TEMPERATURE SWING ADSORPTION OF CO2 FROM FLUE GAS UTILIZING HEAT FROM
COMPRESSION FIELD OF THE INVENTION [0001]The present invention relates to the adsorption of
CO2 from flug §35,sHERRAS Using temperature swing 1 dsorption processes,FHhgsR gy <02 rich
stream is compressed for sequestration into a subterranean formation and at least a portion of the
heat of compression is used in the desorption step of the temperature swing adsorption process.
BACKGROUND OF THE INVENTION [0002]Gas separatlon IS important in various industries,
particularly in thd BMRER I RE|S WHNGcAD S EE ﬁ@sﬁm Hc&AB gas
separation can be accomplisrBEHyIZIMﬁéHEMeEMMr@OMB&ESMat SO|IdS 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 PHSOID@FCOHMBANVED TMONas mixture, or by several other gas separation techniques
known in the industry. One such commercially practiced gas separation process is thermal swing

adsorption (" iy s been n impartant {e ur| guer ince Joseph
Priestley sepa[?aﬁg oxygﬁhefpd'ﬁ?ea} Y té%‘l‘arrefﬁaé 8%’?% SPAture: S\%lﬁg adsorption
is a process vghekeiz ading ﬂiﬁﬁ@@tﬁ%‘bﬁnﬁé%i@r@ﬁ'@ﬁwb@mFb‘%ﬁe@ﬁl@@@?ﬁieﬁ from a

process stream, wherein the adsorbent bed is regenerated in a proceeding step by raising the
temperature GTHRRIbECORRPERS§d IETgURabion DN subiesm eyt pmation and at least

a portion of the heat of compression is used in the desorption step of the

temperature swing adsorption process.

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 2008/143964- 2 -PCT/US2008/006272 [0003]TSA processes, when operated under certain
conditions, allow a selective component or components in a gas mixture to be preferentially adsorbed

within the pogeosthEiusssef Porous adsorbent materiallzs relative to a secongGopRRIdRIIE L components

in the gas mixture. The total amount adsorbed of eaclt 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 cii@3bns shfch pepessessulienpesfst Hrder sarfaineandidiaasBadhaoading of the

o 1y SRR ROk SPEGIDANE SR PEAS IRRAPE A ROIRRdRAIEIM® ave sTonal

influenced by temperature."Thus, very esc Ined by adsorbing at low temperature
(where adsorpidsorisestreithjnitib toee steasnref of pwoogsatstdbsnt artesialy pessitketdp means of high
temperatures for desorption. Also, compared to.pressure swing adsQrption, TSA can be operated in
the saturationSEGRICBRIRANERtQL Y 8@%%5&1 %%68%%38& -@E‘%ﬂ%ﬁﬁ’? e of utility with
zeolitic adsorl@gbsbbd bPLaBHSARTRNNEM Bk thR keIl UstaR] soaytivh Sapatirg)duagtly by the

adsorbent by flowing a hot desorbent gas through the bed, or indirectly through a heating caoill,
electrical heatkeselectrineat Bie-Adsietamiar & spesifis cepeREBt VST #ROMIorbent. [0004]Various

methods of s ' t I | se include
microwave er'}b(;brqé? ?8%‘?%%%&%%954931 ,641%§%%§%%@¥§mt%%%§§iﬁgﬁgthe packed
adsorbent begafcitss adderispe¢fiS pRatame od 4cpG%BRujcacnhditemsgipiediath pfesiseic current to
the adsorber foxéde ectrodesorptiﬁ&éu. ShPat(%nt !\I&o. 41096 652# %.S. Patent o.t5,669,962 discloses a
dryer compris@ JFPRRESdR Ihc/ﬁé SRCHE ‘Hé‘af’%x?:’#% 5«5 & GHRPSACHIE BB rnal tube surface
is coated withdifRremekaasordsedipatieldssdite dibsanse B sipeibdinisotbpiththarenataglg
adsorption cycle process. The adsorbent is indirectly heated or cooled bi f|QWiH hot or cold feed gas

to the separatBfysRrek By {FsuRFT aHE S h i & sRRighPritee candy O y
-PCT/ USZOOSJQ&Q%YI?g at low temperature (where adsorption is strong) with the release of a

strongly held specie being possible by means of high temperatures for
desorption. Also, compared to pressure swing adsorption, TSA can be operated
in the saturation regime of the isotherm, a significant advantage for capacity and
range of utility with 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 v;'ith 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



the heat exchanger. The feed gas acts first as a cold shell side gas in a first absorber heat exchanger
then is heated to act as a hot shell side gas in a second absorber heat exchanger undergoing
regenerationggibenpasses through the tube side gf the first absorber heglexphanpsswhere it is
dried. Part of the dried gas is used as a purge gas for'the tube side of the second absorber heat
exchanger. Interchanging the functions of the two adsorber heat exchangers periodically reverses the
cycle. The interchange may take place at intervals of from thirty seconds to three minutes. Many of the

TSA processebtboal eychangrss Jinifeethags atpelinsicas roldrthslhsidmgasdn @ fstlrs. [0005]TSA,
ticed, | di R in di hot fluid i
as practice e@t%’?c%&&%ﬁ%%%%ﬂ QHAAARIEH Areeily HRAIRIalARIPEREBRgA hot fluid is

typically flow ed to raise the adsorbent temperature. The greater the
temperature ratescittenhest éxvithingeradetbrgbmgeegeberhtiopuainid shempassdsuhrisghkithed in a large

volume of heating flujd, and the large amount of heat that is used to raise thg adsarbent temperature is
often not reco‘)‘&%ﬁiﬂ? ﬁ‘?ghﬁ%r&g&@%% F}Sﬁ{ F§(§6QI}§EBV/%}%I8 bteléa(ﬁé%%maﬁrﬁf?aﬁ’?etg}?y%éea ed TSA
systems are aedaditfy Wparadsaptontsenédaysoftiesectndibierseghesration times. Finally,

the occasional and gradual regeneration gives rise to concentration and flow variations in downstream

equipment thachangerifrigrckangingdhedunctionsofithedwafAsesherhsab sxchapgers indirectly
heated TSA Systsstially RRRIGARE YiRe!PlifeARaRE CHRARAR AMMELURGHLIIAY of the Product

with a heatedpurge gas. However, hedt management and the cyclic nature of indirectly heated TSA
processes oftéroprésityselifinddtioshi®o0simitadditiddanygefsthe dids prosasatdhayd Sycls/cles have

been used to thermachemically compress gases. Several heat and refrigeration cycles employ a
thermochemiégpg8ﬁ{§%§]§%ﬁl§t§%néeéﬁggg s E%,a@agpﬁgim@gnlg,l%). 100071While
various swing adsorption methods have been commercially practiced over the years there still remains
a need in the KBS imprbS4d awmnacsigsdrasrsemernbdisagupmtasesy Horceraapitating CO2 from flue

gas and for mgre effiGlent 4seOA NSBLESRE ARG BIRE R'BFIESy 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 [0008]In accordance with the present invention there is provided a
process for the removing CO2 from a flue gas stream containing CO2, which process comprises:

a) conductinggaighilye;83s stream to a temperature sgving adsorption gasgepakabigniiwherein the
gas separation unit contains at least one adsorbent cdntactor having a plurality of open flow channels
through which the flue gas stream flows, wherein the surface of said flow channels are comprised of

an adsorbent material that is capable of adsorbing CO2 from said flue gas stream, thereby resulting in
a substantialJ 88 free Wiilg yameres mving) a0sT RliRy FAE methedshaxbsen sommerzialhal; b)
venting said :%llkg !é. I r ?r [ d contactor
having CO2 %Egﬂ%ii eﬁ@ﬁegﬁgﬁge ee%%%t(?t{e;%%hei%%re t aﬁ@%ﬂ%ﬁ%e sgfr%itl?)%ﬁ%at least a
fraction of COfisoeption rasthiidg, |paatta(ﬂﬁrl5chvhtmanparatmg Cvadrossiflyesgad @@Xoich stream to a
pressure in exces eeéf bout 1000 thereb resulting in a compressed CO2-rich stream whose
temperature HAET ﬁa Btsmféfl %&?ﬁ? lgéhﬁi&g‘?ﬁﬁ e) cooling said compressed
CO2-rich stream by use of a suitable heat exchange fluid at a first temperature that captures heat from
said CO2-richi¥dybARard i { dONrich stream of substantially reduced

[0008] In accordance with the present invention there is provided 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 having a plurality of open flow channels through which the flue gas
stream flows, wherein the surface of said flow channels are comprised of an
adsorbent material that is capable of adsorbing CO, from said 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;

c) heating said contactor 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;

d) compressing said CO,-rich stream to a pressure in excess of about
1000 psig thereby resulting in a compressed CO,-rich stream whose temperature

has been substantially raised during compressing;

e) cooling said compressed CO,-rich stream by use of a suitable heat-
exchange fluid at a first temperature that captures heat from said CO,-rich

stream thereby resulting in a CO,-rich stream of substantially reduced



temperature and a heat-exchange fluid having a substantially higher second temperature; 0 using
at least a portion of the heat from the heat-exchange fluid of substantially higher second temperature

to provide hggpte,thg geptactor during the desorption §step c) above. [000§ipy R @3gfEHERSH £ Mbodiment

of the above invention, the temperature swing adsorption cycle is conducted with a cycle time of less
than about 2 minutes between successive adsorption steps. [0009]In another preferred embodiment of
the above invention, at least about 75 mol% of the CO2 in the flue gas stream is remoyved to produce

the substantidpyeesetiEcande fsatsehipngsriinid bepdagasehsantally highes 6a8

temperature;

f) using at least a portion of the heat from the heat-exchange fluid of
substantially higher second temperature to provide heat to the contactor during

the desorption step c) above.

[0008] In a preferred embodiment of the above invention, the temperature
swing adsorption cycle is conducted with a cycle time of less than about 2

minutes between successive adsorption steps.

[0009] In another preferred embodiment of the above invention, at least
about 75 mol% of the CO, in the flue gas stream is removed to produce the

substantially CO, free flue gas stream.

BRIEF DESCRIPTION OF THE FIGURES

[0010] 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.

[0011] Figure 2 hereof is a cross-sectional representation along the

longitudinal axis of the monolith of Figure 1.

[0012] 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.

[0013] 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



10010]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 invegfi9R,as) ¢ sataining a plurality of paralleigchannels. [0011]Figsie 2hsieacs 2

cross-sectional representation along the longitudinal axis of the monolith of Figure 1. [0012]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 andharpehdidlls eba prefagned W@@Eﬂeﬁb&%ﬂ@%ﬂ%ﬁ%&%@%ﬂ%ﬁg@ﬂesent

i tion in whj iS/i oated monolith for TSA
Inven %ﬂ%ﬂ%?s%ﬁ%%?@?%&%%ﬁﬁ%ﬁ@%ﬁ?ﬁm&%&&

applications where the a ayer Is coated onto the
[0014] 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.

[0015] Figure 6 hereof is another representation of a hollow fiber
contactor shown in Figure 5 but with the outer surfaces of the housing for the
contactor rendered transparent. Dotted lines are used to indicate the edges of the

outer surface.

[0016] 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.

[0017] 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.

[0018] 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.

[0019] Figure 10 hereof is an illustration of a three parallel channel

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



WO 2008/143964- 6 -PCT/US2008/006272 channel walls of a preformed monolith. This figure shows
separate rows of feed channels and separate rows of heating/cooling channels. [0014]Figure 5 hereof
is yet anotheg ippigsaRiation of a parallel channel confactor of the presenpvgsingfigsip the form of
a hollow fiber contactor for TSA applications. 100151Figure 6 hereof is another representation of a
hollow fiber contactor shown in Figure 5 but with the outer surfaces of the housing for the contactor
rendered transparent. Dotted lines are used to indicate the edges of the outer surface. [0016]Figure 7

nereof shows B ot G RK SRR BTSN B AR ENTION

[0020] 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
successive adsorption steps is less than about 2 minutes, preferably less than
about 1 minute, and even more preferably less than about 0.25 minutes. 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 stép
employing an induced change in the temperature of the adsorbent at some point

during the regeneration step.

[0021] 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 Nj, O,, CO,,
and H,O. Small quantities of pollutants such‘ as NO, and SO, are also often

present. CO, concentration in the flue gas is typically in a range of about 3



that has segments stacked so that the average flow of fluid during regeneration is countercurrent to
the direction of flow during the adsorption step. [0017]Figure 8 hereof illustrates the use of a thermal

wave to paskesliienwgne internally heated contact%r that has been regepgiatsgip s sacond

contactor that has finished the adsorption step and is being heated for regeneration. [0018]Figure 9 is
an illustration of a system of the present invention wherein one contactor undergoes an adsorption
step while another contactor underaoes a desorption step and yet another contactor ii eing cooled.

[0019]Figure m%&ﬁkoﬁhﬁ forndr HaRrisetyRically im e engh efaBPuHi lmeldhBe used as
described in EXAMPIA T35 MThe total molar concentration of CO, + H,O 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.

[0022] It is advantageous to separate the CO, contained in the flue gas
into a concentrated or purified stream, compress the CO, 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
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. The present invention
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,.

[0023] 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



WO 2008/143964- 7 -PCTMS2008/006272 DETAILED DESCRIPTION OF THE INVENTION
[0020]The present invention relates to a thermal swing adsorption process that is capable of capturing

CO2 from flug 3§ sfisvirermal swing adsorption (TSA) process employsgtlaashiip&asptactor that is
repeatedly cycled though at least two steps: an adsorpfion 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 stel¥¢arpbthe aed fardhs dnerrnal SRasHER3ENR, Hice ofathsdhstmad Sl ption process
is conducted Wﬂb%ﬁ%?ﬁ%ﬂﬁi}ﬁ%@éﬁtifd%ﬁ{ﬁ{ﬁ%g AR RO G B sIing adsorption

(RCTSA) process. Arapid ¢ wing adsorption process, for purposes of this invention, is
defined as onthinGdycitrdasndhale sibeng cosyresseddssivier esisoegieatstdpsnsabmy th8AGbout 2

inutes, preferably less than about 1 minute, and feraly lessthan about 0.25 minutes.
The therma 1E8eriS AU el i 50 LRI Gl SR S8 ST Ge G SARURR Bt o cven &

pressure swingdhbesamprbipatiensOfhier 0@ ssesaniecpivi@lisamatrised bihaspeakaaring processes

as long as they employ a step employing an induced change in the temperature of the adsorbent at

some point dutit #HEGERRhEAIRN3tAISIEDSHITEQETSR YLK RN <RI 18 Wikle variety of
industrial procfiagGs BP (e NELERSH IR aHitRer BremerEirbh oG aRIRIATHL heAnRdp typically

slightly above atmospheric pressure and is generally less than about two atmospheres. The
temperature ovave fegeneraioy picaihdirctedsahdtorhlaassut0POd tleetbermaba@rgyofrompically about

150C to aboul 50, ul.can alse.e feducee. (o APaKL 30C. (0. aoul 10 S hen st imestone
scrubbing is used 1o remove gﬁ,. € Major gaseous components reatyplca y NZ, 6‘5,%2, and H20.

Small quantitigdsofprivhiproisessiolf e Mfsendibindienalso often present. CO2 concentration in the
flue gas is typically in a range of about 3 WO 2008/143964- 8 -PCT/US2008/006272

[0024]  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
greater than about 5, preferably greater than about 10 for adsorbing CO, from a

nitrogen-containing flue gas mixture.

[0025] Unless otherwise noted, the term "selectivity" as used herein is based
on binary (pairwise) comparison of the molar concentration of components in
the feed stream and the total number of moles of these components adsorbed by
the particular adsorbent during the adsorption step of the process cycle under the
specific system operating conditions and feedstream composition. For a feed
containing component A, component B, as well as additional components, an
adsorbent that has a greater "selectivity" for component A than component B
will have at the end of the adsorption step of the swing adsorption process cycle

a ratio:
U, = (total moles of A in the adsorbent) / (molar concentration of A in the feed)
that is greater than the ratio:

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



mol% to about 15 mol% and H20 is typically in the range of about 0.1 mol% to about 15 mol%. The
total molar concentration of CO2 + H20 is usually less than 25 mol% when a stoichiometric

combustion Ryadeesteg,stack gas and is usually less than 15 mol% whep qilytinisafofsess air is
employed in the process to limit the temperature in e Righ temperature combustion process. [0022]It

is advantageous to separate the CO2 contained in the flue gas into a concentrated or purified stream,
compress the COZ2 rich stream to high pressure, and introduce it into a suitable underground formation

for sequestratihénediticis thenifidterpon &fntekio o componemiodpne Usds thaiting examples of

suitable undeggrqund formati inel ifers.having a top seal that prevents significant loss of
injected gaseoqu!{s8 %%%6%%erh§%]§?|$g§§ﬁ%/§?ﬁ§#§a§ reservoirs, depleted oil reservoirs and depleted gas

reservoirs. Typically, the separated CO2 has to be compressed to pressures greater than about 1, 000
psi, preferablylThrreferefanambadaariaoo hayinghacskiectty iycky rempensmirAhavesbout 5,000 psi to be
injected into these ?fég@ Bgtﬂg erl%roupd rmations. The present invention minimizes the energy

y

required for chﬂBP Sion ca;l)% {ﬁ% ESH R Sflue 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 compreSsitaetbyigyrstllbifigsa high plwingre ® stdgin. In a high purity CO2 stream only a
small fraction of the compression energy is spent on diluents such as nitrogen. By "high purity" we

mean a Strea@gﬁgﬂng g?ﬁgé?ﬁﬁié&g%ﬁé UEﬂl%PctBFiﬁ EIRAShAR L8O Pes, and even

more prefera ater than about % 0023]The present invention Captures CO2 from

flue gas usingratheindsadbsntatate, piddmgr;;ge(ii?ﬂm’sdma@z. r2al mal emetetidrCEndpier gramferred
embodiment, the process is conducted.as a RCTSA process. In ther, preferr bodiment, the
water vapor W?ﬁé%ﬂfi"‘dié‘&i%‘éﬁﬁ iBfSE(SﬂPz‘%%%%%Eﬁ?d’fﬁ%%h@zg%}gﬁm rBeessxRt employs
thermal regenatai QT dasertiieuRieiicandrebenlimernd pidraabBbetati%hangreatee thepferably, at
least about V\a{lc))oﬁ? (1)85/%33331%13 OIF%(I\gZS ggrogr/gr(r)l(sozf?azdsorbent material. Adsorbent materials

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

" achieve the desired loadings include microporous materials such as zeolites,

cationic zeolites, ALPO materials, and SAPO materials. Non-limiting examples

of zeolites suitable for use herein include zeolite 4A, 5A, Bx, NaX and NaY.

Non-limiting examples of cationic zeolites include zeolites with Si/Al molar

ratios less than about 5, such as faujasite, Beta, and mordenite. Siliceous

zeolites such as MFI may also be used to remove CO, from nitrogen containing

mixtures. It is also within the scope of this invention that a hydrotalcite be used

as the microporous material for the treatment of a flue gas stream. It is also

possible for the microporous material to be made from a framework containing

elements other than Si or Al, such as P. Another candidate adsorbent material is

microporous carbon. Microporous sol-gel derived materials and silicas can also

be candidate adsorbent materials. These materials can be used alone or in

combination with other materials. It is preferred that the adsorbent in the

| contactor have low mesoporosity and macroporosity. 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



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 CO2 stream that is being compressed to a
pressure gregighianshgut 1,000 psi. In another preiirred embodiment, theansigy dggwired for CO2
capture is reduced and the purity of the CO2 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 energdbpsh? siedesithetinersasebume arnRR PesptdRHIaMesARRI ARl EANal swing
adsorption pr . h%p IRVENH E? is passed
through a con%g%t?ci?rl %Itl)‘r%]lt fn%ﬁg%g éﬁhﬁ%ﬁ% ﬁ%ﬁ&gﬁﬁ%%ase éﬁé%}%/g%ﬁ, gtl(%eg{c?\//er N2 of
greater than abhestonoisfanbiyagrepemiradabrhent @forcadsairbimbl Rihfageatititrogen-containing
flue gas mixtur EOOZ Unless otherwise noted, the term "selectivity" as used herein is based on
binary (pairwiggge 8 AEONCGt e%%ﬁglr&%gé' Sﬂrbf eomf)%(?ﬁléﬁ%u%% PG RPEN and the
total number @hgeles ictbeptcRMagRBihadsorbed by the particular adsorbent during the adsorption
step of the process cycle under the specific system operating conditions and feedstream composition.

For a feed copg@zmg cComROEGa 1oeISRPIEHrastivelbashagstitiuiinosmpivmeRtdesigmstsorbent
that has a greater "selectivity" for component A than component B will have at the end of the

adsorption sté® Srahmersitpadhawion melCaspreferably aaorashan abeut oo and the adsorbent)
(ol concnyaian L e AR L REBRIRCAIS TP BATO B AL e

adsorbent) / (molar concentration of B in the feed
by the adsorbent. Eventually, an adsorption front breaks through the contactor

and the fraction of CO, being removed falls 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
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 mixture is ﬁfst
conducted to the same contactor in the immediately 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.

[0028]  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 optimized for the removal of a particular component. Another multiple



Where IJA is the "Adsorption Uptake of component A" and Ug 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: Selggtyily/mkd/Us(where UA > Ug). [0026l]§o efficiently use thgcpptagigflisispreferred that

the loading of CO2 in the adsorbent material be greatér than about 0.25 millimole of CO2 per gram of
adsorbent material, preferably greater than about 0.75 millimole of CO2 per gram of adsorbent
material, and even more preferably greater than greater than about 1.5 millimole of CO2 per gram of

adsorbent matOmACIISOHIRNIHMACS i519ne AR Mhich LIRS E RPRIATLITIBRVRY MHAlRE 4881 containing flue
gas mixtures apd aaNEHE G SERIRAIRIHBELGE IS MO U de6) albramihas zeolites,

cationic zeolites, ALPO materials, and SAPO materials. Non-limiting examples of zeolites suitable for
use herein inctodtagtastitean/be5ssed beraseathe NeegseNanvieniioypreaidpies wkensidalc zeolites include

zeolites with SAL ol allos less than about & suclyas [auiasit, Rela. andsmardepie, Silceous

zeolites such 35'M omni rogIéDn conta%lng MUres. It is also

within the scopgteifrihit sty essiastdhaiffebordraisiniteie vsebaintdurpoiatefdnoos siagdeal for the
treatment of a flue gas stream. It is also possible for the microporous material to be made from a

framework coRERFGE Ak AdsarRemh SR G PRimized fershornavel oh digatt Hebrbent material is
microporous Garien, BSIRRRICUTAR HRhARYE RS TS RO ENER GRBVIRP e Gandidate

adsorbent materials. These materials can be used alone or in combination with other materials. It is

preferred thatspecisswitheasinglecontagtoor Aaashenaltrrsapurotsite araaersdtspBrssEys The

definitions of mesoporosity and macr: rosity are as defined herein belews, That is,th ructured
adsorbent cor}’tvétlﬁsé)l?al:g,l %3%535o%??f%%/dﬁ’/g?é?e%rgtff et an A rgblﬁcf_fﬁevrg Z,rﬁr?ggr%sgr{éferably less

than about 10spetiesartermritheefgitemntiessishaprdéess S ASpadHRGR/ASHIAROHmAT2 about 5
vol% of their pore volume in open pores in the mesopore and larger s{ée. A@diti nally, as described
FBRLY

further below, SAMAHE A RIPRRBRIARAL AEMAX 98\ HrelbBhdrs aatRigh AL HBENt can

contain a bloqlﬂgg:aggphg@(gg@@h@{yage‘%ﬁ@)the overall pore volume in the mesoporous and
macroporous range of the contactor adsorbent

[0029]  When an adsorbent is incorporated within the contactor to remove
water it is preferred to arrange the adsorbent so that the flue gas contacts this
adsorbent before it contacts the adsorbent designed to remove CO,. This can be
accomplished by placing the water selective adsorbent closer to the entrance to
the contactor than the CO, selective adsorbent or by layering the CO, and water
selective adsorbents so that the flue gas contacts the water selective adsorbent
before it contacts the CO, selective adsorbent. In some instances, the same
adsorbent material is used to remove CO, and other species such as SOx, NOx,
or water. Materials that can be used to adsorb SOx and NOx include zeolites,
cationic zeolites, mesoporous materials, carbons, polymers and mixed matrix

materials.

[0030] 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 CO,) until the flue gas has flowed further
down the contactor. In this case, multiple adsorption fronts move through the

contactor.



[0027]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
CO2 in the flyg)gassipssatured by the adsorbent. Evi%tually, an adsorptiopfanbeads hrough the
contactor and the fraction of CO2 being removed falls 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 ti@0RdL of treaneshsasmbadiments aiglieal sleby drationensgress ean Patdizedy cle time is

the fength of (e A ARBH BB APRONAIIL"Pie iRt £R0CHA'BE IRMVBGRAIAR'R s Epke! cycle o

the time when the gaseous mixture 1s first conducted to thie same contactor in the immediately

succeeding cyecdss.onfirit apergteorepeoetatintradubingdtibtutHENES Aadsatptinidedn, Fieth, etc.

contactors in agdition to a second contagcior can proyide conti rocessin en, adsqrption time
AR Yaben ~

is short but re f@?&ﬁlgﬁ%‘é‘ﬁg %‘Hﬁ.r fﬂﬁ I?M%%’n 0#583%8%5% SfitafRs other

species such Rgs36be¥eduRAMUPINA thaPABeasY JONTE proTbishli issrefaialyedo7sigove. Of these
species, water is usually present at the highest concentration in the flue%(l;as. It iséfreferred to

incorporate adsepHssidebysnetiomurreesnibrisArobe HsdP ORI CABIAL RGNS SHufHably all, of these
other species willPall FiSGbeHEa G 1S PR AeaPKIOKRUGY Gt SBRALAKR  WIRG! AN Ove one of

more of these species, or remove these spe In a separate unit operation. When multiple species
are removed fiodrepe dlue npast)with individual contactors, each contactor can be optimized for the
removal of a particular component. Another multiple WO 2008/143964- 12 -PCT/US2008/006272
contactor configyaiion s 00 i hi i SHEAURGICIFAR Kemi ol Rl chIRAARg sRntactor
removes one Lr more of 5053? %\B&x, an&@?‘ ultip e%ontactors can be used because the present
invention prowidssrbemtaaatefoalitidivid calha bbb efiscatngrepvhater fracicthaffbsaigasadsorption step is
completed. Alternatjvely, several djfferent adsorbents carn,be incarpqrajed into a single contactor.
Each adsorbe%ﬁﬁ%%ﬁg%ﬁm%%oogﬁmgﬂ&%m%#%Oﬁhrh}&%srﬁgcl%ﬁﬁa g‘ﬁ’é‘&fe%‘?@ﬁ%s’provides a
means for selggipednaBRAMAREEHEAISHRE BRIVPTOR 8Y IR CAIRCAb AR e altainaiive is to
process the flue gas with a single adsorbent that is capable of removing several different molecular

species. Yet %WIQIMHME p%@k%é%é%%rﬁ%ﬁ“ﬁ%@rﬁ%w?%@t frartiandis adsorbent
that removes ;032 B H9S LS VYD Wy SRR RRIEHMCIRR s REISR B H RByRISRD)-

bed, the thermal regeneration process is designed to remove both of these

species. In a preferred embodiment, the regeneration is conducted so that
separate water-rich and CO,-rich streams are produced during the thermal
regeneration process. In another preferred embodiment, the processed flue gas
exiting the adsorption bed that removes CO, has been dehydrated to below about
400 ppmv, preferably below about 50 ppmv, and more preferably below about

20 ppmv water content for at least one instant during the adsorption cycle

[0033] It is preferred that the contactor be designed to provide efficient
contacting of the flue gas mixture with the solid adsorbent materials that remove
CO; and optionally water from the flue gas. Efficient contacting minimizes the
amount of adsorbent required, volume of the contactor, and energy required to
regenerate the contactor. With an efficiently designed contactor, the pressure
drop of flue gas, and fluids or gasses needed to heat or cool the contactor is also

minimized. This minimizes energy lost from pressure drop of flue gas flowing



[0029]When an adsorbent is incorporated within the contactor to remove water it is preferred to
arrange the adsorbent so that the flue gas contacts this adsorbent before it contacts the adsorbent

designed to epaNR 25344 This can be accomplished by placing the water selestiMpapeerpent closer to
the entrance to the contactor than the CO2 selectivé Xtisorbent or by layering the CO2 and water

selective adsorbents so that the flue gas contacts the water selective adsorbent before it contacts the
CO2 selective adsorbent. In some instances, the same adsorbent material is used to remove CO2 and
other speciestbietehdsosontastonandhibe anexay apawiead:tnmunpseraeraprssa it apd NOx include

zeolites, CﬂtiO%%&%ﬁJE&%*ﬂ@éP@Pﬁ%fJﬂ@ ljﬁlé%,tgérbons, polymers and mixed matrix materials.
sor

[0030]In this case, the most strongly a ed 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 J483s floRbrNeaheichisarturecohrenntantaridisad dn MhaRsre BeR 6f6N fronts move
through the Cgﬁé@&ﬁ?ﬁnwlﬁ%i@%%/ 66% Whelher (ﬁ’é&%@éﬂ’&’%ﬁﬁt&%ﬁﬁg% gi6f embodiment, a
utihze uegas. T

glycol dehydration process can tilized to remove water from the e flue gas can be
dehydrated incatsehptheptod ekringuregapeatinon With intentraldy bieajdtinmmthet GiSAledgas ption bed.

1 loss tan aBb LIS Brea R SO At LA D ARGEPRTb P ATCRaLo ot can b
used prior to gagkaEO @@ IlRiaas¥dtthHEAAHRIOGIhCRIHAGI9AsSrageRkeR”IKpaSkaut of condensed
water (suich afhirglijél?rt)ﬁeosra?nrg irilte)l'cropore volume that the flue gas did during the adsorption

step. The gas, or fluid, used to heat and regénerate 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

have a separate set of channels to carry gasses or fluids used to heat and cool the

contactor. Here, ideally, the separate set of channels are sealed so that gasses

used to heat and cool the contactor do not mix with the flue gas or CO, liberated

during the regeneration step.

[0035]  Examples of internally heated contactors include a bed packed with
pellets containing the CO; selective adsorbent, a beaded CO, selective adsorbent
bed, a bed packed with fibers or a fibrous mat containing the CO, selective
adsorbent, structured adsorbent contactors and parallel channel contactors.
Structured adsorbent contactors contain a plurality of flow channels that allow
gas or fluid to physically flow through the contactor. A flow channel is that
portion of the contactor in which gas flows if a steady state pressure difference is
applied between the points or place at which a feedstream enters 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



[0032]In an embodiment , 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 catiogig 36Rli{essiunctionalized microporous and mesoporous matggpiss fakhppsnmixed matrix
materials and polymers. When the contactor removéésa'significant fraction (i.e.> than about 75 mol%)
of CO2 and water from the flue gas entering the adsorption bed, the thermal regeneration process is
designed to remove both of these species. In a preferred embodiment, the regeneration is conducted

so that separaeniaster-Rmallel donnetsentactors dpemmprefstrediswostiofistrstiied eneration
.| f ' iti ' dth
Femoves Coa e B e BB e B K e

more preferalyy tedanclxhat 2tk spbstantitdlycpateli¢iios asdhasthene instant during the adsorption cycle

[0033]lt is preferred that the contactor be designed to provide efficient contacting of the flue gas
mixture with the solid adsorbent materials that remove CO2 and optionally water from the flue gas.

Efficient contd003@IminirAizpsetrioushomentibaddothe studuresadasithant sfomteaortadithe and energy

required to re ?geegla%tlen {,ré% tcfggtgct% V\éit‘peanl(e)fﬁci%m%g?rsigﬁgg CPQtae%t%’e gkg)e ressure drop of flue
gas, and fluidS or gasses neede G Rk 800t the eormactsr & AsSmhimized  his minimizes

energy lost frenagrgssigse Mepoploitee gasiffinedditeldNPAC toriagioreandithaiessigytiequired to
pump or compress fluids and gases used to heat or cool the contactor. [0034]Physical architecture of

the contactor@ided i HEHAENHZSTEHHLE MARRRRIGH HEAFRRCOHWPRBREFIRE! EbHERor is
internally heajsd Q&g &ﬁf&%%riwgggﬂg&@gmmgdﬂﬁmrgaﬁq contactors, the gas or

fluid used to heat the contactor directly contacts thé adsorbent material. As such, the gas or fluid used

to heat the comarrepaesitintege netarmpigddey athlasking egrnhand thabprrsapiblaethat the flue
gas did during, the adsorptign ste .TZ!? as, or fluid, used to heat ngsre enerate.the adsorbent can
ow co-curtet LB S EUR et o BE R At e S A SR MR e fowe
For such internally heated contactors, CO2 and any water liberated during the thermal regeneration
step mixes wilBQB&] gas devkrial difdrent eneshodsteah deuseadctomiasusectiaereoltnae fhacGoP be
separated fron}athe ?as or fluid used t9o{e nerate ti}% mternaléy %i%?d.cogte%cgor &%fore sequestering

the CO2. In cONIRSE B He llﬁt%ﬁ%ff)? eate 03(")%Y§5’torsr,pélx eor%aﬁly eated contaiors have a separate

set of channeifidthod iy giasaanertisidsluaadfiadikat andpephibsopordaaind. mwipoasallys the

separate set of channels are sealed so that gasses used o heat and cool the contactor do not mix with

the flue gas P EOBERIAERARFRIYBYSh g li¢ion isotherm of a condensable

vapor fed to the contactor. In the adsorption branch of the isotherm, capillary
condensation fills empty mesopores and much of the empty macropore volume
with liquid. If the condensable vapor does not enter either the micropores or
free volume (in the case of polymeric adsorbents) of the adsorbent then the
amount of vapor taken up in the adsorption branch of the isotherm nearly equals
the empty mesopore and macropore volume. Detailed analysis of the adsorption
isotherm relies in part on the Kelvin equation which is well known to those
skilled in the art. The detailed analysis provides a measurement of the volume
fraction of the mesopores and filled macropores in the structured adsorbent and
the size distribution of open mesopores. Detailed analyses can also be used to
account for any surface absorption or adsorption in either the micropores or free
volume of the structured adsorbent. Methods of determining the volume fraction
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



[0035]Examples of internally heated contactors include a bed packed with pellets containing the CO2
selective adsorbent, a beaded CO2 selective adsorbent bed, a bed packed with fibers or a fibrous mat
containing thg §43ésagi8glive adsorbent, structured adsorbent contactors gid pakaiehsiannel
contactors. Structured adsorbent contactors contaifi 4 Turality of flow channels that allow gas or fluid
to physically flow through the contactor. A flow channel is that portion of the contactor in which gas

flows if a steady state pressure difference is applied between the points or place at which a
feedstream entdpseipasaind hiercinbxelsrincer Prisiled pradvsesshbagdsomtien #8d contactor. The flow

channel is notoifGPHkimRmRAL LI RO RERDA @ ACIEPOr AY ULRE hat BfR!. Paralle
channel contatldc%%@ o?m %\Spre erre Sl?bset g?e%]truct%red (ad%or JOent contactors. In aapara"!ﬁeilgchannel
contactor thernpoinistat krastote thesofskidetheishkatrtire substantially parallel to each other.
[0036]As previously mentioned, the structured adsorbent contactors of the present invention contain a

very low voIurEﬁ)Iggftionﬁgoggﬁe%%gsaﬂgdrgggﬁ?&?{g% gg%t}%%sr%%glfieq%% the IUPAC to be

pores with sizes'in the 2 angstrom sfze range and macropores are defined to be pores with
sizes greater tumabstoiytizgreseBl inpentjooreanee ey dimensivor es genhmtricahapesthiaat are not

occupied by a blocki ent and tl%gé re able eing occupied, essentially non-selectively, by
components ¢f a%@?‘%nffgﬁi&e[ﬁbé &8&%&3@%@ SHLE AL HES s (Y8 he volume
fraction of opgHRAHRSeRAPPRY IFLLEOTHRYRY Shaf¥is RHEPASE § 4 S0IS SRYSENi b B E thkeHaQth o determine
the volume fraction of open mesopores and macropores as used herein is from an analysis of the

adsorption iscﬁh%?ﬁ@léib’aoééﬁb_éﬁ%@ﬂéwmlfé(Ph?liﬁélé@ﬁfﬁ@fﬁﬂg dreme aassdied Manch of the _
isotherm, capijia oﬁﬂW@ﬂ?@Bﬂ%@? i gﬁ?;?i%% Hhpush qhie [g%y?rg?g QFerlume with

liquid. If the condensable vapor e micropores or free’volume (in the case of
polymeric adsinmnisjtbfahe withontepaters betraom eacloshegto makedayeriedkpisd solfsjon branch of

the isotherm %%%ﬂileg%ﬁ(s)llow 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
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 of a geometric
shape that is coated with the adsorbent would be a thin flat steel sheet that is
coated with a microporous, low mesopore, adsorbent film, such as a zeolite film.
The directly formed or coated adsorbent layer can be itself structured into
multiple layers or the same or different adsorbent materials. Multi-layered
adsorbent sheet structures are taught in United States Patent Application

Publication No. 2006/0169142, which is incorporated herein by reference.

[0039] The substantially parallel channels in internally heated parallel
channel contactors are sometimes referred to as “flow channels” or “gas flow
channels”. Generally, flow channels provide for relatively low fluid resistance
coupled with relatively high surface area. Flow channel length should be
sufficient to provide a mass transfer zone, which is, at least, a function of the

fluid velocity, and the surface area to channel volume ratio. The channels are



the empty mesopore and macropore volume. Detailed analysis of the adsorption isotherm relies in part
on the Kelvin equation which is well known to those skilled in the art. The detailed analysis provides a

measuremery; ghtag Mghgine fraction of the mesopores and filled macroposjpshgsaispeisired
adsorbent and the size distribution of open mesopores. Detailed analyses can also be used to account

for any surface absorption or adsorption in either the micropores or free volume of the structured

adsorbent. Methods of determining the volume fraction of open mesopores and macropores in the
contactor can Prefrahlyircadigredig winimies pressaredrendn theichasnalo. Bomaws27, filed May

18, 2007, whigh, W AOARLIAAG AR HRTUH SARORIOURER IR AP URRIAR PBRE CoRIEeSFronce.

Detailed analyse sorption and desorption isotherms of condensable vapors (e.g. N2 or Ar at their

normal boilingdoemis)t acerimonikate twitheaslyiltsbien flneda 0088 Mhd nfiravathonshanme¢ledmetric
shapes of the parallel chanpel contactors of the present inventign,can he any dimension or geometric
shape that is é?ﬁt‘ﬁi‘fé "fBFﬂJE&eiﬁ% g%é?ﬁ%%ﬁ?gl ﬂﬁg{,g@%‘@%g&?&%ﬁ &)éhselsn%P oanrl}imiting
examples of ggrhie bbapatnsrlugEoratiguodinnes tnanabittahiipnt plliadichehselsstantially
parallel channels extending from one end of the monolith to the other; a pIuraljgé?f tubylar members;

stacked layer$%s beingrBuht sHibgedwanddhat e Brss rnsteene ssehsiniialy. AUty ered spiral
olls, bundiles gt o ioeise el as Gk AlIEsIRRRNE PRI AIGLiRRE aRl g assorbent

can be coated onto these geometric shapes or the shapes can, in many instances, be formed directly

from the adsopueity waillssirfifeAn e flewsichaypwinistlis gdrtperamastiagent floworhameehdsorbent

would berthe extrusion of a zeolite/pglymer comppsite into a monolith. Anathgr example Qf a geometric
shape formed%%gﬁmm?ﬁé%ﬂég%ﬁe ﬁvtgfﬁ)blgfé 89(?rrlf1ec?£it8ra gﬁéﬁ%@%w .&%%ufr#f et(r)[ribem a
zeolite/polymefesiratppeituchgaxampleso tiragespriatim Jiade tines. Moriedewide itieeadsorbent would
be a thin flat steel sheet that is coated wjth a microporous, low mesopqre, adsorhent film, such as a

zeolite film. TIPHRERE ARSI TP QEREig S EEHSE HhanyRhou O J PR SRS GRS iFREYHEitiple layers
o he same o adsRHRIRRISHS MUNEaISIE AdSRRIPILHTARKE EHIBRRE ugh in

United States Patent Application Publication No. 2006/0169142, which is incorporated herein by
reference. [00B9Eheysldsspentiainuber dilathonriftoe muck prafsune drop paeams(across the

bed, then higher cycle frequencies are not readily achieved.

[0040]  The dimensions of the flow channels can be computed from
considerations of pressure drop along the flow channel. It is preferred that the
flow channels have a channel gap from about 5 to about 1,000 microns,
preferably from about 50 to about 250 microns. Typically, flow channel lengths
range from about 0.5 centimeter to 30 meter, more typically from about 10 cm
to about 10 meter and a have channel gap height (or width) of about 50 to about
250 microns. The channels may contain a spacer, or mesh, that acts as a spacer.
In some applications, the channels can be formed when adsorbent sheets are
laminated together. For laminated adsorbents, spacers can be used which are
structures or material, that define a separation between adsorbent laminates.
Non-limiting examples of the type of spacers that can be used in the present
invention are those comprised of dimensionally accurate: plastic, metal, glass, or
carbon mesh; plastic film or metal foil; plastic, metal, glass, ceramic, or carbon
fibers and threads; ceramic pillars; p‘lastic, glass, ceramic, or metal spheres, or

disks; or combinations thereof.



channel contactors are sometimes referred to as "flow channels" or "gas flow channels". Generally,
flow channels provide for relatively low fluid resistance coupled with relatively high surface area. Flow

channel lengfishiesiid fag,sufficient to provide a mass %ransfer zone, whichyisp gt astogefunction of the
fluid velocity, and the surface area to channel volurﬁe1 atio. The channels are WO 2008/143964- 17

-PCT/US2008/006272 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 MAAHny olker Fiomstvsrdadsonbent garaeten sppsiad theilcGhiselestivde fractions

recombine aft i . [ t iformi nsure that
substantially a%?%?ft%%e}% aa%?el?sﬁ}r%hb@nlg?u iiﬂ%z%%&%ﬁﬁ%@ﬁ%ﬁ%%ﬁg e‘!:r‘i){za:)f’:é is substantially
equally contaimedrpbiiatrd is paesfihe srehofthedbosistirmuyelthdhgstmhetordt adsdrpasatpurity will
suffer. If one flow channel is Iarﬁ%{g’an an adjagent flaw channel, then premature | rog_luﬁt]:t
break-through‘foégﬁclté)ém Op% n‘iﬂrﬁ?énp% 1514 E‘ﬁ&?&%"ﬁ?&%ﬁl}g‘?ﬁg&g@wﬁ% an optimum
cycle time. MaR@ypfioneste s Oper st dasHstisagieneiss HMaatias hanmboid &idopstisnnute (cpm)

require greater flow channel uniformitt)(/ﬂand less pressure drop than those operating at lower cycles per

minute. Furth&feRr ibearfsebyr s hrairbpdseentionqbaroireleticniRing ghie Adsereséquencies are
not readily achigyegt AA9FH1 16 RN AR R AR RARNGE ﬁﬁﬁﬁgtﬁ%&éﬁ@%“m'@t nsiderations

of pressure drop along the flow channel. It is préferred that the flow channels have a channel gap from
about 5 to abentd adbenisronmsrpredantblthi dioabansel tofdhe woAER i@ e oFppivddg, flow channel

lengths range.from about 0.5 centimeter 0 meter, more typically from abqut 10.cm.to about 10
meter and & AR ERATLRISE RIORERS A STET AU ok 8P GRS SbeE RIS SOF P el may
contain a spa¥ghefilifie shedhporactd ane tearall InGerbe applicbHsidlishibneig can be formed
when adsorbent sheets are laminated together. For laminated adsorbents, spacers can be used which

are structuredionghertihgadsashrat days e insldrd Assenwate I3¥hates. Non-limiting

examples of the type of spacers that can be used in the present invention are those comprised of

dimensionallyjag4[ate: Plastontieists 6legi PreasnddverRtioh BiasHetitiberun@ialtidd agtic, metal,

glass, ceramic, or carbon fibers and threads; ceramic pillars; plastic, glass, ceramic, or metal spheres,
or disks; or caRBIRBESHR theFdguray/brrands/ I igued hereplivarsporensationof a parallel

channel contactor of the present invention that is internally heated during the
regeneration step. The parallel channel contactor is in the form of a monolith
formed directly from a microporous adsorbent plus binder and containing a
plurality of parallel flow channels. A wide variety of monolith shapes can be
formed directly-by extrusion processes and an example of a cylindrical monolith
1 is shown schematically in Figure 1 hereof. The cylindrical monolith 1 contains
a plurality of parallel flow channels 3. These flow channels 3 can have channel
gaps from about 5 to about 1,000 microns, preferably from about 50 to about 250
microns. As utilized herein, the "channel gap" of a flow channel is defined as
the length of a line across the minimum dimension of the flow channel as viewed
orthogonal to the flow path. For instance, if the flow channel is circular in cross-
section, then the channel gap is the internal diameter of the circle. However, if
the channel gap is rectangular in cross-section, the flow gap is the distance of a
line perpendicular to and connecting the two longest sides of the rectangular
(i.e., the length of the smallest side of the rectangle). It should also be noted that

the flow channels can be of any cross-sectional configuration. Preferred



[0041]In a structured adsorbent contactor, most of the CO2 selective adsorbent material, and
optionally, the water selective adsorbent material, is incorporated as part of the wall of the flow
channel. Theygiruiigs@dsorbent contactor may op '8r]ally contain a therpalisss fassntrol 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 adsorptjon step and can be incorporated into the flow channel of
the contactor empREperttamberainbe flongchannslecrasy ssoiienabeonSgusation ier selective

adsorbent. Whgndt 15 aoaroesaischintg Bissualkd cashe sl massrialdistiuiad fyughout the
adsorbent layer or be included as & separate layer. [0042]The contactors of the present invention can
better be undemstiguratibmr efeycbe asedirichnsbutrotimitgylite, tlhipsess (v alsepienglastion of a
parallel channel contactorlof the present inf/enttf'lon tha{.is iE‘iern I .heat{adt urin the&ggeneration
alvgombaianss oin Pl oS ee s RGeS

step. The pargﬁéllaéh%%n% me a microporous
adsorbent plugdesitienevol emeteinfiovechiuriably ofurasitettitond shbene omasideivatisity of monolith

shapes can be formed directly.b%/ extrusion processes and an example of a cylindrical monolith 1 is
shown scherRRRUI0-H IFg aRowtHAI s, anckrons aretarabin dromuabemtaink e pRawiaPok-parallel flow

channels 3. These flow channels 3 can have channel gaps from about 5 to about 1,000 microns,
preferably fro ut 5Q.to about 250 microns. As utilized herein, the 'channel +.of a flow channel
s dfined as INAEhqtn I RABRAGTS SE Ee AR AR B AR EPiRS ABOPEh LR iRe, Rifed
orthogonal toAbe IiipNterid,; foahSguee, frihgcidy, dirhhekip 6HA1 B §5ass thadkiam then the

channel gap is the internal diameter of the circle. However, if the channel gap is rectangular in

cross-section?W@ngﬁqgﬂwmtﬁ\%@é?@ﬁﬁé%e&kmmé ehanaslnd e6cYRYA longest
sides of the reGagHIAE -5y Je ARSI ATIAUSRL SIS Aldhes Seiangiel i shas o be noted

that the flow channels can be of any cross-sectional configuration. Preferred WO 2008/143964- 19
-PCMS2008/tlae23ime 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
adsorbent can be defined from the volume fractions occupied by the adsorbent 5

and channel structure as:

Effective Thickness Of Adsorbent

Volume Fraction Of Adsorbent
Volume Fraction Of Channels

= % Channel Diameter

[0044] 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.

[0045] 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



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, Qya|Sedéiaaglgs, or various polygonal sh?(fs. In other preferregl-gpbarineits the ratio of

the adsorbent volume to flow channel volume in the d&dsorbent contactor is from about 0.5:1 to about
100:1, and more preferably from about 1:1 to about 50:1. [0043]The channels can be formed having a

variety of shapes including, but not limited to, round, square, triangular, and hexagonal. The space
between the dhawrdiana &égpmfitﬁptﬁélx(f&%éﬁmbﬂg%oﬁrﬁ%@f&%ﬁ@g@%e&w%ut 25% of

the volume of fhegipARIth AR e, PASQURR S AERPIESRIOHAIbaF Erepbgpegihe monolith,

although the adsorbent 5 can occupy to about 98% of the volume of the monolith. The
effective thickadssbéihapeisbrisarmprised défimaithaporthus wdkorheftacigrad poeuisied by the

Volume Frao ST AR P AR AR BH) S BAR R TOORATIST A DERAHI gap i in a

range from abgén®Q 3aalpeATMesopores 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 5 or polymeric particles 7 can range from about 25%
of the volume of the adsorbent layer to about 98% of the volume of the
adsorbent 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
adsorbent layer. In a preferred embodiment the volume of the meso and
macropore in the contactor is minimized. One method to minimize mesopore
and macropore volume is with a blocking agent 13 that fills the desired amount
of space or voids left between particles so that the volume fraction of open

mesopores and micropores 11 in the adsorbent layer S is less than about 20%.

[0046] When the monolith is used in a flue gas separation process that relies
on a kinetic separation (predominantly diffusion controlled) it is advantageous
for the microporous adsorbent or polymeric particles 7 to be substantially the
same size. It is preferred that the standard deviation of the volume of the
individual microporous adsorbent or polymeric particles 7 be less than 100 % of
the average particle volume for kinetically controlled processes. In a more
preferred embodiment the standard deviation of the volume of the individual
microporous adsorbent or polymeric particles 7 is less than 50% of the average
particle volume. The particle size distribution for zeolite adsorbents can be
controlled by the method used to synthesize the particles. It is also possible to

separate pre-synthesized microporous adsorbent particles by size using methods



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 chggnghgaRethe preferred range of thickngss for the adsorbentjaygidsdsagsaRout 25 to
about 300 microns, more preferred range from abouts0 to about 250 microns. [0045]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-sectitbayRarayiadional seglingicalumis Jtmay.aliabe AT IRBRONHERASE showing feed

channels 3 e [ ] [ ' PeRRA143964- 20
-PCT/USZOO@%@%@? %é%vé%ﬁéh%é?&%%ﬁégg egrmq#?réy gﬁ@ﬁ%ﬁ%@@%ﬁ&%\%@ﬁc diagram enlarging
a small cross sentioHeaf sepaoabiemislayer 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 488dMent drhsosyane sevsanlicksy s that mpsnabthr covbo fermed dirredy tiemmdsorbent
I d the sof . o S 9 'd .
ayer and the %%&@%%%i?ﬁ%ﬁ%yﬁ?&&g( %cht EAEard ﬁ&gﬁfgg%@@%ﬁlgggmg voidage (flow

channels) is about olume occupied € microporous rbent o meric particles.
The volume othi8e PainrispanaliBateist Ampli Catiop Nymedid paieTe filedaviagrige 2001, abbich25% of the
volume of the adsorbent layer to about 98% of the volume of the adsorbent layer. In practice, the
volume fractidh W&éﬂ&fﬁ&%@\%@@@eﬁ §'EBtrol heat will range from about 0% to about 75% of the
volume of the adsorbent layer. In a preferred embodiment the volume of the meso and macropore in
the contactor [§048]imizedi nOndimitihgedampicof e paesibgiarkannd] roontagorehatlisne is with a

blocking agent 13 that fills the desjred amount of space or voids left bejween_particles so that the
volume fracticﬁ%“t?f%?jbhl?ﬁ@g B2 FeLTIEra[IoRS M d%BFBérh‘T&% 18HEHthan about

20%. [0046]V¥Reening FrippliteritatidrtinLolra 18R SIRERRIAIHIAVIBF RTINS rERUAS 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
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
carbon. A ceramic or metallic glaze or sol gel coating 219 is applied to seal the
channel walls of the monolith. Such glazes can be applied by slurry coating the
channel walls followed by curing by firing. A sol gel can also be applied to the
channel walls and then fired under conditions that densify the coating. It is also
possible to use vacuum and pressure impregnation techniques to apply the glaze
or sol gel. In this case, the glaze or sol gel will penetrate into the pore structure
of the monolith 201. In all cases the glaze seals the wall of the channel such that
gas flowing thorough the channel is not readily transmitted into the body of the
monolith. It may also be desirable to impregnate the pore structure of the
monolith with a solid material before the channel walls are sealed. In order to
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



on a kinetic separation (predominantly diffusion controlled) it is advantageous for the microporous
adsorbent or polymeric particles 7 to be substantially the same size. It is preferred that the standard

deviation of ()@ yalkFI8.e] the individual microporous adsorbent or polymesiepadbiEsoé2Pe less than
100 % of the average particle volume for kinetically ctonirolled processes. In a more preferred

embodiment the standard deviation of the volume of the individual microporous adsorbent or polymeric
particles 7 is less than 50% of the average patrticle volume. The&gticle size distribution for zeolite

adsorbents cah?ﬁ'é%@ﬁtﬂfl@_é Wﬂﬁéimémﬁgkdﬂé‘gmi& %ﬁ?ﬂ!ﬁ%qw&%ﬁso possible to
separate pre-ﬁx%%%%zfﬁm §i8ﬁ8§ﬂﬁﬁ@§9.‘?ﬂ‘£%a&5?8lﬁﬁéy a?'%%tﬂséﬁﬁsr%?'ﬁé%%o\‘}@t%%s/ 143964-

21 -PCT/US2008/006272 such asa gravitational settling column. It may also be advantageous to use
uniformly sizewetiasapdiomahiderbttiteanpoblitie 22 barticles in equilibrium controlled separations.
[0047]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, fil8@49hy 18lroperajinmtihe mengldinwetlhe snowntediitanaedaie48)A MEALRhiting

example of a t ' [ I on | own in
Figure 4 hereg}%@lglr%%%%%?)?é%%r%%é&?g?ta%ﬁ%?%ﬁ%%ﬁ?@%%%ﬁ%@ﬁ oﬁ%‘?present
invention in thenitabte séchookigy canrtsdits @0 lotbedli thextadsadif the atemhdelsrigakmgiemgration when the

adsorbent layer is coated pnto the channel of a preformed mongqlith comprised of npn-adsorbent
atoril In (AL on GAARGLIBH, LA BISANED 3 HEDHD AR ROTY it e
non-adsorberjfraaiRipldnciuding moietaliswdhRaGiard epoxieyamie sHehae roceHfiuredolite, or a
carbon. A ceramic or metallic glaze or sol gel coating 219 is applied to seal the channel walls of the

monolith. SuctPhetesheating Apinrling flidaadgiflg wd theonsh theichanrsdesenled @ing by firing. A
sol gel can al ' . [ ition ify. the
coating. It is glfg%%l(?ggglgeq%gj llfggo ?ggﬁitﬁr@%@ég%%ﬁg% teﬁﬂ%ﬂi@&%“%@%e glaze or
sol gel. In thi2@&selhkegitine andat apding [flpéd etiHteriderghd gatrexshiangerevithtiflmidionolith 201. In all
cases the glage seals the wall.of the channel such that gas flowi orough the channel is not readily
transmitted intS’ %1(51%6%‘)9 %@g%cg}%ﬁ??§ I%’r%ta?f%@f?)e egﬁgﬁr ﬁ{;gﬁéq}ﬁﬁ?géjﬂ fte ﬁéef)eore structure of
the monolith withiHisatidisatethal ewsHithedarnilinalls Reatesriethderasietiereradde externally

heating in TSA operation, alternate rows of channels are
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 exchangers, all of
which are well known in the art. By coating an adsorbent layer on one 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
heated TSA operation. Feed channels 203 can have diameters (channel gaps)
and adsorbent layer thicknesses as previously mentioned with regard to Figure 1

hereof.

[0050] The adsorbent layer 205 can be applied as a coating, or layer, on the
walls of the flow channels by any suitable method. Non-limiting examples of
such methods include fluid phase coating techniques, such as slurry coating, slip

coating, hydrothermal film formation, hydrothermal coating conversion, and



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 theeg spaleddws of channels 215. Sealing surfaces 219 are pivjdesdakRgikends of the
monolith as well as in the middle of the monolith 2210049]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 materialsfé’@@ﬁthgrmm%hcamPaﬁm%r&%lcﬂ%i%é%ﬂﬁﬁ%?%@ﬁﬁé’égﬁems and
epoxies. The &gﬁﬂggﬁlﬁ?&ﬂg%ﬁfl i &rkﬂalggﬁt RiCARliRsL R caaReHiAvEAiBIpmaRhe

channels sealed at the en ntroducing it though the slots 223 and removing it through slots

225. The heapagtizte covisuwsifidngihgerdenuph s groadyeimd gdoshiblfibrativansterselidih and channels
that are open at the end aof the module. These modifications to the monplith convert.it into.a heat
exchanger anﬁ%@?@ﬁ&@cbé?fgﬂs %@H@?‘&?&fé“ﬁﬁ%ﬁ i ﬁégf‘g%#g%‘é% cea&nq][?(g a&%ed%hge%ogly configured.
Non-limiting expthelgpRbBHEP0LRAK WY biasitsowhdleang dnbrheslidbotmodagsaiider film heat
exchangers and printed circuit heat exchan?ers, all of which are well known in the art, By coating an

adsorbent layEslensinghsatdvthe shibfe Rl B SERATAIONRTQEEs  §Sle RISUAR Bresent
invention. In g prefegredbempAdNe flGAARL REHAIRN IS 2RMNEIHTRSHaBRY Bt mese and

macropores. As such, this example illustrates how monolithic heat exchanger structures can be
converted intanonoliths dfiisavisctsifyingragéiptheechdssiyopaydideolrdeis vsedills 20RBxN have

diameters (channel ga?fk%%%sor%(érﬂ%?gl;%?yer tgacgr{]gﬁ(siians a3 §£g\gg%sd¥ arg&r%[é'ﬁﬂggowith regard to

Figure 1 here F Can be applied as a coating, or layer, on the walls of

the flow chanegiploy amirkldtaiuehnastitsitoitiansilivdiog Auaritplas dcreabertirthoechumikide fluid phase
coating techniques, such as slurry coating, slip coating, hydrothermal fﬂm fo,rm?tion, hydrothermal
coating conveﬁgﬁﬂﬁﬂérﬁ’é 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
apply the 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 No. 7,049,259, which is
incorporated herein by reference. Zeolite layers grown by hydrothermal
synthesis on supports often have cracks and grain boundaries that are mesopore
and macropore in size. The volume of these pores is often less than about 10
vol% of the film thickness and there is often a characteristic distance, or gap,
between cracks. Thus, as-grown films can often be used directly as an adsorbent

layer without the need for a blocking agent.

[0051]  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. The



hydrothermal growth. When non-hydrothermal coating techniques are used, the coating solutions
should include at least the microporous adsorbent or polymeric particles, a viscosifying agent such as

polyvinyl alcghghisatsansfer solids, and optionally§4tbinder. The heat transfrissalichipsy not be

needed because the body of the monolith 201 can a¢tto 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

polyviny! alcohellos fibers wedimmbinaxamplebave adifdenhamict oreeithes ineRtetalbe
advaniageous oreimRigy B3 eroPUGPIS.cRlp A U AARANWARIR iRGSRaRe hgechanica

strength of the fired coating. Mesopores or macropores will typically occupy from about 20 to about
40% of the vosurfiecei4b@ thereteavaignand coaling ¢lmd dsqusseditit ongbdperbolliweere 43cking

agent can be applied.in a arate coati rocess. When h thergaal. film_formation methods are
chosen to ap;ﬂ? Bﬁee élﬁ%rérgigtaﬁ%ﬂﬁﬁ%?&g}%t%%yélﬁ%s m%é %%rgb%fr%ﬁlésrqg % & way in
which zeolite gxgsriordifFaREC4IERREACHA Tlaydnple e gasRad dahasoplintetudtdive dayer is taught
in US Patent No. 7,049,259, which is incorporated herein by reference. Zeolite layers grown by

hydrothermal @%{hesis on supports often have cracks and grain boundaries that are mesopore and
macropore in size. The volume of these pores is often less than about 10 vol% of the film thickness

and there is ofgy3 2 charagipfsEEFFIRIANARIRO AP BENRRE f3reduth Yhe adwident fiipercan often be
used directly as an adsorbent layer without the need for a blocking agent. [0Q51]Figres 5and 6

hereof are red%&iéﬁ(_ﬂéeéf mfﬁaﬁémﬁﬁmw tHh QorReHding Ktesent invention that
is externally rﬁ%‘@ﬁigﬂgﬂﬁa&%ﬂ?ﬁyﬁﬁﬁ%}gﬂ@%§ 1R IOADEIG PRY WA Hich iprocess the

adsorbent layer 405 comprises p a holfow fiber 415.1n Figure 6, the outer surfaces of
the housing fonthepooatiat teerdi byrecfersime d Tanmsikarth fiber sniyabdetéor irsesnraticating the edges

f th t f ..Th 08/143964- 24 -PCT/US2008/006272 holl fib in thi
oo sl Reated TSA pincesta AiRision Darien s s Q0re S R0EE SRt e

diffusion barrigssopoiifer istiefsee 4SO Fibeen Noathaiting exatngléi st imarsrad though the
hollow core 403 of the fibers 415 arrayed to form the contactor. If the diffusion barrier is on the exterior

surface 440, fhadasdifBisipn kastigrsdnelndeFpytish darosrdietatand ceramic films,

evaporated metal and ceramic films, metal and ceramic films formed by
chemical vapor deposition, coated composites of polymers and solids (such as
clays) and coatings of polymers that have low diffusion coefficients. To act as a
diffusion barrier, the effective diffusion coefficient of the coating should be less
than about 1/10 the average diffusion coefficient in the adsorbent layer and
preferably less than about 1/1000 the average diffusion coefficient in the
adsorbent layer. When a diffusion barrier is used, the gas in the feed channel is
effectively contained in the feed channel and adsorbent layer. This can eliminate
the need for a supporting matrix around the fibers, thus lowering the mass of the
contactor, and in some cases allowing for the cycle time in the process to be

decreased (i.e. rapid cycle operation).

[0053] 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



, 403. [0052]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, {{lgchdveysddd4 2007, which is incorporated herein by referencepdpiafR thexfiper suitable
for use in an externally heated TSA process a diffusian 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 toerneefabyientadiBbeydp madebemoslass e diism teaifnabpisysidiasanbuibiids (such

as clays) and ﬁf’&ﬂﬂ%j QIS’M}SB that have low diffusion coefficients. To act as a diffusion barrier, the
effective diffusion coétfficient of the coating should be less than about 1/10 the average diffusion

coefficient in the adsorbent layer and preferably less than about 1/1000 the average diffusion

coefficient in t[@éél]sc_)rbanaw@riralvl%ﬂtmihagmhqsarfmngdﬁéqym ga_&h'mﬁénéea channel is
effectively containgd Aﬂégﬁg:eﬁgscﬁfm‘efh?@f’ﬁﬂ%ﬁgﬁg&%%ﬁr{ﬁé nbt 8&8”19%‘%4&?&9“ for a

supporting matrix arotn ers, thus lowering SS O actor, and In'Ssome cases
allowing for theatgeial 412, inTthis proeedsetfitur veteasabstaatishlyipasadlelareagntiddne[0053]Another

fabrication method tp make fibers sujtable fqr used in an externally heajed parallel channel contactor is
to coat the adgtﬁltggfi%afam Eré‘fﬁbr?crhf’éﬁqbﬁﬁféﬁ%(?ﬁ %%“éqgoﬂfﬂﬁeﬁ%??ﬁ&éﬁm flica fiber or
hollow polymentibeyF ﬁi@@iﬁlﬁs‘ﬁﬁﬁh‘)ﬂﬁlﬁfﬁ){iW%We@&@&ﬁ@i%@ﬂé@é@{éﬂ ABadaesbent layer

inside or on the exterior surface of a prefabricated fiber. When the prefabricated fiber is made from

glass, or silicEigwudifReseed shonssthearaiictishansl fihereomasionil thatamtrifbers have been
formed, they & QAP Hiaded transparent along with the tubular housing 401.

[0055]  This potted array is then sealed into a tubular housing 401. Sealing
surfaces 419 are provided at the ends of the tubular housing 401. A sealing
surface 421 is also provided in the middle of the housing. Slots 423 and 425 are
cut through the wall near the ends of the tubular housing to allow for the flow of
heating and cooling fluids and or process and product gasses. If the diffusion
barrier is on the interior surface 450 flue or process gas flows through the slots
423 and 425. If the diffusion barrier is on the exterior surface 440, then heating
and cooling fluid flows through the slots 423 and 425.

[0056] In operation, the tubular housing is mounted in a TSA or RCTSA
(rapid cycle thermal swing adsorption) module in a manner that seals the ends of
the 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



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 surroungsghgsneeaf the fibers with a matrix ngtgrial 417. To visualigethe Redis fiker array,
t

Figure 6 hereof shows the parallel channel fiber cont&ctor with the matrix material 417 rendered
transparent along with the tubular housing 401. [0055]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 iPERSSRsvida@ prefereshemabodiment ibfm fbersiaxe an adsesentd s hPSugh the wall
near the endspfithe IWWQW@%&MP%;%}?B%E%W@ﬁﬁ@%g&@snd cooling fluids and or process
c

and product gasses. If the ditfusion barrier is onthe interior surface 450 flue or process gas flows

through the slots 423 and 425. If the diffusion barrier is on the exterior surface 440, then heating and

cooling fluid RS Troudrerrxtssnaliy andinternaliyosayiedoiaratisad tdsarbemd cRBIRSIYSs mounted in
TSA or RCT, ' i ' ' th ds of th
T T ST PR S e

channels as well as t , any suitable sealing
technology cafe¢d csenelrimostheciitsestanipldt ihdesivable s bavditheavase trasfeheaténef or cooling

fluid can be flowed inside the hollow tupular housing 401 by introducing. it though,slots,423 and
romoume t e SR Eee THEguh fa G R Ik AR SR e i
flowing througidbedfaiewdibgis vk alsoshan & didisatlinftHeepraedide. Sitite these sealing

arrangements, the tubular housing 401 containing the parallel array of hollow fibers becomes a heat

exchanger suftdBfEbeRtiedertivYX romevesdeldnand aptienpllyrvetosonsibp g2y 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
the time of the adsorption and desorption steps of the process. Thickness
uniformity can be assessed from measurements of the thickness of the adsorbenf,
or from the way in which it is fabricated. It is preferred that the uniformity of
the adsorbent be such that the standard deviation of its thickness is less than
about 50% of the average thickness. More preferably, the standard deviation of
the thickness of the adsorbent thickness is less than about 25% of the average
“thickness. It is even more preferred that the standard deviation of the adsorbent

thickness be less than about 15% of the average thickness.

[0058] Calculation of these mass transfer rate constants is well known to
those having ordinary skill in the art and a detailed discussion is therefore not

needed herein.

[0059] A figure of merit for the mass transfer through the adsorbent layer is a
time constant, t,, for transport of the CO, and optionally water computed at each

point in the adsorbent. For a planar adsorbent sheet with thickness in the x



processes. In a preferred embodiment, the fibers have an adsorbent layer 405 with a low volume
fraction of mesopores and macropores. [00571For externally and internally heated structured

adsorbent copinsiesa g overall adsorption rate is gf&grgcterized by the mass trehsialogats from the

feed channel into the adsorbent. It is desirable to have the mass transfer rate of the species being
removed (i.e. CO2 and optionally water) high 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, ineffidisetien, st ehsasandcndisgeicnmbeing indhsplang ohdhe eBeshdlBf #R5ease the purity
of the recover&q}?% %%E%@én s5kthe present invention, it is possible to formulate a
or [

r
structured adsorbent e?ﬁmenty use |$1 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 maskxpankeMisémerehen thb@dl and GPti§HAlly water and the time of the
adsorption and desorption steps of the process. Thickness uniformity can be assessed from

measurements of thg, fhirknpss, ofiihg agearRantraispor diftusin bosttieieiito fahe Gatey: It is

preferred that the uniformity of the adsorbent be such that the standard deviation of its thickness is

less than abowmmtmm&ﬁ@m&%.fmér@gma%mqm@%@@w of@ﬁé'tlmalé’f {he thickness
of the adsorbont HIGARES 35,5 Td At "Phi&re ahRe RStade HURRGARs LipEMRHDA[C Preferred

that the standard deviation of the atisorbent thickness ut 15% of the average
thickness. [0(th8]fealt vlatinre bictleask podst(xgnzjdn rihie atdvostemts iS[ive likmooanstatiiosthieaving

ordinary skill in the art and a detailed discussion is therefore notyneeded herein..JQO59]A figure of merit
for the mass NEH%?%P&&BH B?ésé%%otﬂﬂé?lf?é%?%s hﬁé&?@t&rﬁ?%g LR (i)erlpg}ﬁﬁe CO2 and

optionally watgbrPthe¥eed shaard] ROk (xFe RESHPARNThE @dsophener TUSOTHERIdRRgRtNYth thickness

in the x 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.
The average transport diffusion coefficient along the path, Dy, is the linearly
averaged diffusion coefficient along the path. A linear averaging is sufficient to
provide a diffusion coefficient characterizing the path. When the heavy
component has many species the diffusion coefficient, Dy, is also
compositionally averaged. The diffusion coefficient depends on temperature
and it may depend on pressure. To the extent that the diffusion coefficient
changes, it must be averaged for the temperature and pressure changes occurring
during a cycle. For an adsorbent to be efficient, the averaged thickness of the
adsorbent layer preferably is chosen such that the time constant for at least half
the points (or volume) in the adsorbent that is not a dense solid is less than the
cycle time of the process. More preferably, the average thickness of the
adsorbent layer is chosen such that the time constant for at least about 75% of
the points (or volume) in the adsorbent that is not a dense solid is less than the
cycle time of the process. Even more preferably the average thickness of the

adsorbent layer is chosen such that the time constant for at least about 75% of



direction, and the y and z directions being in the plane of the sheet, the time constant era of the heavy
component is: -Ca [X,Y,Z] = Minimum[ Dpath I Lp",h2](in sec) where "Dpath" is the average
transport diffigiogeagiigient of the heavy component along a path from the{egehsisanpshto the point
(x,y,2) and "Lpaih" is the distance along the path. Th fare 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 (Dpath / Lpath2) along all possible paths from the feed channel to the (x,y,z)

point in the adbepeints (RPN I pEIRRdsRshent thasdpprt # deasesetishisriassithagbryk solid
material in thezg\%gﬁ?@tcg%igqi%tgfiwg%ggc%y be included for heat management) there will be no
. Sk : 2

transport within it and 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 [09@0hverier githepintamalbidicatastpsientanly theagrdiconistarsdhse linearly
d diffusi ont : I cieat t ide a diffusi
averaged di "féfﬂﬁe?gﬁfltéc E% ﬁ%&%%ﬁ%% @ép%%ag%%ﬁ%?gﬁ?ﬁﬁ Stsficiept. Heg{%\?h e a diffusion

coefficient characterizing t a as many species the diffusion
coefficient, Dpdturjsiais dardd(PpritiatathiarvecditeslisTihe aihigs dnoovabimit itSdepshwg 40 temperature

and it may depend on pressure. T extent that the diffusion coefficient changes, it must be
averaged for iofé?f%{%ﬁh?éoiﬁa%ﬁgz%ﬁté%l&?g ge@ #he Wihﬁa& r?éfsaoE%fg‘ r%agg rbent to be
efficient, the q¥p{paRturicidRess ahth@saesaibrRAdey it afenaiiinis € BETRD, SHiehpant beatime

constant for at least half the points (or volume) in the adsorbent that is not .a dense solid is less than

the cycle time‘{éﬁ%%@@@é“s?ﬂﬁ@@%@ﬁlﬂy‘?%@ &Wé%@é_‘i%@l&b@é& 39?§et_ﬁé§éﬂ§e§rﬂoﬁyer is chosen
such that the Paﬁﬁ%@wﬁ%@q‘%aﬁ{&?@lﬁgﬂ%’/g&fmmmfﬁr(&&t{e' [adhie adsorbent that is not

a dense solid is less than'the cycle time of the process. Even more preferably the average thickness of
the adsorbentiayeg ihehdserpsionhstbpitthieginteaocatsiah 205 yaasoghonatingos thfetimalpoints (or

volume) in the adsatbent that is not a dense solid.is less than about.25% of the cycle time of the
orocese. (0068 KAEFIRBIRD e b8 T M IRt E OO R THRHLARS rise must
be limited during @@ seimtisboataR0Z he ittt adspiRienbly & ihgafrsie Aealieslizdn a range
from about 15 to about 40 kilo-joule per mole of CO2 adsorbed. With this heat of adsorption the

adiabatic tempReHtuke Kok sxtcamallydaraier sontastorsihe tempamRIET BISARERE S of a cationic
zeolite adsor%%i%gl&ql ggﬂréﬁlrggg&nf{@g}@t]ggg 40G %&Mo@gy Egﬁiﬂfﬁgrr?%ﬁ ed contactors it

is preferred to limit'the temperature rise during the adsorption step fo'less th t 20C by
incorporating Auitkiimen gheibs. Teatingmoplisg thisntedsratipaskagesniatheazmtactosolhentemass should

be in a range frogé naeb gt %(())az[ ]ﬁtnoe?pcmié 2C a&gn%;ggﬁﬁlgélﬁ% ;ag;gg(g .f{%rélsgz%%éﬁ?%%%l ‘about 1. For

re .
externally hedl6d Contactors the efmpérature mited to less than

about 20C byepergpirgkencap bgthuioldeso Agivtascdaatinw dnlioanthaopentedizsaggedn the

contactor. In one preferred embodiment, the cooling fluid is water. In this case, the thermal energy

taken up by tREHARS Abd QolnEtewst thi anoticiorrRrdimantsihsieaaling diidisaddeithg tower. In
another embqdiaepti ity ARHNS iV ing didh 908 Riigeid B yR Roie i aigi 4 refrigeration

cycle. In still another embodiment, the contactor is cooled with flué gas effluent that has CO2 and

water removedintroginaemicthei sontagior insoekedpaisbelug gasgiffinersahathes ek mndoves the CO2
and optionall his-caserthe effluent is passed throu e heating/cogling channels of the
contactor in ;(VI cﬁk%ﬂi%%‘f#ééis%c%larﬁgépceﬁlr%résrﬁ 8%(%0 @‘.‘f‘i@ﬁ&? ) %V\Elﬂé?ﬁgg {gﬂagscgéjltﬁﬁgg%cessed to
remove CO2 thatrrentovralthid € dnd oistidacd 1y khalHo@odaithistcassethetbefiueitimpasiedmit the

temperature rise duying the adsorption step to less than about 20C. If a thermal mass is used with an
externally heﬁllﬂéﬂ"&% & &ﬂB?B?glféWFTﬁé’ié% cRRigenihRducctippdhatdsrange from about

0.02 to aboutp@nePeatesabty hé daeeRdreoT ABALSLHutP@RYdide processed to remove
CO,. For externally heated contactors it is also possible to use a thermal mass to
limit the temperature rise during the adsorption step to less than about 20°C. If a
thermal mass is used with an externally 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 a range from about 0.1 to about 1.



[0061]With a contactor that has good mass transfer characteristics and has a means to limit the
temperature rise when CO2 is adsorbed, a sharp concentration front of adsorbed CO2 moves along

the length ofyhip,pRiassey during the adsorption ste_ngf_the TSA cycle. NggiiRR Jaegiagyng of the
adsorption step, flue gas begins to flow through the contactor and CO2 is adsorbed in the adsorbent

material nearest to the entrance of the contactor. This depletes CO2 from the flowing gas stream that
passes along the length of the contactor. The adsorbed CO2 concentration falls preciPitoust at some

point along thi086diactoMdthgrentacies thatdas goadmass ranfeschraeiseisticsnidiad athe
position at whigh,the 343RIPaM ¢ ERRGRIHAIE BA9Y AR IS IRRE Bl aaBiACtor

towards the exit as the adsorption step continues. This movement is referred to as an adsorbed

concentrationfrentefradsorbed C{lhmyaves|eluy dethengtneictes. candhater schintrgthetion front, or
gradient, in adsprbed concentratio ng the lepgth gf the contactor.is preferred because it enables
T SRR S R T e e e S B RSB ot tre

the feed to bep E corih&tor for a vela i\‘/aef e before a

feedstream thflieggnsfteepiisaib flew durvsg GRS 2atitncassandrc @ is addoarbediimtbethen the gradient
will be shallow. Such a condition results in adsorbate beginning to escape the contactor long before

the contactor8dsqpbent matsaal neprssbiouhe srirancs ofiths aapkdtss khis deplrtesiRved by
providing fe'aﬁ‘(ﬁﬁ’tﬁ@ﬁ%\%@@ﬁ&i?ééﬂ?tffa%é%@éé&ﬁﬁ“(ﬁé TRredf HiSISRASRTPIBied using

contactors with small flow passages or channels for gas flow. [0063]When the adsorption front, or

wave, breaksa#sothfd 4 thecerientraidarofaie precipitaushy ptisomepointadppe therwpntagiaeration is

initiated. To regenerate the contactor dsorhent js heated. In a preferred embodiment, part of the
eat used o SRRy e e o e GRS HED BB P
compress theataytitk dhe @dstare COageatestivarfah) w dves alpaigf i iengthissidevia pipeline or

e s e SR IR LRI 80 SoninS R nergpig g contactor
a quantity :
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
passed through the contactor for a relatively long time before "breakthrough" of

the feedstream through the adsorbate occurs.

[0062] If mass transfer is not adequate, then the gradient will be shallow.
Such a condition results in adsorbate beginning to escape the contactor long
before the contactor’s capacity to adsorb is well utilized. In practice, high mass
transfer is achieved by providing relatively small channels for the feed fluids to
travel through. This is accomplished using contactors with small flow passages

or channels for gas flow.

[0063] When the adsorption front, or wave, breaks through at the exit of the
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 interstage cooling of the
compressors used to compress the captured CO, to pressures 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



WO 2008/143964- 30 -PCT/US2008/006272 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 adsqghssh iz &ég the contactor. During the compression process the Rz ik @as heats up.
When the temperature exceeds about 350F, a stagé%)q 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 CO2-rich mixture to pressures greater than about 1,000 psi requires at

least three stgyeator tmshesidf. Kilnsjeuls prirmelsd prsisrablygseptesdbangbewid TR rich gas
compressors is capt it lui iLo The lyjelis flC ededirectly
ihrotgh the oA et o B SR Bl U O MO R, PP,
secondary fluglifoabeld|i@€siheaht tootitactontddiginintht cengmedsioteprpeeasute @ Eherithid delivering
heat to the contactor is in excess of about 70C, prefer 0C and even more

ly.i f about
preferably in SASS%aE Who © {STRETAIREE £EGCE %ﬁﬁﬁﬁg%%t&%% VPO rstage

cooling of the{g Az GRARIEARP R &I BHYGES R PRl Rtk aédiuT e MR\ keHYEs to regenerate
the adsorbent and preferably more than about 40% of the energy required to regenerate the

adsorbent. Arhsfse dtirduengasino b IR veRistage §E FOFAREAHABbNERMMPISS 8r medium
grade waste %@f@ﬁﬁﬁﬁﬁgn% B %F@s@u#é%%%ﬁ#ﬂ PHARYBER! RW?F&(#Q%@EI’?@Q&W"M to

regenerate the céntactor y passing a hot gas or liquid) counter-currently, co-currently, or

cross-flow to ttageiredtmmmiprtstient uEhyalsehio vretrhotizt floeaitersitige ctoping afithetBediment,
individual segments of a cross-flow contactoy are stacked or arranged so that the gverage.flow of fluid
during regenéﬁ&%&??scg&m(ﬂﬁsré%f%‘?%&éu H&ﬁ?ﬁfﬁ%ﬁ%é’%i?&%ﬁ%f %ﬁq&f %“éjas during
the adsorptiofssfRRvédnst Pampe & ansictist o eV saraasioni détivadhenicozdt eagibannels of a
cross-flow heat exchanger with an adsorbent. Cross-flow exchangers are convenient configurations for

use with the frassed: thraugion hratsxshangnr dorhpaice serpmdarydivid thatidebiyermbeaytoneat transfer
coefficients. HOWEVEH, MENHGAL ARETIRES APSIEh IR SIANC AR IRGVG; tab'fRegradients in

one set of channels and concentration gradients in the other, a single cross-flow exchanger would
have some adsmtptitor frihsheess ol aboud GO0y preéendly thuexstseref abisitvdiidenmd to uneven

fom the ade BOBIPIRE PES STRPMLE CES TbOBBIHETECr 1Bt SR ey T or

cross-flow coftiediestdatived from interstage cooling of the CO, compressors delivers more
than about 20% of the energy required to regenerate the adsorbent and
preferably more than about 40% of the energy required to regenerate the
adsorbent. Another source of heat that can be used to regenerate the contactor is
low or medium grade waste process heat that is often discarded in industrial

Processes.

[0064]  Heat is supplied to regenerate the contactor by passing a hot fluid
(gas or liquid) counter-currently, co-currently, or cross-flow to the direction that
the flue gas flows during the adsorption step. In one embodiment, individual
segments of a cross-flow contactor are stacked or arranged so that the average
flow of fluid during regeneration is countercurrent or co-current to the average
direction of flow of flue gas during the adsorption step. One way to construct a
cross-flow contactor is to coat one set of channels of a cross-flow heat exchanger
with an adsorbent. Cross-flow exchangers are convenient configurations for use

with the present invention because their compact configuration is achieved via



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 exchanggs Yhich $3as impermeable walls separgotmg two sets of flow gpgRR8IRsHhewall 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 with a layer 703 containing an

adsorbent. Figure 7 shows the flow channel lined with similar adsorbent layers 703, but optionally one
can use differ%@h@%ﬁrﬁéﬂﬂ%é?@fﬁqlﬁB@a@ﬁ‘UFYﬁé xehsarheat prddnrss €aRsREIS 702, 709, and 711.
Process and BE%:H&&%@E’&??%GF §ﬁﬂé£g&‘d@éhi§%ﬁs‘ﬁ oG orlipH gy ahpnnels 702, 709, and
711. The layer 703 contains at least one adsorbent selective for one or more of CO2, water, SOx and
NOXx. The layepiiGhtmatiaisgradiewis imibopthes asinglp cress love exchanggrswonldshaysolymer, a

binder material, and a heat adsorbing material. [0066]During the adsorption s fl s is flowed
through the a&‘é%%ff??ﬁ?é}?ﬂ&ﬁ{@ﬁl%ﬁ%}épﬁﬁ J?B%%%‘ 57?[%&‘311%% p%l%ggf(‘ieg%'qﬁril ia%%/ 05to 715to
725) from addesdantuineea i ih s e Leopsilahesegacint whivipthe h@at-uflind ctiefd-to 702 .
During the desorption step hot fluid (gas or liquid) is passed through the heating/co,olin% channels 708,
710 and 712 HOWB SisRERte PRTACURSHASRARMAIINE ORLtBA AdFETPHOB AR BTIREALISSARM heat
exchanger. During the desorption step the fluid flowing in the heating / cooling channels WO

2008/143964- 32 -PCT/US2008/006272 708, 710 and 712. ter- tly (735 to 745) to th
average direcl@f?ﬁ flow' el t(ﬁgrgﬁ 8?8%%?8 %‘78% ng§?§ fgl gg@%&l- B%J%ﬁ{r#ﬁy%t{éréﬁgemento °

shown in Figuigs ke cHiRStatRedcantaaiahs averapisiiie afied dutihdesadiratinarcizoling channels
and adsorption channels connected in series. Even though each individual cross-flow module does not

act in co_—curréﬁ?ﬂ&ﬁﬂ&ﬂ@&&Fﬁéh@tﬂmiﬂé\/?m@,%@%Fﬂ%iﬂéﬁf&'ﬁtéﬁ%é%almﬁ&tﬁﬁ?in series will
perform in cosgurentflowe COHAEHENESRLAPY AU FNIRdIANRINGRLS WIRRRTRSHNg & number of
continuous stirred tank reactors (CSTR's) together to simulate a plug flow reactor. One advantage of

this arrangeniemdsmicabtbavalimbepamtiog /ity eteofi flow chitinelsduldawalgiMaanideery low. This

facilitates the use of metal in rrtlh? he?t el>éc{16}{1ﬂ_e B tieonéso\l/lvith%%t ldsttal%racoi'#n épﬁstecnew %?élglre gradients
that pass thro%ogrﬂqﬁge Sudhé 8uerr||11ag §Sgé:neera ion. T dh e sodimert of the présent invehtion, the
segmented cragbitiongas pashesbiliey peRaessw Fodfgigm ¢ld TODET9,4ndsTHl ciralined adsorbent
gradation in the overall contacting unjt. This arrangement can facilitate multicomponent adsorption,

which may ha¥&Ralayeihes sealpiaing anidsrhenbliigHEn{sShrs the flawwhiannebligedely, or
because a firg{ #@rapN AL CRIVIBRRI T WVRH T ¥ eHsr s Hinang binctioninee firdlannsiapr adsorbent

(e.g. removing water before a CO2 adsorbent). In another émbodiment of the present invention, the

modules are daysngytulie teechieEthb adsothenialined Hev shasrel srRidlRMyamdildne or more

modules as ajemperature wave moves through. That is, the adsoyption chann l\l]s stem of the
modules ma‘;ﬁg(e)c(%%ra]lgctgaolnuggne%a%cr:s[r%eﬁjarsps&ﬁg ‘clﬁug rhotrﬁp igﬂf%)ﬁ%?r? pélrlgffe f%)(xr'the purpose of
regeneration.channels 702, 709, and 711. The layer 703 contains at least one adsorbent

selective for one or more of CO,, 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.

[0066] During the adsorption step, flue gas is flowed through the adsorbent
lined flow channels 702, 709, and 711 and passed sequentially (705 to 715 to
725) from adsorbent lined channels in one cross-flow segment to another (i.e.
711to 709 to 702 . During the desorption step 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 the cross-flow heat exchanger.

During the desorption step the fluid flowing in the heating / cooling channels



[0068]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 regeneraljugigRa4hd to transfer as much heat from the contactor thappgsfinishesyegenerating to
heat another contactor so that it can be regenerate'd?%’his 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 contadfsh: (hH) Rad B2 presssravniersuaresip €738 te AdDde tserage dikRStioRAN the
average tempgfzﬁw ﬁrﬁ%%ﬁ?ﬂi%%ﬂﬂp%ﬁ‘w 5“98" 7?9?89@%' n step and preferably at least about
t ature o

50C lower than the average temper e ‘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 ggyefgredRMROAARBE ARAHANT AR FraRen SRR AR L HRtA @ROlINg the

contactor to transition from the end of a regeneration step to the start of an adsorption step is

transferred toSQBmh@tS@Jﬂt%t@RhednGviﬂ@mbrbqatéfsfﬁédlélgbmm@h md@@%ﬁ%@% of the
sensible heatég%ﬁ%%ﬂecr&gget @Pﬁ@%?i%g.ntﬁ%?{‘tl%%%%gggg @%@%5@%@&@@%&%0%&3%@@rred to

heat the contactor co- currently or counter-curren irection ue gas flowe ring the
adsorption stejockiaatingt imacsonrpdishfdw o pasaittgrachateiitifl dhv angdet thecooalsinatibnrod directly

heated contactor t?ﬁ flui ?asses through the same flow channehs that were used in the adsorption
process. This¥&5k gﬂﬂ?ﬂ ES s vl PRI JRicOoSHEFSHEH Y RES FHOEE WSS H98steam that

can be separgiddraniiheRifd sdud teycenndensaticRuMbRESTEB At RIS 'amrele thlO2- rich gas that

is heated by flowing throu%%a heat exchanger or another hot contactor before being introduced into

the contactor ¥arigriedeh it toguiberdarémiatsorplistay neastare Regadvanaeccah be an
cyclc hed ne S B B eront fow
channels fronarttangemsatl inviéry doiworfithos ficifitatdh ehprosees nidtebmithatingtomaiiemfow channels
indirecty hea SR IREROIEE IFSETP BN B0 LRAF I ER Wecithor & gas WO
2008/143964 nzstiuRCduidia S 265HERADAZ In one embodiment of the present invention, the

segmented cross-flow contactors are prepared with different adsorbents so as to

create an adsorbent gradation in the overall contacting unit. This arrangement

can facilitate multicomponent adsorption, which may have value either because

the different components are to be recovered separately, or because a first

removed component would interfere with the functioning of a downstream

adsorbent (e.g. removing water before a CO, adsorbent). In another embodiment

of the present invention, the modules are arranged so that desorbed material can

be collected individually from one or more modules as a temperature wave

moves through. That is, the adsorption channel system of the modules may be

connected in series for the purpose of adsorption but in parallel for the purpose

of regeneration.

[0068]  Because of the way the isotherm changes when the adsorbent heats
up, CO, is released and the adsorbent regenerates. It is preferred to cool the
contactor that has been regenerated at the end of the regeneration step and to

transfer as much heat from the contactor that has finished regenerating to heat



such as ammonia, a fluorocarbon, or recycled or heated CO2-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 thagythe,avelsgg temperature of the contactgy during the adsorpiieh sieRanespysferably the
temperature is at least 50 C higher than the average t€mperature of the contactor during the

adsorption step. [0070]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 trapsjtioning from the

regeneration RathsspapReRserthrbiticar bsdegasngratidye RIS IHACSHPRIISACS: by FQUENR of the
adsorption steg, gﬁgrﬂf‘ﬁggﬂﬁ & FAS RS R R SRR B COALIOY §RALRADE &t

approximately in a single direction within the contactor) during one step of the thermal swing
adsorption / desgemtiatedyiote Acontactistttigddisginsiog thehegentradorsigpedlin T®Ahrocesses
can be founding in co-pending U.S. Non-Provisjonal Patent Application No. fil ving.Docket No.
00BEN136, STRRCIOT BB B aREa hST i e & TR G R AeactB Bihone e

region with shigdp besmpRiEdbieeagradicatempramise afdend ibas U5 Cdlpeity thiath ehthaveragwave. The
velocity of the wave does not have to be constant and the direction the Wav?eﬁlgove does not have to
P\Rfafséa

be the same iIFRARSEHAEFRTHNS FAHagiaAb s cad oL the regenstqRsieR: ¥ adsorption
SIep Can MOVE.Gor SHFGFCCAUNEIFMIT AL CFAIORSHSUARD A UGS i he eageneration

step. It is also possible to design a process in which there is no significant thermal wave present in the
adsorption ste}f, thiilegerexation sigpiifihir fhichhwialsave a8 thpassge treuigh the gomastpresence of a

thermal wave ja hlcach sAMa Ropen el epmal swing adsarptian heganeralingycle enables the
system to achieve one of the objects or this invention,"whichIs o substantially reCuperate and recover

the heat requigatbtaligrpesaleast Q0¥igoh & eehsible hvatgivemppoivesopldeg sheetbaiaiotyr It also
enables the use of very high desorptign temperatures that would not normally be considered for TSA
operation. [ootﬁlﬁfﬁa%megaﬂwiﬁz@g et RN HERPIES AT mnzamﬁé)%mﬁg 8t%Pof one

contactor hasiio hasTeetPt8nRIodr QaiRat6r B fivisl Hove RRETdRAIY BRTbOUTRTEA AARERELOTS IS

determined by valves which are timed and coordinated to route fluid between contactors at appropriate
points in the el $Ymefdbesamsdblehert. invinansfrked dovansshgreantasterctors, it may also pass

through a heat exchanger that adds or removes heat from the flowing fluid. It may also pass through a

compressor, Rygyd|°" iBWehY We¥ERHIEARS siegiRls e ey B ies drsiEerlRieaguan the

contactors. A heat storage medium can be configured so that the energy from the thermal wave
moving throughmetlyoet gownterstoreentiyitsr shie direstzuthe dlve gasdlosred cluringtlesample of a

storage medium is_a.packed bed heat exchan .tFl[a is.cyclicall erated, In a packed bed heat
exchanger en%%c)’/réns orseecpby ﬁ%twga]tsc%cp?gcl o ?1%%’%??&%%??#8{@5%#%&?@ t gugh the bed as

the energy is stotactes \Falt aslivbeiyihisacabtehtddiertime floid jhssesahrsagh thossmenBogh this heat
exchanger allows one to adjust the timing of the routing of thermal energy between different

contactors. ARBARRARHIAENEGMESR BREAESOPHILRIGESRardus Rdfag it fan Peat adsorbing
material suchegharReae¥hliquid. Preferred liquids include water and steam that can be

separated from liberated CO, by condensation. A preferred gas is recycled CO,-
rich gas that is heated by flowing through a heat exchanger or another hot
contactor before being introduced into the contactor being regenerated. The heat
exchanger used to heat the recycled CO, can be an indirect heat exchanger such
as a shell and tube heat exchanger or a direct heat exchanger such as a cyclic bed
heat exchanger. For an indirectly heated contactor the fluid passes through
different flow channels from those used in the adsorption step of the process.
These heating/cooling flow channels in indirectly heated contactors are isolated
from those used to conduct flue gas to the adsorbent. For indirectly heated

contactors fluid flowed through the heating/cooling channels can be either a gas



[0072]Several other thermal process integrations can be used to utilize the thermal wave behavior. In
one embodiment a thermal wave is used to pass energy from a contactor that has been regenerated to
a second coR{aciprstnabhas finished the adsorption step and is being heatgdfpssaRaesAtion. In this
embodiment a separate means of cooling is provide’d%o'r contactors 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 adsorgégn SE&S starting to be regenerated.

Figure 8 heresee 2irammenia ctriboenncareene offe Qudes or heated (AdwEieh paseralidm one WO

2008/143964-_34, - 0 [ I rated to a
second conta(S: c(?rn t %a%‘?ﬁ%rggﬁfed? ﬁgﬁcd%c%gﬁ)%{ g%?%?}gl%? rk?é%?gé ﬁ&gﬁ(ﬁgrﬁe%eéﬁﬁﬁﬁon).
[0073]The comtmatdochehbthe sofigeter Beaat leastatziyt A5 tEddghearfthen ttheeasieoage in Figure 4 hereof

The temp contactors in Figure 8 is gverlaid as a semitransparent gray cologng,on me contactors.
Figure 8a sho'iﬁglﬂ?éaﬂgtec%ﬁw@%m%‘it% é"é%§‘8f%ﬁ%°FB@&H&FSE&KQ?B&E%%"Z%%er contactor 803
that has finishgghperasise R tRNCHAIS PIE Kigh@ tHAAN S Wieugs dngetacueo oo cShthdrsticates a
higher temperature (for example in excess of 95C) and the lighter gray coloring on contactor 803
indicates a cd&%%ﬁhﬁé%@t(%'r%?ﬁmple less than about 40C). 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 througppimjeatingicpriReredtMIIaintdhe SINERFIAT Wiy e RerkelieptpaRvesthrough the
contactor, the temperature of the end near the entrance 805 approaches the temperature of the

cooling fluid SBzonghdheeqatapiomasit Grastivnsciamthecadspration BoresR/HIORSESRN Toriginal
temperature j it r gﬁgw tes the hot
and cooler Séﬁ%ﬁﬁ%ﬁﬁﬁé@%@%@ﬁ% %%Zslr% %%(%?ég t%r}e C ?(g%it%rgllsqéqat redgt%a%lrm stream
811 that is floregdrteratier stipsec amdtdeasaprt 80he hdsenptzon Steps hthegna stesans selection valve

d for shutoff valve, 813, that d o stop flowy. the routing, of fluids bet different
contactors. ONHAY R ATF & 4L d BT RACR 14 i PRIV BRSTh H18 NOBIG the soam

819 being serfifectisherhiheHrOcsAesCI?PAuiNLBHORAFELED St fllowR Wdssighione heat
exchanger to provide heat transferred b?/ heat exchanger 815. In one embodiment stream 817 comes

from the inter Fé@é’é’(?élé@lﬁ-tl‘?e 6@%@#@%%@%5’9%&@8%%6%&2 to pressures
greater than ;;glc&gﬁé's Eh S5 f]n‘%tg@éioﬁg?g%gﬁd?ﬁ%&;i%ﬁl\ﬁ pagelgmperature of the

contactor after regeneration Is passed into th ontactor. This stream 821 drives a heat front
through the cdppbtatiandNbe temperature neakethe entrance of thehaving Docket No.

2008EM 136, which is incorporated herein by reference. The speed at which the
thermal front (i.e. region with sharp temperature gradient) moves is referred to as
the velocity 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 wave in the regeneration step. It is also possible to design a process in
which there is no significant thermal wave present in the adsorption step, while
there is a significant thermal wave in the regeneration step. The presence of a
thermal wave in at least some portion of the thermal swing adsorption /
regeneration cycle enables the system to achieve one of the objects of this
invention, which is to substantially recuperate and recover the heat required to

temperature-swing the bed. This, in turn, improves process efficiency. It also



contactor 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 @issigé) sgparates the hot and cooler se??ions of the contactgpGRlshilifgs griven 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 CO2 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 hesnaklasdhgasoeforery high desemtiontsmpsraturssshat woukhont peenall¥ behe

changes in thg&gé@é}g(fﬁ;g fggtig@gr%{igﬁntactors 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 wavetOfTHe wd esffacientlysuiliza@ Susmadvervs foe Reaheeoansary thedhaitigure 8c shows

the progressiap,gfthe emaleausadiens b Beapel s AT anf A pbaRaRss continues.

Cool fluid 873 continues flowing through the heating/cooling channels of the contactor 801. The heat
front has movpattiléteednr differené comttacttos. ifeleioenzingd by thalViestwhishhirdgiofi¢deandntactor 845

is nearly that of the, cooling fluid 873.and the temperature of the far end of the contactor 849 remains
near the origiﬁgf’fgmﬁ E??.réoaff‘eﬁ%&@%?&%ﬁ%h?&‘ﬁ?&?&?ﬁ?gwmﬁ 940 lfé?‘hﬁé’r‘éﬁ[éjgradient
still separatessibimpatsspidee9lae SRR cRoEaRec @olitudiBrseehayadidhipgontactor is

gathered to form stream 851 that is flowed into the second contactor 803. A hot stream 861 at a

temperature riBEughabBoRt erchange thataddyos raRxad heehesy dhe Aawing fuidelt into the
second contaﬁggg g{% r%gggi Qfﬁ%%%% % %ﬁﬁgﬁ%{%om&§m%ﬁ%grit'ggrﬂ&qrature in the

;
first half 863 of the contactor Is nearly Id 861 while the temperature of the far end 869
of the contactrcranfhimsatdhe thesioeidjirate thoywghdhereaftactadsorpiieat sgeagamhdipnroan865 with a

large WO 2008/143964- 38 -PCT/1152008/006272 temperature gradient separates the hotter and
cooler section® &P égél(gﬁaa%%ha}'}é?ﬁf}ﬁﬁya %ﬁﬁﬁréﬂ%&é&v 31?%8?%&%35&7 n°tfe contactor
while the front snfaasthesiopsidsifireds i paiaabesahedndveoiticn el ke ywampRngrtye contactor.

This difference in velocities of the two thermal fronts is due in part to the heat of desorption. Cold fluid

driven out of feragamedivm infracked bsthhestsxchanganHiah issrliselyrpsrated igiher
contactors. [00 QI RRE HeMARREET LIRS A TR Ak MR AMSEHRYQ 6T B BLAY A

thermal wave moves though the bed as the energy is stored as well as when it is
cooled. The time for a thermal wave to pass though this heat exchanger allows
one to adjust the timing of the routing of thermal energy between different
contactors. Alternatively, energy can be stored in a heat exchanger with a

structured heat adsorbing material such as a monolith.

[0072] Several other thermal process integrations can be used to utilize the
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 regeneration. In this
embodiment a separate means of cooling is provided for contactors 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 from one



heat between one or more contactors undergoing an adsorption step and one or more contactors
undergoing a regeneration step. [0076]In one embodiment, the TSA system may be operated with two

contactors, GRg YNKRIGeINT regeneration and heatin%gvhile the other undgsgprATSHEPIAN 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 in Figure 9 hereof, contactor 1903 is being heated while anpther contactor, 1901, is

being cooled. iBtssaaly beatrd eoRtRGION Hat hasibseiragensaied by srronst Feiasts at medium
through the coplagigtlieheaing{ARh SRYaY S Ry ReLITIqBdeNelamid)eat (or cool) captured

within the contactor. During heating, a hot fluid 1905 is Introduced into first contactor 1903, and the
fluid emerges from the heating/cooling channel 1907 in a cool state 1906 until such a time that
temperature H&¥dhroudihe caniaetnrsFovoniadiseussdoausertamallisimultaneously, cooled heat

transfer medi%’h Q&%ﬁ%"%@%‘%ﬂ@&m @?g%%cgalm Wﬁéqgﬁlz,lgll of the second contactor

1901. Traveling right-tole wing cooling m 1909 creates a thermal wave such that the
contactor unitch@ddctersaolEigwitl8 itheverhittassfeemiutinspasontrgraje doMnmgedrethed heat transfer

medium 1913 is recirculajed back ta heat the first contactog ynit 1903. | tice, due ta heat losses
(for example, %oergg%%ré ‘ﬁé‘ﬂgﬁég ﬂg?ﬁ@esl)}gfecrﬁﬁ%%%owg ﬁéa il t%fj%edaee%f ?gri%%?gase the
temperature Gfiépeah@ahalfieechedcite B08tiaihaarfuicidénpadbigionsstepmMTHE N 2AE/ 143964~ 39
-PCT/US2008/006272 1905. In Figure 9, additional required heat is added to stream 1913 by passing

it through hea®@XcFRIRGEVedaying the pantae e 80d dpdisates mbighes temprratiis{fAkat is removed
from the cool &?ﬁh@f{%ﬂﬁ%&é@@%@ﬁﬁdﬁ%ﬁﬁ%ﬁ@h&?@g (E5iBeS SEreBRIASE gywithstanding

temperature breakthrough from the contactor unit.” TypicCally, the cooled heat transfer fluid (exiting the

cool-down stepylieit¢scazion lentpaparaeith dfeppranpie ictsdhapabativ 4 086y tEngpeeaiibre. Cooling via

heat exchange 1915 can also he proyided.to decrease the ling,fluid tem ture temperature
ower than AP0 GRS SR e g s S0 A S G erature

below the inc@oBndreegsbtionticast 80mpecaifiid B33lucfinsc thaoudl ikeibqaiggddolingdsorbent
lined channels 1923 at the cool end of contactor 1901. The flow rate of the flue?%as is such that CO2

and optional\FHARBeISsh the rpRiesiofe Ad adrpriirnb RS irR el ther AntaeioR e progression
of the thermaldfapL QL iayeht A aP TR AR AL 869 Rt R4d el vempliraldbFigure .

[0078]During adsorption, the strongest-adsorbing components will attach
cooling fluid 833 while the temperature of the far end of the contactor 809

remains near the original temperature after regeneration. A sharp front 807 with
a large temperature gradient separates the hot and cooler sections of the
contactor. Hot fluid pushed out of the contactor is gathered to form stream 811
that is flowed to the cool second contactor 803. The stream flows through a
stream selection valve and /or shutoff valve, 813, that can used to stop flow or
change the routing of fluids between different contactors. Optionally, stream
811 is passed through a heat exchanger 815 to add heat to the stream 819 being
sent to the heat the contactor 803. An optional stream 817 is flowed through the
heat exchanger to provide heat transferred by heat exchanger 815. In one
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 near the entrance of the



most strongly to the contactor adsorbent and will be the least mobile. They will occupy the regions of
adsorbent closest to the inlet and will displace weakly adsorbed materials from that region. Over the

period of adsQeplingniRssadsorbates will order thems szes from strongest {-yeakrsiaiang the

contactor adsorbent from the inlet to outlet of the adsorption channels of the contactor. For most
adsorbent materials, water is the most strongly adsorbed component of the flue gas mixture. In all
cases a sharp concentration front moves through the contactor and the position of the front at all times

remains behirr@mirctae 823 israparlxskaicef drshet fvidy82ddabilicthmtempesdnse afdhofaontactor
1901. St ' [ i ) f the CO2 d
reame}l%zt?f?ﬁ%ﬁe&svﬁé{8f7§%§ran ?@%F%g 8ﬂ§vﬂg§ %}ﬁﬁ%%a%p% orthe remove

and optionally most o ater, NOx also rem eferred embodiment, the
composition afegereratibd2 Ancthen thatmfooattB2H 8ithna Birgnteppéeatiiy gradeettan 95 mol% of the

CO2 present in the flue gas WO 2008/143964- 40 :PCT/US2008/ 72 1919 entering the adsorbent
channel 1025 RPATHER e NP0 E085F SRS ARG 5 OVRatcbr 609 eFis STresus Shisorption
step was such$abiigcropahy eakbtindeaRefbapesieamrsdleamis thitbcandbeisea toaihmt fluid 1905
is introduced. The motion of the thermal front (or wave) through the contactor is plotted 1931

schematicallythf tegrperatutsgise dn aranissterthabivadroshinge @nautafiflvs £as or sapdsite
directions throigf GB%(S(’Q”&F}SIH%-QE%%'E@P%BH@ dhshdaiaiia BHYSPHNR SRR 3 the

molecules being sorbed it may be preferable to arrange the piping between contactors so that the
thermal wavets semichackrte fiosmiatoearn 833 cddpimoadlyGoEaindidh itheoblednahhestes 1931 and 1921

move counter-cuyrentl raugh the contactor, the region of contagtor containin weakest-held
samient=rc b ot o Rl SR R R T N T e
materials are ¢leaigeh ah the Botaddesldigicionbieh dbrer ees St 303ratearndrntr the adsorbent

lined flow channel 1933 matches the arder in which they are heated. If the piping was arranged so that

h
the thermal wSA7BS PReRETESL AR AP ifrBagHIutesh thah asmplerplehdesorbe taining the
strongest-helghaqRoitpinsrsitbRedeaiest s 868 At P é{é%w%faegogqﬁamnﬁ the

weakest-adsorbed materials are heated at the end. Depending on properties of the adsorbent it can be
advantageoubeatsipehingeodlacio used th auppdyitheahitlivpossibho te meksutherttiprambither case

separate streevméeofigq 8rtli)watesé can t%?'s Jﬁcg%%nig } fﬁré%rg[ Iziirt]?ﬁfor vesse oct:? achieve a continuous
muIticomponen{f a&sorp ve (%.‘f(.a. throm tographic) separation. 0080 YR a(%'orbates can flow out

of the contactor being regenerated co-
[0074]  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 801. The heat
front has moved further through the contactor. Temperature in the 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 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



currently or counter-currently to the thermal wave passing through the contactor. In this illustration, the
desorbed species flow in stream 1935 out of the adsorbent lined channels 1933 of contactor 1903

counter-currgpdydes igogirection of the thermal Wave%%t is also possible topGhiRYEFfgMINUOUS

multicomponent adsorptive (a.k.a. chromatographic) Separation with a co-current desorption. In this
alternative embodiment, the desorption flow is taken in the opposite WO 2008/143964- 41
-PCT/US2008/006272 direction to what is illustrated in Figure 9, such that the weaker-adsorbing
components TRRPERIMEFaSkdiRt PrParRipy hediritenang sooker srsions of the seatasint approach can

provide 2 cleafi SOOIHAY g{l\}'g%@%g%gé@Qb%&?ﬂ&‘fﬁ'v@ﬁ‘J&%H'EH@JBH%M&WHHB&S@"H%HE during the

adsorption step. It can a ore-separated adsorbdtes under some conditions in the adsorbate
effluent. In aninphieothetesanttotorhasiptiogm ssed e dlufi dvi @ Beird usEtheoveays ialoig thesorption

. When d tiQn | d.co- tly with the t I preferred embodi t of
i optonal 1B T aia LU SFEUFSe 15 BURLE ShHL A0 R JUEE AR of .

thermal wavetiohéag Gf@radiisibad ASIGHT deveiaslice PiHb e dHirsest inatticeditarfaynhe desirable
to operate with a multi Iicitﬁl of contactor units in such a manner that several units are coupled in

heating & cooHferBp8YAiRichrRnbmess ke dreeth i REET s aRastPEdN (and/or desorption). In this

operation, the contactor can be substantially cooled by the circulating heat transfer medium before it is

switched into fryy&)e for@gReMiipmal PecRevaiiifge AichisRaciaior istrinveieshutkagto swing the

bed is retained in the heat transfer medium. If adsorption was to proceed simultaneously with cooling,
then a substahe’l PriFesn e S5MPTRE PRGURNVEKRRZ gAR JelsAsRtioRsterald A8 Brhigher heat

load will be n%?&%dcﬁ)ql{g ?ﬂ&e%@?nﬁ@?%@#ﬁt%ﬁ@%ﬁ?at transfer medium. [0082]In addition, in
ar re

many cases (particularly for impuri oval] the time required for adsorbent regeneration may be
shorter than the time required for the contactors adsorption capacity to be fully utilized. In such cases,

it may be o!esm;ﬂﬂé]to hé@@@@&@ma@to@qﬁ ﬁé mgmmqohggmmmwéﬂpm@d contactors are
in the heat'ngé@ﬁﬁ&%@?ﬂ@ﬁﬁ&@r%%ﬁé@ﬁ%?@%ﬂ Bb@ﬁ@g@g&g?ﬁ:fﬁ%ﬁg@%&?gbe@e several

contactors engaged In adsorption ected In serial ta e most-recently
regenerated calstaptioniaitdsctuditest bhdsianibedamenthis fhstwmitdheinativillye mExgooetf® regenerated.
N another Prg el 1 2t any given T, an eibal How of heat anster M will be
flowing between the contactors for heating and cooling. In the example shown
in Figure 9 hereof, contactor 1903 is being heated while another contactor, 1901,
is being cooled. Because of the temperature gradient that is created by flow of
heat transfer medium through the contactor, the heating (and cooling) is
achieved with high levels of heat (or cool) captured within the contactor. During
heating, a hot fluid 1905 is introduced into first contactor 1903, and the fluid
emerges from the heating/cooling channel 1907 in a cool state 1906 until such a
time that temperature breakthrough occurs and the contactor is mostly heated.
Simultaneously, cooled heat transfer medium 1909 is introduced into the
heating/cooling passages 1911 of the second contactor 1901. Traveling right-to-
left the flowing cooling medium 1909 creates a thermal wave such that the
contactor unit 1901 is cooled while the heat transfer medium is reheated. 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 increase the

temperature of the hot heat transfer medium to its original temperature in stream



WO 2008/143964- 42 -PCT/US2008/006272 such that each adsorber treats a fraction of the whole
feed. In yet another embodiment, thermal wave storage devices are used to store and allow proper

timing of the\gyiess/ 19R831When the contactors are yged in this manner, ip{siacogNRReMor each

contactor unit to be oriented in a co-current flow, co'uL# er-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. [0084]The present invention can better be understood with reference

to the _fol|owin@%rﬁpEgmgtﬁ‘ara;iéitég@ﬁlé@%ﬁﬂ%hﬁ%’kﬁ@éﬁ?ﬂd@&fﬁh@ ASHD e RARUASY limiting the
invention. EX"IHIB\?gﬁ heat exchanger 1917.

[0077]  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 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
thermal front. The progression of the thermal front (or wave) through contactor

1901 is plotted 1921 schematically in Figure 9.

[0078]  During adsorption, the strongest-adsorbing components will attach
most strongly to the contactor adsorbent and will be the least mobile. They will
occupy the regions of adsorbent closest to the inlet and will displace weakly
adsorbed materials from that region. Over the period of adsorption, the
adsorbates will order themselves from strongest to weakest along the contactor
adsorbent from the inlet to outlet of the adsorption channels of the contactor.
For most adsorbent materials, water is the most strongly adsorbed component of
the flue gas mixture. In all cases a sharp concentration front moves through the
contactor and the position of the front at all times remains behind the thermal
front. As such CO, is always adsorbed in the cool section of contactor 1901.
Stream 1925 emerges from the 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

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



[0085]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

industrial praggssfgnkgsure of the flue gas is typically slightly above atrpgsrh@pipressure and is
generally less than two atmospheres. [0086]A therm&Qiave 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 70 mol% of the CO2 out of the stack

gas, preferabl19enteeingthersdsobeniclamad k933t ieremonethsIeVegunedetheeferably more than

90 mol% of the CQ2. out ofthe stack nd most preferably more.than 95 mol% of 2 out of
{85 SF a5 gk Saga0 oSt PISletabl ISP 15 0

the stack gas.o RE et:%l\sl one &cz_r)nﬁa rich s rear(r11u|rsln Subiced (eisp())r Cess (iRt has A purity such that it

contains morertbstwiakip Bdscbed pisicicodyeneneditao ik redwhée thehey nidha8dHisferably
more than 90 mol% CO2 and most preferably more than 95 mol% CO2. 2008/143964- 43
-PCT/uszoos;Wi’ooﬁl‘}WH@@%aﬁ%’r@i%Eﬂzﬁié'%%mwz&ﬁfﬁ%g \GRAREKE R tial
adsorption, dejgfiicio3donaiiRt AP P Pesaied Wilhidvas RRsalR: RARAPHIDES (T9mpe skilled in

the art can construct several other potential embodiments of thermal wave process to remove CO2

from flue gas ashi913 mexe eoppasifodirretonsibretigi the rrBRMare 1RePERABURGMbers of
contactors to GaN3EMAER REAHRSSE 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.

[0079] 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
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 next
strongest, and next, until the weakest-adsorbed materials are heated at the end.
Depending on properties of the adsorbent it can be advantageous to pipe the
contactors so that the thermal waves move co-currently. In c;ither case separate
streams of adsorbates can be collected in different lines or vessels to achieve a

continuous multicomponent adsorptive (a.k.a. chromatographic) separation.

[0080] The adsorbates can flow out of the contactor being regenerated co-
currently or counter-currently to the thermal wave passing through 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



[0088]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 ¥ RIRGESSsis shown in Figure 10 here_oﬂzi_gure 10a shows the-siRams.iewing 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 desorption/regeneration step. Figure 10c shows the streams flowing

into and out of the contactor 941(c) during the contactor coolinistep. The contactors 941 (a), 941(b)
and 941(c) aréisewsioardeanhaiisimussreise inEigrace csneh it thrcveskieh 393ArUBliscussed for

Figure 8 heree%%ﬁgﬁg AR BAMNGVRP A Gh SGRARRORINGC IR WS ik adsorbent

channels 945. [0 is example, the adsorbent contains a microporous material. The microporous
material is chbsdn Thithapproiehteangmatide atteanatsonsitionstdphe adspptenstiembedrbs more
than about 0.25.millimole of. C ZIE%er cm sorbdant fro aélgatm(%s heric g mixtijre containing

f
about 90 mol‘%xktl’zrg E%H} (AL of. ugnf)re ed A a e Rent ﬁﬁ%"a sg%le%ts ontains at

least a micropgieun sraiseiuAbe  dsattritéairiBpssais it alditieradsointiadseidatis dfituermcess, it will
adsorb more than about 0.75 millimole of CO2 per cm3 of adsorbent from an atmospheric gas mixture

containing 90MaReRoaALIEBARSIoN drodalin assrecp A d g3 S8 ALAARSLH S rhent contains at
least a micropRIQIS (RAPHR N Wi ﬁEEngtl‘?é‘Bpi@r I5R{dD R ALRPFENIPP wieR thelhfeRtpgess, it will

adsorb more than about 1.5 millimole of CO2 per cm3 of adsorbent from an atmospheric gas mixture
containing 90wawie@ mEe&rtedebodnest pf3bevopticrptmesds it S1006EE2SAGWEEIDL! Depending

upon design, the adsorption step. ¢ e conduct qg'g:n r t about
60C, preferab‘?;l/l fa Ygrlﬁ p%ya??g rcgt?'a%rﬁg?g ?Fgrrr?ya &% ¢ %gzrbggﬁ[ %g% an% ?'ﬁg?;eg ?}%ﬁ%&ﬂ% range
from about 5GHe ddhut 35C. [0090]Regeneration of the adsorbent is done with heat contained in the
stack

[0081] 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
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 that the heat used
to swing the bed is retained in the heat transfer medium. If adsorption 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.

[0082] In addition, in many cases (particularly for impurity removal) the
time required for adsorbent regeneration may be shorter than the time required
for the contactors adsorption capacity to be fully utilized. In such cases, it may
be desirable to have several contactors in the adsorbing phase while two paired
contactors are in the heating/regeneration phase and the re-cooling phase. In a
preferred embodiment, the several contactors engaged in adsorption are
connected in serial fashion, such that the most-recently regenerated contactor
unit is the last bed in line, and the first unit in line will be next to be regenerated.

In another preferred embodiment, the adsorbing units are connected in parallel,



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 temperatyis Abyvhis it is produced which is prefegbly in a range frompabribdraRiesig,about 250C.

When the regeneration process starts the temperature“of contactor 941(b) is in a range from about 2C
to about 35C. Before the stack gas 911 enters the contactor 941(b), the stream 911 can optionally be
fed through a process block 913 that removes particulates. Several different methods to remove

particulates céﬁ%‘h&%@ﬁ%ﬂﬂ_ﬁi@@m%ﬁﬂiﬁ %ﬁfﬁ%@ﬁmfélt%%@lﬁlfé%_i; rﬁ%ﬂ@ﬁﬁﬂ@ih@ﬁga_nic (metal or
ceramic) f'““%rﬁ%ﬁiﬂfe‘?i‘fﬁe%ﬁw%%( QSF%ei@&ﬂgJé'%féuééEF{S %A aﬂk%%fpi% Uf precipitator

can be used to remove particulates. A stream that is nearly at the same tempetature of the flue
gas stream 9ltinemeoddhdroyoldse 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 matgraghin th tor tal r CO2. if} )gﬁrapil ing.4n the most
preferred rang@f\j/?étijld bivilﬁ\g/é?tglrgg %%%r%!ggs %%% %gafhé élﬁaﬁ?ﬁﬁirﬁﬁe per %@%ﬁﬁ%#croporous
a?st?rbednt mawnai'/ ctklts théthstfdmnbl %&%gma&ﬁuwﬁuﬂgw,maemﬁmﬂ@wsmgm sto flos\;v8 out
of the adsorptign/cooling channgls 94 rming stream . When the_process starts stream 981 is
at the il el SRADGE R GEHEALOR, TIER Rl ABR P ST OB MERoals sightl a6 a
thermal wave fBaYRSIA RHOBsRiARHasIRent TR 1P AREGHEbu MR taREN dlowsaRARRISRarply when

the thermal wave moves to the end of the contactor. It is preferable not to terminate desorption before
the thermal Wm@‘g?s mC%ed through the contacto#; WQ 2008/143964- 4?k-PgFT/USiOO /006272 If
the thermal w eaks A RIGRCIRETREOR S RS R RIFENO A P FRAERE T 49 1 been
completed, thes Ryvasidiionap e Tl g R8I it MusRiGrgshipsRa/aHR heeldBdll it is time to

stop the adsorption, desorption/regeneration and contactor cooling steps. The thermal bed 983(b) can
be a packed Hakesrasolimpingde mysutdatwhich 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 be EXRiP1dIlis 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 c r, t t ' . orption
channel and ﬁgg?ﬁg/coo ing gf%ﬁﬁe%?&%ﬁc?ﬁ%i%ﬁ %{g%%? %f§£¥m{egggé§%¥lﬁtg%§orbent
materials, prefenaedds©sHaonalbbiet gatinmes thermassrohghadadgmibeprowsyiadne\gas, more

ferably less than about 2 times, th f.th bent material t bly less th
about 1.5 imALHLERLS TPHHESILE BATE VatiENaRS TSl BReofal SR Bl eirough the

contactor 941flyeheinds typically slightly above atmospheric pressure and is generally less

than two atmospheres.

[0086] A thermal wave adsorption process as described herein above is
preferably employed to remove CO, from hot stack gas. The thermal wave
adsorption process uses a parallel channel contactor to remove more than 70
mol% of the CO, out of the stack gas, preferably more than 80 mol% of the CO,
out of the stack gas, even more preferably more than 90 mol% of the CO, out of
the stack gas and most preferably more than 95 mol% of the CO, out of the stack
gas. At least one CO, rich stream is produced in the process that has a purity
such that it contains more than 70 mol% CO2, preferably more than 80 mol%
CO, and even more preferably more than 90 mol% CO, and most preferably
more than 95 mol% CO,.



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 Qs heptigg/cooling channels 943(b) is nearly that for saturajeq gasalshetemperature 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 url@@8ZLtion Drigrexasprls-idlusEatss @itharaal 2 Prosetom thrseeBHRLctor. An optional
method can bﬁ(ﬂ[&ﬁ. ! HHSg%ﬂ\Sﬁ ﬁﬁﬂmﬁ%‘g’éﬁé {08 GARBGOL PRI Waielcrdeam 967.
ut vessel vided to remo

Optionally a knoc 1 can be pro ve any mist of liquid water flow coming out
of the contacturitst iTposteskebethin theraricancamsinificsavicashothergfdigoiiaphadwdimentiowing

along with the ﬁﬁled rtiall dehédr%ted flue ggjgstrfeam (@6&. %991213 Inﬂtlrlagse%?nm c!e{\tk'z?n as passing
through the h&at 8751 IMRVEHERKERE 6t IRE Q8 Rtactar A3 by hisved hane 2athe tirsction S gas
passing through i ecsdsdiancafainelb/84héa)sdingibe radabeptiof stepabterscwrcurrently).

Elements 920 and 925 as shown in Figure 10 hereof, represent the inlet end and outlet end of the
adsorption chSPRERICEAPEGHERSly. In this example the microporous adsorbent is chosen such that
water is a strongly adsorbed species, CO2 is adsorbed somewhat less strongly, and N2 and02 are

weakly adsorlijeasgixampiethetinéer apareperainiftdichib axbaadhimereaiinaof agdergsien include
zeolites such as zeolite 4A, 5A, 13X, NaX, and NaY. Trace materials such as SO" and NO can be very

strongly adsoﬁ?e%f.‘sPﬁétméWIthB%&&mhﬁr SoRigetsansicEERsaaiesoIPHeBIStRP Ardatictor that was
designed and ppeRRIRY LMY HERS LBLIRE. C@&i&&ﬁﬁ*}ﬁ‘@ﬂ@tﬂ?&%{}ﬂt;B&Q@éCf@Wi” focus on

the majority components in the flue gas. The process described will capture much of the SO" and NO
from the gas st&égurét Hhbetddfe Rigutcthfia ishowsshibreamsdliwipgnoiplendieutfdbiein this
example to remo

3905 RO AR IR LARR R 10 PRERR 1 SRR B saeahhe ©02
flowing into and out of the contactor 941(b) during 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) are
substantially similar. Properties of the contactors are similar to those discussed

for Figure 8 hereof with each contactor having an array of heating/cooling

channels 943 and adsorbent channels 945.

[0089] In this example, the adsorbent contains a microporous material. The
microporous material is chosen so that at the temperature of the adsorption step
in the process it adsorbs more than about 0.25 millimole of CO, per cm’ of
adsorbent from an atmospheric gas mixture containing about 90 mol% N, and
about 10 mol% CO,. In a 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 0.75 millimole of CO, per cm?® of
adsorbent from an atmospheric gas mixture containing 90 mol% N, and 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 millimole of CO, per cm® of

adsorbent from an atmospheric gas mixture containing 90 mol% N, and 10



10094]In the co-current thermal wave desorption process the least strongly adsorbed N2 and 02
species flow out of the contactor in the initial phase of the desorption process forming stream 997. It
can be advagylaggausigsdivide the stream 997 comin4q out of the contactop it Siisams;$merging at
earlier versus later times, because streams emerging f different times will have different CO2 and
water concentrations and thus may preferably be processed differently. In an optional embodiment of
the process valve 931 is o%ed at the start of the regeneration step allowing stream 997 to flow and

form stream 9‘?19.1%@@@ ,eféﬁagé@@f_b@?ﬁjgﬁatﬁ@r@@@@?ﬁﬁbﬁ?ﬁé@@@ﬂlqwmé&ﬂ:gntraﬂon. In
the process s 13 }g%%@ ﬂ?&ﬁ?‘&%ﬁﬂ?ﬁfmb%ﬁ%&ﬂ@e @fé%@};?m?é%ré% 5 ultimately
e t no in strea

vented through a’stack. As tifhe progresses, the concentrati egins to
increase and vaige @®iabiotSIEatstapofiodsSiCstrehm@? prafatiblypticnainge hiostinadowtalve 933 is
"simultaneougy" qﬁ%&%ttgﬁg&?rt flow in stream 973. The time at which these valves actuate sets the
CO2purity in trga . Afternatively 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 CO2 that
was originally[00HY stadRqgeacidtsnaritheteaisonbehCi® donetrethnh @t 2 en taigie d ho tghstlaakit can be

sent to a sequestratippn. proc ith little or no additional processing, In this examp stream is
produced at a%t}?o%lbfgfgu&? iﬁél‘\%f’mﬁ ¢ SHEEA D %%’dﬁé&@ é’égdggggqtcign&%@faéeségﬁesign
processes pro@iginee SRR Med /BT ). PSessk S NP e/ AethtN SR 66NREALkaRREPXiMately 3)
atmospheres. It is less desirable to produce stream 973 at sub-atmospheric pressures because this

increases cod@SEmrasfstéadhsadserbent shanaeh s dhsrtrmpseatumsousybicduitio produsesk sent to
ierent typesyff G2 3RRHSBIAPR AIOEE TR AIBTITIHR9 S HDRIOS B RERO the CO2 nto
s aquiferd with a ea

underground formations such ul top seal that prevents significant loss of injected acid
gas componerggengrationrpodcssgasants thodempeeptete o Diowtsetoo941dkpis tedagaage feowoirs, and

unmineable coalbeds,Deep o r is also a potential dispositian for the CO ugh purity
requirements %%)ﬁl %% gr?[?c?gg%ggigg?e Eﬂgﬁ%‘ e&ﬁﬁ gsé%)‘iﬁﬁ?&%:l %?a% Ct%%c&%rn%ﬁg’ged to
pressures grahtestieam 3duian Opfiosa Ry @ ofah i AISE PR @B BRICO N PHRIIERGRRS! to be
injected into these types of underground formations. Several properties of stream 973 make it suitable

for compressRATticHates syt diffsrenianethads tegisernus prsticidates fam Beatsed temperature is
sianfcanty bR ! 138 13FH0EE AR 0 Y RS EORONEA NGBl SAmpiiances

additional processing’is required before stream 973 Is sequestere non g example of an
additional protsesig) tbpreydulilae metal & Miepsi uod yupbsidy atidrag filterstrédtartativiihasa potential
corrosion in péi)ee%%n{:i SOMpressors us in th uestratio%}. rQcess. TO)ﬁ_/ards Igg nd of the

t

se
regeneration proccesss%ﬂcél?-ll—s Cheartatdn t}ga{ 5P é‘&‘?sro‘%rﬁ itabd ial corrosion
problems in eiquipanigrititbedameacngeii:Odf tiiafie ARVAPIAGEPLE éeaRsy fierhstream coming

out towards the end of the reg}e{neration process and to handle this stream separatelx. In an optional

embodiment QPRI PIesess Meck P dantheiersthe heating/seeking shannels A3 bhRishold, valve

o e A BN oG S SR S 0 gl e
recombined WidsISPesPHOFdsorbent material in the contactor contains adsorbed CO,. A

specific example of loading in the most preferred range would be a volume

average CO, loading of 1.7 millimole 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 desorption before the thermal wave has moved through the contactor.



[0096]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 undergoing an adsorption step. The stream 961

is sent throughythg@psegption channels 945(a) of th%a%ontactor where a migrppeipisRaEserbent

preferentially removes CO2 and H20. Contactor 941(d) 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 séfdbavbanglsvavepaeeks shrrugictia corfaitdefRnsibr afs Rt inmMRBr the water
vapor partial Fgﬁ ﬁvéew}}*i?%ssﬂégﬁgb% r Ree£HERS R Lawing RS RE ROy 98dRD  Eaa st Of the

channel to operate more’eftectiv 02 removal. Zeolites with large cation concentrations such as
4A, 5A, NaX ampeyetlesaikniprbpatrontilbtisotbentotstapdde egsomtionore effectively when they are

dry. The reasqn for this js that the. CO2 adsorption isotherm of zeglites, with | lop.concentrations
tends to increS& M ﬁ?@%?fﬁ@o@ agﬁ%&o&@?@&ﬁ&m 'oﬁﬁl LA |%?1%§§%&Basually lies
above a wet ze@litR) a\atREabdO VAN @ pattitetoesnglewkiatar inhkideaboaeallsnipassessbons, and

zeolites. 100971In this example, a single type of microporous adsorbent lines the adsorbent channels

945(a). At thelEtha Bremmaahmaspifon Rreked bedof40did patticlesyés tampgsatyre at thsiaibe 72
temperature Qf¢he.c¢Q Eﬁ%ﬁﬁigﬂ?@é&gﬁ seRGs Sraheailidtbenttile end of the cooling step in

Figure 10(c). This teniperature is slightly above that of the ambient air in the atmosphere. As the
adsorption step begins CO2 and H20 are selectively taken up by the adsorbent near the front end 920

of the contactfl09He codtisrprafiencsk thas the gagonerating AN sPRYR B SHebh e teraipasbent is low

and nearty ol o UL AL AR HID BRGTEIRIRT SRR UG 0K Ao G pecentaton

of gas stream 963 coming out e contactor 941(a) Is less tha out 5% of that in the flue gas
stream 911. 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
adsorbent materials, preferably less than about 5 times the mass of the adsorbent
materials, even more preferably less than about 2 times the mass of the adsorbent
materials and most preferably less than abAout 1.5 times the mass of the adsorbent

materials.

[0092] 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 gas flows downward and the
liquid flows under action of gravity concurrently with the gas to the bottom of
the contactor. An optional method can be provided to remove condensed water
from the contactor to form water stream 967. Optionally a knockout vessel 991

can be provided to remove any mist of liquid water flow coming out of the



[0098]In this example the microporous adsorbent has the property that H20 is more strongly adsorbed
than CO2. An example of a microporous zeolite adsorbent with this property is zeolite 5A. For this

zeolite as Wef @Sakly.Qbper microporous adsorbent the temperature incregsesyvhRR spelecules are
adsorbed. The temperature rise is determined by the¥eat 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 iscantagéerfrdhistpectentsid thalitherg is PRGFERBIEHN RSN /ey §R¥snnels 943(a)
of the contact iment: infi 10(a)4 ter- stream 961
e B e ot of

that flows through the a
adsorption and forms stream 921 exiting the contactor that carries away most of this heat. In a

different embd@8#3ht thilndhipesampdathogesessiog beosghdhayheatinsirantingshqouels]As the
adsorption ste& ﬁ?e?rct]:' ér)1 r?ﬁsc troerl"btjl\.‘aEW) an%% Sconﬁle@gﬁﬂgrﬁifl[é)&%ﬁ%ag% a%ﬁéﬁ%@&ﬁ%emranon

: 1
(i.e. adsorbates In croporous‘material ﬂnmg the channe the contactor.

The concentratdsorfxioh fctiar 26159486y daring dntradsmeptichestegydrarcchameatiyan that for CO2.
The way in whjch they move with time down the |length of the agsorber channel iEertrefe red.to as

t
concentration qel el t’?ﬂf’e%é@ R B} Figiee d R Bsreo b By R R t%({a?d’é%rption
channel. As twﬁm@g@gy%gmﬁ%mgnﬁgmegmﬁ@@bmmﬁl@&g&@@l@ g3 remains low until

CO2 front reaches the end 925 of the contactor. At this point in time the CO2 concentration in the

outlet stream DG eRYAYs8dsosbend ihehasenpidnthat pvaterdp gstrqnahioedsprbegomesiesam 963 (with
the CO2 N t _ _
o RS e

cooling step. gas pro can optionally be
added to stredixagfiddo d6mmiatopano@Omatdrialstthanh &@5tissrirderingbinadsbmptientingledeling

channels of the contactor 941(c),.At the start coolin coptactor 941(c) is near the
temperature cﬁefﬁét?ﬁjglﬁh?%ﬁ %ll‘“eg%’ ig’s{%ghn%gé B’é%iﬁ?% fl W‘iﬁr‘gﬂbﬂ{fﬁ)@ %ﬁﬁgétor a cooing
thermal wavegipyaiPNG ik ®elervayensIsury dibédheTipsp eI dedteiprbipstor near the inlet

side 920 is low and at a sharp front located further along the length of the contactor the temperature

rises abruptlyT*BSBGALE PFIGHIea Yok apRly 493 rontasoh i Mipedetigned WadoperMe & across
th tact ' i [ ' g 985
€ contac OfTHMQ%B%@%@%%%@%%%@%@ﬁaﬁﬁgﬁmﬁ’hﬁﬁs%ﬁ ream

can also be passed throu en a thermal mass Is used In the process the
thermal waveragaity tbompintndsandhyf thee gastadioe protesoieshabhdwidl capssreainchthe cooling

remains hot RIS BRARDNG ol 12 L5443 SR ROV BRI BeL L S BORRHVEID free of
CO2 and camxe uanpetheiptendestatsdagk. thitcesagiple ssarRAsdeEBDARH IO R y with the
adsorption and regeneration steps. Throughout the cooling step there is no flow out of the adsorbent
channels 945¢tigams in a process that captures less of the CgOZ.

[0094]  Inthe 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



-51 - CLAIMS 1.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 adsorption gas

separation ugibwhaigisetne gas separation unit cont_air}s_ at least one adsoppgitGAMARGEgFhaving a

plurality of open flow channels through which the flue'gas stream flows, wherein the surface of said
flow channels are comprised of an adsorbent material that is capable of adsorbing CO2 from said flue
gas stream, thereby resultir‘l?%in a substantiall§ CO2 free flue gas stream and CO2 adsorbed onto said

adsorbent magensentratien ok iRy WustreamtAhaginsdo weeeaseapdvalie I3 his desedidsphere,
¢) heating saigBMBRIK S ¥12 IRIDBHIDRAT AIRAMRYE s 93pRature inat results in the

desorption of at feast a fraction of COZ2 thereby resulting in a CO2-rich stream; ~ d) compressing
said CO2-rich"sirsaltatecuglesoprnad txstars Boubiousttano P28 thihetimre ativwhdcin thessmpressed

02 St G R i B RS SR S URRIAN 6 TRV SR 934 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
pressures because this increases costs of compression in CO2 sequestration

Processes.

[0095] Stream 973 can be sent to different types of CO, sequestration
processes. Non-limiting examples include sending the CO, into underground
formations such as aquifers with a top seal that prevents significant loss of
injected acid gas components, oil reservoirs, gas reservoirs, depleted oil
reservoirs, depleted gas reservoirs, and unmineable coalbeds. Deep open storage
is also a potential disposition for the CO,, through purity requirements can be
anticipated to be more stringent. Typically CO, has to be compressed to
pressures greater than about 2,000 psi and often to pressures greater than about
5,000 psi to be injected into these types of underground formations. Several
properties of stream 973 make it suitable for compression in a sequestration
process. These properties include the fact that its temperature is significantly
below that of the stack gas and it is highly concentrated in CO,. In some
instances additional processing is required before stream 973 is sequestered. A
non-limiting example of an additional processing step would be a more rigorous

dehydration of the stream to mitigate potential corrosion in pipes and



e) cooling said compressed CO2-rich stream by use of a suitable heat-exchange fluid at a first
temperature that captures heat from said CO2-rich stream thereby resulting in a CO2-rich stream of

substantiallyggsuped Leigyeerature and a heat-exchar%ge fluid having a sulstartialiyshigfies second

temperature; ) using at least a portion of the heat from the heat-exchange fluid of substantially

higher second temperature to provide heat to the contactor during the desorption step c) above. 2.The
process of claim | wherein a temperature swing adsorption cycle is performed at a cycle time of less
than about 2 ERMRESERISNSH i the ssRNCaHaHANPIPSEsHs T wards hecandicthfm | wherein at least

about 75 mol% of 116, A% 1B G HE £E6 YRREME(RMNSHAR9F SFclgubsfanially CO2 free

flue gas stream:
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.

[0096] 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
undergoing an adsorption step. The stream 961 is sent 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,0 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, 5A, 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.

[0097] In this example, a single type of microporous adsorbent lines the

adsorbent channels 945(a). At the start of the adsorption process the



4. The process of claim 1 wherein the adsorbent material is comprised of a zeolite. 5.The process of
claim 4 wherein the zeolite is a cationic zeolite having Si/A1 molar ratio of less than about 5. 6.The

process of cigigLdowhgegin the compressing is doner‘i{%multiple compressippstagezasdsooling is

done between compression stages and at the end of'the last compression stage. 7.The process of the
claim 6 wherein a compression stage, other than the last compression stage, ends when the CO2-rich

stream reaches a temperature of about 350C. 8.The process of claim 1 wherein heat-exchange fluid is
comprised of temperagiesafdhe 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.

[0098] 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.
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.

[0099]  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,



from the group consisting of water and a hydrocarbon oil. 9.The process of claim 1 wherein there are
multiple adsorbent contactors, each comprised of: i) a gas inlet end; and ii) a gas outlet end;

wherein the gas Jnigh §53g and the gas outlet end are %fjuid connection bypa-pikdity b eren flow
channels wherein the surface of the open flow channels are comprised of an adsorbent material has a

selectivity for CO2 over N2 of greater than 1. 10.The process of claim 9 wherein the contactor has less
than about 20% of its open pore volume in poresgreate,r than about 20 angstroms,

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.

[00100] 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
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 965 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).



11.The process of claim 1 wherein the contactor is comprised of at least two adsorbent
materials and the first adsorbent material has a selectively for water over CO2 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 CO2 over N2 of greater than 1. - 53 - 12. The process of
claim 11 wherein water is adsorbed from the flue gas stream in the first adsorbent material so
that less than about 400 ppmv of water remains in the flue gas stream downstream of the first
adsorbent maggriginik3. The process of claim 12 wherein water is adsorbed from the flue gas
stream in the Tirst adsorbent material so that less than about 50 ppmv of water remains in the
flue gas stream downstream of the first adsorbent material. 14. The process of claim 1

wherein a firsf adsorlgibeasigsiadihaininsm ER6 Sl idhdateseYel ehiZitihgreatertien 1 is

part of an adsorbent contactor that is separate from an adsorbent contactor containing the

second adsorBENEISEEPRITiFk4t has a selectivity CO2 over N2 of greater than 1. 15. The

process of claim 1 wi)aygithidiingshistfAballs &R sEeareromnianingmiteptoar8hepatition

co2. unit wherein the gas separation unit contains at least one adsorbent contactor having a
plurality of open flow channels through which the flue gas stream flows, wherein the
surface of said flow channels are comprised of an adsorbent material that is capable of
adsorbing CO; from said 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;

c) heating said contactor 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;

d) compressing said CO;-rich stream to a pressure in excess of about 1000 psig
thereby resulting in a compressed CO,-rich stream whose temperature has been
substantially raised during compressing;

e) cooling said compressed CO»-rich stream by use of a suitable heat-exchange
fluid at a first temperature that captures heat from said CO,-rich stream thereby resulting in
a COy-rich stream of substantially reduced temperature and a heat-exchange fluid having a
substantially higher second temperature;

f) using at least a portion of the heat from the heat-exchange fluid of substantially

higher second temperature to provide heat to the contactor during the desorption step c)

above.

2. The process of claim 1 wherein a temperature swing adsorption cycle is performed

at a cycle time of less than about 2 minutes between successive adsorption steps.

3. 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.



16. The process of claim 11 wherein NON, SO,, or both NO and SO, are adsorbed. 17. The
process of claim 11 wherein the second adsorbent material is a cationic zeolite having a Si/Al
molar ratio of less than about 5. 18. The process of claim | wherein the adsorbent contactor is
directly heated by passing the heat exchange fluid thiiigh the same flow channels as the flue
gas stream, thereby desorbing CO2 into the heat exchange fluid. 19. The process of claim 18
wherein the heat exchange fluid is passed co-current or counter-current through the flow

channels compared g sbsecipaahflowielihetiy eas stteaiierddisidmprace st phedaim 1
wherein a first fraction of the flow channels of the contactor are for receiving the flow of flue

gas stream and a second fraction of flow channels are for - 54 - receiving the flow of heat

exchange fluid.and wWihengiscads efstaanporiberahiihe shanoals ohibaibwedliecidnsase Al molar
contiguous to each pther, but not ig fluid communication, so that heat flowing through said
second fractigﬁtbq‘?gﬁf%wg% tapable of effectively indirectly heating said first fraction of
flow channels to provide heat for desorption.

6. The process of claim 1 wherein the compressing is done in multiple compression
stages and cooling is done between compression stages and at the end of the last

compression stage.

7. The process of the claim 6 wherein a compression stage, other than the last

compression stage, ends when the CO»-rich stream reaches a temperature of about 350°C.,

8. The process of claim 1 wherein heat-exchange fluid is comprised of a fluid selected

from the group consisting of water and a hydrocarbon oil.

9. The process of claim I wherein there are multiple adsorbent contactors, each
comprised of:

i) a gas inlet end; and

ii) a gas outlet end;

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

comprised of an adsorbent material has a selectivity for CO, over N; of greater than 1.

10.  The process of claim 9 wherein the contactor has less than about 20% of its open

pore volume in pores greater than about 20 angstroms.

11.  The process of claim 1 wherein the 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 CO2 over N of greater than 1.



21. The process of claim 20 wherein there are provided multiple contactors at least one of
which is upstream to at least one other contactor wherein said at least one upstream
contactor contains an adsorbent material that has a selectivity for at least one component
selected for the group consisting of water, SO", and-N®: over CO2 greater than 1. 22. The
process of claim 1 wherein the separation unit further comprises at least one upstream
contactor has a selectivity for water over any other component in the flue gas stream of
greater than 11223. Tihe prossssOflalaim] nhbeisiwsaidscasdabtdicanthinfial jaastréatn in the

adsorbent magerials and the first adsorbent material h selectivity for water over CO2 of
creater than TEn e LA R SonER, adEHa el J0.RER, AL T L e i s
greater than Istwaoh ddweneireshedidedtsoedsbenatestatind. located upstream, with respect to

the flow of said flue gas stream, of the second adsorbent material. 24. The process of claim 1

wherein all flow channels of said contactor have substantially the same channel gap. 25. The

process of clalf 1 wheg@iioekss of thaifiue ydstemeriter ihedsmisdrinmalsning gassorininghe
separation uniig 3 SMPAREAHLE JE0mARAUL 1090 1P APAML ¢ BP FataSeiIPIRERS B Slaim

18 wherein at least a fraction of the CO2 is separated from the heat exchange fluid after
desorption thefeRy eauRigIm @ sbedHet ipeRtdnEaEwhich is then compressed to a
higher pressure. -55 -

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 an adsorbent contactor that is separate from an
adsorbent contactor containing the second adsorbent material that has a selectivity CO,

over N; of greater than 1.

15.  The process of claim 1 wherein the substantially CO; rich stream contains greater
than 85 mol% CO,.

16. The process of claim 11 wherein NOy, SOy, or both NO; and SOy are adsorbed.

17. The process of claim 11 wherein the second adsorbent material is a cationic zeolite

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

18. The process of claim 1 wherein the adsorbent contactor is directly heated by passing
the heat exchange fluid through the same flow channels as the flue gas stream, thereby

desorbing CO; into the heat exchange fluid.

19.  The process of claim 18 wherein the heat exchange fluid is passed co-current or
counter-current through the flow channels compared to the direction of flow of the flue gas

stream.

20.  The process of claim | wherein a first fraction of the flow channels of the contactor

are for receiving the flow of flue gas stream and a second fraction of flow channels are for



27. The process of claim | wherein at least one contactor contains an adsorbent that is
capable of removing at least 2 molecular species. 28. The process of claim 27 wherein the

molecular species are water and CO2. 54

receiving the flow of heat exchange fluid and wherein at least a portion of the channels of
the two fractions are contiguous to each other, but not influid 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.

21.  The process of claim 20 wherein there are provided multiple contactors at least one
of which is upstream to at least one other contactor wherein said at least one upstream
contactor contains an adsorbent material that has a selectivity for at least one component

selected for the group consisting of water, SOy, and NOy over CO; greater than 1.

22.  The process of claim 1 wherein the separation unit further comprises at least one
upstream contactor has a selectivity for water over any other component in the flue gas

stream of greater than 1.

23.  The process of claim 1 wherein said 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 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.

24.  The process of claim 1 wherein all flow channels of said contactor have

substantially the same channel gap.

25.  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.

26.  The process of claim 18 wherein at least a fraction of the CO2 is separated from the
heat exchange fluid after desorption thereby resulting in a second CO; rich stream which is

then compressed to a higher pressure.
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27.  The process of claim 1 wherein at least one contactor contains an adsorbent that is

capable of removing at least 2 molecular species.

28.  The process of claim 27 wherein the molecular species are water and COs.





