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TEMPERATURE SWING ADSORPTION PROCESS FOR
THE SEPARATION OF TARGET SPECIES FROM A GAS MIXTURE

FIELD OF THE INVENTION

16661} The present invention relates 0 a tomperature swing adsorption process for
the removal of a target species, such as an acid gas, from a gas mixture, such as a

natural gas stream,

BACKGROUND OF THE INVENTION

10862} Gas separation is important in many industries and can typically be
accomplished by flowing a mixture of gases over an adsorbent that preferentially
adsorbs a more readily adsorbed component relative to a less readily adsorbed
component of the mixture. One of the more important types of gas separation
technology 18 swing adsorption, such as pressure swing adsorption (PSA). PSA
processes rely on the fact that under pressure gases tend to be adsorbed within the pore
structure of the microporous adsorbent materials or within the free volume of g
polymeric material. The higher the pressure, the greater the amount of targeted gas
compounent will be adsorbed. When the pressure 1s reduced, the adsorbed targeted
component ig refeased, or desorbed. PSA processes can be used 1o separate gases of a
gas mixture because different gases tend to fill the micropore or free volume of the
adsorbent to different extents.

18603} Another important gas separation technique is teraperature swing
adsorption (TSA). TSA processes also rely on the fact that under pressure gases tend to
be adsorbed within the pore structure of the microporous adsorbent materials or within
the free volume of a polymeric material. When the temperature of the adsorbent is
mcreased, the adsorbed gas is released, or desorbed. By cyclically swinging the
temperature of adsorbent beds, TSA processes can be used to separate gases in a
mixture when used with an adsorbent that is selective for one or more of the
COMPOTCHIS 1N @ gas rixiure.

16604} Various methods of supplying heat to the adsorbent for the regeneration
cycie have been proposed. These inchude microwave energy (U.S. Patent No.

4,312,641), installation of electrical heaters inside the packed adsorbent bed of the
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adsorber (U.S. Patent No. 4,269,611} and direct application of electric current to the
adsorber for electrodesorption (11.S. Patent No. 4,094,652). However, many of the
conventional TSA processes have cycle times significantly long, often as long as 12
hours, which reduces the overall adsorption and processing capacity of the system.
16665] TSA, as conventionally practiced, has several disadvantages. For example,
in divectly heated TSA processes, 8 hot fluid is typically flowed through the adsorption
bed to raise the adsorbent temaperature. The greater the temperature rise, the more fluid
is needed. The desorbed impurities thus end up dispersed in a large volume of heating
fluid, and the large amount of heat that 1s used to raise the adsorbent temperature s
often not recoverable, In some cases, the heat s not recovered because many divectly
heated TSA systems are operated with long adsorption times {days} and much shorter
regeneration times. Also, the occasional and gradual adsorption and regeneration
cycles give rise to concentration and flow variations in downstream equipment that can
he difficult to manage in an otherwise steady state process plant. Tmproper or
inadequate regeneration of the adsorption beds can also significantly impact the overall
purity of the product streams from the adsorption process. Heat management and the
cvclic nature of the TSA processes also atfect the overall systern capacity and product
purities.

18806} Thus, there is a need in the art for temperature swing adsorption processes
that can overcome at least some of these problems as well as having faster cycle times,
leading to higher system capacities, while maintaining or maproving the final product

stream purity, especially with regard to temperature swing adsorption processes.

SUMMARY OF THE INVENTION

18667} In accordance with a preforred embodiment of the present invention there s
provided a temperature swing adsorption process for separating a target specics from a
feed gas mixture containing said target species, which process comprises: a) subjecting
said feed gas muixture containing said target species to an adsorption step by jntroducing
the feed gas mixture into the foed input end of an adsorbent bed that is comprised of an
adsorbent material that is selective for adsorbing said target species, which adsorbent
bed baving a feed mnput end and a product outpot end, and which adsorbent bed s

operated at a first pressure and at a first teroperature wherein at least a portion of the
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said target species in the feed gas mixture is adsorbed by the adsorbent bed and wherein
a gaseous product stream containing a lower mol% of said target species than said feed
gas nuxture exits the product output end of satd adsorbent bed; b) stopping the
mtroduction of said foed gas mixture to said adsorbent bed before breakthrough of said
target species from the product output end of said adsorbent bed; ¢) reducing the
pressure in said adsorption bed to a second pressure in a manner to induce a flow in the
adsorption bed that is counter-current to the flow of the feed gas mixture in step a); d)
externally heating said adsorbent bed to a second temperature higher than said first
temperature while simuhtaneously passing a flow of purge gas, substantially free of
target species, counter-current to the direction of the flow of the feed gas mixiure in
step a), thereby desorbing and recovering at least a portion of the desorbed target
species and resuliing in the product outlet end of said adsorbent bed being reduced in
the arnount of the target species; ¢) cooling at least a portion of said adsorbent bed to a
third temperature which is lower than said second temperature used in step d); and f)
increasing the pressure in said adsorbent bed to a third pressure.

[B008] In preferred embodiments, the first temperatare can be from -195°C to
300°C, and the first pressure can be from | bara to 600 bara. Additionally or
alternately, the second temperature can be from 10°C 1o 300°C,

18869} Further additionally or alternately, the feed gas mixture can be a natural gas
stream and/or the target species can be selected from CO; and HS.

16610} Additionally, the following are incorporated by reference herein in their
entirety as being related to this application and for their relevant disclosures: ULS.
Patent Application Nos. 61/447 806, 61/447 812, 61/447.824, 61/447 835, 61/447 848,
61/447,869, and 61/447 877, cach filed March 1, 2011, as well as the seven 1.8, non-
provisional applications filed clavming priority thereto. Further, the following are
incorporated by reference herein in their entirety as being related to this application and
for thewr relevant disclosures: U.S. Senal Nos. 61/448 117, 61/448,12(, 61/448,121,
61/448,123, and 61/448,125, cach filed March 1, 2011, 61/594,324 filed February 3,
2012, and the application entitled “Apparatus and Systerns 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 clairaing priority thereto.
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16611} 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.

18612] The present invention relates to a thermal swing adsorption process capable
of capturing target species, such as acid gases, ez, predominantly CO; and/or H, S,
from natural gas streams. Thermal swing adsorption (TSA) processes employ an
adsorbent contactor that 1s repeatedly cycled through at least two steps — an adsorption
step aund a thermally assisted regencration step. Regeneration of the contactor can be
achieved by heating the contactor to an effective temperature to desorb target
components from the adsorbent. The contactor can then be cooled 80 that another
adsorption step can be completed. In a preferred embodiment, the thermal swing
adsorption process can be conducted with rapid cycles, in which case they are referred
to as rapid cycle thermal swing adsorption (RCTSA). A rapid cycle thermal swing
adsorption process is defined as one in which the cyele time between successive
adsorption steps is less than about 10 minutes, preferably less than about 2 mimutes, for
example less than about 1 minute. RC-TSA processes can be used to obtain very high
product recoveries in the excess of 90 vol%, for example greater than 95 vol% or, in
some cases, greater than 98 vol%. The torm “adsorption” as used herein includes
physisorption, chemisorption, and condensation onto a solid support, absorption into 2
solid supported Hquid, chemisorption into a solid supported liquid, and combinations
thereof.

10613 It can often be desirable to recover acid gases at higher pressures. The
recovery of higher pressure acid gases can be desirable, for example, when CO;
sequestration s planned. In such a case, desorption by TSA ¢an be preferred over
pressure swing adsorption. The present invention provides a means to rapidly change
the contactor tomperature without experiencing large heat losses, long heat-up and
cool-down times, and/or adsorbate dilution. Temperature swing adsorption can be

executed with fixed parallel channel contactors and associated valves, or by means of &
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rotary-based paraliel channel contactor following the approach of a Lpungstrom heat
exchanger.

10614} Rapid cycle TSA operation can be facilitated with use of parallel channel
contactors, e.g., where the adsorbent is on a surface of a compact heat exchange
structure. Heating and cooling could take place in a channel isolated from the
adsorbent.  In such a configuration, a thermal wave can be made to move through the
contactor during the adsorption step, which could allow for better separation of
adsorbed gascous components. {n some instances, a chromatographic-like separation
can be achieved (with no ditution from a camier gas). This type of parallel channel
contactor arrangement can be energy efficient. Thermal energy used in the swing
adsorption process can be readily recovered and reused. Because of the energy
efficiency, it can be possible to use a larger degree of thermal swing,

18615} In some embodiments, the contactor can preferably be one in which the
majority of the open pore volume is attributable to microporous pore diameters, e.g., 1
which less than 40%, more preferably less than 20%, for example less than 10%, of its
open pore volume can originate from pore diameters greater than 20 angstroms and less
than about 1 micron (Z.e., from mesoporous and macroporous pore diameters). By
“open pore volume” herein, it is meant all of the open pore space not occupied in the
volaome encompassed by the adsorbent material. The open pore volume includes all
open spaces in the volume encompassed by the adsorbent material, including bat not
Hiratted to all volumes within the adsorbent roaterials themscelves, juchuding the pore
volume of the structured or amorphous materials, as well as any interstitial open
volumes within the structure of the portion of the bed containing the adsorbent material.
Open pore volume, as used herein, does not include spaces not accompanied by the
adsorbent material such as open volumes in the vessel for entry, exit, or distribution of
gases (such as nozzles or distributor areas), open flow channels, and/or volumes
occupied by filler materials and/or solid heat adsorption materials. Tn preferred
embodiments, the adsorbent can be incorporated into a parallel channel contactor,
“Parallel channel contactors” are defined herein as a subset of adsorbent contactors
comprising structured (engineered) adsorbents 1o which substantially parallel flow
channels are incorporated into the adsorbeunt structure. Parallel flow channels are

described in detail, e.g., in U.S. Patent Application Publication Nos, 2008/0282892 and
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2008/G2428806, both of which are incorporated herein by reference. These flow
channels can be formed by a variety of ways, and, in addition to the adsorbent matenal,
the adsorbent contactor structure may contain iterns such as, but not limited to, support
materials, heat sink materials, void reduction components, and heating/cooling
passages.

16816} In the practice of the present invention, it can be desirable to operate with a
multiplicity of contactor units, with several coupled in a heating/cooling operation and
others involved in adsorption (and/or desorption). In such an operation, the contactor
can be substantially cooled by a circulating heat transter medium before it is switched
o service for adsorption. One advantage of such an operation can be that the thermal
energy used to swing the bed is retained in the heat transfor medium. It adsorption was
to proceed sinmutltaneounsly with cooling, then a substantial part of the heat in the bed
could be lost to the adsorbate-free feed, and a higher heat load could be needed to
restore the high temperature of the heat transter mediam.

16617} The present invention can advantageously comprise an adsorption step in
which the preferentially adsorbed components {target species) of the feed mixture are
adsorbed by the adsorbent in an adsorbent bed, while recovering the less preferentially
adsorbed components at the product end of the adsorbent bed at process pressures. The
process pressure is the pressure at the outlet end of the contactor and can preferably be
managed to be no more than 3 bara lower than the feed pressure {as measured at the
entrance 1o the adsorbent bed), e.g., no more than 4 bara lower or no more than 1 bara
fower. The adsorption step of the present invention can preferably be performed at a
first temperature ranging from -195°C to 300°C, preferably from 20°C to 150°C or from
30°C 10 120°C. Absolute pressures during the adsorption step can preferably be ina
range from | bara to 600 barg, e.g., from 2 bara to 200 bara or from 10 bara to 150
bara. It can be preferred to manage the temperature rise from the heat of adsorption
during the adsorption step. The system herein can be designed so that the heats of
adsorption are in the range from 5 1o 150 ki/mole of maolecules adsorbed. One method
of managing the heat of adsorption can include incorporating a thermal mass into the
adsorbent bed to mitigate the temperature rise that occurs during the adsorption step.

The teraperature rise from the heat of adsorption can be managed in a variety of ways,
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such as by flowing a cooling fluid through the passages external to the adsorbent bed
{ie., the passages that are used to heat and cool the contactor).

10618} Additionally or alternately, the passages external to the adsorbent bed can
be filled with a fluid that is not flowing during the adsorption process. In this case, the
heat capacity of the fluid can serve to mitigate the temperature rise in the adsorbent
bed. Combinations of some or all of these heat management strategies can be
emaployed. Even with these heat management strategics, during this step, the final
temperature of the bed can typically be slightly higher than the feed inlet teraperature,
Preferably, the maximam temperature rise at any point within the contactor can be less
than 40°C, e.g., less than 20°C, less than 10°C, or less than §°C. During adsorption, the
strongest-adsorbing components can tond to attach most strongly to the adsorbent and
can thus be least mobile. Such strongest-adsorbing components can thus tend to
occupy regions of adsorbent closest to the inlet and can generally displace weakly
adsorbed components from those regiouns.

[66G19] Owver the period of adsorption, the adsorbates can tend to order themselves
from strongest to weakest, moving from inlet to outlet of the adsorption channels of the
contactor. In preferred embodiments, the feed gas velocity can be chosen so that a
relatively sharp concentration front moves through the contactor, i.e., such that the
concentration gradient of adsorbate(s) extends over a relatively short distance, taking
mto consideration the absolute amplitade of the gradient.

16620} The adsorption step can be stopped at a predetermined point before the
adsorption front breaks through the product output end of the adsorbent bed. In certain
preferred embodiments, the adsorption front can move at least 30% of the way down
the bed, e.g., at Teast 50% or at least 809, before the adsorption step is stopped.
Additionally or alternately, the adsorption step can be conducted for a fixed period of
tirne set by the feed flow rate and adsorbent capacity. Further additionally or
alternately, the adsorption step can be conducted for a tivne less than 600 seconds,
preferably less than 120 seconds, e.g., less than 40 seconds or less than 10 seconds. In
some instances, the adsorption front can be allowed to break through the outputend
only for a short duration {e.g., for at most a few seconds), but it is usually preferred that

the adsorption front not be aliowed to break through.
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16621} The term "break-through” is defined herein as the point where the product
gas leaving the adsorbent bed exceeds the target specification of the contaminant
compounent. 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”, ie., at the time brealthrough is detected
at the outlet of the adsorbent bed, the adsorption front is generally located at the end of
the adsorption hed.

16622] The pressure in the adsorbent bed can then be reduced, preferably ina
series of blow-down steps 1o which gas flows in a co-current or counter-current
divection, which can be performed with or without 4 purge gas stream to the final targer
gas recovery pressure. Pressure reduction can typically occur in no more than 8 steps,
e.g., no more than 4 steps, with target species being optionally but preferably recovered
in cach step. Io certain embodiments, the pressure can advantageously be decreased by
a factor of approximately three in each step, Additionally or alternately, the
depressurization can be conducted counter-currently and/or, during the depressurizing
step, 8 purge gas be passed counter-current {from product end to feed end) through the
adsorbent bed. In embodiments where a purge gas is used, the purge gas can preferably
be a so-called “clean gas”, which is a gas substantially free of target gas components.
For example, if the target gas is an acid gas such as Hu'S and CO», then the clean gas
can be a stream substantially free of such acid gas{es). Additionally or altemately, the
ciean gas can contain less than 5 mol% of combined H, S and CO,, ez, less than |
mol%. One example of a clean gas could be the product gas itself. When the current
mvention is utilized for the removal of acid gas froro a natural gas stream, the clean gas
can be comprised of at least one of the hydrocarbon product streams, can be comprised
of Cy. hydrocarbons, can be comprised of methane, and/or can be comprised of
nitrogen.

16623] In sorae preferred embodiments where a clean gas is used, in any step other
than the adsorption step, the cican gas can be conducted counter-currently through the
adsorbent bed to ensure that the end of the bed is substantially free of target species.
Additionally or alternately, the clean gas can be conducted counter-currently through

the adsorbent bed in at least a portion {e.g., in all) of the desorption steps. An effective
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rate of counter-current flowing clean gas can be necessary during these step(s) to
overcome mass diffusion to ensure that the product end of the bed is kept sobstantially
free of target species.

10624} Afier the blow-down stepds), the adsorbent bed can be at a desired reduced
pressure and can thus be externally heated, if desired. By “externally heated” we mean
that heat is not applied directly to the adsorbent bed through the flow channels through
which the feed gas mixture had flowed and into which the target gas component will be
desorbed. The heat can preferably be delivered to the adsorbent bed through a plurality
of heating/cooling channels not in thid communication with the feed gas flow channels
of the adsorbent. The adsorbent bed can be externally heated co-currently or counter-
currently along its length with respect to the flow of the feed gas mixture, orin a
combination of co-current and counter-current heating steps. I there are very strongly
adsorbed species near the inlet end of the contactor, it can be preferred to first heat the
inlet end and then counter-currently heat the remainder of the contactor. W the
desorption step s conducted counter-currently, the species desorbed from the
remainder of the contactor can facilitate desorption of residual amounts of adsorbed
species near the inlet end. In most other embodiments, i can be preferred to counter-
currently heat the adsorbent bed to improve regencration at the product end of the
contactor {or bed). The flow channels that will carry heating and cooling fluid can
preferably be in physical contact with the adsorbent bed to enhance heat transtfer. The
adsorbent bed cau be heated to a second teruperature higher than the first tomperature
used during the adsorption step, the second temperature preferably being from 10°C to
300°C, e.g., from 20°C to 200°C or from 40°C to 120°C. A purge stream of clean gas
can be passed counter-currently through the adsorbent bed during heating to keep the
product end of the bed substantially frec of target species. The purge stream can
preferably be introduced at a pressure higher than the pressure in the adsorbent bed.
Additionally or alternately, the total mimnber of moles of purge gas introduced can be
fess than five times the number of moles of molecules adsorbed in the contactor, e.g.,
fess three times or less than (.1 times. Target species can be recovered during any
part(s) of the heating step.

[6625] The external heating can be conducted such that a thermal wave 15 used fo

pass heat through the contactor, as it transitions from the adsorption step to the
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regeneration step, in fransitioning from the regeneration to adsorption step, in at least
part of the regeneration step, and/or in at least part of the adsorption step. Sumilarly, it
can be preferred to utilize a thormal wave in the cooling step. The use of a thermal
wave in temperature swing adsorption is disclosed i detail in U.S. Patent Application
Publication No. 2008/06314245, which is incorporated herein by reference. A thermal
wave is a relatively sharp teraperature gradient, or front, that can move lincarly {i.e,,
approximately in a single direction within the contactor) during at least one step in the
thermal swing adsorption/desorption cycle. The speed at which the thermal front (ie.,
region with sharp temperature gradient) can move is referved to as the therroal wave
velocity. The thermal wave velocity need not be constant, and the thermal wave
direction need not be the same in both adsorption and regeneration steps. For example,
the wave can move co-currently, counter-currently, or cross-flow in the adsorption
and/or regeneration steps. 1t is also possible to design a process in which there 15 no
significant thermal wave present in the adsorption step while there is a significant
thermal wave in the regeneration step. The presence of a thermal wave in at least some
portion of the thermal swing adsorption/regeneration cycle can enable the overall
system to achieve a goal of substantially recuperating and recovering the heat required
to temperature-swing the adsorbent bed. This, in turn, can improve process efficiency
and/or can enable the use of high desorption temperatures that would not normally be
considered for TSA operation.

10626] 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 chamnels, while the other set of channels can be
used to bring heat into and/or take heat out of the adsorbent device. Fhuids and/or gases

flowing in the adsorbent and heating/cooling channels do not generally contact each
other. Preferably, the heat adding/removing channels can be designed and operated ina
manner that results in g relatively sharp temperature wave in both the adsorbent and in
the heating and cooling fhuids during the heating and cooling steps in the cycle. An
example of a contactor that can produce a relatively sharp thermal wave 13 a contactor

according to the present invention,
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18627} Thermal waves in such contactors can be produced in when the heating and
cooling fluids are flowed co-current or counter-current to the direction of the feed flow
in the adsorption step. In roany cases, it can be preforred not to have a significant flow
of heating or cooling thuids during the adsorption step. A more comprehensive
description of Thermal Wave Adsorption {TWA} and other appropriate contactor
structures can be found, e.g., in UK. Patent No. 7,938,886, which 1§ incorporated herein
by reference. This reference shows how to design and operate g contactor to controf the
sharprness and nature of a thermal wave. A key operational parameter can inchude the
fluid velocity n the contactor, Key design parameters can include the mass of the
contactor and heat capacity and thermal conductivity of materials used 1o form the
contactor and heat transfor fluid. An additional keoy design objective for the contactor
can be finding one or more ways to reduce/minimize the distance over which heat has
to be transterred, which is why relatively sharp thermal waves can be so desirable.
10628 In a preferred erabodiment, during the heating step, the volume of thuid at a
ternperature 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 509 or at least 75%) of the volume
of the fhuid ntroduced into the contactor for heating. Similarly, when the present
mvention is operated to attain a thermal wave, it can be preferred that, during the
cooling step, a cold fluid (such as pressurized water) can be flowed into the contactor
and a hot fluid near the temperature of the contactor at the end of the recovery step can
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
volume of fluid at a temperature no more than 10°C colder than the end of the contactor
frora which it 18 produced can represent at least 25% (e.2., at least 50% or at least 75%)
of the volume of the thaid introduced into the contactor for cooling,

16629] Ome way to efficiently utilize thermal waves in the apparatuses according to
the mvention can be for heat recovery. The recovered energy can be used to reduce the
energy requirements for heating and cooling of 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 to reduce the energy that must be supplied

during the heating step. Similarly, the cold strearn extting the contactor during the
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heating step can be utilized to reduce the energy that must be supplied to cool fhud to
be supplied to the contactor during the cooling step. There are yoany ways to recoup
the cnergy. For exarople, the hot thermal fluid 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 fhiid flow
path between contactors can be determined by valves timed to route thermal fhid
between contactors at appropriate points in the overall swing adsorption cyele. In
embodiments where thermal fluid flows between contactors, it may also pass through a
heat exchanger that adds or removes heat from the flowing thermal fhuid and/or pass
through a device, such as a compressor, pump, and/or blower, that pressurizes itso it
can flow at the desired rate though the contactors., A heat storage mediun can be
configured so that the energy from the thermal wave moving through one contactor can
be stored. A non-limiting example 15 a tank system that separately stores hot and cold
fluids, which can each be fod 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 fhud in the direction of the general flow
of the flutd through the contactor and to mintmize the effect of the thermal conductivity
of the fluid on the sharpness of the temperature wave.

16638 Where energy is recovered, it can be preferred that the recovered energy be
psed to reduce the amount of seusible heat that must be supplied to heat and cool the
contactor. The sensible heat is determined by the heat capacity and temperature rise {(or
fall) of the contactor. In some preferred embodiments, at feast 60% {e.g., at least 80%
or at feast 95%) of the sensible heat required for heating the contactor is recouped,
and/or at least 60% (e.g., at least 80% or at least 95%;) of the sensible heat needed to
cool the contactor 18 recouped.

160G31] After the target gas has been recovered, the adsorbent bed can be cooled
and repressurized. It can generally be preferred to cool the bed before repressurization.
The adsorbent bed can be cooled, preferably to a teraperature that is no more than 40°C
above the temperature of feed gas mixture, e.g., no more than 20°C above or no more
than 10°C above. Additionally or alternately, the adsorbent bed can be cooled by
external cooling in a co-current or counter-current manuer, such that a thermal wave

can pass through the bed. In some such embodiments, it can be preferred for the first
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part of the adsorbent bed to be cooled then repressurized. In those embodiments, less
than 90% of the length of adsorption bed can be cooled, e.g., less than 50%. The
adsorbent bed cau additionally or alternately be purged with a clean gas during cooling.
16632] Relatively sharp thermal waves, as used herein, can be expregsed in terms
of a standard temperature differential over a distance relative to the length of the
mass/heat transfer flow in the apparatus. With respect to the mass/beat transfer, we can
define a maximum temaperature, Ty, and a2 minimum temperature, T, a8 well as
convenient temperatures about 10% above Ty, (T1o) and about 10% below T (Tao).
Thermal waves can be said to be relatively sharp when at least the temperature
differential of (Tog-Thg) 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 alternately, relative sharp thermal waves can be expressed in terms of a
maximum Peclet nomber, Pe, defined to compare axial velocity of the heating/cooling
fluid to diffusive thermal transport roughly perpendicular to the divection of fluid flow.
Pe can be defined as {U*L) / ¢, where U represents the velocity of the heating/cooling
floid (in m/s), L represents a characteristic distance over which heat is transported (to
warn/cool the adsorbent) in a direction roughly perpendicular 1o the fluid flow, and «
represents the effective thermal diffusivity of the contactor (in m’™/s) over the distance
L. In 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 time for heating/cooling of the contactor with lutle or no
damage to the flow channel, it can be preferred for U to be in a range from about 0.01
m/s to about 100 m/s, ez, from about 6.1 m/s to about 50 m/s or from about 1 m/s to
about 40 ov/s. Addutionally or alicrnately, to minimize size and energy requitements, it
can be preferred for L to be less than 0.1 meter, e.g., less than 0.01 meter or less than
0.001 meter.

18633} The adsorbent bed can then be repressurized, during and/or after the
cooling step, e.g., using clean product gas or counter-currently with blow-down gas
from ancther bed after a first stage of repressurization. The final pressure of the
repressurization step can preferably be substantially eqoal to the pressure of the

incoming feed gas mixture.
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16G34] In one preferred embodiment, the processes of the present invention can be
used to separate acid gases from a natural gas stream. Practice of rapid cycle swing
adsorption of the present invention can be used to replace conventional amine
scrubbing for natural gas processing. In order for TSA to remove acid gases, especially
H, S, in concentrations greater than 1000 ppm, from natural gas streams in a more
economical way, the processes of the invention can advantageously inclade one or
more of the following iterns:

16635] 1. Preferred adsorbents for the removal of acid gases can be selected from
mesoporous and/or microporous materials, with or without functionality for chemical
reactions with acid gases. Examples of materials without functionality can include
high-silica zeolites, cationic zeolites, stannosilicates, and the hike, as well as
combinations thereof. Functionalized materials that chemically react with H;S and/or
C(, can exhibit significantly iucreased selectivity for H:S and/or CO; over
hydrocarbons iu nataral gas, such as methane, and can advantageously not catalyze
undesirable reactions with hydrocarbons that can typically occur with acidic zeolites.
Functionalized mesoporous adsorbents can tend to have a reduced affinity toward

hydrocarbons,

, a8 compared to unfunctionalized smaller pore materials, such as zeolites,
Mevertheless, adsorption of heavy hvdrocarbons can be kinetically suppressed by using
smaller pore functionalized materials, in which diffusion of heavy hydrocarbons is siow
compared to H,S and CO». It can be important in some embodiments to reduce
condensation of hydrocarbons with Cu. hydrocarbons on external surtaces of H, S-
and/or CO, - selective adsorbents. Non-limiting examples of functional groups suitable
for use herein inchude primary, secondary, and tertiary amines, as well as other non-
protogenic, hasic groups such as amidines, guanidines, and biguanides, and the like,
and combinations thereof. In some embodiments, functionalized materials can be
functionalized with two or more types of functional groups.

16836} To obtain substantially complete removal of H: S and/or CO; from natoral
gas streams, an adsorbent material can ideally be selective for Hz 8 and/or CO; but have
a relatively low capacity for both methane and heavier hydrocarbons (Cp). One way to
achieve selectivity can be to use amines supported on silica-based or other supports,
because they tend to have strong adsorption isotherms for acid gas species, relatively

high adsorption capacities for such species, and, as a consequence of their relatively
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high heats of adsorption, relatively strong temperature responses (7.e., when sufficiently
heated they can readily desorb HoS and/or CO; and can thus be used without excessive
temperature swings ). Preferred adsorhbents can effectively adsorb in the 25°C to 70°C
range and effectively desorb in the 90°C to 140°C range.

16637} In systems requiring different adsorbents for CO, and/or H;S removal, a
layered bed comprising a saitable adsorbent for the targeted species may be desirable.
A mesophase fitler described below may be effective in reducing available surface area.
[6638] 1. Paralliel channcl contactors can be used, such that gas/solid contacting
can occur in relatively small-diameter adsorbent-lined channels. This structure of the
contactor can provide at least some of the benefits of rapid adsorption kinetics through
reduction/roinimization of gas film resistance and relatively high gas-solid
communication. Preferred adsorber designs can have the capability of generating a
relatively sharp adsorption front. One key to adsorption of trace components down to
cssentially zero gas concentrations can inchude very rapid gas-to-adsorbent kinetics,
i.e., the distance through which the target species must diffuse to make contact with the
adsorbent wall is kept short, preferably less than 1000 microns, for example less than
200 microns or less than 100 microns. Tn order to achigve this requirement, while
fimiting bed pressure drop to acceptable values, parallel channel contactors can be used
to confine the feed and purge gases to a phlurality of very narrow (1000 micron to 30
micron diameter) open channels lined to an effective thickness of the adsorbent
material. By offective thicknesses is meant a range from about 500 microns to 30
microns for most applications. In the most limiting case of laminar gas flow, the very
narrow channels can limit the maximum diffusion distance for a trace species to no
more than ¥ the diarncter of the channel. Even when adsorbing the desired species at
the leading edge of the adsorption front, where their concentrations can approach zero
in the gas phase, a relatively sharp adsorption front can be maintained by using such
small diameter parallel channel structured adsorption bed configurations. Such a
configuration can be in the forra of nwltiple independent paralicl chamnels, or in the
form of very wide, very short channels, as may be achicved by using a spiral wound
design.

186391 [1. A means for rapidly heating and cooling the adsorbent bed structure

can be iraportant for adsorption to occur at lower temperatures and desorption at higher
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temperatures. The adsorption step can then occur at high relative pressures, and the
higher temperatare desorption step can optionally take place at a reduced pressure in
order 1o increase adsorbent swing capacity. Depending upon adsorbent properties, it
may be desirable to use a bed architecture suitable for either an externally temperature
controlied or internally temperature conirolied scheme. By “internally temperature
controlled” 18 meant the use of a heating and cooling fhuid media, gascous and/or ligpud
{preferably including liquid), that can be circulated through the same adsorbent lined
channels utilized for the gaseous feed flow. Internal temperature control can require
that the adsorbent material not be significantly adversely aftected by the temperature
countrol fhuid and that the teraperatare control fluid be casily separated from the
previcusly adsorbed species (HoS and/or CO,) foliowing the heating step.  Further, for
internal temperature control, the pressure drop across each of the parallel channels in
the structured bed during the gaseous feed adsorption stop can typically be sufficiently
high in order to clear each channel (or the single channel in the case of spiral wound
designs) of the temperature control fluid. Additionally, internal tluid flow termperature
designs can preferably utilize an adsorbent that does not strongly adsorb the
temperature control fluid, so that H, 8 and/or CO; may be usefully adsorbed even in the
presence of the temperature control fluid. Noun-limiting examples of such adsorbents
can include amine-functionalized microporous and/or mesoporous adsorbents.

{6644} A non-limiting example of such a system can include supported amines on
a water stable support with the use of hot and cold water (pressurized laguid or used as
steam for heating) for heating and cooling. Whereas liquid water can be left within the
adsorbent wall during the adsorption step, when the thickness of the adsorbent wall is
kept small (e.g., less than 1000 microns, less than 200 microns, or less than 100
microns}, HaS and/or CO, can advantageousty diffuse through the liguid water in time
scales less than | minute, for example less than 1{ seconds, to become adsorbed by the
supported amine. Following the desorption step, HaS and/or CO» can be easily
separated using fractionation and/or other methods known to those skilled in the art.
10641} By “cxternal temperature control” is meant wherein the heating and cooling
fhuid s kept from contact with the gas carrying adsorbent channels. Such a structure
can resemble a tube and shell heat exchanger, plate and frame heat exchanger, hollow

fibers with a fluid impermeable barrier laver on the outer or inner diameter, or any
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other suitable structure. In order to obtain rapid heating and cooling, the distance
through which the heat must diffuse from the teraperature control fluid to the adsorbent
layer can advantageously be kept to a mirdmurn, wdeally less than 10,000 microns, e.g.,
fess than 1000 microns or fess than 200 microns.

16642] A non-limiting example of an external temperature control bed design can
inchide hollow fibers with a fluid impermeable barner layer on the outer diameter,
wherein the hollow fibers are comprised of a mixed matrix system of polymeric and
supported amine adsorbents. Feed gas could be passed through the inner diameter of
the porous fibers to be adsorbed by the adsorbent at lower temperatures, while cool
teraperature control fhud can flow over the outer diameters of the fibers. Desorption
could be accomplished by passing hot temperature control fluid, preferably ina
counter-current direction over the fibers cuter diameter, thus heating the adsorbent.
The cycle can be completed by exchanging the hot temperature control fluid with cold
fluid to return the fiber containing the adsorbent to the desired adsorption temperature.
In a preferred embodiment, the rate of heat flow in the system could be such that a
relatively sharp temperature gradient in the ternperature control fhuid can be established
during heating and cooling, such that as much as possible of the sensible heat of the
systenm: can be recuperated from the heating and cooling fluids. For such a non-limiting
holiow fiber example, the usetud fiber outer diameter dimensions can be less than
28,000 microns, preferably less than 2000 microns, for example less than 1000
microns. The useful hollow fiber inner diameters (the feed gas channels) can be less
than 10,000 microns, e.g., less than 1000 microns or less than SO0 microns, as suitable
based on the desired adsorption and desorption cycle times, feed adsorbed species
concentrations, and adsorbent layer swing capacity for those species.

10643} In all cases, it can be advantageous to keep the ratio of non-adsorbing
thermal mass in the adsorbent bed to adsorbent as low as possible. This ratio can be
tess than 20, for example less than 10 or less than S, In thus manner, the sensible heat
of the system that must be swung in each cycle may be reduced/minimized.

16644} V. A relatively low flow (about 0.01% to about 5% of the total feed flow)
of a clean gas, substantially free of H,S and/or CO; can be wtilized as a purge gas.
Non-timiting exarnples of such clean gas flows can include methaue and nitrogen that

are maintained flowing through the parallel channels in a direction counter-current 1o
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the feed divection during at least a portion of the desorption steps of the process.
Advantageously, the flow rate of this clean gas can be sufficient to overcome the
natural diffusion of the desorbing H; S and/or CO, to maintain the product end of the
adsorbing channel in a substantially clean condition. This counter-current purge flow
during desorption can ensure that, on cach subsequent adsorption cycle, target species,
such as HaS or CO;, do not substantially bleed through into the product stream.
10645} As previously mentioned, g preferred cyele and bed design for the practice
of the present invention can be for the product end of the adsorbent channels (i.¢e., the
end opposite the end where feed gases enter) to have an extremely low, or ideslly
essentially zero, concentration of adsorbed H, S and/or CO». In this manner, and with
suitable structured channels as described above, the Hy S and/or CO4 can be rigorously
removed from the feed gas stream. For instance, with respect to H, S, rigorous removal
occurs in an adsorption process when the product gas contains no more than 4 vppm
H;8 {e.g., no more than 3 vppm, no more than 2 vppm, or no more than | vppm) and
the gas feed stream input contains between 6 vppm and 10,000 vppm HS {eg., from 8
vppm to 10,000 vppm, from 10 vppm to 18,000 vppm, from 15 vppm to 10,008 vppm,
from 20 vppm to 10,000 vppm, from 30 vppro 10 10,000 vppm, from S0 vppm to
10,000 vppm, from 100 vppm to 10,0600 vppm, from 6 vppm to 3000 vppm, from 8
vppm to 5600 vppm, from 10 vppm to SO04 vppm, from 15 vppm to 5600 vppm, from
28 vppm to 3000 vppm, from 30 vppm to 5000 vppm, from 5 vppm to 5000 vppm,
frora 100 vppma to 5000 vppm, from 6 vppro to 2000 vppm, from § vppim to 2000
vppim, from 10 vppm to 2000 vppm, from 15 vppm to 2000 vppm, from 20 vppm to
2000 vppm, from 30 vppm to 2000 vppm, from 50 vppm to 2000 vppm, from 100
vppm to 2000 vppm, from 6 vppm to 1000 vppm, from & vppro to 1000 vppm, from 10
vppm to 1000 vppm, from 15 vppm to 1000 vppm, from 20 vppa to 1000 vppm, from
30 vppm to 1600 vppm, from SO vppm to 1000 vppm, or from 100 vppm to 1000
yppm ).

18846} The downstream cnd of the bed can be kept clean as described by
maintaining a relatively low flow of a clean fluid substantially free of H, S and/or CO,,
in a counter-current direction relative to the feed divection, during the desorption
step(s), or ruore preferably during all the heating and cooling steps in the cycle. o

some embodiments, during the adsorption step, the adsorption part of the cycle can be
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Himited to a time such that the advancing adsorption front of H, S and/or CO; loaded
adsorbent not reach the end of the channels, i e., adsorption to be halted priov to H, S
and/or CO» breakthrough so that a substantially clean section of the adsorbent channel
can remain substantially free of target species. With reasonably sharp adsorption
fronts, this can allow more than 50 vol% of the adsorbent to be utilized, e.g., more than
75 vol% or more than &3 vol%.

16647} V. Optionally, a mesophase filler can be used. That is, the non-sweepable
void space between the crystals and/or pores within the adsorbing channel wall can be
reduced by filling the mesophase pores between the particles to reduce the open volume
while allowing relatively rapid gas transport throughout the adsorbent layer, This
filling of the non-sweepable void space can be desired to reduce to acceptable levels the
quantity of desired product, tost during the rapid desorption step, as well as to allow a
high degree of adsorber bed purity following thermal desorption. Such mesophase pore
filling can be accomplished in a variety of ways. For exaraple, a polymer filler can be
used with rapid diffusion of Hy S and/or CO,, such as a silicon rubber or a polymer with
mirinsic porosity. Additionally or alternately, the void space can be filled with a
pyrolitic carbon having mesoporosity and/or microporosity, with inert solids of smaller
and smaller sizes, and/or with a replenishable liquid through which the desired gases
can relatively rapidly diffuse (such as water, solvents, oil, or the like). Whatever the
method, the void space within the adsorbent wall can advantageously be redoced to less
than 60 vol%, e.g., to less than 70% or to less than 80%.

16648} Additionally or alternately, a purge gas stream can be passed through the
adsorbent bed during heating to keep the product end of the bed relatively
{(substantially) free of target gas coraponent(s). In certain preferred embodiments, the
purge gas stream can have a substantially lower content of the target gas component(s )
than the feed gas mixture, e.g., the purge gas stream can have a content less than 10
mol%, for example less than 5 mol%, of the target gas component in the feed gas
mixture.

10649 In preferred applications of the present contactors, CO; can be removed
from natural gas in the swing adsorption process. Here, it can be preferred to formulate
the adsorbent with a specific class of 8-ring zeolite materials that has a kinetic

selectivity, though equilibrium-based adsorption can be an alternative. The kinetic
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selectivity of this class of &-ring zeolite materials can allow C(O, to be rapidly
transmitted iute zeolite crystals while hindering the transport of methane, so that it is
possible to selectively separate CO; tfrom a nuxtare of CO, and methane. For the
removal of CO, from natural gas, this specific class of &-ring zeolite materials can have
an S1/Al ratio from about | to about 235, or alternately from 2 to about 1000, from about
18 to about 500, or from about 50 to about 300. As used heremn, the S¥/Al ratio s
defined as the molar ratic of silica to alumina of the zeolitic structure. This class of &-
ring zeolites can allow C(, to access the internal pore structure through &-ring
windows in a manner sach that the ratio of single cormponent diffusion coefficients for
CO, over methane (e, Depp/Dew) can be greater than 10, preferably greater than
about 50, greater than about 100, or greater than about 200.

{6650 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 natoral gas, like with CGO;,
it can be preferred to forroulate the adsorbent with a class of 8-ring zeolite materials
that has a kinetic selectivity. The kinetic sciectivity of this class of ¥-ring materials can
allow N, to be rapidly transmitted into zeolite crystals while hindering the transport of
methane, 50 that it is possible to selectively separate N, from a mixture of N and
methane. For the removal of N3 from natural gas, this specific class of §-ring zeolite
materials can have an S/Al ratio from about 2 to about 1000, e.g., from about 1¢ {o
about 500 or from about 50 to about 300. This class of 8-ring zeolites can allow Nj 1o
access the internal pore structure through 8-ring windows in a manner such that the
ratio of single component diffusion coefficients for Ny over methane (e, Drp/Dena)
can be greater than 5, preferably greater than about 20, greater than about 50, or greater
than 100, Resistance to touling in swing adsorption processes during the removal of
N, from natural gas can be one advantage offered by this class of 8-ring zeolite
materials,

[6651] Additionally or alternately from COg, it can be desirable to remove Ho 8
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 vol%, from about 0.001 vol% to about 10
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vol%s, from about §.001 vol% to about 5 vol%, from about 0.001 vol%s to about 1 vol%,
from about 8.001 vol% to about 4.5 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 8-ring zeolites that can have
kinetic selectivity. The kinetic selectivity of this class of 8-ring materials can allow
H>S to be rapidly transmitted into zeolite crystals while hindering the transport of
methane, so that it is possible to selectively separate H, S from a mixture of H, 8 and
methane. For the removal of H, S from natural gas, this specific class of 3-ring zeolite
materials can have a St/Al ratio from about 2 1o about 1006, e.g., from about 10 to
about 500 or from about 50 to sbout 300, This class of R-ring zeolites can aliow H,S 1o
access the internal pore structure through S-ring windows in a manner such that the
ratio of single component diffusion coefficients for H, S over methane {(L.e., Dips/Dicia)
can be greater than 5, preferably greater than about 20, greater than about 50, or greater
than 100. DDR, Sigma-1, and/or Z8M-58 are examples of suitable materials for the
removal of H, S from natural gas. In some applications, it can be desired for H,S to be
removed to the ppm or ppb levels,

18652 Other non-limiting examples of selective adsorbent materials for use in
embodiments herein can include microporous materials such as zeolites, AIPQOs,
SAPQOs, MOFs (metal organic frameworks), ZIFs (zeolitic imidazolate frameworks,
such as ZIF-7, ZIF-R, ZIF-22, etc.), and carbons, as well as mesoporous materials such
as amine functionalized MCM materials, and the like, and combinations and reaction
products thereof. For acidic gases sach as hydrogen sulfide and carbon dioxide
typically found in nataral gas streams, adsorbents such as cationic zeolites, amine-
functionalized mesoporous materials, stannosilicates, carbons, and combinations
thercof can be preferred, in certain embodiments.

10853} Adsorptive kinetic separation processes, apparatuses, and systems, as
described above, are useful for development and production of hydrocarbons, such as
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 mixtures.

18654} The provided processes, apparatuses, and systems may be used to prepare

natural gas products by removing contaminants, The provided processes, apparatuses,
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and systems can be usetul for preparing gascous feed streams for use in utilities,
imchiding separation applications such as dew poiut control, sweetening/detoxification,
corrosion protection/control, dehydration, heating value, conditioning, and purification.
Exampies of utilitics that utilize one or more separation applications can include
generation of fuel gas, secal gas, non-potable water, blanket gas, instrument and control
gas, refrigerant, inert gas, and hydrocarbon recovery. Exemplary “not to exceed”
product (or "target") acid gas removal specifications can include: (a) 2 vol% CO,, 4
ppm HzS; (b} 58 ppm CO4, 4 ppm HyS; or (¢} 1.5 vol% COy, 2 ppm HS.

18655] The provided processes, apparatuses, and systems may be used to remove
acid gas from hydrocarbon streams. Acid gas removal technology becomes
increasingly important 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-limiting examples of acid gas
concentrations from exeraplary gas reserves can include concentrations of at least: (a)
I vol% Hu S, S vol% C0;y; (b) 1 vol% H, S, 15 vol% COa; (e) 1 volS6 Ha S, 60 vol%
COnp; (d) 15 vol% HS, 15 vol% COy; or (e} 15 vol%% H; S8, 30 vol%% CO..

16856} (Ome 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 or 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;
cach swing adsorption process may be utilized with rapid cycles, such as using one or
mote 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 in ULS. Patent Application Pablication Nos.
2008/02282892, 2008/02828R7, 2008/0282836, 2008/0282815, and 2008/02828234,
which are each herein incorporated by reference in ifs entirety;

(b} removing acid gas with RC-TSA using advanced cycles and purges as

described in ULS. Provisional Application No. 61/447,858, filed March 1, 2011, as well
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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 o 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;

() 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 1n 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;

() using exhaust or recyele strears to minimize processing and
hydrocarbon losses, such as using exhaust streams from one or more RC-TSA units ag

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;

{h selecting a cycle time and cycle steps based on adsorbent material

kinetics; and
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(m)  using a process and apparatus that uses, among other equipment, two
RC-TSA units in series, wherein the first RC-TSA unit ¢leans a feed stream down io a
desived 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 may reduce the need for 2 mesopore filler.

{6657} The processes, apparatuses, and systems provided herein can be useful in
large gag treating facilities, such as facilitics that process more than five million
standard cubic foet per day (MSCFD) of natural gas, for example more than 15
MSCFD, more than 25 MSCFD, more than 50 MSCFD, more than 100 MSCED, more
than 500 MSCFD, more than oune billion standard cubic fect per day (BSCFD), or more
than two BSCFD.

10858} Compared to conventional technology, the provided processes, apparatuses,
and systems can require lower capital investment, lower operating cost, and/or less
physical space, thereby enabling tmplementation offshore and in remote locations, such
as arctic environments, The provided processes, apparatuses, and systems can provide
the foregoing benefits, while providing high hydrocarbon recovery as compared to
conventional technology.

16659] Additionally or alternately, the invention can comprise one or more of the
following embodiments,

10860} Embodiment 1. A temperature swing adsorption process for separating a
target specics from a feed gas mixture containing said target species, which process
comprises: a) subjecting said feod gas mixiure containing said target species to an
adsorption step by introducing the feed gas mixture into the feed input end of an
adsorbent bed that is comprised of an adsorbent material that 1s selective for adsorbing
said target species, which adsorbent bed having a feed tnput end and a product cutput
end, and which adsorbent bed is operated at a first pressure and at a first temperature
wherein at least a portion of the said target species in the feed gas mixture is adsorbed
by the adsorbent bed and wherein a gaseous product stream containing a lower moi% of
said target species than said feed gas muxture exits the product output end of said
adsorbent bed; b) stopping the introduction of said feed gas mixture to said adsorbent
bed before breakthrough of said target species from the product output end of said

adsorbent bed; ¢) reducing the pressure in said adsorption bed t0 a second pressure ina
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manner to induce a flow in the adsorption bed that is counter-current to the flow of the
feed gas mixture in step a); d) externally heating said adsorbent bed to a second
temperature higher than said first teroperature while simultancously passing a flow of
purge gas, substantially free of target species, counter-current to the direction of the
flow of the feed gas mixture in step a), thereby desorbing and recovering at least a
portion of the desorbed target species and resulting in the product outlet end of said
adsorbent bed being reduced in the amount of the target species; ¢) cooling at least a
portion of said adsorbent bed to a third temperature which is lower than said second
temperature used in step d); and f) increasing the pressure in said adsorbent bed to a
third pressure.

10661} Embodiment 2. The process of embodiment 1 wherein the first temperature
is from -195°C to 300°C (e.g., from 20°C to 150°C) and the first pressure is from 1 bara
to 600 bara (e.g., from 2 bara to 200 bara), wherein the second temperatare is from
10°C 10 300°C (e.g., from 20°C to 200°C), and/or wherein the third temperature is from
-195°C to 300°C.

[6062] Embodiment 3. The process of embodiment 1 or embodiment 2 wherein
the feed gas mixture s a nataral gas stream and/or wherein the target species is selected
from the group consisting of CO», H, 8, and a combination thereof,

16663} Embodiment 4. The process of embodiment 3, wherein the target species
comprises H, S, wherein the product outlet end of said adsorbent bed contains no more
than 4 vppro Hu S, and wherein the feed gas roixiture contains between 6 vpp and
16,000 vppm H,S.

16664} Embodiment 5. The process of any one of the previous embodiments
wherein the product outlet end of said adsorbent bed is substantially free of the target
species (e.g., where the target species concentration is less than 2 vppm, alternately less
than 1 vppm).

16665} Embodiment 6. The process of any one of the previous embodiments
wherein the adsorbent bed has open flow channels throughout its entire length through
which the feed gas mixture 15 passed and/or wherein the adsorbent bed is a paraliel
channel contactor.

16666} Embodiment 7. The process of any one of the previous embodiments

wherein reduction in pressure of step ¢) takes place in two or more steps wherein each
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step reduces the pressure of the adsorbent bed to a fower pressure than the next
previous step.

186671 Embodiment 8. The process of any one of the previous embodiments
wherein the external heating of step d) takes place co-current to the direction of gas
flow through the adsorbent bed, or alternately counter-current to the direction of gas
flow through the adsorbent bed.

18668 Embodiment 9. The process of any one of the previous embodiments
wherein the adsorbent material is an 8-ring zoolite having an Si/Al ratio greater than
about 500, e.g., selected from the group consisting of DDR, Sigma-1, Zeolite-5%, and
combinations and intergrowths thercof.

18669 Embodiment 10, The process of any one of the previous embodiments
wherein the heating of step d) is performed in such a way as to cause a thermal wave to
travel along the adsorbent bed, e.g., co-current to the direction gas flow through the
adsorbent bed.

16678} Embodiment 11, The process of embodiment 10 wherein a Tog and a Ty
can be defined with respect to the second temperature and the first temperature such
that a temperature differential of (Tog-T i) occurs over at most 50% of the length of the
adsorbent bed.

16671} Embodiment 12, The process of embodiment 10 or embodiment 11
wherein the thermal wave exhibits 2 maximum Peclet mumber, Pe, less than 10, wherein
Pe = {U*L})/ «, where U represents a heat exchange thoid velocity, L represents a
characteristic distance over which heat is transported in a direction roughly
perpendicular to fluid flow, and o represents an effective thermal diffusivity of the
contactor over the distance L, and wherein U is from about §.01 m/s to about 100 m/s,
and L 1s less than 0.1 meter.

16672} Embodiment 13. The process of any one of the previous embodiments
wherein less than about 40% of the open pores of the adsorbent bed have diameters
greater than about 20 Angstroms and less than about 1 micron.

16673} Ermbodiment 14, The process of any one of the previous emsbodiments
wherein said third pressure is between 90% and 100% of the absolute pressure of the

feed gas mixture
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18874} The following conceptaal example is presented to tlustrate embodiments of
the present invention and is not meant to necessarily lmit the scope of the claimed

mvention.

EXNAMPLE

Prophetic Example for Removal of H.5 and €O from Natural Gas

18675} As a prophetic example of 4 rigorous HaS and CO; removal case, roass and
energy balances have been calculated for a natural gas cleanup scenario where:

a. Feed rate is ~690 million standard cubic feet per day (~680 MSCFD) at a feed
pressure of ~810 psia.

b. AnH,S concentration of ~2.1 molar percent.

c. A CQO; concentration of ~0.32 molar percent.

d. A selective adsorbent supported on a8 monolithic structure is used wherein:

1. There are square chanuel openings prior to wash-coating with adsorbent
~45( microns on one side.

i, ~25% of the channels are waterproofed and used to carry pressurized
water as the heat transfer fluids.

iit.  The ~75% gas carrying channels are wash-coated with an adsorbent
material having a capacity at process conditions of ~3.0 moles/kg (for
H: S plus CO)

iv.  The adsorbent laver further includes silicon rubber as a mesophase-
filling component, such that ~2/3 of the wash-coated layer is adsorbent
and the remaining ~1/3 is the mesophase filler,

v.  The final gas carrying channel is ~150 microns diameter and voughly
circufar in cross section.

e. The overall system utilizes approximately 24 structured adsorbent beds as
described above, cylindrical in shape of dimensions ~36 inch diameter, ~36
inches in length. They are grouped in sets of § such that at any time 8 beds are
adsorbing, 8 thermally desorbing, and 8 are being cooled. (For this simplified
example, the time and bed requirements for intermediate pressure blow-downs

and pressure equalizations are ignored. )
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f.  The overall cycle time is ~6{ seconds, roughly equally divided into adsorption,

heating, and cooling steps.

6a

it is assumed that only ~75% of the bed capacity, i.e., length down the
adsorbing chanunel, is utilized i order to maintain the back end (downstream
end) of the bed clean.
h. A back-flowing N2 purge stream {clean gas) is utilized with a flow rate roughly
equal to ~0.05% of the feed gas rate.
. There is a pressure drop across the beds of approximately 5 bar during the
adsorption step.
3. The discharged H, S plus CO; 18 recovered at approximately 3 bar,
16676} A summary of the mass and energy balances for the above conceptual

system of this Example is shown in Table 1 below.
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TABLE 1§
High Acid Gas -- Fall Rexepval - Trim Undt
gi?eif}ifs Units Inlets Product [Exhaust Internal Recycle
Sour Feed {Purge Inlet {Sweet Gas [Acid Gas  [Recycle Out{To Feed

Phase v % % v v v
Flow (toial)  {MSCFD 690 (.33 673 17 0.69 §.69

th-ruoleh {75800 6.6 73900 1900 75.8 758
Pressurs psia 8§16 79 728 34 e 810
Temperature F 115 131 131 248 115 115
Composition  [Mol% {(ppruyi
Nitrogen 0.22 0.23 0.23 0.0066 .22 0.22
02 .32 0 0 13 $0.32 .32
H28 2.09 { { 84.9 2.1 21
Methane §7.4 89.5 89.5 1.8 87.4 87.4
Ethaue 6.57 6.73 6.73 ¢.14 6.57 6.57
Propane 231 2.37 2.37 0.048 2.31 2.31
-Butane $4.36 .37 0.37 {73.9) (.36 0.36
n-Butane €.53 0.54 0.54 .01 0.53 (.53
i-Pentane 0.11 0.11 0.11 {22.8) 0.11 0.11
r-Pentane $.089 (0.092 0.092 (18.5) (.089 0.089
n-Hexare 0.025 0.025 0.025 (5.1} 0.025 0.025
n-Heptane $.003 {30.7) (30.71 {0.02) $5.003 0.003
1-Octane $4.0003 2.9 (2.9} s 0.0003 0.0003
COS 0.001 {10y (10) O 0.001 0.001
Methyl -SH ¢.006 614 614 {D.01) 0.006 (.006
Ethyl -SH 0.0024 {(24.7) {(24.7) ¢ 0.0024 0.0024
2C3Mercaptan $.0001 (1.1) (1.1) O 0.0001 $5.0001
Water €.0004 GN HEND)] O 0.0004 (0.0004
Water Units Caoling Water 1 Cooling Water 2 Heating Water
Streams
Description Inlet Qutlet Inlet Qutlet Tulet Qutlet
Phase L L L L L L
Flow (toialy  {GPM 3700 3700 880 880 1700 1700
Pressure Drop {psia &0 55 6( S5 138 125
Temperature F 113 i2¢ ii3 235 257 144
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CLAIMS:

1. A teroperature swing adsorption process for separating a target species from
a feed gas mixture containing said target species, which process comprises:

a} subjecting said feed gas mixture containing said target species to an
adsorption step by introducing the feed gas mixtore into the feed joput end of an
adsorbent bed that is comprised of an adsorbent material that is selective for adsorbing
said target species, which adsorbent bed having a feed input end and a product cutput
end, and which adsorbent bed s operated at a first pressure and at a first temperatire
wherein at least a portion of the said target species in the feed gas roixture is adsorbed
by the adsorbent bed and wherein a gascous product stream containing a lower moi% of
said target species than said feed gas mixture exits the product sutput end of said
adsorbent bed;

by stopping the introduction of said feed gas mixture to said adsorbent bed
betore breakthrough of said target species from the product output end of said
adsorbent bed;

¢) reducing the pressure in said adsorption bed 1o a second pressure in 2 manoer
to induce g flow in the adsorption bed that is counter-current to the flow of the feed gas
mixture in step a);

d) externally heating said adsorbent bed to a second temperature higher than
said first tomperature while simultaneously passing a flow of purge gas, substantially
free of target species, counter-current to the direction of the flow of the feed gas
mixture 1o step a), thereby desorbing and recovering at least a portion of the desorbed
target species and resulting in the product outlet end of said adsorbent bed being
reduced in the amount of the target species;

e) cooling at least a portion of said adsorbent bed 1o a third teroperature which
is lower than said second temperature used 1o step d); and

) increasing the pressure in said adsorbent bed to a third pressure.

2. The process of claim | wherein the first temperature is from -195°C to 300°C
{e.g., from 20°C to 150°C) and the first pressure is from | bara to 600 bara (e.g., from 2
bara to 200 bara), wherein the second temperature s from 10°C to 300°C {e.g., from

20°C to 200°0), and/or wherein the third temperature is from -195°C to 300°C.
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3. The process of claim 1 or claim 2 wherein the feed gas mixture is a natural

gas stream and/or wherein the target species is selected from the group consisting of

>

"3y, H4S, and a combination thereof.

4, The process of claim 3, wherein the target species comprises H, 8, wherein
the product outlet end of said adsorbent bed contains ne more than 4 vppm H, 8, and
wherein the feed gas mixture contains between 6 vppm and 18,000 vppm H, S

5. The process of any one of the previous claims wherein the product outlet end
of said adsorbent bed is substantially free of the target species {e.g., where the target
species concentration is less than 2 vppm, alternately less than 1 vppm).

6. The process of any one of the previous claims wherein the adsorbent bed has
open flow channels throughout its entire length through which the feed gas mixture is
passed and/or wherein the adsorbent bed is a parallel channel contactor.

7. The process of any one of the previous claims wherein reduction in pressure
of step ¢} takes place in two or more steps wherein each step reduces the pressure of the
adsorbent bed to a lower pressure than the next previous step.

8. The process of any one of the previons claims wherein the external heating
of step d) takes place co-current to the direction of gas flow through the adsorbent bed,
or alternately counter-current to the direction of gas flow through the adsorbent bed.

9. The process of any one of the previous claims wherein the adsorbent
material 15 an g-ring zeolite having an SVAI ratio greater than about 500, e.g., selected
from the group consisting of DDR, Sigma-1, Zeolite-58, and combinations and
intergrowths thereof.

10. The process of any one of the previons claims wherein the heating of step
d} 1s performed in such a way as 0 cause a thermal wave 1o travel along the adsorbent
bed, e.g., co-current to the direction gas flow through the adsorbent bed.

11. The process of claim 10 wherein a Top and 8 T1o can be defined with
respect to the second temperature and the first temperature such that a temperature
differential of (Top-T 1) occurs over at most 50% of the length of the adsorbent bed.

12. The process of claim 10 or claim 11 wherein the thermal wave exhibils 2
maximum Peclet namber, Pe, less than 10, wherein Pe = (U*L)/ o, where U represents
a heat exchange fluid velocity, L represents a characteristic distance over which heat is

transported in a direction roughly perpendicular to fluid flow, and «a represents an
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effective thermal diffosivity of the contactor over the distance L, and wherein U is from
about 0.01 nv/s {o about 100 nmv/s, and L is less than 0.1 meter.

13, The process of any one of the previous claims wherein less than about 40%
of the open pores of the adsorbent bed have diamceters greater than about 20 Angstroms
and fess than about I micron.

14. The process of any one of the previous claims wherein said third pressure is

between 90% and 100% of the absolute pressure of the feed gas mixture



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims

