TEMPERATURE SWING ADSORPTION OF CO2 FROM FLUE GAS USING A PARALLEL CHANNEL
CONTACTOR FIELD OF THE INVENTION [0001]The present invention relates to the adsorption of
CO2 from flug gag,gligaigss using temperature swing adsorption processespAflgRbgGINReAactors are
used in the temperature swing adsorption unit that contain a plurality of substantially parallel channels
comprised of or coated with an adsorbent material that is selective for adsorbing CO2 from a flue gas.
BACKGROUND OF THE INVENTION [0002]Gas separation is important in various industries,
particularly in tHEIPMBERATI/RE|S WING cARSORBIHONCAF £0 sPROQM BIJJE€SAS gas
separation can be accompUSIND WaPARA YR LeCHMNNE I CONTALCAGR solids, or other means,
generally exploits the differences in physical and/or chemical properties of the components to be
separated. For example, gas separation can be achieved by partial liquefaction or by utilizing a solid
adsorbent material that preferentially retains or adsorbs a more readily adsorbed component relative to
a less readilypaspiy OETHETNVENTTGRE Mixture, or by several other gas separation techniques
known in the TNdustry. One such commercially practiced gas separation process is thermal swing
adsorption ("TSA"), TSA has been an important technique for purifying s ever since Joseph
Priestiey sepd/3EH oxyddf PEFient BYRtQhdelates %th?e?éﬁﬂﬂ’gﬁﬂ&%?gﬁ?pﬁpéﬁﬁé{%mg adsorption
is a process Whesaii as @ﬁ?&ﬁfﬁ%&ﬁh@%@%ﬁ@?tﬁ%%%&wmx@em&ﬁmﬁs from a

process stream, wherein the adsorbent bed Is regenerated in a proceeding step by raising the

temperature @feHisedin ﬁér@@ﬂ@l@ﬁ@h&h@s@é@tﬁﬁé@dﬁé&béﬁ%ﬂ%@. plurality of

substantially parallel channels comprised of or coated with an adsorbent material

that is selective for adsorbing CO, from a flue gas.

BACKGROUND OF THE INVENTION

[0002] Gas separation is important in various industries, particularly in the
production of fuels, chemicals, petrochemicals and specialty products. A gas
separation can be accomplished by a variety of methods that, assisted by heat,
solids, or other means, generally exploits the differences in physical and/or
chemical properties of the components to be separated. For example, gas
separation can be achieved by partial liquefaction or by utilizing a solid
adsorbent material that preferentially retains or adsorbs a more readily adsorbed
component relative to a less readily adsorbed component of the gas mixture, or
by several other gas separation techniques known in the industry. One such
commercially practiced gas separation process is thermal swing adsorption
("TSA™). TSA has been an important technique for purifying gases ever since
Joseph Priestley separated oxygen from air using solar heat on mercuric oxide.
Temperature-swing adsorption is a process wherein a bed of adsorbent is used to
selectively adsorb one or more species from a process stream, wherein the
adsorbent bed is regenerated in a proceeding step by raising the temperature of

the bed, thereby releasing the selectively adsorbed species.



WO 20081143968PCT/US20081006278 [0003]TSA processes, when operated under certain
conditions, allow a selective component or components in a gas mixture to be preferentially adsorbed

within the pogesigdstiyR@f porous adsorbent materials relative to a secongg@pRRIISHHEHEOMpPonents
in the gas mixture. The total amount adsorbed of each component in the material (i.e., the adsorption

capacity), and the selectivity of the adsorption for a specific component over another component, may
often be improved by operating the adsorption step of the process under specific pressure and
temperature ¢8003lons JiSde progessessuhenapesatasbrader ¢artaimeendisignsorbedh doading of the

components oA dilerentBinl SPesERaeerpb e aasaure Adheplan spiifys are stongly
influenced by temperature.” Thus, very |8 purities ¢ € obtained by‘adsorbing at low temperature

(where adsorpdisurilieétwadghuiit poeer staasarefcf poengatstabene cimfeeialy pelasibtetbyameans of high
temperature for desorption. Also, compared to prtﬁgjre swjng adsgrption, TSA can be operated in the

saturation regffenst SRERERGEEAT SURPARE HythmeasMBrEEh il At AMRBE utility with zeolitic

adsorbents. IpESA RIS RPN ARSI IER M RaspabRCcdpaEty)bYtEe adsorbent
by flowing a hot desorbent gas through the bed, or indirectly through a heating coil, electrical heat

source, or heiteeselretiyidy Whible RAsPIPIARECE 8ripRE IR ICORPANSBHIL PIOBATY arious methods of

aneray (0.5, B B o B R sorbent be
of the adsorbprotésS.uRdempecifit; 269560 amdl tdinpeirappbotioditodrel aitie botleptdsstive adsorber

for electrod ion (U. S. Patent No. 4,094,652). U.S. Patent No. 5,669,962 discl d
compriscd o ET AFER L DB S RO USSR CANDF S BROPRBIRY e surfoce i

coated with figiffeeet @déﬁf.bgﬁe@?éii%dé@lﬁwa%ﬁaﬁbb%d&ﬁﬁ%ﬂ janieHey el grdagiadsorption
cycle process. The adsorbent is indirectlﬁgeated or cooled by flowing hot or cold feed gas to the

separation pridBienesd by temperansdd PussKeR Mghpwatescen tainedkd¥y gas acts first as a
cold shell sidgg3sHha S $HAOLHMBEFAIGA BXRBANIESIHRILE REREHIPWihanélfiakelrside gas ina

second absorber heat' exchanger undergoing regeneration, and then passes through the tube side of

the first absoptiemglnhektspegjerbeing passillidy meansfafbighdamperaturecforndesppigengas for the
exchangers faea O e o st S s s LA SR BE R ot om thiry
seconds to thystemationtesgidienyf chthisotbdmiecsigsefl damtadyaitdge dsrsigpiicien iy doagge than this,
often as Iongoafsu%ﬁitf;owiﬁ.] zeolitic adsorbents. In TSA processes, heat for the desorption step

may be supplied directly by the adsorbent by flowing a hot desorbent gas

through the bed, or indirectly through a heating coil, electrical heat source, or

heat exchanger which is in intimate contact with the adsorbent.

[0004]  Various methods of supplying heat to the adsorbent for regeneration
have been proposed. These include microwave energy (U.S. Patent No.
4,312,641), installation of electrical heaters inside the packed adsorbent bed of
the adsorber (U.S. Patent No. 4,269,611) and direct application of electric
current to the adsorber for electrodesorption (U. S. Patent No. 4,094,652). U.S.
Patent No. 5,669,962 discloses a dryer comprised of a shell and tube type
adsorber heat exchangers wherein the internal tube surface is coated with fine
water adsorbent particles. The dryer can be used in a rapid thermal swing
adsorption cycle process. The adsorbent is indirectly heated or cooled by flowing

hot or cold feed gas to the separation process through the shell side passage of



[0005]TSA, as practiced, has several disadvantages. For example, in directly heated TSA processes,
a hot fluid is typically flowed through the adsorption bed to raise the adsorbent temperature. The

greater the tgpyPaIRIISHESe, the more fluid is needed. The desorbed impugligsdydssaigehwp dispersed
in a large volume of heating fluid, and the large amount of heat that is used to raise the adsorbent

temperature is often not recoverable. In some cases, the heat is not recovered because many directly
heated TSA systems are operated with long adsorption times (days) aqd much shorter regeneration
times. Finallythbdeatcerstbangend Thadeed rgareacssafiont gﬁ\aasoldesml&csni@gamma finst flow variations

in downstrea ent that,can be ffICU to.mana |n a teady sta ess plant. In
indirectly hea%agflg% sys%eerﬁ%h?ﬁlg% eats%(fgg i€a AR & ?1 ?{V& lrﬁ%rﬁ?esrlg\ﬂ)ﬁfﬁ §|Iutlon of the
product with athsated bwge)@hanglavmmsgaﬂﬂg meagrition] and thengyalies divsagh thdirectly
heated TSA pr%cesses often presents difficulties. 10006]In addition to gas SE) cies separatlons TSA

cycles have HBBR ﬂg&f’g}l‘ﬁ Fsbahsonhenkeal ﬁ?ﬁi’&@gﬁ Sehergdt is g isderation

cycles employa t3e[6aaGh %@g@@f@ﬁﬂfm@ﬁ%&{&e@om@éﬁm&ée%ﬁm No. 5,419,156).
WO 2008114 968PCT/US 81006278 [0007]While various swing adsorption methods have been

commerciallyS¥eitangss. o%b%@tﬂﬁ@mtlm%@a teeadaarhenhertranghangatsswing

adsorption mﬁg?ﬁgﬁcally reverses the cycle. The interchange may take place at intervals of
from thirty seconds to three minutes. Many of the TSA processes have cycle

times significantly longer than this, often as long as 12 hours.

[0005] TSA, as practiced, has several disadvantages. For example, in
directly heated TSA processes, a hot fluid is typically flowed through the
adsorption bed to raise the adsorbent temperature. The greater the temperature
rise, the more fluid is needed. The desorbed impurities thus end up dispersed in
a large volume of heating fluid, and the large amount of heat that is used to raise
the adsorbent temperature is often not recoverable. In some cases, the heat is not
recovered because many directly heated TSA systems are operated with long
adsorption times (days) and much shorter regeneration times. Finally, the
occasional and gradual regeneration gives rise to concentration and flow
variations in downstream equipment that can be difficult to manage in an
otherwise steady state process plant. In indirectly heated TSA systems, the heat
can be supplied with a heat exchanger avoiding dilution of the product with a
heated purge gas. However, heat management and the cyclic nature of indirectly

heated TSA processes often presents difficulties.

[0006] In addition to gas species separations, TSA cycles have been used to
thermochemically compress gases. Several heat pump and refrigeration cycles
employ a thermochemical compression step (e.g., see Sywulka, U.S. Patent No.
5,419,156).



SUMMARY OF THE INVENTION [0009]A process for the removing CO2 from a flue gas stream
containing CO2, which process comprises: a) conducting said flue gas stream to a temperature
swing adsorgljign@an sepgration unit wherein the gas separation unit contgipg gt gasiRpsadsorbent
contactor comprised of: i) a process gas inlet end; and ii) a process 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 an
adsorption sd@@87lty foVJoR yarinus theingtadseption oethastsdeanshwensonomeviitily flue gas
stream, thereby resulting in a substantiall 2-free flue gas,stream CO2 adsorbed onto said
adsorbent mz?'[lélr‘fall(;:e(1 o% Vett 8a§%? %ru%)ss%an Fﬂ?l&ﬁ%g% ﬁlu%eﬁl 83@5&%5%%% gvgl{%sphere;
and adsorption methods.

SUMMARY OF THE INVENTION

[0009] A process for the removing CO, from a flue gas stream containing

CO,, which process comprises:

a) conducting said flue gas stream to a temperature swing adsorption gas
separation unit wherein the gas separation unit contains at least one adsorbent

contactor comprised of:
i) a process gas inlet end; and
ii) a process 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 an adsorption selectivity for CO,
greater than at least one other gaseous component of the flue gas stream, thereby
resulting in a substantially CO,-free flue gas stream and CO, adsorbed onto said

adsorbent material;

b) venting said substantially CO,-free flue gas stream into the

atmosphere; and

¢) heating said adsorbent material having CO, adsorbed thereon to an
effective temperature that results in the desorption of at least a fraction of CO,,

thereby resulting in a CO, rich stream.

[0010] In a preferred embodiment the contactor has less than about 20% of

its open pore volume in pores greater than about 20 angstroms.



¢) heating said adsorbent material having CO2 adsorbed thereon to an effective temperature that
results in the desorption of at least a fraction of CO2, thereby resulting in a CO2 rich stream. [0010]In

a preferred egboglignarddhe contactor has less than about 20% of its openReF] ¥R Igoores
greater than about 20 angstroms. WO 20081143968PCT/US20081006278 [0011]In a preferred

embodiment, the temperature swing adsorption is conducted at a cycle time of less than about 2
minutes between successive adsorption steps. [0012]In another preferred embodiment at least about
75 vol% of th§08113 in In a preferred embodiment, the temperature swing adsorption is

conducted at a cycle time of less than about 2 minutes between successive

adsorption steps.

[0012] In another preferred embodiment at least about 75 vol% of the CO; in
the flue gas stream is removed to produce the substantially CO, free flue gas

stream.

Brief Description of the Figures

[0013] 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.

[0014]  Figure 2 hereof is a cross-sectional representation along the

longitudinal axis of the monolith of Figure 1.

[0015]  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.

[0016] Figure 4 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. This figure shows separate rows of feed

channels and separate rows of heating/cooling channels.

[0017]  Figure 5 hereof is yet another representation of a parallel channel
contactor of the present invention but in the form of a hollow fiber contactor for

TSA applications.



the flue gas stream is removed to produce the substantially CO2 free flue gas stream. Brief
Description of the Figures [0013]Figure 1 hereof is a representation of one embodiment of a parallel

channel contggjopad thgdaresent invention in the form of a monolith directlypfofmes) fsamsihe
microporous adsorbent of the present invention and containing a plurality of parallel channels.

[0014]Figure 2 hereof is a cross-sectional representation along the longitudinal axis of the monolith of
Figure 1. [0015]Figure 3 hereof is a representation of a magnified section of the cross- sectional view
of the monolif9@18)igureF2gsine\@ihgrtind desaibdhlestreptasentétion adsohodiowaiibentomgagias a blocking

' ores. .
agent OceUPYshdwn n 1fggpr% 5Bt v%ﬂg the Gufer'Stirfaces of the housing for the contactor
rendered transparent. Dotted lines are used to indicate the edges of the outer

surface.

[0019] Figure 7 hereof shows a cut away view of a cross-flow contactor that
has segments stacked so that the average flow of fluid during regeneration is

countercurrent to the direction of flow during the adsorption step.

[0020] Figure 8 hereof illustrates the use of a thermal wave to pass heat from
one internally heated contactor that has been regenerated to a second contactor

that has finished the adsorption step and is being heated for regeneration.

[0021] Figure 9 is an illustration of a system of the present invention wherein
one contactor undergoes an adsorption step while another contactor undergoes a

desorption step and yet another contactor is being cooled.

[0022] Figure 10 hereof is an illustration of a three parallel channel contactor

unit that can be used as described in Example 1 herein.

DETAILED DESCRIPTION OF THE INVENTION

[0023] The present invention relates to a thermal swing adsorption process
that is capable of capturing CO, from flue gas. The thermal swing adsorption
("TSA") process employs at least one contactor that is repeatedly cycled through
at least two steps: an adsorption step and a thermally assisted regeneration step.
Regeneration of the contactor is achieved by heating the contactor to an effective
temperature that will result in desorbing CO, from the contactor. The contactor
is then cooled so that another adsorption step can be completed. In a preferred
embodiment, the thermal swing adsorption process is conducted with rapid
cycles, in which case it is referred to as a rapid cycle thermal swing adsorption
(RCTSA) process. A rapid cycle thermal swing adsorption process, for

purposes of this invention, is defined as one in which the cycle time between



[0016]Figure 4 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 R shanasdyalls of a preformed monolith. This figure shows sgRa{RY NS94 feed
channels and separate rows of heating/cooling channels. [0017]Figure 5 hereof is yet another

representation of a parallel channel contactor of the present invention but in the form of a hollow fiber
contactor for TSA applications. WO 20081143968PCT/US20081006278 [0018]Figure 6 hereof is
another represmeessovecidsomplion fitepsdsicasttrasabeut 2 migutess preforablihtestitbarurfaces of the

housing for thg,Gopiagior (e deiPe LAISRAL I RERINSAIP RSN (25diRRiR e phges of the
thermal regeneration step can be assisted with a partial pressure purge
displacement, or even a pressure swing. These combinations of processes are
referred to herein as thermal swing processes as long as they employ a step
" employing an induced change in the temperature of the adsorbent at some point

during the regeneration step.

[0024] Flue gas, or stack gas, is emitted in a wide variety of industrial
processes. The emission pressure of most commercially generated flue gas is
typically slightly above atmospheric pressure and is generally less than about
two atmospheres. The temperature of the flue gas is typically in a range from -
about 100°C to about 250°C, more typically about 150°C to about 250°C, but can
also be reduced to about 30°C to about 70 °C when wet limestone scrubbing is
used to remove SO,. The major gaseous components are typically N,, O,, CO,,
and HO. Small quantities of pollutants such as NO, and SO, are also often
present. CO, concentration in the gas is typically in a range of about 3 mol% to
about 15 mol% and H,O is typically in the range of about 0.1 mol% to about 15
mol%. The total molar concentration of CO, + Hzo is usually less than 25
mol% when a stoichiometric combustion produces the stack gas and is usually
less than 15 mol% when dilution or excess air is employed in the process to limit

the temperature in the high temperature combustion process.

[0025] It is advantageous to separate the CO, contained in the flue gas into a
concentrated or purified stream, compress the CO2 rich stream to high pressure,
and introduce it into a suitable underground formation for sequestration in order
to mitigate CO, emissions to the atmosphere. Non-limiting examples of suitable
underground formations include aquifers having a top seal that prevents
significant loss of injected gaseous components, oil reservoirs, gas reservoirs,
depleted oil reservoirs and depleted gas reservoirs. Typically, the separated CO,

has to be compressed to pressures greater than about 1, 000 psi, preferably



[0019]Figure 7 hereof shows a cut away view of a cross-flow contactor that has segments stacked so
that the average flow of fluid during regeneration is countercurrent to the direction of flow during the

adsorption stgp, {A34Qksigure 8 hereof illustrates the use of a thermal wave,¢qRassDEGLFPM one
internally heated contactor that has been regenerated to a second contactor that has finished the

adsorption step and is being heated for regeneration. [0021]Figure 9 is an illustration of a system of
the present invention wherein one contactor undergoes an adsorption step while another contactor
undergoes a gusteptibansaboutrij0RQ psbandr afdendotpréssueasgoeaskid i abirigh@00@hiereof is an

lustration of & e Dy e P SRl R PR R RS 2T He SRSk o 1
minimizes the energy required for compression by capturing CO, from flue gas
at atmospheric or slightly elevated pressures (i.e in a range from about 0 psig to
about 30 psig). The present invention also minimizes energy required for
compression by producing a high purity CO, stream. In a high purity CO,
stream only a small fraction of the compression energy is spent on diluents such
as nitrogen. By “high purity” we mean a stream having greater than about 85

mol%, preferably greater than about 90 mol% and even more preferably greater

than about 95 mol% of CO,.

[0026] The present invention captures CO, from flue gas using a swing
adsorption process that employs thermal regeneration and in a preferred
embodiment, the process is conducted as a RCTSA process. In another preferred
embodiment, the water vapor in the flue gas stream is also removed using a
swing adsorption process that employs thermal regeneration. In another
preferred embodiment at least about 20%, and more preferably, at least about
30% of the heat used for the thermal regeneration step of the thermal swing
adsorption process of the present invention is supplied from interstage cooling of
the CO, stream that is being cofnpreésed to a pressure greater than about 1,000
psi. In another preferred embodiment, the energy required for CO, capture is'
reduced and the purity of the CO, stream captured is increased by regenerating
with a thermal wave that passes either co-currently or counter-currently to the
direction of the flue gas flow. In another preferred embodiment the thermal
wave regeneration is conducted so that at least 10% of the thermal energy from
one contactor is passed to another contactor in a multi-contactor thermal swing

adsorption process of the present invention.

[0027]) To capture CO,, the flue gas stream is passed through a contactor

containing a solid adsorbent material having a selectivity for CO, over N, of



DETAILED DESCRIPTION OF THE INVENTION [0023]The present invention relates to a thermal
swing adsorption process that is capable of capturing CO2 from flue gas. The thermal swing

adsorption ("{eAohEiessgs employs at least one contactor that is repeatedly-gxalsRdlangsah at least
two steps: an adsorption step and a thermally assisted regeneration step. Regeneration of the

contactor is achieved by heating the contactor to an effective temperature that will result in desorbing
CO2 from the contactor. The contactor is then cooled so that another adsorption step can be
completed. Ingaeptefdéhart abowiobl praferatdytigroatat shangbosoitifor pdsodsings COhdnerad with rapid
cycles, in Whict}nc]:ase it is {eferre(%]to as a rag&dr%ycle thermal swing adsorption (RCTSA) process. A

|

rapid cycle thet roﬁeéjv'v?ﬁ)a ARUBRLISS g?gc%lés,‘*or'purposes of this invention, is defined as one in which

the cycle time between successive adsorption steps is less than about 2 minutes, preferably less than
about 1 minu{@028} evedniesseophefavisintded, tuntabn (sel@giviyltes used hieerinds feagederation

step can be assisted with a partial pressure purge displacement, or even a pressure swing. These
combination< Y LN B AR S A G AR R R B ey omploy
a step employtizgfeddisgoseraaldahgadalneuiabires fivtdesl dhehass edinpoatseadsopbddibyying the
regeneration step. [0024]Flue gas, or stack is emitted in a wide variety of industrial processes.

The emissioﬁ%é&&@’wmrwm@ﬁl%%m%%ﬁg‘ﬁ/ﬁfé&ﬁ?%ﬁéfﬁlﬁ/%é]ﬁmospheric
pressure andsﬁe&ﬁi@%eﬁsw QhMRHENARP R Gstredit LompeiatigR OFbefpegas is

typically in a range from about 100C to about 250C, more typically about 150C to about 250C, but can
also be reducatainib@LBOPOREAbAUCPINpoRRBhByas|walbasradditionbirepivperents, @move SQ. The

major gaseo%%gggpgﬁr}?g{%ggeaﬁé%%?. \ gle?tzivﬁ?fo%% 20, Sm@ltﬂgantitiesoq{‘ e%(glﬁltants such as
0 )

H
NO and SO" are also often pres 2 concentration in Hlé)(g)]%esnl% typlcglﬁ/olrrl?% range of about 3
mol% to abowvilbhawe%t dhel éndCoisthyp ity i tinestep o teadwoiniglatl sogtioio mboussioyalel%. The
total molar concentration of CO2 + H20 is usually less than 25 mol% when a stoichiometric
combustion pz}csaﬂges the stack gas and is usually less than 15 mol% when dilution or excess alir is
employed in the process to limit the temperature in the high temperature combustion process. [0025]It
is advantagebls=tdteeglanadteshef @GR dontalsadendhe(fius gasindemration of A in the feed)

that is greater than the ratio:
Ug = (total moles of B in the adsorbent) / (molar concentration of B in the feed)

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

Therefore for an adsorbent having a selectivity for component A over

component B that is greater than one:
Selectivity = U,/Up (where U, > Up).

[0029]  To efficiently use the contactor it is preferred that the loading of CO,
in the adsorbent material be greater than about 0.25 millimole of CO, per gram
of adsorbent material, preferably greater than about 0.75 millimole of CO, per
gram of adsorbent material, and even more preferably greater than greater than
about 1.5 millimole of CO, per gram of adsorbent material. Adsorbent materials

that can selectively remove CO, from nitrogen containing flue gas mixtures and



concentrated or purified stream, compress the CO2 rich stream to high pressure, and introduce it into
a suitable underground formation for sequestration in order to mitigate CO2 emissions to the

atmosphere.\\gRglignlingexamples of suitable underground formations inch¢deRgsifaisaving a top
seal that prevents significant loss of injected gaseous components, oil reservoirs, gas reservoirs,

depleted oil reservoirs and depleted gas reservoirs. Typically, the separated CO2 has to be
compressed to pressures greater than about 1, 000 psi, preferably greater than about 2,000 psi and
often to presswntes e dheed ¢bimeddloadingd (ochsd conierioperias intatehizde ok aozemldesyround

formations. The present inventi inimjzes the en uired for campressjon by capturing CO2
from flue gascﬂm%gﬁﬂgwéb%ﬁtW% sll%c?ﬂgeg&sr@gﬂ? X aﬁr%ﬁm{%%ﬂr&%ﬁo about
30 psig). Thedfresehtdsvaiitble AsouRYNBEAS RE1a ey Zas itEethfos A0BRIessI0ahy WEdducing a high
purity CO2 stream._In a high purity CO2 stream only a small fraction of the compression energy is

spent on dilud¥Re-direHing srasprlesmf eatenicAgelites dshids Zelites miihgigddnalaian about 85
mol%, preferahly,giealqhiheabaley! SOcmal t. a0t fYeB s RIGIALhIEregifedbas about 95 mol%

of CO2. [0026]The present invention captures CO2 from flue gas using a swing adsorption process
that employs zhehies vegje ae Miidrmatalsa e afzeddo conbovkriEds, flompnifregerisootadninigd as a
RCTSA processinangienpeierd spbodinent dhe wolshvapar e dus.az ieamgs also
removed using a swing adsorption process that employs thermal regeneration. In anothéer preferred
embodiment a$ thashidropo2Ois madriad foptedarebthaitledisl fibeghsSiteaiihdtlisalsssed for the

thermal regeneration step.of the thermal swing agsorption progcess of the present invention is supplied
ftom intereind SR LR ESSRATEHA TR LI EBMIE BO0B (5B CEs RO MG han about

1,000 psi. In grofleaiPoeiRr fithEOPEF INIC B 8sSP eIV SRk (@R AN SR SHIERE ifaiefidf gl and the

purity of the CO2 stream captured is increased by regenerating with a thermal wave that passes either
co-currently dRiSSQREsPES Geihen oMfisroperaus witael esiyed materialanothsilisasieardlembodiment

the thermal Wiy EiRABR SHOB R APRNEEA Sk hifeabOC LG LIeHRALeaIpY rom one

contactor is passed to another contactor in a multi-contactor adsorption process of the
present invertionbj0ad@iiTwithaother GB@Tihls.flikci gpeefareedtimptrsadstrtamng inatbentactor containing
a solid adsorpg e R O A AR S oMY 124 G RN oY The definitions of

mesoporosity and macroporosity are as defined herein below. That is, the

structured adsorbent contains less than about 20 vol%, preferably less than about

15 vol%, more preferably less than about 10 vol%, and most preferably less than

about 5 vol% of their pore volume in open pores in the mesopore and larger size.

Additionally, as described further below, the low mesoporous and macroporous

adsorbent can contain a blocking agent to effectively reduce the overall pore

volume in the mesoporous and macroporous range of the contactor adsorbent.

[0030] The contactor used in the practice of the present invention is designed
so that more than about 75 mol%, preferably more than about 85 mol% and
more preferably more than about 95 mol% of the CO; in the flue gas is captured
by the adsorbent. Eventually, an adsorption front breaks through the contactor
and the fraction of CO, being removed fails below these desired values
whereupon the flow of flue gas is diverted into another contactor which has
already been regenerated, and the contactor is thermally regenerated. After

thermal regeneration, the contactor is again prepared for adsorption service, and

10



greater than about 5, preferably greater than about 10 for adsorbing CO2 from a nitrogen-containing
flue gas mixture. [0028]Unless otherwise noted, the term "selectivity" as used herein is based on

binary (pairwgghesynkaigon of the molar concentration of components in fherfgesslifasmsand the
total number of moles of these components adsorbed by the particular adsorbent during the adsorption

step of the process cycle under the specific system operating conditions and feedstream composition.
For a feed containing component A, component B, as well as additional components, an adsorbent
that has a grehtefleseleftivitfhiio ges mpxheatis\switelsshbpskdntBthelchatacturthd ntbtstl the

(molas comee HAIEAN X 65 RGP BT BPAL PR eers D OB Mol obihe

W
(molar concentr

adsorbent) / (ool estaersrdiianfaisBopcleadand rifoarh dintife hascods anptipird pthk& of component
A" and Ug is the "Adsorption Uptake of component B". Therefore for an adsorbent having a selectivity

for componerfORMRFd Senisrrames spntactorda dieimmediately succeeding cycle, i.e., after a

single regeneration of the first bed. The use of third, fourth, fifth, etc. contactors
in addition to a second contactor can provide continuous processing when

adsorption time is short but regeneration time is long.

[0031] As previously mentioned, flue gas often contains other species such
as SOx, NOx, and/or water, at least some of which it is preferable to remove. Of
these species, water is usually present at the highest concentration in the flue
gas. It is preferred to incorporate adsorbent materials in the contactor to remove
at least some, more preferably all, of these other species. The flue gas stream
can also be passed through a separate contactor to remove one or more of these
species, or remove these species in a separate unit operation. When multiple
species are removed from the flue gas with individual contactors, each contactor
can be 6ptimized for the removal of a particular component. Another multiple
contactor configuration is one in which a first contactor removes water and a
second contactor removes one or more of SOx, NOx, and CO,. Multiple
contactors can be used because the present invention provides a means for
individually regenerating each contactor after the adsorption step is completed.
Alternatively, several different adsorbents can be incorporated into a single
contactor. Each adsorbent can be optimized for the removal of a particular
molecular species. This provides a means for selectively removing several
species with a single contactor. Another alternative is to process the flue gas
with a single adsorbent that is capable of removing several different molecular
species. Yet another alternative is to process the flue gas with a contactor that
contains an adsorbent that removes CO, but does not significantly adsorb other

molecular species (such as water).
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Selectivity = UAR-43(where Up > 119). [0029)To efficiently use the contactor it is preferred that the
loading of CO2 in the adsorbent material be greater than about 0.25 millimole of CO2 per gram of

adsorbent myfgrighsprgiggably greater than about 0.75 millimole of CO2 pep @fanmafsapgerpent
material, and even more preferably greater than greater than about 1.5 millimole of CO2 per gram of

adsorbent material. Adsorbent materials that can selectively remove CO2 from nitrogen containing flue

gas mixtures and achieve the desired loadings include microporous materials such as zeolites,
cationic zeolil@932] PO WieniatsadseorismP® maocspatstddonitimmitiy exataptes tof rasbivss suitable for
use herein incluﬁe eqlite 5A, Bx, NaX and NaY, Non-limiting examples of cationj¢.zeolites include
zeolites with STAT %bﬁ&rf:ﬁgg @gsatﬁgﬁgaeb%ﬁtgs ﬁgﬁnéss ?zra%%%s%lee,)@ue ag,aasnc Irh%?? e{rﬁise. Siliceous
zeolites suchagis ddbdrinbyfaleoiheousasts ohe ais veblel Adiph od oot @Ong Thigdeasbd is also
within the scope of this invention that a hydrotalcite be used as the microporqus material for the

treatment of ASRAIAIShed Binplacingdhs Batasisaisciie RAsIBSR oS iRithe S BEANERIE rom a
framework cQRIIAG ASMIRMSIRENCON AU SHBR AR b 1Y RemeARdIdats adgqraent material is

microporous carbon. Microporous sol-gel derived materials and silicas can also be candidate
adsorbent mafdertiy ecrdssshenitrathabthp dlusgrarmiaststhowtiernseladtivg adserbeaterials. It is

preferred thaf 6,40 Al eSS0 R YE OIS RS AN TRCTBROLGSIY. The

definitions of mesoporosity and macrdporosity are as defined herein e structured
adsorbent comdaorbéassitaeni albisuts2d to BémprefeC @b ynessthranpdudes dbchaySOrdigreferably less

than about 10 vol%, and most preferably less than about 5 yQl% of. their pore volume in open pores in
the mesopor€ai@drg %ﬂ%?ﬁ&ﬂ?&?ﬁ?? ﬁ%ﬁ&ﬁﬂéﬂ%gﬁé%ﬂmw W%é%%’&ﬁaus and

macroporouscafsaibeRbides CAISIP st IRGRAGHEISNE AP CHY B adUARIthi-QEFakARre volume in
the mesoporous and macroporous range of the contactor adsorbent. [0030]The contactor used in the

practice of th’é‘ﬁ’@'&%’ﬁt invention is designed so that more than about 75 mol%, preferably more than
about 85 mol% and more preferably more than about 95 mol% of the CO2 in the flue gas is captured

by the adsoripgos3fventaihis BaR0G RSN Hioohrealiscisedspdbrsaninstanapddhasianyon of CO2

being removed falls below these desired values whereupon the flow of flue gas is diverted into another

contactor wh}ﬁﬁtﬁ'as“é\iirleﬁﬁﬂﬁeéﬁlﬁﬁbémeﬁiﬁédﬁmé@éﬁiﬂgﬂhﬁs’i@rﬁéﬂﬁm adghedested. After
thermal regegieialigy MHARURAPALIE AR PO LRl RS HRUQASRRY SRR further

down the contactor. In this case, multiple adsorption fronts move'through the

contactor.

[0034] In another embodiment, a glycol dehydration process can be utilized
to remove water form the flue gas. The flue gas can be dehydrated in a separate
process or unit operation prior to introducing it into the TSA adsorption bed. To
efficiently remove water with glycol dehydration, the temperature of the flue gas
has to be reduced to less than about 110°C, preferably less than about 75°C.
Another dehydration process that can be used prior to contacting the flue gas
with an adsorbent contactor is a physical knockout of condensed water (such as
drops or a mist). In this case, the contactor can contain a section having an
adsorbent material that is capable of removing water from the flue gas.
Adsorbents capable of removing water from flue gas include cationic zeolites,
functionalized microporous and mseoporous materials, carbons, mixed matrix
materials and polymers. When the contactor removes a significant fraction (i.e.>

than about 75%) of CO, and water from the flue gas entering the adsorption bed,
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the flow of the flue gas mixture is switched back into the contactor. The total cycle time is the length of
time from when the gaseous mixture is first conducted to the contactor in a first cycle to the time when
the gaseous widuis 1$s0Egt conducted to the same contactor in the immediggly;ShfsRBEIRE Cycle, i.e.,
after a single regeneration of the first bed. The use of third, fourth, fifth, etc. contactors in addition to a
second contactor can provide continuous processing when adsorption time is short but regeneration
time is long. [0031]As previously mentioned, flue gas often contains other species such as S0x, NOx,
and/or water,the idmstrsd regeneraismipropessdradisignedrtovemovetuyb of dbess, spacaeds lsually

present at the highest concentration in,the flue gas. It is preferred to incorporate adsorbent materials in
the contactort® l%é}%r%cg\e/é g %%é{nslg%éq,hr%(g? %nrgrlaeﬁggl)llsagﬁ%&lﬁggesg&?éar{SSS 8{3% aetzgﬁue gas stream

can also be pashedd 0Vt ¢chstnRiaicaepaniacéd duriagalanthermabie génbritoanRoesssor remove
these species in a separate unit operatign. When multiple sE)ﬁcies are removed gé)m the flue gas with

individual corl.@Rthes PR Tearsd CmPedmenb HimPRos HerRa% sriRgthgiadrarREMbonent.
Mother mU'tiFﬂé&ﬁmﬁféﬁfﬁi&@f@%aﬂg‘ﬂéé?m%wm{éa@&i@w%%W460‘19}5&?; Pl a0 a second

contactor removes one or more of SOx, NOx, and CO2. Multiple contactors can be used because the

present inverkRiapiehoue S A ppsaranb mashiefrabbybeleratahpubed pomaveieneentent ffsorption
step is compIﬁ%aiacfggr%nﬁgyﬁw,&ﬁyﬁgﬂ@?ﬁg%ﬁ%g gpts can be incorporated into a single

contactor. Ea ent can be op e removal of a particular molecular species. This
provides a means for selectively removing several species with a single contactor. Another alternative

is to process [#@3le gall isipreferrrddhaisboeprisriorsbeairtigned tornovideselfisiantifferent
molecular soecfs ) 09U AUSIANE B HIRSTES IR HEAREN SR Wipantins n

adsorbent that remov es not signiti er molecular species (such as
water). WO Zi0gand 3psidRally wE2a0fda0 Ry 86 (aR] Vi féientadsnacan snimatjxeathd within the

contactor to remove ter it is preferred fo arran e}h adsorbent so that the flue gas gontacts this
adsorbent be?B?ngEBVﬁ%a% rﬁé&&%’rﬁﬁ t&8§f&??e8 tlﬁ?e?ﬂmﬁp@éf. HEEE BEqﬁ Blished by
placing the wrdgérRataetive agnniont Cser i m&eﬂ%v%WWM%%gs%Z selective

adsorbent or by layering the CO2 and water selective adsorbents so that the flue gas contacts the

water selectitopRb fbishepnrand fluifnaganerassdeddeheabassandthacepiedondsalees, the same
adsorbent majteriahisdisedr 1R O qg%?%?ﬁﬁ%?és%cﬂﬁg?%fﬂ%éa?hwaﬁﬁ Materials

that can be used to adsorb SOx and NOXx incltide zeolites, cationic zeoblites, mesoporous %naterials,

carbons, polyhrenghriiensientetertandihiedntsgy required to pump or compress fluids and

gasses used to heat or cool the contactor.

[0036] Physical architecture of the contactors used in the practice of the
present invention depends on whether the contactor is internally heated or
externally heated during regeneration. With internally heated contactors, the gas
or fluid used to heat the contactor directly contacts the adsorbent material. As
such, the gas or fluid used to heat the contactor during regenération passes
through the same macropere volume that the flue gas did during the adsorption
step. The gas, or fluid, used to heat and regenerate the adsorbent can flow co-
current, counter-current or orthogonal (i.e. cross-flow) to the direction that the
flue gas flows. For such internally heated contactors, CO, and any water
liberated during the thermal regeneration step mixes with the gas or fluid used to
regenerate the contactor. It is preferred that the CO, be separated from the gas
or fluid used to regenerate the internally heated contactor before sequestering the

CO;. In contrast to the internally heated contactors, externally heated contactors
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[0033]In this case the most strongly adsorbed species in the flue gas (usually water) will fill the
adsorbent first, thereby delaying the adsorption of the less strongly adsorbed species (usually CO2)
until the flue ggs.b@sfisyygd further down the contactor. In this case, multigle-aessyptigifFents move
through the contactor. [0034]In another embodiment, a glycol dehydration process can be utilized to
remove water form the flue gas. The flue gas can be dehydrated in a separate process or unit
operation prior to introducing it into the TSA adsorption bed. To efficiently remove water with glycol

dehydration, ey ccarseprrttessof of cliamnglsth astry igasseiuee Suide usath 40 héas anth o] sheferably

less than about 75C. Angther dehydration process that.can be wused prior to coptacting the flue gas
with an adsor%oelhtf1 Eohtac Srrel’slae;%%s?éﬁ E%%%II'%% 8 %tocé}d%?l%% %gt%?a([seﬁsz: oa%%cr%%%%sr a mist). In
this case, thewsedtastaratandeotditha seatiwidialongamixdsdthaht flategiad traCO cibafaedf removing
water from the flue gas. Adsorbents capable of removing water from flue gas include cationic zeolites,
functionalizetﬂmfﬁ%ﬂiﬁ(SE&e&ﬁEPﬂﬁ%éﬁd’mus materials, carbons, mixed matrix materials and polymers.
When the contactor removes a significant fraction (i.e.> than about 75%) of CO2 and water from the

flue gas ente|pg3the adRxpipicbed, interniinzatedontatwrpincksk ia bedigasddwimove both of
these species. In a preferred embodiment, the regeneration ii CO@%‘%&% sQ that separate water-rich

and CO2-richPEHELcoMRINRShcE AuspisHY G s pEh ey selective Adsebprtrerred

embodiment, §bg, Breea R & ARSTHEINEr A SiBANN RHANRRGINM S IMOTes, sQ<chide been
dehydrated to below about 400 ppm, preferably below about 50 ppm, and more preferably below about

20 ppm Wateﬁdmﬁﬁmgdﬂqmmmwmm&h ehenaabossantaspreferred that the
contactorbe 4GNS IRNER SUFSCISonIaRIND 2L e e GPRAPUMIA IO 3G aosorers

materials that remov optiona fwater as. Efficient contacting minimizes the
amount of adgastwarfiuéd)torphy sichibyeffvhghmghdier canthetoergp i@ouirethimed fetignate the

contactor. With an efficiently designed contactor t ressure drpp of flue gas, and fluids or, gasses
needed to heﬁ?g}o&B?fifg %/BN% By E&’nﬁﬁ %S Tﬁ%smﬁﬂokﬁﬂé@ é’ﬁw&a{ff{%ﬁpﬁ?ﬁsure drop
of flue gas floyyiped KutalRdhaROPHIRES R PTICE RN ESh 'R TR iQ RUHRAY GReBrRSS Hpids and
gasses used to heat or cool the contactor.

and the point or place a product stream leaves the contactor. The flow channel is

not considered to be part of the open meso or macropore volume of the

contactor. Parallel channel contactors form a preferred subset of structured

adsorbent contactors. In a parallel channel contactor there exists at least one set

of channels that are substantially parallel to each other.

[0038] As previously mentioned, the structured adsorbent contactors of the
present invention contain a very low volume fraction of open meso and
macropores. Mesopores are defined by the IUPAC to be pores with sizes in the
20 to 500 angstrom size range and macropores are defined to be pores with sizes
greater than 500 Angstroms. 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.
Several different methods can be used to measure the volume fraction of open

pores in a contactor.

[0039]  The method to determine the volume fraction of open mesopores and

macropores as used herein is from an analysis of the adsorption isotherm of a
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[0036]Physical architecture of the contactors used in the practice of the present invention depends on
whether the contactor is internally heated or externally heated during regeneration. With internally

heated contagi@ksoing@as or fluid used to heat the contactor directly contasts iheadrgelant material.
As such, the gas or fluid used to heat the contactor during regeneration passes through the same

macropore volume that the flue gas did during the adsorption step. The gas, or fluid, used to heat and
regenerate the adsorbent can flow co-current, counter-current or orthogonal (i.e. cross-flow) to the
direction that ¢chedbnsajde ftepay. fedrteudic matmaiqr héathd edstaptins, mzfanﬁthny water liberated

during the ther rr@ regenergﬁon stgglmix s wi or fluid usedt f:'ﬁ the contactor. It is
preferred thatth ﬁrg? SRR cf%%sé)é’ ?561%6% TSR heated
contactor befﬂ{@cs@gmmnﬁlmlﬂqumcqmtﬁéb&mwﬂW&bd?&ﬂi@@lmﬁr&ﬁfé@aﬂ@ftema"y
heated contactors have a separate set of channels to carry gasses or fluids used to heat and cool the

contactor. HEWRE MMiEIAParss S6plrsy lups (imthecrase elpalumerqadsgeents) _Eteo heat and cool
the COntaCtOrﬂﬂ%%ﬁl‘&‘é’ﬂhﬁ@%ﬂ%%%ﬁaﬁ&%m 9 %%@%mgﬂt%ﬂﬂ}%ﬂgﬂrbﬁﬁ@-

[0037]Examples of internally heated contactors include a bed packed with pellets containing the CO2
selective adsm@bmmmbequs theieamipty adssopere bed nabeeppsekedunith fiBeteited fibrous mat

containing th C 2. gelﬁgg ben uctureii adsorbe tc%aﬁtclrs and 'IP aIIeI zitlnnel
Si elics in p
contactors. Stiic ctors Contain a pl b ty oW chann AW gas or fluid

to physically fiil ﬂhﬁoughtdﬁﬂmmmmfd Anfihe aivaTied dethidé dariinsis ﬁ’rexadramtor in which gas
flows if a steady state pres diff rence is applied petween the point lace at which a
feedstream eﬂ}é‘? '{ﬁ’él%&ﬁt%ifg e feken Bgé}@ é“ﬁ?&@ﬁ&?%ﬂ@g% tHPESTARtor. The flow
channel is nmmﬁehtad%mmﬂamﬂenfsiﬁwtmﬁ%%%\fﬁ&& péshersaaipgdor. Parallel

channel contactors form a preferred subset of structured adsorbent contactors. In a parallel channel
contactor thePRHXERS eanctlse hedised 4o asapnpideon anyrausiiss ahsanptinn aradsosptipminer.

[0038]As pre s HBShIIB0r 0SS Y WETEAY 3P R L AANRCP RS Dt Methods of

determining the volume faction of open mesopores and macropores in the -
contactor can be found in co-pending U.S. Provisional Patent Application No.
60/930,827, filed May 18, 2007, which is incorporated herein by reference.
Detailed analyses of adsorption and desorption isotherms of condensable vapors
(e.g. N, or Ar at their normal boiling points) are known to those skilled in the
art.

[0040] The dimensions and geometric shapes of the parallel channel
contactors of the present invention can be any dimension or geometric shape that
is suitable for use in a TSA or Thermal Wave swing adsorption process. Non-
limiting examples of geometric shapes include various shaped monoliths having
a plurality of substantially parallel channels extending from one end of the
monolith to the other; a plurality of tubular members; stacked layers of adsorbent
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. An example of

a geometric shape formed directly from the adsorbent would be the extrusion of
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present invention contain a very low volume fraction of open meso and macropores. Mesopores are
defined by the IUPAC to be pores with sizes in the 20 to 500 angstrom size range and macropores are
defined to bg9agsyyifdaizes greater than 500 Angstroms. By open poresgyg i8ansingsapores 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. Several different methods can be used to
measure the volume fraction of open pores in a contactor. [0039]The method to determine the volume
fraction of operzendisofpolymendomositoriatoss mond ldreiA nothereaanpkyfis gevmettisorption
isotherm of a_gondensable yvapoy. fed to the cgontactor. In t dsorption.branch of the isotherm,
capillary conc?eﬁr?ggt%)n | é‘e gl}ﬁ Ct%f)(nerzggb rSéao\%"c?‘?ﬁﬂthE%ﬁﬂﬁeﬁl %ﬁ%ﬁ@‘%‘?&e‘?&ﬁ%‘r‘é‘v&qﬁ’n"é with liquid. If
the condensafiteiapaidd fesnhatzuEteAibEMke CoipjsNIes Anferanmpierot digdbmense of polymeric
adsorbents) of the adsorbent then the amount of vapor taken thin the adsqrption hranch of the

isotherm neafap§ hRt isseatsdyvibdbsadsaremtaxasid e ihindlas starbahes b fhakist the
adsorption isBREd WAlRS MRASHBRIRE Wﬁ&@?@ﬁé’,”h&%ﬂ%}ﬁ gt Ko Catheshireiigg in the art.

The detailed analysis provides a measurement of the volume fraction of the mesopores and filled
macropores it Beediseqtii fommerbormanted adrerbans tivetteambeotsdEstruesupedrsdoDetailed

analyses can count for rfac orpfion or adsorpgion. in either the micropores
or frge volumléﬁléﬂ%ﬁeﬁ S!Jta}?egsttj?)e%dgor eegﬁa\}/gsfﬁglgls gg ge gﬁr%m?r%r{%%'vo ulr(ir)lllael'% ﬁ(g%dof open P
mesopores aadsorberdyshees rifeturestactoaugzht be thitd iStaepPating Appli€tvisional Patent
Application NQ. 60/930,827, f 8 2007, which is incorpoyated herein hy reference. Detailed
analyses of !;Iggg g} dgggéﬁ%ﬁ%&mﬁw&}m&fgg&é b?ﬂfh‘{étf?ﬁffféﬁ% at their normal
boiling points) are known to those skilled in the art [0040]The dimensions and geometric shapes of the
parallel chani@04ddntacibhs shbstantiatbnparatoliohataielbérpityedimbndiented pacitielric shape that is
suitable for usg in a TSA or Thermal Wave swing adsorption process. Non-limiting examples of
geometric shi %‘%‘ﬁﬁ%ﬁ?&‘é%%&@%ﬁ%’&&%%{f’gﬁ‘mﬁr&ﬂ@ al i AMeBrdt bStar#ea {19%rallel channels

extending froph@tieeRNd OfeheaMoN it eHaimerh prosiakiRibeitiveaberRerestagked layers of
adsorbent sheets with and without spacers between each sheet; multi-layered sEiraI rolls, bundles of

hollow fibers CREMed Rithupttxdly usbiantiang pesad dilosrghannel pean be coated
onto these g@g@ﬁt{éﬁ%ﬁéiﬁ%&g&gm ' ingt f dicectly from the
adsorbent material. An example of a geometric Sﬁ%’é%%ﬂﬁ?ﬁﬁﬁﬁﬁfﬁg sgqr;b}ggt would be the
extrusion of fluid velocity, and the surface area to channel volume ratio. The channels are

preferably configured to minimize pressure drop in the channels. In many
embodiments, a fluid flow fraction entering a channel at the inlet of the contactor
does not communicate with any other fluid fraction entering another channel at
its inlet until the fractions recombine after exiting at the outlet. It is important
that there be channel uniformity to ensure that substantially all of the channels
are being fully utilized, and that the mass transfer zone is substantially equally
contained. If there is excessive channel inconsistency, then productivity and gas
purity will suffer. If one flow channel is larger than an adjacent flow channel,
then premature product break-through, can lead to a reduction in the purity of the
desired product gas or a less than optimum cycle time. Moreover, devices
operating at cycle frequencies greater than about 0.1 per minute (cpm) require
greater flow channel uniformity and less pressure drop than those operating at
lower cycles per minute. Further, if too much pressure drop occurs across the

bed, then higher cycle frequencies are not readily achieved.
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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 composite.
An example gfe960MsJgic shape that is coated with the adsorbent would Be-gd8iHabsiee! sheet that
is coated with a microporous, low mesopore, adsorbent film, such as a zeolite film. The directly formed
or coated adsorbent layer can be itself structured into multiple layers or the same or different
adsorbent materials. Multi-layered adsorbent sheet structures are taught in United States Patent

Application P[0042}ion Nheatiogamsonsiof theidtow lunmelsacad hereomipyteddrente. [0041]The
substantially parallel channels in internally heated parallel channel cqptactors are imes referred
B o Bl B R G R R R A S o e

1. s S
to as "flow ch w'channe nnels provide for re

resistance coflplecthdthetidibial\avbinsicifgap fiaa. dbout ShenteldenPbGhodidig sufficient to
provide a mass transfer zone, which is, at least, a function of the,flui(ii velocity, and th(jsaur ace area to

channel voluRiE bl frorhaheris 4o 6@8@&9 ByffeRted iRt hniZdosrchanael the
channels. In |ABY TR AP E.5ocEHIsIOw i JPmerieTRere % 3tdhedplsitof ghercontactor

does not communicate with any other fluid fraction entering another channel at its inlet until the

fractions recdmbhmitiemesiengnst ahavewbanng gapdreaghtiter wiskhbefahawmdLtarabomy to ensure
that substanti Il of the I il e S S is
substantially Z%%éﬁic%%%aimﬁﬁﬁggﬁ E%S’gg%{sl%éﬂc#w%aﬁ%%%&%r%gé rtlf({:]és?ﬁgr?a% r%gﬁ c%%ﬁy and gas
purity will suflarsdéhonagisicatiems)ehis dhapaeth @arbeafljemedtvithen cisonbéntheregieanature product
break-through, can legd to a redugtion in the purity of the desired prodyct gas.or a.less than optimum
cycle time. MEIBOVEF SBETE b S RS RORERErPEFEEL PR SRR IE B minte (com)
require greatgfrflemireaiahttHiklTHat defiess RiRFaHGhBOERdIRNS GRaEHRhRE ower cycles per

minute. Further, if too much pressure drop occurs across the bed, then higher cycle frequencies are

not readily adNRIvaMiting expaplessobihodne eberrress thatefodopssd HiHBISHENT the flow
channels i ARAIPHIRIHIRE CARPIHSIA IR ALRCESUTG donaIe HIRGLMCAIPBIRL, Lis preferred

that the flow channels have a channel gap from about 5 to"about 1,000 microns, preferably from about
50 to about 2&0borcroash; Tplastadf liwwrometal doidnplistignyetalo gl asspat@rhics otiwaizono 30 meter,

more typlcallzéggﬁg?l@ﬁo d%mcg?a%)%utl ar@eéfgsr?igj éar%%vg eg;ﬁ%@%’ gﬁ% %%?gl'lieé_or width) of about

50 to about ons. The"¢hannels may contal acer, %ssglécer. In some

applications, diskshenoeistiaatiefortmeeebfhen adsorbent sheets are laminated together. For
laminated adsorbents, spacers can be used which are structures or material, that define a separation

between ads laminates. Non-limiti xamples of the type rs tlat can be used in the
present inverfé@ggfjre thcq)}lsg gancg}xlgeedaég gf%%rﬁts%ﬁi?ﬁ; rc&}% e‘?%@%?é, et ei,cgf'a?ss, or carbon
mesh; plasticatisorbemeinitéeililpiagtisptioatalyaihesvaeralicc v adsorbéberaastdhigads; ceramic
pillars; plastig, glass,gﬁe%gmic, or metal spheres, or_disks; or combinations thereof [0043]In a structured

adsorbent colCREPPr AR S P @é@es@%l&ﬁ\féhe flow channel. The structured adsorbent
contactor may optionally contain a thermal mass to control heating during the
adsorption step of the swing adsorption process. Heating during the adsorption
step is caused by the heat of adsorption of molecules entering the adsorbent.
The thermal mass assists in limiting temperature rise during the adsorption step |
and can be incorporated into the flow channel of the contactor or incorporated
into the wall along with the CO, selective or o‘ptional water selective adsorbent.
When it is incorporated into the wall it can be a solid material distributed

throughout the adsorbent layer or be included as a separate layer.

[0044] The contactors of the present invention can better be understood with

reference to the Figures hereof. Figure 1 hereof is a representation of a parallel

17



adsorbent material and optionally the water selective adsorbent material is incorporated as part of the
wall of the flow channel. The structured adsorbent contactor may optionally contain a thermal mass to
control heatiRgy4ing,Haggadsorption step of the swing adsorption process pldpaiiaghsibsiagsthe
adsorption step is caused by the heat of adsorption of molecules entering the adsorbent. The thermal
mass assists in limiting temperature rise during the adsorption step and can be incorporated into the
flow channel of the contactor or incorporated into the wall along with the CO2 selective or optional
water selectiwhaniselrbentasidrerf ithe presepdinteaiitio that wsaihtenzallpdheateddnriatgibedistributed

throughout the adsorhent layer qr be inc as a separate layer. [0044]The contactqrs of the present
invention canr%%?fleerr%elolfln%?gps'tc?cgltlle\ﬁﬁﬁalrtgdl:? oL ?g%ﬁ@ﬁ&?frégslﬂégeeo%f’ ﬁrgaﬂ?@r(gba‘ls a
representatiofogheddisitaly channehdordpoiousiafwiieseplis vendienamdtismitaiaingly heated during
the regeneration step. The parallﬁl channel contactor is in the form of a monolith formed directly from a

microporous BU¥aiBE R PUrchaBREknidY WidkMRIS B ofmare s hARSHEMR e wide variety
of monolith shgpgedraQelPBy et EHYRYRYFLSIN RIPERERHIADE LERIRIMEN Rlohshbrdrical

monolith 1 is shown schematically in Figure 1 hereof. The cylindrical monolith 1 contains a plurality of

parallel flow dhigriliews sthematiesllzHadfigure taeteale Thawydingajrahmonabishitlscentdiost 1,000
microns, pref [o tilized herein, the "channel gap" of a flow
channel is de%ﬂ%i%ﬁﬁ%é&égffgo ﬁﬁ%ﬁ%&%eﬁ%ﬁ%d@n%%%sngg?%} ow'e aé‘rﬂ%il as viewed
orthogonal togiyes ffoowrpaliouEGrtmatenutel , § Abenfiovonhgmedtisbliy futan isbowisSosectibout!Xso the

channel gap is the interpal diameter of, the cirgle. Howevery, if the. channel gap is rectangular in
cross-sectior HE RS ﬁblﬁga‘ﬂ’fgtﬁg{gﬂbé}}ﬁ gc BI5 r%@?fcﬁﬂﬁ ?Wa%h’@%ﬂn‘ééifg‘b“ﬂ%%o longest

sides of the reriapapiRof £ liteeteosihinf ihamatesisidRiohlbe tecBow ehdhsiraid algede noted

that the flow channels can be of any cross-sectional configuration. Preferred embodiments are wherein

the flow charfihegeealsa-thsnHrws patur dirminstenser idithaiBoveehangelds sirsglarin Frowever, any

geometric craserRsE AR dRNIRNAORBRVIRE itehal ViRARGLOPAIBHIRE Q1sHRPES iPValS,

triangles, or various polygonal shapes&l‘g] other pre%glr?elgqem (%ijénentels?%ﬁggfé% 0 %?géal sorbent

volume to flothekhane¢hgiprierectangadaoihenoseacation,ishiedhowlgapt 3. the thstdome 40:1, and

more preferaply from about 1:1 to abput 50:1..[0045]The channels can he formed haying a variety of

shapez inclu d‘ill’%ll% ’pgﬂ%en 1Cular to an connecﬁLg élE]I\VO Fonges?m €s ol%%he rectangu arg Y
(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, any 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.

[0045] The channels can be formed having a variety of shapes including, but
not limited to, round, square, triangular, and hexagonal. The space between the
channels is occupied by the adsorbent 5. As shown, the channels 3 occupy about
25% of the volume of the monolith and the adsorbent 5 occupies about 75% of
the volume of the monolith, although the adsorbent 5 can occupy from about

50% to about 98% of the volume of the monolith. The effective thickness of the
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not limited to, round, square, triangular, and hexagonal. The space between the channels is occupied
by the adsorbent 5. As shown, the channels 3 occupy about 25% of the volume of the monolith and
the adsorbeRy g nsURiRgsAbouUt 75% of the volume of the monolith, althouglp{hesagiaaiient 5 can
occupy from about 50% to about 98% of the volume of the monolith. The effective thickness of the
adsorbent can be defined from the volume fractions occupied by the adsorbent 5 and channel
structure as: Effective Thickness Of Adsorbent = - Channel Diameter Volume Fraction Of Adsorbent
2Volume Fraedsorbént kan el sl¢binee) fromnthicevohamaediraetionsioecnpied o theaadsarbenbSabout 250
microns it is [%lrecflecrfled tgiittthe thri(e:kréess of the adsorbent layer, in the case wherein the entire
contactor is not comarglrrilseé gﬁﬂle aas'orbent, be in a range form about 25 to about 2,500 microns. For a
50 micron channel gap, the preferred range of thickness for the adsorbent layer is from about 25 to
about 300 microns, FBf&TETerety réfigiéttom about 50 to about 250 microns. [0047]For the

monolithic parallel channel contactor of Figure 1 that is
Volume Fraction Of Adsorbent

Volume Fraction Of Channels

= E Channel Diameter

[0046] When the channel gap is in a range from about 50 to about 250
microns it is preferred that the thickness of the adsorbent layer, in the case
wherein the entire contactor is not comprised of the adsorbent, be in a range
form about 25 to about 2,500 microns. For a 50 micron channel gap, the
preferred range of thickness for the adsorbent layer is from about 25 to about

300 microns, more preferred range from about 50 to about 250 microns.

[0047]  For the monolithic parallel channel contactor of Figure 1 that is
internally heated during regeneration the effective thickness of the adsorbent will
be about 1.5 times the diameter of the feed channel. Figure 2 is a cross-sectional
view along the longitudinal axis of the contactor of Figure 1 hereof showing feed
channels 3 extending through the length of the monolith with the walls of the
flow channels formed entirely from adsorbent 5. A schematic diagram enlarging
a small cross section of adsorbent layer 5 is shown in Figure 3 hereof. The
adsorbent layer 5 is comprised of a microporous adsorbent, or polymeric,
particles 7; solid particles (thermal mass) 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 solid particles 9 occupy about 5% of the volume. With
this composition, the voidage (flow channels) is about 55% of the volume
occupied by the microporous adsorbent or polymeric particles. The volume of
the microporous adsorbent S or polymeric particles 7 can range from about 25%
of the volume of the adsorbent layer to about 98% of the volume of the
adsorbent layer. In practice, the volume fraction of solid particles 9 used to

control heat will range from about 0% to about 75% of the volume of the
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internally heated during regeneration the effective thickness of the adsorbent will be about 1.5 times
the diameter of the feed channel. Figure 2 is a cross-sectional view along the longitudinal axis of the

contactor of Giguwsshsgof showing feed channels 3 extending through thgdergiyRfdiae-monolith with
the walls of the flow channels formed entirely from adsorbent 5. A schematic diagram enlarging a

small cross section of adsorbent layer 5 is shown in Figure 3 hereof. The adsorbent layer 5 is
comprised of a microporous adsorbent, or polymeric, particles 7; solid particles (thermal mass) 9; that
act as heat sindsorbénd dijrey. adara pR: ferdedpenbodisneut ticaral unierof the sricsoperstawdn, the

[ dsorb I ' icles 7 b %, of th I f the adsorb
yer and the SBCBAATBTE SRR Aol PR B ST BRI R vrdage (Tow

channels) is a@uinablopdriheyhineaOaetipiEbl byking apemId this dHkothe desired bimediet particles.
The volume of the microporous adsorbent 5 or polymeric particles 7 can range from about 25% of the

volume of the®4 B8RSRt Yids IsThBstivesnpartinles sRthat shenwolinss - Fastion of apshactice, the
volume fractigReghsepel RaIiIHfier8pbied 1a SRAHOLASSHUHL TaYERS RO BIDB sarlpt 75% of the

volume of the adsorbent layer. In a preferred embodiment thé volume of the ' mesopore and
macropore in the contactor is minimized, One method tg minimize mesopore and macropore volume is

with a blockint)848h: 13Whamithemeonelith dssed it arilye gasorepsiptirusesseehabrales so that
the volume fraglipR;AEAPSBIRGIRAPIBRABMIHAP Attt ol AR AHRUP AT I GARAR &3S than about

20%. [0048]When the monalith is used in a flue gas separation process that relies o a kinetic
separation (pfetidheimiangpgiransiadsanbentiod pielgmeniapamgisies Téo the snhvtapsiallis thésorbent or
polymeric parjj I uy ntiafly t me size, It is.preferred that the stapdard deviation of the
volume of th eg%ln ?\Sllsé{l%; qrﬁi%gré)ﬁ%%réfda%?%?ﬁgaﬁttg?%%g/r(ritwee‘ﬁctrlpoe{lrt?cﬁes%vgéqlérlsesqﬁg}me100 % of the
average partinidividualeniicrivpetmasydsortratieorpolsensts. partichar@ peclessadantioodient the
standard devi%tion of the volume of the inﬂ/gf{ual mi ropormé?éagsorbent or polymeric particles 7 is
less than 5098SAKE 38R PR & YRlums ipn&nstically controlled prasssses ol L2 M Qdsorbents can

be controlled gy fhesnetneddineshiatrysikrairda S RAGKISE HEIS SO THRGAAIEPR e
pre-synthesized microporous adsorbent particles by size using methods such as a gravitational settling

column. It mapsEePeRouspdseshenteripl¥marisdaasickesctinless tern % of theravsragtymeric
particles In eqiiitiuDoFaRIE e oRRATBHASCIBRATLIRIE e ScKEE Al liatapRglths can be
sorbent. Such methods ribe

formed directly from a structured microporous a are desc in co-pending
U.S. Provisiopenhtrobled: bypilicaishadou 0l 968 8 icsititMayatBc RS0 11 wshitsoipassibiectmted herein
by r(':‘ference'separate pre-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.

[0049]  There are several ways that monoliths can be formed directly from a
structured microporous adsorbent. Such methods are described in co-pending
U.S. Provisional Patent Application No. 60/930,827, filed May 18, 2007, which

is incorporated herein by reference.

[0050] A non-limiting example of a parallel channel contactor that is
externally heated during regeneration is shown in Figure 4 hereof. Figure 4
hereof is a representation of a parallel channel contactor of the present invention
in the form of a coated monolith 201 that is externally heated during

regeneration when the adsorbent layer is coated onto the channel of a preformed
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[0050]A non-limiting example of a parallel channel contactor that is externally heated during
regeneration is shown in Figure 4 hereof Figure 4 hereof is a representation of a parallel channel
contactor of {ig pEgseRbigvention in the form of a coated monolith 201 thatiseytaraatyshaated during
regeneration when the adsorbent layer is coated onto the channel of a preformed monolith comprised
of non-adsorbent material. In this example, an extrusion process is used to form a monolith from a
suitable non-adsorbent material including a metal such as steel, or a ceramic such as cordurite,
zeolite, or a caxdplith cerapnisadr of aleiediortent suitgrhbolnitihis ¢gamplsp ledexissidthe channel

walls of the morr&ogtsfsl.ig.uchdgtla?es can be a E}'ﬁ%@{ Slé{lr{ aﬁ eating_t% C anpel V{Jarlislfollowed by
curing by firin%. XSS ge €% schBeaarBB 12U T AR WaIRAC RN TR §hter conditions that
densify the caathgliligs alerapeashle isteideoresermivdspobsss coitpiagrebditeianhwiques to apply
the glaze or sol gel. In this case, the glaze or sol gel wjll penetrate into the pore structure of the

monolith 201 A ALETRMN HF Itallien2l 3751 06 SHLERSPHLNE A7 tsARpleAR SRR HBFough the
channel is nogRaaRHY WAIs BY{RE R ST oS de-BicnplitR dppIRdassResiag indmpregnate

the pore structure of the monolith with a solid material before the channel walls are sealed. In order to

provide exterfBapned yisldsifolloweshbyeening berdriagows Wil gedcaalslapcbecanplied tadhends 215.
At the opposi ' e . §lo 3 and 225)
are cut throuéﬁ%@%ﬁ%@%ﬁﬁ%ﬁ of t leeé’r%({)\érﬁ(t)%;tﬁg:g%??\%%eg%’(?vh\?%gggqsiggbiltéggéa(%éaled rows
of channels Zidssitdaltogiseirfacesd ko d e erssie éaprteigntitiondedhiniomen coapplpsheatl asein the
middle of the monEIitep 2511(?#0051 In E%%ation, the mo(?olj p will be mounted in a module in a manner
that seals the’EA85 &F th& HEW RS A2Es RS hESIY Uk BRRSHAHO IR A RSk AUSB nology can
be used to seffrﬂi@maelamhtnophmIaﬁl%&asmm%lmawm@%&ﬁék%egmwg&ﬂadﬁaiuch as
rubbers or carbons, and the use of adhesives such as inorganic cements and epoxies. The module is

configured s&ﬁaﬂaw&mﬁr&umaw‘ébiﬁ E’é’?l{ﬁﬂ@.ﬂ)ﬁﬂféﬁ@ﬁiﬂﬁ@dﬁ% é’(f thahe ends
il L B e R POk R oA L at (v end of the
module. Thesaanolthcaiibre solidenaisnialthefors/theichaanglhealleach acajedadd trder toe

provide externally heating in TSA operation, alternate rows of channels are

sealed at their ends 215. 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 of the monolith to provide flow access to these sealed rows of

channels 215. Sealing surfaces 219 are provided at both ends of the monolith as

well as in the middle of the monolith 221.

[0051] In operation, the monolith will be mounted in a module in a manner
that seals the ends of the channels as well as the middle of the monolith. Any
suitable technology can be used to seal the ends of the channels including
metallic welds, gasketing with materials such as rubbers or carbons, and the use
of adhesives such as inorganic cements and epoxies. The module is configured
so that a heating or cooling fluid can be flowed through the channels sealed at
the ends 215 by introducing it though the slots 223 and removing it through slots
225. The heating and cooling fluid will undergo heat exchange with fluid
flowing through the channels that are open at the end of the module. These

modifications to the monolith convert it into a heat exchanger and there are
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various other ways in which heat exchangers can be produced or configured. Non-limiting examples of
such other ways include shell and tube heat exchangers, fiber film heat exchangers and printed circuit
heat exchangggs,(ad phykich are well known in the art. By coating an adsospgRidaglesane side of a
heat exchanger it can be used in accordance with the present invention. In a preferred embodiment
the adsorbent layer has a low volume fraction of meso and macropores. As such, this example
illustrates how monolithic heat exchanger structures can be converted into modules suitable for
externally heatiou$ AthgevadioninrebichHzeat elschasgras ¢rvbaiimodneed @heemégyrgsk) and

adsorbent layer thicknesses as previopsly mentioned with regard tg Figure, 1 hereof. [0052]The
adsorbent |a§?§f’%ﬂ§’8§‘ﬁ‘%8’é€‘§ﬁﬁ&? gf 5‘%&2&@‘8{ BY%%?,C g‘hg Sgl\?vﬁa ;1%1 bee ?I\g\ﬁ channels by any
suitable methegshnpelis)fiberciBA RS otchatyeredintiprinckdieifuiit hbasexcbatigerigalinifues, such
as slurry coating, slip coating, hydrathermal film formation, hydrothermal coating conversion, and

hydrothermalVghéstk BRIV ey in dhectfta B S0AHNE AMAdsetbsnt lavss anore st ddutions
should includgat leasiheeMiFAnBe U 5P RLBEGIHRR! Wit thOPrisas i veserilYipgaagent such as

polyvinyl alcohol, heat transfer solids, and optionally a binder. The heat transfer solid may not be
needed becapefersdembotlimenidheladspticotinger inae kevownlnae: fragisesr ¢bmesy storing and

releasing heat in the different ste the. ration. pr cle. | ase, the heat diffuses
through the a%%%r gcr:gqg%ersz sgsﬁ.%? flﬁ%ﬁ{ﬁg%go@é%fl ﬁwug gﬁgésj}l/%‘ﬁp;& l\ilbslfl:%sﬁl (illﬁa?agent, such as
polyvinyl alcaixahimgeestiniturss aliyn e oommaedvineo thedudedingitatsierést kxeekilallit can be

advantageous to employ a binder such olloidal silica or.alumipa to incregse the mechanical
Ctrongin of (1BEAHED COABERUC o ECCr HBRELD AL o A P | B ELBRRSG (0 About
40% of the VQM‘@%EB&W&?@%M&@S@QBQ@VEB%@Wéﬁt%}%mﬁﬁﬂpﬁgak‘a|t5‘Figﬁxjé|QCking
agent can be applied in a separate coating process. When hydrothermal film formation methods are

chosen to abﬁ?Qﬁe adsorbent layer, the coating techniques used can be very similar to the way in
which zeolite membranes are prepared. An example of a method for growing a zeolite layer is taught

in US Patent mosi]049,iﬁ@,aaEuB;Béﬁﬂ'm&%pzw%ﬁlsé%ﬂye@%rs%ﬁ%%?@ﬁh?&[wr@l\efﬂ by
hydrothermal synthesis on supports often have cracks and grain boundaries that are mesopore and

macropore invéttks, of{b& Slamelsmnpelsbyoray, syibalels rmethodn NMpadimitingwxemplesiiof thickness

and there is igtie. i ; h -qrown: fi n often be
ced cirectly Eh AR IR MUK SO IR il e e ST
hereof are repoatiagidtipdrotfeamathéim daxdedtbanmpdcathtantal stating e afvessiorgsant invention that

is externally heated duri ipn. In this contactor f ternally. heated TSA th
adsorbent la}8 A0S B ACEL Bl BRFR RO bREwAls2RE8 5t RS A U5 thaPE faces of

the housing fesdtiagestadtiskhbale iisldacas 1cass s ehicrdpoesty dasemhénesr pdisaisgadhe edges
of the outer surface. The hollow fibers used in this example have a diffusion barrier on either the

exterior surfdRUUAGANiErRM Evingaganbsuchhasrrlisdrybalrehel, disahranalepselifac@ndso then
neating and eaplinsaflyid insseHE AR RGN FAIS/RG BelhediRRrB LR A RKasbiR form the

contactor. If the diffusion barrier is on the exterior surface 440, then the flue or process gas is fed
through the hfiidg monolith 201 can act to as its own heat transfer solid by storing and

releasing heat in the different steps of the separation process cycle. In such a
case, the heat diffuses through the adsorbent layer 205 and into the body of the
monolith. If a viscosifying agent, such as polyvinyl alcohol, is used it is usually
burns away when the coating is cured in a kiln. It can be advantageous to
employ a binder such as colloidal silica or alumina to increase the mechanical
strength of the fired coating. Mesopores or macropores will typically occupy
from about 20 to about 40% of the volume of the cured coating. To reduce
macropore and mesopore volume, a blocking agent can be applied in a separate

coating process. When hydrothermal film formation methods are chosen to
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core 403. [0054]Many different methods can be used to produce the adsorbent layer 405 in the fiber.
Some of these methods are disclosed in co-pending U.S. Provisional Patent Application No.
60/930,827, {{erhlays1§s2007, which is incorporated herein by reference.plqedigsipgsSHaer suitable
for use in an externally heated TSA process a diffusion barrier is coated onto the inner surface 450 or
outer surface 440 of the fiber. Non-limiting examples of materials that can act as diffusion barriers
include sputter deposited metal and ceramic films, evaporated metal and ceramic films, metal and
ceramic filmsdpphyetidadstwbent dhyapdhdepatitigtedustpi s asgobsie bopohsimitantel thelids (such
as clays) and_coatings, of pol rs that have low diffusion, cogfficients. To act as.a diffusion barrier, the
cftectve aifuSEn BB ACa RS B oA T PEEPRSS AR SPOTRPIF0 B itusion
coefficient in grewifomesdliey tiypdsrrishably (ESP et A, 0490999t tdvirige diffusion

coefficient in the adsorbent layer. When a diffusion barrier is used, the gas in the feed channel is

effectively coffGATRATSAdrEem byarrferenns adssiiterlangra erana bsh ﬂfﬂﬁl&?énﬂ?é need for a
supporting MadiyRGURH Hﬁ%&%‘i%ﬁ&%%ﬁ%%l&?%ﬁ i BBERRRIRS a3 1 gases

allowing for thé cycle time in process to be decreased (i.e. rapid cycle operation). [0055]Another

fabrication mefbmastiopexs insizsuithisly sbimsaf ihese prusmisligfinratess thaniph@rtabhel contactor is
to coat the a ent nsigde of,prefabric fiber.such as a.hollow glass fiber, hollow silica fiber or
R e i e A B R et e

hollow polymer tiber. Coating me S previously descr can be use
inside or on thetexteriorauksacEhok pagrgtalwic fiknsflitar ofide bahs gt diabeitaissldibadserbrare from

glass, or silicg, the final product hgs_a bujlt in diffusion barrier. [0056]Once suitable fibers, or an
externally h equarp\g}(aﬁ%ﬁt ?i for au“ockmg agent.

[0053] Figures 5 and 6 hereof are representations of another parallel channel
contactor structure of the present invention that is externally heated during
regeneration. In this contactor for an externally heated TSA process the
adsorbent layer 405 comprises part of the wall of a hollow fiber 415. In Figure
6, the outer surfaces of the housing for the contactor 401 are rendered
transparent with only dotted lines indicating the edges of the outer surface. Thé
hollow fibers used in this example have a diffusion barrier on either the exterior
surface 440 or interior surface 450. If the diffusion barrier is on the interior
surface 450 then heating and cooling fluid is passed through the hollow core 403
of the fibers 415 arrayed to form the contactor. If the diffusion barrier is on the
exterior surface 440, then the flue or process gas is fed through the hollow

core 403. '

[0054] Many different methods can be used to produce the adsorbent layer
405 in the fiber. Some of these methods are disclosed in co-pending U.S.
Provisional Patent Application No. 60/930,827, filed May 18, 2007, which is
incorporated herein by reference. To make the fiber suitable for use in an
externally heated TSA process a diffusion barrier is coated onto the inner surface
450 or outer surface 440 of the fiber. Non-limiting examples of materials that
can act as diffusion barriers include sputter deposited metal and ceramic films,

evaporated metal and ceramic films, metal and ceramic films formed by
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contactor, have been formed, they are gathered into a bundle and the ends of the fiber bundle are
potted or embedded in a matrix material 417. This fixes the fibers into a substantially parallel array.

One method g0 d41iS §swith an embedding or potting process that surroupgs Ahe ®eigeidhe fibers
with a matrix material 417. To visualize the potted fiber array, Figure 6 hereof shows the parallel

channel fiber contactor with the matrix material 417 rendered transparent along with the tubular
housing 401. [0057]This potted array is then sealed into a tubular housing 401. Sealing surfaces 419
are provided eh¢insiealdzpotidepaisitianhoasted dabpasiealvipslyimeessaid isodide (sahidisd in the

middle of the housing. Slots.423 apd 425 are,.cyt.throygh t all near the .ends of the tubular housing
to allow for th@?@%ﬁéﬁ?ﬁ\ n%ngg i%%ﬁh#}ﬁa%ﬂgﬁ?o‘igﬁgsé%cﬁ% 12 rgl]%'ssesg HUE Efiision
barrier is on thfaéesiobattitacehe T ideci v giffosisnaeifvientofube coatingisiiddbe kaS. If the
diffusion barrier is on the exterior surface 440, then heating and cooling fluid flows through the slots

423 and 425 TeoserbhEadbe arerags difesanirgeficisohiadhs adserdentiryesandapid cycle
thermal swing, adspipek MadHISHBd MR006 H wGak i RRI A dbaicharngltes well as the

middle of the monolith. As previously discussed, any suitable sealing technology can be used. In a
specific exanfsieonbentrlenere iWbenfaydifusiontmrridrdatingbrtho @asyim the deedhfionaldsinside the
hollow tubula ing.401 by introduging.it theugh §lots,423 and removinggt through.slets 425. The
heating and cé(#)%%%vﬁ%},dc \(/)vﬂF%lH érlglﬁ%g?%égﬁg%ﬁé \?v?t‘lln ?ﬁ%gr g\rllvfnp]a t%rr'oug lstﬁen%ﬁglvlvnﬂbeers which
are open at thkearetdfure mashoetinitnshesaenihthafivess tanidothering thr thass oOtHO 1
containing theéoarallel array, of hollow fiberﬁbecom s a heat exchanger suitable for use in TSA

COHASIOr, ANE LSRG A5 Gh A Ba et IR the Srls At 1B yBe PERCRA'A Wsw volume

processes. Irl
fraction of MeRRPEASSIAIE PASI®RYEES operation).

[0055] Another fabrication method to make fibers suitable for used in an
externally heated parallel channel contactor is to coat the adsorbent inside of
prefabricated fiber such as a hollow glass fiber, hollow silica fiber or hollow
polymer fiber. Coating methods previously described can be used to form an
adsorbent layer inside or on the exterior surface of a prefabricated fiber. When
the prefabricated fiber is made from glass, or silica, the final product has a built

in diffusion barrier.

[0056] Once suitable fibers, or an externally heated parallel channel
contactor, have been formed, they are gathered into a bundle and the ends of the
fiber bundle are potted or embedded in a matrix material 417. This fixes the
fibers into a substantially parallel array. One method to do this is with an
embedding or potting process that surrounds the ends of the fibers with a matrix
material 417. To visualize the potted fiber array, Figure 6 hereof shows the
parallel channel fiber contactor with the matrix material 417 rendered

transparent along with the tubular housing 401.

[0057] 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
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[0059]For externally and internally heated structured adsorbent contactors the overall adsorption rate
is characterized by the mass transfer rate from the feed channel into the adsorbent. It is desirable to

have the maggdransiaksaie of the species being removed (i.e. CO2 and ogsispaldyonsaisidRigh enough
so that most of the volume of the adsorbent is utilized in the process. Since the adsorbent selectively

removes CO2 and optionally water from the gas stream, inefficient use of the adsorbent layer can
lower recovery of the CO2 and/or decrease the purity of the recov_ered CO2 product stream. With use
of the presencWivibroiegh thie yebksitsar tthéoentds st thestabudardabusing e al lofficfonthelowinfihe
adsorption a sorption of.the heayy component. One way of doing this i have. an adsorbent of
uniform thick?}gjeegsﬁ %é)r}é)ﬁ?eo {H}ékﬁllélsaggfl t‘l{ﬁnéﬁ adsor sesnatnlgNéﬁéug% Bgsﬁ?'e rnﬁattg’setaéﬁgfselfn&oefﬁcients of

the CO2 and bptiisrdlowdieriatgidhedifae o# Stefhdsorpitovesng aiefopsidnrsigistht thleterocess.

Thickness uniformity, can be assessed from measyrements of the thickness of the adsorhent, or from
the way in wh 2!5 1 Adic H‘.qHfg\%@n}é@ﬂ?&t‘ﬁ@’tﬁﬁ&’ﬁﬁ?&%%Hfif%ﬁfs‘é‘fgem%l&%w&at the

standard devig{ipBddflifip gk oW fRssuldlrhakpets AXP A{dhp gverage thickness. More preferably,
the standard deviation of the thickness of the adsorbent thickness is less than about 25 % of the

average thicmﬁ) It is even more preferre%that the standard deviation of the adsorbent thickness be

less than ab b of thR WERRHRM K Y B!*Tbb%f@.ﬂdﬁlI%%W@dtﬁ%%Tlﬁﬁsgrt&gg;‘\gﬁrate constants
is well known(fagnpéycll@mg;ﬂéﬂmrﬂgskakwﬁ%ﬂh%we%@%gxﬁ*ﬂépm%ds HiRrefRyediot needed
herein. [0061]A i%lure of merit for the mass transfer through the adsorbent layer is a
channels as well as the middle of the monolith. As previously discussed, any

suitable sealing technology can be used. In a specific example, the module is

configured so that a heating or cooling fluid can be flowed inside the hollow

tubular housing 401 by introducing it though slots 423 and removing it through

slots 425. The heating and cooling fluid will undergo heat exchange with fluid

flowing through the hollow fibers which are open at the end of the module.

With these sealing arrangements, the tubular housing 401 containing the parallel

array of hollow fibers becomes a heat exchanger suitable for use in TSA

processes. In a preferred embodiment, the fibers have an adsorbent layer 405

with a low volume fraction of mesopores and macropores.

[0059] For externally and internally heated structured adsorbent contactors
the overall adsorption rate is characterized by the mass transfer rate from the
feed channel into the adsorbent. It is desirable to have the mass transfer rate of
the species being removed (i.e. CO, and optionally water) high enough so that
most of the volume of the adsorbent is utilized in the process. Since the
adsorbent selectively removes CO, and optionally water from the gas stream,
inefficient use of the adsorbent layer can lower recovery of the CO, and/or
decrease the purity of the recovered CO, product stream. With use of the present
invention, it is possible to formulate a structured adsorbent efficiently used in the
adsorption and desorption of the heavy component. One way of doing this is to
have an adsorbent of uniform thickness where the thickness of the adsorbent

layer is set by the mass transfer coefficients of the CO, and optionally water and .
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time constant, Ta, for transport of the CO2 and optionally water computed at each point in the
adsorbent. For a planar adsorbent sheet with thickness in the x direction, and the y and z directions

being in the glyaafihpaheet, the time constant Tat of the heavy compongptigsd@dietszk= Minimum|
Dpath Lpath21(in sec) where Dpath is the average transport diffusion coefficient of the heavy

component along a path from the feed channel to the point (x,y,z) and "Lpath" is the distance along the
path. There are many possible trajectories or paths from the feed channel to each point (x,y,z) in the
adsorbent. Ttketitimecoftitaadzotipt oninmdudesoi top stepsiofithe poestestd Tibgkaress Lpath2) along all

possible paths from the feed channel tg the (x,y,z) point in the.gadsqgrbent. This jncludes paths through
esopores all TR STELDH e o AR BF PEA E RRPESa O Lo ey be
included for herefroianhgeagih WieichvitliDfabe dated PO iy pieifett e ehbx, the)usafotsnitynof it are not
included in the computation. The transport diffusion coefficient of each species is taken to be the

single compoiieradspshsnibs.snsh thet thsstandardedpvintionatdtsthickness dsdses dhanransport
diffusion coeflisigRtsHRNGaR AARDARIRALE INRREARIAERY BEUSIRRSRERKIRRIGIQID the path.

A linear averaging is sufficient to provide a diffusion coefficient characterizing the path. When the

heavy compdhéﬁh_iﬂ_i@malﬁ threaisothentithiciaresoisiiese thap shwnti2 3% ebthp eyriagslly averaged.
The difusiongoafiient (RARNGS o0 STPRIALY A0 VA ERSAVANAISISE, T e fxent that

the diffusion coetticient changes, It must be averaged tor the temperature and pressure crhanges

occurring durihizknegs|be feysahaaosbohentts of diéiceantagbatdvkrged thickness of the adsorbent
layer preferably is chosen such that the time constant for at least half the points (or volume) in the

adsorbent thakj tad id is less than the, cycle time of the process. More preferably, the
verage hickoUe0D e ol e e T e SRR BB o 756
of the points thosohavimgintimadsskiiein thetdst aaidaa dizesidedodid ¢ndskmtiathéhefomeieotme of the
process. Even more preferably the average thickness of the adsorbent layer is chosen such that the
time constanPF&f%&lES‘ﬁ'ﬁbout 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. 10062]For either internally heated or externally
heated contafi06d jhe teinfigtatuo niseitfostthe hitasetahsfaothrewds dipadocitent Thgehgah of
adsorption for, CO2 in cationiCé?_olites is in (}#Sn%? from abouyt 15 to about 40 kilo-joule per mole of
i

CO2 adsorbd UGN e 19 SRS P eptionally watst sompricdatsanhioaded

with 1 millimeJgiff A@enfiserBBnLl RoralipinaeaiierBdapsneet wat!thiskitess ang fom about 20C to
about 50C. For internally heated contactors it isﬁp%;eferred to limit the temperature rise during the

adsorption stdiseetiessandthesoandaclispetiessobrinmindhadiens afashe vhestcshepiarethis, the ratio
of thermal m@gﬁg&ﬁ{j%o@etbﬂgﬂgé@sggmxg&%lh@ %.range from about 0.02 to about 2 and preferably in
about 1. For e

a range from about 0.1%0 ernally heated contactors the temperature rise during the
adsorption step can be limited to less than about 20GQ by pumping a cooling

Ta [X,¥,2] = Minimum[ Dpag, / Lpan”] (in sec)

where Dy, is the average transport diffusion coefficient of the heavy
component along a path from the feed channel to the point (x,y,z) and "Ly." is
the distance along the path. There are many possible trajectories or paths from
the feed channel to each point (X,y,z) in the adsorbent. The time constant is the
minimum of the possible time constants (D / Lpamz) along all possible paths
from the feed channel to the (x,y,z) point in the adsorbent. This includes paths
through mesopores and macropores. If there is a solid material in the adsorbent
(such as that which may be included for heat management) there will be no
transport within it and (x,y,z) points within it are not included in the
computation. The transport diffusion coefficient of each species is taken to be

the single component Stefan-Maxwell diffusion coefficient for each species.
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fluid through the heating/cooling channels or passages in the contactor. In one preferred embodiment,
the cooling fluid is water. In this case, the thermal energy taken up by the water flow used to cool the

contactor carypglisgiRaigd with use of a cooling tower. In another embodigent;Higsseing fluid is a
fluid (gas or liquid) that is flowing through a refrigeration cycle. In still another embodiment, the

contactor is cooled with flue gas effluent that has CO2 and water removed. This effluent is the gas that
has passed through the contactor that removes the CO2 and optionally the H20. In this case, the
effluent is pasHeelaheagtthnspeatidifftcoting etffivient aiothe therpathoDipg dirthstiinatrlyis

counter-current to the, direction of flow of flue gas being, processed to remave CO2 .Ear externally
neated contalPRAE A HORLRIE T T ARG PR Ao TR TR B S AR g tho
adsorption stepdeidess diffasidr¢oMicitm tharawiniag theipathwiWiam eltcheally heated contactor

the ratio of thermal mass to adsorbent mass can be in a range,from about 0.02 to about 2 and
preferably in S¥BR9ESRMAsIBARY PRsiasshe difbeionerptheisatalliontia® good mass transfer

charactersticg gAANSANEIAAUA SRR OB IAGRAIE S RORRS D

concentration front of adsorbed CO2 moves along the length of the Contactor during the adsorption

step of the T9AdfokaNdepand beprassyof Todkaiesieniohatdps tifusssrbeeghiiciefibw through the

contactorand% réi rhed in.the adsarbent material.nearest to the entrance of the contactor. This
Conoas o TEdS B B B R B B B e e e O e

CO2 concentditingfalky pleciPdoanlydsorbont robi eifioihcthe atantgrdd thickasinatikdhe level left
at the end of the regeneration step. The, position at which the adsorbed CO2 concentration, falls,
oves along HBHEH O B ELRTALIS R PARAE 1 LA B HBRGRSE R R B Tnie
movement is fipdqsbfstI Y ASVINREEPIR SHCAISABEATIAIE YR (R RO 881089 dbetiRnotheOf the

contactor. A sharp concentration front, or gradient, in adsorbed concentration along the length of the

contactor is pFEfderimpadghednosasnhiddare pseferably thearageoieknrstofithetor for a relatively
| M b f n mn
ong time befgiRofERNAVRH I cifbdH Jaen HIRARL NRLY0H0R AR BENLOPEHER (ARG U mass

transfer is not adequate, then the gradient wi allow. ndition results in adsorbate
beginning to dszppmthéaronhoios) imghesfdserbent tratictons eajensitystdiddsdessisharithdilized. In

practice, high mass.transfey is achieve roviding relatively small chanpels for the feed fluids to
travel throug 124 ‘I:Tﬁilfg%gcfgfr’ﬁ Shed S[Jsdﬁbgé&%%rgtg?g %{ﬂgb ff ASGF %%é&ﬁgg%ﬁséﬁaﬁﬁels for gas
flow. [0065]WJasortienaliseipisachtrssi, soich flya, thecalsretbonsainetfshatasisebbsut 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.

[0062]  For either internally heated or externally heated contactors the
temperature rise must be limited during the adsorption step. The heat of
adsorption for CO; in cationic zeolites is in a range from about 15 to about 40
kilo-joule per mole of CO, adsorbed. With this heat of adsorption the adiabatic
temperature rise for an adsorbent loaded with 1 millimole of CO, per gram of a
cationic zeolite adsorbent would be in a range from about 20°C to about 50°C.
For internally heated contactors it is preferred to limit the temperature rise
during the adsorption step to less than about 20°C by incorporating a thermal
mass. To accomplish this, the ratio of thermal mass to adsorbent mass should be
in a range from about 0.02 to about 2 and preferably in a range from about 0.1 to
about 1. For externally heated contactors the temperature rise during the

adsorption step can be limited to less than about 20°C by pumping a cooling
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contactor, the adsorption step is stopped and regeneration is initiated. To regenerate the contactor the
adsorbent is heated. In a preferred embodiment, part of the heat used to regenerate the adsorbent

comes from iRlg iR HePlINg of the compressors used to compress the captad fridvdRPressures
greater than about 1,000 psi for transmission via pipeline or sequestration. It is preferred that heat

drawn from interstage cooling supply energy to the contactor in a quantity greater than about 10
kilo-joule per mole, preferably greater than about 15 kilo-joule per mole, and more preferably greater
than about 2dlkild-thrdeglethadieatihgdsmling CG@analsher passages ithengptitactorndressi®n process

the CO2 rich gas.heats up. When the temperatuge exceeds about 350F, a stage of campression is
terminated al%???fése@%%g&n&rgﬁr‘éé)@%ﬁ%{lg%aﬁeerat 8)3(%%188%?’ e?gt?éem?ra?)lducing it into a
subsequent s¢agee9ftakeiPupssiothewaarersesae£fdoehthexvieatadiress iedigsgpitsdhan about
1,000 psi requires at least three stages of compression. The heat extracted from, interstage cooling of

the CO2- richV§AR Bsfriirasaaking towesretn AR ther rndoadiment; the akingFuidast fidiiowed or
pumped dire §rHPHqthiﬁ?qwgaﬂmfﬁgjﬁﬂ‘éﬁfg'ﬂeﬁfe%ge?ﬁﬂ&?@@%eﬁltgfﬂpgﬂcﬁﬂ%?at exchanger to

heat a secondary fluid that delivers heat to the contactor.”In all cases, the temperature of the fluid
delivering hegmbedimentidboeoniactsr sseastiedovitly floe gassfdbipnnthat bas 6Qand 100C and even

more preferably in exce f alout In this prefgrr mbodimgnt. e rived from
interstage co%tgro% t%'g%% 'Zalc%#lSiésgs%rtsl%?ﬁ\g/g%grﬁlgﬁagg%a%gg%%mu@é%%?#egéé{e%%%%equired to
regenerate ththaismosns tnel @farabbptimiel thaheaHoOt 4o0thid tasegtieeagyfflaguirédpassedenerate

the adsorbent, Another source of heat that can he used to regenerate the cqntactor js low or medium
o vacto HHGULER The RoRAP AR Bl ChARRSIE A CORIA IO B EdUres BB REL S auoplicd 1o

regenerate theoaapc@rbit ReIARiAbAbHWE (RS Of ﬂ%igh@%nigrp?é&%%@éa,ts%%e@tly, or
cross-flow to the direction that the flue gas flows during the adsorption step. In one embodiment,

individual segfﬁ%tf_@f sxdesnalhohea semagtersidralsomassifiptraisemthremalanage Wow of fluid
during regenq{ﬁﬂpﬁl@tgmg&eg{afg ?ﬁ%‘?fu?ﬂi@%ﬂ@'ﬁ_ﬁ#? AR JUECHRH Aoy Afetueyggs during

the adsorption step. One way to construct across contactOr Is to coat one set of channels of a
cross-flow hetheenstl anges it eahveitls arb exteDed bs Himte é xaimactersbea atomof thertmadnfigurations for

use with the present inyention because theit compact configuration 1§ achieved.via high heat transfer
coefficients. I%%%\t/%ﬁ%ﬂé’neﬂte%a%ﬁ%;ggslﬂgr{ﬁég?sf%%%%%é§ ‘9)3 | é"tfgm Féﬁljre gradients in

one set of chppefelablydis anenpi dtiom atasieots i Wtsoather, a single cross-flow exchanger would
have some adsorption paths heat up (or cool down) earlier than others. This would lead to uneven

performance, tin ases in which the heat-up and cool-down steps are. performed separately
from the adséﬁgﬁs and é&%ﬁeﬁ%’ﬁ%‘%\{ge .t @ﬂ gﬁ\%ss/%ﬁ%r}ﬁ Mﬁ%ﬁ%&ﬂ%%fa
cross-flow conteatietdhitietheasmperisetadicshsheh @ dLadiagrlowsahiyicoddengdgesneration is
countercurrent to the direction of flow during the adsorption step. The cross-tlow contactor is

constructed flEPRLCERAROIRRA (L2 mQYRsRIeng thenenathoidhs captaciordusingthing two sets of
flow channels, iEb,tH 72b GRIRCTSANEYISEd Qla.rHE HebaRlRseor IRTLIRe Siautp gepsisting of

metals, ceramics, and low gas permeability polymers. Flow channels 702, 709, and 711 are lined
flue gas begins to flow through the contactor and CO, is adsorbed in the
adsorbent material nearest to the entrance of the contactor. This depletes CO,
from the flowing gas strearh that passes along the length of the contactor. The
adsorbed CO; concentration falls precipitously at some point along the contactor
to approximately the level left at the end of the regeneration step. The position
at which the adsorbed CO, concentration falls, moves along the length of the
contactor towards the exit as the adsorption step continues. This movement is -
referred to as an adsorbed concentration wave that moves along the length of the

contactor. A sharp concentration front, or gradient, in adsorbed concentration

along the length of the contactor is preferred because it enables the feed to be
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with a layer 703 containing an adsorbent. Figure 7 shows the flow channel lined with similar adsorbent
layers 703, but optionally one can use different adsorbent layers to line each of the adsorbent lined

flow channelg,g0%04/PB0g¥d 711. Process and produced gasses are passgs-#iRusiz Hagasisorbent
lined flow channels 702, 709, and 711. The layer 703 contains at least one adsorbent selective for one

or more of CO2, water, SOx and NOx. The layer 703 can also contain micropores, mesopores, a filler
material such as a polymer, a binder material, and a heat adsorbing material. 100681During the

adsorption stgpssidthesugtfitheadutactarfana aekbrd pitlongditoeybsfarm Shscadehrmyghdref 711 and

passed sequ_e}fjtii.llgég% toglélrS t0,725 zfi?@smrgggtocr)kggﬂtslined channels in one cross-flow segment to
another (i.e. 718 B'cign;} b ring the aoesorptlon slie'p hot fluid (gas or liquid) is passed through

the heating/cooling channels 708, 710 and 712 in the contactor that are lined with the material 701
used to form {00@dss-flthmasstensfienisaroDadiqpate thesotheé @rastientiveflkid slalliog in the heating

/ cooling chanpnels 708, 710 and 712 passges counter-curcently (735 to 745) to the average direction of
flow during th u§§s%§'}9[{b‘1«} é?gd'ﬁégstgl'f‘?g%%‘?g%g).eﬁggg]‘ ﬁ]%%sgﬁ%% err‘f)é)ﬁ&%? \5v\(10{1r$?:igure 7, the
cross-flow cobtdoierthewopnatiars stgekid witbeih Reatlaltidiekdy thpraaize tdgaaigion
channels connected in series. Even though each individual cross-flow module does ngt act in

co-current floltABs ETusRshigVeh by warsRS frlatyichyismalh draamels for s teed fluidslo il perform
in co-current flaNePHGURER - TSR AU MNAe BRISI FAMRRRWS Wit AR g'dEQQEEsOf

continuous stirred tank reactors (CSTR's) together to simulate a plug flow reactor. One advantage of
this arrangentgrehannelsther gaatkvMductivity of the whole multi-module arrangement is very low. This
facilitates the use of metal in the heat exchange portions without degrading the temperature gradients

that pass thrqgglgsiie magHis dHERALGIRRAIFIAN, Bt MR ENBROSiTRRLABINS RRSSA ipgion. the

segmented cross-flow contactors are prepared with different adsorbents So as to create an adsorbent
gradation in thenseeten tunadsonptiontstehis stepppshaadiregarfersitiondsrinitiadedpchent adsorption,

which may h value ejthe he different ¢ nents are tq. be recovered separately, or
because a fir% ggr%ﬁeed{g%r%%g%ensrﬁv%%ﬁ]gi!}rﬁ;t?e%gr{és\(/)v@éfggﬁas férrlwgt Ifﬁ(l%ﬂeér gf% Hl:)(’v(\?r(ié rgré%pa%gorbent
(e.g. removingfithedidat seda £ geadtsanb tird)adscxbetit eoarob debmentabthgeveskng iof egion, the
modules are arranged so that desorbed material can b llected individually from one or more
modules as & gféﬂfﬁeu\ﬁﬁﬂléorﬁBVEg?ﬁ?&Eﬁ ﬁ.a?ﬂ’é?fi,&tﬁé IQRE SRS BESAHRY QAR @byt the
modules may15000sYi FeteddAsHEHSTIOV A pipEIRRSSrakgteamatim D it {5 prrigtdahtigeatrpose of

regeneration.
drawn from interstage cooling supply energy to the contactor in a quantity
greater than about 10 kilo-joule per mole, preferably greater than about 15 kilo-
joule per mole, and more preferably greater than about 20 kilo-joule per mole of
adsorbed CO; in the contactor. During the compression process the CO, rich
gas heats up. When the temperature exceeds about 350°F, a stage of compression
is terminated and the gas is cooled, preferably with use of a heat exchanger
before introducing it into a subsequent stage of compression. To compress a
CO,-rich mixture to pressures greater than about 1,000 psi requires at least three
stages of compression. The heat extracted from interstage cooling of the CO,-
rich gas compressors is captured with a fluid such as oil or water. The hot fluid
is flowed or pumped directly through the contactor to deliver heat, or it can be
passed through a heat exchanger to heat a secondary fluid that delivers heat to
the contactor. In all cases, the temperature of the fluid delivering heat to the

contactor is in excess of about 70°C, preferably in excess of about 100°C and

even more preferably in excess of about 120°C. In this preferred embodiment,
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[0070]Because of the way the isotherm changes when the adsorbent heats- up, CO2 is released and
the adsorbent regenerates. It is preferred to cool the contactor that has been regenerated at the end of
the regenerafisian.Avgkto transfer as much heat from the contactor that i@ figishigaRdegenerating to
heat another contactor so that it can be regenerated. This is accomplished by routing fluid (gas or
liquid) that has been passed through the contactor that has been regenerated into a contactor that is
beginning the regeneration step. To cool the contactor that has been regenerated, fluid is introduced
into the contah®htatidesiy od froregotesstagd enal imgnmfalzx COachmpredsons dslivieryaenenen the

average temqﬁrat%% 8{ %@ A;g;xtt cétgr grrt g%??%g‘qr%?biﬁéeggﬁ%%m@g gtf%)? éat\)rréggogggarably at least about

50C lower thanthe averagé temperatu conta a G eneration step. This fluid

heats up as itppefigablihraoghtiae eboiaciodend thisdnet diyittifnirahtiqegehtadieakelp another
contactor. In a reéerredﬂbgdiment at least 20% of the sensible heat given up in cooling the
contactor to t frotathel s s Rdfaat that Sands wsaekte s enciats dbs rRRLRI Ss

transferred tojGRAPASANIAIPAR W M8 Pt alaH ahervbedimgntaldeashahauipRio of the
sensible heat is transferred to another contactor. WO 20081143968PCT/US20081006278

[0071]During RReCFS§&heration step it is preferred to heat the contactor co- currently or
counter-currently to the direction the flue gas flowed during the adsorption step. Heating is
accomplished b assir:%a hot fluid through the contactor. For a directly heated contactor the fluid

passes throud 08 samEsiis Sipmtied R degrneryisdhs rantasirobyiprspg adotiiiideating fluid
can be eifheraas aigifdybdURGUaTiIgn BalRmieLALM steABWIBRRRERRRIRIEC from

liberated COZ2 by condensation. A preferred gas is recycled CO2- rich gas that is heated by flowing
through a hedbefBiegrfeflorardiringibe cdserpiiemstepe beioreiemivdimenitdntivibrebctor being

regenerated. { e t ther CO2 can be an indirect heat exchanger
such as a shgﬁ%%%ﬁt%b%fﬁga?g %(é}]%éfgg é) r8 5%%%5 ir%%tsﬁgeég%g%gﬁagggé)c ag?éagqéfcﬁg%%%eheat
exchanger. Filoanofiflued dpting e enetatitor ihedurittpasseast ibreostudifareatiiowvahagaels from

those used in the adsorption step,of the process, These heating/cooling flow channels in indirectly
heated contagiﬁ?g?% ?fogg}‘é/aometﬂ% Heag EB%BﬂS%Q}PEHBb%%% té?ﬂ?e%é,&?tfé}ﬂs.tﬁ&tiﬂdirectly
heated contagioss-flo tonRd ity e el dbs: bertiRg/spelinanelanralecrs- Rewilan _.4amapeh as

ammonia, a fluorocarbon, or recycled or heated CO?2 rich gas or a fluid such as water or all. In all
cases, it is dS¥IFRAMALASPRDEEIM SeRMnil0SY Michangerscarsoryenirnteanfiguraions ifarsestout 25 C

higher than t*@ﬁ@@(@g&&%ﬁlﬂﬁ%ﬁ'ﬁ%ﬁfb&%&%‘{ﬁ&fpnghﬁ%éegrggﬁxg%%i@g SEA LR ably the

temperature is at least 50 C higher than the average te ring the
adsorption sthighbeabinans fertenticentsodlownavecs, tiendiestierd massdicmpfessheat through the

contactor as jt t iti from the adsorption to,regeneration step, or in transitioning from the
regeneration%%@ggs%)yr%%%%‘é%%m Pl p%lrfe(l)% He Pengfeﬁ'?ir figﬁa&% P at least part of the

adsorption stegndériatioal gradieigsishheotherparsingt giadic Mo akohargsr MR Hate
approximately in a single directign within the contactor) during, one step of the thermal swing
adsorption / 8%6&8&8{7'8@}’&%#8%&& 4 o Ay &Pf%@Fr#éﬂWE%s@B%Wd

lead to uneven performance, except in the cases in which the heat-up and cool-

down steps are performed separately from the adsorption and regeneration steps.

[0067)  Figure 7 hereof shows a cut away view of a cross-flow contactor that
has segments stacked so that the average flow of fluid during regeneration is
countercurrent to the direction of flow during the adsorption step. The cross-
flow contactor is constructed from a cross-flow heat exchanger which has
impermeable walls separating two sets of flow channels. The wall 701 can be
comprised of a material selected from the group consisting of metals, ceramics,

and low gas permeability polymers. Flow channels 702, 709, and 711 are lined

30



processes can be found in co-pending U.S. Non-Provisional Patent Application No., filed, having
Attorney Docket No. 2008EM136, which is incorporated herein by reference. The speed at which the

thermal frontyie,dRgieR&Ith sharp temperature gradient) moves is referregdde,as.4ag Mploesity of the
thermal wave. The velocity of the wave does not have to be constant and the direction the wave

moves does not have to be the same in the adsorption and regeneration steps. For example the

thermal wave in the adsorption step can move co-currently, counter-currently, or cross-flow to the
thermal wavewithtve leyge 7@3tontsisngtan atsoreatiblEgunesighow pitbedievnahamstethinedis no
significant theymal e SSERLIN fle AdSARTaN SieRile dhete, P AL signicant ermalyave in the
regeneration step.”The presence of a‘tnermalwave th at least’some portion of the thermal swing

adsorption / regeretatline @k ehdldesisbebeystine dofshickanaets J0R709icad Gflthis invention,
which is to substantially recuperate and recover the heat requiregréot mperature-swing the bed. This,
Ui LB

in turn, improbERCHS AR RIRIRSHE\ 245388 A Rassed i orEhdhgAdse: BA%emperatures that
would not nogRAN IS AeRISID e P TEATIRIBHGTISRbAtA S Hiciemibontdizgsarhigrmal wave for

heat recovery, the fluid flowing out of one contactor has to be sent to another contactor. The fluid flow

path betweerselgsisation are reiera e fFiined gy Asandi e Thiclryer783eamalsal to route

fluid betwee”cSQP&ﬂEEﬂﬁér%b§99§ %@E‘&ﬁr@ﬁg;‘%ﬁ%f&exﬁ%{ @Ql%‘ﬂgtﬁg%%s(ﬁﬁy%ﬁyfﬁn en fluid flows

between contactors it may also pass t eat exchanger s or removes heat from the
flowing fluid. hatexiad) sm g adsetitradgprbing matesiabr, pump, or blower that pressurizes it so that it can
flow at the desired rate though the contactors. A heat storage medium can be configured so that the
energy from the thermal wave moving through one contactor is stored before it is passed to a second

contactor. An[@868iple dPuringrtheadrsupiionssicpativeczpedstitewesd dhaeigh thawmdsoybioally
operated. In R&g@@%%@g%%q@rﬁmx gna%;%%% e%y@@@g@&ﬁ?gzﬁegy& %ﬁ?tged' A thermal

wave moves as the'@nergy Is store as when itIst time for a
thermal wave725p fismirmisghbinis hired ekahasBenhaliovsroswe flowdjesiidet tionangthieth@.eouting of

with a sruoru b R RSl HRe AP ER RO DO P B (AP rocess
integrations ghroRgh!fesiHeatizedbEng channels 708, 710 and 712 in the contactor that are

lined with the material 701 used to form the cross-flow heat exchanger. During

the desorption step the fluid flowing in the heating / cooling channels 708, 710

and 712 passes counter-currently (735 to 745) to the average direction of flow

during the adsorption step (705 to 715 to 725).

[0069] In the arrangement shown in Figure 7, the cross-flow contactor
segments are stacked, with both heating/cooling channels and adsorption
channels connected in series. Even though each individual cross-flow module
does not act in co-current flow or counter-current flow mode, the combination of
several modules in series will perform in co-current flow or counter-current flow
mode. This is analogous to connecting a number of continuous stirred tank
reactors (CSTR's) together to simulate a plug flow reactor. One advantage of .
this arrangement is that the axial conductivity of the whole multi-module
arrangement is very low. This facilitates the use of metal in the heat exchange
portions without degrading the temperature gradients that pass through the

module during regeneration. In one embodiment of the present invention, the
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thermal wave behavior. In one embodiment a thermal wave is used to pass energy from a contactor
that has been regenerated to a second contactor that has finished the adsorption step and is being
heated for regeysyaliQReds this embodiment a separate means of cooling is pfawdad fgEsgntactors
undergoing an adsorption step. In this embodiment the contactor that has been regenerated is being
prepared for a sequential adsorption step and the contactor that has finished the adsorption step is
starting to be regenerated. Figure 8 hereof illustrates this embodiment (i.e. the use of a thermal wave
to pass heat fregmenteédhtzasaiflde sientactoracity preparad Matnddfencotatdsbrbentes0ad Eontactor
that has finished the adaoérjprgon ste'cp apdrisir?ﬁi]n%geraa d foE regenera ionl)fh§50075 Therzncecl)lr,etactors
shown in Figlfrrg 78 akeet, gﬁl)} R AR AR oY REhtadIBA s ﬁ]le"hl/pe S ovE\l/rr{El‘n%elgure 4 hereof.
The temperatgie Piciigate niadtiisnipbiguteadsisrpiierpisiidstameyiasespiiRnéigiay nalausg on the
contactors. Fi%ure 8a shows the hot contactor 801 at the end of the regeneration step and a cooler

contactor 8034 HETH CPRIPORFALRAFH B IPE fS5OTHE & aRRIrYRLY, Ul ecdstadifigsthe contactor 801
indicates a highgpiR@eerapdTeHPWVORMN IR HefX tFth Blchi¢tivninPoellae WakirkaraY coloring on

contactor 803 indicates a cooler temperature (for example less than about about 40C). Figure 8b

shows the iniddserbert §¢ @ armpiingvratestbeBue at hatsagbsnihelsamether gododomw contactor
801, cool flui [ t i [ S ont r.A t front
moves th rou&ﬁi‘% @(r)gn%@%rr}%%i t%(;a mtpliergﬁg}r%ﬂg%%gég r?r dg ﬁgg‘?g’e@%{%%é%%‘ﬁ Ft?)ajc es the
temperature bktbel lotdidgridiid BE21y fitentrenteorpaoatuneodiile daraaechpéthrireomtaetor 809 remains
near the original temperatyre after regeneration, A sharp front 807 with.a large temperature gradient
separates thér}%feéﬁgrgbl T ggﬁ?dﬁ’gﬁ? ﬁ@%ﬂ?ﬂ&&gﬁ%‘fiﬁﬁatﬁ%ﬂgﬂlsa{lgmﬁs A¥altor is
gathered to feohrdeealBidribafds J0Q LM SRRRAIRAMAFIRAREBol IReSH@PBsHows through
a stream selection valve and for shutoff valve, 813, that can used to stop flow or change the routing of
fluids betweepfdREsRSTREMactors. Optionally, stream 811 is passed through a heat exchanger 815 to
add heat to the stream 819 being sent to heat the contactor 803. An optional stream 817 is flowed

through the hp@r@charBigsdeseroriae (st thansithathdhhsst WM fikarbRaNfearbodiment

stream 817 comes from the interstage coolers of the compressor string (not shown) used to compress

CO2 to presstPeS Grlsterlgnsadiandohrndsorbest eeganeratesitd bisampfaraedrtorrasal dhebove the
temperature ehiftacfiRA Ha HREIFRERAAURN ahAE i DR ARalRRIArLoLy Hhig gream 821

drives a heat front through the contactor and the temperature of the end near the entrance 823 is
nearly that oftthesifert dkiid8dhenil&rone thengmrtacher didhbds fismhed tegomerttgr t®8dgeaemains near
the original temperature after regeneration. Another sharp frant 825 with alar e temperature gradient
separates thealﬁ%?lgﬁ O&)%Fgf)rscsagﬁgﬁts?gf ﬁ%’eﬁgorr? %QSW%gldiﬁﬁ%IFsa(fﬁ%ﬂp lﬁﬁS?tE% Eod'}ﬁggtor and is
gathered to félids(eagordajuidhibaiLihcbodicpassetitthtiout i éasppeicior Ehis@ds Beegntactor that is
adsorbing CO2 out of ﬂﬁﬁe gas or can be used to cool another contactor. In one embodiment the cool

fluid in strearfFE82S& QACRMAMPLthatds SsEiny G thsijearasrAtion SERoNeroR] Heat
exchanged bgipiigdtds RPHRAIBeR ﬁ%{g@&fﬁ@@, FRid ASiAANEdHINY B8 BamipsogR{N the hot and

cold sections of contactors 801 and 803 are not in the same proportion. This is in part due to the fact

that as molediebefsstngenshntcdraha tesaperahute plclgast eboric2dr€devwerdhen thelayemagteat of

NG s e T e E A R e Tk S

least about 50°C lower than the average temperature of the contactor at the end

of the regeneration step. This fluid heats up as it passes through the contactor
and this hot fluid is then flowed to heat-up another contactor. In a preferred
embodiment at least 20% of the sensible heat given up in cooling the contactor
to transition from the end of a regeneration step to the start of an adsorption step
is transferred to another contactor and in a more preferred embodiment at least

about 50% of the sensible heat is transferred to another contactor.
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[0076]Figure 8c shows the progression of the thermal waves through the contactors (801 and 803) as
the process continues. Cool fluid 873 continues flowing through the heating/cooling channels of the
contactor 80{yd bgdeabfsont has moved further through the contactor. Terpgpradvgssiniha; first two
thirds of the contactor 845 is nearly that of the cooling fluid 873 and the temperature of the far end of
the contactor 849 remains near the original temperature after regeneration. A sharp front 847 with a
large temperature gradient still separates the hotter and cooler sections of the contactor. Hot fluid
pushed out of @04 thntaddmrisgythibeegdnortsion stemiti8 Prefeatdd tiolveat o ehntactasredcontactor
803. A hot stream 8?1 at a tergé)erature Tezir ﬁ;oagove the %?m eratu%?gof th§ aontac r after
regeneration F#ngééfd%fé’ il 'ec&gﬁ%%é'n A lﬁ%lcggrr%tl es1b B/ E DITEL R ough the
second contagdisorpaoipsepuMdating iy sicoathBhisheldtby pasibnial Iondaiy thejuphiiieehot fluid 861

while the temperature of the far end 869 of the contactor remains near the original temperature after

adsorption. ASRRS eRak ok arlinesily sated crniastpe b fuid Rassss shranglcthaamadPwnd cooler
sections of th@nﬁ%@@@fﬂb&%@&dﬁﬂﬂﬂe'x&w ekt lisyivvRe Gonpctor while the

front in the other contactor has progressed about two thirds of the way along the contactor. This

difference in @éﬂb@itmgasfqn&Mth%rnfamddigtnédsdaqlugammhen@s@m&mmbgCold fluid
driven out of {ag SaRAGaLS AR T BaRNL A, ICh ERAIDNESIAg Lssdp pfer

contactors. 1 ther therma proces§| egrations can bé lised Mmvolve shutting héat between
one or more ek @aothatrisibegodddby ey throaitpaanchbeechanpercocaniatiorhondergoing a

regeneration step. 0078#[1 one embodiment, the T%A system may be operated with two contactors,
one undergoiﬁ%“?@é@ﬁé’r ?Jﬁqéﬂa‘%é%tﬁﬂ Uit &%?’Hﬁﬁ‘%%@é‘%&%?ﬁﬁ&ﬁ%d%hﬁ@? This
embodiment iskshangesabednaticadbife Figy@ & f@g@ﬁ%@@%&@amm%@&%@%@w of heat

transfer medium will be flowing between the contactors for heating and cooling. In the example shown

in Figure 9 héfedshdhinddnhobeataxshinsenaipwinretheahexekangersuehos & Gulg bedled.
Because of the teMRaLAIbEE IFRdISnt Hgtd ?}q’tﬁ% ?{ gw rough the
contactor, the heating (and c?)%,?ing) is achi%t&g wit %%gﬁ%ﬁﬁ%%ﬁé%? ogrggg%e cé%%glred within the
contactor. Dudifitgtestfley zhauitldfte@d3hosetsdddadlietedsmtpt ot attpr dfiha, prodeise fluid emerges
through from the heating/cooling channel 1907 in a coql state 1906 until such a time that temperature
breakthrough@ggﬁ%eg%%%%og%ﬁﬁéggy% ‘H‘P&Qﬁ h‘géféaf ?rﬁ%’uﬁ%ﬂgé&&w%%éﬁe’ﬁ&%ﬁ&fer medium
1909 is introduercithuscthsedastingidact fnPaasagehel 2sbAfdhe BeEMURRANRHEItd@01. Traveling
right-to-left the flowing cooling medjum 1909 creates a thermal wave such that the contactor unit 1901

is cooled whif@Mackus Huid d dhrepgh theheaging/cooling channels can be either a gas

such as ammonia, a fluorocarbon, or recycled or heated CO, rich gas or a fluid

such as water or oil. In all cases, it is desired that the temperature of the fluid
used to heat the contactor be at least about 25° C higher than the average
temperature of the contactor during the adsorption step and preferably the
temperature is at least 50° C higher than the average temperature of the contactor

during the adsorption step.

[0072] In a preferred embodiment, a thermal wave is used to pass heat
through the contactor as it transitions from the adsorption to regeneration step, or
in transitioning from the regeneration to adsorption step or in at least part of the
regeneration step or in at least part of the adsorption step. A thermal wave is a
sharp temperature gradient, that moves linearly (i.e. approximately in a single
direction within the contactor) during one step of the thermal swing adsorption /

desorption cycle. A more detailed discussion of thermal waves used in TSA
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The reheated heat transfer medium 1913 is recirculated back to heat the first contactor unit 1903. In
practice, due to heat losses (for example, desorbed material leaving the system hot) some heat must
be added to {Rersana thssgemperature of the hot heat transfer medium to itp OfigikRhiaRESsature in
stream 1905. In Figure 9, additional required heat is added to stream 1913 by passing it through heat
exchanger 1917. [0079]In one embodiment of the present invention, heat is removed from the cool
heat transfer medium to maintain it at a predetermined temperature notwithstanding temperature
breakthroughpiroeasses centbetfoundtiepipatidingd tSoNomPaowisicnel RatenbAppiicatiasbol-down

step) will be gt a temperature thatﬁg()lgroaches the separlat‘i,on f%g temg%%tclf(rgf I\C],(c))oling via heat

exchange 19 'can—a-lsa—be—mﬁiale te—dea%ase—ﬂ%e—éo&ﬁﬁ%lw Eperatirs to a temperature lower

than that of i@ 8wt ir3® flut whsistiassrpbPated thesir by eoftigribe. alderbpeddanvidichataiure below
the incoming separation feed temperature. The flue gas stream 1919 is passed intp adsorbent lined

channels 1928¢i1MAL {88l Gifr BREOR by ShooR temparaibive iR e irelrmafiie 8o2 and
optionally waigg, v ) HNAX HERRAIWASE. DEHIGERAGHINE the WasknRIdiqid: fieeRtpgEession of

the thermal front (or wave) through contactor 1901 is plotted 1921 schematically in Figure 9.

[0080]During«@dsérptiand e ﬁ@@@@@@g«mﬁm@g@mn&q&bémsmd@m the
contactor adsaczﬁ)og__gh?ﬂdaw&lr %eﬁli'gr s te %érﬁy_lngpg%/% nkg{%cﬁl%pﬂ{lé% fyg\%gr% ﬂI ﬁ%sorbent closest to

the inlet and w place weakly adsor aterials at region. e period of adsorption,
the adsorbatedseitptiatesttye nasciuesdroorcsirmmybstdonveakastrainhy trermstdldor oderbent from the

inlet to outlet of the Edsor tion channels of the contchtor For mQ% adsorbent materials, water is the

most strongly K% gc%gr‘ﬂp JEEEPERRURTLSIER, Mikkateo PosATRIEEY desien 8 PERLENtiBtion front
moves througihiies Besr@edosigniRcansiiRmmALiealiepralat tinge éﬁmﬂiﬁﬁd}ﬁ%?g, {niteermal front.

As such CO2 is always adsorbed in the cool section of contactor 1901. Stream 1 emerges from the

adsorbent linthethishseignifisant thesmpal venkit the regraeEatignsiRiohaRPE6SENe Oawater, SOx
and NOX alsqy&miay Gehye MBI oTAAHINT b e SREAT LAY MiAMiR7° IS such that more

than about 80 mol% and preferably more than about 95 mol% of the CO2 present in the flue gas 1919
entering the segenbeiiwhayeks! areddds tlersystemitoRighicye ohe af idwtabipectst ebtitisctor 1903 during

a previous adsorption step.was such that ost weakl]y adsorbed species gre nearest to the end
where the holtrlleﬁ%hfé]Ogvel@lfn rlg(?gcsélé). ng} %I&:i{)enc%?ﬁae% ha&%ﬁcﬁgﬁﬁi? ﬁg\éjeseﬂﬂgﬁaﬁ%e contactor
is plotted 193¢mpbematicalyng fhigbkel9. This, Seanihginipedtes prdovey esridieadyant 4831) move in
opposite directions through the contactors. Depending upon the detailed nature of the sorbent and the
molecules be‘?ﬂ@@B?BEﬁ st m%éﬂﬂ@@%ﬂ%@@%@%ﬁﬁ&@éw astmemrlsoheat the

thermal wavegphdiier:a4BE AP AR dAe contactors.

[0073] To efficiently utilize a thermal wave for heat recovery, the fluid
flowing out of one contactor has to be sent to another contactor. The fluid flow
path between different contactors is determined by valves which are timed and
coordinated to route fluid between contactors at appropriate points in the overall
swing adsorption cycle. When fluid flows between contactors it may also pass
through a heat exchanger that adds or removes heat from the flowing fluid. It
may also pass through a compressor, pump, or blower that pressurizes it so that
it can flow at the desired rate though the contactors. A heat storage medium can
be configured so that the energy from the thermal wave moving through one
contactor is stored before it is passed to a second contactor. An example of a
storage medium is a packed bed heat exchanger that is cyclically operated. In a

packed bed heat exchanger energy is stored by the heat capacity of the bed. A
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[0081]When the thermal waves 1931 and 1921 move counter-currently through the contactor, the
region of the contactor containing the weakest-held adsorbates will be heated first, followed by next
weakest, andyiexjos/Niible strongest-adsorbed materials are heated at thegpgisIhg Qs in which
these adsorbates are released into the adsorbent lined flow channel 1933 matches the order in which
they are heated. If the piping was arranged so that the thermal waves move co-currently through the
contactors, the region of the contactor containing the strongest-held adsorbates will be heated first,
followed by ntherstadngaet, modeschipoughilthecbed akdbe adsogyds steratiatsvecH heatbdmittise end.

Depending on propgrties of the.adsorbent if can be advantagequs to pipe the contactors so that the
thermal Wave%gr‘?%)gz @2‘%%%?8} ?r?[é?fﬁ‘é?fc‘é{égesg"pa?éfgf%?aé%?msgléf}%(%f&b%{ e %%‘%%Ilected in
different linesopie tosad)isstatachinueprofahtruatiagrofibemno eaet @@ betiiben @iffaeabromatographic)
separation. [0082]The adsorbates can flow out of the contactor being regenerated co- currently or

counter-currefRRIASITE el RTRALINCAY pERERY 03 DE KRTEEn b3t GHIhBRISYiRG, the desorbed
species flow Qﬁ@ﬁﬁ.@ﬁ%@ﬁ%%mg Rasaraeatlined §hapRsIRH 933 of contactor 1903

counter-currently to the direction of the thermal wave. It is also possible to achieve a continuous
multicomponent adsorptive (a.k.a. chromatographic) separation with a co-current desortption. In this

alternative enl®®ihhent Sevetrl ShssdhermplPracessimiseratipasicanibedtisd 10 WilizssthRistrated in
Figure 9, suct, hatdhe 1yRalaladfs0 hinshe URRAIGHIS I Bl dlos Pask Oy LLRg Rirpader-adsorbing on

the way out of the bed. This approach can provide a cleaner condition of the adsorption-step bed exit,
resulting in hiepesgp dropnaiftaatacionthatiaas dssrptegesezpted tan atsondeomtantesdhat i
adsorbates ugderhsé £.CO S((Jl)iti(%lns igtghea%gs%rggitg eﬁfé%% Anano tipniallnde r(l)rpltion modality a
sweep fluid 1 35160 10358 e é)esorp on pr%cess. REACEEEET El8n'is pérfgrmed co-currently
with the therraaibediaenp eesepardte mzasisnaht alinis i pirorid sd ddaliyriticoskisansderpoep, or purge,
with a velocity that neatly matches that of the therma| wave moving along the bed. [0083]In the
practice of thérb?za%@mtf ﬁB’niﬂ fﬁh%/q%tbﬂ’éiémgk’& 888?3%06\/????5%9&5??&&9%9“@6?‘ﬁ%t0r units in

;Snlilcorllvae g“ii”nﬁﬁeﬂiéﬁi/&ﬁiéﬂ"ﬁ% Argeicnigsl ndbeAinch&eplitptARGiaBioy g dher units are
finished the adsorption step is starting to be regenerated. Figure 8 hereof
illustrates this embodiment (i.e. the use of a thermal wave to pass heat from one
internally heated contactor that has been regenerated to a second contactor that

has finished the adsorption step and is being heated for regeneration).

[0075] The contactors shown in Figure 8 are externally heated monolithic
contactors of the type shown in Figure 4 hereof. The temperature of the
contactors in Figure 8 is overlaid as a semitransparent gray coloring on the
contactors. Figure 8a shows the hot contactor 801 at the end of the regeneration
step and a cooler contactor 803 that has finished an adsorption step. The darker
gray color overlaying the contactor 801 indicates a higher temperature (for
example in excess of about 95°C) and the lighter gray coloring on contactor 803
indicates a cooler temperature (for example less than about about 40°C). Figure
8b shows the initial stage of cooling the contactor 801 and heating of the
contactor 803. To cool contactor 801, cool fluid 833 is flowed through the
heating/cooling channels of the contactor. As a heat front moves through the
contactor, the temperature of the end near the entrance 805 approaches the

temperature of the cooling fluid 833 while the temperature of the far end of the
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adsorption (and/or desorption). In this operation, the contactor can be substantially cooled by the
circulating heat transfer medium before it is switched into service for adsorption. The advantage of this

operation is et Jh heaksised to swing the bed is retained in the heat trangfey, 1386lisigasihgdsorption
was to proceed simultaneously with cooling, then a substantial part of the heat in the bed will be lost to

the adsorbate-free feed, and a higher heat load will be needed to restore the high temperature of the
heat transfer medium. [0084]In addition, in many cases (particularly for impurity removal) the time
required for actaatdatot 889aremaiicnearythe aightal teaptrettirea fieguicgenknatiencohtsitaops

adsorption capacit be fully utilized. In such cases, it may be desirable to have several contactors in
the adsorbin%%?é%\/m &,&%‘?&{%‘i{%ﬂ{&?&ﬁé‘%ﬂ%ﬁ ﬁl@gﬁ% Fe%%ﬁ%?gtfé)ﬁelﬁﬁgggtéonn& the
re-cooling phasehédrcariaeior el enthad piaednsusoYehrl comiasttar s enghaed to gogarption are

connected in serial fashion, such that the most-recently regenerated contactor unit is the last bed in

line, and the ffegam;BH thatisitiavsddadhseral saernd gomasteridyrdisitcamdieitsent, the
adsorbing uniis 3161 ANREIRASUI RATBHS) RHEBE A CARRGHSAIRR! BESISIATAGTIAR:AM dhspyppole feed.

In yet another embodiment, thermal wave storage devices are used to store and allow proper timing of

the cycles. [008%]{\Wwhehatige cbarmiting0f flsedd hetwisem differeiticantaetsirihlOptierallycontactor unit
e RS ST R AT By
orientation. [Q%@de@heat theasdinactan803ieA heoptidam topcanmiiB 12 isrflose tbthreghowing
e N R exahanzer to Drovids Healsanstomed by heat exchanger 815, Tnone e

embodiment stream 817 comes from the interstage coolers of the compressor

string (not shown) used to compress CO, to pressures greater than 1,000 psi. A

hot stream 821 with a temperature near or above the temperature of the contactor

after regeneration is passed into the cool contactor. This stream 821 drives a

heat front through the contactor and the temperature of the end near the entrance

823 is nearly that of the hot fluid 821 while the temperature of the far end of the

contactor 829 remains near the original temperature after regeneration. Another

sharp front 825 with a large temperature gradient separates the hot and cooler

sections of the contactor. Cold fluid is driven out of the contactor and is

gathered to form stream 831. This fluid can be used to limit the temperature rise

in a contactor that is adsorbing CO, out of flue gas or can be used to cool

another contactor. In one embodiment the cool fluid in stream 831 is sent back

to form stream 833. Optionally stream 831 is cooled via heat exchanged before

it is sent back to form stream 833. As shown in Figure 8 the changes in the hot

and cold sections of contactors 801 and 803 are not in the same proportion. This

is in part due to the fact that as molecules desorb some of the heat transferred to

contactor 803 is taken up by the heat of desorption. If heat exchanger 815 is

used to supply heat it is possible to make the thermal waves in the two

contactors (801 and 803) travel at the same velocity.
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Example 1 [0087]This example illustrates use of a parallel contactor in a separation that removes
CO2 from flue gas in a thermal swing adsorption process. Flue gas, or stack gas, is emitted in a wide

variety of indygriahdiesrgses. Pressure of the flue gas is typically slightly pleqyesaiRaspgric pressure
and is generally less than two atmospheres. [0088]A thermal wave adsorption process as described

herein above is preferably employed to remove CO2 from hot stack gas. The thermal wave adsorption
process uses a parallel channel contactor to remove more than about 70 mol% of the CO2 out of the
stack gas, prdff)a6ly mdrigtirarBaisbovs0theqvo grictséot 0P thathérmakveakegdhrengh thiore preferably

more than about 90 mol? th out of the stack gas and most.prefer more than about 95

mol% of the 68%%%% {gﬁs a@%@é. a&tttﬁe)%gf e %Sgﬁa%% e%’[:g'g?rglﬁsﬁ%lr?(j)gl??e?% l?Il”lueq%rocess that

has a purity sflelvifgttirowplaitie heigripavahegichammelSoChe cpitirtabl$0norEladreabout 80 mol%

CO2 and even more preferably more than about 90 mol% CQ2 and most,prﬁéfer bly more than about
%

95 mol% COZT9HbEEFTRRY nithseugtsthecontratoray LemrperauLgiin St 8dsorption,
desorption angizae Wi eRnARESARIS YN dBFRLRAY BFsheQUGRIY ANiP8TBesR Shitled in the art can

construct several other potential embodiments of thermal wave process to remove CO2 from flue gas
using this exdepreraurg ofithefar entbolithe sentactivd4aemeios e tharapeidalf contactors to

construct a PiRfSpekature after regeneration. A sharp front 847 with a large temperature

gradient still separates the hotter and cooler sections of the contactor. Hot fluid
pushed out of the contactor is gathered to form stream 851 that is flowed into the
second contactor 803. A hot stream 861 at a temperature near or above the
temperature of the contactor after regeneration is passed into the second
contactor and continues to drive a heat front through the second contactor.
Temperature in the first half 863 of the contactor is nearly that of the hot fluid
861 while the temperature of the far end 869 of the contactor remains near the
original temperature after adsorption. Again a sharp front 865 with a large
temperature gradient separates the hotter and cooler sections of the contactor.
This front has only progressed about half way down the contactor while the front
in the other contactor has progressed about two thirds of the way along the
contactor. This difference in velocities of the two thermal fronts is due in part to
the heat of desorption. Cold fluid driven out of the contactor is gathered to form

stream 871 which continues to be used in other contactors.

[0077] Other thermal process integrations that can be used involve shuttling
heat between one or more contactors undergoing an adsorption step and one or

more contactors undergoing a regeneration step.

[0078] In one embodiment, the TSA system may be operated with two
contactors, one undergoing regeneration and heating while the other undergoes
adsorption and cooling. This embodiment is shown schematically in Figure 9
hereof and at any given time, an equal flow of heat transfer medium will be

flowing between the contactors for heating and cooling. In the example shown
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[0090]In the three unit operation of this example, one contactor undergoes an adsorption step while
another contactor undergoes a desorption step and yet another contactor is being cooled. A diagram

of the three Wl BKRGESSds Shown in Figure 10. Figure 10a shows the stregipg {iQ¥isigyiiatesand out of
the contactor 941(a) during the adsorption step. Figure 10b shows the streams flowing into and out of

the contactor 941(b) during the desorption/regeneration step. Figure 10c shows the streams flowing
into and out of the contactor 941(c) during the contactor cooling step. The contactors 941 (a), 941(b)
and 941(c) armJiigstafihkyesificanteetgrel 803 of Heengpintatedra/hile smothertcontassatid@®sed for

Figure 8 hereof with each contactor havipg an array of heating/cqQqling.channels.943 (a), (p) and (c)
and adsorbeﬁ?&?éﬂgué;@%%g( ?%‘jsgn%{](%e. [5 #%Fs%? B(%(e%hﬂ? Sa%fggrﬁékyc%ééiﬂga
microporous HgietiahsFeEmediopoatsn ghateeiabististroscme b éatihgt el tesapiigiuse of the adsorption
step in the process it adsorbs mare than about 0.25 milli-mole of CQ2 per cm3 of adsorbent from an

atmospheric @sBigysd ratbhighlryeApefihcat (raseRb cartusduvithimtiscoriactora Bwigsed
embodiment {ie, AHSORH ARRIA96 5 d6ARLATREI IR FHSBSIRARLS YOO Iha @t eisrp Perature of

the adsorption stepin the process, it will adsorb more than about 0.75 milli-mole of CO2 per cm3 of

adsorbent froemengesibepighifrgasthe heatingiceohing doanmebd 37 ana sbolistaderd806 CO2. In a
more preferred embodiment ¢ sorbent conjaing at least a microporoys material such that, at the
temperature &q%rlgsg ?sloaranrlgﬁ s?{aea{p i %r%rorgesrse’%ﬁ?g a5 Clrhr(%rent %ﬁleaogh?cfgg Rilli-mole of CO2
per cm3 of adaogiBnhéqred aiS miwhapéeailygas oled treac omnias ftn grediuhSD 0Wistizodadedd mol%

CO2. Depending upop design, the adsorption step.cap be conducted in a temperature range from
about 2C to a‘&’)%tltjlé?) ,aBPg/n I?‘&pﬁé?ﬁﬁ%l]a?ﬁqu ﬁ?ﬂﬂ%ﬂﬁ%@@fo{gﬁbmﬁﬂt’? A& more

preferably in g saRg6-fermirPABHAgiecRY ArERPP808ceenREd eRephilamAROsheR timdone with

heat contained in the stack gas and Figure 10b shows the stream flow into and out of the contactor
943(b) being g enatagter anild P Hixrepled whidaihe heat thenshiss msding dpaphrateds opposed to
the adsorbentrghanpel) aj HE% emperatuse AL (o 4 f g':{ﬁﬁ ich, i ly-in.a range from
about 150C to about 250C. When tﬁf; regenera?iic?n1 gtr(?c%;% start?se %%%%gg%%%%%%oﬁg%ntactor 941(b)
is in a range frontasboueRC 180300l pectiBsfdre tochifat lgssest{fameginpletdes tihbedontactor 941(b),

the stream 91r%a‘%8‘8a?‘?§8v”1%'£/ tﬁg 5?9&?6%‘151 soe hea r%lt?sct %1§dH1e%t to incréase the
temperature of the hot heat transfer medium to its original temperature in stream
1905. In Figure 9, additional required heat is added to stream 1913 by passing it
through heat exchanger 1917.

[0079] lIn one embodiment of the present invention, heat is removed from the
cool heat transfer medium to maintain it at a predetermined temperature
notwithstanding temperature breakthrough from the contactor unit. Typically,
the cooled heat transfer fluid (exiting the cool-down step) will be at a
temperature that approaches the separation feed temperature. Cooling via heat
exchange 1915 can also be provided to decrease the cooling fluid temperature to
a temperature lower than that of the incoming flue gas stream 1919, thus pre-
cooling the adsorbent to a temperature below the incoming separation feed
temperature. The flue gas stream 1919 is passed into adsorbent lined channels
1923 at the cool end of contactor 1901. The flow rate of the flue gas is such that
CO; and optionally water, SOx and NOx are adsorbed before reaching the
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removes particulates. Several different methods to remove particulates can be used including filtration
with ceramic candle filters, monolithic inorganic (metal or ceramic) filters, tubular metal filters,

polymeric, onfiggoiidgisedylternatively an electrostatic precipitator can be usgd-leshgRR¥ERarticulates.
A stream 915 that is nearly at the same temperature of the stack gas 911 emerges from the optional

process block 913 and enters the heating/cooling channels 943(b) of parallel channel contactor 941(b).
At the start of the desorption step the microporous adsorbent material in the contactor contains

adsorbed COthernsdiitint exdhephs egressiomoointhectheostab fetmt édrraiaye \vibguglecontagtonge CO2

loading of 1.71gt'$[lii-lmo&(§§e osf ﬁlgmrg'c:ég#or@l .adrso§bent material. As the stream 915 begins to
flow into the contadtd? féo? gas begins t&icw butor t%e'adsorption/cooling channels 943(b) forming

stream 981. When the process starts stream 981 is at the initial temperature of the contactor. The

temperature ¢088@hm 9BLiingewisosptiontthestaomesshaldserhing omspbnenthwild atachctor. The
temperature of stream 981 jncteases, sharply, when the thermal wave mqves.ta the end of.the
B e B R SR B Bt ol v Bl

MO n
contactor. It is pre erminate the desorption step wavé’ has moved

through the cootapipthl ibgitisrofaddyaviechiedsciirmugie intecanthoill Bjplacthwearddorption step
(Figure 10a) has been completed, then an additional thermal bed 983(b) can be employed to soak up

heat until it is bsd mataTa o bat sReOmHOFE s BRxIRt ofrasemteltholing steps. The
thermal bed 9R3hbaaR R1RRACKIHRRL RIS HHE ARSI S eusbBanbich RABRHBRIONBNG IS0 passes.

If the thermal mass is a packed bed of solid particles its temperature at the start of the regeneration

process is neddsodest dremdberidat eoutist 9fthesadsorntion ghannelsefdhereartacint cooling steps
beterminatedr i AL AP RGO IS ARSI e RSB e ha

the thermal front breaks e contdctor, otal masso entlayer and barrier wall
between the Husfiyigasandxineearid hH atisgécoshiag donconatration drbatiessviemthehgl e times the

materiats, oveRTHSIEBIbIAE B SLLTha HEgEr ™ AL WS ER U o b IBE APWltBhats and mos
preferably lespdhanAdboutH SO aysads stbhriadae@ssliseaienads- dowadios thethermal wave
moves throu Qrg]a?ncgthaSCte%egrAé%:(sb rgfrint%e adsorbent lined channels 1923 with most of the

CO, removed and optionally most of the water, SOx and NOx also removed. In

a preferred embodiment, the composition of stream 1925 is such that more than

about 80 mol% and preferably more than about 95 mol% of the CO, present in

the flue gas 1919 entering the adsorbent channel 1923 is removed. In Figure 9,

the orientation of contactor 1903 during a previous adsorption step was such that

the most weakly adsorbed species are nearest to the end where the hot fluid 1905

is introduced. The motion of the thermal front (or wave) through the contactor is

plotted 1931 schematically in Figure 9. It is seen that the thermal waves (1931

and 1921) move in opposite directions through the contactors. Depending upon

the detailed nature of the sorbent and the molecules being sorbed it may be

preferable to arrange the piping between contactors so that the thermal waves

run co-currently through the contactors.

[0081] When the thermal waves 1931 and 1921 move counter-currently
through the contactor, the region of the contactor containing the weakest-held
adsorbates will be heated first, followed by next weakest, and next, until the

strongest-adsorbed materials are heated at the end. The order in which these
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regenerated, water condenses out of the gas stream. Condensation occurs because the temperature
of the gas falls as it passes along the contactor. The concentration of water vapor in gas stream 981

coming out ofiheghsatiagécooling channels 943(b) is nearly that for saturatpggas,aidogsiesnperature of
stream 981 which can be more than about 100C lower than the stream 911 entering the regenerator.

Because liquid water falls out of the stream 915 passing through the contactor 941(b) being
regenerated, it can be advantageous to align the contactor so that the gas flows downward and the
liquid flows uadeorhaticmané gedeasedantuthendlisaitieni diged flow elmteinl 98thmeatehestbe An optional

method can be provided.tg remove condens ater from the contactpr tq.form water stream 967.
Optionally a I8{§8§6{5tw\)i1§11e1 135%1%%’26[5(03?&2{8 Br8gY sfﬁgpﬂﬁgg%ﬂi gtWaﬁélF%\% coming out
of the contactwavésimpiefesashifaitipate daglotireionthctstisathewsgioniafitlobanerater flowing
along with the cooled partiallg; dehydrated flue qas stream 961. [0095]In this example the gas passing

through the h%%l‘ﬁ%f}é%ﬁhﬁ sheldhadser Veilkbs) st!}’ﬁh@g@ﬁ@%l BEAH as gas
passing through,he.adsaerHer: Channals Wealddstudssria atnerpiioR’itRAld sPHhEERALY):

Elements 920 and 925 as shown in Figure 10, represent the inlet end and outlet end of the adsorption

channels, resPepanding ontnsapeatinsiofibenaidsormniug earsbrbadvantagesus wupipththewater is a

strongly adso iesCOR Is adsarbhed samewbhat less strongly, and N2 and02 are weakly
adsorbed. Exé%ﬁg'fgts% %% rﬁié?ggégﬁggrﬁg?grﬁ?sv %ﬁaﬁl Rggec This or eﬂr?r‘lglgfeé Segr%%sgns%%egé zeolites
such as zeolistrddm5Af ad30rbiat¥s ama Béacollected inalififiderntUitesoiSi@ssuis th @Cliandoe very

strongly adsorbed. The following description of regenerator .operation wjll apply to g contactor that
was designeﬁmgﬁa%@?ﬁ?ggf‘%%%ﬁ PR -?ro?hfme%mgrgabla SR YLLRyiption will focus

on the majority components in the flue gas. The process described will capture much of the SOx and
NO from the (@882 eanTHeshdsdtbatenoterfibat duis pdfillentacdtee betnprieginesataseobed in this
example to remove SO" and NO" fromlggés streams in a_process that captures less of the CO2.

100961In the CETEBHEAT FRMIE-FUFEHEEE aLWAYS Rassiag diqyeh the contactor.

In this illustration, the desorbed species flow in stream 1935 out of the adsorbent
lined channels 1933 of contactor 1903 counter-currently to the direction of the
thermal wave. It is also possible to achieve a continuous multicomponent
adsorptive (a.k.a. chromatographic) separation with a co-current desorption. In
this alternative embodiment, the desorption flow is taken in the opposite
direction to what is illustrated in Figure 9, such that the weaker-adsorbing
components must flow back over the stronger-adsorbing on the way out of the
bed. This approach can provide a cleaner condition of the adsorption-step bed
éxit, resulting ih higher-purity effluent during the adsorption step. It can also
give more-separated adsorbates under some conditions in the adsorbate effluent.
In an optional desorption modality a sweep fluid 1939 is used to assist the
desorption process. When desorption is performed co-currently with the thermal
wave a preferred embodiment of this optional modality introduces a sweep, or
purge, with a velocity that nearly matches that of the thermal wave moving along
the bed.

[0083] In the practice of the present invention, it may be desirable to operate
with a multiplicity of contactor units in such a manner that several units are

coupled in heating & cooling operation, while other units are involved in
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adsorbed N2 and 02 species flow out of the contactor in the initial phase of the desorption process
forming stream 997. It can be advantageous to divide the stream 997 coming out of the contactor into
streams emeggiy@lgsylier versus later times, because streams emergingtGifésssshdings will have
different CO2 and water concentrations and thus may preferably be processed differently. In an
optional embodiment of the process valve 931 is opened at the start of the regeneration step allowing
stream 997 to flow and form stream 971. Stream 971, recovered early in the regeneration, has very
low CO2 coneadstgitoon (antdéopdesesp o)y inntikiy operbi oy duf duststteacals bombined with stream

963 which is ultimately vented through a stack. As time progrgsses,.the concentration of CO2 in
stream 971 bé&%&%@&e%%%‘%gw SYsyiplpg 8&%%‘?85%8\’/5 gﬁ%ﬂi’éﬁ’%’f .‘?rﬂ%'i%cg ional
embodiment Yy &9icis foimadaipeins Vi Rpadeshtags T finwdperiaani9 fisat the Heae @edhich these
valves actuate sets the CO2purity in stream 973. Alternatively valve 933 was opened at the start of the

regenerationdpiiBesthadnthis setainsd iy thedsatdransdernasdinm o Thadsesplion »a8 otains the
majority of the,(GE¥e MaMAMAIAINA)'Y BB HAC BR% 4 UScoRARIYALPBIAhe Rl iRam 973 Is

high enough that it can be sent to a’sequestration process with little Or no additional processing. In this
example the dedamliberlasttedhst adseobpteefreo festidyandiidhghendeattinadphidlibenesdades. It is
possible to design procgsses producing, streap), 973 fr ressures.ranging from vacuum to several
(approximate 3(/) %Sa%)r%eo@p%glr%gs. Tas Fégguaee&%%?eﬁ%%%ﬁ&?%%@r%ér‘ﬁ%?3 at sub-atmospheric
pressures because this increases costs of compression in CO2 sequestration processes.
[0097]Stream[0084¢an bnsulditodifiersrinypasest(@Dtiasdauydvativpprioyassesy M pthtimiting
examples inc{ud% g,enlgirréi%% %gzrgwetg urgdgrrlg;oHng }‘rqrm%tio%s guctgpas ?g%yr}fers with a top seal that
prevents signlﬂganf: fBess njec 2438l g corﬁpgnen@f fi FEQE Kol ,ng é@gr%%l,r pleted oil
reservoirs, defolethe gastaetatvadsorpidn capaciadin teafhiidutliored opesriR@gessialsay potential
disposition foy th C'C;f) through purity requirements can be_anticipated to be more stringent. Typically
CO2 has to béec‘g‘?ﬁ'ﬁ le g baYsecysral (priaeiermman tisrdsoriung,rhaskishils typRAE es greater
than about 5,090R80i8 heciliaHeHdatmPIRssheraad PRASI arRtamk RIeUGRS pRaYe aPsoperties of

stream 973 make it suitable for compression in a sequestration process. These properties include the
fact that its tePrpieraedrembadimrnintheserahepptiersiergaged imadsphigmyroncentrated in CO2.
In some inst itj ing i iI r 973 i non-limiting
example of ;é}g%? i%%%fa &%t%logﬁgfﬁg p&vl\%oﬁlﬂgbgﬁl é'? ﬁgrgg-?%%?cﬁ}é %%?5%?%@3&?&%%@%”1 to
mitigate potenti#ll isahredist e dincinen drud thprissounit de difre twilkbe nestradgibe regeeaatddwards the
end of the re enera*ﬁ:)n rocess.the 2‘1{) conceég}ratégn 'énstream 973 increasei..To minjmize potential
corrosion pro CLRISARRESS ke e LACA4B S SN IR ALE CORPRIABA N ate the

stream comingicluthigi@iels dasceberafdhn reaaBatHioNtALRBsIAREI0 Iaydiaatiithsiream separately.
In an optional embodiment when the H20O concentration in stream 973 increases above a desired

threshold, vaReResimeniodberaid vave Yemaedjsaness ansivsgdse staresmstralawaroperd starts flow
of stream 97%;Hha{ e hdigReELoncentration of water. Stream 975 can then be dehydrated separately
and then recombined with stream 971. [0098]The cool partially dehydrated flue gas stream 961

coming out of the contactor being regenerated, 941(b), is sent to contactor 941(a) that is
[0085 When the contactors are used in this manner, it is acceptable for each

contactor unit to be oriented in a co-current flow, counter-current flow, cross-
flow, or other configuration. However, in a preferred embodiment, the

contactors are used in co-current flow and/or counter-current flow orientation.

[0086] The present invention can better be understood with reference to the
following examples that are presented for illustrative purposes and not to be

taken as limiting the invention.
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undergoing an adsorption step. The stream 961 is sent through the adsorption channels 945(a) of the
contactor where a microporous adsorbent preferentially removes CO2 and H20. Contactor 941(a) can

optionally beyggnstis/eissivith several different microporous adsorbents alger e igpebe.sf the
channels 945(a). In one embodiment where different microporous adsorbents are placed along the

length of the channels 945 (a), the adsorbent that is most selective for H20 is placed at the beginning
of the channels. In this manner the water vapor partial pressure in the stream can be reduced allowing
adsorbents t%gg%%%end of the channel to operate more effectively for CO2 removal. Zeolites with
large cation ns such as 4A, 5A, NaX are examples of microporous adsorbents that can

operate more[gjgejively tHiCexkRp R AISirat e U§2891 [Ririislisdhaictos fa@agsiratiipthigotherm of

zeolites with large cation concentrations tends to increase when the zeolite is d%/ (i.e. the CO2
isotherm of argm@egionidzEonmellusigny ire thasvahsxingadsemptieapressihat dug Ba818ed to

remove water | silic | rbops.. \tes... [ ngle type of
microporous 3@5‘%# gsritiﬁn%sl?f#? aiaasao%lé%t?: ré%%i??&b?ﬁ?ﬁﬁ%%ﬁ%ﬁwgﬁgm% process the
temperature diubgaoistappicAAll fhplstihalsoveatndbpligriogiresshed thel éndeafdralydesing step in
Figure 10(c). This temperaturge is slightly above that of the ambient air in the atmosphere. As the
adsorption st&}PBEGRSERISEICEE20 are selectively taken up by the adsorbent near the front end 920
of the contactor. The concentration of CO2 and H20 in the remaining portion of the adsorbent is low

and nearly ed0888) that Atttierraablwéitiecadsgepivatimosiepds degoribdd ereimcathevE 2 concentration
of gas stream 963 coming out of the contactgr 941(a) is less than abqut 5% of that in the flue gas
stream 911. [B&E%Eﬂawtﬁ%@% ie mglf’r}fﬁréék%?ﬂ)rh%%? S ?#B%F% HWAYEi20 is more
strongly adsosBgskpirn prédeSuSsampia el ENaRRRPEIMPaceRNie AdRBIREMoM thilisaBbRerty is

zeolite 5A. For this zeolite as well as any other microporous adsorbent the temperature increases

when molecufésrapd’a@fdhsed OT Rutefihersiank gab preferabhiiagnsytiae AbavbPameliaieh of the

sorbed specie 110 AR ALSAHDR S RF Ak BREFIIY U RSRANACRE AN g, el mass

of the contactor. An optional stream 919 can e contactor to limit the temperature
rise in the cothadt®y, sSutafitltd stackigavandroroshprefetaiblyt miomthan hloowt & ooglsrod

heating/cooling channels 943(a) of the contactor. In th bodiment shown in Figure 10(a) it moves
cou nter-currer%#ﬁngq% rlelg?nf gé‘lg{ﬁgt(fﬁ)%s é%%% WE ?gjs%%ﬁgo%}r&?gﬁ ﬁsePsr.Oiyﬁgégﬁléla 919 removes
heat generatggdeydh enbchbohgafpachahd i osheiigamatigmitutetheroantickoCha] carries away
most of this heat, In a different embodiment this o%tional stream 919 can flow co-currently with stream
961, preferably more than about 80 mol% CO, and even more preferably more than

about 90 mol% CO, and most preferably more than about 95 mol% CO,.

[0089] This example illustrates a thermal wave process with seqﬁential
adsorption, desorption and cooling steps operated with three parallel contactor
units. Those skilled in the art can construct several other potential embodiments
of thermal wave process to remove CO2 from flue gas using this example. Many
of these embodiments involve the use of other numbers of contactors to

construct a process.

[0090] In the three unit operation of this example, one contactor undergoes -
an adsorption step while another contactor undergoes a desorption step and yet
another contactor is being cooled. A diagram of the three unit process is shown
in Figure 10. Figure 10a shows the streams flowing into and out of the
contactor 941(a) during the adsorption step. Figure 10b shows the streams

flowing into and out of the contactor 941(b) during the desorption/regeneration
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[00101] As the adsorption step continues relatively sharp concentration fronts in the adsorbed phase
concentration (i.e. adsorbates in the microporous material lining the channel) move along the length of
the contactoky§hgesanssyatration front for H20 is closer to the entrance of the-pgsayhgsogiannel than
that for CO2. The way in which they move with time down the length of the adsorber channel is
referred to as concentration waves. With time these waves or fronts advance along the length of the
adsorption channel. As these waves advance, the CO2 concentration in the outlet stream 963 remains
low until COXfepnt Fegiee0ih sherds 3RS sif cams dlonadng intothislpihoitheneontect 4 bientration in

the outlet stream 963 beqins to rise and the adsqrption step is stQp 2 | stream 963
(with the Coﬁém% 8)0%11}88 %rdct%%l%%ﬁ%&oﬁ%gf&'}%cigﬁag@eéﬁ%é%?ﬁjg%leagjggrffc ialfﬁdergoing a
cooling step. Agditiatiall§oshtite PRbpeetds dfeheaeneiabe aeosiasddstedinsg digaagationally be
added to stream 963 to form stream 995, This stream 995 is introdug‘f into the heating/cooling

channels of ther digure§rhsagedvithrack sRtacter daying Ay hel heren/c99lingar the

temperature gf 6 INDFFTH e8I MRS Lo A 'RABHISM RRGINR IO Sp8V(H) qug hlagepntactor a cooing
thermal wave develops. This cooling wave is such that the temperature of the contactor near the inlet
side 920 is low and at a sharp front located further along the length of the contactor, the_temperature

rises abrupthy{0P8dlgas dithis rampitathsadssrhantroniainsa mictARpERIS MteHalakbss across
the contactord[&gﬁggg%%magméﬁ W8eHdP P ehEeAAHAR JED§AsEIHHGS stkpam 985

can also be passed through the thermal mass 983(c). When a thermal mass is used, in the process the

thermal wavdibtbalprekessdhadrodrsonadn heorabottsrbad mobismiadaiofiaa prisenbeddre the cooling
process is terminajed. In. this optional embodiment.the gas stream exiting the th | mass 965
Formaine hot dORREr A A A ARG B S R A S O G I e o

CO2 and carabeuteltadslPs€®upIa stpaifeited eatbivdision ithtcadvorient Sontlitenusisvdth the
adsorption and,regeneration ste,pf). Th o&ghout the cooling step there Iff no flow out of the adsorbent
channels 945HFTRPCEINAIAIETA, c%%é’f faid FQ&WW@@%R:&H‘& AdsogREaR UM IBIARIning CO2,

which procesﬁr@@@@@,ﬂﬁ@\ﬁill adsorb more than about 0.75 milli-mole of CO, per cm’ of

adsorbent from an atmospheric gas mixture containing 90 mol% N, and about 10
mol% CO,. In a more preferred embodiment the adsorbent contains at least a
microporous material such that, at the temperature of the adsorption step in the
process, it will adsorb more than about 1.5 milli-mole of CO, per cm’ of
adsorbent from an atmospheric gas mixture containing about 90 mol% N, and 10
mol% CO,. Depending upon design, the adsorption step can be conducted in a
temperature range from about 2°C to about 60° C, preferably in a temperature
range from about 5°C to about 45°C and more preferably in a range from about
5°C to about 35°C.

[0092]  Regeneration of the adsorbent is done with heat contained in the stack
gas and Figure 10b shows the stream flow into and out of the contactor 943(b)
being regenerated 941(b). Stack gas 911 enters the “heating/cooling channel”
(as opposed to the adsorbent channel) at the temperature at which it is produced
which is preferably in a range from about 150°C to about 250°C. When the
regeneration process starts the temperature of contactor 941(b) is in a range from
about 2°C to about 35°C. Before the flue gas stream 911 enters the contactor

941(b), the stream 911 can optionally be fed through a process block 913 that

43



a) conducting said flue gas stream to a temperature swing adsorption gas separation unit wherein the
gas separation unit contains at least one adsorbent contactor comprised of: i) a process gas inlet end;

and ii) a proGges,aRs 9i4det end;  wherein the gas inlet end and the gas gieksid,@e e fluid
connection by a plurality of open flow channels wherein the surfaces of the open flow channels are

comprised of an adsorbent material that has an adsorption selectivity for CO2 over at least one other
gaseous component of the flue gas stream of greater than 1, thereby resulting in a substantially
CO2-free fluaegmevtscpartanth@O2 Seisrad alifterent aidthdds toarenmoatepaiticylatesingnshit

substantially CO2-free flue stream into the atmosphere, and c).heating said. adsorbent material
having CO2 atE6r g%?l@%ﬁ?{s%h%e‘ﬁéhtﬁféatg}hcp%ﬁ ?efeﬂ%%ﬁsl’égﬁﬂ hcela%r ar%‘tlcotlmc?ft %ﬁ least a
fraction of CQ¢,déraialy) RReHNGIBuRCRe A1chl e a50lymeribiese balh € Resorpanéreatitasdior has less
than about 20% of its open pore volume in pores greater than about 20 angstroms, and wherein the

open pore vofihfleGH QAR PTRSIPAARL CPR RoHsRd) tad emoys BRI SHateSp e ttiRameddsorbent
structure thatigge @fﬁ@éﬁg@%@%ﬂi@&ﬁ@%&m&%ﬂﬂ@mfgtisaéﬂeeﬂf&trgeglﬁ’a%i ¢A% a blocking

agent divided by the t volume of the adsorbent contactor that is occupied by the adsorbent

material; andahtciudgrsmess dleak: 91 & anhyicsdlot h@bﬁt@fﬂawr@g@m&ﬁﬂl)/hérein the
Stacked Inye b8t LA RENE Rt T B D s P M o et spia
rolls, bundlesmidhoporeilibadscabehbututiasadisvhsicoitatyopamilaisobdsdrbel CO,. A

specific example of loading in the most preferred range would be an average

CO, loading of 1.7 milli-mole per cm® of the microporous adsorbent material.

As the stream 915 begins to flow into the contactor 941(b), gas begins to flow

out of the adsorption/cooling channels 943(b) forming stream 981. When the

process starts stream 981 is at the initial temperature of the contactor. The

temperature of stream 981 increases slightly as a thermal wave moves through

the contactor. The temperature of stream 981 increases sharply when the

thermal wave moves to the end of the contactor. It is preferable not to terminate

the desorption step before the thermal wave has moved through the contactor. If

the thermal wave breaks through the contactor before the adsorption step (Figure

10a) has been completed, then an additional thermal bed 983(b) can be

employed to soak up heat until it is time to stop the adsorption,

desorption/regeneration and contactor cooling steps. The thermal bed 983(b)

can be a packed bed of solid particles through which a thermal wave also passes.

If the thermal mass is a packed bed of solid particles its temperature at the start

of the regeneration process is near that of the adsorbent bed.

[0093] It is preferred that the regeneration and cooling steps be terminated
for the thermal front to break through the contactor before adsorption, To ensure
that the thermal front breaks through the contactor, the total mass of the
adsorbent layer and barrier wall between the adsorption channel and

heating/cooling channel should be less than about 10 times the mass of the
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2.The process of claim 1 wherein the adsorbent contactor has less than about 15% of its open pore
volume in pores greater than about 20 angstroms. 3. The process of claim | wherein the temperature

swing adsorgiign@an sekaration unit process is performed at a cycle time gilgggdhianqRaut 2 minutes
between successive adsorption steps. 4. The process of claim 1 wherein at least about 75 mol% of

the CO2in the flue gas stream is removed to produce the substantially CO2 free flue gas stream. 5.
The process of claim 1 wherein the adsorbent material is comprised of a zeolite. 6. The process of

claim 5 whereidsorbentotitetézial s,apiataratelylitesh thampbimati Srtishes thkonise of thaadgwsbest 7. The

process of claim, 6 wherein the cationic zeglite is selected from.the group consisting af a faujasite

Cooite, o BE TSI o ChI CBUTTE bt EroATA oM e the ey SRR G
materials and most preferably less than about 1.5 times the mass of the adsorbent

materials.

[0094] As the thermal wave moves through the contactor 941(b) being
regenerated, water condenses out of the gas stream. Condensation occurs
because the temperature of the gas falls as it passes along the contactor. The
concentration of water vapor in gas stream 981 coming out of the
heating/cooling channels 943(b) is nearly that for saturated gas at the
temperature of stream 981 which can be more than about 100°C lower than the
stream 911 entering the regenerator. Because liquid water falls out of the stream
915 passing through the contactor 941(b) being regenerated, it can be
advantageous to align the contactor so that the gés flows downward and the
liquid flows under action of gravity concurrently with the gas to the bottom of
the contactor. An optional method can be provided to remove condensed water
from the contactor to form water stream 967. Optionally a knockout vessel 991
can be provided to remove any mist of liquid water flow coming out of the
contactor. ‘It is preferred that there is not a significant amount of liquid phase

water flowing along with the cooled partially dehydrated flue gas stream 961.

[0095] In this example the gas passing through the heating/cooling channels
of the contactor 943(b) moves in the same direction as gas passing through the
adsorption channels 945(a) during the adsorption step (i.e. co-currently).
Elements 920 and 925 as shown in Figure 10, represent the inlet end and outlet
end of the adsorption channels, respectively. In this example the microporous
adsorbent is chosen such that water is a strongly adsorbed species, CO, is
adsorbed somewhat less strongly, and N, andO, are weakly adsorbed. Examples
of microporous materials that have this ordering of adsorption include zeolites
such as zeolite 4A, 5A, 13X, NaX, and NaY. Trace materials such as SO, and

NOj can be very strongly adsorbed. The following description of regenerator
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8. The process of claim 5 wherein the zeolite is a MFI zeolite. 9. The process of claim 1 wherein the
adsorbent contactor is comprised of at least two adsorbent materials and the first adsorbent material
has a selectiyghy,fpsNvalgs over CO2 of greater than 1 and is located upstregpwithokesieat to the flow
of flue gas stream to a second adsorbent material that has a selectivity for CO2 over N2 of greater
than 1. 10. The process of claim 9 wherein water is adsorbed from the flue gas stream onto the first
adsorbent material so that less than about 400 ppmv remains in the flue gas stream downstream of
the first adsodpenativateridl . afijilyTiocaprontssorfthieimakCdedigneid andtepsr atdddbeehfoym® the flue gas
stream onto the first adsgrhent material,so that less than about 50 remaings in the flye gas
stream downg?l%%rﬂt ﬁ%%?&llggé Bih‘f?r%ﬁg . ‘I‘f?ﬁ%cb‘é{&%‘éﬁ%?ﬁhsé%ﬁb?éﬂma , SO., or
both NO and spiicatlsiiiRe fluk3gdNeTO peoseas dedetiBadhRifidajtiaeshack afastsmt material
is comprised a cationic zeolite having a Si/Al molar ratio of less than about 5. 14. The process of

claim 1 wheréRdNfst gy ihe gamsiisam (nbshayld beiaeteytat \F\/ﬁt&oéﬁ,‘@rl@@?%ﬁ Bieater than 1 is
part of a contﬁg i8¢ F-SERRLAIT AR & %%%WS@%%&W@%‘&‘H'E&%@%@@PM

material that has a selectivity for CO2 over N2 of greater than
a process that captures less of the CO,.

[0096] In the co-current thermal wave desorption process the least strongly
adsorbed N, and O, species flow out of the contactor in the initial phase of the
desorption process forming stream 997. It can be advantageous to divide the
stream 997 coming out of the contactor into streams emerging at earlier versus
later times, because streams emerging at different times will have different CO,
and water concentrations and thus may preferably be processed differently. In
an optional embodiment of the process valve 931 is opened at the start of the
regeneration step allowing stream 997 to flow and form stream 971. Stream
971, recovered early in the regeneration, has very low CO, concentration. In the
process shown in Figure 10 hereof this stream is combined with stream 963
which is ultimately vented through a stack. As time progresses, the
concentration of CO, in stream 971 begins to increase and valve 931 is closed to
stop flow in stream 971. In this optional embodiment valve 933 is
“simultaneously” opened to start flow in stream 973. The time at which these
valves actuate sets the CO; purity in stream 973. Alternatively valve 933 was
opened at the start of the regenerations process allowing stream 997 to flow and
form stream 973. Stream 973 contains the majority of the CO, that was
originally in the stack gas. The concentration of CO, in stream 973 is high
enough that it can be sent to a sequestration process with little or no additional
processing. In this example the stream is produced at atmospheric or slightly
higher than atmospheric pressures. It is possible to design processes producing
stream 973 from pressures ranging from vacuum to several (approximately 3)

atmospheres. It is less desirable to produce stream 973 at sub-atmospheric
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15. The process of claim 1 wherein the adsorbent contactor is directly heated by passing a heat
transfer fluid of an effective temperature through the same open flow channels as the flue gas stream,

thereby desagRingds/P3dato the heat transfer fluid. 16. The process of claigyr-dr Mg e heat

transfer fluid is passed co-current or counter-current through the flow channels relative to the direction
of flow of the flue gas stream. 17. The process of claim | wherein a first fraction of the flow channels of
the contactor receive the flow of flue gas stream and a second fraction of flow channels receive the
flow of a heatpresssimsfhedankethesiontreasesqustsiof e emgresseonimnaCloA steq pestiatiast the channels
of the two fractions are contiguous to each other, but not in fluid communication, so that heat flowing
through said SEREFF FPaction of flow channels is capable of effectively indirectly heating said first
fraction of flow channels to provide heat for desorption. 18. The process of claim 17 wherein there are
provided multjpR9Afisortne amrF3toen bbsintatdetfetamt ¢ypes arH €D corquestraampstream to at

least th tact heyei id at least t d t tact tai
adsorbont AT S BRATORS AP RS e SR e oL I AORCHE Y consisting

of water, SOJoamdtNRsARhQOZfi tRaEinap sédl thaepressens sibalfighdtdosmfsing at least one
upstream contactor that has a selectivity for water over any other component in the flue gas stream of

greater than |in12@¢¢w&iﬂrse§§9@paaﬁ% Mé?émﬁ,mﬁyegﬁtmk%%s at least two
adsorbent malerials, fRdd5a ds gQ§?£Q§RIdH§}%Hﬁ' IR RSHRCEYILRIWVERER ek e agereater

than 1, and the second adsorbent material has'a higher selectivity for CO2 over water of greater than
1, and whereil§ tlsofaqetastiabehspositianlfior|duate throagin priityreepeicemnentis fanvbs said flue gas

stream, of the secon bent material. 21..The C f claim 1 wherein all fLow channels of said
S oarbont coniepe R RO R er TR S0, KATTHE MISIRAGIYY T

pressures greater than about 2,000 psi and often to pressures greater than about
5,000 psi to be injected into these types of underground formations. Several
properties of stream 973 make it suitable for compression in a sequestration
process. These properties include the fact that its temperature is significantly
below that of the stack gas and it is highly concentrated in CO,. In some
instances additional processing is required before stream 973 is sequestered. A
non-limiting example of an additional processing step would be a more rigorous
dehydration of the stream to mitigate potential corrosion in pipes and
compressors used in the sequestration process. Towards the end of the
regeneration process the H,O concentration in stream 973 increases. To
minimize potential corrosion problems in equipment used to sequester CO, it
can be advantageous to separate the stream coming out towards the end of the
regeneration process and to handle this stream separately. In an optional
embodiment when the H,O concentration in stream 973 increases above a
desired threshold, valve 933 is closed and valve 935 is opened. This stops flow
of stream 973 and starts flow of stream 975 that has a higher concentration of
water. Stream 975 can then be dehydrated separately and then recombined with

stream 971.

[0098] The cool partially dehydrated flue gas stream 961 coming out of the

contactor being regenerated, 941(b), is sent to contactor 941(a) that is
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22. The process of claim 1 wherein the of the flue gas entering the temperature swing adsorption gas
separation unit is at a temperature from about 100C to about 250C. 23. The process of claim 1

wherein at leqg sypo1iisasof the CO2-rich stream is compressed to pressurssiR&%6865:5about 1,000
psi then injected into a subterranean formation. 24. The process of claim 1 wherein the adsorbent

contactor is comprised of a monolith. 25. The process of claim 24 wherein the adsorbent material is
coated onto at least a portion of the monolith. 26. The process of claim 24 wherein the monolith is
comprised of amdarisoitig ah rdderistiarstepl Thkisttbanm@Fiblistsent through the adsorption

channels 945(a) of the contactor where a microporous adsorbent preferentially
removes CO; and H,O. Contactor 941(a) can optionally be constructed with
several different microporous adsorbents along the length of the channels
945(a). In one embodiment where different microporous adsorbents are placed
along the length of the channels 945 (a), the adsorbent that is most selective for
H,O0 is placed at the beginning of the channels. In this manner the water vapor
partial pressure in the stream can be reduced allowing adsorbents towards the
end of the channel to operate more effectively for CO, removal. Zeolites with
large cation concentrations such as 4A, SA, NaX are examples of microporous
adsorbents that can operate more effectively when they are dry. The reason for
this is that the CO, adsorption isotherm of zeolites with large cation
concentrations tends to increase when the zeolite is dry (i.e. the CO, isotherm of
a dry cationic zeolite usually lies above a wet zeolite). Materials that can be

used to remove water include silica, alumina, carbons, and zeolites.

[0099] In this example, a single type of microporous adsorbent lines the
adsorbent channels 945(a). At the start of the adsorption process the
temperature of the contactor 941(a) is the same as that produced at the end of the
cooling step in Figure 10(c). This temperature is slightly above that of the
ambient air in the atmosphere. As the adsorption step begins CO, and H,O are
selectively taken up by the adsorbent near the front end 920 of the contactor.
The concentration of CO, and H,O in the remaining portion of the adsorbent is
low and nearly equal to that at the end of the regeneration step in Figure 10(b)
and the CO, concentration of gas stream 963 coming out of the contactor 941(a)

is less than about 5% of that in the flue gas stream 911.

[00100] In this example the microporous adsorbent has the property that H,O
is more strongly adsorbed than CO,. An example of a microporous zeolite
adsorbent with this property is zeolite SA. For this zeolite as well as any other

microporous adsorbent the temperature increases when molecules are adsorbed.
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The temperature rise is determined by the heat of adsorption of the sorbed
species, the amount adsorbed, the thermal conductivity in the contactor, and the
thermal mass of the contactor. An optional stream 919 can be flowed through
the contactor to limit the temperature rise in the contactor. Stream 919 is
derived from the ambient air and is blown through the heating/cooling channels
943(a) of the contactor. In the embodiment shown in Figure 10(a) it moves
counter-currently to stream 961 that flows through the adsorption channels. The
stream 919 removes heat generated by the heat of adsorption and forms stream
921 exiting the contactor that carries away most of this heat. In a different

embodiment this optional stream 919 can flow co-currently with stream 961.

[00101] As the adsorption step continues relatively sharp concentration fronts
in the adsorbed phase concentration (i.e. adsorbates in the microporous material
lining the channel) move along the length of the contactor. The concentration
front for H,O is closer to the entrance of the adsorber channel than that for CO,.
The way in which they move with time down the length of the adsorber channel
is referred to as concentration waves. With time these waves or fronts advance
along the length of the adsorption channel. As these waves advance, the CO,
concentration in the outlet stream 963 remains low until CO, front reaches the
end 925 of the contactor. At this point in time the CO, concentration in the

outlet stream 963 begins to rise and the adsorption step is stopped.

[00102] The cool stream 963 (with the CO, removed) is routed to a contactor
941(c) that has been regenerated and is undergoing a cooling step. Additional
cool gas produced in the regeneration process (stream 971) can optionally be
added to stream 963 to form stream 995. This stream 995 is introduced into the
heating/cooling channels of the contactor 941(c). At the start of the cooling step
contactor 941(c) is near the temperature of the flue gas stream 911. As stream
995 begins to flow through the contactor a cooing thermal wave develops. This
cooling wave is such that the temperature of the contactor near the inlet side 920

is low and at a sharp front located further along the length of the contactor the
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temperature rises abruptly. The gas exiting the contactor 985 remains hot as the
thermal wave advances across the contactor. If an optional thermal mass is used
in the regeneration step then the gas stream 985 can also be passed through the
thermal mass 983(c). When a thermal mass is used in the process the thermal
wave breaks through the end of the contactor and cools the thermal mass before
the cooling process is terminated. In this optional embodiment the gas stream
exiting the thermal mass 965 remains hot during the majority of the cooling step.
The hot gas stream 96S is substantially free of CO, and can be vented or sent up
a stack. The cooling step is terminated simultaneously with the adsorption and
regeneration steps. Throughout the cooling step there is no flow out of the

adsorbent channels 945(c).

50



CLAIMS

1. A process for the removing CO;, from a flue gas stream containing CO», which
process comprises:
a) conducting said flue gas stream to a temperature swing adsorption gas separation
unit wherein the gas separation unit contains at least one adsorbent contactor comprised of:
1) a process gas inlet end; and
11) a process gas outlet end;
wherein the gas inlet end and the gas outlet end are in fluid connection bya
plurality of open flow channels wherein the surfaces of the open flow channels are
comprised of an adsorbent material that has an adsorption selectivity for CO, over
at least one other gaseous component of the flue gas stream of greater than 1,
thereby resulting in a substantially CO,-free flue gas stream and CO, adsorbed onto
said adsorbent material;
b} venting said substantially CO,-free flue gas stream into the atmosphere; and
¢) heating said adsorbent material having CO, adsorbed thereon to an effective
temperature that results in the desorption of at least a fraction of CO,, thereby resulting in a
CO; rich stream;
wherein the adsorbent contactor has less than about 20% of its open pore volume in
pores greater than about 20 angstroms, and wherein the open pore volume (in volume
percentage) is defined as the volume of the pores in the adsorbent structure that are greater
than about 20 angstroms in diameter that are not occupied by a blocking agent divided by
the total volume of the adsorbent contactor that is occupied by the adsorbent material; and
the adsorbent contactor is comprised of substantially parallel channels wherein the
geometry of the adsorbent contactor is selected from monoliths, a plurality of tubular
members, stacked layers of adsorbent sheets with or without spacers between each sheet,
multi-layered spiral rolls, bundles of hollow fibers, and bundles of substantially parallel
solid fibers.

2. The process of claim 1 wherein the adsorbent contactor has less than about 15% of

its open pore volume in pores greater than about 20 angstroms.
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3. The process of claim 1 wherein the temperature swing adsorption gas separation
unit process is performed at a cycle time of less than about 2 minutes between successive

adsorption steps.

4, The process of claim 1 wherein at least about 75 mol% of the CO» in the flue gas

stream is removed to produce the substantially CO; free flue gas stream.

5. The process of claim 1 wherein the adsorbent material is comprised of a zeolite.

6. The process of claim 5 wherein the zeolite is a cationic zeolite having Si/Al molar

ratio of less than about 5.

7. The process of claim 6 wherein the cationic zeolite is selected from the group

consisting of a faujasite zeolite, a BETA zeolite, a SAPO zeolite, and an ALPO zeolite.

8. The process of claim 5 wherein the zeolite is a MFI zeolite.

0. The process of claim 1 wherein the adsorbent contactor is comprised of at least two
adsorbent materials and the first adsorbent material has a selectively for water over CO, of
greater than 1 and is located upstream with respect to the flow of flue gas stream to a

second adsorbent material that has a selectivity for CO, over N, of greater than 1.

10.  The process of claim 9 wherein water is adsorbed from the flue gas stream onto the
first adsorbent material so that less than about 400 ppmv remains in the flue gas stream
downstream of the first adsorbent material.

11. The process of claim 10 wherein water is adsorbed from the flue gas stream onto
the first adsorbent material so that less than about 50 ppmv remains in the flue gas stream

downstream of the first adsorbent material.

12. The process of claim 9 wherein NOj, SO,, or both NO, and SO, are adsorbed.
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13.  The process of claim 9 wherein at least one adsorbent material is comprised a

cationic zeolite having a Si/Al molar ratio of less than about 5.

14.  The process of claim 1 wherein a first adsorbent material that has a selectivity for
water over CO, of greater than 1 is part of a contactor that is separate from a second
adsorbent contactor containing an adsorbent material that has a selectivity for CO, over N,

of greater than 1.

15.  The process of claim 1 wherein the adsorbent contactor is directly heated by passing
a heat transfer fluid of an effective temperature through the same open flow channels as the

flue gas stream, thereby desorbing CQ; into the heat transfer fluid.

16.  The process of claim 15 wherein the heat transfer fluid is passed co-current or
counter-current through the flow channels relative to the direction of flow of the flue gas

stream.

17.  The process of claim 1 wherein a first fraction of the flow channels of the contactor
receive the flow of flue gas stream and a second fraction of flow channels receive the flow
of a heat transfer fluid of an effective temperature and wherein at least a portion of the

channels of the two fractions are contiguous to each other, but not in fluid communication,
so that heat flowing through said second fraction of flow channels is capable of effectively

indirectly heating said first fraction of flow channels to provide heat for desorption.

18.  The process of claim 17 wherein there are provided multiple adsorbent contactors
wherein at least one adsorbent contactor is upstream to at least one other contactor wherein
said at least one upstream adsorbent contactor contains an adsorbent material that has a
electivity for at least one component selected from the group consisting of water, SO,, and

NO, over CO; of greater than 1.

19.  The process of claim 1 comprising at least one upstream contactor that has a

selectivity for water over any other component in the flue gas stream of greater than 1.
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20.  The process of claim 1 wherein said adsorbent contactor contains at least two
adsorbent materials and the first adsorbent material has a selectivity for water over CO, of
greater than 1, and the second adsorbent material has a higher selectivity for CO, over
water of greater than 1, and wherein the first adsorbent material is located upstream, with

respect to the flow of said flue gas stream, of the second adsorbent material.

21.  The process of claim [ wherein all flow channels of said adsorbent contactor

containing said flue gas stream have substantially the same channel gap.

22.  The process of claim 1 wherein the of the flue gas entering the temperature swing

adsorption gas separation unit is at a temperature from about 100°C to about 250°C.
23.  The process of claim 1 wherein at least a portion of the CO,-rich stream is
compressed to pressures in excess of about 1,000 psi then injected into a subterrancan
formation.

24.  The process of claim 1 wherein the adsorbent contactor is comprised of a monolith.

25.  The process of claim 24 wherein the adsorbent material is coated onto at least a

portion of the monolith.

26.  The process of claim 24 wherein the monolith is comprised of an adsorbent material

formed within the monolith.

54





