed stream that initially contacts the membrane. A
"retentate” stream is also obtained from the first side of the membrane which has
a lower concentration (in mole% , weight %, or volume % as defined by the
process) of a select component than the mixed stream that initially contacts the
membrane. In this manner, a separation of components is made resulting in a
higher value for the two separated streams (i.e., the retentate and the permeate
streams) than the original mixed stream that is fed to the membrane separations
process. The physical conditions on the permeate side of the membrane (for
example pressure, temperature, and purge conditions) are chosen so that there is
a gradient of chemical potential across the membrane that is favorable to drive

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

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

hydrocarbon components. In particular, there is a need in the art for improved
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adsorption properties of these materials at pressure and temperature conditions
that would be relevant to separation processes of gases and hydrocarbons of

interest in industrial applications.

SUMMARY OF THE INVENTION

[0012] The present invention is a separation process utilizing ZIF-containing
materials to effectively separate methane ("CH,"), from higher carbon number
hydrocarbons ("HHCs") in process feedstreams comprised of both components.
As utilized herein, the term "methane" is defined as a methane molecule of |
composition CH4 which compound contains only one carbon atom. As utilized
herein, the terms "higher carbon number hydrocarbons", "heavy hydrocarbons",
"HHCs", and "C,, hydrocarbons" are considered as equivalents and are defined
herein as any hydrocarbon compound containing two or more carbon atoms and

at least four hydrogen atoms.

[0013]  In accordance with one embodiment of the present invention there is

provided a process for separating CH, from a process feedstream, comprising:
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d) producing a CH,-lean product stream at a second pressure and
second temperature, wherein the CHy-lean product stream has a lower
concentration of CH4 by mol% than the process feedstream;

wherein the zeolitic imidazolate framework material has a
framework structure wherein each vertex of the framework structure is
comprised of a single metal ion ahd 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 the C,,

hydrocarbon compound over CH, of at least 5.

[0014] In a more preferred embodiment of the present invention the zeolitic

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

[0015] In another preferred embodiment, the C,, hydrocarbon compound is
selected from C,H, (ethylene), C,Hg (ethane), CsHg (propylene), C;Hg (propane),
C4Hg (1-butene), and C4H;( (n-butane).

[0016] In another embodiment of the present invention process is a swing

adsorption process wherein the difference between the maximum and minimum



b) adsorbing at |east a portion of the C2+ hydrocarbon conpound in the
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CH, and at least one C,, hydrocarbon compound 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 lower
concentration of CH4 by mol% 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 the Cy,

hydrocarbon compound over CH, of at least 5.

BRIEF DESCRIPTION OF THE FIGURES

[0018] 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.



C2+ hydrocarbon conpound partial pressures achieved in the adsorbent bed
during a cycle is less than 43.5 psia (300 kPa). [0017] I n accordance with
one enbodvoend/ws2sthe present invention there is provi dedTaspiooesss f or
separating CH4 from a process f eedst r eafy- conpri si ng: a) contacting a
first side of a nmenbrane conprised of a zeolitic imdazolate franmework
material with a process feedstream conprising CH4 and at | east one C2+

hydr ocar bon conpound at a first pressure and first tenperature; b)
retrieving a first perneate stream froma second side of the nenbrane at a
second pr@?ﬁslﬂ]e afdGLRB 2dshosvgthethemaeograbimetiric artadyses (STGAe syEatthest r eam
consi sts of conponents that selectively perpeate through th nbr.ane and
the first a@ém%@ﬁr@eétanéa@ﬁpmtrﬁeﬁmban&?éré%irsampi‘?ﬁ %éjgwp {Tﬁﬂe%lt han the

process feedstream and ~c) retrieving a first retentate stream
wherein the zeolitic i mdazolate framework material has a

[0020] 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.

[0021] FIGURE 4 shows the thermogravimetric analyses ("TGA"s) for the

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

[0022] FIGURE S5 is the experimental powder X-ray diffraction ("PXRD")
patterns of the as-synthesized, the acetonitrile-exchanged and the toluene-
exchanged ZIF-1 samples of Example 3 herein. The calculated PXRD pattern
(shown as the vertical stick patterns in the figure) for ZIF-1 based on the single
crystal structure of ZIF-1 reported in the "Park Reference" as referenced herein -

is also shown in the figure.

[0023] FIGURE 6 shows the thermogravimetric analyses ("TGA"s) for the
as-synthesized, the acetonitrile-exchanged and the toluene-exchanged ZIF-1

samples of Example 3 herein.

[0024] FIGURE 7 is the experimental powder X-ray diffraction ("PXRD")
patterns of the purified and methanol-exchanged ZIF-11 samples of Example 4
herein. The calculated PXRD pattern (shown as the vertical stick patterns in the
figure) for ZIF-11 based on the single crystal structure of ZIF-11 reported in the

"Park Reference" as referenced herein is also shown in the figure.
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e as-synthesized and acetonitril e-exchanged ZI F-7 sanpl es of

1 pheified and thethaabbekdiande@ZRD- Dasdreples Of ixample 4thereirer ti cal

stick

In the figure) for ZIF-7 based on the single crystal structure of
ZIF-7 reported in the "Park Reference" as referenced herein is al so shown

fe  VRIGURE YRR BR300 pIHE &-ray ditfraction ("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.

[0027] FIGURE 10 shows the thermogravimetric analyses ("TGA"s) for the

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

[0028] FIGURE 11 is a Scanning Electron Microscopy ("SEM") image of a
ZIF-7 sample of Example 6.

[0029] FIGURE 12 shows the C,H, (ethylene) adsorption isotherm at 301 K
for a ZIF-7 sample of Example 6.

[0030] FIGURE 13 shows the CH,4 (methane) adsorption isotherm and the
C,H, (ethylene), C,Hg (ethane), and C3Hg (propylene) adsorption isotherms at
301 K for a ZIF-7 sample of Example 6.

[0031] FIGURE 14 is a bar graph comparing the adsorption loadings of a
ZIF-7 sample of Example 5 for CH,4 (methane), C,H, (ethylene), C;Hg (ethane),
C;Hg (propylene), CsHg (propane), C;Hg (1-butene), and C4H,o (n-butane) at 301
K and 106.6 kPa.

[0032] FIGURE 15 shows the C,H, (ethylene) adsorption isotherms at 301
K, 323 K, and 348 K for a ZIF-7 sample of Example 6.



[ 0019] 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. [WO2009AH0EAIRE 3 i s the experinental powder X-r ay pdirfuseeotndmos
("PXRD') patterns of the as-synthesi zedlhnd acetonitrile- 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 sypgp3jur e RGURE-1$ i %psxram%%' Elddtdon Macres&sye"SEM") iageedes enced
herein is also shown in the figure. 10021] FI GURE 4 shows the

t her nogr aZilRe} samplercdl Kresple"7TGA"s) for the as-synthesized and
acetonitril e-exchanged ZI F-9 sanples of Exanple 2 herein. [0022] FIGURE 5 is
t he experinental powder X-ray diffraction ("PXRD') patterns of the

as-synt hegj , t itrilese d,and t t ol ueng- exc ZIF-1
sanpl es oibg‘ﬁrrpl Zﬁgfﬁglﬁgﬁﬁ%%ethgﬁﬁn@ﬁydeﬁ@ggg}t{o&ﬁoﬁgﬁ%\,ﬁa@gelghe
vertical gt £k1Patda@iple dffELdnspibigure) for ZIF-1 based on the single
crystal structure of ZIF-1 reported in the "Park Reference" as referenced
herein is also shown in the figure.

[0035] FIGURE 18 shows the CH, (methane) adsorption isotherm and the

C,H, (ethylene), C,Hg (ethane), and C;Hg (propylene) adsorption isotherms at

301 K for a ZIF-9 sample of Example 7.

[0036] FIGURE 19 is a bar graph comparing the adsorption loadings of a
ZIF-9 sample of Example 7 for CH4 (methane), C,H, (ethylene), C,Hg (ethane),
C;Hg (propylene), CsHg (propane), C4Hg (1-butene), and C4H,, (n-butane) at 301
K and 106.6 kPa.

[0037] FIGURE 20 is a Scanning Electron Microscopy ("SEM") image of a

ZIF-1 (acetonitrile-exchanged) sample of Example 8.

[0038] FIGURE 21 is a Scanning Electron Microscopy ("SEM") image of a
ZIF-1 (toluene-exchanged) sample of Example 8.

[0039] FIGURE 22 shows the CH, (methane) adsorption isotherm and the
C,H, (ethylene), C,Hg (ethane), and C;Hg (propylene) adsorption isotherms at
301 K for a ZIF-1 (acetonitrile-exchanged) sample of Example 8.

[0040] FIGURE 23 is a bar graph comparing the adsorption loadings of a
ZIF-1 (acetonitrile-exchanged) sample of Example 8 for CH4 (methane), C,H,
(ethylene), C,Hg (ethane), C;Hg (propylene), C;Hg (propane), C4Hg (1-butene),
and C4H,¢ (n-butane) at 301 K and 106.6 kPa.



[ 0023] FI GURE 6 shows the thernogravinetric analyses ("TGA"s) for the
as-synt hesi zed, the acetonitril e-exchanged and the tol uene-exchanged ZIF-1
sanpl es olvoBs@mpbm®13 herein. [0024] FIGURE 7 is the expercmast@b/opmsder
X-ray diffraction ("PXRD') patterns of - the purified and met hanol - exchanged
ZI F-11 sanpl es of Exanple 4 herein. The cal cul ated PXRD pattern (shown as
the vertical stick patterns in the figure) for ZIF-11 based on the single

crystal sfgowtjur e RGURE-24lis aePeningsly Efectivn Mrerokc 'SEMY) iniggd 6f £ enced
herein is also shown in the figure. WD 2009/ 10525 / US2009/ 001094 - 10 -
[ 0025] FI GZRE-1d sdnople dfffexanglertbgr avi netric anal yses ("TGA"s) for the

[0042] FIGURE 25 shows the CH4 (methane) adsorption isotherm and the
C,H, (ethylene), C,H; (ethane), and C3Hg (propylene) adsorption isotherms at
301 K for a ZIF-11 sample of Example 9.

[0043] FIGURE 26 is a bar graph comparing the adsorption loadings of a
ZIF-11 sample of Example 9 for CH, (methane), C,H, (ethylene), C,Hg (ethane),
C;H; (propylene), CsHy (propane), C4Hg (1-butene), and C4H;o (n-butane) at 301
K and 106.6 kPa.

[0044] FIGURE 27 is a Scanning Electron Microscopy ("SEM") image ofa -
ZIF-8 sample of Example 10.

[0045] FIGURE 28 shows the CH4 (methane) adsorption isotherm and the
C,H; (ethylene), C,Hg (ethane), and CsHg (propylene) adsorption isotherms at
301 K for a ZIF-8 sample of Example 10.

[0046] FIGURE 29 is a bar graph comparing the adsorption loadings of a
ZIF-8 sample of Example 10 for CH,; (methane), C,H, (ethylene), C,Hg (ethane),
C;Hg (propylene), C3Hg (propane), C,Hg (1-butene), and C4H, (n-butane) at 301
K and 106.6 kPa.

[0047] FIGURE 30 is a simplified diagram showing a process embodiment
of the current invention which utilizes a swing adsorption process with a ZIF-
containing adsorbent material for the selective separation of a heavy

hydrocarbon component ("HHC") from methane (CH,).



purified and nethanol - exchanged ZI F-11 sanpl es of Exanple 4 herein.

[ 0026] FIGURE 9 is the experinental powder X-ray diffraction ("PXRD")

pat t er ns wb 200pe10p2sni fi ed and net hanol - exchanged ZI F- 8 saophmssomwfofesanpl e 5
herei n. The cal cul ated PXRD pattern (s‘nb}/vh 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. [ Q§@s8)F CHREUIRE Shows dihplifiedrdinsray shiewitigCa priveysemboditiits) for
the purified and nethanol - exchanged ZI F-8 sanpl es of Exanple 5 herein.

[ 0028] FI GoREheldurirentadn Gerstiori whidH etilizesra Meortoano pgparatend procesyywithfa a ZI F- 7

sanpl e of Exanple 6. [0029] FI GURE 12_shows the C2H4 t hyl.ene) adsorpti
i ng’ her m gtIFggy?_ltq(nmg sgelectnle membrane for the selective separe(lt(laon ofa he%wy pion

hydrocarbon component ("HHC") from methane (CH,). .

DETAILED DESCRIPTION OF THE INVENTION

[0049] The present invention is directed to processes for the separation of
methane ("CH, ) from higher carbon number hydrocarbons ("HHCs") in process
feedstreams comprised of both components with a process utilizing adsorbents
comprised of zeolitic imidazolate framework ("ZIF") materials. As utilized
herein, the term "methane" is defined as a methane molecule of composition CH,4
which compound contains only one carbon atom. As utilized herein, the terms
"higher carbon number hydrocarbons", "heavy hydrocarbons", "HHCs", "Cy+
hydrocarbons", and "C,. components" are considered as equivalents and are
defined herein as any hydrocarbon compound containing two or more carbon

atoms and at least four hydrogen atoms.

[0050] Preferably the zeolitic imidazolate frameworks are utilized in a
swing adsorption process. The general term "swing adsorption process" as used
herein shall be taken to include Pressure Swing Adsorption ("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.



for a ZIF-7 sanpl e of Exanple 6. [0030] FIl GURE 13 shows the CH4 (net hane)
adsorption isothermand the C2H4 (et hyl ene), C2H6(et hane), and C3l-16
(propyl enep 20ab2@5Bi on i sotherns at 301 K for a ZI F-7 seoplws2abobanpl e 6.
[0031]FIGURE 14 is a bar graph corrparinb“the adsorption |l oadings of a ZIF-7
sanpl e of Exanple 5 for CH4 (nethane), C2H4 (et hyl ene), C2H6(et hane), C3H6
(propyl ene), C3118 (propane), CAH8(1-butene), and C41110 (n-butane) at 301

oo 100, IR R faypomibs G kel enen, sneL o0 |
2009/ 1052 irhRiarolas2 faa SOBOA ZIF") adsorbent materials are incorporated into a
membrane material for the selective separation of higher carbon number
hydrocarbons ("HHCs") from methane ("CH4") in streams containing both
components. The ZIF materials will preferably be utilized in a matrixed
membrane material to facilitate the separation of HHCs from CHy. Ina
preferred embodiment, the feedstream to be separated will contact the membrane
wherein the HHCs and the CH, in the feedstream will be substantially in a

gaseous phase.

[0052] "Zeolitic imidazolate framework"” (or "ZIF") materials are defined
herein as microporous crystalline structures having framework topologies
commonly found in zeolites and/or in other crystalline materials wherein each
vertex of the framework structure is comprised of a single metal ion and each
pair of connected adjacent vertices of the framework structure is linked by
nitrogen atoms of an imidazolate anion or its derivative. The terms "micropore"
or "microporous" as utilized herein is defined as a pore diameter or a material
containing pore diameters of less than or equal to 2.0 nm (20 A), respectively.
Descriptions and the synthesis of some of the ZIF materials that can be utilized
in the present invention are disclosed in United States Patent Publication No. US

2007/0202038A1 to Yaghi et al., which is hereby incorporated by reference.

[0053] The applicants of the present invention have discovered that ZIF
materials can selectively separate HHCs from CHj in streams containing both of
these components. Furthermore, this méy 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



[0033] FIGURE 16 is a Scanning Electron Mcroscopy ("SEM') image of a ZIF-9
sanple of Exanple 7. [0034] FI GURE 17 shows the C21-14 (ethylene) adsorption
I sot her mwD 28@h08shor a ZIF-9 sanple of Exanple 7. [ 003pCEiuSehd/ 0ddshows
the CH4 (methane) adsorption isothermahd-the C2H4 (et hyl ene),

C2H6( et hane), and C3H6 (propyl ene) adsorption isotherns at 301 K for a
ZIF-9 sanple of Exanple 7. [0036] FI GURE 19 is a bar graph conparing the

adsorptio ' f i ' ,
ESre et PrORIES ¢ rcieman Sy By R R bl gk ne)
CAHB( 1- busesvayd, caanporean) it s pretfenred thedt tBi3 1 ads@nptive 06ading Patio for an HHC

component over CH," of the ZIF material utilized be at least 5.

[0054] 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 at least one C,, hydrocarbon (or "HHC") component
over CH, of at least about 10, even more preferably at least about 15, and most
preferably at least about 20. In a preferred embodiment of the present invention,
the ZIF material utilized in the present invention is selected from ZIF-7, ZIF-9,
and ZIF-1. In a more preferred embodiment of the present invention, the ZIF .

material utilized in the present invention is selected from ZIF-7 and ZIF-9.

[0055] In preferred embodiments, of the invention as described above, the
C,+ hydrocarbon (or "HHC") component is selected from ethylene (C,Hy),
ethane (C,Hg), and propylene (C;Hg). In a more preferred embodiment, the C,,
hydrocarbon (or "HHC") component is ethylene (C;H,). In another more
preferred embodiment, the C,, hydrocarbon (or "HHC") component is ethane

(C,Hp).

[0056] As utilized herein, the term "carbon number" when utilized herein as
referred to a hydrocarbon compound is defined as referring to the total number
of carbon atoms in the hydrocarbon compound referenced. For example, a
hydrocarbon compound referenced herein to have a carbon number of "3" means
that the compound contains three carbon atoms. Similarly, as utilized herein the
term "C," means that the compound referenced has X carbon atoms. For

example a hydrocarbon contains three carbon atoms may be referred to herein as



[0037] FIGURE 20 is a Scanning Electron Mcroscopy ("SEM') image of a ZIF-1
(acetonitril e-exchanged) sanple of Exanple 8. [0038] FIGURE 21 is a Scanni ng
El ect r on Wben@swssy (" SEM') i mage of ?}‘ﬁé F-1 (tol uene- exchasg@dpomanpl e of

Exanpl e 8. [0039] FI GURE 22 shows the {met hane) adsorption isotherm and
the C2H4 (ethylene), C2H6 (ethane), and C3H6 (propyl ene) adsorption

I sothernms at 301 K for a ZIF-1 (acetonitril e-exchanged) sanple of Exanple

8. [0040] &'y déscdrbor". baHydhr86dtbeAsI@EI ddEhpdimde &ofiiised bl aetispoae of a
ZIF-1 (acetonitril e-exchanged) sanple of Exanple 8 for CH4 (nethane), CALI

( et hyl enekarbGataomt drahat)least3me Hylrogen etos)., C31- 18 (propane),

CAHB( 1- butene), and C41-110 (n-butane) at 301 K and 106. 6 kPa.
[0057] 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". 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, although it is preferred that the adsorption loading
for each component on a particular ZIF material be measured under the
operating component partial pressure and temperature conditions for the system,
it is often more advantageous to measure the adsorption loading for a particular
ZIF for each component material at more "standard" conditions of pressure and
temperature. Therefore, for the purposes of this invention and the scope of the
present invention, the adsorptive loading ratio for two components (e.g., C;Ha
and CH,) can be measured at either operating partial pressure for the specific
components and operating temperature conditions for the feedstream contacting
the ZIF-containing adsorbent, or at single component testing conditions chosen
herein to be 301 K (28 °C) and 106.6 kPa (800 torr). Unless stated otherwise,
these latter conditions were used in the testing of the samples in the examples

herein, which can be readily duplicated in a laboratory test facility.

[0058] ZIF materials that exhibit significantly large adsorptive loading ratios
may be used in swing adsorption processes of the present invention to effectively
and economically separate HHC components from CHj, in streams containing
both components. Each of these swing adsorption processes are comprised of a
number of "steps" that include a variety of adsorption and desorption steps that
in combination lead to a complete swing adsorption "cycle" that is periodically

repeated. Since multiple adsorbent beds are typically used, their appropriate



WO 2009/ 105251PCT/ US2009/ 001094 [0041] FIGURE 24 is a Scanni ng El ectron

M croscopy ("SEM') image of a ZIF-11 sanple of Exanple 9. [0042] FI GURE 25
shows t hewGHdoy(1vetshane) adsorption isotherm and t he C2HécEatshybdoBY4
C2116( et hane), and C3H6 (propyl ene) adsé?ption i sotherns at 301 K for a
ZI F-11 sanple of Exanple 9. [0043]FIGURE 26 is a bar graph conparing the
adsorption |oadings of a ZIF-11 sanple of Exanple 9 for CH4 (nethane),

C2114 (et
GarB 1. bt B e oo O DR s e

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
purging 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.

[0059] Typically, there is at least one adsorption step wherein a process
feedstream is contacted with the adsorbent material in a swing adsorption
process. The equivalent terms "process feedstream" or "inlet stream” as used
herein in swing adsorption embodiments of the present invention is the mixed
component stream comprising at least two components to be separated which is
contacted with the adsorbent material during the adsorption cycle. During this .
step of the process, the process feedstream contacts the adsorbent material under
certain process temperature and pressure conditions and as the process
feedstream flows through the adsorbent material at least a portion of the "first
component" (or "strongly adsorbed component") of the process feedstream is
preferentially adsorbed by the adsorbent material with respect to a "second
component” (or "weakly adsorbed component"). During this step an "effluent
stream" (or "CHy-rich 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



[ 0044] FI GURE 27 is a Scanning El ectron Mcroscopy ("SEM')

sanpl e of

sanpl e of

(propyl en
and 106.6

separation of a heavy hydrocarbon conponent ("HHC') from nethane (CH4).

| mage of a ZIF-8

Exanpl e 10. [0045] FI GURE 28 shows the CH4 (net hane) adsorption
i sot her mwodotdwsB2HA (et hyl ene), C2HE6(et hane), and C3H@CTpSe@yloere)
adsorption isotherns at 301 K for a ZI Fl%'sarrpl e of Exanple 10.

[ 0046] FI GURE 29 is a bar graph conparing the adsorption |oadings of a ZIF-8

Exanple 10 for CH4 (nethane), C2H4 (ethyl ene), C2H6(et hane),

C3H6

e AP ASprocess fedstbeting be)gre el tHahthe mtabut ane) at 301 K
Pa. [0047]FIGJRE 30 is a sinplified diagram show ng a process

enbodi nentonéertiationwfithatfirstheampoment ihithxhe fftuent xreara. swi ng adsor pti on
process with a Zl Fcontaining adsorbent material for the selective

[0060] 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 "CHj-lean product stream" herein). During
this step, the process conditions in the swing adsorption process are changed to
allow at least a portion of the first component to be desorbed from the adsorbent
material and collected as a "desorbed stream". This desorption can be induced
by a pressure swing, a temperature swing, the introduction of a partial pressure
purge displacement stream, or a combination thereof. In a preferred
embodiment, the molar concentration of the first component in the desorbed
stream is greater than the molar concentration of the first component in the
process feedstream. In another preferred embodiment, the molar concentration
of the first component in the desorbed stream is greater than the molar

concentration of the first component in the effluent stream.

[0061] Although at least these two steps (i.e., adsorption and desorption) are
required in the swing adsorption processes of the current invention, additional
steps may be utilized in the swing adsorption processes. These steps include, but
are not limited to, concurrent purge steps, counter-current purge steps, and/or
multiple partial pressurization or depressurization steps. These additional steps
may be utilized to improve first and/or second component recovery, improve
first or second component purity, and/or obtain multiple product streams in

addition to the effluent stream and desorbed stream described above.

[0062] 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



WO 2009/ 105251PCT/ US2009/ 001094 [0048] FIGURE 31 is a sinplified diagram
showi ng a process enbodi nent of the current invention which utilizes a
menbr ane wepaslsIns process with a ZI F: containi ng sel eeCras20menbroane f or
t he selective separation of a heavy hy’d}ﬁg'car bon conmponent ("HHC') from
met hane (CH4). . DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0049] The present
I nvention is directed to processes for the separation of nethane ("CH4")

from hi ghgesdrigedaibovendarChydescarbon sof "HHCS') koimpophdqess, dtkpldat) eans
conprised of both conmponents with a process utilizing adsorbents conprised
of zeol i t ethangj oeprepalane) andshof'secondicompangnt’r asedescribed above iedHaedni n,

t he term"rretgane" S gﬁfined as a net hagne.nol ecul e of . co sition CH4

whi ch confusAe : BIRCSSH %HPEﬁlatirPée%s:’?lF‘bg the first compepent Juing\Micei n, the terns
e SRR R WO N bR TR pon i uing .
- S i R L et M i T
i m dazol atemipoacetvsorbesreaoeerediihithe 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 préssure conditions in the adsorption step. This desorption can

be further assisted by utilizing a purge gas (as in a "Pressure Purge

Displacement" process) 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. It should also be noted that the swingf‘

adsorption process described herein may include PSA, TSA, PPSA, RCPSA,

RCTSA, RCPSA processes or combinations therein wherein the pressure is

lowered to below atmospheric pressure (i.e., to a vacuum pressure) during at

least one of a desorption step, a purge step, a partial pressurization step, or a

partial depressurization step in the swing adsorption process cycle.

[0063] Figure 30 shows a schematic of a preferred embodiment of the
present invention wherein a process feedstream (101) comprising CH, and at
least one C,, hydrocarbon is fed to a process of the present invention wherein a
Pressure Swing Adsorption ("PSA") unit (105) is utilized wherein the PSA unit
is comprised of an adsorbent material wherein the adsorbent material is
comprised of a ZIF material that has an adsorptive loading ratio for the at least
one C,, hydrocarbon component (preferably C,H,) over CH, of greater than 5.
Here, the C,. component (preferably C,H,) as well as other C,, components are
preferentially adsorbed by the ZIF material in the PSA unit with respect to CH,.

During at least one stage in the PSA unit cycle, a CH,-rich stream (110) is drawn



sSwW ng adsorption process. The general term "sw ng adsorption process" as
used herein shall be taken to include Pressure Sw ng Adsorption ("PSA")
processeswobemp@smiure Swi ng Adsorption_ ("TSA") processesT/URe@dmuries Pur ge
Di spl acenment Processes ("PPSA"), Rapid <ytle Pressure Swi ng Adsorption
("RCPSA") processes, Rapid Cycle Tenperature Swi ng Adsorption ("RCTSA")
processes, Rapid Cycle Pressure Purge Displacenent Processes ("RCPPSA") as
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to facilitate the separation of H-1Cs from . In a preferred enbodi nent,
t he feeds(Olaleahactieans@id) atsechasid highentamtent bECprecdmporenttbyr mioldotthan Hi - | Cs
and the CH4 in the feedstreamw ||l be substantially in a gaseous phase.

[ 0052] " Zethd prosessiegdsistamé1®Danewor k* (or "ZIF') materials are defined
herein as mcroporous crystalline structures having franmework topol ogi es
commonly found in zeolites and/or in other crystalline materials wherein

each vert th ﬁﬂ? r ' | f ' al ion
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| i nked by féd tg @RS AupiE(adfin &t '?Fﬂeﬁls’m'@ler%e Displacanent! procasseat i ve. The
terms "mcropore” or "mcroporous” as utilized herein is defined as a pore
di anet er desaibedtpiordiduciogtatiledsh gnp desorptiomstagesofghe|ayeralt REA excletpal to
2.0 nm (20 A),. respecti yel scriptiopns.and the synthesis of sone of the
ZI F mat er RS NTEMOVIRE é@ %&pﬁ?eepdgopﬁsstﬁgdgr@g%ﬁpn}}%ygmsi ?fnaﬂ’g di scl osed
in United ' ' : ﬁpﬁ Lat al.,
which is ﬁg’%(%kgﬁtl lﬁ?%e?%tclfr g\‘i {eﬂc(i) h@%@&%%ﬁ%@il?gggﬁ %papp %ug(g%gggg? c? he
present i gufgehi RRWRBY FloW 6f ieeddrbdtPCH;L1¢an stream (115), it is known to those

of skill in the art that the flow arrows as drawn in Figure 30 are not meant to

show directional flow within the PSA unit, but that the flow directions of the

various streams may be designed as co-current, counter-current, cross-current, or

otherwise in order to maximize the functionality of the process.

[0065]  As described prior, by operating the PSA unit with multiple
alternating beds/stages in the cycle, a process with a "near continuous" flow can
be achieved. This simulated continuous flow can also be achieved by utilizing a
multitude of stage PSA units (e.g., multiple parallel PSA units) or a combination
of multiple PSA units each with multiple alternating beds/stages. This is true for
all process embodiments as described herein and is within the skills of one of

skill in the art to design with the information as disclosed herein.

[0066] In the PSA processes described herein, it is desired to capture a
significant percentage (or "recovery") of the CH, in the feedstream in the CHy-

rich stream from the PSA unit. In preferred embodiments of the present



materials can selectively separate HFICs from CH4 in streans containing
both of these components. Furthernore, this nmay be acconplished at

condi t i onwoabogprsssur e, tenperature and, conpositions thatraseomwsbmyant to
i ndustrial processes. In order to sepa'r%\]t'e two conponents froma m xture,
t he adsorption loading (e.g., in movle/g) for the first conponent nust be
greater than the adsorption loading (e.g., in mole/g) for the second

conponent jnVeneidnt tHRUOH,RIQCAERNS ebRIARS /dBastd0das1%gdhé CHPsesém iat | ow
rati os of adsorption loading (in W) 2009/ 105251PCT/ US2009/ 001094 - 15 -

mol e/ g) e feedstréamso thoRBAnprocesss . Mione praferablyithe GCHadichgtream nmol e/ g)
for the second conponent, jt is preterred th hi s "adsorptive | oadin
ratio for C%‘*‘W@%‘Pﬁé&ﬁéﬁpl%\ﬁgﬂh@4 E‘?S?Iﬁén%#‘?:%‘?f’éltssgf’?%‘ltol}g? HéZAEd be a?

| east 5. [0054] Since the requic e Chul . 15| . i ng
expenses E(Fﬁfs‘l(’ e‘?vsePdﬁPfq @%ﬁ?r?‘glﬁ’ 3“&?@%%%@%‘8%%@@% ll%\ggtrﬁadi ng
ratios, t%l%@ﬁf@@%?rﬁeﬁ?ﬁﬁﬂﬁe%ﬁ% faiele POAGratédsact i ve utilizing
materials and conditions that | ead to higher adsorptive |loading ratios. In

nore preferred enbodi nents of the present invention, the ZIF materi al

utilized in the present inventign has an adsorptive |oading ratio for at
| east one [€867]hy dAsratheroype O swipgayiserphen pepccss i thepressnt vepdar ds apout

10, f bl | t, 15 f .

Sbout - 90, TRReRREs Shing AsoniLe " mrBesR SeadTRH APl fpbrpize!

mat erial wili | ' tet | ic4l F-9,
T 21 b 1 qdihgfised 874 PIr BAASERL ad R ArBedpSRuATa dediriRditiov is8 1200
mat eri al @i hidestattior (v¢ "BIIECENEompuand (@g., iethydehe etleahef boprofiyene)and

ZIF-9. [0055]1In preferred enbodi nents, of the invention as described above,
t he and the "second component" as described above is CHy. The TSA processes
operate similar to the PSA processes above wherein the partial pressure of the
first component during the adsorption step is higher than the partial pressure of
the first component during 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.

[0068] An embodiment of the basic TSA process of the present invention is
also illustrated by Figure 30, except that the basic difference is that instead of
raising the partial pressures of the stream/adsorbed components during to the
adsorption step(s) and lowering the partial pressures of the stream/adsorbed

during to the desorption step(s) via a change in pressure, these component partial



C2+ hydrocarbon (or "HHC') conponent is selected fromethylene (C2H4),

et hane (C2H6), and propylene (C3H6). In a nore preferred enbodi nent, the
C2+ hydr ogerb@mofmn "HHC') conponent is_ethyl ene (C2H4) pcirnusaswoiobmp4 nor e
preferred enbodi nent, the C2+ hydrocarb%%‘(or "HHC') conponent is ethane
(C2116). [0056]As utilized herein, the term"carbon nunber" when utilized
herein as referred to a hydrocarbon conpound is defined as referring to the
total nU"‘g ssifes@Ré PASe@hRiFowerelN fesPretiRa sl Bp lowarimobnd raisingrtagced. For
exanpl e, ydrocar bon conmpound referenced herein to have a carbon number
of "3" nesdApéranire tofehe componentsdntcantust withethecmisbrptivetmedia. Si il arly, as
utilized herein the term"C'" nmeans that the conpound referenced has X
carbon atons. For exanple a hydrocarbon contains three carbon atons may be

referred rei ) N hydr r.bon". " rnbonsrqal €..C unds
corpr i sed 10164 °1 Jediowalhabled BH R stens KA PSA AT T BrieERS

[ 0057] The oh2hi3 we&hhbied iﬁ%gmvﬁs& bORRIOhE PresenbRREhiibA. daRieat e-
adsor bent "pair, at given conditions pressure and tenperature. This ratio
i s ref err ednibindtepicesses, both praskiwe phd tempemtireghangedr "stings't artei 0 i s
defined herein as a unitless quantity that is equal to the adsorption

| oadi ng (imaderhsteeen thoadsonption steps @bdstsaenption; sienseef thy pPracessdreskibingon

mater | a1 3 2 Jesied Sbpacation OF af et ripoRiBe Lt St sgmBBEG fesmthE *ar t hough
It 1s pr e%@g@%ﬁg@%%bﬁﬂé HiRtd egmg,ﬁggfrmgmfcegs RRARrEATREN S theGRIER of

particul ar e neasure he operati ng conponent parti al
pressure gpSAMPSAirecessconditions for the system it is often nore
advant ageous to neasure the adsorption loading for a particular ZIF for
each conponent material at nore "standard" conditions of pressure and
tenperature. Therefore, for the purpqgses of this inventgf and the scope of

the presef®07¢yendnsmbadimentsefrtheisyang 3430TRYOP PIPEESFES R&¥PBnent s

(e.g., C2E4 and can be. red. at ej . | ' pressure
for the sb%%qn?ﬁog?g@rf%]ﬁm#?aﬁﬁfa&p%jg}%ﬁ%é%%?plg?(g%%edsg g%tg‘?}i %‘gﬁg for the
feedst r eamy&QRE HE AN SRt fGaY AldIbith éslaBinatBh with additinabl e conponent
testing conditions chosen herein to be 301 K (28 C) and 106.6 IcPa (800
torr). Unlkeaspontatsehet AH? miaserials nemyebd atcoeporataddast ¢rystallites of psefdrried t he
testing of the sanples in the exanples herein, whic gan be readi Ib_\{

dupl i cat e@izerend shape odsubstantialy pdprmdjmensions or with dimensions suitably

distributed according to a preferred distribution. The crystallites may be used

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 clay,
a silica-containing material, an alumina-containing material, and a titania-
containing material. The binder material may also exhibit either a microporous
or a mesoporous structure. Additionally, it may be advantageous to add suitably
chosen additives into this binder material. These additives can be used to
improve the adsorption/desorption and transport properties of the selected

components within the ZIF materials. Non-limiting examples of these additional



[0058]ZIF materials that exhibit significantly |arge adsorptive | oading
rati os may be used in sw ng adsorption processes of the present invention
to effectwoeby/asdi1econom cal ly separat e HHC conponent s pCraseddooions St r eans
cont ai ni ng both conmponents. Each of t hedd swi ng adsorption processes are
conprised of a nunber of "steps" that include a variety of adsorption and
desorption steps that in conbination lead to a conplete swi ng adsorption

"cycle" tbhagitives Rsli@dzedlitey an peietsisbro® BE&tdNIhé nitterisldsachagpukeds are
typically used, their appropriate 2009/105251PCT/ US2009/ 001094 - 17 -

ti me syncbilizatesasilicoaluerdephaosphiatesd S8APGQI shsalpminephdsphates (PARQE)s In A
conpl ete swi ng adsorpti.on cycle qn.a partjcular adsorbent bed, .therefore,
conpri sesadirg eﬁ*fedt%g%gtﬁr%t rﬁ'dgﬁbor@i%gﬁt"ledﬁ ageopte-t erz%dg‘tf‘éﬂ@en,

nasor bat ostetids feta¥ St Pitide ek HOAL@EhKAT aRt Higk nEETERpaT hiEritlel 1 L he
through t hfaPJ 286 vd fiﬁﬁfser'sz@d altB9Re hiifix 16 AS4ISY iAthS craﬁﬁuaqfﬁe R@BferioTta® its

adsor bat e ee or su antially adsorbate-free state and further including

any addit ieRah gbﬁt}i)diresﬁtlfei hdat thatris generatedoduring thepex dthermic ey sorption
thereafter to bring the "cycle" back to the first (_:ontacszciyi{rn of the feed
gas m xt usepe@)taf thhswirg addsapton peecass, tharbyashorigning the B‘g%of thee

d bent L.ch h b t.he "o AL thi ' . i
adsor pt 1 ofySlgEPEREsS 10¢iRPyiag thiRFERRut At fbRnEr Binvink I Jhca: o
[ 0059] Ty PiegidikNey bPRIeSzIPmAtertdt 35 addebREAEREIRN cSPBntftesei N @ process

components.

[0071] When the ZIF materials are incorporated with a binder, the adsorbent
material can be formulated into optimal geometric shapes or be applied onto
supporting substrates which further improve the durability of the adsorbent and
the rate at which the selected adsorbing components are brought into contact
with the adsorption sites of the ZIF material. Non-limiting examples include
beads, extrudates, formed pellets, structured beds, monoliths and hollow fibers,
as well as coatings applied to plates or monolithic structures fibers or hollow
fibers. Depending upon the specific situation, inlet stream composition as well
as product stream compositions, process conditions and equipment design for the
process of the present invention, certain structures and/or matrix compositions
can provide improved separation efficiencies and/or selectivities for the overall

process.

[0072] Any of the steps described above (i.e., structuring, additives, co-
adsorbents, etc) that allow a reduction in the duration of a complete swing
adsorption cycle or simply "cycle" are of utmost practical importance since
shorter cycle times result in higher throughputs and/or can reduce equipment
cost. Whereas conventional swing adsorption processes typically operate at

cycles with durations of the order of minutes, with the materials of the present



feedstreamis contacted with the adsorbent material in a sw ng adsorption
process. The equivalent terns "process feedstreamt or "inlet streanm’ as
used her evo 2000/®%dsmg adsor ption enbodi nents of the preseqt/useasnvioon i s the
m xed conponent stream conpri sing at | 245t two conponents to be separated
which is contacted with the adsorbent material during the adsorption cycle.
During this step of the process, the process feedstreamcontacts the

adsor bent iRk Gbhand4RE abov€ hicHtibnRd P66 nesdifcalions iIBRDRERISY €
conditions and as the process feedstreamfl ows through the adsorbent

mat eri al signiféemitlyaredace thendurhtivhef af ¢anspleteoeyude bythoxecthah SO 0YEy adsor bed
conponent ") of the process feedstreamis preferentially adso(i bed. by the
adsor bent copyentional Gving adsospiien P@%Ssﬁecﬁkﬁ?e EAMIRYEIR SWIE adsQERIOT)

adsor bed conponent”). Duri t hj,s. step. an_ "effluen J.eam ~(or -rich

pr oduct Spf%"%ﬁ?esﬁb?%zfrﬁ)eqabpegir %?’Bfﬁ?{a?sea‘éﬁ%wgﬁé‘&‘?‘%@ﬁﬁ% °B$‘bec%r§ wher ei n
the total ;b § ' SRR EHnol i adsor ption
process i é hi gﬁgra?% Rgﬁiﬁaeﬁ}{ gﬁlgﬁt%%ér%grﬁof nol es oggb?ﬁ{e iO?l’glf[ rIgorrponent out
of the swprferddenfbodimentsosfahe pdesent fnventionathedZ it mareridl éputifzediough it is

not necessary, it is preferred that the nolar concentration of the first
conponent swing adsoppler prodess shereinrthe eygledimeis tesathamabaus| laminacad r at i on

of the first conponent i e effluent..stream_ [0060] The swi ng adsorption
ot ocess | Sore SReTeRAY: et B naferial SRR BOThwie Sarotbior fhaRsT ar Tl east
a portion_g@f f. i r i ed by

t he adsor B@ﬁ{ élﬁg{léef ?gllte t:ﬁggﬁsg%ggtg}éépﬂ or%ﬂ \%r?aéteel&gd%?e?{n%@ﬂ%ﬂr giloké(gg&g%gesor bed
streant (emboditicheanthepResst istdrrivm, tHeae shont cyoly fimes fabd fncdisuratddne
process conditions in the swing adsorption process are changed to allow at

| east a pintbiamapid cydle piéssate swingoadsotrptian (R CGRSA hprockspembpdinmentafbent
material and coll ected, as a "desorbed streanf. This desorption can be

i nduced bynePISFRYLOVENtER-ng, a tenperature swing, the introduction of a
partial pressure purge displacenent stream or a conbination thereof In a
preferred enbodi nent, the nolar concentration of the first conmponent in the

desorbed $§¢7M | $n 4h6fHeR entHO@IMERE ofMHeAre S GaVEHtRIN, @i ZIF hieriallcin

conponent "in the process feedstream |In another preferred enbodi ment, the
nmol ar conbeincaporatedintd membimbsanesepacatents processefod deosdlectivt sepamtion

greater than the nolar concentration of the first conponent in the effluent
stream [ @bsfahydeecgsben (o ddHG") semponpd {¢.gpcthylege, ethang %t i on and

desorption) are reguired.in t SWi adsor pt i. r o¢ e he current
i nventi onP}OJH&?‘Fi) ‘Ef%’ﬁ&%@@%‘é‘ ﬂ%ap?sz%odg?ﬂ&?ﬁga ‘i’\%’&ﬁge §5§I§P %t i on
processes coﬂ:@%ﬁ@nt%.t §RShisMBEEmeREla 211 niRéridll iFid&Fpbiated Wit bENt pur ge
steps, counter-current purge steps, and/or multiple partial pressurization
or depr essguited @nt®an shenganicludstratdoh 4 polyaterahatesiatrayd lnéilined in aed t o
inprove first and/or second conmponent recovery, | Ig‘{)r ove first or second
conponent Meuabrape separation Preesss, werehyppredyeinga tZHi-canfigining mermbransn: to t he
ef fl uent r and desarbed st.ream.described above. .l 0062] Ong enbodi nent
of the swillls ZA04BRSFIR0AT PoREBIOTBREAS i PEFmEaton affuly ford Coy

hydrocarbon (compound over CHy. The permeation rate can be typically

described in terms of two multiplicative factors, one related to the diffusion rate

and another related to the adsorption loadings of the components of the mixture

on the ZIF material. With respect to this latter factor, a ZIF material

incorporated into the membrane which has a higher adsorptive loading ratio for a

C,+ hydrocarbon compound over CH,, improves the concentration gradient for

the HHCC,, hydrocarbon compound either at the membrane surface (if coated

onto the membrane surface) and/or in the membrane (if incorporated into the

membrane matrix). This improved concentration gradient enhances the selective



invention utilizes a Pressure Swing Adsorption ("PSA") process wherein the
adsorbent material is conprised of a ZIF material and the "first conponent”
as descrwbedosaosase i s a C2+ hydrocarbon (or "HHC') conmpouwng2¢o8/001094

et hyl ene, ethane, or propyl ene) and t he2¥ second conponent™ as descri bed
above is CH4. In this PSA process, the partial pressure of the first
conponent during the adsorption step is higher than the partial pressure of
the first rd B treRtivg it hd east a
portion in%{%ﬁgagtgggg edql?‘fs@‘t?s%%ﬁggﬁgirﬂ@gaég reco§/g:r}g‘ldﬂh?nrﬁ\§ hte desorption
step and th@nbrine fesaltingpinean mhproveld eecagey of &ilddintthe deqhbtinerprotedshe

adsor bed conponents for reuse in a subsequent adsorption step. This is
acconpl i shetgntate gis¢ampy exposi ng the adsorbent material to | ower parti al
pressure conditions in the desorption step than the partial pressure
conditions in the adsorption step. This desorption can be further assisted

by uti 1l Zifighd). Ui RmbGifmey B 1Y piRsdtitintetititth, | jrbasseieadtied 0cess) Lo

| ower the par pressure o conmponent "duri ng the desorption

step, a pibffpriimPa G. hadidcatbdt @FSHHC) compoturpand CHy gortadtala first
depressurization step as described above. It should al so be noted that the
swi ng adsscidstofonZPF-sontadniggavembranchandeatieastya portivndd theprocesp,  PPSA,
RCPSA, RCTSA, RCPSA processes qr _conbinations, therein erein th essure
s, | ower sdeRds ISamGH TSR RGNS WedBemPgne A 1s TS ey g AERHIA TheBa TS

during at é){f?lg%ﬁlseﬁgbg?ﬂé rr?atgrgél%{s?c{ ai)é}gnétattggt’reﬁnpmfpe?ﬁ{%&e ér f gé)la'l'CH -

pr essuri z or a pa epressuri zation step 1 n SW n

adsor pt i Ofedyf PYeRAREt Svént") il OBRIhEd Bone thtdserbavside sithe Aémbraie andothef er r ed
enbodi nent of the present invention wherein a process feedstream (101)

conpri si npefindatarstream thasobtained bas-a iywenoml Yool CH,fthah the progesscess of t he
present invention wherein a Pressure Sw ng, éﬁjsorﬁgi Qf;,eé PSA") unj.t {105) i s
utilized pedstieam: hEheeguiyalent termsopspeess deedstieamy o stsedelieamet Ay iRl wher ei n

t he adsorbent pateri is_conprised of I .er ] al an
adsorptiv égf‘%‘?}d i é‘s?@k’ﬂ?"l’ & Hf%brgpe %égtge[sgg ﬁéﬁ%&eht}a‘?fg@ gr&)ﬁ%% L onponent
(preferabl; )i i BhEAt Sfcant@OmPri & leadiewoodons,
(preferabl%vgm 1521‘5{@5{161 gs gt her CZeJ':1 conporrllesgﬁ a?e preferentially

adsor bed Ibe separafddwhindheisicehtaoted tvithRBa first sideiof the ZHpeontaimngH4. During at
| east one stage in the PSA unit cycle, a CH-rich stream (110) is drawn
fromthe Psmbrane. dLgmuldbemated thas icspme;capbediments, @1 sHECR S A THARr

f . b % th h dstr. s jti [y,
Guri ng. at bzl B e mermeplegiad R AREZSRERARRE Putrdbralre 1R 0" ¢ Lo
(115) is %%aﬁ%@@%@ﬁ%i@%tﬁ}???}es\éﬂﬁﬁﬁﬂeﬂtibﬂe IEKbUI@ alkoBe Sy ( 115)

has a | ower conten an the process feedstream (101). In a

pr ef er r ed thatithe terAn! perhivatddtichrh ag uséd kerein dddjts ebmpobitforepiopgtters arent ent
of C2+ component by nol % than the process feedstream (101). [0064]1t shoul d

al so be naneasurdddhasgd solely upondhercompoyitianyoidbeistraam thappermeates
through the ZIF-containing membrane. For purposes of this invention, if any
additional stream, such as a sweep stream, is added on the permeate side of the
membrane process, the composition of this sweep stream must be excluded from

the compositional analysis of the permeate stream.

[0075] Continuing with this process embodiment of the present invention, at
least one retentate stream (or "CH,-rich product stream") is also obtained from

the first side of the membrane which has a higher mol% of CH, than the process
feedstream that initially contacts the membrane. In this manner, a separation of

components is made resulting in a higher value for the two separated streams



fed to the PSA unit (as in the "Pressure Purge D splacenent” processes
described prior) during at |east one desorption stage of the overall PSA
cycl e to we®i10s1F1r enovi ng t he adsorbed process feedst peamsecawponents from
the adsorbent material. Al though purge % ream (120) is shown in Figure 30
to be co-current with the flow of the desorbed CH4-1ean stream (115), it is
known to those of skill in the art that the flow arrows as drawn in Figure

30 are nof; t [ | I A S i SLHA hat t he
Phow di robi§ AR el HRANAIE BEHEAS sticufit) Mar ¥ drtnSAIN durcalbthat!

count er - cig feddfo, the nesyAbrankerseparations prduesyi se in order to maxim ze the
functionality of the process. [0065] As described prior, by operating the
PSA unit with multiple alternating beds/stages in the cycle, a process with

a "near c | nuous.. fl n, be achi eved. .This.simyl ated contipuous flow
can al so E@ﬁﬁ[]hl e&éﬂ“‘ﬁ%ﬁﬁﬂrﬂfﬁgﬁﬁ WFPR%S%@%FQ ?DEWWEHF?S (e.g.,

mul tiple | ' ' | ' nits each
with mult igg{bg)dg@% gr%ﬁ[ﬁf%&@%@é@%@ h@%}iﬂsg{ﬁg&gersggé #dosyegﬁégrl cess

enbodi Mentemipyisies CH R didesit dna T, hydrédaibon ifedslsid proceds efitheof skill in
the art to design with the information as di sclosed herein. [0066]1n the
PSA pr ocepsessntiBsentibe vherein nmembriane deparatidns unit 4202 is utilized whereimnt

percentage (or "recovery") of the CH4 in the feedstreamin the - rich
stream f r &h§ Mmegbrape separations whit centains 2 selselivemembyang H@tﬁrﬂgs@w

n'the T o istiphSsL SbAZIE ARELAl 3 Ras o BitorbhFR0sife f fiTthely P00
b ocess, H e B R o P e ne a0 T east 85
mol % of t lige Chdc@npenerit (preferably €xHg) aswelltas ather EgAcqmpeomsds are

preferentially adsorbed by the ZIF material in the selective membrane with

respect to CHy. Here, a CH,-rich stream (215) is continuously drawn as a

"retentate”" from the membrane separations unit (205) wherein the CHy-rich

stream (215) has a higher content of CH, by mol% than the process feedstream

(201). A CHg-lean stream (220) that is comprised of selective components that

permeate through the ZIF-containing membrane is continuously drawn as a

"permeate” from the membrane separations unit (205) wherein the CH,-lean

stream (220) has a lower content of CH, by mol% than the process feedstream

(201). In a preferred embodiment, the CH4-lean stream (220) also has a higher

content of C,,. component by mol% than the process feedstream (201).

[0077] It should also be noted that a sweep stream (225) may optionally be
fed to the membrane separations unit during the process to assist in removing the
CHj;-lean stream components that have permeated from the selective membrane
from the permeate (or "back") side of the selective membrane. This may be
utilized to improve the concentration gradient of the selectively permeated
materials across the membrane thus improving the overall process benefits. In a

preferred embodiment, a sweep stream is utilized which can be easily separated



[ 0067] Anot her type of sw ng adsorption process of the present invention is
a Tenperature Swi ng Adsorption ("TSA") process wherein the adsorbent

mat eri al we 20@mpsissed of a ZIT' material_and the "first pcomgsenendiooas
described above is a C2+ hydrocarbon (o#/*HHC') conpound (e.g., ethylene,
et hane, or propylene) and the "second conponent" as described above is CH4.
The TSA processes operate simlar to the PSA processes above wherein the

partial press WMeECH,-1ehE sfrbamtcontpaneNss thé profedsimdastsRichtledos kQikel S
hi gher than the partial pressure of the first conponent during the

desor pti oas atseyeeptstrehmal | ows at | east a portion of the adsorbed first
conponent to be recovered in the desorption step and the adsorbent nateri al
to be regenerated by depletion of the adsorbed conmponents for reuse in a

cocomnl i oiEfn" Pan BReShER colbBit s, i ST mlatei Bt BRFARPnf Michbfne
tenper at Ugspaﬁ%ﬂ;g g S§s§8fﬁ1*éepr9§éﬁriﬂﬁérﬁﬂmsﬁa%paﬁ£&%r§@@e [RARES AltiY Ror at

conditions int orption’step. This desorption can be further assisted

by utiliziggt en@@,geompdnet hgdrycattun pampondntwves TH gobhit lehst dbous§;
conponent and/or provide heating of the adsorbent material during the
desor pt i omarepcfezablyr e agiserptive loadngaatipris gt least-ahqusd Os pag ever mprgart i al

d i zation st descri pbed above., [ Q068] A di nent, of the basi
ToA pr oceBtetortinat Pt ahOUT A ol F areieted SRR st PAABPBYOH qure 30,
except t havenfi®nPaR ZIF A MifliZed ih ¢ ptdleheRdefiion ¥ N1oGed Hom ki al
pressures of e’ streant adsor be corrponeﬂts uri ng to the agsor ptlon

step(s) andzimweahdZIFPE Bk mére preRpsd @fibedinidig of theprosaasiavesdonuri ng to
the desorption step(s) via a change in pressure, these conponent parti al

WO 2009/ 1@2B1E amterrdutilized(0/tho posénpinysstior 4 mlectcdifmmgﬁﬂ poddEd,
respectively, by lowering and raising the tenperature of the conponents in
contact wPth the adsorptive nmedia. [0069]1t should also be noted that the
steps of the PSA and TSA processes

[0079] In more preferred embodiments, as described above, the C,,
hydrocarbon (or "HHC") component in the process feedstream to the membrane
separation process is selected from ethylene (C,H,), ethane (C,Hg), and
propylene (C;Hg). In an even more preferred embodiment, the C,. hydrocarbon
(or "HHC") component is ethylene (C,H,). In another even more preferred

embodiment, the C,, hydrocarbon (or "HHC") component is ethane (C,Hg).

[0080] The membranes utilized in embodiments of the present invention can
be asymmetric and can be comprised of several layers of different materials. To
improve the mass transfer characteristics of these asymmetric membrane
structures one or more of these layers can be a porous material. A thin selective
layer imparts most of the molecular selectivity in the asymmetric membrane
structure and in a preferred embodiment this selective layer contains the ZIF
material. On the feed side molecules are selectively adsorbed in the selective
layer and on the permeate side the molecules are desorbed. The selective ZIF-
containing layer can optionally include other materials. One of the materials that

can be present in the ZIF-containing layer is a polymer. When the ZIF



can al so be conmbined in a PSA/ TSA process of the present invention. In

t hese conbi ned processes, both pressure and tenperature changes or "sw ngs"
are nade wet@emnsishe adsorption steps and desorption st eps/ushowhelops ocess,
resulting in a desired separation of at2§east a portion of the first
conponent fromthe second conponent of the m xed conponent process
feedstreamfed to the inlet of the PSA/ TSA process. [0070] I n enbodi nents of
the swing :ghaeiA u%%r%ﬁfeﬁﬁwﬁ)refth&hro RO anlohyd@ thhteHial iteselédtivert eri al s
may be incorporared into the adsorption swing process in many structural
for ns andlayeriisicalbeda neked matfikh Tadnhiti gate she effegtoofeantysdefétts of Ipinlaleer i al s
may be incorporated as crystallites of preferred size and shape of

subst ant i a1 the sekeqtiiedayetr@ 1§PFILOB CORfing opreRatation dayeican heyneeporated ed

according.tq a preferred distribution. The crystallites nmay be used
directly é%ﬂk?r‘@gﬂﬁ’éﬁf‘? ﬂnf‘&gresynt hesis steps or be nore preferably

formul ated into | arger aggregates or incorporated into a structured or
matrix material to provide form stability, and/or in conbination with

ot her comph@8gnt aThecOFacomalidng nmahbranalveill typicatlyrbd part of b membranet y of
ot her beneficial functions to the overall process. Non-limting exanples
i ncl ude i masulothatimegJudesca pressure kousing.wNon-limitingiexamples dflFt o form a

tri i Si, bj nd i al | ect.ed f . talli I ,
TR AR RSB Ty B B AP
111 - | =
o e ORGS0l RSB ARG MRS s

i Cr opor OWfd HhorfoliTRRABMMHENS§thukstitese THehibeamd moduld wﬁl&Yy@eal&ﬁvant ageous
to add suitably chosen additives into this binder nmaterial. These additives

can be usedntain segls tvisoldte thastentaiccandperogats ponesef the amsdule andtoperti es
of the selected congonents wthin the ZJ F erials. Non-limti exanpl es

of thesle @&“dieﬁlﬁ Eozy Y%éiOFiW%%S'?%?@f@t%b‘P' §ef§HEPtﬁ§HFéa‘li‘}l§$6E]|§ﬂ%ryst alline
2 um nophBeHnnESuRARTRc TS el mad A Rt B ARRRAERT teYgihe 36" e

additive h%ﬂb%gliﬁgpaceq,ﬁﬁ{n ReFhémpemeSelAurs Netal s or other high heat
capacity and high heat conductivity naterials may al so be incorporated into
the matrix to assist in the capture and transfer of at |east a portion of
the heat that is generated during, the exotherm c adsqrption step(s) of the
swi ng adsd®@f2]lon gTb%féﬁ? mwmn?lcgﬂem ththegndugtry hich gan Beng ycling

process, increasi t hr oughput.. and.furt her i nprovi .t he I
B £+ ot encrasess Ab U prhgitdRPeRtof Mhict haltes O ALARIN SsRiGIBR of,
conponent ethane, CH,, from higher carbon number hydrocarbons, preferably, but not .

limited to, in a gas phase stream.

[0083] On such application is the separation of heavy hydrocarbons
("HHCs") from CH, in a natural gas stream. The present invention may be
utilized to separate HHCs from CH, in a natural gas stream either at or near the
wellhead, prior to bulk transportation of the natural gas and other hydrocarbon
products, or to provide a very efficient cleanup of natural gas streams at points in

the market chain downstream from the wellhead.

[0084] Natural gas is often produced from wells under very high wellhead
pressures. Typical natural gas recovery pressures usually range from about 500

psig (3,447 kPa) to up to about 5,000 psig (34,474 kPa). Since most PSA and



[0071] When the ZIF materials are incorporated with a binder, the adsorbent
material can be fornmulated into optinal geonetric shapes or be applied onto
support i ngoubstsEtes which further inprove the durabil ipCy/ustombeloadsor bent
and the rate at which the selected adso@%ing conponents are brought into
contact with the adsorption sites of the ZIF material. Non-limting
exanpl es i nclude beads, extrudates, forned pellets, structured beds,

monol i t hs ' i | Arodfic€ @ BeitBOSepaPRid1E 8t ToWveR|opefiti
nnnolithiggggpﬂg%h§§g%PF§£§%;%ﬁéqggﬁ%OM/fibers. Dependi ng upon the ;g%cific
si t uat i onprésshes (stpieslly beloposbduit Gi00gsigw3, #4akPa) doitie intet sarramanybsi ti ons,
process conditions and equi pnent design for the process of the present

i nvent i onadsaptian step inUbE preeesahdy isrdesiabledodiwysauisertsns maseriagls aNithie
brocese. PoBvaRaity It filios Tt el et R e o Bruighe
additives ré%gﬁréi‘gﬁﬁ{ ngé’ti"%% ptgpﬁimféhl ow a reducti o,n in the duraii on of a

conpl ete gvm ng adsorption cyc r sinply "cycle" are of utnost practical
i nportance since shorter cycle times result in higher throughputs and/or
can reduce equi pment cost. Wereas conventional sw ng adsorption processes
typicallyl Jat e Itis profaresd ifithenaturaltgasris comprised of @sigrificanieandent wi t h

th t i al ft t..i ti t.h b ti. d
i Moot phetiine, KD B8P OIAng Yo hF pOm o Permn mnd Tl 1 Breraret:
i ¢ ! _ !
conpl ete gye %ﬂ%e%gerg;bg;geégté? B a %%b%%&g@g@g%ggggﬁ&;nam ed by

processes. €se rapi W ng adsor pti on ptoce

t he nat er ipinSatidl 89'1A6B%anddos com@dnércii shies apdeesidéntiAl\Mpes, @brear
particul arly advantageous from an econom ¢ standpoint. In preferred

enbodi nenpsefefabiyngreaterthan aboue®d nwi%.t Ofter| andrpadicuddrly i thei fiissted in a
SW ng adsor ption p‘r'ocESS wherei.n the cycle tine ig | ess than about |
g

m'dnut e, aRBasEsd natwakeanpipductignAhe raw patuel gag offen Goptains HeRILcANt ;
. N quUert o
o oven naPRRBREPEyAE Bhel T ESHRBbHE b Rn0RaR tidReR aRt ot GEERTTY- "

cycle tingg @adgmreembﬁsi chi'be sBparaRido@)ebM tAE SARHDR ity gasisor pti on
("RCPSA") proces$ enbodi ment of the present invention. [0073]1n another

enbodi menthrofigh liquid/gae stparatienat commnicheially Feasmnableatempenatoresi anclor por at ed
into a nenbrane separations Brocess for the selectjve segarati on of a C2+
hydr ocar bFresgwies; muchof dberhightHHGs, guch asrButait linaiteth e theCopepagd Eae) from
nmet hane, in streans conprisi:ng a mxture of these cq n . kn this
erbod men Dy dtocahoisy ok e o o ey Bl et e gy EGRERA, i o

i nor gani ¢ l-?é;ﬂr% t 'sbBArafibA rillyl orl €681y SorRpFRERMAIR
separati o% ogéergs@e@%g?ggy%%% i ng Sgﬁérgl T- cfo tal ni ngfJ men}c))rane". The ZEF
mat eri al diuefaetionnésimiqueshashalimgetrjogenizat i on affinity for a C2+

hydr ocar bon (conpound over CH4. The permneation rate can be typically
described in ternms of two nultiplicative factors, one related to the

di ffusion and anpt her rel ated to dsorption.loadings of the
conponent g“@‘ﬁt he?HS>§fe§F8d & r?fHBV"zF*ifSﬁ&?ﬁP?%qu@WﬁS ngad’ésgﬁ‘?yoc%i s latter
factor, a ;ngé I i | 1 i gher
adsorpti vg;{ldci)l di ng&rd Za{si}ggffi %@%ﬁ%&ggﬁdy%%&&aﬁﬁggﬁgﬂggﬁdg% EPQ’?E?“%}WW oves
t he concepidplen) piopdaties butylere, ldnd Bithie] ttd) AP GRS woripay ndnealt gusr  at
the menbrane surface &if’ ccated onto the menbrane surface) and/or in the
menbr ane ¢omponentspdvdditidnally,dheseecomsponenie oftanmegy to Prirsmiowpd b seet
concentr agllat%?alggraasdsltaennc}argg h?ﬂgseeSHHE cgr%&)%ﬁérllt\é,e if recoverable by economically

viable means, generally have a higher value of product for use as separate fuels

or chemical feeds than as components of natural gas.

[0087] In a preferred embodiment of the present invention, the process

feedstream as exemplified by the swing processes (PSA or TSA) of Figure 30 is



perneation of the C2+ hydrocarbon conpound relative to CH4 through the
menbrane, resulting in an inproved recovery of CH4 in the nenbrane process
r et ent at ewet20®ans2510074] I n this enbodi nent of the presertcTiusz@obimy a
process feedstream conprising a C2+ hyd?’Qmar bon (or "HHC') conpound and CH4
contacts a first side of a ZlI F-containing nenbrane and at | east a portion
of the process feedstream perneates through the nenbrane and is retrieved
froma segepfhristddfaindniiel EREWHRRSNTHE ©H A thE pRodds Tecdstreaid Bam The
perneate stream (or "CH4- [Fean product streant) is obtained fromthe second
si de of t keleottvidlyaepamnet] from therHEKE eompopents i the pivicesnfeddbtasam. Ipwer ol %
of CH4 than the process feedstream The equivalent terns "process

f eedst r eanother peeferred gmbodiment af the prepednven1qiks dhe REACSSH IGedSHEMBr ane

e d Coh N . &It e &
onpri oi nd® SrePBLbEd Rudhe S BREMEs P B s Eiat e o8 RIERER BB G T h
the first o iaqﬁnﬁialg Ewhbreif Phe @'![-%:iBthﬁg@é&ﬁ“fequireéﬂﬂ%|s€1e'éﬁv881t ed that in

some enbogl ment s, sweep stream’ nay be utilized on the perfmeate side of
t he ZI F- cgepaatedrioormehd HHE ¢omphreemeibtiemrosessdeedstrranpr he edditiohal he
present invention. It should also be noted that the term "perneate streant

as used hereferred embadimentspefstheinsesent ipeantioas the €Hagieh steermp gep@ingte| y
th iti fot t .t hat t h
TP cont afsiehq0 el ahihe CEk kgt i B pREFATEH RedsleBi Moty addi ti onal
t ‘ | !
stream s E&?é(;fgga;bslﬁ tflﬁ’gﬁggﬁtch%ﬁ%rd éo@gi?ﬁ%t fohst BE nRGBaBR R @H}S)regentt e

menbr ane nposition o I'S sweep stream nust 'be excl uded

fromthe g¢gehataidligasdbedvihitsiand@vehigofegirefatblys thee@H,-ridDstedamont i nui ng
with this process enbodi nent of the present invention, at |east one

r et ent at e contagnat(least'8SHaol%aif the 6Hicpresentdarthg natiral gas fgbdstreasd from t he
first side of the nenbrane which has a higher nol % of CH4 than the process
feedstreamthat initially contacts the menbrane. In this manner, a

separat | oty TR gR T RSBy LebRi By Sghelenlth e e

utilizing a PSA, TSA, or similar unit containing a ZIF material as described

herein for removal of methane, CH,4, contaminants from the product stream of
ethylene or propylene steam crackers. In particular, it is beneficial to the
industry to separate methane, CH, (undesired component) from the ethylene,
C,H, (desired component) ina hydrocarbon product stream from an ethylene
production plant (i.e., an ethylene steam cracker product). Similarly, it is
beneficial to the industry to separate methane, CH,4 (undesired component) from
the propylene, C;Hg (desired component) in a hydrocarbon product stream from

a propylene production plant (i.e., an propylene steam cracker product).

[0089] Similarly, another preferred process embodiment of the current
invention is utilizing a PSA, TSA, or similar unit containing a ZIF material as
described herein for removal of methane, CHy4, contaminants from polymer
production feedstreams. In particular, it is beneficial to the industry to separate
methane, CH, (undesired component) from the ethylene, C,H, (desired
component) in a hydrocarbon feedstream for a polyethylene production plant.

Similarly, it is beneficial to the industry to separate methane, CH,4 (undesired



(i.e., the retentate and the perneate streans) than the original m xed
streamthat is fed to the nenbrane separations process. [0076] Figure 31

i |l ustratwe 2vémsmsoncept in a schematic_of a preferred egipagemwnbioof the
present invention wherein a process f eedkt r eam (201) conprising CH4 and at
| east one C2+ hydrocarbon is fed to a process of the present invention
wherein a nmenbrane separations unit (205) is utilized wherein the nenbrane

separ at i ORgnipdNENn) Iré1AItHS propAERS I 1E; (desiRsPesmPBA&It) &l a b3dfcarbibeh i s

conprised of 'a Mk" material that has an adsorptive |oading ratio for the at

| east one f&Ristreampion @rpolyproplyteneiprodaetitn) planér CH4 of greater than 5. Here,
the C2+ conponent (preferably C2H4) as well as other C2+ conponents are

preferentially adsorbed by the ZIF material in the selective nmenbrane with

respect t . re, lgh.str 21 |.S: | I rawn as a
"retentat i“%omHﬁﬂé’ R{g%é’“ggﬁlﬂ%ﬁ?’?ﬁ eaﬁ%sfhfgﬁlgﬁ{lgﬁ’gﬁéﬁ)ﬁx? & CH4-ri ch
stream (2 LRl i (PSANGTS A of S0 ;

f eedst rea%@(dzsg??naagmﬂ-m- Ihetgénmgs)frmeea%?l(r%%r)&tg%éa@?(i S conpri ng of sel elgt ive
conponent goipaised @f mecthand, [CHygindiprep¥lenes Crllgiwhergimthetmethane sCH,, in
continuously drawn _as a "perneate"” fromthe nenbrane separations unit (205)
wher ei n t ite pracesstaedsireasans selectvels sepanatsteironpthedioppienetdsily iRdhes t han

h f 01). | f d.embodi he. CHA-.|
St cam ( 220058t SePiEEnE Hghotndt e e o Boa R RSB prosyCIBVER iR 1 ne
f .
process ﬁ?%@{c{g:ﬁiﬂc&ﬁ%éﬁ[ﬁ%zml ieh Hle%éﬂxbﬁ’ﬁlé“%pﬁ?aﬂd?ﬁtp cEWRAP Stream

(225) may 0 rane separ at s unit during the

process t Fiageildtisiconiprisedisfinéthan&H@H, eaid piopsenes QyHg whereit lid  have
perneated fromthe selective nenbrane fromthe perneate (or "back") side of
t he sel ecmethamg@Hgne thepiccennfcedstreammlis seléctivelysgparated frencthecent rat i on

O e o Iea e KLTF! Y LB oL G Y o 2, 20hpas b rorr ane (s

component ST RERSAIAEE oF&RnP RRRSon TR HeR e AR tea D 7 oo

[0078] I'n pid1%&bf fife EFR PPesERD IS thel procédsreBBittdant! Midrel préRefably, tHeeCHgOr ane
rich stream contains at least 80 mol% of the CH, present in the process |
feedstream, and even more préferably, the CHy-rich stream contains at least 85

mol% of the CH, present in the process feedstream.

[0091] It should also be noted that the same processes as shown in Figures
30 and 31can be utilized in an embodiment for the separation of methane, CHy,
from propylene, C3Hg, from a process feedstream comprising both methane and

propylene.

[0092] Another very valuable process embodiment of the present invention
involves the use of a PSA unit containing a ZIF material for the separation and
recovery of hydrocarbon components in what is commonly known in the
petroleum/petrochemical industry as an LPG (Light Plant Gas) recovery system.
In an LPG recovery system, light hydrocarbon gas streams (usually comprising
mostly Cs and lower carbon number hydrocarbon components, including

methane) that are generated by individual process units in petroleum and/or



separations process of the present invention has an adsorptive | oading
ratio for at |east one C2+ conponent hydrocarbon conponent over CH4 of at
| east abowD 2bpy/mBrse preferably, the adsorptive |oadi ng rpatrius200/08t094 east
about 10, and even nore preferably, at-$%ast about 20. In a preferred
enbodi ment of the present invention, the ZIF material utilized in the
present invention is selected fromZl F7, ZIF-9, and ZIF-1. In a nore

pref err ed pefFBeRimRAl pRintd AR RheELM LPO/ fitovery sysiém4bl preessingl Intmdstzed in
the present invention is selected fromZIF-7 and ZIF9. [0079]1n nore
pr ef er r ed casaspthengoul ©f thes LPEsmcobery syistar is tsepapate thg salablelight(gases HHC' )

SOTES (X Sa et N T AR AR
cven, o1 RKERSIER SR e BRIt b g 1

hydrocar bgg h(g:'(f]I :ﬁ'f&éssiﬁgﬁﬁwﬁékt fele@stObRANScdriveldibh uniR08PeVieiLsdgregrtad es

utilized in e ments Of the present invention can be asymetric and can

be conpri fedsaléablepesdicts Gypehas proplrfef rdcbutane). eltiispeneraty idepired to t he mass
transfer characteristics of these asymmetric menbrane structures one or
more of t Keparatethemetbane Fomthese serefwleahla heayier hydrosarkan pipductyy er

St r ot ur o o B GPETERILE0 ARBOGT sbkpi e € LF oS TR BN 2T s ¢ ne
ZI F mat er h?éghar@eﬁﬁ&lefdﬁﬁ%dﬁbtd&n% G&d £ Al 52@@5 tHE péurdfisms Aad/orn the

sel ective yer and on ‘the perneate Si | es“are desorbed. The

sel ective EirEQI%iﬁﬁﬂaDFMt bajter Thémeptianervankainingcfueti gaoisheftermases toefire. One
of the nmaterials that can be present in the ZIF-containing |ayer is a

pol yrer . '¥eam boiderz) iy drooatbointieaters.agretancalse bt nsedrbo generate pOVEOYI% of
another material the selective layer is calleqdq a mxed matrix., To.mtigate

the ef f ecflegm %Plrﬁépé@ﬂ%erd?o"bqrﬁﬁ ‘P\_é"sryidﬁvf‘}?é' BISEERS GAses.ayaste thetedS ar at i on
coating of [ RRABLER oF WA oS Y? el BELERUAE Hot Smblisy <8 T ARBvElguUCt Ur €.

methane can also be sent to a flare disposal system.

[0093] Conventionally, the LPG recovery systems are comprised of a
compression and condensation system where the LPG recovery feedstream is
compressed and then cooled to a point wherein most of the C, and heavier (or
conversely C; and heavier) hydrocarbon components form a liquid phase while
the methane component is still in a gas phase, thereby allowing the separation of
these components by subsequent liquid/gas separation. However, this
conventional recovery technique requires a significant amount of energy to
compress and cool the gas stream as well as a significant cost in compression
machinery and related hardware. It would be desirable to make such a
separation in a significantly gas phase regime through the molecular separation
process as per an embodiment of the present invention. As used herein, the term
"LPG feedstream" is defined as a hydrocarbon-containing stream comprised of

C,, C,, and C; hydrocarbons.



[ 0081] The ZI F-containing nenbrane will typically be part of a nenbrane
nmodul e that includes a pressure housing. Non-limting exanpl es of

ZI Fcont aiwongoyesish ane structures that can be incor por aped/uspaod/odives
menbrane nodul e are hol | owfiber nenbrad®-structures, flat sheet nenbrane
structures, and nonolithic nenbrane structures. The nenbrane nodule wl|l
typically contain seals to isolate the retentate and perneate zones of the
modul e angoggy)Pr eV AtprefavedMRBoginknt GTARE peeseheiniveatibAthefprbbésr et ent at e
strean(s) to the per r‘r%ate strean(s). The seals may al so sefve as a device
f or hol di fgedshreameastexaeneplificdbptiee swirg prochsses€RBAaoeT SAJ wif FigirePisTher e
are many applications in the industry which n benefit t?e rocess of the
present i §oBwprised ofjandiP @ faedstecanywiiersin dhe CHadnithe pregess ‘%ﬁd%gﬁaﬁ’eltshane,

o i o selhiFy SehaRld Rt e HEC CRRRBIS s PR TR eds b alih, 2bion G
heavy hyd%ﬂﬁﬁ{eggﬂ?feﬁ"ehﬂé yqdifrfcRIbEIKE préséntiabetitiin, RS pRddesffeediftBamr esent

i nventi on may utilrzed to separate HHCs from CH4 ih a natural gas stream

ei ther at agexemplificd dyvhklrheabranerseparations précdss af Figuread I sreomprised nat ur al
gas and ot her hydrocarbon products, or to provide a very efficient cleanup
of nat ur alof gad K@ feedstream ybergir thexCHadn the Reacessh fradstresmds selgstivelym t he

wel | head preraisasonperEA cotmpngtty BLARATSet, oR s e L ASEHIPRY  ange
from aboupr%gg{egﬁg%dﬁm%ﬁzs SFRL grlsetR ihRertfnU theXe QG idtSBedm dofttatn ki) -

Si nce npbs

least 70 mol% of the CH, present in the LPG feedstream. More preferably, the
CH,-rich stream contains at least 80 mol% of the CH, present in the LPG
feedstream, and even more preferably, the CHy-rich stream contains at least 85

mol% of the CH, present in the LPG feedstream.

[0095] A significant benefit in the separations process of the present
invention can be achieved over convention PSA processes by utilizing adsorber_lt,
materials comprised of certain ZIFs. It has been discovered herein that some of
the ZIF materials exhibit a valuable feature in the design and operation of PSA
processes, as well as a high adsorptive loading ratio for HHC components over

CH,.

[0096] For an example, Figure 13 shows the adsorption isotherms for ZIE-7
for CH4 (methane) adsorption isotherm as well as C,H, (ethylene), C,Hs
(ethane), and C;Hg (propylene) adsorption isotherms at 301 K. The overall
adsorption loading of these components at standard test conditions of 301 K and
106.6 kPa is shown in the bar graph of Figure 14. As can be seen in Figure 14,
under these standard test conditions, ZIF-7 has an adsorption loading for C;H,
(ethylene), C,Hg (ethane), and C3Hg (propylene) of about 2.60 mmole/g, 2.66
mmole/g, and 2.79 mmole/g, respectively. In contrast, ZIF-7 has an adsorption

loading for CH, of only about 0.08 mmole/g. As can be seen in Figure 14, the



WO 2009/ 105251PCT/ US2009/ 001094 - 29 - TSA processes can be designed to
produce a better separation at |ower operating pressures (typically bel ow
about 500wp@/ 1082447 kPa) for the inlet streamin the adsaspddoonossiep in
the process), it is desirable to have ad#orbent materials with high
adsorptive |l oading ratios that can perform separations efficiently at

hi gher pressures than conventionally perfornmed. [0085]It is preferred if

the naturghsgasive Sloaﬁﬁﬁg "rﬁﬁ@@cgr@t?w%%%ﬁi&%lﬁr \ﬁ?l?h?(l'& cOmpIRhdaRewnCH4.

Dependi ng upoh the poinht of I ni ng and sal e, is preferred the nethane
cont ent ertg?rmeZHla)amvat(OHL is/greardr thanrabeut30ef Suctbhighgrdsatpivet han about
80 nmol % and for comercial sales and residentjal uses, nore preferably
great er t headingsatiosognder thesoZ{E matgrialspery ieigrtive 9d$91'b?%femﬁferf@tls phases of
nat ural gas roducti(% t he raw naj.ural gas often contains significant

anounts o LS & E@%\PEFSF(%WEB B8ns. Al though the water and sone of the

very heavy hydrocarbons can be separated out fromthe sal eabl e natural gas
t hrough |iquid/gas separation at comrercially reasonabl e tenperatures and

pressur esgowqh offt ishitsd hated thiiCEIF-Fyah wail asIF-0)exhibitstaashioe t he C2, C3
and C4 hydrocarbons, are in the formof gases that cannot be easily
ext r act ed isethermyshapeengsrippisatly found is mierdpozews erya@linomatesials ave¢hods rel y on

[0086] 1 ¢ Peoliss: A AwGriPe ot abEcunibe RaEn shiRs e R gEReREs: o,
Iy b ' : i ,
et hane, prdy) Drein S ot R ARARR P MBI SO R YU or 1

as natur a'pr&%ﬁt ARRREBANFgurtdd SHonatHay thd RegRrERTEPIRCs. 18fdrecarbeas to be
removed t0 neet natural gas standards. These HHC conponents, if recoverable

by econoni(H,) ¢,Hi,anddCihhzat30 1gé rdisphy v hysteretic bebandor oharacteniZegdbyduct f or
use as separate fuels or ,gem' cal _f eg((jls t han gs conponents of natural gas.
unique adsorption (solid squares) an esorptlpn?open squares) branches. It = ..
should be noted that although the isotherm for methane, CHy, in Figure 13 does .
not show this hysteretic behavior in the pressure range from 0 to 106.6 kPa as
tested, it is believed that the isotherm for methane, CH,4, would show similar

hysteresis characteristics at higher pressures.

[0098] Continuing with Figure 13, the transition from low to high loading in
the adsorption branch for ethylene, C,H,, in the range of from about 40 to about
60 kPa signals a more favorable accommodation of the C,H, within the ZIF-7
structure than in the Henry’s law-like region below about 20 kPa. Similarly, the
transition from high to low loading in the desorption branch for ethylene, C,Hy,
in the range of from about 20 to about 40 kPa signals the less favorable
accommodation of the C,H, within the ZIF-7 structure. This behavior is the
result of unique energetic interactions between the adsorbed C,H, and the ZIF-7
structure that, as described herein, advantageously enables embodiments of the
pressure swing adsorption processes of the present invention. With this
particular isotherm shape, it is possible to develop an effective pressure swing
adsorption cycle that requires a narrow pressure swing that is only of the order of

the pressure gap that exists between the rising adsorption branch and the



conprised of a natural gas wherein the CH4 in the process feedstreamis

sel ectively separated fromthe HHC conponents in the process feedstream In
anot her pwefheswmwsksenbodi ment of the present invention, troeUsL@ossH4
feedstream as exenplified by the nenbra%'separ ations process of Figure 31
I's conprised of a natural gas wherein the CH4 in the process feedstreamis
sel ectively separated fromthe HHC conponents in the process feedstream 1In

addi ti Ona|de9:_re§§iﬁ§r offtRRCbAREh §1.6f a?ﬁ’&sﬁf&eﬁ@ﬁig offappRoXidfately 20 €340 i ch
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of the CH4 present in_the natural ga edstream ,and ev referably,
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pl ant (i. an propyl ene steam crac er product arly anot her
preferredcpelecess enbodi nent of the current invention is ut| lizing a PSA,
TSA, or simlar unit containing a ZIF material as described herein for
renoval of nethane, CH4, contam nants from pol ynmer production feedstreams
In partic
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pressures at which the cycle would operate. The “working capacity” of an
adsorbate material is defined herein as the difference between the adsorbate
loading in the adsorption step and the adsorbate loading in the desorption step of
the "strongly adsorbed component" (which unless otherwise defined herein is the
highest molecular weight C,, hydrocarbon compound in the feedstream). Larger
values of the working capacity are desirable. With more standard adsorbent
materials that do not exhibit the type of hysteresis behavior shown in Figure 13
(i.e., exhibit a more conventional gradual increase in loading with pressure at a
constant temperature), the pressure swing has to be significantly broader to

achieve an equivalent level of working capacity, with concomitant implications

for a higher cost operation.

[00100] From the previous discussion on the uniqueness of the isotherm
shape, particularly the transition from low to high loading, it follows that in
preferred embodiments of the present invention, the ZIF material is utilized in a

swing adsorption process, wherein the applied pressure swing is less than about



[0090] I n a preferred enbodi nent of the present invention, the process
feedstream as exenplified by the sw ng processes (PSA or TSA) of Figure 30
i s conpriwedo@fiopsthane, CH4, and propyl ene, C3HG6, wher ecm/usheonetobane,
CH4, in the process feedstreamis sel e'cﬁvely separated fromthe propyl ene,
C3H6, in the process feedstream In another preferred enbodi nent of the
present invention, the process feedstreamas exenplified by the menbrane
separ at i 0Rg( IMPAC IhpreferfedithBoditndrits 69 Y c*f& éhtdhvemidia ke ZB¥matarigl is

propyl ene, C31-16, wherein the nethane, , in the process feedstreamis
]sel eg I:I i veyiligepan atsedng adsorptien progass eviesreid3tie, applied Ipeegsnocswingf isdesst r eam
n additional preferred enhodi nents of .the present invention, the CH4-rich
st r eam coithan akout200dd and eygnanere Rrﬁ@r@h’? ];fn’énaitﬁl%q e upliged &ya

feedstream .More preferabl t.he CHA- righ Nt ai n 80 nol %
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-ric | o $ernti ro
feedstr ea?rpb?%b%%%@u@gréaﬁéggéﬁﬁyg? I?E%% @Rgﬂgg%g?pr océilsog’etsﬂa’;g ps hg\(/avfls
i n Fi gur epagOwadppliciopesdite shiihgy erd incorporatet dntoreptesfure swiagsepar at i on of
nmet hane, CH4, from roF | ene, C3H6, from a process_ feedstream conprising
ﬁ% '%n@ce{ss)wbpm@mf the pyesgat inventiopr ddws€ranbodi nent

bot h net hadsorptign§f

mteral {ORPUKLPESHPRiD, Sninetbbes i ofhetlE ATEBRSEIRNI T’ what
- e o0 T BRSSO Bkttt B (1 o
Py ocar b e neP nat harc), U PAt are. gonerated by ndi vi dual
DeCovery Syeromor b ocaes ng I n hoet sasas. the goar of the LPG recovery
systemis to separate the valuable |ight gases (C2, C3, and hi gher carbon
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feedstrea se gases can
have several other advantageous implications for the swing adsorption processes

of the present invention. As also shown in Figure 12, the absolute C;H, partial
pressure region at which the low to high adsorption loading transition takes place
is fairly low. When such partial pressure (P) is expressed relative to the
saturation pressure of C,H, at the temperature of the test experiment (Py), the
transition takes place at a relative P/P, value of less than about 0.012 at 301 K
(see upper abscissa in Figure 12), Such low values of P/P, make ZIF-7 very
attractive for adsorbing C,H, (as well as other C,, hydrocarbon compounds)
from streams that contain low levels of C,H, 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 C,H,/CH, separations standpoint, it is noticed that at the same conditions
of pressure and temperature as for C,H,, the weaker interactions of CH4 with the
ZIF-7 structure do not cause the transition to a high loading state. Figure 14
shows that when CHj 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 C;H, (as



for further processing, used as feedstocks to conversion units, or even
segregated for sal eabl e products (such as propane and butane). It is

gener al | ywoesiwesksto separate the nethane fromthese noreTnsbaabbmoheavi er
hydr ocar bon products and send the CH4-edf t ched product streamto a "fuel
gas" system where the nmethane enriched product can be used as a fuel supply
to the petrol eum and/ or petrochem cal plant units. This nethane containing
fuel gas k»%épﬁ Sthet ESIhy @rdchffonsdApbIRIS) @eRtiv Y8 CHAatatbsd e ditins.0r can
al so be used to generate power via steam turbines or other Bomer recovery
devi ces. WhHeits eapested thatrtaghdreCH, ipartial pressucespemild gvehtuallgicaysesther a

fuel gas systemis not enployed, the recovered nethane ca | so be sent to
a flare ditapsition toyashigher Joadom statevteriekerlaceyin atrnétemﬂfshﬁs%ﬁef?t ‘gsff‘st ems are
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| i quid phase while th ane conponent "is still in a gas phase, thereby

al | owi ng téBpepaeaah@iscbe praseticnatbp raistdtdpresalisaphetrdnsiti citaldgas
separation. Bbmever, this conventional recovery technique requires a
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WO 2009/ 105251PCT/ US2009/ 001094 [0094] I n a preferred enbodi nent of the

present i byefiF-difor other by droessbdnsesisthr e Hs (eshamy) anid €d1p(propylesel. n
processes (PSA or TSA) of Figure 30 is conprised pof .an ,.LPG feedstream
wher ei n t faoeidalsebe ﬁ@t%@éég@nfaéég@f%gﬁr?% &ef 'LQIR?BIRV @épf;\[%é ed fromthe
HHC conponents_qJ /. the. e preferred enbodi nent

of the pr é‘%agﬁ?a'i Sﬁ\?&ﬂ irgﬁ?g‘ﬁﬁge ‘?iragg‘gélg%?e%%ﬂsp}g%&gg%éxenpl ified by the
menbr ane separations process of Figure 31 is conprised of an LPG feedstream
wherein the CH4 in the process feedstreamis selectively separated fromthe
HHC conpor@@l02]i n Rrbm theqreemus déstsssionran the featiirds offthe adsefpsioned

enbodi nents of the present invenfion, the CH4-rich streamcqntains at | east
70 ol % oﬂsqthmmarge@lgelmlniemttqsbn@p@ deseang thegifaipmest Bﬂaw& logdings he
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benefit i e separations process of the presen _
wherein the partial pressure of the C,. hydrocarbon compound in the gas mixture

to be separated is less than about 200 kPa, and more preferably, the ZIF material
is utilized in a swing adsorption process wherein the partial pressure of the C,.
hydrocarbon compound in the gas mixture to be separated is less than about 100
kPa. In an even more preferred embodiment of the present invention, the
processing of these process streams with low C,; hydrocarbon component partial
pressures are incorporated into a pressure swing adsorption ("PSA") process

embodiment of the present invention.

[00103] In more preferred embodiments of the invention as described in the
paragraph prior, the C,, hydrocarbon (or "HHC") compound is selected from the
group consisting of C,H, (ethylene), C,Hg (ethane), and C;Hg (propylene). In



I nvention can be achi eved over convention PSA processes by utilizing
adsorbent materials conprised of certain ZIFs. It has been discovered
herein thwow@mssfi the ZIF materials exhi bit a val uabl ecragtewmoions t he
desi gn and operation of PSA processes,-#%-well as a high adsorptive |oading
ratio for HHC conponents over CH4. [0096] For an exanple, Figure 13 shows
the adsorption isotherns for ZIF-7 for CH4 (nethane) adsorption isotherm as

wel I as C%h&h@??%ﬁ@&km%ﬁkﬁt,(tﬁé tBDRYdradacbdmi(dd "HIICPY t&Rpdund s pti on

i sotherns at 301 K. The overall "adsorption |oading of these conponents at
standar d te#stlensonbi dricther pfef@odd émbodiniés, thek@a. hydrebaniwoni(or tHE®3r gr aph
of Figure 14. As can be seen in Figure 14, under  these standard test
condi t i onsompopnd ipgthaas. dayst prother preferred embodiment, ths &g+ Bydnpcarbon

C2H6( et hane),, C3H6 r,apyl en of about 2.60 nmole/g, 2.66 mmolel/g, and
2. 79 .mol Z?%,Hﬁggbsemlw .lgigﬁof?:yg%ﬂ?'ast, ZIF-7 has an adsorption | oading

for CH4 of only about 0.08 mmle/g. As can be seen in Figure 14, the WO
2009/ 105251PCT/ US2009/ 001094 - 34 - adsorptive loading ratio for the | owest

nol ecul ar [gei(f]t Theapsensiltethperature togireytmstrthe 16218 higly évadihi transigioaat er
than about 30. Such high adsorptive loading ratios render these ZIF
mat eri al s ivtheyisethesat is wHustrrted Semnonmal dutanes GaHio.lHa Figeteeky e Shistfigure

g)r(ﬁlsgln{ si g\é{eﬁ%}g gie L&%%Jiér& isio%hearlmssoforr] %Eﬂo EIP %&F-%l eﬁ-tlzre(eatsem\/\p!eelrzlltu%‘ess, ZIF-9)
namely 301 K, 323 K and 348 K. As the temperature is increased from 301 K to
323 K, both the adsorption and desorption branches remain but are displaced to
higher C4H, pressures. As can further be seen in Figure 15, when the
temperature is further increased to 348 K, both the adsorption and desorption
branches remain and are even further displaced to higher C4H,, pressures, thus
confirming the temperature-activated nature of the adsorption process on solid
adsorbents such as the ZIFs materials of the present invention. Just as the
temperature can be increased to displace or even prevent the low to high
adsorption loading transition for an adsorbate in a given pressure range (as
shown above), the temperature can be alternatively decreased to cause such a
low to high adsorption loading transition to take place for an adsorbate in a given
pressure range or to displace such transition from a higher pressure to a lower
pressure. Such interplay of pressure and temperature can be used to design
advantageous swing adsorption schemes incorporating the present invention over
a wide range of components pressures in the gaseous process feedstreams. It
should be noted that although the experiments whose results are present in
Figure 15 above were only run on normal butane, C4H,o, that similar effects are

present on the ZIF materials for other C,, hydrocarbon compounds.

[00105] In a particular embodiment of the present invention, the temperature
of the process feedstream is reduced prior to contacting the ZIF-containing

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



i sot herm shape not typically found in mcroporous crystalline materials
such as zeolites. As described herein, this unique isotherm shape for

hydr ocar bwooeamoZisk- 7 has i nportant inpljcations and di gtirnustiosebyoenabl es
enbodi ments of the present invention. F?’%Ure 13 shows that the isotherns
for the C2+ hydrocarbons C2H4, C2H6, and C3H6 at 301 K display a hysteretic
behavi or characterized by uni que adsorption (solid squares) and desorption
(open squag §eparfiea FIFRS cohipouRdUr6intEHR 9 Relv phesusd proRusfdedsresnas,her m f or
met hane, CH4, in Figure 13 does not show this hysteretic behavior in the
pressure rapgaally wihed the tafpeatkies ofishe pricess faetlsirearhehaybedigmficanthe

i sot herm for nethane, woul d show sim | ar hysteresis charﬁicggﬁri stics at
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t he desor (7t farexangsiehcdmachaevey h sipmifiCRitsepantivhefGiefrom CHgrmt abarut 20 to
about 40 kPa signals the | ess favorabl e accommodatign of the C2ZH4 within
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adsor pti orxemplifictifor noafal h@tané, OH [Qus Carebs seen FoimBigubalsis only of the
order of the pressure gap that exists between the rising adsorption branch

and the danversiydydeducing the temparaiuxe ofethe progass feedstresmi prjonto

imately 20 t kPa i.n, thi le). It, b that. this hold
FPbe T or - chutasiinn she 20 SontaiRingGATbo BIbirb SRRt SRRSAUARP G et
i roves i i r : i i . As it
can be- sedbi S G.bERMIETd B yyABN PRGN URE (o liChBRE ARRS; S !

Fi gure 13 ofhea@oiplitie aRd desorpeiotl HraREIRRA6 1oWer Prassmn®n] IAD@IWEBBd ] thes
adsor ption/ desorption points in the hysteresis around 5kPa), the present

i nvent i on featareais | notvlintiteetopColf yeamd idis netey thatethat siméles gherastériggicstave achi eve

the signifigcant | oag, nd unl oadi of propylene in the ZIE-7 eri al
which is @éhﬁmaémﬁﬁaﬁg&ﬁs om?rfzp%u%g?%hg ,éii?:‘ll as bpb@@&mtefiéoa 6 wor t h
noti ci ng I e i i hrly large "working
capaci ty" k%@%@%ﬁéﬁé@@@%&ﬂo% Sé@ﬁgcfgftsﬁtg%glro\g%&eg?)?,S_Ilgislgl!seen fromthe
l'arge di f {RAQBERisHES WREEKHIBRed %?CihE‘QHFBQ miaf&id1 Qo RN Ein PreCP e8] at

whi ch the cycle woul d operate. The "working capacity" of an adsorbate

mat eri al ias selaf imEgubeld @i n as the difference between the adsorbate | oading

in the adsorption step and the adsorbate |loading in the desorption step of
the "strongly adsorbed conmponent™ (which unless otherw se defined herein is

he hi gh i ght. C2+ hyd b d i f eed :
Lar ger “vattoulBR)F A cubFatiis i aly P58 bragst PARREM ey ot i uRGHE o o
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shown in Figure 15}» (1.e., exhibrt a nore conventional gradual i1 ncrease in

| oadi ng wotlerZIESantceiald having asffervnt compesitions @)f matter, whictsexlebitwi ng has to
be significantly broader to achieve an equivalent |evel of working
capaci ty, sinilar enengetia irdenactionps Wty ¢asnponents such atherHe 88d Gher Bhusn.
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utilized in aswn 0 I on process, erein pressure sw ng
is |ess tifignZBERGyh pressure swing adsorption processes. As described in Examples 1

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

Figures 17 and 18 show the corresponding adsorption characterization data for

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



300 kPa. In preferred enbodi ments of the present invention, the Z1F
material is utilized in a swing adsorption process wherein the applied
pressur e woi20@/10s2shess t han about 200 kP(?; and even nor ecprest@oabloys t he
ZIF material is utilized in a sw ng ads® ption process wherein the applied
pressure swing is |ess than about 100 kPa. In an even nore preferred
enbodi nent of the present invention, these narrow applied pressure sw ngs
are lhcorﬂ)&{cﬁhgdcwﬁsma shighely High&VCSIg, prtssuretin RIF(9 B4 Abait S0ee60

enbodi ment of tThe present Tinvention. The term "applied pressure swi ng" as
utilized kPapihaniis ZE+V Gieel, aboutid) ti 60 kPahatcthesamedemperature ahdl0 hiKni num

o be- sepdias GHITFRsS REeFRAL o) andabr| BHEwn) felfds sasgul bed during a
P gur o it pereprait Wbherh i E Rt tondihd Ao bABEPItATPafe T o7 The

swi ng ads%hpiﬂ%&anﬁaﬁggoﬁfchmtmﬁﬁ@%e SOMRRASN thRSsam&0 shown in
Figure 12, the absolute H4 partial pressure region at which the lowto

hi gh adsoipterestinghadis shotvnanscomparing Fegunek ddeandsl 9, ahe hgsdrptive Weehngsich
partial pressure (P) is expressed relative to the saturation_pressure of
C2H4 at t mecthangy &Hs. @sevell ag the Cashydroparbppwempaids testedtGAhsi ti on t akes
pl ace at el ativ / va f . less tha ut 0.0 1 K (\see upper
absci ssa 2??&'@8#@64'%@8?38#1[{%% (Pé?%@&ngk %?ggpmeqz.ﬁ%ﬁ“ (jg?@feﬁé ractive
for adsorhj 1 It .QnPEMRd rom

st reans tﬁgg%ﬁ?ﬁgﬁ@m\%gﬁgyo Cézrl—fmag':bﬁg%lgg\gﬁ?%&ggmgi@ffi Cul,fﬁq(s% adsorb
wi t h nor e regulté faithenilustratesthe aldsahtages aad bréith ofiapplicativarstofehe @Essure to
achi eve an acceptabl e adsorption |oading at the sane tenperature. Even nore
i npor t ant naterala of2ke presentinyeption fonsepatatingigaseaus mixtyres gontabuagt hat  at

t he sane itions of pressure and tenperature as for C2H4, the weaker

i nteracti gﬁggwwr\ﬁstaﬁdt + $hreu §WHE»@G§@HB“|P6?CQ§§%e the transition to
a high loading state. Figure 14 shows that when CH4 is contacted with the
ZIF-7 material at pressures as high as 106.6 kPa and 301 K, the adsorption
| oadi ng T ¢0@I0T | OV disBusselipRioy, § nlavt KédWinathe cRsieRBindulstry T8 Y gi Vi ng
rise to a high adsorptive |oading ratio for CCH4 (as WO

2009/ 1052 sfflectivega0phiseqiroeesses §ar theweparationamifimethane fitppal HHdGr bon

conpounds) relative to t those conditions. ile it.is expected that
hi gher CI *PIRGHRAHS fire-pashyiresardons Hinthe Feeayery a\é\aﬁedwm oERsERalon 1o a

hi gher | oadi t j F=IFEN | F- same
Fenpor at ugds GPER el oW e Byfifing I §ERlaBle fyarclfbotcofpdent £ POT2 e
knows t hahaARSI08A3L hRRoNMINLITRAA gaS Ficl & RHtAinWoinddviey 8F RibhRPdaiboat the
tenperature can afl so be proportionally raised to prevent such transition to

occur andnumber hydummarbaisgini the gasstrammurlnsoaie i@skantes)théseahigher ¢arbont he
adsorbent material, which is a key objective of the separation process
where it nymheshydepcasbenrsacadte heemaeddnmrder for thenaualgasdammesit er i al
with the ﬁref.ﬁrred sgrbate cofrifpo[]e(gtt. |t shotjl ctlual so be notted t hat that
simlar chRBYAEE/IONS 0L Iransport apdSaic %(g;n%eﬁg@ Py r%tg?grprﬂ%ﬁ dcar bons, such
as C2H6 ( gﬁfﬁ _H@lﬂl : I ; simlar
character ?é({@g@aa{%q%x |@ir¥(§{j y ?!}géﬁl{égégﬁ%{gﬁe&f &g%g\%ﬁﬁ\ﬁ% rrpltg 7, as

wel | as shiggher cafbopumenbér hyldiot&dbbnk from tthe mptkatie) wheteinahe diigheron t he
features of the adsorption isotherm particularly in enbodi nents desiring

the att ai Gathon fmbgrgtydroeatbags sold anséoputalized eximeee vaklvable produets;
pressures, i,n referred .nbongirre of , the present invention, .t ZIF
atortar - suclas T PEEand hlfier SaRREpERalsnR hifroshias Prossiativafite Thifie a
pressure : i i r par at ed
< ass  RroCeaRnEoT SR HABER 10 BIERANTE, kenbeniRF of e € i tobirbDf
utilized inihtérigldifits RS Prdticksd Wit s Wb praiont ligaeRRtibh If the Aatwale of the
C2+ hydrocarbon conpound in the gas mxture to be separated is |less than
about 100 gafproduct streameaturing teanspettationdndsedi ment of the present

i nvention, the processing of these process streans with | ow C2+ hydrocarbon

conponent partial pressures are incorporated into a pressure sw ng
adsorption ("PSA") process enbodi nent of the present invention.

DTX




[00103] In nore preferred enbodi ments of the invention as described in the
paragraph prior, the C2+ hydrocarbon (or "H -1C"') conpound is selected from
t he groupwoan®imwsisng of C2I-14 (et hyl ene{, C2H6( et hane) pcanud26081d61094
(propylene). In another preferred embotf nent, the C2+ hydr ocar bon (or
"BBC') conmpound is ethylene. In another preferred enbodi nent, the C2+

hydr ocarbon (or "111-1C"') conpound is ethane. In yet another preferred
embodi nen}[oofds} CatHdibhakaceaipdsition b¥ the)natariP eHs el BstéRy pRstRiced 00104]
The use of tenperature to prevent the lowto high |oading transition in the
i sot her m ifiom Mellstwidl eatyffoomrfoelddad fleld,anany 6f Hid3e niaturkl gas Beldstredhiss fi gure
contrasts the adsorption isqgtherns for, H10,in ZI T-7 at three

t enper at ufeRtaimaangg apeount of spethane, typisally withanathane eonsentatipns pf

i ncreased from 301 t 0,323 oth the adsqorptiion_ an i.on branches
remain butgrerf?%r tg'lag 858'(’:%%; Wl%'gﬁﬁor&m%%bcfegﬁfﬁﬁe@turﬁi gggﬁ%icﬁgtf%é?gbe seen
in Fi gu.recééth@S'ﬂnétﬁﬁnée fl@%ltga?er'tﬁaﬁ as&ﬁtea"ds 89 aRg tn s6m34fistincdot h the
adsorption and desorption branthes remain and are even further displaced to
hi gher Cawhamnettgineadntédrit¢an berdvienrgragtet theant aboue 58tmokoadh itheseddtterat ur e of

the adsorption process on solid adsorbents such as the ZIFs materjals of
t he preseinstanegsnitivveryreonomicallpaticachze 40 be ablato eperptecs ees efifieisntli spl ace

t .the | ta hi d ti I i t iti f
Sdsor bat SPFeR b sppuaton ol el ieS Ao mrhnt ap At SR sRA AR can
be al ter ”@&%A&ﬁ%}’ @%F?%%?WES% rﬁﬁe&ealﬁg&ﬂganémoheem&%& rBisk@n | oading
0 of anh adsor bat

transition ake place In a given pressure range or to
di spl ace fufdin hfedds atwater-fice(dey)baglyer pressure to a | ower pressure. Such
interplay of pressure and tenperature can be used to desi gn advant ageous
SW ng adsorption schenes incorporating the present invention over a w de

e not ec HHOYAI oG ieHat prghlm et Saingaant seamredon Rt Hibaent i n Figure
15 ab I 0l ‘ t
procont _oborparos if il A f¥kal s BfEeos e 358 pltht s SiehfiE e o)

In a parth@ﬁﬂlWo&ﬁﬁfé@ifﬁ&ﬂtth@gaE mﬁlwﬁmtvewhegﬁmnheadzl?résmgr ature of the
process feedstreamis reduced prior to contacting the F- cont ai ni ng

adsor bent Typical naturalTgasseeoayipressuréssugpmtlyirange fioym bbomtf 540 psigBdd7it i s
desired Q separate a HHC conpound from CH4 in | ow _pressure process
f eedst r ealBa) WsHRtq abeus P peig 3ty r%g%mq%ggér @R,‘g?gAf eedst ream may

be significant enough to.a eci a?l sEi&{t t he adsorption and.desorption

branches PEOPERGAN TS o produse Bheter separaion 2t lowes apsrating t ¢ om cra

than thos re%é‘nﬂ%&i(@@?@ﬂlfﬁelbﬁ*"@dox&%@f‘f{s?%?ﬁ&? _kﬁ)f@th@%n&??ﬁeérhﬁff‘ﬂ'fé gure 13
, r exa e, can achi e C2H4

herein, ZIP.- 7 npl a significant separation of

from CH4 adsorption atdpi iarthe peoqess plivisakesirableltodtave &dsorbefd maYeriaislevitH ow C2HA
partial pressures conditions of |ess than about 60 kPa, However, these
adsor pt i ohigheadsomtivnlogdingcrasios dhatfeantperfrghseparatiens efficigntly afhighetssur es
at elevated te ratures, .as exe ified faor normal butane m as can be
Seen 11 oniEies than CompupBafly Peprmetl, A o PEsuiB ASwIR « he pr ocess
f eedstrea L i : [~ Al < af,

i ani 11 caprorens e BRSRAHgntioR cahyry e G RHIECHRAR pRARIeSr

pr essur esledsi¢hdno2 S0 psigq [ EI0Pd);, figothier EmbeidimbBatsaBSAr oid T8 Aapebedsseer pt i on
branches to | ower pressures. As described, this feature is not limted to
C2H4, andof thei presentdavertion carabe operated atdnlet streami pressiwenineexsass bft ed by

L Rt M AAOSALe S0, 23 B el AP, ah B! oL
are exhi bLERELPYLAG mrlésule BRIGRS tRin THAWD S0 hIrS L8 kPa) FilMRKrnat tiEen 1N

Figure 17.
desired to maintain a good selectivity of the separation made, effluent stream

pressures of greater than about 250 psig (1,724 kPa), or even greater than about
500 psig (3,447 kPa) may be obtained especially when utilizing a ZIF material

with adsorptive loading ratios for a HHC component over CH, of greater than



[ 00106] The characteristics, and sw ng process inplications, of the unique
adsorption isotherns showmn for ZIF-7 in Figures 12 and 13 are al so

appl i cablwot2e09fobsn ZI F materi al s havi n& di fferent conpesirtusen®/oofosdrat ter,
whi ch exhibit simlar energetic interattf4ons with conponents such as C2H4
and CH4. Thus, while ZIF-7 contains Zn as the single netal ion, ZIF-9 of
Exanpl e 2, which contains Co as the single netal ion, also exhibits the

advant ageghg@sy.i ReAntAfiifb thé éfﬂ@érﬁsﬁreﬁﬂﬂ-zﬁrtﬁéﬁuﬁ%héﬂﬁl): gsuds iy pti on
processes. As described in Exanples 1 and 2, both ZI'F-7 and ZI F-9 have the

same crysteabndmivalyalekired toatinimizeShBrepriegurization eguipréntsanalendngy
correspondi ng adsorption characterizatiqn data f .F-9. Figures 17 and 18

show t hat reqwared torsup thepuribied patralgas ya pm%lmep?é ipgling BEesSWESdekurs at a

2 ry () San r e PUSAEE R s prigble freopE Bt pRY piRe SR e "
di 1 er encgp it 96T, 71 €kPapFaieh 200T3sTR(13,700 RPhpot s some smal|

differences I n energetics between the correspondi ng adsor bat e- adsor bent
pairs but the overall adsorption characteristics are substantially the

sane. Interestingly, as shown by conparing Figures 14 and 19, the,
adsor pt i vé00 &M néﬁ‘lerm’t)ﬁ%ﬁﬁ% otthe presentdnyvention ean eilize,the GHhadsowpieoRpounds

tested, C2 .et hyl.ene) . ,C2H6( et ha .. C3H6 (propyl en H3 r gpane),
o1 16 1- Frenls A LRNe iglier Aserten o Heyrentneuh SRfng Afkrpiion droBiSRY o1 - 7
and ZIF-9 Lol t

breadth o Ogg%il%fec%{l?gﬁg{%ﬁehgu%ﬁ?w 'E[ﬁeljreitg?g’éo Rﬁsmr@%gﬁﬁgﬁ ention for
separ at i ngngddeserpsiofloftHHES (LN 31 hy o catKormsy imthe W anateridideldveugh sw ng
adsorption processes. [00107] As discussed prior, a major need in the
current i fHistAydescribed earlier higheadsaspvateading ratnsesanthe maindaiwedat at i on of

met hane from HHC ounds (i.e., C2+ hydrocarbons) in the recovery and
product i ofGFAHAE wpfgﬂaf PressHIGS Y raperating (e RTacessehaAhRIZNET 4 val uabl e

hyd b f : : ield
contarn S mPRERRReta Ryl iAo B meRRRaY ifitle NRC IO froflas
In some iWQG@Qﬁ%h hBesiptibhAb&ding 2E40 WHILEWIATuIAYES QAR PROVEN cho be

(6]

renoved in order r the natural "gas to neet specifications for transport
and sal e tfansitiondoc Cily. dave tathegamperatticesactivatdd inatuse af the adsorpoom ,
non-nutual |y exclusive instances, .it i.s desired to separate higher carbon
number hy@F amc(ﬁ%eh&mtslﬁi Waichs an infHsis #ametﬂiag adseshatisn nurber

ond ot ner AnrorBehAl Infeathl kA A W RAE HRUSMALHS fop A TRES 05
of nat ur akogipdnenti(els, éthipRineaBhahe, GTR9 ey tn@CH® 152k aaas bon

materials fromthe proceSsed natural 'gas"to prevent |iquefaction of the

nat ur al gailerkeepotig stbseartadlyrthe gameaadsprpthvat loadingndtioder thd HBIO8] Al t hough
the conposition of the natural gas field streans produced fromwells wl|
vary frontemppraertpver&ts. many of these natural gas field streans contain a
| ar ge anmobunt of nethane, typically with nethane concentrations of greater

t han about 25 nmol % In some instances these natural gas field streans can
have a ne cont : it 9 { heSPER | NSt ances

t he net ham;[ﬁ(r:lmte%gﬂﬂggﬂe%ﬁhg?gﬁ%ﬁﬁrgg%sﬁ > g%ﬂi'%f}% In these latter

i nst ances adsdrptien pesoess can beiopetdtyd at vemclow pressuries ifrbqaired. dierebelts cost
efficient process for the separation of |arge volunes of methane fromthe

natural gREesenddndtigerssd 2 andh] 2 er BHhéramddagnrssdd and 18 denpBrdnwhich
concentrations.. r d herein.gre on g.water-free (dr asis. [00109] A
si gni fi caﬁ%erBPhng&meiﬁg‘F‘a&Uaz% of Erﬁée@é{a&m%ﬁ?w %gﬁ}(‘)nen'{ s f ro]m
CH4 in na i . th r usual |

obt ai ned ?Q% afﬂgﬁﬁgis‘{’??ée%éggé%%gr Oé'e?rieﬂ?ééﬁév\%ﬁ%ﬁea 6‘%?%%?3%@2 Typi >c/al
nat ural gadsdrpaon prycessessofithe present imventiang thd liydfoslidoh 500 seeargs ( 3, 447

kPa) to up to about 5,000 psig (34,474 kPa). Since nost PSA and TSA

pr ocesses cortactibe 35| el -contpining @dserbent materiad phasuitablysehasener oper ati ng
pressures (typically bel ow gbout 500 psi 3.447 kPa), for the.i stream
P the. adtoRRATRORe abd proces Rectsimsaguaiessites ot fess sbambbatt 9 sia Codil or bent
mat eri al Syl i i J i a rations
et ci ont Kok IR BBBUBHENS, e dRodrBbh Poed ARt BoEt B PR T he
Sw ng adsorption processes of the present invention can run efficiently at
inlet stream pressures of |less than 250 psig (1,724 kPa), in other

enbodi nents, PSA and TSA processes of the present invention can be operated
at inlet streampressures in excess of about 500 psig (3,447 kPa), or even
about 1000 psig (6,895 kPa). Although an effluent stream pressure of |ess

t han about 250 psig (1,724 kPa) will normally be desired to nmaintain a good

o - o o, o o o, o e




about 10. Maintaining the effluent stream at these higher pressures is

economcally desired to mnimze the repressurization equi pnent and energy

requi red wo 286/psishe purified natural gas via pipeline. peirpshécodopessur es

for transport of the purified natural “product streamare typically in

t he range of about 800 (5,516 kPa) to about 2000 psig (13,790 kPa). 1001101

The processes of the present invention can utilize the ZIF adsorption

mat eri al s 73F-donesRiny afierbdit asaefiebatysilebl ohogn! temperatute aaks BfdesOn

processes to operate at higher tenperatures to capture the benefits between

t he adsor fitddstreamdprdsswepof ess tianH#oait 50. psia (335, kPa)grevendesrothen about he 71 F
i.bed earlier, .adsorptive | oagi ng

material relatiyve ta .. As .desc i gh
rﬁti 0s caﬁoﬂ’élq@qqpﬁge_ﬁ”}&ahlﬂﬁf @é@edg'emt SpaRg ?gqiorafﬂega&? SeS tmaKat i ng.
the (e ¢ aoicr srbedirachERRRRRY o hebr Mo P aRRRRRA BomBbubdeiy T '

si mul t anequs) ¥RcAYE Bipdiali fillsuchditobédses af QIPCFHboverEwherd I process

t enper ature-"acti vat ed nature of the adsorption processes (see Figure 15),
whi ch is streamns maysbe availabie at tetatively dolwqrbssueesadsor bent pair, increasing
tenperature displaces the transition for both an HHC conponent (e.g.,

et hyl ene, ethane, or propylene) and CH4 to hi gher pressures whil e keeping

G 1001 MOTIZY "2 e esmrabt Fiedfe | hematidion & pscireSbite FVRIRERRG 10" P

adsorptio C : I : g M&d. The

ool {s prCl Bt RIS P MR o R ABERTHLF Sl SGOAGH o THC,
ZI F-9, whpfdress eoidptinfuineepétdtionnt As tied pregéuretievglrdesesises,nkent i on, clearly
show their adequacy for |ow pressure operation. In other preferred

enbodi nentempérabue eaplsonbgpepiienalbsdesreased ipraxdemto ¢nsueha signifieard
hyd bon feed st ontact the ZIF ZI F- cont ai ni dsor bent
miterial  Rading of headsoghaie on the agterbient matsialp ARUSCSEABERI B pr essur es
of less thag aRout %Whé’ﬂﬁ-c%ﬁ% niﬁa&dz #Bkn?h%%éiﬁ%%ﬂ!ﬂ%%? fifichRfin

]a C e P or - a

hydrocarbon feed streans conta containin sor bent-

materi al  pwprédsut@BplicHtions dItREPRIsBALING cAlion BLEIE 8S Sepfae HHO Boggsur es
of l'ess than about psia (345 kPa) or even |less than about 30 psia (207
kPa). TheClhipressnton hydeoqarbere fitedsstraagnsaetherepthie priegsnoesemay detrolativiely such a

substanti al separation of _nmethane from C2+ hydrocarbon conpoungs i ery
attracti v@"’é%é‘@%f 8ovien HOWRVe Hictemperalire: Wb@iwgrs@e 08aRa08 1551% cess

streans i I i r . 12] As can be
seen from |%§? gyeﬁoaﬁg%%}{l?ép%%b}ﬁ‘]t%g&%}ry%@gaéégﬁ g(\%liutf&?’%t he stream the
tenmper at Ué&sdrﬁti_@ﬂﬂd'e%@lti%ﬁ HrhhéHesab HIICH ﬁ@tiﬂ?ﬁl‘e@ﬂir@ﬂ aBovéMHise %Qéuﬂi-&i ron
process for optinum separation. As the pressure | evel decreases, the

t enper at ufa aEtimainssepheatimpisiad baw|prestacese dBleetefore pindar embodinmentenfahe
significant |oading. of the adsorbate _on the_adsorbent materjal. As

di scussedPIsseRY Inventian.dhe termperatune; of hyrdregarbon feed streamiin rpdaged PHISK to
materials can be sighidicant .in l.ow,pressure . applications of the present
"vent | onc&artiSe MEAIF-BRRninA st rRRF BRNETHE BB this AR, Bear bon' ccd
Streams whehBrdSfon Rl ¢5 riiSY Ry &oBhIbGRI tholl Stteth BUtnaROve. However,
t he tenperat Efess at eﬁﬁgﬂ tﬁese ydr ocar bon %geg gtreag;sp(%are produced may
be signi f seqmnation bogditiens fighthe predent invdntioaddrhy mbmintiesd fiid wrceptaimches to
HHC partial pressures above those required for optinum separations at |ow
pr essur esemppdinenisctheinged for pp@pressian equipmenptaeise therpressure of thene
tenperature of hydrocarbon fee treamis reduced pgior tq contacting the
ZI F-cont a ?ﬁdﬁée%%gB&ﬁ%Hfo%ﬁfeér% € PreSeph Iy eRioRdpay E’ﬁéoemiﬁtﬁ 5sion required
to raise Lpgimggocarbon feed streamto optimum separation conditions for
the present invention can be nmininmzed, and in certain enbodinents, the
need for conpression equipnent to raise the pressure of the feedstreamto
the processes of the present invention may be conpletely elim nated.

[00113] WQG 13¢gaMiith segrird Ho highiloagéngst atllow pressiwes,dor examplexdgpl e, t he

sanple of ZIF-7 ample 1 and ifs correspondi ng adsorption | padi ng at

301"k andsapBiem ikl 7 T anmenle JondBn Rk s s pp gl ty | o
301 K and 106.6 kPa from Example 6 shows an extremely large capacity for



et hyl ene of about 2.60 nmole/g of ethylene at these substantially

at nospheric pressure and tenperature conditions (see Figure 14). Simlarly,
t he sanplwoaboszloF2s® from Exanple 2 and its correspondi ngcadsesooidmns | oadi ng
at 301 K and 106.6 kPa from Exanple 7 sfons a | arge capacity for ethyl ene
of about 2.65 nmole/g of ethylene at these substantially atnospheric
pressure and tenperature conditions (see Figure 19). As discussed prior,

ZI F mat er igglylenSHEIb AR 2266 nimalkle 8F Etiilertdt thesevalbsatitaligdanidsphéricat er i al s
for | ow pressure PSA, TSA and A/ TSA processes. [00114] In a preferred
enbodi mentpresSutenandtenyperatusé cohditione {seet Fignue b ). oBimidarhy,dhe samipdsof eed
streamis provided_to a_sw ng .adsorpti ogiqpro ess,vx/nerﬁi n the sor pent

materi al ZAFthEosnExgmple 8 apdiitscosrespendingadsemiionsioadue af A rial

t hat has i ye | gadin iQ f . o) of at

| east abo ﬁgglﬁ)%a frg%gléag{p?? Z%@P%g %fgfﬁ%ﬁag%&ﬁﬁgngr%%gﬁézhﬁdr ocar bon
feed streqmoldlo 3f BRyTemd 8 (ReSESURTRRMIRRAINRPphéME pRIsSERYMnd RYfitrh@fe 2
hydr ocar bon ?ee stréeamis provided to & swing adsorption process wherein
t he adsor kenditivas €séecFigure 19® Awidigcuasksbprior, @IFpnaieeials, ssck asrgiF seahdf a
ZIF material that has adsorptive loading ratio for an HHC conponent over
CH4 of at ZIB£wcanbsucaluable adserhsnbmatenials for lgw presswrg YA+ FeAnBad conponent
fromthe %%ﬁ&g}bon feed stream In an even nore preferred enbodi nents of
the prese PI#S5%5he ZIF naterial utilized in this process has an
adsorptive l'oading ratio for an 1-111C conponent over CH4 of at |east about
20. In other preferred enbodi nents as descri bed above, the HHC conponent is
sel ected flo@m4gt hyhansref@tdtberdbodittentiaiilié precess of oy prepemtfiavestion, a

enbodi nents as descri bed above, the HHC conponent is ethylene. I n another

nor e pr ef dydeatadirofiedstteamais providadden swimgadsorgiomposesowhersin the et hane.
[00115] It should be noted that although the processes of th resent

i nvention afiﬁﬁr%%b%‘%ﬁrlagr‘ln € fiya H?f?ﬂkp'for% @I%WWW%%ZPEM process

f eedstrea I ' ' t]

cont 1 gur atPSAAITHEEER SIRRNE baBRA fuld ok SHTIHE oGnBShOl ARTEHRLOOR |

utilized YQEEabSIS tPfenfbREASIBadtH Firtiofrstithé PIISCtPormahe hlydrslarb&ie fasdat e HHC
conpounds from CH4, and produce siml|ar conposition product streans as

di scl osed streamhdnsawnoge priferrpd eobodimentef thetprdsant mecrdiony @ hyidnogdrbon
processes utjlizing ZIF -containing nenbranes to separate a HHC conpound
from CH4 iferdastpRas ssRIOvadees tor & YA AASOTPLIOR PERSCAS &V&?ﬁ@ﬁéﬁ? adsqrpent

desirabl e t hat. i. | - ). C n t] . ZIF
eont ai ni AMEAHLAIHE Sphbe SAEMBHOR PGS 3: PbuRes HEAE hRep¥P s Mis

st eam Whehgldriy8 foddif hfid FohPRIRC QoRlgoRih Hé CH bFhelealDiBARN1 0G0 than
the process feedstreamthat contacts the ZlI F-containi ng nenbrane.

Addi t i onalrémovet leasssa portiorCofitheddH(hesmpanentSromahe hydedcaobqr febdced by t he
process wherein the CH4-1 ean perneate stream has a | ower, nol % of CH4 than
the proceSteamednianceyen mpee prefersed embodimnents of the prasent inysBtien | WSt i viti es

d ] f. the.final d d d he. ZI| F- I N
mebr ane. pibcaegriahHERrCR CRLPR BRALHRROL iR PR E, nose
| dent i 11 edohibohBft SWOHASTA RabPibdili 000 Ih RHAHLIGR P eBBRIhbRY adbove.

[00116] Al'thoug present I nvention has escribed in terns of
speci fic debnribedeaiove, the HEIM obmponthtistseléctedfrombéthy Rinegethaheendand

modi fications for operation under specific conditions will be apparent to
t hose ski Iprepyleme.t lemere preferied enmhadiments asrdeseribed ehave.ithe HHBC| owi ng

clains be interprete s coyering all such.alterations and difications as
Call ui ¢ nCAMBREORE B tupRnty 1 Anodenmorg prekearesmrane et as d&ribed

above, the HHC component is ethane.

[00115] It should be noted that although the processes of the present invention
for separation of HHC compounds from CH, in hydrocarbon process

feedstreams have been explained above in terms of a swing adsorption



[00117] 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 swpeoeddossstir at e t he benefits of the present inveatriuspeosdhmse
Exanples only illustrate specific embodfdents of the present invention and
are not neant to limt the scope of the current invention. WO

2009/ 105251PCT/ US2009/ 001094 - 46 - EXAMPLES [00118] In the foll ow ng

Exanpl es Jcohhgsmi@n?wheszrﬁtboﬁmuﬁ n&hbZaRs desEriddd sAR! b alsopewor ks (or
"ZI Fs") sanpl&s were synthesized Tor use in testing for adsorption and
separ at i ongilized nadeesintitartpracess deket cohditions tols¢lactivély sepanapd EHIG t hr ough

10. ZIFs are a unique type of mcroparqus crystalline structures having
f r amewor k coBlRoUBES %Sﬁ“ﬁ@ﬁw producs similas somnositigypraduchstseatns asr yst al | i ne

ials wh i h ' i sed.,of.. i ngl | i h
pai  of cdmieeddn36f SwiiK AFbroReR BT RinttailelistboSer Thits bRReEN, THCq
by the ni h"tﬁa%ﬁfag Ziﬁ%?ﬁiniﬂg rhéthBAARS 35 Sefdtafla PIHC cdnfunatromeCHEReR 21 F
material wt specific type of solvent® occluded is characterized by a

uni que X- payceds féadsatamncamiindigbotiovenponemsidt isaddsirablecthatitheddHC | exi bl e
nature of ZIF framework structures, the X-ray diffraction pattern can be
altered upompmndénlecaxekymmatesdm@lgmtheo@% -gotaining menabrane Proe’sd in t he

Bt ocedur cPTORINE P GrEt SRSCFcdch BIGplF StERes PORTSBANe Catach TeShEE
tivation; f : RIN : : ' Y.
aﬁaln\g;? :?.O!gtr rlﬁgled:sao@gﬁgﬁ&lo %r&&télé ,tﬁ?—]i.l ﬂ% p roée?geléé?{lgt’reﬁl tfa&gg&&?:‘t%théhﬂ Proc.

Nat|. AcagJFSfintdining’merHonc. 1AAditiHa3l,; af FhSflone\OHGHehs Béﬂﬁ@dte(%h%hﬂﬂ

herein by reference and herein referred to as the "Park Reference". [00119]
The exanplieslsofpraducedeiyethiegirocgssovhereth ther €Ha-learepermeate stieamdiasar | i miting

of the present inventj in any manner. . The geperal synthesis . and
struct uraﬁo‘(‘,’ﬁ%ﬂi‘@é%@fi[&zﬁ: than I%‘Sﬁﬁsso%\;’e@ﬂEﬁaZP-F SEEAE COmPRiIedh| e to the
present in I . ' i | 4i j.on No.
US2007/ 025%@%@%{98\,\%1%?}9‘{@3%E@@gﬁéé]e,{tfgé %gﬁ‘§tsfé‘g’51§’§°§'g¢tg E%‘r’@&d[ 0120]
Det ai | ed SPIdyadiAinY RERIBIARS pAIRss embolRBENRVIfME presErERERBoR atd1r ough 5
for selected ZIF materi al s.

similar to those identified in the swing adsorption process embodiments

described above.

[00116] 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.

[00117] The Examples below are provided to illustrate the synthesis and the
adsorption properties of a few select zeolitic imidazolate framework materials to
illustrate the benefits of the present invention. These Examples only illustrate
specific embodiments of the present invention and are not meant to limit the scope

of the current invention.



Exanple 1 [00121] In this exanple, a ZIF-7 material was synthesized. The
framework of ZIF-7 has a chem cal conposition of ZnL2 (wherein L =

benzi m daxol2adse0sisie. , the anion of benzi m dazol e) and actrapedogyiodefi ned
by the Zn cations that is identical to-4he zeolitic framework type SOD. SOD
Is a three-letter framework type code as defined by the International
Zeolite Association ("IZA") in the "Atlas of Zeolite Franework Types" (Ch.

Baer | oche@%g%m‘%OJsker, D.H dson, Sixth Revised Edition, Elsevier
Anst er dam . 100122] In the synthesis of the ZIF-7 material, 9.00 g of

zinc nitrate tetrahydrate (Zn(NO3)2.4H20, 34.4 mmol) and 3.00 g of
Benzi m dazol e (]25. 4 mol } were_di ssolved in 900 ml_ DV .
(/V, N- Di mi0®LA8]or dntheibllawing Examples Ithzeugh 3, smalhamoxntspkZeqlifit | v capped

Pour s, A7 SRHO BT SR RECN AT T ) QRBIPIGe.S S SaREUEed g i pdestng” *°

talli he sl : 40fy 4 hi ted,
weoned wi (7 SAArRith B Sepipfiof Kror g AL R CrRd A DI PR80HRS 00123)
I n order WahasighvB.eZllhearélduriqué bgpasf micropessadystallint ssagctinest ed under

vacuum at 473 K for 24 hours, transferred to a 120 ml vial, i mersed in
acet oni t r haeingcframewogk topolagids somineenlytfoand ik zeolitea @ndiurin othere

acetonitril eexchanged .ZI F-7 was | oaded in a gl ass tube and evacuated on a
Vacuum | | RB/SER AP SRalSrials RN eAficyericanis atprissdincr Snels merlien o
sol vent s cresi di 1) i N=a S
Solvent TR AR RN Sot e el PSR B 0
gas adsor pid RifroR6AUOME BF an iiliGataeUNidH bt fs AeFibatee dELLIT ZIT Wadetigded
directly in the sanple holder of the gravinmetric gas-adsorption unit and
act i vat ed with aspecifiy tyysé ofjsdlientomuedidedois chdeanteriizeelby a uBiquepKera§.
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".

[00119] The examples of ZIF materials provided herein are not meant to be
limiting of the present invention in any manner. The general synthesis and
structural characterization of some of the ZIF materials applicable to the present
invention are presented in United States Patent Publication No.

US2007/0202038A1 which is herein incorporated by reference.

[00120] Detailed synthesis procedures are described below in Examples 1

through 5 for selected ZIF materials.



[ 00125] Fi gure 1 shows a conparison of the experinental powder X-ray
diffraction ("PXRD') patterns of the as-synthesized and the

acet oni t riwbeesctsszsged ZI F-7 sanpl es and the cal cul at ed P¥RRspabioerons (shown
as the stick pattern) based on the si ng‘% 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) ag@;&g#nferp diffraction angle two theta (in degrees). [00126] The

hi gh puri as-synthesized ZIF-7 sanple is evidenced by the

coi nci dence of experinmental and cal cul ated PXRD patterns s worth
noting the slight differences between the two ex |ment aI XRD patt rns of
ZI F- 7. Thd0QRRKer dn shis example.adlb-dnaterial was syp space

- h f | e-
o od AT B & Enéinishl ofiposflibrbal A5LF Binéidth, at&fer“ nfitadt tteogét r5|226A
and ¢ = lg,¢ oﬁ‘-ofmﬁzﬁﬂf&zélé? dfidla t%pﬁidégrﬂefﬁieﬂtl%ffﬂe% %tléﬁ'sethﬂf‘ist cell of

ZlI F-7 upon sol vent - exchange 00127] " ki the thernogravinetric

anal yses (dechiga) td e AcbtitieframewbestypedS@Dd SOP isaethees-ietier éramxeharkged
ZI F-7 sanples in nitrogen atnosphere. The activation conditions described

above wer éymwwwdoby thedngernationalFexdite Aisgoeiation (A" )3pdhei ng

El ectron M,cros e of, Exanpl e 2

t he ani on éfcﬂr Bé’%%%‘/ﬁ‘g%g %WQHEQXP?%p@lbw%B@PB%i ﬁyK/t[‘ﬁfé %5 ‘jgtl'llons t hat

s identi Is a three-letter

f r amewor k@%/%%csé;é{i}l?g?gga?d&“g ?}géflﬂ%ﬁwgﬁgg@?gr@l Zeolite Association

("IZA") in the "Atlas of Zeolite Framework Types" (Ch. Baerlocher, L.B.

McCusker, D.H dson, Sixth Revised Edition, Elsevier Anmsterdam 2007)
[00122] In the synthesis of the ZIF-7 material, 9.00 g of zinc nitrate

tetrahydrate (Zn(NO;),-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".

[00123] 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 acétonitrile-
exchanged ZIF-7 was loaded in a glass tube and evacuated on a vacuum line
apparatus at room-temperature for 16 hours to remove the solvent molecules
residing in its pores. 2.10 g of activated ZIF-7 was obtained, corresponding to

55% yield (based on Benzimidazole).

[00124] For gas adsorption experiments, the acetonitrile-exchanged ZIF-7 was
loaded directly in the sample holder of the gravimetric gas-adsorption unit and

activated in-situ by using the conditions described in Example 6.



[00130] In the synthesis of the ZIF-9 material, 1.26 g of cobalt nitrate
hexahydrate (Co(NGO3) 2. 6H20, 4.33 nmmol) and 0. 360 g of Benzim dazole (3.05
mol ) werwodi@swkised in 108 mi DVF (N, N- Di net hyl f or mam @eXx/uspooa/oddos m

vial. The vial was tightly capped and th®-reaction mixture was heated in an
i sothermal oven at 373 K for 96 hours. After reaction, the nother |iquor
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 | abel ed
"as-synthesized ZIF- [00131] In order to activate the ZIF-9, the

as- synt he§0@E2H]s olRiguneak shems e dompieison ad uberesperamgntal powden Xy s,
transferred to a 20 m_ vial, imersed in acetonitrjle (c.,a. 15 nm) and

2
soaked at diffmckondrPARIJasternyef theas gst ihsagetanitrdewas’ | oaded in
| t ub d t ed | t
for 16 nosrehiitpends L b R ARER flatg @S HEIRK 0 07°
of acti Vai)%ﬁg@)'ﬁiaged"@ﬁ tROSRENEry st siraeRIPE O ZIF I Prebetelift tHe (Paked on

Benzi m da 00132] For “gas “adsorption experinents, the

acet oni t r Referexcélangrderéhbe®herein.| Thd RXRDr pattdrys asishdven smbphereHodrder of
the gravinmetric gas adsorption unit_and activated in-situ Eﬁ usi ng the
é

condi t i onglettescas thedliffractioaniptensity (jmaagaryurjts)@gainsh Bigsdifiraeti@mr i son of
t he experineptal po r X-ray.diffraction ("PXRD') patterns of the
as- synt he@gg&%&%énéégf‘i%?'tri | eexchanged ZI F-9 sanples and the
cal cul ated PXRD pattern (shown as the stick pattern) based on the single
crystal structure of ZIF-9 reported in the "Park Reference" as referenced

herein. Theof26iD Maid phpuakty Difehdras-Byhthesized ZIBrBsqrhpletie @videntsd by
diffraction intensity ?i n arbitrary units) against the diffraction angle
two t het atlié¢ coideigleaes p egp@lm&ptaThadmtﬂmlqtad%mPWSait tsyworthsi zed a: F-9

le i i d d by, i ncid f j t | cul d PXRD
pat ter ns. TPHBEBY SMEA ierencgs DERLREH G ) SURGHEVBHAEY B BATCF Tine

- t hesj F- I - ] ' f

amor pous 21t e Rt g AR € S BRGTasPRe i MRG0 LS pIPROBIEREIREC, i 11

the sanpl grfiyy RAL inCalp S22 OICRPY = 1R60FPARRheRa8 the fatsrnsoftdtrtorsgileont ai ni ng
ZIF-9 is intrinsically of lower crystallinity when conpared to its

i sonor phoescEmgedZ - hisindeateé to the Einke Ipdaeogrpapiwith Eigare22.522k agy .

[00135] Figure 4 shows the thernogravinetric¢ analyses ("TGA") for the
as- synt he§i’zé§l-7§9dg3{FHJé¢ datarsygeestia dight distagien of tegmitesll e ZIk- TRy gen

at m)sphere.lTh acﬁi vation conditions described above were chosen based on
TGA dat a. Solvent-eXchange. _

[00127] 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.

[00128] Figure 11 is a Scanning Electron Microscopy ("SEM") image of a
sample of ZIF-7 produced.

Example 2

[00129] In this example, a ZIF-9 material was synthesized. The framework of

ZIF-9 has a chemical composition of CoL, (wherein L = benzimidazolate, i.e.,



[00136] Figure 16 is a Scanning Electron M croscopy ("SEM') inmage of a
sanple of ZIF-9 produced. Exanple 3 [00137] In this exanple, a ZIF-1

mat eri al weo®ynsisesi zed. The framework of ZIF-1 has a ebemise@b/osmoposition
of ZnL2 (wherein L = imdazol ate, i . e.74nhe anion of inidazol e) and a

t opol ogy defined by the Zn cations that is identical to the zeolitic
framework type BCT. BCT is a three-letter framework type code as defined by

the Intermpgd £ﬁ6ﬂ|of&ﬁkirﬁﬁiaé§ﬁ;2@hdfai t@go(dlggﬂﬁﬂnd'dfb}fﬂﬁ CéchBondthateol ite
Framewor k Types" (Ch. Baerl ocher, L.B. Cusker, D.H. d son, Sixth Revised
Edi tion, Hemicabto thesteolitierfraraoesik tpeRGB] $SOD: isa thyer-tatter Sramhework z| F- 1

material, 1.25 of zinc nitrate tetrahydrate (Zn(NG)2, Q,. 4 77 mmol )
and 2.75 YRS cdh @fa%ﬁreed(woﬂw aslougrﬁeﬁngww@@npﬁ%l@gg&m c
(N, N- D met.hy] ac ) ' R vial 4 Thenvi tihght |y capped
and the re%{a%ﬁt%%%h&ﬁm%@oﬁéiyg%? %dg?qegg{cﬁg?’ﬁ'ﬁp' y\i/lée% a rﬂlgg_‘fk for 72
hours. Af (5508 i%iH RByistA E RSN E]seviet AmABEdass, d. The solid
crystallized on the side wall and the bottom part of the vial was coll ected

and washed with DVMF (N, N-Di net hyl formanm de) to renpve any residual nother

| i quor. The product was then transferred to a 20 mM vial, stored in DW and
| abel ed " i@oi)%ﬂ’]t hdsithe synthesis of thyg19) material b 26 gofeabaltnitratene 71 F- 1, t he

of 75 hounexaRECANOVEP TR f manhaea Oclafs of Binglipidiiie s fo1 7
aceton'trh&rﬁbg&&&&%&ﬂ%l&&f&w@ﬂn'mﬁf@\cm mititforhithfidR) th §1apuAl ed on a

vacuum line a paratus at room tenperature for ours to"renove the

sol vent nRiACThevidlasastiglily tapped i) the refotich mifuraotas\heheed idldr 1 was
obt ai ned, corresponding to 14%éjﬁel d (based on zinc nitrate tetrahydrate).
Al t er nat i vssitgrmal @ves-aé P8 e Sor-26 hgurs. Afieaeaction she matherdiquarigiang wi t h

t ol fol l h ' d t 443 K f 2 h 00140] F
gas. adsor Serated: s panes e et Aot e il 84 s BRtOB P LR LB dSexchanged
ZIF-1 | ' LBsd " ' ey

adsor p\tA?gr‘\N a%ﬁc?);ﬂ% 8%’:9[ g‘gﬂ%i.‘%%?@t Eli}ﬁi%lafg&i @yﬁ%ﬁﬁgd? %beélég(gn%_ |Igﬁ§§l%ée(g%?l?%ed I n
Exanpl e 89",

[00131] 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).

[00132] For gas adsorption experiments, the acetonitrile-exchanged ZIF-9 was
loaded directly in the sample holder of the gravimetric gas adsorption unit and

activated in-situ by using the conditions described in Example 7.

[00133] Figure 3 shows a comparison of the experimental powder X-ray
diffraction ("PXRD") patterns of the as-synthesized and the acetonitrile-
exchanged ZIF-9 samples and the calculated PXRD pattern (shown as the stick



[00141] Figure 5 shows a conparison of the experinental powder X-ray
diffraction ("PXRD') patterns of the as-synthesized, the

acet oni t rivbese@xobsnged and t he tol uene-exchanged ZI F-1 sarpisesoannos he
cal cul ated PXRD pattern (shown as the ¥t ck pattern) based on the single
crystal structure of ZIF-1 reported in the "Park Reference" as referenced
herein. The PXRD patterns as shown in Figure 5 are plotted as the

diffracti 9@&&2%&& ¥n Qlilé‘siﬁ%lé &ryafaY st#itiuse oAZHF WSfepbieddh the eRdrkon angl e

two theta (1 n degrees). [00I42] "The high purity of the as-synthesized ZIF-1
sanpl e i s Re¥é¢rdaoe'eas iefercheed herein.d€he & XRDepaternnanskedwm i Fegure 3l aeed PXRD
patterns. It is worth noting the differences hetween the three. experinental

PXRD pat t plattedoas thediffractiea iptansity (ibarbagayyitsg againgt therdiffragtiothgexed t o
nonocl i ni ¢c_space rgﬁu IIﬁ%l/c, a =9699 A b =15.185 A c = 16.555 A =
116. 9 whePBEE et%ﬁ @é BF*S)hcetonitril e-exchanged ZIF-1 is indexed to the
sane space group with a = 10.098 A, b = 14.649 A, ¢ = 17.300 A, # = 119.5

and pattern of toluene-exchanged ZIF-1 is indexed to a space group of

or t hor honipd @1 38) Mathieyhigh parity o tiee as-3ynthiesize&d ZDF-5 Shdple idevilencddbbP69 A
The data suggest distortions of the unit cell of ZIF-1 upon )
sol vent - eflsheoineidenge pbexperbmentahand kplgnlaiodtXRE) pattgmsy bhe wlativelyoes

fﬁiafli' ret e Phokeroundia i P daie obthe s Rl R A S s e rovor k|
- i = 7. .h 5 =

var 450" x) i BrneuibO 0 MR etehbe B piborptio ithifbries behud bt )

for the apupletchbii &ostald &te cbseivedi withincthexampl@by opfidal ficroscopy. The

t ol uene-exchanged ZIF-1 sanples in nitrogen atnosphere. The activation
condi t i on®XRB clatbsuggeistvthatCoecontaising BHSOds anfrinsikatlytaf lop@0144] Fi gure 20

is a Scannin | ectron M croscopy. (\"SEM), i e of a sanple .o E-1
(acet oni t PmsgalEmézﬂmorapwdéedt IW@GF@%HBZ?’&CQ“@HHHSif%teEPL%ﬁ%'gn
M cr OSCOpYCO(I';"l aEr%é F'igr{ﬁgsel%fnda}'):sarrpl e of ZIF-1 (tol uene-exchanged) produced.

[00135] 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.

[00136] Figure 16 is a Scanning Electron Microscopy ("SEM") image of a
sample of ZIF-9 produced.

Example 3

[00137] In this example, a ZIF-1 material was synthesized. The framework of
ZIF-1 has a chemical composition of ZnL, (wherein L = imidazolate, i.e., the
anion of imidazole) and a topology defined by the Zn cations that is identical to
the zeolitic framework type BCT. BCT is a three-letter framework type code as
defined by the International Zeolite Association ("IZA") in the “Atlas of Zeolite



Exanple 4 [00145] In this exanple, a ZIF-11 material was synthesized. The
framework of ZIF-11 has a chem cal conposition of ZnL2 (wherein L =

benzi m daxol2atee0sisie., the ani on of bengi'nm' dazol e) and actrapedogyiodefi ned
by the Zn cations that is identical to" the zeolitic framework type RHO RHO
is athree-letter framework type code as defined by the International
Zeolite Association ("IZA") in the "Atlas of Zeolite Franework Types" (Ch.
Baer | ochelFrate®or e&egcntﬁhergmn,L.s.MhCﬁﬁ«dr,sBd{E@ilsdms,ixtﬁl Revbed

Anst erdam 2007). [00146] In the synthesis of the ZIF-11 material, 0.330 g
of zi nc niRditior Elesdby Amsterdaim(2003)2- 6H20, 1. 11 nmol ) and 0. 990 g of

Benzi m dazole (8.38 , mvl) were dissolved in 100 m DEF
(/V,NDiethylformam de) in a 120 m glass vial. The vial was tightly capped
and the r iN { ' I 50t .af. 373 k for 96
nours. - af 10185, Thhe St RBE A ARt L2 U ANE Rl

crystalli [ ngl 7% iemle0) 4d2 78rd oPfmidagoled @0.4vasmel! | ect ed
and msheg&%@ﬁr%l%gz?m-@%}h% fg?mam' e) repeagtt edly to re(gjove anyD

resi dual modrbdissblvepdan mmmmwwmmw&mmé}mmm&glms t hen
transferred to a 20 m vial and the DVMF sol yent .was decanted., After the
addi ti on ofalghheMislovas aghtly capped and theaeqetign uxtupe pige heated AR i xt ure

b qont 1 e 338K ToP 7 RoliRy AlterTeRitldie BEnEANNER s OF o A"
of solids ﬁgaggﬁ&.fgafé&f‘d cﬂ%ﬁ‘alﬁké’d oft e SideavalEXRd tHebdtisi pardosiberagd for 30

m nut es. ayer oating on the surface of chlorof orm was

car ef ul | y vegldotieteed aigl wasleedowithtDBIR(M M-Damefheyd forthamidah od remo®Oamy vi al .
The solid was washed with and stored in DVF and | abeled "purified ZI F-11".
[00147] | mesiderdmethendiguonthe prodarFwas themisapsierred Q120 g vidsstPrader sed i n

met hanol (c.&8.,.15 fqr, a total. of purs. The sol vent vol unme was
repl aced é@gwi’ﬁ‘dﬁiaé?@g #HEY ﬁ’&ﬁglﬁﬁi hanged ZIF-11 was | oaded in a
gl ass tube and evacuated on a vacuum|line apparatus. After the renoval of
external nmethanol solvent at roomtenperature, the solid was heated under

vacuum at [4@B9 f gh otfertouictivate thermiFel {the asdlyneivsized| sotidl was imsietledg i n
the pores of the ZIF-11. A 0.09 g sanple of activated ZIF-11 was thus

obt ai ned, inacetesituilwi{oay kSomb)7faryi tetal of y2shaiirenll selvent velumenwasihydr at e) .
00148] F d ti i I th th | - ZI F-11
oaded i PGS Fvery 170 st Lhmardontale-tihagesd ZAr | Mes Ot Bastn uni «
3 oot y T ! . o . . I
[0014]  FagE e diieon 8 YAt A RE AT drh @Y KO ABErdlr R TH Ko

di ffracti ep rdmbWERRS sdféntahbRecalestrbsidiy inf itepoRd).1B g sRadtAEd EXEHanged
ZI P-11 sanples and the cal cul ated PXRD pattern (shown as the stick pattern)

based on twes chtaigkd, coryespanditg toct4Pheyielid (basedldn zinearitrate etrahpidrat®ar k
Ref erence"” as referenced herein. PXRD patteeréfs as shown in Figure 7 are

1. Th
plotted ag\lferaatiyely,tstasoryntbrsized ZfF-(li\ﬁasa@%maﬁ Dy grehanging Withyt “¢ he
diffractiofanoksndwea Bg}%te%tifxé UndEOVE&RIm at 443 K for 2 hours.

[00140] For gas adsorption experiments, the acetonitrile-exchanged or
toluene-exchanged ZIF-1 was loaded directly in the sample holder of the
gravimetric gas adsorption unit and activated in-situ by using the conditions

described in Example 8.

[00141]) Figure S shows a comparison of the experimental powder X-ray
diffraction ("PXRD") patterns of the as-synthesized, the acetonitrile-exchanged
and the toluene-exchanged ZIF-1 samples and the calculated PXRD pattern



[ 00150] The high purity of the sanple is evidenced by the coincidence of
experinmental and cal cul ated PXRD patterns. It is worth noting the slight

di f f erencwe 2b@vssm t he two experinmental  PXRD patterns eUTAISEoodbo104 t er
met hanol - exchange, the intensities of the diffracti on peaks were altered
and the peak positions were systematically shifted to higher two-theta
angle (in degrees). [00151] Figure 8 shows the thernogavinetric anal yses
("TGA") f @shdviae aPtHe StickChatfein} basedRmteaingls Chpiglesirubnireldf ZERD! es in

ni trogen atnosphere. The activation conditions described above were chosen
based on Téportat i the OPaBeReférgueed’ daeferencesbheraim gl BXRID paktemsoasc opy

("SEM') inmpge of a sanple of ZIF-11 produced, Example 5 [0015 In this
exanpl e, &howpip Figurer3 are Mﬁgeg?ﬁﬁ%&fgl@ﬁt}oﬂ'ﬁgeﬁ@fﬁwwt@}y PPESB has a
chem cal c¢g oL f.Zn rel =z . 2-Mt hyl i m dazol ate, i.e., the
ani on of Qgﬁﬁ‘?ﬁgﬂei‘ﬁﬁﬁ%’}b‘%%e%]@%% tﬁ%%éb%gsgrge ined by the Zn cations that
is identical to the zeolitic framework type SOD. SOD is a three-letter
framework type code as defined by the International Zeolite Association
("1 ZA") i §00re2]" AtTheshigh prieity iof ¢hd-assrypnthesizdd ZEE-1 {abhpleBsevideobed byL. B.

McCusker, D.H. Qson, Sixth_ Revised Edition, Elsevier Ansterda 2007) .
[00154] | #the eeingidenge of sxperimgatayand galemlated RXRDatigrns. &t ispvohni ¢ r at e

IE %, ?%3&%%%%5@4 T L Y T G A
neat ed i p K RRSTOF kB nE Rk 210 e R e B g O B PR, P

not her | i guop. 699sAdeears.¢85 Ae=461355 A g+ &16.02 evhepeast the pattdem vhil | and t he
bottom part of the jar was collected and washed with DVF re eatedI}Sgto

rerm;/ﬁ angawtesitdlmmémed ZIthiﬂrin_&iﬁ?eétD mmmwcs?grpu@w G:I’Hé 83duct
was then transfer to a i t he vent was decant ed.
After the g’dlztlgcé@o‘%" i 5%388%[{ ?é‘é?%%‘}%@%\“&%ﬁ%ﬁ d-and the
A ( ; t : o i o]
et aon 71 AT ol HaEked fb £ odtel rB5B U ortidilorhBle s¥hoMely! Armid e sl CF Y s

of solids 13pmakes =29 uss A he=Vicd6FAL Thie datd syglesbdisicrtions odilsd uripeellf or 30
m nutes. The solid layer floating on the surface of chloroform was

car ef ul | y of dlIFekupon salvent-exgliapget Weapeint puththiat highdsyromeitit analog 26 m vi al .

The solid s, washe ith and stored in DVF and | abeled "purified Z| F-8".
ZVI?-I does exqst. Ele s?ngcie crystal stll'ucture of such a componen?l\sze{s rleporte ;

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).

[00143] 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.

[00144] Figure 20 is a Scanning Electron Microscopy ("SEM") image of a
sample of ZIF-1 (acetonitrile-exchanged) produced. Figure 21 is a Scanning
Electron Microscopy ("SEM") image of a sample of ZIF-1 (toluene-exchanged)

produced.



[00155] In order to activate the ZIF-8, the purified solid was i mrersed in
nmet hanol (c.a. 100 m) for a total of 72 hours. The sol vent vol unme was
repl aced weveswio081hours. This met hanol - exchanged ZI F- 8 poaassh@madenoi n a

gl ass tube and evacuated on a vacuum | § P- apparatus. After the renoval of
external methanol solvent at roomtenperature, the solid was heated under
vacuum at 523 K for 16 hours to renove the solvent nolecules residing in

the pores mfamfple-4$. 1. 70 g of activated ZI F-8 was obtai ned, corresponding
to 41%yvyi aﬂﬁ(‘%_as'ed on 2- Methylim dazole). [00156] For gas adsorption

experinments, the nethanol -exchanged ZIF-8 was | oaded directly in the sanple
usi ng. e [BOHETL | Sndhsesemilec £ L ArprEaty s syszed Jedamenats o

of The puntAEd Sper € PR B SO dh A Ao REt s Bt iRl Bl CUl ot e
repor L ed G O o B e Ry ot
t he sanpl édémicalicithecedlity fidmeworkntyipdeRHEO . ORHEX jea threedtletteraframewiockil at ed

PXRD patterns. The PXRD patterns as shown in Figure 9 a'r'e[f’l, otted as the
di f fract i &pq endens dgfinadbythe InferngtionaliZgolidg Aisseciating (44 detthen angl e

Lo et el s 99k 9oe) Thp R o, LRI, LS, e
chosen ba st e Feed B, A g Bl actron
M croscopy ("SEM') inage of a sanple of ZIF-8 produced.
[00146] In the synthesis of the ZIF-11 material, 0.330 g of zinc nitrate
hexahydrate (Zn(NO3),-6H,0, 1.11 mmol) and 0.990 g of Benzimidazole (8.38,
mmol) were dissolved in 100 ml DEF (¥, N-Diethylformamide) in a 120 ml glass
vial. The vial was tightly capped and the reaction mixture was heated in an
isothermal oven at 373 k for 96 hours. After reaction, the mother liquor was
decanted. The solid crystallized on the side wall and the bottom part of the vial
was collected and washed with DMF (¥, N-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.é. 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
using a pipette and transferred to another 20 ml vial. The solid was washed with

and stored in DMF and labeled "purified ZIF-11".

[00147] In order to activate the ZIF-11, the purified solid was immersed in
methanol (c.a. 15 ml) for a total of 72 hours. The solvent volume was replaced

every 24 hours. The methanol-exchanged ZIF-11 was loaded in a glass tube and



[00160] In Exanples 6 through 10 herein, a Cahn(r) m crobal ance apparat us
(TGL21, 0.1 pg) was used to gravinetrically characterize the

adsor pt i onbdesprptsion properties of gases and hydrocar beos/us2o8001094
adsorbates) in various zeolitic im dazothte franewor ks (i.e., adsorbents).
Experiments were carried out on various adsorbate-adsorbent pairs to
determ ne the adsorption isotherns for the various ZIT nmaterials

synt hesi zggadatddaivasudmt IO asfardtus bAYRT tHe remewl Ffaterhehimettainot e, t he
equi li brium adsorbate | oading was neasured.at various adsorbate pressures
up to 106sélvemeat ronnoteteperature,dpe soidavas heatethunddr vaguuor att423 Kél%a\lﬁor, for
each isothermhalf of the experinental pojnts re neasured. in.,th
adsor pt i ohowisde remoye the selvertmeolequles rssiing in the PRRES Q M%’qtlh maxi mum

fol06. 6 KP d hal f . ' | j
reasur ca Dstsapliiad ARt Shol By BlabPF SHREPLIIRET P ory e ©
maxi mum pg?;{?&ﬁﬂfseﬂfonlﬂﬁc QitkstBhekahydawym . In all experinents, a LabVl EWO

conput er re was used to automatically set, control and nonitor the
sequence of steps followed in each experinent. [00161] The adsorbate feed
was brought into the feed manifold fromlecture bottles or from house
supply |1 (@M148bnt Koonigag adsqrptipn expyrimeatss thiymethanobexehenged s 11 s
mani f ol d S, i,n,.contact, with e .adsorhent | ocat.ed in the. sanpl. | der of
The. m cr ol direehyat she StateolRes S I et FRHE rds bR Wi afs
controlle t?‘% 1 : LGt (. A6 Measurenent and
Contr ol S)g/g emw\?vglsicfﬁ%xa%s’g@%ﬁ]nect éﬁtl?@@g{iﬁ@grfggﬁt e-rgl |g RS232

comuni cations. The feed nmani fold was equi pped with three MKS@ 120A
pressure transducers (0-0.0133 kPa, 0-1.33 kPa and 0-133 kPa) that provided
t he adsor [@AKI%r eFigure 7 stiovnhacomparison lof theexpasimental FowdenXrrayl | er

?géﬁaiéﬁi ahfeacrion s SRR PoitSra sk pHp sisombR Rato RO RBBEEAZIE t ne' “;D
2000/ 105231 LA BT 08 18RI Fikn Gy R sf e s FadotiBaney vos

Pfeiffer(ph tﬁékin%%%ﬁysfdmfmb%y bEZIBLINPrepstedSf ¢thd LPAKIR eféteridat ayacuum
conditions. - [00I62] "Typically, prior to the adsorption isotherm

measur emren¢ferenebd herein- The PXREY pattisros be showadn Fogared? are plogedias thihal ance
at 301 K. In order to avoid %he contacting o& t he. adsor bent w ttg anbi ent
air, the gdHEeHendntgasity (I arbitrary uaaly) pgaIRst e ronangle twetthetady) vent
(i.e., anjampunt well in excess of that required to fill its internal pore
vol une) . K% vent was renoved t hrough the use of dynam c vacuum In sone
cases, where the solvent was held nore strongly within the interior of the
adsorbate, heating was al so used. Typically, the follow ng steps (all under
dynami ¢ v§eoas0] wdihe Highlpueidy of e samplgds svidgneed B9 th&coimcidenseedcr i bed
duration, (b) heating to a prescribed tenperature and kept there for a

t
prescr i be@xperimenighand cplcadaspd RKRD mterns. it wesh rojin Yig ance was
fromthe fithebershedeendie bofsrarmment R ARt A0 Y Yo"t ype
f | i : i t
A e e T

was depen material u r study. For a given ZIF

sanpl e, t peals positiohs werepystteRticulty shifeidaatidghaasio-tlate angleqin degreessi ve
experiment was conducted. Prior to renoving the sanple fromthe
m crobal ance, the first and/or second adsorption experinents were repeated.

adoquacy’ WOISH' cESBHRALHNS DuSrRT S B b HMAI NS T9E kel | as the.
veasur e REEoH PGP e Cutibbcd R AESRERL T SR T RRIpheer

Exanpl e 6 The activation conditions described above were chosen based on TGA data.

[00152] Figure 24 is a Scanning Electron Microscopy ("SEM") image of a
sample of ZIF-11 produced.



conpliance wth the general testing procedures for Exanples 6-10 descri bed
above. [00164] For the testing of each adsorbate in this experinent, a
sanpl e ofw@l2b0v/ws511 oaded Wit h acet oni :égml e as the sol veatr/uskéoowamos
out-gassed for 6 hrs at 301 K under dymanm ¢ vacuum No further heating was
applied. The dry weight was 46.68 ng. The sane cl ean-up procedure was
applied to ZIF-7 prior to all subsequent experinents with other adsorbates.
A Scanning El ectron Mcroscopy ("SEM') image of this sanple is shown in
Figure 11. Figure 12 shows the ethylene, C2H4, adsorption isothermon ZIF-7
at 301 K Exampled nate displays the equilibriumadsorption |oading in
typical units of nmmole/g. The | ower abscissa displays the absolute C2H4

pressure in kPa. The upper abscissa displays the relative C2H4 pressure,

where t he rxml 17 SR j
pressure qmggi K.fIll &ﬁ%%‘%ﬁ?%%@%gﬁ%@%ﬁgsS%?tgggr}t% Fglﬂtﬁﬁe coé\?é{élgg%di ng
adsor pt i ogIp8chadesehdricancihposition oNApPAGiheteinyL & Ddvets tinitihgslate; anch is
shown with filled dianond | egend and the desorption branch is shown with

7 e il s it e
(pr op;F/) I ena}a_t MHQP%Iéoééﬁéf‘é@éﬁn%m%@rg %H%\ﬁb%oéﬁiﬁg% hitﬁreprlsﬁ% 13 with
wbove. 1 niepEAERIREbORTa: SR BY R Iedralny L2 LUE DL LB AR, 17

separ at e pohertiAbTEbIHE FRaRbWork TypeFhash aBackischR¥ L IB. MeChSiert he C2+
hydr ocarbons and therefore, the adsorption and desorption curves for

met hane i D.HhOdsone §iixth RerasedaBditiom, Blgevier Amstardaime 26008n from Fi gure 13, at
t he upper test pressure of 106.6 kPa @301 K, the adsorption | oadings for
et hyl ene, ethane and propylene were all significantly larger than the

Ta 1o omonah o iR sy PRGN R e AR ARG | Dl R B AU BFRS ngs of the.
B e

condi ti on@605 nidfdl) Kveredlissdbveal 1FR0Mhil DME(N, NoDiinkehyl fghinsidejisgni bed
above. As can be seen fromthis bar graph, the adsorption |oadings of the

ZI F- 7 mat bter glass gar. The japwanfightly sapped end bl reastian mixéurs wamheatadin K wer e
all greater.than approxi 2 mol e/.g while the adsorption | oadin
for St aisghimaPRlex eI £ o Hondire, Sitr rehctione die SORMrNduE wina

adsorptiv, i rat:i r are
aroat or 1 Recanad ThelsBhidr] Qg8 iy tho e pAR AR INE HERRHTIE BF%he " 7" e
ZI F- 7 matwas edllécred bhé wadltied yd O DMP @8p&utedl9 U6 #6move lanyiiésidiBkmbehef! F- 7 a
suitable material for use in the present invention. [00167] Additional

i sot her nsliquar andramvamerphows hyepradaichThti produchwas érpetransferred toail2fest i gat e
t he adsorption/d rptian characteristics of ZJF-7 at hi r tenperatures.
The adsor‘g‘i Vi aniﬁ%M Sefvent was qeganted, ﬁ\i{erﬁh? aﬂ@,t“’@@ orofg|nf or med at
301 K, 3 , 3 I i . S j j gure

15, consiQrbnPOuppt farss SR o Hettuwel Tuf AR SR Mt ol

i ncr easedbdth @67 30 inilluted 16 2fcdhafRAlyUdtAEH zine oxdde Fartichd fromnhkisup@cés om | ow

to high Caw | oading is displaced t0 higher pressures. This figure shows
t hat conpelrZli-8 caylsals pTivonlay escifisgdids fapfeavedrafi@r the/viat satroma level

correspondi pgly increased gartj al pressure. Exanple 7
surface ‘undisturbed for 30 minutes. The solid layer floating on the surface of

chloroform was carefully collected using a pipette and transferred to another 120
ml vial. The solid was washed with and stored in DMF and labeled "purified
ZIF-8".

[00155] In order to activate the ZIF-8, the purified solid was immersed in

methanol (c.a. 100 ml) for a total of 72 hours. The solvent volume was replaced



[00168] In this exanple, adsorption isothermexperiments were carried out
on ZIF-9 sanples obtained fromthe synthesis detailed in Exanple 2 above in
conpl i ancwownddnosise general testing prhscédures for Exampcessgeod@omescri bed
above. [00169] For the testing of each’*adsorbate in this experinent, a
sanple of ZIF9 was | oaded with acetonitrile as the solvent. It was
out-gassed for 6 hrs at 301 K under dynam c vacuum No further heating was
appl i ed. @@%mmlswahaﬁoﬁéxmngwamma@Ile@dedm Pphse tibecanths
applied to F-9 prior to all subsequent experinents with other adsorbates.
A Scanni ngvaﬁww&mnaMacummdnwap(pm)Aﬁeagm removal of extesnal msthanehn i n

Figure 16. Figure 17 shows the i C2H4, a tion | m.gn ZI F-9
RSN IR ST Ry e iy o AEyER'g BT

P b g bbbl O

pressure Hﬂuﬁ? ng’ Ségé?lvgﬁt}? l&é‘%b 4 yg I?Le e atol Ve gls-lkl %essur e,

wher et he, dp7AEd iZ2F B0wRS 85?&1'16&1 B@n%gﬁéxﬁﬁﬁgrﬂéam 1@ (baod cﬁmwatl on
pressure at 301 K The filled and open syrbol's |dent|fy the corresponding

adsor pt i oMethylimédazopg)l on branches, respectively (the adsorption branch is
shown with filled di anond | egend and the desorption branch is shown with
open di anond Iegend) [ 001701 I n accordance with the testing procedures,

e o e AT e RO P
adsor pt i opf(igg ‘El'ix%t:tlgrgn 31?‘9%%}9‘@1@ ﬁ@ﬂe&ﬁfhﬁ&r&ﬁiﬁ%ﬁ% aHE fondiffi€add above.

In the testing regi exanpl e h| bit the separate

adsor pt i ofictivited it oite by aisinyg &modwﬁllt@@ls/\d?&cﬁbbdbmli&drﬂ;ﬂe 10he C2+
hydr ocar bons and therefore, the adsorption and desorption curves for

met hane in this regirre overlap for ZIF-9. As can be seen fromFigure 18, at

th f 106.6 kPa @0 t he. ad d f

et hyl ono. [WRThe. ?ﬁsyurrs MR RPanSPR OL i SYReCReTg! POV GE X The

adsor pt i og; fh%@ﬁb )@RD”??Q& s offle Bﬁﬁtegeanéltﬁ TndRASOLL é{chaﬁgé’&ﬁﬂ? gigure
conpar

19 is a bar grap e corr spon ing a sorpti ngs of the

ZI F- 9 mat girhples fagd tﬁl“éal@ﬁﬂté’@PBORD?&&é& (sticRypatteen). b@%&/bﬁ thetshane), C3H6
(propyl ene), C3H8 (propane), CA4118(1-butene), and CA4l-110 (n-butane) at

t est condcxtylstaﬂa structug® of ZIErﬁjrep@ﬂ;ed ik ithe BBarki Reféréncsthas meferensred hepeive.  As
can be se thls ., the adsorption | oadin f the ZIF-9
materi al P'éﬂtb’ %6@'&?%8} B %‘eﬁﬁmw the QBCIgeRFE oS RATTREN] & 2 |
greater t “,I r.nt ng for
CH4 was on y appr omﬁrrg?g?é é 18% nmol W\ﬁ%%tg ys%lg Sgga}é“ Flgﬂré ?%ﬂ!

adsor pti V?ldtl‘éédisfiﬂe Hﬁtfta‘étﬁ)ﬁ'inﬁeh?l ih ﬁbﬁf&?%ﬁ’@?aﬁﬂﬂﬁ%@%fﬁé’&fomﬂﬂ i's
approximately 32.8 (simlar to - illustrating the high selectivity of

the ZIF- Qaweewoethetfac(nn dﬁgrel&y):lrocar bon conpounds over CH4, making ZIF-9 a
suitable material for use in the present invention. Exanple 8

[00158] 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.

[00159] Figure 27 is a Scanning Electron Microscopy ("SEM") image of a
sample of ZIF-8 produced.

Examples 6-10




[00172] In this exanple, adsorption isothermexperinents were carried out
on ZEF-1 sanples obtained fromthe synthesis detailed in Exanple 3 above in
conpl i anowownddmosise general testing procedures for Exanmpcemseeod@omescri bed
above. [00173] For the testing of the =atetonitrile-exchanged ZIF-1 sanpl e,
a portion of the ZIF-1 sanple produced and activated as in Exanple 3 was

| oaded with acetonitrile as the solvent. It was out-gassed for 6 hrs at 301

K unhder d Y i ; i ght vas
K qundr OHGAGOE V6 ExBinghs, 6 Wicgh 1090 el Eplafb airans

acet oni tr (t@12Knangydvad kel tordraviniétriehlly Shaetizetthexperi ments with ot her
adsorbates. A Scanning Electron Mcroscopy ("SEM') inage of the

acet oni t r adsorptioidasmptioh propertiep o€ gasessanany drocdibgus €i.20ad§dabafed) #or t he
testing of the toluene-exchanged ZIF-1 sanple, a pqortion of the ZIF-1
sanpl e pr BW%@WMIF‘%&W@@ é%mFWOBQ% -aea‘goﬂéﬁltf’r o FPRETUNEDES MfiTGene as

heat e 1 opiscioul B B3Rl ShoskulbR Sl Wi s R G IR Tfgh? e

46. 21 ny. jshiiermdTBr HSAMIMR PIPRRAKHAs ¥Asthasibed SIEXEmPS 1 Hlr8BR S
exchanged ZIF-1 prior to all subsequent” experinents th ot her "adsor bat es.

A Scanni nagbdatee At @ codtanvieaqeratutSEM equiligrinohds@batnieaditgwaged ZI F- 1
sanple is shown in Figure 21, [00175] Figure 22 shows the adsorption
i sot her meMepsurpd ahvarions adsarbateamesyaes wp o 106.6/kRa-yin erden tmegpturany

G spl ays PHENGENEERE hehBlr or shch Supe FaiFlos he SxpertinedabpSintb o .
The absci §gs erﬁﬂlr@bl;%ﬂﬂg?@ﬁgﬁ% ﬁméﬁee@.%l.‘,riﬁc&asih Ethé‘ﬂ?é%régfegﬁg@; kPa. As can

be seen' from Fi gure upper test’ pressufe o @01 K, the

adsor pt i ovadunadiorge mexinihe préssuby df 106/60dPa)caiithe ke RilEohitgher than the
adsorption | oading for nmethane, CH4, on the acetonitrileexchanged ZI F-1

mat er i al . eXEOMTStalpejotscwes: ingasurbd in ghadesorptipmmoady (ieq deoreasmgothei ng
adsorption | oadi.ngs of the acetonitril -eg nged ZI F- terial for CH4
net hane Pfﬁ&%&?f&ﬁ}{?éﬁ% @M pEASY r&tqfea#{)@ E@Q&BV W Iggé , C3H8
gpropanege %ﬁig%n][ bautgg}gh?‘ %0%&‘:%9?%&‘2 but an]i%%w? St gaﬁiti ons of 301
K and 106" 8 kPa obtarhed m S FisiEas U Cgrﬁ'ﬁgmgﬁg Y this bar
graph, t ty i b il S ZIF-1 materi al
for the Chg)ﬁﬁ?lg?gg?gﬁéé\p%grﬁggg%% %ﬂtﬁ%%%ﬁ%wﬁégl@%fﬁm?e at'l greater than

approximately 1.72 trunole/g while the adsorption |oading for CH4 was only
appr oxi mat ehélo. 30 nmle/g. At these conditions, the adsorptive |oading

ratio forl00ARLIo+The adsrhatsdised srasduaughionee therisedaranifplddromdeetuge 5. 7.
adsor pt | weotiek o 3 BORS SHbBly HRGe SR e die RuPogte éfni s of the
present igydBEdrBBns. 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
provided the adsorbate pressure information to the controller. The controller
actuated two electronic valves to adjust the adsorbate pressure within the feed
manifold. One valve (MKS 0248A, Type 00100RK) was connected to the
adsorbate feed supply and the other valve (MKS 0248A, Type 10000RV) was



[00177] It should be noted that, although not shown, the tol uene-exchanged
ZIF-1 material exhibits simlar adsorption | oading characteristics as the
acet oni t rwvbes@xwbsnged ZI F-1 material . gxanpl e 9 [0017®LTius2ddajosroexanpl e,
adsorption isotherm experinents were ca?tTed out on ZIF-11 sanpl es obt ai ned
fromthe synthesis detailed in Exanple 4 above in conpliance with the
general testing procedures for Exanples 6-10 descri bed above. [00179] For

the testi ggndct@ptthrAmRulaf Bné. NA! Picfer® arSUrR6! tukbohidlebelap buslp-wis Was
| oaded with nethanol as the solvent. It was out-gassed for 2 hrs at 301 K

under dynasedtovachiens theeaicadnt contiifiols.f or 3 hrs, and then cooled to 301 K
The dry wei ght was 82.07 ng. The sane cl ean-up procedure was applied to
ZIF-11 prior to all subsequent experinments with other adsorbates. A

o7 o eSO o YRR B o Hibsgk BT Chndrl feigBhls sbOR 1ol
(et hane) g??%&ﬁ#&h@ﬂﬂ&ﬂ@ioad@a'iﬁ&ﬁéﬂﬁ 14Hed apﬁgg é{l.pIIPBYde‘%QS}AVde 301 K.

The ordin I splays the equilibriumadsorption ng I1n typical units

of mmol e/ the ddmaahgcofthe adissfeny svithambdixanlair, chepadsosben vads fullly adsorbate in
kPa. As can be seen from Fi gure 25, at the upper test pressure of 106.6 kPa
@301 K, immenspdonan excesvalipnpecificdisolyvent (.¢vyan snwupbwetbimryeessofer e

hi gher than the. ] i ng f t . CH4, the Z1F-11
mader al | diaseasec oG 48 datefalpads vOlyieh B solFrMan BBy AL Bbhah ng
d ti ' - F- il - 14

ety enojn® B3 BRafic \aEuthy Th ol EHel, whef it SalvER! Walthla ficke

CAl - 18( 1- bredipg19 ) witlincth€4dttior of tidiadsobate! héRhig waalisbiRed. TfypadallyK and

106.6 kPa obtained fromthe tests abpve. As can be seen fromthis bar
gr aph, t hthedfgdlompng steps ¢aldiundsr dynamie vdeut) wetesappiedf (&) cuitezaSfing at

appr oxi madd] K BrGobespes OUHIOE, (dheatos B RSIriRed e geeR A epon y
DB T 8RR R B R B bR e e
was tare just prior to loading the sample, the dry weight was directly obtained
from the microbalance upon completion of the clean-up procedure. The type of
solvent, the heating temperature as well as the duration of the steps was
dependent on the particular ZIF material under study. For a given ZIF sample,
the same clean-up steps were repeated each time a new successive experiment
was conducted. Prior to removing the sample from the microbalance, the first
and/or second adsorption experiments were repeated. These repeat experiments
revealed excellent reproducibility, confirming the adequacy of the experimental
adsorption isotherm procedures as well as the stability of the samples throughout
the adsorption experiments. X-ray measurements of the removed samples

further confirmed their integrity.

Example 6

[00163] In this example, adsorption isotherm experiments were carried out on

ZIF-7 samples obtained from the synthesis detailed in Example 1 above in



approximately 3.7. However, for the C3+ adsorbate conpounds (propyl ene and
hi gher), the adsorptive |oading ratio for the C3+ hydrocarbon conpounds
over CH4 wleo@biokmsast approximately 6.9, This exanpl e i lpcwatscaw@siobhat

ZI F-11 possesses an adsorptive Ioading‘$%1io hi gh enough to neet the
requi renents of the present invention for C3+ hydrocarbon conpounds at

at nospheric conditions. Exan_ipfl) [00181] In this exanple, adsorption

i sot her m gypRliafBO With'de gensfdl tesdinguroesdures f8r ERaMbERS 60 alebatbdd om t he
synthesis detailed in Exanple 5 above in conpliance with the general
testi ng paboedlures for Exanples 6-10 descri bed above. [00182] For the
testing of each adsorbate in this experinent, a sanple of ZIF8 was | oaded
wi th nmethanol as the solvent. It was out-gassed for 2 hrs at 301 K under

d ' h . . . I 3 Th
ary ver gniOULHEN 1o 125 e tebune O ol basorRh R R RSGRF bl 2o Fo
prior to aly,asSiaacdwan a@xosiri R the Wolvenp! NaKaf8s0sRat e For ShBEATBOING

El ectron Mcroscopy ("SEM') image of this sanple is shown in Figure 27.

Fi gure 28Kstmder dymantid vacypamoNo futther haatinf Wadagplicdt TheldGynweighteyas C21 - 14
(et hyl ene), C2H6(et hane), and C3H6 (propylene) at 301 K The ordinate
di spi ays th&8amgi Thersams eleanrup prosedergavagyapnliad te £Hi-7 waiardodll ol e/ g.

D" ccon: 1 SRR Bathgu PR YhfeRasaBies, &l sl R phRTay A "
the adsor pigrN+) RAGLEE IRY sémipld MARBRAT MUToGRIPPUPERIEADSHAVANRE | han t he

adsorptio oadi ng Tor net han on terial. [00183] Figure

29 is a bathylemp TR advorpdon ivetieani 68 AIF] ag3@UKor Phe ordihadlisglayof t he
ZIF-8 material for CH4 (nethane), C2H4 (ethylene), C21-16 (ethane), C3H6

(pr opy| enthe equikibrippy agsenetjon oadSgl irbtypeead unitsod nomel¢/s- Thedowies) at t est
diti f 30 1Q6. 6 kPa.obt ai ned. f t est s, above,. b
Coon 1 ombsisSAnHSPI) Bie ANSABIS S GEREENTE in Py I DG uppRL abSchsss BishlayS al §or
the C2+ h . . th
(he i RTANEE SO Al B kB BOR e S ool i e
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[00165] In accordance with the testing procedures, adsorption isotherms for
CH,4 (methane), C,Hg (ethane), and C;Hg (propylene) were also generated and are
shown together in Figure 13 with the adsorption/desorption isotherm for C,H,4
(ethylene) from Figure 12 above. In the testing regime of this example, methane
did not exhibit the separate adsorption and desorption branches as was exhibited
for the C,, hydrocarbons and therefore, the adsorption and desorption curves for
methane in this regime overlap for ZIF-7. As can be seen from Figure 13, at the
upper test pressure of 106.6 kPa @ 301 K, the adsorption loadings for ethylene,
ethane and propylene were all significantly larger than the adsorption loading for

methane, CHy, on the ZIF-7 material.
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feedstream conprising: a) contacting an adsorbent material conprised of a
zeolitic woid@zobstie framework material _w th a process Peedrssinoarmmg
conprising CH4 and at |east one C hydﬁgbarbon conpound at a first pressure
and first tenperature; b) adsorbing at |east a portion of the C2+

hydr ocar bon conpound in the adsorbent material, thereby producing a
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adj acent Mf‘s’c}i*b%a%b%%.t 6 dAnPBRYEnker Sl this biirgrph,| thBlaadorptioni ohdiags ofit ons of
an imdazolate anion or its derivative, and wherein the zeolitic

i m dazol atle ZiFafenstekiahfarahe &l,, hadravartzascompourdd ataldng kPat@3hesur ed at

301 K and 106.6 kPa for the C2+ hydrocarbon, conpound over CH4 of at |east
5. 2. Twergalhgseaenthan appreximajelyrzpf mmeleig ydn adgemtion lopding ;¢ her

conpri sed.of bi nder, materi.al A sel ed from o] onsi sting of a
crystall i F@%ﬁp W?ér‘{n‘%_aﬂm"d‘?%e?%qo|- nm%lle&feépﬁb ee"%@?f}_}"q‘%’ ﬁ'r?er mopl asti c,
a clay, aa&é&r?ﬁ@é F&@ﬁﬁ%%ﬂlﬂfd}%@ 0,2hydAitafl ot Siap6eRdLOErOHBEe i al . and a
titani a-containing material .

greater than approximately 28.9, illustrating the high selectivity of the ZIF-7

material for the C,+ hydrocarbon compounds over CH4, making ZIF-7 a suitable

material for use in the present invention.

[00167] Additional isotherms for ZIF-7 were performed at different
temperatures to investigate the adsorption/desorption characteristics of ZIF-7 at
higher temperatures. The adsorption isotherms of ZIF-7 for normal butane,
C4H,, performed at 301 K, 323 K, and 348 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 323 K and further to 348 K, the
transition from low to high C4H;( loading is displaced to higher pressures. This
figure shows that comparable adsorption loadings of C4H,o on ZIF-7 occur at a

correspondingly increased partial pressure.

Example 7

[00168] In this example, adsorption isotherm experiments were carried out on
ZIF-9 samples obtained from the synthesis detailed in Example 2 above in
compliance with the general testing procedures for Examples 6-10 described

above.



3. The process of claim1, wherein the zeolitic imdazolate franmework
material is selected fromthe group consisting of ZIF-7, ZIF-9, and ZI F-1.
- 68 -  wotkeoprsocess of claim 3, wherein the CH4-ri clreprusdemoiosbs eam
contains at least 70 nol %of the CH4 ttlesent in the process feedstream
5. The process of claim4, wherein the C2+ hydrocarbon conpound parti al
pressure in step a) is greater than the C2+ hydrocarbon conpound parti al

pressure [gp1%9¢P Ebr the @stiﬂ_@@fEé&?ﬁ&ﬁ)r@éteqhdhi@e&?eﬁhﬁm,i dsdriplel dft BIF -
pressure s greater than the second pressure. . The process of claimb5,

\merei n t fevasdoaded withpaoetonitrileias the eakvent.t Kavas tus-gassed farchrhes attidle. 8.
e process of claim>5, wherein the process is a sw.ng_adsorptjon process,
wher ei n t Keunrdes dynamigVaguas g rJV@FIBgtWWRPzIeFieS & ‘gﬁlgg‘ﬁt"ﬁ) ap

mnute. 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
ethylene, C,H,, 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 C,H, pressure in kPa. The upper abscissa displays
the relative C,H, pressure, where the normalizing pressure Py corresponds to the
C,H, saturation pressure at 301 K. 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).

[00170] In accordance with the testing procedures, adsorption isotherms for
CH, (methane), C,Hg (ethane), and C3Hg (propylene) were also generated and are
shown together in Figure 18 with the adsorption/desorption isotherm for C;H,
(ethylene) from Figure 17 above. In the testing regime of this example, methane
did not exhibit the separate adsorption and desorption branches as was exhibited
for the C,. hydrocarbons and therefore, the adsorption and desorption curves for
methane in this regime overlap for ZIF-9. As can be seen from Figure 18, at the
upper test pressure of 106.6 kPa @ 301 K, the adsorption loadings for ethylene,
ethane and propylene were all significantly larger than the adsorption loading for

methane, CH,, on the ZIF-9 material.

[00171] Figure 19 is a bar graph comparing the corresponding adsorption
loadings of the ZIF-9 material for CH4 (methane), C;H, (ethylene), C;Hg
(ethane), C;Hg (propylene), C;Hg (propane), C4Hg (1-butene), and C4Ho (n-
butane) at test conditions of 301 K and 106.6 kPa obtained from the tests above.
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ZIF-7), illustrating the high selectivity of the ZIF-9 material for C,, hydrocarbon
compounds over CH,, making ZIF-9 a suitable material for use in the present

invention.

Example 8

[00172] 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.

[00173] 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.

[00174] For the testing of the toluene-exchanged ZIF-1 sample, a portion of
the ZIF-1 sample produced and activated as in Example 3 was loaded with
toluene as the solvent. It was out-gassed for 6 hrs at 301 K under dynamic
vacuum, heated to 443 K for 2 hrs and then cooled to 301 K. The dry weight

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



- 69 - 16. The process of claim1, wherein the C2+ hydrocarbon conpound
Is selected fromthe group consisting of C2H4 (et hylene), C2H6 (et hane),
C3H6 ( pr oppl2eens2sC3H8 (propane), CAH8 (1-butene), and @&FakRooonetoos ane) .
17. The process of claim 16, wherein t zeolitic imdazol ate framework
material is selected fromthe group consisting of ZIF-7, ZIP-9, and ZI P-i
18. The process of claim1l, wherein the process feedstreamis conprised of

et hyl ene, eﬁaﬁﬁgewmfer bﬁ@?to shtdubssphchhexpefnety dvide attpadsorbasndA i s

et hyl ene, The process of claim1, wherein the process
f eedstr eaScamlng Eiectscﬁdl\/ﬁbrqmopy (SSEM"Thnegand totuehereschanged Zikdl t he C24.
hydr ocar bon conpound is propyl ene, C3H6. 20. The process of claiml,

wher ei n t Bampleds sBewnda IgHEGA] i s conprised of a Light Plant Gas
feedstream and the C2+ hydrocarbon conpound is selected fromthe group
consisting of C2H4 (ethylene), C2H6 (et hane), C3H6 (propyl ene), and C3H3

(propane) 0017511 @ﬁe@rzoﬂﬁ% e a@samﬁo%qsom@ﬁhsIoﬂrtﬁ@gcé%mtwdrocar bon

corrpound arti ssure of the process feedstreamin step a) is |ess than
about 29 pm}angﬂ(ZIFPhﬁ)r CH, (2thafey, Qslceethylene); (GHy(ethane)h eandiGyHhe

process f ((apergp;lterng?zrﬂ Zlf»g 1 %t %hg E)?dslrslgt%edlgglalyse tshse éqqlallﬂbrllgr% adssorptlon loading
in typical units of mmole/g. The abscissa displays the absolute pressure of the
adsorbate in kPa. As can be seen from Figure 22, at the upper test pressure of
106.6 kPa @ 301 K, the adsorption loadings for the Cy. hydrocarbon compounds
were higher than the adsorption loading for methane, CH,, on the acetonitrile-

exchanged ZIF-1 material.

[00176] Figure 23 is a bar graph comparing the corresponding adsorption
loadings of the acetonitrile-exchanged ZIF-1 material for CH4 (methane), C,H,
(ethylene), C,Hg (ethane), CsHg (propylene), C;Hg (propane), C4Hg (1-butene),
and C4H,;, (n-butane) 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 loadings of
the acetonitrile-exchanged ZIF-1 material for the C,. hydrocarbon compounds at
106.6 kPa @ 301 K were all greater than approximately 1.72 mmole/g while the
adsorption loading for CH, was only approximately 0.30 mmole/g. At these
conditions, the adsorptive loading ratio for the C,, hydrocarbon compounds over
CH, was approximately 5.7. This example illustrates that the acetonitrile-
exchanged ZIF-1 possesses an adsorptive loading ratio high enough to meet the

requirements of the present invention.

[00177] It should be noted that, although not shown, the toluene-exchanged
ZIF-1 material exhibits similar adsorption loading characteristics as the

acetonitrile-exchanged ZIF-1 material.



WO 2009/105251 64 PCT/US2009/001094

Example 9

[00178] In this example, adsorption isotherm experiments were carried out on
ZIF-11 samples obtained from the synthesis detailed in Example 4 above in
compliance with the general testing procedures for Examples 6-10 described

above.

[00179] For the testing of each adsorbate 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 CH,; (methane), C,H,
(ethylene), C,H; (ethane), and C;Hg (propylene) at 301' K. The ordinate displays
the equilibrium adsorption loading in typical units of mmole/g. The abscissa
displays the absolute pressure of the adsorbate in kPa. As can be seen from
Figure 25, at the upper test pressure of 106.6 kPa @ 301 K, the adsorption
loading for the C,, hydrocarbon compounds were higher than the adsorption

loading for methane, CHy, on the ZIF-11 material.

[00180] Figure 26 is a bar graph comparing the corresponding adsorption
loadings of the ZIF-11 material for CH, (methane), C;Hy (ethylene), C,Hg
(ethane), C3Hg (propylene), CsHg (propane), C4Hg (1-butene), and C4H, o (n-
butane) 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 loadings of the ZIF-11
material for the C,, hydrocarbon compounds at 106.6 kPa @ 301 K were all
greater than approximately 1.59 mmole/g while the adsorption loading for CH,4
was only approximately 0.43 mmole/g. However, at these conditions, the

adsorptive loading ratio for the Cy. hydrocarbon compounds over CH4 was only
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approximately 3.7. However, for the C;, adsorbate compounds (propylene and
higher), the adsorptive loading ratio for the Cs, hydrocarbon compounds over
CH, was at least approximately 6.9. This example illustrates that ZIF-11
possesses an adsorptive loading ratio high enough to meet the requirements of

the present invention for Cs, hydrocarbon compounds at atmospheric conditions.

Example 10

[00181] In this examiple, 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.

[00182] For the testing of each adsorbate 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 CH, (methane), C;H,
(ethylene), C,H; (ethane), and CsHg (propylene) 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 for C,. hydrocarbon compounds were higher than the adsorption loading

for methane, CH,, on the ZIF-8 material.

[00183] Figure 29 is a bar graph comparing the corresponding adsorption
loadings of the ZIF-8 material for CH4 (methane), C,H, (ethylene), C;Hg
(ethane), C;H, (propylene), CsHg (propane), C,Hg (1-butene), and C4Hjo (n-



WO 2009/105251 - 66 - PCT/US2009/001094

butane) 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 loadings of the ZIF-8 material
for the C,+ hydrocarbon compounds at 106.6 kPa @ 301 K were all greater than
approximately 1.19 mmole/g while the adsorption loading for CH4 was only
approximately 0.74 mmole/g. However, at these conditions, the adsorptive
loading ratio for the C,; hydrocarbon compounds over CH4 was only
approximately 1.6. However, for the C;, adsorbate compounds (propylene and
higher), the adsorptive loading ratio for the C;, hydrocarbon compounds over
CH, was at least approximately 5.2. This example illustrates that ZIF-8
possesses an adsorptive loading ratio high enough to meet the requirements of

the present invention for Cs; hydrocarbon compounds at atmospheric conditions.
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What is claimed is:

1. A process for separating CH, from a process feedstream,
comprising;

a) contacting an adsorbent material comprised of a zeolitic
imidazolate framework material with a process feed-
stream comprising CH, and at least one C,, hydrocar-
bon compound at a first pressure and first temperature;

b) adsorbing at least a portion of the C,, hydrocarbon
compound in the adsorbent material, thereby producing
a CH,-rich product stream, wherein the CH,,-rich prod-
uct stream has a higher concentration of CH, by mol %
than the process feedstream; and

c¢) producing a CH, -lean product stream at a second pres-
sure and second temperature, wherein the CH,-lean
product stream has a lower concentration of CH,, by mol
% 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 1s linked by nitrogen atoms of an imida-
Zolate anion or its derivative, and wherein the zeolitic
imidazolate framework material has an adsorptive load-
ing ratio measured at 301 K and 106.6 kPa for the C,,
hydrocarbon compound over CH, of at least 5.

2. The process of claim 1, wherein the adsorbent material is
Turther comprised of a binder material selected from the
group consisting of a crystalline polymer, a non-crystalline
polymer, an epoxy, a thermoplastic, a clay, a silica-containing
material, an alumina-containing material, and a titania-con-
taining material.

3. The process of claim 1, wherein the zeolitic imidazolate

framework material is selected from the group consisting of
ZIF-7, ZIF-9, and ZIF-1.
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4. The process of claim 3, wherein the CH,-rich product
stream contains at least 70 mol % of the CH, present in the
process feedstream.

5. The process of claim 4, wherein the C,, hydrocarbon
compound partial pressure in step a) is greater than the C,,
hydrocarbon compound partial pressure in step d).

6. The process of claim 5, wherein the first pressure is
greater than the second pressure.

7. The process of claim 5, wherein the second temperature
1s greater than the first temperature.

8. The process of claim 5, wherein the process is a swing
adsorption process, wherein the overall swing adsorption
cycle time 1s less than about 1 minute.

9. The process of claim 5, wherein the process is a swing
adsorption process and the difference between maximum and
minimum C,, hydrocarbon compound partial pressures
achieved in the adsorbent bed during a cycle is less than 43.5
psia (300 kPaa).

10. The process of claim 5, wherein the C,, hydrocarbon
compound has a partial pressure in the process feedstream in
step a) of less than about 29 psia (200 kPaa).

11. The process of claim 1, wherein the process feedstream
1s comprised of a natural gas.

12. The process of claim 11, wherein at least a portion of
the CH,,-rich product stream is utilized to make a final natural
gas product.

13. The process of claim 11, wherein the first pressure is at
least 500 psig.

14. The process of claim 11, wherein the zeolitic imida-
zolate framework material is selected from the group consist-
ing of ZIF-7, ZIF-9, and ZIF-1.

15. The process of claim 14, wherein the CH,,-rich product
stream contains at least 70 mol % of the CH, present in the
process feedstream.
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16. The process of claim 1, wherein the C,, hydrocarbon
compound is selected from the group consisting of C,H,
(ethylene), C,H, (ethane), C,H, (propylene), C,H, (pro-
pane), C,Hy (1-butene), and C,H,, (n-butane).

17. The process of claim 16, wherein the zeolitic imida-
zolate framework material is selected from the group consist-
g of ZIF-7, ZIF-9, and ZIF-1.

18. The process of claim 1, wherein the process feedstream
1s comprised of ethylene, C,H, and methane, CH,; and the
C,, hydrocarbon compound is ethylene, C,H,.

19. The process of claim 1, wherein the process feedstream
1s comprised of propylene, C;H, and methane, CH,; and the
C,, hydrocarbon compound is propylene, C H,.

20. The process of claim 1, wherein the process feedstream
is comprised of a Light Plant Gas feedstream, and the C,,
hydrocarbon compound is selected from the group consisting
of C,H, (ethylene), C,H (ethane), C;H, (propylene), and
C;Hg (propane).

21. The process of claim 20, wherein the C,, hydrocarbon
compound partial pressure of the process feedstream in step
a) is less than about 29 psia (200 kPaa).

22. The process of claim 20, wherein the process feed-
stream 1s at a pressure of less than 100 psia.





