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Abstract

The present invention provides a process for recovering gaseous hydrogen and
gaseous carbon dioxide from a mixture of hydrocarbons by utilizing a system that
includes a reformer unit, an optional water gas shift reactor, and a pressure swing
adsorption unit in conjunction with a carbon dioxide purification unit such as a cryogenic
purification unit or a catalytic oxidizer. In this process, purified CO, from the CO,
purification unit is used as a co-feed/co-purge in the pressure swing adsorption unit in

order to produce a CO; tail gas that includes a higher concentration of CO,.
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PROCESS FOR THE PRODUCTION OF CARBON DIOXIDE UTILIZING A CO-
PURGE PRESSURE SWING ADSORPTION UNIT

Field of the Invention

The present invention relates to a process for recovering gaseous hydrogen and
gaseous carbon dioxide from a mixture of hydrocarbons by utilizing a system in which a
purified carbon dioxide stream produced in a carbon dioxide purification unit is recycied
for use as a co-feed to purge the adsorbent beds of a pressure swing adsorption unit
used to treat effiuent from a reformer unit/water gas shift reactor.

Background
Interest in the recovery of carbon dioxide (hereinafter “CO2") from various COz

containing gas mixtures has increased due to a variety of factors including the merchant
CO2 market, enhanced oil recovery and greenhouse gas emissions reduction. The
currently available systems for recovering high purity CO2 use a variety of generic and
proprietary physical and chemical solvents such as conventional pressure swing
adsorption units (hereinafter “PSA units”) and COz2 recovery units downstream from the
PSA unit such as amine liquid wash units, Selexol liquid wash units or methanol liquid
wash units. Accordingly, the processes utilized for this recovery require a large
investment due to equipment costs and also high regeneration energy requirements.

Carbon dioxide containing gas mixtures are produced as waste streams during the
production of hydrogen gas from hydrocarbon streams using standard steam hydrocarbon
reforming processes (hereinafter “SHR”"). The most preferred of the SHR processes

involves the production of hydrogen gas from hydrocarbon streams using steam methane
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reforming (hereinafter “SMR”) processes since methane has a higher proportion of
hydrogen than other hydrocarbons. More specifically, with regard to general SMR
processes, a hydrocarbon feed gas (natural gas) is fed into a SMR device where the methane
In the feed gas reacts with steam at high temperatures (from about 700 °C to about 1100 °C)
in the presence of a metal-based catalyst to produce a partially reformed gas that is a mixture
of carbon monoxide and hydrogen. The hydrogen yield of this mixture is increased by
passing the resulting mixture through a water gas shift reactor which promotes the
conversion of carbon monoxide and water into more hydrogen. Accordingly, the result is a
reformed gas stream that is rich in hydrogen but also contains to a lesser degree carbon
dioxide, methane, and carbon monoxide. Such units typically operate at a temperature from
about 200 °C to about 500 °C. In some cases, the stream from the SHR will be at a higher
temperature so optionally the stream may first be cooled with a heat exchanger before being
passed through the water gas shift. In one conventional process, the reformed gas stream
(the hydrogen rich stream) produced is then passed through a H; pressure swing adsorption
unit (hereinafter “H; PSA unit”) in order to allow for the removal of from about 80% to
about 90% or more of the hydrogen present through the use of adsorbents. The removal of
the hydrogen results in a waste stream (also commonly referred to as a “PSA tail gas
stream”) that 1s purged from the H, PSA unit. This PSA tail gas stream contains methane,
carbon monoxide, carbon dioxide, water, and any unrecovered hydrogen. This differs from
the SHR units, with the difference being that the waste stream or tail gas produced in the
SHR units contains alkanes of varying size (C,H,,:2) and water. The desire has been to be
able to utilize these waste streams more efficiently as in the past they have simply been

recycled to be burned as make up fuel (added to the natural gas used in the SHR process or

SMR process).

Recently, a CO; cryogenic process unit (hereinafter “CPU”) process was proposed
to capture the CO, during steam methane reforming H, pressure swing adsorption off gas
(by Air Liquide) in WO 2006/054008. In this process, the waste gas from the CPU plant,
which normally contains significant amounts of Ha, can be recycled back to the SMR plant
for additional H, production credit. The process requires operation at high pressure and cold

temperature though. Therefore, while it may be appropriate to use the CO, CPU process in
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a very large scale CO, recovery plant (>1000 TPD), when applying the CO, CPU process in
a small size CO, recovery plant (typically 100 to 500 TPD merchant CO, plants), the energy

and maintenance costs are considered to be usually high.

In an alternative conventional process, there is a CO; recovery unit downstream of
the H, PSA. This CO; recovery unit can be a liquid wash unit such as an amine liquid wash
unit, a Selexol liquid wash unit or a methanol liquid wash unit or a cryogenic unit. In this
schematic, the H, PSA tail gas is optionally compressed upstream of the CO; recovery unit.
The tail gas after CO, recovery is then recycled to the PSA unit, recycled as the SMR feed
or used as fuel in the SMR furnace. By recycling the tail gas, H, recovery is increased.

Even with the above conventional methods, there exists a need to provide a process

that allows for a more economical recovery of highly concentrated CO, from a pressure

swing adsorption process without effecting hydrogen recovery.

Summary of the Invention

The present invention relates to a process for recovering gaseous hydrogen and
gaseous carbon dioxide from a mixture of hydrocarbons by utilizing a system that
comprises a reformer unit, an optional water gas shift reactor, and a pressure swing
adsorption unit in conjunction with a carbon dioxide purification unit (such as a
cryogenic purification unit or a catalytic oxidizer unit) in which purified carbon dioxide

from the carbon dioxide purification unit is used as a co-feed to purge the adsorbent beds

in the pressure swing adsorption unit.

Brief Description of the Figures

Figure 1 provides a schematic of the present invention which includes a SHR unit.

Figure 2 provides an alternative schematic of the present invention which includes
an ATR unit.

Figure 3 provides a schematic of two adsorption vessels from a hydrogen pressure

swing adsorption unit with each adsorption vessel having two adsorbent beds within one
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interior area, wherein within each of the adsorption vessels, the adsorbent beds are
separated by an intermediate draw area.

Figure 4 provides a schematic of two parallel adsorption vessels from a hydrogen
pressure swing adsorption unit, each of the adsorption vessels having two separated

sections separated by a pipe with each section having two adsorbent beds.

Detailed Description of the Invention

By using the purified CO, from a purification unit such as a CPU or a catalytic
oxidizer umt (hereinafter “CatOx unit”) to serve as a co-purge (co-feed) for the adsorbent
beds in a H, PSA unit after the adsorption step of the H, PSA cycle, it is possible to increase
the concentration of the CO, in the CO;, rich tail gas coming from the H, PSA unit thereby
providing a process and system which not only results in the production of a high purity
hydrogen (hereinafter “H,”) gas but also a highly concentrated CO, gas while at the same
time reducing the costs for the production of the same due to less downstream treatment

(purification) being required.

In the process of the present invention, it is possible to recover gaseous H, and
gaseous CO; from a mixture of hydrocarbons utilizing a reformer unit in conjunction with
an optional water gas shift reactor (hereinafter “WGS reactor”), a co-purge H, PSA unit and
CO; purification unit (such as a CPU or CatOx unit). This is achieved by utilizing the
purified CO, product from the CO; purification unit as a co-feed or co-purge in the H, PSA
process. The proposed processes of the present invention include a variety of embodiments
for achieving this result, some of which include: 1) the use of a SHR unit, a WGS reactor, a
co-purge H; PSA unit and a CPU or 2) the use of a oxygen fed autothermal reformer
(heremafter “ATR”) unit, a WGS reactor, a co-purge H, PSA unit and a CPU or 3) the use
of a SHR unit, a WGS reactor, a co-purge H, PSA unit and a CatOx unit or 4) the use of an
ATR unit, a WGS unit, a co-purge H, PSA unit and a CatOx unit, in order to increase the
concentration of the CO; in the tail gas stream produced from the H, PSA unit and
accordingly provide for additional use of the CO, that would normally be used for other

purposes such as makeup fuel in the reformer unit.
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The overall processes of the present invention involve recovering high purity
gaseous hydrogen and highly concentrated gaseous CO,. As used herein, the phrase
“highly concentrated gaseous CO;” refers to the tail gas stream that 1s the product of the
process of the present invention in which a CO, stream from the CO; purification unit 1s
used as a co-feed to purge the adsorbents beds of a Hy PSA unit, said highly concentrated
gaseous CO; having a CO; content that is greater than about 75 mol% carbon dioxide,

preferably from about 85 mol% carbon dioxide to about 99 mol % carbon dioxide.

The first stages of this process, as shown in Figures 1 and 2, involve the generation
of a hydrogen rich effluent stream by the treatment of one or more hydrocarbon streams
(also referred to as one or more hydrocarbon feed gases) provided via line 1 in a reformer
unit 3 (3A 1n Figure 2). As used herein, the phrase “reformer unit” is meant to encompass
those processes which are utilized to produce a synthesis gas. In the preferred embodiments
of the present invention, the reformer unit 3 will be selected from a SHR unit 3 as depicted

in Figure 1 and an oxygen fed ATR unit 3A as depicted in Figure 2.

[n the first embodiment as shown in Figure 1, the SHR unit 3 is used. The present
Invention 1s not meant to be limited by the SHR unit 3 or the process for carrying out the
reaction 1n the SHR unit 3. Accordingly, any SHR unit 3 known in the art may be used in
the process of the present invention. By way of general description, such SHR units 3
typically contain tubes 3.1 (only one shown in Figure 1) packed with a SHR catalyst
(typically a nickel catalyst) through which the steam 2 /hydrocarbon stream 1 mixture

passes. As used throughout with regard to the present invention, the phrase “steam

hydrocarbon reformer unit” or “SHR unit” refers not only to the actual reformer units, but
also to all of the additional components (not shown) that typically are considered to make
up a steam hydrocarbon reformer, including, but not limited to, one or more components
selected from heat exchangers, pre-reformer units, the reformer, tubes with one or more
types of catalyst, etc. The reaction product from the steam hydrocarbon reformer unit
(herematfter “SHR product stream™) is principally a hydrogen rich effluent that contains

Hy, carbon monoxide (hereinafter “CO”), methane (hereinafter “CHy”), water vapor and
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CO;, in proportions close to equilibrium amounts at the elevated temperature and

pressure. When the SHR unit 1s utilized, it is preferably a SMR unit.

With regard to this first embodiment, in certain situations, especially where there
is no need to have CO as a product, the scheme may optionally contain a WGS reactor S
which functions to react CO and water to form H; and CO, and obtain a WGS effluent.
In the preferred embodiment where the WGS reactor 3 1s included, the SHR product
stream is introduced via line 4 into a WGS reactor 5 (which can contain a variety of
stages or one stage; stages not shown) along with steam which is introduced via line 6 to
form additional H, and CO,. The combination of a SHR unit 3 and a WGS reactor 5 1s
well known to those skilled 1n the art.

In an alternative embodiment of the present invention as shown in Figure 2, the
reformer unit will be an oxygen fed ATR unit 3A. With regard to the ATR unit 3A,
combustion of the one or more hydrocarbon streams provided via line 1 is carried out
with steam provided via line 2 and substoichiometric amounts of oxygen provided via
line 2A by flame reactions in a burner combustion zone and, subsequently, autothermal
reforming of the partially combusted feedstock. The present invention 1s not meant to be
limited by the ATR unit 3A or the process for carrying out the reaction in the ATR unit
3A. Accordingly, any ATR unit 3A known in the art may be used in the process of the
present invention. In addition, as used herein, the phrase “autothermal reformer unit” or
“ATR umt” refers not only to the actual reformer units, but also to all of the additional
components (not shown) that typically are considered to make up an ATR unit, including,
but not limited to, one or more components selected from heat exchangers, pre-reformer

units, the reformer, beds with one or more types of catalyst, etc.

As with the SHR unit, in certain situations when there is no need to have CO as a
product, the scheme may optionally include a WGS reactor 5 which functions to react CO
and water to form additional H, and CO, by further reacting or treating the hydrogen rich
efiluent provided to the WGS reactor S via line 4 from the ATR unit 3A with steam
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supplied via line 6 in order to obtain a WGS effluent. The combination of an ATR unit

3A and a WGS reactor 5§ 1s known to those skilled 1n the art.

With regard to each of the embodiments discussed above, a H; rich effluent 1s
produced 1n the corresponding reformer unit 3, 3A that contains in addition to Hj, other
components such as CO, CO,, CH4 and water vapor. Preferably, this H, rich eftluent is
optionally further treated in the WGS reactor 5 1n order to further enrich the H; content of
the Hj rich effluent and to also increase the CO, content in the H; rich effluent by
ox1idizing a portion of the CO present in the effluent to CO, thereby obtaining a WGS
ettluent. For purposes of the present discussion, reference will be made to those
embodiments which include the WGS reactor 5. However, those skilled in the art will
recognize that the effluent to be introduced into the H, PSA unit 8 may simply be taken
from the reformer unit without passing through a WGS reactor 5. Both embodiments are

considered to be within the scope of the present invention.

With regard to each of these embodiments, once the WGS effluent is obtained,
this effluent is introduced into a co-purge H, PSA unit 8 via line 7 in order to produce
high purity H,. Prior to introduction into the co-purge H, PSA unit 8, if necessary, the
WGS eftluent will typically be cooled down to less than about 50 °C and to a pressure
that allows for the adsorption step of the H, PSA cycle to be run at a pressure from about
250 psig to about 700 psig. The cooling down step is typically accomplished via a heat
exchanger (not shown). Typically the H; rich effluent and the WGS effluent utilized are
at pressure or may be pressurized via a compressor (not shown). As used herein, the
phrase “co-purge H; PSA unit” or “co-feed H, PSA unit” refers to a conventional H, PSA
unit which allows for the introduction of an additional gas stream (co-purge or co-feed
stream) during the purge step of the H, PSA cycle. The H, PSA unit 8 utilized can be
any H, PSA unit known 1n the art that comprises two or more adsorption vessels 18 as
shown in Figures 3 to 4, each of the adsorption vessels 18 independently having
anywhere from two to six adsorbent beds 19 although more than six adsorbent beds may

be utilized. Typically, the H, PSA unit 8 will have anywhere from two to sixteen,

preferably from four to sixteen, adsorption vessels 18 that are parallel with regard to one
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another. The actual number of adsorption vessels 18 present will typically depend upon
the size of the facility where the H, PSA unit 8 1s located and the quantity of gas to be
treated. Each of the adsorption vessels 18 will typically contain multiple adsorbent beds
19 which are also parallel to one another and in certain embodiments; two or more of the
multiple adsorbent beds 19 may be adjacent to one another. A variety of configurations
with regard to the adsorption vessels 18 and the adsorbent beds 19 as shown 1n Figures 3

to 4 may be utilized 1n the present invention.

During the process of H, production, each of the adsorption vessels 18 will
individually undergo a cycle that includes an adsorption step, a co-feed step, a
depressurization step, a regeneration step, and a re-pressurization step. With regard to the
adsorption vessels 18 of the H, PSA units 8 that are 1n use at the same time, the cycles in
these various adsorption vessels 18 will run consecutively. However, while the cycles
run consecutively, they do not all run such that each of the adsorption vessels 18 1s within
the same cycle step at the same time. Instead, at least one of the adsorption vessels 18 of
the total number of adsorption vessels 18 being utilized within the co-purge H, PSA unit
8 will be in a different step of the cycle when compared to the step of at least one of the
remaining adsorption vessels 18 that is being utilized (the cycles are staggered with

regard to at least two of the adsorption vessels 18).

As noted above, the actual adsorption vessels 18 and adsorbent beds 19 can take
on a variety of different configurations as shown in Figures 3 to 4. In one such
configuration as shown in Figure 3, the co-purge H, PSA unit 8 has two or more
adsorption vessels 18 that are parallel to one another (note only two adsorption vessels

are depicted 1n Figure 3). Each adsorption vessel 18 comprises one internal space 20 into

which multiple adsorbent beds 19 are placed(in this schematic two adsorbent beds 19).

During the co-purge step of the H, PSA cycle, a purified CO, stream is fed into
the adsorption vessel 18 and consequently the adsorption beds 19 via line 11.1. As the
purified CO; stream enters the adsorbent beds 19 of the adsorption vessel 18, the CO,
from the purified CO; stream begins to displace the components (such as CH4 and CO)
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that adhered to the adsorbents of the adsorbent beds 19 during the adsorption step of the
H, PSA cycle (when the WGS eftluent stream was brought into contact with the
adsorbent beds 19). As a result, within this particular step of the Hy PSA cycle (the co-
purge step), a CHy rich stream 1s formed from the components that are displaced by the
CO,. As aresult, this CHy4 rich stream 1s withdrawn from the intermediate draw area 24
with the aid of a valve 25 that is associated with line 14. This allows for the withdrawal
of a stream from the first adsorbent bed 19.1 during the co-purge step of the H, PSA
cycle before the stream goes though the second adsorbent bed 19.2. Furthermore, with
regard to this particular alternative, the adsorbent beds 19 may still be considered to be
“stacked” in that one of the adsorbent beds 19.2 is considered in an upper position in
relation to the other adsorbent bed 19.1 which would then be considered to be in a lower
position in relation to the first adsorbent bed 19.2. Accordingly, in this particular
alternative, in the H, PSA cycle, the adsorbent beds are in full communication with one
another. Note that the CHy rich stream that is withdrawn can be recycled to the
hydrocarbon feed stream 1 to supplement the hydrocarbon feed or can be directly injected

into the reformer unit (see Figures 1 and 2).

As noted 1n Figure 3, the adsorbent beds 19 are arranged within an adsorption
vessel 18 such that they are separated from one another by the intermediate draw area 24.
Accordingly, as shown in Figure 3, in the co-purge H; PSA unit 8, an actual space
(intermediate draw area 24) in which there is no adsorbent beds 19 present extends

between the two adsorbent beds 19 that are present in that particular adsorption vessel 18.
In this alternative, only two adsorbents beds 19 are shown within each adsorption vessel

18. While this embodiment is referenced with regard to two adsorbent beds 19, those
skilled in the art will recognize that this embodiment may be carried out with regard to
any number of adsorbent beds 19. Accordingly, with regard to an adsorption vessel 18
having greater than two adsorbent beds 19, it is still possible to withdraw a stream from
the area between ahy two adsorbent beds 19 using a valve 25 located along line 14 which
extends from the intermediate draw area 24. More specifically, in the case where there

are more than two adsorbent beds 19 present, there may be an intermediate draw area 24

present between each pair of adsorbent beds 19; between only one pair of adsorbent beds
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19 with the remaining adsorbent beds 19 being adjacent to one another, or multiple
intermediate draw areas 24 dispersed among the multiple adsorbent beds 19 with there
being some adsorbent beds 19 that are adjacent to one another and others that are

separated by an intermediate draw area 24.

With regard to the adsorbent beds 19 of Figure 3, it would be possible to have
different adsorbents in the one or more adsorbent beds 19. For example, the first
adsorbent bed 19.1 (or adsorbent beds 19 when more than one adsorbent bed 19 is present
on one side of the intermediate draw area 24) can include one or more adsorbents that are
selective for the removal of CHy, CO, and nitrogen (hereinafter “N,”) while the second
adsorbent bed 19.2 (or adsorbent beds 19 when more than one adsorbent bed 19 is present
on the other side of the intermediate draw area 24) can contain one or more adsorbent
beds 19 that each contain one or more adsorbents that allow for the removal ot CO; (one

or more adsorbents that are selective for this component).

In another configuration as shown in Figure 4, the H, PSA unit 8 has two or more
adsorption vessels 18 that are parallel to one another with each of these adsorption
vessels 18 containing two or more adsorbent beds 19. Unlike the previous embodiment
set forth in Figure 3 where the adsorbent beds 19 are stacked in relation to one another,
and are separated by an intermediate draw area 24 but are still all contained within the
same 1nterior space 20 of the adsorption vessel 18 of the H, PSA unit 8, in this alternative
embodiment, the adsorption vessel 18 comprises a split adsorption vessel 18 (two or more

separated sections 1n series 18a and 18b) wherein each section 18a, 18b of the adsorption

vessel 18 includes one or more adsorbent beds 19. The manner in which the adsorption
vessel 18 1s split is to allow the sections 18a, 18b to be partitioned from one another to
optionally limit the flow of any gas introduced into the one or more adsorbent beds 19 of
one section 18b of the adsorption vessel 18 with regard to the one or more of the
adsorbent beds 19 of the other section 18a of the adsorption vessel 18. In other words,
the adsorbent beds 19 of the various sections in essence function as separate entities with
regard to one another by residing in separated sections 18a, 18b within the same general

adsorption vessel 18. Accordingly, as shown in Figure 4, in the co-purge H, PSA unit 8,

10



CA 02709586 2010-07-15

S8157

a pipe 21 1s present that extends between the two adsorption sections 18a, 18b and serves
to “connect” the adsorption sections 18a, 18b for the purpose of flow between the two
separate individually contained adsorption sections 18a, 18b. This pipe 21 allows for the
1solation or separation of the adsorption sections 18a, 18b with regard to one another.
This pipe 21, through the use of a withdrawal valve 22 located on line 14, in turn also
allows for the withdrawal of a CHj rich stream between the two adsorption vessel
sections18a, 18b during the co-purge step of the H, PSA cycle. In essence, this pipe 21
tunctions much in much the same manner as the intermediate draw area of Figure 3 but
with more control over the flow between the two adsorption sections 18a, 18b (two
adsorbent beds 19 in Figure 3). Furthermore, with regard to this particular alternative
embodiment, the adsorbent beds 19 of the adsorption vessel sections 18a, 18b may still
be considered to be “stacked” in that one of the adsorption vessel sections 18b is
considered in an upper position in relation to the other adsorption vessel section 18a
which would then be considered to be in a lower position in relation to the other
adsorption vessel section 18b. With this configuration of an upper and lower position,
the adsorbent beds 19 are also considered to be in a stacked position with regard to one
another as the one or more adsorbent beds 19 of the upper adsorption vessel section 18b
are now conslidered to be in the upper position with regard to the one or more adsorbent

beds 19 of the lower adsorption vessel section 18a.

While in some PSA cycle steps it may be desirable to run the H, PSA cycle with
the pipe 21 fully communicating between the two adsorption vessel sections 18a, 18b, in
other instances, it would be desirable to have a means for isolating or separating 23
(closing off the communication) one adsorption vessel section 18a with regard to the
other adsorbent bed section 18b. In such an instance, it would be possible to have
different adsorbents in the one or more adsorbent beds 19 of the different adsorption
vessel sections 18a, 18b. For example, the lower adsorption vessel section 18a can
contain one or more adsorbent beds 19 that each include one or more adsorbents that are
selective for CO, while the upper adsorption vessel section 18b can contain one or more
adsorbent beds 19 that each contain one or more adsorbents that allow for the removal of

CHy4, CO, and nitrogen (hereinafter “N,”) (one or more adsorbents that are selective for

11
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these components). Accordingly, with such a pipe 21 1n place that connects the two
adsorption vessel sections 18a, 18b and a means for 1solating or separating 23 the two
adsorption vessel sections 18a, 18b from one another during the depressurization step of
the Hy PSA cycle, it would be possible to prevent the CHy4, CO and N, adsorbed to the
adsorbent 1n the upper adsorption vessel section 18b from mixing with the CO; adsorbed
to the adsorbent of the lower adsorption vessel section 18a or the CO, from flowing up
into the upper adsorption vessel section 18b. In a still further alternative, each of the
adsorption vessel sections 18a, 18b that are separated from one another may have greater
than one adsorbent bed 19 within that particular section 18a, 18b with each of the
adsorbent beds 19 containing a different adsorbent from the other adsorbent bed 19
contained 1n that particular section 18a, 18b. The means for isolating or separating 23
the two adsorption vessel sections 18a, 18b will typically comprise one or more valves
23 located along the pipe 21 that connects the two adsorption vessel sections 18a, 18b.
The CHy stream withdrawn during the co-purge step can be withdrawn via line 14
through the use of valve 22 and recycled to line 1 for use to supplement the hydrocarbon

feed stream.

An even further alternative to Figure 4 1s possible in that the two or more beds in
the various individual sections 18a or 18b of the adsorption vessel 18 may be separated

from one another by an intermediate draw area 24 as shown within Figure 3.

With regard to the various embodiments of the present invention, preferably at
least two types of adsorbents are used in the adsorbent beds 19 of the co-purge H, PSA
unit 8. These adsorbents include, but are not limited to, activated alumina, silica gel,
activated carbon, zeolites, and combinations thereof. In one preferred embodiment of the
present invention, the co-purge H, PSA unit 8 comprises multiple adsorbent beds 19
(most preferably two to four) that are stacked in relation to one another and in which
ditferent adsorbents are used. Accordingly, for example as shown in Figure 3, in the
embodiment where there are two adsorbent beds 19, one adsorbent bed 19 may be
referred to as the first adsorbent bed 19.1 and contain one or more adsorbents that are

“selective for CHy and CO, while the other adsorbent bed 19 may be referred to as the

12
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second adsorbent bed 19.2 and contain one or more adsorbents that are selective for CO,
and water vapor. In a still further embodiment, the adsorption vessel 18 can comprise a
split adsorption vessel as shown in Figure 4, for example, a split adsorption vessel having
a first section 18a and a second section 18b, wherein the first section 18a contains two or
more adsorbent beds 19, each bed 19 containing one or more adsorbents that are selective
for CH4 and CO, and the second section 18b containing two or more adsorbent beds 19,

each adsorbents selective for CO, and water vapor.

As aresult of the co-purge H, PSA cycle within the adsorption vessel 18, as
shown 1n Figures 1 and 2, three separate gas streams are obtained as a result of the co-
purge Hy PSA process. More specifically, in the embodiments depicted in Figures 3 and
4 where the adsorbent beds 19 are separated due to the adsorbent beds 19 being divided
into sections 18a, 18b or due to an intermediate draw area 24 being positioned between
the adsorbent beds 19, three separate gas streams are obtained: one that is a gaseous high
purity H, stream that is withdrawn via line 9, a PSA tail gas which is rich in CO; and is
withdrawn via line 10 after desorption of the two or more adsorbent beds 19 in the

various adsorption vessels 18 and a CHy rich stream that 1s withdrawn via line 14.

With regard to the PSA tail gas, a portion of this gas stream may be passed back
to the CO; purification unit 12 via line 10.2 and line 10.3 or it may be passed back to the
SHR unit 3 as shown in Figure 1 (or to the ATR unit 3A as shown in Figure 2) via line
10.1. The CH4 rich stream 14 is recycled back to the SHR or the ATR. In the cycle, the
WGS effluent 1s introduced into the H, PSA vessel via line 7 where it then flows over the
adsorbent beds 19 (not shown). The H; contained in the WGS effluent (which is also a
H, rich effluent) passes over the adsorbents and is capable of being withdrawn via line 9
during the adsorption step of the H, PSA cycle where it is passed on for further use as H,
product. The other components from the WGS effluent make up the CHjy rich stream and
PSA tail gas and are adsorbed to the adsorbents of the adsorbent beds 19 during the

adsorption step of the Hy PSA cycle. Accordingly, these components are still within the
adsorbent beds 19 of the H; PSA adsorption vessel 18 once the introduction of the WGS

eftluent flow is stopped. The H, PSA cycle is carried out using conventional parameters.
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With regard to the present embodiments, the pressure during the adsorption steps will

generally range from about 250 psig to about 700 psig.

As noted, the H, PSA cycle of the present process also includes a co-purge (co-
feed) step in which a CO; stream is used to aid in purging the adsorbent beds 19. The
purpose of this co-purge step is to provide an economically efficient manner to increase
the concentration of the CO, in the H, PSA tail gas. According to the present processes
as noted above, after the adsorption step, the injection of the WSG effluent is stopped and
a purifted CO; stream that is obtained from the CO; purification unit 12 via line 11
downstream from the H, PSA unit 8 is then injected via lines 11.1 and 10 into the
adsorption vessel 18 of the H, PSA unit 8 which is in the co-purge step of the H, PSA
cycle and allowed to pass over the adsorbent beds 19. In the preferred embodiment, the
purified CO; stream is introduced into the co-purge step of the H, PSA cycle at a pressure
that 1s higher than the pressure during the adsorption step of the H, PSA cycle.
Preferably, the pressure during the co-purge step of the H, PSA cycle is in the range of
from about 300 psig to about 800 psig. An optional CO, compressor 15 having multiple

compression stages may be used to achieve this range if necessary.

As noted, the purified CO; stream is obtained from a CO; purification unit 12 via
line 11. In one embodiment of the present invention, the CO, purification unit 12 is a
CPU unit (specifics not shown). In an alternative embodiment, the CO, purification unit
1s a CatOx unit (specifics not shown). Due to the degree of affinity of the various
components in the WGS effluent for the adsorbents in the adsorbent beds 19 of the H,
PSA unit 8, the CO, that is injected from the purified CO, stream (the co-purge) begins to
displace the CH4 and CO that is adsorbed on the adsorbents in the adsorbent beds 19
during the adsorption step of the H, PSA cycle. The result of this is the displacement of
these other components (CH4 and CO) by CO, on the adsorbents. Consequently, there is
a larger concentration of CO; that is adsorbed on the adsorbents. CHs and CO displaced
from the adsorbent and void spaces in the adsorbent is removed as a gas stream that is
CHj rich but also contains amounts of CO and H,. As the purified CO, stream is injected

into the H, PSA vessel 8, it is also possible to remove the resulting CHy rich stream from
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the H, PSA vessel via line 14. The CH,4 rich stream can be recycled to the reformer feed

1, injected directly into the SHR unit 3 (or in the second embodiment the ATR unit 3A),

or used 1n any other manner known in the art for the use of such streams.

With further reference to various Figures, the PSA tail gas is withdrawn from the
adsorbent beds 19 of the adsorption vessels 18 of the H, PSA unit 8 via line 10 during the
depressurization step of the H, PSA cycle. By depressurizing the adsorbent beds 19 of
the at least one H, PSA adsorption vessel 18, it is possible to release the CO,, and CO,
CH,, water vapor and remaining H, adsorbed to or on the adsorbents, or held in the void
spaces 1n the adsorbent, and produce a CO; rich pressure swing adsorption tail gas during
the depressurization step of the H, PSA cycle. The CO; recovered during the
depressurization step can be collected at two or more different pressure levels. In one
embodiment, the suction pressure of the various stages of the CO, compressors 15 are the
same as the pressure levels in the depressurization step of the H, PSA cycle. Once the
adsorbent beds 19 are depressurized and the CO, rich PSA tail gas is withdrawn via line
10, the adsorbent beds 19 of the adsorption vessel 18 may be further regenerated and

repressurized utilizing procedures that are readily known in the art.

Once the CO, rich H, PSA tail gas is withdrawn from the H, PSA unit 8 via line
10, the CO; rich PSA tail gas can optionally be compressed in a compressor unit 15
having various pressure stages to a pressure that ranges from about 250 psig to about
1000 psig in order to obtain a compressed CO; rich H, PSA tail gas. Compressor units
13 such as the one utilized in the present invention are know by those skilled in the art
and include compressor units 15 that have a variety of compression stages thereby
allowing for staged compression. After the CO, rich H, PSA tail gas is compressed to the
desired level, the compressed CO, rich H, PSA tail gas 1s then introduced into a CO,
purification unit via line 10.3 that is either a CPU (a cryogenic purification unit) such as

those known in the art or a CatOx unit such as those known in the art.

In the embodiment that utilizes the CPU, the CO; in the compressed CO, rich H>

PSA tail gas is condensed at a temperature between ambient temperature and -56 °C to
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provide a liquid stream and a gas stream. The condensation may be in one stage or in
various stages. Such cryogenic purification units and associated processes are readily
known to those skilled in the art. As a result of this condensation, the CO, liquefies and
the remaining components (the incondensibles) remain in a gaseous state. The
incondenstibles stream typically contains CHy, CO, and H,. Following the condensing
step, the liquid CO; stream is separated from the incondensibles stream. The liquid CO,
1s vaporized to recover refrigeration, and optionally compressed further to 2000 psig in
CO2 Compressor HP Stages 17. The incondensibles stream is then passed along for

further use according to the prior art.

As noted above, at least a portion of the CO, produced will be recycled via line
11.1 for use 1n the H, PSA unit 8 as a co-purge (co-feed) during the co-purge step of the
H> PSA cycle. The remaining portion of the CO, produced may be withdrawn via line
11.2 and used according to the various uses known in the art. When the purified CO,
stream 1s recycled to the Hy PSA unit 8, the purified CO, stream will be introduced into
the H, PSA adsorption vessel and allowed to pass over the various adsorbent beds during

the co-purge step in order to increase the concentration of CO, in the H, PSA tail gas.

In the alternative embodiment, the CO, purification unit 12 is a catalytic oxidation
(CatOx) unit which functions to burn off the light ends (the CH4 and CO) thereby leaving a
stream that contains basically CO, and water. In this embodiment, after the CO, rich H,
PSA tail gas is compressed in the compressor unit 15, the compressed CO, rich H, PSA
tail gas is introduced into a CatOx unit such as those that are known in the art. Following
the introduction of the CO, rich H, PSA tail gas, gaseous oxygen (hereinafter “0,”) is
then mtroduced into the CatOx unit via line 16. With the aid of a combustion catalyst,
the CO, CHy, and H; that is present in the CO; rich H, PSA tail gas is combusted to
produce an oxidized stream that contains CO, and water. The amount of O, utilized in
the process will typically be slightly below the stoichiometric requirement. Once the
combustion takes place, the resulting oxidized stream of CO, and water is condensed in
order to allow for the removal of water by cooling the oxidized stream to ambient

temperature to produce a purified CO; stream. This purified CO, stream is withdrawn
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via line 11 and at least a portion of the purified stream is recycled to the H, PSA unit 8
via lines 11.1 and 10 where the stream is introduced into the adsorbent beds 19 of the
adsorption vessels 18 during the co-purge step in order to increase the concentration of
CO; in the H, PSA tail gas. A portion 11.2 of purified CO, stream 11 is optionally
compressed to 2000 psig in CO, Compressor HP Stages 17 and passed on as CO,
product.

By utilizing a purified CO; stream as a co-purge during the co-purge step of the
PSA process cycle, it is possible to obtain a H, PSA tail gas that contains a considerably

higher concentration of CO,.

Preterred processes and apparatus for practicing the present invention have been
described. It will be understood and readily apparent to the skilled artisan that many
changes and modifications may be made to the above-described embodiments without
departing from the spirit and the scope of the present invention. The fdregoing 1S
illustrative only and that other embodiments of the integrated processes and apparatus
may be employed without departing from the true scope of the invention defined in the

following claims.

Elements of the Figures:

1 - line to provide hydrocarbon stream to reformer unit (reformer feed)

2 - line that provides steam

2A — line that provides oxygen

3 - steam hydrocarbon reformer unit

3.1 - catalyst holding tubes for reformer unit

3A - autothermal reformer unit

4 - line that provides reformer product stream to the water gas shift reactor

> - water gas shift reactor
6 - line that introduces steam into the water gas shift reactor

7 - line that introduces water gas shift effluent into the co-purge hydrogen pressure SwWing

adsorption unit
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8 - co-purge hydrogen swing adsorption unit

9 - line by which high purity hydrogen is withdrawn from the co-purge hydrogen pressure
swing adsorption unit

10 - line through which the pressure swing adsorption tail gas is withdrawn

10.1 - line by which a portion of the hydrogen pressure swing adsorption tail gas is
passed to the reformer unit or ATR

10.2 - line by which a portion of the hydrogen pressure swing adsorption tail gas is
passed to a carbon dioxide compressor (LP stages)

10.3 - line by which the compressed carbon dioxide rich hydrogen pressure swing
adsorption tail gas is introduced into the carbon dioxide purification unit

11 - line by which a purified stream of carbon dioxide is withdrawn from the carbon
dioxide purification unit

11.1 - line by which the purified stream of carbon dioxide is injected into the hydrogen
pressure swing adsorption unit vessel as a co-purge stream

11.2 - line by which carbon dioxide product is withdrawn from the from the carbon
dioxide purification unit and passed to an optional carbon dioxide compressor (HP
stages)

12 - carbon dioxide purification unit

13 - line from which residue gas is withdrawn from the carbon dioxide purification unit
14 - line by which a methane rich stream is withdrawn from the hydrogen pressure swing
adsorption unit

15 - carbon dioxide compressor (LLP stages)

16 - line by which gaseous oxygen is introduced into the CO, purification unit (CatOx
unit)

17 - Optional CO; compressor (HP stages)

18 - adsorption vessel of the H2 PSA unit

18a - first section of the adsorption vessel (also referred to as lower)

18b - second section of the adsorption vessel (also referred to as upper)

19 - adsorbent bed
19.1 — first adsorbent bed
19.2 — second adsorbent bed
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20 - internal space of adsorption vessel

21 - pipe

22 - withdrawal valve

23 - means of 1solating and separating the adsorbent beds in the upper and lower section
of the adsorption vessel

24 — intermediate draw area
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What is claimed is:

1. A process for recovering gaseous hydrogen and gaseous carbon dioxide from
a mixture of hydrocarbons utilizing a reformer unit in conjunction with a pressure swing
adsorption unit and a cryogenic purification unit, the process comprising the steps of:

a) generating a hydrogen rich effluent that also contains at least carbon
monoxide, carbon dioxide, methane and water vapor from one or more hydrocarbon
feed streams in a reformer unit;

b) optionally treating the hydrogen rich effluent in a water gas shift reactor in
order to further enrich the hydrogen content of the hydrogen rich effluent and to also
Increase the carbon dioxide content in the hydrogen rich effluent by oxidizing a portion
of the carbon monoxide present in the effluent to carbon dioxide thereby obtaining a
water shift effluent;

C) providing a pressure swing adsorption unit having at least two adsorption
vessels that each contain two or more adsorbent beds, the at least two adsorption
vessels being parallel to one another and being independently operated on a cycle that
Includes an adsorption step, a co-feed step, a depressurization step, a regeneration
step and a re-pressurization step, with the proviso that the cycles in the at least two
adsorption vessels run consecutively with at least one of the adsorption vessels being in
a different step of the cycle compared to at least one of the remaining adsorption
vessels and the two or more adsorbent beds having an intermediate draw area
positioned between at least two of the adsorbent beds thereby allowing for the
withdrawal of a methane rich gas stream from the intermediate draw area during the co-
feed step of the hydrogen pressure swing adsorption cycle;

d) introducing the hydrogen rich effluent or water gas shift effluent into at least
one of the adsorption vessels of the pressure swing adsorption unit during the
adsorption step of the hydrogen pressure swing adsorption cycle in order to allow for
the recovery of a high purity gaseous hydrogen stream from the hydrogen rich effluent
or the water gas shift effluent and the adsorption of the carbon monoxide, carbon
dioxide, methane, water vapor and remaining hydrogen onto the adsorbents in the
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adsorbent beds of the pressure swing adsorption unit, the adsorption step being carried
out at a pressure from about 250 psig to about 700 psig;

e) withdrawing the high purity gaseous hydrogen stream from the pressure
swing adsorption unit during the adsorption step and passing this high purity gaseous
hydrogen stream on for further use;

f) allowing the at least one adsorption vessel to enter into the co-feed step while
introducing a purified carbon dioxide stream obtained from a downstream cryogenic
purification unit in order to allow the carbon dioxide to displace methane and carbon
monoxide adsorbed onto the adsorbents in the adsorbent beds thereby producing a
methane rich stream;

g) withdrawing the methane rich stream from the intermediate draw area
positioned between at least two of the adsorbent beds and recycling this methane rich
stream to the reformer unit;

h) allowing the at least one adsorption vessel to enter the depressurization step
by depressurizing the adsorbent beds of the at least one adsorption vessel in order to
release the carbon dioxide, carbon monoxide, methane, water vapor and hydrogen
adsorbed to the adsorbents in the adsorbent beds thereby producing a carbon dioxide
rich pressure swing adsorption tail gas having an increased concentration of carbon
dioxide;

i) withdrawing the carbon dioxide rich pressure swing adsorption tail gas from
the pressure swing adsorption unit;

]) regenerating and re-pressurizing the adsorbent beds for further use;

K) compressing the carbon dioxide rich pressure swing adsorption tail gas in a
compressor unit to a pressure that ranges from about 250 psig to about 1000 psig in
order to obtain a compressed carbon dioxide rich pressure swing adsorption tail gas;

) infroducing the compressed carbon dioxide rich pressure swing adsorption tail
gas Into the cryogenic purification unit in order to produce the carbon dioxide purified
stream and an incondensibles stream that contains methane, carbon monoxide and
hydrogen; ana

m) withdrawing the carbon dioxide purified stream from the cryogenic purification
unit and recycling at least a portion of the carbon dioxide purified stream to the pressure
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swing adsorption unit where the carbon dioxide purified stream is introduced into the
adsorption vessels during the co-feed step of the cycle in order to increase the
concentration of carbon dioxide in the hydrogen pressure swing adsorption tail gas.

2. The process of claim 1, wherein the reformer unit is selected from a steam
hydrocarbon reformer unit and an oxygen fed autothermal reformer unit.

3. The process of claim 2, wherein the adsorption vessel contains four adsorbent
beds with two of the adsorbent beds being adjacent to one another on one side of the
Intermediate draw area and the remaining two adsorbent beds being positioned on the
other side of the intermediate draw area.

4. The process of claim 2, wherein the adsorption vessel comprises a first
adsorbent bed that is separated from a second adsorbent bed by the intermediate draw
area.

5. The process of claim 4, wherein the first adsorbent bed and the second
adsorbent bed each independently comprise one or more adsorbents selected from
activated alumina, silica gel, activated carbon, zeolites, and combinations thereof.

6. The process of claim 5, wherein the one or more adsorbents are in layers
within the individual adsorbent beds.

/. The process of claim 4, wherein the first adsorbent bed contains one or more
adsorbents that are selective for methane and carbon monoxide and the second
adsorbent bed contains one or more adsorbents that are selective for carbon dioxide
and water vapor.

8. The process of claim 7, wherein the one or more adsorbents are in layers
within the individual beds.
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9. The process of claim 7, wherein when the hydrogen rich effluent or the water
gas shift effluent is introduced into the adsorption vessel during the adsorption step of

the hydrogen pressure swing adsorption cycle, the hydrogen rich effluent or the water
gas shift effluent comes into contact with the first adsorbent bed before it comes into
contact with the second adsorbent bed.

10. The process of claim 2, wherein the carbon dioxide purified stream is
introduced into the co-feed step of the pressure swing adsorption cycle at a pressure
that is higher than the pressure during the adsorption step of the pressure swing
adsorption cycle.

11. The process of claim 10, wherein the pressure during the co-feed step of the

pressure swing adsorption cycle is from about 300 psig to about 750 psig.

12. The process of claim 2, wherein the CO2 recovered during the
depressurization step of the pressure swing adsorption cycle is collected at two or more

different pressure levels utilizing a compressor.

13. The process of claim 12, wherein the pressure levels of the various stages of
the carbon dioxide compressor are the same as the pressure levels in the
depressurization step of the pressure swing adsorption cycle.

14. The process of claim 1, wherein the portion of the carbon dioxide purified
stream obtained from the cryogenic purification unit that is not utilized as a co-feed in
the co-feed step of the pressure swing adsorption cycle is further compressed for
additional use.

15. A process for recovering gaseous hydrogen and gaseous carbon dioxide
from a mixture of hydrocarbons utilizing a reformer unit in conjunction with a pressure
swing adsorption unit and a cryogenic purification unit, the process comprising the steps

of:
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a) generating a hydrogen rich effluent that also contains at least carbon
monoxide, carbon dioxide, methane and water vapor from one or more hydrocarbon
feed streams in a reformer unit;

b) optionally treating the hydrogen rich effluent in a water gas shift reactor in
order to further enrich the hydrogen content of the hydrogen rich effluent and to also
iIncrease the carbon dioxide content in the hydrogen rich effluent by oxidizing a portion
of the carbon monoxide present in the effluent to carbon dioxide thereby obtaining a
water shift effluent;

C) providing a pressure swing adsorption unit having at least two adsorption
vessels, each adsorption vessel comprising two sections that are separate from one
another and connected by a pipe that allows for the withdrawal of a methane rich gas
stream from the pipe during a co-feed step of a hydrogen pressure swing adsorption
cycle, each section of the adsorption vessels independently containing two or more
adsorbent beds, the at least two adsorption vessels being parallel to one another and
being independently operated on a process cycle that includes an adsorption step, the
co-feed step, a depressurization step, a regeneration step and a re-pressurization step,
with the proviso that the cycles in the at least two adsorption vessels run consecutively
with at least one of the adsorption vessels being in a different step of the cycle
compared to at least one of the remaining adsorption vessels;

d) introducing the hydrogen rich effluent or water gas shift effluent into at least
one of the adsorption vessels of the pressure swing adsorption unit during the
adsorption step of the hydrogen pressure swing adsorption cycle in order to allow for
the recovery of a high purity gaseous hydrogen stream from the hydrogen rich effluent
or the water gas shift effluent and the adsorption of the carbon monoxide, carbon
dioxide, methane, water vapor and remaining hydrogen onto the adsorbents in the
adsorbent beds of the pressure swing adsorption unit, the adsorption step being carried
out at a pressure from about 250 psig to about 700 psig;

e) withdrawing the high purity gaseous hydrogen stream from the pressure
swing adsorption unit during the adsorption step and passing this high purity gaseous
hydrogen stream on for further use,;
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f) allowing the at least one adsorption vessel to enter into the co-feed step while
introducing a purified carbon dioxide stream obtained from a downstream cryogenic
purification unit into a lower (second) section, in order to allow the carbon dioxide to
displace methane and carbon monoxide adsorbed onto the adsorbents in the adsorbent
beds thereby producing a methane rich stream; an upper (first) section is isolated from
the lower section;

g) withdrawing the methane rich stream from the pipe positioned between the
two sections of the adsorption vessel and recycling this methane rich stream to the
reformer unit: '

h) allowing the at least one adsorption vessel to enter the depressurization step
by depressurizing the adsorbent beds of the at least one adsorption vessel in order to
release the carbon dioxide, carbon monoxide, methane, water vapor and hydrogen
adsorbed to the adsorbents in the adsorbent beds thereby producing a carbon dioxide
rich pressure swing adsorption tail gas having an increased concentration of carbon
dioxide;

i) withdrawing the carbon dioxide rich pressure swing adsorption tail gas from
the pressure swing adsorption unit;

i) regenerating and re-pressurizing the adsorbent beds for further use;

k) compressing the carbon dioxide rich pressure swing adsorption tail gas in a
compressor unit to a pressure that ranges from about 250 psig to about 1000 psig In
order to obtain a compressed carbon dioxide rich pressure swing adsorption tail gas;

) introducing the compressed carbon dioxide rich pressure swing adsorption tail
gas into the cryogenic purification unit in order to produce the carbon dioxide purified
stream and an incondensibles stream that contains methane, carbon monoxide and
hydrogen; and

m) withdrawing the carbon dioxide purified stream from the cryogenic purification
unit and recycling at least a portion of the carbon dioxide purified stream to the pressure
swing adsorption unit where the carbon dioxide purified stream is introduced into the
adsorption vessels during the co-feed step of the cycle in order to increase the
concentration of carbon dioxide in the pressure swing adsorption tail gas.
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16. The process of claim 15, wherein the reformer unit is selected from a steam
hydrocarbon reformer unit and an oxygen fed autothermal reformer unit.

17. The process of claim 16, wherein each section of the adsorption vessel
comprises two or more adsorbent beds that are adjacent to one another within each

section of the adsorption vessel.

18. The process of claim 16, wherein the pipe further contains a first valve which
allows for the withdrawing of the methane rich stream between the two sections of the
adsorption vessel during the co-feed step of the pressure swing adsorption cycle .

19. The process of claim 18, wherein the pipe further contains a means of
isolating the first section of the adsorption vessel from the second section of the
adsorption vessel during the withdrawal of the methane rich stream from the pipe

through the first valve.

20. The process of claim 19, wherein the means of isolating the first section of
the adsorption vessel from the second section of the adsorption vessel comprises a
second valve which remains closed during the withdrawal of the methane rich stream

from the pipe.

21. The process of claim 15, wherein the first section of the adsorption vessel
contains adsorbent beds that include an adsorbent that is selective for methane, carbon
monoxide, and nitrogen and the second section of the adsorption vessel contains

adsorbent beds that include an adsorbent that allows for the removal of carbon dioxide.

22. The process of claim 21, wherein the pipe that connects the two sections of
the adsorption vessel includes a means for isolating the two adsorption vessel sections
from one another during the depressurization step of the pressure swing adsorption
cycle, thus preventing the methane, carbon monoxide and nitrogen adsorbed to the
adsorbent in the first section of the adsorption vessel from mixing with the carbon
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dioxide adsorbed to the adsorbent of the second section of the adsorption vessel or the
carbon dioxide from flowing back into the first section of the adsorption vessel.

23. The process of claim 15, wherein the carbon dioxide purified stream is
Introduced into the co-feed step of the pressure swing adsorption cycle at a pressure
that is higher than the pressure during the adsorption step of the pressure swing
adsorption cycle.

24. The process of claim 23, wherein the pressure during the co-feed step of the
pressure swing adsorption cycle is from about 300 psig to about 750 psig.

25. The process of claim 15, wherein the carbon dioxide recovered during the

depressurization step of the pressure swing adsorption cycle is collected at two or more
different pressure levels utilizing a compressor. |

26. The process of claim 25, wherein the pressure levels of the various stages of
the carbon dioxide compressor are the same as the pressure levels in the
depressurization step of the pressure swing adsorption cycle.

27. A process for recovering gaseous hydrogen and gaseous carbon dioxide
from a mixture of hydrocarbons utilizing a reformer unit in conjunction with a pressure
swing adsorption unit and a catalytic oxidizer unit, the process comprising the steps of:

a) generating a hydrogen rich effluent that also contains at least carbon
monoxide, carbon dioxide, methane and water vapor from one or more hydrocarbon
feed streams in a reformer unit;

b) optionally treating the hydrogen rich effluent in a water gas shift reactor in
order to further enrich the hydrogen content of the hydrogen rich effluent and to also
Increase the carbon dioxide content in the hydrogen rich effluent by oxidizing a portion
of the carbon monoxide present in the effluent to carbon dioxide thereby obtaining a
water shift effluent;
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C) providing a pressure swing adsorption unit having at least two adsorption
vessels that each contain two or more adsorbent beds, the at least two adsorption
vessels being parallel to one another and being independently operated on a cycle that
iIncludes an adsorption step, a co-feed step, a depressurization step, a regeneration
step and a re-pressurization step, with the proviso that the cycles in the at least two
adsorption vessels run consecutively with at least one of the adsorption vessels being in
a different step of the cycle compared to at least one of the remaining adsorption
vessels and the two or more adsorbent beds having an intermediate draw area
positioned between at least two of the adsorbent beds thereby allowing for the
withdrawal of a methane rich gas stream from the intermediate draw area during the co-
feed step of the hydrogen pressure swing adsorption cycle;

d) introducing the hydrogen rich effluent or water gas shift effluent into at least
one of the adsorption vessels of the pressure swing adsorption unit during the
adsorption step of the hydrogen pressure swing adsorption cycle in order to allow for
the recovery of a high purity gaseous hydrogen stream from the hydrogen rich effluent
or the water gas shift effluent and the adsorption of the carbon monoxide, carbon
dioxide, methane, water vapor and remaining hydrogen onto the adsorbents in the
adsorbent beds of the pressure swing adsorption unit, the adsorption step being carried
out at a pressure from about 250 psig to about 700 psig;

e) withdrawing the high purity gaseous hydrogen stream from the pressure
swing adsorption unit during the adsorption step and passing this high purity gaseous
hydrogen stream on for further use;

f) allowing the at least one adsorption vessel to enter into the co-feed step while
introducing a purified carbon dioxide stream obtained from a downstream catalytic
oxidizer unit in order to allow the carbon dioxide to displace methane and carbon
monoxide adsorbed onto the adsorbents in the adsorbent beds thereby producing a
methane rich stream;

g) withdrawing the methane rich stream from the intermediate draw area
positioned between at least two of the adsorbent beds and recycling this methane rich
stream to the reformer unit;
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h) allowing the at least one adsorption vessel to enter the depressurization step
by depressurizing the adsorbent beds of the at least one adsorption vessel in order to

release the carbon dioxide, carbon monoxide, methane, water vapor and hydrogen
adsorbed to the adsorbents in the adsorbent beds thereby producing a carbon dioxide
rich pressure swing adsorption tail gas having an increased concentration of carbon
dioxide;

1) withdrawing the carbon dioxide rich pressure swing adsorption tail gas from
the pressure swing adsorption unit;

|) regenerating and re-pressurizing the adsorbent beds for further use;

K) compressing the carbon dioxide rich pressure swing adsorption tail gas in a
compressor unit to a pressure that ranges from about 250 psig to about 1000 psig in
order to obtain a compressed carbon dioxide rich pressure swing adsorption tail gas;

) intfroducing the compressed carbon dioxide rich pressure swing adsorption tail
gas into the catalytic oxidizer unit followed by introducing gaseous oxygen thereby
allowing for the carbon monoxide, methane, and hydrogen to be combusted to produce
an oxidized stream that contains carbon dioxide and water, the amount of oxygen being
introduced being slightly below the stoichiometric requirement;

m) condensing the oxidized stream to allow for the removal of water by cooling
the oxidized stream to ambient temperature to produce the carbon dioxide purified
stream; and

n) withdrawing the carbon dioxide purified stream from the catalytic oxidizer unit
and recycling at least a portion of the carbon dioxide purified stream to the pressure
swing adsorption unit where the carbon dioxide purified stream is introduced into the
adsorption vessels during the co-feed step of the cycle in order to increase the
concentration of carbon dioxide in the hydrogen pressure swing adsorption tail gas.

28. The process of claim 27, wherein the reformer unit is selected from a steam

hydrocarbon reformer unit and an oxygen fed autothermal reformer unit.

29. The process of claim 28, wherein the adsorption vessel contains four
adsorbent beds with two of the adsorbent beds being adjacent to one another on one
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side of the intermediate draw area and the remaining two adsorbent beds being
positioned on the other side of the intermediate draw area.

30. The process of claim 28, wherein the adsorption vessel comprises a first

adsorbent bed that is separated from a second adsorbent bed by the intermediate draw
area.

31. The process of claim 30, wherein the first adsorbent bed and the second
adsorbent bed each independently comprises one or more adsorbents selected from
activated alumina, silica gel, activated carbon, zeolites, and combinations thereof.

32. The process of claim 31, wherein the one or more adsorbents are in layers
within the individual adsorbent beds.

33. The process of claim 30, wherein the first adsorbent bed contains one or
more adsorbents that are selective for methane and carbon monoxide and the second

adsorbent bed contains one or more adsorbents that are selective for carbon dioxide
and water vapor.

34. The process of claim 33, wherein the one or more adsorbents are in layers
within the individual beds.

35. The process of claim 33, wherein when the hydrogen rich effluent or the
water gas shift effluent is introduced into the adsorption vessel during the adsorption
step of the hydrogen pressure swing adsorption cycle, the hydrogen rich effluent or the
water gas shift effluent comes into contact with the first adsorbent bed before it comes
iInto contact with the second adsorbent bed.

36. The process of claim 28, wherein the carbon dioxide purified stream is
Introduced into the co-feed step of the pressure swing adsorption cycle at a pressure
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that is higher than the pressure during the adsorption step of the pressure swing
adsorption cycle.

37. The process of claim 36, wherein the pressure during the co-feed step of the
pressure swing adsorption cycle is from about 300 psig to about 750 psig.

38. The process of claim 28, wherein the CO2 recovered during the
depressurization step of the pressure swing adsorption cycle is collected at two or more

different pressure levels utilizing a compressor.

39. The process of claim 38, wherein the pressure levels of the various stages of
the carbon dioxide compressor are the same as the pressure levels in the

depressurization step of the pressure swing adsorption cycle.

40. The process of claim 27, wherein the portion of the carbon dioxide purified
stream obtained from the cryogenic purification unit that is not utilized as a co-feed in
the co-feed step of the pressure swing adsorption cycle is further compressed for
additional use.

41. A process for recovering gaseous hydrogen and gaseous carbon dioxide
from a mixture of hydrocarbons utilizing a reformer unit in conjunction with a pressure
swing adsorption unit and a catalytic oxidizer unit, the process comprising the steps of:

a) generating a hydrogen rich effluent that also contains at least carbon
monoxide, carbon dioxide, methane and water vapor from one or more hydrocarbon
feed streams in a reformer unit:

b) optionally treating the hydrogen rich effluent in a water gas shift reactor in
order to further enrich the hydrogen content of the hydrogen rich effluent and to also
Increase the carbon dioxide content in the hydrogen rich effluent by oxidizing a portion
of the carbon monoxide present in the effluent to carbon dioxide thereby obtaining a
water shift effluent;
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C) providing a pressure swing adsorption unit having at least two adsorption
vessels, each adsorption vessel comprising two sections that are separate from one
another and connected by a pipe that allows for the withdrawal of a methane rich gas
stream from the pipe during a co-feed step of a hydrogen pressure swing adsorption
cycle, each section of the adsorption vessels independently containing two or more
adsorbent beds, the at least two adsorption vessels being parallel to one another and
being independently operated on a process cycle that includes an adsorption step, the
co-feed step, a depressurization step, a regeneration step and a re-pressurization step,
with the proviso that the cycles in the at least two adsorption vessels run consecutively
with at least one of the adsorption vessels being in a different step of the cycle
compared to at least one of the remaining adsorption vessels;

d) introducing the hydrogen rich effluent or water gas shift effluent into at least
one of the adsorption vessels of the pressure swing adsorption unit during the
adsorption step of the hydrogen pressure swing adsorption cycle in order to allow for
the recovery of a high purity gaseous hydrogen stream from the hydrogen rich effluent
or the water gas shift effluent and the adsorption of the carbon monoxide, carbon
dioxide, methane, water vapor and remaining hydrogen onto the adsorbents in the
adsorbent beds of the pressure swing adsorption unit, the adsorption step being carried
out at a pressure from about 250 psig to about 700 psig;

e) withdrawing the high purity gaseous hydrogen stream from the pressure
swing adsorption unit during the adsorption step and passing this high purity gaseous
hydrogen stream on for further use;

f) allowing the at least one adsorption vessel to enter into the co-feed step while
introducing a purified carbon dioxide stream obtained from a downstream cryogenic
purification unit into a lower (second) section, in order to allow the carbon dioxide to
displace methane and carbon monoxide adsorbed onto the adsorbents in the adsorbent
beds thereby producing a methane rich stream;

g) withdrawing the methane rich stream from the pipe positioned between the
two sections of the adsorption vessel and recycling this methane rich stream to the
reformer unit;
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h) allowing the at least one adsorption vessel to enter the depressurization step
by depressurizing the adsorbent beds of the at least one adsorption vessel in order to
release the carbon dioxide, carbon monoxide, methane, water vapor and hydrogen
adsorbed to the adsorbents in the adsorbent beds thereby producing a carbon dioxide
rich pressure swing adsorption tail gas having an increased concentration of carbon
dioxide:

i) withdrawing the carbon dioxide rich pressure swing adsorption tail gas from
the pressure swing adsorption unit;

]) regenerating and re-pressurizing the adsorbent beds for further use;

K) compressing the carbon dioxide rich pressure swing adsorption tail gas in a
compressor unit to a pressure that ranges from about 250 psig to about 1000 psig In
order to obtain a compressed carbon dioxide rich pressure swing adsorption tail gas;

) introducing the compressed carbon dioxide rich pressure swing adsorption tail
gas Into a catalytic oxidizer unit followed by introducing gaseous oxygen thereby
allowing for the carbon monoxide, methane, and hydrogen to be combusted to produce
an oxidized stream that contains carbon dioxide and water, the amount of oxygen being
introduced being slightly below the stoichiometric requirement,

m) condensing the oxidized stream to allow for the removal of water by cooling
the oxidized stream to ambient temperature to produce the carbon dioxide purified
stream; and

n) withdrawing the carbon dioxide purified stream from the catalytic oxidizer unit
and recycling at least a portion of the carbon dioxide purified stream to the pressure
swing adsorption unit where the carbon dioxide purified stream is introduced into the
adsorption vessels during the co-feed step of the cycle in order to increase the

concentration of carbon dioxide in the pressure swing adsorption tail gas.

42. The process of claim 41, wherein the reformer unit is selected from a steam
hydrocarbon reformer unit and an oxygen fed autothermal reformer unit.
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43. The process of claim 42, wherein each section of the adsorption vessel
comprises two or more adsorbent beds that are adjacent to one another within each
section of the adsorption vessel.

44. The process of claim 42, wherein the pipe further contains a first valve which
allows for the withdrawing of the methane rich stream between the two sections of the
adsorption vessel during the co-feed step of the pressure swing adsorption cycle .

45. The process of claim 44, wherein the pipe further contains a means of
isolating the first section of the adsorption vessel from the second section of the
adsorption vessel during the withdrawal of the methane rich stream from the pipe
through the first valve.

46. The process of claim 45, wherein the means of isolating the first section of
the adsorption vessel from the second section of the adsorption vessel comprises a
second valve which remains closed during the withdrawal of the methane rich stream
from the pipe.

47. The process of claim 41, wherein the first section of the adsorption vessel
contains adsorbent beds that include an adsorbent that is selective for methane, carbon
monoxide, and nitrogen and the second section of the adsorption vessel contains
adsorbent beds that include an adsorbent that allows for the removal of carbon dioxide.

48. The process of claim 47, wherein the pipe that connects the two sections of
the adsorption vessel includes a means for isolating the two adsorption vessel sections
from one another during the depressurization step of the pressure swing adsorption
cycle, thus preventing the methane, carbon monoxide and nitrogen adsorbed to the
adsorbent in the first section of the adsorption vessel from mixing with the carbon
dioxide adsorbed to the adsorbent of the second section of the adsorption vessel or the
carbon dioxide from flowing back into the first section of the adsorption vessel.
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49. The process of claim 41, wherein the carbon dioxide purified stream Is
introduced into the co-feed step of the pressure swing adsorption cycle at a pressure

that is higher than the pressure during the adsorption step of the pressure swing
adsorption cycle.

50. The process of claim 49, wherein the pressure during the co-feed step of the
pressure swing adsorption cycle is from about 300 psig to about 750 psig.

51. The process of claim 41, wherein the carbon dioxide recovered during the
depressurization step of the pressure swing adsorption cycle is collected at two or more

different pressure levels utilizing a compressor.
52. The process of claim 51, wherein the pressure levels of the various stages of

the carbon dioxide compressor are the same as the pressure leveis in the

depressurization step of the pressure swing adsorption cycle.
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