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LOW MESOPORE ADSORBENT CONTACTORS
FOR USE IN SWING ADSORPTION PROCESSES

FIELD OF THE INVENTION

[0001] The present invention relates to engineered structured adsorbent
contactors having a plurality of flow channels for use in pressure swing
adsorption and thermal swing adsorption processes. The flow channels are
preferably parallel flow channels wherein 20 volume percent or less of the open
pore volume of the contactors, excluding the flow channels, is in the mesopore

and macropore range.

BACKGROUND OF THE INVENTION

[0002] Gas 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 gasés 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 will stay in the sorbent bed, and the gas coming out of the vessel will be
enriched in methane. When 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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[0004] Adsorbents for PSA systems are usually very porous materials chosen
because of their large surface area. Typical adsorbents are activated carbons,
silica gels, aluminas and zeolites. In some cases a polymeric material can be
used as the adsorbent material. Though the gas adsorbed on the interior surfaces
of microporous materials may consist of a layer only one, or at most a few
molecules thick, surface areas of several hundred square meters per gram enable

the adsorption of a significant portion of the adsorbent's weight in gas.

[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



[ 0003] Anot her inportant gas separation technique is tenperature sw ng
adsorption (TSA). TSA processes also rely on the fact that under pressure

gases tengobfd?spdsorbed within the pore structure of LpguthGkRRRHPUS
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and to provide purge gas to a bed at its lower desorption pressure. Another
conventional PSA processes using three sorbent beds is disclosed in U.S. Patent
No. 3,738,087. Conventional PSA processes are typically able to recover only
one of the key components (i.e., light or heavy) at high purity and are unable to
make a complete separation and separate both components with a high recovery.
The light component usually has a low recovery factor. Recovery of the light
component usually drops even lower when the feed gas is introduced at higher

pressures (i.e., pressures above 500 psig).

[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 displace 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
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t eachi ng of a PSA process having a nul ti4-bed systemis found in U 'S. Patent
No. 3,430,418 wherein a system having at |east four beds is described. This
'418 patent describes a cyclic PSA processing sequence that includes in
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separ at e hohighguritp ieatstngle P8 A uhitgh recovery. The light conponent usually
has a | ow recovery factor. Recovery of the |ight conponent usually drops
even | ower when the feed gas is infroduced at higher pressures l(li &9
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adsor bed ilag(?saé/%' b YRR SR to process a given hourly feed gas flow. Several other
approaches to reducing cycle time in PSA processes have emerged which use
rotary valve technologies as disclosed in U.S. Patent Nos. 4,801,308; 4,816,121;
4,968,329, 5,082,473; 5,256,172; 6,051,050, 6,056,80; 6,063,161; 6,406,523;
6,629,525; 6,651,658 and 6,691,702. A parallel channel (or parallel passage)
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 Al, W02006074343 A2,
W02006017940 A1, WO2005070518 Al, and WO2005032694 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 sp'acer 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.
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from the presence of mesopores and macropores in parallel channel contactors

are discussed in EP1413348 Al. As such, the prior art teaches that a large

number of mesopores and macropores are needed in an adsorbent particle or

layer of adsorbent in order to have mass transfer characteristics good enough to

operate a pressure swing adsorption cycle. The inventors hereof have

unexpected found that adequate mass transfer characteristics can be attained

without a significant amount of mesopores and/or macropores providing easy

access to the micropore structure in the adsorbent where selective separation

occurs.

[0011] While there are variousAteachings in the art with respect to new
adsorbent materials, new and improved parallel channel contactors, and
improved rapid cycle PSA equipment, none of these to date present a viable
solution to the problem of producing good recovery of the light component and
purity when the feed gas is at very high-pressure. This is a critical issue since
natural gas is often producedo 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,0, 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
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several ways to recover high amounts of the heavy components in a heavy
component rich “reject” stream, but cannot achieve as high a recovery of the
light components in the light component rich product stream. This difference in

recoveries becomes greater as the feed pressure increases.

SUMMARY OF THE INVENTION

[0013] In accordance with the present invention there is provided an
adsorbent contactor for use in swing adsorption gas separation process units,

comprising:
a) a gas inlet end; and
b) a gas outlet end;

wherein the gas inlet end and the gas outlet end are in fluid connection by a
plurality of open flow channels wherein the surface of the open flow channels
are comprised of an édsorbent material that has a selectivity for a first gas
component over a second gas component of a gas mixture greater than 5, and
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.



transfer characteristics of adsorbents used in either a parallel channel
contactor or conventional packed bed contactors. |Inprovenents in mass
transfer \whan@slssdsStics fromthe presence of nesopores papdisIRG/0BRSL €S 1N
conventi onal packed bed contactors have7been wi dely di scusseg@%gee ¥or
exanple U S. Patent Nos. 6,436,171 and 6, 284, 021. |nprovenents in nass
transfer characteristics fromthe presence of nesopores and macropores in
par al | el el contactors are discussed,in, EP1413348 Al . As,such, the
prior a_rtﬁ]mgﬁhesﬁ‘c?IBEC?ISITF%FH'@WHHBBF%%? aMBfJ'btrcé)ﬁ%‘ﬁﬂf K PYAUFLs are
needed i N n@fSHtR&BE ¢ S)Hsgiistﬂic fed engfneéﬂﬁﬂraag&tbeh& iA'Which! 0 have mass
transfer characteristics goo nough to operate”a pressure sw ng adsorption
cycl e. Theabstaneiall9pardlis] €lw Bhaenels axpmebasbraredriftd thetadadesmasrucmss.
transfer characteristics can be attained without a significant anount of
mesopor es and/ or macropores providing easy access to the m cropore
structure,li he adsor pent re selective_separation Occurs. 10011]Wiile
there ar e[(Wiﬁ ousﬁ’c ?r@@%&‘m%’ 'é\etoRﬁ“tﬂP‘Wé’gﬁgﬁ‘Flsg’Gvﬁ@\ﬁhéﬂgérgfé’nt

materi al s e I N . | channel contactors, and inproved rapid
cycle PSAﬁgﬁlué%ﬁﬁrﬂe%tﬂpr@gﬁg?g?@%glé@%to date present a viable solution to the
probl em of produci ng good recovery of the |ight conponent and purity when
the feed gas is at very high-pressure. This is a critical issue since

nat ural g@916} of leyetmtbehembodimeéritsyithe adsenbertmatdial i900mpsis¢d afid net hane
acts as a light co in the adsqrption process. gas fields al so

onent Many
contai n smaterral éalﬁg@ﬂéwnsth%rmwwsmmzeqlﬁ?s,ﬁg%%ﬁ%mgs,and/or heavy
hydr ocar bgns t.hat have to,.be remved t,0 variag ees before the gas can
ot ¢ ans pioPRstiAlesy SRadiRgteh AR HERan s RS HAEOH Ch° o *t he'aci d gases
S and fchRursptRAphaeS| SAPHS) nd3arith RRTEMSields. al | natural gas
t hane ig a %?

separations, ne uabl &€ conponent and acts as a |ight conponent
in swng adsorption processes. Small increases in recovery of this |ight
conmponent can result _in significant inprovenents in process econonics and

al so ser vi90d3] pr elrestill angthenembodseryray adspbont nabaTal is cemprisgdehead
N irable t0 I 0 0 f er abl
ore t harsSBeasolisg et Rika 338 Atdalif 68 thim MBhind 8 shpw 1bpEY. b1 ¢ Fenovad.

Wi |l e various processes exist for renmoving CO2, H2S, and N2 from natural
gas there remains a need for processes and materials that will performthis

recovery [0018] ef f Icarmnhéryembodinesmtthe oshitactorids désshthaiaboly y%asTiton
yields, particularly at higher nethane yields.
open pore volume in pores with diameters greater than about 20 angstroms and

less than about 1 micron.

[0019] In another embodiment the adsorbent contains an effective amount of
blocking agent occupying mesopores and macropores so that no more than about
20 vol.% of open pore volume of the adsorbent is in the mesopore or greater size

range.

BRIEF DESCRIPTION OF THE FIGURES

[0020] 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.



[0012] Sim larly, for other gaseous feed streans, the prior art describes
several ways to recover high anmounts of the heavy conponents in a heavy

conponentywhigik14Ehect” stream but cannot achieve as hiP@Ii'/U%Z(;O%ﬁ%fﬁ{y of
the |ight conponents in the |ight conpefient rich product stream This

difference in recoveries beconmes greater as the feed pressure increases.
SUMMARY OF THE | NVENTI ON [ 0013]In accordance with the present invention
there is provided an adsorbent contactor for use in swi ng adsorption gas
separation process units, conprising: a) a gas inlet end; and b) a gas

outlet en@o21]  Figure 2 hereof is a cross-sectional representation along the

longitudinal axis of the monolith of Figure 1.

[0022] 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
adsorbent layer along with a blocking agent occupying some of the mesopores

and macropores.

[0023] Figure 4 hereof is another representation of an embodiment of a
parallel channel contactor of the present invention in the form of a coated

monolith where the adsorbent layer is coated onto the channel wall.

[0024] 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 mesopores and micropores that is less

than about 7%.

[0025] 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 mesopores and micropores that is less

than about 7%.

[0026] 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.

[0027] Figure 8 hereof is a representation of a parallel channel contactor of

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



wherein the gas inlet end and the gas outlet end are in fluid connection by
a plurality of open flow channels wherein the surface of the open fl ow

channel s @p8.sfiksed of an adsorbent material that hagcgxsd@Brbdovity for
a first gas component over a second gas9conponent of a gas m xture greater

than 5, and wherein the contactor has | ess than about 20% of its open pore
volunme in pores wth dianmeters greater than about 20 angstrons and | ess
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substantially parallel flow channels are incorporated into the adsorbent

st ruct ur eTSAOApSlIdatioasot her enbodi nent, the open flow channels have a
channel gap

[0029] 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.

[0030] Figure 11 hereof is a representation of an embodiment of the present
invention wherein the parallel contactor is constructed from parallel laminate

sheets.

[0031]  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,.

[0032] 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,.

[0033] Figure 14 hereof is a schematic diagram of an integrated process

utilizing a turboexpander and a PSA process of the present invention.

[0034] Figure 15 hereof is a schematic representation of an embodiment of

the present invention for treating a flue gas stream.

[0035]  Figure 16 hereof is a schematic representation of an embodiment of
the present invention that enables chromatographic-like separation of a

multicomponent feed into several streams each concentrating different species.



fromabout 5 to about 1000 microns. [0016]1n yet other enbodinents, the
adsorbent material is conprised of a material selected fromthe group

consi sti tes, titanosilicates, ferrosilicatesyc$hlh bdohfat es,
al uni nOp%g%h%ﬁgézl(‘Al POs). silicaal uni-idphosphat es ( SAPDS) FEBRRba 2

nol ecul ar sieves. [0017]1In still another enbodi nent the adsorbent materi al
I's conprised of an 8-ring zeolite that has a Si to Al ratio of from about

than about T8 aefergREG s RO AR s SPRR B0 BB Rv T & han

about 20 Ag§srptien® (FWiAh.ess than about 1 micron.

[0036] Figure 17 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

[0037]  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 preferably 10 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 prdcesses including conventional pressure swing
adsorption (PSA), and partial pressure swing or displacement purge adsorption
(PPSA) technologies. These swing adsorption processes can be conducted with
rapid cycles, iﬁ which case they are referred to as rapid cycle thermal swing
adsorption (RCTSA), rapid cycle pressure swing adsorption (RCPSA), and rapid
cycle partial pressure swing or displacement purgé adsorption (RCPPSA)
technologies. The term swing adsorption processes shall be taken to include all
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



[0019] I n anot her enbodi nent the adsorbent contains an effective anmount of
bl ocki ng agent occupyi ng nesopores and macropores so that no nore than

about 20 wgly0i9Qks.9pen pore vol ume of the adsorbent is ip SQBpre or
greater size range. BRI EF DESCRI PTI ON-GH -THE FI GURES [0096{@?%03}% 1 her eof

IS a representation of one enbodi nent of a parallel channel contactor of
the present invention in the formof a nonolith directly formed fromthe

m cropor ous .adspr bent. of the .present. i nvention.and contajni . lurality
of paral |@Ff%ﬁejﬁ?f85galm% %ggiqm_tﬂgs application, such'is2blit fithifdRo;
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.

[0038]  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 may contain items
such as, but not limited to, support materials, heat sink materials, void reduction

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

[0039] 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 frorﬁ 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 A
species, or molecular component, or components that are not preferentially taken
| up by the adsorbent in the adsorption step of the process. Conversely, the
"heavy component"” as utilized herein is taken 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



PCT/ US2008/ 006071 8 [0021]Figure 2 hereof is a cross-sectional
representation along the |longitudinal axis of the nonolith of Figure 1.

[ 0022] Fi oaybhSoek/Mee80f is a representati on of a magnifi egegRIbIRMOGRG t he
cross- sectional view of the nonolith-d2-Figure 2 showing the detailed

structure of the adsorbent | ayer along with a bl ocki ng agent occupyi ng sone
of the nmesopores and macropores. [0023] Figure 4 hereof is another

repr esentoqtt'hg rﬁg?l{ c&%pgﬁyrﬁqh%%c&{ irfto 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.

[0040] The 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 thé
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 énd that
are capable of being 6ccupied, essentially non-selectively, by components of a
gas mixture. Different test methods as described below are to be used to
measure the volume fraction of open pores in a contactor depending on the

structure of the contactor.

[0041] 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



paral | el channel contactor of the present invention in the formof a coated
nonol i th where the adsorbent |ayer is coated onto the channel wall.

[ 0024] Fi gyphSoss/118480f is an el ectron micrograph of the sgrfiassdhsods DOR
filmthat I's suitable to act as the adskbent |ayer of the contactors of

the present invention with a volune fraction of open nesopores and
m cropores that is |less than about 7% [0025]Figure 6 is an electron

m cr ogr apllﬁfxggest&% %?%B@Fﬁlc 1d On'\{FlE fat'rk(%]dnt to?@i)ld:ﬁe Iﬁhélgplgﬂ ibﬁ\ﬂle%ﬁ%@rb%ﬁ} uas an

adsor bent Tayet of e con rs o e presen ventl o a vol une
fraction gpht@agn nesopores and mcropores that is | ess than about 7%
[ 0026] Figure 7 hereof represents another enbodi nent of the present
invention in which the parallel channel contactor is in the formof a
coat ed nof®42] h f The psrfemeditestdor determining théwohuno fitaction odppeni s coat ed
onto the channel walls of a pr?forrred nonol itth' .
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 pfeferred
measurement technique described in the following paragraphs derives from these

principles.

[0043] If a liquid blocking agent is not used in the contactor the procedure
outlined in this paragraph is used to measure the volume of open mesopores and
macropores of the subject contactor. This measurement is performed on either
the entire contactor or a representative portion of the contactor. A representative
portion of the contactor contains a least an entire cross section of the contactor -
and has a mass that is between 10% and 100% of the mass of the contactor.
Additionally, the mass of the contactor used in this measurement should be more
than 50 gramé. A preferred procedure is represented in Figure 17 hereof wherein

the initial steps of the procedure involve placing the contactor 1101 ora



[0027] Figure 8 hereof is a representation of a parallel channel contactor
of the present invention in the formof an array of hollow fibers. WO
2008/ 14388206/ 145423/ US2008/ 006071 [ 0028] Fi gure 9 her eof picggsosdtsdbner

representation of a parallel channel cohtactor of the present
in the formof a hollow fiber contactor for TSA applications.

i nventi on but
[ 0029] Fi gure

10 hereof is another representation of a hollow fiber contactor

representative portion of the contactor, into a sealable vacuum tight container

1103 and evacuating the container. Chamber 1103 is designed so that the

volume defined by the exterior surface of the contactor 1101 is at least 50% of

the interior volume of the chamber. The vacuum tight container is equipped

with a pressure transducer 1173 and a cable 1171 to power the transducer and

transmit the signal generated. The transducer is chosen so that it can measure

pressures with an accuracy of 0.01 torr. A suitable transducer for such a

measurement is a capacitance manometer.

[0044] The vacuum tight vessel 1103 and all of the equipment used to

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

activated) so that do not heat the gas or piping when they are opened. Before the

measurement begins the equipment used to fill hexane vapor (chosen as an

example of a condensable vapor at 30°C) into vessel 1103 must be leak checked.

This is done by opening valves 1127, 1151, and 1153, allowing line 1119 that is

attached to a vacuum pump to evacuate vessels 1125 and 1141.

[0045]  Pressure in these vessels is measured with transducers 1163 and 1143

which have cables 1161 and 1145, respectively to power them and transmit the

signals generated. The transducer is chosen so that they can measure pressures



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 _‘R,B%&l,ll%gfizﬁsurface. [ 0030] Figure 11 hereof is ar&%ﬂfs?@%)%@ﬂ on of
0

an enbodi nent e present invention Mherein the parallel contactor is
constructed from parallel |amnate sheets. [0031] Figure 12 hereof is a
schematic diagramof a preferred five steps PSA/ RCPSA process for treating
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and 1143 read a pressure of less than 0.03 torr. Valve 1127 is then closed and

the system is considered leak tight if the pressure recorded by transducers 1163

and 1143 does not rise by more than 0.02 torr over a three hour period. At this

point valves 1153 and 1151 are closed and the evacuated vessel 1141 is filled

with hexane through line 1147 by opening valve 1149. Line 1147 was originally

filled with liquid hexane. To stop the filling of reservoir 1141, valve 1149 is

shut.

[0046] 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 1115 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
chamber is monitored for an hour. If the pressure in the chamber rises by more
than 0.02 torr during this time period then the evacuation procedure is repeated.
If the evacuation procedure has to be repeated more than ten times then
alternative means of removing molecules from the contactor 1101 should be
employed (such as heating the contactor). After adsorbed molecules have been

successfully removed from the contactor, valves 1127 and 1153 are closed.

[0047] Valve 1151 is then opened allowing line 1129 to fill with hexane

vapor. Under the conditions of the test this will be approximately 187 torr of



[ 0033] Figure 14 hereof is a schematic diagram of an integrated process
utilizing a turboexpander and a PSA process of the present invention.

[ 0034] Fi g¥p8odsriaigseof is a schematic representation of Sgggﬁgmgbmpt of ,

the present invention for treating a fllfe gas stream | Figure 16
hereof is a schematic representation of an enbodi nent of the present
I nvention that enabl es chronmat ographic-like separation of a nulticonponent

feed int %hSane rv%})ors.t VaRie1 5101 RO CRIbA Ahb A 1143 ?sncgpe%%ﬂ%lﬁﬁv‘ing the
vapor in the line to expand into vessel 1125. Because of the difference in
volume between line 1129 and vessel 1125 the pressure measured by transducer
1163 will be less than 5 torr. Valve 1153 is then closed and this filling
procedure is repeated until the pressure in vessel 1125 is approximately 5 torr.
At this point valve 1165 is opened to dose the contactor 1101 with hexane vapor.
The pressure in vessel 1125 drops because of gas expansion into chamber 1103
and possible adsorpti‘on 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.

[0048] 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
total open mesopore and macropore volumes. The quantity which is the
difference between the exterior volume of the contactor and the volume of the

flow channels only has to be known to an accuracy of 20%.

[0049] The moles of gas adsorbed by the contactor is then the difference
between the moles of gas transferred and the moles of gas required to fill the
available gas space in vessel 1103 and its associated piping. After completing
this dosing step and the evaluation of the moles of gas adsorbed in the contactor

1101 valve 1165 is closed and pressure in vessel 1125 is increased 5 more torr



WD 20081143823-- PCT/ US2008/ 006071 10 This chromat ographic-1ike separation
Is referred to as "Tenperature Wave Adsorption” (TWA). LOO361Figure 17

hereof i syg56nasB5i ¢ representation of a preferred proggguisSodkRhsofEasuring
the volunme fraction of nesopores and meldropores of adsorbent contactors of

the present invention. DETAILED DESCRI PTI ON OF THE | NVENTI ON

by repeating the procedure originally used to fill it with hexane vapor. The
dosing step to adsorb more molecules into the contactor is then repeated. The
filling and dosing steps continue to be repeated until the pressure in vessel 1125
at the end of a dosing step is within +/- 2.5 torr of 15% of the reading of pressure
transducer 1143. This range is expected to be between 25.5 and 30.5 torr. From
this point onward in the procedure the additional moles of hexane that are
adsorbed in the contactor are considered to fill the mesopores and macropores.
The filling and dosing steps are continued until the pressure in chamber 1103

housing the contactor exceeds 95% of the pressure read by transducer 1143.

[0050] 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
was in a range between within +/- 2.5 torr of 15% of the reading of pressure
transducer 1143 and the point at which the pressure read by the transducer 1173
at the end of a dosing step exceeded 99.6 % of the pressure read by transducer
1143 is the total number of moles of hexane adsorbed in the mesopore and
macropore volume of the contactor. The volume of the open mesopores and
macropores in the contactor is then determined by multiplying this number of
moles by the molar volume of hexane. The open pore volume as expressed in a

volume fraction as used herein is then obtained by dividing the volume of open



[ 0037] The present invention is directed to adsorbent contactors for use in
swW ng adsorption processes, which adsorbent contactors contain a plurality

of flow ghangsss@rd which contactors contain 20 vol . % @erhRscsobdsf er ably
15 vol . % or less, nore preferably 10 vol8 9% or |ess, and nost preferably 5

vol . % or less of their open pore volune in pores in the mesopore and
macr opore size range. The term "adsorbent contactor"” as utilized herein

i ncl udes | : e

prof or r o eeiRaiE 4 HigRPoiies HORRERLLBE i RHARE (GATLBREAL BT g
adsor bent cgiRadta£ tHat iLaddupi @by ehehdscrbentiaatiabhs deAnEEpriopnAdtHovgh” for
use in thermal swi ng adsorption (TSA) and various types of pressure sw ng

adsor pt i othepengose yolume fiati thg coatactort isaletdrnmined byrthe tast procedsioe pt i on

(PSA), and partial pressure swing or  displacenment purge adsorption (PPSA)
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(RCPPSA) technol ogi es term sw ng adsorption processes shall be taken
t o i ncl udshomld beimbhfede processes (i.e. TSA PSA, PPSA, RCTSA, RCPSA, and
RCPPSA) i ncl udi ng conbi nati ons of these processes. Such processes require
efficient contact._ of iqalhiaas mxture with a solid adsorhent material, It

shoul d al 9SAE nolfadliquidimalgriakis usedasa blockingagent iinthe tiary af ence é 0
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conponents and efficie operating conditions, preferred materials,
etc., apptequired bodbtesinine ther enapste wadiime oif the domtdsr binthis cotactoor s of t he
present invention as described herein. [0038] The structure of parallel
channel cemfigiratien, the mesapargsfandanaeropp tha cpntastor: widl remaindilied or

ot her actiy i s hel rovides signifi cgg{lj&beneflts over previous

terial d, .
convent i oW&ﬁ lﬁ’é‘?é{% 43 e lffg{‘ﬁﬁﬁ'??"?lﬁﬂ?d asable PRSI ng adsor bent
beads or gxifepuiGrt Qfdﬁl‘&r&%%ctgﬁ%ﬁcfis ﬁeﬁ%&?fﬁc@%@ lifilo &@%ﬂ?ﬂct&oﬂtﬁﬁﬁlor s" are

defined heréin as a subset o ctors conprising structured

(engi neereiractbwithehé S'gj)dit ohiheiquidat g inddtltymparathtecind pregsireaiel s are
S

incorporated into the adsorbent structure. These flow channels may be
formed bythis casei teye istnavepens mesapgreair macropors eoluowcin thedontaatdén and i n
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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 (ajqd) that is the ratio of the
partial preSsure of the vapor of the liquid in the flowing gas stream to the
saturated vapor pressure of the liquid at the temperature of the contactor (i.e.
Pi/Psa). The ﬁmount of open mesopore and macropore volume increases as the
partial pressure of the condensable liquid in the feed decreases. To determine
the volume of mesopores and macropores under operating conditions the liquid
material used in the formulation of the contactor is removed from the mesopores

and macropores of the contactor by drying. Liquid can be dried-out of the

mesopores and macropores of the contactor by heating it in a sealed container



ordinary skill in the art and they can be applied to renove a variety of
target gases froma wde variety of gas mxtures. It is possible to

si gni fi capplyod//IB9ve the recovery percentage of the |ight/1kosRAKPI of a
gas mi xture by use of the present invent9on. The "light component" as
utilized herein is taken to be the species, or nolecul ar conponent, or
conponents that are not preferentially taken up by the adsorbent in the

adsorptio . . "
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adsorption step of the process. Wth the contactors of the present
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Simlarly, recovery of the heavy conponent is defined as the tine_ averaged
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bed adsor nta present 1 nven contain Fess than about
20 vol . % bpikd ehndducet 333 abhthie albof a dbsingistép exteeds POY By @bihg pressuré han
about 10 vol.% and nost preferably | ess than about 5 vol.% of their pore
vol une i nreaddry wansskicen1143). nbgaipdhe mwoldr ralhmap of bexaneds usad ¢o compupor es
are defing.ld by the | UPAC to be pores with sizes in the 20 tq 500 angstrom
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met hods as .descri bed below are to be used to neasure the volune fraction of
open por eBMMPh a contactor depending on the structure of the contactor.

[ 0041] Open pore volune (in percent or volune percent) is defined herein as

the volu t he troms and
10 000 anBE2Y e pReqfibhnt onEd Ree ARIRASTORRISEIneR GO or the
cont act or sélB&tivitys isdespariedthydthet difi RIS OMRRRbrptRiepiopertidicd e rdsabeat i at ed
mesopores and macropores in the adsorbent structure. "Swept vol unes”™ such
as engi neand the ¢ampetitinmadsosptaen isetherasof the hghtpredoctdnghe dnibyopmmgs or

non- adsor hent terial, SUCQ as but not limted to, support materials,

bl ocki ng Qg,ypg?mg Hé?}h"a? sorbent 1s 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
micropores and free volume of the adsorbent of the light species is less than that
of the heavier species. Also, in kinetically controlled swing adsorption
processes with microporous adsorbents the diffusional selectivity can arise from
diffusion differences in the micropores of the adsorbent or from a selective
diffusional surface resistance in the crystals or particles that make-up the

adsorbent.



WO 2008/ 143823- PCT/ US2008/ 006071 - 13 nmsses, etc., are not included in
t he anobunt of vol unme occupi ed by the adsorbent nmaterial. [0042] The

pr ef erredwbgﬁ(;s/f“ggmdet ermning the volume fraction of opeRuUBsRReLSs and
macr opores o t]he contactor is defined2k-follows and involves an anal ysis

of the isothermof a condensabl e vapor adsorbed by the contactor. A liquid
whi ch has a vapor pressure greater than 0.1 ton at the tenperature of the

test is a Lt abl ' t e
vapor .t 1G53 ot 6 Ltes Rl FRAEETCHIRRA eSS eded B ERERARLE

I sooct a”e“élﬁ‘n%nﬁHﬁilf’Qir@‘?%ﬂiﬂ Agweh’ réER9 CoNEQRRN 5 allppéssubey be used as
condensabl e vapors. In the adsorption branch of thé isothermT{obtained by
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anal ysi s frofividasasaoneaixueéeThe Compunensl thararersetdctivelyoddsorbedraropor es and
macropores in the structured adsorbent. Theggreferred measur enent techni que
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[0043] 11 Saslsitﬂyoiudghbtklg%léidnage ?gf%?rtedi t(s) arsl € Héﬁtd C(i)rplp(t)rrlleentg.o Ttt i%%o%gibtleh{ao procedure
remove two or more contaminants simultaneously but for convenience, the
component or components, that are to be removed by selective adsorption will
be referred to in the singular and referred to as a contaminant or heavy

component.

[0054] Unless otherwise noted, the term "selectivity" as used herein is based
on binary (pairwise) comparison of the molar concentration of components in
the feed stream and the total number of moles of these components adsorbed by
the particular adsorbent during the adsorption step of the process cycle under the
specific system operating conditions and feedstream composition. For a feed
containing cofnponent A, component B, as well as additional components, an
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)
that is greater than the ratio:

Ug = (total moles of B in the adsorbent) / (molar concentration of B in the feed)

Where U, is the "Adsorption Uptake of component A" and Uy is the
"Adsorption Uptake of component B".



outlined in this paragraph is used to neasure the volune of open nesopores
and nmacropores of the subject contactor. This nmeasurenent is performed on

ei ther theoshidfsssgontactor or a representative portionpph dbfsopypctor. A
representative portion of the contactor2lcontains a | east an entire cross

section of the contactor and has a nmass that is between 10% and 100% of the
mass of the contactor. Additionally, the mass of the contactor used in this

t ld b t .50 A f d d [
Fepr esent LRFTEIPTEITGL o ad5prER utviDR aSE T HE TR FORRPRERERNGF ¢ he procedur e
invol ve pl I%&&nttlﬁeﬂﬁg%g%%&rr ihdPdnQr @ representative portion of the

cont act or, to a sea vacuum tight container 1103 and evacuating the
cont ai ner. Chanber 1103 is designed so that the volunme defined by the

exterior surfaSeleetivithe (oliact or {(Whdreild, 2t Ugrast 50% of the interior
vol une of the chanber. The vacuumtight container is equipped with a

pressure transducer 1173 and a cable 1171 to power the transducer and
transm t Amongsyhgemparisen pediffangat compenentain the faedsthe aumponantwith an

measure pressunes with ccuracy of 0.0l .torn A suitabl.e transducer for
Such a g SRIAKER: o of the fotal miigs Pirked wpi the alibpatld Tumolar (i gne
vessel 1 : t e l&ﬁgp - and fill

t he v.ess]e(?;}l &Eﬁﬁalﬁé}%%&&%ﬁgﬁgﬁiﬂﬁ%ﬂkgm oénr%gﬁglg e"\gl(gl1 t(;h(r%j Séfﬁétﬁﬁocat ed in an
i sot her mgprocessniiEhis hichhs tHitethe snslae comdentragiohest thé fightest kemipoatntin

tenperature of 30.00 (+/- 0.01)*C. To nmake sure that the vacuum tight
cont ai nerthe stgammepmisgswitsduringsthgradsorptipnastep ist greaten tlsamihe melaser at ur e

bef d after.. t e d to dose h [ th t act t hei
Ferper at (RECPRITRGH Db HEbIST EREIABEBLR BE 16adsThe s3T0rhAR! AABITPRYL can be
read wt hoﬁpégﬁéﬁeﬂi iRRnBbn FaQt & se &ﬁi\li ef‘o?‘%“f?ﬂé?{;&nfﬁﬁ‘%&t’k‘é?. ”@a’mgbﬂérﬁr by a
smal | anoun ecause tﬁ‘e accuracy of thernocouple feadin 1S generally

0. 2C. TheA) 6verd sedondsonepdrient (€., RohfioheAn B) afftat lea8BS mbex pride By Y St ep
t he readi n)?s of thernocoupl es ﬁg , if%? and)1199 remain co%stant to within

+/ - 0. 01Gelaativityafior p first camponrent(avet 3, se¢dnd compodentiafs ledstd®, and 1165) in
the systemare ¢losed. It [s eferred that the valves Qe air actuated

(i nst ead 'BPStstFgﬁr\'Bglé' azgleq dgor IESh SPMPONRBE OYfI A SacrBd gRIRANEPE BE ng when
they are zﬁﬁngké Bef ore the neasurenent begins the equi pment used to fill
hexane vapor ?cfsfosen as an exanpl e of a condensable vapor at 30C) into
vessel 1103 nust be | eak checked. This is done by opening valves 1127,

1151, andOD35B, aEkampled dficoenpohtits dretmolecales 3a6R ds hidblécaE HitFogeaP to
evacuate vessels 1125 and 1141. [0045] Pressure in these vessels 1s neasured

with tranSgeseompoltdsasuchlasiarbon dioxide,COaHndsmetane aGH,1 105,

respect| Vﬁarle}(er;e% grgggéirrger}ﬁ ngfz%gg p%erszeigts mv%n%igg, the adsorbent contactor has a
selectivity for CO, over CH, of at least 5, more preferably a selectivity for CO,
over CH, 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, 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, of at least 25. In yet another preferred embodiment
of the present invention, the adsorbent contactor has a selectivity for H,S over
CH, of at least 5, more preferably a selectivity for H,S over CH, of at leést 10,

and most preferably a selectivity for H,S over CH, of at least 25.

[0056] In a preferred embodiment of the present invention, the adsorbent has

a "Kinetic selectivity" for two or more gas components. As used herein, the term



signals generated. The transducer is chosen so that they can neasure
pressures wth an accuracy of 0.01 ton and suitable transducers are

capaci t angg g@rasdsers. The vessel 1125 and 1141 are evagyalssshspfsobnat
transducers 1163 and 1143 read a pressi¥2e of |ess than 0.03 tom Val ve 1127

I's then closed and the systemis considered |eak tight if the pressure
recorded by transducers 1163 and 1143 does not rise by nore than 0.02 ton

over a thnee ho 1.ad. [ ' . . are cl osed and
the. evacuiaei, seBRies definkaS P bitlo SERER SmpolaR dHitoR: 3, Ly

openi ng VedefAcibAfd D LihR%/3dd)/ forasvordifferétit! species| Mhdsebingld camponéxane. To
stop the filling of reservoi'tr 1141, valve 1149 is shut. [0046] A procedure

i s t hen idiffusiant estffioientsareaalsmknownasithy StefarMakwellteanshaxtaliffusioncar ri ed
into vessel 1141 during the hexane filling step. Gases are renoved by

openi ng eReficientsithahare measuspd Aoy givemadsenbent for a gIysaPWE &F 2 ni nut es

o S e T B B SRR 2 11
can 02 USgflortio ) Sofgfbn AN (45l & ERSRSHLAR iRy be A kDppen,

vessel 11Dj. Aheaimgd compmenhediffusiomeoeffitidant for #materidipaasdent ati ve pi ece
of the contactor 1101 in chanber 1103 are then renoved by opening val ve

1113. Thi detetmingd byi testsvalb knpwn inghe adserptive matariglsautimbe ppeferredvacuat e

chanber 1103. The evacuat.i on procedure continues . until the pressure in the
voasol 1708 tarmcashts B kongie BURSn eRellicRatey Wit 4 Breavsacy EsPPB¥hg and t he

pressure éeemia§§%%§$gg @}ggkfaﬁ% f'Pfeﬁgg?ﬁflygddlﬁtiwM&QS?iP&re in the

chanmber risés on duri I me perio en the

evacuat i opififisi6R dHd A dsorpeers M&fburdrhernits én PoasuaS61ods"PI ORIeyE Che@BL 0 be
repeated nore than ten tines then alternative neans of rem)wnr;gem)l ecul es

from the tOhtpageo6144622, 4897 dn bkinetidablyerdntralled sepatationi ihis prederretht act or) .
After adsorbed nol ecul es. have been successful |y repoved from the contactor,
val ves 118t kingtie sefectivity r-sség«/ﬁa@@ﬁﬁ}wﬁweqfé&orggn& ﬂ’éﬁflﬁgéﬁed al | owi ng
line 1129 ' ] Y - : It | test this
Wil be a%(%ﬁgélil’érﬁé t(gqgi.i*q@‘;é@ggmo@’%th reBp&: tb Bfe SQURGdMSoriint (L6,

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

preferably greater than 50.

[0057] 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
Henrys constants of different components in the feed for a particular adsorbent.
Therefore, for example, the equilibrium selectivity for a particular adsorbent for
component A with réspect to component B would be Hy/Hp. It is preferred that
in an equilibrium controlled separation the equilibrium selectivity (i.e., Hy/Hp )

of the selected adsorbent for the first component (e.g., Component A) with



hexane vapor. Valve 1151 is then closed and val ve 1153 is opened all ow ng
the vapor in the line to expand into vessel 1125. Because of the difference
in volu ine 1129 and vessel 1125 the pressur ¢ -FRASHSREk0EY

2 . C 0 :
transdugg\ye?%@%vg\? PI be I ess than 5 to@3\al ve 1153 is then closed and this
filling procedure is repeated until the pressure in vessel 1125 is
approximately 5 toff. At this point valve 1165 is opened to dose the

! | o
of gas. osanen S8 SER LRI o Bn CTREIGT B Y BRARr 3. BISPEC . C or
hexane | nbreféfuBlOReARS Rin 20)veAthard peferdblyihrehlif thiPSOUr & I vessel 1125

stops dropping and stabilizes, the pressure”is recorded and the nunber of
nol es of hexane transferred into chanber 1103 is conputed fromthe ideal
gas | aw. [BO58] r eqln theP S¢h procaigethegaseowsunixtaesisipassed pverfa finst i nteri or
vol une of yessel 1125 and its associ ated piping. [0048] The nol es of gas
t r ansf er rSorpHon hed Hea firstoresseland light %ﬂh@&!ﬁ@nﬂéhFA producd sysamspace

inside it ed N he. i deal gas. |law with the pressure .npasured
byt r ansdiBERel PN BEHP uecldrio e optiRinadl o iy SFuBoBB ik s Ch orrper
1103 is reeaHingsorbed ih Bfe 6. CAlRE iagﬁe &Eﬂnid@:’detm\@brvﬁiéiﬁ?ti@ély%%’ipﬁr 1103

I s known (previous neasurenent) an t?]e aval | abl e gas volune’is conputed by
subt r act i brgak+thwougheofithe eontaminahtorcheivywesspineht iSobdeeveak tthe flow vbl ume of

the contactor and addi ng back the volume of the flow channels in the

cont act orthemasegus mixtureoissadishedtoarrecend adsarption beddn grsecpnd yepseddeor or

the volu of the..flqw channel 1), not signi,ficantly affect.th
rreasurenentﬁlf Ry {Cﬁgopg?gpn P m%&'reeseﬁﬂﬂa gﬂ%ﬂb?‘&%ﬁ'%@?weﬁn?’ﬁuanti ty
which is LéAiahRRs YR{N eyl YWEm r and

t he vol urrstg? g?&i%{)ﬁe owﬁi: gr;lmel sc%IﬂP ?/ﬁﬁ{a{*sfstlgﬁ?\éghnomq{]%&g% %dégb?g‘%{; of 20%
[ 0049] Thebetbbya redugivm ingsrossueel Dy séie epbidififearls, tite iddRotibAén Prédsarence
between the noles of gas transferred and the noles of gas required to fill
t he avai | slceompanieddhyea revevsesdew afigs tamdsist in desothingtthelhpayy ng. After
conpleting this O%ijﬁr}ﬂ step and the evagluation of the noles of gas adsorbed
' the cormReRgnty dsis Bressust Bethevastals itredhacdrtbe SERKY FATPORSR] 1125 i s

i ncr easedyraviRis Ad¥otbed 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.

[0059]  Afier 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
the first bed. The use of third, fourth, fifth, etc. vessels in addition to the second
vessel can serve to increase cycle time when the adsorption cycle time for the
bed is shorter than the cycle times for the desorption & purging cycles for the
bed.



WO 2008/ 143823-- PCT/ US2008/ 006071 17 by repeating the procedure
originally used to fill it with hexane vapor. The dosing step to adsorb

more nol agyl.65k/1454,9 the contactor is then repeated. ThePt:}r}ﬂs'b(ﬂﬂ/O@d?ﬁl dosi ng
steps continue to be repeated until the2pressure in vessel 1125 at the end

of a dosing step is within +/- 2.5 toff of 15% of the reading of pressure
transducer 1143. This range is expected to be between 25.5 and 30.5 toff.

Fromthis it O B r !ffﬁﬁf?@gl ' l‘F.ﬁg} of hexane that
are adsor[)dewﬂjn t_t@e%ggﬂftlg% 1*3fsg g&g%#ssles ere o] S;elk/?ﬂﬂ‘tl e %rr_giopor es and
macr opor edisadinthped. | Fér eXdhplestaientional PSA iaftdre ¥gsicilly imorehstiyessur e

I n chanber 1103 housi ng the contactor exceeds 95% of the pressure read by

t r ansduceto bdidd and opeaitéeahd argsignifichntdyrlarger épsizarfer dunsame athount af manner
such that the pressure in vessel 1125 is only increased by 1 toff in each
filling stasget gasdhat needsita bsueeoyergd fioyn atanestngas contapmyngigas sreamy of a

pr eser o PR Scesuy Erssaryornbe RRCESA” ARR n st GEREFRA GE3MTS o
toff. W‘egeﬁéiﬁll/?'h?%é !égélertﬁﬁés Bi’eiée@@%f‘ﬁﬁ@'iniihi‘ng? tyZ;Sic&l'I'ﬁ’ i BRcdk of 2084 N9 step
.25 %of th by ucer 1

exceeds 9 pressure read trans 143 the pressure

I ncrease minwtes dak td tinde Himitatpna réquirediw dlep diffusiearcfabe dompofiefds t of f .
The filling and dosing steps _are then continued until the pressure read by

t he transthreugh theyiirger hads wilizedfin goaventinal PSA and thaiequipment, of t he

by ..t 1143. Th t which,th i ment i
Pred | o EmiedbionanedvaTy 1S sonimess RCTSE ehafly v PitayeRiEes BB o es
dsor bed ' i dosi
adsorbe %s%ﬁ@%&ﬂﬁﬁ@fTﬁE?&aﬁ 1 Rints @FR@P‘S&P@}&J‘%S?H?A&O%O&‘ 0sl ng

step transducer was in a range between w thi of 15% of

the readi gecoplspprefcubl lessitR@ucEsecbhds} ot preferablynlesthanhi @Seddndspr essur e
read by the transducer 1173 at the end of a dosing step exceeded 99. 6% of

t he presseaven meae prsferabdy dessdhan 3 seconds, and even morg rally lessitbandf hexane

adsorbed in the sppore and,macropore vol une of the contactor. The vol une
e apetros oEBrbeS e FHRd Py o HEESSURS PHUE HoEon Inds ERe Maks e ned by

mul Uil yi Bl AP R B ek Ss ot AhHER 10 suliRARg  The open
I'n a volune fra

pore vol une as expresse ction as used’herein s then
obt ai ned matétials duclgad Aonodithitamina®de @nd hollow fibers.

[0061] 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
processed purified product gas and the tail gas exiting the RCPSA tubes are
conducted away from the rotary sorber module. By suitable arrangement of the
seal plates and manifolds, a number of individual compartments or tubes may

pass through the characteristic steps of the complete cycle at any given time. In



mesopor es and macropores determned by this test by the total volune of the
contactor that is occupied by the adsorbent material as defined prior.

Al t hough WQ%%E&@OW volume for the contactor is detep@ErRRIRModPE t €St
procedure descri bed above, scanning ele&tron nicroscopy may be used to
further confirmthe relative volune of nmesopores and macropores in the
sanpl e. When scanning el ectron mcroscopy is used the surface as well as a
Cross secj| f j | i€l materi al
s used aeortsf et SoRONRTHAT Pt Hanphd BARSuce Pt Sl ™ 1
cont act or (HeSR CPS A Ptibi/dREorpRiddl dyiclélThahgdsSint NRuMBELSS Séparate substantially
fully filled wwth liquid no assay "as descri bed above is required to

det er m neinchements wnthe erder affseconds per cymi¢,aghich. smoothés eutcthetpressure
configuration, the mesopores and macropores of the contactor wll renain

filled wiand flowisage pulspiers ercauntened iy the comnrassien Apd Nabing machingry.

oper ati ng,.t ratyre e cont actor, and the feed. f]ow i he

cont act or 1 B firf, thERYBS Adn ik AEBacERaM A el oilAdy'Bhed 1 e,
tenper at u%uflﬁ%@ﬁﬁéﬁﬁfﬁatﬂ fAKER! tE@?@t’atihE%B tich A{ddBRESH tHat @REk € Of
macropore volunme in the contactor because~it has all been filled-in by the
condensabb@ngbmﬂrent Isf sudnesivelp passdde < gawiflowgnsh (n tiee approprintet enper at ure

and pressure) the feed fl ow ng.i nto the contactor is only partjally
sat ur at eddixgetion and prgssuredd achieviei ang of the dncremental pressuss{flow difectirs opor e

O T OPSLE YOUTE L. RETRUR (OB oI eRt a8 O PRRIERSD L2
parti al pfe%@é&@gg% als iﬁ@&?ﬂ%ﬁqrh'eé‘fpl:feﬂyg&a?%%s&&% nehtEial. Sfﬁfgm to

the saturat or pressure I qul e tenperature of t
contact or qﬁémtﬁ% dfiadssibeht relfitredWith R OPSARechrivlegp oare bamlyradiagioncofvol une
i ncreases as the partial pressure of the condensable liquid in the feed

decr easesthateeqittes for convéntiomsl A téchmologydosshigye tha samsaeparaliomer
operating conditions the liquid material used in the fornmylation o he
cont act or qp@t}tmq@lmt 2\55 ?‘rﬁes‘HEk)F OQHRY s HYVSSURERL, G‘Pnyfhf'ea‘PBH{‘gef or by
drying. Ljguid i t h [ESh; t he
cont act or "B CadiBPoct rphuifey RERERSW'S GRRARYSEAPMAPRAPRER B | To, by
heating i fordédriveRfiohAINBSA WilPpicvesdink v dquivaléntrafoditof gadch as He, over

the contactor. Once liquid has been réenoved fromthe nesopores and

macropores of the contactor, the assay nethod Brevi ously described can be
conduct ed[0062]t hi Thagpsesent inventionrmay begsed i B8SKHe RGPS Aher ydmidiBPSA i s

Phe end ofbf BRERAA ppcesrerBeres ssietiayidihpoesad ihadushh odseibiodar > °
pressure. dg_&)?b ?ﬁ'&%@ﬁle&f I pf}l@nsg ??Qgersg Sdé;}%?;?tgﬁ]f:{)ﬁﬁl%ra%%ofﬂw s\})‘@%iﬂsﬂ% be

expected Irnoperatronis ermmne e cunulative nunber of

nol es of  heeoinslisabybpabshift yveasof liquidthidug thehiontadtbetd@esdile acti vity
exceeds aliqu,d and the point "at which the experinment is termnated (i.e.,
when t he prodeclestakenapduringan adsmrgtionstepl 7 Anaexampleafd gis thatiowyrhg st ep

exceeds 99.6% of the_pressyre read by transdqucer /1143). Agai n_the nol ar
vol ume of upkkisiéeam. l&éubﬂa P@%m@%ﬁﬁ,%%O%%%OMﬁgﬁssmmr opor e
vol ume The n_pore. vol ed | I f.r [ ed
nerei n i o coRaROsRY AfcarRy KOS REa afpSri g B R

macr opor egedihGo i S oplishied \{,ﬁﬁ'fargjf ¢he total volune of the contactor
that is occupted by the "adsorbent t%ri al as defined prior. 100521l n
equilibriumcontrolled swing adsorption processes nost of the selectivity
i s inpart §@D63} t hémprondmdénts imtleirecoperyoof thedight component dre esgsciablynt , and

the conpetitive adsorption isothermof the || gqit_ product in the mcropores
or free v#npagansfor REOGESSES We:tojiremoye Impygitied fram natyrphgas $tEgamS.cont r ol | ed

3 11 s+ ondrRis L bR ER R Bkl e il ol T PRRVE Y o

coef {1 ¢i eithplititdI ANy IOPEd fSaffift fHiealy (BhipBhedl(s)'ind dRCHeBUneOfich he 11 ght

species is tess than that of the heavier species.” Also, In kinetically
control | egradctcalssisefentd oo ap tloe Ysgltcompdnent'; aopohigksa preseutecast s t he
di ffusional selectivity can arise fromdiffusion differences in the

ni cr opor eprasticahfor pseatilit inonatpral gag psegessingy eAsiprevieusdy mentignedcthe
resistance in the crystals or particles that make-up the adsorbent.




WO 2008/ 143823- 20 - PCT/ US2008/ 006071 [0053]1t will be understood that the
term PSA, unl ess preceded by the term"conventional" or "rapid cycle"

refers cqoyhsgisusdy to all pressure swing adsorption preegaassslhaytdi ng

conventi onal PSA, RCPSA and PPSA. In R3% processes, a gaseous mxture is
conducted under pressure for a period of tine over a first bed of a solid
sorbent that is selective, or relatively selective, for one or nore
conponent s, usuallyv.regarded as, a ,cont am,nant h ' re d from
t he gas eoRFSS“rﬂstiP‘d‘F’ﬁ“’ @%%ﬁ@n?gta%%%ng rs‘é%"ée?&id\;sér éaggglo@be Ylgr e
referred govgpoqd UPerSITRRERRE Rt HJME 8WRAN 195, AIPMBRE preFERPNENt s T hat
pass througﬁ tééhﬁ%‘ge@rerre%reg to as the |ight corrponen{)s. Itﬂfs

possi bl e greatee thateabout 90 vaitopand niasoprefotably gredt¢rathan abbut B5itvol. o4,
conveni ence, the conponent or conponents, that are to be renoved by
sel ect i veevenswhen thennatural ges is fedeatrhigh inlet prespures; sugh asrat dnlet pegssuiesd to as

?ﬁgfgi? " Egter Than SR e e tasaRcal gretues of YR L sy ?ihioﬁleé?"
the, ol a! o eR0GEH! 4| BrbuRRTRGAEP i dbdu9 SDIRTE SR DA teFinh ke

nunber of e conpohents adso e particul ar adsorbent
during t hpl@gresshrésOgreates ph& abdift AD0SHRS and Ysost preféeably e isleepidsswresyst em
operating conditions and feedstream conposition. For a feed containing
conponent graater dharoakoit 1200gssigveThe pseseati invention canrhsoussdteyenamhenither bent
that has a greater "selectivit onent A_.than t .Bwll have

2t the- orPSCHICBTE 218y e 0Bl g infel Fsesshge 96UB D PORL FVOLBSE. oyel o o
o2 0 PN bl bl BB o o b RASRRA b 0" O A
natural gas) will vary from field to field. Non-limiting examples of components
that comprise a raw natural gas stream include water, condensates (higher
molecular weight organics), methane, ethane, propane, butane, CO,, N,, He,
H,S, Hg, and mercaptans. Water and condensates are typically removed and the
condensates sent to a petroleum refinery. In order to produce a gas that can be
introduced into a pipeline for sale to residential and commercial fuel markets
contaminants, such as N,, Hg, mercaptans, and the acid gases CO, and H,S must
to removed to acceptable levels. The levels and impurity types vary from gas
field to gas field and in some cases can comprise the majority of molecules in
the produced gas. For example, it is not uncommon for some natural gas fields

to contain from about 0 to 90 vol.% CO,, more typically from about 10 vol.% to
about 70 vol.% CO,.

[0064] 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
well designed kinetically controlled swing adsorption processes, the amount of
heavy component in the micropores or free volume can be approximately

computed from the adsorption isotherm of the heavy component in equilibrium



UB = (total noles of B in the adsorbent) / (nolar concentration of B in the
feed) Wiere Up is the "Adsorption Uptake of conponent A" and UB is the

" Adsor pt i\Qg ki akeszof conponent B'. WO 2008/ 143823- PCTRES3RO%LGYL - 21
Therefore for an adsorbent having a selXctivity for conponent A over

conmponent B that is greater than one: Selectivity = UA/Uu(where Up > UB).
with its local gas phase concentration in the contactor. In well designed
equilibrium controlled swing adsorption processes the amount of heavy
component in the micropores or free volume can be approximately computed
from the competitive adsorption isotherm of the heavy and light components in
equilibrium with their local gas phase concentration in the contactor. These
approximations are p'ossible because in well designed swing adsorption
processes, the contactor provides good mass transfer characteristics between the
gas phase and the adsorbed phase in the micropores or free volume of the
contactor. The maximum attainable loading of the heavy component in the
macropores or free volume of the contactor is called qs (units for g are milli-
mole/m’ of the microporous or polymeric material). At low pressures the
adsorption isotherm for the heavy component usually obeys Henry’s Law and
the amount of heavy component adsorbed, qyeavy, in the microporous or

polymeric material is

Dtieay = Kremy Prieay 4s (0 milli-mole/m’)

where Kyeavy is the Henry’s constant and Pyeqvy is the partial pressure of the
heavy component. The Henry’s constant, K,y depends on temperature and
usually varies according to the equation

ad
RT

K =K, e (in Pascals™)

Heavy

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

joule/mole).

[0065] To improve selectivity and recovery for either a kinetically or
equilibrium controlled swing adsorption processes the inlet temperature and
pressure should be chosen such that at the end of the adsorption step the loading

of the heavy component in the micropores or free volume near the point at which



Anongst a conparison of different conponents in the feed, the conponent
with the smallest ratio of the total noles picked up in the adsorbent to
its ol arygopeesdation in the feed is the |ightest COWE@%&O(}SBR&OPF_ SW ng
adsorption process. This neans that -t he2&ol ar concentration of the |ightest
conponent in the stream com ng out during the adsorption step is greater
than the nolar concentration of that |ightest conponent in the feed. The

firet confsaananygiyed e RGERBONE ERAGTHE § 550,35 Hctipabl) ©
component oRhi@fthal 0!G Sindoeveihbre pRifeadH greate%qhmbgje/qst. YThigr a first

conponent “over a secagﬁd conponent of at ["east 10, and ffost preferably a

sel ecti vi tequiremnent pplaces adowmee benhd ondhe inlseprassureenyonerakimbimabourshst  25.

[ 0055] Exanpl es  of conponents_are nol ecul es such as nol ecul ar nitrogen, N2,
or conpouglhe inletiemperathrss nWithvincseasirgdpadingioftherhgaxy component i ficef er r ed

nbodi t .of th to i i t.h d b h
CTDO0, T g G557 S ol B REAL ERAIGH P 2o 1
Lo, SC2 Ot pafih i 0 Lo BRSBTSy SRR 1

i nventi oncart B@sﬂé&ﬁf/élgﬂéleﬁ%ﬁ ﬁpﬂl@rddsa@tﬁ)nsﬁﬂ@win\t'réa‘ﬁed.oﬂ"hwe incpeases¥ of at
| east 5, nore preferably a selectivity for N2 over CH4 of at |east 10, and

nost pr ef radaige yphealaselof the lightcaroponentdhatris oan-seleciivelyadsorbed intp thet

anot her preferred enbodi nrent of the ,presept j.nvention, e adsor bent

cont act or MYESPYCs 3N &?%PPVCPO&Dﬂfgslgg e&%d"@ﬁ S‘&‘lﬁ?@é’é{yh@y@rtélspreferabl y
a selectiyj r I f ly a

sel ectivi %/%/ntg%g%&%%g%gér/&r&%{ aIac:[ ﬁé}étacg}?ﬁéqﬁe% b&?ﬂlesﬁmféége pgc it\f}Pt y" is

def i ned agdddrpti6midothétn findglte deersasd fith idctdadiigpresaintf Mo Mmakimize (i n
n2/sec), for two different species. These single conponent diffusion

coef fi ci ethtesreaoeeryl afah& hight campohentSt &f also prefesied thatarespdhe pdint fatisi on
coefficients that .are asyred for a given adsorbent for a given pure gas
conponent w%&&ﬂdw}tm cegtathe gontagir the,slope of dhe adsarptign g ﬁmbgi?’ficul ar
adsor bent t i r conponent B woul d be equal to DA
DB. The S}%&Fe&@?%ﬁ@ﬁpégg‘#%&egﬁﬂ oé??‘ﬁ%tl‘ ents for a material can be

determ ned by tests well known in the adsorptive nmaterials art. The
preferred way to nmeasure the kinetic diffusion coefficient is with a
frequency respéngg,t echni que described by Reyes et al. in "Frequency

Modul ati on Met or @ik tamsqon and Adsorption Measurements in Porous
Solids", J. Physi#@hem B. 101, pages 614-622, 1997. In a kinetically
controll ed separation it is preferred that kinetic selectivity (i.e.,

DA/ DB) of the selected adsorbent for the first conponent (e.g., Conponent
A) with rm@@aéq>/5tobm&e%&&raﬂgrw&ewzs,(ﬁugeverﬁ%p@ﬁ%féraﬁly ge-gygater than
5, nore preferably greater than 20, even nore preferably greater than 50.
[ 0057] | n Fhixtinequalityfiptacesch makimumebdund on the inlet pregsurerand aimimimune
adsorbent has_an "equilibriumselectivity".for two or nore gas conponents.

As used  hbeendon theinlel tempegature. bAs sHek theserequirgments defmeeyindower ns  of

t he sl ope,.of the.singke .conpope take intp the adsorbent .(j,n unol e/ Q)
ve. pr esslit PARiT A iR Rt ead BrSrrehd smberfirg in Whih e ' or °; Re
uptake is s ; a T : e sl ope
of this 1 Rerrs oo AL R Rled? (AR I R R e e

sl ope", othe'sWing Hagorptipmi probessanthel@etst\préssure wvithdih tedpérating windotv a
binary (or pairw se) conparison of the Henrys constants of different
conponent 8s Isrpraplecale A therfeed prgssursudesreasgs,aheeoncenthasiaf of moléaesinanypl e,

the equiljbriumselectivity for a.particular ,adsorbent for conponent A with
respect  t BISTBRHARERS 218 MAGTOPBEs PAMMEEONECIDE dBcientss, depwegonGRmEAtions

Ylor the SETERAE, ARERERTCR, d eI P kool B Bfprdbddls o LY

with lower losses of the light component in the swing adsorption process.




respect to the second conponent (e.g., Conponent B) be greater than 5, nore
preferably greater than 20, even nore preferably greater than 50. [0058]In
the PSA pyeGessra3dRe gaseous mixture is passed over a fippglysasispbdbi on bed
in a first vessel and a |ight conponent2%nriched product stream energes
fromthe bed depleted in the contam nant, or heavy conponent, which remains
sorbed in the bed. After a predetermined tinme or, alternatively when a

br eak-th f ' 7 | ved, the fl
of “the. 8881 °r: THE SRR Wtk By ilboraROIRARSEN o8 BRAREKRS, "C (04
vessel fopedai§e Rifural %agtib RWuAlPy prituced At pMishRs riing IPoH 1)S00 t& 7i000

adsorption service, t sor bed cont am nant, or heavy conponent, is renoved
from t he psir Stheselfeadopressurbe draysumllyadodiigloto fall pithirs theeoptimuaone

enbodi ments, the reduction in pressure is acconpanied by a reverse flow of
gas to askicevenywinkayy Eorgethaactich astsasonbight compengntjpswdnge in t he
vessels is,reduced, the heawy co nent .prexi ously adsorbed in the bed is
progr essi $AOIPLIL SCRALHOD, g'ﬁ&%é}g otr‘?ﬂ(?ﬂﬁ?ﬁ #Fgﬁéﬁpsﬂf%}ﬁ'&g’tam §m When
desorpti O&gdaisfo?f%z%tl@’hot\zb@e?%@?@&gﬁg@e W%Xte?%n@igggeﬂié"ﬁfst} sibetd  9as
stream e.d., nitrogen or a purified Stream of process gas.. Purgi ng may

al so be fa&debs tht @stiBynd ightusompdnent Recivery WEABEW ot E€pdbtigns gBmost r eam

[ 0059] After the first bed has been regenerated so that it is again ready
f or adsorpeavyrcampaenents (sueh as| ©hd,dN,, tHuS, §hEs deavyrhydrecarbenssandched from

t he second bed to . the first. .bed, and the, second bed is regenerated. The
t ot al cycm@r‘iqpﬁ%“ﬁ)i’ytﬂ{éc?'é(iib‘f’ﬂ“’(gft%@i"ﬁ‘&“fﬂr 823 @M@omgsg {xture is

first con b St i ANES ' when t he
gaseous m%%g {d&eg tbg_eblg%{fré%ln%gg%g&% gn{lh{é' F‘lnr%}s@ geé%g?ltnelate%éhl .as diately
succeedi n_@xp‘a‘ﬁ@i@z cdn Men_b%fds@ﬂ for ﬁb%f Sen&HA0R 0Rtd ﬁélﬁecbﬂﬁ)réssrs%baﬁh@@ﬂ The
use of third, fourth, fifth, etc. vessSels in addition to the second vessel
can ser veacid gascosgpoaentsdisech as€QyhantiS)esoatiabtheyican beydisposddnef inor t he bed

is shorter than the.cycle tipes for the desorption & rgi ng cycles for the
bed. un(serground fon¥1at10ns. nderground %ormat(i)onps that are s%lijta le Por isposal

/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, it is
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
of a turboexpander can be too cold to be in the optimum recovery window

because the work is recovered in an isentropic expansion. Typically a heat



WO 2008/ 143823- 24 -PCT/ US2008/ 006071 [ 0060] Conventi onal PSA processes
suffer fromseveral inherent disadvantages. For exanple, conventional PSA
units ar ewb%%s%‘f?ﬂaézx nore costly to build and operate angcg‘flf%z(ﬁ)isﬂﬁ'éow cantly
larger in size for the same anount of tHlget gas that needs to be recovered
froma target-gas containing gas stream such as natural gas, as conpared

to RCPSA. Al so, a conventional PSA unit will generally have cycle tines in
excess of L NUE ' ' ' ; time
it at | oR R HRRBb WA be 5B G hacihe Baf KaibGaineds IitnbocBUIISE, HEbea

lar ger begging ddsoffibr proeesyy eThéseGnsitetationh érh%s?@bih poganf whenat i on
cy

I nvol ved. I n contrast, RCPSA generally has a tota cle tinmes of less than
one m nut the sihiagtadsatptionak @ RS Aws REPRERBAcessy be | ess than 30 seconds,
preferably | ess than 15 seconds, nore preferably | ess than 10 seconds, even

nore preferably less than 5 secon and eve re preferably less than 1
second. FM6{dr Imépplsfmtl@némeéegf%%ﬁ@%ﬂﬂ‘g&a 1 g%"h%‘f”c”@ can nake

ot ruct ur oRsraptoR pdeeitdn PGNP R fotmIE e Bdsdiblens Richia Pk | O
[ 0061] RCPeis¢ 88 &P L&IRe %iéi&iiﬁlisftﬁélthds(rjﬂéiggﬁf@lsélécﬁ(/ﬂ?.eifheilﬂh@uil@i fication

(e.g., higher operating frequencies an ow vel ocities) when conpared

t o convensélectivityPothiRCIasHof §aingizéolitamaterials aloves @Oy to devrapillyyst em t o
conduct the gas flow through a rotary adsorber nodul e that contains. a

number of trasymitiaddntoizenive srysiels Wik hindseing dhe transpast of methane $q ik ch i s

mmdul e cofhib BREbErle el Sy sppib Riop BoRih stk B <, fAFRRsRe, "7 Y
normal Iy £gPHd Ratbval o?@d%@h@eﬁﬁga? gﬂ?,' HiLgetpid cla¥®of 8aindkedlae on either

end of the rotary sorber n the 'seal plates are in contact with

a stator amgralsdds afSiddpatiatfeormnmibiololl dstordtenil000He prefeesblydsomaboanduct ed
to the RCPSA tubes and the processed purified product gas and the tail gas
exi ting t he:1rorbeut 3084, and mensdtemebouha(): I taohaut 0Pek- altyphesldle nodul e.

B AR i[5 S5 PARL SRR AT REVBR . BEREE 8 . e

of the coppihg oPXfl ZeAlti M udheE "ThisPrefehitd 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., Dcoa/Dcna) 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 trémsport 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

distributions. One way to measure the time constant and diffusion coefficient is

represents a mean radius representative of their corresponding



contrast, with conventional PSA the flow and pressure variations, required
for the RCPSA sorption/desorption cycle, changes in a nunber of separate
increnentwo%og?lq%zgrder of seconds per cycle, which snog};liuﬁ;gzwg)‘ﬂogolap
pressure and flow rate pul sations encodﬁt-ered by the conpression and

val ving machinery. ' In this form the RCPSA nodul e includes val ving

el enment s angul arly spaced around the circular path taken by the rotating

sorption ' 0 a gas
1 ow pat o L s S SanBaKLa SRRRRNA KRlich .0 BACTRCKK YpAREPAANED 2 91T
I ncr ement pkthyds deyésbd chy\/]dCEzﬁﬂéirﬁnﬂfetmﬂldrﬂaﬁ&%mﬁPﬁﬁbﬁ" RedPdcycle. One
key advant age of the SA technology is a significantly nore efficient use

of the adafdrdriinivetsityi Biess, Khreat Baitaing y965. Adsthéremay temeasent the thnéCPSA
t echnol ogy can be Om@% a fragrion of that required for conventional PSA
t echnol og‘iPQS%@ﬁﬂéb sieB coshicisabisfromanalysinel zerede qualities. As a

aqui r ea pARab Y delaN IR Wifthogf st By Wohe Ko iF ﬂfl%ﬂg;”tm
t
or asent ?ﬂ‘?‘éﬁﬁ?ﬁk’ﬂ;@dp“i‘géﬁbﬁﬁ’fé%iw RPN 1B AR by Ao

pr ocessesKidper and [ad]. Ruthvenind“ Diffusion iZeblies andtOthebdictepdrelip desor b
nol ecul es. In a PPSA E@ocess desorption of the adsorbed species is

acconpl i swmsowmw 3\1‘56(51,932) | iAgprederred wgﬂmm@ascmﬂm:?me Qqslswélﬁor b

| ecul t
e used ; wdsEisith foftted oRaiy tslq@é‘rg%ér% s EIBLE et iRl es
fromthe R?yrk? S0 in! 'y 'M%Bﬁliati%}ﬁ Mﬁﬁ}? ﬁ?%?i%h aR{d[,ggg@ﬂibﬁ Swi ng

and part the desorp s ‘acconpli a purge nprovenent s
in the revRYQIrn¥nts hﬁpbﬂo@bts&monmys.acnem.sgeqoa,l pages 614-622, 1997.

An example of an 8-ring zeolite in this class of materials that is preferred for use

in swing adsorption processes to remove CO, from natural gas is zeolite DDR.
Additioﬁal preferred 8-ring zeolites are Sigma-1 and ZSM-58 which are isotypic
framework structures of DDR. At temperatures below 100°C the single
component diffusion coefficient of CO; is found to be more than a hundred
times greater than that of methane. From the measured activation energies of
the diffusion coefficients, at temperatures up to about 300°C, the diffusion
coefficient of CO, is computed to be more than five fold times greater than that
of methane. Resistance to fouling in swing adsorption processes that remove
CO, from natural gas is another advantage offered by this class of 8-ring zeolite

materials.

[0068] In many instances, nitrogen also has to be removed from natural gas
or gas associated with the production of oil. In some cases this is because of the
high nitrogen levels (>2 vol%) in the produced gas, and in other cases nitrogen
removal is needed in order to liquefy natural gas. It may also be advantageous to
separate nitrogen from flash gas that occurs in LNG production so that the
methane and hydrocarbon products can be used as fuel. Another application is

the purification of gas from LNG boil-off so that the methane and hydrocarbon



i nportant for processes used to renove inpurities fromnatural gas streans,
particularly high pressure natural gas streans. It is desirable to recover
t he i npunwbiBes1434,80 referred to as the "heavy conponenpg)uszomibsotne

met hane-rich product, also referred to¥®s the "light component”, at as high
a pressure as practical for operability in natural gas processing. As
previously nentioned, the present invention can be used to obtain nethane

recovery GoddtRRheieh aBat 01 ¥Sdf WRER BURRBLE sagnaater than abou

85 vol . % even nore preferably grea t han about and nost

pr ef er abl ydvanheledis tdAR1ighef! themethandand hydrovasorn ivd ratiied theasback fed at
high inlet pressures, such as at inlet pressures greater than about 50

psi g, pr eoghabiNGaarge.chbsall of thdseaipplicatiGts 14$ desirabletpsaéetietly padaerb nl et
pressures_greater than about 450 psi eve re preferably at jnlet

pr essur esthgmiEpgen el 2o T600VeYi Qf apiried methanepragugt fom Rjteagen

pressures er i i | Qnacan be used
even V\hencqqﬁglﬁg%%gé{]?g%%??%&géb%gﬁ V%?(‘t'g?)v'f’l 0?6115?‘?13‘5 g‘%’ﬁ sp%ﬁ%@%é %?tgssur e of up
to about 0R%icARi SquifiBAUAPEPRTeticQBIREiVIPIYE AltrdlRs sthhdidh flomect |y from an
underground field (raw natural gas) wll“vary fromfield to field.

Non- | i m timethageaRor &, seharationoftent satute igas dnisralsoepre fersed teaformallatgahest r eam
i ncl ude water, condensates (higher nol ecul ar wei ght organi cs), . met hane,

et hane, pidseebrnt with astass of8-ring zeplite mptsrialgythaphas akinetist electivilgt er and
condensat re typjcally r ved and, the condensat es t .tq_a.petrol eum
ot i mory. hsRBEde sl AR Ot bR RIS Al e REdh betalidl o Dl ne
for sale ' j ; TSV i eAhi ARt ch as
N2, Hg, rr%?nc%lg?ﬂgﬁgmda%é) ll?ﬂgr)ém d g}ggﬁln%hgﬁﬁZ §pr?3§?ft or erms\?)etcliﬁ?o
accept abl i¢ id possisle td belettvelyseparhte MyUrorha myxtase BNy ahd enetbase.f iFdrd t o gas

field and in sonme cases can conprise the majority of nolecules in the
produced thgsempyal ekdoplirem natural ga@,tthlmmw@hclfass of 3rringhaealitaimafgsalsi el ds

to contain from t to 90.vol . % re typical Ly from about 10 vol.%
to about Heo bT Siekratip dhemaneat 37 Eeatoul 10BAt BrctEranly o0 Best Losler hoo
to incre ny i n&mq QM rature
and presgta,?debr og? 982'&’?@% n;lég%tﬂﬁ%ﬂz%)r@ g?ta gr. (fasf:iggpﬁo’gh%?r{e%é} é&f;cel gVT\Pfh or

wi t hout a8-gimp! Zeolitds thay arecsuitabivforalse Herdinh atlomoN, 8 adEsse ple¢ atediad pore
macropores. During the adsorptive step of well designed kinetically

cont r ol | estrupmnegheetighr Hringwmdayesines manher sudhuthat te ratiewaf sieglponent in the
"sot hor m AmbeRen; Qilfysih osRasiEnts ok And Bietihe (o imRehgoRErgue phage
concentr afyL,01y gpeﬁ&%é)zggéeag&ttﬁ'én abauﬁ?b,gz}rﬁﬁﬁfogé]ﬁ%tgﬁﬂ!%gga?ééqp&g%58{ | ed

SW ng adsorptron pro he anou eavy® conpo the “m cropores
or free vol HA® e¢e nitRe pReTepatl PR Sitkr AR R ESiStANENR fRMpStintswig _
adsorption isothermof the heavy and |ight conponents in equilibriumwth

t hei r | ocadsogatsormppreesses dueingr theiromoive Nfronomeataral @as isTamathenagdvantagat i ons
are possi ble because in | .desi gned swi.ng adsorption processes, the

cont actoroéf?‘iﬁ‘ﬁﬁ&’e'i“b%ﬁﬁ &é@qgﬁfﬂﬂem%ﬁw cteristics between the gas phase
and the adsorbed phase in the mcropores or free volunme of the contactor.
The maxi tai i f: i e o res or
The et i6R] o B RAICS Rl hG SIS TRABSD bR RRAST e= 0T
the m cr oRfichuGanon?4inyidHhn dbote 000 12401% FL,SIt6\WbBLETS VOP% M8 BfigRs ption
isothermfor the heavy conponent usually obeys Henry's Law and the anount
of heavy casapitcentbeadyvantagdouin feamulaterthe hdsorbentowithstannwsilprateanas i ¢

material is . . . L -
well as the aforementioned class of 8-ring zeolites that has kinetic selectivity.

The kinetic selectivity of this class of 8-ring materials allows H,S to be rapidly
transmitted into zeolite crystals while hindering the transport of methane so 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



HeavYK Heavy PHey qs(in mlli-nole/nB) where KHeavy is the Henry's constant
and PHeavy is the partial pressure of the heavy conponent. The Henry's

const ant ,whh@&auys.9epends on tenperature and usual ly vapgfisdssbdznNgd to
t he equation KHeavy = Ko eRT (in Pascal34) where Ko is a pre-exponenti al

factor and AH is the heat of adsorption (in joule/nole). [0065]To inprove
selectivity and recovery for either a kinetically or equilibriumcontrolled

oI9S O RSTRTEA s Ao SR 1000 phimna bt Do
conponent 10:1 tba®olit SOPAOaRE nivire fF i abBLLSB: 1NOAbOUDS00AI MThigtpréferedd

class of 8-ring zeolites that are suitable for use herein allow H,S to access the

internal pore structure through 8-ring windows in a manner such that the ratio of

single component diffusion coefficients of H,S and methane (i.e., Dyas/Dcpg) is

greater than 5, preferably greater than about 20, and more preferably greater than

about 50 and even more preferably greater than 100. DDR framework zeolites,

such as Sigma-1 and ZSM-58, are also suitable for the removal of H,S from

natural gas. In some applications the H,S has to be removed to the ppm or sub-

ppm levels. To achieve such extensive removal of H,S it can be advantageous to

use a PPSA or RCPPSA process.

[0070] It is sometimes necessary to remove heavy hydrocarbons, as
previously defined, from natural gas or gas associated with the production of oil.
Heavy hydrocarbon removal may be necessary for dew point conditioning before
the natural gas is shipped via pipeline or to condition natural gas before it is
liqueﬁed. In other instances it may be advantageous to recover heavy
hydrocarbons from produced gas in enhanced oil recovery (EOR) floods that
employ CO, and nitrogen. In still other instances it may be advantageous to
recover heavy hydrocarbons from associated gas that is cycled back into an oil
reservoir during some types of oil production. In many instances where it is
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



feed is introduced to the contactor should be greater than 0.15 ¢, and
preferably greater than 0.3 g, and even nore preferably greater than 0.6

ch. This waaygiQs®dat places a lower bound on the inlet peesRYsR ARG a
maxi mum bound on the inlet tenperature:34¥th increasing |oading of the

heavy conmponent in the mcropores or free volune of the adsorbent the
anount of material that is selectively adsorbed in the contactor is

| nor easedaBild 1089, BRLAbLP R Sbuelod BAbdAT0b8 ASHAG! B fkYese! cased 11

t he desor rease ese 1 ncreases reduc oss of the

l'i ght conpgissivelfbaling of AadRIrb&itl vel y adsorbed into the mesopores and
macr opores. Increasing the |oading significantly beyond this range reduces

the recovery of the Iight conponent because the slope of the adsorption

i sot her m [7d$ t oInisemeadnstangash naturalegasiis gredussdovich nscapianspresenhe
recovery of the light conponent it is also preferred that near. the point, at
whi oh f eetd & 15 advaiageRis 19 Uskedsommtion Rocedes &9 BiskingheirSEParign,t i on

2 ™ Sk AIRAE 1 ARSI IR o 1

K111, .., ere"a = pr n nore preferably

a = 1/ 8. jHdevetdl§tbadssty thak Aa08 beemBEvTuped f31paki A maithealigak it iPpessiblee and a
m ni mum bound on"the inlet tenperature. As such t'hese requirenents define a
wi ndow (i teemorerselectively depanatemmerdaptariscfeompnateral igas andaturalpgasat ure i n which
the recovery of the light conponent is optimzed. Usually it is preferred
to oper at eompeneits agd dpersass therege iy of the valvablecRBpongts £3Hch a5 t hin t he

operating wW,ndow as i.s practical . the feed pressgure decreases, the
concent r oPede viihedBeRoBtoRint hE etsept ESERRORA I RGP BELEROR I cont act or
decr easeshekOuBpliERMMR b ald %ﬂé?ﬂbéﬁ%ﬂﬁufh‘?&faliﬁ% ?é’(ﬂﬁt)é Y Red in the
mesopores and hacropores |eads to lower | osses of the [1ght conponent in
the sw ngpodssizgbetoveeprabons §.and\ibodf 26/ahgsBaREC N aBABIENGR&AMP1EHOH61Thi s
w ndow i s especjally inportant in natural gas separations

zeolites having pores in this size range are MFI, faujasite, MCM-41 and Beta. In

these applications the Si/Al ratio of the zeolite can be from about 1 to about

1000.

[0072] The low mesoporous and macroporous adsorbent is an integral
component of the contactors of the present invention that can be used in both
equilibrium and kinetically controlled swing adsorption 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



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
opti mum reeoyR M ndow for net hane which acts as a |i gheTRREVRAGEHE I N
swi ng adsorption separation. It is possidbie to reduce the feed pressure
wi th a sinple expansion nozzle, however this technique wastes energy. It is
al so possible to access the optinum|light conponent recovery w ndow for

cepar 2 o ol SO SalHhe Besiich 3> 120, heay

hydr ocar b Yy preco e natural gas with a

tur boexpaﬂgﬁrﬁdahay iBEOVE s ta@veRebPight produbss Wafedusiadieorolufmeer gy

recovered Trom gaS expansion can t’hen De used for power generation or to

hel p r ecofracties of treopenadesepate gad macrpporgpacesuch as CO2 or H2S) so that
t hey can be di sposed of in underground formations. Underground fornmations

that are suitable_ for di %pgosal / sequestration of C%aanﬂ Hgg_li ncl ude

aqui fers 10048] hayin an¢ gmbodymen t%ﬁr%mg“éqw Walls 88 EnoPPGThj ect ed

acid gas gQnmpon L lg.r rvVol ir . 0i |

Feservor r DORAMANEF ety 8 Bl risd A e bRbIR, The BB o and res

has to bepf&a%g £ afiefbpoPoly SEHBER dH PR ﬁérlﬁhi‘@_el%cﬂ@@lﬁ'p&isoﬂfﬂh@ften to

pressures greatér than'5,000 psi to bée ihjected into these types of

under gr ouheaviyocormpomeiss. Nonslimiting examplestofmicrapdreusbtisorbentsanelmdener gy
omp

recovered from a, turboexpander for reconpression. The cqost of a
t ur boexpazeflites, ditanesilicates; ferrapiligalgssstannesilicalesh abemiy ph#fes he sane

F U boexpalabOVss HaRifnaphosphaRS SRATET s AP ER ngEa e 8 1 on
nat ur al "3k Bre biied SHIIAHRCHR! IRSISPEAMHShiteHhNRQWmRR g 4 ur boexpander

IS used, nergy can recovere coupl ed electric

gener at or mi¢ropotdustadsbetient selepteddromnthe ggsup condistimg obtitandgHidaegeamds t o
pass the gas comi ng out of the turboexpander through a heat exchanger
bef or e i nstapaesiliggtes.t In yetothpeprefemed smbodiments, hecdsorbant mgtegdal iso access

oo A g SRR IR VoS AR o
e o SRR TP OS) S GAME RS, (SXPOANY Bl |10

t enper at urleculargieess Peefefredrage 2edlites figr theTodvyabhdf O} Napamd PE8ss. These
consi derations are especially inportant when the swi ng adsorption is a PSA

or RCPSA piithdbe stannosdichtes bepng moae ipoeferre foe theoemaval efil,Sd Inrathenat ur al

gas in sw
P

rne(‘}erred embodiments, the adsorbent material is comprised of a zeolite selected
from the group consisting of MFI, faujasite, MCM-41, and Beta. Non-limiting
examples of polymers that can be used as selective adsorbents include
polyimides, polysulfones, and functionalized polymers such as amine

functionalized polymers.

[0074] The adsorbent contactors of the present invention may optionally
contain a thermal mass (heat transfer) material to help control heating and
cooling of the adsorbent of the contactor during both the adsorption step and
desorption step of a pressure swing adsorption process. Heating during
adsorption is caused by the heat of adsorption of molecules entering the
adsorbent. The optional thermal mass material also helps control cooling of the
contactor during the desorption step. The thermal mass can be incorporated into

the flow channels of the contactor, incorporated into the adsorbent itself, or



adsorption processes it is preferred to fornulate the adsorbent with a
specific class of 8-ring zeolite materials that has a kinetic selectivity.
The ki nety Lvity of this class of 8-ring zeolite | | ows
CQ2 to bewf)azgfslc/illqigzltsr ansmitted into zeoldg<e crystal s whi ng?‘;ﬁl%%%)ro???glthe
transport of nethane so that it is possible to selectively separate CO2
froma mxture of CO2 and nethane. For the renoval of CO2 from natural gas,
rial a.Si/.Al ratio,from

L bout :??ifnfpiercpg%'@% _Safg{aaféf ﬁ%ﬂ@iﬁ_ﬁﬁ@?@ﬁ%ﬁ  Whed it inforpbrda! | * Mg
o ei n Ot B adrtierds it 208 e £/ malcriat GiiBut ARGt ple Adsaibeft

of the zepkbt beitThhbeliHtRdedss layef withifithel aseriwnt 8 Whewitdeol i tes that are
suitable for use herein allow CO2 to access the internal pore structure

t hr ough Sincoipogatedras past ofithe walhoéthesflow channel, tle adsarbentfis sepgsitedcotmponent
di ffusion_coefficients

f CO2 and nethane, (i.ge., 02l Dc4) is greater than
10, pr ef efosmeg cg»t‘éal@%waﬁha%nﬁ%m%lmataﬂel GARY ke Bﬁ‘f‘% & 'é‘ﬁl'-be’@%ld%éﬁ‘s t han
about 100 . eV . r. e S t
Gt usi orAsaHy e PlaBuPE Sf HERresemiobRion JSop R PEHRRBSHRER o
measur ed fn@ferfalPiicfudtdmetdls,[dtarifdd! ¥nd Pb?fﬁéﬁg !N@l-ﬂfniiiﬂg e@g‘dﬁﬂﬂ@é oPn
i sotherm The | oading of nolecules in thé zeolite is owin the Henry's | aw
regi me anpreiferréchimetale nctede beekicopper and @lwhapmallbswiNdn-Hififingi on
coefficients are nearly equal. The diffusivity of a porous crystalline
mat eri al ¢xAmplep of prefairgd ceramiesdnelyde sHicanakiming, srdziiseriai AR erns of its
di ffusion ti cQnst ant [, 2 erein Dis it Fi ckian diffusion
Coe £ 1 of cPraraRie R as trked phiynyer 8! Ginbe W o e grfdiGrotth mFlar 11 e
(m char : Z id fos; g i ! crystals
Sre not o vehih Repdlbfmitc, PEbaRiifl shBR e dtkieS o Walith e WihGahie
r epr esent e isaodie littted dueingethp adsomptiodissép, ithe ainonat ofXxiteritaY niggs easur e t he
time constant anc? di ffusi ongggef fi cr?gnt [ sIf fromanal ysis of st ;ndard
adsor pt i omatariadused can range igemabestt O to aboutiR8 times thg masstafdbedescri bed by
J. Crank in "The Mathe tic§ of Diffusion”, 2nd Ed., Oxford University
Press, G WA§roppiqusiagdso of e EHUACtARY t 0 measure the time constant and

di ffusion coefficient is fromanalysis of zero | ength chronmatography data

usi ng net desar . | O th Bl A i.on and
Adsor pt i OWI’S!)C es%e%@%%%&a\%f:\fg &%@H@%ﬂ%m&’%%ﬁ%@ﬁ fzglfregctgstrii&é-il%{21lt B M
Rut hven i frofbdut9i tord timesahé inia3s ofinke Mitr@pohduy aisortsent obahé dentactbehn
Wley, NY (1992). A preferred way to neasure the tinme constant and

di f f usi onAgvere preferned ranggifon the ameynkeothermabmase maseriali wilkbelfom i bed by

Reyes et gl. .i.n "Frequency Mdul ati on Met hods, fqr Di ffusi on and Adsorption
I\/Easurenegﬁ(gltioﬁop‘g{'[i%§%g%ﬁa§_§'o? _?"WQW%?&HSO%?C“I@W?% 80914- 622, 1997
An exanpl e‘?éraﬁg' fiofd oA 1 Al thEnfas§ o?3ike Rﬁg@%%dﬁh%@ﬁa 'tite
preferred for use In swng adsorption processes to'renove rom nat ur al

gas is zegdritactoRDhh a peetietriedvmhbadifient, Sk fBedtivehrogt sRheAngl mas®- 1 and
ZSM 58 which are isotypic framework structures of DDR At tenperatures :
bel ow l0o0@comoraieddnto thergoatanior.dTh¢ affective ambintofthermal @@3s isad ound to be

nmore than a hundred. times greater than that of methane. From jhe neasured
activati oﬂneﬂ@ﬂfggleﬁ tq H@%Eﬁafq ﬁ’ﬁ%ﬁ"@%’eﬁ’?q gﬁo@ﬁtaéi§o§:tenf anpBEdhGres up to

about 300 ' [ | Cd o®f ' nore than
Aot 0ok EDYS 1R BAFLBLGH FY T LR AT Gl o e than
SW ng adsghpuntosf eARESHASs iltdtpsraftviatciR ddmaetdRisudrpAmaast hsfrngither
advant age offered by this class of 8-ring zeolite materials. [0068]1n many

i nst ancesto maintaigpghe thgmdlaisetaf the adsorbertdd dringrtheaddsosptigmstep to less
than about 50 °C, and more preferably to less than about 10 °C.

[0076] 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



or gas associated with the production of oil. In some cases this is because
of the high nitrogen levels (>2 vol% in the produced gas, and in other
cases ni tyaogss/fisgmval is needed in order to |iquefy nabprals:@@Rocoh MY

al so be advantageous to separate nitrog¥h-fromflash gas that occurs in LNG
production so that the nethane and hydrocarbon products can be used as
fuel. Another application is the purification of gas from LNG boil -off so

t hat the ocar r r . as
Fuel . wnehoBanguS 8 o GesRkEEe NOORGLT: ERitabfes o YA albrtIff.NC ang
hydrocar bggh Bé‘ﬂsé@IdJﬂl@ﬁﬁaétmm%?rE%rﬁ evdnienGAERide Polysiets, of these
applications it Is desirable to selectively adsorb the nhitrdogen to obtain
hi gh r ecomdcnppofous materifals; dolid hiydrecapbarh) ahd fliquidsnihiat cgrefillcthatopeni ng gas.
There have been very few nol ecul ar sieve sorbents with significant

equi | i bri Meseporngangimacroppee-spacetbpt st aiowy mpdeculepbe manspors wgerthet hane.

For N2 ti f t I it I f. d f late th

adsor bent MPEROLESIIBE SHECHVE pagbibens | Vench e HaFidRaiiient B BoRmidr.
sor bent TPPROESCRASS BECRYs pPIoB: | YEGH BT ak

1 ows Ko RS RRCISHR B BRIt e bSKifK p ol R T 87 g

t he transemsighodo that kadeesstot shatificantlys invade inficeopctes of €1 adsekerfichbat at e N2
froma mxture of N2 and nmethane. For the renoval of N2, from natural gas,

t hi s spechef o largethabit dpesineg filkbihieimesapores and magroporesis Whesi sodid rati o from
about 1:1 to,about 1000:1, eferably, fr about .10: 1 to, about 500:1, and
more fr onI’I?SISIch aggnis a1 ussuahe ge@w?sv gl?ﬁi@%? é?'éﬁI issgreaterdhan any selegiive
zeolites S U{ i i Rt.er nal
Core sty ulopBfes Bitht Asdibbhl bit\indIRl Thdh fld MbsOFork R AR ohEs RS ST T

si ngl e cogmmdeiblétKihg abent cRefif infd B MeSdpdrés and mErbpoRs Witlfout DN2/ Dc114)
is greater than 5, preferably greater than about 20, and nore preferably

gr eat er t signifedantly degludinig ev €illing micropetes which magdieepresdmnin 1. Resi st ance
to fouling,in swing adsorption processes during the renmove N2 from natural
gas is anddsesbenidy ant age offered by this class of 8-ring zeolite materials.
[0069] I n other instances, it is also desirable to renove H25 from nat ural
gas V\hich(ﬁﬁ:’con i t val 9 t I S. In
this cas eI It Icanﬁ@g %%‘I/@I% ggée)‘Iqué‘I)% %I%IIO &e%urﬁ‘g@rgée)arg(g%%é&%%o? %II_I;

st annosi | 4dsrbéntad anRhtertthattBie oRiMBTRctiORST the dpen PlesBpbiddtan@eol i tes t hat
has kinetic selectivity. The kinetic selectivity of this class of 8-ring

mat er i al smactapegesheadserbeapmteys theafordmemibnedtrequizetients. dANgst al s whi | e

hi ndering,.the transpprt of nmethane so that it |s possible to selectively
separ at e I@sﬂlﬁsemrapfﬁs)&fmraprwgt a&mb%ﬂﬁ%%blchm& pgenteielade of H2S,

st/ aL ot PRk, bOSuTBAS, hdsflcanR sBhvdks! ne-BRdbk SeefELel: 1013 o
about 500 duids MatBah®el dsedad MutkiA :agfeﬁ@ iAbRdE a%ﬂﬁésl,-alrwaﬁc?&@&?aé ed class

of 8-ring zeolites that are suitable for use herein allow H2S to access the
i nternal p3retranethylbenzend and dirafichédspturatetbhgdiocarbomssaeh asuch that the
rati o of single conponent diffusion coefficients of H2S and nethane (i.e.,
Du25/ Dcusheptamgthsdpenanerasivell ap lignid hydspcarhons havingearbps wunteers amtharor e

o 1 et SogfbLB0 By, woves oS Honkink lish! K8l &S abi e for
romoved A vfitagtes 1o STUEAL e sar G I FRPLAsRIth e HEF blockf 1o °
H2S it coagdm. dNbmlitmdegesanplessef salidRockinhgRgertsAnpludedsairocarbons

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



1007011t is sonetines necessary to renove heavy hydrocarbons, as previously
defined, fromnatural gas or gas associated with the production of oil.
Heavy hydygGasdQsssenoval may be necessary for dew poi npcgRRIbdsI0GE Y
before the natural gas is shipped via38eline or to congltlon nat ural gas
before it is liquefied. In other instances it nmay be advantageous to
recover heavy hydrocarbons from produced gas in enhanced oil recovery (FOR

fl oods t ) . N 0 ] ' [ y be
(1,000 ¢t s ALY A ROR4 ibsBlble sl MBEnglé QBRETeH i

cycl ed baperkiiéd titwekh thE2&311e ipartidles fat 5OflRed YPRALHOA liquid $6 fagction. In
many i nstances where it is desifrable to recover heavy hydrocarbons, the gas
can be atsubsensiatlyxall voids ass filled witlDliquid(i.egnbe totabresaltingsmanoeand he gas
pressure can be in excess of 5, 000 psig, even sonetinmes in excess of about
7,000 psi@esqporpsityin thetlayeiisdessthanabeubdto)c in soms qasessdhe Rlockirgr bent
formul ated wit.h a zeolite havin re shze between abou and about 20
angst r omeaER R & EPREh B Ao DrE ARG 6 FAEEoRILP R opon Lo sirite " ve
range ar I @F la.mg\q "’?‘ﬁ Lt thalpt he Si/Al
rati o of evz\,i\efglﬂf]etielget i ?lgse I n ﬂ# e ggﬁﬁﬁqlhgéglgﬁgég&gf thenpresent

i nvent i onlim@tindhegatipleyst suchradstructares al zebitd/polyndraidmpésiteowheateahe 1000,
preferably fromabout 200 to about 1000 in order to prevent excessive

foul i ng drolymsr asieontianus andahe jcomposite hias desatbass abertt 20 welugees % i produced
wi th nmercaptans present and it is advantageous to use adsorption processes
to aid i FPHINEPFSRAPES O MATTORKIF¥ams cont ai ni ng nercapt ans and conponent s
found in natural gas are present in several processes that have been

devel OPEd[r(T)qus uri feys ?Eb:ﬁoékib@@ﬁ forulsteRRE §H§Br§eﬁt°u§1ﬂ%% xﬁéécﬁﬁibﬂse' y.

separat e rcaptans trorh natural gas or natural gas cdnponents and increase

t he recoveaterial thididillsaheabacroporasaoeedisce(thy ©versll veid) an ©pehisvdlgniche
contactors of the present invention. It is advantageous In these

appl i cat i dnsxampl¢ obsughea aueltseo wowld be anradserbsat havingaboubB0t e having a
Dol 11 oo YRNITIRG: B AUEIROteR fa s Hlled avidh & SOPOFHR SeliBebsO Hsaa. and
Beta. In ' ' | t:] f {2 can be from
about 1 tltgglgg@éﬁﬂ%d@%?é ?ﬁ@?}ﬁﬁg&%@*ﬁ@%&%@%&}g&gn 5@%(* ({(gor ous adsor bent
IS an integral

[0079] The channels, also sometimes referred to as “flow channels” or “gas

flow channels” are paths in the contactor that allow gas flow through.

Generally, flow channels provide for relatively low fluid resistance coupled with
relatively high surface area. Flow channel length should be sufficient to provide
the mass transfer zone which is at least, a function of the fluid velocity, and the
surface area to channel volume ratio. The channels are preferably configured to
minimize pressure 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 chahnel,

premature product break through may occur, which leads to a reduction in the



conponent of the contactors of the present invention that can be used in
both equilibriumand kinetically controlled sw ng adsorption processes to

i nprove lyghhof@sPgnent product recovery. Adsorbents copkafls9§e300do7f he
prior art contain significant |evels of3%®sopores and nacropores. At the
end of the adsorption step, the nesopores and nacropores, which are

non-sel ective, wll contain significant anmounts of |ight conponents because

transport _jnto e nesopores and nacr,gpores. ks h lectiveg, .Jhis is an
cspec al | Buitheet BE AIBARE RS To MMAcriAR HuEly IO SHoB8dr Seitlh S b

pr ocessesohaGaHg Gt eyclk%cgﬁﬂcfefs EReFHBAIONPB0LYERIpRE niHARE(cph) oI ecul es
in the nesopore and” macropore spaces can be conparabl'e to the nunber of

mol ecul esrpiliregdreatet Yloadsloared uhifotthéty raindrlesopresswt drop tladsthobent . I n the

desorption step nost of the light conponents contained in the nesopores and
macr opor eSperating at kasveragyiojes prytmirite.h Eurtbex \if tasniposb pressuegidap @equssim  As
such, these |ight l.ecul.es are .n recovered,as desired with the light
roduct | aross thitbeth i higheE b YR RfeduRnolesSicn At theistder of gisates thific:
The adsor esent invention can significantly inprove
this rec03§Q§p§?QP?%@?Q§9@%S%$§”E§'reducing the volune fraction of the open
mesopore and macropore spaces. [0073]1n one enbodi nent of the present

i nventi on[0080¢ waThe dihehtienspad geonmutiaskdpes|oftheparilel ahanmdnpri sed of

t he adsorbent. The adsorbent is preferably a m croporous adsorbent or

pol yner t gontagtoreef thegrgse dnyeniameambegny dimprrien 0s geoeti¢ shaperihat

exanpl es of m g[o orous_adsorbents .incl ude zeolites, I\}i tiinosi | i cates,
ferrosi | i Barilebleorusein Fyving adsorprionprossis sgRamnt; Non-imiting

A1PO i by ] : I - S| .
ot hor - pr cP SRl D BORIRAR Shaife UnciilE ha s SRR RO B IR £5°0; &

m cr opor ophuralityasfomibbtantih B pacalfel ehnahels ex@ndinOfisibondend®bfthd anosi | i cat es
and stannosilicates. In yet other preferred enbodi nents, the adsorbent

mat eri al monebifbta thedtheér; a phuralsp of dubulavsmbsns; stadkedtleyersrafradsorbegt oup

i Sti f al uni nophpsphat A1POs), sil;| | upi hosphat SAPO
ond car bosharts Bl ant EHBORPasprkatean sach shcsts MBL-BICred SPFRH BN of 002,
N2, and i t id i . of . |
of 1o, 1 ondiks BrhOfed AES R S bulBl a3 b T aRliEN  bhfihc) Setid HbeLErD P o

of a zeol The adsdrbehechrf bOBdAEE ol tHesE 2BSINTrid Shdes W 'the §idPedahCin MOM 41,
and Beta. Non-limting exanples of polyners that can be used as sel ective

adsor bent manpdhstaecgsobg iforinoied dirpetly fnoint theeads oalbeht fmatetiabpluisisnédbleol ymer s
such as ] ne functi onﬂlﬁi %ed polyrreri. [ Q074] The adsorbent contactors of
the presePNAehy AR SX3MRIEPI dRGomrc phaps farmeddirebnipmidies (heat transfer)

mat eri al i . COQL | f the adsorbent of the

cont act or “eRFB/ AR FhuR URLAARIGPRE S 2Rafsutolfl SRmPBRYe Brto pr cssure
swi ng adsajopblit) AnOHRS exaliphé bPf pRufchic SN R difecBFUssm Ay the heat
of adsorption of nolecules entering the adsorbent. The optional thernmal
mass mat eadswirberitsvould|hesextnntedadr spualliallpvofibetsemade frm arzedlite/polynier
desorption step. The thernal nmass can be incorporated into the flow

channel s $8MPAYLE oD SXaBIDIe PfiageoBicttie ghapg hat Ieconted withihejadsertent or

would be a thin flat steel sheet that is coated with a microporous, low mesopore,
adsorbent film, such as a zeolite film. The directly formed or coated adsorbent
layer can be itself structured into multiple layers or the same or different
adsorbent materials. Multi-layered adsorbent sheet structures are taught in
United States Patent Application Publication No. 2006/0169142, which is

incorporated herein by reference.

[0081] The dimensions of the flow channels can be computed from

considerations of pressure drop along the flow channel. It is preferred that the



I ncorporated as part of the wall of the flow channels. Wen it is

I ncorporated into the adsorbent, it can be a solid material distributed

t hr oughougobhg/Aasesr bent layer or it can be included asparhRyskohdobi n the
adsorbent. Wien it is incorporated as ¥+ of the wall o? the flow channel,
t he adsorbent is deposited or formed onto the wall. Any suitable materi al
can be used as the thermal mass material in the practice of the present

i nventio &Jg{h- Lt e ' i tals,

ceram cs?ﬂ%n S%)'hg/irsreﬂragg I\%ni Fﬁ?ﬁ&%ﬁ%ﬁg%@‘%ﬂé@r 1r.Heilgmirrﬁg’t al s include
steel , copeesrabRNfof AbBU1 S0 tal dbouis 2 50ictdny. LA atiHzedhbRIn,ahe Pekiriel ed
ceram cs 1 nclude silica, alumna, and zirconia. An exanple of a preferred

pol yner tgap" afanflow ceandel is définedrasthe dength of ladiner aess thermimmuom i s
pol yi m de. Dependi ng upon the degree tgo which the Le eratyre rise is to be
limted odimengiqmet wichanneliasyiewgd osthegapalso t ﬁgqua Ot eri al

d . f. (0] 0 . ab 25 t] f '
dsor bent MSEAgRer S8 AR, Shemnebis afRtartn, s Secridh, B nE cbahBe (Rt 87 °°
thermal n@gsgni 5lf’tﬁaﬁﬁo&?%ﬁtﬁé cirelel 'I25WePaY it helchamnél giPisiresaiBafr ¢ the

m cr opor ous adsor bent the contactor. A’nore preferted range for the

amount  of crobsseationyalses flont gap &l theidistadee 6f @linelperendi¢uwataames t he mass of
t he m croporous adsorbent material, nost preferably fromabout O to 1 tinmes
the nass eannegtngithe bpelengeshsides phtheyrectangulas(i-gethe length af theef er r ed

oo ST SBARL. b e DATREIEG BRT L
Ll 0 SOBTSAPEAR oS St U Lol ReASRE BicpBnheD |

nass i ncoflpwr ¢Hadflel (Yoss-k&@iciAl caafigirationds erhiercircudal, frectanglat or mai nt ai n
the thermal ri.se of the adsorbent during the adsorption steg to |l ess than
&

about 50 sguasedHoovayepranyegedshgtricerogsssectional eonfiguraotmaybdeg 83&@hen
nmesopor e the volune fractign of a nesopor es

an cropore vo] une incl ude I
and_ hacr opEcs ot Bl EITES GNA Hang B e RO BgRe SHERSD: «
non- sel ecfy YfePPLLiEd efbodfARAR! theYatiBU e 3GSBLAVERHRMD bWy DYy all

channel volume in the adsorbent contactor is from about 0.5:1 to about 100:1,

and more preferably from about 1:1 to about 50:1.

[0082] 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, more 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, céramic, 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



conmponents of the gas m xture. Non-limting exanples of blocking agents
that can be used in the practice of the present invention include polyners,

M cr opor ayg iRl [Ed,3! S, solid hydrocarbons, and liquids HRgfuss@Robdoh] the
open nesopore and nacropore space but s#itl allow nolecules to transport

into the mcropores in the selective adsorbent. Wen the bl ocking agent is
a polynmer or liquid, it is preferred that the nol ecul ar size of the

i or opor el granalf 158 B e kBT bRl sbedl 68, REbortbAld bidTeIde | VTS
Mesopor esgRid, MRCIoMRPcHele sffeeds,svlkch @sHtdifi kbbbt 20 €9'hbowt 40 ep@dtidBowarticle
size of the solid is gieater than any selective mcropores in the adsorbent

but smal | eharneherighie carebe psleg andr hongeo fuancene weterpever hp tbhbaut HY agent
can fit into the nmesopores and macropores w_.thout significantly, occluding

or fillinmetarerkgroeyede spreds aredtenthaprddsepm, the flow chasaelength typicalyThe

bl ocking agent fills the open_.nesopores. and cropaores of the gdsorbent to
an ext ont iifateashih il iy BRARS OO T BP0 anb  ghRee LanaerBRopor es o
t he adsor eh SRS iQNe ENTE e R xanpl es
of polynmers t egﬁgg}\st‘g% lt?ﬁsg% as b#‘%’g I g&gggnAt E@tﬁﬁﬁeﬁgg&gé?%ﬂeggss,g

pol ysul f operessesdersd to bosloweathhan fapillieycle P8 Aiptdcessespndas siicH lomgesls t hat
can be used as bl ocki ng agents include am nes, aromatics such as 1,3,5

t ri met hyl Bew-ehaanghl¢npgthsreancalse he used sidthhy §Acpracesses. such a

hept anmet hyl nonane as well as |iquid hydrocarbons havi ng carbon nunbers in
t he about abogut 60 range. Wen a |.igquid. bl ocking agent is .used it is
advant agelB3 oo it oy el SRErpulo fatd af e ink: fEsoraer B St he 11 qui o
bl ocki g @Akerided by AL hiadd LSHSFRIrste BomSAL VP LRSI In@ARR basorbehtde

hydr ocar bons such as” waxes and those having carbon nunbers in t 1000

range. Nolt-i desitablg tekavtirsmass ransfepite of tiddpricial keihg aémoaed Pice.used in
the practice of the present invention include mcroporous carbons and
zeol i t es thgheayysomponenshighegongh sarthatiroest afithe volume of the/adsorbentt ur ed

adsor bent, of...t hi.s invention. .An exanpl e,of an adsorbent formyl ated with a
bl ocking isduilizefdn hE process-o Singe Hhe AdSorben-sFlscibiery Eemayes teaieaky about 30%

par crol st ipBRe RS thd St Beddl, IFeRhERS OFER ASOURHEILRE ARTOMEE .
are fill efbcovéry of theilight componehtatdbaledreasd mubriﬂu{fﬁ@mh@n hipsodef osity in

the layer is |ess than about 20%. In sone cases, e bl ocki ng agent forns
a cont i nusiteanmet Wathkusgraf the prestad iroentiongsitas possibleitodosnulate ane with t he

xanp! o odsoHatavide pJYralumS SRCHLE) PEBEBRIGHAET Sod SO AroH Sheh Tt |~
poLyer | BeSOOt U nR Y L SofRRAR A SEE TR EACESR E PL L, 1
adsor bent efffiétily2usBaSARRE @dSorption and desorption of the heavy component. One

way of doing this is to have an adsorbent of substantially uniform thickness

where the thickness of the adsorbent layer is set by the mass transfer coefficients

of the heavy component and the time of the adsorption and desorption steps of

the process. The thickness uniformity can be assessed from measurements of the

thickness of the adsorbent or from the way in which it is fabricated. It is

preferred that the uniformity of the adsorbent be such that the standard deviation

of its thickness is less than about 25% of the average thickness. More |

preferably, the standard deviation of the thickness of the adsorbent is less than

about 15 % of the average thickness. It is even more preferred that the standard



material that fills the macropores to reduce the overall void, or open,
vol unme. An exanple of such a structure would be an adsorbent havi ng about

30 vol unBpahosiassgpores that are filled in with a mesopeifidsocs@bsoge! SO
that the resulting nmesopore and nmacropdi2e volune is | ess than about 20 %

[ 0079] The channel s, al so sonetines referred to as "fl ow channel s" or "gas
fl ow channel s" are paths in the contactor that allow gas flow through.

coupt oo wiefdh SFRBHRSHRR W Rad b Bychiahibbul R0 REMSAEHE R0l 0 e

suf fici enthidkpeps.ovi de the mass transfer zone which is at least, a function
of the fluid velocity, and the surface area to channel volune ratio. The
channel s are preferably configured to mnimze pressure drop in the
channel s.[0084}anyCelchlationeot theseamiaksiirdn$feovaté canstants iswell kngwa tohannel  at
the first _end of, the contactor does not comunjcate with any other fluid
fraction tBasehaviggordingsy skiflinthe agt andymayialsa bederived by these having i ons

reconbi ne er L] the seco nd. 1t iS4 riant .t hat there be
channel uor{lﬁimsggi {no{ﬁgrétﬁgﬁl ﬁtifl&%f@%s?‘é‘}ﬁ fl%t?l 3’5 ‘WY%&cﬁannel s are

bei ng 1 ul thadibh| PerfétmaiRd JffiAParblle] PRSACE ARG/t COMadtSr, Spakal al |y
equal |y contained. Both productivity and gas purity wll 'suffer if there is
excessi veamhPurifitatiorcdechmmtlegy 12 (199 D3-60pwhidipisriatotporated dereihtbyn an

adj acent fl ow channel, prenmature product break through ma%/ occur, which

| eads t o I§ferenes claifiesmany aspeats ofhew theenassdtansfergs aftestedrbic thept abl e

Phan Sbouticsgiesy 8 B8 GlsprishiiBapebas rad ety ol Bateof BRATPEHSnAER0,
uni f or m tyy QP o.%@@‘ﬁ,@%@ t@M&eEH%?gI.P%?cIPB%’I?& id&%gértat]% dCyC' es per

m nute. Further, i 0o nuch pressure drop occurs acro , then

hi gher cyefaehesdescribessthe decdilsafor oalcuhring these ahngfeepdtes andassotifled pm are
not readily achieved.
coefficients for a given adsorbent and the test standard compositions used for

conventional PSA.

[0085] A figure of merit for the mass transfer through the adsorbent layer is a
time constant, t,, for transport of the heavy component computed at each point in
the adsorbent. For a planar adsorbent sheet with thickness in the x direction, and
the y and z directions being in the plane of the sheet, the time constant t, of the

heavy component is
Ta [X,Y,2] = Minimum[Lpam2 / Dpan) (in seconds)

where D, is the average transport diffusion coefficient of the heavy
component along a path from the feed channel to the point (x,y,z) and Ly, 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 the possible time constants (Lpa,,,2 / Dpam) along all possible paths
from the feed channel to the (x,y,z) point in the adsorbent. This includes paths
through mesopores 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



[ 0080] The di nensi ons and geonetric shapes of the parallel channel
contactors of the present invention can be any di nension or geonetric shape

that is Wbb@@/ﬁﬂzﬁr use in sw ng adsorption process eqp-RRRR08/006071
Non-limting exanples of geonetric sh - i ncl ude vari ous shapeg nmonol i t hs

having a plurality of substantially parallel channels extending from one
end of the nonolith to the other; a plurality of tubular nenbers; stacked

| ayers of tr%ﬁs}%%ﬁhix??%ﬁpgx‘,%@; 8|%E}ﬁs ‘géfiﬁﬁgl‘ﬂlt %x?vﬁﬁnfi Hub&d e o h sheet;

mul ti-I|ayer spira es bers, as well as bundl es of

subst ant i @rhputadioa! MHe tsalspdrt diffision ddedfisiknpoDeath Gitidids ealadred st o t hese
geonetric shapes or the shapes can, in many instances, be fornmed directly

from t he thesinglecomponent Stefan-Maxwell dbfifesibn caefficient fox zaph spafiess geonetric
shape forgﬁd directly from,f&fphe, adsor ent/t]i nder vvogl be .the extrusion of a
zeol i t e/ pbhG A¥erage apspert ditfugion cogHagientalong thepatheLagpivtherlineashonet r i ¢

rbers manetped Sihlstor by ARG BTt ol oFEHGHAE b SUergRaby: "
shape t haprdvid<coal fBikivh E:Beffﬁﬁenﬁ%?ﬁ%&&tizmg hé Ip% awHahthé hahyypt eel sheet

that is coated with a mcroporous, |ow neSopore, adsorbent film such as a
zeol i te fecompordnt has ety spdcivsnthd diffusiontcedffacient; Denyi, ik alser can be itself
structured into nmultiple layers or the sane _or different adsorbent

nat er i al sCOMPPsitionaliaveraged.or ehdiffsien ceeffigiant dependscon tamperature Uni t ed

isagg(razorPgt s lttﬁlg)}ghﬁi:fat c?rgpgq%g%gaast\lrgl%ﬁﬁéggt%&#gﬁé‘fédlg%giqc{g i‘isow channel s
can be CO{ﬂHﬁ‘éﬂmﬁ E?ﬁﬂée@nﬁ'rﬁ@s't% %?géd M%%éwq?%éiﬁﬁﬂe %aﬁ%slﬁﬁf f1ow

channel. Tt i's preferted that the ow channe ave a channel gap from

about 5 tchanigesiocdurding d‘ll'rﬁ’igm&%cll@r Horrantddsof bepmtabe effidient, shé averaged0
mcrons. As utilized herein, the "channel gap" of a flow channel I's defined
as the | ethigkness ofithe adsorhenidayeriprefarablpnisrchosenrsticbrihaf thettime comstehtannel  as

i d h ta the fl h. i . J4f the fl h | i
ci roul ar 18 A€ e bad ghs Beints thufime) R HiraRsqas T 4h3ts Rohe SeRSS SARMRet er of
th ircl i f.: : : i tion.
the 1 ow SptRHKEeycle tERrNEBRResZdE ek AP Ry el BRKIBEET 0" e

two | ongesf theiadesrbeht tdyer ischidvetiwush thdt-the tinid\Corsedidtfbr af Ichfie7 S oabf est si de
of the rectangle). It should also be noted that the flow channels can be of

any cr ossthequintsiar velumi¢)jorthe adsorbentethat isawbtendende sehidds kese tharethei n t he

fl ow channel ctional _configurati.on is either circular, rectangul ar

Gross:se
or squar e‘?y%%‘?ftﬁﬁrﬁo@% vendnprepreferably; s Averagsr s ghthfay be

ol yional st laf¥'is hterthchanatihe A€ Son i for ot 140307 88 s e 87! 01
adsor be ngpmatsu(r@e'vbmmépm He AASSFbeX O tHHTEs hék 4 BEnRADPAISNéssthilh abbaf 25 from

about 0.5:1 to about 100:1, and nore preferably fromabout 1:1 to about
50: 1. [ 00%2¢f thexynte thoPSA thepproceas.i ons, the flow channels are fornmed when

[0086] The present invention can be applied to improve the separation of
molecular species from synthesis gas. Synthesis gas can be produced by a wide
variety of methods, including steam reforming of hydrocarbons, thermal and
catalytic partial oxidgtion of hydrocarbons, and many other processes and
combinations known in the art. Synthesis gas is used in a large number of fuel
and chemical applications, as well as power applications such as Integrated
Gasification 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 H,. Other molecular



adsorbent sheets are | am nated together. Typically, adsorbent |am nates for
RCPSA applications have flow channel |engths fromabout 0.5 centineter to

about 10 WBhLGss/1480ke typically flow channel |engths from-ahRugshPsosm t 0
about 1 neter and a channel gap of abow44 50 to about 250 m crons. ﬁ]e

channel s may contain a spacer or nesh that acts as a spacer. For |am nated
adsor bents, spacers can be used which are structures or material, that

define a ' e I es of
the type g&:ﬂg%ﬁ%ﬂgﬁ;ﬁpﬁ&aﬁcﬁ eeus‘ég:bzhggﬁé Pr éémé&?\pl nve(“tcl;)ur;lt a)r% ose
conpr i sedc@hpehémssh qr@géyc@pﬁur@e% dbédrbofis, NH ahd NIDRS In atthostdlbon mesh;
plastlcfllmor nmetal foil; plastic,” netal, glass ceram c, or carbon

fi bers andgpplivations maest roefmhe;HQS Ihaats be pémtved fragh ahessymsdmfcre ibcambetal
spheres, or disks; or conbl nati gns thereof Adsorbent nat es have been
used in demdc@yi tsp@laanang 1a4thwsAttsmsg f‘eﬁﬁlf@ﬁtqvésmﬂﬁhto thg CQued8t about

Fover | cycebtigatls SHRRE e,y s TR R 2 SR S5 MBS DRIRESY channel
I ength ca r&%s@sit is%ﬂggzgl)pﬂeéﬁm&efo ddjas (ReH W@tﬁfanoetﬁ%élﬁe figatgpout 10

meters. For cydle greater than 40 cp the flow channel |ength

typi cal | yopimune f@athe proesss. Inpsertain Yudlrappliehtiois, hOvater-gas shiftiteattiont er .
Longer flow channel |engths can be used for slower cycle PSA processes.

Rapi d cycmayitsrempplayeddeshifethe symges abmesieantirelyrtordpand 6§, anpgnmaycesses
and as such.,longer flo nn | engt n so be used with TSA
processes’ MﬁHQH&&éFQFFH@H& Bﬁeﬁ%ﬁ@@f the swi ng adsorption
processes is characterized by the rrass transfer rate fromthe fl ow channel

into the bentryel ?%C?lé ﬂ’?\?é'tn'}'t]i%hlrﬁo{rﬁieg%"lﬂeﬁ%@ t????cg&é %fﬂ?{]rerc%ﬂl f the

speci es belng'renove eavy conponent so that nost

of the vobfithe wiluible m@leomlbﬁabniﬁ@naﬁmlﬁdm%ynmdstsegasr daanest a'ﬁpmenbﬂisa
adsor bent sel ectively renoves t heavy conponent fromthe gas stream
i nefficieHa uabl@ ermponenssiarsr Gerand HyeNiy’hqhmtmelc sm@r@sgrc/rmnowcb oy ht

T
I ow vol U}[*Bﬁi; ﬁfa'iésor HFmBQf]e%k%fi glhﬂﬁﬁfe tQélﬁrss&ﬁfbé &4 E@?:%hs]@?é he

vol une o m croporous” range,

ef fici ent inventiod prOvMB@aaﬂéeﬁstiﬂlﬁﬁlcﬁlyldh ﬂgmhct fesoifirel ikghbeawacesyponent .
One way of doing this is to have an adsorbent o substantially uniform

t hi cknessallpwing faraapidi eyicheeperation had svnsequentiallyyserall equipmeny sizée nass
transfer efficients of heav ne and the t ma of .t he adsorption
and desor%‘? eERAtLYE i%§e‘€ﬁralt‘ﬁl‘2§eﬁ?f8@é%9r% CYhPE NHOEROIAH; ’é‘rt?r?tsilngr,lﬁn be
assessed a t t he
way in V\h{:&ﬁgh{s?l ?’?ﬁ@? {9\%:121; gé rh{bﬁl |J$S%i:é§ M%réé}gpgqg‘géﬁﬁlgﬁeocﬁén% {vy of the

adsor bent gjp gldiétﬁhaétbﬁt the standard deviation of its thickness is |ess than
about 25% or the average thickness. Mre

[0088] It can be desirable to recover separated acid gases, such as H,S and/or
CO,, at higher pressure. The recovery of higher pressure acid gases can be
desirable, for example, when CO, sequestration is planned. In these cases,
adsorption by temperature swing (TSA) can be preferred over pressure swing.
The invention provides a means to rapidly change the contactor temperature
without ekperiencing large heat losses, long heat-up and cool-down times, or
adsorbate dilution. Temperature swing adsorption can be executed with fixed
parallel-channel contactors and associated valves, or by means of a rotary-based
parallel-channel contactor following the approach of a Ljungstrom heat

exchanger.



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 \whagshafuskrzdevi ation of the adsorbent thicknesspbg ds8ssobdda) about
5% of the average thickness. [0084] Calcdiation of these mass trans?er rate

constants is well known to those having ordinary skill in the art and may
al so be derived by those having ordinary skill in the art from standard

testing d D. e r: : : | el Passage
Absor bent m(@?l! actfo(rhl,) egér tﬁ%&pgrﬂ?% ﬁd??ﬁ@%ﬁ%@gﬁﬁﬁ%ﬁ%ggﬁ%@% 1997)

43- 60, whigrtaétdr whesé Y @dsoebdiftlison o suefacé ofiacongpait hkatexdhange aspect s of
how the nmass transfer is affected by the thickness of the adsorbent,

channel gstpuciure. t Heatingand cooling voulld takeqlaesin achannel iwlatedtfsom the.
6,607,584 to Mpbreau SO i ncorporate ref erenc

t al., which, i l. b
descr i besadsesbingrand (fespapmgap%tlgfla{.: i@%%&%ggl“%ﬂ%qne? tg WiYF 8%%5‘& at ed

coefficients . for a ghv SO . { 3 nosi.f.i ons used
for Conveﬁ}aﬁgﬁ@m%ﬁéﬂf@@eﬁﬁ%ﬁ?eﬂ?ﬁ%ﬁ f&%@&@ﬂgh&é@wgﬁgker t hr ough
the adsorgapir ske?xleaﬁoh%f%d%bfﬂ%_dccqﬂﬁﬁ&mms.: In {dihe iristAIfoR0s Eh@mAtbgraphiay y
conponent conputed at each point i'n the adsorbent. For a planar adsorbent
sheet wi t lik¢ bepdratios cam be laehieved (evithi mndilatich fioem g carrderzgas) r ddns type bei ng
in the plane of the sheet, the tine constant Ta of the heavy, _ .conponent is

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.

[0090] The contactors of the present invention can better be understood with
reference to the Figures hereof. Figure 1 hereof is a representation of a parallel
channel contactor of the present invention in the form of a monolith formed
directly from a microporous adsorbent plus binder and containing a plurality of
parallel flow channels. A wide variety of monolith shapes can be formed
directly by extrusion processes. An example of a cylindrical monolith 1 is
shown schematically in Figure 1 hereof. The cylindrical monolith 1 contains a
plurality of parallel flow channels 3. These flow channels 3 can have channel
gaps from about 5 to about 1,000 microns, preferably from about 50 to about 250
microns, as long as all channels of a given contactor have substantially the same
size channel gap. The channels can be formed having a variety of shapes
including, but not limited to, round, square, triangular, and hexagonal. The
space between the channels is occupied by the adsorbent 5. As shown the
channels 3 occupy about 25% of the volume of the monolith and the adsorbent §
occupies about 75% of the volume of the monolith. The adsorbent § 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 § and channel structure as:



Ta [X,Y,z] = Mninmun{Lp8th2 / Dpath](in seconds) where Dpath is the average
transport diffusion coefficient of the heavy conponent along a path from
the feed \whapselszd9 the point (x,y,z) and Lpath is the @ighRp6RoddeN0 t he
path. There are nany possible trajector4@es or paths fromthe feed channel
to each point (x,y,z) in the adsorbent. The tinme constant is the m ni mrum of
the possible tinme constants (Lpath2 / Dpath) along all possible paths from
the feed channel to the (x,y,z) point in the adsorbent. This includes paths
t hrough nesopores and macropores. If there is a solid nmaterial in the

adsor bent (such.a nat L,Gh be, | . Vdupr Flaean Ofivtelgenent ) there
will be no trzliabrﬁ"scp(ebir“h%l %W%f%oﬁb%pgnu@@'{g@'z Egﬁélw»te@anﬁottm Ghatrtels ar e not

i ncluded in the conputation. The transport diffusion coefficient of each
species is taken to be the single conponent Stefan-Maxwell diffusion

S ong t nolUggiy CREFHRRRERSRMm of Figdts ) S et t BB REl EEKRSHIRE e ol ong
the path. a&dr'aﬁ%ilﬁyéwahnﬂgiéﬁn Ei%ﬁ@fert&tﬁée REdhaand]. fWHeh e |

coefficient characterizing t pat en the heavy conponent has nmany
speci es t bieardiel Himnetor Bdafd tanigefrom @bont S0 o abswt 23 microns iislpryfersedr aged.
The diffusion coefficient depends on tenperature and it may depend on
pressure thatg thickness nﬁﬂwa&watmdayqrhm therqage whereindhe ieotieheontaeioges, it

2‘;3{ c. “baclaamarBsaaliné ARGheM bE i aTaRes ﬁ%‘%ﬁeﬁ‘iﬁ@ﬁﬁfﬁcﬁﬁﬁé&fgf The
east  nal Figgs, EoFnSiRoton i mpRe Enaticl, IR Firefctfed {oe T thicRAbss OF 21

solid is {hesadsbftomt ldyer ¢y frlotn hbo®t T td douR300afkrond) meorer e firfdd sangehe
average thickness of the adsorbent |ayer is chosen such that the tine

const ant from aboutedksto atout260 miceonsi nigurg 21is a cresseectinnalhdewdalongdhne t hat
is not a dense solid.is |less than the cycle tine of the process, Even nore
or ef or abl [PRERudIA AXisshonyiag feed channele3 suteading ihrough e lengibebhesuch ¢ hat
the tine : : e 5 9 ' ' e

adsor bent ﬁ}%ﬁ?@lﬁ?%l{l@?\e?acﬂasn@gﬁlse 0 ?‘fcﬁéﬁggg‘%&a&]&g&%h Y@bj %%(}rbg%tgycycl e

tine of tpRsHiRdGsA sCiRSid ARgRaasMrgingy 8 Bhiaferessditioalst thededd i mprove
t he separation of nolecular species fromsynthesis gas. Synthesis gas can

be pr oducehhnnglsa3 andadserbent layef SoftHigare, 2 isshiowdi ingFipuea hheeé¢af: ing of
hydr ocar bons, thernal, and catal ytic, partial oxidation of hydrocarbons, and
many ot hepdsorbentdayer ia samypsissd ofia MHTORAANS adsoRbERL, ArPOlYpRFiIRcRILICHSs | s

used in a-) r.of f .&hem. cal, appl hcations. as | {4 &S, poner
appl | cat | enORCRES Ryt FlasSRas R RCA DRI ek ind B 4y AR PP
these appbh&iiiedSorddAd MiRRGsdrEs 18t | A9 sRbwhNtheShRGbpSROMBAAL6IRAL 8 t he
syngas required foor the process. As produced, syntheSis gas contains at

| east CO polynidtic fartietesTodbeoupyaabout 60% of the volume of the adsorbent layer
and the particles of thermal mass 9 occupy about 5% of the volume. With this

composition, the voidage (flow channels) is about 55% of the volume occupied
by the microporous adsorbent or polymeric particles. The volume of the
microporous adsorbent S or polymeric particles 7 can range from about 25% of
the volume of the adsorbent layer to about 98% of the volume of the adsorbent
layer. In practice, the volume fraction of solid particles 9 used to control heat
will range from about 0% to about 75%, preferably about 5% to about 75%, and
more preferably from about 10% to about 60% of the volume of the adsorbent

layer. A blocking agent 13 fills the desired amount of space or voids left



conponents in the gas can be CH4, CO2, H2S, H20, and N2. Mnority (or
trace) conponents in the gas can include hydrocarbons, NH3 and NOx. In

al nost alwoapi488851 ons nost of the H2S has to be renovedrfusesisiohd78yngas
before it can be used and in nmany appl-i4dations it is desirable to renove

much of the CO2. In applications where the syngas is used as a feedstock
for a chemcal synthesis process, it is generally desirable to adjust the

H2/ QO 1 atydubOn PaMtitléesd itk thSy ORI HAESH of BePhiSE5Sres lahdGRA¢BpBrdsue!
ol theyORmett pariisshp RPPORe

applications, a er-gas s reactron nay yed to s

syngas al 11Dk thetidsofent 14y oG i3 s Qn aBowt 20%many such appli cations it is
desirable to renove the . [0087] The present invention provides a nethod

for increasi n]g the recovery of the val uable nol ecul ar conponents from

synt hesi 40892] | nWhestthe ppondithiipnsed/iml aigas sepasationpracsssithat odiesran #2.  Wen
cach opt /e SeRsaEeR (nadeinasly ditfsian eonaled bl aeniage b LG
Mul ti pl ' ' ' f
vapi ofy CRTOPRHRGSAPetlof BORREREPERITT LBERRBIRC R R0 .

oper at i ont \greferre® thiffhé Stahdadd @viattstoPiRNolmecof thelifdivedualel y several
di fferent adsorbents can be incorporated into a single contactor. This

provi des micrepomusfadsetbeat ov pblymeriopartiglesel/be desssthani 199 %i efithe si ngl e
contactor. [0088]It can be desirable to recover separajed acid gases, such

as H2S arpyesrgerirticls volugiecdor kinetically controlled psoessyent Imp grre pse e acid
gases can_ b esirable, for, exanple en ,Cop uest.ration . s planned. In
Phese cacmbodifiest T8¢ Saniigte GRViaRert of ecThnipe SR SR Rt BpiFastrBi v
pressure | ' [ Walek A AR bl Eﬁ,p@a e the

cont actora%tggfrrt%grtg???%&?%ggﬁwgiﬁ??ﬁilﬁ]ﬂg | ar g(;eﬂﬁggyélﬁg es, Igong heat - up
and cool -vislumet i Thesparticleasize dixttibution fiér zeolitel adquebents ican bei comtrddledrhyt i on
can be executed with fixed parallel-channel contactors and associ at ed

val ves, dhemethedmsedto synthesizg theopasticlesr dt iscalse passible tosgparatepre-ol | owi ng

the appr Os%'%rthe%flze% rlfﬁclégggrtoruos erQS} ten? ﬁgrrt]i%:i]ecéel)ry size using methods such as a

gravitational settling column. It may also be advantageous to use uniformly
sized microporous adsorbent or polymeric particles in equilibrium controlled

separations.

[0093] There are several ways that monoliths can be formed directly from a
structured microporous adsorbent. For example, when the microporous
adsorbent is a zeolite, the monolith can be prepared by extrudihg an aqueous
mixture chtaining effective amounts of a solid binder, zeolite and adsorbent,
solid heat control particles, and polymer. The solid binder can be colloidal sized
silica or alumina that is used to bind the zeolite and solid heat control particles
together. The effective amount of solid binder will typically range from about
0.5 to about 50% of the volume of the zeolite and solid heat control particles
used in the mixture. If desired, silica binder materials can be converted in a post
processing step to zeolites using hydrothermal synthesis techniques and, as such,
they are not always present in a finished monolith. A polymer is optionally

added to the mixture for rheology control and to give green extrudate strength.

The extruded monolith is cured by firing it in a kiln where the water evaporates



WO 2008/ 143823- 45 -PCT/ US2008/ 006071 [0089] Rapid TSA cycl e operation is
facilitated with a parallel channel contactor where the adsorbent is on one

surface qfodosfip@ast heat exchange structure. Heating a@gTﬁ%%ds)B%o‘é‘Pm d
take place in a channel isolated from+4% adsorbing and desorbing naterial .

In this configuration, a thermal wave can be nade to nove through the
contactor during the adsorption step allowing for better separation of

ont act o . ter .
be- achi evan Tty mer ARRRT TRbR0E fe i AT ORI Al PP el Tt

froma carrier gas is type of parallel

channel ceumhpesion. AR GRFRIR! the Mloksith Xtheeddsbibend f4ygy Sewill hawnaboukizd mal
energy used 1n the swing adsorption process can be readily recovered and

reused. Bewmboub40ivol.fe masepgresanidi maenopyres. | Aupyedetemaingd aptout@fth¢seswi ng
can be used. [0090 contactors of the_preseni ipvention.can better be
nder ot o gt E#P PefUlegEdn ﬁpﬁlémsiag&%§3ﬁér1§8w°u|sryg&seu&seﬁe%%f is a

repr esent gl rall r of the present invention in
t he form%?)Is'g&rﬁ?)lfrtlS%P@Cﬁgfﬂdswggkmﬁ%gﬁ)g m cr opor ous adsorbent plus

bi nder and containing a plurality of parallel flow channels. A wide variety

of nonol i 0094 apeAnseher Bethed By dvRichecilonolith &4t bel forpie PdiPEABSRBmM 4N
exanple of a cylindrical nonolith 1 is shown schematically in Figure 1

her eof Theiargponeasiadsdrbenhisl by extrudiogtagpelymer phd maicreporofis pdsabent f | ow
channel s 3, The f:l ow, channel s B%n%?&v channel gaps fromabout 5 to
about 1, OBBtHEE: rignserred mrigroporqus a 8 forpep SXHYSIOMBIOCRISHENs, as | ong

as all c l: . Lad |y ot si ze
hannel oanoonsTeubuiF e SRBETHES  NBERIDIHE: SRlhplesits ref BRED e

i ncl udi ngyitable fRithé eXerifin PRocdssYRclude f&g@fci%s, thetrABglasEs, apddurspiagonal .
The space between the channéls is occupied by the adsorbent 5. As shown the
channel s polpmerpsuchbasisili@dé nibbehethaotamrbe ektruded sithmlut tah addedd sbbveatisor bent
5 occupi es_about. 75% of the vol une of the nmonolith. The adsorbent 5 can
occupy fr puyess arsoiredgndhe extrusion prosassothergsulipgarodect The

8

oot hAMARS P LR SRR s T on R Bt
adsorbent layer.
[0095] Figure 4 hereof is a representation of a parallel channel contactor 101
of the present invention in the form of a coated monolith where an adsorbent
layer is coated onto the walls of the flow channels of a preformed monolith. For
the parallel channel contactors of this Figure, an extrusion process is used to
form a monolith from a suitable non-adsorbent solid material, preferably a metal
such as steel, a ceramic such as cordierite, or a carbon material. By the term
“non-adsorbent solid material” we mean a solid material that is not to be used as
the selective adsorbent for the parallel channel contactor. An effective amount
and thickness of a ceramic or metallic glaze, or sol gel coating, 119 is preferably
applied to effectively seal the channel walls of the monolith. Such glazes can be

applied by slurry coating the channel walls, by any suitable conventional means,

followed by firing the monolith in a kiln.

[0096] Another approach is to apply a sol gel to the channel walls followed

by firing under conditions that densify the coating. It is also possible to use



Ef fective Thickness O Adsorbent = - Channel D aneter Vol une Fraction O
Adsor bent 2Vol unme Fraction O Channels [0091] For the nonolith of Figure 1
her eof thgoohdsaatdye thi ckness of the adsorbent wll bepghgidbookoisobi MeS the
di aneter of the feed channel. Wen the %hannel dianeter is in a range from
about 50 to about 250 mcrons it is preferred that the thickness of the
adsorbent layer, in the case wherein the entire contactor is not conprised
of the ad ' : : ' For a
50 m or on’ ispad Biesklirdinh FEgRat0R chiRiiestd apPliriRilafe S IR O M

adsor bent chaiet wallsf TRRueh aWasdtht gladewitsoBgel wilt penctrateint® thegiozer ed range
fromabout 50 to about 250 mcrons. Figure 2 is a cross-sectional view

al ong t hestrastyie ofifiheahonadith Eovina)l tasss, thieglazs scads thetwaldiof ghe shanngh t he
| ength of the_ nobnol hth,with th channel ornmed entirely

from adso$‘5‘é‘nh‘that5g§ﬁ QWE)W‘&H&’S)“&‘ @1%&}%?%%% Y HROS It QIS | ¢ross
. . _ Eo e oh
L o, SRR A IO i o S s

in Figure i'sTconprise Cropor ous

adsor bent ge96d KA FEhE chdtels. CTRE adsorbehi [dyer105 eddifces tieop@iingpes) 9;
that act as heat sinks, a blocking agent 13" and open nesopores and

m cr opor ebork] of fise cliamnels, thes thic dtovp chanrsel d®3arsedrin swing adsonption particles 7
occupy about 60%of the volunme of {he adsorbent, |ayer and the partjgcles of
t her mal nBEQSessesds the optibehanng] laft ’cfﬁéd“v%ﬂs oalipg, lhese ?b%ﬁ%%fffml%m t he
voi dage (f] ow channel | s_about % VO |

ni cr opor offi" ﬁ'ﬁ%%?‘baém"fé?l’sp%ﬁ J vm@%ﬁggﬁpﬁ?&e %&‘F@%ﬁﬁggérﬁﬁ%& ﬁ?cr opor ous

adsor bent | | s@Qftathlee vol unme
of the ad?s1 : edn?é)%gggﬁﬂ%’o&gg%%rfcbgg%g (v)\?ai’lt@ %@%ﬁg&é&ﬁxﬁ{éﬁéb)&g@% bearllt | ayer.

I n practi frethédieNoaHliiting exdrmples @f sach inttthads inclwie Buidsplthst @oatingr ol  heat

w Il range fromabout 0%to about 75% preferably about 5%to about 75%

and nor e achnisues) suchrasriluiy woating, slip eansing, bpdsathenmal filg) fprmation; he

adsar bent &rothermal Roating H0nfdSion, aad hydrothbRal Erowih” WHEBN Rba®" SPace of
hydrothermal coating techniques are used, the coating solutions should include

0O

at least the microporous adsorbent or polymeric particles, a viscosifying agent
such as polyvinyl alcohol, heat transfer (thermal mass) solids, and optionally a
binder. The heat transfer solid may not be needed because the body of the
monolith 101 can act to as its own heat transfer solid by storing and releasing
héat in the different steps of the separation process cycle. In such a case, the
heat diffuses through the adsorbent layer 105 and into the body of the monolith
101. If a viscosifying agent, such as polyvinyl alcohol, is used it is usually
burns away when the coating is cured in a kiln. It can be advantageous to
employ a binder such as colloidal silica or alumina to increase the mechanical
strength of the fired coating. Mesopores or macropores will typically occupy
from about 20 to about 40% of the volume of the cured coating. An effective
amount of blocking agent is applied to complete the adsorbent layer for use. By
effective amount of blocking agent we mean that amount needed to occupy
enough of the mesopores and macropores such that the resulting coating contains

less than about 20% of its pore volume in open mesopores and macropores.



bet ween particles so that the volune fraction of open nesopores and
macropores 11 in the adsorbent layer 5 is |ess than about 20% [0092] When
the nmonolywhhodsSigse8d i N a gas separation process that rekirR&2608/0860ki Netic
separation (predom nantly diffusion com®olled) it is advantageous for the
m cr oporous adsorbent or polyneric particles 7 to be substantially the sane
size. It is preferred that the standard deviation of the volune of the

i ndi vi dua 7 Op %rPaq ' t han 100
% of the Lovdg@ge gf;ér)tff%@g?vo unq%ln?f;or |%§?ﬁ%§Ppegggﬁl§%ﬁ¥£@géoce ses. In a
nor e pref gichaifuesacel oanbe gy sibsitatabdhéel wayadhivallichfzebliee mehbrenes arehe

I ndi vi dual m croporous adsorbent or polyneric particles 7 is |less than 50%

of the avprepgeedoadnicxhmplobfigenetitnd fongrowing aszeoditellayer ivtavgbhint IS zeol ite
adsor bents can_pe_control | ed t he met ho ed to nt hes) t he
LT oT o Paiehl No 210928, Svitich s incompieHRh S by FriRbIc G odeanits BYEFbus

adsor bent el ' rayi Lonal settling
adsor bent R b ArdieTEHTAR, IR SRR ARPoRERY bhapraRel sett
adsor bent pQlindie|ek R4t dre PRéSopel&and haReopdre bh 51281 CIHY vEluhROS@RSE Fbre@ns :
[ 0093] There are several ways that nonoliths can be fornmed directly froma

st ruct ur eid oftar lepothansabaas d Obatume Pérofdehe fiknethickiness amnd: theire iopfiewas
adsorbent is a zeolite, the nonalith can be prepared by t rudi ng, an
aqueous nfhArasterishn distancey oe BARRGIWECR FHAskSs TS gassgrown filmg an ite and

be- col I of benotd et} o AR agfortRRf et Rt theliel T apififBaedub (e and
solid heaEx-%iésq&f&%g ggréll gﬁaoihgﬂ)ghgﬁﬁes M-gxf&vﬁ@&wﬁemrﬁm%ow ind bi nder

will typica range .5 to about 50% of the volume of the
zeol i t e ahiphsrebolatioaatameingredéctimr ticrlogeaphs RigurestShendé heteof. THe desired,
silica binder materials can be converted in a post processin% step to

zeol i tes ueolitg fHidelok igureralis somprised of Sigmat lgzaaditemhicl bas adramewetk ar e not
| t_in a.finished. j t | ' tionally.added to th
e P ol OB MAPEE e R AReD 25 BRI L G Lo e
extruded gppp 35? that a‘fgﬁﬁgutb 00 td éﬁkﬂn@oo‘@é@tergid &id@]%ﬁch*&?aé@gtﬁé

evaporates and the polynmer burns away, t y resulting In nonol ith of

desired cesndilyivisible of\tliccsurfavel afxhe fHnOTe pédlitetfllm adBigubebtis kaAFIS Wi | |
have about 20 to about 40 vol .%_rresogl?res and nmacropores. A predeterm ned
armount of fillhdbat was produgad by daakingd first koating layer approxématelp 0. s previ ousl y

A scussed, it onteters thick weing cofibidal ZSMS sea¥ 35to A support dnd thén placing

the seed covered support in a hydrothermal synthesis solution. The colloidal

ZSM-5 seeds nucleated the growth of a MFI film about 15 micrometers thick in
the hydrothermal synthesis step. The Si/Al ratio of the deposited film was
greater than about 100. Cracks of several hundred angstrom size 153 and gaps
155 between the MFI zeolite crystals are apparent in the micrograph. Besides
the cracks and gaps there are grain boundaries between crystals. These grain
boundaries can connect to the crack structure and aid in transport of molecules to
the zeolite crystals that are deeper in the film. Many of the grain boundaries
have dimensions in the micropore range and some have dimensions in the
mesopore range. It is apparent from the micrographs of Figures 5 and 6 that the
open mesopores and macropores occupy a very small amount of the overall

volume at the surface of the film. Cross sectional images of these films



[ 0094] Anot her net hod by which a nonolith can be forned directly froma
m croporous adsorbent is by extruding a polymer and m croporous adsorbent

m xture. \be%f‘sr/lﬁﬁ’éi;sm croporous adsorbents for use in expryajsQksRH@SESS are
carbon nol ecul ar sieves and zeolites. Noh-1imting exanples of polyners

suitable for the extrusion process include epoxies, thernoplastics, and
curabl e polyners such as silicone rubbers that can be extruded w thout an

added sol e are used in t rusi on pr.ogess, the
resul ti ngxglg%%%*%twe %feelf &%ﬁﬁﬁﬁgg@ rﬁgﬁrgw{%llﬂ%&ﬁ(’a i 1§§S t&?@?opor es
and macr ogR&RSTY% bfithe vaaiRE BEHe fikyer- [0095] Figure 4 hereof is a
representation of a parallel channel contactor 101 of the present invention
in the formof a coated nonolith where an adsorbent |ayer is coated onto
the wal | s[098]he FigiweTHzeroef 5 afepacsentdtionneth paratle] channebcontaetopafal | el
charnel contactors of this Fi %ure, an extrusion process is used to forma
!

monol i t h thedpreseniunyepian inghe da58 o @rkoated monehithe 204 for B4 applisiafions net ﬁl
h | ' h di ef,i t terial, By t
Cor m + non gt iAo BTeE I te Foatp ol e dftasReLr & BralBBpPRImanalit < not -t o
be used agofBfise® bPHbhEAsGLRAL REMridIO WheE TR 8t RETSAGIBELsseomtect O An
ness O | g

effective anbunt and thic a ceramc or neta aze, or sol gel

coating, péformedtief comiadtyr ailliprefératsly diake plathse by seeabtetdranabiptrt wal | s of
the monoli1th. Such gl azes can be applied be slurry coating the channel
wal | s, bycambe ys¢d thheat and\coal & sonleents For diSAwe RGYS A prioagssesithgonol i t h

L o o 0PSL Al her apmreach | oo applt 2Bl ek S <henRe! |

al s0 posshph & de’héht Bxchanger 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
techniques to apply the glaze or sol gel. In this case the glaze or sol gel will
penetrate into the pore structure of the monolith 217. In all cases the glaze seals
the wall of the channel such that gas flowing thorough the channel is not readily
transmitted into the body of the monolith. It may also be desirable to impregnate
the pore structure of the monolith 217 with a solid material before the channel
walls are sealed. Alternate rows of channels are sealed at their ends 215 in order
to provide for TSA operation. At the opposite end of the monolith these same
rows of channels are also sealed. Slots (223 and 225) are cut through the
monolith at both ends to provide flow access to the sealed rows of channels 215.
Sealing surfaces 219 are provided at both ends of the monolith as well as in the

middle of the monolith 221. In operation, the monolith will be mounted in a



vacuum and pressure inpregnation techniques to apply the glaze or sot gel

to the channel walls. In such a case, the glaze or sol gel will penetrate
into the pghgeslsisgt ure of the monolith 117. In all casegydsbBsssh seal s
t he wal | o? t he c%annel such that gas 320w ng t horough the c?anne ?s not -
readily transmtted into the body of the nonolith. An adsorbent |ayer 105
is then uniformy applied onto the sealed walls of the channels. The

adsor bent m'gﬁéi%g%ﬁ%géﬁ?xﬁ&%? sé%? g GiUsTHE the ChARs a8 (Netlpﬁ]@%ggwlé Rf thus the

fl ow chann N~ Swh sorptron processes 1S en channel
l'eft insi@e RéndIRB. R siifabld ARl AV ATBO BRIdto13] BNerdtRVeT thBannel gaps
as previously defined.” The adsorbent | ayer 105 can be applied as a coating,
or | ayer,channthdnchiding nfetaltie vi¢ldsy gasketieg withymateyiadsisucibasrubbeiroor
Non-limti ng exampl es of such nethods include, fluid phase coatin

t echni queearbang gngddhe pse pf adhesiyespuch as inerganicrements apdePONas- fihen
formation dr.ot her.nmal  coap,i conversion,. and. hydr ot her na rQ When
nonnydr ovReAns 1 aFERted SE sl 1E80YE oF coBting Pl e B TR b 8EA hs oui a

i ncl ude t i %ﬁwg{ ' S, a .
Vi scosi f?/(it'hr#g??l ggesg?@u?ﬁﬁggﬂg%?%Pﬁgﬁ&g{?‘gﬁlhgﬁ{mﬁg‘g tréaﬂgggirj:’(ﬁl‘gr mal mass)
sol i ds, amethevihg dthtougtaslbis22S.. TRO bedtbigd and aoslig fladd wdll undergy hést needed
because the body of the nmonolith 101 can act to as its own heat transfer
sol i d by etchangewathdfluisl Bawing threugh the ¢hannglsithat anstopsmegishe £nd o the
separation prpcess cycle.. ln such.a case..the heat.di ffuses through.the
dbor bent Moyt “Tirseiediticelofnts WEapORSb OB inth el sxphanger. I

vi scosi fyy i g Lt d |y burns
avay. shenNpo8 aEBErst SRt PGl Vibiouuhel s P iR BNkl RS Y 1 Oy
a bi nder cinche poduckd or dahfigitdds Nor-limhititigeXahtple6f Ssheotheewagshani cal
strength of the fired coating. Mesopores or macropores will typically
occupy f riasludeshellzmditube beat excbemgérs; fibenHlmiteatoéxahangersrand pristedng. An

Cayer 1 orcifiaat sy CxpRutia LRI AERMCT AR b kioyndndht Biie. BSPaHREERAmDUNt

ded t f
Fosul ti ng SRR 1R it 8o VoIBRRABR(ER (Y)e IR AN TadiEforebTh dlt® .,
nMesopor essidédf AhehoHadger 0an He8istd 38 3dcordancd withUhe Y840 8veht{dA097] I f a

hydrothermal filmformation nethod is enployed, the coating techniques used
can be veAysuthithisrexample éllvstratéesnhowiheht exciiangersneamibeicarsverted intepar ed. An

exanpl e of thod fo ow ng a zeoljte layer iis taught in US Patent No.
7,049, 259*}103»4\%5 H“ltgblferfr%&rﬁ& &tl&barheﬁ?%ariaewayeéfWé%e.IO\Zemlutr@ fragtions gr own
by hydr ot | pports often have cracks and grain

boundar i e@%pozggaﬁn(gg{o%ﬁ;gmgﬁd macropore in size. The volune of these
pores is often | ess than about 10 volunme % of the filmthickness and there
i's often [@0OYPr ack&dd ednhetl Z0RO&Fhawy clilitiel gaw\ﬁ‘éﬂl SHARSSto AU 1,600 9r OWn
filnme can often be used directly as an adsorbent |ayer w thout the need for
a bl ocki ryicxgns;tprefexabiylfesmabout 50 ko abodut230 mitronsdWhes thexclemnngt gap

zeolite f} .are sho in high resolution scanning electron m crographs
Fi gur es édaﬂfé if A2RgBATOM 30 to POt 259 MikTass itisqrefereed that s thieknessy

Sigma-1 ' [ r [ [ r at, 1§ 4 ic wth DDR
the 111 moane st aVEF 305 HeTT R RhEs Ty BbOVCAA S hditd 300 HikfonSloL 100
to about B SOestioUWheer R CRaRAAD03 m_te%ré&mu'r&ngf of PhigkAkssifge surface
of the film The zeolite filmin Figure 6 i1s an MFl fTrlmthat was produced
by coati rtheadsonbsnt layat isnfyomed®to 3G miziomtankdya Mord préferredeangsistfroek usi ng
col loidal_ZSM 5 seeds onto a_support and then placing the seed covered
support 10 & 43Qmaenensrhhe tgehnpquas previoustyshiscussed above rambe Bspd & seeds

nucl eat ed, { f VE] filmabout 15 microneters thick in the

hydr ot her%&?&%‘ﬁ&%‘g @?eé'd."{ gpp iﬁj]r atio of the deposited filmwas
greater than about 100. Cracks of several hundred angstrom size 153 and
gaps 155 [99186En Fi@ar%heMisTaescﬁéﬁsﬁiiébfaﬁia?am%hﬁﬁél JhthdiBr BF BP9 aph.
Besi des the cracks and gaps there are grain boundaries between crystals.
These gr girasent umekantionsindhe formdat substantielly pacddled arragtofr ool Ryv fidiegs i n
transport of polecules to the zeolite crystals that are deeper in the film
Many of temebesidgdinggnatiy matenial\A3 1d; Aavide vasiehhof hellewdikars cen benge and
sonme have dinmensions in the mesopore range. It is apparent fromthe

m crographs of Figures 5 and 6 that the open nesopores and nacropores
occupy a very small anount of the overall volune at the surface of the
film Cross sectional inages of these filns



confirmed that the open nesopores and macropores in fact do occupy | ess

t han about 7% of the volunme of the filns. 100981Figure 7 hereof is a

repr esent\@hi,g¢k/Qks,d Parall el channel contactor of the ppesRRbodsAN&RL 1 ON in
the formof a coated nonolith 201 for -T8A applications where the adsorbent
| ayer is coated onto the channel of a preforned nonolith conprised of

non- adsorbent material. Wien TSA or RCTSA processes are perforned the

contactorewi| | r S.. or se te.channel s, that can be
dsed to nicitred S R ARG R SoinBing ERF ERMGiSSRRNEses SR e
paral l el edanast of PIKhE 85 f6ffled fror? Bh a9ty SSF RdllGly EDRE S0 2tTHbtes | ar to
a shell and tube heat exchanger wth the adsorbent coated on the tube walls
of the he303 ektheafilpers ard nsdédasflowathrannesn Ehese flivochmimede363 icanaisad to form
a nonolith froma suitabl e non-adsorbent material including a nmetal such as
steel , orhaveceehannel gap firom abewdd &0 pbeut LPOQ migransnpreferadlyafiom abowtet al | i ¢
gl aze or el ting 219 is applied to seal,the channel, walls of the
monol i ¢ n. S0to B B0unitags s pReaStuy Sensforsic Al 8 SPAPBRTIN by s ur ry
coating t f WRO. i ikd can al so
be appli e@g?ggmq%%gﬁwéﬁ)fmtg%:@ and&%f %@t\gdf %E?sggy eu‘&dé*é}?oonsg\i i Sﬁgﬁ{:hat
densify tétannebgap 803 £sindd eatigeuBom SEIY AR 50ithidréndlts® prsfefreditkatt 0 use
vacuum and pressure inpregnation techniques to apply the glaze or sol gel.
In this cthedhickaesy eftbe adsedbent layend305 bednex range from abohe2hito 3,590 uct ure of
the monolith 217. In all cases the glaze seals the wall of the channel such

that gas YR %g t horough the channel is not readily transmtted into the
body of the nonolith. It nay also be desirable to inpregnate the pore

structur emfm;lgg_ v%lehg lrrértat men@&clﬁgm fr{Tﬁfeecfﬂ 8n pgg@gﬁ ﬁﬁoc&%@“”e'

wal |l s are sea ternate rows nnel's are sea elrr ends 215

in order the adsorbetieldyer 3054n diefibi. O For Akainpe, IO BOI1OS 3;stﬂ9|mféfrﬂibléies monol i th
t hese sane rows of channels are also sealed. Slots (223 and 225) are cut

t hr ough twihdewonesapagesifoean begxtrudedr Somgespinning dectudguesocanalse bal ed rows
of channel s 21

5. Seal i syi,faces 219 are proyided at both ends of the
nonol i t h W mroigcq Wq?%'ﬁhe&%Wéﬂ‘o‘Pe?%rﬁgﬂB‘x Macropores ﬁ?ﬂtGBB?’zﬁti on, the
nmonol i t h g ' ' ner seal.s t ds of
t he chan nee@Hsdvae? q\rl\lnréqb Epggﬁﬁétﬁsﬁgﬁr@ﬁg&nﬁ% R&%eyr cg)%lh?' §b€ﬁ°’§gchnol ogy
can be UScﬁiil_tifn% drefillingheitle 8 BlocKing Age AN HBRbLE fibé&s WHit e BBHPdsites BE! ds,
gasketing with materirals such as rubbers or carbons, and the use of

adhesi vespalyniersiand adsaghents carberfosmad dn bpthspinninprandextmiston s conf i gur ed

so that a heating.,or cooling fluid can be flowed through the channels
seal ed atprpﬁﬁssﬁﬁdgﬁﬁﬁﬂsp%&?”s%ﬁmcﬁoﬁ@ the fiber dtpgm adppegantainingsthend r enovi ng

it th [ ' | Ui il d heat
exchange A Ve aRgrynE BRI, Bl O ESRERR oinstile Phogs MESTHARE e one
of the rrqﬁulaasoﬂseﬂﬁgamm fsi foatiiondlided tbRoMAO RGP BYdenithel Nt 0 a heat
exchanger. It will be understood that there are various other ways in which

heat excolymes matrixaadghe ddserbent particid. gWhen. thdlvolumeiftactignefanpl es of
such ot her ways include shell  and tube heat exchangers, fiber film heat
exchanger8e3QRPres aRd BMCEORQIES s teedtighxit kan Yelewersd by,a past ratmentwel | known

in the arft.. I a [ t |lay ith a |l qwvol une fraciion of
rresoporesﬁsér#gﬁ}%@gﬁjﬁggeeazﬂl&ggﬁgqﬁﬁﬁg aneefge(i\ﬁfé’ﬁta a?rfd@?sqppr?,sa?f“te used in
accordanqgawobbréshgitpraq,qgglgin'grh:g@ﬁf.i on. As such, this exanple illustrates
how heat exchangers can be converted into nodul es suitable for TSA with an
adsorbent |ayer having a | ow volune fraction of nesopores and nacropores.

[ 0099] Fedl@#0482hneltgs 2138 poasibleatocprodace bllgepfibérs @fizablites Hy éxingherut 1, 000
~ In these processes the zeolite is mixed with a polymer or an oligomeric
viscosifying agent, such as a lower molecular weight polyvinyl alcohol.
Optionally, a solvent such as water, alcohol, or liquid hydrocarbon can be added
to the dope. ‘It is also optional to use a binder material, such as colloidal silica or

colloidal alumina that can be added to this dope. Solid particles, such as alumina



m crons, preferably from about 50 to about 250 m crons. When the channel
gap 203 is in a range from50 to about 250 mcrons it is preferred that the
t hi cknessygfoddhazdgsor bent | ayer 205 be in a range for mpabgiboodRede9: about
2,500 nmicrons. For a 50 micron dianeter34eed channel 203 the pre?erred
range of thickness for the adsorbent layer is from25 to 300 mcrons and a
nore preferred range is from50 to 250 m crons. The techni ques previously

di d b d | ' lith.
Lo0s001 - PR RRtTpSRLeaEYP 82 Re R nd A6od T B is R Rlrlips MAESTAC L]
the presepe %r@&ﬁ‘ QiOthd findNRraAMidb&dy & preBatait TRis! fibdaipiHesrean seave,of

hol | ow fi bers enbedded in a matrix raterial 331. A wide variety of hollow
fi bers cacabthenflss pladediintoct kiyn and figed tonfornt therfadal ffherrdonprised afxt r usi on
processes. The contactor of Figure 8 is formed froman array_ of B hqllow

fi bers 30z¢olitacansheptiomally bindenand solid particdes,sAlemativebyy the kibge instherhese
fl h s 303 | | f bout 5 b 1, 000
i orone " Bteeh sTate cpA e ACab & b asolRd Al sT sl rEhRE W prodhids RN

ment i oned : ' y B ] : fhhers contain an
adsor bent ﬁPé%/é@ngégpd %gﬁ&tﬁ%éaﬁghﬁglﬁ%ﬂg’a%‘hgg%% E;élrl]@ghérrgﬁagl]éﬁ é):‘r%om 50 to
about 250paitivlé¥)SAhbthies nittRb6 @ (¢ produata Acbtité fibekiRagshydrotianadiyor bent | ayer

305 be in a range fromabout 25 to 2,500 microns. [001011 Varjous different
net hods kgoawingra zé¢nditacpating obea sedidopelymer dibee thatharngiawapshiringther 305 in
the fiber. For exanple, t hol | ow pol r fibers with.,|ow ne orosity can
be extr udﬁﬂplmsggﬁpnrﬁnr?gf 9@95@&&&“&% 3?‘@8‘31950%88"“)“ m%ﬁﬁgrecq{m | ow
fibers w . &R ' st treatnents
such as tkgrr En@f&gﬁég’gﬁtﬁﬁé g‘g@‘%‘%ﬁ%{'ﬁﬁé%g})gw coag ?gahﬂgrrl illing with a
bl ocki ng g@yelquemicdtepw fibers that are conposites of polymers and
adsorbents can be fornmed in both spinning and extrusion processes. These

processes often formthe fiber froma dope containing the polyner,
adsor bent [k03]c| dhe fibats chn be farmed ingata substansially paseldel array touforace of t he

adsorbent particle js functjonal.ized, to pronpte, adhesi on, bet ween, t.he

pol ymer rrﬁg?ﬁaﬁtloérﬁ’g 4‘?1 Bregﬁgbi"déﬁflbéaﬁqecmgt.hom&pq &’és %Wi}hémf"r‘ﬁﬁ?‘?‘hﬂg of
nNesopor es cr.on ' i ks treat nent
1ot o0t hePR IR AREEhal SuirOihdy @ entite FARIPEE IYIBES witn 8 Rlithe |1 Bo Mo,

Macr opor egmatéridl 32! P6 Kisialize ené arrhP i PEdurk 18 the ealdsof the swdtkikembteriat oduce
hol | ow fi bers of zeolites by extrusion. Tn these processes the zeolite is

m xed wi t B5& has bger rendered transparent along ivdthothief face 2 gdithe embedded a | ower
nmol ecul ar \Sﬁi ght. pal yvj nyl al cohol . ti onal | a solvent such. as water,

al cohol I bpllppohiber _ &clhp BEWYCBHABECSs Hoeth q%éqmtw_s.tptcopgmg islo -
o na ¢ REISTRE ot sBe BRGL I blaftria) Sh hclSpf B alRlelBn pabrieCHu NoR: | 0 T8

limiting examples of materials that can act as diffusion barriers include sputter

deposited metal and ceramic films, evaporated metal and ceramic films, metal
and ceramic films formed by chemical vapor deposition, coated composites of
polymers and solids (such as clays) and coatings of polymers that have low
diffusion coefficients. To act as a diffusion barrier, the effective diffusion
coefficient of the coating should be less than about 1/10 the average diffusion
coefficient in the adsorbent layer and preferably less than about 1/1000 the
average diffusion coefficient in the adsorbent layer. When a diffusion barrier is
used, the gas in the feed channel is effectively contained in the feed channel and

adsorbent layer. This can eliminate the need for a supporting matrix around the



or alum num can al so be added to the dope. The dope is then extruded and
fromthe green state the final ceram c body is produced. This fiber, in the
green stayg.ossilsdRen be placed into a kiln and fired t@-kRIsRsH 601‘71nal
fiber conprlsﬁﬂlof zeolite, and optionabdy binder and solﬁngartﬁc | es.
Alternatively, the fiber in the green state can be placed in a hydrothernal
synthesis reactor to produce a final fiber conprised of zeolite, and

o oduce albest i PRGERELE o s RERGeRR, A biomE REHIPEhEH N on
sol i d pol MIEEJJCIé fifife 1I1I'tﬁé &I’éﬁéﬁ t@%ﬂe@fgabéw&lté‘era%i’d EyélétdS@fh"'tloﬂ)eD In all

cases, nesoporosity and croporosity In the fiber can be reduced to within
a target range by filling with a bl ocking agent in a subsequent step.
[00103] T[O104per Anodrerifabficatimmmethad suitabile fMSedidrympaltak:beﬂ therray to
forma contactor of the present invention. method tQ do this is wth an

enbeddi ngadﬁorb@!ttlnﬁée @%E@f@blﬂﬁ%{?d diber suehias @II‘IQII@Wt glass fibay oW t he fibers
wth a rrat ter 325, To a t he in Fllgl#’S &?#e end of
the matr i3l lﬁa F 5 b3l iy bk fitRen CspEnedredbiS Phiobd HSefedd " ace
321 of thg. GEOPHPRA Il&’é’&rfaém'é?@(“?xgkﬁ: oﬂap Wnézﬁé& fiBeeSwhdn ¢en be

advant ageous to coat the exterio er with a naterial that acts as

a di f f usi prefilricdted fiBébis Miade fiom glass, @xﬁmada ke finatpt@tucahas nibailt émn act as
diffusion barriers include sputter deposited netal and ceramc fil s,

evapor at ediffision bamierddBanic films, netal and ceramic filns formed by
chem cal vapor dep03|t| on coat ed corrp05|tes of polynmers and solids (such

fot e Hf‘IIIIéi i inets Roag BHbRol Bholkt oy i L AR RaaRbU PO
coating Sgﬁ rI?FrrIa?e? é&@@ﬂ?ﬁt@ﬁ’gﬁ aaﬁ&%ehh aANE aA0W %lﬁlﬁ@ﬁﬁﬁtl&?@f“ cient in

t he adsor ayer and prefera ess t bout 1/1000 the average

di f f usi onnfegepdres afdimacto dpmsadﬁpmlimmsel ﬁ)ieadvé&hege(msctbfsbu& the fibersi er i s
used, the gas in the feed channel is effectively contained in.the feed

channel aeloselydogeibar V\Il&y@ﬁ digtahee b@mmm.aﬁ)m fibies lesw thancrbout Sufess t i ng
matri x arqund .t he us mass of ont.actor, and in
some cas eglaﬂqtﬁ’\'ﬁn I'IEFIJ?’@SIX gss IgI%rI ef ﬁ@%"rtﬁiseswa ﬁ%redéé‘r eased

.e., t abl
Ilor user ﬁgI@IS?\gr?Ig&g%??%a I: Jalgor gzeIIrIttﬁ?gtsI?? %IN 8‘ %E%t ggf Isgler asugh
as a hol | enybed andy tHesids 331' :irfd/\B53 bf € ﬁb&eﬁurﬁﬂe IilQIlId)Maﬁ@I wieridll ar .

Coati ng nmet hods previously described can be used to form an adsorbent |ayer
i nsi de of thas pasef &Iﬁmm?ema‘tcmdronly\ﬂnaatm beppmteﬂwbﬁbcmtaad rfatthavei s made from

I I : I d h bui ind b
Po0105) vttt gaf Sowttiapwgh dheomatetil; 3y nbs remppied of pobmetumsttageous
for the mel LlallBLPLhAbiARiGRNhAIA T AIRHRRA AN Hafid QYnYBbTES

fraction nesopor &8 cropor es. I's case IS advant ageous to
space theahd Rafuirerhétits for KRGS, % aﬁrad%ﬂalant fiethd hhRBCMakaidRan Rdcheat fibers
| ess than about 5 fiber dianefers, preferably |less than about 1.5 fiber

di anet er sor ¢hmindtber Réquireniérits der spacing bctweenrﬁhdm canberlesswritanat thdn t he

fibers, it can be advantageous to enbed only the ends 351 and 353, of the
fiber bunWhenithe entiredgngth.ofthedibeyis ppﬁe@ ﬁrgntbgééedt Haematrixmaterial aI onI y

matr ol - ok ok ahPfied selfiudd Yo ofdh B e Buslesdiiany Sfidelb ot G
thereof | knbwnihhEaACNIMAMiliAg e'%ﬁh{[ﬂééf‘si SEsULAHEHYS 1ﬁ£lqdé g,attir{ge”ent s for

having an adsorbent in the matrix m can be relaxed Or elim nated.

Requi r eneetnbelddings pastingg eleetropéatirg, Ioe Bkou@rheﬂsmldttﬁ@ prodessesal Ta esidwhen t he
entire IenPth of the fiber is potted or enbedded. The matri x nmaterial can

be appl i epluggingt e\/@cgpﬁtbetﬁheréﬂmer& of the fibers can bedilted wythamrpas@m abl e
thod k pLh | f such .met.hod d
ot ti ng. | Bifbsamprgcadii tomgvecs i hEnairi s apKed B umales srampls
processes o E%t@r%lhﬁla? Ic%lﬂ%’}‘é?&ffl‘ﬁ r&heved ﬁéi&dé g@@&ﬁers %e&%ﬂ [ts anghf | bers

can be fi a nateria at can rea em)ve e matri x

i s appl i ethorbics that ichn Gesxtavpiveby Mss@lﬁb&br%hﬁheﬂ%af@ﬂexhﬁeﬁﬂﬂﬁ)d y renoved
i nclude polyners, netals, salts and inorganics that can be selectively

di ssol vedrrmterealdm@eawayphcd efrindingemackining and polisting meethodppin also

G i ndi ng, machining and polishing nmethods can al so




be used to open the ends of the fibers. G her nmethods to pot or enbed the
ends of the fibers are simlar to those used to form hollow fiber nmenbrane
nmodul es. \W6hodiflss.§nds of the fiber bundle are potted Wplkh R26®lobdo%1
material 1t I's advantageous to place t4é contactor into an operational PSA,
RCPSA, RCPPSA or PPSA nodule in a manner such that nost of the feed gas
flows through the bore of the fiber. One way to ensure that the fl ow goes

t hrough the r the fi i pl i ber cki r.Jqram

bet ween t%eu%gttﬁioj)f ell*}atpgrelhglt)%g{“ﬂ {ﬂfe)&eshgﬁgg%e%%f%g’? Oéﬁ)g e{ﬁh%&w[eerdldgr of the
PSA,  RCPHF thEEtRe e siftifaf to Bt Qise MO TOA hof¥w fibéOmeaHaAd difiliss, of the
contactor to the interior of the pressure swng adsorption nodule. [00106]
Fi gur es 9Waed the ehds ebtheafiberr mprdie ard potteahwithfa mafrix aidtetialcibasinel cont act or
of the present invention in the formof a hollow fiber contactor for a TSA

process visbiaatageeus tsplase the contactorantoamepsraieng 1A oORGRSAMRCPPSA t he

fib ith t feed ch | .. In Fi 1 t f f

e 0 SRt L A5 T O e R 5 0
lines i ndigaidrife hgﬁﬁie??@sw t &?su?é‘ﬂﬁﬁ i@é’ﬂ%@?ﬁoesﬂh?o i}fé"lﬁcfrhtb?rtﬁe used in

t hi s exanpl e have usi on barrier on thelr exterior surface and can

be manuf afibetrieto phiced fiberons @uelsir?gsasprdrmq beewedn themadtixnmatgial af it ends of
the fiber bundle aregotted or enbedded in a matrix material 417. This

pot t ed arends 35 andeISZend the interiorofi the NSk, REESA RUBRSASPPHY sur faces
421 | o alTBOUB{Fo ABRHCT Hayis (opaes S eidtel s GSRFS OrOghE inisSione] B05 aro
cut thro . of the tubular housing to allow for the
fl ow of ?@E?%gswcé %@%ﬁ’%ﬁgﬁ‘ﬁ@é [00107] In operation, the tubular
housing is mounted in a TSA or RCTSA nodule in a manner that seals the ends
of the cHeoneéf aBigueds 9 and tlDcheresitiire roprebéitatioNObf & Paraley channelbl e seal i ng
technol ogy can be used. Non-limting exanples of sealing technol ogies that
can be usi@atagtior eftherpresent anventidneinghe fenmn of mtwltaw fibencon@etardbrbl i ¢
wel ds, g ting with eri,als such a ubbers or carbons, and the use of
adhesi veglsé‘gcmo %Ssivh%ﬁfgiﬁ? éd%(?-f??@wt ysrri‘éisszmaglﬁesm%ﬁ ofthe,Mall ot thgnt i gur ed
so t hat ' ' iad2C I LNsd |.ow t ubul ar
P &ﬁ%g% Bffarat 483° 3R Figure! BNTHe bl irfalEs HPine

housi ng 1 by intro hrough sIdt's enoving 1t through

sl ot's 42houbhg; foraht bentadtbra®dl dré gendered trinbparetwittiGigdotteddirgge W th
fluid flow ng through the hollow fibers which are open at the end of the
nmodul e. \ihdicating ske edgesi ofthaouterguntaces Thertwltav fibers isedsinrthisdéXanaplet ai ni ng

t he parallel array.of hollqw_fibers becones heat, exchanger suitable for
use in Téﬁvﬁrao‘i:‘gééh@. barﬁlsr?*iléanstﬁﬁwét%rwraﬂg sand qaphe mapufaghungda | ow
vol une fr i . r . i e 11 hereof is a
repr esentl%ﬁ%%lagﬁ{qéﬁggrggﬁﬁq% fgﬂg:ﬁg@rl% ‘ggg{eggt gilg%iiggk’gﬁﬁﬁb%&u?ﬂS@mi on in
whi ch t hgoprdadr ephbediRaiflaSmatiix frateresl 4170 This Pohdl aera3 18 thén §iléAi Ni ng
adsorbent naterial. Lam nates, |am nates of shéets, or | am nates of

cor r ugat dntosh tbndardzousing 48kd SealiBSsufaRsA419PRS providedrivtie pndceftrs.

Lam nates of sheets are kpown. in the art and are di sclosed in US Patent
Appl i cat itehelagkousing Add1 Sﬁaih%&nalrr@&m%bmlmpm@@dmﬂlq middlp of the d

herein b rbhent .15 coated onto r

ner et Phh SR 5% 4055 498 RS Brilar iedPR) SO B R RE ity
toget her’hoﬁlbﬁl.gat@%rowmr&éfﬂ&ﬁom@hﬁﬁ%aﬂé'cegliﬁgmﬁ%wab' e liquid phase
coating techniques. Non-limting exanples o qui d phase coating

techni ques that can be used in the practice of the present invention

i ncl ude 00193] cdatopegtiati, ghe tethilaghowsingiscmatunted, inspTS8 AcoROTSA

hydrot hermal fi,l mformatjon and hydrothermal growth. \Wen the geonetric
st r uct ur dnpdule dn agnannes inat seals theieads of the ehannelcas wellins thémldglﬁf@f)m any

mat eri al | Gy t ent ,of the nresent.invention can.be coated. The
coati ng (%g%"ﬁ%lo(fg}rlfekgléfsgﬁg%iﬁ Seﬂ?‘&rte%&ﬂ%}( &ph he usgd, Zﬁi‘}iﬁ{‘}é{}!‘& n all these
cases t hexafhpkdeMNealifg 1Ot RA tRanisal ; FSts

geonetri cxs hape of tahleggont ac(t)%reg %N%ﬁgﬁlb?hl%sﬁgdﬁ@éé% ggéc;%?téﬁéﬁésrgr& erials

i ncl ude ghweeidn inehgle metalléciwgldss gaskdiig withanatefialissuchl a3tfabbérser gl ass,
fiber glass scri ceram ¢ fibers, netallic woven wire nesh, expanded

netal , esBhosdandthy usesef gdhesives suek s inarganiglcemants budpoxjesuThace- t r eat ed

netals, netal foil, metal nesh, carbon-fiber, cellulosic materi al s,
pol ymeric




materials, hollow fibers, netal foils, heat exchange surfaces, and

conbi nations of these nmaterials. Coated supports typically have two najor
opposi ng whLhRgASss3and one or both of these surfaces capchgssa@lfe7 M th the
adsorbent nmaterial. Wen the coated supfort is conprised of hollow fibers,
the coating extends around the circunference of the fiber. Further support
sheets may be individual, presized sheets, or they may be nade of a

cont | NuOURBRRAS cBhAFRIR thar 1 Ratiftk 6 B8SMNG Muid'EarP YP TRl PinsRle thearP! | ed
adsor bent or ot her terials Esucﬁ as desiccant, catalyst, etc.), typically
ranges f rigstlew eubuldthonsing 401 &ysintrodabiogtit &300ghsbtod3 and removing jtpi cal |y
fromabout 150 mcroneters to about 300 m croneters. [001091 Metallic nesh
support s beough gotsd2SdcEhe heating ard ceoling Spid wild uindergo higat sehanggpaci ty and
conductivi t i "isot her ize" a PSA, A, PPSA or. RCPPSA. cycle to
reduce teWﬁﬁrfmef@ agit&%@iﬂ?ﬁlﬂl%g%yﬁg a5¢ QpeR 4t hecrnd GhiGot ed under
nor e adi j a6l f | ; 1 r f - hi ghl y
accur at e%ﬁ?{éﬁhg\g@ﬁlh@&n@%@g@%ﬁbﬁm J’ éeﬁlma l%l Wf Srirgy ngta\é\f(ljlh osed of,
Wi thout | theipagdlie? arrag!dfHoNOW fibefChecomdleheat exdhaM e SufthBR! fopus@lih 0ys

t hereof. Hence there’is a need for a nethod to coat netal foils with a thin
adsor bent TS Aymrocessesic The dibers/ havnan adsartientlagérddS withi 4 loweobgrery good
adhesion. One nefhod for doing this is by hydrothermal synthesis. Coating
pr ocedur eFa¢HUHOLmgSOROTGR AYd SHAGTPPOTCEo the way in which zeolite membranes
are prepared as di scussed above. Zeolite | ayers grown by hydrot hernal

synt hesi s pPpeY. j S 1 GkOpor es.
B! oo WPIPRLECRiEhTe P WRReAITY B 1R RRET AP S a3 PR R el 6500

vol ume of theppenp vention i WikRh tES pafaliRD cRdtfiéls 4@ foemEdTrdfh Phmindted i | M

t hi ckness and there is often a characteristic distance between cracks.

Anot her nshiektsccomtainig adsgrizentenateribbi Lamnated, hamimatés 6f sheecyari ng is slip

casting, or .doctor. bl adi ng. An aqueous sl,urrsi/%of(apref abricated zeolite
par ti cl eslamingfge of cogugated sheets canbsiussd i8iNSA RGrSA; BRSAQL REPESA 1 yi ng

agent suc pel r i |l yviqyl alcghol .is.cast.for example onto a
moral T orobgasyf PatfiTBhie of So@t K ewd HE RS 2Ba 3B tieeRise I8 g
zeolite. PdigntApHlCitiondISP00601699421£1 hhEUST0YALNY BEWHitiEatd | M on a net al
foil typically containing about 30 to about 40 volunme % voids. To nake a
sui t abl e iadexpobated hersinby relfierence.dWhenethtiadserbennisecoatdd omoeat st ep by
coating the bound zeolite filmwth a polynmer or by introducing a liquid

i nt o t he SRONARITigHUURRITG 66 SAMPSSLENtsOfa geamatsic stiueireghabiaretlamanated i |ing

the voi ds_w th al r_or liqui i 1.l be_ an. t bent .l ayer having the
| ow mesop8Bs ef’ahgﬁﬂyﬁ@%‘ﬁf’d}f&%PPfgﬁffdgﬂﬂpg@mér?f’ktgg]%qfﬂﬂg@hégﬁ?atmﬁ/entg i on.

00110 IsF i al.:foi it i eolite
cryst al s, CorEhed NORYiAIng PRl BF 1Rujd phass delingRe A Ad0 P b 22r) |
EPD i s a Beudud iguke peactizp@fithe gréveghimyeation incladé shgsy odatity, idgp m t hi ckness
to metal substrates. The nethod can be used to apply organic and inorganic
parti cul s@aatingaslimeeating, spsreeating, hydeashemmal; film Serpzatiomand Sl urry

conposi ti,on ont aj ni ng, pr.ef abri cated zeolites, .or. mcrgoporoys particles,
may be ellévéﬁPﬁ‘ﬁHBPLﬂo ry&i‘ﬁﬁl S geoneliic sty %JBFP%&‘F%P adantingten” ac by
using th i i i , to b L j.an patent
appl [ cat | ha TR LE E3E by Pfindd fiofafy BRRLAE Glwitch (e BlLGHheTORHE". UL 70h
i s i ncor psresére dnvtidincddybe ebte@nThe cobfig tah beatheteToRcoHOAfidtaBget ric
shapes will require that the adsorbent be applied to the channel surface in
a | ayer uvategiahisclominated! Inialldbesereases il adsorbénttis anatedidnte ageateeial i ¢ shape

be conpri sed. of e adsorbent, plus cqlloidal binder and_ containing a
pl ural i t yihaf 15;}5F§| P%&‘C&FQHF@PQ .SLVW’eH? theeAntagtan Nonnlymiting e&%l@al,e&qfe

| ecti .cal:l o dal ter i al j bent
nsed " corieh sheria infhide ol AR Sherd, mHFREEHSs ABel Mol ikdrtiod! £REF 0 “vi o
form a geglagy, €ibef gfa8s s&im, SefiinieFibes dnbtallié Koveh Svird fledHCexpiinideg@ut
limtation, collordal silica-based binders, colloidal alumna, coll oidal

zi r coni a,matal] embessed snasal, sutthoe-timhtedaneterials; in¢ladingswtfdcestrédted” refers to
a stabl e dispersion of discrete anprphous silicon dioxide particles having
a parti cliBelafs; getyl llmglfft%%e&lbcﬁﬁbqn{@»eamlqmmﬁm;mlymesm t abl e
colloidal silica materials also 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




WD 20081143823- 60 -PCT/ US2008/ 006071 pal ygorskite (al so known as
attapul gite), which are hydrated magnesium alum numsilicates. Al so,

i nor gani GyBi-gekef 8298y be inert; however, certain inorgappgRbfdRbcr such as
clays, used wth zeolite adsorbents rray5§e converted in-situ from kaolin

bi nders to zeolite so that the zeolite is self-bound with mninml inert
material. In these bound structures, the voids between the coll oi dal

par ti cl es phaefhFEAGREWITbES e foild dr%apeieaﬁﬁgefshﬁfaaé’ss%a hﬂﬁﬁﬁt‘ibﬁs‘ es form
nmesopor es and/ or macropores. A bl ocking agent —can be applied to fill the

mej ority of thése mutediats. 0Soatgd angpoms tygrcalbshive two hiwgeeopposing bwfaces, so
that the adsorbent neets the o&en pore vol une requirenent of this
i nventi on and)r@&rﬂrcb%h of dhesesyskacencan he caated wiith the-adsesberfanatetial.at es i n

| am nat ed | d, t | b

adsor bent Whengis sasted Stpes F fpddsed pf oo i et ribe eopiBe aXRER of an
nbodi f |
cobo il e ORGS0, T RO G |
faces of prédize®slidetd, @r ltheyp %'Whlnﬁbe of aloatifnahd yhderlofinsabhal. Them a

corrosion resistant nmetal such as stainless steel. The separate nmetal foils
509 with tthicknessoofithatsubstrats, plos apphied adsorbentcor cbtbet oratersalp fswchi asl  channel

o o e bcn S s PRaR oo B oSS ol o
s e RS R A B R ARES, .,

evenly spaseeomperd.. 1001131 The heat capacity of the netal foils 509
limts the thermal excursions in the process. Wen CO2 is adsorbed in the
adsorbent, heat is released in the ambunt of the heat of adsorption. This
war ms t he [0E2]belvietallicrmeshgupports ear pronidadnsirable she¢ram) praparties of ses

"t s st omidh h%%&%%a?{sanﬁk%%@%‘t?w%?ﬁ%& aabeDealessa Eﬁ%“ai@'méﬂ% S
D120, b5k REEPATFIEN et B Ao FOORL R IR 0L o ¢
A SO T o AU
cont act or mimdastucedswathchighly groncate thigknesssdimiensibniah cEmmbI "Ehd 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 prepéred as discussed above. Zeolite layers grown by

hydrothermal synthesis on supports often have cracks which are mesopores and

micropores. Examples of these cracks have been shown in Figures 5 and 6

hereof. The volume of these pores is often less than about 10 volume % of the

film thickness and there is often a characteristic distance between cracks.

Another method of coating a metal foil is with thick film coating is slip casting,

or doctor blading. An aqueous slurry of prefabricated zeolite particles, binder

(for example colloidal silica or alumina), viscosifying agent such as a polymer

like polyvinyl alcohol is cast for example onto a metal foil and fired to remove



[00114] The adsorbent filmis conposed of individual adsorbent crystals,
mesopores (including grain boundaries) and macropores. In this exanple, the

crystal sy bsm are substantially of the sane sizepcMagbodRfoodo?e OPeEN
vol une inw?ﬁg |4Fér%1%i s conprised of nesepBrous cracks with characteristic

wi dt hs of about 200 angstronms. These nesoporous cracks are substantially
evenly distributed throughout the film The total volune of the nesopores

and macro . O . Ot V. . t film
[00115] TRE® B9\ seenr?a“?h%ugﬁttf.‘%hmﬁgﬁﬁg%??%@@b?h&ﬁf?@?%%Ete_%ﬁfm%‘?Zfé*%@%ce o
the fol | oWoRfdgsaNiRl flin bRt meta o1l 9siehRY chbffairinh WBbLESD & aBbuIMFEeS and no
to be takenugs limting themi nvent ?%@. grrplatla 11é [00116] W th a | am nat ed
sheet par abolwhe éhapidsl Bomaketaosuithbée adsoeberitdaydr] g:.jer‘aoiﬂi ak‘eﬁgeﬂ in at

PSA/ RCPSA cycle with five steps is operated to produce a product stream
cont ai ni n@ugsfaﬂﬁntzﬁenbv.we@g the bound geoldte film witha-polymesren by net hane

recovery for the PS SA cycle.is ut ed to.pe.abo 9 ol .% Figure
12 heregf lrﬁ)t§0<i‘uc§%gmlr&p%?gmd;fotftﬁggo&p F&Pgﬁﬁ&e%eif?ﬂ%pﬁ?@%regll
PSA/ RCPSA iS5 tHeAW; j | 154, VLS § _ tha¥ a
par al | el gﬁgﬁﬁgllﬁgcjont aclta%?ﬁglsﬁégg@%t%ﬁ?lg?i ?ﬂgpgs%gu%gg}e%%\}mlé)ﬁéhla%@o
pressure pholw megopotsity ahdi ma@opdosityzejiitemeaisSEftht peestn® sisvtition) t he
paral | el channel contactor andI fi lCSOZt hedcogt act gg Wi ][ h(yt gﬁmpulrl fied |
roduct c ai ni ng about 20 vol.% CO2 and about 80 vol . % . I'n a secon

gt ep 621 X&hkﬂ] prAotheramsthog fas conting meteldoils exith grefabricated zeolittuct ed

h h t | 1.el channel contactor. During.this ste t DDR
2dsor bent CPaVAb UrdBisrBRORS narileEris ehcmharq?@éﬂep@mg?pﬂﬁg 2]
duct 6 :
Plrgwgg at ?%hélg e S()ﬁ?hp{&{l\%% Bg%}?gﬁael%régguggggggﬁgﬁé?éggﬁprom trﬂg&éar al | el
channel coubsirites. The methodaantbetsedtolapph offanesand\PorRaSit rhefiedated 2
- PCT/ US2008/ 006071 t hrough the contactor. Ahead of the front the gas has a

conposi t i 6Patirgsron elgetricallyrondustive sutsemtessehliuny ¢dmpésitions comtaganghas a

It that of the feed 671. The second step 621 i s stopped
bef ore 1 hPEctAPRACA drpites P miGBRRESRaBHIRS (R BR & GRIaPROTEEAAG | o . The

anount of | oy t C . ' p i s halted
Gopant . of abfifel Wy FIE SIRRP it RAI! ARHOAPGAAL RETRYifiod BeSerRcifin
Bowie Keefer et al.'s prior Canadian patent application No. 2,306,311, entitled

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

[00111] 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.
Colloidal materials capable of functioning as a binder and/or which form a gel
are preferred. Such colloidal materials include, without limitation, colloidal
silica-based binders, colloidal alumina, colloidal zirconia, and mixtures of
colloidal materials. "Colloidal silica" refers to a stable dispersion of discrete
amorphous silicon dioxide particles having a particle size ranging from about 1
to about 100 nanometers. Suitable colloidal silica materials also can be surface
modified, such as by surface modification with alumina. Another type of

colloidal binder suitable for use herein include clay materials, such as



[00117] 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.\w@hgodfls§9 Sstep 631 also acts, in part, as a paptrhbodfof@SHr €

di spl acement purge of the contactor. Valles are opened at the top and
bottom of the contactor. A pressurized CO2 rich stream 633 flows into the
top of the nodule and gas originally contained in the flow channel 503 of

t he struc I .gas fed into
the top O?ﬂ!)@»ﬁﬂ%&ﬂ%ﬁi&@&?@ %g a&%@“@%ﬁ%ﬁ@%é@%ﬁ@%ﬂéﬁw g@t eps 4 and 5
that has hbenimepsilRatsd Ll8b, indrgarfit ®rders nidy B irert; HoRahRE, defain t he feed

pressure (51 atm). The conposition of the gas fed through the top of the
cont act or 1nerganisshindersasuch asyclays,tused iveith aéoliteadembents may betaoraertéd 1,

containing 97.5 vol . %. nd 2.5 vol . % CH4. The gas exiting qut the bottom
of the cogrt“ébtl‘&mﬁa\%a(’l!% §ite zeplitessey that the zeehite tﬁfsetlﬂbo‘ﬂlégb’l@as 671 (70
vol . % CO2 & . 9 ) e strream entering the nodul e
633 di spl gglglgm? ﬁlen\égtla%“{?en 'hénftﬁg%l%%%nm#urfgt v00§$§ E]S%‘ie"fthSnt noves
fromtop tallbifal partRied foRnBidsb BRd the Vids? | PR aiﬂnﬂ'

fourth step 641 ?s beegun bef or el,%rgg gﬂtct)llr%t I‘lglcgfbt%g‘r”,@é%me:a(ﬁ)ont %r eé g@

t hr ough t Hierrh me¢sopores andéommdctoporesh eA fidocking agent €ahlbe applisde fillahsur e of

t he contact qr ,dOV\P to an internmediate pressure and recovers sone of the CO2
for reconfRASERLAL thednesppotesifyand mactepasesity in these deungdlayers e that the

i nt er medi [ e i out 22 atm In.the fourth.step, a -r.ich
stream 64885&@F§F$]#8gr¥h§8$gn&’Prcav?ﬁ'é%esW‘W%&Eﬁhlﬁinﬁ?‘ﬁior‘m BN eam i s
split inte@j A ] : 75 and
SPT e og s des BREERIBINA 3i0RRACbor bARRTIALS i RulifidelRRIRCERIR b

St r eam 63pyrdlya¢d teforuse dsé¢fal carbonatdvmsc@Rbeseinger in the third step of the

process 631, is conprised of the gas stream 679 that energes from

conpressoi) 675. As.the pressure in the contactor drops towards the outl et
pressure &90Hut Fgurgilh hereatillysiratesansexploded wipw ahan esbodimentefs. Wen

var ue ot efeieSER BRI AR ia A mopd RGUREHER! il U pietetably of ( ho h
e 41 | he
Gl Toam i oy aEbumETnT ds RYARRHERnalTy BIAORSH duth TSIty Pt Br ol oh

conpr essofoits7509, vehich ds peefetably fibrivaredfrensa corrbSionlyesistad? nadtal subheasst r eam
is then conbined with stream 681 and a CO2-rich stream 683 is rejected from

the procesi@indessstegle Sherseparate msial foilsf09withdhe sdsgroentiBIms505 ape ove t he
operationgQf.the brocess, a |l as the pr ure at which CQ2 is,

recover ed,fa%dg?pffga\r})) ff&”émrae%‘&?@fﬂlg@‘%lwef ﬁ%ntIaFg)ffﬁ)it AGEES QIINRIORIIAGI A&t ep
process i mayhiiabed baween i I i g3 of
pressure e(?g{al?i zat1on sttet%és;w&al?o??om e@ﬁ%ﬁé‘g%ﬁgaggﬂ%f’ﬁﬁé{t Sn steps can
be recoveckahnes gap S03iislofih pgedetein@RdSi AN P ref&aBly A56iR half 6F B VOT@RR! € Wi th
two pressure equalization steps, one portion of the CO2-rich gas is

r ecover edohthefegd ebanpals §03 anw filled with asppterrthat kdepsahe beetest i s recover ed
at about 5 aiagﬁs her es 001%% It is also possible to decrease the nodul e
oressure THPSLAMKIY SYENENIPACEAAAL. seri es of pressure equal i zation steps.
Agai n, each pressure equalization step can be used to forma gas stream

Nal can RGISY DYHEMeSELholss UM AEORTS S097iRlS SHTURRALPEG FSRR! o55e¢

to formstream 633. |f pr e equalization Steps are IS

advant agemuthetpyocssi GWheh €049 adBoribet 48 thd@dsurBestu heatals réifhsdl e CR2r €] ect
streans are captured. [00121] Mdeling used to predict the perfornmance of

t he par al dBpueheitheheabaf adsasption.c Thiswatres tise ddsorERfilonsCiit fathener e

measured with well.known gravipetric uptake t hods, .PVT (pressure, volung,
t enper at uﬁk? WA U8 ,te’QRE‘%\ﬂi"FH‘S&ﬁ §k’9¥? gh%f"fégg Hedalioms andrheagdiffasesnspor t

data in ORR R . di.stlcal was, foynd, to best

describe the si ngﬂﬁgnﬁﬁéﬁ‘s?&’? érljné;sg?é}?&&g&gjr)ﬁr@lihe ﬁlﬁ%orgggttlsqu s to

the measuwmibtheraiib process ahd Helt At be supplied in an amount equal to the heat of
adsorption. When CO, desorbs, the temperature of the films falls below that of

the metal foils and heat stored in the metal foils flows into the films. The



WD 2008/ 143823- 64 - PCT/ US2008/ 006071 CH4 give saturation capacities of 6
and 5 nol ecul es per cage, respectively, in the DDR zeolite framework. These

val ues coybhesRRskt0 a maxi mum | oading of 5 mlli-nol eshgiahfifoodd?R) for

C2 and 4.16 mlTi-nol es/gram (of DDR)-Hbr CH4. These saturation capacities
are consistent with the physical expectation that the maxi mum possible
| oadi ng woul d correspond to CO2 and CH4 filling the pores at a liquid

density. fh&hig! 1S S/11@° 'tﬁ“ﬂ?@ : pstant in
a Langnui ﬁll sot ﬁgfﬁgiﬁggféﬁeb@s?o%%&g@p%qg#qg% ét@t?&? ica ?!%lgtta ﬁ@rm The K
val ues usdimtasionvded tngprucess aLdescribéd 33 Pxafifplén. € J 25x10' oule Ml e

[001 14]" The adsorbent film is composed of individual adsorbent crystals,
mesopores (including grain boundaries) and macropores. In this example, the
crystals in the film are substantially of the same size. Most of the open volume
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.

[00115] 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

[00116] With a laminated sheet parallel channel contactor described for
Figure 11 hereof, a P‘SA/RCPSA cycle with five steps is operated to produce a
product stream containing about 20 vol.% CO, and about 80 vol.% CH,. 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
product gas 687. This pressurization raises the pressure in the parallel channel
contactor and fills the contactor with the purified product containing about 20
vol.% CO; and about 80 vol.% CH,. Ina sécond step 621 a high pressure 51
atmosphere (atm) feed gas 671 is conducted through the parallel channel
contactor. Dufing this step 621 the DDR adsorbent layer adsorbs CO, from the
flowing feed gas 671. A purified product 625 flows out of the end of the
contactor. The feed gas 671 is flowed at a rate such that as the product 625

emerges from the parallel channel contactor as a concentration front moves



R T (in pascals-1) 17.8 x103 Joule Mle = 4.25 x10-t eR T(in pascals-1)
where Ris the nolar gas constant and T is the tenperature in Kelvin.,
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through the contactor. Ahead of the front the gas has a composition near that of
the product 625. Behind the front the gas has a composition near that of the feed
671. The second step 621 is stopped before this front completely breaks-through
the end of the contactor. The amount of feed which emerges from the contactor

before this step is halted determines in part the product purity.

[00117] At this point, a third step of the cyclé 631 is initiated which serves to
purge the contactor of feed gas 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.% CH,).

[00118]  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

| after, this front breaks through the bottom of the module. The fourth step 641
lets the pressure of the contactor down to an intermediate pressure and recovers
some of the CO, for recompression. In the design discussed in this example, the
intermediate pressure is about 22 atm. In the fourth step, a CO,-rich stream 649
exits the module at a pressure of about 22 atm. This stream is split into two
streams 679 and 681. Stream 679 is fed to compressor 675 and stream 681 is
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



[00122] Over a wide range of conditions (less than about 50% of saturation
capacity |l oading), the shape of the statistical and Langnuir isotherns are

very Ssi m\kfﬁrzoos'/:ﬂ 8,31 "pl e modeling of the process given pprhdibssfi@ipP! € the
statistical 1sothermcan be suppl anted-69-an equi val ent Langnmuir 1 sotherm

For nodeling conpetitive adsorption effects, conpetitive adsorption
| sot hernms can be derived fromthe single conponent statistical isotherns

usi ng wel | ' T Lnal (o] aMaxwel |
om0 e BB  BoARCmk  28m  HR7 REI BFR
her eof weic@ntabtdt drdBs towhls\RE BulleOpressute Of abodP21 iR, the AloW P &fdams/'\O
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679 and 681 decreases. When the flow in these streams has fallen to

approximately Y 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.

[00119] 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
equaliiation 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.

[00120] 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
steps are employed, it is advantageous to design them to maximize the pressure

at which the CO, reject streams are captured.

[00121] Modeling used to predict the performance of the parallel channel
contactor uses isotherms for CO, and CH, that were measured with well known
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 CHy. The best fits to the measured isotherms for CO, and



where Ris the nolar gas constant and T is the tenperature in Kelvin.
[00124] It is seen that there is a large difference in the diffusion

coef fici gRhSoii145468 and CH4 and a smaller difference inpphiishsRfoh&@ys When
these transport paraneters are eval uated4at a given tenperature. From a

50/ 50 nmolar m xture of CO2 and CH4 the isotherns slightly favor CO2
adsorption and dramatically favor the diffusional transport of CO2 into the

DDR cryst . Ol || e ' I t o] ' e 1 and
the pur ge s BivE BB FaBeitideol b The S Bofeciled o5 AR cIRMANTh R Be 1o
di f f er encODR #bolite FafewiiR! THdse VafuedRbricPotY f 4 AaxiAlugs 1dadihy o’ t he
process. By controlling these tine steps, a kinetic separation of CO2 and
CH4 can benidliimeles/gram{of DIMR} fardU&xtandd. b§ ndlli-frevlesigemsm i(of DDR )M forvi ty of
t hese nol | e The class of 8-ring zeolites preferred for the renoval of
Co2 from rrdfur aRes§Aatuiatipn gapacities areeonsistent with she physipalgxpectationi f f usi on

ffici : 1.8 A I at ticul S le..th b
Cuned to- S tag M FEATRbHibis plinB iR ERsufld B £ Oam Gl fipadhe g
d ' ot U DIAEG; t : l.uat
The abi || By o SRS GRSy pin Bl RAAE I IRl LRI AR nE T 2 ©

rati o of dohétasi inma Cargrhuin isothermpdesdrtbes ohe Sinpet of thB atatiztieal Rottrerigpar at ed
and the diffusion coefficients are evaluated at the tenperature and

pressure dhetfyaluesaisgd fopmedeling ace,

25 x 10° J2e
Mole
Koo, =193x10™ e AT (in pascals™)
17.8 x10° J";":
Koy, =425x1 0%e AT (in pascals™)

where R is the molar gas constant and T is the temperature in Kelvin.

[00122] Over a wide range 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
competitive adsorption effects, competitive adsorption isotherms can be derived

from the single component statistical isotherms using well known techniques.

[00123] The single component Stefan-Maxwell transport diffusion

coefficients for CO,and CH, used in the modeling hereof were:

0 Joule
Mole

Dg, =570x107° ¢ *7 (in m¥/sec)

74x1



DCH, WD 2008/143823- 66 -PCT/ US2008/ 006071 preferably the material is
chosen to have a value of |Ic greater than 25 at the operating tenperature.
More pref\wphabdsyisbdre material is chosen to have a val ue @fra/SfkRbsobNan 50
at the operating tenperature. [00126] t65order to take advantage of the
intrinsic kinetic selectivity of the preferred class of 8-ring zeolite
materials for renmoval of CO2 fromnatural gas, the crystals formng the
contactor nust be of subst antiall3I4¥lo,tJl;Le sanme size. If they have wi dely
different sizes, sonme will substantimkly fill with CH4 during the

adsor ption stepDgRl=0.48m0ihg in fhcreased ngin héfsec) oss during the
desorption step 651. It is therefore preferred that the standard devi ation
of the volume of the individual crystallites in the DDR filmformng the
adsorbent | ayer 505 (as seen in Figure 11) be less than 100 % of the vol une
of an average crystallite in order to increase nethane recovery in the
process. I I m ro: i@kl on of the

vol une of k\f{hﬁge g?&??ﬁlrlﬁ{)?gsgggﬁsﬁgﬁﬂm ilf Wgﬁﬁg&rﬂéﬁgﬂ‘gbbent | ayer 505
is less than 50% of the volume of an average crystallite. In the nost

pref er r ed [GH2Adi mitnis seem éhatttherdds d laipei diffecencefin tthe difflision coéffidients of

crystall ib S | néﬂe DER filmformng the adsorbent |ayer 505 is | ess than
10% of th %mnﬁ ofnd 3 smalles slitferepse an the isothemmsiuhen these stansporénbodi ment
h I P l.e d I bed in.thi | e. 00127] Wth
thi s typer B e kel §a®ed Fifbusfine, Frims sTY Bofismpguss
¢ : . . : . . h ¢
Do chosen g Tt g Hioey s RRhy Tavoy €0, 24 RBLBh Y dedar oy EVTF, 1 °°

gaseous Qb diffusiomal eradsporaofi€0506 thetDDRecryetala By @@atrofldig fidVigmei M to
equilibrate. The tipme for CO2 to achi eve 90% approach to equilibrium
(fol | owi n¥rale ehthegrdsorptian stgp $2d andethe pargodisplacehient atepi 63, ét iBDR cr yst al

that has ﬁgs%hﬁe% fta];kueszlui)v%n%gtehott t?nst &?feggrfcel i?l ipl%sﬁ)%néoae% 1(c)1renltsszind

improve the selectivity of the process. By controlling these time steps, a kinetic

separation of CO, and CH, 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 CH,
diffusion coefficients. This example illustrates a particular RCPSA cycle that
can be tuned to achieve a kinetic separation of CO, and CH,, 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
diffusion coefficients are evaluated at the temperature and pressure of the

intended process,

Dco2
Dcu‘

K=

[00125] Itis preferred that the material be chosen to have a value of x for CO,

and methane separation greater than 10 at the operating temperature. More



where r is the average DDR crystal radius and DcO2 is the diffusion
coefficient of CO2 at the operating tenperature. It is preferred that the
time for \%b%@/ﬁ%ﬁnd 631 be in a range fromO0.5 T go }@1AR2008806080d it is
more preferred that the time for steps-68% and 631 be in a range from1 T
go to 5 T go For nodeling, atime step of 1.5 x go was chosen for steps 621
and 631. The nunerical value of the tine step is then set by the crystal

size. It i e fy : rage DDR,crystal size be,in range from
about 0.0EZefgﬁlg%%o&E&%dg gﬁ?&ﬁ\toi Vﬁ&\éalb?éfgrgrgate{ ﬁlgﬂn%%gt erage DDR
crystal sioperdtiiel temdefARRE 1R hhelod NOSt
preferred hgit ghem?\?erage m%?é}gﬁglyg%zgl %%lﬁp%sgﬁgg ro%‘édblgﬁfﬁl | AM
to about XOgreater tein S®dethersperatingy tiagdafdllR crystal size of 1 1.1111 was

used. [00128] Several different treatnents of the nolecular transport into

and out of the adsorbent |ayer were devel oped and results of the different
nodel i ng 4026]i ndm ooder tadake advaniagelof thedntrinsic kinetic setesitvityraf thel ved t he

ti me dependent fundanental nult.j-conmponept transport equations into and out
of the DDW%HF# tCEaSF g‘?@r’ rgg zgp ‘tep‘B?W'é‘?sa QSH’@"‘PNEID ‘Pé@@zg?@ﬁﬁ@m%gaéver y
time stepgl i I Jhl mwas ideal i;zed as fins
al ong thet}g%q%fégg#sofﬁgﬁﬁg%{gﬁgm\%mm[og "5%8%5#3?&%29?5%% Wb%?%‘éﬁlthﬁﬁ?eﬁs. The
Mesopor es hhvs WidelD ifforsme sRRY, NS WilSuBSRAIATE Bl &ﬁh@ﬁ?&uﬁiﬂg tho! ume of
the adsorbent |ayer. On a grid enconpassing 500,000 points, the fundanental
ti me dependsorption steppidk, resyting im snoreasedsnéthane fass dubing theatssbrptionThr ee

pressure et%ugilzaltlon stfeps were used in the bl ow-down step 651 for process
Irr}[)del i ng. SPPESSur Listhergforepredemed that the slondard (%Vﬁatmgﬁﬁlef@lm?oﬁnpl oyed.
was degier e rsion.in adsorptio ep was
10C. The %ﬁgﬁ&‘#@%gg’gﬁﬁég‘ @%Bﬁéﬁﬂagopﬂ@gr%f?%%@ﬁgayﬁé&@r{ég nol ar
entering thy brasosr URERISt IR OF e bR of dh AN as PR PHERAR 2 Cport
showed a 0Bl teintzeasermethanc yecoieey ity dieaprocpsse Sl moré préfeednol ecul es were

recover ed q'n?; atreams 681 and 685 was found to be 12.5 atnospheres. [00129]
Thi s nodefMRgIupsotierstandard deyiation efthayiodurag of the orystalbtestindhe DIRR! i near
driving f . el s that are_conventio I sed,to npdel PSA

pr ocessesmrﬁ?f)%%%\gﬁgaﬁr}e&mqyﬁéSﬁééf eé)?g'&*fn g@%.f%/ﬁtg‘ﬁ,vo&“@ﬁﬁﬂa@r nodel has
been conshvetag@eryishites an the i N | ALl O
conput e net ha%egl;ytgco&eri es. ﬁbé{tﬁg@% so%?l?%(ﬂﬁ{sé ééhgfhﬁ%[ahd;dé?ﬁngﬁé 0rﬁ)del
separ at el thetvodame dffthe erystallitescinithe DIDRGilth fotehifkHhé AdidiBehCRYer 50518
within the DDR crystals formng the adsorbent |ayer. The anount of CO2
adsor bed less Iﬁéﬁtovfrtb@wahgnmfaala@nrag@ anpstaidise.oThe mostipreferrédhat  ni ght be
expected | f,the adsorbed in th were fully equilibrated with the
gaseous f%‘@BOQII‘Peg’f‘)IZ“IP& ‘?’Wé%?%&iﬁ@%ﬁ%}/ ‘éﬁﬁ%’l’ﬁl‘*@ﬂ@ thisgxampleoc hi gher
than the feed tenperature. The anount of CH4 adsorbed in the DDR crystals
i's | % of 27O untith B tyiebt j ed ] he DDR
has full yme'gui riDbralt ed WI}':Bh th%dggggéggﬁfs%ﬁ gg%ff%lln{ig?sl%n%l ?ﬂé%gﬁdgéétgb%n at a
t enper at uthe avkrdgei csystalsine i etie adsarbérte If Restefepravemat tHedtimkrstéfBe Si I €
nodel gas filli nghthe mesopores and nmacropores in the laminate at the end
of the add¥sphsethaiadsored €O, ipthe BRR bastimeRorequikibmiterplith gasdetis t he COR
purge us j e 31 . di sp s all of the nethane left in the feed
channel ?ﬁpaq%ﬁee%&gégm%éﬁﬁ@grg AR FREs RYavertyae te epuibratec over y
from t he PROGRZSfor ©O &UGH; g% 9 his: I rees with the exact
nodel and the nodel &@’ﬁ‘ﬁ‘éﬁ"‘?% pzéar(%}}%o%qﬁ*géﬁgﬁe&g@ I"é%la},‘\’ha{‘%"e"hrt to
eval uat e sunfacefcbacéntedtion)avighint $ihgleDDR 6FRtAHat RE AR & JH'B f the
adsor bent . éLOOlSQ] Optionally vvhengt he Cogfy:gej ect st regm 6&%8?5 aetguest ered
it is prdPdhegas ibthegoni@atorise CO2 at a pressure that is more than 1/10 of
the partial CO2 pressure in the feed. In a nore preferred enbodi nent the
pressure at which the CO2 is captured is_nore than | A of the CQ2 parti al
pressure in the feed. Exanpl & @ FOQI88 rih®gepocess of Exanple 1 is

repeat ed except the feed and product specifications are held constant and
t he vol une fraction of nesopores and



macropores in the adsorbent are increased from5%to 10% The predicted
nmet hane recovery is found to fall from95% (in Exanple 1) to 92% Exanple 3

[ 00132] of Exanple 1 is repeated except thepiea,@RModrpPduct
specificl‘??éﬁiﬁgss?hel d constant and tkhé7vol une fraction of nesopores and

macropores in the adsorbent are increased from5%to 15% The predicted
nmet hane recovery is found to fall from95% (in Exanple 1) to 88% Exanple 4

: ' d
[00133] T%e‘?&?%g&héel{eﬁ%ns Igﬁfys'g?]i JafRE A u&écfs%etdl?fu@l G dtflcihpduct

specifications ar € Vo raction of mesopores and

Macr opor esfiC04 fae tidgperheng téhpferafifrec a6 Rbref@rediifat thel@ife foPSteps 621ct ed
nmet hane recove%y S fournd %o fgll from 9?’/0(in Exanple 1) to 85% Exanple 5

and 631 be in a range from 0.5 T gg to 10 T g9 and it is more preferred that the
time for steps 621 and 631 be in a range from 1 t gg to 5 T gp For modeling, a
time step of 1.5 T g9 was chosen for steps 621 and 631. 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 about 0.005 um to about 100 um. It is more
preferred that the average DDR crystal size be in a range from about 0.5 um to
about 50 pm and it is most preferred that the average DDR crystal size be in a
range from about 1 um to about 10 pm. For modeling an average DDR crystal

size of 1 um was used.

[00128] Several different treatments of the molecular transport into and out of
the adsorbent layer were developed and results of the different modeling
approximations were compared. The most exact treatment solved the time
dependent fundamental multi-component transport equations into and out of the
DDR zeolite layer at all points along the feed channel for every time step in the
process. For this model the DDR film was idealized as fins along the side of the
channel with 200 angstrom gaps between the fins. The mesopores formed by
these 200 angstrom gaps occupied 5% of the volume of the adsorbent layer. On
a grid encompassing 500,000 points, the fundamental time dependent transport
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
excursion in the adsorption step was 10°C. The methane recovery was computed
as the ratio of the methane molar flow rate in purified product stream 625 to that
in the feed stream 671 entering the process. The model using the most exact
treatment of transport showed a 96% methane recovery. The average pressure at
which molecules were recovered in streams 681 and 685 was found to be 12.5

atmospheres.



[00134] The process of Exanple 1 is repeated except the feed and product
specifications are held constant and the volune fraction of nmesopores and

macr opor IQosif1§s28dsor bent are increased from 5% to 25%-1ARSoREEEL €d
met hane ?‘Zgozvoes?y I's found to fall from®$8% (in Exanple 1) to 81% Exanple 6

[ 00135] The process of Exanple 1 is repeated except the feed and product
specifications are held constant and the volune fraction of nmesopores and

b L L e G R
7 [00136] thetinparodiéeingfordex@IPFembdels thapartcmventemilly ised afodsdPsAoduct
specifications are held constant and the volune fraction of nmesopores and
macr opor eProeessere Hdingrknowledge of the mwstexdot solusiving o siBpler thedglhadi ct ed
methane r ‘Been co stin?ctfe Ltll?ac{ cta(r)x rfe:c{i1 illy [)2 %rsnec? 15))% o(nier;kﬁi(e%n?lel t%ela)rt 'Eooco7rg;)/€1teExanpl ¢ 8

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,4 adsorbed in the DDR crystals is 1% of the amount that might be

expected if the CH,4 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 mbdel and the model provides a simple method for one skilled in the art to

evaluate the effect of changing the mesopore and macropore volume of the

adsorbent.

[00130] 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
CO; pressure in the feed. In a more preferred embodiment the pressure at which

the CO, is captured is more than Y4 of the CO, partial pressure in the feed.

Example 2

[00131] The process of Example 1 is repeated except the feed and product

specifications are held constant and the volume fraction of mesopores and



[ 001371 The process of Exanple 1 is repeated except the feed and product
specifications are held constant and the volune fraction of nmesopores and

macr opor dsorbent are decreased from5%to 2. 5%;“ ?&)sﬂﬁo‘%@i cted
met hane ?‘Zgozgoes?legﬁzg found to increase F68m 95% (in Exanple } to 97 %

Exanpl e 9 [001381 The process of Exanple 1 is repeated but the feed
specification is held constant and purity of nethane in the product stream

625 is in 8 % % i s done by
chang ng. ThETPagss i B Pd5crhens 8 ST MBI St TR AT red iR ° Yot
are all O‘A@ﬂethﬂnéi’f&@%@’ R%ﬂn@%‘félﬁﬁ%ﬁﬁ%"/@@ﬁ B{Hi'nlﬁéjlg%@Z%.opped Wth a 5%
vol ume fraction of mesopores and macropores in the adsorbent the predicted
met hane recovery is 94% Exanple 10 [00139] The process of Exanple 1 is

fol | oned Hxample 3f eed specification is held constant and purity of nethane
in the product stream 625 is increased from80% CH4 /20% CO2 to 90% CH4

/10% CQ2. This is done by changing the feed flow rates and the degree to
whi ch co oNi~hy f d to breakt e steps 621 and
631 are gﬁg%iei W}@f?@%%ﬁ)ffﬁhé@féscrtepg%tegfexcggt tﬁg??%‘g opores in
the adsor kgadificafoy £€Hel @ doRhACIHY HRAVEMYE fractid’8f mesopores and

macropores in the adsorbent are increased from 5% to 15%. The predicted

methane recovery is found to fall from 95% (in Ekample 1) to 88%.

Example 4

[00133]  The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of mesopores 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

[00134]  The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of mesopores 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%.

Example 6

[00135]  The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of mesopores 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%.



Exampl e 11 [00140] This exanple illustrates use of a parallel contactor
of the present invention in a separation process that produces relatively
hi gh presgghgogiugdyct s and high methane recoveries fromppNg &9skabddrn9
natural gas stream In processing natur#l-gas, the anount of N2 that has to
be renpved depends on the concentration in the field and the way in which
the gas is transported to nmarket (i.e., liquefied natural gas vs. \

pi peline). This exanple will consider a natural gas stream containing a
smal | armEQ%E_{ﬁrz% of inpurities (for exanple H20 and nercury conpounds)
ot her than NZ: ese inpurities are renoved in initial processing steps

usi ng conventional separation techniques. The gas streamfed to the

paral |l el {0138}t oThefprobesspfdamplerivisitepedted asceptenedesd andprafucy 0% CHA
and 30% N2. The flowing gas streamis fed to the contactor at a pressure of
100 at nospipReiBeations age ?ﬁ)@@%&t%m@ndfthso'clurpe@'mlipn‘nfenmﬁomﬁ andis

conprised of lamnated f]at, sheets of t ty de j b above apnd a
schemat i cTHCERRAURS Hﬁﬁ?éispyﬁé‘téfe Wé@seggﬁ“%%’ﬁ%gg%-egﬁmpr@ﬂ e i s shown
in Figuremlejd? r ' g pm t hi ck DDR
filmb505 wt A}gnr%g{,y%ﬁgg?%&gor gﬁg{ feiggf%ar?sq%g%gmiggyg? 2%?"0r'ral ly grown on
each of both faces of a 100 pmthick flat netal foil 509 (for exanple

stai nl essEghepled 8 The netal foils 509 with the DDR filns 505 are | am nated

together 501 to forma parallel channel contactor. During |am nation,
spacers are placed between the netal foils so that the channel gap 503 is

50 p. m act®MS37] ApFhepreess|of Bxanplereisvepeated oxcepidhe fead artdpresiust 503 are
apart. " hBRCTARRRS g Rl EStand e VOHEOBREOD AL HesOPBERE 410 m war v |0
a tenper afiefoRReVfh &Qzatds fb&?%@&é&b?geﬁgr?@%mtj% f W@ﬁ)%g@iﬁ{e% the netal

foil where It 'Is store sorption o is'an e ermc

process an@thupetreodrsdrylie foumpto ﬁ‘dréd@e&'ﬂﬁn@ﬁ%?‘h RtathpR haat9od,.t he
adsorption. When N2 desorbs the tenperature of the filmfalls bel ow
that of the netal foil and heat stored in the foil flows into the DDR film
Wth the Exempledr di mensions and the process described in this exanple,
the thermal excursion of the DDR filmis expected to be | ess than +/ - 5C.

Due to th | ery heat of orptiqn for N2 {co ed to, t hi

t enper at uﬁ’@?’?ie :I'Be PLAESP ﬁig‘f}?ﬂﬁflégflstrme%gﬁ tggiafrﬁﬁg%‘?c‘&?é‘r)ﬁﬂé; i above.
00143] Th&dReRstal i '8 ' in'tAd Yo dlia! tr@%ﬁ t: lele

Ei ncl u!ji nlgagr ai atfagt)g?rll%gpﬁes)fan naclpi)tgglrp\gg. I r§ thi s%i%ﬁ%k%asﬁe cr;gtsal S

in the DIB0%i CHy 82029005 ta80%aCHy, /00% €O,s ahis & déne Bchamdingike 6R@N vol une
inthe filmis conprised of mesoporous cracks with characterrstic w dths of
200 angst Hedatesanddhgelegrre loushishaomepositional fronts aresllgwed ¢mbyeaki-st ri but ed

t hr oughout t h ilm The t al | ume of the neso es and_magropqres is
25 % of DRRUEbfore sy 28 ekl e EPnadR Wit S5 volume fraction of
mesopores and macropores in the adsorbent the predicted methane recovery is
94%.

Example 10

[00139]  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
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 10% volume fraction of



[00144] Using this parallel channel contactor, a PSA/ RCPSA cycle with five

different steps is operated to produce product stream containing 2% N2 and

98% CHA. \Mohd 143438t hane recovery for the PSA/ RCPSA cyclherhi6R/shbed to be
91% Figure 13 hereof shows a schematie7liragram 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

pressuri zat i [ ssure _i;jn the parall.e hannel contact.or and
T s 1 he taesaPated ahinbclpRSIRIE oS B e oo MRHG R Ry WS o826 O,
In a secoggogtep 721 a high pressure 100 atmfeed gas 771 is flowed through
the contactor. During this step 721 the DDR adsorbent |ayer renoves N2 from
the flowng feed gas 771. A purified product 725 flows out of the end of

t he cont akxemplahé feed gas 771 is flowed at a rate such that as the
product 725 enmerges fromthe WD 2008/143823-- PCT/US2008/ 006071 73
contactor a concentration front noves through the contactor. Ahead of the
front the[Q@k40)as Thisexpopletillustrateause bfin pataliel eoptastorodf the presdmbi nd t he

front the.gas has a cogpo,sition negr that of the feed 771. Before this
front conﬂ%«?ﬁ‘é‘l"? 1 AR N RIGRESSHBaLPRPdyees Fdatevsly high presperesprodustsst ep

721 is st f Lch emerges fromthe contactor before
this stepgﬁgﬁ?% i’r're‘]‘g‘ag’gﬁg%’eﬂeé t???’%plﬁgfmlqﬁ‘é“% Batucs! A3 Se9M. 1 ¥h145] At this
poi nt, a phidedsifif panRhl AE the/ SnBuhBdf NS thdtiHal ' rge the
cont actorbof fele% gas t%apped inut he %?)ntd;g{agﬁgﬁéﬁﬁlglggd%%é%@?ﬁt ep 731
al so act scomcendmationsn shefietd and ﬂree\s'a)am“diistpﬂmcmdsttram%@ee@fo ket
contactor,, Valves_ are opened at the top _and bottom of the contactor. A
pressur i z8ee-nbaystiad ratpeal gay ¥s. pipsline). nthiseampdp wil considen dwaturahgagas

St r oot ar cbreBaP sPnfiton rafi abiiaf (539 ofmipiten eB erampe i @nt o  nc
t f th I ' | | ol t:ens; d>5
Lot “has oen  compeunid Uit (ER, DThett Bpite: fie ShElved ik, 10 oba

pressure phd@ssingsieps Geingosirvientionél separadivh teehniqies. "The @has steainofedof t he
contactor is nearly that of the N2 reject stream 781. The gas exiting out

the bott off be naralld sentasterrofithe preseptprvantionrhas@acamposition af 76% i, f eed
) 0
gas 771 (Z0450% ﬁ?d Th ﬁo%é' gas stream is fed to the contactor at a pressure of 100

atmospheres and a temperature of 50°C.

[00141]  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
pm thick DDR film 505 with an Si/Al ratio greater than 100 is hydrothermally
grown on each of both faces of a 100 pm 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 S0 pum across.
Approximately half the volume of the feed channels 503 are filled with spacers

that keep the sheets substantially evenly spaced 50 um apart.

[00142] The heat capacity of the metal foil 509 limits the thermal excursions

in the process. When N, is adsorbed in DDR it releases heat in the amount of the



1001461 As the gas streamentering the nodule 733 di splaces the gas in the
feed channel a conpositional front noves fromtop to bottom of the nodul e.
Bef ore orwghgésidsysafter this front breaks through the bepta&kobde Modul e
the third step 731 is stopped and a fou2h step 741 is begun. The fourth
step 741 lets the pressure of the contactor down to an internedi ate
pressure and recovers sone of the N2 for reconpression. In the design

di scussedyi ' I ' ' pr ' n the

Four th ot Ao, Phis ot BEBOR HmEoARTHER Sim Padhflod o' 30 atm
Thi's streggtpératittiabov B iRat!¥ihe mealfoil aii Rel diffhisesto tHe mefa 3011779 is fed
to a conpressor 775 and gas in stream 781 is rejected fromthe process at a
pressure o¥hed@itasistored. resomtion abNi, fromoDDRIis apeadetermipprssss and n st ep
741 is chgsen that mnim zes the anount of flowng in stream 781.

! : as
St r eam 735catypustesupplied:ip the amoung ef m@gafﬁm Adsorption; WheatNp of the

P ooy e o ptsrbs ERmASR0RE of e BER XImSAT beforh Wit SITRE Hial E3d'S 1 | o1
pressure fkaQoRidTn thd Fofl 'FRW Mits tHEBIR ﬁn?n. an?th@} c‘é»ﬁnﬁfcﬁ‘?@l.sﬁmﬁ?ﬁg?dhst he flow
| 1/4 of t Ial va

in these streans has fallen to approximtely e 1nit ue the

fourth standitlse ptomepedesenibed ifithislexatide,ithe llegviml exouisien bf tHehDBRep of the
process 751 the nodul e %ressure is dropped to 1.2 atmand a N2 rich stream

1
i s recovefidm isgzpected 1a bE lass thap ity 8°G.h Duspler thei somallgr heatohadrosptionas wel |
as the pressure at whi,ch I .s.recovered, .gas mmay _be recovered in the fifth
Step 75n Lar e Cesthmfiends (O Bis et heR i i RHESY urpabeot Bedleseiution
decreasedfg)mgarﬁg{é' £sbQ¥e Pressure equalization steps. In an exanple with
two pressure equ iza?lori steps, one portion of the N2 rich gas is

recovered at a pressure of 12 atnospheres while the rest is recovered at

1.2 atnospoet4d]. [IMRIBBR filmiis campeispdofindieidual DR &Rpstalsh the3opotes
pressure in step four 741 with a series of pressure equalization steps.
Agai n eackinglusing geain boyndaries) andsmagroparesb dnubiscexamples thecrystalssintbam t hat

For m st r oRIPAAUR 1 GPslaeRly 35, 15¢ PaRe Sige. MopCorhe aepivaGme B the
i1 cams arin 8 SoRREISRN PO U IR ARRHE BaliRoFR000C, 1, hmhce.

of the coahgsticims.uThesd mebosorons taickbAresebstimtidIB evisily diftdbutedd Wi th wel |
known gravinetric uptake nethods, PVT (pressure, volune, tenperature)

met hods, threugheut thadilysi Thetotal yejumecatrtho mesoporesambmiacrhpicaes is DOR
menbranes,, A.statistical isotherms e s found to best describe the

si ngl e corp8h tofai(%qigpﬁ&osfftéq: 1N$%‘SM~ The best fits to the neasured

i sothernms for N2 and CH4 give saturation capacities of 5 nolecul es par cage

o "5 OPRGRRY SR Y ate el EAhe RoHERGOR PRAORIPER BfBdidiRd 0! N9

of 4.17 _ | es _ hese saturati on capacities are
consi st endifféreht $teps jshofsorated teppedicd product stream containing 2% N, and 98%

CH,4. 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,4. 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
gas 771. A purified product 725 flows out of the end of the contactor. The feed
gas 771 is flowed at a rate such that as the product 725 emerges from the



WO 2008/ 143823- - PCT/ US2008/ 006071 75 that the maxi mum possible | oading
woul d correspond to N2 and CH4 filling the pores at a liquid density. A

singl e pay [ that is anal ogous to the Henry's CORgLAR 00‘8)306%7 angmui r
i sot herm greig(;cs(rﬁl4 ftesg t he shape of the st-aﬂl-stlcal i sotherm The *ues

used for nodeling are: 9.6x10' Joule Mole K N2 = 3.79 x 10-9 eR T(|n
pascal s-1)

contactor a concentration front moves through the contactor. Ahead of the front
the gas has a composition near that of the product 725. Behind the front the gas
has a composition near that of the feed 771. Before this front completely
breaks through the end of the contactor the second step 721 is stopped. The
amount of feed which emerges from the contactor before this step is halted

determines in part the product purity.

[00145] At this point, a third step of the cycle 731 is initiated which serves to
purge the contactor of feed gas trapped in the contactor channels. The third step
731 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 N, rich
stream 733 flows into the top of the module and gas originally contained in the
flow channel 503 (of Figure 11 hereof) of the structured parallel channel
contactor flows out 739. The gas fed into the top of the module 733 is a N, rich
gas produced in later steps (4 and 5) that has been compressed 775 to a pressure
slightly gréater‘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% CHy,).

[00146]  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
rejected from the process 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
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L5810 ?‘rl:)ln? 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 Y of the initial value the fourth
step is stopped and a_ﬁﬁh 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 785.

[00147] 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 pressure
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.

[00148] It is also possible 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.

[00149] - 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 CH,. The best fits to the measured isotherms for N, and CH, give
saturation capacities of 5 molecules par cage in the DDR zeolite framework.
These values correspond to a maximum loading of 4.17 milli-moles/ gram (of

DDR). These saturation capacities are consistent with the physical expectation
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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° ﬁ::l:
K, =379x107 ¢ *T (in pascals™)
17.8 x 10° L2
Kcy, = 425x10" e FT (in pascals™)

where R is the molar gas constant and T is the temperature in Kelvin.

[00150] 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.

[00151] The single component Stefan-Maxwell transport diffusion

coefficients for N;and CH, used in the modeling were

1.5 x10° Joule
_ Mole

Dy =048x10"e fT (in m%/sec)

13.4 x 10* Joule
Mole

Dy, =048x10"e¢ A7 (in m%/sec)
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coefficients and improve the selectivity of the process. By controlling these time
steps a kinetic separation 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,

DN2
DCH.

Values of x for DDR for nitrogen and methane separation at several different
temperatures are given in the table below:

Temperature (C) K
20 130
40 100
- 60 75
80 60
100 50
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WO 2008/143823 77 PCT/US2008/006071

[00153] For the preferred class of 8-ring zeolite materials for removal of N,
from natural gas kna/cu4 is a function of temperature. It is preferred that the
material be chosen to have a value of kyy/ci4 greater than 5 at the operating
temperature. More preferably the material is chosen to have a value of kyny/cus
greater than 20 at the operating temperature. Even more preferably the material

is chosen to have a value of knycu4 greater than 50 at the operating temperature.

[00154] 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 CH, 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 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.

[00155]  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, does not have time to equilibrate. The time

for N; or CH, achieve 90% approach to equilibrium (following a change in
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Crystallite Size (um) | Nitrogen Tgo (seconds) Methane T 9y (seconds)
1.5 0.01 2
5 0.1 22
10 0.45 91
25 2.8 570
40 7.3 1460

[00156] It is preferred that for N, the time for steps 721 and 731 be in a
range from 0.5 7 g0 to 10 T gp and it is more preferred that the time for steps 721
and 731 be in a range from 1 T gg to 5 T g9, For modeling, a time step of 1.5 T g
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 from0.005 pm to 100 pm. It is more preferred that the average DDR
crystal size be in a range from 0.5 pm to 50 pum and it is most preferred that the
average DDR crystal size be in a range from 1 um to 10 um. For modeling an

average DDR crystal size of 5 um was used.

[00157] A simplified modeling approach similar to that described above was
used. In the adsorption step 721, the simple model separately treats the
equilibration of N, and CH, in the feed channel with the DDR crystals forming
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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 771 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 721 is not recovered. Also, for the simple model

the N, purge used in step 731 displaces all of the methane left in the feed

channel into stream 739. With these approximations the methane recovery from

the process is predicted to be 91%. 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 mesopore and macropore volume of the adsorbent.

Example 12

[00158] The process of Example 11 is followed but the feed and product
specifications are held constant and the volume fraction of mesopores 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

[00159] The process of Example 11 is followed but the feed and product
specifications are held constant and the volume fraction of mesopores 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%.



Crystallite Size (gnm) N trogenT 90 (seconds) Methane T go (seconds) 1.5
0.01 2 5

WO 2008/143823 30 PCT/US2008/006071

Example 14

[00160] The process of Example 11 is followed but the feed and product
specifications are held constant and the volume fraction of mesopores and
macropores in the adsorbent are increased from 2.5% to 20%. The predicted

methane recovery is found to fall from 91% (in Example 11) to 81%.

Example 15

[00161] The process of Example 11 is followed but the feed and product
speciﬁcations are held constant and the volume fraction of mesopores and
macropores 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

[00162] 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
hydrocarboﬁs contain a small fraction of waxy species with carbon numbers as
large as 36. For this stream 81 1, 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 q; and the slope of the CO, isotherm would be:
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= 02K, g,

where K¢, is the Henry’s constant for CO,, and g is the saturated loading for
CO; in DDR.

[00163] To bring the stream into a more preferred window of operation the
stream is passed through a turboexpander 821 that reduces the stream pressure to
about 500 psi. In a preferred embodiment, the turboexpander 821 is designed to
have a radial inflow. Radial inflow turbine designs suitable for use in this
process can be found in Perry’s Chemical Engineers' Handbook (7th Edition. ©
1997 McGraw-Hill edited by R. H. Perry and D. W. Green). During the
approximately isentropic expansion, the gas temperature falls significantly and
liquids may fall out of the gas stream due to a change in the dew point and
reduction in temperature. Radial inflow turbine designs can be operated so that
liquids falling out of the gas stream will not impede the opération of the
turboexpander. In this example, the power generated by the turboexpander is
coupled througvhv 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.

[00164] 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
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Handbook (7th Edition . © 1997 McGraw-Hill edited by R. H. Perry and D. W.
Green), including packed bed heat exchangers. Alternatively, stream 837 may
be by mixing it with a separately formed hot gas stream 835. When heat
exchangers are used in process block 839, it is preferred that they extract heat
from stream 881, 891, 895, or some combination thereof using a multi-pass heat
exchanger. Optionally, the heat exchanger used in process block 839 can
extract heat from an optional 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 vapbr, 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.

[00165] 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 g and the slope of the CO, isotherm would
be:

0 9co2
0 Frp,

= .07 K, g,

where Ko, is the Henry’s constant for CO, at 90°C and q; is the saturated
loading for CO; in DDR. '
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embodiment more than 90% of the methane and heavy hydrocarbon fed to PSA

unit 841 is recovered in the methane enriched stream 81S5. 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.

[00167] 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
turboexpandér 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
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78% unit to reduce the corros1v1%' of the gas mixture. To raise the pressure of the

CO;rich gas stream 893 to the level needed for CO, disposal/sequestration, a

final compressor 897 is provided. The compressed CO, rich gas stream 895 is

injected into an underground formation for CO, disposal/sequestration, or for

enhanced oil recovery.

Example 17

[00168] This example illustrates use of a parallel contactor in a separation that
removes CO; from flue gas in a thermal swing adsorption process. Flue gas or
stack gas is emitted in a wide variety of industrial processes. Pressure of the flue
gas is typically slightly above atmospheric pressure and is generally less than
two atmospheres. The temperature of the flue gas is typically in a range from
about 150°C to about 250°C. The major components in the gas are typically N,
O,, CO,, and H,0. Small quantities ‘of pollutants such as NO, and SO, are often
present. CO, concentration in the gas is usually in a range from 3% to 15%
(molar) and H,O in the gas is usually in a range from 0.1% to 15%. The total
molar concentration of CO, + H,0 is usually less than 25% when a
stoichiometric combustion produces the stack gas and is usually less than 15%
when dilution or excess air is employed in the process to limit the temperature in
the higher temperature portion of the process. For example gas turbines use
dilution air to limit the temperature of the combustion gas before it reaches the

blades of a power turbine.

[00169] A thermal wave adsorption process, as described in Example 18
hereof, is employed to remove CO, from hot stack gas. The thermal wave
adsorption process uses a parallel channel contactor to remove more than 70% of

the CO; out of the stack gas, preferably more than 80% of the CO, out of the
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showspa g‘?gczg?éﬂgﬁﬁerre in which a turbe&fpander is used to set the pressure

and tenperature of a sour gas that is separated in a PSA apparatus. A sour
gas stream 811 with a tenperature of 100C and a pressure of 1,500 psi is

' C e t he
Ot ream i s R Sog5Fer itrf pRASLEp midte iy DOR°GE s COF Qb B GRAAK o8 coont
at its satamdahest prefegablpreeeithan 953946 of i CONGRALEMe facREbal.NALNEAY ¥ne
hydrocarbons is Zptm)l eof The heavy hydrocarbons contain a smll fraction of
waxy speci3; rich streambis prodiedrin the prevege that haﬁﬁ panity }SFCIE thedt needmtgik%s, aCOZ

[ h | QL] f the heavy conponent that w e renopve y

Elom;{ : igus |"§°§6H§P gb%éq%snrﬁ%&tég ér){oqertgpmﬁ(%gﬂzt@di @Glisféﬂf%tBTe_tfw@b?dsor @t
I n the Ki ' | | SA, ot he | oadi i DDR zeolite from
Ip[’;lrti;ﬁl Lﬁéﬂg&ﬁéﬁ?gsﬁg?%%dgﬂgg\l@&fgaﬁlg rpﬂreeﬁlggﬁ‘% 2:6 gs and the sl ope
of the CO2 isothermwould be: O 1C32 .02 K02 ¢, 'CQ20 where Kc02 is the
Henry's cq061720]t fTiis k¥mpRudfates o thermal wadd prbde8@fithdsegRends? 1 n DDR

adsorption, desorption and cooling steps operated with three parallel contactor
units. Those skilled in the art can construct several other potential embodiments
of thermal wave process to remove CO2 from flue gas using this example. Many
of these embodiments involve the use of other numbers of contactors to

construct a process.

[00171] In the three unit operation of this example, one contactor undergoes
an adsorption step while another contactor undergoes a desorption step and yet
another contactor is being cooled. A diagram of the three unit process is shown
in Figure 15. Figure 15(a) shows the streams flowing into and out of the
contactor 941(a) during the adsorption step. Figure 15(b) shows the streams
flowing into and out of the contactor 941(b) during the desorption/regeneration
step. Figure 15(c) shows the streams flowing into and out of the contactor
941(c) during the contactor cooling step. The contactors 941 (a), 941(b) and
941(c) are substantially similar. Properties of the contactors are similar to those
discussed in Exarhple 17 with each contactor having an array of heating/cooling

channels 943 and adsorbent channels 945.

[00172] In this example, the adsorbent contains a microporous material. The
microporous material is chqsen so that at the temperature of the adsorption step
in the process it adsorbs more than 0.25 milli-mole of CO, per cm’ of adsorbent
from an atmospheric gas mixture containing 90% N, and 10% CO;. Ina
preferred embodiment the adsorbent contains at least a microporous material,

such that at the temperature of the adsorption step in the process, it will adsorb



[00163] To bring the streaminto a nore preferred wi ndow of operation the
streamis passed through a turboexpander 821 that reduces the stream
pressure yy 2@@%]11582500 psi. In a preferred enmbodi ment, tRerfbhRRyRaNder 821
i s desi gneg to have a radial inflow Ra86al inflow tur b?ne l%esi gns suitable
for use in this process can be found in Perry's Chem cal Engi neers’
Handbook (7th Edition. C 1997 MG awHi ||l edited by R H Perry and DO W

G een). ' [ K [ rQpi ¢ 8 i h S tenperature
Fai s si onidrP el R S bl Sucte ) Tt PO G " BF A0RBRAGR AL5, die to s
change i nath@sphRHCRs Hhixtind d&ﬁaﬁidgam%mi ERPEON ©C. 1Rahdre pritk¥gt ur bi ne
desi gns can bé operated so that liquids falling out "of the gaS streamw | |
not i mpedemblodimprt theiadsorbent benthinstadegsaadricroperoubinsateriahuioh, thatyat power
generated by the turboexpander is coupled through a _shaft 831 to and_an

el ectric Henemnesatugogfl theradserptiarestepin the prasess, ievill adserbgoare thandnd t he

t ur boexpandgr shaft. i,5 coupled.t conmpressor, i nstead of an electric
generatormlﬁﬁaﬂuﬁ]otfge(?wg Iﬂeog?(ﬁ)%)gh?qtg@%é@eﬂnl%i’ Bf s Mg Bander 821,
it may opg¢ ; t o a : -pariicles, or
a porti onkgl?ﬁ?hgg\%gg? F\%?ﬁn gpltq }glrg@?.ynggengﬁgg u?’#é i%%ﬁ@%g?g@épg@%ép H2S
and/ or wata be tbadadted inhacinpeRtirirahge Gont ABoat $€R1H &AoUt@OTIQ)g out of the
t ur boexpander i s approximately 30% 1| ess than feedstream 811, and it

cont ai ns Brefesably in atemperaturg rangg fromiabutsi°. tosthous 45¥3 andgneteen sent to a
process bl o 9.that at.least r ves the |jquid droplets fromthe :
stream LP FE?%ﬁf ojol é@"geeﬁﬁw%%ﬁ%éoéb%%ﬂcghﬂef‘m oYs Materddly of

met hods i i : (o 4 r g, i d tat.i i fugation,
and ol act s PERTRORBTERCI kol B 3, 13K 20 SRS ot E1sE30bD 12

equi prrent tHeosdope lofahie ihténticHRE athydeotalci Rtdeadi®d®3 the MeRPSpdtbubeat i ng t he
stream wi thin process bl ock 839 include heat exchangers such as shell and

t ube heat materialfoethe treatmeeink ofie fluehgas streaes kifis hbsatpassibthedioeths i ncl udi ng

the many varieties discussed in Perry's _Chem cal Engi neers' Handbook (7th
Edition. mswpgww@e&xﬁm Ff%fetéambajfrmnqwor SonaIpg ehemgntspthen) |

i ncl udi : . i vel .eam 837 be b
e oA AE Sl B pRARRGEEdndidik FIBIHONT manetAE HRarBY o o
are used éﬁbBﬁQMﬁ:ios&h@GK s8B8el ddrived MaRtRAIY £ tilikhs EASHIsSYe ?%tdi&ﬁét from

stream 881, 891, 895, or sone conbination thereof using a nulti-pass heat

exchanger adsopbéntmateyialst Thebeataterialh aag be used dlone grrinaessbinhtiol wiP can

extract he@lt from,aln otp,ti onal stream 835. In one enbodi nent stream 835 i s
2

pr odﬁced pARCE reralsng ﬁﬁ?&%ﬁ%ﬁtmdépzbeﬁm i hepeantactor bavel lawr . L n
1o d o “HRSORGTBRhy, a3 FRERE0RT . R Hie SHodifid AdSIal G utin sk eadi ng
the t enpefiah'beupb0 ol SR BreftfaBRdels iRk BBu 1 IYbtlo yggg%cegé%fer%gﬁm§§§ bl ock

839 can optionally be configured to renove heavy h ons, er vapor,
or H2S f rihantabeuyd8 voh&seand mostpreferablydless thanabous Shlcd®k oFReir pogenf i gur ed
to renove liquid droplets, and to heat stream 837 to a tenperature of 90C
1001651 TYRIUBIF/ opan pesep i the weseporsand danggy sizeo d hpreviouslp deseribedy| ock
839 is sugh éhat i.f DDR zeolite is use ag t he adsorbenb in.a kinetically
cont r ol | edrePER MERRPGTOUS AR "?ar?r?ﬁ’l%roBbﬁg% Rt ean coppncd b%f?‘!‘?%l?g‘m‘essure in
stream 871 woul d be in excess of 0.5 gs and the slope of the CQ2 isotherm
woul d be: [(®1¥3F2Regeneration of the adsorbent is done with heat contained in the stack

gas and Figure 15(b) shows the stream flow into and out of the contactor being
regenerated 941(b). Stack gas 911 enters the “heating/cooling channel” (as
opposed to the adsorbent channel) at the temperature at which it is produced
which is in a range from about 150°C to about 250°C. When the regeneration
process starts the temperature of contactor 941(b) is in a range from about 2°C to

about 35°C. Before the stack gas 911 enters the contactor 941(b) the stream 911



.07 Kan gs a 'CX»2 [ 00166] This operating condition is in a nore
desirabl e range for high nethane recovery with a kinetically controlled PSA

process tWwanobdassbor stream 811. PSA unit 841 is used pprifkRakdbd7{rost of
the C2 and a fraction of the H2S out eB7stream 871. In a preferred

enbodi ment, PSA unit 841 contains a parallel channel contactor with an
adsor bent having an open vol une fraction of nesopores and nacropores that

e S5 L ot he 4 ShSLERA, SORECIRE o Ry ALRE BN Do 1"

the contactor'i1s a -rin

oper at ed iSeverak différeatihleyhsddntorretd e éjﬂﬁ@laie@ canfbeaisedifcludiPflith@vn mor e
than 90% of the nethane and heavy hydrocarbon fed to PSA unit 841 is

r ecover ed With e¢remiecardle fdtars,anedokthie imorgaiic (netal arrcesamic)rfilterspr ef er r ed

enbodi nent ret 95% of the nefhane and, heavy hydrocarbon fed to PSA
unit 841 it‘éb'ﬂgrc’é’\?@ﬂzﬂtqrﬁﬁ Whﬁhba&ﬁiie&ﬂeﬁltgmaé‘é{ yeaselectrostatis exanpl e

t he nol ar - 0 | e h enr | d stream 815 is
greater t é%&@?%% @Eégggﬁ%%ﬁ%‘{% ﬁ%‘f‘ Hgagggtﬁfrﬁ%%gﬁ%%r'? Bﬁ%rg;' QEream 815
may be f UtRGme t@np&aRAe OF the!siatk 3ds 911 *hitg ERESDti nriched
stream 881 corrr?ng f§§§n t?\e PSA §41%gsag be se%‘taspfr%frgugh 5%"“3&"%5 process
bl ock 851bilarkr®amd entees thedmpating/dd0liGg]|chihrels 943 (bpd f Hebéhawnetk 851 can
al so contain one side of a heat exchanger that is used to provide heat to

the heat &QBRSIEI1(b). pAbthessian|afthe dgsprptipn stgpzthcnn'@mmsadsmbentl
| ti mat el At .t 829, T 829, | f er ab
Gt ven: by el b ing cPREBIAE RRtaiRS asorbed CRBD o SRErTed otk B o exanpi o
$ ) e
ranon boPSERAMOULIRTEu Lo SRBThRE: HEadsOrtfo b IOUAPRAAME" 0
the conpr eshme 82¢ragés C@slopdizig ithk udssrbehObe€ grdaferahai lab8uN@RISY fhilli-

enbodi ment, the cogpressor 829 can be shaft-coupled to the turboexpander
821. Becatnfde per eme ofigdsorbentmaterial s lois motecpreferped that the wolunke st ream 891

' f 1 829 i h ) 881. |
be. advant AygaEed L loBHTERLhe asorheBuRe BERarinR O LMl ot W to
pr essur es of girbest haferiaR 1S AR prSRAYEYABYdiftent RN SIS ARrRSed

acconplis
CO; loading in the adsorbent would be greater than 1.5 milli-mole per cm® of

adsorbent material. A specific example of loading in the most preferred range
would be an average CO, loading of 1.7 milli-mole per cm® of the microporous
adsorbent material. As the stream 915 begins to flow into the contactor 941 (b),
gas begins to flow out of the adsorption/cooling channels 943(b) forming stream
981. When the process starts stream 981 is at the initial temperature of the
contactor. As-a thermal wave of the type described in Example 18 move.s '
through the contactor the temperature of stream 981 increases slightly. The
temperature of stream 981 increases sharply when the thermal wave moves
through the contactor. It is preferable not to terminate the desorption step before
the thermal wave has moved through the contactor. If the thermal wave breaks
through the contactor before the adsorption step (Figure 15a) has been
completed, then an additional thermal bed 983(b) can be employed to soak up
heat until it is time to stop the adsorption, desorption/regeneration and contactor
cooling steps. The thermal bed 983(b) can be a packed bed of solid particles

through which a thermal wave also passes. If the thermal mass is a packed bed



wi th 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
bl ock 839y0lhognassied. process block 883 can contain equippFRRboBIAGH7RS 2
gl ycol dehydration unit to reduce the c8Brosivity of the gas mxture. To
rai se the pressure of the CO2rich gas stream 893 to the | evel needed for
Co2 di sposal/sequestration a final conpressor 897 is provi ded. The

CoMpr eSS SORABILIBARs HhBaTNARa: e {Bh U RE bR AT ALREN R4

formation sposa equestr |on SFEERhant recovery.
Exanpl e lfhadtQﬂ‘_tﬁgﬁdg'dtbsmeya{rpl e illustrates use of a parallel contactor in
a separation that removes CO2 fromflue gas in a thernal sw ng adsorption
process. Flue gas or stack gas is emtted in a wide variety of industrial
processes loﬁ'éﬁs urdtisqireferablel foe theathermat frpnt:w breakithrpaghythelsontactomospheri ¢

pressure n eraII | ess t han heres. The te rature of the
fl ue gas |§ pq'%éa?%mlﬂ ’arelgﬁﬂ?@t‘f”ﬂé‘ﬁ%&if arg tenmpinatesls o ) g or

conponent g, l.I quantities
of polluta %s suc Oﬁég%ﬁ“l.\éh'\&gfcgﬁtac ea({&qalgégssc%entrat ion in

the gas l%dbt%éhihé bf‘aﬁ’d baﬂﬂﬁ‘ Mlpsbt%%eh%é%d@&@bﬂ%aﬂﬂélh?@ inthe gas is
usually in a range fromO 1%to 15% The total nolar concentration of CO2 +
H20 i s usbhabtiyg/ceelng bhanr2dshohldrbenless thanrabome Oitimestheushsoof theoduces t he

stack gas and is usually less than 15% when di ] ution or excess air is
enpl oyed PASQ snbmaeé@és,mse crably lessthan apent? timesi themessinighe adsenbsat at ur e

Phe. t amporitfal Vit Bord Ris PR |eSs B4t 7 el B st hE O Alrocb e o™
pover tur mﬂena@%a@%st rEMamllemxasnaﬂaef PtS't%e?Hﬁfﬁﬁ% ogﬁledﬁe%ﬁd in

Exanpl e 18 hereof, is enployed to renove from stack gas.

t her mal V\/mfaelaalsorptlon process uses a parallel channel contactor to renove
nore than 70% of the CO2 out of the stack gas, preferably nore than 80% of
the CO2 o% of the tack gas, even nore preferably nore_ than 90% of the
o2 out of0WSlst Ax% tiejébelml WeLR moves éhrabgb the pentaptos being rrgenprataty out

Chat has. S3pPFgseCleh s SIF of i asrukeRbl cCPhp RN SEBbraykeelife i) “For e
than 80% %aagaaﬁhrewhérga@farsejsqf phses BRIy &Q%n@&%%@@%é@?ﬁfatﬁhef erably

more than 95
of water vapor in gas stream 981 coming out of the heating/cooling channels

943(b) is nearly that for saturated gas at the temperature of stream 981 which
can be more than about 100°C lower than the stream 911 entering the
regenerator. Because liquid water falls out of the stream 915 passing through the
contactor beiﬁg regenerated 941(b), it can be advantageous to align the contactor
so that the gas flows downward and the liquid flows under action of gravity
concurrently with the gas to the bottom of the contactor. An optional method
can be provided to remove condensed water from the contactor to form water
stream 967. Optionally a knockout 991 can be provided to remove any mist of
liquid water flow coming out of the contactor. It is preferred that there isnota
significant amount of liquid phase water flowing along with the cooled partially

dehydrated flue gas stream 961.

[00176] In this example the gas passing through the heating/cooling channels

of the contactor 943(b) moves in the same direction as gas passing through the



1001701 This exanple illustrates a thermal wave process wth sequenti al
adsorption, desorption and cooling steps operated with three parall el
cont act orywBnRhissra3gkBose skilled in the art can constructpgggﬁ?ﬁkmgkhpr
potential enbodi nents of thernmal wave pB®eess to renove romflue gas
using this exanple. Many of these enbodi nents involve the use of other
nunbers of contactors to construct a process. 1001711 In the three unit

operation i e S/:an L,on ep while
anot her _oatorblibs GA; Sase0° gaaBl st BisdipiEh $RE &SRB EOTRIE o i <
bei ng cookyd ofedlbagemttheimhi®alé deSorptibh pROQSES Was deseHBY in Gefaildin’ € 15.
Figure 15(a) shows the streans flowing into and out of the contactor 941(a)

during thExadple p7i dilements. 920 and 823 3 showhdnd igire 15, represerit! theiimigt i nt o and
out of the contactor 941(b) during the desorption/regeneration step. Figure

15(c) sho®Rd and oytlebend of thepdserptien channely respectivelye dmtthis exampleths duri ng
t he contacgt.or cooling sten.. The contactor 41 41(6), and 941(c) are
subst ant | PPPoraH Afbofbeiljs FiFsed Hlehal fatfis e chbbely Akl peieh  hose

di scussedd ; j rnhay V.

heat i ng/ cgc()jilll 1%@0 gggéslégm &%tgﬁﬁ%éﬁ%?%%g %‘?\g?s gﬂg{lﬂ?[a@%%ribze]d'l nthis
exanpl e, Elxan'f;ﬂmmmroﬁcfﬁlfsi mategials thadhaveothis SRieeingodf adsoEptidrt ImPadedUs
material is chosen so that at the tenperature of the adsorption step in the

process i geelitespuch apzeolith 4\, 251 37X NaXgahd NaY .Chrageemataralo sucivasor bent
froman atgpospherj.c gas m xture containi ng 90% and 10%.CO2. In a
preferr edgmm@m"% ?}’8 VLY SHRBRYY %@?fnlé‘?‘ﬁs%%‘? f‘?'}li%g'cn GSCEPHRB S Us

mat eri al , . : r rRL:i [

et or a1 raHSB B AbbA SR 6 Ut Pl Rar AL HBLA BRARA LIS, o
adsor bent rémeéve AdsebMPOE), ifforfiahie Mu¥idds AndAné dbstirioOWMINE o @RDHY CO2. In
a nore preferred enbodi nent the adsorbent contains at |east a m croporous
mat er i al Bagorityncampenenthin thenfhee gasir Thepradess desoribedi will eampré muche

process, il W -ad re than 1.5 m]li-nple of CO2 per cnB_ of
adsor bent of Pl\?néén aai ﬂ@pﬁgm theggas streamy, it sheuldbenatgdgbat itus pessibleds cop.

Dependi ng I; . r it | ndu in_a

Conper at ure R MR depiGUIER B Eibrets F8MoRE SEPAUFH T fritbttoer at ur e
range frogrédid/in & précessBRiticaphires s GPile OB erably in a range from about
2C to about 35C. The m croporous material can be a zeolite such as zeolite
4A, 5A, 13X, NaX, and NaY. It is also within the scope of this invention
that a hyHHd73] ci Iretheecarsurtent thérmativeavepdesorptiorapracesd thedeasthstronglgt ment
of a flue&ﬁ scﬁ\leam t is.algo possible for the rric_rQPorous naterial to
be made f?HAreq NappddPxspesigstlovmptof dhe pentagiondn theimtia) phase Af theuch as

P. Anot he i t ehbal S M Croporous. carhon. Cropor ous
sol - gel déers:b\?@@f)ﬁgfcgcre?g?(gﬁlgﬁ séxfgﬁncgbs‘ﬂc &tncagl seoacg\%ng%gﬁ?f’ai? a“ﬁgg 6Ml_?%e nt -
mat eri al Sstrddie 997 Thfihpaut of die BontdeRR iotRafts érﬂe@%@hﬂééﬂief'vﬁfshg ot her
materials. It is preferred that the adsorbent in the contactor have | ow

nmesopor oslater times, hecauseostomimy emehging ias différenstimes twilldthveddi ffcbantCOpnt ai ns
20 vol.% preferably less than about 15 vol.% nore

'prelZfS o QEP&F o GSRgATEBOR 28 s g arelerbly bp e dircuhan about s
. % i i i , i )
he previ otnanbts, Hdh SO eubGlimtal B fedetsicvali 930 of shdhed@iMEent can
contai n asthhtQTthe Seg@ePitior g@%g@b&gg&g@tdmﬁ%\?@% g@gﬁfeﬁgn g?}done

wi th heat contained in the st gas-an igure eam f | ow
into and Bueamf9heccovetateanly heiherepenaadon) vab V44 (bw.COLack gas 911
enters the "heating/cooling channel” (as opposed to the adsorbent channel)
at the tetpiEcatratianadn Wig process shown driEigire i hereo Kthisstsean gy eombinmdabout

150C t baout t h ti the t t f
cont act or " A 267 Wich AwuiRPRER Vit vBe0EE SRk A emeeiaEeRe ot ack
gas 911 eileiohcthtRatisHbRAECY indrball 99 1'Begint $8 M ctdse and valve 931 is

closed to stop flow in stream 971. In this optional embodiment valve 933 is

“simultaneously” opened to start flow in stream 973. The time at which these



can optionally be fed through a process block 913 that renoves

particul ates. Several different nethods to renove particul ates can be used
i ncl udi ngwbishégiBtd.gn With ceramic candle filters, nmonol ipkh&260880&3101 C
(nmetal or ceramc) filters, tubular met&-filters, polyneric, or bag
filters. Alternatively an electrostatic precipitator can be used to renove
particul ates. A stream 915 that is nearly at the sanme tenperature of the

stack gas P I S . s the
neat | ng) cdal e thiae et URCLCRRURRY i SBtorR PAC ANBRRS SR PRSI ' M
the start openédat theserpbf ee %ggﬁertahensrpﬁd&wanw SIPERRY97BIfFswandi N the
contactor contains adsorbed . It is preferred that at the beginning of
t he regendemm istraamt 3. ( Streama9T® contamnsatie mgjbrignos thepCOs thatnwaset ) t he

| oading in, the adsorbent be greater than about 0.25

vol unme averaged, CO2
mlli-nol Qﬂggﬂaqtyn@ the stagkase hhe gapesntegtion of CO, i sEcan &Tdris digh hat t he

vol une av | Lot rbent be ar r than 0..75

mlli-nol gf‘g‘gﬁ g%&#@ﬁi%éﬁ? s%ﬁygsﬁsagllop RchFstss\gﬁﬁﬁtﬁ%pépg &l%odi ment
t he vol unpraaegsiaged @Qgelxgﬁqj | : HN w than 1.5
milli- rmlrrgrper IC%B Icl)f adsorbéﬂ?léngtréeﬁéiﬁ. A“gg‘gf‘i‘it e Qg%ﬁfé%ggﬁpgadi ng in
the nost higieetharatnzospherio pressneesarit é/possiide Godesigadrogessés produging i - ol e
per cnB of the mj_croporous adsorbent material. As the stream 915 begins to
f1 ow i nt oStreaMYS: Femapressires rAnging frope yaeium do sevsrab(appoeximasely 3)

adsorptio ol n annel 5 943(b) formng, stre 981.. Wien the process
starts st ?éﬁﬁ?@ﬁgﬁj?éﬁ e?ﬁlge?'m lFéﬂ’ pf%ﬂk&%&eﬁ%% af spb-atmespherc As a

t her mal t : i ' : .t he

cont act or PH o R st g TR st YR e IO S et ur e
of streanpf&kssascr eases sharply when the thernmal wave noves through the

contactor. It is preferable not to term nate the desorption step before the
t hermal wave has noved through the contactor. If the thermal wave breaks

t hrough t HOITSht aStisamLidean basentdodtfierant t)ém@p)f(@()gtac@uesﬂa)iohgs been )
| d deki t.i. | th | . bed 983(b b |
heat unt: ProceSfes® NAE TR SxaimbedRiehidst seading b e Minings é’%gpgéioﬁfgnd”p
! t :
cont act or feapdtidnd sBtRas aaﬂ'—{fgﬁ \2&{1 @’R&?Q Haeh eﬁé@@@@gﬂf@%fﬁf ed o

solid particles through wave  al so pa e thermal
mass is aipjeckddciteghs dOMPARBIS, 43BRZervonET £ASRR68/0p6a¢81etd oipf SOl i d
particles its tenperature at the start _of the regeneration process is near
t hat of tFRSeEpitsranddepletgd gas reservoirs. Deep open storage is also a potential

disposition for the CO,, through purity requirements can be anticipated to be
more stringent. Typically the separated CO, and H,S has to be compressed to
pressures greater than about 2,000 psi and often to pressures greater than about
5,000 psi to be injected into these types of underground formations. Several
properties of stream 973 make it suitable for compression in a sequestration
process. These properties include the fact that its temperature is significantly
below that of the stack gas and it is highly concentrated in CO,. In some
instances additional processing is required before stream 973 is sequestered. A
non-limiting example of an additional processing step would be a more rigorous
dehydration of the stream to mitigate potential corrosion in pipes and
compressors used in the sequestration process. Towards the end of the
regeneration process the H,O concentration in stream 973 increases. To

minimize potential corrosion problems in equipment used to sequester CO, it



[00174] It is preferable for the thermal front to break through the
contactor before the adsorption, regeneration and cooling steps are

term nat ago 2063/ A5eYre that the thermal front breaks thr@gghisbéiRobRt act or,
the total nmass of the adsorbent |ayer a%d-barrier wall between the

adsor pti on channel and heating/cooling channel should be |less than about 10
tinmes the mass of the adsorbent naterials, preferably |ess than about 5
times the r el ss than
about 2t L0e plled e AL R Rt BT coLp PO BUEUR SRNCUEET ' ecs
t han abougegkn8ratiofgfroté S KindidGhidSiedrA 8BparailP! TAlA optiay>] As the

t hermal wave noves through the contactor being regenerated 941(b) water
condens esembodohentheherathesHy@aoncntnatenrs at streano OZ A ischeasesLabo viehe
terrperature,ofd&we gﬁ falls_as it passes along the contactor. The

concent r af¢sirpdghreshold, vahy 933 ks ¢lasedand ¥alveIBSds apsgedyu hag stops flow

heating/c I I 42(h) 4+ S _nea that for. saturate as t he

t enper at ufrgggtoél‘l%s1 ? ?é%ﬁﬁﬁﬁﬁﬁ%otsjﬁe% b% }]éﬂ?’r?éﬁq?:\‘gﬁﬁ'f C(iwa?rlag\% rozﬁ han t he
stream 91y afH Stidach Oh IB&E @&ga%g LY ! of the
stream 915apassi ng thrgtﬁgﬁ thebggﬁl?%%t or ?#éél?;%@nfg?g?g%&ghilr%gwﬁ?t can
be advant stogam9740 align the contactor so that the gas fl ows downward and

the liquid flows under action of gravity concurrently with the gas to the
An, optional nethod can be provided to renove

bot t om of th% ont act or,

condensed[WMs Qf fﬂ%ﬁ%ﬁbpmlé{&e@b’df%w &mgﬂéﬁgﬁam$@bwm ogpef heal |y a

k kout id i st of J.J.quj t fl i

ot of -t neotanh bpieteBhdiated 4AP0L sRlto Fhdine S4B BalRni 1 cane "
U of b ioui X : i 1 e

Gohydr at o dHOMEPIPARIMBNGE sicpOThE QBa iU 1'siolnt Hoigh UREAABABIG V.

adsor pt i ochasinels 945(a) of theceuntactot Wherd hingictofioroas adsorbeiit srefereheslipl wave
desorption process was _described in detail in Exanple 17. El enents 920 and
925 as shisieves (Oyand O, Ceplastaridl(akcamoptionally bdonsiructed with of t he

oot B SR SRR arbOud R B M SRR ¢
cdsorbed s o ERIALH Ko AR ASRE e oo o

of m croporous materi IS O sorption®include

zeol i t es along tleslength bf theddhanhibls IB(a) b, addOEbNE Yhat 1§ atdit SBlegfiv@lfsr such as
SO, and NO can be very strongly adsorbed. The foll ow ng description of

r egener atdeOdp plagef @hthe beginpisigyofi the shanmels.c i this mennea shelwaternapoand
ted to.. : t,of th f t fl dthe d i pti
o1 ot oo Rl BRSSUERID e Strtaisan D dneed showingcapasoents iowissdbe
d i b ( y t It
Shoul d bt EaHA Biptedle hif® e fafy fir COPRMBSELAUET M | 1 ¢ i s

exanpl e tlargescmion c¥dcentidtidhd SuchasoRa, SA! BRIGareexniples 88 titffors@Pt ur es
| ess of the CO2. [00177] In the co-current thermal wave desorption process

t he | eastadsprbsmis thasdan operateimarn effeetivglyovben tHeyvare dry ofTheheassnfarct or i n

the initigal phase of the desqrption progess formng stream997. It can be
advant agetgl?slst atdhgiCfR2 adsorplp goyot gerlitgs with lgree patiemnt act or into

streans i : i r_ti.oes, ,becausge rea emer.gi ng at
differe nf&t’illrcrgr%ﬂggt\}m@rh t%ﬂg%/ ('ta& E‘ﬂ#?%sr%ﬁ?é% 288 L‘%diré{ cerr%rg eﬂ%er {)P 6?@%’81 olfﬂ us ° may
pr ef er abl ydijecationie s6sliteluzugily 1ies ABbVEBM Teolite)2MBR R Mat £5PREI ment  of
the process valve 931 is opened at the start of 'the regeneration step

al | owi ng useddame@pye weatét imeludedsifica, mlemireg wafbohs, Sid geolitgdl, recover ed
early in the regeneration, has very low CO2 concentration. In the process

shown in gbggﬁf 2115 ereof this streamis conbined with stream 963 which is
ul ti mat ell ed D RS pmples sipgle txpe of micknospus adsorbemidinesitbent r at i on of

Cx2 in st heni i val ve 931 is cloged to stop flow

in st rean%og%ae%ﬁh?”n ygﬁ%hgﬁ t@ﬁ%@&?ﬁﬂme qﬁép(}gl%grchss. é'lerml t aneousl y"

opened t Gefiipefdtufd GfthertontdctIPI(R) isTthe shifBasthat'Biddhckd St the end of the
cooling step in Figure 15(c). This temperature is slightly above that of the

ambient air in the atmosphere. As the adsorption step begins CO, and H,O are

-




val ves actuate sets the CQRpurity in stream 973. Alternatively valve 933
was opened at the start of the regenerations process allow ng stream 997 to
fl ow and Wwengssitseam 973.. Stream 973 cont ai ns t he nmaj or ipy/ibodsagsos2 t hat
was originally in the stack gas. The cefiZzentration of CO2 in stream 973 is
hi gh enough that it can be sent to a sequestration process with little or
no additional processing. In this exanple the streamis produced at

2t mospher seicgiiytl/ali i By SHE Bl HRBNEAIRIRDTORE Rl ST Erabior 091005 bl e

to desi gn processes pr ing s ressures rangin f om vacuum
t o sever alTheapptentratiircdHCe), aat TP e fiSremdining pdfion GTthé alidtbeat Rr oduce
stream 973 at sub-at nospheric pressures because this increases costs of
conpr essi towiand@earlyequekto tiat entherendesfthe regdrepdti@] step ieFig@ed {bp be sent
to different types of CO2 sequestration processes. Nan-limting exanpl es

| ncl ude s @RAIHEIC RS OBEPRREON ALIERL FERATA 908 CORINE 0t o dhe centagior PALGN (h a
top seal vant i.gnifi t 1oss ofaj{j ected acid gas conponents,

oi | resersl%ll%%ssmaglasgﬁ’ro stgét\%lﬁlti'g(iﬂ% Seﬁrganbﬂﬂr eservoirs and depl eted gas
reservoirs. Deep open storage is also a potential disposition for the CQ2,

through pye0181]r ean'kis @R%ﬁggl@ﬁ& ﬁ%&gbi&is%%ehph%tﬁeggﬁpéﬁgitﬁaqqso
Typically the separated and H2S has to be conpressed to pressures
great er t iemoabstmongly Gdsorbeid than GO+ eAntexamipds ofla @sicespabas zéblite about

5,000 psi to be injected. into these types_of underground formations.
Several présPenteyiththisiprepenty rszenlite SA. o thisizeohitsrascwpll s anyathen a

t i ess. .Th i i ncl ude, t he f that jt
B R Ao e BuRBGR ki o ndr it S5hed B adebiled, g
concent r T tkip&idture!ibesis Merdrithed 69 the Agh! dRRbrRIACEERENBrby | eaui T ed
before stream 973 I s sequestered. A hon-Iirmting exanple of an additi onal

processi ngpediey) thoamduhtadsorbéd; the desraiad condyctivity mnthefcohbitér, aadithé o
mtigate Fotenti al carrosion in pipes and conpressors used in the

sequest r athesmapmase o therepntactor.t e eptipnal straamr BPecas be flowedrthoasgh t he H20
concentrapion in st{ﬂeﬁ{r,pétg@ increases.. To minimze potenti corrosi on

|
probl ens PRAAE {{§MPE e ejcontacior. %?d@?ﬂ?d@eous to

separ at e {hgvad KeaMHeCH fSwih g ' rocess
and to handl‘é this st%ﬁn&ggggrag@\éﬁ%. |n@ﬁﬁg§t‘ﬁéﬂé+}%§4§§%§{‘%én t he
H20 concefd3@)iofthé corthctoamif Ui émboditnan shoMEinFigasd 19@)5%@%9' d, valve
933 is closed and valve 935 is opened. This stops tlow of stream 973 and

starts f| eouger-sarrenthy tysiream96itbatflovg lterougbribe adsarption chiannelseTheSt r eam
975 can then b ehydr at ed separ at el nd the econbined with stream 971.
1001791 TﬁéeadB§r‘968 Wﬁ?ﬁ?a‘o%fﬁ%@tﬁﬁé’étﬁ?géab%ga@m fomms stEeamt of t he
cont act or L0G; i cant actor a) that is
under goi ngi)g!ﬁiaggl??? [8)'?: ?gﬂatcg etgl)l%c]é{gl)egta @Xﬁﬁg%ﬁ&ﬁ}s"@g‘ﬁ? i'ﬁ%ﬁé\%{ﬁe

adsor pt i oembbdiinettthRptinabbtrédif SANGaACHOW cobQirPeritly WithQRRIapY 96 fdSOr bent

preferentially removes CO2 and H20. Contactor 941(a)” can optionally be
constructed with several different mcroporous adsorbents along the Iength
of the chHMH8R} oAs(ths adsorpting stepbenfitinues relativelydihiatpe cententiatiompfvontss

L S ARl b A5t of
channel . g EATRRIF kRS URE O KABOH o PO B @5 ST Bob il o oon

nor e ef f efrbhy RINHI® s loker torthY @htrak€Obf tHRSaddbitier lchhAfcIGhhA MatFBPEDL M at i ons
such as 4A, 5A, NaX are exanples of m croporous adsorbents that can operate

mor e ef f eEh¢ wayyinwkihtthey move with tirfie dowazhe terfgth ofthe adsorbeathdrine] CO2
adsorption i ff’?"%h rmof zeolites w'th |arge cation concentrations tends to

i ncrease WHE foAsfoncentration yaves.. With fimethese wanes or Sionss advansgt i oni c
it | i it . i al t hat b dt
Ferove verianeithe |cnEth PeCadtoflor Sfarnef) s BER Aves ddngE theddQs0 1

this exangdreatraliogietHe/aaldfstrdhfiy 9OPFQHS BN CO bent
channel s 945(a). At the startS of the ads%{lg??‘gr@g{?g:cdgég%?hg&%hégw

end of the contactor 925. At this point in time the CO, concentration in the

outlet stream 963 begins to rise and the adsorption step is stopped.



tenperature of the contactor 941(a) is the sanme as that produced at the end
of the cooling step in Figure 15(c). This tenperature is slightly above

that of tg.86iseHt air in the atnosphere. As the adsor ptirRR260880609£91 NS
C2 and H20 are WD 2008/ 143823PCT/ US2098f 006071 - 92 - selectively taken

up by the adsorbent near the front end of the contactor 921. The
concentration of CQ2and H20 in the renmaining portion of the adsorbent is

| ow and “ﬁﬂf}i% €qele dod] %Hg%me%st i S(?pég%‘ﬁggg@)eﬁ%ﬁiéﬂ% §E§rﬁ?'ﬁﬂe& Figure

15(b) and“the concentration of gas comng out O

cont act or 99%(c) ahati Has|bRes reféreradd ahdtif ahdéergoiniEa cboEngatepst Agaitional -
[00181] In ﬁf?s exanpl e the m croporous adﬂsgorrf)%nt hasgt hgsproperty t hat H20

i s nore steolrgdsypraducedindthelragereeatiom\praseasidteeani 971 yrcan opiomally beol i t e

adsorbent with this property is zeolite 5A. For this,zeolite as we]l as any
ot her ni c?&ﬁ&@%gggéﬂ@%étrﬁ@ﬁﬁ%tm@ streamedd is Wﬁ@ﬁ‘uﬁ@f? HHgithe are

the. sor bel A FERME el SFs3 BT SHHD « AuhEr S aBe BORRE S T e
cont act or cofaetor 9 1{¢)4E Mehr tRYEnPerdtife SOMeThIOFas AFeaAR 91 PNaAs Streaa™ 919

can be flowed through the contactor to limt the tenperature rise 1n the

cont act or 99Sbegms té Ffow shrdaghthel contacior hecoiig tvrnal wavedieveldpsoVirhis hr ough
t he heating/cooling channels 943(a) of the contactor. In the enbodi nent
shown i n FPQiRrgWaNE s such they the lemperaiureof therranjacter Beardhe dnlet 51d§t920 ows

t hrough t heg adso | on channel s. e stream 919 re heat generated b
e han  BiofAd Bt 4 S 10 ToRared Miuber 955 Ioe anafi oF e GitadBbfid  or Y
carries a ' t i ' - b panal

1 cam o1 Hpetafice ise TP The Badtliby T hGEiep 830l foCR TR, o1
step cont ihermal walvatadvahoessdtaogs theeanictat! iIfanfoptiohal ihernaEnids 98368l phase
concentration (i.e. adsorbates in the mcroporous material lining the

channel ) Hergeinghe fegenesatiemsten theén theegasatreant 985 canelsodrepassed throughr ont

f H20 i to t t f th d b ch | th that f

op. e tsbiiakmas M5 et Hherinahatiss gnusedin BRGERCES thee adsor ber
. et . . !

channel | & el-fhfhase brré"chlé gﬂg{tﬁﬂ% Al mhggxﬁt%cto\{ya&lla dddig Fl{_eh&?ﬁpﬁgfs@%\gr

fronts advance along the f the adsorption channe ves

advance; béforEik csulitgyroatisos tertnindtedoUn! this sptichaleffbddiMeni the gRw unti |
CO2 front reaches the end of the contactor 925. At this point intine the

CO2concenstream xiting thedhemmalonasst 96farendaias botdusing the immgortydofithe adsor pti on
step is Ségcﬂpnegdétep. The hot gas stream 965 is substantially free of CO, and can be
vented or sent up a stack. The cooling step is terminated simultaneou'sly with
the adsorptiop and regeneration steps. Throughout the cooling step there is no

flow out of the adsorbent channels 945(c).

Example 18

[00184] Another important gas separation technique is temperature Swing
adsorption (TSA). TSA processes also rely on the fact that under pressure gases
tend to be adsorbed within the pore structure of the microporous adsorbent
materials, or within tﬁe free volume of a polymeric material. When the
temperature of the adsorbent is increased, the gas is released, or desorbed. By

cyclically swinging the temperature of adsorbent beds, TSA processes can be



[ 00183] The cool stream 963 (with the CO2 renoved) is routed to a contactor
941(c) that has been regenerated and is undergoing a cooling step.

Addi ti ongl produced in the regeneration proces ) can
%6%‘/149@% c&ﬁ?s&@a%)ﬁba%é%

optionally be added to stream 963 to fof4n stream 995. T I's stream 995 is
i ntroduced into the heating/cooling channels of the contactor 941(c). At
the start of the cooling step contactor 941(c) is near the tenperature of

the flue t m.911. As stream 995 ow, th h the contactor
a cooi ng PREHRICPREE ga%%ﬁé%@'xw whEpgR a%e% apSBIDERY Haf Selefifusiy

t enper at ugm@fu tdie 690 BPfh 611[5?%& qﬁ% is [ow and at a sharp
front |ocated urther ng t he % ngt cont actor the tenperature
rises abruptly. The gas exiting the cont actor 985 remai ns hot as the

t her mal w0 854 v ailiSes has thesad vaheageahabadsorption isatherpis are atrohhr mal nmass 983
Is used in the rg{generatlon step then the gas stream 985 can al so be passed
t hr ough tmaﬂ‘%erli’éﬁ v temperayes. cThusyyery highrpuritigs Ganshe obtaineddy n t he process

t he t her mal

hr h d cool s th
thor . nide Bl R AP BmARE TR e alEoRtiands sFRAEDII eSO 0T Aong

enbodi nen uring
the mgj orfsttrg))/ﬁ%?' ﬁ%%%ffﬁgfgsédseﬂﬂérﬁg rﬁ@zﬁ{sr@hl reaﬁ?%ggl% {}?’* QE%&?’ ﬂ ially
free of CAlsgrdnganedtr prst@d swingadsoption, TSACkan BOepea®dd fipthet ep is
term nated sinultaneously with the adsorption and regener ation steps.

Thr oughousatirasiongggime of thepisotharm, iassigificanvadvantage fion eapatsity amhrangeannel s

945(c) . e 18, 100184] ,An her | nportant gas separation technique is
t enper at ngnﬁh}Y\jﬁaﬁe iBeijagdso TSA processes also rely on the fact

t hat under pressure gases tend t 0 be adsorbed within the pore structure of
tpgfyme(r:lr gmn%l?g | aWPtTﬁﬁt eérrr%léﬁ?a dafri%s\,\goew*dr! ?sorg‘gﬁ%lohgﬁﬁﬁgﬁ%gsed t he
033 ! on R TS Mprciasanpution Ruig obiptalipowsaduonchiti hasmpriahers o
- to raise the adsorbent temperature. The greater the temperature rise, the more

fluid is needed. The desorbed impurities thus end up dispersed in a large volume

of heating ﬂuid, and the large amount of heat that is used to raise the adsorbent

temperature is often not recovered. In some cases the heat is not recovered

because many directly-heated TSA systems are operated with long adsorption

times, sometimes over 24 hours, and much shorter regeneration times. Finally,

the occasional and gradual regeneration gives rise to concentration and flow

variations in downstream equipment that can be difficult to manage in an

otherwise steady state process plant. In indirectly-heated TSA systems, the heat

can be supplied with a heat exchanger, avoiding dilution of the product with a

heated purge gas. However, heat management and the cyclic nature of indirectly

heated TSA processes often presents difficulties.

[00187] This example illustrates a TSA system that enables chromatographic-
like separation of a multi-component feed into several streams each
concentrating different species. This chromatographic-like separation will be

referred to as “Temperature Wave Adsorption” (TWA).



used to separate gases in a m xture when used with an adsorbent that
sel ectively picks up one or nore of the conponents in the gas m xture.

[00185] T9H hi@si45e advant age that adsorption isother s pgiRisSéisRi@hy
i nfluenced by tenperature. Thus, very hDP§h purities can be obtai ned by

adsorbing at |ow tenperature (where adsorption is strong) with the rel ease
of a strongly held specie being possible by neans of high tenperature for

desorptio 0, TRRMPRS 0. DI essylr 1.NQ. ion,. T be

oper at ed .T‘?Pﬁ?g sat ur afsl %ﬁs%&e%@rgg%o?ﬂaﬁ*ié@: @g{r%‘g‘rﬁ%ﬁ%‘g&?ﬁ Hil?sﬁ%ésﬁé]madvant age
for capacyitethe deddeieddhatétriald inYo WheAtiAg Mhddinin)ada dis@mbfest [ 00186]

However, TSA as practiced has several diSadvantages. In directly-heated TSA

pr ocesses embodinent, wnd sesof ¢ghmmeld in 4 Eontactor bontagis ahadsubentdridon bed to
rai se the adsorbent tenperature, The greater the tenperature rise, the nore

fluid is ABedwrsetofchanaelsysysedisubring beat inte and takeheat oyepEe i n a | arge
vol unme of _heatjng fluid,.and the Jar unt of heat that .is used to raise
t he adsor 58N ctoénp%lr%ipfﬁfgnfsg CB?rhOéﬂﬁmﬁﬁﬁ tﬁggsfg}eﬂ‘@’&?g/r?{n%% mglsstfﬁﬁ heat is
not recov SfarRp i | - wabe : edewi th

| ong adsora%iﬁggg&tﬁ? Eres, soﬁ%%irﬁglg&olée%%ﬂ%urs, %%ﬂ%éﬁdgﬁ%ﬂt% égﬂl ¢
regener at tenchidniets inficatinglandtdoolingGtepsiotathe II8A piactiss] Fogiges7aindon gi ves
rise to concentration and flow variations in downstream equi pment that can
be diffi cshewttworparaldel ¢hanagl eartiactar cenfigeratipns that @rpsuitahle fot wsetin | n

I ndi rectl y-.heat ed st , _the heat can he supplied w a heat
exchanger ¥h'§PB?f§FﬁéSI§NSI% FV@EEHPG‘% eﬂbglﬂiﬁ EB qli]apﬁeg eer 2%3 raQQI‘% .
However, : : | | gl L ee ed, TSA
br ocesses oy AANARIERing el &l a4 ol o MO hatiRIE iy o
TSA syst eFiguial dahbRbetweonals andd25Cadt iak hea®ney&dlg Manfiels and

mul ti-conmponent feed into several streans each concentrating different

speci es. Thannelhd@dacioay adsorption ehannefsar ati on will be referred to as
"Tenperature Wave Adsorption” (TWA). WD 2008/ 143823PCT/ US2008/ 006071 - 95-

[00189] To maximize the TWA effect, it is desirable to have a sharp thermal
front move é_long the length of the channel during the adsorption and cooling
steps. In orde_r to do this the contactor must act as an efficient heat exchanger,
rapidly transferring heat between a fluid heat transfer medium flowing in the
heating/cooling channels and the adsorbent in the adjacent channels. The fluid
heat transfer medium can be a liquid, a gas or a slurry. The heat transfer
coefficient between fluid flowing in the heating/cooling channel and the
adsorbent is set in part by the dimensions of the flow channels. In one
embodiment of the present invention, the heat exchange channels are
characterized in terms of the boundary between the feed-containing channel and
the channels containing heating/cooling medium. That boundary can be
characterized as having a cross-sectional area (A) and a perimeter (P). A
parameter D can be calculated as 4A/P. For example, for cylindrical tubes
packed with adsorbent pellets, D will equal the tube diameter. In a preferred
embodiment of the present invention, the parameter D for the channels that

contain adsorbent is less than 1 inch, and more preferably D is less than 1/2 inch.



1001881 TWA is a TSA process that uses indirect heating (i.e., it does not
dilute the desorbed materials into a heating nedium). In its sinplest
embodi menyo 9G35 of channels in a contactor contai nsP@E/ﬁﬁmmp&a{ and
anot her set of channels is used to brin86keat into and take heat out of the
contactor. In a preferred enbodi nent, the heat addi ng/renoving channels are
designed in a manner that results in a thermal wave noving along the |length

f the ch i i o0 ] f . Fi 7
ohd o snol0REo - By REbldife HE AR dCIABERSE e RN PP AR yia™ ' abi ¢
for use i emepgingdrethane %@aﬂwceahﬁglicnalmels,liflisﬁsc%me fo abRemMSwheinggen 223

and 225 act as heating /cooling channels and channels 203 act as adsorption
channel s. altherfaj waveShasmoned shrioaghebe cditactonand2he shirpassshefitheng / cool i ng
channel s al{ld channel s_403 act_ as adsorption channels. [00189] To, maxim ze
the TwA efffeemal front; Jhgdime delay heforpathe tempeeatyrer brginmto ehange providesl ong

e 0 LRI o B8 GO RS ARG &
transf err tdigpdifire Qﬁﬁﬂ‘g&rbr%vfdéé'djmgﬁﬁheﬁfeﬂf‘éf file W&Uf@% ﬁtg)rr])'%gl"[g@e_rhe

heati ng/ cool1 ng channef's 'and the adsorbent 1 n the adjacent c

f1ui d heahe¢deaddte canmbdiacquirad fittna thefhocbuple phvedlin 2héfluid streathe heat
transfer coefficient between fluid flowing in the heating/cooling channel

and the a@B6rgiagtrom theheatexchangeghannelsii nOneiveaystoodharaetefizothehannel s. | n
one enbodi nent, of. .t h resent .i.nvention, the heat exchan chapnel s are
char act er?’g@ lt?'r?ftﬂ[é‘? ﬁﬁlﬁﬁ%‘%&@&@ﬂﬁé«em e time ‘I‘égﬂis emWhem thec hannel
and the ¢ : NI i.ng/ i i n be
har act er PR eEnE BN A WaBRE) LG e bO BER el AGRuBE AR dyfidts P€

par amet er hdy fisen (e23% slitafingl steadyéthte Veidie CTRERAR of e danl bedri cal tubes
packed with adsorbent pellets, Dwll equal the tube dianeter. In a

pr ef er r edcharpelgrized by sheasueingrtagethe time éntakenthet tempeeataneaetheDutlet to he
s than 1 inch, and nore preferably D

h I .h i ) is | A
o Toss tHAREpR L5 Tt PSRopfigolingl sicadyreintagelise I % ehumen N Bbe 6711 he

tenperatuye of t i 0j j kng/ cool i hanne)]s, it is
possi bi e Faracves medleh T2 brttrablibiedr 4R s TGP Rtaby R

cont act or thand (0t irl Va1 wivee préterdblif ghéRérMhn5pont . The time del ay before the
tenperature begins to change provides a neasurenment of the velocity of the

thermal wave and the rate at which the tenperature changes provides a
nmeasur emelft0181] ¢ h€hetier gyrle sinags priowide twetmosivempmet ard produaiwe use afcqui r ed

froma the oypJ e placed.in.the fluid stregmenerging fromthe heat
exchange %#g’lﬁ)ﬁeé}%s{?ukﬁéo W‘f‘bﬂ‘@nﬁgé%?‘ @F?‘z‘éa@q}@ mfﬁelqn?&oMetth@d& fosr nal
front is : ; i  t rom when the fluid begins
to fl ow a%&ellg@? gg{é@ Pg?tleﬁ%@ff%ée&g‘g%lneg? i lr?al?etﬁ?ﬁgaf & %&eu‘fygh A(Po?‘ﬂ’emout | et
has ri senthear5% of its final steady state value. The rate of rise can be
characterized by neasuring true; the tine it takes the tenperature at the

outlet to rise from25%to 75%of its final, steady-state value. It is
pr ef er r ed[00A42] t hWheax the contdcigr containing ther ket exchdrge/&isopberfsystion ys gr eat er

than 5 , . e ef er abl reater thagn 10 and even nore preferabl reater
than 50, JouaH Wi gaedheal BabSter 284 theronal dondhetion Sharabiepiabies.dsharp
ducti ' i ghest heat, t f
oot 11 o ceriperqie A4e e citited it P atd ol Kehe Fith Bt s i n hea
exchanger soralittonvehablks thesysferh 6 a@hie-ve[tﬂé)é&%d\/&ﬁﬁcttmgﬁq%eﬁﬁ&ﬁ contai ni ng
goo

the heat exchange/ adsorber systemis designed w heat transfer and
t her mal cwhiplics ito substantiaterecsiperate and séauver tienhent atquieedvey Rmipdrhtupe-
created duri nq hgaéi g%éand cool i ng steps. Such a condition enables the
syst em t ooWlg8ithe bed d his 4p tarms spables ghe pateatiakusernf very high desorption

bst anti c he heat pred t . -SW
the_ bea. GHPeraEEAARRANBRT ot FERAI bY Baridirel 38 SSA, abgrabiogh ke ot on
t t b i ion. |
he deqor e SEBLHS (MO, 26, BE uEalfd 0l w Uhrdmbr o' o 11
chr omat oefégsitithatenhbles mbkicoarmieas sepdratiGenmponent separ ati on.




[ 00193] Before the desorption step begins nolecules are preferentially
adsorbed in the mcropores or free volunme of an adsorbent within the

adsor benthI}@m\Im3These nol ecul es are preferentially t@ﬁ%ﬂls'z‘tﬂ)sjoﬁkowe
adsorption step ere a multiconponent -M&ed fl ows through a relatively cool
adsor bent channel. The tenperature of the channel at this point is
significantly below the tenperature that will be used to regenerate the

adsor bent . {15 erred. that..the adsorption channel s of the parall el
channel ccm{);%#]or F%g r%ﬂ‘sﬁ‘beﬁgg)té%l ?etﬁgt g ‘88%88[%5%?% e‘ﬁng'&ﬁé{nts al ong

t he | engt id9brbel§n the HiBtopoPs EOfrEe Vb tiind BFaﬁ%%ﬂBEhPﬁ?t‘fxﬁrfﬂmgé@soﬂgénﬁ“ vely
sharp. Sharp gradients are preferred because they enable teed to be passed
t hrough t lhaheel. fihiese melegules ate prifereatially eskenhupimpthe adsogstion ftepe occurs.
If mass transfer is not adequate, then the gradient will be shallow Such a

condi t i on Wheralaimulticompanenhfesdiflowa thieygha relativedy coel agsorbentghpands e t he
bed's ca ity to adsorp.,is.well. utilized,.|n practjce,.high mass transfer
s achi evaHFMREEIER ththeahannekatthis Agint isrslemgcanty belaw Meed 11 ui ds ¢ o
travel thr 4B af S i i I

par;/i cles tgﬂrﬂgggﬁn#géltg%frgflrgﬁ%gﬁ%?ne 8%?14@%%%?@%9%%%?{&5@@%%&% Egllezes. In
a pref er r edserpriodi diafhels dfihe pardilel Chithcd¢oatdeeditare A¢siphed 36 thad the of

adsorbent channels in a parallel-channel contactor |eaving a hydraulic
radi us f orconcentratianogvadients alongdbe Iengih of thewchannel formedbdyrihgslse t han 0. 25

inches, and nore preferably.|less than 0.1 inghes. A thermal wave separation
can be cré‘gf%‘a’t\ﬁ‘tslﬁepa%dlelféﬁ’@g’ sharp. aﬁagmfﬁ%tmw fempd bsspuse tﬁﬁn

macr opor osi i j t i by 2 urdify, it
o pr ot or ehable oA 18 B ARt IR P A28 bt BV MrAREBHER LY
That is, idfadSérbdfd sctils. aIsRhReRAnsTeNistidtadbgese! thRR tRO8Hdi&R wal be %
preferably |l ess than about 15 vol. % nore preferably | &ss than about 10
vol . % asballowt Suchfaecaridition essultshinmadatxate Beginhingtoascagreeibe bl longo! ume

in open pores i he nmesopore and |arger size. [00194] Wen feed enters the
adsor bent E@'ﬁﬁg?s’ﬁgstcﬁﬁa‘éfhﬂa@r@ Ffewﬁﬂéﬁﬂﬁf:ﬂohnﬂ%ﬁ!cet higha®ass bent i s

relativel . . I af e n,,up. by, t.he adsorhen r. .t he point
a ani on anae 28 RePRHERY oo b AR Snal bR RRE IR e iR e
early par Ya0&l theudedThIs ik i ' | stream
part of the bed orgI‘?ayers.l I%'ggg?lpg,gget(ﬁgilggwgggBgﬁg{rag)la%drsgg?éerﬂnlpraic:)lfc lgﬁ}ggr bat e
concent r ausing pdraliel dHaantkcgitactofs with smbslbchamiel sizennsh a phefepredr at i on
proceeds, this concentration front noves along the | ength of the adsorbent
channel . tAMadinent, agparendilling adserbenyeovess thenwaks of adsarbentoshanmelseint r at i on

2dsor bant CrgelsihaRe! CAdSe |exNins sy RaA e Mol Bbuiher S B "
conponent $ha £ i, préfer iy négtﬁﬁh B2 PihchBE a%ﬁ%ﬁﬁ%eﬁgpeeg%r?hlyol?sf HE ®he to

have multiple concentration fronts nove al'ong t e adsorbent.
Due to ei filichesstA thegtnial ofavedsparationtan®e deatedrveitls adsarbetisithasd® Aot
coefficients between different species in the feed, the adsorbent wll

pr ef er ent have Jow aresopprasityf andemacrapsdositynbon t; obtaim the highestpassible ed
components will be.ref.erred to.as fhe strongest-adsorbi ng conponents. The
| ess pref BF5ETY AR BHE ,ﬁwqrpfq;éeiggeraéﬂa rf&%’“t‘ﬁ@\?@ﬁ&l“?—%’%%‘ﬁ’ed

conponent i I Bty - r.hj e i |
cccupy. thand chcrOgoRERgT AaP R, the RrabRpERor AR Soblte: ESTRAR IR
weakl y- adyol.Begpreférablyless thapabiduatl Srefi %) médéPrefdrblpdeisothanfabdde @opt i on,
the adsorbates will order thenselves fromstrongest t0 weakest as one noves
from i nl evol.§epand mrosbpreferablydlass phamabaitdnvall %6 of their poreevalimeaint er ni ng
can occur for gaseouys as well as,]iquid feeds, and TWA processes can be
desi gned PBCBBBFeétIBtaFmFSQPPWe?“q leS%eroﬁ‘lZ?-eed. For the purpose of this
exanpl e, a gaseous feed will be considered. [00196] Figure 16 (a) shows

schemati c he\pﬁ% 1 f i I th of

t he adsor Eée%g“lt] ayer rE)%ﬂat %ﬁemgﬁggé)@%gﬁé%ag%%?%ft {h%%t%{[ g’g%‘%?‘?sé’ rﬁﬁgn

mul ti conperppthef &izdrbehings dlativell cootiand brsleqles hRStaRéS upftgdm‘é aAsefddner aray
than the | ess strongly-adsorbed species. Layer 1019 would correspond to

| ayer 205ngar thegoint at vehrich fegdeis in0®ducedsi Fhe adSorbatedidricentratiobas higly 1017
acts as a wall separating nolecules in the feed channel 1007 fromthose in
t he heating/cooling channel 1011. The wall separating the




feed and heating/cooling channel 1017 would correspond to 219 in Figure 7
and 415 in Figure 9. The adsorbent channel 1007 would correspond to 203 in
Figure 7\@6%&8@%3&2@ Figure 9. The heating / cooling chappglysifhbhosop! d
correspond to channels running from 223986 225 in Figure 7 and from 423 to
425 in Figure 9. [00197] In the adsorption step the feed flowed in the
direction fromcontactor end 1013 to the end 1015. As such the

strongl y- | S| . re

neakl y- adanTRser Dy BT T BEA B ERREAFA 1N BtiRenhiLbl in HpgdR e o
exanpl e t ipartfdfahe dediordayet Ideally théretiba shafPERidiént oTHddbibate t he same
direction as feed that was fl owed duri ng the adsorption step. This is
referred conegntrationolong ghe leagtiuebthet adsortzemtl chesmelptAoapénatian proceedsgnt ,
fashion. |t, should be npted that TWA Eéocess can al so be constructed with
t he adsor ﬁh‘?&ﬁn&?fﬁr%&bgﬁm BRVvEs ég’é‘gdbé ngth @fithe adygshenteshanael.ekhet ashi on.

[ 00198] Fi . f 1 channel t{ the beqginni of
the desor 8?\” gﬁléﬁéﬁie%%%ﬁmlgﬁ%&ﬁ%@tf%?% ?‘Fg{alr?& Foxﬁqqﬂi@?ﬁ?&z%lgaﬁa@%l@? ow in
the heati agdvegQbwatdsciherbedl exithd AUsdrbt astumamds m%e%ds&ﬂem%&g??f and a
cold stream 1025 flowi ng out. A thermal wave 1071 has begun to advance

al ong thelayent actor. In this exanple there is very good thernal

conductivity in the contactor, and the tenperature of the adsorbent |ayer
t he heating/cooling channpel. In this

Z'XS?}SIZ IE@@@J 5@“?‘%&3’%{5{5& many ditferens gempoagnisare selectively7. A gas

fl ow can gaﬁgsi”qﬂﬂ! I t. poi.nt in t esarption st to aid in
the removal of rol &%f%%%@gmﬁtlﬁgggsd%r%mve 'I’.illlﬁwgffc I&%ﬁuaﬂf’nttﬁ&@searl y
stage nosingve 4166g AiSRNBAL 8f tRSadiBAENt E TGS i dsoy idfgr 1 n
the lightly shagg%l regi ggilabel ed 1081. Mol ec%?@gkﬁgfé%&beerﬁrg t(la%@é) from
t he regi odifférentes iaddiffusiont cdedfieientsdBdtween different spéciepir thieUeed he

i ncreased &md adsorPti on isotherms are strongly influenced by tenperature.
The ent r aR€30rBeRt Wil predersptialy takgup differentfaed| compangnisdThe mestd desor bed

| | h d i | f 02 h fl
oot o ¢ hprafed BponsaB Al Bt HtrRAIRaF e Seondl BN Chpvenaan ¢ he
adsor pt i orhe heRfbfeHYI cdmperdis $fl bbdferrdifiol dihe WOME Q(a%'rt}e?e channel ,

they are readsorbed in the adsorbent |ayer (1 n some I nstances displacing

the nost vempbpenteedhinng adsbrptics,-the saopkystadisorting confoneals wilhe
concentration of the, st rongl y-adsorbed species in the shaded region of the
adsor bent 043Py the regions jof @dserbent cloaestito she indetgindowilt displaceowealdyst r eam

1027 fl ow ut of channel 1007 is preferentially, enriched in the
rmstvveakl?gsg)(ﬁg%(ig’@aeré 8 &Fom thajregion. t(ir)Yr%r EtPGé‘PQdyf\ﬁé{;(?@tt%’éh@as stream
1027 can QH&sorbRas akif p@e tages of the
desorption step. doclbsgf |gﬁ'réle‘le?g%%rﬁ\égﬁéﬁgs't?he‘i«gaﬁ(g%tegso? ROVER ls at a
| ater st aipdetab dutlet d€ ey dsoppticn ERanmdls.t MTEisRPPEbS | Httéﬂnrﬁ?g'l ERA BcORH for! vi d
has fl owed through the heatoiq?\tg/cool i ng channe g Abhot stTeam (c:ontt; nues
f1 owi ng i gasepusras Bedl asldquiddeeds, snd EWAL paicesseswanchet desigridibtocopdraet or . The
tenperature,of..this co tream 1061 is slightly different fromthat of
st ream 109ENSither fype ?#%\f?ﬁn guthediurpase ok thisyexarppleaaieascous fegd veillbe er
time showg,dshgdibgure 16(b). The thermal wave 1073 has advanced further
al ong the contactor. More of the strongly-adsorbed nol ecul es have been
di spl aced fromthe adsorbent |ayer 1083 because its tenperature over a
| onger | ef0§186)asFiguce ¢65@)ishovve setivnmaiatlyahé paiteilifg d¢aaiatbagsy flow
channel remains valved off and desorbed nol ecul es nove down the adsorption
channel tdemasited slangthe lorgthiofthe fadsovbentlayef 101® at tiet aant of an As t he
strongl y- adsor.bed no .Tove down tgeﬂ_(i]hannel they continue to

ent

| |
r e- adsor PAYSRTRIKITLEP 8’53 Hﬁ“slB‘FOFWémSB%@F ¢ siipngl y-adsorbed spaciss aee

i nst ancesdiispl.ag, I nd, | ess-st.rongl dsor bed
Ispeci es. Sl'lﬁgéggﬁ%g%ﬁ%a?gﬁé%pﬁﬂﬁéyg?&oégﬁﬁsgﬂ%%rﬁ?gﬁleép&(ﬁyé’ lmat he shaded
col der regbokl @rréshendds dayee205L838ghfe 7 ARG l%{ﬁ?ﬁ??igﬁﬁsﬁ gt is

ne

di splaced into the streamflow ng olut of cha s preferentially
enri ched diffusion barziet $012astsrasedwallsepammtingithdleaules ik the Feedt ¢tthnviel ve, this

gas stre 3 can be separated fromgas that evolves at |ater stages of
t he deso?ﬁﬁ%"@t@ﬁ?e in tshe heating/cooling channel 1011. The wall separating the




[ 00200] Figure 16(d) shows the state of the channels at an even | ater stage
of the desorption step. At this point in tine even nore hot fluid has
flowed t Ugkk/ ubesheat i ng/ cool i ng channels. A hot strea@paRRidsAMES; f| ow ng
in from ;\893 ané a cold stream 1063 #98ws out of the contactor. The
tenperature of this cold stream (1063) is slightly different fromthat of
stream 1061 that was flowi ng out of the contactor at the earlier tinme shown

SLrE
cont act or b B AT HENELIREP wiid BOUBSEER (A BLERAEY 4l
adsor bent 418)aFigie¢ 9."Thé hdférbencindridl 1007 Wouldeeireshorfo 208lid Riguré €gi on

(1085) has grown with respect to the region 1083 at the earlier time shown
in Fi gur e 7181403 ivoFiguse Porldie/hdatimgd cooliagdhannélab(d Ibwenldcapespond tbr om t he
adsor bent g%‘?r in region 1985 because its_tenperature over a |onger |ength
has i ncr e&Ranelypanning from 22319 235 iniiguees? and ifeom d23\to dRBrindTignemi ns

val ved of f and desorbed nol ecul es nove down the adsorption channel. As the

ol dor 1 od PRI I 24 BasBitEn SR TEe G HBNE i shEYirECtn bt B liéfi oce |
the remai ghdd 01836 theakd 1018 Aesichithad68nEK0adsosbd ESpedtes \Whie @c}dsgég
strongl y- adsor bed species. The concentration of the strongly-adsorbe

speci es i klaskst totthe end dO13e MormweaklyfadsbebeabigmciesnwyertQEposited bliser to
s displaced into the stream fl ow ng out, of channel

increased., Gas i}&fé{ \i ) g _

1041 is pikd erbh0I3y In this,example the How qféb%h@tﬂgwgwhadmr?é?nm%s. hWth
i me-act ' 104

vol ves. ait HsremieitEo g f23 GalRRSIsirfilihe PecaRomtianure. TSR shovs

thi's pol nto e med o 85 pRBihir R M RYFRICPHE apyffiof in b 10 UERH RaltiBn ™" P A

this point in time even nore hot roug e

heat i ng/ cdiodhiontd béaoted that ATTWA piocesseaoalso beednbiraevedgvithn tHe om 1023 and a
cold stream 1065 flows out, of the contactor. The tenperature of this cold
stream (163%3“"19“ and gles prptignestensr oqauaring e cotnterrcuzwent G&Riowi ch was

flow ng out of the contactor at the earlier tinme shown in Figure 16(d). The

St rongl y. T o PR Ee ECELARYL s e AR P S B B By o o
i gnt!y- shasteprionaicpn habss pbinGRtimE ol Tiid 19 iRBuh BBl [ifhedr Own Wi th

respect to the region 1085 at the earlier tinme shown I n gure 16(d). Mre

st rongl y- beating/oedling klesneh weith Who? 6G84AB6R g ih0RomPIRIUSZPR2oRP6071 been
di spl aced from.the adsorbent |ayer in region 1087 because its tenperature
over a | ofigeam 182gtlowing quicrAdbermahwave 107 hhasbegun tsf advancaadengithieon f | ow

h | i ff d bed | | .down th d ti
channel . SORprDr B UG e Sl thelt Rokeiy oo DETBR R MHEU LU AR SRE t hey
continue &&ﬁ&oﬁ%t‘ﬂe'et@rpﬁefﬂﬁfe 6ietﬁi'egﬁs&fbe}1 &g@?éﬂs%lfo@yse{hgl%s and in

sone instances displac e remal ni Nng nost we y-adsor bed speci es

and | ess tmpergtuye ofl e letingpawl g chbhgek Ot &arnpIR thére! R eoSin ey -
adsor bed species in the shaded col der region of the adsorbent 1053 is thus

i ncr easedgasewtindhe adsarbept chasael 1007.1 Aegas flewmahl aptiongllgte addedrennel

1051 is preferentially enriched in the nost strongly-adsorhed species. The
desor pt i offSPRIt %“é&rlhté%f} StFHéotai"rrH’ {H%.rémo"ﬁgpgfr@%ﬁ“l‘éﬁ frem thene t her nal

front brezadsorbdit QHahndINOEN A AR ithisGr§ORAAE AR5t of the adsorbate has been
removed from the adsorbent layer in the lightly shaded region labeled 1081.

Molecules have been released from the region of the adsorbent layer 1081
because its temperature has increased and adsorption isotherms are strongly
influenced by temperature. The entrance end of the adsorption flow channel is
valved off and desorbed molecules move down the adsorption channel to form
stream 1027 that flows out of the contactor. As such the strongly-adsorbed
species move down the adsorption channel 1007 towards end 1015. As they



[00202] It is preferred that adsorption, desorption and cooling steps be
performed sequentially in a TWA process. An advantage of this operation is

that the RaahosuSsezt 0 swing the contactor is retained i BcrhR268@beob{ ansf er
medium |f adsorption was to proceed sil@+aneously with cooling, then a

substantial part of the heat in the bed will be lost to the adsorbate-free
feed, and a higher heat load will be needed to restore the high tenperature

of the hegf | i ' tion the
TUA Syt omansediiFh The CRAIRT, thed A RedZOrE e ade oAt IV B R8I ) P g

steps, thénguansssiisplasingehe pesaiveakiy, weakiy id 1eBs-strenglyaddsorbaedi ts. For a
three-unit operation, one unit can undergo an adsorption step whil e anot her

uni t undespesies)a Theseonsentration of théstrenglytadsadhedespenitistinitbe bleddeg cool ed. |t
is preferabl.e t ool, the unit. by, passing coqgl fluid through,the

heat i ng/ cé%ﬁlPHQ%éﬁ%ﬁﬂ%?fEB‘Pt {29 isshbnincssated. é%ﬁhﬁbw fi‘&'ﬁcgfﬂé&toéh? her mal
(cool i ng) r ' . I noves
(ool ) skeis TN HHL HEnRETIOFF Bpre BbAGaH) B ORLR. g

cont act or wehRy-a8€0rbBd spéis.| Wil 8 @iiné 8tiialedsal Vi bafstréahA027%Uanaf t €r)
the thermal front breaks through the end of the contactor. As such it is

possi bl e be sdparatpd fropr gasethat evolwbs ahlatertstddesiof thendesprptiofrstep.a cont act or
that is being WD 20081143823- 103 - PCT/ US2008/ 006071 <cooled is routed to

supply he a ntactor that i s undergoing desorption. Simlarly cool
f1uid eneiﬁ?ﬁ?@lfr tgureckie hehaqyys Wa%tatﬁsotﬁh%gwei@aﬁa Ipteiostage of the ep can be
routed to . .Nng | . r. Hh | SquUndar.goin cool i ng
step. In td Eﬁ?ﬂﬂ%ﬁ%&rﬂq ‘%ﬁ hﬁ/%ﬂ Pfe{ﬁi"grtl@?%@%%ﬁgt ﬂﬂﬁg S pﬂgfﬁ\xg{ﬂu@btﬁeknom to
those ski he&ghd/Boblingy Bhdnneds. O Rbi SieA cBﬁﬁﬁ@ésSﬂﬁﬁ%%’& fi8hF102Fhkga [00204]
In practice it may be necessary add or subtract heat from fluid (heat

transfer celd sirgans 106hflows auti ofghb eonaetorc ditteatehipesaturoof thisopldestreding t o
stem hot, sone heat may be

heat | oseg from desorbed material |eaving the_s )

added to ipe& 1%$1f§“&1€1f&éﬁ%f§awét of strgam ﬂ@?Sﬁﬁﬂi\uamﬂa‘wwg gusettherafdi um
Cool i ng t 0 tovi ded t.o decre t ol i fl ul

t enper at Erﬁ?a/e Orﬁ%ctp gﬁp reaetagﬁ%rptlug\?@ﬂgfvﬁdﬂ ]ﬁﬁﬁ‘ﬁe @f@hﬁerﬁ’r@%ﬁwﬂg’%ﬁ&% hus

pr e-cool i Rgs hdarRed u bREQH eparati on
feed tenperature. [gggg%alggggggﬁ%?ﬁg?' Ithﬁ%l?sréa gisgggggp?ggtde}gﬁgtions can be
used to conleailes heve besmdilsplaseé frobh ¢hé adsonbertflaydrel 088ssqauseitsand

desorption steps can be varied by adding a heat storage nedi um between
ei t her t hismpRIatuse O¥Ar atengesdengthihgs inerspsedor Therentganasrgnd ofithend adsor pti on

step. Thea@seo%tigrtl iS5, (e:har}leh%il l14enr1nialsns valved off and desorbed molecules move down
the adsorption channel to form stream 1031 that flows out of the contactor. As
the strongly-adsorbed molecules move down the channel they continue to re-
adsorb in colder region of the adsorbent layer 1033 and in some instances
displace the most weakly, weakly, and less-strongly adsorbed species. The
concentration of the strongly-adsorbed species in the shaded colder region of the
adsorbent.i033 is thus increased. Gas that is displaced into the stream flowing
out of chdhnel 1033 is preferentially enriched in the weakly- adsorbed species.
With a time-actuated valve, this gas stream 1033 can be separated from gas that

evolves at later stages of the desorption step.

[00200] Figure 16(d) shows the state of the channels at an even later stage of
the desorption step. At this point in time even more hot fluid has flowed through

the heating/cooling channels. A hot stream continues flowing in from 1023 and



configured so that a thermal wave will pass through the nmedium An exanple
I s a packed bed heat exchanger. The tinme for a thernmal wave to pass though
this mediywg,gddQuesone to adjust the timng of the ther gal,pa8)8R0doH: t he

adsorption an esorption steps. In addl@lion, in many cases (particularly
for inmpurity renoval) the tine required for adsorbent regeneration nmay be
shorter than the tinme required for the contactor's adsorption capacity to

be full tdad I ' ' eral
cont act or & SUETGun TG HIOWEBRPRI ' oRICiOE, PRERRnlee B AT Ors are

i n the hestreaind@2063 fisstightlyiiffepdiaSroraBatt dfstie@nt 9061 fitht RASRowld) ut
preferred enbodi nent, the several contactors engaged in adsorption are

connect ed of theseonta¢tor atHiecsarlieuidmetshawn incFigost 16(@).ehlethempaineawe ed

cont act or Lt is,the last bed in line, and the first unit in line will be
next to bé“?é@}@ﬁ épﬁmdﬁﬁhﬁﬁ Bl"r‘i’&thﬁ centacily Meral thertrongly besnd act or s

d ' ' i J h,that that
adsor bont MOPGIESBREherRBy el fBurli® SRORRE fer AnB R lieBty B3y el "
anot her eidbetédTEe85 aﬁ@ﬁﬁﬁégibﬁ‘(mssphﬁggr&ﬁﬁ ivﬁﬁ?ré?@c%eﬁ)et& Piggsnd
all ow proper timng of the cycles. ~ [00206] Wen the contactors are used in

t hi s mannat thejearlier time showinl ia Figuree b6(c).HXdréstrongly-bouind infoleeules havé ed i n
co-fl ow, oun er-fl 8\%’ cross-flow, or ofher conf ié;urat i on. However, in a
pr ef er r ed PEFTLEIIPIASRE fram dhe adsorbent laysr in fegion 1083 begauswitsriamperature

-f ' | 02 S hybri di zed h nmbi
ot hor mal COek 21k Rele e iiteen THE EBlraniead pf e SBEPRORAON cosure
di'spl acemehdnrdl Afains SalvFoff ol darld HB[LRles 1S Ge BHRRIRE ad8bpfifonCOMDI NEd

: _ 0
Wi th pressure swing to make a hybridi ze ermal wave/ pressure sw ng

process t bbannel.oAsdhe swongly:bownd ardedul sepiavaidown MY dianhakiteyt ating the
desorption of strongly held species. A thernmal wave process can be conbi ned

with a pafertanuedpdgadsasban spldes segion qfithe adsorbentiaier 1043 bnd da zemdet her mal
/ partj Lspl t t hat ith |iquid

oeds - 1obBasRe PRI he ReRRURE ind: Staakhie, ol iverkTiadapthed SREcIos %8 an be

advant age@ifl dsQe &Rt lﬂahgﬂb@agp}[éﬁiégt %Q%roﬂ:nj:rﬂpatid}kif)f"ﬁ)%l Stg)?l jysually has

several different inpurities an hermal "wave process p des a net hod

to producadsoebedt specitsfihehe shadedcolder figi &R tiRpadsofberitapas wikdy a di fferent
I mpurity., Exanples of inpurities that can be renoved with a thernmal wave

ﬁepar a';] i SWCER%EQ*S 6as thatiig displasediog thfeﬁ(rjtmw]ﬁnwin%:@m ﬁﬁ 'chmlmgeé n04ddser,
, . the thernal wave separation
et BEREERORTY, SRR B de ST BmEY rdserbedsppeics. Sithartimet y pPoducfe
t j | ' f ' L [
hose. soptUARTvaRY this o Yhcath J0i) ShtBE B BRI el BB By Sss BB nont and

t he i npurlatéressages ofthdk desorption stdpe adsor ption step. The adsorption can’

i nvol ve either a kinetic or equilibriumseparation. The nethane is thus

pr oduced lat 8r near the feed pressure. Because the thernmal desorption step
can occurl09203] ni Eugare poeed shpws the state of the channels at an even later stage of

the desorption step. At this point in time even more hot fluid has flowed through
the heating/cooling channels. A hot stream continues flowing in from 1023 and
a cold stream 1065 flows out of the contactor. The temperature of this cold
stream (1065) is slightly greater than that of stream 1063 which was flowing out
of the contactor at the earlier time shown in Figure 16(d). The thermal wave
1077 has advanced further along the contactor. More of the strongly-bound
molecules been removed from the adsorbent layer and the lightly-shaded region
labeled 1087 and this region (1087) has grown with respect to the region 1085

at the earlier time shown in Figure 16(d). More strongly-bound molecules have



t han woul d be possible in a PSA process the adsorbed inpurities can be
recovered at relatively high pressures. The thernmal wave process can al so
be used tWoSeRA3d8 Nitrogen out of LNG boil off LNG fl agh 335said71
regassifi ed NG Th ot her appl i cati ons- WZ2+hermal wave process can be used
to separate, concentrate, and pressurize CO2 captured fromflue gas, or
oxygen captured fromair. As a multi-conponent separation system it could
formthe Ipash ish SRR 8 A nr@?e? -end. The
i nvention can rggzlicggeﬁPSA gtr?g&g&?)se?ﬂhlyg% %ﬁ%@&gfg%%%g%eo esétgggare

used wit h ovevaidengerjergdthdrabdidreased. dtiel epsrante eadiofehdadstipton fidwper at ur e
sensitive. 1002091 |n one enbodi nent of the present invention, a series of
cross- f | owhaersl gemains valved eff and desosbesd mofeoudes move demmethecasdsomtion t hat

T GO R SR o B Sl o 0
i scover eq T HnRE EPrPuherh if coREh rBRbLPTTAS HIREPERC & ROsLeREi Fnenc at) on

with a sedestahqesdisplhcenheltemaghing ) ibawéakly DRe MR RISOIBEES didsthdAesET | €S
of cross-fl ow heat-exchange contactors. Cross-flOow contactors have two sets

of channestonglytadsethad speciesf Theronskentration of thié strahgly oadsarbed Species

orientation.to.the other set. I}o Séa(gBI e,.a cross flow heat exchanger has
many hi gh-"?;g}?cﬁl@BFQicP et rsgeeatithe adsempenpl @adis thusinaeased; Lsactaiis h a gap
gaps t hat Gl igkEuRichia0RThe o Gt SRER 1931 B BleiSichfplihthugpes” °°
exchanger in theamosthroHEl P aSobaa speoie A THEMeSbipiioh RePisElddindhgoe! s and

would carry a fluid traveling in one direction. The ‘even nunbered gaps
woul d contiti¢ (itee heferesarafiat) thet thefmahfronebreaks through dhe and wf eheli f f er ent
fluid traveling in a direction 90 rotated fromthe first fluid. This
cross-f | ofPRIAF genent is convenient for fabrication. In the present
enbodi nent, the parallel channel contactor is created by using a nunber of

-fl i . first t, of .ch | f h
cont act or 102021 77X refre B URRREISolidnh Hesbiifiprtild SISt B6r channel s
of each cpaffefhed sequenfiglly d8AITWA pp6&dessS ArPad\RintagdelOREs gﬂ?riﬁﬂglg Ii'# ﬁ1at

fashion, the two resulting channel systens can be operate ow or
count er - f thevheat used ta $wing the @@hGictomis vetmimsdimdtheteat rhnsfee nfedasantif
invention, ;an _adsorbent is coated in one or both sets of channels of a
series of 34505BUOR W3y, ta Preceed simulianeously, withheegling, shereaisubistantial partof

adsor bent ‘ f ores and cropores. ,\lhen t he adsorbent
i s coat edtﬂgﬁ}?&ggg{ Q'}gt%gifwgﬁgg*%ﬁqgggge ?ﬁﬁ?r ﬁtﬁfﬁrgit ngRd adyigherheat loatk “serj es
connect i oWill besieeled frtestdie theRidh'@ P bPthe iy channel s i's
coupl ed with adsorption or desorpti gﬁi?ﬁﬁt gpg}%g:ra?fstrg@ggefrﬁ%%{ﬁ&]el s. The
system of cross-fl ow heat exchangers connected in series approximtes the
behavi or [0283par Folprbvidesncmitinous aperaticnnte SBW A systemcopetatnginieh

fashi on. When t.he heating/cooling channels are used in a fashion that
gener at esseéluFﬂﬁ?Msom’ dsserptionsang ¢oqling; steps, thepraggsemay) be operatedst

B T e G

exchangergnde?go %%@Koﬁfti%&}ﬁ%ﬁfe%nother urfit' uidergoes a desorption step while
yet another unit is being cooled. It is preferable to cool the unit by passing cool
fluid through the heating/cooling channel of the contactor in a manner such that
a thermal (cooling) wave moves through the contactor. While the thermal wave
moves through the contactor, a hot fluid will emerge from the end of the
contactor. The cooling step is ended near the time (i.e. before or after) the
thermal front breaks through the end of the contactor. As such it is possible to

design a process in which hot fluid emerging from a contactor that is being



CLAI M5 1. An adsorbent contactor for use in swing adsorption gas separation
process units, conprising: a) a gas inlet end; and b) a gas outlet end;

wherein t spphet end and the gas outlet end are inpllkisdysRngset i on by
a plural i‘?)g/zg@g%en fl ow channel s wherel® the surface of the open flow

channel's are conprised of an adsorbent material that has a selectivity for
a first gas conponent over a second gas conponent of a gas m xture greater

than 5, araeomﬁ%%?ﬁaglsasggpg@géﬁ&o BaDntfKIor &gggu@%g%ﬁg"sqegg@&.open pore

vol ume in pores w greater than and | ess

t han aboutSithilarlgrcol fhid emergingiémed orithetod Bgdt i9 anderg@ing® dekdrptiohune
percentage) is defined as the volune of the pores in the adsorbent that are
bet ween 26tepnesstborauteditp feed coaling fluiditamecantadonthieds bydergeinga al vol une
of the adsorgent co&tnﬁgt or that is aqccupied by the adgsorbent materi al

i ncl udi ng CR84BE StEPe dIHBEIPERRE, SR YAHAEPRY f@ss Emlﬁa |WQW|WL ure;
. [ ' t ant aral l el channel s
wher el A9 S MG RIMEhE R LeditiRiohe Blociss B B 20bURUHAR™ F om rronol 1t hs.

a plurality of tubular nenbers, stacked |ayers of adsorbent sheets with or
Wi t hout s(je@204] bahWeeniRAiE B behecd¥baryl addeoreyudrazPhéa! fréml flgid (Rumdl es of

hol | ow fi bers, and bundl es of substantially parallel solid fibers.
transfer medium) streams flowing between contactors. For example, due to heat
loses from desorbed material leaving the system hot, some heat may be added to
"top off" the temperature of the hot fluid heat transfer medium. Cooling may
also need to be provided to decrease the cooling fluid temperature to a
temperature lower than that of the incoming feed, thus pre-cooling the adsorbent

to a temperature below the incoming separation feed temperature.

[00205]  Several other thermal process integrations can be used to control the
thermal wave. The timing of the adsorption and desorption steps can be varied
by adding a heat storage medium between either the adsorption and desorption
step, or the desorption and adsorption step. The heat storage medium is
configured so that a thermal wave will pass through the medium. An example is
a packed bed heat exchanger. The time for a thermal wave to pass though this
medium allows one to adjust the timing of the thermal waves in the adsorption
and desorption steps. In addition, in many cases (particularly for impurity
removal) the time required for adsorbent regeneration may be shorter than the
time required for the contactor's adsorption capacity to be fully utilized. In such
cases, it may be desirable to have several contactors undergoing the adsorbing
step, while two paired contactors are in the heat/regen (desorption) phase and the
re-cooling phase. In a preferred embodiment, the several contactors engaged in
adsorption are connected in serial fashion, such that the most-recently
regenerated contactor unit is the last bed in line, and the first unit in line wili be
next to be regenerated. In another preferred embodiment, the contactors

undergoing the adsorption step are connected in parallel, such that that adsorbent



2. The adsorbent contactor of claim1l wherein the adsorbent material has a
selectivity for CO2 over CH4 greater than 5. 3. The adsorbent contactor of

claim1 gre! adsorbent naterial has a selectivitychRfsNgopef CH#4
gr eat er Yvﬁgriﬁ%s.rﬂl‘%&:?he adsor bent cont act 804 of claim 1 wherein the adsorbent

material has a selectivity for H2S over CH4 greater than 5.

in each unit treats a fraction of the whole feed. In yet another embodiment,
thermal wave storage devices are used to store and allow proper timing of the

cycles.

[00206] When the contactors are used in this manner, it is acceptable for each
HX-Adsorber unit to be oriented in co-flow, counter-flow, cross-flow, or other
configuration. However, in a preferred embodiment, the contactors are used in

co-flow and/or counter-flow orientation.

[00207]  Several hybridized processes that combine a thermal wave process
with either a pressure swing or partial pressure displacement process can be
created. A thermal wave process can be combined with pressure swing to make
a hybridized thermal wave/pressure swing process that produces a
multicomponent separation while facilitating the desorption of strongly held
species. ‘A thermal wave process can be combined with a partjal pressure
displacerhent process to make a hybridized thermal wave/partial pressure

displacement process that can be run with liquid feeds.

[00208] With multi-component feeds such as natural gas it can be
advantageous to employ a thermal wave separation. Natural gas usually has
several different impurities and the thermal wave process provides a method to
produce several different product streams each enriched with a different
impurity. Examples of impurities that can be removed with a thermal wave
separation process include H,S, COS, mercaptans, CO,, nitrogen, water, heavy
hydrocarbons, and some Hg compounds. When the thermal wave separation is
used for heavy hydrocarbon recovery it is possible to directly produce separate
streams enriched with different hydrocarbon fractions. In all of these separations
the methane is the light (poorly adsorbed) component and the impurities are
taken up in the adsorption step. The adsorption can involve either a kinetic or
equilibrium separation. The methane is thus produced at or near the feed

pressure. Because the thermal desorption step can occur at a higher pressure



- 108 - 5. The adsorbent contactor of claim1l wherein the adsorbent
material is conprised of a structured m croporous adsorbent selected from

the groupygops/SsdRg of zeolites, PCT/US2008/006071
titanosilicates, ferrosilicates, stannosilldcat es, al um nophosphat es( A1P05),

si |l i caal um nophosphat es (SAP0O5) and carbon nol ecul ar si eves.

adsorbent contactor of claim 1l wherein the adsorbent materi al

of a zeol {H@. »%%@Clgezg%isgﬁlg‘iﬁ oy ?&‘Bcefsg?ﬁéc ?agd}gi‘?é\‘}?g@g,ﬁﬁg ?ﬁx’é B

and Bet a. ent contactor arm

6. The

I's conprised
gite, MCM 41,
adsor bent

material recoverad atyerhtivklyahigh presdirée OThé eherhiadd wave prodedd canails@bef about
1:1 to about 1000:1. 8. The adsorbent contactor of claim7 wherein the

8-ring zeu$éd to sepatdRnitrogenTons ofd EONG boil aff LiNGtflash@as@ndi regassifiedei n t he

8-ring zegN’éeIi s sel eched,from Sigmp-1 and ZSM 58.

n other applications a thermal wave process can be used to separate,
concentrate, and pressurize CO, captured from flue gas, or oxygen captured from
air. As a multi-component separation system, it could form the basis for a
compact and non-cryogenic steam cracker back-end. The invention can replace
PSA and distillation anywhere those processes are used with reversibly-

absorbable molecules whose isotherms are temperature sensitive.

[00209] In one embodiment of the present invention, a series of cross-flow
contactors is used to create a parallel channel contactor that has separate and
parallel adsorption and heating channels. It is well known in chemical
engineering art that a plug flow reactor can be approximated by connecting a
large number of perfectly-stirred reactors in series. We have discovered that a
plug flow channel system that is in parallel orientation with a second plug-flow
channel sysfem can be approximated using a series of cross-flow heat-exchange
contactors. Cross-flow contactors have two sets of channels, with each set of
channels having fluid flow at a 90° orientation to the other set. For example, a
cross flow heat exchanger has many high-conductivity (typically metal) plates
that are stacked with a gap in between one plate and the next. The series of
plates defines a series of gaps that may be numbered from first to last. Ina
cross-flow heat exchanger, the odd-numbered gaps would constitute one set of
channels and would carry a fluid traveling in one direction. The even numbered
gaps would constitute the second set of channels and would carry a different
fluid traveling in a direction 90° rotated from the first fluid. This cross-flow
arrangement is convenient for fabrication. In the present embodiment, the
parallel channel contactor is created by using a number of cross-flow contactors,
by connecting the first set of channels of each contactor in series fashion, and by

connecting the second set of channels of each contactor in the identical series



10. The adsorbent contactor of claim1 wherein the adsorbent contactor is
conprised of a first adsorption zone conprising a first adsorbent materi al
whi ch is Wwphdssghgont act with a second adsorption zonepg@RRbdclohd@ 8 second
adsorbent nmaterial, wherein the conpositi6on of the first adsorbent materi al
is different fromthe conposition of a second adsorbent material. 11. The
adsor bent contactor of claim 10 wherein the first adsorbent material has a
sel ectivi on qrisit Hﬂeet% . i r second gas
conponent bgﬁ!éri r%é'g’ggfé% 1§tt8%58§@§? er t oagsg?l%%é%%ﬁ %@é%&%%ﬁt mat eri al
has a sel eptrated in deflow bhioghtegpslonosHematibnover the second gas conmponent
of the gas m xture greater than 5; and the second adsorbent material has a
greater adsorption uptake for the third gas conponent than the first

adsor bent (#8218 aln ong zmbudiment of therpresenttinvensrongan@daorhent iseated in t he

first gas co nent i s , the_.secand gas c opent is CH4, and the third
gas conpoﬂ@ﬁgp gg s of %rggatls °f§§?r1%89g@§%ﬁg§hge¥(ﬁ’f€§€@$ﬁ*sofn @ aimil
wherein t j i ' g5 is CH4, and
the thir dB geatéh%gtrc}poneﬁ@gﬁgﬁﬁ%&tﬁ&%ﬁé&g‘gﬁﬁg@%t coﬁ%ogﬁ?g{]g‘g‘i ~claim11l
wher ei n aindcedisireWhafl 18¢ B@SirbeRt i8'doated ¢n 688 Bt cTeBafheR oTah&heal Sel ected
fromthe group consisting of zeolites, titanosilicates, ferrosilicates,
st annosi | exehasger elenints)ghoseaties esnr(ealibds such thiat thel heatingpdrosoilinigein ( SAPO5)
and carbon_.nol ecul ar si eves. ) ) ..

of one set of channels is coupled with adsorption or desorption in the other set of

channels. The system of cross-flow heat exchangers connected in series

approximates the behavior of a parallel channel contactor and can be used in

similar fashien. When the heating/cooling channels are used in a fashion that

generates a thermal wave, only a small part of that wave will manifest itself in

any single cross-flow contactor. Because the exchanges are coupled in series a

thermal wave can propagate along the series of exchangers (or stack of

exchangers).



15. The adsorbent contactor of claim 1l wherein the at | east one
adsorbent material is conprised of an 8-ring zeolite that has a Si to
Al ratio of about 1:1 to about 1000:1. 16. The adsorbent contactor
of claim 15 wherein the 8-ring zeolite is DDR. 17. The adsorbent
contactor of claim15 wherein the 8-rin@7=zeolite is selected from
Sigma-1 and ZSM58. 18. The adsorbent contactor of claim1l wherein

t he adsorbent contactor has | ess than about 15% of its open pore

vol une igmwith di aneters greater than about 20 angstrons and

| ess tha 1 mcron. 19. The adsorbent contactor of claiml
wherein the adsorbent material also contains an effective anobunt of a
thermal nmss material having a higher capacity for adsorbing heat )
than the hdsordRRfsqregd cPRpCtor Soy Usthid BH88 rgePLily A8 saParation DEPGEPSYIRILS,
wherei n the,adserbent material has both mesopores and macropores and
wherein at |'east some of the nesopores and macropores are occupied
with a bl ocki mg azgemietehd;amdef f ecti ve size that is small enough to
fit into a nesbggoragogtette;tl@o large to fit into a mcropore of the
adsor bent mat eVi®d™ g

wherein the gas inlet end and the gas outlet end are in fluid connection by a plurality
of open flow channels wherein the surface of the open flow channels are comprised of an
adsorbent material that has a selectivity for a first gas component over a second gas
component of a gas mixture greater than 5, and 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 the open pore volume (in volume percentage) is defined as the volume of the
pores in the adsorbent that are between 20 angstroms and 1 micron in diameter divided by the
total volume of the adsorbent contactor that is occupied by the adsorbent material including
associated mesopores and macropores in the adsorbent structure; and the adsorbent contactor
is comprised of substantially parallel channels wherein the geometry of the adsorbent
contactor is selected from monoliths, a plurality of tubular members, stacked layers of
adsorbent sheets with or without spacers between each sheet, multi-layered spiral rolls,

bundles of hollow fibers, and bundles of substantially parallel solid fibers.

2. The adsorbent contactor of claim 1 wherein the adsorbent material has a selectivity

for CO, over CH,y greater than 5.

3. The adsorbent contactor of claim 1 wherein the adsorbent material has a selectivity

for N; over CH, greater than 5.

4. The adsorbent contactor of claim 1 wherein the adsorbent material has a selectivity

for HzS over CH, greater than 5.
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21. The adsorbent contactor of claim 20 wherein the bl ocking

agent is selected fromthe group consisting of polyners, mcroporous
materials, solid hydrocarbons, and liquids. 22. The adsorbent
contactor of claiml1l wherein the parallel flow channels have a

channel

gap from about 5 to about 1000188 crons. 23. The adsorbent

contactor of claim1 wherein the ratio of adsorbent volune to fl ow

channel

volume is fromabout 0.5:1 to about 100: 1.
5. The adsorbent contactor of claim 1 wherein the adsorbent material is comprised of a

structured microporous adsorbent selected from the group consisting of zeolites,
titanosilicates, ferrosilicates, stannosilicates, aluminophosphates (AIPOs),

silicaaluminophosphates (SAPOs) and carbon molecular sieves.

6. The adsorbent contactor of claim 1 wherein the adsorbent material is comprised of a

zeolite selected from the group consisting of MFI, faujasite, MCM-41, and Beta,

7. The adsorbent contactor of claim 1 wherein the adsorbent material is comprised of an

8-ring zeolite with a Si to Al ratio of about 1:1 to about 1000:1.

8. The adsorbent contactor of claim 7 wherein the 8-ring zeolite is DDR.
9. The adsorbent contactor of claim 7 wherein the 8-ring zeolite is selected from Sigma-
1 and ZSM-58.

10.  The adsorbent contactor of claim 1 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.

11.  The adsorbent contactor of claim 10 wherein the first adsorbent material has a
selectivity for the first gas component of a gas mixture over a second gas component of the
gas mixture greater than 5; the second adsorbent material has a selectivity for a third gas
component over the second gas component of the gas mixture greater than 5; and the second
adsorbent material has a greater adsorption uptake for the third gas component than the first

adsorbent material.

12.  The adsorbent contactor of claim 11 wherein the first gas component is CO,, the

second gas component is CHy, and the third gas component is H,S.
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13.  The adsorbent contactor of claim 1l wherein the first gas component is Ny, the

second gas component is CHy and the third gas component is H,S.

14.  The adsorbent contactor of claim 11 wherein at least one adsorbent material is
comprised of a material selected from the group consisting of zeolites, titanosilicates,
ferrosilicates, stannosilicates, aluminophosphates (AIPOs), silicaaluminophosphates (SAPOs)

and carbon molecular sieves.

15. The adsorbent contactor of claim 11 wherein the at least one adsorbent material is

comprised of an 8-ring zeolite that has a Si to Al ratio of about 1:1 to about 1000:1.

16. The adsorbent contactor of claim 15 wherein the 8-ring zeolite is DDR.

17. The adsorbent contactor of claim 15 wherein the 8-ring zeolite is selected from

Sigma-1 and ZSM-58.

18.  The adsorbent contactor of claim 1 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.

19.  The adsorbent contactor of claim 1 wherein the adsorbent material also contains an
effective amount of a thermal mass material having a higher capacity for adsorbing heat than

the adsorbent material.

20. The adsorbent contactor of claim 1 wherein the adsorbent material has 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.
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21.  The adsorbent contactor of claim 20 wherein the blocking agent is selected from the

group consisting of polymers, microporous materials, solid hydrocarbons, and liquids.

22.  The adsorbent contactor of claim | wherein the parallel flow channels have a channel

gap from about 5 to about 1000 microns.

23, The adsorbent contactor of claim 1 wherein the ratio of adsorbent volume to flow

channel volume is from about 0.5:1 to about 100:1.





