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METHODS OF PRODUCING HYDROGEN AND SOLID CARBON

PRIORITY CLAIM
This application claims the benefit of the filing date of United States Provisional Patent
Application Serial No. 61/794,278, filed March 15, 2013, for “Hydrogen and Solid Carbon

Production Method,” the contents of which are incorporated herein by this reference.

FIELD
Embodiments of the disclosure relate to chemical processing, more specifically the processing

of methane and water to produce hydrogen and solid carbon.

BACKGROUND

Additional information is disclosed in the following documents: International Patent
Publication WO 2010/120581 A1, published October 21, 2010, for “Method for Producing Solid
Carbon by Reducing Carbon Oxides;” International Patent Publication WO 2013/158156, published
October 24, 2013, for “Methods and Structures for Reducing Carbon Oxides with Non-Ferrous
Catalysts;” International Patent Publication WO 2013/158159, published October 24, 2013, for
“Methods and Systems for Thermal Energy Recovery from Production of Solid Carbon Materials
by Reducing Carbon Oxides;” International Patent Publication WO 2013/158160, published
October 24, 2013, for “Methods for Producing Solid Carbon by Reducing Carbon Dioxide;”
International Patent Publication WO 2013/158157, published October 24, 2013, for “Methods and
Reactors for Producing Solid Carbon Nanotubes, Solid Carbon Clusters, and Forests;” International
Patent Publication WO 2013/158158, published October 24, 2013, for “Methods for Treating an
Offgas Containing Carbon Oxides;” International Patent Publication WO 2013/158155, published
October 24, 2013, for “Methods for Using Metal Catalysts in Carbon Oxide Catalytic Converters;”
International Patent Publication WO 2013/158161, published October 24, 2013, for “Methods and
Systems for Capturing and Sequestering Carbon and for Reducing the Mass of Carbon Oxides in a
Waste Gas Stream;” International Patent Publication WO 2014/011206, published January 16,
2014, for “Methods and Systems for Forming Ammonia and Solid Carbon Products;” and
International Patent Publication WO 2013/162650, published October 31, 2013, “Carbon
Nanotubes Having a Bimodal Size Distribution.” The entire contents of each of these documents
are incorporated herein by this reference.

Methane reforming is an economical process for commercial production of hydrogen.
Hydrogen may be used in the industrial production of ammonia (e.g., using the Haber-Bosch process

by reaction with nitrogen gas) and as a reducing agent for numerous chemical processes, among other
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uses. Two processes for methane reforming are widely employed: wet methane reforming and
autothermal methane reforming.

Wet methane reforming uses water and a hydrocarbon (e.g., methane), to form hydrogen and
carbon monoxide (syngas):

CH,+ H,0=CO+3H, (D).
Equation 1 is an endothermic reaction referred to in the art as the “steam-reforming” reaction. A
catalyst (e.g., nickel) is typically used to promote the process. Temperatures of about 700°C to about
1100°C are commonly used.

A small amount of carbon dioxide is also typically formed, with additional hydrogen
production:

CH, + 2H,0 = CO, + 4H, (2).
At temperatures of about 130°C, as found near the outlets of smoke stacks, the carbon monoxide may
further react with water:

CO+H,0=CO,+H, 3).
Equation 3 is commonly referred to as the “water—gas shift reaction.”

Many apparatus, methods, and improvements thereto have been developed for wet methane
reforming. Autothermal methane reforming uses oxygen and either carbon dioxide or water to form
hydrogen and carbon monoxide:

2CH4+ O, + CO, = 3H, + 3CO + H,0O (4);

4CH4+ O, + 2H,O = 10H, + 4 CO 5.
An advantage of autothermal methane reforming over wet methane reforming is that the oxygen reacts
with a portion of the methane in an exothermic reaction (combustion) and may provide heat to drive
the reforming process. However, oxygen can also oxidize metal catalysts commonly used in these
reactions, “poisoning” the catalyst and slowing further reactions.

In either process, most of the carbon oxides are typically oxidized to carbon dioxide, which
then may ecither be released to the atmosphere, contributing to anthropogenic greenhouse-gas
emissions, or separated from other gases and disposed of. Separation of carbon oxides may involve
pressure swing absorption (PSA), or other methods. Separated carbon oxides are increasingly being
liquefied and may be captured, for example, by injection into oil or gas reservoirs, a costly process.
Eliminating the need for separation of carbon oxides from hydrogen products of methane reforming
would be of significant benefit to industry.

U.S. Patent 7,794,690 (Abatzoglou et al.) teaches a dry reforming process for sequestration of
carbon from an organic material. Abatzoglou discloses a process utilizing a two-dimensional (2-D)
carbon sequestration catalyst with, optionally, a 3D dry reforming catalyst. For example, Abatzoglou
discloses a two-stage process for dry reformation of an organic material (e.g., methane, ethanol) and

CO; over a 3D catalyst to form syngas, in a first stage, followed by carbon sequestration of syngas over
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a 2D carbon steel catalyst to form CNTs and carbon nanofilaments. The 2D catalyst may be an active
metal (e.g., Ni, Rh, Ru, Cu-Ni, Sn-Ni) on a nonporous metallic or ceramic support, or an iron-based
catalyst (e.g., steel), on a monolith support. The 3D catalyst may be of similar composition, or may be
a composite catalyst (e.g., N/ZrO,-AL,O;) over a similar support. Abatzoglou teaches preactivation of
a 2D catalyst by passing an inert gas stream over a surface of the catalyst at a temperature beyond its
eutectic point, to transform the iron into its alpha phase. Abatzoglou teaches minimizing water in the
two-stage process or introducing water in low concentrations (0 to 10 wt%) in a reactant gas mixture
during the dry reformation first stage.

Various morphologies and allotropes of carbon are used industrially, such as for fuel, as
reducing agents and electrodes in metallurgical processes, as corrosion-resistant materials in furnaces
and heat exchangers, as carbon electrodes, as fillers and colorants in plastics, rubbers and inks, and as
strengtheners in many polymer formulations including tires and hoses. High-purity carbon in many
allotropes and morphologies is a bulk commodity chemical widely used in industry. Carbon nanotubes
(CNTs) may be particularly valuable.

There is a spectrum of reactions involving carbon, oxygen, and hydrogen wherein various
equilibria have been identified. 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-O equilibrium diagram, as shown in FIG. 1. The C-H-O equilibrium
diagram of FIG. 1 shows various known routes to solid carbon, including carbon nanotubes (“CNTs”).
The hydrocarbon pyrolysis reactions occur on the equilibrium line that connects H and C and in the
region near the left edge of the triangle to the upper left of the dashed lines. Two dashed lines are
shown because the transition between the pyrolysis zone and the Bosch reaction zone may change with
reactor temperature. The Boudouard, or carbon monoxide disproportionation reactions, occur near the
equilibrium line that connects O and C (i.e., the right edge of the triangle). The equilibrium lines for
various temperatures that traverse the diagram show the approximate regions in which solid carbon
will form. For each temperature, solid carbon may form in the regions above the associated
equilibrium line, but will not generally form in the regions below the equilibrium line. The Boudouard
reaction zone appears at the right side of the triangle. In this zone, the Boudouard reaction is
thermodynamically preferred over the Bosch reaction. In the region between the pyrolysis zone and
the Boudouard reaction zone and above a particular reaction temperature curve, the Bosch reaction is

thermodynamically preferred over the Boudouard reaction.
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The use of carbon oxides as the carbon source in the production of solid carbon has largely
been unexploited in methane reforming for the production of hydrogen as a way to use the carbon in
the methane to produce a valuable co-product and as a way of minimizing the carbon oxides

(principally carbon dioxide) typically emitted form methane reforming plants.

DISCLOSURE

In embodiments, methods are provided for methane reforming that reduce or eliminate the
emission of carbon oxides to the atmosphere by converting the carbon in the carbon oxides to a solid
carbon product.

In some embodiments, a two-stage process is disclosed comprising a methane reforming stage
and a Bosch reaction stage. In the methane reforming stage, a process feed gas stream including
methane and water reacts in the presence of a catalyst to form an intermediate gas stream including
carbon oxides and hydrogen. In the Bosch reaction stage, carbon oxides in the intermediate gas stream
react in the presence of a second catalyst to form solid carbon products and water. In certain
embodiments, a two-stage process uses a first reaction zone and a second reaction zone. In some
embodiments, a two-stage process uses two separate reactors.

In some embodiments, a process feed gas stream is heated before entering a first reaction zone
containing a catalyst.

In some embodiments, one or more solid carbon products are removed from a second reaction
zone of the two-stage process. In some embodiments, hydrogen is removed from a second reaction
zone of the two-stage process.

In some embodiments, a tail gas stream is removed from a second reaction zone of the two-
stage process.

In some embodiments, a tail gas stream may be recycled to form a portion of the process feed
gas stream.

In some embodiments, at least a portion of the water in the tail gas stream is removed prior to
recycling the tail gas stream to form a portion of the process feed gas stream.

In some embodiments, the tail gas stream is added to the intermediate gas stream from the first
reactor where methane and water are reacted to form carbon oxides and hydrogen to form a portion of
the feed gas stream to the second reactor where carbon oxides and hydrogen are reacted form solid

carbon and water.

BRIEF DESCRIPTION OF THE DRAWINGS
Features and advantages of the disclosure will be apparent by reference to the following
detailed description, taken in conjunction with the accompanying drawings, in which:

FIG. 1 depicts a C-H-O equilibrium diagram; and
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FIGS. 2 and 3 illustrate simplified process flow diagrams indicating how processes of the

current disclosure may be performed.

MODE(S) FOR CARRYING OUT THE INVENTION

Provided herein are methane reforming methods for producing hydrogen gas and solid carbon
products. The methods utilize wet methane reforming or autothermal methane reforming reactions.
Rather than separating the resulting carbon oxides and hydrogen (syngas) products of these reactions, a
portion of the carbon oxides and hydrogen are further reacted to form solid carbon and water in the
presence of a catalyst. The methods reduce capital, operating costs, and environmental costs of
methane reforming, while producing an additional useful product in the form of solid carbon.

In some embodiments, a two-stage process for producing hydrogen and solid carbon includes
a methane reforming stage and a Bosch reaction stage. In the methane reforming stage, a process feed
gas stream including methane and water reacts to form an intermediate gas stream including carbon
oxides and hydrogen. In the Bosch reaction stage, carbon oxides in the intermediate stream react to
form solid carbon products and water. In some embodiments, a first, methane reforming stage occurs
in a first reaction zone, and a second, Bosch reaction stage occurs in a second reaction zone. The result
of this two stage reaction is to remove a portion of the carbon oxides from the reaction as solid carbon
and water. The solid carbon becomes a valuable co-product of the hydrogen and the emission of
carbon dioxide to the environment is reduced when compared to current practices of wet methane
reforming.

As used herein, the term “carbon oxide” means and includes carbon monoxide, carbon
dioxide, and mixtures of carbon monoxide, carbon dioxide, and optionally including one or more other
materials (e.g., a reducing agent or nitrogen).

In certain embodiments, reaction kinetics favorable to improving the rate of one or both stages
of a two-stage process may be established by suitable catalysts. As used herein, the term “catalyst”
means and includes any material formulated to promote one or more reactions described herein. In
some embodiments, a first reaction zone and a second reaction zone may each include a catalyst, which
may be the same or different catalysts. Thus, in some embodiments, the same catalyst may be used to
catalyze a methane reforming stage and a Bosch reaction stage of a two-stage process. In other
embodiments, a catalyst used in a methane reforming stage may be different from a catalyst used in a
Bosch reaction stage.

In some embodiments, a two-stage process may include a methane reforming stage. A process
feed gas stream for use in a methane reforming reaction may include methane gas and steam. In some
embodiments, a process feed gas contains a predetermined reaction gas composition, which is
maintained in relatively constant proportions. In certain embodiments, a process feed gas stream is

produced by forming a first feed gas stream containing methane; forming a second feed gas stream
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containing steam; and combining the first feed gas stream and the second gas stream to form a process
feed gas stream. In certain embodiments, at least a portion of the steam is added (e.g., by injection or
other methods) to the process feed gas stream afier the process feed gas stream has entered a first
reaction zone.

A process feed gas stream may be pretreated to remove unwanted gases, ions, and particulates.
In embodiments, a methane or other hydrocarbon gas stream is pretreated before it is mixed with
steam. In other embodiments, a process feed gas stream containing both methane or other hydrocarbon
gas and steam is pretreated in a similar manner. Various methods for treating a gas stream are known
in the art and are not described in detail herein (e.g., use of activated carbon filters to remove sulfur).
In some embodiments, a purified methane gas stream may contain at least about 99% methane, before
mixture with water. In some embodiments, a purified methane gas stream may contain at least about
99.9% methane, before mixture with water. Methods for removal of particulates and waste gases from
a gas stream are disclosed herein.

Water for use in a methane reforming stage may be pretreated before it is heated to form
steam. In embodiments, demineralization using an ion-exchange water conditioning system may be
used to remove unwanted minerals in the water, reducing subsequent production of unwanted
byproducts. Pure water may be formed as a co-product of some embodiments of the processes
disclosed herein and at least a portion recycled to the methane reforming reaction.

Preheating of a process feed gas stream may facilitate more efficient reaction within a first
reaction zone. In some embodiments, steam or liquid water is added to a process feed gas stream after
a process feed gas stream has first been heated to a temperature above the boiling point of water at the
pressure of the process feed gas stream, by injecting steam or water into the process feed gas stream.
In some embodiments, preheating is facilitated by counterflowing at least a portion of the process feed
gas stream with at least a portion of a heated tail gas stream. In other embodiments, at least a portion
of a process feed gas stream is preheated by combustion of methane in the process feed gas stream. In
certain embodiments, methane is combusted by adding oxygen gas to the process feed gas stream
under conditions that favor combustion.

In some embodiments, reactant concentrations in a process feed gas stream is adjusted to be
stoichiometric or near-stoichiometric. That is, the process feed gas stream may include concentrations
of reactants (methane and steam) that, if fully reacted, would be almost entirely consumed. For
example, the process feed gas stream may include about 50% methane and about 50% steam. This
mixture, if fully reacted according to Equation 1, would consume approximately all of the gases in the
process feed gas stream.

In some embodiments, any of reactions 1 through 5 may occur with an excess of some

reactants. In certain embodiments, a predetermined reaction gas composition includes a stoichiometric
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excess of methane to water, favoring production of carbon monoxide that may then be used for
subsequent reactions.

Temperatures of about 700°C to about 1100°C are commonly used in the first step of wet
methane reforming (Equation 1). A first reaction zone is maintained at a predetermined temperature of
about 800°C to about 1000°C. In some embodiments, a first reaction zone is maintained at a
predetermined temperature of at least about 850°C. In certain embodiments, a first reaction zone is
maintained at a predetermined temperature of at least about 900°C, in the presence of a nickel catalyst.

In embodiments, the pressure in a first reaction zone is maintained at a predetermined
pressure. In some embodiments, one or more reaction zones for a methane reforming stage are
maintained at predetermined atmospheric pressures to about 30 MPa (4400 psia). In other
embodiments, one or more reaction zones are maintained at predetermined pressures from about 0.69
MPa to about 6.95 MPa (about 100 psia to about 1000 psia).

Particularly useful catalysts for methane reforming reactions include nickel, iron, cobalt, efc.,
and alloys and mixtures thereof. In embodiments, an iron-based catalyst (i.e., iron, an iron alloy, or
combinations thereof) is used to promote reactions within a methane reforming stage. In other
embodiments, a nickel-based catalyst (nickel, a nickel alloy, or combinations thereof) is used.
Commercial catalysts are also available, such as a NYMgAbLOs catalyst, available from Unicat
Catalysts, of Alvin, Texas, under the trade name NG-610-6H.

In some embodiments, the reducing agent introduced in the first reaction zone may be a
reducing agent other than methane. Suitable alternative reducing agents include short chain
hydrocarbons (e.g., ethane, propane, butane, pentane, and hexane), short chain alcohols (e.g., methanol,
ethanol, butanol), hydrogen gas, and combinations and mixtures thereof.

In some embodiments, a two-stage process may include a Bosch reaction stage. The Bosch
reaction uses hydrogen, hydrocarbons, alcohols, or mixtures thereof to reduce carbon oxides to solid
carbon and water. For example, the Bosch reaction may use hydrogen as a suitable reducing agent:

CO,+ 2H; = Congy + HO (6)

The reaction is slightly exothermic (heat producing), with the release of approximately 24.9 kcal/mol at
650°C (i.e., AH = -24.9 kcal/mol), when used to produce CNTs. The net enthalpy change in the Bosch
reaction depends, in part, on what solid carbon product is formed. For example, the formation of
graphite in this Bosch reaction releases approximately 23.8 kcal/mol at 650°C. The formation of Ce
fullerene in this Bosch reaction releases approximately 13.6 kcal/mol at 650°C. The formation of
carbon lamp black in this Bosch reaction is endothermic, consuming approximately 147.5 kcal/mol at
650°C (i.e., AH is +147.5 kcal/mol).

The Bosch reaction is reversible; in the reverse of the Bosch reaction, known as the water gas
reaction, the solid carbon is oxidized by water to form carbon dioxide and hydrogen in an oxygen shift

reaction commonly known as the water gas reaction. The water concentration in the reaction gases
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may be controlled to help obtain the purity and quality of solid carbon product desired. For example,
because the Gibbs free energy of carbon nanotubes is lower than that of graphite and amorphous

carbon, the water gas reaction will preferentially oxidize graphite and amorphous carbon leaving

relatively pure CNTs.
The Bosch reaction of Equation 6 is believed to be a two-step reaction:
CO,+H, 2 CO+H,0 (7
CO+H; & Cotigy + H2O (8)

In the first step of the reaction (Equation 7), carbon dioxide reacts with hydrogen to form carbon
monoxide and water in a “reverse water gas shift” reaction. The reaction is slightly endothermic,
requiring a heat input of 8.47 kcal/mol (i.e., AH = +8.47 kcal/mol) at 650° C. In the second step of the
reaction (Equation 8), carbon monoxide reacts with hydrogen to form solid carbon and water, in an
exothermic reaction releasing 33.4 kcal/mol (1.16 x10* joules/gram of Ciiiq)) at 650°C, when CNTs
are formed (i.e., AH = -33.4 kcal/mol). Equation 8 may occur with stoichiometric amounts of
reactants, or with excess CO, or H,. Values of AH for Equation 8 may be calculated for other carbon
products as the difference between the AH value for Equation 6 for that particular carbon product and
the AH value for Equation 7.

The Bosch reaction may occur with stoichiometric amounts of reactants, or with an excess of
either carbon dioxide or hydrogen. In embodiments, the composition of an intermediate gas stream
entering a second reaction zone is regulated to maintain approximately stoichiometric amounts of
reactants. In other embodiments, an excess of one reactant is used. In embodiments, the ratio of
reactants available for the Bosch reaction is regulated by removing or adding one or both components
to the intermediate gas stream entering the Bosch reaction stage, or directly to a second reaction zone,
or by manipulating reaction conditions (e.g., temperature, catalyst, reactant concentration, pressure), in
the preceding stage of the two-stage process.

Bosch reactions may proceed at temperatures from about 450°C to over 2,000°C. The use of a
ferrous or non-ferrous catalyst typically allows the Bosch reactions to proceed efficiently at lower
temperatures. Bosch reactions may occur at temperatures in the range of approximately 400°C to
about 800°C for ferrous catalysts, depending on the particle size and composition and the desired solid
carbon product. In general, graphite and amorphous solid carbon form at lower temperatures, and
CNTs form at higher temperatures above about 680°C. Although reaction temperatures above 680°C
may be used to produce solid carbon nanotubes, if the temperature is too high, the rate of the reverse
reaction increases, and the equilibrium shifts to the left.

In embodiments, a second reaction zone for a Bosch reaction is maintained at a predetermined
pressure. In general, the Bosch reactions proceed at a wide range of pressures, from near vacuum, to
pressures of 4.0 MPa (580 psi) or higher. For example, CNTs may form in pressure ranges of from

about 0.28 MPa (40 psi) to about 6.2 MPa (900 psi). In some embodiments, CNTs may form at
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pressures from about 0.34 MPa (50 psi) to about 0.41 MPa (60 psi), or at a pressure of about 4.1 MPa
(600 psi). Typically, increasing the pressure increases the reaction rate.

In some embodiments, Bosch reactions for forming solid carbon may be accelerated using a
catalyst from a group 8 element (e.g., iron) or a compound containing a group 8 element (e.g., iron
carbide). Catalysts including mixtures of these elements may be formulated to yield a desired solid
carbon morphology.

In embodiments, reaction kinetics favorable to the formation of the desired species of solid
carbon may be established through the use of suitable catalysts. For example, in reactions forming
CNTs, higher reaction rates may correspond to smaller diameter CNTs, and lower reaction rates may
correspond to larger diameter CNTs. Suitable catalysts include metals selected from groups 2 through
15 of the periodic table, such as groups 5 through 10, (e.g., nickel, molybdenum, chromium, cobalt,
tungsten, manganese, ruthenium, platinum, iridium, efc.), actinides, lanthanides, alloys thereof,
combinations thereof, or compounds containing any such metals may accelerate the reaction rates of
Equations 2, 3, and/or 4. Note that the periodic table may have various group numbering systems. As
used herein, group 2 is the group including Be, group 3 is the group including Sc, group 4 is the group
including Ti, group 5 is the group including V, group 6 is the group including Cr, group 7 is the group
including Mn, group 8 is the group including Fe, group 9 is the group including Co, group 10 is the
group including Ni, group 11 is the group including Cu, group 12 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.
Catalysts may facilitate operations at lower temperatures.

In some embodiments, a broad range of inexpensive and readily-available catalysts, including
steel-based catalysts, may be used to catalyze the reactions disclosed herein. In certain embodiments,
commercially available metals are used without special preparation. In certain embodiments, a steel-
based catalyst is used in a reaction disclosed herein, without the need for activation of the catalyst
before it is used. 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.

The use of commercial forms of commonly available metals may reduce the cost, complexity,
and difficulty of producing solid carbon. For example, CNT forests may grow on commercial grades
of steel, with the CNT forests forming directly on the steel without additional layers or surfaces
isolating the steel from the CNT forest. CNTs form on materials such as on mild steel, 304 stainless
steel, 316L stainless steel, steel wool, and 304 stainless steel wire.

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
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construction material for at least portions of the process equipment, with minimal deposition on
surfaces thereof in normal operations. In most cases a metal alloy or inert material, known to resist
metal dusting should be selected for the construction of the reactors and high temperature piping and
heat exchangers where metal dusting may occur. 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. (iven the favorable results observed with 316L stainless steel, the Ni and/or Cr may have a
synergistic effect with Fe.

The morphology of carbon nanotubes grown on steel is dependent on the chemistry of the steel
and the way it was processed. In general, steels with smaller grain sizes tend to produce smaller
diameter carbon nanotubes. The grain size is both a function of the chemistry of the steel and the heat
treating methods under which the grains formed. Mild steels often produce a primary population of
carbon nanotubes with diameters over 100 nm, while stainless steels (such as 304 or 316L) produce a
primary population of carbon nanotubes with diameters in the range of 20 nm and under. This may be
due to any of a number of factors not presently fully understood; however, it appears to be related to
the grain size and boundary shapes within the metal, where the characteristic size of these features
controls the characteristic diameter of the population of carbon nanotubes grown on the surface of such
steel samples.

Catalysts for use in methods disclosed herein may be in the form of nanoparticles or in the
form of 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). 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 catalyst may be entrained in a carrier gas and delivered to the reactor.
Catalysts may be formed as described in International Patent Publication WO 2010/120581 Al,
previously incorporated by reference. By selecting the catalyst and the reaction conditions, the process
may be tuned to produce selected morphologies of solid carbon.

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
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metal not connected to another material (e.g., loose particles, shavings, or shot, such as may be used in
a fluidized-bed reactor). 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.

In other embodiments, a non-ferrous catalyst may accelerate Bosch reactions. As used herein,
the term “non-ferrous catalyst” means and includes a metal catalyst containing less than 1% iron or
iron compounds. Thus, a non-ferrous catalyst includes catalyst materials in which iron is present in
minor amounts or in which iron is absent. Minor amounts of iron may be present in some alloys.
Catalysts formed from mixtures (e.g., alloys) of these materials may be designed to yield the desired
solid carbon morphology.

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. Preparation and use of suitable catalysts is further
disclosed in International Patent Publication WO 2013/158156, previously incorporated by reference.

Small amounts of substances such as sulfur added to a Bosch reaction may act as catalyst
promoters that accelerate the growth of carbon products on the catalysts. In embodiments, promoters
are introduced into a second reaction zone in a wide variety of compounds. Such compounds may be
selected such that the decomposition temperature of the compound is below the reaction temperature.
For example, if sulfur is selected as a promoter for an iron-based catalyst, the sulfur may be introduced
into the second reaction zone as a thiophene gas, or as thiophene droplets in a carrier gas.

The solid carbon product of the Bosch reactions can form in a wide variety of allotropes and
morphologies (e.g., graphite, graphene, carbon black, fibrous carbon, buckminsterfullerene, single-wall
CNTs, multi-wall CNTs, platelets, nanodiamond, efc.), and mixtures thereof. The exact nature of the
solid carbon product can be controlled through selection of the reaction gas mixture, temperature,
pressure, and catalyst used to catalyze the solid carbon formation, as described in International Patent
Publication WO 2010/120581 A1, previously incorporated by reference.

Without being bound to any particular theory, it is believed that carbon activity (4.) may be a
key indicator of whether solid carbon will form under particular reaction conditions (e.g., temperature,
pressure, reactants, concentrations). 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) + Hyp) =

Cesotigy ¥ HoOy), with a reaction equilibrium constant of K, the carbon activity A. is defined as
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K-(PcoPuy/Pmo). Thus, A, is directly proportional to the partial pressures of CO and H,, and inversely
proportional to the partial pressure of H,O. Higher P tends to inhibit CNT formation. The carbon
activity of this reaction may also be expressed in terms of mole fractions and total pressure: A=K-Pr
(Yeo Y/Yno), where Pris 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. Higher carbon activity tends to result in the
formation of CNTs; lower carbon activity tends to result in the formation of graphitic forms. Mixtures
of solid carbon allotropes and morphologies thereof can thus be achieved by varying the catalyst and
the carbon activity of the reaction gases in a second reaction zone.

Without being bound by any particular theory, carbon nanotubes appear to grow from a
nucleating site that is the catalyzing particle. This catalyzing particle may be a domain in a piece of
steel or steel wool, for example, or a discrete nanoparticle of iron in an aerosol or deposited on an inert
substrate such as a quartz disk. The size of the carbon nanotube is generally proportional to the size of
the nucleating site, with the ratio between the catalyst particle size and the CNT diameter observed to
be about 1.3 to 1.6.

When using a solid catalyst, such as a wafer of steel, the carbon nanotubes appear to grow in a
series of generations. While the mechanism is not fully understood, it appears that the reaction gases
mteract with the exposed surface particles and the carbon nanotubes begin to grow, lifting the
nucleating catalyst particles off of the surface of the bulk catalyst (i.e., as tip growth). As the growth
continues, it appears that additional nucleation particles form on the surface of the bulk catalyst and, in
turn, catalyze additional carbon nanotube growth, lifting the prior generation of carbon nanotubes off
of the surface of the bulk catalyst.

In certain embodiments, hydrocarbon gases (e.g., methane, ethane, propane) may also be used
in the Bosch reaction stage of a two-stage process described herein to provide both hydrogen and a
portion of the carbon oxide to be reduced. A reducing gas mixture of one or more of the commonly
available hydrocarbon gases such as lower hydrocarbon alkanes (e.g., methane, ethane, propane,
butane, pentane, and hexane), including those found in natural gas, may be an economical choice in
some applications.

In some embodiments, the reducing gas for use in a Bosch reaction may include methane
because methane may be used as both a reducing agent and as a carbon source. Thus, unreacted
methane and other hydrocarbon gases from a first reaction stage, may further react in a second reaction
stage of a two-stage process, according to the Bosch reactions.

In some embodiments, it may also be practical to associate the two-stage process with a

production facility (e.g., power plant, coal facility, or cement calciner), to provide a potential source for
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both a hydrocarbon fuel source and for carbon oxides that are found, for example, in an offgas from the
facility.

A wide variety of reactor designs may be used to facilitate a two-stage process. The term
“reaction zone,” as used herein, may refer to any physical area in which a particular reaction or set of
reactions is designed to take place. A single reactor vessel may include two or more separate reaction
chambers functioning as a first and second reaction zone, respectively. The chambers may be
separated from one another by means of baffles, separating walls, or other such means known in the
art. In other embodiments, two or more reactor vessels may function as a first and second reaction
zone for a two-stage process described herein. Thus, in some embodiments, a first reactor vessel is
coextensive with a first reaction zone, and a second reactor vessel is coextensive with a second reaction
zone. Additional chambers or additional vessels may be used for separation, filtering, condensation,
and addition of various substances (catalysts, additional reactants, efc.).

Typically, some or all of a methane reforming stage or first stage of a two-stage process will
take place i a first reaction zone. Similarly, some or all of a Bosch reaction stage or second stage of a
two-stage process will typically take place in a second reaction zone. The reactions associated with the
two stage process are not mutually exclusive; depending on temperature and other reaction conditions,
and in various embodiments, one or both stages of a two-stage process, in addition to optional side-
reactions, may occur in one or more reaction zones. Additionally, the designation of a “first reaction
zone” and a “second reaction zone” is not to be construed as limiting on the physical location of the
reactions described herein, but rather describes the relative order in time in which the stages of a two-
stage process typically are to occur. Various configurations, including those in which the products of
one stage are recycled to serve as the reactants for another stage, are embodied within the methods.

Acerosol and fluidized bed reactors are particularly suitable for high volume continuous
production of a solid carbon product. A fluid wall reactor has the advantages of providing for the
mtroduction of various substances (e.g., catalysts, additional reactants) and of minimizing or
eliminating the accumulation of solid carbon products on the reactor wall. In embodiments, a fluidized
bed reactor is designed to retain the catalyst while allowing CNTs to be entrained in the gas flow and to
be lofted out of the reaction zone upon reaching a desired size, the lofting due to the drag forces on the
forming particles. This control may be achieved by controlling the shape of the reactor, the gas flow
rates, or shape and flow rates in combination, and may allow control over the residence time of the
elutriates and the corresponding size of the solid carbon product (such as the length of the carbon
nanotubes).

In aerosol or fluidized bed reactors, the residence time in the growth zone may be controlled
by a number of forces (such as gravitational, electromagnetic, or centrifugal forces) counteracting the
motion of the gas stream. These forces counterbalance the gas flow to help control the residence time,

so that the size of the solid carbon product may be controlled. By way of example only, other suitable
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reactor designs that may be used in certain embodiments may include packed-bed reactors (PBR) and
membrane reactors (MR).

Additional reactor and catalyst designs suitable for particular embodiments are disclosed in
International Patent Publication WO 2013/158158, previously incorporated by reference.

First and second reaction zones may be maintained at various temperatures. In embodiments,
the first reaction zone is maintained at a different temperature from the second reaction zone. In
embodiments, first or second reaction zones may be maintained at predetermined temperatures.

The first and second reaction zones may be maintained at various pressures. In embodiments,
the first reaction zone is maintained at a different pressure from the second reaction zone. In
embodiments, the first or second reaction zones may be maintained at predetermined pressures.

A reactor may be coupled with heating and cooling mechanisms to control the temperature of
the reactor. For example, a reactor may be configured such that products and excess reactant are
recycled through a cooling mechanism to condense water vapor. The products and/or excess reactant
may then be reheated and recycled through the reactor. By removing some of the water vapor in the
recycled gases, the morphology of solid carbon formed may be controlled. Changing the partial
pressure of water vapor changes the carbon activity of a mixture. The reactor may also be coupled to a
carbon collector in which water and unreacted reactants are separated from the carbon products. The
separated carbon products are collected and removed from the system.

Since methane-reforming reactions typically occur at higher temperatures than Bosch
reactions, it may be desirable to add a cooler carbon oxide stream to gases flowing from methane-
reforming reactions to cool the resulting mixed gas stream to a temperature suitable for subsequent
Bosch reactions. In embodiments, a separate cooling chamber may allow the temperature of an
mtermediate gas stream leaving a methane reformer stage to cool before the intermediate gas stream
reacts in a subsequent Bosch reaction stage. In some embodiments, a condenser unit is used to cool an
intermediate gas stream and to remove water. In such embodiments, the intermediate gas stream may
additionally be reheated to optimal temperatures for a subsequent Bosch reaction stage.

In the presence of oxygen, hydrocarbons may react to form carbon monoxide, carbon dioxide
and water, as well as small hydrocarbons and hydrogen. These combustion reactions may be useful in
a methane reformer to provide some or all of the thermal energy needed to drive the endothermic step
of the process. High concentrations of oxygen may result in producing less solid carbon in a Bosch
reaction, however. Therefore, it may be desired to restrict the amount of oxygen present in the Bosch
reaction stage of a two-stage process described herein to optimize the production of solid carbon.
Additionally, the presence of oxygen may be a source of catalyst poisoning and reduce the activity of a
metal catalyst.

In some embodiments, methods for removal of oxygen at various stages of a two-stage

reaction process are employed. In certain embodiments, oxygen may be desired in a first stage of a
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two-stage process, to facilitate combustion of methane gases, then some or all of the residual oxygen
may be removed from the first reaction zone and/or from the intermediate gas stream. In some
embodiments, a first catalyst for use in a methane reforming reaction is selected which is less disposed
to oxidation in the presence of oxygen gas.

In some embodiments, a portion of the hydrogen gas produced in a methane reformer stage of
a two-stage reaction process is purified from one or more reaction zones by various methods known in
the art, including pressure swing absorption (PSA). Separation of part of the hydrogen in the reactor
may allow the operator to maintain a desired stoichiometric balance for subsequent reaction with
carbon oxides, for example, in the Bosch reaction, and it may be desirable to retain a portion of the
hydrogen as an end product. Hydrogen may also be separated from a tail gas stream following a Bosch
reaction stage of a two-stage process.

In certain embodiments, a solid carbon product is separated from one or more reaction zones.
In some embodiments, separation of the solid carbon product may occur while the reaction proceeds.
In some embodiments, solid carbon is separated while it is suspended in a gas stream. In other
embodiments, solid carbon is separated while it is bound or settled on a catalyst surface. The
separation of the solid carbon product from a gas stream and the catalyst depends on the type of reactor
used. For example, the solid carbon may be harvested directly from the gas stream in an aerosol
reactor or the elutriates from a fluidized bed reactor, using electrophoretic or thermophoretic collectors
or various filtration methods. In some embodiments, a cyclone separator or a baghouse type filter is
used to separate and collect a solid carbon product. For a solid catalyst or solid surface mounted
catalyst, the solid carbon product may be scraped or otherwise abraded from the surface of the solid
carrier material. Alternatively, the solid carbon product may be rinsed off of the surface of the catalyst
with a solvent. Various strategies for removing solid carbon products from a reactor vessel are further
disclosed in U.S. Provisional Application 61/624,702.

Gaseous mixtures at various stages of a two-stage process may contain small amounts of
unwanted gases and/or particulate matter. Various waste gases may be present, including SO,, NO,,
N,, H,S, and acids (e.g., hydrochloric acid and sulfuric acid) depending on the source and purity of the
process feed gas and the reaction conditions. In some embodiments, waste gases are removed from a
process feed gas stream, from one or more intermediate gas streams, or from a tail gas stream. In other
embodiments, a gas separator is associated with either a first or second reaction zone to process one or
more waste gases directly. In some embodiments, oxygen may also be considered a waste gas, as
discussed herein, and is removed at various stages of the two-stage process, using methods known in
the art.

Numerous methods and equipment for removing particulates from a gas mixture are known in
the art, including the use of mechanical collectors, electrical precipitators, scrubbers, and fabric filters

(bag houses). Contaminants such as sulfur and phosphorus, and compounds thereof, may act as
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catalyst poisons, and may be removed using methods known in the art. In some embodiments, a
system for a two-stage process includes equipment for removing particulates from a process feed gas
stream, an intermediate gas stream, a tail gas stream, or a gas mixture found within a first or second
reaction zone. In some embodiments, particulates are removed from a process feed gas stream before
the process feed gas stream enters a first reaction zone.

Water may be removed from one or more stages of a two-stage process. In some
embodiments, an intermediate stream is cooled to condense water vapor and the latent heat extracted
for heating purposes, or as part of a low-pressure power-extraction cycle. Condensed water may then
be removed using methods known in the art. The water may be treated to remove dissolved reaction
gases, filtered to remove solid contaminants, and/or released the environment. In general, pure water
may be formed as a co-product.

A tail gas stream herein may include steam, unreacted methane, carbon oxides, hydrogen,
various waste gases, and/or aerosolized solid carbon products. Alternatively, a tail gas stream may
contain primarily or entirely steam. In some embodiments, a portion of the steam is removed from a
tail gas stream by methods known in the art, for example a heat exchanger may be used to condense a
portion of the water from the tail gas stream.

A tail gas stream is recycled to constitute a portion of a process feed gas stream. In some
embodiments, a portion of the tail gas stream is passed back directly into a first or second reaction zone
to continue the reactions occurring there. In other embodiments, a portion of the tail gas stream is
recycled and mixed with either the process feed gas stream or the intermediate gas stream to continue
the reactions.

FIG. 2 shows one embodiment of a system 100 that may be used according to methods
disclosed herein. In the system 100, a process feed gas stream 102 including methane and steam enters
a first reaction zone 104 comprising a methane reformer maintained at approximately 900°C or greater
and containing a first catalyst.

The methane and steam undergo reaction in the first reaction zone 104, producing a mixture
that may include carbon oxides, hydrogen, waste gases, and unreacted methane and steam. In some
embodiments, the methane may react substantially to completion in a first reaction zone. A hydrogen
gas stream 106 is separated from a first reaction zone 104 using means known in the art. Separation of
a portion of the hydrogen gas from a first reaction zone may allow the operator to maintain a desired
stoichiometric balance of hydrogen to carbon oxides for use in a Bosch reaction.

In the system 100, an intermediate gas stream 108 flows from the first reaction zone 104 and
passes into a second reaction zone 110, comprising a Bosch reactor, maintained at about at least 680°C,
and containing a second catalyst. Products formed inside the second reaction zone 110 may include
solid carbon, steam, unreacted carbon oxides, hydrogen, methane, waste gases, and particulates.

Hydrogen 112 and solid carbon 114 are removed from the second reaction zone 110.
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The first reaction zone 104 and the second reaction zone 110 may include means for material
handling, mixing, controlling temperature, controlling pressure, adding and removing reactants and
products, efc. The first reaction zone 104 and the second reaction zone 110 may include one or more
sensors, controllers, efc., and the conditions in the first reaction zone 104 and the second reaction zone
110 may remain constant or may vary during processing. For example, controllers may be configured
to maintain selected conditions, as indicated by signals received from the one or more sensors.

FIG. 3 shows an additional embodiment of a system 116 that may be used according to
methods disclosed herein. In the system 116, methane gas 118 flows through a first purifier unit 120 to
remove unwanted gases and particulates, leaving a purified methane gas stream 122. Water 124 flows
through a second purifier unit 126 in which unwanted minerals and impurities are removed, and in
which the water is heated to form steam, leaving purified steam 128.

A purified methane gas stream 122 and purified steam 128 flow into a first reaction zone 104
comprising a methane reformer, maintained at about at least 900°C and containing a first catalyst. The
purified methane gas stream 122 and purified steam 128 react in the first reaction zone 104 to produce
a mixture that may include carbon oxides, hydrogen and unreacted methane and steam. In some
embodiments, a purified methane gas stream 122 may react substantially to completion in a first
reaction zone 104. In other embodiments, residual methane gas may remain in the first reaction zone
104. A hydrogen gas stream 106 may be separated from a first reaction zone 104 using means known
in the art. Separation of a portion of the hydrogen gas from a first reaction zone 104 may allow the
operator to maintain a desired stoichiometric balance of hydrogen to carbon oxides for use in a Bosch
reaction that occurs in the second reaction zone 110.

In the system 116, a first intermediate gas stream 130 flows from the first reaction zone 104
and passes through a condenser unit 132. This condenser unit 132 may include heat exchangers to cool
the intermediate gas stream 130 and recover at least a portion of the heat to any or all of the methane
gas 118, water 124, or tail gas stream 138. The condenser unit 132 may also include equipment to
remove at least a portion of the water in the tail gas stream 138. Water 134 is condensed and removed
from the condenser unit 132. A second intermediate gas stream 136 flows into a second reaction zone
110 comprising a Bosch reactor maintained at about at least 500°C, containing a second catalyst.
Products formed inside the second reaction zone 110 may include solid carbon, steam, unreacted
hydrogen gas, carbon oxides, methane, waste gases, and particulates. Hydrogen 112 and solid carbon
114 are removed from the second reaction zone 110. At least a portion of the water in the intermediate
gas stream 136 may also be removed in the second reaction zone 110.

In the system 116, a tail gas stream 138 containing residual methane, steam, carbon oxides,
hydrogen, and waste gases are recycled to further react in the first reaction zone 104. Optionally, all or
a portion of the tail gas stream 138 may be recycled to form at least a portion of the intermediate gas

stream 136.
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The first reaction zone 104 and the second reaction zone 110 may include means for material
handling, mixing, controlling temperature, controlling pressure, adding and removing reactants and
products, efc. The first reaction zone 104 and the second reaction zone 110 may include one or more
sensors, controllers, efc., and the conditions in the first reaction zone 104 and the second reaction zone

5 110 may remain constant or may vary during processing. For example, controllers may be configured
to maintain selected conditions such as reaction temperature, reaction pressure, catalyst level and

reaction gas mixtures, as indicated by signals received from the sensors.
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CLAIMS
What is claimed is:
1. A method for producing hydrogen, the method comprising:

heating a feed gas comprising methane and steam;

flowing the feed gas into a first reaction zone containing a first catalyst, wherein at least a portion
of the feed gas is converted into an intermediate gas;

flowing the intermediate gas into a second reaction zone containing a second catalyst, wherein at
least a portion of the intermediate gas is converted into a tail gas and solid carbon and
water;

removing the solid carbon from the second reaction zone;

removing the tail gas from the second reaction zone; and

removing hydrogen from the tail gas to form a hydrogen gas stream and a hydrogen-depleted tail

gas stream.

2. The method according to claim 1, wherein the intermediate gas comprises carbon

oxides and hydrogen.

3. The method according to claim 1, further comprising recycling the hydrogen-

depleted tail gas to the first reaction zone.

4, The method according to claim 1, wherein heating the feed gas comprises counter
flowing through at least one heat exchanger at least one of at least a portion of the feed gas with at
least one of at least a portion of the tail gas and at least a portion of the hydrogen-depleted tail gas

for heat recovery.

5. The method according to claim 1, wherein heating the feed gas comprises

combustion of a portion of the methane in the feed gas.

6. The method according to claim 5, wherein combustion of a portion of the methane
in the feed gas comprises adding oxygen to the feed gas under conditions in which the only a

portion of the methane will combust with the oxygen.

7. The method according to claim 1, wherein at least a portion of the steam in the feed

gas 1s formed by combustion of at least a portion of the methane in the feed gas.
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8. The method according to claim 1, further comprising;:
forming a first feed gas containing methane;
forming a second feed gas containing steam; and,
combining the first feed gas and the second feed gas to form a feed gas comprising methane and

steam.

9. The method according to claim 1, further comprising;:
forming a first feed gas containing methane;
forming a second feed gas containing steam;
recycling at least a portion of the tail gas; and
combining the first feed gas containing methane, the second feed gas containing steam, and the

portion of the tail gas, to form a feed gas comprising methane and steam.

10. The method according to claim 8 or claim 9, wherein the first feed gas and the
second feed gas are preheated prior to combining to form a feed gas comprising methane and

steam.

11. The method according to claim 9, wherein at least a portion of the tail gas is

preheated prior to combining to form a feed gas comprising methane and steam .

12. The method according to claim 1, wherein the solid carbon comprises carbon
nanotubes, graphene, graphite, amorphous carbon, nanodiamonds, carbon nanofibers or mixtures

thereof.

13. The method according to claim 1, wherein at least one of the first catalyst and the

second catalyst comprises steel.

14. The method according to claim 1, wherein at least one of the first catalyst and the

second catalyst comprises at least one element of Groups V through X of the periodic table.

15. The method according to claim 1, further comprising maintaining at least one

reaction zone at a predetermined pressure.

16. The method according to claim 15, wherein the predetermined pressure is between

about 0 MPa and about 30 MPa (about 0 psia to about 4400 psia).
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17. The method according to claim 15, wherein the predetermined pressure is between

about 0.69 MPa and about 6.95 MPa (about 100 psia to about 1,000 psia).

18. The method according to claim 1, further comprising maintaining the temperature
of at least one of the first reaction zone and the second reaction zone at a predetermined

temperature.

19. The method according to claim 18, wherein the predetermined temperature is

between approximately 500°C and 1500°C.

20. The method according to claim 18, wherein the predetermined temperature is

between approximately 600°C and 900°C.

21. The method according to claim 1, further comprising maintaining the feed gas at a

predetermined composition.

22. The method according to claim 21, wherein the predetermined composition

comprises a surplus of methane to water.

23. The method according to claim 21, wherein the predetermined composition

comprises a surplus of water to methane.

24, The method according to claim 1, wherein:

at least a portion of the methane and at least a portion of the water react in the first reaction zone to
produce carbon monoxide, carbon dioxide and hydrogen in the presence of the first
catalyst; and

at least a portion of the carbon monoxide, carbon dioxide and hydrogen in the second reaction zone

react to form solid carbon and water in the presence of the second catalyst.

25. The method according to claim 24, wherein the first catalyst and the second

catalyst have different compositions.

26. The method according to claim 24, further comprising maintaining the first

reaction zone and the second reaction zone at substantially different reaction temperatures.
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27. The method according to claim 24, further comprising maintaining the first

reaction zone and the second reaction zone at substantially different reaction pressures.

28. The method according to claim 1, further comprising removing at least a portion of

the water from at least one of the tail gas and the hydrogen-depleted tail gas.

29. The method according to claim 28, further comprising recycling at least a portion

of the water to constitute at least a portion of the steam in the feed gas steam.

30. The method according to claim 1, further comprising injecting water or steam into

the first reaction zone to supplement at least a portion of the steam in the feed gas.

31. The method according to claim 1, further comprising;:
heating the feed gas to a temperature above the boiling point of water at the pressure of the feed
gas; and

mjecting steam or water into the feed gas to form at least a portion of the steam in the feed gas.

32. The method according to claim 1, further comprising:
condensing water vapor from the intermediate gas before flowing the intermediate gas into the
second reaction zone; and

removing water from the intermediate gas.

33. A method for producing hydrogen, comprising:
heating a feed gas comprising methane and steam;
flowing the feed gas into a first reaction zone containing a first catalyst;
converting at least a portion of the feed gas into an intermediate gas;
flowing the intermediate gas into a second reaction zone containing a second catalyst;
converting at least a portion of the intermediate gas into a tail gas and solid carbon and water in the
second reaction zone;
removing at least a portion of the solid carbon from the second reaction zone;
removing the tail gas from the second reaction zone;
removing hydrogen from the tail gas to form a hydrogen-depleted recycle gas; and
recycling the hydrogen-depleted recycle gas to form a portion of the feed gas.

34, A method for producing hydrogen, the method comprising:

heating a feed gas comprising methane and steam;
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flowing the feed gas into a first reaction zone containing a first catalyst, wherein at least a portion
of the feed gas is converted into an intermediate gas;

flowing the intermediate gas into a second reaction zone containing a second catalyst, wherein at
least a portion of the intermediate gas is converted into a tail gas and solid carbon and
water in the second reaction zone; and

removing at least a portion of the solid carbon from the second reaction zone,

removing the tail gas from the second reaction zone; and

removing hydrogen from the tail gas,

wherein at least one of a first catalyst and a second catalyst comprises an unsupported iron-based
catalyst comprising iron not in the alpha phase, and

wherein a water vapor pressure in at least one of the first reaction zone and the second reaction

zone is continuously maintained at at least one predetermined level.
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