WD 2009/ 105270PCT/ US2009/ 001123 - 1 - SEPARATI ON OF HYDROGEN FROM
HYDROCARBONS UTI LI ZI NG ZECLI TI C | M DAZOLATE FRAVEWORK MATERI ALS FI ELD OF
THE | NVENFOGbO91@81¥8] The present invention relates to thecyaiseabiova2s
separation of hydrogen from hydrocar borid i n streans contai ni ng both
hydrogen and hydrocarbons utilizing a zeolitic imdazol ate framework
material. Preferably, the streamto be separated is fed to the present

process i 'SBPARATION OF HYBROGENFROM HYDROTARBONSUTRIZING!' i n,
the zeolitTC TMARSYFIE INIDAP RPA INVIIE ng

Adsorption unit;—Tore preteraoty & 1t or a
Tenperature Sw ng Adsorption unit fromwhich a hydrogen-rich streamis
produced from a feedstream containing both hydrogen and hydrocarbon
conpounds. BACKGROUND OF THE | NVENTI ON ‘

FIELD OF THE INVENTION

[0001] The present invention relates to the selective separation of hydrogen
from hydrocarbons in streams containing both hydrogen and hydrocarbons
utilizing a zeolitic imidazolate framework material. Preferably, the stream to be
separated is fed to the present process in a substantially gaseous phase. In
preferred embodiments herein, the zeolitic imidazolate framework material is
incorporated into a Swing Adsorption unit, more preferably a Pressure Swing
Adsorption unit or a Temperature Swing Adsorption unit from which a
hydrogen-rich stream is produced from a feedstream containing both hydrogen

and hydrocarbon compounds.

BACKGROUND OF THE INVENTION

[0002] Gas separation is an important process utilized in various industries,
particularly in the production of fuels, chemicals, petrochemicals and specialty
products. A gas separation can be accomplished by a variety of methods that,
assisted by heat, solids, or other means, generally exploits the differences in
physical and/or chemical properties of the components to be separated. For
example, gas separation can be achieved by partial liquefaction or by utilizing a
solid adsorbent material that preferentially retains or adsorbs a more readily
adsorbed component relative to a less readily adsorbed component of the gas
mixture, or by several other gas separation techniques known in the industry.
One such commercially practiced gas separation process is pressure swing
adsorption ("PSA"). PSA processes, when operated under certain conditions,

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

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

No. 3,738,087.
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[0007] PSA and TSA processes do not need to be mutually exclusive. A
combined PSA/TSA process may be ﬁtilized, 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.
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[0069] Additionally, membrane separation processes can be used for the
separation of gas components in a mixture. In a membrane separation process,
one or more components of the mixed stream contact one side of a membrane
material and a portion of the mixed stream permeates through the membrane and
is retrieved from the other side of the membrane material as a "permeate”
stream. In this process, the permeate stream has a higher concentration (in
mole% , weight %, or volume % as defined by the process) of a select
component than the mixed stream that initially contacts the membrane. A
"retentate" stream is also obtained from the first side of the membrane which has
a lower concentration (in mole% , weight %, or volume % as defined by the
process) of a select component than the mixed stream that initially contacts the
membrane. In this manner, a separation of components is made resulting in a
higher value for the two separated streams (i.e., the retentate and the permeate
streams) than the original mixed stream that is fed to the membrane separations
process. The physical conditions on the permeate side of the membrane (for
example pressure, temperature, and purge conditions) are chosen so that there is
a gradient of chemical potential across the membrane that is favorable to drive

the select component from the feed side to the permeate side of the membrane.
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adsorption properties of these materials at pressure and temperature conditions

that would be relevant to separation processes of gases and hydrocarbons of

interest in industrial applications.

SUMMARY OF THE INVENTION

[0012] The present invention is a separation process utilizing ZIF-containing
materials to effectively separate hydrogen from hydrocarbons in process
feedstreams comprised of both components. Preferably the process feedstream
is associated with a petroleum or petrochemical process and/or associated
products. As utilized herein, the term "hydrogen" (or equivalent term "H,") is
defined as molecular hydrogen with the chemical composition H,. As utilized
herein, the term "hydrocarbon(s)" (or "HC") is defined herein as any molecular

compound containing at least one carbon atom and at least one hydrogen atom.
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conprised of a zeo Ic 1 mdazolate franework materi a a“proc
f eedst r eam connidsitrigastidnaydadcdrbes conipouhy dit adasbpressaepmdnfirsat a first

pressure and first tenperature;

temperature;

b) adsorbing at least a portion of the hydrocarbon compound in the
adsorbent material;

¢) producing a H,-rich product stream, wherein the H,-rich product
stream has a higher concentration of H, by mol% than the process
feedstream; and

d) producing a H,-lean product stream at a second pressure and
second temperature, wherein the H,-lean product stream has a lower
concentration of H, 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 hydrocarbon

compound over H; of at least 5.

[0014] In a more preferred embodiment of the present invention the zeolitic
imidazolate framework material is selected from ZIF-1, ZIF-7, ZIF-8, ZIF-9, and
ZIF-11.

[0015] In another preferred embodiment, the C,, hydrocarbon compound is
selected from CH, (methane), C,H, (ethylene), C,Hg (ethane), CsHg (propylene),
C;H; (propane), C4Hg (1-butene), and C4H;( (n-butane).
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membrane at a second pressure and second temperature, wherein the first
permeate stream consists of components that selectively permeate
through the membrane and the first permeate stream has a lower
concentration of H, by mol% than the process feedstream; and

¢) retrieving a first retentate stream;

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

compound over H; of at least 5.

BRIEF DESCRIPTION OF THE FIGURES

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

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

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

as-synthesized and acetonitrile-exchanged ZIF-7 samples of Example 1 herein.
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enbodi nent of the present invention there is provided a process for

separ at i nyoHBoYrwsama process feedstream _ conpri sing: PCT/UsR0000ONMLIAEL | Ng a
first side of a nmenbrane conprised of d%eolitic imdazol ate framework
material with a process feedstream conprising H2 and at | east one

hydr ocar bon conpound at a first pressure and first tenperature; b)
retrieving a first perneate streamfroma second side of the nenbrane at a
second pressure and second tenperature, wherein the first perneate stream
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the first perneate streamhas | gwer . copgentrati on 2 by ,nol % t han t he
process f ®aHemsefthe aﬂ-t;ynthesmea)an?ieqqep(g\;ﬁﬁa—eécﬁfir,l%qd Ztﬁ'gnﬁaﬁ%legf’ eam
Example 2 herein. The calculated PXRD pattern (shown as the vertical stick
patterns in the figure) for ZIF-9 based on the single crystal structure of ZIF-9

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

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

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

[0021] FIGURE 5 is the experimental powder X-ray diffraction ("PXRD")
patterns of the as-synthesized, the acetonitrile-exchanged and the toluene-
exchanged ZIF-1 samples of Example 3 herein. The calculated PXRD pattern
(shown as the vertical stick patterns in the figure) for ZIF-1 based on the single
crystal structure of ZIF-1 reported in the "Park Reference" as referenced herein

is also shown in the figure.

[0022] 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.

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

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

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

purified and methanol-exchanged ZIF-11 samples of Example 4 herein.
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structure wherein each vertex of the framework structure is conprised of a
si ngl e mewal20e9msand each pair of connected adjacent verCirassooiotibe
framework structure is |inked by nitrogéﬁ'atoms of an im dazol ate ani on or

its derivative,

| east 5.

experinental powder X-ray diffraction ("

40025) DESGRIBRENi e Brpefinfiii A X rh Pdifraktion (U PRRD")
XRD') patterns of the

as- synt hegattethsaofithaqeirifrad and methariodeyebanged-Z1Fs 8 spmpdesod ! ExampleS 1
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[0026] FIGURE 10 shows the thermogravimetric analyses ("TGA"s) for the

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

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

[0028] FIGURE 12 shows the CH4 (methane), C;H, (ethylene), C;Hg
(ethane), and C3Hg (propylene) adsorption isotherms at 301 K for a ZIF-7 sample
of Example 6.

[0029] FIGURE 13 is a bar graph comparing the adsorption loadings of a
ZIF-7 sample of Example 6 for H, (hydrogen), CH4 (methane), C,H, (ethylene),
C,Hg (ethane), C3Hg (propylene), CsHg (propane), C4Hg (1-butene), and C4H;y (n—
butane) at 301 K and 106.6 kPa.

[0030] FIGURE 14 is a Scanning Electron Microscopy ("SEM") image of a
ZIF-9 sample of Example 7.

_[0031] FIGURE 15 shows the CH4 (methane), C,H, (ethylene), C,Hg
(ethane), and C3Hg (propylene) adsorption isotherms at 301 K for a ZIF-9 sample
of Example 7.

[0032) FIGURE 16 is a bar graph comparing the adsorption loadings of a
ZIF-9 sample of Example 7 for H, (hydrogen), CH, (methane), C,H, (ethylene),

and wherein the zeolitic imdazolate framework materi al
an adsorptive loading ratio for the hydrocarbon conpound over H2 of at

esteid ACRFGRhEEd herehk RNASYSKowh fin the Aigaters of Exanple 1

has



- 9 - [0019]FIGURE 3 is the experinental powder X-ray diffraction ("PXRD")
patterns of the as-synthesized and acetonitril e-exchanged ZI F-9 sanpl es of
Exanpl e 2wben@/ms270he cal cul at ed PXRD pe}ttern (shown aspChase@vwbnas stick
patterns in the figure) for ZIF-9 based dn the single crystal structure of
ZIF-9 reported in the "Park Reference" as referenced herein is al so shown

in the figure. [0020] FI GURE 4 shows the thernogravinetric analyses ("TGA"S)

for the afﬂmﬂ%%%wsr ﬁbﬁ@)', 10;H & propane) aeH A1 Fo@tefie)ahd € 81, Bxanpl e

2 herein. [0021]FlI e experinmental powder X-ray diffraction
("PXRD') patsre)ras 301 K hndd96sykPhesi zed, the acetonitril e-exchanged and the
t ol uene- exchanged ZI F-1 sanples of Exanple 3 herein. The cal cul ated PXRD
pattern (shown as the vertical stick patterns in the figure) for ZIF-1

Ret or ence 0083] of drCRIKE FlList SR sfbafor MickRRRY TISERL) 8B 3f e cure o

shows t he 2ipe| [RiSitiTRLEtchaRpedYsesple oTBXarplt®. the

[0034] FIGURE 18 is a Scanning Electron Microscopy ("SEM") image of a
ZIF-1 (toluene-exchanged) sample of Example 8.

[0035] . FIGURE 19 shows the CH, (methane), 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.

[0036] FIGURE 20 is a bar graph comparing the adsorption loadings of a
ZIF-1 (acetonitrile-exchanged) sample of Example 8 for H, (hydrogen), CH,
(methane), C,H, (ethylene), C,Hg (ethane), CsHg (propylene), C3Hg (propane),
C4Hg (1-butene), and C4H;o (n-butane) at 301 K and 106.6 kPa.

[0037] FIGURE 21 is a Scanning Electron Microscopy ("SEM") image of a:
ZIF-11 sample of Example 9.

[0038] FIGURE 22 shows the CH, (methane), C;H, (ethylene), C,Hjg
(ethane), and C3;Hg (propylene) adsorption isotherms at 301 K for a ZIF-11

sample of Example 9.

[0039] FIGURE 23 is a bar graph comparing the adsorption loadings of a
ZIF-11 sample of Example 9 for H, (hydrogen), CH4 (methane), C;H,
(ethylene), C,Hg (ethane), C3Hg (propylene), CsHg (propane), C4Hg (1-butene),
and C4H;o (n-butane) at 301 K and 106.6 kPa.



as-synt hesi zed, the acetonitril e-exchanged and the tol uene-exchanged ZIF-1
sanpl es of Exanple 3 herein. [0023]FIGURE 7 is the experinmental powder

X-ray di fWwoaetwiom70" PXRD') patterns of tEe purified andpoegiusasoloerzehanged
ZI F-11 sanpl es of Exanple 4 herein. The €&l cul at ed 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 [6040] ShAIGURE!DPisfd SUzErﬁlin% ®edtd MiRos8op OVBEM$ image of a
t her nogravi netri c anal yses f TGA"s) for the purified and net hanol - exchanged
ZI F- 11 sajiFe8 sahpExafiikamplentd.ei n. WD 2009/ 105270PCT/ US2009/ 001123 - -

[0041] FIGURE 25 shows the CH,; (methane), C,H, (ethylene), C,Hg
(ethane), and C3Hg (propylene) adsorption isotherms at 301 K for a ZIF-8 sample
of Example 10.

[0042] FIGURE 26 is a bar graph comparing the adsorption loadings of a
ZIF-8 sample of Example 10 for H; (hydrogen), CH, (methane), C,Hy
(ethylene), C,Hg (ethane), CsHg (propylene), CsHg (propane), C4Hg (1-butene),
and C,H;, (n-butane) at 301 K and 106.6 kPa.

[0043] FIGURE 27 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 hydrocarbon

component from hydrogen (H5).

[0044] FIGURE 28 is a simplified diagram showing a process embodiment
of the current invention which utilizes a membrane separations process with a
ZIF-containing selective membrane for the selective separation of a hydrocarbon

component from hydrogen (H,).
DETAILED DESCRIPTION OF THE INVENTION

[0045] The present invention is directed to processes for the separation of
hydrogen from hydrocarbons in process feedstreams comprised of both
components with a process utilizing adsorbents comprised of zeolitic
imidazolate framework ("ZIF") materials. As utilized herein, the term
"hydrogen" (or equivalent term "H,") is defined as molecular hydrogen with the

chemical composition H,. As utilized herein, the term "hydrocarbon(s)" (or



[0025] FIGURE 9 is the experinmental powder X-ray diffraction ("PXRD")
patterns of the purified and net hanol - exchanged ZI F-8 sanpl es of Exanple 5
herei n. TWe 2@/wsi7at ed PXRD pattern (sh%vn as the verti ealr/mstoooloopat t er ns
in the figure) for ZIF-8 based on the 3ingle crystal structure of ZIF-8
reported in the "Park Reference" as referenced herein is also shown in the
figure. [0026] FI GURE 10 shows the thernogravinetric analyses ("TGA"s) for

the purif i"elt'?riﬁldaﬂh&aheieiﬁa@bﬁ aecledhlar Somponhd oafaimngrmileass oher ei n.
[0027] FIGURE 11 is a Scanning El ectron Mcroscopy ("SEM') image of a ZIF-7

sanpl e of cErmpdtencand gR8stFOBURKRIrOgeR AtoMB. t he CHA (net hane), C2144
(ethylene), C2H6 (ethane), and C3H6 (propyl ene) adsorption isotherns at 301
K for a ZIF-7 sanple of Exanple 6.

[0046] 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.

[0047] In other preferred embodiments of the present invention, zeolitic
imidazolate framework ("ZIF") adsorbent materials are incorporated into a
membrane material for the selective separation of hydrocarbons from hydrogen
("H,") in streams containing both components. The ZIF materials will
preferably be utilized in a matrixed membrane material to facilitate the
separation of hydrocarbons from H,. In a preferred embodiment, the feedstream
to be separated will contact the membrane wherein the hydrocarbons and the H,

in the feedstream will be substantially in a gaseous phase.

[0048] "Zeolitic imidazolate framework" (or "ZIF") materials are defined
herein as microporous crystalline structures having framework topologies
commonly found in zeolites and/or in other crystalline materials wherein each
vertex of the framework structure is comprised of a single metal ion and each
pair of connected adjacent vertices of the framework structure is linked by
nitrogen atoms of an imidazolate anion or its derivative. The terms "micropore"

or "microporous” as utilized herein is defined as a pore diameter or a material



[ 0029] FI GURE 13 is a bar graph conparing the adsorption |oadings of a ZIF-7
sanpl e of Exanple 6 for H2 (hydrogen), CH4 (nethane), C2H4 (et hyl ene),
C2H6( et hawe)2p09ad8s#0 ( pr opyl ene), C3118 (8 opane), CA (1-patrarse)os/oends C41110
(n-butane) at 301 K and 106.6 kPa. [003 {FI GURE 14 is a Scanning El ectron
M croscopy ("SEM') inmage of a ZIF-9 sanple of Exanple 7. [0031] Fl GURE 15
shows the CH4 (nethane), C2H4 (ethylene), C2116 (et hane and C3H6

(pr opy! engbnagsiapiidredidmetchesfsathadldr dquadto 2.0iih-Q0sk) pkspeativeEkanpl e 7.
C21-16 (ethane), H6 (propyl ene), C3118 (propane), CAH8(1-buteng), and
C41- 110 (Mdsatiptions and BEisyathesds ebsomelabshe ZIF materials that can be utilized

in the present invention are disclosed in United States Patent Publication No. US

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

[0049] The applicants of the present invention have discovered that ZIF
materials can selectively separate hydrocarbons from Hj in streams containing
both of these components. Furthermore, this may be accomplished at conditions
of pressure, temperature and compositions that are relevant to industrial
processes. In order to separate two components from a mixture, the adsorption
loading (e.g., in mmole/g) for the first component must be greater than the
adsorption loading (e.g., in mmole/g) for the second component. Even though
process schemes can be designed to operate at low ratios of adsorption loading
(in mmole/g) for the first component vs. the adsorption loading (in mmole/g) for
the second component, it is preferred that this "adsorptive loading ratio for at
least one hydrocarbon component over H," of the ZIF material utilized be at

least 5.

[0050] Since the required equipment size, cost and operating expenses tend
to be significantly lowered at higher adsorptive loading ratios, the separations
processes become much more attractive utilizing materials and conditions that
lead to higher adsorptive loading ratios. In more preferred embodiments of the
present invention, the ZIF material utilized in the present invention has an
adsorptive loading ratio for at least one hydrocarbon component over H, of at
least about 10, preferably at least about 15, and more preferably, at least about
20. In a most preferred embodiment, the ZIF material chosen is such that the
specific hydrocarbon component to be separated from the hydrogen-containing
stream is such that the adsorptive loading ratio for the specific hydrocarbon
component over H, is at least 50, and in some applications can be at least 100.

In a preferred embodiment of the present invention, the ZIF material utilized in



[0033] FIGURE 17 is a Scanning Electron Mcroscopy ("SEM') image of a ZIF-1
(acetonitril e-exchanged) sanple of Exanple 8. [0034]FIGURE 18 is a

Scanni ng Ebeotwiwmn7M croscopy ("SEM') inmage of a ZIF-1 (roruse@oesnbanged)
sanpl e of Exanple 8. [0035] FIl GURE 19 shégs the CH4 (nethane), C2H4

(ethyl ene), C21-16 (ethane), and C31-16 (propyl ene) adsorption isotherns at
301 Kfor a ZIF-1 (acetonitril e-exchanged) sanple of Exanple 8.

[ 0036] FI GiEpZddehbinveRfion B¢ S¢1Bcted TRshiIZ19 -8, RIS 7 I- O IF Jadhd FIFS, a ZIF-1
(acetonitril e-exchanged) sanple of Exanple 8 for H2 (hydr ogen), CH4

( met hane) ,In@2narg preifigrired einbodimieneo ftde reseds kHevenpionp theeAE) magFiallg
i . 1- but ,. and C4H10 - byt t 1 . § kPa.
(propane) ’utﬁé‘é@ (m theupxgeggr)lt 1nz\i/2ntion ll_é seléc%g %o%g eZ)IF?S, Z%I%-l E a%rzlel]PQ?. ?n a a
more preferred embodiment of the present invention, the ZIF material utilized in

the present invention is ZIF-8.

[0051] In preferred embodiments of the invention as described above, the
hydrocarbon component is selected from methane (CH,), ethylene (C,Hy),
ethare (C,Hg), and propylene (C;Hg). In a more preferred embodiment, the
hydrocarbon component is ethylene (C;H;). In another more preferred
embodiment, the hydrocarbon component is ethane (C,Hg). In a most preferred

embodiment, the hydrocarbon component is methane (CH,).

[0052] 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 heréin as
a "C; hydrocarbon". "Hydrocarbons" are compounds comprised of at least one

carbon atom and at least one hydrogen atom.

[0053] The ratio described above is a property for a specific adsorbate-
adsorbent pair, at given conditions of pressure and temperature. This ratio is
referred to herein as the "adsorptive loading ratio". This ratio is defined herein
as a unitless quantity that is equal to the adsorption loading (in mmole/g) for the
first component divided by the adsorption loading (in mmole/g) for the second
component for a specific adsorbent material at a specific pressure and

temperature. As used herein, although it is preferred that the adsorption loading



[0037] FIGURE 21 is a Scanning Electron Mcroscopy ("SEM') image of a ZIF-11
sanpl e of Exanple 9. [0038] Fl GURE 22 shows the CH4 (nethane), C2H4

(et hyl eneywp 20®f1b8270 et hane), and C3H6 (prl pyl ene) adsor proruse@onhaess at
301 K for a ZIF-11 sanple of Exanple 9. [0039] FIGURE 23 is a bar graph
conparing the adsorption |oadings of a ZIF-11 sanple of Exanple 9 for H2
(hydrogen), CH4 (nethane), C2H4 (et hyl ene), C2H6(ethane), C3H6 (propyl ene),
C3H8 ( pr ogaPeach E4rhp8hénttuit & pajticudandZ IMmhiddial behmeavuedd ahd@0theK and 106. 6

kPa. WD 2009/ 105270PCT/ US2009/ 001123
operating component partial pressure and temperature conditions for the system,
it is often more advantageous to measure the adsorption loading for a particular
ZIF for each component material at more "standard" conditions of pressure and
temperature. Therefore, for the purposes of this invention and the scope of the
present invention, the adsorptive loading ratio for two components (e.g., CH,
and H,) can be measured at either operating partial pressure for the specific
components and operating temperature conditions for the feedstream contacting
the ZIF-containing adsorbent, or at single component testing conditions chosen
herein to be 301 K (28 °C) and 106.6 kPa (800 torr). Unless stated otherwise,

these latter conditions were used in the testing of the samples in the examples

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

[0054] 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 hydrocarbon components from H, in streams
containing both components. Each of these swing adsorption processes are
comprised of a number of "steps" that include a variety of adsorption and
desorption steps that in combination lead to a complete swing adsorption "cycle"
that is periodically repeated. Since multiple adsorbent beds are typically used,
their appropriate time synchronization leads to the continuous production of
products. A complete swing adsorption cycle on a particular adsorbent bed,
therefore, comprises all of the adsofption and desorption steps that are taken,
beginning with the very first contacting of the feed gas mixture with the
adsorbate-free or substantially adsorbate-free adsorbent and continuing through
the last desorption stage that regenerates the adsorbent into its adsorbate-free or
substantially adsorbate-free state and further including any additional
repressurizing and/or purging steps that may occur thereafter to bring the "cycle"
back to the first contacting of the feed gas mixture with the adsorbate-free or

substantially adsorbate-free adsorbent which has begun the "cycle". At this



[0040] FIGURE 24 is a Scanning Electron Mcroscopy ("SEM') image of a ZIF-8
sanpl e of Exanple 10. [0041] FI GURE 25 shows the CH4 (net hane), C2H4

(et hyl eneyp 20®MHO517@t hane), and C3H6 (prigyl ene) adsor pt ipom/tss@dloerics at 301
K for a ZIF-8 sanple of Exanple 10. [0042TFI GURE 26 is a bar graph
conparing the adsorption | oadings of a ZIF-8 sanple of Exanple 10 for H2
(hydrogen), CH4 (nethane), C2H4 (et hyl ene), C2H6(ethane), C3H6 (propyl ene),

C3118 (pr the AR (Wind utisorpriondiegcle? it dfarted-dnditheeycletis 30Bsadquently 106. 6
kPa. [0043]FIGURE 27 is a sinplified diagram show ng a process enbodi ment
of the cumrepeated.nvention which utilizes a swing adsorption process with a
ZI Fcont ai ni ng adsorbent material for the selective separation of a

hydr ocar bon conponent from hydrogen (H2).

[0055] Typically, there is at least one adsorption step wherein a process
feedstream is contacted with the adsorbent material in a swing adsorption
process. The equivalent terms "process feedstream" or "inlet stream” as used
herein in swing adsorption embodiments of the present invention is the mixed
component stream comprising at least two components to be separated which is
contacted with the adsorbent material during the adsorption cycle. During this
step of the process, the process feedstream contacts the adsorbent material under
certain process temperature and pressure conditions and as the process
feedstream flows through the adsorbent material at least a portion of the "first
component"” (or "strongly adsorbed component") of the process feedstream is
preferentially adsorbed by the adsorbent material with respect to a "second
component” (or "weakly adsorbed component"). During this step an "effluent
stream" (or "H,-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
first component in the process feedstream be greater than the molar

concentration of the first component in the effluent stream.

[0056] The swing adsorption process is also comprised of at least one
desorption step wherein at least a portion of the first component that has been
preferentially adsorbed by the adsorbent material is recovered in what is termed
herein as a "desorbed stream" (or "H,-lean product stream" herein). During this
step, the process conditions in the swing adsorption process are changed to allow
at least a portion of the first component to be desorbed from the adsorbent

material and collected as a "desorbed stream". This desorption can be induced



[0044] FIGURE 28 is a sinplified diagram showi ng a process enbodi ment of the
current invention which utilizes a nenbrane separations process with a

ZI P- cont avoi2ng/®ed7ect i ve nmenbrane for the sel ective sepacatisernodiias

hydr ocar bon conponent from hydrogen (H2)°" DETAI LED DESCRI PTI ON OF THE

| NVENTI ON [ 0045] The present invention is directed to processes for the
separation of hydrogen from hydrocarbons in process feedstreans conprised

of both c e8luse Wvidk, & tefrpesareswing thgimrsiuctiontof acpartial predsire
zeolitic igir;rr?agzol ate fr$garrework ("ZI'F") g?rat erials. As utjli zedpher ein, the

t er m " hy dpogerdisglacermend stedasmtort aeombination theregés Imadreferiad ecul ar hydr ogen

ith the cheni cal ion H2. As utili i
"y ocar BBRpdimeRio e Mol caschispian oF s A AERRS iR BefaPTbeg mound

containing_at l.east o | m
[00a6] Pr oFsramy Exsauct il A1 ificRfittabn TR SRITORMUIRAF T |
process feedstream. In another preferred embodiment, the molar concentration

of the first component in the desorbed stream is greater than the molar

concentration of the first component in the effluent stream.

[0057] Although at least these two steps (i.e., adsorption and desorption) are
required in the swing adsorption processes of the current invention, additional
steps may be utilized in the swing adsorption processes. These steps include, but
are not limited to, concurrent purge steps, counter-current purge steps, and/or
multiple partial pressurization or depressurization steps. These additional steps
may be utilized to improve first and/or second component recovery, improve
first or second component purity, and/or obtain multiple product streams in

addition to the effluent stream and desorbed stream described above.

[0058] One embodiment of the swing adsorption process of the present
invention utilizes a Pressure Swing Adsorption ("PSA") process wherein the
adsorbent material is comprised of a ZIF material and the "first component” as
described above is a hydrocarbon compound (e.g., methane, ethylene, ethane, or
propylene) and the "second component" as described above is hydrogen, H,. In
this PSA process, the partial pressure of the first component during the
adsorption step is higher than the partial pressure of the first component during
the desorption step which allows at least a portion of the adsorbed first
component to be recovered in the desorption step and the adsorbent material to
be regenerated by depletion of the adsorbed components for reuse in a
subsequent adsorption step. This is accomplished in part by exposing the
adsorbent material to lower partial pressure conditions in the desorption step

than the partial pressure conditions in the adsorption step. This desorption can



sSwW ng adsorption process. The general term "sw ng adsorption process" as
used herein shall be taken to include Pressure Sw ng Adsorption ("PSA")

pr ocesseswobespsEbUr e SW ng Adsorption ("TSA") processesT/U@osories Pur ge
Di spl acenment Processes ("PPSA"), Rapid CyCle Pressure Swi ng Adsorption
("RCPSA") processes, Rapid Cycle Tenperature Swi ng Adsorption ("RCTSA")
processes, Rapid Cycle Pressure Purge Displacenent Processes ("RCPPSA") as

vel | as coatfufiet astisted byhailtzisgharae ges lmemhe%ameﬂq)reésnraoﬁﬂm‘ erred

enbodi nent, the streamto be separated is fed to the process in a
subst ant i dirsycaapenent dsringethe[desarpition sieher pwigefsten, @dpastibbpiessunization t he

ot or | al s Sk OF Aok deREES UREALIGN ASAASARSCHRFRAPAYe | DrshonBl SBP &Rt | ve
separ ati on of c NSyt W 20) i ni ng both
conponent 5?1.09%@%%?1% %&@%{fdaspgﬁ VEEH] ¥ %ggfg?%é%dglgr ét}{l ﬁh?gzrgﬁ}lﬁggg%it rixed
nenbrane negLrpREAL REETA | RCAISA L REPSPBictes &3 difcomybih@tenderReeinr om H2. 1 n
a preferred enbodi frent, the feedstreamto be separated will contact the
menbr ane whlsereimthelpressyde isclowzred tabelovhatnvdsphericipressaeel §it¢. ctna waduume

substantially in a gaseous phase, [0048]"Zeolitic im dazol ate franmework"
(or "ZI F"Pressues) duringatdeastiqnecef ?hé?mgl% StéPe B PYEEOHEP R Partil| i ne

ot hor - or ySraRbrAdioh SRy BF & o RRF SRR W R M RO e L e

is conpri 3’%&% c?,d%i_:ngl e nmetal ion and each pair of connected adjacent
vertices of the framework structure is |linked by nitrogen atons of an

i m dazol ate anion or its derivative. The terns "m cropore”™ or "m croporous"”
as utilized herein is defined as a pore dianeter or a naterial_ containing

pore di amdP8P] of Higues Fhahows asghematis of aprafarreoempodinei fithg e v
FRRREAE, e RTINS
P o R AT SRR npntach oty ot mppuheind,
have di scayarmdcédsaif 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 hydrocarbon component over H, of greater

than 5. Here, the hydrocarbon component is preferentially adsorbed by the ZIF

material in the PSA unit with respect to H,. During at least one stage in the

PSA unit cycle, a Hy-rich stream (110) is drawn from the PSA unit (105)

wherein the H,-rich stream (110) has a higher content of H, by mol% than the

process feedstream (101). Additionally, during at least one other stage in the

PSA unit cycle, a Hy-lean stream (115) is drawn from the PSA unit (105)

wherein the H,-lean stream (115) has a lower content of H, by mol% than the

process feedstream (101). In a preferred embodiment, the H,-lean stream (115)

also has a higher content of the hydrocarbon component by mol% than the

process feedstream (101).

[0060] It should also be noted that a purge stream (120) may optionally be
fed to the PSA unit during at least one desorption stage of the overall PSA cycle



materials can selectively separate hydrocarbons fromH2 in streans

contai ning both of these conponents. Furthernore, this may be acconplished
at condi twonsowfspnessur e, tenperature Qd conposi ti ons PCAtS2@mwA0T1IeS evant

to industrial processes. In order to se‘% rate two conponents froma

m xture, the adsorption |oading (e.g., in mmole/g) for the first conponent
must be greater than the adsorption |oading (e.g., in nmmole/g) for the

second conBGRSKE in fevitdvihp MO Adurbed procesh Erazistrean dumpesdnys &bt theoper at e at
| ow ratios of adsorptionloading (in mmole/g) for the first conPonent VS.

the adsor pdsorbenvatitedal( i Althouglepygeet sreann 6l Hdebloworipdiigere, 27 to bgco-
Component yeant path tre How Gthe Ags@PFA uleAnisHeaTH 150: F Eakeoun tDYo] o noe
the requir ui gnent .si - NG e

si gni f?can(fe‘t?%kﬁﬁ]&g}ee# étfatﬁﬁ% ﬁl‘ér%éﬂgglgﬁg R@é‘%’dﬁ%‘%‘%@f?@é@?ﬂ%@é@ar ations

processes &eGofR éﬁtﬁﬁéw“ﬁfﬂiﬁ%‘é PBA whit hitha tRBYRIW direcaoRs 600 ti ons
that lead to hi gﬁer adsorptive loading ratios. In nore preferred

enbodi nentwariustsheamisangy beidesigned as cot dieretit comaiter-carirent;, ctossexiirent.t ¢re
present invention has an adsorptive ] oadin ,rattjg for at | east one

hydr ocar bothemyige i ardesie maginize the fungtionality Af the Progesser abl y at | east
about 15, and nore preferably, at |east about 20. In a nost preferred
enbodi nent, the ZIF material chosen is such that the specific hydrocarbon

component. fyfgRP, SCRSUELAThJ S b5, SO e PIATIGH RARSHORRIE T such that

the adsorptive |loading rati fi1 ¢ hydrocarbon conponent over H2

is at | easdltcpRatirgbedsstageinahpldychy a@recesswitle adneheenitindvs” fovacan
preferred enbodi nent of the present invention, the ZIP material_ utilized in

WO 2009/ 10s2aduied SPiois simolated contimous: fiew paa adsa be ackisved Ry jwilizéingat ed
f ZIF-8, ZIF-11_ ZIF- | F-.7 d ZLF-9. | or.ef d enmbodi nment
of the pr duufiitiéoEsesd PSAunis b Barefiinic pesaleCRER ST coent o
i tion is. s ZIE- 1 | D f d
erbodi ot Broadoh S muABICESATuni achwifBifple alorbiing bERESaE, O €

present i npg8t§ feifer £l précesh efbudimentsefsaddsesibedrhertimand és ofithimehd nventi on

as descri bed above, the ) _ )
skills of one of skill in the art to design with the information as disclosed herein.

[0062] In the PSA processes described herein, it is desired to capture a
significant percentage (or "recovery") of the H, in the feedstream in the H,-rich
stream from the PSA unit. In preferred embodiments of the present invention,
the H,-rich stream contains at least 70 mol% of the H, present in the feedstream
to the PSA process. More preferably, the H,-rich stream contains at least 80
mol% of the H, present in the feedstream to the PSA process, and even more
preferably,‘ the H,-rich stream contains at least 85 mol% of the H, present in the
feedstream to the PSA process. These embodiments ensure a high level of
hydrogen recovery in the H,-rich stream product stream from the present

invention.

[0063] Alternatively, in the PSA processes described herein, it may be
desired to produce a H,-rich stream from the PSA unit with a high hydrogen

purity (i.e., with minimal non-hydrogen contaminants). In preferred

A



hydr ocar bon conponent is selected fromnethane (CH4), ethylene (C2H4),

et hane (C2H6), and propylene (C3H6). In a nore preferred enbodi nent, the
hydr ocar bwo 20@mps21ent i s et hyl ene (CZH4§1 | n anot her noPeTaISeG0R00HA3

enbodi ment, the hydrocarbon conponent F$*éthane (C2H6). In a nost preferred
enbodi nent, the hydrocarbon conponent is nethane (CH4). [0052] As utili zed
herein, the term "carbon nunber" when utilized herein as referred to a

hydr ocar bemissdiReuidof thedRtidit @nvsntios!, e HigichOstidaen toh@inslesdeiand0 car bon
atons in the hydrocarbon conpound referenced. For exanple, a hydrocarbon

conpound me6i¥s efitleaihydnoearbanocdmpeundscerebant intid Ecdstrea tortha®SA hat t he
¢ 2?’%0-:* O TRBSAS MGHS RIRETabl o Hortitesiscn Gontainsiess Mg 7L anEs ke :e |
oA Ca MEGABEE AAmBBDAL Bleskhf ACwETeERbARPIP AR HOELS Ay 10>

one car bongierefdrabit tHeEAS richNRrdans tostamsat &Mhah0%ombieof ki 0 descri bed
above is a property for a Specific adsorbate- adsorbent pair, at given

condi t i onsydtogarkes tompandds prgsentinuthe. feddsteamata theiRSA girecessd Thesber ei n as
the "adsorptive loading ratio". This ratio is defined heE%i/n as a unitless

quantity trahodimeptyeusurga bigh leyshpphydrpgen pywrity 1n f Hyeamyr the first
conponent diyided b he adsorption |lqading (in mvole/g) for the second
conponent WB&‘“& Sgrﬁgé ﬁf’{? %%F:beéﬁﬂan@q' al at a specific pressure and
tenperature. As used herein, although it is preferred that the adsorption

| oading for each conponent on a particular ZIP material be neasured under
t he oper at[0064]c onomsther papetdfeswingekisorptioanstotesspef the preseno imientionds faor t he

system it is often nore advantageous to neasure the adsorption |oading for
a parti culkemparature Swiag i\ dsonpidere 0TSt eprogessavhessin thesadsosbent matsral ¢ i ons

of pressur.e and te r re,. Therefore,~for the purposes of IS Invention
ot he: sdopamBrseABE prakumatetial afd B fitsh somiSnPRt R atsultrd gbdud BT or
two conpo " n aﬂlllgr,?él.] inth hn

parti alrrpprrlll gggicragﬁ?lg’r Ht%é é’%@g‘?‘?@("g@%@ﬁéﬁ’séa d oegtSFlg‘Jt“th‘rP e%ee;ﬁaét) u?e
condi t i onginflahe t'$eeohdedaiparnm tandeactibed abbee B hydrogtal Hh.nThad®8A bent, or

at single conponent testing conditions chosen herein to be 301 K (28 C) and
106. 6 kPa pregmsesopperate similas $0 thealP 84 pronesses sbove whseeinghe partidndi ti ons

dinth tl f th | i n, the, . es. i n,,which
T e ol R ARG TR B s R S By B w2
that exhi bizbisi et € 8PV fitsR EOMpRHEA! MirinS tHe RSt sriltePwhich allows at

least a portion of the adsorbed first component to be recovered in the desorption

step and the adsorbent material to be regenerated by depletion of the adsorbed
components for reuse in a subsequent adsorption step. However, in the TSA
processes, this is accomplished in part by exposing the adsorbent material to
higher temperature conditions in the desorption step than the temperature
conditions in the adsorption step. This desorption can be further assisted by
utilizing a purge gas to lower the partial pressure of the first component and/or
provide heating of the adsorbent material during the desorption step, a purge
step, a partial pressurization step, or a partial depressurization step as described

above.

[0065] An embodiment of the basic TSA process of the present invention is
also illustrated by Figure 27, except that the basic difference is that instead of



may be used in swi ng adsorption processes of the present invention to
effectively and econom cally separate hydrocarbon conponents fromH2 in
streans cwotadmioszyobot h conponents. Each of these sw ngradase@ioon23
processes are conprised of a nunber of'z%teps" that include a variety of
adsorption and desorption steps that in conbination |ead to a conplete
swi ng adsorption "cycle" that is periodically repeated. Since nultiple
adsor bent rhigf theariiali prétdures s the stftahi/adirbed comiponthtselsingctorthei zat i on
| eads to the continuous production of products. A conplete sw ng adsorption
cycl e on adpanptionstep(spasb tdveering the, partiel priessures ob e steeasn/adsobedt he
adsorption and desorption steps that gre taken, beginning with the very
first condyeingtg the desrPHERSIGPAD) Yidsd (hapegiln wrmeregaﬁwb%)ewe P&F“fﬁ

substanti a | dsorbatesfr r o L LM I e | ast
desorpti p%’r%%éﬁgeé ?ﬁé&gg‘lagﬁi?‘gg ‘3’?’ F ??s@%%@g%ybgﬂé\?#ﬂgg F%ltsl rgﬁ% %.%_t e-free or
subst ant i %rﬁaﬁeﬁ%‘ér&Qhéchrﬁﬁm%hﬁtiﬁ centhct withhete ddsetpiiieediy addi ti onal
repressuri zihg and/ or purging steps that may occur thereafter to bring the
"cycle" back to the first contacting of the feed gas m xture with the

adsorbate-free or substantially adsorbate-free ad en j ch has begun
the "cycl 40066k t Ht shoyldialgo be Aateddhat @Wsﬁﬁfsétfstgiesﬁ‘};ﬁnaél%@m‘?%s% arted

one adeor Sah Bl EORRLG h APSAPESAPIpet R A ERL InkentioR, Spified® oo
adsor bent caﬁ{c;ﬁﬁé@grrg&gfesﬁ}e%ﬁg?&%ﬁe Rhi WmBERARGRhahBes BFUwWitlg§Mhrd er N5

"process feedstre streanml’ as " used herern in swi ng adsorption

enmbodi mentrsad¥ bétheen ties eddorptivr Btepsandsies bptitnxstepTofitherprotess: rasalting

conprising at |east two conponents to be separated which is contacted with

t he adsor heatdesired separation iofi gt lasst apesion ehhedjust sompopenifremthest ep of the

process, the ocess fee ream contacts t he adsgrhent ial unmder

certain pﬁSﬁ‘@@gCQQHﬁﬁ?’Et‘ﬁﬁge e FBEB’GPE“@BW&F?% %ﬁgsﬁ?ﬂggégi%gleplf@%eosfs

f eedstrea r he adsorbent naterial at |east a portion of the
Thd i’g‘#?",rts% ﬁﬂb@g%st

"first conpone rongly adsorbed conponent”) of the process
feedstreamis preferentially adsorbed by the adsorbent material wth
respect to a "second conponent” én%r "weakl| y adsorbed conponent"). During
this step[A067]ef f IInembadimeats of e swing aidsdrpHioBdUecesSSes ggthe preseitn) i s

d f t he. i Li wh j t total .nunb f |

o e 1 Myt e O Rreiainand B Srcomboraiad o B ABedpi i AV hon"t he
| . i . of i d i

total number.Qf tlmﬁg da&&@;%é Egb@ée %r_?&gfgﬂ%ﬁﬁ%mﬁ withadamidag) adsor pti on

process ddring sorp I's not necessary, it is

pr ef err ed cofiffonehss. MASZIE et exals dhdyobe dicorpératdd &8 cieraplites oif prefetred
process feedstream be greater than the nolar concentration of the first

conponent size andeshapelafenbstantialiyrnnjfooselimeasions og withs dimensdenpswitably i s
al so conprj.se

of at | east one desorptign step.wherein.at |east a portion

ot *Che 1| iirpuiedormenring 4o e osead st BRiioan: The £y SLINGs sadh By ved
adsor bent ial OV, i i e } iy p ed
streant ( (gﬁ&%ﬁéaﬁ@gﬁ&#@c E}thl € g??{ehg%%?légse?%n%e. lli1@?? %géﬁ?lﬁé ste l?fé{ﬁ ﬁigﬁgr ocess
condi t i ONYafgRr hPSrepied braASAHHBEAtOM it ACRAfctived diiAfERImateral t@prédideeast a
portion of the Tirst conponent to be desorbed fromthe adsorbent materi al
and col | edoad, stabiity dexldobidcanbimativn with sthie somptlementazy coeadsachentd

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



WD 2009/ 105270- 18 -PCT/ US2009/ 001123 by a pressure swing, a tenperature
swing, the introduction of a partial pressure purge displacenent stream or
a conbi navoanosinsz7eof . I n a preferred en?odi ment, the melCaruse@moents ati on
of the first conponent in the desor bed-¢freami s greater than the nol ar
concentration of the first conmponent in the process feedstream |n another
preferred enbodi nent, the nolar concentration of the first conponent in the

desorbed shosaiadditives ait6thisindémnativialr These edditiats 0an bt usbéd td i r st
conponent in the effluent stream [0057] Al though at |east these two steps

(i.e., adsmppovethemadsorptsmy/desorplionand temspor propertics of theselaetedr pt i on
processes of the current i tion, addjtional steps y utilij.zed in the
swi ng ads@&ﬂ%@nﬁrwgggb@?%ﬁ;ﬂh’é@@r&%p OnnimifiRg eﬁﬁppgé)fﬁs?sq ?(Hlfleaalt o,
concurrent . . ters- [ : |.tiple

parti al pragggi}%l%z@%lﬁg% ZSW%E})“?‘&S@L&?‘?%@%;érgﬁ%%@gqﬁ‘%eglgg/a é“ih trglé J;ndar st eps
may be ut igflicaesk, %Hidoﬁﬁfrﬁﬁl%phbslﬂiatéd“(j"m@eé)oHﬂlnﬁﬁﬁ?ﬁaﬁjﬁatése(w@llé()}‘s).l Fprove
first or second conmponent purity, and/or obtain multiple product streams in

addi ti on tagprefaraf émbedimeatt; drenadditiontd salditbek sta zeotitde Othebadditivove.

[ 0058] One enbodi nent of the swi ng adsorption process of the pr ese{lgﬁ
i nvent i on Su¢h ps mefals apather high dgpheapaedtyrand kigh heptgendugtiyiysmatgrialsi n ¢ he

adsorbent material .is conmpri,se f a ZlF materi e "fi onent"
S eacr B e ihBod PR RE B haiio e bt hniRnd triitor G

et hane, o W A 1S N i rﬁ@&ye i's

hydr ogen, IleI:—|é2%{igl n thi ?fggh%irlgg%@g%gp ﬁ%a‘i%tgrﬂﬁiggtt%ﬁ g)z%tﬁ}egﬁ{)df%ﬁe first
conponent sthp($)nef theswdng adpérptionrepesssthereheshdriaring ise garatioal ofithessur e of

the first conponent during the desorption step which allows at |east a
portion ofyeheg pERessHdHCIcasEg bfusther sapyeyiag the ovelljesor pt i on

any
step and t adsor bent terial, to he regeperated by depletion of the
adsor bed fgﬁf}SH@ﬁf’ e&ﬁfg&gu}l °5a§§f?fi>a%1 seiﬁfggp Ro(?ﬁng?%p. This is
acconpl i shed ddpeRart by exposing the adsorbent material to |ower partial
pressure conditions in the desorption step than the partial pressure
conditions in the adsorption step. This desorption can be further assisted

by utili zi n&a pur\g{g gas to lower the partial pressure of the first
conponent [8068Ing tWhen dhoZpl nmateralsmre ianqouperatest witth abingler,i the adsorbent

pressurization step, @r a.partial depressurization step as ¢escribed above.
"t ahoul o mtegaberths i8R ink Rl EEabrRH Wass ot De PRl MIRa hor ol n
may inclu T m : Lhations
therein mgg?gclﬁﬁmlghsgﬁgtrrgﬂgg 't??hel sl oe/ver e@é iv Sl?‘g%e3 ovﬁ%sp gra:aéoxg)%éﬁg Lslﬂ(?le
(i.e., totlge MAEatWhiXIctRWetdcteW hdsigbiig ¢@RpdNENS aff boughs fitpldotacst ep, a
purge step, a partial pressurization step, or a partial depressurization
step in t hatlstheradsamompsitesrofithe ZdEsmateciab. Non-limiting examples include

beads, extrudates, formed pellets, structured beds, monoliths and hollow fibers,

as well as coatings applied to plates or monolithic structures fibers or hollow

fibers. Depending upon the specific situation, inlet stream composition as well

as product stream compositions, process conditions and equipment design for the

process of the present invention, certain structures and/or matrix compositions

can provide improved separation efficiencies and/or selectivities for the overall

process.

[0069] 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



[ 0059] Fi gure 27 shows a schematic of a preferred enbodi nent of the present
i nvention wherein a process feedstream (101) conprising hydrogen (H2) and
at | east woeodwsmear bon conponent (i.e.,, "hydrocarbon eamuseevd/od1i2s fed to
a pr.ocess of the present invention whereddr a’ Pressure Swi ng Adsorption
("PSA") unit (105) is utilized wherein the PSA unit is conprised of an
adsorbent material wherein the adsorbent material is conprised of a ZIP
materi al téidrtdragchRntimes e¢suli inchighatibrguglgiuto ah@or the réditbecapsipmene onponent
over H2 of greater than 5. Here, the hydrocarbon conponent is

pr ef er ent i edsty Vhieread eantgntional Fwimgradsorptadn proaessesrgpicatlytoperate atespect to
H2. During at |east,one sta in.the.PSA unit.ﬁy le, a.,112-rjch stream
(110) is FSIFS P AUrAGORSAL the Qrdes BEMIMMES cvithhe maseHals 0 ¢ BERFERL 10) has

a hi gher Cﬁ\‘/{éﬁgfm 958 'f% Q%’%v c?/f(i)tﬁ é}ﬁa@eﬁrﬂSﬁﬁfcaii%ﬁg,siygeA[%ggs@lgi{’,é| e a

Addi ti onal urin as ne other stage 1nt

H2-1 ean stﬁgﬂir?daﬁﬂlkj)reaﬁc@mvamﬁﬁ@ﬁrbfae;oﬂfp%téru' 1d BY P orefiBae50% bger2- | ean

stream (115 as a |l ower content of H2 by nol % thanh the process feedstream
(101). I n eompreafionalesivinglasldormtian procesdds- Tdese sapid ayclelsdbingadsorptom a

hi gher content of {he hydrocgr bon conpaonent by nol % than the_ process

f eedst r eanPiOgEes thatare gnabledby the madteriglsiand presevseanditionscekthequasant eam

Choma T AinyERtbh if RARRLRED! ad e s 4rh ARKEARBHOSbthERE, A3 L0 ! Tean
stream (11§kferkdd bmbbafnents Q)fttﬁ@gf‘es@ﬁt Rehtioh ThE PaFahhteldpls dfigzdd vy ar rows

as drawn in Figure 27 are not neant to show directional flow within the PSA
unit, but s$wing ddserptionpricesscivhorein die tyude viate 3Usssthaaabeutrhyninate andgned
as co-current, counter-current, cross-current, or otherwise in order to
mexi ni ze. t1ere prederabhathe Yl matgeabisgidized in eopdipgaderniiangr@cess or, by

ti t PS i ith, | tipl I ti ds/ st i h | e,
a br ocess WhgrmthaBicte i jshty b gyt 2055l AR e SHpe Bieltired o
cont i NUOUSerfib oA oqltﬁepﬁﬁfgﬁﬁv@ﬁﬁén,bmeg {fdrf bGledirf SieliHEmREaBiaged PSA

units (e.g., multiple pata PSA units) or a conbination mul t1 pl e PSA
uni ts eachinve & hapididyichd preasurersmdhg adstptiohtROPSA Mrscess enibwdifrent af |
process enbodi nents as described herein and is within the skills of one of
skill in tthe paesent inveasiogn with the informati on as di scl osed herein:,
[0062] I n the PSA processes described herein, it is desired to capture a
significant percentage (or "recovery") of the H2 in the feedstreamin the

ta2-1ich siooogf | "B Addifier cibbililent df (RE BIREREAVERREH BRUE MlrcHAf ohif eSent

i nvention, e H2-Tic ream contai ns a eas present

in the feastsincegdravdtiito LhferibaesepatitibAs prefess bt the skleetivie sepAhtishr eam
contains at |least 80 nol % of the H2 present in the feedstreamto the PSA

process, arfc kydmcathon qomapeurab(eyg., methane, ethythensy, ethanec onpeopyderst) fremst 85

mol % of the H2 present in the feedstreamto the PSA process. These
oo went 5/ dsaadt ds 1 sisRarhs GemEsrits & ADgbiTe1l TGRS G MPONGRRS-HA heh st r eam

product  stheaMilim 4 29r RS8N s iiﬂé’&B&a‘?@d within or 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 specific hydrocarbon compound
(or compounds) over hydrogen, H,. 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

hydrocarbon compound over H,, improves the concentration gradient for the



[0063] Alternatively, in the PSA processes described herein, it may be
desired to produce a 112-rich streamfromthe PSA unit with a high hydrogen
purity (iwe.2pomiosivom ni mal non- hydr ogen_cont am nants). POoTarSede00BA3

enbodi ments of the present invention, fﬁg’HZ-ri ch stream contains |ess than
30 nol % of the hydrocarbon conpounds present in the feedstreamto the PSA
process. More preferably, the H2-rich streamcontains | ess than 20 nol % of

t he hydr odsidpecarbenpomipdundicithenit the hémbiardsirfazar(if aatddomMBAhpr ocess, and
even nore preferably, the H2-rich stream contains |ess than 15 nol % of the

hydr ocar banembrgnsurudtace) endfor in the menthsang (if dagarperatedirtgshe merebrane These
enbodi nents ensure.a. hi gh l.evel of hydrogen purity in the H2-rich stream
product st fr {‘RB‘QOFYFQSC@HPW‘E%‘?VR g@ﬁi_le t@ﬁéﬁﬁlé&?&?‘ﬁéf’ﬁ:ﬁyﬁs of swing
adsorptio r t.d i ' e |

Adsor pt i oﬁ’eméﬁ&? 08%%:‘2\2%‘%\%%@?’2‘. crgi ﬁ@mgd@gart@n@ I:Irir-?a@rs{lglﬁ H|{egrr@ct}qrrlgrgrlles’ed of a
ZI F mat er iraduleingl i B imiprowdd Feeopenest H, as titapembiate pRvess tétematey dr ocar bon,
"HC', conpound (e.g., methane, ethylene, ethane, or propylene) and the
"second .cotngament " as descri bed above is hydrogen, H2. The TSA processes

operate simlar to the PSA processes above wherein the partial pressure of
the first conponent during the adsorption step is higher than the parti al

pressure e fi - C | . .pLio ' al | ows at
Peact o pd0? DR orh2his SHRERAn A e Brebi MERAY DETEE a0 | he
desor pt i oosipRRifdd hiylfoReBen BemipoliRl 8hd RlydEskdde H,Co6MatRtLHr R Yiddedt £11 on
of the adsorbed conponents for réuse in a subsequent adsorption step.
However , iZiFtdmtdiShgmeadsanes and lat feasta portopof theqstocesspfeedstbsanexposi ng t he
adsorbent material to hi g‘?er tenperature conditions in the desorption step

than the (PERPERES through the meshrang anfds sisisved fiom gisepondrpids ofdBer ption can
of the 11 radibiabEdfiadiobit pFifa HEaRE PRS ptiped Srat@ B b Ban £ T2
S L%, PISSRASELARY TS 2B LA SoRSd Lok TSRS Ao o o
t he basi c thSpermentesseah thhe obtadisahhas aleamdri mol%ofd sthanl the procdsed by
Figure 27’fe§d)(s%r%g}11. t{']}?é e(t]Lt]isfalbe%% ite(i'n;jsi 'grgcr:eesrs]%ge(ils%reggie}"[, "}‘eré?igtiggmg,for "inlet

stream” as used herein in membrane process embodiments of the present

invention is the mixed component stream comprising at least two components to

be separated which is contacted with the first side of the ZIF-containing

membrane. It should be noted that in some embodiments, a "sweep stream" may

be utilized on the permeate side of the ZIF-containing membrane in the

membrane separation process of the present invention. It 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.

[0072]  Continuing with this process embodiment of the present invention, at

least one retentate stream (or "H,-rich product stream" herein) is also obtained



raising the partial pressures of the stream adsorbed conponents during to
the adsorption step(s) and lowering the partial pressures of the

st ream adsonb@dioszrni ng to t he desorptiog step(s) via a ebanggeomonopeessure,
t hese conponent partial pressures are T $zed and | ower ed, respectively, by
| owering and raising the tenperature of the conponents in contact with the
adsorptive nedia. [0066]1t should al so be noted that the steps of the PSA

and TSA prRGRIBEArdaticdbhecifefdididwlidhha PEihebMmal?ooLHs thin thee present
i nvention. In these conbined processes, both pressure and tenperature

changes omprécesk figsistream thatiitislyweentactsethgagempransa Istthjssmanderdasor pt i on
steps of the process, resulting in a desired separatjon. of, at | east a
portion ofeparatipn o CORMPREAESIS nﬂ?‘fﬁﬁ%ﬁ‘é‘@e@cﬁh lgg‘ﬁﬁﬁﬁlt?@&f’r SR ni xed

conmponent proc f eedstre f ' .
[0067] 1 n HRUARaHETEy U erang rkntade e e bim e sOGuRS nAitine LHERRS,
i nventi ongm,itBe sgbimMhels RS0 TRY nnbrafe sepiraties prycesé.ne adsor ption swing
process in nmany structural fornms and/or in conbination with additional

conponents. The ZIT materials may be incorporated as crystallites of

preferred size and shape of substantially unifaormdinmepsions or, with
di mensi ond0@T3k abiKiganes2§ istratesahisorancept Moa schsmaatic pba pesisrredputi on. The

rore or ef erhsnent ot e bv iR PO B bRt e B S Py o 2
structur e@oﬂ{\ﬂr[’gﬁrﬁ%ﬁ afatR rléfélt oh® haeYdadbord @6H1Eoﬁéﬁttﬂ'olri"hydr@ﬁ%d?f in

conbi nati on er conplenentary co-adsorbent materials that can

fulfill aceafporind"pis fellhen pgreoessi ofithe preseat irvention wiereivansmbranecess.
Non-1imting exanples include incorporating the ZIF material with a binder
mat eri at - sopdrationsunii(20%) ksoﬁﬁmeglimgeralrbth@d@fsmba@r@r separdnNsAaHContams,
crystalline polyner, non-crys l\ne l.yner, an.e a t her | astic,
a clay, a3seledyedpem fzmen‘ﬁ‘a%’@i?#L(}),Wgﬁ:%dgqupélsfgrfﬁ%x%f:nﬁmﬁﬁfaé&ﬁgtl , and a
titani acontai.ni, 4 anhad; ' o I;,@Fg lofkht &¥dher a
m croporo{Jﬁtgggr agg%@é%g?g{l}ggs ﬁﬁ??ﬂ?gatwds?t@g# I y?a%!aiéﬂﬁgwggbadvar{t ageous
to add suif At it 16d3eSeHaedite airotdrbondongpdiiend &y predéreniially adswebed dgdi ti ves
can be used to inprove the adsorption/desorption and transport properties
of the seltkeZ#0 masepalriarthe selective ménabrane wigh sespgcsto Non-lilenei aibhgrielkanpl es

o 1 ) B8 S e A T 25
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H, by mol% than the process feedstream (201). A Hp-lean stream (220) that is
comprised of selective components that permeate through the ZIF-containing
membrane is continuously drawn as a "permeate” from the membrane
separations unit (205) wherein the H,-lean stream (220) has a lower content of
H, by mol% than the process feedstream (201). In a preferred embodiment, the
H,-lean stream (220) also has a higher content of the hydrocarbon component by

mol% than the process feedstream (201).

[0074] 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
H,-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



such as netals or other high heat capacity and high heat conductivity
materials may al so be incorporated into the matrix to assist in the capture
and transWeno@ilosi7ol east a portion of tI}ﬁ heat that is gemasatedodosi ng the
exot herm ¢ adsorption step(s) of the swng adsorption process, thereby
shortening the duration of the cycling process, increasing throughput, and
further inproving the overall efficiency of the ZIF material for adsorbing
the sel ectmgRABRHIbsOtheGAGIMbRGTY thus [HPEStiMBahe bheralll frotedschérmifis.alita
incorporated with a binder, the adsorbent material can be formulated into
opti mal ggueferrddeerabegioscndy a bweep pircan iontibized pyuch icag beeastly aeparateldi ch
further i rovg he durability of the sor bent an[i t he rcfe%le at which the
sel ect ed %r“ ?%b'lééﬂﬁgﬁ%‘i‘i‘t THPRNYILS A Hie Preces he reqyclad fordeusesas pti on
sites of thgwéé Fstr%g,lgri al. Non-limting exanpl es include beads, extrudates,
f or med pelal 2t &P E15t ured beds, monoliths and hol low fibers, as well as
coatings applied to plates or nonolithic structures fibers or holl ow

fi bers. Dependi ng upon the specific situation, inlet stream conposition as
wel | as pr[0dT8k stIngaefarmsthembodiments pthe ¥Famatenidi utitined antheemenhremt
design for the process of the present inventjon, certain structures and/or

matri x corpyeesssicdiBe prasept bveation h3s anadsemiiedepdimedptipdpeaat deasheme or
lectivities for th | .. [0069] Aay of the. st d i bed

oot T el ot BPm RSBl by IS5 Sk AR B e WG RR L

reducti on JqQoidtRedBAdNqati8fis 8t [ASPABIUR 19MaRY P8P RIdE pRefer MY Cateast P! Y

"cycle" are of utnost practical |nportancé since shorter cyctle tines

resul t in abogh20. Thaguefeprddserabodinientaf the gresentimvieption theJAIF. miVegiabas
conventional swi ng adsorption processes typically (a)i)er ate_ at Céc| es wth
dur at i ons wilizedén dheipresent inventien is sglected ReomellEr8,oL8-b1, LHe 1pZEEdnt

. ti b ti q ficati L (bl e t
Si ani 1 ooy TPt b SRereieLiiFh BB oG TE G e FESRSPb TS URHA 5056 over
conventl Or}ﬁ'%{ce A R@lii’é!f@{ tﬁ’i&'[ﬁ@se?l&%ﬁﬁﬁr isEQFe%F‘eéf fBhfiZ 8! 918V INgpgdsorption
processes that are enabl e y the material's and process tonditions of the

present i 1AI@0L.i Bna dcreffeidreed enbydimbiarifape prsseht fiveatiof Chiednlic
standpoint. In preferred enbodi nents of the present invention, the ZIP

mat er i al ingatarinl utildzed in thepuesent anreantioniisIpr®cess wherein the cycle tine
is less than about 1 minute, and nore preferably, the ZIF material is
utilized in a swing adsorption process wherein the cycle tine is less than

"nvent i on 100 TS JhdnfRt SR {RERLRLRLEG A, GERBLARBLE nb ISdPSIEN

Ip:] SZ f] 'l[J|r gn.%\ﬁirﬁﬂ)n%ﬁﬁﬁf el ;1B céssHeESArdank tO ARSMeRIPRNY S&Hral®dn pRReBS RSent
selected from methane (CH,), ethylene (C,H,), ethane (C,Hg), and propylene
(C3Hg). In an even more preferfed embodiment, the hydrocarbon component is
ethylene (C,H,). In another even more preferred embodiment, the hydrocarbon
component is ethane (C,Hg). In a most preferred embodiment, the hydrocarbon

component is methane (CH,).

[0077] 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



[0070] I n anot her enbodi nent of the present invention, the ZIF material can
be incorporated into a nenbrane separations process for the selective
separ at i omoabosaiobyrdr ocar bon conpound (e.g., methane, et rgirarsejoomvhane, or
propyl ene) from hydrogen, H2, in streans“conprising a m xture of these
conmponents. In this enbodinment, a ZIP material is incorporated within or
coated onto an inorganic substrate or a polyner material and utilized in a

nmenbrane sgp¥adll @n HfRdSidd MRléedilediredetdciive addorbediii therselgtivenbr ane” .
The ZIP material of the nenbrane has a net perneation affinity for a

speci fi ¢ hlayeoand borthe peproeate side theamplegntis)are desorbgdr dderselaetive 14lE -
pernmeation rate .can be typically described in ter ft mul tipligative
factors, of@ntaHIing &yersap optioneHydngds sther amaferi e phhg watarials that

adsorption_|l oadin f th qnen f .t i WA F material .
Wth respe%?n Egpf%%gp}n_a{l}ezﬁgg(g?[uﬁ'ﬁgla%’lef’lg_gtpg!yﬁé?{’i ncgrrl%ﬁc:ere%f%d into the
menbr ane V"@b&tﬁirﬂﬁé ,le?ye? IcBRefinARPE Bldn’ B0 V8R4I STAnbticr natefiaPtHeYs@l&tRebon
conmpound over H2, irproves the concentration gradient for the hydrocarbon

conpound elaykeeis edlledremiredmatex s Tiof mitegate the effecdfamyaddfbets e pihnteoles
surface) and/or in the nenbrane (if incorporated . into the penbrane matrix).
Thi's i npr oWethesslestiverlaysroa reparatian coaiing AE separaiion; FAYSE cany be jacorparated of

t he hydrocarﬁ’%n cO ounq r?l ative to H2 through the nenbrane, resulting in
an i mprovel? CIB%"%“FTSWPW'the membrane process retentate stream

[0071] I n this enbodi nent of the present invention, a process feedstream
conprising a hydrocarbon conpound and hydrogen, H2, contacts a first side
of a ZI F- cf0u78]ni nThewAibreuiraiaitk alfenitfrant vwillggpically befpdrhef » noeebmane

f eedst ream perneates through the nenbrane and is retrieved froma second

si de of thmodukbthabénchedes a pressureshqusings alNendimiing exaaplgs ofddFe stream (or

" H2- | t st n' h [ ' bt ai ned f t d side of th
ronbr oo SHOP NG BIoTaReBe STRE A8 Cob PR EPRELCA B BT MSNOLDE +2' t nan

the pr ocessauRiiai 1iADw-Hber ARHBAE UroRireS. ARIREESACMIRAN tfdtires,
feedstreant”, or "inlet strean as used her€in i n nmenbrane process

embodi ment and indnbtitipiceaemnbrdnevstnicnaes) Thehtemibral modnlwill tygdicalbm
conprising at | east two conponents to be separated which is contacted with
the first eomfainggealhio izolatetheirgtiantalg andmermeate zanesiodthe mysluleaed te hat i n
sone enbodi nents, a "sweep streanl may be uti|ized on the neat e side of
he. 21 F- CoPTEFH FGMRS RE CIAro e TRING AR b B St SBrBERL0 B1E t he
present | nKERd A0 serb Ot BhRAnRF AW &flvd Bk deDfeelfBF Mojdife pRAT © St rean

as used herein an onposition properties are neasure sed solely
upon the cqighilirahé iphie bithiatthe aBrhbiheprodEal es t hrough the .

ZI F-cont ai ni ng nenbrane. For purposes of this invention, if any additional
stream such as a sweep stream is added on the perneate side of the

nb ot i tion of .thi t t. b | uded
from the GUMEFALI {1 GRS arampay @pgficetient,d heandnsdr whish can bnafidram: s
ide of th ' ' : 9 :

Feedst r eantiCrIpore it P pfcketinEpllbflaehicndbRs sbls b Reatidhe REARATSh of
separ at i onhpdrogeAPHLRbH hydro@dBohs pikferatilyl Buendti 1ghifed Y&l iHe garpHdie two

separated streans (1.e., the retentate and the perneate streans) than the
original nstrenstreamthat is fed to the nenbrane separations process.

[0080] One such general application is the purification of a supplied or
generated hydrogen gas stream. In the petroleum refining and petrochemical
industries, management of hydrogen gas streams is one of the most important
and integrated activities in the overall process for refinement of petroleum fuels
and production of petrochemical products and intermediates. Many of these

specific processes rely on very significant volumes of hydrogen for



[0073]Figure 28 illustrates this concept in a schematic of a preferred
enbodi nent of the present invention wherein a process feedstream (201)
conpri si nyoHRosams27at | east one hydrocarpon conponent (oPCThisdecomaribodn
conpound”) is fed to a process of the f %®sent invention wherein a nenbrane
separations unit (205) is utilized wherein the nenbrane separations unit
contains a selective nenbrane material (210) which is conprised of a ZIF

mat eri al fiyRitidnafity? NrAshest Sdsey cthedgdirogen stidam hiust bbat atsigmfisantotoevery
hydr ocar bon conporient over 112 of at |east 5. Here, the hydraqcarbagn

conponent high hydroger purity (typicadlyrfem abput 86 tz198-+mobi hydrpgen)da atdelact i ve
menbrane with respect to H2. Here, a H2-rich str%antézwgl i con‘h’ihnuously
drawn as #O0rthemineessde OPERAE PHRPSTRNDT toat least opsrate sLcsntly %Ss)uc erein the
H2-rich strheam (21 h I I t f Y an the process
feedstrea?ﬁﬁ%@fﬁ".’e ﬁg’ﬁl@%ﬁggﬁB g%&%%?%z@gy’?ﬁ%?ﬁﬁﬂr%‘f{os@ of selective
conponent §Ffrbélierﬁf%hﬂﬁﬂ$c%s§é§ri@k' ﬁbe,tﬁa@l%hag/cmuiﬁbﬁamydfegm anest bs

continuously drawn as a "perneate" from he nenbr ane separations unit (205)
wher ei n t kpnthsizedor stsesapplied onhas autsideveourserto ¢he petrolermbgndml % t han t he

process feedstream (201). In a preferred enbodjnent, th Hﬁ-l ean Sstr.eam
(220) al s@eﬁagh%mmagmﬁn%m@%swﬁ- fw%&% %anéfr‘?ﬁi??é ?%H%P%than
th dst 201 0Q74 I . -hat
oo ( 5355 bASSasmr A subtn s Fhnpriel ol sPhnthibindPRtudie. © STeeP
the proc eﬁ?df&aﬂﬁ&dsz gxéi the §P0M PSust MR piRifiRbr ¥ bamTiGiaNPpasLed, forat have

pernmeated fromthe ective nenbrane fromthe perneate (or "back") side of
t he sel ectfiitkerisetingrerol dirh andgyetivehemidal zefin¢ry propesses thateequine bighr at i on
gradient of the selectively perneated materials across the nenbrane thus

i npr ovi ng puhigy bydrogen. process benefits. In a preferred embodi ment, a sweep
streamis utilized which can be easily separated fromthe H2-1ean stream
conponents of the process and be recycled for reuse as a sweep stream

[0075] I'n Eﬁﬁgr r e%ﬁ&ﬁ&?f n@%%"% cdrifoflifi tHRIRdshy ok iprbdRdng Rylfsyemasbr ane

process o pr esent ntion has an adsorptive foading ratio for a at

| east one viy dseaal Rdormiigpoesss whivh inRolMes ahe temsdrsimncoft methame (&nd
preferably, the adsorptive loading ratio is at |east about 10, and even
mor e pr ef etkesihydrecarbensin patoral 22s) int hydppgenandearbam srenaside BY t he

resent invention,, the ZIF materi.gl utilized.in . the present jnveptjon is
g el ected f§astiop Vith steapgoyer a i‘lnlt—@b?? 02{3:1315?’, prgﬁgagfy,;@ QPC&CE'%QS ?aéglg'lstf erred
enbodi nen e: i i E i idd iphi he
o ocont 1 ke ddCitRhGaRIYe haMAIhACHIN M (L BOIB BRocEs Brdducesd tigh) 1o
preferred cafiiead h?ﬂﬁgeﬁfprbblﬁ?:ﬂéﬁ&ﬂﬂtthisrptedﬁétcsnreahheoﬂhﬁlsrfhbﬁtdmihant ilized in

the present invention is ZIF-8. ) i
compounds" including, but not limited to methane and higher carbon weight
hydrocarbon compounds which need to be removed in order to improve the
hydrogen purity of the stream. Steam reforming generally involves the

following steps, as illustrated for methane conversion:

a. Reforming involves methane reacting with steam at elevated
temperatures, preferably from about 850°C to about 900°C (1560°F -
1740°F) to produce a synthesis gas (syngas), a mixture primarily made up

of hydrogen and carbon monoxide;

CH, + H,O ----- > CO + 3H,



[0076] I n nore preferred enbodi ments, as descri bed above, the hydrocarbon
conponent in the process feedstreamto the nenbrane separation process is
sel ect ed woamwmesitane (CH4), ethylene (C2114), ethane (@2HA)S200@00011p3 opyl ene
(C3H6). In an even nore preferred enbodPHent, the hydrocarbon conponent is
ethylene (C2H4). In another even nore preferred enbodi nent, the hydrocarbon
conponent is ethane (C2H6). In a nost preferred enbodi nent, the hydrocarbon

conponent i shmSHifRedction) tyiOfl i iefogedess avafetigad s WGS) réactiorent s of

the present invention can be asymetric and can be conprised of several

| ayers of differkereimtheatarbons motoxidgpthat és produned tn theshiest sgactioariact eri sti cs
of these asymetric mg{)gﬁ%ne structures on re of these |layers can be

or
a porous mat er iTgActed Wi 2| Qvar;a catplystto fopphydroggr andcag | ar

selectivity in A | ] -of erred
enbodi nment t hi sf@gﬁgea‘%h{"%%ﬁﬁ@%%ﬁ@% Egatg% Eoﬂ%ﬂ@ o?a@ﬁ&lfx

2009/ 105270PCTHESERARNANKASY 2fow 10ip@hE shifn_The Higleterapélarurelsaityl es
are selectively adsorbed in the selective |ayer and on the perneate side
t he nol ecul es ds ¢ypleally performbe at abeutt3 S0ECAHB2 YYrenal thied gwi temperatare
optionally include other naterials. e of the materials that can be

C M
present in the shiibagabeuti 10N toAMFCi(374 ot lO&D. When the. zI F
CO+H,0 ----- > CO, +H,

c. Hydrogen produced from steam methane reforming typically includes
small quantities of carbon monoxide, carbon dioxide, and hydrogen
sulfide as impurities and, depending on its intended use, may require
further purification. The primary steps for purification is methanation .
which comprises an exothermic, fixed-bed catalytic reactions of CO and
CO, with hydrogen at temperatures of about 700°F to about 800°F over a

nickel on alumina catalyst.
CO+3H, ---- > CH,;+H,0

CO,+4H, ----- > CH, + 2H,0

[0082] The swing adsorption and membrane separation processes of the
present invention can be utilized to improve the hydrogen purity of a hydrogen-
containing gas stream produced by a steam reforming process. In a swing
adsorption process of the present invention, a hydrogen-containing feedstream
produced by a steam reforming process is sent to a swing adsorption unit of the
present invention comprising a zeolitic imidazolate framework ("ZIF") material
wherein the stream is separated into at least a H,-rich effluent stream and a H,-
lean desorbed stream. Here, the H,-rich effluent stream has a mol%

concentration of hydrogen greater than the hydrogen-containing feedstream.



contai ning |ayer contains nore than 10 vol % of another material the
selective layer is called a mxed matrix. To mtigate the effect of any
defects owopoeobEs in the sel ective Ia%ﬁr, a repar at i orCramskona®onr3
reparation | ayer can be incorporated in-the nmenbrane structure. [0078] The
ZIF -containing menbrane will typically be part of a nmenbrane nodul e that
I ncl udes a pressure housing. Non-limting exanples of ZIP-containing
nmenbr ane sTe/ELtHosefflueht Steehrh prodecddisy tieashrtont prodess wanhanbe findhere ar e
hol | ow-fi ber nmenbrane structures, flat sheet nenbrane structures, and
nonol i t hi cutitizedrasren iproved gas fectstreamritiorhyideoprogassingior chemigalal | y cont ai n
seals to isolate the retentate and perneate zone oé?the nodul e and to
prevent fIRFRCEPHIESENIET W §-P€Hﬁ‘?e&m’r9§ﬂ’FHHcB?ml%i"? EMtate strean(s) to
the perneate strean(s). The seals nmay al so serve as a device for hol ding
the menbrane in place within the nmenbrane nodul e. [0079] There are many
applicati oqoas3] t h&s dixtusdedy thdzeHy dedgerRenahiding bagsirbampasseefien of the
present invention which enables such an efficient separation of hydrogen,
H2, from hpyrddocat bpasenpabmanafdopyrebvia avaritiyndf processes iand ahe hydrsigane
stream [0080].One such general application is the purification of a

suppl i ed cﬁonéﬁéﬁmgag@cﬁtm%@@rp‘ﬁﬁ@sﬂrbé’d?ﬁtrqlﬁuml?é‘d&é‘itmﬂh@m%?&é@ IRFHES-and

hemigal jndustri. . , !
oSt °f mpor TEeIHfd ™ 4 By s Rarared grpPisibry £ A Afsorbtin Blodels e 1 Ne
ref i nenenty afehve RN iuddiz2dand spmdldb aldrer & pRRIUCe @ ricalefAllesiuct s and

I nternmedi ates. Many of these specific processes rely on very significant
vol unes ofstieadr frganatf least a portion of a purchased hydrogen-containing gas stream.

[0084] In a preferred embodiment of the present invention, the process
feedstream (101) as exemplified by the swing processes (PSA or TSA) of Figure
27 is comprised of hydrogen from a steam reforming process and hydrocarbons
wherein the H, in the process feedstream is selectively separated from the
hydrocarbon components in the process feedstream. In another preferred
embodiment of the present invention, the process feedstream (101) as
exemplified by the membrane separations process of Figure 28 is comprised of
hydrogen from a steam reforming process and hydrocarbons wherein the H; in
the process feedstream is selectively separated from the hydrocarbon
components in the process feedstream. In additional preferred embodiments of
the present invention, the Hy-rich stream (110) contains at least 70 mol% of the
H, present in the process feedstream. More preferably, the H,-rich stream (110)
contains at least 80 mol% of the H, present in the process feedstream, and even
more preferably, the H,-rich stream (110) contains at least 85 mol% of the H,

present in the process feedstream.

[0085] Additionally, hydrogen can be produced internal to a petroleum
refinery via a catalytic reforming process. In the catalytic reforming process,

hydrocarbons preferably in the distillate to naphtha fuel ranges are contacted



functionality. In nost cases, the hydrogen stream nust be at a significant
to very high hydrogen purity (typically fromabout 80 to 99+. nol %

hydr ogen)wonrto@vwsr70f or t he process to operate properly ®CTiusS2@0/0bB25t
operate efficiently. As such, while soﬁézhydrogen I s produced as a
byproduct in petrol eum and petrochem cal processes for use, frequently,
addi tional hydrogen nust be synthesized or else supplied froman outside

sour ce t o wiile aRefdrilif Tyt Re tlcvabRMetfera@iésniartie presenss of hydrogdn. her
case, frequently at |east a portion of this hydrogen-containing streamis

conpr i sed, dfese procassesatypscaliyneanuelthey beyafreither e Sxed bad ondhe cortimuonsst be
puri fi ed, I's. beneficially purjfied, for further use in lﬁﬁt r ol eum and

or
pet r ochenibedi varisties.e The catal i seforming peasgsses thpigally HseaPIRYAr®en.

[ 0081] One h_proc C n.in. ) f O ' nis via
a steam ré:?)glf%{’ﬁé cﬁ?@i’%ts‘g%i 18 ﬁqﬁlg\%gltéé%w%@tgg n‘i%@ise?gﬁﬁ{gp%ﬁ@%g aﬁgﬁ( and

ot her —hydreediRAR Vil RMyirdbefkitfon tAbAoRY ITRER catlgtiedeRRhifARNOXI de by
reaction with steam over "a sOitable catal yst, preferably a nickel -based

cat al yst . provesgses areiknostwto thdse ofgskdbion ltlad art] t hough t he actual process
produces a hi gh-content hydrogen product stream this product stream

contai ns "contam nant conpounds" including, but not limted to nethane and
hi gher car, wei .hydroc on ounds whi.ch need to be enoved in

or dor  t o IpBelS ARLIRIEF SHBMEBTRRE et S S AR oSt DenG R
general ly ¢4 B | [ : ane

conver si orﬁb@gg}%ﬁgﬁﬂgﬁ?{gﬁ?g%\?g@s&rﬁg? ﬁt eéarll a%?ﬁ]ga?msglhfogfegﬁ&gt el evat ed

t enper at urpeeferiedeioe bptilmunh opetaivaut A Poboi of @by drdgen-dohbdiiing sticahdF) to
produce a synthesis gas (syngas), a mxture prinarily made up of hydrogen
and car bopredugsd kiethegratalytiszoforming paegess fis reghicked tRekdeoithe catalyical | y
referred to.as.a water gag shift reaction wherein the carbon nonoxide
hat | o protamiRe PRoceses Shfeptestunt 113 SR RITPulRRE st SEHE0E,

cat al yst e am R | I
conduct edtp?(r)\(fh?év(cow 15%“38%%? (;Poof?\tg |g g tg ?é\ég&g cq)? EBag?ﬁli lgﬁ,r? g&%}lg%tﬁé}eéiﬁ?? ;é §£k%vean tl ow
t enper at uregcédiivd cokihg offitldplatitet eéformirphedtalysts. tPhe highley thepirdynefd at

about 350C ( 662F? and the |ow tenperature shift at about 190C to 210C (374F
- 410F). therecycled hydrogen-containing stream, the lower the total volume of the

required hydrogen-containing recycle stream in the process. This results in

significant energy savings as well as allows higher production rates from a given

set of refinery equipment. In a preferred embodiment, a swing adsorption or

membrane separation process of the present invention is utilized in the

hydrogen-containing recycle stream of a catalytic reforming process wherein an

H,-rich effluent stream is produced and at least a portion of the H,-rich effluent

stream is recycled back to the catalytic reforming process. In another

embodiment, at least a portion of the H,-rich effluent stream produced by the

processes of the present invention is exported from the catalytic reforming

process as a net produced hydrogen-containing stream.

[0087] In a preferred embodiment of the present invention, the process
feedstream (101) as exemplified by the swing processes (PSA or TSA) of Figure
27 is comprised of hydrogen from a catalytic reforming process and

hydrocarbons wherein the H; in the process feedstream is selectively separated



CO H20>CO»2 H2 c. Hydrogen produced from steam nethane reformng typically
I ncl udes small quantities of carbon nonoxi de, carbon di oxi de, and hydrogen
sul fi de awsoiopumsiznes and, dependi ng on *{ts i nt ended useCTIBOMAILIRS €

further purification. The primary steps *or purification is nmethanation .

whi ch conprises an exothermc, fixed-bed catalytic reactions of CO and CO2
wi th hydrogen at tenperatures of about 700F to about 800F over a nickel on

al uni na cafrghyie hydebtarbshiofigonentsHa the préd¥ss feéditreaf Mintanblie0
preferred embodiment of the present invention, the process feedstream (101) as
exemplified by the membrane separations process of Figure 28 is comprised of
hydrogen from a catalytic reforming process and hydrocarbons wherein the H, in
the process feedstream is selectively separated from the hydrocarbon
components in the process feedstream and at least a portion of the H-rich stream
(110) is recycled back to the catalytic reforming process. In additional preferred
embodiments of the present invention, the H-rich stream (110) contains at least
70 mol% of the H, present in the process feedstream. More preferably, the H,-
rich stream (110) contains at least 80 mol% of the H, present in the process
feedstream, and even more preferably, the Hy-rich stream (110) contains at least

85 mol% of the H, present in the process feedstream.

[0088] Embodiments of the present invention may also be preferably utilized
to purify hydrogen-containing feedstreams to various hydrogen-consuming
hydroprocessing units utilized in the refinery. As used herein, the term
"hydroprocessing" is defined as any petroleum refining process that is a net
consumer of hydrogen, wherein a catalyst is contacted with a hydrocarbon-
coﬂtaining feedstream in the presence of hydrogen thereby resulting in a
hydrocarbon-containing product stream that has a compositional molecular
hydrocarbon compound distribution different from the hydrocarbon-containing
feedstream. Such hydroprocessing units include, but are not limited to,
hydrodesulfurization, hydrocracking, hydroisomerization, and hydrogenation
units. These general refining processes are well known to those of skill in the

art.

[0089] In these processes, a hydrocarbon-containing stream is fed to the
hydroprocessing unit where it contacts a hydroprocessing catalyst in a
hydroprocessing reactor in the presence of a hydrogen-containing feedstream. A

hydroprocessing unit product stream is removed from the process and separated



[ 0082] The swi ng adsorption and nenbrane separation processes of the present
I nvention can be utilized to inprove the hydrogen purity of a

hydr ogen-wonv@/msarg gas stream produced3Qy a st eam ref oPairus2@wocHSs. | n a
swi ng adsorption process of the present - I'iventi on, a hydrogen-contai ni ng

f eedstream produced by a steamreformng process is sent to a sw ng
adsorption unit of the present invention conprising a zeolitic imdazol ate

f ramewor K ifitoZd Rydroteatédaprodoet strearh hadsi ighopes-conmiaggtodotistatant.east a
H2-rich effluent stream and a Hz-| ean desorbed stream Here, the H2-rich

ef fl uent Jretesablyast lgastol pedinncekthedryidsegar-containing preducistiearhian t he

hydr ogen- cont gi ni n eedstream The H2-rjich effluent sirea r oduced by
the carr enetystel badk b ehiiORtoceamina nid of Mot Fodectin, Pk LB gag

f eedstrea |.RO G | INLE S, 3 M6

et rol camiyer o8P aRE RERR) FRw AR A Sloep R Beu bh i rdadi

hydr ogen- geighfi posRessesa lgtdragéfs caficendfation tppredl9 dRIMY optineirhrfat the

manuf acturer via a variety o rocesses and the hydrogen-containing gas
streans arhydpoprobessing byitpeThQEydmwnebminmgqm t stredrhigontadss Ther ef or e,
in a simlar preferred enhodi pent, a swi ng adsorptjo rocess of the
present i hVresashons,hat PReSSIEARTY cantamippizandaiie t %Bﬁa&&?@élﬁ“ﬂ?ﬂh‘éh
ef fl uent %Sfrd?gé’@rf-égﬂfhﬁltinéﬁ?@&ue@sﬂ%ﬂOn of a purchased hydrogen-cont ai ni ng

gas stream

[0090] In a preferred embodiment, swing adsorption process of the present
invention is utilized to increase the hydrogen concentration of at least a portion
of the hydrogen-containing product stream prior to recycling the hydrogen-
contéining product stream back to the hydroprocessing unit or reactor. Here, at
least a portion of the hydrogen-containing product stream for a hydroprocessing
unit is sent to a swing adsorption unit of the present invention comprising a
zeolitic imidazolate framework ("ZIF") material wherein the stream is separated
into at least a H,-rich effluent stream and a H,-lean desorbed stream. Here, the
H,-rich effluent stream has a mol% concentration of hydrogen greater than the
hydrogen-containing product feedstream to the swing adsorption process. At
least a portion of this H,-rich effluent stream is further returned (or "recycled")
to the hydroprocessing reactor thereby resulting in improved performance of the
hydroprocessing unit. This improved performance can be manifested in an
improved hydroprocessed product benefit, higher hydroprocessing unit
throughput, lower energy costs, and/or lower equipment costs depending upon
the design of the unit and how the present invention is incorporated into the
overall unit operation. With knowledge of the present invention, the manner in
which to implement the present invention in order to obtain the particular

benefits described are well known to those of skill in the art.



[0084] In a preferred enbodi nent of the present invention, the process
feedstream (101) as exenplified by the swi ng processes (PSA or TSA) of
Fi gure 2Awo=omompr7osed of hydrogen from_a steam ref orm rgTaSo@eMs11and
hydr ocar bons wherein the 112 in the proééSS feedstreamis selectively
separated from the hydrocarbon conponents in the process feedstream 1In
anot her preferred enbodi nent of the present invention, the process

f eedstreamp(offl) a3 sRysldRllsd bedtdwd the aﬁﬁﬂb%ﬁiﬂfb Bydrapeh iparisy pi acess of

Figure 28 is conprised of hydrogen froma steamreform ng process and
hydr ocar bdnsireprecessing baittaa alsp béémpraedshy inpuying the hydroger purite iry
t he hydrocarbon conponents_jn ocess feedst I n

separated from 3 t he pr e
additionaﬁLﬁﬁé!fi@?ge@dcmmrﬁm chpiream Wiilzsd s ai#%%ﬁlﬁ%?ﬁ,, SipHEarl the ch

stream (1 ont ai n t | 9% . | nrocess

f eedst rea#&%e@ g?rééle&a%*g‘;ﬁ%ﬁ)ﬁ%coﬁg&gi '%ﬁ{ %%¢§5§1%%f%?8§€41P¥?W§)?§YIB east 80
mol % of  t Rge HydRS MG ri fin&H@h?ﬂng%ﬁSc(frﬁﬁﬁﬁifgsﬁ%ﬂktr@diﬂ. T ThisBSodinRingr abl v,
the H2-rich stream (110J contalns "at | east nol % of the 112 present in

t he process lésedyortamof [RORBIrégdnicontehing, febygsireape fiorca hy deoprooebsimed
internal to a petroleumrefinery via a catalytic, refaormng process. In the
cat al yti c Weissenhtp »pyigadsaspien yaitudibe preseat HyeptipR CORPIFIBE Al | ate to

napht ha fuel ,.r.anges are nt act ed, W0_.2009/ 105270PCT/ US2009/ 001123 - 32 -
wih arerePhiRgTeA e A eRpe Gl T Bistal therein (e SHiaany Boshated
hydrogen. iﬁﬂﬁﬁqeﬁ’srt%clg%?ﬁ:ﬁetfﬂﬂbﬁtaét{%n?ﬁﬂd & H RanRRes6ibed thaim.t Nferk! #Rd bed
or the continuous bed“varieties. The catalytic reform ng processes

t ypi cal | y Hisfich effla¢ritrstitanohdsa riol% caicenyrationviftlydregart gicaredhsmwthienpr ove

t he octane of the hydrocarbon feedstreans via de-hydrogenation reactions.
These cat dlydrogen-epuiniiing ppodiat Jeedstrgam tontbarswing eHs@tion pIREeSS. ot t he art .

[0086] Wil g, e, L3 0¥ % 14,2Fh LAt PSR o s othE R GRSprObeddy 09e
unit (or more correctly, to the hydroprocessing reactor) resulting in improved -
benefits similar to those described above for treating the hydrogen-containing
product stream, whereby a portion of the H,-rich effluent stream which is then

recycled back to the hydroprocessing reactor.

[0092] In a preferred embodiment of the present invention, the process
feedstream (101) as exemplified by the swing processes (PSA or TSA) of Figure
27 is comprised of hydrogen from a hydroprocessing reactor and hydrocarbons
wherein the H, in the process feedstream is selectively separated from the
hydrocarbon components in the process feedstream. In another preferred
embodiment of the present invention, the process feedstream (101) as
exemplified by the membrane separations process of Figure 28 is comprised of
hydrogen from a hydroprocessing reactor and hydrocarbons wherein the H; in
the process feedstream is selectively separated from the hydrocarbon
components in the process feedstream and at least a portion of the H,-rich stream
(110) is recycled back to the hydroprocessing reactor. In additional preferred
embodiments of the present invention, the H,-rich stream (110) contains at least

70 mol% of the H, present in the process feedstream. More preferably, the H,-



the purity of the hydrogen produced is typically considerably |Iower than
preferred for optimum operation. A portion of the hydrogen-contai ning

st ream prworoediobyrot he catal ytic reform_ng process is recyalseadbonksto the
catal ytic reform ng process under pressé €. The object of returning sonme of
t he net produced hydrogen for the process is to aid in process kinetics as
wel | as prevent excessive coking of the platinumreform ng catal ysts. The
hi gher t hejdgiistrdam 0f 10)neont&iay at Rash30 hedehof the Hb presensin therprotéss | ower the
total volunme of the required hydrogen-containing recycle streamin the
process. Thedstreasyland évengngre pieferablys tlee Hy-rich/strepen §51G)e¢dntaias at leask

hi gher production t froma gjven set .of refinery equipnent. In a
preferred %@H@ﬁﬁeﬁw% 188&%%‘?@8%@%‘15%% ane separation process of
the present invention is utilized in the hydrogen-containing recycle stream
of a catalytic reform ng process wherein an 1-12-rich effluent streamis
produced 6[0093% | emsdnothdPreferfedPémbb@inkéint! §wihgedddorstion pidcRasiof the' ecycl ed
back to the catalytic reform ng process. |h another enbodi nent, at |east a
portion ofpresent Hivention isfutilizedtto s¢covamapryddogademychiddestyrant fone s fuél t he
present invention is exported fromthe catalytic reformn rocess, as a net
produced 8agstgam. douml gasiihgomprisedof lighbgases (ar%oailéamn%& t of the

present inyentioRn,,the process fegdstream.(101) as ex i fi the swing
Pt cesses HuEs RUPoBBUES ind SBiFF e BB SHGTAMAE Prithdsd
catal ytic l S SRR r i J process
feedstreanqyielfse?igle eggﬁgﬁ?'separgzg%lg%gﬁo%egﬁgwﬁyﬁﬁg%grﬁgoﬁggﬁts in the
process f efaitbi Iosapresbures{geierallprabbat 2@ to ¢00 pdigymnd usked tpramani Bsasnfuel
invention, the process feedstream (101) as exenplified by the nenbrane
separ at i orrefiperycespipmentsisgoh @s for fisingdiepiars and/ef beilarsogtitized dhihe catal ytic
ocess and hydrocar bons rein the H2 in s feedstream

ref orm ng he proces

is select i‘gépﬁrys%rﬁéi???éd ShEEAMS, &@éﬁH&W&ﬁ%&ﬁé‘ﬁk&o‘?ﬂ?‘B ﬁpsgro cess

f eedstrea agih; : i BK 3 i ecycl ed
back to thr%(ﬁgg% a yAtriEc%}(lel O?%I%H?P@féggig.ﬁoﬁdggg???%%gfl‘ﬂ%lé grfcg%?gﬁta'i

enbodi mentwa e ovétebaing aeitized ay arfuebsourtd)hyd2ogercdost lidvana high0) contai ns at
| east 70 nol % of the H2 present in the process feedstream Mre preferably,
the H2- riioeremensalvalug oyerchringiutidized as aduel Soirae psdtas vehwbleipmasswd in

t he proces eedstream and even nor ferab the H2-rich stream (110)
cont ai ns éﬁe Lgagqprgges,gg}g}grgpefﬁé dﬂ%fg‘?%@?ﬂver r¢¥‘ﬁ8°ﬁ?@€§§g‘ef’é‘é T Eam

[ 0088] Enbqgi . h t 1l is ; 0 ly utilized
o puri fy HnaeD B Ik BRI SRD, Bl e Rl el Ae e RSl &2 ot ng
hydr opr ocepsipifed fb tHe hdrot@®dnk in thesticiinh BAd YherSfores@réI &Y £bignifidkatt er m
"hydr oprocessing"” is defined as any petroleumrefining process that is a
net consureeonomihyehson dor ragorerng adydnogdnssichicompmeat steenmifrémahe

hydr ocar bon-.cont @i pi ng feedstreamin the presence of hydrogen thereby
resul ting rpﬁﬂﬁ%@epse%r bon- cont ai ni ng product streamthat has a

conposi tional nol ecul ar hydrocarbon conpound distribution different from
t he hydrocarbon-contai ni ng feedstream Such hydroprocessing units include,
but are nqpoo4p t gd thid erfiySdigstat Uat 18adt233dreibn IHHE BGERSPENbNtaining fuel

hydr oi soneri zati on, and hydrogenation units. These general refining
processes gases vaitlto larswingtadsotpson wiit ekthel presenthevention {@ApeFing & hese
processes, a hydrocarbon-containing streamjs fed to_ the

zeolitic imidazolate framework ("ZIF") material wherein the stream is separated
into at least a H,-rich effluent stream and a H,-lean desorbed stream. Here, the
H,-rich effluent stream has a mol% concentration of hydrogen greater than the
hydrogen-containing product stream. The H,-rich effluent stream can then be
utilized in processes such as those listed above that require high purity hydrogen

to operate. Typically, the H,-lean desorbed stream will contain most of the



hydr oprocessing unit where it contacts a hydroprocessing catalyst in a
hydr opr ocessi ng reactor in the presence of a hydrogen-contai ning

f eedst r eaw0 2009mps270pr ocessi ng uni t prodggt stream i s removas2dmomithe
process and separated into a hydrotreatéd product stream and a

hydr ogen- cont ai ni ng product stream Preferably, at |east a portion of the
hydr ogen- cont ai ni ng product streamis recycled back to the hydroprocessing

unit (or MideocaboRsHaY ardacthetfael & fexdsteedn and Tanderreanhod for wweyver
this recycled hydrogen-contai ni ng product stream possesses a hydrogen

concent r atfuehgasypi cal | y bel ow opti mum for the hydroprocessing unit. The
hydr ogen- cont ai ni ng product stream contains hydrocarbons that undesirably
contam nate and dilute the hydrogen purity of the hydrogen-containing

product stpfasi [ ARI0bIcteReRERIBH A COPRAL RN iyiibuadhopRikan br ocess

of the pr senﬁ inventton i s u Ize rease rogen concentration
of at | easkedstRai (1U1)Q%s cxBfMpPHIEASE theCsWing probésses CRSIATorSIS 8RBT Pigyie O
recycling the hydrogen-containing product Sstream back to the

hydr opr oc &kisngmprisedaf a redinteoy fudliezas containhingdtydrogen and hydfocahzons

hydr ogen- cont aj ni ng_product stream for a, hydroprocessing it |[S sent to a
SW ng adsd’VlEﬁrFBhthG%T[z ngtheqracessdeedstraany %ﬁﬁlV@ngﬁ?Raé?tﬁé% ébﬁi tic

i m dazol at,e fr rk ("ZLE'). material in t S{ i rated into
ot | east - dSidsoRTBAT chmpeBRbisin TS rads KRG, TG NAAM R RIRY Pere ' The
H2-ri ch efdhhisdienty @P«Jﬂegﬁés&n RV SRR BRIED 2 dhQftrddin NYID)QDRBaiAS GR1ASt t han

t he hydrogen-contai ni ng product feedsfreanito the sw ng adsorption process.
At | east &0pmol%wf the Hypresdiit-inithd peddeksiforidsttamaMorse preferably, the Brned (or

"recycled") to the hydroprocessing reactor thereby resulting in inproved
per f or nandg:lbstrqam(hfﬁiw@pm@&%lqagt 8hmol%ref theiHpprpsent iBdhe Praegsse can be

i fest i i d hyd d duct b i1\, high
ydr opr oc dER A AR ED SRR AL aRE: b gy RerEn LA gPLBat o2 prrent
costs dep%@@o%ﬂeﬁﬁ rd8sHt9R 10f pidtesdRelds@Bgnhow the present invention
IS incorporat ed/i nto t ?overa\ql URIt operation.” Wth know edge of the

present invention, the manner in which to inplenent the present invention

in order to obtain the particular benefits described are wel| known to
t hose of dR096] i n Yetcansther prefresbproresoerobatinugt @dshe gumreat myestipn is shoul d

al so be Stu%ﬁcljngt Q %%Ai'fé‘&“ grh sitrnr} arr{}/nq{ g(%ﬁgin?rlljgr yZ)fF irrr{at%rial as described
herein for removal of hydrogen from steam cracker product stream produced by
either an ethylene or propylene steam cracking unit. A "steam cracking unit" as
described is a petrochemical processing unit in which a hydrocarbon stream,
comprising C, and heavier hydrocarbons, is cracked at temperatures typically
above about 800°F (427°C) in the presence of steam and the substantial absence
of additional hydrogen to produce an alkene-containing product stream.
Preferably these alkenes are ethylene and/or propylene. In these steam cracking
processes, hydrogen is produced and is a "contaminant" in the alkene-rich
product stream. Most of the hydrogen in this product stream needs to be

removed in order to purify the alkene product produced.

[0097] In this embodiment, at least a portion of the hydrogen-containing
steam cracker product is sent to a swing adsorption unit of the present invention

comprising a zeolitic imidazolate framework ("ZIF") material wherein the steam



hydr oprocessing unit can al so be inproved by inproving the hydrogen purity
i n the hydrogen-containing product streamutilized as a recycl e gas,

sim | ar| ywoth@/togrfnogen purity in a hydrgprocessi ng uni PCTAs2@50110E

i nproved by inproving the hydrogen purf? “in the hydrogen-containing
feedstream In this enbodinent, at |least a portion of the

hydr ogen- cont ai ni ng feedstream for a hydroprocessing unit is sent to a

SW ng adsQiadked Prodiidt sibainhie sep@ated intd YERASONH aigH effludat stré@nlandia

i mdazol ate framework ("ZIF') material wherein the streamis separated into
at | east dlHranidehorbed stream. s Hearanthedd,-richiz{fluent streanr basda moléam Here, the

H2-rich effluent stream has a nol %ﬁgncgntrati on l(gf hydr ogen reg.ﬁiler t han
the hydr ofORCEHRRLAMPTRYdrogen ereatethan the seam ¢nagkerpragug %%?68?1 process.

| i f. thi S g ' h
hyar opr oc daTEh Byt bt fsh ecie A8l herARdhehicl Gifhrdidudy's,
resul ting réﬁnidggir%é’é%es r ﬁﬁ'gta%ﬁira*gé@eoﬁ@iﬁihg%&edﬁﬁ CThOBH-leP¥Redmr

treati ng the hydrogen-contai nfng product stream whereby a portion of the
142-rich a$ flesorbed $tone e AHF-cbntainingedsoxbent peatlusatd anh emphevddy guoify ocessi ng
reactor. [0092]1n a preferred enbodi nent of the present invention, the
process f REQANEUIANs exenpl i fied by the swi ng processes (PSA or TSA)
of Figure 27 is conprised of hydrogen from a hydroprocessi ng reactor and
hydr ocar bons wherein the H2 in the process feedstreamis selectively

separ at ed r[g?%r t herfly dpftiidient SPHRYPIESENT ihvertidh RIiAGSPAed %g%& ream In

anot her p erred enpodi nent of the ‘present i1nvention, the process

f eedst r eanohfigiyativn cidEigpte 27 ewthoneii, the peodesa fecdsaeamaltliodh as pxomphisiedf
Figure 28 is conmprised of hydrogen from a hydroprocessing reactor and
hydr ocar b&ydheseieg prqqeésqsz&u&A Phd St eidiigure2liss eemprised ebpstaanyel y

ehet o KGR PRI iRy RN ST ATA Pegbng Co ATbReS Susd SV eRE
hyd j : i {4 j f the t
venti on 1ok DEBPPERE) whERIASHY b Bte RO B0 SR B (e o

present i Relebgivelyoepamatéd fos tirpalkeMdcemponéats phésent i theHteam\dhcker
2009/ 105270PCT/ US2009/ 001123 - 36 - rich stream (110) contains at |east 80

mol % of  t ipeodit stresmntIni additieng) myetesredfenabiediments obthe presentrinventinmef er abl y,
brocess. { SBEeHBaNT BB LIDIF R a 36T LI SHHREHECTG 16 SHSbr pt i on
process of. fAgr product stream. More preferably, the H,-rich stream (110) contains at -

least 80 mol% of the H; present in the steam cracker product stream, and even

more preferably, the H,-rich stream (110) contains at least 85 mol% of the H, -

present in the steam cracker product stream.

[0099] A significant benefit in the separations process of the present
invention can be achieved over convention PSA processes by utilizing adsorbent
materials comprised of certain ZIFs. It has been discovered herein that some of
the ZIF materials exhibit a valuable feature in the design and operation of PSA
processes, as well as a high adsorptive loading ratio for hydrocarbon components

over Hj.

[00100] An additional benefit of the current processes is that the PSA

adsorption process can be operated at very low pressures if required. As can be



present invention is utilized to recover a hydrogen enriched streamfroma
fuel gas stream Fuel gas is conprised of |ight gases (predom nantly

hydr ogen,wG2oadmos2rgh C5 hydr ocar bons, and ot her contam mamtuse@epounsis) t hat
are produced by refinery processes. The§8'light gases are generally
captured and stored at fairly |l ow pressures (generally about 20 to 100
psig) and used primarily as fuel refinery equipnment, such as for firing

heaters angé®pyliRé h?dﬁ)%eﬁtddd' HERiFotaybohdoddih§ & Fa@fc@wsi%EZIFTh%IjF-BI,r eans
fuel gas streanms are well known to those of “skill in the art. Wile the

| i ght hydmad&IFed shownrintFigaenes 24, BBghand 265 respedtively.dhaZlbvwoatepialnas utili zed
as a fuel source, hydrogen dges_  have a, high_ ingrengntal, val ue over., being
utilized asedin the presentdavertion have gign mwwmn&rdwdﬁ%af 083 Eﬁ‘g‘r‘]&cessi ng

i bed ab . ' h | je . i |
570 val us. Degtsgane Redifes ERTREHOLT B ERBUE RO R oP bRy 10 'O
hydr ocar bogs ol éril?ccﬁfd"lﬁﬁﬁ@.a'l"ﬂistéléé Sh&ws HREF &déquady Tof bW ipgéidr@conom c

reason for recovering a hydrogen-rich conponent streamfromthe refinery
fuel gas. sep4adibhfthydsogarbfrdimeydrocatbonemsitamiated stoeams. Imether

hydr ogen-contai ning fuel gas is sent to a sw ng adsorption unit of the
present i prefertedrencbodimenisaf adsasptipn progessesaaficths sesant ivesition thg )

terial in th i tad i t |least g He-rj f.l uent
ST oam andbareespon ek BRRR CulABIRe 21k L reonang alsoBebl BRI ; eam
h | 9 i LI
product st SSNTEGh s B e AR HoBEfech AR PR TaR Ml 11 10
processes abbﬁhl%pﬁiﬁQﬁQOﬂdP&?.eqin alrenbatimeads) thiehhd@earbon fegdsydangen t o

operate. Typically, the H2-lean desorbed streamw |l contain nost of the
hydr ocar beestachthe AHeof AlF+eontainingpdsotbant saateriad atrisuitably ehesatur ned f or

f uel . [ 0095] I f d enbodi f.th {
vent on.iRe i AAPTRERT B AT DTS HEeS R tanaonf SPRSTEAT,
Cont a1 i nd TA) AT Suer an i AU e CTRERL! TRE oplicf oTThE BRknl ¥Eingdos

f eedst r eandssrptiRhgsrbawky ¢ AixkeaueH af Jubsilantial sepdiaiat bPhydgeafesths in the
process feedstream In additional preferred enbodi nents of the present

i nvent i on hydhecarbon compsundsiin YeryGittractinea¢spscialyl ioatich proeasises @ t he H2
present in f,he process feedstream More preferabl the H2- rich stream

(110) confaiiAeryHue] gaLer BESIEaRBrOYeRY WhETE F%%Bfﬂcyeﬁﬁst(r??énﬁ MDERs |

| cast o5 RePODe A RRMRES UCRRROREY, ' 7 Coss 1 acdst ream | [o0%6] ver

anot her preferred process enbodi nent of the current invention is
[00101] With regard to high loadings at low pressures, for example, the
sample of ZIF-8 from Example 5 and its corresponding adsorption loading at
301 K and 106.6 kPa from Example 10 shows a capacity for methane of about
0.74 mmole/g of methane at these substantially atmospheric pressure and
temperature conditions (see Figure 26). For the C, hydrocarbons, the capacity for
ZIF-8 is over 1.0 mmole/g at these substantially atmospheric pressure and
temperature conditions. This capacity increases to over 3.5 mmole/g at these
substantially atmospheric pressure and température conditions for the Cs.,
hydrocarbons. As discussed prior, ZIF materials, such as ZIF-1, ZIF-11, and
ZIF-8, can be valuable adsorbent materials for low pressure PSA, TSA, and

PSA/TSA processes.



utilizing a PSA, TSA, or simlar unit containing a ZIF material as

descri bed herein for renoval of hydrogen from steam cracker product stream
produced W9 2e0%t08270an et hyl ene or propyl ene steam crackipno@/useeo/00A23 st eam
cracking unit" as described is a petroéﬁ@rﬁ cal processing unit in which a
hydr ocarbon stream conprising C2 and heavi er hydrocarbons, is cracked at
tenperatures typically above about 800F (427C) in the presence of steam and

t he subst a{[milﬂ_t] abreReeldbe AGEdithadlthdugtrthe podessey ofithegrasent invention
al kene-contai ning product stream Preferably these al kenes are. ethyl ene

and/ or pr ofoyIseparatibn of hydrocarbemcompokidg fionvtle 38 @rocdsy deedstieams hgvgduced

and is a "contam nant" in the alkene-rich.product, stream st of the
hydr ogen ilPPePFﬁX?I%‘PSé9?9"%PFlg%ﬁﬁlﬁé’ém%o%ng’%mrpﬂo%Fa’é gP@%ﬁBrpr t he

al kene pr rod | | , - Lon of
the hydr o%ﬁ‘f’%%lﬁ?ﬁ'flﬁg E‘gelg%%gl?’hzgrg%EL%rd_s%bﬁg%ﬁg%‘y?gosbeﬁulf%&gﬁ%(\%rﬁghg sorption
unit of thegoBERSAMt coRYRYNsAO sEREAVES stparaté BQliddagbdrrtsiapohndefronpHgor k
("ZI'F") material wherein the steam Ccracker product streamis separated

into at | earl pdue similareddrhpesitios predunt atrdams 48-disdosedbindhbswisg r eam
Here, the H2-rich effluent stream hgs a nol % concent raﬁ,i on i hydr ogen
greater t redsorptionsprosascembraments abeve.sin theproggsseppitilizing £ yent stream

h b ilized i h ) cal i
equi i ng PG EmEARt i Aty BINE-GRoPh PElRnf R A B RE T,
the ZIF- Cogggﬁ't L3 cag%ggpge%tw ESHIEbﬁ)h@ﬂts?ﬂ i§ ARSiPAMAE tiat'thé hyatdcaRsorPr oduct

stream [O IS e nt of e present invention is illustrated by

the confi gsomapownd sélectivaly pedicatel direuph théZIPrcontssinandsibrasnpioteds as
exenplified by the swing processes (PSA or TSA) of Figure 27 is conprised
of a steanproducingratjeastooe Hurrieh retentatesinearm ihareingds Horeickerateptatenes (such

t hyl d 4 I in.the H2 in t t duct
atroam i o Seebt by a PR 0% ol PGt tibiacker Bet et IR RPEEE I e
steam cr aCZﬁf-CBﬁt%ﬁHﬁ% rﬁ(%_réﬁtaa'ﬁ'e I&d(ﬁﬁghﬁ?gﬂﬁlleﬁ SheH LR af PRethcARNteaf ist he
present invention, the -rich stream (T10) contains at 'l east 70 nol % of

the H2 presenprodudeddysthe Procesacilesrelnr thdUds-lcanrpremeatdsteean haeaddwyr - t he
H2-rich stream (110) contains at |east 80 nol % of the H2 present in the
st eam cr actnet¥omfddrihandhe progesaifeedstreampplhe $ireane capIPESILIANS, $EPATAEMNSSt r eam

(110) contains. at. | east 85 nmol % 0of the H2.. present .in the, steamcracker
pr oduct stsreé%ﬁﬂ“?%@gf RrODELiAes; ?ﬁ@ﬁtﬁfﬁg%?q‘fagﬂrq egé’ﬁ'atﬁ.'ﬁfz AOPPIRE s of
the presenfiembrane process embodiments of the present invention are similar to those

identified in the swing adsorption process embodiments described above.

[00103] 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 séope of the

invention.

[00104] 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



i nvention can be achieved over convention PSA processes by utilizing
adsorbent materials conprised of certain ZIFs. It has been discovered

herei n t o 200m®527h the ZIP materials exhibit a val uabl ecrastemmoiinst he
design and operation of PSA processes, d-vell as a hi gh adsorptive | oading
rati o for hydrocarbon conponents over H2. WD 2009/ 105270PCT/ US2009/ 001123
- 39 - seen by the hydrogen and hydrocarbon | oadings in particular for

ZI F- 1, ZI kspidificamibodimetsSdTane présefi @ventior2@nd 2% nctiteadft to liatipthetscupd y, the

ZIF materials as used in the present invention have significant | oadings

f or hydr ocxrthe ogrrewtiineentiom. adsor pti ve | oadi ngs for hydrogen are virtually.
non-exi stent at essentially atnospheric conditions. This clearly shows

t heir adequacy for | ow pressure separation of hydrogen from hydrocarbon

cont am nat§Mg . In other preferred enbodi ments of adsorption
processes msent i nvention, the hydrocarbon feed streans contact

the ZIF or ZIF-containing adsorbent material at a suitably chosen

tenperature and process feedstream pressures of |ess than about 100 psia
(690 kPa) .[00005} hen thetfodowing Examipéeshly through Hosmaleuneunts e cobiticact t he
ZIF or ZIFE-cqntaining adsorbent material at a sui t%bl, ea&gsen f enperature

and pr oced@ifazelate laameprarks (pesZH1s") samples ayerg synthes BUBSULIERBAE of

even | ess gt hap about 3 ia.. bi J L1 . i ng
adsor pti or{to P@%‘%’Bﬁg‘g apg Sﬁﬁ%&%"‘g’ ﬁg%’r‘g&g%legs%gﬁ?ﬁ%a(?éséé%%?gq ?g‘%‘@?‘ y r%%gemn from
hydrocar b@tfﬁ@u”%?‘l‘@dilﬁ k4 infthic/ Bt oY eniefdpbad taystdllife shubfwessses as
refinery fuel gas or waste gas recOvery where the process streans nay be
avai | abl e lavingframewark tbpotogicsscommenly fifibdlih Aéolitesraghiodint ather gh | oadi ngs
at | ow pressures, for exanple, the sanple of ZIF-8 fromExanple 5 and its
cor r espondiryigalimeanpieriels Whexsingach vertax i eomprisssl of & pingle mstabdgnsnd 10
shows a ca ity for nmethane.of abouyt 0 | e/ f et hane & e
subst ant i aﬂ%%'pﬁi}rfggcﬂ?@FF@%ﬁ %“se&??é( e‘ﬁ}?&s Péi%“%ﬂfr“g" rgcfﬁla’ic 1§ %g © ?@géﬁ' E?’g ure
26) . For the nfrfo teﬁﬁfcmﬁf'mitdaﬁol%?doﬁﬁbh)brfi@rde%idaﬁ%e.' ERUZIFmtiT®! ¢/ g at
t hese substanti y atnospheric pressure and tenperature conditions. This
capaci ty iwith aapesificatypy of s3lventootladed i chdrasterized by aninighé X-adyrospheri ¢
pressure and tenperature conditions for the Cs+ hydrocarbons, As discussed
prior, zI Miffsactiongpattere.udnwgyerzidaeto thre ponous anddflgiblegnatuemobél al uabl e

adsor bent flgz?r}lgxgvi()r l gtrl];gt{lrels?%dpf(?rsglu({i?frg:%ﬁo’n {)ra ern acgrq blzsal e-rresf‘ uB(r)rcl) SORhE
exchange or desolvation. The ZIF materials used in the gas adsorption screening
studies were prepared according to published procedures with slight
modifications in reaction scale and/or sample activation; see reference Park, K.
S.; Ni, Z.; Coté, A. P.; Choi, J. Y.; Huang, R.; Uribe-Romo, F. J.; Chae, H. K.;
O’Keeffe, M.; Yaghi, O. M. Proc. Natl. Acad. Sci. U.S.4. 2006, 103, 10186-
10191, which is incorporated herein by reference and herein referred to as the

"Park Reference".

[00106] 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.



[00102] It should be noted that although the processes of the present

i nvention for separation of hydrocarbon conpounds fromH2 in process

f eedst r eaw® 2n@vidsizeen expl ai ned above primarily in ternpPCOUS20090011Q3
adsorption configuration, the ZIF-contm4%T@ menbr anes descri bed above may
also be utilized under simlar process inlet conditions to selectively
separ ate hydrocarbon conpounds from H2, and produce sim | ar conposition
product stfeaus aSD@ta‘il%H%?ﬁﬁ_lds_[s proRedifes ar@desriVedtielowda Fanepieedi ment s
above. In the processes ufilizing Zl Fcontaining nmenbranes to separate a
hydr ocar bothrawgipb fodsdlected AIFimaterialsocess f eedstream cont ai ni ng both
conponents, it is desirable that the hydrocarbon conpound sel ectively
perneat es through the ZI F-containing nmenbrane process produci ng at | east
one H2-rig€ ret?n&ate stream wherein the H2-rich retentate streamhas a

hi gher nol t han the process feedstreamthat contacts the

ZI F-cont ai ni ng nenbrane. Additionally, at |east one H2-lean perneate stream
is also produced by the process wherein the H2-1ean perneate stream has a
| ower ol %06108P t hethis &rcamples @ AFFE atdsériglanas ShthedizedinThe famseworknst
separations_sel ectivities and praoperties of the final products produced by

the ZI F- coftba hiag@ chemicalrompositien of dindai(whereinds =theazgnidazalate.dveent i on
imlag to.th i dentified in th ] d i nbodi ment

o o i SE b SR s I BRGRSR B 28 BRSO et

Interns %eﬁ@%qgéglﬁ? sonast ﬂ?ﬂ#e%vorkttggé SO, SO id™h iede-18ted fRRwork

alterations an Icatio or operation under specific conditions wll

be apparertyf)é@oﬂhaseeﬁhbdl bedhé Inteheativnkl ZeblitesAsdeiation € IZA"plek t hat the
following clains be interpreted as covering all such alterations and

nodi fi cat i ‘Ohdassel Zeoliteliramewarkd ypead (€hi Baerleghersk dpdMefCusker, Dhldent i on.
[00104] T Exagpl bel re provided to illus e the synthesis and the
adsor pti orﬁﬁprpg&tﬁiﬁeV&e%gé‘? sgrs&‘ﬂerfé%‘lsfeﬁl%mi {Zr{)@z)zol ate framework
materials to illustrate the benefits of the present invention. These
Exanples only illustrate specific enbodinents of the present invention and

are not me@0109p | Inthe siyhethesixasrahe ZIFDE neatérifINd. 00Ny eNkinkmitrateAVPLES [ 00105]
In the follow ng Exanples 1 through 5, small anounts of Zeolitic

| mi dazol attetrahydrataAeNQy), 4H:05 3% 4samnplpandSr W) gpitHengimithzoby (254 in
ERICRC R TR e e R R,
crystal | g BROPHE 5 RN EHIRIOHS, h8RELIRER EATRAL el UTH o

zeolites in er cr e materials erern each vertex is
conpri sed igbtherrialéVeh AEI A Ki foR 48Hbue Afteridac@bn B IR6thef ligdbAGast
vertices of the framework structure are |linked by the nitrogen atons of an
i mi dazol atdecanfednTbe splid cugstaNized ve.theaide whlF andtthe batteint partof tecjaki ¢ t ype
of solvent occluded. is characterized by uni que X-ray diffractiqn pattern.
However, dW@s ¢olloked, ;msglsg Vit and éEHYB‘E o Mra@ddﬁg(épgyw-émmmeétzﬂﬁct ur es,
the X-ray -;j.i ffraction pattern can be altered upon sol vent-exchange or

desol vation. The ZIF materials used in the gas adsorption screening studies
were prepared according to published procedures with slight nodifications
in reaction scale and/or sanple activation; see reference Park, K S.; N,
Z.; Cote, [801H] dncirdedto activatiithegZIHR7; therasberfhesized-solid waChaatedH. K. ;

O Keeffe, M; Yaghi, 0. M _Proc, Nad. Acad. Sci. U S. A 2006, 103, 10 186-
10191, whiuwwer ¥acuim ab 47 Ao domd bourspirapglesiediioa limdvial, immerssdiad to as

the "Park a%%Io%rit?ﬂ(e: ?ca 100 ml) and soaked at 348 K for 48 hours. The acetonitrile-

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

55% yield (based on Benzimidazole).



[ 00106] The exanples of ZIF materials provided herein are not neant to be
limting of the present invention in any manner. The general synthesis and
st ruct ur avoch@vmmsi7er i zati on of some of tfhe ZI F nateri al capshiooabiiesto the
present invention are presented in United States Patent Publication No.
US2007/ 0202038A1 which is herein incorporated by reference. WO

2009/ 105270PCT/ US2009/ 001123 - 42 - [00107] Detail ed synthesis procedures

are descri [ged10p! OFor Pas¥ddRption éxpdrimugts, thef avetcritrtletexdthdhgedBIEB/7 whs .
Exanmple 1 [00108] In this exarrple a ZIF-7 material was synthesized. The
framewor k lorded HLrEciﬂn)am ﬂlecmnplcaholdmnfdbctgr@wntﬂtrlzwms-a@mmt@nmnma

benzi m dazol at e, t he, anj on benzi m daz and t opol ogy defi ned
by the Zn ?‘%’c"laEFriismt‘ﬁﬁi by usingd |C@§thfQPSt crz‘EB‘?Frf E‘a?‘rpé?‘rgmrk type SOD. SCD

is a three-letter framework type code as defined by the International
Zeolite Association ("IZA") in the "Atlas of Zeolite Framework Types" (Ch.

Baer | ocherj0oi1 '\/F%\hiéﬂrsho&sli céhp@fisorSbRihe di@\&hﬁ%htﬂg}bdwm , XEagevi er
Anst erdam 2007 010 In the synthesis of the ZIF material, 9.00 g of

zinc nitr adléframaraﬁmm) paméme®) 2hel biSynthésizednand theiacetonitlay of
Benzi m dazole (25,4 mmol) were di ssolved i

( NEj N- rIZ])l met ag%%lﬁﬁ) sqm,plgs ﬁnﬂ @%Pa]@}lgé‘ls‘PP%%()D gﬁ@%\g@hﬂé{‘g‘ 85 t&ﬁtslﬁyfc apped
K 48
hour s, ar caterEladel o (eeTReBRh oifhsite QAT TohofUeh e " "

crystalli ZRQfe?éhJe“%s%%fé?%ﬂ&'d' heR8i. t”fl?e PRI Paitefils RIsHbih icFights 1t | ect ed,

washed with and store and | abel ed s-synt hesi zed ZI
plotted as the diffraction intensity (in arbitrary units) against the diffraction

angle two theta (in degrees).

[00113] The high purity of the as-synthesized ZIF-7 sample is evidenced by
the coincidence of experimental and calculated PXRD patterns. It is worth
noting the slight differences between the two experimental PXRD patterns of
ZIF-7. The pattern of as-synthesized ZIF-7 is indexed to rhombohedral space
groupR3,a=b=22.927 A, ¢ =15.603 A whereas the pattern of acetonitrile-
exchanged ZIF-7 is indexed to the same space group with a = b =22.522 A and
c=15.760 A. The data suggest a slight distortion of the unit cell of ZIF-7 upon
solvent-exchange.
)

[00114] 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.

[00115] Figure 11 is a Scanning Electron Microscopy ("SEM") image of a
sample of ZIF-7 produced.

Example 2



7". [00110] In order to activate the ZIF-7, the as-synthesized solid was
heat ed under vacuum at 473 K for 24 hours, transferred to a 120 m vi al,

i mrer sed wo 2a@etsmmfrile (c.a. 100 m) ggd soaked at 34@ck/user0sABiibdur s.
The acetonitril eexchanged ZIF-7 was | oadéd in a glass tube and evacuated on
a vacuum |l ine apparatus at roomtenperature for 16 hours to renove the

sol vent nolecules residing inits pores. 2.10 g of activated ZIF-7 was
obt ai ned, corresponding to 55%yield (based on Benzi m dazole). [00111] For
gas adsorptlon experiments, the acetonitrile-exchanged ZIF-7 was | oaded

directly i[001he] salmpth@mmlelp @fZIFfﬂsn@t@wIm&ssmt@@szqhslih@fnamﬁwktofand
activated usi ng the condi s descr.i hed .i n Exa 00112]
B gur e 1 sHEa nas asheiirdldiorarosingn oF COLa SRER I Jodena iR KOt it

(" PXED) gl e, Pl ARiGRORIER 6%} ﬁeﬁﬁ‘é‘dg; @@otaat%%@%ﬁmrggzdl 2IF.7
sanpl es ang ﬁe ca (@% @ﬂ own as StIClk pattern) based
on the singeficd s tiad zéiilfti&fruﬁl%vﬂfrkljlfe SO®EPSOD® s amrbé-ﬂettaaﬂ’r&neﬁfoekence

as referenced herein. The PXRD patterns as shown in Figure 1 are plotted as
t he di ffragpe oode as defned by ithe Intbintatinngl Zaolm)Asagmatmn (["I@Ad) frf thect i on

angle two theta rees) 113] e h| pur nt hesi zed
ZI F- 7 sanplAdl a%offewaéﬁ @FnSV’QT{S%O@G?n@rQ llpgll glfera aI cul at ed
PXRD patt n f nces between the two
experi nment r %ﬂbge%eﬁ?i@?%% Els‘fo'?eﬁé“ng{é%eér}h i $-synthesized ZIF-7 is
i ndexed to rhonbohedral space group R a = = 22 927 A, ¢ = 15.603 A
whereas the pattern of acetonitril eexchanged ZIF-7 is indexed to the sane

space groypo0M7h dn=thb synﬂﬁsﬁ&ﬁ'tﬁeﬁiﬂ 9:matdr5a17 626/ offbebalbhHrateiggest a
sl i ght dlstortlon of the unit cell of 5ppon sol vent - exchange g00114]

Fi gure 2 diesabydiate (GeNAgh &Hz@eﬁr?v%nnnall)p@é 66rgof)Bengimigazole (
2t mospher ARt dselv e RNk BN SR ARG o LB MIoSE o
-cl)-sb\adggfrpl‘[elgg faﬁj%]vll—'ﬁ?‘gpr fig ﬁ%}é gﬁpﬁe@ﬁﬁ@mé%aalﬁ?}ﬂlslﬂlrMMMM il arPEM') 1 mage
isothermal oven at 373 K for 96 hours. After reaction, the mother liquor was
decanted. The solid crystallized on the side wall and the bottom part of the jar
was collected, washed with and stored in DMF and labeled "as-synthesized ZIF-

9"

[00118] In order to activate the ZIF-9, the as-synthesized solid was heated
under vacuum at 473 K for 24 hours, transferred to a 20 ml vial, immersed in
acetonitrile (c.a. 15 ml) and soaked at 348 K for 48 hours. The acetonitrile-
exchanged ZIF-9 was loaded in a glass tube and evacuated on a vacuum line
apparatus at room-temperature for 16 hours to remove the solvent molecules
residing in its pores. 0.07 g of activated ZIF-9 was obtained, corresponding to

15% yield (based on Benzimidazole).

[00119] 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.



[00116] In this exanple, a ZIF-9 material was synthesized. The franework of
ZI F-9 has a chem cal conposition of CoL2 (wherein L = benzi m dazol at e,
i.e., thevanbomosf7obenzi m dazole) and a topol ogy defi ne@#cClyustéve/o@a2zati ons
that is identical to the zeolitic framsferk type SOD. SOD is a three-letter
framewor k type code as defined by the International Zeolite Association
("I'ZA") in the "Atlas of Zeolite Framework Types" (Ch. Baerlocher, L.B.

MeCusker, [@0f20°0 SPigurdsB shbwReiMtdiftparistint 60the dRipefitticpital 4w dérddifay 2007) .
[00117] In the synthesis of the ZIF-9 material, 1.26 g of cobalt nitrate
hexahydr atdiffraa{dd@PXRBDpattera$ ofithd 3s-synthesizéd and e Btonitiiléazol e (3. 05

SR AXIE T ORGSO I
N

of the | arg¥Rperic@! hs¢éRfenceaReSAnVTHE PRI bakéihsial shtvndfdibakes tﬁﬁee

"as-synthesized ZIF- 9". [00118] In order to activate the ZIF-9,

as- synt heylatted asthaldiffracti@nintengityd@n avbitranynuaits Yaghistitbe dfrdetions,
transferred to a 20 m _vial, imersed in acetonitrile (c.a. 15 m) and
soaked at angbe Rwe dheta §indrarees)The acetonitril eexchanged ZI F-9 was | oaded in
a gl ass tube and evacuated on a vacuum | ine apparatus at roomtenperature
for 16 hours to renove the solvent nolecules residing in its pores. 0.07 g

of acti Vatz[gld(la@fi glc‘)fi\?gig@x%@itg%t% %EfsgﬁH&@fEeHQZI‘F% %%lf‘[)@’yé ?Léé/iéélﬂ:%ﬁcb}pn

Benzi m da as adsorption experine

acet oni t r ithe ceihdergedbiZxpefimumsall adedculated RXRD pattdras.s dimelrelativietier of
the gravinmetric gas adsorption unit- and activated in-situ by using the
condi ti onda i awndunaglamattqm@ﬂm agsyuihesized %< sareplepari son of

LQ;?FF R8I o Bt aled dal B eitersd tipryozopt bl Peda pmivlc |
Crystal SOMTRRLRIRG PAGTAIL SR Fed With MCS A0 TR TR RALCORT, 3D

herein. THEXRKREuRIUELENS tias CdrovitainingiZJFP isSindtissipaldi bElbwer t he
diffraction intensity (in arbitrary uni tSL agai nst the diffraction angle
two theta qryﬁaﬂbljtyewgyn compared to its isomorphous Zn-containing material ZIF-7 .

(comparing Figures 1 and 3).

[00122] Figure 4 shows the thermogravimetric analyses ("TGA") for the as-.
synthesized and the acetonitrile-exchanged ZIF-9 samples in nitrogen
atmosphere. The activation conditions described above were chosen based on

TGA data.

[00123] Figure 14 is a Scanning Electron Microscopy ("SEM") image of a
sample of ZIF-9 produced.

Example 3

[00124] 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



[00121] The high purity of the as-synthesized ZIF-9 sanple is evidenced by
the coincidence of experinental and cal cul ated PXRD patterns. The

rel ati velwol2asg®sirackgr ound in the PXRDA&Tttern of the aerapndcbmesiized ZI F-9
sanpl e cannot be attributed to the exi st®tce of anorphous inpurities
because only purple cubic crystals are observed within the sanple by
optical mcroscopy. The PXRD data suggests that Co-containing ZIF-9 is

i ntrinsi cafhleyzeofitit qwﬁeww@g@blmr‘t B@M48 aGRreedetier franidvork9poicpieods
Zn- cont ai m;_g material ZIF-7 (conparing Figures 1 and 3). [00122] Figure 4
ar

shows the déferadogy the Int¢mationaldlgalite Assodiafion (FEEA ia the “atlasifLeadite and

the aceto tr|Ie xchan ed ZIF-9 sanples in nitrogen_ a sphere. The
activatio s(glhl Bagrigphcre Ludr M@%&Eﬁ%&gé&{%ﬂ’ g Rewised

[00123] Fi 14.1s.a Scanni ron Mcroscopy ("SEM') inmage of a

sanpl e of %f@?’é"gsc?éft?éé‘g’."sg‘%gﬁﬁr gbgﬁ'00124] In this exanple, a ZIF-1

mat eri al was synthesized. The framework of ZIF-1 has a chem cal conposition

of ZrilL2 (wherein L = imdazolate, i.e., the anion of imdazole) and a

t opol ogy d@UIl26H bin thesyhthesis ofthe ZIFal materialedtdcglof zinc Mi@ate

2009/ 105270PCT/ US2009/ 001123 - 46
tetrahydrate (Zn(NO;), 4H,0, 4. 77 mmol) and 2.75 g of Imidazole (40.4 mmol)
were dissolved in 100 ml DMAc (N,N-Dimethylacetamide) in a 120 ml glass
vial. The vial was tightly capped and the reaction mixture was heated in an
isothermal oven at 358 K for 72 hours. After reaction, the mother liquor was
decanted. The solid crystallized on the side wall and the bottom part of the vial
was collected and washed with DMF (¥, N-Dlmethylformamlde) to remove any
re51dual mother liquor. The product was then transferred to a 20 ml vial, stored

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

[00126] In order to activate the ZIF-1, the as-synthesized solid was immersed
in acetonitrile (c.a. 15 ml) for a total of 72 hours. The solvent volume was |
replaced every 24 hours. The acetonitrile-exchanged ZIF-1 was loaded in a glass
tube and evacuated on a vacuum line apparatus at room temperature for. 16 hours
to remove the solvent molecules residing in its pores. 0.13 g of activated ZIF-1
was obtained, corresponding to 14% yield (based on zinc nitrate tetrahydrate).
Alternatively, the as-synthesized ZIF-1 was activated by exchanging with

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

[00127] 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.



the zeolitic framework type BCT. BCT is a three-letter framework type code
as defined by the International Zeolite Association ("IZA") in the "Atl as
of ZeolitwoRn@mednk Types" (Ch. Baerlocher, L.B. MCuslker/usiyosloo@son,

Si xth Revised Edition, Elsevier Ansterddm 2007). [00125] In the synthesis
of the ZIF-1 material, 1.25 g of zinc nitrate tetrahydrate (Zn(NGO3)2.4H20,
4.77 mmol) and 2.75 g of Imdazole (40.4 mol) were dissolved in 100 m

DVAC (N, N-[DO128]hy | EigaiesrisHews iarcompatison ofthaexpetiaientalpowderXwag tightly
capped and the reaction mxture was heated in an isothermal oven at 358 K

for 72 houliffracsione('PXRI2Y) patterns of the aresynthegized, the acesonitritatexahanged| i d
crystallize n the side wall t he bottom par ft ital was collected
o viashe s tlEng p¥Chattaer 2l 1 sama e e alatasd Kk eatehar ot her
l'iquor. T 2 : ' qd in DWF and
| abel cd  dnafidkthe 6 htfdtn) bARTHES B iheIk s tal ol of LIRS ST The
as- synt hesegéited il hed "Pask REferchee ddrcferRnoed hétdi® The PXRD pdterh9hs a total
of 72 hours. The solvent volune was replaced every 24 hours. The

acet oni t r ishewaxio&gyeedd Areplotied sasithadefdraction igleassy (mbabitratyausatsyat ed on a
vacuum line ap Ij{eaéigé' at room tenperatyre for 16 hours to renove the

sol vent n3RaHYs peliopangleitye n dggregsyy of activated ZIF-1 was

obt ai ned, corresponding to 14%yield (based on zinc nitrate tetrahydrate).
Al ternatively, the as-synthesized ZIF-1 was activated by exchanging with

tol uene 1 qbiereyd bihdwihipigityiehe ¥aSyHiedted HAFK Saifipf BWidencklBY27) For

gas adsorption ‘experinents, the acetohitrile-exchanged or tol uene-é&xchanged
ZI F- 1 was thoeadindidtince of kexperinmichtal sadmatculated XRD pdttergs.dviswbrthc gas
adsorption unit and activated in-situ by using the conditions described in

Exanpl e 8notingdha ddffercnges etsvegndhe three sxperimsatal SXRBepatigrns PRkl powder
X- di f t] " PXRD! tt f. th -synt hesi zed, th

Scet oni t r M RALERA REE aptreB et ZaF ol RuindeRed T MRor Bl Glng dSn R iene

cal cul at eq, PERHIOOAL her s (85N 2514 b5 AL ok | BRLP S ircROfRG MRk bE ST Nl ©

crystal structure of ZIF-1 reported 1'n the "Park Re as referenced

her ei n. TheetBXRA]paktleanpedEIFs hassmdereditg theesdmeaspade! group dvids at-n£0.098
diffractiaon intensi té (in arbitrary units) against the diffraction angle

two t het aAil=ddet ¢ = 108999}, Atrel 19. yhand patterngif tohengsexohangedi zed

ZIF-1 e js .evid d by th i.nci.d f i mental .and cal cul at ed
PXRD pat t &iFsl 1P E ppacs RYPOIOTIFRODI SOn Bt e ] Rt Biree
P o 37O RY USSR, OF K God A, e Otk SGEdbsPhisfononRioR e bRl T 1

is indexed to nonoclinic space group

16. 555 A, of ZIE-1lipordsolveneaschdigepi ¢ poimt oht taehiph-symheetaxemdoged ZIF-1 is
i ndexed to the sanme space group with a = 10.098 A, b = 14.649 A, c¢ = 17.300
A fi = 1ZdF5 dees pdst dhg sigle srystalstmctivgrafeticlacompendnt degsagpoed space
group of orthorhomhj ¢. symetr nn2 with.a = 08 A Li =9 455 A c =
06 580 n. T AR NeToBher s Letbrancsl betyin (AU 2 iavieb ihe e Hiemeworhn

sol vent-ew&ﬁ i tphl gh-s t{y,a f Zl k- oes

exi st. The S|§ gs?ﬁl;gl?é)l‘?fhso r{)}rg&n&?é’%’ ’guc%'%zgé'n%o%h?mmgg crzégégqi ed in the
"Park Ref@nence” as referenced herein (ZIF-2 having the same framework

topology as ZIF-1, orthorhonmbic, Pbca, a = 9.679 A. b = 24.114 A ¢ =
24.450 A). [00130] Figure 6 shows the thernogravinetric analyses ("TON )

for the as: hegi.zed, the acetonitrile;exchanged and the,
t ol uene- ei‘&meq?ﬂwﬁ s the DRTRPEFYHBAUER MABYE L TOTHS fREHS AT on
condi ti ongy fR8GLLR e ABAGRiHTE xENARRY HAWRE (SleASexdRhded ZIF-1

samples in nitrogen atmosphere. The activation conditions described above were

chosen based on TGA data.

[00131] Figure 17 is a Scanning Electron Microscopy ("SEM") image of a

sample of ZIF-1 (acetonitrile-exchanged) produced. Figure 18 is a Scanning



[00131] Figure 17 is a Scanning Electron Mcroscopy ("SEM') inmage of a
sanple of ZIF-1 (acetonitrile-exchanged) produced. Figure 18 is a Scanning
El ect ron Woen@gweyy ("SEM') image of a npl e of ZIF-1 @colusesmerexehanged)
produced. Exanple 4 100132] In this exafprfe, a ZIF-11 material was

synt hesi zed. The framework of ZIP-11 has a chem cal conposition of ZnL2
(wherein L = benzim dazol ate, i.e., the anion of benzim dazole) and a

topol ogy qHEétRGEMI¥rdses erc"SBM"qmﬁlan@tf aisanipleof ZIBl1 {toluche-axehhhgdd)
framework type RHO. RHOpIS a three-Tetter framework type code as defined by
the I nterpaddwredl Zeolite Association ("I1ZA") in the "Atlas of Zeolite
Framewor k Types" (Ch. Baerlocher, L.B. MCusker, D.H dson, Sixth Revised
Edition, Elsevier Amsterdam 2007). 100133] In the synthesis of the ZIF-11
material, [0.330,g,0f zinc nitrate hexahydrate (Zn(NOG3)2.6H20, 1.11 mmol)
and 0. 990£‘i'é2E§e$zi mi dazol e (8.38 mml) were dissolved in 100 m DEF
(NN-Di ethylformamde) in a 120 mMl glass vial. The vial was tightly capped
and the reaction mxture was heated in an isothermal oven at 373 k for 96
hours. Af {{60132actlnahis éxaenpte; #ZIF4lilomaterish wasesyathesizedThehesramgwork

crystallized on the side wall and {he bottompart of the vial s col |l ected
and washe®fIFnl Dhas 2 chemiggl semppsitinmealZak) (Wgﬁ@é‘? bdT yeﬁﬁm‘éﬁ%éteany

(¥ ansf or r dd-Be anisy of bR HAIDE Rrdie BLAPH L bl e R 35HShs M it ne”
addi ti on qagﬁwapi&ﬁ&r BfticHrarhewdiik tyoﬁrm.?‘RH@sis 63RRRAABL bR WEK! ur e

was imersed 1n an ultrasonic bath f 30 mnutes to nechanically detach an

uni dent i f itgpe oedsas dbfsel by dio ItermatiohalcZeolite AdsBeiationr(JELAlsin theo | ayers
of solids apFear”ed after the vial sat on a level surface undisturbed for 30

mi nut es. TidlaswfiZedliig Eramewark dypes” (Glo Baarlogher,di. B Meuskarabids
carefully collected usin .pi e and transfer to another 20 m vial.
The sol i 4 QenySixfiReyiseh %ﬁo‘gﬁg#s&l# TRRker ?@g@r ed "purified ZI F-11".

[00134] In order to activate the ZIF-11, the purified solid was i Mmersed in
met hanol (c.a. 15 m) for a total of 72 hours. The sol vent vol une was

repl aced qu@133]24 IAQHE Synthesis Bfithe Z0F - lx@hesied).286-gldf xims nitestded in a
gl ass tube and evacuated on a vacuum line apparatus. After the renoval of

ext ernal rexhbydrates@ndi;)a6HpOp ih 1t lempeol) and §,9%thg of BandimidazalesBeB under
{he. por os remobrsetn dissolvechin 1 b m BERTN AP IRy Foimam G in 1 4581 bl "
obtai ned, \g4r RERPNAU A% bRy (PN LAG IRARGAI AN nfikiRite Shds Rbafed ANy dr.at €) .
isothermal oven at 373 k for 96 hours. After reaction, the mother liquor was
decanted. The solid crystallized on the side wall and the bottom part of the vial -
was collected and washed with DMF (N,N—Dimethylformarhide) repeatedly to
remove any residual mother liquor and an amorphous by-product. The product
was then transferred to a 20 ml vial and the DMF solvent was decanted. After
the addition of chloroform (c.a. 15 ml), the vial was capped and the mixture was
immersed in an ultrasonic bath for 30 minutes to mechanically detach an
unidentified dense-phase from the surfaces of ZIF-11 crystals. Two layers of
solids appeared after the vial sat on a level surface undisturbed for 30 minutes.
The solid layer floating on the surface of chloroform was carefully collected
using a pipette and transferred to another 20 ml vial. The solid was washed with

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



[ 00135] For gas adsorption experinents, the nethanol-exchanged ZI F-11 was

| oaded directly in the sanple holder of the gravinetric gas adsorption unit
and acti wabedowmnssnt u by using the conditions descri bedpcm/uSzaopba?29.

[ 00136] Figure 7 shows a conpari son of e experinmental powder X-ray
diffraction ("PXRD') patterns of the purified and the nethanol - exchanged

ZI F11 sanples and the cal cul ated PXRD pattern (shown as the stick pattern)

based on t (1349l b 6Fdés t@hctvaty ehe! ZEF A, Hdpdrified BONd Sehsi irhB&ed Rar K
Ref erence" as referenced herein. The PXRD patterns as shown in Figure 7 are

pl otted asmettendl {d.a.ac3 mipforra totali afy72 hoursr bhe salventmohsne agaireplacede
diffraction angle two-theta (in, degyees), 37] The high purity of the
sanple is @mmﬁﬁdwrbquﬁme@m%% %ge&rZhﬁEirwméﬁd iha elassauba Bl PXRD
patterns. It is rth noting.th Li.aht . di r t n_qt t

Exper | nont SYachiieh G5k¢ variR Jine mear e it UUERERA SERRTRyE B!
Intensitl es%l%nttalﬂ ?o&hf&@@}atﬁfh, REGKSLiA Ihi GtcdRAchim K9M8 Rt 1oNs
were systematically shitted to higher two-theta angle (in degrees). [00138]
Fi gure 8 shewms té bembhe thogslapntmabdldcalesnabidies in thE@Eres dbthet ZH -dur iAi ed and

t he met hanol - exchanged ZI F-11 sangl es in nitrogen atnosphere. Thg
act i vat i on0-88samplefdstivatededlabbyasteps obtired corssportingtn 2456 a.

[00139] Figu 21 i s a.Scanning El.eciron M croscopy ("SEM') inage of a
sanpl e of %PE@S ‘588@&%%?“@% 1‘%‘131'&&?’68140] In this exanple, a ZIF-8
material was synthesized. The framework of ZIF-8 has a chem cal conposition
of ZnL2 (wherein L = 2-Methylim dazol ate, i.e., the anion of

2- Met hyl i njo#aasj e) Féxﬂgaﬁads@bpﬂi@gﬁxgﬁimeﬁd, the mbthadol-eathapedtZidt-11 svas
identical to the zeolitic framewor tytpe SOD. SOD is a three-letter
framewor k lopded dirdetlnén ther saneplethpldercof the graimeirialgay edsomptiongmacand i on

("1ZA") in the "Atlas of Zeolite Framework Types" (Ch.  Baerl ocher, L.B.
McCusker , gtwatqf&%ﬁ:cu %Y)‘(‘PW i@@gﬁﬁﬁ}st‘ieéﬁfl%%f%@g‘@?’p}ﬁgterdam 2007) .

[00136] Figure 7 shows a comparison of the experimental powder X-ray
diffraction ("PXRD") patterns of the purified and the methanol-exchanged ZIF-
11 samples and the calculated PXRD pattern (shown as the stick pattern) based
on the single crystal structure of ZIF-11 reported in the "Park Reference" as
referenced herein. The PXRD patterns as shown in Figure 7 are plotted as the.
diffraction intensity (in arbitrary units) against the diffraction angle two-theta (in
degrees).

[00137] 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).

[00138] 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.



[00141] In the synthesis of the ZIF-8 material, 10.50 g of zinc nitrate
tetrahydrate (Zn(NO3)2.4H20, 40.2 mmol) and 3.00 g of 2-Methylim dazole
(36.5 MmoWp wevwsnssol ved in 900 mM DVMF (N, N- Di et hyl f ecwarseaepoiiz3 a 1
liter glass jar. The jar was tightly ca‘p?:?e‘d and the reaction mxture was
heated in an isothermal oven at 413 K for 24 hours. After reaction, the

not her |iquor was decanted. The solid crystallized on the side wall and the
bottom part of the jar was coll ected and washed with DVF repeatedly to
remove any residual nother |iquor and an anor phous by-product. The.product
was t hen t[S9¢r r Eigure 23 i&a(SqmnmglElwn@ntMécrmmtﬂx’SW"N\maMt ed.
After the additia f.chlorofgrm (c.a. 100 m), the vial was capped and the
m xture waSAmpkeey ‘”C1P URCHr asonic bath for 30 minutes to mechanically
detach zinc oxide particles fromthe surfaces of ZIF-8 crystals. Two | ayers
of solids appeared after the vial sat on a | evel surface undisturbed for 30
m nut es. TEQP%IE@ | ayer floating on the surface of chloroformwas

careful ly d using a pipette and transferred to another 120 m wvial.
The solid was washed with and stored in DMF and | abel ed "purified ZI F-8".

[00142] In order to activate the ZIF-8, the purified solid was irmersgd in
met hanol (00440} oolmihis exemple; gtZlE - matorialwas synthesized.v dhe amewarkg

| aced hqur s.. Thi hanal.; d ZI Fs | oaded |
o1 hse tubc? B ey anctraisaybrRpGRNE s CRRARR S > Rt B AR Rl o
ext er nal "§J&2g iéﬂ'oYQDMeﬂisylhﬂfHE*zBﬁi'mﬁH% t‘t‘:i)gfo\%{?efﬁnﬁde@lrj}’lgzzﬁ%ﬁﬁéﬁs under

vacuum at or 16 hours to renove the residing in

the pores tiat &l ideBtical.té @h@zedlithe franriwastk 4y pe 8Os SO &8 aehkeedetterespondi ng
to 41%yield (based on 2- Methylini dazole). [00143] For gas, adsog'fti on
exper i ment Bamenoribypeacede ax by therlngempationagladiealiteiAsseciajion{"14w " sanpl e
hol der of th ravi i G. adsorpti on ,upit and. acti ed. in-situ by

Usi ng ¢ he toRa Attt Zeciind BRReRoEs Typrs” Boh. BEmioRhen i o MeGuTitbus o
conpari so e i e = AYA J t "PXRD') patterns
of the pu?P&ﬁé@ﬁg)r?ﬂ)spﬁrel @%@n%ﬁﬁﬁéﬁé%g@% %ﬁééa?gl ngy'and the cal cul ated

PXRD pattern (stick pattern) based on the single crystal structure of ZIF-8

reported in the "Park Reference" as referenced herein. The high purity of
t he sanpl el00d4&)i dbnthedypthesiscolcibierdiiFd® magensal, Q56 ¢ o€ aingl nitnate cal cul at ed

PXRD patterns h tt S sho in . Figure 9 ar |otted as the
diff rgct i otﬁtrphyg‘ﬁg‘? F@F&(ﬁs a‘f‘ﬁzh» éﬁ;z m%@)ana&aé(ggt&tzﬁﬁ%ﬁ?ﬁ% 4°gen angl e
two theta (i : - 3 AV Ri C

anal yses (6316&&@{’@?%%?‘%8’?@‘é‘?%@m@ﬁr@&% gte (l: ég%gféfa}é} E%lsarrpl es
innitr ogelﬁteag[ags%i}eme jdihwadtichi§idapped and thd RAGtIOR Bkt dvaRHe B ©
chosen based on TGA data. [00146] Figure 24 is a Scanning El ectron

M cr oscopyan isstidtinal ouee E}b‘ﬂ 13 Ks for4eha@irs ZAftes rgactionc the. mother liquor was

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

was collected and washed with DMF repeatedly to remove any residual mother
liquor and an amorphous by-product. The product was then transferred to a 120
ml vial and the DMF solvent was decanted. After the addition of chloroform
(c.a. 100 ml), the vial was capped and the mixture was immersed in an ultrésonic
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".



Exanpl es 6-10 100147] In Exanples 6 through 10 herein, a Cahn(r)

m cr obal ance apparatus (TGLl21, 0.1 jig) was used to gravinetrically

char act erwpeothwsmdsor pt i on/ desor pti on groperti es of hyacogsnaooooi23

hydr ocarbons (i.e., adsorbates) in varf bs zeolitic im dazol ate frameworks
(i.e., adsorbents). Experinments were carried out on various

adsor bat e- adsorbent pairs to determ ne the adsorption isotherns for the
various ZIF materials synthesized in Exanples 1 through 5 above. At a
constant tenperature, the equilibrium hydrocarbon adsorbate | oadi ng was
measur ed d00¥42] ods ardeotobadtivape thesiites, the puifi@bsadidkmas immaerserkin t o

capture any potential hysteretic be ior, fqQr each isqQtherm half of, the
exper i nentBft Bﬁ?lrﬁcsa'vl@pénl')etr% Grteﬁ?ioggéﬁ@“éﬂsﬁﬁﬁqﬁﬁ‘?ﬂtrﬁ?ﬁgn\ei".V%S. fepifl?ﬁ?ldeasi ng
the press f vacuyuym t o e i f ) he

ot her hal %ngfy ?ﬁE%&pé?ﬁ‘%é}ﬁlﬁn%%b@%%ﬁ%g&% @3(1%(2?? %&lifestgrgg chl)n node
(i.e., dechaagatBd oheyvRuans ine aﬁp%ﬁgﬂﬂﬁa&hwe&@wspépé)&eﬂfal H¥hsndPa to
vacuum). In all experinments, a LabVI EWD conputer software was used to

aut omat i cablwens at roomHiemperatare, thnsdlit wabhbeated uswder va¢uwahep 28K fomka i n

each experinent. [00148] The adsorbate feed was, brought into the feed
mani f ol d fhoyss teremeve thetsolvent grolecelss Fesudiagdnthe poresisZHof hi/Riget ni gh

purity gases an ocar bons. ., The feed  mani f ol in contact with the
adsor bent apﬁggttegjﬁeg Y8 @SWBFQ’ W?@Pngwgtntﬁe%é)ﬁ%@a(‘lbéﬁ% Nthe adsorbate
pressure mg%ﬁlﬁi%ﬂh?d mani fol d was control |l ed between vacuum and 106. 6
kPa by a ) Type 146 Measurenent and Control System which was

connected to the conputer via RS232 conmuni cations. The feed manifol d was

equi pped with three MKS(r) 120A pressure transducers (0-0.0133 kPa, 0-1.33
kPa and 0-[08B4XPa)Fartges adserptivaccxpesimenis tbe metharalserchanged /B8 wast o t he

ContT 9. iondE R e Y A bR e Btnd i b
00100RK : . : : h th I
) %,%ﬁ%&,%g']ﬁ%&)tg%m&g%e egsatibal ﬁeécﬁﬁ%d%ﬁrﬁ&a)fnnﬂ%dl ¢.he other valve

(MKS 0248 s connected to the vacuumline. A Pfeiffer@TSU
261 turbonol ecul ar punp was used to achi eve the vacuum conditions. [00149]
Typi cal |y, gri or to the hydrocarbon adsorption isotherm neasurenents, about
15-90 ny 490k or ddgureshowsadeomparishs afithe ekperamentahpossier X-rayn or der to

avoid the cgntacti f the adsorpent with anpient gir, the adsqr was
Fully | el Stetion CEXERDGRmeo el is S timetiangl-exchinged AF Sel i n

excess of r ' HPXRDSpdteR | vent was
renmoved tﬁ%@%{lﬁ %Eehégcgléﬁa%yr?am C_R/%cuy&%knﬁé;ge?rgygg%ez@n wnergglt%he sol vent
was hel d mBystalsdtiuRhgie)oEIFE Repdited i thei"ParloR efétenésisay leférencé B Réreltyl Was

al so used. Typically, the follow ng steps (all under dynam c vacuum were

appl i ed: (e lugh pysisy ofithesamsple ik evislengedh by she coimgidamcataf@xpexinjentadat i ng t o
a prescribed t er and kept_th or a prescgribed duration, (c)

cool i ng t@ng@F@atsai’ﬁ@ Raite -cﬂ%%&ﬁﬁbé’%&‘%%é"]"(&in ISWE %8¢ oadi ng

t he sanpl g, } kL eg . i f ! | ance upon
comi ot | om g4 ol Ao ey 164 wobiRabiNe Aot WA ofFBERRE. P00

t enper at ugsRStwitHetAfintde@réishat i on of the steps was dependent on the
particul ar %I F material under study. For a given ZIF sanple, the sane

cl ean-up steps were repeated each tine a new successive experinment was
conducted. Prior tqQ rempving the sanple fromthe mcr?@al ance, the first

and/ or sedawseldslcﬁlsweow ehoyes 1 @gnwaér}lrﬂe}sga@%yiés E@A’@f@aﬂ: f
The. exper PREeH el RS orstRBERT Ak rbiies SE MRl BeC R °o

the sanpl g3t A BosdItiohd BeRFIRVAIHRR WerBRhbsENbased’ord TG ARaRYN ement s of
the renoved sanples fiirther confirmed their integrity.

[00146] Figure 24 is a Scanning Electron Microscopy ("SEM") image of a
sample of ZIF-8 produced.



[ 00150] To neasure the adsorption properties of the ZIFs for hydrogen as an
adsorbate in Exanples 6-10, the sane basic steps as descri bed above for the
hydr ocar bwo=oserns27bol | owed with the general exception t lratr/usadovioplies

hydr ogen adsorption points were not neastired between vacuum and 106. 6 kPa.

I nstead, the hydrogen adsorption for each of the ZI F adsorbents in

Exanpl es 6-10 was only neasured at the full test pressure of 106.6 kPa.

Tests to Exadplest¢r@0hydrogen desorption properties of the ZIFs were not
performed.” Exanple 6 [00151] In this exanple, adsorption experinents were

carried out on ZIF-7 sanples obtained fromthe synthesis detailed in
Exampl o5 D4 flos A DEHBIGS pahrg e L TeRaR. & et & i RRpARIGEARPARGP ocar bon
acet ot rig L DrEHES SRR 1€ erfs T A Ao e U s a1 301 K under

o The s asdiohPcadiRtEl pRRLAC O PRRIBREN i yfRafbohd el ghfucds). °°
subsequentin &4pieuk Feslitic whidazoldie frapstsporkai(ke., adsorbanti).nExptafichwere

M croscopy ("SEM') image of this sanple is shown in Figure 11. Figure 12
shows t he catded pui emvagouhadsmbiteradsprbentpairaite detetmivie thet adsoeption  C2H6

(ethane), .and C3Ha (propyl en on ZIF-7 at 301 K. The ordinate displays the
equi | i br | dsTaEEE fr tBR vabgus %Fimatﬁyalsc%mﬂmﬁeé lafgwlr@ﬁé.fﬁw@hgsci ssa

di splays t bsql u e . | synbol s

I dentify taﬁgvg'oriﬁgs(tﬁ)ogﬁgﬁlﬁe aég%?%gei E)Hﬁ:'n %cﬁgﬁglélggﬁljﬁlrgh éb%ro gln%giﬁggq%er espectively

(the adsongidifp wisanedsureéd abhoariond ddsorbatk piedtupesniptd £OE BTN Antdider

desorption branch is shown with open dianond |egend). In the testing regine
of this exacppre apy patentidi Hystetetexbélavior, fier sachdsatherradmif off then and
desorption branches as was exhi bited, for the C2+ hydrocarbons and

t her ef or e eXPREMEALY DOIRts WVeIR dnepsysrhin e adsprrton Bpded-eaicreasingthe r egi me

overlap for ZIF-4. [00153] .Far the.testing of r as e S te in
Chis experrrgte fonk Satin uo fhe mA%im R pitsnfe P10 WRE Lo 05 AR AL
descri bed qFhRy €x1§|é}im51|i't%l Pyt SR At a8 R the Qe SEPALR O (TRASUr ement s
above. A hydroge

decreasing the pressure from the maximum pressure of 106.6 kPa to vacuum).

In all experiments, a LabVIEW® computer software was used to automatically

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

[00148] The adsorbate feed was brought into the feed manifold from lecture
bottles or from house supply lines containing high purity gases and
hydrocarbons. The feed manifold was in contact with the adsorbent located in
the sample holder of the microbalance. The adsorbate pressure within the feed
manifold was controlled between vacuum and 106.6 kPa by a MKS® Type 146
Measurement and Control System, which was connected to the computer via
RS232 communications. The feed manifold was equipped with three MKS®
120A pressure transducers (0-0.0133 kPa, 0-1.33 kPa and 0-133 kPa) that
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



WD 2009/ 105270PCT/ US2009/ 001123 - 55 - adsorption reading for ZIF-7 was
taken only at full test pressure of 106.6 kPa. No hydrogen desorption tests
for ZIF- woere®/psrhor ned. [00154] Figure 13 is a bar grapmusesmpaniing t he
correspondi ng adsorption | oadi ngs of tHe3ZI F-7 material for 112 (hydr ogen),
CH4 (nethane), C21-14 (ethylene), C2H6(ethane), C3H6 (propyl ene), C3H8
(propane), CAH8(1l-butene), and C4H1O (n-butane) at test conditions of 301 K

and 106. 6 kRarkt Feeesufplgamtihie bt vahse QMRS 0248 aTgpe 10080R¥) v seen
fromthis bar graph, the adsorption |oadings of the ZIF-7 material for the

C2+ hydr ocesrheotedototha vdsuam 1ik6. A e fe@®B 08 K264 turbaiiolgewat pumphaias
approximately 2.60 mmole/g. The adsorption | oading for CH4 was

si gni fi canesed toaghieverthg yaeewmmonditions. 09 mol e/ g. The measured hydrogen
adsor bed was al nost non-existent at only about 0.01 mmle/g. At these
conditions, the adsorptive |loading ratio for CH4 over 112 is approximtely

9.0, illus \ L LT I VA i terial f CH4
over 112 1UARL? TypicANl: bASHto B8 Mo tirktn Ao e the

adsor pti vemeaagten@ntsiaboat f590tmg ofadsdpednoeas headedonpthe misrebatanddZatar e
greater than %prom mately 260, Illustrating the amazingly high selectivity
of the zI F301 Katlerorder toaveiddhcrentagting o tho adssheriuwith apvientgir, thes e
properti es?‘%{e ZI F-7 s.ui t abl ﬁ.mat erial f .esent invention.

Exanpl e 7 Ovpas Sl Siunings o Sacasii ¢ Chousesed seeot Uittt ampieh ou
on ZI'F-9 sanpliesx0blaliid {doRiPelits Y RSl P6tebithd)n tqvgbove in
the 9e or ]Exar?pl es b- %1

conpliance W't genera sting procedure descri bed

above. [ O0dep@dveddothrbuith {tRSisen d¥naftfie Fabiyehodarsbait e4tesrwher the sbivent

experinment, a sanple of ZIF-9 was | oaded with acetonitrile as the solvent.

It was outwgshskbmboe stBomgly withidthe Kntenide of thysadsorbatecheating\was alsoher

heating mﬁse%? p"lL}illsigéll}-f[htﬁe following steps (all under dynamic vacuum) were applied:
(a) out-gassing at 301 K for a prescribed duration, (b) heating to a prescribed -
temperature and kept there for a prescribed duration, (c) cooling to 301 K.
Because the microbalance was tare just prior to loading the sample, the dry
weight was directly obtained from the microbalance upon completion of the
clean-up procedure. The type of solven{, the heating temperature as well as the.
duration of the steps was dependent on the particular ZIF material under study.
For a given ZIF sample, the same clean-up steps were repeated each time a new
successive experiment was conducted. Prior to removing the sample from the
microbalance, the first and/or second adsorption experiments were repeated.
These repeat experiments revealed excellent reproducibility, confirming the
adequacy of the experimental adsorption isotherm procedures as well as the

stability of the samples throughout the adsorption experiments. X-ray

measurements of the removed samples further confirmed their integrity.

[00150] To measure the adsorption properties of the ZIFs for hydrogen as an
adsorbate in Examples 6-10, the same basic steps as described above for the
hydrocarbons were followed with the general exception that multiple hydrogen

adsorption points were not measured between vacuum and 106.6 kPa. Instead,



dry weight was 56.35 ng. The same cl ean-up procedure was applied to ZIF-9
prior to all subsequent experinments with other adsorbates. A Scanni ng

El ect ron Wbhenesweyry ("SEM') i mage of this sanple i s shoraTius2060@0ries 14.
Figure 15 shows the adsorption isother %or cH4 (et hane), C2H4

(ethyl ene), CA (ethane), and C3H6 (propylene) on ZIF-9 at 301 K The

ordi nate displays the equilibriumadsorption |loading in typical units of
ol e/ g. The MRir6g&HadsbrpibaYor édvh abhelZIFeadsaf¥ents REExaRples 6Po.wahe
filled and opén synbols 1dentify the correspondi n% adsorption and

desor pt i onohlyaneasased atteduili test prestire 0oid §6rpkPonThstaie méasushthen wi th
filled diarond | egend and t he d,esorpti% branch is shown w th open di anond
| egend) . | (ilﬁge't‘%%?rﬁ&()ﬂéﬁ%%mﬁﬁ of the; g&%ﬁ‘ﬁﬁé{lom&%’é@(ﬁid not exhibit the
separate adsorption and desorption branches as was exhibited for the C2+
hydr ocar bons and therefore, the adsorption and desorption curves for

met hane inEkQ%' 16g0i me overlap for ZIF-9. 1001571 For the testing of

hydr ogen as adsorbate in this experinent, a sanple of ZIF-9 was
prepared in the sane manner as descri bed above for the hydrocarbon

adsor ption/ desorption nmeasurenents above. A hydrogen adsorption reading for
ZIF-9 was [0M&A] onlnthis example, adsorptigasxperigienivwere rassiedintippdtBgédn

Compari g ArEtES pbBndh o M SoPsiC Al e pialp € 1 Hebbe 18 chiuliahdF Por""
H2 (hydr Og\ﬁrﬂ}l’th%é éﬂ&ﬂé&ﬁﬂg)pm%ﬂés fHEYArBPRY @%ggﬁszaove@ H6
o), CIB ( T CAHS(

(Propyl en pr opane 1- butene), and C4HLO (n-butane) at test
conditions of 301 K and 106.6 kPa obtained fromthe tests above. As can be

seen fromthis bar_graph, the adsorption |oading of the ZIF-9 material for
the C2+ hyl#0d&3} boHOtmm%Im&Oﬁ@acmgy@ow&O@mgrbatm thisexpegrimgnen t han

imately 2. |l e/q. Th ti. I i f
PNt 11 camAnpIe TRt waspedrt il ad o Sitvert IrnasRleassed ogen
d bed < W] = el ﬁg&m t L Ah
goig{tfon\g;ﬁﬁéhe aggg? g?iu\%é'ls&a [ ng: ‘féa%{&lhgl'?g(ra L%ﬁgeg\ﬁ/%ém%a{agag%?%x?ﬁgt ely

4.0, ill usdryaveight vasaees @iy, SEhesimeicleancip prscedufe Qzagapﬁﬁé@lto OF-7CH4 over
H2. However, even nore remarkably, at these conditions, the adsorptive

| oadi ng r apierstofadl subiseq@ant experiorents vhthcethpoadsisbatesr AScanningddecteon t han
i matel.y 131.0,,4llystrating th i ngly hi lectivity of th
SRS e VoS ey CSEVIYEiress SoMis hpBlea shevarnipet Ol nElet 3. o
i tabl j i to | i ey 0159] |
Thi s exampii e sbrpttf ieoclifis POFEEL oAl Gity, RATRSE. Tl P

obt ai ned f(egiBnehandyOiHEGIropyiRha) bR FIFT EX30PKe Bhébfdifaterdisslaps tance wi th
the general testing procedures for Exanples 6-10 descri bed above. [00160]

For the t extuilbriam adserptiet lmading inctypicath ange of Mukole/gafhleabseaispar t i on of
the ZIF-1 sanpl duced ti ' le 3 | oaded wi.th
acet oni 11 DEPES UG e 2P HChe SkPad el THl sl Apen Aol Keniiber
dynamc v i .ed. Ve was 69. 64
ng. The sgt?rlg%c é’%‘?‘g&gﬁ% ?gé%%%%e %s@%ﬁﬁ?@dbﬁgw%%?%&%gﬁgp%*%- exchanged

ZI F-1 pri ofdsbfptidn bratbn $sesn SNBETiIIER Hifm¥hd fegtnldeindede eBsipton A Scanni ng
El ectron M croscopy ("SEM') inmage of the acetonitril e-exchanged ZIF-1

sanpl e i s branemis showmwith dpen diamond legend). 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.

[00153] For the testing of hydrogen as the adsorbate in this experiment, a
sample of ZIF-7 was prepared in the same manner as described above for the

hydrocarbon adsorption/desorption measurements above. A hydrogen



[ 00161] For the testing of each hydrocarbon adsorbate on the tol uene-
exchanged ZIF-1 sanple, a portion of the ZIF-1 sanple produced and

acti vat edwaoimoRcanpl e 3 was | oaded with tol uene as thecsalse@aoiiks was
out-gassed for 6 his at 301 K under dyn‘a?ﬁ'c vacuum heated to 443 K for 2
his and then cooled to 301 K The dry wei ght was 46.21 ng. The sane

cl ean-up procedure was applied to the tol uene-exchanged ZIF-1 prior to all

subsequenta b EdHdIn o ZIR-Nevasrken balyest full Ssepressige BfAOG ®RPa.
M croscopy ("SEM') inmage of toluene-exchanged ZIF-1 sanple is shown in

Fi gure 18. Nowydzogen desepimcTestsfaclfo0 wae perfs@med[ 00162] Figure 19 shows
the adsorption isotherns of the acetonitril eexchanged ZIF-1 for CH4

(et hane), C2H4 (et hyl ene), C2H6(ethane), and C3H6 (propyl ene) at 301 K
The ordi nate displays the equilibriumadsorption |loading in typical units
of mmol e/ g. The absci ssa di splays the absolute pressure of the adsorbate in

kPa. [0016[l0159] ! PR:r8IBIisa bakr grdsh es&@aﬁﬁgtm@c@ﬁé?i&ﬂ&@g hdsdrptidn
experinment, a sanple of acetonitrile-exchanged ZIF-1 was prepared in the
sane nmanneloadingiasfche ZdB-Abmteridldior thehicbgeadrGHp (mdtmng).i G desor pti on
rreasurerren{s above. gk?y Encl)%en adsorption reading for

acet oni t ri (céh)dgaeafig . \%Hﬂ(ﬁmléﬁﬁ)ycgﬁs .(Eﬂolpaﬂ@slgﬁﬂééslﬂ’rt%n@f 106. 6

Pa, No IYShPestt, JGRAMAhER: kS3chdifbns GESOTK id F65618I08  atle o ©
the tests as described above. As can be seen from this bar graph, the adsorption
loadings of the ZIF-7 material fo.r the C,+ hydrocarbon compounds at 106.6 kPa
@ 301 K were all greater than approximately 2.60 mmole/g. The adsorption
loading for CH,4 was significantly lower at approximately 0.09 mmole/g. The
measured hydrogen adsorbed was almost non-existent at only about 0.01
mmole/g. At these conditions, the adsorptive loading ratio for CH, over Hj, is
approximately 9.0, illustrating a significant selectivity of the ZIF-7 material for
CH, over H,. However, even more remarkably, at these conditions, the
adsorptive loading ratios for the C,, hydrocarbon compounds over H, are
greater than approximately 260, illustrating the amazingly high selectivity of the

ZIF-7 material for the C,; hydrocarbon compounds over H,. These properties

make ZIF-7 a suitable material for use in the present invention.

Example 7

[00155] In this example, adsorption 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.

[00156] For the testing of each hydrocarbon adsorbate in this experiment, a
sample of ZIF-9 was loaded with acetonitrile as the solvent. It was out-gassed

for 6 hrs at 301 K under dynamic vacuum. No further heating was applied. The



[00164] Figure 20 is a bar graph conparing the correspondi ng adsorption

| oadi ngs of the acetonitrile-exchanged ZIF-1 material for H2 (hydrogen),
CH4 (et moepoy/10214d (et hyl ene), C2H6(et hane), C3H6 ( pr opgirarse)os/oC3kiB
(propane), CAH8(1l-butene), and C41110 (n~butane) at test conditions of 301
K and 106.6 kPa obtained fromthe tests above. As can be seen fromthis bar
graph, the adsorption | oadings of the acetonitrile-exchanged ZIF-1 nateri al

for the Clryhelphrandg6.350mpoUlissathe ¢REnGkcpoc@dRlwis dppléedid ZIF-9at er
than approximately 1.73 mmole/g. The adsorption |oading for CH4 was

appr oxi matpsiar to absubsequeng expramentswith dthgriadsgehatesis dr $esmnivg Etavtsonabout

0. 05 le/g. At th diti .the ad ti di tio r CH4
over 121 MEEBERROEN Jomnee: ot this SaeRIFgs ShVB AR FrEut Ll hgHES bty of ¢ he
ZIF-1 t ekl . e r s t these
condi t ﬁn??bta}ﬁéﬁ g%%%%‘%gg‘?tgg‘a’??g&% ?‘6@% o em%@WEﬁgic?P én corr;ounds

over H2 WgethaglégaharC répeR) GRrZEFw aA4808 K. TMHeSordwiRe displays the
acetonitril e-exchanged ZIF-1 a suitable material for use in the present

i nvent i on.equidbrpotadiapRiodACadinglinagpieal arids of GonelefH0THS pbsdissahoul d be
noted that, glthough not sh , the to]luene-exchanged ZLF-1 nateri al
exhibits éf‘?ﬁai%?t Fbsphite @%ﬁﬁ%@e %ctﬂel? g“ltlheésanéﬂsonqvesymbols

tonitri.le- Lal.. . 6] Ln thi | e,
adsor pt i ofd B ESAEAREshaite 28 fpliSh ant SR Bimtich St L bt Ul S d R o t e
synt hesi s adeéptiofthrhfciEsesive %ifENEd HianteHPlclo@NE anWithd dE&spasAer al
testing procedures for Exanples 6-10 descri bed above. [00167] For the

testi ng ofbramabhistshdnmcowith@peadliamboat degend)hils tlex@stingeegimaofthipl e of
ZI F-11 was | oaded with nethanol _as the solvent. It was out-gassed for 2 hrs

at 301 K gxaeplyynethase dibneohsxhibi thesenarate adgomiionzand desogpldon hen cool ed
to 301 K. ,The.dry_ weight .was, 82. 07 he sane cl ean- rocedur e .was
appl i ed t(?r%cll—l-ei%s B’_Yafs%xﬁ’f%\?%q E""&BBQ&%E}X@E"‘@ a5 %Pﬁ‘_%&f#ﬁ{fﬁt ‘?ﬁ_ orption _
adsor bat egndAle Nirbe LA RN E WPRRCRimerlap RGPS, this sanpl e 1s
shown in Figure 21. Figure 22 shows the adsorption’isotherns of ZIF-11 for
CH4 (nethane), C2H4 (et hyl ene), C2H6(ethane), and C3H6 (propylene) at 301
K. The ordi nate displays the equilibrium adsorption |oading in typical

units of d81¥]lg. Fomdhetestingnf hyidspgenyas theadspehteirethis experiment; at he

adsorbate sérrrllpll(epgf ZIF-9 was prepared in the same manner as described above for the

hydrocarbon adsorption/desorption measurements above. A hydrogen
adsorption reading for ZIF-9 was taken only at full test pressure of 106.6 kPa.
No hydrogen desorption tests for ZIF-9 were performed.

[00158] Figure 16 is a bar graph comparing the corresponding adsorption
loadings of the ZIF-9 material for H, (hydrogen), CH, (methane), C,H,4
(ethylene), C,Hg (ethane), C;Hg (propylene), C;Hg (propane), C4,H;g (1-butene),
and C4H,¢ (n-butane) at test conditions of 301 K and 106.6 kPa obtained from
the tests above. As can be seen from this bar graph, the adsorption loading of
the ZIF-9 material for the C,, hydrocarbon compounds at 106.6 kPa @ 301 K
were all greater than approximately 2.62 mmole/g. The adsorption loading for
CH, was significantly lower at approximately 0.08 mmole/g. The measured
hydrogen adsorbed was almost non-existent at only about 0.02 mmole/g. At

these conditions, the adsorptive loading ratio for CH4 over H; is approximately



[ 00168] For the testing of hydrogen as the adsorbate in this experinent, a
sanple of ZIF-11 was prepared in the sanme manner as descri bed above for the
hydr ocar bwo 28@s05370i on/ desor pti on maasurgments above. Apoydisegenoadsor ption
reading for ZIF-11 was taken only at faPl "t est pressure of 106.6 kPa. No
hydr ogen desorption tests for ZIF-11 were perfornmed. [00169] Figure 23 is a
bar graph conparing the correspondi ng adsorption | oadings of the ZIF-11
materi al {0, iHastrbiins agroderafdkléatblibaofthe X4 nfatefiyl fre)H, 60¢6Hst hane) ,
C3H6 (propylene), C3 (propane), CAH8(1-butene), and CAH10 (n-butane) at
test condiowegentvanmdte aenatiebly, atdhesetnnditiens, thoadsarptivedeadingove. As

can be seen fromthi ar, graph, the adgorpti | oadi ngs ,of the Z1F-11
aters ar f1810% HeF 9. Conaetiar B cRPORNATICVE PRAS@ricBer 19 K wore ai |
greater t I eh v . . i i fgr CH4 was
appr oxi mat?‘1 Zﬂgfl&g%élmlé(b’g{l lﬁﬁﬁgt‘ﬁ@{s@ﬁé‘gﬁz‘ﬁgg‘é g%'(r)\sregé stg)r?'i}}e%gﬁ g nly about
0.08 ol ghgkerial forE hyRbeirbbARSmpdimda@ver P THis hiikds IFLRhisQithble CHA
over 112 is approximatéely 5.4, illustrating a significant selectivity of

t he ZI F11 matieeial for dserin @hid poasent i¥entionever, even nore remarkably, at these
conditions, the adsorptive loading ratios for the C24. hydrocarbon
conpounds over H2 were all greater than approximately 19.9. This makes
ZIF-11 a itabhe material for use in the present invention. Exanple 10
[00170] | anpl e, adsorption experinents were carried out on ZIF-8
sanpl es obtained fromthe synthesis detailed in Exanple 5 above in
conpliance with the general testing procedures for Exanples 6-10 descri bed
above. [0q0@159]Forintthis éxammplegaddorptioi eRpetimentsbwercagisried @ueonIFhl s
experinment, a sanple of ZIF-8 was | oaded_w th nethanol as the solvent. It
was out - g@euples obtanegrfsomy thgsynthesisaigtaidghariExamplad gbove it eemplanes K f or
3 ins, and then cool to 301 K.. The.dry wei,gh 16..37 . _The sanme

cl ean- up M%?&S@‘% testing PEQFEdyTen for g%]um}gs Eblvegﬁefscg%g@%gﬁt experi nent s
wi th ot her adsorbates. A Scanning Electron Mcroscopy ("SEM') inage of this
sanple is shown in Figure 24. Figure 25 shows the adsorption isotherns of

ZI F-8 for [Obife@)retienhg testaidlof thehicknirile-CxthargtcdaDiF)-1 samplé3tportion
(propyl ene) at 301 K. The ordinate displays the equilibrium adsorption
| oadi ng i rofithpiZdBt] sample prbdueed andjactivasedips in Example 3iveasslonded allol ut e
pressure OJce%orr]l?tn (ej s Ed?east.oﬁvézrrllt. t 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 17.

-[00161] For the testing of each hydrocarbon adsorbate on 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-exchanged ZIF-1 prior to all subsequent experiments with
other adsorbates. A Scanning Electron Microscopy ("SEM") image of toluene-

exchanged ZIF-1 sample is shown in Figure 18.



WD 2009/ 105270PCT/ US2009/ 001123 -61 - [00172] For the testing of hydrogen
as the adsorbate in this experinent, a sanple of ZIF-8 was prepared in the
sanme nmanneo 2a®/Wexseri bed above for the %drocar bon adsowrptriusadodesaept i on
measur enents above. A hydrogen adsorptioff Teading for ZIF-8 was taken only
at full test pressure of 106.6 kPa. No hydrogen desorption tests for ZIF-8
were performed. [00173] Figure 26 is a bar graph conparing the

correspondi ng adsorption | oadings of the ZIF-8 material for 142 (hydrogen),
CH4 (et hane), C2H4 (ethylene), C2H6(ethane), C3116 (propylene), C3H8

( propane) , [(04162] 1- Figwadp, shand tB4 adsorptionbisothenns af theacetewitdleri ons of 301

K and 106.6 kPa obt ai f t he test b Lt | d. b t t th
adeor pt | onCrQHBERGLIFof 1eesebl (el CHBIEL enck Cobh(Sthaaek Sed Gadls
- but ful | . . . iLi . :
ho can bo. GEORVEPHCRY LR FREPEARCT LB bu oM B ior foabimd 25
material fgy ty?sliéal%fn_itts*&ﬁ'nﬂh‘n@[é?gfim%&@mﬁﬁﬂfa}@&hé%s&u@dﬁre@ﬁ@Jof"Eh&V@re al |
greater than approximately 0.74 mmol e/ g. The neasured hydrogen adsorbed was
essenti al | gdsoobatexin&Pant at about 0. 00 nmol e/ g. Renmarkably, at these

conditions, the adsorptive loading ratio for all hydrocarbon conponents
over H2 nears infinity, illustrating an astonishing selectivity of the

ZI F- 8 mat efjal .t or -hydrocar.bons, over H2. Thi kes. ZVF-8 not _only a
sui table nidBssl” FoY HEERRE BRuSRlackins (R oRs o inghs Serimelh ¥
mat eri al f%’c{mb'f%eoﬂ d%e%&iﬁtrﬂé-"e%@?&n dW2IH-1Was pr'egﬁxc?fd' inthakaine BhfhdrRg | s: 1.
A process for separating H, froma process feedstream conprising:
described above for the hydrocarbon adsorption/desorption measurements above.
A hydrogén adsorption reading for acetonitrile-exchanged ZIF-1 was taken only
at full test pressure of 106.6 kPa. No hydrogen desorption tests for acetonitrile-

exchanged ZIF-1 were performed.

[00164] Figure 20 is a bar graph comparing the corresponding adsorption
loadings of the acetonitrile-exchanged ZIF-1 material for H, (hydrogen), CH,4
(methane), C,H, (ethylene), C,Hg (ethane), C3Hg (propylene), C3Hg (propane), .
C,Hg (1-butene), and C4H,; (n-butane) at test conditions of 301 K and 106.6 kPa
obtained from the tests above. As can be seen from this bar graph, the
adsorption loadings of the acetonitrile-exchanged ZIF-1 material for the C,,
hydrocarbon compounds at 106.6 kPa @ 301 K were all greater than
approximately 1.73 mmole/g. The adsorption loading for CH, was
approximately 0.30 mmole/g. The measured hydrogen adsorbed was ohly about
0.05 mmole/g. At these conditions, the adsorptive loading ratio for CH4 over H,
is approximately 6.0, illustrating a significant selectivity of the ZIF-1 material
for CH, over H,. However, even more remarkably, at these conditions, the
adsorptive loading ratios for the C,, hydrocaijon compounds over H, were
greater than approximately 34.6 . This makes acetonitrile-exchanged ZIF-1 a

suitable material for use in the present invention.



a) contacting an adsorbent material conprised of a zeolitic imdazol ate
framework material wth a process feed-stream conprising H2 and at | east
one hydr omarb@mosoopound at a first pressure and first Preruscabooa3 b)
adsorbing at |least a portion of the hydr58car bon conpound in the adsorbent
material, thereby producing a H2-rich product stream wherein the H2-rich
product stream has a hi gher concentration of H2 by nol %than the process

f eedst r eanp0269] c)ItRhoddB otad tBat, BRRoWSIPHYCShoW, aR8tGlueAe-tRERAMEddr essur e
and second tenperature, wherein the H2-lean product stream has a | ower

concent r atZlF1 ehatefiabgxhibits stmibamadsbeptporobadmg dedactedatics ahtheei n t he
zeolitic imdazo] ate gramework mat erial has a franework structure wherein
each vert écetmire-exchangestk 4lksd matetiak i s conprised of a single metal ion
and each pair of connected adjacent vertices of the framework structure is
| i nked by nitrogen atons of an im dazolate anion or its derivative, and

wher ei n trgxglﬁﬁhé'gi c imdazolate framework material has an adsorptive
| oadi ng rati t he hydrocarbon conmpound over H., of at |east 5. 2. The

process of claim1, wherein the adsorbent material is further conprised of
a binder material selected fromthe group consisting of a crystalline
pol yner, d0R&G6L r ianthis ¢xaenple) ydsorption experapents wersrsasHedout en dFclhy, a

1 tan 2. oAt darsdd iz e SyRtndgicaRs Rt B o) Bhofe i Eotpflenss
SO Sy B b el ST e S T o0
i m dazol ate franework material is selected fromthe group consisting of
APt 2 Fﬁ)g’lmz]l I:)-F86r tlzile I;)és%i’ngagfdeazclhFI);ylcl}(}carbon adsorbate in this experiment, a
s'ample of ZIF-11 was loaded with methanol as the solvent. It was out-gassed
for 2 hrs at 301 K under dynamic vacuum, heated to 423 K for 3 hrs, and then
cooled to 301 K. The dry weight was 82.07 mg. The same clean-up procedure
was applied to ZIF-11 prior to all subsequent experiments with other adsorbates.
A Scanning Electron Microscopy ("SEM") image of this sample is shown in
Figure 21. Figure 22 shows the adsorption isotherms of ZIF-11 for CH,
(methane), C,H, (ethylene), C,Hg (ethane), and C;Hg (propylene) at 301 K. The
ordinate displays the equilibrium adsorption loading in typical units of mmole/g.

The abscissa displays the absolute pressure of the adsorbate in kPa.

[00168] For the testing of hydrogen as the adsorbate in this experiment, a
sample of ZIF-11 was prepared in the same manner as described above for the
hydrocarbon adsorption/desorption measurements above. A hydrogen
adsorption reading for ZIF-11 was taken only at full test pressure of 106.6 kPa.
No hydrogen desorption tests for ZIF-11 were performed.

[00169] Figure 23 is a bar graph comparing the corresponding adsorption
loadings of the ZIF-11 material for H, (hydrogen), CH4 (methane), C,H,
(ethylene), C,Hg (ethane), CsHg (propylene), CsHg (propane), C4Hg (1-butene),



- 63 - 5. The process of claim4, wherein the zeolitic imdazolate
framework material is selected fromthe group consisting of ZIP-1, ZIF-8,
and ZI P- W0 2009%10537he process of claim 1, wherein the ze®elirtiseomomdazol at e
framewor k material has an adsorptive Io'aQﬂ’ng ratio for the hydrocarbon
conpound over H2 of at |east 10. 7. The process of claim4, wherein the
H2-rich product streamcontains at |least 70 nol % of the H2 present in the

process f el 0;HIn-bétand)at testocsrtitions 6f 30 "K7andvie6 & kP4 blstainydy fromr bon
conpound partial pressure in step a) is greater than the hydrocarbon

conpound pthettests aboes.s dsecanrbesseep figm thischar Braplprthe adsorption) lapdings ofher-ei n
of cl ai m elhevrof maiaiCe Sha Coo hydrosetra vamBpaatent 106 kPa@ifigk ™o
tenperat ur&ere all greater than approximately 1.59 mmole/g. The adsorption loading for

CH, was approximately 0.43 mmole/g. The measured hydrogen adsorbed was

only about 0.08 mmole/g. At these conditions, the adsorptive loading ratio for

CH, over H, is approximately 5.4, illustrating a significant selectivity of the ZIF-

11 material for CH4 over H,. However, even more remarkably, at these

conditions, the adsorptive loading ratios for the C,. hydrocarbon compounds

over H, were all greater than approximately 19.9. This makes ZIF-11 a suitable

material for use in the present invention.

Example 10

[00170] In this example, adsorption experiments were carried out on ZIF-8 -
samples obtained from the synthesis detailed in Example 5 above in compliance

with the general testing procedures for Examples 6-10 described above.

[00171] For the testing of each hydrocarbon adsorbate in this experiment, a -
sample of ZIF-8 was loaded with methanol as the solvent. It was out-gassed for
2 hrs at 301 K under dynamic vacuum, heated to 523 K for 3 hrs, and then
cooled to 301 K. The dry weight was 16.37 mg. The same clean-up procedure
was applied to ZIF-8 prior to all subsequent experiments with other adsorbates.
A Scanning Electron Microscopy ("SEM") image of this sample is shown in
Figure 24. Figure 25 shows the adsorption isotherms of ZIF-8 for CH,
(methane), C,H, (ethylene), C,Hg (ethane), and C3Hg (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.



11. The process of claim8, wherein the process is a sw ng adsorption
process, wherein the overall sw ng adsorption cycle tinme is | ess than about
1 m nut e.woO 20®/10311@ process of claim 1, wherein hydrocarborusecanpouns is

sel ected fromthe group consisting of Cl—ﬁll(rret hane), C2H4 (ethylene), C2H6
(ethane), C3H6 (propylene), C3H8 (propane), CAH8 (1-butene), and C41-110

(n-but ane). 13. The process of claim1, wherein hydrocarbon conpound is
CH4 (net hag(mln] 1ForTﬁeeteeﬁﬁg%hyafogénaasrmé,admw ih thicetperithemty assure is
| ess than 100 psi a. . Thé process of claim1, wherein the process

f eedstr eansampleomﬁﬁlfé&dmsfpmpanedamthefsmmmmgummsebscpraﬂaMVes ardhen

conpri sed of hydrogen, and, net hane. 16. The progess ai m 15, wherein
the zeoli tﬁﬁdﬁmcﬁpﬁ’ wrb{ﬁ@mnomw}%m@% P¥et gdhifé T88FRhe group

wnorein ¢ nediosBibnfeadfih i ZBFS o ekin anhl A I BsEbREERS A 1B Ph: i

present | NNy d2bREF AesdrpabA téstafdr ZIF-8 were performed.

[00173] Figure 26 is a bar graph comparing the corresponding adsorption
loadings of the ZIF-8 material for H, (hydrogen), CH4 (methane), C,H,4
(ethylene), C,Hg (ethane), C3Hg (propylene), C;Hg (propane), C4Hg (1-butene),
and C4H;, (n-butane) at test conditions of 301 K and 106.6 kPa obtained from

- the tests above. It should be noted that the adsorption loadings for C;Hg -
(propane), C4Hjg (1-butene), and C4H10 (n-butane) at full test pressure were
allowed to equilibrate for 12 hours. As can be seen from this bar graph, the.
adsorption loadings of the ZIF-8 material for all of the hydrocarbon compounds
at 106.6 kPa @ 301 K were all greater than approximately 0.74 mmole/g. The
measured hydrogen adsorbed was essentially non-existent at about 0.00
mmole/g. Remarkably, at these conditions, the adsorptive loading ratio for all
hydrocarbon components over H, nears infinity, illustrating an astonishing
selectivity of the ZIF-8 material for hydrocarbons over H,. This makes ZIF-8
not only a suitable material for use in the present invention, but a preferred

material for use in the present invention.



- 64 - 18. The process of claim15, wherein the H2-rich product
stream contains | ess than 30 nol % of the hydrocarbons present in the

process feedstream 19. The process of claiml1, wherein the process
feedstreamis conprised of a hydrogen-containing stream produced by a
catal ytic reform ng process. 20. Thé2process of claim19, wherein

the zeolitic imdazolate franework material is selected fromthe
group consi ZIF-8, and ZI P-11. 21. The process of
claim1l, V\hﬁ@gﬂl?ﬁé%bﬁgéégs feedstreamis conprised of a

hydr ogen- coht & pimg%% Eok separating &l e aguocegs jeedswsam, 22. The

process oéoﬁ%@ : \/\herel n the zeolitic | m dazol ate franmework
material is | ected fromthe ons | .F-8, and
ZI F-11. acliBgdL adso ]é%é?tﬁﬁf% g PH%E] d&fgc%ggﬂlgedst ream
i's conprised mdazelat@eﬁgamawor@amater arprossssofeed-ai m 23,

wherein the f'sﬁ%taﬂﬂb%ﬁiﬁfﬁmgHeﬁdhﬁi’éhs%%é’ﬁyérocarboncom-
pound at a first pressure and first temperature;

b) adsorbing at least a portion of the hydrocarbon com-
pound in the adsorbent material, thereby producing a
H,-rich product stream

wherein the H,-rich product stream has a higher concen-
tration of H, by mol % than the process feedstream; and
¢) producing a H,-lean product stream at a second pres-
sure and second temperature, wherein the H,-lean prod-
uct stream has a lower concentration of H, by mol %
than the process feedstream;

wherein the zeolitic imidazolate framework material has a
framework structure wherein each vertex of the frame-
work structure is comprised of a single metal ion and
each pair of connected adjacent vertices of the frame-
work structure is linked by nitrogen atoms of an imida-
zolate anion or its derivative, and wherein the zeolitic
imidazolate framework material has an adsorptive load-
ing ratio for the hydrocarbon compound over H, of at
least 5.

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

3. The process of claim 1, wherein the adsorptive loading
ratio for the hydrocarbon compound over H, is measured at
301 K and 106.6 kPa.

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

framework material 1s selected from the group consisting of
ZIF-1, ZIF-7, ZIF-8, Z1F-9, and ZIF-11.



25. The process of claim 24, wherein the zeolitic imdazolate
framework material is selected fromthe group consisting of ZIP-1,
ZIP-8, and ZIF-11. 26. The process of claiml, wherein the process

feedstreamis conprised of a steam cracker product stream 27. The
process of claim26, wherein the hydr82arbon conpound is sel ected
fromthe group consisting of ethylene and propylene. 28. The

process of c¢Jaim 27, wherein the zeolitic imdazgl ate framework
mat eri al |355éfb@p§@cas5ra ¢J@1Jgt dupvierrinsthengeolitm midazokate, and

ZIP-11. framework material is sclected from the group consisting of
ZIF-1, ZIF-8, and ZIF-11.

6. The process of claim 1, wherein the zeolitic imidazolate
framework material has an adsorptive loading ratio for the
hydrocarbon compound over H,, of at least 10.

7. The process of claim 4, wherein the H,-rich product
stream contains at least 70 mol % of the H, present in the
process feedstream.

8. The process of claim 7, wherein the hydrocarbon com-
pound partial pressure in step a) is greater than the hydrocar-
bon compound partial pressure in step d).

9. The process of claim 8, wherein the first pressure is
greater than the second pressure.

10. The process of claim 8, wherein the second temperature
1s greater than the first temperature.

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

12. The process of claim 1, wherein hydrocarbon com-
pound is selected from the group consisting of CH, (meth-
ane), C,H, (ethylene), C,H (ethane), C;H, (propylene),
C;H, (propane), C,Hg (1-butene), and C,H,, (n-butane).

13. The process of claim 1, wherein hydrocarbon com-
pound is CH,, (methane).

14. The process of claim 1, wherein the first pressure is less
than 100 psia.

15. The process of claim 1, wherein the process feedstream
is comprised of a steam reforming process product stream
comprised of hydrogen and methane.

16. The process of claim 15, wherein the zeolitic imida-
zolate framework material 1s selected from the group consist-
ing of ZIF-1, ZIF-8, and ZIF-11.

17. The process of claim 15, wherein the H,-rich product
stream contains at least 80 mol % of the H, present in the
process feedstream.
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18. The process of claim 15, wherein the H,-rich product
stream contains less than 30 mol % of the hydrocarbons
present in the process feedstream.

19. The process of claim 1, wherein the process feedstream
is comprised of a hydrogen-containing stream produced by a
catalytic reforming process.

20. The process of claim 19, wherein the zeolitic imida-
zolate framework material 1s selected from the group consist-
ing of ZIF-1, ZIF-8, and ZIF-11.

21. The process of claim 1, wherein the process feedstream
is comprised of a hydrogen-containing feedstream to a
hydrotreating process.

22. The process of claim 21, wherein the zeolitic imida-
zolate framework material is selected from the group consist-
ing of ZIF-1, ZIF-8, and ZIF-11.

23. The process of claim 1, wherein the process feedstream
is comprised of a refinery fuel gas.

24. The process of claim 23, wherein the first pressure is
less than 100 psia.

25. The process of claim 24, wherein the zeolitic imida-
zolate framework material is selected from the group consist-
ing of ZIF-1, ZIF-8, and ZIF-11.

26. The process of claim 1, wherein the process feedstream
is comprised of a steam cracker product stream.

27. The process of claim 26, wherein the hydrocarbon
compound is selected from the group consisting of ethylene
and propylene.

28. The process of claim 27, wherein the zeolitic imida-
zolate framework material is selected from the group consist-
ing of ZIF-1, ZIF-8, and ZIF-11.





