WO 2025/096720 PCT/US2024/053811

ADSORBENT MATERIAL, ADSORPTION SYSTEM, AND ADSORPTION

PROCESS FOR HYDROGEN RECOVERY

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Non-Provisional Application 18/501,068 filed
November 3, 2023 and is incorporated herein by reference.
FIELD
[0002] The present innovation relates to adsorbent material, adsorption systems, adsorption
processes, adsorbers for purification of hydrogen product streams, and methods of making
and using the same.
BACKGROUND
[0003] Adsorbers typically come in four different common configurations: vertical, vertical
cross flow, horizontal, and radial. Examples of adsorbers, adsorption systems, and adsorbent
materials that can be utilized in adsorbers can be appreciated from the disclosures of U.S.
Patent Nos. 3,176,444, 3,252,268, 3,430,418, 3,564,816, 3,986,849, 4,026,680, 4,077,780,
4,449,208, 4,472,178, 4,541,851, 4,784,672, 4,923,843, 4,963,519, 4,971,605, 5,137,548,
5,232,474, 5,425,240, 5,759,242, 5,846,295, 5,855,650, 5,917,136, 6,027,544, 6,086,659,
6,106,593, 6,152,991, 6,402,813, 6,506,236, 6,599,347, 6,814,787, 6,866,075, 6,893,483,
7,022,159, 7,285,154, 7,404,846, 7,413,595, 7,537,742, 7,591,992, 8,197,580, 8,206,669,
8,262,783, 8,268,044, 8,404,024, 8,518,356, 8,535,414, 8,574,346, 8,734,571, 8,752,390,
8,795,411, 8,814,985, 8,940,263, 9,108,145, 9,199,190, 9,631,864, 9,731,241, 10,646,816,
U.S. Pat. App. Pub. Nos. 2011/0206581, 2011/0219950, 2019/0291078 and 2023/0027070,
Canadian Patent Publication No. 2,357,276 A, Chinese Patent Publication No.
CN112169762A and European Patent Publication No. EP 1 417 995 A1.
[0004] Thermal Swing Adsorption (TSA), Vacuum Swing Adsorption (VSA), Pressure Swing
Adsorption (PSA), and Pressure Vacuum Swing Adsorption (PVSA) are adsorbent systems
that can be utilized in different types of purification systems. For instance, PSA systems are
used for the recovery and purification of gaseous products such as hydrogen.
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SUMMARY
[0005] We have determined that PSA systems often have difficulty proficiently purifying
hydrogen (H2) for feed streams having a relatively low hydrogen content. For instance, when
hydrogen within a feed to be treated is under 80 volume percent (vol%), PSA systems can
often need to have relatively large beds of adsorbent material for purifying the feed to form a
suitable hydrogen product gas. This can result in high capital cost equipment for the PSA
system as well as larger operational costs associated with low H2 recovery. In some
situations, use of a PSA system may not be desired for a low hydrogen content feed due to
such complications. This can reduce design flexibility for providing hydrogen product streams
for different applications that may form a relatively low hydrogen content stream for
purification.
[0006] We have developed embodiments for adsorbent material, adsorbers, and adsorption
systems that can be configured for processing relatively low hydrogen content feeds (e.g. a
feed having less than 80 vol% hydrogen). Embodiments can be adapted to help reduce
adsorber sizing by providing adsorbent beds of improved efficiency for such applications and
can also permit adsorption systems to be more broadly adapted for different hydrogen
purification processing applications. For example, some embodiments can be adapted to
provide improved productivity in producing hydrogen gas from a feed by providing an increase
in the rate of hydrogen gas produced per volume unit of adsorbent material (e.g. a rate of
hydrogen produced per hour per cubic meter of adsorbent bed material). This type of
improvement can permit adsorbers of smaller size to be utilized which can reduce capital costs
associated with adsorber equipment that may be utilized. In a retrofit situation, the higher H2
productivity can result in generating more revenue from H2 sales.
[0007] Embodiments can also provide improved recovery of hydrogen gas, which can permit
the use of less fuel to make a given amount of hydrogen (e.g. reduce the amount of natural
gas needed for producing hydrogen from a steam methane reforming (SMR) process, etc.).
The improved recovery of hydrogen can help reduce fuel use as well as reduce carbon dioxide
emissions associated with production of hydrogen in such processing.
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[0008] In some embodiments, the bed of adsorbent material can be adapted to include
multiple layers. Such a bed can include a single layer of activated carbon adsorbent material
positioned between at least one upstream layer of adsorbent material and at least one
downstream layer of adsorbent material. The adsorbent material of the upstream and
downstream layers can be other types of adsorbent material. For instance, in some
embodiments, the bed can include an alumina layer positioned upstream of the activated
carbon layer for moisture removal layer (e.g. water removal) and a zeolite material layer that
can be positioned downstream of the activated carbon layer for removal of carbon monoxide
(CO), nitrogen (N2) and/or methane (CH4). The activated carbon layer can be sized for
removal of carbon dioxide and a fraction of the methane within the feed in such a configuration.
[0009] As another example, some embodiments can utilize a bed that includes an alumina
layer and a silica layer positioned upstream of the activated carbon layer for water and heavy
hydrocarbon removal (hydrocarbons having four or more carbons) and a zeolite layer
downstream of the activated carbon layer for removal of methane and nitrogen or removal of
carbon monoxide, methane, and nitrogen. The activated carbon layer can be configured and
sized for removal of ethane and propane in such a configuration.

[0010] Embodiments can be provided so that only a single activated carbon layer is utilized
in the bed of adsorbent material. Also, the activated carbon can be configured to have a pre-
selected surface area (SA), total open pore volume (TOPV), and ratio of TOPV to surface area
(TOPV/SA) and be positioned so that the layer of the activated carbon has a pre-selected bulk
density. For instance, embodiments can utilize an activated carbon layer in which the
activated carbon has a ratio of TOPV/SA of between 0.59 nanometers (nm) and 0.83 nm when
the SA ranges from 380 square meters per gram (m2/g) to 750 m2/g and the SA is determined
based on the Brunauer, Emmett, and Teller (“BET”) technique determined by nitrogen (N2)
adsorption at 77 K as disclosed in S. Brunauer, P.H. Emmett, E. Teller, J. Am. Chem. Soc.
60, 1938, 309 (which is also referred to as “BET” or the “BET method”) and the TOPV is
determined from helium (He) density (crystal density) and mercury (Hg) density (particle
density determined by mercury porosimetry), wherein the TOPV is determined by (1/[Hg
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density]) — (1/[He density]) in units of cubic centimeters per gram (cc/g). The TOPV of the
activated carbon in such embodiments can be 0.53 cc/g or less and more than 0 cc/g, can be
less than 0.50 cc/g and more than 0 cc/g, can be between 0.45 cc/g and 0.62 cc/g or can be
between 0.40 cc/g and 0.50 cc/g.

[0011] The ratio of TOPV/SA can be a relatively crude estimate of the average pore size of
the activated carbon material. If it is assumed that the pores are cylindrically shaped, the total
pore volume is given by 1rr2h and the pore surface area by 21mrh (where r is the radius and h
is the height, or length, of the pore). If the total pore volume is divided by the surface area the
result is r/2. The average pore diameter under this type of assumption is four times the value
of TOPV/SA, which indicates that an activated carbon with a value of TOPV/SA that is below
0.59 nm have average pores that are too small and those with a TOPV/SA value greater than
0.83 nm have average pores that are too large for embodiments that utilize an activated
carbon having a TOPV/SA that is between 0.59 nm and 0.83 nm. This type of average pore
size approximation can take into account the total pore volume of the activated carbon
(micropores, mesopores, and macropores) and the total surface area. So, the value of the
TOPV/SA can be an average pore size over a total pore structure that includes the micropores
where the majority of adsorption can occur as well as mesopores and macropores that can be
significant for mass transfer.

[0012] The bulk density of the activated carbon layer in some embodiments can be greater
than 0.60 g/cc or can be between 0.53 g/cc and 0.62 g/cc when the bulk density is determined
in accordance with ASTM International Standard D4164, rev 03, entitled Standard Test
Method for Mechanically Tapped Packing Density of Formed Catalyst and Catalyst Carriers.
ASTM International (“ASTM”) was formerly known as the American Society for Testing and
Materials.

[0013] In some embodiments, the activated carbon can also have a particle size of between
1 mm and 5 mm in diameter and/or a carbon dioxide (CO2) isosteric heat of adsorption at 0.5
millimole per gram (mmol/g) can be less than 5.59 kilocalories (kcal) per gram mole (gmol),
which can also be referred to as less than 5.59 kcal/gmol or less than 23.39 kJ/gmol. In some
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embodiments, the activated carbon layer of the bed of material can also have a total column
void fraction (internal and external) that is less than 0.72.

[0014] In a first aspect, an adsorber for an adsorption system is provided. The adsorber can
include a vessel positionable to receive a fluid to purify the fluid. The vessel can have a bed
of adsorbent material. The bed of adsorbent material can include an activated carbon layer
including activated carbon. The activated carbon of the activated carbon layer can have (i) a
surface area (SA) that ranges from 380 square meters per gram (m2/g) to 750 m2/g and (ii) a
total open pore volume (TOPV) to SA ratio (TOPV/SA), which has a value greater than 0.59
nm and less than 0.83 nm.

[0015] In a second aspect, the activated carbon of the activated carbon layer can also have
other properties. For example, the activated carbon of the activated carbon layer can also
have (iii) a carbon dioxide (CO2) isosteric heat of adsorption at 0.5 mmol/g surface coverage
that can be less than or equal to 23.39 kilojoules per mole (kJ/mol) and (iv) a TOPV that is
0.53 cubic centimeters per gram (cc/g) or less.

[0016] A bulk density of the activated carbon layer can also be greater than or equal to 0.60
grams per cubic centimeter (g/cc). Alternatively, the activated carbon layer can have a bulk
density that is between 0.53 g/cc and 0.62 g/cc.

[0017] Other embodiments can also be provided in which the activated carbon of the activated
carbon layer also has (v) a particulate size range that is between 1 millimeter (mm) in diameter
and 5 mm in diameter.

[0018] In some embodiments, the activated carbon can have a CO2 isosteric heat of
adsorption at 0.5 mmol/g surface coverage that can be less than or equal to 23.39 kJ/mol and
greater than 0 kJ/mol and/or a TOPV that is between 0.50 cc/g and 0.40 cc/g. In other
embodiments, the activated carbon can have a CO2 isosteric heat of adsorption can be 0.5
mmol/g surface coverage that can be less than or equal to 23.39 kJ/mol and greater than O
kJ/mol and/or a TOPV that is between 0.45 cubic centimeters per gram (cc/g) and 0.62 cc/g.

[0019] In yet other embodiments, the activated carbon can have a TOPV that is between 0.40

cc/g and 0.50 cc/g.
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[0020] In a third aspect, the adsorber can be for an adsorption system that is configured as a
pressure swing adsorption (PSA) system.

[0021] In a fourth aspect, the bed of adsorbent material can also have at least one
downstream layer positioned downstream of the activated carbon layer and the bed of
adsorbent material can only have a single activated carbon layer (which can be the activated
carbon layer).

[0022] In a fifth aspect, the bed of adsorbent material can also have at least one downstream
layer positioned downstream of the activated carbon layer and at least one upstream layer
positioned upstream of the activated carbon layer. The bed of adsorbent material can only
have a single activated carbon layer (which can be the activated carbon layer).

[0023] In a sixth aspect, the bed of adsorbent material can be configured to purify a feed fluid
flow of hydrogen having a hydrogen content of less than 79 volume percent (vol%) to output
a purified fluid flow having a hydrogen content of greater than or equal to 95 vol% (e.g.
between 95 vol% hydrogen and 100 vol% hydrogen). A hydrogen content of less than 79
vol% can be a concentration of between 79 vol% and greater than 0 vol% or a hydrogen
concentration of between 79 vol% and 50 vol%.

[0024] In a seventh aspect, the adsorber of the first aspect can include one or more features
of any of the second aspect, third aspect, fourth aspect, fifth aspect, and/or sixth aspect. It
should therefore be appreciated that other embodiments can utilize other combination of
features. Examples of such combinations of features can be appreciated from the exemplary
embodiments discussed herein, for instance.

[0025] In an eighth aspect, an adsorption system can be provided that can include at least
one adsorber. The system can include at least one embodiment of the adsorber, at least two
such absorbers, or an array of absorbers (e.g. between 2 and 20 adsorbers or between 2 and
12 adsorbers, etc.). In some embodiments, the adsorption system can be a PSA system.
[0026] In a ninth aspect, a process for adsorption is provided. An embodiment of this process
can use at least one embodiment of our adsorber. In some embodiments, the process can
include positioning a bed of adsorbent material within a vessel of an adsorber wherein the bed
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of adsorbent material comprises an activated carbon layer including activated carbon. The
activated carbon of the activated carbon layer can have (i) a surface area (SA) that ranges
from 380 m2/g to 750 m2/g; and (ii) a total open pore volume (TOPV) to SA ratio (TOPV/SA),
which has a value greater than 0.59 nm and less than 0.83 nm. The process can also include
passing a feed fluid flow through the bed of adsorbent material to purify the feed fluid and
outputting a purified fluid flow from the vessel after the feed fluid flow has passed through the
bed of adsorbent material.

[0027] In a tenth aspect, the feed fluid can have a hydrogen content of less than 79 vol% to
output a purified fluid flow having a hydrogen content of greater than or equal to 95 vol% (e.g.
between 95 vol% and 100 vol%, etc.)

[0028] In an eleventh aspect, the activated carbon can have other properties. For example,
the activated carbon can have (iii) a carbon dioxide (CO2) isosteric heat of adsorption at 0.5
mmol/g surface coverage that can be less than or equal to 23.39 kJ/mol and greater than O
kJ/mol and (iv) a TOPV that is 0.53 cubic centimeters per gram (cc/g) or less. As another
example, the activated carbon can also (or alternatively) have (v) a TOPV that is between 0.50
cubic centimeters per gram (cc/g) and 0.40 cc/g or between 0.45 cc/g and 0.62 cc/g and/or
(vi) a particulate size range that is between 1 millimeter (mm) in diameter and 5 mm in
diameter.

[0029] In some embodiments, the activated carbon layer has a bulk density that is greater
than or equal to 0.60 grams per cubic centimeter (g/cc) or can have a bulk density that is
between 0.53 g/cc and 0.62 g/cc.

[0030] In a twelfth aspect, the process of the ninth aspect can include one or more features
of any of the tenth aspect and/or the eleventh aspect. It should therefore be appreciated that
other embodiments can utilize other combination of features. Examples of such combinations
of features can be appreciated from the exemplary embodiments discussed herein.

[0031] Other details, objects, and advantages of our adsorbent material, adsorbers,

adsorption systems, adsorption processing, and methods of making and using the same will
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become apparent as the following description of certain exemplary embodiments thereof
proceeds.
BRIEF DESCRIPTION OF THE DRAWINGS

[0032] Exemplary embodiments of adsorbent material, adsorbers, adsorption systems,
adsorption processing, and methods of making and using the same are shown in the drawings
included herewith. It should be understood that like reference characters used in the drawings
may identify like components.
[0033] Figure 1 is a block diagram of a first exemplary embodiment of an adsorption system.
[0034] Figure 2 is a schematic diagram of a first exemplary embodiment of an adsorber that
can be utilized in the first exemplary embodiment of the adsorption system.
[0035] Figure 3 is a flow chart illustrating an exemplary embodiment of a process for forming
a purified product stream.
[0036] Figure 4 is a graph illustrating results from an analysis of activated carbon TOPV/SA
ratio on hydrogen recovery and productivity.
[0037] Figure 5is a graph illustrating results from an analysis of the TOPV for activated carbon
on hydrogen recovery and productivity.
[0038] Figure 6 is a graph illustrating results from an analysis of activated carbon surface area
(as calculated via the BET method) on hydrogen recovery and productivity.
[0039] Figure 7 is a graph illustrates results from an analysis of a difference in hydrogen
recovery vs. hydrogen concentration of a feed.
[0040] Figure 8 is a graph illustrating results from an analysis of relative hydrogen recovery
and productivity as compared to carbon dioxide adsorption at 0.5 mmol/g coverage.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS
[0041] Referring to Figures 1 and 2, an exemplary embodiment of an adsorption system 1 can
include a set 7 of multiple adsorbers 6. Each adsorber 6 of the adsorption system 1 can
include a bed 6b of adsorbent material within a vessel 6a of the adsorber 6. The bed 6b of
adsorbent material can include one or more layers of adsorbent material that can remove
multiple target elements from a compressed feed that is to be fed to the adsorber for
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purification via adsorption (e.g., exposure to adsorbent material that can include one or more
layers of adsorbent material). The adsorbent material within the bed 6b can be solid particulate
material or include solid particulate material (e.g. alumina, silica gel, activated carbon, zeolite
material, etc.).

[0042] The adsorbers 6 of the adsorption system 1 can include a first adsorber 7a and a
second adsorber 7b. The first and second adsorbers 7a and 7b can each be configured as a
vertical adsorber, a horizontal adsorber or other type of adsorber (e.g., a vertical cross flow
adsorber or a radial adsorber, etc.). In some arrangements, the adsorbers can be configured
such that the feed flow comes in from the bottom of the adsorber vessel and the output flow
is output out the top of the vessel 6a or such that the feed flow comes in from the top of the
vessel and the output flow is passed out of the bottom of the vessel 6a. Yet other adsorbers
can be configured as radial adsorbers or horizontal adsorbers.

[0043] Embodiments of the adsorption system 1 can include a set 7 of multiple adsorbers 6
that includes more than two adsorbers 6. For instance, a set 7 of multiple adsorbers can
include ten adsorbers 6, between two adsorbers and twelve adsorbers, or include between
four adsorbers and twenty adsorbers 6.

[0044] The arrangement of adsorbers 6 can be configured to utilize a pressure swing
adsorption (PSA) process such as a PSA process or a vacuum PSA (VPSA) process. Figure
2 illustrates an exemplary embodiment of an adsorber 6 that can be utilized in the system.
[0045] The first and second adsorbers 7a and 7b can be arranged so that they operate in
parallel such that when the first adsorber 7a is on-stream carrying out purification processes
by adsorbing target materials from the fluid fed to the adsorption system 1, the second
adsorber 7b can be off-stream so that it can undergo desorption via a regeneration gas flow
for regeneration of the bed 6b of adsorbent material of the off-stream second adsorber 7b.
When in an off-stream state, the second adsorber 7b may not receive fluid for purification of
the fluid. Instead, the off-stream state adsorber can receive a regeneration gas flow (RGF)
for facilitating desorption of the adsorbent material of the bed 6b of adsorbent material to

regenerate the adsorbent material.
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[0046] When the second adsorber 7b is on-stream carrying out purification processes by
adsorbing target materials from the feed fluid flow (FFF) to form a purified fluid flow (PFF), the
first adsorber 7a can be off-stream so it can undergo desorption, or regeneration, for
regeneration of the bed 6b of adsorbent material of the adsorber 6. When in an off-stream
state, the first adsorber 7a may not receive fluid for purification of the fluid. Instead, the off-
stream state adsorber can undergo a reduction in pressure and/or also receive a regeneration
gas flow (RGF) for facilitating desorption of the adsorbent material of the bed 6b of adsorbent
material to regenerate the adsorbent material.

[0047] A regeneration gas flow can be fed to the off-stream state adsorber(s) after reducing
pressure of the adsorber to regenerate the adsorbent material of the adsorber so that the
impurities adsorbed in the adsorbent material are released and output from the adsorber 6 via
the regeneration gas. The output regeneration gas can be emitted to atmosphere or otherwise
treated.

[0048] It should be appreciated that when an adsorber 6 is in an off-stream state, it can
undergo a regeneration process, or desorption process, to regenerate the one or more layers
of adsorbent material within the adsorber. When returned to the on-stream state, the adsorber
can operate with improved efficiency due to the regeneration of the adsorbent material as the
regeneration of the material can return that material to a condition that is close to or at its
original state for adsorption of target material from a feed fluid flow.

[0049] Figure 2 illustrates an example of how a feed fluid flow can be passed into the vessel
6a of the adsorber 6 as an inlet fluid flow feed (FFF) for being passed into contact with the bed
6b of adsorbent material for purification. The purified fluid can then be output as a purified
fluid flow PFF via an outlet 60 of the adsorber 6. An example of the use of a regeneration gas
flow (RGF) and how it can flow in an opposite direction may also be best appreciated from
Figure 2.

[0050] In some embodiments, the adsorption system 1 can include a compressor (COMP) for
increasing the pressure of the feed fluid flow (FFF) for feeding to one or more on-state
adsorbers for forming the purified feed flow (PFF) with impurities removed from the feed fluid
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flow. Embodiments can also include a heat exchanger (HX) positioned between the
compressor (COMP) and one or more adsorbers 6 for heating or cooling the compressed feed
fluid flow to a pre-selected adsorber feed temperature for feeding to the adsorber(s) 6 in the
on-stream state of the adsorption system for undergoing purification therein.

[0051] In other embodiments, the compressor and/or heat exchanger upstream of the
adsorbers may not be needed or used. For example, in some implementations, the fluid to be
fed to the one or more on-state adsorbers of the adsorption system can be output from an
upstream device (e.g. reactor, separation vessel, knockout tank, etc.) at a suitable pressure
and/or temperature for undergoing purification within the adsorber(s) 6.

[0052] The adsorption system 1 can be configured so that the input of fluid into the first
adsorber 7a or second adsorber 7b is changed (e.g. via valve position changes, etc.) to switch
the parallel adsorbers between their on-stream states and their off-stream states (e.g. when
the first adsorber 7a is on-stream, the second adsorber 7b can be off-stream and vice versa).
The regeneration gas flow RGF (shown in broken line in Figure 2) that is passed through the
adsorber 6 for regeneration of the adsorbent material can be gas obtained via a product flow
output from a column, a product gas tank, or can be gas from another source of a plant or
apparatus.

[0053] For at least some embodiments, the regeneration gas flow (RGF) can pass through
the vessel 6a of an absorber 6 along a flow path that is the reverse of the flow path of fluid
passed through the vessel of the adsorber when the adsorber is in the on-stream state. For
such embodiments, the inlet 6i of the vessel 6 through which the feed fluid flow can pass into
the vessel 6a when the adsorber 6 is in the on-stream state may function as an outlet for the
regeneration gas and the outlet 6o of the vessel through which the purified fluid flow can be
output during the on-stream state may function as an inlet for the regeneration gas.

[0054] Each adsorber 6 (e.g., first adsorber 7a, second adsorber 7b, etc.) can include a bed
6b of adsorbent material retained within a vessel 6a that includes one or more layers of
adsorbent material. Atleast one activated carbon layer (AC Layer) 6ac can be included in the
bed 6b of adsorbent material. The bed 6b can also include at least one downstream layer 6ds
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that is downstream of the activated carbon layer 6ac and at least one upstream layer 6us that
is upstream of the activated carbon layer 6ac. The upstream term of the upstream layer 6us
can refer to the position of that layer relative to the activated carbon layer when the bed 6b of
adsorbent material is in contact with the feed fluid flow (FFF) for adsorption of impurities from
the feed to form the purified fluid flow (PFF). Similarly, the downstream term of the
downstream layer 6ds can refer to the position of that layer relative to the activated carbon
layer when the bed 6b of adsorbent material is in contact with the feed fluid flow (FFF) for
adsorption of impurities from the feed to form the purified fluid flow (PFF).

[0055] The upstream layer(s) 6us can include a first upstream layer 6e that is upstream of a
second upstream layer 6f that is positioned between the first upstream layer 6e and the
activated carbon layer 6ac. The upstream layer 6us can alternatively only include a single
upstream layer 6us. The downstream layer 6ds can be a single layer or can include multiple
downstream layers of different adsorbent materials as well.

[0056] In some embodiments, the upstream layer 6us can include a first layer of alumina and
a second layer of silica. The layer of alumina can be configured for removal of water or water
and heavy hydrocarbons (e.g. hydrocarbons having six or more carbons) from the feed fluid
flow and can be upstream of the layer of silica. The layer of silica can be positioned and
configured for removal of pentane and butane from the feed fluid flow (e.g. removal of a
substantial portion of the pentane and butane, removal of a bulk of the pentane and butane,
etc.). The downstream layer(s) 6ds can include a layer of zeolite material that is configured
to adsorb methane and nitrogen (N2). The activated carbon layer 6ac can be configured to
remove propane and ethane from the feed fluid flow (FFF) and can be positioned between the
silica layer and the zeolite layer (e.g. removal of a substantial portion of the propane and
ethane, removal of a bulk of the propane and ethane, etc.). This type of embodiment can be
utilized for purification of refinery off gas that may have a substantial content of hydrocarbons,
water, and N2, for example. The adsorption of the impurities can permit a feed having less

than 80 volume percent (vol%) of hydrogen to be purified so the purified fluid flow (PFF) has
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a hydrogen (H2) content of over 90 vol% (e.g. between 95 vol% H2 and 100 vol% H2 or greater
than 95 vol% H2 to 99.999 vol% H2).

[0057] In other embodiments, the bed 6b can include an upstream layer 6us of alumina for
adsorption of water and a downstream layer 6ds of a zeolite material for removal of carbon
monoxide (CO) and N2. The activated carbon layer 6ac can be between these layers and be
configured for adsorption of carbon dioxide (CO2) and methane from the feed fluid flow FFF.
Such an embodiment can be utilized for steam methane reforming or steam reforming
applications for purification of a feed gas that includes hydrogen and impurities that include
CO2, water, CO, and N2. The hydrogen content of the feed fluid flow FFF can be less than
80 vol% and greater than 50 vol%. For instance, the hydrogen content of the feed fluid flow
can be between 79 vol% and 70 vol%, between 79 vol% and 60 vol%, or be less than 78.46
vol% and greater than 50 vol%. The purified fluid flow output from the adsorber can be purified
hydrogen that has a hydrogen content of over 90 vol% (e.g. between 95 vol% and 100 vol%
or greater than 95 vol% to 99.999 vol%).

[0058] The bed 6b of the adsorbent material can be positioned in the vessel 6a so that each
layer directly contacts a downstream layer. For instance, an upstream layer 6us can have a
downstream end that interfaces with the upstream end of the activated carbon layer 6ac and
a downstream layer 6ds can have an upstream end that interfaces with the downstream end
of the activated carbon layer 6ac. In such embodiments, the activated carbon layer 6ac can
be in contact with a downstream layer 6ds at its downstream end and also in contact with an
upstream layer 6us at its upstream end when positioned in the bed 6b of adsorbent material.
[0059] Other embodiments can utilize additional layers or a different arrangement of layers.
For instance, some embodiments can include an activated carbon layer 6ac positioned
between an upstream layer 6us of silica and a downstream layer of a zeolite or other
adsorption media. As another example, some embodiments may not include an upstream
layer such that the activated carbon layer is the upstream-most layer of the bed 6b of
adsorbent material. As yet another example, the bed 6b of adsorbent material can be
configured so that the activated carbon layer 6ac is the only layer of the bed 6b of adsorbent
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material. As yet another example, the bed 6b of adsorbent material can include one or more
upstream layers 6us and have the activated carbon layer 6ac as the final, most downstream
layer of the bed 6b.

[0060] The activated carbon layer 6ac of the bed 6b can be the only layer of activated carbon
in the bed 6b of adsorbent material in some embodiments. The activated carbon can also be
configured to help permit the bed 6b of adsorbent material to be sized to facilitate use of a
suitably sized vessel 6a for purification of the feed fluid flow for forming the purified feed flow.
[0061] In some embodiments, the adsorption system 1 can be configured for helium
purification. In such embodiments, the feed fluid flow (FFF) can include helium (He) as the
desired constituent for purification and have a significant concentration of helium (e.g. at least
50 vol% He). In such embodiments, the layers of the bed 6b of adsorbent material can be
configured and positioned for removal of impurities so that a purified fluid flow has a substantial
concentration of He. For instance, the purified fluid flow PFF can have at least 80 vol% He,
at least 90 vol% He or between 90 vol% He and 100 vol% He (e.g. between 95 vol% He and
99.999 vol% He).

[0062] We have surprisingly found that embodiments of the adsorber 6 that has a bed 6b of
adsorbent material that includes an activated carbon layer (AC Layer) 6ac with certain pre-
specified physical parameters can provide improved purification performance for feed fluid
flows that have a relatively low concentration of the constituent to be enriched (e.g. hydrogen
concentrations of less than 80 vol% or less than or equal to 78.46 vol% for embodiments
adapted to purify the feed to form a hydrogen product stream having at least 95 vol%
hydrogen) in which the adsorber 6 is utilized in a PSA adsorption process. The impurities
within the feed fluid flow can include CO2, carbon monoxide (CO), nitrogen (N2), argon (Ar),
aliphatic hydrocarbons ranging from C1 to C6 (e.g. methane, ethane, propane, butane,
pentane, and hexane), and aromatic species (e.g. benzene, toluene, xylene, etc.).

[0063] In some embodiments, the activated carbon of the activated carbon layer 6ac and/or

the activated carbon layer 6ac can include all of the following pre-selected parameters:
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[0064] (a) a ratio of total open pore volume (TOPV) to surface area (SA) of greater
than 0.59 nm and less than 0.83 nm in which the SA is the BET surface area and the SA

ranges from 380 m2/g to 750 m2/g,

[0065] (b) bulk density of 0.53 g/cc to 0.62 g/cc,
[0066] (c) a TOPV of 0.45 cc/g to 0.62 cc/g or of between 0.40 cc/g and 0.50 cc/g, and
[0067] (d) a CO2 heat of adsorption at 0.5 mmol/g CO loading of 5.59 kcal/mole or

less (23.39 kilojoules per mole (kJ/mol) or less).

[0068] In other embodiments, utilization of a layer of activated carbon 6ac in which the
activated carbon and/or activated carbon layer 6ac has one or more of the following pre-
selected parameters has been found to provide surprising improvements in hydrogen recovery
and productivity:

[0069] (i) a BET surface area (SA) that ranges from 380 m2/g to 750 m2/g;

[0070] (i) a TOPV to SA ratio (TOPV/SA), which has a value greater than 0.59 nm
and less than 0.83 nm;

[0071] (iii) a CO2 isosteric heat of adsorption at 0.5 millimoles per gram (mmol/g)
surface coverage that can be less than or equal to 5.59 kilocalories per gram mole (kcal/gmol)
(23.39 kilojoules per mole (kJ/mol));

[0072] (iv) a bulk density (tapped density) of the activated carbon layer that is greater
than or equal to 0.60 g/cc or is between 0.53 g/cc and 0.62 g/cc;

[0073] (v) a TOPV that is 0.53 cc/g or less, or is less than or equal to 0.50 cc/g, or is
between 0.45 cc/g and 0.62 cc/g or is between 0.40 cc/g and 0.50 cc/g;

[0074] (vi) an activated carbon particulate size range that is between 1 mm in diameter
and 5 mm in diameter;

[0075] (vii) a layering of activated carbon that provides a total column void fraction
(internal and external) in the activated carbon layer 6ac that is less than 0.72.

[0076] Embodiments can utilize an activated carbon layer 6ac that includes one or more of
items (i) through (vii) (e.g. a combination of two or more of these items, a combination of three
or more of these items, a combination of four or more of these items, a combination of five or
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more of these items, a combination of six or more of these items, or a combination of all of
these items).
[0077] Improvement in adsorption functionality that can be provided by adsorbers using a
layer of activated carbon 6ac within a bed 6b of adsorbent material between at least one
upstream layer 6us and at least one downstream layer 6ds can also be appreciated from
experimentation and analyses that is discussed further below.

EXPERIMENTS
[0078] In a first experimental example, five different activated carbons were tested (Carbon
1, Carbon 2, Carbon 3, Carbon 4, and Carbon 5) for performance in PSA applications with
various feed gas compositions for purification to form a hydrogen product stream. The
physical properties of each activated carbon are given in Table 1. The bulk density of the
carbons (g/cc of container) was determined in accordance with ASTM Standard D4164, rev
03. The surface area (m2/g) was determined by the BET method noted above. The total open
pore volume (TOPV) was determined from the helium density (crystal density) and the mercury
density (particle density determined by mercury porosimetry) such that the total open pore
volume was determined by (1/[Hg density]) — (1/[He density]) in units of cc/g.

Table 1; Properties of evaluated activated carbon samples

Adsorbent Surface Area Bulk Density TOPV (ccl/g) TOPVI/SA
(m?/g) (g/cc) (nm)
Carbon 1 924 0.61 0.55 0.59
Carbon 2 750 0.53 0.62 0.83
Carbon 3 659 0.62 0.48 0.73
Carbon 4 638 0.60 0.45 0.71
Carbon 5 380 0.60 0.53 1.39

[0079] As noted above, the ratio of TOPV/SA can provide an estimate of the average pore
size of the carbon material.

[0080] The hydrogen PSA performance of these various activated carbons was simulated
using an in-house adsorption simulator. Specifics of the simulation package are given in

Kumar et al, Chemical Engineering Science, 49(18), 3115, 1994. The feed composition
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simulated consisted of 0.3 volume percent (vol%) N2, 4.4 vol% methane (CH4), 15.3 vol%
C0O2, 4.4 vol% CO and balance H2 (e.g. 75.6 vol% H2). For the simulations, the feed pressure
was 23.1 bara (22.8 atm) and temperature was 100 °F (38 °C). The PSA adsorption system
that was simulated used a ten adsorber PSA cycle, with 2 adsorbers simultaneously on feed,
and four pressure equalization steps. The simulated adsorbers of the adsorption system had
a two-layer bed design with activated carbon at the feed end of the bed upstream of a 5A
zeolite at the product end of the bed. The purity of the hydrogen product was 5 ppm CO for
the simulation.

[0081] As noted above, a layer of activated alumina or layers of alumina and silica can be
positioned in the bed upstream of the activated carbon layer in some embodiments. But these
cases were not simulated in this testing. For the simulation, the total bed length for the bed of
adsorbent material was 26.5 ft (8.1 m) and the activated carbon layer was varied from 33-40%
of the total bed volume to optimize PSA performance for each simulated activated carbon.
The activated carbon for each activated carbon sample that was simulated had an average
particle diameter of 1.8 mm and the 5A zeolite layer had an average particle diameter of 1.7
mm for the conducted simulations.

[0082] Table 2, below, provides results from the conducted simulations. For example, Table
2 compares the hydrogen recovery and productivity for each activated carbon sample that was
evaluated via the conducted simulations (Carbon 1 through Carbon 5 as identified in Table 1).
The hydrogen productivity and recovery were normalized with respect to the performance for

the activated carbon with the highest surface area (Carbon 1) which has a TOPV/SA ratio of

0.59 nm.
Table 2; Summary of simulation results for the first experimental example
Activated Carbon Relative H2 productivity H2 recovery change (%)

Carbon 1 1.0 0

Carbon 2 0.99 -0.12 %
Carbon 3 1.00 +0.14 %
Carbon 4 1.05 +0.28 %
Carbon 5 0.84 -1.59 %
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[0083] Figure 4 shows the effect of the TOPV/SA ratio on the relative hydrogen productivity
and recovery from the conducted simulations. These results show that as the ratio of
TOPV/SA increased above 0.59 nm, the performance improved and continued until the
TOPV/SA ratio reached 0.83 nm.

[0084] Figure 5 shows the effect of total open pore volume (TOPV) on the relative hydrogen
productivity and recovery that was obtained from the conducted simulations. These results
show that as the PSA performance for the simulated adsorption system is relatively
unchanged as the total open pore volume decreased from 0.62 cc/g to 0.55 cc/g. But, as the
TOPV decreased to 0.53 cc/g, there is a large decrease in PSA performance. Surprisingly,
as the TOPV is further decreased to 0.48 and 0.45 cc/g, the PSA showed its best performance.
This showed a surprising and unexpected relationship for activated carbon TOPV in which a
TOPV of 0.53 cc/g or less or a TOPV of less than 0.50 cc/g can provide improved hydrogen
recovery, productivity, and purification.

[0085] Figure 6 shows the effect of BET surface area on the performance of the simulated
adsorption systems using the different activated carbons under the above noted feed gas
conditions. As the surface area (determined via the BET method as noted above) decreased
from 924 m2/g to 750 m2/g, there was very little change in performance. Yet, when the surface
area decreased below 750 m2/g, there is an increase in performance. This improvement,
however, ceased to exist after the surface area decreased to 380 m2/g. In fact, under 380
m2/g there was a large drop in performance.

[0086] In a second experimental example, two different activated carbon samples were
evaluated by simulation for application in an adsorption system process where the feed gas is
a refinery off-gas for purification of hydrogen to provide a hydrogen product stream. The feed
gas composition was 11.8 vol% methane (CH4), 8.5 vol% ethane (C2H6), 5.2 vol% propane
(C3H8), 2.2 vol% butane (C4H10), 1 vol% pentane (C5H12) and 0.5 vol% hexane (C6H14)
and the balance H2, which was 70.8 vol% H2 (for this simulation all the hydrocarbons were

alkanes). The feed temperature was 104 °F (40 °C) and the feed pressure was 19.4 bara
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(19.15 atm). The simulated adsorption system had a five adsorber cycle with two steps of
pressure equalization. The adsorber bed loading that was simulated contained (from feed to
product end): 8 feet (2.44 m) of activated alumina that was upstream of 7.5 feet (2.286 m) of
silica gel that was upstream of 10 feet (3.048 m) of activated carbon that was upstream of 5.5
feet (1.6764 m) of 5A zeolite. The product hydrogen purity was 700 ppm total impurity.
[0087] The two activated carbons that were simulated in this simulation were the above noted
Carbon 2 (TOPV/SA = 0.83 nm, with an SA of 750 m2/g) and the above noted Carbon 3
(TOPV/SA = 0.73 nm, with an SA of 659 m2/g). The simulation results showed that activated
carbon of Carbon 3 showed improved hydrogen recovery by 0.66 points. This further
corroborated the other above noted results that showed that a TOPV/SA ratio that is less than
0.83 nm and a surface area that is less than 750 m2/g improved the overall hydrogen
purification performance and that this can be the case for purification applications in steam
reforming applications as well as refinery off-gas applications, which can have different feed
constituents.

[0088] In a third experimental example, another set of simulations were conducted using an
example feed gas produced by partial oxidation (POX) of natural gas and then CO2 removal
by some CO2 removal process (absorption, adsorption, membranes etc.). The feed gas to
the adsorption system in this simulation was 0.9 vol% CO, 0.3 vol% CH4, 0.2 vol% CO2, 0.2
vol% N2, 0.05 vol% argon (Ar) with the balance H2, which was 98.35 vol% H2. The feed
temperature was 100 °F (38 °C) and the feed pressure was 33.6 bara (33.16 atm). The
process cycle employed a twelve adsorber process with five steps of pressure equalization
and three adsorbers simultaneously on feed. The final H2 purity for this simulation was 100
ppm total impurity. The simulated adsorber beds were 2 layer beds that each included 28 feet
(8.53 m) of activated carbon on the feed end of the bed and 4 feet (1.22 m) of 5A zeolite at
the product end. In the simulations, the above noted Carbon 2 and Carbon 3 samples were
evaluated. The results show that Carbon 2 (TOPV/SA = 0.83nm, with BET SA of 750 m2/g)
had a higher H2 recovery by 2.7 points as compared to Carbon 3 (TOPV/SA = 0.73 nm, with
BET SA of 659 m2/g). This is contrary to the results discussed above where the higher surface
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area and TOPV/SA ratio activated carbon performed worse. These results show that the use
of the embodiments of activated carbon noted above are surprisingly effective for purification
of a low H2 content feed and are not well suited for purification processing of a very rich H2
feed (e.g. a feed of over 92 vol% H2 or a feed of over 98 vol% H2).

[0089] Figure 7 shows a plot of the H2 recovery determined by the above noted simulations
in the above noted experimental examples involving Carbon 2 (TOPV/SA = 0.83 nm, with
BET SA of 750 m2/g) and Carbon 3 (TOPV/SA = 0.73 nm, with BET SA of 659 m2/g). as a
function of H2 concentration in the feed stream. The H2 recovery axis shows the difference
in H2 recovery between Carbon 2 and Carbon 3. The plot of Figure 7 shows that at high H2
concentration in the feed gas, the lower surface area, lower TOPV/SA ratio activated carbon
performs poorly. However, when the inlet H2 concentration decreases, the lower surface area,
lower TOPV/SA activated carbon improves H2 recovery. This is a surprising effect on the feed
H2 concentration on H2 purification performance.

[0090] Figure 7 includes a broken line to show a linear relationship between the difference in
H2 recovery and inlet H2 concentration as well. The linear fit of the data in Figure 7 shows
that once the inlet H2 concentration is above 78.46 vol%, the activated carbon with surface
area less than 750 m2/g and TOPV/SA ratio less than 0.83 nm provides a surprising
improvement in H2 recovery and H2 purification.

[0091] In yet another experimental example, the isosteric heat of CO2 adsorption was
determined on the various activated carbon samples noted above by measuring adsorption
isotherms at two different temperatures and using the Clausius-Clapeyron equation (In P1/P2)
= g/R(1/T1 - 1/T2), where T1 and T2 are the adsorption temperatures in degrees K, R is the
gas constant, q is the heat of adsorption and P1 and P2 are the equilibrium pressures at T1
and T2 to achieve a given adsorbate capacity. This methodology is disclosed in Ind. Eng.
Chem. Res. 2019, 58, 10984-11002. This equation was used to determine the heat of
adsorption as a function of loading. Figure 8 shows a plot of the measured CO2 heat of
adsorption at 0.5 mmol/g capacity vs the H2 recovery and productivity for carbons simulated
in the first experimental example. The plot of Figure 8 shows that as the CO2 heat of
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adsorption at 0.5 mmol/g loading decreased below 5.59 kcal/gmol (23.39 kJ/mol) the
purification performance (recovery and productivity) increased. This work further shows that
utilization of an activated carbon layer for adsorption system purification of a feed in which the
activated carbon has a TOPV/SA ratio from 0.59 nm to 0.83 nm, surface area between 380
m2/g and 750 m2/g and a CO2 heat of adsorption at 0.5 mmol/g of 5.59 kcal/gmol (23.39
kJ/mol) or less can provide a surprising improvement in purification for forming hydrogen
product streams from a feed having a relatively low H2 concentration (e.g. an H2 concentration
of under 79 vol% H2, an H2 concentration of between 79 vol% and 50 vol%, etc.).

[0092] The experimental results and simulation analyses shows that we have surprisingly
found that use of an activated carbon layer 6ac as used in exemplary embodiments discussed
herein can provide surprisingly improved H2 recovery in H2 purification for feeds having
relatively low H2 concentrations (e.g. H2 concentrations of under 79 vol%). We have found
that a range of TOPV/SA of 0.59 nm to 0.83 nm in combination with a feed having less than
80 vol% H2 can provide very unexpected, improved results. This TOPV/SA range was found
to have a substantial impact on H2 recovery and productivity for low H2 content feeds.
[0093] The improvement in H2 purification can be provided in steam reforming, and refinery
off gas applications as discussed above. It is also believed similar improvements can be
provided for purification of helium (He) since He can be adsorbed similarly to H2. The
improvement in purification and recovery can be substantial and commercially significant. For
example, some embodiments can provide improved H2 purification that can result in improved
H2 productivity after being retrofit with an embodiment of our adsorption system 1 using
embodiments of our adsorber(s) 6 to purify a feed having H2 to form a purified H2 product
stream. For instance, Table 2 shows that a 5% improvement in H2 productivity relative to a
standard activated carbon can be provided (Carbon 4 as compared to Carbon 1). For a 100
million standard cubic feet per day (MMSCFD) H2 plant, a 5% production increase results in
an additional $5.5 million/year of revenue for an H2 price of $3 per 1,000 standard cubic feet

(SCF) where Carbon 1 is the reference activated carbon used for these comparative
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improvements because the prior art recites that large surface area activated carbons are
typically preferred for this application and Carbon 1 has the highest BET surface area.

[0094] Another surprising and unexpected result is the sensitivity H2 recovery and productivity
performance was as a function of the TOPV/SA ratio. The TOPV/SA value is an estimate of
the average pore diameter of the activated carbon over the total pore structure assuming
cylindrical pores as indicated previously. The value of 0.71 nm (Carbon 4) corresponds to an
average pore diameter of 2.84 nm while the value of 0.83 (Carbon 1) corresponds to 3.32 nm.
A reduction in average pore diameter of only 0.48 nm resulted in very large change in the H2
PSA performance (5% increased productivity and additional 0.28 recovery points of H2
recovery). This very small change in average pore diameter can result in a significant
improvement in H2 productivity and recovery.

[0095] This sharp sensitivity between TOPV/SA ratio to H2 PSA performance is also
demonstrated by comparing performance between Carbon 4 (TOPV/SA = 0.71) and Carbon
5 (TOPV/SA = 1.39). As the TOPV/SA ratio goes from 0.71nm (pore diameter = 2.84 nm) to
1.39 nm (pore diameter = 5.56 nm), the H2 recovery drops by 1.87 points and the H2
productivity decreased by 21%.

[0096] A reduction in average pore diameter of only 2.72 nm resulted in very large change in
the H2 PSA performance. This very small change in average pore diameter can result in a
significant improvement in H2 productivity and recovery. For instance, the type of
improvement we found can provide a significant annual revenue increase (e.g. $23 million)
based on the improved H2 productivity. The narrow range for average pore size estimation
based on the TOPV/SA ratio is very unexpected, especially since this ratio takes into account
mesopore and macropore sizing (which can be important for mass transfer properties) as well
as micropore sizing (which can be important for equilibrium capacity properties) as noted
above.

[0097] This improvement is a surprising and unexpected result. For example, improved
performance is not expected to be a function of the hydrogen concentration within a feed. It
is very surprising that such a condition in which a lower concentration of H2 in a feed would
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result in an adsorbent material providing improved performance as found in the above noted
samples since regardless of the H2 content in the feed gas, the same impuirities (e.g. CO2,
CH4, N2 and CO) must be removed from the feed stream to produce pure H2.

[0098] It should be appreciated that modifications to the embodiments explicitly shown and
discussed herein can be made to meet a particular set of design objectives or a particular set
of design criteria. For instance, the arrangement of valves, piping, and other conduit elements
(e.g. conduit connection mechanisms, tubing, seals, etc.) for interconnecting different units of
the adsorption system 1 for fluid communication of the flows of fluid between different units
can be arranged to meet a particular plant layout design that accounts for available area of
the plant, sized equipment of the plant, and other design considerations. As another example,
the flow rate, pressure, and temperature of the fluid passed through an adsorber as well as
passed through other plant elements can vary to account for different plant design
configurations and other design criteria.  As yet another example, embodiments can be
utilized in conjunction with any type of adsorber vessel — radial, vertical, horizontal, vertical
cross flow, etc. and the vessel 6a of each adsorber 6 can be any size or shape to meet a
desired set of design criteria.

[0099] It should be appreciated that embodiments of the adsorption system 1 can be
configured to include and/or utilize process control elements positioned and configured to
monitor and control operations (e.g. temperature and pressure sensors, flow sensors, an
automated process control system having at least one work station that includes a processor,
non-transitory memory and at least one transceiver for communications with the sensor
elements, valves, and controllers for providing a user interface for an automated process
control system that may be run at the work station and/or another computer device of the plant,
etc.).

[0100] As another example, it is contemplated that a particular feature described, either
individually or as part of an embodiment, can be combined with other individually described
features, or parts of other embodiments. The elements and acts of the various embodiments
described herein can therefore be combined to provide further embodiments. Thus, while
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certain exemplary embodiments of adsorbent material, adsorbers, adsorption systems,
adsorption processing, and methods of making and using the same have been shown and
described above, it is to be distinctly understood that the invention is not limited thereto but

may be otherwise variously embodied and practiced within the scope of the following claims.
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CLAIMS
1. An adsorber for an adsorption system comprising:
a vessel positionable to receive a fluid to purify the fluid, the vessel having a bed of
adsorbent material;
the bed of adsorbent material comprising an activated carbon layer including activated
carbon, the activated carbon of the activated carbon layer having:
(i) a surface area (SA) that ranges from 380 m?/g to 750 m?/g; and
(ii) a total open pore volume (TOPV) to SA ratio (TOPV/SA), which has a value

greater than 0.59 nm and less than 0.83 nm.

2. The adsorber of claim 1, wherein the activated carbon of the activated carbon layer also
has:
(iiiy a carbon dioxide (CO2) isosteric heat of adsorption at 0.5 mmol/g surface
coverage that can be less than or equal to 23.39 kilojoules per mole (kJ/mol); and
(iv) a TOPV that is 0.53 cubic centimeters per gram (cc/g) or less; and
wherein a bulk density of the activated carbon layer is greater than or equal to 0.60

grams per cubic centimeter (g/cc).

3. The adsorber of claim 2, wherein the activated carbon of the activated carbon layer also
has:
(v) a particulate size range that is between 1 millimeter (mm) in diameter and

5 mm in diameter.

4. The adsorber of claim 1, wherein the adsorption system is a pressure swing adsorption

(PSA) system.

5. The adsorber of claim 1, wherein the activated carbon layer has a bulk density that is
between 0.53 grams per cubic centimeter (g/cc) and 0.62 g/cc.
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6. The adsorber of claim 5, wherein the activated carbon also has:

a carbon dioxide (CO2) isosteric heat of adsorption at 0.5 millimoles per gram (mmol/g)
surface coverage that can be less than or equal to 23.39 kilojoules per mole (kJ/mol) and
greater than 0 kJ/mol; and/or

a TOPV that is between 0.50 cubic centimeters per gram (cc/g) and 0.40 cc/g.

7. The adsorber of claim 5, wherein the activated carbon also has:

a carbon dioxide (CO2) isosteric heat of adsorption at 0.5 millimoles per gram (mmol/g)
surface coverage that can be less than or equal to 23.39 kilojoules per mole (kJ/mol) and
greater than 0 kd/mol; and/or

a TOPV that is between 0.45 cubic centimeters per gram (cc/g) and 0.62 cc/g.

8. The adsorber of claim 1, wherein the activated carbon also has a TOPV that is between

0.40 cubic centimeters per gram (cc/g) and 0.50 cc/g.

9. The adsorber of claim 1, wherein the bed of adsorbent material also has at least one
downstream layer positioned downstream of the activated carbon layer, the bed of adsorbent
material only having a single activated carbon layer, the single activated carbon layer being

the activated carbon layer.

10. The adsorber of claim 1, wherein the bed of adsorbent material also has at least one
downstream layer positioned downstream of the activated carbon layer and at least one
upstream layer positioned upstream of the activated carbon layer, the bed of adsorbent
material only having a single activated carbon layer, the single activated carbon layer being

the activated carbon layer.
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11. The adsorber of claim 1, wherein the bed of adsorbent material is configured to purify a
feed fluid flow of hydrogen having a hydrogen content of less than 79 volume percent (vol%)

to output a purified fluid flow having a hydrogen content of greater than or equal to 95 vol%.

12. An adsorption system comprising:

at least one adsorber of claim 1.

13. A process for adsorption, comprising:
positioning a bed of adsorbent material within a vessel of an adsorber, the bed of
adsorbent material comprising an activated carbon layer including activated carbon, the
activated carbon of the activated carbon layer having:
(i) a surface area (SA) that ranges from 380 m?/g to 750 m?/g; and
(ii) a total open pore volume (TOPV) to SA ratio (TOPV/SA), which has a value
greater than 0.59 nm and less than 0.83 nm;
passing a feed fluid flow through the bed of adsorbent material to purify the feed fluid;
outputting a purified fluid flow from the vessel after the feed fluid flow has passed

through the bed of adsorbent material.

14. The process of claim 13, wherein the feed fluid has a hydrogen content of less than 79
volume percent (vol%) to output a purified fluid flow having a hydrogen content of greater than

or equal to 95 vol%.

15. The process of claim 14, wherein the activated carbon also has:

(iii) a carbon dioxide (CO2) isosteric heat of adsorption at 0.5 millimoles per
gram (mmol/g) surface coverage that can be less than or equal to 23.39 kilojoules per mole
(kJ/mol) and greater than 0 kJ/mol; and

(iv) a TOPV that is 0.53 cubic centimeters per gram (cc/g) or less; and
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wherein the activated carbon layer has a bulk density that is greater than or equal to

0.60 grams per cubic centimeter (g/cc).

16. The process of claim 14, wherein the activated carbon also has:
(i) a particulate size range that is between 1 millimeter (mm) in diameter and

5 mm in diameter.

17. The process of claim 14, wherein the activated carbon layer also has a bulk density that

is between 0.53 grams per cubic centimeter (g/cc) and 0.62 g/cc.

18. The process of claim 17, wherein the activated carbon also has:

(iiiy a carbon dioxide (CO2) isosteric heat of adsorption at 0.5 millimole per gram
(mmol/g) surface coverage that can be less than or equal to 23.39 kilojoules per mole (kJ/mol)
and greater than 0 kJ/mol; and/or

(iv) a TOPV that is between 0.50 cubic centimeters per gram (cc/g) and 0.40 cc/g.

19. The process of claim 17, wherein the activated carbon also has:

(iii) a carbon dioxide (CO2) isosteric heat of adsorption at 0.5 millimoles per gram
(mmol/g) surface coverage that can be less than or equal to 23.39 kilojoules per mole (kJ/mol)
and greater than 0 kJ/mol; and/or

(iv) a TOPV that is between 0.45 cubic centimeters per gram (cc/g) and 0.62 cc/g.

20. The process of claim 14, wherein the activated carbon also has a TOPV that is between

0.40 cubic centimeters per gram (cc/g) and 0.50 cc/g.
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