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ABSTRACT

A pressure swing adsorption process for removal of CO; from natural gas streams through
a combination of a selective adsorbent material containing an effective amount of a non-adsorbent

filler, adsorbent contactor design, and adsorption cycle design.
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METHODS OF REMOVING CONTAMINANTS FROM A HYDROCARBON
STREAM BY SWING ADSORPTION AND RELATED APPARATUS AND SYSTEMS

This application is a divisional application of co-pending application Serial No. 2,824,991,
filed February 27, 2012.

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Patent Application No. 61/448,121
entitted METHODS OF REMOVING CONTAMINANTS FROM A HYDROCARBON STREAM
BY SWING ADSORPTION AND RELATED APPARATUS AND SYSTEMS, filed March 1,
2011.

[0002] This application is related to U.S. Patent Application No. 61/448,117 entitled
APPARATUS AND SYSTEMS HAVING AN ENCASED ADSORBENT CONTACTOR AND
SWING ADSORPTION PROCESSES RELATED THERETO, filed March 1, 2011; U.S. Patent
Application No. 61/448,120 entitted APPARATUS AND SYSTEMS HAVING A
RECIPROCATING VALVE HEAD ASSEMBLY AND SWING ADSORPTION PROCESSES
RELATED THERETO, filed March 1, 2011; U.S. Patent Application No. 61/448,123 entitled
APPARATUS AND SYSTEMS HAVING A ROTARY VALVE ASSEMBLY AND SWING
ADSORPTION PROCESSES RELATED THERETO, filed March 1, 2011; U.S. Patent
Application No. 61/448,125 entitled APPARATUS AND SYSTEMS HAVING COMPACT
CONFIGURATION MULTIPLE SWING ADSORPTION BEDS AND METHODS RELATED
THERETO, filed March 1, 2011, and U.S. Patent Application No. 61/594,824, entitled METHODS
OF REMOVING CONTAMINANTS FROM A HYDROCARBON STREAM BY SWING
ADSORPTION AND RELATED APPARATUS AND SYSTEMS, filed February 3, 2012.

FIELD OF THE INVENTION

[0003] This invention relates to a swing adsorption process for removal of contaminants,
e.g., CO, and H,S, from hydrocarbon streams through a combination of a selective features, such as

system configurations, adsorbent structures and materials, and/or cycle steps.

BACKGROUND OF THE INVENTION

[0004] Gas separation is important in many industries and can be accomplished by

conducting a mixture of gases over an adsorbent material that preferentially adsorbs a more

CA 2990793 2018-01-04



10

15

20

25

30

readily adsorbed component relative to a less readily adsorbed component of the mixture.
One of the more important types of gas separation technology is 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 a microporous adsorbent material or within
the free volume of a polymeric material. The higher the pressure, the greater the amount of
target gas component that is adsorbed.  When the pressure is reduced, the adsorbed target
component is released, or desorbed. PSA processes can be used to separate gases within a
gas mixturc becausc different gases tend to fill the micropore or free volume of the adsorbent
to differcnt extents. If a gas mixture, such as natural gas, is passed under pressure through a
vessel containing a polymeric or microporous adsorbent that is more selective towards carbon
dioxide, for example, than it is for methane, at least a fraction of the carbon dioxide is
sclectively adsorbed by the adsorbent, and the gas cxiting the vesscl is cnriched in methane.
When the bed reaches the end of its capacity to adsorb carbon dioxide, it is regenerated by
reducing the pressure, thereby releasing the adsorbed carbon dioxide. It is typically then
purged and repressurized and ready for another adsorption cycle.

[0005] While there are various teachings in the art with respect to new adsorbent
materials, new and improved parallel channel contactors, and improved rapid cycle PSA (RC-
PSA) equipment, none of these to date present a viable solution to the problem of producing
good recovery of methane when the feed gas is at high pressure. This is a critical issue
because natural gas is often produced at high pressures (30-700 bar) and it is preferred to
opcratc the scparation system at high pressurc to avoid additional compression before
transportation to the market. One problem in extending PSA processes to high pressures,
especially with those streams containing large amounts of CO,, is that at the end of the
adsorption step there can be significant amounts of product gas in the flow channels and void
spaces. This can lead to poor recovery of the desired product and also to low purity product
strcams.

[0006] Achieving high recovery and high purity in separation processes at high
pressures 1§ especially beneficial in natural gas processing operations. Many natural gas
fields contain significant levels of CO,, as well as other contaminants, such as H,S, N,, H,0
mercaptans and/or heavy hydrocarbons that have to be removed to various degrees before the
gas can be transported to market. It is preferred that as much of the acid gas (e.g., H>S and
CO») be removed from natural gas as possible, and some applications require high purity

product gas with parts per million levels of contaminants to meet safety or operational
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specifications. In all natural gas separations, methane is the valuable component and acts as a
light component in swing adsorption processes. Small increases in recovery of this light
componcent can result in significant improvements in process cconomics and also scrve to

prevent unwanted resource loss.

[0007] Conventional commercial practices for removal of acid gases from natural gas
are limited in reaching high recovery and high purity, especially when acid gas
concentrations arc greater than 30%, becausc these processes involve considerable energy
input in the form of refrigeration, and they often require sizable equipment. For example, the
conventional methods for removing up to 20 mole percent (mol%) to 30 mol% acid gases
from natural gas streams include physical and chemical solvents. These processes require
handling and inventory storage for solvent as well as significant energy consumption for
rccovering the solvent.  For higher acid gas concentrations, some applications usc bulk
fractionation combined with technology like a Seclexol physical solvent system which
requires refrigeration and can result in extensive loss of heavy hydrocarbons to the acid gas

stream.

[0008] Generally, simple PSA cycles can not takc advantage of the kinctics of
adsorption because the cycle times are long, and conventional PSA systems typically result in
significant loss of methane with the acid gas stream. The relatively low product recovery
along with the large size and cost of conventional PSA systems typically prohibits their use in
large-scale natural gas processing applications. While various concepts have been proposed
to cnhance the performance of PSA systems, nonc have cnabled scparations at high pressurc
that provide the product purity and recovery required for natural gas processing. Therefore, a
need exists in the art for improved processes to remove contaminants from feed streams, such

as natural gas streams, at high pressure with high product purity and product recovery.

SUMMARY OF THE INVENTION

[0009] In accordance with the present invention there is provided a swing adsorption
process for removing contaminants, e.g., CO,, from hydrocarbon streams, such as natural gas
streams, which process comprises: a) subjecting a natural gas stream comprising methane and
CO; to an adsorption step by introducing it into the feed input cnd of an adsorbent bed
comprised of an adsorbent material selective for adsorbing CO,, which adsorbent bed having
a feed mnput end and a product output end and which adsorbent bed is operated at a first
pressure and at a first temperature wherein at least a portion of said CO; is adsorbed by the

adsorbent bed and wherein a gaseous product rich in methane and depleted in CO, exits the

3
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product output end of said adsorbent bed, wherein said adsorbent material is porous and
contains an effective amount of non-adsorbent mesopore filler material, and wherein the
adsorption step is performed for a period of less than 10 scconds; b) stopping the introduction
of said natural gas strcam to said adsorbent bed before breakthrough of said target species
from the product output end of said adsorbent bed; ¢) subjecting said adsorption bed to
successive 1 to 10 equalization steps wherein the pressure of said bed is reduced by a
predetermined amount with each successive step; d) conducting a high pressure gaseous
stream rich in CO, through said adsorbent bed to remove hydrocarbons from the bed; ¢)
subjecting the purged adsorbent bed to multiple successive blow-down steps wherein the
pressure of the bed is reduced by a predetermined amount with each successive blow-down
step; f) subjecting said adsorption bed to successive 1 to 10 equalization steps wherein the
pressurc of said bed is increased by a predetermined amount with cach suceessive step; and

g) repressurizing said adsorbent bed to feed pressure using feed.

BRIEFK DESCRIPTION OF THE FIGURES

[0010] Figure 1 hereof is a representation of one embodiment of a parallel channel
adsorbent contactor that can be used in the present invention. This contactor is in the form of
a monolith that is directly formed from a microporous adsorbent and containing a plurality of
parallel gas channels.

[0011] Figure 2 hereof is a cross-sectional representation along the longitudinal axis
of the contactor of Figure | hereof.

{0012] Figure 3 hereof is a representation of a magnified section of the cross-sectional
view of the monolith of Figure 2 showing the detailed structure of the adsorbent layer along
with a blocking agent occupying some of the mesopores and macropores.

[0013] Figurc 4 hereof is an enlarged view of a small area of a cross-section of the
contactor of Figurc 1 hercof showing adsorbent laycred channcl walls.

[0014] Figure § hercof is a representation of a spiral wound adsorbent contactor for
use in the present invention.

[0015] Figure 6 hereof is a representation of another configuration of an adsorbent
contactor of the prescent invention that is comprisced of a bundlic of hollow tubcs.

10016] Figure 7 hereof is a flow scheme of an exemplary embodiment of the present

invention showing a blow-down sequence for one adsorbent bed.
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[0017] Figure 8 is a process flow diagram of an exemplary embodiment of a rerun
RC-PSA system that can achieve high product purity and recovery.

[0018] Figurc 9 is a process flow diagram of an cxcmplary vacuum RC-PSA system
that can achieve high product purity and recovery.

[0019] Figure 10 is a chart showing the pressure of the adsorbent bed of an
embodiment of the present invention wherein fourteen adsorbent bed assemblies are used to
complcte a two-pressure cqualization adsorption cycle.

[0029] Figures 1la and 11b are charts showing the arrangement of the steps for
fourteen adsorbents bed assemblies in a two-pressure equalization RC-PSA cycle.

[0021] Figures 12a and 12b are charts showing an arrangement of steps for sixteen

adsorbent bed assemblics in a three-pressure cqualization RC-PSA cycle.

[0022] Figures 13a and 13b are schematic diagrams of the adsorbent structures and
bed.
[0023] Figures 14a and 14b show the pressure versus time relationship for exemplary

cycles for RC-PSA cycles described in Figure 8.

[0024} Figures 15a and 15b shows an exemplary cycle schedule for the base RC-PSA
system in Figure 8.

[0025] Figure 16 shows an exemplary cycle schedule for the rerun RC-PSA system in
Figure &.

[0026] Figure 17 shows an exemplary cycle schedule for the base RC-PSA system

utilizing equalization tanks.

[0027] Figure 18 shows an exemplary cycle schedule for the rerun RC-PSA system
utilizing equalization tanks.

[0028] Figure 19 shows the pressure versus time relationship for an exemplary
vacuum RC-PSA cycle described in Figure 9.

[0029] Figure 20 shows an exemplary cycle schedule for the vacuum RC-PSA
described in Figure 9.

[0030] Figure 21 is an illustration of an elevation view of an exemplary hydrocarbon
treating apparatus comprised of a swing adsorption system with fourteen adsorbent bed
assemblies arranged in two levels of seven beds equally spaced around the central valve and

flow distribution assembly.
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[0031] Figure 22 is an illustration of a plan view of an exemplary hydrocarbon
treating apparatus comprised of a swing adsorption system with fourteen adsorbent bed
asscmblics arranged in two levels of seven beds equally spaced around the central valve and
flow distribution assembly.

[0032] Figure 23 is a three-dimensional diagram of another exemplary hydrocarbon
treating apparatus comprised of a swing adsorption system with seven adsorbent bed

asscmblics arranged in two rows.

[0033] Figures 24A, 24B, and 24C are top, side, and bottom views, respectively, of an
individual adsorbent bed assembly from the exemplary hydrocarbon treating apparatus in
Figure 23.

[0034] Figure 25 is a three-dimensional diagram of individual adsorbent bed support

structures attached to the skid base for the exemplary hydrocarbon treating apparatus of
Figure 23,

[0035] Figures 26A, 26B, and 26C are top, side, and bottom views, respectively, of a
pair of individual adsorbent bed assemblies with interconnecting piping and bed support
structurcs for the excmplary hydrocarbon trcating apparatus in Figure 23.

[0036] Figure 27 is a three-dimensional diagram of the valves and piping network for
the seven interconnected adsorbent beds of the exemplary hydrocarbon treating apparatus of
Figure 23.

DETALLED DESCRIPTION OF THE INVENTION

[0037] All numerical values within the detailed description and the claims herein 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. Further, gas compositions are represented as mole percentages unless otherwise

indicated.

[{0038] Unless otherwise explained, all technical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art to which this
disclosure pertains. The singular terms "a," "an," and "the" include plural referents unless the
context clearly indicates otherwise. Similarly, the word "or" is intended to include "and"
unless the context clearly indicates otherwise. The term "includes" means "comprises.” All
patents and publications mentioned herein are incorporated by reference in their entirety,

unless otherwise indicated. In case of conflict as to the meaning of a term or phrase, the
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present specification, including explanations of terms, will control. Directional terms, such
as "upper,” "lower," "top," "bottom," "front," "back," "vertical," and "horizontal," are used
herein to express and clarify the relationship between various elements. It should be
understood that such terms do not denote absolute orientation (e.g., a "vertical" component
can become horizontal by rotating the device). The materials, methods, and examples recited

herein are illustrative only and not intended to be limiting.

[0039] The present invention relates to the removal of contaminants from gas streams,
preferably natural gas streams, using rapid-cycle swing adsorption processes, such as rapid-
cycle pressure swing adsorption (RC-PSA). Separations at high pressure with high product
recovery and/or high product purity are provided through a combination of judicious choices
of adsorbent material, gas-solid contactor, system configuration, and cycle designs. For
example, cycle designs that include steps of purge and staged blow-down as well as the
inclusion of a mesopore filler in the adsorbent material significantly improves product (e.g.,
methane) recovery. When compared to conventional pressure swing adsorption technology
for removing acid gas (e.g., CO, and H,S) from natural gas streams, for example, the benefits
of the certain embodiments of the present invention include: lower hydrocarbon losses to the
acid gas stream, lower overall power consumption, and smaller footprint and equipment
weight. In other combinations of features described herein, RC-PSA systems are provided
that produce high purity product streams from high-pressure natural gas, while recovering
over 99% of the hydrocarbons. For example, in one embodiment of an RC-PSA system, a
product with less than 10 ppm H,S can be produced from a natural gas feed stream that

contains less than 1 mole percent H,S.

[0040] Other applications in the technical area include U.S. Patent Application Nos.
61/447,806, 61/447,812, 61/447,824, 61/447,848, 61/447,869, 61/447,835, and 61/447,877.

[0041] The ability to remove contaminants from feed stream, such as a methane
stream, at high pressure with high recovery is beneficial in natural gas processing. As an
example, gas fields include methane and may also contain significant levels of H,O, H,S,
CO,, N,, mercaptans and/or heavy hydrocarbons that have to be removed to various degrees
before the gas can be transported to market. Natural gas is often produced at high pressures
(30-700 bar absolute). It may be preferred to operate the separation system at high pressure
to avoid additional compression before transportation to the market. That is, the processing

may be more energy efficient, as it does not involve additional compression.

CA 2990793 2018-01-04



10

15

20

25

30

[0042] In addition, processing at higher pressures enhances the working capacity of
the adsorbent and minimizes the size of the equipment. In natural gas separations, methane is
a valuablc component and acts as a light component in swing adsorption processes. Small
increases in recovery of this light component can result in enhancements in process
economics and scrve to prevent unwanted resource loss (e.g., loss of methane or other target
product). It is desirable to recover more than 90%, preferably more than 95% of the methane,
more than 97% of the methane, or more than 99% of the methane in the contaminant removal
process. Recovery is defined as the ratio of the number of molces of the desired or target gas
in the product stream divided by the number of moles of the same desired or target gas in the

feed stream.

[{0043] Conventional PSA processes are not able to process higher pressure gases
(greater than around 30 bar-a), while still providing high rccovery of methane(e.g., >90%,
>95%, or >97%). Typically, the methane is lost with the acid gas in these processes through
two mechanisms. First, methane from the feed stream remains in the void spaces between
adsorbent pellets and/or particles after the adsorption step (e.g., within the pores of the
contactor). Void volumes can be quite significant in conventional PSA processes because
they are typically operated with long cycle times, on the order of minutes or hours, and
therefore the adsorbent and equipment volumes are large. Even for smaller conventional
rapid cycle PSA processes, the void space is not managed properly and can still comprise a
large portion of the overall system volume. Second, the methane is adsorbed onto the
adsorbent material, because materials with relatively low  sclectivity arc cmployed in
conventional PSA systems and the swing capacity is such that the effective ratio for CO,
versus methane molecules entering and leaving the absorbent materials is around 5-10.
Through both of these mechanisms, significant quantities of methane may remain in the PSA
system after the adsorption step and are lost with the acid gas in the regeneration steps of the
cycle. Becausc of the low methanc rccovery, conventional PSA systems arc not widely
employed for large-scale acid gas removal from natural gas.

10044| In addition to high recovery, some natural gas processing applications require
the production of a high purity product stream at high pressure. To produce gas that can be
ultimately sold to residential and commercial fucl markets, contaminants, such as N,, Hg,
mercaptans, and acid gases (¢.g., CO, and H,S), has to be removed to acceptable
levels. Most commonly, H,S has to be removed to low levels in the product offered for sale

due to health and safety concerns, with product concentrations of H,S less than 16 ppm, less
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than 10 ppm, less than 4 ppm, or even less than 1 ppm, For pipeline sales to meet
flammability and burner requirements, it may be preferred that the N, and CO; in the product
be less than S mol%, lcss than 2 mol%, or preferably less than 1.5 mol%. Further, when the
purified product is converted to liquefied natural gas (LNG), it may be preferred that the CO»
be less than 100 ppm, less than 75 ppm or preferably less than 50 ppm to prevent fouling of
the cryogenic heat exchanger by solid CO;. Product purity is defined as the ratio of the
number of moles of the desired gases in the product stream divided by the total number of

moles of gas in the product stream.

[0045] Conventional PSA processes are not able to remove contaminants, such as
H,S, from high pressure feed streams, such as natural gas, down to parts per million levels,
while achieving high recovery. For example, Kikkinides, et al. were able to simulate a PSA
process that purificd natural gas at around 30 bar-a containing 1000 ppm H,S and 5% CO,
and produced a product stream containing 1 ppm H,S and 3% CO, while achieving over 95%
recovery. See E. S. Kikkinides, V. I Sikavitsas, and R. T. Yang, “Natural Gas
Desulfurization by Adsorption: Feasibility and Multiplicity of Cyclic Steady States™, Ind.
Eng. Chem. Res. 1995, 34(1), p. 255-262. Vacuum regeneration at pressures around 0.1 bar-
a were required to obtain low levels of H,S in the product. Another conventional PSA
system has been demonstrated commercially for removal of CO, and H>S to low levels in a
system designed to remove nitrogen from natural gas at pressures less than around 8 bar-a,
See Product Brochures from Guild Associates, http://www.moleculargate.com/landfill-gas-
purification/MolccularGate Introduction.pdf. Vacuum regencration is also required, and
methane recovery of 93% is reported. While both of these processes demonstrated high
recovery and high purity, performance can not be maintained at higher pressures as required
for most large-scale natural gas processing facilities. Product recovery and product purity
both decrease when conventional processes are operated with higher pressure feed streams.
In addition, these conventional PSA processes can not be operated with rapid cycles, thus
significantly limiting the productivity of the PSA system, which results in larger and more
expensive separation equipment. Many factors limit the ability to decrease cycle time with
conventional PSA processes, and as a result the achievable product recovery and purity is
limited. For cxample, the high velocitics of feed gas through the adsorbent bed or contactor
in rapid cycle processes negatively affect performance of the conventional PSA processes, as
noted above in Kikkinides et al. wiiere the H,S concentration in the product increases by one

hundred fold when the gas velocity is increased by 25%.
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[0046] The present invention enables PSA processes for high-pressure feed streams,
such as natural gas, that provide high product recovery and/or high product purity using
combinations of various featurcs related to A) cycle steps (c.g., adsorption cycle steps,
timing, and pressure levels); B) adsorbent structures and materials; and C) adsorption system
configurations. The unique combination of features described herein results in performance
not previously achieved with PSA processes and as a result the present invention can be used
for economic processing of high-pressure natural gas at a large scale. To begin, cycle steps
may include onc or morc of adsorption cycle steps, timing, and pressurc levels, which are
described above as feature A. These cycle steps may include Al) rapid cycle times; A2)
purge with exhaust (referred to as recovery purge); A3) purge with product; A4) vacuum
regeneration; AS) selection of proper purge pressures; and A6) multiple blow-down steps.
By operating PSA systems with cycle times on the order of seconds, rather than minutes or
hours as in conventional PSA systems, the amount of adsorbent and overall system size can
be significantly reduced. That is, the weight, cost, and footprint of rapid cycle PSA systems
are significantly lower than conventional PSA processes. In addition, the small volume of
adsorbent and vessels in an RC-PSA system enables various purges to be conducted that
improve rccovery and/or product purity. For cxample, a portion of thc contaminant-rich
exhaust from the depressurization of one adsorbent bed can be used to purge another
adsorbent bed, displacing methane trapped in void spaces between adsorbent particles or
methane remaining in channels of the adsorbent contactors. The methane displaced during
this recovery purge step can be recycled and captured, thereby incrcasing the methanc
recovery of the RC-PSA system. For higher product purity, the adsorbent bed can be purged
using a portion of the product gas, which exposes the adsorbent bed to a low partial pressure
of contaminant (e.g., H,S) and provides further desorption of H,S from the adsorbent bed.
As a result, high purity methane can be produced during the subsequent adsorption step.

{0047] Alternatively, the partial pressure of H,S in the adsorbent bed can be reduced
by exposing the unit to vacuum during regeneration steps to further desorb H,S from the
adsorbent bed. Again, high purity methane can be produced on the subsequent adsorption
step. For any type of purge step in an adsorption cycle, the pressure levels should be selected
to lessen the volume of gas flow requircd along with any compression requircments, while
maintaining the desired result of the purge step. Finally, depressurization of the adsorbent

bed to desorb the contaminants can be performed using a number of biow-down steps with

10
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pressure levels selected to correspond to inlet pressures of associated compression equipment

to lessen the number of stages required and associated power consumption.

[0048] Further, the various steps in the cycle may involve an initial pressure and a
final pressure once the step is complete. For instance, the feed stream may be provided at a
feed pressure, while depressurization steps may reduce the pressure within an adsorbent bed
from a depressurization initial pressure to a depressurization final pressure. Similarly, the
blow-down steps may also cach reduce the pressure within the adsorbent bed from a blow-
down initial pressure to a blow-down final pressure. To re-pressurize the adsorbent bed, re-
pressurization steps may increase the pressure within the swing adsorption vessel from re-

pressurization initial pressure to a re-pressurization final pressure.

[0049] Additional features may include the adsorbent structures and materials, which
arc described above as feature B. These adsorbent structure and material featurcs include B1)
selection of adsorbent material; B2) structured adsorbent contactors; B3) arrangement of
adsorbent material within the contactor; and B4) utilization of a mesopore filler to reduce
macropore and mesopores within the contactor. An adsorbent material should have a high
sclectivity for thc componcnt or components to be rcmoved as compared to the target
product.  Furthermore, rapid cycle processes enable kinetic separations®in which the
selectivity is enhanced by utilizing the differences in diffusion speeds for contaminants
relative to target product, which may be methane. As a result, high recovery can be achieved
because only a small fraction of the target product (e.g., methane for a natural gas feed
strcam) is adsorbed and lost with the contaminants (c.g., acid gas for a natural gas feed
stream). For HyS removal, materials that are selective for H,S are chosen to lessen both CO,
and methane adsorption. In RC-PSA processes, gas velocities within the adsorbent beds may
also be quite high due to the high volume flow and short step duration. Therefore, structured
adsorbent contactors with a plurality of substantially parallel channels lincd with adsorbent
material are utilized to minimize pressure drop.

[0050] Further, the arrangement of the adsorbent material within the adsorbent
contactor is also beneficial. For example, both H,S and CO; can be removed to low levels by
providing a contactor with a first section containing an adsorbent material selective to remove
H,S and a sccond scction containing an adsorbent matcrial sclective to remove CO; (c.g., a
composite adsorbent bed). During regeneration of the composite adsorbent bed, the CO,
desorbed from the second section flows through the first section and provides a purge to

remove HaS from the first section of the adsorbent bed, which may include substantially all of
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the adsorbed H,S. As a result, the methane product may be provided with less than 4 ppm or
less than 10 ppm H>S and less than 1.5% CO; on the subsequent adsorption step from the
RC-PSA system.

[0051] Moreover, void spaces between adsorbent particles within the structured
adsorbent contactor can be filled using various types of materials that allow diffusion into and
out of the adsorbent particles, but substantially reduce the volume of void space in the overall
system. As a rcsult of using a mesopore filler, less methane remains trapped in the adsorbent
layer of the contactor after the adsorption step, and therefore less methane is lost with the

acid gas resulting in higher overall methane recovery.

[0052] Yet even more additional features include adsorption system configuration
features, which are described above as feature C. These features include one or more of C1)
a scrics RC-PSA arrangement and C2) dedicated cqualization tanks for cach cqualization
step. In addition to or as an alternative to certain features described above, multiple RC-PSA
systems can be utilized in series to enhance recovery. The first RC-PSA system processes a
feed stream (e.g., natural gas) to produce a high purity product, and the exhaust from the first
RC-PSA system is directed to a sccond RC-PSA system to remove product from the acid gas
stream so that the loss of product to the acid gas stream is lessened and the overall product
recovery is increased. Further, an additional enhancement may include the use of
equalization tanks in a RC-PSA system. For example, each adsorbent bed in an RC-PSA
system may include an equalization tank for each equalization step to manage the
regeneration of the process in a more cfficient manner. That is, the cqualization tanks may be
utilized to reduce the time associated with depressurization and re-pressurization of the
adsorbent bed during the cycle. As a result, the cycle time can be reduced, thereby improving
the productivity of the RC-PSA system and reducing the size.

[0053] The features described above can be combined in different configurations to
enhance performance of a RC-PSA system for high-pressure separations. For example, a
PSA system with high recovery can be achieved by a combination of features, such as rapid
cycle times; purge with exhaust; selection of adsorbent material; structured adsorbent
contactors; and utilization of a mesopore filler to reduce macropore and mesopores within
contactor. The performance could be further cnhanced by adding featurcs sclection of proper
purge pressures; multiple blow-down steps and equalization tanks. As another example, a
high purity PSA system can be designed by combining features, such as rapid cycle times and

purge with product; vacuum regeneration; selection of adsorbent material; structured
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adsorbent contactors; and arrangement of adsorbent material within the contactor.
Performance could be further enhanced by adding features multiple blow-down steps and
cqualization tanks. As another cxample, both high recovery and high purity could be
achieved by combining features, such as rapid cycle times; purge with exhaust; purge with
product; selection of adsorbent material; structured adsorbent contactors; arrangement of
adsorbent material within the contactor; and utilization of a mesopore filler to reduce
macropore and mesopores within contactor. Performance could be further enhanced by
adding factors multiple blow-down steps and/or a scrics RC-PSA arrangement and/or
dedicated equalization tanks for each equalization step. As another example, both high
recovery and high purity could be achieved by combining factors rapid cycle times; purge
with exhaust; vacuum regeneration; selection of adsorbent material; structured adsorbent
contactors; arrangement of adsorbent matcrial within the contactor; and utilization of a
mesopore filler to reduce macropore and mesopores within contactor. Performance could be
further enhanced by adding factors, such as multiple blow-down steps and/or a series RC-

PSA arrangement and/or dedicated equalization tanks for each equalization step

[0054] Further details of the specific features are provided in figures and the
following paragraphs.
[0055] In particular, further details regarding the cycle step features are provided in

Figures 1-6 and the associated paragraphs. The swing adsorption processes of the present
invention are preferred to be performed in rapid cycle times or mode, as referenced above as
fcaturc Al. Conventional pressurc swing adsorption systems arc cxpensive to operate and
require a large footprint to be able to remove sufficient amounts of CO, from natural gas
streams. Also, conventional pressure swing adsorption units have cycle times in excess of
one minute, typically in excess of two to four minutes. In contrast, the total cycle times for
RC-PSA systems arc typically less than 90 scconds, preferably Iess than 30 scconds, less than
20 seconds, more preferably less than 15 seconds, and even more preferably less than 10
seconds. One advantage of RC-PSA technology is a significantly more efficient use of the
adsorbent material. The quantity of adsorbent required with RC-PSA technology can be only
a fraction of that required for conventional PSA technology to achieve the same separation
performance.  As a result, the footprint, capital investment, and the amount of active
adsorbent required for RC-PSA is typically significantly lower than that for a conventional
PSA system processing an equivalent amount of gas. For example, an RC-PSA unit with a

three second adsorption time interval for the cycle may utilize only 5% by weight of the
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adsorbent used for a conventional PSA with a one minute adsorption time interval for the
cycle. U.S. Patent Nos. 6,406,523; 6,451,095; 6,488,747; 6,533,846 and 6,565,635, describe
various aspccts of RC-PSA technology.

[0056] The smaller equipment volumes associated with RC-PSA technology facilitate
flexibility in the operation, which may be utilized to further enhance the process. For
example, purge steps may be utilized with a RC-PSA system to enhance the performance of
system. A purge step may include using cxhaust gas, which is noted above as feature A2, to
enhance the methane recovery for the RC-PSA system. In this step, referred to as a recovery
purge, a gaseous stream with low concentrations of the product gases may be used to purge
the adsorbent bed after the adsorption and equalization steps of the cycle. This contaminant-
rich purge stream sweeps methane from the flow channels and void spaces between adsorbent
particles and/or the contactor structure, so that the methance can be recycled or captured and
other process, thereby reducing the loss of the product gases to the exhaust stream. This

purge step substantially increases the recovery of the product gases.

[0057] Further, the pressure of the purge may also be optimized, which is as noted
above as feature AS, so that the pressurc is low cnough to reduce the flow rate of the purge
feed for effectively sweeping the channels, but is high enough to prevent desorption of the
contaminants from the adsorbent bed into the purge stream. The preferred source for the
recovery purge is to extract a portion of the exhaust from the blow-down steps, which is then
compressed to the required pressure for the purge step. Alternate sources for the purge may
also be cnvisioned, such as N, or other gascs substantially free of methanc that arc available
from other process units. Exemplary purge pressures may include 50 bar a to 1 bar a, which

may depend on various factors.

[0058] Another type of purge that can be used in RC-PSA systems to enhance the
product purity is a product purge, which is notcd above as featurc A3, in which a clcan gas
substantially free of the contaminants (e.g., CO; and H,S) is used to clean the adsorbent bed
during regeneration. The reduced partial pressure of contaminants in the flow channels of the
adsorbent bed creates a driving force that assists in desorption of contaminants, allowing the
adsorbent material to be cleaned to a greater extent than possible with a simple pressure
swing to atmospheric pressure.  As a result, breakthrough of the contaminants into the
product stream is lessened during the subsequent adsorption cycle and higher product purity
is obtained. Non-limiting examples of such gases (i.e., "clean gas") include methane and

nitrogen that are maintained flowing through the parallel channels in a direction counter-
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current to the feed direction during at least a portion of the desorption steps of the process.
The preferred source for the clean gas is to utilize & portion of the product stream, which is let
down to the appropriate pressurc to use for the purge. The pressure of the purge is sclected
typically at the lowest depressurization pressure, although any pressure level between the
lowest depressurization pressure and feed pressure can be used. The purge pressure is

primarily selected to lessen the flow rate required for the purge.

[0059] Another method for cnhancing the product purity from an RC-PSA system is
the use of vacuum regeneration (as noted above as feature A4). In some embodiments, the
adsorbent bed may be exposed to vacuum at a pressure greater than or equal to 0.1 bar-a,
greater than or equal to 0.25 bar- a, or greater than or equal to 0.5 bar-a, during a blow-down
step to further reduce the partial pressure of contaminants in the flow channels. This creates
an incrcascd driving force, which assists in desorbing the contaminants, further reducing the
concentration of contaminants in the adsorbent bed at the end of the blow-down step. As a

result, high purity product gas is produced during the subsequent adsorption cycle.

[0060] If the contaminant exhaust stream from an RC-PSA system has to be
compressed prior to subscquent usc or disposal, then the usc of multiple blow-down steps, as
noted in feature A6, may be preferred during regeneration. In an embodiment,
depressurization of the adsorbent bed is conducted in multiple blow-down steps, where each
step reduces the pressure of the adsorbent bed from an initial pressure to a final pressure.
Pressure levels for the blow-down steps are selected to lessen compression power of the
cxhaust stream, while still depressurizing to the minimum system pressure to allow for
maximum desorption of contaminants. For example, an RC-PSA system with a minimum
blow-down pressure of 1 bar-a, the final blow-down pressures can be selected around 1 bar-a,
3 bar-4, and 9 bar-a because typical CO, compressors operate with pressure ratios around 3.
With this configuration, the ovecrall power consumption for compressing the blow-down
streams is much lower than the power required for compressing the entire stream from 1 bar-
a. In other embodiments that include a vacuum blow-down step to obtain high product
purity, the use of multiple blow-down steps reduces the size of the vacuum system because a
large portion of the contaminants are exhausted at pressures above atmospheric pressure (1
bar a). For cxample, in an RC-PSA system with a minimum pressurc of 0.5 bar-a, much of
the contaminants are exhausted through blow-down steps at 1.5 bar-a and 4.5 bar-a so that the
overall compression power is minimized and the size of the vacuum system for the 0.5 bar-a

exhaust 18 minimized.
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10061] As a further enhancement of the blow-down steps in an adsorption cycle,
depressurization during the blow-down steps may be performed from both the feed and the
product sides of the adsorbent bed. When compared to depressurizing from only onc cnd of
the adsorbent bed, this lessens the time required for the blow-down steps. As a result, the
overall cycle time decreases as the productivity of the RC-PSA system increases.
Alternatively, for a tixed blow-down time, depressurization using both ends of the adsorbent
bed allows lower pressure levels to be reached, which cleans the bed further and provides

higher purity product on the subscquent adsorption step.

[0062] Depressurization from both ends also enhances recovery and purity of the
product when a composite adsorbent bed is used in the adsorption system. In an example, the
blow-down step may be performed from both the feed and the product sides of a composite
adsorbent bed containing a first portion of bed having an aminc functionalized adsorbent
material for H,S removal and a second portion of the bed having DDR adsorbent bed for CO,
removal from natural gas. During the adsorption step, the gas of the feed stream, which may
be referred to as feed gas, contacts the amine functionalized adsorbent bed first and
breakthrough of H,S occurs before the feed gas contacts the DDR adsorbent bed where
breakthrough of CO; occurs. During the blow-down step, the blow-down stream from the
product end of the adsorbent bed is substantially free from H»S and may be used for the
recovery purge step to improve recovery of the desired product without reintroducing H,S
into the system, which also enables production of methane during the subsequent adsorption
step which is substantially frec from H>S. In addition, because the product side of the
adsorbent bed is substantially free from H,S, the product stream during the subsequent
adsorption stcp may be substantially free from H,S. The blow-down stream from the feed end
of the adsorbent bed contains substantial amounts of the adsorbed H,S and may form the
exhaust.

[0063] In addition to the cycle step features, various adsorbent structure and material
features may be utilized to enhance the process. For example, selection of the appropriate
adsorbent material for an RC-PSA system, which is noted above as feature B1, is one of the
primary considerations in obtaining a system with high product recovery, high product purity,
or both. To obtain substantially complete removal of contaminants, such as acid gas, from
natural gas streams, an adsorbent material is selected that is selective for the contaminants to

be removed, but has a low capacity for product. For example, the adsorbent material may be
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heavier hydrocarbons (e.g., hydrocarbons with carbon contents equal to or above about two).

[0064] Preferred adsorbents for the removal of acid gascs arc sclected from a group
consisting of mesoporous or microporous materials, with or without functionality for
chemical reactions with acid gases. Examples of materials without functionality include
cationic zeolites and stannosilicates. Functionalized materials that chemically react with H,S
and CO; exhibit significantly increased selectivity for H,S and CO, over hydrocarbons.
Furthermore, these materials do not catalyze undesirable reactions with hydrocarbons that
occur on acidic zcolites. Accordingly, functionalized mesoporous adsorbents may be
preferred, wherein their affinity toward hydrocarbons is further reduced compared to un-
functionalized smaller pore materials, such as zeolites. Alternatively, adsorption of heavy
hydrocarbons can be kinetically suppressed by using small-pore functionalized adsorbent
materials, in which diffusion of heavy hydrocarbons is slow compared to HsS and CO,.
Non-limiting examples of functional groups suitable for use herein include primary,
secondary, tertiary and other non-protogenic basic groups, such as amidines, guanidines and
biguanides. Furthcrmore, thesc materials can be functionalized with two or morc types of
functional groups.

{0065] Other non-limiting examples of preferred selective adsorbent materials for use
in embodiments herein include microporous materials, such as zeolites, AIPOs, SAPOs,
MOFs (metal organic frameworks), ZIFs (zcolitic imidazolate frameworks, such as ZIF-7,
ZIF-9, ZIF-8, ZIF-11, etc.} and carbons, as well as mesoporous materials, such as the amine
functionalized MCM materials, SBA, KIT materials. For the acid gases such as H»S and CO,
which are typically found in natural gas streams, adsorbents such as cationic zeolites, amine-
functionalized mesoporous materials, stannosilicates, carbons are also preferred.

[0066] As an example, for CO; removal from natural gas, certain embodiments may
formulate the adsorbent with a specific class of 8-ring zcolitc materials that has a kinctic
selectivity for CO; over methane. The kinetic selectivity of this class of 8-ring zeolite
materials allows CO, to be rapidly transmitted (diffused) 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. For the removal of CO, from natural gas, this specific class of 8-ring
zeolite materials has a Si/Al ratio from about 2 to about 1000, preferably from about 10 to
about 500, and more from about 50 to about 300. It should be noted that as used herein, the

term Si/Al is defined as the molar ratio of silica to alumina of the zeolitic structure. This
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preferred class of 8-ring zeolites that are suitable for use herein allow CO; to access the
internal pore structure through 8-ring windows in a manner such that the ratio of single
component diffusion cocfficients of CO; and mcthanc (i.c., Deoa/Depy) is greater than 10,
preferably greater than about 50, and more preferably greater than about 100 and even more
preferably greater than 200. A preferred adsorbent material is Deca-Dodecasil 3R (DDR)

which 1s a zeolite,

[0067] In cquilibrium controlled swing adsorption processes, most of the sclectivity is
imparted by the equilibrium adsorption properties of the adsorbent, and the competitive
adsorption isotherm of the light product (such as methane) in the micropores or free volume
of the adsorbent is not favored. In kinetically controlled swing adsorption processes, most of
the selectivity is imparted by the diffusional properties of the adsorbent, and the transport
diffusion cocfficicnt in the micropores and frec volume of the adsorbent of the light specics is
less than that of the heavier species (such as CO; or HS). Also, in kinetically controlled
swing adsorption processes with microporous adsorbents, the diffusional selectivity can arise
from diffusion differences in the micropores of the adsorbent or from a selective diffusional

surface resistance in the crystals or particles that make-up the adsorbent.

[0068] When a kinetically selective adsorbent is used, it is preferred to form the
adsorbent layer out of substantially uniform sized adsorbent particles. In a preferred
embodiment, the particles have a size distribution as determined by a scanning electron
microscope such that the standard deviation of the characteristic size is less than 90% of the
mean size. In a more preferred cmbodiment the standard deviation may be less than 50% of
the mean size, and most preferably less than 25% of the mean size. Also, when the adsorbent
is kinetically selective, a characteristic diffusional time constant can be used to characterize
the performance of the adsorbent. For purposes of the present disclosure, the following time
constant is chosen: tau(i) of L~2 / D(i) to charactcrize the kinctic behavior of the adsorbent,
where L is a characteristic dimensioﬁ (meters) of each adsorbent particle or crystal and D(i)
(meters”2/second) is the diffusion coefficient of each molecular species (i) in the adsorbent.
It is preferred that tau for the target gas (such as CO,) be less than 1/20™ of tau for the
primary components in the feed stream from which it is separated. More preferably tau may
be less than 1/50® of that for the primary componcnts in the feed stream from which it is
separated. Most preferably tau is less than 1/50" of that for the primary components in the
feed stream from which it is separated. When the adsorbent has kinetic selectivity it is also

preferred that the characteristic dimensions of the adsorbent particles are chosen so that tau
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is less than Y of the time of the adsorption step and greater than 1/40000 of the time of the
adsorption step. More preferably tau is less than 1/10 of the time of the adsorption step and

greater than 1/4000 of the time of the adsorption step.

[0069] Another adsorbent structure and material feature may include the adsorbent
bed being a structured adsorbent contactor, which is noted above as feature B2. The
structured adsorbent contactor may be utilized to provide high surface area for mass transfer
between the gases in the various streams and adsorbent material, while lessening fluid
resistance to reduce pressure drop across the adsorbent bed for the high flow velocities
encountered during rapid steps in the adsorption cycle. Several non-limiting types of
adsorbent structures can be used in the practice of the present invention, including
monolithic, spiral wound, and hollow fiber. Exemplary embodiments of contactors are
provided in Figures 1 through 6. Advantageously, these structures can be constructed
directly from a mixed matrix of adsorbent, mesopore filler, and thermal mass using a
structural material such as ceramic, glass, or metal which is coated with a matrix of adsorbent
and mesopore filler. The mesopore filler and thermal mass may not be required for some
certain applications. Monolithic structures are typically made by extrusion of materials
through dies to form the micro-channels although other methods, such as diffusion bonding
of etched metal plates are possible. The construction methods could include extrusion of the
mixed matrix of adsorbent, mesopore filler, and thermal mass or extrusion of a structural
material such as ceramic, metal, or plastic with subsequent wash-coating of a mixed matrix of
adsorbent and mesopore filler materials on the inside of the monolith micro-channels.
Additionally, a monolithic structure could be constructed by diffusion bonding a stack of
metal plates in which flow channels have been etched prior to bonding and then wash-coating
the inside of the flow channels with a matrix of adsorbent and mesopore filler.

[0070] In a preferred embodiment, the adsorbent is incorporated into a parallel
channel contactor. "Parallel channcl contactors™ are defined herein as a 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
United States Patent Application Nos. 2008/0282892 and 2008/0282886. These flow
channels may be formed by a variety of means and in addition to the adsorbent material, the
structure can contain components such as support materials, heat sink materials, and void

reduction components.
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[0071] A wide variety of monolith shapes can be formed directly by extrusion
processes. An example of a cylindrical monolith is shown schematically in Figure 1 hereof.
The cylindrical monolith 1 contains a plurality of parallcl flow channcls 3 than runs the entire
length of the monolith. These flow channels 3 can have diameters (channel gap) from about
5 to about 1,000 microns, preferably from about 50 to about 250 microns, as long as ali
channels of a given contactor have substantially the same size channel gap. The channels
could have a variety of shapes including, but not limited to, round, square, triangular, and
hexagonal.  The space between the channels is occupicd by the adsorbent 5. As shown in
Figure 1, the channels 3 occupy about 25% of the volume of the monolith and the adsorbent 5
occupies about 75% of the volume of the monolith. The adsorbent 5 can occupy from about
50% to about 98% of the volume of the monolith. The effective thickness of the adsorbent

can be defined from the volume fractions occupicd by the adsorbent 5 and channel structure

as:
Effective Thickness Of Adsorbent = L Channel Diameter Volume Fraction Of Adsorbent
2 Volume l'raction Of Channels

[0072] Figure 2 hereof is a cross-sectional view along the longitudinal axis showing

feed channels 3 extending through the length of the monolith with the walls of the flow
channcls formed cntircly from adsorbent 5 plus binder, mesopore filler, and heat sink

material.

[0073] A schematic diagram enlarging a small cross section of adsorbent layer 5 is
shown in Figure 3 hereof. The adsorbent layer § is comprised of microporous adsorbent or
polymeric particles 7; solid particles (thermal mass) 9; that act as heat sinks, a blocking agent
13 and open mesopores and macropores 11. As shown, the microporous adsorbent or
polymeric particles 7 occupy about 60% of the volume of the adsorbent layer and the
particles of thermal mass 9 occupy about 5% of the volume. With this composition, the
voidage (flow channels) is about 55% of the volume occupied by the microporous adsorbent
or polymeric particles. The volumc of the microporous adsorbent 5 or polymeric particles 7
can range from about 25% of the volume of the adsorbent layer to about 98% of the volume
of the adsorbent layer. In practice, the volume fraction of solid particles 9 used to absorb
thermal energy and limit temperature rise ranges from about 0% to about 75%, preferably
about 5% to about 75%, and more preferably from about 10% to about 60% of the volume of
the adsorbent layer. A mescporous non-adsorbing filler, or blocking agent 13 fills the desired

amount of space or voids left between particles so that the volume fraction of open
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mesopores and macropores 11 in the adsorbent layer 5 is less than about 30% by volume, or

less than about 20% by volume, or less than 10% by volume.

[0074] When the monolith contactor is uscd in a gas scparation proccss that rclics on
a kinetic separation (predominanﬂy diffusion controlled) it is advantageous for the
microporous adsorbent, or polymeric, particles 7 to be substantially the same size. It is
preferred that the standard deviation of the volume of the individual microporous adsorbent,
or polymeric, particles 7 be less than 100 % of the average particle volume for kinetically
controlled processes. In a more preferred embodiment, the standard deviation of the volume
of the individual microporous adsorbent, or polymeric, particles 7 is less than 50% of the
average particle volume, and even more preferred less than 25% of the average particle
volume. The particle size distribution for zeolite adsorbents can be controlled by the method
uscd to synthesize the particles. It is also possible to scparatc pre-synthesized microporous

adsorbent particles by size using methods such as a gravitational settling column.

10075} Figure 4 hereof shows a cross-sectional view of a small enlarged area of the
parallel channel contactor. This figure shows adsorbent material of an adsorbent layer 5
coating the intcrior of the adsorbent bed structurc 9 to form gas flow channcls 3. The

adsorbent layer 5 may or may not contain mesopore filler and other materials.

10076) Figure 5 hereof shows a spiral wound form of an adsorbent contactor suitable
for use in the present invention. Spiral wound structures are typically made by rolling a
single flat sheet into an assembly. Tt is preferred that no flow passes through the sheet.
Spacing between the layers of the spiral wound sheet can be cstablished by any suitable
method. The following non-limiting methods can be used: the use of longitudinal spacer
wires; dimpling or corrugating the sheet; and adhering particles of uniform size to the sheet.
Non-limiting construction methods include spiral winding a single sheet made from a mixed
matrix of adsorbent, mcsoporc filler and thermal mass; wash-coating a mixed matrix of
adsorbent and mesopore filler to a thin metal sheet and then spiral winding the sheet; spiral
winding a thin metal sheet or mesh and then wash-coating a mixed matrix of adsorbent and
mesopore filler to the spiral wound assembly.

[0077] Figurc 6 hercof shows an adsorbent contactor comprised of hollow fibers.
Hollow-fiber structures can be made by bundling a plurality of hollow tubes in a bundle
similar to the tube bundle of a shell and tube heat exchanger to creatc an assembly. The
hollow fibers can be terminated at either end by a potting material, such as an epoxy that is

compatible with the hollow-fiber material. Gas flow can be either on the inside or the outside
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of the hollow fibers, but in either case parallel to the longitudinal axis of the assembly. It is

preferred that there is no gas flow through the walls of the hollow fibers.

[0078] Onc preferred method of making the hollow-fiber adsorbent structure is by
first fabricating the hollow fibers from a mixed matrix of adsorbent, mesopore filler, and
thermal mass, followed by bundling the hollow fibers, then filling in the space around the
outside of the fibers with potting material such that gas can only flow through the inside of

the fibers.

[0079] Another method may be by first fabricating the hollow fibers from a mixed
matrix of adsorbent, mesopore filler and thermal mass, then bundling the hollow fibers and
terminating both ends of the fibers in potting material such that gas can flow on both the

inside and the outside of the fibers.

[0080] Yect another method of making the hollow-fiber structures is by wash-coating a
mixed matrix of adsorbent and mesopore filler onto the inside of small diameter hollow tubes
constructed of a non-limiting material sclected from the group consisting of metal (e.g.
hypodermic needles), ceramic, plastic, etc.; then filling the space around the outside of the

fibers with potting matcrial such that gas can only flow on the inside of the fibers.

[0081] Still yet another method of making the structure is by constructing an
assembly of small hollow tubes comprised of a material selected from metal, ceramic, plastic,
etc. and then terminating both ends in a potting material or by a welded termination, then

wash-coating the inside of the tubes with a mixed matrix of adsorbent and mespore filler.

[0082] Further, another method is by constructing an assembly the same as noted in
the preceding method above, but with the exception that the mixed matrix of adsorbent and

mesopore filler is wash-coated to both the inside and outside of the hollow fibers.

[0083] Thesc structured contactors can be used to form a single adsorbent bed for an
RC-PSA system in a variety of ways. In one method, the adsorbent bed is comprised of a
single structured adsorbent contactor that is manufactured the length of the adsorbent bed. In
another method, the adsorbent bed can be comprised of multiple shorter segments of
structured contactors that are stacked together to provide the full length of the adsorbent bed.
In this mcthod, the segments of structurcd contactors can be installed with or without a gap
between adjacent segments. Providing a small gap between adjacent segments, preferably

less than 1000 um, or preferably less than 500 um, and even more preferably less than 200

22

CA 2990793 2018-01-04



10

15

20

25

30

um, allows for redistribution of gas between segments, which may lessen any effects of

maldistribution within the flow channels of the structured contactors.

[0084] For cmbodiments that utilize morc than onc adsorbent material, the
arrangement of different adsorbent materials within the structured adsorbent bed, which is
noted above as feature B3, may affects the performance of the RC-PSA system. In these
embodiments, a composite adsorbent bed may be used with two or more adsorbents, each of
which preferentially adsorbs different contaminants from the feed stream. The composite
adsorbent bed may be constructed in several different ways, such as using segmented
structured contactors each with different adsorbent materials applied to them. As an
example, for CO, and H,S removal from natural gas, a composite adsorbent bed may be used
where the first segment of the bed contains an amine functionalized adsorbent on KIT-6
support for H,S removal and the remaining segments that comprise the adsorbent bed contain
DDR adsorbent for CO, removal. In this embodiment, H,S is removed from the feed stream
as it passes through the first segment and then CO; is removed from the feed stream as it
passes through the remaining segments of the adsorbent bed. A benefit of using composite
beds in this fashion is that the desorbing contaminant from one adsorbent bed segment may
provide a partial pressure purge for the other adsorbent bed segments to enhance removal of
other contaminants from the respective adsorbent beds. Relating to the previous example,
during the blow-down step the CO, desorbed from the segments of the bed containing DDR
may be flowed in a countercurrent direction through the first segment containing amine
functionalized adsorbent to provide a partial pressure purge that is substantially free of HoS to
desorb H,S from the first segment of the composite adsorbent bed. In this manner, the first
segment of the composite bed can be cleaned to low levels of HyS and as a result a high
purity product stream with parts per million levels of H»S can be produced during the
subsequent adsorption steps. Note that this effective purge of the H,S adsorbing segment of
the composite bed may be more cffective if H»S is not allowed to breakthrough into the DDR
segments of the bed during the adsorption step so that the CO; in the DDR segments of the
bed are substantially free of HsS.

[0085] Two adsorbent materials within an adsorbent bed can also be arranged by
uniformly dispersing the matcrials throughout the adsorbent beds provided that the amount of
one adsorbent material is substantially more than the amount of the other adsorbent material.
For example, for H,S and CO, removal from natural gas as described above, around ten times

more DDR is required than amine functionalized material. In a preferred embodiment the

23

CA 2990793 2018-01-04



10

15

20

25

30

amount of H,S selective absorbent is less than five times the amount of CO, selective
absorbent. If these materials are uniformly mixed and distributed along the adsorbent
contactor, then the same result is achieved wherein the CO» provides a partial pressure purge
of the amine functionalized material distributed in the adsorbent bed and substantially cleans

H>S to allow high purity methane to the produced on the subsequent adsorption step.

[0086] The product recovery of an RC-PSA system can also be enhanced by use of a
mesopore filler, as above noted in feature B4, which may be used to reduce the void space in
the adsorbent bed. As a result, the amount of product gases trapped in the void space is
reduced, so less product gas is lost with the contaminants during regeneration, thereby
improving the recovery of product gases. Use of a mesopore filler is described in U.S. Patent
Application Publication Nos. 2008/0282892, 2008/0282885 and 2008/028286. The non-
sweepable void space present within the adsorbent channel wall can be defined by the total
volume occupied by mesopores and macropores. Mesopores are defined by the [TUPAC to be
pores with sizes in the 20 to 500 angstrom size range. Macropores are defined herein to be
pores with sizes greater than 500 angstrom and less than 1 micron. Because the flow
channels are larger than 1 micron in size, they are not considered to be part of the macropore
volume. The non-sweepable void space is defined herein as the open pore volume occupied
by pores in the adsorbent that are between 20 angstroms and 10,000 angstroms (1 micron) in
diameter divided by the total volume of the contactor that is occupied by the adsorbent
material including associated mesopores and macropores in the adsorbent structure. The non-
sweepable void space, hereafter referred to collectively as mesopores, can be reduced by
filling the mesopores between the particles to reduce the open volume while allowing rapid
gas transport throughout the adsorbent layer. This filling of the non-sweepable void space is
desired to reduce to acceptable levels the quantity of desired product lost during the rapid
desorption step as well as to allow a high degree of adsorbent bed purity following
desorption. Such mesopore filling can be accomplished in a variety of ways. For example, a
polymer filler can be used with rapid diffusion of H,S and CO,, such as a silicon rubber or a
polymer with intrinsic porosity. Alternatively, a pyrolitic carbon having mesoporosity and/or
microporosity could be used to fill the void space. Still another method is by filling the void
space with inert solids of smaller sizes, or by filling the void space with a replenishable liquid
through which the desired gases rapidly diffuse (such as water, solvents, or oil). Preferably,

the void space within the adsorbent wall is reduced to less than about 40 volume percent
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(vol.%), preferably to less than 30 vol.%, and more preferably to less than 20 vol.%., and
even more preferably to less than 10 vol.%, and most preferably less than about 5 vol% of the

open pore volume.

[0087] In addition to the adsorbent structure and material features, various adsorption
system configuration features may be utilized in addition to the other features or as an
alternative enhancement to the process. One such embodiment may include a series
arrangement of RC-PSA units to improve recovery from an RC-PSA system, as noted above
as feature Cl. As an example, a series arrangement of RC-PSA units may be utilized to
enhance recovery and purity of a target gas or product by passing a non-product stream from
a first RC-PSA unit to a second RC-PSA unit to remove product from the non-product stream
of the first RC-PSA unit. As an example, acid gas may be removed from a natural gas stream
to produce a high purity methane stream in the first RC-PSA unit of this system. Acid gas
from the first RC-PSA unit may contain a fraction of methane, which can be removed using a
second RC-PSA unit. The methane product from the second RC-PSA unit may be recycled
or utilized elsewhere in the facility and the acid gas may be exhausted from the second RC-
PSA unit or conducted away for disposal. By capturing the methane using the second RC-
PSA unit, the overall RC-PSA system achieves high product recovery and high product purity

even for high pressure natural gas.

[0088] Also, as another feature equalization vessels or tanks may be utilized to
enhance the productivity of any RC-PSA system, as noted above for feature C2, and to
reduce the overall cycle time required. As described in US Patent Application Number
61/594,824, one or more independent pressure vessels may be provided for each equalization
step for each adsorbent bed in an RC-PSA system. That is, the dedicated pressure vessels,
called equalization vessels or tanks, are connected directly to one of the adsorbent beds.
Gases withdrawn from the adsorbent bed during the depressurization step are temporarily
stored in the equalization tank and then used later in the cycle for re-pressurization of the
same adsorbent bed. Because the distances for piping and valves is lessened with dedicated
equalization vessels, the time interval for equalization steps between an adsorbent bed and an
equalization tank is typically shorter than the time required for equalization
between two adsorbent beds, and therefore the total cycle time can be decreased. As a
result, the amount of adsorbent material utilized within an adsorbent bed is reduced
and the overall size and weight of the swing adsorption system can be reduced, while the

performance may be enhanced (e.g., lower purge flow rates, lower
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recycle compression, etc.). Further, the amount of piping and valves for the RC-PSA system

is reduced because bed to bed connections are not required for the equalization steps.

[0089] The featurcs described above can be incorporated into PSA systems to
enhance the performance for high-pressure natural gas processing to enable separations with
high recovery, high purity, or both high recovery and high purity. Figures 7 through 9 are
diagrams of exemplary PSA systems illustrating how the features described herein can be
combined for scparations. In Figurc 7, high methanc recovery is provided by operating the
PSA system 700 in rapid cycles (featurc Al) with a recovery purge (feature A2) at an
appropriate intermediate pressure (feature AS) and using multiple blow-down steps (feature
A0). A structured contactor (feature B2) coated with a zeolite with kinetic selectivity for CO,
(feature BI) is used and the void space is reduced through the use of a mesopore filler
(featurc B4). The exemplary cmbodiments of the RC-PSA system 700 is further described in
Examples 1 and 2 for processing natural gas at 55 bar with 30% acid gas to achieve over 97%

methane recovery.

[0090] In another embodiment shown in Figure &, both high methane recovery and
high product purity arc achicved using a scrics of two PSA units in the systcm 800. The PSA
units 801 and 821 utilize features described herein including rapid cycles (feature Al),
recovery purge (feature A2), product purge (feature A3), selection of purge pressures (feature
AS5), structured adsorbent contactors (feature B2) with separate materials for kinetic
separation of CO; and equilibrium adsorption of H,S (feature B1) arranged in the contactor in
two separate scgments (fecaturc B3) and incorporating mesopore filler to reduce void volume
(feature B4) and improve recovery. The methane recovery is increased by utilizing two PSA
units in series (feature C1) to capture methane lost into the acid gas stream from the first PSA
unit 801 using a second PSA unit 821. The PSA system can also utilize equalization tanks
(fecaturc C2) to reduce the cycle time and cnhance the productivity. Performance and details
of the RC-PSA system 800 are described in Examples 3 and 4 for processing natural gas with
12% CO» and 0.01-0.1% H,S to produce methane with less than 1.5% CO; and less than 4
ppm H,S while achieving over 99% recovery.

[0091}] In yet another embodiment shown in Figure 9, both high methane recovery
and high product purity arc achicved in a singlec PSA unit 900. This PSA unit is opcrated in
rapid cycle mode (feature Al) with a rccovery purge (feature A2) at an appropriate
ntermediate pressure (feature AS) followed by blow-down to vacuum pressure (feature A4)

to achieve high product purity. A structured adsorbent contactor (feature B2) is used with
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two specific materials for kinetic separation of CO, and equilibrium adsorption of H,S
(feature Bl) arranged in the contactor in two separate segments (feature B3) and
incorporating mesopore filler to reduce the void volume (featurc B4) and enhance recovery.
Equalization tanks (feature C2) can also be utilized to reduce the cycle time required and
thereby enhance the productivity of the system. Performance and details of the RC-PSA
system 900 are described in Example 5 for processing natural gas with 12% CO; and 0.01-
0.1% H,S to produce methane with less than 1.5% CO, and less than 4 ppm H,S while

achicving over 99% rccovery.

[0092] The present invention can better be understood with reference to the following
examples that are presented for illustrative purposes and not to be taken as limiting the

invention.
EXAMPLE 1

{0093] This example illustrates CO, and H,S removal from natural gas at high-
pressurc using the RC-PSA system 700 from Figure 7, wherein 98% recovery is predicted
through simulation. With reference to the simplified process flow diagram in Figure 7, the
RC-PSA unit 701 is utilized along with various compressors 710a-710¢ to remove
contaminants from a feed stream. The RC-PSA unit 701 includes multiple adsorbent beds
connected via valves and piping as described in more detail below. To operate, the feed
stream is passed to the RC-PSA unit 701 via conduit 702 and 704. The feed stream
preferably comprises natural gas, which may be blended with the recycle stream from the
recovery purge outlet conduit 703 associated with compressor 710a. A purified product
stream rich in methane exits the RC-PSA unit 701 via conduit 706 at a slightly reduced
pressure due to pressure drop across the adsorbent beds, valves and piping internal to the RC-
PSA unit 701. In this example, the feed gas entering through conduit 702 contains 30% acid
gas (CO, + H,S) and 70% CH,. The pressure of the feed stream and recycle stream is about
55 bar a. The product strecam ¢xiting through conduit 706 contains around 6% acid gas and
94% CH,, and the pressure is around 54 bar a,

[0094] A recovery purge stream may be passed to the RC-PSA unit 701 via conduit
708. This purge strcam is rich in acid gas (CO; and/or H,S) and may be composed of the
effluent from the blow-down steps in the RC-PSA cycle described in more detail below. The
purpose of the recovery purge stream is to sweep methane and other hydrocarbons from the
adsorbent contactor channels and the void spaces in the adsorbent layer. The outlet from this

purge is compressed in compressor 710a and recycled back to the feed of the RC-PSA unit
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via conduit 703. In this manner, methane is captured instead of being lost with the acid gas,

and  therefore  the recovery of the RC-PSA system is  improved.

[0095] Acid gas dcsorbed from the RC-PSA unit 701 cxits at three different pressure
levels to minimize power consumption required to compress the acid gas for disposal. The
minimum pressure is set around 1 bar a to increase desorption of contaminants and provide
enhanced product purity on subsequent adsorption steps. Pressure levels for the remaining
two blow-down steps were sclected to optimize integration with the acid compressor and
lessen power consumption. Typical acid gas compressors operate at pressure ratios around 3,
and therefore the blow-down pressure levels are 3 bar a and 9 bar a. The pressure ratio is the
discharge pressure divided by the suction pressure. As shown in Figure 7, the low-pressure
exhaust at 1 bar a is compressed in compressor 710b and combined with the intermediate-
pressure cxhaust at around 3 bar a to be compressed in compressor 710c. The discharge from
compressor 710c is combined with the high-pressure exhaust at around 9 bar a and
compressed in compressor 710d. The output of compressor 710d may be at around 19 bar a,
which may have a portion passed to conduit 708 as a purge stream and to compressor 710e to
be further compressed before further processing (e.g., acid gas to injection into disposal

wells, pipelines and/or the like).

[0096] Each RC-PSA unit 701 is comprised of fourteen adsorbent beds, each of
which is comprised of a structured contactor with a plurality of gas flow channels. Hydraulic
diameters of the gas flow channels range from 20 to 1000 microns, preferably from 25 to
400 microns, and cven morc preferably from 40 to 125 microns. The total length of gas flow
channels through the contactor range from 0.2 to 3 meters, preferably from 0.5 to 1.5 meters
and most preferably range from 0.75 to 1.25 meters. The structured contactor may be
segmented along its length so that each segment has a plurality of flow channels and the gas
passcs scquentially from flow channcls in one scgment to flow channcls in a scparatc
scgment. There may be from 1 to 10 segments along the length of the contactor. The
physical flow velocity of gas through the flow channels on the inlet side of the adsorbent bed
15 in a range from 1 to 10 meter/second, preferably in a range from 2 to 5 meter/second. The
fluid resistance of gas through the flow channels causes a pressure drop during the adsorption
step of Icss than 8 bar a, preferably less than 4 bar a and more preferably less than 2 bar a, as
calculated through a combination of feed pressure, feed viscosity, hydraulic channel diameter

and total channel length, and inlet feed velocity. .
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[0097] Gas flow channels in the structured adsorbent contactor are formed from a
layer containing adsorbent material selective for CO, and H,S, which may be on or part of at
least a fraction of the structurcd contactor walls. The layer may also contain a mesopore
filler material, which decreases the void space in the layer to less than 30% by volume, or
more preferably 20% by volume, or even more preferably 10% by volume, or most preferably
less than 4% by volume. The average thickness of the layer may be in a range from 25 10 450
microns, preferably in a range from 30 to 200 microns, and most preferably 50 to 125
microns. In a preferred embodiment, the adsorbent material is a zeolite and has a kinctic
selectivity ratio for CO, greater than 50, preferably greater than 100 and even more
preferably greater than 200. The kinetic selectivity ratio is the rate of diffusion for the
contaminant, such as CO,, divided by the rate of diffusion for the product, such as methane.
During the adsorption step, the change in average loading of CO; and H,S in the adsorbent
along the length of the channels is preferably greater than 0.2 millimoles per gram
(mmole/gram), more preferably greater than 0.5 mmole/gram, and most preferably greater
than 1 mmole/gram, where average loading is represented as the millimoles of contaminant

adsorbed per gram of the adsorbent.

[0098] The RC-PSA unit 701 is operated by rapidly cycling through a series of steps
that include adsorption followed by multiple steps to regenerate the adsorbent bed prior to the
adsorption step on the subsequent cycle. The same series of steps are executed continuously
by each adsorbent bed and the timing of the cycle for each bed may be synchronized with
other beds to provide continuous flow of feed strecam, product, and purge streams. Sclection
of the precise steps and cycle timing depends on the gas composition of the feed stream,
product specifications, contaminant disposition, and overall hydrocarbon recovery. For the
RC-PSA unit 701 in this example, fourteen adsorbent beds are required to complete the cycle
for continuous flow operation.

[0099] The cycle steps for a single adsorbent bed are illustrated using the pressure of
the adsorbent bed versus time, which is shown in Figure 10. During the adsorption step,
which is noted as FD (for feed stream), acid gas is adsorbed in the adsorbent bed and a
purified methane product is produced. Feed stream flow is stopped before significant
breakthrough of acid gas into the product strecam, and the bed is depressurized through two
equalization steps, noted as El and E2. Significant breakthrough of the acid gas into the
product stream, which occurs when the adsorbent bed is more than 50% loaded, preferably

more than 75% loaded. A brief hold is included after each step, which is not shown. After
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the equalization steps, the recovery purge step is performed, which is noted as P, to recover
methane remaining in the flow channels and void space in the adsorbent layer. Then, the
adsorbent bed is depressurized through three blow-down steps to lessen pressure to desorb
acid gas from the adsorbent bed, which is noted as BD. After desorbing acid gas to the extent
possible, the adsorbent bed is re-pressurized through two re-pressurization steps, which are
noted as R1 and R2, and a feed re-pressurization step, which is noted as FR. The source of
gas for the two re-pressurization steps R1 and R2 is from another adsorbent bed undergoing
depressurization steps E1 and E2 at the same time. Gas for the feed re-pressurization step is

obtained from the feed stream into the RC-PSA unit via conduit 704 in Figure 7.

[00100] The timing for each of the fourteen adsorbent beds is synchronized so that the
feed, product, and purge flows are continuous. A cycle schedule for all fourteen adsorbent
beds is shown in Figures 11a and 11b. The reference characters in Figures 11a and 11b arc
the same as those indicated for Figure 10, with the addition of a hold step, which is noted as
H. In Figures [1a and 11b, two groups of adsorbent beds 1101 and 1102 are shown with the
adsorbent beds in the first group 1101 labeled 1 to 7 in the top portion of the sequence graph
and adsorbent beds in the second group 1102 labeled 8 to 14 in the bottom portion of the
sequence graph. Figure 11a is a portion of the sequence that is continued in Figurc 11b, as
indicated by reference character A. During steady state operation, two adsorbent beds are
undergoing the adsorption step wherein acid gas is removed from the feed stream to produce
a purified methane product. The timing of the cycle for each adsorbent bed is staged so that
continuous feed and product flow is achicved. For cxample, bed 2 in Figure 11a begins the
adsorption step (noted FD) immediately after bed 1 stops the adsorption step, and so forth. In
a similar manner, a continuous flow is provided for the purge step and blow-down streams to
the acid gas compressors. The timing of cycles between adsorbent beds is also synchronized
such that the first equalization step El for one bed coincides with the re-pressurization step
R1 for another bed so that the gas withdrawn during the depressurization step is used to re-
pressurize another bed.  For example, adsorbent bed 7 in Figure 1la undergoes the
equalization step E1 at the same time that adsorbent bed 2 is undergoing the re-pressurization
step R1.

{0100] Pressure levels, flow directions, and durations for cach of the steps in the cycle
are described further below. In the following cycle descriptions, the term co-current refers to
flow of gas from the feed side of the bed to the product side and counter-current refers to

flow in the opposite direction. The following is one preferred cycle, wherein:
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FD: Adsorption of CO; and production of purified methane at 55 bar a (co-current

flow) from 4 first adsorbent bed;

El: Decpressurize the first adsorbent bed from about 55 bar a to about 35.5 bar a
sending gas to another adsorbent bed to pressurize from about 19 bar a to about 35.5 bar a
{co-current flow),

E2: Depressurize the first adsorbent bed from about 35.5 bar a to about 19 bar a
sending gas to another adsorbent bed to pressurize from about 1.2 bar a to about 19 bar a (co-
current flow);

P: Purge the first adsorbent bed at about 19 bar a with a portion of the gas from step
BD1 at 9 bar a, which is compressed to purge pressure. Gas displaced from the adsorbent
bed during the purge step is compressed to 55 bar a and recycled to the feed conduit (co-
current flow);

BD1: Blow-down or depressurize the first adsorbent bed from about 19 bar a to about
9 bar a. Gas desorbed is exhausted to the third stage of the acid gas compressor (counter-
current flow);

BD2: Blowdown or depressurize the first adsorbent bed from about 9 bar a to about 3
bar a. Gas desorbed is exhausted to the second stage of the acid gas compressor (counter-
current flow);

BD3: Blowdown or depressurize the first adsorbent bed from about 3 bar a to about
1.2 bar a. Gas desorbed is exhausted to the first stage of the acid gas compressor (counter-
current flow);

R2: Re-pressurize the first adsorbent bed from about 1.2 bar a to about 19 bar a using
gas withdrawn from yet another adsorbent bed undergoing step E2 step (counter-current
flow); |

R1: Re-pressurize the first adsorbent bed from about 19 bar a to about 35.5 bar a
using gas withdrawn from yct another adsorbent bed undergoing step E1 (counter-current
flow); and

FR: Re-pressurize the first adsorbent bed from about 35.5 bar a to about 55 bar a

with gas from the feed conduit (co-current flow).

[0101] The duration of cach step in the cycle is as follows:
FD: Adsorb for 1.5 seconds;
H1: Hold for 0.25 seconds;

E1: Depressurize for (.75 seconds;
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E2: Depressurize for 0.75 seconds;

P: Purge for 0.75 seconds;

H2: Hold for 0.25 scconds;

BD1: Blow-down for 0.75 seconds;
BD2: Blow-down for 1.25 seconds;
BD3: Blow-down for 2.0 seconds;

H3: Hold for 0.25 seconds;

R2: Re-pressurize for 0.75 seconds;

R1: Re-pressurize for 0.75 seconds; and
FR: Re-pressurize for 0.50 scconds.

[0102] A total of 10.5 seconds is required to complete the cycle steps discussed
above. In this example, the adsorption step duration is set by the diffusion speeds of CO; and
methane, wherein the short length of the adsorption step permits the faster diffusing CO,
molecules to reach equilibrium adsorption capacitics within the adsorbent material before
slower-diffusing methane can substantially diffuse into the adsorbent material. It is preferred
to reduce the pressure in the adsorbent bed as quickly as possible after the adsorption step to
reduce any further diffusion of methane into the adsorbent particle so that methane losses are
reduced. Further, the total time for the regeneration steps is preferred to be as short as
possible to maximize the productivity of an adsorbent bed. The total time interval for all of
the equalization steps is less than ten times, preferably less than five times that of the
adsorption step. Most preferably, the total time for all of the equalization steps is less than
that of the adsorption step. It is also preferred that the total time for all of the re-pressurizing
steps is less than ten times, preferably less than five times that of the adsorption step. Tt is
most preferred that the total time for all of the re-pressurizing steps be less than that of the
adsorption step.

[0103] The resulting performance for the RC-PSA system described in this example
was predicted through simulation of the cycle using the parameters discussed above. A
single RC-PSA unit with fourtcen adsorbent beds can process 150 MSCFD of feed gas with
30% acid gas and 70% methane to produce 108 MSCED of product gas with about 5.4% acid
gas and the remainder methane. About 98% methane recovery was achieved in the RC-PSA
system. An exhaust stream with around 94% acid gas was also produced for disposal.

Conventional PSA systems do not provide the high recovery demonstrated in this RC-PSA
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system for processing natural gas at these conditions with this composition.  Also, this
system reduces the loss of heavy hydrocarbons compared to conventional separations

technologics.
EXAMPLE 2

10104 This example describes a modified cycle for the RC-PSA system in Example
1. In this example, the RC-PSA system 700 in Figure 7 is used to process the same feed gas
as described in Example 1. The configuration of cach adsorbent bed is the same as Example
1, including flow channel dimensions, adsorbent bed length, adsorbent material, mesopore
filler, etc. However, the number of adsorbent beds has increased from fourteen to sixteen to
accommodate the modified cycle, which utilizes three equalization steps instead of two

equalization steps as in Example |.

[0105] A cycle schedule for the sixteen adsorbent beds for this example is shown in
Figures 12a and 12b. Notation for the specific steps is the same as in Figures 10 and 11,
described in Example 1. In Figures 12a and 12b, two groups of adsorbent beds are shown
with the adsorbent beds in the first group labeled 1 to 8 in the top portion of the sequence
graph and adsorbent beds in the sccond group labeled 9 to 16 in the bottom portion of the
sequence graph. Figure 12a is a portion of the sequence that is continued in Figure 12b, as
indicated by reference character B. As in Example 1, continuous flows are provided for the
feed, product, purge, and blow-down streams. Also, the timing of cycles for each adsorbent

bed is synchronized such that bed-to-bed equalizations can be performed as an Example 1.

[0106] With three equalization steps in the cycle, an individual adsorbent bed may be
depressurized to a lower pressure purging than is achievable with only two equalization steps.
For example, the purge step in Example 1 is performed at 19 bar a after two equalization
steps whereas the purge step for this example is performed at 12.5 bar a after threc
cqualization steps. As a result, the total flow rate required for the purge step is lower because
the same velocity is required, but a lower mass flow is required due to the lower pressure.
Both the lower pressure and the lower flow rate reduces the size and power consumption of
the associated compressor for the purge stream.

[0107] The pressurc and flow direction for cach of the steps in the cycle arc as

follows:

FD: Adsorption of CO, and production of purified methane at 55 bar a (co-current

flow) from a first adsorbent bed;
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El: Depressurize the first adsorbent bed from about 55 bar a to about 39 bar a
sending gas to another adsorbent bed to pressurize from about 26 bar a to about 39 bar a (co-
current flow);

E2: Depressurize the first adsorbent bed from about 39 bar a to about 26 bar a
sending gas to another adsorbent bed to pressurize from about 12.5 bar a to about 26 bar a
(co-current flow);

E3: Dcpressurize the first adsorbent bed from about 26 bar a to about 12.5 bar a
sending gas to another adsorbent bed to pressurize from about 1 bar a to about 12.5 bar a (co-
current flow);

P: Purge the first adsorbent bed at about 12.5 bar a with a portion of the gas from
step BD1 at 9 bar a, which is compressed to purge pressure. Gas displaced from the
adsorbent bed during the purge step is compressed to 55 bar a and recycled to the feed
conduit (co-current flow);

BD1: Blow-down or depressurize the first adsorbent bed from about 12.5 bar a to
about 9 bar a. Gas desorbed is exhausted to the third stage of the acid gas compressor
(counter-current flow);

BD2: Blow-down or depressurize the first adsorbent bed from about 9 bar a to about 3
bar a. Gas desorbed is exhausted to the second stage of the acid gas compressor (counter-
current flow);

BD3: Blow-down or dcpressurize the first adsorbent bed from about 3 bar a to about
1 bar a. Gas desorbed is exhausted to the first stage of the acid gas compressor (counter-
current flow);

R3: Re-pressurize the first adsorbent bed from about 1 bar a to about 12.5 bar a using
gas withdrawn from yct another adsorbent bed undergoing step E3 step (counter-current
flow);

R2: Re-pressurize the first adsorbent bed from about 12.5 bar a to about 26 bar a
using gas withdrawn from yet another adsorbent bed undergoing step E2 (counter-current
flow);

R1: Re-pressurize the first adsorbent bed from about 26 bar a to about 39 bar a using
gas withdrawn from yet another adsorbent bed undergoing step E1 (counter-current flow);

and
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FR: Re-pressurize the first adsorbent bed from about 39 bar a to about 55 bar a with

gas from the feed conduit (co-current flow).
{0108] The duration of cach step in the cycle is as follows:
FD: Adsorb for 1.5 seconds;
H1: Hold for 0.25 seconds;
E1: Depressurize for 0.5 seconds;
H2: Hold for 0.25 seconds;
E2: Depressurize for 0.5 seconds;
H3: Hold for (.25 seconds;
E3: Decpressurize for 0.5 scconds;
P: Purge for 0.75 seconds;
H4: Hold for 0.25 seconds;
B1: Blow-down for (.75 seconds;
B2: Blow-down for 1.5 seconds;
B3: Blow-down for 2.0 seconds;
HS5: Hold for 0.25 seconds;
R2: Re-pressurize for 0.5 seconds;
Ho: Hold for 0.25 scconds;
R1: Re-pressurize for 0.5 seconds;

H7: Hold for 0.25 seconds;

R3: Re-pressurize for 0.5 seconds; and

FR: Re-pressurize for 0.75 seconds.
[0109] The additional equalization and re-pressurization steps along with the
associated hold steps increase the total cycle time to 12 seconds. The adsorption step
duration remains the same as in Example 1 based on the kinetics of the adsorbent material.
Regeneration steps for this cycle require a slightly longer duration due to the additional
equalization and re-pressurization steps. As an Example 1, it is preferred that the total time
interval for all of the equalization steps is less than ten times, preferably less than five times
that of the adsorption step. Most preferably the total time for all of the equalization steps is

less than that of the adsorption step. Tt is also preferred that the total time for all of the re-

35

CA 2990793 2018-01-04



10

15

20

25

30

pressurizing steps is less than ten times, preferably less than five times that of the adsorption
step. It is most preferred that the total time for all of the re-pressurizing steps be less than

that of the adsorption step.

[0110] Although the number of adsorbent beds increased from fourteen to sixteen for
this example, the capacity of a single RC-PSA unit increased proportionally from 150
MSCFD in the Example 1 to about 170 MSCFD in this example. About 120 MSCFD of
purificd methanc product with about 5.4% acid gas is produccd, and the methane recovery is
improved to about 98.6% for this example. The benefit of utilizing three equalization steps in
this example is evident in the purge flow rate, which decreased from 20.6 MSCFD in
Example 1 to 14.3 MSCFD in this example. The reduced flow rate along with the reduced
pressure for the purge results in a significant reduction in the power consumption and size of

the associated compression cquipment.
EXAMPLE 3

(0111} This example illustrates CO; and H,S removal from natural gas at high-
pressure using the RC-PSA system 800 from Figure 8, wherein over 99% methane recovery
is predicted and high purity product strcam is produced with Icss than 1.5% CO, and less than
four ppm H,S. With reference to the simplified process flow diagram in Figure 8, two RC-
PSA units 801 and 821 arc utilized along with various compressors 808 and 814 to remove
contaminants from a feed stream. In this example, the two RC-PSA systems are arranged in
series, where the first RC-PSA unit 801 produces the product gas of the required purity and
the sccond RC-PSA unit 821 recovers mcthane from the blow-down strcam of 801 to
improve the overall product recovery for the system 800. Each of the two RC-PSA units 801
and 821 include one or more adsorption beds connected via valves and piping.

[0112] The natural gas feed stream containing CO; and H,S enters the first RC-PSA
unit 801 via conduit 802 and a purified product stream enriched in methanc cxits via conduit
803 at a slightly reduced pressure due to pressure drop across the adsorbent beds, valves and
piping internal to the RC-PSA unit 801. Acid gas removed from the feed stream is desorbed
at a low pressure and the exhaust gas exits the unit via conduit 807. To provide high product
purity in RC-PSA unit 801, a portion of the product stream is removed via conduit 804 and
reduced in pressure to be used as a product purge in the adsorbent beds 801. The low partial
pressure of acid gas in the product stream creates a driving force that aids in desorption of
acid gas from the adsorbent beds to enhance the product purity during the subsequent

adsorption step. The outlet from the product purge step exits via conduit 806 and is
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combined with the exhaust in conduit 807 for processing in the second RC-PSA unit $21. In
this example, the feed gas entering through conduit 802 contains 12% CO; and 100 ppm H,S
and is at a pressurc of 44 bar a. Product gas cxiting via conduit 803 contains 1.3% CO, and

about 4 ppm H»S. Acid gas in conduit 806 and 807 is at a pressure of around 1.4 bar a.

(0113} To enhance the product recovery of the RC-PSA system 800, methane and
other hydrocarbons contained in the exhaust stream of the first RC-PSA wunit 801 are removed
in the sccond RC-PSA unit 821. Acid gas and methane rejected from the first RC-PSA unit
801 enters the second RC-PSA unit 821 via conduit 809 after compression in compressor
808. Acid gas is adsorbed from the feed stream in RC-PSA unit 821 and a product stream
enriched in methane exits via conduit 810 has a slightly lower pressure due to pressure drop
across the adsorbent beds, valves and piping internal to the RC-PSA unit 821. Acid gas is
rcjected at a low pressure via conduit 811, A portion of the acid gas is removed via conduit
812 and compressed in compressor 814 to be used as a recovery purge that enters the RC-
PSA unit 821 via conduit 815. This stream is enriched in acid gas, and is used to sweep
methane from the flow channels and void spaces in the adsorbent layer to enhance recovery
of the system. The outlet from this purge step exits the RC-PSA unit 821 via conduit 816 and
is combined with the product from conduit 810, and the combined stream in conduit 817
contains the recovered hydrocarbons to be used for fuel gas or other purposes within the
facility. The remainder off the acid gas is disposed of via conduit 813 by venting or
compressing and re-injecting. In this example, the feed stream entering the second RC-PSA
unit 821 has a pressurc of 45 bar a and contains about 65% acid gas and 35% mcthanc.
Product gas contains about 92% mecthane and 8% acid gas. Acid gas exhaust leaves the unit

at a pressure of around 1.4 bar a, and the recovery purge step is performed at around 11 bar a.

[0114] Each RC-PSA unit 801 is comprised of ten adsorbent beds, cach of which is
comprised of a structured contactor with a plurality of gas flow channels. In this example,
the gas flow channels are substantially square as shown in Figure 13a, with a height 1301 of
225 pm and a width of 225 um. The total length of the gas flow channels is 1.1 m, and the
total diameter of each adsorbent bed is 1.2 m. The structured contactor may be segmented
along its length so that cach scgment has a plurality of flow channcls and the gas passcs
sequentially from flow channels in one segment to flow channels in a separate segment.
There may be from 1 to 10 segments along the length of the contactor. The total pressure

drop along the length of the adsorbent bed during the adsorption step is around 1 bar.
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[0115] Gas flow channels in the structured adsorbent contactor are formed from a
layer containing adsorbent material which may be on our part of at least a fraction of the
structured contactor walls. The layer may also contain a mesopore filler material, which
decreases the void space in the layer to less than about 20%. The average thickness of the
layer is 150 um, dimension 1302 in Figure 13a. In this example, two different adsorbent
materials are utilized in a composite bed to enable near complete removal of H,S to produce a
high purity mcthane product. In the first scgment of the adsorbent bed, comprising a length
of 0.10 m, an amine functionalized adsorbent is utilized which selectively adsorbs H,S. In
the remaining segments of the adsorbent bed, comprising a length of 1 m, a zeolite such as
DDR is utilized to adsorb CO,. Figure 13b is a schematic diagram of the composite bed 1310
showing the first segment 1311 with functionalized adsorbent and the second segments 1312

with DDR. Inlet and outlet conduits are shown schematically in 1314 and 1316, respectively.

[0116] The second RC-PSA unit 821 is comprised of ten adsorbent beds, which are
identical to the adsorbent beds described above except for the total diameter, which is 0.7 m.

All other dimensions and materials arc the same as the adsorbent beds in 801.

[0117] However, in alternative embodiments, the adsorbent material may be mixed

together or could be in the form of two separate adsorbent beds in the same vessels.

[0118] The adsorption of contaminants and subsequent regeneration of the adsorbent
bed is achicved through a scrics of steps in a rapid continuous cycle. Sclection of the precisc
steps and cycle timing depends on several factors including feed composition, product
specifications, contaminant disposition, and overall hydrocarbon recovery. For the first RC-
PSA unit 801, the cycle steps for a single adsorbent bed are illustrated using the graph of
pressure of the adsorbent bed versus time shown in Figure 14a. In addition to the adsorption
step (FD), five cqualization steps (E1-ES) arc followed by a single blow-down step (B), a
product purge step (P), and five re-pressurization steps (R1-R5) along with a feed re-
pressurization step (FR). The individual cycle steps in Figure 14a are described in more
detail as follows:

FD: Adsorption step, feeding natural gas at 44 bar a and producing purificd mcthanc

(co-current flow) in the first adsorbent bed;

E1: Depressurize the first adsorbent bed from 44 bar a to about 35.9 bar a sending
gas to another adsorbent bed to pressurize it from about 28.7 bar a to about 35.9 bar a (co-

current flow);
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E2: Depressurize the first adsorbent bed from about 35.9 bar a to about 28.7 bar a
sending gas to another adsorbent bed to pressurize it from about 22 bar 4 to about 28.7 bar a
(co-current flow);

E3: Depressurize the first adsorbent bed from about 28.7 bar a to about 22 bar a
sending gas to another adsorbent bed to pressurize it from about 15.24 bar a to about 22 bar a
(co-current flow);

E4: Dcpressurize the first adsorbent bed from about 22 bar a to about 15.24 bar a
sending gas to another adsorbent bed to pressurize it from about 8.05 bar a to about 15.24 bar
a (co-current flow);

ES: Depressurize the first adsorbent bed from about 15.24 bar a to about 8.05 bar a
sending gas to another adsorbent bed to pressurize from about 1.4 bar a to about 8.05 bar a
(co-current flow);

BD1: Blow-down or depressurize the first adsorbent bed from about 8.05 bar a to
about 1.4 bar a. Gas exhausted is routed to a compressor, such as compressor 908 in Figure 9,
that feeds the second RC-PSA unit (counter-current flow);

P: Purge the first adsorbent bed at about 1.4 bar a with product gas at 2.5 bar a. The
outlet from the purge is combined with the exhaust gas from the blow-down step and
compressed to 45 bar a to be fed to the second RC-PSA unit;

R5: Re-pressurize the first adsorbent bed from about 1.4 bar a to about 8.1 bar a with
gas from the ES step of yet another adsorbent bed (counter-current flow);

R4: Re-pressurize the first adsorbent bed from about 8.1 bar a to about 15.2 bar a
with gas from the E4 step of yet another adsorbent bed (counter-current flow);

R3: Re-pressurize the first adsorbent bed from about 15.2 bar a to about 22 bar a with
gas from the E3 step of yet another adsorbent bed (counter-current flow);

R2: Re-pressurize the first adsorbent bed from about 22 bar a to about 28.7 bar a with
gas from the E2 step of yet another adsorbent bed (counter-current flow);

R1: Re-pressurize the first adsorbent bed from about 28.7 bar 4 to about 35.9 bar a
with gas from the E1 step of yet another adsorbent bed (counter-current flow); and

FR: Re-pressurize the first adsorbent bed from about 35.9 bar a to about 44 bar a

with feed gas (co-current flow).

[0119] A typical schedule for the cycle of the first RC-PSA unit 801 is as follows:
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FD: Adsorb for 3 seconds;
H

—

: Hold for 0.25 seconds;
E1: Dcpressurize for 0.5 scconds;
H2: Hold for 0.25 seconds;

5 E2: Depressurize for 0.5 seconds;
H3: Hold for 0.25 seconds;
E3: Depressurize for 0.5 seconds;
H4: Hold for 0.25 seconds;
E4: Depressurize for 0.5 seconds;

10

s
u.

: Hold for 0.25 scconds;
ES: Depressurize for 0.5 seconds;
H6: Hold for 0.25 seconds;
BD1: Blow-down for 1.25 seconds;
H7: Hold for 0.25 scconds;
15 P: Purge for 2 seconds;
H8: Hold for 0.25 seconds;
RS: Re-pressurize for 0.5 seconds;
H9: Hold for 0.25 seconds;
R4: Re-pressurize for 0.5 seconds;
20 H10: Hold for 0.25 seconds;
R3: Re-pressurize for 0.5 seconds;
H11: Hold for 0.25 seconds;
R2: Re-pressurize for 0.5 seconds;
H12: Hold for 0.25 seconds;
25 R1: Re-pressurize for 0.5 scconds;
H13: Hold for 0.25 seconds; and
FR: Re-pressurize for 0.5 seconds.

[0120] The total cycle time for the steps described above is 15 seconds for the first

RC-PSA unit 801. The adsorption timc duration for the first RC-PSA unit 801 in this
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example has been extended to 3 seconds as compared to 1.5 seconds for the previous
examples because larger adsorbent crystal sizes are assumed in this example. As a result, the
diffusion of methanc and CO, into the zcolite crystals is slower and high kinctic sclectivity
for CO; over methane is still achicved within 3 seconds.

[0121] For the second RC-PSA unit 821, a different cycle is used as shown in Figure
14b, which is a graph of the pressure versus time relationship for one adsorbent bed in the
cycle. In this cycle, the adsorption step (FD) is followed by two cqualization steps (E1-E2), a
recovery purge step (P), a single blow-down step (B), two depressurization steps (R1-R2) and
a feed depressurization step (FR). Further details of the cycle steps and Figure i4b are
described in the following:

FD: Adsorption step, feeding the compressed exhaust gas from the first RC-PSA
systcm (co-currcnt flow) to producc a methanc rich strcam;

E1: Depressurize the first adsorbent bed from 45 bar a to about 26.1 bar a sending
gas to another adsorbent bed to pressurize it from about 12.7 bar a to about 26.1 bar a (co-
current flow);

E2: Depressurize the first adsorbent bed from about 26.1 bar a to about 12.7 bar a
sending gas to another adsorbent bed to pressurize it from about 1.4 bar a to about 12.7 bar a
(co-current flow);

P: Purge the first adsorbent bed at about 11.7 bar a with gas from step BD1 from
anothcr adsorbent bed at 1.4 bar a which is compressed to 12.7 bar a;

BD1: Blow-down or depressurize the first adsorbent bed from about 11.7 bar a to
about 1.4 bar a (counter-current flow). Gas desorbed is directed to a means for disposal (e.g.,
venting or compression for injection);

R2: Re-pressurize the first adsorbent bed from about 1.4 bar a to about 12.7 bar a
with gas from the E2 step of yet another adsorbent bed (counter-current flow);

R1: Re-pressurize the first adsorbent bed from about 12.7 bar a to about 26.1 bar a
with gas from the E1 step of yet another adsorbent bed (counter-current flow); and

FR: Rc-pressurize the first adsorbent bed from about 26.1 bar a to about 45 bar a

with feed gas (co-current flow).

10122 A typical schedule for the cycle of the second RC-PSA unit 821 is as follows:
FD: Adsorb for 1.5 seconds;
H1: Hold for 0.25 seconds:

41

CA 2990793 2018-01-04



10

15

20

25

30

E1: Depressurize for 0.5 seconds;

H2: Hold for 0.25 seconds;

E2: Dcpressurize for 0.5 scconds;

H3: Hold for 0.25 seconds;

P: Purge for 0.5 seconds;

H4: Hold for 0.25 seconds;

BDI1: Blow-down for 1.25 seconds;

HS5: Hold for 0.25 seconds;

R2: Re-pressurize for 0.5 seconds;

H6: Hold for 0.25 scconds;

R1: Re-pressurize for 0.5 seconds;

H7: Hold for 0.25 seconds; and

FR: Re-pressurize for 0.5 seconds.
[0123] The total cycle time for the steps described above is 7.5 seconds for the sccond
RC-PSA unit 821. The adsorption time duration for this unit is 1.5 seconds as in previous
examples.
[0124] For both the RC-PSA units 801 and 821, the timing for each of the adsorbent
beds is synchronized so that the feed, product, blow-down, and purge flows arc continuous.
A cycle schedule for all 10 adsorbent beds in the first RC-PSA unit 801 is shown in Figures
15a and 15b. Notation for the specific steps is the same as in Figure 14a, with the addition of
a hold step noted as H. In Figures 15a and 15b, two groups of adsorbent beds are shown with
the adsorbent beds in the first group labeled 1 to 5 in the top portion of the sequence graph
and adsorbent beds in the second group labeled 6 to 10 in the bottom portion of the sequence
graph. Figure 15a is a portion of the sequence that is continued in Figure 15b, as indicated by
reference character C. At any given time, two adsorbent beds are performing the adsorption
step wherein acid gas is removed from the feed stream to produce a purified methane product.
The timing of the cycle for cach adsorbent bed is staged so that continuous feed and product
flow is achieved. For example, bed 2 in Figure 15a begins the adsorption step (noted FD)
immediately after bed | stops the adsorption step, and so forth. In a similar manner, a
continuous flow is provided for the purge step and blow-down streams to the acid gas

compressors. The timing of cycles between adsorbent beds is also synchronized such that the
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first equalization step E1 for one bed coincides with the re-pressurization step R1 for another
bed so that the gas withdrawn during the depressurization step is used to re-pressurize another
bed. For cxample, adsorbent bed 7 in Figure 15a undergocs the equalization step El at the

same time that adsorbent bed 2 is performing the re-pressurization step R1.

S [0125] The cycle schedule for the second RC-PSA unit 821 is shown in Figure 16,
and has the same features as described above in Figures [5a and 15b including continuous
feed, product, blow-down, and purge flows. Notation for the steps is the same as described

for Figure 14b, with the addition of a hold step noted as H in Figure 16.

{0126] Performance of the RC-PSA system described in this example was predicted
10 through simulation of the cycle using the parameters discussed above. The results are
summarized in Tablc 1 below. The combination of features described in this ecmbodiment
such as the series PSA configuration, mesopore filler, and recovery purge results in a high
product recovery of 99.4%. Furthermore, a high purity product with less than 1.5% CO; and
4 ppm of HsS is produced due in part to the combination of features such as a composite bed
15 with sclective HaS adsorbent and kinctically sclective CO, adsorbent and inclusion of a

product purge step.

Table 1

ales Gas Party. o
CO2 in Sales Gas (%)
TSaies Gas (ppm) |

Cycle Time () -~

20 [0127] It should be noted that the resulting purity from this RC-PSA system is
unexpected because CO; and H,S are removed at two very different extents in the process.
CO, is removed from 12% to 1.5%, which is a factor of eight reduction. H,S is removed
from 100 ppm 24 ppm, which is a factor of twenty-five reduction. This result is achieved
through the usc of the composite bed along with proper sclection of cycle steps and flow
25 directions. H,S from the feed gas is absorbed in the first segment of the composite bed while
CO; is negligibly adsorbed in the first segment but strongly adsorbed in the second segment

of the composite bed. During the desorption steps, CO, from the sccond segment flows in a
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countercurrent direction past the first segment of the composite bed. Because there is
substantially no HaS in the CO, desorbed from the second segment, this gas stream provides a
partial pressurc purge of the first scgment, resulting in a very low amount of H,S in the first
segment of the adsorbent bed, which allows high purity product gas substantially free of H,S
to be produced in the subsequent adsorption step. This result can also be achieved if the H,S
selective adsorbent is dispersed evenly with the CO, adsorbent along the entire length of the
bed.

EXAMPLE 4

10128) This example describes the same RC-PSA system in Example 3 with two
modifications: 1) equalization vessels are utilized instead of bed-to-bed equalizations, and 2)
larger diameter adsorbent beds were used. As a result of these modifications, the productivity

and performance of the RC-PSA system is improved.

[0129] The use of equalization vessels reduces the time required for each equalization
step, thereby reducing the total cycle time. One independent pressure vessel is provided for
each of the five equalization steps for each adsorbent bed in the system. These equalization
vessels are connected directly to one or the adsorbent beds. Gases withdrawn from the
adsorbent bed during the depressurization step are temporarily stored in the equalization tank
and then used later in the cycle for re-pressurization of the same adsorbent bed. Because the
distances for piping and valves is lessened with dedicated cqualization vessels, the time
intervals for equalization steps between an adsorbent bed and an equalization tank is typically
shorter than the time required for equalization between two adsorbent beds, and therefore the
total cycle time can be decreased, improving the productivity, The size and weight of the

RC-PSA system is also reduced.

[0130] The adsorbent beds in this example are identical to those described in Example
3 including dimensions of the adsorbent beds and gas flow channels, adsorbent materials, and
composite bed. The only exception is the diameter of the adsorbent bed in the second RC-
PSA unit 821 is increased to 1.16 m.

[0131] The same series of cycle steps are utilized for each RC-PSA unit as in
Example 3. However, the shorter cycle times resulting from the use of equalization vessels
involves a different number of adsorbent beds for each RC-PSA unit. The first RC-PSA unit
801 requires sixteen adsorbent beds while the second RC-PSA unit 821 requires five

adsorbent beds. The cycle schedule for the first RC-PSA unit 801 is shown in Figurc 17, and
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the cycle schedule for the second RC-PSA unit 821 is shown in Figure 18. As in the previous
examples, continuous feed and product flow is provided. However, the synchronization
rcquircments between adsorbent beds is relaxed because the transfer of gas between
10 adsorbent vessels is eliminated due to the use of equalization vessels. Thus, the first RC-PSA
unit can be operated with four banks of for beds, with each bank ¢xecuting the same cycle

schedule as shown in Figure 17.

[0132] The time intervals of the cycle steps for the first RC-PSA unit 801 is shown
10 below in Table 2:
10
Table 2
Step & % e oy
1 H Hooaa
2 8 82
2 # H
R 3 P Ri
# 3 8 31
E3 8 " FR 4
# ¥ # 3 NG
£8 8 a3 Yetal 104
" N 4 Yedal 103
IS w3 R OOW &8 &
15 [0133] The total cycle time for the first RC-PSA unit 801 is 10.3 seconds. The total

cycle time for the sccond RC-PSA unit 821 is 6.7 scconds, as shown below in Table 3 of the

time intervals of the cycle steps:
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[0134] Performance of the RC-PSA system described in this cxample was predicted
through simulation of the cycle using the paramcters discussed above. The results arc
summarized in Table 4 below. The combination of features described in this embodiment
such as the series PSA configuration, mesopore filler, and recovery purge results in a high
15 product recovery of 99.4%. Furthermore, a high purity product with less than 1.5% CO, and
4 ppm of H,S is produccd duc in part to thc combination of features such as a compositc bed
with selective H,S adsorbent and kinetically selective CO, adsorbent and inclusion of a
product purge step.
[0135] The resulting performance of the RC-PSA system in this example is
20 summarized in Table 4 below. As in the previous example, a methane recovery over 99%
was achieved, while producing high purity product gas with 1.5% CO, and around 1 ppm
H>S. The capacity of the RC-PSA system for this example is 170 MSCFD, which is more
than twice the capacity of the similar system in Example 3. The increased productivity for
this cxample is duc to the usc of cqualization tanks. For a large-scale gas processing facility,
25  the improvements in this example may result in significant reductions in the cost and size of

equipment for acid gas removal.
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Table 4

‘Second RCPSA

Sales Gas Purity

CO2 in Sales Gas (%)
| M2 inSales Gas (ppm) |
Sales Gas Recovery (%)

EXAMPLE 5

[0136] The natural gas feed stream described in Examples 3 and 4 may be processed
with RC-PSA systems utilizing different combinations of the features described in this
invention. One possible embodiment is described in this example, wherein a single RC-PSA
unit is used to produce high purity methane with less than 1.5% CO; and less than 4 ppm H,S
while achieving high methane recovery. High product purity and high methane recovery are
achieved using vacuum regeneration in combination with other features such as recovery
purge, composite bed, mesopore filler, and dual adsorbent materials. Figure 9 is a simplified
process flow diagram for the RC-PSA system 900, in which the RC-PSA unit 910 is in fluid
communication with various conduits 901-905 and associated compressors 906a-906b. The
system 900 is interconnected to manage the flow of fluids through the system to perform

various cycle steps which are described below.

[0137] In this example, a feed stream is provided to the RC-PSA system 910 via
conduit 903, containing natural gas from conduit 901 which may be combined with a recycle
stream from conduit 902. A purified product stream rich in methane exits the RC-PSA
system 910 via conduit 904 at a slightly reduced pressure duc to pressurc drop across the
adsorbent beds, valves and piping internal to the RC-PSA system 910. Feed gas in the inlet
conduit 901 contains 12% CO; and 100 ppm H,S and has a pressure of about 85 bar. The
product stream in conduit 904 is purified to 1.5% CO; and less than 1 ppm H,S in the RC-
PSA unit 910. Acid gas is desorbed from the adsorbent beds and exits the RC-PSA unit 910
via a conduit connected to a compressor 906a which provides a vacuum pressure at the
compressor suction of around 0.5 bar a. Acid gas is compressed in 906a to around 20 bar a,
and a portion of the stream is removed via conduit 905 to be used for the recovery purge in
the RC-PSA system 910. This stream is rich in acid gas and is used to sweep methane from

the flow channcls and void spaccs in the adsorbent layer of the adsorbent beds, thercby
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increasing the product recovery of the RC-PSA system. The outlet of this purge is collected
and compressed in compressor 906b. The purge outlet stream is rich in methane and may be
uscd for various purposcs such as fucl gas. In this cxamplc, at Icast a portion may be
recycled back to the inlet of the RC-PSA unit 910 via conduit 902 and the remainder is used
elsewhere in the facility.  The portion of the acid gas stream not used for the recovery purge

is further compressed and sent for disposal by reinjection or other methods.

[0138] The RC-PSA unit 910 is comprised of twelve adsorbent beds, cach of which is
comprised of a structured contactor with a plurality of gas flow channels. In this example,
the gas flow channels are square as shown in Figure 13a, with a height 1301 of 225 um and a
width of 225 um. The total length of the gas flow channels is 1.1 m, and the total diameter of
each adsorbent bed is 1.2 m. The structured contactor maybe segmented along its length so
that cach scgment has a plurality of flow channels and the gas passcs scquentially from flow
channels in one scgment to flow channels in a separate segment. There may be from 1 to 10
segments along the length of the contactor. The total pressure drop along the fength of the
adsorbent bed during the adsorption step is around 1 bar.

[0139] Gas flow channcls in the structurcd adsorbent contactor arc formed from a
layer containing adsorbent material which may be on our part of at least a fraction of the
structured contactor walls. The layer may also contain a mesopore filler material which
decreases the void space in the layer to less than about 20%. The average thickness of the
layer is 150 pm, dimension 1302 in Figure 13a. In this example, two different adsorbent
materials are utilized in a composite bed to enable near complete removal of H,S to produce a
high purity methane product. ln the first segment of the adsorbent bed, comprising a length
of 0.10 m, an amine functionalized adsorbent is utilized which selectively adsorbs H,S. In
the remaining segments of the adsorbent bed, comprising a length of 1 m, a zeolite such as
DDR is utilized to adsorb CO,. Figure 13b is a schematic diagram of the composite bed 1310
showing the first segment 1311 with functionalized adsorbent and the second segments 1312

with DDR. Inlet and outlet conduits are shown schematically in 1314 and 1316, respectively.

[0140] The adsorption of contaminants and subsequent regeneration of the adsorbent
bed 15 achieved through a series of steps in a rapid continuous cycle. Selection of the precise
steps and cycle timing depends on several factors including feed composition, product
specifications, contaminant disposition, and overall hydrocarbon recovery. For the RC-PSA
unit 910, the cycle steps for a single adsorbent bed are illustrated using the graph of pressure

of the adsorbent bed versus time shown in Figure 19. In addition to the adsorption step (FD),
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five equalization steps (E1-E5) are followed by a recovery purge step (P), a single blowdown
step (B), five re-pressurization steps (R1-R5), and a feed depressurization step (FR). The
individual cycle steps in Figure 19 are described in more detail as follows:

FD: Adsorption of acid gas from natural gas at 85 bar a and production of purified
methane (co-current flow) from the adsorbent bed;

El: Depressurize the adsorbent bed from 85 bar a to about 73 bar a sending gas to an
cqualization tank M1 ;

E2: Depressurize the adsorbent bed about 73 bar a to 59 bar a sending gas to
equalization tank M2;

E3: Depressurize the adsorbent bed about 59 bar a to about 45 bar a sending gas to
cqualization tank M3;

E4: Depressurize the adsorbent bed about 45 bar a to about 36 bar a sending gas to
equalization tank M4;

ES: Depressurize the adsorbent bed about 36 bar a to about 20 bar a sending gas
cqualization tank MS5;

P: Purge the adsorbent bed at about 20 bar a with gas from step BD1 at 1.4 bar a
which is compressed to 21 bar a. Gas displaced from the adsorbent bed in this step is
collected and compressed for various uses including fuel gas or recycle to the feed of the RC-
PSA unit;

BD1: Blow-down or depressurize the adsorbent bed from about 20 bar a to about 0.5
bar a. Gas exhausted is routed to the first stage of a compressor. A portion of the streamis
utilized for the required purge after being compressed to around 21 bar a;

RS: Re-pressurize the first adsorbent bed from about 0.5 bar a to about 20 bar a with
gas from MS5;

R4: Re-pressurize the first adsorbent bed from about 20 bar a to about 36 bar a with
gas from M4;

R3: Re-pressurize the first adsorbent bed from about 36 bar a to about 45 bar a with
gas from M3;

R2: Re-pressurize the first adsorbent bed from about 45 bar a to about 59 bar a with

gas from M2;
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R1: Re-pressurize the first adsorbent bed from about 59 bar a to about 73 bar a with

gas from M1; and

FR: Re-pressurize the first adsorbent bed from about 73 bar a to about 85 bar a with

feed gas.
5 (0141 A typical schedule for the cycle in this example is as follows:

FD: Adsorb for 3 seconds;
H1: Hold for 0.1 scconds;
E1: Depressurize for 0.2 seconds;
H2: Hold for 0.1 seconds;

10 E2: Depressurize for 0.2 seconds;
H3: Hold for 0.1 seconds;
E3: Depressurize for 0.2 seconds;
H4: Hold for 0.1 seconds;
E4: Depressurize for 0.2 seconds;

15 HS: Hold for 0.1 seconds;
ES: Depressurize for 0.2 seconds;
Hé: Hold for 0.1 seconds;
P: Purge for 1.3 scconds;
H7: Hold for 0.1 seconds;

20 BD1: Blow-down for 1.2 seconds;
H8&: Hold for 0.1 seconds;
RS: Repressurize for 0.2 sceonds;
H9: Hold for 0.1 seconds;
R4: Repressurize for 0.2 seconds;

25 H10: Hold for 0.1 seconds;
R3: Repressurize for 0.2 seconds;
H11: Hold for 0.1 seconds;
R2: Repressurize for 0.2 seconds;

H12: Hold for 0.1 scconds;
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R1: Repressurize for 0.2 seconds;
H13: Hold for 0.1 seconds; and
FR: Repressurize for 0.2 scconds.

{0142] The total cycle time for the steps described above is 9 seconds. Using the
equalization vessels, the duration of the equalization steps is reduced compared to previous
cxamples and therefore the total cycle time is reduced. As a result, the productivity of the
adsorbent beds is increased because a larger portion of the total cycle time is spent on
adsorption. Therefore fewer adsorbent beds are required for continuous feed and product
flows. In this example, only three adsorbent beds are required for continuous flow since each
bed is on adsorption for one third of the time. The entire RC-PSA unit 910 can be operated
with four scts of three beds operating with the same cycle schedule as shown in Figurc 20.
Meditation for the steps is the same as described for Figure 19, with the addition of the hold
stcp noted as H in Figure 16. With this configuration, four adsorbent beds are on the
adsorption step at any given time. Because equalization vessels are used, each adsorbent bed
operates independently and the timing of cycles for different adsorbent beds arc not.
synchronized to allow equalization between adsorbent beds. Synchronization of adsorbent

beds is only necessary for providing continuous feed and product flow.,

[0143] The performance of the RC-PSA system described in this example is predicted
through simulation of the cycle using the parameters discussed above. The results arc shown
in Table 5 below. The combination of features in this embodiment results in a high purity
product stream with 1.5% CO, and less than one ppm H,S while achieving high product
recovery of over 99%. By combining vacuum regeneration with other features such as the
recovery purge, mesopore filler, and cqualization vesscls, the RC-PSA system described in
this example achieves similar purity and recovery to the RC-PSA systems described in a
Examples 3 and 4, but the productivity is increased to 193 MSCFD and the number of
adsorbent beds is reduced significantly. As a result, the cost and size of the acid gas removal
equipment is significantly lower than that of a conventional PSA or other technology with the

samc product purity.
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[0144| Several features in this cxample enable the nonobvious results for the RC-PSA
system.  As noted previously, CO, and H,S are removed to very different extents in the
proccss. CO; is removed from 12% to 1.5%, which is a factor of 8 reduction. H,S is
removed from 100 ppm to 1 ppm, which is a factor of 100 reduction. This result is achieved
through the use of the composite bed along with proper selection of cycle steps and flow
directions. H,S from the feed gas is absorbed in the first segment of the composite bed while
CO; is negligibly adsorbed in the first segment but strongly adsorbed in the second segment
of thc composite bed. During the desorption steps, CO; from the second segment flows in a
countercurrent direction past the first segment of the composite bed. Since there is
substantially no HS in the CO; desorbed from the second segment, this gas stream provides a
partial pressure purge of the first segment, resulting in a very low amount of H,S in the first
scgment of the adsorbent bed, which allows high purity product gas substantially free of H,S
to be produced in the subsequent adsorption step. The same effect can be obtained in a
composite bed that contains a mixture of the CO, and H,S selective adsorbents. However a
larger ratio of H,S to CO, selective adsorbent is required compared to the segmented
composite bed to remove H>S to the same extent. For Example 5, the ratio of H,S to CO,
selective adsorbent is 1:9 for the segmented composite bed and is 2:8 for the composite bed
with the H>S and CO» selective adsorbents mixed together to reduce H,S in the product to |
ppm. H»S from the feed gas is adsorbed substantially by the H,S selective adsorbent near the
feed end of the composite bed. CO, from the feed gas is adsorbed substantially by the CO,
sclective adsorbent and the CO; front moves past the HyS front in the composite bed. During
the desorption steps, CO, desorbs in a countercurrent direction and provides a partial pressure

purge for the desorption of H2S near the feed end of the adsorbent bed.
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[0145] Also, the blow-down may be performed from both the feed and the product
sides of the composite adsorbent bed to reduce the blow-down time and improve product

recovery and purity.

[0146] Further optimization of the RC-PSA system could be envisioned to improve
the performance. For example, the recovery purge pressure may be lowered by increasing the
volume of cqualization vessels or increasing the number of cqualization steps. The purge
pressure could be lowered to the minimum level possible before any significant quantity of
desorption of the contaminants occurs from the adsorbent bed. Lowering the pressure of the
purge stream decreases the flow rate required since a fixed volume must be swept in the
purge step, and a lower pressurc results in a lower mass flow. The combination of lower
pressurc and lower mass flow may result in significant reduction in the cost, size, and power

consumption of associated compression equipment.

[0147] Another optimization is the use of multiple blow-down steps with pressure
levels selected to minimize the overall acid gas compression power consumption.  As
described in Examples 1 and 2, the absolute pressures for each blowdown step are in ratios of
three to correspond with operating pressure ratios for acid gas compressors. The use of
multiple blowdown steps with the vacuum regeneration is especially useful because it reduces
the size of the vacuum compressor stage. In this example, only a portion of the acid gas may
be exhausted at 0.5 bar a and the remainder may be exhausted at 1.5 bar a and 4.5 bar a. The
associated power consumption for acid gas compression is reduced and the size of the
vacuum compressor and associated piping is significantly reduced as well.

[0148] Examples 3 through 5 could be used for a wider range of conditions to
produce high purity gas with high product recovery.

[0149] In one or more embodiments, the system may be utilized to remove one or
more components of the acid gas (CO; and H,S) from a feed stream if the contaminants
cxceed a contaminate threshold. For example, for a feed stream, such as natural gas, at a
pressure greater than 350 psig (2413 kPag), the feed stream may contain contaminants above
a contaminant threshold. Examples of the contaminants may include CO;, in the range of | to
80 mole %, and less than 1 mole% H,S, preferably less than 1 mole%, preferably less than
0.5 mole% H2S and even more preferably less than 0.075 mole% H2S. A high purity
product gas is produced, which contains less than 4 mole% CO2 and less than 10 ppm H2S,

preferably less than 4 ppm H2S, even more preferably less than | ppm H2S. A high methane
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recovery of more than 90%, preferably more than 95% and even more preferably more than
97% is obtained during the separation.

[0150] In onc or morc cmbodiments, the system may be utilized to remove one or
more components of the acid gas (CO, and H,S) from a feed stream at higher pressures. For
instance, the feed pressure may be a pressure greater than 350 psig (2413 kPag), greater than
500 psig (3447 kPag), or greater than 600 psig. Other example feed pressures may include

pressurcs greater than 20 bar-a, greater than 30 bar-a, or greater than 40 bar-a,

[0151] An exemplary hydrocarbon treating apparatus is shown in Figures 21 and 22.
Figure 21 is a top view of the swing adsorption system 2100, while Figure 22 is a partial side
view of the swing adsorption system 2200 with certain adsorbent bed assemblies omitted for
simplicity. This apparatus is a compact swing adsorption system 2100 with fourtcen
adsorbent bed assemblics. The fourteen adsorbent bed assemblics are stacked two layers with
the top adsorbent bed assemblies 2101-2107 being illustrated in Figure 21. A rotary valve
assembly 2108 is concentrically located in a cylindrical housing with a rotary valve, which is
positioned equidistant to the enjoined adsorbent bed assemblies. The cylindrical housing
further acts as a mcans of supporting a plurality of such adsorbent bed asscmblics, conduits
and valves in a multi-tier level arrangement. Gaseous streams are transferred through a given
adsorbent bed by way of both the central rotary valve and one or more reciprocating valves
located on the vessel heads. The gascous stream has bi-directional travel between the ports of
either of the reciprocating or rotary valves through a fixed conduit. The transfer duration of

subscquent gascous strcams is limited and directed by the predetermined adsorption cycle.

[0152] Another feature of the apparatus shown in Figures 21 and 22 relates to a
method of coordinating the activation mechanism of the reciprocating valve to either open or
close at several predetermined physical locations on the rotary valve itself. In the present
cmbodiment, a rcliablc and repeatable means of replicating precise operable coordination
between the open or closed ports of the respective valves is provided for the adsorption cycle.
This embodiment uses a traveling magnet assigned as a transmitter location, which is aligned
to a fixed magnetic assigned as a receiving location. A generated flux signal between the
magnets activates a specified mechanized driver of a given reciprocating valve for a specified
duration. The art of gencrating and reading the change in a magnetic flux signal is
scientifically recognized as the Hall Effect. The hydrocarbon treating apparatus shown in

Figures 21 and 22 can be implemented in many different configurations.
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[0153] One possible alternative embodiment is shown in Figures 23, 24A, 24B, 24C,
25, 26A, 26B and 26C. In this embodiment, the fourteen individual adsorbent bed assemblies
may be arranged in two skids, cach of the skids containing scven of the individual adsorbent
bed assemblies arranged in two rows. One of the exemplary skids is shown in Figure 23.
Multiple reciprocating (or poppet) valves are arranged on the top and bottom of each vessel

and connected via piping and headers above and below the adsorbent bed assemblies.

[0154] An individual adsorbent bed assembly is shown in Figurcs 24A-24C.  As
shown in the side view of Figure 24B, various feed piping may pass the gaseous feed stream
to the adsorbent bed assembly 2402 and the product stream may be removed via the bottom
piping. The feed gas enters and exhaust gas exits through the piping and valves on the top of
the vessel as shown in the top view of Figure 24A. Product gas exits the adsorbent vessel
through one of the valves and piping systems on the bottom of the vessel as shown in the
bottom view in Figure 24C. Other equalization and purge valves and piping are also included
in Figures 24A-24C.

[0155] Each adsorbent bed assembly can be first fitted with the requisite reciprocating
valves and then placed in the bed support structure 2501-2507 mounted on the skid 2510,
which is shown in Figure 25. Once the seven adsorbent bed assemblies are set in their
respective support structure 2501-2507, the bed assemblies can be interconnected via piping
and headers. The bed support structures 2501-2507 may be configured to permit movement
to allow for thermal expansion or contraction of the piping system associated with the bed
asscmbly. While the individual bed support structures 2501-2507 are fixed to the skid basc
2510, the adsorbent bed assemblies, which are noted in other figures, may be disposed into
the bed support structure 2501-2507 without being rigidly attached or securely fixed.
Therefore, the entire adsorbent bed assembly can move freely within the bed support
structurc to accommodate thermal cxpansion or contraction of the piping and minimize
stresses on the piping and valves. ‘

[0150] Figures 20A-26C provides different views of two bed assemblies. For
instance, a top view of two interconnected beds is shown in Figure 26A, a bottom view of
two interconnected bed assemblies is shown in Figure 26C, and a side view of the

intcrconnceted bed assemblics in the support structure is shown in Figure 26B.

[0157] The piping, valves, and headers for a complete skid as connected are shown in
Figure 27 without the adsorbent bed assemblies or support structure to illustrate the piping

network. The top piping and headers 2701 are shown relative to the bottom piping and
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headers 2702 in this embodiment. The piping can be designed to be self-supporting, or

additional structure can be provided to support the piping network within the skid.
CONCEPTS

{0158] Processes provided above are useful in swing adsorption separation
techniques. Non-limiting swing adsorption processes include pressure swing adsorption
(PSA), vacuum pressure swing adsorption (VPSA), temperature swing adsorption (TSA),
partial pressurc swing adsorption (PPSA), rapid cycle pressurc 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.

[0159] PSA processes rely on the phenomenon of gases being more readily adsorbed
within the pore structure or frec volume of an adsorbent material when the gas is under
pressure, i.c., the higher the gas pressure, the greater the amount readily-adsorbed gas

adsorbed. When the pressure is reduced, the adsorbed component is released, or desorbed.

[0160] PSA processes may be used to separate gases of a gas mixture because
different gascs tend to fill the micropore of the adsorbent to different cxtents. If a gas
mixture, such as natural gas, is passed under pressure through a vessel containing a polymeric
or microporous adsorbent that is more selective towards carbon dioxide than it is for
methane, at least a portion of the carbon dioxide may be selectively adsorbed by the
adsorbent, and the gas exiting the vessel may enriched in methane. When the adsorbent
reaches the end of its capacity to adsorb carbon dioxide, it is regenerated by reducing the
pressure, thereby releasing the adsorbed carbon dioxide. The adsorbent is then typically
purged and repressurized and ready for another adsorption cycle.

[0161] TSA processes rely on the phenomenon that gases at lower temperatures are
morc readily adsorbed within the pore structure or frec volume of an adsorbent matcrial
compared to higher temperatures, i.e., when the temperature of the adsorbent is incrcased, the
adsorbed gas is released, or desorbed. By cyclically swinging the temperature of an
adsorbent bed, TSA processes can be used to separate gases in a mixture when used with an

adsorbent that is sclective for onc or morc of the components of a gas mixture.

[0162] Adsorptive kinetic separation processes, apparatus, and systems, as described

above, are useful for development and production of hydrocarbons, such as gas and oil
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processing. Particularly, the provided processes, apparatus, and systems are useful for the

rapid, large scale, efficient separation of a variety of target gases from gas mixtures.

[0163] The provided processes, apparatus, and systems may be used to prepare
natural gas products by removing contaminants and heavy hydrocarbons, i.e., hydrocarbons
having at least two carbon atoms. The provided processes, apparatus, and systems are useful
for preparing gaseous feed streams for use in utilities, including separation applications such
as dew point control, sweetening/detoxification, corrosion protection/control, dehydration,
heating value, conditioning, and purification. Examples of utilities that utilize one or more
separation applications include generation of fuel gas, seal gas, non-potable water, blanket
gas, instrument and control gas, refrigerant, inert gas, and hydrocarbon recovery. Exemplary
“not to exceed” product (or "target") gas specifications include: (a) 2 vol.% CO,, 4 ppm H;S,
(b) 50 ppm CO», 4 ppm H;S, or (¢) 1.5 vol.% COa», 2 ppm H;S.

[0164] The provided processes, apparatus, 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 gas, i.e., sour gas
resources. Hydrocarbon feed streams vary widely in amount of acid gas, such as from
several parts per million acid gas to 90 vol.% acid gas. Non-limiting examples of acid gas
concentrations from execmplary gas reserves include concentrations of at least: (a) 1 vol.%
HsS, 5 vol.% COs3, (b) 1 vol.% HaS, 15 vol.% COs, (c) 1 vol.% H»S, 60 vol.% CO,, (d) 15
vol.% HsS, 15 vol.% CO», and (e) 15 vol.% H>S, 30 vol.% CO..

[0165] One or more of the following Concepts A-O may be utilized with the
processes, apparatus, and systems, provided above, to prepare a desirable product stream
while maintaining high hydrocarbon recovery:

Concept A:  using onc or more kinetic swing adsorption process, such as pressure swing
adsorption (PSA), thermal swing adsorption (TSA), calcination, and partial pressure
swing or displacement purge adsorption (PPSA), including combinations of these
processes; each swing adsorption process may be utilized with rapid cycles, such as
using one or more rapid cycle pressure swing adsorption (RC-PSA) 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 U.S. Patent Application Publication Nos.

2008/0282892, 2008/0282887, 2008/0282886, 2008/0282885, and 2008/0282884;
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Concept B: removing acid gas with RC-TSA using advanced cycles and purges as described

in U.S. patent application no. 61/447848, filed March 1, 2011;

Concept 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, 2008/028286. The non-sweepable void
space present within the adsorbent channel wall is can be defined by the total volume
occupied by mesopores and macropores. Mesopores are defined by the IUPAC to be
pores with sizes in the 20 to 500 angstrom size range. Macropores are defined herein to
be pores with sizes greater than 500 angstrom and less than 1 micron. Because the flow
channels are larger than [ micron in size, they are not considered to be part of the
macropore volume. The non-sweepable void space is defined herein as the open pore
volume occupied by pores in the absorbent that are between 20 angstroms and 10,000
angstroms (1 micron) in diameter divided by the total volume of the contactor that is
occupied by the absorbent material including associated mesopores and macropores in
the absorbent structure. The non-sweepable void space can be reduced by filling the
mesopores and macropores between the particles to reduce the open volume while
allowing rapid gas transport throughout the adsorbent layer. This filling of the non-
sweepable void space, which may be referred to as mesopore filling, is desired to reduce
to acceptable levels the quantity of desired product, lost during the rapid desorption step
as well as to allow a high degree of adsorbent bed purity following desorption. Such
mesopore filling can be accomplished in a variety of ways. For example, a polymer
filler can be used with rapid diffusion of H,S and CO,, such as a silicon rubber or a
polymer with intrinsic porosity. Alternatively, a pyrolitic carbon having mesoporosity
and/or microporosity could be used to fill the void space. Still another way would be by
filling the void space with inert solids of smaller and smaller sizes, or by filling the void
space with a replenishable liquid through which the desired gases rapidly diffuse (such
as water, solvents, or oil). Preferably, the void space within the adsorbent wall is
reduced to less than 40 volume percent (vol.%), preferably to less than 30 vol.%, more
preferably to less than 20 vol.%; even more preferably to less than 10 vol.% and most

preferably less than about 5 vol% of the open pore volume;
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Concept D: Choosing an appropriate adsorbent materials to provide high selectivity and

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. 2008/0282887
and 2009/0211441.

Preferred adsorbents for the removal of acid gases are selected from a group
consisting of mesoporous or microporous materials, with or without functionality for
chemical reactions with acid gases. Examples of materials without functionality include
cationic zeolites and stannosilicates. Functionalized materials that chemically react with
H,S and CO, exhibit significantly increased selectivity for H,S and CO, over
hydrocarbons. Furthermore, they do not catalyze undesirable reactions with
hydrocarbons that would occur on acidic zeolites. Functionalized mesoporous adsorbents
are also preferred, wherein their affinity toward hydrocarbons is further reduced

compared to unfunctionalized smaller pore materials, such as zeolites.

Alternatively, adsorption of heavy hydrocarbons can be kinetically suppressed by
using small-pore functionalized materials, in which diffusion of heavy hydrocarbons is
slow compared to H,S and CO,. Care should also be taken to reduce condensation of
hydrocarbons with carbon contents equal to or above about 4 (i.e., C4+ hydrocarbons) on

external surfaces of H»S and CO; selective adsorbents.

Non-limiting example of functional groups suitable for use herein include
primary, secondary, tertiary and other non-protogenic, basic groups such as amidines,
guanidines and biguanides. Furthermore, these materials can be functionalized with two
or more types of functional groups. To obtain substantially complete removal of H,S
and CO, from natural gas streams, an adsorbent material preferably is selective for H,S
and CO; but has a low capacity for both methane and heavier hydrocarbons (Cy+). In
one or more embodiments, it is preferred to use amines, supported on silica based or
other supports because they have strong adsorption isotherms for acid gas species. They
also have high capacities for such species, and as a consequence of their high heats of
adsorption, they have a relatively strong temperature response (i.e. when sufficiently
heated they readily desorb H,S and CO, and can thus be used without excessive
temperature swings). Preferred are adsorbents that adsorb in the 25 °C to 70 °C range
and desorb in the 90 °C to 140 °C range. In systems requiring different adsorbents for
CO; and H,S removal, a layered bed comprising a suitable adsorbent for the targeted

species may be desirable
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For CO, removal from natural gas, it is preferred to formulate the adsorbent with a
specific class of &-ring zeolite materials that has a kinetic selectivity. The kinetic
sclectivity of this class of 8-ring zcolitc matcrials allows 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. For the removal of CO,
from natural gas, this specific class of 8-ring zeolite materials preferably has a Si/Al ratio
from about 1 to about 25. Tn other preferred embodiments, the Si/Al ratio of the zeolite
material is from 2 to about 1000, preferably from about 10 to about 500, and morc
preferably from about 50 to about 300. It should be noted that as used herein, the term
Si/Al is defined as the molar ratio of silica to alumina of the zeolitic structure. This
preferred class of 8-ring zeolites that are suitable for use herein allow CO3 to access the
internal pore structure through 8-ring windows in a manner such that the ratio of single
component diffusion coefficients for CO; over methane (i.c., DCO»/DCHy) is greater
than 10, preferably greater than about 50, and more preferably greater than about 100

and even more preferably greater than 200,

In many instances, nitrogen also has to 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 it is also preferred to formulate the
adsorbent with a class of 8-ring zcolitc matcrials that has a kinctic sclectivity. The
kinetic selectivity of this class of 8-ring materials allows Nj to be rapidly transmitted
into zeolite crystals while hindering the transport of methane so that it is possible to
selectively separate N; from a mixture of N; and methane. For the removal of Ny, from
natural gas, this specific class of 8-ring zeolite materials also has a Si/Al ratio from about
2 to about 1000, preferably from about 10 to about 500, and more preferably from about
50 to about 300. This preferred class of 8-ring zeolites that are suitable for use herein
allow Nj to access the internal pore structure through 8-ring windows in a manner such
that the ratio of single component diffusion coefficients for N, over methane (i.e.,
DN,/DCH,) is greater than 5, preferably greater than about 20, and morc preferably
greater than about 50 and even more preferably greater than 100. Resistance to fouling
in swing adsorption processes during the removal of N; from natural gas is another

advantage offered by this class of 8-ring zeolite materials.
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In a preferred embodiment, H,S is selectively removed with a non-aqueous
sorbent comprising a basic non-protogenic nitrogenous compound supported on a
marcroporous, mesoporous, or microporous solid. Thc non-protogenic nitrogenous
compound selectively reacts with at least a portion of the H,S in the feed gas
mixture. Examples of suitable porous solid supports include activated charcoal or solid
oxides (including mixed oxides), such as alumina, silica, silica-alumina or acidic or non-
acidic zeolites. The basic non-protogenic nitrogenous compound may simply be
physically sorbed on the support matcrial (c.g. by impregnation or bonded with or
grafted onto it by chemical reaction with the base itself or a precursor or derivative in
which a substituent group provides the site for reaction with the support material in order
to anchor the sorbent species onto the support). Bonding is not, however, required for an
cffective solid phasc sorbent material. Support matcrials which contain reactive surface
groups, such as the silanol groups found on zeolites and the M41S silica oxides are
capable of reacting with siloxane groups in  compounds, such as
trimethoxysilylpropyldimethylamine.  Non-protogenic nitrogenous compounds do not
enter into chemisorption reactions with CO, in the absence of water although they do
undergo reaction with H,S. This differential chemical reactivity is used to make the
separation between the H,S and the CO2. A wide variety of basic nitrogen-containing
compounds may be used as the essential sorbent. If desired, a combination of such
compounds may be used. The requirement for the desired selectivity for H,S adsorption
is that the nitrogenous groups be non-protogenic, that is, incapablc of acting as a proton
donor. The nitrogenous groups therefore do not contain an acidic, dissociable hydrogen
atom, such as nitrogen in a primary or secondary amine. It is not required that the whole
compound be aprotic, only that the nitrogen-containing groups in the compound be non-
protogenic. Non-protogenic nitrogen species cannot donate an H' (proton), which is a
prerequisite for the formation of carbamates as a route for the CO, chemisorption
reaction in the absence of water; they are non-nucleophilic under the prevailing reaction
conditions.  Suitable nitrogenous compounds include tertiary amines such as
tricthylamine, triethanolamine (TEA), methyldiethanolamine (MDEA), N-methyl
dicthanolamine ~ (CH3;N(C;H,OH);), NNN'N' - totrakis (2 - hydroxycthyl)
ethylenediamine as well as non-protogenic nitrogenous bases with cyclic, multicyclic,
and acyclic structures, such as imines, heterocyclic imines and amines, amidines

(carboxamidines) such as  dimethylamidine, guanidines, triazabicyclodecenes,
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imidazolines, and pyrimidines. Compounds such as the N N-di(lower alkyl)
carboxamidines ~ where  lower alkyl is  preferably C,-Cs alkyl, N-
mcthyltctrahydropyrimidine  (MTHP), 1,8-diazabicyclo[5.4.0]-undcce-7-cne (DBU),
1.5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene
(MTBD), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), substituted guanidines of the
formula (R'R*N)(R’R*N)C=N-R’ where R', R%, R* and R* are preferably lower alkyl
(Ci-Cs) and R’ is preferably H or lower alkyl (C;-Cg), such as 1,1,33-
tetramcthylguanidine and biguanide, may also be uscd. Other substituent groups on
these compounds such as higher alkyl, cycloalkyl, aryl, alkenyl, and substituted alkyl

and other structures may also be used.

Another class of materials that is capable of removing H,S and CO,, from natural
gas strcams is cationic zcolites. Sclectivity of these materials for H,S and CO;, depends
on the framework structure, choice of cation, and the Si/Al ratio. In a preferred
embodiment the Si/Al ratio for cationic materials is in a range from 1 to 50 and more
preferably a range from 1 to 10. Examples of cationic zeolite include zeolites, 4A, 5A
and faujasites (Y and X). It is preferred to usc these materials for sclectively removing

H,S and CO, after the feed stream has been dehydrated.

Other non-limiting examples of preferred selective adsorbent materials for use in
embodiments herein include microporous materials such as zeolites, AIPOs, SAPOs,
MOFs (metal organic frameworks), ZIFs (zeolitic imidazolate frameworks, such as ZI1F-
7, ZIF-8, ZIF-22, ctc.) and carbons, as well as mesoporous matcrials such as the aminc
functionalized MCM materials. For the acidic gases such as hydrogen sulfide and
carbon dioxide which are typically found in natural gas streams, adsorbent such as
cationic zeolites, amine-functionalized mesoporous materials, stannosilicates, carbons

arc also preferred.;

Concept E: dcpressurizing one or more RC-PSA 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 compressot(s) to optimize the overall compression system;

Concept F. using exhaust or recycle streams to minimize processing and hydrocarbon

losses, such as using exhaust streams from one or more RC-PSA units as fuel gas instead

of re-injecting or venting;
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Concept G: using multiple adsorbent materials in a single bed to remove trace amounts of a
first contaminant, such as HyS, before removal of a second contaminant, such as CO;;
such scgmented beds may provide rigorous acid gas removal down to ppm levels with

RC-PSA units with minimal purge flow rates;

Concept H: using feed compression before one or more RC-PSA units to achieve a desired
product purity;

Concept I: contemporancous removal of non-acid gas contaminants such as mercaptans,

COS, and BTEX selection processes and materials to accomplish the same;

Concept J: using structured adsorbents for gas-solid contactors to minimize pressure drop

compared to conventional packed beds;

Concept K: sclecting a cycle time and cycle steps bascd on adsorbent material kinctics;
Concept L: using a process and apparatus that uses, among other equipment, two RC-
PSA units in scries, wherein the first RC-PSA unit cleans a feed stream down to a
desired product purity and the second RC-PSA unit cleans the exhaust from the first unit
to capture methane and maintain high hydrocarbon recovery; use of this series design

may reduce the nced for a mesopore filler;

Concept M: using parallcl channel contactors, wherein gas/solid contacting takes place in
relatively small diameter adsorbent lined channels. This structure of the contactor
provides the benefits of rapid adsorption kinetics through minimization of gas film
resistance and high gas solid communication. A preferred adsorber design gencrates a

sharp adsorption front.

It is preferred to have very rapid gas to adsorbent kinetics, i.e. the length through
which the target species (e.g., a target gas) diffuses to make contact with the adsorbent
wall is kept short, preferably less than 1000 microns, more preferably less than 200
microns, and most preferably less than 100 microns. Favorable adsorbent kinetics may
be realized by, while limiting bed pressure drop to acceptable values, utilizing a parallel
channel contactors wherein the feed and purge gases are confined to a plurality of very
narrow (1000 to 30 micron diameter) open channels that are lined to an effective

thickness of the adsorbent material.

By “effective thicknesses” we mean a range of about 500 microns to 5 microns for
most applications. In the most limiting case of laminar gas flow, the very narrow

channels limit the maximum diffusion distance for a trace species to no more than half
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(“2) the diameter of the channel. Even when adsorbing the desired species at the leading
edge of the adsorption front, where their concentrations approach zero in the gas phase,
a sharp adsorption front can be maintained by using such small diamcter parallcl channcl
structured adsorption bed configurations. Such a configuration can be in the form of
multiple independent parallel channels, or in the form of very wide, very short channels

as may be achieved by using a spiral wound design.;

Concept N: A mcans for rapidly hcating and cooling the adsorbent bed structurc so that

adsorption can occur at a lower temperature and desorption at a higher temperature. The
adsorption step then occurs at high pressure and the higher temperature desorption step
can optionally take place at a reduced pressure in order to increase adsorbent swing
capacity. Depending upon adsorbent properties, it may be desirable to use a bed
architecture suitable for cither an cxternally temperature controlled or internally

temperature controlled scheme.

By “internal temperature control” we mean the use of a heating and cooling fluid
media, either gaseous or liquid, preferably liquid, that can be circulated through the same
adsorbent lincd channcls that arc utilized for the gascous fecd flow. Internal temperature
control requires that the adsorbent material not be adversely affected by the temperature
control fluid and that the temperature control fluid be easily separated from the
previously adsorbed species (HS and CO,) following the heating step. Further, for
internal temperature control, the pressure drop across each of the parallel channels in the
structured bed during the gascous feed adsorption step is preferably sufficiently high to
clear each channel (or the single channel in the case of spiral wound designs) of the
temperature control fluid.  Additionally, internal fluid flow temperature designs
preferably utilize an adsorbent that does not strongly adsorb the temperature control fluid
so that H,S and CO, may be uscfully adsorbed cven in the presence of the temperaturc
control fluid.

Non-limiting examples of such adsorbents include amine functionalized
microporous and mesoporous adsorbents. A non-limiting example of such a system
would be the use of supported amines on a water stable support with the use of hot and
cold water (pressurized liquid or used as stcam for heating) for heating and cooling.
Whereas liquid water may be left within the adsorbent wall during the adsorption step, if
the thickness of the adsorbent wall is kept small (less than 1000 microns, preferably less

than 200 microns, and most preferably less than 100 microns) it may be possible for H,S
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and CO, to diffuse through the liquid water in time scales less than 1 minute, more
preferred less than 10 seconds to become adsorbed by the supported amine. Following
the desorption step, H,S and CO; can be casily scparated using distillation or other

methods known to those skilled in the art.

By *external temperature control” we mean an adsorbent bed structure where the
heating and cooling fluid is kept from contact with the gas carrying adsorbent channels.
Such a structurc can rcsemble a tube and shell heat exchanger, platc and framc heat
exchanger or hollow fibers with a fluid impermeable barrier layer on the outer diameter
or on the inner diameter, or any other suitable structures. In order to obtain rapid heating
and cooling, the distance through which the heat diffuses from the temperature control
fluid to the adsorbent layer should be kept to a minimum, ideally less than 10,000
microns, morc preferably less than 1000 microns, most preferably less than 200 microns.

A non-limiting example of such an external temperature control bed design would
be the use of hollow fibers with a fluid impermeable barrier layer on the outer diameter
wherein the hollow fibers are comprised of a mixed matrix system of polymeric and
supported amine adsorbents. Feed gas would be passed through the inner diameter of the
porous fiber to be adsorbed by the adsorbent at lower temperatures, while cool
temperature control fluid is flowing over the fibers outer diameters. Desorption would
be accomplished by passing hot temperature control fluid, preferably in a counter-current
direction over the fibers outer diameter, thus heating the adsorbent. The cycle is
completed by cxchanging 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 would be such that
a sharp temperature gradient in the temperature control fluid would be established during
heating and cooling such that the scnsible heat of the system can be recupcerated within
the adsorbent bed structure. For such a non-limiting hollow fiber example, the useful
fiber outer diameter dimensions is less than 20,000 microns, preferably less than 2000
microns, and most preferably less than 1000 microns. The useful hollow fiber inner
diameters (the feed gas channels) is less than 10,000 microns, preferably less than 1000
microns, and most preferably less than 500 microns as suitable based on the dcsired
adsorption and desorption cycle times, feed adsorbed species concentrations, and

adsorbent layer swing capacity for those species.
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Ln one or more embodiments, it is advantageous to keep the ratio of non-adsorbing
thermal mass in the adsorbent bed to adsorbent as low as possible. This ratio may
preferably be less than 20, more preferably less than 10, and most preferred less than 3.
In this manner, the sensible heat of the system that is swung in each cycle may be kept to

a minimum,

Concept O: A relatively low flow of about 0.01 to 5 vol.% of the total feed of a clean gas

substantially frec of H,S or CO; is utilized as a purge gas. Non-limiting cxamples of
such gases (i.e., "clean gas") include methane and nitrogen that are maintained flowing
through the parallel channels in a direction counter-current to the feed direction during at
least a portion of the desorption steps of the process. 1t is preferred that the flow rate of
this clean gas be sufficient to overcome the natural diffusion of the desorbing H,S and
CO; to maintain the product cnd of the adsorbing channel in a substantially clean
condition. That is, the purge stream should have sufficient flow rate to sweep the
desorbing CO; and H;S from the channels and/or pores. It is this counter-current purge
flow during desorption that cnsures that on each subsequent adsorption cycle there may
be no break-through of target species, such as H,S or CO; into the product strcam. A
further benefit or objective of the clean purge is to assist in desorption of contaminants
by reducing the partial pressure of contaminants in the flow channels of the adsorbent
bed. This lessening of the partial pressure may be utilized to drive the contaminants

from the adsorbent bed.

A preferred cycle and bed design for the practice of the present invention is that
the product end of the adsorbent channels (i.e. the end opposite the end where feed gases
enter) have a low, or ideally essentially zero concentration of adsorbed H,S and CQs. In
this manner, and with suitable structured channels as described above, the H,S and CO,
are rigorously removed from the feed gas stream. The downstream end of the bed can be
kept clean as described by maintaining a low flow of a clean fluid substantially free of
H,S and CO,, in a countercurrent direction relative to the feed direction, during the
desorption step(s), or more preferably, during all the heating and cooling steps in the
cycle. Tt is further preferred that during the adsorption step, the adsorption part of the
cycle be limited to a time such that the advancing adsorption front of H,S and CO,
loaded adsorbent not reach the end of the channels, i.e. adsorption to be halted prior to
H2S and/or CO, breakthrough so that a substantially clean section of the adsorbent

channel remains substantially free of target species. With reasonably sharp adsorption
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fronts, this allows more than 50 vol.% of the adsorbent to be utilized, more preferred

more than 75 vol.%, and most preferred more than 85 vol.%.

[0166] The processcs, apparatus, and systcms provided herein are uscful in large gas
treating facilities, such as facilities that process more than five million standard cubic feet per
day (MSCFD) of natural gas, or more than 15 MSCFD of natural gas, or more than 25
MSCEFD of natural gas, or more than 50 MSCFD of natural gas, or more than 100 MSCFD of
natural gas, or morc than 500 MSCFD of natural gas, or morc than one billion standard cubic

feet per day (BSCFD) of natural gas, or more than two BSCFD of natural gas.

[0167] Compared to conventional technology, the provided processes, apparatus, and
systems require lower capital investment, lower operating cost, and less physical space,
thereby enabling implementation offshore and in remote locations, such as Arctic
cnvironments.  The provided processcs, apparatus, and systcms provide the forcgoing

benefits while providing high hydrocarbon recovery as compared to conventional technology.
0168} Additional embodiments are provided in the following Embodiments A-M:

Embodiment A: A swing adsorption process of removing one or more contaminants from a

natural gas strcam comprising the step of:

a) subjecting a natural gas stream comprising methane and one or more
contaminants to an adsorption step by introducing it into the feed input end of an adsorbent
bed comprised of an adsorbent material selective for adsorbing at least one contaminant,
which adsorbent bed having a feed input end and a product output end and which adsorbent
bed is operated at a first pressure and at a first temperature wherein at least a portion of the at
least one contaminant is adsorbed by the adsorbent bed and wherein a gaseous product rich in
methane and depleted in the at least one contaminant exits the product output end of said
adsorbent bed.

Embodiment B: The swing adsorption process of removing one or more contaminants from

a natural gas stream of Embodiment A, wherein the contaminant is an acid gas.

Embediment C: The swing adsorption process of removing one or more contaminants from
a natural gas stream of Embodiment A, wherein the contaminant is CO».

Embodiment D: The swing adsorption process of removing one or more contaminants from
a natural gas stream of any of Embodiments A-C, wherein said adsorbent material is porous

and contains an effective amount of non-adsorbent mesopore filler material.
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Embodiment E: The swing adsorption process of removing one or more contaminants from
a natural gas stream of any of Embodiments A-D, wherein the adsorption step is performed
for a period of less than about 60 scconds, or less than about 50 scconds, less than about 40
seconds, less than about 30 seconds, less than about 20 seconds, less than about 10 seconds,

5 less than about 5 seconds.

Embodiment F: The swing adsorption process of removing one or more contaminants from
a natural gas strcam of any of Embodiments A-E, furthcr comprising the steps:

b) stopping the introduction of said natural gas stream to said adsorbent bed
before breakthrough of said target species from the product output end of said adsorbent bed;

10 c) subjecting said adsorption bed to one or more equalization steps wherein the

pressure of said bed is reduced with each one or more equalization steps;

d) conducting a high pressure gaseous stream rich in the one or more
contaminants through said adsorbent bed to remove hydrocarbons from the bed;

e) subjecting the purged adsorbent bed to one or more blow-down steps wherein

15  the pressure of the bed is reduced by a predetermined amount with each one or more blow-

down steps;

f) subjecting said adsorption bed to one or more equalization steps wherein the
pressure of said bed is increased with each one or more equalization steps; and

2) repressurizing said adsorbent bed to feed pressure using feed.

20  Embodiment G: The swing adsorption process of removing one or more contaminants from
a natural gas stream of Embodiment F, wherein the one or more equalization steps of step (c)
are 2 to 20 steps or 2 to 15 steps or 2 10 10 steps or 2 to 5 steps and the pressure is reduced by
a predetermined amount with each successive step.

Embodiment H: Thc swing adsorption proccss of removing one or more contaminants from

25  anatural gas stream of Embodiment F or G, wherein the one or more blow-down steps arc 2
to 20 steps or 2 to 15 steps or 2 to 10 steps or 2 to 5 steps and the pressure is reduced by a
predetermined amount with each successive step.

Embodiment I: The swing adsorption process of removing onc or more contaminants from
a natural gas stream of any of Embodiments F-H, wherein the one or more equalization steps
30 of step (f) are 2 to 20 steps or 2 to 15 steps or 2 to 10 steps or 2 to 5 steps and the pressure is

increased by a predetermined amount with each successive step.
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Embediment J: The swing adsorption process of removing one or more contaminants from

4 natural gas stream of any of Embodiments A-I, further comprising the step of:

rccovcering at Icast 5 million, or at Icast 15 million, or at lcast 25 million, or at lcast 50
million, or at least 100 million, or at least 500 million, or at least 1 billion, or at least 2 billion

standard cubic feet per day (SCFD) of natural gas.

Embodiment K: The swing adsorption process Qf removing one or more contaminants from
a natural gas strcam of any of Embodiments A-J, wherein onc or more additional steps utilize
a kinetic swing adsorption process sclected from the group consisting of: pressure swing
adsorption (PSA), thermal swing adsorption (TSA), calcination, partial pressure swing or
displacement purge adsorption (PPSA), and combinations of these processes.

Embodiment L: The swing adsorption process of removing one or more contaminants from
a natural gas strcam of Embodiment K, wherein one or more swing adsorption process
utilizes rapid cycles.

Embodiment M: The swing adsorption process of removing one or more contaminants from
a natural gas stream of any of Embodiments A-L, wherein a gaseous feed stream is processed
to achicve: (a) a desired dew point, (b) a desired Ievel of detoxification, (¢) a desired
corrosion protection composition, (d) a desired dehydration level, (¢) a desired gas heating

value, (f) a desired purification level, or (g) combinations thereof.
[0169] Additional embodiments are provided in the following paragraphs 2-54:

2. A cyclical swing adsorption proccss for removing contaminants from a gascous feed
stream, the process comprising: a) passing a gaseous feed stream at a feed pressure through
an adsorbent bed for an adsorption time interval greater than 0.1 or 1 second and less than 60
seconds to separate one or more contaminants from the gascous feed stream to form a product
stream; b) interrupting the flow of the gascous feed stream; ¢) performing a plurality of
depressurization steps, wherein each depressurization step reduces the pressure within the
adsorbent bed from a depressurization initial pressure to a depressurization final pressure;

d) passing a purge stream into the adsorbent bed to remove hydrocarbons from the adsorbent
bed; e) subjecting the purged adsorbent bed to one or more blow-down steps, wherein each
blow-down step reduces the pressurce within the adsorbent bed from a blow-down initial
pressure to a blow-down final pressure; f) performing a plurality of re-pressurization steps,

wherein cach re-pressurization step increases the pressure within the swing adsorption vessel
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from re-pressurization initial pressure to a re-pressurization final pressure; and g) repeating
the steps a) to f) for at least one additional cycle.

3. The cyclical swing adsorption proccss of paragraph 2, whercin the feed stream is a
hydrocarbon containing stream having > 1 volume percent hydrocarbons based on the total

5 volume of the feed stream.

4. The cyclical swing adsorption process of any one of paragraphs 2 to 3, wherein the
feed strcam compriscs hydrocarbons and CO,, whercin the CO; is in the range of 1 to 80

mole% and the hydrocarbons are in the range of 20 to 99 mole%.

S. The cyclical swing adsorption process of any one of paragraphs 2 to 4, wherein the
10 adsorbent bed comprises an adsorbent material contains a mesopore filler that reduces the
non-sweepable void space between adsorbent particles to less than 30% by volume in pores

with diameters greater than 20 angstroms and less than | micron.

6. The cyclical swing adsorption process of any one of paragraphs 2 to 4, wherein the
adsorbent bed comprises an adsorbent material contains a mesopore filler that reduces the
15 non-sweepable void space between adsorbent particles to Iess than 20% by volume in pores

with diameters greater than 20 angstroms and less than 1 micron.

7. ‘The cyclical swing adsorption process of any one of paragraphs 2 to 4, wherein the

adsorbent bed comprises an adsorbent material contains a mesopore filler that reduces the

non-sweepable void space between adsorbent particles to less than 10% by volume in pores
20  with diamctcrs greater than 20 angstroms and less than 1 micron.

8. The cyclical swing adsorption process of any one of paragraphs 2 to 5, wherein the

adsorption bed comprises a first adsorbent material selective to CO, and a second adsorbent

material selective to H,S.

9. The cyclical swing adsorption process of any one of paragraphs 2 to 8, wherein the
25 adsorption time interval is greater than 2 seconds and less than 50 seconds.

10. The cyclical swing adsorption process of any one of paragraphs 2 to 8, wherein the

adsorption time interval is greater than 2 seconds and less than 10 seconds.

11. The cyclical swing adsorption proccss of any onc of paragraphs 2 to 10, whercin the

purge stream comprises less than 40 mole percent methane.
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12, The cyclical swing adsorption process of any one of paragraphs 2 to 11, wherein the
adsorbent bed comprises an adsorbent material having a ratio of single component diffusion

cocfficients of CO; and methanc is greater than 10.

13. The cyclical swing adsorption process of any one of paragraphs 2 to 11, wherein the
adsorbent bed comprises an adsorbent material having a ratio of single component diffusion
coefficients of CO; and methane is greater than 100.

14, The cyclical swing adsorption process of any onc of paragraphs 2 to 11, wherein the
adsorbent bed comprises a structured contactor having a plurality of channels through the
structured contactor.

15.  The cyclical swing adsorption process of any one of paragraphs 2 to 14, wherein the
feed pressure is greater than 350 psig.

16.  The cyclical swing adsorption process of any one of paragraphs 2 to 14, wherein the
feed pressure is greater than 500 psig.

17. The cyclical swing adsorption process of any one of paragraphs 2 to 16, wherein the
process recovers greater than 90% of the desired product based on a ratio of the desired

product in the product stream divided by the desired product in the gascous feed stream.

13. The cyclical swing adsorption process of any one of paragraphs 2 to 16, wherein the
process recovers greater than 95% of the desired product based on a ratio of the desired

product in the product stream divided by the desired product in the gaseous feed stream.

19.  The cyclical swing adsorption process of any onc of paragraphs 2 to 16, wherein the
process recovers greater than 97% of the desired product based on a ratio of the desired
product in the product stream divided by the desired product in the gaseous feed stream.

20.  The cyclical swing adsorption process of any one of paragraphs 2 to 19, wherein each
of the depressurization steps comprising passing a portion of the feed stream in the adsorbent
bed to an equalization tank and then during one of the re-pressurization steps passing at least
a fraction of the portion to the adsorbent bed from the equalization tank.

21. The cyclical swing adsorption process of any one of paragraphs 2 to 16, further
comprising passing a sccond purge through the adsorbent bed after the one or more blow-

down steps and prior to the repeating the steps a-f.

22, The cyclical swing adsorption process of any one of paragraphs 2 to 21, wherein the
gaseous feed stream comprising one or more contaminants above a contaminant threshold,

wherein the one or more contaminants comprise one or more of 1 to 80 mole percent CO,,
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less than 1 mole percent H,S, and any combination thereof, and wherein the contaminant
threshold comprises one or more of less than 10 parts per million H,S; less than 4 mole
percent CO,, and any combination thercof; and the product strcam has contaminants Icss than

the contaminant threshold.

5 23, A cyclical pressure swing adsorption process for removing contaminant from a
gaseous feed stream, the process comprising:
introducing a gascous feed strcam comprising a desired product and onc or morc
contaminants above a contaminant threshold, wherein the one or more contaminants
comprise one or more of 1 to 80 mole percent CO,, less than 1 mole percent H,S, and
10 any combination thereof, and wherein the contaminant threshold comprises one or
more of less than 10 parts per million H,S; less than 4 mole percent CO,, and any
combination thercof;
subjecting the gaseous feed stream to a pressure swing adsorption process within an
adsorbent for an adsorption time interval greater than 1 second and less than 60
15 seconds to separate the one or more contaminants from the gaseous feed stream to
form a product strcam, whercin the pressure swing adsorption process rccovers
greater than 90% of the desired product based on a ratio of the desired product in the
product stream divided by the desired product in the gaseous feed stream;
conducting away from the adsorbent bed a product stream having contaminants below the
20 contaminant threshold.
24. The cyclical pressure swing adsorption process of paragraph 23, wherein the
adsorbent bed comprises two or more adsorbent materials, wherein each adsorbent material is
configured to target a different one of the one or more contaminants.
25. The cyclical pressure swing adsorption process of any onc of paragraphs 23 and 24,

25 wherein the swing adsorption process comprising the steps of:
a) passing a gaseous feed stream at a feed pressure through an adsorbent bed;
b) interrupting the flow of the gaseous feed stream;
¢) performing a plurality of depressurization steps, wherein cach depressurization step
reduces the pressure within the swing adsorption vessel from a depressurization initial

30 pressure to a depressurization final pressure;
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d) performing a plurality of re-pressurization steps, wherein each re-pressurization step
increases the pressure within the swing adsorption vessel from re-pressurization initial
pressurc to a re-pressurization final pressure; and

e) repeating the steps a) to d) for at Icast one additional cycle.,

26.  The cyclical pressure swing adsorption process of paragraph 25, wherein the swing
adsorption process comprising the further steps between steps ¢) and d) of passing a purge
strcam into thce adsorbent bed to purge the desired product along with onc or more

contaminants from the adsorbent bed.

27.  The cyclical pressure swing adsorption process of paragraph 26, wherein the
additional purge stream comprises greater than 80 vol. % CO; based on the total volume of

the purge stream.

28.  The cyclical pressure swing adsorption process of paragraph 26, wherein the
additional purge stream comprises greater than 80 vol. % N based on the total volume of the

purge stream.

29.  The cyclical pressure swing adsorption process of any one of paragraphs 24 and 28,

whercin the swing adsorption process comprising the further steps between steps ¢) and d) of:

performing a plurality of blow-down steps to produce an exhaust stream, where each blow-
down step reduces the pressure that the adsorbent bed is exposed to from the blow-down

initial pressure to the blow-down final pressure; and

passing an additional purgc strcam into thc adsorbent bed to purge the onc or morc

contaminants.

30. The cyclical pressure swing adsorption process of paragraph 29, wherein the
additional purge stream comprises greater than 80 vol. % desired product based on the total
volume of the additional purge strcam.

31.  The cyclical pressure swing adsorption process of paragraph 29, wherein the
additional purge stream comprises greater than 80 vol. % N, based on the total volume of the
additional purge stream.

32. The cyclical pressurc swing adsorption process of any onc of paragraphs 29 to 31,
wherein the performing the plurality of blow-down steps comprises flowing the exhaust
stream in a first direction during one of the plurality of blow-down steps; and flowing the

exhaust stream 1n a second direction during another of the plurality of blow-down steps.
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33. The cyclical pressure swing adsorption process of any one of paragraphs 29 to 31,
wherein the performing the plurality of blow-down steps comprises flowing the exhaust
strcam in a first dircction and a sccond dircction during at Icast onc of the plurality of blow-

down steps.

34. The cyclical pressure swing adsorption process of any one of paragraphs 23 to 33,
wherein the cycle of steps a) through d) is performed in a time interval less than about 20
scconds.

35.  The cyclical pressure swing adsorption process of any one of paragraphs 23 to 34,
wherein the pressure during the adsorption of the one or more contaminants is greater than
350 psig (2413 kPag).

36.  The cyclical pressure swing adsorption process of any one of paragraphs 23 to 34,
wherein the pressure during the adsorption of the one or more contaminants is greater than
500 psig (3447 kPag).

37.  The cyclical pressure swing adsorption process of any one of paragraphs 23 to 36,
wherein subjecting the gaseous feed stream to the pressure swing adsorption process is a

singlc pass proccss.

38.  The cyclical pressure swing adsorption process of any one of paragraphs 23 to 37,
wherein subjecting the gaseous feed stream to the pressure swing adsorption process
comprises recycling one or more the contaminants through the pressure swing adsorption

vessel.

39.  The cyclical pressure swing adsorption process of any one of paragraphs 23 to 38,
wherein the pressure swing adsorption unit comprises two or more adsorbent materials,
wherein each adsorbent material is configured to target a different one of the one or more
contaminants.

40.  The cyclical pressure swing adsorption process of any one of paragraphs 23 to 39,
wherein the pressure prior to step d) for the cycle is in the range of 0.25 bar a and 10 bar a.
41. The cyclical pressure swing adsorption process of any one of paragraphs 23 to 40,
wherein the adsorbent bed comprises an adsorbent material formed into a layer

42, The cyclical swing adsorption process of any one of paragraphs 23 to 41, wherein the
process recovers greater than 95% of the desired product based on a ratio of the desired

product in the product stream divided by the desired product in the gaseous feed stream.
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43. The cyclical swing adsorption process of any one of paragraphs 23 to 41, wherein the
process recovers greater than 97% of the desired product based on a ratio of the desired

product in the product strecam divided by the desired product in the gascous feed stream.

44,  The cyclical swing adsorption process of any one of paragraphs 23 to 43, wherein the
total cycle time for completing all of the steps in the cycle is less than 30 seconds.
45.  The cyclical swing adsorption process of any one of paragraphs 23 to 43, wherein the

total cycle time for completing all of the steps in the cycle is Iess than 15 scconds.

46.  The cyclical swing adsorption process of any one of paragraphs 23 to 45, wherein
contaminant threshold comprises less than 4 parts per million H,S.

47.  The cyclical swing adsorption process of any one of paragraphs 23 to 45, wherein
contaminant threshold compriscs less than 2 mole percent CO,.

48.  The cyclical swing adsorption process of any one of paragraphs 23 to 47, wherein the

adsorbent bed comprises an adsorbent material having a ratio of single component diffusion

coefficients of CO; and methane is greater than 10.

49.  The cyclical swing adsorption process of any onc of paragraphs 23 to 47, whercin the
adsorbent bed comprises an adsorbent material having a ratio of single component diffusion
coefficients of CO; and methane is greater than 100,

50.  The cyclical swing adsorption process of any one of paragraphs 23 to 49, wherein the
adsorbent bed compriscs an adsorbent matcerial contains a mesopore filler that reduces the
non-sweepable void space between adsorbent particles to less than 30% by volume in pores
with diameters greater than 20 angstroms and less than | micron.

51. The cyclical swing adsorption process of any one of paragraphs 23 to 49, wherein the
adsorbent bed comprises an adsorbent material contains a mesopore filler that reduces the
non-sweepable void spacc between adsorbent particles to less than 20% by volume in pores
with diameters greater than 20 angstroms and less than 1 micron.

52. The cyclical swing adsorption process of any one of paragraphs 23 to 51, further
comprising passing the stream from one or more of the blow-down steps and depressurization
steps through an adsorbent bed of a sccond RC-PSA system to remove hydrocarbons from the
stream.

53. The cyclical swing adsorption process of any one of paragraphs 23 to 52, wherein the
adsorbent bed comprises a structured contactor having a plurality of channels through the

structurcd contactor,
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54.  The cyclical swing adsorption process of any one of paragraphs 23 to 53, wherein
each of the depressurization steps comprising passing a portion of the feed stream in the
adsorbent bed to an cqualization tank and then during onc of the re-pressurization steps

passing at least a fraction of the portion to the adsorbent bed from the equalization tank.

5  [0170] In view of the many possible embodiments to which the principles of the
disclosed invention may be applied, it should be recognized that the illustrative embodiments
arc only preferred examples of the invention and should not be taken as limiting the scope of

the invention.
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CLAIMS:

1. A cyclical pressure swing adsorption process for removing contaminant from a
gaseous feed stream, the process comprising:

introducing a gaseous feed stream comprising a desired product and one or more
contaminants above a contaminant threshold, wherein the one or more contaminants comprise
one or more of 1 to 80 mole percent CO, less than 1 mole percent HS, and any combination
thereof, and wherein the contaminant threshold comprises one or more of less than 10 parts
per million H»S; less than 4 mole percent CO», and any combination thereof;

subjecting the gaseous feed stream to a pressure swing adsorption process within an
adsorbent bed for an adsorption time interval greater than 1 second and less than 60 seconds
to separate the one or more contaminants from the gaseous feed stream to form a product
stream, wherein the pressure swing adsorption process recovers greater than 90% of the
desired product based on a ratio of the desired product in the product stream divided by the
desired product in the gaseous feed stream;

conducting away from the adsorbent bed a product stream having contaminants below
the contaminant threshold,

wherein the swing adsorption process comprises the steps of:

a) passing a gaseous feed stream at a feed pressure through an adsorbent bed;
b) interrupting the flow of the gaseous feed stream;
¢) performing a plurality of depressurization steps, wherein each depressurization

step reduces the pressure within the adsorbent bed from a depressurization initial
pressure to a depressurization final pressure;

d) performing a plurality of re-pressurization steps, wherein each re-
pressurization step increases the pressure within the adsorbent bed from re-
pressurization initial pressure to a re-pressurization final pressure; and

e) repeating the steps a) to d) for at least one additional cycle.
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2. The cyclical pressure swing adsorption process of claim 1, wherein the adsorbent bed
comprises two or more adsorbent materials, wherein each adsorbent material is configured to

target a different one of the one or more contaminants.

3. The cyclical pressure swing adsorption process of claim 1 or 2, wherein the swing
adsorption process comprising the further steps between steps ¢) and d) of passing a purge
stream into the adsorbent bed to purge the desired product along with one or more

contaminants from the adsorbent bed.

4. The cyclical pressure swing adsorption process of claim 3, wherein the additional
purge stream comprises greater than 80 vol. % CO> based on the total volume of the purge

stream.

5. The cyclical pressure swing adsorption process of claim 3, wherein the additional
purge strecam comprises greater than 80 vol. % N2 based on the total volume of the purge

stream.

6. The cyclical pressure swing adsorption process of any one of claims 2 and 5, wherein
the swing adsorption process comprising the further steps between steps ¢) and d) of:
performing a plurality of blow-down steps to produce an exhaust stream, where each
blow-down step reduces the pressure that the adsorbent bed is exposed to from the blow-down
initial pressure to the blow-down final pressure; and
passing an additional purge stream into the adsorbent bed to purge the one or more

contaminants.

7. The cyclical pressure swing adsorption process of claim 6, wherein the additional
purge stream comprises greater than 80 vol. % desired product based on the total volume of

the additional purge stream.
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8. The cyclical pressure swing adsorption process of claim 6, wherein the additional
purge stream comprises greater than 80 vol. % N2 based on the total volume of the additional

purge stream.

9. The cyclical pressure swing adsorption process of any onc of claims 6 to 8, wherein
the performing the plurality of blow-down steps comprises flowing the exhaust stream in a
first direction during one of the plurality of blow-down steps; and flowing the exhaust stream

in a second direction during another of the plurality of blow-down steps.

10. The cyclical pressure swing adsorption process of any one of claims 6 to 8, wherein
the performing the plurality of blow-down steps comprises flowing the exhaust stream in a

first direction and a second direction during at least one of the plurality of blow-down steps.

11.  The cyclical pressure swing adsorption process of any one of claims 1 to 10, wherein

the cycle of steps a) through d) is performed in a time interval less than about 20 seconds.

12.  The cyclical pressure swing adsorption process of any one of claims 1 to 11, wherein
the pressure during the adsorption of the one or more contaminants is greater than 350 psig

(2413 kPag).

13. The cyclical pressure swing adsorption process of any one of claims 1 to 11, wherein
the pressure during the adsorption of the one or more contaminants is greater than 500 psig
(3447 kPag).

14. The cyclical pressure swing adsorption process of any one of claims 1 to 13, wherein

subjecting the gaseous feed stream to the pressure swing adsorption process is a single pass

process.
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15.  The cyclical pressure swing adsorption process of any one of claims 1 to 14, wherein
subjecting the gaseous feed stream to the pressure swing adsorption process comprises

recycling one or more the contaminants through the pressure swing adsorption vessel.

16.  The cyclical pressure swing adsorption process of any one of claims 1 to 15, wherein
the pressure swing adsorption bed comprises two or more adsorbent materials, whercin each

adsorbent material is configured to target a different one of the one or more contaminants.

17.  The cyclical pressure swing adsorption process of any one of claims 1 to 16, wherein

the pressure prior to step d) for the cycle is in the range of 0.25 bar a and 10 bar a.

18.  The cyclical pressure swing adsorption process of any one of claims 1 to 17, wherein

the adsorbent bed comprises an adsorbent material formed into a layer.

19.  The cyclical swing adsorption process of any one of claims 1 to 18, wherein the
process recovers greater than 95% of the desired product based on a ratio of the desired

product in the product stream divided by the desired product in the gaseous feed stream.

20.  The cyclical swing adsorption process of any one of claims 1 to 18, wherein the
process recovers greater than 97% of the desired product based on a ratio of the desired

product in the product stream divided by the desired product in the gascous feed stream.

21.  The cyclical swing adsorption process of any one of claims 1 to 20, wherein the total

cycle time for completing all of the steps in the cycle is less than 30 seconds.

22. The cyclical swing adsorption process of any one of claims 1 to 20, wherein the total

cycle time for completing all of the steps in the cycle is less than 15 seconds.

23.  The cyclical swing adsorption process of any one of claims 1 to 22, wherein

contaminant threshold comprises less than 4 parts per million HaS.
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24.  The cyclical swing adsorption process of any one of claims 1 to 22, wherein

contaminant threshold comprises less than 2 mole percent COa.

25.  The cyclical swing adsorption process of any one of claims 1 to 24, wherein the
adsorbent bed comprises an adsorbent material having a ratio of single component diffusion

coefficients of CO; and methane greater than 10.

26.  The cyclical swing adsorption process of any one of claims 1 to 24, wherein the
adsorbent bed comprises an adsorbent material having a ratio of single component diffusion

coefficients of CO2 and methane greater than 100.

27.  The cyclical swing adsorption process of any one of claims 1 to 26, wherein the
adsorbent bed comprises an adsorbent material containing a mesopore filler that reduces the
non-sweepable void space between adsorbent particles to less than 30% by volume in pores

with diameters greater than 20 angstroms and less than 1 micron.

28. The cyclical swing adsorption process of any one of claims 1 to 26, wherein the
adsorbent bed comprises an adsorbent material containing a mesopore filler that reduces the
non-sweepable void space between adsorbent particles to less than 20% by volume in pores

with diameters greater than 20 angstroms and less than 1 micron.

29. The cyclical swing adsorption process of any one of claims 6 to 10, further comprising
passing the stream from one or more of the blow-down steps and depressurization steps
through an adsorbent bed of a second pressure swing adsorption process to remove

hydrocarbons from the stream.

30. The cyclical swing adsorption process of any one of claims 1 to 29, wherein the
adsorbent bed comprises a structured contactor having a plurality of channels through the

structured contactor.
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31 The cyclical swing adsorption process of any one of claims 1 to 30, wherein each of
the depressurization steps comprising passing a portion of the feed stream in the adsorbent
bed to an equalization tank and then during one of the re-pressurization steps passing at least a

fraction of the portion to the adsorbent bed from the equalization tank.
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