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REACTORS AND METHODS FOR PRODUCING SOLID CARBON MATERIALS

PRIORITY CLAIM

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

Application Serial Number 61/731,314, filed November 29, 2012, for "REACTORS FOR

PRODUCING SOLID CARBON MATERIALS, AND RELATED METHODS," the contents of which

are hereby incorporated herein by this reference.

TECHNICAL FIELD

Embodiments of this disclosure relate generally to reactors for producing solid carbon materials,

and to related methods. More specifically, embodiments of this disclosure relate to reactors and methods

for producing solid carbon materials by way of carbon oxide catalytic conversion.

BACKGROUND

This application builds upon the disclosure of co-pending USSN 13/263,311 filed on October 6,

2011, which is a national phase entry of International Application Number PCT/US20 10/029934 filed

April 5, 2010 and published in English as International Publication Number WO 2010/120581, which itself

claims the benefit under 35 U.S.C. §119(e) to USSN 61/170,199, the disclosures of each of which are

incorporated herein by reference.

Solid carbon has numerous commercial applications. These applications include longstanding uses

such as uses of carbon black and carbon fibers as a filler material in tires, inks, etc., many uses for various

forms of graphite (such as the use of pyrolytic graphite as heat shields) and innovative and emerging

applications for buckminsterfullerene, carbon nanotubes and nanodiamonds. Conventional methods for the

manufacture of various forms of solid carbon typically involve the pyrolysis of hydrocarbons in the

presence of a suitable catalyst. The use of hydrocarbons as the carbon source is due to historically

abundant availability and low cost of hydrocarbons. The use of carbon oxides as the carbon source in the

production of solid carbon has largely been unexploited.

Carbon oxides, particularly carbon dioxide, 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.

Carbon dioxide may also be extracted from the air. Because point source emissions have much higher

concentrations of carbon dioxide than air, they are often economical sources from which to harvest the

carbon dioxide. However, the immediate availability of air may provide cost offsets by eliminating

transportation costs through local manufacturing of the solid carbon products from carbon dioxide in air.

Carbon dioxide is increasingly available and inexpensive as a byproduct of power generation and

chemical processes where an object may be to reduce or eliminate the emission of carbon dioxide into the

atmosphere by capture and subsequent sequestration of the carbon dioxide (e.g., by injection into a



geological formation). For example, the capture and sequestration of carbon dioxide is the basis for some

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

entails significant cost.

There are a limited number of ways that carbon, oxygen, and hydrogen can react to form solid

carbon products and water. There is a spectrum of reactions involving these three elements wherein various

equilibria have been identified that yield various allotropes and morphologies of solid carbon and mixtures

thereof. 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 is within a region

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

favor solid carbon production.

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. 35. The C-H-0 equilibrium

diagram of FIG. 1 shows various known routes to solid carbon, including carbon nanotubes ("CNTs"). The

hydrocarbon pyrolysis reactions are on the equilibrium line that connects ¾ and C (i.e., the left edge of the

triangle). The names on this line are of a few of the researchers who have published results validating CNT

formation at various points on this line. The Boudouard, or carbon monoxide disproportionation reactions,

are on the equilibrium line that connects (¾ 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.

CNTs and other forms of nanocarbons 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. Thus, it would be desirable to

provide reactors and methods that may be used to produce solid carbon materials, such as CNTs, in a more

efficient manner.

DISCLOSURE

Embodiments described herein include various types and structures of reactor apparatuses

(hereinafter "reactors," or "reactor") for producing solid carbon materials, and related methods of

producing solid carbon materials. For example, in accordance with one embodiment, a reactor for

producing a solid carbon material comprises at least one reaction chamber configured to produce a solid



carbon material and water vapor through a reduction reaction between at least one carbon oxide and at least

one gaseous reducing material in the presence of at least one catalyst material.

In additional embodiments, a reactor for producing a solid carbon material comprises at least one

reaction chamber configured to produce a solid carbon material and water vapor through a reduction

reaction between at least one carbon oxide and at least one gaseous reducing material in the presence of at

least one catalyst material, and at least one cooling chamber operatively associated with the at least one

reaction chamber and configured to condense the water vapor.

In yet additional embodiments, a reactor for producing a solid carbon material comprises an outer

shell comprising at least one reaction gas inlet, at least one reaction product outlet, at least one catalyst

material inlet, and at least one catalyst material outlet, at least one reaction chamber at least partially

defined by the outer shell and configured to produce a solid carbon material and water vapor through a

reduction reaction between at least one carbon oxide and at least one gaseous reducing material in the

presence of at least one layer of catalyst material, and at least one porous material structure coupled to a

surface of the outer shell within the at least one reaction chamber and configured to support the at least one

layer of catalyst material.

In further embodiments, a reactor for producing a solid carbon material comprises an outer shell

comprising at least one reaction gas inlet, at least one reaction product outlet, at least one catalyst material

inlet, and at least one catalyst material outlet, at least one reaction chamber at least partially defined by the

outer shell and configured to produce a solid carbon material and water vapor through a reduction reaction

between at least one carbon oxide and at least one gaseous reducing material in the presence of at least a

portion of at least one catalyst material structure, and a conveying mechanism configured to transport the

least one catalyst material structure through the at least one reaction chamber.

In yet further embodiments, a method of producing a solid carbon material comprises introducing at

least one carbon oxide and at least one gaseous reducing material into at least one reaction chamber of a

reactor, the at least one reaction chamber configured to produce at least one solid carbon material and water

through at least one of a Bosch reaction, a Boudouard reaction, and a methane reduction reaction between

the at least one carbon oxide and the at least one gaseous reducing material in the presence of at least one

catalyst material. The at least one carbon oxide and the at least one reducing agent are reacted within the at

least one reaction chamber to produce the at least one solid carbon material and the water.

In yet still further embodiments, a method of forming reactor for producing a solid carbon product

comprises forming outer shell defining at least one reaction chamber configured to produce at least one

solid carbon material and water through at least one of a Bosch reaction, a Boudouard reaction, and a

methane reduction reaction between at least one carbon oxide and at least one gaseous reducing material in

the presence of at least one catalyst material.



BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1-3 are simplified cross-sectional views of reactors for producing solid carbon material, in

accordance with embodiments of the disclosure;

FIGS. 4A and 4B are simplified side-elevation, and cross-sectional views of another reactor for

producing solid carbon material, in accordance with another embodiment of the disclosure;

FIGS. 5A and 5B are simplified side-elevation, and cross-sectional views of another reactor for

producing solid carbon material, in accordance with yet another embodiment of the disclosure;

FIGS. 6A and 6B are simplified side-elevation, and cross-sectional views of another reactor for

producing solid carbon material, in accordance with yet another embodiment of the disclosure;

FIGS. 7A and 7B are simplified side-elevation, and cross-sectional views of another reactor for

producing solid carbon material, in accordance with yet another embodiment of the disclosure;

FIG. 8 is a simplified cross-sectional view of another reactor for producing solid carbon material, in

accordance with yet another embodiment of the disclosure;

FIGS. 9-34 are graphs depicting analysis performed in the design of the reactors of the disclosure,

as described hereinbelow in Examples 1 through 6; and

FIG. 35 is a C-H-0 equilibrium diagram.

MODE(S) FOR CARRYING OUT THE INVENTION

Reactors for producing at least one solid carbon material are described, as are related methods. The

reactors and methods of the disclosure facilitate the efficient production of the solid carbon material by way

of a reduction reaction between at least one carbon oxide (e.g., carbon monoxide, or carbon dioxide), and at

least one gaseous reducing material (e.g., a gaseous hydrogen-containing reducing material, such as

hydrogen, methane, etc.) in the presence of a catalyst. The reduction reaction may occur within the interior

region of the C-H-0 phase diagram shown in FIG. 35, wherein an equilibrium may be established between

solid carbon, compounds of carbon, hydrogen, and oxygen. The interior region of the C-H-0 phase

diagram includes several points favorable for the formation of CNTs, as well as other forms of solid

carbon. Processing conditions (e.g., temperature, pressure, reaction gas mixture, water vapor pressure in

the reaction gas mixture, and residence time) within the reactors may be varied to achieve a desired

morphology or configuration (e.g., shape, size) of the solid carbon material. The reactors and methods of

the disclosure advantagiously enable efficient ways of producing valuable solid carbon materials including,

but not limited to, CNTs.

The following description provides specific details, such as catalyst types, stream compositions, and

processing conditions (e.g., temperatures, pressures, flow rates, reaction gas mixtures, etc.) in order to

provide a thorough description of embodiments of the disclosure. However, a person of ordinary skill in

the art will understand that the embodiments of the present disclosure may be practiced without employing

these specific details. Indeed, the embodiments of the disclosure may be practiced in conjunction with



conventional systems and methods employed in the industry. In addition, only those process components

and acts necessary to understand the embodiments of the disclosure are described in detail below. A person

of ordinary skill in the art will understand that some process components (e.g., pipelines, line filters, valves,

temperature detectors, flow detectors, pressure detectors, and the like) are inherently disclosed herein as

being in common practice in the chemical industry and that adding various conventional process

components and acts would be in accord with the disclosure. The drawings accompanying the disclosure

are for illustrative purposes only, and are not meant to be actual views of any particular material, reactor, or

system. Additionally, elements common between figures may retain the same numerical designation.

As used herein, the term "configured" refers to a shape, material composition, and arrangement of

one or more of at least one structure and at least one apparatus facilitating operation of one or more of the

structure and the apparatus in a pre-determined or intended way.

A reactor of the disclosure may be configured and operated to form various morphologies of

solid carbon material from at least one carbon oxide (e.g., carbon dioxide, carbon monoxide, or a

combination thereof) and at least one gaseous reducing material. The carbon oxide may be obtained from

the combustion of a primary hydrocarbon, from the atmosphere (e.g., air), or from some other source. The

gaseous reducing material may be a known reducing material that undergoes a chemical reaction with the

carbon oxide in the presence of at least one catalyst within the reactor to form the solid carbon material, as

described in further detail below.

As a non-limiting example, the gaseous reducing material may be a hydrocarbon gas (e.g., a lower

hydrocarbon alkane, such as methane, ethane, propane, butane, pentane, hexane, etc.), a hydrogen (H2) gas,

or a combination thereof. If utilized, the hydrocarbon gas may serve as both the gaseous reducing material

and as a source of additional carbon material. In one or more embodiments, at least a portion of the carbon

oxide and the gaseous reducing material may be delivered to the reactor as synthesis gas ("syngas").

Syngas includes large amounts of CO and H2, as well as small amounts of other materials, such as CO2,

and N2. The 2 may be removed from the syngas prior to delivery into the reactor, or at least a portion of

the 2 may be fed into the reactor to produce ammonia ( H3) in addition to the solid carbon material. In

some embodiments, the at least one gaseous reducing material is a combination of methane (CH4) and ¾ .

In some embodiments, the reactor may be configured and operated to form solid carbon and water

(H2O) from a Bosch reaction between CO2 and ¾ , according to the equation:

C0 2(g) + 2H2(g) →C(s) + H20 (g) (1).

The Bosch reaction represented by Equation 1 may be exothermic. As a non-limiting example, if

used to form CNTs, the Bosch reaction may facilitate a thermal energy output of about 24.9 kcal/mol at

650°C (i.e., a heat of formation (∆Η) of about -24.9 kcal/mol). As another non-limiting example, if used to

form graphite, the Bosch reaction may facilitate a thermal energy output of about 23.8 kcal/mol at 650°C

(i.e., a ∆Η of about -23.8 kcal/mol). As yet still another non-limiting example, if used to form

buckminsterfullerenes, the Bosch reaction may facilitate a thermal energy output of about 13.6 kcal/mol at



650°C (i.e., a ∆Η of about -13.6 kcal/mol). The formation of carbon lamp black in the Bosch reaction is

endothermic, consuming approximately 147.5 kcal/mol at 650°C (i.e., ∆Η is +147.5 kcal/mol).

The Bosch reaction of Equation 1 may be broken up into two steps, according to the equations:

C0 2(g) + H2(g) CO(g) + H20 (g) (2)

CO( + H2( C(s) + H 0 ( (3).

In the first step of the Bosch reaction, shown in Equation 2, C0 2 reacts with H2 to create CO and

H20 in an endothermic reaction. The endothermic reaction may utilize a thermal energy input of about

8.47 kcal/mol at 650°C. In the second step of the Bosch reaction, shown in Equation 3, CO reacts with H2

to form solid carbon and H20 in an exothermic reaction. By way of non-limiting example, if used to form

CNTs, the exothermic reaction may facilitate a thermal energy output of about 33.4 kcal/mol (1.16 l O4

joules/gram of C(S)) at 650°C. ∆Η values for other solid carbon products (e.g., graphite, graphene, carbon

black, fibrous carbon, buckminsterfullerenes, etc) may be determined by the difference between the ∆Η

value for Equation 1 for a particular solid carbon product and the ∆Η value for Equation 2. The exothermic

reaction may occur with stoichiometric amounts of reactants, or with an excess amount of one of C0 2 and

H2.

In additional embodiments, the reactor may be configured and operated to augment the formation

of solid carbon through the Bosch reaction using disproportionation of CO into solid carbon and C0 2 by

way of a Boudouard reaction (i.e., a reduction-oxidation reaction), according to the equation:

2CO( C(s) + C0 ( (4).

The Boudouard reaction of Equation 4 may be exothermic at temperatures less than or equal to

about 700°C. As a non-limiting example, if used to form CNTs, the Boudouard reaction may facilitate a

thermal energy output of about 41.9 kcal/mol at 650°C (i.e., a heat of formation (∆Η) of about -41.9

kcal/mol). As another non-limiting example, if used to form graphite, the Boudouard reaction may

facilitate a thermal energy output of about 40.8 kcal/mol at 650°C (i.e., a AH of about -40.8 kcal/mol). As

yet still another non-limiting example, if used to form buckminsterfullerenes, the Boudouard reaction may

facilitate a thermal energy output of about 30.5 kcal/mol at 650°C (i.e., a AH of about -30.5 kcal/mol). At

low temperatures, the Boudouard reaction may have a negative Gibbs free energy (AG), and the

production of solid carbon and C0 2 may be spontaneous. At higher temperatures, AG for the Boudouard

Reaction may be positive, such that the reverse reaction is spontaneous. The temperature at which AG is

zero (i.e., the temperature above which the reverse Boudouard reaction is spontaneous, and below which

the forward Boudouard reaction is spontaneous) may depend on the form of carbon produced. As a

non-limiting example, AG may equal zero at about 450°C for buckminsterfullerenes, or at about 700°C for

CNTs. Accordingly, reaction conditions within the reactor may be tailored to facilitate the forward

Boudouard reaction (e.g., temperatures may be maintained below about 700°C).

In additional embodiments, the reactor may be configured and operated to form solid carbon and

H20 from a methane (CH4) reduction reaction, according to the equation:



C02( g) + CH4(g) →2C(s) + H20 (g) (5).

The methane reduction reaction of Equation 5 may be exothermic, and may facilitate a thermal

energy output of about 3.65 kcal/mol at standard conditions (25°C). The methane reduction reaction of

Equation 5 may be broken up into two steps, according to the equations:

CH4( + C0 2(g) →2CO( + 2H2( (6)

CO( + H2( C(s) + H 0 ( (7).

One or more of the reactions shown in Equations 1 through 7 above may occur in at least one

reaction chamber, for example, of the reactor.

The reaction chamber of the reactor may be configured and operated to have and withstand an

operating temperature of greater than or equal to about 400°C, such as greater than or equal to about 650°C

(e.g., up to about 1200°C). The operating temperature of the reaction chamber may at least partially depend

on the composition of at least one catalyst material operatively associated with the reactor and the average

grain size of the catalyst material. For example, catalyst materials having small particle sizes generally

exhibit optimum reaction temperatures at lower temperatures than the same catalyst materials having larger

particle sizes. As a non-limiting example, the Bosch reaction of Equation 1 may occur at temperatures

within a range of from about 400°C to about 800°C for iron-based catalysts, depending on the grain size

and composition of the iron-based catalyst used, and the desired form of the at least one solid carbon

material.

In general, graphite and amorphous solid carbon form at lower temperatures, and CNTs form at

higher temperatures. CNTs may form at temperatures above about 600°C. In some embodiments, the

operating temperature of the reaction chamber of the reactor is greater than or equal to about 650°C. The

reaction chamber may be maintained at a desired operating temperature by heating at least one of the

temperature of material streams (e.g., a stream containing at least one of the carbon oxide and the gaseous

reducing material entering) entering the reactor, and one or more integrated heating devices (e.g., a flame

ignited heater, an electrical resistance heater, an inductive heater, an electromagnetic heater, etc.). In

addition, the reaction chamber may be configured and operated to have an operating pressure within a

range from about 0 psi (i.e., about 0 pascal) to about 1000 psi (i.e., about 6.90 x 106 pascal), such as from

about 0 psi (i.e., about 0 pascal) to about 600 psi (i.e., about 4.14 x 106 pascal).

Solid carbon nanotubes may, for example, form in pressure ranges of from near vacuum (i.e., about

0 pascal) to about 900 psi (i.e., about 6.21 x 106 pascal), such as from about 50 psi (i.e., about 3.45 x 105

pascal) to about 600 psi (i.e., about 4.14 x 106 pascal). Increasing the operating pressure may increase

reaction rate. The reactor may additionally be configured and operated such that a residence time within

the reaction chamber is within a range of from about 1 x 10 4 seconds to about 1 x 104 seconds, such as

from about 1 x 10 seconds to about 1000 seconds, or from about 0.01 seconds to about 500 seconds.

The residence time in the reaction chamber may be at least partially controlled by one or more forces (e.g.,

gravitational forces, electromagnetic forces, centrifugal forces, etc.).



The catalyst material operatively associated with the reaction apparatus may be a material

catalyzing the formation of the solid carbon material from the carbon oxide and the gaseous reducing

material. The catalyst material may accelerate a reaction rate of at least one of Equations 2, 3, 4, 6, and 7

above, which may improve economy of operation. Different catalysts may enable the formation of

different types of solid carbon under similar reaction conditions. For example, appropriate selection of

catalyst may enable the solid carbon material to have a smaller size (e.g., smaller diameter CNTs), or to

have larger size (e.g., larger diameter CNTs). The catalyst material may also enable the reaction chamber

of the reactor to be operated at lower temperatures for a desired solid carbon product. As a non-limiting

example, the catalyst material may be an element of Group VI, Group VII, or Group VIII of the Periodic

Table of Elements (e.g., iron, nickel, molybdenum, platinum, chromium, cobalt, tungsten, etc.), a actinide,

a lanthanide, oxides thereof, alloys thereof, or combinations thereof. Any metal known to be subject to

metal dusting may also be suitable for use as the catalyst material.

Various grades of the catalyst material may be used. For example, the catalyst material may be a

grade of an iron-, chromium-, molybdenum-, cobalt-, tungsten-, or nickel-containing alloy or superalloy.

Such materials commercially available from numerous sources, such as from Special Metals Corp., of New

Hartford, New York, under the trade name INCONEL®, or from Haynes, Int'l, Inc., of Kokomo, Indiana,

under the trade name HASTELLOY® (e.g., HASTELLOY® B-2, HASTELLOY® B-3, HASTELLOY®

C-4, HASTELLOY® C-2000, HASTELLOY® C-22, HASTELLOY® C-276, HASTELLOY® G-30,

HASTELLOY® N, or HASTELLOY® W). In some embodiments, the catalyst material is steel of a low

chromium grade.

The catalyst material may be provided within the reactor (e.g., within the reaction chamber) as one

or more of a solid structure (e.g., a wafer, cylinder, plate, sheet, sphere, pellet, mesh, fiber, etc.) and as at

least a partial coating on another structure (e.g., particles of the at least one material deposited on a

structure, such as a wafer, cylinder, plate, sheet, sphere, mesh, pellet, etc.) within the reactor. In some

embodiments, the catalyst material may be provided within the reactor as a plurality of nanoparticles. As

used herein, the term "nanoparticle" means and includes any particle having an average particle diameter of

about 500 nm or less. Nanoparticles include grains of the catalyst material having an average grain size of

about 500 nm or less. The nanoparticles of the catalyst material may be configured to increase the surface

area of the catalyst material in contact with the at least one carbon oxide and the at least one reducing

material as the reducing reaction (e.g., the Bosch reaction) proceeds. The catalyst material may be

stationary (e.g., bound to at least one surface within the reactor) or mobile (unbound to surfaces within the

reactor) within the reactor. In some embodiments, a portion of the catalyst material may be mobile within

the reactor and another portion of the catalyst material may be stationary within the reactor.

When using a solid structure of the catalyst material, such as a solid wafer or solid sheet of the

catalyst material, the solid carbon material may grow in a series of generations. By way of non-limiting

example, CNTs may form clumps, pillows, forests, fibers, piles, etc., as described in USSN 13/263,311,



entitled "Method for Producing Solid Carbon by Reducing Carbon Oxides," previously incorporated herein

in its entirety by reference. In addition, when the catalyst material is coated on an object of manufacture

(i.e., another structure), an entire surface of the object of manufacture need not be uniformly covered by the

solid carbon material. For example, formation of the solid carbon material may be limited to one or more

regions along the surface of the object of manufacture by masking, or by selectively depositing the catalyst

material on an object of manufacture to promote the formation of the solid carbon material at select

locations along the surface of the object of manufacture.

In some embodiments, the catalyst material may be provided within the reactor by introducing (e.g.,

injecting, spraying through a atomizing nozzle, electrostatic spraying, dispersing from a surface of a

rotating fixture) a catalyst solution including the catalyst material and at least one solvent (e.g., water) into

the reactor (e.g., by way of an atomization nozzle), and heating the catalyst solution to evaporate the

solvent and form the catalyst material. In further embodiments, the catalyst material may be provided

within the reactor by way of decomposition of at least one catalyst precursor. The catalyst precursor may

be selected such that a decomposition temperature of the catalyst precursor is below a temperature within

the reactor. Upon introduction to the reactor, the catalyst precursor may decompose to form the catalyst

material. As a non-limiting example, the at least one catalyst precursor (e.g., at least one metal acetate)

may be dissolved in a solvent (e.g., ethanol) to form a catalyst precursor solution. The catalyst precursor

solution may supplied (e.g., sprayed) into the reactor and heated to the decomposition temperature of the

catalyst precursor to form the catalyst material. Forming the catalyst material in situ may control catalyst

material size (e.g., particles or grains of the catalyst material may be kept to a small and uniform size). In

yet additional embodiments, the catalyst material may be entrained in powder form in a carrier gas and

introducted into the reactor. The powder may be formed from a pulverization and sieving process of the

catalyst material, which may enhance a size uniformity of grains (e.g., nanoparticles) of the catalyst

material.

If desired, the catalyst material may be provided on at least one surface within the reactor by

sufficiently heating the surface such that the catalyst material bonds or couples thereto. The surface may be

integral with the reactor or may be distinct from the reactor. The surface may, for example, include a

surface of at least one structure (e.g., plate, cylinder, pellet, sphere, etc.) within the reactor. In one or more

embodiments, the catalyst material may be formed on the surface within the reactor by way of a vacuum

deposition process at high negative pressures (e.g., from about 10 6 Torr to about 10 Torr) and high

temperatures (e.g., from about 900°C to about 1300°C).

The composition, average grain size, and average grain boundary shape of the catalyst material

within the reactor may be tailored to achieve desired morphologies (e.g., shapes and sizes) of the solid

carbon material. The solid carbon material (e.g., CNTs) may grow from grains of the catalyst material

(e.g., the grains of the at least one catalyst material may serve as nucleation sites). Morphologies of the

solid carbon material may, therefore, be related to each of the average grain size and the average grain



boundary shape of the catalyst material. A ratio between the grain size of the catalyst material and a

diameter of a formed CNT may be within a range of from about 1.2 to about 1.6. Without being bound to a

particular theory, a possible theoretical basis for the correlation of catalyst material grain size and CNT

diameter has been disclosed in Nasibulin et al, Correlation between catalyst particle and single-walled

carbon nanotube diameters, 43 CARBON 2251-57 (2005). Smaller grain sizes of the catalyst material may

produce smaller diameter CNTs. The average grain size the catalyst material may be a function of both the

chemical characteristics of the catalyst material and the methodologies (e.g., thermal treatment methods)

under which the catalyst material is provided within the reactor.

A grain structure of the catalyst material may be modified by conventional methods, which are not

described in detail herein. As a non-limiting example, the catalyst material may be heated to a temperature

sufficient to recrystallize the catalyst material to form randomly oriented multiple grains. As used herein,

the term "recrystallization" means and includes a process in which the catalyst material (e.g., a metal

structure) may be plastically deformed, annealed, or otherwise heat-treated to affect grain growth of the

catalyst material. The catalyst material may also be annealed to change at least one of the grain boundary

shapes and the grain size of the catalyst material. As a non-limiting example, the catalyst material may be

annealed by heating the catalyst material to a temperature above a recrystallization temperature thereof,

maintaining the temperature for a period of time, then cooling the catalyst material. The size of the

resulting grain structure may at least depend upon a recrystallization temperature of the catalyst material

and an amount of time the catalyst material is exposed to a temperature greater than or equal to the

recrystallization temperature. In addition, a rapid cooling rate from the recrystallization temperature may

facilitate increased maximum undercooling and increased nucleation sites, enabling smaller grain sizes of

the catalyst material.

The grains of the catalyst material may be monodisperse, wherein all of the grains are of

substantially the same size, or may be polydisperse, wherein the grains have a range of sizes and are

averaged. The grains of the catalyst material may each have substantially the same grain boundary shape,

or at least some of the grains of the catalyst material may have a substantially different grain boundary

shape. A grain distribution of the catalyst material, including grain sizes and the grain boundary shapes,

may be controlled by methods known in the art. For example, grain size may be controlled by controlling

the nucleation of the catalyst material, such as by grain refinement or inoculation. Inoculants for promoting

nucleation may include titanium, boron, aluminum titanium (AI3T1), titanium diboride (Til¾), etc.

Nucleation of the catalyst material may also be promoted using pulsed laser light, such as by passing pulses

through the catalyst (and through the at least one catalyst precursor, if present). The use of pulsed laser

light may enhance grain size uniformity of the catalyst material.

The catalyst material within the reactor may be preconditioned prior to exposure to the carbon

oxide and the gaseous reducing material. By way of non-limiting example, the catalyst material may be

heated in an inert carrier gas. Heating the catalyst material in an inert carrier gas may, for example,



promote the growth of specific chiralities of single wall CNTs (e.g., helium is known to promote the

growth of chiralities with metallic properties).

The reactor may be configured and operated so that physical properties of the solid carbon material

formed by the reaction of the carbon oxide and the gaseous reducing material in the presence of the catalyst

material may, optionally, be modified prior to removing the solid carbon material from the reactor. By way

of non-limiting example, if desired, at least one modifying agent (e.g., ammonia, thiophene, nitrogen gas,

and/or surplus hydrogen) may be introduced into the reaction chamber of the reactor during the formation

of the solid carbon material to modify the physical properties of the solid carbon material. For example,

surplus hydrogen may result in the hydrogenation of the solid carbon material, resulting in a significant

yield of semiconductor species of the solid carbon material. In addition, small amounts of other modifying

agents (e.g., sulfur) may serve as catalyst promoters that accelerate the growth of the solid carbon material

on the catalyst material. Such catalyst promoters may be introduced into the reactor using a varity of

compounds. If, for example, sulfur is selected as a catalyst promoter for an iron-based catalyst material, the

sulfur may be introduced into the reactor as a thiophene gas, or as thiophene droplets. Examples of

sulfur-containing catalyst promoters include thiophene, hydrogen sulfide, heterocyclic sulfide, and

inorganic sulfide. Other promoters include lead compounds and bismuth. The modifying agent may, for

example, be introduced into the reactor as a component of at least one stream containing the carbon oxide

and the gaseous reducing material. The modifying agent may also be introduced into the reactor by

delivering a separate stream containing the modifying agent into the reactor.

A wide variety of reactor designs and configurations may facilitate the formation of the solid

carbon material from the carbon oxide and the gaseous reducing material. The reactor may be configured

and operated to increase the exposed surface area of the catalyst material to the carbon oxide and the

gaseous reducing material. The reactor may also be configured to enable the elutriation or sloughing off of

the solid carbon material from the catalyst material, facilitating a substantially continuous operation of the

reactor. The reactor may be a batch reactor or may be a continuous reactor. The reactor may, for example,

be a thermosiphon reactor, a thin bed reactor, or a ribbon reactor, as described in further detail below.

An embodiment of a reactor of the disclosure will now be described with reference to FIG. 1, which

illustrates a simplified cross-sectional view of a reactor 100. The reactor 100, which may be considered a

thermosiphon reactor, may include at least one reaction chamber 102 and at least one cooling chamber 104.

The reaction chamber 102 is configured and operated to produce a solid carbon material and water through

at least one of the reduction reactions of Equations 1, 4, and 5 above. The reaction chamber 102 includes

the catalyst material previously described above, and may be operatively associated with the cooling

chamber 104, at least one reaction gas inlet 106, and at least one reaction product outlet 116. The reaction

chamber 102 may be configured and operated to have an operating temperature of within a range of from

about 450°C to about 1200°C, such as from about 450°C to about 1000°C, or from about 500°C to about

900°C, and to have an operating pressure within a range from about 0 psi (i.e., about 0 pascal) to about 900



psi (i.e., about 6.21 x 106 pascal), such as from about 0 psi (i.e., about 0 pascal) to about 600 psi (i.e., about

4.14 x 106 pascal).

The cooling chamber 104 may configured and operated to condense water vapor in unreacted

reaction gases received from the reaction chamber 102. The cooling chamber 104 may be operatively

associated or communicate with the reaction chamber 102 by way of at least one effluent gas line 108 and

at least one gas return line 114. Each of the effluent gas line and the return gas line may extend between

the reaction chamber 102 and the cooling chamber 104. In addition, the cooling chamber 104 may be

operatively associated with at least one coolant line 110 configured and operated to decrease the

temperature within the cooling chamber 104 using at least one exchange fluid (e.g., air, water, a

conventional refrigerant, etc.). The cooling chamber 104 may further include at least one outlet 112

configured to remove condensed water from the cooling chamber 104. The cooling chamber 104 may be

configured and operated to have an operating temperature of less than or equal to about 50°C, such as

within a range of from about 50°C to about -22°C.

In operation, reaction gases, such as the carbon oxide and the gaseous reducing material previously

described, may be supplied to the reaction chamber 102 of the reactor 100 by way of the reaction gas inlet

106. The reaction gases may be preheated before introduction into reaction gas inlet 106, may be preheated

within the reaction gas inlet 106, or may be preheated within the reaction chamber 102 (e.g., by way of a

zone or device configured to preheat the reaction gases). Within the reaction chamber 102, the reaction

gases are mixed in the presence of the catalyst material to form the solid carbon material and water (e.g., by

way of one or more of the reduction reactions of Equations 1, 4, and 5, as previously described). A

reaction product stream including the solid carbon material may exit the reaction chamber 102 by way of

the reaction product outlet 116. A temperature differential between the operating temperature of the

reaction chamber 102 and the operating temperature of the cooling chamber 104 facilitates a thermosiphon

effect to draw unreacted gases and at least some reaction products, such as water vapor, from the reaction

chamber 102 and into the cooling chamber 104 through the effluent gas line 108. Water formed in the

reaction chamber 102 may also diffuse into the cooling chamber 104 through the effluent gas line 108

because of the lower water vapor pressure in the cooling chamber 104 due to the condensation of water

within the cooling chamber 104. Within the cooling chamber 104, the unreacted gases and reaction

products may be cooled using the coolant line 110 to condense water vapor, which may then be removed

through the outlet 112. Cooled unreacted gases and reaction products remaining in the cooling chamber

104 may be directed back into the reaction chamber 102 through the gas return line 114. The flow

velocities of the unreacted gases and reaction products within the cooling chamber 104 may be sufficiently

low as to substantially limit or prevent water entrainment in the cooled unreacted gases and reaction

products exiting the cooling chamber 104. Water may, therefore, be removed with a minimal impact upon

the efficiency of the reactor 100.



In further embodiments, the reactor 100 may be configured and operated as depicted in FIG. 2,

in which a prime mover 118 (e.g., a blower, a fan, a compressor, etc.) may be included in the reactor 100'.

The prime mover 118 may be operatively associated with each of the reaction chamber 102 and the cooling

chamber 104. As a non-limiting example, as illustrated in FIG. 2, the prime mover 118 may be coupled to

the gas return line 114. The prime mover 118 may be configured and operated to promote the flow of gases

through the reactor 100. The prime mover 118 may, for example, be configured and operated to increase

the pressure of the cooled unreacted gases and reaction products directed back into the reaction chamber

102 of the reactor 100'. Increasing the pressure of the cooled unreacted gases and reaction products may,

for example, at least partially mitigate pressure losses (if any) resulting from the removal of the solid

carbon material from the reactor 100'.

In yet further embodiments, the reactor 100 may be configured and operated as depicted in FIG.

3, in which a heat exchange zone 120 may be included in the reactor 100". The heat exchange zone

120, which may include at least one heat exchange device, may be operatively associated with each of the

reaction chamber 102 and the cooling chamber 104. As a non-limiting example, as illustrated in FIG. 3, the

heat exchange zone 120 may be located between the reaction chamber 102 and the cooling chamber 104,

in operative association with each of the effluent gas line 108 and the gas return line 114. The heat

exchange zone 120 may, for example, be configured and operated to decrease the temperature of the

unreacted gases and reaction products flowing through the effluent gas line 108 before entry into the

cooling chamber 104, and to increase the temperature of the cooled unreacted gases and reaction products

flowing through the gas return line 114 prior to entry into the reaction chamber 102. In addition, as shown

in FIG. 3, the heat exchange zone 120 may, optionally, be configured and operated to receive additional

reaction gases (e.g., carbon oxide(s) and gaseous reduction material(s), such as those previously described)

by way of at least one additional gas supply line 122. The additional reaction gases may, for example, be

combined with the cooled unreacted gases and reaction products and may be directed into the reaction

chamber 102 of the reactor 100".

Another embodiment of a reactor of the disclosure will now be described with reference to FIGS.

4A and 4B, which respectively illustrate side-elevation and cross-sectional views of a reactor 200. FIG. 4B

illustrates a cross-sectional view of the reactor 200 taken about line A-A in FIG. 4A. Referring to FIG. 4A,

the reactor 200, which may be considered a thin-bed reactor, includes an outer shell 202. The outer shell

202 may have any desired shape (e.g., spherical, semi-spherical, cylindrical, semi-cylindrical, tubular,

quadrilateral, truncated versions thereof, or an irregular shape) and size. The outer shell 202 may include at

least one reaction gas inlet 208, at least one reaction product outlet 210, at least one catalyst material inlet

212, and at least one catalyst material outlet 214. In some embodiments, the outer shell 202 is a cylindrical

shell including at least two end caps (e.g., at least two hemispherical end caps), the reaction gas inlet 208

extending through at least one of the end caps, and the reaction product outlet 210 extending through at

least one of other of the end caps. The reaction gas inlet 208 may be configured to receive reaction gases,



such as the carbon oxide and the gaseous reducing material previously described. The reaction product

outlet 210 may be configured to remove at least one of unreacted reaction gases (if any), and reaction

products (e.g., the solid carbon material, water, etc.) from the reactor 200. The catalyst material inlet 212

and the catalyst material removal 214 may be configured to respectively receive and remove a form of the

catalyst material previously described. The catalyst material outlet 214 may be operatively associated with

at least one catalyst collection manifold (not shown).

Referring to FIG. 4B, the outer shell 202 may at least partially define at least one reaction chamber

215 of the reactor 200. The reaction chamber 215 is configured and operated to produce a solid carbon

material and water through at least one of the reduction reactions of Equations 1, 4, and 5 above. The

reaction chamber 215 includes at least one porous material structure 204 coupled to or integral with a

surface of the outer shell 202, and at least one layer of catalyst material 206 on or over the porous material

structure 204. Optionally, the reaction chamber 215 may further include at least one additional structure

(not shown) configured to support the porous material structure 204. The porous material structure 204 is

configured to provide support and access to the layer of catalyst material 206. A pore size of the porous

material structure 204 may be sufficiently small as to substantially limit of prevent the passage of the

catalyst material therethrough.

The porous material structure 204 may also include one or more penetrations facilitating removal of

catalyst material from the reactor 200. The porous material structure 204 may separate or serve as a

boundary between at least one reaction chamber region 216 and at least one other reaction chamber region

218. In some embodiments, at least one of the reaction chamber region 216 and the other reaction chamber

region 218 may include baffling or distribution piping. If present, baffling within the reaction chamber

region 216 may, for example, be configured to facilitate uniform distribution of the reaction gases within

the reaction chamber region 216 (e.g., to substantially limit or prevent channeling of the reaction gases

through the porous material structure 204 and the layer of catalyst material 206). In addition, if present,

baffling within the other reaction chamber region 218 may, for example, be configured to facilitate

separation of reaction products (e.g., the solid carbon material) from unreacted reaction gases, and/or to

facilitate substantially uniform removal of the unreacted reaction gases and reaction products (e.g., the solid

carbon material, water) entrained therein.

The reaction chamber 215 may be configured and operated to have an operating temperature of

greater than or equal to about 450°C, such as greater than or equal to about 650°C, and to have an operating

pressure within a range from about Opsi (i.e., about 0 pascal) to about 900 psi (i.e., about 6.21 x 106

pascal), such as from about 0 psi (i.e., about 0 pascal) to about 600 psi (i.e., about 4.14 x 106 pascal). In

addition, the reactor 200 may be configured to enable maintenance and replacement of one or more

components of the reaction chamber 215 (e.g., the porous material structure 204, baffling within the

reaction chamber region 216, baffling within the other reaction chamber region 218, etc.).



In operation, reaction gases, such as the carbon oxide and the gaseous reducing material previously

described, may be supplied to the reactor 200 by way of the reaction gas inlet 208. The reaction gases may

sequentially flow through the reaction chamber region 216, through each of the porous material structure

204 and the layer of catalyst material 206, and into the other reaction chamber region 218. As the reaction

gases pass through the layer of catalyst material 206 at least a portion of the reaction gases are converted

into the solid carbon material and water (e.g., by way of one or more of the reduction reactions of

Equations 1, 4, and 5, as previously described). The solid carbon material may be removed from the

reactor 200 by way of the reaction product outlet 210 (e.g., entrained in at least one of water vapor and

unreacted reaction gases) and/or another means (e.g., removal or cleaning of baffling, if present, within the

other reaction chamber region 218). Catalyst material may be delivered to and removed from the reactor

200 as desired by way of, for example, the catalyst material inlet 212 and the catalyst material outlet 214,

respectively. The delivery and removal of the catalyst material may at least partially depend on catalyst

material particle size and bed fluidity.

In additional embodiments, the reactor 200 may be configured and operated as depicted in FIGS.

5A and 5B, which respectively illustrate side-elevation and cross-sectional views of a reactor 200'

including a plurality of reaction chambers 215' (FIG. 5B). FIG. 5B illustrates a cross-sectional view of the

reactor 200' taken about line B-B in FIG. 5A. Referring to FIG. 5A, the reactor 200' includes an outer

shell 202'. The outer shell 202' may have any desired shape (e.g., spherical, semi-spherical, cylindrical,

semi-cylindrical, tubular, quadrilateral, truncated versions thereof, or an irregular shape) and size. In

addition, the outer shell 202' may include a plurality of reaction gas inlets 208', a plurality of reaction

product outlets 210', a plurality of catalyst material inlets 212', and a plurality of catalyst material outlets

214'. The plurality of reaction gas inlets 208' may be interconnected (see FIG. 4B), and each of plurality of

reaction gas inlets 208' may be substantially similar to the reaction gas inlet 208 described with respect to

FIGS. 4A and 4B. Similarly, the plurality of reaction product outlets 210' may interconnect (see FIG. 4B),

and each of plurality of reaction product outlets 210' be substantially similar to the reaction product outlet

210 described with respect to FIGS. 4A and 4B. In addition, the plurality of catalyst material inlets 212'

may be interconnected, and each of the plurality of catalyst material inlets 212' may be substantially similar

to the catalyst material inlet 212 described with respect to FIGS. 4A and 4B. Further, the plurality of

catalyst material outlets 214' may be interconnected, and each of the plurality of catalyst material outlets

214' may substantially similar to the catalyst material outlet 214 described with respect to FIGS. 4A and

4B.

Referring to FIG. 5B, the outer shell 202' may at least partially define the plurality of reaction

chambers 215'. The plurality of reaction chambers 215' may include at least two reaction chambers. The

plurality of reaction chambers 215' may be operatively associated with the plurality of reaction gas inlets

208', the plurality of reaction product outlets 210', the plurality of catalyst material inlets 212', and the

plurality of catalyst material outlets 214'. Each of the plurality of reaction chambers 215' may be



substantially similar to the reaction chamber 215 described with respect to FIG. 4B. For example, as

illustrated in FIG. 5B, each of the plurality of reaction chambers 215' may include the porous material

structure 204, the layer of catalyst material 206, the reaction chamber region 216, and the other reaction

chamber region 218. The porous material structure 204 of each of the plurality of reaction chambers 215'

may be coupled to or integral with the outer shell 202'. Optionally, each of the plurality of reaction

chambers 215' may further include at least one additional structure (not shown) configured to support the

porous material structure 204. In some embodiments, at least one of the reaction chamber region 216 and

the other reaction chamber region 218 of one of more of the plurality of reaction chambers 215' may

include baffling or distribution piping.

Each of the plurality of reactions chamber 215' may be configured and operated to have an

operating temperature of greater than or equal to about 450°C, such as greater than or equal to about 650°C,

and to have an operating pressure within a range from about 0 psi (i.e., about 0 pascal) to about 900 psi

(i.e., about 6.21 x 106 pascal), such as from about 0 psi (i.e., about 0 pascal) to about 600 psi (i.e., about

4.14 x 106 pascal). In addition, the reactor 200' may be configured as to enable maintenance and

replacement of one or more components of the each of the plurality of reaction chambers 215' (e.g., the

porous material structure 204, baffling within the reaction chamber region 216, baffling within the other

reaction chamber region 218, etc.).

Another embodiment of a reactor of the disclosure will now be described with reference to FIGS.

6A and 6B, which respectively illustrate side-elevation and cross-sectional views of a reactor 300. FIG. 6B

illustrates a cross-sectional view of the reactor 300 taken about line C-C in FIG. 6A. Referring to FIG. 6A,

the reactor 300, which may also be considered a thin-bed reactor, includes an outer shell 302. The outer

shell 302 may have any desired shape (e.g., spherical, semi-spherical, cylindrical, semi-cylindrical, tubular,

quadrilateral, truncated versions thereof, or an irregular shape) and size. The outer shell 302 may include at

least one reaction gas inlet 308 (FIG. 6B), at least one reaction product outlet 310, at least one catalyst

material inlet 312, and at least one catalyst material outlet 314.

The reaction gas inlet 308 may be configured to receive reaction gases, such as the carbon oxide

and the gaseous reducing material previously described. The reaction product outlet 310 may be

configured to remove at least one of unreacted reaction gases (if any), and reaction products (e.g., the solid

carbon material, water, etc.) from the reactor 300. The catalyst material inlet 312 and the catalyst material

removal 314 may be configured to respectively receive and remove the catalyst material previously

described. The catalyst material outlet 314 may be operatively associated with at least one catalyst

collection manifold (not shown).

Referring to FIG. 6B, the outer shell 302 may at least partially define at least one reaction chamber

315 of the reactor 300. The reaction chamber 315 is configured and operated to produce a solid carbon

material and water through at least one of the reduction reactions of Equations 1, 4, and 5 above. The

reaction chamber 315 includes at least one porous material structure 304, at least one other porous material



structure 305, and at least one layer of catalyst material 306. Each of the porous material structure 304 and

the other porous material structure 305 may be coupled to or integral with a surface of the outer shell 302.

The layer of catalyst material 306 may be located between the porous material structure 304 and the other

porous material structure 305. Optionally, the reaction chamber 315 may further include at least one

additional structure (not shown) configured to support at least one of the porous material structure 304 and

the other porous material structure 305. The porous material structure 304 and the other porous material

structure 305 may each be configured to provide support and access to the layer of catalyst material 306. A

pore size for each of the porous material structure 304 and the other porous material structure 305 may be

sufficiently small as to substantially limit or prevent the passage of the catalyst material therethrough. At

least one of the porous material structure 304 and the other porous material structure 305 may also include

one or more penetrations facilitating removal of catalyst material from the reactor 300. The porous

material structure 304 and the other porous material structure 305 may separate or serve as a boundary

between at least one reaction chamber region 316 and at least one other reaction chamber region 318. In

some embodiments, at least one of the reaction chamber region 316 and the other reaction chamber region

318 may include baffling or distribution piping.

The reaction chamber 315 may be configured and operated to have an operating temperature of

greater than or equal to about 450°C, such as greater than or equal to about 650°C, and to have an operating

pressure within a range from about Opsi (i.e., about 0 pascal) to about 900 psi (i.e., about 6.21 x 106

pascal), such as from about 0 psi (i.e., about 0 pascal) to about 600 psi (i.e., about 4.14 x 106 pascal). In

addition, the reactor 300 may be configured as to enable maintenance and replacement of one or more

components of the reaction chamber 315 (e.g., the porous material structure 304, baffling within the

reaction chamber region 316, baffling within the other reaction chamber region 318, etc.).

In operation, reaction gases, such as the carbon oxide and the gaseous reducing material previously

described, may be supplied to the reactor 300 by way of the reaction gas inlet 308. The reaction gases may

sequentially flow through the reaction chamber region 316, through each of the porous material structure

304, the layer of catalyst material 306, and the other porous material structure 305, and into the other

reaction chamber region 318. As the reaction gases pass through the layer of catalyst material 306 at least a

portion of the reaction gases are converted into the solid carbon material and water (e.g., by way of one or

more of the reduction reactions of Equations 1, 4, and 5, as previously described). The solid carbon

material may be removed from the reactor 300 by way of the reaction product outlet 310 (e.g., entrained in

at least one of water vapor and unreacted reaction gases) and/or another means (e.g., removal or cleaning of

baffling, if present, within the other reaction chamber region 318, removal from at least one outlet between

the porous material structure 304 and the other porous material structure 305; etc). Catalyst material may

be delivered to and removed from the reaction chamber 315 of the reactor 300 as desired by way of, for

example, the catalyst material inlet 312 (FIG. 6A) and the catalyst material outlet 314, respectively. The



delivery and removal of the catalyst material may at least partially depend on catalyst material particle size

and bed fluidity.

In additional embodiments, the reactor 300 may be configured and operated as depicted in FIGS.

7A and 7B, which respectively illustrate side-elevation and cross-sectional views of a reactor 300'

including a plurality of reaction chambers 315' (FIG. 7B). FIG. 7B illustrates a cross-sectional view of the

reactor 300' taken about line D-D in FIG. 7A. Referring first to FIG. 7A, the reactor 300' includes an outer

shell 302'. The outer shell 302' may have any desired shape (e.g., spherical, semi-spherical, cylindrical,

semi-cylindrical, tubular, quadrilateral, truncated versions thereof, or an irregular shape) and size. In

addition, the outer shell 302' may include a plurality of reaction gas inlets 308', a plurality of reaction

product outlets 310', a plurality of catalyst material inlets 312', and a plurality of catalyst material outlets

314'. The plurality of reaction gas inlets 308' may be interconnected (see FIG. 7B), and each of plurality of

reaction gas inlets 308' may be substantially similar to the reaction gas inlet 308 described with respect to

FIGS. 6A and 6B. Similarly, the plurality of reaction product outlets 310' may interconnect (also see FIG.

7B), and each of plurality of reaction product outlets 310' be substantially similar to the reaction product

outlet 310 described with respect to FIGS. 6A and 6B. In addition, the plurality of catalyst material inlets

312' may be interconnected, and each of the plurality of catalyst material inlets 312' may be substantially

similar to the catalyst material inlet 312 described with respect to FIGS. 6A and 6B. Further, the plurality

of catalyst material outlets 314' may be interconnected, and each of the plurality of catalyst material

outlets 314' may substantially similar to the catalyst material outlet 314 described with respect to FIGS. 6A

and 6B.

Referring next to FIG. 7B, the outer shell 302' may at least partially define the plurality of reaction

chambers 315'. The plurality of reaction chambers 315 may include at least two reaction chambers. The

plurality of reaction chambers 315' may be operatively associated with the plurality of reaction gas inlets

308', the plurality of reaction product outlets 310', the plurality of catalyst material inlets 312', and the

plurality of catalyst material outlets 314'. Each of the plurality of reaction chambers 315' may be

substantially similar to the reaction chamber 315 described with respect to FIG. 6B. For example, as

illustrated in FIG. 7B, each of the plurality of reaction chambers 315' includes the porous material structure

304, the other porous material structure 305, the layer of catalyst material 306, the reaction chamber

region 316, and other reaction chamber region 318. The porous material structure 304 and the other porous

material structure 305 of each of the plurality of reaction chambers 315' may be coupled to or integral with

the outer shell 302'. Optionally, each of the plurality of reaction chambers 315' may further include at least

one additional structure (not shown) configured to support at least one of the porous material structure 304

and the other porous material structure 305. In some embodiments, at least one of the reaction chamber

region 316 and the other reaction chamber region 318 of one or more of the plurality of reaction chambers

315' may include baffling or distribution piping.



Each of the plurality of reactions chamber 315' may be configured and operated to have an

operating temperature of greater than or equal to about 450°C, such as greater than or equal to about 650°C,

and to have an operating pressure within a range from about 0 psi (i.e., about 0 pascal) to about 900 psi

(i.e., about 6.21 x 106 pascal), such as from about 0 psi (i.e., about 0 pascal) to about 600 psi (i.e., about

4.14 x 106 pascal). In addition, the reactor 300' may be configured as to enable maintenance and

replacement of one or more components of each of the plurality of reaction chambers 315'.

Another embodiment of a reactor of the disclosure will now be described with reference to FIG. 8,

which illustrates a simplified cross-sectional view a reactor 400. The reactor 400, which may also be

considered a ribbon reactor, includes an outer shell 402. The outer shell 402 may have any desired shape

(e.g., spherical, semi-spherical, cylindrical, semi-cylindrical, quadrilateral, tubular, truncated versions

thereof, or an irregular shape) and size. The outer shell 402 may include at least one reaction gas inlet 408,

at least one reaction product outlet 410, at least one catalyst material inlet 412, and at least one catalyst

material outlet 414. The reaction gas inlet 408 may be configured to receive reaction gases, such as the

carbon oxide and the gaseous reducing material previously described. The reaction product outlet 410 may

be configured to remove at least one of unreacted reaction gases (if any), and reaction products (e.g., the

solid carbon material, water, etc.) from the reactor 400. The catalyst material inlet 412 and the catalyst

material outlet 414 may be configured to respectively receive and remove at least one catalyst material

structure 406, as described in further detail below.

As shown in FIG. 8, the outer shell 402 may at least partially define at least one reaction chamber

415. The reaction chamber 415 is configured and operated to produce a solid carbon material and water

through at least one of the reduction reactions of Equations 1, 4, and 5. The reaction chamber 415 may

include at least a portion of the catalyst material structure 406 (e.g., the catalyst material structure 406 may

at least partially extend through the reaction chamber 415). The catalyst material structure 406 may, for

example, be a sheet, foil, mesh, or ribbon of the catalyst material previously described that extends through

the catalyst material inlet 412, the reaction chamber 415, and the catalyst material outlet 414. The catalyst

material structure 406 may have any desired geometric configuration (e.g., planar, cylindrical, tubular,

spiral, etc.) and dimensions as it extends through the reaction chamber 415.

By way of non-limiting example, in some embodiments, the portion of the catalyst material

structure 406 extending through the reaction chamber 415 may be a substantially planar sheet of the

catalyst material (e.g., a substantially planar sheet of steel foil) having a thickness of less than about 19.05

millimeters (mm), such as from about 19.05 mm to about 0.254 mm. The reaction chamber 415 may be

configured such that reaction gases (e.g., the carbon oxide and the gaseous reducing material described)

within the reaction chamber 415 contact at least one surface of the catalyst material structure 406 within the

reaction chamber 415. For example, the reaction chamber 415 may include one or more structures (not

shown) enabling the reaction gases to flow in a tortuous path across a first surface 406a of the catalyst

material structure 406 and an opposite, second surface 406b of the catalyst material structure 406. The



reaction chamber 415 may be configured and operated to have an operating temperature of greater than or

equal to about 450°C, such as greater than or equal to about 650°C, and to have an operating pressure

within a range from about 0 psi (i.e., about 0 pascal) to about 900 psi (i.e., about 6.21 x 106 pascal), such as

from about 0 psi (i.e., about 0 pascal) to about 600 psi (i.e., about 4. 14 x 106 pascal).

The reactor 400 may further include at least one conveying mechanism 416 configured and

operated to continuously transport or convey the catalyst material structure 406 through the reaction

chamber 415. As shown in FIG. 8, the conveying mechanism 416 may, for example, include a plurality of

rollers 418 configured to drive and/or draw the catalyst material structure 406 through the reaction chamber

415. For example, at least one of the plurality of rollers 418 may be configured to uncoil and drive a spool

of catalyst material (e.g., a spool of sheet metal foil) located thereon, and at least one other of the plurality

of rollers 418 may be configured to draw and recoil the catalyst material. In additional embodiments, the

conveying mechanism 416 may further include a conveyor belt (not shown) operatively associated with the

plurality of rollers 418, and configured to transport the catalyst material structure 406 through the reaction

chamber 415 at least one time. The catalyst material structure 406 may, for example, be provided (e.g.,

placed, mounted, bonded, coated, etc.) on the conveyor belt. The catalyst material structure 406 may, for

example, be conveyed through the reaction chamber 415 using a reel to reel configuration, or continuous

belt configuration.

In operation, reaction gases, such as the carbon oxide and the gaseous reducing material previously

described, may be supplied to into the reaction chamber 415 of the reactor 400 by way of the reaction gas

inlet 408. Simultaneously or sequentially, the catalyst material structure 406 may be conveyed into the

catalyst material inlet 412, through the reaction chamber 415, and out the catalyst material outlet 414. As

the catalyst material structure 406 passes through or contacts the reaction gases within the reaction chamber

415, at least a portion of the reaction gases are converted into the solid carbon material and water vapor

(e.g., by way of one or more of the reduction reactions of Equations 1, 4, and 5, as previously described).

At least a portion of the solid carbon material may be formed on the catalyst material structure 406,

such as on at least one of the first surface 406a of the catalyst material structure 406 and the opposite,

second surface 406b of the catalyst material structure 406. The flow rate of the reaction gases into the

reaction chamber 415 and the rate at which the catalyst material structure 406 is conveyed through the

reaction chamber 415 may be controlled as to facilitate a desired amount of solid carbon material formation

on the catalyst material structure 406. In addition, in some embodiments, one or more portions of the

catalyst material structure 406 may be masked to isolate the formation of the solid carbon material on the

catalyst material structure 406 to a desired location or region.

As or after the catalyst material structure 406 exits the reaction chamber 415, the solid carbon

material may be removed (e.g., mechanically, chemically, or a combination thereof) from the catalyst

material structure 406. For example, the solid carbon material may be abraded (e.g., scraped, brushed,

etc.), agitated (e.g., shaken, vibrated, etc.), rinsed, blown, dissolved, and/or vacuumed from the catalyst



material structure 406. Following the removal of the solid carbon material, the catalyst material structure

406 may redirected into the catalyst material inlet 412 of the reactor 400, or may otherwise be utilized as

desired. Unreacted reaction gases (if any) and at least some reaction products (e.g., water) may exit the

reaction chamber 415 by way of the reaction product outlet 410.

The following examples serve to explain embodiments of the present disclosure in more detail. The

examples are not to be construed as being exhaustive or exclusive as to the scope of the disclosure.

EXAMPLES

Example 1: Reaction Rate of Bosch Reaction

A Bosch reaction was conducted in a 5.08 cm diameter carbon steel pipe reactor using a feed

stream containing 20 mole % CO2 and 80 mole % H 2 to form a solid carbon material. Reaction rate was

found to be substantially independent of temperature in the range of 600°C to 850°C. The reaction was

effectively arrested above 900°C. Rough measurements of the rate of carbon deposition on the carbon steel

reactor wall were 8 gm/hr on the reactor surface along 15.24 cm of the length of the reactor. This

corresponds to a reaction rate of 0.9134xl0 5 g/sec/cm 2 for these conditions.

Example 2 : Thermodynamic Analysis for Bosch Reaction

Thermodynamic data for an analysis of the Bosch reaction of Equation 1 was obtained from Burcat,

A., and Ruscic, B. "Third Millennium Ideal Gas and Condensed Phase Thermochemical Database for

Combustion with Updates from Active Thermochemical Tables," Argonne National Lab 2005 (hereinafter

referred to as "Burcat."). Using data from Burcat, heat of reaction (A xn) and Gibbs free energy (AGrxn)

for carbon nanotubes (CNTs) were determined using C60 and graphite and analogues for CNTs. FIG. 9 is

a graph depicting A xn and AGr™ for the Bosch reaction using graphite as an analogue for CNTs. FIG. 10

is a graph depicting A xn and AG for the Bosch reaction using C60 as an analogue for CNTs. FIG. 11 is

a graph depicting A and AG for the Bosch reaction using the heat properties of CNTs. AG is a

measure of the spontaneity of the reaction. When the AGrxn is negative the reaction is spontaneous, when

the AGrxn is positive the reaction is non-spontaneous. When the AGrxn is zero the reaction is in equilibrium.

If CNTs are considered an analogue to C60, the Bosch reaction may be non-spontaneous at

temperatures above about 750K (i.e., about 475°C). If CNTs are considered an analogue to graphite, the

Bosch reaction may be spontaneous for temperatures up to about 1200K (i.e., about 927°C). Accordingly,

without being bound to a particular theory, it is believed that the experimentally observed termination of

the reaction above about 900°C may be due to equilibrium within the Bosch reaction and not do to

oxidation of the catalytic surface. Thus, a good CNT analogue, based upon reaction spontaneity, may be

either graphite or a combination of graphite properties with alterations for the heat of combustion

measurements.

AGrxn was used to establish the equilibrium constant (K eq) for the Bosch reaction. The relationship

between AGrxn and K q, is:



AG x = - R T ln(K q) (8)

where Rg is the gas constant and T is the absolute temperature (K) at which the equilibrium is to be

predicted. Using the heat of combustion altered graphite thermodynamic properties for CNTs, the

equilibrium reaction conversion was predicted for the Bosch reaction as a function of temperature. FIG. 12

is a graph depicting equilibrium conversions for the Bosch Reaction as a function of temperature. The

calculations for the graph of FIG. 12 were performed for reactants with 20 mole % CO2 and 80 mole % H2.

The diamond data point on the x axis indicates the temperature of 900°C, where the reaction was

experimentally found to terminate. FIG. 12 illustrates that the equilibrium reaction conversion at low

temperatures is 1.0 (i.e., indicating complete reaction) and decreases to near zero as the temperature

increases. At 900°C the equilibrium reaction conversion is about 40%. The reaction equilibrium

conversion indicates a decrease in reaction conversion as temperature increases.

In analysis of the Bosch reaction performed in the presence of an iron catalyst, there are several

iron oxidation reactions were considered. Namely, the oxidation reactions for wustite (FeO), magnetite

(Fe304), and hematite (Fe2(¾) were considered, which respectively have the following chemical equations:

3/2 Fes + 0 2 ½ Fe30 4s (10)

1/3 Fes+ 0 2 2/3 Fe20 3s ( 11)

Fe30 4 has the lowest free energy of formation, and is the most stable of FeO, Fe30 4 and Fe20 3 at low

temperatures. Noting the nature of the iron oxidation reactions above, the partial pressure of oxygen

may be used predict the equilibrium at a given temperature.

Using the equilibrium conversion for the Bosch reaction, the ratio of hydrogen to water was

determined using the data depicted in FIG. 12. Combining the ratio of hydrogen to water with the reaction

equilibrium for the water synthesis reaction:

2H + 0 2 H 0 (g) (12),

the partial pressure of oxygen was determined. FIG. 13 is a graph illustrating the partial pressure of oxygen

versus conversion of the Bosch reaction.

Upon predicting the partial pressure of oxygen, the spontaneity of the iron oxidation reactions

above (i.e., Equations 9, 10, and 11) was predicted as a function of temperature using AG^ for the

oxidation reaction and the partial pressure of oxygen according to the following equation:

AGrxn = AGFe-oxidation-rxn Rg T 1η(ΡΟ2/Ρτο (13).

FIG. 14 is a graph showing AG^ for the oxidation of Fe to Fe30 4 versus conversion of the Bosch reaction.

As oxidation occurs when AG^ is negative, the Bosch reaction conversion where Fe oxidation takes place

can be different for different temperatures. At about 1200K (i.e., about 927°C), the conversion above

which iron oxidation takes place is about 75%. At lower temperatures, the conversion limit is smaller, but

more than about 50% for temperatures above about 800K (i.e., about 500°C).



Using AGrxn for the oxidation of Fe to Fe304 and the partial pressure of oxygen obtained from the

water synthesis reaction (i.e., Equation 12), where the ratio of hydrogen to water was determined from the

equilibrium of the Bosch reaction, the equilibrium conversion of Fe to Fe 0 4 was determined as a function

of temperature. FIG. 15 is a graph depicting the equilibrium conversion for the Bosch reaction and the Fe

oxidation reaction (to Fe304) as a function of temperature. The data for FIG. 15 was calculated for

reactants with 20 mole % C02 and 80 mole % . The diamond data point on the x-axis indicates the

temperature of 900°C where the reaction was experimentally determined to terminate. FIG. 15 shows the

Fe oxidation equilibrium conversion increases as the temperature increases becoming largely oxidized (i.e.,

conversion = 1.0) for temperatures approaching 900°C. FIG. 16 depicts a combination of the Bosch

reaction equilibrium conversion and the Fe oxidation equilibrium conversion as compared to the Bosch

reaction conversion alone. The calculation was performed for reactants with 20 mole % CO2 and 80 mole

% H2. The diamond data point on the x-axis indicates the temperature of 900°C where the reaction was

experimentally determined to terminate. FIG. 16 facilitates prediction of the Bosch reaction conversion

with and without considering the iron oxidation and of the equilibrium conversion for both. In FIG. 16, the

equilibrium conversion for the combined reactions is shown in the dashed curve, where there is a

conversion decline to essentially zero at about 900°C, which is below the equilibrium conversion of the

Bosch reaction alone. The combination equilibrium conversion declines to zero at 900°C, as was observed

experimentally.

Example 3: Reaction Kinetics Analysis for Bosch Reaction

Experimental observations indicated that the Bosch reaction of Equation 1 is a weak function of

temperature, suggesting that a surface reaction with an Arrhenius rate constant that doubles the rate with

every 10°C increase in temperature is not applicable. Considering the possible rate determining steps for

the synthesis of CNTs, there may only be surface reaction (e.g., at the surface of a Fe nanoparticle attached

to a head of a growing nanotube) and boundary layer diffusion as possible mechanisms. The mass transfer

flux [moles/area/time] from flow in a pipe to its wall at a given axial position, z, is given by:

J= k (z)*(C-C o) (14),

where C is the concentration of CO2 in the pipe center and C0 is the concentration of CO2 at the pipe

surface. Should the reaction at the surface of the pipe be fast, C0 will trend to the CO2 equilibrium mole

fraction at the temperature of the CNT surface. In addition, the position dependent mass transfer

coefficient, kc(z), is given by the equation:
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where D Co2 mo is the CO2 diffusion coefficient, D tube is the tube diameter,

is the Peclet number for the flow in the tube with a gas velocity of Vgas and z is the axial position where

the mass transfer is taking place. FIG. 17 is a graph depicting the experimental carbon nanotube growth

rate in a 15.24 cm growth zone of a 5.08 cm diameter pipe as a function of temperature. The reaction of

Equation 15 may be analyzed using only CO2 diffusion, and assuming that the CO2 diffusion is slow

with respect to the diffusion of hydrogen. Using a mass transfer coefficient of z = 0.8 m and a 15.24 cm

(6 in) long growth zone, the mass transfer rate to the pipe wall at various reaction temperatures was

compared to that measured by experiment (i.e., 8 gm/hr, as indicated in FIG. 17). As temperature

increases, the equilibrium of the Bosch reaction appears to limit the reaction and near 900°C the

oxidation of Fe also appears to limit the reaction, forcing the CNT growth rate to fall to about zero.

To accommodate dense forest, pillows, or other entangled morphologies of CNTs at the surface of

the pipe, and noting that each CNT generally has an Fe nanoparticle on its tip, the surface area for mass

transfer was scaled down from that of the pipe to that of the packing fraction of the CNTs (that is, cubic

close packed spheres in a single plane) at the CNT growth surface. For a cubic close packing of circles the

packing fraction is π/4=0.785 multiplied by the growth rate depicted in FIG. 17 to simulate forest growth.

The maximum growth rate predicted was about 7 gm/h.

The analysis depicted in FIGS. 16 and 17 was also performed for the two step reaction mechanism

where the CO2 first produces CO by a reaction in equilibrium and then the CO further reacts to form CNTs

as discussed (i.e., Equations 2 and 3). FIG. 18 is a graph depicting the combination of the Bosch reaction

broken into this two step reaction mechanism and iron oxidation equilibrium conversions. The calculations

for FIG. 18 were performed for reactants with 20 mole % C0 2 and 80 mole % H2. The diamond data point

on the x axis indicates the temperature of 900°C, where the reaction was experimentally observed to

terminate. As indicated in FIG. 18, the CO reaction conversion drops to zero at about 1050K (i.e., about

775°C), well below the 900°C point observed in experiments. Using the two step reaction mechanism, Fe

is apparently not oxidized within the reaction conversions predicted by the equilibria of the first and second

reactions of the two step reaction mechanism. Without being bound to a particular theory, these differences

may be due to an erroneous value of the heat of formation for the carbon nanotubes used in this analysis, or

this may not be the correct reaction mechanism.



FIG. 19 is a graph depicting the CNT growth rate on the 15.24 cm growth zone of a 5.08 cm

diameter pipe as a function of temperature. The reaction rate results of the two step reaction mechanism

gave a more temperature sensitive curve than the Bosch reaction, which is also plotted in FIG. 19 for

comparison. Both growth rates fall off before 900°C. The two step reaction mechanism has a low rate at

about 500K (i.e., about 773°C), which increases to a 7.5 gm/hr peak at about 950 K (i.e., about 675°C).

Without being bound to a particular theory, it is believed that the reason these two mechanisms predict

reasonably similar reaction rates is because there are compensating effects with the two step reaction rate

(e.g., the diffusion of CO is faster than the diffusion of C02 in the Bosch reaction alone but the mole

fraction of the material diffusing in the two step reaction mechanism, CO, is less than that diffusing in the

Bosch reaction, CO2) . In both cases, the simultaneous diffusion of hydrogen is much faster due to its much

higher diffusion coefficient.

Example 4 : Reactor Design using the Bosch Reaction

Using the results of both the Bosch reaction thermodynamics analysis and the conversion equilibria

analysis of Examples 2 and 3, the design of reactors for the reactions was analyzed. The analysis assumed

that the heat of formation for CNTs is equivalent to the heat of formation of graphite. Further experimental

data may render that assumption misplaced in some way, but it is currently believed the assumption is valid

for design of a reactor facilitating the Bosch reaction. Reaction heat effects were observed by adding an

energy balance to the graph of FIG. 16. The energy balance equation indicates an increase in temperature

as reaction conversion increases.

FIG. 20 is a graph depicting the addition of the energy balance equation to the equilibrium

conversion graph depicted in FIG. 16. FIG. 2 1 is a graph depicting the addition of the reaction rates to the

equilibrium conversion graph depicted in FIG. 16. FIG. 20 indicates that temperature increases as the

reaction conversion increases up to the point where the energy balance limits the conversion to a small

value.

In FIG. 2 1 the reactor is cooled giving a nearly isothermal reaction. As the reaction conversion

increases, there is little heating and the point where the energy balance intersects line with the iron

oxidation line is at a significantly higher reaction conversion. The size of the reactor may be determined by

integrating the reaction rates that are passed when the energy balance line is followed. At zero conversion,

the reaction rate is very large. The reaction rate decreases as the iron oxidation line or the Bosch reaction

equilibrium line is approached from below.

Reactor design may consider three things simultaneously: the mass balance for the reactor, the

energy balance for the reactor, and the pressure drop for the reactor, which are given in terms of the

equations below, respectively:



(- Α) (- Η ¾η(Τ ) + U AH TH - T

F ( θ ι + X Cj )
17)

where X is the reaction conversion, w is the weight of catalyst, Α is the reaction rate of CO2, the limiting

reactant, FAo is the molar flow rate of CO2 into the reactor, T is the temperature and P is the pressure, AHR^

is the heat of reaction, U is the overall heat transfer coefficient should there be cooling (or heating) inside

the reactor, AHT is the heat transfer area, THT is the temperature of the fluid entering the cooling system, Ξ

is the ratio of the different feed materials to that of CO2, Cpi is the heat capacity of feed components, A C is

the sum of the product of heat capacities and the stoichiometric coefficients for the Bosch reaction with

products with a positive for products and negative for reactants. Equations 16, 17, and 18 were solved

using the finite difference method. Equations 16, 17, and 18 could also be solved using the Runga-Kutta

method.

FIG. 22 is a graph depicting reactor conversion as a function of depth for a catalyst having a

thickness of 400 µιη in a packed bed reactor with reactor feed conditions of T0=873K and Po=850Torr.

FIG. 23 is a graph depicting pressure ratio and temperature ratio as a function of depth for a catalyst

having a thickness of 400 µιη in a packed bed reactor with reactor feed conditions of T0=873K and

Po=850Torr. The reaction crosses the iron oxidation point at 1 cm catalyst depth.

Adding the effect of cooling (e.g., so that the reaction products leave the reactor are at nearly the

same temperature as they enter) the reactor conversion is not limited by the oxidation of iron and a greater

amount of the catalyst bed can be utilized for the Bosch reaction, arriving at a reaction conversion of 0.5 in

a single pass. Due to larger reaction conversion, pressure drop is expended over 3 cm of catalyst bed with

cooling. While the reaction size results are for the Bosch reaction, the general trends will also be followed

for the two step reaction of Equations 2 and 3 because it is limited to low conversions at higher

temperatures by Equation 3 which is an exothermic reaction (heating up as the reaction proceeds)

intersecting with the equilibrium conversion line that is decreasing with increased temperature. Adding

cooling to the reaction is beneficial because increasing the outlet conversion of the reactor above that of the

adiabatic reactor enables single pass conversion to be increased over that of the adiabatic reactor.

Example 5 : Thermodynamic Analysis for the Methane Reduction Reaction

Thermodynamic data for an analysis of the methane reduction reaction of Equation 5 was obtained

from Burcat. Using data from Burcat, A and AG^ for CNTs were determined using C60 and a

graphite analogue for CNTs. Other analogues that could be used include C60, C70 and lamp black.

FIG. 24 is a graph depicting for the methane reduction reaction using graphite as the

analogue for CNTs. FIG. 25 is a graph depicting AG^ for the methane reduction reaction using graphite

as the analogue for CNTs. FIG. 26 is a graph depicting Αΐ ί for the methane reduction reaction for the



using the heat properties of CNTs. FIG. 27 is a graph depicting G for the methane reduction reaction

for the using the heat properties of CNTs.

In previous work with the hydrogen reaction to produce CNTs, graphite was chosen as the analogue

of CNT materials. To improve analysis, heat of combustion measurements were made for CNTs. The data

was converted to heat of formation data.

The heat of formation data and heat capacity data for graphite were converted to seven coefficients

corresponding to an additional entry for the thermodynamic tables of Burcat for CNTS. Even with the

seven coefficients, not all thermodynamic properties can be estimated for multi-walled CNTs. Using data

from Burcat and the new entry to the data, the methane reduction reaction had the results

shown in FIGS. 26 and 27, respectively.

AGK n is a measure of the spontaneity of the reaction. When AGrm is negative the reaction is

spontaneous, when AG is positive the reaction is non-spontaneous. When AG is zero the reaction is in

equilibrium. The methane reduction reaction of Equation 5 was determined to be spontaneous at all

temperatures. As a result, the overall methane reduction reaction of Equation 5 may not reasonable given

the experimental observations.

The two step reaction of Equations 6 and 7 shows that Equation 6 is spontaneous above about 9 14K

(i.e., about 641°C) and Equation 7 is spontaneous below about 1038K (i.e., about 765°C) resulting in a

temperature window wherein the two reactions are simultaneously spontaneous. The temperature window

for the two step reaction mechanism of Equations 6 and 7 was in line with experimental observations.

Comparing the CNT results of FIGS. 26 and 27 with the graphite results of FIGS. 24 and 25 shows that the

temperature window is increased to be within a range of from about 914K to about 1072K (i.e., about

641°C to about 800°C) when CNT thermodynamic properties are used for the carbon produced in the

reaction. The larger window is in line with experimental observations, as will discussed below. In

addition, if the temperature at the centerline of the steel pipe wall is above about 1038K (i.e., about 765°C)

for graphite or about 1072K (i.e., 800°C) for CNTa, there may be no deposition at the centerline but, at the

temperatures that are lower at either side of the centerline, there will be CNT deposition.

AGKn was used to establish the equilibrium constant (Keq) for the Bosch reaction. Using the heat of

combustion altered graphite thermodynamic properties for CNTs, the equilibrium reaction conversion was

predicted for the Bosch reaction as a function of temperature. FIG. 28 is a graph depicting equilibrium

conversions for the methane reduction as a function of temperature. The calculations for FIG. 28 were

performed for reactants with 50 mole % CO2 and 50 mole % CH4. The diamond data points on the x axis

indicate the temperatures where the methane reduction reaction of Equation 5 terminates according to

experimental data.

In FIG. 28, using CNT thermodynamic properties, the equilibrium reaction conversion was

predicted for the methane reduction reaction as a function of temperature. The conversion was high for all

temperatures considered. As the experimental results show a decrease to zero deposition at about 450°C



and below, and at about 950°C and above, the reaction mechanism of Equation 5 was not believed be

operating in the experiments performed.

In the reaction of Equation 6 (i.e., the first step of the two step methane reduction reaction

mechanism), the equilibrium conversion increases from about 600K (i.e., about 327°C) up to a value of 1.0

at about 1300K (i.e., about 1027°C). The onset of reaction is similar to that of the experimental

observations but the high temperature fall off at high temperature is not predicted by the reaction of

Equation 6. In the reaction of Equation 7 (i.e., the second step of the two step methane reduction reaction

mechanism), the equilibrium conversion increases up to a value of 1.0 at about 1300K (i.e., about 1027°C).

The temperature of about 1027°C is above the experimental observations of about 950°C. By adding in the

oxidation of the iron catalyst, as discussed in more detail below, to the reaction of Equation 7, the reaction

terminates at about 1200K (i.e., 927°C), in line with experimental observations. Thus, the two step reaction

mechanism of Equations 6 and 7, when altered by the oxidation of iron, reproduces the onset and offset of

the methane reaction in line with experimental observations.

In analysis of the methane reduction reaction using iron catalyst, there are several iron oxidation

reactions to be considered, wustite (FeO), magnetite (Fe 0 4), and hematite (Fe2 ¾ ) with the following

oxidation reactions, which respectively have the following oxidation reactions of Equations 9, 10, and 1 1

presented in relation to Example 2. As previously discussed, Fe 0 4 has the lowest free energy of

formation, and is the most stable of FeO, Fe30 4 and Fe2 ¾ at low temperatures. Noting the nature of the

iron oxidation reactions above, the partial pressure of oxygen may be used predict the equilibrium a given

temperature.

Using the equilibrium conversion for the reaction of Equation 6, the ratio of carbon dioxide to

carbon monoxide was determined using the data depicted in FIG. 28. Combining the ratio of carbon

dioxide to carbon monoxide with the reaction equilibrium for the reaction:

2CO+ 0 2 2 C0 2 (19),

the partial pressure of oxygen was determined. Upon determining the partial pressure of oxygen, the

spontaneity of the iron oxidation reactions above (i.e., Equations 9, 10, and 11) was predicted as a function

of temperature using the G for the oxidation reaction and the partial pressure of oxygen according to

Equation 13. FIG. 29 is a graph illustrating the partial pressure of oxygen versus equilibrium conversion

for the first step of the two step method reduction reaction mechanism (i.e., Equation 6). As oxidation will

occur when AG,™ is negative, the methane reduction reaction conversion where Fe oxidation takes place

can be different for different temperatures. At about 1200K (i.e., about 927°C), the conversion above

which iron oxidation takes place is about 60%. At lower temperatures, the conversion limit is smaller.

FIG. 30 is a graph showing AG for the oxidation of Fe to Fe304 versus equilibrium conversion for the

first step of the two step method reduction reaction mechanism (i.e., Equation 6).

Using AGrxn for the oxidation of Fe to Fe304 and the partial pressure of oxygen obtained from the

CO2 synthesis reaction (i.e., Equation 19), where the ratio of CO2 to CO was determined from the



equilibrium of the reaction of Equation 6, the equilibrium conversion of Fe to Fe 0 4 was determined as a

function of temperature, as shown in FIG. 28. In FIG. 28, the Fe oxidation equilibrium conversion

increases as the temperature increases becoming largely oxidized (i.e., conversion = 1.0) for temperatures

approaching about 1200K (i.e., about 927°C). Combining the iron oxidation equilibrium conversion and

the two step methane reaction equilibrium conversion, the methane reduction reaction conversion may be

predicted with and without considering the iron oxidation, and the equilibrium conversion for the combined

reactions may be predicted, as shown in FIG. 28. As depicted in FIG. 28, the equilibrium conversion for

the combined reactions declines to essentially zero at about 927°C, which is below the equilibrium

conversion of the methane reaction alone. The equilibrium conversion results were in line with

experimental observations, suggesting that the oxidation of the iron catalyst is responsible for the decline in

CNT production at temperatures of greater than about 927°C.

Example 6 : Reaction Kinetics Analysis for the Methane Reduction of CO2

Experimental observations indicated that the methane reduction reaction is a weak function of

temperature, suggesting that a surface reaction with an Arrhenius rate constant that doubles the rate with

every 10°C increase in temperature is not applicable. Considering the possible rate determining steps for

the synthesis of CNTs, surface reaction (e.g., at the surface of a Fe nanoparticle attached to a head of a

growing nanotube) and boundary layer diffusion may be possible mechanisms. The mass transfer flux

[moles/area/time] from flow in a pipe to its wall at a given axial position, z, is given by Equation 14, where

C is the concentration of CO in the pipe center and C0 is the concentration of CO at the pipe surface.

Should the reaction at the surface of the pipe be fast, C0 will trend to the CO equilibrium mole fraction at

the temperature of the CNT surface. In addition, the position dependent mass transfer coefficient, kc(z), is

given by the Equation 15, where D Co2 m o is the CO diffusion coefficient, Dtube is the tube diameter,

is the Peclet number for the flow in the tube with a gas velocity of V gas and z is

the axial position where the mass transfer is taking place.

FIG. 3 1 is a graph depicting the experimental carbon nanotube growth rate in a 15.24 cm growth

zone of a 5.08 cm diameter pipe as a function of temperature. The reaction of Equation 15 may be

analyzed using only CO2 diffusion, and assuming that the CO2 diffusion is slow with respect to the

diffusion of hydrogen. Using a mass transfer coefficient of z = 0.8 m and a 15.24 cm (6 in) long growth

zone, the mass transfer rate to the pipe wall at various reaction temperatures was compared to that

measured by experiment (i.e., 8 gm/hr, as indicated in FIG. 31). As temperature increases, the equilibrium

of the methane reduction reaction appears to limit the reaction and near 927°C the oxidation of Fe also

appears to limit the reaction, forcing the CNT growth rate to fall to about zero.

To accommodate dense forest, pillows, or other entangled morphologies of CNTs at the surface of

the pipe, and noting that each CNT generally has an Fe nanoparticle on its tip, the surface area for mass

transfer was scaled down from that of the pipe to that of the packing fraction of the CNTs (that is, cubic

close packed spheres in a single plane) at the CNT growth surface. For a cubic close packing of circles the



packing fraction is π/4=0.785 multiplied by the growth rate depicted in FIG. 31 to simulate forest growth.

The maximum growth rate predicted was about 11 gm/h, close to what was experimentally observed. The

reaction mechanism used for the analysis depicted in FIGS. 31 was the two step reaction mechanism where

the CO2 and CH4 first produces CO and H 2 by a reaction in equilibrium and then the CO further reacts to

form CNTs as discussed above (i.e., Equations 6 and 7). The first reaction may be considered a gas phase

reaction that is in equilibrium, and the second reaction may be considered to take place on the catalyst

surface, with CO mass transfer to the catalyst surface being the rate determining step.

Example 7 : Reactor Design using the Methane Reduction of CO2

Using the results of both the Bosch reaction thermodynamics analysis and the conversion equilibria

analysis of Examples 4 and 5 the design of reactors for the methane reduction of CO2 was analyzed. The

analysis assumed that the heat of formation for CNTs is equivalent to the heat of formation of graphite.

Further experimental data may render that assumption misplaced in some way, but it is currently believed

the assumption is valid for design of a reactor facilitating the methane reduction of CO2. Reaction heat

effects were observed by adding an energy balance to the graph of FIG. 28. The energy balance equation

indicates an increase in temperature as reaction conversion increases.

FIG. 32 is a graph depicting the addition of the energy balance equation to the equilibrium

conversion graph depicted in FIG. 28. The slope of the energy balance line is given by the ratio of the heat

capacity heat of the reactants to the heat of reaction. As both the reaction of Equation 5, and the second

step (i.e., Equation 7) of the two-step reaction mechanism are exothermic, temperature increases as the

methane reduction reaction proceeds. The addition of cooling to the reactor will decrease the heating that

takes place during reaction, enabling a higher reaction conversion to be reached.

The size of the reactor may be determined by integrating the reaction rates that are passed when the

energy balance line is followed. At zero conversion, the reaction rate is very large. The reaction rate

decreases as the iron oxidation line or the Bosch reaction equilibrium line is approached from below.

As previously discussed with respect to Example 4, reactor design may simultaneously consider the

mass balance for the reactor, the energy balance for the reactor, and the pressure drop for the reactor, which

are given in terms of the Equations 16, 17, and 18, respectively. Equations 16, 17, and 18 were solved

using the finite difference method. Equations 16, 17, and 18 could also be solved using the Runga-Kutta

method.

FIG. 33 is a graph depicting reactor conversion as a function of depth for a catalyst having a

thickness of 400 µιη and diluted to 1 percent active ingredients in a packed bed reactor with reactor feed

conditions of T0=973K (i.e., 700°C) and Po=850Torr (i.e., 1.12 atm), and a feed composition of 50/50 mole

percent in methane and carbon dioxide. FIG. 23 is a graph depicting pressure ratio and temperature ratio

as a function of depth for a catalyst having a thickness of 400 µιη and diluted to 1 percent active ingredients

in a packed bed reactor with reactor feed conditions of T0=973K (i.e., 700°C) and Po=850Torr (i.e., 1.12

atm), and a feed composition of 50/50 mole percent in methane and carbon dioxide. The reaction crosses



the iron oxidation point at 2 cm catalyst depth. In the reactor, the catalyst was diluted to 1percent with

inactive ingredients to lower the reaction rate in the bed. Without this dilution only a fraction of 1 cm in

bed dept would be needed for this reaction at these reaction conditions.

FIGS. 33 and 34 show that the conversion was limited to 0.12 at a bed depth of 2 cm. The reaction

temperature increases as the reaction gases progress through the bed and the pressure is essentially constant

for such bed depths. At larger bed depths the reaction is limited by the reduction of iron oxide and

terminates the reaction conversion.

Adding the effect of cooling (e.g., so that the reaction products leave the reactor are at nearly the

same temperature as they enter) the reactor conversion is not limited by the oxidation of iron and a greater

amount of the catalyst bed can be utilized for the two step methane reduction reaction, arriving at a reaction

conversion of 0.3 in a single pass. Due to larger reaction conversion, pressure drop is expended over 7 cm

of catalyst bed with cooling. Adding cooling to a reactor is beneficial because increasing the outlet

conversion of the reactor above that of the adiabatic reactor enables single pass conversion to be increased

over that of the adiabatic reactor.

While the disclosure may be subjected to various modifications and alternative forms, specific

embodiments have been shown by way of example in the drawings and have been described in detail

herein. However, the disclosure is not intended to be limited to the particular forms disclosed. Rather, the

disclosure is to cover all modifications, equivalents, and alternatives falling within the scope of the

disclosure as defined by the following appended claims and their legal equivalents. For example, elements

and features disclosed in relation to one embodiment may be combined with elements and features

disclosed in relation to other embodiments of the disclosure.



CLAIMS

What is claimed is:

1. A reactor for producing a solid carbon material, comprising:

at least one reaction chamber configured to produce a solid carbon material and water vapor through a

reduction reaction between at least one carbon oxide and at least one gaseous reducing material in

the presence of at least one catalyst material.

2. The reactor of claim 1, wherein the at least one reaction chamber is configured to produce

the solid carbon material through at least one of a Bosch reaction, a Boudouard reaction, and a methane

reduction reaction.

3. The reactor of claim 1, wherein the at least one reaction chamber is configured to withstand

an operating temperature greater than or equal to about 450°C.

4. The reactor of any of claims 1 through 3, further comprising:

at least one cooling chamber operatively communicating with the at least one reaction chamber and

configured to condense the water vapor produced in the at least one reaction chamber.

5. The reactor of claim 4, wherein the cooling chamber is configured to have an operating

temperature of less than or equal to about 50°C.

6. The reactor of claim 4, further comprising a heat exchange zone operatively associated each

of at least one effluent gas line and at least one return gas line extending between the at least one reaction

chamber and the at least one cooling chamber, and configured to exchange heat between the at least one

effluent gas line and the at least one return gas line.

7. The reactor of claim 4, further comprising at least one prime mover operatively associated

with each of the at least one reaction chamber and the at least one reaction chamber and configured to

promote a flow of gases through the reactor.

8. The reactor of any of claims 1 through 3, further comprising at least one porous material

structure configured to support at least one layer of the catalyst material within the at least one reaction

chamber and to separate at least one region of the reaction chamber from at least one other region of the

reaction chamber.



9. The reactor of claim 8, wherein the at least one layer of the catalyst material is on the at

least one porous material structure.

10. The reactor of claim 8, wherein the at least one layer of the catalyst material is between two

layers of the porous support material.

11. The reactor of claim 8, wherein the at least one porous material structure is coupled to an

outer shell configured to at least partially define the at least one reaction chamber.

12. The reactor of claim 11, wherein the outer shell comprises at least one reaction gas inlet, at

least one reaction product outlet, at least one catalyst material inlet, and at least one catalyst material outlet.

13. The reactor of claim 11, wherein the at least one reaction chamber comprises a plurality of

reaction chambers.

14. The reactor of any of claims 1 through 3, wherein the catalyst material comprises at least

one catalyst material structure at least partially extending through the at least one at least one reaction

chamber.

15. The reactor of claim 14, further comprising at least one conveying mechanism configured to

transport the at least one catalyst material structure through the at least one at least one reaction chamber.

16. The reactor of claim 15, wherein the at least one conveying mechanism is configured to

continuously transport the at least one catalyst material structure through the at least one at least one

reaction chamber.

17. The reactor of claim 15, wherein the at least one catalyst material structure comprises a foil,

a sheet, mesh, or a ribbon of the catalyst material.

18. A reactor for producing a solid carbon material, comprising:

at least one reaction chamber configured to produce a solid carbon material and water vapor through a

reduction reaction between at least one carbon oxide and at least one gaseous reducing material in

the presence of at least one catalyst material; and

at least one cooling chamber operatively associated with the at least one reaction chamber and configured

to condense the water vapor.



19. A reactor for producing a solid carbon material, comprising:

an outer shell comprising at least one reaction gas inlet, at least one reaction product outlet, at least one

catalyst material inlet, and at least one catalyst material outlet;

at least one reaction chamber at least partially defined by the outer shell and configured to produce a solid

carbon material and water vapor through a reduction reaction between at least one carbon oxide and

at least one gaseous reducing material in the presence of at least one layer of catalyst material; and

at least one porous material structure coupled to a surface of the outer shell within the at least one reaction

chamber and configured to support the at least one layer of catalyst material.

20. A reactor for producing a solid carbon material, comprising:

an outer shell comprising at least one reaction gas inlet, at least one reaction product outlet, at least one

catalyst material inlet, and at least one catalyst material outlet;

at least one reaction chamber at least partially defined by the outer shell and configured to produce a solid

carbon material and water vapor through a reduction reaction between at least one carbon oxide and

at least one gaseous reducing material in the presence of at least a portion of at least one catalyst

material structure; and

a conveying mechanism configured to transport the least one catalyst material structure through the at least

one reaction chamber.

21. A method of producing a solid carbon material, comprising:

introducing at least one carbon oxide and at least one gaseous reducing material into at least one reaction

chamber of a reactor, the at least one reaction chamber configured to produce at least one solid

carbon material and water through at least one of a Bosch reaction, a Boudouard reaction, and a

methane reduction reaction between the at least one carbon oxide and the at least one gaseous

reducing material in the presence of at least one catalyst material; and

reacting the at least one carbon oxide and the at least one reducing agent within the at least one reaction

chamber to produce the at least one solid carbon material and the water.

22. A method of forming reactor for producing a solid carbon product comprising

forming outer shell defining at least one reaction chamber configured to produce at least one solid carbon

material and water through at least one of a Bosch reaction, a Boudouard reaction, and a methane

reduction reaction between at least one carbon oxide and at least one gaseous reducing material in

the presence of at least one catalyst material.
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