
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2013/158161 Al
24 October 2013 (24.10.2013) P O P C T

(51) International Patent Classification: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
C01B 31/02 (2006.01) B82B 1/00 (2006.01) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
B01J 23/755 (2006.0 1) B82B 3/00 (2006.0 1) HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,

KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(21) International Application Number: ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,

PCT/US20 13/000081 NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,

(22) International Filing Date: RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,

15 March 2013 (15.03.2013) TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
ZM, ZW.

(25) Filing Language: English
(84) Designated States (unless otherwise indicated, for every

(26) Publication Language: English kind of regional protection available): ARIPO (BW, GH,

(30) Priority Data: GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

61/624,462 16 April 2012 (16.04.2012) US UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

(71) Applicant: SEERSTONE LLC [US/US]; 808 East 1910 EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, ΓΓ , LT, LU, LV,
South, Suite 2, Provo, UT 84606 (US). MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
(72) Inventor: NOYES, Dallas, B.; 1959 North 1450 East,

ML, MR, NE, SN, TD, TG).
Provo, UT 84604 (US).

Declarations under Rule 4.17 :(74) Agents: WHITLOCK, Nathan, E. et al; Traskbritt, P.C.,
230 South 500 East, Suite 300, P.O. Box 2550, Salt Lake — of inventorship (Rule 4.17(iv))
City, UT 841 10-2550 (US).

Published:
(81) Designated States (unless otherwise indicated, for every — with international search report (Art. 21(3))

kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

(54) Title: METHODS AND SYSTEMS FOR CAPTURING AND SEQUESTERING CARBON AND FOR REDUCING THE
MASS OF CARBON OXIDES IN A WASTE GAS STREAM

(57) Abstract: Methods of capturing or sequestering carbon include introducing a reaction gas stream to a catalytic converter to con
vert a portion of the carbon in the carbon oxide to solid carbon and a tail gas stream containing water vapor, removing the solid car -
bon from the catalytic converter for use, disposal, or storage, and recycling at least a portion of the tail gas stream to the catalytic
converter. Methods may also include removing a portion of the water from the tail gas stream. The tail gas stream includes a portion
of the initial process gas stream and at least a portion of water vapor produced in the catalytic converter. Methods may also include
removing water vapor from various streams and reacting the carbon oxide with a reducing agent in the presence of a catalyst. Sys -
terns for capturing or sequestering carbon from a gaseous source containing carbon oxides are also described.



METHODS AND SYSTEMS FOR CAPTURING AND SEQUESTERING
CARBON AND FOR REDUCING THE MASS OF CARBON OXIDES

IN A WASTE GAS STREAM

PRIORITY CLAIM

This application claims the benefit of the filing date of United States

Provisional Patent Application Serial Number 61/624,462, filed April 16, 2012, for

"Methods and Systems for Capturing and Sequestering Carbon and for Reducing the

Mass of Carbon Oxides in a Waste Gas Stream," the disclosure of which is hereby

incorporated herein in its entirety by this reference.

TECHNICAL FIELD

Embodiments of the disclosure relate to carbon capture and storage by

conversion of gaseous carbon oxides into solid carbon products.

BACKGROUND

U.S. Patent Publication No. 2012/0034150 Al, published February 9, 2012, the

disclosure of which is hereby incorporated herein in its entirety by this reference,

discloses background information hereto.

Additional information is disclosed in the following documents, the disclosure

of each of which is hereby incorporated herein in its entirety by this reference:

1. International Application No. (attorney docket No. 3525-P10945.1PC),

filed on even date herewith, for "Methods and Structures for Reducing

Carbon Oxides with Non-Ferrous Catalysts," which claims the benefit of

U.S.S.N. No. 61/624,702, filed April 16, 2012, in the name of Dallas B.

Noyes;

2. International Application No. (attorney docket No. 3525-P10946.1PC),

filed on even date herewith, for "Methods and Systems for Thermal Energy

Recovery from Production of Solid Carbon Materials by Reducing Carbon

Oxides," which claims the benefit of U.S.S.N. No. 61/624,573, filed April

16, 2012, in the name of Dallas B. Noyes;

3. International Application No. (attorney docket No. 3525-P10947.1PC),

filed on even date herewith, for "Methods for Producing Solid Carbon by



Reducing Carbon Dioxide," which claims the benefit of U.S.S.N.

61/624,723, filed April 16, 2012, in the name of Dallas B. Noyes;

4. International Application No. (attorney docket No. 3525-P 11001 . PC),

filed on even date herewith, for " Methods and Reactors for Producing

Solid Carbon Nanotubes, Solid Carbon Clusters, and Forests," which

claims the benefit of U.S.S.N. 61/624,753, filed April 16, 2012, in the name

of Dallas B. Noyes;

5. International Application No. (attorney docket No. 3525-P 11002. 1PC),

filed on even date herewith, for "Methods for Treating an Offgas

Containing Carbon Oxides," which claims the benefit of U.S.S.N.

61/624,513, filed April 16, 2012, in the name of Dallas B. Noyes;

6. International Application No. (attorney docket No. 3525-P1 1248.1 PC),

filed on even date herewith, for "Methods for Using Metal Catalysts in

Carbon Oxide Catalytic Converters," which claims the benefit of U.S.S.N.

61/624,848, filed April 16, 2012, in the name of Dallas B. Noyes;

7. International Application No. (attorney docket No. 3525-P1 1361 .IPC),

filed on even date herewith, for "Methods and Systems for Forming

Ammonia and Solid Carbon Products," which claims the benefit of

U.S.S.N. 61/671,464, filed July 13, 2012, in the name of Dallas B. Noyes;

and

8. International Application No. (attorney docket No. 3525-P1 1771PC),

filed on even date herewith, for "Carbon Nanotubes Having a Bimodal Size

Distribution," which claims the benefit of U.S.S.N. 61/637,229, filed April

23, 201 2, in the name of Dallas B. Noyes.

Solid carbon has numerous commercial applications. These applications

include uses of carbon black and carbon fibers as a filler material in tires, inks, etc.,

uses for various forms of graphite {e.g., as electrodes and pyrolytic graphite in heat

shields), and innovative and emerging applications for buckminsterfullerene and

carbon nanotubes. Conventional methods for the manufacture of various forms of solid

carbon typically involve the pyrolysis of hydrocarbons in the presence of a suitable

catalyst. Hydrocarbons are typically used as the carbon sources due to historically



abundant availability and relatively low cost. The use of carbon oxides as the carbon

source in the production of solid carbon has largely been unexploited.

Carbon oxides, particularly carbon dioxide (C0 2), are abundant gases that may

be extracted from point source emissions such as the exhaust gases of hydrocarbon

combustion or from some process off-gases. C0 2 may also be extracted from the air.

Because point source emissions have much higher concentrations of C0 2 than does air,

they are often economical sources from which to harvest C0 2.

C0 2 is increasingly available and inexpensive as a byproduct of power

generation and chemical processes in which an object may be to reduce or eliminate

the emission of C0 2 into the atmosphere by capture and subsequent sequestration of

the C0 2 (e.g., by injection into a geological formation). Carbon oxides are also a

product of other industrial sources such as natural gas from wells and landfills,

combustion off-gases, Portland cement calciner off-gases, fermentation off gases, and

various other chemical processes that result in carbon oxides or syngas. Attempts have

been made to reduce the emission of carbon dioxide to the atmosphere by capturing the

carbon dioxide and subsequently sequestering it (often by injection into a geological

formation). For example, the capture and sequestration of C0 2 is the basis for some

"green" coal-fired power stations. In current practice, capture and sequestration of the

C0 2 entails significant cost. Thus, an economically viable use for C0 2 or a more

economical means of sequestering C0 2 could be useful.

There is a spectrum of reactions involving carbon, oxygen, and hydrogen

wherein various equilibria have been identified that yield solid carbon as a reaction

product. Hydrocarbon pyrolysis involves equilibria between hydrogen and carbon that

favors solid carbon production, typically with little or no oxygen present. The

Boudouard reaction, also called the "carbon monoxide disproportionation reaction," is

the range of equilibria between carbon and oxygen that favors solid carbon production,

typically with little or no hydrogen present. The Bosch reaction occurs within a region

of equilibria where all of carbon, oxygen, and hydrogen are present under reaction

conditions that also favor solid carbon production and characteristically has water as a

co-product due to the reduction of the carbon oxides by the hydrogen present in the

reaction constituents.



The relationship between the hydrocarbon pyrolysis, Boudouard, and Bosch

reactions may be understood in terms of a C-H-0 equilibrium diagram, as shown in

FIG. 1. The C-H-0 equilibrium diagram of FIG. 1 shows various known routes to

solid carbon, including carbon nanotubes ("CNTs"). The hydrocarbon pyrolysis

reactions occur on the equilibrium line that connects H and C and in the region near the

left edge of the triangle to the upper left of the dashed lines. Two dashed lines are

shown because the transition between the pyrolysis zone and the Bosch reaction zone

may change with reactor temperature. The Boudouard, or carbon monoxide

disproportionation reactions, occur near the equilibrium line that connects O and C

(i.e., the right edge of the triangle). The equilibrium lines for various temperatures that

traverse the diagram show the approximate regions in which solid carbon will form.

For each temperature, solid carbon may form in the regions above the associated

equilibrium line, but will not generally form in the regions below the equilibrium line.

The Boudouard reaction zone appears at the right side of the triangle. In this zone, the

Boudouard reaction is thermodynamically preferred over the Bosch reaction. In the

region between the pyrolysis zone and the Boudouard reaction zone and above a

particular reaction temperature curve, the Bosch reaction is thermodynamically

preferred over the Boudouard reaction.

CNTs are valuable because of their unique material properties, including

strength, current-carrying capacity, and thermal and electrical conductivity. Current

bulk use of CNTs includes use as an additive to resins in the manufacture of

composites. Research and development on the applications of CNTs is very active

with a wide variety of applications in use or under consideration. One obstacle to

widespread use of CNTs has been the cost of manufacture.

U.S. Patent 7,794,690 (Abatzoglou et al.) teaches a dry reforming process for

sequestration of carbon from an organic material. Abatzoglou discloses a process

utilizing a 2D carbon sequestration catalyst with, optionally, a 3D dry reforming

catalyst. For example, Abatzoglou discloses a two-stage process for dry reformation of

an organic material {e.g., methane, ethanol) and C0 2 over a 3D catalyst to form syngas,

in a first stage, followed by carbon sequestration of syngas over a 2D carbon steel

catalyst to form CNTs and carbon nanofilaments. The 2D catalyst may be an active

metal {e.g., Ni, Rh, Ru, Cu-Ni, Sn-Ni) on a nonporous metallic or ceramic support, or



an iron-based catalyst (e.g., steel), on a monolith support. The 3D catalyst may be of

similar composition, or may be a composite catalyst (e.g., Ni/Zr0 2-Al20 3) over a

similar support. Abatzoglou teaches preactivation of a 2D catalyst by passing an inert

gas stream over a surface of the catalyst at a temperature beyond its eutectic point, to

transform the iron into its alpha phase. Abatzoglou teaches minimizing water in the

two-stage process or introducing water in low concentrations (0 to 10 wt%) in a

reactant gas mixture during the dry reformation first stage.

U.S. Patent Application Publication No. 2012/0034150 A l discloses methods

for the catalytic conversion of carbon oxides to solid carbon products using reducing

agents in the presence of a catalyst. The methods disclosed relate generally to a

catalytic conversion process for reducing carbon oxides to a valuable solid carbon

product, and, more particularly, to the use of carbon oxides (e.g., carbon monoxide and

carbon dioxide) as the primary carbon source for the production of solid carbon using a

reducing agent (such as hydrogen or a hydrocarbon) typically in the presence of a

catalyst. Thus, the methods involve catalytic conversion of carbon oxides (primarily

carbon monoxide and carbon dioxide) to solid carbon and water. The methods may

use the atmosphere, combustion gases, process off-gases, well gas, and other natural or

industrial sources of carbon oxides. The carbon oxides may be separated from these

sources and concentrated as necessary. These methods may be used to commercially

manufacture various morphologies of solid carbon products and for the catalytic

conversion of carbon oxides to solid carbon and water.

DISCLOSURE

Methods of capturing and sequestering carbon may include introducing an

initial process gas stream including at least one carbon oxide to a catalytic converter

structured and adapted to convert a portion of the carbon in the carbon oxide to solid

carbon and a reaction product gas stream containing water vapor. The solid carbon is

removed from the catalytic converter for disposal or storage thereof. At least a portion

of the reaction product gas stream is recycled to the catalytic converter. The reaction

product gas stream includes a portion of the initial process gas stream and at least a

portion of the water vapor produced in the catalytic converter.



Methods of capturing and sequestering carbon from a gaseous source

containing carbon oxides may include concentrating the carbon oxide content of the

gaseous source to form an initial process gas stream, reacting the initial process gas

stream with a reducing agent in the presence of a catalyst to produce solid carbon and a

residual process gas stream comprising unreacted carbon oxides, unreacted reducing

agent, and water vapor, separating the solid carbon from the residual process gas

stream, and recycling at least a portion of the residual process gas stream to combine

with the gaseous source.

In certain embodiments hereof, the partial pressure of water in the reaction is

regulated by various means, including recycling and condensation of water, to

influence, for example, the structure or other aspects of the composition of carbon

products produced. The partial pressure of water appears to assist in obtaining certain

desirable carbon allotropes.

In certain embodiments, a broad range of inexpensive and readily-available

catalysts, including steel-based catalysts, are described, without the need for activation

of the catalyst before it is used in a reaction. Iron alloys, including steel, may contain

various allotropes of iron, including alpha-iron (austenite), gamma iron, and delta-iron.

In some embodiments, reactions disclosed herein advantageously utilize an iron-based

catalyst, wherein the iron is not in an alpha phase. In certain embodiments, a stainless

steel containing iron primarily in the austenitic phase is used as a catalyst.

Catalysts, including an iron-based catalyst (e.g., steel, steel wool), may be used

without a need for an additional solid support. In certain embodiments, reactions

disclosed herein proceed without the need for a ceramic or metallic support for the

catalyst. Omitting a solid support may simplify the setup of the reactor and reduce

costs.

Systems for capturing and sequestering carbon from a gaseous source

containing carbon oxides may include concentrator means for concentrating the carbon

oxide content of the gaseous source to form an initial process gas stream, reactor means

for reacting the initial process gas stream with a reducing agent in the presence of a

catalyst to produce solid carbon and a residual process gas stream comprising

unreacted carbon oxides, the reducing agent, and water vapor, solid separation means

for separating the solid carbon from the residual process gas stream, and recycle means



for recycling at least a portion of the residual process gas stream to combine with the

gaseous source.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of the disclosure will be apparent from reference to the

following detailed description taken in conjunction with the accompanying drawings,

in which:

FIG. 1 depicts a C-H-O equilibrium diagram;

FIG. 2 is a simplified process flow diagram depicting an apparatus for carbon

capture and sequestration according to one embodiment of the method;

FIG. 3 is a simplified process flow diagram depicting a single-stage catalytic

converter with water removal and recycle of residuals to the carbon oxide concentrator;

and

FIG. 4 is a simplified process flow diagram depicting a two-stage catalytic

converter with inter-stage water removal and recycle of residuals to the carbon oxide

concentrator.

MODE(S) FOR CARRYING OUT THE INVENTION

This disclosure includes method and systems for capturing and sequestering

carbon oxides by converting them to solid carbon in a catalytic conversion process.

The production of solid carbon from carbon oxides may be profitable, providing

economic motivation for sequestering carbon oxides through the catalytic conversion

processes disclosed herein. Carbon oxides from any industrial process may be used as

disclosed herein, such as from hydrocarbon combustion process, calcination processes,

mining processes, refining processes, etc. Systems may include a carbon oxide

concentrator and a catalytic converter.

As an example of the method, a carbon oxide gas stream flows from a carbon

oxide concentrator into a carbon oxide catalytic conversion unit, where the carbon

oxide gas stream is mixed with a reducing gas, such as methane, hydrogen, a

hydrocarbon, or a mixture thereof. At least some of the carbon oxides are catalytically

converted to solid carbon, which is removed from the catalytic converter for

commercial use or for storage for long-term sequestration. The catalytic converter



includes a catalyst selected to promote the Bosch reaction. Control of water vapor in

the gas stream is important in the production of solid carbon. With too much wafer, the

water gas reaction will occur, converting the water and solid carbon to syngas. Some

catalysts are poisoned by high concentrations of water in the gas stream. Because

water is produced in the Bosch reaction, at least a portion or even all of the product

water may be condensed and removed from the reaction product gases prior to

recycling the residual process gas stream. The removal of water may occur in the

catalytic conversion system, in the carbon oxide concentrator, or as a separate gas

processing step within the system. The residual process gas stream is recycled back to

the carbon oxide concentrator, where it is mixed with a carbon oxide source gas stream

or with an appropriate intermediate gas stream. Discharge gases containing a reduced

concentration of carbon oxides or a reduced volume of carbon oxides are expelled from

the catalytic conversion unit. By removing some of the water vapor in the recycled

gases, the morphology of solid carbon formed may be controlled. Changing the partial

pressure of water vapor changes the carbon activity of a mixture.

Carbon activity A c) can be used as an indicator of whether solid carbon will

form under particular reaction conditions (e.g., temperature, pressure, reactants,

concentrations). Without being bound to any particular theory, it is believed that

carbon activity is the key metric for determining which allotrope of solid carbon is

formed. Higher carbon activity tends to result in the formation of CNTs, lower carbon

activity tends to result in the formation of graphitic forms.

Carbon activity for a reaction forming solid carbon from gaseous reactants can

be defined as the reaction equilibrium constant times the partial pressure of gaseous

products, divided by the partial pressure of reactants. For example, in the reaction,

CO(g) + H2(g C(s) + H20 (g), with a reaction equilibrium constant of K, the carbon

activity Ac is defined as K(Pco ¾ ¾ ο) · Thus, Ac is directly proportional to the

partial pressures of CO and H2, and inversely proportional to the partial pressure of

H20 . Higher P o tends to inhibit CNT formation. The carbon activity of this reaction

may also be expressed in terms of mole fractions and total pressure:

c K-P Y Y Y ) where P is the total pressure and Y is the mole fraction of a

species. Carbon activity generally varies with temperature because reaction

equilibrium constants vary generally with temperature. Carbon activity also varies



with total pressure for reactions in which a different number of moles of gas are

produced than are consumed. Mixtures of solid carbon allotropes and morphologies

thereof can be achieved by varying the catalyst and the carbon activity of the reaction

gases in the reactor.

FIG. 2 depicts a simplified process flow diagram of one embodiment of a

system 100 for capturing carbon and a method that may be performed using the

system 100. A source gas stream 102 containing carbon oxides flows into a carbon

oxide concentrator 104, in which the carbon oxides of the source gas stream 102 are

concentrated. A process gas stream 106 is separated from discharge gases 108 in the

carbon oxide concentrator 104. The process gas stream 106 flows with a reducing gas

110 to a catalytic converter 112. The reducing gas 110 is optional if the process gas

stream 106 contains a suitable mixture of carbon oxide and reducing gas. A solid

carbon product 114 is removed from the system 100, and a residual gas stream 116 is

recycled back to the carbon oxide concentrator 104. A vent gas stream 117 is typically

bled from the residual gas stream 116 and various unit operations in the catalytic

converter 112 which ensures that inert gases do not accumulate in the system. The vent

gas stream 117 may be a substantial part of the residual gas stream 116 coming from

the catalytic converter 112.

The source gas stream 102 may include any source gas having one or more

carbon-containing components. The source gas stream 102 may also include

components that do not contain carbon. For example, the source gas stream 102 may

include natural gas or other hydrocarbons, hydrogen, nitrogen, ammonia, carbon

dioxide, carbon monoxide, oxygen, argon, sulfur-containing gases, or any other

gaseous species. For example, the source gas stream 102 may include syngas, a

mixture of primarily hydrogen and carbon monoxide, and may also include carbon

dioxide. If the source gas stream 102 includes hydrocarbons, the hydrocarbons may be

gaseous at the temperature and pressure at which the source gas stream 102 is supplied.

For example, the source gas stream 102 may include lower molecular weight alkyl,

alkenyl, and cyclic carbon compounds which consist of only carbon and hydrogen. In

some embodiments, the source gas stream 102 may include gases from industrial

sources such as petroleum wells, landfills, combustion engines, fermenters, or any

other operation. The source gas stream 102 may include primarily carbon monoxide or



carbon dioxide. For example, carbon dioxide and/or carbon monoxide may compose

greater than 80%, greater than 90%, greater than 95%, or even greater than 99% of the

carbon-containing components of the source gas stream 102. In other embodiments,

the source gas stream 102 may include carbon-containing component gases in addition

to carbon oxides. The source gas stream 02 may also include one or more inert gases

(e.g., nitrogen, argon, helium, etc.). Source gas streams 102 including both carbon

dioxide and carbon monoxide gases may be produced by a wide variety of industrial

activity. Carbon dioxide is also available from a variety of natural sources (e.g., the

atmosphere and subterranean natural gas, carbon dioxide, and petroleum-containing

formations).

The carbon oxide concentrator 104 may be any device capable of increasing the

concentration of one or more carbon-containing components of the source gas

stream 102. Typically, the carbon oxide concentrator 104 separates the process gas

stream 106 (which has a higher concentration of carbon-containing components than

the source gas stream 102) from the discharge gases 108 (which have a lower

concentration of carbon-containing components than the source gas stream 102). For

example, the carbon oxide concentrator 104 may include condensers, membranes (e.g.,

ceramic membranes, organic membranes, etc.), cryogenic distillation columns, , amine

absorption separation systems, pressure swing absorption systems and/or any other

carbon oxide gas-separation device. The discharge gases 108 may include one or more

gases present in the source gas stream 102. For example, the discharge gases 108 may

include oxygen, nitrogen, argon, etc. The carbon oxide concentrator 104 may be

configured to separate particular gases, and may include two or more devices operated

in series or in parallel to provide any selected purity (i.e., concentration of CO, C0 2, or

another carbon-containing component) of the process gas stream 106. The discharge

gases 108 may be further purified and vented to the atmosphere. Typically, discharge

gases 108 expelled from the carbon oxide concentrator 104 contain a lower

concentration of carbon oxides than the source gas stream 102. The carbon oxide

concentrator 104 may produce a process gas stream 06 consisting predominantly or

essentially of CO and C0 2. For example, the process gas stream 106 may include at

least 90% CO and C0 2, at least 95% CO and C0 2, or even at least 98% CO and C0 2.



The carbon oxide concentrator 104 typically includes means for separating

water and controlling the water vapor pressure in the process gas stream 106. The

water stream 115 is removed from the carbon oxide concentrator 04 and may be

discharged or may be electrolyzed to provide at least some of the reducing gas 110.

There are many suitable means for removing the water stream 115 to control the

resulting water vapor in the process gas stream 106. n one embodiment, the water

stream 115 is separated from the source gas stream 102, residual gas stream 116, or

mixtures thereof, by one or more condensers with suitable controls to control the water

vapor concentration in the process gas stream 106. In another embodiment, the water

stream 115 is separated by means of a barometric condenser. The water vapor pressure

within the reactor of the catalytic converter 12 may influence the allotropes and

morphologies of solid carbon formed, the deposition rate of the solid carbon, and the

catalyst activity, and may be controlled to achieve the desired operation and solid

carbon product quality from the catalytic converter 112.

In some embodiments, the discharge gases 108 may include a portion of the

carbon-containing components contained in the source gas stream 102. In other

embodiments, the discharge gases 108 may be substantially free of carbon-containing

components (e.g., the discharge gases 108 may contain less than 10%, less than 5%,

less than 1%, or even less than 0.1% carbon-containing components). The discharge

gases 108 typically have a carbon content lower than the carbon content of the source

gas stream 102. For example, the discharge gases 108 may have a carbon content of

less than 10% of the carbon content of the source gas stream 102, less than 5% of the

carbon content of the source gas stream 102, less than 1% of the carbon content of the

source gas stream 102, or even less than 0.1% of the carbon content of the source gas

stream 102.

The configuration and operation of the carbon oxide concentrator 104 may

depend on process requirements (e.g., gas flow rates, pressures, energy availability,

environmental regulations, safety regulations, costs, etc.) For example, economics may

dictate that both the process gas stream 106 and the discharge gases 108 contain some

carbon-containing components. That is, separation of the carbon-containing

components entirely into the process gas stream 106 may not be profitable. In such

cases, certain carbon-containing components (or a portion of certain carbon-containing



components) may be exhausted with the discharge gases 108 or processed in another

operation.

The process gas stream 106 and the reducing gas 10, enter the catalytic

converter 112. The reducing gas 10 may include additional species to promote the

catalytic conversion process of the carbon-containing components of the process gas

stream 106. The reducing gas 110 may include, for example, hydrogen, methane,

another hydrocarbon, etc. The reducing gas 10, if present, may mix with the process

gas stream 106 before entering the catalytic converter 112 {e.g., within a mixing valve)

or within the catalytic converter 12.

The catalytic converter 112 is typically a system consisting of at least a reactor

suitable for converting at least a portion of the carbon oxides reducing gases in the

process gas stream 106 into solid carbon product and water, together with means for

removing the solid carbon product 114 from the catalytic converter and suitable

appurtenances for heating and circulating reaction gases within the catalytic converter

112. The reactor portion of the catalytic converter 12 may be any reactor configured

to provide conditions favorable to the conversion of carbon-containing components

(i.e., gases) to solid carbon products, such as graphite (e.g., pyrolytic graphite),

graphene, carbon black, soot, fibrous carbon, buckminsterfullerenes, single-wall CNTs,

multi -walled CNTs, carbon platelets, or nanodiamond. The catalytic converter 112

may include one or more reactors of any reactor design or combination of reactor

designs that facilitates the formation or collection of a desired solid carbon product.

For example, the catalytic converter 112 may include a fluidized-bed reactor, a fluid-

wall reactor, a packed-bed reactor, an aerosol reactor, etc.

In some embodiments, the catalytic converter 112 includes one or more aerosol

reactors in which a catalyst is preformed and selected for a specific size distribution,

mixed into a liquid or carrier gas solution, and then sprayed into the reactor (e.g., via

electrospray). Solid carbon particles may form on the catalyst, and particles may settle

or deposit within the catalytic converter 1 2 or in associated piping. Gas flow may

transport the product out of the catalytic converter 112. In another embodiment, the

catalytic converter 112 includes one or more fluidized bed reactors into which catalyst

particles or catalyst-coated particles are introduced, and in which solid carbon is grown

on the surface of the particles. The solid carbon may be either elutriated within the



reactor portion of the catalytic converter 1 , and carried out of the reactor portion of

the catalytic converter 112 entrained in the reaction gases, or the catalyst particles with

solid carbon affixed to the surface thereof may be harvested and the solid carbon

removed from the surface, and the catalyst particles may optionally be returned to the

reactor portion of the catalytic converter 112.

The catalytic converter 11 may include one or more batch reactors in which

the catalyst either is a fixed solid surface or is mounted on a fixed solid surface (e.g.,

catalyst nanoparticles deposited on an inert substrate). In such embodiments, solid

carbon may form on the catalyst, and the catalyst and solid carbon product 14 may be

periodically removed from the catalytic converter 112. Alternatively, the catalytic

converter 112 may include continuous reactors, wherein the solid carbon product 114 is

removed from the catalyst as the solid carbon is formed. In some embodiments, a solid

catalyst or catalyst mounted on a solid substrate passes through a flowing gas stream,

the resulting solid carbon product 114 is harvested, and the solid surface is renewed

and reintroduced to the catalytic converter 112. The solid catalyst may be the catalyst

material (e.g., a solid piece of a chromium-, molybdenum-, cobalt-, iron-, or nickel-

containing alloy or superalloy, or a mixture of metals) or an inert substrate on which

the catalyst material is mounted.

In one embodiment, the catalytic converter 112 may include a fluidized-bed

reactor designed to retain the catalyst while allowing the solid carbon product 114 to be

entrained in the gas flow and to be lofted out of the reaction zone upon reaching a

desired size. The shape of the reactor and the gas flow rates may control the residence

time of the elutriates and the corresponding size of the solid carbon product 114 (e.g.,

the length of CNTs).

Reaction conditions of the catalytic converter 112 (e.g., time, temperature,

pressure, partial pressure of reactants, partial pressure of water vapor, catalyst

properties, etc.) may be optimized to produce a selected type, morphology, purity,

homogeneity, etc., of solid carbon. For example, conditions may be selected to

promote the formation of CNTs.

The methods disclosed herein may include a variety of separation technologies.

Once the carbon oxide and reducing gases have reacted in the catalytic converter 112,

the resulting solid carbon product 1 4 is removed from the catalytic converter 11 , and



may be stored for long-term sequestration, sold as a commercial product, used in the

production of another product, etc. The residual gas stream 116 includes those gases

that remain in the catalytic converter 112 after the reaction and separation of the solid

carbon product 14. The techniques for separation of the solid carbon product 114

from the residual gas stream 116 may depend on the type of reactor used in the

catalytic converter 112. In one embodiment, a cyclone separator is used to separate

and collect the solid carbon product 114. In another embodiment, a venturi scrubber is

used to separate and collect the solid carbon product 114. In yet another embodiment,

a bag house is used to separate and collect the solid carbon product 114. The solid

carbon product 1 4 may be collected and separated from the residual gas stream 116

by elutriation, centrifugation, electrostatic precipitation, filtration, scrubbing, or any

other method.

The residual gas stream 116 may be recycled back to the carbon oxide

concentrator 104 or may be discharged as part of or as the entire vent gas stream 117.

The residual gas stream 116 may be mixed with the source gas stream 102 before

entering the carbon oxide concentrator 104 or within the carbon oxide concentrator

104. In some embodiments, the residual gas stream 116 or a portion thereof may be

mixed with another gas, such as the process gas stream 106.

Typically, the gases are not recirculated solely within the catalytic

converter 112 (though some circulation may occur within the catalytic converter 112).

Instead, the residual gas stream 116 recirculates to the carbon oxide concentrator 104.

The residual gas stream 116 is then reprocessed with the source gas stream 102. The

carbon oxides in the residual gas stream 116 are re-concentrated, and accumulated inert

gases or non-reactive constituents may be eliminated via the discharge gases 108.

Alternatively, the residual gas stream 116 may be discharged to the atmosphere, to

geological storage, or to another process.

FIG. 3 depicts a simplified process flow diagram of another embodiment of a

system 200 for capturing and sequestering carbon and a method that may be performed

using the system 200. The system 200 differs from the system 100 of FIG. 2 in that

water is removed from an intermediate gas stream 202 in the system 200. As described

above, a source gas stream 102 enters a carbon oxide concentrator 104, in which

carbon-containing components in the source gas stream 102 are concentrated. A water



stream 115 may be removed from the carbon oxide concentrator 104 and may be

discharged or may be electrolyzed to provide at least some of the reducing gas 1 0.

The resulting process gas stream 106 (which contains concentrated carbon-containing

components) is mixed with a reducing gas 110 (e.g., hydrogen, methane, another

hydrocarbon, etc.) within or before entering the catalytic converter 12. The solid

carbon product 114 formed in the catalytic converter 112 is removed as described

above.

The intermediate gas stream 202 leaving the catalytic converter 12 passes to a

water removal device 204 before being recycled back to the carbon oxide concentrator

104. The water removal device 204 separates a water stream 208 from a dried

intermediate gas stream 206. The water removal device 204 may be, for example, a

condenser. The dried intermediate gas stream 206 may have a dew point of less than

20°C, less than 0°C, or even less than -20°C. The water stream 208 may include water

vapor that forms in the catalytic converter 112 and/or water present in the source gas

stream 102, (e.g., as vapor, water droplets, as coatings on aerosol particles, bound in

hydrated solids, etc.). The water stream 208 may be collected, stored, or used in other

operations.

The dried intermediate gas stream 206 may be mixed with the source gas

stream 102 before or within the carbon oxide concentrator 104. In other embodiments,

the dried intermediate gas stream 206 may be mixed with the process gas stream 106.

Discharge gases 108 containing a reduced concentration of carbon oxides may be

released from the carbon oxide concentrator 104.

The system 100 depicted in FIG. 2 does not include a water removal device

separate from the carbon oxide concentrator 104. That is, the residual gas stream 116

is recycled to the carbon oxide concentrator 104, and removal of water occurs directly

from the carbon oxide concentrator. Some water may also be removed in the discharge

gases 108. The system 200 depicted in FIG. 3 may be preferred to the system 100

depicted in FIG. 2 in situations in which the resulting water 208 is of value, such as in

oil and well-gas processing, and in environments lacking sufficient freshwater sources.

The system 200 may also limit or prevent interference of water with the operation of

the catalytic converter 112 and/or the carbon oxide concentrator 104. In some

embodiments, the water removal device 204 may provide additional water removal



capacity beyond the water removal capacity of the carbon oxide concentrator 04. The

system 100 may be preferred in situations in which there is no value in recovering the

water or in which the carbon oxide concentrator 104 includes sufficient water removal

equipment.

FIG. 4 depicts a simplified process flow diagram of another embodiment of a

system 300 for capturing and sequestering carbon and a method that may be performed

using the system 300. The system 300 includes two catalytic conversion stages with

water removal between the stages. As described above with respect to FIGS. 2 and 3, a

source gas stream 102 enters a carbon oxide concentrator 104, where carbon-

containing components in the source gas stream are concentrated. The carbon oxide

concentrator 104 typically includes means for separating water and controlling the

water vapor pressure in the process gas stream 106. The water stream 115 is removed

from the carbon oxide concentrator 104 and may be discharged or may be electrolyzed

to provide at least some of the reducing gas 110. The resulting process gas stream 106

(which contains concentrated carbon-containing components) is mixed with an

optional reducing gas 110 (e.g., hydrogen, methane, another hydrocarbon, etc.) within

or before entering the catalytic converter 112. The solid carbon product 114 that

results from the reaction in the catalytic converter 112 is removed as described above.

The intermediate gas stream 202 leaving the catalytic converter 112 enters a

water removal device 204, which separates water 208 from a dried intermediate gas

stream 206. The dried intermediate gas stream 206, which may contain concentrated

carbon oxides and reducing gases, flows to a second catalytic converter 302. The

second catalytic converter 302 converts carbon oxides to a second solid carbon

product 306 and a second intermediate gas stream 304. The second intermediate gas

stream 304 may include water, portions of unreacted carbon-containing components,

and/or other gases. Optionally, water may be condensed from the second intermediate

gas stream 304, as described above. The second intermediate gas stream 304 is

recycled from the second catalytic converter 302 back to the carbon oxide concentrator

104, where the second intermediate gas stream 304 is mixed with the source gas stream

102. In some embodiments, the second intermediate gas stream 304 is mixed with an

appropriate intermediate gas stream (e.g., the process gas stream 106, the intermediate

gas stream 202, etc.). The discharge gases 108 may be expelled from the carbon oxide



concentrator 104 and the system 300. In the system 300, the discharge gases 108 may

contain a much lower concentration or mass of carbon oxides than in the system 00 of

FIG. 2.

The solid carbon product 114 and the second solid carbon product 306 may be

removed from the catalytic converter 112 and the second catalytic converter 302,

respectively. Either or both the solid carbon product 114 and the second solid carbon

product 306 may be used as commercially vendible products or stored in a manner

appropriate for long-term sequestration. The solid carbon product 114 and the second

solid carbon product 306 may include materials having the same or different

morphologies, particle sizes, etc. The solid carbon product 114 and the second solid

carbon product 306 may subsequently be mixed to form a salable product.

The system 300 illustrated in FIG. 4 may be beneficial in situations in which

the carbon-containing components are sufficiently concentrated in the source gas

stream 102 for profitable use of multiple catalytic conversion stages. In some

embodiments, additional catalytic conversion stages may be used to promote further

conversion. An optimal number of catalytic conversion stages may depend on many

factors, including efficiency of the catalytic converters 112, 302, input flow rates, type

and quantity of products, number of products, energy costs, equipment costs,

maintenance costs, environmental regulations, expected demand for products, etc.

In the system 300 illustrated in FIG. 4, the water removal device 204 may be

controlled to achieve a desired partial pressure of water vapor of the dried intermediate

gas stream 206 entering the second catalytic converter 302. The control of the water

vapor partial pressure may be important to promote a uniform quality of the solid

carbon product 114 or the second solid carbon product 306, as well as kinetics of

carbon formation. Another water removal device may also be added after the second

catalytic converter 302 or after the carbon oxide concentrator 104.

The systems 100, 200, 300 may include pumps, piping, valves, fittings, etc., to

allow the transfer of materials into, within, and out of the systems 100, 200, 300. In

some embodiments, multiple unit operations may occur in parallel or in series. For

example, the process gas stream 106 may be split and passed into two separate catalytic

converters 112.



In some embodiments, the source gas stream 102 or the reducing gas 110 may

be pressurized before entering the system 100, 200, 300. h e pressure of the source

gas stream 102 or the reducing gas 110 may be sufficient to cause the transfer of

materials through the system 100, 200, 300 without further compression or other

energy input. In some embodiments, the source gas stream 102 or the reducing gas 110

may be purified, dried, or otherwise treated before entering the system 100, 200, 300.

In methods using multiple catalytic converters 112, 302, inter-stage water

removal may regulate reaction rates and types of solid carbon formed in subsequent

stages. If the pressure of the process gas stream 106 entering the catalytic

converter 112 is sufficiently high, the gases may pass through the catalytic

converters 112, 302 and water removal device 204 with no further addition of

mechanical energy. Such pressures may be provided at the discharge of the carbon

oxide concentrator 104. For example, such pressure may be provided by the pressure

of the source gas stream 102. In other embodiments, the process gas stream 106 or

dried intermediate gas stream 206 may be pressurized by one or more compressors

within the system 100, 200, 300. In some embodiments, the inter-stage water removal

may occur without the use of mechanical refrigeration (e.g., air coolers or water

coolers).

In any of the operations shown in the figures and described herein, controllers

may be configured to maintain selected conditions, as indicated by signals received

from one or more sensors. For example, the system 100, 200, 300 may include

appropriate means for material handling, controlling gas compositions, mixing,

controlling temperature, and/or controlling pressure, controlling flow rates, etc.

Methods and systems described herein may be beneficial in a variety of

applications. For example, a system 100, 200, 300 may have lower capital or operating

costs than other carbon capture and sequestration systems. If the source gas stream 102

or the reducing gas 110 enter the system 100, 200, 300 at a high enough pressure to

travel through the entirety of the system 100, 200, 300, internal pumps, mechanical

refrigeration, or other operations, may be omitted. Thus, the expense, maintenance,

and energy costs of such operations may be avoided. Also, the use of a water removal

device 204 may allow the processing of a source gas stream 102 containing water.



Furthermore, the system 100, 200, 300 may produce one or more valuable

products. For example, the solid carbon product 114 and the second solid carbon

product 306 may be used for various commercial applications. In some embodiments,

water 208 may be a valuable product that may be used in a related industrial

application, purified, etc. In some embodiments, water 208 may be electrolyzed or

pyrolyzed to form hydrogen and oxygen; the hydrogen may then form at least a portion

of the reducing gas 110.

The use of a carbon oxide concentrator 104 to provide a process gas stream 106

having a higher concentration of carbon oxides may reduce the capital cost or operating

cost of the catalytic converter 112 or the second catalytic converter 302 by reducing the

required size of the catalytic converter 112 or the second catalytic converter 302.

Lower capital and operating costs may enhance the economic viability of carbon

capture and sequestration of carbon oxides.

In some embodiments, a concentrated carbon oxide stream {e.g., a portion of

the process gas stream 106 or the dried intermediate gas stream 206) may pass from a

carbon oxide concentration device (e.g., the carbon oxide concentrator 104) to another

process or to storage. The conversion of carbon oxides into solid carbon products

provides a means for carbon capture and sequestration, thereby potentially decreasing

the amount of carbon oxides released to the atmosphere. For example, carbon dioxide

may be geosequestered, or stored in an underground formation. In addition to avoiding

the costs of disposal (e.g., regulatory fees, purification, etc.), such conversion may

provide a valuable product for sale or use in other products. Whether all or a portion of

the source gas stream 102 is converted to solid carbon is an economic decision to be

made on a case-by-case basis. The methods of the disclosure may be used to convert

part, all, or essentially all of the carbon oxides in the source gas stream 102, as

circumstances may dictate.

The catalytic converters 112, 302, as shown and described in FIG. 4, may

provide a means to produce the solid carbon product 114 and the second solid carbon

product 306 with higher efficiency than in a single catalytic converter 112.

Furthermore, the use of multiple catalytic converters 12, 302 may allow multiple

types or grades of solid carbon products to be formed simultaneously. The reaction

conditions of each catalytic converter 112, 302 may be varied as market conditions



change, allowing for the production of high-demand products. Such flexibility may

improve the economic potential of operating the system 300. Note that the use of

multiple catalytic converters can readily be extended to more than two.

Reactions that occur within the catalytic converters 112, 302 may include

reactions in the interior region and on the right edge of the phase diagram shown in

FIG. 1 (i.e., Boudouard reaction zone and the Bosch reaction zone), where equilibrium

may be established between solid carbon, oxygen, and compounds of carbon,

hydrogen, and oxygen. The central region of FIG. 1 has several points that are

favorable for the formation of CNTs and other forms of solid carbon. The type of solid

carbon produced may be selectively controlled through selection and processing of the

catalysts, reaction gases, and reaction conditions. Thus, these methods may provide

beneficial routes to the production of valuable solid carbon products, such as CNTs,

and to the treatment of carbon-containing gases.

The catalytic converters 112, 302 may operate at temperatures from about

450°C to about 900°C. In some embodiments, the catalytic converters 112, 302 may

operate in excess of approximately 650°C, such as in excess of about 680° C. The

composition and grain size of catalysts within the catalytic converters 112, 302 may

affect the morphology of the resulting solid carbon products. The reaction conditions,

including the temperature and pressure of the catalytic converters 112, 302, the

residence time, and the grain size of the catalyst may be controlled to obtain solid

carbon products having selected characteristics.

Solid carbon may be produced in many different morphologies through the

carbon oxide reduction processes of the method. Some of the solid carbon

morphologies that may be produced include graphite (e.g., pyrolytic graphite),

graphene, carbon black, fibrous carbon, buckminsterfullerene, single-wall CNTs,

multi-walled CNTs, carbon platelets, and nanodiamond.

Reaction kinetics favorable to the formation of the desired species of solid

carbon may be established through the use of suitable catalysts. Suitable catalysts

include metals selected from groups 2 through 15 of the periodic table, such as from

groups 5 through 10 (e.g., nickel, molybdenum, chromium, cobalt, tungsten,

manganese, ruthenium, platinum, iridium, etc.), actinides, lanthanides, alloys thereof,

and combinations thereof. For example, catalysts include iron, nickel, cobalt,



molybdenum, tungsten, chromium, and alloys thereof. Note that the periodic table may

have various group numbering systems. As used herein, group 2 is the group including

Be, group 3 is the group including Sc, group 4 is the group including Ti, group 5 is the

group including V, group 6 is the group including Cr, group 7 is the group including

Mn, group 8 is the group including Fe, group 9 is the group including Co, group 10 is

the group including Ni, group 11 is the group including Cu, group 2 is the group

including Zn, group 13 is the group including B, group 14 is the group including C, and

group 15 is the group including N. In some embodiments, commercially available

metals are used without special preparation. Catalysts may facilitate operations at

lower temperatures. In reactions forming CNTs, higher reaction rates may correspond

to smaller diameter CNTs, and lower reaction rates may correspond to larger diameter

CNTs.

Catalysts may be in the form of nanoparticles or in the form of domains or

grains and grain boundaries within a solid material, such as steel or catalyst deposited

on the surface of an inert substrate. Catalysts may be selected to have a grain size

related to a characteristic dimension of a desired diameter of the solid carbon product

(e.g. a CNT diameter). Examples of particularly suitable catalytically active metals are

Zn, Fe, Ni, W, V, Cr, Sn, Cu, Co, Mn, and Mo. Catalyst powder may be formed in or

near the catalytic converters 112, 302 by injecting an aerosol solution such that upon

evaporation of a carrier solvent, a selected particle size distribution results.

Alternatively, powdered catalyst material may be entrained in a carrier gas and

delivered to the catalytic converters 112, 302. By selecting the catalyst and the reaction

conditions, the process may be tuned to produce selected morphologies of solid carbon

product. Catalysts may be formed as described in U.S. Patent Application Publication

No. 2012/0034150 Al. In some embodiments, the catalyst may be formed over a

substrate or support, such as an inert oxide that does not participate in the reactions.

However, the substrate is not necessary; in other embodiments, the catalyst material is

an unsupported material, such as a bulk metal or particles of metal not connected to

another material (e.g., loose particles, shavings, or shot, such as may be used in a

fluidized-bed reactor).

304 stainless steel appears to catalyze the formation of CNTs under a wide

range of temperatures, pressures, and gas compositions. However, the rate of



formation of CNTs on 304 stainless steel appears to be relatively low, such that 304

stainless steel may be used effectively as a construction material for process equipment,

with minimal deposition on surfaces thereof in normal operations. 316L stainless steel,

in contrast, appears to catalyze the formation of solid carbon at significantly higher

rates than 304 stainless steel, but may also form various morphologies of carbon.

Thus, 316L stainless steel may be used as a catalyst to achieve high reaction rates, but

particular reaction conditions may be maintained to control product morphology.

Catalysts may be selected to include Cr, such as in amounts of about 22% or less by

weight. For example, 316L stainless steel contains from about 16% to about 18.5% Cr

by weight. Catalysts may also be selected to include Ni, such as in amounts of about

8% or more by weight. For example, 316L stainless steel contains from about 10% to

about 14% Ni by weight. Catalysts of these types of steel have iron in an austenitic

phase, in contrast to alpha-phase iron used as a catalyst in conventional processes.

Given the good results observed with 3 6L stainless steel, the Ni and/or Cr may have a

synergistic effect with Fe.

Oxidation and subsequent reduction of the catalyst surface alter the grain

structure and grain boundaries. Without being bound by any particular theory,

oxidation appears to alter the surface of the metal catalyst in the oxidized areas.

Subsequent reduction may result in further alteration of the catalyst surface. Thus, the

grain size and grain boundary of the catalyst may be controlled by oxidizing and

reducing the catalyst surface and by controlling the exposure time of the catalyst

surface to the reducing gas and the oxidizing gas. The oxidation and/or reduction

temperatures may be in the range from about 500°C to about 1,200°C, from about

600°C to about 1,000°C, or from about 700°C to about 900 °C. The resulting grain

size may range from about 0.1 µ to about 500 µπ , from about 0.2 µ to about 100

µπ , from about 0.5 µ to about 10 µ , or from about 1.0 µιη to about 2.0 µ . In

some embodiments, the catalyst may be an oxidized metal (e.g., rusted steel) that is

reduced before or during a reaction forming solid carbon. Without being bound to any

particular theory, it is believed that removal of oxides leaves voids or irregularities in

the surface of the catalyst material, and increases the overall surface area of the catalyst

material.



An optimum temperature of the catalytic converters 112, 302 may depend on

the composition of the catalyst or on the size of the catalyst particles. Catalyst

materials having small particle sizes tend to have optimum reaction temperatures at

lower temperatures than the same catalyst materials with larger particle sizes. For

example, the Bosch reaction may occur at temperatures in the range of approximately

400°C to 950°C for iron-based catalysts, depending on the particle size and

composition and the desired solid carbon product. In general, graphite and amorphous

solid carbon form at lower temperatures, and CNTs form at higher temperatures.

CNTs may form at temperatures above about 550°C. In general, the reaction proceeds

at a wide range of pressures, from near vacuum, to pressures of 4.0 MPa (580 psi) or

higher. For example, CNTs may form in pressure ranges of from about 0.028 MPa

(4.0 psi) to in excess of 6.2 MPa (900 psi). In some embodiments, CNTs may form at

pressures from about 0.34 MPa (50 psi) to about 0.41 MPa (60 psi), or at a pressure of

about 1.3 MPa (200 psi) or about 4.1 MPa (600 psi). Typically, increasing the pressure

increases the reaction rate because the deposition of carbon is diffusion limited.

Small amounts of substances (e.g., sulfur) added to the catalytic converters 112,

302 (e.g., as a part of the reducing gas 110) may be catalyst promoters that accelerate

the growth of carbon products on the catalysts. Such promoters may be present in a

wide variety of compounds. Such a compound may be selected such that the

decomposition temperature of the compound is below the temperature of the catalytic

converters 112, 302. For example, if sulfur is selected as a promoter for an iron-based

catalyst, the sulfur may be introduced into the catalytic converter 112 as a thiophene

gas, or as thiophene droplets in a carrier gas. Examples of sulfur-containing promoters

include thiophene, hydrogen sulfide, heterocyclic sulfides, and inorganic sulfides.

Other promoters include lead compounds and bismuth.

Components and zones of the systems shown and described herein operate at

various temperatures. For example, one or both of the catalytic converters 112, 302

may operate at a temperature of at least 450°C, such as a temperature of at least 650°C,

or a temperature of from about 680°C to about 700°C. The carbon oxide concentrator

104 or the water removal device 204 may operate at lower temperatures than the

catalytic converters 112, 302. For example, the carbon oxide concentrator 104 or the

water removal device 204 may operate at temperatures of less than about 100°C, less



than about 80°C, or even less than about 50°C. In some embodiments, heat may be

recovered from one material and transferred to another. Exemplary heat recovery

systems are described in U.S. Patent No. 4,126,000, issued November 21, 1978, and

titled "System for Treating and Recovering Energy from Exhaust Gases."

EXAMPLES

For Examples 1 through 7, below, carbon steel coupons were cut from a sheet

of mild steel having a thickness of about 1.3 mm. Each coupon was approximately 13

mm wide and approximately 18 mm to 22 mm long. Coupons were separately placed

in quartz boats about 8.5 cm long and 1.5 cm wide, and the boats were inserted end-to-

end into a quartz tube having an inner diameter of about 2.54 cm and a length of about

1.2 m. The quartz tube was then placed in a tube furnace. The quartz tube was purged

with hydrogen gas to reduce the surfaces of the coupons as the tube furnace was heated

to operating conditions. After the tube furnace reached operating conditions, reaction

gases were introduced into the quartz tube ( i.e., flowed continuously through the quartz

tube) such that both the upper and lower surfaces of each coupon were exposed to

reaction gas. The temperatures, pressures, and gas compositions were measured or

determined for each coupon. After the test, the coupons were removed from the quartz

tube. Weight changes and carbon formation were noted.

Example 1

Twelve steel coupons were placed in a quartz tube as described above. A

reaction gas containing about 25% H2, 25% CO, 25% C0 2, and 25% CH4 was

introduced into the quartz tube at about 4.0 MPa. The gases flowed over the coupons

for about 4 hours at 2000 seem (standard cubic centimeters per minute). Solid carbon

formed on eight of the twelve coupons at temperatures between about 650°C and about

870°C, as shown in Table 1 below. After the test, solid carbon was physically removed

from some of the coupons and tested for BET specific surface area, as shown in Table

1. About 4 1.2 grams of water was collected from the gases during the test.



Table 1: Solid Carbon Formation from 25% H2, 25% CO, 25% C0 2, and 25% CH4

Example 2

Twelve steel coupons were placed in a quartz tube as described above. A

reaction gas containing about 50% CO and 50% C0 2 was introduced into the quartz

tube at about 4.0 MPa. The gases flowed over the coupons for about three hours at

2000 seem. Solid carbon formed on ten of the twelve coupons at temperatures between

about 590°C and about 900°C, as shown in Table 2 below. After the test, solid carbon

was physically removed from some of the coupons and tested for BET specific surface

area, as shown in Table 2. No water was collected from the gases during the test.



Table 2 : Solid Carbon Formation from 50% CO and 50% C0 2

Example 3

Twelve steel coupons were placed in a quartz tube as described above. A

reaction gas containing about 90% CO and 10% C0 2 was introduced into the quartz

tube at about 4.0 MPa. The gases flowed over the coupons for about two hours at 2000

seem. Solid carbon formed on ten of the twelve coupons at temperatures between

about 590°C and about 900°C, as shown in Table 3 below. After the test, solid carbon

was physically removed from some of the coupons and tested for BET specific surface

area, as shown in Table 3. No water was collected from the gases during the test.

Table 3 : Solid Carbon Formation from 90% CO and 10% C0 2

Sample # 1 2 3 4 5 6
Distance from inlet (inches) 5.4 8.9 12.4 15.9 20.6 22.9

Temperature (°C) 423.6 588.5 632.6 663.1 703.2 729.4
H composition (%) 0.54 0.57 0.60 0.62

C0 2 composition (%) 11.6 12.3 13.4 13.9
CO composition (%) 87.9 87.1 86.0 85.5

Deposition rate (g/cm /hr) 0.000 0.001 0.083 0.1 18 0.064 0.066
BET Surface Area (m /g) 68.2 6 1.7 58.7 53.2



Sample # 7 8 9 10 11 12

Distance from inlet (inches) 27.1 30.9 34.8 36.4 40.6 44.4
Temperature (°C) 789.4 857.1 902.4 898.7 829.0 499.3

¾ composition (%) 0.65 0.68 0.71 0.72 0.42
C0 2 composition (%) 14.9 15.8 16.7 18.2 49.3
CO composition (%) 84.4 83.5 82.6 81.1 50.3

Deposition rate (g/cm /hr) 0.030 0.019 0.005 0.005 0.027 0.000
BET Surface Area (m /g) 44.9

Example 4

Twelve steel coupons were placed in a quartz tube as described above. A

reaction gas containing about 90% CO and 10% C0 2 was introduced into the quartz

tube at about 1.5 MPa. The gases flowed over the coupons for about three hours at

2000 seem. Solid carbon formed on ten of the twelve coupons at temperatures between

about 536°C and about 890°C, as shown in Table 4 below. After the test, solid carbon

was physically removed from some of the coupons and tested for BET specific surface

area, as shown in Table 4. No water was collected from the gases during the test.

Table 4 : Solid Carbon Formation from 90% CO and 10% C0 2

Sample # 7 8 9 10 11 12
Distance from inlet (inches) 26.4 29.8 32.6 37.2 40.3 44.0

Temperature (°C) 768.8 803.1 831.8 890.5 856.6 535.6
H2 composition (%) 0.65 0.67 0.68

C0 2 composition (%) 10.3 10.5 10.7
CO composition (%_) 89.0 88.8 88.6

Deposition rate (g/cm /hr) 0.015 0.009 0.001 0.001 0.002 0.000
BET Surface Area (m /g) 38.7 31.5



Example 5

Twelve steel coupons were placed in a quartz tube as described above. A

reaction gas containing about 13.0% H , 15.2% CO, 10.9% C0 2, 57.8% CH4, and 3.0%

Ar was introduced into the quartz tube at about 412 kPa. The gases flowed over the

coupons for about six hours at 2000 seem. Solid carbon formed on seven of the twelve

coupons at temperatures between about 464°C and about 700°C, as shown in Table 5

below. After the test, solid carbon was physically removed from some of the coupons

and tested for BET specific surface area, as shown in Table 5. About 7.95 grams of

water was collected from the gases during the test.

Table 5: Solid Carbon Formation from 13.0% H2, 15.2% CO, 10.9% C0 2, 57.8% C¾,

and 3.0% Ar

Example 6

Twelve steel coupons were placed in a quartz tube as described above. A

reaction gas containing about 13.0% H2, 15.2% CO, 13.0% C0 2, 55.8% CH4, and



2.93% Ar was introduced into the quartz tube at about 412 kPa. The gases flowed over

the coupons for about six hours at 2000 seem. Solid carbon formed on seven of the

twelve coupons at temperatures between about 536°C and about 794°C, as shown in

Table 6 below. After the test, solid carbon was physically removed from some of the

coupons and tested for BET specific surface area, as shown in Table 6. About 7.38

grams of water was collected from the gases during the test.

Table 6 : Solid Carbon Formation from 13.0% H2, 15.2% CO, 13.0% C0 2, 55.8% CFL,,

and 2.93% Ar

Example 7

Twelve steel coupons were placed in a quartz tube as described above. A

reaction gas containing about 15.2% H2, 13.0% CO, 8.7% C0 , 59.9% CH4, and 3.15%

Ar was introduced into the quartz tube at about 412 kPa. The gases flowed over the

coupons for about six hours at 2000 seem. Solid carbon formed on ten of the twelve



coupons at temperatures between about 523°C and about 789°C, as shown in Table 7

below. After the test, solid carbon was physically removed from some of the coupons

and tested for BET specific surface area, as shown in Table 7. About 9.59 grams of

water was collected from the gases during the test.

Table 7 : Solid Carbon Formation from 15.2% H2, 13.0% CO, 8.7% C0 2, 59.9% C¾,

and 3.15% Ar

Prophetic Example 8

Methane gas is mixed with carbon dioxide gas in a ratio of 1.2:1 inside a first

tube furnace lined with a ceramic material, maintained at about 680°C, and containing

steel wool therein. The methane gas reacts with the carbon dioxide gas in the presence

of the steel wool to form single-wall carbon nanotubes and a residual gas mixture of

carbon dioxide, carbon monoxide, methane, water, and hydrogen. The residual gas

mixture enters a condenser operating at about 50°C to remove liquid water from the

residual gas mixture. The dried residual gas mixture enters a second tube furnace lined



with a ceramic material, maintained at about 680°C, and containing steel wool therein.

The carbon dioxide, carbon monoxide, methane, and hydrogen in the dried reaction gas

mixture react in the presence of the steel wool to form single-wall carbon nanotubes

and a tail gas mixture of water, methane, and hydrogen. The carbon nanotubes collect

on surfaces of the steel wool. The tail gas mixture enters is recycled to the pre-

concentrator.

After the process has proceeded for a period of time, flow of gas is stopped, the

furnaces and condenser are cooled to room temperature, and the system is purged with

an inert gas. The steel wool is removed from the second tube furnace, and the carbon

nanotubes are physically removed from the steel wool. Any remaining metal on the

carbon nanotubes is removed by washing with acid.

Prophetic Example 9

Ethane gas is mixed with carbon dioxide gas in a ratio of 1:1 inside a first tube

furnace lined with a ceramic material, maintained at about 680°C, and containing steel

wool therein. The ethane gas reacts with the carbon dioxide gas in the presence of the

steel wool to form single-wall carbon nanotubes and a residual gas mixture of carbon

dioxide, carbon monoxide, ethane, methane, water, and hydrogen. The residual gas

mixture enters a condenser operating at about 50°C to remove liquid water from the

residual gas mixture. The dried residual gas mixture enters a second tube furnace lined

with a ceramic material, maintained at about 680°C, and containing steel wool therein.

The carbon dioxide, carbon monoxide, ethane, methane, and hydrogen in the dried

reaction gas mixture react in the presence of the steel wool to form single-wall carbon

nanotubes and a tail gas mixture of water, ethane, methane, and hydrogen. The carbon

nanotubes collect on surfaces of the steel wool. The tail gas mixture enters is recycled

to the pre-concentrator.

After the process has proceeded for a period of time, flow of gas is stopped, the

furnaces and condenser are cooled to room temperature, and the system is purged with

an inert gas. The steel wool is removed from the second tube furnace, and the carbon

nanotubes are physically removed from the steel wool. Any remaining metal on the

carbon nanotubes is removed by washing with acid.



Prophetic Example 10

Hydrogen gas is mixed with carbon dioxide gas in a ratio of about 2.1:1 inside

a first tube furnace lined with a ceramic material, maintained at about 680°C, and

containing steel wool therein. The hydrogen gas reacts with the carbon dioxide gas in

the presence of the steel wool to form single-wall carbon nanotubes and a residual gas

mixture of carbon dioxide, carbon monoxide, water, and hydrogen. The residual gas

mixture enters a condenser operating at about 50°C to remove liquid water from the

residual gas mixture. The dried residual gas mixture enters a second tube furnace lined

with a ceramic material, maintained at about 680°C, and containing steel wool therein.

The carbon dioxide, carbon monoxide, and hydrogen in the dried reaction gas mixture

react in the presence of the steel wool to form single-wall carbon nanotubes and a tail

gas mixture of water and hydrogen. The carbon nanotubes collect on surfaces of the

steel wool. The tail gas mixture enters is recycled to the pre-concentrator.

After the process has proceeded for a period of time, flow of gas is stopped, the

furnaces and condenser are cooled to room temperature, and the system is purged with

an inert gas. The steel wool is removed from the second tube furnace, and the carbon

nanotubes are physically removed from the steel wool. Any remaining metal on the

carbon nanotubes is removed by washing with acid.

The disclosure has several advantages over conventional methods. Although

embodiments of the methods have been described, various modifications and changes

may be made by those skilled in the art without departing from the spirit and scope of

the disclosure.



CLAIMS

What is claimed is:

1. A method of capturing and sequestering carbon from a carbon-oxide-

containing gas stream, comprising:

introducing a reaction gas stream comprising at least one carbon oxide and at least

one reducing agent to a catalytic converter to convert at least a portion of the

at least one carbon oxide and at least a portion of the at least one reducing

agent to solid carbon and a tail gas stream containing water vapor in the

presence of a catalyst; and

removing solid carbon from the catalytic converter.

2. The method of claim 1, further comprising recycling at least a portion

of the tail gas stream to the catalytic converter, the at least a portion of the tail gas

stream comprising:

a portion of unreacted reactants from the initial process gas stream; and

at least a portion of the water vapor produced in the catalytic converter.

3. The method of claim 2, wherein recycling at least a portion of the tail

gas stream to the catalytic converter comprises removing at least a portion of the

water vapor produced in the catalytic converter to form a dry tail gas stream, and

using at least a portion of the dry tail gas stream as at least a portion of the reaction

gas stream.

4 . The method of claim 3, wherein recycling at least a portion of the tail

gas stream to the catalytic converter comprises recycling the tail gas stream at a

pressure sufficient to cause condensation of at least a portion of the water vapor

produced in the catalytic converter without the use of mechanical refrigeration.

5. The method of claim 2, further comprising mixing the tail gas stream

with the reaction gas stream.



6. The method of claim 2, wherein recycling at least a portion of the tail

gas stream to the catalytic converter comprises passing the tail gas stream through a

carbon oxide concentrator.

7. The method of claim 1, wherein introducing a reaction gas stream

comprising at least one carbon oxide and at least one reducing agent to a catalytic

converter comprises reacting a portion of the at least one carbon oxide with the at

least one reducing agent in the presence of a catalyst to form solid carbon and a tail

gas stream comprising water vapor.

8. The method of claim 1 or claim 7, wherein the tail gas stream further

comprises an unreacted portion of the reaction gas stream.

9. The method of claim 1, further comprising selecting the reaction gas

stream to comprise at least one of a combustion gas effluent stream, carbon oxides

separated from a combustion gas effluent stream, a process off-gas stream, carbon

oxides separated from a process off-gas stream, or a synthesis gas stream.

10. The method of claim 1, further comprising selecting the reaction gas

stream to include a reducing gas comprising hydrogen, an alkane, and alcohol, or a

mixture thereof.

1. The method of claim 1, further comprising selecting the reaction gas

stream to comprise a carbon oxide comprising primarily carbon dioxide.

12. The method of claim 1, further comprising selecting the reaction gas

stream to comprise a carbon oxide comprising primarily carbon monoxide.

13. The method of claim 1, wherein introducing the reaction gas stream

comprising at least one carbon oxide and at least one reducing agent to a catalytic

converter comprises introducing the initial process gas stream at a pressure sufficient



to cause the initial process gas stream to flow through the catalytic converter without

further input of mechanical or electrical energy.

14. The method of claim 1, further comprising adding mechanical or

electrical energy to the reaction gas stream.

15. The method of claim 1, wherein introducing a reaction gas stream

comprising at least one carbon oxide and at least one reducing agent to a catalytic

converter comprises:

passing the reaction gas stream through a first catalytic converter to form a first solid

carbon product and an intermediate gas stream containing water;

removing the first solid carbon product from the first catalytic converter;

removing water from the intermediate gas stream to form a dried intermediate gas

stream;

passing the dried intermediate gas stream through a second catalytic converter to

form a second solid carbon product and the tail gas stream;

removing the second solid carbon product from the second catalytic converter; and

recycling at least a portion of the tail gas stream to the first catalytic converter.

16. The method of claim 2 or claim 15, wherein recycling at least a

portion of the tail gas stream to the catalytic converter comprises:

passing the tail gas stream to a carbon oxide concentrator without removing water

from the tail gas stream;

removing at least a portion of the water and at least a portion of a gas other than a

carbon oxide from the tail gas stream in the carbon oxide concentrator to

form a dry recycle gas stream; and

mixing at least a portion of the dry recycle gas stream with the reaction gas stream.

17. The method of claim 15, wherein removing water from the

intermediate gas stream comprises condensing water from the intermediate gas

stream to produce a dried intermediate gas stream having a selected dew point



18. The method of claim 15, wherein removing water from the

intermediate gas stream comprises condensing water from the intermediate gas

stream to produce a dried intermediate gas stream having a dew point of less than

about 0°C.

19. The method of claim 1, further comprising purifying the reaction gas

stream to remove at least some particulate matter, at least some water vapor, or at

least one inert gas.

20. The method of claim 1, wherein introducing an initial process gas

stream comprising at least one carbon oxide to a catalytic converter comprises

contacting the initial process gas stream with a reaction catalyst for the Bosch

reaction at a temperature above about 400°C.

21. The method of claim 1, wherein introducing an initial process gas

stream comprising at least one carbon oxide to a catalytic converter comprises

forming at least one of graphite, graphene, carbon black, soot, fibrous carbon,

buckminsterfullerenes, carbon nanotubes, carbon platelets, and nanodiamond.

22. The method of claim 1, further comprising separating at least a

portion of the reaction gas stream from a dilute effluent source by concentrating the

dilute effluent source to increase a concentration of the at least one carbon oxide.

23. The method of claim 23, wherein concentrating the dilute effluent

source comprises forming the reaction gas stream comprising at least one of inert

gases and hydrocarbons.

24. The method of claim 1, wherein introducing a reaction gas stream to

a catalytic converter comprises exposing the reaction gas stream to a catalyst

material selected from the group consisting of Groups 5 through 10 in the periodic

table of elements, lanthanides, actinides, metal alloys of such elements, and

combinations thereof.



25. The method of claim 24, wherein the catalyst material comprises at

least one of Zn, Fe, Ni, W, V, Cr, Sn, Cu, Co, n, and Mo.

26. The method of claim 1, wherein the catalyst material comprises at

least one of steel, cast iron, or white cast iron.

27. The method of claim 1, wherein the catalyst material comprises

particles of at least one of shot, grit, or powder.

28. The method of claim 1, wherein the catalyst material comprises a

material in the form of at least one of a plate, a sheet, or a foil.

29. The method of claim 1, wherein the catalyst material comprises

fibers.

30. The method of claim 29, wherein the catalyst material comprises steel

wool or chopped steel wool.

31. A method of sequestering carbon from a gaseous source containing

carbon oxides, the method comprising:

concentrating the carbon oxide content of the gaseous source to form a reaction gas

stream;

reacting the reaction gas stream with a reducing agent in the presence of a catalyst to

produce solid carbon and a tail gas stream comprising unreacted carbon

oxides, unreacted reducing agent, and water vapor;

separating the solid carbon from the tail gas stream; and

recycling at least a portion of the tail gas stream to combine with the reaction gas

stream.



32. The method of claim 31, wherein reacting the initial process gas

stream with a reducing agent in the presence of a catalyst comprises converting at

least 10% of the carbon oxide in the gaseous source to solid carbon.

33. The system of claim 31, further comprising separating at least a

portion of the water vapor from the tail gas stream.

34. A system for sequestering carbon from a gaseous source containing

carbon oxides, the system comprising:

concentrator means for concentrating the carbon oxide content of the gaseous source

to form a reaction gas stream;

reactor means for reacting the reaction gas stream with a reducing agent in the

presence of a catalyst to produce solid carbon and a tail gas stream

comprising unreacted carbon oxides, reducing agent, and water vapor;

solid separation means for separating the solid carbon from the tail gas stream; and

recycle means for recycling at least a portion of the tail gas stream to combine with

the gaseous source.

35. The system of claim 34, further comprising water separation means

for separating at least a portion of the water vapor formed in the reactor means from

the tail gas stream.

36. The system of claim 34, wherein a material of construction of at least

one component is selected to limit metal dusting corrosion under service conditions

of the component, wherein the component is configured to be in contact with at least

one of the gaseous source, the reaction gas stream, and the tail gas stream.
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