REMOVAL OF CO2, N2, OR H2S FROM GAS M XTURES BY SW NG ADSORPTI ON

W TH LOW MESOPORCOSI TY ADSORBENT CONTACTORS FI ELD OF THE | NVENTI ON [ 0001] The
present iWyehisAsskel ates to the separation of one or mpeg Rbodsflso7s N2, and
H2S gas conponents froma gas mixtureycontaining at |east a second gas
using a swi ng adsorption process unit. The adsorbent contactors of the

d tion process u A A red adsor bent
S S erasarp P ”RE 0% %Sbgﬁ} | ume percent or
§ Qé\ioore and

contactors having apRlONAG A G

| ess of the ope 0 > Ol : ‘

macr opor e rangeQN}-u~.9l--b ! ROSUENDSORBEDT EONIACTORS ) i s

i nportant in various |ndustr|es and can typically be acconpllshed by
flowng a X an adsorbent that preferentially adsorbs a
nor e readi= = : 3 ii—relatlve to a less readily adsorbed
conmponent of the n1xture One of the nore inportant gas separation

oot t hat TOGLP" COBH B3RV BRTGH FEroS 8 iR eaaliortp Uit of morp o €0
struct ure Ny, ahheH 5 &4 ﬁ;?]ﬁelﬁ&igher 82as %&ﬁirb%'oﬁta‘?{liﬁg'Jt%&ttar}%cgéc?ga\%’glr ue

of a polyneric m erla e pressure, as’i

Wien the msimsaiswirigadsotpiienl prodess gait. ITher ﬁs@ﬂi@ﬁcoﬁfacﬂ%@f'@ﬁ@swﬁ%’*
processes can be used to separate gases in a m xture because different

gases tend §%‘P|tl|0nlpr9ﬁ%ssmmtf ygamgingered seucvrehadsorberteontatotsdravinga
ture h as natural gas, for exanple, is

| fferent t as

gassed un32¢r §P’éggﬂ ‘fhﬁ%gﬁbshwgev&gglvo WﬁFﬁem%oﬁ&Vrﬁfﬁ%oBﬁan& SPO; ﬂjs
adsor bent | r t ane, par

of the ni P’?’E‘g‘&ﬁ% ‘fsc‘ﬁ%g‘%{sﬁ ghéor%%ﬁ?;%ﬂgp h‘aﬁg‘%sﬁsqg‘é% ‘com ng out of the
vessel will be enriched in nmethane. Wen the bed reaches the end of its
capaci ty BAGKGROUNDIOBSIHE INVENTION €gener ated by reducing the
pressure, thereby releasing the adsorbed nitrogen. It is then ready for
anot her cycle. WD 2008/ 143825PCT/ US2008/ 006073

[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 gases tend to be adsorbed within the pore structure of the microporous
adsorbent materials or within the free volume of a polymeric material. The
higher the pressure, the more gas is adsorbed. When the pressure is reduced, the
gas is released, or desorbed. PSA processes can be used to separate gases in a
mixture because different gases tend to fill the micropore or free volume of the
adsorbent to different extents. If a gas mixture, such as natural gas, for example,
is passed under pressure through a vessel containing polymeric or microporous
adsorbent that fills with more nitrogen than it does methane, part or all of the
nitrogen 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.



2 [0003] Anot her inportant gas separation technique is tenperature sw ng
adsorption (TSA). TSA processes also rely on the fact that under pressure

gases tengobgod?@sddsorbed within the pore structure of tLpguthsisRPREPUS
adsorbent materials or within the freg volume of a polyneric material. Wen

the tenperature of the adsorbent is increased, the gas is rel eased, or
desorbed. By cyclically swinging the tenperature of adsorbent beds, TSA
processes can be used to separate gases in a m xture when used with an
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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



3 "heavy" conponents and the nol ecul ar species that do not selectively fill
the m cropores or open volune of the adsorbent are usually referred to as

the "1'i ghyo 26 gnts. [0006] An early teaching of a PSp-RrRSERRH0MYI NT a
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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 caﬁ be obtained, but the adsorption front of the heavy
component breaks through to the light component and the latter cannot be
recovered at high purity; (b) if the displacement of the light component is



I nconpl ete, the typical concentration profile of the heavy conponent in the
bed is not optimum and as such the bed is depressurized countercurrently to

recover tRe i@&duyskey conponent at the feed end, the |i ght/kosman@as still
present in the bed reaches the feed epd very rapidly and the purity of the
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or conventional packed bed contactors. |Inprovenents in mass transfer
in these rapid cycle pressure swing adsorption processes. Approaches to
constructing parallel passage contactors with structured adsorbents have been
disclosed in US20060169142 A1, US20060048648 A1, W0O2006074343 A2,

WO02006017940 A1, WO2005070518 A1, and W02005032694 Al.

[0009] In a parallel channel contactor, the adsorbent lines the wall of the
flow channel which can be formed from the space between parallel plates or the
open path through a duct or tube. When parallel plates are used to form the
parallel channel, a spacer may be present in the space of the parallel channel.
An example of a spacer-less parallel passage contactor as provided in
US20040197596 A1l and an example of a parallel passage contactor with a high
density adsorbent structure is given in US20050129952A1. In all cases, the
adsorbent used to line the parallel channel contains both mesopores and

macropores.

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

or conventional packed bed contactors. Improvements in mass transfer



WD 2008/ 143825PCT/ US2008/ 006073 5 characteristics fromthe presence of
nmesopores and macropores in conventional packed bed contactors have been

wi dely di &2d ee for exanple U S. Patent Nos. 6, 43@c}ik2@RA0&7£84, 021.
Irrproverre‘ﬁtﬁlséﬁl n ?%2?8 transfer charactgristics fromthe presence of

mesopores and macropores in parallel channel contactors are discussed in
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H20, H2S, CO2; N2, mercaptans and/or heavy hydrocarbons that have to be
renmoved t owithoutcasigtd eirane aniueind o€ nidsepgrs andiormatioposeopriotiding ket. It
is preferred that as much of the acid gases H2S and CO2 be renpved from
natural gafcess todheimiceoparg stucturgin the adposbentpuhereisslestivesepatations a

val uabl e conponent and acts as a |light conponent in sw ng adsorption
processes.ocgﬁﬁﬁ'l I ncreases in recovery of this |ight conponent can result
in significant inprovenents in process econonics and al so serve to prevent

unwant ed r@8eY] ce Wik thete Are Vi#RIUsARAhiASs IABR\US! xgg@;@s%é@@? g@wvol . %

preferably nore than 90 vol.% of the methane when ntal 1T npurities
are r enovedsoilent matenialsjsewranddapreved patallebcharaied con@ctdeR, and®S, and N2
fromnatural gas there remains a need for processes and materials that wll
per f or m t HMPrevedbiang cyolo YA savippent-avneisf tnsedoslatspesent 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 produced at high pressures (500-7000 psi) and methane acts
as a light component in the adsorption process. Many gas fields also contain
significant levels of H,0O, H,S, CO,, N,, mercaptans and/or heavy hydrocarbons
that have to be removed to various degrees before the gas can be transported to
market. It is preferred that as much of the acid gases H,S and CO, be removed
from natural gas as possible. In all natural gas separations, methane is a
valuable component and acts as a light component in swing adsorption
processes. Small increases in recovery of this light component can result in
significant improvements in process economics and also serve to prevent
unwanted resource loss. It is desirable to recover more than 80 vol.%, preferably
more than 90 vol.% of the methane when detrimental impurities are removed.
While various processes exist for removing CO,, H,S, and N, from natural gas

there remains a need for processes and materials that will perform this recovery



nore efficiently, at |ower costs, and at hi gher hydrocarbon yields,
particularly at higher nethane yields. [0012]Simlarly, for other gaseous
feed streghBgodifissRr i Or art describes several ways to r%%?)i%&oolg}o%7 nount s
of the heavy conponents in a heavy copponent rich "reject” stream but
cannot achieve as high a recovery of the |ight conponents in the Iight
conponent moehefficiehtly, at lowantosts)i andlatfHigharipgirocarbenoyelds epartieatarsat ~
greater as the feed pressure increases. SUMVARY OF THE | NVENTI ON [0013]In
accor dancehighehmethangrydelsdst i nvention there is provided a process for
renoving a first gas conponent selected fromthe group consisting of CQO2,
N2, and H2S froma gas m xture containing said first gas conponent andda
second gas 0NeQi ;1\, ¢ ' : |ng said gas
i xt ur ot o VBAZR P Sl Hor R e G RIS E R ame, the prflr SR BRKAINS |
separ at i orsevetd] was!teireSowdr Highamduies Y VY coPipGifn® ic@RB4avyed of @ i)
a gas inlet end; and ii) a gas outlet end,

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 a process
for removing a first gas component selected from the group consisting of CO,,
N, and H,S from a gas mixture containing said first gas component and a

second gas component, which process comprises:

a) conducting said gas mixture to a swing adsorption gas separation unit
wherein the gas separation unit contains at least one adsorbent contactor

comprised of:
i) a gas inlet end; and
ii) 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 adsorbent material that has a selectivity for said first gas
component over said second gas component of a gas mixture greater than 5,
wherein the contactor has less than about 20% of its open pore volume in pores
with diameters greater than about 20 angstroms and less than about 1 micron,

and wherein at least a fraction of said first gas component is adsorbed into said



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 @H8oAIRNssed of an adsorbent material that ha§c?nﬁ§&ﬁ%5&ﬁgty for
said first gas conponent over said segond gas conponent of a gas m xture
greater than 5, wherein the contactor has |ess than about 20% of its open
por e vol unmisorbgmmeaterial, thetebyeéslting ik atpeodidiareahodépléRdasfgald first and

| ess than about 1 m cron, and wherein at |least a fraction of said first gas
conponent £3as caMPEMHY; i nto said WO 2008/ 143825PCT/ US2008/ 006073 7
adsorbent material, thereby resulting in a product stream depleted of said

first gas conponent; . h) collecting said the product stream C)
desorbing the abs&PHestingsaidithepsedust sH&Mbent material, thereby resul ting
in a waste gas streamrich in said first gas conponent; and d)

coll ecting ai d weisle,gasust LRam. J 001N 2, RAS! GLhESaRIT Y O the

resulting in a waste gas stream rich in said first gas component; and
d) collecting said waste gas stream.

[0014] In a preferred embodiment of the present invention, the second gas
component is CH, and the gas mixture is natural gas and the adsorbent material

is comprised of a structured adsorbent selected from 8-ring zeolites.

[0015] In another preferred embodiment of the present invention, the 8-ring
zeolite is DDR.

[0016] In yet another preferred embodiment of the present invention, the first

gas is H,S and the adsorbent material is comprised of a stannosilicate.

[0017] In a preferred embodiment, the adsorbent contactor is a parallel
channel contactor comprising structured (engineered) adsorbents in which

substantially parallel flow channels are incorporated into the adsorbent structure.

[0018] In another embodiment, the adsorbent contains an effective amount of
a blocking agent occupying meso and macropores so that no more that about 20

vol.% of open pore volume of the adsorbent is in the meso or higher size range.

BRIEF DESCRIPTION OF THE FIGURES

[0019] 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.



conponent is CH4 and the gas m xture is natural gas and the adsorbent
material is conprised of a structured adsorbent selected from8-ring

zeol i tes. anot her preferred enbodi ment of the Soslobogst i on,
the 8-ri nvg‘]]bgg%s?ﬂﬁ%ée}si s DDR. [0016] 1 n ygt another pref errgg%gﬁgé)g)iorrent of the

present invention, the first gas is H2S and the adsorbent material is
conprised of a stannosilicate. [0017]In a preferred enbodi nent, the
adsorbent contactor is a parallel channel contactor conprising structured
(engi neer el@020}is or Bigwre 2iherepf ista erobssegtianal reprpserdatien alongithehannel s are

I ncorporated into the a rbent strycture. [0018]1n another enbodi nent, the
adsor bent ]@85%%5‘(5@5 %‘Séﬁ‘cﬁgﬁmwlﬁhﬁﬁ{‘g‘éﬁ L bl ocki ng agent occupyi ng nmeso

and macropores so that no nore that about 20 vol.% of open pore vol une of
t he adsorbent is in the neso or higher size range.

[0021] 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 meso and

macropores.

[0022] 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.

[0023] Figure 5 hereof is an electron micrograph of the surface of a DDR
film that is suitable to act as the adsorbent layer of the contactors of the present
invention with a volume fraction of open meso and micropores that is less than

about 7%.

[0024] Figure 6 is an electron micrograph of the surface of an MFI film that
is also suitable to act as an adsorbent layer of the contactors of the present
invention with a volume fraction of open meso and micropores that is less than

about 7%.

[0025] 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.

[0026] Figure 8 hereof is a representation of a parallel channel contactor of

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



BRI EF DESCRI PTI ON OF THE FI GURES [0019] Figure 1 hereof is a representation
of one enbodi nent of a parallel channel contactor of the present invention

in the f nolith directly formed fromthe m crQpehRYsisRb&9s bent of
t he pr esgvglg]zﬁgns\//fea%%on and cont ai ni ng g plurality of par a??elfg channefs. WO
i

2008/ 143825PCT/ US2008/ 006073 8 [0020] Figure 2 hereof is a cross-sectional

repr esent aj0i0an] al oRigured Hepeof isyadit aabthex reprederitittornonalpatdlledichhgslr e 1.
[0021] Figure 3 hereof is a representation of a magnified section of the
Cross- contactor of the present invention but in the form of a hollow fiber contactor for

TSA applications.

[0028] 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.

[0029] Figure 11 hereof is a representation of an embodiment of the present
invention wherein the parallel contactor is constructed from parallel laminate

sheets.

[0030] 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,.

[0031] 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,.

[0032] Figure 14 hereof is a schematic diagram of an integrated process

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

[0033] Figure 15 hereof is a schematic representation of a preferred
procedure for measuring the volume fraction of mesopores and macropores of

adsorbent contactors of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0034] 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



sectional view of the nonolith of Figure 2 showi ng the detailed structure
of the adsorbent |ayer along with a bl ocking agent occupyi ng sone of the

nmeso and %Cgp&pﬂgﬁg. [0022] Figure 4 hereof is another reprRRsSikAbd9s of an

enbodi nent a parallel channel contgctor of the present invention in the
formof a coated nonolith where the adsorbent |ayer is coated onto the

channel wajol.% pbP0:38)] fioge! peeferdity HDT0l.% anlesd, edidrmostrprefergbls vol.% be
surface of a DDR filmthat is suitable to act as the adsorbent |ayer of the
cont act or dessfofitheir ppenqeore valume impoxgistin the msisgperer angbmagropsre 8j76n neso and
m cropores that_js |es han about 7%, [ 0024] Fiqur.e.6 is ap electron

m crogr aphaR\e-t e%"dmﬁ Oppeny CORACLer |a%]mﬁ1£pdi}%rgpggc 3 gﬁﬁ'{asww as an
adsor bent I i ' ' | urre
racti on GNaAREHOkEEF altbert Qrfedbes "EhEpRTRE] cHERIGTREthE frdaid

[ 0025] Fi giieenfidheire® typeRTeaathfred agssrbenesdinaetor Bhtiféd hbRiRas Spavallel
I nvention in which thé parallel channel contactor is in the formof a

coat ed nowcbhnndl dontact@A" £pplusecan thermalveing adserptian(T8A) ahdyarious typeat ed -

onto the % %rr]gseslurem?\!v{nsg g(]so?pt%ne I)l(')orcrgSESdesﬁgl%ldiirggh'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, in 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 purge adsorption (RCPPSA)
technologies. The tefm 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
preferred embodiments as described in this application, such as, but limited to,
contactor voidages, separation components and efficiencies, operating

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

adsorbent contactors -of the present invention as described herein.

[0035] ‘ ‘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 barticles. "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



[ 0026] 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/ 1438@5%@/&&%@08/ 006073 9 [0027] Figure 9 hereof ispyetusdfRloh&s
representation of a parallel channel gontactor of the present invention but

in the formof a hollow fiber contactor for TSA applications. [0028] Figure

10 hereof ARlifioRtd e A@PIBERThalcHAN tRE adsdiBEhOMictRy maprbatiRitehdr TSA as
shown in Figure 9 but with the outer surfaces of the housing for the

cont act or sushchs; but notdimyted ¢of support mdteriabs; heat sinkgpatetiols mdidceedactior edges

of the outer surface. . . .
components, etc., which are described more fully herein.

[0036] Swing adsorption processes are all well known to those having
ordinary skill in the art and they can be applied to remove a variety of target
gases from a wide variety of gas mixtures. It is possible to significantly improve
the recovery percentage of the light component of a gas mixture by use of the
present invention. The "light component" as utilized herein is taken to be the
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
of the light component introduced into the process. Recovery of the light
component is defined as the time averaged molar flow rate of the light
component in the product stream divided by the time averaged molar flow rate
of the light component in the feedstream. Similarly, recovery of the heavy
component is defined as the 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.

[0037] The structured adsorbent contactors of the present invention contain a
very low volume fraction of open mesopores and macropores. That is, the
structured bed adsorbent contactors of the present invention contain less than
about 20 vol.%, preferably less than about 15 vol.%, more preferably less than

about 10 vol.%, and most preferably less than about 5 vol.% of their pore



[ 0029] Figure 11 hereof is a representation of an enbodi nent of the present
I nvention wherein the parallel contactor is constructed from parall el

| am nat e 43429030] Fi gure 12 hereof is a schematic ¢i-38/<35s0hs03s
preferredﬁpi%\ﬁl(seﬁls“%ezps PSA/ RCPSA process for treating a stream containing

about 20 vol.% CO2 and about 80 vol.% CH4. [0031] Figure 13 hereof is a

schemati c viblagiedim sendpdres ie thectheSopiite ShdHadtOPORCEZE rixige SR sHPvres hgat i ng
a stream cont ai ni n(gf gﬁ%ut 2 vol . % I\Il)Z(ﬁand aboutSﬁSS vol . %gCIE-M. [ 0032] Fi gure

14 her eof definedsynthealURAG tacheaporss with sizee i thec2) tr 50@ 9ngsitomistieng a ,
t ur boexpander anqg a PSA process t he esent inyention. [0033] Figure 15
hereof is @N&En rPBO%&réélsﬁpsﬁﬂswwg &e.m?sew 1245 greater thart 500

angstroms and less than 1 micron. Because the flow channels are larger than 1
micron in size, they are not considered to be part of the macropore volume. By
open pores we mean mesopores and macropores that are not occupied by a
blocking agent and that are capable of being occupied, essentially non-
selectively, by components of a gas mixture. Different test methods as described
below are to be used to measure the volume fraction of open pores in a contactor

depending on the structure of the contactor.

[0038] 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
fnesoporés and macropores in the adsorbent structure. "Swept volumes" such as
engineering flow channels as well as the volume occupied by any non-adsorbent
material, Such as but not limited to, support materials, blocking agents, thermal
masses, etc., are not included in the amount of volume occupied by the adsorbent

material.

[0039] The preferred test for determining the volume fraction of open
mesopores and macropores of the contactor is defined as follows and involves an
analysis of the isotherm of a condensable vapor adsorbed by the contactor. A
liquid which has a vapor pressure greater than 0.1 torr at the temperature of the
test is a suitable material that can be used to produce a condensable vapor. At 20
°C, water, hexane, trimehtlybenzene, toluene, xylenes, and isooctane have
sufficiently high vapor pressures that they can be used as condensable vapors. In
the adsorption branch of the isotherm (obtained by increasing the pressure of the
condensable vapor), capillary condensation fills empty micropore, mesopore,

and much of the empty macropore volume with liquid. In the desorption branch



procedure for neasuring the volunme fraction of nesopores and nacropores of
adsorbent contactors of the present invention. DETAILED DESCRI PTI ON OF THE
| NVENTI ONyhO9@Hsdhhg present invention is directed to adserRRBosHadyACt Or s
for use in swng adsorption processes,; whi ch adsorbent contactors contain a
plurality of flow channels and which contactors contain 20 vol.% or |ess,

pr ef er abl ymidrop¥¥es2012303¢ke8 2t idatei bt &OPpofeE Jilldd with.1Pquod akeemptiedr &t
preferabl yl0 voI % or less, and nost preferably 5 vol.%or |ess of their

open pore womlhknownrsbate@erwsmbympdmwamthna@dsoppm@n end deserpiion The

term' ads act i zed .herein |n8I udes bot strulct ured and
unst r uct ur ﬁt‘s le"zl'ﬂ%alkﬂ?‘épé‘rq’%ﬁ SBRUQR AIHBCIER IeliRs 19r esent

t {a .t ln as
parallel ﬁﬁﬂﬁé ey ‘é%.%‘?ﬁeﬁoﬁ“ﬁﬁa“%@%?e’@%‘l%@” Bk RIRA R hE R OTRD 2 g

various tydwsiled amdl9sis prévides Adnéssueemenost theohsihe Trddtionust the convent i onal
pressure sw ng adsorption (PSA), and partial pressure sw ng or displacenent

pur ge adsanpsopres ARbA)acrepdnes i thestrucTuresiadsoitrant dlboprfenadpr ocesses can

be conducted with r v\/mch ase they are referred to _as rapid
cycl e t herMERSWGMEHL %&gel%w %%cilhedr mngw@raphﬁsgmxée% ese
adsorptlog) &?EI%A) and rapid cycle partlal pressure swing or di spl acenent
purge adsarp n (RCPPSA) t echnol ogi es. The term swi ng adsorption processes
shal |l be taken to include all of these processes (i.e. TSA, PSA, PPSA,
RCTSA, RCH8040pNd RGPRG4M Bloekiv Iag@nt:mﬁmriﬁbdmﬁl@éoﬁta@@?tm pfRedafe  Such
processes require efficient contact of a gas mxture with a solid adsorbent
mat eri al . dutlipédin thlapamgtnaplmstlmtdttbaneasmreﬁm wilbareve Sepermesoparesandor by

reference to specifig¢c "geopetric shapes” (in which case would apply only to
struct ur ednﬁ%Fé)Bbe‘érﬁfc thg suhtach Pglytacmatﬂm meaﬁw%as perfermed eneidier

Coar bt o the chilke cBRBticr Bt adBpr AR poplibn oF Mid Ehihsor it bRnaifls 0%
mat eri al s, pd¥Hi6n of IO k¥ntaltd?QoRtaihs HIE4st 8 ealire BARE SEG O 8#&%%:3?['_ ﬁ@taf

ontactors of the present invention as described hereln.
struct ur e afd hpesraaimass$ theat an betweennt 096 tankds], 00% oif thk nps§ of dik sonthetoes

Additionally, the mass of the contactor used in this measurement should be more

than 50 grams. A preferred procedure is represented in Figure 15 hereof wherein
the initial steps of the procedure involve placing the contactor 1101 or a
repqesentative 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.

[0041] 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



on which the adsorbent or other active material is held, provides
significant benefits over previous conventional gas separation nethods,
such as “g§SHisF4§PRt ai ni ng adsorbent beads or extruded §§§Rk9&$h0§@§ticles.
"Paral |l el channel contactors" are defjned herein as a subset of adsorbent
contactors conprising structured (engineered) adsorbents in which

subst ant i afigit qontsineel103 and vessenel 525 a6d 114drapOas eonstahtteldjRradser bent
structure. These flow channels may be fornmed by a variety of nmeans, many of

whi ch ar e beforg anddftereashrstepusédto deiognedgRrtbecnntgs2o0ded06073 11
addition to the adsorbent erial, the agso t ruc coptain

i tems suchiCHPeIyyre Wop}tﬁ{r%;wtbébe%w esfrilfglllalli'i7 a"&ﬁ’&eﬁ&%&\%{cﬁ% Erials,
voi d reduct] . 0 ' i . T ei n.
{0086] St isedhd TReaR5n o ofreCiM Al patBiple atindR oyl dirfer 174
ordinary sdthhll aifbun®eddiiseand ab&ﬁ%ﬂcﬁ@&'ﬂ@&n%ub@refagir{g%@‘g@néraﬂgro.m. of

target gases froma w de variety of” gas m xtures. I's possiblé to

si gni fi canThy impprtanteissueeisrthathefoye prd afiet eaph fxankaldsinghstep dnpreadimgsof a
gas m xture &1)&{ use of the present invention, The "light conponent” as

utilized Hek@rmMPeoypigeAl? b'e97t@¥g‘§i%b%%r%?IDOQOWEﬂI’ééQIVﬁFhiEG%BQ&éﬁ?; or
aasorpt | orraply 8 SellEs MITRSLEPo gl LT\ Rastl LG RIS HTRn o, "

utilized hgogdd itSs b?é‘f%ﬂe&?hzﬁ_ethlé %lxﬁeggfei &P gc@%t%ﬂﬁdiﬁﬁla‘é@bﬁ&@ﬂ&ﬂﬁm , Of

conponents that are preferentially taken u e adsorbent 1 n the

adsor pt i onactiveped)fsotthat ¢ aoeheat thé ighs bhpiping tvaednothey ake bpendat. eBefure the
i nvention, it has been unexpectedly discovered that total recovery of the
| i ght conpagasirement bogias ithe eqeipswint yised so fibt haxang vepes échosen Be agr eat er

th bout 80 | . 9% f bl t th t |, . %

e oot e B ST BB FORHhel 1 i
bout 95 .0 | 4 |, £ [ th

SPout 99 1pkst B 9 GRSk ey LY QISR BAUSTHo i

mol ar f 1 ovattathed @ atvaeulinghimpasryacwite ivesidie 1p29dndtl 1911 eam di vi ded by the
time averaged nolar flow rate of the |Iight conponent in the feedstream
Simlarly, recovery of the heavy conponent is defined as the the tine
averaged nk9042] f | oﬁrqsamr@ ipfthesecvessalsyis oagasurednwvithiransdueers dd68 andr K3
divided b

y the tinme ayer d r-flow rat f the heav onent in the
feodst r e Froablet PR st s Psrsiibeiivefofh nover Bea bod EBsaet
i nvention i y : '
e o0 SRS G THO NS iR O RSB
i nvent i on withtadl dtcugfey ¢fhR01adauindXiteble frangebay &8lcdphéitdcehan about 15
vol . % nore preferabl ){_ | ess than about 10 vol.% and nost preferably |ess
t han aboutmgnomieteys.of ThhaiessqgddddS and 1141 are evacuated so that transducers 1163
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.

[0043] 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



WO 2008/ 143825PCT/ US2008/ 006073 12 vol une in open pores in the nesopore and
macr opore size range. Mesopores are defined by the UPAC to be pores with

si zes in Wwh8o@45$5500 angstrom size range. Macropores @E%/l@ﬁﬁois)ﬁﬁé%?erei n
to be pores wth sizes greater than 5Q0 angstrons and | ess than 1 mcron.

Because the flow channels are larger than 1 mcron in size, they are not
consi der edmiinutes dpeppingfthé presswrerinpessel ididdthus Bllowiremthedieaneso beidn
nmesopores and macropores that are not occupied hy a bl ocking agent and that
are capabl Ehisrdagapsing precasiuselis repsated; fiye ymes betenedbe hoxane inpyesselnbltent s

Co measar cearHe Girdint FHEPPINITAYE Bhon pupsed FaE KR8 Had 3 oPRBoEHRI ng on
Lie St T uCt e link e oPion oy B 118338 HABP By RIS UAhY T dcllnPGh (81 O

vol ume percent fi'néd herein as t he pores in e

adsor bent 1128. Adsoiridwasleciditsdnghé conmcrdr bepiieantisepiede ¢flithei cron) in
di aneter divided by the total volunme of the contactor that is occupied by

t he adsor beontactar ddP4lin chainbdi h{03seotheatremoyved byorpeningvalveckldgorBuisi n t he
adsor bent structure.. " t vol s" such as engi neering flow ch el s as
wel | as th%ﬁ%? Hﬁ@éé%‘;@é aﬁﬁcﬁ%t%ﬁﬂﬂﬁ‘&%@é’éﬁ*ﬁ “?rﬁ‘(%ﬁ“iagq chamber ut not
l[imted t . ' , . ' . I ., are
not i ncl ude éliéﬁﬁ) aém%‘é%{:@%r? c\?@hﬁﬁ@ g@%ﬁ%’?}gg%sy}?ﬁ{e{@ed‘éorglen 3n%{H§ri al .

[ 0039] The peél1g{en 08doiresAt fhs {aéﬁrﬁ AR NGB fshgosed atﬂ@thterpmshlalsl iPtheopen

mesopor es and macropores of the contactor is defined as follows and

i nvol ves achanbéryisimomtoreddor swhbar.nlfahe pressodeisthel chamteorisasibgmherd by t he
contactor. A ljiquid which has_ a vapor tﬁé}gssure greater than 0.1 ton at the
t enper at ur &apf0.94 torr duringdhis timepshiod then the ayacugten papcasuire sekepeatedr oduce

Sy oo aildfe E8Ratich' nratedug R 3 brtFEoNEd sk TR IO8RRS Ben ot “They can
be used as,iEGRLERS Allafs VRP&NSvir b%u?&sﬁéﬁtﬂh@&oﬁf&?fﬁlmlé 14 Rt herm
h sure of the condensabl e

(obt ai ned by increasing the pre vapor), capillary
condensat i empidyleldysaectphy haatingthercontasep A er adsdrived-mobdéculéschargbeen

maeropore s\./uoclclésr.rsefuill@' terloivg(liJ ifrdo'm ltlrlle é(r)]liagt%io\;a%ieso? 12b‘7r 23((1: r1]153 are closed.
[0044] 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
hexane vapor. Valve 1151 is then closed and valve 1153 is opened allowing 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 1168 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 adsorption of molecules of hexane into micropores of the contactor.
After the pressure in vessel 1125 stops dropping and stabilizes, the pressure is
recorded and the number of moles of hexane transferred into chamber 1103 is
computed from the ideal gas law. This requires knowledge (previous

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



WO 2008/ 143825PCT/ US2008/ 006073 13 m cropores, mnesopores, and nacropores
pores filled with liquid are enptied. It is well known that there is a

hyst er esiygobgisNgSest he adsorption and desorption branchggrRisbiRfpdosPt NEr m
Detail ed analysis of the adsorption igothermrelies in part on tﬂe el vin

equation which is well known to those skilled in the art. The detail ed

anal ysi s p[op45fes Thewasksofpat teinsfrredvintovesstl 4203 dimtadollddemededtes and
macropores in the structured adsorbent. The preferred nmeasurenent techni que

descri bed fill thagas spacevinsigleptasyeaphutedarsingthef ideal gasdow yithribe pressure

0040] I f | i qui d,bl ocki [ d,i At act th d
out! i hed | meerited b Gapedbier EFTA o Al kasiirdeq abtanaedt Stumcrt opor as
and meer opfaangf 1 101 URLFEH GOMAIQNandH! THISARHOF TBImt BrRRAAREIEd on

ei ther the eaﬁﬁl Fe contac epr senqa'tive portion o contactor. A

represent allﬁ?imd\bﬂlﬂp&fviddﬁn@%@ﬁkﬁﬂ diﬁml@!a%ilablbeg%%tvoﬁlﬂm%ﬁ‘si re Cross
section of the contactor and has a nass that is between 10% and 100% of the

mass of t heomputeddsyosubtraidiinig fvoml the intenier vebmmefoftviesset dd03dheoexiesiod i n this
measur enent shoul d be nore than 50Q. grans. A preferred procedure is
r epr esent e¥olumephthecontagiar apd a aekithe vohime of the ﬁssv ehanngls igrtheedur e

cont act or  Eoipgok B I EhSMGHR oA R AR R BRbtAE Fitbbng ¢ ne
cont i ner | RARDB 1t 03w IchalASh APAEN SO iRcablt oKL dlekiutestchyof I

exterior surface of the contactor 1101 Ts at |east 50% of the interior

vol une of tdtsl ggeandesopofbandanacropdreandluamst Theeuantityewhighpsdhed th a
pressure transducer 1173 and a cable 1171 to power the transducer and
transmt tdidferengeabetivesnthe suterinseolymg o ihe contactorapdithe yolume of the an

measure prgssurnes W th.an accurgcy of 0.01 ton. A.suyitable transducer for
such a nea H}Ve‘im\éqssmﬂyé’ﬁﬁig;I"Fjﬂ%’é”%?}}@?%ﬁr?cx BBZQI/"Fhe vacuum ti ght
vessel 1103 and all of the equi pnent used to evacuate the vessel and fill

e e O O R A RS S P o 1 o

t enper at urbetofeeBAhOthdles of fadfrpfisfefredmndeahe micles bfigas heguiresdwiorfill 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
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.

[0047] 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



WO 2008/ 143825PCT/ US2008/ 006073 14 tight container 1103 and vessels 1125
and 1141 are at a constant tenperature before and after each step used to
dose hexagg héiQzd.8e contactor their tenperature is nonipk@fRge0dlobdd7s

t her mocoupl es 1195, 1197 and 1199 thaf; can be read with a resolution of
0.01C. The thernocouple readings may differ by a small anount because the
accur acy ofhetpressiiee eeyd ey ransdutgs 1143 ghepresbine ificR@se fiheessebd12Bduringsue i s
that before and after each hexane dosing step the readi ngs of thernocouples
1195, 1197a filling step is daeteasasbios@.artorm oW&xennhq pressurg 1gad by transdarces/1 113

e e i iRl e e el TR
activat ed) ppy f1aglre A0 HerBER in R s AOF12Y dilid A%INAE Bt S et dasOR fR €Y
n T 'lﬂlu%eg 0 ? I Tl

Bef or e t he ‘neasurene egins the equl pren _ hexane vapor
(chosen asp.88 terraMHeefilingtartPaSing 3Ips aréfedn @dntidied] until ¢hey peciShirelrtdd Mmust
be | eak checked. This is done by opening val ves 1127, 1151, and 1153,

al | owi ng | bynthelttarssduker 1173 at theanddofi odasing stepnexmergs 98.6ckaeltheprossuse| s
1125 and 1141. [0042] Pre re jn these vessels is neasured wiifh transducers
1163 and 1@43 byiransageiol el Ehe pressue gt wﬁw@,thﬁegﬁsérdm%ﬁm dddwer t hem

and transmgjg _t i n et | S t hey
can measur 2R L AoRRRRER, b6 410% TR BREimbi SURRRE B it ot
are capaci thaneatdBOOFBhEILR polRCatiRihl at H@ena b a bl inétep BMacHated 153 t hat
transducers 1163 and 1143 read a pressure of less than 0.03 ton. Valve 1127
i s then clwasih anahgehectsweshanithin t/02s5 ther efl 15%a6f theglehding dffyrepsuzssur e
recorded by transducers 1163 and 1143 does not rise by nore than 0.02 ton

over a thrisensdyger bt43 and the peint at phich thepressure real bnthetransducer 4133 ed and
h | 1141 is fill | o th h Li 1147 b

opent ng. vatibe $aaaT adiia e axsesdnd b0 R 2018 e prES T AL PR HERne. To

stop the 11143 RGhehofaPARmGRE bf hidlds of Rb¥fhe'ddtBrbe e -n)}és%ggsgé n@r ocedur e

is then instituted to renove any I npurity gases that m een carried

i nt o vessemadiopbreluoluige bfitheevianetot.i IThagoluitdof thesspenanesoporey &id by
openi ng val ve 1127 and then openi ng valve 1151 for a period of 2 WO
2008/ 1438 28pCrpposaonsghe@eottor 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
mesopores and macropores determined by this test by the total volume of the
contactor that is occupied by the adsorbent material as defined prior. Although
the open pore volume for the contactor is determined by the test procedure
described above, scahning electron microscopy may be used to further confirm
the relative volume of mesopores and macropores in the sample. When scanning
electron microscopy is used the surface as well as a cross section of the contactor

should be imaged.

[0048] If a liquid material is used as a blocking agent in the formulation of
the contactor, and the contactor is operated under conditions where the pores
remain substantially fully filled with liquid no assay as described above is
required to determine the open pore volume of the contactor. In this contactor
configuration, the mesopores and macropores of the contactor will remain filled

with liquid as long as the liquid remains condensable at the operating



15 m nutes dropping the pressure in vessel 1141 thus allow ng the hexane to
boil. This degassing procedure is repeated five tinmes before the hexane in

vessel 134 s@nsp@sused. At this point valve 1153 is cl ggeaisafdo¥abye 1127
is open, thus evacuating line 1129. \glve 1153 is then opened pulling a

vacuum on vessel 1125. Adsorbed nolecules in the contactor or a

r epr esent afenyiserpiuee of die thrtactontnad thoe feetiflowingimories cdritGoaiefulhen renoved
by opening valve 1113. This allows |line 1115 that is attached to a vacuum

punp to evsafueated widnthervapoosf thenkqueidat the inlat tempesatyre and pressues Bnti| the
pressure in.the vessel 1103 falls below 0.03 toff. At .this point valve 1113
i's cl osed HHSICHs%e theTe 3P OPER MESOPOFRAHIMACIAPALE Yol WpE in °<§Haﬂ8&r. If the

pressure | BedaiSe {RIEMAT bédiPAifiedn B9/ tfic tBAGeMSaBR JAdr. 3HGhOG fUratihd ™

period then € evacuatl on proce e I's repeated. e eva

procedur e f@iditiond€i.¢. vt tephpePdtard mptegmk'?]mesfdeaemb\aiﬂgeihwtﬂeve nmeans of
renmovi ng nol ecules fromthe contactor 1101 should be enployed (such as

heat i ng t heortactonds only. parfially salaisated evitinthevaparofithe diquakthensomessf ul |y

r enoved frg_m t he gﬁ{lt actor, valves 1127 and 11513[ar e cl ose 8044 Val ve
1151 i s t hEACHPRAENSMESRATE ariMACTPROKE YQUMQ W1 ‘ifHa‘Fi‘e%ﬁﬁ'edU&%) FETCERder t he

condi tions . i i it el Y/ f ne vapor.
Val ve 115lsaﬁislra{t{<)§ﬁggfié%aécgﬁrgzﬁ?ﬂ\;’a gguﬁ%%%ﬁ@ﬁ%g}%l? %%ag“’t e gapor in
the line _tﬁa@iépgféishﬂét(ﬁ’ tﬁ@%ﬁbr oftéie liREAIH $Re Aowihg gds kfrea@neqheén vol une
between line 1129 and vessel 1125 the pressure neasured by transducer 1163

wi |l be | essutadtedhvapdrgiressuvelof ¢helli§Gidi & theeemperasad ofithe thntactorl (iieng
procedure is repeated until the pressure in vessel 1125 is approximately 5
ton. At thW&Psdi Hee gmoyat of gpen mespporepndymaernpore ¥olume inareases 89they t h

Mo chanbiietisl BsSHE HbE coPadEabls iatidindheRes AERER%s, 1RGNS "
m cr opor esgfvdifet@hasdgires Md Rlackdsorbs GAGLY %)eégﬁt{%% %téﬁhiti%g hé Iig?ﬁim)l os

droppi ng and stabilizes, 'the pressure I s recor e nunber

of hexane tateridl @seddin thit forntudatimr oﬁ&&?cdmaaomﬁtbdeﬂoﬂnmmhheird@Fog@s | aw.
This requires know edge (previous neasurenent) of the interior volune of

vessel 112andprcrappres ebthegadagppbygryingo I2gos) garsbe 9retravsaddl¢ 006073 16

0045] Th | f t f int | 1103, that I d ded t

F11the: oesaiorts o Graskpores ot the pAcii 15 hegtigdt Inia spAIGASOREIPSR th t he
Pbace i CRaRgidEawiie 3 VAERGH G by Hickiime 10 Wilile SHSE Sbindally AUBIPUARLR, 026
of chanber gds] 8Gch as Kiepwmer theeontaisoreOabE tigaid hasbétr fegned frefl thegas

volunme is conputed by subtracting fromthe interior volume of vessel 1103
t he ext er i BesopOresendmadrepersaodthecortadtonddicragsapavicthodbprestionsdy of the fl ow

h ls in th tactor., E i n know_ ed f t i I f
haCont aclescribed eab B Riducist (T ahi SR Hia BPUnLf T Eas astsoghaghby Richnt | 3
affect the f . ore ol umres.
The- quant STARCE FERltefl behltSt I Mo SRR R T3 RS e
cont act or ?E@sﬁrb%ﬂ’hﬁ exite o Phn bliSorptioy stéppansdéad By ke Sitfirdted RexddioVdporo an

accuracy of 20%
pressure. The amount of open mesopores and macropores that would be

expected in operation is then determined from the cumulative number of moles
of hexane adsorbed between the point at which the hexane activity exceeds Aliquid
and the point at which the experiment is terminated (i.e., when the pressure read
by the transducer 1173 at the end of a dosing step exceeds 99.6 % of the pressure
read by transducer 1143). Again the molar volume of hexane is used to compute
the actual open mesopore and macropore volume. The open pore volume as

expressed in a volume fraction as used herein is then obtained by dividing the



[ 0046] The nol es of gas adsorbed by the contactor is then the difference

bet ween the noles of gas transferred and the noles of gas required to fil
the avai l\ghl.gos9Ass5Pace in vessel 1103 and its associ at @grRisRbo3Bosord t €r
conpleting this dosing step and the epal uation of the noles of gas adsorbed
in the contactor 1101 valve 1165 is closed and pressure in vessel 1125 is

i ncreased Golmieof open mesopareatandgnadreppresaletemnsined byithisl teyt bistie tocalf i || it
wi th hexane vapor, The dosing step to adsorb nore nolecules intg the

cont act or velumeaf therantactor tas is pequpied by dhejadsarhensimpteriabas dafised o be
repeated unt.il the pressure in vessel 1125 at the end of a dosing step is
within +1-PB% ton of 15% of the readi ng of pressure transducer 1143. This
range i s expected to be between 25.5 and 30.5 ton. Fromthis point onward
in the progmﬁuﬂe t TR SRpti in the
contactor are onspgggggﬂ%%ﬂﬁ?k?ﬂ?ﬂgéﬁgin gres é%@ﬁhg%%%ﬁgﬁég¥ g filling
and dosi ngseleetpetypissingrarted bietheugtjuilibtibgm adsesstivreptopettieydfthe aiddrbeaysi ng
the contactor exceeds 95% of the pressure read by transducer 1143.

[ 0047] Fil | am@ﬂmm?rumﬁihﬁ‘ge gd@plstign ésaterm gﬁgu: lightzprodnetein tﬁagmilcfmres he

i 1125 i | 1 N i1l .
Bhen the pitesSonane ok e gdvrbiids 0t ored ain akandicallyrcontiatled sibeep
exceeds 98a<i3f2{%f?{)%gyggegg&%&?%%%‘egﬁ%ﬂg% %ﬁgtﬁ%y &Bgﬁif?ﬁsggﬁé’lre read by

t ransducer pressure i ncrease I n vesse uring i'1ling step

i s decr easpgbpeftiés &f theradsoMean ahdl ehdtrafsporedifARToPYod fIRIGHYS e 1173 at the
end of a dosing step exceeds 99.25 % of 'the pressure read by transducer

1143 t he pmeeropoeesi anck fres wolume of ted adsbPbent wnfithe light spdciesgisdessthan that

decreased tQ _0.05 ton. The filling.and dosing steps are then continued
until the PFthehpayierspgacisy. YHeo.iipdrinetically %&’3‘3’”&@ $Hagadgorrtion dosi ng st ep

whi oh & he RRSEErHRE nCERRLT: ARG REs U BERISIST SEE3 Y &b 88 i 0n
The total aifflesn BIfférehES iAdREMRFLPVEed BEtHeI Bl Mt ofrrﬂ%mﬂaV%l&in@t at whi ch

at the end of a dosing step transducer 1161 was I n a range between wthin
+/ - 2.5 t odiffifsidrislsoffaté ecsistanicenin the gpystalswrepattieles thatenakietdp thend t he poi nt
at which the pressure read by the transducer 1173 at the end of a dosing
step exceetlS@roENts o of t he pressure read by transducer 1143 is the total
nunber of nol es of hexane adsorbed in the nesopore and nmacropore vol une of

t he contac They,\ of, t he en,,Neso and nacropores.in, the

cont aot or_ 1950k n “HSPUERE nBliers o REr pERAR HSR TR BR 57 a8 e

nol ar vol Ry ¢ > r ki VOl unme
fraction :1‘;% tﬁgﬁlﬁﬁfg?ﬂe?’rﬁ ;{gﬁtd h n%ﬁ‘?ﬁf‘ﬁﬁ%“ﬁ%ﬁfﬁ?ﬁﬁ %?Q%Efiﬂ% of open
mesopor es adsorption provessesdatkiding eonvontionabPSas REPSAmd PRSA. ValRS® of the

contactor that is occupied by the adsorbent material as defined prior.
Al t hough tPrOCETHER, HBRATCOUS IMiueds condueted tndepressurgdoe ppeniod dfitimpe t est

Purther cotatinfinnen o ol GePemansy BrelshuPed’ SRy Pelbshve of onfe
sanpl e. Wignpsean @PM&'T'leregéﬁ%ﬂgagya %@m,h@mw{o%&%%' as a

5'1?'1. 8n
cross section of t g contactor “sh |
from the gaseous mixture. The components that are selectively adsorbed are

referred to as the heavy component and the weakly adsorbed components that
pass through the bed are referred to as the light components. It is possible to
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.



[0048]If a liquid material is used as a bl ocking agent in the fornulation
of the contactor, and the contactor is operated under conditions where the
pores rengphosvhsdantially fully filled with liquid no aggax@806@Ss! i bed
above is required to determ ne the opgn pore volune of the contactor. In
this contactor configuration, the nesopores and macropores of the contactor
wi || remaij9051] | edUnddsk otheywise neteldotip tesmt'iselelctiyitiytias ased heretisdeassdbl e at
t he operating, WD.2008/ 143825PCT/ US2008/ 006073 18 tenperature of the

cont act or @rngnxamé(méwspb sompgrisen of thfemedan eoncentration of compengntstiad wi t h

t he vapor of the |iquid e, inlet t ratpr,e and pressure, Ln this
case, t hgartgeifge(ﬁﬁuﬁ%gﬁnﬁ\j'égE%PLPBW%%gfgﬁﬁ?%oeg}eﬁﬁﬁopﬁ’opﬁ’étsﬂpmﬁdoby

oper at i ng Lorarey aCRRD i G ads D ANED REMEDRRR eyl sHPEEThe
flowing i mp@ctﬁtesmmmyeﬁatiﬂgcmﬂiuopamd fddstreamucarhpebitibnh Férea fddor of
the liquid then sone fraction of the nesopore or macro?ore vol ume will

remai n opegontainingieempenenit Aacempenett B,sascviel as additi bomponents; anacti vity
ooty Byl 8 eRls B b anotes Aot B
iquid in a e
liquid at CIRE Bt . £8.: P T of
open masop‘%ir]ghémd nagreltl)&ggorf(eﬁl\e/tgpg?@?ﬁ%hgsﬁégégéﬂea%lp ﬁedad%ar o8 ¢ ggég%tée of the
condensabl grdtigqui d in the feed decreases. To determ ne the vol une of
mesopor es and macropores under operating conditions the liquid materi al
used in the fornulation of the contactor is renoved fromthe nesopores and
macr opor esUaf= (total oxnlesiof 4rinthe adgorbgnt)L/i (quoldr comcemtrationenf-Ain thd feedd
mesopor es and macropores of the contactor by heating it in a seal ed

cont ai ner jle drawi.n vacuum or by heating it while passing a
subst ant i atmt/lspﬁﬂ?%tebmag‘et%ﬁé@t}osuch as He, over the contactor. Once liquid

has been renoved fromthe nesopores and nmacropores of the contactor, the

amount of | Jh? (S MY of PP ERRSARDF] GROMY EoRpnutdioh R R MY edd

activity (ah) which is the hexane pressure at the end of an adsorption step
di vi ded byWhieeec Biatisithe A dberptioa Wptake offceafionent AMeandnUpid thef open
mesopores and nacropores that woul d be expected in operation is then

det er ni ned'Adsonptier Upiake of cerapanemdd".of nol es of hexane adsorbed bet ween
the point at which the hexane activity exceeds aliquid and the point at

which th ' i ' d (i.e. .. h d by th
{ransducer TR raeot ik BeiEbBR N Ale mssTeriaflV A0e seRgROBTE R The pr essure
read by trmmiﬁéﬁgisn%‘égﬁir@héﬁsg@m ar volune of hexane is used to

S

conpute the actual open opore and nacropore volune. The open pore vol une
as expressed in a volunme fraction as used herein is then obtained by
dividing the Vizleaidiyl#3d328RCT/ US200BéR06Q7Z3UAN

Amongst a comparison of different components in the feed, the component with
the smallest ratio of the total moles picked up in the adsorbent to its molar
concentration in the feed is the lightest component in the swing adsorption
process. This means that the molar concentration of the lightest component in
the stream coming out during the adsorption step is greater than the molar
concentration of that lightest component in the feed. The adsorbent contactors
of the present invention have a selectivity for a first component (e.g., component
A) over a second component (e.g., component B) of at least 5, more preferably a

selectivity for a first component over a second component of at least 10, and



vol une of open nesopores and nmacropores determned by this test by the
total volunme of the contactor that is occupied by the adsorbent material as

defined pEHMNes K491l n equilibriumcontrolled sw ng ad:l‘,glmys'bm/ol%%esses
nost of the se(ectivi ty is inparted by the equilibrium adsorption

properties of the adsorbent, and the conpetitive adsorption isothermof the

|'i ght prodmebt preférablyra seleptivies for a firstccongpatisnt ovet heecuirbedmponds ofot
favored. In a kinetically controlled swi ng adsorption processes nost of the
sel ecti vi tat leastiZ®parted by the diffitsional properties of the adsorbent and
the transport diffusion coefficient in the mcropores and free vol une of

th d b ft | i ght ' I.s | th that of fhe h '
spoci s, AWSE| ' RRAEETEL s ORRenS Ol M e DA ol Bl ey ¢
. | E . . | sel J : di f £ usi
?i 1(‘:1[ glrog:\gglgz’i n "ﬁ; %Igdrsbggﬁlgég %#B'toﬁe a’é‘?g’rggjﬁlt X%&rﬁ} romegbs}ze'efcr{?\r/ne resten

di f f usi onapregeriédembodirnshttdiiheipreddie inventionl theoddsoabéritodsactbretiasnmke- up
the adsorbent. 1005011t will be understood that the term PSA, unless
preceded bseledtvityefonCQpavenCHarrdlat least 5y more prsferably astlactiviyifoe€Qwel y to

|1 ssure sw.ng.adsorption processes jncludi ng convenii onal A, . RCPSA
and PRoA TYFTROR: B Bt iasbld, W didaooR inh s seee R IE Da D RECT s ur o
for a.peri@dyofs it HEF pRAALS brlbSdiRbnfofBkidle sl AMntidi3tnd S Sel ecti ve,
or relativel'y ‘'Sélective, Tor one or nore conponents, ‘usually regarded as a

cont am nanidsotbidit dofitdcPordifas’ £5E1¥eity f6P NNEvERCER T afledst!5 emoféle conponent s
that are selectively adsorbed are referred to as the heavy conponent and

t he weak! yprfisrablyeal seleatpvitye fiorsNs loarer ChkoftatleasyA0; ared bhedt preferableared to as
the Iight conmponenis. It is possible to renove two or nore contam nants
si mul t aneoﬁfiwl\ﬁm ftqréﬂz e\frrw%ﬁn@ ableash2S.c mémm@rpr@&%mmalmﬁr&t are
to be renp h I . ve . adsor pt i 1] eferned.t.o0 | sLhgul ar
and ref or roe P Tt IChEG Bl LA e Gy Bk F2S ol
2008/ 14382GH U\deOfi85 ORRAE Preferably a selectivity for H,S over CH, of at least 10, -

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

[0053] 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
"Kinetic selectivity" is defined as the ratio of single component diffusion |
coefficients, D (in m%/sec), for two different species. These single component
diffusion coefficients are also known as the Stefan-Maxwell transport diffusion
coefficients that are measured for a given adsorbent for a given pure gas
component. Therefore, for example, the kinetic selectivity for a particular
adsorbent for component A with respect to component B would be equal to D,/
Dg. The single component diffusion coefficients for a material can be
determined by tests well known in the adsorptive materials art. The preferred
way to measure the kinetic diffusion coefficient is with a frequency response
technique described by Reyes et al. in "Frequency Modulation Methods for
Diffusion and Adsorption Measurements in Porous Solids", J. Phys. Chem. B.
101, pages 614-622, 1997. In a kinetically controlled separation it is preferred
that kinetic selectivity (i.e., Da/Dg) of the selected adsorbent for the first



[ 0051] Unl ess ot herw se noted, the term"selectivity" as used herein is
based on binary (pairw se) conparison of the nolar concentration of

conponentygol.fosifligskeed stream and the total nunber of npl-@sisQbosobsSs
conponent s adsorbed by the particul aryyadsorbent during the adsorption step

of the process cycle under the specific system operating conditions and

f eedst r eancampquait t{e.gn. Cémponerited) withntespedtrtg thosqguondtordpomamtiegent B, as
wel | as additional conponents, an adsorbent that has a greater

"sel ecti vi ¢9mppaentcBype sseatenthany meneuetarably gieater thape2Qiievienanered of t he

adsor ption_ste f th W ng.adsorption process cycle a ratio: UA = (total
nol es of Nﬁeﬁefgh@%&‘ieﬁefi%‘?ﬂ ?O'/ (nol ar concentration of Ain the feed) that
is greater than the ratio: UB = (total noles of B in the adsorbent) /

(ol ar coer@pstﬁ\l ati pPa@ith& fglﬁ:géﬁéd Eﬁﬁ%ﬁ%ﬁ{ua;fﬁégrésén@w&ﬁw Bid on_Upt ake

of conpon and UB is "Adsorption take of conponenf B". Therefore
for an adsadsbeldnt hayiand'equidibrianh iselectivite? feramaomemiordgay eomponpees B t hat
is greater than one: Selectivity = UA Us.(y\hgr_e UA > Un). Anobngst a

conpar i sorusf hereine thentermoiegutihriumisglechizity & ésidefingd inctepoa @it the slopehe

smal lest ratio of .the total noles.picked up.in j.he a rbent to its nolar
concentr at9 eiSW&1ﬁ8°F5’é>&¢PE“Ie%§e I‘E@HFS?@S&&%BGBW%?@H@' PLFSYrd8or pti on
process. TRLS iFRRE . b at | g ' nent
in the st rtggl%lcom ﬁb‘e‘%ﬁ"'&ﬁ?i ﬁg I?Eesagsg?%% i’odnfqg%g t#ﬂséEia{)ﬂggFﬁefﬁE ﬁ?g e

ol ar  concaizbitssnt $or @Eivempurel @isiHent.oNMPRB8Ypel of thitelineRallEdcherginor bent
contactors of the present 1nvention have a selectivity for a first

conponent the Henrys copstanter Rquiibrium upsaknslopetymoiEhit The dequitibripoment B)
f bl lectivity f first co nent over a
g;cg;dl ggﬁs:%%"gwtrirt?%ﬁs g{aﬁpe gq te}l/'gn% %‘?mgi%a{-;/ I(orypai})v{/ise cér;lls)arisonng? the Y

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 respect to component B would be Hy/Hp. It is preferred that
in an equilibrium controlled separation the equilibrium selectivity (i.e., Hy/Hg )
of the selected adsorbent for the first component (e.g., Component A) with
respect to the second component (e.g., Component B) be greater than 5, more

preferably greater than 20, even more preferably greater than 50.

[0055] Inthe PSA process, the gaseous mixture is passed over a first
adsorption bed in a first vessel and a light component enriched product stream
emerges from the bed depleted in the contaminant, or heavy component, which
remains sorbed in the bed. After a predetermined time or, alternatively when a
break-through of the contaminant or heavy component is observed, the flow of
the gaseous mixture is switched to a second adsorption bed in a second vessel for
the purification to continue. While the second bed is in adsorption service, the
sorbed contaminant, or heavy component is removed from the first adsorption
bed by a reduction in pressure. In some embodiments, the reduction in pressure
is accompanied by a reverse flow of gas to assist in desorbing the heavy

component. As the pressure in the vessels is reduced, the heavy component



WO 2008/ 143825PCT/ US2008/ 006073 21 nost preferably a selectivity for a
first conponent over a second conponent of at |east 25. [0052] Exanpl es of
conmponent cul es such as nol ecul ar nitrogen, N2 s, such
as car bonﬁg?(ﬁ)@(lggg,zgcoz, and net hane, SH4. In a pref erregcgmnbsg irrgér??éjof t he
present invention, the adsorbent contactor has a selectivity for CO2 over
CH4 of at preeRiusby adsibedieihertadd iy progmissivelyvdésorbad taCDReavecofipénedt at

| east 10, and nost preferably a selectivity for CO2 over Cl-14 of at |east
25. | n ancrhishegdproductastreant oWhesndesotptioreiseassplete, ithe serbeshbed mayaesor bent

contactor has selectivity for N2 over, CH4 of at least 5 re preferably
= gel ect | HGE SYINGN FRE 24 BCAM o8 &), BHEPEAOF ARUTHICUSAL 6F BECRS

l ectivity,f . f d
cmbodi mont2%st TEmEEY el Elacitet S0} el O BleRA RABErRLR RlrkE

sel ecti vi tgasfstfeati®S over CH4 of at |least 5, nore preferably a selectivity
for H2S over CH4 of at |east 10, and nost preferably a selectivity for H2S
over CH4 of at |east 25. %0053] In a preferred enbodi nent of the present

i nvent i on,[0086] adsAftsethe first bed has heen seganesated sotthat it iy again readynfore gas
conmponents.. As used herein, .the rm"kinetic select.ivity' is defined as
the ratio HISORURA @W%H}%ﬂ?woﬁéfﬁsﬁaawﬁd@w% isrvgtched frompibe Seeqnd 1 or

two differ | ny ' | I usl L ¢l s are
al 50" knowrs Ao HE Hafhed, Mg spRrf TR ERerlcd, CEROIAREIIE PR, 1 5 e
neasured fihe léngh\6FMimé HOnP Hienf tAE gasEbusaniBUFSisTRSt 6OMARDIEN o thEhGrsef or e,
for exanple, the kinetic selectivity for a particular adsorbent for

conponent bednintahfirst cyelet totthe ¢cimnpwihentthd gasedus rhextersuial firsbcdtuchil tolthe
si ngl e conmponent . diffusion coefficients for a material can be deternjned by
tests wel ITIshBes in the iamsdiatelysucecsding cyeles!.as aftenp single regenseation ok o

tecnni que Hedririsd; Bh b bEMifE Folrei, A8, b Yrisy' S ARRISERY et RERRAT o
Di ffusi on vaRgelARHQepld mnw@h%ercgmﬁeivon&pﬂfa%s@ﬂhméyclé tinid'¥or- thehem  B.
101, pages 614-622, 1997. In a kinetically controlled separation it is

pref err ed tddais shortet thansthe egtievimgs or the,deDéigddn &fpurgingeyaies fut thdsor bent

for the f ibr Sdt WD 2008/ 143825PCT/ US2008/ 006073
€d.

[0057] Conventional PSA processes suffer from several inherent
disadvantages. For example, conventional PSA units are typically more costly
to build and operate and are significantly larger in size for the same amount of
target gas that needs to be recovered from a target-gas containing gas stream,
such as natural gas, as compared to RCPSA. Also, a conventional PSA unit will
generally have cycle times in excess of one minute, typically in excess of 2 to 4
minutes due to time limitations required to allow diffusion of the components
through the larger beds utilized in conventional PSA and the equipment
configuration involved. In contrast, RCPSA generally has a total cycle times of
less than one minute.‘ The total cycle times of RCPSA may be less than 30
seconds, preferably less than 15 seconds, more preferably less than 10 seconds,
even more preferably less than 5 seconds, and even more preferably less than 1

second. Further, the rapid cycle pressure swing adsorption units can make use



22 conponent (e.g., Conponent A) with respect to the second conponent
(e.g., Component B) be greater than 5, nore preferably greater than 20,

even nor aypheiPaky greater than 50. [0054] I n another prgfiRhéBRo&PPOdI MeNt
of the present invention, the adsorbejt has an "equilibriumselectivity"

for two or nore gas conponents. As used herein, the term"equilibrium

sel ecti vi tof substameiallpetifferent gorbentd, suble as| mpaotllintited o, 3guetuzedponent

upt ake into the adsorbent (in unole/g) vs. pressure (in ton) in the |inear
portion, omaterials such asegionelithsplaminatespanrd bollewt filberh f or a gi ven adsor bent
for a given pure conponent. The slope of this Iline is called herein the

He " e L bri t.ake. sl ppe” . "H'. The "eguil.ibri

col ot vi tP03BL GeRCERA i enole HnBaifisAng ibroast i arpigss djtepd 'ab'pgé'n“;}
the He Al f : ' ] r&icul ar
adsor bent (CHoniEner Spétafle (HARRLISARRUREH fw yRIdcies) W Sompafifio, o
parti cul arccidentibaatPSAr RORASN eypicallywiilizées pstaty valvisgpmiemnttoBondutd be

HAVHB. It is preferred that in an qu l'ibriumcontrolled separation the
equi | i bri uhesgas dlow thropghia retaryads ety naddule ¢hatalontainsl a aswbdrenftseparate he

first conpopent .q., Conponent A) wijh respect. {qQ the second cqnponent
(e.g., m@ﬁ@ﬁ@?ﬁn@fgt?@r@%ﬁ%@tsmﬁﬁlbﬁ&mﬁ ogr%hlehaﬁﬁyc@swfﬂyrquigﬁ 20,
even nore I g 20. 0 r e gaseous
mixture. | SHREEAE HoSTARS deBRsR syord 13t PR P C8EBGes I 27T oh:
conponent &lé 6héﬁeﬁaﬁ@ﬁb’.0trh§tr6%91séf&?gﬂédlil_éQ@hbﬂﬁal‘l’?@pﬂ@?is@&%‘fdn!iltiPEe
contam nant, or heavy conponent,” which remains sorbed in"the bed. After a
pr edet er mitnbes heldebatween itverseal platdsyonéidireraendr efithe trotavy gorbei mddule

cont am nant _ or  heavy conponent, i s observed, the flow of the gaseous m xture
i s sw t chewhergintheseshplatessaieinicontacd avithha staterenmaprised of separatene

urificatign t Qpt iLnue.. Vil e the second, bed i:$~bk 2ds0r pti servi ce,
Phe. sor bedaBiPdsRTAHBIC e tilet fob T BN REtheaR ARG, Bt dhe | ot
adsor pti orplageksey g?arf ; Qe 45 HEGRUAR gab @xﬁﬂ?th%@@ﬁ§ﬁeﬂfb%s atdie :
reduction’in pressure i s acconpanied by a“revers ow of gas to assist in
desor bi ng ddmdubteahvyway filonn e rotdy dorberihedale. EBY suithisle\iesm@emens of eekiced,

the heavy s%g{rgl(zlrt]eesn;nd legnlzfg(l)cil, %i%%l?e?%?iggizv?gﬂlOc?)?r(l)p7a?'tn21:e3nts or tubes may
pass through the characteristic steps of the complete cycle at any given time. In
contrast, with conventional PSA, the flow and pressure variations, required for
the RCPS A sorption/desorption cycle, changes in a number of separate
increments on the order of seconds per cycle, which smoothes out the pressure
and flow rate pulsations encountered by the compression and valving machinery.
In this form, the RCPSA module includes valving elements angularly spaced
around the circular path taken by the rotating sorption module so that each
compartment is successively passed to a gas flow path in the appropriate
direction and pressure to achieve one of the incremental pressure/flow direction
steps in the complete RCPSA cycle. One key advantage of the RCPSA
technology is a significantly more efficient use of the adsorbent material. The
quantity of adsorbent required with RCPSA technology can be only a fraction of
that required for conventional PSA technology to achieve the same separation

quantities and qualities. As a result, the footprint, investment, and the amount of



previ ously adsorbed in the bed is progressively desorbed to a heavy
conponent enriched product stream Wen desorption is conplete, the sorbent
bed may QgoRHsPASk% th an inert gas stream e.g., nitro %‘?/1%500@/09&6%“9(1
stream of process gas. Purging may algo be facilitated by the use a

hi gher tenperature purge gas stream |[0056]After the first bed has been
regener at egttse ddsetbent requirgihfor RERSA isaypiedHyp significarstey loveer, thhhehdtl ow of

t he gaseous m xture is switched fromthe second bed to the first bed, and
t he secondfopafanyentigealdSA amit meeessing an equivalentamountiafgasengt h of tine
from when the gaseous mxture is first conducted to the first bed in a

first bea OASBhe | Rheareseal entodanmnge sed it PPses Repsh, &%&‘%ﬁ%ﬁﬂsh" e
regener at | gi’P@Aepﬁdcre% esBffere W1 Suélell@jldtlg bfél% dftﬂi"éﬁé}lntlfe

vessels in Ition e secon VESSE can ve to crease cycﬁe tinme

when the adtfs@ﬂptndlecmwl b 4 PPS A Ffodeb@ desorptionsédthe@idsorbed speeiesis! e times
for the desorption & purging cycles for the bed. [0057] Conventional PSA

processes ag¢bmplished byqmssingla gamer kquiddheaughatheagatactoioto dosarip! e
conventi onal are rypic #I y nore costly to pqw |.d and, o e and

are signi fme!ﬁwfe;st ?rgep duRINg; an-aqSOrPHeR SR ARRIGHT spf@aga@éha ay

needs to d cant

nat ural oA igE SUERE I BAA RRSABoqa% Y AiObfo DB n U RE ?**f‘*h
general |y duneactéy B focohiptished b§XERSST #thefg] 8 pressurelswahg ahldparioftheess of
2 to 4 mnutes due to tinme limtations required to allow diffusion of the
conponent sdasbrptughistdveoplighed watsa purgé.zed i n conventi onal PSA and t he
equi pnment configuration involved. In contrast, RCPSA generally has a total

cycle ti | ess than one m The to aI cle tinmes of RCPSA may be
| ess t han @@%]&con Proyegreats elrégqurbia{# thel @ggﬁ%ﬁ"mﬁ%@eﬁﬁﬁ?‘é?%l y | ess

br of er abi y/ g R ProtBis el 6 ity SpRu bl et BaRRMasaRNET, N0
adsor pti Orpd#ﬂbﬁl%r gﬁyf@ssuﬁeenaml%&%%ﬁﬁ&5?@&&%%9(&8{00&@%& e of

substantially d|f er sorbents, such as, but not limted to, structured
mat eri al s ismiritees, alspatferted tol asnthedheavy eomhpbnéntésy” f amdkthe. methane-rich

product, also referred to as the "light component", at as high a pressure as

practical for operability in natural gas processing. As previously mentioned, the
present invention can be used to obtain methane recovery of 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.%,
even when the natural gas is fed at high inlet pressures, such as at inlet pressures
greater than about 50 psig, preferably at pressures of about 150 psig, more
preferably at inlet pressures greater than about 450 psig, even more preferably at
inlet pressures greater than about 600 psig and most preferably at inlet pressures
greater than about 1200 psig. The present invention can be used even when the
gas stream is at an exceptionally high inlet pressure of up to about 7000 psig.
The composition of natural gas streams directly from an underground field (raw
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,



[ 0058] RCPSA can enable a significant increase in process intensification
(e.g., higher operating frequencies and gas flow vel ocities) when conpared

to conver\g,b%@m?%w RCPSA typically utilizes a rotary E%lr)ﬂs%)s%yéﬁ?m to

conduct the gas through a rotary,adsorber nodule that contains a
nunber of separate adsorbent bed conpartnents or "tubes", each of which is

successi Vel-I}/S,CHg,l &l hivredfdiing. "W A€ srid ohdendatésares Bipicllystcansveiaridgher ot ary
nodul e conpletes the cycle of operations. The rotary sorber nodule is

normal | y ceornslensatds séntrtola pgsreleumxefinesy.dlrherdee éo praduceengaspthat ean be ei t her
end of the rotary,sorber, npdul e erein.the seal plates . are in contact with
a stator e&mgéfalrap %@pgﬁa? EOrls ForeHdanal and CPHB“?rﬁFaztﬁlﬁlla@ar t¥onduct ed
to the RCP r Lfi r a iJ gas
xi ting rebRE G oh 5 06, SRETAG APl AREUR RR B0 B0 BES i, &

By suitabl® piicrdaRRtepabldRvERAITH RVER aAdniFty Ay pss vzﬁ'yrﬁ'@iﬁe%aso‘c
i ndi vidual conpartnents or tubes may pass through the charaCteristic steps

of the confpeldite gagdield andanygomieveases caecomprisethe amjority dfimokerubestinonal
PSA, the flow and pressure variations, required for the RCPSA
sor pti on/ desdrpduesd g3sc| Eor examplesitinnat wacasamonsfos spmenasurah gas fighdss on

t he order of seconds per I Id noot hes out. the pr.essure fl ow
rate pul saf @mdal [E%l?}rﬁ%é)tugé(\tf}? Ot%\‘g' %mﬁ’éggf%ﬁpé??élyvﬁPvf%mﬁé@hYﬂ%QP I'n
this formgdie 70Q0PR% Il'e includes valving el ements angul arly spaced
around the circular path“taken by the rotating sorption nodule so that each
conpartnent is successively passed to a gas flow path in the appropriate

di recti on @861pr esThe presentirhieatienaiso pfovides a metlvodrd micrgase secovery lofw
direction steps in the conpl ete, RCPSA cycle. One key advantage of the RCPSA
t echnol ogythedight spgmoneathy conditioning thectemnperatyee and pressuxesef gasrfieditat eri al .

The auant 4 ot 050" el LEGHCEt WL BEFSA Tctnd opy SenBe,onl .8
ivest mont PO SRaR bl s ot ARy ShATORaS TRl SRR L e
adsor bent welidesipniedl kindtidali dontiolledealing adsaiptiongsrotesses,aheanidiai ofhat for

a conventional PSA unit processing an equival ent anount of gas. [0059] The
present i riRavYyi@mpenenén theemi¢roppres/Ar fraraplupe ¢arbbé dpprSimateRCPPSA

wh i qui.d i. h h the bed to help.desorb
ol ecut os. SamputeR i s attdiptign satBEiaiot she bR neempanentdpEauaibrim

L . : rpr _ , b
ol ocul o il i IBESAAhIS BonGlnctd: il he BB 2P AR B0 EROTE
be used i sequiiRBfiuml ¢ortbtlddbwWingAMRbERRISHOCceiRS theamorht 8Phedvymol ecul es

fromthe contactor is acconplished by use of a thermal or pressure sw ng
and part ofompenenssnithe mderopsrescardired vehue oan he approximatdl9 @6ajputed ovenent s
in the r‘eCi%r%rt}{leOc]:)rrgphe%it{viegarzltsoxgpotmn%olnsg terr%r gf &3%%%%? Ialn)é light components in
equilibrium with their local gas phase concentration in the contactor. These
approximations are possible 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 g5 (units for g5 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, queayy, in the microporous or

polymeric material is:



i nportant for processes used to renove inpurities fromnatural gas streans,
particularly high pressure natural gas streans. It is desirable to recover
the i mpunybhiBes/1434:80 referred to as the "heavy conponenpg)uszoidafsobie

met hane-rich product, also referred tg as the "light conponent™, 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 of greater than about 80 vol.% _ nore preferably greater than about
85 vol . % even Hewe pr &resabiy @ e’at(é?mlﬂhﬂlcﬁﬁf%t) 90 vol.% and nost
preferably greater than about 95 vol.% even when the natural gas is fed at
hi gh inlet pressures, such as at inlet pressures greater than about 50

psi.g, preferably at pressures of about 150 psj nore preferably at inlet
pressures Whee %ﬂeatfyh‘é ﬁhﬁi%@fy Axpnstang ané\é) elnavn?%@e [ﬂfaétﬂ%lrpéﬁﬁyrﬁf’fi{hﬁ et
pressures gr [ a > S r

pressures 8?383{ c:qm]% ﬁ'gﬂ’tath%%’og gé’i%é%%ﬁgm gg;ée%[d?iogleﬂgﬁ}plae%%ﬁugéﬁﬁ%e used
even when ﬁml@a@r%r&@&diﬁg%t@eﬁm%ﬂ onally high inlet pressure of up
to about 7000 psig. The conposition of natural gas streans directly from an
underground field (raw natural gas) will vary fromfield to field.
Non-limting exanpl es of conponents that conprise a raw natural gas stream
i ncl ude water, condensat es%"{:hi her r’r})l_lecul ar wei ght organics), nethane,

et hane, propaneXdaut aneko 602, W@ Pasqals ) wo 2008/ 143825PCT/ US2008/ 006073 26

H2S, Hg, and nercaptans. Water and condensates are typically renoved and
t he condensates_sent to a petroleumrefinery. In order to ?roduce a gas
i

that can bwherg Kodui2 pee-exponentisl fastonand ¢ sothe hest pEadssptipai(inand
commerci al. fuel . narkets contam nants, such as N2, Hg, nercaptans, and the
acid gases ‘H2S nust to renoved to acceptable |evels. The |l evels and

inpurity types vary fromgas field to gas field and in sonme cases can
conprise t J or iy : i WP ki I le, it is
not uncormlyr?atiir sg{(n)gnﬁ%?g?gﬁggggﬁ},iagflgg@?o cgﬁltcglﬁl&ﬁol%%gggﬁagpto 90

vol . % CQ2, equilibritntpeattolied swingddseiptiéh pricessdsahaliniet teflperaturétabd?.

[ 0061] The present invention also provides a nethod to increase recovery of
the |ight pespaeshould/bechasen swehrihat atdhe endafihe pdserptiopstepsiiedoadingas f ed
to the cont tg{. This nmet hod can be used with or without, a contactar

havi ng a | Shihsddav Gormpancalh i e micTBRES Ol fEeHUAACREA ROt syhich

adsorptive . | ] | L I W, 19 i on
processes, fet%&liggé%%%@egftgﬁgggeﬁggﬁ%o%ﬁgh& #éléf%gépntih g}rl(g)ggsr g% orP fér%g%'b&;)l une
can be appgfaterahgh 9. xXgand everd more pheferbip bRdaté@tha @LbgL."ThAIs t he heavy
conmponent 1n equilibriumwith its |ocal gas phase concentration in the
cont act or . requineeidnt gdaxieg addwey diouintd ranuthe anlet podssert avd a gaxdswnp bound
processes the amunt of heavy“?,onponent [ t_]i?ggigg{opores or free vol ume

can_ be app?%ililelrrﬁl%tltfnﬁl?ﬁ%feed il Farersing IRAMING | eawpqqmnom%mé?]% of
concont 1 at TFrophftos BER PRPAS of theCailoktet i atlcbly b M BSBRLRE° e

in well degdigapstly WdSSHbRESR RS EOMaBIoR G fift@Sasc MAdAAB aasduit ofmateAgBthapod
mass transfer characteristics between the gas phase and the adsorbed phase
i n the m ccapbe selectivélyaeleaséd irethef ddsbeptommstap ioincrddsednéblieseinatasesnabl e

| oadi ng of the heavy conponent in the nmacropores or free volunme of the
cont act or fesluggthelpssof thelight e@mpenent thatyisinanmsnlestively adsorbediiptodhsr ous or

| i ial). | . i i h for.the h
Component Teaapogs apd hoBiiptss iekiRSing FrdoaRberSint ARG Mg it "
adsorbed, gy ?'wucésrl}’xé PEc ety BP MOHEhOERPNER HeCatist! thk!stdpd &f theV\O
2008/ 143825P uUSs2008/ 006073

adsorption isotherm tends to decrease with increasing pressure. To maximize

the recovery of the light component it is also preferred that near the point at
which feed is introduced to the contactor the slope of the adsorption isotherm for

the heavy componeni be large enough so that:



27 q Heavy = K Heavy PHeavy q,(in mlli-nole/nB) where KHeavy is the
Henry's constant and Pneavy is the partial pressure of the heavy conponent.

The Henr ywg 6685588t . Kneavy depends on tenperature andpg H%%&o\é/ol!@ﬁi es
accordi néwtéo2 t(1e equation: aff K Heavy = KO eRT (in Pasca?s' where Ko is a

pre-exponential factor and All is the heat of adsorption (in joule/nole).

[ 0062] To i nprove selectivity and recovery for either a kinetically or
equilibriumcontrolled swi ng adsorption processes the inlet tenperature and
pressure shoul d d®&.ghosen such that at the end of the adsorption step the

| oadi ng of the ﬁ?gvy‘cbﬂﬁé%aﬂtqin the m cropores or free volunme near the
poi nt at which feed™ s introduced to the contactor should be greater than
0.15 % and preferably greater than 0.3 % and even nore preferably greater
than 0.6 % This - requirenent places a | ower bound on the inlet pressure

and a maxi wherdaund/3) nidre profepabliyedsel/ab vakd eVt hor® prefaiby of ©ad8.ng of
t he heavy conponent in the mcropores or free volume of the adsorbent the
amount of Whisanequalitygtlaces sswlagtmirebguratien theinlétrpresmire and achimimun

i ncreased and the anpynt of material that can be selectjvely released in
t he desorpgﬁ"tb‘?‘fs 9{‘@@6? o lEneratuge- %&Eﬁith%%eéﬁg%eméﬂﬁ fingea paRAOW: t he

i ght conp | - | ' ORor es and
mer opor oot rpklih ahd s IERE b Bross e RIna Bt A WHSPERLC" Saces
the recovefetoQbry bfthei 19Nt coripRAls HREALED. thatlyaP e Tﬁ’tfeférlﬂé‘d ffispéraid on

I sothermtends to decrease with increasing pressufe. To maxim ze the
recovery othetsveingiaglsorptimmppnoeass atithe $owestprpssaie within tikaoperatingtwiadpoi nt  at
which feed is introduced to the contactor the slope of the adsorption

i sot her m f 8% 1stHactiealy A cthefsad pressurg decseasesothigrrongentration of molecules in

the mesopores and macropores of the contactor decreases. Lower concentrations
of molecules nonselectively adsorbed in the mesopores and macropores leads to

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

[0063] This window is especially important in natural gas separations
because natural gas is usually produced at pressures ranging from 1,500 to 7,000
psi. These feed pressures are usually too high to fall within the optimum
recovery window for methane which acts as a light component in swing
adsorption separation. It is possible to reduce the feed pressure with a simple
expansion nozzle, however this technique wastes energy. It is also possible to
access the optimum light component recovery window for separations of most
heavy components (such as CO,, N,, H,S, H,0, heavy hydrocarbons, and
mercaptans) by precdnditioning the natural gas with a turboexpander that
recovers the energy from the gas expansion. Energy recovered from gas
expansion can then be used for power generation or to help recompress separated
acid gas components (such as CO; or H,S) so that they can be disposed of in
underground formations. Underground formations that are suitable for disposal
/sequestration of CO, and H,S include aquifers that have a top seal that prevents
significant loss of injected acid gas components, oil reservoirs, gas reservdirs,

depleted oil reservoirs and depleted gas reservoirs. Typically the separated CO,



WO 2008/ 143825PCT/ US2008/ 006073 28 13 17 Heavy > a KHeny PHeny  where a =
1/50, nore preferably a = 1/25, and even nore preferably a = 1/8. This

i nequal i tyoBHRFASs28 NMaxi mum bound on the inlet pressurepaifisdodlohdosym bound
on the inlet tenperature. As such thege requirenents deTPi ne a w no?ow (i.e.,

maxi ma and mninma) for feed pressure and tenperature in which the recovery

of the |i ghitd HeShasémbeirecampressabth prdssiaks greater thap2e0(0 psicinidoofog@etoat e t he
swi ng adsorption process at the | owest pressure within the operating w ndow
as is praderesgires geeaterdhan 54000 psida be intestediinga thesgdypemelundergramdof

e RN S S
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gas separ agdsofird 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
exchanger will be run so that the gas temperature is increased before entering a
swing adsorption process. These considerations are especially important when

the swing adsorption is a PSA or RCPSA process.

[0064] In applications where CO, is removed from natural gas in swing
adsorption processes it is preferred to formulate the adsorbent with a specific
class of 8-ring zeolite materials that has a kinetic selectivity. The kinetic
selectivity of this class of 8-ring zeolite materials allows CO, to be rapidly
transmitted into zeolite crystals while hindering the transport of methane so that
it is possible to.selectively separate CO, from a mixture of CO, and methane.
For the removal of CO, from natural gas, this specific class of 8-ring zeolite
materials has a Si/Al ratio from about 1:1 to about 1000:1, preferably from about
10:1 to about 500:1, and more from about 50 to about 300. It should be noted
that as used herein, the term Si/Al is defined as the molar ratio of silica to
alumina of the zeolitic structure. This preferred class of 8-ring zeolites that are
suitable for use herein allow CO, to access the internal pore structure through 8-

ring windows in a manner such that the ratio of single component diffusion



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 reeo¥gMspsndow for methane which acts as a |i QEETR%E@@)B%?)%i n
swi ng adsorption separation. It is pogsible to reduce the feed pressure
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2008/ 1438
in swing adsorption processes to remove CO, from natural gas is zeolite DDR.

Additional preferred 8-ring zeolites are Sigma-1 and ZSM-58 which are zeolites
that 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



30 coefficients of CO2 and nethane (i.e., Dco2/Defid4) is greater than 10,
preferably greater than about 50, and nore preferably greater than about
100 and eygn.¢fissRr ef erably greater than 200. Single cQpRrRRSKs0RES USi on
coefficients are taken to be transporf diffusion coefficients neasured for
a pure gas in the Henry's |law regi ne of the adsorption isotherm The

| oadi ng ofem%'remlfel& diffusién ze@ﬁﬂdialth,smltemlpbfatﬁﬂee upaarabout BeOrC.apeme and in
this reginme the Fiekian and Stephan-Maxwel [ diffusion coefficients are
near |y equdiffusitmecaiiffitient of GOois commuutod $o be yeorgitham &ivedolt times igpeater
particul ar sorbate. i s conveniently nmeasyred in ter of, its diffusion tine
st ant - AR U3 QlBRBARCD HesARCe e R EdnIBE GRS eiion Riogesse M3 sec)
and the v "rea 1 Qf i : tard zing the
G ust on 1SR GQ: Tk Babdh o5 1 anbifer Sk e offiRed BY (FRTAGIAEANGD

si ze and oM materialsepr esents a nean radi us representative of their
correspondi ng distributions. One way to neasure the tinme constant and

di ffusion coefficient is fromanal ysis of standard adsorption kinetics

(i.e., gravinetric_uptake) using pethods described by J. Crank in "The

Mat hemat i 908P] Di 1 In@pBK 10stapeesERItrogopr alsehamia/s ssmyvest fom nafusaligas, i t ai n,
1975. Anot her way t.o asure the, ti.ne nstant and di ffusion coefficient is
from anal y iéasoarsggép%ﬁf\gﬁstﬂﬁe Bﬁqmpf}é)&godﬁyfind%%e ﬁgﬁeﬁéﬂﬁéts??(?ﬁgus&e%fctﬁf:bed by
D M Rut o0&l (dvel b j i ~, John
Wi oy, Ny HEgioRch eIy G e RO o, SR HEbIE cpl @iRRegen

Zeol i t es amthoVabhésy ndddedanarderstodiqueds haturahgasV it eyay ¥o bR hantagepuster r ed
way to neasure the tine constant and diffusion coefficient is wwth a
frequency SeparbeBiregeaHirpmuBashegas thetacays el NG groductiamso thattheency

Modul at i on t hods ,for, Di ffusi on,and Adsorption asur eprent s .1 n, .Por.ous
St e Tmbane SR Siaratarbdd pPouRS Al B8 Bl 87 il AnginERaRRIIBIGR 1S 5. 1 i ng

zeolite i rth&yg@ffchaaﬁ otffgramff&ﬁ iLngg @d}ﬁaffs% Rl hethahe ranﬂflﬁdégﬁﬁi)ﬂg

adsorption p esses to Tenove romnatural gas I's zeo

Addi t i onalprodeaétsrcapdeGetoviged@phistd as fiiel. SVaeR rdcarted, $R§ behi ch are
zeolites that are isotypic framework structures of DDR At tenperatures

bel ow 100@dvaatagieays to tohguelyrthe anéthase and bydrddachemand fetadred thefrobaak t o be
nore than a hu dtine eater than that of t.hane, From.t he asur ed
activati orf® Wé’ﬂ%é‘s&éﬁ’? tess@pphssions s desirahleto %ﬁle?th\éeqﬁiaggﬁléﬁ on
coefficie : i ffusd C ficient
oo’ o e midbet PP AGh diRobely U hurfE meUehbEt BRafBifogef |

net hane. RemitfihitpCgast OTHeE/Hale bebn Yehy VR dsclEdilaP SieRE Q6fEneSwithat renove
CO2 fromnatural gas is another advantage offered by this class of 8-ring

zeol i t e neignifighst equibibEMomkimgtic seleativity fonnitraggarsepamtionadsomo be renpved
ed with the, productigon of oil. I n sone

fromnatural .gas qr S assogci P
cases thi smP@%B%c §9§ gﬁo‘@?‘f?@oﬁi MR gas itd§ @lsp preferves tg farmulate the oduced

et ur ol gAsOleRE wREF 1 o 3 RN Hhale Bl A Bt KBl IR 1 2o
gas that opgdkinetid sbl@@ti%t?%‘f%fs%’l‘asﬁ%ﬂﬂlﬁh f‘rﬁ@teﬁﬁfs'lﬁﬂﬁvﬁﬂg th v agRIpon

products can be used as fuel. Another application is the“purificatlon of
gas from LiNBsbuited adtb zeolitdetystdie wisleHrinderdngl the/tansporbohmetieesiosthaan be
recovered or used as fuel. \Wen recovered, it my be advant ageous to

re- | i quef yit 1sROssible kg selgetively sepaatedn feom armixivutecef Nnand ane thes LNG
cargo. In all of th lications it.is desirable.to.selectively.adsorb
Che°ni t r odBhrerBoub S o iR TRl BB hie el SRR Shhdink eiis triftom
niLYogen G Radd BYAlasto Rt 3bBAY £: IN@AUbIGE 1800 AWpRELAHY Hord hBYE: PO IPEN! S
with significant equilibriumor kinetic selectivitly for nitrogen separation
f rom net haoabokb500N2, ard atartifromfabout G@iluwoadboua30011. i Fhis|prefepred dassesf t o

fornmul ate the adsorbent with a class of 8-ring zeolite materials that has a
ki netic sd-Hagizgpliles thatcargisuitable fosuse bexgin pllow Nhte aetess thainternal pgre

materials allows N2 t e rapidly transmtted into zeolj.te crystals while
hi nderi ng Sﬁw&@%ﬁ?ﬁﬁﬁ&r‘gﬁgﬁaﬁé 108 ogapes %uc;hrsﬁ‘lﬁb irﬂhg otfé“@P ectively
separate Prxdi gmemm re: Lheyr val , from
nat ur al ggéfﬂéﬁggﬁgpemﬁgogfﬁads}%tg;&q Y ng ?Eaho ?t(ég'ﬁa(bt“@rlgf“zllsag;seg as a
Si/Al ratio fromabout 1:1 to about 1000:1, preferably fromabout 10:1 to
about 500:1, and nore fromabout 50:1 to about 300:1. This preferred class
of 8-ring zeolites that are suitable for use herein allow N2 to access the
internal pore structure through 8-ring wndows in a manner such that the

rati o of single conponent diffusion coefficients of N2 and nethane (i.e.,
Dmpcitd4) is greater




WO 2008/ 143825PCT/ US2008/ 006073 32 than 5, preferably greater than about
20, and nore preferably greater than about 50 and even nore preferably
reater t esi stance to fouling in swing adsor phj S

guri ng thwgﬁgg%@%szsz from natural gas;,)i s another advant gggﬂgg Ogirﬂﬂg@ﬁ%y this
class of 8-ring zeolite materials. [0(%66] In other instances, it is also
desirabl e thanrk poeferdtl$ greater tianuabaiut §8sandh mre paefecably greatér tirmadbout 0. 001
vol % H2S to about 70 vol % H2S. In this case, it can be advantageous to
fornul ate 3hendeven meoere prefarakly grasier thantQl Resigkance fe fowlingoywingnt i oned

cel oot fvi t§HsoPtigH Brodedtes difing e S, BeT Bl Whotist Sruinians

transm tte&ffé%%fﬂﬁ% biaSs OF SR Se | fafdiiafieri ng the transport of nethane
Sl

so that it I's po e to selectively separate H2S froma m xture of H2S
and net hane. For the renoval of H2S, fromnatural gas, this specific class
of 8-ring zeolite materials has a Si/Al ratio fromabout 1:1 to about

1000: 1, pr@066hb| yIii other amstancesitis alsoatesirabBoo: remaviedisfbfront natwraligast 50: 1

- 1. [ ~ri | i i tabl
15700 i o oS e SR O S SE LT
1103, s A i R S BARORR 5,

than 5, pretRraghhy afireaicatiohbdiela0fB-nhg zabktesBhis HisKifétadisled@iERf.€r than
about 50 and even nore preferably greater than 100. DDR franmework “zeolites,

such as Si fhekineticdekstivity, ofithes elasoof8irirgbinatdrials ahews EpSvtal beofapidl$ f r om

natural gas. In, sone appljcations th S has to be renoyed to the ppm or
subppm | evigarsmitigddptn esalite GEYStRs g %dﬁengm trgpspert of methangzo that

necossary L5 pETE f Rl el Soaraie HES RS miRBREb) HoSrmtCaRPEn nat ur a
gas or gaspgsheGeiovdl Wi H)S! iSnPhatvaldRN %&édiﬁc %Fﬁ%f*%yﬂﬁg%%mn. removal
may be necessary for dew point conditioning before the natur gas is

shi pped vimateriadd haea Si/Alaatiorfrbrmiaboutaflutoadbogrd 0001 g pecfetably fromabbued. |1 n

other instances it nay be advantageous to _recover heav ]
10:1 to about 500:1, and more from about 50:1 to about 300:1. This preferred

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., Dyps/Dcpa) 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.

[0067] 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
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enhanced oil recovery (BOR ) floods that enploy CO2 and nitrogen. In still

ot her ins{aneRFisbdos™y be advantageous to recover heavy ppyRIs9s@hbans from
associ ated gas that is cycled back injzo an oil reservoir during sone types

of oil production. In many instances where it is desirable to recover heavy

hydr ocar bolgdrochbops froraproducd gascinsanhaaceéd ot reenrerg{( EOR)OQogpds thand i n
sone instances the gas pressure can be in excess of 5,000 psig, even
soret i nes empbce€k: anid niregen.7 Iocwilbethgr instances abmayithepsbyiastageoun s e
applications to use an adsorbent, fornul ateq with a zeolite havi ng a. pore
si ze bet weEYO¥BOREAVY 0§ s $tpm assqaiaiRd gagdhat i W?heﬂ}aﬁgém ol

zeol ites hgyi YoJels ' ' LZear e LAsl and
Bera, 1t i COGERAe sk Retof GipRORR R, M g s ARE TR B
enbodi ment J&irabl PiPERSVePhedvichydrds&ibonk the Hak @an herat eessurddyidl xeesden
renoval be from about 20 to about 1000, preferably from about 200 to about
1000 i n or H®00tpsi pné vesomexnstancascthe@ak ipnessofe carebeds exdmsatof J,@@BA3iEn sonme
i nstances, natural ,gas.is-prodyced with nercaptans present and it is
advant ageofiéen $PTNRIAMES b £XeGs8 91 3POUE L HO9 nsig.altds pdvamageo 88§ on.

Streans cont ai ni.ng_nercaptans._ .and. €0 ent s. fqund,..n natural gas are
oresent | nalrey s §5 g dn adSorant foriaEd With SACE Bl tInB A haTY st ur a
gas. It ispagehbibdut 9 a&‘iﬁ%o%?b@?hggﬁbﬁnsﬁ@&f{ﬁhﬁti rexames of z&UNtEat ur al
gas or natural gas conponents and i'ncrease the recovery of the val uable
conponent shiwitigpodss imethixwsieg ratggengretMP 1 cfanjaitt OMC R4 1 had Betaedd isi nventi on.

It is advantageous in these applications to also use an adsorbent
f or nul at edpseifemed thas dhe ¥ Al sotio gf Zeplites usilized e anssrbediment of apgoedssut 20

Fange are NP RIGLdR TR BEasH A5 AEearbonreteRd BoPmara il iehe S / A
ratio of thg,aebil Brareipi fon? Tbalosto fb A eb il Wler 49aINe | ow neso

I
and macr opor ou 1S an I ntegral conponent he ‘contactors of the

present i nggidssive fbibhg ofithdgdsoebéntl n both equilibrium and kinetically
controll ed swi ng adsorpti on processes to inprove |ight

[0068] In some instances, natural gas is produced with mercaptans present
and it is advantageous to use adsorption processes to aid in their separation.
Streams containing mercaptans and components found in natural gas are present
in several processes that have been developed to purify natural gas. It is possible
to more selectively separate mercaptans from natural gas or natural gas
components and increase the recovery of the valuable components (such as
methane) using the cbntactors of the present invention. It is advantageous in
fhese applications to also 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 MF], faujasite, MCM-41 and Beta. In
these applications the Si/Al ratio of the zeolite can be from about 1 to about
1000.

[0069] The low meso 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



WO 2008/ 143825PCT/ US2008/ 006073 34 conponent product recovery. Adsorbents
contactors of the prior art contain significant |evels of mesopores and

MBCr 0por 8§ 204s/LBgsend of the adsorption step, the mesoppiRR@RMoco73
macropores, which are non-selective, ill contain significant amounts of

| i ght components because transport into the nesopores and nmacropores is
nonsel ect i ceampdier predact reseeariy alAdsorbets centactors oif ¢ie priohagltoptaissur e

RCPSA, PSA,. TSA and PPSA processes because at the end of the adsorption
step the nigbdicapt levglseefimesonares pad masspperesanyd theendwditke adsprptionan be

conparabl e .to the nunber of, nolecul es sel ectively adsorbed,in the

i ¥ opor e<Sthh: thinERpBgaseAd TRRTRRSES S0UF BeroHoRTefFRGE Wil COmat | gh
conmponent Sg; ' LAt e TR i y | ost
to the heas\}gﬂig%%%g%@r?'tuﬁ fosro Lléftft st re(gr?%n@A[s;eés%g%%E@‘Z‘éﬁ@gﬁ?qﬁ%@gﬁ%s are
not recovediriimasropried Rthotisklective. Mhidis 41 especiallylimportait preslehd in High
significant |oss of valuable |light product. The adsorbent contactors of the
present i rpressuroRCRDAs PEA, {TISAandyPRSh pooeessés beqausoatthe afd of tiet pr oduct s

by reducing, the.vol une fraction_of the open nesopore and nacropore spaces.
[0070] I n CHSOERHRISKBtRe BPTTILQ‘?EOESP&IS?I‘E €5 Y Hift MESOPQIR ANGANRErOPPre $RACEHen

fl ow parallgl e .SE f T rbent is

pr ef er abl yéagl ﬁgégg%a%lljési{oa%%%%% (gfrr?l% c@ﬁees?s%? %&B’%&e?%sco?ﬁs(gﬂ?ﬁ?dsor bs the
heavy comai@bpsres¥thé aiidrbest. i @E@H@%rﬁfioﬂ‘sféb%@ét%ﬁh@%%m %Hig%nbﬂﬁc' ude
8-ring zeolites, titanosilicates, ferrosilicates, stannosilicates,

al um nopho=ptiained if MéNesopaiek iand ahasroporesare natesirabbARSs to dinshearybon

nol ecul ar sieves. In other preferred enbodjinents, the adsorbent nmaterial is
conpri sed GAMPORGIY PG sirears ohpsueh.dheseckight mplaenasearg notipecoysrsdsas ng of

e AR 6 o5 REROSIGFr B s S P DL stk ror s
fromthe Gl!ig}&tprrg | StRSHRkb t%g&g@??fgﬁ%@?e F—BR%}mon can

si | i caal umhophosphat es ( SAPOs ecul ar steves. Preferred are

zeol i tes fsignifivantlgimpadvethiCfitoviey ofilight givduictsibyt Relusi sidluget es bei ng
nore preferred for the renoval of H2S. In other preferred enbodi nents, the
adsor bent figgtion ef thesopesripesepote end anacseporesspasesct ed from the group
consisting of MFlI, faujasite, MCM 41, and Beta. Non-limting WO

T 1 O DR RSB B, e Ve SFI?, 2,

pol ymers sy pasalfdli hanht1S Giré EORprAE 0P Phe/ M8 otbent. The adsorbent is
preferably a microporous adsorbent or polymer that selectively adsorbs the
heavy components. Non-limiting examples of microporous adsorbents include
8-ring zeolites, titanosilicates, ferrosilicates, stannosilicates, aluminophosphates
(AIPOs), silicaaluminophosphates (SAPOs) and carbon molecular sieves. In
other preferred embodiments, the adsorbent material is comprised of a
microporous adsorbent selected from the group consisting of titanosilicates and
stannosilicates. In yet other preferred embodiments, the adsorbent material is
comprised of a microporous adsorbent selected from the group consisting of
aluminophosphates (AIPOs), silicaaluminophosphates (SAPOs) and carbon
molecular sieves. Preferred are zeolites for the removal of CO,, N,, and H,S
with the stannosilicates being more preferred for the removal of H,S. In other
preferred embodiments, the adsorbent material is comprised of a zeolite selected

from the group consisting of MFI, faujasite, MCM-41, and Beta. Non-limiting



[0071] The adsorbent contactors of the present invention may optionally
contain a thermal mass (heat transfer) material to help control heating and

cool i ng afobhgyAsssr bent of the contactor during both tReradsasRhdedn Step

and desorption step of a pressure swijag adsorption process. Heating during
adsorption is caused by the heat of adsorption of nolecules entering the
adsor bent .exbingplep bt pohimédsehardannes asapdsadel cdtival fizoftents imodude ol  cool i ng of
the contactor during the desorption step. The thernmal nass can be

i ncor por atRalyimidsss pelysulfones, and durctignalized pohimerssuchias@smipsr at ed i nto t he
adsorbent jitself,.or, incorporated as part of the wall of the flow channels.
When it i ﬁEB?ﬂHngggyFﬁgﬁ the adsorbent, it can be a solid materia

di stributed throughout the adsorbent layer or it can be included as a |ayer

Wi t hi n themgqlifrb ¢ géri%tiei-ﬁfhttcdrgaétflfsoéﬂg%'ég}rré rﬁ?nvge?ftfonolfna '(g)‘i)\%a Hlyzl;yt he

fl ow channel, the a I S deposit orned onto t

sui t abl e roinesinal thesmabmass gitbat srahbfer) hatdrtdl tohel cmiteslilidating dnde practice
of the present invention. Non-limting exanples of such materials include
metal s, ceophingsof tha@dpotbgnteftheneamtadtor during betinfliceadsotptioresteprand net al s

i ncl ude steel, .copper, .and al um num al ] oys. Non-lim.ting exanpl es of

pref erred @éPQﬂ%@ﬁFnaflmeff‘éﬁwecﬁYlngmﬁlﬁ? 10NP{QCESS: AFRLNE awqg&arrpl e of a
referred i - Dr i . nt invention
P el vt i SSoHHTEIn RS EE By i HERCHE JShAfiON GPiofitulds StEnPERRER' | uoTs' 1o
be |init echddbrbons. The cpfomabiepmal hfts mdierialmse heRs dontloleboliRs of i €1 i al

used can range from about 0 to about 25 tinmes the mass of the nicroporous
adsor bent contadier dunng thedesdrpiae stepprBiectheadal mage cdmbe timeorporated inib

thermal mass jn the contagtor is fromabout Q to 5 tinmes the nass of the
ni cr opor otk esﬂﬂ’%Fﬁ%fﬁle?%f’?ﬁ}?ec%?ﬁtﬂbt@??rpﬂf%ﬁi@tﬁr@ﬁéﬂﬁ@@eﬂhﬁgﬁ‘éﬂf(&r t he

anount of . ' | b r ut to 2.1l mes the mass of

the mi croa%?%s%aﬁ?@%%ﬁ?%ﬂ%@?& FR3E8s/ %%éts‘éé‘?‘i?ﬁg?b%&ooeom

36 pr ef er ghto/theraa8bAIA! it Cath Be b JolitEmatcril TRESbEed thfouBhouP BRY %ﬂgmef i al

of the contactor. In a preferred enbodi nent, an effective anount of thermal

mass i s i deyempariataunl benncutleé as ardaypertwithinlthe adsdrbent.v ®lkemitig of t her nal

mass i s an anount 3uffici ent to maintain the thermal rise of the adsorbent
£

during t heNeRIPEFHE 35 parif the walkef theatlowishannalpthandsosbentyis depesited or
an amount PP PRI w8l ALt R R b asthe AeSealgBie aur i ng
e o PSP aasol e bl on, NEn R By SRR 0
vol une fr anaterals include metals, ceramics, and polymers. Non-limiting examples of

preferred metals include steel, copper, and aluminum alloys. Non-limiting‘

examples of preferred ceramics include silica, alumina, and zirconia. An

example of a preferred polymer that can be used in the practice of the present

invention is polyimide. Depending upon the degree to which the temperature

rise is to be limited during the adsorption step, the amount of thermal mass

material used can range from about 0 to about 25 times the mass of the

microporous adsorbent of the contactor.

[0072] A preferred range for the amount of thermal mass in the contactor is
from about 0 to 5 times the mass of the microporous adsorbent of the contactor.
A more preferred range for the amount of thermal mass material will be from

about 0 to 2 times the mass of the microporous adsorbent material, most



of all mesopores and nmacropores that are not filled with a bl ocking agent,
and that are non-selective and thus are capabl e of being occupied

essenti aIW&ZQ?(S/ﬁH]Zsconponents of the gas mxture. Non-lippihishshsRiayp! es of
bl ocki ng agents at can be used in the practice of the present 1 nvention
i ncl ude polyners, mcroporous materials, solid hydrocarbons, and |i quids
that can fpreferhbly fopmnaboes @ NUtIFRGEHE Bifds DFAkE mitiopdtous matdria ofphecul es
to transport into the mcropores in the selective adsorbent. \Wen the

bl ocki ng axpmtactps In porefemed embodjuient, an effectpresdmountoofi tharmahmassisecul ar

size of the bl ocki ag ag&gt be Iargf en&ugh so that t?n doef not ., _
ZI gni fi ca][fPF9quli%‘§ ntq e soptactoryf The, etfgelive ameunt g : eﬁ’é‘@l PSP AT YR that it
used the JupoyleBeaBEEPR; e, FRERRY s SR Aolttob dBRbEfp "™ °

M Cr opor eSadsBrpitith step 6 kaRithAhb&uel 0(RYC L A préRAIMBOEIniE e BROr es. As
such the bl ocking agent can fit into the nesO and macropores W t hout

si gni f i candrhgumtosd] theiimal mass incbirparatadcinop thescontigtohisray ameupt ssfficieritn t he
adsorbent. [0074].The bl ocki ng a%ent fills the_ open neso and nmacrgpores of

t he adsor derdnaingaigthe thesmal risgolithe adsarbapt dyring theadsprptien gigpriodesso and
f h bent t t f ti i ts.
one 1 ¢ rthan abfFLCT R byl B ety B JisS B, aBBRAI Bocki g agent s

i ncl ude polyim des, polysulfones, and silicone rubbers. Non-limting
exanpl es C{ﬁ)OVBPU' pEH%es&gﬂré’ﬁld‘ﬁ%r rE Vhifth B InA19AES thel VAILUHREFAEHAIES
aromatics such as 1,3,5 2008/ 14382Z25PCT/ US2008/ 006073 37

tri met hyl befrelbnesapeotebaad ahadopetasrthhtedte mod fidledrwitha ocking agent, and

hept anet hyl nonane as well. as |1 quid hydrocarbons having carbon numbers in
t he about that gredisnscledtiveanmbthugmse capablqmf@emg)@mumecggwtmﬁy@yeail it is

ook na. b ST o, N oB bbbk 6 Aok B ™
bl ocki ng a : = B de
hydr ocar bangs, bgdedas tﬁ@;;zgfcégeeg?fttge@?e%v iiﬂ%n%htlﬂﬂlulawﬂbﬁ%ﬁefsn the 10-1000

range. Non-Iimting exa oporous materials ‘that can be used in

t he practimiropotone matesialR| solit aptitcvarbats, dae liguidsahat oais fitlahb@penand
zeol i tes having ‘gore sizes larger than those of the selective structured
adsor bent mfsq and maeveparespacahuestidhpllewanoleculasdorttamsportantathgt ed with a

Teso and (HISTORGIRS 10 RSARICTAVE ASOTREy o I A G QU RIOAE ARG, Ba) PROTIRRAE] ci oo
5o and HHEFERYE I ORAECT S | . . ¥i ol es
i th 1§ quiSEd 4 Petnfah@hd st RURT TR Bt BRI D | e

is |ess thapugheettheaOKdoek Mot eifhifieafby inviade Phiefdpidres 8 tHY adserbantabut
conti nuous network and the adsorbent i's a conposite structure w th the

m cr opor ouotsatlargedhaeitisiods adt fullt thiermesopontsoarid maceopemes. Whemnsdlidvi t i ng
exanpl e of, such a structure is a zeolitel/pol yner conposite where the
pol yner i PIEEHNBAREDE a&ﬁd!sﬁﬁéh%%ﬁ%i‘? pige 1044 salid §5-greates shan BBY Selegivee % i n

Onen 11050 lcrlBGIeR AR U0 RLRI skt P IR P ARS8 AT BB BL AL B,

adsor bent uUSi nesoporous natert a

the over althe bPbckin® agliean it the Mes6¥ATRhAr8pored SHitRodisigsitieaRtypoul d be
an adsor bent having about 30 vol une% of nacropores that are filled in with

a mesopor ccslwdihg gelfiling nnigropdres mduch maybepesentria theddsarbenpor e vol une is
| ess than about 20 %

[0074] The blocking agent fills the open meso and macropores of the
adsorbent to an extent that the volume fraction of the open meso and macropores
of the adsorbent meets the aforementioned requirements. Non-limiting examples
of polymers that can be used as blocking agents include polyimides,
polysulfones, and silicone rubbers. Non-limiting examples of liquids that can be

used as blocking agents include amines, aromatics such as 1,3,5



[ 0076] 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.

Gener al | f nnels provide for relatively |ow fl ui |
coupl ed v)ﬁnN?t%b@e 4%??vel y high surface grea. Flow channel bﬁ%ﬁ%?@é’ﬁ@ﬁfd be

sufficient to provide the nmass transfer zone which is at |east, a function

of the fl uirémeglylisérizeneand biragichdDsa0edied hg8ZidaeldddSARAd 006073 38 surface
area to channel volunme ratio. The channels are preferably configured to

m ni m ze pheptamethylnopaneas wellasdiqad hydrecarbens kamingicathemsnumbeétsindhé | ow
fraction enteri channel at e first d.of the contactar does not
communi cat glt’wttﬂgoaa?f"ﬁt eﬁangFui\%fn‘FIF ﬁé{q“bﬁllg § AP A LBRY tdBannel at the
first end ' f I ONS ' ter bl -at .end. |t
s mport angiagets aRIrART of RERTYLAGLRL, Bl (Y BRO iR e IRaGRINGRES | |
al | of theaghRNNebs linfi€inBeixathpled bFsaolid bioekihg agwhts iRfluddRyd@earbonansf er
zone is substantially equally contained. Both productivity and gas purity
wi | | suf f esudl as wakes and thasedmvireg cdrbon elumbers irs thet Ehvd 900 Irange eNbhew
channel is_|larger than an_adjacent flow channel, premature product break

t hr ough melimiting exammlesof micreperpus malgrials hat can beusedin the prackiereobr oduct
gas to unagceptable purity.|evels. Moreqgver., devices erati.ng at cycle
Frequenci edegeatnpstion insTdBiergBpEs carbar A 7eolliRy Ravingindee 5783  er
f1 ow channplratiinb@ilbde/ofthe seRefivelsfbetired dUGRbLARS HORR ARBRAARY at

| ower cycles per mnute. Further, if too nuch pressure drop occurs across
the bed, t&eampleghiean adsorberitrfosmaltated svithsaiblockingagéritds arsiliva of algntai er
than 100 cpm are not readily achieved. [0077(1 The di mensi ons _and geonetric
shapes of baengzeelitedayerthayirg about 30% meso and macropore volume in the

interstices between the zeolite particles that is filled in with a liquid so that
substantially all voids are filled with liquid (i.e., the total resulting macro and
mesoporosity in the layer is less than about 20%). In some cases, the blocking
agent forms a continuous network and the adsorbent is a composite structure
with the microporous material embedded within the blocking agent. A non-
limiting example of such a structure is a zeolite/polymer composite where the
polymer is continuous and the composite has less than about 20 volume % in

ope€n meso or macropores.

[0075] It is also possible to formulate the adsorbent using a mesoporous
material that fills the macropores to reduce the overall void, or open, volume.
An example of such a structure would be an adsorbent having about 30
volume% of macropores that are filled in with a mesoporous sol gel so that the

resulting mesopore and macropore volume is less than about 20 %.

[0076] 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



contactors of the present invention can be any di nension or geonetric shape
that is suitable for use in swing adsorption process equi pnent.

Non- | i m ty es of geonetric shapes include vario oliths
havi ng a ‘BP%PW?%/}EM substantially rallel channels e?t%gn ?@gﬂ?@g?n one
end of the nonolith to the other; a plurality of tubular nenbers; stacked

| ayers of adgaseaen 16 Bh&isel Wollimanativd The thargrRis sreprefirablsrcadipursd est ;

mul ti-layered spiral rolls, bundles of hollow fibers, as well as bundles of
subst ant i afniginpize pressure dtapdinf thoehenndlse Indsambembodimenss, a flaidflovnt o t hese
geonetric gshapes or the shapes can,_.in ny j nstances, be fornmed directly
Prom the aliéEuoR ARlcHRER ?laﬂrﬂﬁf akthe, fiishepd ob theaniagior SR&HPPECHNMINEA et 1 ¢
shape for i I e inder . ion of a
ool 1 t of porrEdiey bid Rebiin SRR RIGhAEEPH de 1L Oy SHGTAE 27 P
shape f or mhdcAbhericbinbin® BTtePexifing Ut MR Sectnid! shdd Ot eXimpeieshtGhadibere ! | ow
fibers made froma zeolite/ polynmer WD 2008/ 143825PCT/'US2008/ 006073 39
conposi t e. channekanjfbemitly ta epsureethat sutstapiallyralt of theodkmnadlsvire beidgefully
adsorbent would be a thin flat steel sheet that is coated with a

ni cr opor oudtlizesly apddhpiihe massdEAnsden zane issubstaptially gqually rertainedm Bathe
directly forﬁdt.or coat ed adﬁ}grb nt *ayf{hfcan be it.selb St rluctured into

mul tiple I%ﬁp SUYILY @0d &8s Ay W SI“J <& % O B SINECAAMEY's. Ml ti - ayer ed
adsorbent gRERLISEICYCTHDRE MRNPCARHNGS lafedithhf lication
Publ i cati on No.lSZOOg/ 0169142, S\#‘II C ?Sslﬁ?%%ﬂgbpo?gt%tgg&%& gl?)%xegl&/a reF’er ence.

[ 0078] The piematarcomdatt bivakfthmugbhaay @csur avhibk |ealvtaa@dutasn in the

consi derations of pressure drop along the flow channel. It is preferred
that the fPeritycolathgareduetgasdoamaneentablgpuritydeveisuMareoveraidovices, 000

m crons, prefer.ably froom about. 50 tgo ahout ,25 icrons. As, utilized herein,

The e hantararating af ey G HSnRBhied b e iz atonh ST hS Hos RintG(CRts) | . <
the i o . . . e

PReCTT v etk OB LR uhfiBrinttQn i8R Gres e r Gl HlarPfdgeoonal £

Cr oss- sect pperatihg anldvier efodeygdr matute s Fubtber, if &5omucHipréRueé dfdp ddursi r cl e.

However, if the channel gap is rectangular in cross-section, the flow gap
i s the di sacrassetherbes, thenchighepeyele dtdquenciss asuwthcasrrethte ordet b gteaterl thayest
si des of tp& rect angul ar éj .e.,.the length of the snallest side of the
rect angl e) U9 P&y atF Botreadilpachisved ¢ hat the f1ow channel's can be of any
cross-sectional configuration. Preferred enbodi nents are wherein the flow

channel cr er7¢ec! TRE YimeARbhY uha beBhelric ShiR'oftht SilkAle) chai@NIY! ar of

square. Howeve any geonetric crg@ss-sec contrguration may be used,
such as bugoradtots of thecbresent ¢hvémirscarOh@hy dimbmioh ©F gebmetidé 54 that

pol ygonal shapes. In other preferred enbodinents, the ratio of the

adsor bent sonitablet for usew swingadsorptiomprocess kquipdsentb Men-tionitiagt or is from
about 0.5:1 to about 100:1, and nore pref,erab{ly féom ahqut. 1.1 to about

50: 1. [ 0079fAMPIES AL BROMSHIC shancs dnslyde varigus shapgd-menabiths having ar ned when

Repon app! PRI G i @RREY BardRI Ehafiels FYRNAMG HopPOREEREREMET THLrS "
gggﬂi 10 nigbablith'R thetotRé€ al plral ity Wf GiRU1RE M ehfitds;tadKeda PHRWT alidofdEnt ©

sheets with and without spacers between each sheet; multi-layered spiral rolls,
bundles of hollow fibers, as well as bundles of substantially parallel solid fibers.
The adsorbent can be coated onto these geometric shapes or the shapes can, in
many instances, be formed directly from the adsorbent material plus suitable
binder. An example of a geometric shape formed directly from the
adsorbent/binder would be the extrusion of a zeolite/polymer composite into a
monolith. Another example of a geometric shape formed directly from the

adsorbent would be extruded or spun hollow fibers made from a zeolite/polymer



WO 2008/ 143825PCUUS2008/ 006073 40 1 meter and a channel gap of about 50 to
about 250 m crons. The channels may contain a spacer or nesh that acts as a

spacer. F@sz@%ug@ged adsorbents, spacers can be used WRi-¢Rhis3¢¢805dokCt Ur es
or material, that define a separationgbetween adsorbent ['am nates.

Non-limting exanples of the type of spacers that can be used in the
present i nygnpodite. AR exhffte of apconrdrioshapereias ivdedted vitdrthieadddortnast i ¢,
metal , glass, or carbon nesh; plastic filmor netal foil,; plastic, netal,
gl ass, cerwoild boa thiarflatrstéclisbeet thatiistdnatediwithcemaeriopopius, dow mesopere,c,

gl ass, ceramc, or.netal sphere di sks;,. or _canbi nati ons thereof.

Sdaor bent $9uFbE dUMh aveh Bearreabihim. (Lbs éggcmsgwam gr SoatpdAdE DRt
frequenci . h may be
correl at e?%gfﬁérgﬁ%é@g‘éﬁaﬁﬂﬁE‘?‘é&ﬁ'ﬁﬁ g’{;&c Fay%s%é%%\g, S%Qgégﬁleélﬁefe‘rglggm about 20
to about 4f4sepentiatefihRY MARNGY et Hsbrisehit shéetatricAiles af% @AughPpger than
one neter, even up to about 10 neters. For cycle speeds greatéer than 40

cpm the fUnitedStatasPateandtpplication Pubjication &, 20064) 16 d2pwhictaisy from
about 10 cmto about | meter. Longer flow channel |engths can be used for
sl ower cycingorporateddicseindy refgrengecycl e TSA processes tend to be sl ower
than rapid cycle PSA processes and as such | onger flow channel |engths can

al so be us tth 0 er.al r Dt rate of the
sSW ng adso pt7 :gl)n pﬁé&?@glg&gé??ﬁgdeaﬁgg%%g'ﬁgﬁy;aﬁhgee ?ﬁﬁﬁ“@%‘éﬁ@%r rate from
the flow cémiRirationof prRsase UrfAlong thel fowkbhahAdl t ICplafiPed it RSS
transfer rate of the species being renoved (i.e., the heavy conponent) high
enough so flowtchanatelsdfave aschannehga froth abautsD tdatnduti 15000 micmed, i n t he
process. Since the adsaorbent selectively renoves the heavy conmponent from

the gas stpefemblynem abaS0toabeut 248 raiesensefs utitiged hergin) thaccharnelver y

f the |ight.. t_and h i ty of the.light. duct

otream WP (8d BP% inaRBPL SiiRGR Rr e StiainCacshrs o BHipRidl ate an

adsor bent fynidhsfor ﬁf‘th%@l&%hﬁﬁﬁ@l\t,d?%ﬁ%d'@ﬁﬁbgﬁﬂgl m&%gﬁﬁl.sﬁsﬁ that nost
e ich wll p

of the volune of t adsor bent I n the mcroporous -range, is

ef fici ent linstaneel if thé flewaclemng! isaciranar Begospbe@ivm thémtheuhavegappiznent .
One way of doing this is to have an adsorbent of substantially uniform

t hi ckness thedniernaddiameterod dhe eirclendHawswen éfithel chaonel gapsistrepianghkarims s
transfer Ccc%%];sf-isgcitﬁ)rrllt, the ﬁ\bowzgng{s]tﬁg%%s?tapnCJe/ cl>JtS g %gg/p%(r)ge%é?cj%r to and
connecting the two longest sides of the rectangular (i.e., the length of the
smallest side of the rectangle). It should also be noted that the flow channels can
be of any cross-sectional configuration. Preferred embodiments are wherein the
flow channel cross-sectional configuration is either circular, rectangular or
square. However, ahy geometric cross-sectional configuration may be used,
such as but not limited to, ellipses, ovals, triangles, or various polygonal shapes.
In other preferred embodiments, the ratio of the adsorbent volume to flow
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.

[0079] 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



of the heavy conponent and the time of the adsorption and desorption steps
of the process. The thickness uniformty can be assessed from neasurenents
of the thj t he adsorbent or fromthe way in whi Il

fabri cat re\g.ﬁlépﬁllag&%r eferred that the gniformty of the ggglodrs %dg}?O 0?such
that the standard deviation of its thickness is |ess than about 25% of the
aver age t hl ekctessand dehanmlgfaprafidbout SDao abant250 ntesondt iThe ¢Hannlels iy ckness
of the adsorbent is |ess than about 15 % of the average thickness. It is
even nore @IMERIEra spacehar mdsh thatandsasiagpecert ikor lamingted adserbeatst spatieskness

235'3‘;? " anct b5 e WhiG o %il?r&é‘%?rxﬁa?%ﬁﬁl?ﬁ%?mbggm C;'ngg;tg’ygpgg}{ff )
art £ rom YRR pR e AR ME b IPRE T PREPEER Bl tan bl 0%

a Paral | el yRRasinate t Bieintiof iré e e, congiaderll o fodinfididniallyf dceatdten
Technol ogy 12 (1997) 43-60, which is incorporated herein by reference,

clarifies plastyc,anpattglasst ohcarbionemests plastanfilre orinsetal faak tpdaktizy mdtal,

t hi ckness of the adsorbent, channel p and the cycle tine, of the process.
Al so, U. S.glpa% eframis, op catbpnsigbers gn siegeramic pillargplastica|gdass,

I ncor por at ed ref er descri.bes the detalls for lcul ating these
transtor reatie, of BERT ShorkS AR ardRptbh@ion Gtadt” ABSREN and the
test stan b tht b Qi Pis AP, [ﬁ@@% ek of
merit fordtﬁggnﬁ%ggﬁt%?g%g?g?&?ﬁ?g%‘gﬁeét:ﬁgé%ggggbgg %}Sr i g&telgr‘f‘gqggarﬁst ant,
Ta, for trieastabout d60tdpen.hFhe floww chames lemgthpniye e @brrebatéd pdthngydle t he
adsorbent. For a planar adsorbent sheet with thickness in the x direction,
and the y p¢€dz Afi loxericyals spsedy; sushtandremabeub20 toabewicdd cpmy the flaw

ot G BFBHL  HE Bok ePe b g O 8335

meters. For cycle speeds greater than 40 cpm, the flow channel length typically

is decreased, and may vary from about 10 cm to about 1 meter. Longer flow
channel lengths can be used for slower cycle PSA processes. Rapid cycle TSA
processes tend to be slower than rapid cycle PSA processes and as such longer

flow channel lengths can also be used with TSA processes.

[0080] The overall adsorption rate of the swing adsorption processes is
characterized by the mass transfer rate from the flow channel into the adsorbent.
It is desirable to have the mass transfer rate of the species being removed (i.e.,
the heavy component) high enough so that most of the volume of the adsorbent
is utilized in the process. Since the adsorbent selectively removes the heavy
component from the gas stream, inefficient use of the adsorbent layer can lower
recovery of the light component and/or decrease the purity of the light product
stream. With use of the present invention, it is possible to formulate an
adsorbent with a low volume fraction of meso and macroporous such that most
of the volume of the adsorbent, which will be in the microporous range, is
efficiently used in the adsorption 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



where Dpath is the average transport diffusion coefficient of the heavy
conponent along a path fromthe feed channel to the point (x,y,z) and Lpath
i's the diwhapsei434.9N9 the path. There are many possi bl epb&gjsgws;%go% or
paths fromthe feed channel to each pgint (x,y,z) in the adsorbent. The
time constant is the m nimum of the possible tinme constants (Lpath2 /

Dpat h) al asfxhelHeappeshiponeptimd the imetdfehé adsorptianraaid desotption steps af poi nt
in the adsorbent. This includes paths through nmeso and macropores. |f there

i s a sol i dhegreedsal The thivkness unifermity sanbeassessed figm apeasurernents of theied
for heat th il t towithin.it Y,

ot nt s wi tWHGkACES G the aifSorbgit i dEO e e CaBoichut abrsaed dhthors

di  f usi S f s : . . i 2 t
St ef an. vdieferrer B8 ihehniR8iithey BR ARSI LR i bich it S0SIdA0Y BeCORmRAne

transport ¢k itd tha¢laiess eeleks ehandbalt 2390 bmd)@d'zéra%wﬁbhesh.s Mbge | i nearly
averaged di ffusion coefficient along the path. | i near averaging is

suf fi ci entpreferpblyy thiestandardf desiiatiorc of tHei thickmess hbithecadsorbentgs tese theat h.  Waen
t he heavy conpgnent s many species the diffusion goefficient, ati" is
al so corrpoashoatdéa%mhtgeéwa@ge. e8h- At 85 V6A ree@mr.e?qré%{ﬂ@é&%ﬁgn[)@ﬁd
tenperature and i [ u | . <o that the
di f fusion iegé%?%{)gﬂ}%y%(ﬁ(gﬂg%g}ﬂ{&ﬁﬁﬁzﬁe @gs en\rl\gdgoé% Sf)ép¥pﬁee§{'(é§§€ rature and
pressure clpgRss.occurring during a cycle. For an adsorbent to be
efficient, the averaged thickness of the adsorbent |ayer preferably is
chosen such that the tine constant for at |least half the points (or vol une)
in the ads/@®Btht t@alculatiomoof thede nsass smansferiratel constanksis wele kngeieot i ne  of

the process. Mre preferably, the average thickness ,of the adsorhent |ayer
i s chosen tBosnhaviag ardnary skilbshtheast andmayialse he derixed pyrthesrehdangt s (or

vol une) in_the a ept. 1t | den ol{hoh 4 $5.1,ess than the cycle
{ime of + s kel REs At Blon SbedlisPGRE Rab DM RUFFERACES of "t ho
adsor bent TRy#6n, PerfbididiteSHCd'Phfiife] PH?sa?b'ﬁos%%bﬂt@ﬁntﬁ&br,@ega?ﬁ%n 75 % of
the points (or volune) in the adsorbent That is not a dense solid is less
t han aboutarkbPéfifi€atidreTesluiadogy 1@ (AD97 )43 1600 sdrich if ind8ijorheditreesiarty
invention can be applied to inprove the separation of nolecul ar species

fr om synt Hetgrenep slargjes many aspeess @4 hovethgrmasscieansier is affested/by tha y of

t hods, incl udi t f or nj f hyd bans._th | _and
2008/ 1436 SBKAFEEI It GRBE P PeLEgR Ao S5 PYF s HEMRFogrs. AlSo,
hydrocar bayss. paiicheR6Y6, 80738416 MBRSE%tANd ueeq)is%gmﬁb%rgﬁ&%]%hb the art.

Synthesis gas is used i’'n & | argée nunber of and chem cal applications,

as wel | asefirence, aleptriset therdetsilicforaaldutdtagy sicsel traasfct rgtes aAd aSkutiatedd
Cycle (1GCC). Al of these applications have a specification of the exact

conposi t i gipedficients oy agiven edsonbent angd theltestptanndasd compositianscuséd foynt hesi s
gas contains at_.l ealsl; é:O and H2. O her nol ecul ar conponents in the gas can
be cH4, cPnvervenalifS§Ag and N2. Mnority (or trace) conponents in the gas
can include hydrocarbons, NH3 and NOx. In alnost all applications nost of
the H2S h be (=3 J 0 many
appl | cat i aeuP] °F ATHRNEQ O forang KRR traRSlep ichlonige o Shflageiod
wher e the tinoganstat, 45 efdr aansp bt f shehéaviyotomip it cortpuityd b esdSpHInO eSS,

it is generally desirable to adjust the H2/C0 ratio to a value that is

opt i mum f dheadeorbent eEer a planasadaonbentighecapyith thackness in thevadinecijeon, astd f t

reaction be | oyed to shi.ft. the s s alnpst entirely to H2.and CQ2,
and i n' marpe 3 A BperaoR Bribgiin the Plsgatateshegt r bsgyee cRBerD v phREA) The
pr esent iw&%i&%ﬂgﬂylitgses a nethod for increasing the recovery

T, [X,Y,Z] = Minimum[L,,mh2 ! Dparm) (in seconds)



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

renoved fwg%(;shl%@gnt hesis gas, individual contactors, @%?%s@&k)oﬂ%o%?d for
t he renoval a particular conponenty, can be used. |\/U|t| pl e contactors can

be used because t he invention provides a neans of rapidly changing the

pressur e iwhefeDggnisaht averigeardnspoftatifiusionccozffitienopetrt haavyand
consequentially smal |l equi pnent size. Alternatively several different

adsor bent scmapommtum @@ﬂﬁt ﬁdm theofead @hngm%l todhe poind(x,yT2)i englemi des a

means of s tivel vin ver al C|es thasmle cont act o
(o055 |t ok itsata flong TBE path. oLk are e.twegcae@ 5 o s FEop’s

and/ or i+fl.gases
can be desyedprdbifie lﬁégﬁn%fé&nmﬁﬁ %%ééq*éééése@h*iﬁ ? 1B BhE RO e TRE
cases, ads@indinuif ofthé gammttuhe c@Mﬂaﬁts((Iiﬁgr /By PeloR Sl EpoReblepathsdr essur e
swi ng. WD 2008/ 143825PCT/ US2008/ 006073 4 he 1 nvention provides a neans
to rapidl yﬁohaﬂtgd‘ee&ehmmﬁlacﬂm(x,g;zib(pointtinéhmdmmntex’ﬂasmciuda:gpathsge heat
| osses, | ong heat-up d cool -down tines, or or hate dilution.

Tenper at ur'@f gleaagaamcaﬁpereﬁs déthsredye sali qelfla&l@otﬂsaﬂam%@m Wshnel

porar el AL FRIARRAL L MR R el m BRIl B P o B e

exchanger . witﬁﬂﬁﬁ]aﬁﬁF(kﬁ',{)S@oﬁifE WatRSE alel 3t ihelubad in tﬂ@é&ﬂPmahQn? R allel

channel contactor whe adsorbent is on one surface o conpact heat
exchange stranspout diffusisat ccrejﬁamﬂltocﬁehclmgpmed i taldretcpbade singke channel
i solated fromthe adsorhbi ng and desor bi material. In this configuration,

a thermal SHVRORRIN Sé@faﬂaM@xwllndj\f@lsmn ciang feeachotpseieguThegaverege

d t t be t r n of .adsorbed conponents. In
Sone | nst ot eﬁ%‘?ffﬁ%“hi"ﬁ@qﬁiﬁme@ el B Do, ts AR SRR M SR 1 n no
di lution fuiemsfy %éﬁ%fen@%ﬁ)n ene tﬂy ehﬂéarpa%?d%]ﬁé i en%nt?&@?@ﬁhl 2

arrangenent can e extrene I cl ent er gy
swi ng adsodiffusion ¢oeféieiht eharabeerfzﬁzﬂgithqpathcdvheemah@wﬁmﬁgonaﬁmse of
can

the energy efficiency a | arger degree of thermal sw ng e used
many species the diffusion coefticient, Dpam, is also compositionally averaged.
The diffusion coefficient depends on temperature and it may depend on pressure
as well. To the extent that the diffusion coefficient changes, it must be averaged
for the temperature and pressure changes occurring during a cycle. For an
adsorbent to be efficient, the averaged thickness of the adsorbent layer
preferably is chosen such that the time constant for at least half the points (or
volume) in the adsorbent that is not a dense solid is less than the cycle time of
the process. More preferably, the average thickness of the adsorbent layer is
chosen such that the time constant for at least 75 % of the points (or volume) in
the adsorbent that is not a dense solid is less than the cycle time of the process.
Even more preferably the average thickness of the adsorbent layer is chosen such

that the time constant for at least 75 % of the points (or volume) in the adsorbent

that is not a dense solid is less than about 25 % of the cycle time of the process.

[0083] 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



[ 0087] The contactors of the present invention can better be understood wth
reference to the Figures hereof. Figure 1 hereof is a representation of a
paral | el \gBagselszgent actor of the present invention in pagdsQ0R08do7
monolith forned directly froma m crogorous adsorbent plus binder and
containing a plurality of parallel flow channels. A wi de variety of

monol i t h s¢wplesicqatidleoidatienl oflhydeddaybdns, and meiyosthpr peresss. anh exanpl e
of a cylindrical nonolith 1 is shown schematically in Figure 1 hereof. The
cyl i ndri catombingtions knowaringhaarta Synthesis ggs i usedriala karge nombenahfugls 3.
These flow channel s, 3 can have di afgeters (channel. gap) .from about, 5 to
Zbout 1. QOPEIce! apiartis) o5 WEDAS AT BBt slOHCSOIPERAIAS * ho | ong

as all ch ' av | si ze
channel ggg.g gﬁé é@n‘ﬁ*e"?@%&’a%:?ﬂﬂg%@??@d@ééfﬁg&g%gﬁ{:@ ?/I{So ‘%hapes
i ncl udi ng, spadificudionl (bfrﬂlb%ﬁiabpcorﬁﬁb‘sﬁdoniﬂlﬂﬁé ngdsiregaittd for hero¥¥ss. As
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[ 0088] For wsed amdhinl maily apphcagiions ifl ishdesirabld teerenidvaciiuceh oftthe K@ssnof t he

applications where the syngas is used as a feedstock for a chemical synthesis

process, it is generally desirable to adjust the H,/CO ratio to a value that is
optimum for the process. In certain fuel applications, a water-gas shift reaction
may be employed to shift the syngas almost entirely to H, and CO,, and in many

such applications it is desirable to remove the CO,.

[0084] The present invention provides a method for increasing the recovery
of the valuable molecular components from synthesis gas. In most applications
valuable components are CO and H,. When multiple species are removed from
the synthesis gas, individual contactors, each optimized for the removal of a
particular component, can be used. Multiple contactors can be used because the
invention provides a means of rapidly changing the pressure in the contactor
allowing for rapid cycle operation and consequentially small equipment size.
Alternatively several different adsorbents can be incorporated into a single
contactor. This provides a means of selectively removing several species with a

single contactor.

[0085] 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.



adsorbent will be about 1.5 tinmes the dianeter of the feed channel. Wen
the channel dianeter is in a range from about 50 to about 250 microns it is
pr ef er r edyphhalsubest hi ckness of the adsorbent |ayer, inpthgisSasRodbsr ein
the entire contactor is not conprisedyof the adsorbent, be in a range from
about 25 to about 2,500 mcrons. For a 50 m cron dianeter channel, the
pref erred Theyeafioh lprokides a rheansttoaapidity chamge theyontactof teoperbtume 25 to
about 300 microns, nore preferred range from about 50 to about 250 m crons.
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adsor bent ang t. rticles of. the l. s.9 occu bout . 5% of the
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wi |l range from about 0% to about 75% preferaply about 5% tqQ ahout 75%
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[ 0089] When the nonolith is used in a gas separation process that felies on
a ki neti c ofgpaalitli danfel audactonatraggeiétusindre extnemely abrgy efficient.

advant agequs for the m croporous adsorbent or polyneric particles 7 to be
subst ant i alhermak energypusgdAp the swing pdsarptipe pre¢ess capbedeadibiaresoxetadat i on of

the vol une _of the,igdividu m_croporaus adsorbent. or polyneri articles 7
be- | ess ¢ T TR, BPbYsE b SRR TenS SRR deBre P RS pi e
control | edaprcgsges. In a nore preferred enbodi nent the standard devi ation
of the volune of the individual mcroporous adsorbent or polyneric
particles 7 is less than 50% of the average particle volume. The particle
si ze di st r[0B87] on The camtatiors ofitteoptesentineentidrecambétter Beeundeyrstood with hod
used to syn%hesi ze the_ particles, It is also possible to separate
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formed directly froma
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 diameters
(channel gap) 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



structured m croporous adsorbent. For exanple, when the m croporous
adsorbent is a zeolite, the nonolith can be prepared by extrudi ng an

aqueous r@vbtzﬂ(fs?’léﬁﬁ@t aining effective anounts of a solid Qirngﬁ(lgog/og@% ite and

adsor bent, so eat control particlgs, and polyner. The so | nder can
be colloidal sized silica or alumna that is used to bind the zeolite and
sol i d heathexagonal. Phe spadedetiveae thieechanfiets Bfdoeupiedebyathewrdsorbens Sl i Als bi nder
will typically range fromabout 0.5 to abqgut 50% of the volunme of the

zeolite anthosy the elscheedipypthaut 25&s of theivelymeef hiexmanelith andydsi r ed,
ilica bind terials. b ted i t )
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nmonolith is cured by firing it in a kiln where the water evaporates and the

pol ymer bueesupigd by theadsoyberdSuand elarinel stropouot asth of desired conpositi on.
After curing the nonolith, the adsorbent layer 5 will have about 20 to
about 40 vol . % nmesopores and macropores. A predeterm ned anount of these
pores can be filled with a bl ocking agent 13, afmPRSM ,scussed, in a
subsequent step‘%ﬁft‘fﬁ”é’?“lﬁ?f%ﬁ%ﬁiﬂ%ﬁiﬂeﬁhmﬁ%f&%mt hod by

whi ch a nonolith can be fornmed directly froma m croporous adsorbent is by
extruding a polynmer and m croporous adsorbent m xture. Preferred

m cr oporous adsorbents for use in _extrusion process are carbon nol ecul ar
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in the adshabeithickness of 9ie%Usbitant ¢ayerhiar ®efcass whet€inrtks entins Eédtaétbr a
paral l el channel contactor 101 of the present invention in the formof a
coat ed noridinot sompeised o theiadsasbent, baye a rasge fremedbout: 25 tchabowd|2,50bf t he

fl h | f d lith F h |l el ch t
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"non- adsorfeemtatialt i50 toRbBNE 250 nYersIRAITiguse) igla BRIsSIdedliohd1aticvalong the be
used as the selective adsorbent for the parallel channel contactor. An

ef f ect i ve langimdinahaixis ishowies feesf channelsadrexteadingethadugle thyl langth of theol gel
819 a': ngmﬁﬁgpéﬁmpéﬁgﬁﬁg P\[@i]é%%ﬁth%?ﬂ%;’ 8h§r];r];e?§ %(i)r\r/r(laeldy énti'srgﬁfl ﬁ%&eags%?ggrﬁls valls
plus binder. A schematic diagram enlarging a small cross section of the feed
channels 3 and adsorbent layer S of Figure 2 is shown in Figure 3 hereof. The
adsofbent layer is comprised of a microporous adsorbent, or polymeric, particles
7; solid particles (thermal fnass) 9; that act as heat sinks, a blocking agent 13 and
open mesopores and micropores 11. As shown, the microporous adsorbent or
polymeric particles 7 occupy about 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 5 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



WO 2008/ 143825PCT/ US2008/ 006073 48 applied by slurry coating the channel
wal | s, by any suitable conventional neans, followed by firing the nonolith
in a kil [ ot her approach is to apply a sol gel e

wal | s fopwgﬁ@@%é%ésiring under conditjons that densify FEE“%%@?@ﬁg?ylt

al so possible to use vacuum and pressure inpregnation techniques to apply

the gl aze jayesoln pratite, thBQ/oﬁhﬂéffﬁictfbﬂHszoliHT[paﬂi@lbsa wedao congopheae or sol
gel will penetrate into the pore structure of the nonolith 117. In all

cases, thewil sangesfrainsaticwt O ko aboutt Hscpreferablys alboduttI9atto ghsut 7 5%, agd
t hor ough the ch readily transpitted intg the dy .of the
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| ayer 105 thin the ajsptbend lagerd sdess thgn about 2%, on the walls of the flow
channel s by any suitable nethod. Non-limting exanples of such nethods

I nclude fluid phase coating techni ques, such as slurry coating, slip
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transfer (thermal mass) solids, "and optionally a binder. e heat transfer
solid may has phefenred deat the standard devibtidy ofthé¢ helumnof tHehindbddeain act to as
its owm heat transfer solid by storing and releasing heat in the different
st eps of tmicroppenustadsarhans e pelymperie particlen,? bealessitan 1Mk %hehthedi f f uses.
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a binder such as colloidal silTica or alumna to I ncrease the rrec%anl cal

strengt h oddsobisertiorgdlymaiit particles FRo1es than 0% oPhicas eradd pdrsiplecal |y
occupy from about 20 to about 40% of the volune of the cured coating. An

ef fective volome. Bhe panbishé sige sliggributien dppréddite adsarbepisetan heheontrzltadobyt
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ayer tor t&llseernetlﬁ%d used tg g%t}xeglzgze? ggérlﬂsc gs(.)8{t ?so 5120%05511’13 to separate pre-
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synthesized microporous adsorbent particles by 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.

[0090] 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 extruding an aqueous
mixture containing 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



49 effective amount of bl ocking agent we nean that anount needed to occupy
enough of the nesopores and macropores such that the resulting coating

cont ai ns wesosifggsabout 20% of its pore vol une in openpgRaRPAKRASc0ANT
macropores. 10094]1f a hydrothermal fj7l mformation nethod is enployed, the

coating techni ques used can be very simlar to the way in which zeolite
menbr anes proeesyiggstepdo zAolitesarsm g hpdrodheratd synthesisgechmiqgesand,asisueh) ayer
is taught in US Patent No. 7,049,259, which is incorporated herein by
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cracks. Thus, "as-grown nms can often De use irect as an adsor bent
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boundaries in as-grown zeolite filns are shown in high resol ution scanning
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m croneters thick using colloidal ZSM5 seeds onto a support and then
placing the seed covered support in a hydrothermal synthesis solution. The
col | oi dal (0991} seAastharahethoddyt whiclr amdnodith gambe fformeddirgctly from a

m croneters thick in the hydrothermgl synthesis step. The Si/Al ratio of
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occupy | ess than about 7% of the volunme of the filnms. [0095]Figure .7 hereof

is a repreadsorbdritdayef a paral |l el channel contactor of

[0092] 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



the present invention in the formof a coated nonolith 201 for TSA
applications where the adsorbent layer is coated onto the channel of a

pr ef or rreclwgqﬁg/ﬂggflsconpri sed of non-adsorbent material. pYgR2deH&H3 RCTSA
processes are perfornmed the contactor,w || preferably have paths, or

separate channels, that can be used to heat and cool the adsorbent For TSA

or RCTSA papplkstbg shirbecodind thel chelaashwhlls, bt any suitatde cbavetidria wiess) n a
configuration simlar to a shell and tube heat exchanger with the adsorbent
coated on followedbyfiingthsfmonelitheiata klahanger. In this Figure, an
extrusion process is used to forma nonolith froma suitabl e non-adsorbent
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o azes canohaiTiiddeditions e BERRL) e codBng THIsHS, Yotk B1RE  01°
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then fired under conditions that densify the coating. previ ously
ment i oned, chanried wallso Ipsssh al cas¢,theglazeaonsohgehwill pesstrate intpthegparei on

w11 penet FvgaRopbteBoReRE L. Bt aH Saus, rcelionorat exvall SAhachamiges
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al so be depbdpbf thd MonBRIEIAA RIsbASnR PiyRer HOBUS thérEulifotsy a’fﬁﬂwdi drito#d Wi th

a solid material before the channel walls are sealed. Al ternate rows of
channel s asealedwlalld cdithe bkannedndThe hdsorbent tyer 105 pedudesd ¢hé operifig, or
operation._ At the opposite end of the nonolith these same rows of channels

arg al so sb%eeé?.f:l'lg} ehannelsy thug the Aoy caa@;%ldﬂwﬁe?ugwwmgladwmtimh at both
i . 215. S |
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operation, the nonolith In a nodule 1n a manner that seals

t he ends oapplie ashavostisg,as lagdr oash¢ hallsiofdhe flolw thennesby ahi suable
sui tabl e technol ogy can _be used to seal the ends of the channels including
net al | i ¢ weledod. gNordimitingexamples efisurk metbadsincludsh@nid phasegopting, and

th f hesi h i . i t i . .Th dul e i

cEﬁf gl e EBRRES. Shoh Sy SPALER TR T ﬁz_&%&%@& fqrn??&fh”tz 23 ) d

channel s S | iy u ots an
ﬁ%&%égmﬂ fsaﬁaﬁﬂgggg}&sr@eﬁ, il h%i’&dl@ﬁniél O%n{oi%g. g{o}l}&lgﬁoﬁ-

removing it thro ots eat rng ano rdwll undergo

heat exchahgdrothdrindl lcoating kevhinigudshire wgbd,tthe cob@ng solutiohashaild ifBRideat t he
end of the nobdule. These nodifications to the nonolith convert it into a

heat exchasiglenast the micrapaseus adsarbentoer polsimericepagticles, a siscosifyingragentvays i n
whi ch heat exchangers can be. pnroduced.or .confjgured. n-1{mting, exanpl es
of such otﬂé‘ﬁ" %H@WW@'I G&Q?@h&qagﬁ'ﬁﬂsfeﬁlg@eﬁ@él g’@i@fﬁ%@ér %“é PPB%‘FEﬂbf #m heat
exchangers P J i r f i wel | known
in the artl.)ﬂ%gr'cg‘g?ithﬁgt %ﬁs;fgf %(?lgkgﬁ'{ayﬁg(gg)% r}\?\fn:e‘:“'td %dé)%':%%%vtg ur?gpfo?;tg?i on of

meso and n@ehoHEH 01 ehn abetoSasits 6vnchdae ilansfes RoRE B stérif@And Peleagiflgi N
accordance wth the present invention. As such, this exanple illusTrates

how heat ehedianghe dif€eranbstepoofthet sepparatiom prodedsecycdeli Imbcah 4 caseT8e wi t h an
adsor bent ] ayey. . havi a_ |l ow vol yne fractiaon of, neso and nacropores.

[ 0096] Feedf"?%é{\ﬂ’gfgs tg‘g%“%hﬁ’emﬂ?gr A 19zadintrhedeedy ef the Iﬁ@ﬁﬁ‘ﬁthl, oloo

m crons, er [ 0 . Qns, en channe
gap 203 igiiﬂn' g??a‘xn%%)sm%bg%é}tb&%oﬁﬁ?@gglﬁ§g}cggrk‘g’["1 %F%y\ﬂrlgflgwﬁ% that the
t hi ckness BiirnshevaowRERENS coRURD is2APedth h Rild, gaeaebéaa%ﬂhg%u% to about

2,500 mcrons. For a 50 mcron channel gap 203 the preferréd range of

t hi ckness ¢émplayhabimieoisbelnas calteidal silica@nahimima tddfcrdase dresmeohamicalor e
preferred range is fraqm5b50 to 250 m crons. The techni ques. previously

di scussed HFdeth of the,fr %thtrtg-M&@OM@S@amemresavﬂrtypmaayméuaﬁnm ith.

[0097] Fi guermBatpoqlrt%fto' asoo%t ﬁﬁf%egﬁ h{ecvcﬂ{lmae %lclu?eld gcr)]a Pn'}ge.l AICI% eiic%'[\lgr of the

amount of blocking agent is applied to complete the adsorbent layer for use. By




present invention in the formof a substantially parallel array of holl ow
fibers WD 2008/ 143825PCT/ US2008/ 006073 52 enbedded in a matrix materi al
331. A WiwWe M@ids8d¥ of hollow fibers can be forned diregpnyysysisdsors
conventional spinning and extrusion pgpocesses. The contactor of Figure 8 is
formed froman array of hollow fibers 301. The bores 303 of the fibers are
used as fleffectiveramedunt offtdeekihgagenheeneéan 828 anmunéhseddibtococuplyannel gap
fromabout 5 to about 1,000 microns, preferably fromabout 50 to abqut 250
ni crons asnoughiasitbe yneseperesng maspores schithatdieyreswlting seating cqataips | s of
the fibers coptains sprbent |aver 305. Wien the channel gap 303 is in
a range fﬁS?ﬁ %’Gnt 0 ggg%d%ggs R?Eq"é‘ﬁén?etmi @%'@F%‘?R%SS Pﬂgfmtcﬁgg?r%?'ckness of
t he adsorbent | ayer 305 be in a range from about 25 to 2,500 m crons.
100981 Vv 0094P di 408 FltotHER AP i mkfRRiAtibA rhétBiodis eﬁ@ro;ﬁ&i,lﬂﬁ@éoétﬂlgaroduce
t he adsorbent 1ayer 3 in the tiber. For exanple, the ‘hol'l ow pol yner
fibers w ttochimiguesasgdcarsbé yeyesintikar ¢a thierdag.in Setieh Zeolitd mgntbeaies arees can
al so be used to produce hollow fibers with nesopores and_ nacropores that
can be rermreparedn A sxampleohe mathed for growing aragolise layer istgughbin/ WSy

e conpodiaiet 56 hoAg A0 Whith SedphanBed Sy Brlagacen Z500H YRR ng

and extrusj Lhgr . .f:rom a dope
cont ai ni ngPnaSofiaRARerp RIS RURSREGT SR Sfcd RER LKt s erdh®" SO0
cases, thepgiidasies it akrd tneddpordaitt masrdpgort ¢n sizel Ui vélnald ameéc\%we@rmt e
adhesi on between the polynmer matrix and the adsorbent particle. en the

vol une fr dstofien le$s thasabant! 1 0wolwpe Yeofitke fibm thidkness and theroes obemaed by a
post treatnent using.thermal annealing, or by filling an effective anount
of meso arfNaRRRIPEHY é@tmcphoagmﬁmtwr%n Stpeks- 11[‘%9@1-3{0%?%?@&% Ml e to
produce hgll fi: ' ' | QN. . t he

ol te | DL & wf FidbET RYeFuihUal 818 need, GEEMIRE SR, "euch

as a | owergpghgkd|oficryel sk gmhl%hﬂaéri@d RoobroviPrésIng!filihs e SAbWATH such
as water, alcohol, or liquid hydrocarbon can"be added to the dope. It is

al so opt i diigh resplutien acdnmng elevttonr madrogsaphk Figures|Sl andié@hesddfi dheor

zeolite film of Figure 5 is comprised of Sigma-1 zeolite which has a framework
structure that is isotypic with DDR. The film is about 25 micrometers thick with
cracks 151 that are about 100 to about 300 angstrom wide, which cracks are
readily visible on the surface of the film. The zeolite film in Figure 6 is an MFI
film that was produced by coating a first coating layer approximately 0. 5
micrometers thick using colloidal ZSM-5 seeds onto a support and then placing
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



WD 2008/ 143825PCT/ US2008/ 006073 53 col | oi dal alum na that can be added to
this dope. Solid particles, such as alum na or alum num can al so be added

to the dopgddias$igpre is then extruded and fromthe gregprflsasRobdess; final

ceram c body Is produced. This fiber,s5in the green state, can then be
placed into a kiln and fired to formthe final fiber conprised of zeolite,
and opti orggenymbsopibees and neerosbreaioctupes vert sranlamoaityof théeofurbeat i n t he
green state can be placed in a hydrothermal synthesis reactor to produce a
final fi beheesvripee obtheofilmeflrosesectionabjmagssafithess filras canfdrmed thatither nal
mass particles. Another nethod to oduce zeglite fi L§ b

Py of her (RS GRORIS Gragr Gy ip daeta peimyleds Ganiaboph i vhet i Yelbmash buns
away duringetdifscal cinations step. In all cases, mesoporosity and
nacropor03|?y I'n"the fiber can be reduced to within a target range by
filling with a blocking agent in a subsequent step. [00100] The fibers can
be formed [0098] a sPipatanthetddfiis paeptdsehtatiohdf af purhbélelanaehtanthotor of t he
present invention. One nethod to do this is with an enbedding or potting
process t Hhe psesenbinventiondndhe formn lof agoategdf mpnelith 20k fonid $A appliatiprs

terial 325. Tp visualize th in Fi t d of ,th tri
Tt or | ol 3ehenedbe gusorBent fures daaied pnttuthe Wotnel o WetpedOogTh of " he
nbedded hq) ' ' ¥ t
coat the Sarapticd Stiorkdiinpent RafE. WRGTTSA or RCTER pREARERETOCO T 1
barrier 3lferfo¥aied theidonttetG<wilP Pﬁe&‘eﬁﬁbljﬂhhﬁé paths, bh@dpag#d chahndls, it f usi on

barriers i'nclude sputter deposited netal and ceram ¢ fil nms, evaporated
met al and caartenisedftolheat andtabl teddsertemt.c For MSA 60 RGIS Ayprobesses; ahe vapor
deposition, coated conposites of polyners and soljds (such as clays) and
coat i ngs &arygﬁf?f@ﬂgek ¢pntacigy ean b canfiguesdon aeufigwatian simutar t-a shell 5

di ffusion rrien Jo I ffusi figient, o0 119

shoul d be ELubF eat EfiGheSr bitiing AdbiBeBECGREY suibf Mo el S LY .
adsor bent é)&}iﬁﬁ%&f‘CinFthi%flei ak, Yanl é&ﬁlsié}?ﬁro%@%fs used 98 Tt @ AVRORELHEH f USi on
coefficient in The adsorbent ayer. When a diffusion barrier is used, the
gas in thea sutable hanvadsorbene hiatatiaMatndimna metaldsuch dsistedlgoria cheamniel and
adsorbent layer. This can elimnate the need for a supporting matrix around
the WO 200sh a8 zgrdiptty, Us20webonesdyecramie ppatetalliciglazg @migﬁi copléngmss of

t he conta '

. and i.n so cages allaowi ng.for the,cycle tinme, in the process
to be dec sléc?pPﬁil.e to SFQTE}PE c@m %%lgr(&ﬁh&rf??n‘f 1O PIENIMSE: £ abri cati on
met hod sui : I b B t | IS he
o ef abr  car aighedE suldt B85 €aR bl pbfe Y sliugf cBURAE BRPEATIR) MRISET o, o
hol | ow polfpitewedi bhecuridg@by ifirihgreAhsad gebeay algo beyapitied ito kel chandbavdlked to
forman adsorbent |ayer inside of a prefabricated fiber. Wen the

pr ef abr i canddhenfwed uadameenditions thaidensidy the ¢eating. tAe préviauslpr oduct has a

built in diffusion.barrier 315 . .
men‘uonec{| it'1s also poss}b":ie to use vacuum and pressure impregnation

o

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 2185 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



[ 00102] When there is no diffusion barrier on the fiber it is advantageous
for the matrix material to contain an adsorbent having a | ow vol une
fraction F@ﬁﬂ d macropores. In this case, it is ad space
t he fibeggbg oseﬁggtogether with the di stance between a ?gégﬁﬁﬁﬁﬁngs | ess
than about 5 fiber dianeters, preferably | ess than about 1.5 fi ber

di aret er s. midiéle dfithe endrsolith @2f1{ Usi operindsd,ithé nvhdlitke Wity mouhfedcia of t he
fibers, it can be advantageous to enbed only the ends 351 and 353 of the

fi ber bundm®dule itha manner thatsealsithe endsof theschansels asheellas themiddlerafal onl y

e o P b B e ey ERDEARAE o8 5l SRt e
e o BB AR R B AR O LA,

Requi r emenggrbofs, didbbeide ARSI vES DRdtSaCidr it REmehts dldépotiBanThben the
entire length of the fiber is potted or enbedded. The matrix material can

be appl i edmsslubeisi conifigured sé ehas radseatiingt drec dollingrfluidredhdre fiywead yhrouighahé e
met hod kno in the art. Non-liniting exanples of such nethods include

potting, e nipaledhat thegnds RdSihyoimteadusing b threughthe pletss 223 andng

. I | i d.,of ..t he f.i ber.s t f,the fib
procesSes. oo NEF A 2, O Rl e G Bt
i's appl i edexdiaRpkiwith ARed ﬁzswm% frodbhTRé haftiels Taré;gﬁergﬁ theadid Mt@ﬁmved

i nclude polyners, netals, salts and I norganics that c e selectively

di ssol ved modele hEhesewapdifidations e thietmonslidatenvett ithiatk dheat exehhnget. It
Gi ndi ng, machining and polishing nmethods can also WO

2008/ 14382witbeundorteod duir thays ase varieus pthespeaystinavhich heat exdhangetser s.

O her net hods, to t gr _enbed th nds.of .the fibers _are simlar to those
used to fofdfl R%Pfﬁﬁ&%aﬁéﬁonﬁﬁﬂr%‘ﬁeﬁﬁﬁgupwg W?éﬂplFﬁé’féHgéowertWSfi ber :
bundl e are; ' ' j ot t he
cont act or - ITspudEshelt o @HERichl B RiERLE ek AR BRUBRRSh PR RRE |0,
such that cipadit héattdxehhegetsgals of Wailsh by welknoh fothe #f. Eiecddtiiyan One way
to ensure that the flow_goes through the bore of the fiber is to place a

fi berous padsorbent layer withm lovevoluee fractiomof mespandmadroporeashmn emelsidd51 and
353 and the.interi 05160f t.he PEA, PSA, R%PPSA or tgPSA nodul e. Anot her way
is to bondof dAcalrIchangert can feised in pecqrdanes,wathi the Psesenk iyention, rAs swi ng
adsor ption dul-e. J,, QLT e re.representations of a
parall el c%l{a?rqlhglf 1§g§h1?1§%$ gﬂruSgIJP ﬂ#h@%r%gglgn c}l%ﬁlggétc%%r&l (hor{v%gteﬁdp of a hollow
fiber contmgidalesisvitaBle oL TEAGARS amaambbhﬂa?eﬁﬁmﬁgta ToW eHIARSHaHBh | Ses
part of the wall of the fiber with a center feed channel 403. In Figure 10,

t he out er elimescendmfadrbpotesusi ng for the contactor 401 are rendered
transparent with only dotted lines indicating the edges of the outer

LTS, o S R e L
embedde 1 MoRtbEferfb B G abellt Sob Bt 2a0fnichotl, VR G ShdiTeeBr o

tubul ar ho2g3 Rain4ingedrdrh D HUHE 2S01ARrénLit RS PrfEREd Matlthe tFbkReR! the
t ubul ar housi ng 401. A sealing surface 421 is also provided in the mddle

of the housf thg.adSbrtent k3@ 208 be2ih arange formhaboutds thaboat 2,508 mictdres. ends of
t he tubul ﬂlE housing to allow for. the flow of heati ngl,and cool ing fluids.
[00104] | nFQprplmigson ehannel gap 203be prelgricd rapge obthickness fopther RCTSA

dul e i h ds of th h | 1.
wadl o of WRTROTOSS SR 23 bR adt hd S BORORIG i ds oan 30
i ddl e of . h .
pract e ot R e B R S U AL bt

mat eri al s theaddsarbentkdyer sntorthe atdrwiith. and t he use of adhesives such as
i norgani c cenents or epoxies. The WD 2008/ 143825PCT/ US2008/ 006073

[0097] Figure 8 hereof is a schematic of a parallel channel contactor of the

present invention in the form of a substantially parallel array of hollow fibers



56 nodule is configured so that a heating or cooling fluid can be fl owed

i nsi de the hollow tubul ar housing 401 by introducing it through slots 423
and r emdowyBRoddi1abdrsough sl ots 425. The heating and cool ipagdshatis@odits |
undergo heat exchange with fluid flow,ng through the hollow fibers which
are open at the end of the nodule. Wth these sealing arrangenents, the
tubul ar hoeabeddetDih & anitdx materihh33 Papawidd varietaofdiollooy fibersfsaneles becones
a heat exchanger suitable for use in TSA processes. The fibers have an
adsor bent fosned dinstly using conventignalrspinning ardhestrusion raeessesmctbor es.

[ 00105] Figure 11 teof Js representati on of al | channel

cont act or stastet pf ELRe 4 REmnelotam awdreay ot boifb 3itees Shnanfier Borese
formed fr i | i d i \ S,

| arm nat oo 3 BFIHEAGESRE Bhed SPRLR Qe TN AE HoW Thahhds 303 ST o
RCPSA, PPHawa a&aﬁﬁﬁéaptmﬂﬁ%@ut 5agaBatieb,000 raiteiss préferably \orh Abblie art
and are disclosed in US Patent Applications US20060169142 Al and US7094275
B2 whi ch a¥@ta abaut@hlaméctohe aepreviguslgimemtianed. \Milso dsiprewidmshybent i s coat ed
onto a geonetric structyre or conponents of a geonetric structure that are
| ani nat ed %5@9%@}{1 ﬂﬁd&fc&LBé"ﬁler%ﬁ?ntsmswds@ab%ilwra}ﬁi sWheaghe | i quid

echni quoscRap €40 388 ¥ in. A Pieq o T HRER A0 Rlorgh LA AIREATRE, "

i nclude sl yerthickadsd GBtheddofiat i 15 HOREANRE from) 59,
hydr ot her mal fli | mfor matei onoand h%ﬁﬁe@n@?ﬁg%%&ﬁbg?? éggé%org)et ric

structure mécrbns.ned froma | am nate, the | am nate can be formed from any
material to which the adsorbent of the present invention can be coated. The

coating can §§ dong bef ore or after the material is lamnated. In all these
cases t he 9998} benVarigus giffergny methedsknawn in the2it cpn bgdisgd te preduce

geonetric f e actor ~Non-limtin anples of. such.materials
i ncl ude g|t§§§%{§?@gp£ ?ayﬁf ?pgdnéﬁ%g@ef'i t#é)f X F’fgg’etflfi 618:“08% B?IH,Inefriq-bl?eerrsgl ass,
fiber gl asg;i ' ity b | ki : Fhrga d

nmet al , ean\glstggg%te gﬁf&gﬁr gglzs% r%gg;ﬁgg&.m's'f) g}éi,\ﬁiligﬁml\gn% u iﬁgs gﬁ(?ggg)?t reat ed
met al s, nmaised tb@roducehallowdiers edttborsbpdres and @hdatbpeies thatcanitsd s,

polynmeric materials, hollow fibers, netal foils, heat exchange surfaces,
and conbi r&mM®ied ingosprsamerds seeicas tsruedavnedi®, poluner eealingrapexy al s.

Coated s orts typically; have two nmj or 0Sj surfaces, and one or both
of t heseug(?ﬂﬁflgg ng‘@%h 3§a\igak%gtqgejpﬁeH§ﬁ§& }ag%ﬁ tﬁﬁtt UL COMPARKES Of e
coated su j i is . ! t ends around
the ci rcu%&@%ﬁa%?g?%%ﬁgﬁgg@r@uﬁ 8? ‘Q%’E‘%?ﬁ’ﬁg‘h’g?’é& Egt)}'ﬁéte)ﬁl ndi vi dual ,
presi zed gireeésses OThebepratysdeoft@ifori the fditfromaldosdesitaiing@ieeri al . The

thi ckness of the substrate, plus applied adsorbent or other materials (such
as desi ccamlymsss adspshentguactigles,tans efien g solventslif same absas; thiosurfageafet er s

to about 2000 m croneters,.nmpre.t i.cadlcly from ahput, 12}0 mcrometers to
about 300 HFAAeRRERE E?‘“F&)l CR’@%@FW tor&‘@ﬂl%tﬁﬁag?ﬁlgn SHVeRTbCde desirabl e
‘h | . | . Cyit .

1 sot ner et vt Siaufl AHdABARShLERP Biticte SGPBE e ol drmesa
vari ati onsaridwacebpdiesi thbdigh, Gt €&t belleWwefd i s post tesitieniRsmgatieaRal i ¢

conditions. Also, netal foilsS are manufactured with highly accCurate

t hi ckness atineahsgoorby fiblmg ah effEhtveratmmiunt of masayankdemacroposesdwith,a wi t hout
limtation, alum nu steel, nickel, stainless steel or alloys thereof.
Hence theﬂ@oF INg 384BH for a nmethod to coat netal foils with a thin
adsorbent | ayer of accurately controlled thickness, with necessary good
adhesi on. t L [ S 4 e | 1: [.Sq: ating
procedur ed 002" c ot R sttt I hiod e HOUBYEHBER Rl R N R siafy ™ o
are prepariadhase protesses eHe 266N is Afkkd bAth apolymer 8Min BYigbiriet her mal

synt hesi s on supports often have cracks whi ch "are neso and m cropores.
Exanpl es ofistdsélyeng agends sichvas b tewesmolecular Weight pelysinyldaléotar eof - The

vol une of fhese pores.is often less tha bout 10 vol une, % of the film

{hi ckness QRtonalbra s@vmttsgﬁﬁésm%%@ﬂé}%@w 1qgihyideacashpnean beradded
Anot her ceatin ] I L ' hC il Wng:is. slip
casting, " ap W8 dBbs Iikath, B so.uBhie tifa bR ks RolBRA Bigabord
particles, binder (for exanple colloidal silica or alumna), viscosifying
agent such as a polyner |ike polyvinyl alcohol is cast for exanple onto a
netal foil and fired to renove the polymer and cure the binder and zeolite.

The product, after firing, is then a bound zeolite filmon a netal foil
typically containing about 30 to about 40



WD 2008/ 143825PCT/ US2008/ 006073 58 vol ume % voids. To nmake a suitable
adsorbent |ayer, the voids are filled in a subsequent step by coating the

bound zeqlv'bt 308”4}5 with a polyner or by introducing a I'ﬂlltjlg '0§;0960t7§1e voi ds
c% I ;PI ng ?‘?1 [

of the bound zeo e film The final groduct, after fil e voids with
a polymer or liquid, will. be an adsorbent |ayer having the | ow neso and

nMacr opor osddllbidAminetHat can belrded e6 dilk dopeeSolidpartiClet Osijchuxadliatingret hod
for coating netal foils with prefabricated zeolite crystals, or mcroporous

parti cl es,on aluslimanreaprads@be added s thea dope; @R)doperpthen extred¢thand frohor
applying high quality coatings of unjformthic s t.0 netal substrates.
The net hodhéﬁe%sﬁ?é@etfglaéﬁﬁ@}m&rw 8 P&ﬁﬁu?‘?ﬁgpgﬁ‘ﬁitl@eﬁaﬂ F%Gﬂﬁ?%s@%t i ngs

on electrigal gnqucti v bst | ur i1 ini ng

on e1eot 6B én SRNTAEL o AUER A e FAETBITRA T BBaERRLR" "0
el ectr ophoze%qi&éz%hycgﬁﬁﬂﬂallgcbihee@aﬂd SBIEH patpiefdst AREMatiobly, Sh HibasSinbiheusi ng
the nmet hod described in Bow e Keefer et al.'s prior Canadi an patent

appl i cat i cgredio sta?e 8416b8 placedriniat hyadtothamal bpmthetianreactvoetdSpraduceaadiialwhi ch
is incorporated herein by reference, [001081 Sonme contactor geonetric

shapes wi | fiberecepmprisedref zeohide.andpniionallycbingden andisalid thesmaharsel surface in
| ' |1 0j dal R terial t, i tric sh
e conpr | Sattss; Andh& st 5 ridRuf pgeallc BPdis By Mrolirdalin a0 =0

plurality I : | [ ' e

sel ection %%“?ﬁ%%ciglgr%ef%%ﬂ%a?%?i aﬁad%égﬁgtﬁgﬁﬁtmagbggﬁ?dgﬁx gﬁﬁggs%?bent ,
used. Col | qil¢cinhtiond stepalls atlapséd, enéfoporssity atd nacesporoityitetheafilbératanvwhi ch
forma gel are preferred. Such colloidal materials include, wthout

l'i mitati orhe reduced tawvidiin adarget sangedhy fidling wathl a blagkingaagenitina col | oi dal
zirconia, and mxtures of colloidal materials. "Colloidal silica" refers to
a stabl e dUOSEIUSTESISPr di screte anorphous silicon dioxide particles having
a particle size ranging fromabout 1 to about 100 nanoneters. Suitable

col I oi dal .[%b'lbﬁf‘h’Tg{néﬁib%ssc%ngé)ﬁ&ﬁ{b@ﬁnté H][sﬁggtﬁpg?@% Phﬁaﬁlel%ﬁ% tB%‘oﬁT{ gSurface

nodi fication w um na. ther type o nder surtable for

use her ei rcontadtoglef tHeptes@itanveaition. SO naethpalty dorthisi it avilla b enbrddings
attapul gite), which are hydrated magnesi um al um numsilicates. Al so,
i nor gani ¢ a5 pattng presesh éhatisarmounds tle entiredengthi of thedibers with a matrix

2008/ 143825PCT/ 08/ 006073 59 i norgani.c bipders, ,such as ¢lays, .used with
zeolite adgﬁﬁeﬂéﬁsggnﬁjy? Heugl Ftaéffﬁwrjg‘ﬂ!‘{? g?—’b‘?ﬁ%@?ﬁ? aHe t?’aglzeol ite
so that t ze.0l 4 j |+f o= i i b j i t hese ‘
bound str t%tlul?ée%sl?ée?lhﬂeeﬁegﬁg smg{egk5 \j\% él\rqna!%egr% glh lr{g{: 5%%6‘%%% E?gﬁésrﬁbg‘ﬁn&rres opor es
and the vdiglwebeebindlee Iadfianyp aivtartes/ it Che HelddvanARESuARSIESQLt tHRCT Opor es.

A bl ocki ng agent can be applied to fill the nmajority of the nmeso and '

macr opor osixtgriomof; theSebdsovithl almaterial that abtatastahdifAgsmr bamier 346t Nome open
pore volu ni ¢ binders used to bind

acti vat edqebrﬁit%é’gﬁg?n&igg ];lﬂ%grliglﬁltﬂgﬁgqtﬁllag‘gés%&Sé‘?ﬂr@giﬁﬁynﬁ@dﬁﬁé}ﬁ% ed to
forma us e&e'f)'osﬁ@ti Hfé@z?lca%%éerglql?@ E‘lli)r%g,t ¢vaporated 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



[00109] Figure 11 hereof illustrates an expl oded view of an enbodi nent of
the present invention wherein a m croporous adsorbent film505, preferably
conpri si ngoBRR/14bshydrothermal |y grown on each of bot hpi-368S0®fodohsit et al
foils 509, which is preferably fabricgted froma corrosion resistant netal
such as stainless steel. The separate netal foils 509 with the adsorbent
filns 505 fabersf thinsilowerdg the frassnod tipacenthetor cdmhinedomo nases tablowing foSpacer s
of appropriate size may placed between the nmetal foils during contactor
fabri cat i dhesyclefametindhe pegness tqbe dsorgased die. Jrapihentle operatiendi ze.
Preferably about half of the volune of the feed channels 503 are filled

wth a sp at \keeps 4,he sheets..supst. i all venl v part.
toor101 RO el c%&ﬁf?ﬁ%?cﬁst}?é‘ B TARLE Rt herfints RRBGRANED:

eXcur si onS;dsprBeie ifiQE ARSprefitic e fiber SaPALS HollBw asHBEY, Bellow heat is
rel eased in the anount of” the heat of adsorption. This warns the adsorbent
films and silicd fibef bt hoMewplyinies fibenpEoating enc¢theds prdvimesly dascribed ¢emn et al
foils and heat diffuses into the netal foil where it is stored. Desorption
of Co frdim used tadosmmmadsosbent layeronpidefa prebahsicatedhibee aWhendhepe

supplied in anpu equal to.the heat of.adsprption. W sor bs,
Thert enperBiETRERaTed Fibdk i mads BoMtelfShn itidh 8¢ BomEPindlif et PullERt hon
stored in j; fokkg flows into the filns The thermal excursion of the
adsor bent 41%%@%94%1§23th§hn +1-10C with the contactor dinensions and the
process as described in Exanple 1. WD 2008/ 143825PCT/ US2008/ 006073 60
[00111] Th®0a03pr b@&Henf thers ishocdiffiss@rbarrier oai the diber ittid sdvhangeouy fdral s,
nmesopor es t&‘li ncl udi ng grain boundaries) and macropores. In this exanple, the
crystal s ithetrndirix matesiabte odatainan adserbent hayang atewsyolumensagtiast of he open

volune in the fiémis conmr i eg.of mesoporous cracks with_ characteristic

Wi dths of TESRENSHHACEORAES oI thifSasE: RASeITATIRESaUS 10 SEAGH thegipers SIRsely | y
ns of 26 . ;

o o ro DBk Sl (HHBHARLS bl Rfcenl adiacetliTibeds fkss i Bais fifier Teo0POr =0

[00112] ThdiafieesshreferdBRt legthanabiorit 1€ fiber diagiedtéisO OWheh thereds ar ence to
the follow ngsexarrpl es that are presented for illustrative purposes and not

to be takediffisian barriengntthe ontersnrface of Bxafipess, it cahd@ladjant¥gelous td ani nat ed
sheet parall el channel contactor_ described for Figure 11 hereof, a

PSA/ RCPSA f'dpg%omayt therends 3@“3@@9 345 S heckins bundle Brtheamatrps Batftielsdheam
cont ai ni n . U . Vv % r t hane
recovery %ﬁ&é&’ %%A%m Cygﬁ@)ﬁl)@ﬂ%%%ﬁ.&)&ﬂ t&%@%ﬁ&ﬁg%@gh\l‘% .% Figure
12 her eof JubstnsiahgaPflow WrausPRethaferiat W ddnBEEEmPbEIRFof Polgnidremeidled
PSA/ RCPSA cycle surtable for use in this invention. In the first step 611 a

paral | el ofraverahicontambiratieBAtIRGESA Ityis ipeeferredthatsthe im&dixvbe modpaybus

pressure product, gas 68t7. This pressurization raises the pressure in the
paral | el cahisarirsmentctashaying an pdsorbaat wdhe Apatsix mpterial gan parelexed

d i ni b . % h | . % . d
P on 61 * O lsfrdfed? BeauiBmis ByismacehdRReh sbers S B e eritafitRRcs”
through t hghepi érﬁirqu%h}tﬁefﬁb%ﬂé)??tt&%f BbkBi&d. STRE nPAdixtsteH

adsor bent |ayer adsorb romthe Tlowng feed gas 671. A purified

product 62%anfbeappliad sedéctiviety entheoéndshuf the fibee bandlesihy dryeshitable méthod
flowed at a rate such that as _the product 625 energes_ fromthe parallel

channel cdftawn bt thesars, Nonckimdting examplesmf swshanethpds inpludepotting: act or .
Ahead of the

f h h . i 1] .th f th d 625.
Behi nd t e Tapesiings cefad ReciEp AyhgoBr PlecirSlhsd Piiting Moclins TolHIT. The
second st ghuSZhg the thARATHe BELA fheldHcfof hHber TR Bt Flked W AR SSHbRERYO

that can be readily removed after the matrix is applied. Non-limiting examples

of materials that can be readily removed include polymers, metals, salts and
inorganics that can be selectively dissolved or etched away after the matrix

material has been applied. Grinding, machining and polishing methods can also



WD 2008/ 143825PCT/ US2008/ 006073 61 the end of the contactor. The anmount of
feed which energes fromthe contactor before this step is halted determ nes

in part thgRspdsek purity. [00114] At this point, a thﬁ,&@,@%&)?/é)g{?%gg

cycle 631 I's initiated which serves tg purge the contactor o
trapped in the contactor channels. The third step 631 also acts, in part,

as a part it ugdassopen the epdaofMRO fibets! ABthef nidiBodeR psticirembked drserrise
opened at the top and bottom of the contactor. A pressurized CX2 rich

st r eam 63fitheitbersare similar op thudsetused o dotme hatldwgtibeomegibrane ynadwlesai ned i n
the flow nn strucchured parcgl l.el channel caqntactor flows out

el 503 of .th
639. The gW<'PdBcER %O%Fh? gB?f‘H—fn £ TG BtE & Watea matiX Ergieralch 1§as produced

. . oChe
orentor ¢ AR POS (P plB N0 B3R AR SREEHORIRSR, RAFSAPREPERA O Y
t hrough t hg PRPAGhodie iﬁ%haﬁﬁgr?sugﬁ tﬁwgbﬁfgﬁgﬁ%&gu%o&% thiGiigiPthet he CO2

reject stream 681, contai ning .5 vol. | . % CH4.” The gas

exi ting oudortiud thefibern Ohetway twensane dtiathhs flawe gogothroughntheckoreroftthet hat  of
the feed gas 671 (70 vol. % CO2 and 30 vol.% CH4 ). [00115] As the gas

st r eam ent!dh§rrig to placgsutiberoys pagking, g inyam, betpyecn therpatriy mtq,rr?dr@ﬁ%n%, a

So17Cs st s IR SRY AR S B a e UL A R RS REPE PP T £ o o' P
this fr O”tmeaﬁﬁksAﬁc?ﬂh?ﬁg}&gtig?o BBBHQIE&O%& OEHERG £otor REtHeQHEdbr IreRe 641

| ets the pressure o ont act or wn to an I nternedi ate pressure and

recovers gumossué sivieg @d¥brption meeduipr essi on. In the design discussed in this
exanple, the internmediate pressure is about 22 atm In the fourth step, a
CO2-rich stream 649 exits the nodul e at a pressure of about 22 atm This

stream i s [9Bi03] i nkiguresd and d Arheregbargrapwsentatipne afa eacalie) chaanelo

675_.and. st 81 is.rejected f { t f
Shout 25 enaBr Be et avegion e ihrm i holfaR e atpBierdt R et i ¢ g
t P ay .
From conpy SAJRBEES Wittre the aBSERE Biyeh U0k RBmBRReS PRAUT A i BE uftTe! DES

outl et prefssetrwithia ctinesttifeed chamnel 403¢ IhiKiguien]l G tthe aterGapfages of te
decreases. Wien the flowin these streans has fallen to WO

2008/ 1438 1spsing krabe conretd 404 are rendered transparent with only dotted lines

indicating the edges of the outer surface. The hollow fibers used in this example
have a diffusion barrier 415 on their exterior surface and can be manufactured
using techniques described for Figure 4 hereof. The ends of the fiber bundle are
potted or embedded in a matrix material 417. This potted array is then sealed
into a tubular housing 401. Sealing surfaces 419 are provided at the ends of the
tubular housing 401. A sealing surface 421 is also provided in the middle of the
housing. Slots 423 and 425 are cut through the wall near the ends of the tubular

housing to allow for the flow of heating and cooling fluids.

[00104] In operation, the tubular housing is mounted in a TSA or RCTSA
module in a manner that seals the ends of the channels as well as the middle of
the monolith. Any suitable sealing technology can be used. Non-limiting
examples of sealing technologies that can be used in the practice of the present
invention include metallic welds, gasketing with materials such as rubbers or

carbons, and the use of adhesives such as inorganic cements or epoxies. The



approximately V4 of the initial value step 4 is stopped and a step 5 1is
begun. In the fifth step of the process 651, the nodule pressure is dropped

t o about \506}5@14%@ a C2-rich streamis recovered 685. PEli‘}U%z&)tsfo%i‘)% 685 can
optionally be {ed through a conpressaqy, 677 that raises the stream pressure

to about 22 atm The streamis then conbined with stream 681 and a CO2-rich

st ream 683micdule]saindiiurédBd th atietmgsoralocding' fidwan tef flewedtinside the
at nospheres. [00116] To inprove the operation of the process, as well as

t he pg gi suhellow tuhul hoasing 4(Mdchy enteellucipg itrthyough sletst23 and remetviagfit f t h
ste usi ng a t rocess i.n which ,the contactor pressure is
declroeas ed ﬁﬁmggl% éﬁ%éig'f %g'F fing aad.£90; lﬁgt]f'r"BH "gﬁ]e'ﬂé&r@i‘egﬁ'%ﬁ gSe
pressure egral 4zath Q0. L ndivi ans and
Feconpr oso Mt AEREASTiAE GRS EF ol SE RS it kA sehHiThe 838 T hERT

portion of pfdaalORrith tese8alify ARaRYENESts dtheauBliRS h@ﬁ@ingf«ﬁb@bﬁtaﬁa?nogl
at nospheres while the rest is Tecovered at about 5 atnospheres. [00117] It

i s al so potiwifrell¢lardgcofhskowHebers bet@mps adeat exéhangeegitabhle fédseuini ng a
series of pressure equalization steps. Again, each_pressure equalization
step can b%S@swosf&S%ﬂ?heaﬁ'g%@ haye aaradsaeheng layesid0faritha low) WA from t he
process ingstream.683 or reconpressed to formstream 633. If pressure

equal i zat i gﬁcé?rérégn}ﬁsg WSV %Y is advant ageous to design themto

maxi m ze the pressure at which the CO2 reject streans are captured. [00118]
Model i ng Uﬁﬁﬁ(ﬁsg’olrol*“%r@tl 1t G eBLTs\ OF t&tfor &a Bﬁfa@l‘el 8harfift @BRtactsHyfacCt or

uses isotherns and CH4t hat re neasured with well known

gr avi met r i theypresdrst ine¢ritooisin Wiich( theqesallel, chanhelsare femped front Bmimateddods,
and with analysis of ;single conponent gas transport data in DDR nenbranes.
A stati st i ghaets eontaning afasgrbenbmatesiald Liagmipates, ates oftsheetsi oyl e

conponent jsoth f d . -Jhe best_§it t i,sot h o
o o0 sl AR o oRineaiet Hists cants Brafiipsa RhSA MR RS AL o0 ™
respective Ldhot ' f : d t
rooed o | cbufiocssts; NGrkiagics it grckis! dre K in (ROSPCarPigisgoicgpoRa (o @
m | |1 - nol eBaghamppdicafdbiy US20060i69 [4ead &t USA09427 S BRawhichegear e

consistent with the physical expectation WD 2008/ 143825PCT/ US2008/ 006073
63 that thincemporatad keyein by cefereigiengVhenithe adsorberdpgoatsdomtoand CH4

anal ogous. EETAEEMHE SEAARASHCTH Ok o B5RGMAFF SFOBRRBHIA a0 gl ne
i?gge ; ng teﬂ)egeﬁlié?f it ddsBlbdnt X Ve Mpplidd SinPhie Suititid 18l PRAR! dddeingr & 25
techniques. Non-limiting examples of liquid phase coating techniques that can
be used in the practice of the present invention include slurry coating, dip
coating, slip coating, spin coating, hydrothermal film formation and
hydrothermal growth. When the geometric structure is formed from a laminate,
the laminate can be formed from any material to which the adsorbent of the
present invention can be coated. The coating can be done before or after the
material is laminated. In all these cases the adsorbent is coated onto a material
that is used for the geometric shape of the contactor. Non-limiting examples of
such materials include glass fibers, milled glass fiber, glass fiber cloth, fiber
glass, fiber glass scrim, ceramic fibers, metallic woven wire mesh, expanded
metal, embossed metal, surface-treated materials, including surface-treated

metals, metal foil, metal mesh, carbon-fiber, cellulosic materials, polymeric

materials, hollow fibers, metal foils, heat exchange surfaces, and combinations



Mbl e KeO,

=1.93 x 10" eR T(in pascals-1) 17.8 x3 Joule Mdle Keit, = 4.25
x10-1 eR T(in pascals-1) where Ris the nolar gas constant and T is the

t enper at ugg Hhék/Hsd%i N. [00119] Over a wide range of condichhRRsshb&Ss than

about 50% of saturation capacity |oadj;ng), the shape of the statistical
For sinple nodeling of the process
ically haverteambjor opppbiagtsadfacys,an

Langmui r

| sotherns are very simlar.
given in téf thesxampérialst Cdasdddupplorsaly

and

equi val ent Langruir isotherm For m)de{)i ng conpetitive adsorption effects,

conpet i t i vandaroehbobof theshsunfacesanths enated withfthe adsebent materidlonponent
[ h [ 1 Kk { [ . [,00120Q] Th i nagl
SIS RATed| IPPPETS SOMPTRER T SR Ve BBRs: Hieatnegpiedds ana cra

statistic
conponent

used in the iRdthé BRcRTERhcd'SE fhe fiber. Further support sheets may be individual,

presized sheets, or they may be made of a continuous sheet of material. The
thickness of the substrate, plus applied adsorbent or other materials (such as
desiccant, catalyst, etc.), typically ranges from about 10 micrometers to about
2000 micrometers, more typically from about 150 micrometers to about 300

micrometers.

[00106] Metallic mesh supports can provide desirable thermal properties of
high heat capacity and conductivity which "isothermalize" a PSA, RCPSA,
PPSA or RCPPSA cycle to reduce temperature variations that degrade the
process when conducted under more adiabatic conditions. Also, metal foils are
manufactured with highly accurate thickness dimensional control. The metal -
foil may be composed of, without limitation, aluminum, steel, nickel, stainless
steel or alloys thereof. Hence there is a need for a method to coat metal foils
with a thin adsorbent layer of accurately controlled thickness, with necessary
good adhesion. One method for doing this is by hydrothermal synthesis.
Coating procedures used can be very similar to the way in which zeolite
membranes are prepared as discussed above. Zeolite layers grown by
hydrothermal synthesis on supports often have cracks which are meso 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 alcohdl is cast for example onto a metal foil and fired to remove
the polymer and cure the binder and zeolite. The product, after firing, is then a

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



WO 2008/ 143825PCT/ US2008/ 006073 64 [00121] It is seen that there is a |large
difference in the diffusion coefficients of CO2 and CH4 and a smal |l er

di ff er engQoiodifl§s25S0t her ne when these transport paramepghfisasodofooss uat ed
at a gi vgﬁotze??t{)leraztur e. Froma 50/50 Jgol ar m xture of Cogang CH4 the

I sotherns slightly favor CQ2adsorption and dramatically favor the

di f f usi onayoluh@SPesids OToGRake atskitabRe ddBrisentdaydrstheByoidoate filled igat he time
scal e of the adsorption step 621 and the purge displacenent step 631, it is

possi bl e tsutisaguentdtemburgeating the bownd zeoldaddm withi £ pokyimer asdwf fi ci ents and
I nprove the selectivity, of the proce y controllin e I me, steps, a
i heti o SOBMRARTIE & iaisbingh dre At e DYERd acelie iaE. THedmalavaiictgn. of
di fferencegg i ffusioVi . . I Al olites
oot el 0w d B gl SR8 a5t Bl

di f f er encetheoWIRREE ahlinalirbp sty regeikémenBifihe phésentideptioni | | ustrates a
particul ar RCPSA cycle that can bée tuned to achieve a kinetic separation of
CQ2and CH4, however, other sw ng adsorption cycles are possible. A

par anet er [00d07} an Ametheradethoddealcoating netaldoilsiwigh pfefabrcated zealiter i al to

produce a kinetic separation is the ratio of diffusion coefficients for the
conponent sCEYRLAS, St dnicsopRroys partigles ing C£rﬁBLam¢ p@ﬁltweﬁ?ﬁle)-eﬁ?b i§r%

eval Rt €9, b e PRGR ML i S M atr bRl GBS o, 0%

and met hangsaRedsaThe inéth8aicah behded 18 apply B@alﬂiteﬁ’d ifftghsieRAraéHaR Mre

preferably the material is chosen to have "a val ue of K greater than 25 at

t he oper at coutingsromeelattuically Mondugptived substitagest. Helunmt compositions borstainihg have a
value of K greater than 50 at the operating tenperature. [00123] In order
to take adpigfebricatesd zeelies,Arrmipspponous darticles| may beielgctraphoretigallyt er r ed

f 8- i ' . f | .of f l. , th
crystals rumb e HRR bl GAl i Y e b o e w0e 17
they WO 2@8&1&ﬁ%@?§%'§%@&%9&§ﬁ3§ patent application No. 2,306,311, entitled -

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

[00108] 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
palygorskite (also known as attapulgite), which are hydrated magnesium

aluminum silicates. Also, inorganic binders may be inert; however, certain



65 have wdely different sizes, sonme will substantially fill wth CH4during
the adsorption step 621, resulting in increased nethane | oss during the

desorpti . It is therefore preferred that the i ation
WoPisnd PERARIRRA0AGY | Al

of the volune e individual crystgllites in the DDR filmformng the
adsorbent | ayer 505 (as seen in Figure 11) be less than 100% of the vol une

of an averjpgfgamiy bimlets, tsach as etays| usel withraeatite adsonbers neobe cgnvertede
process. In a nore gefer_red enbodi nrent, the standard devi ation of the
vol une of inkstucfrost kaalin binders tonzeobibse thahthe zeelifg 15 selfhessdoeith | ayer 505

Is | t han .50% of th I f talljte, | h t

or ef o1 1 oo OB ieRTt Aol ¢ ik BAuDH Sicogmren e Gouls et e
tallit I |t : ' ' | t h

To% of t neS it LA EE el B BBkt RS R ccn e dpABeh RIS, nont

was_choserfor sl hnd/o nopores e AlbRRkiagérn cuhie appaienito fill G124 W th
this type of adsorbent, the tinme for steps 621 and 6 Is set by the
average crmajaaity sifzke mesolaadadacnopenasityl in thesepbeinast layers: $eathat the ti ne step
be chosen so that adsorbed CO2 in the DDR has ti to.equilibrate with
gaseous C@Spﬂ’eﬂﬁ@@eé%@%‘Pﬁ?ﬁh@mﬁ@j”’é’&‘tmﬂw@e%%gﬁ@lﬂHEV nHep. lSne to

equi |l i brate. ,The ti £ o I eve.-90% apRhoas L Lbri

(foll ow ngblﬁdﬁrﬁa%agr{{;l? I%CL?&%%5(28%@23&9%1?@%%%&1 @%&é&@ﬁﬁgg@k%# ;Byest al
that has r%ﬁbﬁrﬁhfﬁ)%ﬁﬁ%@sﬂfﬂlé&bbﬂfce@%ah%rb@ﬁt.co”t actor is; T 90 = 0.183
r2 / Dc02 ere r 1's the average DDR crystal radius and Dan is the
diffusion coefficient of CO2 at the operating tenperature. It is preferred
that the t[06209pbr Eigmpe 16ditreofdllsttates anrexplodedgdeir afrarOembddgoerit®f10 T go
and it is nore preferred that the tine for steps 621 ancd 631 be in a range
from1 t dbemsessnt iention Wherean p saicreparpheadsarpers film 503, peeferabltnosen for

steps 621 and 631. nu lcal value of th ' ep | S by the
crystal siczoél.lpl??mgﬁ ]gﬁeTlSeH}‘?‘irc??ﬁmaqlyh%r()m{’)%ggélb@@h@tcg? og ?@gnbe%hi n a
range frongoaiR®eo, /HIOPiPMRef&aBROHbritafedifdm! 4 coifosiBh Fesis@hehietsl sutRlast he
average DDR crysfal size be in“a range fromabout 0.5 pmto WO

2008/ 1438 %44inTesySEsHD.8 The Geparats neval foilS G09rwih the Adsorbermtsfilnps 808 areed t hat

t he average DDR crystal size be in a range fromabout | gmto about 10 gm
For nodel i fafrigateghterfara apmallel ehannelrortagtor $04 mSpaseissefpppropriate size

may placed between the metal foils during contactor fabrication so that the
channel gap 503 is of a predetermined size. Preferably about half of the volume
of the feed channels 503 are filled with a spacer that keeps the sheets
substantially evenly spaced apart.

[00110] The heat éapacity of the metal foils 509 limits the thermal excursions
in the process. When CO, is adsorbed in the adsorbent, heat is released in the
amount of the heat of adsorption. This warms the adsorbent films and as the
film warms, its temperature rises above that of the metal foils and heat diffuses
into the metal foil where it is stored. Desorption of CO, from the adsorbent is an
endothermic process and heat must 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
thermal excursion of the adsorbent film is less than +/-10°C with the contactor

dimensions and the process as described in Example 1.



[ 00125] 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 \gg%&ﬂf“g@z ions were conpared. The npst exact tLeqidBikosQyyed the
ti me dependent fundanental multi-conpgnent transport equations into and out
of the DDR zeolite layer at all points along the feed channel for every
tinme step j00111¢ pTheeslsorteat filiis c sed lof indi dual ady@dentagbiatgd as fins
al ong the side of the channel with 200 angstrom gaps between the fins. The

mesopor es Mmeseoperedyincheding 2oaindrymdavies papsbmacmporesi Bothis exampleothae of

t he adsorbent | ayer. a grid enc i ng 500, 000, poi nts, the

fii ndament gIystal 8t sqhsmwilg}f&it%s MSrize,eMIsE g Heopest volume
geonetry. . j i I Nt he: down step
051 For ”pr BLLEIRE BERHhEr St Bk Sho g Pl Bl R fierib Eichh ot

at nospher egbNR2D0IHYsEvaEs. Thesvanestiiorot Badks Bt subtanifalyBlenBxcur sion in
the adsorption step was 10C. The nethane recovery was conputed’as the ratio

of the netdstrébuted shrouigheut thiedilim Phe itétabsohmoelof thesmesaporé@and o t hat in
the feed stream 671,  entering the process. The npdel using the nost exact

treat ment BYACEGRAEEHISrabasit S\l % ofdbs tetahyelameebtheradsomheat filak age pressure

at which nol ecul es were recovered in streans 681 and 685 was found to be

12.5 atnos 8% . hi el r l.dgs e exact
sol ution than 1? Ee IE[i%gi’ége&lm‘%ﬁg%goéra@%%&ﬁégqh‘gﬁ’ Eleﬁ’%rréglgg\t/ S onal | y
used to ”Dﬂﬂlo\ﬁﬁé dXafffies it aks Meﬂﬁ@@%ﬁﬁﬁﬁtﬁﬁvk%qg&% aBYafdt t§Beut i on, a
si npl er nodel hasS been constructed that can readil'y be used by one skilled
in the arttakenasiimitmgnththiaventioscoveries. In the adsorption step 621, the
si npl e nodel separately treats the equilibration of CO2 and CH4 in the feed
channel vviéhi n Ehe DDR crystals form ng the adsorbent |ayer. The anount of
CO2 adsor a e DDR crystals is taken to be 80% of the anount that

m ght be expected if the CO2 adsorbed in the DDR were fully equilibrated

with the g f oeg : /1438 / 73 67
process 67@%3? BZ t errlpe(rgg{!@lri%ﬂ?%gﬁ%@%ﬂ@%ﬁéﬁ%& “t%glgz%[?#igsf%gﬁ’/g gsggrper ature.
The anmount Fipurét iReesT, RPS AR CPSA RYBIC with v Ssteps i’btiratcdaoapRidiice tahat

m ght be ex%feu(r:t ed if the CH4 adsorb[agg in the D?Z)Rﬁ?las I?B:flal y gqui | 1;tgreat ed
with the gproslnotstiemn containinggbone 20 nvot.ds C@ydndabeutt8hyeli%tOHg. Chatalls 10C
hi gher than the feed tegperature. In the sinple nodel gas filling the
mesopor es Bsthangdeepsrrdor tha RRARGPS4: evele i3 pemphtedio heeban 95rali%n st ep

621 i : i.mmj. d 00X d. i 631
o aol oo Eletfe )5 HEfeoli¥h seBemBlFifaARESE iyt SHrerohL RepS i  BFerebdBne” W in
these apprpgj mcm%cyélé%uﬁ%ﬂéqg?tuﬁcgﬁ?ﬁﬁé YnJerng.gPF gﬁ ﬁ ﬁgﬁis'io%% §1Praedi cted to

be 95% This closely agrees wt exact no provi des a

si mpl e net pardllébchamnel edntatiod PSA/REPSAtcycte B\rtssurized veitiehigicpregdurehangi ng
t he meso and nacropore vol une of the adsorbent. [001_2[7&!’e Optionally when the
C2 rej ectProduehgase87.i Thisprgssirizatignirgises the pressurednithe paraliet ehanmel cop at

e mor e st Snd B ohe RnticliroVispae€ nPaisy Rrpd Bhioe 3o At urea i <
rore L han Yot BRAGHRuPED b PYES el 620 ARG, 4PO12°)
Thcr Opor es. T Lhe adeo bonl Sar 6| hor sased [ TomBoe T e 105, Fhe ot edi ot ed
met hane r eeantactyr. Duringrihis step 21 the DB 5HAsprhenElayepladsanbs @O fwm 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

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



Exanpl e 3 [00129] The process of Exanple 1 is repeated except the feed and
product specifications are held constant and the volunme fraction of neso

and nacr I i he adsorbent are increased from 5% t c+r2%00 }3@6095 edi cted
met hane ?‘2?02\6/%%{13‘/‘%% found to fall fr 95% (in Exanple 1) to 8§% WO

2008/ 143825PCT/ US2008/ 006073 68 Exanple 4 [00130] The process of Exanple 1

i s repeat eheendarfitht kentaeest. ke AmEUHEHT fedovhichalméraes ffomn ed cortactet ant
and the volune fraction of neso and nacropores in the adsorbent are

i ncr eased before 86 stepdshaltad defarmines incpartthesprednetcpityy is found to fall
from95% (in Exanple 1) to 85% Exanple 5 [00131] The process of Exanple 1

o OB GTISFP! kA i, AT RS SFE RIRuB Seh SRR
} pg;}egggg (é%&g@%%ﬁgaﬁﬁﬁog%@ /(g5§%5b€@id‘ﬁ}e%‘?aét8108¥£{rﬁélé. SThOHA §p al !
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 préssure 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, ).

[00115] 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
the gas stream 679 that emerges from compressor 675. As the pressure in the
contactor drops towards the outlet pressure of about 22 atm., the flow in streams

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



Exanpl e 6 [00132] The process of Exanple 1 is repeated except the feed and
product specifications are held constant and the volunme fraction of neso
and macr oReess/isbskhe adsorbent are increased from 5% t @-3R%008R66005 €di ct ed
met hane recovery is found to fall from95% (in Exanple 1) to 77/% Exanple 7
[ 00133] The process of Exanple 1 is repeated except the feed and product

speci fi cat approxanetehe oL tiesinétivl vahde §tep 4vislstoppeldranctd stepd isrbrganard
macropores in_the adsorbent are increased from5%to 35% The predicted
met hane r etwiaftl step oftheprocess£i31, theomodsdes pressuedsrdrepped toabp®ys aanpl e 8

00134] The praocess, of Exanple 1 is . repeated excep he feed oduct
[speci f% cat 3 CADz T BItreaB GrERovEIRd OORe LIBF SIFEAT %horeﬂor}@@gbfg#@d )
MACr OPOr €S,] r r 9 9 regi.cte
rot hane.  osoubl® SHRFEREHOT™ Ref GG RE Stabrr G aBol 2Bl 3965 g
2008/ 14382P&akh {SHRAK I1R6IREd With stream 681 and a CO,-rich stream 683 is rejected

from the process at a pressure of about 22 atmospheres.

[00116] To improve the operation of the process, as well as the pressure at
which CO, is recovered, gas may be recovered in the fifth step 651 using a multi-
step process in which the contactor pressure is decreased in a series of pressure
equalization steps. Gas from these pressure equalization steps can be recovered
as individual gas streams and recompressed. In an example with two pressure
equalization steps, one portion of the CO,-rich gas is recovered at a pressure of

about 12 atmospheres while the rest is recovered at about 5 atmospheres.

[00117] It is also possible to decrease the module pressure in step four 641
using a series of preséure 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.

[00118] 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 CHy4. The best fits to the measured isotherms for CO, and
CH, give saturation capacities of 6 and 5 molecules per cage, respectively, in the
DDR zeolite framework. These values correspond to a maximum loading of 5
milli-moles/gram (of DDR) for CO, and 4.16 milli-moles/gram (of DDR) for

CH4. These saturation capacities are consistent with the physical expectation



Exanmple 9 [00135] The process of Exanple | is repeated but the feed
specification is held constant and purity of nethane in the product stream
625 is ir\;“,b%??@,q §50m 80% CH4 /20% C2 to 90% CH 4 / 10%EPhs2dRl0860hs done
by changi ng the ?ezed flowrates and the degree to which corrp(z)si tolﬁ%)nal
fronts are allowed to breakthrough before steps 621 and 631 are stopped.
Wth a 5%at theemhkidslimQoseiblertsHaling ovomé cogessond 1 COs and CHPAilling the
predi cted nmethane recovery is 94% anple 10 t[)00_136] The process of

Exanpl e 1 pares ot h biquid demsityh eAfsinglepaearneier 3,ithat is anhligous do sheaHiengyisl
purity of nethane in the product stream 625 ig increased .from.80% CH4 /20%
o2 16 9095V 1nglanEmis isotherma drscphes 2Rg of e Fetistigal i5thers and

t he degre i it onts are all owed to breakt hrough before
st eps 62165‘#11(%](2%}8% Eeigé'sq)gogéelé&a%%%&a 10% vol unme fraction of nmeso and

macropores in the adsorbent the predicted nethane recovery is 90% Exanple
11 [00137] This exanple illustrates use of a parallel contactor of the
present invention in a separ atisem’%ocess t hat produces relatively high
pressure pr oducth an_dl@' fb_ﬁﬂegﬁ‘aﬁf”r‘ecov 1rni e Cglg-%m N2 cont ai ni ng nat ural
gas stream In précessi ng hat ural gas, t e Bhttnt’ of N2 that has to be
renoved depends on the concentration in the field and the way in which the
gas is transported to market (i.e., liquefied natural gas vs. pipeline).
This exanple will consider a natural gas streamcontaining a small anount
(< 5% of inpurities (for exanple H2O and nmercury conpounds) other than N2.
These inpurities are renoved i Hekmishi-al processing steps using conventional
separation technt ques ga stmeamfeg- wparal l el contactor of the
present inventi ?ﬁghas“'gggg(r)rpogi tion of 7 572%5%12% 30% N2. The fl owi ng gas
streamis fed to the contactor at a pressure of 100 atnospheres and a
tenmperature of 50C. WD 2008/ 143825PCT/ US2008/ 006073 70

where R is the molar gas constant and T is the temperature in Kelvin.

[00119] 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.

[00120] The single component Stefan-Maxwell transport diffusion

coefficients for CO, and CH,4 used in the modeling hereof were:

7.4 x10° Jo8le
_ Mole

Dgy, =5.70x107" ¢ RT (in m?¥/sec)

13.4 x10° 224
Mole

Dy, =048x10"¢ 7 (in m*/sec)

where R is the molar gas constant and T is the temperature in Kelvin.



[ 00138] The contactor is conprised of lamnated flat sheets of the type
descri bed above and a schematic diagramof the type of sheet used in the
present exgRdLigbsHsShown in Figure 11 hereof. Using thepp®iRosigof@Ssr i bed
above a 50 pmthick DDR film505 withgan Si/Al ratio greater than 100 is
hydrot hermal |y grown on each of both faces of a 100 pmthick flat netal
foil 509 (foon2ekantiliesédrathak dase 44 adarpe differemetdn theodiffusi®P coeffividrite oPDR
films 505 are | anm nated together 501 to forma parallel channel contactor.
Duri ng | an€PaandHspad asmalles dififexcage e thecisathermas when these [ransport hat t he

channel s SRSAECIETs ATt EUATHAEH A 3aiuPa (STBFTaRuEy FOR & ROl gpaet y
evenl y spagefland ity HRAbthehOLABhT VA5G0, 6aRAHLbY 20l drlifaiEARY £l 509

limts the ermal “excursrons’in proces _ adsor In DDR it
rel eases hpaldiffisional @amspoirt 6f COYEntee DDRassOfal. | B conftoflingihesimee DDR
film The DDR filmwarns to a tenperature above that of the netal foil and
heat di ff usat ofithe adserptiimastep 62l anidghe purgé displasesnt Bepdddd iiis of N2 from

DDR i s an endgtherm c process and, heal must, b upplied.in the anount of
the heat d?OStsm,leaqgaéﬁepqdvamamﬁmg@&@msmtdﬁ@ﬁ IgHeBSANG he DDR fil m

falls bel h f the,. il d i . il fil. i
e ons O} 46 4R Bkl blpcR B8 Fbnh el G bk LRARs'
this exanyedardtith $€DTahd WY ER BE abhichEE thtraltds! éﬂ\jaﬁta%miﬁ@r&fbege less
than +1- 5C° Due to thé smaller heat of adsorption for (conpared to CQO2)

t hi s t enpenadiffusivitysef thesd¢ ardedules) Thatlass of Bering geolites ippefetred foxdnpl e 1
above. [001401 The DDR filmis conprised of individual DDR crystals,
nesopor es Temaval ef &P pframnayral gas ivedh hayien lasge difference imChiaadGHupl e, t he

crystal s i he DDR {.i | m are substantially of the.s 1L,ZE: st, of the
open vol uri G EOGTFIATE CBRmAEEe dfUsRAG PRSI S pYFIe thal

char act eri S ' : : u e

subst ant 1 Ay 1D gehiesd IRAGAL OBRalidh 8 L ORARPCHI RoRE BRI e of
the meso awingesofictscydeare possiblé.na parametorahan@arnbe hbed toevdlgattDR
film WO 2008/ 143825PCT/ US2008/ 006073 71 [00141] Using this parallel
channel cdheability, ofa gisan morspakiccproduce b Kinetic sirfaratiamis theepdoiof oper at ed
t o produce,.pt oduct ream contai ning 2% and 98% CH4. eral |l nethane
recovery f@?ﬁﬁl@% ‘%ﬁﬁf‘lﬁé‘l’ QOW%BSH%LI\}%@HMFGO gsgg%at%/eﬂq? the; 3 her eof
shows a sc [ Cn i i jf ] e RCPSA
cycle. In {lﬁfg@tdlnrcs fgtg fee%@%f eyagégrtgql?teﬁieghg{ﬁgg#mg%%@ﬁ%?ﬁ%é)ﬁ ﬁéé‘SA cycle
i s pressurint@dediprbcdisgh pressure product gas 787. This pressurization

rai ses the pressure in the parallel channel contactor and fills the
contactor with the purified product containing 2% N2 and 98% CH4. In a
second step 721 a hi pressure 100 atmfeed gas 771 is flowed through the
contactor. During,thi“s%step 721 the DDR adsorbent |ayer renoves N2 fromthe
flow ng feed gas 771D/ 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 energes fromthe contactor a concentration front noves through the
contactor. Ahead of the front the gas has a conposition near that of the
product 72901B2hi nlt is peeferred thatitbe geatetiakbechasepdeihavera vatae of kdbr 6104 he

feed 771. Before this front conpletely breaks through the end of the
cont act or Wﬁ@aﬁéeﬁer@aonge@t@r thaspHdat theapesating temeperase. Mioteh ener ges

fromthe contactor.before thisg ste s halted termnes in_pari the

pr o 3%%%%8%?&%} i sgz?%b?veaatvaﬁcoodfg‘s o ben 25lithe 731 s
initiate p e
cont act o Hesang SntfiRahReP WS, brfesaH e siieial 1SHOSET T haGPRTANLE

B Dot om B e e OB PR, ch stream 733 1lows into
the top of the nodule and gas originally contained in the fl ow channel 503
(of Fi gur 00123kr elof 9rdef ta takestdvantageed theirtrinsic kihetio stlectvityof the f | ows

out 739. The_gas, fed ipto. the top of the nodule 733 is a N2 rich gas
produced iRyefearesd cl@%%gg TingRelg materials for rrapoval (Hfr Qs fom natiralgas,

Phe: gas. 1 ane BRvas bRl s Bt wESCuRbE R atetRCuRl P iR ek Rp

reject stream 781. The gas exiting out the bottom of the contactor has a
conposition nearer to that of the feed gas 771 (30% N2 and 70% CH4) .



WO 2008/ 143825PCT/ US2008/ 006073 72 [00143] As the gas streamentering the
nodul e 733 di spl aces the gas in the feed channel a conpositional front

noves fr t t ottom of the nodule. Before or short b6k 5@1@ front
br eaks tm&g@/?ﬁgg?bottom of the nodylse the third step %IR{SS s/toopped and a

fourth step 741 is begun. The fourth step 741 lets the pressure of the

contact or kiwwidelpdiffeteat szds, alotnd el substaatially Gtlowith < CHpduring there N2 for
reconpression. In the design discussed in this exanple the internediate
pressure iadseoptiensteprd2ilh sesudiimg in incepasgdpethané lossrdamingrthe dggprptianhe

dul f 30 Thi ' | it .i 779
and 781 cHEP oLl BaReretors erofered i theHanedAevinio il RO PSR cam 71
[ ' f. . t : t in& zat i f
thi & brocens BaRaed RARARE fod AR A ToBhin Ul ool IS a8, " of

gas flow ngeninRigerN He leSi HIRMM 0B % bheie VSIfiméssIthr Hvdrhgd eryishlifeomt act or
in the third step of the process 731 is conprised of the gas 'stream 779

t hat ener gexdef tomoréaseanethane secoveTH in flee prioecesy. elsaimmore prefeeredont act or
drops towar dgot,he outl et pressure of 30 at the flowin fitre_ams 779 and

781 decr eadB l‘méfﬁ‘ttﬂ’@ stangard dey pdion of the 3 unﬁ5§>fﬁ%¢ P’é}?ti’cfl Leépﬂrtbﬁmﬁel y A
o1 pecreds Strea . . |
P the 11 il fotfinging Adsaiidhl Btk 8955 S IRAF R0 96t BervotidelitGeq (ooi >
atm and a NeragdbryStdlRRT InSthE FON PreferredembOGikihl, the stdidaed %eilgiﬁoﬂﬂﬁf ation

. ] t
of the process, a$ well as the pressure at which N2 i's recovered, gas may

be recoverthé vialumeeffthé chystaltipesihthe PDB falnmibimisigehe pdserdeat layenB08§hs t he
contactor pressure is decreased in a series of pressure equalization steps.

In an exanigethant H%of the ¥obume of gn Avieragei alistelldps Thermpogiprefesredbf t he N2
rich gas is _fecovered at, a pressu f at pheres. while the rest is
recover ed gp{)g&@leé{tﬁ%gspﬂasgg_to Mﬁéﬁe P% gyg:{g?gsg&fglg 1§ XPRCease t he
nodul e pressure in step four 741 with a series of pressure equalization

e pres n s i t
Steps.  AGfORISAFh WIBRRIS fyRAYPAdstRbEAMIY EReTBRsBs 628 dni G105 Tepbas

streamth an either be Tejecte romthe process in stream
reconpr essthe averdgerorystal sizoin 3 addorpemts duisprederaéd dait it timdGtep be

2008/ 14382§h|:<.)%l-1/1 szg 2tl?a?t82{d%8?l§)e7dgCZ)§ in the DDR has time to equilibrate with gaseous
CO, in the feed chanhel 503 but the methane does not have time to equilibrate.
The time for CO, to achieve 90% approach to equilibrium (following a change in
surface concentration) within a single DDR crystal that has rapid diffusion path

to the gas in the contactor is;

T 90 =0.183 rZ/Dcoz

where r is the average DDR crystal radius and D¢g, is the diffusion coefficient

of CO, at the operating temperature. It is preferred that the time for steps 621

and 631 be in a range from 0.5 t gp to 10 T go and it is more preferred that the

time for steps 621 and 631 be in a range from 1 T g9 to 5 T g9, For modeling, a

time step of 1.5 t go 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



steps are enployed is it advantageous to design themto nmaxim ze the

pressure at which the N2 reject streans are captured. [00146]
used to REEded14sde Performance of the contactor used iE
CH4 that were neasured with well kno gravinetric uptake net
(pressure, volume, tenperature) nethods, and with anal ysis of

VI

The nodel i ng
ﬁﬁ/gt)&% N2 and
ods, PVT

single

conponent dhoufSDOin &@d & ik MddPPréfeiiedanatsthe Aveile DDRC atystal aiRebdnnsdiape was

found to best describe the single conponent isothernms for N2

and CH4. The

best fits rangt fiwnrabsour Egm soabeutn) fuon. Kor ansdeling i aeeragé DR iopystal
capacities of 5 nolecules par cage in the DDR zeolite franmework. These
val ues corsisspbhqun ovas usedi num | oadi ng of 4.17 nmilli-noles/ gram (of DDR).

These saturation capacities are consistent with the physical
t hat the maximum possi bl e | oadi ng woul d respond to N2 and

expectation

3 r CH4 filljing
the pores [80125] i od¢erakdifferent trcatmentscofthe gplag transpertjintoand ‘b‘{:}d?fjs to

the Henry'

Stati ot odnerRRoRERkla R &roed O8FHobed 84 s 3RE SR ARGITE" S0l ool

KN = 3. 73335@911%&%(\»&&%7&@4:@&1) T%%-rﬁoé&@a&?%&tn’%@h?olﬂ@d thetime x10-19

ePT(in pas s') where Ris the nolar gas constant an

T i1s the tenperature

i n Kel vi n.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.

[00126] This modeling approach provides a much more exact solution than
the linear driving force (LDF) models that are conventionally used to model PSA
processes. Using knowledge of the most exact solution, a simpler model has
been constructed that can readily be used by one skilled in the art to compute
methane recoveries. In the adsorption step 621, the simple model separately
treats the equilibration of CO, and CH, 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



[00147] Over a wi de range of conditions the shape of the statistical and
Langmuir isotherns are very simlar. For sinple nodeling of the process

given in WwBhigostsadR! €, the statistical isothermcan be %gl?ﬂfs%bts%@a)?y an
equi val ent Langnuir isotherm For nodgling conpetitive adsorption effects,

conpetitive WD 2008/ 143825PCT/ US2008/ 006073 74 adsorption isotherns can be
derived frpotédieo atgl engserpune tiatds 407G highwr thaothecfesd termpagturel I THenown

techni ques. [00148] The si ngl_e component Stefan-Maxwel | transport diffusion
coef fi ci ertmeoyngrofiCHaadsarhad is she DDR eystelgds i fgofithecamountthagmightde| e
DA 2 = 0. 4e§<p)é%toe_d]if %BeTCH4 adsorbed in the DDR has fully equilibrated with the gaseous
feed entering the process 671 at a temperature that is 10°C higher than the feed
temperature. In the simple model gas filling the mesopores and macropores in
the laminate at the end of the adsorption step 621 is not recovered. For the
simple model, the CO, purge used in step 631 displaces all of the methane left in
the feed channel into stream 639. With these approximations, the methane
recovery from the process is predicted to be 95%. This closely agrees with the
exact model and the model provides a simple method for one skilled in the art to
evaluate the effect of changing the meso and macropore volume of the

adsorbent.

[00127] 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 % of the CO, partial pressure in the feed.

Example 2

[00128] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 5% to 10%. The predicted methane recovery

is found to fall from 95% (in Example 1) to 92%.

Example 3

[00129] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 5% to 15%. The predicted methane recovery

is found to fall from 95% (in Example 1) to 88%.



msec 2/) 13.4 x103 Joule Mole DCH 4 = 0.48 x10-1 eRT(in n2/sec) where R
Is the nolar gas constant and T is the tenperature in Kelvin. [00149] Wen

these traggpesd4ppsameters are evaluated at a given tenpeqraksYdi 40t73|s seen
that there is a P%rge difference in tlze diffusion coefp?c::rents o?

CH4 and a snualler difference in the isotherms. Froma 50/ 50 nol ar mxture
of N2 and Ekx#mptd¥e isotherns slightly favor CH4 adsorption but dramatically
favor the diffusional transport of N2 into the DDR crystals. By controlling
the tine scale of the adsor ption step 721 and the purge di spI acenent step

coct 11 ci ertBTHh " P GoedHER oL ””183. 8 ensatéd Exssrb ot treckgpeiraddfl 11 ng
these time, tc%’éat ng a??héﬁi cOristnt vao\l)‘ﬁ-p Tc{?{}ﬁ o(f?ﬁ'es%earﬁﬁi?la@f’ ﬁ&eé‘at

t akes adva tage o erences 1n u3| ese nol ecu

preferred i@l the 2dedrb@nf fedinéRsaked @r_dﬁiltS% t@iZ@%‘.OFI’h!’e dizgte Pebtfdanier om nat ur al
gas wll have a large difference in N2 and CH4 diffusion coefficients. This

exanpl e i | fegoverytiefoundto falkfrioar 95%PGn Exampletlndo 86%, be tuned to achieve a
ki netic separation of N2 and CH4; however, other sw ng adsorption cycles
are possi g: e. é g?rarreter that can be used to eval uate the abi I|ty of a

gi ven mat produce a kinetic separation is

[00131] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 5% to 25%. The predicted methane

recovery is found to fall from 95% (in Example 1) to 81%.

Example 6

[00132] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 5% to 30%. The predicted methane

recovery is found to fall from 95% (in Example 1) to 77%.

Example 7

[00133] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 5% to 35%. The predicted methane

recovery is found to fall from 95% (in Example 1) to 73%.

Example 8

[00134] The process of Example 1 is repeated except the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are decreased from 5% to 2.5%. The predicted methane

recovery is found to increase from 95% (in Example 1) to 97 %.



WD 2008/ 143825PCT/ US2008/ 006073 75 the ratio of the single conponent
di ffusion coefficients for the conponents. The ratio is evaluated at the

t enper at uyg Bbs/lsb@si Nt ended process, - DCH, Val ues of | ¢chRls28d8%0d09%
nitrogen and nethane separation at seyeral different tenperatures are given

in the table bel ow. Tenperature (C) Ic
Example 9

[00135] The process of Example 1 is repeated but the feed specification is
held constant and purity of methane in the product stream 625 is increased from
80% CH,4 /20% CO, to 90% CH,4 /10% CO,. This is done by changing the feed
flow rates and the degree to which compositional fronts are allowed to break-
through before steps 621 and 631 are stopped. With a 5% volume fraction of

meso and macropores in the adsorbent the predicted methane recovery is 94%.

Example 10

[00136] The procéss 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,4 /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

meso and macropores in the adsorbent the predicted methane recovery is 90%.

Example 11

[00137] This example illustrates use of a parallel contactor of the present
invention in a separation process that produces relatively high pressure products
and high methane recoveries from N, containing natural gas stream. In
processing natural gas, the amount of N that has to be removed depends on the
concentration in the field and the way in which the gas is transported to market
(i.e., liquefied natural gas vs. pipeline). This example will consider a natural gas
stream containing a small amount (< 5%) of impurities (for example H,O and
mercury compounds) other than N,. These impurities are removed in initial
processing steps using conventional Separation techniques. The gas stream fed
to the parallel contactor of the present invention has a composition of 70% CH,
and 30% N,. The flowing gas stream is fed to the contactor at a pressure of 100
atmospheres and a temperature of 50°C.
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[00138] 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 um thick flat metal foil 509 (for example
stainless steel). The metal foils 509 with the DDR films 505 are laminated
together 501 to form a parallel channel contactor. During lamination, spacers
are placed between the metal foils so that the channel gap 503 is 50 um across.
Approximately half the volume of the feed channels 503 are filled with spacers
that keep the sheets substantially evenly spaced 50 um apart.

[00139] The heat capacity of the metal foil S09 limits the thermal excursions
in the process. When N, is adsorbed in DDR it releases heat in the amount of the
heat of adsorption. This warms the DDR film. The DDR film warms to a
temperature above that of the metal foil and heat diffuses into the metal foil
where it is stored. Desorption of N, from DDR is an endothermic process and
heat must be supplied in the amount of the heat of the adsorption. When N,
desorbs the temperature of the DDR film falls below that of the metal foil and
heat stored in the foil flows into the DDR film. With the contactor dimensions
and the process described in this example, the thermal excursion of the DDR
film is expected to be less than +/- 5°C. Due to the smaller heat of adsorption
for N, (compared to CO;) this temperature rise is less than that of the description

for Example 1 above.

[00140] The DDR film is comprised of individual DDR crystals, mesopores
(including grain boundaries) and macropores. In this example, the crystals in the
DDR film are substantially of the same size. Most of the open volume in the
film is comprised of mesoporous cracks with characteristic widths of 200
angstroms. These mesoporous cracks are substantially evenly distributed
throughout the film. The total volume of the meso and macropores is 2.5 % of

the total volume of the in the DDR film.



50 [00150] For the preferred class of 8-ring zeolite materials for renoval
of N2 fromnatural gas 1cN2/CH4 is a function of tenperature. It is

pr ef err edyphais st eri al be chosen to have a val ue obhchfizs2008/006073
N2/ CH4 greater than 5 at the operating tenperature. Mre pre era?ﬁy t he

material is chosen to have a value of icN2/CH4 greater than 20 at the

operati ng [0@1de] at Using thieparaticEchumiet caiaytdr)e PSR/RCRSA icyclhwithifiteo have
a value of 1N2/014 greater than 50 at the operating tenperature. [00151] In
order to tdikisrenf\stensdgeoperated o praducegiroductrircam eentaining 204y NofandR8%

preferred ss.of 8-ri zeolite terials,f enoval of N2 from natural
oe. Cthe. CHa: Ir&rellathend rcoust frtBr PRAVREA el sommited (R "aane
size. If t h i ' | P t Lall il with
G duri ng (e s i3 Hstedt oMo betfert e BFartae e U8 itelht derbih
during t hethd A MTCPOASEREe. 7Ilthe rst BepeAIIea pREAMRNEhaReP¢6Atactdt t he process
it is then preferred that the standard devi ation of the volune of the

i ndi vi dual PRBAYRCESIA ¢ysle iisiprassurdizid withrhigh ipressyre peodadt gah@87. Thyer 505 be

| ess than 100 % of, t he, vol une of an averag rystallite. In a
aghllel e

. . | opre
pr ef er r ed RIGEBHIZALAN raises thepresswredahep angs] contactor and fills the

{10 £ or i R EEr SAGu A BhodlBe Y g 20h A BASRGP it “Torlisk O on
average CrytghahliiaIfigh pleddife 106 i feL# e 97 EDAGWERRhedb tHedRilctor.

deviation of the vo the crystalllites in the m formng the

adsor bent Dayiag thi3Stes 72 Esise DIDR al®Stbeht layer varhoves Nf fram theeflaging feed
crystallite. The nost preferred enbodi nent was chosen to nodel the PSA
cycl e descgasvttl.i A nurifsedbrenduce72S 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
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.

[00142] 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 asa 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 greater than the feed pressure (100 atm.). Composition of the gas fed in
through the top of the contactor is nearly that of the N, reject stream 781. The
gas exiting out the bottom of the contactor has a composition nearer to that of
the feed gas 771 (30% N, and 70% CH,).



[00152] Wth 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 tine

step be G\bg%@/ﬁgszghat adsorbed N2 in the DDR has tine E)@Tﬁ%%ds}ol%%e W th
gaseous N2 in the feed channel 503 buf, the CH#4 does not have time

equilibrate. The tine for N2 or Cl-L4 achi eve 90% approach to equi I [ br| um
(fol I owi nf0814BRNgAsithe gas Ste€sm earerany thatmoduleiIddisphaces tigd gasiBRher yst al
that has rapid diffusion path to the gas in the contactor is; T go = 0.183
r2 /| DN2 a¢gdthgenel aocqmposlnonamnt me¥ee fiom top mb@wnag‘éhc)m ¢st al

oo oo oS AR A ol bR BB RO PR
oo o e Wf%tgb@.éggh{i R 4%%?%&3‘2%@‘*@‘@% g
(seconds) létsthe 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
flowing in stream 781. Stream 733 that was used to rinse the contactor in the
third step of the process 731 is comprised of the gas stream 779 that emerged
from the compressor 775. As the pressure in the contactor drops towards the
outlet pressure of 30 atm, the flow in streams 779 and 781 decrease. When the
flow in these streams has fallen to approximately Y of the initial value the fourth
step is stopped and a fifth step is begun. In the fifth step of the process 751 the

module pressure is dropped to 1.2 atm and a N, rich stream is recovered 785.

[00144] 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.

[00145] 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
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steps are employed is it advantageous to design them to maximize the pressure at

which the N, reject streams are captured.

[00146] 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
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° 22
Mole

Ky =379 x10° e T (inpasca]s")

17.8 x 10° J2He
Mole

Koy, = 425x10" e *T (in pascals™)
where R is the molar gas constant and T is the temperature in Kelvin.

[00147] 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 cbmpetitive adsorption effects, competitive



2.8 570 40 7.3 1460 WD 2008/ 143825PCT/ US2008/ 006073 77 and 731 be in a
range from1l T go to 5 T go For nodeling, a tine step of 1.5 T go was
chosen f QyoSh&ps ﬁ72g1 and 731. The nunerical value of th%ctr}[%%oo%foﬁ&ﬂs t hen
set by the crystal size. It is preferyed that the average crystal size
be in a range fromO0.005 pmto 100 pm It is nore preferred that the

aver age DhOiRIsomytiéraisothermstuani be derivdtfrofit the dingleponiporeat pratiaticali t i s nost
preferred that the avera e DDR crystal size be in a range from1l pmto 10
pm For rmld@theﬁ@satslrwwc daopoRteshpiugs. si ze of 5 pm was used.

[00148] The single component Stefan-Maxwell transport diffusion

coefficients for N, and CH4 used in the modeling were

1.5 x10° Joule
__ Mole
D, =048x10"e 7 (in m?%/sec)
13.4 x 10° Joule
—— Mole
D, =048x10"¢ A7 (in m*/sec)
4

where R is the molar gas constant and T is the temperature in Kelvin.

[00149] When these transport parameters are evaluated at a given
temperature, it is seen that there is a large difference in the diffusion coefficients
of N, and CH,4 and a smaller difference in the isotherms. From a 50/50 molar
mixture of N, and CHy, the isotherms slightly favor CH4 adsorption but
dramatically favor the diffusional transport of N, into the DDR crystals. By
controlling the time scale of the adsorption step 721 and the purge displacement
step 731, it is possible to take advantage of this difference in diffusion
coefficients and improve the selectivity of the process. By controlling these time
steps a kinetic 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,4 diffusion coefficients. This example illustrates a particular
RCPSA cycle that cah 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



[00154] A sinplified nodeling approach simlar to that described above was
used. In the adsorption step 721, the sinple nodel separately treats the
equi | i br ag f and CH4 in the feed channel with th S

form ng tasf%]te)qg0 sgﬁ?ﬁnt | ayer. The anoupt of N2 adsorbed ?ﬁ%éw%%&ozirystal S
Is taken to be 80% of the amobunt that m ght be expected if the N2 adsorbed
i n the DDRhbastid of the siggld ddmpdmsht diffusiohecogfficienss foe die emnponergts! Mhe
process 771 at a tenperature that is 10C higher than the feed tenperature.
The anountratip iCeMaladtedraidbie tempe¢ratiprR{dhg ntanded propessf t he anount t hat

m ght be expected if the CH4 adsorbed in the DDR has fully equilibrated
with the gaseous feed entering the process 771 at a tenperature that is 10C
hi gher than the feed enperature. In the sinple nodel, gas filling the
mesopores and nackeperes in the laminate at the end of the adsorption step
721 is not recoveredPchl so, for the sinple nodel the N2 purge used in step
731 displaces all of the nethane left in the feed channel into stream 739.
Wth these approxi mati ons the nethane recovery fromthe process is

predi ct ed be 91% s closely agrees with the exact nopdel..and {he nodel
bt ovi des. oY Guis b & for RIoR 15 SiTekoid Bk P seVerl gid8enk "o foc
of changi §MPSEAtREES Are gaverlar g dallegloMe of the adsorbent. Exanple 12 WO
2008/ 143825PCT/ US2008/ 006073 78 in the adsorbent are increased from2.5%to
5% The predicfted net”[\em-pefaem\(@y is fqund to fall from 91% (i n [Exanpl e
11) to 90% Exagmpte 13— {0 6] —The progess of Exanmpge I 15 fotfjowed but
the feed and pfoduect—speettieati-ons—aretheld—eonstanf—and—+he—vohune
fracti on of nelso_and rmr‘rnflpsrpc in the ddsorhbhent arloonr‘rpacpd friom?2.5%to
15% The predilcted nethanebP@ecovery is flound to fall7%rom 91% (i n| Exanpl e
11) to 84% 80 60

100 50

[00150] For the preferred class of 8-ring zeolite materials for removal of N,
from natural gas xny/chq is a function of temperature. It is preferred that the
material be chosen to have a value of kyy/cuq greater than 5 at the operating
temperature. More preferably the material is chosen to have a value of xny/cha
greater than 20 at the operating temperature. Even more preferably the material

is chosen to have a value of kny/ch4 greater than 50 at the operating temperature.

[00151] 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,4 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 S0S be less than 100 % of the volume of an

average crystallite. In a more preferred embodiment the standard deviation of



Exanpl e 14 [00157] The process of Exanple 11 is followed but the feed and
product specifications are held constant and the volunme fraction of neso

and macr Less/145825Ne adsorbent are increased from 2. 5% R906%/0ddS
pr edi ct egp%t élﬁe 2recovery is found tg fall from 91% (in Exanple 113 to

81% Exanple 15 [00158] The process of Exanple 11 is foll owed but the feed

and producthespdemntiofahé enstdlieeshialtbe DIDR AR f&ﬂﬁn%hﬁ‘e wa@sorbent lagek 505 isOf
meso and nacropores in the adsorbent are increased from2.5%to 25% The

predi ct ed less thand 0% of the yoluné ofiad averageldrystalhite.o Innshie moskpreferred 1) t o
78% Exanple, 1 00159] This, exanple illustrates_ the use of a tur xpander
to condit BRAbS en@i@e lﬂian ard gyt o of the. YJHms of tﬁi-g* qrm%aaﬁas@d&tffgﬁi hat
PSA can o lan t | .1 1 r r igure 14
nercor shaglh Somilg g alhouRt e <68y 10§ RRarl OB I0r VORNEES Yot e

pressure aRerigBSse ke TRE rﬂoﬁ?ﬂéf&ﬂféﬂ driBbdinfent SRR HoRen kd nfodRPthe
apparatus. A sour gas stream 811 with a tenperature of 100C and a pressure

of 1,500 pBSAicycher debecibddfin timis &xgeplé.i el d and fed to the process. The CO2
content of the streamis 66 nole% and the H2S WO

2008/ 14382[%8%5]U82&88{ 81?? ?y7p?é 07f9 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 adsorﬁed N, in the DDR has time to equilibrate with gaseous N,
in the feed channel 503 but the CH,4 does not have time to equilibrate. The time
for N, or CH, achieve 90% approach to equilibrium (following a change in
surface concentration) within a single DDR crystal that has rapid diffusion path

to the gas in the contactor is;

Tgo =0.183 2/ Dy,
and
Tg0 =0.183 r?/ Dcpa

where r is the average DDR crystal radius and Dy, and D¢y4 are the diffusion
coefficients of N, and CH,at the operating temperature. If there are no external
mass transfer limitations, the equilibration times for different crystallite sizes are

given in the table below:

Crystallite Size (um) | Nitrogen T (seconds) | Methane T gy (seconds)
1.5 0.01 2
5 0.1 22
10 0.45 91
25 2.8 570
40 7.3 1460

[00153] It is preferred that for N, the time for steps 721 and 731 beina

range from 0.5 1t g9 to 10 T gp and it is more preferred that the time for steps 721



concentration is 2 nole% Water is present at its saturated vapor pressure,
and the concentration of the heavy hydrocarbons is 2 nole% The heavy
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exchangers such as she|l and,.tube heat exchangers as well as of her types of
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R A e e Tt e R
Al ternati VileyN, ﬁ%;gﬁfgﬁa%ﬁ stEY7PRARP14EeX aDfithe Wdtharke RAPEY thegkyd f or med hot

gas stream 835. eat exchangers are used in process block 839, it is
preferred ¢hainetl gy seeama?39. hR¥éith thesenappresamatidns tlaometlgdie, recoveryrfeom
conbi nati on thereof, using mul ti - pass .heat exchanger. Optionally, the heat

. 1g a .
exchanger thedaoresss peedisted|tode B0 dans elasehcagrrenwithy hsexacopodshand
stream 835, |In e_enbpdi ment .str 35 1S oduced by.conhusti
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tenperature conmbusti on products. Besides Increasing the tenperature of
stream 837 and renoving liquid droplets, process block 839 can optionally
be confi guErampte t2Znove heavy hydrocarbons, water vapor, or H2S fromthe

gas phase. In this exanple, process block 839 is configured to renove

liquid droplets., and to heat stream 837 to . a t erature of, 90C.
Haul P00155] The process of Example 11 is followeg rlr)Bt the Pee?i and proguct

specifications are held constant and the volume fraction of meso and macropores
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zeolite fromCOQ2 partial pressure in stream 871 would be in excess of 0.5

cis and t\)g 5657859 the CO2 isothermwould be: a qCO2 p@f/seR8 08 7er e
Kamis the Henry's constant for CO2 afg 90C and cis is the saturated | oading

for CO2 in DDR [00163] This operating condition is in a nore desirable
range for inithb adedrbenearecinorasyd fitdnh 2e5%ito &% c el he/ predidted imetHalRSA process
than that for stream 811. PSA unit 841 is used to separate nost of the CO2
and a fracteceveryfisfpendipstalifronot 94Ve @adx@mple(ld) to PP¥.erred enbodi nent, PSA
unit 841 contains a parallel channel contactor with an adsorbent having an
open volune fraction of nesopores and nmacropores that is less than 10% In

a preferraeé_xri&g%r%}d#ent, the m croporous adsorbent in the contactor is an

8-ring ze PSA unit 841 is a RCPSA unit that is operated in a
kinetically controlled node. In a preferred enbodi mrent nore than 90% of the

met hane an@0ni86yy Wiédpescsshof Bxaehple 1PS4 followed bt tike feed andrprdduct t he
met hane enriched stream 815. In a an even nore preferred enbodi ment, nore
t han 95% ofpecifecationkanehelddcanstans anddhe vehioe fifagtion of mesolarid maaropozes

recovered in,th t hane .enrich stre 8 In.this exanpl e the nol ar
o et or < ptthG A0S beRERS CIdHEC R GRA RS B 1o ey TS BRAIA68 MEhHG At or { han
9:1. De ' f ] 0 [ 815 b
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881 coming fromthe PSA 841 can be sent through an optional process bl ock
851 to renove water vapor. [00164] The optional process bl ock 851 can al so
contai n onexamnple bf a heat exchanger that is used to provide heat to the
heat exchanger in process block 839. The CO2 in stream 881 is ultimately

. Th
sent 1o a ﬁﬁg‘gl}fssﬁl{le %%c?cess o? Example 11 is followed but the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 2.5% to 20%. The predicted methane

recovery is found to fall from 91% (in Example 11) to 81%.

Example 15

[00158] The process of Example 11 is followed but the feed and product
specifications are held constant and the volume fraction of meso and macropores
in the adsorbent are increased from 2.5% to 25%. The predicted methane

recovery is found to fall from 91% (in Example 11) to 78%.

Example 16

[00159] 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
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the energy recovered fromthe turboexpander 821. In this exanple energy

produced Wy hikg4sd8Ct ri ¢ generator 823 is sent through gggw@s{%@%m ssion

line 825 to power a notor 827 that isgshaft-coupled via
conpressor 829. As was previously nentioned in an alternative enbodi nent,

t he conpr esg@rentidfion ¥12 beolelal Waer il prdsdm at fxe shtiirbedxppod piesSidde, aBdcause
of the work of conpression, the terIEerature of the stream 891 com ng out of

t he conpr dbs®ongagratiomyottitecheaviydydroearbons 2 sxle¥81The heawnh be

advant ageoltpjs to cool this stre &891 begore further co r:lPessi Onlbégo
pressur es MEHQFAIDQNE GPntaipa g AFNQR QL XAKY SPEEYTS FAEPGNIVYNYE'S as
acconplis ] a | . t | side of a
neat oxchatbh 4 16 FoB By 3 PbRE R, s Kothe BBorif MO BERF T
process bl&ﬁﬁdp&?&n thit WREBE femBVEE B§ 2 IBheGalBBSompdlI&PPS Al progess, Arent such
as a glycol dehydration unit to reduce the corrosivity of the gas m xture.
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first gas conponent selected fromthe group consisting of CO2, N2, and H2S

froma gas m xture containing said first gas conponent and a second gas
conponent, whi cld gpppcess conpri ses: a) conducting said gas mxture to

a sw ng adsorptrop—gas ddgapatgi,on unit wherein the gas separation unit
contains at | eadtfocene adsorbent contact or conprised of:

where Ko, is the Henry’s constant for CO,, and ;s is the saturated loading for
CO; in DDR.

[00160] 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 operation of the
turboexpander. In this example, the power generated by the turboexpander is
coupled through a shaft 831 to and an electric generator 823. In an alternative
embodiment, the power from the turboexpander shaft is coupled to a compressor

instead of an electric.generator.



1) a gas inlet end; and ii) a gas outlet end; wherein the gas inlet end and
the gas outlet end are in fluid connection by a plurality of open flow

channel s ' e surface of the open flow channel s 3rg96Rhb&ss of an
adsor bent%{)@ﬁ’lgfﬁt hat has a selectigity for said fi rstE:g/eggS conponent over

sai d second gas conponent of a gas m xture greater than 5, wherein the

contactor [08361pssBefure thdstiéard @9padsedithrauphnupssexpaatiens21,fit frayes with
di aneters greater than about 20 angstronms and | ess than about 1 mcron, and
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gas conponént is and the gas m xture is conprised of natural gas. WO

2008/ 1438 26@dTquig2lroplet) 688am 837 is then sent to a process block 839 that at least
removes the liquid droplets from the stream. Liquid droplet removal can be
accomplished through a variety of methods including coalescing filters, settling
drums, static centrifugation, and electrostatic precipitation. The process block
839 also contains equipment to increase the temperature of stream 837. Means
of heating the stream within process block 839 include heat exchangers such as
shell and tube heat exchangers as well as other types of heat exchangers
including the many varieties discussed in Perry's Chemical Engineers'
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 vapor, or H,S from the gas
phase. In this example, process block 839 is configured to remove liquid

droplets, and to heat stream 837 to a temperature of 90°C.

[00162] 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



84 3. The process of claim2 wherein greater than about 90% of the
CH4 in the gas mxture is recovered in the product stream 4. The

process %O%(stﬁFfzgedi ng clai mwherein the adsorbent "aﬁ’ﬁ&}f%%%ﬂk@g@ﬂ?p” sed

of an 8-ring zeolite that has a Si tq,A ratio of about

1000: 1. 5. The process of clai r%4 wherein the 8-ring zeolite is DDR
6. The prasassllid RA| thedonbigigeinithé IDR-Zeolige froal O paitiabpRs§iad ihr om
Sigma-1 and ZSM 58. 7. The tprocess of any of clains 4-6 wherein the
8-ring zedtreags 831 avould iednfexcassodt @.8asiand the skopglof thaiG, sothegobwounlt i al |y
uniformi r}?s_i ze. 8. The process of any preceding claimwherein the
first gas 1% H2S and the adsorbent material is conprised of a

stannosi licate. 9. The process of any preceding clai mwherein the

adsorbent contactor is conprised of a first adsorption zone conprising a
first adsorbent arz]‘%zeri al whichis in fluid contact wwth a second adsorption
zone conpri si ng—a-Secand7ajsogbent material, wherein the conposition of the
first adsorbent dfaverial is different fromthe conposition of a second
adsorbent material . 10. The process of claim9 wherein the first
adsorbent material has a selectivity for the first gas conponent of a gas

m xture OV@B%& ﬁg&qa@hgﬁﬁnﬁggr%agfeafn Por épg a8350°0 wsﬁa%@eétﬁfatwan 5; the

second adsorbent “materi a ectivity for a gas conmponent over
t he secondogdmgcfom@ein DDIR.t he gas m xture greater than 5; and the second
adsorbent material has a greater adsorption uptake for the third gas
component a0l heTlfliisroS;;[er;it(ijrfg Egr?cﬂ%ioﬁg ?r{ Lzrirllc')re desirable range for high

methane recovery with a kinetically controlled PSA process than that for stream

811. PSA unit 841 is used to separate most of the CO, and a fraction of the H,S

out of stream 871. In a preferred embodiment, PSA unit 841 contains a parallel

channel contactor with an adsorbent having an open volume fraction of

mesopores and macropores that is less than 10%. In a preferred embodiment,

the microporous'adsorbent in the contactor is an 8-ring zeolite and PSA unit 841

is a RCPSA unit that is operated in a kinetically controlled mode. In a preferred

embodiment more than 90% of the methane and heavy hydrocarbon fed to PSA

unit 841 is recovered in the methane enriched stream 815. In a an even more

preferred embodiment, more than 95% of the methane and heavy hydrocarbon

fed to PSA unit 841 is recovered in the methane enriched stream 815. In this

example the molar ratio of methane to CO, in the methane enriched stream 815

is greater than 9:1. Depending upon final use, the methane enriched stream 815

may be further processed or purified in other processes. The CO, enriched

stream 881 coming from the PSA 841 can be sent through an optional process

block 851 to remove water vapor.

[00164] 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



11. The process of any of clains 9-10 wherein the first gas conponent is
C®2, the second gas conponent is CH4 and the third gas conponent is H2S.

85 wé-200dMasPs0cess of any of clains 9-10 wherein tphedhiRlodas
conponent is N2, the second gas conpgpent is CH4 and the third gas
conmponent is H2S. 13. The process of any preceding claimwherein the

adsor bent eqmmpreser 87RE preferabRadrivditby tHdéharby irécoveRed fiomi ehe/ol ume in
pores with dianeters greater than about 20 angstrons and | ess than about 1
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that it is small enough to fit into a nesopore but too large to fit into a
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whi ch are conprised of a m croporous adsorbent.
that 1s used to provide heat to the heat exchanger in process block 839. If
needed, process block 883 can contain equipment such as a glycol dehydration
unit to reduce the corrosivity 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.



18. The process of claim 17 wherein the channel gap of the open flow
channels is fromabout 5 to about 1000 m crons. 86 19. The process

of any ofwel.gégiazshé- 18 wherein the ratio of adsorbent velyiR208/00685 flow
channel volune is fromabout 0.5:1 tggzabout 100: 1.

CLAIMS:

1. A proceés for removing a first gas component selected from the
group consisting of CO,, N, and H,S from a gas mixture containing said first

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

a) conducting said gas mixture to a swing adsorption gas separation unit
wherein the gas separation unit contains at least one adsorbent contactor

comprised of:
i) a gas inlet end; and
ii) 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 adsorbent material that has a selectivity for said first gas
component over said second gas component of a gas mixture greater than 5,
wherein the contactor has less than about 20% of its open pore volume in pores
with diameters greater than about 20 angstroms and less than about 1 micron,
and wherein at least a fraction of said first gas component is adsorbed into said
adsorbent material, thereby resulting in a product stream depleted of said first

gas component;
b) collecting said the product stream;

¢) desorbing the adsorbed gas from said adsorbent material, thereby

resulting in a waste gas stream rich in said first gas component; and
d) collecting said waste gas stream.

2. The process of claim 1 wherein the second gas component is CH,4

and the gas mixture is comprised of natural gas.
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3. The process of claim 2 wherein greater than about 90% of the CH,

in the gas mixture is recovered in the product stream.

4.  The process of any preceding claim wherein the adsorbent material
is comprised of an 8-ring zeolite that has a Si to Al ratio of about 1:1 to about

1000:1.
5.  The process of claim 4 wherein the 8-ring zeolite is DDR.

6.  The process of claim 4 wherein the 8-ring zeolite is selected from

Sigma-1 and ZSM-58.

7.  The process of any of claims 4-6 wherein the 8-ring zeolites are in

the form of zeolite crystals which are substantially uniform in size.

8.  The process of any preceding claim wherein the first gas is H,S and

the adsorbent material is comprised of a stannosilicate.

9.  The process of any preceding claim wherein the adsorbent contactor
is comprised of a first adsorption zone comprising a first adsorbent material
which is in fluid contact with a second adsorption zone comprising a second
adsorbent material, wherein the composition of the first adsorbent material is

different from the composition of a second adsorbent material.

10. The process of claim 9 wherein the first adsorbent material has a
selectivity for the 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.

11. The process of any of claims 9-10 wherein the first gas component

is CO,, the second gas component is CH, and the third gas component is H,S.
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12. The process of any of claims 9-10 wherein the first gas component

is N, the second gas component is CH, and the third gas component is H,S.

13. The process of any preceding claim wherein the adsorbent contactor
has less than about 15% of its open pore volume in pores with diameters greater

than about 20 angstroms and less than about 1 micron.

14. The process of any preceding claim wherein adsorbent contactor
contains an effective amount of a thermal mass material having a higher capacity

or adsorbing heat than the adsorbent material. -

15. The process of any preceding claim wherein the adsorbent contactor
contains both mesopores and macropores and wherein at least some of the
- mesopores and macropores are occupied with a blocking agent of an effective
size so that it is small enough to fit into a mesopore but too large to fit into a

micropore.

16. The process of claim 15 wherein the blocking agent is selected from
the group consisting of polymers, microporous materials, solid hydrocarbons,

and liquids.

17. The process of any preceding claim wherein the adsorbent contactor
is in the form selected from: a) monolith comprised of a microporous adsorbent;
b) a monolith formed from a non-adsorbent material but whose channels are
lined with a microporous adsorbent; ¢) an array of hollow fibers comprised of a
microporous adsorbent; and d) laminated sheets having an upper and lower face

both of which are comprised of a microporous adsorbent.

18. The process of claim 17 wherein the channel gap of the open flow

channels is from about 5 to about 1000 microns.
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Ill 9. The process of any of claims 17-18 wherein the ratio of adsorbent

volume to open flow channel volume is from about 0.5:1 to about IOb: 1.





