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(54) Title: A SPRAY PROCESS FOR THE RECOVERY OF CO2 FROM A GAS STREAM AND A RELATED APPARATUS

(57) Abstract: A method for recovering
carbon dioxide (CO,) from a gas stream
is disclosed, The method includes the
step of reacting CO, in the gas stream
31 with fine droplets of a liquid absorbent,

so as to form a solid material in which

18 20
22 15 14 the CO, is bound. The solid material is
12 2 =~ then transported to a desorption site,
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where it is heated, to release substantial-
ly pure CO, gas. The CO, gas can then
be collected and used or transported in
any desired way. A related apparatus for
recovering carbon dioxide (CO,) from a
gas stream is also described herein.
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A SPRAY PROCESS FOR THE RECOVERY OF £
FROM A GAS STREAM AND A RELATED APPARATUS

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH &
DEVELOPMENT

16001} This mvention was made with Government support under contract number
NETL DE-NTO003310, awarded by the Department of Energy. The Government has

certain rights in the invention.

BACKGROUND

100021 This invention generally relates to processes for capturing carbon dioxide

{COy) from gas streams which contain a mixture of constituents.

19603] The emission of carbon dioxide into the atmosphere from industrial
sources such as power plants is now considered to be a principal cause of the
“greenhouse effect”, which contributes to global warming. In response, tremendous
cttorts are underway to reduce enissions of CO,. Many different processes have been
developed to attemipt 1o accomplish this task. Examples include polymer and inorganic
wembrane permeation; removal of CO; by adsorbents such as molecular sieves;
cryogenic separation; and scrubbing with a solvent that is chemically reactive with CO,

or which has a physical affinity for the gas.

UL One technique has received much attention for removing C0; from flue
gas streams, ©.g,, exhaust gas produced at power plants. In this technique, agueous
moenoethanolamine (MEA) or hindered amines like methyldiethanolamine (MDEA) and
Z-amino-2~-methyl-1-propanol (AMP) are enaployed as the solvents 1n an absorption/
stripping type of regenerative process. The technique has been used commercially for

(', capture from coal fired power plants and gas turbines.

196065] There are certainly considerable advantages inherent in the MEA and
hindered amine-based absorption processes. However, a number of deficiencies may be

preventing wider adoption of this type of technology. For example, the process can
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sometimes result in sharp increases in the viscosity of the liquid absorbent, which can
cause clogging of pipelings. To avoid this problem, the concentration of MEA and other
amines is sometimes mainiained at a relatively low level, e.g., below about 30 wt, % in
the case of MEA. However, the lower concentrations can greatly reduce absorbing

capacity, as compared to the theoretical capacity of the neat absorbent.

10006} Morcover, energy consumption in the MEA process can be guite high, due
in large part to the need for solvent {¢.g., water) heating and evaporation. For example,
the process may consume about 10-30% of the steam generated in a botler that is heated
by combustion of a fossil fuel. Furthermore, MEA-based absorption systems may not
have the long-term thermal stability, in the presence of oxygen, 1 environments where

regeneration temperatures typically reach at least about 120°C.

16687} Additional drawbacks may result from the fact that the liquid absorbent
which is enriched with CO; in the MEA or hindered amine process may still contain a
substantial aroount of free amine and solvent (usually water), The amine and water are
moved in the vapor phase under thermal desorption, but can cause corrosion and other
degradation in the attendant equipment. To address this concern, specialized, corrosion-
cquipment materials can be used for the equipment, but this can i turn mcrease capital
costs for the plant, In soroe cases, corrosion inhibitors can be added, but the use of these
specialized additives can also merease operational costs. Moreover, the oxidation of the
MEA or hindered amine absorbents can acidify some of the solvents present. In addition
to the corrosion problems which can result, this may decrease the available alkalinity for

{CO; capture, thereby reducing process efficiency.

10008] Another example of a commercial CO, post-combustion capture process
uses aquecus solutions of piperazine-promoted potassium carbonate (K C05). However,
this process is often very energy-intensive, and can be economically inferior to the MEA
process. Still another example involves the use of chilled ammonia. In this case, energy-
intensive cooling systems are usually required for such a systom, and the risks associated

with unintended anmmonia release may be unacceptable.

16009] In view of these considerations, new methods for treating gas streams

which contain CO; would be welcome i the art. The new processes should effectively

b
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remove some portion of CO» from the gas stream, under conditions which are
economically viable in some industnial settings, Moreover, the processes should be
compatible with related systems, e.g., power generation systems based on gasification,

combustion, and the like,

BRIEF DESCRIPTION OF THE INVENTION

19616} One embodiment of this invention 1s directed to a method for recovering

carbon dioxide (C{h) from a gas stream. The method comprises the following steps:

a) reacting C0; in the gas stream with fine droplets of & liguid

absorbent, so as to form a solid material in which the CO» 18 bound;

b} transporting the solid material to a desorption site;
) heating the solid roaterial in the desorption site, to release

substantially pure CO; gas; and

d) collecting the CO; gas.

19611} Another embodiment of the invention is directed to an apparatus for

recovering carbon dioxide {(CO,) from a gas stroam. The apparatus comprises:

{1} a reaction chamber sutiable for reactimg the CO; gas with a

reactant; so as to form a solid material in which the CO; 18 bound:

{ii}  a desorption site, for heating the solid material to release the CO,

gas and to regenerate the reactant; and

{(ili}  atransportation mechanism for transporting the solid material from

the reaction charober to the desorption site,

L
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BRIEF DESCRIPTION OF THE DRAWINGS

(0612} FIG. 1 is a schematic of an exemplary apparatus for recovering CO; from

& gas stream,

16613} FIG. 2 is a schematic of another apparatus for recovering CO; from a gas
stream.
16614] FIG. 3 s a schematic of another exemplary apparatus for recovering CO;

from a gas stream.

10015] FIG. 4 15 a schemauic diagrarn of a test-apparatus for reacting COrand a

reagent,
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DETAILED DESCRIPTION OF THE INVENTION

(0616} The compositional ranges disclosed herein are inchusive and combinable
{e.g., ranges of “up to about 25 wt%”, or, more specifically, “about 5 wt to about 20
wt%”, are inclusive of the endpoints and all intermediate values of the ranges). Weight
levels are provided on the basis of the weight of the entire composition, unless otherwise
specified; and ratios arc also provided on a weight basis. Moreover, the term
“combination” is wclasive of blends, mixtures, alloys, reaction products, and the bike,
Furthermore, the terms “first,” “second,” and the fike, herein do not denote any order,
quantity, or importance, but rather are used to distinguish one element from another. The
terms “a” and “an” herein do not denote a limitation of quantity, but rather denote the
presence of at least one of the referenced items. The modifier “about” used 1 connection
with a guantity is inclusive of the stated value, and has the meaning dictated by context,
{c.g., includes the degree of error associated with measurement of the particular quantity}.
The suffix “(s)” as used heretn is intonded to include both the singular and the plural of
the term that it modifies, thereby including one or ruore of that term (e.g., “the
compound” may include one or more compounds, unless otherwise specified). Reference
throughout the specification to “one embodiment”, “another embodiment”, “an
embodiment”, and so forth, means that a particular element (¢.g., feature, structure,
and/or charactenistic} described in connection with the embodiment is included in at least
one embodiment described herein, and may or may not be present in other embodiments.
in addition, 1t 1s to be understood that the described inventive features may be combined

in any suitable manner in the various embodiruents.

10617} As further described herein, carbon dioxide is present in a wide variety of
gas streams which can be treated according to embodiments of this invention, Non-
Hmiting exarmples include gas streams originating from a corbustion process; a
gastlication process; a landfill; a furnace (e.g., blast furnace or chemical redaction
furnace); a steam generator; a boiler; and combinations thereof, In some ermbodiments,
the €O, gas stream is a flue stream originating in a coal-fired power plant. In other
ernbodiments, the CO, gas stream originates 1 a coal gasification plant, exemplified by
an integrated gasification combined cycle (IGCCO) plant. In addition to €O, the tlue

stream can include a number of other constituents, such as oxygen, nitrogen, argon,

L&)
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carbon monoxide, nitrogen oxygen compounds, sulfur compounds {e.g., sulfur dioxide,

carbony! sulfide}); soot particles, and water vapor,

10618} A vanety of liquid absorbents can be reacted with the carbon dioxide. In
geuneral, any hiquid CO; absorbent that can be converted to a solid by reaction with carbon
dioxide can be used to carry out the process described herein. Some of the liquid
absorbents are deseribed in the following references: “Reversible Gelation of
Polyethylencinmude Solutions Using CO,”, Kitchens et al, AIChE Annual Meeting, San
Francisco, CA, 2006 (p. 520f of proceedings); and “Reversible, Room-Temperature
Chiral lonic Liquids. Amidinium Carbamates Derived From Amidines And Aliphatic
Primary Armines With Carbon Dioxide”, Yamada et al, Chem. Mater,, 19, (5), 967-964
{2007y

16619} Usually, the liquid absorbent comprises at least one amine material.
Vartous amine compounds {the torm as used herein includes polymeric materials as well)
are suitable. Many fall into the following classes: aliphatic privoary, secondary and
tertiary amines, and polvamines; polyimines (e.g., polyalkyleneimines); cyclic amines,
amidine compounds; hindered anunes; anuno-siloxane compounds; amino acids; and

combinations thereof, Non-limiting cxamples of thesc materials are noted below,

19626} Hxemplary aliphatic amines and polyamines are cyclohexyl amine,
cthylenediamine, dicthylenetriamine, tricthylenetetraming, tetracthylenepentamine, and
the like, Moreover, materials such as substituted amines, for example alkanolamines,

way also be used.

100214 Exemplary polyimines are the polyalkylencimines. Many of these
materials are obtained by the polymerization of one or more alkyleneimines, such as
ethylencimine, propyieneimine, and 1,2-butyleneimmne. In some embodiments, the

preferred polyimine is polyethylenimine.

1006221 {Hlustrative cyche amines include piperidine, piperazine and pyridine-
based compounds such as 4-aminopyridive. Various bicyclo compounds can also be
used, such as 1,5-diazabiciclo[4.3.0jnon-S-ene (BN} or 1,8-diazabiciclo][5.4.0undec-7-
ene (DBU).

b



WO 2011/053390 PCT/US2010/037691

10023} A number of amidine and guanidine compounds may also be used. Most

of amidines conform to the general structure

RO(=NR)NR2,

wherein cach R group, individually, can be hydrogen or a lower alkyl group. Many of
the amidine compounds are considered to be oxoacid dertvatives. (When the parent
oxoacid 1s a carboxylic acid, the resulting amidine is a carboxamidine}. Some of the
amidine compounds are described in U.S. Patents 4,162,280 {Kranz) and 4,129,739
{Tracy ct al), Each of these references 18 incorporated herein by reference. Non-limiting

exaraples of the amidines include formamidine (HC(E=NHINH,).

16624} Guanidines are a group of organic compounds with the general structure
{(RiBoNHRR4N)IC=N-R, wherein each “R” group can independently be hydrogen or an
alkyl group. Non-lirnting examples of the guanidines include 1,1,3,3-
tetramethylguanidine ((Me}NpC=NH).

100625] Hindered amime compounds which may be used as the hiquid absorbent are
also known in the art. Some of these compounds are described in UK, Patent 4,405,579
{Sartori et aly and 6,117,995 {Zedda et al}, as well as EP Application (58817581
{Yoshida et al). Fach of these references is incorporated herein by reference. Non-
Hmiting cxamples include polyalkyl-substituted piperidine denvatives, such as 2,2,6,6-
tetraroethyl pipenidine. Other examples nclude 2,2,6,6-tetranmethyl piperidine; tert-
butylamine; cyclohexyldiannne; 2-(dimethylamino)-ethanol; 2-{ diethylamino}-ethanol; 2-
{ethylmethylamino}-ethanol; 1-{dimethylamino)-cthanol; 1-{dicthylamino)-cthanol; 1-
{cthylmethylaminoj-ethanol; 2-(diisopropyvlamino}-cthanol; 1-{diethylamino)-2-propanol;

3-{diethylarmno)-1-propancl; and corabinations thereof,

16626} Amino-siloxane compositions are also known in the art, Various types of
these compounds are described 1 ULS, Patents 5,939,574 (Schithing, Jr, et al) and

4,487,883 (Homau}, which are icorporated herein by reference. Those skilled in the art
will be able to determine which particular amino-silixoxanes are capable of reacting with

gascous COp to form the solid maternial, as deseribed herein. Some of the amino-

-k
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siloxanes which are useful for this invention are described in a pending U.S. Patent
Application for Perry et al; SN, 12/512,105, filed on July 30, 2009, which is incorporated
herein by reference. A variety of amino-siloxanes are described in the referenced
disclosure. Non-limiting examples of suitable amino-siloxanes include compositions

which comprise chemical structure (F}

Ry Ry R
g | 3
Roy==Si== = Si=—K N
e -
R Ry )

wherein R 1s a Cy-Cy alkyl group, which can be linear or branched; and which can contain
at least one hydroxy group; R, is mdependently at each occurrence C-Cy alkyl ot aryl; R,
is Ry or RNR:R,, wherein R; and Ry are independently a bond, hydrogen, or C1-Cg alkyl
{linear or branched).

100627} One specitic, tlustrative example of an amino-siloxane compound s

provided below as compound (Ia), wherein “Me” is a methyl group:

Me Me
! f
Hzmmms?imﬁm&?iw/\\mmm
Me Me
(1a),

The Perry et al Apphication desertbes methods for preparing various amino-siloxane
compounds as well,
10028} The identity of the solid material which 1s formed by reaction of the liguid

absorbent with the CO, will depend n large part on the specific liguid absorbent that is

used. In the case of amine absorbents, the solid material will depend on the identity of

o
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the amine. In many nstances, the solid material comprises a carbamate or a bicarbonate

compound, or a combination thereof

10629} The reaction of the liguid absorbent with the amine compound can be
carried out in any large-scale chamber or enclosure. The particular type of chamber i3
not critical to this invention, as long as it allows for sufficient contact between the CO,
and the liqud absorbent. Thus, the enclosure can be in the form of an absorption tower, a
wetted wall tower, a spray tower, or a venturi scrubber, optionally equipped with an
entrainment separator. Moreover, while a vertical chamber is depicted in the figures

discussed below, a horizontally-oriented chamber might alternatively be used.

16038} As an example, venturi scrubbers are known n the art, and typically
include at least three sections; a converging section, a throat section, and a diverging
section. An inlet gas stream can enter the converging section, and as the arca decreases,
gas velocity increascs. Liquids are usually introduced at the throat, or at the entrance to
the converging section. In a typical scenano, the inlet gas is forced to move at very high
velocities tn the small throat section, shearing the lignid matter from the vessel walls.
This action can produce a large number of very tiny droplets, which can react with the
mlet gas stream. As one non-himiting example, venturi systems are described in ULS,

Patent 5,279,646 (Schwab), which is incorporated herein by reference,

18631 In some embodiments of this invention, the use of a spray tower is
preferred. Spray towers and absorpiion towers are well-known in the art, and described
i many teferences. Several iltustrations include U.S. Patents 7,368,602 (Sakai et al);
5,200,802 (Skelley ot al}; and 4,114,813 (Suga), all of which are incorporated herein by

oSy

100432] FIG. s a sioplified, non~limiting description of one apparatus 10 for
carrying out the process according to embodiments of this mvention. The liquid
absorbent 12 is directed {rom any suitable source (not shown) nto spray tower 14, via at
least one conduit 16, The supply point for the absorbent is usually located in an upper
region 15 of the spray tower 14, to ensure fine droplet formation of the absorbent, as
described below, and to provide sufficient contact time with the COy. The supply point

for the absorbent may be also located above or in the narrow (throat) part of a venturi

9
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scrubber. Absorbent atomizing means 18 is emiployed to disperse the absorbent into

droplets.

10033] A variety of copventional atomizing mechanisms may be used, such as
spray atomization. For example, air or some another atomizing gas can be supplied from
a nozzle tube 20 into the interior 22 of the tower 14, The atomizing mechanism would
typically be located near the exit of conduit 16 into the tower, and more than one nozzle
tube could be used as well. In some embodiments, many nozzles may be placed across
the tower at different heights, to maximize the nunrber of the absorbent droplets,

Moreover, the atomizer 18 could in fact be incorporated into a portion of the conduit 16.

10634] The selecled size for the droplets of liguid absorbent will depend on
various factors, such as the composition of the absorbent; the reactivity of the absorbent
material with CO, gas; and the type and design of the absorption chamber. In general, the
droplets should be small cnough to collectively provide a maximum surface arca for
countact with the COy. In this manner, a relatively high proportion of the CO; canbe
removed from the gas stream. Moreover, the relatively small droplet size will help to
ensure that the droplet particles are less prone to “stickiness”, which could otherwise
impede movement and suspension of the droplets. However, the droplets should be large
enough to provide a sufficient roass for solid particle formation, as described below, and
to prevent formed solid particles from being carried out of the tower. As a non-limiting
example for an amine-based absorber used in a spray tower, the average diameter of the
droplets is usually no greater than about 1000 mwicrons, and typically, n the range of
about 500 microns to about 1800 mcrons. In another embodiment when a ventart
scrubber is used, the average diameter of the droplets is typicaily in the range of about 1¢

microns to about 100 microns.

10635} With continued reference to FIG. 1, flue gas 24 s directed mto spray
tower 14 by any suitable conduit 26. In some embodiments (though not all), the flue gas
is directed into a lower region 28 of the spray tower, relative to upper region 15, In this
marmer, an nduced countercurrent flow exposcs the outlet gas (described below) having
the lowest CO; concentration to the freshest absorbent. At the same time, the mlet gas

with the highest CO; concentration is exposed to the most “converted” absorbent, This

10
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type of flow scheme can permit the resulting solid particles to agglomerate more readily,

feading to faster solidification.

10036] The flow rate of the Tlue gas entering charober 14 15 maintamed to provide
the required residence time for the complete reaction, as described below. The inlet

pressure depends on the design of the absorption chamber, The pressure drop for the flue
gas entering the chamber may be relatively small in the case of a spray tower {e.g., about

1 inch {2.54 cm) of water), but may be larger {or other types of absorpiion towers.
" o

188374 Contact between the CO, gas molecules and the liquid absorbent droplets
results 1n the formation of sohid particles 30, as mentioned previously, CO; is bound
within the particles. The size, shape, and deunsity of the particles depend on various
factors, such as the size of the initial droplets; the content of the liquid absorbent; the
residence time within the spray tower or other type of chamber; and the gas flow rate.
The particlos 30 should be small enough to solidify to at least a non-sticky surface
texture, but large enough to provide a sutficient mass for effective transport out of the
spray tower 14, Usnally, particles 30 are spherical, or substantially spherical in shape.
Their average density can vary significantly, but 1s usually in the range of about 1.1 g/ec
to about 1.5 ¢/ cc. The size of the particles can vary, ¢.g., depending on the initial spray
techuique used, In some instances, the average particle size is in the range of about 1000

miicrons to about 2000 microns.

10038] Formation of solid particles 30 can remove a substantial amount of “free”
O from the gas stream, ¢.g., al least about 50% by volume n some embodiments, and

at least about 70% by volume, in other embodiments. The remaining, COhx-lean flue gas
can then be released as an outlet gas, via any suitable conduit 31, Alternatively, the lean

flue gas can be directed 1o other locations for additional treatment or use.

196391 The particles are then transported to a desorption site. Any means of
transport is possible, Non-limiting cxamples include mechanical means; gas flow;
pressure~-facilitated means; or gravity flow, as described below, With reference to
exemplary FIG. 1, solid particles 30 can exit spray tower 14 through any practical
opening 32, The particles can then drop or be directed onto a transportation mechanism

34, Any suitable transportation mechanism can be emploved, e.g., any type of belt, tube,

i1
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conveyor, or other type of transportation line, that can also be equipped with one or more
pumps. In some embodiments, a screw conveyor, ¢.g. an extruder scrow, may effectively

be used,

130401 in other embodiments, the particles can be divected to a desorption site by
pressurc-means, ¢.g., with a carrier gas; or by way of a vacuum. Those skilled in the art
of particle transport {e.g., resin powder or granules) are familiar with these types of
systems, Furthermore, as yet another alternative, the desorption station 36 {(described
below) can be positioned below spray tower 14. In this manner, the solid particles 3¢ can
simply drop into station 36 by gravity. In fact, the spray tower and the desorption unit

could be sections of one overall structure,

18041} Dresorption station or chamber 36 can comprise any type of desorption unit
used to separate volatile compounds from solid particles. In general, desorption station
36 15 a vessel or tube which can provide varying heat and pressure conditions to liberate
O; from the solid particles 38, The station also inchudes a meaus for coliecting the
liberated gas, and separating the gas from any other desorption constituents, e.g., liguid or

solid particles.

100421 Desorption units are described in a number of references, Ove non-
fimiting example 1s the publication “Remediation Technology Health and Safety Hazards:
Thermal Desorption”, circulated by the Occupational Safety & Health Admunistration
(OSHAY, SHIB 02-03-03 (hitpy//www.osha.gov/dis/shib/ shib 02 03 03 teds9.pdf),

which 1s incorporated herein by reference. Many of the units are referred to as “thermal

desorption units”, which are designed to operate at relatively low temperatures, e.g.,
about 200°F to 600°F (93°C-316°Cy; or relatively high temperatures, e.g., about 600°F to
1OOO°F (316°C-538°C).

190431 In terms of applied temperature, thermal desorption units are often
grouped into three process types: directly-heated units, indirectiy-heated units; and n-
sttu uruts, as described in the OSHA reference. Moreover, the conliguration of the unit
can vary, e.g., depending on what type of solid material is being treated; and what
temperature s required. In some instances, the desorption unit can be operated under a

vacuum or very low pressure conditions; and/or low-oxygen conditions, to lower the heat

12
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requirements needed for desorption. Adjustment of the atmospheric conditions can also
provide flexibility in reducing the hikelihood of creating hazardous conditions, ¢.g., the

formation of hazardous products, or flammable conditions.

150441 in general, desorption of the solid particles 30 s typically carried out by
heating the particles. As alluded to previously, the heat-treatment regimen will depend
on the composition and size of the solid particles; the amount of CO; bound within the
particles; pressure condilions within desorption chamber 36; and the reguired reaction
rate. The temperature should be high enough to release as much CO; as possible from
the solid particles, and is typically at least as high as the decomposition temperature of
the particles. However, the temperature should not be excessively high, t.¢., requiring
excessive energy use; or possibly resuliing n decoruposition to byproducts which may be
difficult to handle in the overall process. In most embodiments where the solid particles
arc carbamates, bicarbonates, or related compositions, the desorption temperature is
usually 1o the range of about 80°C to about 150°C. In some mstances, the mtornal

pressure i chamber 36 can be decreased, to accelerate the desorption process,

10045} With continued reference to FIG. 1, the substantially pure €O, gas 38 1s
released or otherwise directed out of desorption chamber 36 by any suitable conduit 40
{or multiple condnts), In sowe instances, the COy gas is compressed and/or purified, for
re-use, or for transport to a location for sequestration. Various uses for the C( gas are
described in a number of references, e.g., U.S. Patent Application 2009/0202410

{Kawatra et al), which s incorporated herein by reference,

10046} The desorption step also functions o regenerate a substantial amount of
the liquid absorbent 42, In some embodiments, the liquid absorbent can be directed to
treatnent, storage, or disposal tacilities. However, 1 preferred embodiments, liquid
absorbent 42 18 directed back to spray tower 14, through one or more conduits 44, One or
more pumps 46 can be used to pump the absorbent back to the spray tower. However,
other techniques for moving the absorbent through appropriate piping can be envisioned

by those skilled in the art.

166471 Typically, the regenerated liquid absorbent 42 can be added by itself to the

spray tower, to react with additional CO, from a gas stream, forming more COp-bound
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solid material in a closed loop process. The regenerated lignid absorbent could be
combined with “fresh” liquid absorbent 12, or could be added to the spray tower 14 asa
separate feed, along with absorbent 12, Moreover, the liguid absorbent could be
combined with one or more solvents, such as glycol ethers, e.g., glymes, triethyleneglyeol
dimethyl ether, or with water, to reduce the viscosity of the material which enters the

spray chamber,

10048] In some nstances, the hquid absorbent used for reaction with CO») has a
relatively high vapor pressure, and is volatile under typical atmospheric conditions, In
other instances, small droplets of regenerated absorbents may be carried out of the
desorption site with the gas flow. Therefore, it may be desirable to include at least one
condensation step in the process, o this manner, additional absorbent may be recovered
from the CO;-lean flue gas, which results after decomposition of the solid COy-rich

material,

19049] FIG. 2 provades an llustration of these optional steps, and apparatus
features which are identical to those of FIG. 1 need not be specifically described. Lean
fhue gas which may inchude some of the volatile absorbent s directed out of spray tower
14, through at least one conduit 31, o a condenser 50. The condenser may be outfitted
with any type of conventional coolant syster or device 52, e.g., cooling tubes or jackets

which utilize a variety of coolant fluids, such as water.

1006501 Passage of the lean flue gas through the condenser serves to liquety the
residual coolant, while also coalescing any small hguid droplets. The regenerated
absorbent 54 can then be directed through any suitable conduit 56 to a storage vessel 58.
Absorbent 54 can be mixed with the regenerated absorbent 42, also being directed into
storage vessel 58, via conduit 44. The combined, regenerated absorbent 60 can then be

directed 1nto spray tower 14, for additional reaction with COn.

(6651} There are alternatives to the general process outlined in FIG. 2, For
example, storage vessel S8 may not be necessary, or may not need to accommodate both
regenerated absorbents 54 and 42, In other words, oue or both of the absorbent streams

could be sent directly to spray tower 14,

14
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HULRYA! Another alternative embodiment 1s depicted 1n FIG. 3, wherein a separate
desorption unit is not necessary. In this instance, screw conveyor 34 may itself function
as the desorption unit, For example, component 34 may be any type of an extruder,
which would transport solid particles 30 through all or part of its length. As those skilled
in the art understand, the solid particles can be directed through an extruder in many
different ways, Non-limiting examples include mechanical means such as a ram; or other
means, such as hydravlic pressure or a vacuurn, In some mstances, a single- or twin-
screw auger s driven by an electnic rootor {or by a ram). Mechaunisms for heating the
solid particles in the extruder, Le., to the desired desorption temperature, are also well-

known in the art,

10053} With continued reference to FIG. 3, heatimg of the particles 30 hberaies
carbon dioxide, which can be directed out of the extruder by any suitable cutlets 45, The
most appropriate shape, position, and number of outlets can be determined without undue
experfruentation. As in the other erubodiraents, the liberated CO» can be directed to any

desired location.

100541 The liquid absorbent which is regenerated after desorption in the extruder
{or n any other type of suttable screw conveyor) can be collected and directed to a
desired location. As an example, the absorbent could be divected by conduit 47 to supply
conduit 16, for reentry into spray tower 14. Other alternatives for the regenerated
material are possible, as noted above, ¢.g., pre-mixing with fresh absorbent, or direct
transport to the spray tower. Moreover, this embodiment, like the others, can be
combined with various other features disclosed herein. For example, this embodiment

could employ the condenser system described above with respect to FIG. 2.

EXAMPLES

1055 The example presenied below 15 intended to be merely thustrative, and

should not be construed to be any sort of limitation on the scope of the claimed invention,

196586] A chromatography column made from fritted glass was used as the
reaction chamber 70, depicted in FIG. 4. A syringe 72 with a bent needle tip was loaded

with a CO»-capture solvent (absorbent}. i this mnstance, the solvent was an amino-

[
L
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siloxane compound referred to as “GAP-0", having the formula
(NHC3HeS1(Me ) 081Me,CsHeNH ), wherein “Me” is a methyl group. The GAP-0
absorbent was introduced as a fine liquid spray into a stream 74 of CO» gas flowing
through the column. (Spray droplets 76 are Wlustrated for a general understanding of the
process, but there is no tntent to be specific about their size and exact position in the

figure).

196571 As the hiquad absotbent contacted the droplets in the gas sirear, white
solid particles 78 readily formed. The solid particles fell to the bottom of the column, or

artially stuck to the wall of the column, from where they were easily dislodged.
o > o

100G58] Analysis of the material of the solid particles 78 indicated a conversion of
the GAP-0 to about 70-80% of the corresponding carbamate. Subsequent heating of the
solid carbamate to about 120°C for two to three minutes resulted n regeneration of the

Hquid absorbent material, with no apparent decomposition of the absorbent.

16659] The present invention has been described i terms of some specific
embodiments. They are intended for tllustration only, and should not be construed as
being hmiting in any way. Thus, it should be understood that modifications can be made
thereto, which are within the scope of the invention and the appended claims,
Furthermore, all of the patents, patent applications, articles, and texts which are

mentioned above are incorporated herein by reference,

16
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What 1s Claimed

CLAIMS

1. A method for recovering carbon dioxide (CO») from a gas stream,

comprising the following steps:

aj reacting Oz 1n the gas stream with fine droplets ot a liguid

absorbent, so as to form a solid material 1n which the CO» 15 bound;

b} transporting the solid material to a desorption site;
¢} heating the solid material in the desorption site, to release

substantially pure C(O; gas: and
d) collecting the CO» gas.

N

2. The method of claim [, wherein reaction of the CO, with the fine droplets

OCCUTS 10 @ spray towet, or in a ventur scrubber,

3 The method of claim |, wherein the fine droplets are formed by a spray

atomization technique.

4. The method of ¢laim 1, wherein the fine droplets have an average

diameter no greater than about 1060 microns.

5 The method of claim 4, wherein the fine droplets have an average

diarneler 1n the range of about 500 rmcrons to about 1800 microns,

6. The method of claim 1, wherein the solid material comprises solid

particles, having a density of at least about 1.1 g/ce.

7. The method of claim 6, wherein the solid particles have an average

particle size in the range of about 1000 microns to about 2000 microns.

17
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8. The method of claim |, wherein the liquid absorbent comprises at least

one aming compound,

9. The method of ¢laim 8, wherein the amine compound is sclected from the
group consisting of polyimines; polyamines; cyclic amines; guanidines; amidines;

hindered amines; amino acids; ammino-siloxane compounds, and combinations thereof,

10, The method of claim 9, wherein the polyimine comprises

polyvethyleneimine.

Il Themethod of claim 9, wherem the cyclic amine 18 selected from the
group consisting of 4-aminopyridine; 1,5-diazabiciclo{4.3.0lnon-5-cne (DBN); and 1,8-
diazabiciclo{5.4.0lundec-7T-ene (DBU}

12, The method of claim 9, wherein the amidine comprises formamidine
{(HC{=NH}NH;}.

13, The method of claim 9, wherein the hindered amine 1s sclected from the
group consisting of 2,2,6,6-tetramethy] piperidine; tert-butylamine; cyclobexyldianine;
2-{dimethylamino}-ethanol; 2-(diethylamino)-ethanol; 2-(cthylmethylanmino}-ethanol; 1-
{dimethylamino}-cthanol; {-(dicthylamino}-cthanol; I-{cthylmethylamino}-cthanel; 2-
{diisopropylamino}-cthanol; 1-(dicthylamino}-2-propanol; 3-(dicthylamine)- l-propanol;

and combinations thereof,
14, The method of claim 9, wherein the amino-siloxane compound 18
(NH2O:HeSi{MepO8iMes Cs HeNH, ),
wherein “Mc” is a methyl group.
15, The method of claim 9, wherein reaction between the hiquid absorbent and

the amine compound results in the formation of a carbamate, a bicarbonate, or

combinations thereof,

18
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16, The method of claim |, wherein heating step {c) rogenerates at least a
portion of the liquid absorbent, which is separated from the collected CO; gas,

17.  The method of claim 16, wherein heating step () is carried out in a
chamber adapted to apply heat to the solid material in which the CO; 1s bound; or in an

extruder.

I8, The method of claim 16, wherein the regenerated liquid absorbent is
directed back to a reaction site for reaction with additional CO, from the gas stream, o

form additional solid material,

19, The method of claim 16, wherein the reaction site comprises a spray tower

or a venturi scrubbing system.

20, The method of claim 18, wherein the regenerated hiquid absorbent is

directed back to the reaction site by a pumping means or pressure means.

21, Themethod of claim 1, wherein heating step (¢} 1s carried out at a
teraperature sufficient to substannally decompose the solid material formed by the
reaction of the COs and the liquid absorbent.

sle}

22.  The method of claim |, wherein reaction step (a) forms CO,-lean flue gas.

23, The method of claim 22, wherein the COs-lean flue gas contains volatile
ligquid absorbent, and the volatile higuid absorbent is condensed and directed back to a

storage chamber, or to a reaction site for reaction with additional CO».
24, The method of claim |, wherein the source of the gas stream s selected
from the group consisting of a combustion process; a gastfication process; a landfill; a

farnace; a steam generator, a boiler, and combinations thercof.

25, The method of claim 24, wherein the source of the gas stream is a coal-

fired power plant.

i9
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26, The method of claim |, wherein the substantially pure CO; gas released m

step (¢} 18 sequestered in a separate location,
27. A method for recovering carbon dioxide (CO») from a gas stream which
originates at a coal-fired power plant or a gasification plant, comprising the following

steps:

Ay reacting the €O, with {ine droplets of 2 liquid absorbent in a spray
tower or in a venturi scrubber, so as to form a solid matenial in which the CO» is bound,
B) ransporting the sohd material to a desorption chamber:

7

Cy heating the solid material in the desorption chamber, to release

substantially pure CO; gas; and to regenerate at least a portion of the liguid absorbent;

B3}  collecting the CO; gas; and

E) directing the regenerated hiquid absorbent back to the spray tower

or venturi s¢rubber,

28, An apparatus for recovering carbon dioxide (CQ») from a gas stream,

comprising;

{1} a reaction chamber suitable for reacting the O, gas with a

reactant; so as to form a solid material in which the CO; 1s bound;

(it} a desorption site, tor heating the sohid material to release the CO;

gas and to regenerate the reactant; and

(11} a transportation mechanism for transporiing the solid material from

the reaction chamber to the desorption site.

20
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29, The apparatus of claim 28, further comprising at least one conduit for
returning the regenerated reactant to the reaction chamber for reaction with additional

O, gas.

30, The apparatus of claim 28, wherein the reaction chamber comprises a

spray tower or a venturi scrubber,

31, The apparatus of claimn 28, wherein the desorption site comprises () a
chamber adapted to apply heat to the solid material in which the CO; 18 bound; or (i) n

an extruder.
32, The apparatus of claum 28, further comprising at least one condenser

communication with the reaction chamber, and capable of condensing residual liquid

absorbent from COj-lean flue gas which is formed in the reaction chamber,

21
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