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[0001]  The present invention relates to the separation of a target gas from a
mixture of gases using a swing adsorption process unit. The contactors of the
swing adsorption process unit are engineered structured adsorbent contactors
having a plurality of flow channels and wherein 20 volume percent or less of the
open pore volume of the contactors, excluding the flow channels, is in the meso

and macropore range.

BACKGROUND OF THE INVENTION

[0002] Gds separation is important in various industries and can typically be
accomplished by flowing a mixture of gases over an adsorbent that preferentially
adsorbs a more readily adsorbed component relative to a less readily adsorbed
component of the mixture. One of the more important gas separation techniques
is pressure swing adsorption (PSA). PSA processes rely on the fact that under
pressure gases tend to be adsorbed within the pore structure of the microporous
adsorbent materials or within the free volume of a polymeric material. The
higher the pressure, the more gas is adsorbed. When the pressure is reduced, the
gas is released, or desorbed. PSA processes can be used to separate gases in a
mixture because different gases tend to fill the micropore or free volume of the
adsorbent to different extents. If a gas mixture, such as natural gas, for example,
is passed under pressure through a vessel containing polymeric or microporous
adsorbent that fills with more nitrogen than it does methane, part or all of the
nitrogen V\-Iill stay in the sorbent bed, and the gas coming out of the vessel will be
enriched in methane. %en the bed reaches the end of its capacity to adsorb
nitrogen, it can be regenerated by reducing the pressure, thereby releasing the

adsorbed nitrogen. It is then ready for another cycle.
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[0005] Different molecules can have different affinities for adsorption into
the pore structure or open volume of the adsorbent. This provides one
mechanism for the adsorbent to discriminate between different gasses. In
addition to their affinity for different gases, zeolites and some types of activated
carbons, called carbon molecular sieves, may utilize their molecular sieve
characteristics to exclude or slow the diffusion of some gas molecules into their
structure. This provides a mechanism for selective adsorption based on the size
of the molecules and usually restricts the ability of the larger molecules to be
adsorbed. Either of these mechanisms can be employed to selectively fill the
micropore structure of an adsorbent with one or more species from a multi-
component gas mixture. The molecular species that selectively fill the

micropores or open volume of the adsorbent are usually referred to as the
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[0007] For the recovery of a purified strongly adsorbed "heavy" component,
an additional step is usually necessary, namely, rinsing of the bed with a heavy
component to displaée the light component from the bed prior to
depressurization. The rinsing step is well known in the art. The problems
associated with these processes are the following: (a) if the rinsing is complete
and the light component is completely displaced from the bed, substantially pure
heavy component can be obtained, but the adsorption front of the heavy

component breaks through to the light component and the latter cannot be

recovered at high purity; (b) if the displacement of the light component is
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contactor with a structured adsorbent is used to allow for efficient mass transfer
in these rapid cycle pressure swing adsorption processes. Approaches to
constructing parallel passage contactors with structured adsorbents have been
disclosed in US20060169142 A1, US20060048648 A1, W02006074343 A2,
W02006017940 A1, WO2005070518 A1, and W02005032694 Al. '

[0009] In a parallel channel contactor, the adsorbent lines the wall of the
flow channel which can be formed from the space between parallel plates or the
open path through a duct or tube. When parallel plates are used to form the
parallel channel, a spacer may be present in the space of the parallel channel.
An example of a spacer-less parallel passage contactor as provided in
US20040197596 A1 and an example of a parallel passage contactor with a high
density adsorbent structure is given in US20050129952A1. In all cases, the
adsorbent used to line the parallel channel contains both mesopores and

macropores.

[0010] Mesopores and macropores are known in the art to improve the mass
transfer characteristics of adsorbents used in either a parallel channel contactor

or conventional packed bed contactors. Improvements in mass transfer
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per form t i3ty SARMEIR% feed gas is at very high-pressure. This is a critical issue since
natural gas is often produced at high pressures (500-7000 psi) and methane acts
as a light component in the adsorption process. Many gas fields also contain
significant levels of H,O, H,S, CO,, N,, mercaptans and/or heavy hydrocarbons
that have to be removed to various degrees before the gas can be transported to
market. It is preferred that as much of the acid gases H,S and CO, be removed
from natural gas as possible. In all natural gas separations, methane is a
valuable component and acts as a light component in swing adsorption
processes. Small increases in recovery of this light component can result in
significant improvements in process economics and also serve to prevent
unwanted resource loss. It is desirable to recover more than 80 vol.%, preferably
more than 90 vol.% of the methane when detrimental impurities are removed.
While various processes exist for removing CO,, H,S, and N, from natural gas

there remains a need for processes and materials that will perform this recovery
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SUMVARY Orhighgr meglereyiNds0013] 1 n one enbodi ment of the present invention
there is provided a process for renoving a target gas conponent from a gas

m xture c bNi Ngg.sakd,t e as co nent_ and second. gas _gconponent,
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| east one adsorbent contactor~conprising a gas”inlet and a gas outlet,
wher ei n t onggesheno kieh “aejdct’ nstrems, Kuttdaahotachiéve &4 high Trvoeety of thy a
plurality of open flow channels wherein the surfaces of the QPen flow
channel s~ dightsompansats isfthadight somponenhick preduct istreamasThis shifferaniceiiny f or
said target gas.c onent over said.second gas conponent greater than 5,
wher ei n tﬁgc&ﬁﬂeéjggpn}?ég?@ggaf ﬂ%fegﬁas?“?g%wewé- open pore vol ume in
pores with dianeters greater than about 20 angstrons and | ess than about 1
m cron, and wherein at |east a portion of said target gas conponent is

adsor bed iISUNMMARIY @OF HETNVENDION , thereby resulting in a product
stream depleted of said target gas conponent;

[0013] In one embodiment of the present invention there is provided a
process for removing a target gas component from a gas mixture containing said

target gas component and a second gas component, which process comprises:

a) conducting said gas mixture to a swing adsorption gas separation unit
wherein the gas separation unit contains at least one adsorbent contactor
comprising a gas inlet and a gas outlet, wherein the gas inlet and the gas outlet
are in fluid connection by a plurality of open flow channels wherein the surfaces
of the open flow channels are comprised of an adsorbent material that has a
selectivity for said target gas component over said second gas component greater
than 5, wherein the contactor has less than about 20% of its open pore volume in
pores with diameters greater than about 20 angstroms and less than about 1
micron, and wherein at least a portion of said target gas component is adsorbed
into said adsorbent material, thereby resulting in a product stream depleted of

said target gas component;
b) collecting said the product stream,;

¢) desorbing thc adsorbed gases from said adsorbent material, thereby

resulting in a waste gas stream rich in said target gas component; and



b) collecting said the product stream c) desorbing the adsorbed
gases from said adsorbent material, thereby resulting in a waste as stream

rich in sgphdoisiss8h gas conponent; and WO 2008/ 143820- pét/152008/006067
- PCT/ USZS‘%Q%OO%OG? d) collecting said wadte gas stream 0014(f|n a

preferred enbodi nent, the adsorbent material is conprised of a structured

adsor bent mat erd)abomtmgtgaqid Wagte gipstga"amp consisting of zeolites,
titanosilicates, ferrosilicates, stannosilicates, alum nophosphate

nol ecul ar sieves (ALPOs), and silicoal um nophosphat e nol ecul ar sieves
(SAPOs) arf@0t4)r bo rInrmpmfmired embevlﬂnentL ﬂmsddanbmtanhtenabrseécﬁnpﬂsbcbaﬁmdl ment ,
the adsorbent material is conp
structured adsorbent materlal selected from the group consisting of zeolites,
titanosilicates, ferrosilicates, stannosilicates, aluminophosphate molecular sieves
(AIPOs), and silicoaluminophosphate molecular sieves (SAPOs) and carbon

molecular sieves.

[0015] In another preferred embodiment, the adsorbent material is comprised
of an 8-ring zeolite that has a Si to Al ratio of about 1:1 to about 1000:1. In a
further preferred embodiment, the 8-ring zeolite is DDR. In yet another further
preferred embodiment, the 8-ring zeolite is selected from Sigma-1 and ZSM-58.

[0016] In a preferred embodiment, the adsorbent contactor is a parallel
channel contactor comprising structured (engineered) adsorbents in which

substantially parallel flow channels are incorporated into the adsorbent structure.

[0017] In another embodiment, the channel gap of the open flow channels in

the parallel contactor is from about 5 to about 1000 microns.

BRIEF DESCRIPTION OF THE FIGURES

[0018] Figure 1 hereof is a representation of one embodiment of a parallel
channel contactor of the present invention in the form of a monolith directly
formed from the microporous adsorbent of the present invention and containing

a plurality of parallel channels.

[0019] Figure 2 hereof is a cross-sectional representation along the

longitudinal axis of the monolith of Figure 1.

[0020] Figure 3 hereof is a representation of a magnified section of the cross-

sectional view of the monolith of Figure 2 showing the detailed structure of the
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annel s
monolith where the adsorbent layer is coated onto the channel wall.

[0022] Figure 5 hereof is an electron micrograph of the surface of a DDR
film that is suitable to act as the adsorbent layer of the contactors of the present
invention with a volume fraction of open meso and micropores that is less than
about 7%.

[0023]  Figure 6 is an electron micrograph of the surface of an MFI film that
is also suitable to act as an adsorbent layer of the contactors of the present
invention with a volume fraction of open meso and micropores that is less than

about 7%.

[0024] Figure 7 hereof represents another embodiment of the present
invention in which the parallel channel contactor is in the form of a coated
monolith for TSA applications where the adsorbent layer is coated onto the

channel walls of a preformed monolith.

[0025] Figure 8 hereof is a representation of a parallel channel contactor of

the present invention in the form of an array of hollow fibers.

[0026] Figure 9 hereof is yet another representation of a parallel channel
contactor of the present invention but in the form of a hollow fiber contactor for

TSA applications.

[0027] Figure 10 hereof is another representation of a hollow fiber contactor
for TSA as shown in Figure 9 but with the outer surfaces of the housing for the
contactor rendered transparent. Dotted lines are used to indicate the edges of the

outer surface.



[0019] Figure 2 hereof is a cross-sectional representation along the _
| ongi tudinal axis of the nonolith of Figure 1. adsorbent |ayer along with

a bl ocki ngoag@z@gcupyi ng sone of the rrﬁts)o and nacropo;‘l,@@USP&gl%g%?ﬁ gure 4
hereof is another representation of an enbodi mrent of a parallel channel

contactor of the present invention in the formof a coated nonolith where
t he adsor O02Z8| ayeFiguse ¢ bakasbtdntaeplresentationalt anadrhboditieai? pFitle peesbnher eof
is an electron mcrograph of the surface of a DDRfilmthat is suitable to
act as t hdnyerfipmwherginyhe paralicheortagtards of thelaminatedypsent i nvention with
a volunme fraction of open nmeso and mcropores that is |ess than about 7%

[0029] Figure 12 hereof is a schematic diagram of a preferred five steps
PSA/RCPSA process for treating a stream containing about 20 vol.% CO; and
about 80 vol.% CH,.'

[0030] Figure 13 hereof is a schematic diagram of a preferred five steps
PSA/RCPSA process for treating a stream containing about 2 vol.% N, and
about 98 vol.% CH,.

[0031] Figure 14 hereof is a schematic diagram of an integrated process
utilizing a turboexpander and a PSA process of the present invention.

[0032] Figure 15 hereof is a schematic representation of a preferred
procedure for measuring the volume fraction of mesopores and macropores of

adsorbent contactors .of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0033] The present invention is directed to adsorbent contactors for use in
swing adsorption processes, which adsorbent contactors contain a plurality of
flow channels and which contactors contain 20 vol.% or less, preferably 15
vol.% or less, more preferably10 vol.% or less, and most preferably 5 vol.% or
less of their open pore volume in pores in the mesopore and macropore size
range. The term "adsorbent contactor” as utilized herein includes both structured
and unstructured adsorbent contactors. The preferred contactors of the present
invention are a type of structured adsorbent contactor entitled herein as "parallel .
channel contactors” for use in thermal swing adsorption (TSA) and various types
of pressure swing adsorption processes including conventional pressure swing
adsorption (PSA), and partial pressure swing or displacement purge adsorption

(PPSA) technologies; These swing adsorption processes can be conducted with



[0023] Figure 6 is an el ectron mcrograph of the surface of an MJ filmthat
Is also suitable to act as an adsorbent | ayer of the contactors of the

I
pr esent iﬁﬁ%ﬁs'éﬂﬁhzwth a vol une fracti ont %t open neso a@@T)ﬂSﬁGO@EQ&O@? t hat

is less than about 7% [0024]Figure 7 hereof represents another enbodi nent
of the present invention in which the parallel channel contactor is in the
form of a rapit eetles e wHibh tase thoh arp ptficeretiitons rapidrayclditheaahabswing | ayer is

coated onto the channel walls of a preformed nonolith. {{0025 Figure 8
hereof is adsomiaas@EEBAIrapid ayplarpaessare swingadsasptien(REPSek), and rapidsent
R P Bl B PSS RSB LEAT e
g;gfieg; . : gﬁgrmdlé?é’ieg“fhé RerhSwidY Ms¥rpolBtdR¥sds! hGh B 1akas @ indifde AiFA

of these processes (i.e. TSA, PSA, PPSA, RCTSA, RCPSA, and RCPPSA)

including combinations of these processes. Such processes require efficient

contact of a gas mixture with a solid adsorbent material. It should also be noted

that unless otherwise noted herein or by reference to specific "geometric shapes"

(in which case would apply only to structured adsorbent contactors), that all

preferred embodiments as described in this application, such as, but limited to,

contactor voidages, separation components and efficiencies, operating

conditions, preferred materials, etc., apply to both structured and unstructured

adsorbent contactors of the present invention as described herein.

[0034] The structure of parallel channel contactors, including fixed surfaces
on which the adsorbent or other active material is held, provides significant
benefits over previous conventional gas separation methods, such as vessels
containing adsorbent beads or extruded adsorbent particles. "Parallel channel
contactors" are defined herein as a subset of adsorbent contactors comprising
structured (engineered) adsorbents in which substantially parallel flow channels
are incorporated into the adsorbent structure. These flow channels may be |
formed by a variety of means, many of which are described herein and in
addition to the adsorbent material, the adsorbent structure fnay contain items
such as, but not limited to, support materials, heat sink materials, void reduction

components, etc., which are described more fully herein.

[0035] Swing adsorption processes are all well known to those having
ordinary skill in the art and they can be applied to remove a variety of target
gases from a wide variety of gas mixtures. It is possible to significantly improve
the recovery percentage of the light component of a gas mixture by use of the

present invention. The "light component" as utilized herein is taken to be the



[ 0027] Figure 10 hereof is another representation of a hollow fiber
contactor for TSA as shown in Figure 9 but with the outer surfaces of the

housi ng f\9p héxR1460Ht act or rendered transl arent. Dotted picRaK2@sR0dbged tO
i ndicate the edges of the outer surface.”” WD 2008/ 143820- 9

- PCT/ US2008/ 006067 [0028] Figure 11 hereof is a representation of an
enbodi mentspetiet her mokoaldr domporentponémnpomerith ehap arahbepreterentiatiptaken of
the | am nate type [0029] Figure 12 hereof |s a schematic diagramof a
pr ef err ed Yp bethg R@g%z\ mrpa@wtqm thequpeesg. aC anéﬁgleéhﬁ ai ni ng

0
about 20 V%l V/§' ggr%p%plgnt bacs)l{lttll?z%d\il eréin 1%&1 to be the species, or molecular

component, or components that are preferentially taken up by the adsorbent in
the adsorption step of the process. With the contactors of the present invention,
it has been unexpectedly discovered that total recovery of the light component
achieved in the swing adsorption process can be greater than about 80 vol.%,
more preferably greater than about 85 vol.%, even more preferably greater than
about 90 vol.%, and most preferably greater than about 95 vol.% of the content
of the light component introduced into the process. Recovery of the light
component is defined as the time averaged molar flow rate of the light
component in the product stream divided by the time averaged molar flow rate
of the light component in the feedstream. Similarly, recovery of the heavy
component is defined as the time averaged molar flow rate of the heavy
component in the product stream divided by the time averaged molar flow rate

of the heavy component in the feedstream.

[0036] The structured adsorbent contactors of the present invention contain a
very low volume fraction of open mesopores and macropores. That is, the
structured bed adsorbent contactors of the present invention contain less than
about 20 vol.%, preferably less than about 15 vol.%, more preferably less than
about 10 vol.%, and most preferably less than about 5 vol.% of their pore
volume in open pores in the mesopore and macropore size range. Mesopores are
defined by the IUPAC to be pores with sizes in the 20 to 500 angstrom size
range. Macropores are defined herein to be pores with sizes greater than 500
angstroms and less than 1 micron. Because the flow channels are larger than 1
micron in size, they are not considered to be part of the macropore volume. By
open pores we mean mesopores and macropores that are not occupied by a
blocking agent and that are capable of being occupied, essentially non-

selectively, by components of a gas mixture. Different test methods as described



[ 0030] Figure 13 hereof is a schematic diagramof a preferred five steps
PSA/ RCPSA process for treating a stream containing about 2 vol.% N2 and

about 98 wgl.0i§ ke [ 0031] Figure 14 hereﬁii i's a schemat ipgrHis38kAMIG an
i ntegrated process utilizing a turboexparfder and a PSA process of the

present invention. [0032]Figure 15 hereof is a schematic representation of
a pref err dselpwaredobe used torasensarenhetvadume! fuagti iy eicopeampares ne a @pataetorand
macr opores of adsorbent contactors of the present invention. DETAILED
DESCR! PTI G¢perdingeon theesiryatwr g abthg|cpmtagipiesent i nvention is directed to
adsor bent contactors for use in

[0037] Open pore volume (in percent or volume percent) is defined herein as
the volume of the pores in the adsorbent that are between 20 angstroms and
10,000 angstroms (1 micron) in diameter divided by the total volume of the
contactor that is occupied by the adsorbent material including associated
mesopores and macropores in the adsorbent structure. "Swept volumes" such as
engineering flow channels as well as the volume occupied by any non-adsorbent
material, such as but not limited to, support materials, blocking agents, thermal
masses, etc., are not included in the amount of volume occupied by the adsorbent

material.

[0038] The preferred test for determining the volume fraction of open
mesopores and macropores of the contactor is defined as follows and involves an
analysis of the isotherm of a condensable vapor adsorbed by the contactor. A
liquid which has a vapor pressure greater than 0.1 torr at the temperature of the
test is a suitable material that can be used to produce a condensable vapor. At 20
°C, water, hexane, trimehtlybenzene, toluene, xylenes, and isooctane have
sufficiently high vapor pressures that they can be used as condensable vapors. In
the adsorption branch of the isotherm (obtained by increasing the pressure of the
condensable vapor), capillary condensation fills empty micropore, mesopore,
and much of the empty macropore volume with liquid. In the desorption branch
micropores, mesopores, and macropores pores filled with liquid are emptied. It
is well known that there is a hysteresis between the adsorption and desorption
branches of the isotherm. Detailed analysis of the adsorption isotherm relies in
part on the Kelvin equation which is well known to those skilled in the art. The
detailed analysis provides a measurement of the volume fraction of the
mesopores and macropores in the structured adsorbent. The preferred
measurement technique described in the following paragraphs derives from these

principles.



SwW ng adsorption processes, which adsorbent contactors contain a plurality
of flow channels and which contactors contain 20 vol.%or |ess, preferably

15 vol . %9p Jh@SSss200r € preferabl yl0 vol . % or less, and ppgiysRéRfobdod®P! Y S
vol . % or less of their open pore vol unge By pores in the mesopore and

macropore size range. The term "adsorbent contactor” as utilized herein
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preferred contactors of the present invention are a type of structured
adsor bent auskinedinthispanagranh isarsetrio aseaspeg thel wlumsnfrapengassepares and f or

use i ther el St SRl on, LTS A0 VAL oe L1pes ol B8 Shsie < "0
(PSA), ang, panpfitdlomh&or it & Jgﬁﬂreg?ﬁu%{ivg k»%ﬂ'i&? SR coqg{l&Sr.a§S§{pg§e\i}thttﬁ%P8A)

t echnol ogi es. ese SWng a on processes can be condu - 10
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noted herein or by reference to specific "geonetric shapes” (in which case
woul d applrgpreséntative portimr of it eagactbgintocos¢aablenaruumhghtatdntainef er r ed
enbodi ments as described in this applicatio such as, but limted to,
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such as vessel s containing adsorbent beads or extruded adsorbent particles.
“Paral | el transmithesignal @esertedyr hadranaducards ehpseassaathetibsan roeaswgie or bent

contactors_conprisi structure ngi neered), .agdsor bents.in i ch :
subst ant | &Y r"éﬂtﬂ q‘clck}wcé’h%tﬂ%éhggr & ?Hg@lﬁgmaﬂcqrrf%s’t‘ 3adsor bent
structure rmed by a variety of neans, many of
whi ch ar e%%gﬁé@qgg%?ﬁeg% e{ﬁﬁﬁg@x&eﬁe{?bn to the adsorbent material, the
adsorbent structure may contain itenms such as, but not limted to, support
mat eri al s [0040ft siThe vaueim dight vessiell11631uad atirofahepquipmént WBedto which are
described nore fully herein. . -

evacuate the vessel and fill the vessel with known quantities of the condensable

vapor are located in an isothermal chamber 1191. The isothermal chamber 1191

is kept at a temperature of 30.00 (+/- 0.01)°C. To make sure that the vacuum

tight container 1103 and vessels 1125 and 1141 are at a constant temperature

before and after each step used to dose hexane into the contactor their

temperature is monitored with thermocouples 1195, 1197 and 1199 that can be

read with a resolution of 0.01°C. The thermocouple readings may differ by a

small amount because the accuracy of thermocouple readings is generally 0.2°C.

The important issue is that before and after each hexane dosing step the readings

of thermocouples 1195, 1197 and 1199 remain constant to within +/- 0.01°C.

Initially all valves (1113, 1127, 1149, 1151, 1153 and 1165) in the system are

closed. It is preferred that the valves be air actuated (instead of solenoid



[ 0035] Swi ng adsorption processes are all well known to those having
ordinary skill in the art and they can be applied to renbve a variety of
target daggSoigdQhg.g W de variety of gas njxtures. It isppeagbfsRododr
significantly 1 nprove the recovery percenitage of the |ight conponent of a
gas m xture by use of the present invention. The "light conponent” as
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about 85 vol . % even nore preferably greater than about 90 vol.% and nost
pr ef er abl y{0@d&ht er Pressuredh dheseosessels iamsasuned wishiensdugers Ad 68iagdi1143

conmponent inirqduced,into the ss. Recovery of the light conponent is
defi ned asWBWiﬂﬁVﬁé’aQ r]a'dénaﬂfgig‘f ’frF’ﬁf\’ﬁCPXFé' g%lpq\ﬁgr e&hf‘g@%‘ﬁlﬂéﬁ €in the
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defi ned aswith@ntdceBratyesfamed tom@laad suitabld Risdicetstie Rapaditdieeponent in the
product stream divided by the tinme averaged nolar flow rate of the heavy

conponent manometereed¥he sassel 1025 andNH 4t are evaceated do shatednansdonersdtl®ds of
the present jnvention contain ai very | ow vol upe friﬁi on _of (Fﬁpe nmesopor es
tie @r“rf‘g

and macr opstdekl43rread 3 pressyge of; ﬁc@‘ﬁpé)ao%gﬁ'r-a&’%Y% 7&?@@3 ‘B‘Idtﬂe
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t he nesopore and nacropore size range. Mesopores are defined by the | UPAC
to be por gmint vilves 1#S3 iand 1161 20 clossd@ndrthe evacnaed eessehd 41 idafitledor es are
defined herein to be pores with sizes greater than 500 angstrons, and. | ess
than 1 mi cvish hemanathyeughdine|ldd7hmapenng yabvg kb, Linghl 47 was osiginallsi ze,

we roan: ot RaE BGSheoRagor8Sin Be diffe R GRER A1, PRye 4RET Pogen:

and that aggcapable of being occupied, essentially non-selectively, by
conponents of a gas mxture. Different test methods as descri bed

[0042] A procedure is then instituted to remove any impurity gases that may
have been carried into vessel 1141 during the hexane filling step. Gases are
removed by opening valve 1127 and then opening valve 1151 for a period of 2
minutes dropping the pressure in vessel 1141 thus allowing the hexane to boil.
This degassing procedure is repeated five times before the hexane in vessel 1141
can be used. At this point valve 1153 is closed and valve 1127 is open, thus
evacuating line 1129. Valve 1153 is then opened pulling a vacuum on vessel
1125. Adsorbed molecules in the contactor or a representative piece of the
contactor 1101 in chamber 1103 are then removed by opening valve 1113. This
allows line 11185 that is attached to a vacuum pump to evacuate chamber 1103.
The evacuation procedure continues until the pressure in the vessel 1103 falls

below 0.03 torr. At this point valve 1113 is closed and the pressure in the



WD 2008/ 143820- 12 - PCT/ US2008/ 006067 bel ow are to be used to neasure the
vol unme fraction of open pores in a contactor depending on the structure of

t he cont aghohes/ 434 7] Open pore vol ume (in percent or VO'P%%SE&J%R@@(ME') I's

defined herein as the volune of the por‘e155 in the adsorbent that are between
20 angstrons and 10, 000 angstrons (1 micron) in dianeter divided by-the

total vol wianWer ifmopddied feirar hair. | I the prass@e iBlthé RhamBeprisenby mwsrer i al
i ncl udi ng associ at ed nmesopores and nacropores in the adsorbent structure.

"Swept volthar8:02stechdering this tinae perjod ithen tieaaviachatiers prasedurssistiepeatedune
occupi ed terLaI, such as hut not limted to, support

-,ad b
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of the corngflbpéd (sucHeds Htatingshé ebhfitFordnA fidh\udk¥dedaioRRalesHaveBeehhe
| sot herm of "a condensabl e vapor adsorbed by the contactor. A liquid which

has a vapoeuceessfdly rengoweat front thercotdctonivaltest H2 7t ardokl 58 aresclosed.he test is
a suitable material that can be used to produce a condensabl e vapor. At 20

t, water, xane, trinmehtlybenzene, toluene, xylenes d j sooct ane have
suf fici ent[B§4 i gh %}HSrﬂgllé%}&?Ib@P?%al Q‘Ré‘}lgcl&%% g&%ﬁ‘égﬂ%l%g‘ﬁﬁ%abl e
vapors. | i 2 ' . Q] ' asi ng
vapors. (L abbE, e Bid Ahdianebe gle hn SHPBL IObRRIALAAY 137 fopppasing
M Cr opor e heRRBOPAG. ValeMUBT 8fthéd 810380 hitd AR LOPPSFis\(P B alfowingithali d. 1n
t he desorption branch m cropores, nesopores,. and nmacropores pores filled

wi t h |i quivdper in thedinetb. expanidsintetésskhbl2f.t Batausearfahe diffetense én esi s

bet ween t he_ads rggi on and desorption branches of the isotherm Detailed
anal ysi s dPlyme bgh¥espling A 129 andaresseld1284he presspre measyrediby ansdagert.i on

brovi des d163 IS S forks oYIE 1Py s lpsehind MG ifte "2ne”™' ©
descr | bed o P e o e P S AR A fork >
2008/ 1438 X0-this3poiRCTAIVEAAGS/i6 @pefigd to dose the contactor 1101 with hexane vapor.

The pressure in vessel 1125 drops because of gas expansion into chamber 1103

and possible adsorption of molecules of hexane into micropores of the contactor.

After the pressure in vessel 1125 stops dropping and stabilizes, the pressure is

recorded and the number of moles of hexane transferred into chamber 1103 is

computed from the ideal gas law. This requires knowledge (previous

measurement) of the interior volume of vessel 1125 and its associated piping.

[0044] The moles of gas transferred into vessel 1103 that would be needed to
fill the gas space inside it are computed using the ideal gas law with the pressure
measured by transducer 1173. Again, knowledge of the available gas space in
chamber 1103 is required for the calculation. The interior volume of chamber
1103 is known (previous measurement) and the available gas volume is
computed by subtracting from the interior volume of vessel 1103 the exterior
volume of the contactor and adding back the volume of the flow channels in the
contactor. Errors in knowledge of the exterior volume of the contactor or the

volume of the flow channels will not significantly affect the measurement of the



1003911f a liquid blocking agent is not used in the contactor the procedure
outlined in this paragraph is used to neasure the volune of open nesopores

and macr apgngss/Qbshhe subject contactor. This neasurenepprhie8fh@Eed on
either the entire contactor or a repr esefftati ve portion o%r tﬁe contactor. A

representative portion of the contactor contains a | east an entire cross

section oftotdl®pearhésvipore and nisoporedssiuinest The qhaitiyenhibi%s anedl 100% of the
mass of the contactor. Additionally, the mass of the contactor used in this

neasur emerdiffehendecbatweem the extariosgolpmersf the gonsaetor and thevelmeof the
representeg in Figure 15 hereof wherein the initi teps of the procedure
i nvol ve pl %er@af’ﬂés@ﬁiﬂf QﬁﬁfﬂgQEBﬁwé‘rtoe?nr%Pé%"é’n?ﬁiQ%’e portion of the
contactor, into a seal able vacuumtight container 1103 and evacuating the
cont ai ner. er & | QA& F i t he
exterior s@??ggg o?ﬂ% elé%(r)\fg%% or ?H%qb??ﬂéa% 6#%3‘?? 1§g&)n§?|fetdggglré%%égri or

vol ume of héiweeh@idRIolesIbPgasaeansTeired bhd thnhfilecof pss equiredad fill the a
pressure transducer 1173 and a cable 1171 to power the transducer and

transmt tdwaileblengds spaneimvessel ThO3 andntscsseciated pipingenAfier compléting an

measure pressures with an accuyacy of_ 0.01 torn A syitable transducer for
Such a odbi 4eRing Siep anddhp £valualoR QftheRles Of £apAgsorRRd M ShLPEIRE

vessel 11 I . ' i fill
he vessel T Fe/Rh 4185 it ool B TNl SREWIRCFL R X BclSed BRI BFE 1 o
i sot her mal b}ﬁfb?%ﬁﬁﬁ% #HOprocthbrd S9smalyalsed he fIEF WillPhexsneedforatThe
tenperaturée of 30.00 (+/- 0.01)C’ To nake sure that the vacuumti ght

cont ai ner ddsiig steg toadsaibsmbi® modexhlds ito thecantactor anthteamepeatepe ldeur e

before and_after each step used to dose hexape into the conptact o[ Lf ir
t enper at ur@lling apshdesing steps cANtiRGS Hhbe teneated untzl the pyossupe m Yesset ARS can be

read with esoluti opn of Q.01C .The ther 0 r ' . i by a
a1 " aro e 584 e Posie AR 1 pgiF e BEot] Su fl AR orttssifs |
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t he readi ngs of thernocoupl es 1195, 1197 and 1199 remain constant to within
+/ - 0. 01C. thisypsinabhwaed in thel preseduirt 1Be additibnal intfes dflhdxantithat ared 1165) in

the systemare closed. It is preferred that the valves be air actuated
(i nst ead oidsetheshisi the coptagtersire £99sideradita Pt the srsoBPRSEOEMACKOPPESed) so

that do n heat the,gas or_ pipin en the re opened. l13etor e

rreasurerregihebﬁ ?%algq]go%lagisb%érﬂre%g\éﬁny%é Ppﬁ &Wﬁggsé‘"?/érbfi alpbﬁf)&@?as an
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1119 that is attached to a vacuum punp to evacuate vessels 1125 and 1141.
[0046] Filling and dosing steps are continued in a manner such that the

pressure in vessel 1125 is only increased by 1 torr in each filling step. When the
pressure read by transducer 1173 at the end of a dosing step exceeds 98.5 % of
the pressure read by transducer 1143 the pressure increase in vessel 1125 during
a filling step is decreased to 0.5 torr. When the pressure read by transducer 1173
at the end of a dosing step exceeds 99.25 % of the pressure read by transducer
1143 the pressure increase in vessel 1125 during a filling step is decreased to
0.05 torr. The filling and dosing steps are then continued until the pressure read
by the transducer 1173 at the end of a dosing step exceeds 99.6 % of the pressure
read by transducer 1143. The pressure at which the experiment is ended is
expected to be approximately 186.4 torr. The total number of moles adsorbed by

the contactor from the point at which at the end of a dosing step transducer 1161



[00411Pressure in these vessels is neasured with transducers 1163 and 1143
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the pressuye i. e WD 20Q08/143820- 15 -PCT/ US2008/ 006067 chanbet i s

roni §or ed JeSFTiBeA ABOYE SPATTIRE ClsLEan fdctoRCARYeaN AP D THEDE SRR ¢ han
0.02 ton ' 4 hi L e ' (o ] e ' at ed.
17t he cvalt SOREYE oL EBr e Bire 1 hiEBIRG R hERafile > Wi sanh e

al t er nat i \eediRiaNmiSosE P18 e dThe 8Gtfaes ad welh dsheciospkestic ofidRlcaltautbd be
enpl oyed (such as heating the contactor). After adsorbed nol ecul es have
been succebhefild byimegedied from the contactor, valves 1127 and 1153 are

cl osed. [0043] Val ve 1151 is then opened allowing line 1129 to fill wth
hexane

[0047] If a liquid material is used as a blocking agent in the formulation of
the contactor, and the contactor is operated under conditions where the pores
remain substantially fully filled with liquid no assay as described above is
required to determine the open pore volume of the contactor. In this contactor
configuration, the mesopores and macropores of the contactor will remain filled
-with liquid as long as the liquid remains condensable at the operating
temperature of the contactor and the feed flowing into the contactor is fully
saturated with the vapor of the liquid at the inlet temperature and pressure. In
this case, there is no open mesopore or macropore volume in the contactor
because it has all been filled-in by the condensable vapor. If under operating
conditions (i.e., inlet temperature and pressure) the feed flowing into the
contactor is only partially saturated with the vapor of the liquid then some
fraction of the mesopore or macropore volume will remain open. The degree of
saturation is characterized by a liquid activity (a)iq,ig) that is the ratio of the

partial pressure of the vapor of the liquid in the flowing gas stream to the



vapor. Under the conditions of the test this will be approximtely 187 ton
of hexane vapor. Valve 1151 is then cl osed and valve 1153 is opened

al | owi ng WB%(YS%Q?&M n the line to expand into vessel 11254 ResRle&sPf the

difference in vol ume between |ine 1129 alfd vessel 1125 the pressure
measured by transducer 1163 will be less than 5 ton. Valve 1153 is then

cl osed andsativiated vdpor pgegsuee el theliqwidrat e teptperature of ke poetastore(iien vessel
1125 is ag?roxinately 5 torr. At this point valve 1165 is opened to dose

t he cont adtisak ilde atheotntefepan mepopore ANd maeroparevolumeinsedased as thir ops
because of s, expansi Qn, i nto,chapper 1103 an ossi bl e agsorption of

mol ecul es lﬁ]eRrgg%‘rF ﬁ’? dherendensa ]Eﬂu‘giHB tﬁ%gﬁfg’c&i‘}?@asﬁ?*t © ‘iﬁ%""’b&"@ssur ein
vessel 11 i L] i and t he
number of hg Vel SF ARA0BErA M ALl dof B and AR ndioh S B AGT 0

the ideal rgagriabusedin merfaﬁnh[a%ﬁ)d%mﬂe%ﬁﬁac&@ri@%memrtﬁms)T)R@fest he
I nterior volunme of vessel 1125 and its associ ated pi ping. [0044] The nol es

of gas tr ansfmacrepores of theswatactaOBy diydngwhiigulidoeanrseded-oat bf the t he gas
space inside it arg{ygorrput ed usi ﬂg}p the i degl gas law with the pressure
measur ed BPCIRESHREMacioppres\gk the cantactpe by dicating plein, sgaled Fanigierspace i n

chanber 170516 Srdfitd {cuudh of 95, EALRRACMRAR paiBe i oBblabhialif P'B8 o%as e
i s conmput gthsbyuchdy Ha.Coverghé ceitdchst. i%&riigﬁig\ggs%n%m;b%a%rﬁ%ﬁé the

exterior volunme of the contactor and addin k the volunme of the flow
channel s imesdperearicantaoropdres of the coritactot, algassiy mbthodpreviously ol une of
the contacjor .or the volune of the flow channels will not significantly

af fect t heleseribed earhe condugied. Vwthis@syaysthbe zanouwrs of pay/adsobed/tyodes7 t ot al
d. __The. tity . whigh.is the diff

o veor: ¢ Rt ERSLEP REAn g TEXand ASiVY Gamed WBIT0 B kAR, 11 onr

h | - o% f

b Dhessubadt i@ A ok ddoBprith SRENTPRIATy HR LanlARUHNMCTARSE O 92°

t ransf er r guiessace.t The anoemt of opes nmexgporeschridombtidpotdiethay diduddbe gas space
in vessel 1103 and its associated piping. After conpleting this dosing step

and the e¥Xpeeleddn operation isthen deterginedfieny theccumulative cumbertodmale®1 val ve

1165 is cl gsed_and,pr STHLE in yessel,K 1125, s iﬂcreased.S nore toff by
repeating % 8%?%8%%56% EFW% PR W Chiq‘? Frang 3p ViR eXreeds B The
dosi t ; I . : ' t ed.
The f1111 andfe PARATAEWHIE WP Gieliiont iR phinfictiTec dn R ArdSet E8EF <
vessel 11Dy tht ttahedeced 1d1732atdhs end of alvsiry yep RikBeeds 9926 96 oFfthe plesdd of

the reading of pressure
réad by transducer 1143). Again the molar volume of hexane is used to compute
the actual open mesopore and macropore volume. The open pore volume as
expressed in a volume fraction as used herein is then obtained by dividing the
volume of open mesopores and macropores determined by this test by the total
volume of the contactor that is occupied by the adsorbent material as defined

prior.

[0048] In equilibrium controlled swing adsorption processes most of the
selectivity is imparted by the equilibrium adsorption properties of the adsorbent,
and the competitive adsorption isotherm of the light product in the micropores or
free volume of the adsorbent is not favored. In a kinetically controlled swing
adsorption processes most of the selectivity is imparted by the diffusional

properties of the adsorbent and the transport diffusion coefficient in the



transducer 1143. This range is expected to be between 25.5 and 30.5 toff.
Fromthis point onward in the procedure the additional noles of hexane that
are adsogpgq%%%4%gg contactor are considered to fill the -#Ra9RREHsAN

macr opor es. e Tilling and dosing stepsl9are continued until the pressure
in chanber 1103 housing the contactor exceeds 95% of the pressure read by
t r ansducermitidporef 44 fidel volunt Gitle ddsord@nsbLitie lgle spebicks s Rds itharthagnner
such that the pressure in vessel 1125 is only increaSed by 1 toff in each
filling stodthe Whaviet speoicsesAlsog in kingtisglly cantrdlleéd swing adsarptibe end of a
dosing step exceeds 98,5 % of the pressyre, read by transducer 1143 the
pressure PRESESSELWI wgeevr%ﬁseﬂmﬁﬁgt%& q“fﬁ?‘lﬂ%}/%?léﬁwl&' GRRAESEHOM 0 0.5

tof f. \Wheny. r R&S .tran f osing step
exceeds o8 BUSpRERHAES B thethioBARSTTbe hbibEht 4Rl R Rlsoludlr o

i ncrease idiffusiongl sukkace rdbistdiidedn the Liythls beparticl &Mt ARRe-UPHe 05 toff.

The filling .and dosing steps are then“continued until the pressure read by
the transddsenbefi73 at the end of a dosing step exceeds 99.6 % of the
pressure read by transducer 1143. The pressure at which the experinent is

ended is ted to, appyoximately 186.4 toff. The total nunber of noles
adsor bed E§8$ e cdhPall{ rur{c{eéﬁfpf’ﬂéhﬁidhﬁlter&% Py, amless preecdeddbyothededsi ng
step trans : ) 3 - 14 - PCT{ US2008/ 006067 was in a range
bet ween w ? ﬁlﬁ‘%{n«t;&‘% %%3%?‘9%&%5%%& %(ngcﬁggbf g‘ggpreﬁrc"é%eswlélgt ransducer
1143 and GiSorpeioRlpratessBs HtlhdinoRIoRYeHiSndl 58I PR CPSA hh@d PPRLLIn PEAS at the
end of a dosing step exceeded 9&.6 % of the pressure read by transducer
1143 i s t [peodesses, argasbeus mixtuod éscafducteduned aagressoeel fora perdodes tipgs e and
macropore vol une of the contactor. The val upe of the Of)en nmesopor es and
macr opor e9VEha dikat beshehe solid serhent thatds seletingy ayelativelypselestiye, Korsongimber

of nol es % t he nol ar v?l une lﬁ% hexgni. The en ﬁgrﬁ v.ol uge as exaressed
in a vol une TPECOMGPEL i e r e Y 23 ASREBTRA d0fys 40 PEAPMYVEHe vol ume
of ‘open e M Baiotls HXHARO T é&ﬁg&&edngﬂui%é SRctifell dMoftid drp" 2|

vol une of the coRntactor that is occuple y the adsorbent nmaterial as

defined preferredAbtalsahgheaniecomponeer shdvibleungalilp adsdided @ongsdmhtd that
determ ned by the test procedure described above, scanning el ectron

ni cr oscopPasteifirorgh thedbadareuefersed woas thedight somplamentse M ds possible toesopor es
and macropores in the sanple. Wen scannin | ectron mcrqscopy, i s used the
surface af*MiRYY {\gg of “E?f&%ng%@mw gfmﬁ%éleggglyiatgpr SRR ATCINS ¥1|"ﬁaged.
[0047]1f AL ' | ' ' . | ati on
of the cog(t)}gl?? gFﬁlt gpra]eﬁ hgﬁ%dotgft%{g{ta%re at?sb%o%g{r%&gggg’u%gg‘?&&éo%d%o ?ﬁt (I)Ir)lﬁs)%er e the
pores renbe nefentedttorinithe binguldr andfrefidreet W 4sha bbAtantinam: @slaivyas descri bed
above is required to determ ne the open pore volune of the contactor. In

thi s cont gempenewdiaf i gurati on, the nesopores and macropores of the contactor
will remain filled with liquid as long as the |liquid remains condensabl e at

th {0t t f. th tor,and the feed flow.ng into, th
cont act or 10850, RSE e BuiskMorSd b fespbrseifetii 1 aF dined hareinis bavacey

t t . ] i :

rmer opor o0 SYRPERNM confbdriton GIARE mOPESHHMOARILIBARSIE' | | e

condensabthe feaf streahd andhthertotal elaiberd fanolds iofehese(dorBpondnté 8dsdrbs@Byat ur e
and pressure) the feed flLowng into the contactor is only partially

sat ur at edthgi pasticalar adperbent dunag thejadsorptiem steprof the proceass cytlet urelergbopor e
or macropore.yol uge Wi || {.emain 3 en. [}eaéie ree of salurat'h:on i S
char act er PREEHIB FYSIEM oRRrating copd {f)’néél‘?a CEYSUSIM CPMPORKION,; For aifegdie

par ti al - Pegiisiifig ompdhef RO CoftpohBfit bl Bl & ddiibha iRt &Hfhes Wheam 1o

adsorbent that has a greater "selectivity" for component A than component B
will have at the end of the adsorption step of the swing adsorption process cycle

a ratio:

U, = (total moles of A in the adsorbent) / (molar concentration of A in the feed)



WO 2008/ 143820- 18 - PCT/ US2008/ 006067 saturated vapor pressure of the
liquid at the tenperature of the contactor (i.e. Pi/Psat). The anount of
open nes r cropore vol une increases as the party of the
condensa%?gzlﬁ?sgiﬁlgscfﬁ?n the feed decreases20To deternine %EZ‘)U\/S(B)(?OE@E&&E?
mesopor es and macropores under operating conditions the liquid materi al
used in t haf Brorght tisih Bk hfig: contactor is renoved fromthe nesopores and
macr opores of the contactor by drying. Liquid can be dried-out of the
mesopor es and macropores of the contactor by heating it in a seal ed

cont ai ner W &otal anpleg of By irctheradsorsntheémolag concemtationpafSBiin ghefeed)

substantially pure purge gas, such as He, over the contactor. Once liquid
has been r ved f.r t,he nesopar.es.and. macropores, of, the gontactor, the
assay ot NYACHT L 13.08¢ yAGsSmHaRPRER Geomumiat & andUsks therscay t he
amount of 'gﬁﬁscﬁ‘ﬁﬁ or is plotted against the hexane
activity (ahexa e?ﬂ\?\,ﬁﬁ%lﬁé/?g @ﬁ@%é@gne’ pressure at the end of an adsorption
step divided by the saturated hexane vapor pressure. The anopunt of open
mesopor es Higtefore fopan adsdrbent h@stitr:g axelevtivityt fod compamenel overi s t hen
determ ned fromthe cumul ati ve nunber of noles of hexane adsorbed between

t he poi nt eampgnesit B that iegepaterdban ohey exceeds ahqg",d and the point at
which the experinment is termnated (i.e., when the pressure read by the
transducer 1173,at the el a dosing step e eds 99.6 % of the pressure
read by transdu%éf’m’l‘i‘g}éy&gﬁ@iﬁ n the(WﬁF’éﬁﬁ\‘)o pcﬁg of hexane is used to
conpute the actual open nesopore and nacropore volunme. The open pore vol une

as expres Sﬁﬂmdnglstﬁang@g?bﬁﬁ%ﬁ BEUiFerent c%ﬁ@n@ﬁ% h thé fedd e &Qhﬂbﬂé‘rﬁ With

dividing the v open nesopores and macropores determhed by this

test by t thetsntallestaltionsf the totad noslas pivked uphiatthe adserbent tditbyndlive adsor bent
material as defined prior. t[1(3048] In equilibriumcontrolled sw ng adsorption
processes Gapsentsatiomin the feediiy the lightestgnmpenemntyn theswing adserption adsor pt i on

[ f th d b d th it d [ ' h f th
i ont pr odiobesen s it g B€ mptar cBBCG Erasinn < e Tl SPmapbentin, .

favored. | ! | I 1 J Frm)st of the
sel ectivi ttge?tsrg?%e)%‘rn?@léj %J;Q?ﬁieﬂgg':hfe%sslaﬁﬂ%gﬁ %?%gsre tiafekg1 tgéﬁtaﬁezﬁlgﬁsor bent and
t he tr anspwhicentiritions b that dightést iceniiponent tietherfeed.obe adsarbdént costav@rsime of

t he adsorbent of the light species is |less than that of the heavier

speci es. AMdbe presert mastentign/havesrselestivity ®niankrst demponcnin(eg.ocempenenii t h

m cr opor ous, adsorbents the diffuysional selectivity can_arise fromdiffusion
0 T oPonodd) Preics Sechind dot neni (e CmREIRE ) il A6 S aniogy pEGIRTALIY 2

di ffusion i i I i t ke-u

the nasor nEIRHBERE ARRSCOAIBENCH AU AlekGhd cBnbonBf of & IBTsr' A anlE o 1P
preceded hyostheferably a selectivity for a first component over a second component of

at least 25.

[0051] Examples of components are molecules such as molecular nitrogen,
N,, or compounds, such as carboﬁ dioxide, CO,, and methane, CH,. In a
preferred embodiment of the present invention, the adsorbent contactor has a
selectivity for CO, over CHy of at least S, more preferably a selectivity for CO, |
over CH,4 of at least 10, and most preferably a selectivity for CO, over CH, of at
least 25. In another preferred embodiment of the present invention, the
adsorbent contactor has a selectivity for N, over CH,4 of at least 5, more
preferably a selectivity for N, over CH, of at least 10, and most preferably a

selectivity for N, over CH,4 of at least 25. In yet another preferred embodiment



"conventional" or "rapid cycle" refers collectively to all pressure sw ng
adsor ption processes including conventiagpal PSA RCPSA and PPSA. In PSA

processesyodfdasRys M xture is conduct’ed under pressur @chRls:sR6dokPd Of
time overswg ]QII‘S'[ bed of a solid sorbent that is selective, or relatively

sel ective, for one or nore conponents, usually regarded as a contam nant,
that is tofithe peesene thvention] tire gisoelseit cohtdctorchasThselectivionntld,S beagr ar e
sel ectivel y adsorbed are referred to as the heal\;y conponent and the weakly
adsor bed oh ehleast hamopuprcterablina selestividy far BB ever (3l ebatdeastHd, | i ght

conponents. Jt is ss{pl e t.0 renovye or e t am,nant s
si mul tanecﬁﬁ’éilWoﬁm'%??f?{’g'o?ﬁ%lﬁf;téW%?foﬁﬁgeﬁ%ﬁrﬂff’gﬂe@g\@gonents, that are
to be renoved by sel ective adsorption will be referred to in the singular

and referrggsap asy egfh%ﬁ'@i '&ﬁfﬂod‘?ﬁleﬂ?ﬁf" bheFﬁi%Pé}ﬁfiH{zergicggft@é yﬂécﬁﬁfnﬂﬂﬁer W se

noted, the term "se tivity" as use erei'n 1s base I nary (palrw se)

conpar i sora in¢theselottivitg dforantior éit mofe gis cariponents s Asusedehdreind tigd teemm and
the total nunber of noles of these conponents adsorbed by the particul ar

adsor bent "Hinetiegselentivatys ds gefinad o5 dhe tatio ofsipglecenrapenantdiffosion t he
specific system operaf.i ngp,conditions..and feedstre conposition. For a feed
cont ai ni nd°€ Sﬂgnb {41,1 f%é%ﬁ?gntﬂ{ttw@, di r%|spe%sa§'£e§q © EOMpSREMt s, an
adsor bent §:hat: reat § VAR AV [ onent B
oo Pt RSN PRGOS SIRGRN g gon e ¢
cycle a rajoefficied$o tRIO&CMestied 8t a Fiveh 430N P60H gividhgdure ga§r eat er than
the ratio: U8 = (total noles of B inthe adsorbent)! “(nmolar concentration
of B in tvempmgnt.\Aberefoxe, ifer exampledther inetio selettikity §or g paptoowdat A" and UB
is the "Adsorption Uptake of conponent B".

adsorbent for component A with respect to component B would be equal to D,/

Dg. The single component diffusion coefficients for a material can be

determined by tests well known in the adsorptive materials art. The preferred

way to measure the kinetic diffusion coefficient is with a frequency response

technique described by Reyes et al. in "Frequency Modulation Methods for

Diffusion and Adsorption Measurements in Porous Solids", J. Phys. Chem. B.

101, pages 614-622, 1997. In a kinetically controlled separation it is preferred

that kinetic selectivity (i.e., Da/Dg) of the selected adsorbent for the first

component (e.g., Component A) with respect to the second component (e.g.,

Component B) be greater than 5, more preferably greater than 20, even more

preferably greater than 50. ~

[0053] In another preferred embodiment of the present invention, the
adsorbent has an "equilibrium selectivity" for two or more gas components. As
used herein, the term "equilibrium selectivity" is defined in terms of the slope
of the single component uptake into the adsorbent (in pmole/g) vs. pressure (in
torr) in the linear portion, or "Henry's regime", of the uptake isotherm for a given
adsorbent for a given pure component. The slope of this line is called herein
the Henrys constant or "equilibrium uptake slope", or "H”. The "equilibrium

selectivity" is defined in terms of a binary (or pairwise) comparison of the



Therefore for an adsorbent having a selectivity for conponent A over
conponent B that is greater than one: Selectivity = UATOB(where Up > UB).

Anongst aypopRAisegn of different conpor}‘e;gts in the feedcrhRSokPigRgNENt
with the smallest ratio of the total nvl4s picked up in the adsorbent to

its nolar concentration in the feed is the |lightest conponent in the sw ng

adsor pt i orH@irgs esastardisiof differentidoaipdneatsinl the feed €ad paticalareidsofbent.i ght est
conponent in the streamcom ng out during the adsorption step is greater
t han t he nidiesefore,foeaxample the tquilbrium geleetvity doma perticular adserbesddor The

d bent t act th toi ti a selectivity for a

ot o s ORmAepb A SEReR 6 CORPABIET e QUL 6%ohéﬁprf%régtﬁat
t; - r f er : Cl iVl r kS

component ian ol Hontol B\ EpRaFlof Y ALY (e HLHRY

sel ecti vi tof th@keldcted adsoftRAP Bheihle fﬁ%ﬁéoﬁpéﬁ@rﬁr(@.g?,oeﬁﬂxﬁb%ﬂbnﬂ&) Hithh east 25.
100511Exanpl es of conponents are nol ecul es such as nolecul ar " nitrogen, N2,

or conpouncdipecttacthesecond bompadinent (eg., Cotppanent BytheagreateCitldan 5 hmarer ef er r ed
enbodi ment of the present invention, the _ adsorbent contactor has a

sel ect i vi tje &bqwe%%ﬂlam-w,@weatmvr@argpf@sablafcgréaﬁ@r81@(%1% y a selectivity
for CO2 over CH4 of at |east 10, and nost preferably a selectivity for CO2

ouet o To0sl LeagneRs et e sk eRIRERRIHLEN A B0 VLSS
oI ey SESpHAUSH i ke ety gt s o
anot her prefergesfroanthediadedepletedlin-theworadnadt3 82 HEGH CIBAPOREH) HAHTh
remains sorbed in the bed. After a predetermined time or, alternatively when a
break-through of the contaminant or heavy component is observed, the flow of
the gaseous mixture is switched to a second adsorption bed in a second vessel for
the purification to continue. While the second bed is in adsorption service, the
sorbed contaminant, or heavy component is removed from the first adsorption
bed by a reduction in pressure. In some embodiments, the reduction in pressure
is accompanied by a reverse flow of gas to assist in desorbing the heavy
component. As the pressure in the vessels is reduced, the heavy component
previously adsorbed in the bed is progressively desorbed to a heavy component
enriched product stream. When desorption is complete, the sorbent bed may be
purged with an inert gas stream, e.g., nitrogen or a purified stream of process

gas. Purging may also be facilitated by the use of a higher temperature purge

gas stream.

[0055] After the first bed has been regenerated so that it is again ready for
adsorption service, the flow of the gaseous mixture is switched from the second
bed to the first bed, and the second bed is regenerated. The total cycle time is
the length of time from when the gaseous mixture is first conducted to the first
bed in a first cycle to the time when the gaseous mixture is first conducted to the

first bed in the immediately succeeding cycle, i.e., after a single regeneration of



of the present invention, the adsorbent contactor has a selectivity for H2S
over CH4 of at least 5 nore preferably a selectivity for H2S over CH4 of
at | east 8. 0dsgmpst preferably a selectivity for H2S @yersSiid obfosht | east
25. [0052]1n a preferred enbodi nent of 4 present invention, the adsorbent
has a "kinetic selectivity" for two or nore gas conponents. As used herein,
t he term "thefizbt feds €ETRe s/ bf third, Sodeth] fifill, ete. veselsaini aldifiors totiesseconponent
di ffusion coefficients, D (in n2/sec), for two different species. These

si ngl e ‘corsssRdrmandicrveits imereasefcyclsi time svhanethg adsomptinmcysle timee for the
Stefan-Maxwel | transport diffusion coefficients that are neasuped,for a

i ven adsdideshpRe g the ypliings S aemton Bt Y es il e t he
ki netic sedecact ivity for a particul ar adsorbent for conmponent A with respect
to conponent B would be equal to DA/ DR The single conponent diffusion
coefficients for a material can be determned by tests well known in the
adsorpti vqﬂossyri aCenweritionA SN picvies s sodifier fitorngasetabirtheeerti neti c

di ffusion coefficient is with a frequency response techni que described by
Reyes et alisadvantagesqioncxample coniventional S uhits ark tyfpiealyhmeone costdyr pt i on
Measurenent § i.n, Poyous SO%{jidS"’ J.. Pgiﬁ Chem B. }01 pag{es 614- 622, 1997.
In a ki nettP¥ ereraie anl argsignificantly darger gy ype forthersame ampuns
selectivit | g . kf-Stcomponent
0.\ Corbiel g shteBl be HABVREC A RbfES BAREF DA bonBlning Bes S DOPOTS

B) be greafyeh ashatural gagg 28 cRhffared bl RCPRR! Alséd,PsordentionaNPSAr ¢énipwafler abl y
greater than 50. [0053]In another preferred enbodi nent of the present

i nvent i on,geneelhobavereyule hiasesan exeqss of tmeé ominwtel tyicallyt in' exoess v tod nor e
gas conponents. As used herein, the term"equiljhriumselectivity" is
defined i Anintesdes ta Hmedimgations requiredigiation, PR 039@%@99@@@%

adsor bent (| / . ' f HA At | . Il on, or
"Henry's rtg’éé]“r@?{h%&?‘)gte@eﬂgpglﬁg&? g%&ﬁ&#ﬁf%%ﬂ ggéi %gdnlﬂggegcﬁlﬁ%@ﬁ{m for a given
pure Coﬁpmﬂgurﬂiﬂ% AlvORFedf It &rﬁrdst,rIQCPSACgéﬂe?Qlliﬂﬁwh@oﬂah@yﬁ@ﬁ{ﬁﬁés gpnst ant
or "equilibriumuptake slope", or "H'. The “equillbriumselectivity" is
defi ned i fessthan omke mimitadfhe {atal pele tilmes of RGBSAI may befleshthan\30 .

2008/ 143820- 22 -PCT/ US2008/ 006067 Henrys constants of different cqonponents
in the fedgconds, preferably dessithandgrsseonds, mraredmretasablydessethanylsecepds,

equi libriumsel ecti Vit r agpardicul ar adsorbent for copponent, A with
Caspect t dueB R astRlstes B S faondh, AT RERlors BretERER MRS apdn I

equi libri tr ' a4 V] ' HA/ HB
Thor 1 he SECoRll (AUIRS, SRIARA LYle pRASEEIN ANBHARFEANY bl mketbse 1

W th of substantially different sorbents, such as, but not limited to, structured

materials such as monoliths, laminates, and hollow fibers.

[0057] RCPSA can enable a significant increase in process intensification
(e.g., higher operating frequencies and gas flow velocities) when compared to
conventional PSA. RCPSA typically utilizes a rotary valving system to conduct
the gas flow through a rotary adsorber module that contains a number of separate
adsorbent bed compartments or "tubes", each of which is successively cycled
through the sorption and desorption steps as the rotary module completes the
cycle of operations. The rotary sorber module is normally comprised of multiple
tubes held between two seal plates on either end of the rotary sorber module
wherein the seal plates are in contact with a stator comprised of separate

manifolds wherein the inlet gas is conducted to the RCPSA tubes and the



respect to the second conponent (e.g., Conponent B) be greater than 5, nore
preferably greater than 20, even nore preferably greater than 50. [0054]In

the PSA pyeGessrasde gaseous mxture is passed over a fippglysasispbdlt on bed
in a first vessel and a |ight conmponent™“@rri ched product stream emerges

fromthe bed depleted in the contam nant, or heavy conponent, which remains

sor bed i n prbeessed purifiedrproductaghstadithoesil ghsrexiting thetRCPSAI tubky amhen a |
break-t hrough of the contam nant or heavy conponent is observed, the flow
of the gaseaducteibawayefrom theirotarysorleramedulen By seitatle iasrangemenhofitheecond
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enbodi nment's, lon in pressure 1s ac reverse ?1 ow of

gas to assoatrasthwigseombichtionAEPSA e floWPaTtEplessfie viarRatiohSSedufied Tof he
vessel s i s reduced, the heavy conponent previously adsorbed in the bed is

progr essi k¢ RGRSA sbgptiangdesarptioy cyolep onanges énrai mimeblerpofskpatatet r eam When

desorption is conplete, the sorbent bed y he purged with an inert gas
stream e Ipcrements oy dhe eﬁqea ogﬁﬁm egtcyggmwobﬁmlaew.tﬁwr@snge Ry

al so be facildg | erature rge gas,stream
[00551Af ¢ APd, P RS gtk B 8o BhicPed WS cOBIRES R it PR HRZRRrESy
for adsor ghiteig fofthYiHeRCPRA Hd&«l@h&ﬁ%%@iﬁ#%l@%h&%ﬁﬂ@%@d& d from
the second bed to the first bed, and the second bed is regerierated. The
total cyclaeouridmheicirduiber pathgakeroby thewotitingsovpeiontrhedglesecthat eactt ure is
first conducted to the first bed in a first cycle to the time when the
gaseous nicRMpagtments su¢cessivglicpassed o aigas flavé patheia the appeoprigtedi at el y
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steps in the complete RCPSA cycle. One key advantage of the RCPSA
technology is a significantly more efficient use of the adsorbent material. The
quantity of adsorbent required with RCPSA technology can be only a fraction of
that required for conventional PSA technology to achieve the same separation
quantities and qualities. As a result, the footprint, investment, and the amount of
active adsorbent required for RCPSA is typically significantly lower than that

for a conventional PSA unit processing an equivalent amount of gas.

[0058] The present invention may be used in PPSA, RCPSA or hybrid PPSA
or RCPPSA processés where a gas or liquid is purged through the bed to help
desorb molecules. In a PPSA process, desorption of the adsorbed species is
accomplished by passing a gas or liquid through the contactor to desorb
molecules taken up during an adsorption step. An example of a gas that may be
used is steam. In hybrid PPSA processes, the desorption of molecules from the
contactor is accomplished by use of a thermal or pressure swing and part of the

desorption is accomplished with a purge.

[0059] Improvements in the recovery of the light component are especially

important for processes used to remove impurities from natural gas streams,



the first bed. The use of third, fourth, fifth, etc. vessels in addition to
the second vessel can serve to increase cycle tinme when the adsorption
cycle ti f t bed is shorter than the cycle tines ption &
pur gi ng L(Sglzg(isnﬁghfzot he bed. [0056] Converddonal PSA pr oc%gggyga@ggﬁﬁz@from
several inherent disadvantages. For exanple, conventional PSA units are
typi cal | y patieulaflytHigh peessiitd fatarl ganetrehmsantlissdedirabniof reeawéd thel ar ger in
size for the sanme anpbunt of target gas that needs to be recovered froma
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use of substanti ally different rhent.s, such as, .but not limted to,
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conduct the gas flow through a rotary adsorber nodule that contains a
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a stator GOOPpsiedThé compasitich oPRAtued] Gais Wheamisdifdedlyl bl arDadsd r%r(ﬁﬁfdldUCt ed
to the RCPSA tubes and the WD 2008/143820- 24 -PCT/ US2008/ 006067 processed
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about 70 vol.% CO,.

[0060] The present invention also provides a method to increase recovery of
the light component by conditioning the temperature and pressure of gas fed to
the contactor. This method can be used with or without a contactor having a low

volume fraction of mesopores and macropores. During the adsorptive step of



for a conventional PSA unit processing an equival ent anount of gas.
[ 00581The present invention may be used in PPSA, RCPSA or hybrid PPSA or

RCPPSA prweeseessphere a gas or liquid is purged throughcthg88odogs el p
desorb nol ecules. In a PPSA process, de's7r§r'pti on of the adsorbed species is

acconpl i shed by passing a gas or liquid through the contactor to desorb

ol ecul es welkdesighed kindigatly oiiﬂﬁmlllétlisQﬁngTadﬁorﬁﬁl@nqjtamses,Qheangamttdfat may
be used is steam In hybrid PPSA processes, the desorption of nolecules
from t he dwavicompaneniin thepnicropdrasyorfsee volume ¢asy baapproxpmatadyir e swi ng

and part of the sorption is.acconplish jth a purge. [.0059].l.nprovenents
o Pa L e diapgied framahe AdtArPHOR JBRAT A1 the bl i oneaIdR ARtIEEIT
processes t i iti.es. fr. g WO
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streams. |ldquilsbid@s donttatledwingadsbrptivh proResset tikSamaduapof RédFy ed to as the
"heavy conponent(s)", and the methane-rich product, also referred to as the

"light coroonporent imtheamidriophres qrrfees volanascan be tppriximatelpwomghited ty in

be. used { reRHBE RomAchiie adseaan sofegmaa BF oA 2a8 IEM SOMASEDES Hor e
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the natur %gg@@ﬁrﬁa’ii(frﬁ%@bo@igié BRBSS BNl IS sWingHd8brpiidissur es
greater th about 50 psig, preferably at inlet pressures greater than

about 150 mecessesitthe conaktorgiroyides govldahagy teassfercchayaetatistics betweshdhe 450
psig, even nore preferably at inlet pressures greater than about 600 psig

and nost (Basfehageppd the adgasbed phasaindbe gnisserores pafregpwlemenfohgsi g. The
present invention n _be.used even n,the s.Streamis at. an .
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of nat ural i i r af: ur al gas)
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nol ecul ar wei ght organi cs), nethane, ethane, propane, butane, N2, He,

Cco2,
H2S, Hg, cadsomsianaisothesm fnsithe heavy eompenenitusyaly obeypitaarys Lawendd and
t he condensates sent..to a petroleumrefipery. Ln order to produce a gas
that can DBCRRQEN 0L BaaTHeBMPOBrRbSeEosd dubue f 1BF PRETORORRVEST and
conmmer ci al lops 51 gontam nants, such as N2, Hg, nercaptans, and the
acid gaseggé@legggﬁﬁgéalngsst to renoved to acceptable | evels. The | evels and

inmpurity types vary fromgas field to gas field and in sonme cases can
conprise the mgjority of nolecules in 3
=K Py 9;  (in milli-mole/m)

quavy Heavy
where Kyeavy is the Henry’s constant and Pye,yy is the partial pressure of the
heavy component. The Henry’s constant, Kyeavy depends on temperature and

usually varies according to the equation:

=:|§

T

K =K, e (in Pascals™)

Heavy

where Kj is a pre-exponential factor and AH is the heat of adsorption (in

joule/mole).



t he produced gas. For exanple, it is not uncommon for some natural gas
fields to contain fromabout 0 to 90 vol.% CO2, nore typically from about

10 vol . %8 ,86PUts60 Vol . % CO2. [0060] The present i nventpbgms%ogfao&gpvi des a
met hod to 1 ncrease recovery of the Iigh‘tz7cbrrponent by conditioning the

tenperature and pressure of gas fed to the contactor. This nethod can be

used Wi th [@06M t hoTb impedvd Seletivibpuhd gecdviepyvforadittive afkiaetically 6f nesopor es
and nacropores. During the adsorptive step of well designed kinetically
cont r ol | ecequilibrjunmdemtrilledrswingcstsomsjon procesass the ilehemperawnpendnt in t he
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adsorption isothermof the heavy and |ight Conponents in‘equilibriumwth

t hei r | ocagreates thee8.8 qyandervienanomnprefierably grwatexdhan 0.6T¢ge sEhiappr oxi nmat i ons
are possi bl e because in well designed swing adsorption processes, the
cont act or §§ABEMERt placas Adewer bavrd ep the mlgtpressweiand pmaxgepm beunhs phase
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the m croporous or polyneric material). ow pressures the adsorption

I sot her m fseledtiveljhadsoyrbed imptheesuntastonis incrdasyd ahid they amouatvofinchtérive thaount
of heavy conponent adsorbed, qiieavy, in the mcroporous or polyneric

materi al icAntRsasejectivelyieelogsedHadthy dgserptionfiten is-insrassed) Thase inckeasavy i s
e e oGP B SPlh R so PS R REh aeS  c 1
varies acGhedigied fhd REcPSpRES O thcrédsing the loading significantly beyond this

range reduces the recovery of the light component because the slope of the

adsorption isotherm tends to decrease with increasing pressure. To maximize

the recovery of the light component it is also preferred that near the point at

which feed is introduced to the contactor the slope of the adsorption isotherm for

the heavy component be large enough so that:

a quav
_—L > «a Klleavy qs
0 Py,

where o = 1/50, more preferably a = 1/25, and even more preferably o = 1/8.
This inequality places a maximum bound on the inlet pressure and a minimum
bound on the inlet temperature. As such these requirements define a window
(i.e., maxima and minima) for feed pressure and temperature in which the
recovery of the light component is optimized. Usually it is preferred to operate
the swing adsorption process at the lowest pressure within the operating window
as is practical. As the feed pressure decreases, the concentration of molecules in

the mesopores and macropores of the contactor decreases. Lower concentrations



K Heavy = KO e R(in Pascals-1) where Ko is a pre-exponential factor and AR
Is the heat of adsorption (in joule/nole). WD 2008/143820- 27
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free vol ume near the point at which feed is introduced to the contactor
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mesopor es regayernsvinodowdor metharawihich acte ab adighigosipprient tnswing beyond thi s

range reduges the recovery of the, light conponent, K because the sl ope of the
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reavy heavy components (such as CO,, N,, H,S, H,0, heavy hydrocarbons, and
mercaptans) by preconditioning the natural gas with a turboexpander that
recovers the energy from the gas expansion. Energy recovered from gas
expansion can then be used for power generation or to help recompress separated
acid gas components (such as CO, or H,S) so that they can be disposed of in
underground formatfons. Underground formations that are suitable for disposal
/sequestration of CO, and H,S include aquifers that have a top seal that prevents
signiﬁcant loss of injected acid gas components, oil reservoirs, gas reservoirs,
depleted oil reservoirs and depleted gas reservoirs. Typically the separated CO,
and H,S has to be recompressed to pressures greater than 2,000 psi and often to
pressures greater than 5,000 psi to be injected into these types of underground
formations. Thus, it is important to be able to reuse energy recovered from a
turboexpander for recompression. The cost of a turboexpander is also less than a
gas fired turbine producing the same amount of power. As such, itis
economically advantageous to use a turboexpander to capture energy from gas
expansion used to condition natural gas for the optimum methane recovery
window. When a turboexpander is used, the energy can either be recovered with
a shaft coupled electric generator or with a shaft coupled compressor. It can be
advantageous to pass the gas coming out of the turboexpander through a heat
exchanger before introducing it into the swing adsorption process in order to

access the operating window that maximizes methane recovery. Gas coming out



a PHeny > a Kj,reavy qs where a = 1/50, nore preferably a = 1/25, and even
nore preferably a = 1/8. This inequality places a maxi nrum bound on the

i nl et preﬁé%(g‘/ﬁ%oa m ni num bound on the inlet tenpera?,ﬁ&ﬁ] 2% 0846N these
requi renents define a window (i.e., maxi49ya and m nina) for fsee pressure

and tenperature in which the recovery of the |light conponent is optim zed.

Usual |y i tofl Stupb&égander t4h B esateld tocbesiti the optinaurptrecovdry osidiowat t he
| owest pressure within the operating window as is practical. As the feed

pressure ducaussde, wotkeisaoaoerred an aorisartrapi¢ espansion.n Typisablysoleates and
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[0063] In applications where CO, is removed from natural gas in swing
adsorption processes it is preferred to formulate the adsorbent with a specific
class of 8-ring zeolite materials that has a Kinetic selectivity. The kinetic
selectivity of this class of 8-ring zeolite materials allows CO, to be rapidly
transmitted into zeolite crystals while hindering the transport of methane so that
it is possible to selectively separate CO, from a mixture of CO, and methane.
For the removal of CO, from natural gas, this specific class of 8-ring zeolite
materials has a Si/Al ratio from about 1:1 to about 1000:1, preferably from about
10:1 to about 500:1, and more from about 50:1 to about 300:1. It should be
noted that as used herein, the term Si/Al is defined as the molar ratio of silica to
alumina of the zeolitic structure. This preferred class of 8-ring zeolites that are
suitable for use herein allow CO, to access the internal pore structure through 8-
ring windows in a manner such that the ratio of single component diffusion
coefficients of CO, and methane (i.e., Dcoy/Dcng) is greater than 10, preferably
greater than about 50, and more preferably greater than about 100 and even more
preferably greater than 200. Single component diffusion coefficients are taken
to be transport diffusion coefficients measured for a pure gas in the Henry’s law
regime of the adsorption isotherm. The loading of molecules in the zeolite is
low in the Henry’s law regime and in this regime the Fickian and Stephan-
Maxwell diffusion coefficients are nearly equal. The diffusivity of a porous
crystalline material for a particular sorbate is conveniently measured in terms of
its diffusion time constant, D/r 2, wherein D is the Fickian diffusion coefficient
(m %/sec) and the value "r" is the radius of the crystallites (m) characterizing the
diffusion distance. In situations where the crystals are not of uniform size and

geometry, r represents a mean radius representative of their corresponding



because natural gas is usually produced at pressures ranging from1,500 to
7,000 psi. These feed pressures are usually too high to fall within the
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coefficients m=iasure for a pure gas in the Henry's |law regi me of the
adsor pt i offmelHg pgededhin 915581 jquetyraturaligas. itmayalsabe advantageans ton t he
Henry's | reqi in this reqi t he .Fi.ckjan and.Ste - Maxwel |

i 11 usi onSSRE BB gy TSR eh Halooh R iRa e rohcriog SBARH By ous

crystal | i pRtiaHeddPhydretadol rbhﬁé’t%%‘hn?&%rﬁ%gﬁ%sifﬁefpﬂﬁgﬂf g@bhgcgﬁgﬁﬁr ed in

terms of its diffusi'on time constant, r wherein I I"an

di ffusion coefficient (m2/sec) and the value "r" is the radius of the
crystallites (n) characterizing the diffusion distance. In situations where
the crystals are not of uniformsize and geonetry, r represents a nean

radi us representative of their correspondi ng



WO 2008/ 143820- 30 -PCT/ US2008/ 006067 distributions. One way to neasure
the tinme constant and diffusion coefficient is fromanalysis of standard
adsor pti agokhieiubes (i.e., gravinetric g;ﬁt ake) using nephedxeREdPed by
J. Crank in "The Mat hematics of D ffusi'on™, 2nd Ed., Oxford University

Press, Great Britain, 1975. Another way to nmeasure the tine constant and
di f f usi on thephfifichioin of gaé fiwih ANGIBofffsozhaptheangthane hndiptdegeaabby dat a
usi ng met hods described by D. M Ruthven in "Principles of Adsorption and
Adsor pt i orpredests saebe regayraredior aged py fuel o W henreraygrer, ikmaydre and D. M

Rut hven in "Diffusion in.Zeolites d Oh Cr gpor ou olids,, Joh

Wi ey, v araaiapeous B isr iy thejndBancand hudiation S stimant thamback

di ffusion N | Sy i : Loed b
Reyes et 4 T KNGEBted. M Bt ek BHARRIodsTT R ARTbR, RN LATY RSB, 1
Measur emenhé nitfod2ar toUsbtaal Hi@ﬁ'i‘ep&vergh))f%- pusifeed mBthakiélprodagefomlditlogén 1997.
An exanple of a B8-ring zeolite in this class of materials that is preferred
for use i rcoptaimipgeghisorfhecre hape bees very feov moteswaxxigve sorbents withl gas i s

zeolite DDR . Additional .preferred 8-ring zeolites are Sigma-1 and ZSM 58
whi ch ar e Sigficantequilbrigmeor 1%‘8?96?%16??&#%3%‘?1&“@%9@?9 IOBfé‘PER. A

t enper at ur, o} Si C di_ffusi cpeffici co2
emper ot gaphal Oor RO SRR EATRERAY S FOURBRAER ek R O
the measur@dodeht wathi £81a8§ 6T Slﬁﬁ%QéolitéQnﬂbfiﬁlé&h@ﬂhé?so@kfde@i'c%le%ti iy
tenperatures up to about 300C, the diffusion coefficient of CO2 1§ conputed
to be nor dhehdnetic seettividy f theis classatf@-rinpamatetials abtfowseNhambe rigeigllpt ance to
fouling in swing adsorpti:on processes that renove CO2 fromnatural gas is
anot her adiaasmilied bite zeelitaxrystals whilg Jundgring thefganspert efamgthaaeisg) that
0064] I n many. instance ni traogen also.has _to. be r ved. fr nat yral gas
E)r ga]s a.sggléi%)&s%%tl?/ﬁ’[?‘?i?%év 8%9?5? eoﬂz &O%lel’ﬁ es(gtlrﬁz 8%@8%6%%?% :II'I rbegause
of the hige RrhbPAYT NS YR rafiral BASAhis SpkbficNIREORL iSze i mdiediger
cases nitrogen renoval i s needeg n oréeP to l1quefy natural gas. It may
al so be adisatiasgeSilAl tatic Gpat abeut] Urtogdout 1000:1| prdfebddy foat abeatuI®1i n LNG
production so that the methane and hydrocarbon products can be used as
fuel . Anot®aboutpl:taandmore frompaboni?Q:4 3 abost 30T/ Tss pusicordodasst ofe
purificatison of s fraom LNG hoil:0ff so th t met hane .and hydr ocar bon
product s @éﬂn%ée&ilt@&'}léq%@ﬂe 8?“%@8(}‘0535? ﬁ%qe_m %%Wqﬁé%%f'éﬂ the ’t“W\‘é?f pere
advant age - bR wef: retirned them
Qtfﬁﬁtﬁ\.}%e Elgpggﬂ %Mﬁwﬁg% ha '&emglgkg?r@ﬁ‘épffﬁﬁr 8745 %g gis% ¢

back to t he _ hese _ ications It 1s ] able to
sel ecti velkympdnenbdifigioh toeffieierto o bl,aind Metiane @p@.yBNx/m%myisogkrehfdred
met hane product from nitrogen containing gas. There have been very few
nol ecul ar thaneY.epretarnblyt greater than gbouti 20 and enoriel profarablycgrekien¢harcabout

nat ur ol oab 418 qvenignt Bl B Carepterthn P i%lgﬁ'éa{c%ée%eﬁﬁé’% BWiRE ol nse of
cel et vi g apUBF bl ihg WP rdndl R hork Saffl s anbMer Y iBhines

transmi tt efferéd by feiolcldse of R fihglz2oWd Inatdrialgler i ng the transport of methane
so that it is possible to selectively separate N2 froma m xture of N2 and

met hane. For the renoval of N2, fromnatural gas, this specific class of
8-ring zed®06d madeothardnstagecskisals: degsirable toreimave HyS fitom natural gaout

1000, 1 PABAh LSRR ol o 2Py 0% AR R LRI
L5, U5 MEAER A RS T O e 7 A DB "

8-ring win I'n a manner- sucht era

di f f usi onwadleds theiafodemeritionedaahs it 18R Zeblifes thilNRas kinktc sklectivity, 9r eat er
than 5, preferabl ngreat er than about 20, and nore preferably greater than

about 50 dhe kénesic saledsiviteoEthipclassof iring tateridlo@lloRadisS tmbe rapidiyoul i ng
in swing adsor i he re gas is

tion processes duri nmoye N2 from natural
anot her aH\%ﬁﬂ’ﬁb"éio '6'1“?%?%]&653’7}' ?tﬁrsswgﬁﬁglén%”m&%ﬁﬁbanfﬁ@ﬁiQfénﬁ‘ﬁ‘?éﬁ sq that

it is possible to selectively separate H,S from a mixture of H,S and methane.

For the removal of H,S, from natural gas, this specific class of 8-ring zeolite



[0065] I n other instances, it is also desirable to renove H2S from nat ur al
gas which can contain from about 0.001 vol % H2S to about 70 vol % H2S. In

this casqygisho ,ge advantageous to fornul ate the adsoppgRis dMslobsost @ann
silicates as V?IZJ?Fh as the aforenentioned ¥ ass of 8-ri ng zeol |2tes that has

kinetic selectivity. The kinetic selectivity of this class of 8-ring

mat eri al s mhiepiats hitsSa 8§ Aleatiafidihabbuendniotdtet i1000: 12 pedfetably fisih absumhi | e
hi ndering the transport of methane so that it is possible to selectively
separ at e HABIfto ahout HKiyard oforeif®mabontfhdrie. abowt 300d . r Ems\paefesred2 S,

fromnaturgl gas, this specific class.of 8-ring .zeq]it WD 2008/ 143820- 32
| PCT] Us2008Rs080b Tingeeolites thahate spiapjedor useihsToin Aliom, B 1@ apcess téf)out

1000: 1, pr; b f ‘L 500; 1. r 50:1
t o about g%’%&% £S prl&e"ﬁ g%éljggl I %’glél%o‘?ﬂ@ghsn% azlélgr'lﬁglg%@h@? I gl%erp a@ﬁﬁ#{abl e
for use hejigse @d&ﬁéﬂ@ﬁiﬁﬁki@ﬁ‘é@éﬁiéi@&sim‘é}{d RRtan%! (1.6 DLS/D A, Piah

8-ring windows in‘a manner such that the ratio of single conponent
di f f usi on greatief tlreht prefdrablyLraater tkdrhabeut(20, and nbbresprofesd@blysgrgateatiean t han
5, preferably greeat er than abouyt 20, and npre preferably greater than about

50 and eveabqvg andgvendpoLe l@ieé%nab}y grrgfwrfibm lh DD%?WPW%‘&@F?‘#‘@&, such
Si -1 M 58 |t .
nat or o gauchias SIma°L afh 2k e i ilaRl e 3nf BRI TR IS Bk por o

subPPm | e aghi i j _
S dvant nyodtial sS4 LGHE pBCau e KIS AT rdihotEdtd theibiin B sub

necessary ppmievaly.e Toerhieveyslichaxtdinine remsoval ©fiHSsit \car dei adwdntageons tat ur al
gas or gas associated with the production of oil. Heavy hydrocarbon renoval
may be nediseaPPSAr RERPS procgsndi ti oni ng before the natural gas is

shi pped via pipeline or to condition natural gas before it is liquefied. In

ot her i nst I ty,nay be.advant ageous to recover heavy hydrocarbons from
pr oduced g@ggsﬁ en“é%g%laegmesrnggg%émat{f@svef %aova'sh¥%8¥argﬁﬂﬁ’o§ﬁ Cx2 and
ni t rogen. ' j ' e@\;i‘g ;1 heavy
hydr ocar b r{gvﬁ%i %"gsﬁsﬁc;tg’ gdg‘zt“gggg?%ﬁ O{Tgélsc{/égféﬁybac ﬁﬁ??rgﬁl%ﬁloq&%rvoir
during sorfgedwypledrotarbion lenmaiat maynbe hecoypary fondeanssiat vbwedicioning sefore

desirabl e to recover heavy hydrocarbons, the gas can be at pressures in
excess of the petnrpkgasaisshippedovie pipslinterts eonditder nptusalsgasdedare ibds i n excess

advant agedubiefied pl SHEE b1sTERRes Gh ey e st oaFeERaLS  EFROVBE PRt ed wi th a
zeol i e haidhe Bt frob) HFodEeSRR iR RAHNCE A r0kky ASOR)IRIIRMRat

Non-limting exanples of " ze havi ng pores e range are IMFI,

faujasite,e 410z add Bétkegen.t Ih stilrther ineAntbit e bSiatdMdntagedws ©f
zeolites utilized in an enbodi nent of a process of the present invention

for heavy ragevesdwayy hydeoaarbonsfrofr assoaiated gavthab isatynled badointprasfail abl y
frOm Ut 200 A orhO9hds bl Shod 21Bh S F af) S WP O e
desirable to recover heavy hydrocarbons, the gas can be at pressures in excess of
1,000 psi and in some instances the gas pressure can be in excess of 5,000 psig,
even sometimes in excess of about 7,000 psig. It is advantageous in these
applications to use an adsorbent formulated with a zeolite having a pore size
between about 5 and about 20 angstroms. Non-limiting examples of zeolites
having pores in this size range are MFI, faujasite, MCM-41 and Beta. It is
preferred that the Si/Al ratio of zeolites utilized in an embodiment of a process
of the present invention for heavy hydrocarbon removal be from about 20 to
about 1000, preferabiy from about 200 to about 1000 in order to prevent

excessive fouling of the adsorbent.



WO 2008/ 143820- 33 - PCT/ US2008/ 006067 [0067]1n some instances, natural gas
I s produced with nmercaptans present and it is advantageous to use
adsorptiqﬁogﬁﬁﬁﬁ§§§s to aid in their sepgration. Streampc¢RRLASHEGT

mer capt ans and conponents found in natural” gas are present I n several
processes that have been developed to purify natural gas. It is possible to
nore sel ecli06g] y skpsumé énsidicesphatnsalfgaeiz peddircet veiths nidrcajstabs presgas
conponents and increase the recovery of the val uabl e conponents (such as
met hane) BIdg is advansagensis do 3ise fadsorptionqyeeesseh teeaidi inrtheiriseparationant ageous

I n these Sgglications.to al so use aa adsorbent . fornul ated with a zeolite

having a pUFeAmas SNIBHINE Mergapians and compongntsiund e napial sauee R Hing

exanpl es [ i ' ' | 7€ 4 : i.te,
VO 41 andeare! pRSGHSS e BRYE Beerl stV S SRR oM b i BRI .
be from ahouhore sefecthiely sépibte MORRABIaREroAHARAP gad Br ARGESINEHsOUS adsor bent
Is an integral conponent of the contactors of the present invention that
can be usexdmporenthand)indrédsei therecaiery 0f the valugblecrumponends Esaichgsadsor pti on
processes to_ i nprove |jght corrpong;ﬁ_tl product recovery. Adsorbents,

cont act or SNethapglusipg the gontagtors of thesprgsent inyertion, 1jis advanfagepry s and

macr opor e \ : 0 ' soponesand

macr opor eahedianalfeafifs 80 alsd B AR R ToBRe W FRUGR P2hg A s o

| ght comyyreniz Rerees abbaesaRa@abolM @ ah r6fﬁ§.OFaneﬁnﬁﬂH%!€§% PSS 1S
nonsel ective. This is an especially inporTant problemin hig ressure
RCPSA, PSkeolifts having@p6resindhBssizsrdngears MEL, fhlnasite,dMIMtdE and Betpt Iron
step the nunber of nolecules in the nesopore and nmacropore spaces can be
conpar abl dhess applicatieps theoP i/ Ad ratie PE theszgolite cor by femm%p@al it abput

m croporesm@@ the adsorbent. In the desorption step nost of the |ight
conponent s htai ned in the nesopores and macropores are undesirably | ost
to the heavy conponent product stream As such, these |ight nolecules are
not recovqDeesps dR IRM nYdsbthrid ¥atiopdtonyf &fbdFbent [9hs iﬁ@grdl%%aﬁodeﬂt
significant | oss of valuable Iight product. The adsorbent contactors of the
present i rofdh¢ contactors of ¢ presemt inyentipn thet cahibe useddn doyh efuilibgivim pr oduct s

by reducing the yolume fractjon, of the open nesopore and nacropore spaces.
WO 2008/ 1484 dvetscallyrontcottnsbmyingoisprption processes to improve light

component product recovery. Adsorbents contactors of the prior art contain

significant levels of mesopores and macropores. At the end of the adsorption
step, the mesopores and macropores, which are non-selective, will contain
significant amounts of light components because transport into the mesopores
and macropores is nonselective. This is an especially important problem in high
pressure RCPSA, PSA, TSA and PPSA processes because at the end of the
adsorption step the number of molecules in the mesopore and macropore spaces
can be comparable to the number of molecules selectively adsorbed in the
micropores of the adsorbent. In the desorption step most of the light components
contained in the mesopores and macropores are undesirably lost to the heavy
component product stream. As such, these light molecules are not recovered as
desired with the light product. This can result in significant loss of valuable
light product. The adsorbent contactors of the present invention can
significantly improve this recovery of light products by reducing the volume

fraction of the open mesopore and macropore spaces.



[ 0069] I n one enbodi ment of the present invention, the walls of the open

fl ow parall el channels are conprised of the adsorbent. The adsorbent is
preferabl‘)éo%(;'gﬁgé}ﬁlgrous adsor bent or pol ymer that seleg 'r){Fs M)sﬁ)ﬁlé)glf bs the
heavy corrponen{s. n-limting exanples - nmicr opor ous adsorbent's 1 ncl ude
8-ring zeolites, titanosilicates, ferrosilicates, stannosilicates,

al um nophqepe9f es InFdembodinémat tHephaRAPRReALOR, theAVRRS ofitHE sdnbon
nol ecul ar sieves. In other preferred enbodi nents, the adsorbent nmaterial is
conpri sed fbdw pandltel chanmels arzlsampeined o€ thecadsdrberdm The adsarbpntisnsi sti ng of
titanosilicates and stannosilicates. In }/et ot her preferred enbodi nents,

t he adsor Fegterakly & magroperqusasspehent o palymer tigbselastively ddsarbs the| ect ed

f h i i f ,al i h h ]
L T ant o et sofinhls” SR Bt S RRRG 3 BRigtortd adsostents jnslude o ar e
zeolites f@fin%%oﬁ?é@“ﬁ?dno@ﬁic%; fdPosiROes Bta dsilidah&s, %hﬁﬂmg%%ﬁésg bei ng

more preferred for the rempval of HZS. In other prefefreoc ts, the
adsor bent (#iPOs),alili¢aalwninuphosphatts ¢S APGs) bhad sattent soldaudan dieeesgrinup
consisting of MFl, faujasite, MCM 41, and Beta. Non-limting exanples of
pol ymer s tathgr praferird embadimenis) thetadserhent matemalsisicompriseddiayi ni des,

pol ysul fones, and functionalized. pol yners such as am ne.funct.i onalized

hol yrrer s, TEHRATEHS adsRbPRiIEcis TEnm s Beun shnsitiecsi tisanoStiertss andy
optionall i t e{ntk%a% ; ) i control
heat i ng aﬁéﬁ@%ﬁ ildr%ée%bfmt%;heg%ghdsgrggnt o) m%’ﬁ@‘@%ﬁ%’a%‘?%ﬁlg‘éﬂ&?#’%gﬁ%%ﬁ% he

adsor pt i ooniptiedrul Amiaopbiaus fls6ibedit séleptedsBoimethe wirogp 20asisthE 6 process.
Heating during adsorption is caused by the heat of adsorption of nolecul es

enteri ng tahemmophosphates (AP Qs) sidicapluntisophosphates (FAROBhandtatbonel ps
control coolj ng of.the contactor durjng.the desorpti tep. T her nal
mass can (ROleR 5W8f'e§r‘?r}lﬁ¥r8dtaﬁ%z?q’lbt\ﬁrg %ﬁ’ﬁéﬁg‘ F‘i Pﬂg@eﬁgaﬁlﬁaﬁZ o

i ncor por a i . i.Lse i a t he wal |
of Cthe t Fonth ¥ addsiBEASE BEm hbiepleferfed K BERERBYEF G EL8TTh offer) "C 1€ 1L
a solid npréfeirld ethbddinfents dhé hagsHBbALMaidiRI 36 6OmpFBEd bRY SeoRfe ddletad be
included as a layer within the adsorbent. When it is incorporated as part
of the walffomfthe geoup cwsidtimgnef MRIhfawakite; BAGM-4d, ded Beita.eNoarlimitimgred ont o

the wall. An ui tabl.e nmateri al ﬁ?gn bg used as the thernal nmass material in
t he pract i€ es; gl msenthat gom beiusad ansalechve adserbertsiprlideot such

mat eri al s_I nG r.am . Nole] rs.. . Non-lLimting exanpl es of
preferr edP r?rl;ﬁ lé{#ggsl’ ?g)ﬁ}? Zfo&%g,eeﬂm @%&)@Bg“g‘?ﬁdﬁ @E&%ﬁfﬁa}%‘fqéf‘? 8%96 Non-limting
exanpl es @hndtidiadize@Pohaheds cs include silica, alumna, and zirconia. An
exanple of a preferred polynmer that can be used in the practice of the
present invention is polyimde. Depending upon the degree to which the

t enper at u{@070]se iThet adsbebdnt contdtahsrafite preseatimwentionmay eptiondlty anount of
thermal nmass mateyial .used can range from.about O to about 25 tinmes the
mass of t GentR: ?G{SM@%@P%‘ﬁ?ﬂ%ﬂ)tfﬁ@e&@hE‘hb?lﬁrqonfmhf]’tﬂn&fﬂﬁﬂer red range

for the a | 0 cl i,s fromabout O teo 5 tines
t he mass g? H?lﬁégﬁlﬂ](i:{'%%%%s a gg?Bé%%t‘%f rﬁg @étﬁlttggtagﬁqrp IOHUSI&%p ﬁ?‘gf erred
range for defsrpBBRWp 6f alptessimt sWaSS a8%drplibalproédss. Mfeatingrawigut 0 to 2
times the mass of the m croporous adsorbent faterial, noSt preterably from

about 0 t addorptionds thusedensthefhaabef ailsorption @fanokteles @htering the cont act or .
In a preferred enbodi ment, an effective anpunt of thermal mass is

i ncor por afdePIPRRl The optionaldhermalmassemptarial wisorelpscortrol eroling ofithes i s an

t sufficient,t infain.the. th L, ri f the adsorbent ing th
adsor pt 1 ofobEEf el S briola oS BE (iRl Bpes i BUTERBORIELO the
amount of (' A6WRdhaiReR dfhe rcﬁﬂfa%t@rg mdurﬁoﬁahﬁgﬂggi@%gggorbénﬁﬁmw

sufficient to maintain the thermal rise of ent ring the

adsor pt i oinirperated depart ofisire afatif the flow shahnels.e Whied Rrigblaorporatebs t han
about 10 C.
into the adsorbent, it can be a solid material distributed throughout the adsorbent

layer or it can be included as a layer within the adsorbent. When it is

incorporated as part of the wall of the flow channel, the adsorbent is deposited or



[ 0072] Open nesopore and macropore vol unme includes the volunme fraction of
all mesopores and nmacropores that are not filled with a bl ocki ng agent, and
that are Rehosdlssehi ve and thus are capahbl e of bei ng ocepphRg @%?&ef(i ally
by all conponents of the gas m xture. Not-1 i mi ti ng exanpl es o? bl ocki ng
agents that can be used in the practice of the present invention include
pol ynmers, fangedpatdtie wallerAmy suitdsle nshtonisl embdassl awthd thegnaldaashat can
fill the open nmeso and macropore space but still allow nolecules to
transport mateoial hethe\magﬁ%bgﬁm@seménv@mwwsﬁooaﬁmmexampk@prrselghi n the
sel ective adsorbent. Wien the bl ocking,agent is | yreer or liquid, it is
pr ef er r ed RT1A %’@ch%qee@ﬁ?ai?’ CETrpICSs a;?chgg IR ﬁ\gmgg@ﬁfmﬁ@xlaﬁ}pd %ﬁough so
that is dag L.oni i ' LG e rbent, but not
o | ar ge. gt BeB gy kel 24BAE, B3 aRBRIREN AlobSo NHERRGRAL - (1]

bl ocki ng ag@fiplefbfpreTerted beradaic indladé sARalalubhifaSMd gircéni@r @t er than any
sel ective mcropores in the adsorbent but shaller than the neso and

macr opor essxaAple ufla prafertddopddiymprahattandznuded: ini the pradticenafsthe presembicr opor es

wi t hout significantly occluding or filling micropores which may be present
in the addavertin ispAlynidee [Beprnding upge the degnes te pehigh the maelraﬂae

macr opores.of. th dsqrbent. tq, an . extent that, the v fr I of the
open_ heso ks e BREd dhtingfne AShh ol Lod Attt P Therhf S,

[ equi I emeNhieriiPfisdd S e THaRRIRNL BtoRBLHITES firkdthe GARSRST theed as

bl ocki ng agents i nclude polyimdes, polysulfones, and silicone rubbers.
Non- | i mi t imirrepevops @dsorfbeht afithitscaiadton.an be used as bl ocki ng agents

i ncl ude am nes, aromatics such as 1,3,5 trinethyl benzene and branched

saturated hydrocarbons such a h}pt anet hyl nonane as well as liquid
hydr ocar bd@87hhvi ndy Reafestsd rangs des thepmopntofghermak maspHb thegpntagioels wien a

| i quid bl ogking a t 45, US it Iscadvant ageous t atrur nearly
saturat o, o Penh 0das Giméh T itace A6 RIF BRGERBRUS ABRRRSR s oPhieRER

exanpl es of Iﬁ&le'r;ﬁeﬁixf&ﬁa'ﬁ e FBE HeSarh BEALSIRhENHA OFASPRMATe S GRil PBe YoKes and

t hose having carbon nunbers in the 10-1000 range. Non-limting exanples of
m cr opor owbont0ao i2atimes tlad mass ob ¢heusickoporduseadsortent aeatefialk, nsogdr esent

i nvention include m croporous carbons and zeolites having pore sizes |arger

t han t hosepreferably feemeahouy @ tetl timestheimags of thawmiegroporeus matesial obshe aAn

| f dsoy bent | at i th | ocki ' il
o e bt d et T g Prefe@pd uiiqhmant o esfet b Aadl e Epd Bt R e |
i am g oo i S . . . g
e o op ThbGHRAER N ink Wntlele. | PhEBALAVCAMbIAL of thebinal ffacs AN 2

total resulrhéwg sifificienarimagsaiintheshénmalridehsf theydsoibent dasinghhe about
2099 . In sone cases, the blocking agent forns a continuous network and the

adsor bent ddsorptinangtep te tesstharcabowt 100 IC.t ea prefemsdresabodiment, the enbedded

wi thin the bl ocki agent. A non- . . .
-~ amount ofntﬂemqa mass incorporated into the contactor is an amount sufficient

to maintain the thermal rise of the adsorbent during the adsorption step to less |

than about 50 °C, and more preferably to less than about 10 °C.

[0072] Open mesopore and macropore volume includes the volume fraction
of all mesopores and macropores that are not filled with a blocking agent, and
that are non-selective and thus are capable of being occupied essentially by all
components of the gas mixture. Non-limiting examples of blocking agents that
can be used in the practice of the present invention include polymers,
microporous materials, solid hydrocarbons, and liquids that can fill the open

meso and macropore space but still allow molecules to transport into the



WO 2008/ 143820- 37 -PCT/ US2008/ 006067 Iimting exanple of such a structure
Is a zeolite/polynmer conposite where the polyner is continuous and the

conposi t t han about 20 volume % in open neso .
ewﬁ%?é/ﬁ%o PCTR20081068067

[0074]1t Is also possible to formul ate t - adsor bent usi ng a NMesopor ous

material that fills the macropores to reduce the overall void, or open,

vol ume.  Anmexrapbied ififthé velecBve hassrbohe Wohérltheehblabkingsapene i a palyiniér gbout
30 vol unme% of hacropores that are filled in with a nmesoporous sol gel so

t hat the rlkguids itrig preferpd thatahd meleculaosizevad] theblocking sgentHamlasgout 20 %
[ 0075] The channel s, al sp sonetines referred to, as "flog cha ne{)s" Er "gas
flow chann"é}%lghasroethﬁh’c &Sot §ig PR HVadR ICEPP YIRS § the adsprpenty 5?1.

coupt oa w19 PPERTBRFYUREROL 15 mERB LR mafoner T W SURTC o o

suffici e“tblb@kihrgo‘i@eﬂﬁs dfeuseB e béﬁﬂﬁé 8ize % TMRe WH1ig s gl%a?ér th@@ﬁhy séletHpgt i on
of the fluid vellocity, and the surface area to channel volune tatio. The

channel s amécrppefesrinithy adsorbeginetdsmallerithamilremese and neactopereisnAs isach
channel s. I n _nmany enbodinents, a fluid flow fraction entering a channel at
the first Wedlegkingagepheanctibmtadee mese andinasropares witheutsignidicaatlyf | ui d

fraction epnteri.ng angt.her channel at. the first end until, the fractions
reconbi ne Q(‘fc(jlglng)gr{}ﬂhagé?w{%org%X@Hahgmy_ber presgnt W&E‘Ftagﬁ?rq}eﬁgt t here be
channel unifornmty to ensure that substantially all of the channels are
bei ng ful lpooyBj! i Z€He b%&iﬁgageﬁtfmlm&soddén%éé&éna%Eh%_rb ey pgiRntially

equal |y contained. Both producCtivity and gas purity wll suffer if there is
excessi ve adsarberit to an@xserd thataiie violuras drdctiow aflthaopkn insesoadrgkmattoporen
adj acent flow channel, prenmature product break through may occur, which

| eads to Ofthgadsedent meetscthgafpremetianed rgguizementsa Neow- limitingegxamples

urity levels., Miregver evi ces eratin t .cycl.e freguencies greater
Phan about P RUEFEDAR 6o B W6EE % BiiGbe Age RS iGH1Ba8 ol FtGFEhannel
uni for m t Yo 39ehiIFGRS, %&§ﬁf¢bﬁe%wer§.h% -hﬂﬁﬁngl%%ﬂ@uéwoﬂﬁ%@w%%ﬁ'b%s per
m nute. Further, 1t too nuch pressure drop OCTUrs across e bed, then
hi gher cyalsedfasddoekingagentsuinblude anminksearomdeics eficlyaeaes than 100 cpm are

not readily achieved.
trimethylbenzene and branched saturated hydrocarbons such a
heptamethylnonane as well as liquid hydrocarbons having carbon numbers in the
about 5 to about 60 range. When a liquid blocking agent is used it is
advantageous to saturate, or nearly saturate, the feed gas with the liquid blocking
agent. Non-limiting examples of solid blocking agents include hydrocarbons
such as waxes and those having carbon numbers in the 10-1000 range. Non-
limiting examples of microporous materials that can be used in the practice of
the present invention include microporous carbons and zeolites having pore sizes
larger than those of the selective structured adsorbent of this invention. An
example of an adsorbent formulated with a blocking agent is a silica or alumina
bound zeolite layer having about 30% meso and macropore volume in the
interstices between the zeolite particles that is filled in with a liquid so that
substantially all voids are filled with liquid (i.e., the total resulting macro and
mesoporosity in the layer is less thar; about 20%). In some cases, the blocking

agent forms a continuous network and the adsorbent is a composite structure

with the microporous material embedded within the blocking agent. A non-



WO 2008/ 143820- 38 - PCT/ US2008/ 006067 [ 0076] The di nensi ons and geonetric
shapes of the parallel channel contactors of the present invention can be

any di "eRgpH9hesPfs3PgonNetri c shape that is _suitable for u$grhddsdloier
adsorption process equi pnent. Non-lim t‘i3ﬂg exanpl es of geonetric shapes

I ncl ude various shaped nonoliths having a plurality of substantially

paral | el qfmaitingl sxaeupleddisieh farstrichire isa%edfitd/pélymirdoniposite whereahber; a
plurality of tubular nmenbers; stacked | ayers of adsorbent sheets with and

W t hout s patpmsr isetontbmoasandshe eomposite has bege thah alpoutA0 valume, Ybimnd| es of
hol |l ow fi bers, as well as bundles of substantially parallel solid fibers.
The adsor PSR BEFP YPeMBSPOHCHNt 0 t hese geonetric shapes or the shapes can,
in many instances, be formed directly fromthe adsorbent material plus

suitable WORE. /0 yoRosBle  ARATEAE S J00BCIALIRE dhiapod T om e

adsor bent /*br nder extrusion of a zeo yner *conposite into

a nonol i t natérial Ak fiEIRY htacPbpéres 86 FRiuceGhé bl f Poideer 8péGidlNmer om t he
adsor bent woul d be extruded or spun hollow fibers made froma

zeol i t e/ pdAiyaramplnpisiche stAncterawpltd bé an adeonbent havisgabeut Bt i s coat ed
with the adsorbent would be a thin _flat steel sheet that is cogted with a
mi cr opor oY9IuMgY oEmestnoresthag %‘éﬁiled im withsy mesgporpusesel geksq ﬁuaﬁﬂﬂerhe

mul i pl & EEe BhesPRBtEanE R R ol e 1500 B MRG AT M ayer e

adsor bent sheet structures are taught in United States Patent Application

Publ i cati qoots} 200K EHdndtls? alstdifetirhes FETRFBA 13 RS HIBGF ShahnRYs™ T i ‘agnce.
[ 0077] The di mensi ons of the flow channels can be conputed from

consi der atflomsharingls’tarepaths imtheadconartohthat hHowcgesnfbew . thidughs pref erred
that the flow channel s have a channel EF’gap from about 5 to about 1,000
mi crons, [rarsibn owchanngls providedsr elatuvely downbleidggsistanse eoupledawither ei n,

reross ¢ naCRSER niBhRctach dree PR bttt o ROl G wfBEidy B eBeridf o
the flow pd hhas§Ranbfes Z8RE Whith id Eleleﬁit,oﬂ"g&'i&fm%fihl% fhhidSKEI&Eity, And the

cross-section, then the channel gap 1s the internal dianmeter "of the circle.
However , istirfabeardaatorohlangelpvolanreaatianFht ghanmels aos preferablyoonfigeretiitow gap

is the distance of a |line perpendicular to and WO 2008/ 143820- 39

- PCT/ US200@ingnEsaressure drop in the channels. In many embodiments, a fluid flow
fraction entering a channel at the first end of the contactor does not communicate
with any other fluid fraction entering another channel at the first end until the
fractions recombine after exiting at the second end. It is important that there be

* channel uniformity to ensure that substantially all of the channels are being fully

utilized, and that the mass transfer zone is substantially equally contained. Both
productivity and gas purity will suffer if there is excessive channel
inconsistency. If one flow channel is larger than an adjacent flow channel,
premature product break through may occur, which leads to a reduction in the
purity of the product gas to unacceptable purity levels. Moreover, devices
operating at cycle frequencies greater than about 50 cycles per minute (cpm)
require greater flow channel uniformity and less pressure drop than those
operating at lower cycles per minute. Further, if too much pressure drop occurs
across the bed, then higher cycle frequencies, such as on the order of greater than

100 cpm, are not readily achieved.



connecting the two | ongest sides of the rectangular (i.e., the length of
the snmall est side of the rectangle). It should also be noted that the flow
channel s any cross-sectional configuration. P di ment s
are wher e\?gr}?@(@“ﬁ%w channel cross-secti®hal configurat ?gfﬁﬁ{séﬁgfoﬁﬁg?
circular, rectangular or square. However, any geonetric cross-sectional
confi gurat [o76]BY 1PRe dBREnsiOHS AndBebieti@thdpesidftHe paralRl chaw@d, oval s,
triangles, or various polygonal shapes. In other preferred enbodi nents, the
rati o of témntacters dftthe presamenventidnovanchaame dinensioe or geohetac shapestitat
contactor js fromabout 0.5;1 to abqut 100:1, and nore ferably from

. pr
about 1:1 ssusabletfosysa in 3WiNEGadserRUeR Pragess cARIPMETH iNme@lﬂ@gf | ow

hannel f when. adsor b | ami her..
Syt cal |y XruaR Bl e PE R R SRt dho B XATioR Spadk ARbSAULIRIBER . nanne
I engths fr 'iEh?l'ﬁ?les%?taﬁﬁﬁﬂggﬁfﬁfelrcﬁaﬁ‘ﬁélk%x&%d fom ORE Bnd ¥Pitk&! |y flow

channel | engths”from about cmto about 1 neter and a channel gap of

about 50 tmoablith tothe other; anduralitg of abulet memehers;taclied layerzasfeadsorbemts h
that acts as a spacer. For |am nated adsorbents, spacers can be used which

Ftr e structghests ‘fﬂfth madevithout Qﬂlﬁéﬁrsdf@ﬁWﬁén gaele phges myltitexcred spaakwlisent |

the presertundleenthollod P rvascvelas moaalpbfE HbvBRARTH ber el ol ers™*” "

plastic, mpfahqisdthesteande S@E[tE&’ %ng?g{é;se Bbaletc gﬁ%i@s‘?fr tH@Eﬁécpécs.cqa:rﬁ ip! astic,
I bers®an pilTa

metal, glass, ceramc, or carbon thr eads; ceram rs;

pl astic, gﬂn@ﬁg int@iEd] be feiméeeRkbctdp ivhethe adsofbé&itsnatetial phiisuddablns
t her eof Adsorbent | am nates have been used in devices operating at PSA

cycl e fregbiader. eAngxampleoflageomettioshaps foropd direstly from thieannel | ength may
be correlated with.cycle speed. At | ower cl e.speeds, such as f.rom about
20 to aboAdseEPenybindsiaveldbethe mrarusiamet 4 zecliteRolymier SARPOSIE MO gor.

t han one eV . . ter than
20 cpm t NEORpLtE Aoty ERafifeibr § BelRffic shafl foiedSiFRTR BRI ARL T L 100

about 10 cadsosbet Wduld beix@rudedBiapuniiolve fiderematie ftim a Zealitd/polaest f or
sl ower cycle PSA processes. Rapid Ccycle TSA processes tend to be sl-ower -

t han rapi dcampositePSAn pxenyds of agednmiric shapd thay ey cddtedvwithathesddsbehapt hs can
al so be used wth TSA proce sgs. WO 2008%%320- .40 - PCT/ US2008/ 006067

[ 0079] The WoBldbg a Shiadiasstest Shastehat isiaeat BRITOPPTAS: VB ABESOPOTE>s
characteri r . t i e
adoor bent  Spriet Gy SEER o bARRUEL IR, “FhE BMebt chiufel GPR0HEL ABOBehE
bei ng renmopegdr ¢dn Be itsé1IfStriSRIYYd ﬁﬁﬂﬁﬁﬁﬁiﬂlé 14%9%160&%&1&& diffdrepost of the
vol une of the adsorbent 1s utilized inthe process. Since the adsorbent
sel ect i vel adsoelemt esatetielsheMulticlappredeadsofremtshéet sgraisturts esntaughefif i ci ent
use of the adsorbent | ayer can |.ower recqvery aof the |ight conmponent and/or
decr ease tHaitgdStatgs Batenh Appligatiop Fablicatian J\ica;%OOWQ%%g& whiehhis present
invention,.it is %ﬁ}Si blebto formul ate an adsorbent with a | ow vol une

fraction off“HES ety (?’p%ﬁfgli?gcchh that nost of the volune of the

adsorbent, which will be in the m croporous range, is efficiently used in

t he adsor pfgog7] andTHE dRheAdieAs of thd'AoRechanne R ¢ompiiRdRymOf doing this
is to have an adsorbent of substantially uniformthickness where the

t hi ckness adnsideraticisooDpressuraydrop iatorgethetow vhanaels It ispsefered dedt thei ent s
of the heayy conponent and the time _of the adsorption and desorption steps
of the prodew<hanpelsthave arhannghgap friem pbeuty traboudsQRQ mickAsHeasur enent s

Fabr i cat ecbreraaply ooy Sl T bR 2shim oy A el Rty e Ehapndl
that the s a?;ctﬁféiﬂeazvélﬁhhemsqieﬂﬁea dsthe1aRsA Jf liES fcrbbethedtiman? of the

average th ness. More
dimension of the flow channel as viewed orthogonal to the flow path. For

instance, if the flow channel is circular in cross-section, then the channel gap is
the internal diameter of the circle. However, if the channel gap is rectangular in

cross-section, the flow gap is the distance of a line perpendicular to and



preferably, the standard deviation of the thickness of the adsorbent is
| ess than about 15 % of the average thickness. It is even nore preferred

that the r evi ati on of the adsorbent thickness ?%Th%%&)sfoﬁ'@) ; about
5% of thewgégﬁziégm?hi ckness. [0080] Cal cud%tion of these mass transter rate

constants is well known to those having ordinary skill in the art and may

al so be d&fdnh@étiﬁ%ﬂtﬂd’@ﬁ@ld}@ebﬂﬁd@ﬁ of iy tectdtigulari (el ke Brigth bfmest andard
testing data. D. Rut hven & C. Thaeron, Performance of a Parall el Passage

Absor bent sowmllest side,0fshe acctangle).alicshpuld aliso dei rmted'dtﬁtrtb? dloy ¢lranedoggn f
43- 60, which is incorporateq herein by reference, clarifies ny .aspects o
ow the. miei0k S G08 SR oA SOPB Ry doreRrERh b OUTNERS aae SIBRARE

h I ' r . ) No.
6. 607 554 1V bpbe GBS FectidfR ShnheiaRbl IF Riettitiat BerabghEPbr

2008/ 1438%4udre. - HoWeVer Mg/ Q0ariclcebBL &R EiBnalESi 8 oh My BE abéd T or

cal cul ating these transter tates and associ ated coefficient’s for a given
adsor bent suach astbat netlindteadrtwaeHipsosypoamily, itrasgles,est \far'rousqmlyeﬁmiai ghhpéslsA.

[ 0081] A figure of nerit for the mass transfer through the adsgorbent |ayer
is a tine [Batherpreferred embodpmentsothe ratioafdhe adserbestyelvme tocllayut ed at
each point_in the,adsorhent .. For | anar .agdsor bent eel with Ickness in
The x ai r sheNah VolRfRindRE s drbsnfie SuBRRS D8 RB0Y 05 ficto et 19P!Che
sheet, thend MBrpRTéMRBLy franPhbdikel 188 WpotOsBINeNt is

[0078] In some RCPSA applications, the flow channels are formed when
adsorbent sheets are laminated together. Typically, adsorbent laminates for
RCPSA applications have flow channel lengths from about 0.5 centimeter to
about 10 meter, moré typically flow channel lengths from about 10 cm to about
1 meter and a channel gap of about 50 to about 250 microns. The channels may
contain a spacer or mesh that acts as a spacer. For laminated adsorbents, spacers -
can be used which are structures or material, that define a separation between
adsorbent laminates. Non-limiting examples of the type of spacers that can be
used in the present invention are those comprised of dimensionally accurate:
plastic, metal, glass, or carbon mesh; plastic film or metal foil; plastic, metal,
glass, ceramic, or carbon fibers and threads; ceramic pillars; plastic, glass,
ceramic, or metal spheres, or disks; or combinations thereof. Adsorbent
laminates have been used in devices operating at PSA cycle frequencies up.to at
least about 150 cpm. The flow chanhel length may be correlated with cycle
speed. Atlower cycle speeds, such as from about 20 to about 40 cpm, the flow
channel length can be as long as or longer than one meter, even up to about 10
meters. For cycle speeds greater than 40 cpm, the flow channel length typically
is decreased, and may vary from about 10 cm to about 1 meter. Longer flow
channel lengths can be used for slower cycle PSA processes. Rapid cycle TSA
processes tend to be slower than rapid cycle PSA processes and as such longer

flow channel lengths can also be used with TSA processes.



ra [x,y,z] = MIliMWMM Lpath2 / Dpathi(in seconds) where Dpath is the
average transport diffusion coefficient of the heavy conponent along a path
fromthe \fvﬁ%osﬁuﬁﬁﬁe' to the point (x,y, and Lpath iSPFIi*ﬁIS%O%;O%%‘? al ong
the path. There are many possible trajectories or paths fromthe feed
channel to each point (x,y,z) in the adsorbent. The tinme constant is the

m ni num of[007®] posEhdbeerallrrisoeptidrarits of thredvhinig/ adspaition ptozegseslis possi bl e
paths fromthe feed channel to the (x,y, z) r?oi nt in the adsorbent. This

i ncl udes Fharactenizasi theemessitransige rajp dram the flowhehanniel intoshe adserbenti al i n

t he ad t t hat which be i ded f heat t
ner o vl 1 BadsEaBle fpaya g e i tepratq S PESpepiss et amp e (i ¢ ot

i ncl uded i QR j ' hed each
speci e i e LREF BARBLALA] hieH BobEERS BRI mAt ot flc PRUBREDT U FRbrtin

coef fici ers ufilized acthesprocess - Sihoe thy eddBent’sRldubively firhdws e heaey i ci ent
along the path, Dpath, is the linearly averaged diffusion coefficient along
t he pat h. campaoneat frove theggagstieams,unefisdientt usewfithe adserbantlalyer sambower
coefficient characteri.zing the path. \Wen the heavy conponent has nany
speci es t FECQHSTY it%llgbteg?mEPB t angor decreasethe pukigypbthe Hahtapmogugl er aged.

The di ffusi CcO L Cl e . i depend on
pressure §'g% \%@I'I Wﬂ%?‘? ﬁ@?gg{gﬁé@gﬁ%ﬁ&%#ﬁgﬁ |Egﬂésgbbﬂgg%&wn@%%?&changes, it
must be avasadeft (1@th 4 Iw VONRAE FH4eiBnIT I ECHRVARCEIFIIERS sAGf that g dur i ng
a cycle. For an adsorbent to be efficient, the averaged thickness of the
adsor bent dfayevolunt a0 dRy adsdsBéntd®hiFCMIIUER AN BhOAHOBpopses mngb) is i s chosen
such t hat tge, time constant for at |east half the Egi nts (or volune) in the
adsor bent efReiently used in thesadsorption and deserptioninfithe heavy epmpongst. JPne he

) f l. h i gk f.th d .D | i
Phocen’ suctsf RRASEIRR, ¥ 1o hife A AR Shehlpf NISTEn N GO Bl Rt Y o | °
vol urme) i RyHdie tRFEREIBRRE oifftRE adSorBeht B%?‘f;gt%ﬁte Egigféggiéaés kr"aﬁ%{(err Q@Qfﬁ#]@rtnﬁgc' €

time of the process. Even nore prefera t hi ckness o

adsor bent ofslyeheavy cdmpenerstianid theaimée b€ the adsoepticn and dessrpéionlsegstof75 % of
the points (or volune) in the adsorbent that is not a dense solid is |ess
t han abouthoprogess. The thigknessiyniforsiity ean be assessed fronsmieasureprenteof the

from synt AUERaeS A ReisfitorbEnl SPEBAE e Bal 3 Sifen & triGaed 1351 oby of -
et hods, ?Fﬁbﬁféﬂ@ﬂaﬁh@%ﬁﬁf f“ﬁheoidégﬁﬂ%?ﬁérsﬁ&?&atm@Eﬁﬁha@%ﬂﬁgﬁgﬁ ytic
0 ydr many ot her n

parti al I dation of h ocar bons, an processes a

conbi nat i ofistskhicknessnistlesy thah aboun $¥sofSthg avetragetthikness. aMotege nunber of
fuel and chem cal applications, as well as power applications such as
| nt egr at eBretaeAbly ctheistandasdideviationyafithe thicdom)ss ofithe aflsarhestisdpsd thaat | ons

have a spegifiga}j op,,of the exact conposition of t syngas_requiyred for
the pr ocegg(.)mAgsal 6:? BEHF&KC@%%&W?SSE‘%S EVTR 08 PE§ efrégﬁatébea?ﬁﬂ‘ 1 Ot her
mol ecul ar 4eGiARBA hBsd; 1GRR %—54 a&:%g e, , N2. Mnority
(or trace)d‘écorrgo(r:(;)[t-;ﬁ]ﬂtﬁes'a?%&t8 %9‘3‘3% ca%lg:érlm uge yglflocé’r%fg%g,a “and NOx. In
al nost al thiekgdsscati ons nost of the H2S has to be renoved fromthe syngas
before it can be used and in nmany applications it is desirable to renove

much of the CO2. In applications where the syngas is used as a feedstock
for a chel@Q80] syfgigtadptionodthess mass transferrrataconstantsiis wisllknaovmep ust t he

112/ CO rat,i 0o to a value that i.s optinmumfor fhe process. I.n certain fuel
appl i cat i hms?tl?v% UBY Sil(lﬂpf“? tl?‘g%taf‘g]ﬁn%ﬁsﬁg’ee‘#ﬁlw thesghaying ne
syngas al Is i | pcations it is
desi r abl emt:lghr mk\}gq{l%%é %6??"'?%%@%%@53‘? s%ﬁ%a%\g%pgﬁ%%r%\?des a net hod
for incredhaeont Perfoemanes ¥f a Parallel Passage Absorbent Contactor, Separation

and Purification Technology 12 (1997) 43-60, which is incorporated herein by
reference, clarifies many aspects of how the mass transfer is affected by the
thickness of the adsorbent, channel gap and the cycle time of the process. Also,

U.S. Patent No. 6,607,584 to Moreau et al., which is also incorporated by



of the val uabl e nol ecul ar conponents from synthesis gas. |n nost
applications val uabl e conponents are CO and H2. When nultiple species are

removed fghyosViess2908/ 143820- 43 - PCT/ U824308/ 006067 the $yRilkesisPofas:
i ndi vi dual contactors, each optim zed for the renoval of a particul ar

conponent, can be used. Miultiple contactors can be used because the

i nvent i on rpfependcle descriteiithe detaikiod cylcalaing these tranghee satas and asgdegated
contactor allowi ng for rapid cycle operation and consequentially small

equi pnent coeficientstfor agiveradsorbertrand theteststandagd sempositionsdised for

I ncorporated into é,:s‘ggl e contactor. This provides a nmeans of selectively
removi ng §89¥P%ﬁ‘0'?3 s with a single contactor. [0084]1t can be desirable
to recover separated acid gases, such as H2S and/or CQ2, at higher

pressure. m{gg%ggozégi refoflﬁjxéljileforl?ﬁ@frga% ?rgﬁﬂl’eij t&%ﬁlgﬁ theRdsbeRsialepisea for

exanpl e, estration 1s planne n theSe cases, adsofption by

t enper at urtiné vbngtahi] $A)fof Ganssorp bé tiey hexyosomnp pria omeputed ageachhpoinhirent i on
provides a neans to rapidly change the contactor tenperature w thout

exper i encithgatsorhentciber 2 pé@@s adsarhgnheheet wpthathickness iy Bnx diregdon,gnd
adsorbate dilution.. Teoperature sw ng adsorption can be executed wijh fixed
paral | el - éﬁ%@fr?é‘ld %SHP%P&?%‘%BIE%@ i%%B%PStOZdﬂ\?zfll}\?gg, HIRE c%gﬁgtegf \(')\t{he
rotary-ba -channel contactor follow ng the approach of a

Lj ungst ro%ﬁ%gggbg{jcﬁaeﬂggr. [ 0085] Rapi d TSA cycle operation is facilitated

with a parallel channel

Ta [X,Y,Z] = Minimum[meh2 / Dpatn) (in seconds)

where Dy is the average transport diffusion coefficient of the heavy
component along a path from the feed channel to the point (x,y,z) and Lya is
the distance along the path. There are many possible trajectories or paths from
the feed channel to each point (x,y,z) in the adsorbent. The time constant is the
minimum of thé possible time constants (Lpam2 / Dpam) along all possible paths
from the feed channel to the (X,y,z) point in the adsorbent. This includes paths
through meso and macropores. If there is a solid material in the adsorbent (such
as that which may be included for heat management) there will be no transport
within it and (x,y,z) points within it are not included in the computation. The
transport diffusion coefficient of each species is taken to be the single
component Stefan-Maxwell diffusion coefficient for each species. The average
transport diffusion coefficient along the path, Dy, is the linearly averaged
diffusion coefficient along the path. A linear averaging is sufficient to provide a
diffusion coefficient characterizing the path. When the heavy component has
many species the diffusion coefficient, Dy, is also compositionally averaged.
The diffusion coefficient depends on temperature and it may depend on pressure
as well. To the extent that the diffusion coefficient changes, it must be averaged
for the temperature and pressure changes occurring during a cycle. For an

adsorbent to be efficient, the averaged thickness of the adsorbent layer



contactor where the adsorbent is on one surface of a conmpact heat exchange
structure. Heating and cooling would take place in a channel isolated from
the adsonRpngosAisk@desorbing material. In this configurapc@isi@sibseial wave
can be made to nove through the cont actdt duri ng the adsorption step

allowm ng for better separation of adsorbed conponents. In some instance a
chr omat ogrppferabllyiis ehosaresuhi that thertime canbtaay fut dtiedst hatf the ipointsitof rom a
carrier gas). This type of parallel channel contactor arrangenent can be

ext r enel y vehemgy irethe adserhent thatrismiot ardsnsg selidis kess thea thaicygleadasradt i on
b di d and d.. B f ot )
B 11 1 encyln Prageser M IBISSRD B Sy Yerass HRCIteys Bt Ui atkorbees BaBaPL43820-
44 -PCT/ U T éh ' '
et ter  be s Sat thac e lhe WSRO FBEAERScYs S deTRis GEVEIIMENnCEn

is a repraheatsirbent Hht & MetrAdée solidisddssahm dd Oyclotinidef tHegsrootss.
i nvention in the formof a nonolith forned directly froma m croporous

adsor bent HExemsmbiapraferably themwiragathicknsssofithe gdsoirbentrlayemwis dhosen seeinnel s.
A wide varjety of nonolith_ shapes be forned directly by extrgusjon

pr ocesses.d‘%f%ﬁi%%P%nﬂFmafoéﬂt"F?(?Fi%gra}(ﬁ’ of ShoPPIGS (T OTumEMAT Shenadiorbent | y in
Figure 1 eof . | gk | ' L,C i - Dl ureai | f

par al | el 1& ﬁ%tﬁgc?ﬁgéﬁpgé{g@@#efs\egg F%%%‘gr?geﬁséﬁhggggkg%@e&%%QIO%&S{%S from
about 5 to about 1,000 mcrons, preferably from about 50 to about 250

mcrons, ge082N9 aFhéplesehriniehtioRtan biapplicd 0 imptsve thavsepatdtivhastt i al |y
the sane size channel gap. The channels can be forned having a variety of
shapes i naholdculgr spegies fron symthesistgas. Syothksissgasaran, bet picauged by, a wide
hexagonal . The space between the channegls is cypi ed by the adsorbent 5.
As shown tRECBhahmstods, cudingsieam ro & Oh By careonss thermakgngl i th and

t he adsor > i u VO IL.th. The
adsor bent Qgﬂﬂgﬁc §§‘§ﬁ“g§/’ §?drag%%a(§)%1¥§(%ggé%biogg’a noci u#%%%%#rrﬁﬁgg %%g% &h ng of the
monol i th. cHagiRAtice kivewh iih Be28S SYnthdits SSiORREN in 63argdRRbérGXXfukl om t he
vol une fractions occupied by the adsorbent 5 and channél structure as: 1
Ef f ect i ve afidichemaeal applitddonfastwell as fhwenaepplitatimtsesuckas Untegatadt i on Of

Adsor bent (%Vo ung Fraction & Channels L
asification Combined Cycle (IGCC). All of these applications have a

specification of the exact composition of the syngas required for the process. As
produced, synthesis gas contains at least CO and H2.. Other molecular
components in the gais can be CHy, CO,, H,S, H,0, and N,. Minority (or trace).
components in the gas can include hydrocarbons, NH; and NOx. In almost all
applications most of the H,S has to be removed from the syngas before it can be
used and in many applications it is desirable to remove much of the CO,. In
applications where the syngas is used as a feedstock for a chemical synthesis
process, it is generalfy desirable to adjust the H,/CO ratio to a value that is
optimum for the process. In certain fuel applications, a water-gas shift reaction
may be employed to shift the syngas almost entirely to H, and CO,, and in many

such applications it is desirable to remove the CO,.

[0083] The present invention provides a method for increasing the recovery
of the valuable molecular components from synthesis gas. In most applications

valuable components are CO and H,. When multiple species are removed from



[ 0087] For the nmonolith of Figure 1 hereof the effective thickness of the
adsorbent will be about 1.5 tines the dianeter of the feed channel. Wen

t he chan | r is in a range fromabout 50 to abo } s it is
pr ef erred%?t%g‘%ﬁit eﬁt hi ckness of the adsdPoent | ayer, in%ﬁ@g@?g%ﬁgr ein
the entire contactor is not conprised of the adsorbent, be in a range from
about 25 tthe @?ﬂﬂiesi&%@@in@ﬁﬁﬁﬁﬂlscmﬁ%toﬁs, efclroptifiized foretherembaanefa t he
preferred range of thickness for the adsorbent layer is fromabout 25 to
about 300 partiewas compopacnl; ear beaged.anvaltiplercoatasterss@anthe ugsdihecaase thecr ons.
Figure 2 i,s a cross-sectional vi.ew . glong the |ongitudinal, axis show ng feed
channel s 3%%%%???@/@?%9&@@ Ré rm}abt Fianeing the s dn he sowtagior

- PCT/ USZOQﬁfo%ﬁngr gégﬁ{f lc%&%l qﬁse&%\tli&pgn%khfec %%Fﬁ%fs%ﬁw & @%hts siz@r med

entirely froma@sor nder . Schne I agr nrargrng a

smal | cr osgltepatively vefd)differat aBs51BEhE cAnatdineefsyraRatinty §fn§5e of Figure
2 is shown in Figure 3 hereof. The adsorbent |ayer is conprised of a

m cr opor owsngatsar. bdibis prarviges a means of peletiivélyseimioving sevaral speciesswith laer mal

mass) 9; that act as heat sinks, a blocking agent 13 and open nesopores and
mi cr opor esingle CRBtagkFwn, the ni croporous adsorbent or polymeric particles 7

occupy about 60% of the volune of the adsorbent |ayer and the particles of

t her mal 0CG . B0 I /t.7 this i Lion, the
voi dage (APOSA nartEin PERSiLgHIGRo b0k Seited hoid ebdhel SRERRE BB ior

M cr opor oWSOAGHE Wil tprédsub®! THEkECowrRey Of hligfer p-f@é%ui’@héiﬂ%aﬁés EAEDHEI Cropor ous
adsorbent 5 or polyneric particles 7 tan range from abo 25% of the vol une

of the addesivable, faryexaniple.awhen CABpscafuestnatiomisuptannéd.tihehestseasbgnt | ayer .
In practice, the volunme fraction of solid %articles 9 used to control  heat
wi | rang@dsemptiondyitempgraiire swing (ESA) sar benipfejreduier prossuee swng. 75%

d f. . b 10% . 609 of I f th
Rdsor bent iy BYBidn pERHECE Hheaht 18 SEpily thanid thE sonfifdlstiferdire pace o
voi ds | of hwiaReRBeABAlihg 1 &EcTRal ikl 16nY BbiTRy bhAEhbRAORK BRED dFSOPOT s

and macropores 11°in the adsorbent |ayer ess than a

[ 0088] Whendstrbateodibhtidth Tempeeaturenswingesdsegpismtamnbe proansd vittafixeg! i es on
a kinetic separation (predomnantly diffusion controlled) it is
advant age dataliedchanaelfontastorsand asseeiatrshvalyes, wsibynmenas pha roteredased o be

substanti al | he same size. Lt.is. preferred th he standard devi ati on of
t he vol un@as%jlﬁﬁﬁﬁaf’ﬂgﬁi?ﬁ‘&ﬁ?f kﬁllzor rtﬁﬁgpaf%ﬁ‘dgfﬂtwgsw falc particles 7
be | ess tRaay r% of the average particle volunme for kinetically
controll ed procCesses. In a nore preferred enbodi nent the standard devi ation
of the volunme of the individual m croporous adsorbent or polyneric

particl es [008F | eRapiddi$A0yclefoperatiay iy faghitprdtwith @ paghllélchahhel particl e

size distribution for zeolite adsorbents can be controlled by the nethod
used to syaRtastarsehengdhe adserbentis qn onegsunfacs efoa sompact heat epahange

D Y G LR S DRI R - 5 oD DR
uni f or m'y a4sorbing and desorbing material. In this configuration, a thermal wave can be

made to move through the contactor during the adsorption step allowing for

better separation of adsorbed components. In some instance a chromatographic

like separation can be achieved (with no dilution from a carrier gas). This type

of parallel channel contactor arrangement can be extremely energy efficient.

Thermal energy used in the swing adsorption process can be readily recovered

and reused. Because of the energy efficiency a larger degree of thermal swing

can be used.



WD 2008/ 143820- 46 -PCT/ US2008/ 006067 si zed m croporous adsorbent or
polynmeric particles in equilibriumcontrolled separations. [0089] There are
several WaySoddmdtsgonol i ths can be formaf directly frompgralshst@lobdoss

m cr oporous adsorbent. For exanple, when 4 he m croporous adsorbent 1s a
zeolite, the nonolith can be prepared by extrudi ng an agueous m xture

cont ai ni nq0@B6pCt | Yhe aomabiots of tise prdsent inveriton cae bettecbanddadtowdowith,
solid heat control particles, and polyner. The solid binder can be

col | oi dal referencestd theiguresihercof Figare 1 herrndds ngepresentation o @l parallelnd
solid heat ,control particles together. .The effective amount. of solid binder
w11 tyor chERel consBetor ohRRESCR 19VERic SLIESOILAL 2 HIDRPUR CRrTBHd | he
zeolite a ' eat . ' ' J: X4 Ur . i red,
11 ca by Rty o ERBOrShs RElbl ot Bffdek And REnfHthi fpk i

zeol i t es Usdralel 6w ShaRhEE! /5 Wilbeatistyt SCMBhalESspes caf beUehmeldhey are not
al ways present in a finished nonolith. A polynmer is optionally added to the
m xt ur e f adiredtlyddyoeytresion poocesses.t Angixample of a aytindoidal monplidmdtisi. The

ext ruded nolith is cured Qy firjng it in a kiln where

( ] . ter,
evapor at esShamd sehemasicphennfdiiguee hireofs dbesplindgsa mm@iquﬁlg%ﬁeﬁge# fth of

desi red i tion, ' lqth, 5 will
nave abourbgits of Bl ey hafift 35 TREEAOM, chefeB £ e ks LREREl 1 Mo
anmount of JH3PLARALBRt S0 aABBui 1/008dni¥rbhs, dréfepity TromGWdut 58 toabodf 250 ously
di scussed,” I'n a subsequent step such as by vacuum i npregnati on.

100901 Anothironstasddngys atli chanaelswia givbn cantaetorflaveestibdianégatly thé same a
m cr oporous adsorbent is by extruding a pol ymer _ and m croporous adsorbent
m xture. Fizg ehanngl gapr dhsrchasnelssen grhaying a yaggty okshapepr ocess are

b l. | ' . lites. Non-limti | f |
i tabl o fOFeE BHEAGL B CoS e coUse abatte nipaHIBE anftermep s P "ana
cur abl e PUEEbETHETRSHhhERATBCEUEDY hE3SHDS, O i thout an
nt. e re use

added sol v n these polyners I'n the extrusion process, the
resul ting ¢haadeit3 védupyrataiue 238t wf iee eolamevf thel morolitheatd thie adsorteno Sand

macropores in the adsorbent |ayer. )
occupies about 75% of the volume of the monolith. The adsorbent 5 can occupy
from about 50% to about 98% of the volume of the monolith. The effective
thickness of the adsorbent can be defined from the volume fractions occupied by

the adsorbent 5 and channel structure as:

Volume Fraction Of Adsorbent
Volume Fraction Of Channels

Effective Thickness Of Adsorbent = %Channel Diameter

[0087] For the monolith of Figure 1 hereof the effective thickness of the
adsorbent will be about 1.5 times the diameter of the feed channel. When the
channel diameter is in a range from about 50 to about 250 microns it is preferred
that the thickness of the adsorbent layer, in the case wherein the entire contactor
is not comprised of the adsorbent, be in a range from about 25 to about 2,500
microns. For a 50 micron diameter channel, the preferred range of thickness for
the adsorbent layer is from about 25 to about 300 microns, more preferred range
from about 50 to about 250 microns. Figure 2 is a cross-sectional view along the

longitudinal axis showing feed channels 3 extending through the length of the



WD 2008/ 143820- 47 - PCT/ US2008/ 006067 [ 0091] Figure 4 hereof is a
representation of a parallel channel contactor 101 of the present invention
inthe f ated nonolith where an adsorbent |ay } onto

t he wal | g“@ﬁé%?%ﬁow channel s of a pr efBrmed nonol it h. $Eg{®%@g%%§rgél | el
channel contactors of this Figure, an extrusion process is used to forma
nmonol i t h frhenvlathswithaké valikrofate A0 bharals forimidedritirely froaf edspbyntss net al
such as steel, a ceram c such as cordierite, or a carbon material. By the

t er m " non-plus bitislent Assehiemnatin diagedrh emargingna smellidrossnsectionaif theideed s not to

O L2, LA RIS R BT T b AT o
oot 1, W7 I€ oo P ARG ShesPE S A B ©

wal |'s, by ‘F}%bliﬁlzﬂaiﬁ&w (hevnanassd; MBEAR asHat SR, P¥1dckin ﬂgémqm| ith
in a kiln. [0092] Anot her approach i's to apply a sol gel to thé channel

wal | s f ol lapeadnesopores and mmcepocemtll .t Asrshoig thelmmeiopprouscadsoabéntgpr [t i s
al so possible to use vacuum andﬁgr essure | npregnation techniques to apply
the gl aze Rlymgricgarti¢lgs 7ipccupy ahent GRita ef theyolymg of the adsorbeat lgyebe or sol

oo 1 a5 g Ay SO
thorough tdognsdiaiag ! thé %ogl&ger(%% bﬂar{ﬂe@ﬂqg‘abéﬁﬁﬁ%’[d}' thB onad¥ Rbupied

nmonol i th. An "adsorbent | r 105 1s then unitormy applied onto the seal ed

wal |'s of thyethehaivnepcroudadsarbent bepdlyndetiv parficlase dUThe solurne oif ¢le ng, or
bore, of the channels, thus_the flow channel 103 used in sw ng adsorption
pr ocesses Micreprrogp adserhenh or pelymenie pagicles 7 wan cangd frgm aba@ X% of

Cayer 105 thaxoRne b chRbtben 80 B0RF S5 r theYp e SehPadPrbeAE T | o
channel s hﬁﬁngmﬁ@é@ thdBoRME fieAon b?“sériﬁgaﬂi@ b eSedto SOl élaods

i ncl ude fl e coating techniques, such as slurry coatring, sSlip

coating, hyidlrangefromh about)Yotonaioud 75 %\ste firhslynatout 584 tagbeamMshsamd, and
hydr ot her mal growth. Wien nonhydr ot hermal coating techni qgues are used, the

coati ng sdnete praterablyufremi ahautdé%to hbeult60%h@fithe vopuno of theiadsanbent or
pol ymeric j

articles, .a visco [ ent, such as_ pol yvi nyl . al cohol, heat
t ransfer %Ff‘ér ri%:bﬁ?f'é‘é%g a%?ﬂti@gﬁéﬁlge ag?‘?eéirﬁppk}ma(’f%cg@@é%l% - 48
- PCT/ US20QR40 [ r t '
because the bgﬁgg %?ﬁ!e{%e rrtli)l ﬁgﬁfetﬂﬁ%jf f(ggér}i;%g{)f §§éﬂa§1elg§éoﬂ§gﬁt? nﬁgg%]&? B §ﬂe§ fer
sol i d by dtdhithe adsstbent Rger Bds kRgithaabhig 20%f erent steps of the
separation process cycle. In such a case, the heat diffuses through the

adsorbent |layer 105 and into the body of the nonolith 101. If a
vi scosi f yil8088&8lgentWhenéhe moneditlyis wsdd ial agaroseparatiamsprbeiess that oaliesl dya bur ns

o ndor | SRSCE R GafddRmanin it ion cenaledld Badanidtus rnea
bi nder SHPEST . il
cceupy fr onckorbus S Bl bo FRERARCLS TRBS IR RN o,

ef fect i ve Iejspioferadd thadtie signdddevidiondf thed dlemeMmheimdiviiRiardsor bent
| ayer for use. By effective anmount of bl ocki ng agent we nean that anount

needed t o micteperousadsgrbert arnpolymerisparticksd badesspbard 09 96tofithat t he
resul ting coating cantains Ifesls(.th.an about l21000 of its pore volune_ in open
mesopor es agﬁ@gﬁd)%lrg §vodume for Kinetically controlled processes. In a more preferred

embodiment the standard deviation of the volume of the individual microporous

adsorbent or polymeric particles 7 is less than 50% of the average particle
volume. The particle size distribution for zeolite adsorbents can be controlled by
the method used to S)"nthesize the particles. It is also possible to separate pre-
synthesized microporous adsorbent particles by size using methods such as a

gravitational settling column. It may also be advantageous to use uniformly



[0093]1f a hydrothermal filmformation nethod is enployed, the coating
techni ques used can be very simlar to the way in which zeolite nenbranes
are - pr r exanple of a nmethod for growi ng a zegl. S

t aught |ﬁ®% 6%{%5%? No. 7,049, 259, whi cHOi-s i ncor por at egbggﬁé(}(ﬁmgi?d
reference. Zeolite layers grown by hydrothermal synthesis on supports often
have craclsizedndlic@oporous @dsdbenesr poBimeriepariigoince quilibriagy comralledn si ze.
The vol unme of these pores is often less than about 10 volume %of the film
t hi ckness sgparatinps.e is often a characteristic distance, or gap, between
cracks. Thus, as-grown filnms can often be used directly as an adsor bent

| i t t h d f | ocki ... Exanpl f d i
boundar e30080las GhATH ALLUTVEral WAy H e REPTGNiShic i OF TR T OBREHY S danni ng

Dot . . : . e 5.
compr | sed SeQrEARSrdpcahe BBl EOARIDIC WHERRG biclopoBy s 0 e
i sotypi ¢ \adsérbeBRis alhevlite] thei rioasiitht cadSepiepared by extridigle ad Adueviigcks 151

that are about 100 to about 300 angstrom wi de, which cracks are readily
vi si bl e omixhureontainingoéfedtivef amoauntsiod azsedid bindex, lzeplitenark] gdsogbeénti s an M

%L?‘&Q?E@é‘ﬁ%@éﬁg«‘a’rﬁ?ﬂ@b e %qup%g%e%}séamwaﬁ{sﬂ@@'cﬁ? canpeeofiidsT bizell
- 0 _ _ . H
2 hyar ot na e ahifE i 4 psd ) bRERE ZBRE Mg o1 REREOBREFRANIATES L e

growt h of tg%éfﬁexf.i TRe TR vé Anid Gt OTRbHEH DiAdeoKill fyfﬁs&uilwwrgetmmut

synt hesi s ep. The Si/Al ratio of the deposited | m"was greater than
about 100 0. tmaboutdi0% ef ¢hevohunel o theazepdite and solié hedBcantrolgmpticleS5 bet ween

the MFI zeolite crystals are apparent _in the m.crograph. Besides the cracks
and gaps U4 B theanirtare ,ﬁ‘d!ﬁsaa i g4y binges materialsgag bergpnyerigddng post

ol ecul es PIECEHBLIREF o IO pSB Y aRb O Fb A SuBBFSif i R RSy Hor ¢ e
grai n bouglas idtarRafd PRISACHSa fiRishBE MbrSIRRC!L Pp%ﬁt&hg%tﬁ%ﬁ have

di rensions i'n the mesopore range. It 1Is apparent crog?laphs of

Fi gures 5Sadded to theanixthree fipaheoleogymonasl and togivogeeaexaudaeysteengeliy snal |
amount of the volune at the surface of the film Cross sectional i|inmages of
these fil AbecxHudedsnonalith is gareshley figingdt ima kilacwbexs:the iwatemevanposatgs c upy

e e AR KT Bl bR e "ot L 7,
e ShupoSiEE BP0 EALGET SO gD b

| ayer is co onto a or ne Ith conprise
non- adsor keaboutst(evoldo mébsporéSand mddcdSvrepr oc prsieteratified anfovwneod thdie
contactor will preferably have paths, or separate channels, that can be

used to hperesgaa heobilled mathha blodking agensr13r gs poevirasigalipeussed.sess t he
paral | el channel cqntact,or ﬁan be canfigured in a configuration simlar to

a shel | anPYGBENtBep SUCh AS RY SACHMIHMBIEERHN hent coated on the tube walls

of the heat exchanger. In this Figure, an extrusion process is used to form

2 onol |t {pgge)m 2 AsitheDkRURILAIREDS HofBlE caflbd Rk dEkchy oMo Such as

steel, or a céram ¢ such as cordierite, or a carbon. eram ¢ of netallic

gl aze or sntroperownadsonberlid biyexanudingd potyraephnd hficesponoed adwrbentof t he

monolith. As previously nentioned, such glazes can be applied by slurry
coating t AEXBHenReefersd mioreporons @dpgrbentsi fiog usg in exirngion preetssge can al so

AR KRN TGS R A TR
vacuum ang,;piiis 8 fhe! RABISHEHIIAss include epoxies, thermoplastics, and curable
polymers such as silicone rubbers that can be extruded without an added solvent.
" When these polymers are used in the extrusion process, the resulting product
will preferably have a low volume fraction of meso and macropores in the

adsorbent layer.



WD 2008/ 143820- 50 -PCT/ US2008/ 006067 techniques to apply the glaze or sol
gel. In this case the glaze or sol gel wll penetrate into the pore

st ruct ur gyghoidigaggnol ith 217. In all cases the gl aze 5%%&%55@%/0%@/ of the
channel such tf/1at gas flowi ng thorough tHe channel is not readily
transmtted into the body of the nonolith. It may al so be desirable to

| mpr egnat g009¢] POrRigakd Y HebésT i9a represeRadibhidf afatallel thanneDtotadm 4012l
before the channel walls are sealed. Alternate rows of channels are seal ed
at their efdhe pt&enhimedtiontio the doinlef Aaoadmopelitht whare ax adsorbemtposi t e
end of the nonolith these same rows of channels are also sealed, Slots (223
and 225) de¥erdgcoptsdania thewallsadithe dloyy chanelantia pr Oﬁpéai"a‘énﬁF@ngrEcess

h d f | | i i ded
bot h ends 1BF PRI shemidl FORE e ot 1o Fepfd o GARERS: Aibted] 5 BeA R, %
oper ati on,foliA6 MIRBlitH from h lsuf§bRAUEH-8d5drberdt g@ﬁ@;ihm&ﬁl,q)reﬁe}aﬁl@ 4 hrtalseal s

the ends of the channels as well as the mddle of the nonolit Any

sui t abl e tsachnslstgy, £ eerahrdc vaell as costetite! be aeadsornmatdreal c Bynthel termncl udi ng
nmetal lic welds, gasketi na' with materials such as rubbers or carbons, and
the use of ‘ngaradsovkentsgbid raateriaby yanmeanca selid materdaldhakisat tahe ussd@se i s

fi hat a heati Li ng, £1 uid be {| owed .t hrough th
channel s dbarelschye AubrBenCiosThe BRI Pt e A, AnBIRERKE AR5 na

renovi ng ijnq qg‘.gé T ' i | {4igdh W ergo
heat exchaérllléiet%ﬁt%? ?fj?gélf ow %rgrﬂtg ﬁ?@%g‘ﬁﬁ? hgtn%y;%ﬁg ékg[tl%‘ialti 9‘;1rs gjr%%é%mgt t he
end of thepphiddlte effepaselynedl thecelianeb wialls tof ehgraivplolithh. Saok gldzestcah beo a

heat exchanger. It will be understood that there are various other ways in

whi ch heatapplicddygduaycaatibg the chamnsl wallse byifanysudtableneonvientionahgeananpl es
of such ot ﬁr ys Lnclude shell and t.ube heat exchangers, fiber. film heat
exchanger s© HB’\%r‘?ynhé‘Bg ?E‘Eﬁr’cc’lﬁﬁé’?aé%lj‘hangers, all of which are well known
in the art. By coating an adsorbent |layer with a | ow volune fraction of
meso and ore ' : 193'65 i yn

accor dancgﬁ\?\??ﬁ théngi}gggﬁﬁqa%\%%{[?gﬁ AsS(g h?@?ﬁ%ﬁ@g%@gifﬁﬁﬁgﬁat es
how heat excifiRgainglet aondicions tivatrdendify nthe comihyg. ek is dlsogissitloto &A Wi th an
adsor bent l'ayer having a | ow volune fraction of neso and macropores. WO
2008/ 14382Gc8um ACrpresauesnquegnatigromsbhiqued te hpplycths gtaz emsoligel to Breannel

f bout, 5 bout, 1, 000 m , f ly f bopt 50 t bout
350" m or orAnBHoRalIR e ik Fatja tho 2P Orishl &GRSR SOOURe 2Bt 250
50 m crorf! a2 : 50

2 range {oPRRUBSTIE RibddiEh 11075 PR ngle AR AR RN of A naellpl ) "

203 the preCRith@tdsaMeRing thobbwdttrscHathel BhordeadiBerhndmitedd into fileom 25 to
300 mcrons and a nore preferred range is from50 to 250 m crons. The

t echni quesbaslyeofi thaghgnalithc UsB adsarbentlayan162 ivthed unfarody applicd wnte dent

| ayer into the nmopol th. [0096] Fpgure 8 hereof js a schepqatic of a parallel
channel co¥¥@ ‘B?H%P%g’ﬁe"l’{ﬁ‘lﬂ%g]nt en@‘gsrﬂ""%‘ﬁ lpyer; T%‘?“H‘F%?%aeaow’aﬂﬁi ally
paral | el y I fhber dded i : { -331. A w de
vari ety O]%cﬁg,‘ ?ﬁ@lvegﬁlgleﬁéyst@%ggee orned :|e|r1 ggﬁl"{?@%@ g‘g%%@%n Pgﬁal spi nni ng

and ext r USirgBed3ES BeMeSpen KMAnAENIeRCingideif the ¢8hEng. TheéONORACHARRILTORT I Ay
of hollowfibers 301. The bores 303 of the fibers are used as fl ow

channel s. chindsmwefdhannelhgapsalsspraoidus hndefisel. Ahecadshetrant layea d905f cambeabout 5
to about 1,000 mcrons, preferably fromabqut [0 tq about 250 mcrqons as
previ ous| yapphisdiasfeepatings o1 layeps @mﬁu@gl}s pt fh aﬂwﬂlapnelw Ay Hitahle f | ber s

from 50 t Sheiear eGimBhE cinbled SF Pu R BREBp AR bhaSe kBaddyd F1E°
adsorbent ¢apfifué)3ubk ab Shitry 86sithd, sBiP afHE, Rpdrothe?n® Gilm forfiaion,

hydrothermal coating conversion, and hydrothermal growth. When non-

hydrothermal coating techniques are used, the coating solutions should include
at least the microporous adsorbent or polymeric particles, a viscosifying agent

such as polyviny! alcohol, heat transfer (thermal mass) solids, and optionally a



[ 0097] Various different nethods known in the art can be used to produce the
adsorbent layer 305 in the fiber. For exanple, the hollow polyner fibers

W th |°WVV6§9(%W4E§2‘)W can be extruded. Sone spinning te%@@;&?ﬁﬁ/oﬁﬁ% al so be
0 a

used to produce hollow fibers with mesofres and macropores that can be
renmoved in post treatnents such as thermal annealing, polyner coating,

epoxy coatbingerOrThe héétftﬂm&iféﬂ'soaidhh@? o Be agedéd bEdusethé bbay sftiat are
conposites of polyners and adsorbents can be formed in both spinning and

ext r usi on monelithsHil cafhactdomsatsarwr heaf tramsfensohid by staring and wleasingpe
containing the ﬁgl ner, adsorb Bt parti.cles, and OI}%}) a solvent. In sone
cases, thdwahis eall renfgstenso the sgparatign progess g @rcasgethedsor bent
particle i ' i [ het I atrix
ot he adeat R R eRdnt BaRbrteRt fyB 18 RH 1B SR B B mOR por e
is too higpl.iif £9kchbsiflingaigeit, Bich aB PolyVingPAICBRSI, ¥$uskd # iehsmiilyanneal i ng,
or by filling an effective anount of meso and macropores with a Bl ocking
agent . [ 0G8shs away velhaotheaoatingds torgdrindukidn hit dambé adeartagdousdol i t es by
extrusion. In these processes the zeglite is mxed with a polyner or an

ol i gomer i EMPley ashingengpchysmgollaidelsitica ar plumina e ipergrse theamgehaniealyvi ny|

al cohol . tional t}% ota gol v?nt igch as_wat er, al cohal.,, .or. Iwm d

hydr ocar bar ean Be" adi&d 8" e "abHPOTFE % gag{(g)&r%mlgmlc? QSEURY bi nder
material, fRdiftapdnt 29't$9%)i9§1{ 46% dfothe Yolik 0P tHE buRldUBafRgt Nk cfRBiPe added

: e
to this dope. Solid par es, such as aFum na or al um fflum can aﬁ so be

added to taneoutnpd.bldtkingagent 5 dppbied e conpdeteahe alls@ivehhryer €auset By t he
final ceramic body is produced. This fiber, in the green state, can then be
pl aced i ntedfegting pmannd of blegking agentriwe imecan that amiopat needadh tosaagupy zeolite,

d opti | |y, bi.nd d | i ticles. tivel.y, the fiber.in th
ar con st ataoudh O BenedBbo] apdPiiropfes sueh Sy hesrLiiba coafing sopaiRfice o
final fib ' L Le, ti ' Ld th I
s par {1ET AR ARG o e RoR Co B RPN heorthel Bl FRrSfe fher e

hydrothermal |y grow ng a zeolite coating on a solid polyner fiber that

burns awayj0@98]i ng If achydadthienatl filra forramion meahbdd ¢pe@ploysds irosssingy and
macroporosity in the fiber can be reduced to within a target range by
filling witediniquasoisedsgndigeyaryisimilas tihthequayiin sthagh zeolite membranes are -

prepared. An example of a method for growing a zeolite layer is taught in US
Patent No. 7,049,259, which is incorporated herein by reference. Zeolite layers
grown by hydrothermal synthesis on supports often have cracks and grain
boundaries that are mesopore and macropore in size. The volume of these pores
is often less than about 10 volume % of the film thickness and there is often a
characteristic distance, or gap, between cracks. Thus, as-grown films can often
be used directly as an adsorbent layer without the need for a blocking agent.
Examples of crack and grain boundaries in as-grown zeolite films are shown in
high resolution scanning electron micrographs Figures 5 and 6 hereof. The
zeolite film of Figure 5 is comprised of Sigma-1 zeolite which has a framework
structure that is isotypic with DDR. The film is about 25 micrometers thick with
cracks 151 that are about 100 to about 300 angstrom wide, which cracks are
readily visible on the surface of the film. The zeolite film in F igure 6 is an MFI
film that was produced by coating a first coating layer approximately 0. 5

micrometers thick using colloidal ZSM-5 seeds onto a support and then placing



[ 0099] The fibers can be forned into a substantially parallel array to form
a contactor of the present invention. One nethod to do this is with an

enbeddi n r t.ti,Ng process that surroupds the entire fibers
with a mq?]reizg%%éépi al 325. To visualiZzZe™the array in F?SE&LSQ%)%{O%@E@M of

the matrix material 351 has been rendered transparent along with the face

321 of t hahegéailcevcrb®shpport il arhyaotheemal synthelis solatidanc ehe d¢dllcigal be
advant ageous to coat the exterior of the fiber with a material that acts as

a di ffusi oESMad seeds Bideatpidithe gryovthooizs Miishim abgut FrmicsmoetsrOibédsin

sput t er Aoy eSSy RIS ER: I S Taphs deaonad IS or ami ¢
sputter d F I ' i ) eram c
films, met e ' il ) r..gde L1 coat ed
conposite é?tggo a&n%’?’swt ggg SO F%%B@&%Xl&@ﬂ@%@%g%ﬁﬂtﬁﬁ%% .%é}‘%%g% ymers

that have 155hetivetn ShOMEICAIitS cAfktals af®apisdre@inathe inhickSdaph bBesidss. t he
effective diffusion coefficient of the coating should be |ess than about

1/ 10 t he dhecrayks dnflfgaps tircreaeé graindoundariehbetaceeardrgstalsl. dileesegrdin
pr ef er abl yh | ess .t han about 1/ é?OO the average diffusion coefficient in the
adsor bent ‘hoxpdaries gameenngct 1 theeragk strugture ang aidyin trapspest of moleqilesioy

This can dnf arflibtTanisIBRt AEORepelin 85 AR MAIS Mg AR s o1 o7 °F hus
| overing tHage @Hensibné e tHOMiGobBFe raad and s%ﬁi@h%@i?néﬂsﬁ&ﬁ iagnkor the

cycle tinme in the process to be decreased (i.e., rapid cycle operation).

[ 00100] Am¢soporéd edmgec dt iscappaeeritofilomutht abiceodraphsisEFipaires § and 6 thacdas t he
adsorbent inside the prefabricated fiber such as a hollow glass fiber,

hol | ow si |GPER MEIGPEIes-abMACTPRNSES AU dEery sToall ampumt of daks veluew atus| y
descri bed can be us to form.an adsorbent |a I nside of_.a fahricated
1 ber  vndbe Didieg el e LR sRfioRal Fihees & Shess BeE o Gyordndd it e
final progyeh e dhdMablopofe i Fis ey OO e E
no diffusion barrier on tot?e ?%e%&ﬁo%ﬁggégﬁttggégggh or #1%1 mat rlirng%fe

mat eri al tthe €ilms.ai n an adsorbent having a | ow volunme fraction of neso and
macropores. In this case, it is advantageous to space the fibers closely
together with the distance between adjacent fibers |ess than about 5 fiber
di anet er s [0094 er diigyre Ehereoh ana seprgsentation pbapamitalwhansel aumdactohefe is a
di ffusion barrier, .on the ou{er surftace of .the fi

advant age&lb%pfeée%trmé’ﬁn%?ﬂw heformye %8‘.’Zat§ﬂdn%@gltggqslh@irhﬁgpgﬁﬁ@i@ﬁ n'the

mat ri x matgid ' gﬁéq i ' ort the
fibers anﬂ%?kmea%/debog%@tlant [ 2|°t°§§esd r%tg\}vﬁ? Eﬁ%’%ﬂ%if ﬁgi}hgqlgﬁa#gnﬁﬁﬁgan be
conposed ebmpoisgd®f nofreid3britent geaterial WheROTOAGHROTSA pricRSdes drk i S

preferred that the matrix be nonporous and requirenments for having an
adsor bent Perored the eontagtor avillapreferablychavs paths or separate channels, that

can be used to heat and cool the adsorbent. For TSA or RCTSA processes, the
parallel channel contactor can be configured in a configuration similar to a shell
and tube heat exchanger with the adsorbent coated on the tube walls of the heat
exchanger. In this Figure, an extrusion process is used to form a monolith from,
a suitable non-adsorbent material including a metal such as steel, or a ceramic
such as cordierite, or a carbon. A ceramic or metallic glaze or sol gel coating
219 is applied to seal the channel walls of the monolith. As previously
mentioned, such glazes can be applied by slurry coating the channel walls
followed by curing by firing. A sol gel can also be applied to the channel walls
and then fired under conditions that densify the coating. As previously

mentioned, it is also possible to use vacuum and pressure impregnation



WD 2008/ 143820- 54 -PCT/ US2008/ 006067 or elim nated. Requirements for
spaci ng between fibers can be less critical than when the entire | ength of

the fiber t or enbedded. The nmatrix material ca i
sel ecti ve‘i\?%?@?lt“%%gends of the fiber bur®es by any sui ?g?ﬁlg@%{(}h@% known

in the art. Non-limting exanples of such nethods include potting,

enbeddi ng,teslafifhédto @Jﬂytth@ﬁla%!d%gol 8¢1. anahiy @dsehe plakiotdobperesises. To
avoi d plugging the end of the fibers the end of the fibers can be filled

wi th a natpenetrate ingo theaporeestrusattielof the morsdith20@r Inledl eases the ghazepeals ed.
Non-limti | f terials that b il d i ud

ol yier s, thMVAILOE die chanBALSUcRIRLEAS owig tHatav e theShanl 1 JOgRed ved o
t ched ft. t. i i al i . L ndi ini

ond pol | sitHREEAE oy e m@ioltRS I05ER PRELE Auirafie B iProdiBEd ™ "0

QG her et hAd$ ot stP@étufd oPTHREAChORHERFEWRth 4 §81id hRéfalBedord the!chanhél t hose

used to form holl ow f1 ber nenbrane nodul es. When the ends of the fiber
bundl e ar ewpltd arecsenledn Altemiaté rownodLchaineld aresealbdaatitheie @ends 245 ph acdert he
contactor into an operational, PSA, RCPSA, RCPPSA or PPSA nodule in a manner
such t hat tawsevise fond Seepergsions | Ahthe appesite endeofibeanenolithdhesgpsame one way

{ber ous. 0 g nappef Araaronstidh Dok aauma et atf et puef b, 6 "581 and
353 and tgﬂ? &ﬁﬁr%gfotﬁfeﬁ%ﬁ) %id?%%cc@? Posﬁieosream]yv@t)ﬁfé'&?anﬂéﬁoﬁfr way

is to bon e en o) contactor to the interior o pressure sw ng

adsor pt i orggahsig!stirfac892 02 hrdpesviéed 8t ol ehds lfitee ndiictith aphadead al thens of a
paral | el channel contactor of the present invention in the formof a hollow

fi ber contraiddde of the monglitlp22t.edn operation; the maselihewill bayeeunted isénpri ses
part of the |1, of the fiber with a ce r feed.chann 403. I n. Figure 10,
Phe out er Toadelsdad BRTRHANRbwA e Sifsiatehe shimmalons A o e, i of " ©
transpare i I . i i hdi catil t ut er
surfage. %%%%lﬁlgg\i yl e%llsl%}sléeWo{({%@sg@x%{rg?éedﬁﬁa%ggg&dﬁqsu@gg barrier
415 on t hejhanfi¥ls ehélRdirmeed B avslds; aaskeingifhaghaterRls sSisdhngs hbbefy erues
descri bed for Figure 4 hereof The ends of the fiber bundle are potted or

enbedded icarbonsaaind theruseof adhesives stich sis poongadicacemgnts antdepoxisal e i nto a

t ubul ar housi,ng .401. _Seal i ng, surfaces 419 are proyide t he ends qf the
- 55 - wo Dodeleds sepfipered e ibebn heades of Gaoling Hdisam e%@wediﬂgemﬁbe

surface 4 I I [V | 10 f. i 423 and
425 are ¢ ahﬁ?‘%&é%‘ep ﬁg\ﬁ:}é%?déng%% B?ﬁé@rg%‘gngfl t @ﬂ@ugﬁﬁfﬁ ggtshzzﬁ%uﬁdg to all ow
for the fleWRind'RahidiEh6s2S. | THe héatintSand 663195 fluld ARR UAdeFSd hédie
tubul ar housing is nounted in a TSA or SA nodul@ in a manner that seals
t he ends axchimegeWathnibhid fhowing thrasgh the cliaddels that atecopenradithe kend Afighe

sui tabl e seal i ng_technol Q%é can be used. Non-limti ng[ exanpl es, of sealing

technol ogifégd‘lﬂlﬁatnheléﬁ medifisaiionsita the rﬁ?‘&%létihd‘é’nlcYPntlhé‘L Brackeat exrhangeri &h

car bons, | Sl b6 nfattEia BAP0EH B WrlchsBhE LAY if WHlR BeftBoRaledt. os 1he
modul e is GAd SreBEed Br wﬁﬁ%@r_eﬁemﬁmn%ng%@da' ed bPsgbHCaReP &/ aly/s oned

i nside the holl'ow tubular ho troddcing 1t through“slots 423

sing 401 by 1
and renoviinglude shal andltub¢ heat ekthangdérs, fibert fihy heatlexainngers dridpdnted| |
undergo heat exchange with fluid flow ng through the hollow fibers which
are open aircquifchestgxehangess, pboef whiolyarg welkkaowadnithe agly r Bygostingan t he

t ubul ar housing 401 cont,ai Ri ng the rallel.arra f holl ow fi bers .hecones
2heat excHRRER LreF S0ioe fob e PAQeriBEAd bad matdopeifs o e sde
adsorbent JeaygLar 4Qehahdd? ifcdPhe Ysdd iPaddorddn @ With (HE B sRAfinVRATBROARS -

such, this example illustrates how heat exchangers can be converted into

modules suitable for TSA with an adsorbent layer having a low volume fraction

of meso and macropores.



[00104] Figure 11 hereof is a representation of a parallel channel

contactor of the present invention in which the parallel channels are
formed fr i ed sheets containing gdsorbent materi } S,

| am nat es‘gg]fb?ﬁég@s), or | am nates of co‘rflu'gat ed sheets (ll:)glrrlmbsgﬁ]?sog@k?n PSA
RCPSA, PPSA or RCPPSA processes. Lam nates of sheets are known in the art
and are di[9095ped FeedthanaeB203 ol hawd clenmeUg2p0fohb it Ao aslit US0@®4275
B2 which are incorporated herein by reference. Wien the adsorbent is coated
onto a gedhisTens; mcfemhlmrfmmmb@uﬁééﬁ@mbgu&S(hHQMt rWhes the:ehannel gapt are

phase. coadliSiRATAPER oM RIS PRHE ZAg PRI LE RRETHTAL A HALITKREE ng
phase coa : = ) . gati ng
techni que%f{tﬂé‘ad&?rﬂeﬁﬁa&gxeﬂos Belifl% ﬂ%g§ oo aB{;utt P PLEGRY 5{)6'\‘1%@}61{_%(‘
include slurry coa}tl ng, “di p coatlng, I'p coating, sprn cdati ng, _
hydr ot her ridr & 50 Mit@nEidnnel aas 208 \the prdferraa raffeovt thickiess fonthegeonet ri c
structure is formed froma lamnate, the | am nate can be fornmed from any

mat eri al tadsotbieahlayee imfroor B2 o 360 miveons axbamoneprafertad mage be frooaf@d. The
coating can done before or after the erial,is lamnated. In all these
cases the taégﬁrfﬁléﬁ?nﬁ-gltlﬁot&?gﬂl%ﬁﬁ previgusiydisqussethabove ¢anche pggd tayeoat
geonetric . -limting exanpl es of such materials

i ncl ude gltgggﬁfqrgérrné@?ﬁ;‘cﬁﬁé@%ﬁg@g i'ber, glass fiber cloth, fiber glass,
fiber glass scrim ceramc fibers, netallic woven wire nmesh, expanded

nmetal , enjoes6ld netighre §hefevTas hiseBemdtiowrarparhitel dhagheldéditaster beege treat ed
netals, nmetal foil, nmetal nmesh, carbon-fiber, cellulosic materials,

pol ymer i ¢ preseat irtentionanl thevfoirh @f 9, substaatiallpipasalldl amtayeodcial taye fibers aces,

and conbi nations .qof these materials. Coated supporis . typically have two
naj or opp&ER @dr‘?éd@%frl’hﬂ’@t‘?ﬂfﬁd%l-b@t"ﬁ‘deVaF‘ﬁ Qfg‘ﬁumé(c@%erééfﬁnt?@ coat ed

with the ' . g kt Ls comprised of hollow -
LN AL ARk TR SlaAtony A Rnb iR AT SR URRRIG hro<hRR BB L, 1o}

support  shegtaetdreof Pigutddiiy fsknadd frdfPan 4fdy DTN RDw Abets 501, Mheorede of a
continuous sheet of material. The thicknesS of the substrate, plus applied

adsor bent 303 aftthefibess arei wded asdflow channelsi dhes¢ flomatldnyrels 3@3 can alsoypi cal | y
ranges fr%m abgut 10 micrometers_to about 2000 m croneters, nore typically
f r om aboutha¥sghanns! gaps drampgoubs e about k0P snisrenss prefgoatdy froatalopt ¢ nesh
supports RROV] desirable thermal praoperti of high heat capacity and
conduct i Vﬁ@&o\ﬂpﬁgh%p&%@s& Erfc‘-f"o‘%%bgﬁfﬁ A?ﬁgbgip{) I@V’SA cycle to
reduce te e hAd | : n ed under
e S e PR R S S A iy
accur at e tchankelgap 30Iiriniaonaake oo 50 to aboat 280 ahictend it idprdferred tpmsed of ,
without limtation, alumnu steel, nickel, stainless steel or alloys

t her eof . HemBuckngss efithe adspsbent loyen30@ bpde atrango fromrabent 2510 2,580t h™ a thin
adsorbent |.ayer of accurately controlled thickness, with necessary good
adhesi on. na‘fgo’}?et hod for doing this is by hydrothermal synthesis. Coating
procedures used can be very simlar to the way in which zeolite nenbranes
are prepa s digieRedi FRPENSN i SWb 43820-
57 -PCT/ Uggg%‘gl 006%67 hydrf%lt?her ng%ﬁgérlélﬁgﬁqgﬁ agltrjppor%)gs%(ﬁae hav% cracks
whi ch ar e theadsaabentriagercds fstheHiberp| Bor otarhpks eheholibw polymeb€dersshown in
Figures 5 and 6 hereof. The volunme of these pores is often |ess than about
10 vol ume vetblow meesppprasityi eaurke extawded. nBemeispinsring techniquesseanalse be

di st bet Anat h t hod of ' tal foil i ith
hi ch 111 ACRLR ProtoRe Fotioh Bhefy wiR misopSeeAbiagr g e Pas caRB8S sl ur ry of

pref abri C%,ﬁgvé&ﬁ k/’éﬁ tP&itilehtSsuc bisrtﬂgfmél{é}{neﬁﬁﬁgﬁé}&goﬁfgrlc@aﬂﬁhh ‘?é;dé{}ga or

al um na), Vviscos I ng agent such as a pol yner yvi ny | is
cast for ewatipg or Giling svithea blodking agat. THsleswifibere it aré bempokiteesf and cure
the binder and zeolite. The product, after firing, is then a bound zeolite
fil mon apebtmersfasd adspphends cgn bedormned iybathupinddgtandahdusiat® vol une %

voi ds. To nmak i tabl e adsor voids are filled in a

e a ent. layer,. th
subsequenPT & oy ??&RrﬂgestSﬁ%Oﬁsarfaﬂ?éﬁ? Fibr from dop congipifgetheor by
i ntroduci I QUL he. vl { u I fal i nal
product SRty AHpottlt Partiofes, BhdSeh o Ay ORI SR iR, thsBhrtag o,
adsorbent | ayer having the | ow meso and nmacroporosity requirenents of the
present invention. 100106] Another method for coating netal foils with
prefabricated zeolite crystals, or mcroporous particles, is
el ectrophoretic deposition (EPD). EPD is a technique for applying high
qual ity coatings of unifarmthickness to netal substrates. The nethod can
be used to apply organic and inorganic particulate coatings on electrically
conductive substrates. Slurry conpositions containing prefabricated

. I o

o -, o o o o



[ 00107] Some contactor geonetric shapes will require that the adsorbent be
applied to the channel surface in a layer using a colloidal binder nmateri al
or that aRospidfiSsg€onetric shape be conprised of the ag%ﬂflﬁ?&fsloﬁ’éol‘#

col | oi dal 8i nder and containing a plural¥4ty of parallel channels. en a
col |l oidal binder is used, the selection of the colloidal material depends
on the parhe adsarbendsartioknis functonali¥ed20 PpodrtEadhesiéh bEGIdedIAB08/ 006067
Col l oi dal materials capable of functioning as a binder and/or which torma
gel are phsigneematisyenddbe admrbbnhmr@clea?‘é/hendhgd/@,lumptfmupmqfnncmi on, .
col l oi dal siJica-based bingders., gg&ﬂ dal gl.um na, .coll oi dal. éi Bconi a, and

m xt ures GRAJIBAFIOPAIES 15,f0Q ygh, dt Qrersd by 3 pestireatmeptusigg thermay| o
ST or o Anfealthe SrHEARY AeHEcqv MGICLPHEEE AR TGO iR °

col | oi dal bs.j)émﬁgagameri als al so can be surface nodified, such as by surface

nodi fication with alum na. Another type of colloidal binder suitable for
use herein include clay materials, such as pal ygorskite (also known as

at t apul gi 18998hi dhissalso ppssiblecto pradnes halow fildrs wfizsolites dryesxtrusion,

i nor gani c (bi inert; .h certain inorgani c binders, such as

binders may b owever,
cl ays, uséﬂltaﬁsﬂpr?g SFE ﬁl%%%%é%{rgngﬁvf@eaﬁ \PRETE QTAD UZQMENIE r om kaol i n

bi nders tQ; ' t [ [ . i Wi mal i nert
material . Q'Ilgr?%? Ltgfs@ %&%’% réégat lu%?‘gésf z$§ﬁgﬁ@gs¢dﬁ%g§€#@g¥ﬁq}{l %leéggloqﬁl'l oi dal

par ti cl es (ptichallys apelvent sich b vavét, BRoh6l, \wReiquid ByadfbcarhintaPBé hilgé®s form
nmeso and/ or nmacropores. A bl ocking agent can be applied to fill the

maj ori ty &6 thehdopmsh isalsoraptiomabtausd § binder meateribh snch hsigeleidabsilicatort he
adsor bent efs.the open pore vol requirement of this invention. Oganic
bi nder s u§g§°‘c‘f§1 BP%‘“&&B?&%‘E‘EI@ é‘é‘hl%gw ‘g‘&ff dops: Aokd pariqlenisteh a8 aluming: ur es
may be pyr.ol I u adsopbent 108]. Figure 11
het eof |1 Cn2td é‘gﬁgzﬁ‘? 8@8&0%%@"’\# té’ﬁ%%ﬁ%%%?ﬁ% erCXE%@%BP@?efﬁ?m

i nvent i on thhgfeRhitdte the AARPESHMi8BOAY ke Produced THRs ﬁBEEfiﬁ"tﬁé)”gi’eefn gi sing
DDR, is hydrothermally grown on each” of " both faces of flat tal folls 509,

whi ch is paethenabe placedintoa kiln fandrfired ¢o fows it finekfibercdmprsed ofuch as

stai nl ess steel. The _sep?r te netal foils 509 with the adsorbent filns 505
are fabri &804g %‘IPBFIFW%I Bbgkr&erépdéﬁbﬁri@m%léﬁt Adtesnatiely, thgfiherdn ghe
i [ I ) h tal, foil i t agt
obr bat | BreRs s e PR RER WS B heind Bincs T redalerep mepdiFees Biod
Pr ef er abl Yibapesnphakd offzeélﬁl%, xﬁa Bpgogw Bﬁxcfe?%flfi%ﬁﬁriﬁ{eﬁné%a@ efilled

with a spacer that keeps the shee stantially evenly spaced apart. WO

2008/ 1438 partichss. - REGTHeBAPAR6A O6 PETdURAULAitd fibeh éaby badthénmally t he net al
foils 509 |imts the thernal excursions in the ﬁrocess. When 0(3’2 IS

adsor bed BFPWIE ageaalitBenatingonta salid pplymps dibar thatebums awaydduringsthieeat  of

dsor pti on,, Thi he, adsor bent fil d as the fil. , it
Fenper at uraickReY el dviibEes. wissonarosk?y piflmiapoihey ifihe BBRECHTo  he

metal foi be WihicRdith withidtPfa88kt RRZO bR HIAA FitlC D16 bEnAfSPr Pent is an

subsequent step.

[0099] The fibers can be formed into a substantially parallel array to form a
contactor of the present invention. One method to do this is With an embedding
or potting process that surrounds the entire length of the fibers with a matrix
material 325. To visualize the array in Figure 8 the end of the matrix material
351 has been rendered transparent along with the face 321 of the embedded
hollow fiber bundle. In many instances, it can be advantageous to coat the

exterior of the fiber with a material that acts as a diffusion barrier 315. Non-



endot herm ¢ process and heat nust be supplied in an anount equal to the
heat of adsorption. When CO desorbs, the tenperature of the filns falls

bel ow tha\Rfo%ost/ﬂEszHEt al foils and heat stored in the ne&’%IT/ITSQ(SOISI%ﬂJOk‘PV\B into
an

the filns. The thermal excursion of the>ddsorbent filmis less t +1-10C
with the contactor dinensions and the process as described in Exanple 1.

[00110] Thimamecstaembles of MdterigloTRASEH % ab diffudidH Vardersdndlde spuitet al s,
mesopores (including grain boundaries) and macropores. In this exanple, the

crystal s ideposited imetalaand cerimiafilms) ¢wapofated enetahand ceremit/fdmspometale open

volunme in the filmj.s cqnprised of negoporoys cracks with characteristic
wi dt hs of aagcﬁ?fa@mhﬁ%g@ by thericayappoAerrsition,qaated eorappses Rl al | y

evenly distributed Lo Q f to gﬁ sopores
and macr Ofg)(?rl\éxge{ssargt)%q}{dég%gl}n _aé/oggafyﬂ h@a {;g{igrrgsvm%&ﬁlg? .agfhgggg? ent film
[00111] ThefmEidAVeficléaRit | 70 dc2ds AafifsiontarAee thé effdciild Biffigdignence to
the follow ng exanples that are presented for illustrative purposes and not

to be takeoefficientof thegoatiagishoeht boless Bxangbaut1/1( @ila’iragé diffasiomnm nat ed
sheet parallel channel contactor described for Fi gure 11 hereof., a

PSA/ RCPSA coptficiens inrthe jadsorbeap kayier apd ereficsably dessrthan about H1980dke st r eam
taini bout ,. | . % d..,about .80 | . % . | | t.h

ST S O e e e O R e TR S

12 her eof dsédathé §rfﬁ-&1;.&fé@daa{aﬁﬁbpfs é‘fﬁéé?ivﬁlaf éﬂt&ﬂfed%ﬁﬂ? ﬁééﬂi éhdnef ghd ed

PSA/ RCPSA cycl e Itable for use In this invention. | e first step 611 a

paral | el cldsorbeht kyet.aThiy cdSAIMGRBA iy atel for avuppduting athtriktaromdthe
pressure WO 2008/ 143820-- 60 - PCT/ US2008/ 006067 product gas 687. This
pressur i zdthess thus kesening the massipf thecantactpr aad| inlsomeenses alowting forr  and

fills the contactor wth the purified product containing about,20 vol.% CO2
and about t %W@F.t%‘m%hq p]rogeg%{g)olhedceigqrgﬁsegﬁ.ea gp cyﬁlggg OB)- at mospher e
(atm) feed gas 671 is conducted through the parallel channel contactor.

buring ¢ hiBeRgP_ORtoBs R nanbe AM6le £A1S0E BerERs L6 pmdihe T ovi ng

feed gas led pro ows out o e end of the contactor.

The feed gdsofbént irsidé thegstefitbrivatad fibetsithtdsat heldowhdagyr fibkrcholaw ener ges
fromthe parallel channel contactor as a concentration front noves through

t he cont acilita fikgreerchaliow ipelymenfibeheCoatingmethodsoprsysousip desasthedigagt  of

t he product 625. Behind the front the .gas _.has CcOnNposiii o ear, t hat of
the Feed Gruscdite TOBRGRALSOHIE My ardise ol ddrtEicataaiber  WRERIBRn ot ol v
breaks-th : f. C i a b eh: rges
rom the SLeRekeaeRha is L ROREHROL or Bt B fihalirddGEChits BiIEHE
product puiffiyion barrier 315.

[00101] When there is no diffusion barrier on the fiber it is advantageous for
the matrix material to contain an adsorbent having a low volume fraction of
meso and macropores. In this case, it is advantageous to space the fibers closely
together with the distance between adjacent fibers less than about 5 fiber
diameters, preferably less than about 1.5 fiber diameters. When there is a
diffusion barrier on the outer surface of the fibers, it can be advantageous to
embed only the ends 351 and 353 of the fiber bundle in the matrix material. In
this case, the matrix material only has to support the fibers and not have
substantial gas flow through the material. It can be composed of polymer, metal
or ceramic or combinations thereof. It is preferred that the matrix be nonporous

and requirements for having an adsorbent in the matrix material can be relaxed



[00113] At this point, a third step of the cycle 631 is initiated which
serves to purge the contactor of feed gas trapped in the contactor
channel s.yw&hgodiflsd§ step 631 al so acts, %/‘Q part, as a p@&tﬂlﬁm}@mg@gwe

di spl acenent purge of the contactor. Val¥¥s are opened at the top and
bottom of the contactor. A pressurized CO2 rich stream 633 flows into the
top of theormalithinatead Rgagiretreqits) forl spacingt itween itiberheard bovess leaitival tHad3 of
the structured parallel channel contactor flows out 639. The gas fed into

the top ofwherethehiire lezghiof the Gder is pottether pmbaddedi The mateix matepiel 4 and 5
t hat has been conpressed 67 0.a prges e slightl reater .than the feed
pressure (%1 2% 3R ge%—lqs?iec@a/ i‘? meo%‘ﬁfostjt{h% @85 %PBG%P%ryoﬁﬁ'hSq‘Wg?? H’ﬁrﬁbq t he
cont actor y | a : i 681,

cont ai ni ng . Hf/{)q%%}o(g?ﬁ é@%@%gg%#lp %(ﬂ%}u Eﬁﬁ%&gfégg %(cﬁéenéa%ﬁ%’q he bottom
of the coninséddingasastin Pﬂ@@ﬁb}%ﬂaﬁﬁ nepelREtrbIess Phitingf prodessesed odnmoid’1 (70
vol . % CO2 and 30 vol.% ). [001I41 As the gas streamentering the nodul e
633 di spl qduggingehgandiof thtfibetsothecndofahs fibers carpbe iftliednwith farmateriabv es

fromtop to bottom of the nodyle, The third step 631 is, stopped and a
fourth st dpatesn besreaégluﬁem@ﬁ@%w & HRLEIK JS anml%gohlpmnlyaztmg gqamples

- PCT/ US200 1Sy r he .bott of . the

modul e. _Thoglrggtg?lg% @%‘{e%{‘hﬁéi p@&&%@%ﬁ?@éﬁ#g r}%ﬁyﬁ{%&i &%?%cf@?s] %% to an

i nter medi ghgroAhfESHACCATBe 58PS dNTvad of a%h%ﬁa?raffe?@zﬁérﬁ{a%ﬁ_ﬁ' on. In
the design discussed in this exanple, the internedi ate pressure 1s about 22
atm | n theateoial his be¢erpappiedOAGrindings machining e dlshidpe mattedsecant also
pressure of about 22 atm This streamis split into two streans 679 and
681. Stredewrd tpopeadhe sndyabthestiberse Bthghmethodsdo my priesbes hetendsf r om

t he proces { ressure o bout 22 atm Stream.633 that was dto
Finse. the (ant F0eB il o, G bef 1S5 BoPRChEE metbradt Bdiited of
the gas StWREHRY Endd'af thRMESBrldIORLPIRELIIA Mbftix e jpfessure i n the
contactor drops towards the outlet pressure of about atm, the flowin

streans 6advangbdis teplaeasiascoltbetor time dn eperationd1EESA SROPSYS, RE@PPRA | en to
approxi mately % of the initial value step 4 is sté)fgped and a step 5 1is
begun. | n arFPIA module épagnannes syeb teatanesof thadeebgas Boysdhrangh the dr opped

Pl A S SR A TRLAS B BB T £
Lo, 2boutheSly FAEe B0 bkifE, SORRACTeA BTARMST ATy P 1

at nospher eads 380 bhd]35Boandhedveeridieo fane PEIA, RCPR AL IRCPPSAGSSPPSA Wel | as
the pressure at which CO2 is recovered, gas may be recovered in the fifth

step 651 modijea Andthersway iptobend thaemtsi afithe ivontastardottbe imerios of the s
decreased in a series of pressure equalization steps. Gas fromthese
pressure é’(ﬁ?ﬁépfez%‘ﬂ"&wa‘gsp O MIPAYEC-r ecover ed as i ndividual gas streams and
reconpressed. In an exanple with two pressure equalization steps, one

portion ofgg ]Co%‘iﬁh{%ﬁ AR 16 HePG ik Sg%rﬁﬁ%rﬁg oot ﬁg&ﬁﬁ?@ﬂéﬁn

2
at nospher es I'le tHe rest 1s recovere spheres. E%00116] It

is al so pesataeter dftthd pe¢seas énvdntiontid the foime S atdliow SibePcodttod4ér BSi Ng a
series of pressure equalization steps. Again, each pressure equalization

step can HSApeeress whererhe adsorbentdayen 40 comprises pant ofthe wjalloafatief r om t he
ool s at it Wit Q8SteP Fed S GRTRCT 305 16 Figiire 10 the Sther sutfaces S the™"" ©
housing for the contactor 401 are rendered transparent with only dotted lines
indicating the edges of the outer surface. The hollow fibers used in this example
have a diffusion barrier 415 on their exterior surface and can be manufactured
using techniques described for Figure 4 hereof. The ends of the fiber bundle are
potted or embedded in a matrix material 417. This potted array is then sealed

into a tubular housing 401. Sealing surfaces 419 are provided at the ends of the



WD 2008/ 143820- 62 -PCT/ US2008/ 006067 steps are enployed, it is

advant ageous to design themto naxi m'ze he pressure at which the CQ2reject
streans agg p@Ptis.6d- [00117] Modeling ed to predict HheReskRhTRNCE Of

t he parallel @Bﬁl nnel contactor uses isotherns for CO2 ang 6%4 that were
measured with well known gravinetric uptake nethods, PVT (pressure, vol une,

t enper at urtabulaehbasiag 401d Avsehling shifacs421 issalsgipeoviden n elné middletofahspor t
data in DDR nenbranes. A statistical isothermshape was found to best

descri be thoasinigagbloté2hendd2Siasechethreuglvtheomallaear tesendsef thedubylars t o

t he rreasuredjsoth ns for CL-14 |ve sat ur.gti on capacities of 6
and 5 ol dAusEg o lqw for ﬂ}eﬁ‘@é{} éPanP coglin a%ol ite framework. These
val ues correspond to a maxi rmm I oadl ng of 5 mlli-noles/gram (of DDR) for
COx2 and 4 sqi‘fb t ersgapacities
are consi ten %?a/l 5| ca expec ﬁé hgg&f e gﬁ[&ﬁ% pos§| bl e

| oadi ng V\/Qﬁbdhl@(iﬁ raaﬁa@m that §6as ercerdskbfithé chathdloas p@less e middleof d
density. A single lE;]aramater K, that is analogous to the Henry's constant in

a Langnui the swredit Ams&ntabéGscaimgsWab@ologytcha betuseds tNendlimigimgher m The K

I d f 25, 03J |l e, KCO2 =1.93x10-w eR T(in
g:sg :Fsuz%ﬁngl% (pgs i@%tg{:lﬁmlggleé that can e use in the practice ofeﬁsne prgvsent (1

invention include metallic welds, gasketing with materials such as rubbers or
carbons, and the use of adhesives such as inorganic cements or epoxies. The
module is configured so that a heating or cooling fluid can be flowed inside the
hollow tubular housing 401 by introducing it through slots 423 and removing it
' through slots 425. The heating and cooling fluid will undergo heat exchange
with fluid flowing through the hollow fibers which are open at the end of the
module. With these sealing arrangements, the tubular housing 401 containing
the parallel array of hollow fibers becomes a heat exchanger suitable for use in
TSA processes. The fibers have an adsorbent layer 405 with a low volume

fraction of meso and macropores.

[00104] Figure 11 hereof is a representation of a parallel channel contactor of
the present invention in which the parallel channels are formed from laminated
sheets containing adsorbent material. Laminates, laminates of sheets, or
laminates of corrugated sheets can be used in PSA RCPSA, PPSA or RCPPSA
processes. Laminates of sheets are known in the art and are disclosed in US
Patent Applications US20060169142 A1 and US7094275 B2 which are
incorporated herein by reference. When the adsorbent is coated onto a
geometric structure or components of a geometric structure that are laminated
together, the adsorbent can be applied using any suitable liquid phase coating
techniques. Non-limiting examples of liquid phase coating techniques that can
be used in the practice of the present invention include slurry coating, dip

coating, slip coating, spin coating, hydrothermal film formation and



Kcll4 = 4.25 x le eR T(in pascals-5 where Ris the nolar gas constant and T
Is the tenperature in Kelvin. [00118] Over a wide range of conditions (less

t han abouyo2006Qksgat urati on capacity |qading), the shaperAfs2603806067
statistical and Langmuir isothernms are very simlar. For sinple nodeling of

the process given in this exanple, the statistical isothermcan be

suppl ant etydyotherraalugrostthntWhan ginel geomstridstruotusfeois fonmed ifrogn a\Mminate,
2008/ 143820- 63 - PCT/ US2008/ 006067 conpetitive adsorption_ effects,

conpet i t i vhe lamimate ¢cambe fermes frome any materdal; tpshichdhe adeorbengpktheorponent
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used in t he, @RAFIS 1RRINGEE O Tn WA these’ cdbed tFhdsbPbéimt is coated onto a material
that is used for the geometric shape of the contactor. Non-limiting examples of
such materials include glass fibers, milled glass fiber, glass fiber cloth, fiber
glass, fiber glass scrim, ceramic fibers, metallic woven wire mesh, expanded
metal, embossed metal, surface-treated materials, including surface-treated
metals, metal foil, metal mesh, carbon-fiber, cellulosic materials, polymeric
materials, hollow fibers, metal foils, heat exchange surfaces, and combinations
of these materials. Coated supports typically have two major opposing surfaces,
and one or both of these surfaces can be coated with the adsorbent material.
When the coated support is comprised of hollow fibers, the coating extends
around the circumference of the fiber. Further support sheets may be individual,
presized sheets, or they may be made of a continuous sheet of material. The
thickness of the substrate, plus applied adsorbent or other materials (such as
desiccant, catalyst, etc.), typically ranges from about 10 micrometers to about
2000 micrometers, more typically from about 150 micrometers to about 300

micrometers.

[00105] Metallic mesh supports can provide desirable thermal properties of
high heat capacity and conductivity which "isothermalize" a PSA, RCPSA,
PPSA or RCPPSA cycle to reduce temperature variations that degrade the
process when conducted under more adiabatic conditions. Also, metal foils are
manufactured with highly accurate thickness dimensional control. The metal
foil may be composed of, without limitation, aluminum, steel, nickel, stainless
steel or alloys thereof. Hence there is a need for a method to coat metal foils
with a thin adsorbent layer of accurately controlled thickness, with necessary
good adhesion. One method for doing this is by hydrothermal synthesis.
Coating procedures used can be very similar to the way in which zeolite

membranes are prepared as discussed above. Zeolite layers grown by



Mol e Dco, = 5.70 x10" eRT(in n2/sec) 13.4 x 103 Joule Ml e DCH4 = 0. 48
x10-1 eR T(in nR/sec) where Ris the nolar gas constant and T is the

t enper at %?Zh@/ﬁ%ﬁi n. [00120] It is seen that there isP@T}%mﬁmg@g; erence
in the diffusion coefficients of C2 and’CH4 and a smaller difference in

the i sotherns when these transport paraneters are evaluated at a given

t enper at ung.dréthefmal Saithesisehauppbits viten tavecrack’dvkich dréendseainder s
slightly favor CO2 adsorption and dramatically favor the diffusional

t ranspor t rofcrqegres.nExanpleDofRthesg stavks hagg beemshowniindigukests and 6cal e of
the adsorptio ep 621 and the purge displacenent s 631, il | ossi bl e
to take ag\f’é?ﬂnfag’é‘fg’f’om%ogmeﬁﬁpgﬁg‘s iO%eﬂﬁFf’rsu'g‘?Br?%&’Bti&iV@f‘é‘hFs}"é’lﬁh' rrprl)ve
t he sel ectgdyi |d: g L he ' , Ki net i
separat | o) teBhosh ARATABRTR ot ARbEBMCRiG AR A B RhARS, @ et €

di f f er encegndthefhieved F Evatiig 4 hRagl £l Qv thick FRnfEGIngOis sBiprdaBtngeol i tes
preferred for the renoval - of CO2 fromnatural gas will have a | arge

di f f er enc eridoc@gbladihgCHAndaduenss shurcpef prefabricated ZhoKteepantiples, bindest r at es
a particul ar RCPSA cycle that can be tuned to, achieve a kinetic, separation
of c@ andieyexamplgeplioidalshiga enalimings ¥issordKIngageat sushbana polyner A

b _ om . :
P oduce. a HhelealFEmyd BIGBI i CosE 5 Btk S e Bupel cRL R T R FRRBLL For e
conponent sh¢ BalyrAéCatPclie thEBdremhdd81itdeThe product, after firing, is then a

bound zeolite film on a metal foil typically containing about 30 to about 40

volume % voids. To make a suitable adsorbent layer, the voids are filled in a
subsequent step by coating the bound zeolite film with a polymer or by
introducing a liquid into the voids of the bound zeolite film. The final product,
after filling the voids with a polymer or liquid, will be an adsorbent layer having

the low meso and macroporosity requirements of the present invention.

[00106] Another method for coating metal foils with prefabricated zeolite
crystals, or microporous particles, is electrophoretic deposition (EPD). EPD is a
technique for applying high quality coatings of uniform thickness to metal
substrates. The method can be used to apply organic and inorganic particulate
coatings on electricallylconductive substrates. Slurry compositions containing
prefabricated zeolites, or microporous particles, may be electrophoretically
applied to a rigid support material, such as by using the method described in
Bowie Keefer et al.'s prior Canadian patent application No. 2,306,311, entitled

"Adsorbent Laminate Structure,” which is incorporated herein by reference.

[00107] Some contactor geometric shapes will require that the adsorbent be
applied to the channel surface in a layer using a colloidal binder material or that
an entire geometric shape be comprised of the adsorbent plus colloidal binder
and containing a plurality of parallel channels. When a colloidal binder is used,

the selection of the colloidal material depends on the particular adsorbent used.
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at the tenperature and pressure of the intended process, K = DCO2 DCl114

[00121] Lol r rred that the materi be chosen to of Ic
\Tvg 2508?1}1%26 a# BRYR1sB004b4t87

for CO2 and net hane separation greater t4fan 10 at the operating

tenperature. Mire preferably the material is chosen to have a value of Ic

gr eat er t Hasllcidakinatdralopspaiile og fltllﬁiﬂlﬂﬁﬂ%ﬂs & binddreandr &f whadtl sorirhe gemt eri al -
is chosen to have a value of K greater than 50 at the operating,
t enper at urase prefonred] Sushgodleidal anatgrielsdnehideawdthout limitation; calpidaki net i ¢

selectivity.of th referr class of 8-rin eolite tetials for renoval
of C@ 1rouicesbanes bigders, polloidalalimina; callpider FiFkonis ARG BB UHREL be of
subst ant i . Sh " | I f 3 some w ||
Subet ant | Jbidd AR Chilgldal Sfch: 1S W £EtBIUISPEITE oPURERe PO, |

i ncreased amérphoas biizdon @iokide ﬁahﬁcl@@&‘n@(rﬁigi PpartictPdsies rangihgifforhadoat or e

preferred that the standard deviation of the volune of the individual
crystal | i tteabpnt 10@napinetersn Suitablecalloédal dslicaomaterialy also3@b Heasurfasen i n

00, el LSt B e Rhulifeb B (2 "
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an aver agq)a:gy%bgglaké fatl@o khowhe dfpuldis! %i&pmermqﬂﬁﬁa%a%ﬁémrﬁt andard

deviation'o e volune of the crystallites in the DDR fiTmformng the
adsor bent dlaparurb@iidases. eAlot imorgdfiihdedsenay be imertfhaweverecert@n -
crystallite. The npst preferred enbodi nent was chosen to nodel the PSA
cycl e desdpeiganiq bindagss secthaprlays{ wredozith geelite adsorbepte may briconwsted, t he

e o S 5 P P el LIS BB L, e
C2 in thenidRalARert mAkeria?. SHUhebdbahRd YWirl S 8RU5oids between the
colloidal particles form mesopores and the voids between the adsorbent particles
form meso and/or macropores. A blocking agent can be applied to fill the
majority of the meso and macroporosity in these bound layers so that the
adsorbent meets the open pore volume requirement of this invention. Organic
binders used to bind activated carbon particulates in laminated structures may be

pyrolyzed to form a useful carbonaceous adsorbent.

[00108] Figure 11 hereof illustrates an exploded view of an embodiment of
the present invention wherein a microporous adsorbent film 505, preferably
comprising DDR, is hydrothermally grown on each of both faces of flat metal
foils 509, which is preferably fabricated from a corrosion resistant metal such as
stainless steel. The separate metal foils 509 with the adsorbent films 505 are
fabricated to form a parallel channel contactor 501. Spacers of appropriate size
may placed between the metal foils during contactor fabrication so that the
channel gap 503 is of a predetermined size. Preferably about half of the volume
of the feed channels 503 are filled with a spacer that keeps the sheets

substantially evenly spaced apart.



WD 2008/ 143820- 65 - PCT/ US2008/ 006067 C2 in the feed channel 503 but the
nmet hane does not have tine to equilibrate. The time for CO2 to achieve 90%

approach g 2§M4§gzpr| um (followi ng a change in surface geRraRB§kAbIEN)
within a single DDR crystal that has rapﬁ9d diffusion path to the gas in the

contactor is; so = 0.183 r2 / Dco2 where r is the average DDR crystal

radi us anqoms]l S Tﬁteh@htfd‘apaelwocﬂm‘ friegd] €vils S09 Gktitathd thermpE&:atursions
tenperature. It is preferred that the tinme for steps 621 and 631 be in a
range frornth&prasess When gOramadsarbed imthecadsoehents keattinreleased lmthe for

Steb of 1 GEHRIRE NeSent SPriame T bisvares BadsoriR GHEHS 438 A Mfue of the
Ui step i, LARRSSRL t&gpéraﬁlrg&;gﬁg Bhofd i gtind mobAISHACLE] Hellghirkligs aver age

DDR cryst Sl ze fange trom a m to abou

nor e pref gafoehelriéfal FSIE whees aA§ stdBd. CDé%b?itlcﬁi @ﬁcb)g ftdin ¢hé a@gﬁbéﬁtqmaabout
0.5 pmto about 50 p.mand it is nost preferred that the average DDR

crystal siendotherinic procesgend heat mnsube Su;g)hetdlnadmammﬁt equal Fo therberdlafng an

aver age DDR cryst al ze _of 1 pmwas used. veral djfferent
tr eat ment §dé‘f’rpct!%‘ %’%@e@@z d@soah%,ptbe ﬁemn@r@uaﬁd) 6ht= f@mSt falls hal@cw Bwtot) ayer

d I |t f 1 | ff f.
compar cd. RG0SRt Sortifn e $l RiTRESIAR AR "Thamont o
mul ti - CO”RH&%HI xXCARIHR OF tIRIAIrBé R filf & REMtHIM+01 090 WifhiRe 20Atdci | aver

at all points along the feed channel for every time step in the process.

For this riighehsiohs ah@fhé provesaas ddsmibedad Breariplesl.al ong the side of the
channel with 200 angstrom gaps between the fins. The nesopores forned by
t hese 200 angstrom gaps occupied 5% of the volunme of the adsorbent |ayer.

On a gridl@f mipasﬂnmgdmbemd@nw ¢Rrposadeot; indivdduak adsorbent C&éiaélﬁdent

transport uation sol ve eonet [ Thr pr. ess
cqual | 22t TS ORPERLNERARE Rt Robileris) i SR bbtissodh it
model i ng. JR&5RYNShE i iré%hb%ﬁn@ltly b thelthmd dize. N{Bﬁsmﬁé o‘?uxﬁ@m oyed.
It was determned that t hermal ~ WO 2008/ 143820- 66 - PCT U82008/ 006067
in the film is comprised of mesoporous cracks with characteristic widths of
about 200 angstroms. These mesoporous cracks are substantially evenly
distributed throughout the film. The total volume of the mesopores and

macropores is about 5 vol.% of the total volume of the adsorbent film.

[00111] The present invention can better be understood with reference to the
following examples that are presented for illustrative purposes and not to be

taken as limiting the invention.

Example 1

[00112] With a laminated sheet parallel channel contactor described for
Figure 11 hereof, a PSA/RCPSA cycle with five steps is operated to produce a
product stream contajning about 20 vol.% CO, and about 80 vol.% CH,4. Overall
methane recovery for the PSA/RCPSA cycle is computed to be about 95 vol.%.
Figure 12 hereof is a schematic diagram of five different steps in a preferred
PSA/RCPSA cycle suitable for use in this invention. In the first step 611 a
parallel channel contactor PSA/RCPSA cycle is pressurized with high pressure



excursion in the adsorption step was 10"C. The net hane recovery was
conputed as the ratio of the nethane nolar flow rate in purified product

stream 6 t in the feed stream 671 entering the nodel
: 2% 0L808 115420 g RARSGIs/00¢dE7
usi ng the Pmstst/exact treat ment of transrﬁ?r‘t showed a 96?75:m3t Ean/e recovery.

The average pressure at which nol ecul es were recovered in streans 681 and

685 was f @#5duétQA368Y2 . Thisipressbaton rdidéslthielprésiure i ded parallepetiamen

provides a much nore exact "solution than the linear driving force (LDF)
nmodel s t haontactorcamd/ fills thaedntactos avith thenpuaréfiedproducs cestaninglabout 2Rnowl edge

of the npbst exact solution, a simler nodel has been constructed that can
readi |y be/alda& P anghabaytidq EQI-YQBWe In aseggn éWBLﬁe“’el ‘i‘rgf PESsWER/eries. In

cqui 11 br a B0 R RaiEh et sy SoPalGed RRIER e brtdfchabid or yorais
form ng t henadser. bBakin QMi%rs-rtT%J 621 WMOPDR alsGHneRSer Rasbrbs DB yst al s
Is taken to be 80% of The anobunt that m ght be expected if the CO2 adsorbed

in the DDRloweing fleatigns 6qii |A pusified protbctt625 flessous of dezlemd DEtheng t he
process 671 at a tenperature that is 10C higher than the feed tenperature.

The anountcopfacters Bl teedegnsi 67k isdflowed at § satgisych shatoasdhe pradughidst t hat
i ght b ted if. th d d in the DDR has full i |ibrated
O, b SARSSLE Rl o Tk R e B Y o

hi gher t h%ﬂr&a@‘ﬁ the LBntRIGE r&hﬁzie&f)f tHe fOft the ’g&h «hag'a&%

SGk3tibh hehithat BE
Mesopores and nacropores 1 n t am nat e at e en (g? thé ahsor ption step

621 is notthe pesdirt 625. Myhihd ehe friont men%aieﬂas 4 fempoEitipnmgar tsas dfithe féetp 631
di splaces all of the nethane left in the feed channel into stream 639. Wth

t hese apprédli nEhd seeondistep 621 imstepped befarg this dronticompletedy breaksgheenght ed to
be 95% Thjs cl.osel i,th th t .rpdel and th | id

o e mothoans o T eoRaFior o f e prnfianCatepd VSR sRiegetn OBt e Nitehang: ng
th , tionally when th
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a pressure.that is nore than 1/10 of the partial - 67 - wo

2008/ 1438300(T3]US2Q0thiH P61k, ’a (Hikd prepssfuhe cycletd¥ isdaitiatédwhichvsavps af err ed
enbodi ment the pressure at which the CO2 is captured is nore than 'A of the

CO2 parti glurge theseordactor pﬁ geagdogap, trapped in the contactor channels. The third step

631 also acts, in part, as a partial pressure displacement purge of the contactor.
Valves are opened at the top and bottom of the contactor. A pressurized CO,
rich stream 633 flows into the top of the module and gas originally contained in
the flow channel 503 of the structured parallel channel contactor flows out 639.
The gas fed into the top of the module 633 is a CO,-rich gas produced in later
steps 4 and 5 that has been compressed 675 to a pressure slightly greater than the
feed pressure (51 atm.). The composition of the gas fed through the top of the
contactor is substantially equal to that of the CO, reject stream 681, containing
97.5 vol.% CO; and 2.5 vol.% CH,. The gas exiting out the bottom of the
contactor has a composition nearer to that of the feed gas 671 (70 vol.% CO, and
30 vol.% CHy ).

[00114] As the gas stream entering the module 633 displaces the gas in the
flow channels, a compositional front moves from top to bottom of the module.

The third step 631 is stopped and a fourth step 641 is begun before, or shortly



Exanpl e 2 [00127] The process of Exanple 1 is repeated except the feed and
product specifications are held constant and the volunme fraction of neso
and nacr GReLEss 148hhe adsorbent are incrgased from 5% t @-+R%005R6600% €di Ct ed
met hane recoveryg'sls found to fall from™93% (in Exanple 1) to 92% Exanple 3
[00128] The process of Exanple 1 is repeated except the feed and product

speci f i cataftersthis frohebrtake tisioagh thedottbm gbthemaolukec t Tientovirthnstep 64ad
macropores in the adsorbent are increased from5%to 15% The predicted
net hane r detsthe pressureofithetapntaqtor dewmtosmintesnediaip peessyre andssoveséanpl e 4

[00129] The progess.qf .Exanple 1 is r at ed.except the feed and . product
Speci 11 carPBIOLIE GO FrGrommEssil IhhaAnsigndrPusseddn B srmplEie
Macr opor e§,.4 f A S b a %40 0t kg6 ed
met hane r grc‘{oe@‘é‘%?%@gf%éﬁ‘?{soa% gf PQ% ?@mﬁgg&% Ef ?@Eﬁae:?pfie%gqﬁ ntlgesgggf# g&%rrpl e5
[00130] ThkitetReE assdudé aEx prd¥sarelof sbaradthfl Thizaiieahhis dptik dntdnsvgor oduct
specifications are held constant and the volunme fraction of neso and
macr opor estieantsH fatsb6$bnStrgam 67 iscleddd compressiar t65 52684 stidtaen 6B8&ds ct ed
met hane rec,overdy is found to fall from 500(i£1 Exan'%l e 1) }’g 81%

rejected from the process at a pressure of about 22 atm. Stream 633 that was

used to rinse the contactor in the third step of the process 631, is comprised of

the gas stream 679 that emerges from compressor 675. As the pressure in the

contactor drops towards the outlet pressure of about 22 atm., the flow in streams

679 and 681 decreases. When the flow in these streams has fallen to

approximately Y4 of the initial value step 4 is stopped and a step 5 is begun. In

the fifth step of the process 651, the module pressure is dropped to about 5 atm.

and a CO,-rich stream is recovered 685. This stream 685 can optionally be fed

through a compressor 677 that raises the stream pressure to about 22 atm. The

stream is then combined with stream 681 and a CO,-rich stream 683 is rejected

from the process at a pressure of about 22 atmospheres.

[00115] To improve the operation of the process, as well as the pressure at
which CO, is recovered, gas may be recovered in the fifth step 651 using a multi-
step process in which the contactor pressure is decreased in a series of pressure
equalization steps. Gas from these pressure equalization steps can be recovered
as individual gas streams and recompressed. In an example with two pressure
equalization steps, one portion of the CO,-rich gas is recovered at a pressure of

about 12 atmospheres while the rest is recovered at about 5 atmospheres.

[00116] It is also possible to decrease the module pressure in step four 641
using a series of pressure equalization steps. Again, each pressure equalization
step can be used to form a gas stream that can either be rejected from the process

in stream 683 or recompressed to form stream 633. If pressure equalization



WD 2008/ 143820- 68 - PCT/ US2008/ 006067 Exanple 6 [00131] The process of
Exanple 1 is repeated except the feed and product specifications are held

const ant @pdoidiGasg! Une fraction of nesg _and macropor es | bent
are incr easegl {rom 5% to 30% The pr edi-®8ed met hane rec(1))\t/:g/rﬂfa‘lﬁ)sw{3 Oﬁ‘:,:ld to

fall from95% (in Exanple 1) to 77% Exanple 7 [00132] The process of

Exanpl e 1 siepsraee eaiptdy&k Geitadvantdgesds ﬂﬂdesﬁ%ﬁ)@h@h t6 pedtihiig@theopesaure hel d
constant and the vol une fraction of neso and nacropores in the adsorbent

are i ncr eatshi¢h thea G, rejecbstrearheaner eapituredd et hane recovery is found to
fall from95% (in Exanple 1) to 73% Exanple 8 [00133] The process of

Eﬁﬁgg ant 4081 1FIE° Wapdakne pled fopreskcind gesthemasics ofMecrafie seaalor bent -
are decr e?ﬁg%cg(&%?&?%@@%@pﬁgfé@rl bggﬂgﬁ-!/{thgfjw@?é DRI SRR Well Endwhnd to

I ncrease
gravimetric uptake methods, PVT (pressure, volume, temperature) methods, and

with analysis of single component gas transport data in DDR membranes. A
statistical isotherm shape was found to best describe the single component
isotherms for CO, and CH,. The best fits to the measured isotherms for CO, and
CH, give saturation capacities of 6 and 5 molecules per cage, respectively, in the
DDR zeolite framework. These values correspond to a maximum loading of 5
milli-moles/gram (of DDR) for CO,; and 4.16 milli-moles/gram (of DDR) for
CH,. These saturation capacities are consistent with the physical expectation
that the maximum possible loading would correspond to CO, and CH, filling the
pores at a liquid density. A single parameter K, that is analogous to the Henry's
constant in a Langmuir isotherm, describes the shape of the statistical isotherm.
The K values used for modeling are:

+ Joule

25 x10° ——
Mole

K., =193x10"e *T (in pascals™)
co,
17.8 x 10° J0e
Mole
Koy, =425x 10e 7 (in pascals™)

where R is the molar gas constant and T is the temperature in Kelvin.

[00118] Over a wide fange of conditions (less than about 50% of saturation
capacity loading), the shape of the statistical and Langmuir isotherms are very
similar. For simple modeling of the process given in this example, the statistical

isotherm can be supplanted by an equivalent Langmuir isotherm. For modeling



Exanpl e 9 [00134] The process of Exanple 1 is repeated but the feed
specification is held constant and purity of methane in the product stream

625 is ing @‘?ﬁ,q om 80% CH4 /20% C2 to 90% CH4 / 10% 682/ sikshodos; done by
changi ng tﬁe d PI ow rates and the de‘g@ee to which corrposqt(lmg}?a(i fronts

are allowed to breakthrough before steps 621 and 631 are stopped. Wth a 5%

vol une fragmpetithle d’d%%@)tﬁﬂﬂeﬁ@@t%oé&hﬁétlﬂwb adsorpdenidhérmdcarnbe dedted
nmet hane recovery is 94% Exanple 10 WD 2008/ 143820- 69 - PCT/ US2008/ 006067

80% CH4 / Apemahe singl® oomPenenti gatigiml isdthermsusingavell knowndeehnighes.t eed
flowrates and the degree to which conpositional fronts are allowed to

fracti on oPOALSh aFke HaeF %%‘BSH%H(S t%@ar&%%@ﬁvaewréﬁgﬁfsi%vﬁéﬁﬂine
recovery 'c%a?ﬁ{en m pres flg’e inl %8&&[@1’? rjebf%%éat es use of a

paral | el con tor o |nven I'on separation process that
produces relatively high pressure products and high nethane recoveries from
N2 contai ning natural gas stream |n processing natural gas, the anount of
N2 that has to be renoved dependSHQdﬂthe concentration in the field and the

way in which the gas §portem#%6 mar ket e£. -l iquefied natural gas
vs. pipeline). .S éii%ﬁﬁ@nmfll consi der a néﬁﬂp é&asqstreamcontainigg a
smal | amount (< 5% of inpurities (for exanple H20 and nercury conpounds)

ot her than N2. These inpurities are renoved in initial processing steps
using conventional separation teghpjiaues. The gas streamfed to the
paral l el contactor of the pres tion has a,conposition of 70% CH
and 30% N2. The Bduovi A#8gald St¢ eam”'s fed to {immyeaact or at a pressure of
100 at nospheres and a tenperature of 50C.

where R is the molar gas constant and T is the temperature in Kelvin.

[00120] It is seen that there is a large difference in the diffusion coefficients of
CO, and CH, and a smaller difference in the isotherms when these transport
parameters are evaluated at a given temperature. From a 50/50 molar mixture of
CO, and CHj, the isotherms slightly favor CO, adsorption and dramatically favor
the diffusional transport of CO, into the DDR crystals. By controlling the time
scale of the adsorption step 621 and the purge displacement step 631, it is
possible to take advantage of this difference in diffusion coefficients and
improve the selectivity of the process. By controlling these time steps, a kinetic
separation of CO, and CH,4 can be achieved that takes advantage of differences
in diffusivity of these molecules. The class of 8-ring zeolites preferred for the
removal of CO, from natural gas will have a large difference in CO, and CHy
diffusion coefficients. This example illustrates a particular RCPSA cycle that
can be tuned to achieve a kinetic separation of CO, and CH,4, however, other
swing adsorption cycles are possible. A parameter that can be used to evaluate
the ability of a given material to produce a kinetic separation is the ratio of

diffusion coefficients for the components that are to be separated and the



[ 00137] The contactor is conprised of lamnated flat sheets of the type
descri bed above and a schematic diagramof the type of sheet used in the

pr esent DRdF1asSoShown in Figure 11 hereof. Using the oshsobiEssr | bed
above a E\gﬁM n%(?lt4 2|§28k DDR film505 with-##-Si/Al ratio grpgg{deér Pan 100 is

hydrot hermal |y grown on each of both faces of a 100 gmthick flat netal

foil 509 (diffusionaiteifficiehs dtteVvalit@ratthe I@peRitate drd preshil@ ofithé the DDR
films 505 are | am nated together 501 to forma parallel channel contactor.

Duri ng | aniteadedproegsscers are pl aced between the nmetal foils so that the
channel gap 503 is 50 gm across. Approxinmately half the volunme of the feed
channels 503 are filled with spacers that keep the sheets substantially
evenly spaced 50 gm pgpart. WO 2008/143820- 70 - PCT/ US2008/ 006067 [00138]
The heat capacityxef—the netal foil 509 linits the thermal excursions in
the process. Wien N2Dgg adsorbed in DDR it rel eases heat in the amount of
the heat of adsorption. This warns the DDR film The DDR filmwarns to a
tenperature above that of the netal foil and heat diffuses into the netal
foil where it is stored. Desqorptjon of N2 fromDDR is an endofhermc

process alB0k2H: s prsdersed that dhe matenial berghasen de haxe analue of k fgeCO;
adsorption. Mhen N2 desor.bs the t rature of the DDR filmfalls bel ow
Chat of  + ABABEHaRE sPrafian ascict FERATiIDE eBeraitie EPRAr R M98 oor ri1 m
Wth the . di J i I j xanpl e,
the t her mirc Sy anE HERR N THA (R R P ERR HICERSREInR 25 e T S
Due to thepefdidgeentjfatueé. Misrerprefc@abllydhe NateGoNBThoden o hé¥e a WAlue of
tenperaturé rise is less than that of fhe description for Exanple 1 above.
[00139] Theglolkerfthans0 at dusrppératidlg eémpeditwiedual DDR crystal s, mesopores

(i ncluding grain boundaries) and macropores. In this exanple, the crystals
in the DDR filmare substantially of the sane size. Mst of the_open vol une

in the fillf0122]corprardetitotrkeadypaiage of thamtrnsicikinetiesleetéyits of thew dt hs of
200 angstroms. These oparous.. cracks .ar.e subst anti all y evenly distributed
b oughouPTERERIHE hGrig HOTE MR FonE RG] oL P roR BambHd 2. 506
of the 1 ol cNRlHTRoRHinkHic cBnidtforalthd o7 s ARAAONIyUnk RamieVise, PrTALY ©
channel contactor, a PSA/ RCPSA cycle with five di rent steps is operated
to produchape sidely diffepenmo sizas; aomiengil Pdebstantially FalyonGtid CHduralgl theet hane

recovery for the PSA/ RCPSA cycle is conputed to be 91% Figure 13 hereof
shows a s@deomption stem g2 hnicseltinganfinoreaged msthane loseduring thédewgplimrrsA

cycle. In the first. step.711 aral l el chanpel, .cont.act PSA/ RCPSA cycl e
2 b essustens i fiis PEREGHE oxdreP@eIhatihe SUre d6Vin AR e Solie ot on
raises th i [
cont act or ?l\}m@grﬁﬁ?ﬁgﬁlps isi I gﬁ?ggiﬁ‘?&%?tDlggﬂ?gf‘drﬁ‘ﬁgggﬁf kggoéﬁg%ltg%lldg—%s b%n a
second st gperf #ilFigute dh) bedsssuhan 100 %tonNthe @81 gas of 4a averddewipstallite gygh t he
contactor. During this step 721 the DDR adsorbent |ayer renoves N2 fromthe
f1 owi ng f @eder to increase methane recovery in the process. In a more preferred

embodiment, the standard deviation of the volume of the crystallites in the DDR

film forming the adsorbent layer 505 is less than 50% of the volume of an

average crystallite. In the most preferred embodiment, the standard deviation of

the volume of the crystallites in the DDR film forming the adsorbent layer 505 is

less than 10% of the volume of an average crystallite. The most preferred

embodiment was chosen to model the PSA cycle described in this example.

[00123] With this type of adsorbent, the time for steps 621 and 631 is set by
the average crystal size in the adsorbent. It is preferred that the time step be

chosen so that adsorbed CO, in the DDR has time to equilibrate with gaseous



gas 771. A purified product 725 flows out of the end of the contactor. the
teed gas 771 is flowed at a rate such that as the product 725 energes from
the cont aghohesssORcCent ration front moves t hough the CO@S@R?S%O%/O@J&@?“ of
the front the gas has a conposition near that of the product 725. Behind
the front the gas has a conposition near that of the feed 771. Before this

front conl®} & thebfced khahmel B0 biiththe encthane dbes nortiacttimettbeqaiibra. st ep
721 is stopped. The amount of feed which energes fromthe contactor before

this step tirmetfor Cdx torashirss 90Pompproadictopeqlibriumufollowinge thangein t hi s
point, a thigfd step of the cycle 731 ig initiate ich seryes.to rge the
Dot et or ‘SUFfefe SanEerrations SEMn SinglcOMFEisral dhal s tapidritision BBt o 7o1
al so aCtStb@lé{)g%ir?ﬁleacoﬂﬁ{ctt{)ﬂspressure di spl acenent purge of the

a a

cont actor. es afe opene t the top and bottom of the contactor. A
pressurized N2 rich stream 733 flows into the top of the nodul e and gas

originally contained in the flow ¢ of Figure 11 hereof) of the
structured parallel channel C(}rﬁoac'r@ﬁ%ﬁ ()r?vgﬁcﬁg’ﬁ 739. The gas fed into the

top of the nmodule 733 is a N2 rich gas_produced in |later steps (4 and 5)
€

that has Deste&dnrecavsage PDR srystpl radiug andsDicgniis theydidhision cignd f eed
tm). Co it f the. fed,in.t h the.t fth
Pont act or ARG ¢ PEFAUDE trrBerguce i PEPEah iR e HIES ol Secebfizly out
the bott f - ' it the feed
gas 771 (205 ET Be R FsaneR oD D 3SR Q' oq Mg AL ond Breseftea thar' I’ Mol
733 di spl anfe fbhetepa 21 hnid163] BRAnGIAABE lfrin ACHROR 8 kQPakof pfddklifipvEs from

top to bottomof t Before or “shortly ter thi ront eaks

t hrough t hign®slep@h 105 rtgPQVdB)Q&ds@nthﬁstkﬁs 6912086313 IThénemepRalvalne of fourth
step 741 is begun. The Tourth step 741 lets the pressure of the contactor
down t o arthé titrer steplissthenset by the caysthlrsézxo Vit is peafemre d thdttthe hiefage DDR
reconpression. In the design discussed in this exanple the internediate

pressure CEyStdl dzerbe imararege Hom abeutdh00S Nm 9 aboust 4 isRiare t he
nodul e at a pressure of 30 at This streamjs split_into twg streans 779
and 781. @& erfﬁﬁéﬁi‘fééﬁlaw@g C'EYétajS wsa HngeAromabyi 9.3 HMEtG eam 781

et e T S SR,
741 | h 1 Riym . i ' 781.
i, S P MR E SR D

process 73{elst CAMPWasale®! the gas stream 779 that enmerged from the
conpressor 775. As the pressure in the contactor drops towards the outl et
pressure of 30 atm the flowin streanms 779 and 781 decrease. Wen the flow
in these §00E24]s ISevefalldiffarcdno tepnnents witted ynoléculaf trifisporninto ahd \Gult o€ t he
fourth step is stopped and a fifth step is be%un. Inthe fifth step of the
process 7the @mrh@&da)éerp\w@r@dm@lmedwvgmultw thedifferentyaodelagri ch stream

is recovered 785...]00143] To i o) t he operati on of the ocess, as well
25 e pr EOBTARIMHOR, MERS ROTPENRLc i Pt SEaG Hray ! SUIEIFERT « he 11t h
3t ep 751 H_éi%&&l&t 'ﬂlﬁddrﬁ%xﬁﬁl H{u@ﬁfc%%eﬁdhe tfa sﬂ&?eg&ﬂﬁ&&tﬁ{o Qﬁ@%ﬁ’c’&ftﬂes.
ecreased I'h a series of pressure equalization steps. I'n an exanple wth
two pressDPRegolite kgtr anal §>@ﬁﬁs aluig therfeéd Bharinel ifir &eryitihie 8&p inghe

recovered at a pressure of 12 atnospheres while the rest is recovered at
1. 2 at nospregess. Fpotismodel the DIDR dilpowss idealized de dinscaleng bee sidd wiféhe

' £ 741 with [ f | i [ :
A . cac IRIAL S 00 RS oM aApsdtesy Cem e Bnic e rREsOBOR S AD com t hat
ith | .ecl.ed i Y/ d t
For m st r obsts 90 eSO A SARP 3700 e FLERTIIRE o B HeFy R 1 ©

advant agequid encbespa8ingh$00,000 pokits] the fifi€aReR@s HhRe dépendefittrhighore I ej ect
streans are Capt ur ed.

equations were solved for this geometry. Three pressure equalization steps were

used in the blow-down step 651 for process modeling. Pressure equalizations at

15, 10 and 5 atmospheres were employed. It was determined that the thermal



[ 00145] The nodeling used to predict the performance of the contactor used
I sotherns for N2 and CH4 that were neasured with well known gravinetric

upt ake n%?gg@mg;}g (pressure, volume, tenperature) met @@‘i‘ﬁyszcﬂ)@ﬂoé%ih
anal ysis of single component transport "data in DDR nmenbranes. A statistical

| sot herm shape was found to best describe the single conponent isotherns

for N2 aneéxChision hetheesisofption steptvires NEES UThe meshareeretevéy whi2 camgputddt gi ve
saturation capacities of 5 nolecules par cage in the DDR zeolite franmework.

These val weshe matieeptheamethanemalamilow tiaiinguofied produet stieamp 628 to thadm ( of
R N R R u%ag?ﬁgﬁaézem
O Bty B g0, TR AR o
shape of tigichtniblestiles 3ere YOENRITEA il Beediny 8B &8 d 6850whS FoudiR) li)d“gZ.SF e: 9.6
x103 Joule Mole = 3.79x109 eR T(in pascals-1) 17 .8 x103 Joule Ml e
atmospheres.
[00125] This modeling approach provides a much more exact solution than
the linear driving force (LDF) models that are conventionally used to model PSA
processes. Using knowledge of the most exact solution, a simpler model has
been constructed that can readily be used by one skilled in the art to compute
methane recoveries. In the adsorption step 621, the simple model separately
treats the equilibration of CO, and CHj, in the feed channel within the DDR
crystals forming the adsorbent layer. The amount of CO, adsorbed in the DDR
crystals is taken to be 80% of the amount that might be expected if the CO, '
adsorbed in the DDR were fully equilibrated with the gaseous feed entering the
process 671 at a temperature that is 10°C higher than the feed temperature. The
amount of CH, adsorbed in the DDR crystals is 1% of the amount that might be
expected if the CH, adsorbed in the DDR has fully equilibrated with the gaseous
feed entering the process 671 at a temperature that is 10°C higher than the feed
temperature. In the simple model gas filling the mesopores and macropores in
the laminate at the end of the adsorption step 621 is not recovered. For the
simple model, the CO, purge used in step 631 displaces all of the methane left in
the feed channel into stream 639. With these approximations, the methane
recovery from the process is predicted to be 95%. This closely agrees with the
exact model and the model provides a simple method for one skilled in the art to
evaluate the effect of changing the meso and macropore volume of the

adsorbent.

[00126] Optionally when the CO, reject stream 683 is sequestered it is
preferred to capture the CO, at a pressure that is more than 1/10 of the partial



= 4.25 x 10-b eET(in pascals-1) where Ris the nolar gas constant and T is
the tenperature in Kelvin. [00146] Q/erS% w de range of conditions the
| sUt

shape of \R,B%é;t/ﬁg%ﬁtical and Langnuir isttherns are ver Czi}[fgb(;@o%ogplr

sinpl e nodeling of the process given in this exanple, the statistica
| sot herm can be suppl anted by an equival ent Langnuir isotherm For nodeling

conpet i ti @Oapsexshtd ipntheffeed.t In acmopepidfeired agbodirheantheyreisureat odiclbe
derived fromthe single conmponent statistical isotherms using well known
t echni queghe A5 Tapiired 45 myire thamppookie GDe partialipressure iy thesfged: di f f usi on
coefficients for N2 and CH4 used in the nodeling were 1.5 x 103 Joule Ml e
DN2 = 0.4%x 101-rEeR T (in msec

xample

[00127] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 5% to 10%. The predicted methane recovery

is found to fall from 95% (in Example 1) to 92%.

Example 3

[00128] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 5% to 15%. The predicted methane recovery

is found to fall from 95% (in Example 1) to 88%.

Example 4

[00129] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 5% to 20%. The predicted methane recovery
is found to fall from 95% (in Example 1) to 85%.

Example 5

[00130] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 5% to 25%. The predicted methane recovery

is found to fall from 95% (in Example 1) to 81%.



2/) WO 2008/ 143820- 74 -PCT/US2008/ 006067 13.4 x 103 Joule Mole D CH 4 =
0.48 x10-4 eR T(in nR/sec) where Ris the nolar gas constant and T is the

t enper at Uy Khés/tsdHi N. [00148] When thesg transport par pegiRb§sAber

eval uated at a given tenperature, it is sSeen that there is.a large
difference in the diffusion coefficients of N2 and CH4 and a snall er
difference in the isotherns. Froma 50/50 nolar m xture of N2 and CH4, the

i sot her ns Btangpilel6y f avor CH4 adsorption but dramatically favor the _
di ffusional transport of N2 into the DDR crystals. By controlling the tine

scale of th sorption step,. 721 and the purge displac nt step 731, it is
possi bl e 186134 & 6F EXAmplciA i AISd wireal fie eegpnd product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 5% to 30%. The predicted methane recovery

is found to fall from 95% (in Example 1) to 77%.

Example 7

[00132] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 5% to 35%. The predicted methane recovery

is found to fall from 95% (in Example 1) to 73%.

Example 8

[00133] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are decreased from 5% to 2.5%. The predicted methane

recovery is found to increase from 95% (in Example 1) to 97 %.

Example 9

[00134] The process of Example 1 is repeated but the feed specification is
held constant and purity of methane in the product stream 625 is increased from
80% CH, /20% CO, to 90% CH, /10% CO,. This is done by changing the feed
flow rates and the degree to which compositional fronts are allowed to break-
through before steps 621 and 631 are stopped. With a 5% volume fraction of

meso and macropores in the adsorbent the predicted methane recovery is 94%.

Example 10

[00135]  The process of Example 1 is followed but the feed specification is

held constant and purity of methane in the product stream 625 is increased from



coefficients and inprove the selectivity of the process. By controlling
these tine steps a kinetic separation of N2 and CH4 can be achi eved that

t akes ad t differences in diffusjvity of these e
{0 2@193‘?14%;20 ?‘g?‘ﬁ%g&o?)%omw

preferred class 8-ring zeolite materi®al™ for renoval rom nat ural
gas will have a large difference in N2 and CH4di ffusion coefficients. This

exanpl e i 18096 1CHY 29% Q@ {0 209CHRCEBA CPs! dhiditdarnbpehinging thoteedhi eve a
kinetic separation of N2 and CH4; however, other sw ng adsorption cycles
are possi flaw ratepand the degreiedo whichisempositianal ékantsiareccallowseditn braak- of a

gi ven mate roduce

cormponent & iq?.\lgagl?egﬁrecggpq ﬁ?} glﬁ ?3}1?;}:2 gﬁg’rpghlrrpﬂgﬁbsrﬂ iw"f{&fghh%t g%a%‘g‘eg@iilngla? ed
at the t e%@oﬁ%ﬁ%@@&@s ir{]{h%nﬂﬁﬁr@n??ﬁeg re&l?@k& ?ffetﬁ%nj: FecfoQ/EYﬁB?gd%; e given

ni trogen an eparatron at severa erent tenpera
in the tabl e bel ow. Tenperature (C) K 20 130 40 100

Example 11

[00136] This example illustrates use of a parallel contactor of the present
invention in a separation process that produces relatively high pressure products
and high methane recoveries from N, containing natural gas stream. In
processing natural gas, the amount of N, that has to be removed depends on the
concentration in the field and the way in which the gas is transported to market
(i.e., liquefied natural gas vs. pipeline). This example will consider a natural gas
stream containing a small amount (< 5%) of impurities (for example H,O and
mercury compounds) other than N,. These impurities are removed in initial
processing steps using conventional separation techniques. The gas stream fed
to the parallel contactor of the present invention has a composition of 70% CH,
and 30% N,. The flowing gas stream is fed to the contactor at a pressure of 100

atmospheres and a temperature of 50°C.

[00137] The contactor is comprised of laminated flat sheets of the type
described above and a schematic diagram of the type of sheet used in the present
example is shown in Figure 11 hereof. Using the methods described above a 50
um thick DDR film 505 with an Si/Al ratio greater than 100 is hydrothermally
grown on each of both faces of a 100 pum thick flat metal foil 509 (for example
stainless steel). The metal foils 509 with the DDR films 505 are laminated
together 501 to form a parallel channel contactor. During lamination, spacers
are placed between the metal foils so that the channel gap 503 is 50 um across.
Approximately half the volume of the feed channels 503 are filled with spacers

that keep the sheets substantially evenly spaced 50 pum apart.
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[00138] The heat capacity of the metal foil S09 limits the thermal excursions
in the process. When N is adsorbed in DDR it releases heat in the amount of the
heat of adsorption. This warms the DDR film. The DDR film warms to a
temperature above that of the metal foil and heat diffuses into the metal foil
where it is stored. Desorption of N, from DDR is an endothermic process and
heat must be supplied in the amount of the heat of the adsorption. When N,
desorbs the temperature of the DDR film falls below that of the metal foil and
heat stored in the foil flows into the DDR film. With the contactor dimensions
and the process described in this example, the thermal excursion of the DDR
film is expected to be less than +/- 5°C. Due to the smaller heat of adsorption
for N, (compared to CO,) this temperature rise is less than that of the description

for Example 1 above.

[00139] The DDR film is comprised of individual DDR crystals, mesopores
(including grain boundaries) and macropores. In this example, the crystals in the
DDR film are substantially of the same size. Most of the open volume in the
film is comprised of mesoporous cracks with characteristic widths of 200
angstroms. These mesoporous cracks are substantially evenly distributed
throughout the film. The total volume of the meso and macropores is 2.5 % of

the total volume of the in the DDR film.

[00140] Using this parallel channel contactor, a PSA/RCPSA cycle with five
different steps is operated to produce product stream containing 2% N, and 98%
CH,. Overall methane recovery for the PSA/RCPSA cycle is computed to be
91%. Figure 13 hereof shows a schematic diagram of the five different steps in
the PSA/RCPSA cycle. In the first step 711 a parallel channel contactor
PSA/RCPSA cycle is pressurized with high pressure product gas 787. This
pressurization raises the pressure in the parallel channel contactor and fills the
contactor with the purified product containing 2% N, and 98% CH,. In a second
step 721 a high pressure 100 atm feed gas 771 is flowed through the contactor.
During this step 721 the DDR adsorbent layer removes N, from the flowing feed
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surface concentration) within a single DDR crystal that has rapid diffusion

path to tHkwahanmelt303 (o kigurteok] hereof) of the structured parallel channel
contactor flows out 739. The gas fed into the top of the module 733 is a N, rich

ot

gas produced in later steps (4 and 5) that has been compressed 775 to a pressure
slightly greater than the feed pressure (100 atm.). Composition of the gas fed in
through the top of the contactor is nearly that of the N, reject stream 781. The
gas exiting out the bottom of the contactor has a composition nearer to that of

the feed gas 771 (30% N, and 70% CH,).

[00142] As the gas stream entering the module 733 displaces the gas in the
feed channel a compositional front moves from top to bottom of the module.
Before or shortly after this front breaks through the bottom of the module the
third step 731 is stopped and a fourth step 741 is begun. The fourth step 741
lets the pressure of the contactor down to an intermediate pressure and recovers
some of the N, for recompression. In the design discussed in this example the
intermediate pressure is 30 atm. In the fourth step a N, rich stream 749 exits the
module at a pressure of 30 atm. This stream is split into two streams 779 and

781. Gas in stream 779 is fed to a compressor 775 and gas in stream 781 is



Tgo=0 18312/ DN2 and T go=0. 183 r2/ Onits wherer is the average
DDR crystal radius and ON2 and Dcw are the diffusion coefficients of N2 and

CHdat t heygRglsAlbdrg temperature. |If there are no extern@.hF;{Eﬁ)sM@%fer
' ta

limtations, the equilibration tines f or’2di f f er ent crys l'Tte sizes are

given in the table below Crystallite Size (pn) N trogent qo(seconds)
Met hane T r@fectedefeomcthi ptodess at a pressure of 30 atm. In an optimization of this

process a pressure in step 741 is chosen that minimizes the amount of gas
flowing in stream 781. Stream 733 that was used to rinse the contactor in the
third step of the process 731 is comprised of the gas stream 779 that emerged
from the compressor 775. As the pressure in the contactor drops towards the
outlet pressure of 30 atm, the flow in streams 779 and 781 decrease. When the
flow in these streams has fallen to approximately Y4 of the initial value the fourth
step is stopped and a fifth step is begun. In the fifth step of the process 751 the

module pressure is dropped to 1.2 atm and a N, rich stream is recovered 78S.

[00143] To improve the operation of the process, as well as the pressure at
which N, is recovered, gas may be recovered in the fifth step 751 using a multi-
step process in which the contactor pressure is decreased in a series of pressuré
equalization steps. In an example with two pressure equalization steps, one
portion of the N, rich gas is recovered at a pressure of 12 atmospheres while the

rest is recovered at 1.2 atmospheres.

[00144] 1tis also pbssible to decrease the module pressure in step four 741
with a series of pressure equalization steps. Again each pressure equalization
step can be used to form a gas stream that can either be rejected from the process
in stream 783 or recompressed to form stream 733. If pressure equalization
steps are employed is it advantageous to design them to maximize the pressure at

which the N, reject streams are captured.

[00145] The modeling used to predict the performance of the contactor used
isotherms for N, and CH, that were measured with well known gravimetric
uptake methods, PVT (pressure, volume, temperature) methods, and with
analysis of single component transport data in DDR membranes. A statistical
isotherm shape was found to best describe the single component isotherms for
N, and CHy. The best fits to the measured isotherms for N, and CH, give

saturation capacities of 5 molecules par cage in the DDR zeolite framework.
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These values correspond to a maximum loading of 4.17 milli-moles/ gram (of
DDR). These saturaﬁon capacities are consistent with the physical expectation
that the maximum possible loading would correspond to N, and CH, filling the
pores at a liquid density. A single parameter K, that is analogous to the Henry's
constant in a Langmuir isotherm, describes the shape of the statistical isotherm.

The K values used for modeling are:

9.6 x10° JoUe
) Mole

K, =379x10" ¢ FT (in pascals™)

17.8 x 10% Jole
Mole

Koy, = 425x10 ¢ %7 (in pascals™)
where R is the molar gas constant and T is the temperature in Kelvin.

[00146] Over a wide range of conditions the shape of the statistical and
Langmuir isotherms are very similar. For simple modeling of the process given
in this example, the statistical isotherm can be supplanted by an equivalent
Langmuir isotherm. For modeling competitive adsorption effects, competitive
adsorption isotherms can be derived from the single component statistical

isotherms using well known techniques.

[00147] The single component Stefan-Maxwell transport diffusion

coefficients for N, and CH, used in the modeling were

1.5 x 10° Joule
Mole

D, =048x107"° e A7 (in m%sec)




25 2.8 570 40 7.3 1460 [00152] It is preferred that for N2 the tinme for
steps 721 and 731 be in arange from0.5 T goto 10| go and it is nore

preferre ptime for steps 721 and. 731 be in ar cheF 90 to
5 ' X go. ngr} bdal’ng, a time step of 174X go was chosgggﬁlosé(gog{ag ¢7721 and

731. The nunerlcal value of the tine step is then set by the crystal si ze.
It is preferred that the average;DijR/etystal size be in a range flrom 0.085
p.mto 100 i.tm It is nore re#e%—ngue‘” hat the ave e DDR crystal size be
in a range from®Bub porﬂst-’él(?i ginand it is rrdﬁtmp’rs g5erred that the average
DDR crystal size be in a range from1 1.1111 to 10 vtm For nodeling an
average DDR crystal size of 5 jimwas used.

where R is the molar gas constant and T is the temperature in Kelvin.

[00148] When these transport parameters are evaluated at a given
temperature, it is seen that there is a large difference in the diffusion coefficients
of N, and CH, and a smaller difference in the isotherms. From a 50/50 molar
mixture of N, and CHy, the isotherms slightly favor CH, adsorption but
dramatically favor the diffusional transport of N, into the DDR crystals. By
controlling the time scale of the adsorption step 721 and the purge displacement
step 731, it is possible to take advantage of this difference in diffusion
coefficients and improve the selectivity of the process. By controlling these time
steps a kinetic separatioh of N; and CH, can be achieved that takes advantage of
differences in diffusivity of these molecules. The preferred class of 8-ring
zeolite materials for removal of N, from natural gas will have a large difference
in N, and CH, diffusion coefficients. This example illustrates a particular
RCPSA cycle that can be tuned to achieve a kinetic separation of N, and CHy;
however, other swing adsorption cycles are possible. A parameter that can be
used to evaluate the ability of a given material to produce a kinetic separation is
the ratio of the single component diffusion coefficients for the components. The

ratio is evaluated at the temperature of the intended process,

Values of k for DDR for nitrogen and methane separation at several different
temperatures are given in the table below:

Temperature (C) K
20 130
40 100




WO 2008/ 143820- 77 -PCT/ US2008/ 006067 equilibration of N2 and CH4 in the
feed channel with the DDR crystals form ng the adsorbent |ayer. The anount
of N2 ad i he DDR crystals is taken to be 80% o t hat

mi ght bes‘gégg@{lé‘%’f the N2 adsorbed i #te DDR has f ul I")‘EITIeI%ﬁ‘II)?IBE‘II’IéI ed with
t he gaseous feed entering the process 771 at a tenperature that is 10C

hi gher than the feed tenpeg@ture. The arpount of CH4 7dsorbed in the DDR

crystals is 1% ofTthe anoug that T ght [be expect edﬁd The CHA adsorbed in
the DDR has fu HH H-h—thergaseous—fFeeg entertng—the process
771 at a tenperature that- 599 10C hi gher [t han the fe@t_enpaLa-t—w-e. In the

sinple nodel, gas filling the nesopores and macropores in the |am nate at
the end of the adsorption step 721 is not recovered. Al so, for the sinple
nodel the N2 purge used in step 731 displaces all of the nethane | eft in
the feed dAQR4Y i Frrghe prefemedzdass\ot $rringaeolitg prassaid dPoreme v ofdNnane
recovery ffromthe Erocess s predicted.to be 91% This fI OS(@II% rees with
the exact FYIRdIAtURAY 2R Enugradp adupetion of terapepsfure It SapefgFebiat 818 | 1 ed i n

h I he ef.f f. ch ' h I f
the adsor BuRERaERE EabEh S 16 b i et bl TR TH SEGHRREE | 0\ oot
t he feed t L id | : I
fraction arpRLROs MOBEPLILERR) B nRlidlS Ch G A b e R RO 2. 500 1 0

5% The p g;?éatei fhn0 Hedhe dfﬁ?&l&%ﬁénhﬁerﬁﬁ#@.d Evenimible prefraBl fheimateisar! e
11) to 90% Exanple 13 [00155] e process of Exanple 11 is followed but
the feed dsndhosenciodiaverecaliic ©ftikin90s4 %reatehethah S0t tlbperating hempotatuge.
fraction of meso and nacropores in the adsorbent are increased from2.5%to
15% The predicted nmethane recovery is found to fall from91% (i n Exanple

0
11) to 84 fI)()lSO] In order to take advantage of the intrinsic kinetic selectivity of the

preferred class of 8-ring zeolite materials for removal of N, from natural gas, the
crystals forming the contactor must have substantially the same size. If they
have widely different sizes some will substantially fill with CH4 during the
adsorption step 721, resulting in increased methane loss during the desorption
step 751. To increase methane recovery in the process it is then preferred that
the standard deviation of the volume of the individual crystallites in the DDR
film forming the adsorbent layer 505 be less than 100 % of the volume of an
average crystallite. In a more preferred embodiment the standard deviation of
the volume of the crystallites in the DDR film forming the adsorbent layer 505 is
less than 50% of the volume of an average crystallite. In the most preferred
embodiment the standard deviation of the volume of the crystallites in the DDR
film forming the adsorbent layer S0S is less than 10% of the volume of an
average crystallite. The most preferred embodiment was chosen to model the

PSA cycle described in this example.

[00151] With this type of adsorbent, the time for steps 721 and 731 is set by
the average crystal size in the adsorbent. It is preferred that the time step be
chosen so that adsorbed N, in the DDR has time to equilibrate with gaseous N,

in the feed channel 503 but the CH,4 does not have time to equilibrate. The time
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Exanple 11 is followed but the feed and 'Pé(;OdUCt specifications are held

const ant \%B%&S{g‘ﬁséé@' ume fraction of meso a4l

nd macr opor es pichdshssAbiigs bent
are increased from2.5%to 20% The predicted nethane recovery iIs ?ound to

fall from91% (in Exanple 11) to 81% Exanple 15 [00157] The process of
Exanpl e 1lfok szdiﬂ(tH){\ﬁéhiEVé 90be apmRAchite equidibeitim sfAlowingal ¢iamgedne hel d
constant and the volune fraction of neso and nacropores in the adsorbent
are i ncr easwfiace concentsatian) wihin asiaghr POR coastalghatins rapiddifiysion patund t o
fall from91% (in, B%ngal e 11) . to 78% Exanple 16 [00158] This exanple

i 11 ust rat 48 the gas upthsrcontagtphiexpander to condition sour gas (i.e., natural
gas-contai ning H2S and CO2) so that PSA can operate in the w ndow t hat

opti m zes net hane recovery. Fi gure_64 qtirrgyf shows a process schene in

whi ch a turboexpander is used t# S¥ a p wure and tenperature of a sour
gas that iandseparated in a PSA apparatus. A sour gas stream 811 with a
tenperature of 100C and a pres%ﬁre »fi83, WDDEﬁi i s produced froma gas
field and fed to the process. e CO2 content of the streamis 66 nol e% and
the H2S concentration is 2 nole% Witer is present at its saturated vapor

pressure, d the concentratiqn of the heavy_ hydr rbons js mpl e% The
heavy hydr\gﬂ%rﬁadﬁéh% BYRIaLH pta} pactivg g Bn ﬂaafﬁgy@éﬁ S 4EEIRRY bon

nunbers as_ | S . ' 0 ' | ority of
the heavy cosidnfortl phdiCHA e bhaathe fompbhdhuel T e See BG APl LX,
process. Ihadd¥rarksFoY lifmftatidnsBE canilibiation tiidicidr diffetdne clyfstalitesizey are .
controlled PSA the loading in the DDR zeolite from CO2 partial pressure in
st r eam 811givenirdtheetable bedowss of 0.6 ch and the slope of the CO2 isotherm
woul d be:

Crystallite Size (um) Nitrogen Tgy (seconds) Methane T 9 (seconds)
1.5 0.01 2
5 0.1 22
10 0.45 91
25 2.8 570
40 7.3 1460

[00152] It is preferred that for N, the time for steps 721 and 731 beina
range from 0.5 T g9 to 10 T g9 and it is more preferred that the time for steps
721 and 731 beina fange from1 1 goto 57g9 Formodeling, a time step of
1.5 T g0 was chosen for steps 721 and 731. The numerical value of the time
step is then set by the crystal size. It is preferred that the average DDR crystal
size be in a range from 0.005 pm to 100 pm. It is more preferred that the
average DDR crystal size be in a rahge from 0.5 pm to 50 pm and it is most
preferred that the average DDR crystal size be in a range from 1 um to 10 pm.

For modeling an average DDR crystal size of 5 um was used.

[00153] A simplified modeling approach similar to that described above was
used. In the adsorption step 721, the simple model separately treats the
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the model provides a simple method for one skilled in the art to evaluate the

effect of changing the meso and macropore volume of the adsorbent.

Example 12

[00154] The process of Example 11 is followed but the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 2.5% to 5%. The predicted methane

recovery is found to fall from 91% (in Example 11) to 90%.

Example 13

[00155] The process of Example 11 is followed but the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 2.5% to 15%. The predicted methane

recovery is found to fall from 91% (in Example 11) to 84%.



WO 2008/ 143820- 80 -PCT/ US2008/ 006067 of heating the stream w thin process
bl ock 839 include heat exchangers such as shell and tube heat exchangers as

wel | as 8hodiMpey of heat exchangers including the na
di SCUSSESJVIBI’I 0Pstérry s Chem cal Engi neer s'78Handbook (7th Egir%{fsg%@hbb?% 1997

MGawH |l edited by R H Perry and D. W G een), including packed bed
heat exchangers. Alternatively, stream 837 may be by mxing it with a
separately forned hot gas stream 835. When heat exchangers are used in
process blExam@ed4 it is preferred that they extract heat from stream 881,
891, 895, or sone conbination thereof using a nulti-pass heat exchanger.

From an olVPbHl <liearesssor Examle bhibbfore Svr s Fadsna eraitiuced by
conbust i n%pgéﬁ?fcgﬁgﬁg% i c%h tafif 819% lﬁpr{é ﬁ?&%@bf mesd aﬁ %Pore

enbodi ment ream 'S pro uce exchangi ng a wor

gas W th hhahe h@sl"&?BéﬁtdtéQn&@HMfrbﬁm IS%’&SJQO% mlﬂedldtéd?ﬁmﬁ%g t he
tenperature of stream 837 and renoving |liquid droplets, process bl ock 839

can opti omatdwerpas fmnfd putatdrom 9 Kri(ire Enennpje lhjl)]ltoo&h%bons wat er vapor, or
H2S fromthe gas phase. In this exanple, process block 839 is configured to

renmove liqQuid drqoplets, and to heat stream 837 to a tenperature of 90C.
[ 00161] TM&' | conposition of stream 871 comi ng from process bl ock

839 is such that if DDR zeolite is used as the adsorbent in a kinetically

controlle t EE)PB Qg)g? ressure in
stream 87iﬂﬁgﬂd B@l ﬁ%)l?g%ggﬁééltﬁgl lszfdﬂc?‘%{;de ft’l?e Bﬁﬂ?k%&l sot herm
woul d be: speéific@Bonddredteld EonstaltaRd ufeewﬂukifd)ﬂamort bEnfdga andsmacropbesst f or
CO2 at 90C and gs is the saturated loading for CO2 in DDR

in the adsorbent are increased from 2.5% to 25%. The predicted methane

recovery is found to fall from 91% (in Example 11) to 78%.

Example 16

[00158] This example illustrates the use of a turboexpander to condition sour
gas (i.e., natural gas-containing H,S and CO,) so that PSA can operate in the
window that optimizes methane recovery. Figure 14 hereof shows a process
scheme in which a turboexpander is used to set the pressure and temperature of a
sour gas that is separated in a PSA apparatus. A sour gas stream 811 with a
temperature of 100°C and a pressure of 1,500 psi is produced from a gas field
and fed to the process. The CO, content of the stream is 66 mole% and the H,S
concentration is 2 mole%. Water is present at its saturated vapor pressure, and
the concentration of the heavy hydrocarbons is 2 mole%. The heavy
hydrocarbons contain a small fraction of waxy species with carbon numbers as
large as 36. For this stream 811, CO, comprises the majority of the heavy
component that will be removed by a kinetically controlled PSA process. If
DDR zeolite is used as the adsorbent in the kinetically controlled PSA, the
loading in the DDR zeolite from CO, partial pressure in stream 811 would be in
excess of 0.6 g and the slope of the CO, isotherm would be:
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macropores that is less than 10% In a preferred enbodi nent, the

m cr opor ous adsgrégeznt in the contactor is an 8-ring zeolite and PSA unit
841 is a RCPSA uni? than2iks pgerated in a kinetically controlled node. In a
preferred enbodi®®ai nore than 90% of the nethane and heavy hydrocarbon fed
to PSA unit 841 is recovered in the nethane enriched stream 815. In a an
even nore preferred enbodi nent, nore than 95% of the nethane and heavy

hydr ocar b to. It ' ed in y stream
815, i n ¢ ARk ot Eenby 3 ol PR i & bafie BphIAB SMhE IS

enri ched stOs@DIIR. i s greater than 9:1. Depending upon final use, the

nmet hane enri Ched stream 815 may be further processed or purified in other.
processes. The CO2 enriched stream 881 coming fromthe PSA 841 can be sent

t hr ough an08@89pbnalo bringeths sticanking® 2 morerpeioredwindow af operdtomibe] The
optional process block 851 can al so contaj ne sjde of a heat exchanger
that is usHegampispassedthraugh attarah%pﬁa gr @k%@ﬁg@mﬁﬂgﬁ%@é@ PEESURE B30,

The CO2 i am. 881 i L |y _sant h)
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t ur boexpang@fal $gow! Rédibﬁnﬂb@@ﬁirﬁi&”@ésﬁlgfnﬁlﬁﬁﬁféﬁ)r%etiﬁ thR!pretédscan
generator 823 is sent through a power transm ssion |line 825 to power a
mot or 827 WehftundinPeafyt’s Ghephieal Engingdfs' Hantlbeok (Tthriedition. €P997As was
previously nmentioned in an alternative enbodi nent, the conpressor 829 can
be shaft - Mspiraw-Hyl 1 pdited, by FedpPrrey apd D. Webugew)- oDurig Wsr k of
conpression, the tenperatur.e of the stream 891 cqn ng.Qut of. i cCoppr essor
5251 o gr HREpRERAEL ReR o sRpatsipnaie T temne AR ity 5885 T hrs
stream 891; tgR", | I LR I ' ih

di sposal /?é‘gﬁgg??“ Xiﬁgln&&fgﬁ?%égggﬁ e&l%ctgoarerpl | 23 tgvlé]tH F\ n ‘oﬁ?’i’f%
process blredict®&3irn teatiperatirai Radialdnfodetuobing desigins @an ihergpratedabo that used
to provide heat to the heat exchanger in process block 839. |f needed,
process bllagudsédlingwut ofithe gassfreapmavill naidmpade theypperetionadyfieati on - 82

- WO 2008/t%1r 3086%((]))552%19%%(%91188/ g)?a%?p E, the power generated by the turboexpander is

coupled through a shaft 831 to and an electric generator 823. In an alternative
embodiment, the power from the turboexpander shaft is coupled to a compressor

instead of an electric generator.

[00160] Before the stream is passed through turboexpander 821, it may
optionally be sent through a process 813 to remove any particles, or a portion of
the wax, or optionally some of the heavy hydrocarbons, H,S and/or water. The
absolute temperature of the stream 837 coming out of the turboexpander is
approximately 30% less than feedstream 811, and it contains a mixture of gas
and liquid droplets. Stream 837 is then sent to a process block 839 that at least
removes the liquid droplets from the stream. Liquid droplet removal can be
accomplished through a variety of methods including coalescing filters, settling
drums, static centrifugation, and electrostatic precipitation. The process block

839 also contains equipment to increase the temperature of stream 837. Means



unit to reduce the corrosivity of the gas m xture. To raise the pressure of
the CQ2rich gas stream 893 to the | evel needed for CO2

di sposal / t ion, a final conpressor 897 is provideduddhgsQepr essed
CQ2ri ch g\ggqg@?lég% 895 is injected int o &t under ground ?grmrrgt(l%g/r(l) @or co2

di sposal / sequestration, or for enhanced oil recovery. WO 2008/143820- 83

- PCT/ US20517H¥ABAS théstedi: within protessblotk 8394ntlude heapykdlingetsughtasgas
conmponent from a gas m xture containing said target gas conponent and a
second gashebmpditebe heathéxchapgersasswelbap othezdypes of heat)exchangers i ng sai d gas
m xture tqQ a sSwW ng adsorpti.on gas sepgration unit wherein. the, gas _
separ at i OHHGIHFIEH%:&WI‘&F‘%% Va’ile'il%%gls%wggdﬂs ¢ A Wﬁftﬁﬁglr@SWpri sing a gas

inlet and ) wher g @sc' -at ':I"ﬁ t] etna in
fluid conr@%’ﬁbgﬁ?(blﬁ]hgtgpﬁhal ﬁgb%?ﬁ%pen%'ﬂégvegﬁggrp |'s” f\%hagree' n %’ gﬁrfaces
of the opahreeh)vinshAMEPack¥idebePngtt iek6Rarierain AMRERARRIN, stRfadd B3T nidiat has a
selectivity for said target gas conponent  over said second gas conponent

gr eat er t Herbybmixingriewith & separatehy foarmdhbot gassstitdaan8350 Wheobeatf i ts open
pore volune in pores with dianeters greater than ahout 20 ang_stroms and
| ess t han eXsBamgers arensnd ingiecessdhlerk 839, itdnprefgrrgd thatdhey extagicheahr get gas
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said the Fé&qu%egls'[ rt© ﬂbn%glfy, thegﬂ)eafj@??&fagg&guﬁaﬁnaﬂ%eégqqogﬁ%gg dahom sai d

adsor bent mal ere resulting 1n"a waste gas'streamrich in said
target gasxtraophertfromamdoptional stream 835. In one embodiment stream 835 is

produced by combusting hydrocarbon and air or oxygen enriched air. In another
embodiment, stream 835 is produced by heat exchanging a working fluid or gas
with high temperature combustion products. Besides increasing the temperature
of stream 837 and removing liquid droplets, process block 839 can optionally be
configured to remove heavy hydrocarbons, water vapor, or H,S from the gas
phase. In this example, process block 839 is configured to remove liquid

droplets, and to heat stream 837 to a temperature of 90°C.

[00161] The physical composition of stream 871 coming from process block
839 is such that if DDR zeolite is used as the adsorbent in a kinetically
controlled PSA, the loading in the DDR zeolite from CO, partial pressure in
stream 871 would be in excess of 0.5 q; and the slope of the CO, isotherm would
be:

0 9co3
0 Fro,

= .07 Keo, 9,

where Kco; is the Henry’s constant for CO, at 90°C and q; is the saturated
loading for CO, in DDR.

[00162] This operating condition is in a more desirable range for high

methane recovery with a kinetically controlled PSA process than that for stream



d) collecting said waste gas stream 2.The process of claim1l wherein the
gas m xture is a syngas containing CO, , and at | east one other gas

conponenty§sh@Glssdof rom the group consi'sting of CR2, H2$crildeosdi@eN2 3. The
process o\?] any preceding claimwherein the target gas is selected ?romthe

group consisting of CO2, H2S, and N2. 4. The process of any

pr ecedi ng 81llai PEWhenie 841 tis asedirosdpanite mostrofahe ICO carda fimetionfofahes H,8ct ur ed
adsorbent material selected fromthe group consisting of zeolites,

titanosi| iothoéstreamr§dsiIni a preferred emhasiment £SA unif 844 eypains srparallel
T M bR A RR D3RR S IBERhE. 172 o g
o 21 ek, APPSR €l B, 36 lrstoderniiien, @ ha
the microporous adsorbent in the contactor is an 8-ring zeolite and PSA unit 841
is a RCPSA unit that is operated in a kinetically controlled mode. In a preferred
embodiment more than 90% of the methane and heavy hydrocarbon fed to PSA
unit 841 is recovered in the methane enriched stream 815. In a an even more
preferred embodiment, more than 95% of the methane and heavy hydrocarbon
fed to PSA unit 841 is recovered in the methane enriched stream 815. In this
example the molar ratio of methane to CO, in the methane enriched stream 815
is greater than 9:1. Depending upon final use, the methane enriched stream 815
may be further processed or purified in other processes. The CO, enriched

stream 881 coming from the PSA 841 can be sent through an optional process

block 851 to remove water vapor.

[00163] The optional process block 851 can also contain one side of a heat
exchanger that is used to provide heat to the heat exchanger in process block
839. The CO; in stream 881 is ultimately sent to a compressor 829. The
compressor 829 is preferably driven by the energy recovered from the
turboexpander 821. In this example energy produced by the electric generator
823 is sent through a power transmission line 825 to power a motor 827 that is
shaft-coupled via 833 to the compressor 829. As was previously mentioned in
an alternative embodiment, the compressor 829 can be shaft-coupled to the
turboexpander 821. Because of the work of compression, the temperature of the
stream 891 coming out of the compressor 829 is greater than that of stream 881.
It can be advantageous to cool this stream 891 before further compression to
pressures required for CO, disposal/sequestration. Cooling can be accomplished
with an optional process block 883 that contains one side of a heat exchanger
that is used to provide heat to the heat exchanger in process block 839. If

needed, process block 883 can contain equipment such as a glycol dehydration



6. The process of claim5 wherein the 8-ring zeolite is DDR 7. The
process of claim5 wherein the 8-ring zggl ite is selected fromSigma-1 and
ZSM 58. w0 2008/83s20N€ Process of any preécedi ng cl ai m whergigdaddifoagsor bent
material 1s conprised of a zeolite selected fromthe group consisting of
MFI, faujasite, MCM 41l and Beta. 9. The process of any preceding

cl ai m wheqgittotrb@uadterdoerdsiEignbithcdgas mixtargr T6 edisethepfdsseie aftther pti on
zone conprising a first adsorbent material which is in fluid contact with a
second ad€idpticlogaystream 8931toshedevel necdediferdSOp disposaléseguesiratiathér ei n t he

conpositi f the fir adsor hen terial is fferent fromt .
conposi ti gﬂlagﬁoﬁlﬁ%%ggaé%%qyé ?‘i' qoo{ppressecpbozﬂp?l a%éti?@&ggé 1%f claim

9 wherein.t.he, fi.rst i A rget gas
component FctedhEat fiGeaRAind RRiiRn 300, 3RpOGShbetlont BF 71 B2 &
the secondnpgsiddsiPiedimesy.i al has a selectivity for a third gas conponent
over the second gas conponent greater than 5; and the second adsorbent
material has a greater adsorption uptake for the third gas conponent than
the first adsorbent material. WD 2008/143820- 85 -PCT/ US2008/ 006067

11. The process of any of clainms 9-10 wherein the target gas conponent is
C®2, the second gas conponent is CH4 and the third gas conponent is H2S.



12. The process of any of clainms 9-10 wherein the target gas conponent is
N2, the second gas conponent is CH4 and the third gas conponent is H2S.

13. The pEesssFisfpany preceding claimwherein the adsoppeRris,sRfbags or has
| ess than about 15% of its open pore vol&dme in pores with dianeters greater
t han about 20 angstrons and | ess than about 1 m cron. 14. The
process ofClaAYMS:ecedi ng cl ai m wherei n the adsorbent contactor contains an
effective amount of a thermal nmass material having a higher capacity for
adsor bi ng heat than the adsorbent material . 15. The process of any
precedi ng cl ai nb.wheAgrocé¢dsefondamobing a tapgétagasaomporet feorh at gasmpdper es and
macr opores and wherein at | east sone of the nesopores and macyropores are
occupi ed WonkaiRing sid fargekgrsgoraporgnt andacsecprd gas sompanent, whigh| enough to
fit into a_nesopaore but too large to fit into a mcropore of the adsorbent
mat er i al . PTOCCSSCOMPIISERy 1y ocess of clai m 15 wherein the bl ocki ng agent is
sel ected fromthe group consisting of polyners, mcroporous materi al s,
sol i d hydrocarhgn W e(IF . . : f : cedi ng
clai mwherein t eé%r&g%?lggnstq%g% gl&(%lrr © Fqs&éwﬁg? gp?%@ﬁgﬁg?%esfﬁé%ﬁp ggitngt?

18. The prgik@ein e giR)scPaRtidfi it Ebmthiis\Wi ¢ERL Dnt REsdrdefietodastoeonponent i s
H2S and the adsorbent material is conprised of a stannosilicate. 19.
The procesonyirising afgasdelet agd @l gasroutletrwhereim theaghsaniesranddbatgas vutlet s
conprised of ,a first adsorption, zo t adsorbent .nmateri al

e conprisging a firs
which is iaein fluid copnestion s » plpra Eyoﬂﬁom PPt ¢W£Lﬁ1\é{h§mﬁhg$w§a%ssecond

of the open flow channels are comprised of an adsorbent material that has a

selectivity for said target gas component over said second gas component greater
than 5, wherein the contactor has less than about 20% of its open pore volume in
pores with diameters greater than about 20 angstroms and less than about 1
micron, and wherein at least a portion of said target gas component is adsorbed
into said adsorbent material, thereby resulting in a product stream depleted of -

said target gas component;
b) collecting said the product stream;

¢) desorbing the adsorbed gases from said adsorbent material, thereby

resulting in a waste gas stream rich in said target gas component; and
d) collecting said waste gas stream.

2.  The process of claim 1 wherein the gas mixture is a syngas
containing CO, H,, and at least one other gas component selected from the group

consisting of CO,, H,S, CHy, and N,

3.  The process of any preceding claim wherein the target gas is

selected from the group consisting of CO,, H,S, and N,.



- 86 - adsorbent material, wherein the conposition of the first adsorbent
material is different fromthe conposition of a second adsorbent material .

20. The claim19 wherein the first adsorbent Ladlooddgs @
sel ectivﬁ??gﬁ%rmﬁ%g target gas corrponent84df t he gas rrixtpg?;el%ove)root e second

gas conponent greater than 5; the second adsorbent material has a

selectivity fod a tThe prodess 60aMP PRItedeeElaim SvisReinnthe GISofbRP aRetialgr eat er
than 5; and the second adsorbent material has a greater adsorption uptake

for the ths compeised ofipstranturcd adserbent material delecteshfromathergraup 21.
The process of .any _of c¢lains 17-20 wherein.the paral Iéiﬁj channel contact or
is in the PBMHBGLELeRICE iianosicaigofriasi » SEABIOSRICELSS: cr opor ous

channot s a1tirfeBRSehdh g GEIEsish BTLALIRR, BT BIREu RGPS, 100
fibers compslesddr Sfeves (8 APORYaAH TarsbiPIBEularigved) | am nated sheets having

an upper and | ower face both” of which are conprised of a m croporous
adsor bent . 22. The process of any of clainms 17-21 wherein the channel

gap of the opers.f| cFhechracoss of asy preeedinipotlhin wiereinatht alieothent aiaverial
23. The process of any of clains 17-22 wherein the ratio of adsorbent
vol une t oivpemprisedvot am8riang veoliteegthashds 8 thAdratio 6f abowt ki databood: 1.

1000:1.
6.  The process of claim 5 wherein the 8-ring zeolite is DDR.

7.  The process of claim 5 wherein the 8-ring zeolite is selected from
Sigma-1 and ZSM-58.

8.  The process of any preceding claim wherein the adsorbent material
is comprised of a zeolite selected from the group consisting of MFI, faujasite,
MCM-41 and Beta.

9. The process of any preceding claim wherein the adsorbent contactor
is comprised of a first adsorption zone comprising a first adsorbent material
which is in fluid contact with a second adsorption zone comprising a second
adsorbent material,'wherein the composition of the first adsorbent material is

different from the composition of a second adsorbent material.

10. The process of claim 9 wherein the first adsorbent material has a
selectivity for the target gas component of the gas mixture over the second gas
component greater than 5; the second adsorbent material has a selectivity for a
third gas component over the second gas component greater than 5; and the
second adsorbent material has a greater adsorption uptake for the third gas

component than the first adsorbent material.
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11. The process of any of claims 9-10 wherein the target gas component

is CO,, the second gas component is CH, and the third gas component is H,S.

12. The process of any of claims 9-10 wherein the target gas component

is N, the second gas component is CH, and the third gas component is H,S.

13. The process of any preceding claim wherein the adsorbent contactor
has less than about 15% of its open pore volume in pores with diameters greater

than about 20 angstroms and less than about 1 micron.

14. The process of any preceding claim wherein the adsorbent contactor
contains an effective amount of a thermal mass material having a higher capacity

for adsorbing heat than the adsorbent material.

15. The process of any preceding claim wherein the adsorbent contactor
contains both mesopores and macropores and wherein at least some of the
mesopores and macropores are occupied with a blocking agent of an effective
size that is small enough to fit into a mesopore but too large to fit into a

micropore of the adsorbent material.

16. The process of claim 15 wherein the blocking agent is selected from
the group consisting of polymers, microporous materials, solid hydrocarbons,

and liquids.

17. The process of any preceding claim wherein the adsorbent contactor

is a parallel channel contactor.

18. The process of any preceding claim wherein the target gas

component is H,S and the adsorbent material is comprised of a stannosilicate.

19. The process of any preceding claim wherein the adsorbent contactor
is comprised of a first adsorption zone comprising a first adsorbent material

which is in fluid contact with a second adsorption zone comprising a second



-86 -

adsorbent material, wherein the composition of the first adsorbent material is

different from the composition of a second adsorbent material.

20. The process of claim 19 wherein the first adsorbent material has a
selectivity for the target gas component of the gas mixture over the second gas
. component greater than 5; the second adsorbent material has a selectivity for a
third gas component over the second gas component greater than 5; and the
second.adsorbent material has a greater adsorption uptake for the third gas

component than the first adsorbent material.

21. The process of any of claims 17-20 wherein the parallel channel
contactor is in the form selected from: a) monolith comprised of a microporous
adsorbent; b) a monolith formed from a non-adsorbent material but whose
channels are lined with a microporous adsorbent; c) an array of hollow fibers
comprised of a microporous adsorbent; and d) laminated sheets having an upper

and lower face both of which are comprised of a microporous adsorbent.

22. The process of any of claims 17-21 wherein the channel gap of the

open flow channels is from about 5 to-about 1000 microns.

23. The process of any of claims 17-22 wherein the ratio of adsorbent

volume to open flow channel volume is from about 0.5:1 to about 100:1.





