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SWING ADSORPTION PROCESSES UTILIZING
CONTROLLED ADSORPTION FRONTS

FIELD OF THE INVENTION

{8801} This invention relates to a method for reducing the loss of valuable
products by improving the overall recovery of a targeted product gas component in
swing adsorption processes, This invention relaies to swing adsorption processes,

including tmproved processes for tomperature swing adsorption (TSA) processes,

pressure swing adsomption {PSA) processes, and related separalhions processes,

BACKGROUND OF THE INVENTION

[6082] Swing adsorption processes are well known in the art for the separation of
one or move gaseous componeuts from a gas mixture. The term “swing adsorption
process” includes all swing adsorption process including femperature swing adsorption
{TSA}, pressure swing adsorption (PSA), partial pressure swing adsorption (PPSA),
rapid cycle pressure swing adsorption (RCPSA)Y, vapid oyele thermal swing adsorption
{(RCTSA), rapid cycle partial pressure swing adsorption (RCPPSA), as well as
combinations of these processes such as pressure/temperature swing adsorption.
[RELEHRY The first step in any swing adsorption process cycle is an adsorption step.
To the adsorption step a gaseous feed mixture is flowed through an adsorbent bed and
one or more of the curponents of the gaseous feed mixture are adsorbed by the
adsorbent. These adsorbed components are sometimes referred 1o as “strongly
adsorbed” cormponents”™. The non-adsorbed components are sometimes referred 10 as
the “weakly advorbed” components and pass through the adsorbent bed, withous being
adsorbed, to form a product stream. Depending on feed composition, there can be
several strongly adsorbed component fronts passing through the bed, but there is

always one that feads. The gas ahead of the leading front has a composition near that of

the product. Behind the leading front the gas has a composition with a significant
concentration of at [east one of the strongly adsorbed components. In a conventional
swing adsorption process, the adsorption step is stoppod well before the leading front
breaks-through the ond of the adsorbont bed, The amount of food that cmerges from the

contactor before this step is halted determines, in part, product recovery and purify.
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Typically, the adsorption step s stopped when the front advaaces to no more than about
(.75 to (.85 of the length of the adsorption bed, thus preventing the front from breaking
through the adsorption bed.  This leaves a significant amount of product from the
adsomption step at the end of the bed at the begioning of the regeneration cycle. Design
of the regeneration cycles typically attompts to capture as much of the product as
possible, but a certain amount inevitably flows into the strongly adsorbed compenent
product streams. in some instances, as moch as a thivd of what would have been the
product romains in the bed when the adsorption cvcle & stopped. Therefore, thercisa
need in the swing adsorption art for processes that are able to mitigate the amount of
product trapped at the end of the adsorption bod and improve utihzation of the fall

capacity of the adsorbent matcerial utifized.

SUMMARY OF THE INVENTION

J5004 One aspect of the invention herein is a swing adsorption process for
separating contaminant gas components fror a feed gas mixiure containing at least one
contaminant gas component, which process compriscs: a) conducting the foed gas
mixture directly to a first adsorption bed in 8 swing adsorption process unit containing 2
plurality of adsorbent bods cach having a fuid inlet end and fluid outiet eud wherein
the first adsorption bed has a first primary adsorption cycle defined by the period of
time from the start of connecting the fluid input cnd of the first adsorption bed directly
to said foed gas mixtere (o the cnd of connecting the fhind input end of the firat
adsorption bed divectly to said feed gas nuxture; b) retrieving a first product strearn
flow from the thiid outlet end of the first adsorption bed; ¢) fluidly connecting the fluid
outlet end of the first adsorption bed with the fluid inlet end of a second adsorption bed
in the swing adsorption process unit during a point in the first primary adsorption cyvele
50 that at feast a portion of the first product stream from the flnid outlet end of the first
adsorption bed is passed to the fhuid inlet end of the second adsorption bed at which
tirne the second adsorption bed is tn a first secondary adsorption cycle which first
secondary adsorption oyele is defiucd by the period of tme from the start of exposing
the seeond adsorption bed to the first product stream from the fluid outlet end of the
first adsorption bed to the end of exposinyg the sccond adsorption bed (o the first

product stream from the fluid outlet end of the first adsorpuion bed; d) retrieving a
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second product stream flow from the fhuid cutlet end of the second adsorption bed; e)
fluidly disconnecting the fluid outlet end of the first adsorption bed with the fluid inlet
end of a second adsorption bed; and 1) conducting the feed gas mixture divectly to the
second adsorption bed wheretn the first adsorption bed hag a second primary adsorption
cycle defined by the period of time from the start of connecting the fluid input cnd of
the second adsorption bed directly to said feed gas mixture to the end of connecting the
fluid wpat end of the second adsorption bed directly to said feed gas mixture, wherein
the first product stream and the second product stream cach bave & lower mol% of the
contaminant gas component than the feed gas mixture, and the beginnings and ends of
the first primary adsorption eyele and the sceond primary adsorption cyele do wot both
coincide with cach other,
{6805] in & preferred embodiment, the contactor can be a paralle! channel
contactor for use in gas separation adsorption process units, which contactors can be
engineered structures containing 8 plarality of open flow chaunels, preferably oriented
substantally paralte] 10 cach other as well as substantially parallel to the flow of feed
gas, wherein the surface of the open flow channels can be composed of and/or can be
tined with an adsorbent material selective for adsorption of at least ope of the
componcnts of a gas mixture, and which open flow channcls can have less than sbout
28 vol% of their open pore volume in porcs greater than about 20 angstroms.
{6606} Additionally, the following are incorporated by reference herein in their
entirely as being related to this application and for their relevant disclosures: US
Patent Application Nos. 6 /447,806, 61/447.812, 617447824, 61/447,835, 61/447 R43,
61447269, and 61/447,877, ach filed March |, 2011, as well as the seven U8, non-
provisional applications filed claiming priority thereto. Further, the following are
incorporated by reference berein in their cotirety as belng related to this application and
for their relovant disclosures: UK, Serfal Nos. 51/448, 117, 61/443,120, ¢1/448,121,
1/448,123, and 61/448,123, cach filed March 1, 2011, 61/594, 824 fiicd Fobruary 3,
2012, and the application cutitled “Apparatus and Systeros having a Rotary Valve
Agssembly and Swing Adsomption Processes Related Thereto” by Robert F, Taramera ef
al. filed on cven date horewith, as well as any PCT applications and U8, non-

provisional applications claiming priority theroto.
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BRIEF DESCRIPTION OF THE DRAWINGS

[6607] FIGURE 1 hereof is a representation of one embodiment of g paraliel
channcl comactor of the present invention in the form of a monolith directly formed
from the microporous adsorbent of the present invention and contaiving a plurality of
paraliel channels,

{0608] FIGURE 2 hereot is a cross-sectional representation along the longitudinal
axis of the monolith of Figure L

{0609} FIGURE 3 hereof is a vepresentation of a magnified section of the cross-
sectional view of the monolith of Figure 2 showing the detailed structure of the
adsorbent layer along with a blocking agent occupying some of the mesopores and
MACTOPUTES.

{0016] FIGURE 4 hereof ia a graphical representation of adsorpiion frout
management according to the prior art,

j001 ¢} FIGURE 5 hereof is a graphical representation of adsorption front
management according to an embodiment of the present invention.

{6612} FIGURE 6 hercot'is a representation of four adsorbent beds fluidly
copnected in sories.

{6013] FIGURE 7 hereof is a graphical representation of a pressure profile from an
adsorption process according to an embodiment of the present invention.

10614} FIGURE § hereof s a schematic represertation of an adsorption process

sctup according 1o an embodiment of the invention.

DETAILED DESCRIPTION OF THE EMBODIMENTS

{061 5] Al mumerical valucs within the detailed deseription and the clatms herein
arc modificd by “about” or “approximately” the indicated value, and take into account
experimental ervor and variations that would be expected by a person having ordinary
skill 1o the art,

1801 6§ Non-fimiting examples of swing adsorption processes for which the present
invention can be applicd include thermal swing adsorption {TSA), pressure swing
adsorption (PSA), partial pressure swing adsorption {PPSA), rapid cvele prossure swing

adsorption (RCPSAS, rapid cycle thermal swing adsorption {RCTSA), rapid cyele
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partial pressure swing adsorption (RCPFSA), and combinations thereof (such as
pressure/temperature swing adsorption, or PTSA). PSA can be a preferred swing
adsorption process for the practice of the present invention.

{061 7] Each of these swing adsorption processes can be comprised of a number of
"steps” that include a number of adsorption and desorption stages that, in combination,
can lead to a complete swing adsorption cycle that can be periodically repeated. Since
multiple adsorbent beds are typically used, thelr appropriaie time synchronization can
tead to the continuous production of products. A complete swing adsorption cyele ona
particular adsorbent bed can comprise alf of the adsorption and desorption steps that are
taken, beginming with the very first contacting of the feed gas mixture with a
substantiatly adsorbate-free adsorbent and/or regenerated adsorbent bed and continning
through the last desorption stage that regenerates the adsorbent to its adsorbate-free or
substantially adsorbate-free state and ready for another adsorption cycle. The
desorption step can be accomplished by pressure swinging, thermally swinging, and/or
purging the adsorbent bed. The name of the process type (fe, TSA, PSA, PPSA) can
be assigned by the regencration method.  The eyele includes any additionat
repressurizing and/or purging steps that may occur to bring the "cycle” back to the first
contacting of the feod gas mixpre with the adsorbate-free or substantially adsorbent-
frec adsorbent which has begun the "eyele”. Atthis point, the next swing adsorption

"eyele™ can be started, and the cycle subsequently repeated. Conventional swing

adsorption processes are discussed by DL M. Rathven, Pringiples of Adsorption and

Adsomtion Processes, Jobn Wiley, NY (1984), which s incorporated hervein by

reference.

10618} It is possible to remove two or more contaminants simultaneously bug, for
convenience, the component or components to be removed by selective adsorption can
be referred to 1n the singular and referred to as a contaminant, contaminant gas,
contarminant gas component, adsorbod component, strongly adsorbed component, or the
Bke. Al such terms are used fnterchangeably horein, unless otherwise indicated hercin
18619] Tn prior art PSA processes, the gaseous mixture can bo passed over a first
adsorbent bed in a first vessel and a light component enriched product stream can
emerge from the bed depleted in the contaminant component, whicl then remains

adsorbed by the bed. After a predetermined time or, alternatively, prior 1o a break-
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through of the contaminant component is observed, the flow of the gaseous mixture can
be switched to a second adsorbent bed for the purification to continne. Figure 4 herein
graphicaily tHustrates a conunon operation of a PSA bed in the prior art. Here as
shown in Figure 4a), & desorbed adsorbent bed that has completed a cyvele is ready o
begin the next adsorption bed with the adsorbens substantially free of the adsorbed (or
coutaminant) component. As shown in Figure 4b), as the adsorption cycle prograsses,
the adsorbent at the inet end can have a high concentration of the adsorbed component
wherein the adsorbent in the darkoned portion is substantially spent (7., the remaining
adsorption capacity in this area of the adsorption bed can be substantiaily close to zero),
As the as the adsorption cycle progresses, as shown in Figare 4¢), more of the
adsorption bed can become spent as the adsorption front moves through the bed.
However, in the prior art, these processes can typically be stopped at a phasce in the
adsorption process itustrated in Figare 4d). Additionally, although the front, for
ilustrative purposes, can be drawn as a sharp plane, the front in actuality can typically
be somewhat dispersed and non-Tinear due to wrregularities in the process and
equipment. As such, in order 10 maintain proper contaminant specifications in the
product retrieved from the adsorbent bed, the adsorption front can be controlled 8o as
vot to breaskthrough the end of the adsorbent bed, and the adsorpiion cycle of the
process can be stopped and the bed can be regenerated,
18026} However, as can be scen illustrated in Figure 4d), the adsorption cycle can
be stopped after the adsorption front has reached through ondy about 75% 1o about 85%
of the adsorption bed. That s, the adsorption bed can typically be utilized only to about
75% to about 85% of its full adsorption capacity, The remaining ~15% to ~25% can be
used, €.2., as a safety baffer (at less than full adsorption capacity) to ensure that the
resulting product from the adsorption cyele can remain within speciticanions for
contarainant levels. This can result in a waste of gbout 15% to about 25%0 of the overall
adsorbent capacity.
{6621] In contrast with the prior art, Figare 5 tustrates an cmbodiment of the
present invention. Here, the adsorption process can uiilize at feast two (2) aeparaiely
operated adsorption beds (Ve operated on scparate ¢ycles). This may not be a problem
or additional burden, since cssentially ali commercial swing adsorption proccsscs

utilize at {east two (2) beds since at least one (1) of the beds can be in an adsorption
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cvcie while at least one (1) bed is in a desorption cycle. As illustrated in Figure 5a), the
desorbed adsorbent bed that has completed a cycle can be ready to begin the next
adsorption bed with the adsorbent substantially free of the adsorbed {or contaminant)

bent

componcent. As shown in Figure 3b), as the adsorption eyele progresses, the adso
at the inlot end can have a high concentration of the adsorbed component wherein the
adsorbent in the darkened portion can be substantially spent. As the adsorption cycle
progresses, as shown in Figure S¢), more of the adsorption bed can become spent as the
adsorption front moves through the bed. Tn the present jnvention, instead of ending the
adsorption cvele in Figure 54}, where the bed would be at about 75% to about 83%, of
s full adsorption capacity, the adsorplion bed can b Hined up 1o a second adsosphion
bed in the process, and the product stvcars can be taken off the cnd of the sccond
adsorption bed instead of the first, it should be noted here that this second bed can be
Hned up at any time in the adsorption cycle of the first bed, but preferably pricr to the
point at which the adsorption front moves past the end of the first adsorption bed.
{0622} As can be further seen i Figure Se), the adsorption front can be conrolled
80 as to move completely through the cnd of the first adsorption bed and into the
second adsorption bed. At this point, the firat adsorption bed can be utilized to near tull
capacity and then disconnecied frorn the contaminated food gas supply for regencration.
The contaminated foed gas supply can be switched dircetly to the inlot of the second
adsorption bed, preferably cither prior to or substantially simmultancously with the end
of the first adsorbent bed's adsorption cyele. As can casily be secn from Figure 5, i
the present invention, the adsorbent beds can be wsed o cusentially full capacity,
thereby increasing the overall system capacity with no significant irpacts to overall
product quality.

18023] The term "break-through™ is defined hereiu as the point where the product
gas leaving the adsorbent bed cxeseds the targer specitication of the contaminant
component. At the break through point, the adsorbent bed can be considered "spent®,
such that any significant further operation through the spent adsorption bed alone will
result in off-specification product gas. As used herein, the "broskthrough” can
gencrally coincide with the "adsorption front”, e, at the time breakthrough is detected
at the outlet of the adsorbont bed, the adsorption front is generally located at the end of

the adsorption bed
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19024] Please note that the "target specification” is any level of contaminant

£

concentration that can be used for determining breakthrough and may be any level of
contaminant concentration as sot by the process controf to cnsure proper overall purity
of the product stream from the swing adsorption process. As such the "targes
specification” can usually be some amount higher than the contaminant concentration
of the overall resultant product stream retrieved from the process.

{402 5] After the first adsorplion bed is rernoved from the adsorption cycle, the
adsorbed contaminant corpponent can removed from the first adsorption bed by a
reduction in pressure, an increase in temperature, or a combination thereot. In some
embodiments, this portion can be accompanied by a reverse {counter-current) flow of
gas to assist in desorbing the beavy component, As the pressure in the vessel is
reduced, the contaminant component previously adsorbed in the bed can be
progressively desorbed forming a contaminant product stream eariched in (7e¢., has a
higher mol% content of) the contaminani componcent as comparcd to the foed gas
strearn. When desorpiion 1s complete, the adsorbent bed can be purged with an inet
gas stream, e.g., nitrogen and/or a purified stream of product gas. Purging can

additionally or alternately be facilitated by the use of a higher temperature purge gas

stream.
$026 The total cvele time for the swing adsorption process represents the length
4 e £ o

of time from when the gaseous mixture is st conducied to the first adsorbent bed ina
first cycle o the time when the gaseous mixture s first conducted to the first adsorbent
bed in the tnmediately succeeding cyele, 7o, after a single rogeneration of the fiest
adsorbent bed, The use of third, fourth, fifth, ¢ic., adsorbent beds in addition 1o the
second adsorbent bed can serve to increase cycle Lime when adsorption time is short but
desorption time is long.

{6827] In a preferred embodiment, the adsorbent can be incorporated into a
paraiicl channel contactor. "Parallel channel contactors” arc defined herein as a subset
of adsorbent contactors comprising structured (engineered) contactors in which
substanually parallel fow channels are incorporated into the structure. Parallel flow
chanuels are described in detai] 1o U8, Patent Application Publication Nos.
2008/0282892 and 2008/0282836, both of which arc incorporated herein by reference.

These flow channels may be formed by a variety of means, and, in addition to the
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adsorbent material, the structure can contain other components such as support

materials, heat sink materials and void reduction components. A wide variety of

monolith shapes can be formed directly by extrucion processes. An example of a

cyﬁindﬁéaf raouolith is showo schematically in Figure | heeeof. The oylindrical
monolith § contains a plurality of parallel flow channels 3 that run the cnrire length of
the monolith. These flow channels 3 can have dlameters {channel gap) from about 3
raicrons to about 1000 microns, e.g., from about 54 to about 250 microns, as long as all
channels of @ given contactor bave substantially the sarae size channel gap, The
channels could have 2 variety of shapes including, but not limbed to, round, square,
triangular, hexagonal, and combinations thersof, The space between the channgls can
be occupted by the adsorbeut 8. As shown 1o Figure 1, the channels 3 can occupy
abuut 25% of the volume of the monodith, and the adsorbent 8 can occupy about 75%
of the volume of the monolith (e g, from about 33% to about 98% of the volume). The
effective thickness of the adsorbent can be defined from the volume fractions occupied

by the adsorbent § and channel structure as

Velume Fractio

Lflective Thickness Of Adsorbent = 3 Channel Digimeter T -
2 oluime Fra

ien {f Channels

[BO2E] Figure 2 hereof is a cross-sectional view along the longitudinal axis
showing feed chanuels 3 extending through the length of the monolith with the walls of
the tiow channels formed eutirely from adsorbent § plus binder, mesopore filler, and
heat sink material. A schematic diagram enlarging a small cross section of adsorbent
fayer 8 is shown jo Figure 3 hereof. The adsorbent layer § s comprised of microporous

e

adsorbent or polymerie particles 7; solid particles (thermal mass) 9; that act as heat
sinks, a blocking agent 13, and open mesopores and macropores 11, As shown, the
microporous adsorbent or polymeric particles 7 can occupy about 60% of the volure of
the adsorbount layer, and the particles of thermal mass 9 can occupy about 3%, of the
volume. With this composition, the voidage (flow chaunels) can be about 55% of the
vohune occupicd by the microporous adsorbent or polymeric particles. The volume of
the microporous adsorbent 8 or polymeric particles 7 can range from about 25% of the
volume of the adsorbent layer (0 about 9896 of the volume of the adsorbent fayer, In
practice, the volume fraction of solid particles 9 used to absorb thermal cnergy and

limit temperature rise can range from about 0%, to about 75%, preferably from about
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5% to about 75% or from about 10% 10 ghout 60%. A mesoporous non-adsorbing
filler, or blocking agent, 13 can {il] the desired amount of space or voids left between
pasticles so that the volume fraction of open-mesopores and macropores 11 in the
adsorbent faver & can be logs than sbout 30 vol%, e.g., less than about 20 vol% or fess
than 10 vol%.

[6029) When the monolith contactor is used in a gas separation process that relies
on a lanetic separation (predomipantly diffusion controlled), it can be advaniageons for
the wicroporons adsorbent/polymeric particles 7 to be substantially the same size, Tt
can be preferred for the standard deviation of the volume of the individual microporous
adsorbent/polymeric particles 7 to be less than 100% (e.g., less than 509%) of the
average particle volume for kinetically controtied processes. The particle size
distribution for zeolite adsorbenis can be controlled by the method used to synthesize
the particles. Additicnally or alternately, it can be possible 1o separate pre-synthesized
smicroporous adsorbent particles by size using methods such as a gravitational setiling
colamm. Further additionally or aliernately, Ut can be advantageous to use unitormly
sized micropurous adsorbent/polvimcric particles in cqutlibrivim controtled scparations,
{B038] In & preferred embodiment, the swing adsorption process can be rapidly
cvcled, 1o which case the processes ave referred to as rapid cycle thermal swing
adsorption (RCTSA), rapid cycle pressure swing adsorption (RCPSA)Y, and rapid cycle
partial pressurs swing or displacement purge adsorption (RCPPSA). For RCPSA the
total cyele times can be typically less than 90 seconds, preferably less than 60 seconds,
2.2, less than 30 seconds, less than 15 seconds, fess than 10 seconds, For RCTSA, the
total cycle times can typically be less than 600 soconds, e.g., less than 200 seconds, less
than 100 seconds, or less than 60 seconds. One key advantage of RUPSA technology
can be a significantly more efficient use of the adsorbent material. The quantity of
adsorbent required with RCPSA rechnology can be only a fraction of that required for
conventional PSA technology 1o achiove the same separation quantitics and qualities.
As a result, the footpring, the investmont, and/or the amount of active adsorbont
required for RCPSA can typically be significantly lower than that for a conventional
PSA unit processing an oguivalent amount of gas. In applications where CO» s
removed from natural gas in swing adsorption processes, it can be preforred to

formulate the adsorbent with a specific class of R-ring zeolite materials that has
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kinetic selectivity, though equilibrium-based adsorption can be an alternative. The
kinetic selectivity of this class of €-ring zeolite materials can allow €O, to be rapidly
transmitted into zeolite crystals while hindering the wransport of methane, so that it is
possible to selectively separate CO from a mixiure of CO, and micthane. Forthe
removal of €O, from natural gas, this specific class of 8-ring zeolite materials can have
an Si“Al ratio greater than about 250, e.g., greater than about 500, greater than about
1800, from 2 to about 1000, from about 10 to abowt 300, or from about 50 to about 3060,
As used herein, the SVAL ratio 1s defined as the molar ratio of silica 10 alununa of the
zeolitic structure. This class of 8-ring zeolites can allow €O, f0 access the internal
pote structure throngh &-ring windows in a manner such that the ratio of single
component diffusion cocfficients for €Oy over methane (fe., Deg/Dew) can be
greater than 10, preferably greater than about 50, greater than about 100, or greater than
about 200,

18831} Additionally or alternately, in many instances, nitrogen may desirably be
rommoved from natural gas or gas associated with the production of oil to obtain high
recovery of a purified methane product from nitrogen containing gas. There have been
very few molecular sieve sorbents with significant equilibrium or kinetic selectivity for
sitrogen separation from methane, For Nj separation from natural gas, ke with CO»,
it can be preferred to formulate the adsorbent with a clags of B-ring zoolite materials
that has a kinctic sclectivity. The kinctic seleetivity of this class of B-ring materials can
allow N, 1o be rapidly transmitted into zeolite erystals while hindoring the fransport of
methane, so that 1 15 possible 1o selectively separate N frome a mixmre of My and
methane. For the removal of N, from natural gas, this specific class of 8-ring zeolite
materials can have an SY A1 ratio from about 2 Lo about 1009, e.g., from about 10 t0
about 500 or from about 30 to about 300, This class of R-ring zeolites can allow Ny to
access the internal pore structure through 8-ring windows in a manner such that die
ratio of single component diffusion coefficients for Nz over methane (e, Dno/Dows)
can be greater than S, preferably greater than about 20, greater than about S8, or greater
than 100, Resistance 1o fouling in swing adsorption processes during the removal of
N; from natural gas can be one advantage offered by this class of §-ring zeolite

smaterials,
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148321 Additionally or alternately from CO,, it can be destrable o remove HaS
from natural gas which can contain from about 0.001 vol% H, S to about 70 vol% H,S
{e.g., from about 0.001 vol% to about 30 volls, from about §.001 vol% to about 10
vol%s, fromabout 6.001 vol2% to about 5 vol®4, from about 0.001 vol% 10 about | vol%,,

from about 8.001 ~

o 10 sbout 0.5 vol%, or trom about §.001 vol% 10 about .1
volt%). In this case. it can be advantageous to formulate the adsorbent with
stannosilicates, as well as the aforementioned class of §-ring zeolites that can have
kinetic selectivity. The kinetic sclectivity of this class of R-ring marerials can allow
H:S to be rapidly transmitted into zeolite erystals while hindering the transport of
methane, so that it s possible w seiectively separate HoS from a mixture of H: 5 and
methane, Forthe romoval of Ha 8 from natural gas, this apecific class of 8-ring zeolite
materials can have a SYALrato from about 2 1o about 1300, e.g., from about 1§ to
about 508 or from about 306 to about 300. This class of {«’,vring zeotitex can allow H, S to
access the internal pore siructare through B-ring windows in a manner such that the
tatio of single component diffusion coefficients for HuS over methane (Lo, Dwmns/Dem)
cant bo greater than 5. preferably greater than about 24, greater than about 50, or greater
than 100, DDR, Sigma-1, and/or ZSM-38 are examples of suitable materials for the
semoval of Ho 8 from vatural gas. b some applications, it can be desired for HaS to be
removed to the ppm or ppb levels. To achieve such extensive removal of HuS it can be
advantagoous to use a PPSA or RUPPRA process.
{6633} Other non-limiting examples of selective adsorbent materials for use in
embodimends herein can inchude microporous materials such as zeoliies, AIPOs,
SAPOs, MOFs (metal organic frameworks), ZIFs {zeolitic imidazolate frameworks,
such as ZIF-7, ZIF-8, ZIF-22, etc.), and carbons, as well as mesoporous matarials such
as amine functionalized MOM materials, and the like, and combinations and reaction
products thereof, For acidic gases such as hydrogen sulfide and carbon dioxide
typically found in natural gas sircams, adsorbents such as cationic zeolites, amine-
functionalized mesoporous materials, stannosilicates, carbons, and combinations
thereof can be preferred, in cortain embodimoents,
{6034} It can sometimes be necessary to remove heavy (e.g., Cor or Csi)
hydrocarbons, e.g., from natural gas or gas associated with the production of ¢il.

Heavy hydrocarbon removal may be necessary for dew point conditioning befure the
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natural gas is shipped via pipeline or to condition natural ggs before it is liquefied.
Additionally or alternately, it may be advantageous to recover heavy hvdrocarbons
from prodaced gas in enhanced oil recovery {EOR) floods that employ €05 and
nitrogen. Further additionally or alternately, it may be advantageous 1o recover heavy
bydrocarbons from associated gas that is cycled back into an oif rescrvolr during some
types of oil production. in many instances where it is desirable to recover heavy
hydrocarbons, the gas can be at pressures in of at least 1,000 psig, e g, of at least 5,000
poig or at least 7,000 psig. It can be advantagoous jn cortain of these applications 1o use
an adsorbent formulated with a zeolite having a pore size between about 5 angstroms
and about 20 angstroms. Nos-himiting examples of zeolites having pores in thus size
range can melude MF, faujasite, MCM-41, Beta, and the ke, and combinations and
mtergrowths thereof. It can be preferred in sore embodiments that the Si/Al ratio of
zeolites utilized for heavy hvdrocarbon removal 1o be from 1 to 1000,

{3035} In equilibrinrg controlied swing adsorption processes, most of the
selectivity can be imparted by the equilibrium adsomption properties of the adsorbent,
and the competitive adsorption isotherm of the light prodact in the micropores or free
vohime of the adsorbent may be disfavored. In kinetically controlled swing adsorption
processes, most of the sclectivity can be imparted by the diffusional propedics of the
adsorbent and the transport diffusion coctficient in the micropoeres and tree volume of
the adsorbent of the light spocics can be loss than that of the heavier specics.
Additionally or altcrnately, io kinctically controlled swing adsorption procceses with
microporeus adsorbents, the diffusional selectivity can arise from diffusion diftercuces
int the micropores of the adsorbent and/or from a selective diffusional surface resistance
in the crystals or particles that make-up the adsorbent.

{80361 The present invention can additionally or alternately be applied to improve

the separation of molecular species from synthesis gas. Avnthesis gas can be produced

by a wide variety of methods, including steam reforming of hydrocarbous, thermal and
catatytic partial oxidation of hydrocarbons, and many other processes and combinations
known in the art, Syiuhosis gas is vsed i a farge nurber of fucl and chemical
applications, as well as power applications such ag Integrated Gasification Combined
Cycle (IGCC). Al of these applications have a specification of the exact composition

of the syngas required for the process. As produced, synthesis gas can coutaln at least
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C0 and Hy. Other molecufar components in the gas can be CH;, COy, HaS, HaO, Na,
and combinations thereof. Minority (or trace) components in the gas can lnclude
hydrocarbons, NH;, NOy, and the Like, and combinations thereof. In ajmost all
applications, most of the H. 5 sbould typically be removed from the syngas before it
can be used, and, in many a,ppb ations, it can be desirable o remove much of the CO,.
In applications where the syngas is used as a feedstock for a chemical synthesis
process, t can geverally be desirable to adjust the H,/CO ratio to a value that can be
optimum for the process. n certain fuel applications, a water-gas shift reaction may be
employed to shift the syngas almost entirely to H, and CO,, and in many such
applications it can be desirable to remove the €O,
[6637] The following 1s a logic table of the steps tn 2 complete cyele for an
embodiraent of g four adsorbent bed configuration utilizing the process of the present

urvention, and as iHlustrated in Figure 6 hereof.

“Baa e
t [raraFacaca
2
4 F& F& FA FA FA
{8038 I the above table, FA s the primary feed/adsorption step; BD is the blow-

down/depressurization step; RG 8 the adsorbent regeneration step; RP is the adsorbent
bed repressurization step; and FB is the secondary foed/adsorption step. Following the
above sequence with respect to the four adsorbent beds shown in Figure 6 hereof, once
a fivat cycle is completed in alt four adsorbent beds, the adsorption front can be aliowed
to break through the adsorbent bed undeorgoing an adsorption step, can be passed to the
next downstream adsorbont bed that has just undergone regeneration and
repressurization, and can then perform an adsorption step on the product stream from
the next previous adsorhent bed, This can nutigate the amount of product trappod at the
nd of the adsorbent bed by allowing the entire product stream coming out of an
adsorbent bed 1o flow 1nto a next bed to continue adsorption. In certain embodiments,
the pumber of adsorbent beds required for the practice of the present invention can be

equal to the number of discrate steps m & cycle,
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{3639 Onee the adsorption froot bas moved info the next downstream adsorbent

bed, the pressure in the adsorbent bed can then be reduced, preferably in a series of
blow-down stops in a co-current or counter-current and can be porformed with or
without a purge gas strearn to the final target gas recovery pressure, Pressure reduction
can preferably occur in less than & steps, eg., in less than 4 steps, with target species
being recovered in cach step. In one preferred embodiment, the pressure can be
decraased by a factor of approximately three in cach step. Additionally or altemately,
the depressurization can be conducted counder-currentty and/or, during the
depressurizing step, a purge gas can be passed counter-current (from product end to
feed end) through the adsorbent bed. Further additionally or alicrnately, the purge gas
can be a so-called “clean gas”, By “clean gay™ iy meant & gas that iy sabstantially free
of target gas components. For example, if the target gas is an acid gas, then the clean
gas can be a stream substantially free of acid gases such as H,S and CO, (e.g.,
comaindog {ess than § mol%s of combined M8 and CO;, or less than 1 mol%). An
exampie of a preferred clean gas could be the product gas self. When the current
invention s utilized for the removal of acid gas from a natural gas sucam, the "clean
gas” can be comprised of at least one of the hydrocarbon product streams, e.g., of Cs.
hydrocarbons or of methane. Alternaicly, a separaic "clcan gas™ ¢an be used, ez,
compriscd of nitrogen.

[0648] Regeneration of the adsorbent bed can ocour during this depressurization
step. During regeneration, the strongly adsorbed {contaminant) component or
components can be desorbed from the contactor. After an adsorbent bed 18
depressurized and regencrated by removal of the contaminant gas components, it can
preferably be repressurized prior to the beginning of the next adsorption cycle.
Additionally or alternately, it can generally be preferable to cool the bed before
repressurization.

j684 1] Regeneration of the bed can additionaliy or alternately be accomplished

through the use of a temperature swing process, of a combination of a lomperane

of the adsorbent bed can be raised 10 a point wherein the contaminant gas component{s)
cait be desorbed from the bed. Purge gases, as described hersin, can be utilized during

and/or i conjunction with temperature-driven desorption, With the temperature swing
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desorption, it can sdditionally or aiternately be preferred for the adsorbent bed to be
cooled prior to desorption and prior to beginning the next adsorption cycle.

{6042} I a preferred embodiment of the present fnvention, the contactor i
combined with an adsorbent futo & heat exchange struciure in a manner that can
produce a thermagd wave. In Thermal Wave Adsorption (TWA), adsorbent can be
placed in one set of heat exchanger channels, while the other set of channels can be
used 10 bring beat into and/or take heat out of the adsorbent device. Fhauds and/or gases
flowing in the adsorbent and heating/cooling channels do not generally coutact each
other. In certain embodiments, the heat adding/removing channels can be designed and
operated in a roanner that results in & relatively sharp temperature wave i the adsorbent

and/or in the heating and cooling futdys during the beating and cuoling steps in the

cycle.
{6643} Thermal waves in such contactors can be produced in when the heating and

cooling flutds are flowed co-current or counter-current 1o the direction of the feed flow
in the adsorption siep. fn many cases, it can be preferred vot to have 4 significant flow
of heating or cooling fluids during the adsorption step. A more comprehensive
description of Thermal Wave Adsorption (TWA) and other appropriate contactor
structures can be found, ez, in U.S. Patent No. 7,938,886, which is tncorporated herein
by reference. This reference shows how to design and operate a contactor to control the
sharpness and nature of a thermal wave, A key operational parameter can include the
fluid velocity in the contactor. Key design parameters can include the mass of the
contactor and heat capacity and thermal conductivity of materials used to form the
contactor and heat transter fluid. An additional key design objective for the contactor
can be finding one or more ways to reduce/minimize the distance over which heat has
to be transferred, which is why relatively sharp thermal waves can be so desirable.
[0044] n some embodiments, daring the heating step, the volwme of fluid at a
temperature 00 wore than 1°C warmer than the end of the contactor from which it is
produced can represent at least 25% (e.g., at least 50% or at least 759} of the volume
of the fluid introduced into the contacior for heating, Similarly, when the present
invention is operated to attain a thermal wave, it can be preferred that, during the
couling step, a cold fluid (such as pressurized water) can be flowed into the contactor

and a hot fhuid near the temperature of the contactor at the end of the recovery step can
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flow out of the contactor. Most of the recovery step can generally occur afier the

conttactar has been heated. Thus additionally or alternately, during the cooling step, the
volame of fluid at a temperature no more than [0°C colder than the end of the contactor
from which it 18 produced can represent a3 least 25% (e.g., at least 50% or at least 75%9%)
of the volume of the fluid ndroduced inte the contactor for cooling.

[6045] One way 1o efficiently utilize thermal waves in the apparatuses according to
the invention can be for heat recovery, The recovered energy can be used to reduce the
nergy requirements for beating and cooling of the comtactor, for a different contactor

of a multitude of contactors needed for a continuous process, and/or for any nther
purpose. More specifically, cnergy contained in the hot stream exiting the contactor
duaring the cooling step can be vtilized 10 reduce the energy that must be sapphed
during the heating step. Similarly, the cold stream exiting the contactor during the
heating step can be utilized to reduce the energy that muost be supplied to cool flaid o
be supplied to the contactor daring the cooling step. There are many ways 1o recoup
the encrgy. For example, the hot thermal fhaid flowing out of one contacior can be sent
tw anothor with trim heating in between, and/or the cold fluid flowing out of one
contactor can be sent o another with trim cooling in between. The thermal fluid flow
path botween contactors can be determined by valves timed to route thermal flaid
betweon contactors at appropriate points in the overall swing adsorption cycle. n
cmbodiments where thermal fluid flows betwoen contactors, it may also pass through a
heat exchangey that adds or removes heat from the flowing thermal fluid and/or pass
through a device, such as a compressor, pump, and/or blower, that pressurizes it so it
cant thow at the desired rate though the contactors. A heat storage medium can be
configured so that the energy from the thermal wave moving through one contactor can
be stored. A pon-limiting example 16 a tank systorn that separatoly stores hot and cold
fluids, which can cach be fed back nio the contactor that produced it and/or to another
contactor. In many embodiments, the flow of the thermal fluid through the contactor
can be arranged 1o minimize the wixing of the fluid in the divection of the general flow
of the fluid through the contactor and 1o minimize the offect of the thermal conductivity
of the fluid on the sharpness of the temperature wave,

{3846} Where cnergy is recoverad, it can be preferred that the recovered cnergy be

used to reduce the amount of sensible heat that must be supplied to heat and cool the
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contactor. The sensible heat is determined by the heat capacity and temperature rise {or
falf) of the contactor. In some embodiments, at least 60% (2. g, at least 8(1% or at least
95%) of the sensible heat required for heating the contactor is recouped, and/or at least
60% (e.g., at {east RO% or at least 95%) of the senaible heat needed to cool the
contactor is recouped.

{00471 Relatively sharp thermal waves, as used herein, can be expressed in terms
of a standard femperatare ditferential over a distance relative to the length of the
mass/heat transfer flow ju the apparatus, With respect to the mass/heat ansfor, we can
define a maximum temperature, T, and a minimum temperature, Ty, as well as
convenient temperatures about 109 above T (T 10) and aboat 10% below Taye (Tool.
Thermal waves can be said to be relatively sharp when at least the femperatute

differential of (Top-Tin) occurs over at most 50% (e.g., ai most 40%, at most 30%, or at

most 25%) of the length of the apparates that participates in the mass/thermal transt
Additioually or allernately, relative sharp thermal waves can be expressed in terms of 2
maxinum Peclet number, Pe, defiued to compare axial velocity of the beating/conling
fluid to diffusive thermal transport roughly perpendicular to the dircetion of fluid flow.
Pe can be defined as (U*L) /1, where U represents the velocity of the heating/cooling
fluid (in m/s), L represents a characteristic distance over which heat is transported (1o
warm/cool the adsorbont) in a direction roughly perpendicular to the fluid flow, and o
represents the offective thermal diffusivity of the contactor {in m*/s} over the distance
L. o addition or altervately to the thermal differential over length, thermal waves can
be said to be relatively sharp when Pe s less than 10, for example less than 1 or less
han 0.1, To minimize time for heating/cooling of the countactor with litile or no
damage to the flow channel, it can be preferred for U to be in a range from about (.01
m/s 1o about 100 m/s, e.g., from about 0.1 m/s to about 38 /s or from about 1 m/s 1o
about 40 m/s. Additionally or alternately, 10 minimize size and energy requirements, i
can be preferred for L to be less than 0.1 meter, ¢.g., less than G.01 meter or less than
3.001 meter.

[G648] In certain cmbodiments, the adsorbent bed can cooled, preforably to s
temperaturce cqual to or less than about 40°C above the temperaturce of feed gas mixture,
e.g.. loss than 20°C above or [ess than 10 °C above. Additionally or alternately, the

adsorbent bed can be cooled by external cooling that can be done n a co-current of
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counter-current manuet, such that a thermal wave can pass through the bed. Further
additionally or alternately, only the first part of the adsorbent bed can be cooled then
repressurizad. It is within the scope of this invention that the adsorbent bed be purged
with a clean gas during this cooling step. The adsorbent bed 18 then repressurized either
during or after the cooling step. The adsorbent bed can be repressurized by use of clean
gas, €.2., a clean product gas, and/or counter-currently with blow-down gas from
another bed after a first stage of repressurization. The fival pressusre of the
repressurization step can preferably be substantially equal to the pressure of the
irconung feed gas mixture,

[0644] Adsorptive kinetic separation processes, apparatuses, and systems, as
described above, are useful for development and production of hydrocarbons, auch aa
gas and oil processing. Particularly, the provided processes, apparatuses, and systems
can be useful for the rapid, large scale, efficient separation of a variety of target gases
from gas mikures.

{G855] T

natural gas products by removing contaminants, The provided processes, apparatuses,

s provided processes, apparatuses, and systerns may be used o prepare

and systems can be useful for preparing gaseous feed streams for use in utilities,
including separation applications such as dew point control, sweetening/detoxification,
corrosion protectionscontrol, dehydration, heating vahue, conditioning, and purification.
Examples of utilities that utilize one or more separation applications can include
genaration of fuel gas, seal gas, non-potable water, blanket gas, nstrument and control
aas, vetrigerant, nevt gas, and bydrocarbon recovery, Exernplary “vot to exceed”

product {or "target”) acid gas remaval specifications can include: {a) 2 vol% CO,, 4

pen Ho S0 (b)Y 50 ppime €O, 4 ppm HLS; or (o) L5 v 2 ppm HS.

(8851} The provided processes, apparatuses, and systems may be used 1o remove
acid gas from hydrocarbon sireams. Acid gas removal technology becores
increasingly important as remaining gas reserves exhibit higher concentrations of acid
{soury gas resources. Hydrocarbon feed streams can vary widely in amount of acid gas,
such as from several parts per million to 90 vol%. Non-limiting examples of acid gas
concentrations from exemplary gas reserves can include concentrations of at least: (a)
i vol% H)S} 5vol C ( 25 b) I vol% bﬁ, i5 vol% CO?, lC) 1 vol¥% H') S (\O voi%

COq; () 15 vol% 1S, 15 vol% CO:: or (e) 15 vol% HLS, 30 vol?s COy.
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{00521 One or more of the following may be utilized with the csaes
apparatuses, and systems provided herein, 1o prepare a desirable prc»duct stream, while
maintaining relatively high hydrocarbon recovery:

{a) using 0ne ot mote kingtic swing adsorption processes, such as pressure

e

swing adsorption (PSA), thermal swing adsorption (TSA), and partial pressure swing or
displacement purge adsorption (PPSA), including combinations of these processes;

cach swing adsorption process may be utilized with rapid cycles, such as using ove ot
more rapid eyvele pressure swing adsorption (RC-PDS) units, with one or more vapid
cyele temperatyre swing adsorption (RO-TSA) units or with one or more rapid eycle
partial pressure swing adsorption {RC-PPSA) units; exemplary kinetic swing

adsorption processes are described in ULS, Patent Application Publication Nos,
2008/0282892, 20080262887, 2008/0242886, 2008/0282885, and 2008/0282884,
which are each herein incorporated by reference in its entivety;

{b} removing acid gas with RC-TRA using advancad cycles and purges as
described n LLS, Provistonal Application No. 61/447 853, filed March 1, 2011, as well
as the LS. Patent Application bearing docket number 20T TEMO60-US2, claiming
priority thereto, which are together incorporated by reference herein in thelr entiret

{c) ustng a mesopore fller 1o reduce the amount of trapped methane i the
adsorbent and increasc the overall hydrocarbon recovery, as described in U8, Patent
Application Publication Nos. 2008/0282892, 2008/0282885, and 2008/328240, cach of

which is heretn incorporated by referonge 1o its colirety,

{d} choosing an appropriate adsorbent materials to provide high selectivity
and reduce/minimize adsorprion {and losses) of methane and other hydrocarbons, such

~

as onte or more of the zeolites described in U.S. Patent Application Publication Noa.
2008/02828R7 and 2000/02 1 144, cach of which is herein incorporated by referenee in
its entirety;

{e) depressurizing one o more RC-TSA unity in multiple steps ©
intermediate pressyres so that the acid gas exbaast can be captured at a higher average
pressure, thereby decreasing the compression required for acid gas injection; pressure

tevels for the intermediate depressurization stops may be matched to the interstage

pressures of the acid gas compressor to uptinnize the overall compression svsten,
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{f) using exhaust or recycle streams to minimize processing and
hydrocarbon losses, such as using exhaust streams from one or more RC-TSA units as
fiel gas instead of re-injecting or venting:

() using multiple adsorbent materials in a single bed 10 remove trace
amounts of first contaminants, such as H4 8, before romoval of a second contaminant,
such as C(hy; such segmented beds may provide rigorous acid gas removal down to
ppa levels with RO-TSA units with mintmal purge flow rates;

(b ustng feed compression before one or more RC-TSA units to achieve a
desired product purity;

{j} confemporancous romoval of non-acid gas contaminants such as

nercaptans, COS, and BTEX; seloction processes and materials 10 accomplish the
same;

(k3 using structured adsorbents for gas-solid contactors to minimize pressure
drop compared to conventional packed beds;

{H selecting a cycle time and cycle steps based on adsorbent material
kinetics; and

{m)  using a process and apparatus that yses, amonyg other equipment, two

~TSA urits in series, wherein the tirst RC-TSA yoit cleans a foed stream down o a
desired product purity and the second RC-TSA unit cleans the exhaust from the first
anit to capture methane and maintain high hydrocarbon recovery: use of this series

design may reduce the need for & mesopore filler

10053] The processes, apparatuses, and systerns provided herein can be vseful in
lsrge gas treating facilities, such as facilitics that process mwore than five million

standard cabic feet per day (MSCFD) of natural gas, for example more than 15
MSCFD, more thap 25 MSCFD, more than 30 MSCFD, more than 100 MSCFD, more
than 500 MISCFD, more than one billion standard cubic feet per day (BSCFD), or more
than two BSCFD,

[6854] Compared to conventional technology, the provided processcs, apparatuscs,
and systems can require fower capital fovestaont, lower operating cost, and/or foss
phsical space, thereby cnabling impicmentation offshore and in remote locarions, such

as arctic cnvironmments. The provided processes, apparatuscs, and aystems can provide
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the foregoing benefits, while providing high hydrocarbon recovery as compared o
conventional technology

{BB55] Additionally or alternately, the invention can comprise one of move of the
following emboduuents,

19656 Embodiment 1. A swing adsorption process for separating contantinant gas
components from a feed gas mixture containing at least one cordaminant gas
componeut, which process comprises: a) conducting the feed gas mixture directly to a
fivst adsorption bed i a swing adsorption process unit contaning & plurality of
adsorbent beds cach having 2 Huid inlet end and fluid outlet end wherein the first
adsorption bed has & first primary adsorption cycle defined by the period of time from
the start of connecting the flwid input end of the first adsorption bed directly to said

foed gas mixture o the eod of connecting the fhud inpat end of the first adsorption bed
directly to said feed gas mixture; b) retrieving a first product stream flow from the fluid
outfet end of the first adsorption bed; ¢) fluidly connecting the fluid ouilet end of the
fivst adsorption bed with the fluid infot end of a second adsorption bed in the swing
adsorption process unit during a point in the first priraary adsorption cyele so that at
feast a portion of the first product stream trom the fluid outlet end of the first adsorption
bed is passed to the flaid inlet end of the second adsorption bed at which time the
second adsorption bed is in g first secondary adsorption cvele which first secondary
adsorption cyele is defined by the period of time from the start of exposing the second
adsorption bed to the first product stream from the fhid outlet end of the first
adsorption bed to the end of exposing the second adsorption bed to the first product
stream from the fluid outlet end of the first adsorption bed; d) retrieving a second
product stream flow from the fluid cutlet end of the second adsorption bed; e) fhudly
disconnecting the fluld outlet end of the first adsorption bed with the fluid infet end of a
second adsorpiion bed; and ) conducting the feed gas mixture directly to the second

dsorption bed whercin the first adsorption bed has a sccond primary adsorption cyeic

defined by the period of time from the start of connecting the fluid foput end of the
second adsorption bed dircetly to said feed gas mixture to the end of connccting the
fluid input cad of the sceond adsorption bed dircetly o said foed gas mixture, wherci
the first product strcam and the second product stream cach have 3 fower mol% of the

contaminant gas component than the feed gas mixture, and the beginnings and ends of
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the first primary adsorption cycie and the second primary adsorption cyele do not both
cotncide with each other.

JGO5T] Erobodiment 2. The process of embodiment |, wherein one or more ofthe
following s satisfied; step f) starts simwultancously with or prior to the beginning of
step e); step ©) starts prior to breakthrough of the contaminant gas component from the
first adsorption bed; and step e} starts prior o breakihwough of the contaminant gas
compenent from the second adsorption bed.

[B858] Erbodiment 3. The process of embodiment | or embodimaent 2, wherein
the adsorption front moves from the first adsorption bed to the second adsorption bed
during the first secondary adsorption cycle or during an overlap of the first primary
adsorption cycle and the first secondary adsorption cvele.

[THES Frobodiment 4, The process of any one of the previous erabodiments,
wherein the contarninant gas component is selected from CO4, H» 8, and combinations

thereof, e.g.. comprises CO4, and/or wherein the feed gag mixture is comprised of

methane,
[6668] Erobodiment 5. The process of any one of the previous ernbodiments,

wherein the first adsorbent bed and the second adsorbent bed arc comyprised of an 8-
ring zeolite, e.g., having a SVAI ratio greater than about 500.

{0861} Embodiment 6. The process of any one of the previous embodiments,
wherein foed gas nuxture is comprised of methane and CO,, wherein CO is the
contaminant gas component, and the zeolite has 3 diffusion coefticient for CO; over
methane (Deon/Dens ) greater than 1.

0862} Erabodiment 7. The process of any one of the previous erabodiments,
wherein feed gas mixture s comprised of methane and My, whercin Ny is the
contaminant gas componeat, and the zeolite has a diffusion coefficient for N, over
methane (Dva/Dew ) greater than 10,

{6863} Embodiment 8. The process of any one of the previous eraboduments,
wherein feed gas muixture is comprised of methane and HyS, wherein Hy S is the
contaminant gas component, and the zeolite has a diffasion coctficiont for H,S over

methane (Diyag/Doyy ) greater than 10,
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68641 Embodiment 8, The process of any ane of the previous embodiments,
wherein the first adsorbent bed and the second adsorbent bed are comprised of a zeolite
sclected from DDR, Sigﬁ a-1, ZSM-58, and combinations and intorgrowihs thereofl
[8065] Embodiment 1. The process of any one of the previous embodiments,
wherein the first adsorbent bed and the second adsorbent bed are comprised of a
microporous material selected from reolites, AlPOs, SAPOs, MOFs {metal organic

frameworks), ZIFs, carbon, and combinavons and mtergrowths thereofl

5866 Embodiment 11, The process of any one of the previous embodiments,
wherein the first adsorbent bed and the second adsorbent bed are comprised of a
material selected from cationic zeolites, amine-functionalized mesoporous materials,
sianmosilicates, carbon, and combinations therecf.

[9067] Embodiment 12, The process of any one of the previous embodiments,
wherein the first adsorbent bed and the second adsorbent bed are comprised of a zeolite
selected from MFL, fanjasite, MCM-41, Beta, and combinations and intergrowths
thereot.

16668} Embodiment 13, The process of any one of the previous embodiments,
wherein the process is a rapid cycle pressure swing adsorption process whergin o total
cycle time is less than 200 seconds, .., less than 30 seconds.

8069 Embodiment 14, The process of any onc of the provicus embodiments,

wherein once or more of the following is satisficd: the feed gas mixtore is conducted 1o
the first adsorption bed at a pressure greater than 1,000 psig; the first adsorbent bed is
cocled to a tomperature no more than about 4°C above the temperature of food gas
mEkiure prior to step a); and at least one adsorbent bed n the swing adsorption process

is a parallel channel contactor.

EXAMPLES

(6074 This Example demonstrates that there a stable solution can be formed when
the adsorption front is rolled from onc bed into another and that it is possible to achicve
cxcellent performance in a swing adsorption procesa, A detailed model was

constructed using gPROMS differendal cquation solving software of a PSA cyele in

which the adsorption front was rolled from one bed into another. The model inchudes
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ail of the important mass transport effects known to those skilled in the art, such as
competitive adsorption, kinetics of molecular transport into the adsorbent, thermal
effects due to the heat of adsorption, and thermodynamics (non-ideality and fugacity)
of the gas mixture throughout the contactor, for exarople. The model also accountad
for the important hydrodynamic offccts known to those skitled in the art such as gas
velocity in the contactors, pressure drop through the contactors, and pressure drops
across valves, fnter alia. The roodel was configured to describe parallel channet
contactors i the form of monoliths housed in pressure vessels with poppet valves 1o
control tlow of gases in a 12-atep PSA process. Open gas channels in the monolith
wete sguare passages ~200 micron high and ~200 oderons wide. A ~100 micron thick
adsorhent layer containing ~60 vol% relatively uniform-sized DDR zeolite cvystals
fined the gas passages and a ~ 100 micron thick web surrounded the adsorbent layer.
With this structure, the distance between centers of adjacent gas passages was ~500
microns. Each monohth modeled was ~0.915 meters long and ~1 meter in diameter. A
portion of the mesopores (~99%) in the adsorbent layer was filled with & mesopore
filler {see, e.g., U.S. Patent No. 7,989,720, which is incorporated herein by reference).
The size of the DDR crystals was chosen so the LDF (linear driving force) time
constant for CO» diffusion into the crystals was ~10 sec” at the ~55°C temperature of
the feed. The fresh foed stream entered the process with a pressare of ~35 bara and
had a molar composition of ~30% CO; and ~70% CH,.

{8671 Figure 7 shows the pressure profile of one of 14 monoliths (beds)
uerconnectod with valving to form a skid using. Al monoliths on the skid were
modeled to have a similarly shaped pressure profile that may be offset in time. The
PSA cyele shown was designed with bed to bed equalizations. (Gases withdrawn from
the monolith adsorbent bed during the depressurization step wore used 1o re-pressurize
another bed on the skid. After the adsorption step has been completed and the
adsorption front has been rolied into another bed and the CO; adsorption front has
moved entirely through the monolith, the monolith was moedeled to undergo a first
depressurization/cqualization step [102] (reforred 1o as EQ #1). In this step, a valve on
the housing for the monolith opened and connccted the bed to another bed being
repressurized. Gas flowed from the bed being depressurized w the bed being

repressutized, and the valve was held open long enough so that the pressures between
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the two beds could equalize. Afier equalization the bed underwent a second
depressurization/equalization step [104] {referred to as EQ #2). In this step, another
valve on the housing for the monolith opened and connected the bed to 2 bed beginning
to be repressurized. Gas flowed from the bed being depressurized to the bed being
repressurized, and the valve was held open long cnough so that the pressures between
this twi beds could equalize. After the beds equalized, the valve closed and the bed
underwent a purge step [106]L

{06721 As shown in Figure 8, in this step, a COg-rich stream that has been
collected [202] from the exhaust [204, 206, 208] of later blowdown O recovery steps
was used to purge methane out of the bed. The purge stream [210] fed into the bed is
referred 1o a5 the CO, Purge Tolet, and the purge stream coming out of the bed [212] s
referred to gs the CO, Purge Outlet. The CO4 Purge Outlet was compressed and
blended {214] with the incoming feed stream [216]. Afier the methane was purged
from the bed, the bed was depressurized in a series of three blowdown recovery steps
L1898, 110, 112]. Gas collected was used to form streams 204, 206, 208 {referved to as
BD1 exhaust, BD2 cxhaust, and BD3 exhaust, respectivelyy. At the end of blowdown

4

#3, the bed was depressured to 1.4 bara. At this point, the bed was valved to begina
ropressurization step {114] (reforred 10 as R #2). In this step, the bed was connected o
another bed undergoing siep EQ #2, Gas coming from the EQ #2 step in the other bed
was usced to increase the bed prossure in siep R #2. Once the beds have cqualized, the
bed was valved to begin another repressurization stop [116] (reforred to as R #1)

this step, the bed was connected to ancther bed undergoing step EQ #1. Gas coming
from the E(} #1 step in the other bed was used to increasc the bed pressure instep R #1,
Once the beds equalized, the bed was valved to begin a final repressurization step [118]
(reforred 1o as Product RP)Y. bothis step, a ship stroam [218] from the purified product
[220] was used to repressurize the bed.

[6673] {mce the product reprossarization was comploicd, the bed began accepting
[126] the efflocnt from the adsorption step ocourring in another bod to produce product
[220]. In this stop, the CO» adsorption front from another bed passed into the bed, The
model showed that the adsorption front remained relatively sharp as it is rolled through
the beds. After the adsorption front rolled into the bed, the bed was valved {122 1o

accept feed blended with the €Oy purge effluent recycle [2221. Duoring this step [122],
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the bed was connected to another bed initiating the adsorption process. In this step
[122], the CO; adsorption front rolled through the bed and into the bed in the initial
phase of the adsorption process. The model showed that, as the CO; adsorption front
moved through the bed, it remained relatively sharp. '

(6874} The model (which assumed a kinetic selectivity of about 300} indicated that
a 14-bed skid was theoretically capable of processing ~81.8 million SCFD and of
recovering ~94% the methane fod, while producing a product methane purity of ~43
mol% in & process that did not requive vacuum or a rerun PSA. Approximaiely 9% of

the methane fod was internally recyeled in the process. Detailed stream compositions,

pressures, temperatures, and flow rates are suromarized io the table below.

Flowrate For
14 Bed Skid

Fiowraie per Molar Flow Molar Flow

- o OF. v/
Stream Monolith cO2 P Pressure Temp Mol% #Mol%

{bary {deg Q) CO2 CH4

{MBCFD}  {molloyele) {molicycle) {MSCFD)
gfgi‘; j:d 6.4 269 782 550 550 321 G7.9 89.9
C0O2 Purge sa . . . o s N an s
et 0.78 120 19.5 157 550  8B8.0  14.0 10.9
Product AP 075 1.35 124 550 550 1.0 990 10.5
Product 5.1 37.9 871 53.0 227 42 958 71.0
v
gffgef“’g‘“ 0.58 56.8 48,5 147 239 550 450 5.06
801 . .
058 6.0 A2 220 847 153
Btowdown ), 88.1 8.0 a12 220 847 45 8.13
Sgﬁdown 1.1 171 8.5 3 220 90 98 143
B3
S ] %} 14 o] 31 & A 13,
Blowdown 0.36 140 1.6 1.4 220 816 184 4
EQ#1 0.76 46.5 30.8 324 274 339 86.1 0.7
EG #2 0.75 50.7 74.0 157 264 451 549 0.5
R #1 0.8¢ 45.3 96.3 324 274 329 864 11.3
R #2 0.84 68.5 21,8 157 264 455 545 1.8
Product Gas 4.3 36.6 737 53.0 227 047 953 50.4
;fg h Fead 5.9 212 736 55.0 650 298 70.2 318
Recycle 0.58 56.8 8.5 550 239 550 45.0 2.05
Exhaust 1.8 279 48.5 3.12 2 857 143 254
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CLAIMS:

1. A swing adsorption process for separating contaminant gas components
from a feed gas mixture containing at least one contaminant gas component, which
process comprises:

a) conducting the feed gas mixture directly to a first adsorption bed in a swing
adsorption process unit containing a plurality of adsorbent beds each having a fluid
inlet end and fluid outlet end wherein the first adsorption bed has a first primary
adsorption cycle defined by the period of time from the start of connecting the fluid
input end of the first adsorption bed directly to said feed gas mixture to the end of
connecting the fluid input end of the first adsorption bed directly to said feed gas
mixture;

b) retrieving a first product stream flow from the fluid outlet end of the first
adsorption bed;

¢) fluidly connecting the fluid outlet end of the first adsorption bed with the
fluid inlet end of a second adsorption bed in the swing adsorption process unit during
a point in the first primary adsorption cycle so that at least a portion of the first
product stream from the fluid outlet end of the first adsorption bed is passed to the
fluid inlet end of the second adsorption bed at which time the second adsorption bed
is in a first secondary adsorption cycle which first secondary adsorption cycle is
defined by the period of time from the start of exposing the second adsorption bed to
the first product stream from the fluid outlet end of the first adsorption bed to the end
of exposing the second adsorption bed to the first product stream from the fluid outlet
end of the first adsorption bed;

d) retrieving a second product stream flow from the fluid outlet end of the
second adsorption bed;

e) fluidly disconnecting the fluid outlet end of the first adsorption bed from the
fluid inlet end of the second adsorption bed; and

f) conducting the feed gas mixture directly to the second adsorption bed
wherein the second adsorption bed has a second primary adsorption cycle defined by
the period of time from the start of connecting the fluid input end of the second

adsorption bed directly to said feed gas mixture to the end of connecting the fluid
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input end of the second adsorption bed directly to said feed gas mixture, wherein step
f) starts prior to the beginning of step e), and wherein the first product stream and the
second product stream each have a lower mol% of the contaminant gas component

than the feed gas mixture, and the beginnings and ends of the first primary adsorption

cycle and the second primary adsorption cycle do not both coincide with each other.

2. The process of claim 1, wherein the adsorption front moves from the first
adsorption bed to the second adsorption bed during the first secondary adsorption
cycle.

3. The process of claim 1, wherein the adsorption front moves from the first
adsorption bed to the second adsorption bed during an overlap of the first primary
adsorption cycle and the first secondary adsorption cycle.

4. The process of claim 1, wherein step c) starts prior to breakthrough of the
contaminant gas component from the first adsorption bed.

5. The process of claim 1, wherein step e) starts prior to breakthrough of the
contaminant gas component from the second adsorption bed.

6. The process of claim 1, wherein the contaminant gas component is selected
from CO,, H,S, and combinations thereof.

7. The process of claim 1, wherein the contaminant gas component is CO,.

8. The process of claim 1, wherein the feed gas mixture is comprised of
methane.

9. The process of claim 1, wherein the first adsorbent bed and the second
adsorbent bed are comprised of an 8-ring zeolite.

10. The process of claim 9, wherein the zeolite has a Si/Al ratio greater than
about 500.

11. The process of claim 1, wherein feed gas mixture is comprised of methane
and CO,, wherein COy is the contaminant gas component, and the zeolite has a
diffusion coefficient for CO; over methane (Dcoy/Dcpg) greater than 10.

12. The process of claim 1, wherein feed gas mixture is comprised of methane
and N, wherein N, is the contaminant gas component, and the zeolite has a diffusion

coefficient for N, over methane (Dny/Dcpa) greater than 10.
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13. The process of claim 1, wherein feed gas mixture is comprised of methane
and H,S, wherein H,S is the contaminant gas component, and the zeolite has a
diffusion coefficient for H,S over methane (Dys/Depas) greater than 10.

14. The process of claim 13, wherein the first adsorbent bed and the second
adsorbent bed are comprised of a zeolite selected from DDR, Sigma-1, ZSM-58, and
combinations and intergrowths thereof.

15. The process of claim 1, wherein the first adsorbent bed and the second
adsorbent bed are comprised of a microporous material selected from zeolites, AIPOs,
SAPOs, MOFs (metal organic frameworks), ZIFs, carbon, and combinations and
intergrowths thereof.

16. The process of claim 1, wherein the first adsorbent bed and the second
adsorbent bed are comprised of a material selected from cationic zeolites, amine-
functionalized mesoporous materials, stannosilicates, carbon, and combinations
thereof.

17. The process of claim 1, wherein the process is a rapid cycle pressure
swing adsorption process wherein a total cycle time is less than 30 seconds.

18. The process of claim 1, wherein the process is a rapid cycle temperature
swing adsorption process wherein a total cycle time is less than 200 seconds.

19. The process of claim 1, wherein the feed gas mixture is conducted to the
first adsorption bed at a pressure greater than 1,000 psig.

20. The process of claim 1, wherein the first adsorbent bed and the second
adsorbent bed are comprised of a zeolite selected from MFI, faujasite, MCM-41, Beta,
and combinations and intergrowths thereof.

21. The process of claim 1, wherein the first adsorbent bed is cooled to a
temperature no more than about 40°C above the temperature of feed gas mixture prior
to step a).

22. The process of claim 1, wherein at least one adsorbent bed in the swing
adsorption process is a parallel channel contactor.

23. The process of claim 4, wherein step e) starts prior to breakthrough of the

contaminant gas component from the second adsorption bed.



