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(57) Abstract: The disclosed invention
relates to a process and apparatus for
separating a first fluid from a fluid mixture
comprising the first fluid. = The process
comprises: (A) flowing the fluid mixture
into a microchannel separator in contact
with a sorption medium, the fluid mixture
being maintained in the microchannel
separator until at least part of the first fluid
is sorbed by the sorption medium, removing
non-sorbed parts of the fluid mixture from the
microchannel separator; and (B) desorbing
first fluid from the sorption medium and
removing desorbed first fluid from the
microchannel separator. The process and
apparatus are suitable for separating nitrogen
or methane from a fluid mixture comprising
nitrogen and methane. The process and
apparatus may be used for rejecting nitrogen
in the upgrading of sub-quality methane.
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Title: SEPARATION PROCESS USING MICROCHANNEL
TECHNOLOGY

This invention was made with Government support under Contract DE-
FC26-03NT41905 awarded by the United States Department of Energy. The
Government has certain rights in this invention.

This application claims priority under 35 U.S.C. §119(e) to U.S.
Provisional Application Serial No. 60/657,930, filed March 2, 2005. The
disclosure in this prior application is incorporated herein by reference.

TECHNICAL FIELD

This invention relates to a process for separating a first fluid from a

mixture of fluids comprising the first fluid. This invention is particularly suitable
for upgrading sub-quality methane gas from coal mines, landfills, and other sub-
quality sources.
BACKGROUND

Methane emissions from various sources represent a significant portion of
non-CO, greenhouse gas emissions. Traditionally, coal mine and landfill
operators have been able to recover only a small percentage of dilute methane
gas streams because they contain significant quantities of contaminants, such as
CO,, oxygen, water vapor, and nitrogen. The cost of conventional gas
separation systems, in particular nitrogen removal units, represents one of the
most significant hurdles to mitigating non-CO, greenhouse emissions. Removal
of methane from sub-quality sources has the potential to reduce annual
greenhouse gas emissions by about 23.5 billion equivalent kilograms of CO, and
to enable the cost-effective recovery of about 3.5 trillion cubic feet per year of
natural gas. This represents a reduction of about 0.3% in annual U.S.
greenhouse gas emissions at no net cost when the value of pipeline quality
natural gas is realized.

Four commercial methods may be used to remove nitrogen from natural
gas: cryogenic distillation, pressure swing adsorption (PSA), lean oil absorption,

and membrane separation. Cryogenic distillation involves the condensation of
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dry natural gas, followed by distillation of nitrogen at very low temperatures (e.g.,
about -150°C). This technique is used commercially to separate nitrogen from
natural gas. Although methane recovery is high, there is a significant
pretreatment cost (water and CO, removal). In addition, the complexity of the
system makes reliability an issue. Cryogenic distillation is generally more cost-
effective at large capacities (e.g., about 20 million standard cubic feet per day
(MMSCFD)), while most coal mine and landfill opportunities are typically in the 2-
10 MMSCFD capacity range. Cryogenic distillation also requires significant
energy to compress the gas stream.

In most conventional PSA processes, methane is selectively adsorbed
onto carbon sieves, leaving nitrogen in the raffinate. Pretreatment and multiple
beds are required, which leads to high capital costs. This method also requires
methane to be recompressed and is inflexible to variations in flow rates. PSA
has been used on a limited commercial basis for nitrogen separation and is best
suited for low (e.g., about 2 to 10 MMSCFD) gas flow rates and high nitrogen
content.

The lean oil absorption process involves the absorption of methane in
chilled hydrocarbon oil. This process is energy-intensive and, therefore, has high
processing costs. In addition, the large equipment used for this process makes
redeployment unlikely.

Membrane separation involves separating nitrogen from natural gas by a
process wherein the methane selectively permeates through a membrane, and
the raffinate is a nitrogen-rich stream that can be burned to run a permeate
compressor. Membranes have a low methane recovery (e.g., about 80%) that
makes them less attractive.

Summary

The present invention, in at least one embodiment, provides a solution to
one or more of the problems presented by the prior art. The invention relates to
a process for separating a first fluid from a fluid mixture comprising the first fluid
using microchannel technology. This process may be used for separating any
fluid mixture, including gaseous mixtures, liquid mixtures, and the like. This
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process may be used for separating nitrogen or methane from a fluid mixture
comprising nitrogen and methane. This process may be used in upgrading sub-
quality methane sources such as coal mine methane gases (e.g., gob gas),
landfill methane gases, geological gas from well heads, and the like. The
inventive process may be operated at a lower cost as compared to membrane
separation systems. This lower cost may allow for marginal natural gas sources
to be economically upgraded and utilized. The inventive process may employ a
modular approach that allows units to be redeployed, which is difficult for
equipment intensive processes such as cryogenic distillation and lean oil
absorption. The inventive process may be operated over a wide range of flow
rates which makes it applicable to numerous applications.

The invention relates to a process for separating a first fluid from a fluid
mixture comprising the first fluid, the process comprising: (A) flowing the fluid
mixture into a microchannel separator, the microchannel separator comprising at
least one, and in one embodiment a plurality of process microchannels
containing a sorption medium, the fluid mixture being maintained in the
microchannel separator until at least part of the first fluid is sorbed by the
sorption medium, removing non-sorbed parts of the fluid mixture from the
microchannel separator; and (B) desorbing the first fluid from the sorption
medium, removing the desorbed first fluid from the microchannel separator.

In one embodiment the invention relates to a process for separating a first
fluid from a fluid mixture comprising the first fluid, the process comprising:

(A) flowing the fluid mixture in a microchannel separator in
contact with a sorption medium and cooling the fluid mixfure and the sorption
medium to sorb at least part of the first fluid on the sorption medium, the fluid
mixture and the sorption medium being cooled by a cooled heat exchange fluid in
at least one heat exchange channel, the at least one heat exchange channel
being in thermal contact with the sorption medium, removing non-sorbed parts of
the fluid mixture from the microchannel separator, flowing the cooled heat
exchange fluid out of the at least one heat exchange channel, heating the cooled
heat exchange fluid to form a heated heat exchange fluid; and
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(B)  heating the sorption medium to desorb first fluid from the
sorption medium, the sorption medium being heated using the heated heat
exchange fluid formed in step (A), the heated heat exchange fluid being in at
least one heat exchange channel, the at least one heat exchange channel being
in thermal contact with the sorption medium, removing desorbed first fluid from
the microchannel separator, flowing the heated heat exchange fluid out of the at
least one heat exchange channel, cooling the heated heat exchange fluid to form
a cooled heat exchange fluid, the cooled heat exchange fluid being used in step
(A) to cool the fluid mixture and the sorption medium.

In one embodiment, during cooling the heated heat exchange fluid to form
the cooled heat exchange fluid the heat exchange fluid undergoes expansion. In
this embodiment, the heat exchange fluid may flow through at least one
expansion device.

In one embodiment, during heating the cooled heat exchange fluid to form
the heated heat exchange fluid the heat exchange fluid undergoes compression.
In this embodiment, the heat exchange fluid may be compressed in at least one
compressor.

In one embodiment, during the cooling of the fluid mixture and the sorption
medium the heat exchange fluid is at least partially vaporized. In this
embodiment, heat exchange fluid may be at least partially vaporized in the at
least one heat exchange channel.

In one embodiment, during the heating of the sorption medium the heat
exchange fluid is at least partially condensed. In this embodiment, the heat
exchange fluid may be at least partially condensed in the at least one heat
exchange channel.

In one embodiment, the invention relates to a process for separating a first
fluid from a fluid mixture comprising the first fluid, the process comprising:

(A) flowing the fluid mixture into a microchannel separator in
contact with a sorption medium, the fluid mixture being maintained in the
microchannel separator until at least part of the first fluid is sorbed by the

sorption medium, increasing pressure within the microchannel separator to cause
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non-sorbed parts of the fluid mixture to flow out of the microchannel separator;
and

(B)  desorbing first fluid from the sorption medium, increasing
pressure within the microchannel separator to cause the desorbed first fluid to
flow out of the microchannel separator.

In one embodiment, the invention relates to a process for separating a first
fluid from a fluid mixture comprising the first fluid, the process comprising:

(A) flowing the fluid mixture into a microchannel separator in
contact with a sorption medium, the sorption medium comprising a mixture of
activated carbon particulates and thermally conductive particulates, the fluid
mixture being maintained in the microchannel separator until at least part of the
first fluid is sorbed by the sorption medium, removing non-sorbed parts of the
fluid mixture from the microchannel separator; and

(B) desorbing first fluid from the sorption medium, removing
desorbed first fluid from the microchannel separator.

In one embodiment, the invention relates to a process for separating
nitrogen from a fluid mixture comprising nitrogen and methane, the process
comprising:

(A)  flowing the fluid mixture in a microchannel separator in
contact with a sorption medium and cooling the fluid mixture and the sorption
medium to sorb at least part of the methane on the sorption medium, the sorption
medium comprising activated carbon particulates and thermally conducted
particulates, the fluid mixture and the sorption medium being cooled by a cooled
heat exchange fluid in at least one heat exchange channel, the at least one heat
exchange channel being in thermal contact with the sorption medium, at least
part of the cooled heat exchange fluid being vaporized in the at least one heat
exchange channel, removing non-sorbed parts of the fluid mixture from the
microchannel separator; and

(B) heating the sorption medium to desorb first fluid from the
sorption medium, the sorption medium being heated using a heated heat
exchange fluid, the heated heat exchange fluid being in at least one heat
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exchange channel, the at least one heat exchange channel bging in thermal
contact with the sorption medium, at least part of the heated heat exchange fluid
being condensed in the at least one heat exchange channel, removing desorbed
methane from the microchannel separator.

In one embodiment, the invention relates to a process for separating a first
fluid from a fluid mixture comprising the first fluid, the process comprising:

(A) flowing the fluid mixture in a microchannel separator in
contact with a sorption medium and cooling the fluid mixture and the sorption
medium to sorb at least part of the first fluid on the sorption medium, the fluid
mixture and the sorption medium being cooled by a cooled heat exchange fluid in
at least one heat exchange channel, the at least one heat exchange channel
being in thermal contact with the sorption medium, the cooled heat exchange
fluid being heated and/or at least partially vaporized in the at least one heat
exchange channel, removing non-sorbed parts of the fluid mixture from the
microchannel separator, flowing the cooled heat exchange fiuid out of the at least
one heat exchange channel through at least one first heat exchanger where it is
cooled and/or at least partially condensed; and

(B) heating the sorption medium to desorb first fluid from the
sorption medium, the sorption medium being heated using a heated heat
exchange fluid, the heated heat exchange fluid being in at least one heat
exchange channel, the at least one heat exchange channel being in thermal
contact with the sorption medium, the heated heat exchange fluid being cooled
and/or at least partially condensed in the at least one heat exchange channel,
removing desorbed first fluid from the microchannel separator, flowing the heated
heat exchange fluid out of the at least one heat exchange channel through at
least one second heat exchanger where it is heated and/or at least partially
vaporized.

In one embodiment, the invention relates to a process for separating a first
fluid from a fluid mixture comprising the first fluid, the process comprising:

(A) flowing the fluid mixture in a microchannel separator in
contact with a sorption medium and cooling the fluid mixture and the sorption
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medium to sorb at least part of the first fluid on the sorption medium, the fluid
mixture and the sorption medium being cooled by a cooled heat exchange fluid in
at least one heat exchange channel, the at least one heat exchange channel
being in thermal contact with the sorption medium, at least part of the cooled
heat exchange fluid being vaporized in the at least one heat exchange channel,
removing non-sorbed parts of the fluid mixture from the microchannel separator,
flowing the cooled heat exchange fluid out of the at least one heat exchange
channel, compressing the cooled heat exchange fluid in a compressor to form a
heated heat exchange fluid; and

(B) heating the sorption medium to desorb first fluid from the
sorption medium, the sorption medium being heated using the heated heat
exchange fluid from step (A), the heated heat exchange fluid being in at least one
heat exchange channel, the at least one heat exchange channel being in thermal
contact with the sorption medium, at least part of the heated heat exchange fluid
being condensed in the at least one heat exchange channel, removing desorbed
first fluid from the microchannel separator, flowing the heated heat exchange
fluid out of the at least one heat exchange channel, flowing the heated heat
exchange fluid through an expansion device to form a cooled heat exchange
fluid, the cooled heat exchange fluid being used in step (A) to cool the fluid
mixture and the sorption medium.

In one embodiment, the invention relates to a process for separating a first
fluid from a fluid mixture comprising the first fluid, the process comprising steps
(N(A), (1)B), (IN(A) and (IlI)B), steps (I)A) and (l)}B) being conducted
simultaneously, and steps (1)(B) and (Il)(A) being conducted simultaneously:

step (I)(A) comprising flowing part of the fluid mixture in a first
microchannel separator in contact with a sorption medium and cooling the fluid
mixture and the sorption medium to sorb at least part of the first fluid on the
sorption medium, the fluid mixture and the sorption medium being cooled using
the cooled heat exchange fluid formed in step (I)(B), the cooled heat exchange
fluid being in at least one heat exchange channel, the at least one heat exchange
channel being in thermal contact with the sorption medium, at least part of the
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cooled heat exchange fluid being vaporized in the at least one heat exchange
channel, removing non-sorbed parts of the fluid mixture from the first
microchannel separator, flowing the cooled heat exchange fluid out of the at least
one heat exchange channel, compressing the cooled heat exchange fluid in a
compressor to form a heated heat exchange fluid;

step (1)(B) comprising heating the sorption medium in the first
microchannel separator to desorb first fluid from the sorption medium, the
sorption medium being heated using the heated heat exchange fluid formed in
step (1)(A), the heated heat exchange fluid being in at least one heat exchange
channel, the at least one heat exchange channel being in thermal contact with
the sorption medium, at least part of the heated heat exchange fluid being
condensed in the at least one heat exchange channel, removing desorbed first
fluid from the first microchannel separator, flowing the heated heat exchange
fluid out of the at least one heat exchange channel, flowing the heated heat
exchange fluid through an expansion device to form a cooled heat exchange
fluid;

step (I1)(A) comprising flowing part of the fluid mixture in a second
microchannel separator in contact with a sorption medium and cooling the fluid
mixture and the sorption medium to sorb at least part of the first fluid on the
sorption medium, the fluid mixture and the sorption medium being cooled using
the cooled heat exchange fluid formed in step (I1)(B), the cooled heat exchange
fluid being in at least one heat exchange channel, the at least one heat exchange
channel being in thermal contact with the sorption medium, at least part of the
cooled heat exchange fluid being vaporized in the at least one heat exchange
channel, removing non-sorbed parts of the fluid mixture from the microchannel
separator, flowing the cooled heat exchange fluid out of the at least one heat
exchange channel, compressing the cooled heat exchange fluid in a compressor
to form a heated heat exchange fluid;

step (I1)(B) comprising heating the sorption medium in the second
microchannel separator to desorb first fluid from the sorption medium, the
sorption medium being heated using the heated heat exchange fluid formed in
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step (I1)(A), the heated heat exchange fluid being in at least one heat exchange
channel, the at least one heat exchange channel being in thermal contact with
the sorption medium, at least part of the heated heat exchange fluid being
condensed in the at least one heat exchange channel, removing desorbed first
fluid from the second microchannel separator, flowing the heated heat exchange
fluid out of the at least one heat exchange channel, flowing the heated heat
exchange fluid through an expansion device to form a cooled heat exchange
fluid.

In one embodiment, the invention relates to a process for separating a first
fluid from a fluid mixture comprising the first fluid, the process comprising’steps
()A), (HB), (IN(A) and (II)B), the process being conducted using a first
microchannel separator, a second microchannel separator, a hot heat exchange
fluid source, a cold heat exchange fluid source, the heat exchange fluid in the hot
heat exchange fluid source being hot relative to the cold heat exchange fluid in
the cold heat exchange fluid source, and a valve assembly for controlling the flow
of process fluids and heat exchange fluids, steps (I)(A) and (lI)B) being
conducted simultaneously with the valve assembly set in a first position, and
steps (11)(B) and (l1)(A) being conducted simultaneously with the valve assembly
set in a second position:

step (1)(A) comprising flowing part of the fluid mixture through at
least one valve in the valve assembly into the first microchannel separator in
contact with a sorption medium in the first microchannel separator, flowing cold
heat exchange fluid from the cold heat exchange fluid source through at least
one valve in the valve assembly into at least one heat exchange channel in
thermal contact with the sorption medium in the first microchannel separator,
cooling the fluid mixture and the sorption medium in the first microchannel
separator to sorb at least part of the first fluid on the sorption medium, removing
non-sorbed parts of the fluid mixture from the first microchannel separator,
flowing the non-sorbed parts of the fluid mixture through at least one valve in the
valve assembly, flowing cold heat exchange fluid from the at least one heat
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exchange channel in the first microchannel separator through at least one valve
in the valve assembly to the cold heat exchange fluid source;

step (1)(B) comprising flowing hot heat exchange fluid from the hot
heat exchange fluid source through at least one valve in the valve assembly into
at least one heat exchange channel in thermal contact with the sorption medium
in the first microchannel separator and heating the sorption medium in the first
microchannel separator to desorb first fluid from the sorption medium, removing
desorbed first fluid from the first microchannel separator, flowing the desorbed
first fluid through at least one valve in the valve assembly, flowing the hot heat
exchange fluid from the at least one heat exchange channel in the first
microchannel separator through at least one valve in the valve assembly to the
hot heat exchange fluid source;

step (I1)(A) comprising flowing part of the fluid mixture through at
least one valve in the valve assembly into the second microchannel separator in
contact with a sorption medium in the second microchannel separator, flowing
cold heat exchange fluid from the cold heat exchange fluid source through at
least one valve in the valve assembly into at least one heat exchange channel in
thermal contact with the sorption medium in the second microchannel separator,
cooling the fluid mixture and the sorption medium in the second microchannel
separator to sorb at least part of the first fluid on the sorption medium, removing
non-sorbed parts of the fluid mixture from the second microchannel separator,
flowing the non-sorbed parts of the fluid mixture through at least one valve in the
valve assembly, flowing the cold heat exchange fluid from the at least one heat
exchange channel in the second microchannel separator through at least one
valve in the valve assembly to the cold heat exchange fluid source;

step (I1)}(B) comprising flowing hot heat exchange fluid from

the hot heat exchange fluid source through at least one valve in the valve
assembly into at least one heat exchange channel in thermal contact with the
sorption medium in the second microchannel separator, heating the sorption
medium in the second microchannel separator to desorb first fluid from the
sorption medium, removing desorbed first fluid from the second microchannel
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separator, flowing the desorbed first fluid through at least one valve in the valve
assembly, flowing the hot heat exchange fluid from the at least one heat
exchange channel in the second microchannel separator through at least one
valve in the valve assembly to the hot heat exchange fluid source.

In one embodiment, the invention relates to a process for upgrading sub-
quality methane gas, the sub-quality methane gas comprising methane, water,
nitrogen, oxygen and carbon dioxide, the process comprising:

) removing water from the sub-quality methane gas to form a first
intermediate product;

(I removing nitrogen from the first intermediate product by the steps
of ‘

(A) flowing the first intermediate product into a microchannel
separator in contact with a sorption medium, the first intermediate product being
maintained in the microchannel separator until at least part of the nitrogen is
sorbed by the sorption medium, removing the non-sorbed parts of first
intermediate product to form a second intermediate product;

(B)  desorbing nitrogen from the sorption medium, removing the
desorbed nitrogen from the microchannel separator; and

()  removing oxygen and carbon dioxide from the second intermediate
product to form upgraded methane gas.

In one embodiment, the invention relates to a process for upgrading sub-
quality methane gas, the sub-quality methane gas comprising methane, water,
nitrogen, oxygen and carbon dioxide, the process comprising:

(n removing water from the sub-quality methane gas to form a first
intermediate product;

(I removing nitrogen from the first intermediate product by the steps
of

(A) flowing the first intermediate product into a microchannel
separator in contact with a sorption medium, the first intermediate product being

maintained in the microchannel separator until at least part of the carbon is



10

15

20

25

30

WO 2006/094190 PCT/US2006/007595

12

sorbed by the sorption medium, removing non-sorbed parts of first intermediate
product from the microchannel separator;

(B) desorbing carbon from the sorption medium to form a
second intermediate product, removing the second intermediate product from the
microchannel separator; and

() removing oxygen and carbon dioxide from the second intermediate
product to form upgraded methane gas.

In one embodiment, the first fluid comprises methane and the fluid mixture
comprises methane and nitrogen, the sorption medium comprises activated
carbon particulates and diamond powder, the time period for conducting step (A)
may be up to about 10 seconds, and in one embodiment from about 1 to about
10 seconds, and in one embodiment from about 2 to about 5 seconds; and the
time period for conducting step (B) may be up to about 10 seconds, and in one
embodiment from about 1 to about 10 seconds, and in one embodiment from
about 2 to about 5 seconds.

Brief Description of the Drawings

In the annexed drawings, like parts and features have like designations.

Fig. 1 is a schematic illustration of a microchannel useful with the inventive
process.

Fig. 2 is a schematic illustration of a microchannel separator which can be
used pursuant to the inventive process to separate methane or nitrogen from a
fluid mixture comprising methane and nitrogen.

Fig. 3 is a schematic illustration of a layer of process microchannels and a
layer of heat exchange microchannels that may be used in the microchannel
separator core of the microchannel separator illustrated in Fig. 2.

Fig. 4 is a schematic illustration of a process microchannel and adjacent
heat exchange channels that may be used in the microchannel separator core of
the microchannel separator illustrated in Fig. 2, the flow of heat exchange fluid
through the heaf exchange channels being cross-current relative to the flow of
fluid through the process microchannel.
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Fig. 5 is a schematic illustration of a process microchannel and an
adjacent heat exchange channel that may be used in the microchannel separator
core of the microchannel separator illustrated in Fig. 2, the flow of heat exchange
fluid through the heat exchange channel being counter-current relative to the flow
of fluid through the process microchannel.

Fig. 6 is a schematic illustration of two microchannel separators which
can be operated simultaneously and in parallel pursuant to the inventive process
to separate methane or nitrogen from a fluid mixture comprising methane and
nitrogen.

Fig. 7 is a schematic illustration of two microchannel separators which can
be operated in series pursuant to the inventive process to separate methane or
nitrogen from a fluid mixture comprising methane and nitrogen.

Fig. 8 is a schematic illustration of a cross-sectional view of a process
microchannel used with the inventive process, the process microchannel
containing a sorption medium having a packed bed configuration.

Fig. 9 is a schematic illustration of a cross-sectional view of a process
microchannel used with the inventive process, the process microchannel
containing a sorption medium having a flow-by configuration.

Fig. 10 is a schematic illustration of a cross-sectional view of a process
microchannel used with the inventive process, the process microchannel
containing a sorption medium having a flow-through configuration.

Fig. 11 is a schematic illustration of a process microchannel that may be
used in the inventive process, the process microchannel containing a fin
assembly comprising a plurality of fins, a sorption medium being supported by
the fins.

Fig. 12 illustrates an alternate embodiment of the process microchannel
and fin assembly illustrated in Fig. 11. ’

Fig. 13 illustrates another alternate embodiment of the process
microchannel and fin assembly illustrated in Fig. 11.

Fig. 14 is a plot of temperature versus time for a microchannel TSA
process conducted in accordance with the invention.
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Fig. 15 is a flow diagram illustrating a methane gas upgrading process
conducted in accordance with the invention.

Fig. 16 is a schematic illustration of a microchannel TSA nitrogen rejection
unit that can be used pursuant to the inventive process, and a drawing detail
showing a schematic illustration of a repeating unit for the microchannel TSA
nitrogen rejection unit.

Fig. 17 is a flow diagram illustrating the operation of a microchannel TSA
nitrogen rejection unit pursuant to the inventive process.

Fig. 18 is a series of three flow diagrams showing a sequence of valve
operations for removing non-sorbed parts of the fluid mixture from the
microchannels separator during step (A) of the inventive process and desorbed
methane or nitrogen during step (B) of the inventive process.

Fig. 19 is a schematic illustration of a sequence of \)alve openings and
closings for pressurizing product within the microchannel separator.

Fig. 20 is a flow diagram illustrating a multi-stage process for thermal
compression of a product stream.

Figs. 21-23 are schematic illustrations showing the flow of heat exchange
fluid relative to the flow of process fluid in a microchannel separator used in
accordance with the inventive process.

Fig. 24 provides an illustration of two thermal profiles, one of the profiles
being for the process illustrated in Figs. 21 and 22, and the other being for the
process illustrated in Fig. 23.

Fig. 25 is an illustration of an adsorbent testing apparatus wherein process
gases flow downward through the (vertically mounted) adsorbent bed in the
center tube and heat exchange fluid flows co-currently in an outer annulus to
maintain near isothermal operation.

Fig. 26 is an illustration of an adsorbent system flow diagram.
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Figs. 27-32 are plots showing adsorption capacity for a Pica carbon
adsorbent.

Fig. 33 is a plot showing outlet flow rate readings from a mass flow meter
(left axis) and nitrogen and methane analyzer readings (right axis, before
calibration correction) for adsorption capacity tests on a Calgon carbon
adsorbent using an equimolar feed mixture at 60°C and 100 psig with a dead
time of 7 seconds.

Fig. 34 is a plot showing outlet flow rate readings from a mass flow meter
and corrected total outlet flow (left axis) and argon, nitrogen, and methane flows
at the sorbent bed exit (right axis) for adsorption capacity tests on a Calgon
carbon adsorbent while feeding 0.5 SLPM CH4 and 0.5 SLPM N, at 60 °C and
100 psig with a dead time of 7 seconds.

Fig. 35 is a plot showing outlet flow rate readings from a mass flow meter
and corrected total outlet flow (left axis) and argon, nitrogen, and methane flows
at the sorbent bed exit (right axis) for adsorption capacity tests on a Calgon
carbon adsorbent while feeding 0.9 SLPM CH4 and 0.1 SLPM N, at 60 °C and
100 psig with a dead time of 7 seconds.

Fig. 36 is a schematic illustration of a nitrogen rejection unit.

Fig. 37 is an illustration of an adsorber/desorber unit, where the sorption
process microchannels are the longer slots interleaved between heat exchange
microchannels

Fig. 38 is a plot showing average adsorbent bed temperature as a function
of cycle time and heat exchange flowrate.

Fig. 39 is a plot showing a comparison of temperatures in an adsorbent
bed and coolants for the case of a three second cycle.

Fig. 40 is a process flow diagram for a stand-alone nitrogen rejection unit
subsystem.

Fig. 41 is a process flow diagram for a nitrogen rejection unit integrated
with other process equipment available at a gas upgrading project site.

Fig. 42 is a schematic illustration of a bench-scale microchannel

separation unit.
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Fig. 43 is a flow diagram of an experimental test setup for an ultra-fast
thermal swing adsorption single channel nitrogen rejection unit.

Fig. 44 is a schematic illustration of the ultra-fast thermal swing adsorption
single channel nitrogen rejection unit shown in Fig. 43.

Fig. 45 is an illustration of an experimental test setup for an ultra-fast
thermal swing adsorption single channel nitrogen rejection unit test device (heat
exchange fluid flow not shown.)

Figs. 46 is an illustration of an experimental test setup for an ultra-fast
thermal swing adsorption single channel nitrogen rejection unit test device used
for testing product purity (heat exchange fluid flow not shown).

Fig 47 is a flow diagram for an experimental heat exchange fluid system
for the cylindrical ultra-fast thermal swing adsorption single channel nitrogen
rejection units illustrated in Figs. 45 and 46 (process flow not shown).

Fig. 48 is an illustration of a cylindrical ultra-fast thermal swing adsorption
single channel nitrogen rejection unit test device.

Fig. 49 is a quadratic fit of bed temperature swing data in a cylindrical
ultra-fast thermal swing adsorption test device for a cycle time of 10 seconds.

Fig. 50 is a plot showing thermal swing temperature data taken during
preliminary ultra-fast thermal swing experiments with pure methane feed, 240
ml/min heat exchange fluid at 90°C hot and 10°C cold with a cycle time of 10
seconds.

Fig. 51 is a plot showing differential methane capacity (normalized to 20°C
temperature swing) from preliminary thermal swing adsorption tests on a
cylindrical test device. Corrected values assume that only the adsorbent
recovered from the device after removal from test setup (60% of initial) is present
during testing.

Fig. 52 is a schematic illustration of a process for separating a first fluid
(e.g., nitrogen) from a mixture of fluids comprising the first fluid (e.g., mixture of
nitrogen and methane) employing two microchannel separators and a valve

assembly for controlling the flow of fluids in the process.
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Figs. 53 and 54 are schematic illustrations of the valve blocks used in the
process illustrated in Fig. 52.

Fig. 55 is a schematic illustration showing enlarged cross sectional views
of alternate embodiments of holes in a shaft that can be used as valve openings
in the valve blocks illustrated in Figs. 53 and 54.

Fig. 56 is a schematic illustration of one embodiment of the inventive
process wherein an expansion-compression cycle is used for cooling and heating
the heat exchange fluid used to cool and heat the fluids and sorption medium in
the microchannel separator during steps (A) and (B) of the inventive process.

Fig. 57 is a schematic illustration of an alternate embodiment of the
process illustrated in Fig. 56 wherein two microchannel separators are employed
and an expansion-compression cycle is used for cooling and heating the heat
exchange fluid used to cool and heat the fluids and sorption medium in the
microchannel separators during steps (A) and (B) of the inventive process, the
two microchannel separators being operated in sequence wherein step (A) of the
inventive process is conducted in a first microchannel separator while step (B) of
the inventive process is simultaneously conducted in a second microchannel
separator, then step (B) is conducted in the first microchannel separator while
step (A) is conducted in the second microchannel separator.

Fig. 58 is a schematic illustration of one embodiment of the invention
wherein the microchannel separator is cooled during step (A) of the inventive
process using a first heat exchanger and heated during step (B) using a second
heat exchanger.

Detailed Description

The term "microchannel" refers to a channel having at least one internal
dimension of height or width of up to about 10 millimeters (mm), and in one
embodiment up to about 5 mm, and in one embodiment up to about 2 mm, and in
one embodiment up to about 1 mm. An example of a microchannel that may be
used with the inventive process as a process microchannel and/or a heat
exchange microchannel is illustrated in Fig. 1. Referring to Fig. 1, microchannel
10 has a height (h), width (w) and length (I). Fluid flows through the
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microchannel! 10 in the direction indicated by arrows 12 and 14. Both the height
(h) and width (w) are perpendicular to the flow of fluid through the microchannel
10. The height (h) or width (w) of the microchannel may be in the range of about
0.05 to about 10 mm, and in one embodiment about 0.05 to about 5 mm, and in
one embodiment about 0.05 to about 2 mm, and in one embodiment about 0.05
to about 1.5 mm, and in one embodiment about 0.05 to about 1 mm, and in one
embodiment about 0.05 to about 0.75 mm, and in one embodiment about 0.05 to
about 0.5 mm. The other dimension of height (h) or width (w) may be of any
dimension, for example, up to about 3 meters, and in one embodiment about
0.01 to about 3 meters, and in one embodiment about 0.1 to about 3 meters.
The length (1) of the microchannel may be of any dimension, for example, up to
about 10 meters, and in one embodiment from about 0.1 to about 10 meters, and
in one embodiment from about 0.2 to about 10 meters, and in one embodiment
from about 0.2 to about 6 meters, and in one embodiment from 0.2 to about 3
meters. Although the microchannel illustrated in Fig. 1 has a cross section that is
rectangular, it is to be understood that the microchannel may have a cross
section having any shape, for example, a square, circle, semi-circle, trapezoid,
etc. The shape and/or size of the cross section of the microchannel may vary
over its length. For example, the height or width may taper from a relatively large
dimension to a relatively small dimension, or vice versa, over the length of the
microchannel.

The term "microchannel separator" refers to an apparatus comprising at
least one process microchannel containing a sorption medium that may be used
to separate a fluid from a fluid mixture containing the fluid. The microchannel
separator may comprise a plurality of process microchannels that may be
operated in parallel, a header or manifold assembly for providing for the flow of
fluid into the process microchannels, and a footer or manifold assembly providing
for the flow of fluid out of the process microchannels. The microchannel
separator may comprise one or more heat exchange channels in thermal contact
with the sorption medium for cooling and/or heating during steps (A) and/or (B) of
the inventive process.
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The term “heat exchange channel’ refers to a channel having a heat
exchange fluid in it that may give off heat and/or absorb heat.

The term “heat exchange fluid” refers to a fluid that may give off heat
and/or absorb heat.

The term "adjacent" when referring to the position of one channel relative
to the position of another channel means directly adjacent such that a wall
separates the two channels. This wall may vary in thickness. However,
"adjacent” channels are not separated by an intervening channel that would
interfere with heat transfer between the channels.

The term “thermal contact’ refers to two bodies, for example channels,
that are not necessarily in contact with each other or adjacent to each other but
still may exchange heat between each other. Thus, for example, one body in
thermal contact with another body may heat or cool the other body.

The term "fluid" refers to a gas, a liquid, or a gas or a liquid containing
dispersed solids, or a mixture thereof. The fluid may be in the form of a gas
containing dispersed liquid droplets.

The term “residence time,” which may also be referred to as the “average
residence time,” is the internal volume of a space occupied by a fluid flowing
through the space divided by the average volumetric flowrate for the fluid flowing
through the space at the temperature and pressure being used.

The term "cycle time" refers to the time period required to complete both
steps (A) and (B) of the inventive process.

The term "sorb" refers to adsorption and/or absorption. In one
embodiment, one molecule or sorbate has a preferential affinity to a solid sorbent
over a second molecule or sorbate.

The term "average sorbent temperature" refers to the mean sorbent
temperature of the sorption medium at the end of either step (A) or step (B) of the
inventive process, and prior to the commencement of the alternate step, that is,
prior to the commencement of the alternating sequential step (B) or step (A). In
one embodiment, the average sorbent temperature may be measured at or near

the entrance to the sorption medium and at or near the exit from the sorption
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medium. The average sorbent temperature may be the arithmetic mean of the
temperatures measured at or near the entrance to the sorption medium and at or
near the exit from the sorption medium.

The terms "standard cubic feet" or "standard cubic meters" refers to
volumes measured at a temperature of 20°C and atmospheric pressure.

The term "gauge pressure” refers to absolute pressure, less atmospheric
pressure. For example, a gauge pressure of zero atmospheres corresponds to
atmospheric pressure. However, throughout the text and in the appended
claims, unless otherwise indicated, all pressures are absolute pressures.

Throughout the text, the following acronyms and abbreviations may be

used:

Btu British thermal unit

GHG greenhouse gas

gm gram

GWP global warming potential

HPBV high-performance butterfly valve
kg kilogram

mg milligram

MMSCFD  million standard cubic feet per day
MW megawatts

NRU nitrogen rejection unit

psig pound per square inch gauge
psi pounds per square inch

ms millisecond

SLPM standard liters per minute

TSA thermal swing adsorption
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The inventive process may be used to separate any fluid component from
any fluid mixture containing the fluid component. Examples of such separations
include oxygen from air, olefins (e.g., ethylene) from mixtures of olefins and
paraffins (e.g., ethane), and the like. The fluid components that may be
separated or purified include oxygen, hydrogen, nitrogen, NOx (e.g., NO, NO2),
CO, CO,, HS, HCN, SO, CH3SCHs, olefins (e.g., ethylene), paraffins (e.g.,
ethane), aromatic compounds (e.g., benzene), isomers, halogenated compounds
(e.g., chlorides), nitrates, sulfates, sugars, esters, alcohols, ethers, nitro
compounds, hydroxyl amines, or mixtures of two or more thereof. The process is
suitable for separating nitrogen from methane. Throughout the remainder of the
specification the process will be described relative to the separation of nitrogen
from methane, however, it is to be understood that the description is applicable to
the separation of any fluid component from a fluid mixture containing the fluid
component.

In the separation of nitrogen from methane, the fluid mixture may
comprise any fluid mixture comprising methane and nitrogen. The fluid mixture
may comprise sub-quality methane gas such as coal mine methane gas,
methane gas from landfills, and the like. The concentration of methane in the
fluid mixture may be in the range from about 1 to about 98% by volume, and in
one embodiment about 1 to about 75% by volume. The concentration of nitrogen
may be in the range from about 1 to about 98% by volume, and in one
embodiment about 4 to about 40% by volume. The fluid mixture may further
comprise carbon dioxide. The concentration of carbon dioxide in the fluid mixture
may be in the range from about 1 to about 50% by volume, and in one
embodiment about 1 to about 30% by volume. The fluid mixture may contain
additional components such as oxygen and water vapor. The concentration for
each of these additional components may be in the range from about 0.01 to
about 10% by volume, and in one embodiment about 0.1 to about 1% by volume.
The fluid mixture may be derived from low Btu methane streams, such as those
found in coal mines, landfills and other sub-quality sources. The fluid mixtures

obtained from coal mines are sometimes referred to as coal mine gob gasses.



10

15

20

25

30

WO 2006/094190 PCT/US2006/007595

22

In one embodiment, the invention relates to a process for upgrading a
sub-quality methane gas wherein the inventive process is used to separate out
the nitrogen. In one embodiment, the nitrogen may be separated using a
microchannel TSA nitrogen rejection process. In one embodiment, oxygen,
water vapor and carbon dioxide may be separated using conventional
techniques. The oxygen may be separated using catalytic deoxygenation or
oxygen adsorption techniques. The water may be separated using molecular
sieves or dehydration. The carbon dioxide may be separated using amine
separation, carbon dioxide adsorption or membrane separation. The sequence
of these separations may follow any order. In one embodiment, water vapor may
be separated out first, followed by nitrogen removal using the inventive process,
and then the oxygen and carbon dioxide may be removed.

The inventive sorption/desorbtion process will be described initially with
reference to Fig. 2. Referring to Fig. 2, the process may be conducted using
microchannel separator 100 which includes microchannel separator core 102,
process header 104, process footer 106, heat exchange header 108 and heat
exchange footer 110. The microchannel separator core 102 contains a plurality
of process microchannels and a plurality of adjacent heat exchange channels.
The heat exchange channels may be microchannels. A sorption medium is
contained within the process microchannels. The process microchannels and
heat exchange channels may be aligned in layers, one above the other, or side
by side. In one embodiment, each layer of process microchannels is positioned
between two layers of heat exchange channels, one of the layers of heat
exchange channels being used for heating and the other layer of heat exchange
channels being used for cooling. In one embodiment, both layers of heat
exchange channels may be used for both heating and cooling. The process
header 104 provides a passageway for fluid to flow into the process
microchannels with an even or substantially even distribution of flow to the
process microchannels. The process footer 106 provides a passageway for fluid
to flow from the process microchannels 104 in a rapid manner with a relatively

high rate of flow. A fluid mixture containing methane and nitrogen flows into
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microchannel separator 100, as indicated by directional arrow 112, through
process header 104 and then into the process microchannels in the
microchannel separator core 102 where it contacts the sorption medium. The
fluid mixture is maintained in the process microchannels in contact with the
sorption medium until at least part of either the methane or the nitrogen is sorbed
by the sorption medium. The sorption of either methane or nitrogen with this
process is dependent on whether the sorption medium has a preferential affinity
for methane or nitrogen. The inventive process may be operated with either type
of sorption medium. The non-sorbed parts of the fluid mixture are then removed
from the process microchannels. The non-sorbed parts of the fluid mixture may
be removed from the process microchannels by applying a pressure differential
and/or temperature gradient across the process microchannels sufficient to drive
the non-sorbed parts of the fluid mixture out of the process microchannels. The
non-sorbed parts of the fluid mixture comprise methane or nitrogen, depending
on which remains behind sorbed by the sorption medium. In one embodiment,
the non-sorbed parts of the fluid mixture comprises nitrogen and a reduced Ievélh
of methane; this non-sorbed gaseous mixture may be referred to as tail gas. The
temperature within the process microchannels is then changed to provide for
desorption of the methane or nitrogen from the sorption medium. The methane
or nitrogen is desorbed from the sorption medium. The desorbed methane or
nitrogen is then removed from the process microchannels. The desorbed
methane or nitrogen may be removed from the process microchannels by
applying a pressure differential and/or temperature gradient across the process
microchannels sufficient to drive the desorbed methane or nitrogen out of the
process microchannels. The non-sorbed fluid components may be recycled
through the process microchannels or to other process microchannels connected
in series any number of times, for example, one, two, three, four times, etc. A
heat exchange fluid flows into heat exchange header 108, as indicated by
directional arrow 116, and from heat exchange header 108 through the heat
exchange channels in microchannel separator core 102 to heat exchange footer
110, and out of heat exchange footer 110, as indicated by directional arrow 118.
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The heat exchange fluid may be used to heat and cool the process
microchannels. Alternatively, a resistance heater positioned within or adjacent to
the process microchannels may be used to heat the process microchannels. The
resistance heater may be in contact with the sorption medium. In one
embodiment, the heat exchange fluid may be used to cool the process
microchannels, and the resistance heater may be used to heat the process
microchannels.

In one embodiment, the microchannel separator core 102 may contain
layers of process microchannels and heat exchange microchannels aligned side
by side as illustrated in Fig. 3. Referring to Fig. 3, process microchannel layers
130 and heat exchange microchannel layers 150 are aligned side by side to
provide repeating unit 170. Microchannel layer 130 provides for the flow of
process fluid. Microchannel layer 150 provides for the flow of heat exchange
fluid. In one embodiment, each microchannel layer 130 may be positioned
between adjacent microchannel layers 150 positioned on each side of the
microchannel layer 130, the microchannel layers 150 being used for heating
and/or cooling. In one embodiment, two or more process microchannel layers
130 may be positioned adjacent to each other to form a vertically or horizontally
oriented stack of microchannel layers, and a heat exchange layer 150 may be
positioned on one or both sides of the stack.

Microchannel layer 130 contains a plurality of microchannels 132 aligned
in parallel, each process microchannel 132 extending along the length of
microchannel layer 130 from end 134 to end 138, the process microchannels 132
extending along the width of microchannel layer 130 from end 138 to end 140 of
the microchannel layer 130. Bonding strips 142 and 144 are positioned at the
ends 138 and 140, respectively, of microchannel layer 130 to permit bonding of
the microchannel layer 130 to the next adjacent heat exchange layers 150. The
sorption medium is contained within the process microchannels 132. The flow of
process fluid through the process microchannels 132 may be in the direction
indicated by arrows 146 and 148. Each of the process microchannels 132 may

have a cross section having any shape, for example, a square, rectangle, circle,
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semi-circle, etc. Each process microchannel 132 may have an internal height or
gap of up to about 10 mm, and in one embodiment up to about 6 mm, and in one
embodiment up to about 4 mm, and in one embodiment up to about 2 mm. In
one embodiment, the height or gap may be in the range of about 0.05 to about
10 mm, and in one embodiment about 0.05 to about 6 mm, and in one
embodiment about 0.05 to about 4 mm, and in one embodiment about 0.05 to
about 2 mm. The width of each of these microchannels may be of any
dimension, for example, up to about 3 meters, and in one embodiment about
0.01 to about 3 meters, and in one embodiment about 0.1 to about 3 meters.
The length of each process microchannel 132 may be of any dimension, for
example, up to about 10 meters, and in one embodiment about 0.2 to about 10
meters, and in one embodiment from about 0.2 to about 6 meters, and in one
embodiment from 0.2 to about 3 meters.

Microchannel layer 150 contains a plurality of heat exchange
microchannels 152 aligned in parallel, each heat exchange microchannel 152
extending along the width of microchannel layer 150 from end 154 to end 156,
the heat exchange microchannels 152 extending along the length of
microchannel layer 150 from end 158 to end 160 of microchannel layer 150.
Bonding strips 162 and 164 are positioned at ends 154 and 156, respectively, of
microchannel layer 150 to permit bonding of the microchannel layer 150 to the
next adjacent process microchannel layers 130. The heat exchange fluid may
flow through the heat exchange microchannels 152 in the direction indicated by
arrows 166 and 168. The flow of heat exchange fluid in the direction indicated by
arrows 166 and 168 is cross-current to the flow of process fluid flowing through
process microchannels 132, as indicated by arrows 146 and 148. Alternatively,
the heat exchange microchannels 152 could be oriented to provide for flow of the
heat exchange fluid along the length of the microchannel layer 150 from end 158
to end 160 or from end 160 to end 158. This would result in the flow of heat
exchange fluid in a direction that would be cocurrent or counter-current to the
flow of process fluid through the process microchannels 132. Each of the heat
exchange microchannels 152 may have a cross section having any shape, for
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example, a square, rectangle, circle, semi-circle, etc. Each of the heat exchange
microchannels 152 may have an internal height or gap of up to about 2 mm, and
in one embodiment in the range of about 0.05 to about 2 mm, and in one
embodiment about 0.05 to about 1.5 mm. The width of each of these
microchannels may be of any dimension, for example, up to about 3 meters, and
in one embodiment from about 0.01 to about 3 meters, and in one embodiment
about 0.1 to about 3 meters. The length of each of the heat exchange
microchannels 152 may be of any dimension, for example, up to about 10
meters, and in one embodiment from about 0.2 to about 10 meters, and in one
embodiment from about 0.2 to about 6 meters, and in one embodiment from 0.2
to about 3 meters.

Repeating unit 170a is illustrated in Fig. 4. Referring to Fig. 4, process
microchannel 132 is positioned adjacent to microchannel layer 150 which
contains heat exchange microchannels 152. A common wall 171 separates the
process microchannel 132 from the heat exchange microchannel 'Iayer 150. A
sorption medium 172 is adhered to the upper and lower walls of process
microchannel 132. A flow path 174 is provided between the layers of sorption
medium 172. Process fluid flows through flow path 174 in process microchannel
132 in the direction indicated by directional arrow 146/148 and contacts sorption
medium 172. Heat exchange fluid flows through the heat exchange
microchannels 152 in a direction that is cross-current to the flow of process fluid
through the microchannel 132.

Repeating unit 170b illustrated in Fig. 5 is identical to the repeating unit
170a illustrated in Fig. 4 with the exception that the microchannel layer 150 is
rotated 90° and the heat exchange fluid flowing through the heat éxchange
microchannel 152 flows in the direction indicated by direction arrow 166/168
which is countercurrent to the flow of process fluid through the microchannel 132,
as indicated by directional arrow 146/148. Alternatively, the heat exchange fluid
could flow in the direction opposite to that indicated by directional arrow 166/168

and thereby provide for the flow of heat exchange fluid through the heat
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exchange microchannel 152 in a direction that would be cocurrent relative to the
direction of process fluid through the process microchannel 132.

The repeating units illustrated in Fig. 4 and Fig. 5 exemplify configurations
wherein heating and cooling fluids flow alternatively through the same heat
exchange channels. Alternatively, heating and cooling fluids may flow through
separate heat exchange channels in repeating units which contain separate heat
exchange channel(s) on each side of the process microchannel, the heat
exchange channel(s) on one side of the process microchannel being used for
cooling and the heat exchange channel(s) on the other side of the process
microchannel being used for heating. This is illustrated in Fig. 16, which is
discussed below. Alternatively, the heat exchange channels on each side can be
used for both cooling and heating.

The number of microchannels in each of the microchannel layers 130 and
150 may be any desired number, for example, one, two, three, four, five, six,
eight, ten, hundreds, thousands, tens of thousands, hundreds of thousands,
millions, etc. Similarly, the number of repeating units 170 (or 170a or 170b) of
microchannel layers in the microchannel reactor core 102 may be any desired
number, for example, one, two, three, four, six, eight, ten, hundreds, thousands,
etc.

The microchannels 132 and 152 may have rectangular cross sections and
be aligned in side-by-side vertically oriented interleaved planes or horizontally
oriented interleaved stacked planes. These planes can be tilted at an inclined
angle from the horizontal. These configurations may be referred to as parallel
plate configurations. An array of these rectangular channels can be easily
arranged in a modularized compact unit for scale-up.

The microchannel separator core 102, including the process
microchannels 132 and heat exchange channels 152, process header 104,
process footer 106, heat exchange header 108 and heat exchange footer 110
may be made of any material that provides sufficient strength, dimensional
stability and heat transfer characteristics to permit operation of the inventive

process. These materials include steel; aluminum, titanium; nickel, platinum;
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rhodium; copper; chromium; brass; alloys of any of the foregoing metals;
polymers (e.g., thermoset resins); ceramics; glass; composites comprising one or
more polymers (e.g., thermoset resins) and fiberglass; quartz; silicon; or a
combination of two or more thereof.

The microchannel separator core 102 may be fabricated using known
techniques including wire electrodischarge machining, conventional machining,
laser cutting, photochemical machining, electrochemical machining, molding,
water jet, stamping, etching (for example, chemical, photochemical or plasma
etching) and combinations thereof.

The microchannel separator core 102 may be constructed by forming
layers or sheets with portions removed that allow flow passage. A stack of
sheets may be assembled via diffusion bonding, laser welding, diffusion brazing,
and similar methods to form an integrated device. The microchannel separator
core may be assembled using a combination of sheets or laminae and partial
sheets or strips. In this method, the channels or void areas may be formed by
assembling strips or partial sheets to reduce the amount of material required.

In one embodiment, subsections or modular units of the microchannel
separator core 102 may be fabricated using the following components: a
substrate piece with a hermetically sealed perimeter and open top/bottom for
process flow; and a heat exchange piece. The substrate piece and heat
exchange piece may be joined (welded, glued, soldered, etc.) to form a leak-free
operating unit. The heat exchange piece may be extruded. The substrate piece
and the heat exchange piece may be made from plastic, metal, or other materials
as discussed above.

The microchannel separator 100 has appropriate manifolds, valves,
conduit lines, etc. to control flow of the process fluid, and the flow of the heat
exchange fluid. These are not shown in the drawings, but can be readily
provided by those skilled in the art.

Referring to Figs. 2-5, step (A) of the inventive process may be conducted
by flowing the fluid mixture into microchannel separator 100, as indicated by
direction arrow 112. In microchannel separator 100 the fluid mixture flows into
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and through header 104 to  process microchannels 132, through the
microchannels 132 in contact with sorption medium 172, and then to and
through footer 106. The flow of the fluid mixture may be momentarily stopped
within the process microchannels 132 to permit sorption of at least part of the
methane or nitrogen by the sorption medium 172. The choice of sorption of
either methane or nitrogen during this step is dependent upon the sorption
medium employed. Process step (A) may be continued until a desired loading of
the sorption medium 172 by the methane or nitrogen is achieved. The desired
loading level may be in the range of about 0.001 to about 1 gram of methane or
nitrogen per gram of sorption medium, and in one embodiment about 0.01 to
about 0.1 gram of methane or nitrogen per gram of sorption medium. At the end
of this sorption step the non-sorbed parts of the fluid mixture may be removed
from the process microchannels. During the sorption part of step (A) of the
inventive process, the average sorbent temperature within the process
microchannels may[be in the range from about -40°C to about 200°C, and in one
embodiment from about -40°C to about 150°C, and in one embodiment from
about 0°C to about 200°C, and in one embodiment about 20°C to about 60°C,
and in one embodiment from about 20°C to about 45°C, and in one embodiment
about 40°C. The pressure within the process microchannels 132 during step (A)
may be in the range from about 0.0001 to about 100 atmospheres of absolute
pressure, and in one embodiment from about 0.01 to about 50 atmospheres, and
in one embodiment from about 0.1 to about 30 atmospheres, and in one
embodiment from about 1 to about 20 atmospheres, and in one embodiment
from about 1 to about 10 atmospheres absolute pressure. The period of time for
the sorption to occur may range from about 0.1 to about 10 seconds, and in one
embodiment about 1 to about 5 seconds.

During step (A), the non-sorbed parts of the fluid mixture may be removed
using the following procedure. The inlet valves are closed and the microchannel
separator is heated. The resulting pressurization of the system drives the non-
sorbed parts of the fluid mixture out of the process microchannels. During this
step, the pressure may be increased by about 0.001 to about 10 atmospheres,
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and in one embodiment about 0.01 to about 1 atmospheres. In one embodiment,
a closed system may be employed where both the inlet and outlet valves are
closed during heating, followed by opening the outlet valve to reduce the system
pressure and remove the non-sorbed parts of the fluid mixture. The outlet valve
may also stay open (inlet feed valve closed) during the heating step to begin to
remove desorbed methane or nitrogen during all or part of the heating step. The
heating time and temperature may be adjusted to optimize performance. Higher
purities and lower capital costs may be achieved with this embodiment. This
approach may be used for evaluating adsorbent performance under fast thermal
cycle conditions.

Step (B) of the inventive process involves desorbing the sorbed methane
or nitrogen from the sorption medium 172. This desorption step may be
conducted by increasing or decreasing the temperature within the process
microchannels relative to the temperature used during the sorption part of step
(A). The pressure used during step (B) may be the same as the pressure used
during the sorption part of step (A), or it may be higher or lower. In one
embodiment, step (B) is conducted at a higher temperature and a lower pressure
than the sorption part of step (A). In one embodiment, the average sorbent
temperature used during step (B) may be from about 1°C to about 200°C, and in
one embodiment about 10°C to about 100°C, above or below the temperature
used during the sorption part of step (A). During step (B) the average sorbent
temperature within the process microchannels may be in the range from about
0°C to about 200°C, and in one embodiment about 0°C to about 200°C, and in
one embodiment about 10°C to about 100°C, and in one embodiment about
55°C to about 80°C, and in one embodiment about 60°C during step (B). The
pressure within the process microchannels 132 during step (B) may be reduced
by about 0.01 to about 10 atmospheres, and in one embodiment about 0.1 to
about 1 atmospheres below the pressure used during step (A). Alternatively, the
pressure within the process microchannels 132 during step (B) may be raised by
about 0.1 to about 10 atmospheres, and in one embodiment about 1 to about 5
atmospheres above the pressure used during step (A). The pressure within the
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process microchannels during step (B) may be in the range from about 0.0001 to
about 100 atmospheres absolute pressure, and in one embodiment from about
0.01 to about 50 atmospheres, and in one embodiment from about 0.1 to about
30 atmospheres, and in one embodiment from about 1 to about 20 atmospheres,
and in one embodiment from about 1 to about 10 atmospheres, and in one
embodiment from about 1 to about 5 atmospheres absolute pressure. The
percentage of sorbed material that is desorbed during this step (B) may range
from about 5 to about 100%, and in one embodiment about 10 to about 99% by
volume. The time for performing this desorbing step may range from about 0.1 to
about 10 seconds, and in one embodiment about 1 second to about 5 seconds.

During step (B) the desorbed methane or nitrogen may be removed using
the following procedure. The inlet valves are closed and the microchannel
separator is heated. The resulting pressurization of the system drives the
desorbed methane or nitrogen out of the process microchannels. The pressure
may be increased by about 0.001 to about 10 atmospheres, and in one
embodiment about 0.01 to about 1 atmospheres. In one embodiment, a closed
system may be employed where both the inlet and outlet valves are closed
during heating, followed by opening the outlet valve to reduce the system
pressure and remove the desorbed methane or nitrogen. The outlet valve may
also stay open (inlet feed valve closed) during the heating step to begin to
remove methane or nitrogen during all or part of the heating step. The heating
time and temperature may be adjusted to optimize performance. Higher purities
and lower capital costs may be achieved with this embodiment. For example, a
stream of inlet feed may not be required to flow during desorption to aid in
material removal; this would avoid diluting the product. A stream of the product
may not be required to be diverted to the desorbing stage and thus diluting the
inlet portion of the product stream, nor would it be required to be recompressed
to the inlet of the microchannel separator.

The non-sorbed parts of the fluid mixture may be removed from the
process microchannels during step (A) and the desorbed methane or nitrogen

may be removed from the process microchannels during step (B) using the
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following procedure. Referring to Fig. 18, the sorption medium may be sorbed to
capacity or within about 80% of capacity at a first temperature (T-sorb) during
Step 1. The valve to the inlet of the microchannel separator is closed to prevent
an inflow of new fluid during Step 2. After closing the inlet to new fluid, the
device is heated to a second temperature (T-desorb, where T-desorb> T-sorb)
during Step 3. As the temperature is increased the capacity of the sorption
medium is reduced and solutes move from the solid sorbed phase to the
gaseous phase. As more solutes enter the gaseous phase, the local gaseous
phase pressure increases. As the local gaseous-phase pressure increases a net
gradient in pressure from the sorption medium to the microchannel separator
outlet increases and fluid flows from the microchannel separator. By this
method, no purging fluid to remove non-sorbed parts of the fluid mixture during
step (A) or flush fluid to remove desorbed methane or nitrogen during step (B) is
required. This procedure is advantageous since if the purging fluid or flush fluid
is other than the feed mixture the product will be diluted. If the purging fluid or
flush flid is the feed mixture, the product purity will be reduced. If the purging
fluid or flush flid is a slip stream of the product mixture, the product recovery will
be reduced.

In one embodiment, the valving system described above may be used to
pressurize the product mixture. After sorbing to within about 80% of capacity,
both the inlet and outlet valves may be closed. The system is heated to reduce
the sorbent capacity. As gas is evolved from the solid to the gaseous phase, the
local pressure within the device will increase.; At higher pressure, the adsorbent
capacity will also increase. A comparison of change in capacity per unit
temperature over the change in capacity per unit pressure may suggest
appropriate adsorbents — where adsorbents that are more sensitive to
temperature than pressure are useful. ‘

After the pressure has increased within the microchannel separator, the
outlet valve may be opened and set to a higher pressure setting. In one
embodiment, the pressure during adsorption may be held at 100 psig. The
pressure may be allowed to rise to 125 psig during heating, and then
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subsequently, the product may be removed at 120 psig while removing product.
Raising the pressure by a significant amount (>20%) may require multiple stages.
This approach may be used to offset a pressure drop during adsorption or used
for a trim compressor to tailor the product to the final desired product pressure.
Fig. 19 illustrates a single stage process to pressurize the product stream (note
that a stage includes multiple cyclic steps). Fig. 20 illustrates a multistage
process for thermal compression of the product stream.

For the above indicated procedures, it may be advantageous if the valves
for the microchannel separator were to fully stroke in milliseconds, every few
seconds. In one embodiment, the valves should be capable of rapidly opening
and closing, 2) have high number of cycles between failures, and 3) inexpensive.
High-performance butterfly valves (HPBVs) may be useful. HPBVs are made by
a number of manufacturers. An example is the DuZurik HPVB with its
PowerRac® actuator.

A typical failure sequence for the HPBV is the seat, packing, and then
actuator seals (rebuild). Except for tightening the packing gland, the valve
should be removed from service for repair. None of these expected repairs is
particularly expensive. The downtime associated with the repair is the significant
cost.

For the microchannel separator, a seat failure (minor leakage) should not
be a major issue since a small leakage through the seat would have a small
effect on unit performance. Secondary shutdown valves for emergency isolation
on the feed and product streams may be used to operate the system safely.
Assuming that tight shutoff cannot be guaranteed, seat seal life, may be short.
An actuator failure, on the other hand, could very easily force the system to shut
down for maintenance. Consequently, the mean time between actuator failures
may be the basis for a preventative maintenance schedule.

At the end of step (B) the sorption medium 172 may be regenerated. This
may be done by flowing a regenerating fluid through the process microchannels
132 in contact with the sorption medium 172. Examples of suitable regenerating
fluids include water, nitrogen, methane and carbon dioxide. The regenerating
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fluid may flow from the header 104 through the process microchannels 132 and
then to the footer 1086, or in the opposite direction from the footer 106 through the
process microchannels 132 to the header 104. During this regenerating step the
average sorbent temperature within the process microchannels may be in the
range from about 0°C to about 250°C, and in one embodiment about 0°C to
about 200°C, and in one embodiment about 10°C to about 100°C, and in one
embodiment about 20°C to about 80°C, and in one embodiment about 60°C.
The pressure within the process microchannels 132 during this regeneration step
may be in the range from about 0.0001 to about 100 atmospheres, and in one
embodiment about 0.01 to about 50 atmospheres, and in one embodiment about
0.1 to about 30 atmospheres, and in one embodiment about 1 to about 20
atmospheres, and in one embodiment about 1 to about 10 atmospheres absolute
pressure. The residence time of the regenerating fluid in the process
microchannels 132 may be in the range from about 0.1 to about 10 seconds, and
in one embodiment about 1 to about 5 second.

In one embodiment, during the operation of steps (A) and (B) of the
inventive process, the process microchannels 132 may be cooled and/or heated
using a heat exchange fluid flowing through the heat exchange microchannels
152. The heat exchange channels 152 may switch from cooling during step (A)
of the inventive process to heating during step (B). Alternatively, separate
dedicated cooling and heating heat exchange microchannels 152 may be used.
The heat exchange fluid flows from heat exchange header 108 through the heat
exchange microchannels 152 to heat exchange footer 110. The heat exchange
fluid transfers heat between the heat exchange microchannels 152 and the

process microchannels 132. The heat exchange fluid may be recirculated using

" known techniques. The heat exchange fluid may be any fluid. The heat

exchange fluid may comprise one or more of air, steam, liquid water, gaseous
nitrogen, liquid nitrogen, oils such as mineral oil, and heat exchange fluids such
as Dowtherm A and Therminol which are available from Dow-Union Carbide.
The heat exchange fluid may comprise'one or more organic compounds

containing 1 to about 5 carbon atoms per molecule such as methylenechloride,
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fluorochloromethanes (e.g., dichlordiflouromethane), hydrocarbons containing 1
to about 5 carbon atoms per molecule (e.g., methane, ethane, ethylene,
propanes, butanes, pentanes, etc.), or a mixture of two or more thereof.

In one embodiment, the heat exchange microchannels 152 may comprise
process microchannels wherein an endothermic or exothermic process is
conducted. Examples of endothermic processes that may be conducted in the
heat exchange channels include steam reforming and dehydrogenation
reactions. In one embodiment, the incorporation of a simultaneous endothermic
reaction to provide an improved heat sink may enable a typical heat flux of
roughly an order of magnitude or more above the convective cooling heat flux.
Examples of exothermic processes that may be conducted in the heat exchange
channels include water-gas shift reactions, methanol synthesis reactions and
ammonia synthesis reactions.

In one embodiment, the heat exchange fluid may undergo a phase change
as it flows through the heat exchange microchannels 152. This phase change
provides additional heat addition or removal from the process microchannels or
liquid channels beyond that provided by convective heating or cooling. For a
liquid heat exchange fluid being vaporized, the additional heat being transferred
may result from the latent heat of vaporization required by the heat exchange
fluid. An example of such a phase change may be a heat exchange fluid that
undergoes boiling. In one embodiment, the heat exchange fluid boils or
undergoes partial boiling in the heat exchange channels. In one embodiment,
the amount of heat exchange fluid boiling in the heat exchange channels may be
in the range from about 0.1 to about 99% by volume of the total amount of heat
exchange fluid in the heat exchange channel, and in one embodiment about 5 to
about 30% by volume.

The same heat exchange fluid may be used for cooling during step (A) of
the inventive process and heating during step (B). In this embodiment, the heat
exchange fluid may be cooled prior to sorbing during step (A) and heated prior to
desorbing during step (B). This may be accomplished in separate heat

exchangers, for example, microchannel heat exchangers, wherein one or more
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first heat exchangers are provided for cooling and one or more second heat
exchangers are provided for heating. This may be accomplished by flowing the
heat exchange fluid through an expansion-compression cycle wherein the heat
exchange fluid undergoes expansion prior to sorbing during step (A) of the
inventive process and compression prior to desorbing during step (B). In either
case the cooling may be enhanced by subjecting the heat exchange fluid to
vaporization, for example partial vaporization. This vaporization may take place
in heat exchange channels, for example heat exchange microchannels, in
thermal contact with the sorption medium during sorbing or upstream of the heat
exchange channels. Similarly, heating may be enhanced by subjecting the heat
exchange fluid to condensation, for example partial condensation.  This
condensation may take place in heat exchange channels, for example heat
exchange microchannels, in thermal contact with the sorption medium during
desorbing or upstream of the heat exchange channels.

The heat flux for convective heat exchange or convective heating in the
microchannel separator core 102 may be in the range from about 0.01 to about
125 watts per square centimeter (W/em?) of surface area of the process
microchannels in the microchannel separation core, and in one embodiment from
about 0.1 to about 50 W/cm?, and in one embodiment from about 1 to about 25
W/cm?, and in one embodiment from about 1 to about 10 W/cm® The heat flux
for phase change heat exchange may range from about 1 to about 250 W/cm?,
and in one embodiment, from about 1 to about 100 W/cm? and in one
embodiment from about 1 to about 50 W/cm?, and in one embodiment from about
1 to about 25 W/cm?, and in one embodiment from about 1 to about 10 W/cm?.

The pressure within each individual heat exchange microchannel 152 may
be controlled using passive structures (e.g., obstructions), orifices and/or
mechanisms upstream of the heat exchange microchannels 152 or in the
microchannels. By controlling the pressure within each heat exchange
microchannel, the temperature within each heat exchange microchannel can be
controlled. A higher inlet pressure for each heat exchange fluid may be used

where the passive structures, orifices and/or mechanisms let down the pressure
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to the desired heat exchange microchannel pressure. By controlling the
temperature within each heat exchange microchannel, the temperature in the
adjacent process microchannel can be controlled. Thus, for example, each
process microchannel may be operated at a desired temperature by employing a
specific pressure in the heat exchange microchannel adjacent to the process
microchannel. This provides the advantage of precisely controlled temperatures
for each process microchannel. The use of precisely controlled temperatures for
each process microchannel provides the advantage of a tailored temperature
profile and an overall reduction in the energy requirements for the separation
process.

The process microchannels 132 may be heated using a resistance heater.
The resistance heater may be in the form of heating tape, thin sheets, wire, rods,
discs, or similar structures positioned inside the process microchannels 132 or
adhered to or embedded in the walls of the process microchannels. Another
heating alternative involves using a metal structure such as a metal foam or fin
assembly that functions as a resistance heater and is used as a support for the
sorption medium 172, the sorbent material being coated on the exterior surface
of the metal structure. Another possibility involves using heat conductive
particulates (e.g., metallic particulates) intermixed with the sorption medium to
control and optimize the overall thermal swing effectiveness. This optimization
can be achieved by adjusting the amount and size of the particulates.

In one embodiment, the process microchannels 132 may be heated using
a resistance heater, and cooled using a heat exchange fluid flowing through heat
exchange microchannels 152. The resistance heater may be positioned in the
process microchannels 132 or on one side of the process microchannels 132,
and the heat exchange microchannels 152 may be positioned on the other side
of the process microchannels 132.

In one embodiment, the thermal swing of the sorption medium (or
adsorbent bed) may be effected by the use of a heat exchange fluid that is, for
example, cold relative to the sorption medium during step (A) and hot relative to

the sorption medium during step (B). The flow orientation of hot and cold heat
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exchange fluid may be important for effective thermal swing of the bed. The heat
exchange fluid flow may be oriented such that it provides uniform thermal swing
at all locations of the bed. Since adsorption and desorption of gas on a surface is
a function of the surface temperature, non-uniform thermal swing can lead non-
uniform adsorption and desorption which may have a negative affect on
performance. There are several ways in which heat can be supplied and
removed from the bed. These are illustrated in Figs. 21-23.

Referring to Fig. 21, the heating and cooling fluids are circulated around
the bed as shown during desorption and adsorption cycles, respectively. The
entrance for heating and cooling fluid can be from the same location or from
different locations relative to the adsorbent bed. In Fig. 21, the entrance of hot
and cold fluids is shown at opposite locations relative to the bed. In Fig. 22, the
hot and cold fluids flow from one end of the adsorbent bed to other end. The hot
and cold fluid inlets are at opposite ends of the adsorbent bed. An advantage of
the process in Fig. 22 over the process in Fig. 21 is that with the process in Fig.
22 less volume needs to be displaced when heating and cooling fluids are
switched. In both Figs. 21 and 22, the adsorbent bed is heated or cooled from all
sides and there is mixing of hot and cold fluids inside the microchannel separator
during thermal cycling. In the process illustrated in Fig. 23, the adsorbent bed is
heated or cooled only from one side. An advantage of Fig. 23 over Figs. 21 and
22 is that Fig. 23 will not have mixing of hot and cold fluids inside the
microchannel separator, making it more energy efficient and it can provide a
more uniform thermal swing. Fig. 24 illustrates a bed temperature profile during
the heating and cooling cycle for Figs. 21 and 22, and for Fig. 23.

In one embodiment, at least about 5% by volume, and in one embodiment
from about 5% to about 100% by volume, and in one embodiment from about
10% to about 99% by volume, and in one embodiment from about 25% to about
99% by volume, and in one embodiment from about 50% by about 99% by
volume of the fluid mixture that is sorbed during step (A) may be desorbed during
step (B).
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In one embodiment, the cycle time required to complete both steps (A)
and (B) may be up to about 10 seconds, and in one embodiment from about 0.1
to about 10 seconds, and in one embodiment from about 0.1 to about 8 seconds,
and in one embodiment from about 0.2 to about 7 seconds, and in one
embodiment from about 0.3 to about 6 seconds, and in one embodiment about
0.5 to about 6 seconds, and in one embodiment about 1 to about 5 seconds, and
in one embodiment about 2 to about 5 seconds. In one embodiment, the
difference between the average sorbent temperature used in the process
microchannels during step (A) and the average sorbent temperature used during
step (B) may be in the range from about 1°C to about 100°C, and in one
embodiment about 5°C to about 75°C, and in one embodiment about 10°C to
about 50°C, and in one embodiment about 10°C to about 40°C, and in one
embodiment about 10°C to about 30°C, and in one embodiment about 20°C. In
one embodiment, the difference in temperature may be about 20°C, and the
cycle time may be from about 3 to about 5 seconds. This is illustrated in Fig. 14.

In one embodiment, the average sorbent temperature within the process
microchannels during step (A) may be in the range from about 20°C to about
50°C, and in one embodiment about 20°C to about 45°C, and in one
embodiment about 40°C; and the average sorbent temperature within the
process microchannels during step (B) may be in the range from about 50°C to
about 80°C, and in one embodiment about 55°C to about 80°C, and in one
embodiment about 60°C.

In one embodiment, the flow of the fluid mixture through the process
microchannels may be at least about 20 standard cubic meters per hour per
cubic meter of volume of the microchannel separator core 102 (SCMH/CM), and
in one embodiment from about 20 to about 100 SCMH/CM, and in one
embodiment from about 20 to about 50 SCMH/CM, and in one embodiment from
about 50 to about 100 SCMH/CM. The recovery of either methane or nitrogen
may be at least about 50% by volume of methane or nitrogen in the fluid mixture
entering the microchannel separator, and in one embodiment at least about 70%
by volume, and in one embodiment at least about 90% by volume.
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In one embodiment, the process microchannels 132 may have an internal
dimension of height or width of up to about 10 mm, and the heat exchange
microchannels 152 may have an internal dimension of height or width of up to
about 2 mm. In this embodiment, the relatively large internal height or width of
the process microchannels 132 may be used while still allowing relatively fast
cycle times if the effective thermal conductivity of the sorption medium 172 is
relatively high. For most polymeric or ceramic based sorption mediums, the
effective thermal conductivity is on the order of about 1 W/m/K. As the effective
thermal conductivity is increased either through the use of co-mixing highly
conductive powders or through the use of a highly conductive sorption medium,
the height or width of the sorption medium and correspondingly the height or
width of the process microchannels 132 may be increased. For effective thermal
conductivities of less than about 1 W/m/K, the process microchannels 132 may
have an internal height or width of up to about 2 mm. However, as the effective
thermal conductivity increases above about 5 W/m/K, the use of larger process
microchannels 132 of up to about 10 mm may be used. [n these embodiments,
heat exchange microchannels 152 may be used to quickly cool the sorption
medium 172. A heating microchannel or resistance heating may be used to heat
the sorption medium 172.

In one embodiment, a short cycle time may be achieved by the use of
process headers 104 and footers 106 that do not contribute substantially to the
overall fluid residence time. For example, a one second cycle time may not be
achieved if the fluid is retained within the header for 10 seconds. However, if the
combined fluid residence time in the header and footer is less than about 0.4
seconds, an overall cycle time of one second may be achieved. In one
embodiment, the combined fluid residence time in the process header 104 and
process footer 106 may range from about 0.01 to about 1 second, and in one
embodiment about 0.1 to about 0.5 second.

The design of headers 104 and footers 106 for fast flush of the fluid
requires a balance of short residence times with low header and footer pressure

drop to allow for suitabl/e fluid distribution. In one embodiment, the header 104
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and footer 106 have geometric designs that enhance the flow of fluid through
such headers and footers. Angled headers and footers act to both reduce
volume (and thus residence time) and pressure drop to enable good flow
distribution. The angle may be in the range of about 5 to about 90 degrees. In
addition, open header and footer volumes may be replaced with designs where
open volume is only present to directly connect with the process microchannels
132 and is not present above fins, metal plates, and the like. For example, a
pipe may be used to distribute fluids from process microchannel to process
microchannel (as the pressure drop in a circular or near circular pipe will be lower
than rectangular ducts). The flow from the pipe to the process microchannel may
be connected via a severe angular entrance region that tapers into a larger
rectangular process microchannel. The tapered entrance region advantageously
does not overlap fins, metal plates and the like, which may restrict the total
volume in the header. Tapered or angular headers have the additional
advantage of inhibiting the formation of stagnant areas that are difficult to flush.

In one embodiment of the invention, a split cycle may be used to tailor the
purity of the methane. A split cycle is characterized by opening and closing the
valves at the end of the process microchannels at a faster rate than the valves
that move the fluid mixture between sorption medium beds. This process
increases the methane purity and exhausts the fluid mixture until the purity
achieves a desired level. As an example, the feed may alternate between two
sorption medium beds at a rate of ten seconds, and split cycle times of one
second and nine seconds. During the desorption stage, the purge fluid flows
through the sorption medium bed to remove the non-sorbed material and then
desorb the desired fluid component. During the first part of the cycle the
concentration of the effluent fluid contains components of the entire feed fluid
mixture that is retained from the previous feed cycle. The temperature during the
first part of the split cycle may either be the sorption temperature or higher than
the sorption temperature and approach or equal the desorption temperature.
The non-sorbed fluids from the previous feed sorption cycle are removed from
the process microchannel sorption medium bed during the first part of the split
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cycle desorption stage. During this first part of the split cycle the concentration
of all components decreases except those sorbed during the previous cycle. The
effluent of the first part of the split cycle is sent to an exhaust. When the product
purity is sufficiently high to achieve the desired target, the valves are switched at
the end of the process microchannels to collect the desorbing fluid effluent as the
desired product. The split cycle may be performed at any time during the overall
cycle. For a ten second feed cycle time, the split cycle time may be one second,
five seconds, or any other value less than ten seconds.

The process illustrated in Fig. 6 involves the use of two microchannel
separators 100 and 200 operating in parallel. This arrangement allows for a
sequential operation wherein step (A) may be conducted in microchannel
separator 100 while step (B) is conducted in microchannel separator 200, and
vice versa. Microchannel separator 100 is the same as described above with
reference to Fig. 2. Microchannel separator 200 is the same as or similar to
microchannel separator 100 in construction and operation. Microchannel
separator 200 includes microchannel separator core 202, process header 204,
process footer 206, heat exchange header 208 and heat exchange footer 210.
The microchannel separator core 202 contains a plurality of process
microchannels and a plurality of adjacent heat exchange channels. The heat
exchange channels may be microchannels. A sorption medium is contained
within the process microchannels. The process microchannels and heat
exchange channels may be aligned in layers, one above the other, or side by
side. A fluid mixture containing methane and nitrogen flows into microchannel
separator 200, as indicated by directional arrow 212, through process header
204 and then into the process microchannels in the microchannel separator core
202 where it contacts the sorption medium. The fluid mixture is maintained in the
process microchannels in contact with the sorption medium until at least part of
either the methane or the nitrogen is sorbed by the sorption medium. The non-
sorbed parts of the fluid mixture are then removed from the process
microchannels. This may be done by internally pressurizing the system as

described above. The non-sorbed parts of the fluid mixture flow through the
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process microchannels to and through the process footer 206 and out of the
microchannel separator 200, as indicated by directional arrow 214. The
temperature within the process microchannels is then changed to provide for
desorption of the methane or nitrogen from the sorption medium. The methane
or nitrogen is desorbed from the sorption medium. The desorbed methane or
nitrogen is then removed from the process microchannels. This may be done by
internally pressurizing the system as described above. The non-sorbed parts of
the fluid mixture may be recycled through the process microchannels any
number of times, for example, one, two, three, four times, etc. A heat exchange
fluid flows into heat exchange header 208, as indicated by directional arrow 216,
and from heat exchange header 208 through the heat exchange channels in
microchannel separator core 202 to heat exchange footer 210, and out of heat
exchange footer 210, as indicated by directional arrow 218.

The process illustrated in Fig. 6 involves the use of process steps (I)(A),
(N(B), (IHA) and (11)(B). Step (1)(A) and (I)(B) may be conducted in the same
manner as steps (A) and (B) described above with reference to Fig. 2. The only
difference is that step (I)(A) initially involves flowing only a portion of the fluid
mixture through line 211 to line 112. From that point on the above description of
steps (A) and (B) with reference to Fig. 2 are applicable to the description of
steps (I)(A) and (1)(B) with reference to Fig. 6.

Step (lI)(A) of the process illustrated in Fig. 6 may be conducted by
flowing another portion of the fluid mixture through line 211 to line 212, and then
through line 212 to microchannel separator 200. In microchannel separator 200
the fluid mixture flows into header 204, the process microchannels in
microchannel separator core 204 in contact with a sorption medium, and footer
208. The fluid mixture is maintained in the process microchannels at a desired
temperature and pressure to permit at least part of the methane or nitrogen to be
sorbed by the sorption medium. This process may be continued until a desired
loading of the sorption medium by the methane or nitrogen is achieved. The
desired loading level may be in the range of about 0.001 to about 1 gram of

methane or nitrogen per gram of sorption medium, and in one embodiment about
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0.01 to about 0.1 gram of methane or nitrogen per gram of sorption medium. At
the end of this sorption step the non-sorbed parts of the fluid mixture may be
removed from the process microchannels by internally pressurizing the system
as described above.

During the sorption part of step (l)(A) in microchannel separator 200 the
average sorbent temperature within the process microchannels may be in the
range from about -40°C to about 200°C, and in one embodiment from about
-40°C to about 150°C, and in one embodiment from about 0°C to about 200°C,
and in one embodiment about 20°C to about 60°C, and in one embodiment from
about 30°C to about 50°C, and in one embodiment about 40°C. The pressure
within the process microchannels during step (1)(A) may be in the range from
about 0.0001 to about 100 atmospheres, and in one embodiment from about
0.01 to about 50 atmospheres, and in one embodiment from about 0.1 to about
30 atmospheres, and in one embodiment from about 1 to about 20 atmospheres,
and in one embodiment about 1 to about 10 atmospheres absolute pressure.
The period of time for the sorption to occur may range from about 0.1 to about 10
seconds, and in one embodiment about 1 to about 5 seconds.

Step (lI)(B) involves desorbing the sorbed fluid component from the
sorption medium in the microchannel separator 200. This desorption step may
be conducted by increasing or decreasing the average sorbent temperature of
the sorption medium relative to the temperature used during the sorption part of
step (II)(A). The pressure used during step (I1)(B) may be the same as the
pressure used during the sorption part of step (II)(A). In one embodiment, step
(I1(B) is conducted at a higher temperature and a lower pressure than the
sorption part of step (II)(A). The temperature used in step (Il)(B) may be
increased by about 1°C to about 100°C, and in one embodiment about 10°C to
about 60°C, above the temperature that is used during the sorption part of step
()(A). Alternatively, the temperature used in step (I)(B) may be decreased by
about 1°C to about 100°C, and in one embodiment about 10°C to about 60°C,
below the temperature that is used during the sorption part of step (I)(A). During
step (l1)(B) the temperature within the process microchannels may be in the
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range from about 0°C to about 250°C, and in one embodiment about 0°C to
about 200°C, and in one embodiment about 10°C to about 100°C, and in one
embodiment about 40°C to about 80°C, and in one embodiment about 60°C
during step (l1)(B). The pressure within the process microchannels during step
(I1)(B) may be reduced by about 0.01 to about 10 atmospheres, and in one
embodiment about 0.1 to about 5 atmospheres, below the pressure used during
step (II)(A). Alternatively, the pressure within the process microchannels during
step (I[)(B) may be raised by about 0.1 to about 10 atmospheres, and in one
embodiment about 1 to about 5 atmospheres above the pressure used during
step (I1)(A). The pressure during step (Il)(B) may be in the range from about
0.0001 to about 100 atmospheres, and in one embodiment from about 0.01 to
about 50 atmospheres, and in one embodiment from about 0.1 to about 30
atmospheres, and in one embodiment from about 1 to about 20 atmospheres,
and in one embodiment from about 1 to about 10 atmospheres, and in one
embodiment from about 1 to about 5 atmospheres absolute pressure. The
percentage of sorbed material that is desorbed during this step (I1)(B) may range
from about 5% to about 100%, and in one embodiment from about 10 to about
99%. The period of time for performing this desorbing step may range from
about 0.1 to about 10 seconds, and in one embodiment about 1 to about 5
seconds. |

During step (l1)(B) the desorbed methane or nitrogen is removed from the
process microchannels. This may be done by internally pressurizing the system
as described above. This process may be continued until a desired level of
removal of the methane or nitrogen from the microchannel separator 200 is
achieved.

At the end of step (lI)(B) the sorption medium in the microchannel
separator 200 may be regenerated. This may be done by flowing a regenerating
fluid through the process microchannels in contact with the sorption medium.
The regenerating fluid may be water, nitrogen, methane, a condensable fluid,
and the like. The regenerating fluid may flow from the header 204 through the
process microchannels and then to the footer 206, or in the opposite direction
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from the footer 206 through the process microchannels to the header 204. The
average sorbent temperature within the process microchannels may be in the
range from about 0°C to about 250°C, and in one embodiment about 0°C to
about 200°C, and in one embodiment about 10°C to about 100°C, and in one
embodiment about 40°C to about 80°C, and in one embodiment about 60°C
during this regeneration step. In one embodiment, the process microchannels
may be cooled at a temperature that is from about 10°C to about 100°C, and in
one embodiment about 20°C to about 60°C below the flush temperature used
during step (I1)(B). The pressure within the process microchannels during this
regeneration step may range from about 0.0001 to about 100 atmospheres, and
in one embodiment from about 0.01 to about 50 atmospheres, and in one
embodiment from about 0.1 to about 30 atmospheres, and in on embodiment
from about 1 to about 20 atmospheres, and in one embodiment about 1 to about
10 atmospheres absolute pressure. The residence time for the regenerating fluid
in the process microchannels may range from about 0.1 to about 10 seconds,
and in one embodiment about 1 second to about 5 seconds.

During the operation of steps (1)(A), (1)(B), (I1)(A) and (I1)(B) of the process
ilustrated in Fig. 6, the microchannel separators 100 and 200 may be cooled or
heated using heat exchange microchannels, or heated using resistance heating
in the same manner as described above. Referring to Fig. 6, during the
operation of steps (lI)(A) and (lI)(B) a heat exchange fluid flows from the
exchange header 208 through heat exchange microchannels to heat exchange
footer 210. The heat exchange fluid may be recirculated using known
techniques. The heat exchange microchannels used in the microchannel
separator 200 may have the same dimensions and be made of the same
materials as the heat exchange microchannels used in the microchannel
separator 100.

In one embodiment, the microchannel separators 100 and 200 may be
operated in a sequential manner and in combination with one or more heat
exchangers to provide for heating in one of the microchannel separators and at

the same time cooling in the other microchannel separator, followed by a reversal
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from heating to cooling or cooling to heating in the microchannel separators. For
example, the inventive process may be operated as a TSA process with cooling
during step (I)(A) of the inventive process in microchannel separator 100 in
combination with heating during step (lI}B) of the inventive process in
microchannel separator 200, followed by a reversal from cooling to heating in
microchannel separator 100 to effect step (I)(B) of the inventive process and from
heating to cooling in microchannel separator 200 to effect step (I1)(A) of the
inventive process. In this embodiment, steps (1)(A) and (I1)(B) may be conducted
simultaneously, and steps (1)(B) and (l1)(A) may be conducted simultaneously.
The process illustrated in Fig. 7 involves the use of two microchannel
separators 100 and 300 operating in series. This arrangement allows for a
sequential operation wherein steps (A) and (B) may be conducted in
microchannel separator 100- to provide a first separation of the methane or
nitrogen from the fluid mixture, and then repeated in microchannel separator 300
to provide a second separation to provide a more complete separation of the
methane or nitrogen from the fluid mixture. Microchannel separator 100 is the
same as described above with reference to Fig. 2. Microchannel separator 300
is the same as or similar in construction and operation to microchannel separator
100. Microchannel separator 300 includes microchannel separator core 302,
process header 304, process footer 306, heat exchange header 308 and heat
exchange footer 310. The microchannel separator core 302 contains a plurality
of process microchannels and a plurality of adjacent heat exchange channels.
The heat exchange channels may be microchannels. A sorption medium is
contained within the process microchannels. The process microchannels and
heat exchange channels may be aligned in layers, one above the other, or side
by side. A fluid mixture containing methane and nitrogen flows into microchannel
separator 300, as indicated by arrow 114, through process header 304 and then
into the process microchannels in the microchannel separator core 302 where it
contacts the sorption medium. The fluid mixture is maintained in the process
microchannels in contact with the sorption medium until at least part of either the

methane or the nitrogen is sorbed by the sorption medium. The non-sorbed part
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of the fluid mixture is then removed from the process microchannels. This may
be done by internally pressurizing the system as described above. The non-
sorbed parts of the fluid mixture flow through the process microchannels to and
through the process footer 306 and out of the microchannel separator 300, as
indicated by directional arrow 314. The temperature within the process
microchannels is then changed to provide for desorption of the methane or
nitrogen from the sorption medium. The methane or nitrogen is desorbed from
the sorption medium. The desorbed methane or nitrogen is then removed from
the process microchannels. This may be done by internally pressurizing the
system as described above. The non-sorbed fluid components may be recycled
through the process microchannels any number of times, for example, one, two,
three, four times, etc. A heat exchange fluid flows into heat exchange header
308, as indicated by directional arrow 316, and from heat exchange header 308
through the heat exchange channels in microchannel separator core 302 to heat
exchange footer 310, and out of heat exchange footer 310, as indicated by
directional arrow 318.

The process illustrated in Fig. 7 involves the use of process steps (I)(A),
(H(B), (IN(A) and (I1)(B). Step (I)(A) and (I)(B) may be conducted in the same
manner as steps (A) and (B) described above with reference to Fig. 2. Thus, the
above description of steps (A) and (B) with reference to Fig. 2 are applicable to
the description of steps (1)(A) and (1)(B) with reference to Fig. 7.

At the end of step (1)(B), the desorbed methane or nitrogen flow out of the
process footer 106, as indicated by arrows 114 and 115. The non-sorbed parts
of the fluid mixture removed from microchannel separator 100 during step (I)}(A)
flow into microchannel separator 300 to commence step (I1)(A) of the inventive
process. In microchannel separator 300 the fluid mixture flows into header 304,
the process microchannels in microchannel separator core 302 in contact with a
sorption medium, and footer 308. The fluid mixture is maintained in the process
microchannels at a desired temperature and pressure to permit at least part of
the methane or nitrogen to be sorbed by the sorption medium. This process may

be continued until a desired loading of the sorption medium by the methane or
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nitrogen is achieved. The desired loading level may be in the range of about
0.001 to about 1 gram of methane or nitrogen per gram of sorption medium, and
in one embodiment about 0.01 to about 0.1 gram of methane or nitrogen per
gram of sorption medium. At the end of this sorption step the non-sorbed parts of
the fluid mixture are removed from the microchannel separator 300. This may be
done by internally pressurizing the system as described above.

During the sorption part of step (II)(A) in microchannel separator 300 the
average sorbent temperature within the process microchannels may be in the
range from about -40°C to about 200°C, and in one embodiment from about
-40°C to about 150°C, and in one embodiment from about 0°C to about 200°C,
and in one embodiment about 20°C to about 60°C, and in one embodiment
about 30°C to about 50°C, and in one embodiment about 40°C. The pressure
within the process microchannels during step (I1)(A) may be in the range from
about 0.0001 to about 100 atmospheres, and in one embodiment from about
0.01 to about 50 atmospheres, and in one embodiment from about 0.1 to about
30 atmospheres, and in on embodiment from about 1 to about 20 atmospheres,
and in one embodiment about 1 to about 10 atmospheres absolute pressure.
The period of time for the sorption to occur may be in the range from about 0.1 to
about 10 seconds, and in one embodiment about 1 to about 5 seconds.

Step (lI)(B) involves desorbing the sorbed fluid component from the
sorption medium in the microchannel separator 300. This desorption step may
be conducted by increasing or decreasing the average sorbent temperature
within the process microchannels relative to the temperature used during the
sorption part of step (Il)(A). The pressure used during step (l)(B) may be the
same as the pressure used during the sorption part of step (Il)(A) or it may be
lower or higher. In one embodiment, step (I1)(B) may be conducted at a higher
temperature and a lower pressure than the sorption part of step (l)(A). The
temperature used in step (I[)(B) may be increased by about 10°C to about
200°C, and in one embodiment about 10°C to about 60°C, above the
temperature that is used during the sorption part of step (I1)(A). Alternatively, the
average sorbent temperature used in step (I1)(B) may be decreased by about
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10°C to about 100°C, and in one embodiment about 20°C to about 60°C, below
the average sorbent temperature that is used during the sorption part of step
(I)(A). During step (l1)(B), the average sorbent temperature within the process
microchannels may be in the range from about 0°C to about 250°C, and in one
embodiment about 0°C to about 200°C, and in one embodiment about 10°C to
about 100°C, and in one embodiment about 40°C to about 80°C, and in one
embodiment about 60°C to about 80°C.  The pressure within the process
microchannels during step (I1)(B) may be reduced by about 0.01 to about 10
atmospheres, and in one embodiment by about 0.1 to about 1 atmosphere,
below the pressure used during step (I)(A). Alternatively, the pressure within the
process microchannels during step (I1)(B) may be raised by about 0.1 to about 10
atmospheres, and in one embodiment about 1 to about 5 atmospheres above the
pressure used during step (l1)(A). The pressure during step (I1)(B) may be in the
range from about 0.0001 to about 100 atmospheres, and in one embodiment
from about 0.01 to about 50 atmospheres, and in one embodiment from about
0.1 to about 30 atmospheres, and in on embodiment from about 1 to about 20
atmospheres, and in one embodiment about 1 to about 10 atmospheres absolute
pressure. The percentage of sorbed material that is desorbed during this step
(I(B) may range from about 5% to about 100%, and in one embodiment about
10% to about 99%. The period of time for performing this desorbing step may
range from about 0.1 to about 10 seconds, and in one embodiment about 1 to
about 5 seconds.

During step (I1)(B) the desorbed methane or nitrogen is removed from the
microchannel separator 300. This may be done by internally pressurizing the
system as described above. This process may be continued until a desired level
of removal of the methane or nitrogen from the microchannel separator 300 is
achieved.

At the end of step (ll)(B) the sorption medium in the microchannel
separator 300 may be regenerated. This may be done by flowing a regenerating
fluid through the process microchannels in contact with the sorption medium.

The regenerating fluid may be nitrogen, methane, water, carbon dioxide, a
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condensable fluid, and the like. The regenerating fluid may flow from the header
304 through the process microchannels and then to the footer 306, or in the
opposite direction from the footer 306 through the process microchannels to the
header 304. During this regeneration step the average sorbent temperature
within the process microchannels may be in the range from about 0°C to about
250°C, and in one embodiment about 0°C to about 200°C, and in one
embodiment about 10°C to about 100°C, and in one embodiment about 40°C to
about 80°C, and in one embodiment about 60°C. In one embodiment, the
regenerating temperature may be about 10°C to about 100°C, and in one
embodiment about 20°C to about 80°C below the flush temperature used during
step (lI)B). The pressure within the process microchannels during this
regeneration step may range from about 0.0001 to about 100 atmospheres, and
in one embodiment from about 0.01 to about 50 atmospheres, and in one
embodiment from about 0.1 to about 30 atmospheres, and in on embodiment
from about 1 to about 20 atmospheres, and in one embodiment about 1 to about
10 atmospheres absolute pressure. The residence time for the regenerating fluid
in the process microchannels may range from about 0.1 to about 10 seconds,
and in one embodiment about 1 second to about 5 seconds.

During the operation of steps (I)(A), (I)(B), (I1)(A) and (II)(B) of the process
illustrated in Fig. 7, the microchannel separators 100 and 300 may be cooled or
heated using heat exchange microchannels, or heated using resistance heating
in the same manner as described above. Referring to Fig. 7, during the
operation of steps (I[)(A) and (l[)(B) a heat exchange fluid flows from the
exchange header 308 through heat exchange microchannels in the microchannel
separator core 302 to heat exchange footer 310. The heat exchange fluid may
be recirculated using known techniques. The heat exchange microchannels
used in the microchannel separator core 302 may have the same dimensions
and be made of the same materials as the heat exchange microchannels used in
the microchannel separator core 102.

The inventive process, in one embodiment, may employ a valve assembly

for controlling the flow of the fluids in the process. This is illustrated in Figs. 52-
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55. The process illustrated in Fig. 52 may be used for any of the fluid
separations described above, but is particularly suitable for separating nitrogen
from a fluid mixture containing methane and nitrogen. For example, the process
may be used in a nitrogen rejection unit (NRU) during the upgrading of sub-
quality methane. The process is described below with reference to separating
nitrogen from a fluid mixture containing nitrogen and methane. The valve
assembly provides for rapid valve actuation and consequent rapid cycling
between steps (A) and (B) of the inventive process. Microchannel separation
process 600, which is in the form of a TSA process, employs the use of a first
microchannel separa'tor 610, a second microchannel separator 620, a hot heat
exchange fluid source 630, a cold heat exchange fluid source 640, and valve
assembly 650. The valve assembly 650, which may be referred to as a valve
block assembly, comprises motor 652, shaft 654, feed input valve block 660, first
microchannel separator product output valve block 662, second microchannel
separator product output valve block 664, hot heat exchange fluid input valve
block 666, and cold heat exchange fluid input valve block 668. Each of the
valve blocks 660, 662, 664, 666 and 668 comprises a valve pair or pair of valves
which open and close sequentially. The opening and closing of the valve pairs in
the valve blocks 660, 662, 664, 666 and 668 is effected by the rotating
movement of shaft 654.

The shaft 654 may comprise a common shaft or a coupled shaft for the
separate valve blocks 660, 662, 664, 666 and 668. Holes, for example drilled
holes, in the shaft 654 and a common drive motor 652 are used to provide
synchronized opening and closing of the valve pairs. Valve reliability may be
enhanced relative to conventional valves with actuators since valve actuation is
accomplished via a continuous rotary motion rather than a reversing motion.
Valve actuation speed is a function of the shaft rotational speed. For example,
an 1800 revolutions per minute (RPM) shaft speed, the standard output for most
AC motors, translates into 30 revolutions or 60 full open to full open cycles per
second. Thus, for a 16.6 ms cycle, the valves would be open for 8.3 ms and
closed for 8.3 ms. The rotational speed of the shaft may be reduced, for
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example, by using a gear reducer. The holes in the shaft may have geometries
that are other than circular to facilitate faster opening and shut-off and to vary the
‘open” and “close” durations. For example, the major and minor dimension for
an ellipse may be manipulated to improve the valves ability to go from no flow to
full flow faster, and vice versa. Various flow rates may be accomplished by
varying the shaft diameter within each valve block, maintaining the same shaft
centerline, and/or introducing mating coupling between the valve blocks. The
internal clearances may be wetted and the valve blocks and shaft may utilize
mechanical seals to prevent leaks at the shaft to block to outside interface.

The valve blocks 660, 662, 664, 666 and 668 are schematically illustrated
in Figs. 53 and 54. For convenience of this discussion, the valve blocks
identified in Figs. 53 and 54 are labeled as valve blocks 700 and 700A. Each of
the valve blocks 700 and 700A has an inlet port 702 and a pair of outlet ports 704
and 706. Shaft 654 extends through each of the valve blocks 700 and 700A and
separates the inlet port 702 from the outlet ports 704 and 706. For each of the
valve blocks 700 and 700A, shaft 654 has holes 708 and 710. These are
schematically illustrated in Figs. 53(a), (b) and (c) and Figs. 54(a), (b) and (c).
Figs 53(b) and (c), and Figs. 54 (b) and (c) are schematic illustrations of cross
sections of the shaft 654 showing the relative positions of the holes 708 and 710.
The holes 708 and 710 project through the shaft 654 at right angles relative to
each other so that when one of the holes is in the “open” position the other is in
the “closed” position. This is illustrated in Fig. 53(a) wherein hole 708 is in an
open position and hole 710 is in a closed position. Thus, fluid flowing through the
valve block 700 flows into inlet port 702, through hole 708 and out through outlet
port 704. Similarly, in Fig. 54(a) hole 710 is in an open position and hole 708 is
in a closed position. Thus, fluid flowing through the valve block 700A flows into
inlet port 702, through hole 710 and out through outlet port 706.

Figs. 55 (a) and (b) illustrate alternate embodiments ‘of the holes 708 and
710. In Figs. 55 (a) and (b), holes 708A and 710A have geometries that
converge from a maximum diameter at the surface of the shaft 654 to a minimum
diameter at the center of the shaft. By alternating the geometries or the holes in
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the shaft, the opening and closing rates can be altered. The 0°, 90°, 180° and
270° in Figs. 55(a) and (b) represent the synchronization of the holes within a
valve block as the shafts rotate.

Similar functionality may be accomplished by synchronizing multiple
motorized or mechanically linked ball valves with special drillings so that they
rotate continuously in on direction. Another alternate method to achieve fast
actuation times with high reliability would be to use a common cam shaft to open
and close the valves sequentially.

Referring to Fig. 52, feed input valve 660 controls the input of the fluid
mixture being treated (e.g., fluid mixture containing nitrogen and methane) and
provides for the flow of the feed input to the first microchannel separator 610
through line 672 and the flow of the feed input to the second microchannel
separator 620 through line 674, in alternating sequence. First microchannel
separator product output valve 662 controls the output of product (e.g., separated
nitrogen or separated methane) from first microchannel separator 610 and
provides for the flow of such product through lines 678 (e.g., separated nitrogen)
or line 680 (e.g., separated methane), in alternating sequence. The product
stream containing the separated nitrogen may be referred to as a tail gas stream.
Second microchannel separator product output valve 664 controls the output of
product (e.g., separated methane or separated nitrogen) from second
microchannel separator 620 and provides for the flow of such product through
line 684 (e.g., separated nitrogen) or line 686 (e.g., separated methane), in
alternating sequence.

Hot (for example, from about 55°C to about 80°C, and in one embodiment
about 60°C) heat exchange fluid flows from hot heat exchange fluid source 630
through line 688 to hot heat exchange fluid input valve 666. The hot heat
exchange fluid flows through valve 666 and from valve 666 through line 690 to
second microchannel separator 620 or through line 692 to first microchannel
separator 610, in alternating sequence. The hot heat exchange fluid flows from
line 690 through heat exchange channels in second microchannel separator 620

and then returns to hot heat exchange fluid source 630 through line 691. Hot
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heat exchange fluid flows from line 692 through heat exchange channels in first
microchannel separator 610 and then returns to hot heat exchange fluid source
630 through line 693.

Cold (for example, from about 20°C to about 45°C, and in one
embodiment about 40°C) heat exchange fluid flows from cold heat exchange fluid
source 640 through line 694 to cold heat ekchange fluid input valve 668. The
cold heat exchange fluid flows through valve 668, and from valve 668 through
line 696 to second microchannel separator 620 or through line 698 to first
microchannel separator 610, in alternating sequence. The cold heat exchange
fluid flows through heat exchange channels in second microchannel separator
620 and then back to cold heat exchange fluid source 640 through line 697. Cold
heat exchange fluid flows from line 698 through heat exchange channels in first
microchannel separator 610 and then returns to cold heat exchange fluid source
640 through line 699.

The process illustrated in Fig. 52 involves the use of process steps (A)
and (B) as described above. In operation, the valves 660, 662, 664, 666 and 668
are set at a first position by rotating the shaft 654 using motor 652. The valve
settings for the first position are as follows (these are shown in Fig. 52): |

Valve 660: open (0) to line 672 and closed (c) to line 674

Valve 662: open (0) to line 678 and closed (c) to line 680

Valve 664: closed (c) to line 684 and open (o) to line 686

Valve 666: open (o) to line 690 and closed (c) to line 692

Valve 668: closed (c) to line 696 and open (0) to line 698

While in this first position, the first microchannel separator 610 is operated
at a “cold” average sorbent temperature temperature, for example, from about
20°C to about 45°C , and in one embodiment about 40°C, and the second
microchannel separator 620 is operated at a “hot” average sorbent temperature
temperature, for example, from about 55°C to about 80, and in one embodiment
about 60°C. Step (A) is conducted in the first microchannel separator 610 at the
cold temperature, and step (B) is conducted in the second microchannel

sebarator 620 at the hot temperature. During step (A) the fluid mixture
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containing nitrogen and methane flows from line 670 through valve 660 to and
through line 672 to first microchannel separator 610. In the first microchannel
separator 610 the methane is preferentially sorbed on the sorption medium in the
microchannel separator, and the nitrogen is separated from the methane and
flows out of the first microchannel separator 610 through line 676 to valve 662
and from valve 662 through line 678 out of the system. The removal of the
nitrogen from the first microchannel separator 610 may be effected by applying a
pressure differential across the process microchannels in the first microchannel
separator 610 or by flowing a purging fluid through the process microchannels
using additional valves in the valve block assembly 650 (not shown in the
drawings). At the same time, process step (B) is conducted in second
microchannel separator 620. During process step (B) the methane is desorbed
from the sorption medium and flows out of the second microchannel separator
620 through line 682 to valve 664 and through valve 664 to line 686 and out of
the system. Cold heat exchange fluid flows from cold heat exchange fluid
source 640 through line 694 to valve 668, through valve 668 to line 698, through
line 698 to heat exchange channels in first microchannel separator 610, through
the heat exchange channels to line 699, and through line 699 back to cold heat
exchange fluid source 640. Hot heat exchange fluid flows from hot heat
exchange fluid source 630 through line 688 to valve 666, through valve 666 to
line 690, through line 690 to heat exchange channels in second microchannel
separator 620, through the heat exchange channels to line 691, and through line
691 back to hot heat exchange fluid source 630.

Upon the completion of process step (A) in first microchannel separator
610 and process step (B) in second microchannel separator 620, the shaft 654 in
the valve block assembly 650 is rotated to a second position by motor 652 and
the valve settings for the valves 660, 662, 664, 666 and 668 are simultaneously
changed to the following:

Valve 660: closed (c) to line 672 and open (c) to line 674

Valve 662: closed (c) to line 678 and open (o) to line 680

Valve 664: open (0) to line 684 and closed (c) to line 686
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Valve 666: closed (c) to line 690 and open (0) to line 692
Valve 668: open (o) to line 696 and closed (c) to line 698
While in this second position the first microchannel separator 610 is operated at
a “hot” average sorbent temperature temperature, for example, from about 55°C
to about 80°C, and in one embodiment about 60°C, and the second
microchannel separator 620 is operated at a “cold” average sorbent temperature
temperature, for example, from about 20°C to about 45°C , and in one
embodiment about 40°C. Step (A) is conducted in the second microchannel
separator 620 at the cold temperature, and step (B) is conducted in the first
microchannel separator 610 at the hot temperature. During step (A) the fluid
mixture containing nitrogen and methane flows from line 670 through valve 660
to and through line 674 to second microchannel separator 620. In the second
microchannel separator 620 the methane is preferentially sorbed on the sorption
medium in the microchannel separator, and the nitrogen is separated from the
methane and flows out of the second microchannel separator 620 through line
682 to valve 664 and from valve 664 through line 684 out of the system. The
removal of the nitrogen from the second microchannel separator 620 may be
effected by applying a pressure differential across the process microchannels in
the second microchannel separator 620 or by flowing a purging fluid through the
process microchannels using additional valves in the valve block assembly 650
(not shown in the drawings). At the same time, process step (B) is conducted in
first microchannel separator 610. During process step (B) the methane is
desorbed from the sorption medium and flows out of the first microchannel
separator 610 through line 676 to valve 662 and through valve 662 to line 680
and out of the system. Cold heat exchange fluid flows from cold heat exchange
fluid source 640 through line 694 to valve 668, through valve 668 to line 696,
through line 696 to heat exchange channels in second microchannel separator
620, through the heat exchange channels to line 697, and through line 697 back
to cold heat exchange fluid source 640. Hot heat exchange fluid flows from hot
heat exchange fluid source 630 through line 688 to valve 666, through valve 666
to line 692, through line 692 to heat exchange channels in first microchannel
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separator 610, through the heat exchange channels to line 693, and through line
693 back to hot heat exchange fluid source 630.

The inventive process, in one embodiment, may employ an expansion-
compression cycle for cooling and heating the heat exchange fluid used to cool
and heat the process fluids and sorption medium in the microchannel separator
during steps (A) and (B) of the inventive process. This is illustrated in Figs. 56
and 57. The processes illustrated in Figs. 56 and 57 may be used for any of the
fluid separations described above, but are particularly suitable for separating
nitrogen from a fluid mixture containing nitrogen and methane. For example, the
process may be used in a nitrogen rejection unit during the upgrading of sub-
quality methane. The process is described below with reference to separating
nitrogen from a fluid mixture containing nitrogen and methane wherein the
methane is sorbed by the sorption medium during step (A) and desorbed during
step (B). Alternatively, the nitrogen may be sorbed during step (A) and desorbed
during step (B).

Referring initially to Fig. 56, microchannel separation process 800, which
is in the form of a TSA process, employs the use of microchannel separator 810,
compressor 820, expansion device 830, pump 840, cooler 850, holding drum 860
and flash drum 870. In operation, the microchannel separator 810 may be
operated as described above. That is, a fluid mixture containing nitrogen and
methane flows into the microchannel separator 810 as indicated by arrow 812.
In the microchannel separator 810, the fluid mixture flows into process
microchannels which contain a sorption medium. The process fluids in the
process microchannels and the sorption medium are cooled during step (A) of
the inventive process. At least part of the methane in the fluid mixture is sorbed
by the sorption medium. Non-sorbed parts of the fluid mixture flow out of the
microchannel separator 810 as indicated by arrow 814. The microchannel
separator 810 is then heated during step (B) of the inventive process. Methane,
which had sorbed on the sorption medium during step (A), is desorbed from the
sorption medium and flows out of the microchannel separator 810 as indicated by

arrow 816. The time required to complete steps (A) and (B) may be in the range
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from about 0.1 to about 20 seconds, and in one embodiment from about 2 to
about 15 seconds, and in one embodiment from about 2 to about 10 seconds.
The expansion-compression cycle for cooling and heating the heat
exchange fluid during steps (A) and (B) of the process as illustrated in Fig. 56
involves flowing the heat exchange fluid from line 828 through expansion device
830. Expansion device 830 may comprise one or a series of expansion valves,
one or a series of flash vessels, or a combination of the foregoing. While flowing
through the expansion device 830, the heat exchange fluid undergoes a pressure
drop resulting in a cooling of the heat exchange fluid. The heat exchange fluid
exiting the expansion device 830 may be in the form of a mixture of vapor and
liquid. The heat exchange fluid flows from expansion device 830 through line
832 to flash drum 870. In flash drum 870 liquid heat exchange fluid is separated
from vapor heat exchange fluid. The vapor heat exchange fluid flows from flash
drum 870 through line 874 to line 818 and through line 818 to compressor 820.
The liquid heat exchange fluid flows from flash drum 870 through line 872 to
microchannel separator 810. In microchannel separator 810 the heat exchange
fluid flows through heat exchange channels that are in thermal contact with the
sorption medium and process fluids in microchannel separator 810. The heat
exchange fluid provides cooling for the sorption medium and fluids in
microchannel separator 810. This cooling is used to conduct step (A) of the
inventive process. In the heat exchange channels at least part, and in one
embodiment all, of the heat exchange fluid vaporizes or boils. This results in
added cooling for the sorption medium and process fluids in the microchannel
separator 810. Vaporized heat exchange fluid flows out of the microchannel
separator 810 through line 876 to line 818 and from line 818 to compressor 820.
In compressor 820 the vaporized heat exchange fluid is compressed to form a
heated vaporized heat exchange fluid. The heated vaporized heat exchange
fluid flows from compressor 820 through lines 822 and 824 to microchannel
separator 810. The heated vaporized heat exchange fluid flows through heat
exchange channels in microchannel separator 810 which are in thermal contact

with the sorption medium and process fluids in microchannel separator 810. The
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flow of the heated vaporized heat exchange fluid in the heat exchange channels
provides heating for the sorption medium and fluids in microchannel separator
810. This heating is used to conduct step (B) of the inventive process. While in
the heat exchange channels, the heated vaporized heat exchange fluid
condenses at least partially, and in one embodiment it fully condenses. The
condensation of the heated vaporized heat exchange fluid in the heat exchange
channels provides additional heating for the sorption medium and process fluids
being treated in the microchannel separator 810. The heat exchange fluid flows
out of the heat exchange channels and out of the microchannel separator 810 as
indicated by line 825. The heat exchange fluid flows through line 825 to line 858
and from line 858 to holding drum 860. Part of the compressed heat exchange
fluid flowing out of compressor 820 may flow through bypass line 826 to cooler
850, and from cooler 850 through lines 852 and 858 to holding drum 860. The
bypass lines 826 and 852 and the coolér 850 may be used to control the amount
of vaporized heat exchange fluid flowing through the microchannel separator
during step (B) of the inventive process. The heat exchange fluid in holding drum
860 may be at the bubble point of the heat exchange fluid. Vapor from the
holding tank 860 may flow through line 862 to line 838 and from line 838 to pump
840. The vapor may flow from pump 840 through line 842 back to line 822 where
it is combined with the output from compressor 820. Liquid heat exchange fluid
may flow from holding drum 860 through line 862 to line 828, and from line 828
through expansion device 830 where the expansion-compression cycle starts all
over again. In this embodiment, the cold heat exchange fluid flows through the
heat exchange channels during step (A), while the flow of the hot heat exchange
fluid to the microchannel separator 810 is stopped. Similarly, the hot heat
exchange fluid flows through the heat exchange channels during step (B), while
the flow of the cold heat exchange fluid to the microchannel separator 810 is
stopped.

The microchannel separation process 800A illustrated in Fig. 57 is the
same as the microchannel separation process 800 illustrated in Fig. 56 with the

exception that microchannel separation process 800A employs the use of two
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microchannel separators, namely, microchannel separators 810 and 810A, rather
than one microchannel separator. Microchannel separators 810 and 810A may
be operated in alternating sequence. That is, step (A) of the inventive process
may be conducted in microchannel separator 810 while step (B) of the inventive
process is simultaneously conducted in microchannel separator 810A. Then,
step (B) of the inventive process may be conducted in microchannel separator
810 while step (A) of the inventive process is conducted in microchannel
separator 810A.

Referring to Fig. 57, microchannel separation process 800A, which is in
the form of a TSA process, employs the use of microchannel separators 810 and
810A, compressor 820, expansion device 830, pump 840, cooler 850, holding
drum 860 and flash drum 870. In operation, the microchannel separator 810 may
be operated as described above wherein part of a fluid mixture containing
nitrogen and methane flows into the microchannel separator 810 as indicated by
arrow 812. In the microchannel separator 810, the fluid mixture flows into
process microchannels which contain a sorption medium. The process fluid in
the process microchannels and the sorption medium are cooled during step (A)
of the inventive process. At least part of the methane in the fluid mixture is
sorbed by the sorption medium. Non-sorbed parts of the fluid mixture flow out of
the microchannel separator 810 as indicated by arrow 814. The microchannel
separator 810 is then heated during step (B) of the inventive process. Methane,
which had sorbed on the sorption medium during step (A), is desorbed from the
sorption medium and flows out of the microchannel separator 810 as indicated by
arrow 816. Similarly, with microchannel separator 810A, part of the fluid mixture
containing nitrogen and methane flows into the microchannel separator 810A as
indicated by arrow 812A. In the microchannel separator 810A, the fluid mixture
flows into process microchannels which contain a sorption medium. The process
fluid in the process microchannels and the sorption medium are cooled during
step (A) of the inventive process. At least part of the methane in the fluid mixture
is sorbed by the sorption medium. Non-sorbed parts of the fluid mixture flow out

of the microchannel separator 810A as indicated by arrow 814A. The
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microchannel separator 810A is then heated during step (B) of the inventive
process. Methane, which had sorbed on the sorption medium during step (A), is
desorbed from the sorption medium and flows out of the microchannel separator
810A as indicated by arrow 816A. Step (A) of the inventive process may be
conducted in microchannel separator 810 while step (B) of the inventive process
is conducted in microchannel separator 810A. Similarly, step (B) may be
conducted in microchannel separator 810 while step (A) is conducted in
microchannel separator 810A.

The expansion-compression cycle illustrated in Fig. 57 for cooling and
heating the heat exchange fluid during steps (A) and (B) will be described initially
for the part of the process where step (A) of the inventive process is conducted in
microchannel separator 810 and step (B) is simultaneously conducted in
microchannel separator 810A. The process involves flowing the heat exchange
fluid from line 828 through expansion device 830. Expansion device 830 may be
of any of the designs described above. While flowing through the expansion
device 830, the heat exchange fluid undergoes a pressure drop resulting in a
cooling of the heat exchange fluid. The heat exchange fluid exiting the
expansion device 830 may be in the form of a mixture of vapor and liquid. The
heat exchange fluid flows from expansion device 830 through line 832 to flash
drum 870. In flash drum 870 liquid heat exchange fluid is separated from vapor
heat exchange fluid. The vapor heat exchange fluid flows from flash drum 870
through line 874 to line 818 and through line 818 to compressor 820. The liquid
heat exchange fluid flows from flash drum 870 through line 872 to line 873 and
from line 873 to microchannel separator 810. In microchannel separator 810 the
heat exchange fluid flows through heat exchange channels that are in thermal
contact with the sorption medium and process fluids in microchannel separator
810. The heat exchange fluid provides cooling of the sorption medium and fluids
in microchannel separator 810 sufficient to provide for step (A) of the inventive
process. In the heat exchange channels at least part, and in one embodiment
all, of the heat exchange fluid vaporizes or boils. This results in added cooling
for the sorption medium and process fluids in the microchannel separator 810.
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Vaporized heat exchange fluid flows out of the microchannel separator 810
through line 875 to line 876, and from line 876 to line 818, and from line 818 to
compressor 820. In compressor 820 the vaporized heat exchange fluid is
compressed to form a heated vaporized heat exchange fluid. At the same time,
heated vaporized heat exchange fluid flows from compressor 820 through lines
822 and 824A to microchannel separator 810A. The heated vaporized heat
exchange fluid flows through heat exchange channels in microchannel separator
810A which are in thermal contact with the sorption medium and process fluids in
microchannel separator 810A. The flow of the heated vaporized heat exchange
fluid in the heat exchange channels provides heating for the sorption medium
and fluids in microchannel separator 810A to provide for step (B) of the inventive
process. While in the heat exchange channels, the heated vaporized heat
exchange fluid condenses at least partially, and in one embodiment it fully
condenses. The condensation of the heated vaporized heat exchange fluid in
the heat exchange channels provides additional heating for the sorption medium
and process fluids being treated in the microchannel separator 810A. The heat
exchange fluid flows out of the heat exchange channels and out of the
microchannel separator 810A as indicated by line 825A. The heat exchange fluid
flows through line 825A to line 858 and from line 858 to holding drum 860. Part
of the compressed heat exchange fluid flowing out of compressor 820 may flow
through bypass line 826 to cooler 850, and from cooler 850 through lines 852
and 858 to holding drum 860. The bypass lines 826 and 852 and the cooler 850
may be used to control the amount of vaporized heat exchange fluid flowing
through the microchannel separator 810A, during step (B) of the inventive
process. The heat exchange fluid in holding drum 860 may be at the bubble
point of the heat exchange fluid. Vapor from the holding tank 860 may flow
through line 862 to line 838 and from line 838 to pump 840. The vapor may flow
from pump 840 through line 842 back to line 822 where it is combined with the
output from compressor 820. Liquid heat exchange fluid may flow from holding
drum 860 through line 862 to line 828, and from line 828 through expansion



10

15

20

25

30

WO 2006/094190 PCT/US2006/007595

64

device 830 where the expansion-compression cycle starts for the next phase of
the process.

Upon completion of step (A) in microchannel separator 810 and step (B) in
microchannel separator 810A, the process is reversed to provide for step (B) in
microchannel separator 810 and step (A) in microchannel separator 810A. Heat
exchange fluid from line 828 flows through expansion device 830. While flowing
through the expansion device 830, the heat exchange fluid undergoes a pressure
drop resulting in a cooling of the heat exchange fluid. The heat exchange fluid
exiting the expansion device 30 may be in the form of a mixture of vapor and
liquid. The heat exchange fluid flows from expansion device 830 through line
832 to flash drum 870. In flash drum 870 liquid heat exchange fluid is separated
from vapor heat exchange fluid. The vapor heat exchange fluid flows from flash
drum 870 through line 874 to line 818 and through line 818 to compressor 820.
The liquid heat exchange fluid flows from flash drum 870 through line 872 to line
873A and from line 873A to microchannel separator 810A. In microchannel
separator 810A the heat exchange fluid flows through heat exchange channels
that are in thermal contact with the sorption medium and process fluids in
microchannel separator 810A. The heat exchange fluid provides cooling of the
sorption medium and fluids in microchannel separator 810A to provide for step
(A) of the inventive process. In the heat exchange channels at least part, and in
one embodiment all, of the heat exchange fluid vaporizes or boils. This results in
added cooling for the sorption medium and process fluids in the microchannel
separator 810A. Vaporized heat exchange fluid flows out of the microchannel
separator 810A through line 875A and from line 875A to line 876, then through
line 876, and from line 876 to line 818 and from line 818 to compressor 820. In
compressor 820 the vaporized heat exchange fluid is compressed to form a
heated vaporized heat exchange fluid. At the same time, heated vaporized heat
exchange fluid flows from compressor 820 through lines 822 and 824 to
microchannel separator 810. The heated vaporized heat exchange fluid flows
through heat exchange channels in microchannel separator 810 which are in

thermal contact with the sorption medium and process fluids in microchannel
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separator 810. The flow of the heated vaporized heat exchange fluid in the heat
exchange channels provides heating for the sorption medium and fluids in
microchannel separator 810A to provide for step (B) of the inventive process.
While in the heat exchange channels, the heated vaporized heat exchange fluid
condenses at least partially, and in one embodiment it fully condenses. The
condensation of the heated vaporized heat exchange fluid in the heat exchange
channels provides additional heating for the sorption medium and process fluids
being treated in the microchannel separator 810. The heat exchange fluid flows
out of the heat exchange channels and out of the microchannel separator 810 as
indicated by line 825. The heat exchange fluid flows through line 825 to line 858
and from line 858 to holding drum 860. Part of the compressed heat exchange
fluid flowing out of compressor 820 may flow through bypass line 826 to cooler
850, and from cooler 850 through lines 852 and 858 to holding drum 860. The
bypass lines 826 and 852 and the cooler 850 may be used to control the amount
of vaporized heat exchange fluid flowing through the microchannel separator
810, during step (B) of the inventive process. The heat exchange fluid in holding
drum 860 may be at the bubble point of the heat exchange fluid. Vapor from the
holding tank 860 may flow through line 862 to line 838 and from line 838 to pump
840. The vapor may flow from pump 840 through line 842 back to line 822 where
it is combined with the output from compressor 820. Liquid heat exchange fluid
may flow from holding drum 860 through line 862 to line 828, and from line 828
through expansion device 830 where the expansion-compression cycle starts
over again.

The heat exchange fiuid that may be used in the expansion-compression
cycles employed in the microchannel separation processes 800 and 800A
illustrated in Figs. 56 and 57 may comprise any heat exchange fluid or
refrigerant suitable for use in a vapor compression refrigeration system. These
may include nitrogen, ammonia, carbon dioxide, organic compounds containing 1
to about 5 carbon atoms per molecule such as methylenechloride, the fluoro-
chloro-methanes (e.g., dichlordiflouromethane), hydrocarbons containing 1 to
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about 5 carbon atoms per molecule (e.g., methane, ethane, ethylene, propanes,
butanes, pentanes, etc.), or a mixture of two or more thereof.

The inventive process, in one embodiment, may employ separate heat
exchangers for heating and cooling heat exchange fluid used to cool and heat
the process fluids and sorption medium in the microchannel separator during
steps (A) and (B) of the inventive process. This is illustrated in Fig. 58. Referring
to Fig. 58, microchannel separation process 900, which is in the form of a TSA
process, employs the use of microchannel separator 910 and heat exchangers
920 and 930. Either or both of the heat exchangers 920 and 930 may be
microchannel heat exchangers. The heat exchange fluid used with each heat
exchanger may be the same or it may be different. The process may be used for
any separation process. |t is described herein with respect to separating nitrogen
from a fluid mixture comprising nitrogen and methane. In operation,
microchannel separator 910 may be operated as described above. That is, a
fluid mixture containing nitrogen and methane flows into the microchannel
separator 910, as indicated by arrow 912. In the microchannel separator 910,
the fluid mixture flows into process microchannels which contain a sorption
medium. The process fluids in the process microchannels and the sorption
medium are cooled during step (A) of the inventive process. At least part of the
methane in the fluid mixture is sorbed by the sorption medium. Non-sorbed parts
of the fluid mixture flow out of the microchannel separator 910 as indicated by
arrow 914. The microchannel separator 910 is then heated during step (B).
Methane, which had sorbed on the sorption medium during step (A) is desorbed
from the sorption medium and flows out of the microchannel separator 910 as
indicated by arrow 916. The time required to complete steps (A) and (B) may be
in the range from about 0.1 to about 20 seconds, and in one embodiment from
about 2 to about 15 seconds, and in one embodiment from about 2 to about 10
seconds.

During the cooling step (A), a cooled heat exchange fluid flows from heat
exchanger 920 through line 922 to microchannel separator 910. In the

microchannel separator 910, the heat exchange fluid flows through heat
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exchange channels that are in thermal contact with the sorption medium and
process fluids in the microchannel separator. The heat exchange fluid provides
cooling for the sorption medium and fluids in the microchannel separator. This
cooling is used to conduct step (A) of the inventive process. In the heat
exchange channels in microchannel separator 910 the heat exchange fluid may
be heated and/or partially or completely vaporized. Any vaporization provides
added cooling for the sorption medium and process fluids in the microchannel
separator 910. The heat exchange fluid flows out of the microchannel separator
910 through line 924 back to heat exchanger 920. In the heat exchanger 920,
the heat exchange fluid is cooled by heat exchange fluid flowing through heat
exchanger 920 as indicated by arrows 926 and 928. The heat exchange fluid

. flowing through lines 926 and 928 may be any of the heat exchange fluids

discussed above. In one embodiment, the heat exchange fluid flowing through
heat exchanger 920 from line 926 to line 928 may undergo an endothermic
chemical reaction in the heat exchanger 920. This may enhance the cooling of
the heat exchange fluid used to cool microchannel separator 910. Examples of
endothermic reactions that may be conducted in heat exchanger 920 include
steam reforming reactions and dehydrogenation reactions.

During the heating step (B), a heated heat exchange fluid flows from heat
exchanger 930 through line 932 to microchannel separator 910. In the
microchannel separator 910, the heat exchange fluid flows through heat
exchange channels that are in thermal contact with the sorption medium and
process fluids in the microchannel separator. The heat exchange fluid provides
heating for the sorption medium and fluids in the microchannel separator. This
heating is used to conduct step (B) of the inventive process. In the heat
exchange channels in microchannel separator 910 the heat exchange fluid may
be cooled and/or partially or completely condensed. Any condensation provides
added heating for the sorption medium and process fluids in the microchannel
separator 910. The heat exchange fluid flows out of the microchannel separator
910 through line 932 back to heat exchanger 930. In the heat exchanger 930,
the heat exchange fluid is heated by heat exchange fluid flowing through heat
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exchanger 930 as indicated by arrows 936 and 938. The heat exchange fluid
flowing through lines 936 and 938 may be any of the heat exchange fluids
discussed above. In one embodiment, the heat exchange fluid flowing through
heat exchanger 920 from line 936 to line 938 may undergo an exothermic
chemical reaction in the heat exchanger 920. This may enhance the heating of
the heat exchange fluid used to heat microchannel separator 910. Examples of
exothermic reactions that may be conducted in heat exchanger 930 include
water-gas shift reactions, methanol synthesis reactions, and ammonia synthesis
reactions.

The sorption medium used in the microchannel separator may have any
size and geometric configuration that fits within the process microchannels. The
sorption medium may be in the form of particulate solids (e.g., pellets, powder,
fibers, and the like) having a median particle diameter of about 1 to about 1000
um, and in one embodiment about 10 to about 500 pm, and in one embodiment
about 25 to about 250 pm. The sorption medium may be supported on a porous
support structure such as a foam, felt, wad or a combination thereof. The term
"foam" is used herein to refer to a structure with continuous walls defining pores
throughout the structure. The term "felt" is used herein to refer to a structure of
fibers with interstitial spaces therebetween. The term "wad" is used herein to
refer to a structure of tangled strands, like steel wool. The support structure may
have a honeycomb construction. The support structure may be the sorbent itself,
as in the case of a porous carbon foam. The support structure may also provide
mechanical strength for the process microchannel.

The support structure may comprise silica gel, foamed copper, sintered
stainless steel fiber, alumina, poly(methyl methacrylate), polysulfonate,
poly(tetrafluoroethylene), iron, nicke! sponge, nylon, polyvinylidene difluoride,
polypropylene, polyethylene, polyethylene ethylketone, polyvinyl alcohol,
polyvinyl  acetate, polyacrylate, polymethylmethacrylate, polystyrene,
polyphenylene sulfide, polysulfone, polybutylene, or a combination of two or
more thereof.
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The sorption medium may be directly washcoated on the interior walls of
the process microchannels or onto a support structure. The walls of the process
microchannels may have additional features in the form of grooves, indentations,
raised bumps, and the like, which may be continuous or discontinuous, to
increase the thickness and uniformity of the washcoated sorption medium. Th’e
sorption medium may be in the form of a single piece of porous contiguous
material, or many pieces in physical contact. In one embodiment, the sorption
medium is comprised of a contiguous material and has a contiguous porosity
such that molecules can diffuse through the sorption medium. In this
embodiment, the fluids flow through the sorption medium rather than around it.
In one embodiment, the cross-sectional area of the sorption medium occupies
about 1 to about 99%, and in one embodiment about 10 to about 95% of the
cross-sectional area of the process microchannels. The sorption medium may
have a surface area, as measured by BET, of greater than about 1 m%g, and in
one embodiment greater than about 10 m%g. In one embodiment, the sorption
medium may have a surface area that exceeds about 100 m?%g. In one
embodiment, the surface area may exceed about 1000 m?g.

The sorption medium may be in the form of a packed bed of particulate
solids. An example of such a packed bed is illustrated in Fig. 8. In Fig. 8,
sorption medium 400, which is in the form of a packed bed of particulate solids,
is contained within process microchannel 402. Fluid flows through the packed
bed of particulate solids as indicated by arrows 404 and 4086.

The sorption medium may be in the form of a flow-by structure such as a
felt with an adjacent gap, a foam with an adjacent gap, a fin structure with gaps,
a washcoat on any inserted substrate, or a gauze that is parallel to the flow
direction with a corresponding gap for flow. An example of a flow-by structure is
illustrated in Fig. 9. In Fig. 9, sorption medium 410 is contained within process
microchannel 412. An open passage way 414 permits the flow of fluid through
the process microchannel 412 in contact with the sorption medium 410 as
indicated by arrows 416 and 418.
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The sorption medium may be in the form of a flow-through structure such
as a foam, wad, pellet, powder, or gauze. An example of a flow-through structure
is illustrated in Fig. 10. In Fig. 10, flow-through sorption medium 420 is contained
within process microchannel 422 and the fluid flows through the sorption medium
410 as indicated by arrows 424 and 426.

The sorption medium may be supported on an assembly of one or more
fins positioned within the process microchannels. Examples are illustrated in
Figs. 11-13. Referring to Fig. 11, fin assembly 440 includes fins 442 which are
mounted on fin support 444 which overlies base wall 446 of process
microchannel 448. The fins 442 project from the fin support 444 into the interior
of the process microchannel 448. The fins 442 extend to and contact the interior
surface of upper wall 450 of process microchannel 448. Fin channels 452
between the fins 442 provide passage ways for fluid to flow through the process
microchannel 448 parallel to its length. Each of the fins 442 has an exterior
surface on each of its sides, this exterior surface provides a support base for the
sorption medium. With the inventive process, the fluid mixture flows through the
fin channels 452, and contacts the sorption medium supported on the exterior
surface of the fins 442. During the inventive process, methane or nitrogen is
sorbed onto the supported sorption medium, and then desorbed from the
supported sorption medium. The fin assembly 440a illustrated in Fig. 12 is
similar to the fin assembly 440 illustrated in Fig. 11 except that the fins 442a do
not extend all the way to the interior surface of the upper wall 450 of the
microchannel 448. The fin assembly 440b illustrated in Fig. 13 is similar to the
fin assembly 440 illustrated in Fig. 11 except that the fins 442b in the fin
assembly 440b have cross sectional shapes in the form of trapezoids. Each of
the fins may have a height ranging from about 0.02 mm up to the height of the
process microchannel 448, and in one embodiment from about 0.02 to about 10
mm, and in one embodiment from about 0.02 to about 5 mm, and in one
embodiment from about 0.02 to about 2 mm. The width of each fin may range
from about 0.02 to about 5 mm, and in one embodiment from about 0.02 to about

2 mm and in one embodiment about 0.02 to about 1 mm. The length of each fin
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may be of any length up to the length of the process microchannel 448, and in
one embodiment up to about 10 m, and in one embodiment about 0.5 to about 10
m, and in one embodiment about 0.5 to about 6 m, and in one embodiment
about 0.5 to about 3 m. The gap between each of the fins may be of any value
and may range from about 0.02 to about 5 mm, and in one embodiment from
about 0.02 to about 2 mm, and in one embodiment from about 0.02 to about 1
mm. The number of fins in the process microchannel 448 may range from about
1 to about 50 fins per centimeter of width of the process microchannel 448, and
in one embodiment from about 1 to about 30 fins per centimeter, and in one
embodiment from about 1 to about 10 fins per centimeter, and in one
embodiment from about 1 to about 5 fins per centimeter, and in one embodiment
from about 1 to about 3 fins per centimeter. Each of the fins may have a cross-
section in the form of a rectangle or square as illustrated in Figs. 11 or 12, or a
trapezoid as illustrated in Fig. 13. When viewed along its length, each fin may be
straight, tapered or have a serpentine configuration. The fin assembly may be
made of any material that provides sufficient strength, dimensional stability and
heat transfer characteristics to permit operation for which the process
microchannel is intended. These materials include: steel (e.g., stainless steel,
carbon steel, and the like); monel; inconel: aluminum; titanium; nickel; platinum:;
rhodium; copper; chromium; brass: alloys of any of the foregoing metals;
polymers (e.g., thermoset resins); ceramics; glass; composites comprising one or
more polymers (e.g., thermoset resins) and fiberglass; quartz; silicon; or a
combination of two or more thereof. The fin assembly may be made of an Al,O,
forming material such as an alloy comprising Fe, Cr, Al and Y, or a Cr,0; forming
material such as an alloy of Ni, Cr and Fe.

The sorption medium may comprise any sorption medium that sorbs
methane or nitrogen with a preferential affinity over the other at one temperature,
and then desorbs the methane or nitrogen at a different temperature. In one
embodiment, the sorption medium may sorb methane from a fluid mixture
containing methane and nitrogen at a temperature in the range of about 0 to
about 200°C, and then desorb the methane at a temperature in the range of
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about 20° to about 400°C. In one embodiment, the sorption medium may sorb
methane at a temperature in the range of about 20°C to about 60°C from a coal
mine gob gas containing methane, nitrogen, carbon dioxide, oxygen and water
vapor, and then desorb the methane at a temperature in the range of about 40 to
about 100°C. In one embodiment, the sorption medium has a preferential affinity
for nitrogen or other coal mine gob gas constituents and allows the methane to
pass through. The sorption medium may comprise activated carbon,
microporous carbon powder, porous carbon foam, carbon nanotubes, activated
aluminia, zeolites, copper metal complexes, metal-organic complexes, or a
combination of two or more thereof. In one embodiment, multiple sorbents such
as combinations of activated carbon, activated alumina and/or carbon nanotubes
may be used.

The sorption medium may comprise activated carbon, also referred to in
the art as carbon molecular sieves (CMS). Activated carbon is a useful
adsorbent for methane and carbon dioxide with a high selectivity against nitrogen
and other gases. Activated carbon with high surface areas in the range from
about 10 to about 4000 m?/g, and in one embodiment about 300 to about 3000
m?/g, may be used. The pore volume may range from about 0.1 to about 10
cm¥g, and in one embodiment about 1 to about 5 cm®g. Useful sources of
activated carbon include coal, peat, wood, or coconut shells. The selected
particulate size may vary and is a function of the process microchannel size and
desired system pressure drop. Suppliers of activated carbon include Amoco,
Pica, Calgon, Barnaby Sutcliffe, and Carbotech.

A useful adsorbent is AX-21, which is supplied by Calgon and is in the
form of a microporous carbon powder. This material has a surface area of about
3000 m?g and a pore volume of about 1.5 cm®g. Adsorbent results for AX-21
are provided in the following Table 1.

Table 1

Pressure  Temperature Temperature  Differential Capacity  Differential Capacity
(psig) Low (°C) High (°C) CH, (mg/gm) N, (mg/gm)

2 6 40 14 0.9
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2 6 60 17 1.1
2 40 60 3 0.2
100 6 40 21 1.9
100 6 60 31 2.2
100 40 60 10 0.3

In one embodiment, the sorption medium may comprise a mixture of
activated carbon particulates and thermally conductive particulates. An example
of such thermally conductive particulates is diamond powder, for example,
industrial diamond powder MBG-660, which is available from Diamond
Innovations (Worthington, Ohio, USA). Additional examples include copper,
gold, silver, and the like. The thermally conductive particulates may be thermally
conductive polymers such as those available under the trade description Cool
Poly®E-Series Thermally Conductive Plastics from EMI Solutions. Mixtures of
two or more of these can be used. The median particulate diameter of the
thermally conductive particulates may be in the range from about 10 to about
1000 microns, and in one embodiment from about 100 to about 500 microns.
The ratio on a volume to volume basis of the carbon particulates to thermally
conductive particulates may be in the range from about 100:1 to about 1:1, and in
one embodiment from about 10:1 to about 2:1.

The sorption medium may comprise metal ions that are complexed (e.g.,
chelated) by ligands. The metal ions may complex with methane or nitrogen.
The metal ions that may be used include Fe(ll), Co(ll), Cu(l), V(II), Mn(ll), Mn(ill),
Cr(11), Ag(l), Rh(1), Rh(l1), Rh(lll), U(IV), V(IV), Ru(ll), Ru(1V), Ti(lll), Cr(IV), Bi(ll),
Ni(ll), W(V), W(IV), Mo(ll), Mo(lll), Mo(IV), Mo(V), Mo(VI), or a combination of
two or more thereof. The Roman numerals in the foregoing indicate oxidation
states or valence numbers for the ions.

The ligands that may be used to complex the metal ions include dipyridyl;
2,6-[1-(2-imidazol-4-ylethylimino) ethyl pyridine]; cyclen; cyclam; a Schiff base
ligand; acetyl acetonate or an oligomer or polymer thereof; a carboxylate;

bipyridyl or an oligomer or polymer thereof; a porphyrin or an oligomer or polymer
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thereof; a corin or an oligomer or polymer thereof; a polyamide; a protein; 8-
hydroxy quinoline or an oligomer or polymer thereof; ethyl cysteinate or an
oligomer or polymer thereof, an N-alkyl alkanohydroxamic acid:
dimethylglyoxime; sym-diethylethylenediamine; or a combination of two or more
thereof. The ligands may include fluoride-carbon bonds. The ligands may be
fluorinated (e.g., perfluourinated).

The sorption medium may be inorganic. Examples of inorganic sorption
mediums that may be used include Sb,0s5, AgO, PtO, CrO,, PbO, HgO, Cu,0,
MnO, Mnz0Os, Bi2Os4, NiO, NiOz, Cuz0s, SnO, SnO,; WO, WO; W,0s,
perfluorinated film, Pt/ -alumina, Fe/-alumina, Cu/ -alumina, Zn/ -alumina, Co/ -
alumina, zeolite, or a combination of two or more thereof. Included in this group
are metal cyanide oligomers and polymers. These include the oligomers and
polymers represented by the formulae [Cu(I)(CN)],, [Fe(I1)(CN)yJn, or
[Co(II)(CN),In, wherein x is 3; y is 5; and n is a number that is at least 2, and in
one embodiment is in the range of about 2 to about 16,500, and in one
embodiment about 1000 to about 10,000.

In one embodiment, the process microchannels may be characterized by
having a bulk flow path. The term "bulk flow path" refers to an open path
(contiguous bulk flow region) within the process microchannels. A contiguous
bulk flow region allows rapid fluid flow through the microchannels without large
pressure drops. In one embodiment, the flow of fluid in the bulk flow region is
laminar. Bulk flow regions within each process microchannel may have a cross-
sectional area of about 0.05 to about 10,000 mm?, and in one embodiment about
0.05 to about 5000 mm?, and in one embodiment about 0.1 to about 2500 mm?.
The bulk flow regions may comprise from about 5% to about 95%, and in one
embodiment about 30% to about 80% of the cross-section of the process
microchannels.

The product produced by the inventive process may have a methane
concentration of up to about 100% by volume, and in one embodiment about 1 to
about 98% by volume, and in one embodiment about 10 to about 90% by
volume.
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In one embodiment, the inventive process can be used in the upgrading of
a sub-quality methane gas such as coal mine methane gas. The sub-quality
methane gas may comprise methane, water, nitrogen, oxygen, and carbon
dioxide. The process is illustrated in Fig. 15. The sub-quality methane gas is
compressed in a compressor to a gauge pressure in the range from about 1 to
about 50 atmospheres, and in one embodiment about 10 to about 40
atmospheres. The temperature of the sub-quality methane gas may be in the
range from about 0°C to about 200°C, and in one embodiment about 25°C to
about 100°C. The sub-quality methane gas is advanced to a water removal unit
wherein water is separated out using conventional techniques, for example,
dehydration or filtration using molecular sieves. Examples of the molecular
sieves that can be used include: zeolite 5A, 13 X, and the like. The resulting
dehydrated sub-quality methane gas is then advanced from the water removal
unit to a microchannel TSA nitrogen rejection unit. The microchannel TSA
nitrogen rejection unit is a microchannel sorption/desorption unit which can have
any of the designs discussed above and be operated using any of the
procedures discussed above. In one embodiment, the microchannel TSA
nitrogen rejection unit employs microporous carbon powder as the adsorbent, is
operated at a pressure in the range from about zero to about 20 atmospheres
gauge pressure, and in one embodiment about 6 to about 8 atmospheres gauge
pressure, and in one embodiment about 6.8 atmospheres gauge pfessure (100
psig), an average sorbent temperature of about 40°C during the adsorption step
(A) and an average sorbent temperature of about 60°C during the desorption
step (B). The adsorbent preferentially adsorbs methane, oxygen and carbon
dioxide, and during the adsorption step (A), methane, oxygen and carbon dioxide
are adsorbed. The nitrogen may be weakly adsorbed with a capacity at least
about 2 times below the methane capacity, and in one embodiment at least about
10 times below the methane capacity. The non or weakly adsorbed nitrogen is
removed. The removal of the nonadsorbed or weakly-adsorbed nitrogen may be
referred to as a nitrogen rejection step. The average sorbent temperature in the

process microchannel is then increased to 60°C desorb the methane, oxygen
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and carbon dioxide. The cycle time for completing steps (A) and (B) may be in
the range from about 0.1 to about 10 seconds. Alternatively, the microchannel
TSA nitrogen rejection unit may be used to reject both nitrogen and water vapor,
and thus the initial water vapor removal step would not be required. The
desorbed mixture of methane, oxygen and carbon dioxide is advanced to an
oxygen removal unit, for example, a catalytic deoxygenation unit, wherein the
oxygen is removed. Examples of deoxygenation catalysts that can be used
include platinum, palladium, noble metals, and oxides of these metals. In one
embodiment, the deoxygenation unit generates heat and this heat may be
recovered and used to drive the microchannel TSA nitrogen rejection unit and/or
other equipment (e.g., compressors) used in the sub-quality methane gas
upgrading process. The remaining mixture of methane and carbon dioxide is
advanced to a carbon dioxide removal unit, for example, membrane adsorption
unit, wherein carbon dioxide is removed. Examples of the membranes that can
be used in the membrane adsorption unit include microporous and polymeric
membranes. The final product is an upgraded methane gas. The upgraded
methane gas may have a methane concentration in the range from about 90 to
about 99.9% by volume, and in one embodiment about 95 to about 99% by
volume. The upgraded methane gas may be suitable for use as commercial
natural gas. In one embodiment, higher molecular weight hydrocarbons (e.g.,
ethane, propane, etc.) may be added to the upgraded methane gas to further
upgrade marginal quality methane gaseous mixtures. The upgraded methane
gas may be advanced through a compressor to a commercial natural gas
pipeline or other suitable natural gas storage facility.

An example of a microchannel TSA apparatus that can be used in the
nitrogen rejection step for upgrading sub-quality methane gas is illustrated in Fig.
16. The microchannel TSA apparatus 500 is a modular system that contains a
plurality of microchannel TSA units 510. Each microchannel TSA unit 510
includes a process microchannel 520 and heat exchange channels 530 and 540.
These process microchannels and heat exchange channels can be the same as

discussed above. The process microchannel 520 is positioned between the heat
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exchange channels 530 and 540. The process microchannel 520 contains an
adsorbent for preferentially adsorbing methane, and, optionally, oxygen and
carbon dioxide, but not nitrogen. One of the heat exchange channels 530 or 540
is used for heating, and the other is used for cooling. During the adsorption
phase of the process, i.e. step (A), the average sorbent temperature within the
process microchannel 520 may be in the range from about 30°C to about 50°C,
and in one embodiment about 40°C. During the desorption phase of the
process, i.e. step (B), the average sorbent temperature within the process
microchannel 520 may be in the range of about 40°C to about 80°C, and in one
embodiment about 60°C. The cycle time for completing steps (A) and (B) may
be from about 0.1 to about 10 seconds.

The process microchannels 520, and heat exchange channels 530 and
540 may have rectangular cross sections and be aligned in side-by-side vertically
oriented interleaved planes or horizontally oriented interleaved stacked planes.
These planes can be tilted at an inclined angle from the horizontal. These
configurations may be referred to as parallel plate configurations. An array of
these rectangular channels can be easily arranged in a modularized compact unit
for scale-up.

In one embodiment, less than all of the methane is adsorbed during the
adsorption step (A) of the nitrogen rejection process. For example, from about 1
to about 50 percent by volume, and in one embodiment about 1 to about 20
percent by volume of the methane entering the microchannel TSA nitrogen
rejection unit may be not be adsorbed during step (A). This results in methane
being mixed with the nitrogen that is rejected during step (A). The non-adsorbed
gas removed from the microchannel TSA nitrogen rejection unit during step (A)
that contains methane can be referred to as a tail gas. The tail gases can be
used as an energy source. This is illustrated in Fig. 17. Fig. 17 is a flow sheet
illustrating a process for operating the microchannel TSA nitrogen rejection unit.
During step (A) of the process, a first heat exchange fluid is circulated through
the heat exchange channels 530 for the purpose of providing an average sorbent
temperature in the process microchannels in the range from about 30°C to about
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50°C, and in one embodiment about 40°C. The tail gas that is expelled during
step (A) is advanced to a combuster/heat exchanger where it is combusted and
used to heat a second the heat exchange fluid which is advanced through the
heat exchange channels 540 during step (B) of the microchannel TSA process.
In one embodiment the tail gas or a portion of the tail gas is combusted within a
microchannel. The microchannel combustor may allow more efficient energy
recovery and lower NOx production resulting from the shorter time at combustion
temperature. During step (B) the average sorbent temperature within the
process microchannel may be in the range from about 50°C to about 70°C, and
in one embodiment about 60°C. The use of the tail gas to heat the heat
exchange fluid during step (B) provides the microchannel TSA nitrogen rejection
unit with an advantage of reduced energy consumption and thereby reduced
operating cost.

In the embodiment illustrated in Fig. 17, a two-fluid heat exchange system
is used. The two fluid heat exchange system provides more flexibility in terms of
choosing heat exchange fluids and requires less compressor power compared to
a single fluid heat exchange system. Each heat exchange fluid circulates in a |
separate heat exchange fluid loop and is heated by a separate heat exchanger.
The heat exchange fluids can be in the form of gases or liquids or they can be in
the form of two-phase mixtures. One of the heat exchange fluid loops supplies a
heat exchange fluid to the heat exchange channels during adsorption, i.e., step
(A), and the other heat exchange fluid loop supplies a heat exchange fluid to the
heat exchange channels during desorption, i.e., step (B). The pressure within
the heat exchange fluid loops may be reduced through valves and recovered
through a compressor. The compressor power may be supplied at least in part
as a result of combustion of tail gas. For example, in Fig. 17, tail gas is shown as
providing an energy source for heating the heat exchange fluid used for
desorption.

In one embodiment, energy from the combustion of the tail gas produced
during the operation of the microchannel TSA nitrogen rejection unit may be used
to operate compressors and/or other equipment used in the upgrading of sub-
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quality methane gas. The compressor may be used to operate cooling
(refrigeration) and/or heating (heat pump) systems to add and/or remove heat
from the microchannel TSA nitrogen rejection unit.

The methane upgrading process may require compression to final product
pressures in the range from about 1 to about 50 atmospheres absolute pressure,
and in one embodiment about 5 to about 40 atmospheres absolute pressure.
The compressors used to effect this compression generate heat and typically
such heat is rejected to the atmosphere. However, in one embodiment of the
invention the heat generated during compression may be used to provide a heat
source for the microchannel TSA nitrogen rejection unit. For example, a
methane stream containing about 76% by volume methane, about 3% by volume
oxygen, about 15% by volume nitrogen, about 3% by volume carbon dioxide, and
about 2% by volume water vapor may require a three-stage compressor to
increase the pressure from about 2 to about 600 psig (0.14 to 40.8 atmospheres
gauge pressure or 1.14 to 41.8 atmospheres absolute pressure). In the first
stage the outlet pressure may be about 52.5 psia (3.6 atmospheres absolute
pressure), the outlet temperature may be about 149°C and a 123 horsepower
(hp) compressor is required. An interstage cooler recovers about 73 kW to
reduce the process temperature to about 49°C. In a second stage compressor,
the outlet pressure may be about 177 psia (12 atmospheres absolute pressure),
the outlet temperature may be about 185°C, and a 135 hp compressor is
required. The second interstage cooler requires about 111 kW to reduce the
temperature to about 49°C. The final stage may increase the pressure to about
620 psia (42.4 atmospheres absolute pressure), the outlet temperature may be
about 188°C, and a 135 hp compressor is required. The final aftercooler
requires about 113 kW to reduce the stream temperature to about 49°C. The
sum of the energy available (297 kW) may be converted to energy to drive the
microchannel TSA nitrogen rejection unit. In one embodiment, heat from the
compressor may be used as an energy source to provide at least part of the heat
for heating the process microchannels during the microchannel TSA nitrogen
rejection process. In one embodiment, the recovered energy from the



10

15

20

25

30

WO 2006/094190 PCT/US2006/007595

80

compressors may comprise from about 2% to about 100%, and in one
embodiment from about 5 to about 25% of the total energy required to heat the
process microchannels during the microchannel TSA nitrogen rejection process.

Example 1

A test system is designed to measure adsorption capacity as a function of
temperature, pressure, and composition for different solid granulated forms of
adsorbents. The system includes an adsorbent bed with heat exchanger to
maintain isothermal operation during experiments (as shown in Fig. 25).

The adsorbent bed consists of an inner tube with 1/2" outside diameter
(OD) housed within an outer tube of 3/4" OD. The length of the adsorbent bed is
6", for a typical loading of 5 to 7 grams of adsorbent (based on 0.35 to 0.5g/mL
density). 5.4 grams of adsorbent are loaded. A 50/50 mix of glycol and water
heat exchange fluid flows through the annulus at 4 gallons/min. The heat
exchange fluid temperature can be varied from 0°C to 45°C.

The system (as shown in Fig. 26) also includes a feed line and a purge
gas line that can each be electronically turned off and on. The feed line can add
a custom mix of methane and nitrogen. The purge line is used to “clean” or
desorb the solutes between experiments.

The feed gases are metered separately through Brooks mass flow
controllers, mixed, and can either be fed directly to the sample analysis line or
fed through a small preheater and into the adsorption bed. At the start of each
test while argon is fed to the adsorption bed, the feed gases are routed via 3-way
valves to the analyzer system. After leaving the adsorption bed, gases can then
be sent to either the bypass vent line or to the sample analysis line which
includes an Omega mass flow meter, a Raytech Nitrogen analyzer and a
California Analytical Instruments CH4/CO/CO, analyzer. As shown in Fig. 19, the
flow exiting the flowmeter in the sample analysis line is split to feed the nitrogen
and CH4/CO,/CO analyzers in parallel.

The procedure for running each experiment is

1) Grind adsorbent particles with mortar and pestle or small ball mill.
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Sieve the particles to recover the 212- to 425-micron particle size
fraction (40-70 mesh).

Load the test apparatus with a known weight of undesiccated
adsorbent (5-7 gms) from the above particle size fraction.

Calibrate flow controllers and analyzers against known standards.
Purge the bed with argon at expected total feed flow rate until no other
gases are seen by the analyzers.

Set system pressure with the BPR (either O psig or 100 psig).

Set system temperatures by adjusting the temperature of the chiller
and the pre-heater.

Set feed flow rates and bypass the adsorbent bed, sending them to the
analyzer to check composition.

Send feed flows to vent and purge (argon) flow to the adsorbent bed
and sample analysis line until no more methane or nitrogen is detected
in outlet stream.

10)Simultaneously start the feed to the adsorbent bed and stop the purge

gas (argon) flow at time t0 by opening the valve solenoid-1 and closing
solenoid-2.

11) Record the measured outlet flow rates and compositions as a function

of time via LabView program.

12)After steady-state is established, stop test by closing solenoid-1 and

opening solenoid-2 (flow purge gas over the bed to remove the sorbed
solutes).

Once the testing is complete, the data can be collected at any given time

interval, generally 1-second increments are used. The data collection system

records the time when the solenoids are switched giving an exact start time to

the test. The system dead time (about 1 second at 2 psig and 7.3 seconds at

100psig) and the response delay of the analyzers are taken into account when

calculating breakthrough time and capacity.
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Adsorbent capacity is calculated for each test condition as the cumulative
milligrams of each component fed to the system less the cumulative milligrams of
each component exiting the system per gram of adsorbent.

Z(mg iin —mgiout),

j=1
grams of adsorbent

capacity =

where mg i in or out is the mass of component i entering or exiting the bed at
time increment j (with a total of n time increments). The dead time, or the time
required for the process flows to first reach the adsorbent bed is not included in
the calculation. The mass of each component i (CH, and N,) entering and leaving
the adsorbent bed is calculated at each time interval j and summed over all time
periods from the end of the dead time to the time when each component ceases

adsorbing according to the following equations:

J

60 sec ) | 0.0224 SLPM i

mgiin, =SLPM iin, ( 1 min j( 1mmol i/ min J[MW, n;gi
: mmol i

J - time interval ;

mg i out, = SLPM out [6157;22)(01(?;};:[5{1;?]:;) Y, {%J -time interval |

where SLPM is the flow rate (total or component i) converted to standard liters
per minute (standard conditions being 0 °C and 1 atm), MWV, is the molar mass of
component i, y;; is the mole fraction of component i at time j, and time interval; is
the time increment at time j in seconds. The stream composition (vi;) exiting the
bed at time j is assumed to be the mole fraction measured in the sample analysis
line analyzers after a delay period had elapsed. This delay period (about 0.5 to 1
second longer for CHy than for Ny) is the average time needed for the gas to flow
from the bed exit to the analyzer, given the average outlet flow rate during that
time. Because of the large proportion of process gases which are adsorbed,
variations in the outlet flow rate are very significant and the calculated delay

period is substantial (typically 7-13 seconds).
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Activated carbon (MGN-101) from Pica, Inc. is evaluated. The carbon
sample demonstrates preferential capacity for methane over nitrogen, as well as
thermal swing differential capacity of 15 mg/gm methane and less than 2 mg/gm
nitrogen between 6°C and 40°C at both 2 psig and 100 psig. for a 90% methane
and 10% nitrogen mixture. A similar methane swing capacity at 2 psig is
measured, while the nitrogen swing capacity drops below 1 mg/gm. The mixture
composition is relevant because gob gas contains nearly 85% methane and must
be purified to 97% methane for pipeline quality.

The results of adsorption capacity testing for the Pica carbon adsorbent
are shown in Tables 2 and 3 and in Figs. 27 through 32. The capacity data
(Tables 2 and 3) show the increase in capacity with increasing mole fraction of a
given component. The data show the expected trends of increasing capacity with
decreasing temperature and increasing pressure. A few data points (especially
nitrogen) do not show the expected decrease in capacity as temperature is
increased. This is attributed to errors in the nitrogen analyzer measurements,
and possibly errors in the outlet flow meter readings (as it was calibrated using
the inlet composition, while the actual composition varied throughout the testing).

Table 2. PICA Carbon MGN-101, capacity as a function of temperature and
mixture composition near 1 atm

CH4 ‘ CH4 N2
Temp | Pressure flow N2 Flow Capacity Capacity
(C) (psig (scem) (sccm) (mg/g) (mglg)
6 2 100 900 .| 58 - 208
.6 .2 500 500 212 9.2
6 2 900 100 32,2 1.3
23 2 100 900 4.1 19.1
23 2 500 500 14.2 10.2
- 23 2 900 100 21.6 2.6
40 2 100 900 2.7 11.5
40 2 500 500 10.0 5.6
40 2 900 100 16.4° 1.8

Table 3. PICA Carbon MGN-101 capacity as a function of temperature and
mixture composition near 100 psig
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CH4 CH4 N2
Temp | Pressure | flow N2 Flow Capacity Capacity

(€) (psig) | (sccm) (sccm) (mglg) (mgl/g)
6 100 100 900 16.4 64.8
6 100 500 500 70.1 21.1
6 100 900 100 94,2 5.3
23 100 100 900 12.7 37.8
23 100 500 500 55.4 26.8
23 100 900 100 . | 944 18.6
40 100 100 900 9.6 53.6
40 100 500 500 41.9 23.8
40 100 900 100 795 2.9

Example 2

The test system described in Example 1 is used to identify a suitable
adsorbent for use in an NRU. In order to calculate the capacity of each
adsorbent for methane and nitrogen, three types of responses may be measured
in real time and recorded every 0.5 seconds: the mass flow meter reading for
total outlet flow, the mole fraction methane in the outlet, and the mole fraction
nitrogen in the outlet (see Fig. 33). The time at which the feed to the adsorbent
bed is switched by solenoid valve from argon to the feed mixture is also recorded
to the nearest 0.5 seconds. The adsorbent capacity is calculated for each
component i (CHy4 or Ny) as in Equation 1:

ni, adsorbed * Mle

capacity = 1
pacty grams adsorbent M

where n; adgsorbed iS the moles of component i adsorbed and MW, is the
corresponding molecular weight. The moles adsorbed of each component i is
calculated by mass balance: moles adsorbed equals the cumulative number of
moles entering the adsorbent bed (ni,in) less the moles exiting the adsorbent bed
(ni, out) less the moles held up in the void space of the adsorbent bed (n; peg) as
shown in Equation 2. The cumulative moles in and the cumulative moles out do
not include the gas flowing during the initial dead time (during which time argon is
being purged from the inlet line and replaced with the feed mixture).
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n[, adsorbed = ni, in _ni, out '—ni,bad (2)

Given the void volume of the adsorbent bed (Vpeq voig), the mole fraction of
component in the inlet stream (y;), and the bed temperature (Tpeq) and pressure
(Poed), the moles held up in the adsorbent bed may be calculated from the ideal
gas law (Equation 3).

1)bed ’ y i’ Vbed void
ni bed = (3)
’ R T,
bed

gas, universal

The cumulative moles entering the adsorbent bed is found as shown in Equation
4 below

- =ZSLPM fin, 1 min . lmolz/mzn‘ -Atj
4 60 sec ) \ 22.4 SLPM i

where “SLPM i in" is the flow rate of component i (CH4 or Ny) in standard liters

“)

per minute (standard conditions being 0 °C and 1 atm) at the bed entrance at
time j, and At; is the time increment at time j in seconds. The cumulative moles
leaving the adsorbent bed may be found as shown in Equation 5 below:

u 1 min 1 mol | min
. =Y SLPM out, - . -y, At 5
o = 2, SLEM out, (60 secj (22.4SLPMJ R

where “SLPM out” is the total flow rate out of the bed in standard liters per
minute (standard conditions being 0 °C and 1 atm) at the bed exit at time J, i is
the mole fraction of component i at the bed exit at time j, and Af; is the time
increment at time j in seconds. Since mole fractions are not measured at the bed
exit, but further downstream at the analyzer after addition of additional Ar, the
composition at the bed exit is assumed to be offset in time from the composition
at the analyzer by the time required for the gas to travel between the two. The

reading of the mass flow meter for the total outlet flow is offset from the actual
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total outlet flow by a factor which shows a linear dependence on gas composition

as shown below in Equation 6.

F

total, reading

=F, K, +Fy, 'KN2+FCH4'KCH4 ©)

In Equation 6, F; represents the true flow rate in SLPM at the mass flow meter for
each component i and the K; values are correction factors determined from
calibration with known mixtures of Ar, CH4, and Ny (Kar = 0.964, Kcna = 1.889,
and Knz = 1.431). If (Fiotal, actual — Fn2 — Fcra) is substituted for Fa, in Equation 6
and the equation re-arranged, the expression below (Equation 7) is obtained for

actual total outlet flow rate.

1
F;otal, actual = K : [Eatal, reading + FN2 ' (KAr - KNZ ) + FCH4 ! (KAr - KCH4 )] (7)
Ar

Using the above equation, the actual total flow rate is iteratively calculated
from the mass flow meter reading and the known composition of the gas at any
given time. lteration is necessary since only the mole fraction and not the flow
rate of each component is known. The mass flow meter reading gives a first
guess for the iteration, which converges to give an actual flow rate after 2
iterations. The argon flow rate exiting the bed is calculated as the total argon
flow rate (Fiotal, actua — Fn2 — Fcua) corresponding to the iterative solution to
Equation 7 less the 1 SLPM downstream of bed purge argon flow.

The composition of the gas is measured at the gas analyzers, so the
composition at the mass flow meter is assumed to be offset in time from the
composition at the analyzer by the time required for the gas to travel between the
two. In addition, a 1.2 second intrinsic methane analyzer delay is assumed as
this given match between the outlet flow readings and the methane analyzer
readings under a wide variety of conditions. It is assumed that once the outlet
composition reaches an asymptotic value (at long run times beyond the point of
breakthrough) that the outlet molar flow rates are equivalent to the inlet molar
flow rates. The reading from the continuous nitrogen analyzer show a sharp
increase at the time which nitrogen begins to be present in the outlet stream
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being analyzed. This sharp increase, or spike, is used to identify the beginning
of the nitrogen peak (or N, peak start time, see Fig. 33). Since the analyzer
shows a complex dependency on time-on-stream as well as on methane and
argon concentration, Equation 8 is used to simulate the nitrogen evolution step-
function curve at the analyzer.

max SLPM ,,,

7,

SLPM ,, =

where “max SLPMyy” is the asymptotic N, flow rate (based on inlet flows), t is the
time in seconds, and 11 and T are fitting parameters which are adjusted to match
the Ny peak start time indicated by the N, analyzer and the calculated actual
outlet total flow and argon flow as a function of time. The physical sense of T
and 12 may be understood as follows: 11 is the average of the peak start time
(detected by N, analyzer) and the peak duration time (in seconds), and 1, is the
peak duration time in seconds divided by 8.8. Since the adsorbent bed is flushed
with Ar before starting the flow of CH, and N at the inlet, Ar gas is flushed out
the exit of the bed during the time in which CH,; and N, were adsorbed. The N
peak duration time is estimated via the response seen in the measured outlet
flow (which is composition sensitive), adjusting the estimate until the calculated
Ar outlet flow curve and calculated actual total outlet flow curves were smooth
and continuous during the transition in composition of the outlet flow (see Fig.
34). In a few cases, where the N, peak is obscured by the CH,4 peak, the N
peak duration time for the 90/10 CH4/N, inlet mixture is assumed to be the same
as for the 50/50 inlet mixture at the same conditions of temperature and pressure
(see Fig. 35). Although this method of nitrogen evolution estimation introduces
some additional error into the nitrogen capacity measurement, the effect seems
to be minor (less than 10%) in most cases.
Example 3

In the design of a methane upgrading system, the following assumptions may

be made:
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* The methane upgrading system is sized for 3 million standard cubic feet
per day (MMSCFD) of sub-quality natural gas entering from a gob gas well
or wells

» Composition of the gas from the well is: 70% CHa, 4% O,, 22% Nz, 4%
CO, and saturated with water at ambient conditions

» Composition required for the pipeline: 96% CH., <4% N, or COg, 10 ppm
Oz and dry to -40°C at 600 psi

e Inlet temperature and pressure from the well: 20°C and 1 psig

 Outlet temperature and pressure to pipeline: <200°C and 600 psig
Typical analyzer and mass flow meter reading curves are shown in Fig.

33. Figs. 34 and 35 depict outlet flow curves produced from typical tests at 100
psig with mixtures of 50/50 and 90/10 (v/v) methane/nitrogen, respectively. The
results of the adsorbent capacity screening tests are shown in Tables 4-8. Tables
4 and 5 summarize carbon adsorbent capacities for the 2 psig and 100 psig
tests, respectively. Table 6 shows Calgon carbon adsorbent capacities for the
200, 300, and 400 psig tests. Tables 7 and 8 summarize zeolite adsorbent
capacities for the 2 psig and 100 psig tests, respectively. The zeolite adsorbents
may be obtained from Alpha Aesar. These capacities can then be used to
determine differential capacities between any two temperature conditions for a
given inlet composition and pressure (the differential capacity for a given
component is simply the difference between the two measured capacities for that
component at the low and high temperature).

It may be desirable to have a high of the differential capacities for
methane and a low differential capacity for nitrogen over a given temperature
range in order to effect separation by thermal swing adsorption. In general, the
carbon adsorbents had much higher differential capacities than the zeolite
adsorbents over the range of conditions tested. The 2 psig pressure capacities
are lower than the corresponding 100 psig capacities, so the best adsorbent for a
90/10 mixture over the interval of 40-60°C is identified from the data at 100 psig.
This adsorbent (Calgon) is further tested at 200, 300, and 400 psig.
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Performance at these higher pressures shows no significant increase in
differential capacity as compared to the 100 psig performance.

The values of adsorbent capacity reported here for methane and nitrogen
on the PICA carbon are somewhat different that those reported previously. The
new data are taken after making improvements in the testing system .
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Table 4. Carbon sorbent capacities measured over a range of temperature and
feed mixture compositions at near ambient pressure.

Carbon sorbents- 2 psig Barnaby-Sutcliffe Calgon PICA
CH4 N2 CH4 N2 CH4 N2 CH4 N2
flow Flow | Capacity | Capacity | Capacity | Capacity | Capacity | Capacity
Temp (C) | (sccm) | (scem) | (mglg) | (mglg) | (mglg) | (mglg) | (mg/g) | (mglg)
6 100 * | 900 6.5 10.1 - - - -
6 | 500 | 500 | 19.7 7.7 16.4 6.4 18.2 7.6
6. 900 100 26.7 .25 23.6 1.9 24.6 2.1
23 100 | 900 3.8 57 ; ; ; .
23 500 500 12.3 4.8 11.4 4.2 13.3 63
23 900 100 18.2 1.4 16.1 13 16.9 1.6
40 100 | 900 2.3 3.2 - - - -
40 500 500 9.4 2.8 7.8 4.3 8.4 5.0
40 900 100 12.3 0.9 9.5 1.0 10.9 1.3
60 100 900 | 17 4.3 - - - -
60 500 500 5.1 2.4 4.8 2.9 4.9 2.9
60 900. | 100 8.3 0.5 7.1 0.8 5.7 0.9
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Table 5. Carbon adsorbent capacities measured at 100 psig

Carbon sorbents- 100 psig Barnaby-Sutcliffe Calgon PICA
CH4 N2 CH4 N2 CH4 N2 CH4 N2
flow Flow | Capacity | Capacity | Capacity Capacity | Capacity | Capacity
Temp (C) | (scem) | (scem) | (mg/g) | (mglg) | (mgfg) | (mglg) | (malg) | (mglo)
6 100 | 900 | 165 | 407 | - - - -
6 500 | 500 | 555 27.1 44.4 225 | 549 28.6
6 900 | 100 75.7 6.1 63,0 5.0 75.0 5.9
23 100 | 900 12.4 32.1 - - - -
23 500 500 44.2 25.6 36.0 18.7 40.0 18.9
.28 900 100 57.8 5.1 54.6 4.1 59.6 4.3
40 100 900 8.6 24.9 - - - -
40 500 500 | 36.9 22.8 31.7 17.6 28.9 13.3
40 900 | 100 | 48.1 4.4 41.6 3.5 42.9 2.6
60 100 900 7.5 22.2 B - I -
60 - 500 500 28.0 18.4 234 | 107 253 | 1.1
60 900 | 100 30.6 38 | 318 25 353 2.6
Table 6. Measured Calgon carbon sorbent capacities as a function of

temperature and mixture composition for 200, 300, and 400 psig bed pressures.

Calgon carbqn- high P | 200 psig 300 psig 400 psig
CH4 N2 CH4 N2 CH4 | N2 CH4 N2
Temp | flow Flow | Capacity | Capacity Capacity | Capacity | Capacity Capacity
(C) | (scem) | (sccm) [ (mglg) (mglg) | (mglg) | (mglg) | (mgl/g) | (mglg)
6 | 500 | 800 | s21 | 208 | 665 400 | 764 | 451
6 | 900 | 100 | 662 | 63 o14 | 85 | 1127 | 102
23 | 500 500 41.8 23.8 51.2 34.2 655 | 39.5
23 | 900 | 100 | 631 5.4 81.3 7.5 95.2 8.4
40 500 500 35.3 22,0 43.2 26.7 50.5 31.7
40 900 | 100 51.5 4.6 70.2 6.3 87.5 8.3
60 500 500 33.2 18.4 39.4 25.8 54.6 32.9
60 900 100 45.4 3.8 63.3 5.3 84.6 74
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Table 7. Zeolite adsorbent capacities measured over a range of temperature
and feed mixture compositions at near ambient pressure.

Zeolites, 2 psig Z-10-02 Z-10-06 Alpha Aesar
CH4 N2 CH4 N2 CH4 N2 CH4 N2
Temp flow Flow | Capacit | Capacit | Capacit | Capacit | Capacit | Capacit
(C) | (scem) | (sccm) | y(mglg) | y(mglg) | y(mglg) | y(mgl/g) | v (mg/g) | v (mg/g)
6 500 500 5.5 3.3 5.7 5.5 4,7 4.2
6 900 100 7.5 1.2 8.2 1.4 6.9 0.9
23 | 500 | 500 3.6 26 3.1 2.2
23 900 . | 100 6.4 0.8 4.7 0.4
40 500 500 1.8 1.4 3.2 2.0 2.4 1.8
40 900 100 2.1 1.3 4.1 1.0 2.5 0.3
60 500 500 1.5 1.6 1.0 0.9
60 | 900 | 100 255 0.6 1.2 02
Table 8. Zeolite adsorbent capacities measured at 100 psig
Zeolites, 100 psig Z-10-02 Z-10-06 Alpha Aesar
CH4 N2 CH4 N2 CH4 N2 CH4 N2
Temp | flow Flow | Capacity | Capacity | Capacity | Capacity | Capacity | Capacity
(C) | (sccm) | (scem) | (mg/g) | (mg/g) | (mglg) | (mglg) | (mg/g) | (mglg)
6 | 500 | 500 | 245 | 142, | 247 | 147 | 207 | 137
6 | 900 | .00 | 360 44" | 304 | 45 | ‘340.| 34
23 | 500 | 500 8.6 13.9 168 | 92
23 | e00 | 100 " 28.0 32 | 282 | 24
40 500 500 15.5 9.3 15.8 8.9 12.4 7.1
40 900 100 23.7 2.1 24.3 2.1 20.9 1.7
60 500 500 13.4 8.7 - -
60 900 100 22.5 2.0 - -

Methane upgrading may involve upgrading coal-bed methane to pipeline

quality. This process, as shown in Fig. 15, may comprise six steps: process

compression, dehydration, nitrogen rejection, oxygen removal, carbon dioxide

rejection and sales compression. Below is a simplified diagram showing the basic

processing steps.
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The process may be modeled in detail using ChemCAD, a process
simulation software package. The resulting process flow diagram and stream
table are shown below. The case displayed assumes that NRU can achieve 90%
recovery, the target recovery and system design point.

The methane upgrading system requires two separate gas compression
operations. To enter the process the gob gas stream must be pressurized from 1
to approximately 120 psig. Then after the final upgrading processing step (CO,
removal), the product gas must again be compressed to 600 psig to enter the
sales natural gas pipeline.

The feed compressor requires two stages and approximately 250
horsepower to compress the entire 3 MMSCFD of sub-quality gas. The estimated
cost of this unit, including inter and after coolers, vapor-liquid separators and
associated auxiliary equipment may be relatively high.

Sales compression may be less costly for two reasons. First, only one
stage is required to raise the pressure of a gas stream from 100 psig (after a 20
psi loss through the upgrading system) to 600 psig. Second, the quantity of gas
remaining after the processing steps is less than 2 MMSCFD. The large volume
reduction is due to the removal of sub-quality components, such as nitrogen and
carbon dioxide, and the loss of some methane.

Compression may reduce the concentration of water vapor to the dew
point (saturation) at the inlet to the removal stage; for example the water vapor
dew point at 600 psig is 78°C (172°F) and 0.47 mole percent.  Therefore
addition dehydration is needed to meet the pipeline specification of -40°C dew
point (0.00039 mole percent water vapor). Typically molecular sieves may be
used to remove water vapor from natural gas processes and represent a
commercial basis for this unit operation.

The TSA system may cycle between about 40 and about 60°C every two
seconds, one second per phase, and achieve a methane recovery rate of about
90 percent. The tail gas, containing the remaining 10 percent of the methane
may be used to provide the energy needed to swing the adsorber temperature.
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The operating pressure may be about 120 psig and the predicted system
pressure drop may be about 10 psig.

A significant fraction of the oxygen may be removed with the nitrogen in
the NRU. However, a separate oxygen removal unit operation may be included.
Catalytic combustion of methane and oxygen may be expected to reduce the
oxygen concentration below the specified concentration of 10 parts per million
(ppm) for pipeline natural gas.

An amine carbon dioxide (COz) removal system may be used for natural
gas and petrochemical processing. This represents a commercial basis for this
unit operation.

A mathematical model may be developed to simulate a multi-stage
nitrogen recovery unit (NRU). A series of runs are performed on the model with
the following objectives:

e To determine key parameters governing energy requirements for NRU.
¢ To design system to deliver required energy to NRU.

Fig. 36 shows the schematic of an NRU system. A theoretical NRU has
channels housing adsorbent material adjacent to heat exchange channels. The
heat exchange channels are used to swing the bed temperature between the
adsorbing and desorbing temperature state. The feed gas enters the low
temperature adsorbent section of the NRU to preferentially adsorb methane. A
nitrogen rich exhaust stream, labeled ‘tail gas’, is rejected out of the unit prior to
breakthrough of the product methane. After the adsorber unit is filled to capacity
with methane, the device is heated to desorb methane. In order to flush removed
methane out of the box, a small quantity of “flush gas” may be flowed, but this
may not be necessary. The methane released from the desorption cycle may
become the feed for the next stage or collected as product if sufficient purity is
attained.

The inputs to the computational NRU model are:
e Channel dimensions
e Adsorbent Characteristics

¢ Inlet Feed gas composition and outlet methane flow rate
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e Adsorption/desorption temperature and cycle time
e Construction material of box
By varying the following inputs, two potential NRU design concepts are

developed. The first, called ‘early entry,’ requires more energy to swing the
temperature of the adsorbent bed but is expected to be a more straight-forward
development effort. The second, which uses an engineered form of the
adsorbent material, is expected to have a longer development effort, but may
result in improved methane recovery and reduced energy consumption. The
specifics of each concept are presented in Table 9.

Table 9. NRU process performance targets and anticipated performance

Early Entry Engineered Form
Material of Construction Stainless Steel Porous Carbon Engineered
Adsorbent Form Powdered Form/Stainless Steel
Composite
Cycle Time 1 to 5 seconds 1 to 3 seconds
Energy Requirement 1.5 MW 408 kW
Methane Recovery 80% 95%

Integral pieces of the NRU are the heating and cooling systems that
permit the rapid temperature swings. A schematic of these systems is shown in
Fig. 17.

The system may be fueled by methane in the tail gas, which is combusted
with air to provide heat to desorb the bed. An efficiency of 70% is assumed for
heat transfer from combusted gas to the nitrogen rejection unit. Achieving this
energy efficiency may require the use of efficient microchannel exchangers. The
heat from the combusted gases is transferred to a circulating fluid which flows
through the NRU system to provide heat to the desorption cycle.

Other sources of heat, such as inter-stage and/or after coolers on the
compression equipment, may also be used to affect the thermal swing. If these
other sources can be tapped, then a further reduction in the amount of tail gas
methane required for the desorption cycle is possible.

The adsorber and the desorber units may be designed for a total capacity
of .3 MMSCFD of gas fed to the NRU system. Below are assumptions that may

be used for designing an adsorber and desorber unit:



10

15

20

25

30

WO 2006/094190 PCT/US2006/007595

96

Adsorbent characteristics for the selected granular carbon:
Differential capacity of CHs = 0.01 gram (gm)/gm
Differential capacity of Ny = 0.0003 gm/gm

Particle size = 315 micrometers

Heat Capacity = 1,260 Joule/kilogram/°C

Bed Density = 540 kg/cubic meter

Void fraction = 0.4

Feed gas design basis:

1. Molar composition: 70% CH4, 30% N at inlet
Adsorber temperature = 40°C

2L o

Desorber temperature = 60°C
Process pressure = 100 psig

o A~ DN

The desorbed gas is removed from the channels by pressure differential
The adsorber and the desorber may be designed to withstand a total
absolute pressure of 150 psig and differential pressure of 70 psi. The material of
construction may be Stainless Steel 304L. Fig. 37 shows a drawing of the
adsorber and desorber unit.

The drawing shown in Fig. 37 is illustrative and is not to scale. The overall
dimension of the unit may be ~40" (width) x ~40" (height) x ~20" (flow length).
The unit has parallel process and heat exchange channels. Both the process
and heat exchange channels have a microchannel gap on the order of 1000
microns. The process channel contains an adsorbent bed to adsorb methane
from the process gas. The heat exchange channels heats and cools on adjacent
sides of the adsorbent channel to adsorb and desorb methane.

The design basis feed gas may be a mixture of 70% methane and 30%
nitrogen. The adsorber operating temperature may be approximately 40°C, while
the desorber operating temperature is approximately 60°C.

The design performance of the adorber/desorber unit may be
1. Purity of the product = 96%
2. Recovery of methane = 90%

3. Cycle time = 4 seconds
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4. Number of stages required = 1
5. Energy required to swing the temperature of the unit = 1.65 megawatts (MW)

The energy requirement of the box to swing temperature may be obtained
by combustion of the tail gas (assuming 70% energy transfer efficiency).

Water may be used as coolant for heat exchange channels to provide and
remove heat from the box for desorption and adsorption, respectively. The total
flow rate of water required may be 20 kg/second. A schematic of heating and
cooling system is shown in Fig. 17.

The possible greenhouse gas (GHG) emission reduction may be
measured by installing an ultra-fast TSA NRU system using the giobal warming
potential (GWP) methodology. This technique evaluates the relative atmospheric
warming potential of a variety of greenhouse gases relative to the potential of
carbon dioxide, the most abundant GHG. The time horizon used for these
calculations is 100 years, which gives methane a GWP factor of 21.

The same basis used for the design and cost study is used to calculate
the GWP advantage for a coal-mine methane project using the NRU. The results
of these calculations are shown in Table 10 below. Assuming that 600 MMSCFD
of gas upgrading facilities are built each year in the five years from 2007,
approximately 3 billion SCFD may be on-line in 2012. The resulting greenhouse
gas abatement would be equivalent to decreasing carbon dioxide emissions by

148 million metric tons per year, or approximately 2% of the U.S. total.

Scenario " Vented Gas - Gas Utilization
Inlet gas flow rate 3 MMSCFD 3 MMSCFD
CH, Released to Environment 1.42 x 107 0
(kg/year)

CO, Released to Environment 2.24x10° 6.55x 10°
(kg/year) -

Global Warming Potential (equivalent 3.01 x 10° ‘ 6.55x10°

kg CO,/year)

Savings(equivalent kg CO,/yr and 2.95 x 10° (148,000)
metric fons/year)

Table 10. Greenhouse gas emission comparison

A dynamic numerical model may be developed to study the impact of
design variables on the time required to thermally swing the adsorbent unit. For

the selected adsorbent and channel geometry, the predicted cyclic thermal profile
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in the adsorbent bed may be shown as a function of the heating and cooling
medium flow rate. The selected system cycle time of 4 seconds requires a water
flow rate of 0.5 meters per second in adjacent microchannels. This is shown in
Figs. 38 and 39.

A capacity of about 10 milligram [mg]/gm methane and < 1 mg/gm N2
appears feasible.

Adsorbent kinetics or time for equilibration within the granular carbon also
appears feasible. The selected particle size is on average 315 microns in
diameter. The time for gas-phase diffusion from the surface to the interior active
sites is calculated to be on the order of 1 millisecond, while the gas spends more
than a second in the adsorbent channel. The resulting time difference of two or
three orders of magnitude suggests the adsorbate molecules should have
sufficient time for equilibration within the adsorbent particle.

Diffusion time is estimated as the square of the longest diffusion distance
divided by the diffusivity. The diffusivity for this mixture at temperature and
pressure is estimated to be roughly 0.23 square centimeters per second using
the Wilke equation. The longest transport distance is the particle radius, or
0.0158 centimeter. The resulting effective time for diffusion within a particle is
estimated to be 1.1 milliseconds.

In regard to manufacturability of the NRU design, the proposed design
may conform to standards for feature size formation, tolerance allowances for
subsystems and assembly, and metal joining requirements for either diffusion
bonding or metal brazing. Loading and refurbishment of the granular adsorbent
may conform to standards for granular catalyst systems.

Two NRU sub-systems are evaluated: a stand-alone case and an
integrated case that shares chilled water with the upstream dehydration sub-
system and heating with an adjacent power cogeneration plant. Significant cost,
energy, and environmental advantages may result from an integrated system.

A process flow diagram for a stand-alone NRU subsystem is presented as
Fig. 40 and is the basis for the heat and mass balance calculations. The feed
stream is compressed and dehydrated before entering the NRU subsystem. The
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NRU cycles between adsorbing and desorbing the methane (CH,). The process
design treats the NRU sub-system as a continuous-flow, steady-state device
although it cycles between adsorbing and desorbing two reactors/vessels.

Cooling fluid reduces the process temperature to 40°C during the
adsorption cycle. Unrecovered CHy, CO,, N, and O, exit as rejected tail gas
during this cycle. The valve sequence stops cooling fluid flow and feed to the
first box and starts heating fluid flow for the desorption cycle to produce NRU
product at 60°C. Table 11 lists the valve positions. The cooling and heating
fluids are assumed to be water.

Stream Valve # | Adsorber (Desorber) #1 Desorber (Adsorber) #2
Feed 1 Open Closed
Product 2 Closed Open
Tail Gas 3 Open Closed
Cooling Fluid 4 Open Closed
Heating Fluid 5 Closed Open

Table 11. Valve positions

Surge tanks provide buffer capacity to stabilize flows during the valve
cycling. NRU product proceeds to the O, and CO, removal sub-systems for
further processing and purification.

The following Table 12 contains the process flow diagram stream data
for key streams within the stand-alone NRU. Methane recovery is 90% for the
NRU. Other constituents, such as CO,, N, and O,, are separated at specific
separation factors that require experimental validation. The tail gas is used as
fuel to a conventional packaged boiler (hot water heater) for the heating fluid and
heat recovery/integration with the overall system. The specific combustor design
will establish the quantity of excess air that may be needed and the resulting
combustion exhaust temperature.
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Table 12.
Heat and Mass Balance Calculations for Selected Streams
Stream No. Al b} % 27 3 £l 4 43 105 106 107 108
Name NRU Feed NRU Feed Cooled FecAdsorbed f Desorbed IProduct  Tail Gas  Tail Gas  Cooling Fit 0 Cold Fluid: 0
«- Overall - - 0 0 0 0 0 0 0 0 0 0 0 0
Molar flow kmol 1655 1665 1985 10453 10453 10453 5097 5097 36008 36007 36007 36007
Mass flow kgh 314323 314323 314323 180744 180744 180744 13361 13361 6486843 6486662 6486662 6486662
Temp C 489 4888 0 99 60 5998 3098 3855 3002 5139 5139 Kl
Pres psia 123 17720 I L VA " 12 28 30 29 20 19
Vapor mole fraction 1 1 1 1 1 1 1 1 0 0 0 0
Enth MMBluh 93762 93762 04211 83248 82507 82507 10067 10967 97487 96934 96934 97485
Average mol wt 021 2020 2020 1729 1729 1729 %2 %620 1801 1801 1801 1801
--Vapor only- - 0 0 0 0 0 0 0 0 0 0 0 0
Actual dens Ibt3 04 04 038 0% 03 03 049 012 0 0 0 0
Actual vol MMft3/day 041 042 0M 03 032 03 015 058 0 0 0 0
Sld vap 0 C MMscfd 2.95 295 295 1.99 199 1.99 097 097 0 0 0 0
Cp Blutbmol-F 8.45 846 838 882 9 9 748 74 0 0 0 0
CplCv 13 1B 138 1R 13 13 138 ¥ 0 0 0 0
Z factor 09928 00920 09924 09891 09917 09918 0998 0.9994 0 0 0 0
Visc cP 001424 001423 001391 001207 001271 001271 001741 0.01734 0 0 0 0
Th cond Btu/hr-ft-F 0.02 002 00193 00206 00223 0023 00167 00164 0 0 0 0
Total kmolh 1955 1555 1655 10453 10453 10453 5097 5097 36008 36007 38007 36007
Flowrates in kmolh 0 0 0 0 0 0 0 0 0 0 0 0
Methane (VA | ] 99 99 9 1 11 0 0 0 0
Nitrogen kX 3 ¥ 038 03B 033 RNET N7 0 0 0 0
Garbon Dioxide 45 45 45 36 36 38 09 09 0 0 0 0
Oxygen 8 8 8 16 18 16 6.4 6.4 0 0 0 0
Water 0 0 0 0 0 0 0 0 36008 36007 38007 36007
Component mole fractions
Methane 0707 0707 0707 0947 0947 0947 0216 0216 0 0 0 0
Nitrogen 0212 0212 0212 0003 0003 0003 0641 064 0 0 0 0
Carbon Dioxide 0029 0020 0026 003 003 0034 0018 0018 0 0 0 0
Oxygen 0051 0081 008t 0015 0015 0015 0126 01% 0 0 0 0
Water 0 0 0 0 0 0 0 0 1 1 1 1
Total kgh 314323 314323 314323 1807.14 180744 180744 13364 13361 6486843 6486662 6486662 6486662
Flowrates in kg/h 0 0 0 0 0 0 0 0 0 0 0 0
Methane 176473 176473 176473 158826 158826 158826 17647 17647 0 0 0 0
Nitrogen 9446 92446 92446  9M4 940U 91522 91522 0 0 0 0
Carbon Dioxide 19804 19804 19804 15844 15844 15844 3081 3961 0 0 0 0
Oxygen 26599 25599 26599 512 512 512 20479 20479 0 0 0 0

Water 0 0 0 0 0 0 0 0 6486843 64066.62 64866.62 64866.62
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Table 12 (continued)

Heat and Mass Balance Calculations for Selected Streams

Stream No. 205 206 207 208 304 311 312 313
Name Inlet E-204 Heating Flt 0 Hot Fluid C Preheated 0 Hot ExhausExhaust

- - Overall - - 0 0 0 0 0 0 0 0
Molar flow kmol/h 3600.6 36006  3600.5 3600.5 300  350.97 35097 350.97
Mass flow kg/h 64864.82 64864.82 64863.01 64863.01 865525 9991.34 9991.3¢ 9991.34
Temp C 58.63 80.06 58.62 58.62 320.47 1020.35 538.58 37047
Pres psia 30 29 28 20 29 23 22 21
Vapor mole fraction 0 0 0 0 1 1 1 1
Enth MMBtu/h -967.45  -961.92 -967.43 -967.43  2.4946 1.3621 -4.1679 -5.9748
Average mol wt 18.01 18.01 18.01 18.01 28.85 28.47 28.47 2847
-~ Vapor only - - 0 0 0 0 0 0 0 0
Actual dens [b/it3 0 0 0 0 0.07 0.03 0.04 0.05
Actual vol MMft3/day 0 0 0 0 6.28 20.18 13.24 11
Std vap 0 C MMscfd 0 0 0 0 5.7 6.67 6.67 6.67
Cp Btu/lbmol-F 0 0 0 0 7.29 8.56 7.87 7.56
Cp/Cv 0 0 0 0 1.38 1.3 1.34 1.36
Z factor 0 0 0 0 1.0009 1.0004 1.0005 1.0006
Visc cP 0 0 0 0 0.03034 0.05028 0.03674 0.03121
Th cond Btu/hr-ft-F 0 0 0 0 0.0262 0.0503  0.0341 0.028

Total kmol/h 3600.6 3600.6 3600.5 3600.5 300 350.97 350.97 350.97
Flowrates in kmol/h 0 0 0 0 0 0 0 0
Methane 0 0 0 0 0 0 0 0
Nitrogen 0 0 0 0 237 269.67 269.67 269.67
Carbon Dioxide 0 0 0 0 0 11.9 11.9 11.9
Oxygen 0 0 0 0 63 47.4 47.4 47.4
Water 3600.6 3600.6 3600.5 3600.5 0 22 22 22
Component mole fractions

Methane 0 0 0 0 0 0 0 0
Nitrogen 0 0 0 0 0.79 0.768 0.768 0.768
Carbon Dioxide 0 0 0 0 0 0.034 0.034 0.034
Oxygen 0 0 0 0 0.21 0.135 0.135 0.135
Water 1 1 1 1 0 0.063 0.063 0.063
Total kg/h 64864.82 64864.82 64863.01 64863.01 8655.25 9991.34 9991.34 9991.34
Flowrates in kg/h 0 0 0 0 0 0 0 0
Methane 0 0 0 0 0 0 0 0
Nitrogen 0 0 0 0 6639.32 755453 7554.53 7554.53
Carbon Dioxide 0 0 0 0 0 523,72 523.72 523.72
Oxygen 0 0 0 0 201594 1516.75 1516.75 1516.75
Water 64864.82 64864.82 64863.01 64863.01 0 396.34 396.34 396.34
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An NRU integrated with the other process equipment available at a gas
upgrading project site is shown in Fig. 41. The feed stream is compressed and
dehydrated before entering the NRU subsystem. NRU product continues to the
O, and CO, removal subsystems.

In the integrated plant, the cooling fluid for the NRU adsorption cycle is
from a chiller that supplies the dehydration subsystem. The cost for incremental
capacity of chilled water is advantageous rather than buying two independent
chillers. Operating the cooling fluid at 5°C (40°F) is also favorable for TSA
performance.

Tail gas from the NRU has a heating value of approximately 230 Btu/SCF
and may be mixed with feed gas (70% CHs, heating value of 700 Btu/SCF) as
fuel to an engine-driven generator. On-site generation of electricity can be cost-
effective with low-cost fuels as a site-specific evaluation. The estimated power
requirement for a 3 MMSCFD gob gas upgrade system is estimated to be 1,200
horsepower to operate compressors, chillers, pumps, and auxiliary equipment.
The exhaust from an engine-driven generator would heat water to 80°C (176°F)
as the NRU heating fluid in exchanger E-204. This integration eliminates the
combustor and associated equipment from the stand-alone case.

Coal mines are typically in remote locations with limited available electrical
power. Many remote locations justify on-site power generation, especially with
low-cost fuel, rather than paying for power distribution and the associated
electrical operating costs. Carbon dioxide reduction credits may apply since this
represents a more energy efficient and environmentally acceptable solution than
venting the tail gas as is practiced for some NRU technologies.

Other advantages of the TSA sub-system include
e Less compressor power is required because the NRU product methane
exits at essentially the same pressure as the NRU feed.

e Methane in the tail gas is used as fuel rather than vented to atmosphere.
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e Flow is in one direction, which avoids the dynamic stability issues of
reverse flow as practiced by some competing technologies.

In one embodiment, a capacity of about 10 milligram [mg]/gm methane and <
1 mg/gm N2 may be feasible for obtaining process performance. A dynamic
numerical model may be developed to study the impact of design variables on
the time required to thermally swing the adsorbent unit. Selecting a system cycle
time of 4 seconds requires a water flow rate of 0.5 meters per second in adjacent
microchannels.

Adsorbent kinetics or time for equilibration within the granular carbon also
appears feasible. The selected particle size may be on average 315 microns in
diameter. The time for gas-phase diffusion from the surface to the interior active
sites may be calculated to be on the order of 1 millisecond, while the gas spends
more than a second in the adsorbent channel. The resulting time difference of
two or three orders of magnitude may suggest that the adsorbate molecules
should have sufficient time for equilibration within the adsorbent particie.

Example 4

A bench-scale device, as illustrated in Fig. 42 includes a central process
microchannel with heat exchange channels on both sides. Thin stainless steel
walls separate the process channel from the heat exchange channels to
minimize thermal mass and conduction path. Operating pressure in the process
channel is higher than the heat exchange channel pressure. The heat exchange
channel is divided into several smaller channels to provide ribs to support the
wall and reduce stress due to the pressure differential. T-shaped longitudinal
supports form the side walls of the process channel and determine the channel
height and length. The heat exchange channels are machined into aluminum
plates with connecting holes to individual manifolds.

The longitudinal supports, walls, and heat exchange plates are joined. The
openings in the T-shaped longitudinal supports and the angled grooves in the
heat exchange plates provide sufficient joint area. An additional C-shaped
member is joined along the length to provide additional support and reduce joint

stresses.
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Process manifolds fit over the ends of the bonded plate and C-channel
assembly. Heat exchange manifolds are attached to the heat exchange plates.
Flow through the heat exchange manifold is in a Z-configuration on both sides.
Flow on one side is independent of flow on the other side. Tubing connections
are used to the system valves.

An experimental test setup (see Fig. 43) is designed to test the
performance of the ultra-fast thermal swing adsorption single channel test device.
The primary system components are two identical microchannel devices each
having a cooling channel, a process channel and a heating channel (see Fig. 44).
A chiller delivers cold heat exchange fluid (propylene glycol/water mixture) to the
cooling channel via the cooling loop and a Julabo hot oil pump & heater delivers
hot oil to the heating channel via the heating loop. The system is operated by
alternately opening or closing a system of solenoid valves to cycle each device
between cold (adsorption) and hot (desorption) states. During the adsorption
(cold) stage for a given device, a methane and nitrogen mixture is fed to the
process channel of that device while the cooling fluid is fed to the cooling
channel. Upon switching to the desorption (hot) stage in a given device, the feed
mixture and cooling fluid are diverted to the other device and the effluent from the
other device directed to the exhaust (waste stream), while heating fluid is fed to
the first device to cause the adsorbed gas (now enriched in methane) to desorb
from the first device process channel and flow into the product stream. The
system is cycled in this way to continually produce a stream of methane-enriched
product gas and a stream of nitrogen-enriched waste exhaust gas.

Performance of the nitrogen rejection unit single channel test device may
be evaluated via analysis of the product and exhaust streams. In each of these
streams the flow rate and composition may be measured to determine the
product purity and methane recovery at a given condition. Flow rate may be
measured using a 10 liter dry test meter, while composition may be measured by
gas chromatograph. A mixing vessel may be included upstream of the gas
chromatograph to dampen out variations in composition in the product outlet
flow.
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Feed mixtures may consist of mixtures of nitrogen and methane (with
option to add small fractions of air and CO later), which are metered separately
with calibrated Brooks mass flow controllers and mixed before entering the test
device process channel.

Prior to testing the single channel NRU may be loaded with the selected
adsorbent (i.e. 80-100 mesh Calgon carbon) and tested. The adsorbent may be
reduced to the desired particle size range by crushing and grinding the as-
received activated carbon with a mortar and pestle, then hand-sieving between
US standard 80 and 100 mesh sieves and regrinding and resieving the oversized
material after each sieving step.

Example 5

A test setup for an ultra-fast TSA single channel NRU test device is
illustrated in Fig. 45. Pure methane (metered by Brooks mass flow controller) is
used as the process gas in this setup.

A modified testing configuration (see Fig. 46) and procedure are used to
estimate the purity achieved in the product of the ultra-fast TSA tests, while
eliminating the diluting effect of dead volume before and after the adsorbent bed.
The test setup in Fig. 46 differs from that shown in Fig. 45 in that all the gases
(adsorption or sweep gases which bypass the bed, product gas, and tail gas) are
eventually combined and sent to a common backpressure regulator. This allows
operation with a steady back-pressure, since the total flow through the back-
pressure regulator is constant at any given time. In order to sample the product
gas line, the product is withdrawn from a point upstream of the point of
product/tailgas mixing and a separate Ar gas flow is provided downstream of the
sampling point to allow analysis of the entire product stream, diluted with some
Ar. The test setup is designed to allow a single pulse of product to be sent to the
gas analyzer system, where the capacity and product purity can be analyzed.
The procedure for estimating product purity is as follows:

1) The bed and product lines are swept out with Ar gas until no more CH, is
detected in the product line while swinging the bed between about 40 and
about 60°C (10 second half-cycle time).
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2) Then the bed is saturated with a mixture of 70% CH4 / 30% N, with the
bed still swinging between about 40 and about 60°C (10 second half-cycle
time), sending the bed outlet stream to the tailgas line.

3) Next, the bed thermal cycling is stopped and the bed is held at abut 40°C
(cold heat exchange fluid continued to flow) while flushing the bed with
450 sccm Ar for 4, 5, or 6 seconds (depending on desired flush time),
again sending the bed outlet stream to the tailgas line.

4) Finally, while continuing to flush with 450 sccm Ar, the bed outlet stream is
sent to the pre-flushed product line and the bed temperature is rapidly
raised to 60°C (240 ml/min hot fluid continues to flow).

The product stream is analyzed. By integrating the CH,4 outlet flow over time
(CH4 analyzer), the CH, capacity is estimated. By analyzing the CH,4:N, ratio
(gas chromatograph), the methane content of the sorbed bed gases is estimated.

For both process gas configurations (Figs. 45 and 46), the heat exchange
configuration shown in Fig. 47 is used. In this configuration, heat exchange fluid
(a propylene glycol/water mixture) is first cooled by a chiller, and then either
delivered to the device (during the cooling portion of the cycle) or sent to an in-
line microchannel! electric heater where it is heated to the desired inlet hot
temperature before being sent to the device. The change in direction of the heat
exchange fluid is accomplished by opening or closing the appropriate
combination of valves. For example, in Fig. 47, when solenoid valves SOL 3-14
and SOL 3-16 are open and SOL 3-15 and SOL 3-18 are closed, the heat
exchange fluid is heated by the in-line heater and flows upwardly through the
device. Then in the cooling portion of the cycle all the valve positions are
changed, simultaneously, and the chilled fluid flows downwardly through the
device. Because the test device temperature changes quickly (on the order of
seconds), the hot and cold streams remain nearly isothermal in the tubing of the
test setup external to the device during the portion of the cycle in which they
remain stagnant.

In this embodiment, a single heat exchange fluid is used for both the hot and
cold heat exchange stream flows. In this approach, the heat exchange fluid is
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either routed through a hot loop or a cold loop, alternately, with the one stream’s
flow being stagnant whenever the other stream is flowing. This has the
advantage of a simplified process, since redundant reservoir, pump, and
metering systems are not required. This arrangement is particularly desirable
when adsorbers are not being operated in pairs, since the fluid does not have to
be directed elsewhere during part of the cycle.
Example 6
A stainless steel cylindrical single-channel test device (see Fig. 48) is used to
demonstrate the feasibility of the ultra-fast thermal swing approach. The test
device includes several key features, including the capability of including three
0.5 mm diameter thermocouples in the bed along the axis of flow, a 1.4 mm thick
(19 cm long) packed bed, a 0.15 mm thick heat transfer wall, and a single heat
exchange channel which alternates between heating and cooling fluid during
thermal cycling. The cooling fluid flow runs vertically downward during the
adsorption portion of the cycle and then the heating fluid runs in the opposite
direction (vertically upward) through the same channel during the desorption
portion of the cycle. A 150 mesh stainless steel retaining screen is used at the
annular packed bed outlet. Vespule-graphite ferrules with drilled holes and
stainless-steel swagelock fittings are used to seal the feed-through for the inner
heat excﬁange tube and to seal three 12-18 inch 0.5 mm diameter type K
thermocouples fed-through above the top of the bed. Inlet and outlet process
lines are reduced to 1.8 mm ID at the inlet and outlet to minimize dead volume.
The adsorbent is reduced to the desired particle size range by crushing
and grinding the as-received activated carbon with a mortar and pestle, then
hand-sieving between US standard 80 and 100 mesh sieves and regrinding and
re-sieving the oversized material after each sieving step. The adsorbent is then
dried at 70 °C overnight before mixing with enough industrial diamond powder to
obtain a 25% high-thermal-conductivity powder (by volume) mixture. The high-
thermal-conductivity powder used is an industrial diamond powder (MBG-660)
obtained from Diamond Innovations. Twenty-five volume percent diamond

powder is used in order to increase the effective thermal conductivity of the
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mixture to about 1-2 W/m-K (estimated). The effective thermal conductivity of the
packed bed is estimated to be the volume-fraction (v)-weighted geometric mean
of the thermal conductivities (k) of the gas, diamond powder, and adsorbent

powder, as shown in the following equation:

IC ~ ICV,,,]_W,'[,C,,( . kvhigh conductivity powder . IC Vgnx
packed bed — "adsorbent high conductivity powder gas

The adsorbent/diamond mixture is then wetted with about 0.15 ml of water
for every ml of adsorbent mixture (75% Calgon carbon, 25% diamond v/v) to
prevent segregation due to density differences between the adsorbent and
diamond powders during adsorbent bed loading. The device is then dried at 70
°C overnight before installation in the test stand.

In one set of tests, the cylindrical test device is tested over a range of
cycle times (3-15 seconds), heat exchange fluid flow rates (80-240 ml/min) and
heat exchange fluid temperatures (70-90°C hot and 30-10°C cold.) Although
most tests are performed at 100 psig process pressure, tests at 80 and 120 psig
are also included. Isothermal tests are also performed to compare the measured
CH,4 adsorption isothermal capacity with previously measured values. Even after
more than 2100 full thermal cycles spanning a 10-30 degree Kelvin temperature
range, the adsorbent particulates remain fully intact upon inspection at 10-40X
magnification.

The setup and cylindrical test device with 25% (v/v) industrial diamond is
sufficient to obtain the desired thermal swing between 40 and 60°C for a swing
time of about 5 seconds (that is, 5 seconds of heating followed by 5 seconds of
cooling) for a properly packed adsorbent bed with 240 ml/min heat exchange
fluid flow, with 90°C and 10°C hot and cold heat exchange fluid temperatures,
respectively. A plot of the thermal swing response for a typical bed thermocouple
reading to heat exchange (HEx) fluid flow rate (y-axis) and temperature
difference (x-axis) is shown in Fig. 49 for a cycle time of 10 seconds. In Fig. 49,
the contours labels show the difference between the average maximum and
minimum temperature measured at one axial location in the bed during
preliminary thermal swing adsorption tests in the cylindrical test device. The
contours in Fig. 49 are interpolated based on a quadratic fit of the data. A 20°C
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swing in the packed bed can be achieved with heat exchange fluid temperature
swings of 70-80°C and heat exchange fluid flow rates of 160-240 mi/min.

A plot of typical real-time measurements during thermal swing adsorption
is shown in Fig. 50.

The tests indicate that the adsorbent bed differential capacity is near the
expected value when corrected for lost adsorbent (see Fig. 51). Because the
bed temperatures in the device take a few seconds to reach a maximum, the
differential capacity during thermal swing is less than the full capacity based on
isothermal adsorption tests (for example, it appears that for a 5-6 second swing
time, about 60% of the isothermal capacity might be expected).

The isothermal differential capacity at 100 psig between 40 and 60°C (6
mgCHa/gram adsorbent/20°C) is only about 65% of the value measured earlier
(9.4 mg CHi/gram adsorbent). This is in agreement with the finding upon
uninstalling the device, that 30% of the initial bed weight loaded is recovered
from the tubing upstream of the bed and only 60% of the initial bed weight loaded
is recovered from the test device.

Tests performed at 80 and 120 psig give thermal swing differential
capacities of about 96% and 105% respectively, relative to those measured at
100 psig, all other settings being held constant.

Flushed dead volume half-cycle tests used to determine product purity for
a 10 second half-cycle between 40 and 60°C indicate that the 70% CH; feed is
enriched to about 91% CHy in a single cycle.

While the invention has been explained in relation to various detailed
embodiments, it is to be understood that various modifications thereof will
become apparent to those skilled in the art upon reading the specification.
Therefore, it is to be understood that the invention disclosed herein is intended to

cover such modifications as fall within the scope of the appended claims.
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Claims

1. A process for separating a first fluid from a fluid mixture comprising
the first fluid, the process comprising:

(A)  flowing the fluid mixture in a microchannel separator in
contact with a sorption medium and cooling the fluid mixture and the sorption
medium to sorb at least part of the first fluid on the sorption medium, the fluid
mixture and the sorption medium being cooled by a cooled heat exchange fluid in
at least one heat exchange channel, the at least one heat exchange channel
being in thermal contact with the sorption medium, removing non-sorbed parts of
the fluid mixture from the microchannel separator, flowing the cooled heat
exchange fluid out of the at least one heat exchange channel, heating the cooled
heat exchange fluid to form a heated heat exchange fluid; and

(B) heating the sorption medium to desorb first fluid from the
sorption medium, the sorption medium being heated using the heated heat
exchange fluid formed in step (A), the heated heat exchange fluid being in at
least one heat exchange channel, the at least one heat exchange channel being
in thermal contact with the sorption medium, removing desorbed first fluid from
the microchannel separator, flowing the heated heat exchange fluid out of the at
least one heat exchange channel, cooling the heated heat exchange fluid to form
a cooled heat exchange fluid, the cooled heat exchange fluid being used in step

(A) to cool the fluid mixture and the sorption medium.

2. The process of claim 1 wherein during cooling the heated heat
exchange fluid to form the cooled heat exchange fluid the heat exchange fluid

undergoes expansion.

3. The process of claim 1 or claim 2 wherein the heat exchange fluid
flows through at least one expansion device.
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4, The process of any one of the preceding claims wherein during
heating the cooled heat exchange fluid to form the heated heat exchange fluid

the heat exchange fluid undergoes compression.

5. The process any one of the preceding claims wherein the heat

exchange fluid is compressed in at least one compressor.

6. The process of any one of the preceding claims wherein during the
cooling of the fluid mixture and the sorption medium the heat exchange fiuid is at
least partially vaporized.

7. The process of any one of the preceding claims wherein the heat
exchange fluid is at least partially vaporized in the at least one heat exchange
channel.

8. The process of any one of the preceding claims wherein during the
heating of the sorption medium the heat exchange fluid is at least partially
condensed.

9. The process of any one of the preceding claims wherein the heat
exchange fluid is at least partially condensed in the at least one heat exchange
channel.

10.  The process of any one of the preceding claims wherein steps (A)
and (B) are conducted simultaneously in separate microchannel separators, step
(A) being conducted in a first microchannel separator while step (B) is conducted
in a second microchannel separator, and step (B) being conducted in the first
microchannel separator while step (A) is conducted in the second microchannel
separator.
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11.  The process of any one of the preceding claims wherein the first

fluid comprises methane and the fluid mixture comprises methane and nitrogen.

12. The process of any one of the preceding claims wherein the
sorption medium is at an average sorbent temperature is the range from about
20°C to about 45°C during step (A) and an average sorbent temperature in the

range from about 55°C to about 80°C during step (B).

13.  The process of any one of the preceding claims wherein the at least
one heat exchange channel in step (A) comprises at least one microchannel and
the at least one heat exchange channel in step (B) comprises at least one

microchannel.

14.  The process of any one of the preceding claims wherein the at least
one heat exchange channel used in step (A) and the at least one heat exchange

channel used in step (B) are the same.

15.  The process any one of the preceding claims wherein the at least
one heat exchange channel used in step (A) and the at least one heat exchange

channel used in step (B) are different.

16.  The process of any one of the preceding claims wherein fluid flows
in the microchannel separator in a first direction, the microchannel separator
having a first side and a second side, the at least one heat exchange channel
comprising at least one first heat exchange channel adjacent to the first side of
the microchannel separator and at least one second heat exchange channel
adjacent the second side of the microchannel separator, the microchannel
separator being cooled during step (A) by the cooled heat exchange fluid flowing
in the at least one first heat exchange channel in a second direction, the

microchannel separator being heated during step (B) by the heated heat
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exchange fluid flowing in the at least one second heat exchange channel in the

first direction, the second direction being counter current to the first direction.

17.  The process of any one of claims 1-15 wherein fluid flows in the
microchannel separator in a first direction, the microchannel separator having a
first side and a second side, the at least one heat exchange channel comprising
at least one first heat exchange channel adjacent to the first side of the
microchannel separator and at least one second heat exchange channel
adjacent to the second side of the microchannel separator, the microchannel
separator being cooled during step (A) by the cooled heat exchange fluid flowing
in the at least one first heat exchange channel in a second direction and the at
least one second heat exchange channel in the first direction, the microchannel
separator being heated during step (B) by the heated heat exchange fluid flowing
in the at least one second heat exchange channel in the first direction and the at
least one first heat exchange channel in the second direction, the first direction

being counter current to the second direction.

18.  The process of any one of claims 1-15 wherein fluid flows in the
microchannel separator in a first direction, the microchannel separator having a
first side and a second side, the at least one heat exchange channel comprising
at least one first heat exchange channel adjacent to the first side of the
microchannel separator and at least one second heat exchange channel
adjacent the second side of the microchannel separator, the microchannel
separator being cooled during step (A) by the cooled heat exchange fluid flowing
through the at least one first and at least one second heat exchange channels in
the first direction or in a second direction, the microchannel separator being
heated during step (B) by the heated heat exchange fluid flowing through the at
least one first and at least one second heat exchange channels in the first

direction, the first direction being counter current to the second direction.
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19.  The process of any one of the preceding claims wherein the heat
exchange fluid is heated during step (A) by compressing the heat exchange fluid
in a compressor.

20.  The process of any one of the preceding claims wherein the heat
exchange fluid is cooled during step (B) by flowing the heat exchange fluid
through an expansion device.

21.  The process of any one of the preceding claims wherein the
microchannel separator comprises at least one process microchannel, the at
least one process microchannel being made of a material comprising: steel;
aluminum; titanium; nickel; platinum; rhodium; copper; chromium; brass; an alloy -
of any of the foregoing metals; a polymer; ceramics; glass; a composite
comprising a polymer and fiberglass; quartz; silicon; or a combination of two or
more thereof.

22.  The process of any one of the preceding claims wherein the at least
one heat exchange channel is made of a material comprising: steel; aluminum;
titanium; nickel; platinum; rhodium; copper; chromium; brass; an alloy of any of
the foregoing metals; a polymer; ceramics; glass; a composite comprising
polymer and fiberglass; quartz; silicon; or a combination of two or more thereof.

23. The process of any one of the preceding claims wherein the
sorption medium is in the form of a flow-by sorption medium, or a flow-through

sorption medium.

24. The process of any one of the preceding claims wherein the
microchannel separator comprises at least one process microchannel, the at
least one process microchannel having an interior surface, the sorption medium

being coated on the interior surface of the at least one process microchannel.
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25. The process of any one of the preceding claims wherein the
sorption medium is in the form of particulate solids.

26. The process of any one of the preceding claims wherein the
sorption medium is in the form of particulate solids which are mixed with
thermally conductive particulate solids to increase the thermal conductivity of the

sorption medium.

27. The process of claim 26 wherein the thermally conductive
particulate solids comprise diamond powder.

28. The process of any one of the preceding claims wherein the
sorption medium is in the form of a foam, felt, wad, gauze, honeycomb, fin
assembly, flow-by structure with an adjacent gap, foam with an adjacent gap, fin
assembly with an adjacent gap, washcoat on an inserted substrate, gauze that is
parallel to the flow direction with a corresponding gap for flow, or a combination

thereof.,

29. The process of any one of the preceding claims wherein the
sorption medi‘um comprises metal-organic complex, copper metal complex,
zeolite, activated carbon, microporous carbon powder, porous carbon foam,
carbon nanotubes, or a combination of two or more thereof.

30. The process of any one of the preceding claims wherein the

sorption medium comprises activated carbon particulates and diamond powder.

31.  The process of any one of the preceding claims wherein at least
about 5% by volume of the first fluid sorbed during step (A) is desorbed during
step (B), the time to complete steps (A) and (B) being up to about 10 seconds.
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32. The process of any one of the preceding claims wherein the fluid
mixture prior to step (A) comprises methane, nitrogen, and optionally one or

more of carbon dioxide, oxygen and water vapor.

33.  The process of any one of the preceding claims wherein the fluid
mixture comprises methane, the concentration of methane in the fluid mixture

prior to step (A) being in the range from about 1% to about 98% by volume.

34. The process of any one of the preceding claims wherein the fluid
mixture comprises a methane containing composition derived from a coal mine or
landfill.

35. The process of any one of the preceding claims wherein the fluid
mixture comprises methane and nitrogen, the microchannel separator comprising
a microchannel separator core containing a plurality of process microchannels,
the process microchannels containing the sorption medium, the fluid mixture
flowing through the process microchannels at a flow rate of at least about 20
standard cubic meters per hour per cubic meter of volume of the microchannel
separator core;the recovery of methane or nitrogen from the fluid mixture being
at least about 50% by volume of the methane or nitrogen in the fluid mixture

entering the microchannel separator.

36. The process of any one of the preceding claims wherein the non-
sorbed parts of the fluid mixture removed from the microchannel separator during
step (A) comprises a tail gas, the microchannel separator being heated during

step (B) in part by combusting of the tail gas.

37. The process of any one of the preceding claims wherein during
step (A) pressure within the microchannel separator is increased to remove non-
sorbed parts of the fluid mixture from the microchannel separator.
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38. The process of any one of the preceding claims wherein during
step (B) pressure within the microchannel separator is increased to remove

desorbed methane or desorbed nitrogen from the microchannel separator.

39. The process of any one of the preceding claims wherein the flow of
fluid into and out of the microchannel separator is controlled by valves with

actuation times of less than about one second.

40. A process for separating a first fluid from a fluid mixture comprising
the first fluid, the process comprising:

(A)  flowing the fluid mixture into a microchannel separator in
contact with a sorption medium, the fluid mixture being maintained in the
microchannel separator until at least part of the first fluid is sorbed by the
sorption medium, increasing pressure within the microchannel separator to cause
non-sorbed parts of the fluid mixture to flow out of the microchannel separator;
and

(B) desorbing first fluid from the sorption medium, increasing
pressure within the microchannel separator to cause the desorbed first fluid to

flow out of the microchannel separator.

41. The process of claim 40 wherein fluid flows in the microchannel
separator in a first direction, the microchannel separator having a first side and a
second side, the at least one heat exchange channel comprising at least one first
heat exchange channel adjacent to the first side of the microchannel separator
and at least one second heat exchange channel adjacent the second side of the
microchannel separator, the microchannel separator being cooled during step (A)
by the cooled heat exchange fluid flowing in the at least one first heat exchange
channel in a second direction, the microchannel separator being heated during
step (B) by the heated heat exchange fluid flowing in the at least one second
heat exchange channel in the first direction, the second direction being counter

current to the first direction.
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42. The process of claim 40 wherein fluid flows in the microchannel
separator in a first direction, the microchannel separator having a first side and a
second side, the at least one heat exchange channel comprising at least one first
heat exchange channel adjacent to the first side of the microchannel separator
and at least one second heat exchange channel adjacent to the second side of
the microchannel separator, the microchannel separator being cooled during step
(A) by the cooled heat exchange fluid flowing in the at least one first heat
exchange channel in a second direction and the at least one second heat
exchange channel in the first direction, the microchannel separator being heated
during step (B) by the heated heat exchange fluid flowing in the at least one
second heat exchange channel in the first direction and the at least one first heat
exchange channel in the second direction, the first direction being counter

current to the second direction.

43. The process of claim 40 wherein fluid flows in the microchannel
separator in a first direction, the microchannel separator having a first side and a
second side, the at least one heat exchange channel comprising at least one first
heat exchange channel adjacent to the first side of the microchannel separator
and at least one second heat exchange channel adjacent the second side of the
microchannel separator, the microchannel separator being cooled during step (A)
by the cooled heat exchange fluid flowing through the at least one first and at
least one second heat exchange channels in the first direction or in a second
direction, the microchannel separator being heated during step (B) by the heated
heat exchange fluid flowing through the at least one first and at least one second
heat exchange channels in the first direction, the first direction being counter
current to the second direction.

44. A process for separating a first fluid from a fluid mixture comprising
the first fluid, the process comprising:
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(A) flowing the fluid mixture into a microchannel separator in
contact with a sorption medium, the sorption medium comprising a mixture of
activated carbon particulates and thermally conductive particulates, the fluid
mixture being maintained in the microchannel separator until at least part of the
first fluid is sorbed by the sorption medium, removing non-sorbed parts of the
fluid mixture from the microchannel separator; and

(B) desorbing first fluid from the sorption medium, removing

desorbed first fluid from the microchannel separator.

45. The process of claim 44 wherein the thermally conductive

particulates comprise diamond powder.

46. The process of claim 44 or claim 45 wherein pressure within the
microchannel separator is increased during step (A) to cause the non-sorbed
parts of the fluid mixture to flow out of the microchannel separator.

47.  The process of any one of claims 44 to 46 wherein pressure within
the microchannel separator is increased during step (B) to cause the desorbed

first fluid to flow out of the microchannel separator.

48. The process of any one of claims 44 to 47 wherein the first fluid
comprises methane and the fluid mixture comprises methane and nitrogen.

49.  The process of any one of claims 44 to 48 wherein fluid flows in the
microchannel separator in a first direction, the microchannel separator having a
first side and a second side, the at least one heat exchange channel comprising
at least one first heat exchange channel adjacent to the first side of the
microchannel separator and at least one second heat exchange channel
adjacent the second side of the microchannel separator, the microchannel
separator being cooled during step (A) by the cooled heat exchange fluid flowing

in the at least one first heat exchange channel in a second direction, the
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microchannel separator being heated during step (B) by the heated heat
exchange fluid flowing in the at least one second heat exchange channel in the

first direction, the second direction being counter current to the first direction.

50. The process of any one of claims 44 to 48 wherein fluid flows in the
microchannel separator in a first direction, the microchannel separator having a
first side and a second side, the at least one heat exchange channel comprising
at least one first heat exchange channel adjacent to the first side of the
microchannel separator and at least one second heat exchange channel
adjacent to the second side of the microchannel separator, the microchannel
separator being cooled during step (A) by the cooled heat exchange fluid flowing
in the at least one first heat exchange channel in a second direction and the at
least one second heat exchange channel in the first direction, the microchannel
separator being heated during step (B) by the heated heat exchange fluid flowing
in the at least one second heat exchange channel in the first direction and the at
least one first heat exchange channel in the secbnd direction, the first direction

being counter current to the second direction.

51.  The process of any one of claims 44 to 48 wherein fluid flows in the
microchannel separator in a first direction, the microchannel separator having a
first side and a second side, the at least one heat exchange channel comprising
at least one first heat exchange channel adjacent to the first side of the
microchannel separator and at least one second heat exchange channel
adjacent the second side of the microchannel separator, the microchannel
separator being cooled during step (A) by the cooled heat exchange fluid flowing
through the at least one first and at least one second heat exchange channels in
the first direction or in a second direction, the microchannel separator being
heated during step (B) by the heated heat exchange fluid flowing through the at
least one first and at least one second heat exchange channels in the first

direction, the first direction being counter current to the second direction.
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52. A process for separating nitrogen from a fluid mixture comprising
nitrogen and methane, the process comprising:

(A) flowing the fluid mixture in a microchannel separator in
contact with a sorption medium and cooling the fluid mixture and the sorption
medium to sorb at least part of the methane on the sorption medium, the sorption
medium comprising activated carbon particulates and thermally conducted
particulates, the fluid mixture and the sorption medium being cooled by a cooled
heat exchange fluid in at least one heat exchange channel, the at least one heat
exchange channel being in thermal contact with the sorption medium, at least
part of the cooled heat exchange fluid being vaporized in the at least one heat
exchange channel, removing non-sorbed parts of the fluid mixture from the
microchannel separator; and

(B) heating the sorption medium to desorb first fluid from the
sorption medium, the sorption medium being heated using a heated heat
exchange fluid, the heated heat exchange fluid being in at least one heat
exchange channel, the at least one heat exchange channel being in thermal
contact with the sorption medium, at least part of the heated heat éxchange fluid
being condensed in the at least one heat exchange channel, removing desorbed

methane from the microchannel separator.

53. A process for separating a first fluid from a fluid mixture comprising
the first fluid, the process comprising:

(A) flowing the fluid mixture in a microchannel separator in
contact with a sorption medium and cooling the fluid mixture and the sorption
medium to sorb at least part of the first fluid on the sorption medium, the fluid
mixture and the sorption medium being cooled by a cooled heat exchange fluid in
at least one heat exchange channel, the at least one heat exchange channel
being in thermal contact with the sorption medium, the cooled heat exchange
fluid being heated and/or at least partially vaporized in the at least one heat
exchange channel, removing non-sorbed parts of the fluid mixture from the

microchannel separator, flowing the cooled heat exchange fluid out of the at least
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one heat exchange channel through at least one first heat exchanger where it is
cooled and/or at least partially condensed; and

(B) heating the sorption medium to desorb first fluid from the
sorption medium, the sorption medium being heated using a heated heat
exchange fluid, the heated heat exchange fluid being in at least one heat
exchange channel, the at least one heat exchange channel being in thermal
contact with the sorption medium, the heated heat exchange fluid being cooled
and/or at least partially condensed in the at least one heat exchange channel,
removing desorbed first fluid from the microchannel separator, flowing the heated
heat exchange fluid out of the at least one heat exchange channel through at
least one second heat exchanger where it is heated and/or at least partially
vaporized.

54. A process for separating a first fluid from a fluid mixture comprising
the first fluid, the process comprising:

(A) flowing the fluid mixture in a microchannel separator in
contact with a sorption medium and cooling the fluid mixture and the sorption
medium to sorb at least part of the first fluid on the sorption medium, the fluid
mixture and the sorption medium being cooled by a cooled heat exchange fluid in
at least one heat exchange channel, the at least one heat exchange channel
being in thermal contact with the sorption medium, at least part of the cooled
heat exchange fluid being vaporized in the at least one heat exchange channel,
removing non-sorbed parts of the fluid mixture from the microchannel separator,
flowing the cooled heat exchange fluid out of the at least one heat exchange
channel, compressing the cooled heat exchange fluid in a compressor to form a
heated heat exchange fluid; and

(B) heating the sorption medium to desorb first fluid from the
sorption medium, the sorption medium being heated using the heated heat
exchange fluid from step (A), the heated heat exchange fluid being in at least one
heat exchange channel, the at least one heat exchange channel being in thermal

contact with the sorption medium, at least part of the heated heat exchange fluid
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being condensed in the at least one heat exchange channel, removing desorbed
first fluid from the microchannel separator, flowing the heated heat exchange
fluid out of the at least one heat exchange channel, flowing the heated heat
exchange fluid through an expansion device to form a cooled heat exchange
fluid, the cooled heat exchange fluid being used in step (A) to cool the fluid

mixture and the sorption medium.

55. A process for separating a first fluid from a fluid mixture comprising
the first fluid, the process comprising steps (I)(A), (1)(B), (I1)(A) and (I1)(B), steps
(IA) and (II)(B) being conducted simultaneously, and steps (1)(B) and (II)(A)
being conducted simultaneously:

step (I)(A) comprising flowing part of the fluid mixture in a first
microchannel separator in contact with a sorption medium and cooling the fiuid
mixture and the sorption medium to sorb at least part of the first fluid on the
sorption medium, the fluid mixture and the sorption medium being cooled using
the cooled heat exchange fluid formed in step (1)(B), the cooled heat exchange
fluid being in at least one heat exchange channel, the at least one heat exchange
channel being in thermal contact with the sorption medium, at least part of the
cooled heat exchange fluid being vaporized in the at least one heat exchange
channel, removing non-sorbed parts of the fluid mixture from the first
microchannel separator, flowing the cooled heat exchange fluid out of the at least
one heat exchange channel, compressing the cooled heat exchange fluid in a
compressor to form a heated heat exchange fluid;

step (I)(B) comprising heating the sorption medium in the first
microchannel separator to desorb first fluid from the sorption medium, the
sorption medium being heated using the heated heat exchange fluid formed in
step (1)(A), the heated heat exchange fluid being in at least one heat exchange
channel, the at least one heat exchange channel being in thermal contact with
the sorption medium, at least part of the heated heat exchange fluid being
condensed in the at least one heat exchange channel, removing desorbed first

fluid from the first microchannel separator, flowing the heated heat exchange
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fluid out of the at least one heat exchange channel, flowing the heated heat
exchange fluid through an expansion device to form a cooled heat exchange
fluid;

step (I1)(A) comprising flowing part of the fluid mixture in a second
microchannel separator in contact with a sorption medium and cooling the fluid
mixture and the sorption medium to sorb at least part of the first fluid on the
sorption medium, the fluid mixture and the sorption medium being cooled using
the cooled heat exchange fluid formed in step (l1)(B), the cooled heat exchange
fluid being in at least one heat exchange channel, the at least one heat exchange
channel being in thermal contact with the sorption medium, at least part of the
cooled heat exchange fluid being vaporized in the at least one heat exchange
channel, removing non-sorbed parts of the fluid mixture from the microchannel
separator, flowing the cooled heat exchange fluid out of the at least one heat
exchange channel, compressing the cooled heat exchange fluid in a compressor
to form a heated heat exchange fluid;

step (I1)(B) comprising heating the sorption medium in the second
microchannel separator to desorb first fluid from the sorption medium, the
sorption medium being heated using the heated heat exchange fluid formed in
step (I1)(A), the heated heat exchange fluid being in at least one heat exchange
channel, the at least one heat exchange channel being in thermal contact with
the sorption medium, at least part of the heated heat exchange fluid being
condensed in the at least one heat exchange channel, removing desorbed first
fluid from the second microchannel separator, flowing the heated heat exchange
fluid out of the at least one heat exchange channel, flowing the heated heat
exchange fluid through an expansion device to form a cooled heat exchange
fluid.

56. A process for separating a first fluid from a fluid mixture comprising
the first fluid, the process comprising steps (1)(A), (1)(B), (11)(A) and (l1)(B), the
process being conducted using a first microchannel separator, a second

microchannel separator, a hot heat exchange fluid source, a cold heat exchange
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fluid source, the heat exchange fluid in the hot heat exchange fluid source being
hot relative to the cold heat exchange fluid in the cold heat exchange fluid
source, and a valve assembly for controlling the flow of process fluids and heat
exchange fluids, steps (1)(A) and (I1)(B) being conducted simultaneously with the
valve assembly set in a first position, and steps (lI)(B) and (Il)(A) being
conducted simultaneously with the valve assembly set in a second position:

step (I)(A) comprising flowing part of the fluid mixture through at
least one valve in the valve assembly into the first microchannel separator in
contact with a sorption medium in the first microchannel separator, flowing cold
heat exchange fluid from the cold heat exchange fluid source through at least
one valve in the valve assembly into at least one heat exchange channel in
thermal contact with the sorption medium in the first microchannel separator,
cooling the fluid mixture and the sorption medium in the first microchannel
separator to sorb at least part of the first fluid on the sorption medium, removing
non-sorbed parts of the fluid mixture from the first microchannel separator,
flowing the non-sorbed parts of the fluid mixture through at least one valve in the
valve assembly, flowing cold heat exchange fluid from the at least one heat
exchange channel in the first microchannel separator through at least one valve
in the valve assembly to the cold heat exchange fluid source;

step (1)(B) comprising flowing hot heat exchange fluid from the hot
heat exchange fluid source through at least one valve in the valve assembly into
at least one heat exchange channel in thermal contact with the sorption medium
in the first microchannel separator and heating the sorption medium in the first
microchannel separator to desorb first fluid from the sorption medium, removing
desorbed first fluid from the first microchannel separator, flowing the desorbed
first fluid through at least one valve in the valve assembly, flowing the hot heat
exchange fluid from the at least one heat exchange channel in the first
microchannel separator through at least one valve in the valve assembly to the
hot heat exchange fluid source;

step (l1)(A) comprising flowing part of the fluid mixture through at
least one valve in the valve assembly into the second microchannel separator in
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contact with a sorption medium in the second microchannel separator, flowing
cold heat exchange fluid from the cold heat exchange fluid source through at
least one valve in the valve assembly into at least one heat exchange channel in
thermal contact with the sorption medium in the second microchannel separator,
cooling the fluid mixture and the sorption medium in the second microchannel
separator to sorb at least part of the first fluid on the sorption medium, removing
non-sorbed parts of the fluid mixture from the second microchannel separator,
flowing the non-sorbed parts of the fluid mixture through at least one valve in the
valve assembly, flowing the cold heat exchange fluid from the at least one heat
exchange channel in the second microchannel separator through at least one
valve in the valve assembly to the cold heat exchange fluid source;

step (11)(B) comprising flowing hot heat exchange fluid from the hot
heat exchange fluid source through at least one valve in the valve assembly into
at least one heat exchange channel in thermal contact with the sorption medium
in the second microchannel separator, heating the sorption medium in the
second microchannel separator to desorb first fluid from the sorption medium,
removing desorbed first fluid from the second microchannel separator, flowing
the desorbed first fluid through at least one valve in the valve assembly, flowing
the hot heat exchange fluid from the at least one heat exchange channel in the
second microchannel separator through at least one valve in the valve assembly

to the hot heat exchange fluid source.

57. A process for upgrading sub-quality methane gas, the sub-quality
methane gas comprising methane, water, nitrogen, oxygen and carbon dioxide,
the process comprising:

)] removing water from the sub-quality methane gas to form a first
intermediate product;

() removing nitrogen from the first intermediate product by the steps
of |

(A) flowing the first intermediate product into a microchannel

separator in contact with a sorption medium, the first intermediate product being
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maintained in the microchannel separator until at least part of the nitrogen is
sorbed by the sorption medium, removing the non-sorbed parts of first
intermediate product from the microchannel separator to form a second
intermediate product;
(B)  desorbing nitrogen from the sorption medium, removing the
desorbed nitrogen from the microchannel separator; and
() removing oxygen and carbon dioxide from the second intermediate

product to form upgraded methane gas.

58. A process for upgrading sub-quality methane gas, the sub-quality
methane gas comprising methane, water, nitrogen, oxygen and carbon dioxide,
the process comprising:

() removing water from the sub-quality methane gas to form a first
intermediate product;

(I)  removing nitrogen from the first intermediate product by the steps
of

(A) flowing the first intermediate product into a microchannel
separator in contact with a sorption medium, the first intermediate product being
maintained in the microchannel separator until at least part of the carbon is
sorbed by the sorption medium, removing non-sorbed parts of first intermediate
product from the microchannel separator;

(B) desorbing carbon from the sorption medium to form a
second intermediate product, removing the second intermediate product from the
microchannel separator; and

(1)  removing oxygen and carbon dioxide from the second intermediate

product to form upgraded methane gas.
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