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FIG. 1

(57) Abstract: Methods are provided for removing CO, and/or H,S from a gas phase stream, such as a refinery flue gas stream, a
coal-fired or petroleum-burning power plant, or a natural gas stream. A gas phase stream containing CO» and/or H»S can be contac-
ted under effective conditions with an aqueous slurry of supported amine particles. The CO, and/or H,S can react with the supported
amines to form bicarbonates, carbonates, carbamates, sulfide salts, or other species. Because the amine is part of, bonded to, or oth -
erwise supported on a particulate substrate, the reaction product from the amine reaction can also remain bound to the particle. After
reacting supported amines with CO, and/or H,S captured from a gas stream, the supported amines particles can be separated from the
aqueous slurry environment for regeneration of the supported amine and release of the CO, and/or H,S.
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REMOVAL OF C02 AND HZS FROM GAS STREAMS
USING SUPPORTED AMINES

FIELD OF THE INVENTION

16001 Supported amines are used for removal of CO, and H, S from gas flows.

BACKGROUND OF THE INVENTION

[8682] In conventional amine contacting systems, an aqueous sofution of
dissolved amines is contacted in a counter current manner with a gaseous stream
containing CO, and/or H, 5. The gases to be separated react with the solubilized
arnines at a fomperature range of about 30°C to about 60°C. The “rich” solution of
amines reacted with CO,/H, S is then heated with steam stripping to a termperature
range of about 110°C to about 140°C in order to release the CO; and/or H;S. Insuch
conventional processing a significant arpount of cuergy  reguired to heat the entire
rich aquoous solution. While feed/product heat exchange for the stripping step is
normaliy utilized, such heat exchangers significantly affect the capital cost of the
system, often dictating the maximum amine circulation rate that can be utilized.

166031 U.S. Patent No. 7,846,240 describes a chilled ammonia based CO;, capture
systema. CO; 18 adsorbed using an aromonia solution or slurry at 3 temperature below
ambient. Ifa slurry 18 used, the particles in the slurry correspond to particles of
anumonium carbonate and/or bicarbonate that have precipitated in the solution. Whena
shorry is used, the carbon capture and reiease mechanism is based on consumption and
generation of CO» as the particles convert between carbonate and bicarbonate forms.
In addition to maintaining the ammonia at a below ambient temperature, preventing
foss of ammonia in exhausted thie gas is also a concern.

13604} An article by Langeroudi e/ g/, (Jowrnal of Physical Chemistry C, 2009,
Vol 113, pp. 21866-76) describes CO; solubility experiments performed on agqueous
slurry solutions of silica particles including grafied amines. The solubility experiments
included exposing the slurry solutions to various partial pressures of CO» in a static

reaction vessel.
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SUMMARY OQF THE INVENTION

16605] In one aspect, a method for performing a gas separation s provided. The
method includes contacting a gas stream comprising CO» and/or HoS with an aqueous
shurry of supported amine particles under effective conditions for capturing at least one
of CO; and H, S to form a sturry of supported amine particles enriched in CO, and/or
H»S; separating the supported amine particles from at least a portion of the aqueous
shurry Higuid; exposing the separated supported amine particle to effective conditions
for release of a release gas, the release gas comprising at least a portion of the captured
CO; and/or H; S, the effective conditions for release including a temperature of about
R0°C to about 200°C; and comnbining the supported arnine particles with aqueous shurry
fiquid to form a second agqueous shurry of supported amine particles,

[6066] I another aspect, a method for performing a gas separation is provided.
The method includes contacting a gas strearn comprising CO; and/or Hy S with an
aqueocus shurry of supported amine particles in a co-current manner uonder effective
conditions for capturing at least one of O, and H, S to form a sturry of supported
amine particles enriched in CO; and/or H: 5; separating the supported amine particles
frorn at least a portion of the aqueous slurry liquid; exposing the separated supporied
amine particic to cffective conditions for release of a release gas, the release gas
comprising at least a portion of the captured CO; and/or Ha S, the effective conditions
for release meluding a temperature of about 100°C to about 140°C and a pressure of
about 2 barg (about 200 kPag) to about 10 bar (sbout 1 MPag); and combining the
supported amine particles with aqueous shurry liguid to form a second aqueous shury of
supported amine particles, at least a portion of the second agueous slurry of supported
amine particles being used as the aqueous shurry of supported amine particles for said
contacting of the gas stream, wherein the effective conditions for capturing at least one
ot CO7 and H, S comprise a temperature at least about 60°C lower than the temperature

of the effective conditions for release.

BRIEF DESCRIPTION OF THE DRAWINGS

16667] FIG. 1 schematically shows an example of a reaction system according to

an embodiment of the invention.



WO 2014/092915 PCT/US2013/069812

DETAILED DESCRIPTION OF THE EMBODIMENTS

Overview

16608] I various aspects, maethods are provided for removing CO; and/or HaS
from a gas phase stream, such as a flue gas stream from a refinery, a coal fired or
petroleum burning power plant, or a natural gas stream from a natural gas field. A gas
phase stream containing CO; and/or HaS can be contacted under effective conditions
with an aqucous shurry of supported amine particles. The CO, and/or Hy S can react
with the supported amines to form bicarbonates, carbonates, carbamates, sulfide salts,
and/or other species. Because the amine is part of, bonded to, or otherwise supported
on a particulate substrate, the reaction product from the amine reaction can also remain
bound to the particle. In the discussion herein, supported amines can advamtageoushy
inchude amines that are part of a substrate particle, such as amines that are part of a
resin used to form resin particles, Such amines can advantageously be included within
the definition of a supported amine even though the particle may only be composed of a
compound {or compounds) for forming the particle.

16609 After reacting supported amines with CO; and/or H S captured from a gas
stream, the supported amines particles can be separated from the aqueous slurry
environment for regenceration of the supported amine and release of the CO»/H,S.
Because the reacted amine products can be supported on the substrate or support
particles (including being functional groups of a coropound for forming the support
particies), the amount of aqueous shirry liquid staying with the amine products during
regeneration can be reduced/minimized relative to a conventional solution phase
system, where the entive solution would be passed to the CO; release stage. By
reducing/mintuizing the amount of water {or other liquid) travelling with the reacted
amine product, the amount of cooling and reheating of slurry liqnud associated with
capture and regeneration can be reduced/minimized, i comparison with a conventional
solution phase system. Tostead, heating and cooling can be performed primarily on the
supported amines,

{6616} The supported amines can also provide one or more advantages relative to
conventional shirry systerns, where the starry particles correspond {0 precipitated
reaction products of an amumonia-CO» reaction. In such conventional shurry systems,

the entire CO;-containing flue gas may need to be chilled to below ambient
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temperature prior {0 contacting the ammonia slurry/sohition. By contrast, the supported
amines can be exposed to a COz-containing flue gas at a convenient ternperature near
1o or ahove ambient, 5o that any necessary cooling, if any at all, of 2 flue gas prior to
the CO, capture stage can be performed using less expensive techniques, such as heat
exchange with another process stream.

Supported Amines

6611} In various embodiments, supported amines can be used as a key
component of the reactive agent for adsorption of CO; and/or H, S from a gas stream.
The supported amines can include particles of a sapport material and one or more
arnines. The amuncs can comprise or be: functional groups of compounds used to form
the support material; functional groups of a compound bound to the surface of the
support material; and/or functional groups of a compound having a sufficiently low
volatility to rerain atiached to/associated with the support during the capture and
relcase/regeneration processes.

[6612] The support material for the grafted amine can be a porous support that
has a sufficient density and durability to be suitable for separation from a shurry, such
as by using a cyclone separator. Porous silica s an example of a support roaterial that
can be separated from a shurry, such as by using a cyclone, and that can also have
sufficient durability to allow for recyching wultiple times. Another option can inchude
particles of porous resing, such ion exchange resins and/or other amine resins., ftis
noted that a porous resin with amine functionality may be able to serve as an amine for
capturing CO; and/or H,S without requiring bonding, grafting, or otherwise supporting
an additional amine to the particle. Alternatively, the amines in a porous amine resin
can supplement other amines supported on the particle.

[60313] The particles can have any convenient morphology, such as {roughly)
spherical, (roughly) cvlindrical, or other morphologies available and/or typically used
for particulate supports. The particles can have a minimum dimension of at least about
50 um, with dimensions from about 50 un to sbout 3 mum being suitable, At least one
dimension can be at least about 100 um, so that, for spherical type particles (such as
beads), the characteristic size can be from about 100 pum to about 3 mm. A

characteristic particle size of about | mm can be suitable for various embodiments.
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[6614] One potential issue for supported amines can be loss of amine
fonctionality to the surrounding aqueous shury environment. This potential problem
can be reduced/momnimized for amine functional groups that are part of the support
material, such as a particle formed from an amine resin, For grafied amines, at least
some loss of the grafted amine functionality may occur during the initial exposure of a
support (including the gratted amine) to an aqueouns environment. This inttial Joss of
amine can be reduced/minimized by selecting amine compounds with higher support
grafting stability.

16615] As noted above, one option for providing an amine for capture and release
of CO» and/or H, 8 can include using an aroine resin for the particle. Another option
can include using an amine bonded/grafted to a support particle. For example, for a
silica based support particle, amines can be grafted to a support particle via a siloxane
hinkage. Que option for forming a siloxane linkage can be to start with an
alkoxysilylalkyl molecule with at least one, and preferably two or more, alkoxy
chain(s) attached to the silicon atom. At least one amine functional group can be
inchided in an alkyl side chain. One or more alkoxy side chains can be exchanged with
an —~OH group from an S-OH moicty oo the surface of the support particle. This can
result in an SiarfceO-Slamine eroup DOR, such that the amine-containing compound can
be grafied to the surface. In some embodiments, an amine compound grafied to the
surface can include two or throe Stufce~O-Stamine sroup DoRd linkages. By chermically
bonding/grafting the amines to the support particles, the amines can remain with the
support particle during capture and regeneration processes. Examples of amines for
grafting on to a particle (such as to form a stloxane linkage) can inchude, but are not
necessarity hiratted to, alkoxysilylalkyl molecules bearing amine groups such as
primary amines, secondary amines, and di- and tri-functional amines (such as
ethylenediamine and diethylenetriamine, for example}.

[BB16] Still another option can include using an amine that can be substantiaily
insoluble or that can have relatively low (minimal} solubility in water and that can also
have a relatively low vapor pressure (at operational conditions). Examples of such
arines can inchude, but are not necessartly limited to, polymeric amines and/or amines
that can be lightly or moderately cross-linked to form g higher molecular weight amine

with suitably low solubility and vapor pressure. It is noted that g highly cross-linked
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amine could result in a particle where the amines thereon correspond to only one or a
few individual polymer molecules. An example of g suttable amine can include 8
branched polyethylencimine formed by polymerization of 2 compound such as azividine
on the surface of a support particle. For aziridine, the linkage to the surface can be in
the form of an Sigce~O-Camine oroup DONA, as described in U.S. Patent No. 8,298,986.
Gas Feeds

[6G17] The supported amine slurries described herein can be used to perform
separations on a variety of gas phase feeds. One example of a gas phase feed can
inchide a natoral gas feed/stream, such as a nataral gas feed produced at a petroleum
production site, or a natural gas feed/stream from a gas field or shale gas formation.
MNatural gas feeds can typically contain methane, optionally some larger hvdrocarbons
such as C,-Cy hyvdrocarbons, Ty, and optionally one or more additional components
such as Ny, Hy S, Hy O, mercaptans, and the ke, The CO, and/or H, S components can
be separated out from the desired hydrocarbons, e g., via their association with
{adsorption by) the supported amine shirrics.

16618} Other examples of gas feeds can correspond to flue gas streams from
power generation plants, such as power plants or turbines driven by cornbustion of coal,
petrofeum, natural gas, and/or other hydrocarbons. For example, some coal-fired
power plants or gas-powered turbines can generate as much as 50 kg of CO2 per
second. This CO; can be exhausted as part of a flue gas, with the CO» concentration
being about 20 vol% or less, depending on the type of power plant. Coal-fired power
plants can tend to relatively higher CO, concentrations within that range, such as about
15 vol%, while gas-powered turbines can have relatively lower concentrations, such as
closer to about 4-5 vol%. This can correspond to up to about 1100-1150 moles of CO;,
per second.

[B319] Still another example of a suitable gas phase feed can inchude an output
gas by-product (such as a potential fuel gas) from a vefinery process. A variety of
refinery processes can gencrate a gas phase output that can include both COy and Cy-
C. hydrocarbons such as CHy. Depending on the type of refinery process, the output
gas stream may also contain Ho. 8, Ha, Ny, H,0, and other components that are n the
gas phase at standard/operating conditions. The CO, (and/or H,8) components can be

separated out from the remaining output gas stream components using the supported
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amine shurries. This can increase the value of the remaining ovtput gas stream
componeuts for use, for example, as a fuel gas within the refinery, while also allowing
potential contarninants and/or greenhouse gases 1o be captured/sequestered.

G626 Preferably, regardless of the source of a U0, -containing gas stream, the
gas stream can have an SO, content of about 100 ppb or less. For a CO,-containing
strearn with a higher SO, content, the 5Oy content can be reduced to a saitable level
using an SOy cleanup systerm and/or guard bed prior to being contacted with the
supported amines according to the invention.

Capture and Release of CO» and/or Ho 8 with Supported Amines

166214 Various general reaction mechanisms for reactions of CO, and/or H 8
with amines in a solution have previously been characterized. Typical reactions
between amines (including ammonia) and CO, are known to form bicarbonates,
carbonates, and carbamates as reaction products, Typical reactions between amines
{including armmonia) and H» S arc known to form bisulfides. These reaction products
can have varying relative stabilities, depending on the nature of the amine(s).

16622} In various embodiments, one benefit of using supported amines can be to
provide similar types of reactivity 1o arnines in solution during the capture phase, while
reducing/minimizing the amount of material that changes temperature in order to
facilitate release. The reactions between the supported amines and CO; and/or Hz S are
believed to be analogous to the reactions for similar amines o solution. Thus, it 1s
believed that the nature of the amine as 3 primary, secondary, or tertiary amine and the
steric factors for a given amine can be analogous for supported versus unsupported
SIIBCS.

16623} While supported amines are believed to provide comparable reactivity for
capturing C0O; and/or H, S, in comparison with an amine solution, supported amines
can offer one or more advantages during the subsequent release/regeneration phase of a
carbon or sulfur capture process. Oue potential advantage can include reducing the
amount of heating and/or cooling performed on the medium (water) used for the slurry,

as compared to the heating/cooling requirements for a conventional solution phase
process. In a typical amine based capture process in the solation phase, the amines
generally remain in solution during the entire process. In order to manipulate the

temperature of the amines during capture and release, at least a portion (and possibly
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all} of the solvent can often need to be additionally chilled or heated at various times.
As a result, substantial quantities of energy can be expended for heating and/or cooling
of the surrounding solvent. Additionally, heat transfer requirements roay tmpose
fimitations on the circulation rate for amines between capture and regeneration.

3824 By contrast, various embodiments can allow for capture and release of
COy and/or H,S, while redocing/minimizing the amount of liquid undergoing a
ternperature change. Instead, the temperature changes for driving the capture and
release reactions can be primarily focused on the amines and the corresponding support
particles. Because the amines are supported on particles, the amines and corresponding
particles can be substantially separated from the Hquid for the shurry during the
release/regeneration portion of a process. For example, an initial separation step can be
based on using a cyclone separator to separate supported amine particles from a shury.
After the cyclone separation, an additional optional dewatering can be performed on the
supported amine particles, such as be blowing, draining, or otherwise dewatering. Due
to the expected lower heat capacity of the supported amine particles relative to the heat
capacity of water {medium/solvent), removal of the aqueous portion of the shiry can
reduce/mintmize the amount of energy expended on changing the teraperature of the
shurry during regeneration as corapared to a conventional solution phase process. It is
noted that, due to the heat generated during adsorption of CO, and/or H,S by an amine
functional group, some cooling of the liquid for the supported amine sturry may be
beneficial.

[6625] In addition to reducing the amount of energy for temperature contro,
psing a supported amine can allow for a higher utihization rate for the amine moigties in
the slurry. Tn a conventional non-supported amine reaction, a varicty of factors other
than capture and release of CO; {and/or H,S) can impact the capture/release conditions.
One consideration can include controlling the capture/release processes, so that the
desired phase can be maintained during/throughout the process, For exarople, ifa
solution phase process is desired, the temperature and other process conditions can be
selectively controlled to avoid formation of precipitates in the solution. Similarly, if
portions of the process are designed to operate as a starry of participate particles, the
conditions can be controlled to avoid dissolution of the participate particles into the

surrounding liquid. These constraints on conditions can typically actas g
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corresponding constraint on the amount of amines that can effectively participate in the
capture/release cycle. In practice, at least a portion of the amines can act as spectators,
either remaining bound with CO»/H: S throughout the process or remaining unreacted
during the process.

j3826] Another process constraint can include avoiding loss of amines to the flue
gas during the regeneration step. Many types of amines suitable for capture/velease
processes can have a meaningful vapor pressure at the temperatures used for cither
capture or reiease. This can unfortunately result in an equilibrivm vapor pressure of the
amine forming in the capture and/or release portion of the processing system. This
vapor phase amine can be exhausted from the reaction systern along with the CO;,
{and/or H,S), thus indicating the preferable presence of additional components in the
processing system to avoid loss of the amine functionality via the vapor pressure.
6627} By contrast, supported amines are not belicved to be as susceptible to
phase change under the capture/release conditions. As noted sbove, some loss of
supported (grafted) amines may occur during their initial exposure to the (aqueous)
{agqueons) medium/solvent environment. After that initial exposure, however, the
amnount of amine loss to the solution can be reduced/miniroized. For arpines that
remain after the initial exposure, they can be an integral part of the support and/or can
have a sutticiently low sohubility and/or vapor pressure under the captare/release
conditions so that the process conditions may not be unnecessarily constrained by
concerns about loss of amine functionality, e.g., to the gas phase. As a resul, the
process conditions for capture/release can be selected to improve/maximize the loading
of amines during the capture phase and/or to mmprove/maximize release during the
regeneration phase. In various embodiments, a gas stream coutaining COy and/or Hp 8
exiting from the release stage of the process can have an amine content {including
ammonia) of about 108 wppm or less,

[BG28] The amine content of gas stream(s) exiting the capture stage can
optionally also be low, relative to a conventional capture/release process. In some
embodiments, the amine content (including ammonia) of the gas stream exiting the
capture stage after contacting the supported amine particles can be about 100 wppm or
fess. Additionally or alternately, if the gas stream contacting the supported amine

particles has an amine content (including ammonia) of greater the 100 wppm prior to
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contacting, the gas stream exiting the capture stage after contacting can have an amine
content (inchuding ammonia) less than 20% greater than the amine content of the gas
stream prior to contacting,

16629 In various embodiments, a reaction system can be used 1o receive a feed
containing CO, and/or H, S, to expose the feed to a shurry of supported amines during a
capture process, to transfer the supported amines rich in CO, and/or HyStoa
rogencration volure/process, to regenerate the supported amines by releasing captured
species, and then to transfer the regenerated supported amines back to the capture
volume/process.

16636 I the capture process, a feed coutaining CO, and/or Hy S can be contacted
with a shurry of supported amine particles. The contacting of the feed with the
supported amine particles can be co-current or counter-current. Any convenient
contacting method for contacting a gas stream with a slurry can be used. The
ternperature during contacting can be selected to facilitate capture of CO, and/or H S
by the supported amines. Examples of suitable temperatures can range from about
20°C (or ambient} to about RO"C, including at least about 30°C and/or less than about
65°C. The pressure during contacting can be selected to facilitate the capture reactions,
such as a total pressure of about 0.8 bara {80 kPaa) to about 1.5 bara {150 kPPaa).
Because a supported amine is being used, a partial pressure of the corresponding gas
phase amine can be unnecessary,

(6631 After the capture process, the slurry can advantageousty be curiched in
captured CO, and/or captured H, S, The particles from the enriched shurry can then be
transterred to the recovery volume/process. As an initial step, the shurry can be passed
into a separation device for separating at least a portion of the lquid 1o the slurry from
the particles. The particles can be separaied from the liquid using a cyvclone separator,
a centrifuge, and/or another type of process capable of separating solid particles from a
hiquid. The separation process can remove a majority of the water from the solid
particles. However, for some types of separation processes such as cycione separation,
some water may be entrained with the flow of particles out of the separator. This
additional water can optionally be removed from the particles using other physical
techniques, such as blowing a non-reactive gas stream through the particles, gravity

draining, and/or another dewatering process.
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[6632] After separating the liquid portion of the shirry from the particles, the
captured CO» and/or HoS can then be released from the supported amine particles. The
release process can be performed in the optional dewatering process space and/orin a
separate volume. The release process can be facilitated by heating the particles to s
temperature sufficiently above the capture temperature range, e.g., from about 30°C to
about 200°C, including at least about 110°C and/or less than about 140°C. Indeed, the
ternperature for the release process can be at least about 50°C greater, e.g., at least
about 60°C greater or at least about 75°C greater, than the temperature of the contacting
process. Since little or no Hquid from the slurry needs to be heated, the heat transfer
requirements for heating the amines can be advantageously reduced. As a result, the
temperature for release can be selected based a desired temperature for releasing the
amines, 2.2, based on other system conditions.

[6633] The pressure of the systern during release can be atmospheric (about 100
kPaa), or the CO, (and/or H,S) can be reicased at an elevated pressure, such as a
pressure from about (.1 barg (about 10 kPag) to about 10 barg {about | MPag),
preferably including at Jeast about 1 barg (about 100 kPag) or at least about 2 barg
{about 200 kPag). In a conventional capture and release system, the pressure can be
reduced to as low a pressure as possible to facilitate release of the captured gas{es).
This can be done in part to avoid excess heating of the amine, which could lead to ap
mereased loss of arvine due to a higher vapor pressure. With a supported amine, the
vapor pressure of the amine in the release volume can advantageously remain low,
substantially independent of temperature, at feast in the range of about 80°C to about
200°C. Thus, the temperature can be increased to allow additional release and/or faster
release with roinimal or no loss of the supporied amine functionality. Releasing
captured gas{es} at an clevated pressure can be beneficial to reduce energy
consumption. The capture process can be conducted at a pressure above ambient,
After release, the captured gas{es) can eventually be pressurized up to about 100 barg
{about 10 MPag) for storage. Maintaining at least a portion of the pressure used during
the capture process can avoid having a separate depressurization followed by a separate
repressurization. Instead, any pressure available after the capture and transfer
processes can be preserved to reduce the amount of additional pressurization needed for

the exiting CO,/H, S stream.
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[6634] After releasing the CO; and/or H, S, the supported amine particles can be
returned to the capture process/volume for another cycle of capture and release. During
this second transter, the temperature of the supported amine particles can be reduced,
50 that the supported amine sharry can have the desired teraperature for the capture
process. One option for cooling the supported amine particles after release can include
using a heat exchanger to transfer heat from the regenerated sapported amine particles
to the rich supported amine shurry being transferred to the release process. The cooled
supported amine particles can then be reincorporaied/added inio the shurry. Other heat
exchangers and/or other heating roethods can be used to adjust the temperature of the
sturries or particles,

(Other Embodiments

[B80335] Additionally or alternately, the present invention can include one or more
of the following embodiments,

[8636] Embodiment 1. A method for performing a gas separation, comprising:
contacting a gas stream comprising U0y, HoS, or a combination thereof with an
aguecns shiry of supported amine particles ander effective conditions for capturing at
least one of CO; and H2 S to form a slurry of supported amine particles enriched in
COy, H,S, or a combination thereof] separating the supported amine particles from at
least a portion of the aqueous shurry Hquid; exposing the separated supported amine
particles to effective counditions for release of a release gas, the release gas comprising
at least a portion of the captured at least one of CO, and HL S, the effective conditions
for release mclading a temperature of about 80°C to about 200°C; and combining the
supported amine particles with agqueons shurry liquid to form a second aqueous slurry of
supported amine particles,

jB837] Embodiment 2. The method of embodiment 1, wherein at least a portion of
the second agueous shirry of supported amine particles s used as the aqueous shury of
supported amine particles for said contacting of the gas stream.

[BG38] Embodiment 3. The method of embodiment 1 or embodiment 2, wherein
the effective conditions for capturing at least one of CO; and H,S comprise a
temperature of about 20°C o about 30°C, the temperature preferably being at least

about 60°C lower than the temperature of the effective conditions for release.
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[6639] Embodiment 4. The method of any one of the previous embodiments,
wherein the effective conditions for release further comprise a pressure of about 2 barg
{200 kPag) to about 10 barg (1000 kPag).

16640 Embodiment 5. The method of any one of the previous embodiments,
wherein the supported amine particles comprise an amine compound supported on a
support that comprises silica.

(80641} Embodiment 6. The method of ernbodiment 5, wherein the amine
compound comprises an amine polymer, a cross-linked amine polymer, or an amine
compound bonded to the support by a siloxane linkage.

163421 Embodiment 7. The method of embodiment 6, wherein the amine
compound bonded to the support comprises an alkoxysilvialkyl compound prior o
bonding to the support.

[B6043] Embodiment 8. The method of any one of the previous embodiments,
wherein the supported amine particles comprise an ion exchange resin that contains one
or more aming functional groups.

16644 Embodiment 9. The method of any one of the previous embodiments,
wherein separating the supported amine particles from the aqueons shury hiquid
comprises performing one or more density based separations to form an output
containing a majority of the supported amine particles.

[B045] Embodiment 10, The method of any one of the previous embodiments,
wherein separating the supported amine particies further comprises dewatering the
output containing the majority of the supported amine particles.

16646] Embodiment 11, The method of any one of the previous embodiments,
wherein the aqueous shirry of supported amine particles and the gas stream are
contacted in a co-current manner.

[60347] Embodiment 12, The method of any one of the previous embodiments,
wherein the release gas has an amine concentration of about 100 wpprm or less.

{6048} Embodiment 13, The method of any one of the previous embodiments,
wherein contacting the gas stream with the agueous shurry of supported amine particles
further comprises generating a contacted gas stream having a reduced content of CO,
relative to the gas stream prior to contacting, the contacted gas stream having an amine

content of 100 wppm or less.
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[6049] Embodiment 14, A method for performing a gas separation, comprising:
contacting a gas stream comprising CO», HuS, or a combination thereof with an
aqueous shurry of supported amine particles in a co-current manner under effective
conditions for capturing at least one of CO, and HaS to form a shurry of supported
amine particies enriched in CO,, H, S, or a combination thereof; separating the
supported amine particles from at least a portion of the aqueous shurry hiquid; exposing
the separated supported amine particles to effective conditions for release of g release
gas, the release gas comprising at least a portion of the captured at feast one of C0O; and
Ho R, the effective conditions for release inchuding a ternperatare of about 180°C to
about 140°C and a pressure of about 2 barg (200 kPag) to about 10 bar (1000 kPag);
and combining the supported amine particies with aquoous shurry liguid to form a
second aqueous slurry of supported amine particles, at feast a portion of the second
aqueous slurry of supported amine particles being used as the agueous starry of
supported amine particles for said contacting of the gas stream, wherein the etfective
conditions for capturing at least one of CO, and H,S comprise a temperature at least
about 60°C lower than the temperature of the effective conditions for release, and
wherein contacting the gas stream with the agueous shurry of supported amine particles
further comprises generating a contacted gas stream having a reduced content of CO»
relative to the gas stream prior to contacting, the contacted gas stream having an amine

content of 100 wppm or less.

EXAMPLES

Example | — Reaction System

16650} The following is an example of an apparatus believed to be suitable for
performing capture and release processes on a gas feed containing CO, and/or Hy, S.
This embodiment 15 also schematically shown in FIG. 1.

(3OS In FIG. 1, a flue gas 1072 containing at least one of COy and HyS canbe
passed into g contactor 110, A slurry 162 of supported amine particles (such as a
regenerated slurry) can also be introduced into the contactor 118, In FIG. 1, the flue
gas 102 and regenerated shurry 162 are shown as being introduced in a co-current
manner, but a counter-current arrangement could aliemately be used. In contactor 110,

CO, and/or H, S from flue gas 102 can be captured by the supported amines in slurry
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162, This can result in a rich slurry 115 enriched in at least one of CO; and H,S. The
rernaining portion 113 of tlae gas 102 not captured by the supported amines in slarry
162 can be separated from vich sturry 115 using a gas-liquid separator or other suitable
separator 117. The other gases 118 from the flue gas can then be used for appropriate
purposes. For example, a refinery flue gas may have a sufficient hydrogen and light
hydrocarbon content to be used as & fuel gas within the refinery.

18652] After separation, the separated rich shurry 119 can then be passed into one
or more stages of density-based separation devices 120 to separate the supported amine
particles 125 from at least a portion of the hiquid slorry mediom (such as watery 126, A
cyclone separator is one example of a density based separation device 120. Optionally,
an additional dewatering stage 130 may be used to remove additional liquid shurry
medium 127 from the supported amine particles. The (optionally) dewatered particles
135 can then be passed through a heat exchanger 133, e.g., 1o provide part of the
ternperature mcrease to be used for refease of the captured CO, and/or HpS. Additional
heat can be added in a heating stage 139, The heated, dewatered particles can then be
passed into a regencration volume 140, In regeneration volume 140, the supported
amine particles can be heated to a teraperature between about 100°C and about 150°C
to release any captured CO, and/or H,S. 1t is not required that all of the captured CO,
and/or H, S 1s released. However, within the temperature range of the regeueration
volurne 140, the release of captured gases is vot necessarily constrained by concerns
about logs of amines or about maintaining an appropriate phase for the amines, The
released CO, and/or H, S can then be exhausted in line 147 from regeneration volume
140 for disposal or further processing. For example, exhausted CO: can be compressed
to form a hiquid and theu 1njected 1uto a below ground reservoir, I HoS is present in
addition to CO,, the H, S may be separated therefrom and sent to a Claus plant for
formation of a solid sultur product.

BG83 After release of the captured gases, the regenerated supported amine
particles can be returned via line 145 for further capture of gases. The regencrated
supported amine particles in line 145 can pass through heat exchanger 133 before being
exposed to an additional cooling stage 130, e.g., to lower the temperature of the
regenerated particles to the temperature desired for the contacting (capture) stage 110

The regencrated particles can then be mixed 160 with shurry liquid medium 161, to
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form supported amine shurry 162, Optionally, a slip stream {not shown) of the
regenerated particles can be withdrawn at any convenient location prior to introduction
into contactor 110, This can allow a fresh portion of supported amine particles to be
added to the overall slurry, so that the shurry can be continuously and/or intermittently
refreshed with new supported amine particles.

[60334] As noted above, a CO; output in a flue gas from a power plant of about 50
kg/sec corresponds to roughly 1100-1150 moles of CO; per second. n order 0 capture
this amount of C(,, an appropriate amount of supported amine can be used. During
contacting of amine particles with CO, in a contactor or contacting stage, the supported
amine particics can preferably be in the form of a shurry to improve the flow properties
of the supported amune particles. In order to maintain desirable flow properties, the
solids content of the slurry can be about 50 wt% or less. For particies that are heavily
toaded with supported aroines, an adsorption capacity of up to about 3 ramol CO; per
gram of slurry can likely be achievable. From a process control standpoint, reducing
the amine loading on the particles and/or the solids content of the slurry may be
beneficial, and it may additionally or alternately be beneficial to operate the contactor
and regeneration stages so that less than 100% capture and/or release can be achieved.
As a result, an adsorption capacity closer to at least ~1.0 or 1.5 mumol CO, per gram of
shurry during a capture/release cycle may be preferred. At this range of adsorption
capacities, a shurry flow rate of about 1000 kg/sec would be suttable for capturing CO,

emissions on the order of ~50 kg/sec

[B8655] Although the present invention has been described in terms of specific
embodiments, it 1s not so liratted. Suitable alterations/modifications for operation
under specific conditions should be apparent to those skilled in the art. It is therefore
mtended that the following claims be interpreted as covering all such

alterations/modifications as fall within the true spirit/scope of the invention.
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CLAIMS

WHAT IS CLAIMED 1IS:
1. A method for performing a gas separation, comprising:

contacting a gas stream comprising CO,, Hp S8, or a2 combination thereof with an
aquecus shurry of sapported amine particles under effective conditions for capturing at
teast one of CO; and H, S to form a shirry of supported amine particles enriched in
C0O», H»S, or a combination thereof;

separating the supported amine particles from at least a portion of the aqueous
starry Hguid;

exposing the separated supported arvine particles to etfective conditions for
release of a releoase gas, the relcase gas comprising at least a portion of the captured at
feast one of CO, and H,; S, the effective conditions for release including a temperature
of about 80°C to about 200°C; and

combining the supported amine particles with aqueous shurry liquid to form a
second aqueous shurry of supported amine particles.
2. The method of ¢laim 1, wherein at least a portion of the secoud agqueons shirry
of supported amine particles 15 used as the aqueous shurry of supporied amine particles
for said contacting of the gas stream.
3. The method of claim 1 or claim 2, wherein the effective conditions for capturing
at least one of CO; and H, S comprise a teraperature of about 20°C to about 88°C, the
ternperature preferably being at least about 60°C lower than the temperature of the
effective conditions for release.
4. The method of any one of the previous claims, wherein the etfective condifions
for release further comprise a pressure of about 2 barg (200 kPag) to about 10 barg
(1000 kPag).
5. The method of any one of the previous claims, wherein the supported amine
particles comprise an amine compound supporied on a support that comprises silica,
6. The method of claim 5, wherein the amine compound comprises an amine
polymer, a cross-linked amine polymer, or an amine compound bonded to the support
by a siloxane linkage.
7. The methad of claim 6, wherein the amine compound bonded to the support

comprises an alkoxysilylalkyl compound prior to bonding to the support.
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8. The method of any one of the previous claims, wherein the supported amine

particles comprise an ion exchange resin that contains one or more amine functional

SrOups.
9. The method of any one of the previous claims, wherein separating the supported

amine particles from the aqueous slurry liguid comprises performing one or more
density based separations to form an cutput containing a majority of the supported
amine particles.
19. The method of any one of the previous claims, wherein separating the supported
amine particies further comprises dewatering the output containing the majority of the
supported amine particles,
i1, The method of any one of the previous claims, wherein the agqueous slurry of
supported amine particles and the gas stream are contacted in a co-current manner.
12. The roethod of any one of the previous claims, wherein the relcase gas has an
amine concentration of about 100 wppn or less.
13 The method of any one of the previous claims, wherein contacting the gas
stream with the aqueous shurry of supported amine particles further comprises
generating a contacted gas strearn having a reduced content of CO» relative 1o the gas
stream prior to contacting, the contacted gas stream having an amine content of 100
wppt or less.
i4. A rocthod for performing a gas separation, comprising:

contacting 8 gas stream comprising CO», Hy S, or a combination thercof with an
aqueous shury of supported amine particles in a co-current manner under effective
conditions for capturing at least one of C0O; and H,S to form a sturry of supported
amine particies enriched 1n COy, H; S, or 4 combination thereof

separating the supported amine particles from at least a portion of the aqueous
slurry lquid;

exposing the separated supporied amine particles to effective conditions for
relcase of a release gas, the release gas comprising at least a portion of the captured at
lzast one of CO; and H, 8, the effective conditions for release inchuding a temperature
of about 100°C to about 140°C and a pressure of about 2 barg (200 kPag) to about 10
bar (1000 kPag); and



WO 2014/092915 PCT/US2013/069812

19 -

combining the supported amine particles with aqueous shurry liquid to form a
second aquecus shurry of supported amine particles, at least 8 portion of the second
aqueous shurry of supported amine particles being used as the aqueous shurry of
supported amine particles for said contacting of the gas stream,

wherein the effective conditions for capturing at least one of C0O, and H,8
comprise a ternperatare at least about 60°C lower than the temperature of the effective
conditions for release, and

wherein contacting the gas stream with the aqueous slurry of supported amine
particles further comprises generating a contacted gas stream having a reduced content
of CO» relative to the gas stroam prior o contacting, the contacted gas stream having

an amine content of 100 wppm or less.
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