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[ 0001] Theyghgseiibossnvention relates to the separati on obpcg s3§@Rbe298s from
a m xture of gases using a thermal swi ng adsorption process wherein a

t hermal wave is devel oped and utili zed1, primarily in the desorption step.
The process of this invention enables one to separately renove nmultiple

contam nants frorPROCESSFORREMO VINGEA FARGET GASFROM 0! e adsor bent

contactor {0 PRABYPEIRE OFRGRSHOBYCTHERMAT, SWRERBNORPTIGN! NVENT! ON
[ 0002] Gas sepa ; arly in

t he

FIELD OF THE INVENTION

[0001] The present invention relates to the separation of a target gas from a
mixture of gases using a thermal swing adsorption process wherein a thermal
wave is developed and utilized, primarily in the desorption step. The process of
this invention enables one to separately remove multiple contaminants from a
treated gaseous stream via utilizing a single adsorbent contactor to produce

multiple product streams.

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,Aor 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
pull one or more species out of a stream of material, and then the adsorbent bed
is regenerated (releasing the adsorbed species) by raising the temperature of the
bed.
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heat exchangers periodically reve
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 regeneration, and then passes through the tube side of the
first absorber heat exchanger where 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.



WD 2008/ 143966PCT/ US2008/ 006276 3 The i nterchange may take place at
intervals of fromthirty seconds to three m nutes. Many of the TSA

processesWP%g%é]]ggﬁke times significantly longer than thipgrRb§BR0ASs! ONY as

12 hours. Several approaches haye been taken to overcone one or nore
of the above nentioned di sadvant ages. For exanple, one approach was to
I ntegrate a heat exchanger with a sorbent material. U S. Published Patent

Appl i cat i ofhe\NpiterthaMt3a) 4R phike @t HifttARES o floAPtHirty hetomds ®hig adsorption

process wherein separati on of contam nants, such as water, froma gas

st r eam suchimsesai rMiany pdithe Tised prxiesspsdriverdyete times Iseghificantlyp bonged éhan
passages of a tube and shell heat exchanger adsorber. After a period of
adsor pt i othiseaftengsfong as 13 heygsed t hrough the shell side passage of the
adsor ber during regeneration and upon exiting fromthe adsorber is recycled

via a heat ck &nto th | | 1S f dsor ri l.i ng
phase of t[ﬁgogﬁgen%?\}g??lo%%rég%(g Ilﬁaxg%f: %ﬁ F%]&?lst%p(g‘éégg(%h? ﬁ?gudgr hqg?ﬁee&@ﬁgl | side
passage ofaphle rﬁ&ﬁﬂfrﬁﬂrdisa{&%)@%és.s-%?%kﬁﬁ 1&0nebapp?SadOfat eaaltesrate aPi ral ly
wound nodul e, for pressure and tenperature sw ng adsorption processes. The
spi ral | y matexchahger withoa soidbenhimgterédlf | Ui Rublizhed Papart A pplicatiopn Neduci ng
the differential pressure required between the adsorption pressure and the
desor pt i oﬂjﬁ%ﬁggymﬂﬁl dissloses agapishibermakswingadsorpHODArocss WASHRIA| ni ng
at |l east qne_ a sorogent 5{)3 er Iax‘gla cont ai gr'o?rg a _selective,adsorbent and an
adsor bent SSBYEHPDQY SORATINARLS, Juch 3 Walcty, fomh 538 SHEAM SHEE 4571 Rt i nt e
thermal c R I ; ' been
made ¢ Ao Rl g adBhehl FRKLATn EARE I PARR of § B0t ST AT et

previ ousl exehaigernidorbencA ey a peviodasfiridotpti otelvetiong figidais passad themsgh t hat

i s robust enough to nmake TSA nore commercially viable than conventional TSA
pr ocesses thapbelbsisieassags of theiadsorherduringaegensration and upen exating from

il ovemarhtles a&gorhgre is-rrgéyaég%?as a }fegtaetr back into the shell side of the adsorber.
During a cooling phase of the regeneration, a cooling fluid is passed through the

shell side passage of the adsorber.

[0006] U.S. Patent No. 6,293,998 teaches a spirally wound mbdule, for
pressure and temperature swing adsorption processes. The spirally wound
module provides high efficiency gas separations by reducing the differential
pressure required between the adsorption pressure and the desorption pressure.
The apparatus comprises an adsorption zone containing at least one adsorbent
paper layer containing a selective adsorbent and an adsorbent spacer spirally
wound about a hollow mandrel and in intimate thermal contact with a heat

transfer zone.

[0007] While attempts have been made in the TSA art to provide a process
without the disadvantages previously mentioned none have succeeded in
developing a TSA process that is robust enough to make TSA more
commercially viable than conventional TSA processes. Therefore, there still

remains a need in the art for improvements to the TSA process that can
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[ 0008] I n @B 46 diggent of the present invention there i$cRRRYbERH:36 PrOCESS
for selectively renoving a first targgt gas conponent froma gas mXxture
containing said first target gas conponent and a product gas conponent,

sai d process conpri sing: a) providing a tenperature sw ng adsorption
gas separ ajvepfbrHe sbmeQTitht Rebfomicdl @A tecHifc ARRERS W condémdl at an
initial tenperature, wherein the adsorbent contactor is conprised of a
plurality te€hmalbgy.antially parallel open flow channels, and wherein 'the
channel surface of at least a portion of said flow channel s is conprised of
an adsorbent material t"lat has a selectivity for said first target gas
conponent mx g IN ent of greater than 1; b)
passing said gas m xture through at least a fraction of sai d fl ow channel s
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target ga onent fromthe gas mXxture onto sai
t her eby prfogséled@vely fremdhviny @ ditst tafRt gab coMponthefrofns gas hﬁmrrerml % of the
first target gas corrponent than said gas m xture;

containing said first target gas component and a product gas component, said

process comprising:

a) providing a temperature swing adsorption gas separation unit
containing at least one adsorbent contactor at an initial temperature, wherein the
adsorbent contactor is comprised of a plurality of substantially parallel open
flow channels, and wherein the channel surface of at least a portion of said flow
channels is comprised of an adsorbent material that has a selectivity for said first
target gas component over said product gas component of greater than 1;

b) passing said gas mixture through at least a fraction of said flow
channels thereby resulting in the adsorption of at least a portion of said first
target gas component from the gas mixture onto said adsorbent material, thereby
producing a first product gas stream, that has a lower mol% of the first target
gas component than said gas mixture;

c) collecting said product gas stream;

d) heating said at least one adsorbent contactor having said first target
gas component adsorbed thereon with a heat transfer fluid to an effective
temperature that will result in the desorption of at least a fraction of said first
target gas component from said adsorbent material, thereby resulting in a first
waste gas stream that has a higher mol% concentration of the first target gas
component than said gas mixture;

e) collecting said first waste gas stream; and

f) cooling said least one adsorbent contactor to the initial temperature;

wherein a thermal wave is generated in the adsorbent contactor in the

desorption step d) thereby creating a thermal wave temperature gradient, which
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wher ei n a ddserbent comdetor angdewmkichtagdorbent bentadtw has at AT gntanging fiom t he
desorption step d) thereby creating a thermal wave tenperature gradient,
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noves along . the length of the at | east one adsorpent contacto nd whi ch
adsor bent dEHArtgEpsFa ’é?s%alsﬁﬂuﬁﬁtor@ﬁ&eﬁb“\a’ﬂ &T S%‘Ef%’@l@tt @‘ilbbﬁtt{lsse@ wher ei n
ATHT = 1-1/ | T is the heat transfer delta-tenperature, h is equal
to the he;r?&tr:égﬁég@:}n oefficient, and His the heat rate requirenent.

[0009] In a preferred enbodi ment of the present invention, the gas mxture
I'S [0009] In a preferred embodiment of the present invention, the gas mixture is

comprised of a flue gas and the first target gas component is CO,.

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
channel walls of a preformed monolith.  This figure shows separate rows of

feed channels and separate rows of heating/cooling channels.
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[0015] Figure 6 hereof is another representation of a hollow fiber contactor
for TSA applications as 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.

[0019] Figure 10(a) — 10(e) hereof show schematically the patterning of
adsorbates deposited along the length of the adsorbent layer at the end of an
adsorption step for a multicomponent feed. The strongly-adsorbed species are

shaded a darker gray than the less strongly-adsorbed species.

[0020] Figure 11 hereof is an illustration of a three contactor parallel channel

unit that can be used herein.



i nvention in which the parallel channel contactor is in the formof a
coated nonolith for TSA applications where the adsorbent |ayer is coated

onto the \whagnelssing! | s of a preformed nonolith. This figergsSRRNGsSEPAr at e
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2008/ 143966PCT/ US2008/ 006276 6 [0014] Figure 5 hereof is yet another
representation of a parallel channel contactor of the present invention but
in the formof a hollow fiber contactor for TSA applications. [0015] Figure

6 hereof IBEIXIIED DESCGREPTIONOPTHE INVENTIONr contactor for TSA
applications as shown In Figure 5 but with the outer surfaces of the

housing for the contactor rendered transparent. Dotted |ines are used to
i ndi cat e t[A82kHgesThe prasenvinventionis directed ¢o asjimpgoyed TSheprasessthghs a cut

away view of.a cross-flow coptactor that . . .
y wHiliZes the formation of thetmal Waves (tiurmg the adsorption and desorption

steps to enhance the separation of one or more contaminant gaseous components
from a gas mixture. As previously mentioned, TSA is a process wherein a bed
of adsorbent is used to adsorb one of more species from a fluid stream, typically
a gaseous stream. The adsorbent bed is regenerated by raising the temperature

of the bed.

[0022] In a TSA process, an adsorbent material is utilized that under the
adsorption conditions utilized, the adsorbent material selectively adsorbs more of
one of the feedstream molecular components (referred to herein as the "target
gas", "target gas component", or the "strongly adsorbed component") relative to
a second molecular component (referred to herein as the "product gas", "product
gas component", or the "weakly adsorbed component"). For instance, in an
embodiment herein, the feedstream to an adsorbent contactor gas mixture
comprised of a flue gas (or combustion gas") which contains a Component A,
CO; (a target gas component), and a Component B, N, (a product gas

component), wherein an adsorbent material is utilized which has a selectivity for

CO, over N, of greater than 1.

[0023] 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:
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Where U, is the "Adsorption Uptake of component A" and Uy is the

"Adsorption Uptake of component B".

Therefore for an adsorbent having a selectivity for component A over

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

[0024] In preferred embodiments of the present invention, an adsorbent
material is utilized which has a selectivity of at least one Component A over a
Component B of greater than about 5,'preferably greater than about 10. Ina
most preferred embodiment, an adsorbent material is utilized which has a
selectivity of at least one Component A over a Component B of greater than

about 15.

[0025] However, TSA, as conventionally practiced, has several
disadvantages. In directly heated TSA processes, a hot fluid is typically flowed
through the adsorption bed to raise the adsorbent temperature. The greater the
temperature rise, the more fluid is needed. The desorbed impurities thus end up
dispersed in a large volume of heating fluid and a significant amount of heat that
is used to raise the adsorbent temperature is often not recovered. In some cases,
the heat is not recoverable because many directly heated TSA systems are
operated with long adsorption times (days) and much shorter regeneration times.
Additionally, 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 thus avoiding dilution with a heated
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[ 0021] The present invention is directed to an inproved TSA process that

utilizes WwheolsPfs85Ei on of thermal waves during the adsoppijiRBo@es276
desorption steps to enhance the separgtion of one or nore contam nant

gaseous conponents froma gas m xture. As previously nmentioned, TSAis a
process wherein a bed of adsorbent is used to adsorb one or nore species

froma fl tp'u@l%es bas alowex R, ditlat YnahageaRaAt and tHeedfolic MtuAdsOmdarttl dated
regeneratéd by raising the tenperature of the ‘bed. [0022]1n a TSA process,

an adsor belfSA paoeassed often présentsatiffitidtiesinder t he adsor ption conditions
utilized, the adsorbent material selectively adsorbs nore of one of the
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in an enbqRatReS shert ¢hiinuteSEcydedand prsviles Rlatddtd 9 cbafihu6@Nflats U gas
m xture conprised of a flue gas (or conbustion gas") which contains a

Conponent peod@IR that doangatpsgbdownstpeare processing equipment ePtacBee NP tiew pr oduct
gas conponent), .wherein _an adsorbent material is utilized jch has a
sel ect i vi tPyesedt inventionalsproyides & 15¢y sysiem that is heat integrated in a way

that the majority of the energy of the temperature swing is recaptured and

reused. A TSA system is also provided in accordance with the present invention

that enables chromatographic (multicomponent) separation of many different

species in a feedstream.

[0027] The process of the present invention is referred to herein as “Thermal
Wave Adsorption” (TWA) which is not suggested in the prior art. The present
invention, in its simplest and preferred embodiment, combines an adsorbent
material with a heat exchanging device (or simply "heat exchanger"). A heat
exchanger typically comprises two sets of channels, each set connected to a
different fluid circuit, which sets are in thermal communication with each other
so that heat can be readily transferred from one set of channels to the other set of
channels. In a preferred embodiment of TWA, adsorbent is placed in one set of
heat exéhanger channels, while the other set of channels is used to bring heat
into and take heat out of the adsorbent device. In this manner, the present
invention achieves one of its objectives, which is to avoid dilution of the
desorbed materials into a heating medium. The present invention also provides a
means to rapidly change the contactor temperature without experiencing large

heat losses, or long heat-up and cool-down times.

[0028] It is well known that effective adsorption beds are designed with
careful attention of mass transfer coefficients, so that concentration gradients in

the bed are relatively sharp. Sharp concentration gradients are preferred because
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sel ectivity for conponent A oveér conponent B that is greater than one:
gradually moves towards the bed exit as adsorbate accumulates on the adsorbent
bed. The gradient will be shallow if mass transfer is not adequate. Such a
condition results in adsorbate beginning to escape the bed long before the bed’s
capacity to adsorb is well utilized. In practice, high mass transfer is achieved by
providing relatively small channels for the feed fluids through which the feed
travels. This is accomplished, inter alia, by using beds of small adsorbent

particles or using monolithic adsorbents with small channel sizes.

[0029]  Because it is preferred that these mass transfer rules be met in order
to practice the present invention, one cannot simply coat some adsorbent onto
the walls of a large diameter tubular (for example 2 inch ID ) commercial heat
exchanger. The heat exchanged adsorbent confactor of the present invention is
designed with adsorbent placed in one set of heat exchange channels. The
adsorbent placed in the channels must follow the rules of adsorption, in
particular, it must provide mass transfer sufficient to result in sharp temperature
gradients. In practice, this means use of space-filling adsorbents, washcoats,
pellets or monoliths. Preferably, the adsorbent-confaining heat exchanger
channels will have a characteristic hydraulic radius for fluid flow that is less than
about 1 inch, preferably less than about 0.25 inches, and more preferably less

than about 0.1 inches.

[0030] In a preferred embodiment, a thermal wave is used to pass heat
through the contactor as it transitions from: i) the adsorption to regeneration
step; ii) in transitioning from the regeneration to adsorption step; iii) in at least
part of the regeneration step: or iv) in at least part of the adsorption step. For

purposes of the present invention, a thermal wave is a sharp temperature
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about 5, preferably greater than abouf; 10. In a nost preferred enbodi nent,
an adsorbent material is utilized which has a selectivity of at |east one
Component A over a Conponent B of greater than about 15. [0025] However,
TSA, as_caospvaidht,aRad mbves Ankady di.c. Npproavaitaly ifiaSaHyRMiAdeon WithHi thect |y
heated TSA processes, a hot fluid is'typically flowed through the

adsor pt i orcam¢atton) duaingeondistepaddhd thermad spingadsoeptidhé dgsaptien dyolke.
tenperature rise, the npre fluid is needed., The desorbed inpurities thus
end up di shs spegd;at which the thesmahdront (e degiog Withishaeempesaise 1 i cant

amount of heat that is.used to raise the.adsgrbent t eratgre is often not
recover ed_gr%ﬁlegbr{gogg&gsr,e?qrﬁ%d)pe%i esver*%(flg’r 8@@\73?‘ B @n‘.&% u e#&fﬂfﬂéﬁ rectly
heated TSAS%EWRAR &Jegrm%%%@b\eﬂ_cbnsdaﬁﬂ&l& iPddtifh theWPavd fdYes ad@dd much
shorter regeneration tinmes. Additionally, the occasional and gradua
regener at idoesgiot have tebe the same émthieidsonptintlaiid esgeneratiin steps.i Bodownst r eam

equi pnment that can be difficult to manage in an otherw se steady state
process plexdmplethe ymvesean glowg@pe@m@&fysyw@mcumﬂueat cxospr T suppl i ed

ith h h h el Ll uti i.t h heat WO .
2008/ 1430 RSP S BRSY 818 rpRmtEiprLsieRt e Alsdnaifine 5ERe AE hiAd ¢ he
cyclic natiyentiin A€ hb&EinificBRthRAndSRabE BE PreRht B I adioRsEeH Step

difficulties.
while there is a significant thermal wave in the regeneration step. The presence

D

-

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
enables the use of very high desorption temperatures that would not normally be

considered for TSA operations.

[0031] A thermal wave is created within a heat exchange medium when a
fluid flows through the medium at a temperature higher or lower than the initial
temperature of the heat exchange medium. This phenomena is well known in
the art, and is sometimes referred to as ‘regenerative’ heat exchange. For
example, when a hot fluid flows through a cold heat exchange medium, the fluid
is cooled and the medium is heated. When heat transfer parameters are
adequately high, the majority of the heat transfer occurs in a narrow region
within the medium, and that region moves across the medium with time. That
narrow region contains a thermal wave, in which (in this example) fluid
temperature transitions from hot to cold. The velocity at which the thermal wave
moves across the heat exchange medium is slower than velocity of the fluid
through the medium, as dictated by the relative heat capacities of the fluid versus

the heat exchange medium. As hot fluid continues to be introduced into one end



[ 0026] Practice of the present invention provides a TSA systemthat does not
dilute the desorbed materials into a heating nedi umand provides a TSA

system t hag ) &%[539%?0” (m nutes) cycles and provides relatinel4o§85¢ 1 nuous
flows of products that do not upset dgwnstream processing equlpment.

Practice of the present invention also provides a TSA systemthat is heat
integrated in a way that the majority of the energy of the tenperature

SW Ng i s reGRRHAEEMARgE BMSREm, ColAuRrY&thefBes Froth 18e Bty iet@duhtil decor dance
with the present iInventron that enables chromatographic (nulticonponent)

separ at i orthefmatewgvehid mroset copgietedy across thechisit exahangedmedjuthelnpthocess  of
the present invention is referred tqo herein as "Thernmal Wve Adsorption"

(TWA) whi ctpplisation, Buidsdhateae used frethsrhestingrar copliagrhaserls afithe fererl i n
N WA B R R T A Rt M
typical |y &OPBs HEAnbIAIAA! InWbnfGHIBEdImeRaDtosels MARR BRitae beedtirfitle! ef ot

fluid circult, sets are In therm nication wth each other so

that heat asorpiion elaginkls magadobe astd aimeanal fgid.of channel's to the ot her
set of channels. In a preferred enbodi nent of TWA, adsorbent is placed in
one set of heat exchanger channels, while the other set of channels is used

to bring Neps2] Nt THRRErh &Kﬁaﬂ?@fsz%hm’oifs usBE hRfkiR 16 28fer $6 Mt portith bg'tt?e

manner, the present invention achieves one of i1ts objectives, which is to
avoi d di | uiontactof thiahés diesatlybiyobwidewithltransfidreing Heatibetweenettic uhernidle pr esent
I nvention also provides a neans to_ rapi d[d'{ldchange t he contactor tenperature

wi t hout exbaidianddthagdsenbgat. hEhis typicelly ingludes thy thermalpndiptpcesbfluifian
L TES, o QO8O e 451516 GEF o RSB R BLERHSE, 907,
0 00t bl A8 S B o AR RN Aot
components not directly involved in the heat transfer, including for example, .
conduits that bring fluids into or out of the contactor, or the shell of the
contactor. The thermal wave channel system of the present invention is selected
so that its heat transfer characteristics enable the desired short cycle times. It is
known in the art that a heat transfer system can be characterized by a heat
transfer coefficient (h) between the two fluid streams. Correlations for heat
transfer coefficient, based on fluid and exchangér properties, are Well known.
The heat transfer coefficient is most frequently defined based on the heat transfer

surface area that separates the two streams.

Heat transfer coefficient:

h= BTU or = kcal
(ft? area)(°F)(s) (m* area)(°C)(s)

(1)

[0033]  The required magnitude of the heat transfer coefficient is understood
in terms of the heat up or cool-down rate requirement of the system. A heat rate
requirement (H) for the system is defined as the enthalpy change over a process

step (e.g. regeneration) divided by the step time and the heat transfer area of the



10 they enable feed to be passed through the bed for a long tinme before
"br eakt hrough" of adsorbate occurs. At the start of the process, adsorbate

is at a r\i‘,gr}o&(pﬂ%@t ration within the adsorbent in the ?@zﬁﬂsf;@g)ggézgs ?Let he

bed, and at |ow concentrations at thejdownstream part of the
process proceeds, the dividing |ine between high concentration and | ow
concentration zones gradually noves towards the bed exit as adsorbate

accunul at t S eé;fth . k 1 i SS
transfer %?aﬁ@?l'%éﬂﬂ'a?{eh? ucﬁ?’g c(}:%ﬁg? %@2 hsfg@srap? igldi &r%@tggfsé gpt%bggg@ﬁnm ng
to escape dhafnélesysteansvilieflaids 4tlthe ad of theppelk nfinus thespthalpysofie
utilized. In practice, high mass transfer is achieved by providing

rel ati vel chamatl systean vetls fliaads atithe begnnfngiofithet dyrobeig With a shept timef afer)
travels. This is acconplished, inter alia, by using beds of snmall adsorbent
parti cl es ad achangehsydem: heat teeastor iseen of au the aps Realiaerienuipmeat (H)

[ 0029] Becausg}it IS t§aef erred that these nmass transfer rules be net in
order to [ﬁag S AR &SESent i nvention, one cannot sinply coat sone

adsorbent onto the wal off a |l ar ianeter tubylgr (for exanple 2 inch
| D) commercial healy € er=lh§@£a.t Q)frcnang.ezﬂgg.ds.ort(gpt contactor of
the present invention ifsagesi gh#dara)ts)adsor bémf apiaGdd i n one set of heat

exchange channels. The adsorbent placed in the channels nust follow the
rul es of adsorption, in particular, it must provide nmass transfer

suf fici entiopgsy esul Ieiflﬁrﬁﬁﬁépdéﬁﬂlgﬁ?géﬂéh?re%%% gs”§1§o uF&i RERT tge. this

nmeans use of space- ng adsor washc pellTets or nonoliths.

Pref er abl yhatdeecragSBelEWA §pstea, Ak fal %re‘iﬁ.cﬂ“ﬂ{}ﬁfsrd&hﬁémﬁér%iﬁ\&sl thehave a
characteristic hydraulic radius for uid flow that is |less than about 1

i nch, prefratiabfheatemse rduprireaenttto heattramfbesoefficibntor e preferably | ess than
about 0.1 inches. [0030]1In a preferred enbodi nent, a thermal wave is used

adsor ot on Hese e AR SR b8 6hT 1 R8It he r egener at i on

to adsorption step; iii) in at least part of the regeneration step: or iv)
in at least part of the adsorption step. For purposes of the present

'Zggg/nahggég ?Eg%%%@%ésqiiﬁg%e%&i eesrtﬁté l‘t')r:cl?anc\é\(l))etween heat transfer
supply and demand. As used herein, the ATy is calculated using heat transfer
coefficients based on the conditions of the various steps (adsorption,
regeneration, cooling). The characteristic ATyy is a design parameter for the
present invention. Channel sizes and materials, as well as fluid flow rates are

chosen to satisfy characteristic ATyt requirements of this invention.

[0036] ATyy for the present invention is between about 0°C and about 500°C.
More preferably, the characteristic AT is between about 0°C and about 50°C.
Most preferably, the characteristic ATyt is between about 0°C and about 10°C.

[0037] To efficiently utilize a thermal wave for heat recovery, the thermal
fluid flowing out of one contactor is sent to another. The thermal fluid flow path
between contactors is determined by valves that are timed to route thermal fluid
between contactors at appropriate points in the overall swing adsorption cycle.

When thermal fluid flows between contactors it may also pass through a heat



gradient, that noves linearly (i.e. approximately in a single direction
within the contactor) during one step of the thermal sw ng adsorption /
desor pti QQoS¥dfseceNe speed at which the thermal front Girfis26@Rb@9s W th
sharp tenperature gradient) noves is jeferred to as the velocity of the
thermal wave. The velocity of the wave does not have to be constant and the
direction the wave noves and does not have to be the sanme in the adsorption
and r egeneh@hhfderth@PfldsftreMoVeR heat frbm MRVBoWRTE tHevfalAuil' | @idy Also.
counter-currentTy, or cross-flow between the adsorption and regeneration
steps. |t pass threaghiatdevice, lsacls aspeonipresios, pumpnor blowdrahatpressuridesiit ant
thermal wave be present in the adsorption step while there is a sjgnificant
t her mal wa@dt can floav attheslesised satedhawsh thecqontactars: e Avheat storageamediBie in at

I t ti f the. .t I i ti '
oS! 2Rl el 85 ARl B BB BV SRR YRLE, .
s t0- subsloptididl f¥ered BRESRIIPiLHILsEEOY SecdtPedibior A idieRnfiting
tenperature-swing the bed. This,” 1n turn, 1 nproves process efficlrency. It
al so enablexanipie ofiastaragy eteditimgis adesbed thiedrheae ayetaniger tmt iheyclivalllyd not
normal |y be considered for TSA operations. [0031] A thermal wave is_ created
within a mpgrateschaadgacked badhepeexchanger, energivs stored iyrthetheaheapagityat a
t t i gh I than the,initial,t t f the, heat
exchange HBAREAFITA BepmahSIAUR Anp e PRER BReT RS FHEStirey Testnr A Btk  mes
f dt ' t iye) 1 3 hot fluid
referred 18 ifen 1508AGEA! THE ibEdbr EXRAAMSyaVelo S1QMOGh Wichest N0t (1 U

flows through a co eat exchange nedi um 0 and the
medi um i s dxehamgbr Aloavs dikato ddjastthe tinpingasithe routing ofidesgiial ehyrgyi gh, the
majority of the heat transfer occurs in a narrow region within the nmedium
and that rbegiveen aontestossr Adiernativelpdinengyvcaim beistared Tihatheabexchanger wath
contains a thernal, wave iB. whi ch (i n%{f?li S exarrp,. fluid tenperature
transi ti orfsStYcEreAdieat adsasping materialy 183 HMORRIER t he thermal wave noves
across the heat exchange nediumis slower than velocity of the fluid

t hrough t H8038Wi unihewsedoica thesmabywavigdo passiheatdromaaneceqia¢tor tsandthene

fluid versus,the heat_exch e jum As hot fluid continues to be
i ntroduced® ?‘Iﬂ%%?fgl%%ur%%ﬁ%%ﬁwpmeb e pargexfeBallyar
exchange i q i t i, he thermal
wave has %\g{eeglr%ngrﬁrg1lg¥éwhtggﬁg§§9?#e gg?‘ Bg@cﬁaﬁr}g{euererg |tr1érﬁ}{ I’[t\het hi s
appl i cat i aempttatinésoftthdicontatorsed Pii%\mer@isr@aetriaw a®h seARltrdi@patean Fﬁdys of the
t hermal wave adsorber are referred to 'hot' fluid, 'cool' or 'cold” fluid,
or in the cgoringbn ¢ eontactorheFigire 8alshows the hebaentaotor B0tmtitbe epd ofess :
fluids th are used in the adsorption chaggils Eéfal,sod?e used as thermal
fluid. [odBoTegsacTalion sighand @ cooler cantagier 803 that hagifinished: ay adsorptiom o
portion of e (o) j i i e . j ng heat
R IR o e B e Rl BV RS

bet ween t he*t herm _ S en ypicalTy in€ludes the
thermal aRgmpeRt@e o éﬂzﬁiﬁ%leélﬁ eiRbds G5 abbet P8PEDdAdthe @i'gﬂté‘@f_a? Raiflg
conponents through which the heat is being transferred.” Specitically
excl uded fonorontéctor 863 redicates neoolerdempetratuteoffor exqmpkntess than atiouect | y

involved in the heat transfer, .including for exanple, conduits that bring
fluids int4d é)- El&“fﬁﬁi’tsgé“@éhf’d’&‘ﬂ’éﬂ stage of @oling|the gpntaptor 89 tand; hgatingne

te hoat CYAPEFEMaSion3e3, oY SoolhuRART 801, oM uR PR ™ ¢
i's known ih'éaiiﬁg/cabting RRANMeIYBRthd EGMtAERE. A%SE Eéﬁt%httiﬁo%‘saﬂ@&i(%{ ileed by a
heat transfer CoefficCient (h) between the two fluid streans. rrel ati ons

for heat tcoatstar thotehiperatane of Heesent pearftheiedtrance 888 bpprpaches tigerti es, are
wel I known. The heat_ transfer coefficient is nost frequent|y defined based

on the hedemperatarecof the coghing fluid 833avhide he tsmperatyee phthestar endwf 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



Heat transfer coefficient: [ 0033] The required magni tude of the heat
transfer coefficient is understood in terns of the heat up or cool -down

rate req%b%ﬂ@s%&ﬁ%% the system A heat rate requirenent ptichbfsobddss Syst em
is defined as the enthal py change ovefs a process step (e.g. regeneration)

divided by the step tine and the heat transfer area of the WO
2008/ 143966PCT/ US2008/ 006276 13

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 thermal fluids between different contactors.
Optionally, stream 811 is passed through a heat exchanger 815 to add heat to the
stream 819 being sent to cool contactor 803. An optional stream 817 is flowed
through the heat exchanger to provide heat transferred by heat exchanger 815.
In one embodiment, the stream 817 is derived from waste process heat. When
the present invention is used to capture CO, from flue gas in a preferred
embodiment, stream 817 comes from the inter-stage coolers of a compressor
string (not shown) used to compress CO, to pressures greater than about 1,000
psi for pipelining to a sequestration site. A hot stream 821 with a temperature
near or above the temperature of the contactor after regeneration is passed into
the cool contactor. This stream 821 drives a heat front through the contactor and
the temperature of the end near the entrance 823 is nearly that of the hot fluid
821 while the temperature of the far end of the contactor 829 remains near the
original temperature after regeneration. Another sharp front 825 with a large
temperature gradient separates the hot and cooler sections of the contactor.

Cold fluid is driven out of the contactor and is gathered to form stream 831.
This thermal fluid can be used to limit the temperature rise in a contactor that is
adsorbing the target components (for example CO, and water out of flue gas) or
can be used to cool another contactor. In one embodiment the cool fluid in
stream 831 is sent back to form stream 833. Optionally stream 831 is cooled via
heat exchanged before it is sent back to form stream 833. As shown in Figure 8
hereof, the changes in the hot and cold sections of contactors 801 and 803 are
not in the same proportion. This is in part due to the fact that as molecules
desorb some of the heat transferred to contactor 803 is taken up by the heat of
desorption. If heat exchanger 815 is used to supply heat it is possible to make
the thermal waves in the two contactors (801 and 803) travel at the same

velocity.



channel system The enthal py change (AH) is conputed as the enthal py of the
channel systemw th fluids at the end of the cycle m nus the enthal py of

the channgl rsysitigdgsW th fluids at the beginning of the %ﬁ?&zoo‘%ﬁ&ﬁ step
tinme oft, and a channel system heat tyansfer area of ac, the steps hea

rate reqwrerrent (H can be conmputed as: _ BTU (ft2 area)(s) kcal Or =
(2) (nR area)(s) a,
[0039] 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 thermal
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 second 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. A sharp front 865 with a large
temperature gradient again separates the hotter and cooler sections of the
contactor. This front has only progressed about half way down the contactor
while the front in the other contactor has progressed about two-thirds of the way
along the contactor. This difference in velocities of the two thermal fronts is due
in part to the heat of desorption. Cold fluid driven out of the contactor is

gathered to form stream 871 which continues to be used in other contactors.

[0040] Non-limiting examples of other thermal process integrations that can
be used in the practice of the present invention involve shuttling heat between
one or more contactors undergoing an adsorption step and one or more

contactors undergoing a regeneration step.

[0041] In one embodiment, the thermal wave adsorption system may be
operated with two contactors, one undergoing regeneration and heating while the
other undergoes adsorption and cooling. This embodiment is shown

schematically in Figure 9 hereof and at any given time, a substantially equal



[ 0034] A heat transfer delta-tenperature ATHT, is also used herein to
characterize the TWA system as taught herein. AT HT is defined herein as

the rati f toggate requirenent to heat transfer coeflif
Char act e?‘ivgtzioc e%?t transfer delta-tepperature, ATHT = g@f?%@%%%ﬁﬁls

characteristic ATHT describes the bal ance between heat transfer supply and
demand. As used herein, the ATHT is cal cul ated using heat transfer

coef fici efigy %ﬁ%ﬁ ﬁgsétﬁﬁnfe‘aﬂ%t\bﬂﬁﬁe Abwing bwéé_me%g%@&t&ﬁ%p heAtiRg),

regeneration, coo The characteristic  ATHT is a design Varaneter for

t he presenindidootinigl oThe étmnplel showrein Bigureftheréafl includss aedontacsorf 190X f | ow
rates are chosen to satisfy characteristic AT HT requirenents of thjis
i nvent i on.thptog dsjngrheated avhilehanqtheseontactay 8901 imbeingisooled nBeeanse odc and

LML A S NN T

and about {lfsoh 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 emerges from heating/cooling passage
1907 in a cool state 1906 until such a time that temperature breakthrough occurs
and substantially all of the contactor is heated. Simultaneously, cooled heat
transfer medium 1910 is introduced into the heating/cooling passages 1911 of
the second contactor 1901. Traveling right-to-left the flowing cooling medium
1910 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
then 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 190S. In Figure 9, this additional heat is added to

stream 1913 by passing it through heat exchanger 1917.

[0042] In one embodiment of the present invention, heat is removed from the
heat transfer medium to maintain it at a predetermined temperature
notwithstanding temperature breakthrough from the contactor unit. Typically,
the cooled themal 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. A
process gas mixture (for example flue gas) 1919 is passed into adsorbent lined
channels 1923 at the cool end of contactor 1901. The flow rate of the process

gas mixture is such that target components (for example CO, and optionally



[0037] To efficiently utilize a thermal wave for heat recovery, the thernmnal
fluid fl owi ng out of one contactor is sent to another. The thermal fluid

fl ow pat P\VB%(yfllng&ont actors is determned by val ves th@bTﬁfS@O(ﬁ;)Oﬂﬁ%to
route thernmal uid between contactorg at appropriate points 1n the overall
swi ng adsorption cycle. When thermal fluid fl ows between contactors it may
al so pass through a heat WD 2008/ 143966PCT/ US2008/ 006276 14 exchanger t hat
adds or repméesdeahd NOR) hieadsopbédBefobefdmhird thedhernhal onta! Fife pass _
t hrough a device, such as a conpressor, punp, or blower that pressurizes it
so it can prbgmssiontdfehe dsérnead frattgot havghthrbegl contactorr1901As Ipbattedst or age
medi um can be confiqured so that the energy fromthe thernmal wave noving

t hr ough oﬂ@zdcﬁ?héﬁtagﬁa]il)él%ﬂﬁ@ﬁ %efore it is passed to a second contactor.
A non-limting exanple of a storage nmediumis a packed bed heat exchanger
that is c)y0D43p! | yDopeg atsciption, thepstokgsbadsdrbaig compomays wilkattagly i s
stored by the heat capacity of the bed. A thermal wave noves though the bed
as the endngst steonglyicsthecongggtor adsogpent and will bg theleastmebilendhese a

h | .though this h h N . dj. h
L g of P sn il SRt ettt o P afRE ki Besrtting it Rpd &5t i vory .
ener gy Carﬂiﬂ@ﬁé& Weslé%e{asar 8%@%&%%5%& i%ntstox&e‘rttﬁé&griea%f adsor bi ng

material, s as a nol 1t se ofTa therna ve to pass heat

from one cxisbaption; theadsopbdtes wil driémuthienmebasifrorhisgiongest toeveakesiTileng
contactors shown in Figure 8 are external Iéﬁheat ed nonolithic contactors of

the type dhegantagtariagsebent fone dic indet tocarmblst of theadsorptien ehannels of the n

Fi 8 i | aj i - t t | ori th tactors.

Fi gur o 8a OREELOR /B¢ pRochss ges sHtuE 1t pdlusraasopalrds ta mosT songlvet op

and a COO'a%%ox%%ﬂtc%ﬁn;%neﬁ‘P?o}J%Et Q@s%ﬂg%r[li'xﬁ fiafd Iﬁdﬁpﬁﬂe ,Oa[‘sl%atrﬁg- The darker
gt I n I gher te

gray col or overlayi e contactor | cates a erature (for

exanpl e i rcopsemsaticH frahonioved@roagl thé €ohiagtvremdahayoseiodr éfibie Fromtaint act or
803 indicates a cooler tenperature (for exanple |ess than about 40C).

Fi gure 8b alhtdmes r¢raaingibehind threcthermal fronl. i Ag sutls actargeicomp@ent ffiod heat i ng
of the contactQr 33 To cool, caont act or 801, C.oo!’j&ffl ui d 83g ' %I owed

t hrough t I§X@ ?Fﬁgwewvv% adsqied 18 Be coRbSectionpfcantaciar BOUE o Streamn;
noves t hr r . entrance
805 appr Og‘g‘*ﬁ?ﬁﬁ%ﬁ?%?ﬁ{ %(}SIeOQg?ﬁttq e C%%#ﬁ%gﬁ%zg&!\gngggoé\}hﬁae{aﬁeé

t enper at ur@®nioriche (forex8mplOTO,) ectontdah@ bpﬁ@ﬁal%f—‘ fRIsnOf Bewdral bhepr i gi nal
tenperature after regeneration. A sharp front 807 with a |large tenperature

gr adi ent daygat aomponents {suchaasiwatey] 8Oxsanek NOx9 adfo tenwovesint Iact preferred 1 ui d

ushed out of fhe coptactor | af hered f.orm
P embocflment, tﬂe compos{tlsongo stream 1535 is such that more than about 80

mol% and preferably more than about 95 mol% of the target component (for
example, CO,) present in the process gas mixture (for example flue gas) 1919 ]
entering the adsorbent channel 1923 is removed. In Figure 9, the orientation of
contactor 1903 during a previous adsorption step was such that the most weakly
adsorbed species are nearest to the end where the hot fluid 1905 is introduced.
The motion of the thermal front (or wave) through the contactor is plotted 1931
schematically in Figure 9. It is seen that the thermal waves (1931 and 1921)
move in opposite directions through the contactors. Depending upon the
detailed nature of the sorbent and the molecules being sorbed it may be
preferable to arrange the piping between contactors so that the thermal waves

run co-currently through the contactors.



WD 2008/ 143966PCT/ US2008/ 006276 15 stream 811 that is flowed to the cool
second contactor 803. The stream flows through a stream sel ection val ve and

lor shut aff M@ MS96s813, that can used to stop flow or chaprqR§d8R0d294t1 Ny of
thermal fluids ]bet ween different contgctors. Qoptionally, stream 811 is

passed t hrough a heat exchanger 815 to add heat to the stream 819 being
sent to cool contactor 803. An optional stream 817 is flowed through the

heat exchapggs) t 0 WiHNItHE thGatal WWARS 1931 R dOMWNERbVExohARIRurfhgly | n one
enbodi ment’, the stream 817 Is derived fromwaste process heat. en the

present i nhrnighctheicontevest, the regipdnio £ tHe@dbrftactor toningag therweakestfleld ed
enbodi nent, stream 817 cones fromthe inter-stage coolers of a_conpressor

string (nadserhaies) wilk be heateddist. deHowed byonaxt axenkests agd agkbruntih dhe apout

1, 000 i f ' i ni t ti it A hpt .st 821 with

O s B Bl 8 SRUEELE L1 ey L SN GGEAR (1 o

regenerat 'aﬂ@gﬁb%télﬁasréerglehﬁ’éd)irﬁg %d%l‘BgnFﬁHé(f‘ﬁBW chaliteF 1933 ?ﬁd"fbﬁé’s]thg 'Irdés @
rough t t the

heat front t he contactor an e tenperature o end near the

entrance §ad3vhishileey hie Hdavdd. off thopipiag if hirafgéPdo Wit ltke tHeemabmseat ure of
the far end of the contactor 829 remains near the original tenperature

af ter regeneveaco-surreatlyitheugbtihegontasterssthe regitom ef therogatactempeoniaining
gradi ent s nd caql.er, secti.ons cont

%  ven 66 ProREeY ek AdsRsDRIES STH) Heh S Braatallowes by SEHESkIRSEL o o :i ‘
| ndsor biiab il BF sHAREC Asbldd mbld5ia AR & ¥, DRG] | 0

gas) or cgropértiesof thoadRbematdadrbecaivantdgdous ké‘g herdeaidteitsot thet cool
fluid in stream 831 is sent back to form stream 833. Optionally stream 831

i s cool ed thé¢ thareml veveh angeicdrehientlyt In sithencasesepatate siveamsof eam 833. As

shown in Figure 8 hereof, the, ch es in the hot and col d sections of
cont act or SA8eFbaKRs AR Sllected in Qi farentlings Hrissecls te AChiehe @ GOntingoRs, ¢ due

cont act or "Bsepsielba RV RERRL CnrfiRBtaphl®) SRBdorCs! i changer 815

Is used t ply heat it is possjble to nake the thernmal waves . n the two
cont act or 30§ 1 anthesedsorbatsy gan Blov AWt athe coufaster heing pggencrated co-

2008/ 1439%?3%@@%?@%%3%5@%&@ o HRE T W R p AP ST P ERA SR 2SR ©f

t he thernma
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
such an alternative embodiment, the desorption flow is taken in the opposite
direction to what is illustrated in Figure 9, such that the weaker-adsorbing
components must flow back over the stronger-adsorbing on the way out of the
bed. This approach can provide a cleaner condition of the adsorption-step bed
exit, resulting in higher-purity effluent during the adsorption step. It can also
result in a higher degree of separation of adsorbates in the adsorbate effluent
stream under some conditions. In an optional desorption modality, a sweep or
purge fluid 1939 is used to assist the desorption process. When the desorption is

performed co-currently with the thermal wave, a preferred embodiment of this



contactors (801 and 803) as the process continues. Cool fluid 873 continues
fl owi ng through the heating/cooling channels of the contactor 801. The
thermal f ved further through the contactor. in the
first tmﬁ/t@%ﬁ?sz@%g the contactor 845, s nearly that of ¥t% e E@E{d?ﬁé&fl uid
873 and the tenperature of the far eng of the contactor 849 remains near
the original tenperature after regeneration. A sharp front 847 with a |l arge
tenper at urghiimafhfifalidy idttoARR RS SWebpifhod VelocAPIh&QARlaely matshie9lgatof t he
contactor. "Hot fluid pushed out of the contactor is gathered to form stream
851 that icfthe oherthal wavetinevieralodgdhbebedt or 803. A hot stream 861 at a

t enperature near or above the tenperature of the contactor after

regener at i [9p46p paﬁwg ba&HesikABle 16 ©PBFALE WP hiIltipREILF BF cbAtagforumidiihve a
heat front through thé second contactor. Tenperature 1n the first half 863
of second suchtaamhnmer thahseaveral uritst arefcoupledhiathehting andabolinigl apersteons,
tenperature of the far end 869 of the contactor remains near the original

t enper at urhide pther anits ape inyelved ghadsorpiion(amier desasponar ethisnper at ur e

gradi ent agai n.separates the hqtter and cool e ctJd ons qf..the contactor.
This fronoisRighie FhaGelddan be SRt hepled il e Siadhite Befni 1 ¢t he
front in tt%s?ér"lﬁédﬁ%%h@ﬁﬁ@fit% ?%%viw&ar REP&AVRRBAVE a8 pEBH! dSheidvalitageay

al ong the contactor. Is difference in velocities of "the two ther

fronts is afsachanmperation ishbabtrt het used o pivingnthe Geldds frétairsedoini the heatit  of

the contactor is gathered to formstream 871 which continues to be used in
ot her contteanséeromedinon.o]f\adsorption wege txpraseed sisnultangoushhwithedoobinge ess

i ﬁtvﬁ?i‘é‘f <R oA ARHe! Bt AECH B 16T F& WS BEIOTLD RRmm A HHe
[0041] 1 n”aseecmhMiaRF el BRI GAR RildEded sBAROHY hE rieh SRR R T o o ea

wi th two qhehast irsfeomeditizgder goi ng regenerati on and heating while the
ot her under goes adsorption and cooling. This enbodi nent is shown

schematic in K . r J i e S1RS ially
equal V\Dalg%yl 14?&%&%@?6@@%8%@3@%%# g(;} lhledz}? lt?l?gnsf e%ﬁ%di um w | |
be flow ngihetyqdred fir adodibaat e¢genkpitidiemiay 1 shostet dain the. timb eeuipep! e
shown in Figure 9 hereof includes a contactor 1903 that is being heated
whi | e anotfhetheceontadoor adsooption capinty todu Bdly Baizads dnofuchreases npmat ur e

gr adi ent tbha is,created by the flow of, heat .transfer ne i.fmthrou h the
Sont act or D& drsinable iorkpveseieral soniagfors dn dhpdsrhimgip sraw@‘n%wvelrﬁ heat

(or cool) SARIEL0hY IHdhddlfeb el aGARbhal b /1 dolhe halgl 1f byl d 1905

is introduced 1nto conta ( energes i ng/acool i ng
passage 19Q}éferfedeeribOdintdr! thellRVeralRbhiactdis fén?agédﬁh Adwebptieiaey ature

br eakt hr ough occurs and su’b_stantl ally all of the contactor is heated.

Si nul t aneceshycted anisexdalfaahion; anct that thiinost-t@eatly segenarattdamotiaton t he

o T84T 405 B TR I B AR
D ne SR RO e L LTS R 2,

to heat th@chithftlea6RAUSGIRE tiédtsia AABFon b tIRY WhbicCReddUR y%?aﬁ@tﬁ%r' osses (for
exanpl e, desorbed material |eaving the system hot) sone heat nust be added

t o i ncr easenbddinteatythemnalr-wavwé stonagchdevibesaretusad 26 storemadd aklovoprdperor i gi nal
tenperature jn stream 1905. In Figure 9, this additional heat is added to
stream 19£4NKg §icN§l8St t hr ough heat exchanger 1917.

[0048] When the contactors are used in this manner, it is acceptable for each
contactor unit to be oriented in co-current flow, counter- current flow, cross-
flow, or any other suitable flow configuration. However, in a preferred
embodiment, the contactors are used in co-current flow and/or counter-current

flow orientation.



1004211 n one enbodi ment of the present invention, heat is renoved fromthe
heat transfer nmediumto naintain it at a predeterm ned tenperature

not W t hst\gpdhadsbsgrer at ure breakt hrough from the cont agk@fusdsisions27e
Typically, the cooled themal fluid (exiting the cool -down step) will be at
a tenperature that approaches the separation feed tenperature. Cooling via
heat exchange 1915 can al so be provided to decrease the cooling fluid
tenper at ur[eo49) a tPRRGEA aUEIftdAR of thaRohfiRtor lustd h tHRICHYACASE bF e 9as
stream 1919, thus pree-cooling the adsorbent to a tenperature bel ow the

i ncom ng gepsendtinventicmedepeadp enavhiether thepramtacter isaaternallyheateiar exanpl e
flue gas) 1919 js passed into adsorbent |ined channels 1923 at the cool end
of cont acte¥terngly heated quring regeaerstion, &Vith intemallyheated contacioss, 4he Bas hat

target co ent f npl e nd tiqnall .

2008/ 14500 BAAIA st 68 PeBrBTRoRircy P8R iAdS s pdSirbentymateriah pef or e
reachi ng t lthE 1 i ; f: s{pr wave)
b ough contASRRe Tt R@mgly Fedtb BORREIRE ubliotd iy IRSpERont ihOBide

[ 0043] Dur ithg haalstransferncneffibiens (hpisglefined dsahoifluid cosplidBeattratisfér at t ach
nost strongl gﬁé,o the contactor adsorbent and will be the | east nobile.
These conp@stiigientai Ap suelsithe ganer fluid used tr heatdhe pentactarskising to the inl et

and wi Il displacg weakl dso d mterials fromtha ign. Over, the

Sor bn of TeaRitafod RANK RGReh R sERe dhadtoRpte Yok hel FRLAR: gfy 8ld onccst
to weakest t r b far Ll of the
adsorpti or?ug nnglagggﬁﬁ%a%%ﬁt g@tg?rag’ m‘#d‘f %gé&p{rlglé%dsigﬁgéég% x%{fﬁgei s a flue
gas, wat eradssrbiehe cam flowstd-@uereyit, ddantRairedos dethogbail (1S trazs uwer

materials. In all cases, a sharp concentration front noves through the

cont act or thedirepidop it the Aluefgas flows. ofer suchanternakiy beatedwiontadbeds) e t he
thermal front, As such, tarqget conponent (for exanple CO2) is. always
adsor bed it?]rgtehgoglggpegtéélﬁqeg)%egptue@g{{geE]bqrnlaéggge@[rgté thEBRXeWBPQ}EE from
the adsor hagi, lﬂlﬁ&%é@&]?@&?gﬁelja?gﬁé’\&éﬁa@ﬁt Fof ﬂﬁelg%g? ar?iﬁpHg’,qg et (T O7
exanpl e renmoved and ronal 'y nost of  sever other target® conponents
(such as wehgjonehtxwatlll BO¥pecitsSucheiiVOd andang witef tHat efpRIBACInREt . the
conposition of stream 1925 is such that nore than about 88 nmol % and

pr ef er abl yluecgas. t han about 95 nol % of the target component (for exanple,
CO2) present in the process gas mxture (for exanple flue gas) 1919
entering t0@56§dsorlb@npre¢iited glat Ud2Birbet dorpOIRGts bé sépdibicd fPomtthe gas, or
orientation of contactor 1903 during a previous adsorption step was such

t hat the dhdd, wssdibyegeraoatedtic spiemally beatedeantastort Extérmallycheatek e t he hot
fluid 1905 is introduced. The notjon of the thermal frgnt, (or wave) through

the cont aCPBIRCIYS Na¥E ASgPaRRLY SE ppels|tp warmy gasses @ Quidsused ta Bedt t hat

t he ther d i 0L+QRROS, i i .nropgh the
cont act or endBYE R ot BE ThIRRR B GaPRADS il ERAEBRT AR RE

ol ecul es thepr@esoinRestion, thehehetrahsteeadirid (B) isadmddRr BhdiragsfBet ween
contactors so that the thermal waves run co-currently through the

cont act or ©f heat from heating/cooling channels to/from the process channels. It is also

preferred that the separate set of channels are sealed so that gasses used to heat
and cool the contactor do not mix with the target components liberated during

the regeneration step.

[0051] Non-limiting examples of internally heated contactors include: a bed
packed with pellets containing a selective adsorbent for at least one target
component; a beaded selective adsorbent bed; a bed packed with fibers or a
fibrous mat containing the selective adsorbent for at least one target component,

structured adsorbent contactors, and parallel channel contactors. Structured



WO 2008/ 143966PCT/ US2008/ 006276 19 [ 0044] When the thermal waves 1931 and
1921 nove counter-currently through the contactor, the region of the

cont act or i .ni.ng the weakest-held adsorbates will b i,ESt,
fol |l oned ‘ggqﬁ(seszlt“ggv?gakest, and next, til the strongest %g E%%@g{gaér%zferi al s
are heated at the end. The order in I ch these adsorbates are rel eased

I nto adsorbent |ined flow channel 1933 natches the order in which they are
heat ed. | fadkbfdeht Bbitdciots ebhanggplealithef flohechidiensthavalew g\ fluid
co-currently through the contactors, the region of the contactor containing
t he strongeyhybiehtly ditsotliraugh the contactare & dow chamel isthad pedidnyofithet
strongest, and next, until the weakest-adsorbed m({;lgﬁrﬁl al s are {]e ted at the
end. Deperf@ntastemingvbishrgasdiows if »ateady statrpressyre THNCC48 GRRA lﬁ‘geo us to

Cate separdrecst MepdRis Oplaby BB feedirEdm i fadf EOMER A e, Res or
vessel s tﬁ,ggﬁ}ﬂremﬁc@a ??@&ﬁ&%ﬁ‘éﬁnfﬁé%gl{ b LRI 02 IFRE BlowY 8hdrihel idnot

chr omat og c) separation. [0045 e adsorbates can flow out of the

cont act or doakidgred@ehepaitt f the open iesopoye mrmacroposs volumeofthe t o t he

t hermal wave passing through the contactor. In this illustration, the

desor bed spatacser. Patallal sharnelpentargersdormas prefierredisubssé of strpetaged hannel s
1933 of contactor 1903 coupter-cyrrently . .to the directi.o f, the thernal

wave. It rOsarbedt pariariore 16 zeralls) Shande) RnlaiSerstist rSR RN OnEAEhr pt i ve
a.k.a. c [ ' ' - ent desorption. In such

( Wﬁ%ﬁﬂ%glﬁﬁl dre sﬁﬁaﬁﬁeﬁ%llggaf%lﬁei‘tcﬁ?@ GHEL. P

Sn alternative e rrr,lnt t rption WlshtaEen iE t he opposite

: . o g 9 )

weaker - aadbPeihg chikabmeit be Ridhiv FemorosRiceR i A elinglgRling sbareliy on
the way oyf o a&ét‘bggﬁglg gxéla?hﬁ‘l 0 ] ﬂ?d&lhefs% HaeVid6p&atd W?ﬁ%ﬁf&ibﬁ i on_of

t he adsorption-s exit, resulting in higher-purity e uent” during

t he adsor picated congsctor.t Prsforrad eateraslly heatod @ohiaghers sditgbledfopliss aptieat i on of
adsorbates in the adsorbate effluent stream under sone conditions. In an

optional dsesnpinventiondsill hyve highlwap transfsncgeffidients. Iedgeiembadiment assi st
t he desorption process. \Wen_ the desqrption is perfornmed cqo-currently with
the t her Al NEREFSCHt BVERRPRolCdlfBbaNRARECD PhaHiels arggharacterized in terms

2008/ 1439%@%55&&?‘8’9%&&9@3 the?fled containing channel and the channels

containing heating/cooling medium. That boundary can be characterized as

having a cross-sectional area (A) and a perimeter (P). A parameter D can be
calculated as 4A/P. For example, for cylindrical tubes packed with adsorbent
pellets, D will equal the tube diameter. In a preferred embodiment of the present
invention, the parameter D for the heat exchanger channels that contain

adsorbent is less than about 1 inch, more preferably D is less than about 0.5 inch.

[0053] The heat adding/removing channels are also designed in a manner
that results in a sharp temperature gradient or “thermal wave” behavior.
Temperature gradients may be related to concentration gradients. However, the
primary controlling parameter is the heat transfer coefficient between the
thermal fluid and the mass of the heat exchanger. When the heat exchange-
adsorber system is designed with appropriate heat transfer and conduction
parameters, a temperature wave will be created during the heating and cooling

steps. Such a condition enables the system to substantially recuperate and



optional nodality introduces the sweep with a velocity that nearly matches
that of the thermal wave noving along the bed. [0046]1t nay be desirable to

oper ate Wyhhod/ Wi P! i city of contactor units in such @CMQ%/OP&%
008/

several units are coupled in heati ngd?nd cool i ng operati ons, I I'e ot her
units are involved in adsorption (and/or desorption). In this operation,
the contactor can be substantially cooled by the circulating heat transfer

medi um befrgggvdrithé heatfehalied to '@érﬂ{)é%mﬂeﬁﬁvihgrth@@é@f i An tIRE engyiegt age of
such an operation is that the heat used to swing the bed is retained in the

heat trangheuseeflvary high dederptiun emperamréesothat voaddinet nodmalhebes! y with

cooling, then a substantial part of the heat in_the bed woul d &e |l ost to
t he adsor isansiderediarely opgmations: dPee arangemeridfonghicat buegratebther@al est or e

the high temperature of the heat,.transfer nedi ym ,[0047]Ln ition, in
iy cacesVRBLIetEat PrpchSs Wam B0 EherfEid B aiarintt Flaff St for
adsor bent regeneration may be shorter than the tine required for the

cont act or y0@84pr pt@ﬁ&aﬁﬂg%%itérhaﬂf o?‘i‘ntfekﬂdlby kédtéd é8taclors fiftha BRI |t may
be desirable to have several contactors in the adsorbing phase while two

pai red comwaat thiat passes throuph the adritacepes pratidesisighdsmant benéfits aver cool i ng
phase. In a preferred enbodi nent, the several contactors engaged in
adsor pt i oPrayious saneentianal gas sepasption smatheds, suel as MesselheoHaiing ecent | y

regenerated contactor unit is the last bed.in line, and the first unit in
[ Fhe v 11| sSTRRP B als o Higidt AR otPe pRdit PR IPRAEI rent . ¢ he
adsor bi ng &y 8 aFOMN Sl FlndWn R iRdseHavi ' IGAGA tRI3QREA théy eat s a
fraction of t eO%ngfle ?legﬁl In(5 yreltéal?é)%eheafv“g%ggddfl@ﬁ, t érnﬁﬂqawave %torage
devi ces arcanzedppliedtd eemonnd wricvyoftaget gasesifrugm af wideevariety ®f gak 0048] Wien
the contactors are used in this manner, it is acceptable for each contactor

unit to benixturgat duisipessiblete signifiganghy, impsawe the resgvemnperceiage ©f @ss- f | ow,
or any other suitable flow

embod, mont e ROTEBAESLEH B SOETPAPILOL S BFERT BPY BURGRG Pyse of the

count er - Ci &AL irdvedfiof! 'Y RERObmpAifdnt (OBLAT3 B8R 500 YHr M6 RERlar
component, or components that are not preferentially taken up by the adsorbent
in the adsorption step of the process. With the contactors of the present
invention, it has been unexpectedly discovered that total recovery of the light
component achieved in the swing adsorption process can be greater than about
80 mol%, more preferably greater than about 85 mol%, even more preferably
greater than about 90 mol%, and most preferably greater than about 95 mol% of
the content of the light component introduced into the process. Recovery of the
light component is defined as the time averaged molar flow rate of the light
component in the product stream divided by the time averaged molar flow rate
of the light component in the feedstream. Similarly a heavy component is taken
to be the species, or molecular component, or components that are preferentially
taken up by the adsorbent in the adsorption step of the process. These heavy
components are also referred to as target components. Recovery of the heavy
component is defined as the the time averaged molar flow rate of the heavy
component in the product stream divided by the time averaged molar flow rate

of the heavy component in the feedstream.



21 [0049] Physi cal architecture of the contactors used in the practice of
the present invention depends on whether the contactor is internally heated
or externgplyodhGdegd during regeneration. Wth internal &ngfas%()%ﬂ%z%
contactors, t%e gas or fluid used to heat the contactor directly contacts
the adsorbent material. Therefore, in the internally heated contactors
utilized in the present invention, the heat transfer coefficient (h) is
defi ned 35[00551[” WinCh ﬁ&fé{%d nfRAImEAL TS férco‘\“l@&f of theQight cOpoteht ist he gas
or fluid used to heat” the contactor during regéneration passes through the
same nmacr ephancadby ntlizingt sthistufedirlsgetend icdntdotdrs thatvensaln arlow wolusteep. The
gas, or fluid, used to heat and regenerate the adsorbent can f] ow

co- cur r entiractionfopea mesonores apd masgeperes-( That ise thessiryqtatgd hedl ¢ he

direction that the flue gas,.flows. For such internal heat congactors,
he tar gerdsasBhentasPri T HetreSent iReRien eop RS Man 29 atey i x
wih the gastephbll!itisdnii 8BohP15 SBPACHRAE phdIBrabf 1AS!RAN abBlt 10 V61835
separations, target components woul d be speci es” such as CO2 and any water
that is prangdanbstiprefdrabliylless than.aboQOS5G6iol% ofsthpirgfore veturhbah opbe poagsiiat
conponents be separated fromthe gas, or fluid, used to regenerate the

i nt er nal | heymeseporsoandamiasropars sizerrangs. Mesoparesane defioed bydhe I[HPAGpar at e
set of ch%n%el s toc rr.%e gasge;toorrgg ui ds used to heat, and cool the

cont act or O PRALEH WA SizesiRdhe 20000 3nastram. 3ize Sanet « WACTORGTES 25 i n t he
present i | : : e ' | t he
Pranafer OETpcd fitreih 15 peTfeed WARSSiEs BRCE AT Mol 00 ApREHARS Rl 2ess
channel s. thin hbowt! Smidroal EBé@mse fed flbhechzanalsaire 1ager tHanchafibRisinige,seal ed
so that gasses used to heat and cool the contactor do not mx with the

t ar get corheyaret zotidopeidgreditaibe pay afitke mageoporatnviobumst &y open pores we

[0051] Non-limting exanples of internally heated caontactors include: a bed
backed wi TREAIESD and GcPR9IRS thAEF B0t PUeibies By sehock e agent aad fhdin e

R e N L e e

ont ve a or at l'east one
target corgagmeiRkturest ructured adsorbent contactors, and parallel channel
contactors. Structured WD 2008/ 143966PCT/ US2008/ 006276

[0056] Methods of determining the volume faction of open mesopores and
macropores can be found in co-pending U.S. Provisional Patent Application No.
60/930,827, filed May 18, 2007, which is incorporated herein by reference.
Contactors having low volume fraction of open mesopores and macropores can
be used in both equilibrium and kinetically controlled swing adsorption
processes to improve light component product recovery. Adsorbent contactors
of the prior art contain significant levels of mesopores and macropores. At the
end of the adsorption step, the mesopores and macropores of such contactors,A
which are non-selective, will contain significant amounts of light components
because transport into the mesopores and macropores is nonselective. This
presents an especially significant problem in high pressure thermal wave
processes because at the end of the adsorption step the number of molecules in
the mesopore and macropore spaces can be comparable to the number of
molecules selectively adsorbed in the micropores of the adsorbent. In the

desorption step, most of the light components contained in the mesopores and



22 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 %otzt?@s/ﬁ%%amor in which gas flows if a SteadyP%Eﬁ?E?"gﬁ)?{’%Hre

di fference i's applied between the poijts or place at whic edstream
enters the contactor and the point or place a product stream | eaves the
contactor. The flow channel is not considered to be part of the open

MEsopor e gt?)a&% bRd3Cre u&ﬁ%%&%l?ﬁoi‘c% tROREAG} E6mpBAEH proluctvirdagh. agntactors

forma preferred subset o uctured adsorbent contactors. In a parall el
channel caouichsthese light modedudésartindteasdvered as desiodd withrthellight paddunte
substantially parallel to each other. {0052 Heat nust be readily

t r anspor t abis capgesulhia sigaificagt kassof vgluabde HehtproducheThe adsgrbebh nedi um in

it h s i d t t t | | v heat ed t aetor.
ot e ShE b 30 bR LAY SR SRR, o

i nvention imﬂrbvéﬂﬁgr&&%ﬁy%ﬁﬁiggﬁ BRRIRES whehh sﬁrmicdtéum@%mﬁbaﬁn? of
t he present "I nvention, the he xchanger charinel s are characterized in

ternms of thiuheunsttion dRépeemettortend manopord smcefiannel and the channel s

cont ai ni ng heating/cooling nedium That boundary can be characterized as
having a cross-sectional area (A) and a perineter (P). A paraneter D can be
cal cul at ed0887h A/ Amprevemeatspinethefregovsyy jofdhe light eemppenenicte gspacidly

adsor bent .pel | et Dwll equal the tube diapeter. In a.preferred

ebodi mentROTATE fp Rebirtscs Aenes Bmove imBulliEs fom BB ¥R SBRATE. exchanger
channel s t . s Hﬁ% | n < Ahi referably
Dis less é%%&lggggit@%?g%ﬁﬁc ) t%%":éﬁ %S{gé eétwg%s}lg})lr%on&fﬁgéﬁhgnnel s are
al so desi gaffiritiesghs@manesmpbaéntspand tife inktitanehdctppiciiee(lightrcdngs@inent or
"thermal wave" behavi or. Tenperature gradients nay be related to

concent r atstegamgraidis dvigls a presssveas pracsicpl foreapgralility i naturpl gasaneter is the
heat transfer coefficient. bgt ween.t he, thermal fl uid.

noat exchdHBEF e PREVIAUSHY TESLHORTGh IS BTBER Y ERURH Fan BERERd Wi t
PP OB SRR PSRRI MIFLROE mocd NGRS BRI
S ng} iz 3t9 gg%%_y}/s{)gz%% g}ogﬁggg:?gﬁgﬂé@{dpfefdiﬁblgegré&l@r eitgh abdfdt 90 mol%, and
most preferably greater than about 95 mol%, even when the natural gas is fed at
high pressures, such as at pressures greater than about 50 psig, or even at
pressures greater than about 150 psig, or even greater than about 450 psig or
1200 psig. The present invention can be used even when the gas stream is at an
exceptionally high pressure of up to about 7000 psig. The composition of
natural gas streams directly from an underground field (raw natural gas) will
vary from field to field. Non-limiting examples of components that comprise a
raw natural gas stream include water, condensates (higher molecular weight
organics), methane, ethane, propane, butane, CO,, N,, He, H,S, Hg, and
mercaptans. Water and condensates are typically removed and the condensates
sent to a petroleum refinery. In order to produce a gas that can be introduced
into a pipeline for sale to residential and commercial fuel markets contaminants,
such as N, Hg, mercaptans, and the acid gases CO, and H,S must to removed to

acceptable levels. The levels and impurity types vary from gas field to gas field

and in some cases can comprise the majority of molecules in the produced gas.



recover the heat required to tenperature-swing the bed. This, in turn,

enabl es the use of very high desorption tenperatures that woul d not

normal |y \bg -6erssgigr ed for TSA operations. One arrangen?@tnﬂ‘s%os)%o gat

i ntegrated thermal wave adsorption prﬁgcess was di scussed above and as shown
in Figure 9. [0054] Operating externally or internally heated contactors
with a thermal wave that passes through the contactors provides significant
benefits QuRlexBifpledss P Th SoiAt ndffabLRefidlds 95 coBid® fiom abelt RS vessel s
cont ai ni ng adsorbent beads or extruded adSorbent particles. These sw ng
adsor pt i oomoBétimabout 23 nel% €10,, weire typioathy fimm hbeet hawnialle tr abowdrA) ski | |
in the art argd t hey can be applied to renove a variety of target gases from
a wde varm@]t/yQQZ-gas m xtures. It is possible to significantly inprove the
recovery percentage of a |light conponent as a product conponent of a
process ¢ R<t ur i Lon. . The: i .conmponent is
taken to QQOM sp@c&%és%{ﬁg?&ﬁrno%@&gﬁggﬁ gé(yrc}%{o{?p/éﬁpz fa'u%ﬂ, %:no%éérye%@ 2 1%hat are not
pr ef er ent irginloyed FH naburdy ghd i SFHR RBBEptich proReRE 0Tt RS priTest@Ro of the
process. Wth the contactors of the present invention, It has been

unexpect edbsmulase thecadsdrbémtwitl a apecificalassyo ff-rinigezelol i matenigle teatthaa@hi eved
in the sw népadso,r ption, process can be greater than about 80 nol % nore

pr ef er abl Jigh kHetic seleehivatyo Lthgkingtir sglestivity afthislassafabripggeeliter t han

b %: f bl h b | 9%,0f th
content oftgietiaf fIERECCRIR LR ABIdly Hafithied 130 ABRY vt VB overy of the
light compeR®siing thedpdrispBet embiMant sBRhAVE E@g&g mhé%efebﬁ%l&%ga&fte the

. i
| i ght component 7 n the product stream divi y the tine averaged nol ar

f1 ow rat e GO, frioen b ingixturewfi©O¢ ahd nrethivee. f BexddierrearovabofilUGy frymendtesly
conponent is taken to be the species, or nol ecul ar _conponent, or conponents
that are (BR&ftBissRaciic glasaRER-nime Boolitaanatgrialstiasta $1Ad molavieasiopfrpan st ep of

component S00RERE BPGSCY Yo ficPRIGaRHCRRRCARR T L f g R meBe R 11 e
aver aged 'ﬁ?éﬁfaﬂl#' Forh abBuP50 i ﬁFa CR@Btegﬁfo\%e i[l dRaPi LG hetEfRSam

di vided by the tine averaged nolar Tlow ra e heavy conponént in the

f eedst r eatthe tef SVAB 11 4SDGEPSTHIIAORS rAG 3T 6ilid4 th ADdjaoftherRbliticed
enbodi nent, the recovery of the Iight conmponent is enhanced by utilizing

st ruct ur ediragawe bd his preiersed elass phétring peclitas that ave switahle for use hemimf open
That t he structure ed adsorbent contactors

d . i g,
oF the o a08m CRRISREPSR the Aermal ot Suer BT ad WANAOWF &0 A0l y | et
than abouty eY@h%ﬁ tHH 'the Ptfd 6 fl%% é(ﬁ'ﬁéoﬁé?ﬁ?liﬁgﬁﬂb cberiQkits FEOMRRY.
a vol %rof ‘their p f

preferably less than about ore volume in open pofesin the
nmesopor e Mhm(imo,omgowég4)ri§§g@teﬂ\ﬂhaﬁra«bbas1@t,r]ﬁeﬂérﬁbne eBier ithéh ABGIAC to be

pores with sizes in the 20 to 500 angstrom si ze range. cropores are
defi ned héPeanrd morp@refsraly greates thansabgue 406 andrevenahoxet préfdablygerenters and

I h b ' ., B he .f1 h | I .th 1

m oron 1 nteyabout 2B REnods Bhatietminine e Kuehiselesiviurcadmeug; o vol ume.
B . . . i

0! ok g e A i FRAGh BACITRGH B B2, htd nf b pRRUi QG ity [Yorth

non- sel ecPawgit A pplicatiofiNvse60/930,823, AR Mayt18, 2007 00hdHVatiHesp opdted
determ ning the volune faction of open nesopores and
herein by reference.

[0059] In many instances, nitrogen also has to be removed from natural gas
or gas associated with the production of oil. In some cases this is because of the
high nitrogen levels (>2%) in the produced gas, and in other cases nitrogen
removal is needed in order to liquefy natural gas. It may also be advantageous to
separate nitrogen from flash gas that occurs in LNG production so that the

methane and hydrocarbon products can be used as fuel. Another application is



macr opores can be found in co-pending U S. Provisional Patent Application
No. 60/930,827, filed May 18, 2007, which is incorporated herein by

referencewo%&t%g%grs havi ng | ow vol une fraction of ope?F%%ﬁ;Og ~and

nmacropores “can be used in both equilijriumand kinetically controlled sw ng
adsorption processes to inprove |ight conponent product recovery. Adsorbent
contactors of the prior art contain significant |evels of nmesopores and

MBCT OPOr e§he tmfftasus%f stfttﬁnmerwll BIY s Bkt ﬂtehﬁeﬂﬁﬁeraaamda@@hrﬁaﬁr opor es

of such contactors, gtd are non-selective, wll contain si"gnificant

amount s ofprbdgdts canrmaaemerebmanseda a$ faels p¥hen lrettoyerdsd: inmagrer es and
macropores is nonsel ective. This presents an especially significant problem
in high prasysntageensiontg-liguefy the suetbane and bydeacaghon ard egturnsd thgm back

igiﬁé?tiﬁ E&eﬁﬁﬁia&é o R esE B oA Eew%ieequ?qg‘?fﬁf HsgPoca i n
component Sean heat G RUBRRRTecot hy o1 BFR e BB A100uECR b tR2008 006570

25 macr Opqﬁmgaﬁ-eoumﬁaﬁ rgalsl JTHeps hat @ btdrevasafew gol@aNgdiews osibehtsst r eam
As such, these |ight nolecules are not recovered as desired with the |ight

product . itk st w@smqwhbrusmgm kinetanseleetiwitipfonitrogbn eeparghon [.fl’Qitluct The
adsorbent co tact cesses herein of .the present entlon ﬁ

S oni 11 cariianen ot NorRparalion s m mipral Bahit ibA oRre LT ot

fabri cate ggt}']tﬂtnwlﬁtdys ds 6P euaEe CEASHE! Aol sot?ﬁf‘h{?éﬂféﬂéﬁmﬁﬂg rmeropore

spaces I'mprovenents in recovery O onponent are

especi al I YeledHQity arthel ihe i€ 96REE PRty WFeHls cPass OTBANg rmatalhlseaﬂld‘ws)mz @t ur al
gas streanms, particularly high pressure natural gas streams. It is

desirabl e btecrapsﬁy)mnsm@ed ingarzevlitescrystads/ while ipnderirigsfheanahsplogt ofet hane-ri ch
pr oduct (I t co oneng t as high a pressure as prattlcal for

I
oper abi | i fYCNANE 59 a§|1t @é&osﬁllg%&ﬁ ﬁ@tl"% SEP%"@F%NQ Ifspmr@rﬂll’ﬁH@do Npéngdr esent

i nvention out 80
ol 5 mor anaRE, RN PelBhft OhiEE AR ET KR MR arlk R flast PERPLE)

greater thaplifhuterRl m@b%as%@/Apﬁblﬁrﬁt@rﬁ&hyameettsrabbnam oRlpout 95 mol %
even when the natural gas is fed at high pressures, such as at pressures

great er tt]mefeazttdytfrc’ﬁﬁ absuy 10 do abuen5@l, andanere prefegmbht front dlzoutdifotot 150
psig, or e great gr t han about 450 psig or 1200 psig. The present
i nvention 8Ht i Rreterroghelass RE 8garg Zeqlissthat age suitabde dapuseoerein hi gh

G root1y PG, AR MR R R Bard NEWRER Bt Raie MREDT: 48T om f raia
to field phNofirdisOth M tBX PR} 8Bsial l&éﬁfﬁﬁ&ﬁé}{t%ffﬂ%bn%é?ﬁér%ﬁtsaofrﬁ%"’aﬂé‘t ural

gas streaminclude water, condensates i gher nol ecul ar wei ght of gani cs)

met hane, enéthame (ipe. plbaﬁambnisegreatemn Nprefdrablyidfscaticdg thaanabow 20aphdns.
Wat er and condensates are typically renoved and the condensates sent to a
petrol eumnp@ﬁméfeyabllyrgrsméthatrbalpmﬁeﬁ%@che‘gmsrnpmrecfawbbegmmrdha@ed into a

I f uel Kk
Bueh s no00 JesFiuptee B3toTRR iR spiBE a0RFERE b oress®s ABRRE BSOS Menoved
to accept FRik nafiMsl ga as E%o‘tl?éfeicﬁ/aﬁ !df?éfegw th)RegssV6¥ ri;TéoiEofl’i?é field to
ecul es

gas field and in so cases can conprise t majority o in the
produced geateriaMD 2008/ 143966PCT/ US2008/ 006276

[0060] In other instances, it is also desirable to remove H,S from natural gas
which can contain from about 0.001 mol% H,S to about 70 mol% H,S. In this
case, it can be advantageous to formulate the adsorbent with stannosilicates as
well as the aforementioned class of 8-ring zeolites that has kinetic selectivity.
The kinetic selectivity of this class of 8-ring materials allows H,S to be rapidly

transmitted into zeolite crystals while hindering the transport of methane so that



26 For exanple, it is typical for sone natural gas fields to contain from
about 5 nol % to about 90 nol % CO2, nore typically fromabout 10 nol%to

about 70 \Bl,¥BsH%8066[ 0058] I n one enbodi nent of the presepprARBAJsALHON, 1N
which CO2 I's renoved fromnatural gas, n sw ng adsorption processes, it is

preferred to fornulate the adsorbent with a specific class of 8-ring
zeolite materials that has a high kinetic selectivity. The kinetic

sel ectivi tiYis°;§o§sml§ t& Bé‘l%éti@él?/%ebhﬁge EES!fréf aRiaut@bEHS laadanéiéne.0 be
rapidly transmtted into zeolite crystals while hindering the transport of

met hane sdrdrithe réemoival @OHSS hiremt matard] @at, thid spesiiackhse o8 irg peolaem xt ur e
of CO2 and net hane. For the renoval of fromnatural gas, this specific

oo
cl ass of gnpieriglskan a SyAlmaelar satio fram abest/2ato ahautrl,000.ipseferahly 590t 2 to
about 1, 00Q, preferabl om about 10. to,about 500, d_.nor. ref.erably
from aboutatsy?§ GaBALY S4b ARERSH preet B Botabeid: sC iRl 308! S e
term Si/ AlprtRorfiaf HRE£S-rlbezdBh8Y Haf hiPsifablé FiiGReReBhliliha B thhe
zeolitic tructure. This pre erred class o 8-r|ng zeolites that are

sui tabl e facesssthelintethal pork stvutiite tiroagh@sting veindotvsrinal mpnrier suchuhatur e
t hrough 8-ring w ndows in a manner _such that the ratio of single conponent
di f f usi on tbe&atio of simgle edmponerirdifiwsionaenefficieats ofJdoS and methane (igr-eat er

or cat or -t ResIBGiA) 1S BGALEk AT SRS Hoh cbrRIER Y asegtes Aot AR Al SBd BRI 00,
greater ! I veho! Fev. pic! ;
0 11 s on TESLT Ry Ssper U OIR S0 CRal b e EARL Rl (R REIT Font

Appl i cat i or0ONIDDH)/S1ghaSE 7and ZERL5RhYe Afo stiddble Mrithe rémoValcsSE &loadl

herein by reference. [00591ln many instances, nitrogen also has to be
renoved f matunahgas.aln spee applaatiensstheiFiSchhsdiote remeoyaddatbeippm of sab | . I n
sonme cases this is hecapuse of the high nitroge Zﬂ vels (>2% in the
produced d¥dN le¥fds-i O&FHE’TV%%IQ EXIFnS 9‘@%& 25 1§ CAR 98 A9 VARLagRoRs 1 o

i quefy n sﬁgatatjheﬂﬁﬁl whie %Q{Fiﬁlgggg%eggvant ageous to separate nitrogen from

flash gas occurs 1n ctron so that the nethane and hydrocarbon
products can be used as fuel. Mdther applicationis W

2008/ 1439q006T) USA0@84dH6imes Aécessary to remove heavy hydrocarbons, as
previously defined, from natural gas or gas associated with the production of oil.
Heavy hydrocarbon removal may be necessary for dew point conditioning before
the natural gas is shipped via pipeline or to condition natural gas before it is
liquefied. In other instances if may be advantageous to recover heavy
hydrocarbons from produced gas in enhanced oil recovery (EOR) floods that
employ CO, and nitrogen. In still other instances it may be advantageous to
recover heavy hydrocarbons from associated gas that is cycled back into an oil
reservoir during some types of oil production. In many instances where it is
desirable to recover heavy hydrocarbons, the gas can be at pressures in excess of
about 1,000 psi and in some instances the gas pressure can be in excess of about
5,000 psig, even sometimes in excess of about 7,000 psig. It is advantageous in
these applications to use an adsorbent formulated with a zeolite having a pore
size between about 5 and about 20 angstroms. Non-limiting examples of
zeolites having pores in this size range are MFI, MTW, faujasite, MCM-41 and

Beta. It is preferred that the Si/Al molar ratio of zeolites utilized in an



the purification of gas fromLNG boil-off so that the nethane and
hydr ocar bon products can be recovered or used as fuel. \Wen recovered, it

may be a nh Q44g to re-liquefy the methane and hydrog ARekHEL Ur ned
t hem bacﬁwtao ?ﬁ‘g LNG cargo. In all of,ythese applicati ons%::r{i%?os @eszi rable to

selectively adsorb the nitrogen to obtain high recovery of a purified
nmet hane product fromnitrogen-containing gas. There have been very few

mol ecul ar eghigydment Bﬁagoé’@s‘éfbfsthélghés;eﬁﬁﬁﬁveﬁﬂﬁh ItbPheHR) By drékafonC

selectivity for nitrog separat | rom met hane. For N2 separation from
nat ural gasmiolval be lonwaboef 20 teabdéwt If,000npraferablycfranisabdue @00ubtabouat cl ass of
8-ring zeolite materials that has a high kinetic selectivity. The kinetic
sel ecti vi tly0Q) in pider &0 pegyvest egcessiue m?légicmtbeadw\mnwz to be rapidly
transmitted into zeolite crystals while hindering the transport of nethane

et hane.  HP8Re " orkofd MsPeBS el 3f B Gl witP Befoabids et oo

8-ring zeglitiei ' | ij i 2 to about
000, b o O e S om

about 50 tSircabhtstordfiring Mescyptaheanddompanentsffobnd imgatneal gasesre tphedenar e
suitable for use herein allow N2 to access the internal pore structure
t hrough 8inisayeral progesesithat haverkeensdevielapeg:tormeify iaterabgasilhif osstiponent

diff i ffici t f N2 d th i. 1 N2 - /

6t or ot S Bkl El<eliEy Sanarate BRemRptany SroBtical Gt briathial w8 or ¢t han 100.
pref et R S5 | i n 10
N o ot o eoptboiiits A infdret e FURQER) bPIVAGRNIR Tt At (e 28 T

zeol i t e mahehhnd)susid® Gedddritaciobesf thRiraserdnvertiors Rlis adviaghgedisdnt o renmove
H25 from natural gas which can contain from about 0.001 nol % H2S to about

70 nol % Hikgselapplichtionstealsp use an adsorh¢nt feraydaied withfaczeslitahavingea
adsorbent with stannosiljcates as, well.as the aforenentioned cl ass of

B e P et Szt R e b g £ and Suanid Algtpms oRHBIILE CEPBRIS AL,y of
this clas . i I el - . i ql ransm d4.nto
oori e opsBlite Hayfitk GBS A S s QB HECMIR, PRURAR, IENT DA BEES, 1y

2008/ 14396¢RReTHpgheaen e SiBA Pihdlar tasiolsTxht Rk6liteccanche fiohy 8boutserar ate H2S
froma m xture of H2S and nmet hane. For the renoval of H2S, from natural

gas, thisabpacl000. cl ass of 8-ring zeolite materials has a Si/Al nol ar
ratio fromabout 2 to about 1,000, preferably fromabout 10 to about 500,

B 1 ng. 2cdDtds ¢ e BESCRURYERIen £ DR SBPHEN & ImBIvSUPRESPHEgBodss | he
at o o Dioierdinf SeecieroR SHffedls phEOSPRE Rt Lot YRR B el T2
Di ns/ DCna)va'ti&t}gdimbﬂfodsbﬁfbl@dlﬁgtst&m pERERIRD bY hgdRRborsh eHerafaPHAd 20, and
more preferably greater than about 50 and even nore preferably greater than
about 100 caibRic pagiahoxidation fdnrdsecarbensland many ather processeeanénoval  of
éL ﬁgsp];):no (T Icggh)grrw?tgon% G 'o“lfr? in the art’ ggfhﬁlaeg{sogr]ass ig ﬁ‘é’ecﬁ 12nSa Tgrzetn%nlla&rro% \elled to
and chemical applications, as well as power applications such as Integrated
Gasification Combined Cycle (IGCC). All of these applications have a
specification of the exact composition of the syngas required for the process. As
produced, synthesis gas contains at least CO and H,. Other molecular
components in the gas can be CHy, CO,, H,S, H,0, and N,. Minority (or trace)
components in the gas can include hydrocarbons, NH; and NOx. In almost all
applications, most of the H,S has to be removed from the syngas before it can be
used and in many applications it is desirable to remove much of the CO,. In

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



ppm | evel s. To achi eve such extensive renoval of H2S it can be advant ageous
to use a thermal wave separation process. [0061]It is sonetinmes necessary

to renov rocar bons, as previously defined, fr be298s or
eWBGigiz’izY%E%%ﬁ g?gﬂ%%b%)% 62

gas assocl at t he production of;0il. Heavy hydroc on renoval may be
necessary for dew point conditioning %efore the natural gas is shipped via
pi peline or to condition natural gas before it is liquefied. In other

i nst ances grbcemyithi§ ganbrallyaleeitiblettd ddpea\(Bé HIAL@atiy 46 acaliotiat ig om
produced gas in enhanced oil recovery (EOR) floods that enploy CO2 and

ni t rogen. dptirmuml for thehprocess tiaredain fuekappheatihsaatveajengas shiftrreactien heavy
hydr ocar bons from gssoci ate as that jis cycl.ed ba intQ an oj| reservoir
during sorfBay ;»sésnlﬂpyeff fo shifithesyBgas almosh gptir gﬁ%ﬁfﬁ@g@ﬁ@aean 11} gany
desirabl e r £ he carbon as can be at pressures in
excess of Sﬁ%ﬁﬁﬁxﬁb‘a&p@.ﬁ%‘?\%‘%ﬁ’ﬁe Eoo%gn(?%es{}%ﬁ%%%‘ the gas pressure can be in
excess of about 5,000 psig, even sonetines in excess of about 7,000 psig.

I't is advqobsapousTheteniseranae Pist pdidt Welihted daring theagdssphionfsespidrat ed
with a zeolite having a pore size between about 5 and about 20 angstrons.

Non- | i mi t ienthee xtepladly hefatexbot extemalbvineated oomtacions.t Rosexample; dngheatrod MFI
MIW faujasjte,, 41 and Beta. Il)ls preferred that the Si/Al nolar ratio
of zeoli té’élsgmthl\éz% GG urcatigniogeglites s0gpranaedrongtovs 3 s doabouhf@di nent

of a proc f.th r | nventii o [ heay rocarhaon renmpval be from
about 20 ﬁ%ﬁoég%ﬁ% pgr %@E?S_E?Qzearﬂggflg,ec?rtﬁq»g@%ﬁﬁgﬁ%&g‘iﬁggg{seﬁb% in order
to preventadgyRRne 10l Qith N1dnAfinid1E o7 ¢S and §P8 &htidhit YeBlite1St ances,
natural gas Is produced wth nercaptans present and it 1s advantageous to
use adsor pidsorbent voaid bs in @ range front About 20°Qatoadbionn SOST veethis beatofi ng

mer capt ans and conmponents found in natural gas are present in several
pr ocesses adsarptioay & Gsdateraelly heated coptastenss if inprafered gadimit the s possible to

| ect i vel i | nag ur al
Component semparatwe R Biripg BeCRBoRMon eFHA ot fan ABSWCABIRRN: o (Shch as
net hane) ‘iﬁd':(?}?gf'anﬁl Heffial hiase! Ahgﬁugéﬁf%ergﬁteﬁ'ﬁr@ﬁ b? Mised bs ﬂ?ehl‘h YiRaf ageous

I n these app ations to al so use sorbent Tormulated wth a zeolite
havi ng a mas rateeiabdt thegraaticeidf theaprdsahanventibrangsh+1imkin ples of N9

exanpl es of zeolites having pores in this size range are |, faujasite,
MCM 41 andugkiatenials inelyde apginlsc aeriapriss,tand SilymersroNan-limiting etampleszeol i t e
can be fr ? p?gt%l#}edlmét%lsaitr)l%H}delstgeqodlloys, and aluminum. Non-limiting examples

of preferred ceramics include silica, alumina, and zirconia. Polyimides are

preferred polymers that can be used as thermal masses in the practice of the

present invention. Depending upon the degree to which the temperature rise is

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

used can range from about 0.1 to about 25 times the mass of the microporous

adsorbent of the contactor. A preferred range for the amount of thermal mass in

the contactor is from about 0.1 to S times the mass of the microporous adsorbent

of the contactor. A more preferred range for the amount of thermal mass

material will be from about 0.1 to about 2 times the mass of the microporous

adsorbent material, most preferably from about 0.1 to about 1 times the mass of

the microporous material of the contactor. For externally heated contactors, the

temperature rise during the adsorption step is preferably limited to less than

~ about 20°C by pumping a cooling fluid through the heating/cooling channels or



[ 0063] The present invention can be applied to inprove the separation of

nol ecul ar species fromsynthesis gas. Synthesis gas can be produced by a
w de var iWwbhosfi488Ehods, including steamreformnm ng of hygdrRRasRBNE6 t her mal
and catal ytic partial oxidation of hygrocarbons, and many other processes
and conbi nations known in the art. Synthesis gas is used in a |arge nunber
of fuel and chem cal applications, as well as power applications such as

| nt egr at eGasgidesiif @hd eontadItR! 18 dneptRricdEathodiMent thetdddtiaganibiicat i ons
have a spécification of the exact composition of the syngas required for

t he pr ocessateRslpsuntuz eake, thetheamial energy dakemmup by ahe vetet flo® used tbi2. Ot her
nol ecul ar conponents in the gas.can_be CH4, CO2, H2S, H20,_and N2. Mnority
(or trace)coé’gﬁfﬁo‘f’@'ﬁ@%tof GaR §§ dissipatad Wit nseoef Hgaekegtowers Imgepthery Nox. 1n

al nost al | ..cation . He S has . [ I syngas
before it egitﬁc?cjdgeﬁ et eiRBH}ggt‘Hﬁﬁ}g gz];ﬂl%f%% od'nli @ﬁtga?gglﬁg%é @E‘%’Eﬁ Enove
much of thefrigdtatidm cPolR! TRRLlIHONIEEboditnehy BT onfacdSER oléd wWagdst ock
for a chemcal synthesis W) 2008/ 143966PCT/ US2008/ 006276 30 process, it is
gener al | y ppeductadfflachiothatihassthet taggetizbffponahisaehmvedy Harexahgile, ia fiyd | num
for the process. In certain fuel applications, a water-gas shift reaction

may be emBasypeparatonnihis praduct pHljent as thesgasdhat has passed froygh thigy, and in
h |jcati it is_desjirabl th . _[0064],Th

Lenyer at uOnHeE RAE ottt es e Folthrig S woR BaecPp ARG wPEPATY SYA e

i nternall %u?@r%tc%ge Qhe @XIGEMAL @ﬁsﬁ%ﬁhﬁ%g}fgkﬁﬁhgﬁg/co'éﬂhg%aﬁﬁ Rofithe heat of

adsor ption COZ in cationi ¢ zeolite ange Trom about 15 to

about 40 ldohtadterine dieection thavls édshtadsmrbtidto thé dirgdiiahaf iffow efflieaiagr e
rise for an_ adsorbent |oaded with 1 mllinole of CO2 per gramof a cationic
zeol i t e adsingpracesind t@ nemdavie GOpafige extesmallbbeated gontagtarboitiis 18C with t hi s

it t o OGRS B tnect ek afion 4§ EABT UStsFeranrarias dpting 3e€ afitRliaBout
20C by i | I : s S ' d
the ther nal Trougs (aaR 01T nERAS ritis e SR ARG Aty BRREC oo o

Non- 1 i m t icogtaexanht ¢atiobf shierndlahaysitaladsoreht dRsseim bs in @ghAge GHm and
polyners. Non-limting exanples of preferred nmetals include steel alloys,

and al uni rabeut AOR-tpiabout 3gndxrefirablydn aprasge frasa abentfilde dbeuk dde silica,
al um na, and zirconia. Polyimdes are preferred polyners that can be used
as thernal[008Sjses The dinterzicst ambgedméttie hapseof thepaalleloshanRependi ng upon
the degree to which the tenperature rise is to be limted during the

adsor pt i ogostastors ofi¢heyprasant wiventien gah besny dintessionl ongesunetaie shapgehdtr om
about 0.1.to gqliﬁui 25 tinmesthe rﬁ%ss f the m'cragfrqus adsor bepnt of the
cont act or 15 RH02¢ ‘i’rr‘éstfllna?r@lgAf o INCRBALAYR SWHRE RERTRECD PRREESSn YRy

cont act or i S:.i ,ahq i . i I .

adsor bent FiERaBALE oF plolBirke HaBRSE iCIfAERAT0R: shitdnChoRl Hidine

t her mal magsluraitg of substhhtialDe phratiel shantieldexteh@ingd@sin éhe énesf tHee mass of
the m croporous adsorbent material, nost preferably fromabout 0.1 to about

1 tinmes tmeonalith tothe pthenj & pbpaligyust mbutarina¢mbeérst ktackediageroof adsorbent

external ly, heatedq contactors, the tenperature rise during the adsorption
step is prsa?%tﬁémﬁya 4 ithowt shageds bey %Béﬁe%wywﬁﬁﬁd@@ £l ng

fluid throualesh HotRW ﬁ%?s?% W gm&sof)gubstantially parallel solid fibers.

The adsorbent can be coated onto these geometric shapes or the shapes can 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



WD 2008/ 143966PCT/ US2008/ 006276 31 passages in the contactor. In one
preferred enbodinent, the cooling fluid is water. In such a case, the

thermal qR@ELE¥%/Li3dsgn up by the water flow used to cool Ea%/lf‘sgwsﬁﬁ&% can be
di ssi pat ed vvit(1 use of a cooling towef,. In another enbodinent, the cooling

fluid is a fluid (gas or liquid) that is flowng through a refrigeration
cycle. In still another enbodi nent, the contactor is cooled wth product

ef fluent tRah theadddiBedtal 861 BOTRARTMtStée? RR¥GDhat8lcoatcdWitha i n flue gas
separation, this product effluent is the gas that has passed through the

cont act or miabpousylesy tresgpores adsarbent Slmiichas dCalde dilmpt Thealitectlyat er .
In such a case, the effluent is passed thro g{h t he heating/coqling channels
of the corfoaRedoricRaieddsethanslayarsanibe issiiiEicursdritn mulliplRdays s ¥t | on of

cont act or ¢ SR o1 B AEFGREN bRBIR i Red B GO R ameef o =
' ' ' - ; Nd.f her mal
tenperat Urszxaicv't\lnﬁt%% ke !aﬁghf {iﬁgﬁﬁg& rS?&ﬂegg’ageE)rﬁ?\aﬂcp{hdaﬁéﬁ I‘M’&aﬁ@ﬁ:de. a therna

Mass i S us an exte heat or the ratio of thernmal mass

t 0 adsor be2Q06MREED lddn whech it incofpugetedrimreiadnuteferenget o about 2 and
preferably in a range fromabout 0.1 to about 1. [0065] The di nensi ons and

geometric [%bGGES Ofhd Bﬁ)s@ﬁ{t?élh%arﬁﬁéﬂé}?inn‘é&rihqa&ﬁﬂrlfBei{utgﬁ éﬁfﬁﬁﬁm

i nvention can be any di nmension or geonetric shape that Itabl e for use

in a TSA ahahhel ¢oritacterscars Wong:timsoraieired toaotew. cHinnelst’ wirtgag floxanpt es  of
geonetric shapes_include various shaped nonoliths having a plurality of

subst ant i sthapnelsy aGeaerallyadlosy shanaalsproxjde fontetatively dowrluid gesistanré t h t o

t he ot her; | ity of tubuyl nber s;., st acked | dsor bent

Shoets w tavunlis Wbl epbien s eeders-o 1o cBRRES it PIeTebbor oq' opi v a
Il's, b . ow | | '

rotls u%u?%%gﬁ?h%gé ?géséuf)é‘&ro‘ﬁ% thg%hﬁiﬁ?élk.efn fHa bEE&L Ya .

paral | el sorbent “can be coated onto-“these geonetric

shapes or fldid fidvafestionenbain®a chaniblaethid jnlér ehtht Rontldser dwRtnotaterial . An
exanpl e of a geonetric shape forned directly fromthe adsorbent would be

t he ext r usiopamyhicate withi any/ gtbexy fAlivid Geatios enteringtanostherhannekhat itniod¢ter
exanpl e of a.geonetric shape.forped directly frqgmthe adsorben uld be
ext r uded it g FREHipRs ecoBins pSECT N 2 Be ghilele/ 1561 TReoTtanithatiers An
exanpl e of -' : ' .

2008) 1430 AT EDHETSEEE It ht BSHEHaUY M of the shanagls arq heiney | o

st eel shedillyhailized, sRPitRE thd idsStrahsfep ROLO ibsqustBﬂtﬁﬂ&CH@]?bﬂy cofERh&E Nt

film such as a zeolite film The directly forned or Coated” adsorbent |ayer
can be it détherstis excassivd channelnnkconsistentyytbes poodudtivitysans gas plirityewidht

adsor bent erials. Milti-|layered adsorbent,k sheef structures are taught in
Uni ted St S&sTphh o flappthasael srargss thanan gfiagent Howerhanaoh aben which is

| ncor por atp‘?gmlaﬁfr@ ip?o&’tht rb%ﬁ{-ﬁﬁ%ﬁgh, can lead to a reduction in the purity of the

desired product gas. Moreover, devices operating at cycle frequencies greater
than about 0.1 per minute (cpm) require greater flow channel uniformity and less
pressure drop than those operating at lower cycles per minute. Further, if too
much pressure drop occurs across the bed, then higher cycle frequencies are not

readily achieved.

[0067]  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



[ 0066] The substantially parallel channels in internally heated parall el
channel contactors are sonetines referred to as "flow channel s" or "gas

f1 ow chanygl.gos/145%geral Iy, flow channels provide for relpgtinishogob@v ! uid
resi stance coupled with relatively high surface area. The channels are
preferably configured to mnimze pressure drop in the channels. In many
enbodi nents, a fluid flow fraction entering a channel at the inlet of the
contact or tg@aBdufn P nftEFNHd 6 Hade Whhr'ﬂlél@ép@bhﬁboﬁﬂ 50 b hbawtd 30 medrohsi Ng

anot her channel at its inlet until theTractions reconbine after exiting at
t he out | etThe ¢hanmelspay tcantain aspacérg oe npshcthat aets asra $pacer.t Astudilizedur e t hat
substantially all of the channel g are bei ng (Igg,l Iy Utlil i zed gnj,that t he
mass t r and¥essing thee'channelgaps afiafloy chgnael § definediasdhe length pdadine
excessi ve channel i.nconsi stenc n Rroductivity .an al A
suffer. 1 AChnS e UPERURT Aniiion, pERR BRS HERAY 4 BNR AU Sal Yo e
premature fRva%H’EH. PoERIStANREOHGhe floM chd] iCcifcul 8 HEEA0RE sb&tid) Shéwld ¥ of
the desired product gas. Moreover, devices operating at cycle frequencies
great er t lvhanadlqztp 18 the pretermal didmetee pfithe eiaeler #Howewdreif the chanhergapl is
uniformty and | ess pressure drop than those gperating at |ower cycles per
ni nut e. FueetaBgular in exssrigetionrthe flave gap dpthecdistance of adine prsperdiculaen

the 1 ow dnanneoe eaip et [es it SERE e eIsh I er s Cobl B oy
2l 0ng_ e sl AHSEBARRA e HothSeiBfchiShEGH 4138 be thfod AVURDABRAIBRRKEA

channel gap trom about m crons, prefera rom about 50

to about &Q)ﬂn'rgrrMSS-sé’ottIimabbuﬁgﬁﬂa@wncll&efeefed @nbbdisn¢mpgee whereiableit 0.5
centineter to 30 neter, nore typically fromabout 10 cm WO

2008/ 14396@@%@)@2&3@@@@@?@@%@&@5&% iveithererircaat, sedtangulanennel gaps
of about 50 to al_gout 250 n‘icron%.. The channel.s mﬁ/ cont ai n spacgr, or
mesh,  t haSd4is ROWEVED ZB%ECoRETie FFassCHERe, SoNTEREaton maYhe BSad of

i monsi on o PReUFPCRRER oy ST caf gl oF B Vafibte Koyt Siles. -,

i nstance, Ihfothdreprefeavedirabodiments cthegatigof the sdsdeberaaslume. totfhgn t he
channel gap is the internal diameter of the circle. However, if the channel

gap i s rechanggllvluing inrthe adserbentoenntadter id rompahpuit 9.3 Hdodiboubh0@:1of a |ine

per pendi cul gr to and cpnnecti the two | ongest sides of the rectangul ar
(i.e., th@naéﬂwr(??er?ﬁg’ &HHH‘ tqs} a%a'a@uttﬁﬁf ectangle). It should al so be

noted that the flow channels can be of any cross-sectional configuration.
Pref err ed [60&8]di ndntsome applivations, theehahuels chnbrdbroed sshaneadsiooreit

configuratjon is either circylar, rectangu]ar or square. However, any
geonet ri ch?ﬁéér%E&%Fﬁﬂ togg ggPé&rBWa?Féi/a rbents, SPaGers cad bspsedot
limted t el || ' ' es. In
ot her pr efdEnarERE R malerisRAC3cri o KESAralGn BEIYERTRYOIER"T ) o\
channel voAmiRatéd) Nbﬁ-lﬂﬂ&ﬁ{%@EHmﬁl@Qbﬁﬁ@ peoff spaceRnat cdh B dsddPinadeut
100: 1, and nore preferably Tromabout 1:1to about 50:1. [0068]In sone
appl i cat i pmesent invenbisnreet shesercdmeprisadnefddindensicnadlyrdventate: plastic, metal,

glass, or carbon mesh; plastic film or metal foil; plastic, metal, glass, ceramic, or

carbon fibers and threads; ceramic pillars; plastic, glass, ceramic, or metal

spheres, or disks; or combinations thereof.

[0069] In a structured adsorbent contactor, most of the CO, selective
adsorbent and optionally the water selective adsorbent material are incorporated
as part of the wall of the flow channel. The structured adsorbent contactor may
optionally contain a thermal mass to control heating during the adsorption step

of the swing adsorption process. Heating during the adsorption step is caused by



sheets are | am nated together. For |am nated adsorbents, spacers can be
used which are structures or material, that define a separation between

adsorbenpwbgﬁamgﬁg. Non-limting exanples of the type QgTﬁ%%gfo%zg{]at can
be used in the present invention are fhose conprised of dinmensionally

accurate: plastic, netal, glass, or carbon nesh; plastic filmor netal
foil; plastic, netal, glass, ceramc, or carbon fibers and threads; ceramc

pillars; phenbatCof AsdFftiorr8F Mdl&ouléy entEink tROREIIBentOTKE &leSiaPass
conbi nati ons thereof. [0069]In a structured adsorbent contactor, nost of

the CO2 sdahadimite tadperaaetrisenduring thenadsoyptidrestepicen bedheatpovated dstor bent
material are incorporated as part of the wall_ of the flow chan The

el .
st r uct ur edhe fosy ekannel ohtheceortastey os asasnarated ide the wall alpeg with thess to

cont ol 15351 B9 1L 09035, 007 061800 SRt A HSORHA B 0"
2008/ 1439§ﬁ§ i Li?%glgﬁté%osﬁﬁi ferm‘?liﬁﬁ%te‘afthﬂﬁlfcm R adorBEN G 1SS

entering t sor The thermal nass that mts tenperature rise

during théeadeludptiasa stpamte daydpe i ncorporated into the flow channel of the
contactor or incorporated into the wall along with the CO2 sel ective or

optional water selective adsorbent. Wien it is incorporated intgo the wall
it can be [02Q) i d Tha everall agsemtionaieiof heciyyins adserpionRIOcssss 13 ayer or be

sui ng. adsaPBAAAdncteab A rapt e R B JopFianaBL P HERGTPeE " r om
the flow qpﬂ;rﬂla%#ra%)ﬁtt% ﬁtﬁ/%.ﬁgﬁéﬁﬁnsféﬁra{éofj@éisb@&%ﬁgEﬁl YifovedE(i [Eas S

transfer rate o e speci es belng renoved (I.e avy componént) high

enough so th&htavnpsémpbnénty high emeugi sd that astso ob g volama of theettisbrbdnive
process. Since the adsorbent selectively renpves the heavy conponent from
the gas stis utilred hetheiproeess. USiace the adsozbierdiselastivelyigmayes theheavy ecovery

f the Iight t .and/ or _decr, .t ' f the light duct
ot ream  WOMIGGEREHORH Beppsatati.oenision vsroRthd piterberclayer raf ISk e an
dsor bent i i - t t
o the. volrarayesf of Mk Kah bl i Ol e R e B e e, s
ef fici ent Isyredme dWiith ddecofatie preden® invondione fds pobsibledo fohfuliRawy conponent .

One way of doing this is to have an adsorbent of substantially uniform
t hi ckness agpenbent wéthtahlayk Webume firaction adgnesoeand magemporeussschothat hwstrass

transfer coefficjents.gf the heavy.c nt, and the tinme of the adsorption
and desor @ianVelBR O fﬁgom%ﬁe@!&ﬁmﬁ iR RfeRUCTORPFRISFANgSdan be
assessed f 3 f s i f f t he
casesser, KRR NE oy o bl LGOS RO Bboghy (0RO, 1
adsor bent Stdsing s it be hatead addobent af sibstattialkysurdiforek 6Rndss | ess than
about 25% of the average thickness. Mre

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

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

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

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

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

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

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

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

deviation of the adsorbent thickness be less than about 5% of the average
thickness.



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

| ess than about 15 % of the average thickness. It is even nore preferred

t hat the r eviation of the adsorbent thickness about
Sopof | theTQamiDEEY R eos VO 2008/,143966PCT/ US2008/ o6 RS2 0RR0 72T A
figure of nmerit for the mass transfer through the adsorbent layer is a tine
constant, Ta, for transport of the heavy conponent conputed at each point
in the adygpbent. KGigiteRIfaNdt RAIRE RARS tARSRE tiduBhithé GHSESENI RyENR &

di rection:QI angpt he y gomd z directions being In the%pl ane of the gheet, t he

ti me consttane constant, af, foherahspoty of dapheait comporert coynmitedateashnpoiht pat h2 /
Dpat hl (i n seconds) where ath is the average transport diffusion

coef fi ci erthe aflserbentchera p adsarbaniosheeh with thigkness imthere direetiemmad t o

th i nt d Lpath.is.t dj st , he. path. ' Th

osPo o bty FREARR RS it R Pt 0B RS B oS, O 5 T

in the ad ' constant is the mninmumof the possible tine
0 RSP, oo s

constants along al| possible paths fromthe feed channel
to the (x,y,2) QEk§iz]i-MinémagddorhéntD, Lhi s i (il sedeads)at hs t hrough meso and
macropores. If there is a solid material in the adsorbent (such as that

whi ch may be included for heat managenent) there will be no transport

within it veere@qay, i3 thpaverage tianpport diffusien soetficieniofeheingavne conput ati on.

The transport diffusion coefficient. o ach cies. is taken be. t he

T e o ndiicnkalingr SR Lo GF feed cBATmEL IF Rt Saint Or b cthd el 0s. The
; . . . . . .

oL 208, B HRaA el Db HOROHIdLE PO naBl RS Blcori R B e

i s suffi cithe@feddchindél eesfchdpdintil,912) ¢oeid addoebéntC hThatings candignttibehgat h.

VWen the heavy conponent has nmany species the diffusion coefficient, Dpath,
i s al so comyesium ofithd possitde digeel comstantdi(LfausS i Ehasloadbhg allqussiddppaths on

tenperaturge angd i.t depend o ressure as 1. To.the extent that the
i 1 s on Earth Srehtianaehghte (o aaoimben HrddigebentoMhininctudaiy e and
pressure ' I.0g I
o eesyre SRS ARl o pB AR MBS
chosen such thiawhidhemby b8 ifelndeadtor hedt mindgRasdntleke Wik tRGidrAndpoit Vol une)
in the adsorbent that i1s not a dense solid is |less than the cycle tine of
t he processithintit eng(efyer)apoints withimitaraget inulededssthefcontputadenr Fhat | ayer
I s chosen such t rba% the ti consfant for at |east boTlt 75% of the points
(or transport ditfusion 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, Dp,y, is the linearly averaged

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

diffusion coefficient characterizing the path. When the heavy component has

many species the diffusion coefficient, Dy, is also compositionally averaged.

The diffusion coefficient depends on temperature and it may depend on pressure

as well. To the extent that the diffusion coefficient changes, it must be averaged

for the temperature and pressure changes occurring during a cycle. For an

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

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



WO 2008/ 143966PCT/ US2008/ 006276 36 vol une) in the adsorbent that is not a
dense solid is less than the cycle tine of the process. Even nore

pr ef er ablynt age thickness of the adsorbent |ayer pi-g/&h sych that
the ti m%gﬁgtﬁéﬁ%{ﬁgor at | east about ;5% of the points Fgrllf\?o@aﬁgﬁz J|5Jn t he

adsorbent that is not a dense solid is | ess than about 25% of the cycle
time of the process. [0072]Wth a contactor that has good mass transfer

char act er i wjlime) M theRisopbR ARt ik Pok allechsé 561id BRSS fai BeldyeR tRrbfa tar get
conponent i s adsorbed, a sharp concentration front of the adsorbed target

conmponent thepescesb.ofiyeh meotegmefdrably theaverageahicknessiof thy ddserteis dayxdri on
step of the TSA cycle. Near the beginning of the adsaorption step, process
gas (for dsxghpsen uchahgibihe thagicanstant forcl least showt 1Hé efdhe pois (ahd t he

target conpgnent.(for exanpl in the case,of flue gas gy ati,ons) is
adsor bed. rpIERS) it adShrbeR fat 18 nohafibss ST e’ Hiardout 8% RLUR

cont actor. ' target conponent (for exanple CO2) fromthe

fl ow ng gfgzgﬁg%enqﬁtﬁg?f%%%gés al ong the length of the contactor. The
concentration of the adsorbed target conponent falls precipitously at sone
poi nt al orf@07RE coWiitica oontaotoxphatchdsngdodl masdiransfeethdratteristics bed haslaof t he

regeneration step, The position at which the adsorbed t_azaget conponent
concent r atmeansitgllimit the femperabig risgevhematarsst component is @dserbedwasharp he

it th d ti t ti . Thi t i f d
adsor bed comcentaten Bmbafthd ot Bee tohporat ilbyeorite fiefhattal o
: i oV ESedh eBM At or.
ength of CRECRGLRE (R the s iLETEp o M SA Ol aNeA e R oo 11

passed t hrgfb ati§@peiontstss, prodess gas (firaixianglly fluents) beginbed dlosv through
"breakt hrough"” of the adsorbate occurs. ‘;O 73] 1f mass transfer is not
adequat e, theeantagtorginddhe target compenenialfoswxampdt COciorthie casmof Bualgas in

oDt o P SR, e 550 Rl BB B BSFRBR  S

2210, RenBIE 918 4L U oWl RRAOEk P chpppldc i 0 1

passages dlowihghslstrehfil thad paddedwlong/fHedBAShIAANE @BaTdctsr2 0Dgé 006276
concentration of the adsorbed target component falls precipitously at some point
along the contactor to approximately the level left at the end of the regeneration
step. The position at which the adsorbed target component concentration falls,
moves along the length of the contactor towards the exit as the adsorption step
continues. This movement is referred to as an adsorbed concentration wave that
moves along the length of the contactor. A sharp concentration front, or
gradient, in adsorbed concentration along the length of the contactor is preferrec{

because it enables the feed to be passed through the contactor for a relatively

long time before "breakthrough" of the adsorbate occurs.

[0073] 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.



37 [0074] When the adsorption front, or wave, breaks through (or prior to
break through) at the exit of the contactor, the adsorption step is stopped

and reger\gb%(gs(plq?%g initiated. To regenerate the cont a?&)@&/ﬂsaﬁ)sﬁg@% bent is

heated. In a preferred enbodi ment for;.flue gas separation, part t he heat
used to regenerate the adsorbent conmes frominterstage cooling of the
conpressors used to conpress the captured CO2 to pressures greater than

about 1, 0Q90p§] f owHechahe aUSSipABdN\irEntPbP MlalvBEbiRhkS BFeash (8 piadr to'Hreaker
source of 'heat that can be used to regenerate the contactor is |ow or
medi um gr asoughd tae ther @de of tHeeadntadtet, the adfonphiodissemmisdtopped andlust ri al
processes. [0075] Heat i.s supplied to regenerate the contactor by passing a
hot fl ui d Tegeneration iginitdgtedo ﬂ@gea@naﬁeeaﬁ gpntacior theradsorient ay hegtedsIn| ow t o

the direction.that the process gas flows during.t agdsaorpti.on step. In one
embodi nent? prieiqﬂﬁfi ﬁﬁgPdﬁBm gag S@PS@S‘-OPP B%Té)gﬁ?%g?%r“%ﬁpgost acked or
arr anged $eeldithiciie aANGRAPCOHMEY i IterstilR! eBlidlg o Be@mpro&is Lisast er
fluid") durgng regeneration I's countercurrent or co-current’ to t%e aver age
di recti on tofcompressotheapoasd CRstd presswireagpdater thanabgas ) ,000rpshfort he
adsorption step. [0076] Because of the way the isotherm changes when the
adsor bent transmission viapipgligeor sequesieation( Amothsrsopres adeat thatteandese of
flue gas separation) is released and the adsorbent, regenerates. It is
oref er r od WEAOSTEREAE ST SORBFIOr S fo 4 TN SgdR AL Brosess heatdhe of t he
regener at i;onast ep &?&’eiﬂlﬁr‘iﬁﬁ‘ﬁﬁ?@ ﬁ&s%kch heat fromthe contactor that has
1 ng to heat an fhe

finished regenera I contactor so that it can be
regenerated. This is acconplished by routing thermal fluid (gas or |iquid)

that has L@OMSpassdeattibcapplied tieregentraté the ddméctbﬁbyrlpaesin%agmehaaed into a
contactor that is beginning the regeneration step. To cool the contactor
that has Hganor igeid caunter-caurrendyrrad-curiently; er cross-dtve éel thendiseatinm theht act or

1 2 T A Al LR B B e
step and %Eg&%ﬁ?sbéfya ?lf?sg—gw 8?9@#&0@&93&%&@? of Ia%{lgg& S&K&gqﬁﬁ g&%rgggr ature

of the contdctor at e e regeneration s fluid

heats up dfow bf s trRemahflaid(ort'heat MehIPALIIF AGPRE e LERRRB6R Roediinter-

current or co-current to the average direction of flow of process gas (for

example, flue gas) during the adsorption step.

[0076] Because of the way the isotherm changes when the adsorbent heats-
up, a target component (for example CO; in the case of flue gas separation) 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 another contactor
so that it can be regenerated. This is accomplished by routing thermal 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, a thermal fluid is introduced into the contactor that
has been regenerated at a temperature at least about 25°C lower than the average
temperature of the contactor at the end of the regeneration step and preferably at
least about 50°C lower than the average temperature of the contactor at the end

of the regeneration step. This thermal fluid heats up as it passes through the



38 contactor and this heated thermal fluid (or "heat transfer fluid') is
then directed to transfer heat to another contactor. In a preferred

enbodi menfoahed A3k about 20% of the sensi bl e heat givepcyrishéhsophé N9 the
contactor to transition fromthe end gf a regeneration step to the start of

an adsorption step is transferred to anot her adsorbent contactor in the
process, and in a nore preferred enbodi nent at |east about 50% of the

sensi bl e hemtacbvaid this hBate@hérmsaltthed P st ransfer fAdgid then difsvied e end
of a regeneration step to the start of an adsorption step is transferred to

anot her adsorsbarteat tovanather comtattoe. in aqereferrddofiibodiment gt 1dest abouatri2flat i on
process it js preferred to heat the contactor co-currently or

cgunt er - cRfrtBaseRsibls hase givencen irbﬁTelﬁﬁg ﬁeg@n%m_f 1%%;@91@ ::fmn thgend "
Cransher ftol feentafih fer o MEGHR of 37 5dxgiprion QIS B, Pamirmed 1B Bndee or *t ne
heat transfigbrtentcantadfras the E%&Bs,tzﬂﬁ iR Rofd Fﬂét@ﬁé& RefbodifRht ¥€kgstused in

the adsorption process. This heat transfer fluld can be either a gas or

| i qui d. Prabbat 58% o6f theist¢asibie heatezivien ap incdolhg e thratactoato ansitivar at ed
fromthe target conpaonents by condensation. A preferred heat transfer fluid
i s conpri Jeemdhe end pfjagggengrgtion stappioribastart ahen adsorpEanstemys f | owi ng

t hrough a _heat. exchan or,anot her hot contactor before being introduced
into the 3@%&%#&0@%{%%% é’ﬁg?ﬂtcé’&!{lac%‘” nﬁbﬁﬂ”‘é‘?@éﬁanger used to heat the
recycl ed tar?et conpanent can be an indirect heat exchanger such as a shell
and t ube HBBY7kexcHawgeg the regeaeration progessdk inprederred techeaidhe contactar bed

heat h . F i ndi tly heat tact th t .t f fluid
pacses { neRUgEtRY of Sntpt bRty AePie et ibe Mok € ARVEAduERRIRE | on

t ft T j ' k& adi tl

heat o0 con oTRRD e PRAnDEE Y DO ARG R (ML Y e

adsor bent traneferifhad! ethirbygh et eshtactot.aBboa direbiphehtednintictdt thechdat owed
t hrough the heati n_g/cool i ng channels can either be a gas such as anmmonia, a

f | uor ocar Kensfesdluid passesdhroughethesame flawvgphannelsthatewereoused inthed such as
t i, 1. | | bt desi d that t t Lur f the heat
transfor AdP@UdERToRESSy cliis beat ERRaiSEilBid ¢ah b cillieres EAvOLNABM. & hi gher
than th th
an the  DYERHARRHGAIORRCL UEROCHLIBAA A% AE SIBABHRERAHE furlle e

adsor bent contacto uring the adsorption ste

t enper at urcentfonehts hyeasnddraatiber A proferred hadt traaFér AL cothprideddter than
erature of the adsorbent contactor during the adsorption

the average te

step. | OOT&}WQ targelccampontnte that apé heated by Sftowing theoughag heatexahangered i n

the or another hot contactor before being introduced into the contactor being
regenerated. The heat exchanger used to heat the recycled target component 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 heat transfer 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, heat transfer fluid
flowed through the heating/cooling channels can either be a gas such as
ammonia, a fluorocarbon, or recycled or reheated target component or a fluid
such as water or oil. In all cases, it is desired that the temperature of the heat

transfer fluid used to heat the contactor be at least about 25° C higher than the



present invention can better be understood with reference to the Figures
hereof. Figure 1 hereof is a representation of a parallel channel contactor
of the prggshs /1i4§%6§ntion in the formof a nonolith for”?ﬁTﬁfsﬁﬁ)ﬁfobééﬁrom a
m cr opor ous adsorbent pl us bi nder and“1 containing a plurality ot parallel

fl ow channels. A wide variety of nonolith shapes can be fornmed directly by
extrusi on processes. An exanple of a cylindrical nmonolith 1 is shown
schemat i cajyeyaddtehiperatfird of fecatisorteif comtdcist drilg fRMsbftion siepladdns a
plurality of parall'el flow channels 3. These fl ow channel's 3 can have
channel gagpsfdrabiynthetempératureadfahe htat@ansfecflonkis gpledse abbtySGr@ mighmrut 50
to about 250 mcrons, as long as all channels of a given contactqr have
subst ant i dhay theeverage temperatiig @idhe géﬁﬂrqufeccnﬁ%ﬁiﬁéggrmaﬂl%dmﬁe@ havi ng
a variety ?f shapes including, but not limted to, round, square,

triangul ars**Bind hexagonal . The space between the channels is occupied by

t he adsorbent 5. As shown the channels 3 occupy about 25% of the vol une of
the monol ifphh78nd t be.RASARBYdimeRECHPIRBBAIENt éaftbatiort RElivel Withe! the
nonol i th.- The ‘adsorbent 5 can occupy from about 50%to about 98% of the
vol ume of prbsentimednition. cahhsetted fheairideestbbd ekitteseferzinct e tledBigubenhercafi be
defined fromthe volune fractions occupi ed by the adsorbent 5 and channel
st ruct ur e HHgureg} heveof yea reprerentaiorpf Apsasalid whaane] comgasier oftherpresentvol une

paral ol Ui SO 4008 otor mengfii Simsd Girea rdet AP REaNYd during
regener al | Rortcht pRusRLE dfflediainihlS sHhiafY bY fatdlichRGShatincldieaadsor bent

will be about 1.5 tinmes the dianeter-o annel . ure

2008/ 143966ide Vatit52 00 fdHobieh ShastsLansbeaformreesditcetlyi Ipnektrivdiem/pabeuises. he
| ongi tudi nal axis of the contactor of Figure 1 hereof show ng feed channel s

3 ext endi ryn exawplghof meylindreal menelid hisrshoverhschienaticallyvin/Higursf1 t he 1 ow
chamel S Ll AR DM & MREIAT R i B HGR S °
aor oL 4 Y O, SRISS ol et EUGERISAURHABEEES o el ©,
bl ocki ng agithéns] prefeeablp Eronaboenos@ so abeut 30 ARE0AS, dsllonfss all channels

of a given contactor have substantially the same size channel gap. The channels

can be formed having a variety of shapes including, but not limited to, round,

square, triangular, and hexagonal. The space between the channels is occupied

by the adsorbent 5. As shown the channels 3 occupy about 25% of the volume

of the monolith and the adsorbent S occupies about 75% of the volume of the

monolith. The adsorbent S can occupy from about 50% to about 98% of the

volume of the monolith. The effective thickness of the adsorbent can be defined

from the volume fractions occupied by the adsorbent 5 and channel structure as:

Volume Fraction Of Adsorbent

Effective Thickness Of Adsorbent = 1 Channel Diameter
2 Volume Fraction Of Channels

[0079] For the monolithic parallel channel contactor of Figure 1 that is
internally heated during regeneration, it is preferred that the effective thickness

of the adsorbent will be about 1.5 times the diameter of the feed channel. Figure



shown, the m croporous adsorbent or polyneric particles 7 occupy about 60%
of the volune of the adsorbent |ayer and the solid particles 9 occupy about

5% of thy&gbwwd\i’t h this conposition, the voidage (f 5)9?’/{%?@)@763&25% S
% 0 e en

about 55 vol ume occupi ed by tfje m croporous adsor or polynmeric
particles. The volunme of the m croporous adsorbent 5 or polyneric particles
7 can range from about 25% of the volunme of the adsorbent |ayer to about

98% of t ey 4ol LKesQ ctﬁ&ﬁé%‘i‘é?ra?&{é ﬁeﬁﬁggitu&iﬂfféﬁﬁtdﬂﬁ? f%ﬁ@gtggﬁfffgg}feﬁﬂ ion

of solid particles used to cont t w range to about

75% of t hel hereufreh@wirnghfeeddhanheln 3 dayeding througbrtatdengtl ofithediormiitht he
total volune of the nmesopores and macropores in the contactor is mnimzed.

One net hodvith thd wialls o€ thér8ownoekannelstormed eatigelysizompadserbaitdredi s with a
bl ocki t 13 that fills .the desjred t of ids left
bet ween_ pathPmREE digspmuenipraing &sHAll proge SraiPTLe! aebsRIJaRer 24 S
m CroPOfe%?ﬁgﬁf&§H§re‘6‘f‘.s%%%tso}bae%?i Rr 55 'cﬁﬁg)rissjég'bfaab&r gcfm Br8usl 0080) Wen

t he nonol i S used In a gas separation proces hat Ies on a kinetic

separ at i orydeBFRAG By Meridi phntivl N7 ;GoNidr sHrtieRks (tHerinal AthéaN9ahapaa dsor t he
m cr opor ous adsorbent or pofyrrerl c particles 7 to be substantially the sane
si ze. |t ikeapsiekera blbckimg agdnd 1St anddepah nesopares andfmichepores die Af t he

i ndi vi dual ,m crgporqus adsorbent. or polyneri.c particles 7 be less th 100
% of the éh@wa)géhepmrp@péowcgﬁéb%prﬁo PaPRIEhY ASCRRY 2B %] in a

nore pref ' d p-at ] t I 3 e

Mt v! duarti e SafE ST BchPiue S AsCind SR seplleleh o Al 3% b2,
about 50%(¢ vbliimay KBNS BbeltioHAEAAAASARAT CRaNTASPR HoRe 3696 1

vol ume. The particle size distribution for zeolite adsorbents can be

contr ol | edbflilte vblime bbhagpied &y the nsigndpursusg edsdrbemteort palyarericl partisleal so
possi bl e tQ separate_ pre-synthesized m croporous adsorbent 9art I cl es by

si ze usi ng heeYolsme efthg micraperonyiadserbenkd of polymeric partigles 7 canfaggeal so be

par 1 cl o omeRali A bh Aol e SdnEaitoRenC S P OBt HasR o lhe Sever a
ways that yongakidfitie G8sbrBent 3 EE dlrfibragfite thé VOllfe 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 total volume of the
mesopores and macropores in the contactor is minimized. One method to
minimize the total 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 5 is

less than about 20%.

[0080] When the monolith is used in a 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 about 50% of the average particle



structured m croporous adsorbent. Such nethods are described in co-pending
U.S. Provisional Patent Application No. 60/930,827, filed May 18, 2007,

whi ch i s \BGRsPRsREED herein by reference. [0082] A non- bichldshéig 06eeadP! e of
a paral l el channel contactor that is gxternally heated during regeneration

I's shown in Figure 4 hereof. Figure 4 hereof is a representation of a
paral |l el channel contactor of the present invention in the formof a coated

monol i th 200, hBatTHeSpRHERS 9126 WistBa G felcolite A@HRBES chAbediirdliRE by
adsorbent layer is coated onto the channel of a preformed nonolith

conpri sed thé maheddsed tresynthediee tlad particldshilsisealsorpbssiblertoeseparaté pre-pr ocess
is used to forma nonolith froma suitapl e non-adsorbent materjal including
a nmetal suynthesizedawicroperoys adserbicot particlesdycwizg usingamethodsisugh @ 2a car bon.

S TN e CE o S MR Lo
e Chaml e obpe bl Rk SglBRmramRa e

t he coati ngparatiohs. al so possible to use vacuum and pressure inpregnation
techniques to apply the glaze or sol gel. In this case, the glaze or sol
gel will penetrate into the pore structure of the nonolith 217. In all

cases the [§08kk scBherearesewdaral ways that arenolighs sare he formed; direetly ffamg a

th h the ¢h | | t i Lyt itted into.the.body of.th

ooy . ShichiEE o bRt by sheR bR ShEblF SR ot 1 ne

monol i th Zt}.-é.l”r&vhsi%nﬁpi’hﬁpf'%ﬂcﬁ{ioﬁ?\i&f@/@m&ﬂaﬂﬁﬂlwl1'85 2809, whithed. In
y ating in a f

order to provide externa A “oper at'i on, tefnate rows o

channel s ds éncoYpbratéiBhérédPbey PeTbréiwe008/ 006276 42 seal ed at their ends 215.
At the opposite end of the nonolith these sanme rows of channels are also

sealed. Slots (223 and 225) are cut through the nonolith at both ends of
t he nonol i[0882b prdwoaelimiting sxample eba paatlel elanned contastasithatisnnel s 215.

S22l 10 S GE SRy PRt s SRR IR 5L EnTRAE' FieER 1ol o
mount ed | hefedfq¢ 4lrpiedestaliBAYa parallel channel contactor of the present invention
in the form of a coated monolith 201 that is externally heated during
regeneration when the adsorbent layer is coated onto the channel of a preformed

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 217. In all cases the glaze seals the wall of the channel such that
gas flowing thorough the channel is not readily transmitted into the body of the
monolith. It may also be desirable to impregnate the pore structure of the
monolith 217 with a solid material before the channel walls are sealed. In order

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



that seals the ends of the channels as well as the mddle of the nonolith.
Any suitable technol ogy can be used to seal the ends of the channels
includingwggbﬁyhgﬁmwelds, gasketing with materials suchpag JsYRRRH&7&"

car bons, an tée use of adhesives sucfy as inorganic cenents and epoxi es.
The nodule is configured so that a heating or cooling fluid can be fl owed
t hrough the channels sealed at the ends 215 by introducing it though the
sl ot's 223 QARdrATRYirRAdS 215N AP Spsite2hd: of thE MiGRilitAdhéeGanotdwidof | ui d
wi || undergo heat exchange with flui'd flow ng through the channels that are
open at t hehaanelsaire alve seabbd. eSloTh@28 amli225)cat icatthroogh lee monolith &t convert
it into a heat exchanger and there are various other ways in which heat
exchanger $ath gnds op theimeaelisy ta-previde tlew, aqeess 1q these pepled sows 86 of such

ot her ways,i ncl | . and tube at _exchange fiber £ilmhe

exchanger SARES A cealinBar RS 208 dhe RERGAREE! So e lnfithe MetEMiR s nown
in the artwelﬁésﬁ?ﬁié&@drﬂ@o‘f@ﬁ@ ithagg¢r on one side of a heat exchanger
it can be used I n accordance Wt tlhe present invention. In a preferred
enbodi nent the adsorbent |ayer has a | ow vol une fraction of neso and

macr opor e40083] sucln, opdratiorexhemhenolithusill b rouinted moanlddule m hesnnexchanger
structures,  can be converted into nodules suitable for externally heated TSA

oper at i on.thptesealscthgpnds of tas channelsas wellasthe middisehthe mgaplith. /Ay

dsor bent | t hi i ] i t .d to Fi 1
her cof - [ CoBAFlefeChiIBER ERE bRIyRH TS 58K E° ob BF uttne b iniRiPe g or %\ ayer
on the valhsafifc hRRIS ko ngeﬁ?z?télrigﬁ\é%uéﬁ'arsq'ﬁbﬁeﬂg%*&‘a orl¥03nd e b9

exanpl es of such net s inClu ase coatlng techni ques, such as

sl urry coaffiadbesives puchi3 R(dDG4nid ILHENEGTANGHEES0TRE tnddule ¢t bmgured
hydrot hermal filmformation, hydrothermal coating conversion, and

hydr ot her rfalthat aheatingweeoelng Ayt eambe floweddthrough theathangelssealed aised, t he

o ymori ¢ AFbAEALE BYdnfpuiGaRnl itiyedBhsidnaRS a8asBRing  BRuRooR oo

transfer |=i : i i e fl’&t%f 3d may not
be needed gégﬁléeeﬁ%g%g%dég%ﬁ%%gu@oﬁ@?PP ﬁg—%l catﬁxgl?: o‘ggls1 I lg own heat
transfer Sdwihgijirqigh theghanflelkahgodrenpehetthé end be e mbauRNtThéseps of the
separation process cycle. In such a case, the heat diffuses through the

adsor bent megidicatioss tmthei monolithecarigyt ibfintoreehens eakchanger lahdghetesaresi f yi ng
agent, such as pal yvin I.alﬁ%?ll, is used it ig usual Iy burns. away when the
coati ng is"aE’lﬁ’PééP%?%V&a Wiy i&i‘ﬁeﬁ‘éh%ﬁﬁ?ésn?% & pEoqused a5 coptigusdhder such
as colloi Fabo ks ) 0 b ! ength of the
fired coagﬁ\%%%ggﬁggg@l%ﬂ%%ho%%r@ gg&&??’?é‘p%g@ﬁ?@a g‘gé:eu%éye{tf rom about 20

to about 4R¥haigdrfiefitet! flifehedt éxthahpérs AndGHnted ciréQit hRALSHIMEERP AN ©fand
mesopore vol ume, a bl ocking agent can be applied in a separat€ coating

process. \Wieich layelwstiHoravan 11 thenart.o Byatdatimgrast adsdsbentdaydromeont sidawflay t he

adsor bent .| ayer, the coating techni ques used can be very simlar to the way
in which €8 ?’f@aﬁg%ﬁéﬁésbegﬁ@s%é‘ﬁﬁ? PCQ\WE}}(&&H@SW 1BVeRIHML S gr owi ng

a zeolite i i 7 i i & 1 ncorporated
her ei n by P lrr g%g{eg nez%f’&gggit‘%t ![t %: %chsyoe?ﬁé&gtraxgv\ﬁhabsya Eoé)g ;V éﬁ'ﬁ-rel? %ﬁgi} r?t%ﬁlé‘%l%s on
supports @hHahadtdperes! AksucH)¢hidexahple UNektrat@ShdWahos1RhiERQROr € and
macropore in size. The volune of these pores is often | ess than about 10

vol unme % ekchiangelristmctures karebe candertérdk indo insodiflee suitabdé foestterriadlyi ¢
bet ween cracks. T as-grown filnms can often be used

di st ance, _or hus f

directly yeais B34 AmsERon aberd o 204 gam bave imeiers (shanpe eagsht .

[0085] Fi 9yt Bofbifh faydf biekndlss hE BRASHIP hEMForls PR ESaRE FbLE 1
hereof.
[0084] 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



contactor structure of the present invention that is externally heated
during regeneration. In this contactor for an externally heated TSA process

t he adsor 405 conprises part of the wall of a | 415.
@@%géﬁﬁ%@%& 1>E“f}dsQ(‘{Hsfolmf%gé_;L e

In Figure e outer surfaces of thg housing for the contactor
rendered WD 2008/ 143966PCT/ US2008/ 006276 44 transparent with only dotted
lines indicating the edges of the outer surface. The hollow fibers used in

this exanlogtingViey drothcrinas i forfifatioh, H%ﬂr%itﬁé}ﬁ{a_l bb&iﬁgt@ﬁ@&gi&y@hace 440 or
interior surface 450. |If the diffusion barrier is on The interior surface

450 then fydrothgrmabgomdthi Yheh mod-hydrptesmd] toatngtechhizjueslarousedyithe 403 of
the fibers 415 arrayed to formthe contactor,. If the diffusion barrier is
on the ext®patipg selutions sheuld inchde atreast themisraposeussadsgsentorpodymgFSugh

(D 1oL ot 4o R Ao, bl SrgS) ARSBol MaP RoEtsbRaRiBice,
)1 ©,Ren gkl e THORsTRLRN: AR dpboste ey Shhass i v oo 1o
fiber sui tofthenfomolitls 201 vaaracexd as italolwn et tesisfeBAolid by storing and

releasing heat in the different steps of the separation process cycle. In such a

case, the heat diffuses through the adsorbent layer 205 and into the body of the

monolith. If a viscosifying agent, such as polyvinyl alcohol, is used it is usually

burns away when the coating is cured in a kiln. It can be advantageous to

employ a binder such as colloidal silica or alumina to increase the mechanical

strength of the fired coating. Mesopores or macropores will typically occupy

from about 20 to about 40% of the volume of the cured coating. To reduce

macropore and mesopore volume, a blocking agent can be applied in a separate

coating process. When hydrothermal film formation methods are chosen to

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

volume % of the film thickness and there is often a characteristic distance, or

gap, between cracks. Thus, as-grown films can often be used directly as an

adsorbent layer without the need for a blocking agent.

[0085] 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



process a diffusion barrier is coated onto the inner surface 450 or outer
surface 440 of the fiber. Non-limting exanples of materials that can act

as di ffus{gn.Rafssdegrs i nclude sputter deposited netal a@ﬁTﬁﬁ?@ﬂhﬁ fﬂ%l ns,
i s d

evaporated netal and ceranmic filnms, ngtal and ceramc f orne
chem cal vapor deposition, coated conposites of polyners and solids (such
as clays) and coatings of polyners that have | ow diffusion coefficients. To

act as a Gidrs Eﬁl‘e’ﬂ'ﬂ WA bnl grdo&éaqiﬁésfiﬁafdaﬁﬁ dhé Eageéj@mee&ftelcs&fﬁceofméﬂe _
coat i ng shoul | ess than about 1/10 the average diffusion coefficient in

t he adsor limilow fipers used innhisexabiple hase atdiffosoncarridr 40 @thehthezaxterage
di ffusion coefficient in the adsorbenthee‘ii When a diffusion barrier is
used, the syskace 4401 intssi@r shefapedSPs Lt tffumry ABISE 15 o thg intemer f eed

h I d ad T L t t
el AL S hEI b SnRY 454 PR RO ad OS2
api d_oyols bt B4l Sk 6 S et RSl BEriipacBae (@
sui t abl e fexipericr supfacad4@x tinnak! Judeeprodesogsy is €ed direnghlthe hollewt or, have
been fornmed, they are gathered into a bundl e and the ends of the fi ber
bundl e arelop@ﬂﬂéd or enbedded in a matrix material 417. This fixes the

fibers into a substantially parallel array. One nethod to do this is with
an enbeddi ng or potting process that surrounds the ends of the fibers with

a matrix shows
t he paral Irmf’ggnan nﬁ%zy dl@?yeil:%#?égéé& éﬁ%ﬁﬁ%%}cﬁf&nﬁoﬁﬁéeﬁ{ %?Sloéﬁérglliéﬁrrgnder ed
transpar enfQ5ahane fiet.h Sohire éfibles@ iRty 418 d9dribdRBE]-PpBh@ingAyISed array is
then sealed into a tubular housing 401. Sealing surfaces 419 are provided
at the end%romfsmmiéRal;mmIAquliuatme;oA@Y%(A8§éaﬁledgl\/kigrrlf83<2@02¥2whnd1 Bl so
provi ded i.n the mggl e.o housing. Slots 423 and 425 are cut through
the wal | AREQTPPFAied hgeeip Ytrﬁ TER%ful ar housing to allow for the flow of
heati ng and cooling fluids and or process and product gasses. If the
diffusion barrier is on the interior surface 450 flue or process gas flows

LIeY0,LIARNTLS Huans iSBict s f Lo bRcrigy Mg e 21100
425. [ 009@rocess padififiistm, l?w?lgr is(jflfdtle; ghmjgl:engnexgsmlfrﬁm{é%gmmlagﬂ' ;A?'m;e RCTS,(Z‘\n
440 of the fiber. Non-limiting examples of materials that can act as diffusion
barriers include sputter deposited metal and ceramic films, evaporated metal and
ceramic films, metal and ceramic films formed by 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).



(rapid cycle thermal swing adsorption) nodule in a manner that seals the
ends of the channels as well as the mddle of the nonolith. As previously

di scussedy %(y“akk* gable sealing technology can be used. |- I%Ztﬁ)@fﬁ)ﬁéth’i C

exanpl e, e is configured so fhat a heating or coo I'ng urd can be
flowed i n5| de the holl ow tubul ar housing 401 by introducing it though slots
423 and renoving it through slots 425. The heating and cooling fluid wll

under g0 he@bggKchange whitdble et dr AW ddernlfig Wdhidd arkitEl Qiinhicber s whi ch

are open a end o t he nodul é ese seali'ng arrangenents, the

tubul ar hawsitatgor Bave betwriformed,ithey pey gdthededantey bahdlecdrddothefandsof thecones
a heat exchanﬂ)gl sui tabl e for use in TSA processes. Inia preferred

embodi mentfibarfangdi®arespaitedeorgmheddadiara matye matosahdth  dhishixesthare
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[ 0061] %&3‘;%???&’; Eaa%ﬁﬁ”" By ‘Oafaotndd 6 HO M IS WA0RaDr ocess wit h
either a py %Bﬂn‘% RRESS fat 9%e ik rith %ﬁk%‘f@ﬂ@ﬁbe&r%ﬁ%ﬁ&i& be

created. At er cess can Wi th pressure swng to nmake

a hybri di zagtetiab4 Rl ToavieualiRsthe f]fbt&WﬂT&rl&iﬁ@eF%ﬂrB@sWﬂﬁq&rﬂlel
mul ti conponent separation while facilitating the desorption of strongly

hel d specichenng| fibeircomitactar withr theanatrixamatseiat dhBirendered ttanapargnt along

pressure displace roces o make a hybridi zed thermal wave/parti al
pressure d?"élg Eﬁ;g‘?ﬂ lﬁ?‘@b‘&éoi hat can be run with liquid feeds. [0092] The

present invention can better be understood wth reference to the follow ng
exanpl es t[A889%kr e This pottedarrayrisithemsealed inte agubplasdwuaing 41bk. Sealing t aken

as limti n(tjllrftaces H‘g gpet ;I>1%Q/1ded 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 ﬂo_w 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.

[0090] 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 introducAing it though slots 423 and removing it through
slots 425. The heating and cooling fluid will undergo heat exchange with fluid
flowing through the hollow fibers which are open at the end of the module.

With these sealing arrangements, the tubular housing 401 containing the parallel
array of hollow fibers becomes a heat exchanger suitable for use in TSA
processes. In a preferred embodiment, the fibers have an adsorbent layer 405

with a low volume fraction of mesopores and macropores.



Exanple 1 [0093] TSA as practiced has several disadvantages. In
directly-heated TSA processes, a hot fluid is typically flowed through the
adsor pti qRobgek/sussai S the adsorbent tenperature. The greal8soshli®76
t enperature r?%e, the nore fluid is ngeded. The desorbeg ?npuritp%s t hus
end up dispersed in a |large volune of heating fluid, and the |arge anount
of heat that is used to raise the adsorbent tenperature is often not
recover ed. (0091 OMES &AL AIShyHIRliR6d broces A thhEEGMBITRCh HREMAP ¥/aVe Process
directly-heated TSA systens are operated with | ong adsorptiontines,
sonet i nes witkreithér b puessureaswlinguarhpartial pressureghisplacement provess. cafibeal |y, t he
occasi onal and gradual regeneration gives rjise to concentratjon and flow
vari at i onsCreafedovih thermahvayginsresss qaRde cambinedgvith peessure sving{eduake, an
ot herwi se st eady. state proces lant. Ln indirectl|y-heated TSA systens, the
neat | can tongdtirRd MGt SRR nRs At e PPOCS A RIORNTA on of 't he
product wih iRt BA8RIGR vhilOREH RAtin AR JERABRGHTBR Ly aREl IagcYCl i C
nat ur e of in&ire tly hgﬁieleSA 6rocesse§n%ften presents dif ?ﬁulties. WO
2008/ 14396plecits U (HBmaD 6276 ptécessnaarier admbipedivwitle aguttislgmesase Thi s
chromat ogr aphi c-1i ke separation will be referred to as "Tenperature Wave
Adsor pt i orffisplagsnent progeysteanakrna hybeidizedthermalwvave/patiad pressufed herein is
a specific,.type TSA proces hat, uses i.ndi.rect. heating (i.e., it does not
i Tt e t hiSRIBGBER HHaCE RGOS PE TS Mtk HAGerfedn  In it s si mpl est
enbodi nent, one set of channels in a contactor contains an adsorbent and
another sep9h] chaphehrestt ineALbA cRh bRfteB& UnbiGisthRNWithdkferBrdd (e Of the
contactorabln L prefekrgdﬁ%hboﬂPnegt, tﬁg ﬁea? gﬁﬁfng/;enog?ng c%annels are
desi gned ifollowingeRimpleatthatesrel gresened forhidlosmbtiveperpmes agd abotgbd he | engt h
of the channels in heating and cooling steps of the TSA process. Figures 4,
5, 6 and ﬁah@1@%hngho&ﬁhﬁnumen@pnchannel contactor configurations that are
suitable for use in this preferred TWA enbodi nent. In Figure 4, channels
223 and 2§g act!ai heating /cooling channels and channel s 203 act as
adsorptio S. In Figure 5 and 6, channels 423 and 425 act as heating
/cooling channels and channels 403 act as adsorption channels. In Figure 7,
channel s qOD9SEt edr9X asInadtickd i RFeradisiRRahtiges C Do direetl¢MeaRA FSANd
channel s connécted by 705, 715, and 725 act as adsorption Thannel s.

processes, a hot fluid is typically flowed through the adsorption bed to raise the

adsorbent temperature. The greater the temperature rise, the more fluid is
needed. The desorbed impurities thus end up dispersed in a large volume of
heating fluid, and the large amount of heat that is used to raise the adsorbent
temperature is often not recovered. In some cases the heat is not recovered
because many directly-heated TSA systems are operated with long adsorption
times, sometimes over 24 hours, and much shorter regeneration times. Finally,
the occasional and gradual regeneration gives rise to concentration and flow
variations in downstream equipment that can be difficult to manage in an
otherwise steady state process plant. In indirectly-heated TSA systems, the heat
can be supplied with a heat exchanger, avoiding dilution of the product witha
heated purge gas. However, heat management and the cyclic nature of indirectly

heated TSA processes often presents difficulties.

[0094] This example illustrates a TSA system that enables chromatographic-

like separation of a multi-component feed into several streams each



[ 0096] The vel ocity of the thermal wave and the sharpness of the thernal
front, can be determ ned by recording the tine dependence of the

t enper at LVV$29 sibet hermal fluid energing fromthe heat EEQ/&%&)%)’OB'&N
channel s. The {IﬁE del ay, before the penperature begins to change, provides
a neasurenent of the velocity of the thermal wave and the rate at which the
t enper at ure changes provi des a neasurenent of the sharpness of the front.
The needeqodaémraiil QEFFGERLITREs! "THIS @nidHRAIORFAINRE-SikR! Rp&tIoR WIIEbST I eam
energing fromthe heat exchange channels. Oné way to characterize the

vel oci ty aéferiea toresrfBdmperatiure i Wave Adsesption" (TWwW)i ch i s defined herein as
the tinme it takes fromwhen the thermal fluid begins to flow at a steady
rate to the point that the tenperature atf the outlet has risen to 25% of
its final 808y sthe EWAIRrecessas filaqlesqs#an claimeg s p in 2 sBEQITICURE by

Femer at o ABRossikalshs HkaThe0B8 ey 0B sorE bk TPl wERIEHS" s 1rom
25% t o 75%sbrialsSintd ARkatid %?ébluﬁlt).a‘lﬁitg%irﬁﬁles{ EmbodRh&éAtCbhedet d@t the ratio
ta-uelay tinme be greater than 2, preferably greater than 5, nore

pr ef er abl xhgneels én atdoatactor eomtamsan adsoebemt ahdmaabther getaf eltarineinisated
[0097] The ratio tdelay/tr,s, can also be determned froma therm)couFI e

pl aced i n tebeingrhaak éntoraadrtake bratont of the contastari simapecterred cankpdimen enﬁt h
f th | | ffjiciently far f th t t hat
The tenmerhs fr dadiRe/renfydh dhanntisath s SR e anbhnnt PR Y car 1y
0, 0, . f th
greater tRpd %W aVe @%@F%g@% tHE §& orflﬁ?@fwe??galqt ﬁ@at{n%'vagidu(g&gwgqo e

contactor. At any su n xi there w oca uantity
tjelay steps of the TSA process. Figures 4, 5, 6 and 7 hereof show parallel channel

contactor configurations that are suitable for use in this preferred TWA
embodiment. In Figure 4, channels 223 and 225 act as heating /cooling channels
and channels 203 act as adsorption channels. In Figure 5 and 6, channels 423
and 425 act as heating /cooling channels and channels 403 act as adsorption
channels. In Figure 7, channels connected by 735 and 745 act as heating
/cooling channels and channels connected by 705, 715, and 725 act as adsorption

channels.

[0096] The velocity of the thermal wave and the sharpness of the thermal
front. can be determined by recording the time dependence of the temperature of
the thermal fluid emerging from the heating/cooling channels. The time delay,
before the temperature begins to change, provides a measurement of the velocity
of the thermal wave and the rate at which the temperature changes provides a
measurement of the sharpness of the front. The needed data can be acquired
from a thermocouple placed in the stream emerging from the heat exchange
channels. One way to characterize the velocity of the thermal front is to measure
tdelay, Which is defined herein as the time it takes from when the thermal fluid
begins to flow at a steady rate to the point that the temperature at the outlet has
risen to 25% of its final steady state value. The rate of rise can be characterized

by measuring t;s, which is defined herein as the time it takes the temperature at



and tfise, based on the |ocal change in tenperature with tine. For any such
measurenment | ocations, it is preferred that the |local ratio ta uelay /

trise be r an 2, preferably greater than 5, no

greater t\ﬁg)%ﬁﬁlsgmgsﬁg even nore preferafly greater than 58&%8@2{0@%?’
gquantity/t- -uelayis a neasure of the sharpness of the thermal wave or
thermal gradient and is directly related to ATHT. The smaller the ATHT, the

larger wilthe BatlEOR) @ from 28% 1077 DLUTiR fihdl, iteady-8iR¢ VaTel dt ipleféred ratio
buel ay/t.,,," be as large as can be achi eved wi thin practical ‘design

constr ai ntthat thkiratiotkgs/ thebe grementhad D iprefsrabinigreaer than emachi eved
within practical design constraints. One can also say that, if only

consi der i myctereblyexeatenthan 10 and gvem muse preferatdyigreptss hancthst rai nts), then
there is no mnimumto the value of ATHT and the val ue of AT HT can be very

close to Howgver .. soal |Ler ATHI | ' | ing smaller
channel s tzlﬁggﬂgl v\gﬁ# {Jdrglé)r %‘P’éé‘é"u?%ﬁ_glsg}seg(g%%ﬁérﬁﬁ@n§¥§%¢/ﬁoﬁglé;b.st acl es.
As such, Placdd inddneCONBe IREMMAIUMANALS At 36meQfibtafée K PRARINgURE] h@T3hen
capacity, feed and product properties, and other design paraneters wll

di ct at e h@entavtdr, as bengyad xeiscfufficiditlyifahfrohethererdrayice ¢hatathp ltemptrature
(equivalently how | arge the ratio tdel ay/tnse m ght

be). WO
2008/ 1439@@;péln hasdska ohagcegosecome developed, typically grea)ter than 10% or
preferably greater than 20% of the full length of the contactor. At any such

location x, there will be a local value of quantity tgejay and tys., based on the local
change in temperature with time. For any such measurement locations, it is
preferred that the local ratio tyejqy / trise be greater than 2, preferably greater than

5 , more preferably greater than 10 and even more preferably greater than 50.

[0098] | The quantity tgeiay/tise 1S a measure of the sharpness of the thermal
wave or thermal gradient and is directly related to ATyr. The smaller the ATy,
the larger will be tgcay/tise.  In general it is preferred to that the ratio tgeray/trise
be as large as can be achieved within practical design constraints. This makes
the value of ATyr as small as can be achieved within practical design
constraints. One can also say thaf, if only considering the gradients (i.e. with
no practical design constraints), then there is no minimum to the value of ATyt
and the value of ATyr can be very close to zero. However, smaller ATy is
generally achieved by using smaller channels that give higher pressure drops and
" other manufacturing obstacles. As such, practical considerations such as cost of
construction, design capacity, feed and product properties, and other design
parameters will dictate how small the value of ATyt might be in a given

application (equivalently how large the ratio tgejay/trise might be).

[0099] Shorter cycle times provide the most compact and productive use of

adsorbent, but also require the highest heat transfer coefficients. Methods for



achi eving high heat transfer coefficients in heat exchangers are well known
inthe art. [00100] In the present invention, before the desorption step
begi ns, Wﬂb%ﬁM%ﬁ§9 re preferentially adsorbed in the m ¢rQRRLGR/00627E T €€

vol une of an adsorbent w thin the adsgrbent channel. These nolecules are
preferentially taken up in the adsorption step where a nulticonponent feed
flows through a relatively cool adsorbent channel. The tenperature of the
channel atachtexﬁingm héat tndfirf doefdiktsal R &k@lahgageéletwwlﬁkﬁb@h ii |l be
used to regenerate the adsorbent. It is preferred That the adsorption
channel s ahetafte parall el channel contactor are designed so that the
concentration gradients along the I ength of the channel forned during the
adsorption step are relatively sharphegﬂarp radi ents are preferred because

they enabl[001Q@l tlg the Prescat iNvantiong %ﬂﬂﬁsgeaoaptl@n ssRaginge mpleeylss

e gr ad &t BrgrerbieymbRhet EihS mictoFES of FRE SRk DA AR > 1 e"
begi nni ng W@éﬁ%%@sémn@%ﬂﬂgm%.t,@ﬁfclwﬁeé%‘éi p%efé\eﬁﬁéﬂytmnagﬁwthei s

well utilized. In practice, high mass transfer i's achi eved by providing
rel ati vel yadsorptioncdiep mdiese & anulticonfpomdnt faeiddBows throaghla retativetyhcodlhi s i s
acconpl i shed using beds of small adsorbent particles or using parallel

channel cddsexhest shapneh Jhgtempreatieg okihechannel af thisgraint isdignibsantient, a
space-filli sorbent . covers t wal of adsorhent, channels.in a

oorart ol - dielawafe Empdenie tResyithGe e fh HeeheafeRRAdsRR 1% 11 ow « nat
is prefer i r I about 0. 25
i ncﬁes, aﬁgueé\#e%% gﬁ&dggglﬁg%rfgﬁa?@glss ﬁ%ﬁ a %Ee? Cg.glim?lnc e%étaigtteher mal wave
separ at i orlesiphedsoaharthetoncemraieo ghaiénts alumctheriengthasf tHe chatndlave | ow

mesoporosity and nmacroporosity, but to obtain the highest possible recovery
and puri t ormed duripgdhe adsatptionstep ane reliiviehesharporfhacp gradignts arow

nesopor osi ty.and, ,macroporosity, a re_describped herein, That js, the
CEr onsur e RS es anablRedieh bt Pased Bough Fas bed B LBy AMESs ¢ han

Tess t han et TRedaflieh” B atstiB3fk ookl “ithes Baflerts JyePagher abl y

a
ou pore vo Une 1 open” pores |n%ﬂﬁgﬁnetopore and

| arger si 2Re graiemON{l B4 SRAGRET/SUSR QOININRE Bestlts [iR AdSdbatdisspihgiRg ent er s

the adsorbent channel at the start of the adsorption step, the adsorbent is
rel ati vel escaps therbg¢diiohg befars the bed'alcapacity toyadsoeb ssiwstibdilizededn t he poi nt
at which feed.is, introduced., The adsorpate cancentration is _high in the
early par tprgqtheﬂglgl}b@agq trapsfer 1s e‘é@((PlPY)WQ:‘G B %H‘{ﬁ‘g}‘. smalliqhangeltnst r eam

t of t t £ ] i bat
Concent r atob iRl ety uhbehiguer PS4 BehrPINIR At RBEs BLoRARC, > ©
proceeds, aibbrbefPpatitlésadr Wing parilleleHAnellcoftactdts Wit §iallthahhiél 4geQr bent
channel . The dividing |line between hig d |

h concentration an ow concentration
zones gr adnal prgfercadeembodimety, & spadeefilling sdssbentsmviees thearallsof at es in t he
adsorbent bhed or |ayer. [00102] In the present invention, with a feed for
whi ch manydaprbest ehannelinon patallelchanngl confactos lepying2 hydmplic sadigader bent |

it is posgy i Rl ce t fro ve.along, the |l ength
15 PO TP RIS bR oS PRSERSRL B BRI T ke | endt
or differeqpe@s0i2s idthds)ah@RveR MhdreGr8ftirablpatyedan abble0aincABECAeS in the
feed, the adsorbent will preferentially take up different feed conponents
al ong t he thelwwallvearte $epardtion ddreberostateal withradsdrimmtpontactars thdtldoeotr ef er r ed
to as the strongest-adsorbing conponents. The | ess preferred components

will be rdr¥eley mesoporesiy srdiriagrepesitabut demebtainithe highestpossiller pt i on,

t he strongest-adsorbi ng c onents,Wll occ the regi.ons .of, adsor bent
closest t OSGIETY ARG PULY 1043 PreqPreed e bse i HSPrheR CORACtREIAM 9% £ r om t hat
regi on. A fRPm e ! : e £ b nsel ves
fr gm str c%lgéessoﬁ) Bﬁ)ﬁﬁfe%kes? E%ﬁgﬁgﬁﬁ\%@gﬁsﬁgggggé ? ?%?nﬁ't ﬁg\% lnsl’ (talﬁg %{gdﬁt&%%out | et

of the adadsgbentcartainsdess thhhiabouy e vol%op préferabiyiess aharpalbout 1fovolgaseous
as well as liquid feeds, and TWA grocesses can be designed to operate with

ei t her typeorgfpretesablydess thaa abeup @ &obo, and mest prpicrably lepsshangbowted wi | |
be considerg?kgggg$03 Fi qgur.e 10 é&% her%%f shows scaﬁnatically t he
pat t er ni ng96f° o U I8 GREB PAFH Y theesQnoe AndargRESZ8s or bent | ayer

1019 at the end of an adsorption step for a nulticonponent feed. The feed
in this exanple is



WO 2008/ 143966PCT/ US2008/ 006276 51 characterized as conprising species with
four different adsorptions strengths, which are nost weakly, weakly,

| ess- st ragglyes/AbdksM0St -strongly adsorbed, in order of ippgk 23627
adsorption strength. The strongly-adsgrbed species are sha&gﬁ&g darier gray
than the | ess strongly-adsorbed species. Layer 1019 would correspond to
layer 205 in Figure 4 and layer 405 in Figure 6. A diffusion barrier 1017
acts as a [0plo1FePWhehifeed Gﬁie‘?ﬂﬂeeéds'oﬂaédiféhﬁﬁﬁéi # o s@kt JO0@Hé adeQméidihose in

t he heating/cooling channel 1011. The wall separating the feed an
heat i ng/ catép, the atisorbent is@alatimely cod@ndanplecdlesare takenupg-bythe adsaxhent4 15 i n

Figure 6. The adsaorbent channel, 1007 woul d_correspond to 203,in, Figure 4
and 403 i mepr the poipt atrwhighefeedis intredygedn g headsqebate goncemratiprcisMigh pond to

| h I i f i N i df
423 t 0" aoSMThE e, PaR oTng BT R RS, b ablody Soresrtealion inthe dPiBefellca n
the di rectgapfiof RBRHIBGEO IHRAMY AR 15 $Hiep BRAILATSE adibrsateh. the

strongl y- adsor bed speci es were deposite st to the end 1013. More
weakl y- adsonbentratimc alongwhe dertsth efithe ddsurbemstrchianneh eA e opeddlivn proce¢ds, s
exanple, the flow of the hot fluid in the desortﬁtéi on step occurs _in the

same di r edhisgiongsniratéen frieat mexesialongthedgngthoot the adsedrept channgledheThis is
Fow cont GEaed B Bevetutieh BucbRabOr ail ToV SRR hsein dodky Grabie™
const T uct GfloVds {outdifls ARAAPLLIO RS Q&%rﬁg%%i;h@atﬁ ?rp%e?%%aﬁéd}%e'd&rgm ‘he

counter-current flow configuration. I gure er eof

state of tl@gerchannel s at the beginning of the desorption step of the
present invention. At this point in tinme, hot fluid has begun to flowin
t he heati ng/cool ing channel, with a hot streamflowing in from 1023 and a

cool er st {B8#92l029nfthe presgns invenhonhwithed fegghior dueh manypdiftesento advance

I h | hi I h i A d I
Conduct i vicOPHAPenRears SRS B ERAB up i RSP Rt it PP LR A P ayer
closely f%ﬁl?flﬁe E&%&?ﬂﬁﬁ%&%&g@ by Q%ng*%ﬂé %%?tl?@?h?}@gds%meduring]ere 'S no
o) 1 | e.

i nposed gas w I n the adsorbent chann in this exanp gas fl ow

can WO 2Qd8o6rp4id90 abed tdSZRES MR 6f bdsorptibn) @ diffbénceddediffusiany poi nt in
t he desorption step to aid in the renoval of nolecules from adsorbent

channel 100gffigientshicsween differentspeciassin the feeds theladsashert Wik been renoved
fromthe adsprbent, | ayer i he Iightly shaded,regjon | ahel ed 1081

Vbl obul 'os TREGETlY GKF bnubgereny feed companans slong e mssortmt detetbeTheos 1
because | (i.ﬁfpﬁ ]I;eI@IIQEII - &{:qu i LSO are strongl

i nfl uencegﬁ%g;} terrph%trd;tgtoﬁrr1 : t‘g%ﬁ?’% gﬁge entg)d%s]9 Iltg tﬁgﬁggg%ﬁ@%@gl ow channgl d

is valved c@iﬂipomdtsdesm Redl pretefred| RenpBHeatsM N be hefeakdabrisithe wdakiyiel to

form stream 1027 that flows out of the contactor. As such, the
st rongl y- adserbied cosprrieats. npueing agsorpiiona tsostpangest-edsorhslg d@oponeviar ds end

1015. As th the ¢h |, th eadsorbed. in the adsorbent
Fayer (1 n YehaeuRg i ekions of AdtRgh dlasers 4 tephtyndiuikipplated

| ess- st i cent pat. , - bed
spoci o5 | R RSB0 HBEHER) oy il ARG Ol B Seridd RS ARALY A8°
that is disdebiacs will ordehehéhs@o froAY strd9¥sneh Rehk&st atbrniiRl adsBfbertt this

point is preferentially enriched in the nost-weakly-adsorbed species. This
first desdramdheidestortharoutier df denadsoeptedmcharnels e Phisdypd of pattegusg st r eans

G M AT =N AL G R L
product sty.cans ¥ befitl WAt ShGWROIFHAY FoP MPpsipddl St Wk be, a

cont act or
gaseous feed will be considered.

[00103] Figure 10 (a) hereof shows schematically the patterning of adsorbates
deposited along the length of the adsorbent layer 1019 at the end of an

adsorption step for a multicomponent feed. The feed in this example is



[ 00106] Figure 10(c) hereof shows the state of the channels at a later
stage of the desorption step. At this point in tine nore hot fluid has

f1 owed tr\gglég@;/lt Bgesheating/ cooling channels. A hot streamrfRRidsAHES: f! ow ng
in from 1023 ané a cool er stream 1061,fl ows out of the contactor. The
tenperature of stream 1061 is slightly different fromthat of stream 1025
that was flowi ng out of the contactor at the earlier time shown in Figure

10(b). At dﬁk@ct@ﬁmmombﬁsiﬂ%b%esﬁs wikle féurediffekervadeortioas kaengtheanced
further along the contactor. re of the strongly-adsorbed nol ecul es have

been di splwiish are orost ieeaklis overddy, less strongly3ané massstrionglyt adsosbed,une over a
| onger | ength has increased. The entran end of the adsorption flow
channel r &f8fhe! PEFSASH & SO&W&"’H@%‘P@Sd%ﬁBISEIEHgIé’s'a&ﬁWge‘f W&les are

2008/ 1439 [ a tream
1031 ¢ hat Trgod oStk ER B e JER Rrdrily USRI B0 TACks 1818 ST 2

nove down dopeespbad Belayeh 2Bs R Figureet il [Re24891R Figure®! Ardiff@igyn of the
adsorbent | ayer 1033 and in sone instancés displace the nost weakly,

weakl y, arbartiest0ET actagh p wald cepardting avolesuled e theofeed whannéla005F frome

st rongl y-agsorbe i}ggqi es in the shaded col ggr regi on of the_ adsorbent 1033
i s thus ifBpeadde heging/iegpling chpapgldidd. i Ans walbseparating theolked @ndut  of

'n step 1opRyhgsBoBhE AR 10 ERBhE R To TR E e B R E AL RRC gs
stream 1033%&%”6.13%& %B%@Eﬁﬂcﬁdrfiﬂ(% ?80?‘ Wduld@driekp ST 2094n Pi#ngE 9 | at er

stages of the desorption step. 7] Figure 10(d) hereof shows the state
of the chat®3anFighreaf Thehehtingr cobligg chinndld 0ddswopld correspend tét thi s
point in tine even nore hot fluid has flowed through the heating/cooling
channel s. cROHBE chaneelfrering frem access prjns33 ma%wme 4 em stream
1063 fl ows Bl{[ %tl}e con%actor. The tenperature of stream 1063 is slightly
di fferent ﬁ2 o Y '9BUE: Pream 1061 that was fl owi ng out of the contactor at
the earlier time shown in Figure 10(c). At this stage of the process, the

thermal wqge104)75 1Rake ad¥GPABH s \&/\%é géédhﬂéwéh @R ehd SteGRIH ﬁ‘éhpéorgaa%r mor e

of the strongly bound nol ecul es ha een renoved fromthe adsorbent |ayer
and as carndd(d8edo the chd J018. K si)ch, thestromgdlytadsettedespecizgivaerel abel ed 1085

has grown with respect to the regéon 1083 at the earlier tine shown in

Fi gure 10deposikash elosest s theensd BB mdlereuveaklyndsothed spgrissiveared from t he

has 1 nor edeBiSied dokditoIfe sR 11T WAGis @ity B Ha prebShobniitRighes "o "
val ved of fde;?ﬁk?ti‘égfsgé u@é’cd??'ir?ﬂ’ié' &SmdH ct‘i’ﬁﬂ"ﬁs 4B QR A LAXEthe AS the

strongl y-bo | es nove down the channel they continue to Teadsorb in
col der r egdsorptiontstep. aTR3ribeefertedytoras Pdforatifg ilic sdvoepiits had desomtion! ace

t he remaini ng nost weakly, or weakly-adsorbed species as well as |ess

st rongl y- dd8soberesidlow sonfiguratione di shauldde noted thatst T By proeess wabed
species in

t he shaded. cpl der, reqgi on,.of the, adsorbent 1043 is t.hus
i ncr eased 21582 ¢ rwc&dﬁwﬁﬁltas@ﬂsmwnt desprILT e RS ORBISENLIB A0 08/ 006276

counter-current flow configuration.

[00105] Figure 10(b) hereof shows the state of the channels at the beginning
of the desorption step of the present invention. At this point in time, hot fluid
has begun to flow in the heating/cooling channel, with a hot stream flowing in
from 1023 and a cooler stream 1025 flowing out. A thermal wave 1071 has
begun to advance along the contactor. In this example there is very good
thermal conductivity in the contactor. The temperature of the adsorbent layer
closely follows the temperature of the heating/cooling channel. There is no

imposed gas flow in the adsorbent channel 1007 in this example. A gas flow can



54 stream flow ng out of channel 1041 is preferentially enriched in the

| ess strongl y-adsorbed species. As in steps 10(b) and 10(c) above, with a
tinme-act ughefysydhag this third desorbed gas stream 10411,%%;1]58@08%@&% at ed
from product gas streams that evolve gt |ater stages of the desorption
step. [00108] Figure 10(e) hereof shows the state of the channels at an
even | ater stage of the desorption step. At this point in tinme even nore
hot fluid ﬁ)nﬁilg‘ﬂ%chdd*éﬂodﬂ%gtyﬁnﬁﬁ%é aef,&?gbh@%fﬂﬁmqh&he ferfibalssfr eam
continues flowng in from 10 and a cooler stream 1065 flows out of the
cont act or .mdleeules fremaidsorbent chimrse] 1002aAttlsccarly sthgghmbst afithat er t han
that of stream 1063 which was flowi ng out of the contactor at the earlier

ti me showddsartrteyhasbaan rgmoyed framstheraggerhsnt {aysr pn thelightly ghadeder mal wave
h d | h d h

1077

T e R B8 DR B0 a S SEL oty PR o 1,

lightly- S%g%rep?iﬂﬂﬂlbﬁ?%e%gus]&@ Hiperd iéé’{ig%"ﬁr{c?/%z{s%ﬁ%ﬂtadsﬁwtg(ﬁ?ur égion

1085 at the earlirer tine shown in re strong nd

ol ecul es if@nermeere sraglpieduénced byhengsteaubenThe 2yieancd end of die 1087
because its tenperature over a |longer length has increased. The entrance

end of thadadgdioptflow dhiannekisaahetd oranidrdesorbedadolsiculesove dowbethe
nol ecul es ve do t he, adsor pt.ion el . As the rongl y- bound nol ecul es
e doun ARURLR thanneh By fahetraate 1057 H5AtAdEs BUT of e HAon| B4 SURRe re

ove d HEnnEhe _ _ S
ookl v winf FEongRotBREed e RdFnhE NG Re ARBIRS AR EETRTIORS

concent r atgn@n 0315, tAS tisdy ROYE Mot delHAnf B ehe3Saretehdsorbbd ée thecalsdetentegi on
of the adsorbent 1053 i's thus increased. In Step 10 (e), a fourth desorbed

gas st r eaday@5in semshostancdsadisplacimgethe meodtivetdkyy emealdicand lessistronght-

t ly- bed ecl As | t b), 10 , 10(d). , With
o, he PR dIBEDES). nThe FODFENITAIGER 108 SyRBEt FsarPad A inIBos epar at od
f d I . . i
St op T oo BegEnfeettn 88 M dgRinaf X099 SundBincfedbdd s Thot HUSRRCIEIET

near the tthéBrédma027%6Wi: &t 6f diahhel 1607 AehiPpoint ApreBereatially hr ough the
end of the WD 2008/ 143966PCT/ US2008/ 006276 55 contactor. However, as it

can be seenrichbd ipthesmost-iveakh-adsorbed speries Thilstfinst desorbetligas stasamt r eans
froma si nal e desorption step of the adsorbent contactor utilizing a
t her mal wd¥e7apdbesiofe be saparatgd dram gag styaams Hhptiey obegyridgtarstages ofi 1 f er ent

ener at i ndis OEAorAUGR SR PP Hikiab f Bioke ARatear Y Cin o B BRa o LT | 1
the art thatschb i wneioa:S dbftaimﬁuﬁllﬁé% gfﬁddcwﬁeaﬁmviaﬁaif?&iﬁg i:dningsaﬁbﬂ

generate any nunber of desorbed p ct streans. In a preferred enbodi nent

of the prdemnta singlersidsorbend cohtactoaal wave process is utilized to generate at

| east two desorbed product streans. In nore preferred enbodi nents of the
rocess, lized to generate at_ | east

PL?ZS”BeLEﬁﬁﬁiéllzP&3&%1@”&&aé%%“f‘aﬁawmmg@f“%ie@h@nawa Intes sige afave
Chocra a S8 Hblcrbign {ah. T bERn HFRE ekl ARPBREHEREg N bE b
pr oduct S%%Sﬁﬂ%/c@bﬁﬂg"éﬁﬁlnﬁay.e/ﬁ@hgﬂ Jtfah® BontRHMES! TN iOPRS! 1623 alP§110] 1t

is preferred that adSorption, desorption and cooling steps be perforned

sequent i alcbylerstreafiVi0Gi floesout f thelvontaetgpe. dThettbmpergrarcadf streans 106kt t he

heat used to, sw ng,the contactor is retained in the heat transfer nmedium
k

It adsor pis shehibisdifferprilreauthet fiptrearad@3sythal was Eewvinggut ohdhe a
Feed, - and nfiEkaR (e £EFE s oI5 47 Rilied 0B AL BYs sthek STRG RN Sber at ur e
of the hegfie teial Wav@BG78Mas advanced further along the contactor. More of the
strongly-adsorbed molecules have been displaced from the adsorbent layer 1083
because its temperature over a longer length has increased. The entrance end of

the adsorption flow channel remains valved off and desorbed molecules move



[00111] In a preferred enbodi nent of the present invention, the thernal
wave process described in this exanple can be used to separate and captured

C2 from§hUgedasessExanpl e 2 [00112] In one embodi ment @brhRSoRlESSHT
invention, a series of cross-flow conjactors is used to create a parallel

channel contactor that has separate and parallel adsorption and heating
channels. In this enbodi nent, individual segnents of a cross-flow contactor

are st ackeghvM th 4R0sRTbSehdiR] té Fen?¥@EaAS031Ghat flows out of the contactor.
2008/ 143966PCT/ US2008/ 006276 56 flow of fluid during regeneration is

count er - cuks thet stromgty-adsorbedtmolectles moes dgendhe ebanmel théy Eontinugf toftewe gas
during the adsorption step. One way to construct a cross-flow contactor is

y i
to coat orpdseehingrodleresionobtheadspgaentdaysy 1088 andinsome SRS an
adsor bent . ,.Cr.oss=f | ow exchangers, are nveni ent cqnfigurati. or use with
the pr eserftiSRIACEHie IBﬂSthg_E _ %’ewteﬁgﬁ'l’ aB@ﬁfﬁaﬁr{m&&a}! Pﬁﬁ?f§?#8ﬁ5+‘§9§‘f%‘f eved via
hi gh heat don@Bsfiorfofite it §Jad'§9&féﬁes@ecﬂé'§‘%ﬂ‘tﬁheﬁiad%8@ow% iotSf e 1 S
engi neered to give tenperature gradients 1n one set of channels and

concent r atadsorbgnad03disthus intrcastdeGas thatiindisplaveddatd thewtreanhflogéng woul d
have sone adsorption paths heat up (or cool down) earlier than others. This

|
woul d | eacPut ©f ¢hannel 1933ris prefscentiadlycergiched infhe weakly-iadsophedsperiesheat - up
d |-d t f Ly . f th ' d
Fegener ar onhREREONONS; WAlHE ot BaptegatkE s seeaRd SRk ZaSor
cross-f 1 ow,eanf pe3PEar B@Eeﬂﬁ'ﬁteﬁeﬂ%’&%dﬁ&ﬁgﬁ%ﬁgrq?ﬁ%st t@?%r g%(%]?g%‘(gt@xfge flow of

fluid during regeneration s countercurre | ow during

t he adsor ptages oflth® desdiption@eep.f | ow contactor is constructed froma
cross-fl ow heat exchanger which has inperneable walls separating two sets

of flow channels. The wall 701 can be conprised of a material selected from
t he group [08K&Tlst iriguest 106 descofshoxysi the stase af thschpnnelscatrangyen; later
re |ined w [ 4703

| . Fl | /09, 711, d 702 h R
oy ent et e RS opriOn Yer oA% RGN indirRe SPE mae o A HER AGVEd i1 ar

adsor bent h@"%?’ : | 0 I : t layers
to |line eatc St%l gl%g%}s?%/r%ggﬁ%lg :Elﬂﬁ%%é’l? 1 }g\?\}ogﬁgﬁ%gf‘cgﬁ? 81&1% ?%%lﬂgrq]‘glf%g
Process and2grandusesblgaszesn 1063dews dut bf theddontitondthe banperdatmedff | ow
channels 709, 711, and 702. The Iai%/é:l 703 contains at | east one adsorbent

sel ect i ve strgamohddis shightlyotiffecent dhat gtream 10R1 thatavasaflewimpautcadh al so

ConL a0 OBl TR RSN ERlinh Ho m EE Rl RS BeB BT °
process, the thermal wave 1075 has advanced even further along the contactor,
and more of the strongly bound molecules have been removed from the
adsorbent layer and as can be seen in Figure 10(d), the lightly shaded region
labeled 1085 has grown with respect to the region 1083 at the earlier time shown
in Figure 10(c). More strongly-bound molecules have been displaced from the
adsorbent layer in region 1085 because its temperature over a longer length has
increased. The entrance end of the adsorption flow channel remains valved off
and desorbed molecules move down the adsorption channel. As the strongly-
bound molecules move down the channel they continue to readsorb in colder
region of the adsorbent layer 1043 and in some instances displace the remaining
most weakly, or weakly-adsorbed species as well as less strongly-adsorbed
species. The concentration of the strongly-adsorbed species in the shaded colder

region of the adsorbent 1043 is thus increased. Gas that is displaced into the



[00114] During the adsorption step, flue gas is flowed through the
adsorbent lined flow channels 702, 709, and 711 and passed sequentially
(705 to A% hék14dsyy from adsorbent |ined channels in ongcghrRssislobév Segment
to another (i.e. WO 2008/ 143966PCT/ Ug32008/ 006276 57 711 to 709 to 702 .
During the desorption step hot fluid (gas or liquid) is passed through the
heat i ng/ cool i ng channels 708, 710, and712 in the contactor that are |ined
with the nadeafd Abwifd oUb8chanreP 1041 heproteRatinll9WnhieRéd e tHealeger . During
the desorption step the fluid flowing In the heating / cooling channels
708, 710, stroohghi-adparbsdspeciant As-instepsntd(h) 4a0830(a) abose, withtdemaver age
direction of flow during.the adsoe‘rgotion stei 3705 to 715 to 725). [00115]
I'n the arrastieptedvelvertbigthind desgrhedd gas stecag 4041 cap hessparatedbiroBbgnent s are
stacked, w t ot h heatinda/cool.in annel s agsorption channel s

connect ed Rrﬂggé{rga‘gg_trepﬂlsgﬂaﬁ?\éolyc,e%{ E?Eerﬁ ﬁﬁ;?f(?ﬁﬂl r(%ﬁ?q&p %ess) flows in a
series fashion through every alternating channel in a cross flow nodul e.
For exanpl{e0108E PFigtfs $0 e) hefedfi shaiwsfthe Yat@ef BfSchdifeksit anbfchdaterost )
channel, then acrossS the 3fd channel, then 5th, etc. In one enbodi nent of

t he pr eserstagenvfetheidesorptmnistemi Atdhisqivannial time even goore hotifhuid dak dloscedy an
entire nodul e incl uding channel s of parallel-f I,ovmsgﬂgllop,rocess fluid

man
that are HthMﬁé\@géag/&gaﬁng@hm%ﬁahﬁtestgeam continpgssilowinginfgorher mal
fluid. In LS enbodi.ment ty 705 and..745 are connectin ntir
modul es. ortU23uE Y PRSIPF Bl SR B BuE R Grbliof RBR R BEHBE A1 o1
each i ndi w ' ar-f| ow
rode.  the Ditbtcalt §065 Lo QIEHIR uhccs S8 Hfat of Shreddd AR WARKWaCOUMRE |t Do
or count erout lofthegrootstactbnias theseartiat tigreushowm froRipeee i100d)a Auttiestagé of

continuous_ stirred tank reactors éCSTR‘s together to sinulate a plug flow
react or. (¢he peepesanitthgshermalwaveal(Zhh aniced even fertheraalpag thonductivity

f the whol | ti -nodul ' I This facjlit th

of motal enistionand Radterar 1o SFBRERoheleY e G (RLPRASE: at o
et al _ _ _

Cmhod ment e R b e e R Tl P AR o s

are preparrespest tdthdi fepiore 108 R asthetanlicr thhieadhotva irEigute dO(d)dddorent
gradation in the overall contacting unit. This arrangerrent can facilitate
nul t i conpastrenglyabeendmaleculgshhave hegn displacediftamdhe pdsorbentalayer ithe
different conponents are to,be recovered separately,, or. because first
removed cSRESRAHIB VRRSAHST 1} AFTPRFEIHEYET ndPbetaPTatdrasicaeshoseos276 58

entrance end of the adsorption flow channel remains valved off and desorbed

molecules move down the adsorption channel. As the strongly-bound molecules
move down the channel they continue to re-adsorb in colder region of the
adsorbent layer 1053 and in some instances displace the remaining most weakly,
weakly-adsorbed species and less strongly adsorbed species. The concentration
of the strongly-adsorbed species in the shaded colder region of the adsorbent
1053 is thus increased. In step 10 (e), a fourth desorbed gas stream 1051 is
shown that is preferentially enriched in the most strongly-adsorbed species. As
in steps 10(b), 10(c), and 10(d) above, with a time-actuated valve this fourth
desorbed gas stream 1051 can be separated from product gas streams that evolve

at later stages of the desorption step.

[00109] At this point in the example, the desorption step is ended near the
time (i.e., before or after) the thermal front breaks through the end of the



the functioning of a downstream adsorbent (e.g. renoving H20 before a CO2
adsorbent). I n another enbodi nent of the present invention, the nodules are
pi ped so B%os?'ﬁ%%r bed material can be collected indivi gﬁ?‘}qsﬁootsfoggﬁgne or
nore nodul es as a t6errperature wave noxes through. That is, e adsorption
channel system of the nodul es may be Connected in series for the purpose of
adsorption but in parallel for the purpose of regeneration. [00116] This

design ap f f. | . y
Comnact FPRIGHIE, HoleRetihs it O BOSHAE Mhe KRB ARnfGn SRREAKCTRURDILY,
series. \Wprbau& ghssteuaisefloinhasinglodesdrptionstepadmpe adysrbem ¢drithctos in

parallel orientation with a second plug-flow channel system can be

appr oxi matustlizieg aghermalrwaxe prfocesowithfmultiple imasivedsingtocsegregate the
Cross-flow.contactors have two sets of channels, with ch set of channels
havi ng. f I GiECTIdAraquct g3 SKeAmSe AR aamle AbpYe TS iales PLasess A
cross-flo 4 i j Vil WAL net al )
ol at os 1 har! EohorBETOArleR0ed BT ietg i REIEHFLd Al T liMnAL ot T C
series of tRhethepre€dsstFihé caaehemvehtieaRan b Gitilized to gbherat®8ny Alithbeand 712.

In a cross-flow heat exchanger, the odd-nunbered gaps (707, 709, and 711)
woul d congifidesorbedrproduct sifeantsadnal prefaredmbadinzentyofahé¢ puésént imveationg i n
one directiogn. The even nunbered gaps (708, 710, and 712 uld constitute
t he second 'i’@fmé?wéﬁﬁﬁﬁ%‘-'@s %Htlﬂﬁffg) geergtept qsfé‘f"@ﬁlps?%h?ﬁg)r? Yleling in a
di rection r otat f (R i G, Thi - f. enment is
conveni e nts?r%gpsf gﬁ ?ﬁgraet é r%ﬁérlr?cﬁe{n:l? Q akpéétg rﬁ)tqL ﬂé?rglf)%faﬁ%%&%n{lhgwpt gééﬁ&g | channel
contactor Wéﬁve%x%_%&%; iPUtiHSed b geﬁEiHi‘éec{t 1845t efiree %Eél%é’dcﬁﬁaﬁ&t&fe‘émsbﬁnd _
connecting the first set of channels of each contactor in series fashion,
and by coreventmag preferablyomtheseial ofavelpooesissisaftilizadito@eneeate at ldast fdue
identical series order. Connected in this fashjon, the two resulting
channel syisserhedpraduet drsams: i shauldalse bgneted-bahinea prefsiredr i ent at i on.
[00117] I n_gne.enbodi nent..pf ,the.present i nvention, an adsor t I s coated
[ one. or BUNHIEEAC SRR 1R hSSTB 36t STUERS sffoncty BV difhichh anger o
In a pref gjhBtaf bSEidL. t he adsorbent has a | ow vol une of nesopores and
WO 2008/ 1%3%65&% 2008/ 006276 59 macropores. \Wen the adsorbent is coated
on one set of channels of the heat exchanger elenents, the series

connect i or{00%16@JucHt ishpeeferdned tiem tadsgrptrone dedarption andfcooliagsetpsdie channel s i s

coupl ed wi th_adsorption_ or desagrption in the other set of channels. The
syst em of mrmwmS@ﬁpﬁ@aqlbéub%afﬁﬁérBrO@sme/éa@évmtagéMféhlsmr@mwtégt t he

behavi or arallel channel contactor, and.can pe used.in simlar..

Faonion. e AeRERHG rBR RS poiaoloR T Rin g of Wk Bl G Ay mBt i U1

gener at es JgsbhfioRlvad'®y froceld Xirﬁuﬁﬁ@édus@aﬁvﬁh@odiﬂ t t%vﬁs%skéntfﬁ?aﬁe@ft
itself in any single cross-flow contactor. Becausé the exchangers are
coupl ed i nheheatan the bedrwill bevkose ta tire gdsopsaetfeecafcodgarida highrer dgavfoad

exchangers (lor stack of exchang]g"rgs). Exanpl e 3 [00118] This exanple

i |1 ustrat exilleenesded togestorethechighdemperatureofsthg ficat transfenmedivmpyves cop
fromflue gas in a thernmal swi ng adsorption process. Flue gas or stack gas

is emttedgi wide vard fi 140 rdal or S.. Pressur the flue
gas isty ngﬂa}y s]?'i %Wt%lfwé%g&g ngrﬂgg’{)%%@leﬁﬁ%égzﬁ?e@tgﬁ’dﬁ?esﬁlﬁgwgl %’Ialvfi | ess
than two ﬁfrﬁ@e%@*@i%&%edWﬁtlﬁ@@i@eﬁﬁgfé’éa%ISECuééa?toféeﬂﬁrﬁélﬁnd%aﬁﬁx@é&@@z\’frbﬂﬂ a
range from about 150C to about 250C. The mmj or conponents in the ‘gas are
typi cal | y fNig, g2, CO2, and H20. Small quantities of pollutants such as NO
and SO' are often present. CO2 concentration in the gas is usually in a
range from3 nmol%to 15 nol % and H2Oin the gas is usually in a range from

0.1 nol % tExample2 o, The total nolar concentration of CO2 + H20 is usually
| ess than about 25 nol %

[00112] In one embodiment of the present invention, a series of cross-flow

contactors is used to create a parallel channel contactor that has separate and
parallel adsorption and heating channels. In this embodiment, individual

segments of a cross-flow contactor are stacked or arranged so that the average



when a stoichionetric conbustion produces the stack gas and is usually |ess
t han about 15 nol % when dilution or excess air is enployed in the process

to limt {BsosipgEature in the higher tenperature portipehRbods/dEs20E OCESS.
For exanpl e gas turbines use dilutior%air tolimt the tenperature of the

conmbustion gas before it reaches the bl ades of a power turbine. WO
2008/ 143966PCT/ US2008/ 006276 60 contactor to renove nore than about 70 nol %

of the COFI@Wlof?fuid RBrivkaekertdation iLESURE-YutBhttor dRBuRMUo tBO avetdfeof the
CO2 out of the stack gaS, even nore preferably nore than about 90 nol % of

the CO2 oudirestiohldf fiiveof fhyrsgasrdiirimgstheadsdmptiain stepo Onet Wway tabonstng® anol % of
the CO2 out of the stack gas. At least one CO2 rjich streamis produced in
t he proce$sosshdewgontactan s tocoat one spkef ¢hanaghs of nerossnflow hgat f‘dffglﬂ{lgf?ro mol %

han_about” GBaitafSRiaent ke ity frefbiity e RS iR ARG BRSSOy ©
[ 001201 Thirth SHfRsent ihEioR beemAe thElk tBinplel Soti Afiafion i héhisoedion | 2l

adsorption, desorption and cooling steps operated Wwth three parallel

cont act or high heat tFiis$er cdaffitieats. Howevarl wwheatheabasd mast timasferas ot her
potential enbodi nents of thermal wave process to renove CO2 from flue gas
usi ng t hi $ngineeprdto glRemperatarcegraginnts ircone setmfehaanelsandse of ot her

oper at  on GROEHTAIEgRRts B e aheR A URE R ar ey aiehadest BePBhESEp whi 1 o
th i t 3 t i
bei ng cook ot ARgritIERARE et ARG il RowRl R AR iR oRAR, s BRREC! 00 ' °

hereof . Filgad ® drddvah porfornadniae, &tdepairs tHd cases th Whiich thiecheattupaind dsol-
contactor 941(a) during the adsorption step. Figure 11(b) shows the streans

f1owi ng i sloovmstapsare perfommacdsapasately fromithg)adsorptinn anbregeneration steps.
desorption/regeneration step. Figure 11(c) shows the streans flowng into

d t of .act 941 duri th tact | i tep.. T
cont act or JORREIEY TigH ool Sha'iech Ol aviG. FEPLACH BFass HavePaBetbglr o
f th oy d t hs&useedid Riridd her.eof with
cach cont aet sronsnffdieiothol (e REed oK TR drirl REERGORIT

adsor bent cobater@krgert4b thé A¥¢eZdn bfi flow dueing il edsdrpeoRdep! VEY croast ai ns a
m croporous nmaterial. The m croporous material is chosen so that at the

t enper at uflovorontagtards oppstiunicd from arcrosseflpwdieat sxchanges svtiich s e t han

about 0. Z?mgel'rlniegﬁle%va Is s%%zareﬁ{anrg t%vn(?sgtfs of flow channels. The wall 701 can be
comprised of a material selected from the group consisting of metals, ceramics,
and low gas permeability polymers. Flow channels 709, 711, and 702 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 different adsorbent
layers to line each of the adsorbent lined flow channels 709, 711, and 702.
Process and produced gasses are passed through the adsorbent lined flow
channels 709, 711, and 702. The layer 703 contains at least one adsorbent
selective for one or more of CO,, water, SOx or NOx. The layer 703 can also

contain micropores, mesopores, a filler material such as a polymer, a binder

material, and a heat adsorbing material.

[00114] 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.



WD 2008/ 143966PCT/ US2008/ 006276 61 adsorbent from an at nospheric gas

m xt ure containi ng about 90 nol % N2 and about 10 nmol % CQ2. In a preferred
enbodi e t rbent contains at |east a m croporou i uch
that at t gzp(%(r%g%%gture of the adsorpijion step in the p?g?&?ssgt?ds@{ngf”
adsorb nore than about 0.75 mllinole of CO2 per cnB of adsorbent from an
at nospheric gas m xture containing 90 nol % N2 and 10 nol % CQ2. In a nore
pref err ed RTReHITRRS 7ohe. PP dGBRYRIT e hot SR (fhsUrdiqingy RS materi al
such that, at the tenperature © t%e gsc}sor pt?on step(?an the@gr%cess, it

w || adsorpassed throlighnthasstink/Gooling ¢hamhelsf087°02 0paid ZiBinothe adatadbent from
an atnospheric gas m xture containing 90 nol % N2 and 10 nol % CO2. Dependi ng
upon desi ¢hat arpdingdswith thematerégl Wnissd tedarndhe grass-fowhegbexehanger.ange
from about 2C tq about 60C,  preferably i.n a tenperature ran from about 5C
o abour - BEmbihedRopiar siehific Tl fowifigh ORI CoRiEhAER 350

[ 00123] nei J 3 th Lnh a

t enper bt ur 087 2800 T2 BESeRYouhiaS- EERRNICISR 15 788) SBTNP AV ERRE ilcRoh B
range fromfahsydubiagtthe adsorptibh Gt 0078 R FZSYbly in a range from about
2C to about 35C. The m croporous material can be a zeolite such as zeolite
4A, 5A, 13X, NaX, and NaY. It is also within the scope of this invention
that a hydP81ES)ci tla the amasgement sleowm én Eigure Jsthewress-Bowr eantagter t r eat nent

of a flue gas stream It .is.alsq possibje for the micrgpgrous. mterial to
e made.{ SEEMETIS SRS d DR RESBrelsantiSt shrgnels ABARSSORHOR  such as
P. Anot her, L 3 terl i ¥,G or ous
sol “gel | asrings BhAALT 2 deits, T RiaRe 7, Mol BERBRENE of SRR bt

mat eri al s.a shRS $addR thrdugh Gverpglterpatng chitndliniacrosyoRamiodaleM Edr ot her
materials. It is E;eferre that the adsorbent in the contactor have | ow

mesopor osiexgmgple] theprogess dkiid firstThows across tee Y (battamedost) shatwegls theont ai ns
| ess t han about, 2Q.4ol % prefergabl ess than about vol % npore .

or of er abl FoTssdhe R/FhanBEh hep 3oi 94 laone 8 owrgroetﬁﬁ?prwgt HY&AtQBout 5
vol % of i i 966 /. ores
in the m;egglgﬁéﬁé)ﬂlﬂﬂgﬁalggngﬁ e aA/\g%g %\%{eéﬂ& Ia% ges’%blﬁég ; lﬁg@%ﬁ?ﬁm%n?
Mesopor oughantkelS o paRAleffoviihpqiroedds had thirdintabeldinles g nany [ 00124]
Regeneration of the adsorbent I's done with heat contained in the stack gas
and Fi gur ehadiidl} of ipavalledHowingeherrhaloflnidntlo thiscerobodinfent hstreanms 283 and bei ng
regenerated 941(b). Stack gas 911 enters the "heating/cooling channel" (as
opposed t d4PEe £8BpFGHIE etisRedyles of cressiiow dieat exchange,gnd Aot single

pr oduced i L Sl [ . O t 150 Q ut ; 250 en_t he
egener at L ORRs bRk o Bpdach iRTVRRB crddliol Sadift R mon bR v "5 o
range fromgpertoditet-Flow mbdel te cSabRafiohT st el ndstfulélih &M&Nwilf he
contactor 941(b) the stream 911 can optionally be fed t hrough a process

bl ock 913 petfarmrianmBewpar ¢ounieafles. mddecThis isiahdlegens toredimstsinigaa r enove
particul ates can be used inc¢l udi ng filtration with ceramc candle filters,

onol i ¢ hi @unm@afﬁoetlpnﬁvsﬁtnlaed _ @tl)orff (¢¥ERs) togwherto simulaterd plugy s,
b Used « JRLREOEPTbFadyaiaboRM: AatedleRl RIbAPE: AR PrilihT ol "
tenper at Uige Qholdulfi o a'%farng/éme%%}s F9I168° THRTLRORIHORR off! 0CesS

bl ock 913 and enters the heating/cooling Channels 943(b) of parallel

channel camdtacinothe heh( exchahigetpoetishsiwitholit Hégradirothettempesdtare gladients

m croporous adsorbent material in the contactor_ contains adsorbed CO2. It

i s pref er that pasgthraugh flee praduledngng regensrationenby ang embedipent ofetheaf t er t he

adsorption _step.is _conpl,ete) th olu averaged CO2 | oading i.pn the

Sdsor bent PEGF inEnfiSfhLie semsite SIS ChEREisS Ar AERBIL By bent

mat eri al . hfid I f i } ; r ange woul d
be an avef‘gfgfg&%%%&%(%g%gg 0 t?.c#ér%neqr}?{qlrsr%{bghgg{ﬁéﬁ ngpﬁﬁgwgn&yr opor ous
adsor bent contaetinglunitAsThisargingeaiend ¢an feglinase mulfitémpohétitaadsorption,

which may have value either because the different components are to be

recovered separately, or because a first removed component would interfere with



the contactor 941(b), gas begins to flow out of the adsorption/cooling
channel s 943(b) form ng stream 981. When the process starts stream981 is

at the inghi t erature of the contactor. As a ther e type
descri bedn‘!v ezr%esljlﬁ%rfzgves t hrough the coptactor the temegka)@&@ﬁﬂéﬁz?gam 981

I ncreases slightly. The tenperature of stream 981 increases sharply when
the thernmal wave noves through the contactor. It is preferable.not to

term nat e thBFuRGfsHing bfh dovatRAhPAGsor¥én i85 rdthd% OWRIER3A 0276 63

the thermal wave has noved through the contactor. If the thermal wave
br eaks t hrassgtbenbe Inx another embodiment ofithegurssergtinventiing phd Fiogmles d@rea) has
been conpl eted, then an _additional thermal bed 983(b) can be enployed to
soak up hdupedise thatidesobedimaterigl sam pe cateetgd dndividyally from one or more

can bo o pacRde Bea el By s Rl RIS e sPRoM habfelr o
passes. | fsg%&’f'n bRt ModIRS Smay be BRAK&Ed hederdés fi?lthé pﬂ?&s@af%s&?ﬁi&n he

tenperaturé at the start of the regeneration process’ i s near tha

adsor bent thedn paf20le? $dr the pusppsecdLragederabioh. t he regeneration and cooling
steps be termnated for the thermal front to break through the contactor
before the adsorption. To ensure that the thermal front breaks through the
cont act or , [0PhE6} ot Bhis designapproximates apung floxy ehanned sydem ean Bl | bet ween
t he adsorption .ch ncﬂgl and eatig%/cool itp annet, sh@ul d Ee.l ess than
about 10 tJPREYX CHBL SOBPCCHE & USH IR SFP%T ?wp éf“éql 'B'ilve ess than
about 5 ti s Qf Q8Rk Iyl ; y
Tess than ShotoD) FAGIS; WEARSHNARRLed Ridkaalg MY ERR] Sy ALF] Bafte

pr ef er abl yinlpasalldl paientdion with% $dcond plig-floes shaindl Restedscarbbat materi al s.
[00126J As the thermal wave noves through contactor 941(b) being
r egener at épprgigrated nsingaeserisgof erogshoyicasexehangecemactors. i Grossditews

because |l B4 5ol ety Bl R B AT By B
heat i ng/ |1 logo Q4 1 t th
reet ol coghppRGhaNIc b R E L ASkosshudadedemty e,

st r eam 91Xkaaria®eimghyt h'ghiﬁgﬁlmti&i@r(ty}ﬂeﬂ@bmﬁ:tél? plitels it are Statked with of the
stream 915 passing through the contactor 941(b) being regenerated, it can
be advant gg@dodetseen pug plate andthenexti: Bhe sdrms afipatgadefinese sduemeéir d and

bot tom of B2RE and G Bkt TRy S sl el & rasir 68 hobe Prabaat REngde
condensed \aistech LA (P, 7991 464 911) WoLPd BbEHifle G4 §ABE WidnndBbhanal 1y

knockout
would carry a fluid traveling in one direction. The even numbered gaps (708,

710, and 712) would constitute the second set of channels and would carry a
different fluid traveling in a direction 90° rotated from the first fluid. This cross-
flow arrangement is convenient for fabrication. In the present embodiment, the
parallel channel contactor is created by using a number of cross-flow contactors,
by connecting the first set of channels of each contactor in series fashion, and by
connecting the second set of channels of each contactor in the identical series
order. Connected in this fashion, the two resulting channel systems can be

operated in co-flow or counter-flow orientation.

[00117] In one embodiment of the present invention, an adsorbent is coated in
one or both sets of channels of a series of cross flow heat exchangers. In a

preferred embodiment the adsorbent has a low volume of mesopores and



WD 2008/ 143966PCT/ US2008/ 006276 64 provided to renove any mst of liquid
wat er flow coming out of the contactor. It is preferred that there is not a
signific of liquid phase water flow ng al ong w ed
partiall?wgéﬂygrg%gd flue gas streamQ61. [00127] In th?g&gggﬂgpgﬁﬁhe gas
passi ng through the heating/cooling channels of the contactor 943(b) noves
in the sanme direction as gas passing through the adsorption channels 945(a)

during t h‘%n&%gbi%tsi Whai @R ddsofbent % E6HtEEBhlok: sel BF ShantiRgs f HeChdaigr r ent
t hermal wave desorption process was described in detail in Exanple 17.

El ement s XChamger¥émastsstirveeries cohgectionlik, suckphatsthatheating ionicodlirgdn and
outlet end of the adsorption channels, respectively. In this exanple the

ni cr opor o angss6t BE hannels isoeapled witht adsorpiixn prdesosption i theefber sricpf
speci es, iS5 adsorbed somewhat.l ess straongl and N2 and02 are weakly
Ssor bed. PAMIPed TErsYSIes GhrORIag R cr apets GRRRe oA B BFg! g of
adsor pti o, : Id : i , anl}'g?é’ Nay.
Trace mat er%lrp Pg‘f’gﬁgﬁ%%ﬁ‘gsﬂe@@“’zWa@ﬁ&ﬁé‘ﬁsg@?"té@%%‘g?ﬁ a sourS%Eei n The

fol I owi ng silafiar fashicin Whenehieheatihgicoolifg dhamielwatd usbinya fashiorctiat act or
that was designed and operated to renpve nost of the CO2 fromthe flue gas
and the dgsoerates athesmal waysuenkyna smellpartoof that wawp ovidlnmenifesttitselfiinue gas.

The process described will capture yuch of the SO and NO' fromthe gas
stream | ARRIAEIG BRSSHIPWPANARIOR.| HecaiyeeXehaReers dre ARURIE R Spresd

descri bed 4 [ . ns in a
process tﬁg c%ﬁ%ﬁ@?%@?gg?{eﬁgx%@%ﬁrﬁg%gﬁ% If‘]ﬁg‘{qp%?@‘z?‘%'ﬁ rggnt t her mal
wave desoleRthaipepspcess the |east strongly adsorbed N2 and 02 species flow
out of the contactor in the initial phase of the desorption process formng
stream 997. It can be advantageous to divide the stream 997 com ng out of
the conta@xampld® streans energing at earlier versus later tinmes, because
streans energing at different tines will have different CO2 and H20
concentrations and thus may preferably be processed in different manors. In
an opt i ond00EHjodiThisexamplcdlystratasaisevoflaparalidl ¢antagtonda acparatios thatt  of

Str eam 97 TMPUED G LhaHORANS BN H TG ALIE PATOTPIIAE PHSErS| BICERS s
2008/ 1439 ; : Lon. i

i gur e 11 REKegr s Rided REA MiBe VARRECOE bR prfedsify RRERRR oTHRY Ple"

ul timat el yay d1y SliEilyBatsdvRCdtmoSphéri (Pra3s O ARPR SzenefilyCRES fidn at i on of

CQ2 in stream 971 begins to increase and valve, 931 is closed to stop fl ow
i n streamt®datmosphéres. dpeitemperatwieoot the fluevgdsie tyBidally ifi airange froaous! y"

dt t | i t 3. The ti t ich th Al t t
Ot e eBp S0 40 Atk 2S00y T he malay QPPBEYIIAIthE 288 8ra BP BN ol t he
tart of ' . al l.owi to f do. f
ot e o7 X CORERRERO O AR or SNt SEAMCRE, L SOalT SRt I
in the stpgdsedBsCOL@NERESIGH f (R is G%ﬂ;nirﬁ&&@tﬁg@l ;ﬁ&élljmlwtb gnough

that it can be sent to a sequestration process with little or no additional
pr ocessi ngnol¥hand it Ceirathe! gastib @ssdlhyeana ranger foomc®d mol%todSphel%ioc The
slightly higher than atnospheric pressures. It is possible to design

t
pr ocesses Yabmedanrpneepkatien v GOn i HhaQ ésusuadlyrlgsyiheg abogh2d aeeldm t o
| i ' h lt s | desi rabl
ctr oam oy S KorpRrFee FOTBANEGL Bodichs bk 485K eh€nd BruSiel 1BECRERS,
conpr essi ghout Sl $EANea diRtioAbrRRESSHE s employed in the process to limit

the temperature in the higher temperature portion of the process. For example

gas turbines use dilution air to limit the temperature of the combustion gas

before it reaches the blades of a power turbine.

[00119] A thermal wave adsorption process is employed to remove CO, from

hot stack gas. The thermal wave adsorption process uses a parallel channel



1001291 Stream 973 can be sent to different types of CO2 sequestration
processes. Non-limting exanples include sending the CO2 into underground

formati ong SzH&ﬁ dncdduifers with a top seal that preventpéTﬁ}ngstb(%%t | oss
of inject e8 amé gas conponents, oil geservoirs, gas reservoirs, depleted

oil reservoirs and depleted gas reservoirs. Deep open storage is also a
potential disposition for the CO2, through purity requirenents can be

anti ci pat %n%&t&eto%frfov%tmbf@ﬁﬁhabwwahbmbmh@@m%r&wttmta@n a$125 has
to be conpressed to pressures greater than about 2,000 psi and often to

pr essur es pgeferalsdy rhbrenthah abbub80olPs of the 6Ot ef theeistack gas,heea myes of

under ground formations. Several progerti es of stream 973 nmake it suitable
for conpr assfesablyimeresthgn abephP? snoldr o HisCOpirau of thepack i2as andamede t he

fact that its tenperature is significantl el o at of, the stack gas and
it is hi gmrgfeg%tﬁgén?rreatﬁga a#’ﬂu%_%g .m‘?ln)": Qgh?eey? §t°él:£,&t§ Sk igBﬁ'aﬁtS?ag’éessi ng
is requir ﬁ.gﬁh% : : :

2008/ 1439%’5@%&%8%&%%@5%6%5%%n I j%rt% Fﬁ% tleléta}?r%\éfaep %ﬁ‘ltyasnucgdt Iatt 1|tonal
processi ngodtaips Witk thdiealboutorlemiol YoC0s pekfbrablyiricre tidn abeuts80 saddd o
mtigate potential corrosion in pipes and conpressors used in the

sequest r at¢@napd gren morg prgfictably maorerihian aboneY0 e i) and mostess the H20
concentratiop in stream 973 i eases,~~40 mnimze potential corrosion
probl ens ime%&ﬁ?r]ﬁr{%?l‘c&gé’é&%ﬁpééﬂ@sggom it can be advantageous to
separate the stream com ng out towards the end of the regeneration process

and to hangpgg)ni WE%%?@?&@@%%% tHefmAM wakk ip? stgéﬁiﬁ%?e” the

H20 concentration 1 n st ncreases above“a desired t d, valve
933 is cl Qﬁlsd?pﬁil’dﬁl, dedorptid andscooliagateps dpetatet apith threwpafalkdl coatactor3 and
starts flow of stream 975 that has a higher concentration of water. Stream
975 can t haitsbd hoshpkilleddn the pat canetanstmigt sevsnalratbenpoteatiabemhodimentsn 971.
s stream 961 com ut of the

001301 Th | tiall dehydr at f | Q
ot oot or W fsa BN pracksr o Bie CPs Rt AR, s cSampls Maay i «
d i i : i t h
Sdaor 901 o deifle oot iRy ife i S uber St cditqiltol Ne

pr ef er ent icdhktrudtenproeesscO2 and H20. Contactor 941(a) can optionally be
constructed with several different m croporous adsorbents along the |length
of the channels 945(a). In one enbodi nent where different m croporous
adsor bent 400121]p| dadhe threnynitreparatign Bf diis enemplea one| contargor wdergpes

d bent that is. t l.ecti f H20 i | d at the begi nni f th
Channel 5. P OSAFIGHERFR P i reAngther COppIPT BAdEHeRes B Eseimbion Sk ARY 38 eam can
be reduce%nﬁ{ﬂe?ybggirc?%gg'bpe €o IQWWﬁila%gé;mﬁfﬁhgﬁhrteQ%nﬁ B&ds K nQRAT at e

nore effective al.” Zeo arge cdtion concentrations

such as 44n FifureNaDhereef. eRigtipe @3 () showsrthp efreams FseinRdntsand aht 68theoper at e
nore effectively when they are dry. The reason for this is that the CO2

adsor pt i orcontastdrét4h(a) during theadsarption stepe Kiguraohl (W sbewsthe sweams ends t o
ool i to udlianing ccanpetel Geahtdor kP digine haresemsongachatend to
enove valfl INGLHAPIE) khads (i WikAs ARARE Mo AAodY th Lontacl

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.

[00122] 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



[001311 In this exanple a single type of mcroporous adsorbent lines the
adsor bent channels 945(a). At the start of the adsorption process the

t enper at Uy g L8fs/ibgescont actor 941(a) is the same as that P@&R@E@@ﬂ(}&% the end
of the cooling step in Figure 11(c). (his tenperature is slightly above
that of the( anbient air in the atnosphere. As the adsorption step begins
CO2 and H20 are selectively taken up by the adsorbent near the front end
920 of theds6icht!Rbm Jhﬁnﬁgpﬁeﬂ&r §inginpt eREARMHAOU 0 Rfo17ENBIaRENg
portion of the adsorbent 1s 'ow and nearly equal to that at the end of the
r egener at iabous1@molds BQ@urn d prdfprrad @nbuelitent theradsorbent icontans afdsastta eam
963 com ng out of the contactor 941(a) is less than 5% of .that in the flue

gas st rearfiFTapOIOYe MAtErialy sueh thasphths empesature pb s alsorplien sispin theys t he
ty that H20Q i t | d d.th | f '
P o opo odosess; NoTLaBor Bt iften aBaitd.of AP oF CebmeF SR cor T s
i \
zeolite a%ﬁ?ﬂen@fro%‘?ﬁn%Eﬂ%gpgeég%gﬁg@mﬁ@mwﬁﬂg 90Rolos RS 10 ©

i ncr eases n nol ecul es ar e tenperature rise 1s determ ned

by the heahol8b GO olipi ntote Prefeite dsenbedinsdie theadsdrbentecontains adkasbgd; the
thermal conductivity in the contactor, and the thermal nass of the
cont act or .MisHopGIOUs magdteral Bk thap at the tempearatiee of theoadsrptien steptindher to

limt the tenperature rise in the contactor.. .Strea 9 is derived fromthe
anbi ent | TSRS, fLaVilkaslshTt FIASE (HAR RGOYIAns PHHBONS Phb G cat of043(a) of ¢ he
cont act or. i ﬁ%"ﬁa' - Fl a4 ht
counter-cfprkgrrﬁepgﬁﬁgpg P@ﬁ%@@% t zﬁ&f{%ﬁéﬁﬁéﬁéﬁggpéng%g\%pﬁdowchannel S.
The st rearh§d CEOPepehdn wgpoRalc3iht] thy addtrptieastepf candsedé iduRbediida f or ns
stream 921 exiting the contactor that carries ag;y nost of this heat. In a
di f f er ent temipouiturertangaifronpbouh2iC tt abeut DPC, prafefabiyirca temperamrey wit h
stream 961. [00Q133] As the adsorptiqn step continues relatively sharp
concent r atr%ép ?rpah%éowtré[ Eﬁ@ aiwy&%efg aﬂaag‘éfedéfﬁ%f‘éﬁglryalpi orange fEom 2908t bat es
in the m r rial lining the channel) nove along the | ength of

t he cont agfglro[g lﬁ%tgg‘trlq’i:{entration front for H2Ois closer to the entrance of
t he adsorber channel than that for CO2. The way in which they nove with

ti me down éOOEZ:%]enGDBp@i‘diﬁ@ﬁg@%lgi@ﬁilgﬂ[ thehatzsogptionep can be conducted in a

2008/ 143966PCT/ US2008/ 00627
temperature range from about 5°C to about 60° C, preferably in a temperature

range from about 5°C to about 45°C and more preferably in a range from about
2°C to about 35°C. The microporous material can be a zeolite such as zeolite
4A, 5A, 13X, NaX, and NaY. It is also within the scope of fhis 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. That is, the structured adsorbent contains less than about 20
vol%, preferably less than about 15 vol%, more preferably less than about 10

vol%, and most preferably less than about 5 vol% of its pore volume in open



is referred to as concentration waves. Wth tinme these waves or fronts
advance along the length of the adsorption channel. As these waves advance,
t he CO2 ration in the outlet stream 963 remai ns shooGFR front
reaches tc\ﬁ[eaczg%é‘ggf&t he contactor 925. At this point in %?%dé?(}}dg)oo
CQ2concentration in the outlet stream 963 begins to rise and the adsorption
step is stopped. [00134] The cool stream 963 (with the CO2 renoved) is
rout ed 10 €O elfés ahdll r $88. %e&ﬁﬁﬁ[@ﬂ@t{&fbeﬂ[‘ﬁld fpwindergoing a
cooling step. Additional cool gas produced in tHe regeneration process

(st ream 9Higsopanowpindmakctopdreusiddsbemt canr comtaifGdbliookingy agesitr eam 995. Thi s
stream 995 is introduced into the heating/cooling channels of the contactor

941(c). At the start of the coqling step.contactor 941(c) .is near thel\(
t enper at url@0824}; heRegeanerajion af Fh@aﬁésgmnt rsdeng wath hest cpatgined nothe|stig

t hrough t he_contact or oping .t her nal ve devel ops....Jhi s cool i.ng wave is
such that enenadiguieal (pX Sipws she' Syt AIoBY Taigand il ofheeoutarfordBind's | ow
and at a a f r t ; opcact or the
t enper at u?ggérlfésrgtgaamgrlgﬁl §€a‘é_k|_ e%g’}g eer%{”tgiriﬁ% it?ﬁaetir?(?)ﬂécglg%?ﬁigl@g‘?r mai ns hot
as the thappaskedwo thealisartees channel} at the temipesattiny at whichrit opriodnaéd t her nal
mass 983 is used in the regeneration step then the gas stream 985 can al so
be passed Wiiebdgin @ engenEprpabaertsld 06630 apout @Gy V‘ﬂzmﬁhﬁ ragenerationsed in
the process the thermal wave breaks through e end of the cont and
ool & ¢ he HRERRATTRDE (BPFAtia e Sanotnb I (0ds 81 sohet HonkABoR TR toh s
opti onal ' t I 4 i ns hot
duri ng.t naooay 37y BEfite iR sEl TR IAN cohéid O EohtaEldi BB e iipant OTA

subst ant i @ahYptioaeallpbe@ed thrmhghanpliteyechloek 918 thetteniyed éldatekhe cool ing

step is term nated sinultaneously with the adsorption and regeneration
steps. ThiSsygrad differeat smthodgtostenpovenparticikatesocanl awsadg incfuding flutstement

h s 94 . .69 I 1.A f tjivel ' first
ar oot gadh Db RBAUR RS BerS-@cRORAE 1eigARn (RE1Bl SLpUrammFLi Pl get gas
: i ekilies,
or ovi ot ng oy 2nnRAA N Grs JAERIRS BF Bhe (A0S AIBEERRH IR ASRIatcy ni ng. at

| east one pagspithionicas detusel @6 réno®e phitidul ftes.t ASSaMh 918 thidigiRaflytdie
adsorbent contactor is conprised of a plurality of substantially parallel

open f | owthhsame tempenaturatoditbe dluergasshmame® 1k emeeges fodmatheloapdminah porti on
of said flow channels.is conprised of. an adsor hent terial that has a

sel ect i vE[ PHosseE %E%ﬁ?ﬂ&ﬁ? F‘%& e{%ﬁg}edlgeggmgéﬁp@gw&ﬁ agie 95:"%(_8) Efﬁa{?@lﬁl gash t
conponen 3 | & Ur rou a

I egg t afr gé?‘?%%%ﬁ}f& cgétl{%ﬂf(hw‘égﬁg% rsl{eé%'tsgfﬁlgrdé&g?/ﬁ)?ieogluﬁqgﬁ ﬁlg@ fnﬁyﬁoﬁ’gg%%s o?pt I on

of at | eagalsérbeAf Maltiadiin $18¢ Bontat®r coRfI adREbEP TN GRS preldiréd thalas
m xture onto said adsorbent material, thereby producing a first product gas

stream t hke bégisning ofiibe regéndratidon step (i.er sftert the gelsoaioncsiep imeormnpleten sai d

as m xture, ..
d Xt the volume averaged CO, loading in the adsorbent be greater than about 0.25

milli-mole per cm® of adsorbent material. A specific example of loading in the
most preferred range would be an average CO, loading of 1.7 milli-mole per cm’
of the microporous adsorbent material. As the stream 915 begins to flow into
the contactor 941(b), gas begins to flow out of the adsorption/cooling chénnels
943(b) forming stream 981. When the process starts stream 981 is at the initial
temperature of the contactor. As a thermal wave of the type described herein
moves through the contactor the temperature of stream 981 increases slightly.
The temperature of stream 981 increases sharply when the thermal wave moves

through the contactor. It is preferable not to terminate the desorption step before



c) collecting said product gas stream d) heating said at |east one
adsorbent contactor having said first target gas conponent adsorbed thereon

with a h%bzﬁ&s?ﬂ?%@r fluid to an effective tenperature ppgafys¥hdslodseult in

t he desorption o | east a fractiongof said first target gas conponent
fromsaid adsorbent material, thereby resulting in a first waste gas stream
that has a higher nol % concentration of the first target gas conponent

than sai d (gashdtimdl Wdie has movéd tiiehpEehé Bentasiod. Tf thettheahilewsvs bidakeam and
0 cooling said at | east one adsorbent contactor to the initial tenperature;

wher ei n a thiorghethe wantactar lgefores ﬁteefrﬂsbrptimestap@'rgowﬂ laphasdoger in the
desorption st ep d) thereby creating a thernal %t enper ature gradi ent,

whi ch thelqmpﬂ@@e heé‘rﬂib% 1UP§a’gﬂ1§HPéhbe%§%@)éﬁaB erplaysd e 5o uPhe at

oot ot P RRACH o B S0k ﬂ?%d@“fbﬁ@?%{?@%%?ﬁ%ﬁ%?ﬂ&%ﬁl@ﬁ&nﬁa SRR e
heat ”an%fo%hn% ép% tﬁ{@ﬂfﬁ%ﬂrwr Bed 083 edlﬂadeigaéﬁh% tk@pgfédmawcles

coef ficient H I's the rate qU| reme The process of
claiml whkratigh wikithrgtheamal svaperalsyr pasdeylfithe shergndl meadsdat gackedbed 1 ui d,
at an effective desorption tenperature, through the same flow channels as
sai d gas rﬁf»‘pudevarttlﬂés etwempgtﬂtmefm the stagbet th& I62¢RAralon PEOGESS & Neadr get gas
conponent nto z‘al E@nsfer fluid. 3. The process of claim2 wherein
t he heat e the F?ﬁ n} CConpri sed of steam

[00125] It is preferred that the regeneration and cooling steps be terminated
for the thermal front to break through the contactor before the adsorption. To
ensure that the thermal front breaks through the contactor, the total mass of the
adsorbent layer and barrier wall between the adsorption channel and
heating/cooling channel should be less than about 10 times the mass of the
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 about 1.5 times the mass of the adsorbent

materials.

[00126] As the thermal wave moves through 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 991 can be



4. The process of claim2 wherein the gas mxture is conprised of a flue
gas, the first target gas conponent is CO2, and at |east a portion of the

Cx2 is s I omthe heat transfer fluid after des ' The
process o 6czﬁﬁa8?frih3%%\/\her ein the gas mxture is conpri sedgg?h}asg@%meég]%s and

the first target gas conponent is CO2. 6. The process of claim5 wherein
the first waste gas stream has a CO2 concentration of at least 80 nmol% 7.

The pr Ocagﬁo@fde@téir@?n%v%ﬁﬂ/%&t %f‘liﬁlﬁ)fd@htéﬁlfdivfcéﬁ%ﬁ Jub oe 1 edlitadtor. Whi ch
t her mal ve tenperature gfadient ves along the Iength of the at |east

one adsor higptefermetiabatahere is not adigeificdnt amguhhef quidi phgse vegterOflowéng The
process of claim1 wherein the adsorbent contactor has | ess than about 20%

of its opatoppwithibeveeledpartielly dehydrated flvagasistreemPphngstroms. 9. The
process of claim1l wherein the adsorbent material is conprised of an 8-ring
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second t aragisdrpginmh clanpelscddS(ayldarihg theipdsorpron sepydebeoicur@hty).alhis
type of co-current thermal wave desorption process was described in detail in
Example 17. Elements 920 and 925 as shown in Figure 11, represent the inlet
end and outlet end of the adsorption channels, respectively. In this example the
microporous adsorbent is chosen such that H,O is a strongly adsorbed species,
CO, is adsorbed somewhat less strongly, and N, andO, are weakly adsorbed.
Examples of microporous materials that have this ordering of adsorption include
zeolites such as zeolite 4A, SA, 13X, NaX, and NaY. Trace materials such as
SO, and NOy can be very strongly adsorbed. The following description of
regenerator operation will apply to a contactor that was designed and operated to
remove most of the CO, from the flue gas and the description will focus on the"
majority components in the flue gas. The process described will capture much
of the SO, and NO from the gas stream. It should be noted that it is possible to

use the principles described in this example to remove SO, and NO, from gas

streams in a process that captures less of the CO,.

[00128] In the co-current thermal wave desorption process the least strongly
adsorbed N, and O, species flow out of the contactor in the initial phase of the
desorption process forming stream 997. It can be advantageous to divide the
stream 997 coming out of the contactor into streams emerging at earlier versus
later times, because streams emerging at different times will have different CO,
and H,O concentrations and thus may preferably be processed in different
manors. 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,



71 with a heat transfer fluid to an effective tenperature that will result
In the desorption of at |east a fraction of said second target gas

conponentyhLasS3dd adsorbent material, thereby resultipgrhiifhspcoohd waste
gas streavrvnbtzhat/ ﬁdas a hi gher nol % congentration of the sng}c}ﬁsec@n% tar get

gas conponent than said gas m xture; and e2) collecting said second waste
gas stream 11. The process of claim 10 wherein said first waste gas

stream hasgocBh@htedn. "R (HeProe@dsShbwiSin FRUSEY 1 BRFedTARRNIRAM Is'einbited
second waste gas stream 12. The process of claim 10 wherein said second

wast e gas with saeamdb3awhichhisultimatélp fveatdidithsaeginal stagkgeAs tims progpesses)t t han
said first waste gas, stream . 13. The process of claim 10 wherein the
adsor bent thegoaesnivation afdaph i stream % I begins tynsrensaandatadys 31 dhd a second
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than 5 for sald second target gas conponent over sald product gas

conponent .valvegk. achirte péts R COf pwritgi imsireahe9 3. nAllteendgrivel pivalve 983 was
substantially parallel open flow channels are divided into a first fraction
of flow crmened et thedstart of tantegengrations pspcess @opringstream Whktceflawsandd fir st

f ti d d ' in th I ' ' i th h oth
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and said f&@hﬁh thdtst €dn bé véskt torh Sdqriestations prteseithliteledt ddedditieasald
fraction of the plurality of substantially parallel open flow channels.

15. The pmooesssing: lolthisnexampledhe streamds gasduriedtal mtmiosphesigpor slighthf a fl ue
gas and t qgg}fleirrtﬁgn Eltarrrxgsﬁ)the?iacspr(e:gs rgsheﬂtis i}:)?)ss?gﬁ' to design processes producing
stream 973 from pressures ranging from vacuum to several (approximately 3)
atmospheres. It is less desirable to produce stream 973 ét sub-atmospheric
pressures because this increases costs of compression in CO2 sequestration

Processces.

[00129] 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 and depleted gas reservoirs. Deep open storage is also a potential
disposition for the CO,, through purity requirements can be anticipated to be
more stringent. Typically the separated CO, and H,S has to be compressed to
pressures greater than about 2,000 psi and often to pressures greater than about
5,000 psi to be injected into these types of underground formations. Several
properties of stream 973 make it suitable for compression in a sequestration
process. These properties include the fact that its temperature is significantly
below that of the stack gas and it is highly concentrated in CO,. In some

instances additional processing is required before stream 973 is sequestered. A



16. The process of claim15 wherein the flue gas is conprised of N2 and
sai d adsorbent material has a selectivity for CO2 over N2 of greater than

5. 72 o dhe4ps6ecess of claim14 wherein the adsorbeppraRRi@ehaHs Nas
| ess than about 20% of its open pore golume in pores greater than about 20

angstronms. 18. The process of claim 14 wherein the adsorbent is conprised
of an 8-ring zeolite. 19. The process of claim 18 wherein the zeolite is

sel ected fipMikikn %kmieloﬁaﬁam& ro%stﬂggtdy%aﬁisb@ﬁ nfori figdrovwkier ei n

t he adsor bent cont act or is further corrprl sed of second set of flow channels
that are riehydrdtfumof thelstineapmtcailitigate posaitihl sotresiomt ingipgs mad al | el  open
fl ow channel s, wherein said gas m xture flows_through said substantially

paral | el mﬂpﬂeﬁ%ﬁﬁﬁé‘ﬁ%ﬁéﬂ? %&eﬁaﬁtwmeﬁ aﬁ@‘fvéfdsfqhﬁleﬂ fafdhe t hrough said
second set_of fl| ﬁw channe 6 tgrocess of (‘d egel n the flow
di recti on 6B O‘E;a’éo‘fﬁs%*tﬁ H °°§’§F8r UL I RTran ]%p‘BF%ﬁaF“eﬁ Ben f1ow -
channel s i t r I d heat
transfer f uﬁ l?enﬁ giaélﬁ ggée%lgél%}‘n?%ﬁ H#Sﬁgvsalg%&ﬁﬁlg g%dfﬂo S%&ﬁ%e&pgg)éegs of
claim1 \Ameljemhaunmhmg@weeparmtthe istleaimscdming! @t towatdetherome ofsthef ace of

said substantially parallel open flow channels.
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.

[00130] 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,O0 is placed at the beginning of the channels. In this manner the water vapor
partial pressure in the stream can be reduced allowing adsorbents towards the
end of the channel to operate more effectively for CO, removal. Zeolites with
large cation concentrations such as 4A, 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.



23. The process of claiml| wherein said adsorbent material is |ocated on
the outer surface of said substantially parallel open flow channels. 24.

The procegd 8fs/Ghakm | wherein the adsorbent contactor ;P%T%M}Oaﬁ% of a
first adsorbent material and a second.adsorbent material, wherein said

first adsorbent material has a selectivity of greater than 5 for said first
target gas conponent over said product gas conponent and said second

adsor bent [%l@lf al Inh@gs é{&ﬁﬂ)l@%éiﬁé@tyﬁ% AmsietPorbligAdSorbent ingsahend t ar get
gas conponent over said product gas conponent. 25. The process of claiml

wher ei n t redsgebentichanmeds P4SEa)npit the dtart ofitiel adsogatsoraprbcebettfel r st t ar get gas
conponent is selected fromthe group. consisting of water, CQ2, SO'. and

NON. 73 tompemtarepighesontacter %4 Ha gsm@es'aﬁaena&wét prostueed agthe ‘é’éﬂgﬁﬁﬂ@nt is
N2. 27. The,. f cl ai m\26-.wher ej . i

el ect vi tpouRegia e izehe {1ED7 PR EGrabahlf if TR B EhRE SR “ovier sai
product gasnKiRAPSRN the at%ﬁcgsglﬂ@ﬁe.fﬁg(iﬁé §d§Hrgﬁbﬁkinlbaég?§s; €0} dndg1jhargral wave

during desorption noves t g adsor bent cont counter-cun-ent to

t he di r ectseluetivbbi takbe upasy thexddsosbdnt aeecthichfrontaind 920 efither duanactonnt act or .
29. The process of claim1l wherein the thernal wave during desorption noves
t hr ough t Heheaepnseptratior o G21 and HoOdinrthe iemaining portioneef theradspehent e gas

mxture f '18&’6 zgjndt r?era?f]ygehq&a %o ?ﬁja %t e’ E:n of %haecge%reheration step in Figure 11(b)
and the CO, concentration of gas stream 963 coming out of the contactor 941(a)

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

[00132] 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 11(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.

[00133] 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



30. The process of claim1l wherein adsorbent contactor has a ATHT rangi ng
fromabout 0 to about 10 C. 31. The process of claim1l wherein the gas

m xture iwooasPisbssgd of a natural gas, the first target pe@RRONBREsHS C2,
and the product gas conponent is CH4, wherein the product gas stream

contains at |east 80 nol % of the CH4present in the gas m xture. 32. The
process of claim1 wherein in the adsorbent contactor there is a local t /

_de.ay t..igQefetlcdGoQk cohBeht@itidVavés. Widh tilftethes® GRves Bf findd Advaneeer ei n
at least a portion of step b) and at |east a portion of step f) occur
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further conprising wherein: sai d tenperature, sw ng adsorptiqQn unit
cont ai ns._donceaisttien i fhetoutlss sisam SGHFRBANG oM AMTA Clar Heat BsBrn o

cubst ant 1 ASOP SN EroR oo Ui pgfiini e HRICR<bh SRl astin teont act or

from a prQsffs s#88m 963 begins to rise and the adsorption step is stopped.
[00134] 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 983 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 968 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).



74 inlet of said first adsorbent contactor to a process gas outlet of
said first adsorbent contactor fromwhich a first adsorbent contactor
product outlet streamis retrieved; and at least a portion of
first adsorbent contactor product outlet streamflows through a
second set of substantially parall el chdnnel s located in said second
adsorbent contactor froma process gas inlet of said second adsorbent
contactor to a process gas outlet of said second adsorbent contactor
from whi chr.arsgcond adsorbent contactor product outlet streamis
retrieved; and wherein a heat transfer fluid flows through a
third set of flow channels located in said first adsorbent contactor
whi ch sai¢ thi hannel ' mﬁn% i
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subst ant i @intamip@sad fisst tacgeh gaedampohersmmdia pealinctt gaanahponeit, said pragest  of
said first adsorbent contactor to a heat transfer fluid outlet of
said firstP"i¥B¥®bent contactor wherein a first adsorbent contactor
heat transfer d)peivillifgh ledipesduire@WidgSadb@blidepR depa@aifbn unit cont@inil gl fdastd
portion of said first adsorbent contactor heat transfer fluid outlet
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adsor bentgreanttagt or heat transfer fluid outlet streamis retrieved;
and wherein the flow of the first adsqrbent contactaor product

outl et streamDPatfinafEidgas SHxHERBryehat lewshe fasinm efsaidilovedaprds thereby
adsor bent GBI adsSrpiuR 8F ANbdsea pofibfof Qi st Gfifor LdsWompbhdhn 1 cht QA

of the first adsorb_ent contactor at transfer fluid outlet stream
from t he rhixtgt ontdseidlzdsrirben mataiab tharebyt fredusagonidrs tirtedudy gait strcant thattlas a

35. The pr,ocess | .ai further co LSl ng,wherein:, sai d
t enper at UIP ge%%oﬁ% °§ahs“’of?‘)&]‘f“ E{%laﬁicf) mB%IEr;%‘{a{lhﬁgsafl SRS first adsor bent
cont act or and g cellseting sad paxbertas eeahact or wherein the gas mxture

fl ows through first set of substantially parallel channels |ocated
in said first ‘ﬁél'%ﬁf“@éﬁid %&ﬁeﬁ%@aﬁwﬁ?eeh‘eoaﬂfﬁms v §aid firyl tasget gps eogpppnent

first adsQiHsbd tHeRBhAGher hebhPtréhs R PR RISS aﬂ@ﬁ“e&%'t&ﬁpe?zftu&%ﬂ will k&hit in the
adsor bent contactor fromwhich a first adsorbent ‘contactor product

out | et stdesaptipn of aiteastea/astion @f said first target gas component from said adsorbent

material, thereby resulting in a first waste gas stream that has a higher mo! % concentration
of the first target gas component than said gas mixture;

e) collecting said first waste gas stream; and

f) cooling said at least one adsorbent contactor to the initial temperature;

wherein a thermal wave is generated in the adsorbent contactor in the desorption step
d) thereby creating a thermal wave temperature gradient, which thermal wave temperature
gradient moves along the length of the at least one adsorbent contactor and which adsorbent
contactor has a ATyrranging from about 0 to about 50° C. wherein ATyr=H/h wherein ATyr
is the heat transfer delta-temperature, h is equal to the heat transfer coefficient, and H is the

heat rate requirement.



75 at least a portion of first adsorbent contactor product
outlet streamflows through a second set of substantially parallel
channel s located in said second adsorbent contactor froma process
gas inlet of said second adsorbent contactor to a process gas outl et
of said second adsorbent contactor fromPwhich a second adsorbent
contactor product outlet streamis retrieved; and wherein a
heat transfer fluid flows through a third set of flow channels

locat ed in saiTheReRRSoRISRY b@ﬁéreﬁms&ﬁﬁ&ﬁswf&ﬁeumyrpqwfﬁ?g thgheaft L@Mfer
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channels are in thermal conmunication with, but not in )
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cont act ortrasafer 8iid. a second adsor bent contactor heat transfer fluid
outlet streamis retrieved; and at | east a portion of said
second adsorbent contactor heat transfer fluid outlet streamfl ows

through &.f ourtHe ¥6desPbf FNAMEhSreinABeh R trhddfey Fush &icbSprisdoPkien!
contactor which fourth set of flow channels are in thernmm

comruni cation with, but not in fluid communication with, said first
set of supst angi : fr. . . f i
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cont act or, heat traﬁéfgr fluid outlet streamis retrieved; and wherein
the fl ow GOSEEREUI%AET d5996%Bent contact or product outlet stream from
the first adsorbent contactor to the second adsorbent contactor is
substantially in counter-current flowwth the flow of the second
adsor bent3-cont Hetrseceneeficlaimalnwherginthe gag njyturets compasah of adheiarandbond

adsorbentﬁgpgkﬁpégkoﬁﬁoﬁgﬁhgéégt adsor bent contactor.

6. The process of claim 5 wherein the first waste gas stream has a CO; concentration of

at least 80 mol%.

7. The process of claim 1 wherein a thermal wave temperature gradient, which thermal
wave temperature gradient moves along the length of the at least one adsorbent contactor, is

produced during the cooling step f).

8. The process of claim 1 wherein the adsorbent contactor has less than about 20% of its

open pore volume in pores greater than about 20 angstroms.

9. The process of claim 1 wherein the adsorbent material is comprised of an 8-ring

zeolite.

10.  The process of claim 1 wherein the gas mixture also comprises a second target gas
component, wherein following step ¢) and prior to step f) the process comprises the steps of:
el) heating said at least one adsorbent contactor having said first target gas

component and a said second target gas component adsorbed upon said adsorbent material
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with a heat transfer fluid to an effective temperature that will result in the desorption of at
least a fraction of said second target gas component from said adsorbent material, thereby
resulting in a second waste gas stream that has a higher mol% concentration of the said
second target gas component than said gas mixture; and

e2) collecting said second waste gas stream.

11.  The process of claim 10 wherein said first waste gas stream has a higher mol% of said

first target gas component than said second waste gas stream.

12.  The process of claim 10 wherein said second waste gas stream has a higher mol% of

said second target gas component than said first waste gas stream.

13.  The process of claim 10 wherein the adsorbent contactor is comprised of a first
adsorbent material and a second adsorbent material, wherein said first adsorbent material has
a selectivity of greater than 5 for said first target gas component over said product gas
component and said second adsorbent material has a selectivity of greater than 5 for said

second target gas component over said product gas component.

14.  The process of claim 1 wherein the plurality of substantially parallel open flow
channels are divided into a first fraction of flow channels and a second fraction of flow
channels, wherein said first fraction and second fraction are in thermal communication with
each other but not in fluid communication; and said gas mixture in step b) is passed through
said first fraction of the plurality of substantially parallel open flow channels having channel
surfaces comprised of said adsorbent material; and said heat transfer fluid in step d) is passed

through the second fraction of the plurality of substantially parallel open flow channels.

15.  The process of claim 14 wherein the gas mixture is comprised of a flue gas and the

first target gas component is COy.

16.  The process of claim 15 wherein the flue gas is comprised of N and said adsorbent

material has a selectivity for CO, over N; of greater than 5.
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17.  The process of claim 14 wherein the adsorbent contactor has less than about 20% of

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

18.  The process of claim 14 wherein the adsorbent is comprised of an 8-ring zeolite.

19.  The process of claim 18 wherein the zeolite is selected from DDR, Sigma-1 and

ZSM-58.

20.  The process of claim 1 wherein the adsorbent contactor is further comprised of
second set of flow channels that are not substantially parallel to said substantially parallel
open flow channels, wherein said gas mixture flows through said substantially parallel open

flow channels and said heat transfer fluid flows through said second set of flow channels.

21.  The process of claim 20 wherein the flow direction of said gas mixture in said
substantially parallel open flow channels is at a substantially 90° angle to the flow direction

of said heat transfer fluid in said second set of flow channels.

22.  The process of claim 1 wherein said adsorbent material is located on the inner surface

of said substantially parallel open flow channels.

23.  The process of claim 1 wherein said adsorbent material is located on the outer surface

of said substantially parallel open flow channels.

24.  The process of claim 1 wherein the adsorbent contactor is comprised of a first
adsorbent material and a second adsorbent material, wherein said first adsorbent material has
a selectivity of greater than 5 for said first target gas component over said product gas
component and said second adsorbent material has a selectivity of greater than 5 for a second

target gas component over said product gas component.

25.  The process of claim 1 wherein the gas mixture is comprised of a flue gas and the

first target gas component is selected from the group consisting of water, CO,, SOy, and NO,.
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26.  The process of claim 25 wherein the product gas component is N».

27.  The process of claim 26 wherein the adsorbent material has a selectivity of greater

than 5 for said first target gas component over said product gas component.

28.  The process of claim 1 wherein the thermal wave during desorption moves through
the adsorbent contactor counter-current to the direction that the gas mixture flowed through

the adsorbent contactor.

29.  The process of claim 1 wherein the thermal wave during desorption moves through
the adsorbent contactor co-current to the direction that the gas mixture flowed through the

adsorbent contactor.

30.  The process of claim 1 wherein adsorbent contactor has a ATyt ranging from about 0

to about 10° C.

31.  The process of claim 1 wherein the gas mixture is comprised of a natural gas, the first
target component is CO», and the product gas component is CHs, wherein the product gas

stream contains at least 80 mol% of the CH; present in the gas mixture.

32. The process of claim | wherein in the adsorbent contactor there is a local tgetay/trise

ratio of greater than 2.

33.  The process of claim 1 wherein at least a portion of step b) and at least a portion of

step f) occur simultaneously in said adsorbent contactor.

34,  The process of claim 1 further comprising wherein:
said temperature swing adsorption unit contains at least a first adsorbent contactor
and a second adsorbent contactor wherein the gas mixture flows through a first set of

substantially parallel channels located in said first adsorbent contactor from a process gas
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inlet of said first adsorbent contactor to a process gas outlet of said first adsorbent contactor
from which a first adsorbent contactor product outlet stream is retrieved; and

at least a portion of first adsorbent contactor product outlet stream flows through a
second set of substantially parallel channels located in said second adsorbent contactor from
a process gas inlet of said second adsorbent contactor to a process gas outlet of said second
adsorbent contactor from which a second adsorbent contactor product outlet siream is
retrieved; and wherein

a heat transfer fluid flows through a third set of flow channels located in said first
adsorbent contactor which said third set of flow channels are in thermal communication with,
but not in fluid communication with, said first set of substantiaily parallel channels, from a
heat transfer fluid inlet of said first adsorbent contactor to a heat transfer fluid outlet of said
first adsorbent contactor wherein a first adsorbent contactor heat transfer fluid outlet stream
is retrieved; and

at least a portion of said first adsorbent contactor heat transfer fluid outlet stream
flows through a fourth set of channels located in said second adsorbent contactor which said
fourth set of flow channels are in thermal communication with, but not in fluid
communication with, said second set of substantially parallel channels, from a heat transfer
fluid inlet of said second adsorbent contactor to a heat transfer fluid outlet of said second
adsorbent contactor wherein a second adsorbent contactor heat transfer fluid outlet stream is
retrieved; and wherein

the flow of the first adsorbent contactor product outlet stream from the first adsorbent
contactor to the second adsorbent contactor is substantially in co-current flow with the flow
of the first adsorbent contactor heat transfer fluid outlet stream from the first adsorbent

contactor to the second adsorbent contactor.

35.  The process of claim 1 further comprising wherein:

said temperature swing adsorption unit contains at least a first adsorbent contactor
and a second adsorbent contactor wherein the gas mixture flows through a first set of
substantially parallel channels located in said first adsorbent contactor from a process gas
inlet of said first adsorbent contactor to a process gas outlet of said first adsorbent contactor

from which a first adsorbent contactor product outlet stream 1s retrieved; and
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at least a portion of first adsorbent contactor product outlet stream flows through a
second set of substantially parallel channels located in said second adsorbent contactor from
a process gas inlet of said second adsorbent contactor to a process gas outlet of said second
adsorbent contactor from which a second adsorbent contactor product outlet stream is
retrieved; and wherein

a heat transfer fluid flows through a third set of flow channels located in said second
adsorbent contactor which third set of flow channels are in thermal communication with, but
not in fluid communication with, said second set of substantially parallel channels, from a
heat transfer fluid inlet of said second adsorbent contactor to a heat transfer fluid outlet of
said second adsorbent contactor wherein a second adsorbent contactor heat transfer fluid
outlet stream is retrieved; and

at least a portion of said second adsorbent contactor heat transfer fluid outlet stream
flows through a fourth set of channels located in said first adsorbent contactor which fourth
set of flow channels are in thermal communication with, but not in fluid communication
with, said first set of substantially parallel channels from a heat transfer fluid inlet of said
first adsorbent contactor to a heat transfer fluid outlet of said first adsorbent contactor
wherein a first adsorbent contactor heat transfer fluid outlet stream is retrieved; and wherein

the flow of the first adsorbent contactor product outlet stream from the first adsorbent
contactor to the second adsorbent contactor is substantially in counter-current flow with the
flow of the second adsorbent contactor heat transfer fluid outlet stream from the second

adsorbent contactor to the first adsorbent contactor.





