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CARBON DIOXIDE SEQUESTRATION WITH MAGNESIUM HYDROXIDE AND
REGENERATION OF MAGNESIUM HYDROXIDE

CROSS REFERENCE TORELATED APPLICATIONS

[0001} This application claims the benefit of U.S. Provisional Patent Application Number

62/119,633, filed February 23, 2015, which is hereby incorporated by reference in ifs entirety.

A. Field of the Invention

(00021 The invention generally concerns devices, systerns, and methods related to
systems and processes of carbon sequestration with magnesium hydroxide and for regeneration

of magnesium hydroxide from magnesiur halide.

B. Background

[0003] Considerable domestic and international concern has been increasingly focused
on the emission of CO, into the air. In particular, atiention has been focused on the effect of this
gas on the retention of solar heat in the atroosphere, producing the “greenhouse effect.”
Although there is some debate regarding the magnitude of the effect, all would agree there 15 a
benefit to removing CO, (and other chernicals) from point-emission sources, especially 1f the

cost for doing so were sufficiently small.

[0004] Despite years of development, the task of creating a commercially-viable,
environmentally-sensitive process for removing carbon dioxide froro an enussion source has
proven to be a difficult. The methodologies to date have not been aliogether satisfactory 1u this

regard, and a significant need exists for the techniques described and claimed in this disclosure.

SUMMARY

100051 Oue aspect of the present disclosure is a systern configured fo regencraie
Mg(OH); and reduce the amount of CO; contained 11 a gas streamn through consumption of the
Mg(OH),. In some ersbodiments, the system can comprise: a first decomposition reactor
configured to react MgCly contaiming material with steam to form first reactor products
comprising Mg{OH)Cl and HCl; a second decomposition reactor configured to react Mg(OH)C1
from the first decomposition reactor with steam to form HC and magnesium-containing products
comprising mostly Mg(OH),; and a first absorption reactor configured to form an admixtare
comprising Mg(OH): from the second decomposition reactor, CO;, CaCly, and steam to form
products comprising MgCl and CaC’();. The Mg(Cl, containing material fed to the first
decomposition reactor can comprise a8 molar ratio of water to MgCl; of less than about 2.5:1. In
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some embodiments, the system can further comprise a gascous feed line configured to pass a
gaseous outtlow from the second decompaosition reactor to the first decomposition reactor, where
the gaseous outflow comprises HC1 and steam. In some embodiments, the system can further
comprise a second absorption reactor, wherein the first absorption reactor is configured to admix
Mg({OH), from the second decomposition reactor with CO; contained in the gas stream and form
MgCO: and H,0 and whercin the sccond absorption reactor 18 configured to admix the MgCO;
from the first absorption reactor with CaCl; and form CaCOx and MgCl,. In some embodiments,
the first absorption reactor products are in a liquid phase and a solid phase, and the liquid phase
is at least 50% by weight of MgCl2. In some embodiments, the first absorption reactor (or the
secound absorption reactor if present) contains a hiquid phase comprising a ratio of water to
MgCl, of less than about 4.5:1 or about 4 to 1. In some embodiments, a major portion of MgCl,
0 the liquid phase that exits an absorption reactor s 1n the form of MgCl2 tetrahydrate. In some
ernbodiments, the system further comprises a solid liquid separator contigured to separate at least
a portion of the CaCO; from the Hgquid phase. In some embodiments, the systern a dryer
configured to remove a portion of the water from the liquid phase so the ratio of water to MgCl,
s about 2 to 1. In somoe erobodiments, a waste heat recovery and heat transfer system is utilized

to provide the necessary heat to maintain reaction conditions for each systermn module.

[0006] Avother aspect of the disclosure 18 a roethod of regenerating Mg(OH), in a
process that reduces the amount of €O, contained 1n a gas stream. In some embodiments, the
method can comprise the following steps: (a) reacting MgCly-containing material with stecam in a
first adwixture to form step{a) products comprising Mg(OH)Cl and HCL, where the MgCl,
containing material comprises a water o MgCl ratio of less than about 2.5:1; (b) reacting
Mg(OH)CH from step {(a) with steam in a second admixture to form step(b) products comprising
HCl and magpestam-containing products comprising mostly Mg(OH);, and (¢} reacting
Mg(OH), from step {b) with CO,, CaCly, and steam to form step (¢) products comprising MgCl;
and CaCQ0;. In some embodiments, the method further comprises passing a gaseous outfiow
from the second admixture to the first admixtare, where the gaseous outflow comprises HCL and
steam to react with the MgCl, containing material, In some embodiments, step (¢} can comprisc
a two stage process of admixing Mg(OH), from step (b) with CO; contained in the gas stream in
a third admixture to form first step (c¢) products comprising MgCQO: and H,0 and admixing the

MgCO; from first step (¢} products with CaCl, in a fourth admixture to form a second step (c)
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products comprising CaC(Os and MgCl,. In some embodiments, the liguid phase of the first
admixture is at least 50% by weight of MgCl,. The method can further comprise the step or
steps of separating at least a portion of the CaCOs and a portion of the water from the second
step {c) products so that, in a remaining product, the ratio of water to MgCly is about 2 to 1. In
some embaodiments, the first step (a) product comprises greater than 90% by weight of
Mg(OH)YCL  In somc embodiments, the first step (b} product comprises greater than 90% by
weight of Mg(OH),. In some embodiments, the method can comprise recovering waste heat
from a gas stream and transferring to the first admixture, the second admixture, and/or the
remaining product comprising MgCly dihydrate. In recovering and transferring the waste heat,

three or more heating loops can be used.

[0007] Another aspect of the present disclosure is a method for producing magnesium
hydroxide from magnesiur chloride-containing material comprising: a first stage comprising the
steps of introducing said material into a first reactor, passing a stearmn mixture into the first
reactor with the magnesiurn chloride-containing roaterial at the approximate temperature of 250
to 400 C, to form magnesium hydroxychloride and HCL, a second stage of conveying the
magnesturn hydroxychloride into a second reactor, mtroducing therewith steam to form
maguesium hydroxide and HCI, where the moagnesium chloride-containing material coraprises a
water to magnesium chloride ratio of about 2:1. In some embodiments, a portion of a steam
mixture exiting the second reactor 1s the steam mixture introduced into the first reactor. At least
a portion of the HCI exiis the second reactor in the steam mixtare that then passes through the
first reactor. In some embodiments, the magoesium chloride-containing material substantially
comprises magnesium chloride dihydrate.  In some embodiments, waste heat is utilized to

provide the heat necessary to form the Mg(OH ).

[000R] The terms “a” and “an” are defined as one or more unless this disclosure

explicitly requires otherwise.

[0009] The terms “substantially,” “approximately” and “about” are detfined as being
largely but not necessarily wholly what is specified (and include wholly what 1s specified) as
understood by one of ordinary skill in the art. In any disclosed embodiment, the term
“substantially,” “approximately,” or “about” may be substituted with “within [a percentage] of”

what is specified, where the percentage inchides 0.1, 1, 5, and 10 percent.
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(00101 The terms “comprise” {and any form of comprise, such as “comprises” and
“comprising”}, “have” {and any form of have, such as “has” and “having”), “include” (and any
form of include, such as “includes” and “including”) and “contain™ (and any form of contain,
such as “contains” and “containing”’} are open-ended linking verbs. As a result, any of the
present devices, systems, and methods that “comprises,” “has,” “includes” or *“‘contains” one¢ or
more elements possesses those one or more clements, but is not limited to possessing only those
one or more clements. Likewise, an clement of a device, system, or method that “comprises,”
“has,” “mcludes” or “contains” onc or more features posscsses those one or more features, but is
not limited to possessing only those one or more features. Additionally, terms such as “first” and
“second” arc used only to differentiate structurcs or features, and not to limit the different

structures or features to a particular order.

10011} Furthermore, a structure that is capable performing a function or that is
configured in a cortain way is capable or configured in at least that way, but roay also be capable

or configured in ways that are not listed.

(0012} The feature or features of one embodiment may be applied to other embodiments,
even though not described or illustrated, unless expressly prohibited by this disclosure or the

nature of the embodiments.

[0013] Any of the present devices, systems, and methods can consist of or consist
essentially of—rather than comprise/include/contain/have—any of the described elements and/or
features and/or steps. Thus, o any of the claims, the term “cousisting of” or “consisting
essentially of” can be substituted for any of the open-cuded linking verbs recited above, i order
to change the scope of a given claim from what it would otherwise be using the open-ended

linking verb.

[0014] Details associated with the embodiments described above and others are presented

below.

BRIEF DESCRIPTION OF THE DRAWINGS
10015] The following drawings illustrate by way of exaraple and not limitation. For the
sake of brevity and clarity, every feature of & given structure may not be labeled in every figure

i which that structure appears. Identical reference numbers do not necessarily indicate an
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identical structure. Rather, the same reference number may be used to indicate a similar feature

or a feature with similar functionality, as may non-identical reference numbers.

(0016} FIG. 1 13 a simplified process tlow diagram according to some embodiments of

the processes provided herein.

(00174 FIG. 2 is a simplified process flow diagram according to some embodiments of

the processes provided herein.

[O01R] FEG. 3 is a simplified process tlow diagram according to some embodiments of

the processes provided herein.

DETAILED DESCRIPTION

[0019] Referring to FIG. 1, shown therein and designated by the reference numeral 100
is a first embodiment of a system configured to remove from a gaseous stream using Mg(OH),
and to regencrate the Mg(OH),. . Systom 100 is configured to absorb carbon dioxide from a gas
stream 2 and regenerate at least one of the reactants, e.g., magnestum hydroxide, used in the
absorption process. System 100 comprises an absorption reactor 10 configured to absorb C(,
from a gascous stream; a solid-liguid separator 20 configured to separate carbonate solids from
aqueous magnesium chloride; a dryer 30 configured to remove a portion of water from the
aqueous magnestum chloride forming magnesium chloride solids; a first decomposition reactor
40 configured to convert the magnesiun chloride to magnesium hydroxychioride, and a second
decomposition reactor 45 configured to convert the magnesium hydroxychloride to magnesium
hydroxide. Also illustrated in system 100 is a plurality of heaters and heating fluid systems to

clevate the teraperatures of the different reactants.

{0020} Prior to treating the carbon dioxide containing gas stream 2, the temperature of
gas stream 2 may be lowered. In the instance of a hot gas stream, {e.g., gas turbine exhaust), gas
streamn 2 can provide process heat that is transferred to different units in the system.  In sorne
embodiments, the process heat can be transterred to one or more of boilers, pre-heaters, reactors,
or dryers 30 in the system. For example, in the embodiment shown, process heat can be
transferred to a recycling heating fluid such as a hot otl system configured to provide indircct
heating to the decomposition reactor. In some erabodiments, process heat can be used to heat a

boiler configured to generate superheated steamn for divect stearn injection 1oto the decomposition
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reactor. In some embodiments, a second recycling heating fluid, such as a second hot oil system,
is configured to provide indirect heating to dryer 30 to remove water from the MgCl, containing

starting material.

10021} After heat has been removed from gas stream 2, gas stream 2 enters absorption
reactor 10 configured to react the CO, with Call, and Mp(OH), via the following overall

reactions:

Cally + Mg(CH), + CO, = CaCO;+ MgCh+ H,O (1)
16022} Reactor 10 can be configured to receive CaCly feed 3, gas stream 2, and a
Mg(OH); feed. In some embodiments, absorption reactor 10 is configured to operate at
temperatures greater than 163 °C, such as between about 170 to 250 °C. In some embodiments,
the operation temperature of reactor 10 can be at least 170, 175, 180, 185, 190, 195, 200, 210,
220, 230, or 240°C. In some embodiments, the operation teraperature of reactor 10 is between
175 and 185 °C. To maintain a temperature above the operation temperature, reactor 10 can be
configured similar to a distillation column, with a water reflux entering the top of the column and
a heat input at the bottom of the column to maintain a bottom hiquid product at the operation

temperature, such as about 175 °C.,

[0023] In sorme cmbodiments, the reactants can be preheated to the operation temperature
prior to iuntroducing iuto absorption reactor 10. For example, a calcium chloride feed 3 1s
preheated in heater 60 prior to being added to absorption reactor 10, In some embodiments, a
water feed 4 may also be prcheated in heater 61, As the recaction of CO, with hydroxide is
exothermic, heat can be rerooved from reactor 10 to maintain operation temperature. In soroe
embodiments, a circulating heating fluid loop (not shown) can be configured to transfer heat
from reactor 10 to CaCl, feed S, such as through heater 60. Similarly, a separate circulating
heating fluid loop (not shown) can be counfigured to transfer heat from reactor 10 to water feed 4,
such as through heater 61. By way of example, approximately 63 MMBtu/hr of process heat
(such as from reactor 10) can be needed to heat 1,679 Ib¥*mol/hr of CaCl*2H,0 solids from
25°C to 175°C and melt the solids at its mwelting point of 175°C, and to heat 1,679 Ib*mol/hr of
water from 25°C to 100°C, vaporize the water, and superheat the steam to 175°C.

la]

[0024] Calcium chloride can be added to reactor 18 in one of three forrus to absorption

reactor 10: anhydrous Cally, CaCl*2H,0, or CaCh*4H,0. In some embodiments, a molar ratio
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ot water to Call, of about 3:1 or less can be added to the absorption colunm for every mole of
O, that is captured. In some embodiments, CaClL*2H,0 and water are fed to absorption
reactor 10 to create an equivalent mixture of CaCl*3H,0 (67.2 wit¥% aqueous CaCly). In some
embodiments, CaCl; feed 3 in dihydrate form can be converted from a solid phase to a liquid

phase prior to entering reactor 10.

[0025] Reactor 10 is configured to comprise an outlet for aqueous sharry of CaCO; solids
in aquecus MgCl and an outlet for gas stream 2 that contains a reduced amount of O, than that
inputted into reactor 10. In some embodiments, gas stream 2 with the reduced CO,
concentration exits absorption reactor 10 and can then pass through gas cooler 72 where heat can
be further recovered before gas stream 2 is exhausted to the atmosphere or further processed
downstrean. The heat can be used to pre-heat the reactants, such as CaCl, and optionally water.
As a result of the absorption colurom, the amount of CO; in gas stream 2 can be reduced by at

least 30%, 40%, 50%, 60%, 70%, 80%, 90%, 93%, 98%, or 39%.

[0026] In some embodiments, at least 50 wi% aqueous MgCl; exits absorption reactor 10
and cnters solid-liquid separator 20, which separates the CaCOj solids from the aqueous
solution. In sornc embodiments, a weight percent of agueous MgCh between 50 to 60% exits
absorption reactor 10 and enters solid-liquid separator 20, such as 51%, 53%, 55%, 57%, or 59%
wit MgCl. In some embodiments, a ratio of water to MgCl, in the agueous solution is less than
about 5 to 1, about 4.5 to 1, or about 4 to 1. In some embodiments, a major portion of MgCl, n

the aqueous solution 15 in the form of MgCl tetrahydrate.

[0027] In some embodiroents, water may be added to sohd-liquid separator 20 to
facilitate the separation of the carbonate solids. In such embodiments, the amount of water to be
added can dilute the solution by less than 30%, 25%, 20%, 15%, 10%, or 5%. Once separated, in
some embodiments, the hot CaCOs solids can be passed through a cooler 70 for energy recovery

before being sent to storage.

10028} After separating the carbonate solids from the aqueous MgCly, the aqueous
solution is transferred to dryer 30 to remove water from the solution. In some embodiments, a
sufficient amount of water 1s evaporated from the solotion so that the ratio of water to MgCl 1s
less than about 3:1, about 2.5:1, or less than about 2 to . In some embodiments, a major portion

of the water in the magnesium chloride-containing material exiting dryer 30 is in the form of
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MgCl, dihydrate. For cxample, the magnesium chioride containing material comprises at least
55%, 60%, 65% 70%, 75% 80%, 85% 90%, 95%, or 98% of MgCL*2H,0 (s). The primary

reaction in dryer 30 is provided below:
MgCh*4H,0 (1) = MCh*2H,0 (s) + 2 H,O () 2)

(00291 In some embodiments, to supply the needed energy to remove a portion of the
water, heat can be supplied to the vessel to keep the operation temperature at between 150 to
230°C, such as 160, 170, 180, 190, 200, 210, 220, 230, or 240°C. In some embodiments, the
temperature can be kept between 195 and 205°C or 198 and 202°C. Dryer 30 is configured such
that superheated steam (and potentially some HCH exits the top of the vessel, while roagnesium
chloride containing material coraprising dihydrate salts moves to first decorposition reactor 40.
In some embaodiracnts, operation pressures are at atmospheric pressure. In some embodiments,
the superheated steam produced from dryer 30 can supply at least a portion of the steam required

for decomposition reactors 40 and/or 45.

[0030] In sorne embodiments, the aqueous MgCl; solution is puraped through a heater 62
before entering drver 30 to raise the temperature of the solution to substantially equal to the
operation temperatures of dryer 30, In some erobodiments, heat can be transferred to the
solution at heater 62 by a circulating heating fhuid loop &3 configured to transfer heat from gas

stream 2 to the agueous solution.

1003 1] In some embodiments, system 100 comprises an cvaporator 30 that is configured
to reduce the water content so that MgCl, turns to solid and the solid material can be transferred
to first decomposition reacior 40. For example, evaporator 30 can comprise a flash drurg having
a scraper or other agttator configured to facilitate conveyance to solid material.  In some
embodiments, i evaporator 30, a pressarized MgCl, solution at the operation temperature 1s
flashed to atmospheric pressure to remove water from the agueous solution and produce
MgChL*2H,( solids. In some embodiments, a portion of the heating fluid in circulating loop 83

may be directed to evaporator 30 to maintain the operation temperatures of evaporator 30.

(0032} In some embodiments, system 100 comprises a dryer 30 that is configured to
reduce the water content so that aqueous MgCly turns to solid and the solid material can be
transferred to first decomposition reactor 43. Dryer 30 can be configured to apply indirect
contact heating or direct contact heating using a medium such as air to maintain operation
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temperatures. For example, dryer 30 can be a rotary dryer, a flash dryer, or a spray dryer. In
some embodiments, a portion of the heating fhuid in circulating loop 83 may be directed to dryer
30 to maintain the operation temperatures of dryer 30 and may also be directed to blower to heat
the drying medium such as air. Other embodiments, in lieu of dryer 30, system 100 can
comprise a flaker, a crystallizer, or a priller configured to reduce the water content so that the
molar ratio is about 2:1 and/or the MgCl, is mostly in a dihydrate form and can be transferred to

first decomposition reactor 40.

[0033] By way of example, the heat input needed to raise the temperature of the aqueous
solution to an operation temperature of 200°C is approximately 7 MMBtu/hr, Further, also by
way of example, the heat input needed to reduce the water content of an aqueous sohution where
the molar ratio of water is 4:1 is approximately 71 MMBtwhr. For circulating heating fluid loop
83, the fluid return temperature can be about 5 to 15°C above the operation temperature, ¢.g.,
210°C, for the fluid leaving dryer 30 or heater 62. In addition, the fluid supply temperature (e.g.,
the temperature of the fluid approaching dryer 30 or heater 62) can be about 20 to 30°C above
the operation temperature or 10 to 20°C above the return temperature, e.g., 225°C. At the
intercept of loop 83 with gas stream 2, the temperature of gas stream 2 can be a temperature that
is at least 30 to 40 above the operation temperature of decomposition reactor 40. In some
embodiments, the temperature of gas stream 2 after transferring heat to loop 83 can be at least

235°C.
[0034] Systern 100 comprises reactors configured for a two stage, counter-current flow
decomposition reactor to convert MpCl, to Mg(OH),. Within the first stage, reactor 40 is
configured for the following reaction to occur:
MgCL*2ZH,0 (s) = Mg(OH)CIL (5) + HCl (g) + H,0 (g) (3)

Within the second stage, reactor 45 is configured for the following reaction to occur:

Mg(OH)CI (3} + HO {g) = Mg(OH), (s} + HCl (g} {4)
(60357 In second reactor 45, steam can be counter-currently contacted with MgOHCI
solids fed from first reactor 40. In some embodiments, steam can be generated by a boiler 90
that 1s heated by gas stream 2. Also, steam recycled from the exhaust of reactors 40 and 45 can

be mixed with the steam from boiler 90 to feed reactor 45. Recycled steam may be heated by a
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heater 65 to obtain the desired final steam temperature to feed reactor 45, Steam is introduced
into reactor 45 at a temperature that is substantially the same as the operation temperature of
reactor 45 as described below. For example, steam can be introduced into reactor 45 at a
temperature between 385°C and 395°C, such as about 390°C.

o}

[0036] The Mg{OHj), solids exiting reactor 45 are in equilibrium with the vapor leaving
reactor 45. In some embodiments, the exiting vapor leaving reactor 45 will comprise at least 0.8
mole of HCI for every mole of Mg(OH}), produced. For example, the exiting vapor leaving
reactor 45 can comprise 0.85 mole of HCL, 0.9 mole of HCL, 0.95 mole of HCI, 0.98 mole HCI
for ever mole of Mg({OH), produced. The rate of counter-flow through reactor 45 s sufficient to
keep the partial pressure of HCL low enough so that reaction {5) equilibriuran is shifted to the
right. In some embodiments, the counter flow is 100% superheated steam. In other
cembodiments, the counter flow cormprises superheated steam and an inert carrier gas. In some
ernbodiment, the partial pressure of HCI can be maintained at a sutticiently low amount by

operating the decomposition reaction 45 under vacuum conditions.

(00371 In reactor 40, the vapor mixture of superheated steam and HCl leaving reactor 45
i counter-currently contacted with the magnesium chloride material fed from dryer or
evaporator 30 comprising MgCh¥2H,0 solids.  In some emboediments, ouly a portion of the
stcam exiting reactor 45 s fed to reactor 40. For exaruple, a majority of the vapor exiting reactor
45 can bypass reactor 40 so that additional heat can be recovered in the HCI condenser 76. In
some embodiments, the Mg(OH)Cl solids exiting reactor 40 are in equilibrium with the vapor
leaving reactor 40. In some embodiments, the exiting vapor leaving reactor 40 will comprise at
ieast an additional 0.8 mole of HCI for every mole of MgOHCI produced. For example, the
exiting vapor leaving reactor 40 can comprise an additional 0.83 mole of HCl, (.9 mole of HCl,
0.95 mole of HCL, 8.98 mole HCI for ever mole of MgOHCI produced. The rate of counter-flow
through reactor 40 1s sufficient to keep the partial pressure of HCl low enough to maintain a shaft
of reaction {4) to the right.

[0038] The operation temperature for reactor 45 can be between 383°C and 500°C, such
as about 390, 400, 410, 420, 430, 440, 450, 460, 470, or 490°C. In sorne embodiments, the
operation temperature for reactor 45 is between about 385°C and 395°C, such as about 3950°C.

The operation temperature for reactor 40 can be between 250°C and 400°C, such as 260, 270,
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280, 290, 300, 310, 320, 330, 340, 350, 360, 370, 380, or 390°C. In some embodiments, the
operation temperature of reactor 40 is between about 275°C and 285°C, such as about 280°C. By
way of example, the steam requirements for the two-stage counter-current configuration can be
approximately 8.6 Ib/hr of steam per Ib/hr HCI at 390°C for second reactor 45 and 280°C for first

reactor 40.

100391 An output of reactor 40 compriscs solid MgOHC!L  In some embodiments, the
solid phase output of reactor 40 is at least 55%, 60%, 65% 70%, 75% 80%, 85% 90%, 95%,
98%, or 99% of MgOHCL An output of reactor 45 comprises solid Mg(OH}),. In some
embodiments, the solid phase output of reactor 45 is at least 55%, 60%, 65% 70%, 75% 80%,

85% 90%., 95%, 98%, or 99% of Mg(OH),.

(00401 In some embodiments, to maintain operation temperatures of reactors 40 and 45,
heat can be supplicd to the decomposition reactors 40, 45 indirectly through a circulating heating
fluid loop to keep the decomposition reactor at the desired temperature. For example, heating
fluid jackets about ecach reactor 40 and 45 can facilitate mainicnance of the operation
termperature.  In the embodiment shown, circulating heating fluid loop 84 is configured to
transfer heat from gas stream 2 to reactor 40 and circulating heating fluid loop 85 is configured

to transter beat from gas strearm 2 to reactor 45.

[0041] In some embodiments, the MgCl, containing material exiting dryer 30 can be
conveyed through a heater 64 before entering reactor 40 to raise the temperature of the solution
to substantially equal to the operation temperatures of reactor 40, In some erobodiments, while
not shown in the one illusirated, a portion of the heating fluid in circulating loop 84 may be

directed to heater 64 to heat the Mg(Cl, contfaining roaterial fed to reactor 40.

10042 In some embodiments, for circulating heating fluid loop RS, the fhud retum
temperature (e.g., for the heating fluid leaving reactor 45 and heater 65} can be about 5 to 15°C
above the operation temperature of reactor 40; e.g., the fluid return teraperature can be about
460°C. In addition, the fhind supply teraperature {(e.g., the temperature of the fluid approaching
reactor 45 and heater 65) can be about 10 to 45°C above the operation temperature or 5 to 25°C
above the retarn temperature; e.g., the fluid supply temperature can be asbout 415°C. At the
intercept of loop &5 with gas stream 2, the temperature of gas siream 2 can be greater than 500°C

or greater than 600°C, ¢.g., the temperature of a flue gas exhaust stream. In some embodiments,
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the temperature of gas stream 2 after transferring heat to loop 85 can be at least 10°C higher than

the temperature of the heating fluid approaching reactor 45.

(00431 In some embodiments, for circulating heating fhud loop 84, the fluid retum
temperature {e.g., the temperature of the heating fluid leaving reactor 40 or heater 64) can be
about 5 to 15°C above the operation temperature of reactor 45; e.g., the fluid return temperature
can be about 290°C. In addition, the fluid supply temperature {¢.g., the temperature of the fluid
approaching reactor 40 or heater 64} can be about 5 to 20°C above the operation temperature or
60 to 100°C above the return temperature; ¢.g., the fluid supply temperature can be about 355°C.
At the intercept of loop 84 with gas stream 2, the temperature of gas stream 2 can be greater than
500°C or greater than 600°C, c.g., the temperature of a flue gas exhaust stream. In some
embodiments, the temperature of gas stream 2 after transferring heat to loop ¥5 can be at least 10

degrees higher than the temperature of the heating fluid approaching reactor 40.

100441 The hot Mg(OH), solids exiting reactor 45 can be passed through a solids product
cooler 74 before entering absorption reactor 10, while the vapor product exiting reactor 40 18
cornbined with the vapor bypass 6 around reactor 40. The combined vapor strcam passes

through HCI condenser 76 before being puraped to an HCI product tank.

[0045] As evident from the operation teroperatures of the decomposition reactor, there
are significant enthalpy requirernents for the decomposifion reactor, naroely, the reaction
enthalpy for the decomposition of MgCL*2H,0 to Mg(OH), and HCl and the superheated steam
requireruents for direct steam injection into the decomposition reactor. 1n some emboditents,
system 100 can comprise a gas tutbine or be configured to receive gas strearn 2 produced from a
gas turbine, such as a 60MW gas turbine 95 in the embodiment shown. In some embodiments,

the overall CO, capture rate can be greater than 70%, 80%, 90%, 95%, or greater than 90%.

10046] In addition to a first gas turbine, system 100 can comprise a furnace (not shown)
to burn supplemental natural gas, and use heat recovered from the flue gas at the flame
temperature to provide additional heat for steam generation within system 100, In some
emabodiments, for a two-stage counter-current reactor, the total enthalpy requirement for the
process can be about 175 MMBtw/hr, The heat available from 60 MW turbine exhaust gas 1s
about 146 MMBtwhr, leaving an overall deficiency of about 29 MMBtuw/hr that would be

required to achieve 100% CO, capture. Burning 1.4 MMSCFD of supplemental natural gas ina
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furnace can provide heat recovery from the flue gas of 44.9 MMBtwhr. In some embodiments,
an additional 16-17 MMBtwhr of enthalpy would be required within system 100 to capture this
additional CO,. This results in a net enthalpy surplus that could be used to achieve 100% €O,
capture. 1f this 1.4 MMSCFD of natural gas were instead fired in a turbine, 5.6 MW of
additional electricity could be produced (relative to the 60 MW of electricity produced in the

existing turbine).

(0047} Referring now to FIG. 2, shown therein and designated by the reference numeral
200 is a second embodiment of a system configured to remove from a gasecus stream using
Mg(OH), and regenerate the Mg(OH);. Embodiment 200 is substantially similar to embodiment
160 described above, except that the decomposition process comprises only a single stage
counter flow reactor 48 and circulating heating fluid loop 86 instead of loops 84 and 85, In some
cembodiments, the operation temperature of reactor 48 can be between 340°C -360°C, such as 350
°C. The superheated steam can be introduced at a teraperature substantially the same as the

operation temperature.

[0048] Referring now to FIG. 3, shown therein and designated by reference numeral 300
18 an embodiment of a two-stage CO, absorption process that can be substituted for the one stage
absorption process described above in connection with reactor 10. The two-stage process 18
substantially sirailar to the conditions described for the one-stage process except that two
reactors are used instead of one and a shightly higher molar ratio of water to MgCl; is required.

Withio the first stage, reactor 12 1s configured for the following reaction to ocour:
Mg(OH), (s} + CO, (g) 2 MgCOx (ag) - H:O0 () (5)
Withio the second stage, reactor 14 is configured for the following reaction to occur:
CaCl, (agq) + MgCO0; {ag) =» Cal0; () + MgCl (ag) i)

[0049] In some embodiments, in reactor 12, the molar ratio of water to MgCO; can be
about 3.5:1 or about 3:1. In some embodiments, in reactor 14, the molar ratio of water to MgCl,

can be about 5.5:1 or about 5:1.

[0050] The above specification and examples provide a complete description of the
structre and use of excmplary embodiments.  Although certain embodiments have been

described above with a certain degree of particularity, or with reference to one or roore
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individual embodiments, those skilled in the art could make numerous alterations to the disclosed
embodiments without departing from the scope of this invention. As such, the illustrative
embodiments of the present systems and processes for removing carbon dioxide from a gaseous
stream and regenerating magnesium hydroxide are not intended to be limiting. Rather, the
present devices, systems, and methods include all modifications and alternatives falling within
the scope of the claims, and embodiments other than those shown may inchude some or all of the
features of the depicted embodiments. For example, components may be combined as a unitary
structure and/or connections may be substituted. Further, where appropriate, aspects of any of
the cxaraples described above may be combined with aspects of any of the other examples
described to form further examples having comparable or different properties and addressing the
same or different problems. Similarly, it will be understood that the benefits and advantages
described above may relate to one erabodiment or may relate to several embodiments.

[0051] The claims are not to be wnterpreted as including rocans-plus- or step-plus-
function limitations, unless such a limitation is explicitly recited in a given claim using the

phrase(s) “means for” or “step for,” respectively.

i
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10.

CLAIMS

A method of regenerating Mg(OH), in a process that reduces the amount of CO,
contained in a gas stream, comprising:

(a) reacting MgCl, containing material with steam in a first admixture to form
step(a) products comprising Mg(OH)Cl and HCI, where the MgCl, containing
material comprises a water to MgCl, ratio of less than about 2.5:1;

(b)  reacting Mg(OH)CI with steam in a second admixture to form step(b) products
comprising HCl and magnesium-containing products comprising mostly
Mg(OH),;

(©) reacting Mg(OH), with CO,, CaCl,, and steam to form step (c) products
comprising MgCl, and CaCOs.

The method of claim 1, passing a gaseous outflow from the second admixture to the
first admixture, where the gaseous outflow comprises HCI and steam to react with the
MgCl, containing material.

The method of claim 1, where step (c) comprises

admixing Mg(OH), from step (b) with CO, contained in the gas stream in a third
admixture to form first step (c) products comprising MgCOj3; and H,O, and

admixing the MgCO; from first step (c) products with CaCl, in a fourth admixture to
form a second step (c¢) products comprising CaCO3 and MgCl,.

The method according to claim 1, wherein the step (c) product are in a liquid phase
and a solid phase and where the liquid phase is at least 50% by weight of MgCl,.

The method of claim 1, where a ratio of water to MgCl, in the fourth admixture is
about 4 to 1.

The method of claim 1, where a major portion of MgCl, formed in step (c) is in the
form of Mg.Cl, tetrahydrate.

The method of claim 5, further comprising separating at least a portion of the CaCOs3
from the second step (c) products and removing a portion of the water from the
remaining second step (c) products so the ratio of water to MgCl, is about 2 to 1.

The method of claim 7, wherein a major portion of the water in the remaining second
step (c) products is present in the form of MgCl, dihydrate.

The method according to claim 7, wherein the remaining step (c) product is at least
50% by weight of aqueous MgCl,.

The method according to claim 1, wherein the molar ratio of water to MgCl, in the
step (c) products is 5 or less.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

The method of claim 10, wherein the MgCl, hydrate of step (c) is MgCl12.4H20.

The method according to claim 11, wherein the MgCl, of step (c) is greater than 90%
by weight MgClhL.4(H,0).

The method of claim 1, wherein the first step (a) product comprises greater than 90%
by weight Mg(OH)CI.

The method of claim 7, further comprising transferring heat from the gas stream to a
first recycling heating fluid and transferring heat from the first recycling heating fluid
to the first admixture.

The method of claim 14, further comprising transferring heat from the gas stream to a
second recycling heating fluid and transferring heat from the second recycling heating
fluid to the second admixture.

The method of claim 15, further comprising transferring heat from the gas stream to a
third recycling heating fluid and transferring heat from the third recycling heating
fluid to the remaining step (c) product to facilitate the removal of water.

The method of claim 16, where a temperature of the third recycling heating fluid is
less than the second recycling heating fluid and the second recycling heating fluid is
less than the first recycling heating fluid

The method of claim 1, wherein suitable reacting conditions of step (a) comprise a
temperature from about 250°C. to about 350°C.

The method of claim 1, wherein reacting conditions of step (a) comprise a
temperature from about 260°C. to about 300°C.

The method of claim 1, wherein reacting conditions of step (b) comprise a
temperature from about 350°C. to about 500°C.

The method of claim 1, wherein reacting conditions of step (b) comprise a
temperature from about 370°C. to about 430°C.

The method of claim 1, wherein the reacting conditions of step (¢) comprise a
temperature from about 140°C to about 220°C.

The method of claim 1, wherein the reacting conditions of step (c) comprise a
temperature from about 150°C to about 200°C.

A system for regenerating Mg(OH), in a process that reduces the amount of CO,
contained in a gas stream, comprising:

a first decomposition reactor configured to react MgCl, containing material with
steam to form first reactor products comprising Mg(OH)Cl and HCI, where the
MgCl, containing material comprises a water to MgCl, ratio of less than about
2.5:1;
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25.

26.

217.

28.

29.

30.

31.

32.

a second decomposition reactor configured to react Mg(OH)Cl from the first
decomposition reactor with steam to form HCIl and magnesium-containing
products comprising mostly Mg(OH),;

a first absorption reactor configured to react Mg(OH), from the second decomposition
reactor with CO,, CaCl,, and steam to form products comprising MgCl, and
CaCO3.

The system of claim 24, further comprising a gaseous feed line configured to pass a
gaseous outflow from the second decomposition reactor to the first decomposition
reactor, where the gaseous outflow comprises HCI and steam to react with the MgCl,
containing material.

The system of claim 24, further comprising a second absorption reactor, wherein

the first absorption reactor is configured to admix Mg(OH), from the second
decomposition reactor with CO, contained in the gas stream and form MgCO;
and H,0, and

the second absorption reactor is configured to admix the MgCO; from the first
absorption reactor with CaCl, and form CaCOj; and MgCl,.

The system according to claim 24, wherein the first absorption reactor products are in
a liquid phase and a solid phase and where the liquid phase is at least 50% by weight
of MgCl,.

The system of claim 24, where the first absorption reactor contains a liquid phase
comprising a ratio of water to MgCl, of about 4 to 1.

The system of claim 28, where a major portion of MgCl, in the liquid phase that exits
the first absorption reactor is in the form of MgCl, tetrahydrate.

The system of claim 28, further comprising solid liquid separator configured to
separate at least a portion of the CaCOj; from the liquid phase.

The system of claim 30, further comprising a dryer configured to remove a portion of
the water from the liquid phase so the ratio of water to MgCl, is about 2 to 1.

The system of claim 30, wherein the dryer configured to form MgCl, dihydrate.
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