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invention relates to the sel®ecfive separation of
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enbodi nents, the current invention is utilized in a
process to separate nethane from hi gher carbon nunber
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BACKGROUND OF THE T NVENTI ON [ 0002] Gas separation is
an inportant process utilized in various industries,
particularly in the production of fuels, chem,cals,
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when operated under certain conditions, allow a
sel ective conponent or conponents in a gas mxture to
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[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



adsor bed of each conponent in the material (i.e., the
adsorption capacity) and the selectivity of the
wadeonpizson for a specific congonent over anot PeT/US2009/001094
conponent may often be inproveéd by operating the
process under specific pressure and tenperature
condi tions since both pressure and tenperature
sdcBhd eeppnehtonesapphems ih gadpnomitutid)eTES fanambant o
a different extent. The efficiency of the PSA process
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prB@ésSsed at sone pressure and tenperature through a
vessél containing an adsorbent material that
sel ectively adsorbs nore oxygen than nitrogen, at
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sizable differences in adsorption propertles 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



captured and isolated as a separate product stream

The adsorbent material which has now been "desor bed"
wobowhes2okygen can then be reutilized and theve€T/O8809/001094

steps of the PSA process cycﬂ:'are repeated so as to

al l ow a conti nuous operation. [0004] However, finding

suitable materials that specifically discrimnate
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efficient and effective manner (that is that they have

operhtiolyood separation selectivity and a high adsorption
capacity) are not easily found. Additionally, many
adsorbent materials known in the art do not hold up
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U S. Patent No.” 3, 738, 087.
includes in each bed: (1) higher pressure adsorption with release of product
effluent from the product end of the bed; (2) co-current depressurization to
intermediate pressure with release of void space gas from the product end
thereof; (3) countercurrent depressurization to a lower pressure; (4) purge; and
(5) repressurization. The void space gas released during the co-current
depressurization step is commonly employed for pressure equalization purposes
and to provide purge gas to a bed at its lower desorption pressure. Another

conventional PSA processes using three sorbent beds is disclosed in U.S. Patent

No. 3,738,087.

[0006]  Another industrially important gas separation process is temperature

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



[ 0006] Another industrially inportant gas separation

process is tenperature swing adsorption ("TSA"). TSA
w@r@odas®es, when operated under certain- - preBST/US20a9001094

tenperature conditions, all oWt Sone conmponents to be

sel ectively adsorbed over others wthin the pore

structure of an adsorbent nmaterial. In this process, a
pessiremndasinperdtug: condinoy) atlonosdiae soppoatats thlbeveelectively

through an adsorbent material wherein one or nore_of )
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of the stream conponents in the feed m xture rel ative
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ftggﬁg ature can then be reduced (or allowed to be
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cycle to inprove the adsorption characteristics and/or
adsorption capacity of the naterial. [0008] Besides

[oaogz];?p fnlr%ﬁsaﬂdefrsmbmemes dbwioe nted (eBe MRitahRy ER€lusive. A
combined PSA/TSA process may be utilized, for example, by increasing the
temperature of the adsorbent materials during the lower pressure purge step of a
conventional PSA process to improve the desorption of the selectively adsorbed
component(s) in the process. The bed temperature can then be reduced (or
allowed to be reduced) during the adsorption portion of the PSA cycle to

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

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

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



bed, the adsorbent can be regenerated with a purge
that is flowed through the adsorbent bed in a manner
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Processes that are conducted™with this type of
adsor bent regeneration technique are often call ed
partial pressure purge displacenent processes
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processes can be used for the separation of gas
teelmQI8BSt s in a mixture. In a menbrane separation
process, one or nore conponents of the m xed stream
contact one side of a nmenbrane material and a portion
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_ e menbrane separations process.
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menbrane (for exanple pressure, tenperature, and purge
prooess) of arsslechcemplovertthan thatixedstrearnghat 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



a gradi ent of chem cal potential across the nmenbrane
that is favorable to drive the sel ect conponent from
wo b@ofiedl si de to the perneate side of the nenbCBDS2009/001094
[0010] There is a need in thebart for i mproved sw ng
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inf@ehan indadaal Appslicagionbons ("HHCs") in process
feedstreans conprised of both conponents. As utilized

herein, the term"nmethane" is defined as a nethane -

nmol ecul e of co_&osi tion CHA whi ch conpound contai ns
W N ilized herein, the terns

“hi gher carbon nunber hydrocarbons”, "heavy
hydr ocar bons", "HHCs", and "C2+ hydrocarbons” are

[003251 deTRE pAssehfliveatiBilis adeparatiBn 26§ Gtilizing 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:



herei n as any hydrocarbon conpound containing two or
nore carbon atons and at | east four hydrogen atons.

w@ 0@23)s26n accordance w th one_enbodi ment of tPeT/US2009/001094
present invention there is p?%Vided a process for
separating CH4 from a process feedstream
conprising:a) contacting an adsorbent materi al
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at atheecadsochbent esatariel;and second tenperature, wherein

the CH4-I1 ean product ream has a | ower congentragion
of CH4 bychprodhemera Chb-righpraduct segam, whsreinias CHyerich
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and each pair of connected adjacent vertices of the

f r amewor kdpprodutitigea CHleak paodhyctrsireanpstra sécond préssare and
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zeolitic ramework naterial 1's selected

f r onmfedhfework&tifactureavlieréinfedch VéEko)f the fedinéwerk structure is
preferred enbodi nent, the C2+ hydrocarbon conpound is

sel ecomprisednf azingl¢ mdtgl ionaind erhgaireheomiectedaqjacent

(pr o%r'u%%? )of tl?esggrh(ee&oor as?r%)czmre 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



CAH8 (1-butene), and C4H O (n-butane). [0016] In

anot her enbodi nent of the present invention process is
wa2ewiingsadsor pti on process whgrein the differear@s2009/001094

bet ween the maxi mum and mininim o - C2+ hydrocarbon

conmpound partial pressures achieved in the adsorbent

bed during a cycle is less than 43.5 psia (300 kPa). r

Ch.ORdtbcArboacwansaumtepartiahpressurestachiened in die adserbent bed
present invention there is provided a process for

dumnga ayclegs Gess than kil mlédésgkfébdst ream conprising:
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a zeolitic imdazolate framework ,material with a
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THE FI GURES
¢) 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.



[0018] FIGURE 1 is the experinmental powder X-ray
diffraction (11PXRD') patterns of the as-synthesized
wan@aeasonitril e-exchanged ZI F-7 sanpl es of ER@mpbm04/001094
herein. The cal cul ated 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.[0019] FIGURE 2 shows the
[0018] nogFEGURE 2ishowsahe shermograsngtric analyises ("TGA"s) for the

as-synt.hesi zed and. acetonitril e- hanged -7 .
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experimental powder X-ray diffraction ("PXRD")

patterns of the as-synthesized and
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patesrhs ofithesas-synthedived asd heetbhitrite-gxchenged ZIF+Fs@mples ed

on the single crystal structure of ZIF-9 reported, i
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experimental powder X-ray diffraction ("PXRD")
patterns of the as-synthesized, the

[@024] oni FIGUREAshawgdhe thermagsayimeiein aapbyses 6ddGA('s) for the
sa es o ampl e. 3, herein. cal cul at e XRD .
R BFN 20 AR ACT ORI GxshiaNesd Z0F: & RarpRIEs ai Focample sheren.
figure) for ZIF-1 based on the single crystal '

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

[(FOQ%BV enFRGURE §iif thebeeiimémalpowder Kerayl didifractidiDCPHRD")
FI GURE 6 shows the thernogravinmetric anal yses ("TGA"s)
pitterns b€ thesassyynthesized dhe abetonttil @akehanged andiihe teluengrd
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ciBta structlit€ of ZIFU RipBeteXiith® PPARI Refesdifton agvefebénced herein -
vertical stick patterns in the figure) for ZIF-1 1
iskds®eshown iméhesfiggtee crystal structure of ZIF-1 1
reported in the

[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.



"Park Reference" as referenced herein is also shown in
the figure.- - [0025] FIGURE 8 shows the
wo b@omoggsavi netri ¢ anal yses ("TGA"s) for the peeT/Us®d9 001094
and met hanol - exchanged ZI F- T £ -sanpl es of Exanple 4
herein. [0026] FIGURE 9 is the experinental powder
X-ray diffraction (11PXRD') patterns of the purified
[0928] et REROURTE 8 GhaWeaHe Mdrnfoeravietfic @hal@semmﬁ"s) for the
here| n. The cal cul ated PXRD pattern (shown as
pwified and nedtharolpatchenged ZiF{1Hesaimpjes ef Ekempld ﬂi-hgrebased
on the single crystal structure of ZIF-8 reported in
the "Park Reference" as referenced herein is al so

O ll
(PR gfloféﬁﬁé P“?%Ehf pamieneat s R Erdctfon ¢ B3R
P ﬁer el n hﬁ]}%‘ FI GURE }i%léiséigﬁgfg%}(ﬁ?ﬁgf% eclt r%ﬁfﬁxample
héykiy, dEl@@baflc(llaﬁEl\/PXRImngtenf (sho¥inFasiths veptieal sticEpattpts in the
6. &0029 FI GURE 12 shows the C2H4 (et hyl ene
figurs if(plt ZIﬁr& lza@m@nrfhasmgchwstairstmcmrmf ZJEn$repasted in the
,,Iﬁxg +0030] FI E 13 CHﬁ ne)
ik Ratfredice! Svtatbrmesshorai icRh Spavmynife S s
(ethane), and C3H6 (propyl ene) adsorption isotherns at
301 K for a ZIF-7 sanple of Exanple 6. [0031] FI GURE
01)47’ S aFIGURE #0RBhewIRheE tmﬂlﬁdg@a\ﬁﬂmﬁ@hn@llysb@(%l'di@gss)dbr the
ZI F-7 sanpl e of Exanple for CH4 (nethane), C2H4
puréfiiéd hmd mqthm)(chanmzmﬁaammps opfxemple SdekEn.
(propane), C4AH8 (1-butene), and CAH O (n-butane) at
301 K and 106.6 kPa. [0032] FI GURE 15 shows the C2H4

109381 FERURIFRI S & Shahdigel @%@N% B3 SEN g of
Zlfa7@a§ﬁﬁ@@fm;a§{rg@5r on Mcroscopy ("SEM') inmage of a
F-9 sanpl e of "Exanple 7. [0034] FI GURE 17 shows the

C2H4 (et hyI ene) adsor pt| on isothermat 301 K for a

Zl F e of Ex
0020] ° SBIBURE 12 ShomR the &M, (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.



[0035] FIGURE 18 shows the CH4 (nethane) adsorption

i sothermand the C2H4 (et hylene), C2H6 (et hane), and
w@3dd6/1025Dpy| ene) adsorption isotherns at 301 KCT/082089/001094

ZI F-9 sanple of Exanple 7. ['O]d3'6] FIGURE 19 is a bar

graph conparing the adsorption |oadings of a ZIF-9

sanpl e of Exanple 7 for CH4 (nethane), C2H4

[U033y! eREFUREZ 16 i€ 8tStanaing KldtGon Wipyicops)(' SERI image of a
(propane), CAH8 (I|-butene), and C4H O (n-butane) at

ZH09 sdample of BxamMed. [0037] FIGURE 20 is a Scanning
El ectron M croscopy ("SEM') image of a ZI F-1I
(acetonitril e-exchanged) sanple of Exanple 8. [0038]

e oFIGURT-T7 SRR BRCE (RS Tak) SSABRE okl 201 X
fot-a zﬁug%n{ﬂlgdﬁgxg&pq@qws the CH4 (et hane) adsorption
i sotherm and the C2H4 (et hyl ene), C2H6 (et hane), and

C3H6 (propyl ene) adsorption isotherns at 301 K for a

ZIE-1 (acetonitril e-exchanged) sampl e of Exanple 8.
(095307 - FIGURE 38 shaws the Ly Gpethansadsprgiansotherm and the

ti I [ = ..
CoHs BBHeR). IGHE REnEL AR o oropvienghammtionjsogagpms a
F- lxﬁﬂﬁ)l C2H6 (eth , C3H6
3?%@?2115) f}%%%@%gﬁopa e? 7 C4H8(((3I - gﬂs)ene), and
CAH O (n-butane) at 301 K and 106.6 kPa.[0041] FI GURE
24 is a Scanni ng_EI ectron M croscopy ("SEM') image of
i

[0036] F- 1IFIGURIp 12 iva bax grphecanpiriag the adseupEorpbagli fa
2B i Y EEGRe R0, CRebBRNE T SR EHs cthane),
CRIHiPhY el Soi R G iigher ahd AL HIER) at 301
Ktdnd BosekPhi on | oadings of a ZIF-1 1 sanple of Exanple

9 for CH4 (nmethane), C2H4 (ethylene), C2H6 (et hane),
C3H6 (propyl ene), C3H8 (propane), C4H8 (I|-butene), and

[O%l?jl 0 (lglgﬂ%ﬁin% isa :E\ S%g%niﬁgaélgct%gr? I\?icl;cl):;%bpy ("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.



[0044] FI GURE 27 is a Scanning Electron M croscopy
("SEM') inmage of a ZIF-8 sanple of Exanple 10. [0045]
Wo-b@BIRES228 shows t he CH4 (rret ne) adsorpti on PEDUREN01094
and the C2H4 (et hyl ene), 3(et hane), and C3H6
(propyl ene) adsorption isot herms at 301 K for a ZIF-8
sanpl e of Exanple 10. [0046] FIGURE 29 is a bar graph
ar i FIGURE 2449 a[ScafifingdBldctign Micrés -(BSEM)imagk of a
Exanple 10 for CH4 (nethane), C2H4 (et hylene), C2H6
Z[ketlAsmaviple of Hxamplo Pyl ene), C3H8 (propane), CAHS
(I -butene), and CAH10 (n-butane) at 301 K and 106.6
kPa. [0047] FIGURE 30 is a sinplified diagram show ng

e °°e§fg®3ﬂ€%'§ﬁ {ws% gHétBSHés) Ad%ﬁ&ﬁdrpi“sowrﬁﬁnd the

ng a sorp ion' proces
Cﬁiﬂ&ﬂ%&h@) rwzmqéﬂraheptanm@m %Jroﬁﬂmémds@e;b@@ﬁ iseeherms at
Separati on’ of heavy hydrocar bon conponent” ("HHC")
301 anoreztﬁﬁﬁél(sﬂ@)e poB48impl¢ GURE 31 is a sinplified
di agram showi ng a process enbodi nent of the current
i nvention which utilizes a nenbrane separations

I35 S5 BIGLRE 28 287 SRbel| SREGE U HRERE Iachils ofa

e e
CbIFI);’ qmﬁyrmey, Cdege(qireﬁarter) OrHg €lsbatentprand @, g {artatarns) at 301
nmet hane fronrhlgher car bon nunber
Khydib@%ﬁ&@hs ( HHCs") in process feedstreanms conprised
of both conponents with a process utilizing adsorbents
conprised of zeolitic imdazolate framework ("ZIF")
ra i .
O35 SF B URE: 714 b Sl R HMIGE BRI SERRY tnfoge of
Zgﬂgngﬁﬁqe@@mh@hﬁﬁeq0|y one carbon atom As utilized
herein, the terns hlgher carbon nunber hydrocarbons
"heavy hydrocarbons”, " C2+ hydrocarbons”, and

+ re considefed. as .equiv lentsandar
(0945} nedﬂﬁfgﬂﬂqiéﬁaﬁ? tﬁ@ﬁi@t@?%ﬁﬂ@&% PR SRIGTR 4Ryl the
zﬂ’? (&hylRES; (%‘i‘-fﬂgﬁlane), 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,).



atons and at |east four hydrogen atons. [0050]
Preferably the zeolitic imdazolate franeworks are
watibilgedi i n a swi ng adsorpti g@ process. The gPOEU82009/001094
term "sw ng adsorption process"™ as used herein shall
be taken to include Pressure Swi ng Adsorption ("PSA")
processes, Tenperature Swi ng Adsorption ("TSA")
[(W48Ees SPEGURIES $ 4§ 8 sidphifie@didtiramesiomingragresegsembodiment
("PPSA"), Rapid Cycle Pressure Swi ng Adsorption )
of theeR®Rn) inventionswhichritilizgs @yoembrangwaparatransgwoegss with a

Adsor pti.on (! RCTSA" rocesses, Rapid cle.P
ZHrgulatRio stleshuRM b BrBedRE T1e 1bpmtye SEPAtATiQn ot geavy

' [ M j rocesses. In a
h%(frg? éﬁ?&’f%gﬁ%ogrgﬁn&rzﬁtgﬁ(f Wgﬁg? ?‘2%@151?%«2@4 Séparated is
fed to the process in a substantially gaseous state. -
- [0051] In other preferred enbodi nents of the present
invention, zeolitic imdazolate framework ("ZIF")
adsorbent materials are incorporated into a nmenbrane
P E hi gher carbon
nunber hydrocarbons ("HHCs") from nmethane ("CH4") in
streans containing both conponents. The ZIF materials

' pr iohli bR dao TRbESSESfIRABE ti f

[oryé? lri alﬁlt8 C ac%llt Pﬁégpghtlﬁgﬁseeparg ion Sof8§jHI—|Cs fs?%‘%a on o

mietianel (NCBIL,Or fedmr igHeetdrboh meniber thydréeebons @R Co" )aa process
separated will contact the nmenbrane wherein the HHCs

fegdstreanas cpmprised loé bodeesmpenentsivith s preeass ubikizing adsorbents
. J10052] “Zeolitijc,im, | at o
cp P ks g imioaeg g ramen ki e edafe s piliged
héPefif AROLRHP HENDNB! 14 AfiRd 44 MRl LI Id BFEUAPsition CH,
opdl ogies conmmonly tound 1n zeglltes an }lor I n ot her -

whidhSédhponed 88ihtalrsdrily Whelcaroreao. v eAd etiliadd hérein, the terms
framework structure is conprised of a single netal ion

"higblerecarhop aumbeir hydroracbens"atheayyhydreearbens’, SHHGE', "Co-
framework str ure is linked by nitrqgen atons of an
hydROGBEOPAL st o COMAnEnER AT SOpYHEredits Soi yAEntS and re

deféd RERfFas 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.



or "m croporous”" as utilized herein is defined as a
pore dianmeter or a material containing pore dianeters
wobodaswst han or equal to 2.0 nm (20 A), resperdT/vVe1099/001094
Descriptions and the synt hes'|]§ of sonme of the ZIF
materials that can be utilized in the present
invention are disclosed in United States Patent
[00s2 i cald Qﬂleh'grefbﬁeam&ﬁﬁl%ﬂﬁ SPthetpresénd hveritionl zeolitic
whi ch i s hereby incorporated by reference. [OOSBI The
imfdakolatnframeivark €" AHE') adsoibent matenial  aneindoguoateddito a

et BT ST S oFSREL Sk
I PR eSO agt

cdft ENEHiL. tIﬁe'ZIf“&ﬁhfe&*ﬁ'ls mg?@féﬁa%l y be u@nﬁea ih @ hfPReat
conmponents froma m xt t he adsorption | oading

m(embjane mateniallte/fadilitate thdseparation ob Hitde fitonr(H,. da a

greater than the adsorption logading (e, g., in mule
preserredembedunents S faedpireamie hetsﬁﬁﬁ'@iﬁdpw& égatagt:m@rmgmbrane

an b ned | ow rat.iQs. 0 t.i on
e i L SR i e P s SRR
| oading (in mmole/g) for the second
g%%ﬁg%ﬁéﬁ$p it is preferred that this "adsorptive
| oading ratio for an HHC conponent over CH4" of the
ZIF material utilized be at |east 5. 0054] Si nce the
(005311 re&@duiqamxdtazelaz@framorkﬁﬂoro 2l) megerdalp ane defined

B e T e
L 0O OB Py v
vird! 6f ﬂﬁ%zﬁﬂ@%ﬂﬂﬁﬁh&u@é ist EEPSSESL a bigtinetd], 1oﬁ |aﬁd each

ZIF material utilized in the present invention has an
paidsf cphnected adydcag veatlccs obthedrathewsrk stmect@geris lmked by
hydrocar bon _(or nent over f at |geast

(0]
mam@p afgms @@ &R 1%11%20&@*@ n&bpyltatderlga@(e gerys "micgopore”

oflssB B2l Hithed el RYind d Bt AR % eri

céﬂthfmﬁff gofe”dltaﬁﬁt&‘s Q)T%Es thﬁﬁ kel 09.6 ‘i’ﬂn? Q@A)f felfectively.
and F-1. In a nore preferr

Desdrqstwmrﬂndcthetsbmt@ss&ﬁ‘rﬂommuﬁma 2, rmatmwls Ehatman: beaitilized

utilized in the present invention is selected from
inghe presend ipyention 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



[0055] In preferred enbodi nents, of the invention as

descri bed above, the C2+ hydrocarbon (or "HHC")
wa@oeoompanent i s selected fromethyl ene (C2H4), ePtENS2009/001094

(C2H6), and propyl ene (C3H6)'.1 Im a nore preferred

enbodi nent, the C2+ hydrocarbon (or "HHC') conponent

is ethylene (C2H4). I n another nore preferred

ndled) TePthe fifte A 0 ahdadsdrption b¥dihg (Rrpensislg) for th
IS e{grzane (eCZIFB)(:%OOO%] As utsiclfr?zlggl herle’lgg, t he tegr)mor ©

sécoad wompuneng it 1spreferrad that tds Hedssirptives loadirg rasid fay an HHC
hydrocar bon conpound _j s defined.as referring_to the
corppaneTi BTy Qtihs ZIF anajesial wilized by at 2t Bon
compound referenced. For exanple, a hydrocarbon
compound referenced herein to have a carbon nunber of

[Oﬁg%@arﬁné{ﬁ{e rel8ir€@ CRAIMeR QTS icBSt dd S;t?erﬁﬁﬁg g(dpenses tend

Simlarly, as utilized herein the term

tosasignifivantlyHewesetbatiighereddsoepiivee 1dadingaat rshthe separsions
For exanpl e a hydrocarbon contains three carbon atons
prgegssss beepmeraacCh mase pitrastive-uttizing materigls andcangdgiens that

TR T R R T
PIAORSERSS A5 ZAPHRhil ARSPSY O ghElrk FARARIh s an

ad¥oRStu Rradith iR at Wast ofld Cs, hadicaitson @r¢'HKCG") component
herein as the "adsorptive loading ratio”. This ratio
over @Hj ofiatildast ahaut 49, avemimoare psefgrably it leashaboutsl Se gndimost

R R O RE TR —
Bl B4 B SO ERe Rk aBE R -7, 27,

anEPPRI AW Lmore Pk&ﬁ@ﬂeﬂ hfiodimeht HPitHE preseritinpéia, el ZIF .
that the adsorption |oading for each conponent on a

miaterial atilized 7ih Eherpresentainventiomr tssseleded fpen Zike/ and ZIF-9.
operating conponent partial pressure and tenperature
conditions for the system it is often nore

nt ageQus. t 0, NEASUE e SOrpLi ' f,0
IBEAT < ofEPHSieey B difehlh pBIRObEth pS e Hbode, the
C, Shydteai®bon (8P IHHEN T Rhp dticht $4/§e@Bd 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



tenperature. Therefore, for the purposes of this
i nvention and the scope of the present invention, the
wadwonpi2sve | oading ratio for two components (BCT/US2009/001094
C2H4 and CH4) can be measur ed%t ei t her oper ati ng
partial pressure for the specific conmponents and
operating tenperature conditions for the feedstream
a cophgdidoatbdre ZHydfsvatlbony'" nge admpobads comprised of agleast one
conponent testing conditions chosen herein to be 301 K
cqrben @@®mand at déasé orphydsogeEntaton).. Unl ess st at ed
ot herwi se, these latter conditions were used in the
testing of the sanples in the exanples herein, which

be I - ' is r
1603317 THERiE g B S pBrofER Rund tpoctht adsorbare-
adsogbéitipait)t ¥ivedl @RdadGH o préssureadd 'ﬂ&nﬁéﬁdt@‘é. MEhs Batio is
used iNn swing adsorption processes of the present
reifervedito bereimaefiectadsoritivedoddingaatiof'.c Thisrasiopadefincdierein
conmponents from CH4 in streans, containing both
acdHpibisshayantitythabls aqyak o 95 adsoERitasy lopdig (Sv supslelg) for the

LSRR 083800. A R A O scon
c&igegﬁ&égﬁtf?ﬁg spe&ficladsaricatdtéfalsa P eeAROpRESER and

t'1s periodically repeated. Since nultiple

teatjsopatnedt Asered heeeihyglitlemighyit issprtferrédihiat appadgorptorloading
- time synchronization | eads to the continuous

fosrcachy component on 8 pactieulapZEh mutetial bawnggsurgd sinder the |
o SRRt it b SoR AR b SR RRGRS trape system,
5 8heR AL ARt R i it o particlar

ZHUSsH daeh @ohipthedt niat@ddladimedel "standaad "edmtifio®eof pressure and
adsorbent and continuing through the |ast desorption

tepipegaturdal heredence fert the pumposedsdithisrinventian andthe scope of the
adsor.batesfr eﬁ%or suhst ant j.al | sorbate-free state

.a
PISELHEY EHA (e AGRATRE Va IGALIRBFEHQ Fal OV ERTBRERETS (6 CoH

o CHE) (RO R RIS QORE oPPbE iR R ER Tor i pgific
cdRFEhERS afill vhefLing teihpebfupdiesidifibas foraBe Feedstream contacting
substanti al |y adsorbate-free adsorbent which has begun

thel#dF-oynthiming Adsarbent, poatsingleheomponerg igsiimgaetauliponschosen
" le" | tart dth i t
hqrg%)gtgﬁgdég 1K 2rS ‘?COS :nrll 166% k%CJS%OItgrr ! %Sn?gs%es?ateg 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



[0059] Typically, there is at |east one adsorption
step wherein a process feedstreamis contacted with

WO0 b@aadeer bent nmat er i aI in a SVVI ng adsorption PCDUSEH9/001094
The equivalent ternms "process Ik zedstreamt or "inlet
streant as used herein in swing adsorption enbodi nents
of the present invention is the m xed conponent stream

uﬁfH‘Wﬂcﬁw}ﬁz@dod RAS té e CoHidRe prodwctivn sipradated A
whi ¢h is contacted with the adsorbent material during

coinplete seimg adsorption eycluri m@attimdansadsprlmdnttbhd theefors;,
the process feedstreamcontacts, the adsorbent. materi al.

compeisesall ol the pisoeptian paddesorption sigRs thatag jaken, beginning

R B PO SR B (e o
sugétéirﬁdal PSAtE-frdeCAdsophéri? %Bkoﬁﬁﬁﬁf@r&@é@ﬂféﬂﬁ&t desorption

rocess feedstreamis preferentially adsorbed
stage that rag&w’rbtes theradsorbet intd tts adsmbate-free ar Sulestamtihlly
con‘gonent (or "weakly adsorbed cor&ponent . During
atetfpe state and further inelnding ampad ltzpmalrlieerﬁsawaal@etandfor

PRFEIRESPAREAPRY bﬁ%ﬂ{ Freilet i ring o Pt Bagh et

t
cFRARARE BT phhRa S ciielly ‘@“ﬁ EEAIRpRETESbr bostirlotty
a@$trbafe- ﬁé@a@%rh@t&dﬁ@hmasmgpmneScyderr i Agtliibippint, the next
adsorption step. Although it is not necessary, it is

swirg adsosptiom Acyalelbisrsaried and theneycle issnbseqeenly repepted:
conponent in the process feedstream be greater than
the nolar concentration of the first conponent in the

[(ﬁfgdgluggtl‘élg)wa‘f@n}h&[ng?sﬁgﬂtle-FreaS Mg ?ﬁp§t@£)'vﬂ{ér9fno§ﬁfo%ess |

nprrse one esorp Ion ste

fodasiream idcoh@Ridd WitAahé h@Sorbent MAtdrial 3 aGwRg ﬁdmrptlbﬁt
has been preferentially adsorbed by the adsorbent

PIURICSS. | The iequivatant ¢ermb {provesst fepdstreann’tor Yaletistream” aas used

"desor bed st eanmt (or Iea roduct strean!
hegein {h§Wing 2 slqutm §m§9§§§e@tﬁ %E&'@gnkm&ml% i themixed

b BBoRlh! GrsAtr 86 RblShelhle sgt%@gcg,pﬁog@lr@%gm Be SdsMfeRluhich is

cé%tggﬂgpgggﬁgﬁgﬁberg%%ekﬁl dafflg ¥ hasd rgﬁoﬁl%yéle During this .
hi s desorptlon can be induced

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



by a pressure swing, a tenperature swi ng, the
i ntroduction of a partial pressure purge displacenent
wateeami2sor a conbi nation thereof. In a preferpPemus2009/001094
enbodi nent, the nolar concenti®ation of the first
conmponent in the desorbed streamis greater than the
nol ar concentration of the first conmponent in the
fif¥t @6RponkREHSthe§Btess Tediicas] bo pedaeér thdn ehdatblaent ,
the nolar concentration of the first conponent in the
caleentratidn of the firstcompemeat in thereffluentsiream.
concentration of the first conponent in the effluent
stream [0061] Although at |east these two steps

1060F 85 SN AR FRECS i Riso TPl df bty ohE
d%%gf)t‘id')ﬁ) Q@h wh&Bh fMadte pértiohZTdheé First®niyértat that has been

orptioh processes. THese steps include, but are not
pieferehtially adserbed byrthatadserbgat satgrial is recoveredcinrwhatt is termed
purge steps, and/or multiple partial pressurjzation_ or,

herepr a2 (desoabedsireanapbor "fridsicanderodpeisireast 'ehereimly [Paring
of{ . B 3B S BRI g
alt e/ag??zﬂgﬁﬁ ?’oﬁi&ﬁ‘bf R ﬁrg? ggxglgﬁheﬁtt fott@edofb & fohd g{é dd3orbent

ent stream an rbed stream descri be

mateiad anfl Q02 teds 'Tdeadibedrstreain HEiS Wesorptidhiarant beoimduced
process of the present invention utilizes a Pressure

bysaipnessaus switg, artenpesiune vinge the intwduction lof agstialprgssure
i gl i i sed of a ZIF i al . and "f i

ol liheert B 56 esRg o R e Py B s (o

eyl R FROHA CEpfle I LE0 55 Dafongl B0 S EL

sttdant [ SreBfef tRAPERSHoldritonBédtratidn Of gfesfise coinpbhent inrthe
conmponént during the adsorption step is higher than

proesspfeedstatamy &8 snotheoprefhged ienshodimept themalar concentration
sorption step whjch allo at l.east a portjon qf the
oEBeBLEOMPPRER A b AETRIDFS SERaTAS Shegiihen thpgiclar

e Ay ofhe ' to be

3 BlTBlLE 8 s Brd SuintieRE R IR S roonent s

for reuse in a subsequent adsorption step. This is

acconplished in part by exposing the adsorbent
[006dEr i aAlthougbwaeteasttiesatwpstepsi(i.e., adsatiptioorandi desbipion) are

desorption step . . . o
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



than the partial pressure conditions in the adsorption

step. This desorption can be further assi sted by
wabkedilgi2ayg a purge gas (as |nv\@ "Pressure Pur geCT/US2009/001094

Di spl acenent” process) to | ower the partial pressure

of the first conponent during the desorption step, a

purge step, a partial pressurization step, or a

désetibedlabdepiss €1 hydiccarbait @ "#HGEpcompodnd fags cthylene,
shoul d al so be not ed that t he swi ng adsorption process
ethieng rartprapylene) andrthe '|seeondicompanentSas deperbedamey is CHy. In

tmRCé%%@ga% SPHERLPBISNS HoPb st SUSppRR opinaBhr o
cg r% gt%ﬂq }ﬂgﬂe&' ihdH ﬁl%j.’rﬁrﬁgl pﬁiﬁégélﬁg o?tth ﬁ?scttcoﬂ%&fnt Quring

a purg

ﬂx@f&%@ﬂitiohaitep WHitle BlloWs a@ 163t h iparticie af ﬁ&satfsbﬂ?éd first
step in the swing adsorption process cycle. [0063]

cdinpoment30 bsirevevered i dreadésorptiomsispendrthe ddsorbodt matarial to

b of .the p ent nyvent néxgherel n a process feedstream
mgftrpztaé@é ¥ senlstion sprbgdico neﬂts 1Y AFBRCFoN
s{eb B SRARRHES, Shis ASCEERRhed I ERLbEBEER e
dfkg'rll)éxﬁ ¢Ratehial & R)v&é?%q rirdl preiduré SoRdifidnk 3£ thode tlon step

sorbent materi al n the adsorbent materi i s

thaanhe parihl piessuzd €omditions ai thehmidsotprtorestepd §'(hnspdesoeption can
| oading ratio for the at | east one C2+ hydraocarbon
be Srthaiassistedrtar wviilping apwigy g8sdas g Btesgwr@at?lgget han

D%fl&bq%i@tégﬁo@sﬁp%ﬂgﬁteg s po L bEsSiteof S HrsEloBhnery
dl%ﬂr‘?g il ddR 6rf"§te . EH% s'ié}% Ud"h{érti‘gé R&sﬁﬁﬁ@@(ﬁ;n §t@p G#a partial

ng at ast o unit cycle,

déprédssurizatish sepas déstfibed abdvawitfshonld hlso BESAated the(t 1BS3wing:
wherein the CHA-rich stream ( 110) has a hi

adsommtzon pmo@mdggcrmu%emnnw inglde £54. TSASPPSARCPSA,
itionally, durin ast. one ot her sta

RETYAREERA proceessbion Comptifalons, e a@mrfl g prpsHire is
oA 1 bEt AinS R sretsthly o £l Al pbS8ul §ring ot
leh§toridy Wdéscfrﬁﬁéﬁ %f@ampﬁllgé);tep! A partiyl ?fr@isuﬁdatlon step, or a

enbodi nent, t [ean Stream 115) also has a
partighdepressurizationfst€fpin thersyang mdsdnptionl processreyche

process feedstream (101).
[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



[0064] It should al so be noted that a purge stream

(120) may optionally be fed to the PSA unit (as in the
wO Bvoeasizse Purge Di spl acenment”  processes descrPOEUS2009/001094

prior) during at |east one desorption stage of the

overall PSA cycle to assist in renoving the adsorbed

process feedstream conponents fromthe adsorbent

froBi @l R A uhit QOSQ heusiaahe QR arich 580ami (4 16hhusma higher content
Figure 30 to be cocurrent with the flow of the

ofi€8hrtyemotXishaw tre pracesmfeedsireym (i101). sSARdisionally, dwisg at least

o e e LS B el § 4B 1 b rom
it hi. R Wt h i i f

PSR Ao Bl L1 s L B Oferbr o,

b)? AUV Eian4he ?’i‘éees§ Fe&mstietd @0). P aProfiMdsEnbadifiche, the
o maxi m ze the functionality of the process. [0065]
CHs-ldas stredmd 1 p5) also hlay adpghert congentiod (3SAommpanent by mol% than
mul tiple alternating beds/stages in the cycle, a
theryeeess fapdsiream GD- cont i nuous” flow can be achi eved.
This simul ated continuous flow can al so be achi eved by
utilizing a nultitude of stage PSA units (e.g.,

[dr?u(;:‘q : B: Iéc sg%kﬁi 418b b@%tﬁd’%{ati%a ﬁniggé‘_sﬁlemi (120} fayUptionally be

units eac tiple alternafing

fddadthe PSgeanit Ths i the "Pressuf©Pusdd Diyplavessentrprutiessast S
as described herein and is within the skills of one of
deseribed ipniorhduring at leageengydesarption sage i sheraveist BBA cycle to

R0 PR 5oL s S BEBSRERs o

i i f.i . pe n : Al ts . ; )
BN A s LR S oo
cuérit-with thi Ab6r ¢l RIEbObedelHs-16in $theam (115), it is known to those

presentinvention, the CH4-rich streamcontains at
of skilltin Thie axithatahe floov @owsrassdrawni in Higuref 3@ st netaneant to

the PSA.prqcess. .Mare ferably, the -rich strea

st disertional %w't\@a thi PSR tf&?éff@mdnieﬁﬂf)ﬂ%oﬂhe
S ey r.QCes d .

TSP o PO Ry RS By rqsgaont, o
oftehWisefin op@erToin fXigs2e the ﬂldchiesnﬁﬁ@d@ﬂhegﬁb&@s_t he PSA

process. [0067] Another type of sw ng adsorption

process of the present invention is a Tenperature

Swi ng Adsorption (" TSA" roce wherein the adsorbent
[W&?i afAs delgcrlibed I(Jrior, by) ol.l:Oeratclrng %he P§A lllrplt wit% muft?ple
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



is conprised of a ZIF material and the "first
conponent" as descri bed above is a C2+ hydrocarbon (or
woO e@/1ds26onpound (e. g., ethyl ene, ethane, or prPOPYEEN®)01094
and the "second conponent” as'descri bed above is CH4.
The TSA processes operate simlar to the PSA processes
above wherein the partial pressure of the first
inveAnenaht CH-viel stleanpélsnainkiaoteast 20 msl% of ey CHyresent in
the partial pressure of the first conponent during the
thedfeedsttdaomtasthe Sviipracessl dderespreferably, she6Hqieh sireame

1565 ot HimSSTETI S R bt e P
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I'n a subsequent adso?-p I'on step.

mo% JiShe TS BResest intthe Feddstr@aADBNhe HBAl prdcagar t by

exposi ng the adsorbent material to higher tenperature
conditions in the desorption step than the tenperature

conditions in the gdsorpti on step. This_desorptiaqn can .
[0967] ur ¢ Aaethes dyRe eliswing adsorption PEocsst gb thepresent igygRtion is a

T Tt SWirk SO50tRieR ISR b Blfest MR e ARG BEpt material
isg,?)g?rﬁe!d%f STEP maAcM SRl e Chirsttddpdriedt” as described above is a

suri zation step, or a parti al epressuri zati on

Csi leydrasarbeador BHHED@ompqBb@)] g. Aethgidned ethant, of prdpylene)
basi c TSAmgrocess of the present invention is_al so

and thesiseeensticoyppne es describedeghoveriaClhe ThadiSA processes
difference igt i nst ead pof raisi h i al

N L T
SRS BRERL Y6 P L0t LEYSLI i WPl presureof

thee®et fdmPoné&itaifring thealesofinatep WhicleaHows at ldassa portion of
conmponent partial pressures are raised and | owered,

theawiserhedvidsisy componenietoi ereanvenediin ithg despsptienstepaang the

adiosbent mI6R8) (0 be wesnrered By dEpletiondtt P zasSihet Somponents
: b _ . . .

s TR TABIAEIS SR Feh BN SRt s

isGREbMpPEdhEd Bf pat By, expobihgthe adbodean that@iglao diighied temperature
changes or "sw ngs" are nmade between the adsorption

catdippensaimthdetesorptiomstep dan b tempematucesanditienvin thag

in a desired separati.on of at_|I ﬁast a gg ti oq. of the
adsorption: 8igporidis dessptipRgan 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



second conponent of the m xed conponent process
feedstreamfed to the inlet of the PSA/ TSA process.
w@ B@9ahs26n enbodi nents of the swi ng adsor pti onPCT/US2009/001094
processes of the present inverttion, the ZIF materials
may be incorporated into the adsorption sw ng process
in many structural forns and/or in conbination wth
pRESlirks aRAtaifAEHRMWeted, TRSpebtivelBiby lotldingiahdmising the
I ncorporated as crystallites of preferred size and
tenippatuoé of thestampomdiity inipoftachwithithe adsorptive media.
di nensi ons suitably distributed according to a
preferred distribution. The crystallites may be used

BT B RPSE B R5 BEDPR SRR 9 e
car'4186 %g rcf%hﬁﬂnéd‘ i1 a PSA/MEA BESsS Of B %&eﬁﬁh%ﬁt%n,t T these

provi orm stability, and/or in conbination with

cerhbiredgropéssesioth pressusdamd teemperatire changestdrdiswings" are
fulfill a variety of other beneficial functjons to the .
made betweqy beeassornnn Steps and desoraipn steps o [thgiprocess, resulting

o QSRR o B R
sécfoﬁmrr@af%hghh df&ﬁhpgﬁerftgiy}oeésx $adstieath R 9RE inlet of

an epoxy, ernopl asti c, C a silica-contalni ng

tHEERSAIER A padcedkUn na- containing material, and a
titani acontaining material. The binder material may

al so exhibit either a mcroporous or a mesoporous
(0T b1 1 EmbRaHmEE Y 6 Wing BSORPLS PHRGe S dpF Bresent
iy GG B DR SR ARy e BT hERdsomtion syine
pRRESCIEaf P SRABRIRAISToNnG ind/dr1A cBhibifiatien matlsadditional

Non-limting exanples of these additional additives
compbnetes.z ThkiZFsmatediaks urayheringerporsgted aisiorystallideseof piederred

si?leJ %R¢%§§§eugg$€ﬁ§:t${§%ﬁ,l§:% Iggéﬁ?r%!géljsg@ﬂsi h\_?v?tfmlrmtglee%sions suitably.
’ ) o vr L

Bl b SRR dEPhofoh el SRIbLUORE LR ciffipd fraf b used

dglsc;k!)y SEPRIdulckd %‘i‘%@%ﬁﬂhéﬁ@&teﬁ@ log Bé_trhdﬂetpfefﬁﬁlﬁ?fi formuldyd into

be" I ncorporated into the matrix to assist in the

lacgqtagpeegates or ansfporated iato hstrattuaeg or matrix ehatetiel togprovide
f(§r21a,ltsta{bsi’lit%/f3 r;g(rl/%tr?g c(cj)ynrblirrl]e(i:’tictn{1 \?vit%xc?‘&lgre (r:g;ngle%jesn%g é(?—gdsorbent
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



step(s) of the swi ng adsorption process, thereby
shortening the duration of the cycling process,

w0 pawaeRsng t hroughput, and férther i mprovi ng POEUS2009/001094
overal | efficiency of the ZI" 3aterial for adsor bi ng
t he sel ect conmponent or conponents. [0071] Wen the
ZIF materials are incorporated with a binder, the

adfifOePRIudBilited ambmibopbesusdgsatlineinaterils swdh as pure
geonetric shapes or be applied onto supportin

g
silivdtes,rsatiecalwminoptfosphates (?SrtsP@«'/e), wheminophiosphatgs CYAIPEE's). In
adsor bent and the rate. at [ .fhe selecte dsorhi n
a DespERO TR ol eBh dbe AICTING| adRIEHE S deenlitendther additives
agdsor . - . i
SR BLE o2 GE B AR oo o iy AT il
nﬁgrall% b ftopétlated @G thd Matrdb b heidtawthe baptare &sd wahsfer of at
a5 coatings applied to plates or nonolithi'c structures
lehstepertiom dfothe dwwaf thae isgerepted diunmnguthe exptierspe adsarption
situation, inlet stream conposition as well _ a

d
step(se frthasmying adsemationpracess therchy sherignimgdhe Z’&F%?@ﬁ& the

design for the process of th e t. | | Qn,

eS8l TGRS TR ot Er R FERGEL S E Rl B gyeran
I | &t

g A L R T

céfiposétps described above (i.e., structuring,

addi tives, coadsorbents, etc) that allow a reduction

in the duration of a conplete swing adsorption cycle

(AT e S Whertihe 16 Bafer s SeaBEPRIASH iR A TR Jpifisgrbent
mAPHA cafi ¥ fofHHERe S b %@al%ﬁg}ﬁtﬁg ‘§f6§|ger§ SBY &SPl dito

SW Nng adsorption proces t ate at’ cycles

suppoitifls sabdteies whidhhfirthed éihpedveribeuduzabilioy off thidvedsorbent and
materials of the present- - invention and the above

theemated atnebiichrtbe selscteddidsprhing enspanentssarp bseughtdntacontact

o e baESm A 52045, D5 st oeel 2 CoIBl el el e
o8B e 1P R LAy R B RAR Pi rolow fier,
aPenesToatngs hpPIed &f plafd di'éRdlithic 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



invention are particularly advantageous from an

econom ¢ standpoint. In preferred enbodi nents of the
w@e@9ani2si nvention, the ZIF ngterial is utilizrdr/ius20a9/001094

SW ng adsorption process wheérdi'n the cycle tine is

| ess than about 1 mnute, and nore preferably, the ZIF

material is utilized in a swi ng adsorption process
invBRi&h Bnd flige 8EVEmiehtiBnéd ptaess vdifiedtivils, #0s possiblisto

In an even nore preferred enbodi ment of t he present
signifesantly medudecthe dsiration of) 8 completecystecby muare pham66% over
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C2+ hydrocarbon (or "HHC') conpound (e.g., ethylene,
peféreetcembodimenty loftkg pfasent ilvehtiom, thEZF matesial esamtilized in a
conprising a mxture of these conponents. In this |
swingadsamiton progess whesin the cxcle fians Isdess banabont 4 ainute, and
coat ed. ont 0 .an_inorgani . syhstrate or. a I r
mats bratsiabindne uF thaanabis gt e NiaB AR process
0 o . i A | _ t i i
WHEREE B o3 IR R o Mo 36 sRoSiR, Ihdlep more preferred
erfBo @1t OF thé brevehyinvention Ghesdyitbro cacleaimésargiavogporated
over CH4. The perneation rate can be %Pi cally .
intie 8 capidexy clepressune sovingwadsompitiond"RERSA'D pracessrembediment of
related.to the diffusion rate and another related to
therpeeseid SMYANUOR- | oadi ngs of the conponents of the
m xture on the ZIF material. Wth respect to this
|atter factor, a ZIF material incorporated into the
[0073Pr anth ¥hothbr fabodirhésihsirtha peexent inventioadthedZ IFafniaterial can
for a C2+ hydrocarbon conpound over CH4, inproves the -
be ivogpmatead into g maetbranefsepatationsipesLss fguthecgldssive separation
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coated onto an inorganic substrate or a polymer material and utilized in a

membrane separation process, thereby producing a "ZIF-containing membrane".
The ZIF material of the membrane, has a net permeation affinity for a C,
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



menbrane, resulting in an inproved recovery of CH4 in

t he nmenbrane process retentate stream [0074] In this
wepdodoseent of the present invention, a procesBCT/US2009/001094

feedstream conprising a C2+ 't%ﬁd'r ocar bon (or "HHC")

conmpound and CH4 contacts a first side of a

ZlI F-cont ai ni ng nmenbrane and at | east a portion of the

pEnRGRRN JfaRe € A9 RAUBRRESMPbIL@HBtiVO R CRIIhAsIEhahd
Is retrieved froma second side of the nenbrane

neatbrana| resdtiagin andatprosed szovefhef O&liindhe membrane poocess
"CH4- | ean product stream) is obtained fromthe '
refenfatecSiEiage of the menbrane and the pernmeate stream

t hus obtained has a | ower nol % of CH4 than the process
feedstream The equivalent terns "process feedstreant,

[(')'(f@,IdSt BT enfWodihBhESf ﬁkpﬁé{@ht Hpventon, APretdisifBedstream
ne s of

rane process enbodl nmen the present invention
comptibidgnt €echydroparbent(os t'HEHG oaompowidand€CH, eastactsw first
conponents to be separated which is contacted with the
side ofta ZlFdeonpining nErpbrasatand it hepsha Mortier of the prasesy

65 REh e hEbich RO S BRER Sng 5Bl HorRecond sde
ofzﬁé'rﬁgﬁ%?%r{g I%Qte'i[ﬁfmg AYeriidatd GrdiRDTRE ?eﬁﬁ@%%‘tﬂeﬁﬁl (or "CHy4-
process of the present” 1nvention. It should also be

ldéﬁgﬂ_ddﬁdt%trebhﬂ') iLobtaintY from thesecemdiidevfube chemebrane and the
and its conposition properties are neasured based

pemherty stipam thueoblamsskhas o lovér maBesfddathandhe process

per neat es t hroygh the ZI E-contai.ni ng nmepbyane. For, -
fesdsiserims The Q%lgaqpnwf@mlﬁoﬁyoqeﬁs &?ﬁ&iﬁeﬂm Jﬁsﬁ?ﬁmaﬁf ‘inlet

suchy t ' r '
s B WG il hEan ¢ pRNESheBBoblteRE LT bl
ifVehB8mi e mp&ddthpéecht fsire i &ﬁn?ﬁ@i’ﬁg%lt 1¢4308k0 components to

anal ysis of the perneate stream [0075] Continuing
bevs¢parated swhpichde sentanteddwiththe firsttside of theablf -conmteimingn,

at | east _one retentate stream (or 0&1—!4 ri ch, product "
membrane.) It shogid be gptesd thati sospe eAbodimentss (gWeep firgam” may

bR RS M, BPree Bk S e Ao RhipfiL nletahth the
mBRAAE Sepdratibh pPodBRS B the PreS&RANEALRSh. Oft should also be noted
that the term "permeate stream" as used herein and its composition properties are
measured based solely upon the composition of the stream that permeates
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



conmponents is made resulting in a higher value for the

two separated streans- - (i.e., the retentate and the
w@eonaed2el st reans) than the orjginal mxed strepemusivad/ 001094

is fed to the nenbrane separaons process. [0076]

Figure 31 illustrates this concept in a schematic of a

preferred enbodi ment of the present invention wherein

(i, pth@ Qet%ﬁtatt@ afé ftlﬁ@ﬁé‘?nﬁé%ﬁéktr@&ﬁ@)" ihhtHe GHE M iked|sa@sin that
one C2+ hydrocarbon is fed to a process of the present

isi fedeothomentrape separaons progcesepar ati ons unit (205) is
utilized wherein the nenbrane separations unit
contai ns a selective rrerrbrane material (210) which is
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+ conpo as wel as ot

cémprisipgPOHg ahd aaleaspond €;chydmchbarisdet ¢o akp;owse (ifItHe
material in the selective nenbrane with respect t.o
present ingertion whisneiniaomembrasgsqrargjonsunib(d( i ytliged wherein
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a@l@Hﬁrdrfee@% Qonspdinsit (MRf&aBROCsH) SovdraTHpef givates than 5. Here,

t hrough the ZI'F-containi ng menbrane i s continuously
thlbr@wcoanp(mem épreferably Cﬁld?h asneelrlremlm@ﬁwmmneotsare

piedeispliah ednarons BHANG I FaToisE Al H?Z%E%ZZO embrare with
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[ 0077] It should also be noted that a sweep stream
stt@h (2 hiyhaspe highat tonteat 6£GH byt inel Yoethbn slweprocess feedstream
separations unit duri Ssi, st in

h
Aot ﬁg{m@n @meaqne@.z'(}%ﬁaéiﬁ%%%%é%@tﬁ?§eal@me Repgonents that

er ed f ecli v ane. §
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e
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



materials across the nenbrane thus inproving the
overal |l process benefits. In a preferred enbodi nent, a
waemmepoRsreamis utilized whiclh can be easily PCT/US2009/001094
separatedfromthe CH -1 ean SP?éan1conponents of the
process and be recycled for reuse as a sweep stream
[0078] In preferred enbodi nents, the ZIF materi al
frof {heZCH,J1¢art §ifedif EbipoRcARIETtAE pedisesd afid drTeoYcledfor reuse
present invention has an adsorptive |loading ratio for
asd sweep streara. C2+ conponent hydr ocar bon conponent over
CH4 of at |east about 5; nore preferably, the
adsorptive loading ratio is at |east about 10, and

nof.e. preef q: egst . .
(787 o1 v L BiTEisE BRociRepiso Rl ZBERMerR usli s in the msmbrane
seﬁm{dxﬁlgrb}&édsldﬁﬁe ipPeseR®inVeAfiBhthak AN bR vieSl0a8inGagid for at
romZIF 7, ZIF-9, and ZIF-1. In a nore preferre
leastoati Gendompondie pydreeatbonrooemporment ovbeCH Fofratleast about 5;
utilized in the present invention is selected from
mpre-preferably|the adsorptive dpading sgfie iptdeastabgut 10, and even more
enbodi ment s, . as cri bed abov he. C2+ hydracar bon
piedrablel sttt Predonrd catbRmen Y BRI
RS Al ML SIS AGH O e 2
7 EXEN9 e ZPF 4f, elir £thoeerpesterred embiddiment-ohiiitr pres¢ritdnvention,
(or "HHC') conponent is ethylene (C2H4). In another
the\AlF mateziap utilized énlthenpreaentany entioneisceiedigd) friooa /by and ZIF-
(or "HHC') conponent is ethane (C2H6). [0080] The
9menbranes utilized in enbodi nents of the pr esent
i nvention can be asynmetric and can be conprised of
several l|ayers of different materials. To inprove the

[00893 t r Bfdoré pedTerred b sdiments)hs oG thedsabovey thHecC,.,
menbrane structures one or nore of these |layers can be

hydrpoarbos (oat BHG!). compdriant sethecpiogesd fogdstréamdo the membrane
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are desorbed. The sel’ective Fcont ai ni ng
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



| ayer can optionally include other materials. One of
the materials that can be present in the

wa@bévoaosesai ni ng | ayer is a polynmer. Wien the PCT/US2009/001094
ZI Fcont ai ning | ayer contains4vore than 10 vol % of
anot her material the selective layer is called a m xed
matrix. To mtigate the effect of any defects or

cotitBiiph e fayieh cbhRimemoed thad 100Y61% of ahelRt atdtefialcbalseligtive
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layents catledst mixgtd matrix.008 Thitigate thereftenttodiany dgfeatsior pimholes
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Zt:l?Fcont Lnin lg;%r ane structures that can be
SJP%IBI dsq?%? the nenbrane nodul e are hol | owfi ber
menbrane structures, flat sheet nenbrane structures,
and nonolithic rrerrbrane structures. The menbrane
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here are many applications 1 n e 1n ustry can

amBfiriolithib endhbesarSstalctires. Mhesaembrancanbdole whl qlpxcally
enabl es such an efficient separation of nethane,
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m‘éﬁﬂﬁrﬁﬁé fn b‘ld@é Wit th&#ndmbrandaheddk. gas stream ei ther
at or near the wellhead, prior to bulk transportation

of the natural gas and other hydr ocar bon products, or
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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



psig (3,447 kPa) to up to about 5,000 psig (34,474

kPa). Since npbst PSA and- - TSA processes can be
walemwgmadit 0 produce a better separation at | ORET/US2009/001094

operating pressures (typicaH%?'beIOMIabout 500 psig

(3,447 kPa) for the inlet streamin the adsorption

step in the process), it is desirable to have
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thah@bout 86 malds Andffort Eemiepéial t4t€sand vedidatial s, modre
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hane propyl ene, propane, butylene, and butane, etc.
thrinagh ligeyl/gaseseporationa commerdialiyaseasonglala ¢emperatures and

Addi tional |y, these onents often need to he
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liquefaction techniques including cryogenics.

[0086] It is desired to remove these HHC components because they can
usually be sold as higher value hydrocarbon products such as ethylene, ethane,
propylene, propane, butylene, and butane, etc. than they are worth as natural gas
components. Additionally, these components often need to be removed to meet
natural gas standards. These HHC components, 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



[0087] In a preferred enbodi nent of the present
i nvention, the process feedstream as exenplified by
W0 b@9ogud2sg processes (PSA or TSA) of Figure 30PCT/US2009/001094
i sconprised of a natural gas Wherein the CH4 in the
process feedstreamis selectively separated fromthe
HHC conponents in the process feedstream In another
chnptiséd 6fla aaRAA g@Wherein fiee CHgdR Mhe process feedstredia is
process feedstreamas exenplified by the nenbrane
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beneficial tg the 1ndupstry to separate methane, CH4 (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



met hane, CH4 (undesired conponent) fromthe ethyl ene,
C2H4 (desired conponent) in a hydrocarbon feedstream

wo eso9aoqel yet hyl ene product i og3 plant. Siml arlpCT/UB200%001094
beneficial to the industry t- separ ate nmet hane, CH4
(undesi redconponent) fromthe propyl ene, C3H6 (desired
conponent) in a hydrocarbon feedstreamfor a
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[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



In an LPG recovery system |ight hydrocarbon gas

streans (usually conprising nostly C5 and | ower carbon
worembans2iydr ocar bon conponents, i ncl udi ng nmet he@EUS1008001094

are generated by individual "p¥ocess units in petrol eum

and/ or petrochem cal plants are sent to an LPG recovery

system for processing. In nost cases, the goal of the
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a liquid phase while the nethane conponent is still in
a gas phase, thereby allowi ng the separation of these

by . i qui d/ ion..
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cORPRISSES hd tHERCEUNEd Yo 2 pointalidreth ArktyettR. CJ AndvRedwder (or
be desirable to make such a separation in a

canvgmsely €araridyhegaser hydcadyimeomponergh fome artiquid phase while
thséerﬁgtrh%}lle %gmponent 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.



process as per an enbodi nent of the present invention.

As used herein, the term"LPG feedstreant is defined
w@sg00a/1bgedr ocar bon- cont ai ni ng s rean1conpr|sed PET/C$2009/001094

C2, and C3 hydrocarbons. [ 009: 31n a preferred

enbodi nent of the present invention, the process

feedstream as exenplified by the sw ng processes (PSA
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processes, as we as a h adsorptive | oadi ng
ratio for HHC conponents over CH4 [ 0096] For an
exanpl e, Figure 13 shows the adsorption isotherns for
[G095] 7 f Arsigrifiqantberefe)indbe separations prockhsy of tah@ moesdntas

C2H4 (eth I en et hane J ene
ingauaPRCHB e S Blavera excomaion REA prveeswer YaliaRE dsorbent
o PR AR 3 @Ba@é&?@%éﬁvér@aﬁwrwgha;asrome
thr 2 materfal Oekisibith vAitabiRTeRrs 8ethe desigari®opération of PSA
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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



under these standard test conditions, ZIF-7 has an
adsorption |loading for C2H4 (et hyl ene), C2H6 (et hane),
wanr@9aeilé1 (propyl ene) of about 2. 60 Mol e/ g, 2PGBHUS2009/001094
nmol e/ g, and 2. 79 mmol e/ g, r'e%“p‘ectivel y. I n contrast,
ZI F-7 has an adsorption |loading for CH4 of only about
0.08 mmol e/g. As can be seen in Figure 14, the- -
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loading réies repdesthesesZ Bt magerigls yeps lfectsye adsorpentdugferials of
i nvention. EI}%OQZ% Itt. i S tal so noted that ZIF-7 (as well
the propessgy OF G BReSEtINYERURME i sot her m shape not
typically found in mcroporous crystalline materials
such as zeolites. As described herein, this unique
[0097] her Tois higoendted thatEIFcA(Bowsllias ZIFF9 Yextnbits apniduent
_inplications and distinctjvely enabl es enbodi nents_ of
isotherpy shapatnot fypieally fourrd imumicrepors ey stallinematerials such as
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40 to about 60 kPa signals a nore favorable
teatedo itriv batieved thfat theeisGthidrm forimethmee, XTH 4, Avewldustion similar
than jn the Henry's | awlike region bel ow about 20
hygberesis; Gharagterstids hllgth‘-‘ﬁsl?rﬁsélﬁesf-r om high to | ow

| oading in the desorption branch for ethylene, C2H4,

in the range of from about 20 to about 40 kPa signals
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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



result of unique energetic interactions between the

adsorbed C2H4 and the ZIF-7 structure that, as
waesonozed herein, advantageo%f y enabl es enboBdCTVERL089/001094

of the pressure sw ng adsor pti’on processes of the

present invention. Wth this particular isotherm

shape, it is possible to develop an effective pressure
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cypdlyant ageous in a PSA process cycle. [0099] It is also

worth noticing that such a cycle would be associ at ed
with a fairly large "working capacity” (and thus aid
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sder febin the 1arge diffefericeeewbal wrdoalihgsad dw o3t and highi ng
in the adsorption step and the adsorbate | oading in

prelssurde sowhiclothestyele wiouldeperate. ohb¢ {watdsingisapacity” of an
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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



(i.e., exhibit a nore conventional gradual increase in
| oading with pressure at a constant tenperature), the
W@R@94082681 SW ng has to be signjficantly broadepPCT/ws2009/001094
achi eve an equival ent |evel “of° Wworking capacity, wth
concom tant inplications for a higher cost operation.
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experienced in the adsorbent bed during a sw ng
adsorption cycle. [00101] The adsorption isotherm
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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



(see upper abscissa in Figure 12), Such | ow val ues of

P/ Po make ZIF-7 very attractive for adsorbing C2H4 (as
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that contain low levels of CH4 that woul d be
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[00102] From the previous discussion onthe features
whtrdih ¢hepatiap pressuresafi ther@y, hyadrodarbbmicbmponnd in the gas mixture
enbodi nents desiri ngbthe attai nment of high {oaﬁli H?PS )
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



of the preferred adsorbate at |ow pressures, in a
preferred enbodi nent of the present invention, the ZIF
woRdeno®s1is utilized in a swing adsorption prBCEES2009/001094
wherein the parti al pressure‘3g‘f' t he C2+ hydrocar bon
conmpound in the gas m xture to be separated is |ess

t han about 200 kPa, and nore preferably, the ZIF
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(ogoﬁzﬁﬁﬁ&forggpwipsgoggﬁ" “es are incorporated into a
pressure swi ng adsorption ("PSA") process enbodi nent

of the present invention. [00103] In nore preferred
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process on soli
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



adsorbents such as the ZIFs materials of the present

i nvention. Just as the tenperature can be increased to
walk@plies2e1 or even prevent the | ow to hi gh adsop@r/us1m09/001094

| oading transition for an adsttbate in a given

pressure range (as shown above), the tenperature can

be alternatively decreased to cause such a low to high
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[00106] The characteristics, and swing process implications, of the unique
adsorption isotherms shown for ZIF-7 in Figures 12 and 13 are also applicable to
other ZIF materials having different compositions of matter, which exhibit
similar energetic interactions with components such as C,H, and CHy4. Thus,
while ZIF-7 contains Zn as the single metal ion, ZIF-9 of Example 2, which
contains Co as the single metal ion, also exhibits the advantages described herein
for ZIF-7 in pressure swing adsorption processes. As described in Examples 1
and 2, both ZIF-7 and ZIF-9 have the same crystal framework structure, SOD.
Figures 17 and 18 show the corresponding adsorption characterization data for

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



from CH4 can be achieved at very | ow pressures due to

the correspondi ng shift of the adsorption and
waeaonpi2son branches to | ower essures. As deBCT/UBBUI/001094

this feature is not limted T0 C2H4, and it is noted

that that simlar characteristics are exhibited by

ZIF-7 for other C2+ hydrocarbons, such as but not
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crystal franmework structure, SOD. Figures 17 an

reshhyfirtieerdtinstestpahe adgartdgey id breadttnofiapmidatians of the ZIFs
data for ZIF-9. Figures 17 and 18 show that the .
mategiads of the present|iBventiomhiafiseparabing SasaP WM ¥Yresceantaining

a slightly higher C2 tessure i.n ZIE-9 (i.e.,
il Gompgtngs dod ity thrash PRI RSPTplion Processstt a0 ¢ o
60 kPa) at the sanme tenperature of 301 K This
di fference between ZIF-9 and ZIF-7 primarily reflects
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very simlar for both ZIF-7 and ZI F-9. Thus, these .

numbert hypdrogatbioss in theigas stream.hén aomerinstgesesathesb haghitrtcarbon
ngrilbgrp l?)ll(iir%%zlrib%?é n%]::d ttg %ezrlegl%ved in order for the natural gas to meet
specifications for transport and sale of commercial natural gas products.
Additionally, in some non-mutually exclusive instances, it is desired to separate
higher carbon number hydrocarbons from the methane, wherein the higher
carbon number hydrocarbons sold and/or utilized as more valuable products,
such as LPG and other liquid petroleum hydrocarbons product streams. In the
processing of natural gas, it is important to remove most of the C,, hydrocarbon
materials from the processed natural gas to prevent liquefaction of the natural

gas product stream during transportation and use.



materials of the present invention for separating
gaseous m xtures contai ni ng HHC conpounds and CH4
WO boooagi2sswi ng adsor ption processes. [00107] ABCT/US2009/001094
di scussed prior, a major needlim the current i ndustry
is for effective gas phase processes for the
separation of nethane from HHC conpounds (i.e., C2+
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natural gas field streans can have a net hane content
Typicak maturdl gas a¢xnverp pressuisgs usnally mangenkromahaut $69 npsig (3,447
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adsepptemsstdp in the process), it is desirable to have adsorbent materials with
high adsorptive loading ratios that can perform separations efficiently at higher
pressures than conventionally performed. Although the swing adsorption
processes of the present invention can run efficiently at inlet stream pressures of
less than 250 psig (1,724 kPa), in other embodiments, PSA and TSA processes
of the present invention can be operated at inlet stream pressures in excess of
about 500 psig (3,447 kPa), or even about 1000 psig (6,895 kPa). Although an
effluent stream pressure of less than about 250 psig (1,724 kPa) will normally be
desired to maintain a good selectivity of the separation made, effluent stream
pressures of greater than about 250 psig (1,724 kPa), or even greater than about
500 psig (3,447 kPa) may be obtained especially when utilizing a ZIF material

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



herein are on a water-free (dry) basis. [00109] A
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wokigoaaeszppnent s from CHA in natural gas streanBCT/FS1008001094

the natural gas streans are usually obtained fromthe

gas fields under very high well head pressures. Typi cal

natural gas recovery pressures usually range from

aBRAUD. Firfgingn Sg theddTlueRB3trém ap thege Aligher preffesdisi g
(34,474 kPa). Since nost PSA and TSA processes can be

ecemmjceldy dosiprdthunédnimize therepregsarization equipnasns rand energy

oper ati ng. pressur typically bel ow about.. 500
rey e 10 R the GRuT R R1IEAL €88 P RIREANE & TBRIING: eRHS for

trgrgsg)%rfb l{hlaﬁgal{?{ef?eccg sthral lg[tz%s IR?O%F& gérg JFI)I[ are ¢ ]{ﬁ%ﬁ@y in the range of

alSéﬁt'S@@ (GI5A6 1erd) tBQi'bBﬁf 2066 B@fga((lBOTQO Kpd).ciently at

hi gher pressures than conventional l'y perforned.
Al t hough the swi ng adsorpti on processes of the present
i nvention can run efficiently at jnlet sf{ream

[0901d 8% ur Ehe progesses elthg presens anyentioncan wipiae the 15 adsprption

mEfRO R PLeRe ie: BRGs RS ARLQTERER (6% philfy RIERERDn proggses

f
RS iR LRI ClRUAE DS ARG ot

ar[tt ééﬁlﬂ{j&ombf HEHSGs (1h=.a,n(3§.blwdroé£1(bons) i the ZIF4mkfeaial vélhtive to
normally be desired to naintain a good selectivity of

Cthe Me@@acalbcé warkiatehight ardsgam%lo,adm 19ties san b¢ mpintained at
indpeasing CHy vl aties 8t BE pletebingabe ppdjessatiiisher
tef htifd tﬁﬁ (.!]ﬁng opedion dtitht! 'sgét!léﬁd% the TR t‘f'ﬁﬂs%oﬂ"ggﬁn a

sorptive rati os for conponent over
low td ﬁaglﬁﬁdgohptm@b fHdid® stabérivhileisimaBahiduusef praventing such

stream at these higher pressures is economcally
tramtwle ﬁont GHm e toethe iemperateresantivated natuegiof thesadsorpiton
ener i red hip.the.purified natural gas,vj
PCEETY (35 et 1 ho \Heh i3 R ityigicy aﬂgw iy pdpite”

a‘ﬁWJ’“ %é‘ngié“é“ﬁs'“ﬁ p RAHE HisHIAGR B bRy ol i HHC
cdmporféif (K. @a)ethi/l@ﬁé 1&harld) %r?i‘%ﬁﬂ%ﬁ@)sarftf CH}QO i gﬁ&rﬁressures

i nvention can utilize the adsorption material's at
while keepingtsabstantisHy ths saime ddsomptivadoading satiio for the HHC

adsor pti on %}?cesses
component over

[00111] An additional benefit of the current processes is that the PSA
adsorption process can be operated at very low pressures if required. The results
presented in Figures 12 and 13 for ZIF-7 and Figures 17 and 18 for ZIF-9, which
exemplify the ZIF materials of the present invention, clearly show their
adequacy for low pressure operation. In other preferred embodiments of
adsorption processes of the present invention, the hydrocarbon feed streams
contact the ZIF or ZIF-containing adsorbent material at a suitably chosen
temperature and process feedstream pressures of less than about 100 psia (690

kPa). In other embodiments, the hydrocarbon feed streams contact the ZIF or



to operate at higher tenperatures to capture the
benefits between the adsorption and desorption of HHCs
W@ 2008/1952682+ hydrocarbons) in the ZIF material pel/as1002001094
to CH . As described earlier,™Hhigh adsorptive | oading
rati os can be maintained at increasing CH4 parti al
pressures by operating the processes at higher
ZIFeobatadiinp @dsorbent Alsetia av psudthbBcldseh hempyritera dnd process
the HHC transition froma low to a high adsorption
feedsti¢any psessuresvaf] less thamabouh 80 psia/(39d tor igyen dess than about

oA Bl o SR e bt o ke
S SEAERTEAS FOHME 8, 2 puggpon sompounds

vétyHitraGese édpRcial BRI such Proc¥ss&PATILRG tdcbvasWRaRThe process
(é.g., ethylene, "ethane, or propylene) and CH4 to
sthdapiemay rbessuai kablendti relativebplavg psesssreant i al |y t he sane
adsorptive loading ratio for the HHC conponent over
CH4. [00111] An additional benefit of the current

IATEES o83 s e in FIE S R pRlic BOBR brfee ovel of the
S8l be PERELc1a Soy i 918 g el

proetsy forloptiniurh separacivoantAs thegressune loleb detreasdsothd hei r
adequacy for_ | ow pressure operation. In other o
tepmstattiredarcalso dieramionally degeenspd imArdsrde epsers asignificant

i e ——
cl‘?aga eribtid 8Pine 2@58&2&?@ QU8dbERt Hﬁ:?erﬂfl?%%ﬁe si nlf(i(é%rbt in

edstream pressures o ess than about psSi

lokPpresshre appiatiendofi Senttifeertich el exosepheithg HHCs from
streans contact the ZIF or- - ZIF-containing adsorbent
CHatpeedeal imhydrosarhanbiegd streams wlerp éheprassures anay be sglgtively

IoRP8 ReledAPENC BN YsinhedBmp oL afks o W bgh gy ckpgatbon feed

stfdps it bgb O BT W pticaiuaRAGH Bholh I SRRSREC | 0,
adSpEptRSIREEVRp G OBeAHISS kS HERC padfidlpiesdurss s5PRCtheb¢ Yeduired
such processes as LPG recovery where the process

for optimum separations at low pressures. Therefore, in an embodiment of the

present invention, the temperature of hydrocarbon feed stream is reduced prior to
contacting the ZIF-containing adsorbent material. In this manner, the
compression required to raise the hydrocarbon feed stream to optimum
separation conditions for the present invention can be minimized, and in certain
embodiments, the need for compression equipment to raise the pressure of the
feedstream to the processes of the present invention méy be completely

eliminated.

[00113] With regard to high loadings at low pressures, for example, the
sample of ZIF-7 from Example 1 and its corresponding adsorption loading at

301 K and 106.6 kPa from Example 6 shows an extremely large capacity for



streans may be available at relatively | ow pressures.
[00112] As can be seen fromFigure 15, in addition to
wo b@opossure | evel of the st rfam t he tenper apOT/@S2009/001094

level is also critical to theédesi gning a sw ng

adsorption process for opti num separation. As the
pressure | evel decreases, the tenperature can al so be

e@pldnest dboud 2 leasesie/gloéttiglentat ehissersabstagtiahy htraaspheric
| dadi ng of the adsorbate on the adsorbent material. As

puissuressiddemperatpre ¢onditinng éﬂ@ﬁé"rlg@tel 1:4)ofSimi1§i_rly, the sample of
2Fi 5 o eunii appis ig?qfea”ﬁér? jnE esCrptiosdned P A0 o and
SRR SR S e RSP T

nitgole Sflethp iR at th¥R\Vibstankially aemesplicHeredsurstaindiiemperature
t hese hydrdcarbon feed streans are produced may be

cendjtiohs (seetHiguid . ehodigeussedgiridr; Z{leaterials, such as ZIF-7 and

adsor ption/ desorption branche o HHC parti al
ZHi-8s san be valiapde Mwbeméaater@is ﬁgxsrlowmrpm %&éaﬂa%omd

ressures. Therefore, in an enbodi ment of the
PS%tggt IO on, the tenperature of hydrocarbon feed
streamis reduced prior to contacting the
ZlI F-cont ai ni ng adsorbent material. In this manner, the
[00111d] es &i aprefeanedrembddintenit 9€ theprocysh ofthelprasdnt éavention, a
streamto_opti mum separation conditions for the .
hydresarboni feed stream is providedito arswing adserption preeessiwherein the

nbodi nent s, .t he need f ' ' t
S R e A Y v
. . ) h L
bl SRR R ol o TRt 16r STTRIC omp icnT oDE! EFL of at
lehSt abu@ Bbaenidve 4t d¢ust @ poitiéh bf thd HPIC Bonvphehitdadrbon feed
its correspondi ng adsorption | oading at 301 K and
stian 6 Ix Panéregpre foreethembodivhevofdhe preseahisivgntianga hydrocarbon

cgpacity. for-.- ethyl ene of about 2.60 | e/ q of
eItV dsddo & g AdsaTHPIRIG e BRFIe T fscadogbent

o B SRR BB D o 1P AR o
adVrp P RIAdinE rAS RITRini HAIC 8adbbAeritioved THEK, 804k least about 10 to
remove at least a portion of the HHC component from the hydrocarbon feed
stream. In an even more preferred embodiments of the present invention, the
ZIF material utilized in this process has an adsorptive loading ratio for an HHC
component over CH, of at least about 20. In other preferred embodiments as
described above, the HHC component is selected from ethylene, ethane, and
propylene. In more preferred embodiments as described above, the HHC
component is ethylene. In another more preferred embodiments as described

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



106. 6 kPa from Exanple 7 shows a | arge capacity for

et hyl ene of about 2.65 mmol e/ g of ethylene at these
wandnstiesrsi al |y at nospheric pr%sure and t enper BCTUS2009/001094

conditions (see Figure 19). "A¥ di scussed prior, ZF

materials, such as ZIF-7 and ZIF-9, can be val uabl e

adsorbent materials for | ow pressure PSA TSA, and

chi R heZIFesonthdd Alenhbraned dedopibedhbend ashyBRb be
of The process of the present invention, a hydrocarbon

ufibeet snderssimiler prapessindet corditionntp selewsrvysly separateddEHEC
wherein {he or bent terial in the sw ng,adsorption
compesads frenkégiu ?@iar ucg symglap geRpesitiopprpdyctsireams as
q Y : .
OFREPRI s OB Akl ol s SpFELATE BB, B Focsses

uliiginE XF Eithiniey RPBGAEY N sdpReste Bt HERItompoandP¥din CH, in a
preferred enbodi hent of the present invention, a

procgsofeedbmearh eedtaningesboth copponiedes] ittis dasisablaghat the HHC
adsorption process wherein the adsorbent, material in

cempouny nefeeidely permgates shrongh; the Ldhpraniaiping mgmprane process
o it SR S b B B
Stky ; %a?a@ﬂ%ﬁ%:g{élgpk JiCH HanCRERROEES fééd%@etaﬂfthat contacts the

ocar bo stream n an-even nore prererre

Z8hdofiaifing nerhbtdife. pAdditivhal lpysritastironetCl,-Iddn peresatabtream
utilized In this process has an adsorptive | oading

isralsg pradwced byHhiC proegss veharcimibe Clll-bganpermeata stegapn has a
20. I n ot pref erred enbqdi pent s descri bed above,
It Sl BN the PEeess dEsoTeaR ol B G CompRaions

.o, e
s G RRRAERE 1S yIEPRERFGTBE FRBROIIRS; Briicp by the
ZHebheiiniAB1ReRbAiR prodediAbodivitnis 36 tHigsreséatdvéakitttare
t he HHC conponent i's ethane. [00115] It should be
sinulardo thege identified in thesswi og¥imr processperobediments
[ méii)nt ion for separation of HHC conmpounds fromCH4 in
desenibsd #PB¥S process feedstreams have been expl ai ned

above in terns of a swing adsorption- - configuration,
the ZI F-contai ni ng nmenbranes descri bed above may al so

[0B16] 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.



utilized under simlar process inlet conditions to

sel ectively separate HHC conpounds from CH4, and
w@eaduae®ssi m | ar conposition product streans aBCT/US2009/001094

di scl osed in the sw ng adsor'pﬁéi'on process enbodi nents

above. In the processes utilizing ZIF-containing

menbranes to separate a HHC conpound fromCH4 in a
EXOVEPSEReedst ream cont ai ni ng both conponents, it is

desirable that the HHC conpound sel ectively perneates

t hrough the ZI F-contai ni ng menbrane process producing

at | east gne CH4-rich retentate stream wherein t
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witbra sgeeifac type ofrsdvens peciuded is ohamat:temsd\hyl 4 ubigue X-ray
% parent to those skilled in the art IS there%giﬁ
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stuﬂlea vware psepared azemiding to published| proeeduresraitdr dight
rraterlals toil]Justrate the benefits aof the present
modilications in reactionsealendionsamplel acaléftawa@ese@g@&rﬁn%e Park, K.

vi@ P cOEna” 2ot “TRatutfl Kt Uho2REr, P, T CHIETE 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.



EXAMPLES [00118] In the follow ng Exanples 1 through
5, small anmounts of Zeolitic |Imdazol ate Frameworks

W@ 0009/174256" ) sanpl es were synthiesi zed for use POT/US2009/001094
testing for adsorption and separati ons processes that
are described in detail in Exanples 6 through 10. ZIFs
are a unique type of m croporous crystalline

Eshhdjleur es having framework topol ogi es conmonly found
Tn zeolites and/or in other crystalline materials

wherein each vertex is conprised of a single netal ion
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However, due to the porous and flexiblée nature of ZIF
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can be altered upon solventexchange or desolvatio
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manner. e general synthesis™and stractura
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applicable to the present invention are presented in
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[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.



[00121] In this exanple, a ZIF-7 material was

synt hesi zed. The franmework of ZIF-7 has a chem cal
w@eompasizsi on OF ZnL 2 (wher ei n_zg = benzi m dazol PCEUS2009/001094

i.e., the anion of benzim daztle) and a topol ogy

defined by the Zn cations that is identical to the

zeolitic framework type SOD. SOD is a three-letter

framework type code as defined by the International

Zeolite Association ("IZA") in the "Atlas of Zeolite
[(a125% woFligufe estiowsGhcomaperibon b the expRrinvertakpewderDXHay

abpoon [USREBY patiews ciyihe oy aitis A ans e poranirien
9.,00 ' ' - .
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paR&R) Bhsrlbr 81t dingRAQysthl siMrct(bé df Zﬁl‘?ﬂt@?bft@d Rt Park
Ina 1l liter glass jar. The jar was tightly capped and

Reeferen@d casireferenoddinereisa sThe RXRDipattarns ascthosvmad Fignee 1 are

at 373 K for 48 hqurs. After reactiqn, the n&%hqer )
platigdms the diffeactian datensity (ncarbiraryyunits) pgaipgt the diffsaction

si.d |, and .the bottom part of the jar was
a’&%‘?ﬁ%’\gﬁbﬁﬁaa(gﬁgﬁ%ﬁfe%'th and stored in DMF and | abel ed

"as-synthesized ZIF- 7". [00123] In order to activate
the ZIF-7, the as-synthesized solid was heated under

[00Q6Y M Thehigh Bufity oL thehadugynthésianbZHTexdniple & éPidented by
vial, imersed in acetonitrile (c.a. 100 n) and
theoetincidencesaexperimentgl aad calculpted PXRD patterns. It is worth

R e S A
ZARPEIBE U6 SRS 15. 1 GOEBNE HoxaRUNARY e

up R 30as= pet 20 027 A o 16603 Al whereas BRPpaticeh df Goasditrile-
on Benzi m dazol e). [00124] For gas adsorption

. exchpeged@iF<] istindesedtothictsamesspace igroe@ with =7 ®22.522 A and
| oa irectly in the s | €. hol der t he
cgr B g@?&-@eg%«{@ SHBEFS @ e Aiomion ofcthe ki1l of 27+ upon
S| condi tions described in Exanple 6.[00125]
slghtFbRhabie

Ws a conparison of the experinental powder
X-ray diffraction ("PXRD') patterns of the
as-synt hesi zed and the acetonitril eexchanged
[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.,



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

as the stick pattern) based on the single crystal
watogavizse of ZIF-7 reported ip the "Park Referentsioonso1oss

referenced herein. The PXRD patterns as shown in

Figure 1 are plotted as the diffraction intensity (in

arbitrary units) against the diffraction angle two

tHehstién of befgigtidazole) 4DA 26polbpy defigbd byrtht \CoEatidis that is

as-synthesi zed ZIF-7 sanple is evidenced by the

ideatingli tache ecolitie faaawenkt tipe HQD c AQDIisadhreexrtter framework
atterns. It i rth notin e.slight .di.ff [
olpeade PoidsDned b vaps drinRA oIl BaRkle Afresition P IZA 5 the
) ' ’ , LE-7 da i
AHEnBE RGN PapfRiSMIRSTER. Babrifohd, LS SMESRer, D.H.
Olsor §3xth RGEs@BEditivh, BldvaémAaisté@daimg007).| eexchanged
ZIF-7 is indexed to the sane space group with a = b =

22.522 A and ¢ = 15.760 A. The data suggest a slight
distortion of the unit cell of ZIF-7

(30R N Iriherngaesis Obths 4 1F=P guatarial, dig ficebalt nitrate

th ' ' I y v ry { P
ey APAE IR Ol Lagnimoid o 280 M Rensimidazote (.05
nﬁ%'lz!v@ée IdissBIVdORErD B nIPAAR ,N-ﬁ%eﬂﬁqfo‘fﬁiahﬁﬂe) in a 120 ml

condi ti ons descri bed above fe chosen based on TGA
vidhtBhe 10 428 tightlywapptd and the SexvtionngiNfiectvaoheated in an

M croscopy ("SEM') inmage of a sanple of ZIF-7 )
ispthegmab averERb AP} ﬁ)r_[%%hczgjp- Aditer reastionaths mother Ziquog was
d%qggnm eltﬁrcL i’hemﬁﬂiﬁggégtﬁgﬁf;leé?(?%g%hsgq\%é\%gez\ﬁo{tlfxg%ot%rrf i)grtho%sthg jar
ST RLRNE S e IO PIab P 38Rt -
ordentical to the zeolitic framework type SOD. SCD is a

three-letter framework type code as defined by the
International Zeolite Association ("IZA") in the

[q_(fl%ll i/bg@é%? l,t(i) tg_gﬁflfa{t% qgg%ﬁ@ﬁl?ee g;-S)(’nt 'esi%gg rslol% Isz(?ars’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



A son, Sixth Revised Edition, Elsevier Ansterdam
- 2007). [00130] In the synthesis of the ZIF-9 material,
wa 2@8/1g520f cobalt nitrate hex dr at e ( Co( NOB) PeHR1009/001094
4.33 mol ) and 0.360 g of Benzi'm dazole (3.05 nmol)
were dissolved in 108 m DMF (N, N-D net hyl f or mam de)
ina 120 m vial. The vial was tightly capped and the
pa{tft%ﬁz(b&’sfédmﬁ(ihérﬁng\lésc qal seudtiireedf ZHADhepomed v e "Hark
373 K for 96 hoursS. After reaction, the nother |iquor
Refesented astrefereiited Isarkind The BXRID ipattdrnsrastshovai el igare 3 are

e e B i 4l s on

ZILF- 9" 131] I order to activate the ZIF-9, the
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[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



the coi ncidence of experinental and cal cul ated PXRD

patterns. The relatively |arge background in the PXRD
w@admwani2sof the as-synt hesi ze 1ZI F-9 sanpl e capDUSHE9/001094

attributed to the exi stence of anorphous inpurities

because only purple cubic crystals are observed within

the sanple by optical mcroscopy. The PXRD data
Feds@esiksTypes” (Ch. Butlaichen d..Bl MCuskert, 1D H.rBGlsoa] SixthRevised

| ower crystallinity when conpared to its isonorphous
Editiang ki seiviem@ymsterdama2097)-- 7 (conparing Figures 1 and

3). [00135] Figure 4 shows the thernogravinetric

anal yses ("TGA") for the assynthesized and the
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three-letter framework type code as defined by the
wastcoleatd andiwadbetdivwich BBV DiméthyHatiamde hi® remove any
"Atl as of ZeoliteFramework Types" (Ch. Baerl gcher,,
rgsidual mathexkiquormTihe popdest, was then tF?é\Sf“ﬁ'éf‘cﬂa 53] 35 anl vial, stored

. i er t e, dam 2007 138] In the synthesis of

“ﬁ?ﬁ%?ﬂdlla ¢ r?sép)(ntﬁ_e§§%(bZE€Hﬂ nc nitrate
tetrahydrate (Zn(NO 3)2-4H20, 4.77 mmol) and 2.75 g of
| m dazol e (40.4 mol) were dissolved in 100 ml DMAc

[(013%] D ebiddrac atdvatdehe Z1F o, 1RO asrsygphasiged isalid widsemmersed
_vial was tightly cgpped and the reaction m xture was
ihacetendtrile (g il§anhdpnaltoiel ef 7ahogss Thersplvent viebuing was

rERUARH L LA o T PR SRR PR S 1 BB i 2 glass

¥R dnd¥vatlifted dHl a vacuum line apparatus at room temperature for 16 hours

to remove the solvent molecules residing in its pores. 0.13 g of activated ZIF-1
was obtained, corresponding to 14% yield (based on zinc nitrate tetrahydrate).
Alternatively, the as-synthesized ZIF-1 was activated by exchanging with

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

[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
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[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.



acetonitril e-exchanged ZIF-1 is indexed to the sane

space group with a = 10.098 A, b = 14.649 A c =
wQ@7008Q05281 , b \ 19.5 and patter)l of tol uene-exchemnysmoy/ 001094

ZIF-1 is indexed to a space'gﬁ’o‘up of orthorhombic

symretry Pnnl with a = 15.708 A b =9.455 A c =

16. 969 A The data suggest distortions of the unit
Esahiple4 ZI F-1 upon sol vent - exchange. W poi nt out that

rgh-symmetry anal og of ZIF-1 does exist. The single

crystal structure of such a conponent was reported in
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sanple of ZI'F-1 (toluene-exchanged) produced. Exanple 4

[00145] In this exanple, a ZIF-1 1 material was
synt hesi zed. The frapework of ZIF-1 1 has a chem cal

[ddpbsi In the smphmsis fiwherZlifn1 L matpeiplz 0rd 30ag of ains, nifrate |
ey S RPN B T EhmPDiart & 500 Fenfiidiaott .38,
OIS ARSI YRS M B TR0 i s

vias STifd vial Glas (ti'thl?{"daF[])de thd thétdazsioamikeate was héatod i ak
Types" (Ch. Baerlocher, L.B. MCusker, D.H dson,

issthermaReverns et3 EiktfonA6 heuss\Afker raastien, dhenmatberdiquor was
oA S R B AR e A B v
wis LottedtEB ahd 3nda With HMF (ﬁf?ﬂ-zf)fﬂlgtﬂ§%ﬁn§§n§§) 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



nmmol ) were dissolved in 100 m DEF

(N,NDiethylformamde) in a 120 m glass vial. The
wo@b/1u@s1 ti ghtly capped and the reacti on m Xt PCEUSESI/001094
. heated in an isothermal oven-at™ 373 k for 96 hours.

After reaction, the nother |iquor was decanted. The

solid crystallized on the side wall and the bottom
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was i Mmersed in nmethanol (c.a. 15 m) for a total of
72 hours. The sol vent volunme was replaced every 24

[00d49} . Figuredtshems| a eomoparisprtofiheexperifpentalpoyedern X-ray
ol LS i R T I B panes 21
| ESHNERS o1 5 OIS SR PHND ol RN 485 SRR ) basea

o ﬂie\/ﬁﬁglef&&ﬁﬁu stectufSoHZ I il tepbred i tife 'Wark Refédehed” as
09 g sanple of activated ZIF-1 1 was thus

rerfd:macerbhereunr The E&@D@mga@/smvem in Elgg@c’t’ 5@ plothed as the
adlpefomimeasio e croten Bt s e 2iBe0oR el guprthpta (n

de%ég:)tly in the sarrpl e hol der of the gravinetric gas

o1 ption unit and activated in-situ by using the
conditions described in Exanple 9. [00149] Figure 7
shows a conparison of the experinmental powder X-ray
[00150]) The high purity of the sample is evidenced by the coincidence of

experimental and calculated PXRD patterns. It is worth noting the slight
differences between the two experimental PXRD patterns of ZIF-11. After
methanol-exchange, the intensities of the diffraction peaks were altered and the

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

[00151] Figure 8 shows the thermogravimetric analyses ("TGA") for the
purified and the methanol-exchanged ZIF-11 samples in nitrogen atmosphere.

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.



diffraction ("PXRD') patterns of the purified and the
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single crystal structure of ~ PE-1 1 reported in the

"Park Reference" as referenced herein. The PXRD

patterns as shown in Figure 7 are plotted as the

diffraction intensity (in arbitrary units) against the

diffraction angle two-theta (in degrees). [00150] The
E rity of the sanple is evidenced by the

coi nci dence of experinental and cal cul ated PXRD

patterns. It is worth noting the slight differences
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was collected and washed with DMF repeatedly to remove any residual mother
liquor and an amorphous by-product. The product was then transferred to a 120
ml vial and the DMF solvent was decanted. After the addition of chloroform
(c.a. 100 ml), the vial was capped and the mixture was immersed in an ultrasonic
bath for 30 minutes to mechanically detach zinc oxide particles from the surfaces
of ZIF-8 crystals. Two layers of solids appeared after the vial sat on a level
surface undisturbed for 30 minutes. The solid layer floating on the surface of
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



liter glass jar. The jar was tightly capped and the
reaction m xture was heated in an isothermal oven at

wd r@9Kof26r 24 hours. After reggtion, t he not hePCT/U§2009/001094
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[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




sanpl es and the cal cul ated PXRD pattern (stick

pattern) based on the single crystal structure of
wa@bdBos2eported in the "Park ference" as refPCEUSENY001094

herein. The high purity of the "sanple is evidenced by

the coi ncidence of experinental and cal cul ated PXRD

patterns. The PXRD patterns as shown in Figure 9 are
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units) against the diffraction angle two theta (in
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aboivar a&ttaemrrseantitemdsamq:u; |tlm1éqiﬂhbr1pm adsopbatpdoadiag veds
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measyred avariQusadsoshate pr%ﬁsﬁmr%tq 106:6 kPag dposder to)capture any
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Exanpl es 1 through 5 above. "At "a const erature,

vachemetguthe inbaximmom gsesshed ef | 0616ikPa) ead thmaﬂwr éhdlfadf the
vari ous adsorbate pressures up to 106.6 kPa, In order

experimeptal mointsyverstraeasused inytheedesorptiaremede Gi-¢., loereasiog the
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expEAMSHRS S TRVIE % BT BAGARUAsfoh I8 R e,
cofitrab b @ thdriitdriRe ek ioTRtdPRIBIIOWR in eﬁsﬁ 3 e&*lmn{ he

pressure fromthe maxi mum pressure of 10
vacuunm). In all experinents, a LabVi EV\(r) corrputer

fware was used to, automatically set, control and
[Oﬁ'ﬁ;ﬂ]t orﬁlel%fs%laﬂé feed wis br@pﬁltfl@tq thadecd masatold from lecture
boff RS 15 house supply lines containing high purity gases and

hydrocarbons. The feed manifold was in contact with the adsorbent located in
the sample holder of the microbalance. The adsorbate pressure within the feed
manifold was controlled between vacuum and 106.6 kPa by a MKS® Type 146
Measurement and Control System, which was connected to the computer via
RS232 communications. The feed manifold was equipped with three MKS®
120A pressure transducers (0-0.0133 kPa, 0-1.33 kPa and 0-133 kPa) that
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
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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



solvent, the heating tenperature as well as the

duration of the steps was dependent on the particular
wa@bdoomeder i al under study. For_a given ZI F sanptEUS1002001094

same cl ean-up steps were rep‘esz?t'ed each tine a new

successi ve experinment was conducted. Prior to renoving

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

cSifipRascead fthrthé gemeraktatihgmbeedwéﬁfdr@mms 67hedescribed
repeat experinments reveal ed excellent reproducibility,

atworef i rmi ng t he adequacy of the experinental adsorption
i sot herm procedures as well as the stability of the
sanpl es throughout the adsorption experinments. X-ray

RS SEPELS BRI E BRERL s ApHiErn S g e 1
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ZIF-7 sanples obtained fromthe synthesis detailed in

K Bxmiep dynamabvaaiimc dpfiirther dieating waseappdiedr dihetdrytweight was
rocedures for anpl es 6-10 descri bed abgve, [.00164
4@68 m&eﬁééanw%-eam%éw BYASEAD eﬂﬁp&%@x%8£19%?,
sampl.e of .Zl F- 7. 0 it h et oni t ¢ .
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" HRESIHL i i S shdWs th
(gp)i/@we% was 54%?“6%%&%%%2%2?1 g}rgan- ph’%?%gegﬁ?e ©
ethpkenapChHgchdsorptidn idotheror ort ZIBI7 at30dsko Uk ordinate displays
experinments with other adsorbates. A Scanning El ectron

theregudlibriwm adsemtion loadigg inrtypivab usidsrpf mmaeleiholhe lpwer

Fi .11. Fi 1 th 1 c2H4 . .
atig 850 distlivs b8 ahSo e fBs prossire ook & T BPBFphssisse displays
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CsH15 edtuiationdéssure a6 80 & K.nThedilleihadigar syahbels 38éntify the

di splays the relative C2H4 pressure, where the )
carvespandlinigngsprisionard desarprion bpanahes respertively(the adsorption
ol AR R e R iond g L dESn i B s shown

tq: , ti I th dsorpti

Wi XHeR iR, {7 ed di amond 1 egend and the

desorption branch is shown

[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.



wi th open di anond | egend). [00165] In accordance with

the testing procedures, adsorption isotherns for CH4
w@eowohesze), C2H6 (et hane), an% C3H6 ( propyl enebCTERB®09/001094

al so generated and are shown pdget her in Figure 13

wi th the adsorption/desorption isothermfor C2H4

(ethylene) fromFigure 12 above. In the testing regine
[00166]i SFigxedD4 és a i Beaph cbmipariig thehidrrdspohdingegusogtéon

adsor ption and desoiragti on branches _as was exhi bited

loadings lof tig2 Z1n/ometeaiab Sors Chia d metleaned) o g4 (athylgaeh GrHeon
4 d ) h . hi .
(cThpeh dp PR YEne), RoHsdRrBne L H S FaE Bnd skl (n-
. 1 .
ol ARG LR ST A S TRAOA om ot o
désBfiBedhbovd. 9Ak fcafi Detdekn Ifirsrd ths%@%ra}__lﬂﬁ théladsdrption loadings of
| oadi ng for nmethane, CH4, on the ZIF-7 material.- OV -
the @IF6bmatéralrfer 1he Cs. bydracadpoaptonpoyalsiat d O6iekPa @ 301 K
correspondi ng adsorption |oadin

wegrall gegaterdhapRPIORMTAIEAL P, gl(ﬂg WWE ﬁ@ 53%7%600 loading

o PR r AR T T8 AERSE 0,0,
adéé@tﬁﬂ%ﬁd%‘%ﬁraﬁo%ﬁﬂ@@‘l Rydrotaddntddnp@fids ver CH, are

cribed ve. As can be seen fromthis bar graph,
grebier desoagprorimatehd2 81.9silbisttatiag Zhé-higwilectivdty 6bthet -7
C2+ hydrocarbon conpounds at 106.6 kPa @301 K were .
materiad ferathe C2: hydregasber camperpds over Gho @ng%ZIFe%@ntable

adsorption .| oading for CH4A was only approxi mately 0.09
m’ﬁﬁ%ﬂaif%f.“S&IW%ﬁEQégSEBEH}VFPE}ﬂQ; t he adsorptive | oading

ratio for the C2+ hydrocarbon conpounds over CH4 are

greater than approximately 28.9, illustrating the high

[0926TFt | XdUiticHal isothethts- for AFeT nare porfotned @R different
hydrocar bon conpounds over CH4, naking ZIF-7 a

tempieratbes todneestigate the adserption/desoppider gharagtesistice af ZIF-7 at
J00167] Additiapal isot A Zl F5 f d
BN HE TR ST AR
SO ;
T L
bd Sen'AFIRBUrO1S, dBsistent 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.



CAH10, performed at 301 K, 323 K, and 348 K are shown

in Figure 15. As can be seen in Figure 15, consistent
wowdo/1e82sor pt i on- based principles, as the tenpeCBUSL089/001094

is increased from301 K to 323K and further to 348 K

the transition fromlow to high C4H O |loading is

di spl aced to higher pressures. This figure shows that
[0026PF abbethedediny bPeachantiortgte G thiseRlperiméht-akangslarf ZIF-

at a corresgondlngly i ncreased partial pressure.

9 waadpddedrwitb@aceginitrile ahthe soluemt df wad sotgabsed fos & hrsrat301
experinments were caryigd out on ZIF-9 s I opt ai ne
Kungsr dyRangimyaasimn ahﬁﬁm@&f?ﬁ@epgggbﬁ% 4091 Welght was

SE33 M STRE sigebiCIP A BROCHuck Bl ab1ied A BrioPto )
sutbsé(%ﬁé?ﬁ eQpertRehtsAWfAdIRéSadsBridles A RnnIRNElecondViddscopy
0 IF- 9 was l'oaded with acetonitrile as the sol vent.

("SEM¥sintage-afdhisesaniple iSshown an Figure K 6uritignred}hahdows the
vacuum_No further heating was_ applied, e dry weigh
ethplens sC34, agsorptionsisathesmeh LIy It 304 e gﬁ\m@dm& ri&nﬁays

s B bR AL RO U C1over
o S5 T8 b S CORTBHl: D T Byt st sl

thegelatios 10,81} phbssude,avh@@h&nofinelizing prassarePs pbaysparids to the
equi l'i brium adsorption_| oadi 3% in typical units of,
Citipsasnrptiontpressae at 305 K.sThe dilled) aagdgonqnesy@blz@,s identifyithe

NGB Sl RGP R AR [P adrpion
oL AFTRRIER e M8 AR BESORGR inFh shown

wifilopef izadibAd | ption and desorption branches,
respectively (the adsorption branch is shown with

filled dianond | egend and the desorption branch is

sh 1th open di anpnd | egend). 0170], I n accordance
(OMZAT o ecedrdanseps B8 i SR8 phossdirs FUsaBHin  RatEgRS 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.



CH4 (nethane), C2H (ethane), and C3H6 (propyl ene) were

al so generated and are shown together in Figure 18
WOwRao/103261 adsor pti on/ desor pt i i sot herm f or CQREEVUS2009/001094

(ethylene) fromFigure 17 abo¥e. In the testing regine

of this exanple, nmethane did not exhibit the separate

adsor ption and desorption branches as was exhi bited

Af ean begcéR frony diie bar E@?ﬂn, dsladsoepidw ieading ef dusBIHOimaterial
and desorption curves for nmethane in this regine

foptke Caphydroczrtonocompounds aid 06 kPa @ A0t lgovere pdl grgater than
t he uppe t pressure. of 106.6 kPa 301 K, ~¢he
amae&%ﬁpgnﬁ-ggdaﬁwg‘a@f%bll%hmﬁﬂgh%} g, %ﬁomﬂsm
. i £ Iy, . _ _

20 S A tsHegColadod e SRR adin i
for@Rd ¢1] h§81§iéﬁﬂ)&9¢dﬁ¥@1mro®?mﬂ4 bkingatelye32.8 (similar to
correspondi ng adsorption |oadings of the ZIF-9
ZHaTyrillastriting thehighseleativity of2hi ZIE+Shaniatarigl fox@hishydrocarbon
(et hane), Cs (pr.opyl ene), C3 (propa , CAH8
CqPORARICT hle ARG Z1Ac e SHURDIAAERR] Eorefe P dhg Pessent
. 301.K and 106.6 kPa obtained fromthe tests above.- -
INXENUA; e seen fromthis bar graph, the adsorption

| oading of the ZIF-9 material for the C2+ hydrocarbon
conpounds at 106.6 kPa @301 K were all greater than
Eappplks8mately 2. 62 nmol e/ g whil e the adsorption

oadi ng for CH4 was only approxi mately 0.08 mmol e/ g.
At these conditions, the adsorptive 1oading ratio for

[@ngfﬁ ﬁ“PE%g?r g’%%ég%? f‘é?‘{%ﬁgﬂ qﬁsq}ﬁéqef}rk ﬁ%lérih%pﬁsvﬁraet (faﬁbied out on
242 eSS0 8 Sy Skl Gove

csitpligkieewithithe Tgahexfaptesuﬁg procédigepfrdeimpley 6n10 described
Exanple 8 [00172] In this exanple, adsorption isotherm

almgeri nents were carried out on ZIF-1 sanples obtained
fromthe synthesis detailed in Exanple 3 above in
conpliance with the general testing procedures for

[00175P' eRoPimtdeSifes bF BRh RN file-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-



[00173] For the testing of the acetonitrile-exchanged

ZIF-1 sanple, a portion of the ZIF-I sanple produced
wapahvaaeisvat ed as in Exanpl e 3 _was | oaded w t hPCT/US2009/001094

acetonitrile as the sol vent.” %t was out - gassed for 6

hrs at 301 K under dynam c vacuum No further heating

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

extheaged BIPI10gie6iiocalhesbseg ptntaskpesimdigs with other adsorbates. A
acetonitrile-exchanged ZIF-1 prior to all subsequent

Seanpéng BlectroniMitroscopst ("SEMI bumage offobaenenexthapged /1Bl

M croscopy ("SEM') ,i.mage of the acetonitril e-exchanged
sappe s §Wéniég‘§fffc% in Figure 20. [00174] For the

testing of the tol uene-exchanged ZIF-I sanple, a
portion of the ZIF-1 sanple produced and activated as

[00775K anpig{ené% 29a50WaaHe ddvarplioh ¢ dtBaEnH6f tHecaceednigrile-
It was out-gassed for 6 hrs at 301 K under dynamc

exchanged ZEBdt fodt G, @msthiane)y C,  Hethydent)s Gkl (eibang), amd CsH
(evrienere WeKapihe edinge di et e samlimangadsomman foading
infypiah iRis€ ot BRI TH¢ aPLOEA AoR ISy ths SofPtipugqure of the
088 4 P Bqpanpn ok Bty
1066 kiPar@s3 (ff K ke adsoirption toddimgscfoaniye €, ZhfdiochrhonGtémpounds

(met hane), C2H4 (et hyl ene), C2H6 eél‘?t hane), and C3H6 ., .
were higherthan the adearpkiontaading fon methanes iy onithe acetonitrile-

equi | i bri adsorption loading in typical units of

e’?fﬁﬁ?@?‘gzl#ﬁ]emﬁfﬁ'lﬁqssa di spl ays the absol ute pressure
of the adsorbate in kPa. As can be seen from Figure
22, at the upper test pressure of 106.6 kPa @301 K,

[00NF6pdSPigure 0B ik @dnk pespH %mﬁhh&nglﬂie tortespoadignadsorption
conmpounds were higher than the adsorption | oadin

lomsiigared thenagtooirileroxchongod ATF | mwknelige CHH @@ethand), C,H,
(RShbr ot O9ASl, EL B S b oo e BB R | Bhene)
SECHA 5 b G B G oLRFK (68 68 qoind fom
theRERDUDEVE) AsCalikbel ¥ Fostf)this Ghrigraph, ihé 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.



and C4H10 (n-butane) at test conditions of 301 K and
106. 6 kPa obt ai ned fromthe tests above. As can be
wa@e@/16526m t hi s bar graph, %ﬂadsorpu on | oadP@yESTN9/001094
the acetonitril e-exchanged Zi material for the C2+
hydr ocar bon conpounds at 106.6 kPa @301 K were all
greater than approximately 1.72 mmole/g while the
Eﬂﬁ%@@m on | oading for CH4 was only approxi mately 0. 30
nmol e/ g. At these conditions, the adsorptive | oading
ratio for the C2+ hydrocar bon conpounds over CH4 vvas
| ustrates that

(0DR2BE | Frthis el At rphon TBeim eXRtEAC SR kPt qaed out on

NI O i e e e
cd; ano%'Wﬂll@ e gEiirablegiiig prceduds e agger) déderibed

material exhibrts simlar adsorption |oading
abolvar acteristics as the acetonitril e-exchanged ZI F- |
~material.- - Exanple 9 [00178] In this exanple,
adsorption isothermexperinents were carried out on

I ob i t
(0 I R LS PR B Y D Snf B AAE o 21
1 1t %& 16 WRE $hEtRAnSI0ds thE 3OR/AS. ﬁ'ﬂ*Qs Q@tsgégse@ cfma@ B¥eat 301 K

00179] For the testing of each adsorbateé in thi
uxﬁiepellynamm vaanaainatedfo 22FK fidr 3vhrs, hnd theah eoaled to 301 K.
nmet hanol as the solvent. It was out-gassed for 2 hrs
The dgoweighi versr82407 arg.c The same, cleanztip Precsdyps wasappligd to

20 B BRThRDr b2 helfioobBf ek A8 &le 4 Segnnine
El%gﬁ'oﬂé\gxo%é&k g‘gSEM’R%W@%%ﬁHIs BHAAE am\ﬁnm FK%LH’EQW

sor anni ctron r oscopy

FiigRg25 showhitlse sdﬂmbﬁom $sotherms ofNZHi-guirfer E}L, (ﬂl@hame)z €,H,
shows the adsorption isotherns of ZIF-1 1 for
(ethydenn€)yHs Gthang)e and Cohle (prapyienedabh 3L K. dhe oeémte displays
Jhe aqrdi nate. di

01 h
the Rkt e SormEiop Padinedady msal hiis b Biaioig s« The abscissa
di%‘i‘&&:? ik ab-glaﬁlt@%%s%@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



di spl ays the absol ute pressure of the adsorbate in

kPa. As can be seen from Figure 25, at the upper test
w@e@od0s261 of 106.6 kPa @ 301 t he adsor pt i onp¢DES20Y001094

for the C2+ hydrocarbon conpotinds were hi gher than the

adsorption | oading for nethane, CH4, on the ZIF-1 1

material. [00180] Figure 26 is a bar graph conparing

apprexiigite BsPIndHogveves dop thoC;] adsdrbge coinpgdundg(propylene and
material for CH4 (nethane), C2H4 (ethylene), C2H6
highehathe)adsogtbve londing ratie)for s« hydrpsabpn comygounds over

chly P 515k oy R bbb SRS -
P38 s SERoE lihePi  pob PPL Brments of

theyeQa inRintioaniee Mg hyaiochBorbcmpo@dDdt afmuspReri¢ tonditions.
greater than approxinmately 1.59 mmole/g while the

adsorption |oading for CH4 was only approximately 0.43

mol e/ g. However, at these conditions, the adsorptive
Emmlagﬁr atio for the C2+ hydrocarbon conmpounds over

CH4 was only- Q) - approximately 3.7. However, for the

C3+ adsorbate conpounds (propyl ene and higher), the
[(ﬁﬂ%@l)pt IJthié e%ihcgm 5é§drgtit>ﬁ hisdtherirexpinificAtawbR carried out on
conpounds over was at | east approxinmately 6.09.
ZIhgssamglepobtainddudmathe syhttrsisZddtailedlinpbzampkeS above in
adsorptive | oading ratio high enough to neet the )
coraplianesnwithshe generel testing proceduses fasExamples $-10 described
l"Bgldrocar bon conpounds at atnospheric conditions.
ag¥pl e 10 [00181] In this exanple, adsorption
i sot herm experinments were carried out on ZI F-8 sanpl es
obtained fromthe synthesis detailed in Exanple 5

[00182F | FofthEnkstanie of vadhhadsoebae igtiaik ekpetiment, a sample of ZIF-
procedures for Exanples 6-10 descri bed above. [001821

8 Peas loaded withimethehokasthesobnniadewas outrigassed fer 2 dwmat 301 K
o R e BT S3T9E 813 R o 201
Tg% gf;gg@%ﬂ%%%%gd The safirt dedRupDrbEciurdWhstdpplied 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-



The dry wei ght was 16.37 ng. The sane cl ean-up
procedure was applied to ZIF-8 prior to all subsequent
wez@enosent s wit h ot her adsorhgtes. A Scanni ngpEl/E81009001094
M croscopy ("SEM') image of thi's sanple is shown in
Figure 27. Figure 28 shows the adsorption isotherns of
ZIF-8 for CH4 (nethane), C2H4 (et hyl ene), C2H6
butahépatagst conditicitstof{ 30 10KydmeH)6.6 kPaWbtiined feomithié testseabove.
di spl ays the equilibriumadsorption |oading int ca
Asan beseenfisine tljis ban graphs thesadsoption dgad mgﬁe%ﬁ@oﬁ:r& material

foit R+ Budroseriarecorppeimdicat gy Ekea @ S RS lefegr than
apga%xfﬁ'latggﬁl %@%ﬁ %ﬁ%@%ﬂgiﬁgﬁiﬁgg%lﬁﬁapo% F(grgﬂfdﬂg 'Gvafs only

aﬂﬁbﬁﬁﬂﬁel@% rﬁfhdlé)’g Héwverahethest con[ldlﬁbas,] thEla@sds@tiRze
i's a bar "graph conparlng t he correspondi ng adsorption

loading ratjo fof tlumezzhyfdrsc rocmhpmmdscqwr wasenly C2H4
(et hyl ene et hape | ene
aquEPoRReD 1 641 omgevm e tg%pmpcg@d%m%g)e and

hlfg}lslﬁfeﬁ#e C‘fsg géti g{g %g%c#aéﬁ ﬁg@jcg O@%&fo ro m @&ﬂ]ds ovet
C?&% att188s5t %%gﬁf)ﬂhia@ély'%d TRESe@impleglldstratss EfPJt%IFE’%
or the C2+ drocar bon conpounds ‘at 106.6 kPa @301 K

possessealah agisenitive lbhdmgarapodmghranelhgh to eenthel reqyuiremiehts of
t he adsorption | oading for was only approxjmtely
the prasentimegniionoRdse hyd mcarb@seomﬁanqis #raimaspheric conditions.
adsorptive loading ratio for the C2+ hydrocarbon
conmpounds over CH4 was only approximately 1.6.
However, for the C3+ adsorbate conpounds (propylene
and hi gher), the adsorptive loading ratio for the C3+
hydr ocar bon conpounds over CH4 was at | east
approximately 5.2. This exanple illustrates that ZIF-8
possesses an adsorptive | oading ratio high enough to
meet the requirenents of the present invention for C3+
hydr ocar bon conpounds at atnospheric conditions.- O -
CLAIMS: 1. A process for separating CH4 from a process
feedstream conpri sing:



a) contacting an adsorbent material conprised of a
zeolitic imdazolate framework material with a process

wo e@davs2eam conpri si ng CH4 anl% at | east one C BCT/US2009/001094
hydr ocar bon conpound at a fi~ i pressure and first
tenperature; b) adsorbing at |east a portion of the
C2+ hydr ocarbon conpound in the adsorbent material; c)
CpXIMSt ng a CH4-rich product stream wherein the
CH4-rich product stream has a higher concentration of
CH4 by nol % than the process feedstream and d)

1.pr odAgirogess fotideparating Gy fronsa peeuesafecdsteann domprising:
pressure and second tenperature, wherein, the CH4-| ean

product s@)eantacting an pdsgrbeniomatestal somprised ofazesitic
mol % t han { he.process feedstre wher ein zeol it

"o} i uR2elate FRRBRESE mERDR LA o ehE bR Bhpriding
stru r ' h

S B RSLRLBRo] R AGH L ch IO AT UK presreand
pai rﬁﬁttempeﬁnﬁ@g adj acent vertices of the franmework
structure is |linked by nitrogen atons of an .
i m dazol abkadsorbingmt least agwrfionof the Canblyduesaghon ¢ampound in

zeolitic,i rrvtiPdazoI at.e, franework materi al has an

adsotstadserbetanatgriakt i o for the C2+ hydrocarbon

conmpound Q. s e i
claim1l, %"SW%C%S%@@%‘%&%?‘ é.?%gi Wﬁé@ﬁ?@%gjﬂ“ rich
C Onp?f&ﬁlfét 8fre#imliad deHighed edricehtratibe of €HJ b #c1% than the
crystalline polyner, a non-crystalline polyner, an
epoxprocess feedstrpdrasand, a clay, a silicacontaining

mat erial, _.an aJ um na-containing material, and

ti t ani acoflt BfadusH e dt4-lean preduct sreamad %-‘f%@é@@_%?sure and
o, BRIy e R AR R e
meas ybectntativl o ffCHY 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 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 C,,

hydrocarbon compound over CH, of at least 5.

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

containing material.



106. 6 kPa. 4. The process of any preceding claim

wherein the C2+ hydrocarbon conpound is selected from
w@2id/1026hyl ene), C2H6 (et hane), C3H6 (propyl eP€l/USI08HK01094

(propane), C4H8 (I -butene), "aftdd C4H O (n-butane). 5.

The process of any preceding claim wherein the

zeolitic imdazol ate framework material is selected
3.f r onTBe Pprdcesglofafly prectdihg claimf whebeinthe adsarptive dogding ratio

preceding claim wherein the C2+ hydrocarbon conpound

par t fer thpiCes diydeodarben epmppund oyerbithris maeasuradeat il K and
hydr ﬁg 3&1 conpound partial pressure in step d). 7.
The g 0@ of any preceding claim wherein the first
pressure is greater than the second pressure. 8. The
process of any preceding claim wherein the second

4.1 enpEhaipbess %f@h? ?}ireéediigl@ Bldime “fhei'élh the e hgtttoarbch

The process of any precedi ng claim wherein the cycl e
t i mecompbusd ig MmtadMﬁMu(atlyleﬂﬁ) CiHe(gthaneds ;¢
any ecedl n e| n.the process .

adsokyopPsle eC@ﬁlt ?IGPBWE'E B’é‘@\é@%ot(ﬂém%ane)

nHX|nun1and n1n|nun1C2+ hydr ocar bon conpound partia
pressures achieved in the adsorbent bed during a cycle

51 | ¥hg S‘r@@é&sﬁ afy R)?éé%dl Cldif@ivirereinkhe zEHRti® IMERTSlate

of any eceding ctlhaim erei n the C2+ hydrocar bon
conpfrantbvparktmaterial ssselected fronh ZIP+ 7 ZHE9 faneddBii-dam i n
step a) is less than about 29 psia (200 kPa). 12. The
process of any preceding claim wherein the process

o[ eed . 13, .Th
6.pr o106 Fopessug Brsaur e ey Whriathe Gae Bygfckgrbon

Pr eSgYnpoliid Phrtidi Préssufil’stef a) is greater than the C,, hydrocarbon

compound partial pressure in step d).

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

than the second pressure.

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

greater than the first temperature.

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

about 1 minute.

10.  The process of any preceding claim, wherein the process is a swing
adsorption process and the difference between the maximum and
minimum C,, hydrocarbon compound partial pressures achieved in the

adsorbent bed during a cycle is less than 43.5 psia (300 kPa).



14. The process of any of clains 1-1 1, wherein the
process feedstreamis conprised of ethylene, C2H4 and
woredkanesi CH4; and the C2+ hydrocar bon conpounBCT/$S52009/001094
et hyl ene, C2H4. 15. The procéds of any of claims 1-1
1, wherein the process feedstreamis conprised of
propyl ene, C3H6 and net hane, CH4; and the C2+
1 hy dr pR@pRsyess 6fBRY peedediny SlRith SWhereii e ClOhydioearbon
process of any of clainms 1-1 1, wherein the process
f eedsimpound partialpréssert off thaprocss ffeedssteannin stap@) ishless than
C2+ hydrgcar bhon_co und is selected from C2H4
(et W%@?,P@@Qgﬁﬁane), C3H6 (propyl ene), and C3H8
(propane). 17. The process of any of clainms 1-12 or
14-16, wherein the first pressure is I ess than 100
123 aThc]:z)ro&sE b‘f%ﬁ??r&%di BRiA! Wher&hthé ppoReds BERREam is
eedstream conprising: aj confacting a first side of
a meobmprised ofipmatadl gds.a zeolitic inidazol ate
framework material with a process feedstream
conprisingCH4 and at | east one C2+ hydrocarbon

onpound at a first pressurg.and.fir.st,t e o k)
f o P TBe Prgees’ by moficisy by Saiskdip e SRR is east
of tgg()?gi'g)rane at a second pressure and second
tenperature, wherein the first perneate stream

consi sts of conponents that selectively perneate

through the nmenbrane and the first perneate stream has
14 | oiligc procase of aayioficlaimsaHd 1 bywherdingheprocene fepdsirears is

St 1 eSPPRAR OF RSenes S and InFibanG.o B Sard it hy drocarbon
mat e{,ﬁé&bo{]ﬁ\& i?et&n@{ﬁ%"\@ﬁ structure wherein each vertex

of t Fanewor ructufe is conprised of a single

nmetal ion and each pair of connected adjacent vertices
of the framework structure is |linked by nitrogen atons
1%f aflhe process of any of claims 1-11, wherein the process feedstream is

comprised of propylene, C;Hg and methane, CH,; and the C,.

hydrocarbon compound is propylene, C;Hg.

16.  The process of any of claims 1-11, wherein the process feedstream is
comprised of an LPG feedstream, and the C,, hydrocarbon compound is
selected from C,H, (ethylene), C,Hg (ethane), C;Hg (propylene), and
C;Hjg (propane).

17.  The process of any of claims 1-12 or 14-16, wherein the first pressure is

less than 100 psia.

18. A process for separating CH,4 from a process feedstream, comprising:
a) contacting a first side of a membrane comprised of a zeolitic

imidazolate framework material with a process feedstream comprising



i m dazol ate anion or its derivative, and wherein the
zeolitic imdazolate franmework material has an
wa@oadeonpi2sve | oading ratio for 7t0he C2+ hydr ocar POTYUS2009/001094
conmpound over CH4 of at |east’”5. 19. The process of
claim18, wherein CH4 content by nol % of the first
retentate streamis greater than the CH4 content by

ol %O, dnideatneast @e CLdgerocabon 20mpdoad pt adasspressusyand
of clainms 18-19, wherein the adsorptive |oading ratio

for ﬁmt@npemymeocar bon conpound over CH4 is neasured
at 301 K and 106.6 k ess of Y
cl i s TERDSIGHBEA RS REMDERIFiS oA paca Sfognd side of the

fZIr gnﬁ%aﬂah{eﬁ 's?%%de@f;gl%% ‘éta'ﬁ‘a s]feE&F% Zénlfpe?[rgnéli \Aﬁre?ﬁ‘ the first

the géﬁﬁ@&ié sfr@ﬁﬂsddh@ﬁ.f@ bﬁc&ﬁ?@ﬁérﬁ@ thatseRectigely pdrmeate
gas. 23. The process of any of clains 18-2 1, wherein

t he througls thef medsiranaand she firs rpesmdat@fst@anyhm lovaaH4

and net hane,, CH4; and the rocar bg npound |s
et hyFenfentration of ok, ban /Cila@s Pfﬁﬁ%ﬁs Peqstenams

1, whereip t ce S conprlsed of

propyl eneJsb &%@Bgﬁﬁﬁéﬁﬁgﬂ@é %Eé?rﬁ ‘and the C2+

hydr ocar bgRefgmg Héblitic ﬁﬁfi’lﬁ%ﬁf@frafﬁ%%rkﬁateﬂiﬁﬁhas a

process of any of clains 18-2 1, wherein the process

f eedfianesvork stimetgre ivelesteinf eavh eP@xf efttis tframaework 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 C,,

hydrocarbon compound over CH, of at least 5.

19.  The process of claim 18, wherein CH,4 content by mol% of the first
retentate stream is greater than the CH, content by mol% of the process

feedstream.

20. The procéss of any of claims 18-19, wherein the adsorptive loading ratio
for the C,, hydrocarbon compound over CH, is measured at 301 K and

106.6 kPa.

21, The process of any of claims 18-20, wherein the zeolitic imidazolate

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

22.  The process of any of claims 18-21, wherein the process feedstream is

comprised of a natural gas.
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23.

24.

25.

-71-

The process of any of claims 18-21, wherein the process feedstream is
comprised of ethylene, C,;H,4 and methane, CH,; and the Cy, hydrocarbon

compound is ethylene, C,H,.

The process of any of claims 18-21, wherein the process feedstream is
comprised of pfopylene, C;Hg, and methane, CH,; and the C,,

hydrocarbon compound is propylene, C3Hs.

The process of any of claims 18-21, wherein the process feedstream is

comprised of an LPG feedstream.



