wo 2012/118748 A1 ]I INF 1 0000000 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/118748 A1l

7 September 2012 (07.09.2012) WIPO I PCT
(51) International Patent Classification: (72) Inventor; and
B01D 53/047 (2006.01) C10L 3/10 (2006.01) (75) Inventor/Applicant (for US only): DECKMAN, Harry,
B01D 53/04 (2006.01) BO1D 53/82 (2006.01) W. [US/US]; 2 Woods Edge Court, Clinton, NJ 08809
(21) International Application Number: (US).
PCT/US2012/026758 (74) Agents: WEISBERG, David, M. et al.; Exxonmobil Re-
. - ) search and Engineering Company, 1545 Route 22 East,
(22) International Filing Date: 27 February 2012 (27.02.2012) P.0. Box 900, Annandale, NJ 08801-0900 (US).
- . (81) Designated States (uniess otherwise indicated, for every
(25) Filing Language: English kind of national protection available). AE, AG, AL, AM,
(26) Publication Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
L. CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(30) Priority Data: DZ, EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT, HN,
61/447,835 1 March 2011 (01032011) us HR, HU, I]), IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
61/447,812 1 March 2011 (01.03.2011) us KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
61/447,848 1 March 2011 (01.03.201 1) us TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
61/447,869 1 March 2011 (01.03.2011) Us
. ) (84) Designated States (uniess otherwise indicated, for every
(71) Applicant (for all designated States except US): EXXON- kind of regional protection available): ARIPO (BW, GH,

MOBIL RESEARCH AND ENGINEERING COM-
PANY [US/US]; 1545 Route 22 East, P.O. Box 900, An-
nandale, NJ 08801-0900 (US).

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,

[Continued on next page]

(54) Title: SWING ADSORPTION PROCESSES UTILIZING CONTROLLED ADSORPTION FRONTS

a

)

Figure 5

(57) Abstract: A process for reducing the loss of valuable
products by improving the overall recovery of a contaminant
gas component in swing adsorption processes. The present
invention utilizes at least two adsorption beds, in series, with
separately controlled cycles to control the adsorption front
and optionally to maximize the overall capacity of a swing
adsorption process and to improve overall recovery a con-
taminant gas component from a feed gas mixture.



WO 2012/118748 A1 |IIWAT 00TV 0 T OO

TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, Published:
DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF,
SL SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

—  with international search report (Art. 21(3))



WO 2012/118748 PCT/US2012/026758

-1-

SWING ADSORPTION PROCESSES UTILIZING
CONMNTROLLED ADSORPTION FRONTS

FIELD OF THE INVENTION

10661} This invention relates 10 a method for reducing the loss of valuable
products by mmproving the overall recovery of a targeted product gas component in
swing adsorption processes. This invention relates 10 swing adsorption processes,
mchuding improved processes for temperature swing adsorption {TSA) processes,

pressure swing adsorption (PSA) processes, and related separations processes.

BACKGROUND OF THE INVENTION

166621 Swing adsorption processes are well known in the art for the separation of
one or more gaseous componeuts from a gas mixture. The term “swing adsorption
process” includes all swing adsorption process including temperature swing adsorption
(TSA}Y, pressure swing adsorption (PSA), partial pressure swing adsorption (PPSA),
rapid cycle pressare swing adsorption (RCPSA), rapid cycle thermal swing adsorption
(RCTSA), rapid cycle partial pressure swing adsorption (RCPPSA), as well as
combinations of these processes such as pressure/temperature swing adsorption.

10863} The first step in any swing adsorption process cycle is an adsorption step.
To the adsorption step a gaseous feed mixture s flowed through an adsorbent bed and
one or more of the components of the gaseous feed mixture are adsorbed by the
adsorbent. These adsorbed components are sometimes referred to as “strongly
adsorbed” coraponents”. The non-adsorbed components are sometimes referred to as
the “weakly adsorbed” components and pass through the adsorbent bed, without 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 leads. The gas abead 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 feast one of the strongly adsorbed components. In a conventional
swing adsorption process, the adsorption step is stopped well before the leading front
breaks-through the end of the adsorbent bed. The amount of feed that emerges from the

contactor before this step is halted determines, in part, product recovery and purity.
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Typically, the adsorption step is stopped when the front advances to no more than about
{3.75 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
adsorption step at the end of the hed at the begiuning of the regencration cycle. Design
of the regeneration cycles typically attemipts to capture as much of the product as
possible, but a certain amount inevitably flows into the strongly adsorbed component
product streams. In some instances, as much as a third of what would have been the
product remains in the bed when the adsorption cycle is stopped. Therefore, therc is a
need in the swing adsorption art for processes that are able to mitigate the amount of
product trapped at the end of the adsorption bed and improve utilization of the foll

capacity of the adsorbent material utilized.

SUMMARY OF THE INVENTION

18664} One aspect of the invention herein is a swing adsorption process for
separating contaruinant gas components from a feed gas roixture containing at least one
contaminant gas component, which process comprises: a) conducting the feed gas
mixture directly to a first adsorption bed in 3 swing adsorption process unit containing a
plurality of adsorbent beds cach having a fhuid jnlet 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 fhiid input end of the first adsorption bed directly
to said feed gas mixture to the end of connecting the fhuid nput end of the first
adsorption bed directly to said feed gas mixture; b) retrieving a first product strearn
flow from the thuid 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 untt during a point in the first primary adsorption cycle
50 that at least a portion of the first product stream from the fluid outlet end of the first
adsorption bed is passed to the {hiid 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 fhuid outlet end of the first adsorption bed; d) retricving a
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second product stream flow from the fluid cutlet end of the second adsorption bed; ¢)
fluidly disconnecting the fluid outlet end of the first adsorption bed with the fhuid inlet
end ot a second adsorption bed; and f) conducting the feed gas mixtore divectly to the
second adsorption bed wherein the first adsorption bed has a second primary adsorption
cyele 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 mixtare to the end of connecting the
fhuid input end of the second adsorption bed directly to said feed gas mixture, 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.

[6065] In a preferred embodiment, the contactor can be a parallel channel
contactor for use in gas separation adsorption process units, which contactors can be
engineered structures containing a plurality of open flow chaunnels, preferably oriented
substantially parallel to cach other as well as substantially parallel to the flow of foed
gas, wherein the surface of the open flow channels can be composed of and/or can be
lined with an adsorbent material selective for adsorption of at least one of the
componeuts of a gas mixture, and which open flow channels can have less than about
20 vol% of their open pore volume in pores greater than about 20 angstroms,

16606} Additionally, the following are incorporated by reference herein in their
entirety as being related to this application and for their relevant disclosures: US,
Patent Application Nos, 61/447,206, 61/447 812, 61/447 324, 61/447,835, 61/447 843,
61/447,869, and 61/447 877, each filed March 1, 2011, as well as the seven U.S. non-
provisional applications filed claiming priority thereto. Further, the following are
mcorporated by reference herein in their entivety as being related to this application and
for their relevant disclosures: ULS. Serial Nos. 61/448,117, 61/448,120, 61/448,121,
61/448,123, and 61/448,1235, cach filed March 1, 2011, 61/594 824 filed February 3,
2812, and the application eutitled “Apparatus and Systems having a Rotary Valve
Assembly and Swing Adsorption Processes Related Thereto” by Robert F. Tammera ef
al. filed on even date herewith, as well as any PCT applications and U.S. non-

provisional applications claiming priority thereto.
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BRIEF DESCRIPTION OF THE DRAWINGS

166071 FIGURE 1 hereof is a representation of one embodiment of g paralicl
channel contactor of the present invention in the form of a monolith directly formed
frora the microporous adsorbent of the present invention and containing a plurality of
parafiel channels,

[G6G8] FIGURE 2 hereof is a cross-sectional representation along the longitudinal
axis of the mounolith of Figure 1.

18669} 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 mesopores and
MACTOPOTes.

10616} FIGURE 4 hereof is a graphical representation of adsorption front
management according to the prior art,

10611} FIGURE 5 hereof is a graphical representation of adsorption front
managerment according to an embodiment of the present invention.

(6612} FIGURE 6 hereof is & representation of four adsorbent beds fluidly
connected in series.

16613} FIGURE 7 hereof is a graphical representation of a pressure profile from an
adsorption process according to an embodiment of the present invention.

18614} FIGURE § hereof 15 a schematic representation of an adsorption process
setup according to an embodiment of the invention.

16615} Al numerical values within the detailed description and the claims berein
are modified by “about” or “approximately” the indicated value, and take into account
experimental error and variations that would be expected by a person having ordinary
skill in the art.

18616} Non-limiting examples of swing adsorption processes for which the present
imvention can be applied include thermal swing adsorption {TSA), pressure swing
adsorption (PSA), partial pressure swing adsorption (PPSA), rapid cycle pressure swing

adsorption (RCPSA), rapid cycle thermal swing adsorption (RCTSA), rapid cycle
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partial pressure swing adsorption (RCPPSA), 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.

16617} Fach of these swing adsorption processes can be comprised of a number of
"steps” that inchude a number of adsorption and desorption stages that, in combination,
can lead to a complete swing adsorption cycle that can be periodicaliy repeated. Since
multiple adsorbent beds are typically used, their appropriate time synchronization can
tead to the continuous production of products. A complete swing adsorptioneycle ona
particular adsorbent bed can comprise all of the adsorption and desorption steps that are
taken, beginning with the very first contacting of the feed gas mixture with a
substantially adsorbate-free adsorbent and/or regenerated adsorbent bed and continuing
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 (e, TSA, PSA, PPSA) can
be assigned by the regeneration method.  The cycle includes any additional
repressurizing and/or purging steps that may occur to bring the "cycle” back to the first
contacting of the feed gas mixture with the adsorbate-free or substantially adsorbent-
free adsorbent which has begun the "cycle”. At this point, the next swing adsorption
"cycle” can be started, and the cycle subsequently repeated. Conventional swing

adsorption processes are discussed by D, M. Ruthven, Principles of Adsorption and

Adsorption Processes, Jobn Wiley, NY (1924), which is incorporated hercin by

reference.

16618} It is possible to remove two or more contaminants simultaneously but, for
convenience, the component or components to be removed by selective adsorption can
be referred to in the singular and referred to as a contaminant, contaminant gas,
contaminant gas component, adsorbed component, strongly adsorbed component, or the
like. Al such terms are used mterchangeably herein, unless otherwise indicated herein.
10619] In prior art PRA processes, the gascous mixture can be 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, which then remains

adsorbed by the bed. After a predetermoined time or, alternatively, prior to a break-
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through of the contaminant compounent is observed, the tlow of the gaseous mixture can
be switched to a second adsorbent bed for the purification to continue. Figure 4 herein
graphically illustrates a common operation of a PSA bed in the prior art. Here as
shown in Figure 4a), a desorbed adsorbent bed that has coropleted a eycle 5 ready 1o
begin the next adsorption bed with the adsorbent substantially free of the adsorbed (or
contaminant) component. As shown in Figure 4b), as the adsorption cycle progresses,
the adsorbent at the inlet end can have 8 high concentration of the adsorbed component
wherein the adsorbent in the darkened portion is substantially spent (7.e., the remaining
adsorption capacity in this area of the adsorption bed can be substantially close to zero).
As the as the adsorption cycle progresses, as shown in Figore 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 phase in the
adsorption process ilustrated in Figure 4d). Additionally, although the front, for
iltustrative purposes, can be drawn as a sharp plane, the front in actuality can typically
he somewhat dispersed and non-linear due to trregularities in the process and
equipment. As such, in order to maintain proper contaminant specifications in the
product retrieved from the adsorbent bed, the adsorption front can be controlled so as
not to breakthrough the end of the adsorbent bed, and the adsorption cycle of the
process can be stopped and the bed can be regenerated.

16626 However, as can be seen illustrated in Figure 4d), the adsorption cycle can
be stopped after the adsorption front has reached through only about 75% to about 85%
of the adsorption bed. That 1s, 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, e.g., as a safety buffer (at less than full adsorption capacity) to ensure that the
resulting product from the adsorption cycle can remain within specifications for
contamninant levels. This can result in a waste of about 15% to about 25% of the overall
adsorbent capacity.

166211 In contrast with the prior art, Figure 5 illustrates an embodiment of the
present invention. Here, the adsorption process can utilize at least two (2) separately
operated adsorption beds (i.e., operated on separate cycles). This may not be a problem
or additional burden, since essentially all commercial swing adsorption processes

utilize at least two (2) beds since at least one (1) of the beds can be in an adsorption
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cycle while at feast 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)
component. As shown in Figure 5b), as the adsorption cycle progresses, the adsorbent
at the inlet end can have a high concentration of the adsorbed component wherein the
adsorbent in the darkened portion can be substantially spent. As the adsorption cyele
progresses, as shown in Figure S¢), more of the adsorption bed can become spent as the
adsorption front moves through the bed. In the present invention, instead of ending the
adsorption cycle in Figure 5d), where the bed would be at about 75% to about 85% of
its full adsorption capacity, the adsorption bed can be lined up to a second adsorption
bed in the process, and the product strearn can be taken off the end of the second
adsorption bed instead of the first. I should be noted here that this second bed can be
lined up at any time in the adsorption cycle of the first bed, but preferably prior to the
point at which the adsorption front moves past the end of the first adsorption bed.
18622] As can be further seen 1n Figure Se¢), the adsorption front can be controlled
so as to move completely through the end of the first adsorption bed and into the
second adsorption bed. At this point, the first adsorption bed can be wtilized to near full
capacity and then disconnecied from the contaminated feed gas supply for regeneration.
The contaminated feed gas supply can be switched directly to the inlet of the second
adsorption bed, preferably either prior to or substantially sinmltanecusly with the end
of the first adsorbent bed's adsorption cycle. As can easily be seen from Figure S, n
the present mvention, the adsorbent beds can be used fo essentially full capacity,
thereby increasing the overall system capacity with no significant impacts to overall
product quality.

18623} The term "break-through™ is defined herein as the point where the product
gas lcaving the adsorbent bed exceeds the target specification 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 "breakthrough” can
generally coincide with the "adsorption front", e, at the time breakthrough is detected
at the outlet of the adsorbent bed, the adsorption front is generally located at the end of

the adsorption bed
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10624 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 set by the process control to ensure proper overall purity
of the product stream from the swing adsorption process. As such the "target
specification” can usually be some amount higher than the contaminant concentration
of the overal] resultant product stream retrieved from the process.

166251 After the first adsorption bed 1s removed from the adsorption cycle, the
adsorbed contaminant cornponent can removed from the first adsorption bed by a
reduction in pressure, an increase i temperature, or a combination thercot. In some
embodiments, this portion can be accompanied by a reverse (counter-current) flow of
gas to assist in desorbing the heavy component. As the pressare in the vessel is
reduced, the contaminant component previcusly adsorbed in the bed can be
progressively desorbed forming a contaminant product stream enriched in (/e has a
higher mol% content of) the contaminant component as compared to the feed gas
stream. When desorption is coraplete, the adsorbent bed can be purged with an inert
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.

16626] The total cycle time for the swing adsorption process represents the length
of time from when the gaseous mixture is first conducted 1o the first adsorbentbed ina
first cycle to the time when the gascous mixture is first conducted to the first adsorbent
bed in the romediately succeeding cycle, i.e., after a single regeneration of the first
adsorbent bed. The use of third, fourth, fifth, eic., adsorbent beds wn addition o the
second adsorbent bed can serve to increase cycle time when adsorption time is short but
desorption time is long.

16627} In a preferred embodiment, the adsorbent can be incorporated into a
paraficl channel contactor. "Parallel channel contactors” are defined herein as g subset
of adsorbent contactors comprising structured (engineered ) contactors in which
substantially parallel flow channels are incorporated into the structure. Parallel flow
channels are described in detail in U.S. Patent Application Publication Nos.
2008/0282892 and 2008/0282886, both of which are 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 cornponents such as support
materials, heat sink materials and void reduction components. A wide variety of
monolith shapes can be formed directly by extrusion processes. An example ofa
cvlindrical monolith is shown schematically 1n Figure 1 hereof. The ceylindrical
monolith § contains a plurality of parallel flow channels 3 that run the entire length of
the monolith, These flow channels 3 can have diameters {channel gap) from about 5
microns to about 1000 microns, e.g., from about 50 to about 250 microns, as long as all
channels of a given contactor have substantially the same size channel gap. The
channels could bave a variety of shapes including, but not limited to, round, square,
triangular, hexagonal, and combinations thereof. The space between the channels can
be occupied by the adsorbent 8. As shown in Figure 1, the channels 3 can occupy
about 25% of the volume of the monolith, and the adsorbent 8 can occupy about 75%
of the vohume of the monolith {e.g., from about 54% to abowt 98% of the volume). The
effective thickness of the adsorbent can be defined from the vohume fractions occupied

by the adsorbent § and channel structure as;

. - e 1, o Volume Fraction Of Adsorbent
Effective Thickiness Of Adsorbent = — Channel Diameter < ‘IW ‘rrr R A — e
2 Volume Fraction Of Channels
16028] Figure 2 hereof 1s a cross-sectional view along the fongitudinal axis

showing feed channels 3 extending through the length of the monolith with the walls of
the flow channels formed entirely from adsorbent § plus binder, mesopore filler, and
heat sink material. A schematic diagram enlarging a small cross section of adsorbent
fayer 8 1s shown in Figure 3 hereof. The adsorbent layer § is comprised of microporous
adsorbent or polymeric particles 7; solid particles (therroal mass) 9; that act as heat
sinks, 3 blocking agent 13, and open mesopores and macropores 11, As shown, the
microporous adsorbent or polymeric particles 7 can occupy about 60% of the volume of
the adsorbeunt layer, and the particles of thermal roass 9 can occupy about 5% of the
volume., With this composition, the voidage (flow channels) can be about 55% of the
volume occupied by the microporous adsorbent or polymeric particles. The volume of
the microporous adsorbent 8 or polvmeric particles 7 can range from abowut 25% of the
volume of the adsorbent layer to about 98% of the volume of the adsorbent layer. In
practice, the volume fraction of solid particles # used to absorb thermal energy and

it temperature rise can range from about (% to about 75%, preferably from about
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5% to about 75% or from about 10% to about 60%. A mesoporous non-adsorbing
filler, or blocking agent, 13 can fill the desired amount of space or voids left between
particles so that the volume fraction of open mesopores and macropores 11 in the
adsorbent layer 8 can be less than about 30 vol%, e.g., less than about 20 vol% or less

than 10 vol®.

16629] When the monolith contactor is used in a gas separation process that relies
on a kinetic separation {predominantly diffusion controlied), it can be advantageous for
the microporous adsorbent/polymeric particles 7 to be substantially the same stze. 1t
can be preterred for the standard deviation of the volume of the individual microporous
adsorbent/polymeric particies 7 to be less than 100% (e.g., iess than 509%) of the
average particle volume for kinetically controlled processes. The particle size
distribution for zeolite adsorbents can be controlled by the method used to synthesize
the particles. Additionally or alternately, it can be possible to separate pre-synthesized
microporous adsorbent particles by size using methods such as a gravitational settling
column. Further additionally or alternately, it can be advantageous to use unitormly
sized microporous adsorbent/polymeric particles in equilibrium controlled separations.
18836} In a preferred embodiment, the swing adsorption process can be rapidly
cycled, 1o which case the processes are referved to as rapid cycle thermal swing
adsorption (RCTSA), rapid cycle pressure swing adsorption (RCPSA), and rapid cyele
partial pressure swing or displacement purge adsorption {(RCPPSA). For RCPSA the
total cvele times can be typically less than 90 seconds, preferably less than 60 seconds,
2.2., less than 30 scconds, less than 15 seconds, less than 10 seconds. For RCTSA, the
total cycle times can typically be less than 600 seconds, e.g., less than 200 seconds, less
than 100 seconds, or less than 60 seconds. One key advantage of RCPSA technology
can be a significantly more efficient use of the adsorbent material. The quantity of
adsorbent required with RCPSA technology can be only a fraction of that required for
conventional PSA technology to achieve the same separation quantitics and qualitics.
As a result, the footprint, the investment, and/or the amount of active adsorbent
required for RCPSA can typically be significantly lower than that for a conventional
PSA unit processing an equivalent amount of gas. In applications where CO; is
removed from natural gas in swing adsorption processes, it can be preferred to

formulate the adsorbent with a specific class of B-ring zeolite materials that has a
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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 CO, to be rapidly
transmitted into zeolite crystals while hindering the transport of methane, so that it is
possible to selectively separate CO» from a mixture of CO; and methane. Forthe
removal of CO, 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
1000, from 2 to about 1000, from about 10 to about 544, or from about 50 to about 300,
As used herein, the S/ALratio is defined as the molar ratio of silica to alumina of the
zeolitic structure. This class of 8-ring zeolites can allow CQO, to access the internal
pore structure through &-ring windows in a manner such that the ratio of single
component diffusion coefficients for CO, over methane (le., Deo/Dow) can be
greater than 10, preferably greater than about 50, greater than about 100, or greater than
about 200.

18631} Additionally or alternately, in many instances, nitrogen may desirably be
removed 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
nitrogen separation from methane, For N» separation from natural gas, like with CO;,,
it can be preferred to fornmmlate the adsorbent with a class of 8-ring zeolite materials
that has a kinetic selectivity. The kinetic selectivity of this class of 8-ring materials can
allow N to be rapidly transmitted into zeolite crystals while hindering the transport of
methane, so that i is possible to selectively separvate N; from a mixiure of Ny and
methane. For the removal of N, from natural gas, this specific class of &-ring zeolite
materials can have an Si/Al ratio from about 2 to about 1000, e.g., from about 10 t0
about 500 or from about 50 to about 300, This class of R-ring zeolites can allow N» to
access the internal pore structure through S-ring windows in a manner such that the
ratio of single component diffusion coefficients for N, over methane (Qe., Dno/Doysd
can be greater than 5, prefervably greater than about 20, greater than about 50, or greater
than 100, Resistance to fouling in swing adsorption processes during the removal of
N, from natural gas can be one advantage offered by this class of &-ring zeolite

materials.
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166321 Additionally or alternately from CO», it can be desirable to remove HaS
from natural gas which can contain from about 8.001 vol% H, S to about 70 vol% H,8
{e.g., from about 8.001 vol% to about 30 vol%, from about 0.001 vol% to about 10
vol%s, from about 8.081 vol® to about 5 vol%, from about §.001 vol% to about § vol%s,
from about 8.001 vol% to about 8.5 vol®, or from about 0.001 vol% to about 0.1
vol% ). 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 selectivity of this class of 8-ring materials can allow
H1S to be rapidly transmitted into zeolite crystals while hindering the transport of
methane, 5o that it is possible to selectively separate H,S from a mixture of Hz 3 and
methane. For the removal of H2 S from natural gas, this specific class of 8-ring zeolite
materials can have a Si/A6 ratio from about 2 to about 1000, e.g., from about 10 1o
about 500 or from about 50 to about 300. This class of 8-ring zeofites can aliow Ho S to
access the mternal pore stractare through B-ring windows in a manner such that the
ratio of single component diffusion coefficicnts for H, S over methane (7e., Dips/Do)
can be greater than 5, preferably greater than about 20, greater than about 50, or greater
than 1(0. DDR, Sigma-1, and/or ZSM-58 are examples of suitable materials for the
removal of H; S from natural gas. 1o somie applications, it can be desired for HaS to be
removed to the ppm or ppb levels. To achieve such extensive removal of H,S it can be
advantageous to use a PPSA or RCPPSA process.

16633] Other non-limiting examples of selective adsorbent materials for use in
erabodiments herein can inchude roicroporous ruaterials such as zeolites, AIPOs,
SAPOs, MOFs (metal organic frameworks), ZIFs (zeclitic imidazolate frameworks,
such as ZIF-7, ZIF-8, ZIF-22, ¢tc.), and carbons, as well as mesoporous materials sach
as amine functionalized MCM materials, and the Tike, and combinations and reaction
products thereof. For acidic gases such as hydrogen sulfide and carboun dioxide
typically found in natural gas streams, adsorbents such as cationic zeolites, amine-
functionalized mesoporous materials, stannosilicaies, carbons, and combinations
thereof can be preferred, in certain embodiments.

10634} It can sometimes be necessary to remove heavy (e.g., Cor or Csp)
hydrocarbons, e.g., from natural gas or gas associated with the production of oil.

Heavy hydrocarbon removal may be necessary for dew point conditioning before the
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natural gas is shipped via pipeline or to condition natural gas before it is hiquefied.
Additionally or alternately, it may be advantageous to recover heavy hydrocarbons
from produced gas in enhanced oil recovery {EOR) floods that employ C0O; and
nitrogen. Further additionally or alternately, it may be advantageous 1o recover heavy
hydrocarbons from associated gas that 1s 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 of at least 1,000 psig, e.g., of at least 5,000
psig or at least 7,000 psig. It can be advantageous in certain of these applications 1o use
an adsorbent formulated with a zeolite having 8 pore size between about 5 angstrons
and about 20 angstroms. Non-himiting examples of zeolites having pores in this size
range can inchude MFI, faujasite, MCM-41, Beta, and the like, and combinations and
intergrowths thereof. It can be preferred in some embodiments that the Si/Al ratio of
zeolites utilized for heavy hydrocarbon removal to be from 1 to 1000

18635] In equitlibriom controlled swing adsorption processes, most of the
selectivity can be imparted by the equilibrium adsorption properties of the adsorbent,
and the competitive adsorption isotherm of the light product in the micropores or free
volume of the adsorbent may be disfavored. In kinetically controlled swing adsorption
processes, most of the selectivity can be imparted by the diffusional properties of the
adsorbent and the transport diffusion coctficient in the micropores and free volume of
the adsorbent of the light species can be less than that of the heavier species.
Additionally or aliernately, o kinetically controlled swing adsorption processes with
microporous adsorbents, the diffusional selectivity can arise from diffusion differences
in the micropores of the adsorbent and/or from a selective diffusional surface resistance
in the crystals or particles that make-up the adsorbent.

18636} The present invention can additionally or alternately be applied to improve
the separation of molecular species from synthesis gas. Synthesis gas can be produced
by a wide variety of methods, including steam reforming of hydrocarbons, thermal and
catalytic partial oxidation of hydrocarbons, and many other processes and combinations
known in the art. Synthesis gas is used in a large number of fuel 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 can contain at least
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CO and H,. Other molecular components in the gas can be CH,, CO,, HaS, H20, N,
and combinations thereof. Minority (or trace) components in the gas can inchide
hydrocarbons, NH;, NG,, and the Hke, and combinations thereof. In almost all
applications, roost of the Hy S should typically be removed from the syngas before it
can be used, and, in many applications, it can be desirable to remove much of the CO,.
In applications where the syngas is used as a feedstock for a chemical synthesis
process, it can generally be desirable to adjust the H,/CO ratio to a value that can be
optimura for the process. In certain fuel applications, a water-gas shift reaction may be
employed to shift the syngas almost entirely to H, and CO;, and in many such
applications it can be desirable to remove the CO,.

16637} The following is a logic table of the steps in a complete cycle for an

embodiment of a four adsorbent bed configuration utilizing the process of the present

mvention, and as illustrated in Figure 6 hereof.

.............. # ............ i \\\\\\

a3y
RN

18638 In the above table, FA 1s the primary feed/adsorption step; BD is the blow-
down/depressurization step; RG is the adsorbent regeneration step; RP is the adsorbent
bed repressurization step; and FB is the secondary fecd/adsorption step. Following the
above sequence with respect to the four adsorbent beds shown in Figure 6 hereof, once
a first cyele is completed in all four adsorbent beds, the adsorption front can be allowed
to break through the adsorbent bed undergoing an adsorption step, can be passed to the
next downstream adsorbent bed that has just undergone regeneration and
repressurization, and can then perform an adsorption step on the product stream from
the next previous adsorbent bed. This can mutigate the amount of product trapped at the
end of the adsorbent bed by allowing the entire product stream coming out of an
adsorbent bed to flow into a next bed to continue adsorption. In certain embodiments,
the number of adsorbent beds required for the practice of the present invention can be

equal to the number of discrete steps in a cycle.
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18639 Once the adsorption front bas moved into the vext downstream adsorbent
bed, the pressure in the adsorbent bed can then be reduced, preferably in g series of
blow-down steps in a co-current or counter-current and can be performed with or
without a purge gas strearn to the final target gas recovery pressure. Pressure reduction
can preferably occur in less than & steps, e.g., in less than 4 steps, with target species
being recovered in each step. In one preferred embodiment, the pressure can be
decreased by a factor of approximately three in cach step. Additionally or alternately,
the depressurization can be conducted countder-currently 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 alternately, the purge gas
can be a so-called “clean gas”. By “clean gas” is meant a gas that is substantially 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 HaS and CO, (e.g.,
containing less than § mol% of combined H:S and €Oy, or less than 1 mol6). An
example of a preferred clean gas could be the product gas selt. When the current
imvention is utilized for the removal of acid gas from a natural gas stream, the "clean
gas” can be comprised of at least one of the hydrocarbon product streams, e.g., of Cs.
hydrocarbons or of methane. Alteroately, a separate "clean gas” can be used, e.g.,
comprised of nifrogen.

16640} Regeneration of the adsorbent bed can occur during this depressurization
step. During regeneration, the strongly adsorbed (contasmunant) component or
componeuts can be desorbed from the contactor. After an adsorbent bed s
depressurized and regenerated by removal of the contaminant gas components, i can
preferably be repressurized prior to the beginning of the next adsorption cycle.
Additionally or aliernately, it can generally be preferable to cool the bed before
repressurization.

10841} Regeneration of the bed can additionally or alternately be accomplished
through the use of a teroperature swing process, or a combination of a temperature
swing and pressare swing processes. [o the temperature swing process, the temperature
of the adsorbent bed can be raised to a point wherein the contaminant gas component(s)
can be desorbed from the bed. Purge gases, as described herein, can be utilized during

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

16642] In a preferred embodiment of the present invention, the contactor is
combined with an adsorbent into a heat exchange structure in a manner that can
produce a thermal 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 to bring heat into and/or take heat out of the adsorbent device. Fhuds and/or gases
flowing in the adsorbent and heating/cooling channels do not generally contact cach
other. In certain embodiments, the heat adding/removing channels can be designed and
operated in a manner that resolts in a relatively sharp temperature wave in the adsorbent
and/or in the heating and cooling fhads during the heating and cooling steps n the
cycle,

16643} Thermal waves in such contactors ¢an be produced in when the heating and
cooling fhuids are flowed co-current or counter-current to the direction of the feed flow
in the adsorption step. In many cases, it can be preferred vot to bave a 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 ¢an be found, e.g., in UL, Patent No. 7,938,886, which is incorporated 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
fhuid velocity in the contactor. Key design parameters can include the mass of the
countactor and heat capacity and therroal conductivity of materials used to form the
contactor and heat transfer 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.
16644] In sorae embodiments, during the heating step, the volume of fluid ar a
temperature no more than 10°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 75%:) of the volume
of the flaid introduced into the contactor for heating. Similarly, when the present
imvention is operated to attain a thermal wave, it can be preforred that, during the
cooling step, a cold fluid (such as pressurized water) can be flowed into the contactor

and a hot fhud 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 after the
contactor has been heated. Thus additionally or alternately, during the cooling step, the
volame of fhud at a temperatore no more than [0°C colder than the end of the contactor
from which it is produced can represent at least 25% (e.g., at least 50% or at least 75%)
of the volume of the fluid introduced into the contactor for cooling,

10845} One way to efficiently utilize thermal waves in the apparatuses according to
the invention can be for heat recovery., The recovered encrgy can be used to reduce the
energy requirements for beating and cooling ot the contactor, for a different contactor
of a multitude of contactors needed for a continuous process, and/or for any other
purpose. More specifically, energy contained in the hot stream exiting the contactor
during the cooling step can be utilized {0 reduce the energy that must be supplied
during the heating step. Sumilarly, the cold stream exiting the contactor during the
heating step can be utilized to reduce the energy that must be supplied to cool fluid to
be supplied to the contactor during the cooling step. There are many ways to recoup
the energy. For example, the hot thermal thaid flowing out of one contactor can be sent
to another with trim heating in between, and/or the cold fluid flowing out of one
contactor can be sent to another with trim cooling in between. The thermal fluid flow
path between contactors can be determined by valves timed to route thermal fluid
between contactors at appropriate points in the overall swing adsorption cycle. In
embodiments where thermal fhuid flows between contactors, it may aiso pass through a
heat exchanger that adds or removes heat from the flowing thermal fluid and/or pass
through a device, such as a corpressor, punip, and/or blower, that pressurizes it so it
can flow at the desired rate though the contactors. A heat storage medium can be
configured so that the energy from the thermal wave moving through one contactor can
be stored. A noun-limiting example is a tank system that separately stores hot and cold
fluids, which can cach be fed back into 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 to minimize the mixing of the fluid in the direction of the general flow
of the fluid through the contactor and to ratnimize the effect of the thermal conductivity
of the fluid on the sharpness of the temperature wave.

16046} Where cnergy 18 recovered, it can be preferred that the recovered energy 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
fall) of the contactor. In some embodiments, at least 60% (e.g., at least 80% or at least
953%}) of the sensible heat required for heating the contactor 1s recouped, and/or at least
60% {e.g., at least R0% or at least 95%) of the sensible heat needed to cool the
contactor is recouped.
16047} Relatively sharp thermal waves, as used herein, can be expressed in terms
of a standard temperature ditterential over a distance relative to the length of the
mass/heat transfor flow in the apparatus. With respect to the mass/heat transfer, we can
define a maximum temperature, Tyax, and 8 minimum temperature, T, as well as
convenient temperatures about 10% above T {T1o) and about 10% below Thsx (Teo).
Thermal waves can be said to be relatively sharp when at least the temperature
differential of (T9p-T i) occurs over at most 50% (e.g., at most 40%, at most 30%, or at
most 25%) of the length of the apparatus that participates in the mass/thermal transfer.
Additionally or aliernately, relative sharp thermal waves can be expressed in terms of a
maximurg Peclet number, Pe, defiued to compare axial velocity of the heating/cooling
fhuid to diffusive thermal transport roughly perpendicular to the direction of fluid flow.
Pe can be defined as (U*L) / o, where U represents the velocity of the heating/cooling
fluid (in m/s), L represents a characteristic distance over which heat is transported (to
warm/cool the adsorbent) in a direction roughly perpendicular to the fluid flow, and ¢

:

represents the effective thermal diffusivity of the contactor (in m*/s) over the distance
L. Tno addition or alternately to the thermal differential over length, thermal waves can
be said to be relatively sharp when Pe is less than 10, for example less than 1 or less
than 0.1, To minimize timne for heating/cooling of the contactor with little or no
damage to the flow channel, it can be preferred for U to be in 3 range from about .01
m/s 1o about 100 ro/s, e.g., from about 0.1 /s to about 50 /s or from about 1 m/s to
about 40 m/s. Additionally or alternately, to minimize size and energy requirements, it
can be preferred for L to be less than 0.1 meter, e.g., less than 0.01 meter or less than
(3.001 meter

[6848] In certain ernbodiments, the adsorbent bed can cooled, preferably to a
temperature equal to or less than about 40°C sbove the temperature of feed gas mixture,
e.g., less than 20°C above or less than 10 °C above. Additionally or alternately, the

adsorbent bed can be cooled by external cooling that can be done in a co-current or
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counter-current manner, 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
repressurized. It s within the scope of this invention that the adsorbent bed be purged
with a clean gas during this cooling step. The adsorbent bed s then repressurized either
during or after the cooling step. The adsorbent bed can be repressurized by use of clean
gas, e.g., a clean product gas, and/or counter-currently with blow-down gas from
another bed after a first stage of repressurization. The final pressure of the
repressurization step can proferably be substantially equal to the pressure of the
mcoming feed gas mixture.

(6649 Adsorptive kinetic separation processes, apparatuses, and systems, as
described above, are useful for development and production of hydrocarbons, such as
gas and o1l processing. Particularly, the provided processes, apparatuses, and systems
can be useful for the rapid, large scale, efficient separation of a varicty of target gascs
from gas mixtures.

(6659 The provided processes, apparatuses, and systerns may be used to prepare
natural gas products by removing contaminants, The provided processes, apparatuses,
and systems can be useful for preparing gaseous feed sireams for use in utilitics,
mncluding separation applications such as dew point control, sweetenming/detoxification,
corrosion protection/control, dehydration, heating value, conditioning, and purification.
Exampies of utilities that utilize one or more separation applications can include
generation of fuel gas, seal gas, non-potable water, blanket gas, mnstrument and control
gas, refrigerant, inert gas, and hydrocarbon recovery. Exeraplary “not to exceed”
product (or "target") acid gas removal specifications can include: (a8) 2 volSe COy, 4
pom HyS; (b 30 ppm O, 4 ppm HoS; or (©) 1.5 vol®% C0y, 2 ppm H,S.

168511 The provided processes, apparatuses, and systems may be used to remove
acid gas from hydrocarbon strearss. Acid gas removal technology becoraes
mcreasingly imaportant as remaining gas reserves exhibit higher concentrations of acid
{sour) gas resources. Hydrocarbon feed streams can vary widely in amount of acid gas,
such as from several parts per million to 90 vol%. Non-himiting examples of acid gas
concentrations from exemplary gas reserves can include concentrations of at least: (a)
I vol% Hy S, 5 vol%% CO4; (b)) 1 vol% H; S, 15 vol% COy; (¢} 1 vol% H, S, 60 vol%
CO7; (d) 15 vol% HaS, 15 vol% CO4; or () 15 vol% HsS, 30 vol% CO,.
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18652 One or more of the following may be utilized with the processes,
apparatuses, and systems provided herein, to prepare a desirable product stream, while
maintaining refatively high hydrocarbon recovery:

{(a) using one ot more kinetic swing adsorption processes, such as pressure
swing adsorption (PSA), thermal swing adsorption {TSA), and partial pressure swing or
displacement purge adsorption {PPSA), including combinations of these processes;
each swing adsorption process may be utitized with rapid cycles, such as using one or
maore rapid cycle pressure swing adsorption (RC-PDS) units, with one or more rapid
cycle temperature swing adsorption (RC-TSA) units or with one or more rapid cycle
partial pressure swing adsorption (RC-PPSA) units; exemplary kinetic swing
adsorption processes are described i ULS. Patent Application Publication Nos,
2008/0282892, 2008/0282887, 2008/0282886, 2008/0282885, and 2008/0282884,
which are cach herein incorporated by reference in its entirety;

(b} removing acid gas with RC-TSA using advanced cycles and purges as
described mn ULS. Provisional Application No. 61/447 253, filed March 1, 2011, as well
as the U.S. Patent Application bearing docket number 201 EMO6(G-US2, claiming
priority thereto, which are together incorporated by reference herein in their entirety;

{c) using a mesopore filler to reduce the amount of trapped methane in the
adsorbent and increase the overall hydrocarbon recovery, as described in U.S. Patent
Application Publication Nos. 2008/0282892, 2008/0282885, and 2008/028286, cach of
which is herein incorporated by reference in its entirety;

(d} choosing an appropriate adsorbent materials to provide high selectivity
and reduce/minimize adsorption {and losses) of methane and other hydrocarbons, such
as one or more of the zeolites described in U.S. Patent Application Publication Nos.
2008/02828R87 and 2009/021144 1, cach of which is herein incorporated by refercuce in
s entirety;

{c} depressurizing one or more RC-TSA units in multiple steps to
intermediate pressures so that the acid gas exhaust can be captured at a higher average
pressure, thereby decreasing the compression required for acid gas injection; pressure
levels for the intermediate depressurization steps may be matched to the interstage

pressures of the acid gas compressor to optimize the overall compression system;
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() using exhaust or recycle streams to minimize processing and
hyvdrocarbon fosses, such as using exhaust streams from one or more RC-TSA untis as
fuel gas instead of re-injecting or venting;

(g} using multiple adsorbent materials in 3 single bed to remove trace
amounts of first contaminants, such as H; 8, before removal of a second contaminant,
such as CO,; such segmented beds may provide rigorous acid gas removal down to
ppra levels with RC-TSA units with mimimal purge fow rates;

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

() contemporaneouns removal of non-acid gas contaminants such as
mercaptans, COS, and BTEX; selection processes and materials to accomplish the
same;

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

)] selecting a cycle time and cyele steps based on adsorbent material
kinetics: and

{m)  using a process and apparatus that uses, among other equipment, two
RC-TSA units in series, wherein the first RC-TSA unit cleans a feed stream down toa
desired product purity and the second RC-TSA unit cleans the exhaust from the first
unit to capture methane and maintain high hydrocarbon recovery; use of this series
design moay reduce the need for a mesopore filler,

18653} The processes, apparatuses, and systems provided herein can be useful in
large gas treating facilities, such as facilitics that process more than five million
standard cubic feet per day (MSCFD) of natural gas, for example more than 15
MSCFD, more than 25 MSCFD, more than 50 MSCFD, more than 100 MSCFD, more
than 500 MSCFD, more than one billion standard cubic feet per day {BSCFD), or more
than two BSCFD.

{6654} Compared to conventional technology, the provided processes, apparatuses,
and systerns can require lower capital jnvestroent, lower operating cost, and/or less
physical space, thereby enabling implementation offshore and in remote locations, such

as arctic environmentis. The provided processes, apparatuses, and systems can provide
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the foregoing benefits, while providing high hydrocarbon recovery as compared to
conventional technology.

[6855] Additionally or alternately, the invention can comprise one or more of the
following emaboduments.

10656} Embodiment 1. A swing adsorption process for separating contaminant gas
components from 3 feed gas nmuxture containing at least one contaminant gas
componeut, which process comprises: a) conducting the feed gas mixture directlyto a
first adsorption bed in a swing adsorption process unit containing a phurality 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 fhid input end of the first adsorption bed directly to said
foed gas mixture to the end of connecting the fhuid 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 cutlet end of the
first adsorption bed with the fluid et end of 2 second adsorption bed in the swing
adsorption process unit during a point in the first primary adsorption cycle so that at
feast a portion of the first product stream from the fluid outlet end of the first adsorption
bed 1s 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 cyele is defined by the period of time from the start of exposing the second
adsorption bed to the first product stream from the fhind cutlet 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 fhuid outlet end of the second adsorption bed; ey thudly
disconnecting the fluid outlet end of the first adsorption bed with the fluid inlet end of a
second adsorption bed; and ) conducting the feed gas mixture directly to the second
adsorption bed wherein the first adsorption bed has a second primary adsorption cycie
defined by the period of time from the start of connecting the fluid mput end of the
second adsorption hed divectly to said foed gas mixture to the cud of connecting the
fluid input end of the second adsorption bed directly to said feed gas mixture, wherein
the first product stream and the second product stream gach have a 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 cycle and the second primary adsorption cyele do not both
coincide with each other.

{6657} Embodiment 2. The process of embodiment |, wherein one or more of the
following 15 satistied: step f) starts simutaneously with or prior to the beginning of
step ¢); step ¢ starts prior to breakthrough of the contaminant gas component from the
first adsorption bed; and step e) starts prior to breakthrough of the contaminant gas
component from the second adsorption bed.

[G60358] Embodiment 3. The process of embodiment | or erobodiment 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 cyele and the first secondary adsorption cycle.

(6659 Embodiment 4. The process of any one of the previous embodiments,
wherein the contaminant gas component is selected from CO,, H, 5, and combinations
thereof, e.g., comprises CO;, and/or wherein the feed gas mixture 1s comprised of
methane,

16668} Embodiment 5. The process of any one of the previous erabodiments,
wherein the first adsorbent bed and the second adsorbent bed are comprised of an 3-
ring zeolite, e.g., having a SVAI ratio greater than about 500.

(60661} Embodiment 6. The process of any one of the previous embodiments,
wherein feed gas mixture is comprised of methane and CO;, wherein CO; is the
contaminant gas component, and the zeolite has a diffusion coefficient for CO; over
methane (Deon/Dan ) greater than 10,

(6862} Embodiment 7. The process of any one of the previous embodiments,
wherein feed gas mixture is comprised of methane and N,, wherein N is the
contaminant gas component, and the zeolite has 3 diffusion coefficient for N, over
methane (Dny/Diow ) greater than 10,

16663] Ermbodiment 8. The process of any one of the previous erabodiments,
wherein feed gas mixture is comprised of methane and H, S, wherein H, S 1g the
contaminant gas component, and the zeolite has a diffusion coefficient for H,S over

methane (Dipe/Dey) greater than 10,

s
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186641 Embodiment 9. 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 DDR, Sigma-1, ZSM-58, and combinations and intergrowths thereof.
18665] Embodiment 18, 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 zeolites, AIPOs, SAPOs, MOFs (metal organic
frameworks), ZIFs, carbon, and combinations and intergrowths thereof.

18666} Embodiment 11. The process of any one of the previous embodiments,
wherein the first adsorbent bed and the second adsorbent bed are comprised ofa
material selected from cationic zeolites, amine-functionalized mesoporous materials,
stannosilicates, carbon, and combinations thereof.

1606671 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 MFI, fayjasite, MCM-41, Beta, and combinations and intergrowths
thereof.

|80668] Embodiment 13. The process of any one of the previous embodiments,
wherein the process is a rapid cycle pressure swing adsorption process wherein a total
cycie time is less than 200 seconds, e.g., less than 30 seconds.

18669 Embodiment 14. The process of any one of the previous embodiments,
wherein one or more of the following is satisfied: the feed gas mixture 15 conducted 1o
the first adsorption bed at a pressure greater than 1,000 psig; the first adsorbent bed s
cooled to a temperature no more than about 40°C above the temperature of foed gas
mixture prior to step a); and at least one adsorbent bed in the swing adsorption process

is a paralicl channel contactor.

EXAMPLES

[6G76] This Example demonstrates that there a stable solution can be formed when
the adsorption front is rolled from one bed into another and that it is possible to achieve
excellent performance in a swing adsorption process. A detailed model was
constructed using gPROMS ditferential equation solving software of a PSA cycle in

which the adsorption front was rolled from one bed into another. The model inchudes
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all of the important mass transport ¢ffects 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 fagacity)
of the gas raixture throughout the contactor, for example. The model also accounted
for the important hydrodynamic effects known to those skilled in the art such as gas
velocity in the contactors, pressure drop through the contactors, and pressure drops
across valves, inter alia. The model was configured to deseribe parallel channel
contactors in the form of monoliths housed 1o pressure vessels with poppet valves to
controf flow of gases in a 12-step PSA process. Open gas channels in the monolith
were square passages ~200 micron high and ~200 microns wide. A ~100 micron thick
adsorbent layver containing ~60 vol% relatively vniform-sized DDR zeolite crystals
tined the gas passages and a ~ 100 micron thick web surrcunded the adsorbent layer,
With this structure, the distance between centers of adjacent gas passages was ~500
microns, Each monolith modeled was ~0.915 meters long and ~1 meter in diameter. A
portion of the mesopores (~99% in the adsorbent layer was filled with a mesopore

~
/
i

filler (see, e.g., U.S, Patent No. 7,959,720, 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 feed stream entered the process with a pressure of ~55 bara and
had a molar composition of ~30% CO, and ~70% CHy.

18671 Figure 7 shows the pressure profile of one of 14 monoliths (beds)
mterconnected with valving to form a skid using. All monoliths on the skid were
maodeled to have a similarly shaped pressure profile that may be offset in time. The
PSA cycle shown was designed with bed to bed equalizations. Gases withdrawn from
the monolith adsorbent bed during the depressurization step were used to re-pressurize
another bed on the skid. After the adsorption step has been completed and the
adsorption front has been rolled into another bed and the CO; adsorption front has
moved entirely through the mounolith, the monolith was modeled to undergo a first
depressurization/equalization step [102] (referred to as EQ #1). In this step, a valve on
the housing for the monolith opened and connected the bed to another bed being
repressurized. Gas flowed from the bed being depressurized {6 the bed being

repressurized, and the valve was held open long enough s0 that the pressures between
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the two beds could equalize. After 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 a bed beginning
to be repressurized. Gas flowed from the bed being depressurized to the bed being
repressurized, and the valve was held open long enough so that the pressures between
the two beds could equalize. After the beds equalized, the valve closed and the bed
anderwent a purge step [106].

186721 As shown in Figure §, in this step, a CO;-rich stream that has been
collected [202] from the exhaust [204, 206, 208] of later blowdown CO; recovery steps
was used to purge methane out of the bed. The purge stream [210] fed into the bed is
referred to as the CO, Purge Tolet, and the purge strearn coming out of the bed [212] 5
referred to as the COy Purge Cutlet. The CO; Purge Outlet was compressed and
blended [214] with the incoming feed stream {216]. After the methane was purged
from the bed, the bed was depressurized in a series of three blowdown recovery steps
(108, 110, 112]. Gas collected was used to form streams 204, 206, 208 (referred to as
BD1 exhaust, BD2 exhaust, and BD3 exhaust, respectively). At the end of blowdown
#3, the bed was depressured to 1.4 bara. At this point, the bed was valved to begin a
repressurization step [114] (referred to as R #2). In this step, the bed was connected to
another bed undergoing step EQ #2. Gas coming from the E(Q #2 step in the other bed
was used to incroase the bed pressure in step R #2, Unce the beds have equalized, the
bed was valved to begin another repressurization step [116] (reforred toas R #1). In
this step, the bed was connected to another bed undergoing step EQ #1. Gas coming
from the H(Q #1 step in the other bed was used to increase the bed pressure in step R #1,
Once the beds equalized, the bed was valved to begin a final repressurization step [118]
{(referred to as Product RP). Inthis step, a ship stream [218] from the purified product
[220] was used to repressurize the bed.

16673} Onee the product repressurization was completed, the bed began accepting
[120] the efflucut from the adsorption step occurring in another bed to produce product
[220]. In this step, the CO» adsorption front from another bed passed into the bed. The
model showed that the adsorption front remained relatively sharp as it is rolied through
the beds. After the adsorption front rolied into the bed, the bed was valved [122] to

accept feed blended with the CO; purge effluent recycle [222]. Duaring 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 rolied 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 romained relatively sharp.

16674} The model {which assumed a kinetic selectivity of about 500) indicated that
a 14-bed skid was theoretically capable of processing ~81.8 million SCFD and of
recovering ~94% the methane fed, while producing a product methane purity of ~95
mol% in a process that did not roquire vacuum or a rerun PSA. Approximately 9% of
the methane fed was internally recycled in the process. Detailed stream compositions,

pressures, temperatures, and flow rates are summarized in the table below.

Fiowrate per Molar Flow Molar Flow Fiowrate For

Pressure Temp Mol% Mol%

Siream Monolith CO2 CH4 14 Bed Skid
(MSCFD}  (molleycle) (molfoyeley 02l (degC) COZ CHA - peien,
;‘:’i‘;ﬁ gzd 6.4 369 782 550 550 321 67.8 89.9
CO2 Purge 0.78 120 19.5 157 550  86.0 14.0 10.9
inlet
Product RP 0.75 1.35 134 55.0 55 1.0 99.0 10.5
Product 5. 7.9 871 53.0 227 42 958 71.0
gﬁi@iume 0.58 56.8 485 147 239 550 450 8.06
BD1 0.58 38.1 18.0 912 220 847 153 8.13
Blowdown
BD2 oy L Ne ) 44
Bt owdown 1.4 171 18.5 335 220 902 9.8 48
BD3 . . . - .
Biowdown 0.36 140 318 1.4 220 816 184 13.4
EQ #1 0.76 46.5 30.6 324 274 339 B6.4 10.7
EQ#2 0.75 80.7 74.0 157 264 454 549 10.5
R #4 0.3¢ 48.8 95.3 324 274 339 664 1.3
R #2 0.84 68.5 21.9 157 264 455 545 11.8
Product Gas 4.3 36.6 737 53.0 227 047 953 50.4
gmg’h Feed 5.8 a12 736 550 550 298 702 31.8
as
Recycle 0.58 56.8 465 550 239 550 450 .06
Exhaust 1.8 279 465 3.12 22 857 143 75.4
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CLAIMS:

1. A swing adsorption process for separating contarninant gas components from
a feed gas mixture containing at least oune contaminant gas cornponent, 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
mput end of the fivst adsorption bed directly to said feed gas mixture to the end of
connecting the fluid input end of the first adsorption bed directly 1o 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 fhud outlet end of the first adsorption bed is passed to the thud inlet
end of the second adsorption bed at which time the second adsorption bed is in g first
secondary adsorption cycle 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 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 fhud outlet 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

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

directly to said feed gas roixture to the end of connecting the fluid input end of the
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second adsorption bed directly to said feed gas mixture, 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 cyele and the second primary adsorption cyele do not both coincide with
cach other.

2. The process of claim 1, wherein one or more of the following is satisfied:
step ) starts stimultanecusly with or prior to the beginning of step ¢); step ¢} starts prior
1o hreakthrough of the contaminant gas compornent from the first adsorption bed; and
step ¢) starts prior to breakthrough of the contaminant gas component from the second
adsorption bed.

3. The process of claim 1 or claim 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 cycle.

4, The process of any one of the previcus claims, wherein the contarninant gas
component is selected from CQO,, H, S, and combinations thereof, e.g., comprises CG,,
and/or wherein the feed gas mixture is comprised of methane.

5. The process of any one of the previous claims, wherein the first adsorbent
bed and the second adsorbent bed are comprised of an 8-ring zeolite, e.g., having a
Si/Al ratio greater than about 500.

6. The process of any one of the previous claims, wherein feed gas mixture is
comprised of methane and CO,, wherein CO; is the contaminant gas component, and
the zeolite has a diffusion coefficient for CO, over methane (Doop/Dema ) greater than
0.

7. The process of any one of the previous claims, wherein feed gas mixiure is
comprised of methane and N, wherein N is the contaminant gas component, and the
zeolite has a diffusion coefficient for N over methane (Dyy/Dewy) greater than 10,

&. The process of any one of the previous claims, 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 {Dps/Dca ) greater than

10,
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9. The process of any one of the previous claims, wherein the first adsorbent
bed and the second adsorbent bed are comprised of a zeolite selected from DDR,
Sigma-i, Z8M-5§, and combinations and intergrowths thereof.

10. The process of any one of the previous claims, wherein the first adsorbent
bed and the second adsorbent bed are comprised of a microporous material selected
from zeolites, AIPGs, SAPOs, MOFs {(metal organic frameworks), ZiFs, carbon, and
combinations and intergrowths thereof.

11. The process of any one of the previous claims, 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.

12. The process of any one of the previous claims, wherein the first adsorbent
bed and the second adsorbent bed are comprised of a zeolite selected from MFI,
faugasite, MCM-41, Beta, and combinations and intergrowths thereof.

13, The process of any one of the previous claims, wherein the process is a
rapid cycle pressure swing adsorption process wherein a total cycle time is less than
200 seconds, e.g., less than 30 seconds.

14, The process of any one of the previous claims, wherein one or more of the
following is satisfied: the feed gas mixture is conducted to the first adsorption bed ata
pressure greater than 1,000 psig; the first adsorbent bed is cooled to a temperature no
more than about 40°C above the temmperature of feed gas mixture prior to step a); and at

feast one adsorbent bed in the swing adsorption process is a parallel channel contactor,
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