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(57) Abstract: Systems and methods for hydrogen production with carbon capture are provided. A hydrogen containing stream can
be divided so that a portion of the stream is processed for separation of C02. A hydrogen enriched stream formed during separation
of CO2 and another portion of the hydrogen containing stream can be processed in a cycling adsorber unit to form a hydrogen
product stream. Optionally, the cycling adsorber unit can be operated to form a plurality of tail gas streams. The hydrogen containing
stream can be a reformed hydrocarbon stream and/or an input stream previously exposed to a water gas shift catalyst. Optionally, a
portion of the reformed hydrocarbon stream can be a reformed biocomponent stream.
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HYDROGEN PRODUCTION WITH CARBON CAPTURE

FIELD OF THE INVENTION

6001} Systems and methods are provided relating to hydrogen production, in many
cases combined with capture/sequestration of carbon-containing molecules, such as i a

refinery setting.

BACKGROUND OF THE INVENTION

160021 Hydrogen is an important resource in the refining of crude otls and other
hydrocarbon fractions. Refinery processes, such as hydrotreatment, hydrocracking, and
catalytic dewaxing, can be dependent on the availability of hydrogen at 2 sufficiently high
pressure as well as a sufficiently high purity.

[B003] Uunfortunately, refinerics tend to be net consuroers of hydrogen. While
processes such as reforming can result in gencration of additional hydrogen, g typical
refinery has greater demand for hydrogen than is available from processes in the refinery
that generate hydrogen. External sources of hydrogen can be brought in to a refinery to
make up the shortfall. However, such external hydrogen represents an additional {and
potentially substantial) refinery cost, o any savings in the amount of external hydroge
consamed is beneficial.

[6004] Que potential way to reduce the amount of external hydrogen needed can be
to improve the use and recovery of hydrogen within a refinery. Refinery processes are
typically performed using an excess of hydrogen, so that some hydrogen remains as an
cfftaent or other product that exits a reactor. However, this hydrogen will typically have a
higher level of impurities. Purifyving and/or pressurizing this recyeled hydrogen for use in
the refinery can result in significant costs.

HHUEY] LS. Patent No. 7,632,476 describes a method for recovering carbon dioxide
from a synthesis gas stream. Synthesis gas can be formed in a synthesis gas reactor, such
as a steam reformer. A water gas shift reaction can be used to increase the amount of
hydrogen in the synthesis gas. CO, can be adsorbed from the output gas from the water
gas shift reactor using an adsorbent system, such as an amine adsorbent system. After

CO, removal, hydrogen can be extracted from the output gas using 3 pressure swing
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adsorption system. Optionally, only a portion of the output from the water gas shift
reaction can be diverted to the CO; adsorbent system.

[8006] U.S. Patent Application Publication No. 2009/0117024 describes a process
for hydrogen production with co-production and capture of carbon dioxide. A
hydrocarbon reforming process can be used to generate a reformed gas stream. The
hydrogen n a reformed gas stream can be removed first, such as by using a prossure swing
adsorption unit, Carbon dioxide can then be separated from the hydrogen-depleted stream
from the pressure swing adsorption unit,

{8007 .S, Patent Application Publication No. 2010/3037521 describes another
process for hydrogen and carbon dioxide production. A modified hydrocarbon reforming
process is described that can increase the relative amount of CO, in a high pressure syngas
product relative to a lower pressure flae gas gencrated by the reforming process. The high
pressure syngas product can then be sequentially passed through a4 CO; recovery unit and
a pressure swing adsorption unit for hydrogen recovery.

[B008] .S, Patent Application Publication No. 2011/001112¥ describes another
process for hydrogen and carbon dioxide production. A hydrocarbou reforming process
can be used to generate a stream containing hydrogen. The output from reforming can
optionally be exposed to steam and a water shift catalyst to increase the hydrogen and
carbon dioxide content of the stream. Hydrogen can then be separated from the stream
using 4 pressure swing adsorption process. The system for the pressure swing adsorber
can inchude multiple beds, with a conduit between beds. The multiple beds can optionally
include different types of adsorbent material. For example, one bed can favor adsorption
of carbon dioxide while a second bed can favor adsorption of methane. During the purge
portion of the cycle of the pressure swing adsorber, the purge streams from the multiple
beds can be separated, such as by withdrawing onc of the purge streams via the conduit
between the beds. The purge stream from the bed with greater methane adsorption can

then be reeyeled as an input for the hydrocarbon reforming,

SUMMARY OF THE INVENTION

[B009] In a first aspect, a method for recovery of hydrogen and carbon dioxide in a
refinery 1s provided. The mocthod can include dividing an input stream containing

hydrogen, carbon dioxide, and a hydrocarbon into a first input portion and a second input
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portion, the input stream comprising an effluent from a reforming unit, the input stream
exhibiting a hydrogen content of at least about 70 vol% and a €O, content of at least
about 5 vol%, the first input portion coraprising from about § vol% to about 60 vol% of
the input strearm; combining the first input portion and a first tail gas stream, the combined
first input portion and first tail gas stream exhibiting a CO» content of less than about 70
vol%; separating the first joput portion and a first tail gas stream to form a CO, recovery
stream and a8 hydrogen enriched stream, the CO; recovery stream having a U0, content of
at least about 70 vol%, the T, recovery stream containing at least abowt 80% of the CO;,
in the combined first input portion and first tail gas stream; exposing the hydrogen
enriched stream and the second input portion to an adsorbent in a cycling adsorber unit at
a pressure of at least about 500 psig (about 3.4 MPag) to produce a hydrogen product
stream having a hydrogen content of at least about 90 vol%, the hydrogen product stream
containing at least about 85% of the H, in the input stream; contacting the adsorbent with
a first regeneration stream at a first pressure of about 45 psig (about 310 kPag) to about
130 psig (about 900 kPag) to form the first tail gas stveam, the first tail gas stream
containing a first combined content of CO plus CO» of at least abowut 60% by vohume on a
dry basis and a first hydrocarbon content of about 10% or less by volume on a dry basis;
contacting the adsorbent with a second regeneration stream at a second pressure of about 5
psig {about 35 kPag) to about 20 psig (about 140 kPag) to form a second tail gas stream,
the second tail gas strear containing a second combined content of CO plus CO; of about
10% or less by volume on a dry basis and a second hydrocarbon content of at least about
4% by volume on a dry basis, the second tail gas stream comprising from about 25% to
about 60% of a combined volume of the first and second tail gas streams; and introducing
the second tail gas stream as an input to the reforming unit.

[6G10] In a second aspect, a method for recovery of hydrogen and carbon dioxide in
a refinery is provided. The method can include dividing an input strearm containing
hydrogen, carbon dioxide, and a hydrocarbon into a first input portion aund a second jnput
portion, the input stream comprising an effluent from a reforming unit, the input stream
exhibiting a hydrogen content from about 40 vol% of H, to about 70 vol% and a CO,
content of at least about 25 vol%, the first input portion comprising from about 5 vol% to
about 60 vol% of the input stream; combining the first juput portion and a first tail gas

stream, the combined first input portion and first tail gas stream having a CO; content of
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fess than about 70 vol%; separating the first input portion and a first tail gas stream to
form a CO, recovery stream and a hydrogen enriched stream, the CO» recovery stream
having a CO, content of at feast about 70 vol%, the CO, recovery stream containing at
least about 809 of the CO» in the combined first input portion and first tail gas streamy
exposing the hydrogen enniched stream and the second input portion to an adsorbent in a
cycling adsorber unit at a pressure of at least about 500 psig (about 3.4 MPag) to produce
a hvdrogen product stream having a hydrogen content of at least about 90 vol9, the
hydrogen product stream containing at feast about 85% of the H; in the input stream;
contacting the adsorbent with a8 first regeneration stream at a first pressure of about 45 psig
{about 310 kPag) to about 130 psig (about 900 kPag) to form the first tail gas stream, the
first tail gas stream containing a first combined content of CO phis CO, of at least about
58% by volame ou a dry basis and a first hydrocarbon content of about 109 or less by
volume on a dry basis; contacting the adsorbent with a second regeneration stream at a
second pressure from about 5 psig {about 35 kPag) to about 20 psig (about 140 kPag) 1o
form a second tail gas stream, the second tail gas stream containing a second combined
content of CO plus CO» of about 10% or less by volume on a dry basis and a second
hydrocarbon content of at least about 50% by volume on a dry basis, the second tail gas
stream comprising from about 5% to about 25% of a combined volume of the first and
second tail gas streams; and introducing the second tail gas stream as an input to the
reforming unit.

(6011} In still another aspect, a method for recovery of hydrogen and carbon dioxide
in a refinery is provided. The method can include exposing a feed inchuding at leasta
biocomponeunt portion to a hydroprocessing catalyst under etfective conditions to produce
a deoxygenated biocomponent input stream, said exposing being an exothermic reaction
that generates heat; reforming the deoxygenated biocomponent input stream to form an
efftuent containing hydrogen, carbon dioxide, and a hydrocarbon, the reforming
comprising contacting the deoxygenated biocomponent input stream with a first stream
containing water vapor in the presence of a reforming catalyst; contacting the reforming
efftuent with a water gas shift catalyst in the presence of 8 second stream containing water
vapor under effective conditions to form a shifted reforming effluent, containing a
hydrogen content of about 70 voi% and a CO, content of at least about 5 vol%; absorbing

at least a portion of the heat generated by said exposing, the heat being absorbed by at
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feast one of the first stream containing water vapor, the second stream containing water
vapor, or an input stream to said reforming; dividing the reforming effluent to a first
nput portion and a second input portion, the first input portion comprising from about §
vol% to about 60 vol% of the reforming effluent; treating the first input portion with an
amine under effective conditions for separation of CO; to form a CO; recovery stream
having a CO» content of at least about 70 vol% and a hydrogen enriched stream; exposing
the hydrogen enriched stream and the second input portion to an adsorbent in a cycling
adsorber unit at a pressure of at least about 500 psig (about 3.4 MPag) to produce a
hydrogen product stream having a hydrogen content of at least about 99.0% by volume
and a pressure of at feast about 90% of the pressure of the joput stream; optionally
contacting the adsorbent with a first regeneration stream at a first pressure of about 45 psig
{about 310 kPag) to about 130 psig (about 900 kPag) to form the first tail gas stream, the
first tail gas stream condaining a first combined content of CO phus CO, of at least about
50% by volume on a dry basis and a first hydrocarbon content of about 10% or less by
volume on a dry basis; optionally contacting the adsorbent with a second regeneration
stream at 8 second pressure of about 5 psig (about 35 kPag) to about 20 psig (about 140
kPag) to form a second tail gas stream, the second tail gas stream containing a second
combined content of CO plus CO; of about 10% or less by volume on a dry basis and a
second hydrocarbon content of at least about 50% by vohume on a dry basis, the second
tail gas stream comprising from about 5% to about 25% of a combined volume of the first
and second tail gas streams; and optionally introducing the second tail gas stream as an

input to the reforming unit.

BRIEF BESCRIPTION OF THE FIGURES

16082} FIG. 1 schematically shows an example of a system for producing hydrogen,

EHIERY FIG. 2 schematically shows an example of a system for producing hydrogen.

DETAILED DESCRIPTION OF THE EMBODIMENTS

Overview
HHUEY Hydrocarbon reforming reactions can provide a valaable source of hydrogen
within a refinery setting. Unfortunately, reforming of hydrocarbons can also typically lead

to production of carbon oxides. The amount of carbon monoxide produced can be
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mitigated by using a water gas shift reactor to convert carbon monoxide and water to
hydrogen and carbon dioxide. However, this can still result in production of additional
carbon dioxide.

[B8015] Drue to increased regulation of greenhouse gases, it can be desirable to
capture sources of CO; within a refinery. One difficolty n capturing CO, froma
hydrogen generation process can be balancing the desire to capture an increasing amount
of H, with the desire to capture an increasing amount of CO,. Using conventional
techpiques, using a swing adsorber such as a pressure swing adsorber {(PSA) can be
beneficial for increasing the amount and purity of hydrogen from the hydrogen generation
process. For COy, an amine wash can provide an option for increased carbon capture,
Unfortunately, sequential processing of the output from a hydrogen generation plant can
typically result in lower capture rates for hydrogen and/or carbon oxides, depending on the
order of the capture steps.

[3016] In various embodiments, systems and methods are provided for recovery of
hydrogen and carbon dioxide from a hydrogen generation process. This can include using
biocomponent based hydrocarbons for the hydrocarbon reforming. Additionally or
alternately, the carbon dioxide formed during hydrogen generation can be recovered in a
manner that improves the capture of both carbon dioxide and hydrogen. Further
additionally or alternately, the systemns and methods can allow more than one flue gas to
be derived from the hydrogen capture process. This can allow a methane- (and/or other
hydrocarbon-) rich part of the flue gas to be used as a fuel for the hydrocarbon reforming,
while still alfowing for improved capture of carbon dioxide.

[8017] (Oue option for improving the recovery of both hydrogen and carbon dioxide
can be to avoid sequential processing of the entire efffuent from the reforming and/or
water gas shift reaction. Conventionally, the efftuent form hydrocarbon reforming can be
passed to either a CO, recovery process or an Hj recovery process. If desired, an output
frora the CO» (or Hy) recovery process can then be passed to a process for recovery of Hy
{or CO, ). By contrast, it has been unexpectedly discovered that performing an initial CO,
recovery on only a portion of the effluent can lead to an increase in recovery for Hy and/or
COn.

[B015] Additionally or aliernately, the amount of carbon oxides generated by a

hydrocarbon reforming process can be reduced by reducing the overall fuel requirement
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for reforming. This can be achieved, in part, by using oxygen-containing compounds,
such as fatty acid alkyl esters, as a hydrocarbon input for reforming. Conventionally,
reforming of hydrocarbons to generate hydrogen and carbon raonoxide is an endotherraic
process. As a result, in addition to the hydrocarbons needed for gencration of the
hydrogen and carbon monoxide, additional hydrocarbon material s typically combusted to
provide the heat necessary to drive the endothermic reforming reaction. Prior to
reforming, a biocomponent based hydrocarbon feed can be hydroprocessed. In addition to
converting the oxygen-containing compound(s) (e.g., fatty acid alkyl ester(s)) to a
combination of hydrocarbons, carbon oxides, and water, the hydroprocessing reaction can
be exothermic. The heat from the hydroprocessing reaction can be used to provide a
portion of the heat for the reforming process.

[6019] Farther additionally or alternately, advantages can be provided by operating a
hydrogen capture portion of hvdrogen generation process to allow for generation of roore
than one flue gas. Conventionally, a pressure swing adsorption process can include
several stages. In a first, higher pressure stage, a hydrogen-containing stream can be
passed into a chamber that contains an adsorbent material. The adsorbent material can be
suitable for adsorption of contaminants in the hydrogen-containing stream, such as CQ,
CO,, and/or CHy. In a second stage, the pressure can be reduced while hydrogen {or
another purge gas) is passed through the chamber 1u order to desorb the contaminants.
This can result in a fhie gas containing the various contaminants adsorbed during the first
stage. This process can then be cyclically repeated, as a later stage can regencrate the
adsorbent capabilitics of the chamber.

[8020] Instead of generating a single contaminant flue gas, an alternative way to
operate the chamber can be to split the second stage 1nto two or more parts. For example,
the pressure in the chamber can be lowered to a first level to allow for desorption of g first
type of contaminant that may be less strongly bound to the adsorbent. After tlushing the
majority of the first contaminant, in such a situation, the pressure can be dropped again to
release the remaining contaminant(s). This can lead to generation of two (or more) flue
gases with different compositions. Based on the different compositions, the flue gases can
be used for different purposes. For example, a methane rich flue gas can be recycled to
the hydrocarbon reforming process as a fuel while a carbon dioxide rich flue gas can be

directed to a {0, recovery process.
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Hyvdrocarbon Reforming for Hvdrogen Production

(6021} In various embodiments, a hvdrocarbon reformer can be used to gencrate a
stream containing at least hydrogen and carbon oxides. Any suitable type(s) of reforming
unit can be used, such as a stearn reforming unit and/or an autothermal reforming unit.
Optionally, a water gas shift reactor can additionally be used to increase the amount of
hydrogen and carbon dioxide in the output stream.
{30221 As an example, a steam reforming unit can be used to generate an output
strearn containing at least hydrogen and carbon oxides. A stearn reforming unit can be any
conventional reforming apparatus wherein a gaseous hydrocarbon feedstream can be
contacted and reacted with steam in order to produce syngas containing H,, CO, and CO,.
The hydrocarbon/steam reaction can generally be conducted in the presence of a catalyst.
The basic reaction n stearn reforming is a reaction of a hydrocarbon (such as methane)
with water to form carbon monoxide.

CHy + HyO <= 3H, + CO (1)
[8023] Reaction (1) is generally reversible and endothermic, requiring addition of
heat to a reforming unit to maintain the conditions for generation of hydrogen. Depending
on the reaction conditions and/or the presence of other species in the reforming unit,
carbon dioxide can also be produced during a reforming process.
160241 Any conventional reforming type catalyst can be used in a steam reforming
unit. The catalyst used in the step of catalytic steam reforming can generally include at
least one active fransition metal (e.g., in the form of 2 transition metal oxide) of Groups 6
and §-10 of the Pertodic Table of the Elements. Tvpical examples of reforming catalysts
that can be used can include, but are not Bmited to, nickel, nickel oxides, cobalt oxides,
chromium oxides, and molybdenum oxides. Optionally, the catalyst can inchude at least
one promoter, such as an alkal and/or rare earth metal promoter. Optionally, the catalyst
can include one or more metals 1o suppress carbon deposition during steam reforming,
such as germaniurm, tin, lead, arsenic, antimony, and bismuth. Additionally or aliernately,
the catalyst may include one or more platinum group metals {e.g., platinum and/or
palladium), which are capable of increasing the activity of the non-noble catalytic
materials such as nickel or cobalt, and/or are capable of decreasing the tendeuncy to carbon

lay-down or coking when reacting steam with hyvdrocarbons higher than methane.



WO 2012/155008 PCT/US2012/037416

-9

[3025] In one embodiment, the steam reforming unit can include tubes which are
packed with solid catalyst granules. The solid catalyst gramules can comprise nickel or
other catalytic agents deposited on a suitable inert carrier material, such as an NiO catalyst
supported on calcium aluminate, alumina, spinel type magnesium sluminum oxide,
calctam aluminate titanate, or the ke, In an embodiment, a hydrocarbon feed can be
passed to a tubular reformer together with steam, and the hydrocarbon and steam can
contact a steam reforming catalyst. The steam reforming catalyst can be disposed in a
plurality of furnace tubes that are optionally maintained at an elevated temperature by
radiant heat transfer and/or by contact with combustion gases. Fuel, such as a portion of
the hydrocarbon feed, can be burned 1o a reformer furnace to externally heat the reformer
fubes therein.

60261 Additionally or alternately, both the hydrocarbon feed stream and the steam
can be preheated prior to entering the steam reformer. The hydrocarbon feedstock can be
preheated up to as high a tomperature as is consistent with reducing or avoiding undesired
pyrolysis or other heat deterioration. Since steam reforming is typically endothermic in
nature, and since there are practical limits to the amount of heat that can be added by
indirect heating in the reforming zones, preheating of the feed can be desirable to facilitate
the attainment and maintenance of a suitable temperature within the reformer iselfl
Accordingly, the hydrocarbon feed and/or the steam can be preheated to a temperature of
at least about 200°C, for example at least about 400°C. The steam reforming reaction can
bie carried out such that the exit temperature of effluent from the steam reformer can be at
feast about 500°C, for example at least about 7506°C or at least about 800°C. Additionally
or alternately, the exit teroperature of effluent from the steam reformer can be about
1,000°C or less, for example about 950°C or less or about 900°C or less. Steam reforming
can be carried out at superatmospheric pressures, such as at a pressure of at least about 10
barg (about I MPag) or at least about 20 barg (about 2 MPag). Further additionally or
alicrnately, the steam reforming can be carried out at a pressure of about 30 barg {about 3
MPag) or less, for example about 25 barg (about 2.5 MPag) or less.

{80271 The effluent from hydrocarbon reforming can optionally be modified by
exposing the etfluent to a water gas shift catalyst under effective conditions. The water
gas shift process is a conventional reaction for converting carbon monoxide and water to

hydrogen and carbon dioxide.
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H,O + CO <= Hy + CO; (23
[8028] A water gas shift reaction can typically be performed in the presence ot a

catalyst, such as an iron oxide, a combination of zinc oxide and aluminum oxide, or one or
maore transition metal oxides, A range of temperatures can be used for a water gas shift
reaction, although the range can typically be below the exit teroperature of a hydrocarbon
reforming process. Depending on the type of catalyst, the temiperature for the water gas
shift reaction can be from about 190°C 1o about 350°C. The reaction is generally
exothermic, so increasing temperatures can tend to favor production of CO and H, 0.
When used on the effluent from a hydrocarbon reforming unit, the reaction can be driven
toward production of additional hydrogen by introducing an excess of steam into the water
gas shift reaction.

[8029] In some embodiments, the output from the reforming unit and/or the water
gas shift process can have a Hj content of at least about 60 voi%, for exarple at least
about 70 vol% or at least about 80 vol%. In other embodiments, the output from the
reforming unit and/or the water gas shift process can have a hydrogen content of at least
about 35 vol%e, for example at least about 40 vol% or at least about 50 vol%, and a
hydrogen content of about 75 vol% or less, for example about 70 voi% or fess or about 60
vol% or less. Additionally or alternately, the output from the reforming unit and/or the
water gas shift process can have a CO;, content of at least about § vol%, for example at
feast about 10 vol%s, at least about 20 vol%, at least about 23 vol%%, or at least about 30

vol%e.

Recovery of Carbon Broxide

18030] A variety of techniques are available for recovering CO;, from a gas phase
cfftuent, such as the product from a hydrocarbon reforming unit. One option for
recovering CO» can involve passing the effluent through an absorbent system, such as an
amine absorbent systera, Suitable amines can inclade piperazines and/or ethanolaroines.
Various known/conventional methods for using amines to extract CO; can be used in
conjunction with the inventive systems and methods described herein,

{8031 Oue exarmple of a system for recovering CO; from a gas phase effhuent can
be to use a pair of columns. A first column can be set up for effective contacting ot a gas

phase effluent with a solvent/absorbent for the CO,. The gas phase effluent can
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advantageously be passed through the column in a counter-current manner relative o the
CO, absorbent. The output from the first cohurn can thus be a gas phase product with a
reduced CO» content and typically a hiquid absorbent with an increased CO; countent.
Opticnally, the column can inclhude contacting clements to increase the mteraction
between the gas flow and the liquid absorbent within the cohumn. The contacting elements
can be, for cxample, trays or packing material. Optionally, a wash region can be included
at the top of the column to remove any absorbent that becomes entrained in the gas phase
flow.

(6032} The second column can advantageously be used to regenerate the absorbent,
resulting in a product stream containing at least the extracted CO,. In the second column,
the liquid absorbent containing the CO; can be passed down through the second colomn.
The second column may also contain contacting elements. The pressure in the second
columm can be lower than the first column, resulting in some release of the CO; due the
lower pressure. O, remaining in the absorbent at the bottorn of the column can be
removed by heating the absorbent. This can result in action simiiar to a distillation
cohumn, where the absorbent and CO: can form a vapor that can travel up in the column.
As the vapor cools, the absorbent can fali back down in the column as a liguid, leaving
behind the gas phase CO,. A CO; stream can be removed from the top of the second
column,

16033] By using an amine unit (or another type of CO, recovery process), an input
stream having a CO, content can be separated to form a CO, recovery stream and a stream
containing a reduced amount of CO,. When the input stream corresponds to the output
from a reforming unit and/or a water gas shift reactor, the stream containing the reduced
amount of CO, can correspond to a hydrogen enriched stream. Optionally, the input
stream to a CO, recovery process can also include a portion of a tail gas from a hydrogen
purification process, such as a hydrogen purification process in a cycling adsorber unit.
The mput stream to the CO, recovery process can have an input CO; content of about 75
vol%s or less, for example about 70 vol®6 or less, about 65% or less, or about 60 vol% or
less. Additionally or alternately, the input stream to the CO; recovery process can have a
COn content of at least about 30 vol%, for example at feast about 60 vol® or at least about
65 vol%. Relative to the input stream, the (output) CO; recovery stream can include at

least about 65% of the CO; content from the input stream, for example at least about 70%,
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at least about 75%, at least about 80%, or at least about 85%. Preferably, the percentage
of CO: by volume in the CO; recovery stream can be greater than the net percentage of

CO» by volume of the input strears 1o the CO; recovery process.

Pressure Swing Adsorption for Hyvdrogen Purification

16034} One option for removing contaminants from a hydrogen stream can be by
using a cycling adsorber, such as a pressure swing adsorber unit and/or a temperature
swing adsorber unit. In a pressure swing adsorption (PSA) embodiment, a gaseous
mixtare can be conducted under pressure for a period of time over a first bed of a solid
sorbent. The sorbeunt can advantageously be selective (or at least relatively selective) for
one or more components to be removed, usually regarded as contaminants in the gas
stream. Alternately, the sorbent may be (velatively) selective for one or more components
desired to be solated and kept, not rernoved as contaminani(s). The skilled person should
understand how to modify the disclosure herein to adjust for isolation of one or more
desired compounds, as opposed to one or more contaminants {as presented below).

{8035} In an embodiment, a pressure swing ¢ycle can inclode a feed step, at least one
depressurization step, a purge step, and a repressurization step to prepare the adsorbent
material for reintroduction of the feed. The sorption of the contaminant(s) can usually
take place by physical adsorption, though (relatively) easily reversible chemical
adsorptionv/absorption can be alternately contemplated. The sorbent can typically
comprise {or consist essentially of) a porous solid such as activated carbon, alumina,
silica, silica-alumina, or the like, that has an affinity for the contaminant. Zeolites can
additionally or alternately be used in many applications, since they may exhibita
significant degree of selectivity for certain contaminants, by virtue of their
controlied/predictable pore sizes. Normally, chemical reaction with the sorbent is not
favored, in view of the increased difficulty of achieving desorption of species that have
become chemically bound to the sorbent. However, chemisorption of a contaminant can
result if the adsorbed material(s) may be effectively desorbed during the desorption
portion of the cycle, e.g., by the use of higher temperatures coupled with the redaction in
pressure.

18036] In typical operation, a gaseous mixture can be passed over a fivst adsorption

bed in a first vessel. The gaseous mixture can emerge from the bed depleted in the
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contaminant that remains adsorbed in/by the bed. This gaseous mixture can
advantageousty correspond to the desired product stream, such as a hydrogen product
stream, but, in other embodiments, it can correspond o the contaminant stream to be
separated trom the desired component(s) that are adsorbed, with understandable
manipulation of the following disclosure. After a predetermined time or, alternately when
a break-through of the contaminant is observed, the flow of the gaseous uixture can be
switched to a second adsorption bed in a second vessel for the purification to continue.
While the second bed is in adsorption service, the adsorbed contaminant can be removed
from the first adsorption bed, e.g., by a reduction in pressure, usually accompanied by a
reverse flow of a regeneration gas strearn to desorb the contaminant. Any convenient
regencration gas stream can be used, such as an inert gas stream and/or 8 hydrogen gas
stream {particularly in embodiments where hydrogen is the desired adsorbed component).
As the pressure in the vessels 1s reduced, the contarminant previously adsorbed on the bed
can progressively be desorbed and can exit the cycling adsorber unit as a tail gas. The tail
gas can be received by a tail gas system, such as a system including a tail gas drum and a
control system designed to minimize pressure fluctuations to downstream systems. The
contaminant can be collected from the tail gas system in any suitable manner and can be
processed further or disposed of, as appropriate. In typical operation, when desorption is
(substantially) complete, the sorbent bed may be purged with an inert gas stream.

(60371 In typical operation, after breakthrough 1o the second (or a later) bed, and
after the first bed has been regenerated so that it is again prepared for adsorption service,
the flow of the gaseous mixture can be switched from the second (or later} bed back to the
first bed, and regeneration can begin on the second (or later) bed. The total cycle time is
the length of tirae from when the gaseous mixture s first conducted to the firstbed ina
first cycle to the time when the gaseous mixture is first conducted to the first bed in the
mmmediately succeeding cycle, ie., atter a single regeneration of the first bed. The use of
third, fourth, fifth, cic. vessels in addition to the second vessel, as might be needed when
adsorption time is relatively short but desorption time is relatively long, can serve to
increase the total cyvele time,

[B038] In an embodiment, the input stream to a cycling adsorber unit for hydrogen
recovery can have a total pressure of at least about 145 psig (sbout 1.0 MPag), for

example at least about 250 psig (about 1.7 MPag), at least about 360 psig (about 2.5
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MPag), at least about 580 psig {about 4.0 MPag), at least about 870 psig (about 6.0 MPag),
or at least about 1160 psig (about 8.0 MPag). Additionally or alternately, the input stream
t0 a cycling adsorber unit can have a total pressure of about 1800 psig (about 12.4 MPag)
or less, for example about 14350 psig (ghout 10.0 MPag) or legs, about 1160 peig (about €.0
MPag) or less, about 878 psig (about 6.0 MPag) or less, or about 5380 psig {gbout 4.0
MPag) or less.

160339 During typical operation of a cycling adsorber unit, s purge stream can also
be used dwring a portion of the operation cycle. The pressure of the purge stream
delivered to the cycling adsorber anit can be about 145 psig (about 1.0 MPag) or less, for
example about 125 psig (about 860 kPag) or less, about 100 psig (about 690 kPag) or less,
about 75 psig (about 520 kPag) or less, about 60 psig {about 410 kPag) or iess, or about 45
psig (about 310 kPag) or less,

13040} A cyeling adsorber unit can produce a product hvdrogen strearn, The
pressure of the product hydrogen stream can typically be similar to, but usually slightly
fower than, the input pressure. The pressure of the product hydrogen stream can differ
from the pressure of the input strearn by about 50 psi {about 350 kPa) or less, for example
about 30 psi (about 210 kPa) or less, about 10 psi {about 69 kPa) or less, or about S psi
(about 35 kPa) or less. Additionally or alternately, the pressure of the hydrogen product
stream can be at least about 90% of the mput pressure, for example at least about 95%, at
least about 98%, or at least about 99%. The hydrogen countent {or purity) of the product
hydrogen strearm can be at least about 90% by volume (e.g., at least about 90.0% by
volume), for example at feast about 99.0% by volume, at least about 99.1% by volume, at
least about 99.3% by volumne, or at least about 99.5% by volume. Relative to the input
stream, the hydrogen product strearn can include at least about 80% by volurne of the
hydrogen from the input stream, for example at least about 85% by volume or at least
about 90% by volume. Note that this amount of hydrogen recovery by a cyeling adsorber
unit is used to represent the net amount of hydrogen recovered, after accounting for losses
of hydrogen due to the need for depressurization, purge, and pressurization portions of the
cycle. Conventionally, the hydrogen for these portions of the cycle is taken from the
hydrogen produced by the cycling adsorber, thus reducing the amount of hydrogen

TCCOVELY.



WO 2012/155008 PCT/US2012/037416

- 15 -

{3041} A cycling adsorber unit can also produce a tail gas stream. The {ail gas
stream can inclade the reduced pressure flows produced dhving the portions of the ¢yele
that regenerate the adsorbent. The pressure of the tail gas stream can be similar to the
pressure of the purge stream. The pressure of the tail gas stream can be about 125 psig
{about 860 kPag) or less, for example about 100 paig (about 690 kPag) or less, about 75
psig (about 520 kPag) or less, about 60 psig (about 410 kPag) or less, or about 45 psig

{about 310 kPag) or less.

Generation of Multiple Tail Gas Streams

{0042] The output gas from a reforming reaction can nclude H,, CO, CO,, and the
hydrocarbon used as the reactant for reforming. In the following example, aithough CHy
may be referred to herein as the reactant, it should be understood that any other convenient
type of hydrocarbon can be used {as well as nuxtares thereof, juchuding methane or not),
including molecules containing nitrogen, oxygen, or other heteroatoms. The output from
the reforming reaction can optionally be passed through a water gas shift reaction, in order
to modify the velative amounts of Hy, CO, and €O, in the product. Tn order to incrcase
the purity of the hydrogen in the output gas {or the output from 3 water gas shift reaction),
the output gas can be passed through a cycling adsorber unit. The cycling adsorber unit
can, in one embodiment, adsorb CO, CO;,, and CH 4 from stream, leaving behind a higher
purity hydrogen stream.

30431 In typical operation of a cycling adsorber unit, the individual adsorber units
can undergo a periodic regeneration to release the adsorbed contaminants. Typically, a
single tail gas stream of the adsorbed contaminants (such CO, COy, and CHy) can be
generated during a regeneration phase for an adsorbent bed. In various erabodiraoents, a
cveling adsorber unit can be operated to generate multiple tail gas streams during
regencration of a bed. This can allow for generation of tail gas streams with difterent
compaositions. The multiple streams can be generated by reducing the pressure in an
adsorbent bed in stages.

{344} As an example, a cycling adsorber unit can include multiple types of
adsorbents within a chamber. These multiple types of adsorbents can be arranged, for
example, as axially concentric (cylindrical and/or anmular) layers within a cylindrical

chamber. In one example, an adsorbent layer closest to and/or containing the central axis
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of the chamber can inchude a zeolite material. Some zeolites can be effective for
adsorption of CO and CO; during adsorption of impurities from an Hs stream. Depending
on the embodiment, a zeokite may be selective for adsorption of CO and/or CO; relative to
CH,. Additionally or alternately, the increased proportion of CO and/or CO, in the output
gas may lead to an increase in the amount of CO and/or CO, adsorbed in the zeolite
relative to CH,. Aliernately, the adsorbent layer closest to the contral axis of the chamber
can be formed from a material selective for adsorption of carbon oxides relative to
hydrocarbons, or at feast a material sufficiently non-selective to allow a majority of the
adsorption sites in the material to adsorb a carbon oxide under the hydrogen separation
conditions in a swing adsorber unit. Alternate suitable materials for the adsorbent laver
closest to the central axis can include porous alumina and/or functionalized surfaces that
fnchude an amine functionality, such as a functionalized silica gel. In an adsorber unit, a
second layer surrounding the zeolute layer can be composed of activated carbon, a second
type of zeolite, and/or another material suitable for adsorption of CHy {or other
hydrocarbons). The CO and/or CO; can be preferentially adsorbed by the zeolite layer, so
that the composition reaching the second activated carbon layer can be enriched in CHy.
In an alternative embodiment, adsorbent layers can be arranged so that the first adsorbent
layer is composed of activated carbon, silica gel, and/or another material.

[8045] After the hydrogen purification portion of a reaction cycle, the bed ina
cycling adsorber unit can be regenerated for further use. The regeneration of the bed can
occur in more than one stage. In a first stage, the pressure in the unit can be reduced to an
intermediate pressure, such as a pressure of about 530 psig {about 0.3 MPag) to about 125
psig (about 0.9 MPag). At the intermediate pressure, the CO and/or CO» can be
selectively desorbed from the zeolite adsorbent, e.g., while the roajority of the CH,
remaing adsorbed to the activated carbon. This can be due, for example, 1o a lower
binding strength of the CO and/or CO; to the zeolite as compared 1o a binding strength of
the methane to the activated carbon, A purge stream can be introduced during the first
desorption stage to produce a first tail gas with an increased concentration of CO and/or
Ty, After a period of time, the pressure can be further reduced, while a second purge
stream 18 introduced to desorb the remaining contaminants in the adsorbing unit. Becauose
a portion of the CO and/or CO;, has already been desorbed and removed from the

adsorbing unit, the second tail gas can have an increased concentration of CHy. The first
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and second purge streams can have the same composition, or different purge streams may
be used.

[0046] As an example of possible operating conditions, during a hydrogen capture
cyele, a cycling adsorber unit can be operated at a pressure of at least about 250 psig
{about 1.7 MPag). This can result in adsorption of CO, CO,, and/or CHy {(and optionally
other hydrocarbons) on the adsorbent(s) present in the unit. At the start of the
regeneration cycle, the pressure can inttially be dropped to an intermediate value, such as
about 125 psig (about 0.9 MPag) or less, for example about 100 psig {about 0.7 MPag) or
tess, or about 75 psig (about 8.5 MPag) or less, but typically at least about 50 psig (about
350 kPag). At the intermediate pressure value, all or some of the CO and/or CO» and the
methane (or other hyvdrocarbon} can be desorbed. However, the less strongly bound CO
and/or CO, can be preferentially desorbed, leading to a tail gas with a larger amount of
CO and/or CO; and a smaller amount of CH,. After a period of time, the pressure for the
regeneration stop can be further reduced to a pressure from about 5 psig (about 35 kPag) to
about 20 psig (about 140 kPag). This can result in desorption of at least a substantial
portion of the remaining CO, CO,, and/or CHy (and optionally other hydrocarbon) species
adsorbed in the bed. Due to depletion of CO and CO, during the intermediate pressure
portion of the purge, this lower pressure portion of the purge can result in a tail gas
euriched in CH..

160471 The tail gases generated from the intermediate pressure purge and the low
pressure purge can be diverted for use in different functions, For example, the tail gas
from the intermediate pressure purge can be sent to the CO; absorption unit for recovery
of additional CO;. The tail gas from the low pressure purge can be used as fuel for the
hydrocarbon reforming unit.

6048} In various embodiments, the total tail gas for the cycling adsorption unit can
be divided between multiple tail gases in any convenient manner. One option can be to
have multiple tail gases, where cach tail gas has roughly a comparable amount of the total
tail gas. For example, in an embodiment involving two tail gases, the first tail gas can
include at least about 30% of the total tail gas volume, for example at least about 40% or
at least about 45%. Additionally or alternately with regard to the multiple tail gas option,
the fivst tall gas can include about 70% or less of the total tall gas volurae, for example

about 60% or less or about 55% or less.



WO 2012/155008 PCT/US2012/037416

~1%-

3049} In another embodiment, the volume of gas in multiple tail gases can be
selected to produce tail gases having a desired composition. For example, it can be
desirable to create a portion of tail gas coriched in methane (or another fuel hydrocarbon)
while having a relatively low coneentration of CO,. Such a tail gas portion can be
recycled as a fuel gas input, for example, for the steam reforming reaction. In this type of
embodiment, it can be desirable to conduct a fonger desorption at interroediate pressure 1o
remove more CO; prior to the second desorption stage. In another type of example, the
output from reforming may have a lower hydrogen content, such as from about 50 vol% to
about 75 vol%, and a corresponding higher CO; content. In such an example, it can be
beneficial 1o have a fivst tail gas that represents a larger proportion of the total tail gas.
Thus, in an embodiment, the first tail gas can include at least about 7% of the total tail
gas vohume, for example at least about 75%, at least about 80%, or at least about 85%.
Additionally or alternately, the first tail gas can nclude about 95% or fess of the total tail
gas volume, for example about 90% or less, about 85% or less, or about 80% or less.
HHUSH The first tail gas can have a first combined content of CO plus €O, of at feast
about 40% by volume on a dry basis, for example at feast about 50% by volume or at least
about 60% by volume. Additionally or alternately, the first tail gas can have a first
hydrocarbon content of about 15% by volume or less, for example about 10% by volume
or less or about 5% by volume or less. Fuorther additionally or alternately, the second tail
gas can have a second combined content of CO plus CO; of about 20% by volume or less,
for example about 109% by volume or less or about 5% by volume or less. Suill further
additionally or alternately, the second tail gas can have a second hydrocarbon content of at
teast about 30% by volume, for example at least about 40% by volume, at least about 50%

by volume, or at least about 60% by volume.

Integration of CO» Recovery and Cycling Adsorber Units

16051 In various embodiments, recovery of hoth CO; and Hy can he improved by
subiecting ounly a portion of the reforming output to CO; recovery prior to introducing the
reforming cutput into an adsorber unit for hydrogen recovery. Many conventional
hydrogen generation systems include only one type of recovery unit, such as only a
cycling adsorber unit or only an amine unit for CO; extraction. Such conventional

systems can produce an output stream enriched in CO; and an output stream enriched in
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H,. However, the purity and/or the amount of the desired output molecule captured in one
or both of the output streams can be reduced.

18052} Que alternative for iraproving the quality of the H; and CO; output streams
could involve use of both a cycling adsorber unit and an amine unit in a serial
configuration. The output from a reforming anit (and/or a water gas shift reactor) can be
passed first into a cyeling adsorber unit and then an amine unit, or vice versa. Again, this
type of conventional configuration can generate both an H, output stream and a CO;
output stream. A difficulty with the serial configaration can be that the effectiveness of
the two units can be dependent on which unit occurs first in the series.

{8053] In an embodiment, a high purity output stream containing both CO» and H;
can be generated by using both an amine unit and a cycling adsorber vunit while avoiding a
pure serial configaration. For example, the output from a reforming unit (and/or output
frora a subsequent water gas shifi reactor) can be divided jnto two portions. In this
discussion, the term “dividing” is used herein to indicate that two (or more) cutput
portions are formed from the output of the reforming unit. In some embodiments, the
output portions can have approximately the sarme composition and/or can have
compositions that are not substantially different. The equipment for dividing the output
into two portions can be a pipe or conduit that feeds into a junction with two cutput flows,
such as a tee-junction, or any other convenient configuration for forming two output
portions can be used. 1o vartous embodiments, the equipment configuration can include a
valve or another feature that can allow for control over the amount of the reforming ouiput
divided into the first portion versus the second portion.

[8034] A first portion of the reforming unit cutput can be passed into an amine umt
for CO; removal, This can generate a CO, coriched output stream and a stream
containing a reduced amount of CO». The stream with the reduced amount of CO» can
then be combined with the remaining portion of the reforming unit cutput and passed into
the cyeling adsorber unit. By removing CO; from a portion of the strear, the foput to the
cycling adsorber unit can be correspondingly enriched in H,. This can fead to an increase
in the purity of hydrogen and/or the amount of high purity hydrogen in the output stream
tfrom the cycling adsorber unit. This can be due, at least in part, to the reduced amount of

contamunants (e.g., CO») 1o the mput to the cycling adsorber unit.
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[3055] In an embodiment involving staged output of tail gases from adsorber units,
an increase in the amount of recovery of hydrogen and the amount of recovery of CO; can
be achieved. As described above, a portion of the output from a hydrocarbon reforming
unit can be passed to an amine unit. After CO, removal, the CO;, depleted stream from
the amine unit and the remaining portion of the output from the hydrocarbon reforming
unit can be passed into the cycling adsorber unit. The cycling adsorber unit can be
operated to generate at least two types of tail gas. The first tail gas can be enriched in a
combined content of CO plus CO,, while the second tail gas can be enriched in CHy (or
other hydrocarbons used as feed for the reforming reaction). The tail gas enriched in CO
plus CO» can then be used as an additional input to the amine unit, allowing for an
increase in the amount and/or purity of CG; recovered from the overall process.

[8056] In some embodiments, the output from a reforming unit and/or water gas
shift reaction can be used as an mput stream for both an amine unit {or other CO; recovery
process) and a hydrogen purification process. The input stream can be divided into at least
two portions. The portion of the input stream delivered to the amine unit can be referred
to as a fivst input porticn, while the portion of the input stream delivered to the hydrogen
purification process (such as a cycling adsorber unit) can be referred to as a second input
portion. In such embodiments, the first input portion can correspond to at least about 5
vol% of the joput stream, for example at least about 10 vol% of the input stream or at least
about 20 vol% of the joput stream.  Additionally or alicrnately, the first input portion can
correspond to about 70 vol% or less of the mput stream, for example about 60 vol% or
tess, about S0 vol% or less, about 40 vol®6 or less, or about 30 vol% or fess. In various
embodiments, the second input portion can comprise the balance of the volurne of the

nput stream.

Hydrogen Generation using a Biocomponent Hyvdrocarbon Feed

160571 In some embodiments, the overall performance of a hydrogen generation
system can be improved when a biocomponent source is selected as the feed for the
reforming reaction. Use of a bioccomponent feed within a refinery setting can involve
some pre-processing to convert the biocomponent feed to a feed suitable for use in

conventional refinery equipment. One option for pro-processing a biocomponent feed can
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be to hvdrotreat the feed to remove heteroatoms such as oxygen. Due to the presence of
oxygen, hydrotreatment of a biocomponent feed is typically an exothermic process.

HHIRRY In an embodiment, the excess heat from hydrotreatrment of a biocomponent
feed can be used to provide heat for reforming, which is typically an cndothermic process.
A biocomponent feed such as a fatty acid alkyl ester can be used as at least a portion of a
hydrocarbon feed for reforming. Prior to passing the hiocomponent feed into the reformer,
the feed can be pre-processed in a hydrotreatment reaction. This can result in conversion
of fatty acid alkyl ester(s} into hydrocarbons, carbon oxides, and/or water. For example, a
fatty acid methy! ester with an empirical formula of C7H2a0O3 can be converted into one
or more of an alkane (such as a Cyg alkane and/or methane), carbon monoxide, carbon
dioxide, and water. Depending on the reaction conditions, both a methane and a longer
chain alkane may be formed during hydrotreatment. The entire effluent from
hydrotreatment can be used as 2 feed to a reforming reaction, or an intermediate separation
can be used to remove a portion of the eftfluent prior to use as a feed for reforming. A heat
exchanger can be used to draw heat from the exothermic hydrotreatment process for
heating input streams to the reforming reaction. This can reduce the amount of facl
combusted to maintain the temperature in the hydrocarbon reforming reactor.

8039} Additionally or alternately, a deoxygenated biocomponent feed can be
supplemented with another hydrocarbon stream, such as a methane feed. For example,
frora about 10 vol% to about 90 vol®% of rocthane can be added to the deoxygenated
biocomponent feed prior to entering the reforming unit; in such an embodiment, typically
at ieast about 18 voi% of the other hydrocarbon stream can generally be added, for
example at least about 25 vol% or at least about 508 vol%, and typically about 90 vol%6 or
tess of the other hydrocarbon stream can generally be added, for example about 75 vol%
or less or about 50 vol% or less. Prior to contacting the reforming catalyst, the added
methane (or other hydrocarbon) stream can be heated by absorbing heat from the
exothermic hydrotreatment of the biocomponent feed. The added methane {or other
hydrocarbon) stream can additionally or alternately be combined with the deoxygenated

biocomponent feed before or after entering the reforming unit.
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{Orther types of Cycling Adsorber units
{3060} Other types of cyeling adsorber units can be used instead of {or alternately in

addition to) a pressure swing adsorber. For example, a temperature swing adsorber umnit
can operate 1n a manner similar to a pressure swing unit. Instead of using pressure as the
primary driver for sorption and desorption of contaminants, a temperature swing
adsorption (TSA) process can use temperature as the pruvary variable for controlling
contaminant sorption and desorption. It is noted that pressure changes can also be used in
a TSA unit to further control contaminant removal, and similarly temperatore changes can
be used in a PSA unit.

{6061} Another option for the eyeling adsorber unit s to use a rapid cycle pressure
swing adsorber. A conventional pressure swing adsorption unit generally has cycle times
on the order of at least several minutes. This is due in part to the amount of time required
to allow diffusion of the coraponents through the beds utilized i conventional PSA, as
well as the equipment configuration and valving involved. An alternative toa
conventional PSA process is rapid cycle pressure swing adsorption (RCPSA). An RCPSA
unit can have total cycle times of one minute or less, for example 30 seconds or less, 15
seconds or less, 10 seconds or less, 5 seconds or less, 4 seconds or less, 3 seconds or less,
or 2 seconds or less.

[8862] In some embodiments, an RCPSA unit can make use of substantially
different sorbents, such as, but not limited to, structured materials such as monoliths.
Conventional PSA can tend to rely on particulate adsorbents, which may additionally or
alternately be useful in RCPSA as well, depending on the nature of the particulate
adsorbent. Diue to construction constraints, & conventional PSA unit is usually comprised
of 2 or more separate beds that cycle, so that at least one or more beds can fully (or at least
partially) be in the feed portion of the cycle at any one time, in order to limit disruptions or
surges in the treated process flow. However, due to the relatively large size of
conventional PSA equipment, the particle size of the adsorbent material s typically
limited to particle sizes (e.g., equivalent spherical diameter) of about 1 mm and above.
3063} An RCPSA uvnit can utilize a rotary valving system to conduct the gas flow
through a rotary sorber module or a non-rotary sorber module. In embodiments mvolving
a rotary sorber module, the rotary sorber module can contain a number of separate

compartments, each of which can be successively cycled through the sorption and
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desorption steps as the rotary module completes the cycle of operations. In certain
embodiments, the rotary sorber module can be composed of tubes held between two scal
plates ou either end of the rotary sorber module. The seal plates can be in contact with a
stator comprised of separate manifolds, in which the inlet gas can be conducted to the
RCPSA tubes and in which processed purified product gas and the tail gas exiting the
RCPSA tubes can be conducted away from rotary sorber module. By suttable
arrangement of the seal plates and manifolds, a number of individual corapartments may
be passing through the characteristic steps of the complete cycie at any one time. In
contrast with conventional PSA, the flow aund pressure variations required for the RCPSA
sorption/desorption cycle may be changed in a number of separate jncrements on the order
of seconds or portions of seconds per cycle, which can smooth out the pressure and flow
rate pulsations encountered by the compression and valving machinery. In this form, the
RCPSA module can include valving clements angularly spaced around the circular path
taken by the rotating sorption module, so that each compartment can be successively
passed to a gas flow path in the appropriate direction and pressure to achieve one of the
incremental pressure/flow direction steps 1o the complete RCPSA cycle. A non-rotary or
non-moving sorber module can also contain a number of separate compartments. Each of
the separate compartments can be successively cycled through adsorption and desorption
{as well as purge) steps. Each of the separate compartments can be in fluid
communication with a fixed port providing gas in a cyclic manner as part of a rotary
valving apparatus, similar to the rotary embodiment described above. A non-rotary or
non-moving sorber module can be beneficial as the mass of the sorbent bed increases.
(8064} (Oue advantage of RCPSA technology includes the potential for move
cfficicnt use of adsorbent material. In soroe embodiments, the quantity of adsorbent
required with RCPSA technology can be only a fraction of that required for conventional
PSA technology to achieve the same separation quantities and qualities. Thus, the
footprint, investment, and/or amount of active adsorbent required for RCPSA can be
significantly lower than for a conventional PSA unit processing an equivalent amount of
gas.

{8065} In an embodiment, RCPSA bed length unit pressure drops, required
adsorption activities, and/or mechanical constraints (e.g., duc to centrifugal acceleration of

the rotating beds in RCPSA) may inhibit and/or prevent the use of many conventional
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PSA adsorbent bed materials. In particular, adsorbents that are in a loose pelletized,
particulate, beaded, or extrudate form may not be usable in an RCPSA bed. In a preferred
crubodiment, adsorbent materials can be secured to a supporting understructure material
for use in an RCPSA rotary apparatus. For example, one embodiment of the rotary
RCPSA apparatus can be n the form of sheets comprising adsorbent material coapled to a
structured reinforcement material. A suitable binder may be used to attach the adsorbent
material to the reinforcement material. Non-limiting cxarmples of reinforcement material
can include monoliths, mineral fiber matrices (such as glass fiber matrices), metal wire
matrices (such as wire mesh sereens), metal foil (such as aluminum foi), which can be
anodized, and the ke, and combinations thereof. Examples of glass fiber matrices can
include woven and non-woven glass fiber scrims. The adsorbent sheets can be made, ¢.g.,
by coating a sturry of suitable adsorbent component(s), such as zeolite crystals with binder
constituents onto the reinforcoment material, such as nonwoven fiber glass serims, woven
metal fabrics, and expanded aluminum foils. In a particular embodiment, adsorbent sheets
or material can be coated onto a ceramic support.

[B066] Awn adsorber in a RCPSA unit typically comprises an adsorbent solid phase
formed from one or more adsorbent materials and a permeable phase (empty space or gas
phase) through which the gases to be separated can flow from the inlet to the outlet of the
adsorber, the components to be removed typically being fixed on the solid phase as the
gases pass through the permeable phase. This permeable phase can also/alternately be
called "circulating gas phase” or "gas phase”. The solid phase can advantageously include
a network of pores, the mean size (diameter) of which can usually be between abowut $.02
um and about 20 um. There may be a network of even smaller pores, termed
"roicropores”, this being encountered, for example, in microporous carbon adsorbents
and/or zeolites. The phenomenon of adsorption comprises two main steps, namely
passage of the adsorbate through the circulating gas phase and onto the surface of the solid
phase, tollowed by passage (diffusion) of the adsorbate from the surface to the volume of
the solid phase into the adsorptive material.

{3067} In an embodiment, RCPSA can wtilize a structured adsorbent incorporated
nto tubes in the RCPSA apparatas. Such a structured adsorbent can have an unexpectedly
high mass transfer rate, since the gas flow can be through the channels formed by the

structured sheets of the adsorbent, which can offer a significant improvement in mass
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transfer, as compared to a traditional packed fixed bed arrangement as utilized in
conventional PSA. The ratio between the transter rate of the gas phase (1) and the mass
transfer rate of the solid phase (14) 10 the current mvention can be greater than 10, for
example greater than 25 or greater than 50.

[8068] The structured adsorbent embodiment can also result 1o significantly greater
pressure drops to be achieved through the adsorbent than in conventional PSA, preferably
without the detrimental effects typically associated with particulate bed technology. The
adsorbent beds can be designed with adsorbent bed unit length pressure drops of greater
than 5 inches of water per foot of bed length (4 kPa/m), for example greater than 10 in.
HoO/f (8 kPa/m) or greater than 20 in. Ha O/t (16 kPa/m). This is in contrast with
conventional PSA units, where the adsorbent bed unit length pressure drops are generally
himited to below about § 1u. H O/t {4 kPa/m), depending upon the adsorbent used, with
most conventional PSA units being designed with a pressure drop of about 1 in. HuO/ft
(0.8 kPa/m) or less, e.g., to minimize the probloms associated with the larger beds, longer
cycie times, and particulate absorbents of conveniional PSA units. The adsorbent beds of
conventional PSA generally cannot accommodate higher pressure drops, because of the
risk of fluidizing the beds, which can result in excessive attrition and premature unit
shutdowns due to accompanying equipment problems and/or a need to add/replace lost
adsorbent materials. These markedly higher adsorbent bed unit length pressure drops can
atlow RCPSA adsorbent beds to be significantly more compact, shorter, and more efficient
than conventional PSA.

3069} The achievement and accommodation of the high unit length pressure drops
of the current embodiment can allow relatively high vapor velocities to be achieved across
the structured adsorbent beds. This can result in a greater mass contact rate between the
process fluids and the adsorbent materials per unit of time than can be achieved by
conventional PSA. This can additionally or alternately result in shorter bed lengths, higher
gas phase transfer rates {1y}, and ultimately iroproved hydrogen recovery, With
significantly shorter bed lengths, total pressure drops of the RSCPA application can be
maintained at total bed pressure differentials during the feed cycle from about 10 psig
{about 70 kPag) to about 50 psig (about 350 kPag), preferably less than about 30 psig

{about 210 kPag), while minimizing the active adsorbent beds to less than about § feet
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(about 1.5 m) in length, for example less than about 2 feet (about .6 m) in length or less
than about 1 foot (about 0.3 m) in length.

[6070) The absolute pressure levels eraploved during the RCPSA process are not
necessarily critical, provided that the pressure difterential between the adsorption and
desorption steps is sufficient to cause a change in the adsorbate fraction loading on the
adsorbent, thereby providing an incremental loading improvement (delta loading) effective
for separating the stream components processed by the RCPSA unit. Typical pressure
levels can range from about 50 psia (about 350 kPaa) to about 2004 psia (about 13.8
MPaa), for example from about &0 psia (about 560 kPaa) to about SO0 psia (about 3.5
MPaa) during the adsorption step. However, it should be noted that the actoal pressures
atilized during the feed, depressurization, purge and repressurization stages can be highly
dependent upon many factors inchiding, but not imited to, the actoal operating pressure
and temperature of the overall stream to be separated, stream composition, and desired

recovery percentage and purity of the RCPSA product stream,

Additional Embodirnents

{6071} Embodiment 1. A method for recovery of hydrogen and carbon dioxide ina
refinery, comprising: dividing an input strear containing hydrogen, carbon dioxide, and a
hydrocarbon into a first input portion and a second nput portion, the input stream
comprising an efflucut from a reforming untt, the nput stream exhibiting a hydrogen
content of at east about 70 vol% and a CO, content of at east about 5 vol%, the first
input portion comprising from about § volS6 to about 6{ vol9% of the input stream;
combining the first input portion and a first tail gas stream, the combined first fuput
portion and first tail gas stream exhibiting 2 CO; coutent of less than about 70 vol%;
separating the first input portion and a first tail gas stream to form a3 CO; recovery stream
and a hydrogen enriched stream, the CO» recovery stream having a CO» content ot at least
about 70 vol%, the CO; recovery stream containing at least about 80% of the CO» inthe
combined first input portion and first tail gas stream; exposing the hydrogen enriched
stream and the second imput portion to an adsorbent in a cycling adsorber unit at a pressure
of at least about 500 psig (about 3.4 MPag) to produce a hydrogen product stream having a
hydrogen content of at least about 90 vol%, the hyvdrogen product stream containing at

least about 85% of the hydrogen in the input stream; contacting the adsorbent with a first
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regeneration stream at a first pressure of about 45 psig (about 310 kPag) to about 130 psig
{about 900 kPag) to form the first tail gas stream, the first tail gas stream containing a first
combined content of CO plus CO; of at least about 60 vol% on a dry basis and a first
hydrocarbon content of about 10 vol% or less on a dry basis; contacting the adsorbent with
a second regeneration strearn at a second pressure of about 5 psig (about 35 kPag) to about
20 psig (about 140 kPag) to form a second tail gas strear, the secound tail gas stream
containing a second combined content of CO plus CO, of about 10 vol% or less on g dry
basis and a second hydrocarbon content of at feast about 40 vol% on a dry basis, the
second tail gas stream comprising from about 25% to about 60% of a combined volume of
the first and second tail gas streams; and introducing the second tail gas stream as an input
to the reforming unit.

160721 Embodiment 2. The method of ernbodiment 1, wherein the CO; recovery
stream containg at least about 70% of the CO, in the input stream.

60731 Embodiment 3. A method for recovery of hydrogen and carbon dioxide ina
refinery, comprising: dividing an input stream containing hydrogen, carbon dioxide, and a
hydrocarbon into a first input portion and a second input portion, the input stream
comprising an offfuent from a reforming unit, the input stream exhibiting a hyvdroge
content from about 40 vol%s to about 70 vol% and a CO, content of at least about 25
vol%, the first nput portion comprising from about 5 vol% to about 60 vol% of the input
stream; combining the fivst input portion and a fivst taill gas stream, the combined first
input portion and first tail gas stream having a CO, content of less than sbout 70 vol%s;
separating the first input portion and a first tail gas stream to form a CO; recovery stream
and a hydrogen enriched stream, the CO; recovery stream having a CO; content of at least
about 70 vol, the CO» recovery stream containing at least about 80% of the CO; inthe
combined first mput portion and first tail gas streamy; exposing the hydrogen enriched
stream and the second input portion to an adsorbent in a cycling adsorber uuit at a pressure
of at least about 500 psig (ahout 3.4 MPag) to produce a hydrogen product strearn having a
hydrogen content of at least about 90 vol%, the hydrogen product stream containing at
feast about 85% of the hydrogen in the input stream; contacting the adsorbent with a first
regeueration stream at a {irst pressure of about 45 psig (about 310 kPag) to about 130 psig
{about 900 kPag) to form the first tail gas stream, the first tail gas strearn containing a first

combined content of CO plus CO; of at least about SO vol% on a dry basis and a first
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hydrocarbon content of about 10 vol% or less on a dry basis; contacting the adsorbent with
a second regeneration stream at a second pressare from about 5 psig {about 35 kPag) to
about 20 psig (about 140 kPag) to form a second tail gas stroam, the second tail gas stream
containing a second combined content of CO plus CO, of about 10 vol% or less on a dry
basis and a second hydrocarbon content of at least about 50 vol% on a dry basis, the
second tail gas stream coraprising fror about 5% to about 25% of a combined volume of
the first and second tail gas streams; and introducing the second tail gas stream as an input
to the reforming unit.

[8074) Embodiment 4. The method of embodiment 3, wherein the CO, recovery
stream comtains at least about 50% of the CO» in the input stream.

(8075} Embodiment 5. The method of any one of the previous embodiments,
wherein the second tail gas stream has a hydrocarbon content of at least about 60 vol%.
(60761 Embodiment 6. The method of any one of the previous embodiments,
wherein contacting the adsorbent with either or both of the regencration streams Comprises
flowing the regencration stream(s) in a counter-current direction relative to a flow
direction of the hydrogen enriched stream.

{68771 Embodiment 7. The method of any one of the previous embodiments,
wherein the stream containing hydrogen, carbon dioxide, and 3 hydrocarbon comprises
methane, an alkane, a hydrocarbon based on a biocomponent source, a hydrocarbon
derived from deoxygenation of a fatty acid alkyl ester, or a combination thercof.

6078} Embodiment & The method of any one of the previous embodiments,
wherein the output from the reforming unit is contacted with a water gas shift catalyst
under effective conditions for increasing the amount of hydrogen in the reforming etfluent
prior to division into a first input stream and a second input strear,

16879} Embodiment 9. The method of any one of the previous embodiments,
wherein the second tail gas stream 15 introduced as a fuel input into the reforming unit.
60861 Embodiment 10, The method of any one of the previous embodiments,
wherein the hydrogen product stream has a hydrogen content of at least about 909 of the
hydrogen content of the input stream.

[B081 ] Embodiment 11. A method for recovery of hyvdrogen and carbon dioxide in a
refinery, comprising: exposiog a feed including at least a biocomponent portion to a

hydroprocessing catalyst under effective conditions to produce a deoxygenated
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biocomponent nput stream, said exposing being an exothermic reaction that generates
heat; reforming the deoxygenated biocomponent input stream to form an effluent
containing hydrogen, carbon dioxide, and a hydrocarbon, the reforming comprising
contacting the deoxygenated biocomponent inprut strearmn with a first stream containing
water vapor in the presence of a reforming catalyst; contacting the reforming effluent with
a water gas shift catalyst in the presence of a second stream containing water vapor under
effective conditions to form a shifted reforming offfuent, containing a hydrogen content of
about 70 vol% and a CO, content of at least about 5 vol%; absorbing at least a portion of
the heat generated by said exposing, the heat being absorbed by at feast one of the first
stream containing water vapor, the second stream confaining water vapor, ot an juput
stream to said reforming; dividing the reforming effluent into a first input portion and a
second input portion, the first jnput portion comprising from about 5 vol®% to about 60
vol% of the refornung effluent; treating the first input portion with an arnine under
cffective conditions for separation of CO;, to form a CO» recovery stream having a CO»
content of at least about 70 vol¥% and a hydrogen enriched stream; and exposing the
hydrogen enriched stream and the second input portion to an adsorbent in a cycling
adsorber unit at a pressure of at least about 500 psig (about 3.4 MPag) to produce a
hydrogen product stream having a hydrogen content of at least about 99.0 volSs and
pressure of at least about 90% of the pressure of the input stream.

160821 Embodiment 12, The method of embodiment 11, further comprising: ;
contacting the adsorbent with a first regeneration stream at a first pressure of about 45 psig
(about 310 kPag) to about 130 psig (about 900 kPag) to form the first tail gas stream, the
first tail gas stream containing a fivst combined content of CO plas CO; of at least about
30 vol% on a dry basis and 2 first hydrocarbon coutent of about 10 vol% or less on a dry
basis; contacting the adsorbent with g second regeneration stream at a second pressure of
about 5 psig (about 35 kPag) to about 20 psig (about 140 kPag) to form a second tail gas
stream, the second tail gas stream containing a second combined content of CO phus CO,
of about 10 vol% or less on a dry basis and a second hydrocarbon content of at least about
50 vol% on a dry basis, the second tail gas stream comprising from about 5% to about
25% of a combined volume of the first and second tail gas streams; and introdacing the

second tail gas stream as an input to the reforming voit,
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130831 Emboediment 13, The method of embodiment 12, wherein treating the first
nput portion with the amine comprises separating the first input portion and the first tail
gas strearn to forrg the CO» recovery strearn and the hydrogen enviched stream, the CO,
recovery siream containing at least about 80% of the €0, in the combined first input
portion and first tail gas stream.

{60841 Embodiment 14. The method of embodiment 12 or embodiment 13, wheren
contacting the reforming offfuent with a water gas shift catalyst comprises: adding a
methane stream to the reforming effluent; and contacting the reforming effluent and the
added methane stream with the water gas shift catalyst, wherein the at least a portion of
the heat generated by said exposing is absorbed by the added methane strearn prior to
contacting the water gas shift catalyst.

{6085} Embodiment 15, The method of any one of the previous embodiments,
wherein the cycling adsorber untt coraprises a plurality of adsorbent beds, at least one of
the plurality of beds being in g pressurization, depressurization, or purge portion of a cycle
when at least one other bed is being exposed to the hydrogen enriched stream and the
second input portion.

{8086} Embodiment 16. A method for recovery of hydrogen and carbon dioxide ina
refinery, comprising: dividing an input stream containing hydrogen, carbon dioxide, and a
hydrocarbon into a first input portion and a second nput portion, the input stream
comprising an effluent from a reforming unit, the input stream having a hydrogen content
of at least about 40 vol% of hydrogen and containing at feast about 5 vol% CQO,, the first
input portion comprising from about § volS6 to about 6{ vol9% of the input stream;
combining the first input portion and a first tail gas stream, the combined first fuput
portion and first tail gas stream having a CO, content of less than about 70 volS6;
separating the first input portion and a first tail gas stream to form a3 CO; recovery stream
and a hydrogen enriched stream, the CO» recovery stream having a CO» content ot at least
about 70 vol%, the CO; recovery stream containing at least about 80% of the CO» inthe
combined first input portion and first tail gas stream; exposing the hydrogen enriched
stream and the second mput portion to an adsorbent in a cycling adsorber unit at a pressure
of at least about 500 psig (about 3.4 MPag) to produce a hydrogen product stream having a
hydrogen content of at least about 90 vol%, the hyvdrogen product stream containing at

least about 85% of the hydrogen in the input stream; contacting the adsorbent with a first
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regeneration stream at a first pressure of about 45 psig (about 310 kPag) to about 130 psig
{about 900 kPag) to form the first tail gas stream, the first tail gas strearm containing a first
combined content of CO plus CO; of at least about 30 vol% on a dry basis and a first
hydrocarbon content of about 10 vol% or less on a dry basis; contacting the adsorbent with
a second regeneration stream at a second pressure from about 5 psig (about 35 kPag) to
about 20 psig (about 140 kPag) to form a second tail gas stream, the second tail gas stream
containing a second combined content of CO plus CO, of about 10 vol% or less on g dry
basis and a second hydrocarbon content of at feast about 40 vol% on a dry basis, the
second tatl gas stream comprising at least about 5% of a combined volume of the first and
second tail gas streams; and ntroducing the second tail gas stream as an input to the
reforming unit; wherein, when the input stream exhibits a hydrogen content from about 40
vo1%% to about 70 vol% and a2 CO; content of at least about 25 vol9%, the second tail gas
stream coutains a second hydrocarbon content of at least about 50 vol% on a dry basis and
the second tail gas strearn comprises from about 5% to about 25% of 2 combined volume
of the first and second tail gas streams; and wherein, when the input stream exhibits a
hydrogen content of at least about 70 vol%, the first tail gas stream contains a combined
content of CO plus CO, of at least about 60% by volume on a dry basis and the second tail
‘

gas strear comprises from about 25% to about 60% of a combined volume of the first and

second tail gas streams.

EXAMPLES

087} A series of simulations were performed to determine the impact on H, and
CO» recovery due to altering gas tlow through an amine unit and a pressure swing
adsorption (PSA)Y unit. FIG. | shows the configuration modeled in the simulations. In the
configuration shown in FIG. 1, a stcam methane reforming unit 110 can be used to reform
hydrocarbons from a hydrocarbon input stream 105, The hydrocarbon wnput stream 105
can represent any suitable hydrocarbon for reforming, such as methane and/or a
biocomponent feed. If at least a portion of the hydrocarbon input is a biocomponent feed,
a biocomponent input 172 can optionally be hydrodeoxygenated in 8 hydrotreater 170
prior to entering reforming unit 118, Optionally, but not depicted, a portion of the heat
necessary for operating reforming unit 110 can be generated by capturing heat from

hydrotreater 170 via heat exchange. Air and steam for the reforming reaction can also be
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fed into the reforming unit 110, In FIG. 1, a single input 107 is shown for addition of air
and steam, but separate inputs can alternately be used. Reformingunit 110 can generate
reformed output 115 and a flue gas 117, The flue gas 117 can include carbon oxides and
water. The reformed output 115 can include an increased amount of hydrogen relative to
the hydrocarbon input 105, Reformed output 115 can then pass into an optional water gas
shift unit 120, The water gas shift unit 120 can increase the amount of hydrogen in the
reformed output by using the water gas shift reaction to convert H; O and CO into H, and
{0y, Although not pictured in FIG. 1, it may be desirable for steam to be added to the
water gas shift unit 120 to facilitate the reaction. The water gas shift output 125 from the
water gas shift unit can be a stream containing hydrogen as well as carbon oxides. A
portion of the water gas shift output 125 from the water gas shift reactor 120 can be
processed mn an amine unit 130 for recovery of CO,. Amine unit 130 can generate an
output 132 containing an increased amount of CO; and a corresponding output 127 that is
enriched in H,;. The amine unit cutput 132 can correspond to a CO;, recovery stream. The
amine unit output 127 enriched in H, can be combined with a remaining portion of amine
unit output 125 for use as a feed into PSA unit 140, PSA unit can generate a hydrogen
output 145 with a relatively high purity level, such as a purity of at least about 99%
hydrogen by volume. PSA unit can also generate a tail gas 147 that includes carbon
oxides.

13088] In the series of simulations, the amount of water gas shift cutput 125 ininally
sent to the amine unit versus the PSA unit was varied to calculate the impact on Hj and
COy recovery. Table 1 provides first example with water gas shift output 125 having a
hydrogen content of about 80% or greater. Table 1 shows the relative amounts of Hp
captured as the araount of water gas shift output 125 sent directly to the PSA untt is varied
from 0% (meaning all of water gas shift output 125 goes first to the amine unit) to 100%

{meaning all of water gas shaift output 125 goes to the PSA unit).
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Table 1
00 T R Lsired B
Yo of stream 125 sent directly e EV{f Feeovery in desiy “.l 'H‘
s * recovery stream 145 relative to
to PSA .
stream §25
% (all cutput initially to aroine unit) 98.64
0% 98.93
56% 99.25
90% 09,47
100% (all cutput initially to PSA) 99.34
{8089} Table 2 provides a second example of simulations of hydrogen recovery

using a configuration simifar to FiG. 1. For the data shown in Table 2, the amount of
hydrogen in water gas shift output 125 was about 60%. As shown in Table 2, sending a
portion of the water gas shift output 125 1o the amune unit first for CO;, recovery improved
the overall hydrogen recovery in PSA hydrogen output 145, However, the maximum
hydrogen recovery in PSA hydrogen output 145 was at about a 50/50 sphit of water gas
shift output 1285, as opposed to the 90/10 split shown in Table 1. Note that Table 2 shows
recovery of hydrogen in relative units, rather than as a percentage of the hydrogen in water
gas shift output 125. The configuration corresponding to S0% of water gas shift output
125 being sent directly to the PSA unit was selected to have a baseline value of 100 for
case of comparison. It is also noted that the lower nitial hydrogen content of water gas
shift output 125 resulted in larger differences in the amount of hydrogen captured in

desired PSA hydrogen recovery output 145,

Table 2
% of stream 125 sent directlyte PSA Relative H, recovery
(% (all output initially to amine unit) 92.9
10% 96.4
50% 100 {(bascline value for comparison)
9% 9.5
100% (all output initially to PSA) 954
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{3096} FIG. 2 shows a configuration according to another embodiment of the
mvention suitable for converting a hydrocarbon feed to make hydrogen and carbon oxides.
In FIG. 2, steam reforming unit 210 can recetve a hydrocarbon foed 205 and a steam plus
air feed 207 as input flows. Similarly as in FIG. 1, the single stear plus air input 207 can
alternately be emploved as separate inputs. A tail gas 254 from PSA unit 240 can provide
a third input. Again, if desired, some or all of the (four) inputs (three labeled input
streams) into steam reforming unit 210 may be combined outside the unit, instead of being
separately input. The outputs from steam reforming unit 210 can be a reformed output
215 and a flue gas 217, Retormed output 215 can then pass into optional water gas shift
reactor 220 to increase the hydrogen content in water gas shift output 225, Waiter gas shifi
output 225 can then be passed into amine treatment unit 230 and/or PSA unit 240, In
addition to a portion of water gas shift output 225, amine treatment unit 230 may also
optionally receive a tail gas 252 from the PSA unit 240, optionally after suitable
compression as may be required. Amine unit 230 can gencrate amine unit cutput 232
containing an increased amount of CO; and a corresponding amine unit output 227 that is
enriched in H,. The O, enrniched amine unit output 232 can correspond to a CO,
recovery stream. The amine unit output 227 enriched in H; can be combined with a
remaining portion of water gas shift output 225 for use as a feed into PSA unit 240, In
addition to a desired hydrogen enriched PSA output 245, PSA unit 240 can also generate
one or a plurality of tail gases. When a plurahity of tail gases is desired, they can be
generated, e.g., by reducing the pressure in PSA unit 240 in stages during 3 regeneration
portion of a PSA cycle. In the embodiment shown in FIG. 2, the PSA unit 2480 can
generate two tail gases. A fivst tail gas 252 can be generated by reducing the pressure in
the PSA unit to an interrocdiate level during rogeneration. First tail gas 252 can be
enriched in carbon oxides and can be recycled to amine unit 230, as described above.
Second tail gas 254 can be enviched in hydrocarbouns and can be recycled to steam
reforming urat 210, as described above,

16091 Operating a PSA unit to generate the tail gases shown in FIG. 2 can provide
several advantages. For comparison, in one example, a typical input flow into a PSA unit
{(such as 240 in FIG. 2) for hydrogen recovery can inchude (on a dry basis) an H, content
of about 75 vol%, a combined CO; plus CO content (which may contain CO; and/or CO)

of about 15 vol%, and a CHy and/or other hydrocarbon content of about 18 vol%. Ina
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configuration such as FIG. 1, where only one tail gas is generated, a representative
composition for the PSA tail gas can inclode (on a dry basis) an H, content of about 30
vol%, a combined CO» plus CO content (which may contain CO» and/or CO) of about 56
vol%, and a content of about 20 vol% of CHy and/or other hydrocarbons used as input for
the reforming.
160921 Forming multiple tail gases by staging the pressure decrease during
regeneration can have greater value than forming only a single tail gas. For comparison, a
similar representative input can enter the PSA unit. In the configuration shown in FIG. 2,
a first tail gas can be formed that contains about 60% of the total tail gas volume, with the
total tail gas volume being coraparable to the volume of the single tail gas. Tn this type of
embodiment, the first tail gas can include (on a dry basis) an H, content of about 15 vol%,
a combined CO; plus CO content {which may contain CO; and/or CO) of about 83 vol%,
and a CHy and/or other hvdrocarbon content of about 5 vol%. Relative to a single PSA
tail gas configuration, the first tail gas can be enriched in carbon oxides. As noted above,
this first tail gas can be used, for example, as an additional input to the amine unit for
more CO; recovery. The second tail gas can have a composition inchuding an Ho content
of about 53 vol%, a combined CO, plus CO content (which may contain CO; and/or CO)
of about 5 vol%, and a CH, and/or other hydrocarbon content of about 42 vol%. Relative
to a single PSA tail gas configaration, the second tail gas can be enriched in hydrocarbons.
As noted above, this can allow the second tail gas to be suitable for use as an additional
source of hydrocarbons for reforming.
{3093} As another example, the same input into the PSA unit can be used, but the
tail gas can be split so that about 90% of the total tail gas volume is contained in the first
tail gas. o this type of example, the first tail gas can contain an H, content of about 32
vol%, a combined CO» phus CO content (which may contain CO; and/or CO) of sbout 55
vol%, and a CHy and/ov other hydrocarbon content of about 13 vol%. The second tail gas
{(having about 10% of the total tail gas volurae) can contain an Hy content of about 12
vol%, a combined CO, plus CO content {which may contain CO, and/or CO) of about §
vol¥e, and a CH, and/or other hydrocarbon content of about 83 vol%. Compared to the
example describing a ~60/40 fivst/second tail gas split, the volume of the second tail gas
for the ~090/10 split is sroaller, but with a greater concentration of hydrocarbons, This

cond tatl gas can provide a more beneficial fuel gas, as less hydrogen can be lost to use
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as fuel and as the content of CO in the fuel gas can be reduced or minimized. Although
the first tail gas in this ~90/10 split example can exhibit a lower concentration of carbon
oxides, this lower concentration can be due in part to an increased concentration of
hydrogen. If this first tail gas is recycled, such as to an anine unit for CO,, recovery, the
hydrogen in this first tail gas can eventually and advantageously return to the PSA onit,
thus increasing the potential amount of hydrogen recovery in the desired hydrogen output
stream,

3094} In still another example, the input stream to the PSA unit (such as 240 in
FIG. 2) can have a composition incloding an Hz content of about 60 vol%, a combined
CO, plus CO content (which may contain CO; and/or CO) of sbout 35 vol®%, and a CHy
and/or other hydrocarbon content of about S vol6. In a configuration where only a8 single
tail gas is generated, the resulting tail gas can have a composition incloding an Hy content
of about 15 vol%, a combined CO» plus CO content (which may contain CO, and/or CO)
of about 75 vol%, and a CHy4 and/or other hydrocarbon content of about 10 vol%,
Alternately, a configuration similar to FIG. 2 can be used to generate two tail gases, with a
first tail gas containing about 90% of the total tail gas volume. In this alternate
configuration, the first tail gas can contain an H, content of about 16 vol%, a combined
CO, plus CO content (which may contain CG; and/or CO) of sbout &1 vol%, and a CH,
and/or other hyvdrocarbon content of about 3 volS. The second tail gas (containing about
10% of the total tail gas volume) can contain an H, content of about 6 vol%, a combined
CO, phas CO content (which may contain CO, and/or CO) of about 21 vol®o, and a CHy
and/or other hvdrocarbon content of about 73 vol%. Although the input into the PSA unit
in this still other example exhibits a higher CO/CO, concentration, dividing the tail gas in
a 90/10 manner can allow for formuation of a second tail gas suitable for use as a fuel gas,
while reducing or minimizing the content/concentration of CO incorporated in the fuel
gas.

60951 While the present invention has been described and lustrated by reference to
particular embodiments, those of ordinary skill in the art will appreciate that the invention
lends itself to variations not necessarily illustrated herein. For this reason, then, reference
should be made solely 1o the appended claims for purposes of determining the trae scope

of the present invention.



WO 2012/155008 PCT/US2012/037416

-37 -
CLAIMS:
1. A method for recovery of hydrogen and carbon dioxide in a refinery,
CoOmprising:

dividing an jnput stream containing hydrogen, carbon dioxide, and &
hydrocarbon into a first input portion and a second input portion, the input stream
comprising an effluent from a reforming unit, the input stream exhibiting a hydrogen
content of at least about 70 vol% and a CO, content of at least about 5 vol%, the first
mput portion comprising from about 5 vol% to sbout 60 vol%s of the taput stream;

combining the first input portion and a first tail gas stream, the combined
first input portion and first tail gas stream exhibiting a CO, content of less than about 70
vol%:

separating the first input portion and a first tail gas stream to forrn a COy
recovery stream and a hydrogen ecariched stream, the CO, recovery stream having a CO;
content of at least about 70 vol%, the CO, recovery stream containing at least about 30%
of the CO» 1n the combined first input portion and first tail gas streany

exposing the hydrogen enriched stream and the second input portion to an
adsorbent in a cycling adsorber unit at a pressure of at least about 500 psig {(about 3.4
MPag) to produce a hydrogen product stream having a hydrogen content of at least about
90 vol%, the hydrogen product stream containing at least about 85% of the hydrogen in
the input streany

contacting the adsorbent with a first regeneration stream at a first pressure
of about 45 paig (about 310 kPag) to about 130 psig (about 900 kPag) to form the first tail
gas stream, the first fail gas stream containing a first combined content of CO plus CO» of
at least about 60 vol% on a dry basis and 3 first hydrocarbon content of about 109 or less
by volume on a dry basis;

contacting the adsorbent with a second regeneration stream at a second
pressure of about 5 psig (about 35 kPag) to about 20 psig (about 140 kPag) to form a
second tail gas stream, the second tail gas stream containing a second combined content of
CO phus €O of about 10 vol% or less on a dry basis and a second hydrocarbon content of
at least about 40 vol% on a dry basis, the second tail gas stream comprising from about

25% to about 6{1% of a combined volume of the first and second tail gas streams; and
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introducing the second fail gas stream as an input (o the reforming unit.

2. The method of claim 1, wherein the CO, recovery stream contains at least

about 70% of the COy in the input stream,
3. A macthod for recovery of hydrogen and carboun dioxide in a refivery,
comprising:

dividing an input stream containing hydrogen, carbon dioxide, and a
hydrocarbon into a first input portion and a second input portion, the input stream
comprising an effluent from a reforming unit, the input stream exhibiting a hydroge
content from about 40 vol% to about 70 vol% and a CO, content of at least about 25
vol%, the first nput portion comprising from about 5 vol% to about 60 vol% of the input
stream;

cornbining the first input portion and a first tail gas stream, the combined
first input portion and first tail gas stream having a O, content of less than about 70
vol%;

separating the first input portion and a first tail gas stream to form a CG»
recovery stream and a hydrogen enriched stream, the CGO; recovery stream having a CO;
content of at least about 70 vol%, the CO; recovery stream containing at least about 0%
of the CO, in the combined first input portion and first tail gas strearn;

exposing the hydrogen enriched stream and the second input portion to an
adsorbent in a cycling adsorber unit at a pressare of at least about SO0 psig (about 3.4
MPag) to produce a hydrogen product stream having a hydrogen content of at least abowut
90 vol%, the hydrogen product stream containing at least about 85% of the hydrogen 1o
the input strearm;

contacting the adsorbent with a first regeneration stream at a {irst pressure
of about 45 psig (about 310 kPag) to about 130 psig (about 900 kPag) to form the first tail
gas stream, the first tail gas stream containing a first combined content of CO plus CO; of
at least about 50 vol% on a dry basis and a first hydrocarbon content of about 10 vol% or
tess on & dry basis;

contacting the adsorbent with a second regeueration stream at a second

pressure from about 5 psig {about 35 kPag) to about 20 psig (about 144 kPag) to form a
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second tail gas stream, the second tail gas stream containing a second combined content of
CO phus €Oy of about 10 vol% or less on a dry basis and a second hydrocarbon content of
at least about 50 vol% on a dry basis, the second tail gas stream comprising from about

5% to about 25% of a combined volume of the first and second tail gas streams; and

introducing the second tail gas stream as an input to the reforming unit.

4, The method of claim 3, whercin the CO; recovery stream contains at feast
about 50% of the CO; in the input stream.
5. The method of any of the prior claims, wherein the second tail gas stream

has a hydrocarbon content of at least about 60 vol%.

6. The method of any of the prior claims, wherein contacting the adsorbent
with either or both of the regeneration streams comprises flowing the regeneration
stream{s) in a counter-current direction relative to a flow direction of the hydrogen
enriched stream.

7. The method of any of the prior claims, wherein the stream containing
hydrogen, carbon dioxide, and a hydrocarbon comprises methane, an alkane, a
hydrocarbon based on a biocomponent source, a hydrocarbon derived trom deoxygenation

of a fatty acid alkyl ester, or a combination thercof.

R. The method of any of the prior claims, wherein the outpat from the
reforming unit is contacted with a water gas shift catalyst under effective conditions for
increasing the amount of hydrogen in the reforming oftluent prior to division into 3 first

fnput stream and a second inpot stream.

Q. The method of any of the prior claims, wherein the second tail gas stream is

introduced as a fuel input into the reforming unit.
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10. The method of any of the prior claims, wherein the hydrogen product
stream has a hydrogen content of at least about 90% of the hydrogen content of the input

stream.

i1 A method for recovery of hydrogen and carbon diexide in a
refinery, comprising:

exposing a feed including at least a biocomponent portion to a
hydroprocessing catalyst under effective conditions to produce a deoxygenated
biocomponeut input stream, said exposing being an exothermic reaction that generates
heat;

reforming the deoxygenated biocomponent input stream to form an effluent
containing hydrogen, carbon dioxide, and a hvdrocarbon, the reforming comprising
contacting the deoxygenated biocomponent fnput stream with a first stream containing
water vapor in the preseoce of a reforming catalyst;

contacting the reforming effluent with a water gas shift catalyst in the
presence of a second stream containing water vapor under effective conditions to form a
shifted reforming effluent, containing a hydrogen content of about 70 voi% and 3 CO;,
content of at least about S vol®6;

absorbing at least a portion of the heat generated by said exposing, the heat
being absorbed by at least one of the first stream containing water vapor, the second
stream containing water vapor, or an input stream to said reforming;

dividing the reforming effluent into a first input portion and a second input
portion, the first input portion comprising from about 5 vol% to about 60 vol%4 of the
reforming effluent; treating the first fnput portion with an amine under effective conditions
for separation of CO; to form a CO;, recovery stream having a COy content of at least
about 70 vol% and a hydrogen enriched stream; and

exposing the hydrogen enriched stream and the second input portion to an
adsorbent in a cycling adsorber unit at 3 pressure of at least about 500 psig (about 3.4
MPag) to produce a hydrogen product stream having a hydrogen content of at least about

99.9 vol% and a pressure of at least about 90% of the pressure of the wnput stream.

12. The method of claim 11, further comprising:
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contacting the adsorbent with a first regeneration stream at a first pressure
of about 45 paig (about 310 kPag) to about 130 psig (about 900 kPag) to form the first tail
gas strearg, the first tail gas stream containing a first combined content of CO plus CO» of
at least about 50 vol% on a dry basis and a first hydrocarbon countent of about 10 vol% or
less on a dry basis;

contacting the adsorbent with a second regeneration stream at a second
pressure of about 5 psig (about 35 kPag) to about 20 psig (about 140 kPag) to form a
second tail gas stream, the second tail gas stream containing a second combined content of
CO phis COy of about 10 vol% or less on a dry basis and a second hydrocarbon content of
at least about 50 vol% on a dry basis, the second tail gas stream comprising from about
5% to about 25% of a combined volume of the first and second tail gas streams; and

introducing the second tail gas stream as an input to the reforming unit.

13. The method of ¢laim 12, wherein treating the first input portion with the
amine comprises separating the first input portion and the first tai gas stream to form the
CO» recovery strearn and the hydrogen enriched stream, the CO; recovery stream

containing at least about 80% of the CO» in the combined first input portion and first tail

2as sircam.

14, The method of any of claims 12-13, wherein contacting the reforming
effluent with a water gas shift catalyst comprises: adding a methane stream to the
reforming effluent; and contacting the reforming effluent and the added methane stream
with the water gas shift catalyst, wherein the at least a portion of the heat generated by
said exposing is absorbed by the added methane stream prior 10 contacting the water gas

shift catalyst.

i5. The method of any of the prior claims, wherein the cycling adsorber unit
comprises 3 plurality of adsorbent beds, at least one of the plurality of beds being in a
pressurization, depressurization, or purge portion of a cycle when at least one other bed is

being exposed to the hydrogen enviched stream and the second input portion.
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i6. A method for recovery of hydrogen and carbon dioxide in a refinery,

comprising:

dividing an jnput stream containing hydrogen, carbon dioxide, and a
hydrocarbon into a first input portion and a second input portion, the input stream
comprising an effluent from a reforming unit, the input stream having a hydrogen content
of at least about 40 vol%% and containing at least about 5 vol% CO,, the first input portion
comprigsing from about 5 vol%% to about 60 vol% of the input stream;

combining the first input portion and a first tail gas stream, the combined
first inpat portion and first tail gas stream having a CO; content of less than abouat 70
vol%,; separating the first input portion and a first tail gas stream to form a CO; recovery
stream and a hydrogen enriched stream, the CO» recovery stream having a CO;, content of
at Teast about 70 voi%, the CO; recovery stream containing at least about 0% of the €O,
iu the combined first input portion and first tail gas stream;

exposing the hydrogen enriched stream and the second input portion to an
adsorbent in a cycling adsorber unit at a pressare of at least about SO0 psig (about 3.4
MPag) to produce a hydrogen product stream having a hydrogen content of at least abowut
90 vol%, the hydrogen product stream containing at feast about 5% of the hydrogen in
the input strearm;

contacting the adsorbent with a first regeneration stream at a {irst pressure
of about 45 psig (about 310 kPag) to about 130 psig (about 900 kPag) to form the first tail
gas stream, the first tail gas stream containing a first combined content of CO plus CO; of
at least about 50 vol% on a dry basis and a first hydrocarbon content of about 10 vol% or
tess on & dry basis;

contacting the adsorbent with a second regeueration stream at a second
pressure from about 5 psig (about 35 kPag) to about 20 psig (about 140 kPag) to form a
second tail gas stream, the second tail gas stream containing a second combined content of
CO plas CO; of about 10 vol% or less on a dry basis and a second hydrocarbon content of
at least about 40 vol% on a dry basis, the second tail gas stream comprising at least about
5% ot a combined volume of the first and second tail gas streams; and

introducing the second fail gas stream as an input to the reforming unit;
wherein, when the input strearn exhibits 4 hydrogen content from about 40 vol% to about

78 vol% and a CO; content of at least about 25 vol%, the second tail gas stream contains a
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second hydrocarbon content of at least about 50 vol% on a dry basis and the second tail
gas strearn comprises from about 5% to about 25% of a corabined volume of the first and
second tail gas streams; and

wherein, when the input stream exhibits a hydrogen content of at least
about 70 vol%, the first tail gas stream contains a combined content of CO plus €O, of at
least about 60 vol% on a dry basis and the second tail gas streara comprises from about

25% to sbout 60% of a combined volume of the first and second tail gas streams.
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