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Lyst support configured to at least partially retain a catalyst material and al-
low a tail gas to pass therethrough, and a tail gas outlet. The gas inlet is in
fluid communication with the solid outlet. A system for producing a solid
product includes a reactor, a compressor, a heater, a make-up reactive gas in-
let, and a solids discharge means for removing the solid product from the
solid outlet of the reactor. Methods of forming solid products include
providing a catalyst material in a vessel having a porous catalyst support, de-
livering a reactive gas to the vessel, reacting the reactive gas to form a solid
product and a tail gas in the vessel, passing the tail gas through a portion of
the catalyst material to separate the solid product from the tail gas, and re-
moving the solid product.
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REACTORS, SYSTEMS, AND METHODS FOR FORMING SOLID PRODUCTS

PRIORITY CLAIM
This application claims the benefit of the filing date of United States Provisional Patent
Application Serial No. 61/790,102, filed March 15, 2013, for “Reactors, Systems, and Methods for

Forming Solid Products,” the contents of which are incorporated herein by this reference.

TECHNICAL FIELD
Embodiments of the present disclosure relate to reactors, systems, and methods for forming
solid products from a reactive gas in the presence of a catalyst. For example, methods disclosed herein

may be used to form various allotropes and morphologies of solid carbon, including carbon nanotubes.

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.

Continuous production of solid products from reactive gases typically entails reacting the
reactive gases in the presence of a catalyst in such a way that the solid products are elutriated from the
surface of the catalyst. The solid products are thus swept away from the catalyst and subsequently
harvested in a suitable process or series of processes for removing particulates from reaction tail-gases.
Reactors conventionally used for such continuous solid production include fluidized-bed reactors, fixed
bed reactors, pulsed bed reactors, shaft kilns, etc. Particulate removal devices typically include
cyclones, bag houses, electrostatic precipitators, scrubbers, etc.

The capital and operating expenses of the equipment to separate solid products from tail gases
are significant. Worker and environmental exposure associated with maintenance of such equipment are
also of concern. In particular, small solid materials such as nanoparticles, fibers, and other
morphologies, are very difficult to economically separate from gases because they may be so small that
they have high blow-by rates in cyclones, tend to penetrate and plug fabrics in bag filters, and have
electrical conductivities making them unsuitable for removal in scrubbers or precipitators.

Efficiently separating solid particles from process gas streams is important for both the
economics of a process and for environmental safety of the process. In processes in which the solid
product is salable, increasing recovery may be desirable to maximize yield, revenue, or profits. The cost
of recovery can be significant in both capital and operating costs. Furthermore, regulatory, safety, or
other considerations may dictate limiting or minimizing environmental and worker exposure to

industrial dusts and nanoparticles.

DISCLOSURE
In some embodiments of the disclosure, a reactor includes a vessel having at least one outer

wall, a gas inlet configured to deliver a reactive gas into the vessel, a solid product outlet configured to
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deliver a solid product from the vessel, a catalyst support configured to at least partially retain a catalyst
material and allow a tail gas to pass therethrough, and a gas outlet configured to deliver the tail gas from
the catalyst support through the outer wall of the vessel. The gas inlet is in fluid communication with
the solid outlet. The solid outlet is separate and distinct from the gas outlet. The solid product flows
counter to the reactive gas flow, and the solid product discharge from the reactor is separate and distinct
from the tail gas outlet.

In other embodiments, a system for producing a solid product includes a reactor, a compressor
configured to circulate a reactive gas through the reactor, and a heater configured to heat the reactive gas
to a reaction temperature. The system also includes a make-up reactive gas inlet configured to deliver
reactive gas to the system to maintain a constant mass of reactive gas in the system and a solids
discharge means for removing the solid product from the solid outlet of the reactor.

In yet other embodiments, a reactor includes an internal catalyst container within which the
catalyst is retained. The catalyst container is in fluid communication with the reactor vessel so that as
the solid product grows on the surface of the catalyst, the product can be removed from the catalyst
container and flow through the reactor to a solid product removal system. The removal of the solid
product from the internal catalyst container may be, for example, by means of reactive gases blowing
the solid product off of the surface of the internal catalyst container by means of a suitably configured
diffuser. Options for the catalyst container include a mechanism to replenish and remove catalyst as
required and a mechanism to introduce steam or other reactants into the catalyst bed to remove
accumulated solid product by regasifying the solid product.

Methods of forming solid products include providing a catalyst material in a vessel having at
least one outer wall and a porous catalyst support, delivering a reactive gas to the vessel, reacting the
reactive gas in the presence of the catalyst to form a solid product and a tail gas in the vessel, passing the
tail gas through at least a portion of the catalyst material to separate the solid product from the tail gas,
and removing the solid product from the vessel.

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.

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.
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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, ihcluding 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.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified schematic illustrating an embodiment of a reactor;

FIG. 2A is a simplified schematic illustrating an embodiment of an inlet baffle that may be used
in the reactor of FI1G. 1;

FIG. 2B is a cross-sectional view of the inlet baffle of FIG. 2A at the section line A—A;

FIG. 3A is a simplified schematic illustrating another embodiment of an inlet baffle that may be
used in the reactor of FIG. 1;

FIG. 3B is a cross-sectional view of the inlet baffle of FIG. 3A at the section line B-B;

FIG. 4 is a simplified schematic illustrating another embodiment of a reactor;

FIG. 5 is a simplified block flow diagram illustrating a system for the production of solid
products using a reactor as described herein; and

FIG. 6 is a simplified block flow diagram illustrating a solids removal device that may be used

in conjunction with the reactors and systems described herein.

MODE(S) FOR CARRYING OUT THE INVENTION

The present disclosure describes a reactor, system, and method for the production of solid
products from reactive gases. Such solid products are formed from the reactive gases in contact with a
catalyst material. In operation, the reactive gas flows across the bed of catalyst material in such a way
that solid products form on the leading edge of the bed (i.e., the exposed surface). The volumetric
expansion of solid products (i.e., due to the formation of such solid products) causes the solid products
to flow out of the reactor. Downstream portions of the bed of catalyst material may optionally be
configured to filter or react with components of the reactive gases to minimize the entrainment of solid
product in the tail gases leaving the reactor.

As use herein, the term “solid product” means and includes any dusty, friable, powdery, sandy,
chunky, or porous material that may occur as solid granules or agglomerations of solid material with or
without voids. Such materials may include a wide range of chemistries and morphologies and are

distinguished by the presence of solid phase material in the product. Such materials specifically include
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nanoparticles of various chemistries and morphologies including carbon nanotubes, carbon nanofibers,
and nanodiamonds.

As used herein, the terms “catalyst” and “catalyst material” mean and include a material
formulated to promote one or more reactions, resulting in the formation of a solid product. A portion of
a catalyst may be removed from a surrounding portion of the catalyst during the reaction and contained
in or adhered to the solid product. Thus, some of the catalyst may be physically removed during the
reaction, and the catalyst may 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 for forming solid products include, for example, iron, nickel, cobalt, efc., or
other Group 2 through Group 15 elements (e.g., Group 5 through Group 10 elements) and alloys and
mixtures thereof. Note that the periodic table may have various group numbering systems. As used
herein, group 2 is the group including Be, group 3 is the group including Sc, group 4 is the group
including Ti, group 5 is the group including V, group 6 is the group including Cr, group 7 is the group
including Mn, group 8 is the group including Fe, group 9 is the group including Co, group 10 is the
group including Ni, group 11 is the group including Cu, group 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. In
some embodiments, commercially available metals are used without special preparation. Catalysts may
be granular, fibrous, particulate, zeolite, or in any other form compatible with the reactor design and
catalyst handling methods disclosed herein. For example, catalyst may include materials similar to steel
sand blasting grit, steel wool, chopped steel wool, and similar materials.

FIG. 1 is a simplified schematic illustrating an embodiment of a reactor 100. The reactor 100
includes an outer vessel 102 having a hemispherical head 104 and a conical base 106. The
hemispherical head 104 includes an inlet 108 for a reactive gas. The conical base 106 has a cross
section that narrows toward a product discharge 110 through which a solid product and, in some
embodiments, a portion of the reactive gases may flow when the reactor 100 is in operation. The
reactive gases may include, for example, a mixture of a carbon oxide (e.g., carbon monoxide, carbon
dioxide, or both) and a reducing agent (e.g., hydrogen, methane, a hydrocarbon gas, an alcohol, efc.).

The outer vessel 102 may be made of any suitable materials, and the materials may be selected
based on the expected service conditions of the reactor 100. For example, the outer vessel 102 may be a
ceramic-lined steel vessel. The reactor 100 may be configured to be operated in an orientation in which
the bottom is a conical base 106, as illustrated in FIG. 1. In other embodiments, the bottom of the outer
vessel 102 may include any other shape configured for collecting and removing the solid product formed
in the reactor 100 to the product discharge 110. Though the reactor 100 shown in FIG. 1 includes an
outer vessel 102 having a hemispherical head 104 and a conical base 106, the outer vessel 102 may
include heads or ends having any appropriate shape to accommodate solid product reactions. Various

shapes are commonly used in industry for the heads and bases of reaction vessels and such shapes may
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be selected based on the flow of materials, reaction temperatures and pressures, ease of manufacturing
and maintenance, efc.

The inlet 108 is configured to receive reactive gas. The flow of reactive gas may be directed by
features of the inlet 108, the hemispherical head 104, or the outer vessel 102. When the reactor 100 is in
operation, reactive gas enters the outer vessel 102 through the inlet 108 for the reactive gas. The
reactor 100 may optionally include an inlet baffle 109 configured to direct the flow of reactive gas, as
described in more detail below. Though FIG. 1 illustrates an inlet 108 attached to a hemispherical
head 104, the reactor 100 may include a head having any shape, and the inlet 108 may be configured at
various locations and angles other than axially on hemispherical head 104. The inlet 108 may be
configured as a side inlet or tangential inlet to outer vessel 102. The inlet 108 may be configured to
extend into the vessel and so that reactive gas flowing into the reactor blows the solid product off of the
surface of the inner chamber 112.

The inlet baffle 109, if present, may be designed to blow the solid products forming in
reactor 100 off of a surface of catalyst material and toward the product discharge 110. In operation of
the reactor 100, reactive gas flows into the outer vessel 102 through the inlet 108, through the inlet
baffle 109, to an inner chamber 112, as described in more detail below. The solid products formed on
the catalyst in the inner chamber 112 are removed from inner chamber 112, passed through the area
between inner chamber 112 and outer vessel 102, and collected at the bottom of the outer vessel 102.
The solid products flow through the product discharge 110 and are removed from the reactor 100 by a
solids removal system, such as described below and shown in FIG. 6. The inlet baffle 109 may have
any suitable shape to direct reactive gas within the reactor 100. Some embodiments of an inlet
baffle 109 are illustrated in FIGS. 2A through 3B and described below.

The solid product is typically not tightly bound to the catalyst contained in the inner
chamber 112, and the solid product is typically much less dense than the catalyst. As the reactive gases
contact the catalyst in the inner chamber 112, the solid product is formed on the surface of the catalyst.
As additional solid product is formed, the solid product is released from the surface of the catalyst,
forming a light powder as a solid product surrounding the catalyst. Because of the density difference
and the continuing flow of the reactive gases through the inner chamber 112, the catalyst continually
settles in the inner chamber 112, and the solid product rises to the surface of the inner chamber 112,
where it is removed from the surface of the inner chamber 112. The solid products are removed from
the inner chamber 112 by blowing off of the surface of the inner chamber 112 by reactive gases flowing
through the baffle 109, by solid products piling and slumping off of the surface of the mner
chamber 112, or by a combination thereof.

The inlet baffle 109 may be positioned within the reactor 100 above the inlet to the inner
chamber 112 and with sufficient clearance to allow for product formation and piling on the surface of
catalyst material disposed in the inner chamber 112. The inlet baffle 109 may be placed such that at
normal operating conditions, the reactive gases have a velocity sufficient to sweep the solid product

from the surface of the inner chamber 112, but a velocity below the entrainment velocity of the catalyst
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material so that the catalyst material stays in the inner chamber 112. In other words, the flow of the
reactive gases is slow enough that the catalyst material (except for portions bound up in solid products)
is not entrained in the reactive gases. In other embodiments, it may be desirable to continuously sweep
a surface layer of catalyst material out of the inner chamber 112 with the solid product. The inner
chamber 112 may be designed with a volume above the catalyst surface for the accumulation of solid
reaction products prior to such products exiting the inner chamber 112. This volume above the catalyst
surface for the accumulation of solid reaction products may be designed to assure that catalyst particles
settle out of the solid reaction products and the resulting solid reaction products are substantially free of
unreacted catalyst.

The inlet baffle 109 is used to direct the reactive gases so that they act as an air knife to blow at
least a portion of the solid reaction products from the top of the inner chamber 112 without entraining
catalyst located in the inner chamber 112. FIGS. 2A and 2B illustrate one embodiment of an inlet baffle
109a, such as the inlet baffle 109 shown in FIG. 1, and are included by way of illustration and not as
limitation. In particular, FIG. 2A is a top view of the inlet baffle 109a, and FIG. 2B is a cross-sectional
view of the inlet baffle 109a at the section line A—A. The inlet baffle 109a is a porous medium through
which reactive gases can flow. A porous inlet baffle 109a may provide a more-uniform gas flow across
a cross section of the reactor 100 than the inlet 108 alone, promote mixing of the reactive gases, and
may limit the depth of solid product accumulation on the surface of the inner chamber 112 and evenly
blow solid product off of the surface of the catalyst material in the inner chamber 112. The porous inlet
baffle 1092 may include a material such as a sintered ceramic, a sintered metal, or any other material
suitable for use in expected operating conditions in the reactor 100. The inlet baffle 109a typically has a
constant thickness, as illustrated in FIG. 2B. However, the inlet baffle 109a may have a thickness that
varies across a cross section thereof. The size of the inlet baffle 109a may be selected to correspond to
an inside dimension (e.g., a diameter) of the outer vessel 102 or to a dimension of the inner chamber 112
(e.g., an inner or outer diameter). In embodiments in which the size of the inlet baffle 109a corresponds
to a dimension of the inner chamber 112, the inlet baffle 109a may be mounted in a solid material that
restricts the flow of reactant gases. In some embodiments, a solid flow-restricting plate on the top,
bottom, or both surfaces of the inlet baffle 109a may limit flow of reactive gases to selected portions of
the reactor 100.

FIGS. 3A and 3B illustrate another embodiment of an inlet baffle 109b, such as the inlet
baffle 109 shown in FIG. 1, and are included by way of illustration and not as limitation. In particular,
FIG. 3A is a top view of the inlet baffle 109b, and FIG. 3B is a cross-sectional view of the inlet baffle
109b at the section line B-B. The inlet baffle 109b is a perforated baftle configured to direct reactive
gas flow, such as to collimate the flow of reactive gas. The inlet baffle 109b typically has channels
formed therein that are angled or otherwise formed so that they constitute flow vanes to direct the flow
of the reactive gases across the surface of the catalyst material. The inlet baffle 109b may define
openings that are aligned in the same direction with one another, as shown in FIG. 3B. Alternatively,

some openings may be aligned in directions different from other openings. The inlet baffle 109b may
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include a material such as a ceramic, a metal, or any other material suitable for expected operating
conditions in the reactor 100.

The inlet baffle 109b may be configured to direct reactive gas flow to blow solid product off of
the surface of the catalyst chamber in a controlled manner to level the solid product on the surface of the
catalyst material in the inner chamber 112. In operation, the flow of reactive gases may therefore blow
the solid products toward the product discharge 110. FIG. 3B shows that the inlet baffle 109b may have
a series or array of flow vanes. In some embodiments, the inlet baffle 109b has perforations located
such that the flow of reactive gases is directed across the surface of the inlet area of the catalyst
chamber. The inlet baffle 109b may have a complex arrangement of channels formed in the material so
that the solid material is blown as desired off of the surface of the catalyst material in the inner
chamber 112 toward the product discharge 110.

The inner chamber 112, as shown in FIG. 1, may be a distinct body within the reactor 100
suitable for vertical reactor orientation and operation. Alternatively, the inner chamber 112 may be
omitted for horizontal reactor orientation and operation, as shown in FIG. 4 and described below. The
inner chamber 112 has a wall 114 configured to at least partially retain a catalyst material. The wall 114
may be cylindrical or any other shape. For example, the wall 114 may define an interior volume in the
shape of a rectangular prism. The inner chamber 112 includes a support 116 also configured to at least
partially retain the catalyst material. The support 116 is configured to limit or prevent the transfer of
catalyst material from the inner chamber 112 to a tail gas exit 118. That is, the support 116 allows gases
to pass through, but may prevent solids or liquids above a selected particle size from passing through.
The support 116 may be porous and may be, for example, a sintered ceramic or metal disk or a packing
such as quartz fiber. The support 116 may be selected so that the catalyst particles will be retained; for
example if an 80-mesh catalyst particle (i.e., a particle that passes through a screen having 80 openings
per linear inch (32 openings per linear cm)) is used, the support 116 may be selected so that the pore size
1s significantly less than 80 mesh, such as a 120 mesh stainless steel fabric. The support 116 may further
be selected so that the product particles are retained, which may require a substantially smaller pore size
than that required to retain the catalyst particles.

Catalyst material suitable for catalyzing one or more reactions to form a solid product is
retained in the inner chamber 112 by the wall 114 and the support 116. In some embodiments, the
catalyst is formulated to serve at least two functions: to catalyze reactions and to filter solid reaction
product materials from tail gases (i.e., gases remaining after reaction to form the solid product). For
example, the catalyst material in sections 120, 122, 124 of the inner chamber 112 may variously catalyze
the reaction of reactive gases to form solid products, filter the solid products from tail gases, and/or
convert solid products that break through the filter section back into gaseous reactants for removal with
the tail gases.

In some embodiments, catalyst material in the first, reaction section 120 catalyzes the reaction
of reactive gases to form solid products, catalyst material in the second, filter section 122 filters the solid

products, and reactants added through the optional reactant inlet 126, in the third, regasification section
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124, convert any solid particles not filtered in the filter section 122 back into reaction gases. Though
shown in FIG. 1 as distinct sections of the inner chamber 112, the inner chamber 112 may be
continuous, having no discernible boundaries between such sections 120, 122, 124. Furthermore,
sections 120, 122, 124 or portions thereof may serve multiple functions. For example, when the reactor
100 is in operation, reactive gases may react in the presence of the catalyst material in the reaction
section 120, and solid products may be filtered from downward flowing gases beginning in the reaction
section 120 and continuing to some degree in the filter section 122.

Catalyst may be fed to the inner chamber as needed to replace catalyst material entrained in the
solid carbon product or otherwise removed from the inner chamber 112, or at a rate sufficient to assure
that the catalyst bed flows counter to the reaction gas flow at a rate sufficient to eliminate solid carbon
particles flowing in the reaction gas passing all the way through the catalyst bed.

In some embodiments, continuously or periodically replenishing the catalyst through catalyst
inlet or removal means 128 located at or near the surface of the support 116 assures that the catalyst bed
moves as plug flow, counter-current to the flow of the reactive gases through the catalyst bed. In such
embodiments, the flow of the catalyst is sufficient to assure that solid reaction products do not break
through the catalyst bed and plug the support 116 or remain in the tail gas stream. In such embodiments,
the catalyst bed may act as a filter to remove solid reaction products from the gas stream. In such cases,
the regasification section 124 and the reactant inlet 126 may be omitted. The catalyst bed may be
designed with a depth to provide at least a reaction section 120 and a filter section 122.

Catalyst material may be entrained in the solid product and removed from the inner chamber
112 and discharged with the solid product from the reactor 100. Subsequent processing of the solid
product to remove at least a portion of the catalyst material may be performed to assure product quality.

The inner chamber 112 may be filled with catalyst material, such as particulate material or
packed media. The amount of catalyst material in the inner chamber 112 may be selected such that the
depth of the catalyst material is sufficient to prohibit breakthrough or plugging of the catalyst bed in the
filter section 122 by the solid product produced in the reaction section 120. That is, the depth of the
catalyst material may be selected such that, in operation of the reactor 100, the filter section 122
adequately filters the solid product formed in the reaction section 120.

The reactor 100 may be configured such that catalyst material is introduced into the inner
chamber 112 as a batch (i.e.,, before reactive gases flow into the reactor 100) and periodically
replenished as needed. Alternatively the catalyst material may be introduced continuously into the inner
chamber 112 via a catalyst inlet or removal means 128. In either case, the catalyst material may be
provided in a form that filters the solid products formed by reaction of the reactive gases in the presence
of the catalyst material. For example, catalyst material in the form of fine particles (e.g., steel grit or
steel shot) or fibrous materials (e.g., steel wool or chopped steel wool) may be suitable for both
catalyzing formation of solid products and filtering the solid products from remaining tail gases. The

form and amount of the catalyst material may be selected such that the support 116 remains porous (i.e.,
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the support 116 does not become blocked or plugged by the solid products during operation of the
reactor 100).

The reactor 100, as shown in FIG. 1, may include a catalyst inlet or removal means 128 for
adding catalyst material to the inner chamber 112. The catalyst may be transferred from a catalyst
storage device (e.g., a tank, a hopper, efc.) through the catalyst inlet or removal means 128 to the inner
chamber 112 at or near an upstream surface of the support 116 or at any selected location within the
inner chamber 112. In the embodiment shown in FIG. 1, the catalyst inlet or removal means 128 is
configured to deliver catalyst material on the support 116 at the bottom of the regasification section 124
of the inner chamber 112. The catalyst inlet or removal means 128 may include a diffuser so that the
flow of catalyst material does not erode the support 116 or the wall 114.

For example, an impact plate may be disposed on the surface of the support 116, at the point of
catalyst feed, to protect the support 116 from erosion and to distribute the catalyst material. Suitable
means for conveying the catalyst material include, for example, mechanical conveyance such as a screw
feeder, or pneumatic conveyance. The catalyst inlet or removal means 128 may be configured such that
conveyance of the catalyst material does not unduly contaminate the reactive gas in the reactor 100. For
example, the catalyst inlet or removal means 128 may include a means for purging the catalyst inlet or
removal means 128 with reactive gas, an inert gas, or a compatible gas; a pneumatic conveyance using
reactive gas or a constituent thereof; or a sealed lock hopper for the catalyst store to enable vacuum or
purging of the catalyst material prior to conveying the catalyst material through the catalyst inlet or
removal means 128 into the reactor 100.

In operation of the reactor 100, catalyst material addition may be continuous or periodic. As
additional catalyst material is added through the catalyst inlet or removal means 128, the added catalyst
material pushes catalyst material up in the inner chamber 112, counter to the flow of the reactive gas.
This counter-flow arrangement allows continuous refresh of the catalyst material throughout the inner
chamber 112. In some cases, it may be desirable to add the catalyst material at some other point in the
inner chamber 112, such as at the surface of the catalyst bed. Suitable arrangements will readily occur
to a person having ordinary skill in the art for various solid products.

For some reactions, the consumption of catalyst material is slow enough that periodic addition
is sufficient and operationally simpler than continuous addition of catalyst material. In such
embodiments, the catalyst inlet or removal means 128 may be omitted or may include a valve that can
be closed while the reactor 100 is in operation. If the catalyst inlet or removal means 128 is omitted,
catalyst material may be added to the inner chamber 112 by opening the reactor 100 during periods of
time between reactor operations.

The catalyst inlet or removal means 128 may be a conduit or pipe configured such that catalyst
material enters the reactor 100, passes through the outer vessel 102 without mixing with gases or solids
therein, enters the inner chamber 112, and disperses within the inner chamber 112. The flow of catalyst
material may be dictated by particular design parameters. For example, the catalyst inlet or removal

means 128 may be configured such that heat may be transferred from reactive gases or solid products to
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the catalyst material as the catalyst material is added to the inner chamber 112. Entry points and
methods for routing the catalyst inlet or removal means 128 may be selected based upon process
conditions and the principles disclosed herein.

In some embodiments, the catalyst inlet or removal means 128 may be routed through the
bottom of the reactor up and through the side of the inner chamber 112. In this configuration, the
catalyst material may be heated by recovering some heat from solid products falling toward the product
discharge 110. Cooling of the solid product in the reactor 100 by transferring heat to the catalyst
material in the catalyst inlet or removal means 128 may lower the cooling load on the product
discharge 110. Many suitable variations on exactly how and where the catalyst inlet or removal
means 128 enters the reactor 100, how the catalyst inlet or removal means 128 is routed within the
reactor 100, and how and where the catalyst inlet or removal means 128 enters the inner chamber 112,
may be selected based on various design parameters.

The catalyst inlet or removal means 128 may be used to remove catalyst from the inner
chamber 112, such as by using the reactive gas pressure or an inert gas flow to entrain and flow the
catalyst out when the catalyst inlet or removal means 128 is connected to a lower pressure receiving
vessel or catalyst capture system. In another variation, the catalyst inlet or removal means 128 may be
configured so that during removal operations, gas flows through the catalyst inlet or removal means 128
with sufficient volumetric flow that the gas blows the catalyst out of inner chamber 112 and flows to the
product discharge 110 to be removed from the reactor 100 by a solids removal system. Many variations
in implementation of the catalyst inlet or removal means 128 may be suitable to specific catalysts and
reactor designs.

The reactor 100, as shown in FIG. 1, optionally includes a reactant inlet 126 for adding a
suitable reactant to convert any solid product that may break through the filtration section back into
gaseous reactants (e.g., steam, optionally supplied as water or water vapor, may be used to convert solid
carbon product back into carbon monoxide and hydrogen) to the inner chamber 112. The reactant may
be liquid or gaseous and may be transferred from an external supply through the reactant inlet 126 to the
inner chamber 112 at or near an upstream surface of the support 116 or at any selected location within
the inner chamber 112. In the embodiment shown in FIG. 1, the reactant inlet 126 is configured to
deliver reactant between the filter section 122 and the regasification section 124 of the inner chamber
112. The reactant inlet 126 may include a diffuser so that the flow of reactant is evenly distributed
through the cross section of the inner chamber 112.

When reactant is introduced to the reactor 100 through the reactant inlet 126, the regasification
section 124 of the inner chamber 112 below the reactant inlet 126 may operate at conditions that
promote a reaction between the reactant and the solid products within the regasification section 124 of
the inner chamber 112 that pass through the filter section 122 of the inner chamber 112. For example,
water introduced as a reactant in a solid carbon production reactor (e.g., a reactor in which carbon
dioxide and hydrogen react to make solid carbon product) may oxidize any solid carbon products

present in the regasification section 124 through the water-gas reaction (C, + H,O < CO + Hp).
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Furthermore, water may react with one or more reactants of the reactive gas or products thereof (e.g.,
under some conditions, carbon monoxide, which may be present in the reactive gas, forms carbon
dioxide in the water—gas shift reaction: CO, + HyO) => COy ) + Hye). Thus, addition of water to the
reactor 100 through the reactant inlet 126 may have benefits of oxidizing the reactive materials to form
gaseous products that may be recycled. For example, reaction of water with carbon monoxide may form
carbon dioxide, reducing the potential for metal dusting in downstream equipment. Because a pressure
differential may exist across the inner chamber 112, any added reactant not reacted within the
regasification section 124 may tend to flow from the point of addition out through the tail gas exit 118.

For example, during operation of the reactor 100 to produce solid carbon product, water (as the
reactant) may be added continuously or periodically. In general, it is operationally simpler to
continuously inject water at a predetermined rate using one or more water pumps. Water may be
pumped to various pressures economically, and the concentration of water in the inner chamber 112 may
be controlled by controlling flow of water through pumps. »

Because some catalytic reactions forming solid products require or generate relatively high
temperatures (e.g., greater than 500°C), water, if introduced as liquid, generally vaporizes as it travels
through the reactant inlet 126. The reactant inlet 126 typically includes a suitable distribution system to
allow for distribution of the water throughout a cross section of the inner chamber 112 (e.g., relatively
uniform across a cross section of the inner chamber 112). Water may be processed before introduction
to the reactor 100, such as by filtration, distillation, deionization, efc. The injection of water through the
reactant inlet 126 may have additional benefits, such as cooling the tail gases prior to discharge and
raising the water vapor pressure in the tail gases above the oxidation point of metals in the downstream
piping and vessels (which may reduce or eliminate metal dusting downstream).

The reactant inlet 126 may enter the reactor 100 at various different points, such as through a
cylindrical wall of the outer vessel 102, through the hemispherical head 104, or through the conical
base 106. For example, the reactant inlet 126 may be configured such that reactant enters the
reactor 100, passes through the outer vessel 102, enters the inner chamber 112, and disperses within the
inner chamber 112. The flow of reactant may be dictated by particular design parameters. For example,
the reactant inlet 126 may be configured such that heat may be transferred from reactive gases to the
reactant as the reactant is added to the inner chamber 112. Many suitable entry points and methods for
routing the reactant inlet 126 will readily occur to the skilled practitioner based upon the principles
disclosed herein.

In some embodiments, the reactant inlet 126 may be routed through the bottom of the reactor up
and through the side of the inner chamber 112. In this configuration, the reactant may be heated by solid
product flowing toward the product discharge 110. Cooling of the solid product in the reactor 100 by
transferring heat to the reactant in the reactant inlet 126 may lower the cooling load on the product
discharge 110 and associated equipment. Many suitable variations on exactly how and where the

reactant inlet 126 enters the reactor 100, how the reactant inlet 126 1s routed within the reactor 100, and
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how and where the reactant inlet 126 enters the inner chamber 112, may be selected based on various
design parameters.

The reactor 100 shown in FIG. 1 is suitable for vertical installation (i.e., in the orientation
shown in FIG. 1). In operation, gases flow into the reactor 100 through the inlet 108, through the inner
chamber 112, and to the tail gas exit 118. Solid (i.e., solid reaction product) forms in the first
section 120 of the inner chamber 112 as the reactive gases come into contact with the leading edge of
the catalyst material. The reactive gases may have a suitable residence time in the reactor 100 to allow
for the completion of the growth phase of the solid product. The solid volumetric expansion (i.e., due to
the conversion of gases to solids) pushes solid product over the wall 114 of the inner chamber 112.
Solid product thus flows to the product discharge 110, and may be removed from the reactor 100 by a
solids removal system, as described below and shown in FIG. 6. In some embodiments, the inlet 108
may be configured such that entering reactive gases blow the solid product off of the surface of the
catalyst material in the inner chamber 112 so that the solid product settles within the annulus or gap
between the inner chamber 112 and outer wall of the outer vessel 102, flowing to the product
discharge 110. Various configurations of nozzles, channels, or other flow-directing devices are suitable
for providing the gases from the inlet 108 within the reactor 100 so that the gas flow blows the solid
product off of the surface of the catalyst material, without entraining catalyst material in the gas flow.
Such devices are generally known in the art and not described in detail herein. FIGS. 2A & 2B, and
FIGS 3A & 3B, described above, are included by way of illustration and not as limitation of the types of
gas knife designs that can be used to blow the reaction products off the top of the inner chamber 112.

Though FIG. 1 shows the tail gas exit 118 as exiting the bottom of the inner chamber 112 and
then through the wall of the reactor 100, this is by way of illustration only; other configurations may
achieve the same effect. For example, the tail gas exit 118 can be configured so that the gas flows
through the inner chamber 112 including the support 116 and then through a tail gas exit pipe flowing
gases that have passed through support 116 up through the inner chamber 112 and form there out of the
reactor 100. Similarly, the routing of the reactant inlet 126 and the catalyst inlet or removal means 128
are by way of illustration and not as limitation.

The flow rate of reactive gas through the inner chamber 112 may be selected such that a
superficial velocity of the reactive gas through the inner chamber 112 exceeds the diffusion rate of the
reaction products in the tail gas mixture. Below this velocity, the reactive may not sweep the gaseous
reaction products (e.g., water, CO,, CH,) out of the catalyst in the reaction section 120, which tends to
inhibit reaction rates, affect product quality, or both. Determining this superficial velocity for the
particular combination of reactive gas mixture and catalyst provides the basis for sizing the inner
chamber 112 to accommodate the design flow rate of the reactive gas.

FIG. 4 illustrates a reactor 200 without a separate inner chamber for catalyst material. This
reactor configuration is suitable for horizontal operation or operation at any angle such that the catalyst
is retained in the reactor 200 by the force of gravity. In the reactor 200, an inlet 108 delivers reactive

gas into the reactor 200, wherein the reactive gas flows toward a tail gas exit 118. A support 116 is
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located downstream of a catalyst inlet or removal means 128 and a reactant inlet 126. The catalyst
material in sections 120, 122, 124 of the reactor 200 may variously catalyze the reaction of reactive
gases to form solid products, filter the solid products from tail gases, and/or scrub gaseous compounds
from tail gases.

In operation of the reactor 200, catalyst material enters through the catalyst inlet or removal
means 128 to form a counter-flowing packed bed of catalyst material, as discussed above with respect to
FIG. 1. The reactant inlet 126 may continuously inject a reactant that reacts with solid reaction products
entering the gasification section 124 to gasify the solid reaction products. For example, in embodiments
producing solid carbon, the reactant may be water, as discussed above with respect to FIG. 1. Thus, the
portion of the catalyst material downstream of the reactant inlet 126 may operate to promote a reaction
between water and solid products, or between water and one or more gaseous species.

Upstream of the reactant inlet 126, as illustrated in the filter section 122, catalyst material
typically acts as a filter to remove solid products from flowing to the tail gas exit 118, as discussed
above with respect to FIG. 1. Downstream of the reactant inlet 126, catalyst material typically acts as a
regasification section 124 for regasification of the solid product as it reacts with the reactant, as
discussed above with respect to FIG. 1. The leading edge of the catalyst material reacts with the
reactive gas stream to form solid products in the reaction section 122, As the solid products are formed,
the volumetric expansion of solids (i.e., due to the conversion of gases to solids) pushes the solid
products opposite the flow of the reactive gases toward a product discharge 110. Solid products flow to
a solids removal system, as described below and shown in FIG. 6.

The reactor 200 shown in FIG. 4, as illustrated, may be appropriate for horizontal orientation.
In other embodiments, the reactor 200 may be operated in a vertical orientation (i.e., with the reactive
gas flowing vertically downward through the reactor 200), or in an angled orientation. The product
discharge 110 may be modified to facilitate solid product flow out of the reactor 200 in the orientation
selected for the reactor 200. When operated horizontally, the product discharge 110 is typically oriented
downward so that gravity assists the solid products in dropping out of the portion of the reactor 200 in
which the solid products form. The leading edge of the catalyst material may be sloped, as shown, due
to the force of gravity on the catalyst material.

FIG. S illustrates a system 300 for forming solid products. The system 300 includes a
preconditioner 304, which prepares one or more source gas 302 for processing, such as by heating or
compressing the source gas 302 to form a makeup gas 306. This makeup gas 306 replaces gas
consumed in the process either through conversion to solid product 314 or through venting. The
makeup gas 306 enters the reactor 310, wherein at least a portion of the makeup gas 306 reacts to form a
solid product 314 and water. The reactor 310 may be, for example, either of the reactors 100, 200
described above and shown in FIGS. 1 and 4, respectively. The solid product 314 flows to a solids
removal device 320, through which the solid product 314 is removed from the system 300.

Tail gas 312 leaving the reactor 310, including water formed in the reaction, is transferred to a

heat recovery system 330 (e.g., at least one heat exchanger), where the tail gas 312 is cooled. Cooled
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tail gas 332 flows from the heat recovery system 330 to a water removal system 340 (e.g., a condenser)
to control the concentration of water. The resulting dried tail gas 342 enters a compressor 350
configured to recirculate gas through the system 300 and control pressure in the system 300.
Condensate 344 separated in the water removal system 340 is removed from the system 300.

The heat recovery system 330 and the water removal system 340 may together be configured to
provide a dried tail gas 342 suitable for the compressor 350 (e.g., cool enough and dry enough to meet
inlet service specification of the compressor 350). The compressor 350 compresses the dried tail
gas 342 to form a compressed tail gas 352. The compressed tail gas 352 enters the heat recovery
system 330, wherein it is heated by the tail gas 312. The partially reheated tail gas 354 enters a
heater 360 to obtain additional thermal energy and form recycle gas 362. The recycle gas 362 is
combined with the makeup gas 306 to form the reactive gas mixture and enters the reactor 310 for
further reaction to form the solid product 314 and water.

The makeup gas 306 may be mixed with the recycle gas 362 outside or inside the reactor 310.
In certain embodiments, all or a portion of the makeup gas 306 may be mixed with any combination of
the recycle gas 362, the partially reheated tail gas 354, the compressed tail gas 352, dried tail gas 342,
cooled tail gas 332 or the tail gas 312. In some embodiments, one or more of the heat recovery
system 330, the water removal system 340, or the compressor 350 may be omitted. That is, the tail
gas 312 may be recycled without condensing water, recovering heat, or reheating the tail gas 312. The
use of the heat recovery system 330, the water removal system 340, or the compressor 350 may be
dictated by reaction conditions (e.g., whether water is added to or formed in the reactor 310, efc.). In
some embodiments, the system 300 may include a vent to limit accumulation of inert gaseous material
that does not react or other undesirable gaseous products (if any). The reactor 310 may optionally
include a catalyst inlet or removal means 128, a reactant inlet 126 (see FIGS. 1 and 4), and a means for
mixing the reactive gas 306 with the recycle gas 362.

The heat recovery system 330 is typically economical for relatively larger or high-temperature
systems 300. The heat recovery system 330 may be designed such that metal surfaces wetted by the tail
gas 312 are not significantly degraded by reaction with the tail gas 312. For example, when using
reactive gas mixtures including carbon monoxide and hydrogen, the heat recovery system 330 may have
two or more heat exchangers of different materials. Heat exchangers configured to be in contact with
gases at temperatures in excess of the minimum reaction temperature for metal dusting may be formed
of a material selected to minimize or eliminate metal dusting. Heat exchangers in contact with gases at
temperatures below the minimum reaction temperature for metal dusting may be formed of a different
(e.g., lower cost) material suitable or the application. In some embodiments, the composition of the
materials used to form the heat recovery system 330 may be selected to be resistant to metal dusting
under the service conditions. For example, the system 300 may be operated such that the tail gas 312
does not include species that cause metal dusting at the operating temperature of the heat recovery

system 330.
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The heater 360, which operates at higher temperatures and pressures than the heat recovery
system 330, the water removal system 340, and the compressor 350, may be more prone to metal
dusting than such other equipment. The materials of construction of the heater 360 may be selected to
withstand or limit metal dusting (e.g., ceramic materials, high chromium equivalent alloys, alonized
steels, KANTHAL™, erc.). Alternatively, a direct-fired combustion process, such as is commonly used
in autothermal methane reforming or as disclosed in International Patent Publication No. WO
2014/011206, published January 16, 2014, and titled “Methods and Systems for Forming Ammonia and
Solid Carbon Products™ or in U.S. Provisional Patent Application No. 61/789,887, filed March 15, 2013,
and titled “Direct Combustion Heating,” may be used. Such a direct-fired combustion process is
suitable to the production of solid carbon by means of the Bosch reaction and associated family of
reactions as disclosed in U.S. Patent Publication No. 2012/0034150 Al, published February 9, 2012, and
titled “Method for Producing Solid Carbon by Reducing Carbon Oxides.”

The solids removal device 320 may include a lock hopper arrangement configured for periodic
discharge, as illustrated in FIG. 6. The solids removal device 320 may include at least one lock
hopper 326 that is purged and cooled so that the solid product is made safe for discharge to a suitable
material handling system. The solid product is periodically discharged through a discharge valve into
the material handling system. Lock hoppers are known in the art, and many suitable variations for
managing the discharge of the solid product from the reactor 310 may be employed by a person having
ordinary skill in the art.

FIG. 6 shows a simplified drawing of a solids removal device 320 suitable for use with
system 300 and reactors 100, 200, 310. The solids removal device 320 enables the safe discharge of the
solid product 314 from the reactor 310 by cooling and purging the solid product 314 through one or
more coolers 322 and a lock hopper 326. The solid product 314 flows from the reactor 310 into the
cooler 322. Periodically, a lock hopper inlet valve 324 opens, permitting the solid product 314 to flow
from the cooler 322 to a lock hopper 326, where the solid product 314 is purged of reactive gases and
further cooled. The lock hopper inlet valve 324 opens to discharge product from the cooler 322 to the
lock hopper 326, and closes prior to purging the lock hopper 326. Upon completion of purging and
cooling of the solid product 314 in the lock hopper 326, a lock hopper discharge valve 328 opens to
discharge the solid product 314 from the lock hopper 326 to a product handling system for removal from
the system 300.

The cooler 322 may be continuously cooled by providing a heat transfer fluid (e.g. air, water,
oil, glycol, efc., or a mixture thereof) or a portion of the reactive gas mixture to remove heat from the
cooler 322. The heat transfer fluid may remove thermal energy from the solid product 314, and the heat
may subsequently be removed from the heat transfer fluid and rejected by conventional means. If a
portion of the reactive gas mixture is used, then the cooler 322 becomes part of the heat recovery system
330, and may recover at least part of the energy used in the system. In some embodiments, the cooler
322 is a jacketed vessel configured such that heat transfer fluid can flow within the jacket. The cooler

322 may include suitable controls for the flow of the heat transfer fluid, which are generally known in
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the art and not described in detail herein. For example, the cooler 322 may include one or more valves,
backflow preventers, temperature sensors, temperature controllers, and temperature control valves.

The cooler 322 may remove sufficient thermal energy from the solid product 314 to allow the
solid product 314 to pass through the lock hopper inlet valve 324 without damaging the lock hopper
inlet valve 324 or the solid product 314. The design of the cooler 322 may be selected to provide the
solid product 314 to the lock hopper inlet valve 324 below a rated operating temperature of the lock
hopper inlet valve 324.

A purge gas 323 may optionally flow through the solid product 314 in the cooler 322 counter to
the direction of flow of the solid product 314. That is, the purge gas 323 may flow through the
cooler 322, through the inlet of the solids removal device 320, and into the reactor. The purge gas 323
may aid in cooling and may be at least partially preheated as it cools and flows through the solid
product 314. Typically, the purge gas 323 includes one or more of the constituents of a reactive gas to
be processed in the reactor. For example, in the system 300 illustrated in FIG. 5, all or a portion of the
source gas 302 may enter the reactor 310 as the purge gas 323 counterflowing through the cooler 322.
In embodiments in which solid carbon products are formed, the purge gas 323 may be a carbon oxide
make-up gas (e.g., carbon dioxide). If the purge gas 323 has a density greater than the reactive gas 306
in the reactor 310, the purge gas 323 may blanket the solid product in the solids removal device 320, and
depending on the design of the reactor 310, in the lower portion of the reactor 310.

In some embodiments, the lock hopper 326, when empty, is at a pressure lower than the
pressure in the reactor from which the solid product 314 is removed. A pressure differential between the
reactor and the lock hopper 326 results in the reactive gases in the reactor pushing the solid product 314
through the cooler and into the lock hopper 326 upon opening of lock hopper inlet valve 324. In yet
other embodiments, the empty lock hopper 326 is purged with gases compatible with the reactive gases
in the reactor as a final purge in preparation for the next discharge cycle from the reactor so that when
lock hopper inlet valve 324 opens and the lock hopper 326 is in communication with the reactor, the
gases in the lock hopper 326 that may flow into the reactor do not adversely affect the composition of
the reactive gases in the reactor. In some cases, cool reactive gas may be used as a final purge of the
empty lock hopper 326 so that the gases in the lock hopper and in the reactor are substantially the same.
In other cases, one of the reactive gas constituents may be used for the final purge of the empty lock
hopper 326.

The lock hopper 326 may be continuously cooled by providing a heat transfer fluid (e.g. air,
water, oil, glycol, etc., or a mixture thereof) through or around the lock hopper 326. The heat transfer
fluid may be the same fluid or a different fluid from that used to cool the solid product 314 in the
cooler 322. In some embodiments, the lock hopper 326 is a jacketed vessel configured to have the heat
transfer fluid flow within the jacket. The lock hopper 326 may include suitable controls for the flow of
the heat transfer fluid, which are generally known in the art and not described in detail herein. For
example, the lock hopper 326 may include one or more valves, backflow preventers, temperature

sensors, temperature controllers, and temperature control valves.
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The lock hopper 326 may remove sufficient thermal energy from the solid product 314 to allow
the solid product 314 to pass through the lock hopper discharge valve 328 without damaging the lock
hopper discharge valve 328 or the solid product 314. The design of the lock hopper 326 may be selected
to provide the solid product 314 to the lock hopper discharge valve 328 below a rated operating
temperature of the lock hopper discharge valve 328 and within a temperature range safe for handling.

In some embodiments, the lock hopper 326 may be purged in a series of purge steps with each
cycle. Each of the purge steps may use a different purge gas mixture. The purge gas enters the lock
hopper 326 through at least one purge gas inlet 327, flows through the lock hopper 326, and exits via at
least one purge gas outlet 325 while both the lock hopper inlet valve 324 and lock hopper discharge
valve 326 are closed. Purging the lock hopper includes opening valves on the purge gas outlet 325 and
purge gas inlet 327 so that purge gases flow through the lock hopper 326 for a predetermined time.
Various controls, valves, piping, efc., may be selected to enable the specific purge mode desired.
Various safety interlocks with sensors, such as a sensor measuring the solid product temperature in the
lock hopper 326, may be selected to assure safe operation of the solids removal device 320. Purge gas
flows for a predetermined period of time to purge reactive gases from the lock hopper 326 or dilute the
reactive gases to a selected level.

In some embodiments, the lock hopper 326 may be operated with a single-purge sequence. If a
single purge gas can be selected that is compatible with the reaction gas in the reactor and is safe for
discharge from the system on opening lock hopper discharge valve 328, the selected purge gas can
eliminate explosion potential. The lock hopper inlet valve 324 opens, allowing a charge of solid product
314 and entrained reactive gas to flow to the lock hopper 326. The lock hopper inlet valve 324 then
closes. The selected purge gas flows through the purge gas inlet 327, flows through the lock hopper 326
and exits through the purge gas outlet 325. The purge gas flows for a predetermined period of time to
purge reactive gases from the lock hopper 326 or dilute the reactive gases to a selected level. The purge
gas outlet 325 control valve closes while the purge gas continues to flow until the purge gas in the lock
hopper 326 is brought to a predetermined pressure, whereupon the purge gas inlet 327 is closed to
terminate the inlet flow. Pressure may be maintained in the lock hopper 326 by one or more back
pressure regulators, flow control valves, metering valves, pressure control valves, etc., such as in the
discharge line leading to the purge vent 325. Upon completion of purging and cooling to a selected
temperature, the lock hopper discharge valve 328 opens, discharging the solid product to a drum,
conveyor belt, or another product handling system, and the lock hopper discharge valve 328 closes. The
lock hopper 326 is then ready for the next cycle.

If any gas incompatible with the reactive gases is used as a second purge gas 327, or if any gas
incompatible with the reactive gases can enter the lock hopper 326 during the discharge cycle while the
lock hopper discharge valve 328 is open, then a multi-step sequence may be used. In a multi-step
sequence, at least one additional purge is added to the single-purge sequence described above.

In some embodiments, the purge process will have at least two steps in each cycle. The first

step purges the lock hopper 326 with a gas or gas mixture that is compatible with the reactive gas
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mixture (e.g., reactive gas or one or more constituents thereof) as the first purge gas and brings the lock
hopper 326 to a predetermined pressure that may be less than or equal to the pressure of the reactive
gases in the reactor. The lock hopper inlet valve 324 then opens, and product and entrained reactive gas
is discharged into the lock hopper 326, whereupon lock hopper inlet valve 324 closes. The second step
purges the reactive gases from the lock hopper 326 by flowing a second gas (e.g., nitrogen, argon,
carbon dioxide, etc.) as the second purge gas. This second purge gas may be selected to limit the risk of
explosion or product combustion on exposure to air. The lock hopper discharge valve 328 then opens,
and the solid product 314 and entrained second purge gas are discharged from the lock hopper 326,
whereupon the lock hopper discharge valve 328 closes. The lock hopper 326 is then ready for the next
cycle.

If there is any possibility of air getting into the lock hopper 326 while lock hopper discharge
valve 328 is open, a third purge may be used to remove air from the lock hopper 326. The third purge
removes air from the lock hopper 326 by flowing either the first purge gas (e.g., if there is no explosive
danger in mixing air with the first purge gas), the second purge gas, or a third gas. This completes a
typical purge cycle. Many variations on this basic purge cycle may be selected based on particular
process requirements, environmental regulations, ezc. Lock hopperé are widely used in the chemical
process industries, and codes, standards, and industry best practices for particular reactive gases and
products are mature.

In some embodiments, such as when making solid carbon products using the Bosch reaction,
carbon dioxide is used both as the purge gas compatible with the reactive gases, and as the purge gas
suitable for handling the solid product 314. In other embodiments, such as when making solid carbon
products using hydrocarbon pyrolysis, a first purge gas including a hydrocarbon gas (e.g. ethylene,
methane) is used as the purge gas compatible with the reactive gases, and a second purge gas including
an inert gas (e.g. nitrogen, argon, or carbon dioxide) is used as the purge gas suitable for handiing the
solid product 314. The second purge gases may be selected to limit the possibility of explosion or other
hazardous reactions during the purge cycles. The second purge gas remaining with the solid product
314 discharged from the solids removal device 320 may be selected to meet the needs of worker safety,
environmental regulations, cost constraints, efc.

The reactors and systems described herein may be used to produce solid carbon products.
When carbon-containing gases contact a catalyst material under suitable conditions of temperature and
pressure, the carbon-containing gases decompose to form solid carbon. The allotrope and morphology
of the solid carbon may be controlled by controlling the reactive gas composition, reaction temperature,
and reaction pressure. Several reactions are commonly used to produce solid carbon, including
hydrocarbon pyrolysis, the Boudouard reaction, the Bosch reaction and related reactions. Such reactions
are disclosed in, for example, U.S. Patent Application Publication No. 2012/0034150 Al, entitled
“Method for Producing Solid Carbon by Reducing Carbon Oxides,” and published on February 9, 2012.

The reaction conditions, including the temperature and pressure in the reactor 100, the residence

time of the reactive gases, and the grain size, grain boundary, and chemical composition of the catalyst
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may be controlled to obtain solid carbon products of the desired characteristics. The tail gas is typically
recycled, and as part of the recycle, passed through a condenser with each cycle to remove excess water
and to control the partial pressure of the water vapor in the reactive 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 with increases in the partial pressure of water
reducing the rate of solid carbon formation.

Carbon activity (4.) 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, COy + Hyg = C) + Hy0, with a reaction
equilibrium constant of K, the carbon activity 4, is defined as K'(Pco Puy/Puzo)- Thus, 4, is directly
proportional to the partial pressures of CO and Hj, and inversely proportional to the partial pressure of
H,O. Higher Pgo tends to inhibit CNT formation. The carbon activity of this reaction may also be
expressed in terms of mole fractions and total pressure: 4 =K-P{Yco Y2/Yi20), where Pr 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 reactive gases in the reactor.

When solid carbon is produced by the reaction of carbon-containing gases with a catalyst
material, a portion of the catalyst is generally incorporated in the structure of the carbon product. For
example, in the formation of carbon nanotubes, a nucleating nanoparticle of catalyst material is typically
encapsulated in the growth tip of each carbon nanotube. Therefore, in this type of reaction, the catalyst
material is gradually consumed. For example, in less than approximately 2 hours at a temperature of
about 650°C and a pressure of about 1.48 MPa (about 200 psig), the growth of carbon nanotubes in an
the presence of a reactive gas containing carbon dioxide and methane may entirely consume particles of
iron that start as an 80 grit powder. Catalyst residual is typically under 0.5% by weight in the solid
carbon product (i.e., the mass of carbon produced is typically at least 200 times the mass of iron
consumed) but may range up to as much as 10% by weight depending on the quality of solid carbon
produced. The catalyst material may have a density of between 6 and 10 times the density of the solid
carbon formed in the reaction. The solid carbon is typically a light powdery material with a density of
less than about 0.8 g/cm3. Therefore, the solid carbon produced typically fills a volume in excess of

1200 times the volume of the catalyst consumed.
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This difference in volume and density may provide a driving force to move solid products
within the reactors described herein. This driving force may improve the economics of reactor design
and of the systems in which such a reactor is used for the production of solid products, such as solid
carbon, because removal of solid products may be simplified.

The method of operation may be analogized to a popcorn popper. The catalyst material
(analogous to popcorn kernels) sits in a container and is exposed to the reactive gas. The solid product
forms on the surface of the catalyst and the volumetric increase (analogous to the expansion of the
popcorn kernels when -popped) causes the solid product to billow above the catalyst material.
Subsequent solids formation pushes prior solid products away from the surface of the catalyst material.
The billowing solid products can then fall out of the catalyst container like popped popcorn exits a
popcorn popper. The solid carbon can then be routed to a discharge system.

The catalyst material may include fine particles or fibers of catalyst. The catalyst material may
optionally serve multiple purposes, as described herein, including as a catalyst, as filter media, and as
water-gas reactor media for reacting fine solid particulates. Catalyst materials may be prepared from a
wide variety of materials according to any of the procedures known to the art. For example, steel grit,
steel shot, steel wool, and chopped steel wool are suitable catalyst materials for forming some solid
products, such as carbon nanotubes.

Reactions forming solid products typically occur within a small distance from the surface of the
catalyst material. If the bed of catalyst material is sufficiently thick, some of the catalyst material (e.g.,
catalyst material relatively farther from the surface of the bed) does not react with the reactive gases.
The reaction mechanisms vary with the reaction chemistry for solid formation and include depletion of
reactants or formation of by-products (such as water in the case of the Bosch or related reactions) that
poison the catalyst. Regardless of the mechanism, as a portion of the catalyst material near the exposed
surface is carried away in the solid product, underlying catalyst material is exposed. Continuous
addition of new catalyst material at the bottom of the bed may maintain a selected constant bed depth.

The portion of the catalyst material that remains unreacted can be useful as a filter for inhibiting
the passage of solid carbon into the tail gas discharge. The principles of designing sand filters and other
particle-based filters are well known, and suitable designs will readily occur to the skilled practitioner.
It is thus possible to design a catalyst system in which the catalyst feed rate is sufficient to continuously
refresh the portion of the catalyst bed acting as a filter section so that solid products do not pass through
the catalyst bed.

If water is injected into the catalyst bed, the solid products retained on the catalyst particles
below that point may be consumed by reaction with the water. Under the reducing conditions typical of
solid carbon production from gaseous precursors, solid carbon may react with water to form carbon
monoxide or carbon dioxide, as shown in the following reactions:

2C,+ H,O & 2CO + Hy;
C,+ 2H,0 < CO, + 2H,.
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In such embodiments, any carbon monoxide and carbon dioxide formed may be recycled back to the
reactor.

304 stainless steel appears to catalyze the formation of CNTs under a wide range of temperatures,
pressures, and gas compositions. However, the rate of formation of CNTs on 304 stainless steel appears to
be relatively low for most reactive gas compositions, such that 304 stainless steel may be used effectively as
a construction material for process equipment, with minimal deposition on surfaces thereof in some
operations. 316L stainless steel, in contrast, appears to catalyze the formation of solid carbon at
significantly higher rates than 304 stainless steel and in a wider variety of reactive gases, 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 316L stainless steel, the Ni and/or Cr may have a synergistic effect with Fe,

Various commercially available grades of metals may be used as catalysts, such as series-300
stainless steels.

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 um to about 500 pm, from about 0.2 pm to about 100 um, from about
0.5 pm to about 10 pum, or from about 1.0 pum to about 2.0 um. In some embodiments, the catalyst may be
an oxidized metal (e.g., rusted steel) that is reduced before or during a reaction forming solid carbon.
Without being bound to any particular theory, it is believed that removal of oxides leaves voids or
irregularities in the surface of the catalyst material, and mcreases the overall surface area of the catalyst
material.

Catalysts 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 or a
carrier solvent, a selected particle size distribution results. Alternatively, powdered catalyst may be
entrained in a carrier gas and delivered to the reactor. By selecting the catalyst and the reaction conditions,

the process may be tuned to produce selected morphologies of solid carbon product. In some embodiments,
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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).
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CLAIMS
What is claimed is:

1. A reactor, comprising:

a vessel having at least one outer wall;

a gas inlet configured to deliver a reactive gas into the vessel;

a solid product outlet configured to deliver a solid product from the vessel;

a porous catalyst support configured to at least partially retain a catalyst material and allow a tail gas to
pass therethrough;

a catalyst inlet configured to deliver the catalyst material to the porous catalyst support; and

a gas outlet separate from the solid product outlet and configured to deliver the tail gas from the catalyst
support through the outer wall of the vessel;

wherein the gas inlet is in fluid communication with the solid outlet.

2. The reactor of claim 1, further comprising a catalyst inlet configured to deliver the

catalyst material to the vessel.

3. The reactor of claim 1, further comprising a reactant inlet configured to deliver a

reactant to the vessel.

4. The reactor of claim 3, wherein the reactant comprises at least one of water, water

vapor, and steam.

5. The reactor of claim 1, further comprising at least one inner wall forming at least one
inner vessel and configured to at least partially retain the catalyst material, the inner vessel having an

inlet and an outlet.

6. The reactor of claim 5, wherein the at least one inner vessel is configured to at least
partially retain the catalyst material without a bond between the at least one wall of the inner chamber

and the catalyst material.
7. The reactor of claim 5, wherein the at least one inner wall is configured so that solid
material can pass between the at least one outer wall and the at least one inner wall to the solid product

outlet.

8. The reactor of claim 1, further comprising one or more inlet baffles or air knives.
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9. The reactor of any of claims 1 through 8, wherein the porous catalyst support

comprises a sintered ceramic or metal disk.

10. The reactor of any of claims 1 through 8, wherein the at least one outer wall comprises

ceramic-lined steel.

11. The reactor of any of claims 1 through 8, wherein the vessel comprises a portion

having a cross section narrowing toward the solid outlet.

12. A system for producing a solid product, comprising:

the reactor of any of claims 1 through 8;

a compressor configured to circulate a reactive gas through the reactor;

a heater configured to heat the reactive gas to a reaction temperature;

a make-up reactive gas inlet configured to deliver reactive gas to the system to maintain a constant mass
of reactive gas in the system; and

a solids discharge means for removing the solid product from the solid outlet of the reactor.

13. The system of claim 12, further comprising a means for controlling water concentration

in the reactive gas.

14. The system of claim 12, wherein the heater comprises a heat exchanger configured to

recover energy from the tail gas to preheat at least a portion of the reactive gas.

15. The system of claim 12, wherein the heater comprises a means for oxidizing at least a
portion of the reactive gas in a direct-fired heater, and wherein at least one oxidation product is mixed

with the reactive gas.

16. The system of claim 12, further comprising a means for controlling pressure in the

reactor.

17. A method of forming a solid product, comprising:
providing a catalyst material in a vessel having at least one outer wall and a porous catalyst support;
delivering a reactive gas to the vessel;
reacting the reactive gas in the presence of the catalyst material to form a solid product and a tail gas in
the vessel;
passing the tail gas through at least a portion of the catalyst material to separate the solid product from

the tail gas;



WO 2014/151138 PCT/US2014/025074

10

15

20

25

30

35

-25-

replacing catalyst that is entrained in the solid product or otherwise removed from the vessel having at
least one outer wall and a porous catalyst support;

continuously removing the tail gas from the reactor and recycling at least a portion of the tail gas to
become at least a part of the reactive gas; and

continuously removing the solid product from the vessel.

18. The method of claim 17, further comprising:
providing water in the vessel; and

mixing the tail gas with the water.

19. The method of claim 17, further comprising selecting the reactive gas to comprise at

least one hydrocarbon gas or alcohol.

20. The method of claim 17, further comprising selecting the reactive gas to comprise at

least one carbon oxide.

21. The method of claim 17, further comprising removing water from the tail gas.

22. The method of claim 16, further comprising mixing the tail gas with a makeup gas to

form the reactive gas.

23. The method of any of claims 17 through 22, wherein providing a catalyst material in a

vessel comprises continuously introducing catalyst material into the vessel.

24, The method of any of claims 17 through 22, wherein providing a catalyst material in a

vessel comprises providing particles or fibers of catalyst material into the vessel.

25. The method of claim 24, wherein providing particles or fibers of catalyst material into
the vessel comprises providing at least one material selected from the group consisting of steel grit, steel

shot, steel wool, and chopped steel wool.

26. The method of any of claims 17 through 22, wherein providing a catalyst material in a
vessel comprises disposing catalyst material into the vessel before delivering the reactive gas to the

vessel.

27. The method of any of claims 17 through 22, wherein providing a catalyst material in a

vessel comprises providing a catalyst material in an inner chamber of the vessel.
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28. The method of any of claims 17 through 22, wherein continuously removing the solid

product from the vessel comprises blowing the solid product from a surface of the catalyst material.

29. The method of any of claims 17 through 22, wherein reacting the reactive gas in the
presence of the catalyst to form a solid product and a tail gas in the vessel comprises forming a solid

carbon product.

30. The method of claim 29, wherein reacting the reactive gas in the presence of the
catalyst to form a solid product and a tail gas comprising water in the vessel comprises forming carbon

nanotubes.

31. The method of any of claims 17 through 22, further comprising selecting the reactive

gas to include a mixture of a carbon oxide and a reducing agent.

32. The method of claim 31, wherein selecting the reactive gas to comprise a mixture of a
carbon oxide and a reducing agent comprises selecting the reactive gas to include at least one of

hydrogen and methane.

33. The method of claim 31, wherein selecting the reactive gas to comprise a mixture of a
carbon oxide and a reducing agent comprises selecting the reactive gas to comprise at least one of

carbon monoxide and carbon dioxide.

34. A reactor apparatus in which a reactive gas forms a solid product in the presence of a

catalyst, comprising:

a reaction chamber defining an interior volume enclosed by an outer wall;

a gas inlet in the outer wall to deliver a reactive gas into the interior volume;

a solid product outlet in the outer wall to discharge a solid product from the interior volume;

a porous catalyst support structure in the interior volume configured and adapted to provide support for
a catalyst material with sufficient porosity to permit a tail gas to pass through;

a tail gas outlet through the outer wall to discharge the tail gas from the interior volume;

wherein the gas inlet and the solid product outlet are in communication with one another.
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35. A reaction system for converting a reactive gas to a solid product in the presence of a
catalyst, comprising:

a multi-chambered reaction vessel comprising an outer chamber enclosed by an outer wall and an inner
chamber having an inner wall spaced apart from the outer wall, the inner chamber occupying a
fixed position within the outer chamber, wherein the inner chamber has at least one
substantially open end;

a reactive gas inlet in the outer wall;

a solid product outlet in the outer wall to discharge a solid product from the outer chamber;

a porous catalyst support structure in the interior chamber configured and adapted to provide support for
a catalyst material with sufficient porosity to permit a tail gas to pass through;

a catalyst feed system configured to deliver catalyst to the inner chamber upstream in a reaction gas flow
of the porous catalyst support structure;

a tail gas outlet through the inner wall and the outer wall to discharge the tail gas from below the porous
catalyst support structure in the interior chamber;

wherein the gas inlet and the solid product outlet are in fluid communication with one another.
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