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METHODS AND SYSTEMS FOR FORMING AMMONIA

AND SOLID CARBON PRODUCTS

PRIORITY CLAIM

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

Provisional Patent Application Serial Number 61/671,464, filed July 13, 2012, for

"Methods and Systems for Forming Ammonia and Solid Carbon Products," the

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

FIELD

Embodiments of the disclosure relate to methods and systems for concurrently

forming ammonia and solid carbon products from a carbon oxide, such as carbon

monoxide or carbon dioxide, and a hydrogen-containing reducing agent, such as

hydrogen or methane, and nitrogen in the presence of a catalyst.

BACKGROUND

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

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

discloses background information hereto.

Additional information is disclosed in the following documents, the disclosure

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

1. International Application No. (attorney docket No. 3525-P 10945. 1PC),

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

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

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

Noyes;

2 . International Application No. (attorney docket No. 3525-P1 0946. 1PC),

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

Recovery from Production of Solid Carbon Materials by Reducing Carbon

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

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

3. International Application No. (attorney docket No. 3525-P1 0947. 1PC),

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



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

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

4 . International Application No. (attorney docket No. 3525-P1 1001 .IPC),

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

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

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

of Dallas B. Noyes;

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

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

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

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

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

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

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

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

7. International Application No. (attorney docket No. 3525-P1 1249.1PC),

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

Sequestering Carbon and for Reducing the Mass of Carbon Oxides in a

Waste Gas Stream," which claims the benefit of U.S.S.N. 61/624,462, filed

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

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

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

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

23, 2012, in the name of Dallas B. Noyes.

Ammonia is an important chemical having many applications, such as in the

production of fertilizers, cleaners, explosives, etc. Ammonia is directly or indirectly

used in a variety of chemical processes to produce various nitrogen-containing

compounds, such as amines, aramid fibers, and pharmaceuticals. The production of

ammonia is therefore a major worldwide industry. Ammonia is commonly produced

by the Haber-Bosch process.

In the Haber-Bosch process, ammonia is synthesized by the reaction of

hydrogen and nitrogen in the presence of a catalyst, such as iron, according to Reaction



3H (g) + N2(g) 2NH (g) (1).

The rate of reaction of hydrogen and nitrogen in Reaction 1 is a function of the reaction

conditions including the temperature, pressure, and presence of catalyst. Increasing the

temperature increases the reaction rate, but also shifts the reaction equilibrium. The

equilibrium constant Κ ,, defined as the ratio of the product of the partial pressures of

the product to the product of the partial pressures of the reactants, as shown in the

equation

is also a function of temperature. However, because Reaction 1 consumes four moles

of gas to produce two moles of ammonia gas, the equilibrium conversion to ammonia

gas increases with increased pressure. That is, at a given temperature, the fraction of

molecules of ammonia present at equilibrium is higher at relatively high pressure than

at relatively low pressure. Conventional production of ammonia by the Haber-Bosch

process generally involves temperatures between about 300°C and about 550°C and

pressures between about 5 MPa and about 35 MPa. Conventional production of

ammonia is described in, for example, G. Ertl, "Primary Steps in Catalytic Synthesis of

Ammonia," J. Vac. Sci. Technol. A 1(2), p. 1247-53 (1983).

The conditions conventionally used to form ammonia require high-pressure

reaction vessels, pipes, valves, and other equipment. Equipment and machinery

capable of operating at high pressures have high capital costs because stronger

materials (e.g., thicker walls, exotic materials, etc.) are generally more expensive.

Furthermore, heating and pressurizing reactants generally require heat exchangers,

pumps, and compressors, such that energy consumption may play a significant role in

production costs.

Hydrogen used in Reaction 1 may be from any source, but is conventionally

formed from methane, coal, or another hydrocarbon. The preparation of the feed gases

is typically a multi-step process including steam reforming, shift conversion, carbon

dioxide removal, and methanation, with associated apparatus and operating expenses.

For example, a common synthesis route is to form hydrogen from methane. In such a

process, the methane is reformed typically in a steam reformer, wherein methane reacts

with water in the presence of a nickel catalyst to produce hydrogen and carbon

monoxide:



CH4 + H20 → CO + 3H2 (2),

which is referred to in the art as a "steam-reforming" reaction. Secondary reforming

then takes place using oxygen to convert residual methane to carbon oxides, hydrogen,

and water:

2CH4 + 0 2 → 2CO + 4H2 (3);

CH4 + 20 2 → C0 2 + 2H20 (4).

Carbon monoxide is then converted to carbon dioxide to form additional hydrogen:

CO + H20 → C0 2 + H2 (5),

which is referred to in the art as the "water-gas shift reaction." Carbon dioxide is

removed from the mixed gases and is typically discharged to atmosphere. The gases

are then passed through a mefhanator to convert residual carbon monoxide, a catalyst

poison, to methane and water:

CO + 3H2 → C¾ + H20 (6).

The overall result of Reactions 2 through 6 is that methane and steam are converted to

carbon dioxide and hydrogen. Conventional preparation of hydrogen from

hydrocarbons, such as described for the example of methane, for use in the Haber-

Bosch process may be performed in a series of reactors, and may require separation or

other treatment of some components of gas streams to form a suitably pure hydrogen

stream.

Ammonia production as outlined above results in significant releases of carbon

dioxide to the atmosphere. Concerns with regard to anthropogenic greenhouse-gas

emissions make such emissions undesirable. Thus, it would be advantageous to

provide a method of forming ammonia that minimizes or eliminates carbon dioxide

emissions.

Separation of carbon dioxide from exhaust gases, such as from combustion

sources, process offgases, etc., is becoming a significant concern in mitigating

anthropogenic greenhouse-gas emissions. Such streams typically include carbon

dioxide in a mixture of other gases, particularly nitrogen {e.g., in combustion effluents)

and often hydrogen {e.g., in synthesis gases). Separation of the carbon dioxide from

other gases and the transport of the resulting carbon dioxide typically include

liquefaction of the carbon dioxide, which is costly. Eliminating the need for the

separation of carbon dioxide from nitrogen, carbon monoxide, methane, and hydrogen

would be of significant benefit for many types of exhaust gases. Subsequently



processing the gas mixture into valuable products, such as solid carbon and ammonia,

could alleviate or eliminate some emissions of carbon dioxide. The conversion of

carbon dioxide to solid carbon products may have value from the perspective of carbon

capture and storage.

DISCLOSURE

Methods of concurrently forming ammonia and solid carbon products

include reacting a mixture of a carbon oxide, such as carbon monoxide, carbon

dioxide or mixtures thereof, with nitrogen and a reducing agent, such as methane or

hydrogen, in the presence of a catalyst to form a solid carbon product and a tail gas

mixture containing water, ammonia, and unreacted gases. The solid carbon product

is removed from the reactor or, if entrained in the tail gas mixture, is separated from

the tail gas mixture. Water and ammonia are recovered from the tail gas mixture.

The solid carbon product is in the tail gas mixture as elutriated particulates entrained

in the tail gas stream when produced in, for example, a fluidized-bed reactor based

production system. The solid carbon product may be removed from the reactor

through other means such as with catalysts from the bottom of the reactor when

produced in, for example, a shaft kiln based production system. For the purposes of

this disclosure, the removal of the solid carbon product from the reactor by

entrainment in the tail gas stream will be used as the illustrating example, without

distracting from the generality of the method and with recognition that the solid

carbon product need not be entrained in or removed from the tail gas stream.

Other methods for producing ammonia and solid carbon products include

heating a first gas stream containing a mixture of at least one carbon oxide such as

carbon monoxide or carbon dioxide and nitrogen to a predetermined reaction

temperature to form a carbon oxide and nitrogen reaction gas; heating a second gas

stream to the predetermined reaction temperature to form a reducing agent reaction

gas; mixing the carbon oxide and nitrogen reaction gas with the reducing agent

reaction gas; reacting nitrogen, the at least one carbon oxide, and the reducing agent

reaction gas in the presence of a catalyst to form a solid carbon product and a tail gas

mixture comprising steam, ammonia, and a residual gas mixture; separating at least

a portion of the entrained solid carbon product from the tail gas mixture; and

separating constituents of the tail gas mixture to form a solid carbon products



stream, a water stream, an ammonia product stream, and a residual gas stream.

Before the separation, the solid carbon product is in the tail gas mixture as entrained

particulates. The first gas stream comprises at least one carbon oxide and nitrogen,

and the second gas stream comprises a reducing agent.

Additional reactions between the solid carbon product and the ammonia may

occur, resulting in the functionalization of the solid carbon product with ammonia.

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

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

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

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

desirable carbon allotropes.

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

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

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

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

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

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

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

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

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

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

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

costs.

A system for forming ammonia and solid carbon products from a gaseous

source containing carbon oxides and nitrogen includes mixing means, reactor means,

and solid separation means. The mixing means is operable for mixing the gaseous

source with a reducing agent. The reactor means includes a suitable reactor in which

at least a portion of the gaseous source reacts with the reducing agent in the presence

of a catalyst to a produce solid carbon product and a tail gas mixture containing

ammonia. The solid separation means is operable for separating the entrained solid

carbon product from the tail gas mixture.



BRIEF DESCRIPTION OF THE DRAWING

While the specification concludes with claims particularly pointing out and

distinctly claiming what are regarded as embodiments of the disclosure, various

features and advantages of this disclosure may be more readily ascertained from the

following description of example embodiments provided with reference to the

accompanying drawing, in which:

FIG. 1 is a block diagram depicting a system for forming ammonia and solid

carbon products, and illustrates some embodiments of the method.

MODE(S) FOR CARRYING OUT THE INVENTION

This disclosure includes methods and systems for forming ammonia and solid

carbon products by reacting carbon oxides and nitrogen with a reducing gas in the

presence of a suitable catalyst. Solid carbon, water, and ammonia may each be

valuable products. Carbon oxides and nitrogen from any industrial process or derived

from the atmosphere may be processed as disclosed herein. Hydrogen or hydrogen-

containing reducing agents (e.g., hydrogen, methane, gaseous alkanes, alcohols, etc.),

such as are commonly available, may be used as the reducing agent. Systems for

carrying out the methods disclosed herein include mixers, reactors, separators,

condensers, and other chemical processing equipment.

The formation of the solid carbon products (e.g., graphite, graphene, carbon

black, fibrous carbon, buckminsterfullerene, single-wall carbon nanotubes (CNTs),

multi-wall CNTs, carbon platelets, nanodiamond, etc.) concurrently with the formation

of ammonia appears to result in at least some degree of amine functionalization of the

solid carbon products, which may have further benefit in several applications.

As used herein, the term "carbon oxide" means and includes carbon monoxide,

carbon dioxide, and any combination of carbon monoxide, carbon dioxide, and one or

more other materials (e.g., reducing agent or nitrogen). As used herein, the term

"reducing agent" means and includes hydrogen or hydrogen-containing reducing

agents, such as methane, gaseous alkanes, alcohols, etc., and any combination thereof.

Reducing agents may optionally include one or more other materials (e.g., nitrogen or

common constituents of well gases, syngas, etc.).

As used herein, the term "catalyst" means and includes a material formulated to

promote one or more reactions described herein. A portion of a catalyst may be



removed from a surrounding portion of the catalyst during the reaction and contained

in or adhered to a solid carbon product. Thus, some of the catalyst may be physically

removed during the reaction, and the catalyst may need to be continually replenished.

The portion of the catalyst may not therefore be considered a catalyst in the classical

sense, but is nonetheless referred to herein and in the art as a "catalyst," if the reaction

is not believed to alter chemical bonds of the material forming the catalyst. Particularly

useful catalysts include iron, nickel, cobalt, etc., and alloys and mixtures thereof, as

described herein and well known to promote Haber-Bosch and Bosch reaction

chemistries.

FIG. 1 depicts a process flow diagram of one embodiment of a system 100 for

forming ammonia and solid carbon products and a method that may be performed

using the system 100. A source gas stream 102 containing carbon oxide is mixed with

nitrogen 104 and a reducing agent 106 in a mixer 108. The source gas stream 102

includes carbon oxide and, optionally, other gases. The source gas stream 102 may be

an offgas from an industrial process, such as a gas formed during the combustion of

hydrocarbons (e.g., in the operation of a generator, a heater, a motor, etc.), a well gas,

or another natural or industrial source of carbon oxide. The nitrogen 04 may be a

separate gas mixed with the source gas stream 102, or may optionally be a part of the

source gas stream 102. For example, effluent gas from a combustion-based power

plant generally includes carbon oxide and nitrogen, and may therefore constitute both a

portion or all of the source gas stream 102 and a portion or all of the nitrogen 104. The

reducing agent 106 may be a separate gas mixed with the source gas stream 102, or

may optionally be a part of the source gas stream 102. For example, effluent gas from

a chemical process may be in the form of synthesis gas containing hydrogen, and may

therefore constitute both a portion or all of the source gas stream 102 and a portion or

all of the reducing agent 106.

The reducing agent 106 may be formulated to react with carbon oxides to form

solid carbon products. The reducing agent 106 may include, for example, hydrogen,

methane, another hydrocarbon, an alcohol, natural gas, a synthesis gas etc., or any

combination thereof. In some embodiments, the reducing agent 106 includes

additional reaction gases to promote the catalytic conversion of the carbon-containing

components of the source gas stream 102. The mixture of the source gas stream 102,

the nitrogen 104, and the reducing agent 106 forms a process gas stream 110, which is



heated to a predetermined temperature and which enters a catalytic converter 112. In

some embodiments, the source gas stream 102, the nitrogen 104, and the reducing

agent 106 mix after entering the catalytic converter 112, such that the mixer 108 may

be omitted. Alternatively, the mixer 108 may mix two of the materials, and the

remaining material may mix in the catalytic converter 112. For example, the source

gas stream 102 and the nitrogen 104 may mix in the mixer 108, and the reducing agent

106 may mix with the source gas stream 102 and the nitrogen 104 in the catalytic

converter 112.

The heating of the process gas stream 110 may be accomplished by direct

combustion, wherein air or oxygen is used to combust a portion of the reducing agent

106. Such combustion results in heat and forms all or a portion of the source gas

stream 102 and of the nitrogen 104. In such cases, the mixer 108 could be a suitable

vessel wherein the combustion occurs and the gases are mixed, forming a heated

process gas stream 110.

Gases react in the presence of a catalyst in the catalytic converter 112 to form

an intermediate mixture 114 and a solid carbon product 16. For example, hydrogen

reacts with carbon dioxide in the Bosch reaction:

C0 2 + 2H2 C(s) + 2H20 (7).

Furthermore, reaction of the reducing agent 106 with nitrogen and carbon oxides forms

solid carbon, water (as vapor), and ammonia. For example, carbon dioxide, nitrogen,

and hydrogen are believed to react as shown in Reaction 8:

C0 2 + N2 + 5H2 →C(s) + 2H 0 + 2NH3 (8).

Carbon monoxide, nitrogen, and hydrogen are believed to react as shown in Reaction

9:

CO + N2 + 4H2 → C(s) + H20 + 2NH3 (9).

Though the mechanisms are not currently known, the products form in concurrent

reactions in the catalytic converter 1 2 . The catalytic converter 112 may consist of

multiple reactors in parallel or series as may be desired for a given application. The

reactions may thus occur substantially simultaneously in different reactors or zones of a

single reactor, such as by feeding an output from one reactor to another reactor. That

is, the process gas stream 110 may enter a first reactor, wherein one or more reactions

occur. The products and/or unreacted reactants may enter a second reactor, wherein

other reactions occur. The reactions may occur simultaneously on different portions of



catalytic material or as a gas-phase reaction (e.g., in the reduction of carbon dioxide to

carbon monoxide).

The reducing agent 106 may include methane or any another hydrocarbon.

Methane is believed to react with carbon dioxide and carbon monoxide as shown in

Reactions 0 and 1 :

C0 2 + 2N2 + 4CH4 → 5C(s + 2H20 + 4NH3 (10);

2CO + 2N2 + 4CH4 6C
(S)

+ 2H 0 + 4NH ( 1 1).

Any of Reactions 7 through 11 may occur with stoichiometric amounts of

reactants, or with excess of some reactants. Any of Reactions 7 through 11 may

include multiple reaction steps. For example, the reaction of carbon dioxide, nitrogen,

and hydrogen in Reaction 8 is believed to proceed as a series of discrete reactions. The

carbon dioxide and a portion of the hydrogen may first react to form carbon monoxide

and water, as shown in Reaction 12:

C0 2 + H2 → CO + H20 (12).

Carbon monoxide may then react with an iron catalyst to form an oxide, as shown in

Reaction 13:

CO + Fe C
(S)

+ FeO (13).

The catalyst oxide may be immediately reduced by hydrogen, as shown in Reaction 14:

FeO + H2 Fe + H20 (14).

Hydrogen may concurrently react with nitrogen on the surface of the catalyst, as shown

in Reaction 1, above.

As a further example, the reaction of carbon dioxide, nitrogen and hydrogen in

Reaction 8 may proceed as a series of discrete reactions including the oxidation of

methane to produce hydrogen, as shown in Reaction 15:

C0 + CH4 →2CO + 2H2 (15).

A concurrent two-step process may then proceed, including the reduction of

carbon dioxide by hydrogen as shown in Reaction 12, followed by a steam-reforming

reaction of methane and water, as shown in Reaction 2, above. The carbon monoxide

may be reduced, as shown in Reactions 13 and 14, concurrent with reaction of nitrogen

and hydrogen, as shown in Reaction 1. Regardless of the exact mechanism, all of the

reactions may proceed essentially concurrently in the catalytic converter 112 or

variants thereof as previously discussed.



Reactant concentrations may be selected to be stoichiometric or near-

stoichiometric. That is, the process gas stream 110 may include concentrations of

reactants (carbon oxide, nitrogen, and reducing agent) that, if fully reacted, would be

entirely or almost entirely consumed. For example, the process gas stream 110 may

include about 14.3 mol% carbon dioxide, about 14.3 mol% nitrogen, and about 71.4

mol% hydrogen. This mixture, if fully reacted according to Reaction 8, would

consume approximately all of the gases in the process gas stream 110. Other mixtures

may be selected to react according to particular reactions, such as Reactions 9 through

11. The composition of the process gas stream 110 may not be stoichiometric. For

example, the molar ratio of carbon oxides to nitrogen in the process gas stream 110

may be from about 2:1 to about 1:2, from about 5:1 to about 1:5, or even from about

10:1 to about 1:10. In general, mixtures of reducing agent 106 including both

hydrogen and methane may be beneficial. The proportion of reducing agent 106 in the

process gas stream 110 determines the type (allotropes and morphologies) of solid

carbon product produced. For example, a carbon-rich process gas stream 110 tends to

form coke, graphitic, and amorphous solid carbon products. A hydrogen-rich process

gas stream 110 tends to form CNTs, carbon nanofibers, and related filamentous

structures. The composition of the process gas stream 110 may be selected based on

economics, process controls, environmental regulations, etc. In some embodiments,

the process gas stream 110 includes inert gases that do not react in the catalytic

converter 112, such as argon. In such cases, vent streams may control the

accumulation of inert gases in the process gas streams if the system recirculates

significant portions of the gas.

Some reactions {e.g., any of Reactions 7 through 15) may be promoted or

accelerated by suitable catalysts. That is, reaction kinetics favorable to the formation

of desired products may be established through a catalyst. For example, some metals

from Groups 2 through 5 of the periodic table, such as from groups 5 through 10,

{e.g., nickel, molybdenum, chromium, cobalt, tungsten, iron, manganese, ruthenium,

platinum, iridium, etc.) actinides, lanthanides, alloys thereof, and combinations thereof

may accelerate the reaction rates of Reactions 7 through 15. For example, catalysts

include iron, nickel, cobalt, molybdenum, tungsten, chromium, and alloys thereof.

Note that the periodic table may have various group numbering systems. As used

herein, group 2 is the group including Be, group 3 is the group including Sc, group 4 is



the group including Ti, group 5 is the group including V, group 6 is the group including

Cr, group 7 is the group including n, group 8 is the group including Fe, group 9 is the

group including Co, group 10 is the group including Ni, group is the group

including Cu, group 1 is the group including Zn, group 13 is the group including B,

group 14 is the group including C, and group 15 is the group including N. In some

embodiments, commercially available metals are used without special preparation.

Some suitable catalysts are described in U.S. Patent Application Publication No.

2012/0034150 Al. Some catalysts facilitate operations at lower temperatures and

pressures.

The ammonia synthesis reaction, Reaction 1, appears to proceed at a higher rate

when combined with the production of solid carbon. Without being bound to a

particular theory, it is believed that in the production of the solid carbon, nanoparticles

of the catalyst (which may be referred to as "nanocatalyst") are formed and embedded

in the solid carbon product. These nanoparticles typically form greater than 0.4% by

weight of the solid carbon product. These nanoparticles may remain catalytically

active in their solid carbon mounts. Without being bound to a particular theory, it is

believed that the catalyst is active primarily in the formation of the CNTs with the

mounted nanocatalyst, and that the CNTs with the mounted nanocatalyst are primarily

active in the formation of the ammonia. There is some evidence that pure CNTs are

effective catalysts for many different types of reactions. It is believed that the

combination of CNTs together with nanocatalyst mounted in the growth tips of the

CNTs is an effective catalyst for the ammonia synthesis and that both the CNTs and the

nanocatalyst contribute to the catalysis of the associated reactions. The formation of

the CNTs with nanocatalyst may be performed in-situ as a part of the reactions.

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

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

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

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

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

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

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

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

particular reaction conditions may be maintained to control product morphology.



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

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

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

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

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

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

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

synergistic effect with Fe.

[0001] Oxidation and subsequent reduction of the catalyst surface alter the

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

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

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

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

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

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

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

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

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

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

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

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

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

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

material.

Catalysts may be in the form of nanoparticles or in the form of solid materials

including, for example, steel or other bulk metals or as domains or grains and grain

boundaries within a solid material. Catalysts may be selected to have a grain size

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

(e.g., a CNT diameter). Examples of suitable catalysts include elements of Groups 5

through 10 of the periodic table, actinides, lanthanides, alloys thereof, and

combinations thereof. Catalyst may be deposited in the catalytic converter 11 in the

form of solids, beads, granules, powders, or aerosols. Because a portion of the bulk



catalyst is removed with every CNT, the catalyst in the catalytic converter may be

replenished from time to time, based on the reactor properties (e.g., volume) and

reaction conditions (e.g., temperature, pressure, etc.). Catalyst powder may be formed

in or near the reaction zone by injecting an aerosol solution such that upon evaporation

of a carrier solvent, a selected particle size distribution results. Alternatively, powdered

or particulate catalyst may be entrained in a gas delivered to the reactor, such as the

source gas stream 102, the nitrogen 104, or the reducing agent 106. By selecting the

catalyst and the reaction conditions, the process may be tuned to produce selected

morphologies of solid carbon product. Catalysts and formation thereof are described in

U.S. Patent Application No. 13/263,31 . In some embodiments, the catalyst may be

formed over a substrate or support, such as an inert oxide that does not participate in

the reactions. However, the substrate is not necessary; in other embodiments, the

catalyst material is an unsupported material, such as a bulk metal or particles of metal

not connected to another material (e.g., loose particles, shavings, or shot, such as may

be used in a fluidized-bed reactor).

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

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

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

electrospray). Solid carbon forms on the catalyst, water and ammonia form on the

catalyst or carbon-nanotube mounted nanocatalyst, and gas flow transports the products

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

includes one or more fluidized-bed reactors into which catalyst particles or catalyst-

coated particles are introduced, and in which solid carbon is grown on the surface of

the particles. The solid carbon is either elutriated within the catalytic converter 112

and carried out of the catalytic converter 112 entrained in the reaction gases, or the

catalyst particles are harvested and the solid carbon is removed from the surface.

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

the catalyst is either a fixed solid surface (e.g., the catalyst may be a steel plate) or is

mounted on a fixed solid surface (e.g., catalyst nanoparticles deposited on an inert

substrate). In such embodiments, solid carbon is grown on the catalyst, and the catalyst

and solid carbon product 116 are periodically removed from the catalytic converter

112. Alternatively, the catalytic converter 112 may include continuous reactors,

wherein the solid carbon product 16 is removed from the catalyst as the solid carbon



is formed. In some embodiments, a solid catalyst or catalyst mounted on a solid

substrate is moved through a flowing gas stream, the resulting solid carbon product 116

is harvested, and the solid surface is renewed and reintroduced to the catalytic

converter 112. The solid substrate may be the catalyst material (e.g., a solid piece of a

chromium-, molybdenum-, cobalt-, iron-, or nickel-containing alloy or superalloy) or a

surface on hich the catalyst is mounted.

In one embodiment, the catalytic converter 112 includes a fluidized-bed reactor

designed to retain the catalyst while allowing the solid carbon product 116 to be

entrained in the flow of the intermediate mixture 114 and to be lofted out of the

reaction zone upon reaching a desired size. The shape of the reactor and the gas flow

rates influence the residence time of the elutriates and the corresponding size of the

solid carbon product 116 (such as the length of CNTs).

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

pressure, partial pressure of reactants, catalyst properties, etc.) may be optimized to

produce a selected type, morphology, purity, homogeneity, etc. of the solid carbon

product 116. For example, conditions may be selected to promote the formation of

CNTs and ammonia. In some embodiments, the solid carbon product 116 includes

allotropes of carbon or morphologies thereof, including graphite, pyrolytic graphite,

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

multi-wall CNTs. The catalytic converter 112 may operate at any pressures including

pressures of from about 100 kPa (1.0 bar) to about 30,000 kPa (300 bar), such as from

about 200 kPa (2.0 bar) to about 1000 kPa (10 bar). In general, higher the pressures

correspond to faster reaction rates and the shift in equilibrium to the desired products.

Pressures such as those currently used in common practice of the Haber-Bosch reaction

are entirely practical. The catalytic converter 112 may operate at temperatures of from

about 550°C to about 1200°C, such as from about 650°C to about 800°C.

Though the catalytic converter 112 is shown in FIG. 1 as a single unit, the

catalytic converter 112 may include two or more reaction vessels. For example, one

reaction vessel may operate at conditions favorable to a first step of a reaction, and

another reaction vessel may operate at conditions favorable to a second step of a

reaction. The catalytic converter 112 may include any number of reaction vessels or

regions in which materials may react, depending on the particular reactions expected to

occur. Each reaction vessel may be configured and operated to optimize a reaction



step. For example, reaction vessels may operate at different temperatures or pressures

from one another.

As one example, the catalytic converter 112 may include two reactors. The

first reactor may be configured and operated to optimize formation of ammonia, and

the second reactor may be configured and operated to optimize formation of solid

carbon products. Alternatively, the first reactor may be configured and operated to

optimize formation of solid carbon products, and the second reactor may be configured

and operated to optimize formation of ammonia. Appropriate separation equipment,

compressors, heaters, coolers, etc. may be used between reactors.

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

Once the carbon oxide and reducing gases have reacted in the catalytic converter 1 2,

the solid carbon product 116 is removed from the catalytic converter 112. The solid

carbon product 16 may be separated from the intermediate mixture 114 in the

catalytic converter 112 or associated apparatus as, for example, when the catalytic

converter 112 is in the form of a shaft kiln, or may leave the catalytic converter 112

mixed with the intermediate mixture 114 as, for example, when the catalytic converter

112 is in the form of a fluidized-bed reactor. That is, the solid carbon product 1 6 may

be a component of the intermediate mixture 14 {e.g., may be entrained as solid

particles in the intermediate mixture 14). The intermediate mixture 114 includes

those gases that remain in the catalytic converter 112 after the reaction, the product

gases including water and ammonia gases, and may optionally include a portion of the

solid carbon product 116. For example, the intermediate mixture 14 includes

unreacted portions of the source gas stream 102, the nitrogen 104, and/or the reducing

agent 106, as well as products formed in the catalytic converter 112. Products formed

in the catalytic converter 112 include, for example, water {e.g., steam) and ammonia.

The intermediate mixture 14, which includes solid carbon product 116 and tail

gas, enters a solids separator 118 configured to separate fluid 120 {i.e., gases and/or

liquids) from the solid carbon product 116 or other solids. The solids separator 118 is

illustrated in FIG. 1 as a cyclone separator, but may include a multiple-stage cyclone,

an electrostatic precipitator, a bag house, a filter, or any other separation means. The

solids separator 118 may include one or more separation apparatuses operated in series

or in parallel. Techniques for separation of solids from the fluid 120 depend on the



type of catalytic converter 112 used and the expected composition of the intermediate

mixture 114.

The solids separator 118 is operable to separate the solid carbon product 16 (if

the intermediate mixture 114 includes part or all of the solid carbon product 116

formed in the catalytic converter 12) or other solids from the fluid 120. The solid

carbon product 116 or a portion thereof may also be separated from the intermediate

mixture 114 within the catalytic converter 112, rather than in a distinct separation

apparatus. The solid carbon product 116 may be collected and separated from the fluid

120 by elutriation, centrifugation, electrostatic precipitation, filtration, or any other

method. The solid carbon product 116 removed from the catalytic converter 112 or the

solids separator 118 is sold as a commercial product, used in the production of another

product, stored for long-term sequestration, etc.

A lock hopper system may be used to remove the solid carbon product 116

from the catalytic converter 112 or from the solid separator 118. In such embodiments,

the portion of the process gas stream 110 or the intermediate mixture 112 mixed with

the solid carbon product 116 can be purged prior to discharge. The lock hopper system

typically also includes a means for cooling the solid carbon product 116 to a

temperature below the oxidation temperature of the product in air prior to discharging.

Heat may be recovered from the intermediate mixture 114 or the fluid 120,

such as by passing the intermediate mixture 114 and the process gas stream 10

through one or more heat exchangers. Counterflowing some or all of intermediate

mixture 114 and the process gas stream 110 with any or all of streams including the

source gas stream 102, nitrogen 104, and/or reducing agent 106 with the process gas

stream 110 is an effective way to recover a portion of the process heat and help bring

the reaction gas steams to the reaction temperature. Any gas or liquid streams {e.g., the

source gas stream 102, the nitrogen 104, the reducing agent 106, or the fluid 120) may

be processed as known in the art for overall energy optimization. The intermediate

mixture 114 may be maintained above the dew point of the water vapor in the

intermediate mixture 114 prior to separation of the solid carbon product 116 from the

fluid 120 to limit or prevent the condensation of water in or on the solid carbon product

116.

The solid carbon product 1 6 typically passes through a lock drum or other

separation means to control the release of the reaction gases and to purge the solid



carbon product 116 of reaction gases prior to removal of the solid carbon product 6

from the system 100. Other suitable means may used for removing the solid carbon

product 116 from catalytic converter 112 or the solids separator 18 that conserve

reaction gases and minimize worker and environmental exposure to the reaction gases.

The fluid 120 may be gaseous, liquid, or a combination of gases and liquids,

though most commonly it will be gaseous because the temperature will be maintained

high enough to prevent the water and ammonia products from condensing. The fluid

120 may be treated, such as by heating, cooling, pressurizing, condensing, etc., before

entering a liquids separator 124, illustrated in FIG. 1 as a distillation column. The

liquids separator 124 may be any apparatus or combination thereof configured to

separate liquids 126 from gases 128. For example, the liquids separator 124 may be a

fractionating column, a steam-distillation vessel, a vacuum-distillation vessel, a flash

evaporator, etc. The liquids separator 124 may include other features or apparatuses,

such as condensers, reboilers, compressors, plates, trays, packing material, etc.

The liquids 126 leaving the liquids separator 124 include water and any other

material condensable from the fluid 120. For example, the liquids 126 may include

water and dissolved ammonia. In some embodiments, the liquids 126 may be saturated

with ammonia upon leaving the liquids separator 124. The gases 128 include any

material not condensable from the fluid 120, and may also include some condensable

materials. For example, the gases 128 may include unreacted carbon oxide, unreacted

nitrogen, unreacted reducing agent, water vapor, gaseous ammonia, and/or other gases.

The liquids 126 optionally enter a vessel 130 operable to remove ammonia 134

from water 132. For example, the vessel 130 may include means for changing the

temperature and pressure of the liquids 126 {e.g., a heat exchanger, a flash tank, etc.).

The mass flow of the ammonia 134 leaving the vessel 130 may be at least about 50%,

at least about 75%, at least about 90%, at least about 95%, or even at least about 99%

of the mass flow of ammonia in the liquids 126 entering the vessel 130. In some

embodiments, the water 132 is substantially free of ammonia, such that the water 132

may be disposed of or used in other operations.

In some embodiments, the water 132 leaving the vessel 130 is used to scrub

additional ammonia from the gases 128 leaving the liquids separator 124. For

example, the water 132 and the gases 128 each enter a scrubber 136 operable to

transfer ammonia from the gases 128 to the water 132. The scrubber 136 may include



a spray nozzle, a packed tower, an aspirator, etc. Liquids 138 and gases 140 leave the

scrubber 136. The gases 140 have a lower concentration of ammonia than the gases

128 leaving the liquids separator 124. For example, the gases 140 may have a

concentration of ammonia of less than about 10%, less than about 1%, or even less than

about 0.1% of the concentration of ammonia in the gases 8. The gases 140 may be

substantially free of ammonia, such that the gases 140 may be vented to the

atmosphere, reused in another operation, or recycled within the process. The gases 140

may have a higher concentration of water vapor than the gases 128 entering the

scrubber 136. Water vapor may optionally be condensed from the gases 140, if

desired.

The gases 140 may optionally be recycled in total or in part and mixed with the

source gas stream 102 in mixer 108 or as a gas stream entering the catalytic converter

112. The gases 140 may be dried, preheated, and otherwise treated prior to recycle.

The gases 140 may optionally be mixed with any of the other gas streams including the

nitrogen 104, the reducing agent 106, or the process gas stream 1 0.

The liquids 138 optionally enter a vessel 142 operable to remove ammonia 146

from water 144. The vessel 142 may be similar in design and operation to the vessel

130. For example, the vessel 142 may include means for changing the temperature and

pressure of the liquids 138 {e.g., a heat exchanger, a flash tank, etc.). The mass flow of

the ammonia 146 leaving the vessel 142 may be at least about 50%, at least about 75%,

at least about 90%, at least about 95%, or even at least about 99% of the mass flow of

ammonia in the liquids 138 entering the vessel 142. In some embodiments, the water

144 may be substantially free of ammonia, such that the water 144 may be disposed of

or used in other operations.

The ammonia 134, 146 formed in the system 100 is generally removed in

gaseous form {i.e., as anhydrous ammonia, NH3), and may be liquefied for storage and

transport. The ammonia 134, 146 may be processed by conventional methods, stored,

transported, or sold. For example, the ammonia 134, 146 may be further processed to

form anhydrous ammonia for storage and transport in pressurized tanks. Optionally,

aqueous ammonia may be removed via the liquids 126, 138. In such embodiments, the

vessels 130, 142 may be eliminated. Make-up water may be added to the system 100

{e.g., to the scrubber 136) if aqueous ammonia is removed via the liquids 126, 138.



The reaction conditions, including the temperature and pressure in the reaction

zone, the residence time of the reaction gases, and the grain size, grain boundary, and

chemical composition of the catalyst may be controlled to obtain solid carbon products

of the desired characteristics. The feed gas mixture and reaction product are typically

recycled through the reaction zone and passed through a condenser with each cycle to

remove excess water and to control the partial pressure of the water vapor in the

reaction gas mixture. The partial pressure of water is one factor that appears to affect

the type and character (e.g., morphology) of solid carbon formed, as well as the

kinetics of carbon formation.

Carbon activity (Ac) can be used as an indicator of whether solid carbon will

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

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

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

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

activity tends to result in the formation of graphitic forms.

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

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

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

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

activity Ac is defined as -(P O'P I O - Thus, Ac is directly proportional to the

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

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

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

where Ρ τ is the total pressure and Y is the mole fraction of a

species. Carbon activity generally varies with temperature because reaction

equilibrium constants vary generally with temperature. Carbon activity also varies

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

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

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

gases in the reactor.



EXAMPLE

Carbon dioxide, nitrogen, and methane gas are mixed in a ratio of 1:2:4 inside a

tube furnace lined with a ceramic material, maintained at about 680°C and 4.1 MPa,

and containing steel wool therein. The methane gas reacts with the carbon dioxide and

the nitrogen in the presence of the steel wool to form CNTs and a reaction gas mixture

of water and ammonia. The reaction gas mixture enters a condenser operating at about

20°C and 100 kPa to condense liquid water from the reaction gas mixture. The

condensate from the condenser enters a flash tank, where the pressure is decreased to

about 10 kPa to remove dissolved ammonia from the condensate. The dried reaction

gas mixture from the condenser and the ammonia from the flash tank enter a scrubber.

Water is sprayed in the scrubber to dissolve ammonia gas into an aqueous form. The

aqueous ammonia is collected and removed from the system.

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

furnace, and condenser, and scrubber are cooled to room temperature, and the system is

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

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

CNTs may be removed, if desired, by washing with acid.

Although the foregoing description contains many specifics, these are not to be

construed as limiting the scope of the present disclosure, but merely as providing

certain embodiments. Similarly, other embodiments of the invention may be devised

that do not depart from the scope of the present disclosure. For example, features

described herein with reference to one embodiment also may be provided in others of

the embodiments described herein. The scope of the invention is, therefore, indicated

and limited only by the appended claims and their legal equivalents, rather than by the

foregoing description. All additions, deletions, and modifications to the invention, as

disclosed herein, which fall within the meaning and scope of the claims, are

encompassed by the present invention.



CLAIMS

What is claimed is:

1. A method of concurrently forming ammonia and solid carbon products,

comprising:

reacting at least one carbon oxide, nitrogen, and at least one reducing agent at

preselected temperature and a preselected pressure in the presence of a catalyst

to form solid carbon entrained in a tail gas mixture comprising water, ammonia,

and unreacted gases;

separating the entrained solid carbon from the tail gas mixture;

recovering water from the tail gas mixture; and

recovering ammonia from the tail gas mixture.

2. The method of claim 1, further comprising mixing a first gas stream

comprising the at least one carbon oxide with a second gas stream comprising the

nitrogen.

3. The method of claim 2, further comprising heating at least one of the

first gas stream and the second gas stream to a predetermined temperature before

mixing the first gas stream and the second gas stream.

4. The method of claim 2, further comprising mixing at least one of the

first gas stream and the second gas stream with a gaseous reducing agent.

5. The method of claim 4, further comprising heating the gaseous

reducing agent.

6. The method of claim , further comprising introducing the at least one

carbon oxide, the nitrogen, and the at least one reducing agent into a reactor containing

the catalyst.



7. The method of claim 6, further comprising heating the at least one

carbon oxide, the nitrogen, and the at least one reducing agent before introducing the at

least one carbon oxide, the nitrogen, and the at least one reducing agent into the reactor

containing the catalyst.

8. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises

reacting a carbon oxide comprising primarily carbon dioxide with the nitrogen and the

at least one reducing agent in the presence of the catalyst.

9. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises

reacting a carbon oxide comprising primarily carbon monoxide with the nitrogen and

the at least one reducing agent in the presence of the catalyst.

10. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises

reacting a carbon oxide comprising carbon dioxide and carbon monoxide with the

nitrogen and the at least one reducing agent in the presence of the catalyst.

11. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises

reacting a carbon oxide comprising primarily the carbon oxide, the nitrogen, and a

reducing agent comprising methane in the presence of the catalyst.

12. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises

reacting the at least one carbon oxide, the nitrogen, and a reducing agent comprising

hydrogen in the presence of the catalyst.

13. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises



reacting the at least one carbon oxide, the nitrogen, and a reducing agent comprising a

hydrocarbon in the presence of the catalyst.

14. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises

reacting the at least one carbon oxide, the nitrogen, and a reducing agent comprising

methane in the presence of the catalyst.

15. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises

reacting a synthesis gas in the presence of the catalyst.

16. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises

reacting the at least one carbon oxide, the nitrogen, and the at least one reducing agent

in the presence of a catalyst comprising iron.

17. The method of claim 16, wherein reacting the at least one carbon oxide,

the nitrogen, and at least one the reducing agent in the presence of a catalyst

comprising iron comprises reacting the at least one carbon oxide, the nitrogen, and the

at least one reducing agent in the presence of a catalyst comprising steel.

18. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises

reacting the at least one carbon oxide, the nitrogen, and the at least one reducing agent

in the presence of a catalyst comprising a plurality of nanoparticles, wherein each

nanoparticle is mounted on a carbon nanofiber.

19. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises

reacting the at least one carbon oxide, the nitrogen, and the at least one reducing agent

in the presence of a catalyst at a temperature of between about 400°C and about

1000°C.



20. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises

reacting the at least one carbon oxide, the nitrogen, and the at least one reducing agent

in the presence of a catalyst at a pressure of between about 00 kPa and about 100 GPa.

2 1. The method of claim , further comprising compressing the at least one

carbon oxide, the nitrogen, and the at least one reducing agent to a predetermined

pressure.

22. The method of claim 1, further comprising controlling a concentration

of water in a reactor to limit oxidation of the catalyst and to promote a selected

allotrope and morphology of the solid carbon product.

23. The method of claim 1, wherein reacting at least one carbon oxide,

nitrogen, and at least one reducing agent in the presence of a catalyst comprises

forming a plurality of carbon nanotubes.

24. The method of claim 23, wherein forming a plurality of carbon

nanotubes comprises forming the plurality of carbon nanotubes to have a portion of

nitrogen and a portion of amine groups functionalizing the surfaces of the plurality of

carbon nanotubes.

25. The method of claim 1, wherein recovering ammonia from the tail gas

mixture comprises:

exposing the tail gas mixture to an aqueous liquid;

absorbing at least a portion of the ammonia in the aqueous liquid; and

separating the tail gas mixture from the aqueous liquid.

26. The method of claim 1, wherein reacting at least one carbon oxide and

at least one reducing agent in the presence of a catalyst comprises forming water as

steam.



27. The method of claim 2 , further comprising:

condensing at least a portion of the steam to form liquid water;

absorbing at least a portion of the ammonia in the liquid water; and

separating the absorbed ammonia from the liquid water.

28. The method of claim 1, further comprising forming a reaction gas

mixture comprising the at least one carbon oxide, the nitrogen, and the at least one

reducing agent, wherein a molar ratio of the at least one carbon oxide to the nitrogen is

in a range from about 10:1 to about 1:10.

29. The method of claim 1, further comprising mixing at least a portion of

the tail gas mixture with the at least one carbon oxide, nitrogen, and the at least one

reducing agent after separating the solid carbon product and recovering the water and

the ammonia.

30. The method of claim 1, wherein:

reacting at least one carbon oxide, nitrogen, and at least one reducing agent at a

preselected temperature and a preselected pressure in the presence of a catalyst

comprises forming the solid carbon in a reactor; and

separating the entrained solid carbon product from the tail gas mixture comprises

removing the solid carbon from the reactor.

31. A method for producing ammonia and solid carbon products,

comprising:

heating a first gas stream to a predetermined reaction temperature to form a first heated

gas stream, wherein the first gas stream comprises at least one carbon oxide and

nitrogen;

heating a second gas stream to the predetermined reaction temperature to form a

second heated gas stream, wherein the second gas stream comprises at least one

reducing agent;

mixing the first heated gas stream with the second heated gas stream;



reacting the nitrogen, the at least one carbon oxide, and the at least one reducing agent

in the presence of a catalyst to form a solid carbon product entrained in a tail

gas mixture comprising steam, ammonia, and a residual gas mixture;

separating at least a portion of the entrained solid carbon product from the tail gas

mixture; and

separating the tail gas mixture to form a water stream, an ammonia product stream, and

a residual gas stream.

32. The method of claim 31, further comprising maintaining at least a

portion of the first heated gas stream and the second heated gas stream at the

predetermined temperature in a reactor.

33. The method of claim 31, further comprising purifying the ammonia

product stream.

34. The method of claim 31, further comprising purifying the residual gas

stream.

35. The method of claim 31, further comprising recycling at least a portion

of the tail gas mixture and mixing the at least a portion of the tail gas mixture with at

least one of the first gas steam and the second gas stream after separating the at least a

portion of the entrained solid carbon product from the tail gas mixture.

36. The method of claim 31, further comprising removing the solid carbon

product from the reactor.

37. A system for forming ammonia and solid carbon products from a

gaseous source containing at least one carbon oxide and nitrogen, the system

comprising:

mixing means for mixing the gaseous source with at least one reducing agent;

reactor means for reacting at least a portion of the gaseous source with the at least one

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

products and a tail gas mixture comprising water and ammonia; and



solid separation means for separating the solid carbon products from the tail gas

mixture.

38. The system of claim 37, further comprising condenser means for

removing water from the tail gas mixture.

39. The system of claim 37, further comprising absorption means for

removing ammonia from the tail gas mixture.

40. The system of claim 37, further comprising recycle means for recycling

at least a portion of the tail gas mixture to the reactor means after separation of the solid

carbon products from the tail gas mixture.
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