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(57) Abréegée/Abstract:

The present Invention relates to various processes for recovering high purity gaseous hydrogen and high purity gaseous carbon
dioxide from the gas stream produced using steam hydrocarbon reforming, especially steam methane reforming, utlizing a H,

pressure swing adsorption unit followed by either a CO,, vacuum swing adsorption unit or a CO,, vacuum swing adsorption unit in
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(57) Abrege(suite)/Abstract(continued):
combination with an additional CO,, pressure swing adsorption unit. By using an uncoupled H, PSA and CO,, VSA unititis possible

to produce high purity H, and high purity CO,,. The present invention further relates to a process for optimizing the recovery of CO,
from waste gas streams produced during the hydrogen purification step of a steam hydrocarbon reforming /H,, pressure swing
adsorption unit utilizing either a CO,, vacuum swing adsorption unit or a CO, vacuum swing adsorption unit in combination with a
CO, pressure swing adsorption unit. The present invention even further relates to the apparatus necessary to carry out the various
processes of the present invention.
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(57) Abstract: The present mvention relates to various processes for recovering high purity gaseous hydrogen and high purity
gaseous carbon dioxide from the gas stream produced using steam hydrocarbon reforming, especially steam methane reforming,
utilizing a H, pressure swing adsorption unit followed by either a CO, vacuum swing adsorption unit or a CO; vacuum swing ad-
sorption unit mm combination with an additional CO, pressure swing adsorption unit. By using an uncoupled H, PSA and CO;
VSA untit it 1s possible to produce high purity H, and high purity CO,. The present invention further relates to a process for opti-
mizing the recovery of CO, from waste gas streams produced during the hydrogen purification step of a steam hydrocarbon re-
forming /H, pressure swing adsorption unit utilizing either a CO; vacuum swing adsorption unit or a CO; vacuum swing adsorp-
tion unit mm combination with a CO, pressure swing adsorption unit. The present mvention even further relates to the apparatus
necessary to carry out the various processes of the present invention.
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PROCESSES FOR THE RECOVERY OF HIGH PURITY HYDROGEN AND
HI1GH PURITY CARBON DIOXIDE

Field of the Invention

The present invention relates to various processes for recovering high purity carbon
dioxide from waste gas streams produced during the hydrogen purification step of a steam
hydrocarbon reforming umt/water gas shift reactor/H, pressure swing adsorption unit

ProCess.

Background

Interest 1n the recovery of carbon dioxide (heremafter “CQO,”) from various CO;
containing gas mixtures has mcreased due to a variety of factors including the merchant CO,
market, enhanced o1l recovery (herematter “EOR”) and greenhouse gas emissions reduction.
The currently avatlable systems for recovering high purity CO; use a variety of generic and
proprietary physical and chemical solvents. 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 arc produced as waste streams during the
production of hydrogen gas from hydrocarbon streams using standard steam hydrocarbon
reforming processes (heremafter “SHR™). The most preferred of the SHR processes
imvolves the production of hydrogen gas from hydrocarbon streams using steam methane
reforming (heremafter “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 1s ted 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 mixture of carbon monoxide and hydrogen. The
hydrogen yield of this mixture 1s increased by passing the resulting mixture through a water
gas shift reactor which promotes the conversion of carbon monoxide and water into more

hydrogen and accordingly a stream that 1s rich in hydrogen but also contains to a lesser



CA 02762282 2011-11-16
WO 2010/135094 PCT/US2010/034045

>8034 PCT

degree carbon dioxide, methane and carbon monoxide. Such units typically operate at a
temperature from about 200°C to about 300°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 betore being passed through the water gas shift. The hydrogen rich stream
produced 1s then passed through a H; pressure swing adsorption unit (herematter “H; PSA™)
in order to allow for the removal of about 90% or more of the hvdrogen present through the
use of adsorbents. The removal of the hydrogen resuits 1n a waste stream (also commonly
referred to as “tail gas™) that 1s purged from the H; PSA that contains methane, carbon

monoxide, carbon dioxide, water, and any unrecovered hydrogen. This difters from the

SHR units, with the difference being that the waste stream or tail gas produced 1n the SHR

units contains alkanes of varying size (C,Hauweo) and water. The desire has been to be able to

utilize these waste streams more efficiently as in the past they have simply been burned as
make up fuel (added to the natural gas used in the SHR process or SMR process).
Recently, a CO; cryogenic process unit (heremafter “CPU™) process was proposed

to capture the CO; during steam methane reforming Hp pressure swing adsorption off gas

(by A Liquide) in WO 2006/054008. In this process, the waste gas from the CPU plant,
which normally contains signiticant 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. Theretore, while it may be appropriate to use the CO, CPU process in a
very large scale COs recovery plant (=1000 TPD), when applying the CO» CPU process in a
small s1ze CO; recovery plant (typically 100 to 300 TPD merchant CO, plants), the encrgy
and maintenance costs are considered to be usually high.

Recovery of CO; trom SMR H» PSA off gas by using an adsorption process has
been proposed by the BOC Group in U.S. Patent No. 4,963,339 and U.S. Patent No.
5,000,925 wherein the CO; was removed using a CO, PSA unit. To produce tood grade
CO», from a CO; lcan stream a two stage process was used with the first stage bemng a CO»
vacuum swing adsorption (herematter “VSA™) or PSA process. In the first PSA or VSA
stage, a CO, lean stream containing <50% CO» was upgraded to a high concentration CO;
mixture (>90% CO»}. This high concentration CO, mixture was then sent to a second stage
which was a standard CO; liquefaction plant. Therefore, a food grade CO, product was

produced. On the other hand, the CO; VSA/PSA process normally generates another CO,
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lean product. Typically this CO; lean product contains over 35% H,, 20% CH, and 15%
CO with a balance of CO; which was sent to the reformer as fuel in current designs.

There exists a need to provide a process for recovering high purity gaseous hydrogen
and high purity gaseous carbon dioxide from the gas stream produced using steam
hydrocarbon reforming, especially steam methane reforming. There also exists a need for a
process for treating the waste gas stream obtained from a Hy PSA unit under optimum
conditions in order to allow for the recovery of a high quantity of high purity gaseous carbon

dioxide.

Summary of the Invention

The present invention relates to various processes for recovering high purity gaseous
hydrogen and high purity gaseous carbon dioxide from the gas stream produced using steam
hydrocarbon reforming, especially steam methane reforming, utilizing a H, pressure swing
adsorption unit followed by either a CO, vacuum swing adsorption unit or a CO, vacuum

swing adsorption unit in combination with an additional CO; pressure swing adsorption

unit.. By using an uncoupied Hy PSA and CO, VSA unit it 1s possible to produce high
purity Hy and high purity CO,. The present invention further relates to a process for
optimizing the recovery of CO» from waste gas streams produced during the hydrogen
purification step of a steam hydrocarbon reforming /Hs pressure swing adsorption unit
utihizing either a CO» vacuum swing adsorption unit or a CO; vacuum swing adsorption unit
1n combination with a CO; pressure swing adsorption unit. The present invention even
further relates to the apparatus necessary to carry out the various processes of the present

1nvention.

Brief Description of the Figures

Figure 1 provides a schematic of one embodiment of the present invention which
allows for treatment of the hydrogen pressure swing adsorption tail gas in a vacuuim swing
adsorption unit.

Figure 2 provides a schematic of an alternative embodiment the present imnvention

which allows for treatment of the hydrogen pressure swing adsorption tail gas 1 a vacuum
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swing adsorption unit followed by treatiment of the carbon dioxide lean gas stream produced

in the vacuum swing adsorption unit in a secondary pressure swing adsorption unit.

(n

Detailed Description of the Invention
By integrating a CO, vacuum swing adsorption (hereinafter “CO, VSA™) unit or a

CO; VSA unit in combination with an additional COZ pressure swing adsorption
(heremafter “CO2 PSA”™) umit with a SHR unit, a water gas shuft reactor (herematter
“WGS™) reactor, and a Hy PSA unit, 1t 1s possible to arrive at processes for producing not
only high purity hydrogen gas but also in the same scheme high purity carbon dioxide gas
thereby overcoming many of the disadvantages of prior art H,/CO; recovery processes. The
proposed ntegrated processes of the present invention involve two different embodiments
which include: 1) the use of a CO, VSA untt in conjunction with a SHR unit, a WGS
reactor, and a Hy PSA unit or 2) the use of a CO, VSA unit and an addifional CO; PSA unit
in conjunction with a SHR unit, a WGS reactor, and a Hy PSA unit in order to recover
additional CO;, that would normally be used for other purposes such as the makeup fuel for
the SHR unit of the SHR unit/H, PSA unit scheme.

One advantage of the present invention is that these process configurations are
suttable for the recovery of CO; from mixtures containing not only high levels of CO; but
also low levels of CO; (also referred to herein as “lean” CO» mixtures). More specifically,
the present processes are proposed for use in areas where conventional CO, sources are not
avallable for the merchant CO; market. As used herein, the phrase “merchant CO, market”
refers to the CO; market which mmvolves the removal of CO; from gas streams and the
subsequent sale/use of this purtfied CO». The various process embodiments of the present
mveniton not only deliver merchant CO, product economiscally at a small scale but may also
be potentially useful on a large scale. The main benefit of using these integrated processes
are that they allow for improved recovery of high punity CO,. In addition, i certain
embodiments, depending upon the conditions utilized and the feed gas streams utilized, it
may be possible to increase overall Ha recovery and to enhance plant operation, flexibility,
and reliability.

As can be seen from the Figures, the overall processes of the present invention

involve recovering high purity gascous hydrogen and high purity gaseous carbon dioxide.
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As shown in Figure 1 and Figure 2, the first stage of each of these processes involves the
introduction of one or more hydrocarbon streams (also referred to herein as one or more
hydrocarbon feed gases) 1 along with steam 2 into a SHR unit 3. Prior to being introduced
into the actual reformer of the SHR unit 3, the one or more hydrocarbon streams 1 are
typically compressed (not shown), e.g. to about 200 to 600 psig, and combined with high
pressure steam 2, which 1s at about 700 psig, betore entering the SHR umit 3. The SHR
unit 3 conventionally contains tubes (not shown) packed with catalyst (typically a nickel
catalyst) through which the steam 2 /hydrocarbon stream 1 mixture passes. An elevated
temperature of about 860°C 1s typically maintained to drive the reaction which is
endothermic. As used herein, the phrase “steam hydrocarbon reformer unit” or “SHR
unit” refers not only to the reformer, but also to all of the additional components 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. Note that a steam methane
reformer unit (also referred to herein as a SMR untt) 1s considered to be a specific type of
SHR unit and is generally the preferred type of SHR unit. The reaction product from the
SHR unit (hereinatter “SHR product stream™) 1s principally a hydrogen rich effluent that
contains hydrogen, carbon monoxide, methane, water and carbon dioxide 1n proportions
close to equilibrium amounts at the elevated temperature and pressure. In certain
embodiments where there 1s a high amount of carbon monoxide in the SHR product
stream (which depends upon the actual composition of the initial hydrocarbon streams
injected mnto the SHR unit), the scheme may optionally contain a water gas shift (also
referred to herein as “WGS™) reactor 5 which functions to form additional hydrogen and
carbon dioxide by further reacting or treating the SHR product stream with additional
steam in order to obtain a water gas shift effluent. In the embodiment where the WGS
reactor 5 1s included, the SHR product stream 1s then introduced via hine 4 nto the WGS
reactor 5 (which can contain a variety of stages or one stage; embodiment with various
stages not shown) along with steam which 1s introduced via line 6 to torm additional
hydrogen and carbon dioxide. The WGS reactor 5 converts the carbon monoxide to

carbon dioxide with the liberation of additional hydrogen by reaction at high temperature
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in the presence of the additional steam. Combining a SHR unit 3 and a WGS reactor 5 1s
well known to those of ordinary skill in the art.

The SHR reaction product (in the case where there 1s no water gas shift reactor) or
the water gas shift reaction product (hereinafter “WGS reaction product) 1s then
infroduced into a Hy PSA unit 8 via line 7 1in order to produce high punity hydrogen.

Prior to introduction into the Hy PSA 8, the WGS reaction product (or SHR reaction
product when there 1s no WGS reactor) will typically be cooled down to less than 50°C
and a pressure in the range of 200 to 600 psig. The cooling down step 1s typically
accomplished via a heat exchanger (not shown}). The H, PSA unit 8 utilized can be any
H; PSA unit known in the art and can comprise anywhere from two to twelve adsorption
beds (not shown) although more adsorption beds may be utilized. During the process of
H, production, cach of the adsorption beds will individually under go a cycle that
generally comprises: a) pressurization with pure hydrogen product, b) constant feed and
hydrogen product release; ¢) pressure equalization to transter high pressure hydrogen-rich
void gas {0 another bed at low pressure, the other bed being about to commence product

nressurization; d) depressurization to slightly above atmospheric pressure; ¢) purge using

intermediate product hydrogen; and 1) pressure equalization with another bed at higher
pressure to accept hydrogen-rich void gas. Note that with regard to the multiple beds,
these beds are typically staggered with regard to their pomnt in the process cycle noted (at
difterent steps with regard to one another) in order to allow continuous umnterrupted
processing. The type of adsorbents utilized in the adsorbent beds may be any type of
adsorbent that 1s known 1n the art for such H», PSA beds. Preferably, the adsorbents used
in the H>; PSA 8 include, but are not limited to activated alumina, activated carbon,
zeolite and combinations thereot. As a result of this process, two separate gas streams are
obtained-—one that 1s a gaseous high punty hydrogen stream that is withdrawn via line 9
where 1t 1s passed on for further use and/or storage and the other which 1s often referred
to as a Hz PSA tail gas which 1s withdrawn after desorption ot a bed via line 10 and 1s
subjected to further processing. The H, PSA tail gas withdrawn from the adsorption beds
of the Hy PSA unit 8 during the depressurization and purge steps generally comprises
carbon dioxide, methane and carbon monoxide and any remaining hydrogen. The

combination of a Hy PSA unit 8 with a SHR unit 3 and an optional WGS reactor 5 1s well

$
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known to those of ordinary skill in the art and 15 depicted 1n each of the embodiments
described heremafter. With regard to the embodiments described hereinafter, the process
will be described with reference to a SHR unit 3, a WGS reactor 5, and a H2 PSA unit.
However, the same description is applicable for embodiments in which the WGS reactor
3 18 not present.

The next step in the process involves the removal of CO; from the H, PSA tail gas
stream, more specifically for the removal of CO, from H, PSA tail gas streams produced as
a resuit of the SHR/WGS/Hy PSA 3/5/8 process. A variety of alternatives are available for
the removal ot CO; from this Hy PSA tail gas with each of these comprising the SHR-
WGS- H2 PSA scheme described hereinbefore. The present embodiments present
alternatives to the prior art which allow for the removal of CO, from the H, PSA tail gas

stream which would normally be used as makeup fuel for the SHR unit.

As noted above, m the standard SHR/WGS/H; PSA 3/5/8 scheme, by treating the
gas stream that 1s produced by processing through the SHR umit 3 and WGS reactor 5, 1t 18

possible to obtain a gas stream that 1s rich 1 hydrogen. As previously noted, this hydrogen
rich gas stream 1s then imyjected into the Hy PSA unit 8 via line 7 under standard PSA
conditions (including standard temperatures and pressures ) with the result that a high purity
gas stream comprising greater than about 99% hydrogen, preferably in the arca of 99.9%
hydrogen is obtamned. As a result of subjecting this hydrogen rich gas stream from the Hs
PSA process, a waste stream that 1s referred o as a Hy PSA tail gas stream 1s also obtained.
During the Hy PSA process, the high purity gas stream passes through the various beds and
the heavier components are adsorbed by the adsorbents mn the beds. The resulting Hy PSA
tatl gas stream 1s withdrawn from the H, PSA unit via line 10 after the pressure of the
adsorbent bed 1s decreased (depressurization or desorption) and a purge step thercby
releasing the adsorbed components. This Hy PSA tail gas stream typically comprises
methanc, hydrogen, carbon monoxide, carbon dioxide and water with the amount of each
being present typicaliy depending upon the actual feed gas utilized for the SHR/WGS/H,
PSA processes. While not wishing to be restricted by reciting actual ranges of components,
typically the Hy PSA tail gas comprises from about 30 to about 60% CO,, more typically
from about 40 to about 50% CQO,. In the past, regardless of the composition, this Hy PSA
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tail gas stream was typically used as a makeup fuel to be added to the SHR unit along with
natural gas. As a result, there was a loss of valuable CO;.

In the first process embodiment of the present invention as set forth in Figure I,
rather than use the Hy PSA tail gas stream as a makeup fuel as in the prior art, the H; PSA
tail gas stream 1s instead treated in order to remove the valuable CO; present as a high purity
CO2 stream. This treatment of the Hy PSA tail gas stream 1s carried out using a CO, VSA
unit 11. As used herein with regard to the present invention, the term “VSA” refers to a
non-cryogenic gas separation technology which utilizes the adsorbents for the removal of
certain gases from a gas mixture and vacuum for the removal of the certain gases from
the adsorbents. Furthermore, as used herein, the phrase “CO; VSA unit” refers to a
vacuum swing adsorption unit in which vacuum is used along with an adsorbent that 13
specific to CO, in order fo select for CO, removal from a gas stream. For the purposes of
the present imnvention, with regard to the CO, VSA unmit, this unit 1s a separate unit from the
H, PSA untt (the two are uncoupied; not a part of a single unit). Those of ordinary skill in
the art will recognize that while it 1s critical that the VSA unit be utilized in the process of
the present invention, the actual configuration of the VSA unit 1s not necessarily critical
provided that the VSA unit comprises two or more static beds of the adsorbent,
preferably selected from adsorbents such as a zeolite adsorbent (also referred to as zeolife
beds), a silica gel or combinations thereof, preferably from two to four static beds.
Accordingly, any VSA unit known in the art which includes at least one or more zeolites
as adsorbent 1n at least two beds may be used for the CO2 VSA unit in the process of the
present invention. In an altemative embodiment of the present mvention, a silica gel will
be used alone or with the zeolite adsorbent where there is not high vacuum pressure
available to desorb the adsorbed CO, from the zeolite adsorbent. In an even further
embodiment, an activated alumina can be used with the one or more zeolites and/or stlica
gel, preferably as a layer to help in the removal of water. Note high vacuum pressure is
typically required to desorb adsorbed CO; from zeolite adsorbent due to high surface
atfinity. However, the adsorbed CO» can be relatively easily withdrawn from silica gel
adsorbent or a combination of stlica gel with zeolite adsorbent 1 the case where there 1s
no high vacuum pump available. Accordingly, silica gel adsorbent may be an option

since both adsorbents may have simiiar CO, working capacity if there 1s no high vacuum

8
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pressure available. In as still further embodiment of the present invention, 1t may be
desirable to not treat all of the H, PSA tail gas. In such cases, a portion of the H; PSA
tail gas may be separated (withdrawn) from the Hy PSA tail gas prior to msertion into the
CO, VSA unit 11 and directed via line 10.1 to be added to line 13 which provides the
first CO, lean gas stream to be used as makeup fuel 1n the SHR unit 3.

Therefore, the first process embodiment of the present invention provides for the
integration of the CO; VSA unit 11 into the standard SHR/WGS/H, PSA 3/5/8 scheme. In
this process, the Hy PSA tail gas stream that 1s obtained from the H, PSA unit 8 portion of
the SHR/WGS/Hy PSA 3/5/8 scheme 1s fed via line 10 at a pressure that 1s dependent upon
the Hy PSA tail gas pressure as it leaves the Hy PSA unit 8 which will typically be less than
about 10 psig to a CO; VSA umt 11 that contains at least two beds of zeolite adsorbent
(actual beds not shown) that is specific for CO, removal. A blower 12 that is positioned
down stream of the CO» VSA unit 11 15 used to aud movement of the waste stream
(hereinafter referred to as the “tirst CO; lean gas stream’™) from the CO; VSA unit 11 via
line 13 and along line 13. Those of ordinary skill 1n the art will recognize that a variety of
such blowers 12 arc available in the art which function to allow for the aid of movement of
gas streams from one position to another, including but not limited to, centrifugal blowers or
positive displacement blowers. Those of ordinary skill in the art will also recognize that a
plower may also be positioned along line 10 just prior to the CO, VSA unit 11 (not shown).
While this position may be ufilized, 1t 15 less advantageous than the first alternative of the
blower 12 down stream from the CO; VSA unit 11 along line 13 since in this instance, a
larger blower may be needed since the biower will be aiding in the movement of a larger
quantity of gas (the entire CO; VSA feed stream).

Once the Hs PSA tail gas stream 1s introduced into the CO; VSA unit 11 via line
10 with the assistance of the blower 12 placed downstream of the CO, VSA unit 11 along
line 13, the Ha PSA tatl gas stream passes over the one or more zeolite beds (not shown)
employed in the CO, VSA unit 11, By exposing the H, PSA tail gas strcam obtained
irom the H, PSA unit 8 of the SHR/WGS/H,; PSA 3/5/8 scheme to a zeolite that 1s
specific for the CO» 1n the tail gas stream at near or shightly higher than ambient
temperatures and pressures, it 1s possible to remove a large portion of the CO, from the

tatl gas stream 1n a highly purified state as the CO, will be taken up (adsorbed) by the
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zeolite. The CO, becomes trapped inside of the zeolite adsorbent during the exposure of the
H, PSA tail gas stream to the zeolite and the remaining gases, such as CHy, CO and Hs, pass
over the zeolite bed due to the lack of athinmity of the zeolite for these particular gases and
pass on through the CO; VSA unit 11 and out of the CO; VSA unit 11 via line 13 as a first
CO, lean gas stream. Note that there will also be some CO; which passes through with the
remaming gases in the first CO, lean gas stream as the adsorbent removes “a large portion of
the CO,”, not necessarily all of the CO,. The zeolite, while being specific for CO, also has
an affinity for water. Accordingly, any water that 1s present may also be taken up by the
zeolite. In many stances, the inclusion of water with the CO; will not prove to be a
problem since many of the downstream uses of CO, will take into account the removal of
any water that 1s present.

As used herein, the phrase “a large portion of the CO,” refers to the removal of
greater than 50% of the CO; present in the H; PSA tail gas stream while the phrase “in a
highly purified state” refers to a purity of greater than 96% CO;, (dry). Accordingly, by
using this first process embodiment of the present invention, 1f 1s possible to recover over
50% of the CO, in the Hy PSA tail gas stream with the CO» recovered having a purnity of
greater than 96% (dry), preferably greater than 97% (dry), and even more preferably
orcater than 98% (dry).

The temperature at which the first process embodiment of the present imnvention 13
carried out 1in the CO, VSA unit will be within the range known 1n the art. This
temperature 1s typically less than about 60°C.

With regard to the zeolites utilized 1n the CO,; VSA unit of the first process
embodiment of the present invention, the term “zeolite™ reters to any one or more zeolites
(including mixtures) that are selective tor CO» while at the same fime having minimal to
no selectivity for the remaining components in the gas mixture (in the case of a
SMR/WGS/HS PSA 3/5/8 configuration, methane, hydrogen, and carbon monoxide). In
other words, the selected zeolite matertal should have a higher atfinity to CO» than other gas
components in the gas mixture. Preferably, the zeolite utilized 1s selected from molecular
sigves, more preferably molecular sieves selected from the group consisting of A type, Y
type and X type, and most preferably from 13X molecular sieves. Within the VSA unit

utilized, preferably the unit will comprise from 2 to 4 beds in which the one or more
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zeolites are fixed (typically a fixed static bed). Those of ordinary skill in the art wili
recognize that the actual configuration of the zeolites within the beds may take on a
variety of different forms and shapes. More specifically, the one or more zeolites utilized
may be in the form of layered or radial beds. In addition, in order to remove water from
the Hy PSA tail gas stream, there may be present in the bed activated alumina which may
be posttioned with regard to the zeolite 1n a layer as in the case when more than one
zeolite 1s present. In addition, those of ordinary skill in the art will also recognize that other
types of adsorbents may be utilized 1n the VSA unit such as silica gels and activated carbon
but that the preferred and most efficient adsorbents are zeolites.

As noted above, when the H; PSA tail gas stream obtained from the Hy PSA unit
8 15 passed over the zeolite bed that contains zeolite that 1s specific for CO», a large
portion of the CO; adsorbs to the zeolite and the remaining gas exits the VSA umit 11 via
line 13. The remaming gas components which make up the stream (the first CO, lean gas
stream that typically comprises methane, hydrogen, carbon monoxide and some small
amount of carbon dioxide) will exit the VSA umit 11. While one ohjective of the present
invention 1s to remove as much CO;, as possible, the main objective of the process 1s 1o
obtain high purity CO,. Accordingly, with the present process, the first CO; lean gas
stream will still contain some carbon dioxide after the tail gas stream from the H, PSA
unit 8 1s passed through the CO, VSA unit 11 and over the zeolite that 1s selective for
COs,. In this first embodiment, the first CO, lean gas stream obtained 1s recycled to the
SHR unit 3 via line 13 as a fuel (a makeup fuel) to be used in conjunction with a fuel gas,
such as a natural gas, supplied via line 16.

Once the first lean CO» gas stream exits the CO, VSA unit via line 13, a vacuum
pump 135 1s used to desorb the adsorbed CO, and to draw the resulting COs rich stream (=
06% CO, (dry)) from the CO, VSA unit 11 via line 14. This CO, rich stream recovered
from the zeolite may then be sent to a CO» liquetaction unit (not shown) in order to produce
a food grade CO, product.

In the second process embodiment of the present invention as shown n Figure 2, the
process 1s carried out 1n the same manner as described hereinbefore with regard to the first
process embodiment depicted i Figure 1, with the exception that an additional step 1s added

to the first process embodiment allowing for the CO» fean gas stream to be further treated to
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cxpanded use of the components contained in the CO; lean gas stream 1n the CO,; VS A unit
11. In this additional step, a compressor 17 15 used to compress the first CO; lean gas
stream to a pressure that 1s higher than the SHR operating pressure (which 1s typicaily from
about 200 to about 600 psig). Note that an optional blower 12 (not depicted in Figure 2)
such as that used in the first embodiment may be posttioned just prior to the CO» VSA unit
11 on hine 10 to atd 1n the movement of the gas stream through the CO, VSA unit 11 and
along line 13 to compressor 17. The compressed CO, lean gas stream 1s then fed to a
secondary PSA unit 18 which contains two or more beds of an adsorbent which are specific
for CO», such as silica gel or activated carbon, thereby allowing much of the remaining CO;
to be adsorbed on to the adsorbent (heremnafter “CO, PSA unit”™). In the preferred alternative
of this second process embodiment, the adsorbent utilized 1s an activated carbon adsorbent.
As a result of the CO,; PSA unit 18 treatment, two separate gas streams are obtained—a
secondary gaseous hydrogen rich stream which 1s removed through line 19 and a
secondary CO; PSA tail gas that is removed through line 23. As noted above with regard
to the description of the H; PSA process aspects, the Hy rich stream exits the secondary
CO; PSA unit 18 via line 19 and 1s recycled to be included m either 1) the feed gas
stream | that ts injected into the SHR unit 3 (via lines 19 and 20); 2) the SHR product
stream feed gas that exits the SHR unit 3 via line 4 and 1s mnyected mnto the WGS reactor 5
(via lines 19 and 21}, or 3) the WGS reaction product stream that results from the WGS
treatment and is injected 1into the Hy PSA unit (via lines 19 and 22). By recycling the
hydrogen rich gas stream obtained in this manner, the resuit 1s an increase 1n the
production of high purity H, from the first Hy PSA unit 8. As in the first embodiment of
the present invention, 1t may be desirable to not treat all ot the Hy PSA tatl gas. In such
cases, a portion of the Ho PSA tail gas may be separated (withdrawn) from the Hs, PSA
tail gas prior to msertion into the CO; VSA unit 11 and directed to be added to line 13
(not shown) which provides the first CO, lean gas stream to be used as makeup fuel in
the SHR unit 3.

The PSA unit utilized as the secondary CO, PSA unit 18 can be a standard PSA unit
such as the PSA untt utilized for hydrogen recovery that contains from two to twelve or
more adsorption beds. However, as the stream to be treated at this point 1s smaller than the

stream that 1s treated 1in the H; PSA umt 8, typically, this secondary CO, PSA unit 18 will be
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smaller in size. In addition, the design complexity of the secondary CO; PSA unit 18 will
often be determined based on the desired end uses of the gas streams produced as well as the
degree of purity desired for each of these gas streams.

As a result ot this secondary CO, PSA unit 18 treatment, as long as the pressure in
the two or more beds 1s maintained at the level noted above (about 200 to 600 ps1), the
remaining components of the CO, lean gas stream remain adsorbed onto the adsorbent.
However, these components become desorbed by reducing the bed pressure and can be
drawn from the secondary COy PSA unit I8 as a secondary CO, PSA tail gas via line 23.
Typically, this secondary CO; PSA tail gas will be low 1n quantity but rich in CO,, The

enriched CO; desorbed stream (secondary CO» PSA tail gas stream) can be either

recycled back to the CO; VSA umt 11 as feed via lines 23 and 24 or returned back to the
SHR unit 3 as a makeup fuel via lines 23 and 25. The choice of routes will typically be
dependent on the CO, concentration of the mixture. With regard to the alternative in
which the secondary CO; PSA tail gas is recycled and added to the Hy PSA tail gas
stream to be further injected into the CO,; VSA unit (where 1t serves as additional feed for
the CO; VSA umit), this recycle improves the efficiency of the high purity CO; recovery
as a result of the CO, VSA unit treatment.

With regard to the first and second embodiments noted above, it 1s possible to
include a dryer system (not shown) that will be instalied just prior to the H; PSA unit 8
(along hine 7 between the WGS unit 5 and the H, PSA unit 8) in order to remove moisture
from the gas stream to be injected into the Hy PSA unit 8 (the gas stream that 1s rich 1n
hydrogen). Such dryer systems are readily known to those of skill in the art, This dryer
system in turn aids in the production of a dry high purity CO5 rich stream from the CO;
VSA unit 11 that will be sent to a liquetaction plant (not shown) via line 14. With regard to
these hirst two embodiments, it would also be possible to regenerate the dryer using the CO;,
lecan stream that is produced as a result of the CO, VSA 11 treatment (regeneration of dryer
alternative not shown). Accordingly, a portion of the CO, lean stream can be pulled off
prior to being recycled to the SHR unit 3 1n the first process embodiment or prior to being
compressed 11 the compressor 17 in the second process embodiment. Note that reducing
the moisture content of the H, PSA tail gas by installing a dryer before the Hy PSA unit 8

1s not critical to the present invention as CO; VSA process and many commercial CO»
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plants downstream are designed to handle feed gas that 1s at close to atmospheric pressure
and saturated with water vapor at 100°F to 150°F. On the other hand, it the CO, feed gas
moisture content can be reduced to liquid CO; product levels (preferably less than about
5 ppm), CO, plant dryers could be eliminated and the use of stainless steel (to resist

carbonic acid corrosion) in the CO; plant could be significantly reduced 1f not completely

chminated.

The present invention further comprises the various systems discussed hereinbefore

with regard to the noted processes.

(r

Simulation Example

A simulation example for a CO; VSA case was carried out using an Adsim sunulator
(commercially available from Aspen Tech)

In this sitmulation, a wet CO, contamning teed gas from a Hy PSA tail gas stream was

utilized. Specitications of Hy PSA tail gas:

Pressure (0.3 bar (g)
Temperature 35°C
Average gas composition (kmol/kmot)
CO 0.1313
CO, 0.4742
H-,O 0.0090
N, 0.0130
CH, 0.1067
I, balance

Adsorbent in CO» VSA bed was 1n multiple layers:

Zeolite (13X) 30%
Activated alumina 20%

The simulation was conducted based on a 6 steps VSA cycle with 4 adsorbent beds, each
of the adsorbent beds being as noted above,

The VSA feed gas pressure (after blower) was 0.45 bar {(g)
Vacuum pump suction pressure was 150 mbar

CO, product composition (kmol/kmol) based on simutation:

CO 0.0134
CO; (.949(0)
H-O 0.0253
Nj_) {.0c-4
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CH4 0.0069

s balance

Utilizing the simulation, CO; product recovery was 69%,.

Based on the simulation, the conclusion was that high purity CO, product can be
produced by the VSA process regardless of the moisture contained in the feed stream.
Wet Hy, PSA tai]l gas may directly be used as the VSA feed. Therefore, a low pressure
dryver package may not be needed. In addition, an alumina layer can be used to stop

water propagation into zeolite, although a single 13X layer may also be applied.
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Elements:

1 feed gas (hydrocarbon stream)

2 steam 1njection to SHR

3 steam hydrocarbon reformer

4 line from SHR to water gas shift

5 water gas shift

0 steam 1njection to water gas shift

7 line from water gas shift to H, PSA

8 H; PSA

9 line for removal of high purity hydrogen

10 line for removal of H; PSA tail gas

] 1 CO» VSA

12 blower

13 line {from which lean gas stream exits CO, VSA

14 line form which high purity CO; stream exits CO, VSA

kS vacuum pump

16 fuel gas line for SHR

b7 COMpPIessor

S secondary PSA unit

19 line where hydrogen rich stream exits secondary PSA unit

20 line where hydrogen rich stream is recycled to the SHR unit as feed

21 line where hydrogen rich stream 1s recycled to the WGS unit

272 line where the hydrogen rich stream is recycled to the H; PSA

23 line where the secondary lean CO, gas stream 18 withdrawn

24 line where the secondary lean CO» gas stream 1s recycled to the CO,; VSA

25 line where the secondary lean (O, gas stream 1s recycled as makeup fuel for the
SHR

26 CO, PSA

16
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CLAIMS

What 1s claimed 1s:

1. A process for recovering high purity gaseous hydrogen and high purity

gaseous carbon dioxide, the process comprising the steps of:

a) generating a hydrogen rich effluent that also contains carbon monoxide, carbon
dioxide, methane and water from one or more hydrocarbon feed gases 111 a steam
hydrocarbon reformer;

b) treating the hydrogen rich effluent in a water gas shift reactor in order to
further enrich the hydrogen rich effluent and also increase the carbon dioxide content in
the hydrogen rich effluent thereby obtaining a water shift effluent;

¢) introducing the water shift effluent into a hydrogen pressure swing adsorption
unit having two or more beds that contain one or more adsorbents that allow for the
recovery of a high purity gaseous hydrogen stream and the adsorption of carbon dioxide,
carbon monoxide, methane, water and the remaining hyvdrogen onto the adsorbents in the
two or more beds;

d} withdrawing the high purity gaseous hydrogen from the hydrogen pressure
swing adsorption unit and passing this stream on for further use;

¢} depressurizing the two or more beds that contain the adsorbent in order to
release the carbon dioxide, carbon monoxide, methane, water and the remaining
hydrogen adsorbed thereto and produce a hydrogen pressure swing adsorption tail gas;

f) withdrawing the hydrogen pressure swing adsorption tail gas from the
hydrogen pressure swing adsorption unit and with the aid of a blower and introducing the
hydrogen pressure swing adsorption tail gas into a vacuum swing adsorption unit that
contains one or more beds of an adsorbent selected from zeolites, silica gels, activated
alumina or mixtures thereof that are selective for carbon dioxide thereby aliowing for the
recovery ot a high purity gaseous carbon dioxide by adsorption to the adsorbent and a
first carbon dioxide lean gas stream that contains methane, hydrogen, carbon monoxide

and the remaining carbon dioxide;
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g) allowing the first carbon dioxide lean gas stream to pass from the vacuum
swing adsorption unit where 1t 1s recycled to the steam hydrocarbon reformer where it can
used as makeup fuel gas 1n the steam hydrocarbon reformer; and

h) vacuum desorbing the carbon dioxide from the adsrobent in the vacuum swing

adsorption unit in order to produce a high purity gaseous carbon dioxide stream that may

be passed on for further use.

2. The process i accordance with claim I, wherein the blower of step 1) 1s
positioned after the VSA umit and aids in pulling the hydrogen pressure swing adsorption

tail gas through the VSA unit.

{r

3. The process in accordance with claim 1, wherein the blower of step ) 1s
positioned before the VSA unit and aids in introducing the hydrogen pressure swing

adsorption tail gas into the VSA unit.

4. A process for treating a hydrogen pressure swing adsorption tail gas stream
that contains hydrogen, carbon monoxide, carbon dioxide, methane and water in order to
recover high purity carbon dioxide from the tail gas stream, said process comprising the
steps of:

a) introducing the hydrogen pressure swing adsorption tail gas with the aid of a
blower into a vacuum swing adsorption unit that contains one or more beds of an
adsorbent that is selected from zeolites, silica gels, activated alumina and mixtures
therecot that are selective for carbon dioxide thereby allowing for the recovery of a high
purity gaseous carbon dioxide by adsorption of a large portion of the carbon dioxide to
the adsorbent and a first carbon dioxide lean gas stream that contains methane, hydrogen,
carbon monoxide and the remaining carbon dioxide;

b) allowing the first carbon dioxide lean gas stream fo pass from the vacuum
swing adsorption unit where 1t 1s recycled for use as a makeup fuel; and

¢} vacuum desorbing the carbon dioxide from the adsorbent in the vacuum swing

adsorption unit in order to produce a high purity gaseous carbon dioxide stream.

[ 8
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5. The process 1 accordance with claim 4, wherein the blower of step a) 1s
positioned aiter the VSA umit and aids 1n pulling the hydrogen pressure swing adsorption

tail gas through the VSA unit.

6. The process in accordance with claim 4, wherein the blower of step a) is
positioned before the VSA unit and aids in introducing the hydrogen pressure swing

adsorption tail gas into the VSA unit.

7. The process in accordance with any one of claims 4 to 6, wherein the

adsorbent 1s a zeolite that 1s a molecular sieve adsorbent.

8. The process in accordance with claim 7, wherein the molecular sieve adsorbent

1s 13X zeolite.

9. A process for recovering high purity gaseous hydrogen and high purity
gaseous carbon dioxide, the process comprising the steps of;

a) generating a hydrogen rich effluent that also contains carbon monoxide, carbon
dioxide, methane and water from one or more hydrocarbon feed gases i a steam
hydrocarbon reformer:;

b) treating the hydrogen rich effluent i a water gas shift reactor in order to
further enrich the hydrogen rnich effluent and also increase the carbon dioxide content 1n
the hydrogen rich effluent thereby obtaining a water shift effluent;

¢) introducing the water shift eftluent into a hydrogen pressure swing adsorption
unit having two or more beds that contain ene or more adsorbents that allow for the
recovery of a high purity gascous hydrogen stream and the adsorption of carbon dioxide,
carbon monoxide, methane, water and the remaining hydrogen onto the adsorbents n the
fwo or more beds;

d) withdrawing the high purity gaseous hydrogen from the hydrogen pressure
swing adsorption untt and passing this stream on for further use;

¢) depressurizing the two or more beds of the hydrogen pressure swing adsorption

unit that contamn the adsorbent 1n order to release the carbon dioxide, carbon monoxide,
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methane, water and the remaining hydrogen adsorbed thereto and produce a hydrogen
pressure swing adsorption tail gas;

ty withdrawing the hydrogen pressure swing adsorption tail gas from the hydrogen
swing adsorption unit and introducing the hydrogen pressure swing adsorption tail gas
into a vacuum swing adsorption umt that confains two or more beds of an adsorbent
selected from zeolites, silica gels, activated aluminas and mixtures thereof that are
selective for carbon dioxide thereby allowing for the recovery of a high purity gaseous
carbon dioxide by adsorption to the adsorbent and a first carbon dioxide lean gas stream
that contains methane, hydrogen, carbon monoxide and the remaining carbon dioxide;

g} allowing the first carbon dioxide lean gas stream to pass from the vacuum
swing adsorption unit to a compressor where the first carbon dioxide lean gas stream 1s
compressed to a pressure that 1s higher than the pressure of the steam hydrocarbon reformer

before being ted to a secondary pressure swing adsorption unit that contains two more beds
that include activated carbon thereby allowing for the production of a secondary high purity
hydrogen stream and a secondary pressure swing adsorption tail gas;

h) vacuum desorbing the carbon dioxide from the adsorbent in the vacuum swing
adsorption unit 1n order to produce a high purity gaseous carbon dioxide rich stream;

1} withdrawing the high purity hydrogen stream from the secondary pressure
swing adsorption unit and recyeling the high purity hydrogen stream to either the feed gas
of the steam hydrocarbon reformer, the hydrogen rich effluent that 1s withdrawn from the
steam hydrocarbon reformer 1o be injected into the water gas shift reactor, or the water
shift cffluent to be injected into the hydrogen pressure swing adsorption unit;

1)} depressurizing the two or more beds of the secondary pressure swing adsorption
unit to aliow for the withdrawal of the secondary pressure swing adsorption tail gas; and

k) recycling the secondary pressure swing adsorption tail gas to the steam
hydrocarbon reformer as makeup tuel or to the hydrogen pressure swing adsorption tail

gas stream to be injected 1nto the carbon dioxide vacuum swing adsorption unit.

[0. A process for treating a hydrogen pressure swing adsorption tail gas stream

that contains hydrogen, carbon monoxide, carbon dioxide, methane and water 1n order to

2()
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recover high purity carbon dioxide from the tail gas stream, said process comprising the
steps of;

a) introducing the hydrogen pressure swing adsorption tail gas into a vacuum
swing adsorption unit that contains two or more beds of an adsorbent selected from
zeolites, silica gels, activated aluminas and mixtures thereof that are selective for carbon
dioxide thereby allowing for the recovery of a high purity gascous carbon dioxide by
adsorption to the adsorbent and a first carbon dioxide lean gas stream that contains
methane, hydrogen, carbon monoxide and the remaining carbon dioxide;

b) allowing the first carbon dioxide lean gas stream to pass from the vacuum
swing adsorption unit to a compressor where the first carbon dioxide lean gas stream 1s
compressed to a pressure that 1s higher than the pressure of the steam hydrocarbon reformer
before being fed to a secondary pressure swing adsorption unit that contains two more beds
that include activated carbon thercby allowing for the production of a secondary high purity
hydrogen stream and a secondary pressure swing adsorption tail gas;

¢) vacuum desorbing the carbon dioxide from the adsorbent in the vacuum swing
adsorption unit 1n order to produce a high purity gaseous carbon dioxide rich stream,;

d) withdrawing the high purity hvdrogen stream from the secondary pressure
swing adsorption unit and recycling the high purity hydrogen stream to etther the feed gas
of the steam hydrocarbon reformer, the hydrogen rich effluent that 1s withdrawn from the
steam hydrocarbon reformer and injected into the water gas shift reactor, or the water
shift etfluent to be injected into the hydrogen pressure swing adsorption unit;

e) depressurizing the two or more beds of the secondary pressure swing adsorption
unit to allow for the withdrawal of the secondary pressure swing adsorption tail gas; and

f) recycling the secondary pressure swing adsorption tail gas to the steam
hydrocarbon reformer as makeup tuel or to the hydrogen pressure swing adsorption tail

gas stream to be injected mte the carbon dioxide vacuum swing adsorption unit,

[ 1. A system for recovering high purity gascous hydrogen and high purity

gascous carbon dioxide, the system comprising:
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a) a steam hydrocarbon reformer that generates a hydrogen rich effluent that also
contains carbon monoxide, carbon dioxide, methane and water from one or more

hydrocarbon feed gases;

b) a water gas shift reactor for freating the hydrogen rich effluent to convert the
carbon monoxide present in the hydrogen rich effluent to carbon dioxide to obtain a water
shift effluent and a means for passing the hydrogen rich effluent from the steam
hydrocarbon reformer to the water gas shift reactor;

¢) a hydrogen pressure swing adsorption unit having two or more beds that
contain one or more adsorbents that allow for the recovery of a high purity gascous
hydrogen stream and a hydrogen pressure swing adsorption tail gas that contains the
carbon dioxide, carbon monoxide, methane, water and the remaining hydrogen from the
water shift effluent of the water gas shift reactor and a means for passing the water shift
effluent from the water gas shift reactor to the hydrogen pressure swing adsorption unit;

d) a vacuum swing adsorption unit that contains one or more beds of an adsorbent
selected from zeolites, silica gels, activated aluminas and mixtures thercof that are
selective for carbon dioxide thereby allowing for the recovery of a high purity gascous
carbon dioxide by adsorption to the adsorbent and a first carbon dioxide lean gas stream
that contains methane, hydrogen, carbon monoxide and the remaining carbon dioxide and
a means for passing the hydrogen pressure swing adsorption tail gas that contains the
carbon dioxide, carbon monoxide, methane, water and the remaming hydrogen from the
hydrogen pressure swing adsorption unit to the vacuum swing adsorption unit and a
means for withdrawing the high purtty gaseous hydrogen stream {rom the two or more
beds that contain one or more adsorbents of the hydrogen pressure swing adsorption unit;
and

¢) a means for recycling the first carbon dioxide lean gas stream to pass irom the
vacuum swing adsorption unif to the steam hydrocarbon reformer where 1t can be added
to natural gas in order to fuel the steam hydrocarbon reformer and a means for desorbing
the carbon dioxide from the adsorbent 1 the vacuum swing adsorption unit in order to

produce a high purity gascous carbon dioxide stream.
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12. The system of claim 11, wherein the various means for passing include lines
that allow for the passage of the gases and various optional pumps and blowers which

assist in the movement of the gases from one point to another.

13. A system for recovering high purity gaseous hydrogen and high purity
gascous carbon dioxide comprising:

a) a steam hydrocarbon reformer that generates a hydrogen rich ettluent that also
contains carbon monoxide, carbon dioxide, methane and water from one or more
hydrocarbon feed gases;

b} a water gas shift reactor for treating the hydrogen rich effluent to convert the
carbon monoxide present in the hydrogen rich effluent to carbon dioxide to obtain a water
shift effluent and a means for passing the hydrogen rich effluent from the steam hydrogen
carbon reformer to the water gas shift reactor;

c) a hydrogen pressure swing adsorption unit having two or more beds that
contain one or more adsorbents that allow for the recovery of a high purity gascous
hydrogen stream and a hydrogen pressure swing adsorption tail gas that contains the
carbon dioxide, carbon monoxide, methane, water and the remaining hydrogen from the
water shift effluent of the water gas shift reactor and a means for passing the water shift
ctfluent from the water gas shift reactor to the hydrogen pressure swing adsorption unit;

d} a vacuum swing adsorption unit that contains one or more beds of an adsorbent
sclected from zeolites, silica gels, activated aluminas and mixtures thereof that are
selective for carbon dioxide thereby allowing for the recovery of a high punty gaseous
carbon dioxide by adsorption to the adsorbent and a first carbon dioxide lean gas stream
that contains methane, hydrogen, carbon monoxide and the remaining carbon dioxide and
a means for passing the hydrogen pressure swing adsorption tail gas that contains the
carbon dioxide, carbon monoxide, methane, water and the remaining hydrogen from the
hydrogen pressure swing adsorption unit to the vacuum swing adsorption unit and a
means tor withdrawing the high purity gaseous hydrogen stream from the hydrogen

pressure swing adsorption unit;
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¢) a compressor for compressing the first carbon dioxide lean gas stream from the
vacuum swing adsorption unit and a means for passing the first carbon dioxide lean gas
stream from the vacuum swing adsorption unit to the compressor;

f) a secondary pressure swing adsorption unit that contains one or more beds that
mclude activated carbon thereby allowing for the production of a secondary high punty
hydrogen stream and a secondary pressure swing adsorption tail gas and a means to pass the
compressed first carbon dioxide fean gas stream form the compressor to the secondary
pressure swing adsorption unit;

g) a means to withdraw the high purity hydrogen stream from the secondary
pressure swing adsorption unit and recycling the high purity hydrogen stream to either
feed stream for the steam hydrocarbon reformer, the water gas shift reactor, or the
hydrogen pressure swing adsorption unit; and

1) a means to depressurize the two or more beds of the secondary pressure swing
adsorption unit fo allow for the withdrawal of the secondary pressure swing adsorption
tail gas and a means for recycling the secondary pressure swing adsorption tail gas to be
used with natural gas as fuel for the stecam hydrocarbon reformer, to the water gas shift

reactor or to be mcluded in the water gas shift effluent.
4. The system of claim 13, wherein the various means for passing mnclude lines

that allow for the passage of the gases and various optional pumps and blowers which

assist in the movement of the gases from one point to another.
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S8034 Figure 1: First Embodiment
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