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METHODS FOR CONTROLLING IMPURITY BUILDUP ON ADSORBENT
FOR PRESSURE SWING ADSORPTION PROCESSES

PRIORITY CLAIM OF EARLIER NATIONAL APPLICATION

[0001] This application claims priority to U.S. Application No. 13/050,353 filed
March 17, 2011.

FIELD OF THE INVENTION

[0002] The present invention relates generally to methods for pressure swing
adsorption, and more particularly relates to methods for controlling impurity buildup on

adsorbent for pressure swing adsorption processes.
BACKGROUND OF THE INVENTION

[0003] A pressure swing adsorption (PSA) process provides an efficient and
economical means for separating a multicomponent feed gas stream containing at least
two gaseous components having different adsorption characteristics to produce a high
purity product gas. The PSA process is based on the principle of selectively adsorbing
impurities onto adsorbent materials at a relatively high pressure to form the high purity
product gas, and desorbing the impurities from the adsorbent materials at relatively low
pressure to regenerate the adsorbent materials and to form a secondary stream containing
the impurities called the tail gas stream. The multicomponent feed gas is typically fed to
one of a plurality of fixed-bed adsorption units. The fixed-bed adsorption units each
contain layers of different adsorbent materials where the lower layer or layers are filled
with weaker adsorbent materials, e.g., relatively low affinity for adsorbing a gaseous
component, and the upper layer or layers are filled with stronger adsorbent materials, ¢.g.,
relatively high affinity for adsorbing a gaseous component.

[0004] The multiple fixed-bed adsorption units cooperatively operate in a staggered
sequence to produce constant feed, product, and tail gas flows. Regardless of the number
of fixed-bed adsorption units, the PSA process follows a five-step pressure-swing cycle
including an adsorption step, a co-current depressurization step, a counter-current

depressurization step, a purge step, and a repressurization step. During the adsorption
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step, the multicomponent feed gas enters a lower portion of the fixed-bed adsorption unit
at a high-pressure, and as the feed gas rises in the unit, the impurities are adsorbed in the
various layers of the adsorbent materials depending upon their respective adsorption
selectivity to form the high purity product gas. That is, stronger adsorbent impurities are
adsorbed in the lower layers of the fixed-bed containing the weaker adsorbent materials,
and the weaker adsorbent impurities are adsorbed in the upper layers containing the
stronger adsorbent materials. The co-current depressurization, counter-current
depressurization and purge steps decrease the pressure in the fixed-bed adsorption unit and
purge the unit with high purity gas from the product or co-current depressurization steps,
respectively, to remove the impurities and regenerate the adsorption materials. The
repressurization step increases the pressure in the fixed-bed adsorption unit with either
feed gas or product gas in preparation for the next adsorption step.

[0005] Unfortunately, sometimes the PSA process is operated such that the high purity
product gas is produced at a lower than target level of purity (e.g. product gas containing
more impurities). For example, the PSA process may be designed to remove impurities
from a hydrogen rich stream to produce a high purity product stream having 99.9 mole %
of hydrogen. However, if the process is not monitored or if such a high purity product gas
is not necessarily needed for subsequent downstream processes, for example, the high
purity product stream may have 99.5, 98, 97, or even 95 mole % of hydrogen. Because
the high purity product gas is used to regenerate the adsorbent materials contained in the
various layers of the fixed-bed, a high purity product gas at lower than target levels of
purity may not sufficiently regenerated the adsorbent materials during the depressurization
and purge steps. If the PSA process is allowed to operate for an extended period of time
under these conditions, irreversible adsorption (e.g. permanent adsorption) can occur
causing a loss of activity of the adsorbent material. Specifically, some of the strongly
adsorbent impurities, which by design are intended to adsorb onto the weaker adsorbent
materials contained in the lower layers of the fixed-bed, may be adsorbed onto the stronger
adsorbent material contained in the upper layers of the fixed-bed. When this occurs, the
strongly adsorbent impurities may not sufficiently desorb from the stronger adsorbent
materials during the depressurization and purge steps, causing impurity buildup on the
adsorbent material and loss of adsorption activity. When the adsorbent materials lose

activity, they need to be replaced, which is expensive and time consuming.
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[0006] Accordingly, it is desirable to provide methods for controlling impurity buildup
on adsorbent for PSA processes. Furthermore, other desirable features and characteristics

of the present invention will become apparent from the subsequent Detailed Description of
the Invention and the appended Claims, when taken in conjunction with the accompanying

drawings and this Background of the Invention.
SUMMARY OF THE INVENTION

[0007] Methods for controlling impurity buildup on adsorbent for a pressure swing
adsorption (PSA) process are provided herein. In accordance with an exemplary
embodiment, the adsorbent is contained in a plurality of adsorption units including a first
adsorption unit, a second adsorption unit, and a third adsorption unit. The method
comprises the steps of operating the PSA process in a normal mode comprising a first
depressurizing equalization step and a providing purge step. The first depressurizing
equalization step causes a first amount of gas to be fluidly communicated from the first
adsorption unit that is at a pressurized condition to the second adsorption unit to equalize
pressure between the first and second adsorption units. The providing purge step causes a
second amount of gas to be fluidly communicated from the first adsorption unit to purge
the third adsorption unit for removal of impurities from the adsorbent in the third
adsorption unit. The impurities in an effluent from the PSA process are sensed. If the
impurities sensed in the effluent have reached a predetermined upper impurity level, the
PSA process is operated in a high purge mode. The PSA process operating in the high
purge mode comprises a high providing purge step and excluding the first depressurizing
equalization step to increase an available amount of gas for the high providing purge step.
The high providing purge step causes a third amount of gas to be fluidly communicated
from the first adsorption unit to purge another of the plurality of adsorption units. The
third amount of gas is greater than the second amount of gas for enhanced removal of the
impurities from the adsorbent in the other of the plurality of adsorption units.

[0008] In accordance with another exemplary embodiment, a method for controlling
impurity buildup on adsorbent for a PSA process is provided. The method comprises the
steps of operating the PSA process including performing (a) one or more depressurizing
equalization steps, and (b) a providing purge step. Impurities are sensed in an effluent

from the PSA process. If the impurities sensed in the effluent have reached a
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predetermined upper impurity level, then the PSA process is operated including
performing (b) and not (a).

[0009] In accordance with another exemplary embodiment, a method for controlling
impurity buildup on adsorbent for a PSA process is provided. The method comprises the
steps of operating the PSA process in a normal mode comprising causing a first amount of
gas to be fluidly communicated from a first adsorption unit to a second adsorption unit to
equalize pressure between the first and second adsorption units in one or more pressure
equalization steps. A second amount of gas is caused to be fluidly communicated from the
first adsorption unit to a third adsorption unit for purging impurities from the adsorbent in
the third adsorption unit. Impurities are sensed in an effluent from the PSA process. If the
impurities sensed in the effluent have reached a predetermined upper impurity level, then
the PSA process is operated in a high rate purge mode comprising blocking or limiting
fluid communication with the first adsorption unit such that the first amount of gas is not
or not completely fluidly communicated from the first adsorption unit to equalize pressure
with the second adsorption unit. A third amount of gas is caused to be fluidly
communicated from the first adsorption unit to the third absorption unit. The third amount
of gas is greater than the second amount of gas for enhancing purging of the impurities

from the adsorbent in the third absorption unit.
BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Embodiments of the present invention will hereinafter be described in
conjunction with the following drawing figures, wherein like numerals denote like
elements, and wherein:

[0011] FIG. 1 schematically illustrates an adsorption unit of a pressure swing
adsorption system in accordance with an exemplary embodiment;

[0012] FIG. 2 schematically illustrates a pressure swing adsorption system in
accordance with an exemplary embodiment;

[0013] FIG. 3 graphically illustrates the impurity level of a pressure swing adsorption
effluent produced during the pressure swing adsorption process operating in a normal

mode and a high purge mode in accordance with an exemplary embodiment;
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[0014] FIG. 4 is a chart representing the pressure swing adsorption sequences for the
pressure swing adsorption system depicted in FIG. 2 operating in a normal mode in
accordance with an exemplary embodiment;

[0015] FIG. 5 is a chart representing the pressure swing adsorption sequences for the
pressure swing adsorption system depicted in FIG. 2 operating in a high purge mode in
accordance with an exemplary embodiment; and

[0016] FIG. 6 graphically represents the pressure swing adsorption sequence for an
adsorption unit depicted in FIG. 2 as a function of pressure and time for both a normal

mode and a high purge mode in accordance with an exemplary embodiment.
DETAILED DESCRIPTION

[0017] The following Detailed Description is merely exemplary in nature and is not
intended to limit the invention or the application and uses of the invention. Furthermore,
there is no intention to be bound by any theory presented in the preceding Background of
the Invention or the following Detailed Description.

[0018] Various embodiments contemplated herein relate to methods for controlling
impurity buildup on adsorbent for pressure swing adsorption (PSA) processes. The
adsorbent is contained in a plurality of adsorption units including a first adsorption unit, a
second adsorption unit, and a third adsorption unit. The adsorption units cooperatively
operate in a staggered sequence comprising an adsorption step, a co-current
depressurization step, a counter-current depressurization step, a purge step, and a
repressurization step. The adsorption step is for adsorbing at least one selectively-
adsorbable impurity from a multicomponent feed stream at a relatively high pressure onto
the adsorbent to form a high purity product stream. The term “impurity” denotes the
undesirable component or components that are adsorbed onto the adsorbent in the process.
The depressurization and purge steps are for depressurizing and purging the adsorption
units to remove the impurities from the adsorbent and to regenerate the adsorbent. The
repressurization step is for repressurizing the adsorption units with product or feed gas for
the next adsorption step.

[0019] When the PSA process is operating in a normal mode, it preferably produces a
high purity product gas near or below its targeted low-impurity level (e.g. 10 ppm of CO

or methane) during the adsorption step. The subsequent co-current depressurization step
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comprises at least one depressurizing equalization step (e.g., multiple depressurizing
equalization steps can be used when the PSA system comprises more than three adsorption
units) and a providing purge step. In particular, the depressurizing equalization step
causes an amount of gas that is almost as pure (e.g. 15-25 ppm of CO or methane) as the
high purity product gas to be fluidly communicated from the first adsorption unit that is at
a pressurized condition to the second adsorption unit, which is at a lower pressure, to
equalize pressure between the first and second adsorption units. The providing purge step
causes a second amount of gas that is high purity gas (e.g. 25-100 ppm of CO or methane)
to be fluidly communicated from the first adsorption unit to the third adsorption unit,
which is currently undergoing the purge step, to purge impurities from the adsorbent in the
third adsorption unit.

[0020] In an exemplary embodiment, the impurities in an effluent from the PSA
process are measured either continuously or repeatedly using a purity analyzer (e.g. a
sensing arrangement cooperatively configured with a control unit). The effluent may be
the product gas stream, or more preferably a depressurization gas stream from one or more
of the co-current depressurizing steps. In at least one embodiment, the depressurization
gas stream has a slightly higher impurity level than the product gas stream and therefore,
may be easier to measure for impurities. If the measured impurities in the effluent have
reached a predetermined upper impurity level that is greater than the targeted low-impurity
level, then the PSA process responds by changing to a high purge mode. In the high purge
mode, the PSA process still operates using the staggered sequence comprising an
adsorption step, a co-current depressurization step, a counter-current depressurization step,
a purge step, and a repressurization step. However, the co-current depressurization step is
modified by excluding at least one depressurization equalization step (e.g. one, two, or
more equalization steps may be excluded for PSA processes using two or more
equalization steps). As such, the amount of high purity gas that would otherwise be
fluidly communicated in the normal mode from the first adsorption unit at a high-pressure
to the second adsorption unit at a lower pressure remains in the first adsorption unit as
additional high purity purging gas, and preferably to maintain the high pressure therein.
Thus, when the first adsorption unit advances to the providing purge step, more high
purity gas is available in the first adsorption unit for being fluidly communicated to purge

the third adsorption unit. Using more high purity gas to purge the third adsorption unit
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enhances removal of the impurities that may be built up on the adsorbent. In an exemplary
embodiment, when the measured impurities in the effluent have reached a predetermined
lower impurity level that is less than the targeted low-impurity level, the PSA process
responds by changing from operating in the high purge mode to operating in the normal
mode.

[0021] Referring to FIG. 1, a schematic depiction of an adsorption unit 12 of a multi-
adsorption unit PSA system 13 in accordance with an exemplary embodiment is provided.
The PSA system 13 operates essentially as an adiabatic process for separating a
multicomponent feed gas stream 10 comprising an admixture of impurities and product
gas. For example, the feed gas stream 10 may be a hydrogen rich gas stream or a
synthesis gas stream from a refinery process, steam reforming process, hydrocracking
process, natural gas process, or the like, with impurities, such as, carbon dioxide, carbon
monoxide, nitrogen, argon, light hydrocarbons (e.g. with a carbon number ranging from 1
to 12), water vapor, hydrogen sulfide, ammonia, COS, and/or the like.

[0022] In an exemplary embodiment, the PSA process comprises an adsorption step
where the feed gas stream 10 is fluidly communicated to the adsorption unit 12. The
adsorption unit 12 contains a fixed-bed 14 of adsorbent. The adsorbent is effective to
selectively adsorb the impurities from the feed gas stream 10. Some nonlimiting examples
of adsorbent are silica gels, activated carbon, activated alumina, zeolite, and molecular
sieve materials. Preferably, the adsorbent has a highly porous microstructure that gives it
a very high specific surface area that allows the gaseous impurities to be adsorbed onto the
surfaces of the adsorbent at high-pressure, and at low pressure the impurities desorb from
the surfaces of the adsorbent and return back into a gaseous phase. In an exemplary
embodiment, the adsorbent comprises various adsorbent materials that are arranged in
layers in the fixed-bed 14 of the adsorption unit 12 according to their adsorption strength.
In an exemplary embodiment, the lower layers of the fixed-bed 14 contain weakly
adsorbent materials, such as, activated alumina and/or silica gel, while the intermediate
layers contain intermediate strength adsorbent materials, such as, activated carbon, and the
upper layers contain strong adsorbent materials, such as, zeolite and/or molecular sieve
materials.

[0023] The fixed-bed 14 contains voids because of the packing of the adsorbent. The

feed gas stream 10 is introduced into the adsorption unit 12 at an inlet end 16 at a first
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clevated pressure. In an exemplary embodiment, the first elevated pressure is from 15 to
25 bar. The feed gas stream 10 works its way through the voids of the adsorbent and the
impurities are adsorbed onto the adsorbent. A high purity product stream (e.g. impurity-
depleted product stream) flowing through a line 18 is discharged from a discharge end 20
of the adsorption unit 12.

[0024] As the feed gas stream 10 continues to be fluidly communicated to the fixed-
bed 14, an impurity adsorption front is established at the inlet end 16 of the adsorption unit
12 and progressively moves longitudinally through the adsorption unit 12 toward the
discharge end 20 to a predetermined level 22 within the fixed-bed 14. The introduction of
the feed gas stream 10 is then terminated to complete the adsorption step.

[0025] At least a portion of the product gas still trapped in the voids of the adsorbent is
then removed through the discharge end 20 of the adsorption unit 12 through line 18 by
co-currently depressurizing the adsorption unit 12 from the first elevated pressure to a
lower but still elevated pressure. An exemplary embodiment, the lower but still elevated
pressure is from 3 to 15 bar. This co-current depressurization step causes the impurity
adsorption front to advance toward the discharge end 20 of the bed 14 to a new level 26.
Preferably, one or more intermediate steps may be used during the co-current
depressurization step to move the impurity adsorption front to level 24, with the final stage
of the co-current depressurization step advancing the impurity adsorption front to level 26.
As will be discussed in further detail below, the PSA system 13 is configured as a multi-
bed system (see FIG. 2). When the multi-bed system is operating in a normal mode, the
co-current depressurization step includes at least one depressurizing equalization step and
a providing purge step for equalizing pressure with a second adsorption unit and providing
gas to purge the fix-bed of a third adsorption unit undergoing regeneration, respectively.
[0026] In an exemplary embodiment, a sensing arrangement 32 for sensing a physical
characteristic of a gas is suitably positioned to sample the gas (e.g. PSA effluent) flowing
through line 18. A control unit 34 is cooperatively configured with the sensing
arrangement 32 for analyzing the physical characteristics sensed by the sensing
arrangement 32 and for directing the PSA process to operate in either the normal mode or
a high purge mode as will be discussed in further detail below. The control unit 34 is
capable of performing any necessary control comparisons and/or calculations in order to

determine the level of one or more of the impurities in the gas stream flowing through line
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18. In one example, the sensing arrangement 32 is a gas analyzer, such as, an infrared
analyzer that can measure the concentration of impurities, such as carbon monoxide or
methane, in a high purity stream, such as a hydrogen-rich stream. In another example, the
sensing arrangement 32 can measure the thermal conductivity of the gas stream and the
control unit 34 can analyze the measured thermal conductivity to determine the level of
one or more different impurities, such as nitrogen, in the gas stream. As illustrated, the
sensing arrangement 32 can be used for sampling either or both the co-current
depressurization effluent and/or the final product effluent.

[0027] Following the co-current depressurization step, the adsorption unit 12 is further
depressurized counter-currently toward the direction of the inlet end 16 to define the
counter-current depressurization step (or blowdown step). Preferably, this step brings the
impurity adsorption front in the fixed-bed 14 to level 28. The fixed-bed 14 is then purged
during the purge step with a co-current depressurization effluent and/or a high purity
product stream from another adsorption unit to bring the impurity adsorption front to level
30. Finally, the adsorption unit 12 is repressurized with product or feed gas during the
repressurization step in preparation for the next adsorption step. As will be discussed in
further detail below, when the multi-bed system 13 is operating in a normal mode, the
repressurization step includes at least one pressurizing equalization step and a product or
feed repressurization step for repressurizing the adsorption unit 12.

[0028] Referring to FIGS. 2-6, an exemplary embodiment of the PSA process is
provided. FIG. 2, illustrates the PSA system 13 comprising a four-adsorption unit
arrangement including an adsorption unit A, an adsorption unit B, an adsorption unit C,
and an adsorption unit D that are in selective fluid communication with each other via a
plurality of valves. While the PSA system 13 is depicted having a four-adsorption unit
arrangement, it will be appreciated that the multi-adsorption unit arrangement may include
three adsorption units or more than four adsorption units. Preferably each of the
adsorption units A-D have a lower layer or lower layers of weakly adsorbing adsorbent,
such as, activated alumina or silica gel, and an upper layer or upper layers of more
strongly adsorbing adsorbent, such as, activated carbon, molecular sieves and/or zeolite.
Each of the adsorption units A-D undergoes each of the noted steps of the PSA process in
a staggered sequence. In particular, each of the adsorption units A-D adsorb impurities

onto adsorbent and regenerate the adsorbent following the sequence of an adsorption step,
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a co-current depressurization step, a counter-current depressurization step, a purge step,
and a repressurization step as will be discussed in further detail below.

[0029] FIG. 3 is a graphical depiction of the impurity levels measured in an effluent
from the PSA process operating in a normal mode 36 and a high purge mode 38 in
accordance with an exemplary embodiment. The PSA process is configured to remove
impurities to produce an effluent at or below a targeted low-impurity level 40 while
operating in the normal mode 36. However, if the impurity level in the effluent increases
such that the impurity level reaches a predetermined upper impurity level 42, the PSA
process will respond by operating in the high purge mode 38 until the impurity level
decreases to a predetermined lower impurity level 44. When the predetermined lower
impurity level 44 has been reached, the PSA process responds by operating in the normal
mode 36.

[0030] FIG. 4 is a chart showing the PSA process steps in the staggered sequence for
cach of the adsorption units A-D for the PSA process operating in the normal mode in
accordance with an exemplary embodiment. FIG. 4 is based on a 9-minute cycle time
broken into 12 time periods. The cycle time is defined as the time that is required for all
four adsorption units A-D to go through a complete cycle of adsorption and regeneration.
While a 9-minute cycle time is shown, it will be appreciated that the cycle time can be less
than 9 minutes or greater than 9 minutes. Also, the number of time periods is not limited
to 9 time periods and may change, such as, for example, depending upon the number of
adsorption units being used in the PSA process. For instance, a 5-adsorption unit
arrangement may use 15 time periods for a given cycle time while a 6-adsorption unit
arrangement may use 18 time periods for a given cycle time. As illustrated, the normal
mode for each of the adsorption units A-D includes (1) an adsorption step (e.g.
ADSORPTION), (2) a co-current depressurization step comprising a depressurizing
equalization step, a hold step, and a providing purge step (e.g. EQ, HOLD, PP,
respectively), (3) a counter-current depressurization step (e.g. BLOW DOWN), (4) a purge
step (e.g. PURGE), and (5) a repressurization step comprising a pressurizing equalization
step and a product or feed repressurization step (¢.g. EQ+REP, REPRESSURIZATION,
respectively).

[0031] FIG. 5 is a chart showing the PSA process steps in the staggered sequence for
cach of the adsorption units A-D for the PSA process operating in the high purge mode in
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accordance with an exemplary embodiment. FIG. 5 is also based on a 9-minute cycle time
broken into 12 time periods but other cycle times and number of time periods may be
used. As illustrated, the high purge mode for each of the adsorption units A-D includes
(1) an adsorption step (¢.g. ADSORPTION), (2) a co-current depressurization step
comprising a hold step or steps and a providing purge step (e.g. HOLD, PP, respectively),
(3) a counter-current depressurization step (¢.g. BLOW DOWN), (4) a purge step (e.g.
PURGE), and (5) a repressurization step comprising a product or feed repressurization
step or steps (¢.g. REPRESSURIZATION).

[0032] FIG. 6 is a graphical representation of pressure versus time for each step in the
PSA cycle for the adsorption unit A in both the normal mode depicted in FIG. 4 and the
high purge mode depicted in FIG. 5. The y-axis is the pressure in bar and the x-axis is the
time in seconds.

[0033] Referring to FIGS. 2-4 and 6, the PSA system 13 operating in the normal mode
36 in accordance with an exemplary embodiment will be described. In the following

description, unless the valves are indicated as being open, they are closed.
Time Period 1:

[0034] The valves 1A and 2A are simultaneously opened to begin the adsorption step
(see FIG. 4 “ADSORPTION” and FIG. 6 at 50) in the adsorption unit A while valves 1C
and 2C are closed to stop the adsorption step in the adsorption unit C. During the
adsorption step, the feed gas stream 10 enters the adsorption unit A at the inlet end and
impurities are adsorbed onto the adsorbent contained therein to produce a high purity
product stream 18 that is removed at the discharge end of the adsorption unit A and fluidly
communicated to a manifold 138. The valves 4B and 37 open to begin the counter-current
depressurization step (e.g. counter-currently means gas moves and exits the adsorption
unit in the opposite direction as the feed and product gases move during the adsorption
step) or blowdown (see FIG. 4 “BLOW DOWN?”) of the adsorption unit B. During
blowdown, the adsorption unit B is depressurized out of the bottom of the vessel (counter-
currently) through the valves 4B and 37 to waste stream pressure. Impurities are desorbed
and vented, and the adsorption impurity front drops to level 28 in FIG. 1. The valves 5C
and 5D are opened to begin pressure equalization from the adsorption unit C, which is

undergoing the depressurizing equalization step (see FIG 4 “EQ”), to the adsorption unit
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D, which is undergoing the pressurizing equalization step (see FIG 4 “EQ+REP”). During
pressure equalization, the adsorption unit C is depressurized co-currently (e.g. co-currently
means gas moves and exits the adsorption unit C in the same direction as the feed and
product gases move during the adsorption step) through valve 5C to an intermediate
pressure. The gas released from the adsorption unit C flows directly to the adsorption unit
D that is undergoing repressurization to provide gas for partial repressurization of the
adsorption unit D. The impurity adsorption front advances during this step in the
adsorption unit C, ¢.g., to a degree represented as level 24 in FIG. 1. During the
repressurization step in general, the particular adsorption unit A, B, C or D undergoing
repressurization is repressurized to the adsorption pressure in two stages: (1) pressure
equalization gas and optionally product gas enter the top of the adsorption unit through
valve 5 of the adsorption unit being repressurized as described above; and (2) after the
pressure equalization is completed, repressurization is continued with product gas only
through valve 5 of the adsorption unit that is being repressurized. The final portion of
repressurization ends when the adsorption unit switches to the adsorption step. In one
example, part of the product flow is diverted from adsorption unit A through valves 49,
48, and 5D for repressurization of adsorption unit D. In an alternative embodiment,
instead of using product gas for the repressurization, feed gas can also be used. In this
embodiment, the gas would enter from valve 1A while valves 49, 48, and 5D would
remain closed. In yet another alternative embodiment, product repressurization can also
be achieved by keeping valves 5D, 49, and 48 and closed positions in opening valve 2D
and diverting flow from the product line 138. Blowdown of adsorption unit B can be

controlled with valve 4B without the presence 37.
Time Period 2:

[0035] The adsorption unit A continues the adsorption step (see FIG. 6 at 50) and the
adsorption unit B continues the blowdown step. The valve 5C closes, ending pressure
equalization between the adsorption units C and D. The adsorption unit C remains in a
hold condition (see FIG. 4 “HOLD”), ¢.g., hold step, where valves 1C-5C are closed
through the rest of the time period. The adsorption unit D discontinues the pressurizing

equalization step and begins the product repressurization step (see FIG. 4

“REPRESSURIZATION”).
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Time Period 3:

[0036] The adsorption unit A continues the adsorption step (see FIG. 6 at 50) and the
adsorption unit D continues the product repressurization step. The adsorption unit B is
purged (see FIG. 4 “PURGE”), ¢.g., purge step, by the effluent from the last stage of co-
current depressurization step of the adsorption unit C. The adsorption unit C provides a
high purity gas (providing purge step — see FIG. 4 “PP”’) through valves 3C, 39, and 3B.
The high purity gas purges adsorption unit B and flows out, together with desorbed
impurities, through valves 4B and 37. The providing purge step stops when the
termination pressure for co-current depressurization is reached. During this step, the
adsorption impurity front advances towards the top of the depressurizing adsorption unit
(e.g., level 26 in FIG. 1). In an alternative embodiment, the providing purge step can be

controlled by valves 3C and 3B without the presence of valve 39.
Time Period 4:

[0037] The valves 1D and 2D simultancously open to begin the adsorption step in the
adsorption unit D while the valves 1A and 2A are closed to stop the adsorption step in the
adsorption unit A. The valves 5A and 5B open to begin the pressure equalization step
from the adsorption unit A, which is undergoing the depressurizing equalization step (see
FIG. 6 at 52), to the adsorption unit B, which is undergoing the pressurizing equalization
step. Part of the product flow is diverted through the valves 49, 48, and 5B for product
repressurization of the adsorption unit B. The valves 4C and 37 are opened to begin the

blowdown step of the adsorption unit C.
Time Period 5:

[0038] The adsorption unit D continues the adsorption step and the adsorption unit C
continues the blowdown step. The valve 5A closes, ending pressure equalization between
the adsorption units A and B. The adsorption unit A remains in a hold condition (e.g. hold
step, see FIG. 6 at 54a) through the rest of the time period. The adsorption unit B

continues product repressurization.
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Time Period 6:

[0039] The adsorption unit D continues the adsorption step and the adsorption unit B
continues the product repressurization step. The adsorption unit C is purged by the
effluent from co-current depressurization of the adsorption unit A. The adsorption unit A
provides high purity gas (e.g. providing purge step, see FIG. 6 at 56a) through the valves
3A, 39, and 3C. The high purity gas purges the adsorption unit C and flows out through
the valves 4C and 37. The adsorption unit A provides purge gas until the pressure drops to

the co-current termination pressure.
Time Period 7:

[0040] The valves 1B and 2B simultaneously open to begin the adsorption step in the
adsorption unit B while the valves 1D and 2D close to stop the adsorption step in the
adsorption unit D. The valves 5C and 5D open to begin pressure equalization from the
adsorption unit D to the adsorption unit C. Part of the product flow is diverted through the
valves 49, 48, and 5C for product repressurization of the adsorption unit C. The valves 4A

and 37 open to begin the blowdown step (see FIG. 6 at 58) of the adsorption unit A.
Time Period 8:

[0041] The adsorption unit B continues the adsorption step and the adsorption unit A
continues the blowdown step (see FIG. 6 at 58). The valve 5D closes, ending pressure
equalization between the adsorption units D and C. The adsorption unit C continues
product repressurization. The adsorption unit D remains in a hold condition through the

rest of the time period.
Time Period 9:

[0042] The adsorption unit B continues the adsorption step and the adsorption unit C
continues the product repressurization step. The adsorption unit A is purged (e.g. purge
step, see FIG. 6 at 60) by the adsorption unit D. The adsorption unit D provides high
purity gas through the valves 3D, 39, and 3A. The high purity gas purges the adsorption
unit A and flows out through the valves 4A and 37. The adsorption unit D provides purge

gas until the pressure drops to the co-current termination pressure.
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Time Period 10:

[0043] The valves 1C and 2C simultaneously open to begin the adsorption step in the
adsorption unit C while the valves 1B and 2B close to stop the adsorption step in the
adsorption unit B. The valves 5A and 5B open to begin pressure equalization from the
adsorption unit B, which is undergoing the depressurizing equalization step, to the
adsorption unit A, which is undergoing the pressurizing equalization step (see FIG 6 at
62). Part of the product flow is diverted through the valves 49, 48, and 5A for product
repressurization of the adsorption unit A. The valves 4D and 37 open to begin the

blowdown step of the adsorption unit D.
Time Period 11:

[0044] The adsorption unit C continues the adsorption step and the adsorption unit D
continues the blowdown step. The valve 5B closes, ending pressure equalization between
the adsorption units B and A. The adsorption unit B remains in a hold condition through
the rest of the time period. The adsorption unit A continues product repressurization (see

FIG. 6 at 64a).
Time Period 12:

[0045] The adsorption unit C continues the adsorption step and the adsorption unit A
continues the product pressurization step (see FIG. 6 at 64a). The adsorption unit D is
purged by the adsorption unit B. The adsorption unit B provides high purity gas through
the valves 3B, 39, and 3D. The high purity gas purges the adsorption unit D and flows out
through the valves 4D and 37. The adsorption unit B provides purge gas until the pressure
drops to the co-current termination pressure. At the end of time period 12, the PSA
system 13 returns to time period 1 and the cycle is repeated.

[0046] Referring to FIGS. 2-4, during any one or more of the time periods 1-12 in the
normal operating mode 36, the sensing arrangement 132 receives a PSA effluent through a
3 way valve 130. In one embodiment, the PSA effluent is co-current depressurization gas
that is passed through the 3-way valve 130 from a line 118. In another embodiment, the
PSA effluent is product gas that is passed through the 3-way valve 130 from the manifold

138. The impurity level is measured by the sensing arrangement 132 and transmitted to
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the control unit 134. In an exemplary embodiment, the control unit 134 compares the
measured impurity level to the targeted low-impurity level 40. If the measured impurity
level is equal to or greater than the targeted low-impurity level 40 plus a predetermined
upper end tolerance, e.g., 10%, corresponding to the predetermined upper impurity level
42, then the PSA process begins operating in the high purge mode 38. In an exemplary
embodiment, the PSA process continues to operate in the high purge mode 38 and the
sensing arrangement 132 continues to sample the PSA effluent until the measured
impurity level is equal to or less than the targeted low-impurity level 40 minus a
predetermined lower end tolerance, e.g. 10%, corresponding to a predetermined lower
impurity level 40. When this occurs, the PSA process responds by returning to operating
in the normal mode 36.

[0047] Referring to FIGS. 2-3 and 5-6, the PSA system 13 operating in the high purge
mode 38 in accordance with an exemplary embodiment will be described. In the
following description, many of the PSA process steps and corresponding valve positions
are the same as described above for the corresponding time periods of the PSA process
operating in the normal mode 36 and unless indicated otherwise, the descriptions of such

have either been redacted or omitted for brevity.
Time Period 1:

[0048] The adsorption step (see FIG. 6 at 50) begins in the adsorption unit A. The
valve 5C remains closed and the valve 5D is opened to begin the hold step in the
adsorption unit C and the product repressurization step in the adsorption unit D instead of
the depressurizing equalization step and the pressure equalization step, respectively for the
adsorption units C and D, otherwise conducted during the normal mode 36. The gas that
would otherwise be released from the adsorption unit C to the adsorption unit D during the
normal mode 36 remains in the adsorption unit C as additional purging gas for the
subsequent providing purge and purge steps. The adsorption unit B begins the blowdown

step.
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Time Period 2:

[0049] The adsorption units A and B continue the adsorption step (see FIG. 6 at 50)
and the blowdown step, respectively. Also, the adsorption units C and D continue the hold

step and the product repressurization step, respectively.
Time Period 3:

[0050] The adsorption units A and D continue the adsorption step (see FIG. 6 at 50)
and the product repressurization step, respectively. The adsorption unit B begins the purge
step with the high purity effluent from the adsorption unit C that is beginning the
providing purge step. In particular, adsorption unit C contains additional purging gas
resulting from the hold step conducted during Time Period 1 as described above. The
additional purging gas enhances removal of the impurities adsorbed on the adsorbent
contained in adsorption unit B, reducing and/or controlling impurity buildup on the

adsorbent and reducing the impurity level (e.g. reduce the impurities) of the PSA effluent.
Time Period 4:

[0051] The adsorption step begins in the adsorption unit D. The valve 5A remains
closed to begin the hold step in the adsorption unit A (FIG. 6 at 54b), instead of the
depressurizing equalization step otherwise conducted during the normal mode 36, to retain
additional purging gas in the adsorption unit A for the subsequent providing purge and
purge steps. Also, the valve 5B is opened to begin the product repressurization step in the
adsorption unit B, instead of the pressure equalization step otherwise conducted during the

normal mode 36. The adsorption unit C begins the blowdown step.
Time Period 5:

[0052] The adsorption unit D continues the adsorption step and the adsorption unit C
continues the blowdown step. The adsorption unit A remains in the hold condition (e.g.
hold step, see FIG. 6 at 54b) and the adsorption unit B continues the product

repressurization step.
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Time Period 6:

[0053] The adsorption unit D continues the adsorption step and the adsorption unit B
continues the product repressurization step. The adsorption unit A provides high purity
gas (e.g. providing purge step, see FIG. 6 at 56b), including the additional purging gas
retained in the adsorption unit A during Time Period 4 as discussed above, to purge the
adsorption unit C (e.g. purge step). The additional purging gas enhances removal of the
impurities adsorbed on the adsorbent contained in adsorption unit C, reducing and/or
controlling impurity buildup on the adsorbent and reducing the impurity level of the PSA
effluent.

Time Period 7:

[0054] The adsorption step begins in the adsorption unit B. The valve 5C remains
closed and the valve 5D opens to begin the hold step in the adsorption unit D, which
retains additional purging gas therein for the subsequent providing purge and purge steps,
and to begin the product repressurization step in the adsorption unit C. The blowdown

step (see FIG. 6 at 58) begins in the adsorption unit A.
Time Period 8:

[0055] The adsorption unit B continues the adsorption step and the adsorption unit A
continues the blowdown step (see FIG. 6 at 58). The adsorption unit D continues the hold

step and the adsorption unit C continues the product repressurization step.
Time Period 9:

[0056] The adsorption unit B continues the adsorption step and the adsorption unit C
continues the product repressurization step. The adsorption unit A is purged (e.g. purge
step, see FIG. 6 at 60) with high purity gas including the additional purging gas from the
adsorption unit D (e.g. providing purge step) to control impurity buildup on the adsorbent

and reduce the impurity level in the PSA effluent as discussed above.
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Time Period 10:

[0057] The adsorption step begins in the adsorption unit C. The valve SA remains
closed and the valve 5B opens to begin the hold step in adsorption unit B, which retains
additional purging gas therein for the subsequent providing purge and purge steps, and the
product repressurization step in the adsorption unit A (see FIG 6 at 64b). The blowdown
step begins in the adsorption unit D.

Time Period 11:

[0058] The adsorption unit C continues the adsorption step and the adsorption unit D
continues the blowdown step. The adsorption unit B continues in the hold step and the

adsorption unit A continues the product repressurization step (see FIG. 6 at 64b).
Time Period 12:

[0059] The adsorption unit C continues the adsorption step and the adsorption unit A
continues the product pressurization step (see FIG. 6 at 64b). The adsorption unit D is
purged (e.g. purge step) with high purity gas including the additional purging gas from the
adsorption unit B (e.g. providing purge step) to control impurity buildup on the adsorbent
and reduce the impurity level in the PSA effluent as described above. At the end of time
period 12, the PSA system 13 returns to time period 1 and the cycle is repeated until the
impurity level measured in the PSA effluent reaches the predetermined lower impurity
level 44 illustrated in FIG. 3.

[0060] Accordingly, methods for controlling impurity buildup on adsorbent for PSA
processes have been described. The various embodiments comprise using adsorbent that
is contained in a plurality of adsorption units including a first adsorption unit, a second
adsorption unit, and a third adsorption unit. The adsorption units cooperatively operate in
a staggered sequence comprising an adsorption step, a co-current depressurization step, a
counter-current depressurization step, a purge step, and a repressurization step. The
adsorption step is for adsorbing at least one selectively-adsorbable impurity from the
multicomponent feed stream at a high-pressure onto the adsorbent to form a high purity
product stream. The depressurization and purge steps are for depressurizing and purging

the adsorption unit to remove the impurities from the adsorbent and to regenerate the
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adsorbent. The repressurization step is for repressurizing the adsorption units for the next
adsorption step.

[0061] When the PSA process is operating in a normal mode, the process preferably
produces a high purity product gas near or below its targeted low-impurity level during the
adsorption step. The subsequent co-current depressurization step comprises at least one
depressurizing equalization step and a providing purge step. In particular, the
depressurizing equalization step causes an amount of gas that is essentially high purity
product gas to be fluidly communicated from the first adsorption unit that is at a
pressurized condition to the second adsorption unit, which is at a lower pressure, to
equalize pressure between the first and second adsorption units. The providing purge step
causes a second amount of gas that is essentially high purity product gas to be fluidly
communicated from the first adsorption unit to the third adsorption unit, which is currently
undergoing the purge step, to purge impurities from the adsorbent in the third adsorption
unit.

[0062] In an exemplary embodiment, the impurities in an effluent from the PSA
process are measured either continuously or repeatedly using a purity analyzer (e.g. a
sensing arrangement cooperatively configured with a control unit). The effluent may be
the product gas stream, or more preferably a depressurization gas stream from one or more
of the co-current depressurizing steps. If the impurities in the effluent have reached a
predetermined upper impurity level that is greater than the targeted low-impurity level,
then the PSA process responds by changing to a high purge mode. In the high purge
mode, the PSA process still operates using the staggered sequence comprising an
adsorption step, a co-current depressurization step, a counter-current depressurization step,
a purge step, and a repressurization step. However, the co-current depressurization step is
modified by excluding at least one depressurization equalization step. As such, the
amount of high purity gas that would otherwise be fluidly communicated in the normal
mode from the first adsorption unit at a high-pressure to the second adsorption unit at a
lower pressure remains in the first adsorption unit as additional high purity purging gas,
and preferably to maintain the high pressure therein. Thus, when the first adsorption unit
advances to the providing purge step, more high purity gas is available in the first
adsorption unit for being fluidly communicated to purge the third adsorption unit. Using

more high purity gas to purge the third adsorption unit enhances removing the impurities
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that may be built up on the adsorbent. It should also be noted that in addition to high
purity gas taken from the co-current depressurization step, additionally a slip stream of the
product gas from the adsorption step can be used as well to increase the purging of an
absorber. In an exemplary embodiment, when the measured impurities in the effluent
have reached a predetermined lower impurity level that is less than the targeted low-
impurity level, the PSA process responds by changing from operating in the high purge
mode to operating in the normal mode.

[0063] While at least one exemplary embodiment has been presented in the foregoing
Detailed Description, it should be appreciated that a vast number of variations exist. It
should also be appreciated that the exemplary embodiment or exemplary embodiments are
only examples, and are not intended to limit the scope, applicability, or configuration of
the invention in any way. Rather, the foregoing Detailed Description will provide those
skilled in the art with a convenient road map for implementing an exemplary embodiment
of the invention, it being understood that various changes may be made in the function and
arrangement of elements described in an exemplary embodiment without departing from

the scope of the invention as set forth in the appended Claims and their legal equivalents.
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CLAIMS

1. A method for controlling impurity buildup on adsorbent for a pressure swing
adsorption (PSA) process, the adsorbent is contained in a plurality of adsorption units (14,
A, B, C, or D) including a first adsorption unit (14, A, B, C, or D), a second adsorption
unit (14, A, B, C, or D), and a third adsorption unit (14, A, B, C, or D), the method
comprising the steps of:
operating the PSA process in a normal mode (36) comprising a first depressurizing
equalization step and a providing purge step, the first depressurizing
equalization step causing a first amount of gas to be fluidly communicated
from the first adsorption unit (14, A, B, C, or D) that is at a pressurized
condition to the second adsorption unit (14, A, B, C, or D) to equalize pressure
between the first and second adsorption units (14, B, C, or D), and the
providing purge step causing a second amount of gas to be fluidly
communicated from the first adsorption unit (14, A, B, C, or D) to purge the
third adsorption unit (14, A, B, C, or D) for removal of impurities from the
adsorbent in the third adsorption unit (14, A, B, C, or D);

sensing the impurities in an effluent from the PSA process; and

operating the PSA process in a high purge mode (38) comprising a high providing
purge step and excluding the first depressurizing equalization step to increase
an available amount of gas for the high providing purge step, the high
providing purge step causing a third amount of gas to be fluidly communicated
from the first adsorption unit (14, A, B, C, or D) to purge another of the
plurality of adsorption units (14, A, B, C, or D), wherein the third amount of
gas is greater than the second amount of gas for enhanced removal of the
impurities from the adsorbent in the another of the plurality of adsorption units
(14, A, B, C, or D).

2. The method according to claim 1, wherein the step of operating the PSA
process in the high purge mode (38) includes operating the PSA process such that the high
providing purge step causes the third amount of gas to be fluidly communicated from the
first adsorption unit (14, A, B, C, or D) to purge the third adsorption unit (14, A, B, C,
or D).
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3. The method according to claim 1, wherein the step of operating the PSA
process in the high purge mode (38) further comprises excluding the first depressurizing
equalization step by replacing the first depressurizing equalization step with a hold step to
block fluid communication between the first and second adsorption units (14, A, B, C,
or D).

4. The method according to claim 3, wherein the step of operating the PSA
process in the high purge mode (38) includes using the hold step to maintain the first
adsorption unit (14, A, B, C, or D) at the pressurized condition.

5. The method according to claim 3, wherein the step of operating the PSA
process in the high purge mode (38) includes maintaining the pressurized condition at a
pressure established by a prior step during the hold step.

6. The method according to claim 1, wherein the step of operating the PSA
process in the high purge mode (38) includes operating the PSA process such that the
delivery of the third amount of gas starts at a higher pressure than the delivery of the first
amount of gas in the normal operating mode.

7. The method according to claim 1, wherein the step of operating the PSA
process in the high purge mode (38) includes operating the PSA process such that the third
amount of gas is equal to the first and second amounts of gas combined.

8. A method for controlling impurity buildup on adsorbent for a pressure swing
adsorption (PSA) process, the method comprising the steps of:

operating the PSA process including performing (a) and (b), wherein (a) and (b)

are:

(a) a first depressurizing equalization step; and

(b) a providing purge step sensing impurities in an effluent from the PSA
process, wherein if the impurities sensed in the effluent have reached a
predetermined upper impurity level, then

operating the PSA process including performing (b) and not (a).

9. The method according to claim 8, wherein the step of operating the PSA
process including performing (a) and (b) further includes performing (c) a first
pressurizing equalization step and (d) a product or feed pressurization step, and wherein if

the impurities sensed in the effluent have reached the predetermined upper impurity level,
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then the step of operating the PSA process including performing (b) and not (a) further
includes performing (d) and not (c).
10. A method for controlling impurity buildup on adsorbent for a pressure swing
adsorption (PSA) process, the method comprising the steps of:
operating the PSA process in a normal mode (36) comprising:
causing a first amount of gas to be fluidly communicated from a first
adsorption unit (14, A, B, C, or D) to a second adsorption unit (14, A, B, C,
or D) to equalize pressure between the first and second adsorption units
(14, A, B, C, or D) in one or more pressure equalization steps; and
causing a second amount of gas to be fluidly communicated from the first
adsorption unit (14, A, B, C, or D) to a third adsorption unit (14, A, B, C,
or D) for purging impurities from the adsorbent in the third adsorption unit
(14, A, B, C, or D);
sensing impurities in an effluent from the PSA process, wherein if the impurities
sensed in the effluent have reached a predetermined upper impurity level, then
operating the PSA process in a high rate purge mode comprising:
blocking fluid communication with the first adsorption unit (14, A, B, C, or D)
such that the first amount of gas is not or it is not completely fluidly
communicated from the first adsorption unit (14, A, B, C, or D) to equalize
pressure with the second adsorption unit (14, A, B, C, or D) through a
reduction in the number of the pressure equalization steps; and
causing a third amount of gas to be fluidly communicated from the first
adsorption unit (14, A, B, C, or D) to the third or a fourth absorption unit,
wherein the third amount of gas is greater than the second amount of gas
for enhancing purging of the impurities from the adsorbent in the third

absorption unit.
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